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FOREWORD 

During its three-four decades of life the AIC has been performing an 
increasing effort to adapt itself to the growth and expansion of interest in color. 
The situation is nowadays quite curious and highly contradictory, and the AIC, 
with its versatility, is capable of finding the optimal solution. 

On one side there are multidisciplinary teams, which perform advanced 
research, in the several color-related areas: theoretical, applied, visual, 
instrumental, etc. flanked by computer science under a variety of modalities. 

On the other side, there are people who seem to be astonishingly naive, in 
spite of the skill and ability they demonstrate at the site of their professional 
involvement. 

I have been meeting several of them during the past quadrennium, since it 
seemed to me my duty to activate a dialogue on a scale as wide as possible, having 
in mind the horizon and potentialities of AIC task. 
Sentences like the followings are often heard: 
"if you measure color you kill it, since color is only emotion" 
"is color so important?" 
"everything has already been done in matter of color" 
"color? yes, Goethe, but I have also seen another book" 
"color is not a problem: it is sufficient to multiply by 3 what is done for a single 
channel in the achromatic case". 

There are also some people who discovered color when they started using 
color monitors, thus becoming very proud of their ability in generating an 
extremely large number of colors. When, during our conversations, I tried to note 
that the discrimination ability of the human eye is limited, the reply was that the 
progress of technique is more important than vision. 

Sometimes, at the end of some meetings on colorimetric models, I heard a 
criticism: color has been tackled for three days, but the attendees have not seen a 
colored image. In turn, theoricians wonder what might be concluded from 
meetings attended by artists and psychologists who communicate through 
successions of (only qualitatively assessed) colored images. Moreover, the 
validity of human assessments through scaling is not necessarily trusted, in 
principle, by those who rely exclusively upon the trees of equations forming the 



models. 
From the above collection of reports it emerges how complex the AIC task is, 

nowadays. People working in disparate areas were called, or spontaneously 
joined the AIC. The task of their amalgamation now imposes. 

The end of XX century is an important landmark for those humans who have 
the venture of crossing it. A deep consideration is needed, on what has been done 
up to now, what is concluded, what still deserves future attention, what new fields 
will be fruitful. All it is perfectly mirrored by the list of papers and posters 
scheduled at AIC Color 97 Kyoto. As a whole, five days, where the oral 
presentations develop across three parallel sessions, intermingled with a 
formidable set of Posters, which visualize, in a condensed form some particular 
aspects of the topics tackled in the oral sessions. The matter is partitioned into the 
following channels: 
* Color vision, normal and defective 
* Psychology, Color psychology, Color cognition 
* Computational vision, Machine vision 
* Colorimetry, Color space, Color management systems, Color imaging 
* Color design, Environmental color design, at last dropping into Textiles, 

Cosmetics and Fashion 
In some respects, one might suspect that we are faced with at least five 

different meetings. But the Japanese organization demonstrates an incredible 
ability in amalgamating the apparently heterogeneous matters, through a set of 
peculiar lectures, labeled invited, special, tutorial and through a number of "key" 
Symposia. Note that "Color education" is an underlying keystone, an 
indispensable tool for the above quoted "amalgamation". 

The AIC Color 97 Kyoto is so organized as to beautiful display on an 
authoritative stage, how various countries on the face of the earth perform color 
research, measure color, physically and perceptually, rely upon their color based 
tradition, and use color in their everyday life, to enjoy and to communicate, both 
domestic and urban environments being imbedded (re: decorated) with the 
appropriate color, facilitating the man-surround interaction. 

The XXI century is welcomed with the promise of a machine (re: robot), 
capable of using the color in the same way as humans do, and capable of a fruition 
based, in particular, on (perceptual) constancy, and other higher functions. In this 
framework, engineers, physicists, mathematicians, computer scientists need to be 
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informed about the conclusions achieved by those who work in the human realm 
(e.g., the psychologists) and about the requirements emerged from the inquirers 
at the applied site. 

Japan is generously hosting AIC Color 97 Kyoto. We see in the program that 
Japanese scientists (so rare nowadays in some countries) are present everywhere, 
as a powerful substrate, as chairpersons, co-chairpersons, speakers and standing 
in front of their numerous posters. I think that they are a solid ingredient, 
allowing the above quoted amalgamation, through a versatile dialogue and fruitful 
exchange of ideas nowadays indispensable to create the unified Color Science of 
the XXI century. 

This "capillary" presence is the secret of modern Japan. 

ll1 

Lucia R. Ronchi 
President, 1994-1997 
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PREFACE 

The 8th Congress of the International Colour Association, AIC Color 97, was 
held in Kyoto, Japan on May 25-30, 1997. 

The Congress was organized by the International Colour Association and the 
Color Science Association of japan in cooperation with Ministry of Foreign Affairs, 
Ministry of Education, Science, Sports and Culture, Ministry of Construction, 
Agency of Industrial Science and Technology, Kyoto Prefectural Government 
and Kyoto Municipal Government. 

The scrutiny of paper abstracts and the drawing of the scientific program was 
made by the Scientific Program Committee composed of 18 international 
members and 20 domestic members. 

The venue of the Congress was Kyoto International Conference Hall, where 
also an exhibition was arranged. The attendance was 524 active participants, 
27 accompanying persons, and 31 exhibitors from 29 countries. 

The Opening Ceremony started on Monday, May 26 by an opening statement 
by Prof. Yoshinobu Nayatani, Chairperson of the Organizing Committee of AIC 
Color 97 Kyoto, then an official welcome message to the Congress was given by 
Prof. Munehira Akita, President of the Color Science Association of japan. After 
the introduction of the five Executive Committee members of the AIC on the 
stage, Prof. Lucia Ronchi , President of the International Colour Association 
officially declared the Congress open. 

The opening ceremony was followed by the Special Lecture by Mr. Ikuo 
Hirayama, the Former President of the Tokyo University of Fine Arts and Music, 
on the title "The Color and Character of japan". He pointed out that Japan 
developed Japanese own color and character throughout ages, but he immediately 
added that the root of the color can be found in the culture of neighboring 
countries such as China and ancient Korea, stressing that the cross cultural 
interaction is important to develop a characteristics of color of any country. The 
lecture was indeed appropriate as the special lecture of AIC and everybody 
present was greatly impressed by it. 

During every morning session except for the opening day, invited papers 
were presented. On Tuesday, May 27, Carol M. Cicerone of the University of 
California Irvine, USA gave a lecture, "The Perception of Color from Motion," and 



Donsoh Park of Ajou University, Korea gave a talk on "The traditional Color and 
Local Color in the Environment Design." On Thursday, Joel Pokorny of the 
Chicago University, USA spoke on "Visual Function in Heterozygote Carriers of 
Color Vision Defects," and Osvaldo da Pos of the Universita Degli Studi di Padova 
in Italy talked about "Colour Illusions. " On Friday, John Verrill of the National 
Physical Laboratory in the UK gave a lecture, "Towards Improved Accuracy of 
Surface Colour Measurement" and Lars Sivik of University of Goteborg, Sweden 
gave an AIC Tutorial Lecture, "NCS- Reflecting the Color Sense as a Perceptual 
System." 

The last session of each day was allocated for the symposium. Three 
Symposia were arranged by the Scientific Program Committee in cooperation 
with the Steering Committee and one Open Symposium was arranged by the 
Color Science Association of Japan. On Monday, May 26, Keiji Uchikawa 
coordinated the Symposium, "Color Cognition and Machine Vision ." Steve Shafer 
talked on "Physical Aspects of Appearance, " Brian Wandell on "The Visibility of 
Colored Patterns: Measurement and Models," Shoji Tominaga on 
"Computational Approach," and Gunilla Derefeldt on "Cognitive Aspects of 
Color. " On Tuesday, the Symposium "Color Design 21- The Role of Color in the 
21st Century" was held. This symposium was co-chaired by Paul Green-Armytage 
and Miho Saito. Leonhard Oberascher gave an Keynote Lecture on Traditional 
Innovation. A panel discussion among the speakers, John Hutchings, Clara Ako 
Yoshida, Peter Travis, Nancy Kwallek, and Shigenobu Kobayashi was followed. 
On Thursday, Po-Chien Hung coordinated the Symposium "Color Management 
Systems" . After a brief introductory talk by Hung, Michael Pointer reviewed CIE 
recommendations and recent activities, Michael Stokes talked on the current 
status of the digital color imaging industry, Hiroaki Kotera described silicon 
processor technologies for color management system, and Roy Berns discussed 
the importance of color appearance models in color management system. Open 
Symposium "The Rebirth of japanese Paintings - Color and Conservation" was 
held just before the Closing Ceremony on Friday. Seven experts attended as 
coordinators, W. Thomas Chase and Asao Komachiya, and symposists, 
Masamitsu Inaba, Masako Koyano, Frank D. Preusser, Mahito Uehara and Junji 
Wakasugi. The Symposium was open to public and eleven citizens attended. 

In the parallel sessions running in three rooms during four working days, 135 
contributed paper were presented by oral, and 96 contributed papers were 
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presented by poster on Thursday and Friday. Poster authors were requested to 
remain at their posters during their allocated session time. 

Two AIC Study Groups held the meeting during the Congress. Study Group, 
Color Design met immediately after the Symposium on Color Design 21 on 
Tuesday and another Study Group, Visual Illusion and Effects held the meeting in 
the afternoon on Friday. 

An exhibition featuring the newest developments and literature in the fields 
of color and color technology took place at the same venue of the Congress on 
Thursday and Friday. The exhibition was attended by 21 3 participants. 

Social events at Color 97 included a Welcome Party on Monday, the Banquet 
on Thursday, Accompanying Persons Program including Kimono Workshop, Tea 
Ceremony & Flower Arrangement on Tuesday and Kabuki Make-up Demonstration 
on Thursday, an Excursion, Get together Party on Wednesday and the Banquet 
on Thursday evening. The Banquet was held at Gyo-un Banquet Hall, Kyoto 
Hotel. Preceding the Banquet, the 1997 Judd AIC Award Medal was handed over 
to Prof. Lars Sivik representing three recipients, Dr. Anders Hard, Prof. Gunnar 
Tonnquist, and himself, by Dr. Robert W.G. Hunt, the recipient of the 
1987 Judd AIC Award. During the course of evening, participants enjoyed a 
traditional Japanese performance of Kagami-biraki, Koto Music, Japanese 
Dancing, Kyo-mai, and Japanese flower arrangement, Ikebana. 

At the Closing Ceremony Prof. M. Ikeda, the incoming President of AIC 
thanked the outgoing Executive Committee members for their contribution to the 
AIC throughout their term of four years and introduced new EC members, Dr. 
Paula Alessi (USA), the vice-President, Dr. Frank Rochow (Germany), the 
secretary/treasurer, Prof. Jin-Sook Lee (Korea), and Prof. Michel Albert-Vanel 
(France), who were present at the ceremony. Two other names were also 
mentioned as the new EC regular members who were not present. They were Dr. 
Jamier Romero (Spain) and Dr. M. Tusak (Slovenia). Prof. Ikeda promised to 
follow the AIC track laid down firmly by the present AIC President, Prof. 
L. Ronchi and at the same time he announced his will to encourage countries in 
Asia to join the AIC where there are many countries who are not the member 
countries yet. 

The next AIC Congress goes to Rochester, NY of the United States in the 
year 2001 and Dr. Alessi irivited attendants to the Congress in four years time by 
showing beautiful video on the screen of the hall. 
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Prof. Ikeda closed the ceremony by thanking all the audiences, who led the 
8th Congress to a success. 

Mitsuo Ikeda 
Chairperson, Steering Committee 

Hirohisa Y aguchi 
Chairperson, Scientific Program Committee 
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Opening Address 

Yoshinobu Nayatani 
Chairperson, Organizing Committee 

Mr. Chairman, Ladies and Gentlemen. 
On behalf of the Organizing Committee of AIC Color 97 Kyoto, I take great 

pleasure in extending a hearty welcome to more than 500 participants from thirty-
four countries of the world to this color-related Congress. 

This Congress is the result of the kind and pertinent guidance of the AIC 
Board of Administration. Advance preparations for this event were made by the 
members of the Organizing Committee including many members of the Color 
Science Association of Japan. 

On the financial side, the Fund-raising Committee was extremely active and 
worked very hard over the past two years. Financial support was provided by the 
Ministry of Education, Science, Sports, and Culture, by a number of businesses 
and industries affiliated in various ways with the field of color, and also by all of 
the members of the Color Science Association of Japan. 

On the executive side, the combined efforts of the members of the Steering 
Committee, the Scientific Program Committee, the Local Committee, and the 
Exhibition Committee, who all worked very hard to plan for this event, resulted in 
this successful gathering here today. 

I wish to express my sincere appreciation to the Government agencies, 
institutions, and all other Congress supporters for their generous assistance to 
AIC Color 97 Kyoto. 

In closing, I wish to add that the members of the Organizing Committee are 
willing to exert every effort to make this Kyoto Congress productive and a 
success. 

Thank you very much for your patience and attention. 
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Welcome Address 

Munehira Akita 
President, the Color Science Association of Japan 

Ladies and gentlemen, please accept my warmest and heartfelt welcome to 
AIC Color 97 Kyoto, the 8th Congress of the International Colour Association. 

This Congress, held once every four years, said to be the Olympics of the field 
of color, is to take place over a five day period here at the Kyoto International 
Conference Hall, in the city of Kyoto, a veritable treasure house of color culture. 
Through a variety of activities, focussed mainly on the presentation of research 
results, this Congress, which welcomes approximately 600 participants 
representing 30 separate countries, will provide the opportunity for debate of a 
variety of issues affecting science, engineering, and art. 

As the organizer of this, the last Congress of this century, the Color Science 
Association of Japan senses a strong historical significance for this event and for 
the start of the next century. The Fund-raising Committee, the Steering 
Committee, the Scientific Program Committee, the Local Committee and the 
Exhibition Committee have worked very hard towards the success of this event. 

The efforts of first and foremost, the members of the Color Science 
Association of Japan, the contributions of the Ministry of Education, Science, 
Sports, and Culture, the guidance of the Advisory Committee and a variety of 
other invaluable supporters, as well as successful fund-raising campaigns have 
made possible this gathering here today. I would like to add my deepest thanks to 
all, while also expressing congratulations and joy for the opening of the Congress. 

To all of you participating in the Congress, I sincerely hope that the events 
planned over the next few days meet with your approval. Once again, allow me to 
express my warmest welcome. 
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Opening Declaration 

Lucia R. Ronchi 
President, AIC 

It is my honour and pleasure to declare open the 8th Congress of the 
International Colour Association, AIC Color 97 Kyoto. 

It is my duty and pleasure to thank all those who have been rendering this 
prestigious meeting possible. The list of acknowledgment would be very long. 
Here I limit myself to some of items. 
*The Color Science Association of Japan represented here by Munehira Akita 
* The Organizing Committee of the Congress, chaired by Yoshinobu Nayatani 
* The Scientific Program Committee, chaired by Hirohisa Yaguchi 
* The authorities and the institutions who agreed to cooperate and support this 
meeting 
* Numerous other persons 

One of the highlights of this meeting is the fact that the AIC chair is passing to 
Japan, for the next quadrennium, in the person of Mitsuo Ikeda, one of the major 
visual scientists on the face of the earth. All those who meet him for the first time 
find it difficult to reconcile the severe image emerging from his powerful scientific 
work with the smiling, relaxing, enchanting expression of his face. 

Under his leadership the AIC will cross the end of the 20th century, entering 
the 21st one. Probably there will not be decisive, dramatic catastrophic events, 
but, surely, this transition will impose striking the balance. 

The AIC in Japan is on a safe platform. Everything is powerful and perfect in 
Japan, from the big affiars to the details. Let us look for instance to the Poster: an 
Encyclopedia of information beauty and symbolism, inviting to a deep meditation, 
to decipher and decode a complex message. Moreover, the philosophy underlying 
the compilation of the program is the right one: what is to be preserved and 
continued is interlaced with the topics of the future, and the three workshops 
represent significant landmarks. 

The AIC is faced with two serious problems, and Prof. Ikeda is the proper 
person to tackle them: 
- the maintenance of the AIC as a non-profit organization 
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-the preservation of an unitary "soul" in spite of the proliferation and expansion 
of the matter covered by the label Color Science 

The AIC tools available are the yearly meetings and the Study Groups. 
Thanking the countries (UK, Germany, Sweden) who organized Interim AIC 
meetings. I would like to spend two words in matter of Study Groups. Their 
usefulness seems to me of primary importance, not last to orient people, to start 
conceiving future Interim meetings and to facilitate the exchange of ideas on 
specific themes. For this, numerous sub-groups have been created during the just 
finishing quadrennium. I like to thank all the experts who coworked in developing 
the sub-groups and the chairmen of the Study Groups who bravely acted as 
coordinators and provided their own contributions. 

Before concluding, by wishing the best success to the AIC Color 97 Kyoto, I 
am asking your permission for a personal note: in spite of the several hours of 
flight, I am virtually at home. In fact, Florence and Kyoto have been officially 
declared as "sister cities" . In Florence there is Kyoto Street and the same blossom 
as that which one appreciates in Kyoto. 
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Citation for 1997 Judd AIC Award 

By Lucia R. Ronchi, the President of AIC 

At every quadrennial meeting of AIC, as well as during every midterm 
meeting, a particular ceremony is expected: the Judd AIC Award. This award was 
created in 1975, to honor the memory of Dean B. Judd, one of the most 
outstanding color scientists. This recurrent awarding is preceded by a laborious 
process of the proposals of country members. The task of the Executive 
Committee is not easy: a choice among outstanding personalities, who 
significantly contributed to the advancement of the Science of Color. In principle, 
a single scientist is expected to be awarded. This was indeed the case for 
Nickerson, Wright, Wyszecki, Manfred Richter, Hunt, Terstiege, Indow and 
Nayatani. However, in two cases pairs of strict coworkers were awarded because 
of their life-long indissoluble cooperation, that is Hurvich and Jameson at the 
Monte Carlo AIC Congress, Vos and Walraven at the Sidney AIC Midterm-
meeting. After a laborious balloting, the 1997 Award is assigned to the Swedish 
triad, Anders Hard, Gunner Tonnquist and Lars Sivik. Their decades lasting joint 
effort culminated in the NCS, the Natural Color System. 

During the AIC Color 97 Kyoto, a tutorial talk is planned illustrating the 
theoretical and applied aspects of NCS. Here, I limit myself to a basic 
consideration: in the XIX century, Helmholtz and Hering started a controversy, 
which is one of the keystone of visual science. A sort of levelling off occurred 
during the first decades of the XX century, based on the concept of coexistence. 
Now, looking back at the various Judd AIC Awards, one sees that the Helmholtz-
Hering controversy is well represented by the AIC choices: some awards are 
assigned to the consequences of Helmholtz's view; others, like Hurvich and 
Jameson in 1985 and, now, Hard/Tonnquist/Sivik have a basic Hering-fl.avor. 

The three gold medals (a single award partitioned into three) is here received 
by Lars Sivik, who will also present the above said tutorial course, on behalf of 
Anders Hard and Gunner Tonnquist who, regrettably, are not physically present 
at this meeting. 

On behalf of AIC and personally, I wish to compliment with the Swedish triad 
and I call Lars Sivik to receive the medal from Dr. Hunt who is present here with 
three other Judd AIC Award past recepients, Prof. Indow, Dr. Terstiege, and 
Prof. Nayatani. Thank you. 
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Curriculum vitae for Hard, Sivik and Tonnquist 

NCS - A joint R&D work 
Work on the development of the NCS-system (Natural Color System) and 

Atlas was directed during the 60s by Anders Hard with collaboration of Gunner 
Tonnquist and Lars Sivik who contributed principally in the areas of colorimetry 
and psychometrics, respectively. The research was characterized by the 
phenomenological analysis of the experience of color, i.e., "appearance" in the 
spirit of Hering, both in research on color parameters and later in developing and 
testing theories concerning the experience of color combinations, especially in 
relation to the concept of color difference. Since the completion of the first version 
of the NCS and its acceptance as Swedish Standard all three have continued to 
conduct interdisciplinary research on color and spread knowledge about this 
subject to practitioners from a wide variety of fields. 

Hard, Anders 
Born in 1922, a color researcher, Ph.D. In 1963 Hard was appointed head of 

the Swedish Color Foundation. During the work and revision of Hesselgren's 
Color Atlas he became interested in the dimension of color experience and how 
they can be systematically described on Ewald Hering's opponent-color theory. 
Hard then became the driving force behind the research and development of the 
NCS, which became SIS-standard in 1979. Later he was engaged as a researcher 
at The Royal Institute of Technology, University of Goteborg, and Chalmers 
University of Technology where he until recently conducted both basic and 
applied research on color. Among many implications and follow-up applications of 
the NCS system should be noticed his theory and descriptive model of color 
combinations. In 1989 Hard was granted an honorary doctorate at Chamlers 
University of Technology. 

Hard organized the first AIC Congress held in 1969 in Stockholm and since 
then he has presented papers at most of the AIC meetings. In 1983 he was host to 
the AIC Interim Meeting on Color Order System in Kungalv, Sweden. He is a past 
member of the AIC Executive Committee, founder of the AIC Study Group on 
Environmental Color Design. Though retired from his duties as a color researcher 
Hard is still active as a lecturer. 
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Sivik, Lars 
Born in 1933, Ph.D. in psychology, Research professor. Sivik participated in 

the research and development of the NCS color order system primarily in the area 
of psychometrics. Since then he has carried out research at the University of 
Goteborg on color appearance and other aspects of color psychology, such as color 
in various environments, color rendering, color naming and psychological 
correlates of color combinations. He is presently also a professor at the School of 
Architecture in Stockholm. 

He has taken part in many AIC Congresses since the first in Stockholm and 
was co-organizer of the 1983 Kungalv meeting. He organized the AIC Interim 
Meeting in 1996 at Goteborg on the subject, Color and Psychology. He presently a 
member of the AIC Executive Committee. Sivik has lectured extensively, both in 
Sweden and abroad. 

Tonnquist, Gunnar 
Born in 1925, a physicist, a former Ass. Professor at Swedish National 

Defense Research and Royal Institute of Technology, Stockholm. Tonnquist main 
research interests include photography, colorimetry, color vision, and color order 
systems. During the development of the NCS-system Tonnquist was in charge of 
the research department working with questions related to colorimetry. 

From 1964 to 1975 he was the chairman of the Swedish Color Group. He was 
also a co-founder and the first vice-President of the AIC and the Secretary 
General at the 1st AIC Congress "Color 69" in Stockholm. Since that time he has 
participated in most AIC meetings, on a number of occasions as invited speaker. 
Tonnquist is the chairman of Swedish Standards Committee on color notation. 
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The Perception of Color from Motion 

Carol M. CICERONE 

"Color from motion"1,2 describes the perception of a spread of subjective 
color over achromatic regions seen as moving. Here, we present evidence 
suggesting that color from motion may be regulated by mechanisms different 
from those for contour formation and color contrast. Furthermore, we present 
evidence that the perception of apparent motion and the spread of subjective color 
can be activated by binocular combination of disjoint signals to each eye. This is 
consistent with the idea that color from motion is regulated in sites at or beyond 
the convergence of monocular pathways. When the background field in the 
stimulus display is of low luminance, an amodally complete object, fully colored 
and matching the hue and saturation of the dots defining the moving region, is 
seen to move behind a partially occluding screen. Observers do not perceive such 
an object in still view. Hence, color from motion can be used by the visual system 
to produce amodal completion, suggesting it may play a role in enhancing the 
visibility of camouflaged objects. 

1. INTRODUCTION 
A number of reports of subjective colors in static displays3,4 or associated 

with moving or rapidly changing stimulationS have been reported since the 
nineteenth century. Our studies are based on a stimulus in which subjective 
color is seen to spread over physically achromatic regions only when these regions 
are seen to be moving. The effect is produced in a stimulus display of multiple 
frames shown in quick succession, each frame consisting of a random 
placement of colored dots on an achromatic background with color assignments 
of some dots, but not dot locations, changing from frame to frame (Figure 1, left). 
Each stimulus presentation was comprised of multiple frames consisting of a 
white square filled with a random array of dots. From frame to frame the 
location of each dot was held constant, while the assignment of color for each dot 
was progressively changed according to an algorithm that colored all dots within 
a shifting circular test area green and all other surround dots red. Thus, dots do 
not change locations, only color assignments of some of the dots are varied. 
When such frames are shown in rapid succession, most observers report a fully-
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colored green disk within which lie green dots, all moving over a field of red dots; 
others report a green disk moving over a field of red dots (Figure 1, right). 
Observers report that the moving, green region appears to be produced by a green 
spotlight or veil roving over a field of red dots. Cicerone et ai2 found that the 
spread of subjective color into physically achromatic regions is restricted to the 
part of the display that is seen to be moving. Unlike neon color spreading in still 
displays,3,4 color spread is not seen from any single frame of this stimulus in still 
view, nor for slow rates which do not produce apparent motion. For rates high 
enough that apparent motion is perceived, a spread of subjective color is seen in 
regions seen to be moving. Hence, the effect was called "color from motion." 

Fig. 1: Representation of a single frame of the stimulus (left) and the spread of 
subjective color when apparent motion is perceived (right). The figure accurately 
portrays the dot density but not the actual colors or luminosities. 

For displays with both chromaticity and luminance differences in test and surround 
dots, a clear subjective contour bounding the colored, moving region was seen. 
The present study addresses whether the perception of color from motion requires 
both luminance and chromaticity differences between the dots of the test and those 
of the surround. The results of Experiment 1 show that color from motion was 
perceived even when the test dots and the surround dots were equiluminant. As 
the equiluminance point is approached, subjective color spread is reduced but less 
so than the reduction in strength of the subjective contour. In Experiment 2 color 
matches show that increases in the luminance of the dots in the test region 
produces increases in the saturation of the color matches to the subjective colors 
while leaving hue unchanged. Variations in the luminance or chromaticity of the 
dots in the surround had little or no effect on color matches to the subjective colors. 
These results suggest that color from motion may arise in sites distinct from those 
responsible for the formation of contours and the regulation of color contrast. 

Presented in Experiment 3 is evidence that the perception of apparent 
motion and the spread of subjective color can be activated by binocular 
combination of disjoint signals to each eye. This is consistent with the idea that 
color from motion is regulated in sites at or beyond the convergence of monocular 
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pathways. The functional role of color from motion is explored in Experiments 4 
and 5 with reductions in the luminance of the background field and mixtures of 
red and green dots in the surround. The results suggest that color from motion 
may play a role in enhancing the visibility of camouflaged objects. 

2. EXPERIMENTS 
Experiment 1: Chromaticity Differences Alone Can Produce Color from Motion 

The purpose here was to explore the role chromaticity alone in the 
perception of color from motion by asking whether apparent motion and color 
spread would be observed when the test dots and the surround dots were 
equiluminous and differed only in chromaticity. The computer-generated stimuli 
were presented on a RasterOps monitor. The spectral power distributions and 
luminances of each phosphor were measured with a Photo Research PR-650 
Spectrocolorimeter. The observer viewed the monitor at a distance of 112 em. The 
stimulus consisted of 12 frames, each a white (CIE x = .276, y = .286, 67 cd/m2) square 
(5 deg on each side) containing 900 randomly placed dots. Each dot (3 min of arc) 
was created using either the green (CIE x = .280, y = .610) or the red (CIE x = .621, y = 
.344) phosphor. In each frame dots falling within a circular region (1 .2 deg in 
diameter) were assigned to the test and were either red (R) or green (G) and of 
luminance 4, 8, or 16 cdfm2. In the surround region, outside the test region, dots 
were fixed at 8 cdjm2 and were all red or all green. Chromaticity and luminance 
combinations for test and surround were: R4/G8, R8/G8, R16/G8, G4/R8, G8/R8, 
G16/R8, R4/R8, R16/R8, G4/G8, and G16/G8. Keeping dot locations fixed, the 
circular test region was displaced vertically from frame to frame by reassignments 
of chromaticity and luminance. The effective speed was 3.3 deg/sec. Observers 
were asked to rate apparent motion, color spreading, and subjective contour on a 5-
point scale: 0 if absolutely certain of the absence of the attribute; 1 if moderately 
certain of its absence; 2 if uncertain; 3 if moderately certain of its presence; and 4 if 
absolutely certain of its presence. Thus, the presence of an attribute was indicated 
by a rating> 2, its absence by a rating <2. Heterochromatic flicker photometry was 
used to obtain measurements of luminance matches between stimuli created with 
the red and green phosphors for each observer (1 deg field, temporal alternation 
rate of 15Hz between red and green). Each observer's equiluminance match fell 
near the middle of the range of test/ surround dot luminance ratios we used. The 
observers were six color-normal trichromats (four naive) as assessed with the Neitz 
OT anomaloscope (Neitz Instruments Co. Ltd., Tokyo). 
Experiment 2: Test dot chromaticity and luminance affect hue and saturation of 
subjective color spread 

In Experiment 2, observers made color matches to the subjective colors seen 
in color from motion as the luminance ratio and chromaticity differences between 
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test dots and surround dots were varied. The color-from-motion stimulus and the 
color matching stimuli were presented on separate monitors. The color-from-
motion stimulus was exactly the same as described for Experiment 1. The 
observer's task was to choose which of two comparison stimuli better matched the 
subjective color seen in color from motion. The computer-generated comparison 
stimuli, differing slightly in either hue, saturation, or brightness, were presented on 
a separate monitor (RasterOps 17") as two circles (1.2 deg diameter in visual angle) 
vertically separated by 0.4 deg within a 5 deg white square. The color-from-motion 
stimulus was separated by 12 deg from the comparison stimuli. The test/surround 
combinations were as in Experiment 2 with the addition of G32 in combinations 
with R8, R16, G8, and G16. The stimuli were presented using a staircase method, 
and the observer was asked to make a two-alternative forced choice as to which of 
the two better matched the spreading subjective color seen in the motion display. 
The observers were two of the six color-normal observers of Experiment 2. 
Experiment 3: Central locus of color from motion 

Experiment 3 tests whether the locus of color from motion lies prior to or 
beyond the point of binocular combination. The stimuli consisted of twelve 
frames as before, but the green test dots were missing in every other frame. 
Observers were asked to judge the spread of subjective color for this reduced 
stimulus. We then asked whether this reduced set of frames presented 
separately and out of phase to each eye (dichoptically) could be combined 
binocularly to produce color from motion as robustly as in the original, full 
stimulus. The stimuli were as described in Experiment 1 with the following 
exceptions. We presented separate views to each eye by means of a simple optical 
device which allowed each eye to be stimulated alone (monoptic view) or at the 
same time with these different stimulus sequences (dichoptic view). In the 
dichoptic view when the observer's right eye saw the first frame of our standard 
display, the left eye saw an identical array of red surround dots minus the green 
test dots. The next frame in the sequence was presented to the left eye while 
simultaneously a frame without the green dots was presented to the right eye. 
Thus, the right eye saw every odd-numbered frame of the standard 12-frame 
display, and the left eye saw every even-numbered frame. 
Experiment 4: Background luminance regulates whether color spread is seen as 
a veiling light or in amodal completion 

In the next two experiments, we consider whether color from motion can 
provide an effective way to break camouflage, thus making the interpretation of 
the visual scene more accurate and useful. The idea that motion can break 
camouflage goes back at least to W ertheimer6. Here we ask whether color from 
motion provides an additional cue for enhancing the visibility of camouflaged 
objects. To pursue this question, we progressively reduced the luminance of the 
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background and measured the effect on the perceived organization of the 
stimulus and the perceived colors of objects. In natural scenes, camouflaged 
objects often lie behind screening elements. When this type of camouflage is 
broken, the object is perceived in "whole" or in "amodal completion"7,8 even if 
parts of the object lying behind the screening elements are still occluded. We 
predicted that reducing the luminance of the background would change the 
perception from the original veiling spread of color to one in which colored objects 
are seen in amodal completion. The stimuli were as described before, except that 
the luminance of the background square (CIE x=0.2787, y=0.3028) was varied 
(0.23, 5.93, 22.3, 51.8, or 105 cdfm2). Four color normal individuals, three 
unaware of the purposes of the experiment, served as observers. Within each 
trial of 30 sec duration, the observer was instructed to start a stop watch when 
amodal completion was seen, to stop it when anything other than amodal 
completion was seen, and to start and stop the watch according to this rule as 
often as needed during each trial. On each trial we recorded the number of 
seconds out of the total 30 sec interval that the observer reported seeing amodal 
completion of a moving green circle. 
Experiment 5: Color from motion breaks camouflage for objects hidden by color 
camouflage 

Although motion and amodal completion enhance the visibility of a green 
disk seen as lying behind a partially occluding screen in Experiment 4, the clear 
segregation of red dots in the surround and green dots in the central test regions 
allows an obvious grouping according to color even without apparent motion. We 
reasoned that a robust camouflage-breaking motion mechanism should be able to 
render the green disk visible even under conditions for which color is not a 
reliable cue in still view. We devised a stimulus in which a proportion of the dots 
in the surround were also green. When half or more of the dots in the surround 
region were green, the green test region was not easily seen in still view. The 
effects on visibility of amodal completion were measured as a function of the 
proportion of surround dots painted green. Four observers, three unaware of the 
purposes of the experiment, from the previous experiment served in this 
experiment. The stimuli and apparatus were identical to those of Experiment 4 
with the following exceptions: The background was fixed at 5.93 cdfm2 and the 
surround dots were varied in chromaticity such that all, three-quarters, one-
half, or one-quarter of the total number were red. All other dots, including dots 
in the test region, were green. The procedures were identical to those of 
Experiment 4. 
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3. RESULTS 
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Fig. 2: The mean results of six color-normal observers under two of the four 
conditions in Experiment 1 are shown. The results show that in the absence of 
luminance differences in the test and surround dots, chromaticity differences alone 
can produce color from motion for color-normal observers. Ratings for motion are 
shown as closed circles, color spread as open triangles, contour as closed squares. 
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Fig. 3: Results of Experiment 2 for one of two observers are shown. Increasing 
luminance of the test dots enhances saturation of color spread, and chromaticity of 
the test dots determine its hue. 
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Fig. 4: Results of two conditions of Experiment 3 are shown for one of two 
observers. For each observer the dichoptic information is as effective as the 
information from the full stimulus. 
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Fig. 5: Results of Experiment 4 for one of four observers are shown on the left. 
For high luminance levels of the background, observers reported seeing a disk 
moving over the field of dots and the spread of a desaturated color throughout this 
disk. Under a range of low luminance backgrounds the observers reported 
seeing a highly saturated, solidly colored green disk moving in front of a solid red 
field. Both the red field and the green disk appeared to lie behind a dark screen 
with holes (amodal completion). Results of Experiment 5 for one of four observers 
are shown on the right. As the proportion of red dots in the surround decreases, 
the region of the test is less clearly segregated from the surround by color alone 
until the test dots themselves were effectively camouflaged in still view. 
Nonetheless, when apparent motion is perceived, a green disk is seen in amodal 
completion even with up to half the surround dots painted green. 

4. CONCLUSIONS 
"Color from motion"l,2 describes the perception of a spread of subjective 

color over achromatic regions seen as moving. Here, we present evidence 
suggesting that color from motion may be regulated by mechanisms different 
from those for contour formation and color contrast. Results based on ratings 
show that in the absence ofluminance differences between the dots in the test 
and those in the surround regions, chromaticity differences alone are sufficient 
to produce color spread from motion. As the equiluminance point is approached, 
subjective color spread is seen despite a reduction in the strength of the subjective 
contour. Thus, contour formation is not likely to be a prerequisite for color from 
motion. Color matches show that the hue and saturation of the subjective color 
spread are determined largely by the chromaticity and the luminance of the dots 
in the test region, not by that of the dots in the surround for the values we 
explored. This suggests that color from motion may arise in sites distinct from 
those responsible for the regulation of color contrast. Furthermore, we present 
evidence that the perception of apparent motion and the spread of subjective color 
can be activated by binocular combination of disjoint signals to each eye. This is 
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consistent with the idea that color from motion is regulated in sites at or beyond 
the convergence of monocular pathways. When the background field in the 
stimulus display is of low luminance, an amodally complete object, fully colored 
and matching the dots defining the moving region in hue and saturation, is seen 
to move behind a partially occluding screen. Observers do not perceive such an 
object in still view. Hence, color from motion can be used by the visual system to 
produce amodal completion, suggesting it may play a role in enhancing the 
visibility of camouflaged objects. Together these results suggest a novel 
interaction between color and motion pathways.9 More detailed reports of these 
findings are presented elsewhere)O,ll 
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Traditional and Local Colors in the Contemporary 
Environmental Design 

Don-Soh PARK 

Abstract 

It is not difficult to recognize the fact that both traditional colors, which any cultural society has, 
and local colors, which depend on the climate and the natural environment, provide motifs and ideas 
for environmental color design. 

However, these colors do not seem to have dominating influences on the contemporary 
environmental design. The use of the colors in the contemporary environmental design, such as 
architecture, landscape architecture, and street furniture etc., are not based on unique cultural 
tradition or locality, but based on common sensitivity of contemporary people. 

This trend is due to the advanced telecommunications and transportation which result in the 
current phenomena that boundaries between regions and between nations are disappeared and the 
transfer of information is much faster and easier than every before. It is also an evidence of the 
fact that human being has common sense of feeling in some ranges over different racial, local, and 
national backgrounds. 

For more diverse and plentiful cultural environment of human beings it is necessary to find 
harmony between common generality of human beings and traditional and local identities. To do 
so every designer should make a consistent effort to find colors determined by different tradition, 
history, climate in the world, and try to apply them to the contemporary environmental design. 

The lecture presents and describes slides of these examples found mainly in Korea and some other 
countries. 

1. INTRODUCTION 

Some terms should be explained first. "Environment" can be defined in various viewpoints, but 
in order to define the scope of "the environmental design" in this paper it means "every visual man-
made environment" including buildings, street furniture, sign boards, environmental sculptures, 
banners, bridges, fences, walls, pavement, playgrounds, etc. 

Traditional colors are 1) inherited colors from the past within a people or nation, 2) dominant 
colors often found in colors of architecture, dressing, and equipment for ceremonies and festivals, 
as well as everyday tools, and 3) unique colors only found in the region and the people, not found in 
other regions and people. 

Local colors are conceptually similar to traditional colors. Since they are dominantly found in a 
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specific region they are often identical with the traditional colors. The fact that some people keep 
moving their residential places, however, distinguishes local colors from traditional colors. There 
are some other differences between local and traditional colors. Traditional colors do not always 
have to be dominant colors. Local colors can be visually perceived without any difficulties. 
Local colors are often found in landscape colors of a city or region and traditional colors are 
generally found in interiors, ceremonies and festivals, dresses, crafts, daily necessaries, etc. 
Local colors are macroscopic, while traditional colors are microscopic. 

If a color has an important meaning in any culture, it can be regarded as part of traditional colors. 
A good example is the five colors( red, blue, black, white, yellow) in the Yin-Yang theory which had 
great influences on countries such as China and Korea. 

Since the purpose of this lecture is not academic discussion of terms, I do not distinguish 
traditional colors from local colors. Examples presented here also include patterns using colors as 
well as colors themselves. 

2. THE COLOR TRENDS IN THE CONTEMPORARY ENVIRONMENTAL DESIGN 

Today the international trend of colors in the environmental design is the globalization where local 
identity is hardly found. Sometimes unique colors of a specific region and people are found, but 
they are not dominant nor excellent in design quality. Parallel to the phenomenon detected in the 
fields of contemporary architectural design and industrial design, this trend indicates that local 
identity is gradually getting weaker than before due to the globalization of design. 

Several reasons can be considered. First, the advanced transportation and telecommunication 
accelerate cultural exchange. Second, the relatively prevalent western culture has dominant 
influence on the fields of design, including urban design, architecture, landscape architecture, and 
industrial design. It is also an evidence of the fact that there exists common color sense in some 
range which every human being shares. 

A bench in Madrid railroad station, Spain, 
with yellow and blue colors. 

An information booth in Umeda Sky 
Building, Osaka, Japan. Blue, red and 
yellow colors are used in vivid tone. 

These are the examples of environmental design having the global common sense anywhere in the 
world. Those can be called the international style. 
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3. APPLICATIONS OF TRADITIONAL AND LOCAL COLORS 

It is desirable to be globalized in any field. However, the culture could be more progressive and 
give more pleasure to the people as it is more diverse and abundant. Therefore, in order to 
increase the diversity and abundance we have to make efforts to find design elements in traditional 
colors of each region, and actively apply them to the contemporary environmental design. 

We have to refine traditional colors in each region and develop their uniqueness further. Finally 
we have to mix and harmonize human being's common sense of beauty and regional tradition. 

Traditional colors should be carefully applied to the contemporary environmental design. The 
mindless use of traditional colors by novices without the filtering of the modem sense would result 
in the qualitative degrade of visual environment. 

The chess table pattern in Bali island, 
Indonesia. They say this pattern explains in 
creation of cosmos. 

The Great Absolute (the entity of cosmos) 
applied to the exterior decoration of a 
contemporary architecture in Pusan, Korea. 

23 

Floor with the chess table pattern in a 
restaurant in Bali. 

A contemporary design used achromatic 
color in NAGOYA DESIGN EXPO., 1989. 
Black-and-white is one of the traditional 
color in Japan. 



A traditional wrapping clothes in Korea 
with multi-color combination. 

The wrapping clothes pattern used in 
interior wall . This example is a airport 
terminal building in Seoul, Korea. 

4. THE ROLE OF COLORS IN THE ENVIRONMENTAL DESIGN 

Colors are just one of many factors to be used in any visual design . Even though we are 
discussing about colors as a main topic, I do not insist that colors are the most important factor in 
any visual design. Form generation, as the first step in the design process, plays the main role in 
the presentation of design information and visual effects. 

Colors can play the main role in some types of design such as environmental sculptures, in which 
their aesthetic aspects are more important than their functions. However, colors are the secondary 
design factor in general. The following table shows such roles of colors in the general design. 

The Role of Colors in the Environmental Design • great 

() middl e 
0 littl e 

Colors in the environmental design should respond on both aesthetic and functional needs. 
Traditional and local colors are factors that can be used for the aesthetic needs. It is also 
necessary to use these colors to provide diverse and plentiful colors and express the uniqueness. 
Following is a diagram to show the process and factors of form generation and design in the 
environmental design. 
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5. CONCLUSION 

The environmental designers should make efforts to find design elements from the traditional and 
local colors, and should also refine these colors, so actively apply them to the contemporary 
environmental design. 

That will give more pleasure to the people as it is more diverse and abundant. 

26 



Visual Function in Heterozygote Carriers of 
Color Vision Defects 

Joel POKORNY, Vivianne C. SMITH and Eriko MIYAHARA 

1) ABSTRACT 
The mother or female child of a male with an X-chromosome-linked color vision 

deficiency is a heterozygous carrier for the defective gene. We studied two sisters who 
are heterozygous carriers for congenital X-linked protanopia. The heterozygous state 
was established by molecular analysis of their visual pigment genes. Both sisters 
showed normal color vision in clinical testing. Heterochromatic flicker photometric 
(HFP) spectral sensitivities were like those ofprotanopes. The estimated LWS/MWS 
cone ratios from the HFP data were 0.09/1 and 0.03/1, compared to ratios in the range 
of 0.6/1 to 10/1 for typical normal trichromats. Other specialized tests revealed normal 
function except with regard to cone ratio. Hue estimation, run on one carrier was 
normal over a 100-fold range of retinal illuminance. The equilibrium yellow locus, 
measured in the other carrier, was in the range of normal trichromats. The data 
indicate that normal color percepts can occur even when the LWS/MWS cone ratio is 
markedly abnormal. 

2) INTRODUCTION 
The majority of carriers of color defects are considered to have normal color 

vision. They usually make a normal Rayleigh match on the anomaloscope but may 
show abnormalities on other visual tasks. Carriers for protanopia or protanomaly 
typically have reduced sensitivity to long wavelength lights in the relative luminous 
efficiency curve (the so-called Schmidt's signl). Heterozygotes may show other minor 
abnormalities (reviewed in Miyahara, Pokorny and Smith2). 

The color defects observed in heterozygous females are usually explained by X-
chromosome inactivation called Lyonization3: Early in embryonic life one of the X-
chromosomes in each cell is randomly inactivated and descendants of a given cell have 
the same active X chromosome as the parent cell. The retinal cells in females are a 
mosaic representing a patchwork of paternally derived and maternally derived cells. 
In the heterozygote carrier of color defect, the mosaic will include normal and 
abnormal patches. The consequences ofX-chromosome inactivation are well-
recognized in the retina, primarily because of the abnormal appearance of the fundus 
in the carrier state ofX-chromosome linked retinal disease4. Since the retinal mosaic 
is very dense and there is a postnatal migration of the retinal cells, it has proved hard 
to establish a definitive patchy mosaic in carriers for color defect. Data on parafoveal 
small stimulus color identificationS and small stimulus spectral sensitivity under 
selective chromatic adaptations reveal patches of color-normal and color-abnormal 
retina in carriers 

With random inactivation it is possible for occasional observers to show 
asymmetrical inactivation. At one extreme, the female carrier may express only the 
normal chromosome and appear phenotypically normal. At the other extreme, a 
female carrier may express only the defective chromosome and appear phenotypically 
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color defective. These extremes have been observed in monozygotic sisters. The 
literature includes two recent reports, one of monozygotic twins7, one with normal and 
one with deuteranomalous color vision, and another of monozygotic tripletsB, one 
expressing deuteranomalous color vision. In the first report, the twins were obligatory 
heterozygotes with a deuteranomalous father. Additionally, the deuteranomalous 
twin had both normal and deuteranomalous sons. Skin cells of the monozygotic twins 
were examined to evaluate X-inactivation. They revealed that the deuteranomalous 
twin expressed primarily paternal X-chromosome while the color-normal twin 
expressed primarily maternal X-chromosome. In the second report, the triplets were 
presumed heterozygotes with deuteranopia established in the maternal grandfather. 

A question of interest for development of color vision is whether the opponent 
channels can develop normally under conditions of less extreme asymmetric 
inactivation. In this study, we report hue estimation studies in a heterozygote carrier 
of protanopia. Color perception was appraised with measurements of hue percepts. 
The two carriers were run on two different procedures, spectral hue estimation for 
one, and measurement of the wavelength associated with the equilibrium yellow 
percept in the other. 

3) EXPERIMENT 
The family included parents and three daughters, all of whom had normal mid-

matching points and narrow matching ranges by the Neitz OT anomaloscope. The 
Ishihara test results were normal for all members of the family. We screened the 
family using heterochromatic modulation photometry9, a variant ofHFP. The father 
(JB) and one daughter (MB) showed normal relative luminous efficiency functions. 
However, the mother (BeB) and two daughters (our observers BB and EB) showed 
Schmidt's sign, suggesting that they are heterozygous carriers for congenital X-
chromosome-linked protanopia. The family consented to molecular analysis of the 
opsin genes on the X-chromosomelO. The family data revealed normal gene 
complements for JB and MB. Observers BeB, BB and EB gave results diagnostic of 
the protan heterozygote state. 

The observer BB and EB consented to further testing, more fully described in 
Miyahara Pokorny and Smith2. Both showed error scores for Farnsworth-Munsell 
100-Hue test less than 40, below population norms, indicative of superior chromatic 
discriminationll. The heterochromatic flicker photometric data ofBB and EB 
resembled those of a protanope. The 650 nm matches of BB and EB were over 8 
standard deviations from the Judd mean. The heterochromatic flicker photometric 
data was further analyzed to derive an estimate of the LWSIMWS ratio. This ratio 
was of 0.09 for BB and 0.03 for EB compared with the accepted normal ratio of 1.625. 
There have been three reports ofHFP matches in protan heterozygotes12·14. 
Individual HFP matches ofprotan carriers ranged from normal to equivalent to those 
ofprotanopes. The standard deviation of the heterozygote matches was 
correspondingly larger than that for normals. The average heterozygote match at 650 
nm was 4 to 5 standard deviations from the normal mean. We computed the average 
cone ratios for protan heterozygotes to be 0.3 for Adam's12 data (23 carriers), 0.4 for 
Crone's13 data (38 carriers), and 0.5 for Majima's data14 (14 carriers). The cone ratios 
of our observers are within the range but below the average of the literature studies, 
suggestive of asymmetric activation. 

Studies of visual acuity for chromatic targets under chromatic adaptation 
revealed that observer EB detected the gratings only with her MWS cones under 
conditions where a color normal observers uses LWS or mixed LWS and MWS cones. 
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Studies of increment spectral sensitivity using chromatic adaptation revealed normal 
spectral shapes and sensitivities of all three cone mechanisms. A study of increment 
spectral sensitivity using white adaptation revealed the three sub-peaks characteristic 
of spectral opponent processing. In summary the extended testing revealed normal 
behavior with the exception of tests sensitive to the relative cone numerosity2. 

4) RESULTS 
Experiment 1: Spectral Hue Estimation 
Methods: Experiments were performed on a computer-controlled three-channel 
Maxwellian view optical system which employed tungsten halogen sources. The 
output of one of the channels was controlled with a 500 mm Bausch and Lomb grating 
monochromator and a circular inconel neutral density wedge; outputs of the remaining 
channels were controlled by 3-cavity interference or Kodak Wratten filters, and 
inconel neutral density filters. 

Wavelengths were scaled at 20 nm intervals between 420 and 660. The test 
field was circular, of 1.6° diameter. The initial step was to obtain HFP matches for 
each test wavelength. The observer performed HFP to a 50 td, 3600 K standard light 
at 10 nm intervals between 510 nm and 660 nm. The field diameter was 1.6°; the 
flicker altemation rate varied between 15 and 20 Hz. 

We used a discrete trial procedure with a 1 sec presentation time; the observer 
viewed a dark field for the 10-15 sec interval between trials. Data were collected for 
10, 100 and 1000 td light pulses with trials for the three test retinal illuminances 
intermingled in each block of trials. The 13 spectral lights were presented in random 
order by blocks, thus each block consisted of 39 presentations. A single session 
consisted of five blocks, and two sessions were necessary to achieve 10 repetitions per 
wavelength. The trials were self-initiated; after each presentation, the observer 
responded by estimating the percentage "blue", "green", "yellow" and "red" in the 
percept. The data were stored on disc and the mean percentage of each response 
category was calculated as a function of test wavelength, combining data of both 
sessions. 
Results: Figure 1 shows the chromatic response distributions at 100 tds. The data 
for BB and VS are quite similar, well within normal variability, both for our 
laboratory and for other published data. The name "blue" is used from 420 nm to 520 
nm with a peak at 460-480 nm. The name" green" is used from 480 nm to 590 nm with 
a peak at 500-520 nm; the name "yellow" is used from 520 nm to 660 nm with a peak 
at 580 nm. The name "red" is used with decreasing values between 420 nm and 460 
nm, and with increasing values above 580 nm reaching a maximum at 660 nm. 

Our hue estimation data are characteristic of other color naming data for color 
normal observers in the literature15 in showing the following characteristics. Only 
two color names are used for any trial. The name pairs "blue" and "yellow" or "red" 
and "green" are never used together. The small crossovers that occur near 490 nm and 
580 nm respectively result from averaging trials where the primary name is over 90% 
and the small secondary component varies from trial to trial. This variation is 
common when wavelengths are randomly interspersed. With the exception of 560 nm 
and 600 nm, the hue percept always has a unique primary identifier. In comparison, 
color naming of anomalous trichromats shows confusion of the primary identifier for 
lights from 520 nm to 620 nm, with mixed use of the names "green", "yellow" and 
"red"16. We therefore conclude that BB can scale the hue content visible spectrum as 
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Figure 1. Continuous hue estimation data at 100 tds. Response 
categories "Red" and "Green" are represented by square symbols; 
"Yellow" and "Blue" by circular symbols. On each trial, a 
percentage estimation of the hue content was given with the 
proviso that the total hue content sum to 100%. 

accurately as normal observers. 
The equilibrium hues can be derived at the cross-overs of the adjoining null 

hues; i.e. equilibrium yellow is calculated at the cross over of the names "red" and 
"green"17. For BB as for color-normal observers, the equilibrium hues occurred in the 
spectral regions near 480 nm, 500 nm and 580 nm, well within normal variability for 
the literature, especially given our somewhat coarse scaling of the spectrum. 

Although hue estimation was normal at 100 tds, we considered that an 
abnormal result might occur at higher or lower luminance levels. For example, color 
naming of anomalous trichromatic observers reveals an exaggerated Bezold-Briicke 
effect. The data at 10 and 1000 tds is shown in Figure 2. Again hue estimation of 
subject BB is comparable to that of normal observer VS. For BB the 580 nm stimuli 
did not appear as equilibrium yellow, the response categories "green" and "yellow were 
used to describe the hue. As retinal illuminance increased from 10 to 1000 tds, the 
percentage of "blue" and "yellow" increased relative to those for "green" and "red", for 
test wavelengths 420-600 nm. Neither observer showed an effect ofluminance level 
for wavelengths 620-660 nm. 

Experiment 2: Equilibrium Yellow 
Methods: The equipment was as described in Experiment 1. Only the channel with 
the monochromator was used for this experiment. The test field was circular of 1.6° 
diameter. We assessed the spectral locus of equilibrium yellow using equiluminant 
lights scaled at 2 nm steps. We used a double random staircase with five reversals. 
The staircases were started at positions that spanned "definitely greenish" to 
"definitely reddish". On each trial the observer viewed a 1 sec pulse oflight and 
responded "reddish" or "greenish". The observers included EB and 12 normal 
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Figure 2. Continuous hue estimation data at 10 and 1000 tds. 
Response categories "Red" and "Green" are represented by square 
symbols; "Yellow" and "Blue" by circular symbols. On each trial, a 
percentage estimation of the hue content was given with the proviso 
that the total hue content sum to 100%. Data collected at 10 tds are 
shown by dashed lines, 1000 td data by continuous lines. 

trichromats. 
Results: The spectral locus of equilibrium yellow for protan carrier EB was 579 nm. 
Loci for 12 color normal observers spanned the range 571 nm- 581 nm. The locus of 
equilibrium yellow for EB is within the range of the normal observers. 

5) DISCUSSION 
Equilibrium yellow occupies a special place in the literature because the 

variance of equilibrium yellow can be compared with the variance ofRayleigh 
matching and HFP data. Thus the question of the role of cone numbers can be 
investigated. Literature surveys of the spectral locus of equilibrium yellowts, 19 which 
encompass some 11 studies show that the mean locus is located at 568 - 588 nm and 
the standard deviation varies from 2.0 to 5.3 nm for normal trichromats. Settings 
change little with luminance level between 10 and 1000 tds. Equilibrium yellow 
settings do not change with age20 and show a standard deviation of 2-3 nm over time 
periods of from 1 to 16 months2t, 22. Equilibrium hue settings of carriers of 
deuteranomaly, deuteranopia and protanopia do not differ from normal settings. 
Carriers of protanomaly set significantly shorter equilibrium yellow wavelengths than 
the other observers23. 

Pokorny and Smith24 and Mollon25 suggest that the spectral position of 
equilibrium yellow is close to the wavelength that produces the same quantum catch 
in LWS and MWS cones as does the average environmental illuminant. This 
hypothesis suggests that the LWS/MWS ratio and the spectral locus of equilibrium 
yellow should not be associated, and several studies support this view26, 27. An 
alternate hypothesis is held by Cicerone28, who postulates a model in which the cone 
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quantum catches are weighted by the relative numbers of the different cone types and 
a scaling constant. The model predicts the range of equilibrium yellow wavelengths 
encountered in the population, with longer wavelength equilibrium yellow loci being 
associated with reduced proportions ofLWS cones. For Cicerone's 7 observers, the 
range of equilibrium yellow wavelengths was postulated to be compatible with 
LWSIMWS ratios between 1.5 and 2.5. Our observers offer a critical test of the notion 
since the estimates of their LWSIMWS cone ratios are far from the mean population 
estimate. 

6) CONCLUSION 
Our data suggest that normally balanced cone ratios are not necessary for 

normal color vision and that the LWSIMWS ratio and the spectral locus of equilibrium 
yellow are not directly linked. The spectral loci of equilibrium hues might be 
developed through adaptation to the average long term environmental lighting. 
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Colour Illusions 

Osvaldo da POS 

The paper deals with a series of problems concerning general theories of perception and various 
concepts of illusions. In studying perception, explications are initially considered as formal 
correlations between variables, and this first step is believed to be the basis of further theoretical 
interpretations in terms of mechanisms or processes. One main distinction is postulated between 
physical I neuro-physiological variables on the one hand and phenomenological variables on the 
other hand, and on this distinction visual illusions are then defined and classified. A series of colour 
effects is examined to support the assumption that phenomenological illusions are easier to be 
detected, more evident and surprising than psychophysical illusions, which in turn should not be 
properly considered illusions. 

I. INTRODUCTION. 
Perceptual illusions can be considered as icebergs in the ocean of all perceptual phenomena: they 

alert the researcher that there is something of importance to be studied and they impose a series of 
questions which hardly can be avoided. The interest for studying illusions rises in different scientific 
and artistic fields, for different reasons: in some cases the most general problems of perception are 
the focus of the investigation, while in other cases people are concerned about how a particular 
illusion can be practically used in specific situations. 

In this study I try to show that perceptual illusions can have a single very general definition, but 
also that a further subdivision can be made which helps the researcher to more easily recognize 
them, to more clearly deal with the theoretical implications, to more effectively use them in 
practical applications. 

Speaking of perceptual illusions, my argument necessarily starts from considering the 
phenomenal world as it appears to all individual observers. The traditional psychological problem of 
perception is usually so formulated: "why the world appears as it appears", and the psychologist's 
task has been recognized as finding an explanation, a solution of the problem. 

At a very first general level explanation consists in identifying some regular relationships 
between different elements which are correlated with the event to be explained. At this level 
explanation has mainly an informational value: the knowledge of a series of relations is sufficient 
for knowing the characteristics of the corresponding event. Therefore one can easily understand why 
often scientific definitions and laws insist on the functional dependency of an event on a series of 
conditions. 

The procedure for explanation requires two logical steps: first the isolation of the relevant 
variables, secondly the determination of an appropriate mathematical relationship between the 
variables. 

There are two different realms from which relevant variables can be derived: the physical world 
and the phenomenal world. When physical or neuro-physiological variables are correlated with 
phenomenal variables, one might speak of physical or neuro-physiological theories; when 
correlations are detected within phenomenological variables, one speaks of phenomenological 
theories. For instance, to explain why some surfaces look more or less yellowish than others, one 
can apply either to variations in the power and frequency of electromagnetic waves impinging the 
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eye, or to variations in some purely perceptual dimensions like figural belongingness or colour 
similarity. 

There is no apriori principle imposing the choice: from the point of view of information, the goal 
of an explanation is the description of the necessary and sufficient conditions for the event, i.e. the 
formalization of the functions relating the variables to the event. The best explanation is reached 
when it is possible to derive a full knowledge of the event from the knowledge of the hypothetical 
relevant variables (in the form: "a perceptual event of a specified kind is given if and only if a series 
of conditions is fulfilled in the relevant variable"). Strictly speaking, only the informational 
foundation of the knowledge is here involved, and therefore mathematical models do not 
presuppose philosophical (ontological) inferences, like causal relationships. When the 
correspondence between variables is one to one the explanation is complete. But often the 
correspondence is many to one, and at least in one direction the information is fully determined; if 
the correspondence is many to many, although it is still rich in information as it excludes what is 
irrelevant, the predictive power of this knowledge is relatively low. It seems that explanations in 
psychology need a much more complex description of the relevant correlated variables than in other 
fields of science. 

Perception may be understood to mean just the process (e.g. a cognitive or a neurological 
process) or it may be understood to mean the end result of the process, i.e. the "phenomenal world", 
the world as we experience it. Mathematical models are often derived from the phenomenal world 
but may be used to make inferences about the possible processes. The use that is made of the 
models depends on the theory. There are many reasons for considering mechanisms and causality 
relationships as very useful constructs for explaining perceptual events. Nevertheless, although 
science has recently achieved gratifying successes, it seems that the relationships between neuro-
physiological variables and the characteristics of the perceived events are still limited to rather 
simple aspects of perception, if any at all (Westheimer, 1990 [1] ; Uttal 1996 [2]). Zrenner et al. [3] 
p. 204 put it strongly: "Despite much effort, a direct correlation between classical color metrics and 
neuro-physiological mechanisms is not yet possible". 

There is a quite animated debate about the relationships between the physical and the perceptual 
worlds. As previously mentioned, causality seems to be more a construct (Masin, 1993 [4]) than a 
"real" (ontological) process, and therefore it is difficult to defend the claim that our perceptions are 
reproductions or representations of the physical world because they are caused by it. As far as we 
know, one can only say that some characteristics of our perception can be correlated with some 
variables used by physical science to describe some aspects of the world; and moreover further 
linking propositions are needed for interpreting the formal symbolization (Teller, 1984 [5]). For 
instance, relationships between different tones in auditory perception (for instance one octave) can 
be correlated with corresponding relationships between frequencies of molecular vibrations; and 
relationships between different hues, perceived in specific conditions, can be correlated with some 
relationships between wavelengths of electromagnetic (e.m.) radiations. Nevertheless it would be 
wrong to conclude that colours are simply the perceptual aspects of e.m. radiations, or that sounds 
are correspondingly the perceptual aspects of material vibrations (inside a range of frequencies). 
The famous dilemma about whether a falling tree in the forest makes any noise (when there is 
nobody to hear it) receives a negative answer, and the same happens for the fire in the same forest 
which makes no light when nobody is there to see it. As sensations certainly depend on the 
particular cortex area activated by the sensory nerves, if the optic tracts and the auditory nerve were 
interchanged somewhere in the brain before reaching the cortex, we would see lights when the ears 
are stimulated by molecular vibrations and hear sounds when the eyes are stimulated by e.m. 
radiations. Lights and sounds still would keep some structural invariant relationships with the 
physical stimuli (for instance two colours might be correlated with a particular relationship between 
molecular vibrations, and correspondingly sounds would be correlated with relationships between 
e.m. waves), allowing thus the organism to correctly behave in the environment ("veridicality of 
perception", Logvinenko, 1996 [6]). In this case the falling tree would produce lights and not noises, 
while the fire would produce noises instead of light. So the phenomenal characteristics which 
distinguish lights from sounds are not derived by physical aspects of the world but only depend on 
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the anatomical structure of our sensory systems. Lights and sounds are not so subjective to have 
nothing to do with the physical aspects of the world: the two realms are linked by a functional I 
relational dependency properly described by a set of formal relations. It remains to verify how useful 
as an explanation this description can actually be, especially if it is compared with other kinds of 
descriptions, for instance the phenomenological ones. An example of the priority of 
phenomenological variables is given by Rabin et al. (1992 [7]): an illusory Necker cube presented to 
stimulateS cones (only chromatic), is still perceived as long as its visibility allows: according to the 
authors, phenomenal visibility is the relevant variable, rather than the particular pathway traversed. 

One may notice that the visual system appears more complex than the auditory system: one 
reason could be that e.m. radiations are more effective in signalling environmental variations than 
molecular vibrations, especially because of the speed and directionality of the e.m. waves, and 
therefore they are predominantly used for quick and precise motor respcnse allowing the organisms 
to fit the environment better. We conclude then that the characteristics of the perceptual world are 
characterised by our biological make up rather than by the physical world; they are not reducible to 
physical aspects, cannot be questioned by theories and only phenomenological descriptions are 
appropriate for them. There are still relevant relationships between some variables in the first realm 
and other variables in the second one, which psychophysics and neuro-physiology try to describe. 

According to experimental phenomenology, a rather old discipline directly derived from Gestalt 
theory, our phenomenal world can be described in terms of phenomenal concepts, i.e. of concepts 
that can be used to describe the content of our perception. For instance redness, lightness, shadow, 
and so on, are perceivable characteristics used to describe and communicate aspects of our 
phenomenal world. We know that unique red, like unique green, blue and yellow, can be defined 
only on a perceptual basis: R G B Yare then concepts referring to specific colour characteristics and 
how they appear in our phenomenal world. Unfortunately the same words and symbols (R G B, for 
instance) are also used to describe particular e.m. waves or combination of waves. It seems to be a 
common practice to use terms referring to one set of variables instead of the other when they are 
correlated (of course an ontological implication is often assumed when a formal correlation is 
found, presupposing causal relationships, which would justify the interchange of the two terms, the 
cause and the effect). In additive color mixing R G B stand for the corresponding radiations: in this 
case, moreover, R G B are not radiations but constructs, i.e. they mean all the sets of radiations 
which are correlated with the same apparent colour. Sometimes we devise some sets of abstract 
concepts which can be used to explain our perceptions: for instance, X Y Z are neither physical 
entities nor directly perceivable, but are analogous to R G B which are perceivable. 

Other examples of such constructs are: potential energy, electromagnetic field, gravitation on the 
physical side, receptive fields, 1t mechanisms, filling-in, adaptation on the neuro-physiological side, 
making a hypothesis, unconscious inference, problem solving on the cognitive side, colour I 
illumination complementarity or splitting, belongingness, and figure-ground organization on the 
phenomenological side. The usefulness of constructs for making predictions can be appreciated in 
that a wider set of relationships are this way embraced which lead to the formulations of new 
hypotheses to be verified (Spillmann & Dresp, 1995 [8]). Sometimes experience itself can challenge 
some theoretical constructs. For example there are occasion when the unconscious inference of 
cognitive psychology breaks down: transitivity often does not hold in perception. If the two 
extremities of a coloured stripe which looks uniform match the extremities of another coloured 
stripe in a different context, this second stripe will not necessarily look also uniform (de Grandis, 
Fig. 7-17) 

To distinguish between psychophysical descriptions and phenomenal descriptions the concept of 
stimulus can be useful. Stimulus strictly means what can stimulate the sense organ, and receptors 
can be excited or inhibited by specific forms of physical energy. As distance and contact senses 
identify two main kind of sensory systems (Kardos, 1984 [9]), also the concept of stimulus assumes 
two traditional, different meanings: proximal stimulus is the form of energy which effectively 
reaches the receptors and acts on them (the molecules of some external body for touch, smell and 
taste receptors on the one hand, e.m. waves or vibrations for vision and hearing receptors on the 
other), while distant stimulus is considered the source where the proximal stimulus comes from (for 
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instance a group of molecules emitting e.m. waves). Because of the tendency of exchanging the 
terms for cause and effect (for instance e.m. radiations I light; Liljefors, 1995 [10]) and of 
considering a formal dependency as causal relationship (Nakayama et a!., 1990 [11]), both the 
distant stimulus for the distance sense and the proximal stimulus for the contact senses are 
frequently considered the "object" of our perception, what we "perceive". So, on the basis of a 
correlational dependency, a coloured object of our perceptual world is often considered as identical 
to the assembly of some molecules; in another view the coloured object is considered as the 
representation of the correlated molecules (Caivano, 1990 [12]. Assuming a more neutral 
philosophical position, we can remain safely on a correlational approach, with some further 
specifications about the possible asymmetry of the relationships. If from one set of relationships (for 
instance in the realm of physical entities) we derive more information than we do from the other set 
(for instance in the realm of perception), we may make inferences about "real" (ontological) 
relationships linking the two fields (Burigana, 1996 [13]). But this, although useful for making 
predictions, seems admissible only on an hypothetical ground. Psychologists often find that the 
contrary is true: an effect like transparency with coloured surfaces is much more completely 
described with reference to perceptual variables (colour similarities) rather than physical variables 
(radiations; da Pos, 1991). 

We are now ready for a basic distinction between two kinds of perceptual illusions ( da Pos, 1997 
[14]: A) on the one side an illusory perception is given when there are discrepancies between what 
we perceive (e.g. redness) and the physical, not perceivable variables ( e.g. wavelength) which are 
known to be correlated: I would call these psychophysical illusions. B) on the other side an illusory 
perception is given when the discrepancies appear within the phenomenal world, as, for instance, 
when the same perceived object appears now with some and now with contrasting characteristics: I 
would call these phenomenological illusions. Most people spontaneously refer to the first kind of 
illusion when asked about a personal definition, probably because of the naive identification of the 
perceived object with the stimulus. But it is rather evident that psychophysical illusions do not 
appear as such unless some more or less deep knowledge of psychophysical functions is reached. In 
this case, the illusory aspect of a percept is still referable to a more complex and exhaustive set of 
relationships. So a psychophysical illusion is not a mistake performed by our perceptual system, but 
simply involves a relationship with the physical variables structured in such a way that the 
behaviour of the animal is impaired. Perception is then mainly functional for movement responses, 
or more widely, for adaptive behaviour in the environment. 

Abstract intelligence has a higher cognitive value than perception, and in humans it allows the 
detection and overcoming of illusions, allowing a still better adaptation to the environment for 
which perception is inadequate. (Some illusions are just adaptatively neutral, e.g. brightness I 
lightness discrepancy, while other illusions may be seriously dangerous, as when linear acceleration 
is felt as an upward acceleration in speedy aeroplanes. Pilots have been known to crash while 
making what they feel to be corrections to the aircraft's trim). According to Boring (1942) , when 
such illusions are fully understood, they cannot be considered illusions anymore, because the lack of 
knowledge which justified the surprise of their discovery has been overcome. Phenomenal illusions 
on the contrary always keep their illusory characteristics as far as the same event appears (in 
perceptual sense) under contrasting aspects. Therefore the more direct is the connection of 
contrasting aspects with the same event, the stronger is the evidence of an illusion. 

2. CLASSIFICATION. 
We can then distinguish different kinds of illusions according to the immediacy of the perceived 

link between opposing characteristics and the object which bears them. 
CASE A. In the visual field there is no change which could be ascribed to physical variations: the 
object in question appears alternatively with different characteristics only because of some changes 
on the part of the observer: either the time is just passing, or the fixation point has changed, or the 
attitude (global vs analytic) is different. 
CASE B. As before the visual field is still physically unchanged, but there are two objects (supposed 
to be identical) which appear different in different contexts. One common way of ascertaining the 
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identity of two objects (colours, in most our cases) is to look at them in a reduction situation, i.e. 
through a reduction screen (Katz, 1935) or better through a black tube. It is possible to have the 
same results, at least in some cases (Masin, 1984 [15]) also assuming a proper attitude in a free 
vision. 
CASE C. There is only one critical object and its characteristics appear to change because either the 
object itself is moving or the context has undergone some changes. 
In the cases A and C the identity of the object (for instance it is the same dog, the same stick, the 
same movement and so on) is directly perceived, while in B it is known through different sources of 
knowledge (I have been told, I produced it, I measured it, and so on). 
CASE D. The object is recognised as the same as one perceived some time before, but its 
characteristics look different. Remembering a previous perception is involved here. 
CASE E. Discrepancies are not perceived, but there are contrasts between what we know and what 
we see. A set of known correlations between physical or neuro-physiological and perceptual 
variables are supposed to hold while in a specific situation this does not happen . 
A list of examples involving colours are given in the following section 

Case A. 
Differences connected with spatial arrangement. 

as1 - partial transparency: the same object appears transparent in some parts of it and opaque in 
others (Metelli et al. 1981 [16]. da Pos 1976 [17] , Kozaki et al. 1989 [18]). 
as2 - paradoxical transparency: one object appears not only opaque here and transparent there, but 
also of different colour (Metzger, 1955 [19]) 
as3 - the Mach book: surface colours and illumination appear different as a function of perceived 
three-dimensional organization (Mach, 1865) 
as4 - Thiery coloured prism: one region appears either in shadow or of different surface colour 
according to the perceived 3D organization (Gregory, 1994 [20]) 
as5 - Ambegujas: a four colour and six coplanar areas display appears of distinctive surface colours 
and illumination as a function of many different 3D organizations (Bergstrom et al., 1996) 
as6 - a particular area of the visual field changes its colour characteristics passing from surface 
colour to shadow according to the 3D perceived organization of a cone (Logvinenko, 1994 [21]) 
as7- Hermann grid: dark or coloured dots are not perceived in the fixation area (Spillmann, 1994) 

Differences which appear as time passes (after-effects of all kinds) 
at1 -colour desaturate after prolonged observation 

Differences connected with perceptive attitude. 
ap 1 - the colour and illumination of an object changes as a function of its belongingness to different 
figural structure (Gilchrist, 1977) 
ap2 - metacontrast and attention: the disappearance of a first object as a consequence of the 
appearance of a second is prevented by particular figural organizations which depend on attention 
(Ramachandran, 1995) 
ap3 - an analytical attitude reveals aspects of the objects that contrast with what is perceived when 
observing them with a global attitude: 

ap3a- Kanizsa triangle and subjective contours (Kanizsa, 1976) 
ap3b- Eherenstein, van Tujil, Varin, neon effects (Redies et al. , 1984 [22], Goda, 1997 [23]). 

Case B. 
bl - many contrast examples: the "same colours" or the "same coloured objects" appear different 
because placed in different coloured contexts. 

bla - For instance the two identical grey triangles in the Benary cross appear different, despite 
locally identical contexts, because the contextual difference is in figural belongingness (Benary, 
1924) 

blb -the red and blue squares in the cover of the book by W.D. Wright (1958 [24]) appear 
different because they are perceived as lying over differently coloured figures 
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blc- the White's effect: almost the same as in Wright's example but in the achromatic domain 
(although discovered as a "new effect" about 20 years later, White 1979) 

blc- an analogous chromatic example displayed by Hesselgren (1987 [25]) on the cover of his 
book "On Architecture". 

bld- some more recent examples by Adelson in the achromatic range (Adelson, 1993 [26]) and 
by Logvinenko (1997 [27]) in the chromatic one: in these cases the contexts of the two associated 
coloured regions differ not only in surface colour but also in perceived illumination (shadow), 
which makes the apparent colour difference much more evident. 
b2 - many assimilation examples: as before, differences are perceived when the "same colours" are 
located in different colour contexts. One of the most famous example is taken from Bezold in the 
chromatic domain (von Bezold, 1874), and from Helson (1959 [28]) in the achromatic domain, but 
there are interesting examples also from Kanizsa ( 1957 [29]). 

Case C. 
The object moves 

col - subjective colours: since Fechner, Benham, and Bidwell either black and white displays or 
coloured disks are known to change their colour depending on whether or not they move, and on the 
direction of their movement (Spillmann, 1990). Intermittent lights produce analogous effects 
(Violetteffekt, Welpe, 1978) 
co2 - colour from motion: a couple of effects are referred to here which show a colour spreading 
dependent on the perception of motion (Cicerone et al. 1995 [30]; Zanforlin, 1996 [31]) . A 
common feature is the appearance of 3D organization. 
co3 - fluttering heart (Gri.inau von, 1976) and MacKay (1958) illusory displacement: a figure 
appears moving in relation to the background on which it is fixed when both are moved 
co3 -red-blue moving slit illusion (Mollon & Polden, 1975): the blue part of a slit is seen moving 
behind the collinear red part when both are rigidly shifted. 

The object is constant and context is changed: 
cc 1 - the colour of a hole appears to change when the surrounding surface is differently illuminated 
(Hess & Pretori, 1884, 1970 [32]) 
cc2 - illusions dependent on spatial frequency: particular changes in the object, for instance the 
appearance of the neon effect (Redies et al., 1984) and spatial colour fusion (Comsweet, 1970), are 
perceived when the observer approaches or goes away from the object. 
cc3 - Purkinje effect: if the illumination of a scene is decreased or increased, the lightnesses of some 
objects appear mutually inverted (Purkinje, 1825). 
cc4 - many aspects of the observed objects undergo more or less drastic changes when seen in 
reduction or in isolation (i.e. either through a holed screen or a black tube) 

CaseD 
The identity of the object whose characteristics are perceived conflicting is given by memory. 

dl -in the moon illusion, the surprise about its different sizes depends on our believing that it is the 
same moon. 

CaseE 
el - Land retinex theory: perceived surface colours do not always correspond to the e.m. radiations 
reaching the eyes from the corresponding areas (Land, 1977 [33]). 
e2 - Abney effect: changes in colorimetric purity are correlated with changes not only in saturation 
but also in hue (Abney, 1910) 
e3 - Bezold-Bri.icke shift (Purdy, 1931): keeping constant the spectral composition of some 
radiations and changing only their power, observers notice changes not only in the intensity of the 
light, but also in its hue. 
e4 - Helmholtz-Boswell-Kohlrausch effect: the brightness of saturated colours appears 
overestimated as compared with expectations based on their luminance (Nayatani, 1994) 
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e5 - Helson-Judd effect: under monochromatic illumination neutral surfaces appear either of the 
illuminant or of the complementary colour depending on their reflectance (Evans, 1948) 

One illusory phenomenon can belong in different categories. In agreement with Boring's 
suggestions, the effects of case E should not be considered illusions after we have improved our 
knowledge about them, while illusions of cases A-C hold their deceptive appearance. 

3. CONCLUDING REMARKS. 
What have I proposed that is new? Where is its usefulness? First of all, not very much is new in 

the arguments which have been put forward to support the idea that illusions primarily deal with 
phenomenal discrepancies (Reynolds, 1988), and only secondarily with physical I psychological 
conflicts. In fact the history of psychology (Henle, 1976 [34]) shows that a consistent contribution 
has always been given in this direction, since Hering's phenomenological theorization on colours, 
Gestalt Psychology, and experimental phenomenology (Bozzi, 1989 [35]; Burigana, 1996 [13]). 

The main point has been to stress the elementary and logical importance of correlations between 
variables as tools for explaining our phenomenal world; and then the legitimation of the precedence 
of the phenomenal variables over the physical and neuro-physiological ones, especially from the 
point of view of informational and explicative power. 

I can see two reasons for the usefulness of the phenomenological approach to illusions: as 
surprise is considered to be strictly connected with the discovery of discrepancies, the more direct 
the perception of these discrepancies the more joyful is the resulting surprise (except for dangerous 
situations!). This might be the reason why illusions can be used effectively in art. On the other hand, 
once an illusion has been perceptually detected, further explanations are urged to establish a larger 
and more consistent network of relationships within which the event can be arranged, and this is 
why illusions are so widely treated by psychologists. 
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Towards Improved Accuracy of Surface 
Colour Measurement 

John VERRILL 

ABSTRACT 

The system for specifying colour in numerical form was recommended by the ClE in 1931. 
However, many companies still find it necessary to circulate coloured samples to specify their 
requirements. This is because the problem of measuring to within the ability of the human eye 
for discriminating colours has not been completely solved. To do this requires the production 
of measuring instruments of different makes and models to agree to within 0.5 ClELAB units 
peak to peak, or better, for all colours. An international intercomparison of surface colour 
measurements between four laboratories each with responsibility for national standards of 
measurement gave agreement to within 0.5 CIELAB units for only approximately half of the 
measurements. Differences up to 2 CIELAB units occurred. A second intercomparison between 
industrial companies gave roughly the same level of agreement between commercial instruments 
of the highest quality. (Other instruments gave less good agreement.) The required improvement 
of a factor of 4 can only be achieved by the reduction of systematic uncertainties in colour 
measurement. A summary of these uncertainties is given. They can be divided into two 
categories, the first due to the measuring instrument, the second due to the properties of the 
samples themselves. The first category includes uncertainties in the absolute scale of diffuse 
reflectance, photometric linearity, dark level, wavelength, gloss trap and integrating sphere non 
uniformity. The second category includes sample non uniformity, thermochromism, and 
translucency. An outline of a method for reducing uncertainties is given. 

1. INTRODUCTION 
The ClE system for the specification of colour is based on the radiometrically determined 

amounts of red, green and blue primary colours which, when mixed together, match 
monochromatic spectral colours( I). Further developments of this system led to formulae for 
equating perceived colour differences with instrumentally measured colour differences( I). The 
principal use of colorimetry in the industrial production of coloured goods has been in the 
manufacture of products to match a physical sample which defines the required colour. The 
supplier is frequently in a different country from the purchaser and material samples need to be 
circulated. The samples , which may be textile or paper, may change with time, either through 
natural fading processes or by becoming contaminated with dirt. The situation is now changing 
in that many purchasers would like to be able to define their requirements for the colour of the 
goods in numerical form only, without the need for exchange of physical samples. In order to 
achieve this the colour measuring instruments of both supplier and purchaser must agree to 
within the limits of discrimination of the human eye. The numerical value of this limit varies 
through colour space, but a figure of 0.5 CIELAB units is used here as a general guide. 
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2. PRECISION, INTER INSTRUMENT AGREEMENT AND UNCERTAINTY 
A full description of the accuracy of a measuring instrument requires the specification of more 

than one quantity. 
Precision is a measure of the closeness of agreement between repeated results on the same 

sample. It is sometimes called repeatability and is best defined by the standard deviation S of the 
measurements multiplied by a constant known as the coverage factor (see below). If the 
measurement is repeated n times and the individual values are denoted by X;, then: 

n 

s = I: (I) 
i = I 

_x; where :X = L 
; 0 1 n 

(2) 

"Inter instrument agreement" is the difference between results of measurements from 
instruments of the same make and model on leaving the factory. The difference between these 
instruments some time later may be greater. Inter instrument agreement does not give the 
difference between measurements from instruments of different models or makes. For this the 
absolute accuracy of the colour measuring instruments needs to be known. 

Manufacturers of colour measuring instruments do not quote figures for absolute accuracy. 
They quote figures for precision (repeatability) and for inter instrument agreement 
(reproducibility). Purchasers often misinterpret the specified numbers as being statements of 
accuracy. As a consequence, disagreements are frequent(2). 

The absolute accuracy of a measurement can be equated with the total uncertainty. This can be 
determined by any user of a colour measuring instrument providing that a set of calibrated colour 
transfer standards is available together with a certificate that includes a statement of uncertainties. 

Uncertainty is the range of values within which the true value is expected to lie. It must always 
be stated at a given confidence level. Thus the statement that the measured value is V ± v at the 
95% confidence level, means that there is a 95% probability that the true value lies between V 
+ v and V - v. The total uncertainty is the combination of two uncertainties, those that have been 
determined by statistical methods and known as type A and those not determined by statistical 
methods known as type B. (The terms Type A and Type B replaced the roughly corresponding 
terms random and systematic some years ago). 

The type A uncertainty at the 95% confidence level U A can be estimated by determining the 
standard deviation as described above and multiplying it by a coverage factor of 2. 

Thus UA = 2S (3) 

Type B uncertainties are difficult to estimate at the primary level. They will be a combination 
of several different sources of uncertainty, some associated with the measuring instrument itself 
and some with the sample. Environmental factors such as temperature may contribute both to 
uncertainties related to the instrument and uncertainties related to the sample. For practical 
purposes, at the secondary level , the type B uncertainty can be determined using a calibrated 
transfer standard traceable to a national standards laboratory. In this case the type B uncertainty 
U8 can be calculated as 

(4) 

where un is the certified uncertainty of the transfer standard and ud is the difference between the 
measured value of the transfer standard and the certified value. 
The total uncertainty UT is given by 

(5) 
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This assumes that the sample and the transfer standard have similar optical properties and that 
the measurements are made at the same temperature as that at which the transfer standard was 
calibrated. If these conditions are not met, there will be additional sources of systematic 
uncertainty. 

3. CURRENT LIMITATIONS ON THE ACCURACY OF COLOUR MEASURING 
INSTRUMENTS 

An international intercomparison of surface colour measurements between four laboratories 
with responsibility for national standards of colour measurement gave agreement within 0.5 
CIELAB units peak to peak for only 50% of measurements(3). The maximum difference was 
2.2 CIELAB units. The instruments were all of the scanning type where the spectral reflectance 
is measured one wavelength at a time. A second intercompari son of surface colour 
measurements between 24 mainly industrial participants showed that the best available 
commercial colour measuring instruments gave approximately the same level of agreement as 
for the international intercomparison(4). Other instruments gave less good agreement. 

Table: Results of an intercomparison of surface colour measurements by 24 mainly 
industrial laboratories. Each participant measured a set of over 20 colour standards. 
Results are expressed in terms of the maximum colour difference from NPL for the 
set of standards. Thus 4 participants gave a maximum colour difference from NPL 
of less than I CIELAB unit for the specular included geometry. 

Spectrophotometers Colorimeters 
CIELAB , D65 , I oo Observer CIELAB, D65, 10° Observer 

< I 1-2 3-5 5+ <I I 1-2 I 2-3 I 3-5 I 5+ II 
Specular Included 4 6 6 I I All Geometries 0 I o I o I 4 I 2 II 
Specular Excluded 3 5 3 3 2 

0°/45 ° 0 2 4 3 2 
Numbers of participants in boxes 

The agreement between instruments of the same make and model is sufficiently good that some 
companies are now specifying colour by number in international trading. Depending on the level 
of agreement required, many of these companies find it necessary to state that both the customer 
and the supplier must use instruments of the same make and model. Some improvement is still 
needed especially where customer and supplier do not have the same instruments. 95% 
agreement at the 0.5 CIELAB units level might be regarded as a necessary but realistic target. 
For national standards laboratories the lower figure of 0.2 CIELAB units is required in the long 
term. The repeatabilities (type A uncertainty) currently achieved on the best diode array 
spectrophotometers with two parallel monochromators are well below 0. I CIELAB units. In 
order to achieve the target figures, the type B uncertainty must be reduced. 

The number of significant sources of uncertainty in colour measuring instruments is quite large. 
Some lie in the measuring instrument itself while others are due to properties of the materials 
being measured . In order to achieve the above targets most, if not all, these uncertainties will 
need to be reduced. 
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4. THE ANALYSIS AND REDUCTION OF INSTRUMENTAL UNCERTAINTIES 
Type A and type B uncertainties can be determined using a set of calibrated colour standards. 

The type A uncertainty may be determined for all the standards in the set. The type B uncertainty 
should also be determined as indicated in Section 2. The determinations should be repeated at 
intervals of a few months and plotted as a function of time. However, additional tests are needed 
to analyse and reduce individual sources of uncertainty (5, 6, 7, 8). 

Differences in scales of absolute diffuse reflectance 
Surface colour measurements are usually traceable to an absolute scale of diffuse reflectance 

realised at one of a small number of national standards laboratories. Good agreement between 
national laboratories was confirmed several years ago(9). Since then scales have diverged, 
although more recently they have converged again following further research. One possible 
solution to the problem of differences between national scales would be the publication of an 
international mean scale, though it might be difficult to reach agreement on this. 

Photometric non linearity 
This can be measured readily with a neutral grey standard with a reflectance of between 30% 

and 50%. The difference between the measured value and the certified value can be incorporated 
into a simple polynomial correction applied through the software. 

Dark level 
Scattering of light within the instrument optics gives a finite reading which is best determined 

by using a black glass wedge at the sample port of the integrating sphere. 

Wavelength scale error 
An error in the wavelength scale oA. will give a corresponding error in the reflectance value oR 

(6) where oR = dR . OA. 
dA. 

dR being the spectral reflectance slope. For neutral grey tiles dR = 0. However, for 
dA. dA. 

chromatically coloured tiles it will be finite for part of the spectral range. (The word error is used 
for the difference between the instrument reading and the true value. Sometimes it is possible to 
determine the approximate value of an error and apply a correction. This will not be exact and 
there will be a residual uncertainty.) Wavelength errors are easy to determine for research 
instruments of the scanning type, which often incorporate a light source with a well defined 
emission line that can be used to calibrated the wavelength scale. For diode array instruments the 
problem is more difficult. Some instruments include a software routine which enables a 
continuous plot of the reflectance with wavelength to be made. A chromatically coloured transfer 
standard can be measured and the plot of reflectance against wavelength compared with that from 
the calibration certificate. A systematic shift of the whole reflectance profile along the 
wavelength axis indicates a wavelength error. The temperature at which the measurement is made 
must be the same as that at which the transfer standard was calibrated because temperature 
effects can also give rise to spectral shifts (see thermochromism below). If a wavelength error 
is detected it is possible to apply a correction to the reflectance data using equation 6. 

Imperfect gloss trap 
Many samples have a glossy surface but need to be measured in the specular excluded mode. 

The specular beam is absorbed by a gloss trap mounted on the integrating sphere wall. Gloss 
traps should ideally be made from a black glass wedge and all the light in the specular beam 
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should fall within this wedge. However, due to faulty design or to misalignment some of the 
specularly reflected light may fall on the sphere wall outside the gloss trap. Also, some gloss 
traps are not well designed and reflect a significant amount of the incident light back into the 
integrating sphere. Gloss trap errors are best investigated with a calibrated mirror placed at the 
sample port. A numerical correction can be applied through the software(S). 

Specular beam error 
In the specular included mode, the light in the specular beam may not be collected with the 

same efficiency as the diffusely reflected light. This effect can also be measured using a 
calibrated mirror and a correction applied through the software(S). 

Integrating sphere non uniformity 
It is generally assumed that all reflected rays entering the integrating sphere are collected with 

the same efficiency. This assumption is generally not true, especially for sphere coatings that are 
a few years old. Non uniformity of collection can arise from ports and baffles within the 
integrating sphere or from non uniformity of the reflectance of the sphere coating. The non 
uniformity of collection of integrating spheres has been demonstrated using a diode laser source 
mounted on a double gimbal mounting ( 10) Fig. I . 

Figure 1 - Non uniformity of a barium 
sulphate painted sphere one year after 
coating 
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Figure 2 - Variation of reflected 
radiance factor (8/diffuse) with 
angle of incidence 

Matt and glossy surfaces give different angular variationsof reflectance factor as shown in Fig.2. 
The problems due to non uniformity of collection can be minimised if the sample and the white 
reflectance standard have the same type of surface so that the variation of retlected radiance 
factor with angle of reflection is the same for both sample and standard. This can be done if a 
matt sample is measured using a matt standard and a glossy sample is measured using a glossy 
standard. 
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Polarization effects in 0°/45° and 45°/0° measuring heads 
The reflected radiance factors will not be the same for parallel and perpendicular polarized light 

and the difference will vary with the angle of reflectance as shown in Fig.3( I 0, II). The effect 
is more marked for a material with a glossy surface than for one with a matt surface. If the 
incident light is partially polarized then the measured values of 0°/45 ° (or 45 °/0 °) radiance 
factor will be dependent on the degree of partial polarization. This problem can be solved either 
by measuring in both planes of polarization and taking the mean or by inserting a polarizer in the 
incident beam with the axis at 45 ° to the plane of incidence. 
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Figure 3- Reflected radiance factors for parallel (p) and perpendicular (s) polarized light 

5. THE MINIMISATION OF UNCERTAINTIES DUE TO SAMPLE PROPERTIES 

Thermochromism 
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White and grey materials show very little variation of colour with temperature. However, 
saturated red and orange pigments can have temperature coefficients in the region of 0.1 CIELAB 
units per oq 12). Corrections to a standard temperature can be applied if the coefficients of 
thermochromism are known( 13). This may be the case for calibrated standards but it is unlikely 
to be the case for paint or textile samples. 

Translucency 
For some materials the light is reflected by scattering at or just below the surface. For other 

materials the light can penetrate several millimetres into the sample and can be shifted laterally 
by a few millimetres before it emerges as reflected light( 14). The white reference standard 
should not have a significant degree of translucency. Colour measuring instruments should be 
designed to allow for up to± 3 mm lateral spreading of the light within the sample. 

irradiance reflected radiance 

integrating sphere port 

Figure Sa- Translucency. The light incident 
on the sample is shown with a rectangular 
radiance distribution. Due to lateral 
spreading of light within the sample, the 
reflected radiance has a spatial variation 
approaching that of a Gaussian distribution. 
Some of the reflected light falls outside the 
sphere port and is not collected 
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Figure Sb - Variation of reflected signal 
with gap size for an opal glass standard as 
compared with a white ceramic tile 

Significant departures from uniformity of colour standards have been reported( 15). The effects 
are minimised if the standards are properly centred. The same is also true for samples in 
production industry and the non uniformity should be measured before tolerances are set. 

Textured surfaces 
The effect of surface texture on the accuracy of colour measurements has not been well 

researched. If two instruments give good agreement with uniform glossy standards it cannot be 
assumed that they will give the same agreement with textured surfaces, including textiles. 

Sensitivity to humidity 
Humidity could have an effect with water absorbing materials. Some companies require textile 

samples to be conditioned in a controlled humidity enclosure before measurement. 

6. CONCLUSION 
Surface colour measurement has reached a stage where some companies are trading in 

numerical colour data without the need for material samples. However, further improvements 
in accuracy of measurement are needed. These can be achieved by the analysis and reduction of 
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components of systematic uncertainty. The reduction of a single component is unlikely to have 
a significant effect on the total uncertainty. All components need to be reduced and 
environmental controls improved where necessary. 

REFERENCES 

I. CIE Publication 15.2, Colorimetry, CIE Vienna ( 1986) 
2. VERRILL, J.F., KNEE, P.C. and HANSON, A.R., Study of improved methods for 

absolute colorimetry, NPL Report QM 130 ( 1997) 
3. VERRILL, J.F., Intercomparison of colour measurements, synthesis report, Report 

EURI4982EN, Commission of the European Communities, DG Xll, Brussels (1993) 
4. VERRILL, J .F. , CLARKE, P.J., OHALLORAN, J., and KNEE, P.C. , NPL 

Spectrophotometry and Colorimetry Club intercomparison of colour measurements NPL 
Report QM I 13 (1995) 

5. CLARKE, F.J .J., and COMPTON, J.Anne, Correction methods for integrating sphere 
measurement of hemispherical reflectance, Col.Res .Appl. , Vol.ll, No.4, pp 253-262 
( 1986) 

6. ROBERTSON, A.R., Diagnostic performance evaluation of spectrophotometers, 
Advances in Standards and Methodology in Spectrophotometry ed. Burgess, C. and 
Mielenz, K.D., Elsevier, Amsterdam, pp 277-286 (1987) 

7. BERNS, Roy.S . and PETERSON, Kelvin .H., Empirical modelling of systematic 
spectrophotometric errors, Col.Res.Appl. , Vol.l3 , No.4, pp 243-256 (1988) 

8. BERNS, Roy.S. and RENIFF, Lisa, An abridged technique to diagnose 
spectrophotometric errors, Col.Res.Appl., Vol.22, No.I, pp 51-60 ( 1997) 

9. BUDDE, W., ERB, W. , and HSIA, Jack.H. , International intercomparison of absolute 
reflectance scales Col.Res.Appl., Vol.?, No.I , pp 24-27 ( 1982) 

10. VERRILL, J.F., FREEMAN, G.H.C. and MALKIN, F., New methods of diagnosing 
errors in colour measuring instruments, Proceedings of AIC Colour 93, Technical 
University of Budapest, pp C 19-9 to 13 ( 1993) 

II. CLARKE, F.J.J., GARFORTH, F.A. and PARRY, D.J., Goniophotometric and 
polarization properties of white reflection standards, NPL Report, MOM 26 ( 1977) 

12. CLARKE, F.J.J., GARFORTH, F.A. and PARRY, D.J., Goniophotometric and 
polarization properties of the common white reflection standard materials, 
Light.Res .Techn, Vol.l5 , No.3 , pp 133-149 (1983) 

13 . MALKIN, F. , LARKIN, J.A. , VERRILL, J.F. and WARDMAN, R.H., The BCRA-NPL 
Ceramic Colour Standards, Series IT - master spectral reflectance and thermochromism 
data, Jnl.Soc.Dyers.Col. , Vol.ll3 , pp 84-94 (1997) 

14. VERRILL, J.F. Advances in spectrophotometric transfer standards at the National 
Physical Laboratory, Spectrophotometry, Luminescence and Colour - Science and 
Compliance, ed. Burgess, C. , and Jones, D.G. , Elsevier Science, Amsterdam, pp 49-63 
(1995) 

15. VERRILL, J.F., KNEE, P.C., and OHALLORAN, J., A study of the uniformity and 
therrnochromism of surface colour standards, Proceedings of the 23rd Session of the CIE, 
New Delhi, Special Publication, Late Papers, CIE, Vienna ( 1996) 

AUTHOR'S ADDRESS 
John VERRILL 
Centre for Quantum Metrology, Building II, National Physical Laboratory, Teddington, 
Middlesex , United Kingdom, TWII OLW. 

49 



NCS- Reflecting the Color Sense 
as a Perceptual System 

Lars SIVIK 

WHAT IS COLOR? 
In discussions about what color is, it is common that different professional categories misun-

derstand one another. One reason is that the word color has many meanings - paint, radiation 
measurements, RGB-values, CIE-values, receptor activity, color system notations, to color as 
perceptual sensation .. . - and probably much more. 

Even if most people would agree that color in its proper sense only exists as a sensation in 
the brain, we must accept that many of the other definitions in some sense must be accepted -
from a practical point of view. This semantic-linguistic dilemma is common in many areas (the 
word "medicine", for example, has many meanings, as does the word "physics" ... ). We have to 
live with the linguistic reality as it is and through knowledge avoid misunderstandings. 

Blessed are the "naive", those who do not know anything about color in a so-called scientific 
meaning - for them color is no problem. Color is as self-evident as most other things and phe-
nomena in life, like night and day is, up and down, air and water. And all seeing humans know 
what color is. It constitutes, together with form, our visual world. I have earlier used the anal-
ogy with St. Augustine' s sentence about time: "Everybody knows what time is - until you 
ask him to explain what it is". It is the same with color. 

RESEARCH ON COLOR 
The difficulty in keeping apart the various definitions and meanings of the word color is also 

reflected in the area of color research. Perhaps it has even led some researchers to study the 
wrong problems. I leave this question open for a while. 

During our AIC conferences and congresses we have a good chance of getting acquainted with 
the broad variety of on-going color research, and increase our knowledge. But I guess that 
many, like myself, after some sessions sometimes feel more confused than before -although, 
as one says, "on a higher level". At these meetings a spectrum of aspects of the colors in our 
lives is highlighted that makes Newton' s spectrum look pale and unidimensional. 

But I know that many of those who are color designers and use colors in their daily life 
sometimes feel disappointed and question many activities in color research - they want useful 
information about how people perceive, sense, feel about and appreciate colors, if and in what 
way colors effect us, which colors are better than others in various contexts, and so on. These 
are, however, the difficult questions, much more difficult to investigate than the physics-, 
chemistry- and physiology-related ones that are the dominating topics. This difficulty per se 
is probably one of the reasons why we do not see so many scientific reports on these sub-
jects. But the interest is great, which was shown at the last AIC Conference which had the 
title "COLOR AND PSYCHOLOGY" and was arranged in Sweden in 1996 1• 

ANDERS HARD, my senior colleague, who was the main force behind the development of the 
NCS system, suggested in his introduction to the AIC Midterm Meeting in Kungalv 1983 that 
one should keep apart questions concerning "how to produce colors " and "how to use col-
ors " 2• That would make it easier to sort and categorize different kinds of color problems. The 
knowledge about how to measure color stimuli and how to reproduce these with different 

50 



kinds of pigments or rays with minute precision is, of course, of utmost value in many ways. 
But I suspect that the extreme precision in radiation assessment is far from equally important 
in all the cases it is applied. Before the time of the so-called "color" measurement instruments, 
CIE-systems and other color systems, we had to content ourselves with the common color 
names. And the history of art and architecture shows rather convincingly that people in old 
times managed quite well with these- maybe because we have a natural color system built-in 
in our brains - I will come back to this. 

COLOR IN GENERAL PSYCHOLOGY 
Color as appearance is perception, which is psychology. Looking back on my own studies in 

general psychology I remember that it was certainly not much we heard about color. Only a 
little about the physiology of vision, stimulus-response functions and then some laboratory 
exercises with an optical apparatus for measuring "just noticeable differences" between two 
adjacent color fields. There was nothing at all about more "psychological aspects" of color. 

When I later worked at universities as a teacher and researcher I found that very few aca-
demic psychologists were interested in the "psychological questions" regarding color, instead 
they preferred the problems that neighbored the "hard" sciences, such as physics and medi-
cine. This choice of topic was probably, and is still, pragmatic. If you want a job and if you 
want research grants it is easier to follow the current paradigm. (A noteworthy exception in 
my country is THE SWEDISH COUNCIL FOR BUILDING RESEARCH, which for decades has finan-
cially supported both general and applied color research). 

A NEW-OLD ASPECT 
I imagine that it must have been rather confusing for many perception researchers at the end 

of the 1960s when JAMES GIBSON's book was published- and became a best-seller. The title 
was "The Senses Considered as Perceptual Systems "3. It turned the current concept of human 
perception upside down and it questioned a large part of the traditional research in this field, 
namely the over-emphasis of detailed investigations of the capacities of single receptors and 
specific perception channels. Not that all of this endeavor was unnecessary, but he considered 
misleading the conclusions drawn from the acquired knowledge. One had not sufficiently rec-
ognized how the single elements and units cooperated. Gibson did not treat the different 
senses as mere producers of visual, auditory, tactual or other sensations. Rather he regarded 
them as active seeking mechanisms for looking, listening, touching, and the like. He empha-
sized the importance of regarding the different senses as interrelated and interactive. Gibson 
acknowledged, of course, the physiological and psychological laboratory results from simple 
receptor activation as facts, but he tried to draw the attention to, and explain, how our senses 
provide continuous and stable information that makes adaptive living possible - for humans 
and others. 

EWALD HERING'S "NATURLICHE FARBENSYSTEM" 
What, now, has Gibson's approach to perception research to do with the NCS color system? 

Gibson hardly mentions color, and when we got hold of his book the NCS R&D-work was 
almost completed. But I remember that the NCS-team (in which I then had become a member) 
felt encouraged. His notions, which today may seem self-evident, were in line with the way of 
thinking we had taken over from the original creator of the NCS, EwALD HERING4. This Ger-
man physiologist from the previous century, with his holistic view of perception, must have 
influenced Gibson- or perhaps both had to revolt against a surrounding near-sighted scientific 
paradigm. 
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It should be noted that Ewald Hering was one of his time' s Leonardo da Vincis in the sense 
that he was a very broad and ingenious scientist. If the Nobel Prize had been available then he 
would have deserved it a couple of times and he is still a great name in medicine for his find-
ings about the heart-lung function, the structure of the liver, the temperature sense, and nerve-
and muscle physiology. But he would not have received any prize for his opponent-color the-
ory, at that time the scientific world was not mature for this. 

For a long time the scientists were blinded by the seemingly incontestable facts which two 
earlier geniuses had established, the British THOMAS YOUNG and the German HERMANN VON 
HELMHOLZ. Hering had no doubts about the validity of the Young-Helrnholz three-receptor 
data, but he did not consider them sufficient to explain the color sense. And here we see the 
particular greatness of Hering, he was what we today may call a phenomenologist and he 
trusted, in contrast to his colleagues, what he saw with his eyes - even if this contradicted the 
"scientific truths" of the time. 

He analyzed the perceptual qualities of the colors and their reciprocal order and he found 
that there must be six mental references, "Urfarben", in terms of which all other colors can be 
described, two achromatic: white and black, and four chromatic: yellow, red, blue and green. If 
these introspective appearance-facts are not in congruence with the scientific fmdings, he said, 
it must be because science does not know enough. I strongly recommend Hering's writings on 
color to interested persons - it improves understanding without increasing the confusion. 

Many years were to pass before it was scientifically proven that he was right. Among those 
who contributed to this were the Swedish-Finnish physiologists RAGNAR GRANIT and 
GUNNAR SvAETICHIN (for some inexplicable reason only Granit got the Nobel Prize for this). 
Further should be mentioned two Dutchmen, J. J. Vos and P. L. WALRAVEN, who were jointly 
rewarded the AIC medal at the Sydney conference 1991 for their color research. Among other 
things they have proposed a model for how nerve impulses are reconnected from the Young-
Helrnholz' three receptors to the opponent-color structure according to Hering5• There are two 
more AIC-award recipients to which we in Sweden are particularly grateful, namely Do-
ROTHEA JAMESON and LEO HURWICH. In addition to their outstanding publications about vi-
sion, they translated Hering's central work "Zur Lehre vom Lichtsinne" into English in 19646. 

By this historical review I have approached the NCS color order system. It is namely en-
tirely based on Ewald Hering' s opponent-color model. (Even the name we took from him: 
"Das Natiirliche System der Farbenempfindungen"). I shall not, however, give any thorough 
presentation ofNCS here, only briefly relate its Swedish background and some main features . 

THE JOHANSSON-HESSELGREN COLOR SYSTEM 
In a way it was a coincidence that the descriptive color system NCS was developed in Swe-

den. A color-interested physicist, TRYGGVE JOHANSSON already in the 1930s happened to 
come across Hering's book about "the light sense" and he appreciated its brilliance. As he, 
besides his work at the Swedish Defense Research, taught color theory for architects and de-
signers the concept of opponent color ordering of colors was soon spread among both profes-
sionals and laymen. 
It is true, however, that he distorted Hering' s model to a considerable extent- he substituted 

the variables blackness and whiteness with lightness, which probably was a concession to the 
dominant American Munsell system. His model of the color solid is therefore very similar to 
MUNSELL's in shape, except for the partition of the hue circle where the opponency of the 
red-green and blue-yellow was retained from Hering. 

Now Johansson met SvEN HESSELGREN, (who later became professor in architecture), who 
immediately realized the value of this color order system for practicing architects and design-
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ers, and he set forth to make a color sample collection based on the Johansson model. Hessel-
gren 's Color Atlas very soon became popular in Scandinavia as well as in many central Euro-
pean countries. Practically all architect offices in Sweden were using this tool, it was consid-
ered an invaluable complement to the color sample collections from the paint- and product 
manufacturers as it contained color samples from "the whole color world", and not only from 
those parts that the producers believed were modem at the actual time. 

THE MODERN DESCRIPTIVE COLOR SYSTEM NCS 
Now when the utility of a neutral color atlas was realized a need arose for an improved Hes-

selgren Atlas, with more color samples. Funding was raised from both industry and the Swed-
ish government and in 1963 a R&D Group was formed, the SWEDISH COLOR CENTER 
FOUNDATION. ANDERS HARD was appointed as managing director, and GUNNAR TONNQUIST 
as colorimetric consultant, borrowed from the Swedish Defense Research. Personal contacts 
were directly taken with leading color scientists and an active attendance at scientific meetings 
started, the first coming up was in Lucerne 19657, during which Tonnquist became a delegate 
in a committee that was to outline statutes for a new color organization, the AIC8. The fol-
lowing year an exclusive seminar on Attributes of Colour Perception was arranged in Stock-
holm9, with D. JAMESON, L. HURWICH, D. WRIGHT, G, WYSZECKI, R. HUNT, and P. L. 
W ALRA YEN, to name a few. In 1969 the Swedish Color Group had the honor of arranging the 
first AIC Congress. 

Anders Hard is a born researcher, constantly curious and questioning everything, and after 
some time the task, which was to improve the Hesselgren atlas, had to be radically reconsid-
ered. Hard and his collaborators had detected that the Johansson model was a hybrid, with 
several inconsistencies in definitions and attributes. The theoretical concept was gradually 
restored to the original basis, with variables in accord with Hering's notion of the six inner 
cognitive references. The corresponding color variables that constitute the dimensions were 
consequently identified as degree of similarity to each of these six elementary colors: black-
ness, whiteness, yellowness, redness, blueness, and greenness. 
The theoretical structure of the NCS 10 can be used as a reference model in various contexts 
when a color language is needed for the appearance of colors and with better accuracy than the 
common color names. One can say that the system is a phenomenological and scientific ampli-
fication of the common color name structure. What Hering did was to analyze the colors as 
they are seen -without referring to any kind of knowledge about pigment mixtures, prisms, or 
additive mixtures of spinning discs. A basic postulate is also the one that gave the theory its 
name and implications, the opponent color theory. It describes the empirical fact that it is not 
possible to simultaneously see in one and the same color, both redness and greenness, nor blu-
eness at the same time as yellowness. In order to express this graphically he placed these op-
posite-pairs opposite each other on the color circle and at equal distances. 

NATURAL COLOR ASSESSMENT 
Implicit in the theoretical model is a method for subjective color assessment - subjective, of 

course, as there is no other way for a subjective phenomenon like color appearance. The 
method is in fact just a logical extension of how all people describe colors when they are asked 
to describe them more and more precisely. (This was probably the reason why Hering named 
it natura[): After, perhaps, starting with a fantasy name they soon come up with one of the 
common color names, then they use the elementary color attributes: "It is an orange color " -
More precisely?- "Somewhat more yellowish than reddish"- Estimate the visual yellowness 
and redness in percent, that is, so that the sum is one hundred. - "About 60% yellow and 40% 
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red". This is the principle of the NCS method for assessment of hue. The very fact that peo-
ple can perform this proves that they have some inner references for what would be the per-
fect yellow and red. In a corresponding way we can ask subjects to assess a color's visual de-
gree of similarity to the imaginary white, to black, and to the imaginary strongest possible 
color in the particular hue that was just assessed. 

If we plot the marks of such direct color assessments from a group of people in the NCS 
color circle and color triangle we can easily calculate how calibrated and reliable the group is as 
a color measuring instrument. I use the word instrument deliberately and it should be inter-
preted literally- because the human being is the only true color instrument, as color only ex-
ists in the minds of people. There is no other way to assess a color (in the sense of appear-
ance) than by asking the one who sees it in the given moment. It is the task of the experimental 
psychologist and psychometrician to perform this in the best possible way. A comparative 
discussion of the NCS and Munsell was presented in Budapest 1993 11 • To say that technical 
instruments measure color is a misnomer, they do not measure color but rather radiation. But 
again we have to accept the inadequacy of the language. 

The described NCS method, implicit in Hering's theoretical color system, can be performed 
in any given situation, that is, irrespective of viewing distance, lighting, and other conditions. 
And now I reconnect to the title of this lecture, that what we see is the end product of a com-
plicated cybernetic interaction between many receptor systems. This active interplay, that 
was predicted by Hering, is perhaps easier to understand for people today, living in the com-
puter age, than it was hundred years ago. This was also pointed out by Jameson and Hurwich 
in the introduction to their translation of Hering, when they ask: 

"Why did Hering's approach not prevail? It would seem to be because, in requiring recipro-
cal physiological interactions to handle the perceptual effects, Hering was explicitly assuming 
an unorthodox sensory physiology. At the time of his writing, physiological preparations had 
not yet yielded independent evidence for such interactions. Moreover, physiologists struggling 
to make their discipline as rigorously "scientific" as physics and chemistry, which at that time 
still emphasized simple independent and dependent variables, were much more comfortable 
with concepts implying only simple, elemental stimulus-response processes"6. 

NCS COLOR ATLAS 
Contrary to most other color systems, like the Munsell, DIN, etc. the NCS system is not 

dependent on or defined by any set of color samples12
. With the NCS theoretical structure as a 

basis we could decide upon a metric, (and we chose a hundred-base) and then try out psycho-
metric methods. The first version of the NCS atlas, with psychometrically assessed scale-
values according to the NCS metric, was completed in 1970 and could be used for research, but 
it was not published until 1979. The second edition was published in 1996. It is thus not the 
system itself, but an illustration of the color order system. 

An additional and valuable characteristic of the NCS is that its notation system is descrip-
tive. It has been built up so that anybody with minimal knowledge of the perceptual color 
space from just the alpha-numeric notation can get an approximate idea of what the color 
looks like: For example 10 70 Y40R. The first two digits denote the blackness, the next two 
the chromaticness and the last expression denotes the hue. The example, thus, denotes a rather 
"clear" color (the blackness is only 10%) and rather strong (chromaticness 70% of 100 strong-
est imaginable) and orange in hue where the yellowness is a little more dominating than the 
redness (60 yellowness and 40 redness). For a detailed description of the R&D-development, 
with physical measurements and psychophysical anchoring in the CIE of the samples I refer 
to a recent issue of COLOR RESEARCH AND APPLICATION 13 . 
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COLOR APPEARANCE CHANGES 
Finally I shall mention some of the color studies in which the NCS was used as reference 

system and which in many respects reflect the conception of color as the result of interacting 
perceptual and cognitive systems. First, some methodological studies of the color changes that 
occur when the outer conditions are altered, for example, different lighting, and different 
viewing distances. The first mentioned we recognize as the perpetual problem of color ren-
dering. Innumerable studies have been performed with the aim of providing a simple value for 
the color rendering attribute of a light source in relation to that of some standard light. But the 
results are rather meager and the so-called color rendering index is considered to be particularly 
bad -although it is still frequently used. I have no personal opinion about this but I wonder 
how one value, if it is not zero or negligible, can say anything about a color difference that by 
nature is multidimensional - if two colors are different the difference can be in one, two, or 
more clearly different color dimensions - and for me it seems important what kind of differ-
ence it is, in what way a light source "distorts" the colors. 
It can be repeated: the color of an object at a given moment is the color of the object a living 

person is perceiving at that given moment - and if we want to know what is seen we have to 
ask her or him. There is no other way when it comes to color perceptions. If we want to 
"objectivize" and get a more reliable measure we can use many persons. Then there are various 
methods to assess color appearance. But some common methods are excluded when it comes 
to color rendering studies, namely those that use physical references for comparison, like color 
samples. The appearance of these are namely also changed when the light source is changed. 
And if we have the reference sample in one light source and the test sample in another we get 
too dramatic differences as the adaptation effect is not accounted for. 

In this case we can instead use our built-in references for the assessment of colors. Whether 
these inner references also change with the light we do not need to know, because it is the end 
net-result of all interactions behind the color appearance we are interested in and want a sub-
jective measure for, under the different conditions. 

Already in the early 1970s we tried out the NCS method in studies of color changes, both 
due to different light sources and to different viewing distances. And we found that it worked. 
Some of these results were actually presented the last time we were here in Japan, at the AIC 
Tokyo conference14. The aim at that time was to test the method and now the viewing dis-
tance work is being followed up in a larger study and presented by Karin Fridell during this 
congress. She is comparing variants of direct color scaling in real architectural environments. 

COLOR CONNOTATION AND DENOTATION 
Among color questions that I myself have been most interested in are the ones about conno-

tations and associations to colors, and how to identify semantic dimensions which then can be 
related to color dimensions. At the AIC-69 conference we presented so-called iso-semantic 
mappings for different variables and dimensions, and later these studies were followed up in 
applied contexts 15

• The results could have been mapped in any kind of color space, but an 
argument for choosing NCS also for this research is that one gets a more direct relationship 
between the two color aspects, the perceptual and the connotative. It seems more likely that 
the various meanings would be connected with psychological color primaries than with chemi-
cal or physical ones - which was also shown to be the case. 

By this I have approached the area of denotative color categories, that is, the question re-
garding which areas in a color space that correspond to the color names in different languages. 
In the 1960s the linguists Berlin and Kay found that there are at least eleven color names that 

55 



can be considered universal, and they also found that the six elementary colors were the most 
frequently used (further supporting Hering' s theories). In the footprints of these researchers 
then followed an abundance of very similar studies, including more and more languages. The 
use of the same paradigm and the same chart of color samples has, of course, the advantage 
that all the studies are comparable with each other. But it is a pity that the color charts used 
so poorly represent the color world. It is a two dimensional (and thereby distorted) represen-
tation of only "the outer shell" of the Munsell space. All the colors inside the color space are 
thus missing16• The originators are not to be blamed for this because they were linguists and 
primarily interested in the language aspect. In later years a few more color-oriented studies 
have been done. Boynton, for example, mapped color categories in the OSA color space, 
(which was a brave and impossible attempt to make a totally equi-distant color space). But to 
use the color samples of the OSA was not a good idea either, as its "color atlas" lacks almost 
all the colors that the Munsell and the NCS have as "outer shell". For an overview and intro-
duction to this borderland between color and linguistics I refer to an anthology from an inter-
disciplinary meeting that was arranged by Prof. Larry Hardin in 199216. 

In our own mappings of color categories in the NCS, using the SD (semantic differential) 
technique 17, we have found many interesting things that have bearing on the theme of this lec-
ture: It is the importance of the rather trivial fact that "you get the answer you ask for", or 
what the respondent thinks you ask for. This notion is, of course, general and in the case of 
color categorization I can mention that the distribution of "gray" is not the same as that of 
"grayness", and the answer to "point at the best red" must not be the same as "point at the 
color that is only red", and so on. 

The relationship between language and perception provides another illustration of Gibson' s 
notion that all perceptual and cognitive systems are interwoven and interact with each other. 
Here is a large field waiting for those who are willing to penetrate deeply into both color the-
ory and psycholinguistics. 

COLOR COMBINATIONS 
Finally some words about the color problems that have occupied both Anders Hard and my-

self during the last decades . They concern the phenomenology of color combinations. In order 
to investigate this vast area in a meaningful way we need first of all a structured, descriptive 
language for color combinations. There is namely an almost infinite number of ways to com-
bine colors, and we cannot investigate all - and if we could, how to describe and generalize 
from the results? As a basis for such a descriptive model it is, in principal, possible to use any 
color order system, but again there are strong arguments saying that the NCS would be more 
meaningful. And the main reason is, again, that it is built up by purely perceptual variables 
that refer to color qualities. Each segment in the NCS color solid has, by definition, a certain 
qualitative color character. Therefore it is possible to describe combinations of colors from 
specific sub-spaces in terms of different characters. The outlines of this color combinatoric 
model has been presented earlier, both in AIC conferences and in COLOR RESEARCH AND 
APPLICATION 18 and soon a more detailed presentation is hopefully forthcoming in the same 
journal. 
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Symposium 1: Color Cognition and Machine Vision 

Cognitive, Neuropsychological, and Neurophysiological 
Aspects of Color 

Gunilla DEREFELDT 

This paper surveys cognitive aspects of color in terms of behavioral, neuropsychological, and 
neurophysiological data. Color is usually defined as psychophysical color or as perceived color. 
Behavioral data on categorical color perception, absolute judgement of colors, color coding, visual 
search, and visual awareness refer to the more cognitive aspects of color. These are of major 
importance in visual synthesis and spatial organization, as already shown by the Gestalt 
psychologists. Neuropsychological and neurophysiological fmdings provide evidence for an 
interrelation between cognitive color and spatial organization. Color also enhances planning 
strategies, as has been shown by studies on color and eye movements. Memory colors and the 
color-language connections in the brain also belong among the cognitive aspects of color. 

1. INTRODUCTION 
The CIE 1• p. 67 defines color both in psychophysical and perceptual terms. To these definitions, 
CIE also gives notes considering the relations between perceived color and size, shape, structure 
and surround of the stimulus area; the state of adaptation ofthe observer 's visual system; the 
observer 's experience; and the modes of color appearance. 
In the psychological literature, the distinction between perception and cognition is not clear and 
has been the subject of much debate. A common distinction is that while perception is said to 
refer to real perception of objects or events in the real world, cognition refers to mental imagery or 
an internal representation of the same objects or events. Mental imagery can be conceptualized as 
behavior guided by internal representation only?· P 77 Behavior guided by mental imagery is also 
said to be more hypothetical and anticipatory than behavior guided by perception. Early in color 
science, psychological studies on color naming and color memory3•4 recognized the cognitive 
aspects of color. Neuropsychological disorders and recent neurophysiological findings have later 
given evidence for the distinction between the perceptual and cognitive aspects of color. In his 
book Cognition Through Color, Davidoff 5 puts forward a model of color cognition from a 
perspective of object recognition. "Understanding of objects is linked to the knowledge 
concerning their color."5• P· xi ii However, the rapid increase in physiological and neurophysiological 
findings showing the abundance of projections of visual pathways in the cortex from visual 
primary cortex to other parts of the brain including the temporal, the parietal, and the frontal 
areas,5•11 have given new content to the term "cognitive color." Zeki 11 • P· 5 states: "The study of 
color vision has thus been instrumental in modifying our views on the cerebral processes involved 
in vision. Indeed, it has provided us with powerful insights into brain function. Understanding the 
role of the cortex in color vision has therefore philosophical and epistemological implications 
which go far beyond understanding the detailed physiological mechanisms underlying the 
perception of colors. In short, the study of color gives us a vision of how the visual cortex works. 
The study of the visual cortex in turn gives us a vision of how the brain works." The cognitive 
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aspects of color were perhaps first recognized through some neuropsychological disorders 
illustrating the dissociations between perceptual and cognitive color.5•10-13 Such disorders are: 
cerebral achromatopsia - loss of color vision, an entirely central defect and "a condition in 
which the signals relayed to the brain are normal but the mechanism used to construct colors is 
defective." 11 • P-268 

chromatopsia - resulting from carbon monoxide poisoning, characterized by accurate color vision 
but impaired form perception 
color agnosia - inability to use colors in object recognition 
color anomia - disorders of color naming; ability to experience color normally, ability to 
discriminate and recognize colors but without being able to name them. 
Studies on the neural basis oflanguage 14 have suggested that there may be separate neural 
structures for the perceptual, categorical, and semantic aspects of color. Concepts for color 
depend on one system, the words for color on another system, and the connections between 
words and concepts on a third. 

2. COLOR SPACES AND CATEGORICAL COLOR PERCEPTION 
From the distinctions between perception and cognition, a distinction between perceptual and 
cognitive color spaces may be made. A perceptual color space is defined from descriptions of 
attributes of perceptions of real colors in the real world. The maximum number of colors in a 
perceptual color space has been estimated to be about 6 million. 15 

There are several perceptually based color spaces in use today 16, some illustrated by more than 
thousand color chips representing only a limited set of the total perceptual color space. A 
cognitive color space would refer to the internal representations of the colors and would also 
include semantic color representations, i.e. names representing the colors mentally . Such spaces 
have been discussed earlier by Berlin and Kay 17 and Hardin.4 In dealing with color-naming data, 
internal consistency is usually good while between-subject differences are great .15•18 This fact 
would make a cognitive color space more difficult to specify than a perceptual one. 
From the literature on categorical color perception, we know that only a limited number of colors 
can be internally represented and absolutely identified across different cultures 19

-23 and during 
different tasks?4 The number varies between 3 and 30 depending on training25 and how well the 
perceived color matches the inner semantic representation of the percept The eleven colors that 
are almost never confused are well known.4•17-20 Using free association Derefeldt and Swartling26 

found that about 30 colors could be named and identified without training. 
The cognitive and representational aspects of color in categorical color perception were studied 
many years ago by the Gestalt psychologists Gelb, Goldstein, and Scheerer. 13• 27- 3 1 They found 
that categorical color perception seems to be closely related to visual synthesis and spatial 
organization. Patients with brain damage to the occipito-parietal cortex Jose capacity for 
categorical color perception, surface color perception, figure-ground perception and spatial 
synthesis or organization. 

3. THE STROOP EFFECT 
The Stroop effect5, 32- 34 is perhaps one of the most striking phenomena illustrating the cognitive 
aspects of color. This effect can be said to demonstrate a conflict between perceptual and 
semantic processing. While earlier theoretical explanations emphasized limited attentional 
capacity, recent theories invoke parallel processing of relevant and irrelevant dimensions. 
Conflicting Stroop color stimuli are words for colors printed in incongruent colors (e.g., the word 
' red ' is printed in a green color). Subjects are asked either to pronounce the word ("red") or to 
name the color of the word ("green")- When subjects are asked to name colors, they experience a 
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conflict beween the cognitive meaning of the word (red) and the perceived color (green). 
Pronouncing the word does not produce the same conflict in the observer. 
There is a difference in the Stroop interference between English and Chinese readers performing 
English versus Chinese versions of the test.35 Reading Chinese characters and the use of color 
information may be competing for the same perceptual capacities whereas reading English, a left 
hemisphere activity, and color naming could, by this account, be executed by different 
mechanisms. In Western cultures, the Stroop interference appears to be most pronounced when 
words are presented to the left hemisphere. With Chinese characters36 and with Japanese Kanji 
(individual Kanji recognition),37 the Stroop interference is most pronounced when stimuli are 
presented to the right hemisphere. According to Hatta 37• p. 91 the perceptual capacities for color 
information and direct accessing ofthe meaning of individual Kanji seem to be competing and thus 
producing a greater amount of interference in processing the color of Kanji in the right 
hemisphere. 
The functional locus of the Stroop effect is not known. The systems that are involved still remain 
to be identified. When Japanese subjects responded to Kana Stroop stimuli, no hemispheric 
differences were found. Klein38 found that the Stroop effect also applies to words and colors with 
strong associations, such as 'green· and 'grass' and 'blue' and 'heaven' . 

4. ATTENTION AND VISUAL SEARCH 
In visual search tasks, the attentive39 and anticipatory aspects of behavior are important. Mental 
concentration is on some anticipated sensory input. Colors have been found to improve human 
performance in searching for targets in unformatted displays. The literature on color coding and 
visual search shows that the use of color is almost always advantageous if used as a completely 
redundant code.24 As summed up by Krebs and Wolf,40 color is an effective code when used as 
(1) a cue or alerting signal, (2) a method of grouping similar items or separating items, or (3) a 
means of increasing symbol visibility.The number of colors found to be useful for visual search 
tasks varies between 5 and 15.These facts indicate the involvement of a cognitive color space. The 
colors must be accurately perceived, absolutely judged, and correctly named. Color used as an 
alerting signal means that it is used for attention. Studies on silent thinking using regional cerebral 
blood flow (rCBF) have shown that concentrated attention is effectively related to neural events 
in human observers.6 Moran and Desimone41 have shown from responses of single cells in areas 
V4 and inferior temporal cortex of two rhesus monkeys that selective attention gates visual 
processing. 
Differences between the parvocellular and magnocellular systems have been taken to suggest 
parallel processing of separate visual attributes such as form, color, movement in Vl, V2, V4 and 
V5. Recent findings 11 • 42 show that the magno and parvo systems are not as separate as was 
earlier thought. The close interconnections between the parietal and temporal cortex give some 
neurophysiological support for the advantages of color in visual search tasks. Pathways for color 
have strong links to those involved in attention and eye movements. The prefrontal cortex 
including the frontal eye field have strong connections between cortical areas in the occipital, 
parietal, and inferotemporallobes 11 • 43 and between subcortical areas (thalamus, hippocampus, 
amygdala) to which V4 projects. The prefrontal cortex is important in voluntary saccadic eye 
movements that are involved in visual search. Eye movements can be regarded as a global index of 
both perceptual and central processing aspects of cognitive workload.44 By studying gaze 
duration and number of fixations, Manton and Hughes44 found that more effort was required to 
search and acquire information from monochrome displays than from redundantly color coded 
displays. The advantage of the color coded displays was greater at high information levels. 
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The hippocampus plays a significant role in declarative memory and in working memory. 42•43·45•46 

There are strong connections between hippocampus and areas V 4, inferotemporal and parietal 
cortex which could account for the role of color in attention, visual search and in learning new 
tasks. 

5. SPATIAL ORGANIZATION 
Maps are a complex form of information display. In cartography it is recognized that color has 
integrating and segregating properties which provide structure, organization, and discriminability 
in addition to conveying meaning. Taylor47 emphasises that to enhance structure and organization 
it is of utmost importance to choose color codes with careful logic. He48 has studied the use of 
color as an organisational factor in complex pictorial aircraft displays. He found that relevant 
color facilitates figure-ground segregation. 
According to Luria31 , categorical color perception and spatial organization seem to be closely 
interrelated functions. Patients with damage to the parieto-occipitallobes have impaired capacity 
for "wide simultaneous synthesis" which enable a whole situation to be perceived at the same 
time. Such patients are unable to perceive figure-ground relations, to combine individual 
impressions into complete patterns, to group objects or to grasp a complete situation such as a 
thematic picture. They also have impaired coordination of eye movements. Gelb and Goldstein28 

found that speech participates directly in the most complex forms of perception and that speech 
disturbances can lead to loss of the ability to perceive color categories. 

6. SUMMARY 
The definitions of psychophysical and perceived color do not cover cognitive aspects of color. In 
this paper we have reported on some phenomena where the term "cognitive color" would be more 
meaningful. Cognitive color has been discussed in relation to color spaces, categorical color 
perception, the Stroop effect, attention and visual search, and spatial organization. 

7. ACKNOWLEDGEMENTS 
The paper is based on a report by Derefeldt, G., Menu, J.-P., & Swartling, T. "Cognitive 
Aspects of Color," in Human Vision, Visual Processing, and Digital Display VI., Bernice E. 
Rogowitz, Jan P. Allebach, (Eds.), Proc. SPIE 2411, (1995), pp.16-24. 

REFERENCES 
1. CIE - Commission Intemationale de I'Eclairage, International Lighting Vocabulary, CIE 
Publication No. 17.4, Bureau Central de Ia Commission Electrotechnique Intemationale, Geneve, 
(1987). 
2. SCHUPP, H. T., LUTZENBERGER, W., BIRMBAUER, N., MILTNER, W., and BRAUN, C., 
Neurophysiological differences between perception and imagery. Cognitive Brain Research 2, 
(1994), pp. 77-86. 
3. HERING, E., Outlines of a Theory of the Light Sense, (translated by L. M. Hurvich and D. 
Jameson, Harvard University Press, Cambridge, Mass. USA ( 1964) (originally published 1920). 
4. HARDIN, C. L., Color for Philosophers- Unweaving the Rainbow, Hacket Publishing 
Company, Indianapolis, (1988). 
5. DAVIDOFF, J., Cognition Through Color, A Bradford Book, The MIT Press, Cambridge, 
Massachusetts, London, England, (1991) . 
6. CREUTZFELDT, 0., ECCLES, J., and SZENTAGOTHAI, J., The Brain-Mind Problem, Philosophical 
and Neurophysiological Approaches, Louvain Philosophical Studies 1. Balaz Gulyas (ed.). 
Leuven University Press, Van Gorcum Assen/Maastricht, (1987). 

62 



7. HUBEL, D. H., Eye, Brain, and Vision, Scientific American Library, New York, (1988). 
8. HUBEL, D. H., and LIVINGSTONE, M.S., Segregation of form, color, movement, and depth 
processing: Anatomy and physiology . In J. J. Kulikowski, C. M. Dickinson, and I. J. Murray 
(eds.) Seeing Contour and Color, Pergamon Press, Oxford, pp. 116-119, (1989). 
9. GouRAs, P., (ed.), Cortical mechanisms ofco1or. Chapter 11 in The Perception of Color, Vol6 
in J. R. Cronly-Dillon (Series ed.) Vision and Visual Dysfunction, The Macmillan Press Ltd, 
Houndmills, Basingstoke, Hampshire RG21 2 XS and London, (1991). 
I 0. ZEKI, S., The visual image in mind and brain, Scientific American, 267 (3), (1992), pp. 42-50. 
11. ZEKI, S., A Vision of the Brain, Blackwell Scientific Publications, Oxford, 1993. 
12. DAVIDOFF, J., and OSTERGAARD, A. L., Color anomia resulting from weakened short-term 
color memory. Brain, 107, (1984), pp. 415-431. 
13 . GROSSER, 0-J., and LANDIS, T. Achromatopsia, color agnosia and impairments of color vision 
by cerebral lesions. In Visual Agnosias and Other Disturbances of Visual Perception and 
Cognition, Vol 12, J. R. Cronly-Dillon (Series ed.) Vision and Visual Dysfunction, The Macmillan 
Press Ltd, Houndmills, Basingstoke, Hampshire RG21 2 XS and London, (1991). 
14. DAMASIO, A. R., and DAMASIO, H., Brain and language. Scient. Amer., 267,(1992), pp. 63-71. 
15. CHAPANIS, A. Color names for color space. American Scientist,53, (1965), pp. 327-346. 
16. DEREFELDT, G. Color appearance systems. In The Perception of Colors (P. Gouras, ed.) Vol 
6, J. R. Cronly-Dillon (Series ed.) Vision and Visual Dysfunction, The Macmillan Press Ltd, 
Houndmills, Basingstoke, Hampshire RG21 2 XS and London, (1991). 
17. BERLIN, B., and KAY, P., Basic Color Terms, Berkely, University. of California Press, (1969). 
18. HALSEY, R. M. Identification of signal lights. I. Blue, green, white, and purple. Journal of the 
Optical Society of America, 49, (1959), pp. 45-55. 
19. BOYNTON, R. M., and OLSON, C. X., Locating basic colors in the OSA space. Color Research 
and Application, Vol 12, pp. 94-105 , 1987. 
20. BOYNTON, R. M., Eleven colors that are almost never confused. Human Vision, Visual 
Processing, and Digital Display, Proc. SPIE,1077, (1989), pp. 322-332. 
21 . SMALLMAN, H. S., and BoYNTON, R. M., On the usefulness of basic color coding in an 
information display . Displays, 14, (1993a), pp. 158-165 . 
22. SMALLMAN, H. S., and BoYNTON, R. M., Segregation of basic colors in an information 
display. Journal ofthe Optical Society of America, 7, (1993b), pp. 1985-1994. 
23. UCHIKAWA, K., and BOYNTON, R. M., Categorical color perception of Japanese observers: 
Comparison with that of Americans. Vision Research, 27, (1987), pp. 1825-1833. 
24. DEREFELDT, G. Color coding of displays, maps, and images. FOA Report C 53003-H9, 
National Defence Research Establishment, Stockholm, Sweden, (February 1981 ). 
25 . HANES, R. , and RHOADES, M. V ., Color identification as a function of extended practice. 
Journal of the Optical Society of America, 49, (1959), pp. I 060-1064. 
26. DEREFELDT, G., and SWARTLING, T., Color concept retrieval by free color naming, 
Identification of up to 30 colors without training. Displays, 16, (1995), pp. 69-77. 
27. GELB, A., Ueber den Wegfall der Wahrnehmung von 'Oberfliichenfarben' . Zeitschrift ftir 
Psychologie, 84, (1921 ), pp.193-257. 
28. GELB, A., and GoLDSTEIN, K. Uber Farbennamenamnesie nebst Bemerkungen tiber das Wesen 
der amnestischen Aphasie iiberhaupt und die Beziehung zwischen Sprache und dem Verhalten zur 
Umwelt. Psychologische Forschung, 6, (1925), pp. 127-186. 
29. GOL.DSTEIN, K., and SHEERER, M., Abstract and concrete behaviour. Psycho!. Monogr. , 53, 
(1941), pp.l-151, The American Psychological Association, Inc., Nortwestem University, 
Evanstone, Illinois. 

63 



30. KATZ, D., The World of Color, Johnson reprint Corporation, New York (1970) (reprint from 
Kegan Paul, Trench, Trubner & Co., Ltd., London, (1935). 
31. LURIA, A. R., The Working Brain, Basic Books, (1973). 
32. STROOP, J. R. , Studies on interference in serial verbal reactions. Journal of Experimental 
Psychology, 18, (1935), pp. 643-662. 
33. MACLEOD, C. M., Haifa century of research on the Stroop effect: An integrative review. 
Psychological Bulletin, 109, (1991), pp. 163-203. 
34. LINDSAY, D. S., and JACOBY, L. L. , Stroop process dissociations: The relationship between 
facilitation and interference. Journal ofExperimental Psychology, 20, (1994), pp. 219-234. 
35. BIEDERMAN, I., and TSAO, Y., On processing Chinese ideographs and English words: Some 
implications from Stroop-test results. Cognitive Psychology, II, (1979), pp. 125-132. 
36. TSAO, Y., and Wu, M. Stroop-interference: Hemispheric differences in Chinese speakers. 
Brain and Language, 13, (1981), pp. 373-378. 
37. HATTA, T., Differential processing of Kanji and Kana stimuli in Japanese people: Some 
implications from Stroop-test results. Neuropsychologia, 19, ( 1981 ), pp. 87-93 . 
38. KLEIN, G. S., Semantic power measured through the interference of words with color naming. 
American Journal of Psychology, 77, (1964), pp. 576- 578. 
39. CRICK, F., The Astonishing Hypothesis, Simon & Schuster Ltd, London, (1994). 
40. KREBS, M. J., and WOLF, J. D., Design principles for the use of color in displays. Proceedings 
of the Society for Information Display, 20, (1979), pp. 10-15 . 
41. MORAN, J., and DESIMONE, R., Selective attention gates visual processing in the extrastriate 
cortex. Science, 229, (1985), pp. 782-784. 
42. SQUIRE, L. R., Memory and the Hippocampus: A synthesis from findings with rats, 
monkeys, and humans. Psychological Review, 99, (1992), pp.l95-231. 
43. BRODAL, P. , The Central Nervous System, Oxford University Press, New York, Oxford, 
(1992). 
44. MANTON, J. G., and HuGHES, P. H., Aircrew tasks and cognitive complexity. Paper presented 
at the Australian Psychological Society Conference, Melbourne, September, (1990). 
45. KossLYN, S.M., A cognitive neuroscience of visual cognition: Further developments, pp. 
351-379, In R. H. Logie and M. Denis (eds.) Mental Images in Human Cognition, North-Holland, 
Elsevier Science Publishers B. V ., Amsterdam, ( 1991 ). 
46. YINOGRADOVA, 0. S., The limbic system and registration of information. In R. Hinde and G. 
Korn (eds.) Short-term Processes in Nervous Activity and Behaviour, University Press, 
Cambridge, ( 1970). 
47. TAYLOR, R. M., Color coding in information displays: Heuristics, experience and evidence 
from cartography. In Proceedings of a Workshop on Color codes vs Monochrome Electronic 
Displays, C.P. Gibson, (ed.), Royal Aircraft Establishment, Farnborough, England, 28 February-
1 March (1984), pp. 35.1-35.46. 
48. TAYLOR, R. M., Perceptual organisation and information management. Information 
Management and Decision Making in Advanced Airborne Weapon Systems, Conference 
Proceedings No. 414, Advisory Group for Aerospace Research & Development (AGARD), 
Aerospace Medical Panel Symposium, Toronto, Canada, 15-18 April, Paper 11 .1-28, (1986). 

AUTHOR'S ADDRESS 
Gunilla DEREFELDT 
National Defence Research Establishment, Division of Human Sciences, 
P.O. Box 1165, S- 581 II Linkoping, Sweden 

64 



Physical Aspects of Appearance 

Steve SHAFER 

Abstract 

What makes things look the way they do? 

We use vision to analyze and measure our 
environment many times every second. By just a 
glance at an object, we can tell its color; its texture, 
its size, perhaps what it is made out of In some 
cases we can even tell what surrounds the object, for 
example if it is a mirror or a shiny dinner plate. 
Our visual system provides a wealth of information 
about the physical properties of the world at every 
moment. 

Yet, we don 't know how it is done. How do you know 
whether something is plastic or metal, just by 
looking at it? Most physics theories can predict the 
appearance from a description of the object, but 
those theories cannot be reversed to describe the 
object from looking at its appearance. Successful 
vision requires very careful analysis of what makes 
something appear shiny, rough, translucent, and so 
on. For successful machine vision systems, this 
analysis must be very quantitative and precise. We 
know how to analyze each individual aspect of the 
physics of appearance, but no one knows how to put 
it all together to analyze complex images. 

In this paper; we take a look at some pictures that 
illustrate many issues in appearance, some of which 
are rather surprising. Based on our study of these 
issues, we are working on a new approach for 
machine vision in which we hypothesize the physical 
scene description at the same time that we're 
segmenting the image. 

Physical Appearance 
This paper addresses physical appearance, a term 
that requires explaining. Normally, when we speak 
of "appearance", we mean to refer to both the 
physics of the world , which creates fields of light; 
and also the biological and subjective processes of 
perception of that light field. Frequently, there is no 
clear distinction made between the two, which leads 
to confusion, such as the concept of "modes" of 
perception (source, surface, etc.). This paper is 
precisely about that distinction between the 
physical and the subjective aspects of perception, 
and makes this claim: People subjectively 
perceive a great deal about physics, even 
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though we may not be aware of that 
perception nor of its derivation. 

This issue is also critical for computer vision. 
There, the physical world and the physics of 
appearance are exactly the same as for human 
perception; the computer and its program replace 
the subjective part of the perception. So, clarifying 
the distinction between the physical and the 
subjective aspects of appearance is useful for 
designing computer vision systems. 

What Physics Do We Perceive? 
Let's take a look at Figure 1. Look at the doughnut 
stack; can you tell what it is made of? Most people 
see this as plastic. What are the vases made of? 
You may see them as plastic, or ceramic, or perhaps 
something painted. The pails? Same material set. 
But look at the teapot. What is it made of? Clearly, 
it is copper. We see this clearly and immediately. 

Yet, it is not so simple a perception as it may seem. 
In some places, the color is yellowish, as we imagine 
copper to be. But, near the top left, it is black. 
What is it made of there? It still seems to be 
copper. Yet, the background of the picture is the 
same black, and we don't perceive that as copper. 
There must be some process of interpretation 
that involves more than just the color at each 
point. The surrounding areas also are involved, 
but perhaps only where we perceive them to be part 
of the same piece of material (i.e. surface). 

Now, look at the reflections of the pails on the 
surface of the teapot. Here, the color is green or 
pink, yet we still perceive the material there to be 
the copper of the teapot! We understand this is just 
a reflection of those other objects in the scene. This 
need not be the perception; for example, if we were 
to make a mask that covered the teapot except for 
one of those reflections, it would look exactly like a 
free-standing painted object, and we would perceive 
it that way. But, taken in the context of the image 
of the teapot, these are clearly seen as reflections. 

How do we know what is plastic and what is metal? 
Some people suggest this is due to familiarity with 
the specific objects - plastic toys and teapots. Yet, 
this cannot be the cause of the perception of the 
material in general. For example, Figure 2 shows a 



Snoopy dog, soup spoons, and tree bark. Do you see 
what they are made of? The dog is seen as glass, 
not s fur, which is a correct perception. The fact 
that you may never have seen a dog made of glass 
in no way prevents you from correctly seeing that it 
is made of glass; there is something about glass 
that simply looks like glass. The soup spoons are 
made of different materials - metal, plastic, and 
ceramic; but knowing that they are all soup spoons 
in no way causes you to perceive them as being the 
same material. And, as for the tree back, well, I 
lied, it isn't tree bark at all, but white plastic! I bet 
that you are not fooled at all merely because you 
expected to see tree bark. Materials have 
characteristic appearances, regardless of the 
identity of the objects they comprise. 

Appearance is More Than Physics 
The basic physical processes of reflection are well 
known and will only be briefly described here. 
First, when light hits a surface separating two 
different indices of refraction, some of it reflects. 
This surface reflection may be very regular 
(specular) if the surface is smooth; if the surface is 
rough, the reflection will be correspondingly 
randomized and will be perceived as blurred. 

Surface reflection is the only reflection process of 
metals. If the metal is gray, then the color of the 
reflected light is the same as that of the 
illumination; if it is a yellow metal, then the 
reflected color will be altered accordingly (as in the 
copper teapot). Dielectrics (non-metals) also exhibit 
surface reflection, though a much smaller fraction 
of the incident light is reflected in this way. The 
amount of surface reflection is governed by 
Fresnel's Laws; the directional distribution by a 
rough surface reflection model , which degenerate to 
perfect specular (mirror-like) reflection if the 
surface is smooth. 

However, for dielectrics, not all the light we see has 
undergone this surface reflection. Some of it 
instead penetrates the surface by refracting 
through it according to Snell's Law. If the material 
is inhomogeneous (such as paint, plastic, etc.), then 
embedded in the material are colorant particles 
which scatter the light differently for different 
wavelengths. Some of this scattered light, 
randomized in direction, emerges from the surface 
and is perceived as body reflection. 

Body reflection gives inhomogeneous dielectrics 
their characteristic appearance, i.e. it makes green 
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things look green and red things look red. Because 
the direction of the reflected light is fairly random, 
the color reflected in all directions is very similar, 
and hence we see the surface as being the same 
color no matter from what angle we view it. 

Does this tell the whole story of appearance? No; 
this is only how the light field is created, not how it 
is perceived. Return for a moment to Figure 1, and 
look at the plastic doughnuts. The color of each 
doughnut is caused by body reflection; the 
highlights are from surface reflection. The same is 
true for the vases, and for the pails. But, for the 
teapot, all the color you see is reflected by surface 
reflection alone; there is no body reflection from 
copper. 

Now, consider this question: Which has the more 
complicated physics? Clearly, it is the dielectric 
materials, which exhibit both surface and body 
reflection, whereas metals have only surface 
reflection. But, which has the more complicated 
appearance? Clearly, the metal teapot! So, the 
complexity of the physics is not the same as the 
complexity of the appearance. 

What makes the appearance of the teapot more 
complex? We see the whole world reflected on the 
surface of the teapot. Why do we not see such a 
complex reflection from the plastic doughnuts? In 
fact, the whole environment is reflected by surface 
reflection (highlights) from the plastic, but it is so 
dim that most of it is overwhelmed by the colored 
body reflection. Hence, we only notice the bright 
highlights. (But, beware! Electronic cameras will 
in fact measure some of the less intense highlights.) 

We can understand this by making a little 
taxonomy of the complexity of appearance 
phenomena: 

Class 1: Pointwise phenomena that can be 
explained by the characteristics of material at a 
single point. Example: the color of plastic. 

Class II: Surface phenomena that can only be 
defined on a finite patch of surface. Example: 
Wood grain or other texture. 

Class III: Environmental phenomena that 
cannot be explained by any amount of 
description of the object but require in addition 
a consideration of the surrounding elements. 
Example: Reflection from a metal surface. 

From this we can see: Physics causes 
appearance, but the interpretation of 



appearance requires more than simple 
pointwise optical physics. 

AppearanceisAJnbiguous 
Let us consider Figure 3: What is each object made 
of? The central object is in fact plastic; on the right 
is metal; and on the left paper. The metal on the 
right is a mirror; the paper on the left is a photo. 

With proper care, the figure could be made to show 
all three images to be identical. Yet, the physics is 
completely different for each one! The central 
object, which is really plastic, shows colors due to 
body reflection with white highlights due to surface 
reflection. 

Now, consider the mirror on the right. Here, 
everything you see is due to surface reflection from 
the mirror; the object and all its color and shading 
and highlights are part of the illumination on the 
metal mirror. For each point in the image of the 
mirror, it just happens that the ray reflected into 
the camera from that point happens to be the 
perfect image of the corresponding point on the 
object facing the mirror. 

In the photo on the left, everything we see is from 
body reflection: the colors, including the highlights 
we see, are all embedded in the pigments of the 
photo. If there were any surface reflection, it would 
cause a glare across the entire photo surface. 

So, we have three apparently identical images, but 
the physics is completely different between them. 
Given one of these images, how do we know which 
explanation is correct? Could we simply choose one 
explanation and discard the other possibilities? 

Consider again the reflections of the pails as seen 
on the teapot in Figure 1. Here, if we have only one 
hypothesis for each region, we must perceive those 
reflections as though they are freestanding objects, 
because they have identical optical characteristics 
to the other freestanding objects in the image such 
as the doughnuts, pails, and vases. Yet, that is not 
how we see them - we see them clearly as 
reflections upon the metal teapot. At some point in 
the interpretation process, we must actually discard 
the hypothesis that they are freestanding dielectric 
objects, and consider the competing hypothesis that 
they are reflections upon a metal surface. What is 
the process for this? Do we generate both 
hypothesis initially, maintain both, and select the 
correct one at a later stage of vision; or, do we 
generate only the freestanding hypothesis, then 

later reject it and generate a brand-new hypothesis 
of reflection on metal? I leave this question to the 
psychologists of vision to answer. But, this much is 
clear: We are capable of applying more than 
one interpretation hypothesis to regions of 
the image, finally deciding which to accept 
based on the interpretation of surrounding 
regions. 

We Resolve Ambiguity by Physics 
Sometimes, the resolution of ambiguity leads to 
surprising perceptions. Consider, for example, 
Figure 4, which shows pavement on a rainy day. 
Some of the pavement is wet, and some is dry. 
There are four main "bands" of pavement: dry at 
the top, then wet below that, then dry, then wet. In 
our informal discussions with observers, we find 
that most people label these areas correctly. 
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Then we ask, "How do you know where it is wet? 
How does that appearance differ from that of the 
dry areas?". The most common response is that it 
appears wet because it is dark. This is very funny, 
because while the physical interpretation of 
wetness is correct, the perception of darkness that 
is the supposed clue to that interpretation is 
incorrect! The wet areas, in their centers 
particularly, are actually brighter in the image than 
the dry areas, because they specularly reflect the 
sky in the form of a light-blue glare. This occurs 
because in dry pavement, the rough surface diffuses 
the light in all directions, causing a moderate level 
of diffuse reflection; but in wet areas, the surface of 
the water specularly reflects some of the light 
before it can reflect diffusely. Depending on 
geometry, this can either be brighter or darker than 
the dry reflection. Hence, an ambiguous image is 
presented to the eye. 

In this case, people perceive the correct physics, in 
other words their visual system correctly realizes 
that the brightness of the image in the wet areas is 
due to the specular reflection of the sky, and not to 
the pavement color itself (which is indeed darker in 
the wet areas) . Yet, even when specifically asked, 
people are unaware they are performing this 
analysis. The physical interpretation of the 
image is not a conscious process, but happens 
at a pre-conscious level, in fact the conscious 
explanation may even be completely 
incorrect. 



Elements of Physical Appearance 
Several elements combine to produce physical 
appearance. First, the illumination at a point on a 
surface comes not only from direct paths to light 
sources but from all directions in the environment 
at This concept, called the illumination 
environment, is well known in computer graphics 
for synthesis of images, but it is also fundamental 
for understanding visual perception [1,3]. The 
illumination environment is easily thought of as a 
hemisphere of incoming rays of various colors of 
light (or a sphere, ifthe material is not opaque). 

Next, there is the optical characteristic of the 
material itself, which may be called the transfer 
function of the material. This function tells, for 
each unit of incoming light at a given direction and 
color, how much light will be emitted in each 
direction and color. A uniform material will have 
the same transfer function at all points; a material 
with colorant variations will h ave a correspondingly 
varying transfer function. If the illumination 
environment at a point is multiplied by the transfer 
function at each direction and wavelength, and the 
results integrated, the result tells the light emitted 
in each direction and color from that point. 

Finally, the surface shape of the material is an 
important factor in appearance, because the surface 
orientation at each point determines how the 
transfer function is rotated relative to the 
illumination. These three elements - illumination 
environment, transfer function and surface shape -
determine physical appearance. 

In the interpretation process, a value must be 
assigned to each of these elements. The value 
ascribed to one element in turn constrains the 
others; thus, if you see a green region in the image 
and believe the material (transfer function) to be 
white, then the green color must be due to the 
illumination. Or, if the green patch shows smooth 
shading, it must either be due to variation in the 
illumination, or variation in the coloring of the 
material (transfer function), or curvature of the 
surface. 

A Computational Model 
Based on the above observations, Bruce Maxwell 
and I have proposed a simple computational model 
of the perception of physical appearance [6, 7]. We 
begin by considering elementary patches of the 
image, which have constant chromaticity, i.e . all 
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variation in pixel values is solely in intensity. For 
such a patch, two questions must be answered: 

1. Why is it not white? This must be due to either 
the illumination or the transfer function, since 
shape alone cannot alter chromaticity (except 
for goniochromatic materials, which we exclude 
from this analysis). 

2. Why is the intensity not uniform? This must be 
due to variation in the illumination, variation of 
the transfer function, or the geometry of the 
surface shape, which relates those two. 

There are infinitely many hypotheses, that is, 
combinations of illumination, transfer function , and 
shape, that can answer these questions. To simplify 
the analysis, we consider only a few categories of 
each: 

Illumination: White or colored? Diffuse (i.e. 
equal from all directions), uniform (i.e . same 
spectrum from all directions, possibly varying in 
intensity), or general? 

Transfer function: White or colored? Metal or 
(inhomogeneous) dielectric? 

Shape: Planar or curved? 

If we take the cross product of all these, we obtain a 
list of possible hypotheses, each of which can 
provide a complete explanation for the observed 
color and shading of the image patch in question 
(Figure 5). This is a systematic explanation of the 
ambiguity of physical appearance interpretation 
that we noted above. 

While all these hypotheses are possible, not all are 
equally likely. For example, if we see a region that 
is brighter on the left side, it is possible that the 
illumination is brighter on the right, but the surface 
reflects so much more on the left than on the right 
that we see the observed region. However, this is 
very unlikely. From the set of 36 possible 
hypotheses, Figure 5 shows 14 that we consider the 
most likely (indicated in boldface). 

Complementary Hypotheses 
How are we to decide which of the 14 common 
hypotheses is the correct one for each region in the 
image? One criterion is to look for pairs of 
hypotheses on adjacent regions, that complement 
each other. By "complement" we mean that they 
share two of the three elements in common; thus, 
those two elements actually cover both regions 
together. For example, if we see a blue region next 



to a green one, one explanation might be that they 
form a single surface (same shape) under white 
illumination (same illumination), but with different 
surface colors (differing transfer function). These 
are complementary hypotheses. 

Not all pairs of hypotheses are complementary. For 
example, if the blue region hypothesis were "blue 
dielectric under white illumination", but the green 
region hypothesis were "white dielectric under 
green illumination", then both the illumination and 
the transfer function would have to change at the 
border between the blue and green regions. With 
such reasoning, we have found only 14 hypothesis 
pairs that may be complementary. Such pairs of 
hypotheses still need to be tested for consistency for 
a specific pair of regions, for example to be sure the 
shading information indicates the same shape. 

Finally, given complementary region hypothesis 
pairs, we may generate more than one consistent 
set of hypotheses for the entire image. This 
corresponds to a scene whose physical appearance 
is indeed ambiguous. 

Testing the Model 
Bruce Maxwell and I tested this computational 
model for the interpretation of physical appearance 
by creating a computer program to perform the 
reasoning described above [6,7] . In that program, 
for the sake of simplicity, we limited ourselves to 
dielectric materials under white illumination. We 
applied a number of compatibility tests such as 
comparing the intensity gradient in the image on 
each side of the border between regions. We 
arranged for each compatibility test to give a 
numeric score, and this allowed us to score each 
complete image interpretation. Figure 6 shows an 
example of an image we analyzed, and the results 
we obtained (the planar surface is correctly 
interpreted, though unlabeled in the figure). 

Implications 
As a vision scientist, the key finding of this work is 
that the interpretation of physical appearance is (1) 
necessary for the resolution of ambiguity; (2) subtle 
in the reasoning processes involved; and (3) within 
the grasp of even a fairly straightforward analysis 
paradigm. We have formalized this model into 
computational terms, and tested it by 
implementation. The resulting system is limited in 
that it does not consider metals at all, but we did 
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extend it easily to specular highlights. It analyzes 
more complex scenes than previous efforts in 
physics-based image segmentation [2,4,5]. As a 
result of this work, we believe that physical 
features such as surface shape and reflectance 
characteristics will become more easily accessible 
for image interpretation programs in the future. 

Finally, for those who study human vision, we 
suggest strongly here that the perception of 
physical appearance has not been adequately 
studied (even recognizing the work in "ecological 
optics" and the interpretation of highlights). 
Hopefully, our exposition in this paper will help 
visual psychologists to form a new round of 
questions and experiments to clarify the role of 
physical interpretation in human vision. 
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Figure 1: A mixture of materials. 

Figure 2: A dog, a spoon, and tree bark. 

Figure 3: Objects of paper, plastic, and metal. 
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Figure 4: Wet and dry pavement. 
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Figure 5: Fundamental hypotheses. 

Figure 6: An image and its interpretation (The 
unlabeled surface is interpreted as planar.) 



Computational Approach and a Multi-Channel 
Vision System 

Shoji TOMINAGA 

ABSTRACT 
This paper describes a system for realizing 

computational color constancy. Our goal of 
computational color constancy is to recover the 
physical properties of illuminants and surfaces 
from photosensor responses. First we show a 
light reflection model on an object surface and a 
liner model for both wavelength functions of the 
surface-spectral reflectance and the illuminant 
spectral power distribution. Next we describe a 
multi-channel vision system for estimating both 
the illuminant spectrum and the body reflectance 
of surfaces from the image data. The vision 
system consists of several sensors over the 
visible region by combining a monochrome 
CCD camera and color filters. The problem of 
linear model dimension selection is discussed. 
We present algorithms for parameter estimation 
of illuminant and reflectance, and then the 
experimental results. 

1. INTRODUCTION 
A number of algorithms have been 

proposed to demonstrate computationally how 
color constancy may be accomplished. 
Computational color constancy has two 
difficulties: estimation of both the illumination 
and surface reflectance is nonlinear, and the 
problem is underdetermined. A commonly 
used approach to reduce the number of 
parameters required to describe illuminants and 
surfaces has been to describe spectral functions 
using finite-dimensional linear models [ 1-7]. 
Judd et al.[2] suggested that spectral distribution 
of typical daylight was described with a small 
number of dimensions. Vrhel et al.[6] measured 
the spectral reflectance of Munsell chips, paints, 
and various natural materials. 

Recovering spectral reflectance by using a 
standard color camera with three sensors is 
considered insufficient for identifying high 
dimensional surfaces in a natural scene, even 
though the sensor responses are approximated 
precisely with three basis functions . Another 
difficulty is the prediction of the spectral 
sensitivity function of the camera itself. 
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The present paper describes a vision 
system for recovering both the surface-spectral 
reflectance function and the illuminant spectral-
power distribution from the image data. Our 
multi-band vision system consists of six 
wavelength bands throughout the visible 
spectrum by combining a monochrome CCD 
camera and six sets of color filters. The 
dynamic range of the camera is extended to 
sense a wide range of intensity levels. The 
wavelength sensitivity of each color channel is 
calibrated to analyze the image data. 

We solve the problem of estimating 
and illuminant functions in three steps. 

FirSt, we have to select the finite-dimensional 
linear model. When we use six sensors, the 
model dimension should be bounded to be six. 
However the full dimensionality does not always 
make it better to use this model. Second the 
illuminant parameters are estimated from the 
sensor measurements made at multiple points 
within separate objects. Third, the sensor 
responses are corrected for highlight and 
shading variations . The body reflectance 
parameters, unique to each surface, are 
recovered from these corrected values. 

2. MODELING 
2.1 Dichromatic model for light reflection 
. Figure 1 shows the reflection process for 
mhomogeneous dielectric materials. The 
radiance Y(S, A.) of light reflected from a surface 
is a function of the wavelength A. and the 
geometric parameters 8. The dichromatic 
reflection model describes the reflected light as 
the sum of interface and body reflections [8-1 0] 

Y(S, A.) = c1(8) L1(A.) + c8 (8) L8 (A.), (1) 
where the terms L1(A.) and L8 (A.) are the spectral 
power distributions of the interface and body 
reflection components, respectively. These 
components are unchanged as the geometric 
angles vary. The weights c1(8) and c8(8) are the 
geometric scale factors. 



The body reflection occurs from light 
scattering among the pigment colorant layer. 
Light scattered by the interface reflection is quite 
restricted in angle, and much as a mirror reflects 
incident rays. Conversely, the light scattered by 
the body reflection emerges equally in all 
directions. 

incident light interface reflection 

E(A.)\ L1(A.) body reflection 

S(A.) / LB(A.) 

Fig. 1 Reflection model for an inhomogeneous 
dielectric material. 

The model is expressed in terms of 
surface-spectral reflectances. Let S1(A) and 
SB(A) be the surface-spectral reflectances for the 
two components, and Jet E(A) be the spectral 
power distribution of the incident light. Then by 
dividing the color signal Y(S, A) by E(A), the 
total spectral reflectance is described as 

S(S, A) = CJ(S) SJ(A) + CB(S) SB(A). (2) 
The standard model incorporates an assumption 
called the Constant Interface Reflection 
assumption, which is that the interface reflection 
component S1(A) is constant and can be 
eliminated from Eq. (2): 

S(S, A) = CJ(8) + CB(8) SB(A). (3) 
This assumption is valid for many materials, 
such as plastics and oil- and water-based paints. 

2.2 Linear model for wavelength functions 
We use linear finite-dimensional models to 

describe the spectral functions. Specifically, we 
suppose that the illuminant can be expressed in a 
linear combination of m basis functions as 

m 
E( A)= L tj Ej(A) 

i=l (4) 
where {Ej(A), i=1, 2, ... , m} is a statistically 
determined set of basis functions for the 
illuminant, and { Ei } is a set of scalar weights. 
We also suppose that the spectral reflectance 
function can be expressed in the same fashion 
with n reflectance basis functions as 

n 
S( A) = L Oj Sj(A), (5) 

j=l 
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where {Sj(A), j=1, 2, ... , n} is a set of basis 
functions for reflectance, and { Oj} is the weight 
set. The number of basis functions, m or n, 
defines the model dimension for illuminant and 
surfaces respectively. 

3. CAMERA SYSTEM 
Figure 2 shows the camera system for 

multi-channel imaging. The system is composed 
of a monochrome CCO camera (Sony model TK-
66), and a standard photographic lens (Nikon, 
focal length 50 mm, 35 mm), and several filters . 
The original CCO camera is modified to change 
the shutter speed easily from the outside. Two 
kinds of optical filters are used: a colored glass 
filter for suppressing infrared light, and some 
Kodak gelatin filters for selecting wavelength 
bands. The glass filter is inserted between the 
lens and the camera, and the gelatin filters are 
attached to the front of the lens. We examined 
the linearity of the camera response. Our camera 
was determined to have a good linearity y= 1. 

Fig. 2 Camera system for multi-channel. 

3.1 Spectral sensitivity function 
Knowledge of the spectral sensitivity 

function for each sensor of the multi-channel 
vision system is needed in estimating the 
illuminant and spectral reflectance functions. In 
particular the spectral sensitivity of the 
monochrome CCO camera is very important for 
predicting the whole spectral sensitivity. We 
measured the spectral sensitivity of the CCO 
camera without lenses. A set of 31 interference 
filters was used to convert the continuous 
spectrum of a projector lamp into a set of 
monochromes in 31 equally spaced wavelength 
points throughout the visible region. 

The present multi-channel vision system 
has six different color sensors. The number of 
sensors was motivated from the model 
dimensions required to represent illuminant and 
reflectance spectral functions in finite-
dimensional linear model. We can point out 
from [4-6] that surface-spectral reflectances of 
natural objects and artificial ones can be 
represented with the use of five to seven basis 
functions . Along this line, Wratten filters are 
attached to the camera to separate the visible 



wavelength into six color bands. Figure 3 
shows the whole spectral sensitivity functions 
for the six sensors. 
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Fig. 3 Spectral sensitivity functions. 

3.2 Dynamic range extension 
The monochrome CCD camera we used is 

sampled to 8 bits of intensity. While this may 
be adequate for many purposes, it is preferable 
to acquire more information about the highlight 
data for illuminant estimation. We used a shutter 
to extend the dynamic range of the CCD camera 
to sense the wide intensity variation of object 
surfaces from matte parts to highlight parts. 
Pictures of the same scene are taken using 
different shutter speeds, and the multiple images 
are combined into a single image. 

4. OUTPUT FORMULATIONS 
The color signal C(x, A) is incident ray to 

a camera from an object surface, which is a 
function of the wavelength A. and the location 
parameter x, including various geometric 
parameters under a fixed imaging geometry. 
The dichromatic reflection model of Eq. (3) 
suggests that the color signal C(x, A) is 
expressed in the form 

C(x, A.) = a{x)S(A.)E(A.) + 13(x)E(A.), (6) 
where S(A.) is the surface-spectral reflectance 
function for the body component. a(x) is the 
shading factor for the body reflection, and 
is the scale factor for the specular reflection. 

We have six sensor outputs at each spatial 
location x. The sensor outputs, Pk(x) , sensor 

spectral sensitivity functions, Rk(A), and color 
signal are related by the equation 
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Pk(x) = f C(x, A.) Rk(A.) dA., k=l, 2, ... , 6.(7) 

We summarize the relationships between the 
sensor responses and the illuminant and surface 
functions in a matrix form. First, define 6-
dimensional vectors hi (i=l, 2, . .. ,m) 
representing the sensor responses for the 
illuminant basis Ej(A) by Eq.(4) as f Ei(A) R1(A.) dA. 

(8) 

These are summarized in a 6-by-m matrix H 
H=[hJ, h2, · · ·, hm]. (9) 

Next, define a 6-by-n matrix AE representing the 
sensor response for the color basis based on 
Sj(A.), where the (i, j) element is represented as 

[::\Ji, j= Ekf Ek(A.)Sj(A.)Ri(A.) dA.. (10) 

Note that hi and the integrals in Eq.(lO) 
are known ahead-of-time with the spectral 
sensitivity functions and the basis functions for 
illuminant and reflectance. 

Substituting the finite-dimensional model 
expressions for E(A.) and S(A.) into Eq.(7) and 
using the above matrix notations permit us to 
express the general imaging relationship between 
the sensor outputs and the scene parameters 
using the vector equation 

p(x) = a{x) AE cr + 13(x) H E, (11) 
where p(x) is a column vector of six sensor 
responses Pk(x) (k=l, 2, ... , 6). The vector cr 
and E are of dimensions n and m, respectively 
and they represent the weight vectors for surface 
reflectance and illuminant. 

5. ALGORITHMS 
Under the above formulation of the 

problem in terms of linear models, the estimation 
problem becomes one of inferring the illuminant 
vector £ and the reflectance vector cr from the 
sensor output vectors p(x) of the image. Three 
steps are involved in this estimation problem. 

5.1 Linear model dimension selection 



When we use six sensors, the model 
dimensions should be bounded to be six or less. 
But, this is only an upper limit. The presence of 
sensor noise and quantization error may make it 
worse to use models with the full 
dimensionality. In particular, the contribution to 
the sensor response from each of the linear 
model terms decreases generally as we add more 
basis functions. In this case, the cost of the 
coefficient estimate, caused by noise and 
quantization errors, may exceed the benefit from 
the additional precision of the high dimensional 
linear model. Because the estimation process 
begins by recovering the illumination, we 
consider the linear model dimension for the 
illuminant functions. 

Suppose that the camera system observes a 
white reflectance standard without specular 
reflection as shown in Figure 4. The sensor 
output is described as p(x) = a(x) H £. So the 
estimate e of the illuminant parameter vector£ is 
obtained in the form H+p(x), where H+ is the 
generalized inverse of H . We have recovered 
the illuminant spectrum for a slider projector 
lamp. The white standard plate was measured 
with our camera under a uniform lighting. It is 
found that the estimation accuracy of illuminant 
depends on the model dimension. 

* () '-II/ 
Figure 4 Observation of a white standard. 
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Figure 5 Estimated illuminant with different 

model dimension m. 
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Now let e\m), ... , E;:l be the 
estimated weights for the basis functions under 
the assumption of the model dimension m. Then 
the estimated spectral curve of illuminant is 
described as 

A(m) 
E(A.) = £... Ei Ei(A). (12) 

i=1 
Figure 5 shows the estimated illuminant curves 
with different model dimension m. Note that 
increasing the model dimension m does not 
always lead to increasing the estimation 
accuracy. 

We propose a method for solving the 
problem of deciding an appropriate dimension of 
the linear model by using a regression analysis 
[11] . Suppose that we model the sensor outputs 
for a white reflectance standard as the noisy 
measurements 

m 

Pw = L Ej + 11. (13) 
i=1 

where 11 is a noise vector, contammg 
measurement errors and model fitting errors. 
The location parameter x is neglected by 
assuming the uniformity of white surface and 
illumination. From a statistical viewpoint, 
Eq.(13) is regarded as the equation of a linear 
multiple regression model. Let us consider a 
nested pair of regression models in which the 
smaller model has one fewer linear model 
dimension: 
Null hypothesis: 

m-1 
Pw +11 

i=1 

Alternative hypothesis: 
m-1 

Pw Em h.n +11. 
i=1 

The smaller model can be obtained from the 
large by setting a weighting coefficients in the 
larger model equal to zero. We compare the 
smaller model (null hypothesis) to the larger 
model (alternative hypothesis). If the alternative 
model is significantly better than the null model, 
then the additional dimension, represented by 
Em h.n , improves the linear model and should be 
used. Otherwise, we need not add any further 
dimensions to the linear model. We can use the 
statistical F test to decide between these two 
models. The details are described in [13] . 

5.2 Illuminant estimation 
The dichromatic imaging model defined in 

Eq.(11) shows that the sensor output p(x) for 
any spatial location x on an object is expressed 
as a linear combination of the two reflection 



component vectors AE cr and H £. These two 
vectors span a two-dimensional subspace 
in a six-dimensional sensor space. Th1s 
subspace is called the color-signal plane P. 

Suppose that the image sensors observe M 
objects illuminated with one light source, and the 
areas with high intensity are extracted from the 
image data. The M color-signal planes must 
intersect because H £ is contained in all planes 
pO l , p(2l, ... , p (M) (see Fig. 6). Once _!he 
intersection is found, the illuminant vector E is 
recovered by applying a matrix inversion H-1 
a pseudo-matrix inversion H + to H E. 
Tominaga and Wandell [10] presented an 
algorithm for finding the of two 
planes in the case of two V:fe can 
extend this algorithm to find a reliable estimate of 
the common intersection vector in any case of 
more than two objects. 

Figure 6 Intersection of color-signal planes. 

5.3 Reflectance estimation 
To estimate the body reflectance function 

we must remove the effects of specularity and 
shading, and then segment the image into 
uniform surface areas. First of all, the influence 
of illumination is reduced from the sensor 
outputs as 

y(x) = p(x) I e, (14) 
where e is an estimate of the illurninant vector 
H£, and the division is done elementwise. 

The above equation means a component-
by-component division of i-th sensor value at 
a point in the image to the 1-th sens?r va!ue 
to a white reference under the same 1llununat10n. 
This is analogous to Von Kries adaptation in 
vision models. With a reliable estimate e, the 
above division makes 
y(x) = a(x) (AEcr/H£) + where i is a 
constant vector with unit length. If the spectral 
sensitivity functions of the sensors have narrow 

wavelength bands, the vector y(x) is independent 
of the illumination. 

Next, this modified sensor output y(x) is 
normalized to eliminate the constant interface 
reflection and the geometric factors a(x) 
andl3(x). This normalization process is 
described as 

- y(x) - f(x) ( 15) 
y(x) lly(x)- y(x)ll' 

where y(x) denotes the average. The normalized 
sensor output y(x) is independent of the vector 
H£, and the scalars a(x) andl3(x), so that this 
vector depends heavily on only the body 
reflectance of an object surface. So we can 
segment the image into uniform surface areas. 

This image segmentation is done by means 
of cluster detection in the six-dimensional space 
of the vector y(x). Dense clusters corresponding 
to uniform surface areas are detected from the 
histogram analysis in the space. 

For each area in the segmented image, we 
estimate a unique reflectance function from the 
classified sensor outputs as one surface. The 
sensor outputs are analyzed on the color-signal 
plane. Because of the__!wo dimensionality, the 
body reflection vector AEcr can be expressed in 
terms of two orthonormal vectors e and e.l as 

AEcr = ce e + ci-e.l, _i16) 
where e was obtained as the estimate of He , and 
e.l is a unit length vector perpendicular to e on 
the plane. Scalars Ce ci- are weighting 
coefficients. A permiSSible solution for the 
coefficients is given by applying an extended 
quarter-circle analysis [ 14]. 

6. EXPERIMENTAL RESULTS 
To derive the illurninant basis functions, 

we analyzed a set of nine representative light 
sources that were the daylight spectra of 055, 
D65, and 075, the CIE standard light spectra of 
A, B, and C, and the measured spectra of 
sunlight, a slide projector, and a tungsten 
halogen lamp. The linear model 
estimated as m=3. So the first three pnnC!pal-
component vectors for the set of spectra are used 
as Ei(A) (i=l, .. . , 3). 

Next, the reflectance basis functions were 
determined using a database of surface-spectral 
reflectances provided by Eastman Kodak Co. 
This database consisted of 354 measured 
reflectance spectra of different materials from 
Munsell chips, paint chips, and natural objects. 
The first five principal-component vectors were 
used as the basis reflectances Sj(A) U=1, ... , 5). 
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To test the multi-channel vision system and 
the proposed algorithms we measured a plastic 
object as shown in Figure 7. The object is four 
sheet plastics of blue, green, yellow, and red. 
The object is put on a cylinder to make the plastic 
cylinders with four colors. We used a tungsten 
halogen lamp. The illuminant spectrum was 
estimated and then the measured image was 
segmented into the regions of four cylinder 
surfaces. Figure 8 shows the estimation results 
of the spectral reflectance functions for the 
respective surfaces, where plus-symbols 
represent the estimates . To confirm the 
reliability of these results, we compare the 
present estimates with the measurement results 
using the spectrometer and the standard white 
surface. In Figure 8, the curves with open 
squares represent the measurement results. 

Figure 7 Scene of plastic cylinders. 
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Fig. 8 Reflectance estimation results. 

7. CONCLUSION 
This paper has described a system for 

realizing computational color constancy of 
recovering the spectral functions of illuminant 
and surfaces from photosensor responses. First 
we showed the dichromatic reflection model for 
reflective object surfaces, and the finite 
dimensional linear model for describing both 
spectral functions of the surface reflectance and 
the illuminant distribution. Next we described 
a multi-channel vision system for estimating 
both the illuminant and the body reflectance 
function of surfaces from the image data. The 
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vision system consisted of several sensors by 
combining a monochrome CCD camera and 
color filters. The problem of linear model 
dimension selection was considered. We 
presented algorithms for parameter estimation of 
illuminant and reflectance, and then the 
experimental results. 
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The Visibility of Colored Patterns: 
Measurements and Models 

Brian A. WANDELL and Xuemei ZHANG 

The visibility and color appearance of an image patch can vary strongly with the image 
pattern. We have measured aspects of the covariation of pattern and color in a set of 
asymmetric color matching experiments and detection threshold experiments. Data 
from our measurements are reasonably well predicted by simple models in which pattern 
and color computations are handled in separate stages. To extend this work into image 
quality reproduction metrics, we have developed an extension of the CIELAB color 
metric that we call Spatial-CIELAB. The S-CIELAB metric includes a spatial 
pre-processing step so that it can be applied to textured patterns; but , the S-CIELAB 
reduces to CIELAB when applied to uniform patterns. The extension is built using a 
computationally efficient, pattern-color separable architecture. We have applied the 
model to several engineering tasks, and we continue to test the predictions of S-CIELAB 
on simple patterned images consiting of digital halftones and JPEG compressed images. 

1. INTRODUCTION 

The widespread use of digital color images has brought new challenges to the color 
science and engineering community. To verify the quality of image reproductions requires 
new engineering tools. The new generation of tools must be capable of measuring color 
reproduction accuracy and image quality of complex images that have been digitally 
halftoned, compressed using JPEG-DCT, or modified in many different ways. 

The digital image revolution requires us to integrate work developed within color science 
and the general imaging community. The image quality color computations must use 
computational architectures that can be integrated efficiently within image processing 
models and they must also retain the important color discrimination work provided by 
the color community. 

The set of experiments and computations we describe in this paper represents our effort 
to join measurements and theory of color and pattern into a practical engineering tool 
for measuring the quality of digital color image reproductions. In this paper we review 
the basic experiments we have used to guide our decisions, and then to describe the 
software tool we have created for use in the evaluation of digitial color image 
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reproductions . Finally, we describe some of our ongoing experimental tests of these 
ideas. 

2. BACKGROUND 

Theory and metrics for image quality have evolved within two separate disciplines: 
pattern vision and color vision. Work in human pattern vision has led to models based 
mainly on measurements of human sensitivity to light-dark patterns, such as the 
contrast sensitivity function , and phenomena such as contrast masking [1, 2, 3]. 

Complementing the work in pattern vision, image quality metrics have also been 
developed within the color vision community. These metrics have been based on the 
discriminability of color differences of uniform patches. The two best known color 
metrics are CIELAB and CIELUV. 

In designing image quality metrics, we can identify two different approaches. One 
approach attempts to model the properties of the human visual system (image 
formation, transduction, neural representations). By modeling the visual pathways, one 
can simulate the neural encoding and use this simulation of an original and its 
reproduction to predict the visibility of differences. A second approach focuses on 
modeling the behavior of human observers rather than the neural encoding. By modeling 
the behavior, one is assured of capturing performance in certain important tasks, though 
the underlying computational steps may not correspond closely to the neural encoding. 

Complete accurate physiological models of the visual encoding cannot be formulated at 
this point in time because many important factors are unknown: for example, the 
pattern of eye movements, accomodation, chromatic aberration, and decisions about 
which of the many neural signals are relevant for perceptual decisions are all uncertain. 
Moreover, even if physiologically accurate models could be formulated , the complexity of 
modeling the physiological variables would lead to unwieldy engineering metrics. 

Hence, we have constructed a metric whose goal is to capture certain aspects of 
performance using simple computational methods. The computational model we develop 
should be taken as an approximation to a much more complex set of physiological 
processes. Our initial modeling work focused on capturing two basic features: color 
discrimination as described by CIELAB, and contrast sensitivity functions measured at 
standard (50 cd/m2) CRT mean illumination levels. Furthermore, we begin by using a 
pattern-color separable architecture: that is, the image is represented using three color 
channels, and spatial operations are performed independently within each of these 
channels [4]. Our recent experiments have used psychophysical methods to measure the 
visibility of differences between complex images and their reproductions . These 
reproductions contain image artifacts that are produced by conventional reproduction 
technologies (JPEG-DCT, halftoning). In this way, we hope to evaluate the model close 
to the kinds of visual judgments it is meant to predict. 

The current version of our computational model, which we call Spatial CIELAB 
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(S-CIELAB), is available from our web-site. You are welcome to examine our 
implementation and try it in developing your own calculations, experimental design, and 
thinking. What follows is an overview of our current thinking. 

3. PSYCHOPHYSICAL EXPERIMENTS 

The sensitivity of the eye to color differences between uniform patches is summarized by 
the CIELAB color metric. While improvements in this metric will surely arrive over 
time, this seems like a reasonable starting place for an pattern color metric. 

There is no consensus on how to predict the sensitivity of the eye to contrast patterns of 
various colors. There are two difficulties in applying existing psychophysical 
measurements to engineering metrics. First, much of the recent work on pattern and 
color sensitivity measurements [5, 6] were made using conditions designed to eliminate 
chromatic aberration and thus isolate neural factors. For engineering applications we 
must include chromatic aberration because it is a very important limit for pattern-color 
sensitivity [7]. Second, most measurements of sensitivity to colored patterns have been 
performed by first selecting three color dimensions, corresponding to a luminance, and 
two opponent-colors values, and then measuring contrast sensitivity functions in these 
dimensions . This method assumes that it is possible to use the measurements of 
pattern-color sensitivity made to three colors to predict the sensitivity to patterns with 
other colors, a hypothesis that should be tested, not assumed. This method also 
assumes that other auxiliary experiments (hue cancellation, flicker photometry) can be 
relied upon to choose the proper color dimensions for modeling pattern sensitivity; 
again, this hypothesis should be tested, not assumed. 

In response to this analysis of the psychophysical literature, we began a set of 
experiments on the relationship between pattern and color. In one set of psychohysical 
experiments, Poirson and Wandell measured how color appearance depends on spatial 
pattern [4]. Subjects set full color matches between a two degree uniform patch and the 
individual bars in squarewave patterns whose spatial frequencies ranged from one to 
eight cycles per degree. The squarewave patterns were chosen to span a wide range of 
contrasts and colors. 

As expected, the spatial patterns of moderate and high spatial frequency patterns 
appeared mainly light-dark, with little color saturation. Moreover, the spatially 
asymmetric color appearance matches are not photopigment matches. For example, 
moderate frequency squarewave contrast patterns ( 4 and 8 cpd) cannot stimulate the 
short-wavelength receptors significantly because of axial chromatic aberration. Yet, 
subjects match the bars in these patterns with a stimulus that contains considerable 
short wavelength receptor contrast. These observations demonstrated that the 
asymmetric color-matches are established at neural sites central to the photoreceptors. 

Most importantly, the relationship between the contrast of the squarewave and 
matching target satisfied the principle of superposition as we tested with various color 
mixtures of the squarewaves. When the bar of a squarewave of color s1 matched the 
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patch m 1 , and a bar of a second squarewave of color s2 matched a box m 2, then the bar 
of a squarewave of color s1 + s2 matched the box m 1 + m 2. This linearity, which held 
over the modest range of contrasts and spatial frequencies, is a very important property 
for developing simple metrics. 

Subsequent experiments extended the asymmetric color-matching experiments in two 
ways. Measurements were made of asymmetric color matches using mixtures of several 
low frequency spatial patterns [8]. Again, linearity of the spatial mixture, in addition to 
the color mixture, was observed. This result confirmed that simple linear computations 
are a reasonable starting place for a pattern-color metric. Detection threshold 
experiments also extended the measurements from judgments of color appearance of 
above threshold patterns to near threshold patterns [9]. 

An important motivation for performing these experiments was to test pattern-color 
separability, namely that we can predict performance using the assumption that the 
image is represented within three color channels and model spatial operations as 
occuring independently within each of these channels. In all three experimental 
analyses, we included tests of the pattern-color separable hypothesis. In each case, the 
data were consistent with a pattern-color separabile reproduction metric. Pattern-color 
separability greatly simplifies the computational burden of a metric. Metrics designed 
around the neural encoding can not use a pattern-color separable architecture because 
the neural encoding intermixes color and pattern information, using non-separable 
representations both in the retina and early cortical areas. Hence, neural models will be 
more complex than the computations we have implemented. 

By design, the psychophysical experiments permitted us to estimate the spatial and 
spectral tuning of the three pathways. In all three experiments, we found that the 
pattern-color separable representation consisted of one broadband and two 
opponent-colors pathways. This was an encouraging finding because none of the 
experiments involved opponent-colors judgments, such as hue cancellation or color 
appearance similarity. 

4. IMAGE METRIC EXPERIMENTS 

The results from these experiments were internally consistent and also connected well to 
other experiments in color appearance and sensitivity. We used these results to develop 
a pattern-color image reproduction metric, and we have applied this metric to more 
complex visual targets [10]. While discriminability predictions for the psychophysical 
experiments could be made analytically for simple harmonic functions, predictions for 
the complex images required us to implement the full pattern-color separable 
computation. The model objectives remained the same, namely to capture pattern 
sensitivity as measured by the contrast sensitivity function and color discrimination as 
measured by the CIELAB metric. But, as the images became more complex, the 
computational tool became more general as well. 

Hence, we introduced a spatial extension to the CIELAB color metric but still using the 
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pattern-separable architecture that had been tested in the psychophysical experiments. 
To measure image reproduction error using S-CIELAB, the original and reproduction 
first are filtered spatially using a pattern-color separable method. The filtered results 
are then converted into the CIELAB coordinates where the conventional metric is 
applied . By selecting the filters appropriately, we can guarantee that for uniform spatial 
regions of the image, S-CIELAB predictions are equal to predictions computed using the 
standard CIELAB formulae . In patterned regions of the image, however, the predicted 
visible errors differ from CIELAB predictions. The empirical question, then, is whether 
or not the S-CIELAB corresponds more closely to perceived reproduction errors than 
the CIELAB, or other, image reproduction metrics. 

We have now carried out several psychophysical and computational experiments to test 
how well the pattern-color separable architecture we have developed predicts visual 
error. The experimental tests have included measurements of the visibility of simple 
colored halftone patterns [11] as well as JPEG-DCT image artifacts (to be reported in 
Zhang's thesis). In addition, we have used the S-CIELAB metric to make various 
engineering predictions concerning the tradeoff between grayscale and spatial resolution 
for both monochrome and color images [12]. 

5. CONCLUSIONS 

There are many important and unanswered questions in this field. First , a number of 
different image reproduction metrics have been proposed . Yet, the field has not 
developed any method for comparing the properties of these different metrics and 
evaluating them on agreed on experimental databases. Without "metrics for the 
metrics", progress will be delayed. The process of evaluating the metrics is also slowed 
by the proprietary nature of several proposed methods so that there is no public access 
to verify or dispute the authors' claims. 

Second, there is a severe shortage of measurements of pattern and color sensitivity. All 
of the results listed above barely scratch the surface of the required empirical database. 
How does pattern sensitivity to different colors vary with the mean adapting field? We 
have some results (using large monochrome sinusoidal patterns [13]), but we have no 
comparable results for color. How does pattern-color sensitivity vary with temporal 
parameters (for MPEG applications)? What architecture should we use to integrate 
mean field effects (von Kries adaptation, such as RLAB [14]) and pattern effects? 

The answers to these questions could be important in guiding the development of a large 
and growing number of digital imaging applications. Acquiring the needed experimental 
data, and integrating the results into a standard reproduction metric, is an important 
challenge that we hope the color community will meet. 
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Symposium 2: Color Design 21 

The Role of Color in the 21st Century 
-Color Culture between Homogenization and 

Diversification-

Leonhard OBERASCHER 

1. INTRODUCTION 

In preparing this keynote lecture I have been mindful of the issues set out in the following 
introductory statement which was prepared by the organisers of this symposium: 

In the 20th century, mankind experienced unprecedented drastic changes 
worldwide: repeated wars and conflicts, environmental disruption on a global 
scale, natural and man-made disasters, urbanization, a widening gap between the 
rich and the poor, expanding population, aging societies, traffic congestion in 
major cities, AIDS, and the unrestrained growth of an advanced information 
society. The 21st century is just around the corner and all the above issues remain 
unsolved. In order to make the world a better place to live in, and attempt to solve 
these issues, mankind must adopt a mission with deep insight and broad horizons. 

The field of color design should play a role in such a world. Confronting 
environmental issues, especially in the context of the contradictory influences of 
tradition and revolution is a difficult task, and often the question of which specific 
problems need to be tackled, remains unclear. What have we lost and what have 
we gained? Ultimately, what shall our goals for the 21st century be? 

2. BIOLOGICAL AND CULTURAL UNIVERSALITIES 

To understand the role of color in the 21st century, we may have to look back as far as to 
the origins of space and time, matter and light. Evolution of life is to a large extent the 
result of the interrelation among organisms and between them and their environment. In 
the course of evolution, different organisms developed different ways and means of 
interacting with their environment and other organisms. In this context, the development 
of vision - and in particular color vision - was of great advantage, as it enables an 
organism to interact without the need of direct physical involvement. Both monochromatic 
and polychromatic vision provide us with a means of apprehending our environment 
from a distance. Color perception, however, affords an additional visual structure. 

Organisms with color vision experience color as an integral part of their environment. 
Thus the colors in the environment determine to a large extent what is seen and what is 
not seen . The eye differentiates between surfaces of contrasting colour ; but it can not 
readily distinguish between surfaces of identical or similar color. 

Organisms make use of this fact in their interaction with each other. Camouflage colours, 
for example, make an organism almost invisible, as they resolve both form and contour. 
On the contrary, bright warning colors visually enhance form and contour. Warning colors 
often indicate that an organism is poisonous, or at least indigestible. However, strong 
colors are not always a warning signal, but often serve as sexual stimulus. For example, 
the male "magnificent man-o'-war bird" inflates his red throat pouch to attract female 
partners. 

The specific function, effect and significance of color in the life of organisms is the result 
of interaction between members of the same or of different species and between them 
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and their environment. This applies to both animals and human beings. The role and 
significance of particular colors in human society are characterized by collective 
experiences associated with these colors. For example, human beings have frequently 
experienced the color red in connection with : fire , heat, destruction and danger - blood, 
aggression , fighting and hunting, injury and death - sexual excitement, swelling and 
blushing: defloration, menstruation and birth . These experiences are universal , and still 
- independently of culture and personal preference - influence the function, effect and 
significance of this color. 

3. HORIZONTAL DIFFERENTIATION 

In the course of its history, however, the human race has spread throughout the surface 
of the earth and has adapted to a variety of habitats and become differentiated into races, 
nations and tribes. The result of this has been that human beings have - apart from the 
universal color experiences - experienced colour in many different ways. The decisive 
factors here were D..Ql so much the biological differences between races, as the 
circumstance that human beings have adapted to a wide variety of habitats, in which they 
were confronted with specific visual impressions. Climate and light, land-forms, rocks 
and soil , flora and fauna all determine the characteristic colors of a place. Groups of 
people experience life in a variety of ways, depending on their specific environment. The 
collective experience of a group in a particular place formed the basis for the 
development of a cultural identity and of specific systems of signs and symbols. Color, as 
an important feature of the environment, was integrated into these systems. 

As people put more conscious thought into designing their environments, color - apart 
from its immediate association with specific objects - soon became an object in itself, 
with an autonomous significance and function, for example, as an element of magic, 
cultic and religious practices, as a means of structuring society (symbol of rank) and 
territory (boundaries), as well as for decoration and modish appearance. 

Originally, cultures developed to a large extent independently of one another. Since the 
palette of possible signs is limited by the perception of the human eye, similar color signs 
have assumed sometimes very different meanings in different cultures. The global 
differentiation of function , effect and significance of color is thus the result of the historical 
spread and the biological and behavioral adaption of mankind to various habitats. 
I would call this "horizontal differentiation". 

1.1 Cultural exchage: homogenization and individualization 

In the course of history, however, there has always been contact between cultures, in the 
form of confrontation or (peaceful) interaction. The concomitant cultural exchange also 
brought about an exchange of parts of the visual systems of signs and symbols. This 
process counteracted the horizontal differentiation of the function, effect and significance 
of color. A particularly important role is played here by the spread of religion , irrespective 
of culture, as well as the increasing intensification of trade relations. The worldwide 
expansion of large trade organizations and the global marketing of particular brands or 
products started a process of global homogenization, which has also had a lasting 
influence on people's relation to color. In addition, the development of the mass media 
has considerably promoted and accelerated this process. 

Acculturation, assimilation, religion, trade, mobility and the mass media are, however, not 
the only causes of the world's increasing cultural homogenization. Throughout its history, 
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mankind has interbred. Migration, colonialization, industrialization and increasing 
mobility bring about an irreversible genetic homogenization of mankind. But 
paradoxically, there is at the same time an increase in the individual differences within a 
population . Worldwide today there are far more combinations of skin color, facial 
features , abilities and other genetically determined characteristics than ever before. 

These trends towards homogenization on the one hand and individualization on the 
other can also be observed in social, economic and technological developments. 

3. VERTICAL AND CROSS DIFFERENTIATION 

In most societies, differences in status, role, occupation and income have led to the 
formation of different social levels, castes or classes. As subsidiary cultures within their 
own culture, so to speak, these have evolved characteristic lifestyles and systems of 
signs and symbols, which in turn influenced their use of and their relation to color [1 ,2] . I 
would call this "vertical differentiation". 

In the German-speaking world, for instance, this vertical social stratification has no longer 
any great importance. The social classes have intermingled and social distinctions have 
to a large extent vanished. On the other hand, different lifestyles and social milieus have 
developed across the original social strata. I would call this "cross-differentiation". 

Social milieus are distinguished by group-specific values, attitudes to life and esthetic 
preferences. Our recent researches show that these social milieus diversify further, to the 
extent that today we can speak of social fragmentation. At the same time, however, the 
distinctions between the various cultures seem to be diminishing [3] . 

Homogenization on the one hand, individualization on the other, today determine the 
global social situation, and thus our relation to color : on the one hand visual uniformity 
and intercultural trends in fashion and design, on the other group-specific lifestyles and 
individual self-representation. 

4. COLOR DESIGN BETWEEN INDIVIDUALISM AND COMMON NEEDS 

I have presented here an over-simplified model of how our relation to color has changed 
in the course of history. The important thing is that earlier stages of development are not 
replaced, but overlaid by the succeeding ones. Thus archaic experiences as well as 
those specific to cultures, social levels, groups and individuals, determine our present 
relation to color. This is, however, not static, but is constantly altering as a result of social 
change. Basically, social change takes place in the field of tension between opposites 
such as tradition and innovation, influences intrinsic to and alien to a culture, collective 
and individual values . For this reason, I think that color design cannot be judged from a 
single point of view. A solution to a problem of color design cannot be seen as right or 
wrong, but can only be assessed in relation to the agreed objectives. I therefore reject all 
dogmatic positions. We have to accept different cultural outlooks and lifestyles and their 
concomitant use of colour. 

The situation changes, however, when decisions on color have to be made concerning 
the general public or heterogeneous user-groups. Here the architects and designers are 
expected to find universally acceptable solutions. The problems for the architects and 
designers are twofold : they can not refer to a standard color language, nor are they in a 
position to consider the different color conceptions of the individual social groups who 

85 



are to be confronted with the building . Nevertheless, there are solutions to this problem. I 
should like to illustrate with a few examples of our work some solutions which I would 
regard as generally acceptable. [5,6,7] 

In human society, color can have any or all of three fundamental functions : indicative, 
symbolic, esthetic [1] . These functions are universally valid, and can be observed in 
everyday situations in all cultures. Architects and designers tend, however, to consider 
only the esthetic function of color. According to Lloyd (4], they can in general be criticized 
for having placed too much emphasis on formal design qualities while neglecting "social, 
behavioral and cultural values and needs of the people who receive and use their 
buildings" and objects. It is precisely this shortcoming that we try to counteract in 
color-planning for public buildings. Our study therefore always focuses primarily on the 
questions of the social purpose of a building and of the users and their psychological 
needs, which are usually inadequately articulated, if at all. The most important criterion 
for the individual user's satisfaction is personal control and participation in the spatial, 
organizational and social conditions [5] . 

In public buildings, the opportunities for control and participation by the users are 
essentially related to the freedom of action available. This consists of the following 
dimensions: 

- freedom of movement 
- freedom of relation-forming 
- freedom of operation and activation 
- freedom of decision and control 

Measures to be taken in the field of color design, as a conspicuous element (though only 
one amongst many) of architectonic conditions, should be categorized in this framework 
of criteria and assessed with reference to the latitude mentioned above. One significant 
conclusion we have drawn from this for our work is the necessity of creating through 
color a choice of stimuli and information. The most general function of color is, after all , 
stimulation with the aim of conveying information. 

In a central administrative office which we designed in Salzburg we used striking colors 
to provide clear spatial , emotional and symbolic points of reference. However, since 
these are limited to areas accessible to the general public, (entrance hall, stairwells) and 
rooms for short-term use (recreation rooms), it is up to the users to decide to what extent 
they are willing to expose themselves to these stimuli. 

A further basic consideration of our work is that human beings have spent the greater 
part of their social evolution in a natural environment characterized by surfaces of varied 
texture and subtly variegated coloration. Under this premise, a plain-colored surface 
represents an exception for the human eye, since it contains little stimulative potential 
and is of little informative value. Inevitably, the eye is drawn to the smallest unevenness, 
damage or soiling [8,9]. 

For the last three years, my colleague Thomas Novotny and I have been working on the 
development of different painting techniques which have allowed us to produce, using 
modern industrial materials, surfaces that are more in accordance with 
"visual-ecological" requirements. Surfaces designed along visual-ecological lines invite 
observers to take notice actively and pleasurably, as they would in natural surroundings. 
From a distance, the surfaces usually appear homogeneous and unobtrusive, but close 
up, they reveal a wealth of detail, interesting forms and contrasts, or traces of usage. The 
use of this kind of surface design seems particularly appropriate in rooms used for 
therapeutic treatment. 
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In a special bathroom [5,6] which we designed in a nursing-home for the elderly, the 
design of the ceiling was of prime importance, since for the patient lying in the bath, the 
ceiling becomes the dominating horizon. This applies equally to hospital wards. In a 
children's hospital [5, 7] we painted all the ceilings in a special glaze technique 
incorporating pictorial motifs. The (visual) ambiguity of the motifs on the one hand, and 
the unobtrusiveness of the color texture on the other, ensure that the observer does not 
get tired of it after only a short time. According to mood and receptivity, angle of vision 
and lighting, the ceiling offers stimuli of varying intensity, their interpretation being left to 
the imagination. 

To summarize: Since in the design of rooms for public use there is on the one hand no 
way of catering for the various preferences of all users, but on the other hand we have to 
decide on a final solution, the best compromise would seem to be to create a choice of 
stimuli of varying intensity. As far as possible, the users should have the opportunity 
within the basic concept - whether traditional or modern - of deciding for themselves 
to what extent they are willing to expose themselves to this stimulation. Thus 
fundamentally, color design adapted to human needs should try to achieve a balance 
between a stimulating and a soothing effect, between order and variability, harmony and 
contrast. Color should on the one hand link, create order and convey information; on the 
other hand it should offer sufficient variety to encourage the observer to interact with the 
architectonic environment. 

5. NEW CHALLENGES IN ARCHITECTURAL COLOR DESIGN 

Nevertheless, I have to emphasize that these examples refer to a comparatively 
conventional style of architecture. New materials and technologies demand new 
solutions in design. Thus color design can no longer be understood exclusively as the 
design of surfaces; it embraces the overall effect of light, space and time, of movement 
and change, of fiction and reality. The increasing use of modern materials and artificial 
light makes it increasingly necessary for us to take into account, in both theory and 
practice, the resultant complex (color) impressions and their (psycholoical and social) 
effects. The concepts of cesia, tincture and total color appearance suggested by Jose 
Caivano [10,11], Paul Green-Armytage (12] and John Hutchings [13,14] are the first 
promising steps in this direction. 

However, since in relation to the duration of our historical development, we have 
practically no experience with modern materials and artificial lighting, it is difficult even 
for the expert to make statements about the possible total color appearance and the 
resultant cognitive, emotional and behavioral reactions. 

To facilitate the use of color in architectural design it is necessary to improve the methods 
and instruments for exploring and communicating color during the design process. The 
architectural design process mediates the translation of conceptual ideas into physical 
reality. It involves the anticipation and communication of physically non-existent 
structures, their form , function and impact. Different methods of project visualisation allow 
the creation of stand- ins for reality, which help to explore, assess and communicate the 
different design elements, their role, their impact on each other and on the entire physical 
structure, and how this could influence the observer's (cognitive, emotional , behavioural) 
responses [15). 

Architectural design visualisation and simulation are therefor central instruments of the 
architectural design process. To determine their quality and applicability in architectural 
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colour design, the psychological effectiveness of different simulation techniques has to 
be evaluated and compared. Since 1995, we have been working at the Department for 
Spatial Simulation at the Vienna University of Technology on several projects to explore 
experimentally the appearance, effect, significance and functions of color in architectural 
space, by using and comparing different techniques of project visualization and spatial 
simulation [15) . Our experiments suggest that full-scale modelling is the most 
appropriate method and medium to explore, assess and communicate the appearance 
(visual) impact and (cognitive, emotional, behavioral) effects color will have in a 
completed architectural space. 

Environmental Color Design as we understand it today is far more than simply choosing 
and combining more or less pleasing colors and colored materials. Physiological and 
psychological studies on the effect of simple colored rooms - that is, rooms in which the 
coloration is determined primarily by the walls - have only, I would say, a very limited 
practical value for the problems posed in contemporary architectural design. 

Color design in the context of modern architecture is interactive, multi-dimensional and 
multi-medial. It embraces space and time, place, movement and change, volume. empty 
and interjacent space, light, reflexion, refraction, translucency and transparency, 
luminescence, illusion, fiction and reality. 

6. CONCLUSIONS 

Our relation to color in the modern world is the result of a lengthy process of 
development. Starting from our common phylogenetic roots, we have diversified into a 
variety of cultures, social levels and lifestyles. However, mobility, trade and the mass 
media have led to the juxtaposition and coexistence of completely different stages of 
development, cultures and philosophies. Tradition and innovation, magic and hi-tech, 
ritual continuity and transitory fashions meet and mingle. Cultural uniformity and variety, 
hybrid and subcultures, conformity and individualism all find expression in color. Color 
design cannot therefore be dogmatic - for either artistic or scientific reasons. 

Environment and humanity are mutually dependent. Our environment shapes us, and we 
shape our environment. Color design is therefore a mutual process. 

Until about a century ago, we were able, more or less successfully, to adapt to the 
changes we ourselves had wrought in our environment. Environment-related color 
changes have come about gradually, limited by locally available skills, building 
materials, and natural pigments. Since the beginning of the industrial revolution, 
however, the relationship that had evolved between our adaptation to the environment 
and the transformation we had effected upon it is no longer balanced. The rapid 
technological progress of our world has developed such a dynamism of its own, that we 
are hardly able to keep up with the consequences of this development. As Molnar [16) 
puts it: "We are overtaking ourselves with the help of technology, and we still insist on 
trying to keep up with the results ." The lightning development and spread of new 
technologies for communication and reproduction, electronic image and storage media, 
computers, internet and virtual reality - the result of all this is that our visual environment 
consists increasingly of images conveyed by the media. Color design is therefore no 
longer determined exclusively by human actions. but increasingly also by self-running 
technological processes. 

The structural, psychological and social effect of the complex interaction of architectural 
space, modern materials, light and color, as well as technical processes, can best be 
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explored and evaluated by the use of realistic simulation. However, what influence the 
interaction of environment-related, human and technical factors will have on the role of 
color in the 21st century - this is written in the stars ... 
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Image Creation-The Role of the Designer 

John HUTCHINGS 

Through their creations designers manufacture images for their clients. The process of image 
formation and understanding of the factors involved in their creation are now becoming clearer (1 ,2). 
Inevitably the impetus in the image creation process is provided by the material physics and the 
designer, but also inevitably it finishes with perceptions by human beings. The designer may be 
handicapped if he or she, first, cannot converse with the materials scientist (and so perhaps influence 
the specification of materials needed for a particular scene), and second, is not aware of the process 
of image formation in those viewing the final creation. The Information Transfer and IQtal 
Appearance approaches help clarifY the situation. 

1. INTRODUCTION 
Designers have a paramount responsibility for our environment. They hold the key to a better life 
for this planet's inhabitants through having the potential to reduce stress and increase our feeling of 
well being. We should be proud to look around us and to be aware of our environment. We ought 
not to be required to pretend a particular creation does not exist. This role is difficult because the 
designer performs the key process in the natural continuity of converting materials into product or 
environment. That is the designer' s task - to manipulate physics properties of materials into a design 
that meets the client's needs and pleasures. To do this effectively designers have to do two jobs. The 
first is to be able to talk with the materials scientist, so that optimum materials are available for the 
work. Second, is the need to understand the viewer, that is to appreciate those factors which 
influence the formation of images in the minds of the general population. In this paper the word 
landscape is defined as any visually perceived scene. 

Materials are manipulated to achieve the desired product function while building in relevant 
communication needs and aesthetics. In many parts of life, designs seem concerned only with how 
the product or creation looks. That is, they are impractical. Sir Norman Foster, the architect, says 
"the best engineering is the best architecture". James Dyson, the biggest selling personal name brand 
in the UK, says that as well as creating something good to look at, designers ought know .llilli: the 
product works. I believe we must go further than this and extend our understanding to meeting the 
needs of human beings. Infonnation Transfer Theory is dedicated to discovering how people work 
when viewing scenes - the relationship between the physics/design and the images produced. 

2. INFORMATION TRANSFER PROCESS 
When we view a scene, perhaps look into a restaurant or scan the contents of a freezer cabinet, 
appearance images are formed in the mind. Some images attract us favourably, some drive us away. 
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Infonnation Transfer Theocy is concerned with the process whereby information from the scene, that 
is the scene physics and design working in tandem, is transferred into perceived images, Figure 1. 

FIGURE 1. 
Design creation is an INFORMATION TRANSFER PROCESS 

DESIGNERS manipulate • MATERIAL PROPERTIES • to CREATE A SCENE, which has • A SCENE PHYSICS of optical properties, physical form, temporal properties. 

' These result in the viewer's: 

BASIC PERCEPTIONS OF THE SCENE comprising: structure, colour, gloss, translucency properties • These result in the viewer's: 

DERIVED PERCEPTIONS OF THE SCENE comprising: (for example) visual comfort, visual dirtiness 

[Note: a significant part of many landscapes, especially interiors, contain gloss and translucency as 
well as colour. Hence the emphasis in this paper must be on appearance rather than just colour.] 

Designers use materials properties to create a scene which has a scene physics. Within any landscape 
four design processes can be identified. A room, for example, has a macrodesign (its shape and size), 
a microdesign 1 (shapes and sizes of furniture), and a rnicrodesign 2 (words, pictures, colours, 
superficial decoration). These differ according to the permanence of the design elements. The fourth 
factor less under designer control is ageing. The purpose in specifying these separate design 
processes is that it helps decision-making by linking desired image quality directly to the scale and 
cost of scene creation and refurbishment. 

Still refering to Figure 1, the scene physics influences the formation of two types of perception-
Basic (that is, sizes and shapes, colour, gloss and translucency of the constituent elements of the 
scene, as defined by the illumination, together with impressions of scene lighting), and Derived (for 
example visually perceived /emonness of a food product, or cleanliness, homeliness, and brightness 
of a restaurant). It is possible to quantifY any scene at three stages in the Information Transfer 

Measurements can be made of the Scene Physics, and Appearance Profile and Image 
Analyses can be made of the Basic and Derived Perceptions. In the event, landscape images will be 
perceived according to the attention the perceiver is paying to, say, a companion or to food. There 
is thus a degree of efficiency with which available images are perceived, that is there is a degree of 
awareness of surroundings. Such images comprise the Total Appearance of a scene. 
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3. TOTAL APPEARANCE OF A SCENE 
There are a number offactors involved in image formation. These are listed in Figure 2. 

FIGURE 2. FACTORS AFFECTING mE TOTAL APPEARANCE OF A SCENE 

APPEARANCE IMAGE FORMATION is influenced by two groups of variables: 

l. VIEWER DEPENDENT VARIABLES, which include: 

IMMEDIATE which includes Geographical factors , i.e. Climate, Landscape, Seasonal change 
ENVIRONMENT Social factors, i.e. Crowding, Personal space, Degree of awareness 

Medical factors i.e. Survival & need, State of well being, Protection 

INHERITED AND which include Culture, Memory, Preference, Fashion 
LEARNED Physiological effects 
RESPONSES TO Psychological effects 
SPECIFIC EVENTS 

RECEPTOR that is, Inherited and acquired sensory characteristics, which include: 
MECHANISMS Colour vision Aging effects Other senses 

e.g. e.g. e.g. 
Adaptation Cataract Hearing 
After image Glare Smell 
Constancy Light intensity need Taste 
Discrimination Yellowing Touch 
Metamerism 

2. SCENE DEPENDENT VARIABLES 

THE DESIGNER designs for: 
Communication i.e. for Identification, Safety, Symbolism 
Aesthetic reasons in different forms i.e. One dimensional 

MATERIAL PHYSICS OF THE SCENE i.e. 
Material properties, which consist of: 

Two dimensional e.g. painting 
Three dimensional e.g. architecture 
Four dimensional e.g. performing arts 

Optical properties, including: Spectral, Reflectance, Transmission, Goniophotometric, Partem 
Physical form, including: Shape, Size, Surface texture properties 
Temporal aspects, including: Movement, Gesture, Rhythm properties 

Lighting of the scene, which includes: 
Illwnination type: primary, secondary, tertiary 
Spectral and Intensity properties 
Directions and Distributions 
Rendering properties 

Total Appearance includes consideration of these appearance images, what they are, how they arise, 
how they can be measured, and how they can be manipulated. There are different types of 
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appearance image. The Gestalt or Impact Image is the initial recognition of the object or scene plus 
an initial judgement of quality. Other images may be of a more thoughtful kind. For example, these 
might be classified as Sensory, Emotional and Intellectual images. Any one of these may be powerful 
enough to dominate the hedonic judgement. These last three labels are not rigidly categoric, but their 
inclusion prompts us to ask relevant questions when we design or assess a scene. There are two 
groups of elements combining to form images. One concerns the scene itself, the other the viewer 
of the scene. The scene itself consists of the physics of the constituent materials and their temporal 
properties, combined with the design (i.e. the way the materials are put together). The second 
element consists of the viewer's individual Receptor Mechanisms, his or her Inherited and Learned 
Responses to Specific Events, and his or her Immediate Environment. 

Assumptions about viewer-dependent factors are made continually, for example, in the marketplace 
by food manufacturers and store designers. Vision is assumed to be 'normal' in that little allowance 
is made in stores for customers with visual impairment. Also assumed are the ethnic background! 
education/upbringing/needs of the perceived customer populations. As regards the immediate 
environment the retailer attempts to influence this by, for example, providing comfortable-looking, 
well lighted areas, and ' low price' offers. For a standard group of individuals, that is, those who are 
visually, culturally and medically consistent, there will be some consistency of the link between IQ1Bl 
Appearance images and the elements of the design. This relationship is carried out according to the 
principles of Information Traosfer Theory. Agreement among individuals will not be absolute as 
images change with experience of the space. However, it is only by learning how images of the 
landscape are formed can we be more certain of achieving them in scenes we are creating. Specific 
techniques are available for the analysis of scenes and the images they produce. Appearaoce Profile 
Analysis is a disciplined detailed method of examination of a space. Connotative Analysis can be 
used to examine human responses to a space. 

4 . CONCLUSIONS 
The principles outlined above apply throughout commercial and domestic life. Appearance images 
are the basis of 'expectation' of product quality. To maximise sales and repeat sales (say, of a food 
product), images of the product in the advertisement or on the shelf will normally be a reasonable 
prediction of images that will be formed after purchase and consumption. Likewise the building and 
the room informs and educates us about the occupants and the people who use the space. That is, 
appearance images become, with varying degrees of confidence, beliefs about the space. They 
provide the basis of an individual's attitude towards any subsequent behaviour, such as making a 
purchase or trusting an individual. I believe the most successful designers will be those who embrace 
both technological and human understanding. 
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Sense of the Elderly in Color Discrimination 
-The Use of Films to Simulate Age-Related 

Declines in Yellow Vision-

Clara Ako YOSHIDA 

One of characteristics of normal age-related vision losses depends on yellow-intensity 
in r!zc lens of the eye. '* investigated discrimination yellow intensities in 303 elderly 
people aged from late 60s to early 90s, and selected two kinds of films which could 
simulate each of the mid-level or high-level Y intensity, respectively, in age-related 
vision. We analyzed changes of all kinds _of colors (220) in xy-chromaticity diagrams 
and obtained mean changing distances from every original chromatogram compared to 
the others. These data would be useful for architects or designers to design cities or 
buildings for use by the elderly in the 21st century_ 

t. INTRODUCTION 
Both the number and proportion of older people is increasing in the population 

of Japan. Recent census figures indicate that persons who are 65 years or older 
comprise 14% the entire population, with a projected increase to 24% in the year 
2025. Over 95% of all older people live in the community, not in institutions. There-
fore, an overwhelming majority of older people can easily manage in the community 
when given appropriate social supports. One of these support systems is environ-
mental or architectural barrier-free design, especially clear sign colors, and intensive 
interior or exterior color design for aged vision. 

Aging is a lifelong process beginning from the moment we are born. In each 
stage of the life cycle there are normal and irreversible physical changes, which are 
not related to accident or disease. A person experiences normal sensory changes. 
The failure of vision with age results from changes in the eye itself. Three major 
changes affecting vision begin to occur in the mid-fifties (1 ). The lens of the eye 
becomes increasingly rigid and opaque (2,3). It also gradually yellows and because 
of this or other reasons the color vision of the aged changes ( 4- 8 ), and the sur-
rounding eye muscles begin to weaken and become more lax. Prior studies of simu-
lations of visual aging are also noted. 

In this paper we investigated Japanese old adults for their yellowing and cloud-
ing of the lens resulting in vision problems, i.e., the loss in one's ability to discern 
color intensities clearly, and selected films to simulate age-related yellowing levels. 
Finally, we analyzed age-related color-changing distances from original colors' chro-
matogram compared to the other changing ones in the xy-chromaticity diagrams, 
using the simulated yellow-vision films and a colorimeter. 

These data would be considerably useful to architects or designers to estimate 
age-related changing-color conditions in their design works. 
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2. INVESTIGATION 
A Case of Decrease of Yellow Intensity in a Uni-Color of Yellow 

We investigated older adults' abilities to discriminate between seven intensities 
of the color of yellow ranging from 0% to 100% in uni-color charts (see Fig. 1). The 
participants were 303 elderly people whose ages ranged from late 60s to early 90s 
(see Thble I). The tests were held as interviews, with cooperation of therapists (OT 
and PT) who were working at the homes of the individuals, on the table of the living 
room of each individual's home, in the daytime, Sept. 1991 and March 1992. 

Conclusions are as follows: 
(1) One of the characteristics of normal age-related vision losses depends on 

the level of yellowing in the lens of the eye. 
(2) Only 21.70% of the subjects correctly discriminated yellow intensity (a cor-

rect color chart is made of 100% Y intensity) (see Fig. 2). 
(3) 19.31% could not distinguish a 50% difference in yellow intensity. 
( 4) Failures of vision (in Fig. 3, we calculated failures except persons' abilities to 

discriminate correct color (100%) and semi-correct (80%) of Y intensity) increase 
with age, that is, 20.37% in the late 60s, and 49.18% in the early 90s (see Fig. 3). 

(5) This curve of failure with age correlates to age-related numbers of cata-
ract-suffering persons who were obtained from participants' medical histories, i.e ., 
the ratio of cataract-suffering persons in the participants (see Table I). 

Remark 1. Two females in their 80s underwent a cataract operation with mo-
nocular lens implants, shown in Table I. 

Remark 2. 5.6% of participants were visually unhealthy, suffering from cata-
racts, cerebral hemorrhage (0.9% ), glaucoma (1.9% ), conjunctivitis (1.9% ), inflam-
mation of cornea (0.9% ). 

(6) Age-related cataract ratios of the participants were also correlated with 
those surveyed in Ishikawa prefecture of Japan by Sasaki et al. (15). 

Cases of Increases or Decreases in Yellow Intensity in Mixed Colors 
of Blue, Red, and Yellow 

(1) In the case of mixed colors of blue and yellow, the method was the same 
as the above-mentioned, but the contents of the test sheet are as follows: One color 
chart painted 50% Y intensity mixed with 100% blue intensity in the above column, 
and seven intensities of yellow ranging from 0% to 100%, mixed with 100% blue 
intensity (each color chart is under the columns of the test sheet). 

We analyzed the case of blue and yellow mixed color charts and came to the 
following conclusions . In the blue and yellow mixed colors, yellow 
intensity was correctly distinguished by 24.61% of the elderly subjects; 12.61% could 
not distinguish twice the intensity of yellow (100% ). The failures ( 

we calculated failures except persons' abilities to discriminate 50% ± 10% 
of Y intensity which are correct and semi-correct colors) increase with aging, that 
is, none in the late 60s, but 30.1 % in the late 70s (see Fig. 3). 

(2) In the case of mixed colors of blue, red, and yellow, the method of inves-
tigation was the same as mentioned earlier but the contents of the test sheet were 
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Table I. Distribution of the Participants, Ages, Genders, Living Places, and Visual Healthy 
Status Cataract' Ratio 

Living Place Gender 65 

Senior House I 
Nursing Home 4 
Ordinary Houses 44 

m" 23 
(' 26 
T(m + f) persons 49 

Cataract' ratio (%) 38.77 

"m, male . 
bf, female. 

1 ¥ 

Fig. 1. Discrimination of a test color chart sheet (a case 
of uni-yellow). I. Participants should choose one color-
chart in the lower column by distinguishing the same 
color in the upper column. 2. The color chart on the 
upper column has 100% yellow intesity, whereas the 
lower column's charts have Y -intesity as follows: 1 
(0%), 2 (60%), 3 (40%), 4 (80%), 5 (SO%), 6 (20%), 
7 (100%). 

Failures' ratio 
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--

rs ------
,. f--- --- ---- ---" --- ------------

70 

18 
8 

41 
26 
41 
67 

53.73 
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Fig. 3. Failures ratio with age in mixed-color of uni-Y, 
BY, RBY distinctions. 
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20 33 
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38 
33 15 
47 40 
80 55 
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90 
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10 

4 
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76.47 
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Gender 

m + f 

100 
80 

123 
110 
193 
303 

55.11% 

Yellow-intensity 

20 

40 

50 

60 

80 
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t TheY - intensity of the correct color is lOOX 

Fig. 2. Color distinctions' ratio of elderly people in uni-yel-
low-intensity color charts. 
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Fig. 4. Yellow index of color charts covered with yellow film. 



as follows: one color chart painted 50% Y intensity mixed with 100% blue intensity, 
100% red intensity in the upper column, and seven intensities of yellow ranging 
from 0% to 100%, mixed with 100% blue intensity and 100% red intensity (each 
color chart is under the columns of the test sheet). We analyzed the case of blue, 
red, and yellow mixed-color charts and came to the following conclusions (see Figs. 
3) . In red, blue, and yellow mixed colors, 29.4% of the subjects correctly 
discriminated. 29.23% could not distinguish twice the intensity of yellow 
(100%). Again, these failures of vision (except 50%± 10% of Y intensity) increase 
with aging, that is, 18.0% of persons in the late 60s, and 57.86% of persons in the 
late 90s (see Fig. 3). 

3. SELECTION STUDY OF FILMS SIMULATING 
AGE-RELATED YELLOWING STAGES 

According to the results of the above investigation, film selection was held as 
follows. -

(1) We obtained a yeilow index (YI = 100 (1.2&- - 1.06z)N) from different 
Y intensity color charts used in the above investigations, covered each with 12 kinds 
of marketable yellow films, and selected two kinds of films from those 12 which 
match (YI) original color charts corresponding to 53% and 89% of yellow intensity 
(i.e., 90 and 110 of Yl), respectively (see Fig. 4). 

(2) Finally, we judged all of these colors' .xy-chromaticities when each was cov-
ered with each of the two films and not covered, and placed exactly on the unique 
yellow line in the diagram, which means that these colors are pure yellow (not 
mixed with any other colors). This condition is necessary for these films for covering 
many kinds of colors as simulated films. 

(3) Thus, we considered that each of these two films could simulate, respec-
tively, the middle and the profound levels of Y intensities in the vision of the aged. 

4. DAILY ENVIRONMENT COLORS CHANGED 
BY THOSE SIMULATED FILMS 

Analysis of Age-Related Changing Distances from Original Colors' 
Chromatogram to Their Changing Colors' Chromatogram in 

xy-Chromaticity Diagrams 
We calculated mean changing distances from original color position (x0, y0) to 

age-related changing color .xy-position (xi, yJ And we plotted all colors' positions 
included original, age-related middle, and profound levels of color positions, sepa-
rating each original chromatogram, such as (1) purple, (2) blue, (3) green, ( 4) yel-
low, (5) red, (6) red-purple, and (7) near-white in the .xy-chromaticity diagrams (see 
Figs. 5,6,7,8). 

11 

mean changing distance r = *I {(x; -Xo) 2 + {y;-Yo)2} 

Characteristics of age-related changing colors are as follows: 
(1) Coordinates of changing colors gather to near yellow-chromatogram and 
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Fig . . 5. Colors changing distances from each original 
chromatogram of blue or purple with age-related yellow-

levels in color .xy·chromaticity. diagram. 
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Fig. 6. Colors changing distances from each original 
chromatogram of yellow or red with age-related yellow-

ing-vision levels in color .xy-chromaticity diagram. 
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are closely related. 
(2) Changing distances of blue-chromatogram is maximum and four times that 

of yellow-chromatogram. 
(3) Blue purple colors tend to fade and blend on their way to changing to 

yellow, while blue-green colors change to similar green-chromatogram. 
(4) Yellow-chromatogram has little changing distances, but the problem is that 

a lot of colors change to yellow from other chromatograms and the aged cannot 
discriminate original colors' intensities clearly. 

s. CONCLUSIONS 
Every color consists of yellow, red, and blue. While elderly persons look at 

the daily environment through the yellowing lens of the eye, their failure to dis-
criminate color distinctions increases gradually, and this sensory deterioration may 
become quite serious for judgment in their daily lives. 

In this paper, we obtained age-related yellowing levels in investigations and 
selected two films corresponding to middle or profound age-related yellowing vision 
levels, which match YI (yellow-index). Next, we analyzed age-related changes of 
daily environment colors covering each with two films and obtained characteristics 
of age-related changing processes for each original chromatogram. 

Conclusions are that the failure to distinguish color distinctions in the aged 
doesn't always depend on changing yellow intensity but on changing distances in 
xy-chromaticity diagrams and processes compared to other chromatograms. 

These data and films would be considerably more accessible and useful for 
architects or designers who might wish to know how their design work changes, 
looking through age-related yellowing-vision simulation, provided those data were 
printed in color. 
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The Importance of Psychological Aspects of Color 
in the 21st Century 

Nancy KWALLEK 

1) ABSTRACT 
The issue of how the interior environment impacts on individuals is being questioned more 

and more everyday. As we move toward the next millennium, understanding how interior spaces 
affect humans is becoming a more critical issue for personal health and well-being. Looking back on 
the 20th century, long-term, well-designed, and controlled experiments investigating the 
psychological effects of color have been rare. Most studies has been confounded by the lack of 
specificity with regard to the effects of intensity, value, and specific color on individual psychological 
well-being. A reliable data base on the psychological effects of color on individuals needs to be 
developed in the 21 '' century. If we color researchers conduct well-designed research, then a 
reliable and highly applicable database will begin to evolve and could assist architectural design 
professionals, interior designers, healthcare institutions, commercial facility managers, and associated 
industries to design products and interior environments to maximize individual productivity, 
cognitive performance, and, above all else, a sense of personal well-being. If all of our findings were 
collected and catalogued, we would all contribute to a new data base on the psychological effects of 
color as we begin the next century. 

2) INTRODUCTION 
For the last several decades, an increasing desire to protect the environment through various 

types of legislation, beautification, and cleanup programs has been evident. Now the issue of how 
the interior environment impacts on individuals is being questioned more and more everyday. It is 
important to realize that individuals exist within enclosed structures for most of their lives. 
Therefore, understanding how interior spaces affect humans is becoming a more critical issue for 
personal health and well-being. A recently released report1on the future of environmental design 
education in the USA urged that a greater focus should be placed on how buildings affect human 
happiness and productivity-not on monolithic monuments to the designer/creator as in the last half 
of this century. The importance of such environmental design issues is coming to the forefront as 
we move toward the next millennium. 

3) IMPORTANCE OF GOOD RESEARCH DESIGN 
Exactly a decade ago, in a major review of more than 200 articles on the effects of color on 

humans, Dr. James Wise2 concluded that, thus far, few conclusions can be drawn about 
psychological response to color. Most reviewed studies were inconsistent in experimental 
procedures, findings were over-generalized, and broad conclusions were drawn when the research 
settings were far from realistic. Also, specific colors were not measured or documented. The lack of 
controlled research designs, realistic settings, and short experimental time frames made any 
conclusions speculative, at best. That's the bad news. The good news is that as we move into the 
21" century, Dr. Wise is currently in the process of revising his critical review of color research. 

Looking back on the 20th century, long-term, well-designed, and controlled experiments 
investigating the psychological and physiological effects of color have been rare. Most has been 
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confounded by the lack o!' specificity with regard to the effects of intensity, value, and specific hue on 
individual psychological and physiological well-being. We still do not understand why a particular 
color, such as robin ' s egg blue, for example, has the effects that we observe. We do not know if an 
effect is due to the lightness of the robin ' s egg blue, or the lack of pigment (intensity) in the robin's 
egg blue, compared, for example, to a more pigmented royal blue. 

In moving toward the next millennium, development of a reliable data base on the 
psychological and physiological effects of color is dependent upon social scientist and 
interdisciplinary researchers being careful and methodological in the design, execution, measurement, 
and documentation of the colors they are testing and reporting. Without such controls, we cannot 
know which characteristics of a color (bright, dull, light, or dark) are actually causing the effects on 
an individual. 

If we color researchers in the behavioral science areas conduct well-designed research, then a 
reliable and highly applicable database would begin to evolve and could assist architectural design 
professionals, interior designers, healthcare institutions, commercial facility managers, and associated 
industries to design products and interior environments to maximize individual productivity, 
cognitive performance, and above all else a sense of personal well-being. 

4) DEVELOPING A DATA BASE ON EFFECTS OF COLOR ON INDIVIDUALS 
The work environment is a very important interior environment. It is the place where 

individuals spend most of their waking hours. The importance of color on cognitive performance, 
productivity, health and well-being of workers has been suggested by a number of other 
researchers2

-
3 And, a number of studies have been conducted over the last decade on how office 

workers are affected by color in the near environment at my Environmental Design Research Center 
(EDRC) at The University of Texas at Austin. The purpose has been two-fold: to, not only, assess 
how different interior colors affect mood, speed, and accuracy of clerical tasks, but to begin 
developing a reliable data base on the psychological and physiological effects of color on 
individuals. 

In my first stage of data base development, it was soon decided that a baseline beginning 
point would be to study all the principal colors at their home value and home intensity levels as found 
on most standard color circle systems. After studying red, blue, green, yellow, purple, orange, white, 
gray, and beige, results showed that workers made more proofreading errors in the white office than 
in all the other office colors. But, the study involved a short-time frame for workers performing a 
short-term proofreading task. 

Therefore, attention was then turned to studying a more realistic work time-frame and 
interior color palette. Data were then collected over a period of a 4-day work week while the 
workers ' mood and job performance were monitored in a predominately bright red, predominately 
light blue-green, and a monochromatic white office. A significant finding from this major experiment 
was that individuals differ in their ability to ignore prevailing stimuli in their environment, such as 
color. Those that could easily ignore the background performed better in the predominately bright 
red office whereas those who were most affected by the background color performed best in the 
predominately light blue-green office. 

Upon comparing a specific short-term productivity task with a long-term productivity task, 
for the short-term task low screeners did better in the blue-green office while high screeners did 
better in the bright red office. On the other hand, for the long-term productivity task, while the high 
screeners remained the most productive in the predominately red office, the average screeners were 
the most productive in the predominately blue-green office-low screeners were the least productive. 

With these differences between screening groups when comparing a short-term productivity 
task with a long-term task, possibly other variables become relevant to the low screeners. 
Speculation might be that the color' s effect is confounded with the visual complexity of the interior 
space. Kuller and Mikellides4 speculate that possibly more visually complex interiors are more 
arousing. 
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These color experiments are presented here to emphasize a few questions that need to be 
answered in the next millennium, such as: Is the blue-green office more visually complex and more 
arousing than the red office? For example, is a stronger contrast created with light blue-green walls 
and contrasting bright blue-green trim? Does bright blue-green (turquoise) trim contrast arouse the 
worker more than the dominance of the bright red in the other office? Do the red office walls make 
the pink trim insignificant? In other words, do the red walls make the room appear more 
monochromatic? Are the workers who cannot ignore the environment more negatively affected by 
greater visual complexity? With more contrast in value, saturation, and color differences, are 
workers more easily distracted? 

Possibly the qualities and quantities of the dominant colors may be more important than 
visual complexity for the average and high screeners. For two long-term performance tasks-
manuscript typing and proofing-the errors in a blue-green office were greater than in a white office. 
These results were surprising because earlier short-term studies suggested more errors in white. 
However, earlier studies compared white with eight other monochromatic offices. Visual complexity 
this time might be confounding the results-obviously the white office is the least visually complex. 

5) CONCLUSION 
Future research into the psychological aspects should probably be over longer periods of time 

with long-term tasks. In my experiments, differences in performance and productivity did not appear 
until well into the work week. Future research should also probably consider visual complexity when 
studying color's effect on mood, productivity and performance. What are the interactive effects of 
hue, saturation, and value? What about the number of colors, amount of each color, position of the 
colors in the room, differing values and saturation of the colors-as well as other interior elements? 
What are the joint or interactive effects of all of these elements? These are the types of factors we 
need to study in the 21'1 century. 

The examples from my research are presented to illustrate that a unified goal for the next 
millennium should be that social scientists and interdisciplinary color researchers be very 
methodological and follow well-designed experiments when conducting their research. If this is not 
done, our color studies will not be taken seriously by other scientists and possible psychological and 
physiological color research on humans will continue to be viewed as unimportant and even viewed 
as frivolous. 

Possibly a clearing house is needed for us to share our findings. Attempts to do so have been 
offered by members of such organizations such as the Inter-Society Color Council. However, 
because of our own work schedules in our respective work environments, we have difficulty 
following through. If all of our findings were collected and catalogued in some way, in doing so, we 
can all contribute to a new data base on the psychological and physiological effects of color as we 
begin the next century. Finally, we need to bring our findings to the application level-to the 
employers in the case of the effects of interior colors on worker performance, productivity and 
mood. 
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Color Requirements in the Market 

Shigenobu KOBAYASHI 

People choose and use colors to suit their daily living environments. This living environment 
includes the market as well as individual localities, and neither is determined by purely functional 
considerations. They also exist as aesthetic environments which should be comfortable, beautiful 
and meaningful (in the sense of meeting an ideal image) for the people who live and work in them. 
Color is crucial in the market and, from this point of view, color design in the 21st century will be 
considered. 

CD The coexistence and coordination of regional environment and market colors consisting 
mainly of artificial colors. 

@ Town planning and the production of goods proceed from the point of view of the market as 
a scene. 

@ The role of and necessity for color in recycling and policies to economically reduce materials 
consumption. 

1. INTRODUCTION 
Based on three themes, A, B and C, we carried out photographic research in the period from 

spring to summer from 1990 to 1996 in various parts of Japan and Europe. 

A How to choose and use color 
Colors and images used as a means of adapting to everyday living environments. 

• Awareness of self-identity and corporate-identity employing color. 

B Finding relationships between market and area colors and intuitive-preference lifestyles' 1 

• What is marketing? What is the role of color? (refer to Diagram) 

C Area-Color Policies and Materials Consumption Reduction Policies observed in the market and 
surrounding scenes 

Diversification and common features in intuitive-preference markets 
• Town planning and the production of goods which bring people together -> the market as a 

scene 
Recycling and materials consumption reduction in marketing policies 

In the 21st century, there will inevitably be enormous changes in markets as a result of A, B and C 

2. RESEARCH AND RESULTS 

A How to Choose and Use Color 
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CD People choose and use color as a form of adjustment to their everyday living environment. 
Differences in use of color according to nation and race imply differences in the manner of 
adjustment. Colors chosen and used differ in different environments. Examples which illustrate 
this are the basic color, gray, in the city of Brest in Brittany, and the various shades of hue Red 
used in Boston and Oakland. Although there may be a universal method of color adjustment 
transcending racial and cultural boundaries, it is clear that tradition and customs have a strong 
influence on the colors used in different regions. 

® The merits of a region 's natural environment set the mood for the region as a whole. Basic 
colors and images are thus evident wherever people live. On the other hand, color is also used 
to compensate for deficiencies in the natural environment. Such accent colors make up for 
natural deficiencies and maintain a sense of balance in everyday life. Noteworthy examples 
include the green imagery in snowbound countries and the dry countries of the Islamic Middle 
East, and the use of light yellow shades in the English city of Bath and in Luxembourg. In 
Germany, where hours of sunlight are relatively few, hue Yellow is also prominent. 

@ People Jearn many image patterns and form their color preferences through the influence of 
their everyday environments. Such learning of images occurs through pattern recognition (a 
method of interpreting qualitative differences as patterns). The procedure involved in pattern 
recognition is based not on the Jaw of cause and effect but rather on cognitive science. Color 
systems (e.g. the Munsell system) have been devised to interpret in physical terms the whole 
enormous range of monochromatic variation (i.e. the universe of single colors). But it was 
impossible by means of color measurement methods alone to gain an idea of the whole range of 
color combinations, which are essentially infinite in number, with only limited samples. 

Together with NCO, I have therefore developed a Color Image Scale for the systematic 
recognition (pattern recognition) of the overall image of colors using only a limited number of 
samples. •2 The qualitative difference should be immediately apparent. Color combinations 
must be organized in accordance with the methods of cognitive science. 

@ People choose and use colors not only in adjustment to their everyday environments, but also 
as a means of expressing their identity. Various colors are chosen and used as appropriate for 
each different situation in order to confirm one 's identity and as a mode of self-expression. 
People choose things (colors, products) which have meaning for them. The colors of products 
and environments exist for the purpose of self-expression, and are bound up with individuals. It 
is in this sense that "color" acquires meaning for human beings as a means for transmitting the 
images of things and the environment. 

@ Whether or not they are aware of it, people reject things (colors) which have no meaning for 
them and choose and use such things (colors) that possess meaning. By examining the meaning 
of color on a psychological level, it should be possible to pin down this meaning and make a 
connection between the meaning of one color and that of another. Psychological research into 
colors thus explores the images of words, colors, things and environments. 
By using this method to classify a wide range of color combinations in accordance with their 
images, it is possible to recognize the qualitative differences between colors as patterns. The 
Color Image Scale which we have developed at this Institute involves a method of pattern 
recognition. 
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The Image Scale can be input into a computer in order to carry out image processing. With the 
aid of a computer it is thus possible to recognize qualitative differences in colors, things, and 
environments as patterns. 

B Finding relationships between market and area colors and intuitive-preference lifestyles 
CD What is marketing? The diagram below provides an explanation ( • - this mark relates to the 

color) 

What is Marketing? What is the Role of Color? 

Commodity policy • Packaging 
Materials consumption reduction policies 
· Corporate identity 

Marketing policy Appropriate prices 
Ease of use 
• Intuitive-preference policy 
• Materials consumption reduction and recycling 

Environmental policy • Shopping area images 
'\_ • Intuitive-preference lifestyles 

• How to harmonize artificial and natural colors 

• this mark relates to the color 

® Images and colors in packaging and display 
For the people, families, groups, stores and corporations which produce and choose them, 
these colors and images must mean something. The meaning can be either the image 
(intuitive preference) or sometimes the function. Moreover, this applies from Self-, Family-, 
Area-, Group-, Corporate-Identity to Community-, National- and Global common awareness 
and consensus. 

@ Images and colors in signs, advertising (posters and commercials, etc.) and shopping areas 
Market colors and their images create an intuitive environment and it is desirable for them to 
be beautiful and agreeable. They ought to be spiritually satisfying and compatible with the 
intuitive-preference lifestyle of people who enjoy such images. 

@ Intuitive-Preference Lifestyles 
I would like the colors to appeal not to everyone but to a specific target group for whom they 
mean something. I imagine that market colors will become increasingly diversified in the 21st 
century and I would like them to appeal to those people who have a cosmopolitan sense which 
transcends national and cultural boundaries. This is where research into color combination 
psychology (preference psychology) becomes important. 
Differences in personal preferences imply differences in favored images. The Color Image Scale 
can be used to ascertain qualitative differences in images in connection with the meaning of 
colors and personal preferences. 
Knowledge of differences between images brings to light the meaning of individual differences 
in the choice and use of colors. 
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C Area-Color Policies and Materials Consumption Reduction Policies observed in the market and 
surrounding scenes 

CD Diversification and common features in intuitive-preference markets according to image and 
color 
Having carried out research into area colors in Asahikawa in Hokkaido (Japan), York in 
England, Toulouse in southern France and lnnsbruck and Linz in Austria, we discovered that 
color combinations incorporating hue Red and hue Green with natural, artificial and market 
colors are employed to complete the scene. At the conference, slides were shown of the 
following: 

e The scene at Asahikawa ->the natural green colors and the red color of bricks complement 
each other 
• The green, red and white color of the stores achieve effective tones and attract attention 
• The green framework enhances the pale tones of the walls, the green signs and the red 

posters. 
• A woman in a red uniform walking along a green avenue - red and green buses. 
• Market colors preserve area colors and area identity 

• Toulouse -> Red hues are striking in the rows of stores and houses 
• The dark green trees accentuate the tranquil red brickwork 
• A woman dressed in green standing in front of a brick wall- eye-catching green signs 
• The balance of basic and accent colors in displays is maintained by color 
• A green bridge in a town with red hues creates a color combination of basic and accent 

colors - the dark green and white of traffic-sign plates is striking - these combine to produce 
community colors 

• Scenes of the city of York-> Red buildings enhance the natural and artificial green colors 
• Natural greens which bring life to the passageways and window areas 
• Poles which accentuate the buildings 
• The reds of displays and stores which attract attention 
• Green commodities and signs- The color - combination effect of the skillful coordination of 

natural and artificial colors 
• Innsbruck -> Color schemes observable in nature are employed in residential zones and 

shopping areas 
• The separation of green grass and red flowers -red chairs conspicuous in a green background 
• Red walls and green signs- red accessory on a woman's chest - artificial reds amid greens 
• Reds and greens applied with a soft touch - displays with bold strokes of red and green 

• Linz- Surrounding area colors, market colors and natural colors are combined to create images 
• Garden scenes of red, green and white are reflected in signs and displays 
• Three color by window - the contrast between the red clothes worn by a woman and the 

dark - green signs 
• The contrasting hue effect between red and green- the color combination of red and green 

with the tone effect 

® Although not dealt with here, various combinations of area color were observed as a result of 
the research. For example, brown and blue (the color of earth and the colors of the sea and sky), 
brown and yellow (harvest colors), white and black, gray and white, crimson and wine red, 
dark blue and yellow, yellow and orange, and green and white. In addition, when viewed as an 
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intuitive-preference scene, market colors appeared to be connected with the colors of 
surrounding scenes. "3 This is evidence of the efforts made by human beings to adapt to the 
natural environment through the medium of color. It is obvious that the 21st century will 
compensate for the inclination towards functionalism in the 20th century. 

@ An appropriate color-combination technique is necessary in order to harmonize artificial and 
natural colors. ·• 

@ Materials consumption reduction policies observed in commodification strategies 
Without employing an infinite number of single colors, an extremely large number of images 
can be created from a fixed number of colors (e.g. 120 colors - 10 hues x 12 tones- plus 10 
achromatic colors) if they are arranged in 2-, 3- and 5-color combinations. 

Instead of using a large number of colors, it is better to focus on diversification of images when 
creating market colors and scenic colors. 

@ Recycling and materials consumption reduction in marketing policies 
I think the time has come to consider carefully how to recycle colored paper and materials 
(synthetic resin, metal and rubber, etc.) and yet also to consider to what extent market colors 
can be enjoyed. 

@ Color-pollution problems in environmental policies ... from a psychological perspective 
Color pollution is a topic which demands thought about the meaning and expression of colors 
for individuals. When people come into contact with the colors in the everyday environment, 
their reactions are by no means uniform: one person may like or feel attracted to a particular 
color, while another may dislike or feel revulsion toward it. The extent to which there exists a 
common cognition of color is debatable. 
A color may sometimes be sensed as a form of "pollution", and at other times as "desirable". Is 
there any likelihood of a common cognition arising such as transcends differences in race, 
religion, period, and personal history? Qualitative differences in color arrangement need to be 
firmly grasped. 
Care is also needed to ensure that prevention of color pollution is not accompanied by 
restrictions on freedom of expression. Any attempt to place restraints on freedom of expression 
will have dangerous consequences. 

3 CONCLUSIONS 
First of all, let us reconsider the image of "Artificial Market Colors" from a psychological point of 

view. Industrial production has led to the creation of many artificial materials and colors. In order 
for these 'artificial' things to become aesthetically acclimatized with the natural environment, it is 
necessary to examine, from a psychological point of view, color combination senses which have 
been learned from nature and handed down from generation to generation. An appropriate 
technique must be devised (psychological color-schemes) to employ them in the creation of market 
colors and scenic colors. 

In order to do this, 
it is necessary to obtain an accurate understanding of the images that appeal to people and 
images which make people feel at ease, which are agreeable and beautiful and which are 
intrinsically meaningful. 
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• Through the skillful coordination of artificial materials and colors to create an image which 
resonates of natural materials and traditional elements. 

I would like close attention to be paid to this kind of psychological processing so as to promote 
color design in the 21st century. 

REFERENCES 
1. S.Kobayashi, K.Iwamatsu "Development of six methods of color psychological study" AJC 

Color 97 Kyoto 
2. S.Kobayashi "The Aim and Method of the Color Image Scale" Research & Application vo1.6, 

No.2, Summer 1981, pp.93-107, John Wiley & Sons 
3. S.Kobayashi ''The Study of Color Image through Color combination picture database" AJC 

Color 93 Budapest 
4. S.Kobayashi "COLOR IMAGE SCALE" Kodansha International1990 Tokyo 

S. Kobayashi "Japanese Color Preferences -Pattern classification based on a Database 
Image Survey-" AJC Color 89 Buenos Aires 

Shigenobu Kobayashi 
Nippon Color & Design Research Institute, Inc. 
Dai 2 Tanaka Bldg., 5-2 Hongo 3-chome, Bunkyo-ku, 
113 Tokyo, JAPAN 

109 



Symposium 3: Color Management Systems 

The Importance of Color Appearance Models 
in Color Management Systems 

Roy S. BERNS 

The goal of color appearance models is to enable the accurate estimation of color names for 
stimuli observed within an environmental context. Color naming falls under the category of 
advanced colorimetry, and accordingly, it is recognized that tristimulus values (for any set of 
primaries) are necessary but insufficient as a representation of color appearance. This can be easily 
demonstrated through studies of simultaneous contrast by Chevreul and Albers. A stimulus' 
appearance will change with changes in surround despite the constancy of its spectral properties, and 
in tum, its tristimulus values. In color imaging, the contextual changes are often changes in white 
point (both chromaticity and luminance) and surround (generally based on the amount of ambient 
illumination). For example, a computer display may have its peak white set to 9300 K and be 
viewed in a darkened room. Printed output is usually viewed in a fully lit room; for office 
environments, the lighting is broad-band or narrow-band fluorescent of low to moderate color 
rendering. In order for the print to match the appearance of the CRT display, an appearance model 
is used to account for these differences. A second difference between these two imaging modalities 
is a difference in the color gamut of each device. Not all of the display colors can be reproduced. 
By describing each stimulus by a color name and partitioning the name into metrics of hue, 
lightness, and chroma, more effective color gamut mapping strategies can be implemented. Clearly, 
color appearance models are a critical component of color management systems. This paper reviews 
the use of color appearance models in color management systems, measurements required for 
calculating appearance parameters, the importance of standardizing a single appearance model, and 
the current status of CIE standards activities. 

1. INTRODUCTION 
"Color management" represents a philosophy where the "color manager" has the knowledge, 

tools, and infrastructure to produce color reproductions with known properties. "Philosophy" is 
used deliberately in this context to convey definitions' such as "a system of motivating beliefs," "the 
quest for truth through logical reasoning rather than factual observation," and "a basic theory 
concerning a particular subject." As philosophers, we may each seek our own truth, leading to 
multiple interpretations and multiple solutions. As one observes various companies and standards 
committees attempting to define color management, it is clear there are multiple, and conflicting 
philosophies. The difficulties can be demonstrated by analyzing the above defmition of color 
management. Who is the color manager? Who is responsible for the color manager? What are the 
needed tools? Can the required knowledge be defined? Is the knowledge easily understood? Should 
the knowledge be shared? (Is "knowledge" appropriate to include in color management?) What 
should the infrastructure look like? What are the color reproduction goals (i.e. can the known 
properties be defined a priori)? Another question to be added concerns the philosophy of continuous 
improvement. Can the system be improved as knowledge and tools improve with time? 

Fortunately, the required tools appear to be consistent across philosophies. These include 
using colorimetry as a "universal language," colorimetric device characterizations, defining images 
by their color appearance, and the need for color gamut mapping. Colorimetry provides a "device-
independent" description of color stimuli. The color of various imaging systems are translated into a 
single, well-defined "language." Colorimetry has been the basis for color standardization of signal 
lights, paints, textiles, and plastics for decades. During this decade, its use has extended to digital 
color systems. Device characterization involves developing a transformation between device 
parameters and colorimetric coordinates such as XYZ or L *a*b*. Digital counts, voltages, dot areas, 
and concentration are redefined in terms of colorimetry. Approaches include multiple-linear 
regression, direct table look up and interpolation, and spectral reconstruction using analytical 
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models. Color appearance models extend colorimetry, as typified by CIE tristimulus values, to the 
prediction of color names across widely varying viewing conditions. Differences in parameters 
including white points, luminance level, surround, and media can be accounted for using these 
models. When images are defined using color appearance models, differences in their range of 
colors, or color gamut, are easily defined. It is necessary and desirable to map one gamut onto 
another. This paper will review the use of color appearance models in color management systems, 
measurements required for calculating appearance parameters, the importance of standardizing a 
single appearance model, and the current status of CIE standards activities. 

2. OVERVIEW OF COLOR APPEARANCE 
Simply stated, a color appearance model converts trichromatic information about a stimulus 

into perceptual parameters leading to color names. One can consider the interpolation method2 of 
converting from CIE x,y, Y coordinates to Munsell coordinates as a color appearance model. 
Perceptual parameters of hue, value, and chroma are estimated. Furthermore, a color name such 
5R5112 can be defined. Before the recent widespread use of CIELAB, the Munsell system was used 
in defining the color appearance of imaging systems. 

Suppose we take two 5R5/12 color chips and place one on a black background and the other 
on a white background. We notice that the two chips do not have the same appearance yet their 
Munsell designations have not changed. Experiments that demonstrate how appearance is affected 
by the scene Gestalt are numerous. Studies by Chevreue and Albers4 are two notable examples. 
This leads to the realization that defining color appearance requires standardization. The Munsell 
system is standardized colorimetrically based on Old measurement geometry, illuminant C and the 
1931 standard observer.5 Viewing conditions are also standardized:5 daylight illumination from a 
north window in the northern hemisphere (south window in the southern hemisphere), at 45/0 
geometry, and against a neutral background between middle gray and white. For critical evaluation, 
the viewing conditions are defined more precisely in terms of source spectral power distribution and 
illuminance, and background luminance factor. 6 

What happens when we want to estimate the Munsell designation for a color viewed under 
incandescent or fluorescent illumination, or against a black background? Visually, we can train 
ourselves to assign Munsell notations for any color stimulus.7 Instrumentally, Munsell notations 
cannot be calculated because the system is undefined for non-standard conditions. As a color 
appearance model, the Munsell system is very limited. As a color-order system, it has very useful 
attributes. 

Thus, color appearance models need to account for a variety of differences in viewing and 
illuminating conditions. For imaging applications, the conditions that change most frequently include 
white point chromaticity, white point luminance, surround relative luminance, image size, and 
cognitive image interpretation. As an example, I evaluated two displays and their viewing 
conditions, one in my laboratory and one in my office, and prints produced with an ink-jet printer 
and viewed in my office. Suppose an image is created in the laboratory environment using a PC 
computer system with a 13" display. The room lights are turned off. The monitor's white has a 
correlated color temperature (CCT) near 8100 K with a luminance of 58 cd/m . The image is 
transferred through a local-area network to the office computer, a Macintosh driving a 21" display. 
The display has a peak white with a CCT near 10,000 K and a luminance of 70 cd/m2 (including 
ambient flare) . Since my office has a north-facing window and narrow-band fluorescent luminaires, 
there is mixed illumination reflecting off the monitor faceplate equal to a CCT of 4200 K with a 
luminance of 4 cd/m2

• The ambient illumination produces about 600 lx at desk height. The 
appearance of an image defined only by its RGB values will look very different in each room. (In 
addition to unmatched white point properties, the tone reproduction properties between PC and 
Macintosh systems are quite different, i.e., different "gammas.") The image is next printed on an 
ink-jet printer using ColorSync 2.0 and default profiles. The print is placed on top of my desk 
adjacent to the CRT display. The paper white, in situ, has a CCT of 6600 K with a luminance of 170 
cd/m2• The print does not match the color appearance of either CRT image. In order for the original 
image created in the darkened laboratory to have the same color appearance when reproduced using 
either the office display or the ink-jet printer, suitable account must be taken of the differences in 
CCT, luminance, image size, color gamut, and media. This is accomplished using a color 
appearance model. 

3. COLOR MANAGEMENT AND COLOR APPEARANCE MODELS 
The International Color Consortium8 (ICC) provides an illustrative example of how color 

appearance models are incorporated into color management systems (CMS's). The first step is to 
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define the conditions of the original image. For the example above, the CRT is viewed in the dark. 
The second step is to convert an image from its digital RGB representation to its XYZ representation 
based on a colorimetric characterization. (For 24-bit displays, 255, 255, 255 will have tristimulus 
values equal to 8100 K at 58 cd/m2

. ) The third step is to use information about the input device ' s 
colorimetry, viewing conditions, and device type in order to define the image's color appearance. A 
color-appearance model is used in this third step. The fourth step is to convert the input device's 
color appearance to the color appearance of a reference device. The ICC reference device is a 
theoretical reflection print illuminated by flare-free D50, and viewed at 45/0 by the 1931 standard 
observer. The fifth step is to use a color appearance model to transform the reference device 
appearance parameters to tristimulus values (or L *a*b*). The XYZ (or L *a*b*) representation for 
the reference device is known as the profile connection space or PCS. It is theoretical because as a 
colorimetric representation, it is not color-gamut limited. These five steps are concatenated into a 
device profile, usually in the form of a three-dimensional color look-up table (CLUT). The reverse 
operations are performed in order to reproduce the original image. The output device profile will 
include color gamut mapping using a color appearance space. Thus, the color appearance model is 
used twice for the output stage, once to define the appearance of the reference device and once to 
define the appearance of the output device. During the color gamut mapping operation, decisions are 
often made that change the matching criterion from color appearance to preferred color reproduction. 
If the display's peak white appears grayish blue (easily demonstrated when I look back and forth 
between my monitor and the printer paper sitting on my desk), I would not want its appearance 
accurately reproduced. I would prefer that the peak white of the display be mapped to the paper 
white. This relates to the concept of "rendering intent." Furthermore, one may want to gamut map 
according to certain rules, such as maintaining hue or saturation. The color appearance model 
enables the estimation of these perceptual parameters. 

4. ESTIMATING COLOR APPEARANCE: COLOR APPEARANCE MODELS 
Color appearance models can be described by four stages. The first stage consists of 

transforming XYZ values to cone fundamentals. This is a linear transformation of color matching 
functions to cone sensitivities weighted by preretinal absorptions (lens and macula). Most models 
tend to use the same transformation, Stiles-Estevez-Hunt-Pointer.9 The second step accounts for 
chromatic adaptation and includes parameters for adapting field chromaticities and luminance and 
media type. Media type determines the extent of cognitive discounting of the color of the 
illumination. The adaptation step varies significantly between models. (See for example, references 
9- 12.) The third step predicts opponent signals, loosely based on the human visual system's retinal 
processing, resulting in an orthogonal three space. Fourth, perceptual parameters including hue, 
brightness, lightness, colorfulness, chroma, and saturation are predicted. A key factor which affects 
these estimates is the surround relative luminance of the imaging device. Image contrast will change 
dramatically depending on the large-field luminance conditions. As a consequence, lightness and 
chroma will change. Three surround relative-luminance categories are generally defined: normal, 
dim, and dark. (From a color-reproduction perspective, "gamma" is affected.) Not all models predict 
these seven parameters; for CMS's, hue, lightness, and chroma are the most important parameters to 
estimate. Thus, each pixel defining an image can be described by its hue, lightness, and chroma. 
When comparing CMS accuracy between input and output media, color differences are calculated. 
Minimally, these are Euclidean distance metrics. More recently, some models12 have attempted to 
improve the correlation between calculated and perceived color differences, in similar fashion to 
CIE94. 

Color appearance models have been used synonomously with color-difference spaces and 
color vision models. CIELAB and CIELUV were derived as color-difference spaces where the goal 
was to have Euclidean distances correlate with perceived color differences. They were defined only 
for near-daylight illumination. As their formulae suggest, they have embedded chromatic adaptation 
transforms that enable them to be classified, additionally, as color appearance models. Color 
appearance models tend to have components that are similar to known physiological processes such 
as compression and opponency. Thus, color appearance models are sometimes referred to as color 
vision models, although is some cases, there is little similarity between models designed for color 
imaging and those designed to understand retinal and neural pathways. 

5. REQUIRED MEASUREMENTS 
The measurements that are required to use color appearance models depend on accuracy 

requirements. This is analogous to using default device profiles rather than building a unique profile 
for a particular imaging system. Measurements, generally, are made for both colorimetric 
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characterizations and appearance modeling. For CRT displays, measurements of the ambient 
illumination are required, particularly for the optical flare reflecting off the display. One also needs to 
measure the colorimetric properties of each channel and its transfer function between digital and 
radiometric values, and interaction between channels resulting in spatial dependencies, additivity 
failure, and internal flare. Spectral or colorimetric instruments can be used for CRT displays. For 
reflection prints, measurement of the ambient spectral radiance is required. This enables an accurate 
calculation of tristimulus values and the calculation of ambient luminance. The spectral reflectance 
factors of colors sampling the device's color gamut are also required. Through ANSI's Committee 
for Graphic Arts Technical Standards, CGATS, the measurement and colorimetric specification of 
reflection prints has been standardized:13 45/0 or 0/45 geometry, 1931 standard observer, illuminant 
D50, and the use of ASTM weights for tristimulus integration. This standard is problematic when 
applied to CMS's. Commercial lamplight does not exist that well simulates D50 . Because nearly all 
of color reproduction is metameric, the use of D50 rather than the actual light source leads to color-
matching errors. (Hence, the above requirement where one measures the actual spectral radiance of 
sources used to illuminate reflection prints .) Secondly, this standard has led to defining CRT 
displays with a peak white CCT of 5000 K. Because of incomplete adaptation, displays at this CCT 
do not appear white, but yellowish. Third, this standard has led to the ICC PCS of D50 . For high 
accuracy, every device must use a color appearance model since there is rarely a device with exactly 
D50 as its white point. If the white point of the PCS was set to the most common white point (e.g . 
for CRT displays, D65; for reflection prints F2 or its replacement), appearance models would only be 
required for one device. This last issue is part of the motivation for developing a standardized RGB 
system for computer-controlled displays, sRGB.14 

6. STANDARDIZING A SINGLE APPEARANCE MODEL 
In 1973, the CIE recognized that there was a lack of consensus in calculating color 

differences. An Inter-Society Color Council survey revealed that thirteen different formulae were in 
use, most of them not standardized or developed through consensus organizations. 15 At a meeting 
held by the CIE Colorimetry Committee in 1973, the goal was expressed to recommend a single 
equation.16 This goal was nearly achieved resulting in two recommended equations, CIELAB and 
CIELUV. In 1989, the survey was repeated.17 Over 90% of respondents were using CIELAB and 
19% were using CIELUV. Although the CIE achieved their aim in unifying the practice of 
calculating color differences, there were clear indications that CIELAB could be improved 
significantly with a correction for chroma position of the color-difference pair. This resulted in the 
CIE9418 equation. In retrospect, the CIE was reactive rather than proactive. The popular use of 
equations with questionable statistical bases such as FMC-1119 and CMC20 resulted in the subsequent 
recommendations of CIELAB and CIE94. This leads to a new philosophical question: can any 
standardizing body provide leadership when the research results are ambiguous? When CIELAB and 
CIELUV were described in CIE publications, the following preamble was given: "Pending the 
development of an improved coordinate system, the use of one of the following coordinate systems 
is recommended whenever a three-dimensional spacing perceptually more nearly uniform than that 
provided by the XYZ system is desired."21 Clearly, the CIE was able to provide leadership despite 
evidence that neither CIELAB or CIELUV was optimal. The CIE's success must be credited to the 
individual committee members. For example, D.L. MacAdam was very willing to support a single 
equation, CIELAB, rather than equations based on his research, such as FMC-I and CIELUV, both 
having equivalent accuracy to CIELAB. 

The issue of standardizing a color appearance model seems to parallel color-difference 
equation development. Since 1971, there has been CIE interest in recommending a chromatic 
adaptation transformation for use in calculating the color rendering properties of light sources. This 
has, in time, been expanded to predict appearance parameters. A number of CIE technical 
committees have been formed along the way (see the paper by M.R. Pointer in this proceedings). 
Despite over 25 years of effort, the CIE has yet to recommend either a chromatic adaptation 
transformation or model of color appearance. Having served on several of these committees, the 
individual researchers promoting their models might want to consider the actions taken by MacAdam 
regarding color differences. 

Following the CIE Expert Symposium '96 on Colour Standards and needs expressed by the 
ICC, there is a clear need for the CIE to take a leadership role in recommending a single color 
appearance model. Unlike color differences, a single appearance model is required for color 
management, particularly if "knowledge" is included in the definition of color management. Large 
errors in color accuracy will result if different color appearance models are used for each device 
profile. This last point cannot be overstated. The visual differences between models are striking?2 In 
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the above example, if the PC monitor device profile used CIELUV while the Macintosh profile used 
CIELAB, the shifts in color will be quite large despite the relatively small changes in white point 
betwen the two displays (8100 K to 10,000 K). This is caused by the requirement for each device to 
be transformed into or out of the PCS of D 50• Differences between 5000 K and either 8100 K or 
10,000 K are large, amplifying normally small differences in appearance between the two display 
white points. Thus, technical committee activities of the CIE are of acute interest to the ICC. Of 
particular relevance to CMS's is TC 1-34, Testing of Colour Appearance Models. They have been 
charged with recommending a single color appearance model for surface color applications. The ICC 
is expecting that TC 1-34 will unify the practice of estimating color appearance parameters. Based on 
conversations with the committee chairman, M.D. Fairchild, it is uncertain that the CIE will 
recommend a model anytime in the near future. 

7. CONCLUSIONS 
Thus, for color management to proceed, there are several alternatives. The first is to limit the 

definition of color management to only include infrastructure. This way, issues of device 
characterization, gamut mapping, and appearance models are left to vendors selling systems 
providing "color solutions." The second alternative is for industry, as represented by ICC, to adopt 
their own standard appearance model among the various choices. For example, color facsimile has 
standardized on CIELAB and the graphic arts measurement standard.23 The third alternative is for 
standards organizations other than the CIE to take a leadership position. 

As a postscript, achieving a standardized color management system will not result in 
acceptable color quality in all cases. Current and emerging systems are still trichromatic. Thus, they 
are, by definition, metameric. When the observer or illumination changes, the quality of the color 
reproduction will likely change. This can only be alleviated by developing spectral-based color 
reproduction. This requires a spectral input definition, spectral-based characterization algorithms, 
and output devices with a range of colorants where the matching goal is spectral rather than 
colorimetric. This will require a new philosophy. Of course, philosophers have been interested in 
color for thousands of years! 24 
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Silicon Processor in Color Management System 

Hiroaki KOTERA and Teruo FUMOTO 

Color management is a key technology to realize WYSIWYG in multi-media communication. 
The device-dependent colors are hoped to be quickly transformed to/from device-independent 
standard colors across the different media. Silicon color pocessor has been developped to accelerate 
the color conversions for editting the massive image data. The table-based interpolation method, 
whichever performed by software or hardware, is a major stream in color management system. 
SlANT/PRISM interpolation algorithm was first implemented onto a single chip LSI. It provides 
with video-rate color transformations according to the device profiles stored in a user-definable 
memory. The paper overviews the table-based 3D interpolation algorithms and discusses the 
accelaration effects in comparison with the performance by software. 

INTRODUCTION 

Brilliant successes in recent color imaging technologies are now bringing a new visual communica-
tion age. Low cost and high quality hardcopies are supported by the advances in printing devices, 
materials, and digital image processing technologies. CMS(Color Management System) is a key 
technology to interchange the colors across the different devices and is ready now to be utilized on 
world wide computer networks. In the forthcoming color age, higher resolution artistic images are 
demanded to be processed at both lower cost and higher speed. 
Table-based color conversion method is a major stream in connecting the devices and PCS(Profile 
Connection Space) in CMS. In this paper, the following three topics are introduced. 
[1] Typical table-based 3-dimentional interpolation algorithms are reviewed in short. 
[2] A single chip 3-D interpolation architecture, SlANT/PRISM is introduced. 
[3] Accelerlation effect by silicon processor is discussed in comparison with software processing. 

DEVICE INDEPENDENT COLOR SYSTEM 

The basic difference between "device-dependent" and "device-independent" colors is illustrated in 
Fig. 1 (a) and (b). One of the most popular color reproduction system is "color copier", where a 
source color is scanned by its own input scanner and directly transferred onto its own printer. 

Device- .Not portable Device-
dependent dependent 

Device-
dependent 

(a) Device-dependent Color (b) Device-independent Color 
Fig. 1 Concept of device-independent color 
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The color processing engine inside the system is designed to make the color matching by 
transforming the device-dependent source signals into the device-dependent destination signals. 
Hence, the color engine and the input/output signals are not opened outside but uniquely closed 
inside of the system. While these device-dependent signals can be manipulated as device-
independent colors by separating the in/out devices through standard color space in Fig. 1 (b). 
The standard color space is called as PCS(Profile Connection Space). The color transformations 
between the devices and PCS are described by device profiles stored in LUT according to the device 
characterization models. 

TRANSPARENT COLOR SYSTEM 

Fig. 2 illustrates a basic model of transparent color system 1• In the ideal system, a source colorS 
is hoped to be transparently transmitted to the destination. However, it takes a variety of distortions 
when passing through the input/output devices. Input devices such as color scanner or video camera, 
will send their own device-dependent signal x for source colorS, and also output devices such as 
color printer or copier, should be driven by their own device-dependent signal y to reproduce the 
correct colorS .. Here, a color processor Pis placed in back of input device and in front of output 
device, and works to convert the device-dependent signals to/from standard signalS, that is, x to S, 
and S toy .. Standard signalS is interchanged between different color systems and it is device-
independent. Then, for example, the color printer should be driven by pre-distorted signal y to 
reproduce a correct colorS, because it has its own transfer function <I> from y to S and P works as 
its inverse transformer <1>-1 , that is 

S =<l>(y ) and y =<1>- 1 (S) 
Thus, <1>-1 compensates <I> and a source colorS is transmitted transparently. 
The forward transformation of each device is characterized based on the mathematical model or 
measurements of the input/output transfer function. In practice of CMS, the backward trnsformation 
is most important and takes much computation times in the case of color printing devices with non-
linear transfer functions. As shown in Fig. 2, a printer drive signal y is supplied as a quantized tri-
color value on regular lattice points, while the tri-stimulus valueS of printed color is plotted on 
irregular lattice points in output color space. In the backward transformation, an inputS to color 
processor Pis a destination color on printer and also given as a quantized value on regular grids. 
Hence, Pis required to search the corresponding color value in the output color space and transform 
it into the quantized drive signal y within an acceptable error and speed. 

Signal spacey d. 
Drive signal for 
output device 

c b 

Forward Backward 
Transform Transform 

Forward 

Backward d 

a 

b 

Description for 
---...L..::'-"---output color 

x Standard 
Color _,..._ 1(S ) Space Y _....., 

Figure 2 Conceptual model of transparent color transmision system 
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DEVICE CHARACTERIZATION 

The profiles of input or output devices are characterized based on the two models by 
1. Model-based: Transfer function is described by mathematical model and is analytically or 
numerically invertible. 
2. Table-based :Transfer function is a "black-box" not to be analytically described. Input/output 
relation is basically determined by measurements and its inverse is characterized in LUT memories. 

Historically, model-based approaches have been done based on Neugebauer equation for hi-level 
printers and Lambert-Beer's law for photographic printers. Color masking equations have been 
successfully used for backward transformations. A black-box modeling has been applied for non-
linear color masking by a polinomial description of inverse transfer function and recently being 
simulated by neural network technologies. 
At present, the table-based model is also useful for model-based system with complex transfer 
function even if it's mathematically descriptive, because the inverse transformation is quickly 
executed by just looking up the table memories. Fig. 3 shows an example of model-based printer 
sub-system based on Neugebauer model driven by L*a*b* inputs. Here, the sequential computation 
steps from L *a*b* to CMYK are integrated and replaced by a single LUT. 

Model-based 

L* 

a* 

b* 

Table-based 

Fig. 3 Example of printer sub-system in model-based and table-based. 

TABLE-BASED PROCESSOR WITH INTERPOLATION 

Generally, the color transforms are described by 3-D or 4-D color mapping. The most flexible and 
easy way is to use a Direct Look-Up Table(DLUf). In the DLUT, all the possible conbinations of 
inputs and outputs are stored in table memory and quickly looked up. However, it takes large 
memories and also much times to make up the table data. In order to cut the memory size, DLUf 
processor with small LUT followed by 30/40 interpolator has been developped as shown in Fig. 4. 
A small LUT stores the representative in/out relations on coarse lattice points and three dimensional 
interpolator generates the precision output values by linear interpolations. 

Transformation 
C=r(R,G,B) 
M=g(R,G,B) 
Y=b(R,G,B) 
K=k(C,M,Y) 

Flexibh Solution 
Direct 
Look-Up Table 

How to Cut 
theMemory? 

DLUT Processor 

Vfer Definable 

.m ' .. m 
lnll'qwlatc..-

Video-Rate & Compact 

Fig. 4 Basic idea of DLUT processor with interpolation 
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3-D INTERPOLATION TECHNIQUES 

3D interpolation is done dividing an input color space into an unit space. Fig. 5 shows typical 
interpolation units. Cubic interpolation was firstly presented by UK patent in 1974 and used widely. 
Tetrahedron by Sakamoto patent in 1978 is the most simple way using 4lattice points, and Pyramid 
by Flank! in in 1982 uses 5 points. Recently, PRISM using 6 points has been proposed by Kanamori 
& Kotera4 in 1992, and now adavancing into SLANT/PRISM by Fumoto et al7. Disphenoid 
tetrahedron, which is the oldest discovered by Sommervile in 1922, has been introduced by Kasson3 

et al, IBM and is interested as a minimun unit space using cubic body center. 
Po-Chien Hung2 and others have applied the interpolation techniques to device characterization. 

(@ 
p mid 
({;;2, Flanklin) 

@ 
Tetrahedron 
(1978, Sakamoto) 

Tetra 

Cube 
(1974, Pugsley) 

Prism Slant/Prism 
(1992, Kanamori & Kotera) (1993,Fumoto et al) 

Fig. 5 Three dimensional interpolation unit spaces 

In the cubic interpolation, the output color [P] corresponding to an input vector P=P 0 +p is simply 
interpolated by weighting sum of the output values [P on the surrounding eight lattice points 
P 7 . The base point P 0 is given by the upper bits and the differential vector p by the lower bits 
of the input data. The weights wi are defined by the volumetric ratios of each sub-divided unit 
space in Fig. 6. Similarly, the tetrahedral interpolation is given by the weighting sum of four 
neighbors as 7 3 

for cubic , for tetrahedron (1) 
l=O l=O 

PI 

Fig. 6 Principle of three dimensional interpolation in unit color space 

SLANT/PRISM PROCESSOR ARCHITECTURE 

"PRISM" interpolatior was firstly inplemented onto a single chip LSI MN55115 in 1993. Prism is 
a minimum unit space in "luminance-chrominance" coordinates, where it has triangle base plane 
coresponding to chromaticy and lightness axis perpendicular to it6. Hence prism structure is well fit 
to lightness-chrominance color inputs such as digital video signals. However in the case of RGB or 
CMY raw inputs, its gray axis lies in the diagonal direction of the unit cube, then the interpolation 
errors occur in such a non-linear interpolation as "balck generation" in UCR or GCR. SLANT 
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PRISM structure with cutting line along the diagonal axis of unit cube, has been introduced to 
reduce the interpolation error in black generation. SLANT/PRISM convertible architecture 7 was 
next implemented onto new LSI chip MN5515 in 1994. MN5515 can switch its structure PRISM 
to/from SLANT PRISM according to the applications. The basic structure is illustrated in Fig. 7. 
A unit cube is divided into two prisms, prismO and prism1, each including 6lattice points. The 
interpolated output [P] in PRISM or SLANT PRISM modes for input vector P inside the right-half 
prismO or slant-prismO are calculated as follows. 
An input vector P=(R, G, B) is divided into upper bits PO=(Ro, Go, Bo) and lower bits p=(r, g, b). 

PrismO in PRISM mode : Slant-prismO in SLANT PRISM mode : 
[P]=[M]+g([N]-[M]) [P]=[M]+g([N]-[M]) 
[M]=[a]+r([b]-[a])+b([c]-[b]) (2) [M]=[a]+(r-g)([b ]-[a])+(b-g)([c]-[b]) (3) 
[NJ=[ e ]+r([f]-[ e ])+b([g]-[f]) [ NJ=[ e ']+(r-g )([f)-[ e'])+( b-g)( [g']-[f]) 

[M] and [N) denote the interpolated output data at points M and N in lower and upper triangles. [a], 
[b), [c), ... mean the output data on latice points : P=a, b, c, .... 

e 
SLANT/PRISM 
Convertible ALU 

PRISM mode 

Upper ... g' 
a 

In 

Interpolator 

SLANT PRISM mode a b 
Fig. 7 Basic structure of SLANT/PRISM interpolation processor 

LSI DESIGN AND ACCLERALATOR 

PRISM to/from SLANT PRISM convertible structured interpolator was fabricated in a single chip 
LSI MN5515 with the parallel memories. 3-D LUT is composed of internal RAMs on chip. The 
interpolation is done at 16 Mpixel/sec by hardware and switchable PRISM to/from SLANT PRISM 
by memory address control. The commercial video images are processable at real time. 

The performance of LSI has been estimated on-board accelerator conducted by ICM(Image Color 
Matching) CMS in Windows'95 Personal computer. Fig. 8(a) shows an acceleration ratio of 
MN5515 compared with software interpolation. The measured speed by MN5515 was 7.5 times 
faster than software using 166 MHz PC. This value includes some overhead times in pixel data 
transmission to/from processor and may be unsatisfactory. At present, the first commercial product 
MN5515 uses ASIC technology in CMOS 0.8 !liD design rule and works at 16 MHz clock rate. 
The next model is under planning with 0.35 !liD rule and at higher clock rate. The accelaration ratio 
is expected to reach 20 times faster than 200 MHz Pentium processor. Fig. 8(b) shows a load map 
of ASIC technology. Now, considering the cost/performance, its scale is limitted inside the oval 
area. MN5515 is designed with the granularity of 9x9x9lattice points for consumer use, but the 
interpolation accuracy will be improved enough for high precision applications by increasing the 
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LUT size up to l7xl7xl7lattice points. The acceleration effect was also evaluated for a custom-
made SlANT/PRISM LSI with high granularity of 17x17x17 mounted on special board interfaced 
to SS-20 Spare work station. The hardware processing speed was 120 times faster than software in 
L* a* b* to CMYK conversion as shown in Fig. 9(a). The high precision color reproductionS could 
be obtained for electrophoto-graphic printer with color difference t\E*ab(r.m.s) < 1 as shown in (b). 

, , , 
Accelerator 
(expected) 

._ Accelerator(now) 
._ ICM Software 

33M 

16M 

5x5x5 9x9x9 17x17x17 33X33X33 
133 166 200 MHz clock rate Interpolation granularity 

(a) Acceleration effects by MN5515 (b) Load map of ASIC technology 
Fig. 8 Performance of color processor on-board accelerator tested for Windows'95 PC 

ISO 

16 128 256 512 1024 ••••. 12800 KByte 
DMA Block size 

r.m.s error for 
t\E*ab 928 color chips in IT8n.3 

2.0 

1.5 

1.0 

0.5 
0.0 ........ _ ............ .......__......_...__._, 

17x17x17 17x9x9 9x9x9 
Granularity 

(a) Acceleration ratio (b) Reproduced error by processor 
Fig.9 Performance of high-grade SLANT/PRISM processor tested for work station 

CONCLUSION 

The performance of micro processor is now approaching to GigaHerz rate and making it possible 
to process the motion pictures at video rate by only softwares. The color imaging applications will 
move to more and more software oriented. The proposed silicon processor can process massive 
color images 10--100 times faster than commercial CPU at present, but may be replaced by a 
powerful microprocessor in near future. However, an idea such as multi-dimensional interpolation 
in information space is considered to be useful whichever processed by hardware or software. The 
elegant and simple algorithms are wellcome in the area of forthcoming digital video applications. 
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CIE Recommendations for Colour Imaging 

Michael R. POINTER 

Abstract 

A introduction to the work of the CIE is given followed by a review of relevant publications 
and Technical Committees, in Divisions 1 and 2, that have work programmes relevant to 
the technology of imaging. 

Introduction 

The International Commission on Illumination, abbreviated as CIE from its French title, is 
an organisation devoted to international co-operation and exchange of information on al l 
matters relating to the science and art of lighting. 

At the present time there are 39 member countries and the work is carried out by 
Technical Committees each assigned to one of seven Divisions. The work of two of these 
Divisions is of interest to the world of imaging: Division 1: Vision and Colour, and Division 
2: Measurement of Light and Radiation. 

In order to quantify a colour, information is required about the spectral reflectance of that 
colour, the spectral sensitivity of the detector, the response of the eye being used to view 
the colour, and the spectral power distribution of the light source that illuminates the 
colour. Historically, the CIE has provided recommendations, and then standards, that 
enable all of these distributions to be measured or described in a regular manner. Thus 
the 1931 Standard Observer and the Standard llluminants1

•
2 are widely used, together 

with a measure of spectral reflectance that has been made using an instrument with a 
specified CIE Geometry3, to calculate tristimulus values and other colour coordinates, 
usually in CIE Uniform Colour Spaces3

. 

These recommendations establish the principle that, if two colours have the same set of 
tristimulus values, calculated for a specific illuminant, then they appear identical. If the 
tristimulus values are not the same, but the viewing parameters are similar, then a CIE 
Colour Difference Equation3

•
4 can be used to give a measure of the perceived difference. 

Work is ongoing in this area to try to understand the parametric effects that influence 
size of colour differences. for example, the separation of the samples5

. 

In the world of imaging the viewing environment for two colour samples that need to be 
compared is not always similar, and the CIE has recognised this by establishing 
committees that are investigating methods associated with the real situation - see TC 1.27 
below6

. For example, a colour is viewed as hard copy under one illuminant but must be 
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reproduced on the screen of a visual display device such that 'it looks the same'. even 
though the white point of the device is different from that used to view the hard copy. This 
work has lead to the establishment of several so-called colour appearance models which 
are in the process of being evaluated and tested. 

All of this work requires a rigid framework of terminology, with associated definitions, to 
enable international understanding. The CIE, together with the International 
Electrotechnical Commission, has produced a joint publication, the International Lighting 
Vocabulary7

• This document is currently being revised. 

Relevant CIE Committees - Division 1 

TC1-27 Colour Appearance for ReflectionNDU Comparison chaired by Paula Alessi (US) 

This committee is investigating whether the CIELUV and CIELAB uniform colour spaces 
adequately specify a colour appearance match between a reflective image and a self-
luminous display image. Thus, for example, if a colour in a photographic print appears to 
match a colour on a VDU, are their CIE coordinates similar? If they are similar then 
conventional CIE metrics can be applied to compare colours across different media, for 
example. If however they are different then it will be necessary to either modify the 
method of specifying the coordinates of the CIELAB and CIELUV Uniform Colour 
Systems3

, or use a colour appearance model to adequately describe the colours and 
represent both their individual appearance and their differences. 

TC1-33 Colour Rendering chaired by Janos Schanda (US) 

This committee is investigating revised methods for specifying the colour rendering 
properties of light sources. Eventually colour appearance models will find an application 
in this field but, in the interim period , the present recommendations8 are to be revised. 

TC1-38 Compatibility of Tabular Data chaired by Cal McCamy (US) 

While of only peripheral interest to the imaging world, this committee is dealing with the 
standardisation of the methods used to tabulate 'standard' colorimetric data. 

TC 1-43 Rod Intrusion in Metameric Colour Matches chaired by Roy Berns (US) 

While it is established that colorimetry can be performed using a trichromatic system it is 
recognised that, especially with large field sizes, rod intrusion is a reality. This committee 
is seeking to establish the extent of the effect on typical industrial applications. Again, 
some of the colour appearance models can deal with this phenomenon. 

TC 1-44 Practical Daylight Simulators for Colorimetry chaired by Robert Hirschler (BZ) 

This committee is seeking to compare available daylight simulators for colour measuring 
instruments and colour matching booths and then make recommendations on suitable 
simulators for practical use. 
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TC 1-45 Revision of CIE Publication No. 51 chaired by Cal McCamy (US) 

Mention of this committee is relevant only because ISO Standard 3664 Photography -
Viewing Conditions is currently being revised and needs information about metamers 
under illuminant D50: these are not currently available as part of the CIE Document 51 
recommendations9

. 

Relevant CIE Committees - Division 2 

TC 2.26 The Relationship between Digital and Colorimetric Data for Computer-Controlled 
Colour CRT Displays chaired by Roy Berns (US) 

This committee has now produced a report that describes instrumentation and accuracy 
requirements for the measurement of the spectral and colorimetric characteristics of 
computer-controlled CRT displays 10

. The relationships between digital and both spectral 
and colorimetric data are described, based on the generic signal processing and 
electronics of this technology. The report also describes a practical methodology to 
characterise the colorimetric properties of a computer-controlled CRT, together with a 
worked example. The work of this committee is continuing as TC 2-42 as described below. 

TC 2.42 The Colorimetry of Visual Displays chaired by Andrew Hanson (GB) 

This committee is required to produce a report summarising the recommended practice for 
the measurement of the colorimetric and spectra-radiometric properties of visual displays. 

Colour Appearance Models 

TC1-34 Testing of colour appearance models chaired by Mark Fairchild (US) 

The short-comings of the CIE 1931 system of colour measurement have long been 
recognised and as long ago as 1983 a Technical Committee was established to 
recommend a colour appearance model. Such a model would be able to predict 
appearance type parameters - hue, chroma, lightness, colourfulness, brightness etc. -
relating to a coloured sample as seen in a specific viewing environment. This type of 
model would, for example, enable the tristimulus specification of a colour in an original 
scene, be reproduced in some manner but with an identical appearance, even if the 
viewing parameters for the reproduction are different to those for the original. 

The quest to achieve such a recommended model has not proved easy. After 12 years the 
committee failed to make a recommendation, instead reporting on the state-of-the-

art 1
• This was because there were two models that could be recommended and ne> 

consensus was possible as to which was 'best' . Another report was produced te> 
recommend for further investigation a method of predicting the tristimulus values of 
corresponding colours under different chromatic and illuminance adaptations12

. 

TC 1.34 was established to further test these two models, and others that were beginning 
to be published. This in itself has not been an easy task and, at the CIE Expert 
Symposium '96 on Colour Standards for Image Technology' , it was agreed that the main 
model workers would try to take the best points of several models and combine them13

. 

Pressure was brought to bear from the developers of computer colour management 
systems that a suitable model was needed now and it was agreed that those active in the 
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work would try to present a suitable model in time for a meeting of this CIE Technical 
Committee to be held before the AIC Congress in Kyoto, Japan in May, 1997. 

Only time will tell how much progress has been made. 
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Industry Adoption of Color Management Systems 

Michael STOKES 

Introduction 
In recent years the chaos of color reproduction of images in open digital computer systems has 
slowly become focused on the hopes of de-facto industry standards. Four years ago, the 
International Color Consortium (ICC), at that time called the ColorSync Consortium, was 
established and produced a device color characterization profile format specification to enable 
unambiguous communication of color information among devices in open systems. Last year, 
ICC members Hewlett-Packard and Microsoft introduced, independently of the ICC, a monitor 
based standard default color space to provide simple, but limited color management solution for 
the mass market. This paper discusses the current status and success of both initiatives and how 
they complement each other and traditionaiiSO/IEC standards efforts, along with a brief 
discussion on why these initiatives are developed as they have. 

1) Standards are the Basis for Color Management Systems 
Color management is the technology necessary to unambiguously communicate color information 
among devices in open systems. This includes heterogeneous systems composed of devices, 
applications, drivers and operating systems from different vendors. The World Wide Web 
provides on clear example of such an open system. Corporate intranets and extranets provide the 
two other common examples of open systems. In order for color management to work in open 
systems, a tremendous number of standards are necessary. These include but are not limited to 
a standard human visual observer, measurement standards, device characterization standards, 
and standard viewing conditions. 

The CIE has provided the bulk of the necessary colorimetry standards with its standard human 
visual observer, standard vocabulary (in collaboration with the IEC), uniform color spaces, CRT 
characterization and measurement geometries. Recently the terms "traditional colorimetry" and 
"advanced colorimetry" have been used to describe the explicit limitations of the CIE uniform 
color spaces with respect to compensating for different viewing conditions. There is a growing, 
urgent industry need to describe colors independent on not only device characteristics, but also 
viewing conditions. The CIE has responded to this fundamental industry requirement by forming a 
technical committee to recommend a single, unified color appearance model. Such a model could 
be as a basis for a uniform color space that is independent of both devices and viewing 
conditions. Yet, the CIE has by no means provided all of the necessary standards for color 
management. 

The International Standards Organization (ISO) and the International Electrotechnical 
Commission (IE C) has provided many practical standards for the measurement and management 
of digital color reproduction systems, including the majority of standards relating to specific 
technologies such as the graphic arts and photography. Recently four committees have been 
very active in this area. The most prolific has been the ISO/TC130 graphic arts committee which 
has actively established and promoted several broad standards that can be used beyond graphic 
arts, including standard images and methods for characterizing scanners and printers. The 
ISO/TC42 photography committee has begun to establish more standards in the area of 
electronic photographic devices. The JTC1/JTAG2 joint standards committee has undertaken 
standards in the critical area of recommended viewing conditions. The IEC/TC100 has 
undertaken a series of standards that cover a wide range of color management issues in open 
systems. 

Finally, there are a number of other standards bodies that are focused on a specific industry or 
technology. These include, but are not limited to, the International Telecommunications Union 
(ITU), the Video Electronics Standards Association (VESA), JEIDA, EBU, TWAIN, SWOP, and 
finally the ICC. 
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A Short History of the International Color Consortium 
The purpose of the ICC is clearly stated in its specification. "The International Color Consortium 
was established in 1993 by eight industry vendors for the purpose of creating, promoting and 
encouraging the standardization and evolution of an open, vendor-neutral, cross-platform color 
management system architecture and components." These vendors represented the major 
platform vendors interested in color management (Apple, Adobe, Microsoft, Silicon Graphics, Sun 
and Taligent) and two active color management vendors interested in open standards (Agfa and 
Eastman Kodak). The German graphic arts institute, FOGRA, was an honorary founding member. 
This honor acknowledges the critical role FOGRA played on initiating these activities. 

The major effort to date has been the creation of the ICC profile format. The ICC profile format 
specification whose intent is "to provide a cross-platform device profile format. Such device 
profiles can be used to translate color data created on one device into another device's native 
color space. The acceptance of this format by operating system vendors allows end users to 
transparently move profiles and images with embedded profiles between different operating 
systems. For example, this allows a printer manufacturer to create a single profile for multiple 
operating systems. " 

The current goals of the ICC are described below. 

1. The color management system should scale from automatic to sophisticated user intervened 
solutions. 

2. The ICC will incorporate new technology and standards in a timely manner. The ICC work will 
be offered to the relevant standards body for consideration as an international standard. 

3. To create, promote, and encourage the standardization and evolution of open, vendor-
neutral, cross-platform color management system architecture and components. 

4. The ICC profile format should be extensible to incorporate new technology in color, imaging 
and computer science fields. It should be expandable to allow new types of tags as well as 
new types of profiles. 

5. The ICC will define a baseline CMM model and baseline CMM implementation that can be 
part of the specification that will provide the same results with the same numerical data. 

6. The ICC will standardize on an appearance model to get from source to PCS and PCS to 
destination. 

7. The colorimetric reproductions should be exact within tolerances of the device within the 
devices' gamut. 

8. From July 15th, 1996 onward, any additions to the ICC specification will abide by ISO policy 
and disclosure guidelines for intellectual property . Work prior to this date will be covered 
under a separate agreement. 

The ICC has consistently committed to the formal standardization of their efforts once they have 
been proven acceptable in practice. This condition has yet to be met to satisfaction of the ICC 
members and there are several ICC working groups actively attempting to resolve current 
problems and deficiencies. 

2a) Technical Issues within the ICC 
It has been known for some time that the ICC profile format is ambiguous. The most significant of 
ambiguities revolve around the ICC's profile connection space (PCS) including the inherent 
limitations of using CIEXYZ or CIELAB as a color appearance space. In particular, the issues of 
dynamic range compensation, media rendering, surround compensation, and chromatic 
adaptation need to be addressed with clear guidelines for implementation. Currently, the ICC 
PCS is does requires each profile be a transformation between the device color space and the 
PCS. The ICC provides few guidelines on how to compensate for different color appearance 
conditions. Since this is a fundamental human visual problem and not a device characterization, it 
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has been agreed to endorse and support a single color appearance model. ICC members are 
very hopeful that the CIE will be able to propose a unified color appearance model that will help 
resolve this very difficult issue. If the CIE is unable to recommend a single color appearance 
model, the ICC will recommend one independently of the CIE and evangelize its use in all ICC 
color management implementations. 
ICC members have also identified several additional technical issues. These include, but are not 
limited to, the reproduction of business graphics, ambiguity in rendering intent definitions, 
unspecified gamut mapping methods, guidelines for interpolation methods, and the ability to 
dynamically modify profiles for varying calibration conditions. There is still deep concern from 
some members and users that the ICC approach contains too much overhead and a simpler 
architecture is needed for the mass market. Ironically, there is also concern from some ICC 
members that the architecture is not flexible enough and needs extending to properly address 
complex workflow and press calibration issues. 
In addition to working groups on specific technical topics, the ICC has established a working 
group to create an open reference implementation for a color management method and a profile 
building utility. The intent of this working group is to provide a baseline implementation with 
source code in order to clarify many of the currently under-specified and ambiguous issues. 

2b) Non-technical Issues within the ICC 
In addition to technical issues, other more traditional standards bodies issues have slowed ICC 
adoption and progress. As with most standards efforts, the balance between open standards and 
proprietary solutions is critical to the creation and adoption of successful standards. The ICC has 
also struggled with its share of issues in this area. In response, the ICC adopted a strict 
intellectual property policy and the clear set of goals stated previously. Unfortunately these efforts 
took almost 18 months to accomplish. During this time, little technical progress was made since 
many members were convinced that the very existence of the ICC hinged on the outcome of this 
effort. Another 12 months of the ICC history had previously been consumed by the process to 
formally organize itself. So, of the 48-month history of the ICC, non-technical issues have 
consumed almost 30 months. This does not mean that no technical progress was made during 
these times, only that technical progress was significantly slowed. This is the disadvantage of 
creating an independent consortium and not working within the formal standards process. 

With the issues of goals and intellectual property behind the ICC, the remaining non-technical 
issues are those of any organization. It is imperative that the working groups be productive, well 
focused and timely in their results. The coordination between the ICC and its sponsoring 
ISO!TC130 committee and ICC liaisons with lEG, CIE and other formal standards bodies must 
also be closely attended to. 

Current Status of ICC 
The ICC currently seems on track to produce a clear and unambiguous profile format ready for 
formal standardization. Several ICC working groups are active in this area, including problem 
identification, reference implementation, and others. If these working groups are successful and 
their results are adopted by the general ICC membership, it appears that the ICC will be ready to 
propose its profile format specification as a formal standard within the next 24 months. 

A Short History of the sRGB Virtual Device Default Color Space 
While the ICC provides a robust, flexible, complex color management solution, many markets can 
be adequately addressed by a well-specified monitor color space. Currently there are a plethora 
of such formal and informal RGB spaces, including NTSC, PAL, HDTV, NIFRGB, Apple RGB, 
SGI RGB, and many, many others. 

Two years ago Hewlett-Packard and Microsoft agreed that each needed a single RGB space 
ubiquitous throughout each company. Hewlett-Packard in particular has a long history of internal 
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color standards including PCL and ColorSmart. After some negotiation, both companies agreed 
to collaborate on this effort. Hewlett-Packard and Microsoft developed and began to propose the 
addition of support for a standard color space, sRGB, within the Microsoft OS's, HP products and 
the World Wide Web. During the last two years Hewlett-Packard and Microsoft have been actively 
refining this proposal in preparation for formal standardization. 

The aim of this color space is to complement the current color management strategies, 
particularly ICC, by enabling a simple method of handling color in operating systems and the 
World Wide Web. This method utilizes a simple and robust color space definition that will provide 
good quality with minimum transmission and system overhead. 

3a) Technical Issues within sRGB 
There are currently three unresolved major technical issues associated with this proposal. The 
current proposal is encodes the white and black points at the maximum and minimum values 
respectively. This encoding standard implicitly limits the color gamut to that of the reference CRT. 
Extending the color gamut by receding the white and black points has been discussed at length . 
The problems involved in providing an open, acceptable rendering for different dynamic ranges 
that are inherent in such extended encodings remains unresolved. A second unresolved issue to 
the specification of methods to transform into and out of the reference CRT and viewing 
conditions. A single color appearance model from the CIE would help resolve much of this issue. 
Finally, the lack of higher bit depth precision limits the applicability of this standard in many areas. 
It is hoped that additional work within the standards community will provide solutions to these 
issues. 

3b) Nontechnical Issues within sRGB 
This standard, like many new standards, has faced significant opposition from a number of 
companies, individuals and institutions. This opposition appears to be due to beliefs that sRGB is 
in conflict with proprietary business models, competes in scope and control with other standards 
efforts, is ambiguously defined, is incompatible or redundant with ICC methodology, is 
incompatible with Apple and SGI standards and simply ignores normal standards processes. 
Additional opposition is due to some misunderstanding about the scope of sRGB. Both 
companies have actively solicited feedback directly and indirectly with public presentations and 
personal email and phone calls to some of the world's leading experts and believe that most, but 
not all , of these objections are unfounded. 

Misperceptions on the intended scope of sRGB continue to be a problematical. Hewlett-Packard 
and Microsoft recommend that the sRGB color space be used when no other color information is 
available or appropriate. It is not intended to provide a complete color management solution for all 
situations, industries and technologies. 

Adoption of this standard, as with any standard, is critical to its success. Current support for this 
initiative includes Hewlett-Packard, Microsoft, the World Wide Web Consortium and JavaSoft. All 
future HP DeskJet, Laser Jet, ScanJet and PhotoSmart products will support this default color 
space. Microsoft's future operating systems, web browsers and Office applications will support 
sRGB. The W3C HTML and CSS standards default to sRGB and the PNG file format provides 
support for sRGB. The default RGB color space for JavaSoft's 20 imaging model is also sRGB. 
This means that unless otherwise indicated, all color text and graphic objects on the World Wide 
Web are assumed to be encoded in the sRGB color space. It is hoped that with the submission 
for formal standardization, others will also choose support sRGB. 

Current Status of sRGB 
Microsoft and Hewlett-Packard plan to submit sRGB to IEC!TC100 Project Team 1966 for 
consideration as a formal international standard. The authors hope that other interested parties 
will actively participate in this process. 
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4) Complementary Standards : ICC Profiles and the sRGB Color Space 
The ICC discouraged the Hewlett-Packard and Microsoft, both ICC members, from submitting this 
proposal to the ICC. Despite this, a clear, complementary usage path has continued to be a 
priority. Microsoft is publishing a free "golden standard" sRGB ICC profile to help integrate ICC 
and sRGB within a single color management system. 
Both companies believe that there are some situations where embedding an ICC profile, even an 
abbreviated profile is not practical. Both companies also strongly support ICC and are not only 
implementing products supporting ICC, but are actively working within the ICC to resolve the 
technical problems described above. Both companies also believe that there are many situations 
where sRGB is an inappropriate solution. In summary, sRGB provides a simple and broadly 
applicable, but inflexible color management solution and the ICC provides a robust, flexible color 
management solution, but with significant overhead. 
Below are two tables, which illustrate the guidelines for use of sRGB. Table 1 provides a clear 
model on what ICC profile is used depending on whether ICC profiles are available or not. Table 
2 provides a model for how sRGB is intended to be used on the World Wide Web. Both models 
illustrate the complementary nature of sRGB and ICC color management solutions. 

Table 1 How a Browser Handles Color Management 
ICC/sRGB ICC Source Profile No ICC Source Profile 

ICC Destination Profile ICC Source sRGB Source 

ICC Destination ICC Destination 

No ICC Destination Profile ICC Source sRGB Source 

sRGB Destination sRGB Destination 

Table 2 How a Browser Handles Color Management 
Sheet Colors HTML Page with no Re-purpose Data outside of 

sRGB) jcolor Space Browser/ HTML environment 
information 

Embedded Profile Space for -...olor Space for Image Space for Image 
in Image Image determined by determined by determined by embedded 

embedded profile. embedded profile. profile. 
Image file specifies volor Space for -...olor Space for Image Space for Image is sRGB 

Image is sRGB issRGB 
Image has no Colo volor Space for 1'-'olor Space for image Space for image is 

information. Image is sRGB issRGB. 
[Text volor Space for text Space for text is Space for text is sRGB. 

is sRGB 
volor Space for Space for Space for graphics is 
Graphics is sRGB is sRGB. 

Brief Comments on De-Facto Industry Standards and Formal Standards 
Organizations 
These two initiatives, the ICC and sRGB, have circumvented many of the traditional standards 
processes. This was done explicitly and intentionally after several previous efforts on 
standardizing open color communication within the ISO/IEC processes failed. Still, both initiatives 
have publicly committed to pursue the traditional standardization process after proving their 
validity in the open marketplace. The story behind the development of these initiatives provides 
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some insight into the fundamental technical , legal and business barriers to revolving color 
reproduction issues in open systems. 

The inherent bureaucracy of formal standards organization is a two edged sword. As the ICC 
discovered, many of these issues cannot be avoided. Another concern of many companies it the 
perceived control of a few multinational corporations of several key technical committees. Some 
smaller companies cannot afford even one part time standards head count, much the active level 
of participation by several traditional companies. It appears that a more Internet centric method of 
communication would provide some amount of relief to these concerns. The very slow pace of 
some standards bodies is also unacceptable to many fast-paced technologies. Some standards 
bodies require planning two years in advance, some digital color technologies are created and 
made obsolete in this time frame. 

One final issue that has discouraged many companies from participating in formal standards is 
the combination of many narrowly focused technical committees with the fundamental 
requirements for face-to-face meetings around the world. Many companies have one or only a 
very few color experts and can simply not afford for them to be away from critical product 
development. The vertical nature of the international standards bodies seems in conflict with the 
horizontal nature of color management issues. While JTC1 or the CIE could address this 
fundamental issue, neither has yet chosen to. 

5) Openness and Flexibility Require Computational Power 
One of the issues that in not discussed very much is the increasing need for computational power 
for color management solutions. As we've discussed, color management is complicated and in a 
distributed environment, extremely so. The need for hardware acceleration is becoming a 
fundamental requirement in the success of open color management solutions. 

Conclusion 
ICC and sRGB are complementary compatible industry standards. While the CIE, ISO and IEC 
have provided significant help in providing fundamental standards to build solution on, there is a 
significant amount of work left to do. An efficient organization to address distributed color 
management standards would help tremendously. The CIE in particular needs to provide a single, 
coherent standard for color appearance models in the immediate future. Finally, hardware 
acceleration continues to be a requirement for the success of these standards. 

About the Author: 
Michael Stokes spent fifteen years in the slide reproduction and image transfer industries. His 
industrial experience includes designing the color control systems used in digitally transferring the 
image libraries of National Geographic Society, Library of Congress, and the National Institute of 
Health onto film and videodisk storage systems. He has a M.S. in Color Science from the 
Rochester Institute of Technology and was staff scientist in the Munsell Color Science 
Laboratory. At Apple Computer, he was responsible for the color architecture in ColorSync 2.0, 
the color quality for Apple printers and was the founding chairperson of the ColorSync 
Consortium, direct predecessor to the ICC. He joined Hewlett-Packard Research Laboratories in 
August of 1994 in their Printing Technology Department. Michael Stokes is the current chairman 
of the ICC and the co-author for the sRGB initiative. As founding editor and chairman for both the 
ICC and sRGB initiatives, Michael has been and continues be a central figure in the development 
and adoption of color standards in industry. 
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STUDY GROUP MEETINGS 



Environmental Color Design 

Leo OBERASCHER and J6se L. CAlVANO 

The AIC Study Group on Environmental Colour Design (ECD) is an international group 
of scientists, designers, architects, artists and other professionals with a specific interest 
in colour as a means of environmental design and its effects on human emotion, 
cognition and behaviour. 

The most important aims of ECD are: 

• the continous exchange of knowledge and experience among its members 
• the stimulation of research and teaching, meetings and exhibitions 
• the public propagation of theoretical knowledge and practical experiences through 

congresses, seminars, workshops, publications and exhibitions 

The ECD membership is available for every person/organization who/which scientifically 
and/or practically deals with colour as a means of environmental design, contributes to 
the realization of the aims mentioned above or wants to generally support the Study 
Group. 

ECD Report 1997 

During the AIC 1997 Congress in Kyoto ECD - immediately after the Color Design 
Symposium - hold a meeting. 17 persons {most of them members of the group) attended 
the meeting. 

1. History 

An early hope of the study group was to establish a link with the journal "Farbe und 
Design" which, it was expected, would be re-established as an annual and with an 
edition in English. 

To that end interested people were invited to submit material for possible publication. 
There was to be a membership fee which would entitle members to receive the journal at 
a small discount. 

As it turned out there was a succession of disappointments and the journal was yet to 
appear. However the idea is not completely dead. 
Leo Oberascher still has the material and the support of the contributors and still hopes 
that a publication may be possible. However it is acknowledged that, as the years go by, 
the material may lose some of its value as a reflection of "current ideas". 

2. Achievement 

Several documents - prepared by Dr. Lucia Ronchi (and Dr. Leo Oberascher) - have 
been submitted to the members of the Study Group for circulation and discussion: 

- Light, colour and environmental design - An Annotated Glossary 
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- What can be measured in environmental colour design? 
1: Basic terms concerning Industrial Colourimetry 

- What can be measured in environmental colour design? 
II: An annotated glossary on colourimetry of various surface materials 

- Objective evaluations in environmental colour design 
- Colour Dynamics 

A proposal that came as a result of this was the Study Group might establish a presence 
on the Internet and that this could become a kind of a forum for the exchange of ideas. 
The glossary and any other kind of documents, could then evolve and be updated on a 
regular basis. 

3. Proposal 

The Study Group should be formally established on the Internet. The group's presence 
on the Net should be of a kind to allow members to engage in active debate. It might be 
desirable to establish two levels of information, one for carefully considered 
contributions, another for less formal and more speculative exchanges. Members who 
have access would be able to print off any of the material contributed. An advantage of 
this proposal is that it would not be necessary to "complete" it - it would always be in 
progress. 
Another advantage is that colour images could be included in the documents. 

A key to the successful implementation of this proposal is that there be someone willing 
and able to act as editor/coordinator. 

Just pior to the AIC congress this proposal was put to Jose Caivano from Argentina. He 
expressed his willingness to take on this role. He is ideally suited, being an architect 
based at Buenos Aires University and very familiar with the working of the Internet. 

The following proposal was, therefore, presented and accepted at the meeting of the 
Study Group which was held during the Congress on May 27th: 

• Leo Oberascher will continue to act as a chair of the Study Group. 
• Jose Caivano will be co-chair; he will set up and maintain a Web site. 
• The Internet is to become the medium for continuing the work of the group. 

For further informations on ECD-INTERNET please contact : 

Jose Luis Caivano 
Secretaria de Investigaciones 
Facultad de arquitectura, Disef\o y Urbanismo, UBA 
Ciudad Universitaria, Pabell6n 3, piso 4 
1428 Buenos Aires, Argentina 
E-mail: jcaivano@fadu.uba.ar I postmast@semvis.fadu.uba.ar 
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Visual Illusions and Effects 

Osvaldo da POS 

Meeting of the Study Group on Visual illusions and effects. 
The Study Group on Visual Illusions and Effects, chaired by Prof. Osvaldo da Pos, held 
his plenary meeting on Friday 30th May 1997, in room 81 h. 13.30. About 30 people 
attended the meeting which started with the presentation of Study Group theme, 
members and interested people by the chairman. 
A short summary of the work performed by the study group, since its official 
establishment in Budapest 1993, has been presented. 
A rich bibliography of classical books dealing with visual illusions has been provided by 
Roy Osborne, and comprises relevant writings published in four centuries, from the 16th 
to the 20th century. 
An annotated bibliography of 24 books in which visual illusions are widely treated, 
covering the first part of this century up to 1975, has been prepared by the members of 
the study group. The main illusions reported in each book and their theoretical frame of 
reference have been presented and commented in this annotated bibliography. 
Since the beginning of the Study Group activity, a number of sub-groups has been 
established to report on particular fields in which visual illusions have practical 
applications. Four reports have been prepared: 1) Holography; 2) From the camera 
obscura to colour photography; 3) Stained glasses; 4) From abstract art to op-art. The 
preliminary reports, with the compiled and annotated bibliography, have been distributed 
to all members and interested people in a PC diskette last year, and a number of 
comments have been already collected. The final revision of these four reports is in 
progress. 
Prof. Osvaldo da Pos, as chairman of the Study Group, after collecting the ideas of the 
members and other researchers on visual illusions and effects, worked at a theoretical 
paper about illusions as appearance, and presented the problems related to a definition of 
illusion in a lecture given at the AIC Interim Meeting in Goteborg last year 1996. 
With the help of some members of the study group, and the co-operation of Dr. E. 
Zambianchi, the chairman Osvaldo da Pos published a bilingual Italian-English book in 
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which a rather comprehensive collection of illusions has been displayed. For each illusion 
a record has been created with a short description and some illustrations (where possible) 
of the illusion, followed by the original bibliography and some more recent references. A 
general list of 676 Bibliographical References, an Author Index, and a Subject Index 
complete the volume (da Pos 0 ., Zambianchi E., lllusioni ed effetti visivi . Una raccolta -
Visual illusions and effects. A collection. Guerini Studio, Milano, 1996 ISBN 88-7802-693-
X). 

Two more reports are being completed: 1) illusions and architecture, by Prof. Arch. 
Giovanni Brino. Many different meanings and examples of illusions in architecture are 
being collected, and a short report has already been presented at the AIC Interim Meeting 
in Goteborg last year. 2) a review on phenomenal transparency is being prepared by 0 . 
da Pos. The subject is largely studied from many different points of view, and the concept 
itself of transparency seems to be used for rather different perceptual effects: a review in 
this field is therefore strongly needed. 
After the introduction by the chairman, Prof. Katsuaki Sakata presented a new sub-group 
which will be chaired by himself, focused on the problem of " Psychophysics and 
Psychometry in the study of visual illusions" . This sub group will investigate differences 
between psychophysical measurement (in which psychological variables are explained by 
physical variables) and psychometrical measurement (in which some psychological 
variables are explained by other psychological variables). The purpose of this subgroup is 
not to decide which is better or worse, but to examine which is suitable to some particular 
purpose. Those who have an interest in this topic may join this subgroup and they will 
compare the data yielded by these two measurement ways. 
To promote a general discussion 0 . da Pos showed a couple of illusory effects dealing 
with phenomenal transparency. In one case the transparency effect was quite evident but 
both the colours of the transparent object and of the background could not be seen in the 
superimposition area (from Metzger, 1956). An animated debate then arose among the 
participants, which might be summarized as follows (many contributions have been 
offered by the participants, to whom we are greatly thankful, but not all the contributions 
are here fully referenced) . 
We need a good and generally accepted definition of visual illusions (a) , an explicitly 
determined method for studying them (b), and a well outlined goal to be reached by the 
study group (c) (Goto). About the definition of illusions, a number of augmentations have 
been proposed: the relationships between physical and phenomenological world should 
be made clear, trying to solve the problem whether illusions are perceptual malfunctions 
(Logvinenko) or normal ways of functioning (Pokorny). Moreover, often illusions are 
coupled with pictorial displays, i.e. they appear in an artificial environment (Caivano): 
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what might be the meaning of 'natural perception' , or perception in a natural 
environment (Yendrikhovskij). 
About the method of studying illusions, it has been suggested that the effort should be 
addressed to individualise what makes them stronger, more evident, and also to identify 
the best way of measuring the strength of the illusions. In any case, the work of the new 
subgroup will be greatly appreciated as far as it will discriminate and compare 
psychophysical measurements {focused on physics dimensions) and psychometric 
measurements (focused on phenomenological dimensions) as tools for interpreting our 
perceptual functioning and the consequent illusory effects. 
The final goal of the study group, as it appears at this stage of work, could be a more 
complete classification of visual illusions, especially those associated with colour 
perception, including the details regarding the most efficient way of measuring them. 
Finally, a proposal of establishing a Web Site in which the general discussion might go on 
and the results of the study group could be displayed has been discussed: this Web Site 
could be extremely useful to collect and compare the ideas of most researchers having 
scientific interest in visual illusions. The chairman will study the best way of realizing the 
presence of the study group in Internet, and will check the possibility of doing this at his 
Department of General Psychology in Padua (Italy). 
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Effect of Color and Eccentricity on Splitting Visual 
Attention in Motion Induction 

Naoyuki OSAKA and Shinki ANDO 

When two dots (0.25 deg, separated 8.8 deg) were flashed simultaneously followed 
by a line, the line is observed to be drawn from both side. This effect has been called 
illusory line motion (1) and is interpreted the fact for the possible evidence of split 
visual attention (2). We employed red, green, and blue as cue and line having equal 
luminance. Background was also a gray of equal luminance. Further, in each 
session, fixation point was shifted along horizontal meridian towards right/ left side 
to test eccentricity effect. Observer's task was to indicate the perceived meeting point 
by a computer mouse. Preliminary results showed little influence of color on 
motion induction, but showed an eccentricity effect. 

1. INTRODUCTION 
Using the motion induction procedure, we previously found that the split attention 

is involuntarily allocated according to the luminance of the pre-cues (2,3). When two 
cues (dots) were presented simultaneously with the same achromatic luminance 
followed by a line, the line is observed to be drawn from both side and meet at the 
center. We termed it meeting point and interpreted the fact for the possible evidence 
of split visual attention. We hypothesized that visual attention can be splitted, as an 
evidence against the unitary models of attention previously reported. The purpose 
of the present experiment is to observe possible influence of color and eccentricity on 
motion induction. 

2. EXPERIMENTS 
Method 
Figure 1 shows the sequence of stimulus presentation. After flashing two cues, a 

line was presented between the two cue locations. It had been found previously 
that when the cue was single (either one of two those cues), the line appeared to be 
drawn from the flashed side to the opposite side (1). 

By introducing two cue stimuli, however, we found that we could see two 
independent line motions starting from both cue locations in a line. Two 
independent line motion started from both two end sides of a line and then they 
met at the center of the line. 

Subjects 
Three subjects , having no observed color deficiency, participated in the 

experiments(SA, MM and NA). 
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Apparatus 
A microcomputer (Gateway 2000) coupled with a calibrated VSG2/ 3 visual 

stimulator (Cambridge Research Systems, Inc.) and a mouse were used for stimulus 
presentation and encoding the subjects' responses. The visual stimuli were 
displayed on a 21-inch color CRT display (Mitsubishi FHL6115) with 120Hz (528 x 
396 pixel screen) frame rate. 

Stimuli 
The fixation point was a small spot of white light (0.25 deg diameter). A 
horizontal colored line (0.5 deg wide, 8.8 deg in length: red x=0.61,y=0.35, green 
x=0.31,y=0.60, blue x=0.13,y=0.05) was used as the probe for detecting the motion. 
The stimuli for cueing attention were small spots of colored light (0.5 deg x 0.5 deg; 
the same color as the line). Measured luminance of these stimuli were ranging 
from 13.15 to 7.27 after equal luminance matches using flicker method. These 
stimuli were presented on a gray background (x=0.28,y=30;13.53 cd/m2) having 
equal luminance. 

Procedure 
The subject sat in front of the CRT display in a dark room. The subject's head was 

constrained by a chin rest. After some practices the trial session started. When the 
trial session started, the fixation point appeared. The subject was instructed to keep 
fixating on a fixation point throughout the session and explicitly instructed not to 
pay attention voluntarily to the stimulus. The subject initiated each session by 
pressing a mouse button. 

While the subject fixated on a fixation point (5 positions; center, 2.2 deg - or 4.4 
deg- eccentric to right/left from the center), two colored spots (cues) of light 
separated horizontally by 8.8 deg and 4.4 deg above the fixation point, appeared in 
the upper visual field . After observing a fixation point (2500ms), both cues were 
flashed (83ms) followed by a interval with fixation point (83ms), then a line was 
presented several seconds. 
The subjects' task was to indicate the precise meeting point on a screen using 
cursor movement operated by pressing either right- or left-ward direction keys. 

Fig.1: Time sequence for the motion 
induction experiment 

c: 
l:l 
II 

0 

c .g 
0.. 

c: 

SA 

·g_ -50 

"" .!: 
C) 

-lOO_lOO -50 0 

Fixation point position(%; 0 = center) 

Fig.2: Meeting point as a function of fixation 
position (Sub.SA;Parameter is color) 
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Analysis 
Each subject performed 300 trials ( 5 eccentricity conditions x 3 color conditions x 20 

trials) . Averaged meeting point for each subject, eccentricity and color was 
calculated. 

3. RESULTS 
Figures 2-4 show the results from each subject. In each Figure abscissa and 

ordinate each indicates the fixation point position (eccentricity; 100, 50, 0, -50, and 
-100 each indicates right 4.4, right 2.2, center, left 2.2, and left 4.4 deg, respectively) 
and the meeting point position (100, 50, 0, -50, and -100 each corresponds right 4.4, 
right 2.2, center, left 2.2, and left 4.4 deg, respectively, along horizontal line) . 
Parameter is color and the vertical bar shows standard deviation. Figure 2 (Subject 
SA) clearly indicates the meeting point was just the center of the line, and the 
meeting point shifted toward fixation point for both eccentricity condition from the 
center. In general, as eccentricity shifted 4.4 deg the meeting point moved to the 
same direction by approximately 2.2 deg. However, there appears no significant 
color effect in spite of possible eccentricity effect. Similar tendency was observed for 
other two subjects (MM and NA shown in Figure 3 and 4, respectively), although 
subject N A showed no further shift of the meeting point at 4.4 deg right-eccentric 
fixation . 

The concomitant change of fixation point and meeting point suggests the 
gradient of spatial attention may spread over current fixation point toward 
parafoveal zone with a constant gradient. The possible reason for not observing 
hue effect may be due to the equal luminance stimulus properties. Especially an 
equal luminance of line and the background made the judgment more d ifficult for 
setting the meeting point. Thus, as our previous report indicates, the strength of 
visual attention as revealed by motion induction depends only its luminance and 
not by hue information. 

4. CONCLUSIONS 
The preliminary results from illusory line motion experiments using motion 

induction showed little influence of color on visual attention using an equallurni-
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Fig.3: Meeting point as a function of fixation Fig.4: Meeting point as a function of fixation 
position (Sub.MM;Parameter is color) position (Sub.NA;Parameter is color) 
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nance stimulus. That is, when two equiluminant colored cues were presented 
simultaneously followed by a colored line, motion induction was observed, 
however the meeting point was not shifted from the center as was in the 
achromatic conditions. Therefore, the results suggest the major source for 
determining the strength of visual attention would be a stimulus luminance. 
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Efficiency in Visual Search for a Color Target in 
a Complex Color Environment 

Taiichiro ISHIDA 

In our living environment colors are used in various signs for attracting our attention and 
providing specific information. To search a color sign effectively it is necessary to keep 
surrounding colors in appropriate condition. The purpose of this study was to explore a quantitative 
method to estimate searching efficiency of a color target in complex color environment. I 
carried out the experiment in which a subject searched a marked target of a cued color in a 
two-dimensional color array that was created from an image of an actual scene. The target and 
background color array were displayed on CRT monitor and searching times were measured. 
As expected, searching efficiency was strongly influenced by the relationship between color of 
the target and colors of the background. It was found that searching time increased with the 
number of areas which contained similar colors to the target. Also searching time was increased 
with increasing complexity of colors in the background. It is concluded that efficiency of visual 
search for a color target can be predicted fairly well using those two factors, the number of 
items that resemble the target in color and complexity of color background. 

I . INTRODUCTION 
Since color is the most effective dimension for visual searching or labeling, we can easily 

find and recognize items that are specified by colors[ I] . In our actual daily life colors are used 
as coding information in various ways: color signs, color labeling, color zoning. Appropriate 
use of the color codes will make our life and work efficient, safe and comfortable. The 
efficiency in searching a color target is probably determined not only by its color but also by its 
relation to surrounding colors[2, 3]. Actual color environments surrounding us are usually very 
complex, and therefore it is difficult to estimate searching efficiency of a color target quantitatively 
under such environments. The purpose of this study is to measure searching efficiency of a 
color target in a complex color environment and examine a quantitative method to estimate the 
efficiency. 

2. METHODS 

2.1 Stimuli 
A two-dimensional color array (color mosaic) was used as a background color image on 

which a color target is presented. First, more than one hundred color pictures of urban scenes, 
residential areas or natural scenes were prepared. Thirty pictures were selected based on a pilot 
experiment so that they contained very variety of scenes from the aspect of colors. Each of 
thirty pictures was scanned by an image scanner and stored in a computer. The size of the 
scanned image was 1280 x 1024 pixels. The image was divided into a two-dimensional array 
that consisted of 40 x 32 cells (32 x 32 pixels per cell). A representative color of a cell was 
determined based on a distribution of colors on a three-dimensional color space and then an 
image of the cell was replaced with the representative color. The color mosaic for each of 30 
pictures was prepared in this way before the experiment. 

Three target colors red, green and white used in the experiment are shown in Table I. A 
target cell had a horizontal or vertical gray bar as a target mark, but otherwise the shape and 
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size of it were the same as those of a cell in a color mosaic. 

Table 1: Specifications of target color 

L(cd/m2) x y 
Red 7.9 0.52 0.41 
Green 2.2 0.25 0.43 
White 70.4 0.27 0.29 
(bar) 7.7 0.26 0.28 

2.2 Procedures 
A searching image (a color mosaic with a target) was displayed on a color graphic monitor 

(Sony: GDM2038). The images were created and displayed using an image processor (Nexus: 
Nexus9000) controlled by a computer (NEC: PC9821) . The size of the whole area of a color 
mosaic is 39 x 29 em, subtended approximately 22 x 17 deg of visual angle at the viewing 
distance of 1 m. The size of a mosaic cell is approximately 0.6 x 0.6 deg of visual angle. 

An experimental trial was done as follows: First, a subject was informed a target color for 
a next trial by a color name displayed on the monitor. When the subject was ready, he/she 
pressed a mouse button. After an interval (randomly determined from I to 2.5 seconds), a 
searching image was displayed. A marked target of the cued color was presented in a randomly 
selected position. When the subject found the target, he/she pressed the button again and 
immediately the searching image was displaced with a uniform gray background. Searching 
time were recorded automatically by a computer. The subject answered the direction of the 
target bar . 

Six subjects (students and staffs of our 
laboratory) participated in the experiment. 
They all had normal or corrected to normal 
vision and normal color vision. Each of six 
subjects viewed 90 searching images (3 
target colors for each of 30 color mosaics) 
in randomized order per session. Each 
subject completed 10 sessions. 

3. RESULTS 
Mean search time for each of 30 color 

mosaics is plotted in Fig. I for three target 
colors. Data for six subjects were similar 
and combined in this plot. The color mosaics 
are numbered as their color variety judged 
in the pilot experiment for convenience. For 
red target, search time is strongly affected 
by color mosaics. For green and white target, 
search time is also affected by the color 
mosaics, however, the effect is small for 
those two conditions. 

Our main concern here is how those 
search times are determined by the color of 
the target and background colors. As a 
beginning I would like to consider subject's 
strategy for searching a color target. When 
subjects know a color of a target, they may 
try to find items which have similar colors 
as the target. At the same time, subjects 
move their eyes to those items successively 
and see if it is the target. Therefore mean 
search time must increase with the number 
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of items which resemble the target in color. Such an item will be referred as a target-candidate 
hereafter. Moreover it seems likely that this process is hindered by complexity of the background 
colors. That is, it might be more difficult to pick out target-candidates visually, when there is a 
very variety of colors in several places of the background. I examined those two factors as 
determinants of searching efficiency:(!) the number of target-candidates and (2) complexity of 
background colors. Before computing those indices, a color of each of mosaic cells displayed 
on the monitor were transformed into variables on the CIE L *a*b* and L *C*h space based on 
colorimetric measurements of the monitor. 

To count the number of the target-
candidates, the target similar color was 
tentatively defined as the colors which agreed 
with the target color within color difference 
(<iEab) of 20. This criterion was determined 
by informal observations on color monitors. 
First, whole area of a color mosaic was divided 
into 16 blocks (4 x 4 blocks) as shown in Fig. 
2. Then the number of target-candidates was 
obtained by counting the number of blocks 
that contained cells of the target similar color. 

Figure 3 shows mean search time for each 
of 30 mosaics plotted as a function of the 
number of target-candidates obtained in this 
way. It is clearly shown that mean search time 
for the red target strongly correlates with the 
number of target-candidates in the background. 
The mean search time for white target also 
shows high correlation to the number of target-
candidates. For the green target, however, no 
correlation was found. The most likely 

• 
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•• ....-
... 
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lot 
I 

Figure 2. The method for counting 
the number of target-candidates 
(rectangular blocks which contain 
similar colors to the target). The 
number of target-candidates is 8 in 
this example. Small black square: 
cells of target similar colors (dEab 
< 20). 

explanation for this is that the subjects did not use the target color (green) as a priority clue for 
searching but use the shape of the target (horizontal or vertical bar). The luminance of the 
green target was very low in this experiment, and therefore its color appeared very dark green. 
On the other hand the visibility of the bar on the green target was good due to high luminance 
contrast. These conditions of the green target might make subjects' strategy different. It seems 
reasonable to conclude that searching efficiency for a color target is decreased with increasing 
the number of the target-candidates when the color of the target can be used as a priority clue 
for searching. 

To calculate color complexity of the background, all colors that could be displayed on the 
monitor classified into II groups. Those groups roughly corresponded to each of 8 chromatic 
colors R, YR, Y, GY, G, BG, B, P and 3 monochromatic colors White, Gray, Black. Although 
the criterions for the classification was determined tentatively, it seemed colors of stimuli used 
in this experiment were classified fairly well. Next, whole area of a color mosaic was divided 
into 64 blocks (8 x 8 blocks), and the number of the blocks that contained each of 11 classified 
colors was counted. This procedure is similar to that for counting target-candidate as shown in 
Fig. 2. I considered sum of the counts of all color classes was related to complexity of colors in 
background, and therefore regarded the sum as an index of complexity of colors in background. 
This index takes larger value when a color mosaic has many classified colors and those colors 
were scattered over a wide area. 

Figure 4 presents mean search time for plotted as the color complexity index. The mean 
search times highly correlates with the color complexity index for three target colors . It is 
obvious that the efficiency in searching for a color target decreases with increasing complexity 
of colors in background. 

Finally, Fig. 5 gives the results of multiple regression to predict mean search time with two 
independent variables, the number of target-candidates and complexity of background colors. 
The results show better correlations. 
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4. CONCLUSIONS 
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Figure 4. Mean search 
time plotted as a function 
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Figure 5. Mean search 
time plotted as a function 
of predicted search time by 
multiple regression. 

It is concluded that efficiency in visual search for a color target in a complex color 
environment closely correlates with (l ) the number of areas which contains target similar 
colors and (2) complexity of colors in background. Simple methods for calculating those 
variables from digitized color images were examined. Although they based on tentative procedures 
in the present study, they proved to be practical. I would like to go on to develop more reliable 
and general methods to estimate the searching efficiency that must be useful for designing 
color signs and surrounding color environment. 
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A Study on the Influence of Color to Area 
Perception on a CRT Display 

Ming-Chuen CHUANG and Li-Cherng OU 

In this study, a series of experiments has been conducted to systematically investigate the influence 
of color to area perception on a CRT display. In the first set of experiments, each time two color 
patches with same shape but different colors and sizes will appear on the screen of a computer 
monitor The patch with fixed color and fixed area is treated as target, while the other with color 
systematically varied along the three attributes of color (hue, brightness and saturation) is testing 
sample. Subjects of college students with normal vision were asked to adjust the area of the testing 
sample until it looks the same in size as the target. In this way, we found that none of the three 
attributes of color shows significant effect on area perception. To check whether this is caused by 
the fixed appearing locations of the two patches on the screen, another experiment with the controlled 
appearing locations to balance out this possible effect of location was conducted. The result is 
almost the same as the previous one. We then doubt that the insensibility may be due to the 
continually adjusting method used in this experiment. Thus, another experiment with the method of 
constant stimuli has been conducted. Again, no significant effect of color on area perception has 
been found . We conclude this study with some discussions on this unexpected finding . 

I . INTRODUCTION 
In our experience, when 2 color patches with exactly same size and shape, but different lightness, 

the lighter color patch may be perceived bigger than the darker one. Also. When these 2 color 
patches are different in hue, the reddish color may look bigger than the bluish one. There are 
some psychological and physiological explanations about this phenomenon1

, but few researches have 
been conducted to systematically investigate on the influence of color to area perception. Especially, 
so far no research has studied the exact amount of influence of the three attributes of color 
contributing to the illusion of area perception. Thus, in this study, we try to find out, on a CRT 
display, how the difference between 2 colors, along three attributes respectively, will influence their 
areas perceived. 

2. EXPERIMENTS 
In this study, a preliminary set of 5 experiments as well as 2 follow-up experiments have been 

conducted. In the preliminary set of experiments, each time there were 2 color patches of same 
shape appeared on the screen of an NEC XVI5 monitor with background color of medium gray (N5 
in Munsell system, we will used this system afterward to denote the colors used in this study), as 
shown in Fig. I. The color on the upper-left on the screen is kept with constant size and treated as 
target, while the area of the color on the lower-right of the screen, treated as testing sample, was 
randomly controlled to vary from 85% to 115% of the area of target. The task of the subjects is to 
adjust the area of the testing color, by using the enlarging or shrinking button on the lower-right 
corner, until the area of the testing color is perceived equally to that of the target. Then, they were 
asked to press the 'OK' button and the exact area of the testing color was recorded . This offset 
arrangement of the 2 color patches on screen is to prevent subjects from using horizontal alignment as 
a cue in making area comparisons. 
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Figure I. An example of the testing screen in the preliminary set of experiments 

In the first experiment, we tried to find out the effect oflightness (value) on area perception among 
achromatic colors. Therefore, the black color (NO) was assigned as the target, while the gray colors 
ofNI, N2, N3, N4, N5, N6, N7, N8, and N9 were appeared as the testing samples, respectively. In 
the second experiment, we were going to see the effect of value of chromatic colors on area 
perception. Five basic Munsell hues, 5R, 5Y, 5G, 5B, and 5P were selected firstly . Then, in each 
hue, the color with C=6, V=3 was treated as target, while other colors with same chroma but 
different values as testing samples. For example, 5R 3/6 was assigned as target to compare with the 
testing samples of SR 4/6, 5R 5/6, 5R6/6, and 5R 3/6. The third experiment was designed to find 
out the effect of chroma on the area illusion. Again, the same 5 Munsell hues were selected. In 
each hue, the N5 was treated as the target to compare with colors with same hue and value, for 
example, 5Y 5/2 5Y 5/4, 5Y 5/6, 5Y 5/8, 5Y 5/ 10, and 5Y 5112, for the hue of 5Y. The fourth 
experiment was conducted to reveal the independent influence of hue factor on the area perception 
Here, the color 5B 5/8 was picked as target to compare with I 0 colors with same chroma and value 
but different hues, i.e. 5R 5/8, 5YR 5/8, 5Y 5/8, 5GY 5/8, 5G 5/8, 5BG 5/8, 5B 5/8, 5PB 5/8, 5P 5/8, 
and 5RP 5/8. Finally, we have conducted another experiment to find out the possible effect of color 
(hue) on area perception in general situation. Instead of comparing colors with same chroma and 
value in each hue, we took the 'pure' colors of each hue, 5R 4/12, 5YR 7/14, 5Y 8/ 14, 5GY 7/12, 
5G 5/10, 5BG 5110, 5B 5/10, 5PB 4112, 5P 4/12, and 5RP 5112, as testing colors to compare with the 
target color 5B 5110. 

Furthermore, as shape of the color patch may be a contributing factor to the effect of area 
perception, we used 3 kinds of shape: circle, square, and triangle in each experiment. There are 79 
comparisons in all 5 experiments for each shape. Thus, a total number of 291 (3x79) comparisons 
have to be done for each subject. Although we have discussed the above experiments separately, 
there are mixed together in actual conduction; the 291 comparisons were randomly presented to each 
subject. There were 14 college students: 9 males, 5 females, recruited in these experiments. All 
subjects are proved as normal color vision by the test of Ishihara chart. 

As we doubt the related location of the two color patches may influence the area perception too, 
we have conducted a follow-up experiment here. In this experiment, we repeated the first 
experiment of above 4 times, but instead of keeping the black target on the upper-left all the way, 
each time the target was controlled on the location of upper-left, upper-right, lower left, and lower-
right related to the testing colors, respectively. Two kinds of shape, circle and square, were tested . 
Therefore, the total 72 comparisons in this experiment were presented to each subject randomly. 
Eight subjects, 4 males and 4 females were recruited in this experiment. Again, they are normal in 
color vision. 
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Different experiment methods may generate different results. To check this, another follow-up 
experiment was conducted. In this experiment, again, the first experiment of achromatic colors was 
modified . Instead of using method of continual adjustment, we use the method of constant stimuli2 

this time The area of the black target was kept constant as before, while the area of the testing 
colors was controlled as .88, .92, .96, 1.00, 1.04, 1.08, and 1.12 of the target, respectively. Each 
time the target and one of testing colors will be presented to a subject. The subject was asked to 
respond which one is bigger in 3 seconds. The related location of the target was randomly selected 
from the 4 possible locations. Each of the testing colors of a specific area will appear 3 times. The 
total 189 (9x7x3) comparisons were randomly presented to each subject. Fifteen subjects with normal 
color vision, 8 males and 7 females, were recruited in this experiment. 

The colors rendered in these experiments are to simulate the object colors with Munsell notation. 
From the conversion table between Munsell renotation system and CIE' , we can find the tristimulus 
values (X, Y, Z) for each color We then use a PR-650 colorimeter to measure the tristimulus 
values of the R, G, B colors on the monitor to be used in the experiments. Through some 
computation, a transformation matrix can be derived to transfer the tristimulus values into the needed 
RGB values for each color. Accordingly, the colors can be rendered on the screen . However, 
probably due to the non-linear transformation property of the monitor, deviations have been 
measured, here. Through some regression analyses, correction algorithms have been developed for 
the color rendering. After correction, the deviations were controlled within 5%. 

3. RESULTS 
In the preliminary set of experiments, the average adjusted area ratio of each testing color to the 

area of target for each experiment and each shape was statistically analyzed . For example, Table 1 
summarized the result of the first experiment with circular shape. 

Table I. The summarized result of the first experiment with circular shape 

Mean Diff so t-value df 2-Tail Sig 95% CI for Diff 
NO-N! 0.0268 0.072 1.39 13 0.187 (-0 015 , 0 068) 
NO- N2 0.0206 0.057 1.36 13 0.197 ( -0 012, 0.053) 
NO- N3 0.0150 0.058 0.97 13 0.351 (-0018, 0048) 
NO- N4 0.0684 0.103 2.48 13 0.027 * (0 .009, 0 128) 
NO- N5 0.0709 0.092 2.88 13 0.013 * (0 018, 0 124) 
NO- N6 0.0514 0.112 1.72 13 0.109 (-0013, 0.116) 
NO- N7 0.0161 0.091 0.66 13 0.520 ( -0 036, 0 069) 
NO-NS -0.0021 0.057 -0.14 13 0.893 (-0 035 , 0.031) 
NO- N9 0.0186 0.083 0.83 13 0.419 (-0 .030, 0 067) 

Out our expectation, this result shows that there is almost no influence of lightness on area illusion. 
If the lighter the color is the bigger the area will be perceived, the mean differences should increase 
from N I to N9 They are not; however, the mean differences are all quite small and lack any 
obvious pattern. Actually, only the mean differences of N4 and N5 reach the 0.05 significant leveL 
Since these two testing colors are close to the background color, it seems that they may immerse into 
background, thus are perceived bigger. However, this need further studies to clarify. The "no 
effect" have been found in all other experiments, too . Also, the result of ANOV A has shown that 
neither the shape will influence the area perception Therefore, we may conclude that people are 
free from the influence of color and shape and quite accurate in area perception on a CRT display 

However, as in the preliminary set of experiments the testing colors are always on the lower-right, 
this related location may make them look smaller. If this is true, this effect may compensate with the 
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influence of color to cause the result of 'no effect.' Unfortunately, from the result of the first 
follow-up experiment we find this is not true. No matter in what related location of the target, this 
'no effect' is still preserved. Thus, neither the location is an influential factor to area perception on a 
CRT display. 

The result of the follow-up experiment of constant stimuli is summarized in Table 2. Again, it 
shows that the lightness makes "no effect" on the area illusion. If the lighter the color is the bigger 
the area will be perceived holds true, then the area ratios of the column '50%' in this Table should 
decrease gradually from Nl to N9. But this trend has not been found . Also, except for N9, all 
the ratio values from 25% to 75% include the value of 1, it means the differences are below the JND 
level. However, the N9 (near white) is noticeably perceived bigger than black, while the N8 is 
somewhat perceived bigger too. Thus, for very light color, this area illusion may exist. 

Table 2. The summarized result of the constant stimuli experiment 

Brightness 
Probability 

25% 50% 75% 
Nl 0.956 0.995 1.034 
N2 0.959 0.995 1.031 
N3 0.975 1.005 1.034 
N4 0.957 0.998 1.039 
N5 0.969 1.010 1.051 
N6 0.959 1.001 1.043 
N7 0.944 0.988 1.031 
N8 0.925 0.971 1.017 
N9 0.935 0.962 0.988 

From the above results, it seems that the color, shape and location will not influence the area 
perception. This conflicts with our knowledge. One of the possible reasons may be that, since the 
colors are rendered on the monitor screen, the resolution is not perfect, thus the fuzzy edges of the 
colors may influence the sensitivity of judgments. Another reason may be that as the color on 
monitor screen is color light, the effect of irradiation represses the effect of color to area illusion. 

4. CONCLUSIONS 
Through a series of experiments, we can conclude that the effect of color to area illusion does not 

exist on a CRT display, except for some very light colors. The shape and related location of a color 
patch does not influence the area perception, neither. Further studies are recommended to find out 
whether this 'no effect' exists only on CRT displays or on all kind of color renderings. 
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Simple Method for Estimating the Helmholtz-
Kohlrausch Effect 

Yoshinobu NAYATANI, Yoshio IMAI and Yoshinobu TERASHIMA 

ABSTRACT 
Four kinds of simple estimation equations are proposed for 

the Helmholtz-Kohlrausch effect Two of them can be used for 
luminous colors, and the other two for object colors. In each of 
luminous and object colors, the two estimation equations 
correspond to each of the V AC (Variable Achromatic-Color) 
and the VCC (Variable Chromatic-Color) methods. All the 
equations are similar in type :o the Ware-Cowan equation. They 
give the ratio between equivalent luminance (or equivalent 
lightness) and luminance (or metric lightness) to each of 
various color stimuli directly.Though their computations are 
simple, they can apply to various H-K effects including their 
adapting illuminance dependency. 

1. INTRODUCTION 
An achromatic and a chromatic color stimuli with the same 

luminance (or luminance factor) are generally different in 
brightness (or perceived lightness). Actually the brightness (or 
perceived lighbless) of the latter is higher than the former. This 
is a fundamental and important problem related with the present 
photometric and colorimetric system. It has been studied by 
various technical committees in CIE. 

The phenomena are wellknown and called the Helmholtz-
Kohlrausch effect (abbreviated as the H-K effect hereafter), and 
a large number of studies have been reported so far.' The effect 
is also called the B/L (brightness /luminance) or the L{Y 
(lighbless /luminance-factor) ratio effect 

Very few theoretical studies have been reported on the H-K 
effect, though many experimental studies have been done by 
various researchers. Only an empirical formula called the Ware-
Cowan equation' is we! !known, and it has been used within 
CIE. 

To the H-K effect, the senior author already reported several 
studies.>-• However, the present author thought that further a 
proposal of prediction equations similar to the Ware-Cowan 
equation (simple in computation) is necessary for a wide use 
within CIE. 

The proposed equations in the present article is expected to 
satisfy the following requirements. 
I) The CIELUV formula is used. 
2) The prediction equations are given to each of the V AC and 
the vee methods. 
3) In each of the V AC and the VCC methods, the prediction 
equations are developed to each of luminous color and object 
color stimuli. 
4) The proposed methods give the B/ L or the L/Y ratios 
directly by giving the chromaticity coordinates of test chromatic 
color and its adapting luminance. 

2. PREDICTION EQUATIONS AND CONCEPTS 
OF THEIR FORMULATIONS 

The prediction equations Yv.c and y,.,c are given to lwriinous 
colors to each of the V AC and the VCC methods. 

!:s_ 
Yv•c = L 

= 0.4462(1 + {--o.l 340q(8)+0.0872K,,} 

xs •• (x,y)+0.3086f, (I) 
!:s_ r== L 

= 0.4462( I+ {--o.8660q(8) + 0.0812K,,} 

xsuv(x,y)+0.3086f, (2) 

where L is luminance of test chromatic light, Leq its equivalent 
luminance, and rv.c and r= give the ratios of Leq I L in both 
methods. The coefficient q(8) in Eqs.(l) and (2) are the 
function for predicting the change of the H-K effect in different 
hues. 
K,, in Eqs.(l) and (2) is a coefficient for specifying the 

adapting-luminance dependency of the H-K effect.' Further, 
suv(x,y) is the metric saturation of the test chromatic color with 
x,y . 
For object colors, the prediction equations Tv•c and Tvcc are 

given by Eqs. (3) and (4) to each of the VAC and the VCC 
methods. 

L' 
rv.c=y 

= 1+[--o.1340q(8)+0.0872K,,)s.v(x,y), (3) 
L' 

rvcc=y 

= 1+[--().8660q(8)+0.0871K,,)suv(x,y), (4) 

where L" is the metric lightness of test chromatic object color, 

and L;q is its equivalent lighbless. 
Equations (I) , (2) , (3) , and (4) are similar to the Ware-

Cowan equation, because all the proposed equations give 
luminance ratios or metric lightness ratios directly by giving the 
information of chromaticity of test chromatic color and its 
adapting luminance L, . 

The formulations of Eqs. (I) , (2) , (3) , and (4) were derived 
from the previous prediction equations using the CIELUV 
formula for object colors'·' further by making some 
simplifications without loosing the accuracy and the precision 
of prediction. 

In the formulations, the L{Y ratios of object colors is set 
almost equal to the B/ L ratios of luminous colors for the same 
chromaticity x,y of test chromatic color and the same adapting 
luminance L0 • This is justified by the fact that the prediction 
equations derived on the basis of the Wyszecki experiment" 
using object colors could also predicted the H-K effect of 
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spec1ral colors using luminous color stimuli quite nicely by 
keeping La the same'-'·'. 

3. APPLICATIONS OF PREDICTION EQUATIONS 
In the present section, the predictions are done by using the 

prediction equations, Eqs. (I) , (2) , (7) ,and (8) , to the six 
various experiments. 

3.1 Prediction or Sanders-Wyszecki Experiment 
In 1964, Sanders and Wyzecki11 reponed an experiment on 

B/L ratios. The experimental conditions used are: I) white 
background at 20cdfm>, 2) 10" field, 3) 95 test chromatic 
colors at 20cdfm> , and a reference white with variable 
luminance. 

The test and the reference color stimuli are supplied by a 
MacAdam type visual colorimeter. The experimental method 
corresponds to the Y AC method with luminous colors. The use 
of Yv.oc is adequate for the prediction. 

Using each chromaticity of the 95 test chromatic colors and 
L. =L=20,the values of K,, s •• (x,y), and q(O) are 
determined. Substituting these values to Eq.( l), Yv..c = 
(4qfL)was derived. A comparison was made in Fig.! 
between the observed log,. Leq I L and the predicted log .. r vAC 
values. The correlation coefficient between log,o YvAC and 
log,. L../L is 0.890 and pretty high. 

...... --,----.--,---,----.---, 

0.25 

0.20 

L,q tog10- o.t5 
L 

0.10 

'\ ... . . 

log!O YVAC 

Fig. I Predicted results on the Sanders-Wyszecki 
experiment 

3.2 Estimation or V,,,(A.) and V,,11 (A.) 
The spectral luminosity functions v..,(A.) and v •.•• (A.) based 

on direct brightness matching were published as CIE 
publication No. 75.12 The average retinal illuminance of the 
color stimuli used is estimated at about IOOTd (about 10cdfm> ) 
to both functions . · 
In the analyses, the CIE 1988 2" spec1ralluminosity function 

V., (A.)" was used for estimating V,,,( A.) , and the CIE 1964 
5\o(A.) function for v, ... (A.) . Both V.,(A.) and ji1o(A.) 
functions were detennined on the basis of flicker photomeuy to 
2 • and 10" fields respectively. 

The analyses were done for the adapting luminance 

L, =!Ocdfm> and the specll"al chromaticities (x, ,y,) from 
400nm to700nm by using rv•c(A.) ofEq. (I) and v.,(A.). 

The computational procedure is the same as that shown by 
Eqs.(5) and (6) in 3.3. 

The predicted results are shown in Fig.2. The real line in the 
figure shows the experimental results log,.[v,,,(A.)/V•.>(A. = 
570)], and the dashed line the predicted values (log,. 
[v,,,(A.)jv,_.(A. = 570)]). The agreement between the observed 
and the predicted functions in Fig.2 is remarkablly good. 

Then, the spectral luminosity function V...,(A.) based on 
direct brightness match is estimated by the similar procedure 
above on the basis of Y•• (A.) for 10 • visual field. 

The agreement between the observed and the predicted 
functions on v,,,.(A.) is again satisfactory. 

;.., 
() = ·0 0.0 
!.:: ..... ... -!1.5 
"' " 0 

= ·1.0 '6 
..:: ... ·t.5 

·E .. ·2.0 -.; .... 
on ·2.5 0 

....l 
-3.0 

700 <COO 500 600 

Wavelength A. (nm) 
Fig. 2 Comparison between the observed and the predicted 

values of the relative luminosity functions in 
logarithmic unit for 2• field. The observed values 
corresponds to dotted line, 12 and the predicted values 
to dashed line. 

3.3 Estimation or V,,,(A.)T at High Retinal 
Illuminance Levels 

Yamada, Sagawa, Yaguchi and Miyake" measured the 
spectral luminosity functions using direct brightness matching 
v,,,(A.)T and flicker photomeuy V(A.)', at seven levels of 
retinal illuminanoe T from 100 Td to 100,000 Td to each of 10 
observers. 

Using the chromaticity x1 ,y1 at each wavelength from 400 
nm to 700 nm and the specified La value, q(O,), s •• (x,y), 
and K ,, were determined. Then the following o(A. )' value was 
computed at each retinal illuminance T. 

(5) 

Where O(A)T is always nonnalized to zero at 570nm. 
Using o(A.)' in Eq.(5), the spectral luminosity function at 

each retinal illuminance was derived by Eq.(6). 
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s •• (x,y), and q(6) were determined. In the computation, 
(6) 63.66 cdfm' was used for adapting luminance L0 , and K,, = 

I. 

The results are shown in Fig. 3 to 100 Td (real line), 1,000 
Td (dashed line), and 100,000 Td (dot-dash line). In case of 
normalizing at S70nm, the increase of relative sensitivity is 
found in both sides of 570nm for increasing retinal illuminance. 

The resuls of Fig. 3 agree well with the observed results by 
Yam ada et al." . 

;..., 
"' c 
<> 

' i:j 
E ., 
"' g 
c 
'5 .: 
"' . .; 
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Fig. 3 
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-2.5 
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.coo 500 

\ 

600 700 

Wavelength A. (nm) 
Predicted values of relative luminous efficiencies for 
2 • field at three retinal illuminance levels. The real 
line corresponds to 100 Td, the dashed line to 1,000 
Td, and the dot-dashed line to 100,000 Td. 

In the above predictions, the V" ( .1.) function based on flicker 
photometry was set always constant irrespective of the change 
of retinal illuminance from 100 Td to 100,000 Td, because 
Yamada et a!" concluded that the change of the measured 
spectral luminosity functions based on flicker photometry was 
relatively small for the retinal illuminance range used. 

3.4 Estimation or Equivalent Lightness on NCS 
color 

It is already confumed that the Swedish NCS colors" with 
constant values of blackness s and chromaticness C, have a 
constant equivalent lighUiess 4q irrespective of their hues and 
metric-lightness The above relation is equivalent to 
specifying the metric-lighUiess values L' (= variable) of 
various chromatic colors with different hues to a specified 
equivalent lighUiess 4q (=constant), and it corresponds to the 
vee method for object colors. rvcc in Eq. (4) can be used 
for this situation. 

20 colors with different hues were selected from each ( s, C,) 
designation at every 20 hue steps from YIOR to G90Y. The 
selected combinations of (s, C,) are (0, 40), (20, 40), (40, 
40), (0, 60), (10, 60), (20, 60), (30, 60), (40, 60), and (10, 
70). The colorimetic values x,y,Y of the 20 colors to each (s, 
C,) designation were given by the Swedish Standard SS 01 91 
03 . 17 Using x ,y,Y of each NeS color, its metric lightness 

Using the above information, the values of Tvcc were 
computed to colors with each ( s, C,) designation. Further, 
using· the Tvcc and the corresponding L' , L:q = Tvcc L' was 

determined. As already suggested, the values of L;q are 
expected to be constant to each ( s, C,) designation irrespective 
of hue. 

Figure 4 shows the computed results for (10, 70). In Fig. 4, 
dashed line with open circles shows the metric lightness L', 
and real line with dots its equivalent lightness 4q· As found 

from Fig. 4, the metric lightness L;q is almost constant though 
the values of metric lightness change appreciably for different 
hues at a specified (s, C,) designation. For other combinations 
of ( s, C, ), the results similar to Fig. 4 were found. 

oo. 

30. 

NCS Hue 
Fig. 4 Comparison between the metric lighUiess L' and the 

equivalent lighUiess C,. to color samples with various 
hues in the same NCS color notation {s,C,)=(10,70). 
The metric lighUiess is shown by a dashed line with 
open circles, and the equivalent lightness by a real line 
with dots. 

3.5 Estimation or Luminances of Equally Dright 
Chromatic-Light Stimuli 

Sagawa and Takeichi 1711 determined the luminances of :;;o 
chromatic lights, each of which matches in brightness with a 
specified reference white light. The retinal illuminances of the 
reference white light used are 100, 10, I, 0.1, and 0.01 Td, 
and its chromaticity is about x = 0.386, y = 0.427 . 20 
observers participated in the observation, their average data 
were used for the succeeding analyses. 

In the experiment, 20 different values. L of 
chromatic lights were determined to each spectfied equtvalent 
luminance Leq of reference white light. For this reason, 'Y vee 
of Eq. (2) was used in the analyses. K,, was determined for 
L. = 8.13 edfm' corresponding to 100 Td, and q(ll} and 
suv(x,y) for the 20 chromaticities of chromatic colors. Using 
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Eq. (2), y..,c and L,q= rvcc L were computed to each 
chromatic light The computed results Leq for the 20 colors are 
generally constant except for red color stimuli within a apecific 
spectral range. 

3.6 Comparison between r VAC and r vee 
The predicted results of the H-K effect are compared between 

TvAC in Eq. (3) and r vee in Eq. (4) for Object and pseudo-
object colors. In all the predictions I.. = 63.66cdfm1 was 
used. Constant Y = 20 was used in the V AC method for test 
chromatic colors, and constant Y N ( = Y <q) = 52.89 in the Vee 
method for reference achromatic color. Chromatic colors used 
cover the whole chromaticitiy gamut including spectral colors. 
The purpose of the above computations is to see the effect of 
some simplifications in derivig Eqs.(1) to (4). For spectral 
colors, the following equation were used. 

To the VACmethod, 

o(A.)=lo Y,q(A) -lo Y,q(.t =570) 
g,. 20 g,. 20 (7) 

and to the vee method, 

-log,.-_52_.8_9_ 
Y(A) Y(A = 570) 

(8) 

The computed results are shown in Fig. 5. The effect in the 
VCC method is about twice as large as that in the V AC method 
in logarithmic scale. The results of Fig. 5 almost coincide with 
Fig. 13 in the previous study. 1 

1.0 
vee 

0.8 

0 . 6 

S(1..) ::: -------... \ .... ---·· 
0.0 

vAc 

.tOO .t50 500 550 .. 600 650 700 

A.(nm) 
Fig. 5 The H-K effect for pseudo-<>bject colors with spectral 

chromaticities. The real line corresponds to the vee 
method, and the dashed line to the V AC method. 

4. CONCLUSION 
The results obtained in the present anicle are summarized as 

follows . 
I) The four lcinds of prediction equations on the H-K effect 

are given in the V AC and the vee methods to object and 
luminous color stimuli. The formulations of the prediction 
equations are similar to the Ware-Cowan equation. 1 The 
prediction equations are easy to use to practical applications, 
and simple in their numerical computations. 

2) The prediction equations clarified to predict the following 
various experimental results in the V AC method effectively. 
a) The Sanders-Wyszeclci experiment 11 

b) Estimation of v,_,(.t) and v •.•• (.t) ll from v.,(.t) and 

c) Estimation of V._,(.t)' at various retinal illuminance 
levels T from 100 Td to 100,000 Td measured by 
Yamada, Sagawa, Yaguchi, and Miyake. •• 

3) In the vee method, the prediction equations predicted the 
following results effectively. 
a) Constancy of equivalent lightness of the NCS colors 

with different hues having the same designation of ( s, C,). 
b) Prediction of luminanc::es of 20 

colors based on their lummances wtth equal bnghmess 
measured by Sagawa et al. 17•11 using the vee method. 

4) It is expected that the prediction equations proposed in the 
present article should be carefully considered by the CIE 
technical committees related with the H-K effect (the Bf L or 
the L{Y effect). 
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Color Constancy after Change in Visual Sensitivity 

lchiro KURIKI and Keiji UCHIKAWA 

Color appearance of color chips unrer two different illuminants were compared between various illuminant pairs. In 

orrer to stabilize the state of chromatic OOaj)tation of the observer, we used asymmetric size of visual field for the two 

illuminant environments. Shifts in matched result for each color chip were analyzed in terms of cone responses. When the 

observer was shown the same color chip unrer the same illuminant through a small window, the shift in matched color 

caused by different room illuminant was clearly matched after the simplest von Kries type cone response regulation, predicted 

by unique-white settings. Since the state of adaptation was firmly fixed by the room illuminant, this partial color constancy 

was achieved by some spatial integration mechanism. 

1. Introduction 
Color constancy has been studied in many style for a long time, but the mechanism of the color 

constancy is yet to be clarified. Previous studies suggest that chromatic adaptation to the illuminant, 
and the local contrast between the object and its surround may be the two major factors to achieve 
color constancy. On the other hand, some recent studies showed that the chromatic adaptation is very 
slow, but we spend a considerable time under a certain illuminant in ordinary occasion. Another study 
showed that the color constancy can be observed under less than a second of stimulus presentation. 
Therefore, we assume that both the chromatic adaptation and the spatial contrast mechanisms are 
operational under normal circumstances. 

If the chromatic adaptation is occurring at the very first stage of the visual system, such as 
receptor or post-receptoral neurons, every kind of later stages could be affected by this change in 
sensitivity. Therefore, in this study, we tried to fix the state of chromatic adaptation as much as 
possible. And we observed the effect of the visual sensitivity shift on color appearance of the objects 
under different illuminants. 

2. METHODS 
We built a room with gray walls (N5/) inside to provide whole view of adapting field to the 

observer (Fig.l(a)). The room was equipped with variable chromaticity illuminant on the ceiling, 
which was made of the combination of 0 65 simulating fluorescent lamp, ND filter and color filters. 
The color of the illuminant was changed arbitrarily between white(D65 ) to blue, orange, green or 
purple, at almost constant illuminance. An aperture (2deg x 2deg) was made on the front wall, and a 
CRT display was set about 20cm behind this aperture (Fig.l(b)). When the observer viewed the CRT 
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Figure 1. Schematic view of apparatus 
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Figure 2. llluminant pairs 
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surface through this aperture, observer perceived as if watching at a color patch on the wall. 
A window (lldeg x Sdeg) is opened on the side wall (Fig. l(a)), and test stimulus was viewed 

through this window. The test stimulus, including test color chip, was illuminated with another 
variable-chromaticity illuminant. A shutter was placed between observer and the test stimulus and was 
closed during the adaptation and the exchange of test color chip so that the observer was able to adapt 
to the room illuminant at the maximum extent. 

Both test and matching stimulus were 3 by 3 array of color chips . The center color chip was 
chosen from OSA color chip for matching stimulus. The center color chip for matching stimulus was 
the CRT surface(Fig.l(b)), and the observer was able to adjust the luminance and the chromaticity of 
this matching stimulus with a keyboard. 

Either blue, orange, green or purple illuminant was paired with 0 650 and presented with the 
combinations shown in Figure 2. Under the symmetric condition, the observer is expected to make a 
match with the physical chromaticity of the test color chip. The Ww and Cw conditions or the We and 
Cc conditions in Figure 2 are the pairs of showing physically the same stimulus as test color chip but 
different in the room illuminant. Therefore, the effect of chromatic adaptation to the illuminant will be 
observed by making comparison between these conditions. 

The observer's task was to match the mere appearance of the center color chips(apparent-color 

setting) between the test- and the matching-stimulus . The observer was asked to stay in the room for 

156 



0.3 

•• unique 
white 

0. 2 
0.1 0.2 u' 0.3 0.4 0.1 

Figure 3. Raw data 

• og . 
e • unique 

white 

0.2 u' 0.3 0.4 

five minutes before starting the experiment. The illuminant condition was fixed through a session. 
Four test color chips were presented randomly, and the observer made five matches for each color 
chip. Before finishing a session, the observer was asked to make five unique-white settings. Two 
color normal observers (IK and KS) participated in the experiment. 

3. RESULTS and DISCUSSION 
Figure 3 shows the results for white (065 ) and green illuminant-pair conditions for observer KS . 

Panel (a) shows the results for Ww and Gw conditions, while panel (b) shows the results for Wg and 
Gg conditions . In both panels, the results for symmetric and asymmetric conditions are plotted with 
closed squares and open circles, respectively. The results for unique white setting was represented 
with gray symbols; square and circle represents symmetric and asymmetric conditions, respectively. 
Results for symmetric conditions matched almost completely with physical chromaticities of the test 
stimulus( not shown). Unique-white setting within each panel is shifted by chromatic adaptation to the 
illuminant. Provided that the solid symbols represent the physical chromaticity of the test stimulus, the 
shift in color appearance for the test color chip exists, when the room illuminant is changed. 

We converted the results into L-, M- and S-cone responses 5l, and applied a simple transformation 
to cancel the effect of chromatic adaptation. We assumed a simple von Kries-type response regulation 
to the L-, M- and S-cone, which may shift the balance of sensitivity between these three cone classes, 
to align the color appearance by aligning the white-point. We defined the coefficients as follows : 

We applied the relative cone weights a andy for all other matched results. 2
l 

The result of this transformation is shown in Figure 4. Panels (a) and (b) are showing results 
corresponding to the conditions shown in Figures 3(a) and (b) , respectively. The symbols are the 
same as in Figure 3. The location of the square and circle symbols show almost complete match . This 
means that the effect of sensitivity change is canceled by the simple von Kries-type transformation. In 
other words, after canceling the shift in color appearance with the relative change in L-, M- and S-
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Figure 4. After von Kries transformation 

cone sensitivities, the chromatic signals are the same for physically same objects. 
If so, which system is responsible for picking up the information that the physical property of the 

test stimulus is the same, after change in color appearance? Since the chromatic adaptation is firmly 
fixed by the room illuminant, some other mechanisms, such as spatial-contrast mechanism, may 
account for this color constancy. 

4. CONCLUSION 
Our new apparatus provided the observer with stable state of chromatic adaptation. By applying 

the von Kries-like transformation, the shift of matched apparent-color showed constancy under 
different ambient illuminant. The constancy under concrete chromatic adaptation may suggest 
existence of a mechanism that may integrate spatially distributed information. 
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Color Mondrian Experiments without Adaptation 

John J. McCANN 

The McCann, McKee and Taylor (MMT) experiments! provided quantitative measurements of 
the change in color appearance caused by change in the L,M,S components of the illumination. 
These experiments provide a baseline for quantitative changes in appearance for color constancy 
conditions. The MMT experiments used the same display in all five cases, so that the average 
radiance of the entire field of view changed with the illuminant composition. 

The experiments described in this paper uses the same papers and illuminants as in MMT. 
However, this time a new surround is added to exactly compensate for the shift in the average 
radiances caused by the change in illuminant. In other words, the new surround compensates for the 
new illuminant so that the color adaptation levels of observer are constant. 

Two formats of surround were used in the experiments. First, the compensating surround was 
placed around the outside of the 17 -area Mondrian. Second the compensating surround was placed 
around each individual area in the Mondrian. In both cases the color matches were found to be very 
similar to those measured in the original MMT experiment. The experiments show that both global 
and local adaptation conditions had minimal effect on the colors that the observers chose. 

I. INTRODUCTION 
Since the nineteenth century color constancy has been associated with the idea that a change in 

the color of the illumination in the outside world will trigger a change in the human response to 
light that will automatically compensate for that external physical change. Changes in visual 
response have been described in the literature and measured quantitatively . Many different 
mechanisms have been proposed as to how human vision makes this change in response: 
Helmholtz's 'psychological inference'2, von Kries's "adaptation"\ Hurlbert's "gray world"4, 
modern Color Appearance Models' 'adaptation'S, Land and McCann's normalization to the 
maximum in each of the L, M, S wavebands6 and Ratio-Product-Reset models.? 

The original MMT experiments can be explained by all of these mechanisms because the 
changes in illumination falling on the Mondrian, in a dark room, changed the average global 
stimulus. Yet, an adaptation, or a gray world mechanism, is a very different concept than a 
normalization to a maximum. The purpose of this paper is to design new Mondrian targets that 
hold adaptation constant. The logic is that, if the average quanta catch of the entire field of view is 
constant, then there can be no adaptation. Color constancy will not be observed, if its mechanism 
uses adaptation. Or, if color constancy is observed, its mechanism does not use adaptation. 

2. EXPERIMENTS 
The Mondrian displays I were illuminated uniformly with three different narrow band lights; 

630 nm (long), 530 nm (middle), and 450 nm (short). The illuminant intensities for each of the five 
displays were chosen to compensate for one paper selected. The amount of long-, middle-, and 
short-wave illuminants were chosen such that the same triplet of radiances (L, M, S) comes from 
the gray paper in the initial illuminant; the red paper in illuminant 1; the green paper in illuminant 
2; the yellow paper in illuminant 3; and the blue paper in illuminant 4. 
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Figure 1. The left diagram is the Surround Target. Here the surround area is placed around the 
Mondrian. The right shows the Local Surround Target. Here the surround is placed around each 
individual area of the Mondrian. Solid lines show the papers; gray lines show a 2X Mondrian. 

Finally, five different surround papers (See Fig. 1.- Surround Area A in Surround Target) were 
chosen for each of the five displays to compensate for the illuminant. The long-, middle-, and 
short-wave reflectances were chosen so that the same triplet of average radiances (A VL, A VM, 
A VS) came from the global average of each of the five targets. 

Integrated radiances! is a measurement of radiance multiplied by the long-, middle and short-
wave cone sensitivity functions of the human eye. Integrated reflectance is the ratio of the 
integrated radiance from a particular paper divided by those from a white paper. We measured the 
integrated radiance from each area in the Mondrian, in each illuminant. We measured the integrated 
reflectance of several hundred candidate papers in the appropriate triplet of illuminations. A 
computer program calculated the Total Average Radiance (TAR) for a large number of different 
papers, scaling the contribution of each paper based on its area. We normalized the calculation to 
the TAR GRAY in Table I setting this value to 100%. For the other targets, a value of I 00.0 
means that the new surround paper exactly compensates for the change in average due to the 
illuminant. We were able to find five papers, one for each target that were very close to exactly 
compensating for the change in average due to the change in illuminant. The names and values for 
the best five surround papers that were used in these experiments are listed in Table 1. 

Table I. 

TARGET 
TAR GRAY 
TAR RED 
TAR YELLOW 
TAR GREEN 
TAR BLUE 

Total Average Radiances for selected papers for each waveband. 

SURROUND PAPER 
N 6.25/ 

Color-Aid RVR Hue #2 
5 Y 8/14 Glossy 
7.5 G 6/8 Glossy 
Color-Aid B Tint 2 

Total Average Radiances in percent 
LONG MIDDLE SHORT 

I 00.0 I 00.0 I 00 .0 
I 00.0 I 06.4 98.2 
97.9 98.0 97 .5 
95.6 97.5 98 .6 

102.3 100.0 103 .0 

Thus we have constructed a set of five displays that have the same average over the entire field 
of view. Any measure of a global average or gray-world average describes the displays as identical. 
In addition, we have a particular paper in each display that sends to the eye identical triplets of 
radiances. As in the earlier Mondrian experiments, the papers have different reflectances and 
compensating illuminants. To what extent does the equivalence of the Total Average Radiance 
(TAR) for all five targets influence the observers' choice in matching color sensations? 

A simple adaptation, or global gray-world model averages the quanta catch of the receptors over 
the entire field of view. Such a model predicts that the five papers will appear identical, because 
the radiance from each is identical and the Total Average Radiance is identical. 
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A normalization model, such as Ratio-Product-Reset model, predicts that the average radiance 
will have a small effect, but basically the papers will appear very similar to their appearance in the 
initial illuminant and initial surround. Both surround and illuminant will change the appearance of 
the five selected papers, but as measured in previous quantitative experiments!, the magnitude of 
these effects will be small. The nonlinear reset is the underlying operation that causes the Ratio-
Product-Reset model to behave independently of the average properties of the scene. It 
normalizes to the maximum in each waveband and is only secondarily responsive to the radiance. 

3.0 RESULTS 
The experiments described below measure the influence of Total Average Radiance. The first 

four columns of Table 2 describe the results. The first column identifies the area of the Mondrian 
to be matched. The second column identifies the reflectance (Munsell designation) of that area. 
The third column shows the Munsell designation of the average chip in the Munsell book chosen 
to match the Mondrian area for the original MMT target. The fourth column shows the Munsell 
designation of the average chip in the Munsell book chosen to match the Mondrian area (column I) 
for the Surround target. 

Table 2. For each target (column I) the paper used if that area (column 2), the average paper 
chosen in MMT column 3), in the Surround Targets (column 4), in the Local Surround Targets 
(column 5), and the computed Ratio-Product-Reset predictions (column 6) . 

Actual Matching Matching Matching Comp uted 
Reflectance C hip Ch ip Chip Match 

LOCAL 
Target MMT SURROUND SURROUND MMT 
GR AY N 6.75/ 5 YR 611 N 6.0/ N 6.5/ N 6/ 
(Area P] 

RED 10.0 RP 6/ 10 5 R 6/6 2.5 R 7/4 10 RP 7/4 5 RP 5/4 
(Area G] 

YE LL O W 5.0 y 8.5/ 10 5 y 818 2.5 y 8.5/8 2.5 y 8.517 7.5 y 7/8 
(Area C] 

GR EEN 2.5 G 7/6 10 G 7/4 2.5 G 7/3 5 GY 7/2 5 G 616 
(Area R] 

BL UE 2.5 PB 6/8 2.5 PB 6/4 7.5 B 6/3 5 B 6/2 7.5 B 6/6 
(Area H] 

One could argue that the human visual system uses a local average mechanism rather than a 
global one. This assumption is more difficult to test because a local average hypothesis requires 
from its proponent a specific size, shape, and weighting function based on radius. One can develop 
alternative techniques to test the influence of local averages. Fig. I shows the Local Surround 
Target. It is made up of the same papers used in the Surround targets The papers are simply 
placed on the surround in a different location. Each area in the Mondrian is surrounded by the 
Surround A paper. Corresponding papers in all targets have the same shape and size. These new 
targets do not alter the physical measurements listed in Table 1; they only change the target in its 
local properties. Instead of surrounding the seventeen papers in the Mondrian with the paper, we 
changed the surround around each area of the Mondrian. This was done by simply placing each 
Mondrian paper in the center of the dimensions of a Mondrian twice as big. 

We repeated the experiment described above and had observers match each area in each of the 
five Local Surround Mondrians . The five matches for the area in each target that sent the same 
radiance (L, M, S) to the eye are listed in Table 2 beside the matches from the Surround Targets. 

4. CONCLUSIONS 
These experiments test two hypotheses. First, whether human VISIOn uses adaptation 

processes, or average quanta catch, in color constancy. In this series of Mondrians, unlike the 
original set, there is no change in the average quanta catch, so there can be no adaptation. If 
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adaptation controls color constancy, then all five patches in Table 3, column 4 should appear 
identical. The triplet of radiances at each patch are all identical. The total average radiances of the 
each display are all identical. Nevertheless, the observers chose 5 very different colors: gray N/6, 
red 2.5R 7/4, yellow 2.5Y 8.5/8, green 2.5 G 7/3 and blue 7.5B 6/6. Color constancy is not 
controlled by adaptation, based on the quanta catch of the receptors. 

The second hypothesis is whether the color constancy can be predicted by nolmalization to the 
L, M, S maxima. This hypothesis predicts that each patch will appear different, and essentially 
the same as in MMT. In Table 2. the comparison ofMMT data in the third column with Surround 
Data in the fourth show that they are very similar. The data supports the L M, S normalization 
hypothesis. 

Returning to Table 2, the fifth column shows the Munsell designation of the average chip in the 
Munsell book chosen to match the Mondrian area in the Local Surround targets. The Surround A 
papers are the most saturated papers we could find. We placed them so as to completely 
surround each area of the Mondrian. Even when changing the local surround as much as possible 
with papers, there was no significant change in the observer's color matches from the Surround 
Target The observers again chose 5 very different colors: gray N 6.5, red lORP 7/4, yellow 2.5Y 
8.5/7, green 2.5 G 7/2 and blue 5B 6/6. 

The final column in Table 2 shows the Munsell designation of the chip in the Munsell book 
calculated to match the Mondrian area for the original target. I The nonlinear reset is the 
underlying operation that causes the Ratio-Product-Reset model to behave independently of the 
average properties of the entire field of view. It normalizes to the maximum in each waveband and 
is only secondarily responsive to the average properties of the image. The Ratio-Product-Reset 
model chose 5 very different colors: gray N 6., red 5RP 5/4, yellow 7.5Y 7/8, green 5 G 6/6 and 
blue 7.5B 6/6. The Ratio-Product-Reset model is able to calculate satisfactory predictions of 
observer color matches. 

Both the Surround and the Local Surround experiments show that color constancy is controlled 
by a normalization process. Further these experiments shows no evidence to support an 
adaptation process that averages quanta catch in the image. 
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Naturalness Judgements of Object Colours 

S.N. YENDRIKHOVSKIJ , F.J.J. BLOMMAERT, 
H. de RIDDER and S.T.J. van HELVOIRT 

The aim of the present study is to determine and describe the process underlying the subjective 
impression about the fidelity of reproduced object colours. To this end, we present a concept of 
'naturalness judgements' and a framework for their specifications. We consider five research 
questions which are essential for this framework and discuss plausible answers supported by 
experiments. In general, we propose that naturalness assessment of object colours can be: I) 
defined as similarity to memory prototypes; 2) characterized by a probability density function of 
Gaussian form; 3) consistent for different backgrounds; 4) compatible among different objects, but 
shows characteristic properties. We also suggest that 5) naturalness judgements of a whole scene 
are probably mainly determined by the naturalness of the most critical object in this scene. 

I . INTRODUCfiON 
Any reproduction of natural objects with a slide, photo, or TV -display has a certain degree of 

fidelity . Assessment of the deviations from perfect rendering can be performed by means of 
instrumental measures or subjective judgements. The description of the instrumental measures is 
straightforward and can be implemented in colorimetrical equipment; but the specification of 
subjective judgements has yet to be developed. Several studies have brought up the question about 
the basis on which an observer judges colours in a reproduction [I]. It has been argued that such 
judgement is a comparison between the object colours evoked by the reproduction and internalized 
knowledge about the typical colour of that object in nature. The typical colours that are recalled in 
association with familiar objects have been defined as 'memory colours' [2], and the degree of 
correspondence to memorized reality has been defined as 'naturalness ' [3, 4]. 

In this paper, we introduce a framework for determining the process underlying naturalness 
judgements of object colours. We pose five basic questions and discuss answers that are supported 
by different experimental results. 

2. EXPERIMENTS 
Question 1: What determines naturalness judgements of object colours? 

The proposal is that naturalness judgements of an object colour are primarily determined by 
similarity with the memory prototype of that object colour. 

In a first experiment seven subjects estimated the similarity in colour of skin samples displayed 
on a monitor screen and typical Caucasian skin colours stored in their memory. The observers used 
an eleven-point numerical category scale ranging from 0 (no similarity between perceived and 
prototypical colours) to 10 (complete similarity between perceived and prototypical colours) . In a 
second experiment six other subjects estimated the naturalness of the displayed Caucasian skin 
samples, using the same scale: from 0 (completely unnatural skin colour) to 10 (completely natural 
skin colour). All subjects were checked on deficiencies in colour vision. No deviations were found. 
The stimulus material was identical in both experiments and was obtained by manipulation of the 
colour point distributions of a digitized natural scene (a boy sitting in a field of grass) in the CIE 
1976 (L *u*v*) colour space [5]. A set of 'skin samples' was prepared by changing the chroma 
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value and hue-angle for each pixel of only the boy' s skin while 
its lightness was kept constant. In order to manipulate the 
picture 'locally', the skin area was carefully separated from the 
rest of the scene. The chroma value of every pixel in the 'skin 
image' was scaled by constants 0, 0.4, 0.7, 1.0, 1.3, 1.6, 1.9, 
2.2. For the hue changes, colour points were rotated over -60, 
-30, -15, 0, 15, 30, 60 degrees. If, during the processing of the 
images, calculated values were out of the possible range for 
gray values of the monitor, the nearest possible value of 

0 
0 0.2 0.4 0.6 o.s l.O chroma was used. The images were displayed by an Image 
similarity to memory prototype 

Fig. I: Scatter diagram of 
naturalness judgements against 
similarity judgements. 

Sequence Processor ISPSOO on a high-resolution calibrated 
BARCO monitor. The outcomes of both experiments are 
shown in Fig. 1. The relation between 'naturalness ' and 
'similar-to-memory-prototype' judgements is found to be 
linear (r =0.929, F=202, p<O.OO I). Although both judgements 
are closely related, they should be clearly distinguished: 

similarity is related to the colour difference between perceived and prototypical object colours, 
while naturalness is the judgement as whether or not that perceived difference is accepted. 

Question 2: How can naturalness judgements of object colours be formally characterized? 
The proposal is to model naturalness judgements by a multivariate probability density function . 
We adopt the basic assumptions of multidimensional models of categorisation [6] that any 

perceptual and· cognitive effects of a given stimulus can be represented as a point in a 
multidimensional perceptual space. The CIELUV colour space has been chosen as an 
approximation of that space, since it has an associated perceptually uniform chromaticity diagram. 
Suppose the observer's percept of an object colour and its prototype can be defined by sets of 
coordinates in this space. Then similarity can be modelled as proximity in the CIELUV colour 
space and described by a monotonically decreasing function of the distance between point 
representations of the apparent and the prototypical colours. The choice of the analytical form of 
that function is not trivial and depends on occurrence probabilities, and even on the properties of 
the response process. For convenience, we propose to use a normal (Gaussian) density function . 

10 

0 
0 10 20 30 40 50 

The CIELUV colour distance 

Fig. 2: The best fit of a Gaussian 
function relating the naturalness 
judgements to the CIELUV colour 
distance from the original. 

Fig. 2 illustrates the results of Experiment 2 as a Gaussian 
function of the CIELUV colour distance between the 
averaged colours of manipulated ' skin samples ' and the 
averaged colour of the skin in the original image. The 
analysis shows that the Gaussian function provides a 
good fit (r=0.949, F=288, p<O.OOI). The relationship 
between naturalness judgements and the averaged 
chromaticity coordinates of the skin-representing pixels 
in the CIELUV colour space were described by a 
bivariate Gaussian distribution with five parameters: two 
means, two variances on the hue- and chroma 
dimensions, and a correlation coefficient. Fig. 3a shows 
the Gaussian cr - contours of the similarity and 
naturalness judgements on the stimulus grid of 
Experiments I and 2 in the CIELUV chromaticity plane. 
It can be seen that: I) the two distributions almost 
completely overlap; 2) the variances of both distributions 
are bigger in the chroma dimension that in the hue 

dimension; 3) the means of both distributions are very close to the original (denoted by x). 
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Fig. 3: Gaussian modelling of naturalness judgements . Solid line: for the ' locally' manipulated 
sk in samples. Broken line: for the 'similarity-to-prototype' judgements (a) ; for the 'globally' 
manipulated skin samples (b); for the naturalness judgements of the whole scene (c). 

Question 3: How consistent are naturalness judgements for different backgrounds? 
The proposal is that there is a considerable amount of consistency (probably also due to the 

colour constancy effect) in naturalness judgements of object colours for different backgrounds. 
In a third experiment seven subjects followed an experimental procedure which was identical to 

Experiment 2 with only one exception: the stimulus material was obtained by manipulation of the 
colour point distributions of the whole scene. The changing chroma values and hue-angles were 
varied by the same constants as in Experiment 2, but 'globally', i.e. for all pixels of the scene. The 
' local' transformations might be considered as an approximate imitation of changing the spectral 
reflectance of displayed objects, and the 'global' transformations as an approximate imitation of 
light source variations. The results of the Gaussian modelling are compared with the results of 
Experiment 2 in Fig. 3b. Differences between the means and sizes of the two distributions are 
within experimental error. It should be noted however that the closeness in the distribution sizes 
may be caused not only by the consistency of the naturalness judgements but also by the fact that 
the stimulus grids were the same in both experiments. 

Question 4: What determines naturalness judgements of a whole scene? 
o In a fourth experiment seven subjects judged naturalness of 

1:l the whole scene. In addition to the skin colours, the colours of 
6 the boy's shirt were also 'locally ' manipulated in the same 

0 
-a way as in Experiment 2. The results of the Gaussian modelling 

-5 6 for the nine skin samples with the original colour of the shirt 
'0 ": are presented with the results of Experiment 2 in Fig. 3c. All 

0 
subject' s responses for 9*9 factorially designed skin *shirt 

;;l manipulations are demonstrated in Fig. 4. The lines connect 
E points belonging to one colour of the shirt. The outcome of 
" 

0 0 0.2 0.4 0.6 0.8 1.0 Experiment 4 supports the fourth proposal that naturalness 
naturalness of the skin 

Fig. 4: Naturalness judgements 
of the colour of the whole scene 
as a function of naturalness 
judgements of the skin colour. 

judgements of the whole scene are probably primarily 
determined by manipulation of the most critical object, i.e. the 
skin, and hardly limited by the manipulation of less critical 
objects, i.e. the shirt. 

Question 5: How compatible are naturalness judgements among different objects? 
The proposal is that the probability density functions describing naturalness judgements for most 
categories of natural (not man-made) objects do not differ much in size but posses their own 
characteristic in position and shape. 
In a fifth experiment seven subjects judged the naturalness of displayed grass and sky colours. The 
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experimental procedure 
and manipulation of 
images were identical to 
the ones of Experiment 
2. The best-fit of 
Gaussian means and 
cr -contours on the 

stimulus grid in the CIE 
1976 UCS chromaticity 
diagram for skin, grass, 

0 .. J.L..-="0.'-=2-.,-0."'4--::0.1.:.6:---::0,.,.8:---:-'l.O and sky are shown in 
naturalness experimental Fig. 5a. It is noteworthy 

Fig. 5: Results of Gaussian modelling of naturalness judgements 
for skin ( o), grass (c), and sky (A) . 

that the hue-angle of 
these three prototypical 
object colours agree 

with the results of Hunt et a!. [7] that were found for the preferred colours of reflection prints of the 
same objects. Fig. Sa demonstrates that the three ellipses have a different size, shape, and angle of 
inclination. The question whether the differences are determined by: I) the statistics of these object 
colours in the nature, 2) the properties of the colour space, or 3) the stimulus sets, should be 
answered in future studies. The correlation between naturalness modelled by the bivariate Gaussian 
distribution with five parameters and the experimentally obtained naturalness judgements is 
r=0.985 for the skin, r=0.986 for the grass, and r=0.985 for the sky (see Fig. 5b). 

3. CONCLUSIONS 
We propose that naturalness assessment of object colours can be: I) defined as similarity to 

memory prototypes; 2) characterized by a probability density function of Gaussian form; 3) 
consistent for different backgrounds; 4) compatible among different objects, but shows 
characteristic properties. We also suggest that 5) naturalness judgements of a whole scene are 
mainly determined by the naturalness of the most critical object. These proposals are supported by 
the results of the primary experiments but should be verified in future investigations. One of the 
main problems to be solved is an estimation of the flexibility in response metrics. 

REFERENCE 
I. HUNT, R. W. G., The reproduction of color in photography, printing and television, Fountain, 

Tolworth, pp. 36-39 (1987). 
2. BARTLESON, C. J., Memory colors of familiar objects. J. Opt. Soc. Am. 50 (1960), pp. 73-77. 
3. FEDOROVSKAYA, E. A., RIDDER H. DE, and BLOMMAERT F. J. J., Chroma variations 

and perceived quality of color images of natural scenes. Color 22 ( 1997), pp. 96- 110. 
4. RIDDER H. DE, Naturalness and image quality: saturation and lightness variation in color 

images of natural scenes. J. Im. Sc. Tech. 40, 6 ( 1996), pp. 487-498. 
5. WYSZECKI, G., and STILES, W. S., Color Science, 2nd edition, John Wiley & Sons, New 

York, pp. 165-166 (1982). 
6. ASHBY, F. G., Multidimensional models of categorization, in: Multidimensional models of 

perception and cognition, Hillsdale, New Jersey, pp. 449-483 (1992). 
7. HUNT, R. W. G., PITT, I. T., and WINTER, L. M., The preferred reproduction of blue sky, 

green grass and caucasian skin in colour photography. J. Phot. Sc. 22 (1974), pp. 144-150. 

AUTHORS' ADDRESS 
IPO, Center for Research on User-System Interaction, 
P.O. Box 513,5600 MB Eindhoven, The Netherlands 

166 



Lightness Judgment in Relation to the Size of the 
Recognized Visual Space of Illumination Controlled 

by Lightness and Color Saturation of Objects 

Yoko MIZOKAMI, Mitsuo IKEDA and Hiroyuki SHINODA 

The lightness of a reference and a test patch was compared when they were placed in respective 
miniature rooms illuminated at a same illuminance level. The test room was furnished with wall , 
floor and furniture with lower lightness compared to those of the reference room. Based on a 
hypothesis that a subject gains the recognized visual space of illumination of a smaller size for the 
test room, and that the apparent lightness of an object was determined relative to the size, it was 
predicted that the subject matches the test patch with the reference patch when the Munsell Value 
of the former is lower than in the latter. The prediction was confirmed for two different conditions 
of the test room, with grey furniture and colored furniture. 

I. INTRODUCTION 
One can easily and immediately understand how a room is illuminated when slhe enters the room. 

The state is called that s/he gained or constructed a recognized visual space of illumination (RVSI) 
for the room in her/his brain'·". For the construction of the RVSI various information in the room is 
used such as the luminairs and objects, and they are called the initial visual information. When the 
recognition is such that the room is brightly illuminated, we express it as the size of the RVSI is 
large. All the judgment for the surface appearance of objects are done hereafter based on the size 
and if a surface is perceived too bright compared to the size the subject feels contradiction and 
solve the situation by seeing the surface radiating light. This is an explanation for color mode 
change. 

Now if we can present a subject a test patch whose luminance is kept constant in rooms of 
different size of RVSI, the judgment of lightness of the test patch is expected to be different in 
different rooms as the lightness is judged relative to the size of the RVSis. In the present 
experiment the prediction is proved by investigating the judgment of lightness of a test patch placed 
in two different rooms whose RVSis are made different in size. 

2. EXPERIMENT 
We constructed two miniature rooms of an 

exactly same spatial construction and placed 
side by side. The left side room serves as a 
reference room and the right as a test room. 
The construction of the room is shown in 
Fig. I and there placed a desk, a chair, a bed 
and a chest as furniture. A subject observes a 
room through an opening shown without 
shadow in Fig. I. Both rooms are illuminated 
by respective and same ceiling light sources 
and the illuminance on the floors was kept 
constant at 600 lx all the time. A small square 
labeled T is a paper patch of 5x5cm in size 

Fig .!: A view of the miniature room viewed by 
the subject. 
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which serves as a stimulus for the judgment 
of lightness. This is attached at the top of a Table I : Color specifications of the experimental 
pole projecting from the back wall of the arrangement. 
room and the subject sees it in midair of the 
room. The patch can be easily exchanged with 
other patches by an experimenter who stays 
behind the apparatus. 

We conducted two different experiments, 
grey and color experiments. In the grey 
experiment the walls and the furniture of the 
rooms were entirely made of grey surfaces 
with various lightness, but those of the test 
room had lightness lower than those of the 
reference room by the amount of 1.5 in 
respective objects as shown in Table I. 

Items 

wall 
floor 
bed (top) 
bed (side) 
desk 
chair -----
chest 

Ref. room 

N8.5 
N7.0 
N7.0 
N6.0 
N5.5 
N6.0 
N6.0 

Test room 
Grey expt. Color expt. 

N7 .0 N7.0 
N5 .5 N5.5 
N5.5 5Y7/6 
N4.5 IOPB6/6 
N4.0 IOB5.517 
N4.5 10G6/6 
N4.5 5R6/7 

We can expect that the size of the RVSI of the test room is smaller than that of the reference room 
because it offers the subject the initial visual information of darker appearance of objects". We can 
predict then the test patch appears brighter with larger lightness than the reference patch if they 
have a same lightness as the test patch is perceived in reference to a smaller size of the RVSI. 

In the color experiment the surfaces of all the furniture in the test room are colored and their 
lightness is now made equated to those of the reference room as shown in Table I, while keeping 
the surfaces of walls and floors same as in the grey experiment. The furniture now should offer the 
subject the initial visual information of brighter atmosphere and the size of the RVSI of the test 
room becomes larger than the case in the grey experiment. We predict that the lightness of the test 
patch is now lowered a little compared to the grey experiment. 

Two reference patches, N4.0 and N6.0, were employed and several test patches with 0.25 step of 
lightness were prepared for each reference patch. 

Five subjects participated in the grey experiment and three of them also participated in the color 
experiment. They were MI(64 years old, male), HS(31 , male) and YM(22, female). The data of 
these three subjects common to both experiments are analyzed in this paper. 

In the experiment the subject sits in front of the miniature rooms and observe inside of the rooms 
in turn. S/he is not allowed to look at the two 
rooms at the same time by stepping back, but 
asked to observe the rooms one at a time . The 
subject is then asked to judge which patch is 
brighter or has a higher lightness. The 
experimenter changed randomly the 
combination of the reference patch and the test 
patch every time after the subject's judgment. 
Ten judgments for each combination were 
made to complete one experimental session. 
Five such sessions were carried out for each 
subject. 

3. RESULTS AND DISCUSSION 
Examples of raw data are shown in Fig.2 for 

the grey experiment with the reference patch 
of N6.0 from the subject YM. Five curves 
correspond to different sessions. Along the 
abscissa the Munsell Value of the test patch is 
taken and along the ordinate the percentage of 
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Fig.2: The %Test-brighter plots for 
various Munsell Value of the test patch 
taken from the results of the subject YM, 5 
sessions, the grey experiment. 



the response reported that the lightness of the 
test patch is higher. Five curves come very 
close with each other to indicate the reliability 
of the subject's responses in spite of her first 
experience in this kind of experiment. It is 
noticed in Fig.2 that when the test patch was 
compared to the reference patch of 
N6.0(shown by an arrow), the test patch of 
Munsell Value less than 5.5 was perceived 

90 

80 

t 70 

60 

50 
;;; 

40 
same as the lightness N6.0 of the reference e'< 30 
patch if we read out the Value of test patch at 
50% along the ordinate . It must be 
remembered that both patches had a same 
luminance. 

In Fig.3 the averaged value of each subject is 
plotted for the reference patch of N4.0 (left) 
and N6.0 (right) from the grey experiment. No 
great difference is found among the subjects. 
If we take the average among subjects and 
obtain the Munsell Value of the test patch at 
50%Brighter, it is 3.5 for N4.0 and 5.3 for 
N6.0, both being smaller than the reference 
Value. This implies that the RVSI of the test 
room is small in size and the lightness of the 
test patch is estimated larger than that of the 
reference patch although the test room is 
illuminated at an equal illuminance of 600 lx 
as the reference room. 

20 

10 

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 
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80 
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E 

60 
'f 50 

40 

Munsell Value of test patch 

Fig.3: The %Test-brighter plots for 
Munsell Value of the test patch for 
reference patch of N4.0 (left) and N6.0 
(right). Signs correspond to subjects, 
0 , MI; /::,, HS; 0 , YM. 

The results from the color experiment are 
shown by open signs in Fig.4 for the reference 
patch of N4.0 (left side of the figure) and N6.0 
(right) . These are averaged values of three 
subjects. The corresponding data are also 
plotted for the grey experiment by filled signs. e'< 30 
It is clearly shown that the curves are shifted 
toward right compared to the grey experiment 
and this indicates that the lightness of the test 
patch is now estimated lower and a test patch 
with a higher lightness matches with the 
reference patch. This is readily explained by 
an enlarged size of the RVSI of the test room 
due to higher lightness and color of the 
furniture. It must be emphasized that the back 
wall in both grey and color experiments had a 
same Munsell Value and the shift toward right 
can not be explained by the influence of the 
back wall immediately surrounding the test 

20 
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2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 

Munsell Value of test patch 

Fig.4: The averaged %Test brighter plots 
for Munsell Value of the test patch for 
reference patch of N4.0 (left) and N6.0 
(right). The filled signs are from the grey 
experiment and the open, the color 
experiment. 

patch . We can conclude that the difference found here is entirely due to the difference in furniture 
lightness and color. The prediction that the lightness of a test patch is determined relative to the size 
of the RVSI of a room where the patch is placed is confirmed positively. 

It is interesting to analyze the amount of the difference of the Munsell Value between the 
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reference patch and the test patch for various 
experimental conditions employed in the 
present investigation. In Fig.5 the Munsell 
Value of the test patch is plotted against the 
Munsell Value of the reference patch, filled 
signs for the grey experiment and open signs 
for the color expenment. It is reasonable to 
assume that both Munsell Values coincide at 
zero and lines to regress the origin and data 
points shown in Fig.5 were obtained, a thick 
solid line for the grey experiment and a dotted 
line for the color experiment. Data points 
fairly well lie on these lines respectively and it 
may be concluded that the estimated lightness 
of test patches in the test room is predicted by 
a formulae to relate the Munsell Value of the 
corresponding patch in the reference room to 
the lightness in a form of linear equation. The 
slope of the equation should depends on the 
relative size of the RVSI of the test room to 
that of the reference room. 

4. CONCLUSION 

..c 7 
3 
2.. 6 
-:;:; 
.:: 5 
0 
g 4 

::a > 

2 4 5 6 7 
Munsell Value of reference patch 

Fig .5 The Munsell Value of the test 
patch to match with the reference patch. 
The filled signs are from the grey 
experiment and the open , the color 
experiment. 

The lightness of a grey test patch was compared to that of a grey reference patch when they were 
placed in a test room and a reference room respectively. Both rooms were equally illuminated at 
600 lx , but the recognized visual space of illumination (RVSI) of the test room was controlled to a 
smaller size than that of the reference room by finishing the wall, the floor and the furniture with 
lower lightness. The test patch was matched with the reference patch in lightness when the Munsell 
Value was lowered for the test patch compared to that of the reference patch as predicted based on 
the concept of RVSI. Then the lightness of all the furniture in the test room was made higher and 
the surfaces were colored while keeping the wall and the floor unchanged. The lightness of the test 
patch to match with the reference patch increased to reflect the increase of the RVSI of the test 
room in size. We conclude that the apparent lightness of objects is detennined relative to the size of 
the RVSI of the space where the objects are placed. This offers a way to control the perception of 
brightness of a room in designing the interior. 
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Comparison of the Structures and Performances 
of Colour Appearance Models 

Robert W.G. HUNT and M. Ronnier LUO 

The different structures of various colour appearance models are described, and the 
performances of four of them are compared using experimentally determined data for 
corresponding colours and for colour-appearance percepts. 

1. STRUCTURES OF COLOUR APPEARANCE MODELS 
Colour appearance models usually comprise three stages: a chromatic adaptation transform, a 
dynamic response function, and a colour space for representing the correlates of the percepts. 
The earliest, and still a very useful, chromatic adaptation transform was that devised by Von 
Kries1, based on a set of cone sensitivities, and most recent models use modified Von Kries 
transforms; however, the Bradford transform2 depends on a set of sharpened spectral 
sensitivities having some small negative lobes, and it also incorporates a power function in 
its blue channel. The dynamic response functions used are cube-root in the RLAB3 and 
LLAB4 models, hyperbolic in the Hunt modeP, and logarithmic in the Nayatani model6; 

these different functions diverge most for very light and for very dark colours. The colour 
spaces used in these models are similar in that they all provide approximate correlates of 
redness-greenness and yellowness-blueness, ratios of which are used to derive angular 
correlates of hue, and square-roots of the sum of the squares of which are used to derive 
correlates of colourfulness, while non-linear functions of an achromatic signal are used to 
derive correlates of lightness. 

2. DATA USED AND MODELS COMPARED 
Two categories of data were used: those specifiying corresponding colours (colours that have 
the same appearance in different viewing conditions), and those representing average results 
for the magnitude estimation of the percepts hue, lightness, and colourfulness. 

For corresponding colours, sets of data, consisting of pairs of tristimulus values, from the 
following sources were used: Color Science Association of Japan (CSAJ)7; Helson8 ; Lam 
and Rigg2; LUTCHJ9·10; Breneman11 ; McCann12•13; and Fairchild14. The psychophysical 
techniques used included haploscopic matching, memory matching, and magnitude 

The viewing conditions included D65, D50, and Standard Illuminant A (A) 
simulators, White Fluorescent, TL84, and some coloured light sources; small (2°) and large 
(10°) samples; illuminances ranging from 10 to 38750 lux; grey backgrounds; and reflecting, 
transmitting, and self-luminous samples. The CSAJ data included three sets, investigating 
chromatic adaptation, the Hunt effect, and the Stevens effect. The LUTCHI data included 
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three sets, using D65 as reference illuminant, and as test illuminant, A, D50, and White 
Fluorescent. The Kuo and Luo data included two sets, again using D65 as reference 
illurninant, and as test illuminant, A and TL84. The Breneman data included two sets, one 
where both the colours and the illuminances of the sources were changed, and the other 
where only the illuminances were changed. The McCann data were for red, yellow, green, 
and blue sources. The Fairchild data were for pictures on reflection prints and on monitors. 

For colour-appearance percepts, the experimental data accumulated at the Loughborough 
University of Technology Computer-Human Interface (LUTCHI) Research Centre were 
used9•10•16•17•18• These consisted of magnitude seatings of lightness, colourfulness, and hue, 
averaged for groups of about six observers, together with the colorimetric data of the stimuli 
used. The viewing conditions included D65, D50, and A simulators, White Fluorescent, 
TL84, and xenon light sources; small (2°) and large (10°) samples; illuminances ranging from 
1.3 to 6600 lux; white, grey, and black backgrounds; and reflecting, transmitting, and self-
luminous samples. The data included seven sets: reflection samples seen at high, low, and 
varied luminances, large reflecting samples, monitor displays, large cut sheet transparencies, 
and projected 35 rnm transparencies. 

The performances of four different colour appearance models were compared: Nayatani976, 

RLAB963, Hunt9619 (the model with the Bradford chromatic adaptation transform 
instead of the factors F P' F Y' Fll, no rod contribution, and P. + y. + instead of 
P. + Y. + l\ to facilitate reversal), and LLAB4 with refinements19 (designated as LLAB96b in 
this paper); in Hunt96 and LLAB96b, the parameter, D, representing the extent of chromatic 
adaptation was calculated as F- F/[1 + 2(LA114) + (L/)1300], where LA is the luminance of 
the adapting field (which is taken as one fifth of the luminance of the reference white), and 
F = 1 for average surrounds and 0.9 for dim and dark surrounds. 

3. TESTING METHOD 
For the corresponding-colour data (consisting of tristimulus values for a test set of 
conditions, and the corresponding tristimulus values in a reference set of conditions), the 
testing procedure was as follows. For each corresponding pair, the tristimulus values under 
the test condition were first transformed to the reference condition (say illuminant by 
each model. Then the the CMC(l : 1) was calculated20 for the difference, in the reference 
conditions, between the model's corresponding colour and that found experimentally. Finally 
a weighted average value was obtained by multiplying the average in each data set by 
the number of pairs in that set, summing the results, and then dividing by the total number of 
pairs. For a perfect performance by a model, the value should be zero. 

For the colour-appearance percept data (consisting of average estimations of lightness, 
colourfulness, and hue, together with the tristimulus values of the stimuli used), the testing 
procedure was as follows. The tristimulus values of the stimuli were used to obtain the 
predictions of lightness, colourfulness, and hue, for each model. The difference between the 
experimental results (V) and the predictions (P) were expressed as coefficients of variation 
(CV) by calculating CV = 100[!:(Vi - Pl!n]Yif[!:(V)/n], where n is the number of samples, 
and i is the sample considered in a particular data set. Each model's lightness and hue 
predictions were tested directly against the experimental lightness and hue results, 
respectively. For each model, the colourfulness predictions were adjusted by multiplying 
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them by a single scaling factor (SF) that resulted in the predictions fitting the experimental 
data best for that model; but for the Nayatani97 model, because the scale varied appreciably 
between different data sets, a different SF had to be used for each data set. Finally a weighted 
average CV value was obtained by multiplying the average CV in each data set by the 
number of samples in that set, summing the results, and then dividing by the total number of 
samples. For a perfect performance by a model, the CV value should be zero. 

4. RESULTS 
The following results were obtained for the weighted averages. 

Hunt LLAB RLAB Naya VKries CLAB CIE1994 

Corresponding AE 4.8 4.8 5.6 5.6 6.4 6.6 7.0 
without McCann 4.2 4.2 5.3 5.1 5.6 5.7 6.4 

Lightness CV 11 12 20 21 
Colourfulness CV 17 20 29 41 
HueCV 7 7 9 14 

The corresponding-colour AEs were lower for the four models than for the Von Kries (with 
Pitt's primaries), CIELAB, and CIE1994 chromatic adaptation transforms shown for 
comparison; results are also shown excluding the McCann data, which had substantially 
larger AEs than the other data sets. Typical observer variation in corresponding-colour 
experimentation is about 4 Typical observer variation in colour-appearance percept 
experimentation is about 13 for lightness, 18 for colourfulness, and 8 for hue. 

5. CONCLUSIONS 
These results show that, for corresponding colours, the Hunt96 and LLAB96b models 
performed the best, while, for colour-appearance percepts, the Hunt96 was the best, with the 
simpler LLAB96b only slightly worse (but it does not at present include a predictor for 
brightness). 

Work is currently in progress to combine the best features of various models with the aim of 
providing simple and comprehensive versions of a model having the best possible 
performance for general use. 
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Testing Colour Models• Performance Using Unrelated 
Colour Appearance Data 

M. Ronnier LUO, Hong XU, Shunqing TANG and Fengkun ZHOU 

This study was carried out to investigate the changes of colour appearance according to 
three viewing parameters: luminances (photopic and mesopic regions), media 
(nonluminous and luminous colours) and viewing contents (simple and complex fields). 
Each colour was described in terms of brightness, colourfulness and hue using the 
magnitude estimation technique. The visual data was used to test five colour appearance 
models: Guth, Hunt, LLAB, Nayatani and RLAB . The results show that all models can 
not accurately predict the brightness and colourfulness results due to the large spread of 
luminance levels used in the experiment. 

I . INTRODUCTION 
There is a strong demand from industry to standardise a colour appearance model for 
accurately quantifying colour appearance under different viewing conditions. Many 
experimental data sets have been accumulated for deriving and testing colour appearance 
models . However, most of them are based upon the colour stimuli viewed under high 
luminance level (photopic region). Two sets of data under mesopic region were generated 
here. Five phases of experiments were carried out to investigate the changes of colour 
appearance according to three viewing parameters: luminances (photopic and mesopic 
regions), media (nonluminous and luminous colours) and viewing contents (simple and 
complex fields). The experimental conditions used for each phase are given in Table I. 

Table I Summary of experimental conditions used in each phase 

No. of Luminance Mode Media Attributes 
Phase @ colours (cd/m 2) * scaled+ 

I (PSN) 120 90 Simple Nonluminous HBC 
2 (MSN) 120 3.6 Simple Non luminous HBC 
3 (PCN) 120 90 Complex Nonluminous LHBC 
4 (PSL) 90 90 Simple luminous HBC 
5 (MSL) 90 3.6 Simple luminous HBC 

Note: 
@ : Three characters are used to represent each phase: the 1st (P-photopic, M-Mesopic), the 2nd (S-
Simple, C-Complex) and the 3rd (N-Nonluminous and L-luminous). 
•· The luminance levels of 90 and 3.6 cd/m2 correspond to photopic and mesopic visions 
respectively. 
+: The attributes scaled are Lightness (L), Brightness (B), Colourfulness (C) and Hue (H). 

Each colour was assessed by a panel of six normal colour vision observers using the 
magnitude estimation method (Luo et al 1991 ). Each observer repeated twice in each 

175 



phase. In total, over 20,000 estimations were made. These results were used to test five 
colour appearance models: Guth (1995), Hunt (1991, 1994), LLAB (Luo eta! 1996), 
Nayatani (1995) and RLAB (Fairchild 1996). Two versions of Hunt models were tested: 
related and unrelated. 

2. EXPERIMENT 
For the nonluminous experiments (Phases I to 3), one hundred and twenty glossy 
samples were selected from the JIS Color Atlas to cover a large colour area. Each sample, 
subtended 2° at the observer's eye, was viewed using a D65 simulator in a Datacolor 
International viewing cabinet. A black velvet was used to cover inside the cabinet. Only a 
single sample was displayed in the viewing field with the luminances of 90 and 3.6 cdfm2 
of a reference white for Phases I (photopic vision), and 2 (mesopic vision) respectively . 
The viewing field for Phase 3 consists of 24 colours randomly selected surrounding the 
test sample to form a complex viewing field. All colours were measured using a Photo 
Research 1980B tele-spectroradiometer. 

For the luminous phases (Phases 4 and 5), ninety colours were displayed on a high 
resolution monitor with the colour coordinates close to those nonluminous colours. The 
other thirty colour coordinates of nonluminous colours were out of the colour gamut of 
the monitor used. The average colour difference between the nonluminous and luminous 
colours was less than one CIELAB unit. Monitor calibration was carried out to maintain 
the colour stability over the whole experimental period. A black mask was used to cover 
the surface of the screen. Each colour was presented as an unrelated colour. The colour 
was shown through a hole in the centre of the monitor screen. The observers sat in front 
of the monitor and assessed each colour at a normal angle in a dark room. 

All observers were effectively trained to familiarise the magnitude estimation method. 
The brightness, colourfulness and hue attributes were scaled for all phases. The lightness 
attribute was also assessed in Phase 3. 

Different reference samples were used for scaling both brightness and colourfulness. In 
the beginning of each phase, each observer assessed the brightness and colourful ness of 
the reference sample against another one viewed under the viewing conditions of Phase I 
using a memory scaling method. The latter was assigned a brightness and a colourful ness 
of 50. This procedure was used to adjust visual results from different phases onto a 
common scale. 

3. RESULTS 
The results were analysed in the same fashion as that used by Luo et al ( 1991 ). The 
coefficient of variation (CV) between the individual observer's and the mean results was 
used to represent typical observer variation. The results were 15, 12, 16 and 8 CV units 
for the lightness, brightness, colourfulness and hue attributes respectively, which agree 
reasonably well with those of 13, 10, 18 and 8 found by Luo et al ( 1996). This implies 
that the observer precision in the current experiment is reasonable accurate and typical 
for the experiments conducted using the magnitude estimation technique. 

The mean visual results were used to test various colour appearance models. Arithmetic 
mean was used to calculate the lightness and hue results, geometric mean for brightness 
and colourful ness results . 

The brightness results were used to test Guth, Hunt and Nayatani model s. The other 
models do not have a brightness scale. For Guth model , only brightness and 
colourfulness scales were tested because it does not have a lightness scale and its hue 
scale is presented as hue angle, which can not predict colour appearance described in 
terms of hue composition. The results are given in Table 2 for testing each model's hue 
and lightness scales. 
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Table 2 Testing models' hue (H) and lightness (L) scales (in CV units) 

Model Hunt-related Hunt-unrelated Nayatani LLAB RLAB 
Attribute H L H H L H L H L 

I (PNS) 9 26 10 10 
2(MNS) 8 31 10 10 
3 (PNC) 9 14 28 13 12 14 12 16 
4(PLS) 10 II 25 12 II 
5(MLS) 10 16 30 10 8 

Mean 9 14 14 28 13 II 14 10 16 

Table 2 shows that the Hunt-related, LLAB and RLAB model s accurately predicted the 
hue results for all phases. The Hunt-unrelated model also performed well for photopic 
vision but not as good as for mesopic vision. The Nayatani model performed the worst 
for all five phases. All models gave a reasonable and similar performance in predicting 
the lightness results from Phase 3. 

For testing models' brightness and colourfulness scales, a scaling factor (SF) was used to 
adjust each model's predictions to have the same scale as the visual result in each phase. 
These SF values are given in Table 3 together with the mean values calculated from all, 
photopic and mesopic phases. 

Table 3 The scaling factors calculated for each model in each phase. 

Model 
Attribute 

I (PNS) 
2(MNS) 
3(PNC) 
4(PLS) 
5 (MLS) 

mean 
Mean (P)+ 
Mean (M)* 

Note: 

Hunt-related 
B c 

1.45 0.94 
0.33 0.22 
1.30 0.88 
1.09 0.95 
0.23 0.25 

0.88 0.65 
1.28 0.92 
0.28 0.24 

Hunt-unrelated 
B C 

2.76 2.25 
1.01 5.08 

1.89 3.67 
2.76 2.25 
1.01 5.08 

Nayatani LLAB 
B c c 

1.79 2.75 1.37 
0.34 0.84 0.31 
1.61 2.61 1.30 
1.97 2.08 1.06 
0.34 0.73 0.27 

1.21 1.80 0.86 
1.79 2.48 1.24 
0.34 0.79 0.29 

+ represents the mean value for three photopic phases (Phases I, 3 and 4). 
* represents the mean value for two mesopic phases (Phases 2 and 5). 

RLAB 
c 

1.93 
0.33 
1.53 
1.51 
0.28 

1.12 
1.66 
0.31 

Guth 
B c 

146.6 71.4 
61.9 12.0 

129.1 67.9 
156.5 58.2 
61.0 10.7 

111.0 44.0 
144.1 65.8 
61.5 11.4 

The mean SF calculated from five phases was first used to test each model. The results 
are given in Table 4. It can be seen that all models predicted badly in comparison with 
those found by Luo et al (1996), i.e. the CV values of II and 18 for brightness and 
colourfulness respectively. The man SF values for the photopic and mesopic phases 
differed by a factor of 2 to 6 (see Table 3). This clearly indicates that all models are 
incapable of accurately predicting results obtained from a large variation of luminances. 
It was then decided to use two mean SF values to adjust each models' predictions for the 
photopic and mesopic phases . The results are also given in Table 4. As expected, all 
models had a large improvement in predicting the brightness and colourful ness results. 

The results show that the Hunt-unrelated, Nayatani and Guth models performed better 
than Hunt-related model in predicting the brightness results. Also, Hunt-related and 
LLAB models predicted colourful ness results more accurately than the other models. 
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Table 4 Testing models' brightness (B) and colourfulness (C) scales (in CV units) 

Model Hunt-related Hunt-unrelated Nayatani LLAB RLAB Guth 
Attribute B c B c B c c c B c 

Using the overall mean SF 
I (PNS) 44 41 37 49 45 51 31 54 
2(MNS) 178 212 280 125 190 263 88 272 
3 (PNC) 36 37 29 45 41 38 21 52 
4 (PLS) 23 40 35 76 42 37 28 35 33 42 
5 (MLS) 307 175 95 50 274 158 235 312 88 309 
Mean 117 101 65 63 132 83 108 140 52 146 

Using the mean photopic and mesopic SFs 
I (PNS) 18 25 13 36 24 30 17 38 
2 (MNS) 24 26 17 32 25 25 15 45 
3 (PNC) 12 25 17 32 21 27 20 38 
4 (PLS) 21 21 12 40 16 40 27 24 16 36 
5 (MLS) 29 30 18 42 14 27 27 31 13 51 
Mean 21 26 15 41 15 33 25 28 16 42 

4. CONCLUSION 
Experiment was conducted under five sets of viewing conditions according to different 
viewing parameters: luminance, viewing content and medium. The results were used to 
test five colour appearance models. All models gave reasonable performance in 
predicting the hue results except for Nayatani model. This is caused by the very dark 
background used in the experiment (Y= 0 .6). The Nayatani model is recommended to be 
used with Y background more than 18. All models gave poor predictions to the brightness 
and colourfulness results by using a single scaling factor for all phases. This is mainly 
due to a large variation of the luminances used in the experiment. The other effects such 
as viewing contents and media had very little impact for describing colour appearance. 
Further experiments will be conducted to verify the brightness and colourfulness scaling 
factors between the photopic and mesopic visual results. Some of the models will be 
refined to fit the experimental results. 
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Investigation of Color Appearance Using the 
Psychophysical Method of Adjustment and 

Complex Pictorial Stimuli 

Mark D. FAIRCHILD and Karen M. BRAUN 

A technique was developed and tested for generating CRT image reproductions that matched the 
color-appearance of print originals. Five observers matched two scenes using a memory matching 
technique. Observers were able to produce accurate matches when originals and reproductions were 
viewed at the same white point. Observers matched the reproduction at 6500K to originals viewed at 
9300K and at 3000K. These matches were compared to the predictions of various color appearance 
models using a paired-comparison technique in a second psychophysical experiment. The observer-
matched images were found to be equal or superior to all predictions of the models tested. 

INTRODUCTION 
The need for accurate color-appearance reproduction across different media is becoming increasingly 
important. Colorimetric matches are acceptable when all viewing conditions are equal between 
media, a situation that is only feasible in a laboratory . Simple chromatic-adaptation models such as 
von Kries and CIELAB are useful when white-point chromaticity differs, but do not include effects 
of luminance level changes, induction due to background, surround effects, incomplete adaptation, 
or cognitive mechanisms of adaptation. More comprehensive models have been proposed to predict 
color-appearance matches across different viewing conditions. These include RLAB,1 LLAB,2 and 
models by Hune and Nayatani et al. 4 

In order to test color appearance models for imaging applications using magnitude estimation or a 
paired-comparison technique, reproductions must be calculated based on the original image data as 
well as information about the viewing conditions of the original and reproduction. Because the field 
of color-appearance modeling is still maturing, models are continually being modified and improved. 
Therefore results of a psychophysical experiment to test color appearance models might quickly be 
outdated. The goal of this research was to develop a technique to generate color-appearance image 
data independent of any color appearance model. Observers viewed original printed images in one 
viewing condition and adjusted CRT reproductions under a second viewing condition to match the 
originals. The colorimetric data from these matching images were used to test current models and 
could be used to test future modifications or new models without need for further observations. 

EXPERIMENTAL 
Observers adjusted CRT reproductions using Adobe Photoshop™ 3.0.1 to match original images. 
CRT images were surrounded by a gray field consisting of 50% white pixels and 50% black pixels. 
In the first experiment, the original image that observers matched was also viewed on the CRT. In 
this experiment, the original and reproduction were viewed successively to simulate the viewing 
situation of subsequent experiments in which white points differed. This also caused the images to 
occupy the same position on the CRT to avoid spatial nonuniforrnities. For the remaining three 
experiments, original images were viewed in a light booth, with chromaticities approximating CIE 
Illuminants D65 and A, and 9300K. All experiments were conducted in a completely darkened room 
so that only the print or CRT image occupied observers' fields of view. A divider prevented 
observers from viewing the print and CRT images at the same time. The images subtended an angle 
of approximately 17° in the observers' field of view (as measured across the diagonal of the 6" x 8" 
images). 

Two digital color scenes containing pictorial information were used in the adjustment experiment: 
a fruit basket and two golfers. Original images were printed using a Fujix Pictrography 3000 
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continuous-tone digital printer. Images included a thin white border that was adjusted and modeled 
as part of the image. The prints were mounted on spectrally non-selective gray cardboard with a 
luminance factor equal to 50% of the white border. The printed images were digitized before 
mounting using a Howtek Scanmaster D4000 drum scanner to provide RGB data for preparing the 
CRT reproductions. The scanner was colorimetrically characterized such that scanner RGB 
tristimulus values could be accurately converted to CIE XY2 tristimulus values for the actual spectral 
power distributions present in the light booth.5 

Printed original images were illuminated and viewed using various fluorescent lamps in a GTI 
Soft-View light booth. The lamps included a Macbeth 6500K, a Graphlite 5000K, and a General 
Electric Soft White (approximately 3000K). The white-point chromaticities for the print images were 
measured off the image border and differed from those of the sources (i.e., the paper was not 
nonselective). Reproductions were displayed on an Apple Multiple Scan 20 CRT with white-point 
chromaticities closely approximating those of CIE Standard Illuminant D65. This CRT was 
controlled by a Power Macintosh 81001110 and colorimetrically characterized using established 
techniques.6 For each scene, observers began with two different initial reproductions that they 
adjusted to match the original image. These differed from the original according to typical device-
dependent image transformations (not simple digital manipulations). Similar viewing conditions were 
used for the paired-comparison experiment. 

Five observers performed this adjustment experiment for each of the viewing conditions. All 
were experienced in using the color adjustment tools and tested for normal color vision. While 
successive viewing was used, observers were required to adapt to each display for 60 sec. prior to 
making any judgements. They were advised to shift their focus around the scene such that they 
would not locally adapt to colors in the scene. 

A paired-comparison experiment was performed by 32 naive observers to determine whether the 
adjusted images matched the original images at least as well as those predicted by various color 
appearance models. These models included RLAB, the Hunt model, CIELAB, and von Kries 
chromatic adaptation. Linear XYZ-to-XYZ matrix transformations were derived to predict the 
adjusted images from the originals. Images derived using these matrices were also compared to the 
average adjusted images and the model predictions. In total , seven reproductions were compared, 
resulting in 21 pairs. To further test the ability of the models and matrices to predict matches, a third 
scene (an outdoor image of a bam) was introduced that was not used in the adjustment experiment. 
The order in which the three scenes were shown was varied for the 32 observers. Observers used the 
memory viewing technique for comparing the reproductions to the original images. Observers 
adapted to a gray card in the light booth for 60 sec. before viewing the original printed image. They 
studied this original print until they were comfortable that they could remember it and then the light 
booth was covered. Observers viewed a gray field on the CRT at a luminance level approximately 
equal to the background of the print for 60 sec. before viewing the pairs of reproductions. Then they 
chose which of the two reproductions looked most like their memory of the original image. 
Observers were required to look back at the original print in the light booth (including the 60 sec. 
adaptation cycle) after having made approximately half of the 21 comparisons. 

RESULTS AND DISCUSSION 
In experiment 1, both original images and reproductions were viewed on the CRT with a D65 white 
point. The average CIELAB color difference, calculated for various object regions, between original 
and adjusted reproduction was about 3.1 . This is on the order of average perceptibility tolerances for 
complex pictorial images. In experiment 2, observers made accurate tristimulus matches between the 
CRT and the printed originals viewed in the light booth under D65. The average color difference 
between the original and the adjusted reproduction were about 3.6 in this case. The color differences 
in the cross-media experiment were slightly higher than experiment 1. This increase in color 
difference was surprisingly small considering the added constraint of remembering images over the 
60-sec. adaptation period that was not present in experiment I . Observer metamerism could also 
account for this increase in uncertainty. The results of the first two experiments define the accuracy 
of the data for changes in viewing conditions obtained in the final two adjustment experiments. 

Figure 1 shows the calculated color difference between the average adjusted reproduction and 
reproductions predicted by various models for 3000K-print to D65-CRT conditions. (Similar results 
were obtained for the 9300K to D65 experiment.) As expected, the models derived from the adjusted 
images, namely the three matrix images, had a smaller color difference from the adjusted images than 
any of the color appearance models. The image derived from the Golfer matrix (GoMatrix) had 
higher color differences when applied to the Fruit scene than the Golfer scene, and the reverse was 
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true for the Fruit matrix (FrMatrix). The Average matrix (AveMatrix) was a good compromise 
between these matrices. RLAB, CIELAB, and LLAB produced color differences on the order of 6 
units , von Kries produced differences from 6 to 8 units, and spectral sharpening, the Hunt model, 
and Nayatani et al. model produced differences greater than 10 units. 
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Figure 1. 6E*,• between average adjusted images and color appearance model 
predictions. 

Results of the paired-comparison experiment using the same viewing conditions are given in Figure 
2. The scale values and 95% confidence intervals were derived using Thurstone's Law of 
Comparative Judgements . The average adjusted reproduction for the Fruit scene produced a match 
that was as close to the original as reproductions calculated from the matrices, RLAB, and CIELAB. 
Observers found the match between the Golfer adjusted image and the original to be superior to 
images produced with any other transformation. The matrix found using both images gave good 
results on all scenes including the independent Barn image. Comparing to Figure 1, CIELAB and 
RLAB produced approximately equal color differences from the adjusted image for the Fruit image 
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Figure 2. Results of paired-comparison experiment using average adjusted image, images 
determined from matrices, and color appearance models. Error bars represent 95% 
confidence intervals. 
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yet in the paired-comparison experiment, RLAB performed significantly better. Similarly RLAB 
produced equivalent results to the matrices in the paired-comparison experiment but was significantly 
worse in the LI.E*,b calculations However, RLAB produced a smaller 1\.C*,b than CIELAB and 
approximately equal to the matrices, which corresponds well to the above observation. Perceptual 
differences between images seem to depend on which attribute is being varied (lightness, chroma, 
hue, contrast, etc.) This indicates the need for development of a metric other than LI.E*,b to more 
accurately describe the perceptual difference between two images. 

CONCLUSIONS 
It has been shown that, using an adjustment technique, observers can produce consistent matches 
over the required 60-sec. adaptation period and across a change in media. This adjustment technique 
resulted in images that matched at least as well to printed originals as reproductions created using 
color appearance models. Some restrictions of the technique are that observers must be proficient in 
Adobe Photoshop™ and must spend about a half an hour per image to make an accurate 
reproduction. In order to derive a new model of color-appearance, this experiment must be repeated 
for a wide range of viewing conditions and image content. 

According to the results of the paired-comparison experiment, the RLAB color appearance model 
produced good cross-media matches for all three images. The CIE color differences between the 
adjusted images and the RLAB reproductions were approximately equal to those produced with 
LLAB and CIELAB. In order to accurately compare models to adjusted images derived using the 
technique described here, metrics need to be developed that better correlate to perceived color-
appearance differences. The results of the adjustment technique using the two scenes in this 
experiment agreed reasonably well. 

For these white-point changes, chromatic adaptation was modeled well by linear 3x3 matrices. 
Such relationships, while valid for chromatic adaptation at constant luminance, would not be 
expected to hold for changes in luminance or surround. Further data are being collected to test this 
hypothesis. Additional details on the work presented in this paper can be found in references 7 and 
8. 

REFERENCES 
I. FAIRCHILD, M. D., Refinement of the RLAB color space, Color Res. Appl. 21, 338-346 

( 1996). 
2. LUO, M. R., LO, M.-C. and KUO, W.-G., The LLAB(l:c) color model, Color Res. Appl. 21 , 

412-429 (1996). 
3. HUNT, R. W. G., An improved predictor of colourfulness in a model of colour vision, Color 

Res. Appl. 19, 23-26 (1994). 
4. NA YATANI, Y., SOBAGAKI, H., HASKIMOTO, K. and YANO, T., Lightness dependency of 

chroma scales of a nonlinear color-appearance model and its latest formulation, Color Res. Appl. 
20, 156-167 (1995). 

5. BERNS, R.S. and SHYU, M.J., Colorimetric characterization of a desktop drum scanner using a 
spectral model, J. Elec. Imaging 4, 360-372 ( 1995). 

6. BERNS, R. S. , MOTTA, R. J. and GORZYNSKI, M. E., CRT colorimetry. Part I: Theory and 
practice, Color Res. Appl. 18, 299-314 (1993). 

7. BRAUN, K.M., and FAIRCHILD, M.D., Psychophysical Generation of Matching Images in 
Cross-Media Color Reproduction, IS&T/SID 4th Color Imaging Conference, Scottsdale, 214-220 
(1996). 

8. BRAUN, K.M. and FAIRCHILD, M.D., Psychophysical generation of matching images for 
cross-media color reproduction, J. Soc. Inf Disp. 5, submitted (1997). 

AUTHORS' ADDRESSES 
Mark D. FAIRCHLD 
Karen M. BRAUN1l 
Munsell Color Science Laboratory, Center for Imaging Science, Rochester Institute of Technology, 
54 Lomb Memorial Drive, Rochester, New York, 14623-5604 USA 
I) Current Address: Xerox Corporation, 800 Philips Rd. - 128-27E, Webster, New York, 14580 

USA 

182 



Color Appearance Model Evaluation for 
Hardcopy/Softcopy Image Comparisons 

Paula J. ALESSI 

This paper will summarize the activities of CIE Technical Committee (TC) 1-27, Specification of 
Color Appearance for Reflective Media and Self-Luminous Display Comparisons. A detailed set of 
guidelines for coordinated research on evaluation of color appearance models for hardcopy 
(illuminated reflection prints)/softcopy (self-luminous display) image-matching comparisons was 
published. Researchers from around the world have responded to the published guidelines with 
experimental results. A summary of all researchers' experimental results, including color appearance 
model performance for BFD, CIELAB, CIELUV, von Kries, Hunt, Nayatani, and RLAB under a 
variety of viewing conditions across media will be presented. 

I. INTRODUCTION 
The proliferation of electronic prepress and desktop publishing systems for imaging work has 

increased the use of hardcopy/softcopy image matching. The expectation of such imaging systems 
is that a hardcopy/softcopy image match will be achieved regardless of disparate viewing conditions 
across media. Commonly, the viewing conditions across media can vary in such parameters as 
chromaticity, luminance level, background and ambient surround. In 1990, the electronic pre press 
and desktop publishing industries looked to the Commission Intemationale d'Eclairage (CIE) for 
guidance on making acceptable color appearance matches between hardcopy (illuminated reflection 
prints) and softcopy media under a variety of viewing conditions. The CIE responded to such 
inquiries by forming CIE TCI-27. The terms of reference state that CIE TCI-27 will study and 
make recommendations for the specification of a color appearance match between a reflective image 
and a self-luminous display image. 

The first major TCI-27 accomplishment was publication of a set of guidelines calling for 
coordinated research on reflective hardcopy/softcopy image comparisons1

• These guidelines outlined 
experimental setup procedures, psychophysical experimental methods for the visual assessments, 
color measurement procedures, data analysis and color specification requirements for the evaluation 
of a common image produced on a reflection print and a self-luminous display. Six researchers from 
around the world conducted coordinated research according to the guidelines' prescribed techniques 
and contributed resulting data as input to CIE TCI-27. A summary of all researchers' experimental 
results, including color appearance model performance under a variety of viewing conditions 
between hardcopy and softcopy media, will be presented. 

2. EXPERIMENTS 
Table I identifies each research group and summarizes the experiments and analysis performed. 

Three categories of psychophysical experiments were performed. The first featured an image-
matching task, where either joystick or color editor manipulation was used to adjust a video patch 
until it matched an illuminated print patch. (The video and print patches were presented within the 
same complex viewing pattern.) The second category involved forced-choice paired comparison 
judgments where observers were making decisions on all possible pairs of video complex pictorial 
images resulting from color appearance model matches to an illuminated reflection print of the same 
image content. The third category employed the use of feed-forward neural networks trained with a 
back propagation algorithm to approximate various color appearance models. The three types of 
viewing configurations were successive binocular and memory matching, both of which involved the 
observer never seeing print and monitor image simultaneously, and simultaneous binocular. A wide 
variety of viewing conditions across media were studied, including different white point 
chromaticities, luminance levels, surrounds, and backgrounds. 
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Table 1: Summary of Researchers' Hardcopy/Softcopy Experiments 

Research Psychophysical Viewing Viewing No . Models Data 
Group Experiment/ Type Conditions of Studied Analysis 

Image Obs. 
M.Abe Image- Successive SLD & Box - D50 5 CIELUV" Vector 
Chiba Univ. Matching- Binocular SLD & Box - D65 5 CIELAB2 plots 
Japan Joystick between 

manipulation/ box patch 
30-patch &SLD 
viewing pattern match12 

P. Bodrogi Image- Memory SLD at9500K 9; CIELAB 
University of Matching- Matching Box at 3800K one Hunt 91 3 

differences Vezprem Color Editor with Hunt 944 
between Hungary manipulation/ 3 Naya 905 
observer 32-patch color repeats Naya 956 
matches & bar viewing RLAB7·8 
model12.JJ 

pattern predictions 
R. Wei Forced-choice Sirnultan. SLDatD65 2 version z-scores 
J. Shyu paired Binocular Box at D50 CIELAB w/95 % 
Industrial comparison/ 4 RLAB, confidence 
Technology complex Normal Surr. at 12 VQnKries limits12 
Research pictorial images lOOOlux 2 white ref; 
Bureau Dim Surr. at 12 I=D65 
Taiwan 300lux 2= avg 

050+065' 
M.-C. Lo Forced-choice Simultan. SLD & Box - D50 9 XYZ,Hunt z-scores w/ 
M.R.Luo, paired Binocular SLD & Box - D65 9 21,RLAB 95 % 
P.A. Rhodes comparison & confidence 
Loughborough category scale/ Memory SLD Box CIELUV limits12"14, 
Universi:J 6complex Matching 9300K D50 9 CIELAB Duncan 
Englan pictorial images 9300K D65 9 vonKries Test, 

D65 D50 9 Hunt 94 Multi -
D65 A 9 Naya 95 Dimensional 

RLAB Scaling 
BFD10 

K. M. Braun Forced-choice Memory SLD Box 
M.D. paired Matching 9300K D50 22 CIELAB z-scores 
Fairchild comparison & 9300K D65 24 vonKries w/95 % 
RITMunsell category scale/ D65 D50 16 Hunt 94 confidence 
Color Science 5 complex D65 A 16 Naya 90 limits12"15, 
Lab pictorial images RLAB 
United States SLD Box Duncan 

Luminance-cd/m2 Test, 
9300K 065 

87 215 14 Multi-
9300K D50 Dimensional 

34 178 24 Scaling 
D65 D50 

78 180 24 
D65 D65 

78 180 24 

Surr. & Backgrd. 24&20 
EBoldrin Feed-Forward SLD Box Hunt 94 
P.Campadelli Neural 9300K D50 RLAB differences R. Schettini Networks/ITS 9300K D65 LLAB 11 

between Univ. Milan &Macbeth D65 D50 network & Italy ColorChecker D65 A model 16"17 
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3. RESULTS 
A. Identical White Point Chromaticities Across Media - Lo et al. results showed that XYZ, Hunt 

94, and RLAB performed equally and had the same rank order in category judgments. Braun et a!. 
reported similar results although no formal observer studies were recorded. Abe showed that it was 
difficult for observers to use an image-matching task to find the exact SLD colorimetric match to each 
print patch . Thus it has been shown that for identical viewing conditions across media, a 
colorimetric match is equivalent to a visual match and a color appearance model match is not needed. 

B. Identical White Point Chromaticities and Unequal Luminance Levels Across Media- Braun et 
al. results showed Nayatani '90 to rank slightly lower and all other models to be statistically similar. 

C. Different White Point Chromaticities and Equal Luminance Levels Across Media - Image-
matching results for Bodrogi plotted in terms of cumulative percent as a function of .6.E*ab for each 
color bar averaged over all observers showed that the RLAB and Hunt'94 models were better 
predictors of observer matches than the Nayatani'95 model. 

Paired comparison z-score data gave conflicting results among researchers. Lo et al. results 
showed CIELUV always to be the worst model and either BFD (for A Box to D65 SLD and D50 
Box to 9300K SLD) or Nayatani'95 (for D50 Box to D65 SLD and D65Box to 9300K SLD) to be 
the best. Braun et al. z-score results showed the Nayatani'90 model always to be the worst except 
for the D65 Box to 9300K SLD condition, and RLAB always to be the best except for the D50 Box 
to D65 SLD condition, where CIELAB was the best. This author received the Lo et al. and Braun et 
al. raw data to run a consistent Duncan statistical test of significance on computed mean scale values. 
The Duncan test results were identical to the z-score results for the Braun et al. data, but different 
from the Lo et al. z-score results for the ranking of models between the best and the worst. Thus, it 
is disturbing that for this different white point chromaticity case, which is the most commonly 
encountered in industry, the results are inconclusive. 

This author also performed a multi-dimensional scaling analysis on the Lo et al. and Braun et al. 
raw data. In general, the first dimension explained 63% and the second dimension explained an 
additional 20% of the total variance for both data sets. All models were linearly arrayed in a rank 
order of observer preference according to these two, as yet unknown, dimensions. This author 
speculates that the two dimensions may be related to tone scale/dynamic range and chromatic content, 
however further experimentation should be done to discover what the two dimensions could be. 

Finally, Boldrin et al. have shown that feed-forward neural networks, each with a back 
propagation algorithm, can closely approximate the Hunt'94, RLAB, and LLAB model results for 
hardcopy and softcopy media differing in chromaticity. 

D. Different White Point Chromaticities and Unequal Luminance Levels Across Media - Braun et 
al. results showed all models to be equally superior to von Kries and Nayatani '90 for the D50 Box 
at 180cd/m2 to D65 SLD at 78cd/m2 condition. RLAB and von Kries performed best for both 
remaining conditions. 

E. Different SLD White Reference Points - Wei et al. results showed that all color appearance 
models featuring the SLD white reference at D65 performed better than with the white reference at 
the averaged (D50+D65) mixed adaptation point8. 

F. Different Surround Conditions Across Media - Wei et al. results showed that color appearance 
model performance was not influenced by the dim and normal ambient room lighting conditions. 
The Braun et al. experiment featured the print in an average surround (i.e. the viewing booth lined 
with a 70% neutral reflector) and the SLD in a dark surround for the first condition and the print in a 
dim surround (i.e. the viewing booth lined with a 10% neutral reflector) and the SLD in a dark 
surround for the second condition. Results showed all models to be equal except for poorer 
performance exhibited by RLAB for both conditions and Hunt'94 (only for the print dim to SLD 
dark condition). Since RLAB and Hunt'94 are the only two models that consider the effect of 
surround, these results suggest that perhaps they overcompensate for the surround effect. 

G. Different Backgrounds Across Media- The Braun et al. experiment featured the print always 
arrayed with a 20% gray background and the SLD matching image shown with a white or black 
background. Results revealed all models to be equal, except for Hunt'94, which fell behind. Please 
note that Hunt'94 is the only model that features a background parameter more appropriately defined 
for patches and not for images as used in the Braun et al. experiment. 

4. CONCLUSIONS 
The published CIE TCl-27 guidelines successfully encouraged six research groups to perform 

some very interesting hardcopy/softcopy image-matching experiments. Sincere appreciation is 
expressed to all research groups who responded. (A special thanks is extended to Lo and Braun for 
releasing their raw data to CIE TCI-27.) The compiled results were numerous and centered around 
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some very important themes. First, experimental evidence has shown that for hardcopy/softcopy 
image comparisons viewed under identical conditions across media, a color appearance model is not 
necessary because a visual match is indeed a colorimetric one. Second, conflicting results among 
research groups has made it very difficult to select the best color appearance model for illuminated 
reflection print/SLD image comparisons featuring different viewing conditions across media. 
Factors contributing to these conflicting results are different images, models tested, and numbers of 
observers among researchers' experiments. It has been verified that input model parameters were 
similar for all research groups, but image processing paths yielding output model parameters have 
not been confirmed yet. Common statistical testing, via the Duncan test, still revealed differences 
among researchers. Common multi-dimensional scaling analysis showed that two dimensions 
explained approximately 83% of the total variance around observer preferences, which is an amazing 
result when one considers how different the models are from each other. 

Future CIE TCI-27 efforts will be to coordinate one final set of experiments where all research 
groups will be asked to use the same number of observers, the same models (input and output 
parameters will be verified on a test set of XYZ values), and the same images, one of which will 
feature neutral and color patches in an attempt to gather the necessary information to confirm and 
hopefully reveal the identity of the two dimensions found in the multi-dimensional scaling approach. 
Every precaution will be taken to ensure that as many things are consistent among research groups as 
possible and the results will be analyzed on common ground by CIE TCl-27 members. Then it 
should be possible to fulfill the terms of reference (i.e. make recommendations for specification of a 
color appearance match between a reflective image and a self-luminous display image.) 
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Effects of Chromaticity on the Upper Limit of Luminance 
for Surface Color Mode Perception 

Yasuki YAMAUCHI, Keiji UCHIKAWA and lchiro KURIKI 

The upper-limit of the lwninance which yielded surface-color mode perception was measured to 
investi!lflte effects of chromaticity of stimuli for the surface-color mode perception. The stimulus 
consisted of a 3 X 3 array of color chips and a white frame on a large gray background. The test 

stimulus was presented with a CRT monitor, and the surrounding stimulus was presented either 
with Munsell color chips or with a CRT monitor. The results show that the upper limits of the 
lwninance differ depending on the chromaticity of the test stimulus. Brightness of the stimulus 
at the upper-limit lwninance was almost equal among all test chromaticities. Moreover, it was 
almost equal to that of the brightest surrounding stimulus. Our results suggest that brightness 
determines the mode perception, and the brightest stimulus may work as a determining factor. 

1. INTRODUCTION 
The mode of color appearance can be classified into two groups: the surface-color mode and the 

aperture-color mode1>. In the surface-color mode, color seems to be attached at the surface of the 
object, while in the aperture-color mode color is perceived to be self-lwninous. It has been 
reported that color is perceived differently according to the modes of appearance even in the 
same physical component of the colored light2>. Therefore, it is necessary to consider mode of 
appearance to predict color appearance of a stimulus. The mechanism of color mode perception, 
on the other hand, has not been fully examined3>. 
In the present study , the upper-limit lwninance for surface-color appearance was measured to 
study effects of chromaticity of stimuli for the surface-color mode perception. 

2. EXPERIMENT 
We conducted experiments in two conditions. The test stimulus was presented with a CRT 
monitor. The surrounding stimulus consisted of either Munsell papers or a CRT monitor. In the 
Munsell-paper condition, we used a 3 X3 array of Munsell color chips with a Munsell N9.5 

frame on a large achromatic background. The test stimulus was located at the center of the array . 
Three background levels (Munsell N I, N 5 or N9) were tested. The stimulus was illwninated by 
the projector lamp, whose illwninant was set at 5900K and 45 cd/m2• Fig. I shows the 
configuration of the stimulus. The chromaticity of the surrounding color chips are shown in Fig. 
2(a). The appearance of the test stimulus changed its mode depending on its lwninance. When 
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Fig. 1 Configuration ofthe stimulus. 
The centerofthe array is the test stimulus. 
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Fig. 2 Chromaticities of (a) color chips, and 
(b) test stimuli. 

perceived in the surface-color mode, the test stimulus looked like a real color chip , although it 
was presented with a CRT monitor. The size of a color chip was 2 deg. square, and color chips 
were located at an interval of0.5 deg. The width of white frame was 0.5 deg. 16 test stimuli were 
tested. Their chromaticities are shown in Fig. 2(b). 
After adapted under the 0 65 illuminant for 3 minutes, the subject started the experiment in each 
session. He adjusted luminance of the test stimulus so that it just started to appear as aperture 
color. The viewing distance was 120 em. We selected the chromaticity of the test stimulus in 
random order during a session. The subject was instructed to pay attention to whole stimulus 
while adjusting the luminance. 5 sessions were conducted for each background level in both 
surrounding conditions. 5 subjects with normal color vision participated to the experiment. 
Brightness-Luminance ratio (B/L) was also measured for each test stimulus. A white reference 
field and a test field of 2 deg. square were presented on a uniform background. Both fields were 
presented with a CRT monitor. The subject adjusted luminance of the test field so that it 
appeared equally bright as the reference white. These experiments were also conducted in two 
surrounding conditions. 

3. RESULTS 
Fig. 3(a) and Fig. 3(b) show the mean luminances in the Munsell papers condition, and those in 
the CRT monitor condition, respectively . The luminance of the surrounding stimuli are also 
shown at the right panel in Fig. 3(b). The mean standard deviations for all test stimuli was 3.46 
cd/m2 for condition (a), and 2.73 cd/m2 for condition (b). Solid circles, open squares, and solid 
triangles indicates the background condition ofNl , N5, and N9, respectively. 
In both conditions, the upper-limit ofluminance for the surface-color mode differs depending on 
chromaticity of test stimulus. The limiting luminance for white (No. 1) and yellow (No. 2), for 
instance, are higher than those for blue (No. 16) and red (No. 15). The overall tendencies are 
almost same for all backgrounds in both conditions. 
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Fig. 3 Mean luminance of the upper limit of surface-color on each background for (a) Munsell 
paper condition, and (b) for a CRT monitor condition. Solid circles, Nl background; open 
squares, N5 background; solid triangles, N9 background. Stimulus no. is indicated in Fig. 2(b). 

The upper-limits of luminance for the white background (solid triangles) is higher than those for 
the gray(open squares) and the black background(solid circles). The difference between 
luminances for the black and the gray background is negligible. 
Physical surfaces cannot reflect more light than that impinging them. The mode of appearance 
may be changed from the surface-color to the aperture-color when the stiinulus appears to reflect 
more light than the estimated maximum light. Equivalent luminance reflectance, defmed by the 
ratio of the luminance of the stimulus to that of 100% reflectance surface, is examined for each 
test stimulus. Fig. 4 shows the equivalent 
luminance reflectance for the Munsell-paper 
condition. The results show that they are below 
100% for all stimulus, and it cannot be explained 
that the mode of appearance is determined in terms 
of the luminance reflectance. 
It has been reported that the mode of appearance 
for colored light is related to its brightness4>. We 
examined the effects of brightness of the stimuli. 
Fig. 5 shows the upper-limit luminance X BIL for 

each test stimulus. The abscissa is log B, which 
corresponds to the luminance of a equally bright 
white reference. 
Log B for the Munsell-paper condition are shown 
in Fig. 5(a), and Fig. 5(b) for the CRT monitor 
condition. Log B for all test stimuli are almost the 
same. These results suggest that brightness 
determines the mode perception. In the right panel 
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upper limit of surface-color for the 
M unsell-paper condition. Solid circles, 
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Fig. 2(b). 



of Fig. 5(b ), luminance X BIL of all colors contained in surrounding stimulus are also plotted. 

Log B of the upper-limit luminance for surface-color mode can be seen to be nearly equal to that 
of the brightest surrounding stimulus. 
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Fig.5 Mean log( luminanceXBIL) at the limiting luminance for surface-color for (a) Munsell 

paper condition, and (b) for a CRT monitor condition. Solid circles, N1 background; open 
squares, N5 background; solid triangles, N9 background. Stimulus no. is indicated in Fig. 2(b). 

4. CONCLUSION 
Our results suggest that the mode of color perception is determined by brightness, not by 
luminance. They also suggest that the brightest surrounding stimulus works as a determining 
factor for the mode perception. 
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Aspects of Colour Perception in an Elderly 
Swedish Population 

Helle WIJK, Stig BERG, Lars SIVIK and Bertil STEEN 

This study describes aspects of colour perception in an elderly Swedish population. We 
investigated the ability of colour naming, colour discrimination and colour preference among a 
sample of 80 years old men and women. The results indicates good ability in colour naming, with 
a sex difference for certain colours. Testing colour discrimination ability indicated more difficulties 
in the blue-green spectra than for red-yellow shades. The colour preference test put blue at the top 
and brown at last. Hopefully the results can act as a guide in colour design of the caring 
environment. 

INTRODUCTION 
The idea to the study was evoked at work with patients suffering from memory disturbances due to 
Alzheimer's disease. Their memory problems caused difficulties in recognizing themselves in new 
and also well known environments. I happened to find out that colour acted as a memory support 
for this group of patients when they had to leave their home department and follow me to another 
room for some investigations. In this room I had my bright red coat hanging to which many 
patients reacted with recognition. Comments like: "Oh there is the red coat", was often heard, and 
the effect of recognition was that the patients often were calmed down and even could remember 
other details connected with the room and the investigation. Was this only by accident or could it 
bee that colour acted as a memory support for these patients? This was the start of the project I 
am now working with. The project aims to investigate four aspects of colour perception. First how 
elderly people recognize and give names to colours. Secondly how they can discriminate between 
shades of colours closely related to each other. Third, what colours do one like in old age and 
fourth, if colour can act as a support for the memory. We study this in three different groups of 
elderly people. One group of80 years old men and women, one group of95 years old men and 
women and one group of patients with Alzheimer's disease. The results I will present here are from 
the 80 years old study. There is a vast growing amount of elderly people where Sweden has the 
third oldest population in the world after Japan and Iceland. In Sweden the proportion of the 
elderly persons aged 65 years and older was 17, 6 percent in 1993, and is estimated to have 
reached 21 percent in the year of 2025. It is especially the number of persons over 80 years of age 
that will increase rapidly, a period of life when diseases and dependencies become characteristic. 
There is a strong connection between old age and the risk of developing dementia. Of all patients 
suffering from dementia in Sweden 90 percent lives at some form of institution. 
What aspects shall be taken into consideration designing environments for elderly people ? 
At first the diminishing ability in old age of discriminating between shades of very light and dark 
colours. Secondly the fact that elderly people often have problems with glare. 
Third the prolonged reaction time in old age which require a calmer and small scale environment. 
Fourth the fact that elderly people can suffer from memory disturbances causing problems in 
orientation. Taken together these facts put great demands on the caring environment to be clear, 
supportive and easy to understand (I , 2). 
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In that matter colour can be of great help. Colour make us distinguish between figure and 
background. We recognize things by its colour and colour often have a symbolic meaning to us. 
Colour research has a long tradition in Sweden and in many other countries in the world, studying 
aspects of colour perception both among children and adults, but seldom specifically among elderly 
people (3, 4). On the other hand there are some experimental clinical studies present, investigating 
the effect of using colour contrast in the caring environment to promote orientation (5). A deeper 
knowledge about colour perception in old age in order to promote a better colour design in the 
caring environment, ought to be included in nursing science. The Swedish law of Health and Care 
states that the nurse is responsible for establishing an environment promoting health and recovery 
and that she should know how to meet diminishing abilities of her patients in the best way. 

EXPERIMENTS 
To test the methods we conducted a pilot study. Twelve patients with Alzheimer's disease were 
compared to a sex and aged matched group of non demented persons. We tested how well the 
subjects recognized colours by their colour names, which colour shades that was most difficult to 
discriminate from one another, colour preferences and colour as a code in a simple memory test. 
There was a hundred percent attendance and no drop outs through the study. The results from the 
pilot study indicated only small changes between the groups according to colour naming, colour 
discrimination and colour preference. The group of Alzheimer patients gained significantly help 
from the colour cue in the memory test. By the pilot study we also learned that colour was an 
important matter for all subjects. Working with colours was experienced simple and pleasant and 
as something that the memory problems had not interfered with yet (6). 

These facts inspired us to plan for a larger project studying the aspects of colour perception 
mentioned above in three different groups of elderly people. The first group consists of a sample 
of men and women 80 years of age representing the normal population in the city of Gothenburg, 
Sweden. In the study 267 persons were invited, 63 obeyed leaving 204 attending persons. The 
study is a large population study conducted at the University of Gothenburg where the colour 
testing is one part beside many different kinds of investigations. The sample of95 years old men 
and women also represent the normal population in Gothenburg, Sweden, joining a population 
study. The data collection is still ongoing and will consist of about 200 subjects when it is 
terminated. The third group consists of patients living at a psychiatric hospital having the diagnosis 
of Alzheimer's disease. The study so far consists of forty out of fifty subjects and the data 
collection will continue until this summer. The project in total is agreed with the ethical committee. 

RESULTS 
Method. The study presented here is the study of 80 years old men and women where we describe 
three aspects of colour perception namely: 1/ Colour naming, 2/ Colour discrimination and 3/ 
Colour preference. 189 of 204 eligible subjects conducted the colour testing, where of 103 were 
women and 86 were men. The 15 drop outs were due to refusal (n=7), severe dementia (n=4), 
blindness (n=2), language problems (n=l), and death (n=l). 163 subjects came to the policlinic 
(=policlinic group) for testing, 26 were tested at home (=home-group) due to various reasons 
often caused by chronicle decease. The subjects tested at home are analyzed separately due to the 
fact that it was difficult to maintain standardized circumstances according to light source at home. 
No one reported colour vision defiance, 93 percent needed glasses, and 71 per cent was able to 
read the news paper with ordinary glasses. 
Materials. In order to test the ability of colour naming we used 22 colours chosen from the NCS 
atlas mounted on a gray background. 
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They consisted of sex primary colours (red (1 090-R), blue (2070-B), yellow (0080-Y), green 
(1070-G), white (0500) and black (9500)) and sixteen mixed colours namely: orange (0090 
Y50R), turquoise (1050 B50G), pink (0030 R10B), dark gray (5010 B10G), light brown (5010 
Y10R), light yellow (0020 G90Y), light blue (0020 B10G), dark green (8010 G10Y), purple 
(2060 R40B), brown (7030 Y50R), gray (5000), green gray (5010 G10Y), light purple (0020 
R50B), light green (0020 G10Y), dark purple (8010 R50B) and dark blue (7020 B10G). 
In the colour discrimination test we used four target colours namely: red (3040 R10B), blue 
(3040 B10G), yellowish brown (3040 Y30B) and green (3040 G10Y) which were varied in eight 
neighboring samples chosen from the NCS atlas. In the colour preference test seven colour 
samples of the colours from the colour naming test constituted the test material namely: yellow 
(0080-Y), red (1090-R), blue (2070-B), green (1070-G), purple (2060-R40B), orange (0090-
Y50R) and brown (7030-Y50R). The subjects were also interviewed about their opinions of the 
meaning of colour in the environment. Two main findings during the analyze was that first, there 
was a major difference between the results of the home-group compared with the policlinic group, 
secondly, the women in this study in total made an overall better result than the men. 
Colour-naming. Of twenty-two possible correct answers in the colour naming test the subjects in 
the policlinic group had a correct response rate of89 percent (95 percent confidence interval (CI) 
84, 2 percent- 93, 8 percent) median 20, where the home-group had a correct response rate of77 
percent (95 percent CI 60, 8 percent- 93, 2 percent), median 18. The difference in observed 
proportions between the groups was 12 percent. Looking at men and women separately their was 
a significant difference between sexes in the policlinic group in favor of the women (women 
median 21, men median 19, Chi square distribution p< 0,001). Analyzing the colours separately 
though revealed almost identically and very high correct response rates for both men and women 
according to the primary colours and lower but similar response rates for several of the mixed 
colours as well. For five colours the difference between men and women were highly significant 
namely orange (p<0,0001), pink (p<O,OOOl), turquoise(p<0,0001), beige (p<0,01) and dark-green 
(p< 0,05) Fisher's exact test) . For these colours it seemed as many of the men did not know at all 
how to give name to the colours. Either they choose not to answer at all or to call e.g. orange for 
"yellow pink" or dark green for black. Earlier studies testing colour naming ability have indicated 
a larger colour vocabulary for women than for men respectively for younger men than for elderly 
men (7). In our study we found a connection between the results from the psychological test 
included in the population study and the colour naming test. The better results on the tests of 
memory function and vocabulary the better results on the colour naming test. The significant 
difference between the sexes did not remain in the home-visit group. The results indicate that the 
primary colours are appropriate to use as a code in the environment as they were recognized by 
most subjects in this study. 
Colour discrimination. It was a major difference in ability of discriminating between shades of 
blue and green compared with red and yellow colours in advantage for the latter. Significant 
differences between the group tested at the hospital compared with the group tested at home 
remained in this test. The reason for this can be both less sufficient light condition at home and 
the subjects at home were more severely ill with influence on many factors including vision. The 
results indicate that it is not appropriate to have neighboring shades of green and blue colours 
close together in environments for elderly people. 
Colour preference. The mean rank order for the seven colours in this test was: 
Blue (5, 527 points), green (4, 919 points), red (4, 783 points), yellow (3 , 957 points), purple (3 , 
658 points) orange (2, 918 points), and brown (2, 265 points). This ranking order is similar to 
previous preference studies in putting blue red and green at the top followed by purple, orange 
and yellow (8). Brown was by most delegates put at last often with a comment like "What a dull 
and old-fashioned colour" ! There was only a slight difference between sexes in women putting 
purple before yellow. 
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Interview. In this sample of the normal population only one third (34 percent) admitted they had 
memory problems like forgetting where they had put things away at home or problems in finding 
there way around in new environments. On the direct question "Is colour an important matter for 
you?", 72 percent answered yes and almost as many (68, 4 percent) put a great importance in 
colour design of their living environment. Sixty nine percent thought colour could be a support for 
the memory as a code in the caring environment, and 80 percent thought it could possible to 
promote orientation at hospitals and nursing homes by using a consicious colour design. 
Discussion. According to the results of this study elderly people 80 years of age perceive and 
appreciate colours well . The differences between sexes that we found can be a matter of age-class. 
It is not common for a majority of the men in this age group to use a broad colour vocabulary we 
believe, in contrast to their wives who have a long tradition of sewing, knitting and talking of 
colours in a quite different way. 

CONCLUSION. 
There are three main findings in this study: 
1. It was the primary colours that most delegates recognized and could give proper names to. 
2. It was easier to discriminate between neighboring shades of red and yellow than blue and green. 
3. The traditional preference for blue, red and green before purple, yellow and orange was also 
seen in this sample. It will be interesting to compare these results with the two groups of95 years 
old men and women and the group of patients with memory disturbances due to Alzheimer's 
disease, for a broader picture of colour perception in old age. Until now it is often architects, 
designers and sometimes the nursing personnel who decides what colour scheme to choose for the 
caring environment. Perhaps we have now reached the time for a starting point in the elderly 's 
colour perception ! 
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Individual Variation in Wavelength Discrimination: 
Task and Model Analysis 

Keizo SHINOMORI and John S. WERNER 

Wavelength discrimination functions (420 to 620-650 nm) were determined for 4 younger 
(mean= 30.9 years) and 4 older (mean= 72.5 years) observers. Discrimination thresholds were 
measured using a spatial, 2-altemative, forced-choice method combined with a staircase 
procedure. Monochromatic lights were presented in each half of a 2° circular bipartite field 
using a Maxwellian-view optical system. All stimuli were equated in illuminance for individual 
observers on the basis of their heterochromatic flicker photometry functions. 

Although the brightness of the test field was not adjusted during trials, our resultant D./.. vs. 
A, functions obtained from young observers resembled classic functions in the literature. There 
was a small but consistent difference in D./.. between the younger and older groups of observers 
even though age-related changes in ocular media densities were compensated by equating the 
stimuli individually in terms of retinal illuminance. This difference between the two age groups 
was not systematically related to wavelength. 

The data were analyzed in terms of a modified version of the Boynton-Kambe (1,2) color 
discrimination equations with a power law. In this model, discrimination thresholds are 
determined by signals from S-cones and a second mechanism that combines responses from 
chromatically-opponent channels receiving signals from all three cone types. This model 
provides good fits to individual data sets collected by us and other studies, and has permitted 
us to analyze individual variations in such parameters as the L:M cone signal ratios in M-L and 
L-M channels, the relative weighting between M-L and L-M channels, the amount of S-cone 
contribution to discrimination thresholds, and the Weber fractions and noise levels associated 
with the two proposed mechanisms underlying wavelength discrimination. The results 
presented here indicate that receptoral and/or postreceptoral changes partially mediate the age-
related losses in wavelength discrimination. 

I. INTRODUCTION 

Color matching and hue-discrimination tests demonstrate age-related losses in color vision. 
Decreases in retinal illuminance, caused by age-related increases in the density of the ocular 
media, lead to tritan-like behavior as measured by the Moreland color-match equation and the 
FM-100 hue test (3). However, models applied to increment thresholds (4) and chromatic 
discrimination (5) data suggest that age-related losses in sensitivity of an S-cone pathway are, in 
part, due to neuronal changes. Perhaps, then, neuronal changes also contribute to age-related 
changes in wavelength discrimination. 

2. EXPERIMENTS 

All observers had normal color v1s1on without a history of ocular disease, surgery, or 
medications which interfere with ocular or neurological functioning. Stimuli were equated for 
retinal illuminance for individual younger and older observers using heterochromatic flicker 
photometry under standard conditions, 15 Hz, square-wave flicker of a 2° field. Wavelength 
discrimination thresholds were measured using a spatial, 2-altemative, forced-choice method 
combined with a staircase procedure. (See Figure I) 
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Figure 1. Illustration of the stimulus and 2-down, 1-up staircase procedure, which defined the 
threshold as the 71%-point of the psychometric function. Wavelength discrimination thresholds 
were based on the geometric mean of the last four of six reversals. 

The stimuli were presented in Maxwellian-view, using a conventional five-channel system. 
The stimuli consisted of a 2°, 10 td, bipartite field, divided vertically by a dark gap. The two 
halves of the field were isomeric at the onset of the trial and the wavelength of one of two half-
fields was increased gradually and then, was presented for one second. This change in 
wavelength occurred without changing the overall retinal illuminance. After both fields 
disappeared, observers signaled the side, in which a color change was detected. In the case 
shown in Figure 1, the right side is the correct answer. 

3. RESULTS 

Figure 2 shows mean wavelength discrimination thresholds for younger and older observers 
as a function of wavelength. Error bars denote ±1 standard deviation. Thresholds are higher in 
old observers than young; the difference in the thresholds is about 3 nm across all wavelengths. 
The amount of change in thresholds is not systematically related to wavelength. These results 
are somewhat different from earlier findings by Ruddock (6) who reported a small age-related 
loss in wavelength discrimination, albeit not when a forced-choice method was employed. 

4. MODELING 

To investigate the possible reasons for increased wavelength discrimination thresholds with 
age, we applied a modified version of Boynton and Kambe's (I ,2) model of chromatic 
discrimination using 2 mechanisms, an S-cone mechanism and an L-, M- and S-cone mechanism. 
In Figure 2, dotted curves show the best fit by the model of the S-cone mechanism and solid 
curves show the best fit by the model of the L-, M- and S-cone mechanism. 

From the wavelength discrimination data, the amount of S-cone stimulation on a quanta( 
basis was calculated at each standard wavelength and at each threshold. These results showed 
that S-cone discrimination functions followed a typical threshold vs. radiance template. The 
model describes the relation between discrimination thresholds, and the amount of S-cone 
stimulation, S, as shown Equation (1). 

W [1] 
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Figure 2. Mean wavelength discrimination thresholds are shown for 4 younger (30.9 years) 
and 4 older (72.5 years) individuals measured with a spatial, 2-alternative, forced-choice 
method. Smooth curves are derived from the model (equations 1-3). 

N is the amount of spontaneous noise, occurring prior to sites of light adaptation within an S-
cone pathway. W is the limiting Weber fraction. a is a slope scalar of the function in logarithmic 
coordinates (the modified point from the original Boynton-Kambe model). If a equals 1.0, the 
equation implies Weber's law at the higher S-cone stimulation region. We assumed that, in the 
same task, the value of a should be the same, regardless of age. With this assumption, a was set 
to 1.5 (mean value) in model fits for both young and old observers' data. The best-fitting 
functions to each data set can predict the data well. Model parameters are presented in Table I . 

The data show that even when the change in the ocular media density was compensated, 
there is an age-related loss in wavelength discrimination mediated by an S-cone mechanism. The 
threshold difference, t.S, between young and old observers is small around the local minimum at 
480 nm, but larger at shorter and longer wavelengths. In terms of the model, the Weber fraction 
is larger in old observers, but the noise constant is similar. 

Table I Model Fits 

S-Cone Mechanism 
Young 
Old 

L, M and S-cone mechanism 
Young 
Old 

Weber Fraction (W) Constant (N) 

0.0081 
0.020 

0.040 
0.063 
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An L-,M- and S-cone mechanism contributing to wavelength discrimination was assumed to 
consist of inputs from antagonistic connections of L and M cones and input from S-cones, as 
shown by equation 2. We also assumed that inputs from M-L cells and from L-M cells are not 
necessarily equally-weighted. To describe this assumption, rectified parentheses were 
introduced in the functions. Rectified parentheses mean that each term will have a value only 
when the value inside is positive. If it's negative, the value of the term will be zero. Parameters 
shown in the functions were obtained to produce the best fits using a least-squares method. 

Fold = L1.9M- L J + 1.2 * LL- 1.9M J + 0.0026 * S [2a] 
Fyng = L1.9M- L J + 0.11 * LL- 1.9M J + 0.00015 * S [2b] 

= W [3] 

To describe the relation between discrimination thresholds, and the output of response 
function, F, the same equation was used exceptS were replaced by F and (equation 
3). In this mechanism, a was set to 1.5 in model fits for both young and old observers' data. 
The best-fitting functions to each data set can predict the data reasonably well. These analyses 
imply that there is an age-related loss in wavelength discrimination mediated by an L-, M- and 
S-cone mechanism. At middle and long wavelengths, the different in threshold, between age 
groups is small around the local minimum at 570 nm, but larger at shorter and longer 
wavelengths. In the model, as with the S-cone mechanism, the Weber fraction is larger in older 
observers, but the noise constant is essentially the same. At all short wavelengths, is 
relatively high in older observers. This is due to the S-cone contribution to the F function in the 
model (equation 2). This result suggests that the Weber fraction and S-cone contribution are 
responsible for age-related changes in wavelength discrimination. 

5. CONCLUSIONS 

We conclude that: (1) While age-related changes in the ocular media contribute to losses in 
chromatic discrimination, receptoral and/or postreceptoral changes must also be involved. (2) 
The modeled results suggest that an increased Weber fraction in older observers contributes to 
age-related losses in wavelength discrimination. 
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Quantitative Analysis of Color Appearance 
with Surround Stimulus 

Yasuhisa NAKANO, Ken-ichiro SUEHARA, 
Tadanori AIMI and Takuo YANO 

Colorimetric quantities such as CIE xy-coordinates do not specify color appearance of a stimulus 
because color appearance is strongly affected by its surround conditions. We performed color 
matching experiment using different surrounds for reference and test stimuli to find out what 
conditions determine the color appearance of the stimulus. Reference and test patches had the same 
configuration, that is, composed of 2 ° center square surrounded by 6 ° square. First experiment 
examined the effects of white surround on the color appearance of the center. Observer matched the 
color appearance of the test center to the reference center while luminances of white surrounds 
were different for the test and the reference. Second experiment examined the effects of colored 
surround on the appearance of white center. Reference is achromatic in this case while test 
surround is colored. Observer did the same task as the first experiment. The results were analyzed 
in terms of the cone tristimulus values for the center and the surround stimuli. We found simple 
relations among these values under which the center stimulus had the same color appearance. 
Formulation of the conditions explains phenomena such as blackness induction and chromatic 
induction. 

L INTRODUCTION 
One of the problems of the current colorimetric systems is that they can not specify color 

appearance of a target. They only state that two colors appear to be the same under the same 
viewing condition when their colorimetric values are the same. A color having a luminance of 10 
cd/m2 and chromaticity coordinates (x, y) = (0.33, 0.33), for example, will appear to be luminous 
white under dark surround condition while it will appear to be black under bright surround 
condition. One can predict the appearance of the color in the former case, but one can not predict 
the appearance in the latter case unless one knows how bright the surround is. This problem arises 
because one does not take account of surround conditions. 

Effects of surround stimulus such as blackness induction, chromatic induction and simultaneous 
contrast had already been investigated ill-many studies 1-3, 

and there are already quantitative data for these 
phenomena. Models were also proposed to explain 
them•-s . These models are, however, rather complicated 
to use to specify color appearance, and some times they 
fail to predict practical data3• We, therefore, came up to 
the ideas that the generalized method should be 
established to investigate these phenomena and the more 
simple way of analyzing data should be developed. 

Purposes of this study are to establish a method to 
investigate the effects of surround on the color 
appearance of center, and to find simple relations 
between center and surround stimuli that specify color 
appearance of the center. 
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Fig. I: Stimulus configuration. Subject 
matched color appearance of test center 
to reference center under different 
surround conditions. 



2.METHODS 
A method of color appearance matching under different surround condition was used to 

investigate the effects of the surround. Reference and test patches were displayed on a computer 
controlled color display monitor as shown in Fig. I. Center square subtending 2° was surrounded by 
contiguous square subtending 6° for both reference and test patches. 

In the first experiment, we examined 
the effects of white surround. CIE xy-
coordinates of the reference center were 
fixed at (x, y ) = (0.42, 0.38). Simulated 
D6s was used for both test and reference 

Table I: Luminance settings of reference (Experiment I) 
l. 0 l. 6 2. 4 4. 0 6. 3 10. 0 16. 0 25. 4 [cd/ m2] 

surround fields. Center and surround luminances of the reference were set to 8 different levels as 
shown in Table I , where Ls.ref and Lc.ref represent surround and center luminances in the reference. 
Color appearance of the reference center ranged from orange to brown. For each reference, 
luminance of the test surround was set to 9 different levels ranged from 0.094 to 88.1 cd/m2, 

resulted in 72 matching conditions. For each condition, subject matched color appearance of the 
test center to the reference center by changing chromaticity and luminance of the test center. 
Method of adjustment was used. One subject participated in the experiment. 

In the second experiment, the effects of 
colored surround were examined. Reference was 
achromatic (D6s) in this case. Table 2 shows 
luminance settings for the reference. Color 
appearance of the center ranges from white to 

Table 2: Same as Table! but for experiment 2 
l. 0 2. 0 4. 0 8. 0 16. 0 [cd/ m' ] 

32.0 16. 0 8. 0 4. 0 2. 0 [cd/ m' ] 

dark gray. As for the test surround, phosphor red, green and blue were used. For each reference 
setting, luminance ofthe colored test surround was set to 9 different levels ranged from 0.16 to 20.0 
cd/m2 for red, from 0.48 to 60.0 cd/m2 for green and from 0.08 to 10.0 cd/m2 for blue, resulted in 45 
matching conditions for each color. For each condition, subject did the same task as experiment I . 

3. RESULTS AND DISCUSSION 
Fig. 2 shows the results of experiment I. Left panel shows luminance relation between center 

and surround. Gray crosses represent the reference settings and other symbols represent matched 
test points to each reference as shown in symbol table. Luminance of the center field increases as 

100 
[cd/m2 ] 1.0 1.6 2.4 4.0 6.3 10.0 16.0 25.4 

16.0 10.0 6.7 4.0 2.5 1.6 1.0 0.63 + ,-.. 
N • 0 ... 6 • 0 • <> 6 ;, 10 
u 

Sub. YN " u 0.42 c; 
"' c; 
'§ 
-= ... 0.40 

y " 0.1 
'-> 0.38 ""l 

Sub. YN Ls.test = 88.1 cd/m2 
0.01 0 36 

0.1 1 10 100 . 0.38 0.40 0.42 0.44 0.46 0.48 
L s (surround luminance cd/m2 ) X 

Fig. 2: Results of experiment I . Luminance relation between center and surround (left panel) and CIE 
xy-coordinates of the test center (right panel) to keep color appearance constant. Only two examples are 
shown in the right panel. 
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surround luminance increases, and this indicates that blackness induced by the surround is canceled 
by the luminance increase of the center. CIE xy-coordinates of the center are plotted in right panel. 
Only two examples are shown for clarity. Interestingly, xy-coordinates shift toward desaturated 
direction as surround luminance increases. It means that the center appears to be more saturated as 
surround luminance increases, and one has to desaturate it to keep its appearance constant. 

To explain these results and to find simple relations between center and surround which specify 
color appearance, we analyzed the data in terms of cone tristimulus values. We used Smith and 
Pokorny cone fundamentals6 with renormalization to D6s to calculate cone tristimulus values for the 
center and the surround. Fig. 3 shows relations between center and surround cone stimulus values. 
Ordinates PL,c, PM.c and Ps.c represent L-, M- and S-cone stimulus values for the center and 
abscissas PL,s, PM,s and Ps.s represent those for the surround. Symbols are the same as Fig. 2. 
Similar relations were found for each cone type and we formulated them as follows. 

PL,c = ho + , PM,c = PM,o + and Ps,c = Ps,o + (1) 
Each curve in Fig. 3 was fitted to the data using one of above equations appropriately. In left 

panel, for example, PL =0.65 is constant for all curves that determines slope of the asymptotes, but 
PL.o and CL were adjusted for each curve to fit to the data. PL,o determines vertical position of flat 
part and CL determines that of sloping part of a curve. These parameters are highly correlated with 
each other, so we could find one independent parameter that describes color appearance of the 
center. The same things are applied to middle and right panels, so there are three independent 
parameters to describe color appearance. 

Fig. 4 shows the same analysis of the data from experiment 2. Equation (I) was used again to fit 
curves to the data. Results for red, green and blue test surround were shown in top, middle and 
bottom rows. Curves fit the data fairly well. Fig. 5 shows CIE xy-coordinates of the test center. Top 
panel shows experimental data, and bottom shows calculated coordinates from curves in Fig. 4. 
Remind that color appearance of the center is always gray, that is, strong chromatic induction effect 
was found, and it can be described by Equation (I). 

4. CONCLUSIONS 
We found typical effects of blackness induction and chromatic induction by using color 

appearance matching technique. Simple relations between center and surround cone stimulus values 
as shown in Equation (1) were found, which can be utilized to specify color appearance of a 
stimulus surrounded by any color. 

0.1 

L-eone S-cone 
0.0 I 

0.1 10 100 0.1 10 100 0.1 10 100 
PM,S 

Fig. 3: Replots of experiment I in relation to center and surround cone stimulus values. Cone stimulus 
values of the center field are plotted against those of the surround for L- (left), M- (middle) and S-cone 
(right). Symbol notations are the same as Fig. 2. Solid curves are fitted to the date using Equation (I). 
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Fig. 4: Same plots as Fig. 3 but for the results of experiment 2. 
Results for three different test surrounds were shown in top 
(red), middle (green) and bottom (blue) rows. 
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Color Vision Model for Opponent and 
Categorical Color Perception 

Katsunori OKAJIMA, Alan R. ROBERTSON 
and Graham H. FIELDER 

Color appearance of 78 colored lights were measured by elemental color scaling and categorical 
color naming methods. It was suggested that red, green, blue and yellow opponent color 
responses could be explained by L-M+S, M-L-S, M-L+S and L-M-S systems with some 
nonlinearities, respectively. It is also suggested that categorical color perception could be 
explained by a maximum selector from among responses of basic color cells with some AND 
operations for orange, purple and pink perceptions. We proposed a color vision model for 
opponent and categorical color perception which we can predict the color appearance from the 
cone activities of a colored light. 

1. INTRODUCTION 
Color naming method is effective to measure color appearance psychophysically and directly. 

Elemental color naming (or color scaling) method is that all perceptions are expressed in terms of 
scores of red, green, yellow, blue, white and black. Mainly, the responses reflect the opponent 
color mechanisms (retina=>LGN=>V4). On the other hand, categorical color naming method is 
that all perceptions are expressed in terms of a limited number (generally eleven) of basic colors: 
RED, GREEN, YELLOW, BLUE, PURPLE, ORANGE, PINK, BROWN, WHITE, GRAY and 
BLACK. The response reflects a higher order color mechanisms (V4 => IT). However, how the 
opponent color responses are quantitatively explained by the cone activities, and how the 
categorical color responses are quantitatively explained by the opponent color responses have been 
unknown. The purpose of the present study is to describe the color vision model for opponent 
and categorical perception by formula using cone activities, and to propose a color vision model 
for opponent and categorical color perception. First, we measure color appearance of 78 colored 
lights sampled from the whole area of the xy-chromaticity diagram by elemental color scaling and 
categorical color naming methods. Second, we analyze the opponent color response data by 
L,M,S-cone activities of the lights to make a model (formula) can explain the data (e.g. Red-
response = j{L,M,S) etc.). Third, we predict the opponent responses for spectral lights by the 
present model. Fourth, we analyze the categorical color response data by the opponent color 
responses to make a network model can explain the data ( e.g. Categorical-color-response = 
J(r,g,y,b,w,blk) ). Finally, we propose a color vision model for opponent and categorical color 
perception by combining the above models ( e.g. Categorical-color-response = Q(L,M,S) ) which 
can directly predict categorical color appearance of a color from its photometric values. 

203 



2. EXPERIMENTS 
Annaratus· To present colored stimuli, we employed 
the NRC Trichromator (Stiles type) by driven a 
computer. The primary colors were 645.2 nrn(red), 
526.3 nm(green) and 444.4 nrn(blue). 
Stimuli· 78 test colors in the xy-chromaticity 
diagram were presented as test stimuli with no-
surround. The intensity was I 00 Td and the visual 
angle was 2- degree. 
Method5 · Subjects described the appearance of 78 
test colors using elemental color scaling (R/G, Y/B, 
W/Blk) and categorical color naming (II basic color 
terrns) methods in each session. In the elemental 
color scaling, whiteness+blackness+chroma= I 0 and 
red+green+yellow+blue= I 0. Actual hue response 

78 test stirruli plotted Ol'l the .:y-ctrom.ticity 
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Fig. I 78 test colored stimuli plotted 
on the xy-chromaticity diagram. 

was calculated from these values, e.g. Red-response=red*chroma/1 0. The eleven basic colors are 
RED, GREEN, YELLOW, BLUE, WHITE, GRAY, BLACK, ORANGE, PINK, PURPLE, 
BROWN. In the present study, blackness response in elemental color scaling and GRAY, 
BLACK, BROWN in categorical naming were not reported because of no surround (self-luminous 
mode). Subjects participated were KO and GHF who had norrnal color vision. Each trial for 
every condition was repeated three times. 

3. RESULTS 
OPPONENT COLOR PERCEPTION MODEL 

By fitting the elemental color scaling data for subject KO using forrnula as a function of LMS 
cone activities oftest stimuli with some parameters, we obtained the following mechanisms: 

red response (L-M+S system) = HWR[8.3253(0.92LN- MN+0.08SN° 2)], 

green response (M-L-S system) = HWR(16.655(M N- 0.77LN- 0.23SN)- 1.046], 

blue response (M-L+S system) = HWR[35 .311(0.11 MN- LN+0.89SN° 05+0.034r- 0.009g)] , 

yellow response (L-M-S system) = HWR(8.5994(LN- 0.15MN·0.85SN- 0.1 05r- 0.076g)- 0.228], 

where HWR means Half-Wave Rectification, and LN,MN,SN indicate normalized cone activities at 
white point. S-cone nonlinearly contributes 
to red and blue mechanisms. These systems 
are similar to the "multi-stage color model" 
proposed by De Valois et aJ.'l We 
calculated the opponent color responses for 
spectral lights (Fig.2). The predicted 
responses are very similar to previous 
studies' data2l except the end of short and 
long wavelength zones. 

- ,reen 
- y e ll o w 

450 500 550 600 650 

wavelength (nm ) 

Fig.2 Predicted opponent color responses for spectral 

lights using our model. 
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CATEGORICAL COLOR PERCEPTION MODEL 
We plotted the categorical color response data, which is 

only consistent responses in three sessions, on the opponent 
color plane (Fig.3). The horizontal axis indicates red-green 
response, and the vertical axis indicates yellow-blue response. 
The mapping data show the relationship between categorical 
color response and opponent color response of each test 
stimulus. RED, GREEN, YELLOW and BLUE points ' 
distributions lie on approximately each corresponding 
opponent axis. On the other hand, ORANGE points 
distribute in the quadrant between yellow and red axes, and 
PURPLE points are in the quadrant between red and blue. 
PINK points lie around red axis as RED points, but the points 
are near the white at the origin of the axes. We assumed that 
there are basic color cells beyond the opponent mechanisms, 

10 

- 5 

II 
YELLOW ... ORAHOE 

GREEN .. ., .,., .. 
.• "a • •• A. • • PtNK 

BLUE .... 

• - 10 '-----------' 
- 10 -5 10 

r-g 

Fig.3 Categorical color responses 
plotted on the opponent 
response plane. Sub.KO. 

the maximum response from among the cells is extracted as the basic color name in categorical 
color naming. To concrete this idea about categorical color perception, we implement a network 
model. Cell responses of RED, GREEN, YELLOW and BLUE are the same level as the 
opponent responses. Cell responses of ORANGE, PURPLE and PINK are described as the 
following formula: 

ORANGE = Ko*YELLOW*RED, PURPLE=Ku*RED*BLUE, PINK=Kp*RED* WHITE. 

Accordingly, at self-luminous color mode (no surround condition), we can express as: 

Categorical-response=Max[RED,GREEN,YELLOW,BLUE,ORANGE,PINK PURPLE,WHITE]. 

We calculated these weighting factors Ki for best fitting to experimental data. 

Fig.4(a) shows that the experimental data of categorical color naming for subject KO plotted on 
the xy-chromaticity diagram. 
Note that only consistent 
responses in three repetitions 
were plotted in Fig.4(a). 
Fig.4(b) demonstrates that the 
calculated distribution of basic 
colors by using above process. 
Fig.4 shows that the explanation 
of categorical color perception 
by our network model with 
AND-operator and Maximum-
extractor of basic color cells' 
response is reasonable. 
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(b) 
Fig.4 Categorical color responses plotted on the xy-

chromaticity diagram. (a) Experimental data. 
(b) Predicted distribution. 
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4. CONCLUSIONS 
We measured appearance of 78 colored lights by using elemental color scaling and categorical 

color naming methods for two subjects. From the data analysis, we derived the following results: 
I . Red opponent response can be explained by L- M+S system. The S-input nonlinearly 
contributes to the mechanism. 2. Green opponent response can be explained by M- L- S system. 
3. Yellow opponent response can be explained by L-M- S system. The output is inhibited by red 
and green responses. 4. Blue opponent response can be explained by M-L+S system in which 
the contribution of S-cone is nonlinear. The output is inhibited by green response and is increased 
by red response. 5. The opponent color vision model can describe the opponent responses for 
spectral lights. 6. Categorical response is determined by extracting the maximum response from 
among basic color cells. Orange, pink and purple cells are combined by opponent color outputs 
through AND-operation. We proposed a color vision model for opponent and categorical color 
perception (Fig.7). 

CONE 

Luminance and 
opponent cchanisms 

Achromatic mechanism 

Categorical response 

AND 

Fig. 7 Color vision model for opponent and categoriCal coior perception 

REFERENCE 
I. R.L.De Valois et al. A Multi-Stage Color Model. Vision Res., 33 (1993) pp.l053-l 065. 
2. R.M.Boynton et al. Bezolt-Briicke Hue Shift Measured by Color-Naming Technique. JOSA,55 
( 1965) pp. 78-86. 

AUTHORS' ADDRESSES 
Katsunori OKAJIMA 11 

Alan R.ROBERTSON21 

Graham H.FIELDER21 

I) Department of Applied Physics, National Defense Academy, 1-10-20 Hashirimizu, Yokosuka, 
Kanagawa 239, Japan 

2) Institute for National Measurement Standards, National Research Council, Montreal Rd. 
Ontario K I AOR6, Canada 

206 



Analysis of Color-Opponent Process 
in the Retina of the Piranha 

Kenkichi FUKUROTANI 

Spectral responses were recorded from in vivo horizontal cells in the light-adapted retina of the 
piranha. One L-type and two C-type , namely RG-type and RGB-type, were recorded; therefore 
the horizontal cell system of the piranha is basically the same as that of goldfish. The RG-type 
horizontal cells had transient responses and high sensitivity for far red light. Referring to cone 
absorbance data, the underlying neural mechanisms leading to the RG-type response of the 
piranha were discussed. It was concluded that the spectral proximity of red cone and green cone 
and the sign-opposition of the cone inputs to RG-type horizontal cells play important roles on 
the RG-type response of the piranha. 

I . INTRODUCTION 
Piranha is well-known carnivorous fish living in the Amazon basin in South America. 

Spectrally different three types of cones were found in the piranha(2) as well as in the 
goldfish(3). However, their spectral peak absorbances are quite different: the three cones of 
goldfish have their maximal absorbannces at 453, 530 and 620 nm in wavelengh, while those of 
piranha have 521 , 604, and 637 nm(3). The peak of green (M) cone is proximal to the peak of 
red (L) cone and far from that of blue (S) cone in the retina of piranha, while the cone 
arrangement of the goldfish is almost in equi-space. 

The aim of this study is to examine the spectral response properties of retinal horizontal cells, 
especially the RG-type, in the piranha as well as to understand the meanings of the proximity of 
the red cone and the green cone. 

2. EXPERIMENTS 
The red-belly piranha (Serrasalmus nattereri) was obtained from local pet shops. The fish was 

immobilized by pancuronium bromide, mounted in a water bath, and perfused over gills with 
aerated water of a constant temperature of 23 °C. Cornea and lens were surgically removed from 
the eye. Monochromatic stimuli were identically 5.0 X 1013 photons • em- 2 

• sec- 1 . 

Intracellular responses was induced through glassmicropippette penetrated into horizontal 
cells from the vitrial side of the retina. Room light of daylight-type fluorescent lamps constantly 
exposed to the retina. Its intensity was about 25 cd • m- 2 on the retina. The responses were 
driven by exclusively cones because the background illumination effectively suppress the rod 
responses. 

3. RESULTS 
Fig. I shows a typical spectral response ofL-type horizontal cell. The L-type responds to all 

wavelengths by hyperpolarization, and has maximal response around 630 nm, suggesting the L-
type receives input, at least mainly, from red cone. 

Fig.2 shows a typical spectral response ofRG-type horizontal cell. The responses for the 
shorter wavelength than 500 nm, and for around 660 nm (neutral point) are highly transient, 
suggesting green cone input and red cone input have opposite polarities and are competitive. 
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Fig.J shows a typical spectral response ofRGB-type horizontal cell . It responds for short 
wavelengths by hyperpolarization, for middle wavelengths by depolarization and for long 
wavelengths, again, by hyperpolarization. The high sensitivity to the short wavelengths 
indicates that the RGB-type receives large input from blue cone. 

Among the three type horizontal responses, the RG-type responses are highly transient except 
for far red, probably resulting from the proximal arrangement of red cone and green cone. 
The amplitude of steady part of the response for each wavelength was measured from the L-type, 
the RG-type, and the RGB-type in Figs. I, 2 and 3. Notice that the steady part of the RG-type 
responses has hyperpolarizing peak around 590 nm, and low depolarizing peak around 440 nm 
and high depolarizing peak around 730 nm. 

The RG-type response and the RGB-type response are plotted in horizontal axis and vertical 
axis, respectively. Fig.4 shows the resulting color locus. 
It has been considered that L-type or 'luminosity type' cells carry luminous information and, 

on the other hand, C-type or ' chromatisity type ' cells do color information. 
Attempting to get a normalized locus for equal luminance, the RG-type response and the RGB-

type response were divided by the L-type response for each wavelength. The calculated results 
are plotted in Fig.S, where, again, the normalized RG-response in horizontal axis and the 
normalized RGB-response in vertical axis. 

4. CONCLUSIONS 
The green cone input and red cone input into the RG-type horizontal cells are opposite in 

polarity, so the spectral sensitivity of the RG-type becomes like a difference spectrum of the two 
cone inputs. However, the red cone input has longer time delay than the green cone input, 
of the two c therefore, the RG-type responses are transient. The steady part of the response or 
the balancing amounts one inputs show high sensitivity in long wavelength offar red. 
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Fig.4: 2-dimentional plot of C-type responses. 
Amplitudes are normalized. 
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Human beings also have a proximal setting of the red cone and green cone; the cone peaks are 
419, 531 and 558 nm(1) . The results of this study may give some suggestions for analysis of 
color opponent mechanisms of human beings. 
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Influence of Color Memory on Color Constancy 

Keiji UCHIKAWA, lchiro KURIKI and Yuzuru TONE 

The present study measured how much degree of color constancy was obtained 
when color memory is involved in color appearance judgment. The OSA Uniform Color 
Scales was used as stimulus color-samples . Four test illuminations of 1700, 3000, 
6500, and 30000K were tested. The observer saw a test color-sample under the test 
illumination to store its color appearance in his memory. Then after 5 minutes adap-
tation of the D65 illumination, he started selecting a matched color-sample with his 
memory among all 424 OSA color samples. We employed the cascade color-matching 
method, in which the numbers of selecting color-samples were gradually reduced in 
four stages. At the stage 4 the observer had to select a matched color-sample. We used 
20 color-samples as test stimuli. It is shown in our results that the distance between 
the (u', v') chromaticity positions of a test color and a memory matched-color was 
quite short for all illuminations tested, which indicated that color constancy still held 
good even when we used color memory. 

1. INTRODUCTION 
When we see a colored object under various illuminations with different color tem-

peratures in everyday lives the object usually appears as having the same color so 
that we can recognize the object by using its color. This phenomenon is called color 
constancy. Many studies have been reported on determining factors and mechanism 
of color constancy. I -3 

In everyday situations we use memory to judge color of an object since when we see 
the object under an illumination we cannot see it at the same time under other illu-
minations. It is necessary to compare color of the object seen now with that in memory 
in order to know this color is the same. Although color memory has been studied for 
different purposes 4,5 it should be noticed that color memory is an important factor to 
be studied to understand color constancy in our ordinary situations. The present 
study aims to see how good color constancy holds when color memory is used to com-
pare colors. 

2. METHOD 
Stimulus and Apparatus 

A set of the OSA Uniform Color Scales were used as stimuli. The OSA Color set 
consisted of 424 color samples of 5 x 5 em, which were uniformly arranged in the (L, j, 
g) color space. Lis the lightness, j is the yellow-blue, and g is the green-red axes . 

We tested 4 illuminants of 1700K, 3000K, 6500K, and 30000K. The 1931 CIE (x, 
y) chromaticity coordinates were (0.556, 0.400) , (0.414, 0.427), (0 .323, 0.345), and 
(0.263, 0.269), respectively. The 6500 K illuminant was used as the standard. Color 
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samples were viewed on a gray board of 65 x 65 em (L=-2, j=O, g=O) under 150 lx illu-
mination. The viewing distance was 60 em. We chose 20 color-samples as the test 
stimuli. 
Procedure 

The observer first adapted to a test illumination for 10 min. Then he saw about a 
quarter of all 424 color samples, which were randomly arranged on the gray board, for 
50 sec. During this observation between 20 to 30 sec a test color-sample was pre-
sented among other color-samples on the board for 10 sec. The observer stored the test 
color in his memory. He was also doing arithmetic calculation with a loud voice be-
tween 10 and 40 sec to prevent him using a verbal expression of the test color. 

After this observation the observer adapted to 6500K illumination for 5 min. 
Then he started the cascade color matching to select a color sample that matched to 
the test color-sample in his memory. There were 4 stages in the cascade color match-
ing. In stage 1, the observer looked at all 424 color samples and rejected color samples 
that appeared definitely different from the test color in his memory. In stage 2, he ex-
amined the color samples which remained in stage 1, and rejected some color samples 
that appeared probably different . In stage 3, he selected a color sample or some color 
samples that matched the test color. In stage 4, he was forced to choose the color sam-
ple that most probably matched the test color. This color sample was the final se-
lected color. 

We carried out a categorical color naming for each observer. This experiment was 
done to obtain the basic color category regions in the OSA color space. The observer 
named twice all 424 OSA color samples by using only the 11 basic color categories; 
white, black, red, green, yellow, blue, brown, purple, orange, pink, gray. 6 The consis-
tent region, in which the observer used the same color name twice to the same color 
sample, was defined as a basic category region. 

3. RESULTS AND DISCUSSION 
Fig.1 shows two examples of the distributions of selected color-samples in stages 

1 to 4 of the cascade color matching for observer IK. The selected colors are projected 
on the (j, g) plane regardless of their L values . Four panels of Fig. 1 correspond to the 
test illuminations shown in each panel. The distribution obtained in the upper region 
over the g=O axis is for the test color (-3, 3, 5), and that obtained in the lower region is 
for the test color (-2, 2, -10). 

The distributions of the selected colors in stage 1 to 4 of the test of (-3, 3, 5) are 
similar for all illuminants . This distribution region is in green category. The selected 
colors in stage 4 were found to be close to the test. These results mean that good color 
constancy exists for this test color. The similar results were obtained for the test of(-
2, 2, -10) except that the distributions of selected colors for 1700K and 3000K are dif-
ferent from those of the standard iluminant of 6500K. However the finally selected 
colors in stage 4 are not far from the test for these illuminants. This indicates that 
even when matched colors show good color constancy by the criterion of color differ-
ence in a color space colors might appear in a different category regions in memory. 

Fig. 2 shows the positions of the test colors of (-3, 3, 5) and (-2, 2, -10), and se-
lected colors in stage 4 in the (u', v') color space for all illuminants. It is clear in Fig. 2 
that, in the 1700K condition, the test color is quite distant from the standard 6500K, 
but the selected colors for 1700K were found to be close to that for the 6500K. 

Fig. 3 shows the mean (u', v') distance of the selected colors in stage 4 (open cir-
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sults of haploscopic matching, not using memory, obtained by Kuriki and Uchikawa 
(1996) are also shown for comparison. They used two criterion of matching, surface-
color match (closed circle) and apparent-color match (close triangle). The present re-
sults appear similar to their results. This similarity suggests two possibilities. One is 
that memory does not have any effect on color constancy. When we see an object sur-
face under an illumination we can immediately perceive its standard color, which is 
obtained under a white illumination. The other is that when we compare colors of a 
surface under different illuminations we inevitably use our memory to judge colors. 
We cannot measure colors using eye like a colorimetric instrument under different 
illuminations, but we recognize colors. Therefore we might always use color memory 
even though we are not conscious of using memory. 
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Fig.3: Mean (u', v') distance of selected colors of the tests. 

REFERENCE 
1. MCCANN, J . J ., MCKEE, S. P ., and TAYLOR, T. H., Quantitative studies in ret-

inex theory: a comparison between theoretical predictions and observer responses 
to the 'color Mondorian' experiments. Vision Res. 16 (1976), pp. 445-458. 

2. AREND, L. E. and REEVES, A., Simultaneous color constancy . J . Opt. Soc. Am. A 
3 (1986), pp. 1743-1751. 

3. KURIIG, I. and UCHIKAWA, K., Limitations of surface-color and apparent-color 
constancy. J. Opt. Soc. Am. A 13 (1996), pp. 1622-1636. 

4. BOYNTON, R. M., FARGO, C. X., OLSON, C. X., and SMALLMAN, H. S ., Cate-
gory effects in color memory. Color Res. Appl. 14 (1989), pp. 229-234. 

5. UCHIKAWA, K. and SHINODA, H., Influence of basic color categories on color 
memory discrimination. Color Res. Appl. 21 (1996), pp. 430-439. 

6. BERLIN, B. and KAY, P., Basic Color Terms : Their Universality and Evolution, 
University of California Press, Berkeley, (1969). 

AUTHORS' ADDRESS 
Keiji UCHIKAWA 
Ichiro KURIKI 
Yuzuru TONE 

Imaging Science and Engineering Laboratory, Tokyo Institute of Technology, 4259 
Nagatsuta, Midori-ku, Yokohama 226, Japan 

214 



About Color Naming 

Lucia R. RONCHI 

Three experiments are described, where "color naming" responses are compared to data 
obtained by use of other response indexes assessing visual appearance. 

I . INTRODUCTION 
The traditional quantitative visual research was based on data gathered by considering the eye 

as a zero instrument, thus resulting in matching and thresholds. Nowadays, the classical 
matches have been developing into "perceptual" matches and the visual assessment of 
suprathreshold appearance is widely employed, through scaling, beyond the dichotomy "equal 
versus different" . The scaling procedures are either referred to the appearance of an actual 
sample or to an internal cue, stored in the memory for immediate recall or belonging to the 
cognitive realm. In this latter framework one finds "color naming" , a communication tool based 
on both a physiological process (for receiving color information and transmitting it to the 
brain), as well as on a cultural dependent, learned, hue-word association . The history of the use 
of this tool in visual research is interesting: 
- originally, subjects were let free of using as many terms as they liked, but, in this way, the 

evaluation of responses could be exclusively qualitative 
- the true quantification started when it was decided to express the "composition" of 

perceived colors in terms of unique hues, after having debated how many they are 
- the further step consisted in agreeing that the focal "basic color terms" are the only four 

possible psychologically unique chromatic color sensations[ I] 
- nowadays pages devoted to color naming are found in books on Physics of Color. 
The synoptic view displayed below, illustrates in what fields various researchers have been 
making use of color naming technique: 
* assessment of spectral hue loci and the unique colors 
* color identification (applications: designation of light signals, of colors on CRTs, etc.) 
* naming surface colors, achromatic colors, scaling saturation (applications: quantification of 

visual effects such as Bezold-Bruecke hue shift , Abney effect, P IF.C.s, etc.) 
* color naming in foveal vision compared to color naming in peripheral vision (extension to 

color deficient observers) 
* hybrid use of color naming in conjuction with other (threshold and superthreshold) visual 

responses (re: matching, discrimination, perceptual constancy, cancellation) 
Three experiments are now described, aiming at illustrating the versality of color naming as a 
response index. 

2. EXPERIMENTS 

2.1. Some color names are mulually exclusive: does !his C0/1.1'/raint Sl![fer from some 
limitations? In this experiment, the test stimulus consists of a 3 by 3 deg test patch rendered 
time variable by the computer generation of a sequence of pairs of pulses,either hemochrome 
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or heterochrome (by using two of CRT primaries) . ln each pair, the luminance (L) of the 
former pulse, as measured for unlimited duration, is of 2.5 cd/sq .m, that of the latter is 
increased from the equiluminous condition on . The background is dark grey. The booth is lit 
by an incandescent lamp (x=0.472 ; y=0.422) . Once fix ed the frequency (2.5 Hz), the task 
consists in describing the appearance of the target , three sec after the onset, according to a 
prearranged subjective scale. For the homochrome sequence, the steps are: fusion (fu), 
agitation (ag), swell, alternation of a bright flash and blackness (bl) In the case of a red-green 
sequence, (for the red pulse is Lr=2.5 cd ./ sq .m, for the green one is Lg variable), color is 
used to describe the changes in appearance as successive contrast c=(lg-Lr)/Lg increases. 
However, when the luminance differences within a pair is close to that producing the response 
"bl" in the homochrome sequence, a peculiar effect, which is named by (aH), for "anti-Hering", 
occurs: green and red are perceived simultaneously, even if under slightly different modes: the 
former seems a relatively steady background , the latter appears as a fl oating fram e, discounting 
the background (which is seen through it , as if it were "transparent") . The conspicuity reaches 
its maximum soon after the threshold condition , and decreases and decreases as successive 
contrast is further increased. To quanti fy it we used a six point subj ective scale very very mild 
(vvm); very mild (vm) ; mild (m) ; less strong (Is); strong (s); very strong (vs) . Some results are 
shown in Figures 1 to 3 . 

C == Lg-Lr 
0 .5 Lg 'T}=O' 

64% 70% 74% 80 % 84% 

.,.. ____ vs 
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0 .3 
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fu vm 

0 ,0 0 .1 0 .2 0 .3 0 .4 0 .5 0 ,6 0 .7 0 . 8 0 .9 

<logLg-logLr) or (logLg:a-logLg 1 ) 

Fig. I . (left) Successive contrast, at (aH) threshold , versus eccentricity (vertical meridian) . 
Spread of individual data (ten observers) 

Fig.2 . (right) Abscissare : difference of log luminances, in a pair. Ordinates: left , and full lines, 
homochrome green sequence; right and broken line, red-green sequence (one 
observer) . 
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2.2. Hands in context (the Rea-Roberl.m11-f'etmsich eflectf 2/) 
In this experiment, isolated 100-Hue caps are presented 5.5 deg above the fovea, on various 
backgrounds. Observer's hands (either naked, or wearing black or white gloves) are placed at 
the fixation point. The task consists in naming the colo r of the cap, by the use of(4+w) mode. 
Data are treated by adding up the frequency of occurrence of either hue name, in a response, 
by calling it "chromaticity", as distinct from the achromatic component. The presence of hands 
is expected to produce a "contextual effect" , in thi s case on extrafoveal vision (see also reft3]). 
Some results are shown in fig. 4 

Fig. 4. Abscissae : 100-Hue caps, on a grey background . Ordinates ratio of "chromaticity"with 
naked hands to that with black gloves (full line) or white with gloves (broken line), at 
the fixation point. 
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In another experiment, observers were requested to perform a perceptual match by comparing 
a memory color (the green section of the italian flag) to the samples of NCS 2nd Edition, on a 
white background, held either by the naked hands, or wearing black gloves, Some results are 
shown in Figures S and 6. 
Note that the presence of black gloves increases the amount of Y hue at the perceptual match. 
Moreover, it decreases the saturation of matched samples. 
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Fig. S. (left) Frequency of occurrence of NCS Hue data displayed on the abscissae. Naked 
hands, broken line; black gloves, full line. 

Fig. 6. (right) NCS saturation, at the match, for those samples for which Y is maximal. 
Crosses: naked hands. Full points, black gloves N, number of matching samples. 

3. CONCLUSION 
The basic statement "red and green names are mutually exclusive" , valid in steady state 
conditions, seems to fail in time-varying situations, where transient and sustained mechanisms 
probably interact. Color naming is a powerful tool, but it is sensitive to contextual influences, 
due to observer's hands, even in the case of perceptual matches with a memory color. 
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Differences in Colour Naming between 
Chinese and British 

Helen LIN, M. Ronnier LUO, Arthur TARRANT and Hong XU 

The object of the study was to investigate the difference of colour naming between British and 
Chinese. Experiments were carried out using both a constrained and an unconstrained method. 
The eleven basic names as those found by Berlin and Kay ( 1969) I were again confirmed to be the 
most widely used for both cultures. The data were compared between the two groups and were 
also used to establish a colour naming model based on the CIELAB colour space. 

I. INTRODUCTION 

Colour naming has been extensively studied by many researchers. In these studies (Rich2 
1977, Simpson and Tarrant3 1992), the results were grouped into different colour-name 
categories such as basic (hue names), modifier (light, dark, bright, dull, etc.), secondary (non-
basic) names. The basic name category is the most frequently used and studied. In Berlin and 
Kay 's study (1969), eleven basic names were found ; white, black, red, yellow, green, blue, 
brown, orange, purple, pink and grey. A well-developed language should include at least the first 
seven names and one of the others. In their study Chinese has on ly six basic names. 
(1976) studied five languages (German, English , French, Hebrew, Japanese) and his results 
showed that all the languages studied are consistent with the finding of Berlin and Kay . Uchikawa 
and Boynton5 ( 1987) studied the difference in colour naming between Japanese and American 
subjects. They concluded that there are eleven basic colour names in both languages, and for each 
basic name there is hardly any difference in colour centroid between two cultures. Lii6( 1997) 
studied colour terms in Mandarin (the official Chinese language) and found that there are more 
than eleven basic names. These disagreed with those found by Berlin and Kay, who considered 
Mandarin an under-developed language. 

This study aims to investigate the difference in colour naming between Chinese and British. 
Taiwanese subjects were used to represent Chinese. The experiment was divided into two parts 
using both unconstrained and constrained methods. The names given in the unconstrained results 
were first divided into seven categories. The results in each category were compared between the 
two groups . The results obtained in the constrained study were used to compare some selected 
colour areas in the NCS Atlas corresponding to a set of colour names for both groups. Finally, 
the results were used to develop a colour naming model based on the CIELAB colour space, 
which gave quite accurate prediction of the experimental data. 

2. EXPERIMENTS 

The experiment was divided into two parts using a unconstrained and a constrained method, 
named Experiment I and Experiment 2 respectively . The Experiment I results were obtained from 
50 British and 40 Chinese subjects. Two-hundred glossy paper samples were selected from the 
ISCC-NBS sample set. These colours covered a large colour and lightness range. Each colour 
with a size of 150 by 115 mm2 was mounted on a medium-grey card (300 by 260 mm2) withaL* 
of 55. Each Chinese subject was asked to name each colour under a D65 daylight simulator. The 
British results were obtained from the Simpson and Tarrant's study (1992) in which subjects 
performed the same task using natural daylight. The samples used in the two groups had the same 
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ISCC-NBS colours. The samples used in the present study were measured using a Macbeth 
MS2020+ spectrophotometer. They were measured before and after the experiment (a two-year 
period) with a mean CIELAB of 1.3 unit. This indicates that the samples are stable over time 
considering a lot of travelling between UK and Taiwan. 

All subjects passed the Ishihara colour vision test before commencing the experiment. In each 
session, subjects were asked to write down a colour name for each colour without any constraint. 
The samples were presented in a random order. 

Experiment 2 used a constrained method including 20 British and 20 Chinese subjects . All 
experiments were conducted under artificial daylight. The Natural Color System (Swedish 
Standard SS 0 I 91 02) was used including 1526 colours. Each patch is 15 by 12 mm2 in size. 
Each subject was asked to select a colour (focal colour) and a colour region (colour volume) 
corresponding to the eleven basic names. For British subjects, the experiment was conducted in a 
Veri Vide viewing cabinet withaL* of 20 background viewed under an artificial daylight source. 
The same light source was used in Taiwan, but using a white background. In the experiment, 
more basic names together with a number of modifiers and secondary names were also 
investigated. These results are not given here. 

3. DATA ANALYSIS 

In Experiment I, all the Chinese names were first translated into English. Data analysis was 
carried out to calculate the naming frequency for each group and the codability (consensus in 
naming colours) for each colour. The codability is calculated using eq. I. 

Codabilityi = 100 (Pi - Ni)/(K -I) (I) 

where for each sample i, Pi is the number of subjects giving the most frequently used colour 
name; Ni is the total number of colour names accumulated; K is the total number of subjects used. 
The codability scale runs from I 00 to -100, representing complete and zero agreement amongst 
subjects . 

In addition, all colour names were divided into seven categories (Simpson and Tarrant 1992): 
basic (e.g. orange), modified basic (e.g. dark red), basic-basic (e.g. yellowish green), qualified 
basic (e.g. dark bluish red), secondary (e.g. salmon, mauve, lilac), idiosyncratic (e.g. Financial 
Times pink) and unnamed. The percentage of each category was calculated for each culture . 
These are summarised in Table I. 

In Experiment 2 for each focal colour the average results in terms of the NCS darkness (s), 
chromaticness (c) and hue (<j>) were calculated from all subjects in each subject group. The 
weighted mean was used for defining the centroid of each basic colour volume. 

4. RESULTS AND DISCUSSION 

Experiment I 

In general, both groups gave similar results in terms of number of names given, i.e. 2214 and 
1920 names for British and Chinese respectively. The numbers are larger than Lii's finding in 
which 1349 names were collected from 1815 Chinese subjects. The results also showed that 
Chinese has lower codabilities than British. This implies that the level of consensus in colour 
naming is higher for British than for Chinese. In comparing the high and low codability colours 
between two groups, there is a clear trend that for the top 25 high codability colours the two 
groups gave very similar results , i.e. achromatic names show the highest codability, followed by 
the Berlin and Kay's eleven basic colours. However, brown and orange were missing from 
Chinese, and pink and red from British respectively. The former is due to the fact that Chinese 
has more than two terms for describing brown and orange colours. The common high codability 
colours are achromatic plus green and purple colours. The less saturated and dark colours show 
low codability for both groups. 
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The results from seven-category method are summarised in Table 1 using percentage together 
with their ranking in ascending order. It was found that a good agreement between two groups. 
Both groups prefer to describe colours using secondary names, i.e. 42% of the all colour names 
given. However, these names are very diverse and a culture difference can be found. Chinese 
likes to describe colours associated with food such as milk, coffee, rice, water. In addition, 
Chinese tend to use more basic-basic names and fewer basic names than British. However, no 
consistent pattern of variation was found between two groups. The present results also confirm 
Lti's study that there are more than eleven basic names in Mandarin. 

Table I. The percentage of colour names in each category. 

Basic Modifier-Basic Basic-Basic Qualifier Secondary Idiosyncratic Unnamed 

British 
Chinese 

15.7 (3) 
10.7 (4) 

23.2 (2) 
17.4 (2) 

10.3 (4) 
18.1 (2) 

7.2 (5) 
9.8 (5) 

42.3 (I) 
42.4 (I) 

Note : the figures in the bracket are the ranking orders. 

Experiment 2 

0 .3 (7) 
0.2 (7) 

1.0 (6) 
1.5 (6) 

The mean results of the eleven basic names for the focal colours were used to compare the 
difference between two groups. There is very little difference in chromaticness and hue between 
two groups (within one visual step of each attribute in the NCS Atlas). A systematic discrepancy 
was found between two groups. Most of the focal colours in Chinese group are darker than those 
of British. This lightness difference could be caused by the different backgrounds used in two 
groups, i.e. a grey and a white backgrounds used for British and Chinese respectively. An 
additional experiment was carried out using a panel of ten Chinese subjects. Each subject selected 
a focal colour against a grey background. The results confirm that the British and Chinese 
subjects agree with each other in almost all 11 basic names investigated and the lightness 
difference found earlier was caused by the background used. 

The results from both experiments were used to derive a colour naming model for describing 
colours . It was based upon the CIELAB colour space (CIE 1986). All test colours in Experiment 
I included the colours which were named by more than 50% of subjects one of the eleven basic 
names (133 and 101 samples for Chinese and British respectively). The samples used in the 
Experiment 2, NCS colour chips, were also measured by the same MS2020+ spectrophotometer 
as used in Experiment I . The colours which were selected in each colour volume were also 
collected together with its frequency (797 and 1012 samples for Chinese and British respectively). 
Software was developed by defining the boundary of each basic colour in CIELAB colour space, 
i.e. ± L * ab, ±C* ab and h0 values. A measure, 'wrong frequency '(WF) was used to optimise the 
boundaries. The boundary was determined when the minimum value of WF was reached. The 
WF function is calculated by eq. 2. 

M N 

WF= K(Wl, +WE,)+ L WJF, + L WEFj (2) 
i = l j = l 

where Wit and WEt are the number of the wrongly included and wrongly excluded samples in 
Experiment 1 based on ISCC-NBS colour samples; WIF; and WEFj represent the frequencies for 
the wrongly included and excluded Experiment 2 samples i and j respectively, M and N are the 
total numbers of wrongly included and excluded samples in Experiment 2 based on NCS colour 
space. The constant K was used to make the samples in Experiments I and 2 equally weighted. 

The model was developed in four stages according to the characteristics of each basic name in 
CIELAB space. 

•Stage I: the ± L * ab and ±C* ab of the three achromatic basic colour names were first 
determined, i.e. white, grey and black. 

•Stage 2: The boundaries for the three CIELAB attributes were defined for pink and brown. 
•Stage 3: the± L* ab and ±h0 were also optimised for yellow. 
•Stage 4: the ±h0 values were determined for red, orange, green, blue and purple. 
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Further work was carrying out to refine these limits so that make all colours can be defined in 
CIELAB space without any gaps. These boundaries are summarised in Table 2. 

4. CONCLUSION 

The constrained and unconstrained methods were used to study colour naming between British 
and Chinese. The results show that there is a close agreement between two languages in terms of 
colour categories. A large difference can be found in secondary names due to culture difference. 
For the high consensus colours, they include the majority of the eleven basic names found by 
Berlin and Kay. However, the brown and orange were not included for Chinese group, similarly, 
the red and pink for British group. Although there was a lightness difference between the focal 
colours between two groups, this was verified by a subsequent experiment. The difference was 
caused by the different backgrounds used for two groups. 

A colour naming system was developed to divide the eleven basic names in CIELAB colour 
spaces. The boundaries of each basic name were optimised using the data accumulated in the 
present study. The results show that it gave reasonable prediction of the results for both groups. 

Table2 The boundaries for each basic colour in CIELAB space 

L*ab C*ab h0 (anti-clockwise) 
Stage Basic name + + + 

White 100 90 5 0 
Grey 90 40 5 0 
Black 40 0 5 0 

2 Pink 100 65 50 5 340 75 
Brown 65 30 50 5 25 80 

3 Yellow 100 75 75 95 
4 Red 15 45 

Orange 45 85 
Green 85 205 
Blue 205 290 
Purple 290 15 

Note: All colours except 'black' should have a modifier 'dark' added when their L * values are below 30 . 
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Visual Determination of Hue Suprathreshold Tolerances 

Roy S. BERNS, Vue QIAO and Lisa A. RENIFF 

A visual experiment was performed to generate suprathreshold tolerances sampling the 
direction of CIELAB hue. Thirty nine color centers including three complete hue circles at different 
lightness or chroma levels and three of the five CIE recommended colors (red, green, blue) were 
evaluated for hue discrimination. Forty five observers participated in a forced-choice perceptibility 
experiment where the total color difference of 393 sample pairs were compared with a near-neutral 
anchor pair stimulus of Due to precision limitations of the digital printer used to produce 
colored samples, there was significant variability in lightness and chroma. Accordingly, the 
statistical method, logit analysis with three-dimensional normit function, was used to determine the 
hue discrimination suprathreshold for each color center. The results indicated that the hue 
discrimination suprathresholds of observers varied with CIELAB hue angle. The results were 
compared with current color-difference formulae, CMC, BFD and CIE94. CIE94 had the poorest 
performance (0.56 RMS error) due to a lack of hue angle dependency. However, CMC and BFD 
resulted in only marginal improvement (0.45 RMS error for both formulae). Data, such as 
described, can be used to derive tolerance equations with improved performance, consistent with the 
CIE's philosophy of continuous improvement. 

l . INTRODUCTION 
Three data bases 1•

4 were evaluated and subsequently used in the development5 of the CIE94 color 
difference equation6

• One of the issues was validating the hue-angle dependency in color-tolerance 
equation development as exemplified by the CMC7 and BFD8 equations. Although the CIE was 
unable to statistically validate a hue-angle dependency, they recognized6 that future experiments 
might reveal this dependency as described in a list of guidelines for future study. 

Accordingly, the Munsell Color Science Laboratory' s Industrial Color Difference Evaluation 
Consortium supported research in visual color-difference scaling where the experimental design was 
optimized to measure possible CIELAB hue-angle dependencies. 

2. EXPERIMENTAL 
A Fujix Pictrography 3000 digital printer was used to produce sample pairs with similar surface 
properties to the glossy automotive paint panels used in previous experiments. Samples were 
measured with a 45/0 spectrophotometer; CIE illuminant D65 and the 10° observer were used for all 
colorimetric calculations. Thirty nine color centers were defined which comprised three complete hue 
circles at different lightness or chroma levels (L *=40 and C* ab=20, L *=40 and C* ab=35, and L *=60 
and C* ab=20) and three of the five CIE recommended colors (red, green, blue). (CIE yellow was 
outside of the printer' s color gamut.) 

The initial experimental design was to prepare samples that varied only in ab' have 
observers judge difference pairs in comparison to a near-neutral anchor pair, and use probit analysis 
to estimate visual tolerances equal to that of the anchor pair. Preliminary experiments revealed that 
samples could not be prepared that varied only in hue, a limitation due to quantization errors and a 
lack of spatial uniformity. 

As a consequence, a sorting technique was used such that candidate sample pairs were 
constrained as follows: Furthermore, probit analysis, a 
uni-dimensional statistical technique, was expanded to three dimensions. Logit analysis with a three-
dimensional normit function was used to model the visual data according to Eq. (1). 

z = + + (1) 
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where Z is the Z-score converted from the frequency of rejection visual data and the 's are the 
model coefficients estimated by a maximum likelihood method. Equation ( 1) shows that instead of 
fitting Z-scores to a straight line in one dimension, Z-scores are fit to a three-dimensional super 
plane. This 3-D super plane is changed to a special 3-D surface by inverting Z-scores to 
frequencies. If any two of the three independent variables are kept constant, the shape of the line in 
this space is sigmoid, which is equivalent to one-dimensional probit analysis. Because of the sorting 
process, covariance terms could be ignored, although as a precaution, joint effects were tested 
within the logit analysis. 

Following the logit analysis, Eq. (1) is used to estimate the median hue tolerance or T50 1
• 

Fiducial limits (similar to 95% confidence limits) were calculated about each tolerance in the usual 
fashion. 

Nine to ten color difference pairs were prepared about each color center. The pairs were 
randomized and judged by 45 color normal observers according the CIE recommended viewing and 
illuminating conditions.6 Observers judged whether the total color difference was smaller or larger 
than a middle-gray near-neutral anchor pair varying in all three color directions ab= 1.02. 

3. VISUALRESULTS 
The visual results (median and fiducial limits) are plotted for the three hue circles in Fig. 1. For 
many of the tolerances, the fiducial limits are large. There are several likely reasons for the large 
uncertainty: lack of spatial uniformity, difficult observer task, and inter-observer variance. 
(Experiments are underway to better understand the high uncertainty and validate or supplement 
these results.) Despite the increased uncertainty, particularly in comparison to previous research 
using a similar experimental design, 1 the large observer numbers suggest reasonable population 
estimates. Comparing the three hue circles reveals several trends. CIELAB hue tolerances increase 
with increasing C* ab but are invariant with changes in L *, consistent with previous research. There 
are clear hue angle dependencies with three minima in the hue angle regions of 50°, 210°, and 290°. 
The hue circle at C*,b of 35 exhibited a fourth minimum near 120°. All of the visual results were 
averaged weighted by their fiducial limits and corrected for chroma position, shown in Fig. 2. Color 
centers with large uncertainty had a smaller weight when calculating the average results. A linear 
mapping was used to correct for chroma position. The three minima are apparent. 

2.5 

1.5 

V.5 

40 80 120 160 200 240 280 320 100 150 200 250 300 

hue angle Hue angle 

L *=40, C*_b=20 L *=40, C*_b =35 

0.5 

40 80 120 160 200 240 280 320 

Hue angle 

L *=60 C* b=20 
Fig. 1. Visual results: median tolerances (T50) by fiducial limits. 
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Fig. 2. Weighted-average visual results corrected for chroma position. 

4 . COMPARISON WITH CIE94, CMC, AND BFD EQUATIONS 
Both CMC and BFD equations have SH functions that depend on hue angle. Figure 3 depicts plots of 
each hue circle compared with CIE94, CMC, and BFD equations where a commercial factor (scalar) 
was applied to each equation to facilitate graphical comparisons. The accuracy of each equation in 
predicting the visual results was quantified by RMS AH* ab values, given in Table I. CIE94 has the 
lowest accuracy, as expected, and can be interpreted as averaging the hue angle dependent results. 
CMC has two minima while BFD has three. One would expect better performance from BFD; as 
shown in Table I, they have equivalent accuracy, only slightly improved in comparison to CIE94. 
There is reasonable agreement among the visual data, CMC, and BFD in the orange and blue 
regions, although the specific minima in terms of both phase and amplitude vary. When analyzing 
the CMC visual data in light of the current results, one can imagine a third minima near 210°. The 
current data also corroborate the third minimum in the BFD equation. 

Table I. RMS AH."h error. 

L*-40, C*.b-20 
L*=40 C* b=35 
L *=60, C* ·b=20 
Weigh;ed 

CMC BFD 
0.39 0.35 
0.62 0.67 
0.30 0.29 
0.45 0.45 

CIE94 
0.42 
0.80 
0.42 
0.56 

-2 38 78 118 158 198 238 278 318 
hue angle 

38 78 118 158 198 238 278 318 
hue angle 

L*=40, C*.b=20 L*=40, C*•b =35 
Fig. 3. Visual results compared with CIE94, CMC, and BFD equations. 
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Fig. 3 (Cont.). Visual results compared with CIE94, CMC, and BFD equations. 

5. CONCLUSIONS 
This visual experiment indicates that visual tolerances are not independent of CIELAB hue angle, a 
result noted at least a decade ago with the development of JPC79 and its evolution to CMC. 
However, the specific hue angle function embedded in CMC (or BFD) does not well fit the current 
results. Thus, there is an opportunity to continuously improve CIE94 with a new function that 
corrects the most obvious systematic data trends. The results described herein might be among the 
data bases used for this purpose. 
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Neon Color Spreading in a Figure without 
Subjective Contours 

Naohiro YANASE, Satoshi SHIOIRI and Hirohisa YAGUCHI 

Neon color spreading occurs usually in subjective contour figures such as Ehrenstein 
patterns or Kanizsa patterns. The color of the segments inside the subjective figure spreads out all 
over the figure, giving rise to the perception of slightly tinted transparent surface floating above 
the pattern. The close relationship between neon color spreading and perception of subjective 
contours and transparency has been reported in the literature. We report here that neon color 
spreading in a figure without distinct subjective contours. Frequency of neon color spreading seen 
was measured for various combinations of the luminance levels of the segments in the figure. 
Results showed that neon color spreading was seen when the luminance condition was 
appropriate. This indicates that color spreads even in the figure that does not contain subjective 
contours. On the other hand, the prediction of the occurrence of neon color spreading based on 
Metelli's transparency conditions agreed with our results fairly well although there were 
nontrivial disagreements in some luminance conditions. These results that neon color 
spreading is closely related to transparency perception but may not be related to subjective 
contour perception as much. 

I . INTRODUCTION 
Neon color spreading is a phenomenon of color perception spreading over regions where 

no physical stimulus related to the color. It is usually seen with subjective contours and 
transparency . Color spreads over a subjective figure and the figure with spread color is seen 
transparent such as an optical filter. Some experiments have that subjective contour is 
not necessary for neon color spreading, Il.2l while transparency (perception of two planes at the 
same location) seems to be seen whenever neon color spreading is seen. The purpose of the 
present study is to investigate the luminance relationships among segments of the figure for neon 
color spreading to compare with transparency perception. We used a figure that did not have 
distinct subjective contours but produce neon color spreading to minimize the influence of 
subjective contours. 

2. EXPERIMENT 
The stimulus figure was composed of a rotated version of a checkerboard pattern and 

color square patches which are placed on crossing points of the checkerboard pattern (Fig. 1). 
After placing the patches, the squares of the checkerboard pattern become hexagons oriented 
vertically or horizontally. No distinct subjective contour is seen in the figure, while neon color 
spreading can be seen as bands connecting the color patches either vertically or horizontally 
depending on luminance conditions. The CIE >q coordinates of color patches on the CRT display 
were 0.45 and 0.48 (orange) and those of hexagons are 0.29 and 0.31 (gray). The six luminance 
levels were used for color patches and for both types of hexagons: 36 combinations of the hexagon 
luminance for each of six patch luminance condition. Outside the figure on the display was black 
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of0.04 cd/m2. 

In a trial, observers were displayed the stimulus with a certain luminance combination. 
The stimulus was terminated when observers pressed a key to respond, which was usually a few 
seconds after the beginning of the display. Observers were asked to respond whether only vertical 
spreading was seen, only horizontal spreading was seen, both types of spreading were seen or no 
spreading was seen. In one session, six levels of patch luminance and six levels of either vertical or 
horizontal hexagon luminance were used varying randomly from trial to trial. The number of the 
trials of each luminance combination was 20 after twelve sessions: one half of the trials in one 
session varying the luminance of the vertical hexagons and the other half in another session 
varying the luminance of the horizontal hexagons. Three observers with normal or corrected-to-
normal acuity participated in the experiment. 

20' 

Fig. 1 Stimulus used for neon color spreading without distinct subjective contours. The small 
squares were in orange in the experimental display. 

3. RESULTS AND DISCUSSION 
Figure 2 shows percentages of the responses for vertically spreading, which include the 

responses of spreading vertically and horizontally simultaneously as well as the responses for 
seeing spreading only vertically. The horizontal axis represents the relative luminance of the 
horizontal hexagons and the vertical axis represents that ofthe vertical hexagons. The lightness in 
the panel represents the percentage of the spreading seen vertically (lighter indicates higher). The 
horizontal dashed line indicates where the luminance of the vertical hexagons is equal to that of the 
color patches and vertical dashed lines indicates where the luminance of the horizontal hexagons is 
equal to that of the color patches. The diagonal light gray line with slope of 1 shows the 
conditions in which the luminance of the two types of hexagons are the same. Each area bordered 
by these lines shows a certain luminance relationship between the color patches and the hexagons. 
Inside the upper left rectangle, for example, the luminance of the color patches is higher than that 
of the horizontal hexagons and lower than that of the vertical hexagons. 

The left panel of Fig. 2 is for the color patches with relative luminance of 0.63 and the 
right panel is for that with relative luminance of0.26. There is a pronounced tendency of seeing 
color spreading when the color patches are lighter than horizontal hexagons and darker than 
vertical hexagons. Color spreads over the darker areas in this case. There is also a weaker tendency 
to see spreading when the color patches are darker than the horizontal hexagons and the horizontal 
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hexafPnS are lighter than the vertical hexagons. Color spreads over lighter areas in this case. When 
the patches are either darker or lighter than both hexagons, little spreading is seen. Similar 
tendencies are found for the other levels of patch luminance and for the other two observers. 
These results show clearly that luminance combinations of the figure segments are important for 
neon color spreading, agreeing previous reports. 1l·4l 

1::: Patch Luminance 0.63 Patch Luminance 0.26 0 
100 00 

"' :< 
Q) ::r: 

'* 80 
00 
.5 60 '0 

"' Q) c. u 
VJ 40 § 
03 ·§ u 
t ::l Q) 

20 .....JO > Q) 

> :::: 
0 Q) 

0:: 

Relative Luminance of Horizontal Hexagon 
Fig. 2 The frequency of neon color spreading seen for various luminance combinations of 
horizontal and vertical hexagons for one observer NY. Left panel is for color patch luminance of 
0.63 and right panel is for that of 0.26. The luminance values are all relative to the luminance of 
white used (82 cd/m2) . The luminance of the patch color is determined by flicker photometry to 
the gray field prior to the experiment for each observer. 

We compared the results with the luminance relationship of transparency perception. 
Metille proposed conditions of the luminance relationships for seeing transparency .5l We adopted 
Metelli's conditions extended for neon color spreading. 6l The relationship between Metelli's 
conditions and its extension to neon spreading is shown in Fig. 3. Metelli's conditions indicate 
that (I) the lighter (darker) region of a transparent overlay must lay on the lighter (darker) region 
of the background and that (2) the difference between the two regions in the transparent overlay 
must be smaller than that in the background. If an index, C:X=(p-q)/(a-b) is used, Metelli's 
conditions imply that transparency is seen when O<a< I. The range of a in each region are shown 
in Fig. 2. According to Metelli 's conditions, spreading is seen inside the upper left rectangle or 
lower right rectangle, where the luminance value of the patches is between those of the two types 
of hexagons. The results roughly agree with the prediction from Metelli's conditions. The area of 
strong tendency of neon color spreading seen corresponds to the upper left rectangle although the 
other area of the spreading seen does not coincide with the lower left rectangle. 

The line of a=2 is also drawn in Fig. 2 (diagonal dashed line). Nontrivial amount of color 
spreading is seen in the region of I <a<2. The figure shows that the region of spreading seen is 
described better as the region of O<a<2 (the value of 2 may be larger since spreading was seen 
even when a>2 in some conditions) than as that of O<a<l. The spreading is seen even color 
patches are lighter (or darker) than both types of the hexagons if the luminance difference between 
the patches and hexagons is within a certain range. These results suggest that neon color spreading 
is related to transparency perception, but it does not agree with Metelli's conditions perfectly. It 
is not clear, however, whether this disagreement of our data with Metelli 's conditions indicates 

229 



the disagreement with transparency perception itself because the prediction from Metelli's 
conditions for transparency may not be perfect. 

4. CONCLUSIONS 
We confirmed that neon color spreading can be seen in figures without subjective 

contours. The prediction of neon color spreading results from Metelli's condition revealed that 
neon color spreading closely related to transparency perception, while there is also nontrivial 
disagreements. 

(a) (b) 
spread---+ q 

Metelli's transparency condition 
0 < a< 1 where a ={p-q)/{a-b) 

vertical hexagon ---+ a 

Fig. 3 (a) Metelli's transparency conditions (a, b, p and q represent the lightness levels of the 
regions) and (b) its extension to neon color spreading (each arrow shows the segment of the 
spreading figure that corresponds to each segment of transparent figure using the lightness 
notations in Fig. (a)). 
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Color Assimilation between Strips Displayed on 
CRT with Dark Background 

Takashi NAKAGAWA 

Color assimilation between primary color strips with dark background was studied using matching 
method. Color assimilation was observed as a homogeneous change in the hue of a strip as if the 
color of the neighboring strip was additively mixed over there. Color assimilation was observed 
between every pair of primary colors. However, the extent of assimilation was different among 
different pairs . Among primary colors, blue induced most prominent assimilation. Experiments with 
changing brightness showed that the intensity of color assimilation changed with the change in the 
color intensity in both of the induction strip and the test strip. The change was relatively small in the 
hue basis with the change of the brightness of the test strip. 

1. INTRODUCTION 
Color appearance of objects is affected in various manner by its surrounding colors . Such spatial 

interaction in color perception is generally called simultaneous color contrast and has been studied by 
many researchers[l] -[4] . Color assimilation is a phenomenon of simultaneous color contrast in 
which the color of a small piece of object is perceived assimilated to the color of neighboring objects. 
This phenomenon prominently occurs in simple optical environments in which very small colored 
light sources are presented in the dark environment where no other light sources of spatial interaction 
exist. Therefore, color assimilation is important as a fundamental characteristics of our visual system. 

After we published our preliminary results[5] on color assimilation study using an earlier type 
personal computer, we developed a new experiment system using Macintosh computers. With the 
new system, we investigated color assimilation among primary colors from two view points. 

The first view point is the intrinsic characteristics inherent to the species of primary colors. Our 
previous results with primary colors indicated that blue exerted assimilatory effects to the appearance 
of red and green, but the assimilatory effects in inverse direction could not be measured. Likewise, 
red exerted assimilatory effect to the appearance of green, but green did not exert assimilatory effect 
to red in measurable manner. Those failures were concerned to the fact that there were considerable 
difference among luminance (brightness) of primary colors in condition that their superposition 
results white. Therefore, we reexamined this seemingly one-directional assimilatory effects and found 
that the assimilatory effects were really two-directional with the extent depending to the direction. 

The second view point is the effect of relative brightness on color assimilation. The above 
seemingly one-directional assimilatory effects might have been resulted from the difference among 
luminance of colors; darker color might exert stronger effect to brighter color than the effect in the 
reverse direction. Our new result indicates that this view is partially true. 

2. METHOD 
We used a 17" color CRT (Apple Multiple Scan 17 Display) connected to a Power Macintosh in 

the monitor mode of 832x624 pixels . In this paper, lengths in the test patterns are indicated in terms 
of pixels . One pixel is about 0.37mm . Viewed from 130cm, 1 pixel gives a visual angle of about 
0.37/1300=0.28x!0-3rad=0.97' . We used our luminance colorimeter Topcon BM-7 to calibrate and 
relate digital R, G, B values to l, x, y color values . We had color values l = 16.5Cdlm2

, x = 0.648, y = 
0.325 for the brightest red, I =56.3 Cd/m2

, x = 0. 282, y = 0. 610 for the brightest green, I =8.9 Cd/m2
, 
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x = 0. 150, y = 0. 062 for the brightest blue. 
In a dark environment, a pattern of Fig.! was presented on a 

CRT placed 130 em from the subject's eyes. The test I strip 
and test 2 strip were presented in different primary colors 
selected from R, G, and B. The reference I strip was initially 
presented in the same primary color as the test field I. The 
reference 2 strip was initially presented in the same primary 
color as the test field 2. The subject person then found that the 
assimilation had occurred; the color of the test I strip appeared 
different from the color of reference I strip as if some amount 
of test 2 color had uniformly superimposed throughout test I 
strip. In this observation, using the conventional terminology, 
test I strip is the test field, test 2 strip is the induction field, and 
reference I strip is the reference field. The subject person also 
found that the color of the test 2 strip appeared as if some 
amount of test I color had uniformly superimposed 
throughout test 2 strip. In this observation, test 2 strip is the 
test field, test I strip is the induction field , and reference 2 strip 
is the reference field. 

Fig. I Test pattern for 
color assimilation. 

To measure the intensity of color assimilation of test I strip, the subject person added the color 
component of the test 2 strip (inducing color for test I strip) to the reference I strip until the color of 
reference I strip matched the apparent color of the test I strip. Then we evaluated the intensity of the 
assimilation by the luminance of the added color component expressed in Cd/m2

• The assimilation 
intensity of test 2 strip was measured in the same manner by adding the color component of the test I 
strip (inducing color for test 2 strip) to the reference 2 strip. 

3. RESULTS 

3.1 Color Assimilation Depending on Color and Strip Width 
Fig.2 shows the intensity of color assimilation for every combination of primary colors presented 

in their maximum intensity. In every plot, the width W of induction field was kept to 3 pixels. 

10 lumincnce of r--- irducing 8 strip 15 lumincnce of irducing R 15 luminance of indJcing R 
• 
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Fig.2 Color assimilation 
remarkable with narrower 
test fields. Intensity of 
assimilation is in eli cated in 
terms of the luminance 
(Cd/m2) of inducing color 
added to the original 
primary color to match the 
test strip. 
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The luminance of test color component in the reference field was kept to its maximum value except 
for the plot b. For every pair of primary colors, there can be two plots: a plot in which color 
assimilation of test l strip due to test 2 strip as induction field was plotted and a plot in which color 
assimilation of test 2 strip due to test l strip as induction field was plotted. However, Fig.2 lacks the 
plot of assimilation of blue induced by green. This could not be measured because blue strip was too 
dark to identify its color in adjacent to the brightest green strip. 

In every plot, assimilation is remarkable with narrower test fields while it diminishes as the test 
field width is increased. The luminance of induction field is indicated by a horizontal line in each plot. 
If the luminance of added color is equal to this level as are the cases of W =2pixels in plots a and d 
where induction color was blue, the color appearance is the same as the case in which the induction 
color is completely superposed on the test color. The same tendency that the extent of assimilation 
tends to the full superposition by narrowing test width is seen in plot c in which green is assimilated 
to red. On the other hand, the intensity of color assimilation of red to green (e) does not tend to full 
superposition. 

In case of plot b, where the reference field was tried to match the blue test field assimilating red, 
matching failed unless the luminance of the blue component was reduced while red component was 
added. Also in other cases where matching was successful, matching was not always satisfactory. 
Rule for best matching is a problem left for future research. 

3.2 Color Assimilation Depending on the Luminance 
To investigate the effect of luminance, we carried out experiments in which luminance of brighter 

color of every pair of primary color was changed in three or more levels including a luminance nearly 
equal to the luminance of the darker color, a brighter luminance, and a darker luminance. 

Fig.3 shows the results . In every plot, the luminance of test 2 color was changed while the 
luminance of test I color was kept to its maximum luminance. In each case, the reference I color was 
matched to the test I color by adding test 2 color (larger points) to its original color (test l color). 
Likewise, the reference 2 color was matched to the test 2 color by adding test I color (smaller points) 
to its original color (test 2 color). Therefore, larger points shows the change of the effect the test 2 
color gives as it changes its intensity. On the other hand, smaller points shows the change of the 
effect the test 2 strip receives from the test I color of constant luminance as the test 2 strip changes its 
intensity. 

10 test 1 =blue 
10 

test I =red luminance 
10 c . 

of added 
5 

test 2 =red test 2 = green 
5 color 5 • test l = blue a b 2 test 2 = green 

(Cd/m ) 0 '------'------- 0 0'-------
5 1 0 15 20 40 60 20 40 60 

test 2 luminance (CdJm2) test 2 luminance (Cdjm2) test 2 luminance (Cdfm2) 

Fig.3 Luminance of added colors to make reference strips match test strips with 
varying luminance of test 2 strip. Larger points indicate added color of test 2 to 
reference I and smaller points indicate added color of test I to reference 2. 

4. DISCUSSION 
It is interesting that the assimilatory effect depends not only on the giving side intensity (larger 

points in Fig.3 ) but also on the receiving side intensity (smaller points) . The increase in assimilatory 
effect on RGB basis with the increase in the receiving side luminance means that our visual system 
has some mechanism that keeps the receiving assimilatory effect on hue basis nearly constant while 
depending on the strength of induction color. 
The tendency that the intensity of assimilation increases with the increase in the luminance of the test 
field will make the intensity of assimilation increase until it reaches a level of full superposition. In 
other words, darker color is apt to exert stronger assimilatory effect to brighter color than the effect it 
receives. During experiments, this tendency was in fact observed. 
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5. CONCLUSION 
Using matching method with test patterns displayed on color CRT display, we investigated color 

assimilation between strips of primary colors with a dark background. 
We could observe color assimilation between every pairs of primary colors. However, the extent 

of assimilation greatly depended on the species of color as well as on the luminance of the strips . 
Blue exerted most prominent assimilatory effect to red strips and green strips. Intensity of color 
assimilation increased not only when the luminance of induction field was increased but also when 
the luminance of the test field was increased. This effect explains the tendency that a darker color 
exerts stronger assimilatory effect to the brighter strip than the effect it receives from the brighter 
strip. 

There were cases in which color matching was difficult. Rule to determine assimilated color is a 
problem for future research. 
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Color Coding in a Visual Search with 
Heterochromatic Distractors 

Hiroki YAMAMOTO, Sadanori OKA and Yoshimichi EJIMA 

We investigated the detectability of a colored target randomly located among distractors with two 

colors in brief display. The detection index d' was determined as a function of color direction of a 

bisector joining the two distractor colors, which are set on a circle around a target color in a 

normalized equiluminant plane. We found that the detectability function had four peaks approximately 

along the target line and the orthogonal line. It is suggested that a pair of color mechanisms tuned 

to variations in hue and saturation may be involved in a visual search for a target among distractors 

with two colors. 

1. INTRODUCTION 

Detecting an object instantaneously by it's color in a complex and colorful visual scene is daily 

visual experience and has obvious evolutionary significance. In applied vision, such performance is 

a crucial factor to design an information display. Previous experiments1
' 
2 on this kind of task, in which 

search time for a colored target randomly located among distractors with two colors was measured, 

revealed a curious constraint about the color configuration on instantaneous search: the search was 

fast and independent of the number of distractors only if the target color did not lie on a segment 

joining the two distractor colors in color space, in other words if the target was linearly separable from 

the distractors. 

The present study was based on the working model that the fast detection is subserved by 

hierarchical mechanisms: color selective filter mechanisms that linearly combine cone signals and 

mechanisms that instantaneously signal the unit that yields a maximum or minimum response among 

the units acting in parallel over the visual field. The linear separability phenomena would arise because 

no units maximally respond a target when its color lies on the segment joining two colors of 

distractors. We examined a spectral organization of the underlying color filters. 

2. EXPERIMENT 

An experiment was performed to determine detectability for a colored target randomly located 

among distratcors with two colors(Fig. l(a)). The stimulus display consisted of32 circular disks placed 

on a 6 by 6 square lattice of locations at 1.2 deg intervals, from which comers had been removed. 
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Each disk subtended 0.78 deg. The target disk was presented with probability ofO.S in each trial. For 

target-absent trials, there was an equal number of the two distractor colors. For target-present trials, 

one of the distractor items was selected at random and replaced by the target. The target and the 

distractors were equiluminant at 20 cd/m2 The background was a 12 deg by 9 deg uniform field . The 

luminance of the background was IS cd/m2 and the color was metameric to equal energy white. 

Stimuli were presented with a color monitor(Sony, GDM17sell) driven by a graphics 

card(Cambridge Research, VSG2/3) in an IDM PC-AT compatible computer(Dell, GXMTIOO) The 

red, green, and blue guns of the monitor were calibrated with a spectroradiometer(Photo Research, 

PR704) and a luminance meter(Cambridge Research, OptiCal). The guns were linearized through 

look-up tables. The graphics system allowed intensities of the three guns to be specified to an 

accuracy of 12 bits/gun. The screen was viewed binocularly at a distance of I 00 em in a dark room. 

Colors of the stimuli were defined in an equiluminant plane whose principal axes isolate variations 

either in the ratio ofL toM cone excitation, or in S cone excitation3
. At the origin was the white 

point of the background. Each axis was normalized based on preliminary experiments, in which 

distractors with one color along the axis were employed, and detection index d' for a white target was 

determined as a function of the color difference between the distratcors and the target. We defined 

a unit distance of each axis as the color difference at which d' equaled 2.0, by using a linear least 

squares fit. A pair of distractor colors Dl, D2 was set to line on a circle around the target color T and 

characterized by the radius r, the central angle e and chromatic direction of a right bisector of the 

chord joining the pair ¢(Fig. I (b)) . 
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FIGURE I . (a) A diagram of the stimulus display. (b) Color configuration of a target and two 

distractor colors. 
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FIGURE 2. Detectability function for a T(-5, -5) target. (a) Detection index d' as a function of the 

bisector direction of two distractor colors¢. (b) Values of d' from (a) plotted as radial 

distances from the center in polar coordinates. 

The observer initiated each trial after 2 min initial adaptation to the background. On each trial, a 

target was firstly presented alone for 500 msec at a random location in the background and then the 

stimulus display was flashed for 100 msec. The observer's task was to judge whether a target was 

present in the stimulus flash. In a session, the target color was held constant and the pair of the 

distractor colors was varied across blocks. Data were obtained from two observers. They had normal 

or corrected-to-normal acuity and normal color vision as assessed with the Farnsworth-! 00-hue test 

and Ishihara pseudoisochromatic plates. The value of d' was estimated from the hit and the false alarm 

probabilities. Plots of d' were obtained as a function of the bisectors direction ¢joining the pair of 

distractors. The detectability function would reflect spectral tunings of the underlying color mechanisms. 

3. RESULTS 

Figure 2(a) shows values of d' for a target T( -5 , -5) against directions of the pair of distractors 

¢, at the radius and the central angle [deg] (r, B) = (2 .0, 90), (3.18, 135). For both conditions, the 

detectability function undulated with the bisector direction ¢of distractors. In Fig.2(b) the d' values 

are plotted as radial distances from the center in polar coordinates. The main point here is that the 

four peaks occurred approximately along the target line and the orthogonal line. Figure 3 shows 

results for the other three target colors T(5, 0), (0, -5), (5, -5) at (r, B) = (2 .0, 90). Tuning curves 

were similar to those in Fig.2(b), in that the tuning was undulated and appeared to have four peaks. 

But the tuning curves rotated such that their four peaks lay along the target line and the orthogonal 

line. 
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FIFURE 3. Detectability functions in polar coordinates for T(5, 0), T(O, -5 ), and T(5 , -5). 

4. CONCLUSIONS 

The results suggest that an orthogonal pair of color mechanisms were at play and the pair changed 

with the color of the target. The pair appeared to tune to variations in hue and saturation around a 

target color. 
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Chromatic Enhancement of Colored 
Pictures in Memory 

Kinjiro AMANO, Keiji UCHIKAWA and lchiro KURIKI 

We studied how exactly we could recognize colors in visual scenes. A memory identification task 
was performed with colored pictures of natural scenes. The chromatic and luminance contrasts were 
used as variables. The experiments consisted of memory phase and test phase. In the memory 
phase the subject observed 20 pictures(M-pictures) successively. After 30 seconds, the subject 
entered the test phase, in which they observed 40 pictures(T-pictures); M-pictures and new 20 
pictures(N-pictures). Each of them had different patterns. The half of M-pictures were changed in 
their chromatic or luminance contrast. The remaining half of M-pictures were the same as those in 
the memory stage. In the test phase, the subject judged, for each T -pictures, whether slhe saw it in 
the memory phase with the confidence rating(3, 2, 1, 0). The rating was used to calculate de'. As 
the results, we found two effects of enhancement and attenuation on chromatic contrasts. We 
speculated that there might be a convergence point for the contrasts in our visual memory. 
Moreover the subjects could exactly judge for N-pictures in the test phase. It suggested that the 
processing for pattern of a picture would be prior to its colors. 

l.INTRODUCTION 
We usually use memory for colors of objects in daily lives as one of cues for recognizing objects 

and visual scenes. How exactly can we remember the colors in the scene? What will happen if the 
color information was lost? The purpose of our research was to investigate the role of color in our 
memory of visual scenes. 

There have been many reports on color memory. Newhall et al.(1957)1 and Uchikawa and 
lkeda(1983)2

, Uchikawa(1983)3 reported that the hue was kept correct in the memory but the 
saturation was increased. Uchikawa and Shinoda(1996)4 showed the notion of categorical 
characteristics in color memory. This notion was that our color perception was based on the 11 
categories. Bartleson( 1960)5 reported that the memory color was more saturated compared with the 
colors of the real objects. Since these experiments used simple color patches and the light spots, we 
do not know whether the similar characters hold in our visual memory used in the daily lives. 

We used natural scene pictures as stimuli. In this research we changed the chromatic and 
luminance contrast in a picture as variables in a memory identification task. As a result, we found 
that there were two effects on the contrasts of pictures in our visual memory; enhancement and 
attenuation effects. 
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2. METHODS 
2.1 Apparatus 

The stimuli were presented on a color CRT display controlled by a personal computer. The 
resolution of the stimuli was 24bits colors. The CRT display was placed in a darkened booth. The 
viewing distance was 100cm, and the display size of the stimuli was 12 x 8 deg. in visual angle. 

2.2 Stimulus 
The stimuli were natural scene pictures. The pictures that were presented once were never used 

again. We manipulated the chromatic contrast or the luminance contrast as the variables. Here we 
reported only for the results for the chromatic contrast. These variables were calculated on a color 
space constructed by the luminance axis and u 'v' uniform color space. 

2.3 Chromatic contrast 
The chromaticities of all pixels in a picture was changed toward D65 white point(0.3127, 

0.3290)(W) as shown in Fig.1. is the maximum distances from W to each chromaticities of 
pixels. is the changed distances form W to the each chromaticities. We define the chromatic 
contrast Kc as the ratio of to 

K = ___M;_ 
c 

The change of chromatic contrast was achieved by changing We prepared Kc of 0, 0.25, 0.5, 
0. 75, 1. The luminance contrasts Kv similarly defmed, were 0.1, 0.25, 0 .5, 0. 75, 1. 

2.4 Procedure 
The experiment consisted of two phases: memory and test phases. In the memory phase, the 

subject observed 20 pictures(M-pictures) successively presented. All 20 pictures were different. 
The duration of a picture was 2 sec. and the inter stimulus interval was 1sec. There was a 30 
sec.blank between the memory and the test phases. In the test phase the subject observed 40 
pictures(T-pictures).The subject judged for each T-picture whether s/he saw the picture in the 
memory phase with the confidence rating; 3(certainly yes), 2(probably yes),1(probably no), 
O(certainly no). The rating responses were used in the estimation of subjects' perforamance with 
de'6.The T-pictures consisted of the same M-pictures and new 20 pictures(N-pictures). A half of 
the M-pictures(10) had their chromatic contrast or luminance contrast changed. The remaining half 
of the M-pictures(lO) were exactly the same as those in the memory phase. The numbers of trials 
for each combination were more than 10 times. 

2.5 Subjects 
Subjects were YY(male, 31), YI(female, 25), TS(male, 23), KM(male, 25) and KS(female, 24). 

All of them had normal color vision. They knew the purpose of this research. 
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3.RESULTS 
We adopted here the signal detection theory and used de' as the measure to estimate the subjects' 

performance for the memory identification task. We supposed two distributions consisted of Hit 
and False Alarm for subjects' responses. The distance between these two distributions are 
expressed by de' . The de' was calculated from s s is the slope of fitted ROC curve scaled 
on z-values ,and Am is the z-value of false alarm at the point which the z-value for hit equals 0. 

d' = 2fu?t(-s ) ' I + s 

When de' is larger than 0, the subject could judge clearly the pictures. What de'equals 0 means 
that the subject could not be aware of the change of contrast. If de' was lower than 0, it shows that 
the subject's confidence rating for the false alarm picture was higher than that for the hit picture. 

Fig.2 showed mean de' as a function of chromatic contrast of the test stimulus. The x-axis 
showed the chromatic contrats in the test phase. The y-axis showed the de'. The difference of 
symbols showed the chromatic contrasts in the memory phase. 

For the 50% contrast picture in the memory phase(solid circle), the de' was closest when the 
same contrast was observed in test phase. The de' for 75% in the test phase(upper than 50%) was 
smaller than that for 25% in the test phase(lower than 50%) and closer to 0. This means subjects 
tended to judged that the higher chromatic contrast was the same as that really observed in the 
memory phase. For the 25% contrast picture( open square), the similar character was appeared. We 
call this chromatic enhancement effect. When the contrast was 75% in the test phase, however, the 
de' departed from 0. That is, when the difference of the contrasts between two phases was larger, 
the enhancement effect disappeared. It suggested that there would be some range for this effect. 
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Fig.! The definition of chromatic contrast 
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The contrary effect appeared for the 75% contrast in the memory phase( tilted square). The de' for 
50%(lower than 75%) was smaller than that for 100%(higher than 75%). This means that the 
pictures with the decreased contrast were tended to be judged as the same. We call this chromatic 
attenuation effect. For 100% contrast picture in the memory phase (solid triangle), the de' was 
gradually depart from 0 along the change of contrast in the test phase. However the de' for the 75% 
in the test phase (lower than 100%) was closer to 0. This was also attenuated effect. The de' rapidly 
departed from 0 for 0% contrast picture. The curve of de' was log-shape along the increasing of the 
difference of contrasts between phases. Neither enhancement nor attenuation was appeared. We 
supposed that the difference of character for 0% picture was occurred because of loss of color cue. 

For theN-pictures subject could distinguish them clearly. Therefore the de' were kept very higher 
values( open circle). 

4.CONCLUSION 
We found that there are two effect of enhancement and attenuation on chromatic contrasts of 

memorized pictures. We speculate that there might be a convergence point for the contrasts in our 
visual memory and that the visual memory might be drawn toward that point. Also, we found that 
the newly added pictures were clearly rejected. Then, we could suggest that the pattern processing 
was prior to the color processing. 

REFERENCES 
l.NEWHALL, S.M., Bumham,R.W. and Clark,Joyce R.,Comparison of successive with 

simultaneous color matching, J.Opt.Soc.Am. 47, 1, pp43-56(1957) 
2.UCHIKA W A, K.,IKEDA, M.,Temporal detection of wavelength discrimination with successive 

comparison method, Vision Res. 21, pp591-595(1983) 
3.UCHIKAWA, K., Purity discrimination: succesive vs simultaneous comparison method,Vision 

Res. 23, pp53-58(1983) 
4.UCHIKA WA, K.,SHINODA, Influence of basic color categories on color memory 

discrimination, Color res.appl., 21, 6, pp430-439,(1996) 
5.BARTLESON, C.J.,Memory colors of familiar objects",J.Opt.Soc.Am. 50, 1, pp73-77(1960) 
6.GREEN, D.,M.,and SWETS, J.,A.,Signal detection theory and psychophysics. John Wiley & 

Sons(1988). 

AUTHORS' ADDRESS 
Kinjiro AMAN01

> 

Keiji UCHIKAWA1> 

lchiro KURIKI1
> 

1) Imaging Science and Engineering Laboratry, Tokyo Institute of Technology, 4259 Nagatsuta 
Midori-ku, Yokohama 226, Japan 

242 



Categorical Color Perception in 
Peripheral Visual Field 

Kaori SEGAWA, lchiro KURIKI and Keiji UCHIKAWA 

We measured categorical color perception in peripheral visual field by using OSA Uniform 
Color samples. The observer reported only one of 11 basic color terms. The test color sample 
was presented at the fovea(O deg), eccentricities of 30, 50, 70 deg in the temporal visual field 
and 30, 50 deg in the nasal visual field. The results of most of categories between stimulus 
locations from 30 deg. in the nasal visual field to 70 deg. in the temporal visual field were shown 
little difference from the ones in the fovea. We also measured precisely color appearance 
difference between the central and the peripheral visual field by category rating estimation 
method. The results of most of categories were shown to vary from the fovea to the periphery. 
We suggest that the existence of a mechanism which holds the categorical color perception in the 
peripheral visual field, although small color difference in the peripheral visual field exists. 

1. INTRODUCTION 
A number of studies have shown that color appearance is different between the central and the 
peripheral visual field. Color discrimination ability in the peripheral visual field is inferior to that 
in the fovea') . The color appearance in the nasal visual field, studied with color naming method, 
is quite different from the fovea'). On the other hand, some studies have suggested that color 
vision in the peripheral visual field is similar to that in the central visual field. Color appearance 
of spectral lights near the unique-hues was almost the same as the stimulus moved to the 
periphery3

). 

We can perceive colors as groups of many similar colors, while we can perceive small color 
differences. This perception, named categorical color perception, is what ·we generally 
experience in everyday lives. The purpose of our study is to clarify characteristics of categorical 
color perception in the peripheral visual field. 

2. EXPERIMENTS AND RESULTS 
Experiment 1 Fig.l shows the apparatus. All 424 color samples of the OSA Uniform Color 
Scales were used as stimuli. A large surrounding field was made with a hemisphere of 90 em in 
diameter. A stimulus located at the center of the hemisphere and five fixation points were placed 
in the periphery of the visual field. The stimulus subtended 4 deg in visual angle. A observer's 
head was fixed with a chin and forehead rest at a distance of 40 em from the stimulus. A 
solenoid-activated shutter was placed just in front of the stimulus. The stimulus was presented 
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for 3 s at the fovea(O deg.), at the eccentricities 
of 30, 50, 70 deg. in the horizontal temporal 
visual field and 30, 50 deg. in the horizontal 
nasal visual field. The surrounding field and 
shutter blade were painted with gray (Munsell: 
N=5, OSA: L=-2), and illuminated by D65 

lights, which yielded 2000 scotopic td.. This 
intensity was enough to suppress rod activity. 
The luminance of the stimulus was 130 cdlm' , 
measured with OSA sample of (L, j, g)=(-2, 0, 
0). After the observer adapted the illumination 
for 5 min, s/he started a session. The observer 
fixated the fixation point and, when ready, 

Fixation 

pressed a switch to present the stimulus. The Fig.1 The apparatus. See text for details. 
stimulus was observed monocularly with her or 
his right eye. The observer reported color appearance of the stimulus by using only one of 11 
basic color terms4

' ; red, blue, green, yellow, purple, orange, pink, brown, black, white, and gray. 
Two males (IK, SK) and a female (KS) subjects participated in the experiment. They had normal 
color vision. 

Fig.2 shows the distribution of five categories (red, blue, purple, orange, and white) in the 
OSA color space. The results of red and purple at the nasal 50 deg. showed remarkable 
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Fig.2 The distribution of each color category on a plane of the j-g coordinate axis in 
the OSA color space is shown. Results for five categories (red, blue, purple, orange, and 
white) are shown. Different panels show results for different stimulus locations. 
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differences. The results between nasal 30 deg. and temporal 70 deg. show little difference. Most 
categories show the similar tendency. The results of experiment 1 indicate that the categorical 
color perception in the central visual field was almost the same across the wide range in the 
peripheral visual field. 
Experiment 2 We carried out another experiment to show precisely the color appearance 
difference between the central and the peripheral visual field. Methods were the same with 
experiment 1 except for the following two points. In Olson's study» the results showed that the 
215 OSA chips in even lightness levels could be effectively substituted for the 424 chips of the 
full set. We used the 215 OSA chips as the test stimuli. The observer reported color appearance 
of a stimulus with less than 3 basic color terms in a order, according to which category appeared 
more similar to the stimulus( category rating estimation method)'>. The score was calculated for 
the stimulus so that when the observer reported a category, the score of that color category was 
6 points, and when 2 categories were used, each of them was 4 and 2 points, and when 3 
categories were used, each of them was 3, 2, and 1 points. 

Fig.3 shows the distribution of two categories (blue and orange) in the OSA color space. The 
results show that the blue region expands gradually to the temporal visual field, and is 
remarkably large in the nasal visual field. The orange region varies to far the periphery. Most 
categories showed the similar tendency. 
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Fig.3 The distribution of each color category by category rating estimation method on a 
plane of the j-g coordinate axis in the OSA color space is shown. Results for two categories 
(blue and orange) are shown. Different panels show results for different stimulus locations, 
and different sizes of the symbol show results for different ratings. 
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3. CONCLUSION 
We measured categorical color perception in the peripheral vision in experiment 1, and the 
results of most categories between nasal 30 deg. and temporal 70 deg. showed little difference 
from those in the fovea. Color appearance in the peripheral vision, measured in experiment 2, 
were found to vary from the fovea to the peripheral visual field. Our results suggest that the 
categorical color appearance is held constant across large area of the peripheral visual field, 
although small color difference in the peripheral visual field exists. Many investigations have 
shown that there is a boundary of hue sensation in visual field. Our results suggest that 
categorical color perception appears as a mechanism that color appearance in the central visual 
field inclined to hold the one in the peripheral visual field. We precisely identify the color of 
category in the peripheral visual field, although we observe the color which is different from the 
one in the central visual field. In the central visual field, we can perceive small color difference. 
In the peripheral visual field, although we can't perceive small color difference, we can obtain 
rough color information that what color is the stimulus. 
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Evaluation of Visual Comfort of Color Environment 
with Color Mosaic Method 

Katsumasa VAGI and Taiichiro ISHIDA 

The purpose of this study was to evaluate visual comfort of color environment quantitatively 
using color mosaic method. An image of actual scene was transformed into a two-dimensional 
color array (color mosaic). We prepared thirty color mosaics as experimental stimuli. Using 
paired comparison method, ten subjects judged visual comfort of two color mosaics presented 
successively. It was shown that visual comfort judged by most of the subjects showed simi lar 
tendency , indicating they had some common criteria for visual comfort. A questionnaire carried 
out after the experiment indicated that attributes of colors and their spatial arrangement affected 
on visual comfort. To extract characteristics that determined visual comfort we computed several 
statistics of colors of stimuli. However we could not found good correlation between basic 
statistic of colors and visual comfort. Visual comport of color environment must be influenced by 
more complicated factors that related to both colors and their spatia l arrangement. 

I . INTRODU CTION 
Nowadays there is a growing demand for comfortable environment of our working and living 

space. Especially, co lors existing in an environment have strong effects on our impression of 
comfort. We certainly feel comfort when we view colors in natural or artificial scenes of some 
kind, but colors of some kind, particular in cities, give us discomfort feeling. If we widely share 
those experiences, it is reasonable to consider that we have some common criteria for visual 
comfort of color environments. If so we may ask what characteristics of color environments 
determine our visual comfort. Although quantitative analysis on color harmony has been an 
object of study for a long time, we have not obtained a definite theory even for small numbers of 
color combination . In particular, little is known about quantitative estimation of visual comfort to 
an ac tua l color environm ent. Recentl y Sagawa a nd hi s colleagues( I ,2 ] have in vest iga ted this 
problem with a nove l method , and showed that the number of colors and chromaticness 
signiftcantly affect our visual comfort. 

One of difticulti es in studying visual comfort to actual scenes is that our impressions or 
sensibilities of visual environment significantly influenced by what we see there. For example, 
traditional buildings, favorite fac ilities, familiar places and bustle of a s tree t, a ll of those 
perceptions affect more or less our sensibility. 

In the pre sent s tudy, we tried to exc lude those facto rs from evaluation of visual comfort of 
color environment using a color mosaic method. Using this method, we could extract so lely color 
information from an actual scene. The purpose of this study is to examine whether we have 
common criteria to judge visual comfort of color environments, and if so what characteristics of 
co lor environments determine this sensibility . 

2. METHODS 
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2.1 Stimuli 
In this study, we did not use an image of an actual scene directly as experimental stimulus, but 

used a two-dimensional color array (a color mosaic) transformed from an actual image. Thirty 
color pictures were employed as stimuli, and they were scanned by an image scanner (Sharp JX-
325M) with a resolution of 1280 x 1024 pixels. The image was divided into a two-dimensional 
array of 40 x 32 cells (32 x 32 pixels per cell). A representative color for each of all cells was 
determined based on a distribution of colors on a three-dimensional color space, and an image of 
each cell was replaced with the representative color of that cell. The size of a cell was determined 
so that subjects could not tell what kind of scene it is. 

2.2 Procedures 
A color mosaic was displayed on a color graphic monitor (Sony: GDM2038). The images were 

created and displayed using an image processor (Nexus: Nexus9000) controlled by a computer 
(NEC: PC9821 ). The size of a color mosaic was 39 x 29 em, subtended approximately 22 x 17 
deg of visual angle at the viewing distance of I m. The size of a mosaic cell is approximately 0.6 x 
0.6 deg of visual angle. 

Visual comfort was evaluated with the paired comparison method: subjects observed two 
successively color mosaics, and answered which stimulus was more comfortable. The 
display time of a stimulus was 2 seconds and uniform gray was displayed for I second between 
two stimuli. 

Ten male subjects, students and staffs at Kyoto University, ranging in age from 22 to 33 years, 
participated in the experiment. Each of I 0 subjects completed 43 5 trials (all possible 
combinations of 30 stimuli) in randomized order. 

3. RESULTS 
Scores of visual comfort for each of 30 stimuli were given as the number of trials in which the 

stimulus was judged more comfort. Although scores for each of color mosaics varied widely 
among individuals, the results of subjects, as a whole, positively correlated with each other 
except for a few cases. Each subject's scores of visual comfort of 30 color mosaics are pl otted as 
a function of mean score of all subjects in Fig. I. Scores of all subjects with two exceptions highly 
correlate with mean score of all subjects. Those two subjects, KS and ON. gave definitely 
different results from those of the others. The results suggest that most of subjects had some 
common criteria in estimating visual comfort of color mosaics. though a few of the subjects have 
different criteria for it. 

Mean scorl! of visual comfort 

Fig.! :Scores of visual comfort of each subject plotted as a function 
of the mean score of all subjectst with mean score of all subjects 
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We tentatively considered that the mean score of all the subjects reflected the common criteria 
which most of the subjects shared. Then, the next question to be considered is what is the 
common criteria, or what characteristics of color environment determine our visual comfort to it. 

To obtain clues for solving this problem, we asked what characteristics of color mosaics 
affected their judgments. Their answers were mainly concerned with attributes of colors, 
brightness, hue and saturation and with spatial arrangement of colors. Thus our analysis was 
focused on computing basic statistics of color attributes and extracting appropriate index for 
spatial arrangement of colors. Before computing those variables, a color of each of mosaic cells 
displayed on the monitor were transformed into CIE L *a*b* and L *C*h space based on 
colorimetric measurements of the monitor. 

Basic statistics of lightness, chroma and hue were computed independently for each of 30 color 
mosaics. The statistics computed were as follows: mean, standard deviation, coefficient of 
variation, maximum, minimum, median, mode, range and several percentiles. None of those 
statistics, however, showed obvious correlations with mean score of visual comfort. The findings 
suggest that any single attribute of colors did not determine visual comfort of color environment. 
A few statistics corresponding to variation slightly correlated with mean score, indicating 
varieties of colors have some effect on visual comfort. Thus all colors that could be displayed on 
the monitor classified into II groups. Those groups roughly corresponded to each of 8 chromatic 
colors R, YR, Y, GY, G, BG, B, P and 3 monochromatic colors White, Gray, Black. The 
procedure of the classification was quite tentative one same as used in our other study[3). Mean 
score of visual comfort for each of 30 color mosaics is plotted as a function of the number of 
classified colors in Fig. 2. Mean score of visual comfort seems to decrease with increasing the 
number of classified colors. However the correlation was not significant. 
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It is obvious that we need to consider the arrangement of colors to find determinants of visual 
comfort. We computed an index that may represent complexity of color arrangement. Again the 
pr'ocedure to calculate this index was the same as the one used in elsewherc[3]. This index takes 
larger value when a color mosaic has more classified colors and those colors are scattered over a 
wider area. Mean score of visual comfort for 30 color mosaics is plotted as a function of the 
index of color complexity in Fig.3. The visual comfort roughly decreases with increasing the 
complexity of color arrangement. We must go on to a develop novel index to represent significant 
characteristics of color arrangement. 

-1. CONCLUSION 
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We measured visual comfort of color environments using two-dimensional color arrays (color 
mosaics) transformed from actual scenes. The results showed that most of the subjects had some 
common criteria in judging visual comfort of color mosaics, though a few of them gave different 
results. Any single statistic of colors did not determine visual comfort of color environment. We 
need to consider spatial arrangement of colors as well as some combination of color attributes to 
estimate visual comfort of color environments. 
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Color Appearance of Highly and Moderately Saturated 
Lights in Light-Adapted Peripheral Retinas 

Masanori TAKASE 

It has been said heretofore that we can not perceive color well in the peripheral 
visual field. However, it was reported that color appearance of nearly unique-
hue spectral lights (2° diameter) in the light- adapted condition did not deteriorate 
largely up to about 50° temporal eccentricity. Jl In this study, to investigate 
influence of chromatici ties of colored lights on color appearance in the periphery, 
a color appearance experiment was performed for two types of eight colored lights 
of nearly unique--hue and balanced- hue in each light- adapted condition. The first 
type of stimuli was a highly saturated one, and the second was a moderately saturated 
one. Each luminance of stimuli was fixed by equal brightness matching at fovea to 
white reference of 250cd/ m2 and 40cd/ m2 , and each luminance of two adapting fields 
was 120cd/ m2 and 20cd/ m2 

, according to a highly and a moderately saturated type. 
Stimulus of 2° diameter was presented during 1 sec at one of 13 positions of visual 
field for the first type, and at 17 positions for the second. A color- naming method 
with black was used . The both experimental results of two types of stimuli for each 
group of four subjects were approximately similar to the former ones' l for spectral 
lights of nearly unique- hue. Therefore, in the light- adapted periphery, a color 
zone with equal saturation was more spread to periphery than that in the dark- adapted 
and lower light- adapted conditions: e.g. color zones by OSA. 2l 

1. Introduction 
It has been shown that the peripheral color vision becomes dichromatic from 25° 

- 30° and monochromatic from 40° - 50°. However, it was shown that color appearance 
of four unique- hue spectral lights with the luminous surround did not desaturate 
largely up to about 50° temporal visual field by an elemental color naming method. ll 
In this study, it was investigated by two experiments whether similar results would 
be obtained respectively for highly saturated lights (first experiment) and 
moderately saturated ones (second experiment) with the balanced- hue and the 
unique- hue by a similar method and experimental conditions. 

2. Methods 
Apparatus Two natural view systems were used to provide several colored stimuli 

to a meridian and an eccentricity of the visual field with a luminous surround of 
the hemisphere. In a first system for the first experiment, a highly saturated test 
light was made with a Xe short arc lamp, a narrow band interference filter and a 
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NO wedge filter, and entered to the optical probe which was terminated to the rear 
of the test aperture (2°) during 1 second by controlling the shutter. The reference 
stimulus was made with the Xe lamp, a NO wedge filter and the rear screen of the 
reference aperture (2°) at the center of the hemisphere. The surround stimulus was 
made with four fluorescent lamps and the hemisphere of N5. 5. The background 1 ight 
was used in place of the test light during the test light was put out. In the second 
system for the second experiment, a moderately saturated test light was made by a 
color monitor and a video board with a full - color resolution. The reference stimulus 
(40cd/m2) and the surround one (20cd/ m2) with a hemisphere were 065 white lights. 

Stimulus In the first experiment, seven spectral test lights of 465, 485, 509, 
554, 578, 596 and 630nm, and a mixed ones of 395 and 715nm were selected (Fig. 1) . 
Each luminance of the reference, the background and the surround was kept constant 
at 250, 120 and 120cd/m2, respectively. Luminance of 120cd/m2 is correspond to about 
2000 scotopic Td that can saturate the rod completely. The reference and the surround 
were presented continuously. In the second experiment, eight moderately saturated 
colors with nearly unique- hue and balanced hue were selected that distances on the 
u'v' chromatid ty diagram between each color and a 065 white were equal (Fig. 1). In 
both experiments, brightness of each light was matched to that of the reference 
comparing successively in fovea. 

Test positions Test positions of 13 for first experiment and 17 for second one 
were selected by the meridian and the eccentricity in the visual field as marked 
in Fig. 2 and Fig.3. 

Subjects Different group of four subjects (males) participated in each 
experiment and their right eyes were investigated. They were 19 to 22 in age, and 
were normal in color vision. 

Procedure An elemental color- naming method was conducted to estimate the 
appearance of a stimulus. In our color-naming, a color appearance was subjectively 
divided into achromatic (white and black) and chromatic components, by distributing 
10 points. The chromatic component was further divided subjectively into one or two 
unique- hues; red, green and again by distributing 10 points. The 
unique- hue component scores were calculated afterwards. The experiments were 
performed 5 times for each subject. 

0.8 0.8 Fig. 1 Test 
0.7 YG 0.7 stimuli. : 
0.6 0.6 Left: Exp. l. y 
0.5 0.5 ,., ,., Right : Exp. 2. 
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0.3 0.3 

0.2 0.2 

0.1 0.1 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 D.8 0 0.1 0.2 0.3 0.4 o.5 0.6 0.7 0.8 

X 
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3. Results and discussion 
The mean component scores for each stimulus and position were calculated for each 

subject. These calculated values were not so largely different between four subjects 
of each experiment . A group mean of each chromatic component score and each 
unique- hue rate for the color- naming was calculated. 
A color zone map of chromatic component scores (saturation) normalized by that at 

the fovea was plotted to each figure of eight stimuli in Fig. 2 for highly saturated 
colors and Fig. 3 for moderately saturated ones. Contour lines of the equal chromatic 
component were drawn by using an application software of Statistica (StatSoft) . The 
results showed that large saturation change did not occur between the unique- hue 
tests and the balanced- hue ones, and between highly saturated ones and moderately 
saturated ones, except for green, yellow- green and blue- green tests in Fig. 2. This 
exception may be thought to be artifact by lack of test position on a lower- temporal 
meridian . In our early result, contour lines of the greenish tests did not extended 
largely to the lower - temporal visual field. 
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It is concluded that for highly saturated lights peripheral color appearance of 
the balanced- hue ones may show a similar tendency to that of unique- hue ones, and 
also similar for moderately saturated ones. Therefore, in the light- adapted 
periphery, a color zone with equal saturation was more spread to periphery than that 
in the dark- adapted and lower light-adapted conditions: e. g. color zones by OSA. 2> 
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Visual Pattern Memory of Chromatic 
and Achromatic Stimuli 

Maki MATSUZAWA, Yoko SASAKI and Miyoshi AYAMA 

We investigated the effect of color information on the short term memory of object shape. The test 
stimulus composed of four simple object patterns of the same color was presented 800 msec and 
after 10 sec delay the observer was instructed to recall the object patterns by drawing them on the 
answer sheet. In the chromatic stimuli, saturated red and blue showed better performance than other 
desaturated colors, while in the achromatic stimuli, high luminance contrast ones showed better 
scores . It is suggested that perceived color difference between the object and background is an 
effective factor to the short term memory of object shape. 

1. INTRODUCTION 
Segregation of color and shape processing have been evidently demonstrated in psychophysical and 
neurophysiological studiesl l. However, color and shape information must be integrated at some 
stage of visual system, probably some higher level in visual cortex. For example, some cells in 
monkey inferotemporal cortex show response selectivity only to the stimulus of particular color and 
shape combination2l. Psychophysical studies have shown that color facilitates object naming and 
recognition3) 4). If conjunction of color and shape occurs mainly in the recognition process, from 
physiological point of view in visual association cortex, it is interesting to ask whether color plays a 
facilitative role in visual pattern memory. 

Color has three independent attributes, hue, saturation, and lightness or brightness. In 
previous studies on object recognition and memory using color stimuli, both neurophysiological and 
psychophysical, these attributes have not been systematically controlled2)-S). In this study, 
therefore, we investigated the effect of color information on pattern memory using chromatic and 
achromatic stimuli of various hues, saturation, and luminance contrast. 

2. EXPERIMENT 
We have done the pilot experiment on the pattern memory using four chromatic stimuli of red, 
yellow, green, and blue, and four achromatic stimuli of white, light gray, dark gray, and black. In 
all the cases, a gray background was used. The results showed that higher performance was found 
in red and blue object patterns in the chromatic stimuli. These were not only highly saturated colors 
but color differences against the gray background were large. The result of achromatic stimuli 
showed no significant difference between the objects of different luminance contrast when perceived 
sharpness of edge of the objects was matched, however, effect of perceived sharpness remained 
unclear. Therefore, this study was designed to test the following two points. For chromatic stimuli, 
which factor is more effective, saturation of the object pattern or color difference between the object 
and the background? For achromatic stimuli, which factor is more contributory, luminance contrast 
between the object and the background or perceived sharpness of edge of the objects? 

Fig. 1 shows an example of the stimulus pattern. The test stimuli composed of four simple 
object patterns, randomly chosen from 19 object patterns indicated in Fig. 2, of the same color were 
prepared. Four vivid colors of red, yellow, green, and blue, (we call them as R, Y, G, and B, 
respectively) that were near the focal colors of each hue, and two dull colors of red (Rl) and blue 
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Fig.! Example of stimulus pattern in the main 
experiment. 

••• i• 
------ -------- --- --:-- -- ---
... T ._.. 1 <01111 

- -- --- ------- -- - ----' --... :. 
-- ---- - --- --- - --- --- - - --- - -

1 - . : . 
Fig.2 Object patterns used in the main experiment. 

(B 1) of which metric chroma were approximately the same as those of yellow and green (See Fig. 
3) were presented on the gray background. For the chromatic stimuli, to eliminate the effect of 
brightness contrast, brightness of the gray background was matched to each of the above chromatic 
objects for each observer experimentally. The stimuli of the red objects on the purple and light-green 
backgrounds (denoted as Back-B' and Back-G', respectively) of which color differences were about 
the same as that between the red object and gray background ( See Fig. 4 ) were added in order to 
examine the effect of color difference. For all of the chromatic object patterns, perceived sharpness 
of edge was equalized experimentally. 
Achromatic stimuli were white (W), 
light gray (L.Gray) brighter than the 
background, dark gray (D.Gray) 
darker than the background, and black 
(Black) objects presented on the gray 
background. Three different levels of 
sharpness of edge were prepared for 
each of the achromatic stimuli to 
examine the effect of edge 
distinctness. 

After 1 sec presentation of the 
blank field, the stimulus was presented 
800msec and after 10 sec delay, the 
observer was instructed to recall the 
object patterns by drawing them on the 
answer sheet. During the delay time, 
the observer viewed a blank field again 
and had to listen to the sound of four 
Japanese Hiraganas through a 
headphone and repeat them under his 
voice to eliminate a rehearsal of the 
object patterns by names of the object 
shape. In one session, for each of 
eight chromatic and twelve achromatic 
( 4 luminance contrasts X 3 sharpness 
levels) stimuli, five trials were done 
using different object patterns. Thus 
total of 100 stimuli were presented in a 
random order. Eleven sessions were 
run. The first one was a practice 
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Fig.3 . Chromatic stimuli plotted in tne CIE1976 u'v' 
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Fig.4 Chromaticities of the Back-B', Back-G', and gray 
background plotted in tne CIE1976 u'v' chromaticity diagram. 
Red, green, and blue stimuli are also plotted. 
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session and the result was not included in the data collection. After the main experiment has been 
finished, we conducted the experiment to evaluate the perceived color difference (including 
luminance difference ) for the two observers. Paired comparison was carried out for all the 
combinations from the 20 stimuli, and the scales of them were calculated. 

Four male students with normal color vision participated as observers. 

3. RESULTS AND DISCUSSION 
Large individual differences were observed in the results of the percent correct. Thus the normalized 
correct performance was calculated for all observers' results. 

Fig. 5 indicates the average results and the standard deviations (SD) of the four observers. 
For the chromatic stimuli, red (R) and blue (B) showed higher correct performance with smaller SDs 
compared with the other conditions. The two dull colors of red (R 1) and blue (B 1) were about the 
same as yellow (Y) and green (G), while neither the light-green background (Back-G') nor the 
purple background (Back-B') became the level of the red (R). These results suggest that the metric 
chroma or saturation rather than the color difference between the object and background contributes 
to the correct performance of pattern memory. For the achromatic stimuli, the stimuli of high 
luminance contrast, white (W) and black (Black) , showed better performance than the rest. No 
systematic difference was observed among the three levels of edge sharpness. It is thus suggested 
that the edge distinctness does not affect pattern memory but luminance contrast does. 

The normalized correct performance was plotted as functions of the CIELUV color difference 
and the scale of perceived color difference separately. Fig. 6 and Fig.7 show the results for 
observers ET and HT, respectively. We plotted the results against the CIELAB color difference and 
obtained essentially similar results to those of the CIELUV. For both observers, better correlation 
was found in the plots against the perceived color difference. 

We can not conclude that color information plays a facilitative role in pattern memory in this 
study. However, our results showed that saturated colors on a gray background without brightness 
difference could be recalled as easily as the achromatic stimuli of high luminance contrast. Common 
to the chromatic and achromatic stimuli, perceived color difference rather than the CIELUV (or 
CIELAB) color difference between the object and background is an effective factor to the short term 
memory of object shape. 
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A Study on Volume Estimation of Colored Object 
in Computer Graphics 

Masashi KOBAYASHI , lkuko OKAMOTO, 
Mika TAKAHASHI and Masako SATO 

In the computer graphics, what does the estimation of the object's volume depend on? By using 
the colored model objects on the computer controlled CRT monitor, the effects of the color and the 
shade of the objects on the volume estimation were investigated. 

The estimated volume ware effected by the shape of the object and the darkness of shade. On the 
other hand, the effect of the object color was small, but the effect of its luminance on the volume 
estimation of the sphere, and of the hue on that of the cube. 

1. INTRODUCTION 
Two dimensional (2D) graphics are extensively used in our living scenes, because of its easy 

handing, abundant expressing materials such as printing paper, CRT displays, and so on. Also 3D 
objects are, therefore, displayed as 2D graphics with the simulation considering the reflection and 
diffusion of lights in computer graphics. In this study, the effects of the color and the shade of the 
fundamental model objects on the volume estimation were investigated by using a virtual space in a 
CRT monitor. 

2 EXPERIMENTS 
2. 1 Equipment Table 1: Primary colors of the CRT monitor. 
2. 1. 1 Display system 

The stimulus was displayed 
of a 20 inch size Trinitron-type 
CRT monitor. Table 1 shows 
the maximum luminance Lmax 
and the chromaticity x, y of the 
monitor's primary colors Rp, 

Primary 
colors 

Rp 
Gp 
Bp 

"0 
<.) 

...... 

Lmax 102 

I cd m·2 (S.D. of L) y 

19.62 
57.90 
9.13 

4.5 
4.0 
3.5 
3.0 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 

380 

3.01 1380 
2.67 1408 
8.37 1388 

....... Rp --total 
----Gp 
- -- - Bp 

480 580 
A/nm 

Chromaticity 
X y 

0.613 0.341 
0.286 0.605 
0.150 0.067 

680 780 

Gp, Bp measured by a spectra 
colorimeter (Spectra Scan PR-650, 
Photo Research). In this table, S. D. 
of L express the standard deviations 
of L values measured at various spots 
of CRT screen, and are sufficiently 
small. It means that the luminance 
level of the screen is approximately 
uniform. Fig. 1 shows the spectral 
luminance of the primary, the total of 
them, and white color of the monitor. 
The curve of the white overlaps the 
total one, therefore it clarifies the 
conclusion of the law of luminance 
additivity. 

Fig. 1: Spectral luminance of the primary of the CRT. 
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Table 2: Model objects used for the stimulus. 

R 
y 
G 
B 
p 
w 
N 

Shape 
Shade 

Chromaticity 

X y 

0.613 0.341 
0.387 0.524 
0.247 0.450 
0.172 0.153 
0.259 0.131 
0.287 0.298 
0.286 0.296 

2.1.2 Computer and software 

I I cd m-2 

7.90 13 .72 
28.90 50.32 
24.14 42.06 
10.00 17.42 
9.48 16.45 

34.70 60.37 
13.06 22.79 

The model objects were colored and rendered in a 
virtual 3D space in CRT monitor controlled by a computer 
(Indigo 2 Impact, Silicon Graphics). A commercial ray 
tracing program (Animator, Alias I Wave Front) on the 
computer was used for the rendering of the model objects. 
The program used also for the control of the wire frame 
object that could be similarly reformed by the mouse or 
keyboard operation of a experimental subject. 
2.1.3 Eye point recording system 

7.62 
27.85 
23 .34 
9.64 
9.15 
33.45 
12.62 

15 .13 
55 .60 
46.48 
19.23 
18.14 
66.68 
25.18 

In some cases, the subject wore a sensor goggle of an (A) Dark shaded cube on left side. 
eye point recorder (Talk Eye, Takei). This system 
measures the movement of iris of an eyeball by an infrared 
ray sensor, and records it in a video tape as pictures, and 
simultaneously in a computer as numerical-value. 
2.2 Stimulus construction 

As shown in Table 2, the solid-shapes used for the 
experiment were monochromatic cubes and spheres. The 
imaginary volume of each object is 216 cm3 In the virtual 
space, both of the shapes are lighted by a virtual lights that 
was set at the upper right to make the dark shade, or that 
was set at directly in front of it to make the light shade. A 
virtual camera was set at 1 m distance directly in front of 
the object, and it gave the image which was used for the 
stimulus with 8 bits of color resolution. The colors used Fig. 2: Examples of the design of 

stimulus used . were red R, yellow Y, green G, blue B, purple P, white W 
and neutral gray N. The luminance and the chromaticity 
were calculated by using the bits map data of the model object's image. 

Fig. 2 shows two examples of the stimuli. These were constructed from the images of a model 
object on one side and a wire frame object on the other. The wire frame object had a similar 
silhouette to the model one, and could be similarly reformed by the operation of a experimental 
subject. 
2.3 Experimental condition 

The subjects were 2 females and a male. They all were normal trichromat, had normal eyesight, 
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Table 3: Analysis of variance. 

Source of Sum of D. F. Mean Square F Variation Sguares 
Main 53586.770 11 4871.525 17.374* Effects 
Shape 12466.287 12466.287 44.460* 
Shade 11651.694 1 11651.694 41.554* 
Color 826.205 6 137.701 0.491 
Side 25263 .221 25263 .221 90 098* 

Subiect 3379.363 2 1689.682 6.026* 

and were accustomed with a 
mouse or keyboard operation. 
In the experiment, the subject 
stayed in an air conditioned dark 
room for more than 30 minute, 
and was instructed to sit in front 
of the CRT monitor to adjust 
the size of the wire frame object 
to that of the model. The 
distance between the subject's 
eyes and the center of CRT 
display was I m. After the 
operation, the estimated volume 
for the model objects were 
calculated from the informed 
size of the wire frames. The 
experiment had done 4 times per 
a subject, twice for the 
ascending series and twice for 
the descending series, about all 
combinations of shape, shade, 
color, and model position such 
as the left or the right side. 

*: Significance level < 5 % 

Table 4: Average of estimated volume of the objects. 

Shape Shade L 
I cd m·2 

Cube Dark 18.31 
Light 31.87 

Sphere Dark 17.67 
Light 35 .21 

3. RESULTS 
3.1 Effect of shape and shade 

As shown in Table 3, the results of the analysis of 
variance suggest that the estimated volume ware effected 
by the shape of the object and the darkness of the shade. 

A v S. D. 
I pixels I cm3 ofV 

101617 212.55 14.15 
227.74 18.93 

70680 210.80 6.95 
212.27 6 08 

Table 4 shows the average of the estimated volume 
particularly obtained for the shape and the darkness of 
shade. Regardless of the shape, the volume of the light 
shaded object were larger than the dark shaded ones. 
However, the difference of the cube volume were larger 
than that of the sphere. Therefore, the existence of an 
interaction between the shape and the shade is expected. A 
character of dark shaded cube was that the plane surface 
and the edge of it were emphasized by shade. By this point, 
the cube is distinct from the sphere on which a dim shade 
appears, and the difference of volume was expected to be 
large. Fig. 3 shows that the subject had estimated the 

Fig. 3: Typical movement of a 
viewpoint estimating the volume of 
the dark shaded cube on the right side. 

volume of the cube having aimed at the side and the vertex of the cube. 
About the light shaded object, it is supposed that the volume difference between the cube and the 

sphere is caused by the silhouette shape or its area size A of the object image. 
3.2 Effect of color 

In Fig. 4, the ordinate represents the integrated value of the estimated volume which were 
subtracted 200 cm3 to defines the difference. The difference of the integration values according to 
color are not so large as suggested by Table 3. However, the object colored with bright colors such 
as white and yellow were estimated larger compared with others. 

Fig. 5 shows the relation between average of luminance and estimated volume of the dark shaded 
spherical object. Comparatively high correlation was confirmed between them. However the 
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correlation for cube was low. 
On the other hand, the volume of 

red cube in Fig. 4 were 
comparatively large in spite of its 
low brightness. And the integration 
of green was minimum, regardless 
of its brightness. The hue or the 
chroma of the color, therefor, has 
an influence on the estimation. 

4. CONCLUSIONS 
The volume estimation of solid 

80 
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objects was influenced by its shape 
and the shade. The effect of shade 

Fig. 4: Accumulated value of the estimated volume of 
colored objects. 

was especially large in case of the 
cubic object. The dark shade 
emphasized the existence of plane. The 
observation of the eye point movements 
revealed that the subject should look at the 
corner and/or the border of displayed object 
in the estimating behavior. 

On the other hand the influence of 
brightness of the color could be confirmed in 
the estimation of sphere volume, and the hue 
or the chroma effected on the volume 
estimation of cube. 
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Effect of Phase on Threshold Contour in Cone Contrast 
Space for Motion Identification: Estimation of Intrinsic 

Phase Shift between L and M Cones 

Sei- ichi TSUJIMURA, Satoshi SHIOIRI and Yuzo HIRAI 

We propose a new method to measure the in t ri nsic phase shift between Long wavelength 
sensitive cone (L-eone) and Middle wavelength sensitive cone (M-cone) . The motion ident i-
fication threshold in cone cont rast space was measured as a function of the relati ve physical 
phase of the L-eone and M-cone signals. Our method deri ved intrinsic phase shifts of the 
luminance mechanism based on the color directi on of the highest threshold of tyhe motion 
identification contours. When the background was green, the intrinsic phase shifts indicated 
th at L-eones lead M-cones by 0.2° and 3.0° for two of three observers and that M-cones lead 
L-eones by 9.0° for the other observer. When the background was red , M cones lead L cones 
by 1.5°, 3.1 °, 15.3° , and 26.2° for four observers. T hese results were consistent with previous 
measurements from different methods on the simil ar ret inal illuminance. 
1. INTROD UCTION 
T he phase shift bet ween Long wavelength sensit ive cone (L cone) and Middle wavelength sen-
sitive cone (M cone) was first ly suggested by De Lange from a res idual flicker ex periment. [! ] 
Recently, Lindsey, Pokorny and Smi th[2] showed t hat cont rast sensit ivity varied dependent ly 
on t he relat ive physical phase between the red and green lights. T hey found that the cont rast 
th reshold fun ct ion is U-s haped with relat ive phase when the red and green lights were of 
equ a.l luminance. T he in t rin sic phase shift was deri ved based on the U-shaped fun ction with 
an assumpti on that sensiti vity is highest when the physical phase cancels the intrinsic phase 
shift between t he L and M cone. Another method that can meas ure intrinsic phase shift 
was developed by St romeyer , Kronauer , Ryu, Chaparro, and Eskew isolating the luminance 
mechanism from the chromatic mechanism.[3] To extract the luminance component from 
t he st imulus the method uses a luminance pedestal by a similar technique of the minimum 
motion developed by Cavanagh and Anstis.[4] We propose the third method to derive the 
int rinsic phase shift . In the proposing method, the intrinsic phase shift can be estimated 
with relative cont ribution of L and M cones, whi ch also is an important factor to understand 
luminance mechanism by using t wo heterochromatic sinusoidal gratings. One grat ing mod-
ulates along the L cone axis and the other grat ing modulates along the M cone axis. The 
t hreshold contours in cone cont ras t space for motion identifi cat ion were ob tained with vary-
ing t he rela ti ve physical phase between the two grat ings . Wi th changing the relat ive phase, 
the color direction of the highest threshold in the contour rotates around the origin . The di-
rection change of the slant of t he threshold contour will gives us information about both the 
pha.se shift and the contribut ion ratio of the L cone to M cone weight to mot ion perception 
if we assume t hat the color direction in cone contras t space is determined solely by a single 
mechanism. T his method is an extension of Lindsey et al. 's method. The crit ical difference 
is t he color direction of the threshold meas urements: our present method measured several 
di rections in order to obtain the threshold conto ur , while only a single direction (along the 
lurninance axis) was meas ured in t he Lindsey el al .'s met hod. T he res ulting est imate of the 
phase shifts, t herefore, may be potentially more precise in our method. Since recent research 
indica.tes that phase shift is very dependent on background co lor, we also used red and green 
backgrouncl. [5] 

2. EXPERIMENT S 
T he st imulus is a composite grating whi ch is a n addi t ion of two different heterochromat ic 

gratings . One grat ing modulates along the L cone axis (L cone grating), while th e other 
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grating modulates the M cone axis (M cone grating). If we assume that the threshold for 
a task is determined solely by the luminance mechanism which sums linearly input signals 
to the L and M cone systems the color direction of the highest threshold for the motion 
identification contour can be estimated as follows: 

Sl(</J-</J;,a;)= 2a;cos(</J-</J;) , 
a?- 1 - JaJ- 2a[ + 1 + 4a? cos2(</J- </J;) 

(1) 

where a; represents the contribution ratio between the L and M cone contrast, </J; represents 
the intrinsic phase shift, and <P rep resents the net phase shift after adding the physical phase 
to the st imulus grating. Based on Equation(! ), one can find the value of </J ; and a; by 
measuring the color directions of the highest thresholds for several physical pha.ses. 

We measured thresholds for the identification of motion of a vertical sine wave-grating 
of 1c/ deg . The grating was displayed in a circular region with a. diameter of 2deg. We used 
two backgrounds: one was pale red and the other was pale green with CIE xy coordinates 
being (0.36,0 .31), and (0.31,0.34), respectively. All of the st imuli used in the ex periments 
had the same mean luminance of 35.0cd/m2 

A staircase procedure was used to measure the contrast threshold at which the direction of 
motion could be identified with 79% correctly. Stimulus gratings of twelve different directions 
in color space were used in one session and the threshold was measured for each color 
direction separately by means of interleaving staircases. The observer's task was to indicate 
whether the grat ing drifted rightward or leftward by pressing a button (two-alternative 
forced choice) . The threshold measurements for the twelve color directions were made for 
eleven physical phases from -150° to +150° with a. 30° interval. The temporal frequency 
of the stimulus grating was either of 9.6Hz, 12.8Hz, 16.0Hz, or 19.2Hz and the presentation 
duration wa.s 1llms, 500ms, or 1000ms. The re lative phase wa.s varied for only 9.6Hz for 
ll1msec and it was 0° for the other condition, which was measured in order to st udy possible 
contamination of the chromatic mechanism . Three naive observers (KA , MY, and YY ) 
and the first author(ST) participated in the experiments . Full data sets were obtained for 
observers KA , MY, and ST, while observer YY participated only in the red background 
condition. 

3. RESULTS 
The threshold data for motion identification for both the red and green backgrounds are 
shown in cone contrast space in Fig.l. The top row shows the threshold contours on red 
background for observer ST and the bottom row shows the threshold contours on green 
background for observer MY. The shape of the threshold contour resembled an ellipse for 
all the physical phase conditions for all of the observers. The fi tt ing of t he ellipse by using 
a least square method is well for all observers. The direction of the highest threshold was 
determined as the long axis of the fitted ellipses . As we predict, the direction of the highest 
threshold rotated clockwise around the origin with an increase or decrease in relative physical 
phase from 0°, while its shape also changed. 

The relationship between the color direction of the highest threshold and the relative 
physical phase are shown in Fig.2. The </J; and a; values obtained from Fig.2 are shown in 

Table 1: Intrinsic phase shifts and the con-
tribution ratio obtained in the experiment 

Background Red 

Parameters 

KA 1 .84 

MY 1.85 

ST 1 .9 1 

yy 2.19 

[deg] 

- 1 5.3 

- 1. 5 

-3. 1 

-26.2 

Green 

1 .32 

1 .35 

1.62 

[deg) 

0.2 

3.0 

Table l. For the red background, the in-
trinsic phase shift ( </J; ) is negative for all ob-
servers, indicating that the M cones lead the 
L cones. The amount of phase shifts, how-
ever, varies among observers , ranging from 
1.5° to 26.2°. These intrinsic phase shifts 
obtained in ou r experiment were consistent 
with Swanson's results (15°- 35°) .[5] For the 
green background , the L cones lead the M 
cone slightly for observers KA and MY (0.2° 
for KA and 3.0° for MY ) and the M cones 
lead the L cone by 9.0° for observer ST. 

However , it may be difficult to estimate for our method , if the color direct ion of the highest 
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Figure 1: Motion identification contours obtained in the experiment . The top row shows 
the threshold contours on red background for Odeg, 60deg, and l20deg for observer ST. 
The bottom row shows the threshold contours on green background of Odeg, - 60deg, and 
- 120deg for observer MY. 
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Figure 2: The color direction of the highest threshold as a function of relative phase, </Jp, 
which were measured on both red and green background. ( a)(b) are for observer KA and YY 
on red background , respectively. (c)( d) are for observer KA and MY on green background, 
respecti vely. 
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threshold has the greater effect on the temporal frequency and the st imulus duration t ime 
in comparison to t hat of the physical phase. Figure 3 shows the effects of the temporal fre-
quency and the presentation duration when there was no physical phase. Figure 3(a) shows 
the color direction of the highes t threshold as a function of the temporal frequency on t he 
red background (lllms) and Fig.3(b) shows the color direction of the highest threshold as a 
function of the stimulus duration on the red background(9 .6Hz) . The relat ive physical phase 
is Odeg. These data show t hat the color direct ion of the highest threshold has less effect on 
the tempora l frequency and the st imulus duration time in comparison to that of the physical 
phase (see Figure 2). 
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4. CONCLUSION 

Figure 3: (a) The relat ionsh ips 
between the color direct ion of the 
highest threshold and t he tem-
poral frequency on t he red back-
ground . Durat ion time is se t 
at 111 ms. The rela tive physical 
phase is Odeg. (b) The relation-
ships between t he color direction 
of the highest t hreshold and the 
duration t ime on t he red back-
ground . Temporal frequency is 
set at 9 .6Hz. T he relative phys-
ical phase is Odeg. 

We proposed a new method in order to measure t he intrinsic phase shift between t he L 
and M cones with the ratio of L' to M' weight simu ltaneously. For motion perception in 
9.6Hz st imulations, variat ions in the intrinsic phase shift were dependent on both chromatic 
background conditions and observers . We also found that the temporal frequency and the 
stimulus duration time did not significantly effect the color direction of the highest threshold. 
The results obtained from this estimation may not be a ffected by the temporal frequency. 
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Color Coding Mechanisms for Tetra-Chromatic Vision 
in the Retina of Cyprinid Fishes 

Kenkichi FUKUROTANI 

It had been considered that cyprinid fishes have tri-cone and tri-horizontal-cell system. In 
recent years, however, it became clear that many cyprinid species have tetra-cone and tetra-
horizontal-cell system. In this paper, a former tri-chromatic model of interactions among cones 
and horizontal cell was extended to a new tetra-chromatic model. 

1. INTRODUCTION 
Cyprinid fishes, carp, minnow, goldfish, etc., had been considered that they have tri-

cone and tri-horizontal-cell system. A quantitative model of interactions among cones and 
horizontal cells in the carp retina was proposed for the system(!). The model was a general 
model applicable for many cyprinid species. Fig. 1 shows the model, where R, G, and B stand for 
red cone, green cone and blue cone, respectively; L, RIG, and YIRB represent L-type, RG-type 
and RGB-type horizontal cells, respectively; all k's nad c's are constants reflecting the neural 
conectivities. 
Later, however, it was found that many cyprinid fishes have tetra-cone and tetra-horizontal-cell 

system(2,3,4). Therefore, the model should be modified for the tetra-cone and tetra-horizontal-
cell system. 

Fig. 1: Schematic diagrams of the interactions between cones and 
horizontal cells. Arrows with solid lines indicate the direction 
of the effects and symbols - and+ represent that the polarity 
of the effects is invertive or not. cl , c2, and c3 are gains of 
the forward loop while kO, k1, k2, and k3 are those of the 
recurrent loops. 
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2. RESULTS 
Fig. 2 , for example, shows spectral response curves of four types of horizontal cells in 

the retina of minnow. The triphasic (H3) cell has high sensitivity to UV light but low sensitivity 
to visible light; therefore, it had not been discovered for a long time. The monophasic(HI ), the 
diphasic(H2), and the tetraphasic(H4) correspond to the L-type, RG-type, and RGB-type 
horizontal cells, respectively. 

Inserting the extra circuit for H3 , the former model was extended to the new model as shown in 
Fig3. 
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Fig. 2: Specral response curves of horizontal cells in the minnow 
retina. 
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+ 

Fig.3: A model of interactions among tetra-cone and tetra-horizontal-cell 
system in the retina of cyprinid fishes. 

3. CONCLUSIONS 
A model of the interactions among tetra-cone and tetra-horizontal-cell system for the cyprinid 

fishes was proposed. However, the model is qualitative one. A quantitative model remains in the 
future. 
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Adaptation of a Purely Binocular Color System 

Koichi SHIMONO, Jyun-ya HASHIMOTO, Satoru INOUE, 
Satoshi SHIOIRI and Hirohisa YAGUCHI 

We addressed a question whether or not there exists a purely binocular color sub-system 
that acts as an AND gate on color information from the two eyes. To examine the question, we 
used an adaptation method. By using the adaptation method, we attempted to adapt the binocular 
AND sub-system and to cancell or minimize the adaptation effect of a monocular color sub-system. 
In the method, adaptation stimuli (red or green) were presented to both eyes simultaneously and 
their compensatory color stimuli (green or red) was presented to the left eye and, then, to the right 
eye. Each of the adaptation and compensatory stimuli was presented to one eye for the same period 
of time. After the presentation of the two stimuli, subjects adJUSted the color of the matching 
stimuli so as to be the same as that (yellow) of the test stimuli, which were on the same location as 
that of the adaptation (or compensatory) color stimulus. The matching was made using the right, 
left or both eyes. Data from four subjects showed that the color matched shifted more to the 
compensatory color when both eyes were used than when only one eye was used. The result 
supports the hypothesis that the purely binocular color sub-system plays a role in color perception. 

I. INTRODUCTION 
There is a discrepancy as to binocular interaction in color perception. The color perception 

has been often regarded as being processed by only a monocular systemn. This may be because, 
although the color aftereffect easily to occur with one eye, it does not transfer interocularly. This 
fact is usually interpreted as indicating that the aftereffect does not occur at a binocular site in the 
visual system where inputs from the two eyes no longer remain segregated2

'- However, there are 
some studies suggesting the binocular interaction in color perception. When a color stimulus with 
some hue was presented to one exe and another with different hue to the other eye, the mixture of 
the two hues can be observed31· 1• The occurrence of d1choptic color mixture suggests that the 
binocular sub-system play a role in the color perception. 

The discrepancy can be explained by "logical gate theory" 6
'- In the theory, the visual 

system is usually divided into three sub-systems: monocular system(s) , binocular OR system, and 
binocular AND system. The monocular system is assumed to respond to only the input to the right 
or left eye. The binocular OR system is assumed to act as a logical OR gate, responding to input to 
either eye. The binocular AND system is assumed to act as a logical AND gate, responding only 
when both eyes are stimulated simultaneously. If the binocular AND system is involved in color 
perception but not the binocular OR sub-system, it can explain the non-occurrence of the interocular 
transfer and the occurrence of the binocular color mixture 

However, the data, showing the involvement of the binocular AND sub-system when both 
eyes see the same color, are still missing in the literature. This missing may be one of the reasons 
why most models for the color perception does not deal with the binocular sub-system; we do not 
necessarily have to assume the binocular sub-system to explain the color perception n In this paper, 
we addressed a question whether or not the binocular AND system plays a role in color perception 
under the condition at which both eyes see the same color. 

To examine the question, we used an adaptation method. In the method, adaptation color 
(red or green) and its compensatory color (green or red) were presented to each eye; a) the 
adaptation color was presented to both eyes simultaneously to adapt the binocular AND sub-system 
as well as two monocular sub-systems ("left-eye" and "right-eye monocular sub-systems) , and b) 
the compensatory color was presented to each eye asynchronizedly to cancel or minimize the 
adaptation of each of the two monocular sub-systems (See Fig. 1). Each of the adaptation and 
compensatory stimuli was presented to one eye for the same period of time. After the stimulus 
presentation, we measured the perceived color of the test stimuli , which were on the same location 
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as those of the adaptation (or compensatory) color stimuli. If only the monocular systems are 
involved in color perception, the color perceived with one eye would be the same as that perceived 
with both eyes, provided that there is no ocular difference in adaptation effect. On the contrary, if 
the binocular AND sub-system as well as the monocular sub-systems are involved in color perception, 
the adaptation effect obtained with right or left eye would differ from that obtained with both eyes. 
Furthermore, we measured the adaptation effect of the mixtured color (yellow) between the two 
adaptation colors with the same procedure above. This was done to show that the obtained effects 
can not be due to the procedure we employed. 

Left Eye 

Right Eye 

Time 

Fig. 1: The schematic view of the stimulus presentation (R; red, G; green). 

2. EXPERIMENT 
Stimuli were generated by a personal computer (Macintosh Ilfx) and were displayed on a 

CRT screen (AppleColor High-Resolusion RGB monitor) . The stimuli were squares (2.0 x 2.0 deg 
) and their color was red, green and yellow. The yellow was the mixture between the red and the 
green. The luminance of each of the three color stimuli was set to be equal ( 19 cd/m2) in each 
subject by using the heterochromatic flicker photometry. Each color stimulus was viewed through 
a mirror stereoscope as shown in Figure 2. The CRT screen was vertically divided into two 
half-fields ; a right half-field was visible to the right eye and a left half-field to the left eye. Each 
half-field had two color stimuli : one (adaptation or test) stimulus was above the fixation point and 
another (control or matching) stimulus was below the fixation point. The vertical separation 
between the two stimuli were 2 deg. Optical distance from the eyes to the screen was 60 em. 

CRT Screen 

I A(T) I IA(T) I 
, Fixation • 
· Points : IC(M) I IC(M) I 
' 

Left Eye Q 6 Right Eye 

There were three different conditions; two 
were experimental conditions and one was control 
condition. In the experimental conditions, red and 
green stimuli were used and, in the control condition, 
yellow stimulus was used. The three color stimuli 
were presented in the adaptation method which 
consisted of adaptation period and matching period. 
In the adaptation period, there were 90 cycles of the 
"adaptation" interval and the "cancellation" interval. 
In the first interval, adaptation color stimulus (red or 
green) was presented to both eyes simultaneously for 
1 sec and, subsequently, in the second interval, its 
compensatory color stimulus (green or red) was 
presented only to the left eye for 1 second and, then, 
only to the right eye for 1 second (See Fig. 1). In the 
control condition, stimuli were presented as in the 
experimental conditions except that the color of the 
stimuli was yellow in both intervals. The adaptation 
period continued for 4.5 min. During the period, 
control stimuli (yellow) was also presented in the same 
duration as the adaptation stimulus (See Fig. 2). This 
was done so that subjects could adjust the color of 
the matching stimulus under the same adaptation effect 
of the luminance as that of the test stimulus. 

Fig. 2: Schematic representation of the 
apparatus (A; adaptation stimulus or 
compensatory stimulus, T; test stimulus, 
C; control stimulus, M; matching 
stimulus). 

After 3 sec blank following the period, the 
matching period started with beep sound. In this period, subjects were asked to adjust the color of 
the matching stimulus so as to be the same as that of the test stimulus. The adjustment was made 
for 3 sec with the right, left or both eyes open. During the period, the total luminance of the 
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matching stimulus was kept constant. Subjects changed the luminance ratio between red and green 
in the matching stimulus by changing the mouse's position which was monitored by the personal 
computer. If subjects were unable to finish their adjustment during the matching period, the 
re-adaptation period started; there were two cycles of the adaptation and cancellation intervals. 
After 3 sec blank following the period, the re-matching period started; the adjustment was made for 
3 sec with the right, left or both eyes open. 

Subjects completed a total of 108 trials, performed in 12 blocks of nine trials each. Four 
blocks out of 12 blocks were for the control condition and the other eight were for the experimental 
conditions. The trials in the blocks for the control condition were performed before or after the 
those in the blocks for the experimental conditions. It differed among subjects whether the blocks 
for the control condition started before or after the blocks for the experiment conditions. In the first 
four blocks for the experimental conditions, red (green) adaptation color was used and in the last 
four blocks, green (red) adaptation color was used. It differed among subjects which color was 
used in the first four blocks. In each block, the matching task was done with right eye, left eye or 
both eyes three times each. The order of the matching eye(s) was randomized within and between 
blocks. Among blocks , the subjects took rests over 2 hours. Each block started after about 10 min 
of dark adaptation. 

Four subjects (J. H., Y. M., R. M., and H.N.) participated. All reported having normal or 
corrected to normal visual acuity and normal color vision. One subject (H.N.) did not have the 
control condition, because he had a limited time to join this experiment. 

3. RESULTS 
As an index of color appearance, we used the ratio of the luminance of red in the matched 

color to the total luminance of the matched color. In Fig. 3, the mean ratio from 12 adjustments for 
each subject was plotted for each one of the three matching conditions, i.e., left-eye, both-eyes, and 
right-eye matching conditions. Fig. 3A, 3B, and 3C depict the results for binocular red adaptation, 
binocular green adaptation, and control conditions, respectively. First two figures show that the 
ratio for both-eyes matching condition was different from that for one-eye (left- or right-eye) 
matching condition. Furthermore, the ratio for the one-eye matching condition was larger than that 
for the both-eye matching condition in the binocular red condition (See Fig. 3A) and smaller in the 
binocular green adaptation condition (See Fig. 3B). This indicates that the color matched in the 
both-eye matching condition appeared greener and redder than those matched in the one-eye matching 
condition in the binocular red and green adaptation conditions, respectively. That is, appearance of 
the matched color shifted more to the compensatory color when both eyes were used than when the 
left or right eye was used. Third figure shows that the mean ratios were relatively constant among 
three matching conditions in each of the three subjects. This suggests that the results shown in the 
first two figures cannot be due to the procedure we used. These results are consistent with the idea 
that there exists the purely binocular color sub-system in the color vision 
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Fig. 3: Mean luminance ratios and their standard errors in the three matching conditions for each 
subject for binocular red adaptation condition (A) , binocular green adaptation condition (B) , and 
control condition (C) (LE; left eye, BE; both eyes, RE; right eye). 
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So far our argument was based upon the assumption that there is no binocular OR sub-system 
in binocular vision. Recently, however, one study claimed that there exists the binocular OR 
sub-system 71

. Then, it would be interesting to argue whether or not the present results can be 
explained by the binocular OR sub-system. If only the binocular OR sub-system and the monocular 
sub-systems play a role in binocular color perception, the color matched in the both-eye matching 
condition should be the same as that matched in the one-eye matching condition, provided that 
there is no difference in the matched color between the left and right eye matching conditions. This 
is because the binocular OR system should respond to either eye's input; the binocular OR sub-system 
as well as the monocular sub-system should be used in the three matching conditions in this 
experiment and therefore, the output, i.e., the matched color, should be the same among the conditions. 
However, this is not the case; the matched color differed between the both-eye matching condition 
and the one-eye matching condition. The present results cannot be explained by the binocular OR 
sub-system only. To explain the difference, we need to assume a sub-system which responds only 
when both eyes are stimulated simultaneously. 

4. CONCLUSION 
The present results support the idea that there exists a binocular AND sub-system which is 

assumed to act as a logical AND gate. If the binocular AND sub-system exists in color perception, 
the model of color perception should take account of the binocular sub-system as well as the 
monocular sub-systems. 
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Adaptation Effects of a White Light on Nonlinearity in 
the Yellow-Blue Chromatic System 

Hiroki YAMAMOTO, Yoshimichi EJIMA and Shinichi URAYAMA 

We examined the effects ofthe white adapting light on the nonlinearity of the yellow-blue chromatic 

system. The yellow-blue equilibria were determined as a function of the intensity of the yellowish light 

for different levels of white light adaptation, by using the hue cancellation method. It was shown that 

the nonlinear behavior was well described by the power law dependence of the blue light on the 

yellowish light. When the yellowish light was increased, more blue light, than the linear law would 

predict, was required to cancel the yellowness of the yellowish light. The exponent of the power law 

increased with an increase in the adaptation level. 

1. INTRODUCTION 

Nonlinearity of the opponent-color system is one fundamental issue for analyzing color vision. 

There is a general agreement that the nonlinearity of the yellow-blue opponent-color system in normal 

trichromat exists. The evidence for the nonlinearity has been accumulated by many experiments 

examining the properties of the yellow-blue equilibrium under multiplicaiton I·S and additive-mixture 

operartions6 Since most of the previous experiments were employed for a dark-adapted eye and the 

state of adaptation was not well controlled, it is not clear whether the nonlinearity is due to static 

properties of the visual pathway such as a nonlinear cone combination at the opponent stage or a 

nonlinear response function at the pre- and/or post-opponent stage, or to changes in the adaptation 

states of the pre-and/or post-opponent stage. The present study was directed to quantifY the 

nonlinearity due to the static process and to the adaptation process in separation. To this end, the 

yellow-blue equilibria were determined as a function of the intensity of the yellowish light under 

different levels of white light adaptation. 

2. EXPERIMENT 

The test field was a mixture ofblue and yellowish lights(ldeg dia). The test field was flashed for 

200 msec every more than Ssecs on a uniform white(x=0.278, y=0.286) adapting field(8 deg dia). The 

short duration and the long interval were used to minimize possible light adaptation effects of the test 

light. The yellow-blue equilibrium for the test field was determined as a function of the intensity of 

the yellowish light for the light adaptation levels of 84 to 41000 td . Stimuli were produced with a 
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FIGURE I. Retinal illwninance of the 470 run light required to obtain the yellow-blue equilibrium is plotted 
against the retinal illuminance ratio of the yellowish light to the adapting white light. 

computer-controlled 3-channel Maxwellian view optical system. The white light was produced from 

a xenon lamp. The yellowish(540 or 600 run) and blue( 470 nm) lights were produced by lights from 

halogen lamps, passed through monochromators. The three lights were combined in Maxwellian view 

through a 2-mm dia artificial pupil. The observer's head position was stabilized with a bite bar on a 

rigid xyz translator. The yellow/blue intensity ratio at the yellow-blue equilibrium point was 

determined by the double-random staircase procedure. After 5-min initial adaptation to a given white 

background intensity, the observer initiated each trial . On each trial, the observer was forced to make 

a binary decision about whether the test field tinged with yellow or blue. The yellow/blue intensity 

ratio at the equilibrium was determined as the geometric mean of the last six reversal values. In a 

session, adapting intensity was fixed at a given level and the yellow/blue ratio was determined as a 

function of the intensity of the yellowish light, from lower one to higher one. Data were collected 

from two observers. They had normal color vision as assessed with the Farnsworth- I 00-hue test, 

Ishihara pseudoisochromatic plates, and Nagel anomaloscope. 

3. RESULTS 

Figure 1 shows the results for the observer YE, for the 540 nm and 600 nm light. In each graph, 

the retinal illuminance of the 470 run light at the yellow-blue equilibrium is plotted against the retinal 

illuminance ratio of the yellowish light to the adapting white light. Each set of data points represents 
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each level of the adapting light. Fig. I is plotted on double logarithmic coordinates. It is clear that each 

data sets for both yellowish lights are very well fit(correlation > 0.98) by straight line in these 

coordinates. This suggests a power law dependence of the 470 nm light on the yellowish lights. The 

power law dependence was also obtained for the observer SU. In Fig.2 the exponents of the power 

function for the two observers YE(circles) and SU(squares), for the 540 nm(open symbols) and the 

600 nm(solid symbols) are plotted against the retinal illuminance of the adapting white light. For 

linearity to hold, the exponent of the power function should be unity. Three points are of interest. The 

exponents of most of the data points were less than unity, indicating the nonlinearity of the yellow-blue 

system: the blue response was relatively enhanced with an increase in illuminance of the yellowish 

light. Second, the amount of the enhancement was larger for yellowish red light than for yellowish 

green light. This feature is in accordance with the finding that the nonlinearity becomes evident as the 

wavelength is increased4
. Finally, the exponent appeared to increase with an increase in illuminance 

of adapting white light for the observer YE, in the case of the observer SU not consistently so . 

In Fig.3 the data from Fig.! are replotted as the retinal illuminance ratio of the 470 nm light to 

the yellowish light, as a function of retinal illuminance of the adapting white light. Each set of data 

points represents each illuminance level of the two yellowish lights. As the adaptation level was 

increased, the illuminance ratio decreased in similar fashion for all levels of the two yellowish lights, 

suggesting that there exists the adaptation mechanism that relatively enhances the blue response and 

is different from that underlying the nonlinerity of the yellow-blue system. 
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4. CONCLUSION 

The nonlinear behavior of the yellow-blue system is well described by the power law dependence 

of the blue light on the yellowish light. It is shown that the static process causes a decrease in the 

exponent of the power while the light adaptation process causes an increase in the exponent. In 

addition, the light adaptation cause relative enhancement of the blue response approximately 

independent of the intensity and the wavelength of the yellowish light. This may be explained by the 

hypothesis that the white background stimulus causes different adaptation effects of the Lor M cone 

and S cone7
• 
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Effects of Stimulus Configuration on Simultaneous 
Contrasts in Koffka-Ring Type Patterns 

Shin 'ya TAKAHASHI , Mitsuyo ITO, Takashi HANARI, 
Shinji NAKAMURA, Hiroshi NONAMI and Takuo GOTO 

We investigated what effects the dividing line width and brightness produced on simultaneous 
hue contrast in Koffka-ring type patterns. Seven subjects were asked to measure the magnitudes 
of hue contrast (MHCs) they perceived against 16 stimulus patterns, each of which was provided 
with any one of 16 different dividing lines (four levels of width by four levels of brightness). The 
results revealed that both the width and the brightness of dividing line produced significant 
effects on the MHCs while their interaction was not significant. The MHCs increased with wider 
dividing lines, and were maximized by the brightest (white) dividing line. The relationship 
between the perceived "unity" of test figure and the dividing line ' s properties was discussed. 

1. INTRODUCTION 
In our previous studies of the simultaneous contrast phenomena in Koffka-ring type patterns, 

we examined the effects of separation and division of test figure (TF) on the magnitudes of hue 
contrast (MHCs) and the magnitudes of brightness contrast (MBCs). The results of these studies 
showed that the MHCs in undivided TFs decreased as the degree of separation decreased, 
whereas those in divided TFs remained almost unchanged (1). In addition, both the MHCs and 
the MBCs in undivided TFs decreased more steeply with smaller degree of separation than those 
in divided TFs (2). Furthermore, when examining the effects of TFs' area on the MHCs, we 
found that the MHCs in divided TFs decreased with larger TFs, whereas those in undi vided TFs 
were not influenced by the TFs' area (3). 

The above results clarified that all these factors such as separation, division, and TFs' area 
caused significant effects and complicated interactions upon the MHCs and the MBCs. Especially, 
the division factor has been proved to exert stronger and stabler effects than the other figural 
factors we examined, because the divided TFs consistently yielded larger MHCs and MBCs than 
the undivided TFs. On the other hand, our results have also revealed that the various divisions 
may produce effectiveness-variations upon the MHCs and the MBCs by altering stimulus 
properties of the dividing line itself such as its width, brightness, and so on. Although we failed 
to focus on the effects of dividing line' s properties on the simultaneous contrasts in our previous 
research, such properties are presumed to have affected the perception of simultaneous contrasts 
in Koffka-ring type patterns. Consequently, this study is aimed at clarifying what and how much 
effects the dividing line ' s properties (its width and brightness) will produce on the MHCs. 

2. EXPERIMENT 
2-1. Subjects 

Seven adults with normal visual acuity and color vision served as subjects. 

2-2. Stimulus patterns 
Stimulus patterns were generated by a personal computer (NEC PC-9821 Ap3) and presented 

on a 17-inch high-resolution color display (NEC MultiSync 17). 
Fig.1 illustrates the configuration of entire stimulus pattern we used . The inducing figure (IF) 

was vertically divided into two parts : a "red" left segment (u '=.4233 , v '=. 5245; 19.08cd/ m' ) and 
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a "green" right segment (u'=. l380, v'=.4206; 1650cd/ m'). A gray test figure (TF; u'=. l810, 
v '=.4446; 24.23cd/ m' ) was overlapped on both segments of the IF, and a hue-adjustable 
comparison figure (CF) was placed below the IF . The background (BG) of these figures was gray 
(u '=. l847, v'=.4477; 3059cd/ m' ). 

We varied, as experimental factors, the width and the brightness of the dividing line which 
demarcates the left and right segments of the IF . We employed four levels of the dividing line 
width such as 0.05 o , 0.1 o , 0.2 o , and 0.4 o in visual angles, and four levels of the dividing line 
brightness such as 0 6lcd/ m' (black), 2163cd/ m' (slightly darker gray than the TF), 25 82cd/ m' 
(slightly lighter gray than the TF), and 140 Ocd/ m' (white). Fig2 shows all of the 16 dividing line 
conditions resulted from a combination of four levels of width and four levels of brightness. 

The entire pattern size was changed in conformity with the different width of the dividing line. 
For example, with the widest dividing line placed between the IFs (the case shown in Fig.!), the 
entire pattern size excluding the CF was 5.6 o in length and 7.4 o in width. 

2-3. Procedure 
After the subjects were adapted to the luminance of a display, the stimulus patterns were 

presented to them in a random sequence. Subjects observed these patterns binocularly from the 
viewing distance of 114cm without any certain fixating points. 

Subjects' task was to adjust a CF ' s hue to the perceived hue of either the left or right segment 
of the TF by pressing keys. Since the beginning hue of the CF was randomly set to be either less 
reddish or more reddish than that of the TF, the hue adjustment was done only by increasing or 
decreasing the reddishness . As these adjustments were conducted one by one for the left and right 
segments of the TF in every 16 dividing line conditions, a total of 32 trials were carried out in 
one session. After one session of practice trials, each subject was asked to repeat four 
experimental sessions. 

3. RESULTS 
Adjusted values of CF's hue were represented on the RUCS chromaticity coordinates, and the 

distances between the chromaticity values for the left and right segments of TFs were defined as 
the magnitudes of hue contrast (MHCs) in each dividing line condition. Fig.3 shows the averaged 
MHCs as a function of the dividing line width for each dividing line brightness. Four (width) X 
four (brightness) ANOVA revealed the significant main effects of the dividing line width 
(F=3 .47, p< 05 , d.f=3,18) and of the dividing line brightness (F=l2.02, p<.OOO! , d.f=3 ,18), but 
their interaction was not significant (F< l, d.f=9,54). 
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Fig.3: MHCs as a function of the dividing line width for each dividing line brightness 

4. DISCUSSION 
As the interaction of the dividing line width and brightness was not significant, the following 

discussion focuses on the effects of these experimental factors upon the MHCs individually . 

4-1. Dividing line width 
Fig.3 clearly indicates that wider dividing lines yielded larger MHCs with only exceptional 

variation for 0.6lcd/ m' (black) dividing lines . This result may allow us to presume that wider 
dividing lines would cause each segment of the TF to be perceived as more separated. It is 
evident from our previous investigations that the more the perceived degree of TF ' s separation (in 
other words, the less the TF ' s "unity"), the larger the magnitudes of simultaneous contrasts. So 
the present result is quite consistent with our previous findings. 

On the other hand, widening the dividing line not only makes longer the distance between both 
segments of the TF but also changes considerably the entire configuration of stimulus pattern, as 
clearly shown in Fig.2. Therefore, the effects of dividing line width must consist of two 
subeffects of altering the dividing line width itself and of changing the entire stimulus 
configuration, and the present result also must be considered to be a composite of these two 
subeffects. Our future studies may call for working out experimental designs appropriate for 
operationally separating these subeffects. 

4-2. Dividing line brightness 
As shown in Fig.3, the largest MHCs were produced by 140 Ocd/ m' (white) dividing lines, the 

next largest by 0.6 lcd/ m' (black) ones, and the smallest by 2163cd/ m' and 25 .82cd/ m' (gray) 
ones. It is easily explained that two gray conditions produced only small MHCs because these 
gray dividing lines were hardly distinguished from the same gray TFs, i.e., their conspicuities 
were extremely low as compared with those of white or black dividing lines. 

It is not so easy, however, to figure out the reason why white dividing lines produced larger 
MHCs than black ones. The effects of white dividing lines were overwhelming as compared with 
those of other brightness conditions. For example, the white dividing line of 0.05 o width 
produced much larger MHCs than the black dividing line of 0.4 o width. Since it is very unlikely 
that the narrowest white dividing line appeared more conspicuous than the black dividing line 
which is eight times wider than it, some causes other than "figural conspicuity" would have to be 
examined to explain such remarkable effects of white dividing lines. 
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One of possible causes to explain the difference between the effects of white and black 
dividing lines on the MHCs may be traced to the "advancing/ receding traits" of these dividing 
lines. In the same way as the well-known traits of advancing color and receding color, it is 
generally accepted that the bright objects have an advancing trait and the dark objects have a 
receding trait. For instance, the theory of "figure-ground differentiation" defines that the brighter 
object is more likely to be perceived as a "figure." According to this idea, it can be hypothesized 
that the advancing trait of white dividing lines is primarily responsible for the larger MHCs they 
yielded. To verify this hypothesis, it is necessary to investigate the effects of similar advancing/ 
receding traits of colored dividing lines, such as a red dividing line vs. a blue dividing line. 

5. CONCLUSION 
This study investigated the effects of dividing line width and brightness upon the simultaneous 

hue contrast in Koffka-ring type patterns. The results of psychophysical experiment can be 
summarized as follows ; (I) wider dividing lines increased the MHCs, and (2) white dividing lines 
produced larger MHCs than black or gray dividing lines. As in the case of TF ' s separation and its 
area, it is rational to suppose that the dividing line width and brightness had effects on the MHCs 
by influencing the perceived "unity" of the TF; wider and white dividing lines produced larger 
MHCs because they reduced the perceived "unity" of the TF. 

If we can specify that the hue difference between the TF and the IF is the primary factor which 
generates the simultaneous hue contrast in Koffka-ring type patterns, the perceived "unity" of the 
TF may be defined as the secondary factor which modifies it. The perceived "unity" is basically 
the subject of the "perceptual organization" of stimulus configuration, and it must be governed by 
the higher neural activities. Therefore, it is rational to suppose that the simultaneous hue contrast 
in Koffka-ring type patterns is primarily caused by the peripheral neural activities which process 
the sensory informations, and also influenced by the perceptual or cognitive factors such as the 
"perceptual organization" in a way of what is called "top-down" processing. In our future 
investigations, we must try to clarify what stage of perceptual processing causes the TF 's "unity" 
to manifest its own effects. 
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Abstract 

Unique Hue Measurements and L, M and 
S Cone Ratio with Eccentricity 

Shiro OTAKE and Carol M. CICERONE 

Unique hues and relative numbers ofL and M cones were obtained at the 
fovea and at locations varying between 28 degrees nasal to 28 degrees temporal 
eccentricity in two color normal observers. For the red-green system, we found 
unique yellow, which depends on the Land M cone quantum catches, is 
constant with eccentricity; and unique blue, which depends on the quantum 
catches in L, M, and S cones is roughly constant except for the more peripheral 
measurements. For the yellow-blue system, unique green, which depends on 
quantum catches in the L, M, and S cones, is constant with eccentricity except 
at the central region where Scone density is rapidly changing. We use these 
results to evaluate three potential factors affecting the red-green and yellow-
blue opponent sites with eccentricity: 1) changes in spectral sensitivities of the 
cone photopigments, 2) changes in the ratios of L, M, and S cones, and 3) 
changes in the neural mechanism at the opponent site. 

Introduction 
Psychophysical procedures using the detection of small tests upon cone-

se lective adapting backgrounds have been used to estimate the relative 
numbers of Land M cones in fovea and parafovea (Cicerone, 1987, 1990; 
Cicerone & Nerger, 1989; Nerger & Cicerone, 1992). In this study, we present 
estimates of the L to M cone ratio in a range of retinal location along the 
horizontal meridian at the fovea centralis; at 2, 7, 17, 28 degrees eccentricity in 
the temporal retina; and at 2, 7, 28 degrees eccentricity in the nasal retina. In 
order to explore the relationship between the L to M cone ratio and color 
perception, we measured unique hues at each eccentricitiy shown above. The 
estimates of cone ratios and the unique hues were used to consider a number of 
potential factor affecting the red-green and yellow-blue opponent sites at 
central and peripheral retinal locations. 
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Methods 
Observers 

Two color normal males (KL, age 23, myope with -2.25D correction and 
SL, age 22, emmetrope), unaware of the purpose of the experiment, served as 
observers. 

Apparatus 
A standard three-channel Maxwellian view apparatus was used. One 

channel provide the test field which appeared as a flash of 50 msec duration. 
Two other channels combined to provide the background field wich subtended 7 
deg of visual angle. A rod-bleaching stimulus was also provided by one of 
these two channels. An external LED provided the fixation target for eccentric 
presentations of the test. test sizes at different eccentricities were scaled to 
include approximately the same number of cones according to anatomical 
estimates of cone density (Curcio et al., 1990). Table 1 shows the sizes of 
stimuli for different retinal locations in the small spot detection and the color 
naming experiments. 

Table 1 sizes of stimuli 
Eccentricity 

Nasal 28 deg 
Nasal 7 deg 
Nasal 2 deg 
Fovea 
Temporal 2 deg 
Temporal 7 deg 
Temporal 17 deg 
Temporal 28 deg 

Procedure 
Small spot detection 

small spot detection color naming 

6.88 min 
2.58 min 
1.72 min 
0.86 min 
1.72 min 
2.58 min 
6.88 min 
6.88 min 

68.7 min 
43.0 min 
25.8 min 
10.3 min 
25.8 min 
43.0 min 
61.9 min 
68.7 min 

In the L cone favoring conditions probability of detection functions were 
measured for a 640 nm test on a 500 nm background field which was chosen to 
suppress the sensitivity of M cones and rods. The M cone favoring condition 
consisted of a 520 nm test presented on a chromatic adapting background field 
composed of a mixture of 460 nm and 640 nm lights to suppress the sensitivity 
of rods, S cones, and L cones. At all eccentricities, we measured increment 
thresholds as a function of the intensity of an L cone favoring or an M cone 
favoring background to choose test and background combinations of equal 
effectiveness for the L and M cones. The experiment began with a 10 min 
period of dark adaptation. In order to ensure that rods did not contribute to 
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detection in theM cone favoring condition, a 4.5 log scotopic td white light was 
applied for 10 sec to bleach 40 percent of the rod pigment. This was followed by 
a 3 min period of adaptation to the background for each condition. For the M 
cone favoring condition, measurements were made on the cone plateau with 
repeated applications of the rod bleach as needed. Tests were self-presented 
when the observer was sure of accurate fixation. 

Color naming 
Mter 10 minutes of dark adaptation, the rod bleach was applied. 

Measurements were made on the cone plateau with repeated applications of the 
rod bleach as needed. A 173 td white background, just bright enough to allow 
the fixation dots to be seen, was applied. Mter 3 minutes of dark adaptation, 
to allow the cones but not the rods to recover sensitivity, 2500 td of test stimuli 
were presented for 200 msec. The test wavelength was varied in a multiple 
random staircase procedure. The observer's task was to respond "reddish" or 
"greenish" to wavelengths in for the determination of unique yellow and unique 
blue, and "bluish" or "yellowish" for the determination of unique green. 

Result 
Table 2 shows the result of the L to M cone ratio obtained from small spot 

experiment and unique hues at each eccentricity. 
Table 2a the L to M cone ratios and unique hues (Observer KL) 

Eccentricity LIM cone r atio unique Yellow unique Green unique Blue 

Nasal 28 deg 1.99 569.6 nm 488.7 nm 463.2 nm 
Nasal 7 deg 2.00 572.0nm 492.9 nm 463.2 nm 
Nasal 2 deg 1.99 572.3 nm 498.6 nm 465.0 nm 
Fovea 1.97 570.8 nm 500.7 nm 465.3 nm 
Temporal 2 deg 1.93 571.2 nm 500.6 nm 465.6 nm 
Temporal 7 deg 2.05 570.2 nm 492.9 nm 465.0 nm 
Temporal 17 deg 1.97 571.1 nm 496.2 nm 466.8 nm 
Temporal 28 deg 2.00 570.7 nm 494.4 nm 467.1 nm 

Table 2b the L toM cone ratios and unique hues (Observer SL) 

Eccentricity LIM cone ratio unique Yellow unique Green unique Blue 

Nasal 28 deg 1.65 577.2 nm 519.2 nm 448.8 nm 
Nasal 7 deg 1.63 576.3 nm 526.3 nm 439.9 nm 
Fovea 1.60 577.4 nm 521.6 nm 443.3 nm 
Temporal 7 deg 1.59 576.1 nm 523.6 nm 443.8 nm 
Temporal 17 deg 1.61 576.8 nm 526.9 nm 442.8 nm 
Temporal 28 deg 1.69 575.5 nm 531.6 nm 444.8 nm 
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Conclusions 
The L to M cone ratio is constant with eccentricity from 28 degrees nasal 

to 28 degrees temporal eccentricity. For the red-green system, we found 
unique yellow, which depends on the Land M cone quantum catches, is 
constant with eccentricity; and unique blue, which depends on the quantum 
catches in L, M, and S cones shows small but significant differences between 
the measurements in eccentric regions (17 deg and 28 deg) and more central 
regions. No changes in L or M cone spectral sensitivities or changes in the 
neural mechanisms at the red-green opponent site with eccentricity are 
required to account for the results for the red-green system. S cone 
numerosity changes from zero to 6 percent of the total number of cones from 
central fovea to parafovea before reaching a stable value near 8 percent of the 
total number of cones in peripheral retina (Curcio et al. , 1991). Given our 
results showing a stable L to M cone ratio with eccentricity, changes in unique 
blue with eccentricity are explained by variations in S cone numerosity with 
eccentricity. However, variations in unique green with eccentricity are not 
fully explained by these same factor. 
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Spatial Integration in Chromatic Induction 

Yukio YAMASHITA 

Magnitudes of chromatic induction effects elicited by multicolored surrounding fields were 
measured by using a chromatic cancellation method with a haploscopic view. Subjects observed 
the induction stimulus through a color filter of blue, green, yellow, or red as well as without a 
filter to conduct observations under the variation of illuminant colors. Spatial integration of the 
effects induced by individual surrounding colors was analyzed psychophysically in terms of the 
responses of photoreceptors and color opponent channels. It was suggested that the magnitude of 
chromatic induction with multicolored surrounds under the variation of illuminant colors might 
be explained with the spatial summation of the individual effects of surround colors, which were 
provided by power functions of the surround opponent responses derived from the cone 
responses compensated by von Kries type coefficients. 

I . INTRODUCTION 
When a small field surrounded by a large color field is viewed, the surrounding color changes 

the afpearance of the center field, which generally shifts father away from the surrounding 
color ) This phenomenon called chromatic induction has been considered in two processes: 
photoreceptors and opponent color channels2) Although a number of attempts to explain this 
induction by using various color vision models have been made, its quantitative explanations by 
color responses have not yet been well established. 
The purpose of this study was to analyze the color induction data in terms of the effects of 

opponent color responses of the surrounding field upon the center field . We recorded the amount 
of chromatic shift needed to make the color of center field identical with a reference white as a 
measure of the chromatic induction, and adopted an adequate opponent model with channels that 
were linear combinations of the L-, M-, and S-cone excitations. 

2. METHODS 
Subjects observed a chromatic induction stimulus and a white reference stimulus on a color 

CRT monitor with a haploscopic view. The induction stimulus seen with subject's left eye was 
composed of a center test disk (T) of 1 deg diameter and a multicolored annulus (S) of 6 deg 
diameter which was surrounding the test disk. One, two, or four colors out of 13 different colors 
of 36 to 48 cd/m2 were presented in the multicolored surround (Fig.!). The color combinations 
was of 17 sorts for two-colors' surround and of 9 sorts for four colors' surround. The reference 
stimulus seen with subject's right eye was a white disk of I deg diameter and I 5 cd/m2 with D65 
chromaticity. To conduct observations under the variation of illuminant colors, observers viewed 
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the induction stimulus through a color filter of blue, green, yellow, or red as well as without a 
filter. They were asked to adjust the chromaticity and luminance of the test disk to equalize the 
appearance to that of the reference white, that is, to cancel the chromatic shift in the test disk 
seen through a color filter. Stimuli were presented steadily without fixation and no time limit was 
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imposed on the chromatic cancellation. We thus recorded the amount of chromatic shift needed 
to make the test identical with the reference white as a measure of the chromatic induction. Three 
subjects participated in the experiments. 

3. RESULTS AND DISCUSSION 
Fig.2 is the already reported result when the test disk was given with one-color surround and no 
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color filter3l. Filled circles (S-S) and a filled square (S-T) show the chromaticity loci of surround 
colors and a test disk itself respectively. Open triangles (1-S) and a reverse triangle (1-T) indicate 
the chromaticity loci which the colors of the test disk had to be shifted to cancel the induction 
color when the color surrounds and no surround were presented respectively. The open triangle 
shifted toward the filled circle, which was the chromaticity of the surrounding color. As a result 
of analyzing those data, the magnitude of chromatic induction could be well predicted by power 
functions of opponent chromatic responses, r-g and b-y, of the surrounding colors, and the 
amount of chromatic shifts in the test disk by a multicolored surround could be explained by a 
sum of the induction effect produced by each individual surround color. 

In this study, the color of test disk was canceled while observed through a color filter. Fig.3 
shows the results. Since the chromaticity loci of surround colors were varied depending on the 
filter color, open triangles in Fig.3 shifted toward the locus of each filter color, compared with 
those in Fig.2. After the sensitivity coefficients of von Kries type for L, M, and S cone were 
obtained by comparing the results of I-Ts in Fig.2 and Fig.3 , the amount of the chromatic 
inductions which were elicited by multicolored surrounds and viewed with each color filter was 
analyzed as the summed opponent effects of the induction produced by each individual surround 
color. Fig.4 shows the quantitative relation of the measured induction to the calculated induction 
in terms of opponent responses. In regard of spatial integration, it was suggested that the 
magnitude of chromatic induction by multicolored surrounds even under the imitated chromatic 
adaptation could be predicted with the spatial summation of the individual effects of surround 
colors, which were provided by power functions of the surround opponent responses 
compensated by von Kries type coefficients. 
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Color and Paint 

Ulrich BACHMANN 

What is the relationship between perceiving, perceived and perception of color?The 
installation I present takes place between those point of views . It is a continuation 
of my work 'Licht ,Farbe,Raum' (Light, Color,Space) . (1) 

1.1NTRODUCTION 
'Color is a way to get to the lighf (Brice Marden). (2) 
By mixing colors of different physical presence, painted colors as well as projected 
colors, I tried to make an approach to the ambivalences of color appearance. In such 
a way, that. by looking at the installation 'Color and Painf all by ourselves, we are 
going to have an idea of its dependence of darkness and lightness. 

2.EXPERIMENTS 
Each of the six undulled hues, Cyan, Magenta, Yellow- Primaries for subtractive mix-
tures and Red, Green, Blue - Primaries for additive mixtures, exist in two forms in 
this installation: pigment color (C.M.Y.R,G.B) and colored light (C,M, Y,R,G,B) . They 
are arranged as pairs of colored fields, see survey (Fig .3) on the following page. To 
distinguish the two forms, the colored light is always placed on the right, the pain-
ted color on the left. These pairs . placed on six panels. are overlayed by a rotating 
projector which changes the projected color after every round . These changing co-
lors are the same six hues we see on the six panels . ( C.M. Y,R,G.B) with an ad-
ditional stripe of white light on the left (WJ. On each pair of colored fields the rota-
ting projector stops for a few seconds and five stripes of color appear . It is moving 
slowly, so there is time enough to ask what the next combination is going to be like. 
After six turns, 36 compositions of colored stripes have been seen.They are all com-
posed at the same order, as demonstrated in Fig1 (Green overlayed by Red). Fig 2 
(groundplan) and Fig 3, survey. 

w R G G G/W G!R R G/R G 

Rotating projector Fixed Projector GIG overlayed by R 

Fig.1 : Scheme of mixing colored light and pigment color with colored light. 
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Fig.2 Groundplan 
of the installation 

P = Dia-Projector 
(fixed) 

RP= Dia-Projector 
(rotating) 

C,M, Y,R,G,B: 
colored lights 

C.M.Y.R.G .B: 
pigment colors 

Fig 3: The schematic 
view of the arrange-
ment of the pairs 
of color. ( survey of 
the installation) . 

six pairs of color, 
colored lights 
(C,M, Y,R,G,B ), 
projected on panels 
and pigment colors 
(C,M,Y,R,G,B) pain-
ted on panels. 



3.Result 
In figure 4 (enlarged composition of figure 1, right ) we notice Grey-brown as are-
sult of mixing pigment color (G) and colored light (R) at the large stripe left. At the 
large stripe right we see Yellow ( Y) as a result of mixing two colored lights( G and R). 

Fig.4: color mixture 
on panel: 

GIG overlayed by R 
1 G overlayed by W 
2 G overlayed by R 

(grey-brown) 
3 R 
4 G overlayed by R 

(yellow) 
SG 

The scheme in figure 5 shows all combinations at the moment when the rotating pro-
jector (with colored light R) turns over the six undulled hues (colord light and pig-
ment colors). In the same order the other 30 combinations are composed ( CIC, 
MIM, Y IY, AIR, GIG, 818 overlayed by C,M, Y,R,G,8 ). 

It} 
\f: 4 

3 

2 

1 2 3 4 5 
M/M - R 

GIG -R 

5 4 3 2 1 
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4 

5 

5 

Fig .S:Schematic view 
of the color mixtures 
on panels: 
the six undulled hues 
overlayed by R 

G-R (2): Grey-brown 
G-R (4): Yellow 

Y- R (2): Orange 
Y- R (4): warm Yellow 

A- R (2): dark Red 
R -R (4): light Red 

M-R (2) : Karmine 
M- R (4) : Rose -Red 

B- R (2) : dark-Violett 
8- R (4): Magenta 

C -R (2): dark Grey 
C -R (4): White 



When the six undulled hues,placed in the rotating projector,are turning all over the 
six pairs of color , we begin to have an idea of growing up of color between light-
ness and darkness, as it is described by many artists and philosophers since the 
ancient Greeks. 
The color mixtures on the large stripes shown on the left (2) are always changing 
toward darkness and on the right (4) to lightness, as we know it from subtractive 
and additive color mixing .The lightest mixture (White) between two colored lights 
can be seen in the opposite (complementary color ) and at the adjacent side 
we notice the darkest mixture of pigment color and colored light (a darkGrey see 
Fig 4) . Between these extremes all other color variations are displayed. 

4. Conclusions 
By observing those combinations of color mixing simultaneously, we are going to 
realize , how instable color perception becomes under the influence of light and 
pigments . In this sense, the basic subjects of my installation are instability and 
relativity of color perception . 
' Light', says James Turrell,' is a powerful substance. We have a primal connec-
tion to it. .. My desire is to set up a situation to which I take you and let you see. 
It becomes your experience. ' 2). 
To truly experience the power of the interaction between colored light and pain-
ted color, it will not be of much help if we orientate ourselves according to gui-
ding statements . The color mixtures of the installation ' Color and Paint' are not 
to be understood consciously in the first time , but they should provide a situa-
tion to get the color stimulis for everyone' s own experience. 
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Tolerable Range of Illuminance and Color for Continuity 
Perception between Two Rooms 

Haelim YOON, Taiichiro ISHIDA and Mitsuo IKEDA 

We measured tolerable limits of illuminance and color of lighting for providing a sense 
of continuity between two rooms connected by a window. In the experiment the illuminance 
and color of lighting of the observer's room were changed while those of the other room 
were kept constant. Subjects judged whether they had a sense of continuity between two 
rooms. The results showed that the tolerable range of the illuminance was almost constant 
as far as the color difference was less than some critical value, indicating illuminance and 
color of the lighting independently affected a sense of continuity. This finding would be 
helpful in designing a lighting system for providing a sense of continuity. 

l.INTRODUCTION 
A series of our previous studies1

•
3J has shown that we can experience a sense of continuity 

between two physically separated spaces by adjusting illumination of those spaces. We 
consider the sense of continuity is achieved when the recognized visual spaces of 
illumination(RVSI) of those spaces are made equal. RVSI is a general model that represents 
our recognition of the state of illumination, and it can be resolved into various elements 
such as recognized brightness, color, direction of lighting, and so on. We consider recognized 
brightness and color are important element to determine a sense of continuity. Thus we 
have carried out experiments to examine a sense of continuity in terms of illuminance and 
color of lighting and our findings can be summarized as follows: First, observers can 
certainly experience the sense of continuity by adjusting illuminance and color of lighting 
in their space when they look the other space through an opening. Secondly, the relation 
between the optimal illuminance value of the observer's space and that of the other space 
was given in a simple formula. Thirdly, there exist tolerable ranges in illuminance that 
assure a sense of continuity between two separated spaces. 

In this study we measured the tolerable limits of the color of lighting as well as the 
illuminance, and examined their mutual effects for a sense of continuity. 

2.EXPERIMENTS 
Two experiments were designed to measure the tolerable limits of illuminance and 

color of lighting for providing a sense of continuity. For this purpose two experimental 
rooms connected with a window were set up. Two rooms, one for an observer's room and 
the other for a reference room, were furnished so that they looked like ordinary rooms. 
Fluorescent lamps that simulated illuminant A or D65 were attached to the ceiling of the 
reference room. Color temperature and x coordinates of the illuminant A type lamp were 
3000K and 0.457. Those of the illuminant D65 type lamp were 6700K and 0.312. The 
illuminance of the reference room was kept 30 lx throughout the experiments. Both A and 
D65 type lamps were attached to the ceiling of the observer's room and their luminances 
were able to be adjusted independently. The illuminance of the observer's room and the 
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difference in color of the lighting for two rooms could be controlled precisely. The 
horizontal illuminances were measured on the table located near the center of each room. 
In the present experiments, the illuminance is treated just as an index of the amount of 
light in the space, which is probably main determinant of the recognized brightness of the 
space. In Experiment 1 the tolerable limits of illuminance were measured for several 
color differences in the lighting. We carried out Experiment 2 for measuring the tolerable 
limits of color difference in further detail. 

The observers were asked to answer with a "yes" or "no" whether they experienced a 
sense of continuity between two rooms. Four observers with normal or corrected to 
normal vision participated in the experiments. 

3.RESULTS 
Parts of the results of Experiment 1 are shown in Fig. 1. The percentages of "Yes"-

answers(% Yes) are plotted as a function of illuminance of the observer's room(Es) for 
four observers. Four curves in each of Fig. l show the results of four color difference 
conditions that are expressed by the differences in x chromaticity coordinates of the 
illumination in the observer's room(xs) and that in the reference room(Xo) . Four symbols 
square, diamond, circle, and triangle represent the (xs- Xo) = 0, 0.01, 0.02, and 0.03, 
respectively. Although the locations of the peak of% Yes for four observers are different, 
their results show similar tendencies. First, the percentage of "Yes" answers increased 
and decreased gradually in bell-shaped fashion, indicating there exist sizable tolerable 
ranges in the illuminance. Secondly, the curves were roughly coincident among the observers 
with each other as long as the color difference was less than 0.03. Thirdly, the 
probabilities for a sense of continuity immediately dropped when the color difference 
exceeded 0.03. 
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Fig. 1 : The percentages of "Yes"-answers against the illuminance of the observer's 
room with difference in color of lighting between two rooms 
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Tolerable limits for each of all conditions in Experiments 1 and 2 were determined as 
the values that gave 50% probability for having a sense of continuity. Fig. 2 summarizes 
the tolerable limits of illuminance and differences in color of the lighting in two rooms 
for all observers. The data points designated by open circles and diamonds represent the 
results of Experiments 1 and 2, respectively. The range of tolerable illumiance was 
approximately constant regardless of the difference in color of the lighting of two rooms 
and kind of the illuminant of the reference room. Moreover the tolerable limits of the 
illuminance slightly decreased with increasing the color difference of the lighting when 
the color of the illuminant of the observer's room became more reddish. We do not have 
any definite evidences to explain it, however, some physical conditions (i.e. color of the 
walls) and effects of color of the lighting on recognized environmental brightness might 
be responsible for it. 
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Fig. 2 : The tolerable limits of illuminance and differences in color of the lighting in 
two rooms 

The average values for all observers are shown in Fig. 3. The observers experienced a 
sense of continuity between two rooms as far as the lighting of the rooms was set inside a 
closed curve shown in this figure. The average tolerable ranges in illuminance and color 
of the lighting expressed by difference of x chromaticity coordinates were about 30 lx and 
±0.035, respectively. 
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Fig. 3 : The average tolerable limits of illuminance and differences in color of the lighting 
in two rooms 

4.CONCLUSIONS 
It was found that there exist sizable tolerable ranges both for the illuminance and color 

of the lighting. Given that a sense of continuity is influenced by some total effects of 
differences in illuminance and color of the lighting between two spaces, the tolerable 
range in the illuminance may changes with the color difference to keep total discrepancy 
within a certain tolerable "value". The results show this is not the case: the tolerable range 
of the illuminance was almost constant as far as the difference of color of the lighting did 
not exceed a certain value. This finding suggests that illuminance and color of the lighting 
independently affect a sense of continuity. That is, a sense of continuity is established by 
adjusting one of the two variables if the other variable satisfies a necessary condition. 
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Chromatic and Luminous Conditions of Overlapping 
Area for Transparency 

Yuki ITO, Keiji UCHIKAWA and lchiro KURIKI 

We can perceive a layer through another layer. This perception is called transparency. 
Transparency perception is not necessarily constrained by the physical transmittance condition of 
two layers. In this study, we measured the ranges of the chromaticity and the luminance of the 
overlapping area of two crossed layers to be perceived as transparent layers . Our results show that 
the range of luminance of the overlapping area was about 0. 3 log units around the equal luminance 
of the layers, and largest on the additive mixture chromaticity line. The range of luminance reduced 
on the chromaticity lines that deviate from the additive mixture line. 

l.INTRODUCfiON 
We can perceive a transparent layer when we look at a particular 2-dimensional pattern. The 

perceptual transparency depends on the spatial and intensity arrangements in the pattern. 
Transparency appears to be mostly affected by the intensity of the overlapping area in the pattern, 
but not to be necessarily accompanied by the physical transmittance profile. It has been discussed 
which rule of color mixture realizes the perception of transparency, the additive mixture or the 
subtractive mixture. Metelli1

> indicated that the transparency occurred under the additive-color 
mixture condition, and proposed the model that was derived from the rotating episcotister. On the 
other hand, Beck et al. 2> proposed the filter model that utilized the physical transmittance of the 
surface, and derived the degree of the surface's transparency from the lightness of the surface. 

Although previous studies focussed on achromatic transparency, it would be important to study 
the relation between transparency and another perception such as chromaticity, depth3> or motion4>. 

We are interested in chromatic transparency. Physically, the overlapping area has a single 
chromaticity, but perceptually it would be split into two 
differently colored layers. Contrarily, if the overlapping area 
is able to change its luminance and chromaticity, what kind 
of color or luminance yields transparent perception to the 
two layers? So far, neither additive nor subtractive color 
mixture theory can predict this color for perceptual 
transparency. In this study, we measured the ranges of the 
chromaticity and the luminance of the overlapping area of 
two crossed layers in which the overlapping area is 
perceived as transparent layers. 
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2.EXPERIMENT 
2.1 Stimulus and apparatus 
The stimulus consisted of two crossing rectangles (Fig. 1). We defined the center, which two 

rectangles cross, as the overlapping area, and the outer rectangles as the inducing patterns. The three 
color combinations of the inducing patterns were examined, (1) red(R) (x=0.615, y=0.340) and 

green(G) (x=0.273, y=0.593), (2) red(R) and bluish green(BG) (x=0.213, y=0.325), (3) green(G) 
and purple (P) (x=O. 335, y=0.184). The luminance of the inducing patterns was at fixed 10 cd/m2

• 

15 chromaticities on the additive color mixture line of the two inducing patterns and other 
chromaticities around the line were presented for the overlapping area. The luminance of the 
background were dark (0.1 cd/m2

) and 0 65 white (60 cd/m2
). The stimulus was steadily presented 

on a CRT during a trial. The subjects observed binocularly at the distance of 40 em from the CRT in 
a dimly illuminated room. 

2.2 Procedure 
In an experimental session, the color combination of the inducing patterns was constant but the 

chromaticity of the overlapping area was varied. First 0 65 white adaptive stimulus (30 cd/m2
) was 

presented on the CRT(20' x27'). The measurements started after adaptation for 3 minutes. The 
subject adjusted the luminance of the overlapping area using the trackball so that she or he could 
perceive a transparent layer. After the adjustment, she or he responded which pattern was perceived 
in front. The next stimulus that had the other chromaticity in overlapping area was presented after 
the presentation of the adaptive stimulus for 5 sec. 

In the preliminary observations, we found the range of the luminance that the transparency could 
realize. So the upper limit and lower limit of the luminance were separately measured on each trial in 
this experiment. For each stimulus condition, the measurements were repeated 5 times. 

3. RESULTS 
Fig. 2(a) shows the results when the inducing patterns had red and green combination. The 

chromaticities on the additive color mixture line are represented by the ratio k, that indicates the 
relative chromatic position of the overlapping area to the distance between the two inducing patterns 
on the chromaticity diagram. The right panel shows the data for observer Yl, the left for observer 
KU. In these panels, the range of the luminance of the overlapping area is plotted by the ratio k that 
k=O denotes green and k=l denotes red. The difference between colors of symbols represents the 
different background. The circle symbols denote the upper limit, triangle symbols denote the lower 
limit of the luminance range. Fig. 2 (b), (c) show the results when the combinations of the inducing 
patterns were red and bluish green, green and purple, respectively. 

Fig. 3 shows the chromatic range of the overlapping area that the transparency could realize when 
the inducing patterns had red and green combination. Left panel is results for dark background and 
right panel is for 0 65 background for the observer KU. Each symbol denotes the color of the 
inducing pattern that was perceived in front. 
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4. CONCLUSION 
Fig. 2 (a)- (c) indicate that the luminance range of the overlapping area does not depend on the 

color combinations of the inducing patterns . However, both the upper and lower limits under the 
bright (065 60 cd/m2

) background slightly reduced. The luminance range located around 10 cd/m2 

that is equal to the luminance of the two inducing patterns. These luminance conditions suggest that 
the four edges surrounding the overlapping area would connect easily with the each inducing 
pattern. In these results, there is no point that the sensation of transparency was strongest. 

The chromatic range for transparency extended around the additive color mixture line. The range 
was larger in the case of the bright background than in the case of the dark background. The range 
of luminance reduced on the chromaticity lines that deviate from the additive mixture line. 
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Fig.2 Luminance ranges of the overlapping area for transparency perception . 
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The perceived frontal pattern appears to depend on the chromaticity of the overlapping area. There 
were, however, some responses that both patterns could be perceived in front. Under these 
conditions, the observer's attention could control which pattern was perceived in front. This 
phenomenon is similar to the visual rivalry. The chromaticity of D65 white was included in the 
additive color mixture lines both inducing pattern combinations of red and bluish green, and green 
and purple. In each case, the perceived colors in the overlapping area were consistent with the colors 
of two inducing patterns. This indicates that the appearance color of the overlapping area is decided 
by the inducing patterns. 

From above results, the transparency occurred effectively when the overlapping area has the 
chromaticity on the additive color mixture line between two inducing patterns. But the luminance 
range did not satisfy the additive mixture of the two inducing patterns. 
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Sensitivity to Chromatic Contrast in the Peripheral Visual 
Field is Affected by the Central Visual Task 

Kazumichi MATSUMIYA, lchiro KURIKI and Keij i UCHIKAWA 

Visual function degrades in peripheral visual field . For example, the sensitivity to chro-
matic contrast is worse in the peripheral retina than in the fovea. We studied how a visual 
task in the central visual field would affect the visual performance in the peripheral visual 
field. We measured chromatic contrast sensitivities in the peripheral visual field when a visual 
task stimulus was presented in the central visual f ield. Our results suggest that the central 
visual task little affect the sensitivity to chromatic contrast in the periphery. 

INTRODUCTION 
We usually observe the world by moving eyes. Saida and Ikeda[1), Shioiri and Ikeda[2] 

investigated the dynamic effective visual field during eye movements, but chracteristics of the 
peripheral vision have not been fully understood. Eye movements may affect the peripheral 
vision in the observation. On the other hand, as directing our attention to where we want to 
see causes eye movements, the way to direct our attention may affect the chracteristics of the 
peripheral vision. Ikeda and Takeuchi[3] reported that the extent to which it was possible to 
detect a target presented in the peripheral visual field was changed by a visual task in the 
central visual field . Accordingly, it suggests that a visual task in the central visual field affects 
the chracteristics of the peripheral vision during eye movements. 

To study how a visual task in the central visual field affected the visual performance in 
the peripheral visual field during eye movements, we measured chromatic contrast sensitivities 
in the peripheral visual field during eye movements when a visual task was performed in the 
central visual field. 

EXP ERIMENT 
We developed the apparatus that controlled the equiluminant grating presented in the 

peripheral visual field in synchrony with eye movements. This apparatus consisted of the eye-
movement-detector, a computer and a CRT monitor. Eye movements were detected by the 
limbus-tracker. Using the eye positional signal, the computer moved the equiluminant grating 
on the CRT monitor in synchrony with eye movements to stimulate the same retinal position. 

The equiluminant sinusoidal grating presented in the peripheral visual field was constructed 
by the horizontal stripes of red-green. Spatial frequencies of 0.5 and 1.5 cpd were used . 
Chromatic contrast was defined by the distance from the equal energy white to a chromaticity 
on the straight line through (0.276, 0.466) and (0.145, 0.482) defined as chromatic contrast 
100% in the u'v' chromaticity coordinates. 

To make the central visual task stimulus, we divided a natural scene into 8 pieces, and again 
divided a piece into 20 cells, and randomized the position of the cells. The difficulty of the 
central visual task was controlled by changing the percentage of the numbers of randomized 
cells. Load level 1 was defined as the case that the numbers of randomized cells were zero, 
load level 2 was defined as the case that the numbers of randomized cells were six, load level 
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LEVEL 1 LEVEL 2 

Figure 2: Stimulus 

LEVEL 3 LEVEL4 

Figure 1: The definition of load level 

3 was defined as the case that the numbers of randomized cells were twelve, and load level 4 
was defined as the case that the numbers of randomized cells were eighteen.(Fig.l) It is fully 
expected that the difficulty of the central visual task increases in proportion to the load level. 

Fig. 2 shows the stimulus that the subject observed. The central visual task stimulus 
was presented on a uniform gray background. Two series of stimulus were presented, and 
one of the two series contained a equiluminant sinusoidal grating in the peripheral visual field 
and the other did not. The peripheral equiluminant sinusoidal grating, 27deg X 5deg, red-
green, followed the observer's eye movements in real time. The eccentricities of the peripheral 
equiluminant sinusoidal grating was lOdeg and 20deg. The stimulus was observed monocularly 
with the left eye. The viewing distance was 60cm. The observers were KM and TN. Both had 
normal vision. 

Equiluminant point was measured using flicker photometry. The peripheral equiluminant 
sinusoidal grating was made using this equiluminant point. After the equiluminant point was 
determined, eye movement detector was calibrated. After that, the experiment was performed 
as follows. 
1. A uniform gray stimulus is presented on the CRT. 
2. When the observer pushes the space-key, the visual central task stimulus is presented for 4 
seconds. (First presentation) 
3. A uniform gray stimulus is presented after 4 seconds, and the observer reports which piece 
of the original picture was presented in the central visual field by using tye keyboard. 
4. The same as 2. (Second presentation) 
5. The same as 3. 
6. The observer reports which of first and second presentation contained equiluminant sinu-
soidal grating. 
7. The observer repeats 80 times from 1 to 6. 
A session consisted of the procedure of 1 to 7. Three sessions were performed for a eccentric-
ity(10deg or 20deg) and a spatial frequency(0.5cpd or 1.5cpd). 
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Figure 3: A locus of eye movements 

RESULTS 
The estimation of the central visual task 

Figure 4: The relationship between load 
level and gaze duration in left figures. 
%correct of the central visual task in right 
figures. 

We estimated the load in the central visual task using the data of eye movements and 
%correct of the central visual task in order to judge whether the central visual task was 
adequate. 

The result of Fig. 3 shows a locus of eye movements from load level 1 to 4, which indicates 
that the observer's eye movements are complex with the increase of the load level. Gaze 
durations averaged for 480 pieces of natural scenes used in each load level are shown in Fig. 
4. The result of Fig. 4 shows that the mean gaze duration decreases with the increase of the 
load level, which suggests that the observer moved eyes frequently with the increase of the 
load level. In addition, the result of Fig. 4 shows that the %correct of the central visual task 
decreases with the increase of the load level, which suggests that it was difficult to understand 
a natural scene with the increase of the load level. 

Eye movements data and %correct of the central visual task suggest that it was difficult 
to understand a natural scene with the increase of the load level but the observer tried to 
understand a natural scene presented in the central visual field by means by moving eyes 
frequently and observing each cell of a central visual task stimulus. Accordingly we could 
estimate that the load in the central visual task increased with the increase of the load level. 
Chromatic contrast detection-thresholds in the peripheral visual field 

The results of Fig. 5 and 6 show chromatic contrast detection-thresholds in the peripheral 
visual field. They indicate that chromatic contrast detection-thresholds in the peripheral 
visual field little change with the increase of the load level in any case that the eccentricity 
is lOdeg or 20deg and the spatial frequency is 0.5cpd or 1.5cpd, that is, that the load in the 
central visual field little affects the visual performance in the periphery in free eye movements. 

CONCLUSION 
We concluded that the central visual task had almost no effect on chromatic contrast 

detection-thresholds in the peripheral visual field in free eye movements. But it is possible 
that the observer didn't direct his attention to the central visual task equally because the 
%correct of the central visual task decreased with the increase of the load level. Further the 
relationship between eye movements and the central visual task must be considered. 
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Measurement of Color-Difference Judgement-
Boundaries in a Color Space 

Kouwa KOlOA, lchiro KURIKI and Keiji UCHIKAWA 

In this study, we carried out two experiments to examine whether there is any relations between 
categorical color perception and estimating the color-difference. First, We tested separability of 
colors. The observers divided a set of 424 OSA color samples into the number (2-14) of groups. 
The result suggests that there are clear boundaries in color space. Second, we measured the limit of 
ability to estimate color-difference with quantitative changes of color perception not with qualitative 
changes. The distribution of this limits lie on the region where the easily separable boundaries in the 
OSA color space derived from first experiment. This agreement would suggest that the categorical 
properties should be considered to discuss the uniform color spaces. 

1. INTRODUCTION 
Many kinds of uniform color spaces, utilizing jnd steps, have been offered. Each of them is made 

for its own purpose. However, the color-difference defined in a color space is not always proportional 
to our color-difference perception. In this study, we carried out two experiments to find out what 
factor should be considered for a uniform color space. And, we especially report whether there is 
any relations between categorical color perception and estimating the color-difference. 

2. EXPERIMENTS 1 
The observers divided a set of 424 OSA color samples into the number (2-14) of groups. We 

assumed that dividing colors into some groups should correspond to categorical color perception. 
An attempt was made to cause each OSA color sample to be located an equal distance from each of 
its twelve nearest neighbors, with distance considered as related to numbers of discriminable color 
steps '> . D65 fluorescent lights illuminated the center of table with a rated illuminance of 7001ux. 
All samples were presented on the table and were randomly shuffled. Five naive observers participated 
in this experiment. 

To derive the boundaries dividing the samples, we made the quantitative analysis of dividing the 
samples (see Fig.1) . The way of dividing the color samples through the all five observers show 
same chromatic feature, and the division according to the increase in the number of groups was the 
subdivision of inferior division. This result suggests that there is easily-separable boundaries in 
color space (Fig.2,3) . 
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Fig.1 : In the OSA color space, a color samples have 12 neighbors. We calculate the ratio of the 
samples that divided into different groups among the neighbors. Then, the contour-line map could 
be evaluated from that ratio. 
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Fig.2 : The quantified boundary dividing the OSA color samples are averaged for observers, and are 
gathered in four groups (L=+ 1) . Darker area tend high boundary tendencies. 
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Fig.3 : The quantified boundary dividing the OSA color samples are averaged for observers, and are 
gathered in four groups (L=-2) _ Darker area tend high boundary tendencies. 
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3. EXPERIMENT 2 
We measured the limit of ability to estimate color-difference with quantitative changes of color 

perception not with qualitative changes. The apparatus is shown in Fig.4. Two naive observers 
matched the color ,which displayed on the CRT monitor ,at perceptual center on color-difference 
between two randomly selected the OSA color samples within a line of the OSA color space (Fig.S) 
. At first, the observer trained the experiment only neighbor combination of the OSA color samples. 
Then started experiment with randomly selected combination. While combination of color sample 
was presented, the observers were asked the possibility to match the color with same criterion of 
training ; testing ability to estimate a colors with quantitative color-difference perception. When 
observer appealed the different criterion, the matching was not done. 

Fig.4 : Schematic Diagram of the apparatus 
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FigS : The OSA color samples that used in this 
experiment. Any combination of samples is 
elected among the shaded line. 

The results show that these changes of the criterion is not able to be expressed by the OSA-unit. 
Fig.6 show the limit of ability to estimate colors with same criterion of training for all samples. We 
assume the changes of the criterion as the limit of quantitative color-difference. The distribution of 
this limits in the OSA color space masses the region close to the j-axis (L=+ 1) and the region close 
to the neutral white point (L=-2) . 

4. DISCUSSION 
Comparing this region with the easily-separable boundaries derived from first experiment, there 

is good agreement (Fig.7) . This agreement would suggest that the categorical color perception 
could affect the estimation color-difference, and the categorical properties should be considered to 
discuss the uniform color spaces. 

5. CONCLUSION 
(1) There is easily-separable boundaries in color space. (2) The distribution of this limits in the 
OSA color space close to the region where the easily separable boundaries derived from first 
experiment. (3) The categorical properties should be considered to discuss the uniform color spaces. 
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Fig.6 : The limits of ability to estimate colors with same criterion of training are drawn by short 
lines 

Fig.7 : Comparison between two experiments. 
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Constant Hue Loci for Colors in Surface 
and Self-Luminous Modes 

Hideo OTSUKI, Hiroyuki TOYAMA, 
Naohiko SAKAKIBARA and Miyoshi AYAMA 

The constant hue locus of unique red for colored light plotted on the CIE (x,y)-chromaticity 
diagram is quite different from the constant hue loci of the NCS R not only its location but also 
the direction of the curvature, while the constant hue loci of other hues generally agree between 
light-source and surface colors. We measured the constant hue loci for unique and other hues 
using color charts and CRT displays with gray and dark surrounds by the same method for the 
same observers. The results of six observers showed that unique red locus varies with different 
media and different surround. It is suggested that difference in mode of appearance affect the 
constant hue loci in red region. 

1. INTRODUCTION 
In a color reproduction between different 
color devices such as CRT displays and 
reflective prints, a gamut mapping is 
required because of a dissimilarity of their 
color gamuts . Manipulating lightness and 
chroma while maintaining hue constancy is a 
common technique used in most mapping 
methodsl l. Thus the property of constant 
hue planes in a color space is important for 
gamut mapping . However, in a color 
reproduction process at the present, the 
following fact has not been taken into 
consideration. The constant hue loci of 
some hues change their shape and location in 
a chromaticity diagram with different color 
media. This is demonstrated in Fig. I. The 
dotted curves in Fig .! are the constant hue 
loci of unique and binary balanced hues from 
Ayama and Ikeda's study using colored 
lights2l, whereas the solid curves are the 
constant hue loci plotted from the 
chromaticities of the NCS3) withY value of 
about 30. The hue notation in the NCS is 
based on the opponent color theory. Thus, 
R, Y, G, and B in the NCS correspond to 
unique red, yellow, green, and blue, 
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Fig. I The constant hue loci of unique and 
binary balanced hues plotted on the CIE 1931 
(x,y)-chromaticity diagram. Dotted lines show 
the results of self-luminous colors2>. Solid 
lines denote the loci of the NCS with Y value 
of about 30. RIO and R, YIO andY, GIO and 
G, and B I 0 and B, represent unique red, 
yellow, green, and blue, respectively. Symbols 
such as R5Y5 and Y50R indicate binary 
balanced hues . 

respectively, and the hues notated such as Y50R are the binary balanced hues of red-yellow etc. 
In Fig. I , a good agreement between the results from light source and color chart is 
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observed in unique yellow (Y and YIO), yellow-green (G50Y and G5Y5), green-blue (B50G 
and G5B5), and unique blue (Band B 10). Unique green loci (G and G 10) are coincident in low 
purity region but separate from each other as the purity increases. Discrepancy is evident in 
reddish region. The locus of the NCS R lies far above the unique red locus of self-luminous 
stimulus noted as RIO, and its shape is quite different than that of RIO. 

The reason why such a significant discrepancy occurs only in red region has not been 
clarified yet. In this study, we conducted an investigation of constant hue loci using the CRT 
stimuli and the color charts under similar experimental conditions for the same observers. 

2. EXPERIMENT 
We measured the constant hue loci using 
color charts and the CRT display . In the 
color chart experiment, a chart was placed in 
the center of the viewing box painted by a 
neutral gray and observed through the 
window of the experimental booth. Thus, the 
mode of appearance was a surface-color mode 
undoubtedly. The CRT display on the other 
hand is a self-luminous source. However, it 
has been known that the mode of appearance 
is dependent not on the presentation media but 
on the surround condition4l5l. Therefore, in 
the CRT experiment, two surround conditions 
were employed to see the effect of surround. 
One was the gray surround of which 
luminance was set to realize a surface-color 
mode, and the other was the dark surrounds 
sufficiently low luminance to let the color 
stimulus appear as a self-luminous mode, 
according to the previous study5l. Fig.2 
shows the visual field with gray surround. 

Color Chart 19.6' 
CRT 20' 

chart experiment and CRT 
experiment with gray surround. 

0. 6 ....--.,..---..,.---,---..--.,....----. 
oi 

0.5 . 
0.4 In the color chart experiment, the test 

stimulus was illuminated by D65-like 
fluorescent lamp. The chromaticities of 92 test 
color charts were indicated by the black dots 

y 0.3 + 
in Fig. 3. The Munsell values were about 5.0 
for all of them. In the observing condition, 
the average luminance of the color charts was 
68.6 nit, and that of the gray surround was 
170 nit. In the CRT experiment, a color 
stimulus was presented at the center of either 
gray or dark surround. The chromaticities of 
56 test stimuli were indicated by the open 
squares in Fig.3. The average luminance of 
the test stimuli was 31.9 nit. The luminances 
of gray and dark surrounds were 65.lnit and 
4.09 nit, respectively. The chromaticities of 
the gray surrounds used in the color chart and 
the CRT experiments were approximately the 
same as indicated by the cross symbols in Fig.3. 

311 

0 .2 ... JL .. 9 _Q ___ cr ·-1o 
oi 

0.1 

0.0 
0.0 0.1 0.2 0.3 0.4 

X 
0 .5 0.6 

Fig.3 Chromaticities of the stimuli plotted on 
the CIE 1931 (x,y)-chromaticity diagram. 
Black dots and open squares represent the 
stimuli in the color chart and the CRT 
experiments, respectively. Crosses indicate 
the chromaticities of the gray surround. 



Perceptual hue of the test stimulus was evaluated 
by the method essentially the same as the opponent type 0·6 

color naming. The hue circle based on the opponent 0_5 
color theory, i.e. the four unique hues of red, yellow, 
green and blue are placed at the edges of horizontal and 
vertical meridians on the circle, was attached on the 
digitizer before the observer and he/she was instructed to 0.3 
respond the ratio of unique hue components seen in the 

0.4 
y 

test color by indicating the corresponding position on the 0.2 
hue circle. In both the experiments of color charts and 
CRT display, a test color was presented steadily for a O.I 
few seconds and the observer made a hue judgement. In 
one session of the color chart experiment, 92 stimuli 
were presented in a random order. One session of the 

(a): 

0 0.1 0.2 0.3 X 0.4 0.5 0.6 

CRT experiment was consisted of two blocks of gray and 0_6 -r--,...--,---,---....---,---, 
dark surround conditions. Fifty six test colors were (b)! 
presented in a random order in each block, and about 10 0_5 .. ., 
rninites rest was taken between the first and the second 
blocks . The order of the gray and the dark surround 
blocks was balanced through all the sessions . Six 
sessions were done for each condition. 

0.4 
y 
0.3 

Four males and two females, one male was a 
deuteranomalous and other five were normal trichromat, 0.2 
participated as subjects in the experiment. Five of them 
had no experience in psychophysical experiments. 0· 1 

Based on the average results of hue evaluation, constant 
3. RESULTS AND DISCUSSION 0 0.1 0.2 0.3 X 0.4 0.5 0.6 

hue locus of any hue was obtained by connecting the 0.6 -r--,...----,---....----, 
points of the same ratio of unique hue components. The 
constant hue loci of four unique hues for six observers in 
the color chart experiment, in the CRT experiment with 
gray surround, and in that with dark surround are shown 

0.5 

0.4 
y 
0.3 

in Fig. 4 (a), (b), and (c), respectively. For all the 
conditions, unique yellow loci are approximately linear 
while other unique hue loci are curved lines. Inter 0_2 observer variability of unique yellow is smaller than those 
for other unique hues . These characteristics are 
consistent with the results of previous studies2)6)7J. No 
systematic difference was found in the results of the 
deuteranomalous observer. 

Fig.5 compares the results of three experimental 
conditions. The constant hue loci are drawn based on the 
average results of six observers at each test point. The 
location shift and curvature change of the hue loci with 
different conditions are most distinctive for unique red. 
The locus in the color chart experiment locates in the 
upper side of the loci in the CRT experiment. The 
curvature of the locus in the CRT with dark surround is 
clearly opposite to that in the color chart experiment. 
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0.1 

0 0.1 0.2 0.3 X 0.4 0.5 0.6 

Fig.4 Constant hue loci of unique 
hues for six observers. (a), (b), and 
(c) represent the results in the color 
chart experiment, the CRT with gray 
surround, and the CRT with dark 
surround , respectively . RIO, YlO, 
G I 0, and B I 0 denote unique red, 
yellow, green, and blue, respectively. 



These differences are commonly found in all 
observers' results. They are similar to those 
observed between the NCS R and RIO 
shown in Fig.1 . 

The luminance level of the color charts 
was about twice as high as that of the CRT in 
this study. However, this sort of luminance 
difference may not cause a large variance of 
the red loci, because Ayama et al.6l have 
shown that the shift of unique red locus 
between 1 OOtd and 1 OOOtd is much smaller 
than that in the present study and no change 
in the direction of curvature. 

In this study, exactly the same 
observers and the same experimental 
procedure were employed for different color 
media. Therefore the location shift and 
curvature change of the unique red loci can be 
due to the difference of color media. 
However, it is worth noting that despite using 
the same media, the CRT display, the results 
with gray and dark surrounds did not overlap 
perfectly. Although we did not conducted 
quantitative evaluation of appearance mode 

y 

0.6 

0.5 ........... .;. 

0.4 

0.3 

··········· •·· ........ .; ... . 

' ' ;Y10 

0.2 ·········· N'···· . . . 
.:;"i 

0.1 

0.0 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 

X 

Fig.5 Constant hue loci of unique hues based 
on the average results of hue evaluation. Solid 
lines, dot-dash lines, and dotted lines indicate 
the results in the color chart experiment, the 
CRT with gray surround, and the CRT with 
dark surround, respectively. 

for each experimental condition, according to the observers' reports, the color charts definitely 
appeared as surface-color mode, while the CRT colors with dark surround appeared certainly as 
self-luminous mode, and appearance of the CRT colors with gray surround was in between. 
Therefore, not a difference of color media but differences in mode of appearance may be an 
essential cause for the variance of the constant hue loci in red region. 
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Brightness-to-Luminance Ratios of Colored 
Lights in Various Surrounds 

Eiichiro TORIUMI, Sosuke MORII, Miyoshi AYAMA 
and Takesi KUMAGAI 

Although a number of studies have been reported on the distribution of the B/L ratio in the 
chromaticity diagram, most of the results were measured with gray or dark surround. Visual 
environment in real life, however, contains many colors of different luminances. Thus we 
measured the distribution of the BIL ratio with five kinds of surround, one is a dark comparable 
with previous studies, and others are the pictures of real sceneries such as daytime residential area, 
nighttime residential area, daytime city area, and nighttime city area. The results of the nighttime 
residential area showed a good agreement with the dark surround suggesting that the dark surround 
results can be applied to that condition. The results of other three conditions showed some 
deviations from the dark surround. 

I. INTRODUCTION 
It is well known that highly saturated colors look brighter than achromatic stimulus when their 
luminances are the same known as the Helmholtz-Kohlrausch effect. Degree of the discrepancy 
between luminance and brightness is usually evaluated by the Brightness-to-Luminance ratio (BIL 
ratio), the ratio between the luminance of the reference stimulus (B) and the luminance of a test 
stimulus (L) when they are matched in brightness. Several studies on the distribution of the B/L 
ratio in the whole area of the chromaticity diagram have been reportedl )-5), and some of the 
theoretical models for brightness perception have been tested using the accumulated data of the 
brightness matching experiments6),7). However most of the experiments hitherto reported used 
simple stimulus configuration such as circular bipartite fielJ with a dark or gray surround. 

Visual environments in real life contain many colors with various luminances, and the 
chromaticities and luminances included in a scene vary with different places and different time of 
the day. Adaptation condition of the eye changes with different visual environments and thus the 
output of the brightness perception mechanism may change. Therefore, in order to examine the 
applicability of the accumulated database of the B/L ratios obtained using dark or gray surround, 
we measured the B/L ratios for many test colors with different surround conditions that simulat the 
scenes in real life. The resulted B/L ratios with scenery surrounds were compared with the dark 
surround condition. 

2. EXPERIMENT 
Main part of the apparatus was two CRT displays and a mirror with a hole. The two CRTs were 
placed with a right angle, one was on the observer's line of sight and the other was perpendicular to 
it. The former was used for the test and reference stimuli and the latter for surrounds. A large 
mirror with an elliptical hole at the center was placed between the two CRTs with the angle of 45 
degree. Thus a bipartite field of the test and reference was observed through the center hole, 
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whereas the surround image was reflected by the 
mirror and seen in the surround part of the field. 
The visual field from the observer's perspective is 
shown in Fig. 1. 

Two kinds of scene were chosen as 
representative environments, residential area in the 
suburbs and city downtown area. For each area, 
daytime and nighttime scenes were employed. 13" 
Thus four different kinds of scenes were used as 
surround conditions in addition to a dark surround. 
Many pictures were taken at various sites of the 
above two environments at in the daytime and 
nighttime, and twelve pictures were selected for 
each condition. The chromaticity coordinates of the 
48 test stimuli plotted on the CIE1931(x,y) 
chromaticity diagram are indicated in Fig. 2. White 
light (x = 0.27, y = 0.30) of 43.6 nit was used as a 
reference. 

18' 

Test Reference 

Fig. 1 Visual field . 

In one session, twenty four test points were randomly selected and combined with various 
surround conditions. The observer was dark adapted for 120 sec at the beginning, and then he/she 
was instructed to gaze the surround image for 45 sec. After the short adaptation to the surround, 
the center bipartite field was presented steadily, and the observer made brightness matching twice 
by adjusting the intensity of the test light. Dark adaptation of 30 sec was inserted between the trials 
of different test lights. Twenty-four brightness matchings, using 12 different images for scenery 
surrounds, were done for each test point throughout the entire sessions. 

Two males and one female served as observers. All of them have normal color vision. The two 
males had no experience in psychophysical experiment before this study. 

The luminances and the chromaticities of the test and the reference lights were measured by a 
Spectra Colorimeter (PHOTO RESEARCH Model PR-650). 

3. RESULTS AND DISCUSSION 
The BIL ratio of each test point was equal to the luminance ratio between the reference white and 
the test stimulus at the brightness matching point. Based on the average B/L ratios for all the test 
stimuli, the points of equal BIL ratio were obtained directly or by an interpolation. Then by 
connecting those points smoothly, the equal B/L contour was drawn. 

Fig. 3. indicates the equal B/L contours in dark surround condition for observer MA. The B/L 
ratio increases as the purity of the test stimulus becomes higher in the chromaticity diagram. The 
contour lines of equal B/L ratios extend from the yellow to the blue region. The B/L ratio becomes 
largest near the red phosphor of this CRT. These characteristics are consistent with previous 
studies 1 )-5). 

Comparisons of equal B/L contours in the four scenery surrounds with the results of the dark 
surround are presented in Fig. 4. Daytime city area, nighttime city area, daytime residential area, 
and nighttime residential area are shown in Fig. 4. (a), (b), (c), and (d), respectively. In all the 
results of different surrounds, the general properties of the equal BIL contours are similar to that in 
the dark surround condition. In (a) and (c) the contours of the same value of the B/L ratio shrink in 
the yellow and red region indicating that the B/L ratios in that area increase in these scenery 
surrounds compared with the dark surround. Among the four scenery surrounds, the result of the 
nighttime residential area is most similar to that in the dark surround as shown in Fig. 4 (d). This 
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Fig. 2 Chromaticities of the test stimuli plotted on 
the CIE 1931 (x,y)-chromaticity diagram. Black 
triangle indicates the reference white. 
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Fig. 3 Equal BIL contours in the dark surround 
condition for observer MA. Numbers near each 
curve denote log BIL values. 
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Fig. 4 Comparison of the BIL contours of scenery surrounds with dark surround conditions. (a), (b), (c), 
and (d) represent daytime city area, nighttime downtown area, daytime residential area, and nighttime 
residential area, respectively. Solid and dashed lines indicate the results of each of the surrounds and 
dark surround, respecting. Numbers denote log B/L values. 
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tendency is found in other observers' results. 
To see the degree of deviations from the dark surround condition quantitatively, a dissimilarity 

index defined as follows is calculated in all the conditions for three observers ; 

4s ( (B!L ) . )
2 

L 1 _ each cond., 1 

;=I (B/L )dark,i 10'1 171 1':1 
Dissimilarity index 48 8 

XO.OOl t2J SM w ET 1!!1 MA 

Fig. 5. indicates the dissimilarity indices for the 
four scenery surrounds. The smallest values 
are found in the nighttime residential area for all 
the observers. The indices of both daytime 
conditions show large values of the same 0 
degree, and those of nighttime city area are in ] 4 
the intermediate range commonly for three ...... 
observers. All the pictures of city downtown .S 

"' area include much more colors than those of the "' 
residential area. Thus the results in Fig. 5 0 2 
suggest that not the chromatic components but 
an average luminance of the surround affect the 
B/L ratios. Although limited to the results of 
this study, the database of the BIL ratio 
obtained with dark surround can be applied to 
the nighttime residential condition directly, 
while some modification or compensation 
factor is required to be used in other scenes. 
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Visible Persistence with Chromatic 
and Achromatic Stimuli 

Yasuhiro KAWABATA and Haruyuki KOJIMA 

For investigating the properties of the integration of luminance and color information, we 
measured visible persistence in the paradigm of simultaneous perception when two stimuli frames 
were successively presented. The stimuli were set under control of luminance intensity. In the 
experiment, visible persistence measured with both chromatic stimuli and achromatic stimuli, 
increased as luminance contrast decreased. These results suggested that visual system 
predominantly uses luminance iriformation for temporal imaging at high luminance contrast, 
though, the system can also use chromatic information at low luminance contrast in the analogous 
manner as luminance information. The relation between the two system in temporal processing is 
further discussed. 

1. INTRODUCTION 
In the present study, we report how long and in what way color (chromatic) and luminance 

(achromatic) information are stored and processed in terms of their temporal aspect. We controlled 
the "contrast" of stimuli to activate both the systems processing chromatic and achromatic 
information, and examined how the "contrast" of chromatic and achromatic stimuli influences the 
perceived duration of visual response, i.e. visible persistence. Visible persistence gives us a good 
index to know how visual information is stored in peripheral visual system. 

In the past, it has been often shown that visible persistence depended on the stimulus intensity1
-
5

, 

duration4
•
6 .7 and background intensitl-10

• Among them, the property that visible persistence 
decreases with increasing intensity of test stimuli or the contrast between test and background field, 
is specifically called the ' inverse intensity effect" '. However, in the case when the stimuli 
contained some chromaticity, varying their luminance intensity (achromatic contrast) inevitably 
yielded changes in apparent contrast of chromaticity. The present experiment intended to study 
how the inverse intensity effect is affected by chromaticity, using stimuli with or without 
chromaticity. 

2. EXPERIMENT 
Apparatus and Stimulus: Stimuli were generated under control of a microcomputer (NEC,PC-

9801FA) which had a full-color frame memory (Digital Arts, HyPER-FRAME), and were 
presented on a 14 inch CRT color monitor (NEC,KD 1511 ), which had 640 X 400 pixels and 56.43 
Hz (17.72 ms) refresh rate. One stimulus presentation consisted of two display frames (Tl and T2) 
with an inter-stimulus interval (IS I) between them. Each frame contained an orthogonal pair of test 
lights so that if both frames were superimposed, two pairs of the test lights, i.e. four as a whole, 
appeared to be placed at each comer of a square. 

The exposure duration of Tl and T2 were 35.44 ms, which is equal to two video frames of the 
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monitor. ISis were varied from 0.0 to 159.48 ms in nine steps. Each test stimulus (T) had a 
circular shape which diameter subtended 1.0 deg in v.a. at 229 em viewing distance. The spatial 
separation between the each sides of the T was also 1.0 deg. Figure 1 shows the schematic 
configuration of a stimulus presentation. The test stimuli were presented on a white background 
(B) whose sides subtended horizontally 7.0 deg and vertically 5.0 deg. The fixation point was 
placed at the center of the background. 

The colors of Ts were either white or red, and the luminance intensity of each Ts was 
systematically changed. Table 1 lists the CIE chromaticity coordinates, the luminance intensity, 
and the contrast of B to T. The CIE chromaticity coordinates and the luminance intensity of B 
were: x=0.31 , y=0.33 and 2.03 cdlm2, respectively. 

Subjects: The two authors (HK and YK), who are experienced observers in these sorts of 
experiments, participated in the experiment. Both had normal Landolt ring acuity (VA> 1.2) and 
color vision as tested with Ishihara pseudoisochromatic plates, the FM-100 hue test and the Nagel-
type anomaloscope (Hioki version, Handaya, Japan). 

Procedure : After ten minutes of dark adaptation; a subject sat in a darkened room 229 em away 
from the CRT monitor and viewed a fixation point in its center with his head stabilized by using a 
bite board. The stimuli were observed monocularly with the right eye through a 2 mrn artificial 
pupil. The subjects used the computer keyboard to indicate their response. An experimental 
session was initiated by the subjects ' pressing one of those keys. An experimental session 
consisted of 25 repetitions of a block. In each block, a stimulus with 8 (or 9 in the case of low 
contrast conditions) ISis were presented in random order with a method of constant stimuli. 

The stimulus presentation followed a brief warning buzzer. The subjects' task was to respond 
whether or not all four stimuli flashes were perceived simultaneously (or temporally overlapped 

Table I: CIE chromaticity coordinates, intensities and luminance contrasts of the test stimuli (T) to the 
white background field (B) used in the experiment. Seven luminance contrasts were used for achromatic 
(white) conditions and eight luminance contrasts for chromatic (red) conditions. 

White: 
CIE Stimulus Luminance 
chromaticity intensity Contrast 

Stimulus coordinate (cd/m2) (%) 
No. 

WI (0.31 , 0.3 7) 0.50 -61 
W2 (0.31 , 0.33) 1.08 -30 
W3 (0.31 , 0.33) 1.31 -20 
W4 (0.31 , 0.33) 2.99 +20 
W5 (0.31, 0.33) 3.78 +30 
W6 (0.31 , 0.33) 8.05 +60 
W7 (0.31 , 0.33) 30.40 +87 

Red: Dominant wavelength: 608 nm 
CIE Stimulus Luminance 
chromaticity Intensity Contrast 

Stimulus coordinate (cd/m2) (%) 
No. 

RI (0.36, 0.42) 0.48 -61 
R2 (0.52, 0.37) 1.09 -30 
R3 (0.55, 0.36) 1.67 -20 
R4 (0.57, 0.35) 2.05 +OJ 
R5 (0.57, 0.35) 2.47 +10 
R6 (0.57, 0.35) 3.76 +30 
R7 (0.57, 0.35) 8.09 +60 
R8 (0.57, 0.35) 30.47 +87 

319 



even if they were perceived asynchronously). The response to the stimulus promoted the next 
stimulus presentation. The experimental sessions for all contrast conditions were run twice within 
a week for both chromatic and achromatic stimuli. Threshold ISis at which two successive frames 
of stimuli were perceived simultaneously (integratively) were obtained from 50 % of a cumulative 
normal distribution function linearly fitted to the set of data. 

3. RESULTS 
The percentages of simultaneous perception are shown as a function of the lSI (ms) between 

two stimuli frames (Tl and T2). The distributions of the simultaneous response shifted to the 
longer ISis and the curves dropped more gradually in the low contrast conditions than in the high 
contrast conditions. It was assumed that the responses were distributed normally around the 
threshold with a mean (M) and a standard deviation (SD). The cumulative normal distributed 
functions were fitted with an optimal M and SD to the data distributions by the least square 
method. We defined the M as the threshold duration of visible persistence. The Ms and the SDs are 
shown in Figure I as a function of the luminance contrast. 

Threshold persistence of both chromatic and achromatic stimuli increased as the luminance 
contrast decreased. This tendency is consistent with the previous studies that reported the 'inverse 
intensity effect'. Our result indicates that the effect is observed with varying luminance contrast 
whether color is involved in Tor not. The SD is considered to reflect the visibility of the stimulus 
or the ease of a "simultaneous" judgment. The SDs also rose in the low luminance contrast with 
achromatic stimuli, but not so much with chromatic stimuli. Achromatic stimuli of contrast below 
20 % could not be tested because the stimuli were no longer visible, while even 0 % contrast of 
chromatic stimuli could be tested. These results suggested that the present chromatic stimuli 
preserved enough visibility even while containing no luminance contrast information. The point is 
that the persistence of chromatic stimuli further increased in a low luminance contrast range where 
achromatic stimuli were invisible. 
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Fig. l: The mean (M) and the standard deviation (SO) of the cumulative normal distributed functions in 
Figures 2 as a function of the luminance contrast for each subject; M of white condition (open squares), SO 
of white condition (open diamonds), M of red condition (filled squares) and SO of red condition (filled 
diamonds). 
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4.CONCLUSIONS 

The first experiment showed that persistence both with chromatic stimuli and with achromatic 
stimuli had an inverse relationship with luminance contrast. However, there is a difference in the 
shape of the two functions. The persistence with constant chromaticity scarcely increased at high 
luminance contrast but became maximum at low luminance or around equilurninance, while 

achromatic persistence continuously increased and was, on the whole, longer than with chromatic 
stimuli. It seems that the visual system, which has maximum temporal resolution at high contrast, 
keeps temporal resolution from degrading by using chromatic contrast at medium luminance 

contrast conditions. In the range where the visual system is no longer able to use luminance 

contrast information, i.e. at or near the equiluminance condition, the visual system uses only 
chromatic information to preserve the visibility of stimuli. In other words, chromaticity, together 

with luminance, may contribute to the visual system compensating the total contrast of visual 

targets to maintain its visibility. 
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Spectral Luminous Efficiency and Additivity 
Test for Shading Perception 

Shoji SUNAGA, Satoshi SHIOIRI and Hirohisa YAGUCHI 

We investigated the spectral sensitivity for achromatic pathway at low spatial frequencies using a 
criterion of the shape from shading. We measured the spectral luminous efficiency for shading 
perception, and tested luminance additivity law. Stimuli consisted of a reference white and a test 
color. Their luminance profiles were cumulative Gaussian functions along horizontal axis with the 
slopes in opposite directions. When one of these colors was darker than the other, shading could be 
seen. The observer adjusted the luminance of the test color to minimize the impression of depth due 
to shading (shading disappearance setting). The spectral luminous efficiency for the shading 
disappearance was closer to that for the flicker photometry than for brightness matching. In 
addition, the luminance additivity law held for shading disappearance. These results suggest that 
shading perception is mediated by a luminance or luminance type additive mechanism. 

!.INTRODUCTION 
There are several studies that achromatic form perception is mediated by the luminance 

mechanism not brightness mechanism even at the low spatial frequency region1
'
2

'
3

>. All of them 
showed that the luminance additivity law held when the criteria involved form perception were 
used. However, the relative luminance when these criteria were used did not always agree with 
minimum flicker poine>. 

We investigated the spectral sensitivity for achromatic pathway at low spatial frequencies using a 
criterion of the shape from shading. First, we measured the spectral luminous efficiency based on 
shading perception. For comparison, we also measured the spectral luminous efficiency of flicker 
photometry and brightness matching. Second, we tested the additivity law of color mixture of 
monochromatic lights. 

2.EXPERIMENT 1 : MEASUREMENT OF SPECTRAL LUMINOUS EFFICIENCY 
2.1 METHODS 
We used a 2-channel Maxwellian-view optical system. A shading figure shown in Fig. I was 

used as the stimulus. The diameter of the stimulus was 9. 2°. The stimulus consisted of a reference 
color and a test color. The reference color was white of constant luminance and the test color was 
monochromatic. Their luminance profiles were cumulative Gaussian functions along horizontal axis 
with slopes in opposite directions . We varied the space constant of the function to change the 
spatial frequency contents in the stimulus (1 % cutoff frequency varied from 1.8 to 0.4 c/deg). 
When one of these colors was sufficiently darker than the other, shading could be seen. The 
observer's task was to adjust the luminance of the test color to minimize the impression of depth 
due to shading (shading disappearance setting). We assumed that when the intensity of the test color 
is equal to that of reference color for the mechanism that mediates shading perception, shading 
disappears or is minimized. 

In addition to the shading disappearance setting, minimum flicker setting and direct brightness 
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Fig. I The stimulus used in experiment. 

matching were also performed. In brightness matching task, the same stimulus as that for the 
shading disappearance task was used. In minimum flicker task, the stimulus was uniform field and 
the test color and the reference color were alternated at 20Hz. 

2.2RESULTS 
Fig. 2 shows each spectral luminous efficiency of the three tasks for space constant 90' for three 

observers. The horizontal axis indicates the wavelength of the test color and the vertical axis 
indicates luminous efficiency. Filled circles represent the settings for shading disappearance, open 
squares for minimum flicker, and open triangle for brightness matching. In Fig. 2, the spectral 
luminous efficiency for the shading disappearance is closer to that for minimum flicker than that for 
brightness matching. 
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Fig.2 Log spectralluminoius efficiency of each task as a function of wavelength. The space 
constant of the stimulus was 90' for the shading disappearance and brightness matching. Filled 
circles denote the shading disappearance, open squares denote the minimum flicker, and open 
triangles denote brightness matching. 

Fig.3 shows the spectral luminous efficiency for other space constants for one of observers. 
Each symbol represents the same as that in Fig. 2. Similarity between the shading disappearance 
and minimum flicker is seen for all of the space constants as for space constant of 90'. However, 
the shading disappearance does not always agree with minimum flicker. The shoulder at around 
450 nm tends to be more obvious for the shading disappearance than for minimum flicker. 
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Fig.3 Log spectral luminous efficiency for other space constants for the shading disappearance 
and brightness matching as a function of wavelength. 

3.EXPERIMENT 2 : ADDTIVITY TEST 
3.1 MEfHODS 
We used a 3-channel Maxwellian-view optical system. The same shading figure as in Exp. 1 was 

used. The reference color was white of constant luminance and the test color was mixture of either 
510 nm and 660 nm or 470 nm and 570 nm. The procedure was the same as in Exp. 1 except colors 
used. 

3.2 RESULTS 
Results are analyzed by the conventional plots for additivity tests. Fig.4 shows each setting of the 

three tasks in a660nm (or 470nm) and 510nm (or 570nm) color space for space constant 90'of a 
observer. The axes are scaled so that the radiance of the settings for each task for the 660nm (or 
470nm) or the 510nm (or 570nm) condition becomes 1.0. Symbols were the same as in Fig.2. If 
the additivity law holds for a task, the date points should fall on the diagonal additivity function. 

The settings of shading disappearance lie near the additivity function as those of minimum nicker 
for both color mixtures. In contrast, the settings for brightness matching tend to be above the 
additivity function. Similar results were obtained for the other space constants and for the other 
observer. 
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Fig.4 Each Setting obtained for a=90'. The values of each setting are normalized so that the 
radiance of the each wavelength is l.O when the 660 nm or the 510 nm (or, the 470 nm or the 
570 nm) used alone for each task. 

4.FITTING BY LINEAR SUMMATION MODEL 
If shading perception is mediated by a luminance type additive mechanism, the spectral luminous 
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efficiency for shading disappearance might be explained by summation of cone outputs. We fitted 
these spectral luminous efficiencies by linear summation model of cone outputs using Stockman, 
MacLeod and Johnson's cone spectral sensitivities for 10° field4

l by a least square method. We also 
applied this analysis to the spectral luminous efficiency for minimum tlicker. Fig.5 shows the 
prediction with empirical data. 

>o u c 
Gl 0 0 ·u = w 
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The spectral luminous 
efficiency for shading 
disappearance can be 
explained by linear 
summation of L, M and S 
cones' outputs as well as that 
for minimum tlicker, The 
weights are, however, not 
the same for the two settings. 
The largest difference is for 
S cone weight, larger 

Wavelength (nm) contribution of S cone for 

Fig.5 The predictions (gray line) by linear summation model for the shading than for llicker is 
minimum flicker (left) and for the shading disappearance (right). suggested. These predictions 

suggest that shading 
perception is based on the luminance or a luminance type additive mechanism and that the spectral 
sensitivity of the luminance mechanism varies dependently on spatial frequency. 

5.CONCLUSION 
The spectrral luminocity function and additivity property for shading perception suggest that the 

achromatic information is mediated by the luminance mechanism independently on spatial 
frequency. The spatial frequency contents of the stimulus , however, intluences the spectral 
sensitivity of the luminance mechanism. 
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Discrimination of Colors with Colored 
Surround under White Adaptation 

Naokazu GODA, Yoshimichi EJIMA and Tsukasa SHIMIZU 

Simultaneous color induction has often been considered to result from a subtractive interaction of 
opponent-color mechanisms. In this study, to explore the mechanism of the interaction, color 
discrimination thresholds in various color directions were measured under stimulus configuration 
of color induction. The stimulus consisted of four disks embedded in the isoluminant surround 
with different colors. The test disks and surround were briefly presented to minimize the effect of 
the adaptation to the test and surround. The measured discrimination thresholds were compared to 
those measured with white surround. Results showed that the thresholds depended on the surrounding 
color. The results suggest that the divisive interaction is involved in the color induction. The 
direction selectivity of the discrimination threshold elevation in a two-dimensional color space 
revealed that the change in threshold is selective for the direction of the surrounding color even 
when the surrounding color is on the intermediate of the cardinal axes. Our results support the 
hypothesis that higher order multiple chromatic mechanisms contribute to the color induction. 

1. INTRODUCTION 
Simultaneous color induction demonstrates that the color appearance of an area is influenced by 

the chromatic properties of lights from surrounding areas. The change in color appearance may 
occur through the fast-acting spatial interactions and the chromatic adaptation in the visual 
system. A number of models have been proposed to explain the color induction effect, but these 
models mainly differ in at least two aspects . One is the locus where the interactions occur: cone 
photoreceptoral mechanisms, opponent mechanisms, or others. Several models assumes that two 
different loci are involved in color induction. Second is how signals in an area are influenced by 
those in the surrounding areas. For instance, the model of Jameson and Hurvich2 assumes that a 
multiplicative/divisive interaction of the cone photoreceptoral mechanisms and an 
additive/subtractive interaction of the opponent mechanisms occur between adjacent areas. 

The present study was designed to elucidate the problem of how and where the interactions 
occur in simultaneous color induction effect. We focused on the fast-acting spatial interactions by 
controlling the adapting state to a neutral white. The thresholds to discriminate two colors embedded 
in the colored surround were measured to evaluate the response characteristics of the chromatic 
mechanisms underlying the color induction. Comparing the derived response characteristics with 
those obtained with the neutral surround revealed the interaction mechanisms caused by surrounding 
color. Then we measured the chromatic selectivity of the effect on the discrimination in two-
dimensional isoluminant color plane to clarify at what level the interaction occurs. 

2. EXPERIMENTS 
Apparatus. Stimuli were generated by two Videotron IM9800-M frame buffers under control of 

NEC PC-9800 computers using a video attenuator that combined the video signals to obtain 
10-bit resolution for the intensity of each of the three primaries. The images of the frame buffers 
were synchronously displayed on a Shibasoku CM43A1 color monitor at 60 Hz interlaced. 

Stimuli. The stimulus consisted of the four disks 0.6 deg in diameter and the circular surround 
area of 8 deg in diameter [Fig. 1 (a)]. The centers of the disks were located 0.7 deg away from the 
fixation point. Three of the disks were test disks that had the same chromaticity, the other was the 
comparison disk that had slightly differed in chromaticity from the test disks. The luminance of 
the test disk, comparison disks, and their surrounds was kept at 35.0 cd/m2 throughout the 
experiment. The rest of the visual field was dark. 

We use the cardinal color space to describe our stimule [Fig. 1 (b)]. There are two chromatic 
axes, L-M and S-(L+M), which lie within the isoluminant plane and run through the neutral white 
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point. Along the L-M axis excitations of the L and M cones vary so as to leave their sum 
constant. Along the S-(L+M) axis only the excitation of the S cones changes. The isoluminant 
plane is essentially the same as the MacLeod-Boynton chromaticity diagram•, the L-M axis 
corresponding to their r axis and the S-(L+M) axis to their b axis. We defined white point as the 
chromaticity (0.310, 0.317) in 1971 CIE x, y coordinates, and the scaling constant of the b axis so 
that the unit differences on the two axes were approximately equivalent in the discriminability. 
The spectral sensitivities of the three classes of cones on which this space is based are those 
derived by Smith and Pokomy5

• We also used polar coordinates to represent the color based on 
the scaled MacLeod-Boynton diagram; origin is the neutral white : the polar angle of 0 degree and 
90 degree correspond to the positive direction along the r axis (L-M axis) and the positive 
direction along the b axis [S-(L+M) axis] : the unit along radius corresponds to the distance in the 
scaled MacLeod-Boynton diagram. The luminance was calibrated for each observer by flicker 
photometry using the stimulus of same spatial configuration as that used in the main experiments. 

Procedure. The observer first adapted for 3 min to dark and 3 min to the uniform field (circle of 
8 deg in diameter) with the neutral white of 35.0 cd/m2

• On each trial, the disks embedded in the 
surround, all of which were isoluminant (35.0 cd/m2), were presented for 150 msec. The comparison 
disk, which differed in color from the test disks along either of the 8 directions (0, 45, 90, 135, 
180, 225, 270, 315 degrees), randomly located at one of the four positions. The observer's task 
was to report which of the disks was different from the others by pressing one of four buttons. 
During the intervals between the trials, the uniform field was presented for more than 3 sec to 
keep the adapting state. By keeping the adapting state to a neutral white and presenting chromatic 
stimuli as a brief flash, we can minimize the effect of the chromatic adaptation. A staircase 
procedure was used to find the just discriminable chromatic difference from the test color; after 
two consecutive correct responses the difference between the test and comparison disks was 
decreased; after an incorrect response it was increased. The mean of the reversal points of the 
staircases was used as a threshold estimate. Data from one author (TS) and a naive observer were 
collected. Both observers were trichromats ascertained by 100-hue test. 
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Figure 1. (a) Stimulus configuration. (b) Chromaticity conditions employed in the experiment. 

3. RESULTS 
First, to evaluate the response functions of the chromatic mechanisms underlying the color 

induction, we measured the discrimination thresholds from 5 different colors on the L-M axis 
with neutral and 0 deg ("red") surround conditions. 

Figure 2 (a) shows the thresholds along the L-M axis as a function of the test chromaticity. The 
open symbols represent data with the neutral surround and the closed ones represent those with 
the "red" surround. The rectangles show the thresholds for 0 deg (the same as the surround color 
direction), and the triangles show those for 180 deg (opposite to the surround color direction). 
The threshold functions for the neutral surround show the U- or W-shape centered at the neutral 
color (0.0 on L-M axis). The functional forms are similar to the results in previous studies derived 
under white adaptation3.6. For the red surround, on the other hand, the discriminability of color is 
generally impaired and the thresholds are elevated relative to those with the neutral surround. The 
threshold elevations are larger for the test colors on the positive region of the L-M axis ("reddish" 
colors) than for those on the negative region ("greenish" colors). 

Figure 2 (b) shows the thresholds for the test colors along the S-(L+M) axis (90 and 270 deg). 
The threshold functions for the neutral surround are nearly constant against the L-M coordinates 
of the test colors. This is consistent with the results in previous studies3•

7
• In contrast with Fig. 2 

(a), the thresholds are not influenced by the red surround. This implies that the surrounding color 
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on the L-M axis selectively influences the discrimination of colors along the L-M axis. 
The present measurement enabled us to evaluate the underlying mechanism of interaction of the 

color induction. The subtractive interaction of the opponent mechanisms has been postulated to 
account for the rapid change of color appearance in simultaneous color induction2

• The subtractive 
interaction would predict a horizontally translated threshold function towards the surrounding 
color, resulting from the horizontal translation of the response function. In the present results, the 
threshold function with red surround is difficult to be explained solely by a horizontal translation 
of those with neutral surround. The surrounding color raises the threshold function . This probably 
reflects the gain reduction of the underlying mechanisms. Thus, divisive-type, gain control 
mechanisms may be involved in the color induction6

• It was shown that the gain control mechanisms, 
operating within the cone and the opponent mechanisms account for the color discrimination 
functions derived for adaptation to dark, white and yellow surround7

• The model may predict the 
elevated threshold functions. It should be noted that our result was obtained by minimizing the 
chromatic adaptation. Our result suggests that such gain-control might occur in the fast-acting 
interaction mechanisms. 
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Figure 2. Thresholds to discriminate colors (a) along the L-M axis (b) along the S-(L+M) axis 
with neutral and red surround. 

In the next experiment, we measured the chromatic selectivity of the effect in two-dimensional 
isoluminant color plane to clarify in what level the divisive interaction occurs. We measured the 
thresholds to discriminate colors from a neutral white in 4 or 8 different directions with 8 
different colored surround [shown in Fig. 1 (b)]. 

Figure 3 (a) and (b) show the summary of the results for the surrounding colors on L-M axis (0 
and 180 deg) and S-(L+M) axis (90 and 270 deg). For each test color, the discrimination threshold 
is normalized with the threshold value for the neutral surround. Inner thin circles correspond to 
the normalized thresholds of 1 (thresholds with neutral surround) and outer thick circles correspond 
to those of 3. Closed and open plot symbols denote the data obtained with surrounding color 
directions represented by the closed and open triangles respectively . It is clear that, for the four 
surround conditions, the threshold elevation occurs in the direction of the surrounding color. The 
threshold for the test color direction opposite to the surround color direction is also elevated 
except those of the 0 deg and 90 deg surround color directions. The thresholds are not influenced 
for the test color direction orthogonal to that of surround color direction. This pattern of results 
confirms that the effects of threshold elevation occur independently for the two cardinal axes. 

A question arising here is whether the effect on discrimination takes place solely within independent 
opponent mechanisms. In the stimulus domain, color lying on the intermediate between the two 
cardinal axes is represented by the appropriate L-M and S-(L+M) component-responses. If the 
present effects took place solely within opponent mechanisms, a surround with color on the 
intermediate axes would cause the threshold elevations for any test color directions since both the 
I.rM and S-(L+M) mechanisms work to elevate the thresholds. An explanation in terms of the 
independent cone mechanisms leads to an identical prediction because the L-M and S-(L+M) 
component-responses on the isoluminant plane is independent also in terms of the Scone responses. 
On the other hand, a different prediction comes from the recent findings that color induction 
involves the multiple chromatically selective mechanisms tuned to many different directions of 
color8

• If the discrimination thresholds are regulated by such multiple mechanisms, the surround 
that activates one of such mechanisms would affect solely the discriminations to the direction 
sensitive to the mechanisms, but would not have effects on those to the orthogonal directions. 
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Figure 3 (c) and (d) shows the results for the surround conditions on the intermediate axes [(c) 
for 45 and 225 deg, (d) for 135 and 315 deg] . The results show that the thresholds are elevated 
selectively for the test color directions same as the surround color directions, but not influenced 
for those orthogonal to the surround color directions. Thus, the results support the latter hypothesis 
that the multiple mechanisms contribute to the threshold elevation. The fast-acting divisive 
interaction in the color induction may occur within a subunit of the multiple mechanisms. 
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Figure 3. Polar plot of the threshold elevations with surrounding colors (a) (b) on cardinal axes, 
(c) (d) on non-cardinal axes. 

4. CONCLUSIONS 
In the present study, we measured the discrimination thresholds with colored surrounds while an 

adaptation state remains to be neutral white. The results showed that the thresholds depended on 
the surrounding color. This suggests that divisive interaction underlies this kind of color induction. 
The selectivity of the effect on the discrimination thresholds in two-dimensional color space 
revealed that the change in thresholds is selective to the direction of the surrounding color even 
when the surrounding color lies on the intermediate of the cardinal axis. Our results support the 
hypothesis that the multiple chromatic mechanisms contribute to color induction. The divisive 
interaction should take place at a higher order site. 
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Luminance-Based Multi-Scale Retinex 

Brian V. FUNT, Kobus BARNARD, 
Michael BROCKINTON and Vlad CARDEI 

Multi-scale retinex (MSR) processing has been shown to be an effective way to enhance image 
contrast, but it often has an undesirable desaturating effect on the image colours. The colour-
restoration method described in [2,3] can mitigate this effect, but in our experience this leads to 
other problems. In this paper we modify MSR so that it preserves colour fidelity while still 
enhancing contrast. We then add neural-net based colour constancy processing [7] to this modified 
version ofMSR. The result is a principled approach that provides the contrast-enhancement 
benefits of MSR and improved colour fidelity. 

1. INTRODUCTION 
Multi-scale retinex (MSR) processing effectively enhances image contrast [1 ,2,3]. It is 

particularly good at improving images of scenes where there is a wide range of scene brightnesses, 
as for example when strong highlights and deep shadows appear in the same image. The major 
shortcoming of MSR is that it tends to make all image colours greyer than they should be. This 
greying effect occurs because in MSR the red component (similarly for green and blue) of each 
pixel is replaced with the ratio of its value to the average red component of its neighboring pixels. 
Wherever the image colour is relatively constant, a pixel's colour will be similar to the average of 
its neighbors ' colours so the ratio in all three channels will be one-in other words it will look grey. 

Recent MSR work [2,3] has tried to overcome this greying effect by introducing a colour-
restoration step to replace some of the colour lost during the contrast -enhancement step. We fmd 
that this step creates more problems than it solves. The exact amount of colour that should be put 
back depends on how much was removed, and this is a function of the scene and the parameters 
used. Hence the method tends to make the images more colourful, but the resulting colours do not 
necessarily meet any defmed criteria 

MSR evolved from work on human colour constancy [4,5,6], and is put forth as a method for 
obtaining partial colour constancy. However, the colour-constancy method implicit in MSR is not 
particularly effective since it is primarily a version of the grey-world, colour-balancing algorithm. 
Furthermore, it is undermined by the subsequent colour-restoration step. 

We propose a simple solution to these difficulties. The main idea is to separate the dynamic-
range-compression component of MSR from the colour-constancy component. Furthermore, the 
dynamic range compression is done so that only the image luminance is changed-the chromaticity 
or hue of each pixel remains unchanged. 

2. SUMMARY OF MULTI-SCALE RETINEX 
MSR is explained easily from single-scale Retinex. For SSR we have [2,3]. 

R,(x,y,c) log{I,(x, y)} -log{ F(x,y, c) * l ,(x,y)} (I ) 
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where R;(x,y,c) is the output for channel i, l;(x,y) is the image value for channel i, *denotes 
convolution, and F(x,y,c) is the Gaussian function: 

F(x,y,c) Ke-<<'+l>t<' (2) 
with K selected so that: 

JJ F(x, y,c) dt dy = I 

In the above, the constant c is the scale. The MSR output is simply the weighted sum of several 
SSR's with different scales: 

N 

RM, (x,y, w, c)=}: wnR;(x,y,cn) 
n-l 

(3) 

(4) 
where RM,(x,y) istheMSRresultforchanneli, w=(w"w2 , ••• , wN) where w. istheweight 
of the nth SSR, c- (c" c2 , •• • , c N), where c. is the scale of the nth SSR, and we insist that 

N 

w" = I . In [2] the authors state that the choice of scales is application dependent and that for 

most applications at least three scales are required. Equal weighting of the scales is usually 
adequate. The example illustrated in Figure 1 of [2] uses scales of 15, 80, and 250 pixels. 

The result of the above processing will have both negative and positive RGB values, and the 
histogram will typically have large tails. Thus a final gain-offset is applied as described in more 
detail in [ 1]. 

As mentioned above, this processing can cause image colours to go towards grey, and thus an 
additional processing step is proposed in [3]: 

R;,, (x,y, w,c,C) = RM.(x,y, w,c)I((x,y,C) (5) 

I;(x,y,C) is given by: 

I;(x,y,C)- log !1 + C /;(x,y) ) 

where we have taken the liberty to use log( 1 +x) in place of log(x) to ensure a positive result. 

3. THE MODIFIED ALGORITIIM 
Each step of the above processing is problematic with respect to maintaining colour fidelity. 

(6) 

Each operation in the above sequence changes the image colours. The logarithm in (1), applied to 
each of the 3 channels independently, creates a colour shift. The differencing step in ( 1) moves the 
image colours towards grey. Finally, the colour-restoration step multiplies the result by the 
logarithm of the original colour, which changes the colour in a way which is difficult to 
characterize. More specifically, the restoration effect is a non-linear function of the original image 
colour and the processed image colour, which is itself a function of the original image. The amount 
of colour added with this scheme can at best only approximate the colour removed in the first step. 
Furthermore, in general, this step confounds any colour constancy processing that may have been 
intended. 

Of course, it may be the case that the colour balance of the input image is incorrect, and should 
be changed. This occurs when there is a mismatch between the illumination for which the imaging 
system is calibrated and the actual scene illumination. In this case, colour constancy processing is 
required, and our approach is to apply a sophisticated colour constancy algorithm to the image to 
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estimate the proper image chromaticities. If it is known in advance that the chromaticities are 
correct, than this step can be omitted. The colour constancy method we used for this study is the 
approach described in [7] which corrects for the mismatch between the camera and an unknown 
illuminant using a neural network. 

The second step of the algorithm is to apply MSR processing to the image luminance as 
follows . We map the input intensity I 1 = }: 11 (in the case of three-channels, 

; 

I 1 = l,.d + lg,.en +/blue) to the output intensity, Rl' using formula (I) which becomes: 
R1(x,y,c) = log{ 11(x,y)} -log{ F(x,y,c) * 11(x,y)} (7) 

with F(x,y,c) given by (2) above. To obtain a luminance version of MSR, we use formula (4) 
with the arbitrary channel i replaced by the single-intensity result. The next step is to apply the 
gain-offset method described in [I] to the luminance. Thus having determined the desired 
luminance, we set each pixel to have the same chromaticity as in the input by: 

11(x,y) 
R;(x,y) = R1(x,y) 

11(x,y) 
' (8) 

This step can produce pixel values above 255. One possible solution is to scale the range to fit. 
However, often a better result is obtained by applying the gain-offset to the upper range. There 
will be a slight error in the chromaticities of the pixels that are clipped, but this is not normally 
noticeable. 

4. RESULTS 
We have tested our modified MSR method on a number of images, Unfortunately, we cannot 

reproduce them in colour in these proceedings. Rather than attempt to portray colour results in 
black and white, we have made the results of a controlled sequence of images available on the 
Internet [8]. In that sequence we took images of the same scene with a shadow of varying 
strengths using two very differently coloured lights. The first was a regular incandescent bulb 
which is a good illurninant for the 3200°K setting on our CCD camera. The second illurninant was 
a cool white fluorescent behind a blue filter, which creates an illuminant similar in chromaticity to 
that of deep blue sky. The 3200°K camera setting was always used, creating a blue cast in the 
images under the simulated sky light. This was done to test the colour constancy facility of the 
revised MSR algorithm. 

The incandescent light source was near the camera in one image, which resulted in an image 
devoid of shadows and with good colour balance. This was used as a reference. By moving the 
lights, shadows of increasing strength were cast across the images. In order to explore the method 
fully, for each illuminant an image with an extraordinarily dark shadow was taken by combining 
several images taken at different apertures. 

In general, the original MSR method greyed out the images. We used the colour-restoration 
scheme to adjust the colour to match the reference image in order to determine empirically a 
reasonable value of C in equation ( 6). For this image C was 100. Since we are interested in 
automatic processing we do not wish to go through this procedure for every image. To compare 
standard MSR to our method, which has no such parameter, we feel it is fair to leave the value of 
Cat the empirically discovered value of 100. Since the modified MSR is designed to preserve 
colour, it did not grey out the image. It, therefore, did not require colour restoration. 

We tum now to the images with the blue colour cast. Here the original MSR moves the images 
towards grey, and somewhat towards the appropriate colour, thereby achieving some degree of 
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colour constancy. Nevertheless, the colour is still far from the standard. When the colour 
restoration was applied, using the same constant as above, the image colours moved back towards 
the original, incorrect colour. In fact, it is difficult to see how to ftx this problem with the original 
colour restoration method, even if one is allowed to change the parameter manually. 

In the case of modified MSR, the colour constancy processing using the method describe in [7] 
works well, producing an image close to the desired coloured as defined by the standard image. 
The subsequent MSR luminance processing preserves this colour, producing an image which has 
both the benefits of the MSR dynamic range compression as well as correct colours. 

5. CONCLUSION 
The original MSR mixes colour constancy with dynamic range compression, making it difficult 

to get consistently good colour results. In this work we combine neural-network-based colour 
constancy with modifications to MSR so that it operates on luminance and preserves colour. This 
provides both the dynamic range benefits of MSR processing and colour fidelity. 

6. ACKNOWLEOOMENTS 
This work was supported by the Natural Sciences and Engineering Research Council of Canada 

and by a gift from Hewlett-Packard Incorporated. 

7. REFERENCES 
I . Zia-ur Rahman, "Properties of a Center/Surround Retinex Part One: Signal Processing 

Design," NASA Contractor Report #198195, 1995. 
2 . Zia-ur Rahman, Daniel J. Jobson, and Glenn A. Woodell, "A Multiscale Retinex for Colour 

Rendition and Dynamic Range Compression," SPIE International Symposium on Optical 
Science, Engineering and Instrumentation, Applications of Digital Image Processing XIX, 
Proceedings SPIE 2825, Andrew G. Tescher, ed., 1996. 

3 . Daniel J . Jobson, Zia-ur Rahman, and Glenn A. Woodell, "Retinex Image Processing: 
Improved Fidelity To Direct Visual Observation," Proceedings of the IS&T/SJD Fourth Colour 
Imaging Conference: Colour Science, Systems and Applications, Scottsdale, Arizona, 
November, pp. 124-126, 1996. 

4 . E. H. Land, "Recent advances in Retinex theory and some implications for cortical 
computations: Colour vision and the natural image," Proc. Natl. Acad. Sci., 80, pp. 5163-
5169, 1983. 

5 . E. H. Land, "Recent advances in Retinex theory," Vision Res., 26, pp. 7-21, 1986. 
6 . Edwin H. Land, "An alternative technique for the computation of the designator in the Retinex 

theory of colour vision," Proc. Natl. Acad. Sci., 83, pp. 3078-3080 
7 . Funt, B., Cardei, V. and Barnard, K., "Learning Colour Constancy," Proc. Fourth 

IS&TISID Colour Imaging Conf, pp. 58-60, Scottsdale, Nov. 19-22, 1996. 
8. Available from ftp.cs.sfu.ca/pub/cs/colour/ AIC-97, or indirectly through 

http:/ /fas.sfu.ca/cs/researchl groupsNision/ 

AUTHORS' ADDRESSES 
Brian FUNT, Kobus BARNARD, Michael BROCKINGTON, and Vlad CARDEI 
School of Computing Science, Simon Fraser University, 8888 University Drive, Burnaby, British 
Columbia, Canada V5A IS6, (funt, kobus, iis, cardei)@cs.sfu.ca 

333 





Color Deficiency 



Color Naming in Dizygotic Twin Protanopes 
at Different Luminance Levels 

Galina V. PARAMEI and C. Richard CAVONIUS 

The appearance of spectral lights was examined in protanopes in order to test the effect of lu-
minance on their residual red-green discrimination. We collected color-nan1ing data from dizygotic 
twin protanopes (Ps) and two normal trichromats (NTs). Stimuli (2.2°) were 200, 20, 2 or 0.2 
cd/m . In the Ps, ' blue ' and ' yellow' naming predominated. The relationship between color naming 
and wavelength in the middle of the spectrum was idiosyncratic, and the performance was very poor 
by comparison with that of the NTs in the sense that their color naming allowed fewer discrimina-
tions between wavelengths. At long wavelengths, the Ps' use of 'red' was sy-stematic and is suppo-
sed to be based on lightness cues. For both Ps, color appearance was significantly influenced by lu-
minance, with some improvement at low photopic levels. The latter may be duti to rod contributions 
to the chromatic sensation. With larger fields color naming in Ps is known to show evidence 
of a sparse third cone. The present results show that with small fields, spatial summation of 
postulated residual cones is insufficient to transmit red-green wavelength information. 

I . INTRODUCTION 
For description of color appearance, a procedure of controlled estimation of perceived light has 

been developed - a color-naming technique'. It enables one to describe the appearance of spectral 
lights, in particular the change in hue with intensitl. Initially developed for normal trichromats, 
color naming has proven to be a robust procedure in studies of color deficients,3

•
5 who, despite their 

perceptual deficit, have a rather complete conceptual representation of colors. Studies of dichro-
mats with larger visual fields demonstrated that they use color names in ways that are signifi-
cantly related to both luminance and wavelength.3•6 Residual red-green discrimination (which is not 
revealed in color matches with a 2° field) is attributed to sparseness of the third, anomalous cones in 
the retinas of these observers, which requires greater spatial summation.7 In addition, it has been 
suggested that at low photopic levels rods contribute to chromatic sensation.6•8 

In the present study we examined the appearance of small-field spectral lights in protanopes in 
order to test whether luminance influences their identification of hue. 

2. EXPERIMENTS 
The color appearance of aperture colors was judged by two normal trichromats (right eyes) and 

dizygotic twin protanopes (right and left eyes separately), whose color vision was evaluated using 
the Rabkin pseudoisochromatic plates and the Rautian anomaloscope. 

Spectral lights (405-675 nm) and an achromatic light were equated for luminance at four levels 
- 200, 20, 2 and 0.2 cd/m2

. With a Maxwellian view system a test stimulus (2 .2° circular stimulus 
centered on a 6.6° circular dark background) was presented for ca. 3 sec fo llowed by a 15 to 20-sec 
period of darkness, with a total of 20 intermixed presentations of each wavelength-luminance 
condition per tested eye. 

The observers used the four basic color terms: red (R), yellow (Y), green (G), and blue (B) for 
hue evaluation as well as white (W) for that of the achromatic component of the sensation. The 
subjects were allowed to use single, double or triple responses; in the latter the first name referred 
to the most salient sensation while the following were in order of lowered salience. Each response 
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was assigned a score value of 10. If a single name was used, it was given all 10 points; in double 
responses, a value of 6 was assigned to the first color name and a value of 4 to the second. In triple 
names, values of 5, 3, and 2 were assigned to the first, second, and third response name, 
respectively. Each stimulus, presented 20 times, received a total of 200 points; the distribution of 
the five scores described the color appearance of the stimulus in question. The resulting color 
naming functions of dizygotic twin protanopes were compared with each other and with those of 
the normal trichromats at each luminance. 

3. RESULTS 
To save space, presentation of color-naming functions is restricted in Fig.l to only three 

examples: the normal trichromat VZ and the right eyes of the twin protanopes AA and DA. 
For the normal trichromat (Fig.l, leftmost column), the appearance of the spectrum at the three 

higher levels is in good agreement with data obtained earlier at comparable retinal illuminances, 
namely at 1000 td (ref.1), which is similar to 200 cd/m2 in our study, at 100 td (- 20 cd/m2; ref.9) 
and at 20 td (- 2 cd/m2

; ref.l 0), when these data are rescaled in ,4 (chromatic) + 1 (achromatic)" 
format. If presented in ' chromatic' format, our 200- and 20-cd/m2 color-naming functions would 
replicate a demonstration of the Bezold-Briicke phenomenon for comparable illuminances of 1000 
td and 100 td (ref. 2). 

At higher luminance levels, the B- and G-naming functions tend to have lower values than in 
the previous studies where only the 'chromatic' format was used. At these luminances, the W-
naming function shows decreasing saturation of short wavelengths, whereas at lower photopic 
luminances, middle wavelengths appear to be desaturated, showing an interaction between 
saturation and brightness. 

The performance of the protanopes (Fig.1, middle and rightmost columns) was not random, 
although quite different from that of the NTs. Interobserver variability in the dizygotic twins is 
higher than in the NTs and is similar to that found in unrelated protanopes3

. The following Pearson 
correlation coefficients were obtained for the color-naming functions of the dizygotic twins AA and 
DA: rzoo = .936, rzo= .920, rz= .768, ro z= .593, rave= .8 19. 

At the two higher levels of luminance (200 and 20 cd/m2
), the Ps almost invariably called 

stimuli between 500 and 600 nm 'rellow'. At yet longer wavelengths the use of ' red ' increased 
sharply. As Scheibner and Boynton argue, protanopes' use of color terms is luminance-dependent 
due to their low sensitivity in the longwave-end of the spectrum, i.e. reds are believed to be 
perceived by them as darkish yellows. Increasing desaturation of the short-wavelength lights at the 
higher photopic levels, found in the functions of the NTs, is exaggerated in the Ps and results in 
predominently W-naming in this spectral range. Unlike the color-naming functions obtained with a 
3° field at comparable illuminance levels (1000 - 200 cd/m2 and 125 td - 20 cd/m2

; ref.3), ' green' 
responses were virtually absent in the twin AA and residual in his brother DA. The Ps' functions at 
200 cd/m2 resemble the degraded color appearance at 40 degrees eccentricity (at 1000 td) in normal 
trichromats, 1 which those authors suggest is a result of the decreasing number of M- and L-eones. 
By visual inspection, the Bezold-Briicke hue shift in the Ps seems to be exaggerated compared to 
that of the NTs, which corresponds to a similar finding in another class of color-deficients, 
deuteranomals.4 

At the lower levels of luminance (2 and 0.2 cd/m2), the performance of the Ps was generally 
better in the sense that it more nearly resembled that of the trichromats. DA used 'green' much 
more frequently than his brother did. The 'green' functions of both Ps are shifted to longer 
wavelengths, compared to the NTs. In the middle of the spectrum AA substituted 'white ' and 
'yellow' for 'green'. Taking also into consideration the fact that the white stimulus was not 
infrequently reported by both , red-blind" observers as 'green' , this supports a suggestion that 
'green' is used when lights are seen by such observers as very desaturated. 

Introduction of the W -category in the color-naming procedure enabled us to determine the 
protanopes' neutral zone in the spectrum: slightly below 500 nm, which agrees with that found in 
color-matching experiments. Also, high W-ratings show that the Ps tend to use 'white' more fre-
quently than do normals, although not for the same stimuli, which implies that the color world of 
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Figure 1: Color naming as a function of wavelength for the normal trichromat VZ and 
dizygotic twin protanopes AA and DA (with r standing for right eye). R (e), Y (c.), 
G (0), B (.A.) and W (0) indicate Red, Yellow, Green, Blue and White response 
categories, respectively. 
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the dichromats is less saturated than that of normal trichromats. This receives indirect support from 
color naming of eccentrically-presented stimuli in normal trichromats, who rerort desaturation of 
almost all stimuli, although the degree of desaturation differs depending on hue. 1 

The higher incidence of W- and/or G-naming at lower luminances supports the earlier 
with larger fields claiming that rods contribute to residual color discrimination in dichromats. ·8 

The small improvement in the discrimination also agrees with the finding that, with small fields 
and retinal eccentricity close to 0°, some rod intrusion can be observed in dichromats.12 

4. CONCLUSIONS 
The present color-naming data challenge the prevailing view that with small-field stimuli 

protanopes do not discriminate among lights of the middle spectrum. Our results show that at lower 
photopic luminances (2 and 0.2 cd/m2) and rather long exposure of stimuli (3 sec), residual color 
discrimination is found in this spectral range . Even if one allows negligible contribution of the 
sparse anomalous cones, their spatial summation must be insufficient to transmit red-green infor-
mation, so that residual discrimination might be explained by a small rod input.6

•
8

•
12 Reliable dis-

crimination is not found at higher luminance levels (200 and 20 cd/m2) , where rods are saturated. 
The interobserver variability between the two dizygotic twins in both the positions and heights 

of the color-naming functions makes it difficult to judge whether it is related to difference in the 
number of rods contributing to chromatic channels in the observers' retina or to differences in 
neural processing. 
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Hue Classification Test Using the Color Caps 
of the New Color Test 

Satoshi NAKADOMARI, Koichi KUMEGAWA, Yoko HORIKOSHI 
and Kenji KITAHARA 

Some patients with impairments of the color processing system which were caused by cerebral 
lesions have disorders in categorical color perception. We investigflted the categorical color 
perception using the color caps of the New Color Test. The subjects were 63 volunteers with 
normal color vision and 52 patients with homonimous hemianopsia caused by cerebral lesions. 
Fifteen hue caps which were subtended at about 2 deg-ee of visual angle were presented and 
classified into 4 color categories; red, yellow, g-een and blue. Seven hue caps were classified into 
the same color categories by all normal volunteers, but none of the hue caps were classified into 
the same color categories by the patients with homonimous hemianopsia. Using this test, clearly 
abnomal categolical color judgement was found in 12 cases. As a result, we suggest that this test 
is very appropriate for investigfltingdisturbances of categorical color perception in patients with 
cerebral lesions for clinical situations. 

I . IN1RODUCTION 
Categorical color perception is a basic aspect of color information processing. We have 11 basic 

color categories which differ little between cultures1>. Also, selective neural activities to the 11 
basic colors have been found in monkeys 2) 3>. Some patients with impairments of the color 
processing system caused by cerebral lesions rnigllt be involved in categorical color perception. 
However, there are remarkably few tests of categorical color perception for clinical situations. In 
general, impairments of the color processing system caused by cerebral lesions are classified as 
cerebral achromatopsia, color anomia, color aphasia, and color agnosia. In addition, Fukuzawa et al. 
4

) reported disorders of categorical judgment of colors and similarity judgment of visual imagery of 
colors. Their tests are very elaborate but are too complex for use in clinical situations. Most 
patients with brain damage cannot easily perform the tests, because they tire easily and are unable 
to concentrate. 

In this paper, we evaluated a hue classification test with the color caps of the New Color Test as 
a test of categorical color perception. Using the test, we investigflted the properties of categorical 
color perception in normal volunteers and in patients with homonymous hemianopsia. We discuss 
localization associated with impairments of categorical color perception in the human brain. 

2. METHODS 
The subjects were 63 volunteers with normal color vision and 52 patients with homonymous 

hemianopsia by Goldmann perimetry caused by cerebral lesions. Normal volunteers ranged in age 
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from 20 to 70 years (average, 38. 9 years). Patients with homonymous hemianopsia ranged in age 
from 17 to 81 years (average, 58. I years). 

We used 15 colors {R, RJ, JR, J, N, VJ, V, VB, B, BP, PB, P, PR, and RP) of the New Color 
Test in the hue classification test. Each color stimulus was a 12-mm-diameter round which was 
mounted in a black plastic cap. The saturation was Munsell value 8 and the lightness was Munsell 
value 6 for all colors. Figure I shows the locations of stimuli within the CIE chromaticity diagam. 
All color caps were presented on a gay table uniformly illuminated by day light illuminants (NSL 
10 D SD-L). The distance between the caps and subjects' eyes was 350 mm. Each color stimulus 
was subtended at about 2 degees of visual angle. Each subject classified all color caps into 4 color 
categories; red, yellow, geen and blue. The test time was not limited. 

N 
J 
JR 
RJ 
R 
RP 
PR 
p 
PB 

Fig. I Locations of stimuli within the CIE chromaticity diagram 

3. RESULTS 
Figure 2 shows the categorical ratio of each cap in this test. Seven hue caps (PR, RP, R, JR, V J, B, 

and BP) were classified into the same color catefPries by all normal volunteers, but none of the 
hue caps were classified into the same color categories by patients with homonymous hemianopsia. 
Eleven hue caps were classified into the same color catefPries by over 95% normal subjects but 
only 

Normal Volunteer ( n = 63 ) 

Hemianopsia Patient ( n = 52 ) 

Fig. 2 The categorical ratio of each cap in this test 

one cap ( RP ) was classified into the same color catefPries by over 95% patients . Each hue cap 
was classified into one or two catefPries, not three or four, in all normal subjects. However, clearly 
abnormal catefPrical color judgment was found in 12 patients . Table I shows these 12 abnormal 
patterns. Among the 12 patients, there are two patients with cerebral infarction and no error on the 
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panel D-15 test. 
Figures 3 and 4 illustrate focal lesions on brain magnetic resonance imaging and abnormal 

patterns of categorical color judgment of the two patients (K.M. and SF.). Patient 1 (K.M .) had 
an infarctions in the left supramarginal gyrus, angular gyrus, and periventricular area of the 
superior parietal lobule and in the medial portion of the right temporo-occipital area. This patient 
classified the red cap (R) as yellow, and the yellow cap (JR) as red. Patient 2 (SF.) had an 
infarction in the right supracalcarian area. This patient classified the geen cap (VJ) as yellow. 

00. NI. SEX tfiSUal 0·1 5 PB P PR RP R RJ JR J N VJ v VB rN B BP 
K.F. 46 Rt 1/2 pass ([I([ R R R y y y y cr. G B B B B 
S. T. 70 Rt 1/2 passG R R R R y y y G G B B B B G 
K.H. 63 1/4 passG R R R R y y y G G B B B B G 
f.T. 58 Rt Lw 1/4 fail R R R R y y y G G G G 8 B B 
Y.T. 39 Rt 112 pass R R R R C! y y G G G B B 8 8 G 
Y. M. 56 male Rt 1/2 pass 8 R R R R y y y G G 8 8 8 G G 
s. f. 81 Lt 1/2 pass B R R R R y y y G CL G G G 8 8 
K. M. 63 1/4 pass R R R R lL y C!!.. y G G G 8 B 8 8 
T.S. 69 emale Rt 1/2 passU. R R R R R Q!. y G G 8 8 8 8 8 
T.M. 29 male Rt 1/2 • pass lij G G G y y R R 
8.0. 67 male Rt 1/2 fail 8 8 G G y G G 8 8 8 R 
S. K. 73 male 1/4 fail R R R R R y y y y c.!!: G G G <!i.: r.!i.: 

0 Abnormal Judgment 

Table I Twelve abnormal patterns of the color classification test 

Fig. 3 Focal lesions on brain MRI and abnormal patterns of categorical color judgment of patient I (K.M.) 

Fig. 4 Focal lesions on brain MRl and abnormal patterns of categorical color judgment of patient 2 (SF .) 

4. CONCLUSIONS 
In general, categorical color perception tests are complicated and time consuming. Tests are 

difficult to perform for most patients with brain damage. However, our test is simple and has high 
universality because it uses ready-made equipment from the general color test. Furthermore, most 
patients could perform the test and we could detect abnormalities of color classification behavior, 
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as described above. Accordingly, we suggest that this test is appropriate for investi!J11ing 
disturbances of categorical color perception in patients with cerebral lesions. 
In neuropsychology, selecting patients with infarction is better for detecting focal lesions 

associated with an abnormal behavior 5>. We found three patients with cerebral infarctions and 
normal color perception among the 12 patients whose color judgment was clearly 
abnormal. However, a patient's lesion was not detected with magnetic resonance imaging. We 
discuss two patients whose lesions were in the left supramarginal gyrus, angular gyrus, 
periventricular area of the superior parietal lobule, and the medial portion of the right temporo-
occipital areas (patient 1; K.M.) and in the right supracalcarian area (patient 2; SF.). Some 
patients with lesions of the left supramarginal gyrus and angular gyrus have ideation apraxia or 
ideomotor apraxia or both. If we use this test to examine a patient with such symptoms, the 
results will be abnormal. Patient 1 (K.M.) had lesions in the left supramarginal gyrus and angular 
gyrus. Although this patient might have had ideation apraxia or ideomotor apraxia, results of the 
panel D-15 test were normal. We suggest that the abnormality was not due to ideation apraxia or 
ideomotor apraxia because patients with apraxia also fail the panel D-15 test. However, we cannot 
determine which lesion is associated with disturbance of categorical color perception. We must 
examine more patients with disturbance of color perception caused by cerebral 
infarction or examine normal volunteers by functional brain mapping techniques. 
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Study of Age-Related Yellow Vision 
in Interior Finishing Colors 

Clara A. YOSHIDA, Shoko SAKURABA 
and Angela M. YOSHIDA 

The indoor accidental deaths of the aged increase rapidly, because of failures on discerning 
boundaries of floors or stairs in architectural buildings owing to age-related yellow visions. We 
obtained colors' xy-chromaticities and brightness ratios from 329 market interior finishing colors' 
samples, covering with each 2 films simulating age-related yellow levels, or without. After 
analyzing them in xy-chromaticity diagram and comparing them on the brightness ratios table 
mutually, we concluded that profitable combination of colors in the interior space can be selected. 

I . INTRODUCTION 
Both the number and proportion of older persons in population of Japan is increasing 14% in 

1995, with projected increase to 24% in the year 2025 . One of appropriate social support systems 
for those older people is environmental or architectural barrier free design, especially intensive 
interior or exterior color design for the aged vision. One of characteristics of normal age-related 
vision losses depends on yellow-intensity in the lens of the eye 1. 

2 
· . In last papers 3 

· 
4 

· 
5 

· 
6 

· , 

we investigated Japanese old adults of their yellowing and clouding of lenses resulting in vision 
problems, i.e. the losses in their ability to discern color intensities clearly, and selected films to 
simulate age-related yellowing levels. According to the national statistical reports, indoor 
accidental deaths of the aged increases rapidly . One of those causes considered is failures of 
discerning boundaries of floors or stairs in architectural buildings owing to age-related yellow 
visions. Therefore, it is necessary for interior designers to understand how to change interior 
finishing colors in age-related yellowing levels and how to select safe and clear colors interior 
works. 

2. EXPERIMENTS 
1) We obtained colors ' xy-chromaticities and brightness ratios(Y), with a handy 

colorimeter(NR-3000 made in Japan Electric Co.) from 329 marketable interior finishing colors ' 
samples( see Table I :), including walls, floors, stairs and baseboards, covering with each 2 films, 
which simulates each the middle or profound level of age-related vision, or without. 2) And 
plotted them in xy-chromaticity diagram(see Fig. 1:-12:), and also changing brightness ratios 
figure(see Fig . 13 :), with a computer-aided design program. 

3. RESULTS 
I) After analyzing the color distribution of the chromaticity diagram, we concluded that con-

siderable colors could be discerned if profitable combination of colors were selected in the interi-
or spaces, such as thick YG and YR and so on, even after being age-related yellow-vision. 

2) Brightness is the most important effective contrast factors to discern the interior finishing . 
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After these brightness ratios of finishing were compared mutually with walls vs. floors or floors 
vs. stairs in the distribution diagram, we concluded that safe and healthy color selections from 
marketable interior finishing can be possible, because mutual brightness contrasts are within 1.5 

2.0 which was reported in other paper as the contrasts to be effectively discerned . 

4. CONCLUSION 
Finally, from above mentioned results, we made a tentative book, "Interior Finishing Colors' 

Concise Manual in age-related yellowing vision" with a computer-aided a color printer and a 
scanner, which could be considerably useful to architects or interior designers in their designing 
works. 
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Fig. 1: Wallpaper (uni-color) 
xy-chromaticity diagram. 
.x ,.....,....,.------,...--,-,. 
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Fig. 7: Vinyl flooring (splashed) 
xy-chromaticity diagram. 
o 

Fig. 10: Wood flooring 
xy-chromaticity diagram. 

o o. t o. t o. s o. 4 o. s ' · ' 0. 1 o. ax 
Fig. 2: Wallpaper (two-tone) 
xy-chromaticity diagram. 

or,-----,----.,...-..,------,--,--

0 0. 1 0. 1 0 . 1 0. 4 0. 5 0. 5 0. 1 O. IX 

Fig. 5: Printed board (stone) 
xy-chromaticity diagram. 

o ,----,------,---rn \-

0 1 . 1 1 . ! 0. 1 D. 4 D. $ 0. 1 0. 1 0. 1 X 

Fig. 8: Vinyl flooring (mottled) 
xy-chromaticity diagram. 

y 
0. I 

O. IX 

xy-chromaticity diagram. 

Notes: • original color "' middle yellowing level vision 
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Fig. 3: Printed board(uni-color) 
xy-chromaticity diagram. 

.r,----------____, 
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Fig. 6: Vinyl flooring (plain) 
xy-chromaticity diagram. 
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Fig. 9: Vinyl flooring (stone) 
xy-chromaticity diagram. 

,-------------,---, 

YO 

O. IX 

o profound yellowing level vision 



Table 1: Number of classified colors of interior finishing materials. 

Wallpaper 48 
CD uni-color 24 
@ two-tone 24 

Wall finishing 
Printed board 156 
® uni-color 110 
@wood 27 
® stone 19 

Vinyl flooring 68 
® plain 17 
([) splashed 8 

Floor finishing ® mottled 27 
® stone 16 

Wood flooring 13 
® wood 13 

Stair finishing @ wood 21 21 
Baseboard @ vinyl 23 23 
Total 329 

Note: Classified all real color samples from typical makers. 

Y (Brightness ratio) 
90 

80 

70 . . :\ , ... 1\ 
60 + 

\ 
.... J .. 

\ .. . 

\ -····· 1\\-.. ; ..... c .... . , ..... , ..... , ..... , ..... o .. .. l 
.. . .. .. .. 

50 

40 

J .•.. \ ..... , ..... o .• • , 

..•...... !\ •• . ·i\····· ····• ·\ 
30 

20 \ 
10 K n 

CD CD 
Notes : • original color o profound yellowing level vision 

Fig. 13: Shifting brightness ratios (Y) of interior finishing materials with profound yellowing level. 
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Japanese Senior Citizens' Legibility 
of Letter with Color 

Noriyuki ITO, Toru YOSHIOKA and Yayoi IMAI 

1 . INTRODUcriON 
The rapid increase of the senior citizens population is a serious issue in 

Japan. It has become imperative to study how cope with these changes in 
society and how they relate to our existing resources . One of the issues 
is the legibility of -public signs. In order to make it clear if these 
public sign are communicable to senior citizens, the members of the Color 
Science Association of Japan and the Division of Color and Design in the 
Japan Society of Home Economics have conducted research targeting 
the nonhandicapped and heal thy senior citizens. The research consists of 
differentiation of text size, color and background color in order to find 
out how legible these signs are. 

Grade 1 

01234567890123456789012345678901234567890 1 

Grade 2 
.. ,-r 

012345678901234567890123456789012 
ABCDEFGHIJKLMNOPORSTUVWXYZABCDI 

Grade 3 
t: r.n 9 t: r.n 9 t: r 

01234567890123456789012345E 
ABCDEFGHLJKLMNOPORSTUVWXY 

Grade 4 
{> 

01234567890123456789012 
ABCDEFGHIJKLMNOPQRSTU 
Grade 5 

0123456789012345678 
ABCDEFGHIJKLMNOPQR 

Grade 6 

01234567890123456 
ABCDEFGHIJKLMNOP 

Grade 7 

ABCDEFGHIJKLI 
Grade 8 

': V)] -r 
0123456789 

Fig. 1: Text include in Japanese, Alphabets and Number (letter height: 70%) 

Table 1 : The letter height 

Grade 1 
Grade 2 
Grade 3 
Grade 4 

2.0mm 
2 . 5mm 
3.0mm 
3.7mm 
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Grade 5 
Grade 6 
Grade 7 
Grade 8 

4 .4mm 
5.2mm 
7.0mm 
9.0mm 



Table 2: The color of the text and the background 

Background :white(N8.9) Background:gray(N6 .8) Background:black(N2.3) 

A:red(7.7R4.6/13.6) H:red(7 .4R4.7/12.7) O:red(7.5R4.6/13.2) 
B:yellow(5 . 0Y7.6/9 . 9) I:yellow(5.1Y7 .6/9.9) P:yellow(5 . 0Y7.6/9.8) 
C:green(4.5G5.0/7.7) J:green(4.1G4.8/7.9) Q:green(4.4G4.6/7.8) 
D:blue(2.7PB4.0/10.0) K:blue(2.6PB3 .9/10.1) R:blue(2.7PB4.0/10 .1) 
E:purple(4 . 3P4.8/9 .0) L:purple(4.2P4.7/9.5) S:purple(4.2P4.8/9.2) 
F:black(Nl.4) M:black(Nl.3) T:white(N8.9) 
G:gray(N6 .3) N:white (N9 .1) U:gray(N6 .2) 

Table 3: Legibility wear spectacles.(aged 75 and older) N=249 

A: 

B: 

c: 
o: 
E: 

G: 

H: 

I: 

J: 

K: 

L: 

M: 

N: 

o: 
p: 

a: 
R: 

s: 
T: 
u: 

0 1 0 20 30 40 50 60 70 80 90 1 00 % 
•Grade 1 li!!IGrade 2 [! Grade 3 O Grade 4 5 

6 ITI Grade 7 E; Grade 8 C Difficult to see 
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2 . EXPERIMENI'S 
The resources used in this research include Japanese, Alphabets, and 

Number which vary in height from 2mm to 9mm (Fig. 1, Table 1). From this, 
we found the difference in visual abilities and graded from 1 to 8. The 
three background colors used were black, white and gray, and the eight 
colors used for the text were red , yellow, green, blue, purple, black, 
white and gray . The color of the text always differed from the color of 
the background (Table 2). This study included senior citizens from 
everywhere in Japan of whom 568 ranged in aged from 65 to 74 and 311 of 
them were aged75 and older. 

Table 

A: 

B: 
c: 
o: 
E: 

F: 

G: 

H: 
I: 

J: 

K: 

L: 

M: 

N: 

o: 
p: 

a: 
R: 

s: 
r: 
u: 

4: Legibility wear no spectacles . (aged 75 and older) N=306 

0 10 20 30 40 50 60 70 80 90 100 % 
•Grade 1 IIIIIGrade 2 liiGrnde 3 I&IGrade 4 5 

6 [I]] Grade 7 gGrade 8 0 Difficult to see 
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3. RESULTS & CONCLUSIONS 
This study revealed that the color of the background affected the text. 

For a white background, text in yellow was very difficult to see, and the 
same applied to a gray background with yellow or purple text and a black 
background with blue text. In addition, the 9DDD font size was said to be 
difficult to see by some of them. Especially, for those 75 years and 
older, individual differences of visual ability were more common (Table 3, 
4). This group also seemed to show some other kinds of handicap in their 
everyday lives . 
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Color Preference of Japanese Senior Citizens 

Yayoi IMAI, Tomoe KITAMURA and Sachiko SAITO 

1 . INTRODUCTION 
In order to obtain the fundamental data on color planning for the comfortable lives of the 

Japanese senior citizens living in a longevity society,the surveys on color preference of the 
senile changes people of yellowing of the crystalline lens1J,were conducted by the members 
of the Color Science Association of Japan and the Division of Color and Design in the Japan 
Society of Home Economics. 

2 . EXPERIMENTS 
Survey samples were 2,008(647 males and 1,361 females) in 1987,and 2,100(574 males and 

1,526 females) in 1993,ofmore than 65 years old(Table. l).Survey spots were Nothern districts 
of Tohoku,Kanto(except Tokyo),Tokyo,and Western districts of Kansai of all Japan.The 
method of survey were three colors of most favorite ,second and third preferred selected2) from 
80 different colors in the chart3) (Table.2).After the selection,impression of each color was 
rated on 20 adjective scales with 5 point categories.Principal component analysis were treated 
and color image profiles ,correlation and eigenvectors were drawn. 

Table.! : Basic attribution of object 

Items 1987·9 N=2008 : 1993·9 N=2100 

1. Sex Hale 647 32.2 % 574 27.3 % 
Female 1361 67.8 1526 77.2 

2. Age 65-74 1319 65 . 7 1333 63.5 
ov er75 689 34 . 3 767 36.5 

3. Occu pa ti on Ye s 325 16. 2 378 18.0 
No 1683 83.8 1722 82.0 

4. Single/Harri ed Si ngle 81 4. 0 101 4.8 
Harried 1927 96.0 1999 95 . 2 

5 . Home Single 454 22.6 379 21.0 
Couple 534 26.6 699 33.3 
with Family 1020 50 . 8 1022 48.7 

6. Type of Housing Solitary House 1632 81.3 1628 77 . 5 
Assemble House 376 18 . 7 472 22 . 5 
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Table.2 : Munsell system of the color chart 

saaple No. H V I C No. H V I C No. V I C No. V I C 

6.7R 8.313. 7 11 5.5R 6. 513.8 21 4.5R 5. 017.4 31 7.2R 6.719.2 
6. 2YR 8.413.2 12 7.1YR 6.513.4 22 4.4YR 6.318.1 32 4.5YR 7.816.5 
6.2Y 8.813.3 13 5.5! 6.812.7 23 4. 7Y 6 .416.5 33 5.6Y 8.7n.2 
4.0GY 8.512.5 14 4.9GY 6.912.6 24 5.0GY 5.915.3 34 4.8GY 8.317.6 
4.2G 8.513.2 15 6.4G 6.413.1 25 5.4G 5.014. 7 35 4.5G 7.715 .8 

6 10.0BG 7.012.0 16 IO.OBG 6.0/2.0 26 IO .OBG 4.016.0 36 7.5BG 7.018.0 
7 2.58 7.0/3.0 17 10.08 6.013.0 27 10.08 5.018 .0 37 10 .08 6.517.5 
8 9.6P8 7.613.8 18 6.9P8 5.513.6 28 IO.OP8 5.014. 0 38 IO.OP8 7.016 .0 
9 5.3P 7.714.2 19 5.1P 5.913.6 29 6.1P 4.115.9 39 6.5P 6.117.3 

10 7.5RP 8.014.0 20 7.1RP 6.013.1 30 6. 8RP 4 .416. 2 40 10 . 0RP 7.018.5 

41 4.4R 4.2113.7 51 4.4R 3.5111.8 61 2.8R 2.615 .5 71 9.3 
42 2. 4YR 6.2112.7 52 3. 1YR 3.816.7 62 3.6YR 2.613. 2 72 7.5 
43 3.3Y 7.7114 .0 53 4.5Y 5.618.3 63 4.8Y 3.914.3 73 5.4 
44 4.5GY 6.8111.2 54 4.6GY 4. 717.1 64 5.4GY 3.514.2 74 3.6 
45 3.8G 5. 4110.1 55 3.6G 4.319.1 65 5.00 3.113.6 75 1.2 
46 IO .OBG 4.0/10.0 56 10.08G 3.016.0 66 10 .09G 3.014.0 76 IO.OYR 7.111.5 
47 10 .08 4.0/10 .0 57 5. 28 2.519. 1 67 10 .08 2.0/2.0 77 2.5Y 8. 715.2 
48 9.6P8 3.3110.2 58 9.5P8 2.519.0 68 9. 2P8 2.216.1 78 5.08 5.418 .0 
49 5.0P 3.5110.2 59 5.3P 2.618 .3 69 4.3P 2 .513. 7 79 7.68 6.914 . 1 
50 9.4RP 4.1112.9 60 9.3RP 2.915 .5 70 5.6RP 2.614.2 80 10 . 08 6.018.0 

3. RESULTS 
Colors of light blue,vivid green,vivid blue and white were preferred by male subjects,and 

deep purple, vivid purple,light blue were selected by female(Table.3-1 ,3-2). The high average 
scores of color impression were adjectives of like,comfortable,elegant and beautiful.However 
the low scores used adjective like fashionable,plain and strong(Fig.l ).In addition,non-prefered 
color for senior citizens were black,dark grey and for males vivid red.The senior citizens did 
not choose colors of bright,showy and impressive. 
The Eigenvectors in Table.4.The Factors space in Fig.2.The Symbol is value of sex in Fig.3. 

2.0 2.5 3.0 3.5 4.0 

like 
com for 
refined 
beauty 
match 
clean 
happy 
elegant 
bright 
indivi 
warm 
youth 
soft 
woman 
new 
light 
strong 
quiet 
sober 
popular 

Fig.! : Image profile 
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Table.3-l Distribution chart of hue and tone in favorable color 
ales 

1987 11193 -7(1987) 574(1993) 

I Yl y GY G JIG 8 PB p IP Total w M s Total ... 
pale 0.8 1.4 0.8 0 0.9 0.8 0.2 0 0.2 !.1 5.7 5.7 5.7 

0.3 1.3 0.8 0.2 1.0 1.8 1.2 0.2 0.2 0.3 8.9 3.5 3.5 

lidlt crerisll 0.2 0.8 0.5 0.8 0.3 0.8 1.9 0.3 0 0.2 5.8 1.5 !.5 
0 1.2 !.0 0.5 !.0 !.0 2.8 0.3 0 0.2 7.8 1.9 1.9 

dill! 0.8 0.8 0.8 0.8 o.8 !.1 0.8 0.2 0 0.2 5.5 2.8 2.8 
0.5 0.5 1.0 1.9 0.7 0.7 2.1 0.9 0.3 0.2 8.8 3.3 3.3 

li&ht 0.9 1.1 !.4 0.9 1.8 4.0 4.9 0.9 0.8 2.3 18.8 
1.0 0.3 0.5 0.9 H --u --u 0.9 0.5 2.3 19.1 

vivid 2.5 !.1 2.8 1.4 3.9 !.7 4.3 0.8 !.8 1.9 22.4 
!.8 0.9 !.8 2.8 ""li 2.8 u 0.7 1.0 0.9 20 .1 

deep 0.8 !.9 0.5 1.1 2.2 !.1 0.9 3.4 0.3 0.8 12.8 2.0 2.0 
1.7 !.7 1.2 1.2 2.1 0.7 0.5 3.1 1.0 0.9 14.1 1.8 1.8 

dart 0.9 4.2 !.8 o.8 0.8 1.4 3.3 0.8 0.2 0.8 14.8 2.9 2.9 
0.5 Z .I 0.7 0.5 1.2 1.8 3.3 0.5 0.2 0.7 l1.3 !.8 1.8 

Total 8.7 l1 .3 8.0 5.4 10.5 10.7 18.1 8.2 3.1 7.1 85.1 5.7 8.3 2.9 14.9 
5.8 3.0 8.8 7.8 13.1 12.9 18.8 8.8 3.2 5.5 88.1 3.5 8.8 !.8 l1.9 

Table.3-2 : Distribution chart of hue and tone in favorable color 
feoales 

1987 1993 11=1381 (1987) 1528(1993) 

I n y GY G JIG 8 PB p IP Total w R s Total 
ooe 

pale 0.5 2.1 0.5 0.2 0.8 0.9 0.8 0.1 0.7 1.3 7.7 2.2 2.2 
1.5 1.7 0.8 0.3 0.7 0.5 0.5 0.9 0.8 1.9 9.8 0.9 0.9 

licht creYisb 0.5 1.8 0.8 !.3 J ,J 0.8 1.9 1.5 1.8 !.4 12.9 1.5 1.5 
1.8 !.0 1.8 1.3 1.2 0.5 2.1 !.2 2.1 1.8 12.8 0.7 0.7 

dill! 0.9 o.z 0.7 1.0 0.7 0.4 1.0 !.4 2.1 1.4 9.8 2.4 2.4 
0.8 0.7 1.2 !.4 1.0 1.3 I .Z 1.4 2.2 2.0 13.2 0.9 0.9 

Iicht 0.4 0.1 1.0 0.8 0.9 1.1 4.3 2.4 2.1 1.0 13.9 
0.8 0.7 1.0 0.3 1.2 1.5 -u 2.1 1.5 14.9 

vivid 1.3 0.5 0.7 1.4 2.0 1.1 2.4 1.8 3.4 0.8 15.4 
!.2 0.7 1.3 1.2 2.8 1.8 2.4 2.8 1.8 19.3 - 1.3 0.8 1.5 1.2 1.3 1.3 2.2 2.0 3.3 1.5 18.9 !.4 1.4 
2.0 0.8 !.4 1.1 1.7 0.4 2.2 !.2 2.4 1.3 14.3 0.4 0.4 

dart 1.3 2.2 !.0 1.1 0.8 1.1 2.5 0.9 1.5 1.3 13.7 1.7 !.7 
1.0 1.2 0.5 0.9 0.8 0.9 2.1 0.5 1.2 0.9 9.8 1.1 1.1 

Total 8.2 7.7 8.2 8.8 7.9 8.7 15.! 10.1 14.9 8.7 90.3 2.2 5.3 !.7 9.2 
8.9 8.8 7.8 8.5 9.0 8.9 13.8 u .s 14.3 11.0 98.0 0.9 2.0 1.1 4.0 

Table.4 Eigenvectors m 

s F 1 F2 
happy 0 . 307 0 . 0 4 0 
cl ean 0 . 290 0. 0 4 2 
new o. 288 0. 0 3 0 
yout h 0. 2 8 1 0. 184 
s ober o. 102 0. 4 6 2 
Q u 1 e t -0. 1 3 0 0. 3 7 2 
stron&' 0. 0 1 0. 3 3 2 
match o. 133 0. 3 2 4 
com! or 0. 1 7 2 0 . 0 0 1 
refined 0 . 2 2 9 0. 2 4 0 
like 0. 1 0 7 0 . 0 8 8 
bri&ht 0. 2 7 8 -o . 285 
elecant 0. 2 7 4 0. 2 3 8 
s o ft 0. 2 6 8 -0. 11 5 
beauty 0. 2 6 7 -o. 083 
111<ht 0 . 2 55 -o . 201 
popular 0 . 2 1 9 o. 1 6 7 
warm 0. 2 0 3 0. 11 6 
1nd1v1 0. 1 9 6 0. 2 9 3 
woman 0. 1 7 5 -0.043 

Proportion " 2 7. 6 1 2 . 3 
CUiulatlve " 2 7. 6 3 9 . 9 

F3 

-o. 1 2 3 
0. 0 4 2 

-0 . 211 
-0 . 248 

0. 11 0 
o. 1 8 7 

-0. 4 3 1 
0. 2 8 7 
0. 3 5 
0. 3 1 2 
0 . 2 7 6 
0 . 0 11 

-o. 004 
o. 214 
0. 0 9 6 
o. 1 52 

-o. 279 
-0 . 060 
-0. 286 

o. 144 

8. 4 

4 8 . 3 
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4 . CONCLUSIONS 
From the result of the color preference survey of Japanese senior citizens in 1987 and 1993,it 

can be said that females seek beauty and comfort,and males pursue youth and vitality. 
Through the above survey,we conclude the color preference and feeling of the Japanese 

senior citizens show clearly the recurrent phenomenon for young age. 
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A Therapeutic Technique-System Stepped up from 
Yellow-Black Alternate Coloring Method to Integrative 

Story Making Method 

Tamotsu SAKAKI and Minoru OSANAI 

We designed a therapeutic technique-system combining some methods (stages) . 
A sequence of methods begins with ""Yellow-Black Alternate Coloring 

Method( YB-Me )"which consists of alternate operations between client and 
therapist, scene-structuring stage and story-making stage, later finishes by 
making an integrative story. The process of practicing these methods is as 
follows. 

First, YB-Me is carried out in a usual manner(CDdrawing stage). With a 
completed picture drawn by Y B- Me, the client is encouraged to project his 
mind into the picture in the same way as Rorschach ' s blot-interpretation(GV 
projective stage). Then the client clips the projected objects out of the 
picture and structures a scene with them( stage). It en-
ables the client to survey his/her own problems. 

Next, he/she tells a story about the structured scene(@story telling stage). 
In this phase the client is supposed to connect each of his/her fragmented 
experiences by means of language, and make an effort toward integrating his 
/ her own problems. Therapist structures another scene, making use of the 
unci ipped parts of the picture drawn by client. C I ient and Therapist make 
alternately a story about the two scenes( integrative storymaking stage). 

In this system, the client can get a sense of accompl ishment,no matter which 
stage the therapy is terminated at. Furthermore he/she can exercise a closer 
relationship with others. What is important in psychotherapy is, we think, that 
a client promotes better his/herself recognition through creative activities 
without overstraining him/herself in order to solve his/her problems. 
We introduced a therapeutic technique-system designded by us, and tried to 

point out concretely that Color and Coloring have healing power, especially 
for mentally suffered patients. 

1.1NTRODUCTION 
First, "Yellow-Black Alternate Coloring Method (YB - Me)", which founds 

a therapeutic technique-system, the theme of this report, should be illustrated 
fairly in detai I. Because in Y B-Me itself works the therapeutic principal 
- a process that the client promotes better his/her Selfrecognition through 
creative activities without overstraning him/herself to solve his/her own 
problems -,of which we think much in a clinical practice. YB - Me is clini-
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cally designed and proved by SAKAK I and deepend theoretically by 
SA K A K I and 0 S AN A I ( 1990). 
The color "yel-low " comes gradually foreward in proportion that the depth of 

a black color around yellow increases, when one draws the black first I ightly 
and next gradually thickly. VVe payed attention to this characteristic of the 
yellow, namely yellow's so to speak "self - asserting phenomenon" in case of the 
black background (YB-Effect),devising a Yellow-Black Alternate Coloring 
Method( Y B - Me). 

Y B-Me uses a sheet of a white drawing paper and two crayons, yellow and 
black. It is carried out following the next procedure. 1-stage( Framing a 
paper by therapist) : Therapist draws a fainter and narrower frame on the paper 
with a black crayon. 2-st. ( Alternate d i viding the sheet of a paper ) : 
Therapist has a black crayon, patient a yellow and divides alternately the 
framed sheet of a paper. In this stage, it is necessary for therapist to draw 
his dividing! ine as I ightly as in the 1- st. Patient can draw as he I ikes. 3 
-st. ( Reciprocal coloring) : Therapist and patient alternately picks out and 
colors with his own color a division-area at will. After coloring, both of 
therapist and patient observe a completed picture painted with yellow and 
black. 4-st. (Deepning of a frame and black areas): Therapist says to patient, 
" Now I touch up this pic-ture " . VVith a black crayon, first he deepens and 
widens(repeats coloring) the I ightly drawn frame. Next he repeats coloring on 
the borders of black divisions neighboring yellow areas as quickly as possible 
(if s I ow I y done, Y B -effect is reduced). After repeating drawings, patient can 
state his impressions of coloring. Some patients give their impressions of 
having be menta II y moved by ye II ow's "se If-asserting phenomenon". 

Y B-Me, in certain cases, can be more effective than a verbal approach and/ 
or another coloring methods, because this Y B-Me not only hardly damages but 
also regains or consol idats patient's subjectivity. Therefore, one can try 
Y B-Me, when patients with vulnerable subjectivity show no reactions to a 
verbal approach and/or another coloring methods. 

2. E X P E R I M E N T S 
Beginning with this Y B-Me( ())drawing stage) , VVe tried a sequence of " 

Experiments" as follows. But, what we express with the term "Experiments" 
in this report, is different from that used in a usual scientific sense. Be-
cause, in clinical practices, of course, are done various trials and devices 
( which one can consider as kinds of EX PER I MEN T S ) , and those " 
E xper i ments" must be immediate I y abandoned, once they can b I ock the process 
of therapy. This is applicable, especially for psychotherapy. A sequence of 
"Experiments" are ()) Drawing stage, (Z) Projective st., @ Scene-structuring 
st., @ Story te i ng st., and @ I ntegrat i ve story making st. 
CD Drawing st. : above-mentioned. 
CZl Projective st. :VVith a at present completed picture drawn byYB - Me, the 
client is encouraged to project himsef into the picture in the same way as 
Rorschach's b I ot- interpretation. In this st., one can add new contents ( dots, 
spots and I ines in many cases), or make a more concrete picture with another 
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color than yellow. 
st.: Then the client clips the projected objects out of 

the picture in the preceding st. ( ), stick them on a white drawing paper 
and structures a scene with them. Of course, one can add new contents, make 
a picture more concretely as and draws something on an unfi lied space of 
the paper. It enables often the client to survey his/her own problems. 
@ Story telling st.: Next, he/she tells a story about the structured scene. 
In this phase the client is supposed to connect each of his/her fragmented 
experiences by means of language, and make an effort toward integrating his/her 
own problems. The therapist structures another story, making use of the un-
ci ipped parts of the picture drawn by the client and tel Is it to him. 
@ Integrative story making st.: The final st. is that client and therapist 
altenately make a story about the two scenes. 

A procedure above exemplarily mentiond(A II 5 stages), in an actual clinical 
practice, can not be distinguished each other, and sometimes out of turn. 

3. RESULTS 

( Materials) 
Case; A girl-8-years-old(brieflyA). D i ag.: School Refusal with Eating 
Disorder. 1 year ago, her elder sister, too, presented a School Refusal. 

So, her mother had excessive charge of her sister, and a strong Symbiotic 
ReI at ion was born between them. Under this situation, A cou I d not have good 
emotinal relations with mother, moreover presented Eating Disorder. 
C1) Drawing st. : Being introduced Y B - Me, A reacted it obediently. But at 

the stage of alternate dividing the sheet of a paper, first several times A 
just imitated the way of therapist ' dividing. Finally, A could divide at wi II 
by Y B-Me after the "therapeutic turning point", at which therapist struc- t 

ured a scene, as ment iond later at @ Scene- structuring st. 
st. : First, A showed a tendency to project hersef into the 

black pictures which therapist drew. It was after the "therapeutic turning 
point " that A could project into her own yellow areas. 

st. : Therapist made a scene, on which a small animal " 
I ike a dog" appeares, using unci ipped yellow parts drawn by A, and showed it 
to A. Just then, A told so much without hesitating about the "puppy" kept 
at home. In this session, A structured some scenes on which "bananas" I i e. 
@ Story telling st. :After structuring "bananas- scenes" , A told two titled 
stor ies. 
1)« Bananas and Girl): The girl had bananas unconsciously. After noticing 
that, She stood at gaze- on them, puzz I i ng over the situation. Then bananas 
speak sudden I y. She was so much puzz I ed that she beared eating them, i n spite 
of des i r i ng to do so. 
2)(( Parent and Child of Bananas» : Parent and Child of Bananas wa i t 
ca I m I y for 3-o' c I ock tea time. Because they hope to be eaten soon. Now, it 
comes 3-o' clock and they are smi I ing. 
(?) Integrative story making st. : Connecting integratively two stories, her 
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own story " Parent and Child of Bananas" and a titled one "A ship on the 
ocean" by therapist, A made a story titled « Nana and Ship): Nana has 
grown up and now 20 years old. So, She should go alone to another country. 
In another country, she found abuilding I ike a castle, in which theTe were 

many treasures . 

(Discussion) 
A showed firstly her vulnerable subjectivity at two stages, a tendency to 

imitate the way of therapist'dividing at CD Draw ing st., and a tendency to 
project herself into the black areas, which therapist drew, atCZ> Projective 
st. But, after the "therapeutic turning point", A strengthend at a stroke 
her subjectivity. For exemp I e, in (Bananas and G i r I), one phrase "she beared 
eating them in spite of desiring to do so", shows yet a tendency toward her 
vulnerable subjectivity, but another phrase "the girl had bananas unconsciously 
... then bananas speak suddenly" already a germ of her strengthend subjectivity. 
And in ( N ana and Ship )(pI ease think once that the name N ana originates 
from Banana, and that yellow, Banana and Nana symbolises A -herself), we 
can understand, that A has regained completely her subjectivity and is to 
depart toward her future. Telling the story« Nana and Ship), A could end 
a I I her therapeutic sessions. 

4. C 0 N C L U S I 0 N S 
VVe introduced a therapeutic technfque-system designded by us, and tried to 

point out concretely that Color and Coloring have healing power, especially 
for mentally suffered patients. 
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Characterizing the Visual Performance of Fluorescent 
Retroreflective Signing Materials Using the 

Fluorescent Luminance Factor, YF 

David M. BURNS and Norbert L. JOHNSON 

The luminance factor of a fluorescent material can be readily separated into reflected 
and fluorescent components using one- and two-monochromator spectrophotometers 
capable of fluorescent colorimetry. The fluorescent luminance factor, YF, is the ratio of 
the fluorescent luminance of a specimen to that reflected by a perfect diffuser similarly 
irradiated and viewed, whereas the luminance factor (CIE tristimulus value Y) is the 
ratio of the total luminance of a specimen to that reflected by a perfect diffuser. The YF 
value is the critical parameter which differentiates fluorescent materials from high 
luminance non-fluorescent materials. Under the varying conditions of daylight 
illumination encountered in outdoor signing applications, it has been shown that YF 
values relate to the increased visual performance of fluorescent signing materials. The 
retained YF after exposure is also a good measure of fluorescent durability. It is 
recommended that the quantity YF be used as a standard measure of fluorescence. 

1. Introduction- Performance of Fluorescent Materials 
Field studies have established that fluorescent signal colors are both detected 

with greater accuracy at longer distances and more conspicuous than their ordinary 
color counterparts. Because of their high visibility properties, fluorescent materials 
are specifically required for a variety of safety signing and marking applications [1]. 
As the result of improvements in the stability of fluorescent colorant systems, 
fluorescent traffic signing materials are also now available. These new traffic control 
materials combine retroreflective optics and fluorescent colorants into a single 
construction that provides both high daytime and high nighttime visibility 
performance. 

Studies [2] have demonstrated that the basis for the superior daytime visibility 
performance of fluorescent signal colors is their luminance relative to the surround. 
The luminance of an ordinary colored material is determined by the efficiency with 
which the material reflects incident daylight. However, the luminance of a fluorescent 
specimen is the sum of two quantities, the luminance due to reflected light and the 
luminance due to fluorescence, emitted light. One can consider fluorescence to be a 
mechanism that increases the efficiency of a colored material to convert the available 
solar energy into luminance. An important property of fluorescent materials from the 
visual signaling point of view is that their greatest relative luminance (highest 
luminance contrast), and thus greatest visibility and conspicuity performance, occurs 
under poor daytime visibility conditions when the need is greatest, for example during 
twilight or rainy and overcast conditions. For safety signing applications such as 
highway warning signs, high visibility under poor visibility conditions is extremely 
desirable. 

2. Experiments 
The luminance of a series of colored retroreflective traffic signing materials, both 

fluorescent and ordinary, and ordinary non-retroreflective marking films was 

359 



measured under a range of natural daylight illumination conditions. The materials 
were mounted on a vertical panel facing 30 degrees east of north. The measurements 
were made over the course of a single day under a clear sky using a calibrated Photo 
Researchtm Spectra-Colorimetertm Model PR1m-650 telespectroradiometer. At the same 
time we also measured the luminance of a Spectralontm UV-VIS-NIR Diffuse 
Reflectance Target SRT-99 mounted on the same panel. Spectral radiance 
measurements ofthe light reflected by the Spectralontm target, which is essentially a 
perfect diffuse reflector, enabled us to evaluate the spectral distribution of the daylight 
illuminating the test materials. Local sunset was at 20:54. We measured the color of 
each material in according to ASTM E991using 0/45 geometry obtaining x, y andY 
values for CIE D65 and the 2o degree standard observer. We also measured the YF 
value of each material. Several!- and 2-monochromator test methods and procedures 
suitable for determining YF have been described the literature and experimentally 
validated [3 ,4] . For this study we used Allen's "fluorescence-weakening" method [5] . 

3. The Quantification of Fluorescence 
Today, signing specifications use the same parameters to describe the minimum 

required daytime properties of both fluorescent and non-fluorescent colored materials. 
The standard parameters are CIE chromaticity coordinates (x,y) and luminance factor 
(CIE tristimulus value Y). The intent of a specification is to insure the material has the 
performance characteristics required. It is odd then that fluorescent color 
specifications do not require separate quantification of the fluorescent properties 
thereby confirming the material possesses the fluorescent properties required for high 
daytime visibility performance. If fluorescence is an important property, then a 
quantitative value of fluorescence is required for material specification and quality 
control. This quantification must be able to differentiate high fluorescent content 
materials from non-fluorescent and low fluorescent content materials. 

For a fluorescent material, the luminance factor is the sum of two quantities, the 
reflected luminance factor (YR) and the fluorescent luminance factor (YF) . Under 
specified conditions of illumination and viewing Y = YR + YF. The fluorescent 
luminance factor (YF) is the ratio of the fluorescent luminance of the specimen to the 
luminance reflected by a perfect diffuser. It is the existence of fluorescent luminance 
(YF > 0) which differentiates fluorescent color specimens from their non-fluorescent 
counterparts and other non-fluorescent high luminance colored materials. Since 
fluorescent luminance plays the central role in the high visibility properties of 
fluorescent signing materials, a direct measure of fluorescent content, or fluorescent 
efficiency, would appear to be an essential component in the description and 
specification of these materials. 

4. Experimental Results and Discussion 
A high minimum Y value does not insure a material is fluorescent. An 

illustration of this is demonstrated by the data in Table 1 and Table 2. CIE 
Publication 39.2 specifies that in order to meet the requirements for fluorescent yellow 
for visual signaling, the chromaticity coordinates ofthe material must fall within 
defined limits and the material must have a minimum Y of 60 [note - The numerical Y 
values in this paper are expressed as a percent.] However, the specification does not 
actually have any requirement that the material be fluorescent. The non-fluorescent 
non-retroreflective yellow marking film clearly falls within the specified fluorescent 
yellow chromaticity limits. The film also has a Yvalue of 59.2, within 0.8 of fulfilling 
the fluorescent yellow specification - a negligible practical measurement difference. 
When a non-fluorescent film can be this close to meeting a fluorescent color 
specification, it is obvious that Y, x, andy alone do not adequately differentiate 
between fluorescent and non-fluorescent materials. Specification of the fluorescent 
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component is clearly needed. 

Table 1: Instrumental color of Yellow Sheeting and Marking Film 

Non-fluorescent Non-Retroreflective Marking Film 
Non-fluorescent Retroreflective sheeting 
Fluorescent Retroreflective Sheeting 

y X y 
(59.2, 0.478, 0.499, 
(29.6, 0.516, 0.476, 
(78.6, 0.509, 0.485, 

YF 
0.0) 
0.0) 

56.8) 

Table 2: CIE Pub. No. 39.2 Specification for Fluorescent Yellow for Visual Signalling 

Chromaticity limits (x,y) 
(0.522, 0.477) (0.470, 0.440) (0.427, 0.483) (0.465, 0.534) 

Minimum Luminance Factor = 60 

3.5 

3.0 

2.5 

2.0 
Relative 

Luminance 
1.5 

1.0 

0.5 

Fluorescent Retroreflective Yellow 

Non-Fluorescent 
Non-Retroreflective Yellow-....., 

0 
.... : 

Non-Fluorescent Retroreflective 
Yellow :Sunset 

16:00 17:00 18:00 

5900 6250 

19:00 
Time of Day 

CCT 6050 

20:00 21:00 

6500 8100 10 000 

Figure 1- Luminance relative to Non-fluorescent retroreflective 
yellow under varying natural daylight illumination conditions. 

The relative visibility of materials having similar chromaticity is determined primarily 
by their relative luminance. Figure 1 is a plot of the luminance of the materials in 
Table 1 measured under natural daylight illumination relative to the luminance of the 
non-fluorescent retroreflective yellow sheeting. The correlated color temperature 
(CCT) corresponding to the daylight illuminating the materials is also indicated. The 
figure illustrates that the relative luminance, and hence the relative visibility, ofthe 
Fluorescent retroreflective signing material increases significantly with increasing 
CCT. High CCT is a characteristic of daylight illumination during poor visibility 
conditions. It is not surprising then that the relative visibility of fluorescent materials 
is greatest under those conditions. 

The contributions of reflected and fluorescent luminance to the total luminance 
of a fluorescent material changes with the spectral character of daylight illumination. 
The data from Table 1 indicates the fluorescent retroreflective yellow sheeting is a less 
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efficient daylight reflector CiR= Y -YF= 21.8) then the non-fluorescent retroreflective 
yellow ( Y= YR= 29.6) . Since fluorescence is the only mechanism that can increase the 
luminance generating efficiency of the fluorescent retroreflective yellow material, the 
change in the relative luminance with CCT must be due to an increased contribution of 
the fluorescent luminance to the total luminance. This implies a direct correlation 
between YF , spectral character of the illumination (e.g. CCT) and the visibility 
properties of fluorescent materials. 

5. Conclusions and Recommendations 
By definition, a value ofYF>O identifies a material as fluorescent; YF =0 

identifies it as non-fluorescent. The experimental data indicates a correlation between 
YF and the visibility performance of fluorescent signing materials. Consequently, YF 
provides a scale useful for comparing the relative contribution fluorescence makes to 
the visibility and conspicuity properties of different materials. YF evaluated under a 
defined illuminant is a measure of the fluorescent luminance generating efficiency of 
the material and can be used as a standard measure of fluorescent content. Although 
it could be argued that YF should be specified under a range of illuminates, doing so 
would make for a clumsy specification. Therefore, CIE D65 is suggested. D65 has as 
its basis real daylight, it is defined over a wide range of wavelengths, and has 
significant ultraviolet and visible content. D65 is also the most common standard 
illuminant used for colorimetry worldwide. We therefore propose that YF evaluated 
under D65 be the standard quantity for describing and specifying the fluorescent 
properties of object-color specimens. 

It is recognized that Y of an non-fluorescent non-retroreflective material can be 
higher than Y of a fluorescent retroreflective sheeting having similar chromaticity. 
However, only fluorescent retroreflective materials provide the wide range of 
performance required for visibility and signaling in daytime, twilight and bad weather 
conditions, and nighttime. Separating out YF in the specification of fluorescent 
retroreflective sheeting insures 1) the sheeting has a fluorescent luminance component, 
and 2) the fluorescent content is high enough to assure high visibility performance 
under low light and poor daytime visibility conditions. 
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Comparison of Spectral Distribution between 
a Luminaire Combining RGB Fluorescent 

Lamps and a White Lamp 

Shigeo GOTOH and Hiroyasu TAKEUCHI 

We have developed a lighting system to control color and color temperature by using red, green, and blue 
fluorescent lamps. This system can continuously vary the correlated color temperature (CCf) from 3,000 K to 
30,000 K. We measured the spectral distributions of this system at CCfs of 3,000 K, 5,000 K, and 6,700 K and 
compared them to the spectral distributions of conventional, white, triphosphor fluorescent lamps of corresponding 
CCfs. We found no special difference in the spectral distributions between our system and the conventional lamps ; 
namely, xy, CCT, and DUV are almost the same. General Color rendering Index (Ra) is more than 85 in all 
conditions. 

I. INTRODUCTION 
Recently, high quality lighting is being demanded rather than lighting that simply offers "light," among lighting 

qualities, consumers appear more interested in the light color than other characteristics. Fluorescent lamps of a 
variety of colors are available on the market. They vary from correlated color temperature (CCT) as low as 
approximately 3,000 K or that of incandescent lamps, to color temperatures as high as approximately 6,700 K. To 
change the ccr with an ordinary luminaire, however, it is necessary to replace the fluorescent lamp with one of a 
different CCT each time the need arises. 

To reduce this inconvenience, we have developed a lighting system that enables the user to vary CCfs as and 
when required in a range between low and high CCTs." In this system, changing the ccr is accomplished by a 
combination of existing red, green, and blue color fluorescent lamps and by dimming each lamp individually. With 
this system, we produced the same CCT as that of existing white fluorescent lamps and compared the obtained 
spectral distribution and color rendering with those of existing white fluorescent lamps. This paper reports on the 
comparison and analysis. 

2. LIGHTING SYSTEM TO CONTROL CCf 
According to principles of additive mixtures of colors, the color obtained by mixing three different colored 

light sources is determined by the following equation. 

X=XR + XG+XB 
Y=YR+YG+YB 
Z=ZR+ZG+ZB 

(1) 

where, (XR, XG, Xs) , (YR, YG, Ys) , and (ZR, ZG, Zs) are the tri-stimulus values of red, green, and blue light 
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sources, respectively. Then x, y, andY obtained from equation I are : 

X 

y 

XRy +XBy 
YR R Yo 0 YB B 

YR Yo YB -+-+-
YR Yo YB 

YR+ Yo+ YB 
YR Y0 YB 
-+-+-
YR Yo YB 

Y=YR+Ya+Ys 

(2) 

Because the x and y of each light source are fixed, the ccr is varied by using different ratios of YR, Y G, and Ys, 
namely, different dimming ratios of each light source. As indicated by equation 2, the variable range equals the 
triangular region on the x-y chromaticity coordinates, which is defined by linking each light source's point of coordinates. 

In designing the actual system, we used 40W rapid start fluorescent lamps that are relatively readily available 
on the market. Fluorescent lamps, one for each color, are installed in a luminaire for better mixed emission. An opal 
panel was provided below the lamps so that the 
radiated light was uniform. Each fluorescent lamp 
used a red, green, or blue phosphor to produce light. 
Table I. shows x, y, and the luminous flux of these 
light sources. Figure I. shows their spectral 
distributions. 

Table I. Chromaticity and luminous flux 
of color fluorescent lamps. (Ratings) 

X y Luminous Flux(lm) 
Red 0.582 0.340 2,550 

Green 0.300 0.570 3,670 
Blue 0.154 0.085 1,100 

nwwlt ll fluru.III IHitl lll 1 , 

Wavelength(nm) 

Red 
Wavelength(nm) 

Green 

Figure I. Spectral distributions of color fluorescent lamps. 
(Measured results.) 

Wavelength(nm) 

Blue 

We used electronic dimming ballasts installed in the luminaire, which are capable of dimming fluorescent 
lamps continuously and individually between 0 and 100% of dimming ratios'1 • The ratios are varied by dimming 
signals inputted separately to each ballast. To control the dimming signals, we conducted preliminary calculations 
using equation 2 and Table I. and obtained combinations 
of dimming ratios that produce a given color. The result 
was input a computer as a program. The computer was 
connected to the ballasts and was programed to output 
dimming signals corresponding to a desired color, to 
change the CCT continuously. Figure 2. shows a block 
diagram of the developed system. 

Using this system, we varied the ccr continuously 
within the range of 3,000 K to 30,000 K. The lower CCf 
end, 3,000 K, comparable to the CCT of an incandescent 
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lamp-color fluorescent lamp, was selected based on 
the chromaticity coordinates of the red fluorescent 
lamp. The higher CCT end, 30,000 K, is unobtainable 
if a conventional light source is used. Figure 3. shows 
changes in the luminous flux observed during CCT 
changes. 

:§ 7,000 

"[ 
6
.
000 

u:: 5,000 
g 4.000 

3,000 
...l 2,000 

1,000 
0 L__L __ 

3,000 9,000 15,000 21,000 27,000 30,000 
CCf(K) 

3. COMPARISON AND ANALSYS OF SPECTRAL Figure 3. CCT -luminous flux characteristics of 
DISTRffiUTIONS OF EXISTING LAMPS AND lighting system to control CCT. (Calculated values.) 

OUR SYSTEM 

We studied the characteristics that appeared when our system reproduced colors of existing white, triphosphor 
fluorescent lamps. For the study, we reproduced three colors : 3,000 K, 5,000 K, and 6,700 K since these colors can 
be obtained by white fluorescent lamps readily available on today's market. 

First, we measured the spectral distributions of white, triphosphor fluorescent lamps of the CCTs 3,000 K, 
5,000 K, and 6,700 K . We determined x, y, and Ra from the measurements. The same ballast as used in the 
developed system was used for the measurement with 100% luminous intensity. Figure 4. shows the results. Table 
2. shows x, y, CCT, DUV, and General Color Rendering Index (Ra) . 

'UHII WUEII. IIUIJUJ Ill 
§ § 

Wavelength(nm) Wavelength(nm) Wavelength(nm) 

3,000K 5,000K 6,700K 
Figure 4. Spectral distributions of a white, triphosphor fluorescent lamp. 

(Measured results.) 

3,000K 
5,000K 
6,700K 

Table 2. Chromaticity and luminous flux of a white, 
triphosphor fluorescent lamp .(Measured results.) 

X y CCTK) DUV 
0.438 0.404 2981 -0.2 
0.343 0.353 5085 1.6 
0.311 0.323 6650 1.0 

Ra 
87.4 
87.8 
88.7 

We then determined red, green, and blue luminous flux ratios to yield the obtained x andy. Table 3. shows 
dimming ratios for individual light sources calculated from the determined flux ratios. The light produced conforming 
to the dimming ratios shown in Table 3. was, however, affected by the transmittance of the panel attached to the 
luminaire. It is known that deviations from theoretical values occur due to the thermal influences in the luminaire and 
subtle variations in color resulting from dimming the light sources. In our test, however, we obtained the desired 
colors by fine adjustment of each light source to compensate for such influences. 

3,000K 
5,000K 
6,700K 

Table 3. Mixing and dimming ratios to obtain colors of a white, 
triphosphor fluorescent lamp. (Calculated values.) 

Flux Ratio Dimming Ratio 
R G B R G 

0.455 0.528 0.017 100% 81% 
0.305 0.622 0.073 71% 100% 
0.250 0.637 0.112 57% 100% 
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Figure 5. represents measured spectral distributions. Table 4. shows x, y, CCf, DUV, and Ra. As seen from 
the results, the measured spectral distributions for each CCT are approximately the same as those of a single white 
fluorescent lamp. As for Ra, we obtained successful results of more than 85 in all conditions. Slight variations in Ra 
are thought to be caused by the difference, on one hand, by the three kinds of phosphors applied in a single lamp and, 
on the other, by each phosphor that caused fluorescence separately. 

Wavelength(nm) Wavelength(run) Wavlength(nm) 

3,000K 5,000K 6,700K 

Figure 5. Spectral distributions of lighting system to control CCT . 
(Measured results.) 

3,000K 
5,000K 
6,700K 

4. CONCLUSION 

Table 4 . Chromaticity and luminous flux of lighting 
system to control CCT. (Measured results.) 

X y CCf(K) DUV 
0.435 0.402 3015 -0.5 
0.344 0.356 5055 2.6 
0.309 0.325 6740 3.0 

Ra 
87.2 
89.6 
90.5 

We developed a lighting system to control CCT using a combination of red, green, and blue fluorescent lamps. 
This system facilitates continuous changes in CCT with a single luminaire. It also reproduces high CCfs that cannot 
be obtained by conventional means. 

Using this system to reproduce the same color as that emitted by white, triphosphor fluorescent lamps, we 
obtained almost identical characteristics to those of existing lamps. Accordingly, the system can be used as an 
ordinary luminaire. To obtain sufficient luminous flux, a white light source can be added to the combination of red, 
green, and blue colors. The resulting 4-lamp configuration can produce a luminous flux as large as 8,000 1m or more 
while maintaining lamp characteristics. Consequently, the system is practical for main lighting. 
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Quantitative Analysis of Color Features in Paintings 
-Classification Based on Distance of Color 

Distribution in Color Space-

Mituo KOBAYASI and Takuzi SUZUKI 

This study analyzes paintings with distinctive color features based on the similarity of color 
distributions in a color space. 

The analysis was done by the methods commonly used in computational linguistics, which 
produced good results. 

1 Introduction 
Looking at masterpieces of paintings, we are often attracted to the beauty of their color 
composition. Johannes It ten stated: "However painting may evolve, color will remain its prime 
material" [1]. In order to understand such an aesthetic aspect of color, we have quantitatively 
analyzed features of colors of paintings. 

Our past studies are: analysis based on maximum color difference in hue-tone space and in 
lightness-chromaticness space[2]; analysis based on statistics of color arrangement on canvas[3]; 
analysis based on statistics of shapes of color distribution in color space[4, 5]. 

In this study, the focus of the analysis is on the similarity of color distributions in a color 
space. The analysis was done by a typical method used in computational linguistics[6] . 

2 Color Analyzing Tool 
A hand-made tool for color analysis of images was developed as a system on UNIX worksta-
tions. The system consists of four main functions: 1) device independent color processing, 
2) analysis in several color spaces (e.g. CIEYxy, CIELUV, CIELAB, Nayatani, Hunt, etc.) , 
3) extraction and comparison of various color features of images, and 4) 3-D visualization of 
color features in a color space. 

image of 
painting 

---+ ·-*·· original 
color 

distribution 

extraction 

representative 
colors and 

their portion 
of area 

Figure 1: Extraction of representative colors 
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Among these functions extraction of representative colors from an image is important(Figure 
1). A scanned image consists of vast number (104 105 ) of colors. Our interest is not a 
micro but a macro structure of the image. Thus extraction of a small number (10 100) 
of representative colors is required. To extract representative colors, we devised "successive 
clustering method," which is a refinement of LBG algorithm[7] (commonly used in pattern 
recognition) combined with successive division of cluster. 

3 Similarity of Color Distribution 
Color distribution is abstraction of color image. Suppose an image is composed of N colors 
c 1, c2 , ···,eN (ci E R 3), and each color ci occupies w; portion of the area of the image 
(0 < w; ::; 1, 2:{';, 1 w; = 1). The color distribution of the image is given by a linear combination 
of 6 distribution: 

N 
f(c) = L W;. o(c- ci)· 

i=l 

In order to measure similarity between two given color distributions / 1 and /2, one may 
make use of a usual L2 distance of two functions: 

d(ft,h) = {j (!J(c)- h(c))2 de} t, 
where the integral is taken over the color space. 

In practical computation, the integral is approximated by dividing the color space into many 
disjoint small cubes. 

The above idea alone, however, is not satisfying because it takes no consideration of sim-
ilarity of color (i.e. color difference) in the color space. We actually tried the computation. 
The result depends sensitively on the length of the edge of the cube. 

As an alternative idea to reflect similarity of color to distance of color distributions, a 
continuous distribution function j is adopted instead of the original f: 

N 
](c)= L w; · g(c- c;), 

i=l 

where g is the 3-D Gaussian distribution function. For any two color distributions / 1 and h, 
the similarity measure s is defined by 

In our numerical experiment the results are quite stable if the length of the edge of the cube 
is less than the parameter of the Gaussian function and the adequate values of the parameter 
are 5 or 7 or 10 in the space of CIELUV. 

4 Analysis 
4.1 Source for Analysis 

As sources for analysis, printed arts of eight famous painters, Caravaggio, Redon, Monet, 
Dufy, Klee, Marc, Utrillo, and Umehara are selected from art books listed in Table 1. Each 
of the painters has his own skill in the usage of color. 

368 



In our experiment color was always treated in CIELUV uniform color space, since CIELUV 
has better uniformity among commonly used spaces. Original color distributions were trans-
formed into distributions of representative colors. Number of the representative colors varied 
from 2 to 156. 

symbol 
c 

R 

Mo 

D 

K 

Ma 

Ut 

Urn 

painter 
Michelangelo Merisi 
da Caravaggio 
(1573- 1610) 
Odilon Redan 
(1840- 1916) 
Claude Monet 
(1840-1926) 
Raoul Dufy 
(1877- 1953) 
Paul Klee 
( 1879-1940) 
Franz Marc 
(1880- 1916) 
Maurice Utrillo 
(1883-1955) 
Umehara RyU.zaburO 
(1888-1986) 
Total 

Table l: Painters and Paintings 
# source and color feature 
21 Works from 1593 to 1607[8]. Brownish. Few colors . Strong light dark contrast 

(chiaroscuro). 

19 Works in the catalogue{9]. Gradation. Yellow-blue contrast. Mingling colors. 

24 Works in the catalogue(lO] Weak contrast. Analogous hues. Shimmering 
colors. 

17 Works in the catalogue[ll]. Many colors. Analogous hues. Transparent 
impression. Vivid blue back. 

39 Works in the catalogue(l2] and in the book[l3]. Various colors. Complex 
color composition. 
Works from 1910 to 1914{14). Strong hue contrast. Combination of vivid 
yellow, blue, green, and red. 

23 Works during "Epoque blanche" {15) . Bright. Whitish. Earthy tone. Yellow-
blue contrast and red accent. 

12 Works in the catalogue{l6]. Weak light-dark contrast. Analogous hues. 
Yellowish-redish. 

163 
# - number of samples. 

4.2 Similarity Analysis between Artists 

Let color distribution of paintings of artist A and B be { a 1 , ···,an} and {b1 , · · ·, bm} respec-
tively. Then the similarity measure between A and B can be defined by 

1 n m 

sA,B =-L L s(a;, bi), 
nm i=1i=1 

and the similarity measure within A himself can be defined by 
1 n-1 n 

sA,A = ( ) L L s(a;, ai). 
n n - 1 i=1 j=i+1 

Table 2 shows the calculated similarity measures for eight painters. 

Table 2: Similarity between Painters 
(x10- 3 ) 

c R Mo D K Ma Ut Urn 
c 2.932 4.992 5.367 4.567 5.119 4.353 5.079 4.378 
R 4.992 3.568 4.217 3.978 4.290 3.694 3.680 3.806 
Mo 5.367 4.217 4.556 4.411 4.892 4.141 4.310 4.295 
D 4.567 3.978 4.411 3..li_::w 4.329 3.231 3.863 3.690 
K 5.119 4.290 4.892 4.329 4.614 4.018 4.290 4.224 
Ma 4.353 3.694 4.141 3.231 4.018 2.574 3.736 3.144 
Ut 5.079 3.680 4.310 3.863 4.290 3.736 3.015 3.705 
Urn 4.378 3.806 4.295 3.690 4.224 3.144 3.705 3_.;.m 

The result tells: i) the works of Caravaggio, Redon, Marc, and Utrillo are most similar to 
their own works; ii) for other artists, their works are most similar to Marc's; iii) excluding 
Marc, the works of Dufy and Umehara are most similar to their own works; and iv) the works 
of Caravaggio is isolated from all the others. The result ii) probably comes from that Marc 
used many colors to bring quite broad color distributions. 
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4.3 Hierarchical Cluster Analysis 

Hierarchical cluster analysis was applied to 
the works of Caravaggio, Marc, and Utrillo. 
The dendrogram obtained by the method of 
furthest neighbor shows works of the same 
painter are well clustered (ex. at distance 
0.004 in Figure 2) . 

-

5 Conclusion 
• Similarity measure between two color 

distribution was defined . 

• Similarity analysis and hierarchical clus-
ter analysis based on the similarity mea-
sures were done on works of artists. 

• The methods used in computational lin-
guistics are applicable to analysis of 
color aesthetics. 
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The New CIE Colour Rendering Formula 

Janos SCHANDA 

The CIE published in 1974 its latest recommendation for calculating colour rendering Since then 
a number of new colorimetric methods were introduced. CIE TC 1-33 is working on the updating of 
the colour rendering method. The paper describes the underlying principles and the present stage of 
preparing the new document. 

1. INTRODUCTION 
Colour rendering of an illuminant is the effect of the illuminant on the colour appearance of 

objects by conscious or subconscious comparison with their colour appearance under a reference 
illuminant. The CIE standardised the method of colour rendering index calculation in 1970 and 
modified it slightly in 19741 

•• 

In this method first a reference illuminant has to be selected. The colour appearance produced by 
using this reference illuminant will be the yard-stick to which the colour appearance produced by 
the illumination with the test illuminant (or test lamp) will be compared. The selection of the 
reference illuminant is done by choosing a daylight or a black-body illuminant whose correlated 
colour temperature equals to that of the test lamp. If the test lamp has a correlated colour 
temperature above 5000 K then a daylight illuminant is used, if it is below 5000 K then a black-
body illuminant is used. 

In the CIE Test Method the colour differences between the colours of test samples once 
illuminated by the test lamp and then by the reference illuminant are calculated, differences between 
the chormaticities of the sources being bridged by a von Kries transformation. 

Since the introduction of the above calculation model a number of new recommendations have 
been introduced. The two most important ones are the following: 
• In 1976 two new colour spaces have been adopted: CIELAB and CIELUV2. 

• In 1994 a new chromatic adaptation transformation has been introduced. 
Neither of above recommendation found its way into the colour rendering calculation yet. 

The CIE has set up a colour rendering committee shortly after the introduction of the two new 
colour spaces. The present paper summarises the findings of CIE Technical Committee TC 1-33 on 
the possible updating the method of colour rendering calculation. 

2. THE NEW CIE COLOUR RENDERING TEST METHOD 
2.1 Test samples 
The old model used 8 + 6 Munsell test samples, these are not available anymore. Therefore eight 

samples of the ColorChecker3, a set of 18 coloured and six achromatic samples used in 
photography, were selected plus two skin tones (typical Caucasian45 and Oriental6 complexion 
reflectance spectra). 

Figure 1 shows the chromaticities of the eight ColorChecker samples and of the two complexion 
colours in an a*, b* diagram. For the ColorChecker samples the CIE Test Sample Numbers (TCS) is 
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shown followed by the L * value of the sample. As seen the chromatic samples span a reasonable 
surface in a*, b* dimensions. 
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Fig. I : CIE test sample chromaticities in a* ,b* diagram. 

2. 2 Reference illuminant 
The next problem the committee was faced with was the question what reference illurninant 

should be used. The traditional system uses the concept of correlated colour temperature to select 
the reference illuminant. But the correlated colour temperature concept is based on the now outdated 
u, v diagram. It was felt that a new colour space should be used for this purpose. 

Two possibilities have been investigated by the TC: 
• Using the six target chromaticities IEC is recommending78 for the different types of light 

sources: This has the advantage that the concept of correlated colour temperature is not 
needed and that most manufacturers aim to use the IEC target chromaticities anyhow, because 
this enables them to provide lamps not showing distracting colour differences. 

• Keeping the concept of equal correlated colour temperature, but calculating this as minimal 
a* ,b* colour difference. 

2. 3 Chromatic adaptation 
The CIE introduced in 1994 a new chromatic adaptation transformation formula9 which is used 

in the new colour rendering calculation method. Both from test lamp chromaticity and from 
reference illurninant chromaticity transformation is into D65 based colour space, as the CIELAB 
space has been most thoroughly tested under D65 illumination. The committee is aware of the fact 
that the TCs working towards a colour appearance model are investigating the question of chromatic 
adaptation. If a new and better description becomes available, this module of the test method can be 
changed easily. 

2.4 Colour difference calculation 
Similarly to the calculation of the chromaticity differences between the test and reference 

illurninant, also the colour difference calculation between the illuminated samples is determined in 
the new method using CIELAB space. It was discussed in the committee whether one should apply 
the Li£94 formula or not, but it was felt that the colour differences in colour rendering calculations 
are larger then the colour differences for which the Li£94 formula was designed. 

2.5 Colour rendering indices 
It was decided that the principle of transforming colour differences into colour rendering indices 

should not be changed, i.e. also in the new method the following equation is used: 

R; = 100 - c . LiE*; 

372 



where R; is the special colour rendering index and M*; is the colour difference for sample i 
illuminated once by the test lamp and once by the reference illuminant (after von Kries chromatic 
adaptation transformation). 

The general colour rendering index is calculated as the arithmetic mean of the 10 special colour 
rendering indices: 

1 10 
R96 =- LR96 

a 10 i= l ' 

3. OPEN QUESTIONS OF THE NEW METHOD 
As mentioned there are still two questions debated in the committee (as at the time of writing this 

summary, 97.06.02): 
• Selecting one (or more) reference illuminant(s) from the IEC target chromaticity set or using 

the nearest daylight or black-body chromaticity as the chromaticity of the reference illuminant: 
• Calculating R; from 1'1£,: It was decided that the transition between the old and new method 

should be as smooth as possible. Therefore the committee asked National Committees and 
major lamp manufacturers to supply representative spectra. Based on the 107 spectra received 
the chairman calculated the c value that would keep the average of the Ra values of these 
lamps constant. 
For the method where the six IEC target chromaticities were used the calculation resulted in: 

c(R96.) 3,248; when the nearest daylight/black-body chromaticity was used: 
c(R96(TCC/LAB)a) = 3,032. 

The next figure shows the comparison of the two methods for spectra used in the calculation. 
As seen the major trend is similar, there are only a very few lamps where the two methods 
provide significantly different results. 
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Fig. 2: Comparison of Ra96 values with traditional Ra13 .3 values. 

4. SUMMARY AND CONCLUSIONS 
CIE TC 1-33 concluded its technical task The method of colour rendering calculation has been 

modernised, all outdated colorimetric methods have been eliminated. The calculation method 
• is based now on a better colour space, and this is used also in selecting the reference illuminant; 
• it uses test samples readily available for eventual visual checking; 
• uses the presently recommended chromatic adaptation formula is used. 
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The two still outstanding questions are more of a political nature then of technical character: 

• Selecting the six IEC target chromaticities or a continuous set of daylight/black-body reference 
illurninants (advantage of adhering to target lamp-light chromaticities versus somewhat higher 
colour rendering indices if the lamp chromaticity is further away of the IEC target chromaticity). 
This will influence also the selection of constant c. 

• The selection of those lamp spectra on which the transition from the old system to the new 
system should be base. 

It is sincerely hoped that these questions can be solved in the very near future and the new CIE 
test method for calculating the special and general colour rendering indices will be published soon. 
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The Influence of Measurement Geometry on the Ordinary 
and Fluorescent Color Components of Prismatic 

Retroreflective Materials 

Norbert L. JOHNSON and David M. BURNS 

Abstract -A new two-monochromator goniospectrofluorimeter for colorimetry has been 
used to study the angle related properties of fluorescent prismatic retroreflective materials. 
This instrument uses the two-monochromator method for measurement of fluorescent 
color. The detector monochromator is mounted on a moveable arm such that the light from 
several directions can be analyzed. The light beams on both the illumination and viewing 
side are highly collimated. The results of the study show that the ordinary component of 
color is highly dependent on the exact angular setting of the prismatic reflector cube faces 
while the fluorescent component is less sensitive to changes in geometry. 

Introduction. 
The influence of geometry on the colorimetric measurement of spherical lens 
retroreflective materials has been previously studied1

. In this review, the influencing 
parameters on the color measurement of prismatic and fluorescent retroreflective materials 
are considered. The objective is to reduce the uncertainty in the resulting values. Some 
of the influencing factors are found to be highly geometrical and others are spectral in 
nature. Some measurement recommendations are discussed for reducing uncertainty. 
The nighttime color appearance of retroreflective materials is not considered. 

Colorimetrv. 
Today, the colorimetry of surfaces is a routine quality assurance measurement task for 
which a wide variety of commercial instruments are available. Each measurement involves 
an illumination source, a test specimen, and a detector, all in some geometric configuration 
as shown in figure 1. The geometry is traditionally specified as 45/0 (0/45) or integrating 
sphere with specular reflections included or excluded, but without a precise tolerance on 
the apertures. The spectral characteristics of the source and detector are determined by 
the use of filters or by calculation in the case of spectral instruments. The results are 
usually analyzed and presented a CIE coordinate system. Although these concepts apply 
to the colorimetry of all materials, special attention is needed to insure reproducible results 
on prismatic fluorescent retroreflective materials. 

The two monochromator goniospectrofluorimeter 
A two monochromator goniometric spectrometer is being used to better define the 
parameters for the quality control of prismatic and fluorescent prismatic retroeflective 
materials. The basic configuration of this instrument is shown in figure 2. It consists of a 
monochromator on the illumination side combined with a highly collimated light beam to 
illuminate a test specimen. The geometry of illumination and viewing can be changed by 
an internal sample goniometer. The reflected light is also highly focused onto a second 
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monochromator for spectral analysis. This instrument is ideal for studying the goniometric 
color characteristics of fluorescent prismatic retroreflective materials. 

Light 
Source 

Figure 1. Surface Color Geometry. 

ILLUMINAnON 
OPncs 

11 M ...l.J.J.._., .; :d 
I , :;§£;.. : __ .. ......... \ :. 

Figure 2. Goniospectrofluorimeter. 

There are number of material properties that influence the colorimetric measurement of 
prismatic fluorescent retroreflective materials. Some of these are common to many classes 
of materials, others are not. A discussion of five properties follows: 

1. Diffuse color - In prismatic retroreflective materials, diffusely scattered colored light 
comes from the transparent pigmentation and internal surfaces, as well as from the sealed 
boundary with the backing film; other diffusing surfaces may also be present. These 
surfaces contribute to the ordinary non-fluorescent lightness of fluorescent retroreflective 
materials. In glass beaded retroreflectors the glass beads cause a non-lambertian 
distribution of the diffuse color. 

Sealing 
Film 

&.ltfng fby 
(NHI" Nonnal) 

Figure 3. Prismatic retororeflector cross section. Figure 4. Example of Inter-reflections. 

2. Specular color -The specular component is the fresnel reflection from the front surface 
of the material. This component is similar to the spectrum of the illuminating source (white 
light). Retroreflective materials are generally glossy but the gloss level varies by design. 
The 45/0 or 0/45 geometry has been preferred in order to eliminate specular reflection. 
Integrating spheres with specular excluded have tended to be a problem because of 
difficulties in defining the gloss trap size. 

3. Retroreflected color - Retroreflective materials are designed to return light back in a 
direction opposite to the incident radiation, so there is always a substantial amount of light 
reflected back toward the source in a cone about the incident direction of illumination. The 
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size of this cone is dependent on the material type, but can extend out as far as 10 
degrees. In addition the percentage of light retroreflected varies by material design. This 
retroeflected light is seen in the nighttime application of the materials. It does not 
generally contribute to the daytime appearance except under special circumstances. In 
the daytime colorimetry of retroreflective materials it is intended to be excluded from the 
measurement result. Again, the 45/0 or 0/45 configuration generally excluded the 
retroreflected component while integrating spheres may not. 

4. Inter-reflection color- In prismatic retroreflective materials, an additional type of 
reflection, related to gloss, occurs that can cause these materials to "sparkle". In colored 
materials, unlike gloss which is white light reflection, this inter-reflection is colored. The 
inter-reflection is the result of mirror reflections from the parts of the cube corner that are 
not contributing to retroreflection. An idealized example of this type of inter-reflection is 
shown in figure 4. These inter-reflections can be at angles normally included in 
colorimetry, that is, near to 45 degrees. Goniospectrometer scans of two different 
microprismatic materials are shown in figure 5. In one example, at 46 degrees viewing 
angle, peaks occur at four distinct locations as the specimen is rotated about its normal 
from 0 to 360 degrees. In another example, at 41 degrees viewing angle, six distinct 
reflected peaks occur. 

Rotational Scan at 46 degrees -Sample B. Rotational Scan at 41 degrees -Sample A. 

o. It Jl t :it I r I I ! ! ! ! ! ! ! ! ! I ! ! ! ! l ! I I l ! ! ! l I I • ; • ' I = ' 1 f ! ! ! f-! ! ! 2 J ! ! J ; ! I - ... 
Figure 5. Rotational reflectance at 550 nm for two different prismatic retroreflectors. 

The current recommended method to smooth out these rotational peaks is either to rotate 
the test specimen to multiple positions or to use a colorimeter with circumferential or 
annular illumination or viewing2

• As can be seen from the two examples, these peaks do 
not always occur at the same viewing angles. In addition the size of the peak will be 
dependent on the collimation of the instrument beams. In the examples shown, the 
instrument collimation is quite high, in the order of 2 degrees, and the width of the peak is 
a measure of the collimation of the instrument as well as the uniformity of the test 
specimen. It has been recommended that colorimeters for the daytime color measurement 
of retroreflective materials have well defined apertures. However, it appears the traditional 
tolerances are not sufficient for repeatable results on prismatic materials. 

5. Fluorescent color - The geometric aspects of the fluoresced radiant energy emitted 
from fluorescent retroreflective materials were measured. It has been assumed that the 
fluoresced radiant energy is emitted uniformly in all directions. Our experiments have 
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I . 

confirmed this. A bispectral viewing angle scan through one of the inter-reflection peaks 
shows this to be the case. In figure 6, two scans are shown for a yellow-green fluorescent 
retroreflective material. In this material, fluorescent excitation is centered at 450 
nanometers and emission is centered at 550 nanometers. One scan is a synchronous 
measurement with both illumination and viewing set at 550 nanometers. The synchronous 
scan illustrates the ordinary component as the viewing angle is varied through an inter-
reflection peak. The second scan is with the illumination at 450 nanometers and viewing 
again at 550 nanometers. In the second scan no inter-reflection peak is shown. This 
supports the assumption that the fluoresced radiation is diffused evenly in all directions. 
Thus, the measurement of the fluoresced component is not sensitive to geometry. 

VIewing Angle Scan for Normal Illumination 

Til• 

• a :1 ::1 a •• a •• t :;...ll J t t, t t I :.1 :1 I I I :a I I I -
Figure 6. Fluorescent and non-fluorescent scans. Figure 7. Suggested geometry. 

Conclusions. 
The data shows that prismatic fluorescent retroreflective materials are extremely sensitive 
to measurement geometry. The fluorescent component is however not sensitive to 
geometry. The relative contributions of the fluorescent relative to geometric components 
may be used to help to determine the cause of inter-instrument differences. Because the 
nature of the rotational sensitively of prismatic retroreflective materials various from 
construction to construction, simply using a rotational average is not adequate for precise 
quality assurance purposes. Annular Illumination or viewing is required. In addition the 
common practice of specifying only a maximum angular aperture for the source and 
receptor may not be sufficient. To insure repeatability the precise size and uniformity of 
both the viewing and illumination apertures must be well defined as in figure 7. 
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MV-1 (/:c) Colour-Difference Formula 

Michal VIK 

ABSTRACT: 
This paper aims to give a brief review of problems occurring in the developing of colour - difference 

formula. Most of the problems mentioned are well known, but are often forgotten. 
Work in area colour differences has concentrated on collecting reliable data and developing 

equations that describe the perceived colour - difference results. Newer equations have been 
developed on base of the CIELAB (CIELCH) colour space with application weighting difference 
components such as DL *, DC* and DH*. Weighting functions SL. Sc, SH are computed from 
regression analysis used linear (CIE1994) or hyperbolic model (CMC(/:c)). 
In this paper are first discussed problems of Cui-Hovis .General Form of Color Difference Formula 
Based on Color Discrimination Ellipsoid Parameters•, second is described a new colour - difference 
formula MV-1 . This colour - difference formula has been developed using the different orders of 
regression analysis using mainly textile data sets. MV-1 colour - difference formula is similar in 
structure to the BFD (/:c) formula in most respects. However, it was found on CIELCH colour space 
and linear regression model for weighting of lightness, chroma and hue differences. 

1.1NTRODUCTION: 
Colour-difference evaluation is a complex problem a lot of various solution has been proposed. As in 
other scientific disciplines, the development of improved colour-difference formulas must proceed as 
a joint effort of data gathering, theory and statistical model building. 
In 1995 Cui and Hovis have published an article : .General Form of Color Difference Formula Based 

on Color Discrimination Ellipsoid Parameters• 11 I : 

dE'= l(dL*) ' (dC *) ' 
1' 2 (L *)+ A'(C * , h.,)B 2 (C* , h.,) + 

cos 2 (A9)B 2 (C* , h .,)+sin 2 (A9)A 2 (C*,h.,) 

where: 

+ 
A 2 (C * , h., )B 2 (C * . h.,) 

sin 2 (A9)B'(C * , h .,)+ cos 2 (A9)A 2 (C* , h., ) 

+ •• C*dC *dh )' " 

sin(2/!.0) (B '(C * , h , ,) - A '(C* , h,,)] 

( 1 ) 

A (} = - I 0,5 + 2 ,0 Sh., - 0 ,I 7 h !;, + 5,02 * I 0 _, h :, - 7 ,20 *I 0 _, h :, + 5, 7 6 *I 0 _, ( 2) 
-2 ,70 *1 0 - ' h:, +7 ,35*10 - " h:, - 1,08*10 - " h:, +6 ,55*10 -"h:, 

and I'(L*)'=Po.L +P, ,LL* , A(C* , h.,)=Po,c +P, ,cC * , B(C * , h.,)=Po,« +P,,«C * 

This derivation of the colour-difference formula is not fully acceptable, because has three significant 
errors. First is in ignorance of cylindrical character of LCH space. Hue component of colour-
difference, which is described in equation ( 1 ), is valid only for small lih values. 
Second and third incorrectness are in function L\8. Cui-Hovis 9-th order polynomial regression of 

LRM data ( Luo-Rigg data set I 2 I and Melgosa and all. translated I 3 I ) strongly oscillated between 
this data points and has opposite orientation , as we can see on Fig. 1 and 2 : 
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2. EXPERIMENTS 

The investigations can be divided into : 
2.1. Analysis of LRM data a creation of a new colour-difference formula 
2.2. Testing of new colour-difference formula on textile industrial data set 

2.1. Data analysis 
Strongly oscillation of Cui-Hovis 9-th order polynomial fitting follow from numerical problems of 
calculation linear regression on computer. This problems we can solve by restricting of eigenvalues of 
covariance inverse matrix during parameters estimation. Method of restricting of eigenvalues has 
negative influence on degree of fit. For good agreement between LRM data points and MJ function 
the non-linear regression model must be used, for example as RH function of BFD(I:c) colour -
difference formula. In accordance with this function 9 non-linear models with cosine function were 
tested : 

kCOS' = p 1 + p , .cos(x + p 3 ) + p 4 • cos(2.x + p , ) . .... p, . cos(9.x + p ,. , ) ( 3) 
where k is count of cosine function upon model. Statistical characteristics are summarized in Table 1 : 

Ta I be 1 Statistical characteristics of non-linear fitting of LRM flO values : 
Stat. char. 1COS 2COS 3COS 4COS 5COS 6COS 7COS 
RSS 72797 67296 59239 57299 56581 55930 55680 
AIC 843,33 839,03 828,31 830,06 834,58 839,27 844,94 
MEP 569,37 526,34 463,33 448,15 442,53 437,44 435,49 
Cp 25,154 14,033 1,748 1,827 4,374 7,058 10,554 

RSS - res1dual sum of squares, AIC - Aka1ke mformat1on critenon, 
MEP-mean quadratic error of prediction, Cp- Mallows value I 4, 5/ 

BCOS 9COS 
55596 55406 
851 ,38 856,92 
434,83 433,35 
14,384 19 

From the Table 1 (AIC and Cp mainly) follow, that the best fit of LRM data set give model 3COS, 
which is shown on the figure 1. Model 3COS has the form : 

M3COS = 4,48+8,89cos(h., +66,09) - 10,22cos(2h., +43,18)+11,42cos(3h., - 80,01) (4) 

Sc and Sh weighting functions was computed only from robust regression analysis of textile data set 
of LRM data, assessed by acceptability method. Here are also tested two regression models - linear 
and hyperbolic. Statistical characteristics are summarized in Table 2 : 

Table 2 Statistical characteristics of linear and hyperbolic regression for Sc and Sh values 
Model LR (linear rl!l ression) Model HR (hyperbolic regression) 
Sc Sh Sc Sh 

RSS 40,72089 4,589601 40,09409 4,005899 
AIC -19,2221 -150,199 -20,1529 -158,36 
MEP 0,700676 0,078972 0,68989 0,068929 
Cp 2,9067 10,4512 3 3 
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From the Table 2 follow, that difference between linear and hyberbolical regression is not statistically 
significant, therefore only model with linear regression was selected : 

Sc = 0,9304 + 0,058646 . C* 
Sh = 0,7607 + 0,017561 . C* 

( 5) 
(6) 

S/ weighting function was obtained from discrimination ellipsoids, which was calculated from same 
textile data set as Sc and Sh. Statistical characteristics are summarized in Table 3 : 

T able 3 Statistical characteristics of linear and hyperbolic rearession for Sl val 
Model LR (linear rearessionl Model HR (hyperbolic rearessionl 

RSS 21,98934 21 ,82931 
AIC -3,9531 -4,16491 
MEP 0,78282 0,777129 
Cp 2,19792 3 

Sl= 1,358964 +0,016071 . L* 

Final form of a new colour-difference formula MV-1 is : 

where : 

I:!.EMv - I = (M*)2 +(L\C*)2 +(M/*)2 + L\C*MI* 
IS1 cAc Ah Ad 

S1 = 1/2. S/ from equation ( 7 ) 

Sc 2 . S h 2 

A c 2 = 
co s 2 ( 1!.8 3COS)Sh 2 + s in 2 (1!. 8 3 COS )Sc 2 

Sc 2 . S h 2 

A h 2 = 
s in 2 (1!.83 COS ) S h 2 + co s 2 (1!.83 COS ) Sc 2 

A d 
Sc 2

• S h 2 

s in ( 21!. 8 3 CO S ) ( S h '- Sc' ] 

ues 

I= 2 , c = 1 , 1!.8 3COS is from eq. ( 4 ), Sc, Sh are from equations ( 5) and ( 6 ) 

2.2. Model testing 

( 7) 

( 8) 

For testing of a new colour-difference formula 215 colour centres (7934 pairs) was used. This data 
set were obtained from the analysis of passable production of two textile companies. Colour-
differences was from three colourists assessed against grey scale (average I!.E = 2,8) . Dislocation of 
colour centres are shown on the Fig. 3 and 4 : 

80 F/g3 ___ NI 

100 
80 

. .,._ 
80 

-20 
-40 . ___ ___j ___ .._..! 0 '----'--------' 

-«1 -40 -20 0 20 40 60 0 20 80 80 .. 

381 



3. RESULTS 

Results of testing a new colour-difference formula MV-1 and three other colour-difference formulas 
are given in Table 4 : 

Table 4 Results for four colour-difference formulas on industrial textile data set 
CRITERIA \EQUATION CMC {2:1) BFD {2:1) CIE1994 {2:1 :1) MV-1 

r 0,6706 0,7005 0,6847 0,7079 
'Y 1,2348 1,2224 1,2254 1,2232 

cv 47,8622 44,4683 43,9957 44,8706 
VA-B 0,5117 0,4837 0,4913 0,4884 
Pi 155,4480 145,0266 147,1985 145,2403 
D 0,6063 0,5735 0,6277 0,6039 
r/J 0,5694 0,5909 0,6008 0,6371 

woe 18,5001 17,4263 17,2923 15,9517 

D- discrimination / 6 /, ¢ = <-l-test and n is number of pairs) 

4. CONCLUSION 

Present study shows, that a new colour-difference formula MV-1 represents a improvement over the 
CMC(2:1), CIE1994(2:1:1) and BFD(2:1) formulas on tested industrial textile data set. The results 
confirmed with my previous findings. The extensive testing of this colour-difference formula is now 
started. 
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A Unifying Approach to the Colour Sensitivity and the 
Colour Correctability of a Colour Matching Recipe 

Boris SLUBAN 

In the present paper the recently introduced concepts of colour sens1t1v1ty and colour 
correctability of a colour matching recipe are refined and generalised. Further, the treatment ofboth 
quantities (sensitivity and correctability) is unified either in the concentration space or, equivalently, 
in colour space. The concept of colour balance of a recipe is revised. The results of an experiment, 
in which the predicted numerical values of sensitivities and correctabilities have been compared 
with the experimental values obtained in laboratory textile dyeing, are added for illustration. 

I . INTRODUCTION 
The colour sensitivity1

•
2 of a colour matching recipe has been introduced to enable quantitative 

prediction and comparison of stability related properties of various possible recipes for the colour 
of a given standard. The colour correctability3 of a colour matching recipe has been quantified to 
enable prediction and comparison of ability of making (small) corrections of the colour of various 
possible recipes. In the mentioned papers also the numerical estimates of the colour sensitivity and 
colour correctability have been developed, they can be computed from a special matrix JB involved 
in match prediction calculations. Looking back at the theoretical models of sensitivity and 
correctability of a recipe some links and similarities between both of them can be observed. But 
also some unnecessary and slightly disturbing details in concepts can be noted which suggest to 
refine, generalise and unify the treatment of both quantities. 

2. THEORY 
For the sake of simplicity we consider only the case of colour difference M IAb and the recipe 

consisting ofthe effective concentrations ofthree colorants. Let us consider the 
following non-singular linear transformation: 

JB 

= llv 
Llb * 

(1) 

approximately valid for a small volume around the recipe c = ( c,, c2, c 3 r in concentration space 

and a small volume around the colour position v = (L *,a*, b *Y of the recipe in the colour space. 
First, using the equation 

(M*, Lla*, M*f =JIAbB(Ilc,, ... ,MNr, (2) 
from the article' and the linearity of the operator JB we note that for all real scalars t : 

JB(t Llc) = t (JB llc) = t Llv. (3) 
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Let us introduce the directional sensitivity of the recipe c in the direction of a nonzero vector 
= (in concentration space) by: 

lim = lim 

HO+ lit HO+ lit (4) 

Then the partial sensitivities of the recipe c = (c1 ,c2 ,c3r to particular colorants become only 

special cases of directional sensitivity in directions and 
respectively. We do not present them in detail. 

The overall sensitivity of the recipe c = is defined as the biggest directional 

sensitivity across all possible (nonzero) directions = of a move from the recipe 

position c = in concentration space: 

sup s6c = sup [lim till(t 
t.c;tO t.c..O HO+ lit (5) 

In comparison with the former definition1
'
2 of the overall sensitivity the refined definition (5) does 

not include the disturbing, uncertain and somewhat abstract »technological tolerance« of each 
particular colorant in the recipe. Therefore the value of overall sensitivity becomes a unique number 
no matter how small or big is the technological tolerance. 

In previous definitions of correctabilitl the amount till = I of the requested change of recipe 
colour position has been set arbitrarily. That is also somewhat disturbing and, in addition, it can 
happen that in some directions in colour space the (recipe) colour change till = I is impossible to 
be achieved. Using the appropriate limiting value we can avoid these difficulties. So the following 
refined definitions of correctability are proposed . 

The directional correctability of the recipe c = c2 , c3r in the direction of a nonzero vector 

= (M*, (in colour space) is the number: 

= ( lim (M *, -I 
HO+ lit (6) 

In case the move in the direction is impossible, we set corr6 v = 0. When opposite, note that 
;e 0 implies ;e 0 . Special cases of directional correctability in the (nonzero) directions 

(M*, 0, of , (o, or, (o, 0, (o, or, (o, 0, MI*Y, parallel to the L*, a*, 
b* axes and to the chroma and hue lines, result in the correctabilities to the L *, a* , b*, C*, h 
values, which are denoted by corrL , corr0 , corrb, corrc, corrh respectively. We do not present 
them in detail. 

The overall correctability of a recipe is then defined as the lowest possible directional 
correctability across all possible directions = (M*, of the move from the actual 
colour position in colour space: 

corrlAb = inf corr6 v 
6v;t0 

inf [ lim 
6v;t0 HO+ 

384 

(7) 



It is important to note that for a corresponding pair of (nonzero) vectors = ( 
and = (11L* , 1'1a*, linked by the equation = (the matrix JB being 
nonsingular), the following relation is valid : 

st.c lim = ( lim = corrt.v 
1-+0+ lit 1-+0+ II (8) 

Therefore, the value of the directional sensitivity in the direction in concentration space is equal 
to the value of the directional correctability in the direction = (M*, 1'1a*, = in the 
colour space. Using the Eq. (8) we see that the overall sensitivity of a recipe can be interpreted also 
as the biggest possible directional correctability: 

= .sup corr t.v 
(9) 

and that the overall correctability of a recipe can be interpreted also as the lowest possible 
directional sensitivity: 

corrLab = inf corrt.v (10) 

Contrary to the articles1'2, the colour balance of the recipe e = (cl, cl, ... , eN r would be more 
appropriately defined as the ratio between the shortest and the longest semiaxis of the ellipsoid 
{y E 9\3

: y = J LabBx & x E \R N & llxll = 1} in colour space, that is: 

corr 1 s = ( inf sllc) 1 (sup sllc) = ( inf corrllv) 1 (sup corrllv) 
Lab Lab (11) 

Remark. All the numerical estimates of colour sensitivity and colour correctability developed in 
articles1

'
3 remain valid also in case of the above generalised definitions. 

3. EXPERIMENTS 
The above concepts are illustrated by two extreme cases, demonstrated in two experiments 

involving laboratory dyeing of textile fabric (PAC) with basic dyes. In the first experiment the 
recipe e111 (consisting of 0.4% Yellow 1, 0.4% of Red 1 and 0.4% Blue dyestuff) has been 
perturbed in 13 different directions . Relatively large perturbations ( 1 0 % or more) were chosen 
to get a response clearly distinct from the noise usual in laboratory dyeing. In each of the 13 dyeing 
sessions two parallels of the original nonperturbed recipe e01 , three parallels of perturbed recipe 
e111 + and three parallels of perturbed recipe e111 + were dyed. The reflectance of each 
sample were measured at five positions, the reflectances were averaged and the average converted 
to L *, a*, b * values. In the left diagram in Fig. 1 only the a*, b * positions of the samples are 
presented. For each of 13 dyeing sessions, the mean of colour positions ofthe first two parallels is 
connected by a thin line with the mean of colour positions of the last three parallels. The predicted 
colour change due to recipe change e111 -4 e111 +2M is presented by a dashed line also starting in 
the mean of the colour positions of the first two parallels. It can be seen that the agreement 
between the measured and predicted changes is fairly good in all 12 cases presented as projection 
onto the a*, b* plane. In the 13-th direction, when = = only the L*-change (both 
predicted and measured) was significant, the a*, b*-changes were within the noise range. We see 
that the effects of the relatively large 1 0 - 20 % perturbations of concentrations were well 
predictable. Further, it is obvious that this first recipe e111 is well balanced (the quotient between 
the minimal and the maximal rate - both observed and predicted - was about 0.39) 
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and also well correctable in any direction in a* , b* plane. This last statement is not true for the 
recipe em consisting of0.08% ofRed I, 0.08% ofRed 2, and 0.61 % ofBlack (Red I and Red 2 
being very similar in hue) . The recipe c12J produces nearly the same colour as the recipe c0J. Again 
the original recipe c12J has been perturbed in 13 directions for the same amounts of particular 
dyes as in the first experiment. As the first experiment showed a sufficient level of accuracy, in each 
particular dyeing session of the second experiment only three samples were dyed : according to the 
recipes c12J, and (and no parallels). In the right hand side diagram in Fig. I , 
which refers to the second experiment, the lines of predicted and measured a* , b* changes are 
omitted for clarity. It is clearly seen that the second recipe is correctable in chroma direction but 
not correctable at all in the hue direction (as expected). Therefore, for the second recipe c12J, the 
directional correctability corrh and the overall correctability corrLab are practically zero. Both 
recipes are correctable in L * direction but due to the lack of space this is not presented by a diagram. 

2 

0 
10 11 12 13 14 

-1 -1 + :.:. :., 
+ * -2 -2 

-3 -3 !t, X 0 
- I(! 

-4 -4 

-5 -5 
a• .. 

Fig.l. Left diagram: the measured a* ,b* positions of dyeings according to the recipe c0J and their 
perturbations c11J + tf1!+2 in different directions Right diagram: the same items for the 
recipe c12J, but without connecting lines and positions of parallel dyeings. 

4. CONCLUSION 
The colour sensitivity and the colour correctability are closely related and inter-dependent 

properties of a dyeing recipe. 
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Parametric Colour-Difference Evaluation Using 
Large Difference Pairs 

Shing-Sheng GUAN and M. Ronnier LUO 

Sixty-five textile sample pairs were prepared for investigating the change of colour difference 
caused by the 3 viewing parameters studied: lightness of background, sample separation and 
luminance . The results show that the parametric effect is small. The largest effect is about 40% in 
magnitude between the results obtained from a white and a grey background. 

I. INTRODUCTION 
Most of the colour discrimination data were accumulated under a set of reference viewing 

conditions, in which a pair of samples with a hairline separation was viewed against a mid-grey 
background under a high luminance of daylight source. However, the viewing conditions used in 
practice could deviate from this set of conditions. Hence, there is a need to understand how the 
perceived colour difference of a pair of samples could be affected by the viewing parameters such as 
separations, background colours, luminances, sizes of colour differences. The CIE TC 1-28 on 
Parameters Affecting Colour-difference Evaluation was formed to coordinate researchers for 
investigating this effect (CIE 1993). This study was conducted using colour difference pairs with 
large colour differences ( 13 CIELAB L\E units). The experiment was divided into six phases. Their 
viewing conditions are summarised in Table I. 

Table I: Summary of experimental phases 

Phase GHM WHM BHM GGM GHH GHL 
Separati on Hairline Hairline Hairline Gap Hairline Hairline 
Neutral Background (L *) 56 95 24 56 56 56 
Luminance (cd/m2) 430 670 400 430 1230 12 

Each phase is expressed by 3 characters: the 1st for Grey (G), White (W) or Black (B) background, 
the 2nd for Hairline (H) or Gap (G) separation, and the last for the High (H), Medium (M) or Low 
(L) luminance. The GHM phase was used as the reference phase, which represents the typical 
viewing conditions used in the surface colour industry. Experiments were carried out under a D65 
simulator in a VeriVide Viewing Cabinet. Sixty-five pairs of samples were prepared applying acid 
dyes on wool substrate to correspond to 8 colour centres (see Table 2). 

Each centre included 8 pairs having 5 chromatic-differences, I lightness-difference and 2 mixtures of 
the lightness- and chromatic- differences. Each sample had a physical size of 3 by 3 inch square 
subtended an angle about 10° with a viewing distance of 50 em. Each sample was measured using a 
Macbeth MS2020+ spectrophotometer. The psychophysical experiment was conducted applying the 
grey scale method used by Luo and Rigg ( 1986). Each pair was assessed 20 times by a panel of I 0 
observers. For the GGM phase, a gap was shown for both the sample and standard pairs. 
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Table 2: CIELAB coordinates of the colour centres studied 

Centre L* a* b* C* hD 
Grey 49.4 1.9 0.9 2.1 27 
Red 30.0 41.6 21.8 46.9 28 
Orange 50.1 21.6 31.4 38.1 55 
Yellow 71.2 -0.6 50.4 50.4 91 
Yell ow-Green 59.8 -7.5 27.9 28.8 105 
Green 41.0 -19.3 10.7 22.1 151 
Blue 30.1 0.1 -10.5 10.5 271 
Purple 30.8 13.4 2.3 13.6 10 

2. DATA ANALYSIS 
The first data analysis was carried out to transform the raw data in the unit of Grade (G) to the 

visual difference, t. V, using eq. I for each pair i. 

t. Vi =31.115-26.443G;+9.140G;2-! .543G;3+0.098G;4 (I) 

The coefficients in eq . I were obtained by the optimisation between the CIELAB t.E and Grade 
values for the grey scale used. The geometric mean oft. V values for each pair was calculated and this 
was used to test various colour difference formulae and to reveal the parametric effect. In this study, 
many comparisons were made between sets of data for the different experimental conditions. The 
Performance Factor (PF) developed by Luo and Rigg (1987b) was first used and is given in eq. 2. 

PF = 100 ["(+ V AB + CV/100- r) (2) 

where r represents correlation coefficient; CV and"( measures were proposed by Coates et al ( 1981 ), 
and V AB was derived by Schultze ( 1972). The PF measure combines four statistical measures of fit 
suitably weighted into one value, which eases the comparison. In the present study, it was found that 
in some cases the correlation coefficient (r) did not agree with the other measures. It was thus decided 
to use only three measures. The PF/3 was used and is calculated in eq. 3. 

PF/3 = 100 ("(+ V AB + CV/100)/3 (3) 
For perfect agreement between two sets of data, the PF/3 should equal to zero. The higher PF value 
indicates a worse agreement between data sets. A PF/3 value of 30 indicates a standard deviation of 
30% between two sets of data. 

The observer precision was also analysed between each individual observer's and mean t. V results 
using the PF/3 measure. The typical observer variation was found to be about 27. For the mean of 20 
observations, the standard error is therefore 27/(20)112, about 6. 

3. TESTING COLOUR DIFFERENCE FORMULAE 
The four most advanced colour difference formulae were tested using the current data set: CIELAB 

(CIE 1986), CMC (Clarke et all984), BFD (Luo and Rigg 1987b) and CIE94 (CIE 1995). A generic 
equation is used to represent these formulae in eq. 4. 

t.E={ [t.L*/(KLSL)]2 + [t.C*/(KcSc)J2 + [t.H*/(KHSH)2]+ RT *f (t.C* and t.H)} 112 (4) 

As suggested by the CIE TC 1-28 (CIE 1993), the KL, Kc and KH weights are the coefficients 
optimised from each phase. These weights can be used to indicate the impact of different viewing 
parameters. The RT value was set to zero for all formulae except BFD. For CIELAB , the 
SL=Sc=SH=I. The SL was set to one for CIE94. For CMC, it was found that the SL, Sc and SH 
functions in the original formula were calculated using the CIELAB L *, C* and hue angle of the 
standard sample. This gave very poor performance in fitting the current results with large size of 
colour difference. Hence, these functions were modified to use the geometrical mean of L *, C* and 
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hue angle of the standard and batch. For testing the performance of each formula using the current 6 
phases of results , the Kc and KH values were set to one, only varying KL. This is conventional in 
industrial practice. 

The performance of the 4 formulae studied is given in Table 3. The visual results from all 6 phases 
were adjusted by a fixed scaling factor to have the same scale as each of 4 formula. It can be seen that 
all formulae slightly improved their performance with the optimised KL values in comparison with 
those originals (KL= I), except for CMC. The results indicate that all formulae gave similar 
performance and accurately predicted the current visual results (comparing with the observer variation 
of 27 PF/3 units). The CIELAB performs the best, followed by CIE94 and BFD, and the CMC the 
worst. This implies that there is a difference between the large and small sizes of colour differences, 
i.e. CIELAB performs the worst for small colour difference in Luo and Rigg (1987b), and Berns et 
al ( 1991) studies, but gave the most accurate prediction for the large colour difference data. 

Table 3: Summary (PF/3) of colour difference formulae performance 

Formula CIELAB CMC BFD CIE94 
PF/3 (KL= I) 23 30 27 25 
Optimised KL 0.7 1.0 0.8 1.1 

PF/3 20 30 25 23 

4. PARAMETRIC EFFECT 
Colour discrimination ellipses were fitted corresponding to the results for the 8 colour centres in 

each phase. Their ellipse parameters were calculated in the a*b* plane. The results show that the grey 
ellipse is the smallest and the most elongated. The green ellipse is the largest. There is a tendency that 
the size of ellipse increases when the chroma of centre increases. However, the extent of increment is 
much smaller than that found by Luo and Rigg (1987a) using small colour difference. 

To compare the parametric effect, the square root of ellipse area of each colour centre in a particular 
phase was normalised against that of the GHM phase. These ratios are summarised in Table 4. It can 
be seen that in general the difference in ellipse size is less than 10% in comparison with the reference 
phase (GHM) except for the WHM and GHL phases, i.e. 0.72 and 1.14 respectively. This means 
that the same pair of sample would exhibit about 40% larger colour difference against a white 
background than against a grey background, and a 14% smaller colour difference under a low 
luminance than under a high luminance. Overall, the parametric effect is very small. 

Table 4: The ratios of the square root of ellipse area for each colour centre 

GHM WHM BHM GGM GHH GHL 
Grey 1.00 0.70 0.90 0.86 0.97 1.08 
Red 1.00 0.69 1.00 0.86 0.94 1.22 
Orange 1.00 0.73 0.95 0.91 1.01 1.12 
Yellow 1.00 0.75 0.92 0.87 0.98 1.04 
Yellow-Green 1.00 0.75 0.94 0.94 1.04 1.10 
Green 1.00 0.72 0.94 0.97 0.99 1.24 
Blue 1.00 0.77 0.94 0.89 0.98 1.23 
Purple 1.00 0.69 0.93 0.89 0.95 I. II 
Mean ratio 1.00 0.72 0.94 0.90 0.98 1.14 

Another method was also used to investigate the parametric effect. As shown in Table 3, the CIELAB 
gave the best prediction to the visual results. It was used incorporating with the KL, Kc and KH 
weights (see eq. 4), which were optimised for each individual phase to give the smallest PF/3 
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measure. These weights indicate the degree of parametric effect for each of the lightness, chroma and 
hue difference components. These weights together with PF/3 are given in Table 5. 

It can be seen that the results from the WHM and GHL phases again differed the most from the other 
phases , i.e. the Kc values of 0.84 (WHM) and 1.38 (GHL). For all phases , the Kc weight is the 
largest, followed by KH and KL the smallest. The ratios of KciKL and Kc/KH can be used to further 
modify the CIELAB for improving its predictive performance for large colour difference data. 

Table 5: The optimised KL. Kc and KH values of CIELAB formula and PF/3 for each phase 

Phase GHM WHM BHM GGM GHH GHL Mean 
KL 0.81 0.70 0.80 0.83 0.82 0.80 0.79 
Kc 1.18 0.84 1.09 1.06 1.14 1.38 1.12 
KH 1.05 0.77 1.01 0.93 1.05 1.16 0.99 
Kc/KL 1.46 1.20 1.36 1.28 1.39 1.73 1.40 
Kc/KH 1.12 1.09 1.08 1.14 1.09 1.19 1.12 
PF/3 15 17 16 17 16 18 17 

5. CONCLUSIONS 
In comparing the performance of the 4 colour difference formulae studied, the results show that the 

CIELAB performed the best, followed by CIE94 and BFD, and the CMC the worst. This implies that 
there is a difference in characteristic of the large and small sizes of colour differences. It was found 
that in general the viewing parameters investigated did not greatly affect the perceived colour 
difference. The largest discrepancy against the reference phase (GHM) was found using the white 
background condition. The same pair of samples shows a 40% larger colour difference against a 
white background than that against a grey background. 
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Problem of Red Hue Axis in Colour-Difference 
Evaluation of Near Grey Colours 

Klaus WITT 

Linearity and additivity of colour-difference scales near threshold were studied with sets of physical 
colour samples produced along main axes of colour-difference ellipsoids of (x10, y10, Y10) space at five 
CIE colour centres. In CIE grey an abnormal situation with the red axis was observed. For the 
chromatic colour centres the main ellipse axis at constant lightness could be identified to be rather 
close to the appearance attribute saturation and the minor axis to more or less stand for the appearance 
attribute hue. For the grey colour centre, therefore, an equivalent identification of the main axes of the 
(x 10 y10) chromatic difference ellipse with yellow - blue and red - green appearance attributes was 
expected. Indeed, this approximately was true for the yellow, blue and green directions, however, not 
for the red direction which in the chromaticity diagram significantly is tilted in the direction of the 
yellow axis. A vector model of colour-difference scales with a bluish red axis perpendicular to the 
straight yellow - blue direction better predicts scales of colour difference than a model including the 
tilted red axis. This reflects the situation known from colour atlas studies: if one approximates blue 
from yellow by constant hue discrimination steps via red one finds more number of steps in the bluish 
sector than in the yellowish sector. A colour-difference model for near grey colours, henceforth, 
should not include the red direction as a main axis. 

1. fNTRODUCTION 
When applying a colour-difference formula, say CIELAB, one siltently assumes that magnitude 

varies in proportion with visual magnitude, so that a colour-difference formula developed from one 
range of magnitude may be applied for another range of magnitude without any special adaptations. 

The question is, how valid such an assumption is and which type of faults could occur. New 
guidelines for future coordinated research on colour-difference evaluation [I] include magnitude 
scaling of colour-difference as a topic to clarity whether there could be a serious problem with 
magnitude extension. A research project was started to get some information for the range of small 
colour differences from one up to ten threshold steps [2]. The method used for that pilot study proved 
promising and was applied for extension over all five CIE colour centres [3]. Here, a problem will be 
discussed how to find a good coordinate system to describe colour differences of near grey colours. 
Special attention will be given to possible physiological directions as basis for the choice of 
coordinates. 

2. METHOD 
From a previous study of threshold ellipsoids in (x10, y10, Y10) space for painted samples an ellipsoid 

for the CIE grey colour centre was selected [ 4]. The main axes of that ellipsoid were taken to be 
closely related to a yellow- blue oriented long axis in the (x10, y10) chromaticity plane, a red- green 
oriented short axis in the same plane, and a lightness axis oriented perpendicular to that plane. Along 
these axes colorimetric aimpoints were set by extending the threshold length along each axis up to 
fivefold in + and - direction from the central colour with tristimulus coordinates (for standard 
illuminant 065, 1964 supplementary standard colorimetric observer, 45/0 measuring geometry) : 

X 10 = 0,3142, y10 = 0,3310, Y10 = 31 , 17. 
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The chromaticity coordinates signal an only 0,14 CIELAB units distance from the achromatic point 
The aimpoints were produced by recipe formulation of a two-component acrylic lacquer. The 
accepted produced points are shown in Fig. I that demonstrate a sufficient accuracy. 
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Fig. 2 Means and standard deviations for a 
homogeneous subgroup with regression lines and 
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From the total of 31 samples 85 pairs were formed with the principles of chosing double and 
diagonal jumps as described elsewhere [2]. 14 observers made four times repeated magnitude 
estimates under nearly exact reference conditions for the viewing exercise [I] as before [2] using grey 
scale assessment with a self-produced grey scale of acceptable linearity [5]. 

3. RESULTS 
Means and standard deviations of visual magnitude were calculated after having standardised the 

personal scales of observers to a common mean for the pairs formed with the central colours along the 
different axes. An optimization routine calculated linear or quadratic regressions between visual and 
colorimetric magnitude. The overall result was inhomogeneous as told from F-statistic, however, 
analysis of subgroups in many cases improved heterogeneity. Fig. 2 presents an example for a 
homogeneous subgroup along the long axis of the chromaticity ellipse. We see some subadditive 
effect for the larger scales. 
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Fig. 3 Means and standard deviations for an 
inhomogeneous subgroup of diagonal jumps 
with test of vector prediction 

Fig. 3 presents the complete analysis of diagonal 
jumps between adjacent axes in the chromaticity 
plane called hue/hue (HJH) jumps. Here we are 
faced with some inhomogeneity. Additionally we 
see some vector predictions tending to escape the 
scatter of standard deviations especially in the larger 
scales. These diagonal jumps between adjacent axes 
are worth studying their connection with physio-
logical relevant axes. 

First, we have to consider two different possi-
bilities of physiological directions : cardinal 
axes as deduced from dichromatic confusion 
points or axes of opponent hue appearance. Both do 
not coincide completely [6], [7]. From the work of 
Krauskopf et al. [6] cardinal axes are drawn in 
Fig. 4, and from a work of Richter [8] directions of 
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opponent hue for standard illuminant D65 and 193 I standard colorimetric observer are taken. Very 
clearly cardinal S direction does not coincide with yellow - blue opponent axis, and cardinal L-M 
direction is far off the primary green hue direction, however, close to the primary red hue direction. 
These axes cannot directly be compared to our experiments as they were developed for the 1964 
supplementary standard colorimetric observer that serves for some rotation of appearance attributes 
in the chromaticity diagram 
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Fig. 5 Relation of visual/colorimetric colour 
differences of diagonal jumps for two cases of 
red direction : tilted or vertical. 

With this in mind a I 0 times enlarged threshold ellipse from our experiment is only drawn for a 
tentative information. However, in the previous paper [4] from which the ellipsoid was taken the long 
ellipse axis in the chromaticity diagram was identified with a yellow - blue hue direction by hue 
discrimination judgments. The exact orientation of that line is uncertain within some I 0° clockwise 
rotation that provides an approach of the yellow - blue direction in Fig. 4 more closely. From the 
central colour the green hue direction rises upwards by nearly 90° to the yellow - blue direction . 
Therefore, this direction can be nicely identified with one part of the short ellipse axis. The opposite 
part of that axis does not fit with the red hue direction, as this is tilted by approximately zzo in the 
direction of yellow. The production of samples was along this short ellipse axis and, hence, hue 
perception of these samples in relation to the central colour should provide a bluish red tinge. And 
indeed, all observers asked for description of their hue percept indicated the predicted effect. 

One may speculate that the ellipse main axes in the chromaticity diagram are not identical with the 
main axes of colour-difference perception. A better choice could be the apparent primary hue 
directions. In this case a new model must be constructed in which the red hue direction is turned 
upwards to gain perpendicular orientation in relation to the yellow - blue axis. In this model the 
position of samples in the red area is rotated by an equivalent amount that is approach the blue 
direction. If the model were successful the distances of the "red" samples against the blue or yellow 
samples of the diagonal jumps should now be identical. Fig. 5 informs that this is not the case: the 
model with red hue tilted provides for rather similar distances for Y /B and RIB jumps whereas in the 
model with red hue oriented vertical a great disparity appears. This veritys the model independent of 
red hue direction and falsitys the model including red hue direction. When looking for physiological 
basic coordinates of colour-difference evaluation of near greys the appearance directions of yellow, 
blue and green primary hues may be a good choice, however, the red primary hue direction should 
not be included. 

4 . A COLOUR-DIFFERENCE FORMULA FOR NEAR GREYS 
From the consideration above the threshold ellipsoid discussed here could be used to fill a gap for 

improving colour-difference evaluation of near greys. To bring it in context with CIELAB the 
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equivalent threshold ellipsoid in (a ,b, L) space [4] is taken . The formula for achromatic colours 
within a chroma magnitude of say 5 CIELAB units deduced from here is: 

Fig. 6 and Fig. 7 demonstrate how the visual data of this experiment are improved. CIELAB shows 
more divergence of selected directions than the (a, b, L) ellipsoid formula . "Red" stands here for the 
bluish red axis perpendicular to the yellow- blue axis. 
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Standardized Terminology and Procedures for Specifying 
and Verifying the Performance of Spectrocolorimeters 

Danny C. RICH 

Recent advances in optics, electronics and documentary standards have resulted in commercial 
spectrocolorimeters with exceedingly good perfonnance, but there has been little or no effort to 
standardize the terminology and procedures to document that perfonnance. As a result, the 
commercial literature is a mass of confusing tenns, numbers and specifications that are impossible 
to compare. This paper proposes standardized tenns for the most common instrument features 
(repeatability, reproducibility, inter-instrument agreement, intra-instrument agreement, accuracy) 
and describes a set of measurements and artifacts which both the producers and users of 
spectrocolorimeters can use to verify or certify the specification and performance of 
spectrocolorimeters. Adoption of these standards will allow better communications between 
instrument manufacturers and instrument users and between suppliers of colored materials and 
purchasers of colored materials. 

I. INTRODUCTION 
In his paper to the AIC Interim Meeting in Berlin, J. Ladson1 raised the issue that in today's 

commerce instrument makers and instrument users must deal with a large array of benchtop and 
portable color-measuring instruments, many with different geometric and spectral characteristics. 
ISO 9000 requires periodic verification of the performance of instruments that are critical to the 
quality of the final product. Optical and electro-optical technology has progressed greatly over the 
last decade. As a result the new generation of instruments are both more affordable and higher in 
performance. New documentary standards have been published2 encouraging the use of 
colorimeters and spectrocolorimeters in applications previously dominated by visual expertise or 
by filter densitometers. How can one determine if an instrument is suitable to the application and 
then verify that the instrument or instruments are working within the required operating 
parameters. 

2. INSTRUMENT PERFORMANCE PARAMETERS 
There are four performance criteria in which colorimeters may be specified and verified. These 

four are repeatability, reproducibility, inter-instrument agreement and accuracy. Setting 
specifications for a spectrocolorimeter is deceptively simple. Since the primary application is the 
measurement of color differences, it is most tempting to set all specifications in terms of color 
difference units. The vast array of different color difference formulas in use today. are totally 
unrelated and unrelatable. The recommendation of CIELAB and CIELUV by the CIE in 
publication3 15.2, Colorimetry, has helped to reduce the confusion about units while at the same 
time over-burdening instrument manufacturers by allowing equal specifications and tolerances for 
all hues when CIELAB is still visually non-uniform by as much as a factor of two in regions where 
the most difficult to measure colors are encountered. 

Further, the color difference unit (dE* ab) is based on several nonlinear transformations of the 
original measurement data. This results in a distribution of data that conforms to no known 
statistical distributions. The best fit to this type of curve is some where between a chi-squared and 
an F distribution. To apply any kind of significance or hypothesis tests to colorimetric data, one 
must be closer to the original measurement values than the dE* ab unit. 

3. REPEATABILITY 
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Repeatability is the single most important specification in a color measuring instrument. Object 
colorimetry is a relative or differential measurement, not an absolute measurement. There is 
always a standard and a trial specimen. The standard may be a real physical specimen or it may be 
a set of target values but the trial is assumed to be similar to the standard in appearance and 
spectral nature. Thus, colorimetry is literally a test of how well the instrument repeats its readings 
of the same or nearly the same specimen over a period of minutes, hours, days, and weeks. 

The IS04 defines repeatability as a measure of the random error of a reading and assumes that 
the sample standard deviation is an estimate of repeatability. Repeatability is further defined as 
the standard deviation of a set measurements taken over a specified period of time by a single 
operator, on a single instrument with a single specimen. The time period can be qualitatively 
short, medium or long. In colorimetry those time periods are usually 20 to 30 readings (short}, 4 
to 8 hours (medium) and 4 to 8 weeks (long). Color differences between an initial reading and all 
subsequent readings are occasionally quoted as repeatability. This is related to the range, which 
for small numbers of readings, can be related to the standard deviation. For medium and long time 
periods the range grows faster than the standard deviation. The standard deviation is the most 
appropriate estimate of repeatability as it estimates the dispersion or expected range of values 
around the mean or expected reading. For absolute measurements, the Central Limit Theorem 
predicts that the readings will approximate a Normal statistical distribution. For color differences, 
the distribution will be asymmetric and positively skewed. A better estimate of the dispersion can 
be obtained from the difference between the modal value and the mean value. 

The following are recommended estimates of repeatability. Short Term: .. (2a) < 0.05% for 
20 to 30 readings of a white tile without moving the tile, at least 30 seconds between readings. 
Simulation will provide a distribution of color differences for readings with an average .. of 
0.05% and the standard deviation of a. A series of 100 reflectance curves based on the average 
reflectance factor of the white tile and a random reflectance can be analyzed for 
mode, median and mean values. Medium Term: < 0.05% for an 8 hour drift of a white 
tile without moving the tile, at least 60 seconds between readings. Again the color difference 
distribution can be estimated as above. 

4. REPRODUCffiiLITY 
The ISO defines reproducibility as a type of repeatability in which either the time frame is very 

long or in which the operator changes, the instrument changes (which it always does over long 
times), or the measurement conditions (temperature, humidity, etc.) change. ISO again 
recommends estimating this with a standard deviation. Long Term Repeatability 
(Reproducibility): or M.*(2a), < O.Ox% for readings taken 
once per day for at least 30 days using a white, black, 10 BCRA tiles. The standard deviation. a, 
will be estimated from the standard deviations pooled across all wavelengths and all tiles. Again, 
modal color difference can be estimated by simulation of the spectral curve differences. 

5. INTER-INSTRUMENT AGREEMENT 
The ASTM5 defines reproducibility as the measure of agreement between two similar 

instruments. This is often referred to as inter-instrument agreement. Unfortunately, this 
terminology is both confused and confusing. There are two types of reproducibility for a change 
in instrument: the agreement between two instruments of similar design (within a family of 
instruments) and the agreement between two instruments of different, but equivalent design 
(between families of instruments). The difference between these two parameters can be as large 
as an order of magnitude. This paper follows the lead of Ladson and recommends the use of the 
term intra-instrument agreement for the first type of reproducibility and inter-instrument 
agreement for the second. To estimate this reproducibility we recommend calculating the mean 

between the readings of a set of 10 BCRA tiles plus white and black tiles. The 
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measurement conditions (temperature, humidity, etc.) should be specified or corrected to standard 
conditions via the NPL equations6

. The mean value is the best estimator of expected value. If an 
estimate of the dispersion is required, then it is recommended that the difference between the 
mode and the mean be used to estimate that dispersion. 

6. ACCURACY 
The ISO defines accuracy as the conformance of a series of readings to the accepted or true 

values. There are two scales in a spectrocolorimeter which can be assigned nominal values and 
tested against standard values. They are the photometric scale and the wavelength scale. 

The wavelength scale includes the sampling position (centroid wavelength) and the sampling 
window width (bandwidth). These are normally tested against physical standards of wavelength 
such as discharge lamp or laser lines. In very abridged instruments it may not be possible to test 
directly against a physical standard and so either a material standard is used, such as holmium 
oxide or didymium oxide glasses or a scanning monochromator is characterized against physical 
sources and the output intensity is equalized and scanned across the input to the abridged 
spectrometer. This paper recommends that for sampling frequencies of less than 16 points across 
the visible region (400 nm - 700 nm) the wavelength accuracy and bandwidth be tested and 
reported at each sampling point. For sampling frequencies of 16 or more points it is recommended 
to report the wavelength scale conformance and bandwidth at three wavelengths (450 nrn ± O.x 
nm, 550 nrn ± O.x nrn, 650 nrn ± O.x nm) with bandwidths of (bw ± O.x nm). 

Photometric scale accuracy is more difficult to pin down since it involves three aspects: the 
zero level, white level and the linearity between the two. White level can be tested by direct 
comparison to primary standards of reflectance or transmittance and the result reported as ± the 
expanded uncertainty, as described in the ISO Guide to The Expression of Uncertainty in 
Measurement 1. 

The results of the measurements of the white level can be reported as, I 000/o ± U%. Using 
white ceramic tiles with luminous reflectance factors (Y) of 85 or greater, the 1000/o level 
expanded uncertainty should be ± 0.4% or the uncertainty of the primary standard which ever is 
larger. NPL currently cites uncertainties of± 0.55% and NIST cites uncertainties of± 0.35% on 
white primary standards of reflectance. 

The black level needs only to be tested to show that the optical zero is less than some value, 
since it is impossible to define the optical zero except in terms of the noise floor of the 
photometer. The results of measurements of a near black materials (black glass of known 
refractive index or a suitably designed black trap) should show results that are less than some 
upper limit. Zero!> 0.1%. Finally linearity must be specified in a testable way. We 
recommend using five neutral BCRA tiles, the three grays (Pale, Mid, Deep) and the White and 
Black. The tiles will have standard values assigned to them. If the photometer is perfectly linear 
then at any wavelength plots of the measured values versus the standard values should lie on a line 
passing through the origin with a slope of 1.0. If lines are cast between each of pair of readings 
and the slopes of each compared then differential nonlinearities will be predicted. The regions can 
be plotted or tabulated and the measured values of the experimental slopes compared to the 
accepted values for the slopes (always 1.0), thus reporting the percent difference between the two. 
The report would include the maximum absolute difference ± uncertainty in the slope due to 
uncertainty in the accepted values and the measured values. 

7. CONCLUSIONS 
Rentahilitv is the most important parameter for spectrocolorimetry. The measured value is 

reflectance factor so the standard deviation should be in terms of reflectance factor. By applying 
± 2 a to the average reflectance factor one can estimate the expected color difference by 
simulation. Calculation of standard deviation from AE• ab is not recommended since the values are 
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not described by Normal statistical parameters. Repeatability is defined as short term (10 to 30 
reads without moving the specimen), medium tenn (4 to 8 hours of reads without moving the 
specimen). 

Reproducibility or long term repeatability (30+ days of reads, removing and replacing the 
specimen between reads).is defined by ISO as repeatability when either the instrument, the 
operator or the measurement conditions have changed. 

Inter-Instrument Agreement is a measure of the similarity of measurements taken on two 
instruments of different geometry. The proposed estimate of the Inter-Instrument Agreement is the 
average &E•.t.. average over 10 or 12 BCRA tiles. An estimate of the dispersion can be obtained 
by examining the difference between the modal value and the mean of the color difference. 

Intra-Instrument Aireemcnt is proposed as the measure of the similarity of measurements taken 
on two instruments of the same type or family. It is defined again by the average color difference 
across 10 or 12 BCRA tiles. 

Accuracy is the least important parameter in a spectrocolorimeter. It is defined as the 
confonnancc of an instrument scale value and the accepted or true value for that scale. 
Wavelength scale accuracy is the easiest to estimate. It should be based on primary standard of 
wavelength such as discharge lamps or stabilized laser lines. Confonnance is reported as the 
average difference between the instrument value and the accepted value plus/minus the expanded 
combined uncertainty of the readings. Bandwidth is slightly more difficult to characterize but 
should still be traced to primary standard of wavelength. Bandwidth is also reported as the 
average value plus/minus the expanded uncertainty. Photometric scale accuracy can be divided 
into three part: white end calibration, black end calibration and linearity. The white end 
calibration can be tested by measuring a similar white reference material. It is generally reported 
as the expanded combined uncertainty. The black end calibration can be estimated by measuring a 
black reference material or a characterized black trap. This is reported as a one sided 
confonnance of less than or equal to a value above zero. The linearity can be tested by using the 
five BCRA neutral tiles (white, pale gray, mid gray, deep gray, black). The linearity is estimated 
from the slopes incrementally obtained from the zero point (zero to black, black to deep gray, deep 
gray to mid gray, mid gray to pale gray, pale gray to white). The slopes of the line segment 
comparing the test instrument reading to the nominal tile values should all equal 1.0. Deviations 
from the value 1.0 larger than the combined measurement uncertainty is an estimate of the 
nonlinearity. The slope deviations should be averaged and the average and standard deviation of 
the slope should be reported. 
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Testing Fastness Formulae for Assessing Colour Change 
Using New Experimental Data 

Tetsuya SATO, Naoki TAKADA, Seiji TOKINO, Mitsuo UEDA, 
Taeko NAKAMURA and Ronnier LUO 

Ninety-four pairs of samples were prepared surrounding twenty colour centres. Each pair was 
assessed by a panel of 18 observers against a grey scale for assessing colour change. The constant 
grade contours were established and were compared with those calculated from five colour fastness 
formulae. 

1. Introduction 
Colour fastness is an important property for measuring the colour quality of commercial products. 

The traditional method for assessing degree of colour fastness uses a grey scale. Colourists visually 
judge the colour change between the treated and untreated fabric against the contrasts of a grey scale, 
which includes a set of neutral pairs of increasing contrast which are colorimetrically standardised by 
the International Organisation for Standardisation (ISO). In textile industry, there are two standard 
grey scales: ISO 105-A02 and 105-AOJ for assessing change in colour and staining respectively. 
Obviously, this situation can be overcome by applying reliable instrumental methods, similar to the 
instrumental methods for colour difference assessments. 

The Technical Committee (TC) 38 of ISO is responsible for all matters concerning textiles and 
within TC38, Sub-Committee 1 (SCI) was formed to standardise all colour fastness testing methods. 
Its aims include the establishment of instrumental methods for assessing change in colour. Some 
instrumental methods based upon the CIE colorimetry have been derived such as CMC [1], Swiss 
formula [2,3] and Nc# [4,5]. It was recently agreed to adopt the Swiss proposal as the international 
standard. This formula is denoted ISO hereafter. 

In this study, a new experiment was carried out for assessing colour fastness of colour change 
against the standard grey scale. The results were presented using constant grade contours in the form 
of ellipses in CIELAB space. These contours were used to compare with those calculated from the 
five formulae : CMC, ISO, Nc#, Fe and CIELAB. The Fe formula was derived by Sato et al [6]. 

2. Experiment 
Cotton sample pairs were 

prepared surrounding twenty colour 
centres . The samples were selected 
from the SCOTDIC PLUS 2020 
cotton system, manufactured by 
Kensaikan. In these centres, 4, 13 
and 3 of them had L * values of 70, 
50 and 30 respectively. Each centre 
included 6 pairs of samples as 
shown in Fig. 1. They were arranged 
along the L *, C* and h directions of 

L"+ ,-----, 
) colour centre I 

h- c·-
,; 

0C"+ h+ 

@] 
L"-

Fig.1 The pairs of samples arranged for each colour centre. 
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the centre. The total number of sample pairs is 94. 
Each pair was assessed by a panel of 18 students 

(20 to 30 years old) and was viewed against a grey 
scale for assessing change in colour. Each pair was 
covered by a dark grey mask under a D65 simulator 
supplied by Toshiba in a viewing cabinet. Each 
sample had a physical size of 4 by 1. 5 cm1 They were 
asked to scale the change in colour with the precision 
to half a grade. For example, the results were 
reported such as grade 2/3, 3, 3/4, 4 etc. The 
experimental procedure and viewing conditions used 
were confirmed to the ISO 105-A02 standard. These 
samples were measured using a Minolta CM-2000 
spectrophotometer. The colorimetric values of 
samples were calculated under illuminant D65 and 2· 
observer conditions. 

3. Obtaining Constant Grade Contours 

.0 
('(! • w 
<I 

12 

9 

6 

3 

4 3 
Grade 

2 

Fig.2 The colorimetric characteristics 
of the grey scale used in this 
experiment. 

Constant grade contours on the a*b* (with constant L *) planes were used to represent the 
experimental results. The method for obtaining a contour is given below. 

For a chromatic difference pair, i.e. l:.L *=0, the CIELAB colour difference is calculated using 
eq .l. 

(I) 
In the pairs of samples exhibiting mainly chromatic difference used in the experiment, the l:.L * 

values are close to zero, but not exact zero. Hence, a constant, k, is introduced given in eq.2 and is 
calculated using eq.3 . 

f:.E*ab = [k(a*T-a*R)2+k(b*T-b*R)2]
112 (2) 

k = (f:.E*ab)2/[(a*T-a*R)2+(b*T-b*R)2] (3) 
when l:.E*ab = 2.95, 

a*c = a*R+k(a*T-a*R)(2 .95/l:.Eo) (4) 
b*c = b*R+k(b*T-b*R)(2.95/ f:. Eo) (5) 

where l:. Eo is the grey scale's l:. E * ab value corresponding to a particular grade from 
experimental results (see Fig.2). The l:.E*ab of2.95 corresponds to a colour fastness grade of3 .25, 
which represents the average size of the colour differences studied. 

20 (b) L'=30 

40 
.-·'1. (c) L '=70 

-2: --- ------(r· --·-ct·----
+-. 

··-r 
.... , 20 

40 -20 20 40 60 
a• 

: :t" l ·r -40 
o 

-20 
-20 0 20 40 -40 -20 0 20 40 

a• a• 

Fig. 3 Experimental contours on CIELAB a*b* 
diagram. (a)L*=SO, (b)L*=30, (c)L*=?O 
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Fig. 4 Constant grade contours from various colour fastness formulae 
on CIELAB a*b* diagram with L *=50. 

The a*c and b*c values in eqs.4 and 5 representing equal visual grade of 3.25 . For each colour 
centre, a contour in the form of an ellipse was drawn by hand to go through the four points in a*b* 
diagram. These contours are called 'experimental' contours hereafter in differentiating with those 
calculated from different formulae . The experimental contours are plotted in Fig.3. 

Constant grade contours were also calculated from five colour fastness formulae : CMC, ISO, Nc#, 
Fe and CIELAB. Thirty centres were selected from the a*b* diagram for a range of selected lightness. 
For each contour, 360 points surrounding the colour centre covering 360" with a constant grade of 
3.25 from a particular formula were calculated. The contour was formed by joining the points 
together. It was found that the patterns of contours from the other lightness planes were similar to 
that from L *=50. Hence, it was chosen to represent the contours calculated from the five colour 
fastness formulae (see Fig.4). 

4. Discussion 
The difference between a particular formula and experimental results, or between any two 

formulae can be identified by the patterns of sizes, shapes and orientations of contours (ellipses). 
Fig.3a shows a clear pattern that the experimental contours increase in size when chroma increases 
and almost all contours are pointed towards the achromatic point. It also seems that the hue tolerance 
is higher in yellow area than the other areas, i.e. the contours are narrower than the others. 

In Fig.4, there are large differences between the five formulae investigated [7]. The CIELAB 
contours are circles with constant radius. This pattern clearly disagrees with that found in the 
experiment. For Nc# and Fe formulae, the sizes of the contours in green and yellow areas are larger 
than those in blue and purple areas. However, this trend is not shown in Fig. 3. The contours of the 
ISO and CMC formulae show a close resemblance to the experimental contours. The obvious 
difference between these two formulae is for the contours in the saturated blue area not to point 
towards the neutral point. Only one experimental contour in blue region (Fig.3b) shows pointing 
towards the achromatic point. More results are needed to verify this. 
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5. Conclusion 
The constant grade contours for five fastness formulae were also calculated. The areas of colour 

where the formulae differ most from each other have been identified. The differences between the 
formulae used in some areas were very large, up to a factor of five in terms of li.E, or two full grades 
of fastness. These areas are saturated blue, purple, green and yellow-green. 

The contours for each formula were compared with those obtained from the present experiment. 
The results show that the CMC and ISO formulae agree better with the visual results than the other 
formulae. The Fe formula derived by one of the authors will be modified to fit this data set in the 
following areas: 

to follow the general trend in chroma direction, i.e. a larger size of contour in higher chroma 
areas than those in low chroma. 
to derive a new function of hue, which should be arranged to give a tighter tolerance in yellow 
and blue areas than the others. 

For future study, the constant grade contours for five formulae and experimental data will be 
established and compared. Additionally, new experiments will be carried out to produce a number of 
sample pairs in areas with the largest discrepancies found in the present study of contours, such as 
saturated blue, purple, yellow and yellow-green. 

References 
I) British proposal, ISO/TC38/SCI, Nl25, Denmark (1981). 
2) ISO 105-A05.2 Textiles- Tests for colour fastness- , Part A05: Instrumental assessment of 

changes in colour for determination of grey scale rating. 
3) H. Ulshafer, Colorimetric evaluation of change in colour, J Soc. Dyers Col., 102, 307 (1986). 
4) Japanese proposal, ISO/TC38/SC1, N726, USA (1989). 
5) K.Teraji, Shikizai shikisai kohgaku, Shikisen-sha, p.l76 (1983). 
6) T.Sato, T.Nakamura, K.Teraji, T.Fukuda, Study on the international evaluation method to 

assess the change in color on the CIELAB color system, J Jpn. Res. Assn. Text. End-Uses, 34, 
307 (1993). 

7) T.Sato, N.Takada, M.Ueda, T.Nakamura, M.R.Luo, Comparison of instrumental methods for 
assessing colour fastness. Part 1- Change in colour, J Soc. Dyers Col., 113, 17 ( 1997). 

Authors' Addresses 
Tetsuya SAT01>, Naoki TAKADA1>, Seiji TOKINOI), Mitsuo UEDA1>, Taeko NAKAMURA2> and 
Ronnier LU03> 

1) Faculty of Engineering and Design, Kyoto Institute of Technology, Matsugasaki, Sakyo-ku, Kyoto 
606, Japan 

2) Department of Life Science, Nara Saho Jogakuin College, Rokuyaon-cho, Nara 660, Japan 
3) Design Research Centre, University of Derby, Britannia Mill, Machworth Road, Derby DE22 3BL, 

UK 

402 



Colour of Teeth 

Roberto D. LOZANO 

Abstract 
Theeth are made by nature and have a particular structure in which 

translucency and reflectance varies through their surface. Their colour depends on 
many factors: the illumination (spectral composition and spatial distribution) and 
the contrast against which they are observed. 

An apparatus to measure these appearance characteristics need to be 
capable of evaluating the general impression and, at the same time, the particular 
details of several parts of each tooth. When a dentist needs to repair or replace a 
tooth, he needs to match the replacing piece with the rest of teeth. 

Having in mind that he is trying to replace a human osseous part with 
porcelain or an acrylic piece which not only have to do the mechanical work, but 
to look "natural", meaning that it should not be detected by casual observers, this 
is a very hard task. 

The present work sumarizes research done in this area. 

I. Introduction 
The problem of maching colour in replaced or repaired teeth in human 

beings has been studied as far as 1931 <n A more recent review of the problem 
was made by Preston <2> , who describes well the problem, including aspects not 
always taken into consideration such as the natural fluorescence of teeth. 

A tooth is rather a small piece which have less than 1 0 mm in its widest 
part, at the cutting end, and a smaller width near the gum. The frontal wall is 
slighted curved, and its surface is polished in some degree. 

The present study intends to show the difficulties faced when trying to 
measure colour and the precautions that should be taken to achieve a reasonable 
accuracy and precision. 

2.Tecboical approach to tbe problem 
From the visual comparison to colour samples or dental colour guides, to 

very elaborated instruments, several attempts has been made to measure colour of 
teeth <J-7>. Colorimeters, spectrophotometers, telespectrophotometers to colour 
video cameras, were used. Nevertheless, none of them were fully successful. The 
fact of being too expensive, or too complicated, or not enough accurate, made 
them unpractical for daily use in the dentist office. 

Our idea was to develop a measuring probe which, no bigger than a simple 
pencil, will carry the illuminating and the receiving optical fibers. It was a problem 
of miniaturization, but this too, has problems as will be detailed later. The 
spectrophotometer is one whose light input is made by a optical fiber focoused on 
the entrance slit. 

The first problem to solve was to develop a suitable device to set the 
standards to calibrate the instrument. That was achieved through a probe holder 
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with a fixed position for both black and white standards, as you may see in the first 
slide. It was very critical to fix the position between the probe and the measuring 
surface because very small differences give place to high differences in the data 
obtained. 

The second problem to solve was to design a cap which, allowing a proper 
measuring, were at the same time replaceable for each patient, being cheap enough 
that could be thrown away or, if wished, could be replaced or sterilized and used 
again. 

The third problem was to find out which position of the probe against the 
tooth surface will give reliable results. We have detected that very slighly 
differences in the probe position give raise to hugh differences in the data 
obtained. 

3.Instrument and Results 
We are using an spectrophotometer developed for us. It is part of a board 

which can be plugged into the motherboard of a PC. A fiber optic probe provides 
illumination, measuring at 0°. We are now designing a new probe. 

This board is connected through a 2.5m fiber optic to a metal probe which 
positioned in front of the patient' s tooth , and, not allowing any movement of the 
patient, could allow reliable measurements to be taken in less than a second. 

Previously, for each patient, it is advisable to calibrate the instrument, as 
a normal routine, but measurements taken along an hour showed variances of less 
than 2 part in a thousand (or 0.2%) for the spectral reflectance factor, which is 
good enough for colorimetry. 

For standardization purposes, we have used a black matt surface made of 
high density polyethylen, and a white matt surface made of poly-tetra-fluoro-
ethylen, commercially known as Teflon®. 

The size of the illuminating beam on the surface to be measured, 
determined by the cap set at the front of the probe, made of black high density 
polyethylen, should be touching the surface under measurement, to determine the 
tooth's measuring point and the distance to the probe. With this device, two goals 
were achieved. First, to focus the light of the measuring point at a reasonable 
distance to be measured, and second, to avoid direct contact of the measuring 
probe with the patient, such as the actual dentist practice recommends. 

Each measurement is really the mean value of a 1 00 sucessive 
measurements that were made using a 512 elements array, through a multiplexor 
of 1100 scanning points, calibrated against Cd and He spectral lines. A fitting 
second order curve allowed to determine the wavelenght corresponding to each 
point of the multiplexor. A second order Lagrange interpolation was used to 
evaluate the data for the selected wavelenghts used in the colorimetric 
calculations. The reflectance factor measured was the product of the quotient of 
the data obtained for the sample (L) less the dark (1-s) data divided by the 
difference of the white (Lw) less the black data by the calibration value of the 
white (Rw) for that wavelenght. 

The light was provided by a low power tungsten-halogen incandescent 
lamp which provided detectable radiation from 340 nm onwards on the instrument 
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output. One of the reasons why a recalibration was often necessary was to be free 
from the source drift, but this can be overcome using a more stable constant 
current power supply. The fact that the irradiation could include close UV, were 
encourageing, because we could measure colour with the excited fluorescence. 

We have found that by fixing the probe position the precision were ofless 
than 0.5 6E in 1964 CIELAB units, but readings were highly dependent of tilt of 
the measuring probe, therefore the need of a steady suport become evident. This 
is a part of an actual development. 

4.Conclusions 
Dentists and prosthodentists are not familiar with colorimetry, and, at least, 

in our country, they ussually are not familiar with the use of physical concepts as 
accuracy and precision which give meaning to any measurement. Usually, any 
clinical laboratory report does not states which is the error of the results of the 
analysis they inform. Values are taken as they are, without questioning its 
limitations, therefore, they are not acquainted with the need of calibration 
procedures and the validity of the analysis results. This drive us to the need to 
provide a measurement method in which the procedure errors are kept to a 
minimum and to teach each user in the correct way to take the measurements. 

One of the problems to solve is to avoid the specular component in the 
measurements of colour of teeth. This is due to the fact that we are trying to 
reproduce colour separately from gloss. To measure gloss, another probe can be 
developed . Perhaps, in the future both, colour and gloss, can be measured with 
only one probe, but this has still to be made. 

We can also measure opacity and translucency using black and white 
background of the tooth by mean of a soft plastic material with known reflectance 
factors, and the known Kubelka-Munk equations, but this will raise a little more 
complicated procedure. We now need to know what the dentist and 
prosthodentist needs to fill their expectations. 
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Chromatic lnterferograms Evaluation by 
Computer Differential Colorimetry 

Martin HARTL, Ivan KRUPKA, Radek POLISCUK and Miroslav LISKA 

A newly developed technique based on a combination of computer differential colorimetry, 
image synthesis and colour Fizeau interferometry for an evaluation and visualisation of the thin film 
thickness distribution is presented. It is especially intended for the visualisation of quasistatic and 
dynamic phenomena, such as local fluctuations of the film thickness caused by various physical or 
physical-chemical effects, taking place in thin film lubrication. 

I. INTRODUCTION 
The research worker today can draw on number of well-established optical techniques for 

determining the film thickness of thin transparent film. One of the oldest and simplest techniques is 
based on the interference colours comparison between an unknown film and a step gauge consisting 
of films of varying thickness but having a refractive index close to that of the unknown film. 
The colour that appears at any point in a thin film depends on the light intensity at those 
wavelengths that undergo constructive interference. Light at other wavelengths is not visible 
because of destructive interference. A variation in film thickness leads to a variation 
in the wavelength intensities that are either strengthened or weakened, and that is why the colours 
that appear depend on film thickness. 

Even if accuracy of this technique is limited and the technique itself has been overcome by 
many advanced techniques it still plays non-interchangeable role in observing moving thin fluid 
lubricant films [1]. That is why our current work has been concentrated on the increasing of 
an accuracy and resolution of chromatic interferometry and eliminating of human subjectivity from 
the colour comparison process. 

Presented technique is based on the idea of replacing human eye by a simple differential 
colorimeter realised by a computer program executing colour-difference measurements between 
"standard" and "sample". As a standard, a digital colour chart is used. It contains colour coordinates 
of all interference colours produced by the film in dependence on its thickness and is obtained by 
the observing of an interference system with known geometry. Such a system can be represented 
e.g. by Newton interferometer - any arrangement of two surfaces in contact illuminated by a source 
of light producing Newton fringes. The sample is each digitized interferogram recording 
an interference colour distribution in measured layer. Physical aspects of colours are taking into 
account so that only information about the phase of the interference colour and its position is 
important. From this point of view it is not crucial how these colours are interpreted by human 
brain. The whole technique substance can be summarised into three following steps: 
I) Both the standard and the sample are obtained with the use of the same light source - an uniform 
stabilised white light source with colour temperature conversion filters for proper chromatic 
adaptation of the detector. Both of them are recorded in succession and the standard is retained in 
computer memory in the form of the table. 
2) Both the standard and the sample are obtained with the same detector - RGB CCD camera or 
colour film in a photographic camera or high speed camera. The video signal processing is relatively 
easy and can be done in real time that is particularly suitable for the study of transient and 
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quasistatic phenomena. However, the spatial resolution ofRGB CCD camera is usually much lower 
than that of the colour reversal film, where it is up to I 00 lines per millimeter. When the colour film 
is used, images must be recorded on the same film-strip that is digitized by Kodak Photo CD 
System. The results presented in this paper were obtained with the use of 35 mm reversal colour 
film Kodak Ektachrome 160 Professional digitized into Kodak Photo CD Master file format. 
3) Colour differences between L * a* b* triple in each sample pixel and all L * a* b* triples of 
the standard are evaluated with the help of CIELAB colour difference equation, and two colours 
with corresponding film thicknesses with the least colour differences are chosen from the standard. 
The final film thickness is determined by their interpolation. 

2. EXPERIMENTS AND RESULTS 
There is a number of colour models available [2] but only CIELAB and CIELUV uniform 

colour spaces are recommended for comparing colour differences by CIE. Both of them are 
opponent-type colour spaces and they are non-linear transformations of the 1931 CIE XYZ system. 
Colour information is referred to the reference white and non-linear relation for L * is intended to 
mimic the logarithmic response of the eye. 

Fig. 1: Chromatic interferogram of lubrication film converted into gray scale form. 

For the evaluation of colour-differences between the standard and the sample the CIE 1976 
L *a*b* colour-difference equation is used [3] M:

6 

= M-.-?-+ -( !1-a .-) 2-+ (-t1b-. )-2 , 

where (I) 

which represents the Euclidan distance in CIELAB colour space between coordinates of i1h colour of 
the standard and the colour ofG,k)th pixel of the sample. For each pixel of the sample (Fig.1 and 
Fig. 2) two adjacent colours, whose value of colour-difference is the least, with corresponding film 
thicknesses are found in the standard (Fig. 3). The resulting film thickness (Fig. 4) is determined by 
the interpolation and corresponds to the point in CIELAB colour space which lies on the connecting 
line of two earlier obtained points and whose distance from the colour of the pixel of the sample is 
minimal. 
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Fig. 2: R, G, B colour coordinates in the cross section of the interferogram. 

Fig. 3: Interference colours in CIE CIE 1976 L *a*b* colour space 
(figures are optical thickness in nanometers). 

Above described process is realised by the software developed in 32-bit professional developers 
system Borland Delphi 2.0 for the Microsoft Windows 95 operating system and a true-colour 
display adapter. Six bookmark windows are associated with procedures accessible from a menu bar 
containing five drop-down sub-menus that are used to control an image data handling and 
enhancement, colour chart creating, film thickness evaluation and image synthesis. 

The colour chart creating procedure enables to create calibration curves of the film thickness 
and corresponding colours from Newton rings produced by the interference system illuminated 
consequently by the monochromatic and white light source. The monochromatic interferogram is 
processed through fitting curves to the intensity data with a view to interpolating between fringe 
centers, finding fringes maxima and minima, finding the centre of curvature of the fringes, 
transforming from polar to Cartesian coordinate system and determining the film thickness values 
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by the third degree spline function from maxima and minima fringe locations. Colours of the 
chromatic interferogram are adjoined to the values of thicknesses obtained by above mentioned 
procedure. 

Fig. 4: Film thickness shape visualisation. 

3. CONCLUSION 
We have demonstrated that it is feasible to produce a new technique by combining a differential 

colorimetry and an interference microscopy to calculate and visualise thin film thickness 
distribution. The main advantages of this technique are its relatively simplicity and accuracy. It is 
especially suitable for visualisation of quasistatic and dynamic phenomena taking place in thin film 
lubrication. Nevertheless, there are some limitations connected with proposed technique. First, the 
spatial resolution of processed images is limited by the optical resolution of the optical instrument 
used that is about 900 nm. Another limitation is imposed by the information content of the images 
and time needed for the image processing. 
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Colour Rendering Properties of High 
Intensity Discharge Lamps 

Hidetoshi HIYAMA and Koichi IKEDA 

The method for the specification of colour rendering properties of light sources using the uniform colour 
space U*V*W* space has been recommended by the CIE. Recently, a new method for the assessment of 
colour rendering using the CIE chromatic adaptation formulae and the uniform colour space L *a*b * is 
also proposed to CIE Technical Committee 1-33 . The U*V*W* space and the L *a*b* space, however, 
contain spatial distortions in their formulae. For the reason of these spatial inhomogenities, these colour 
space are not able to indicate metric quantities of colours in accordance with perceived attributes. 

A new uniform colour space NC-illC, which can represent perceived hue, lightness and chroma 
independently, has been developed considering opponent response mechanisms of the visual system. 
In this study, in order to investigate perceived colour shifts under various light sources, visual evaluation 

experiment for 24 colour samples are executed under the illuminations of HID (High Intensity Discharge) 
lamps, a Xenon lamp and an incandescent lamp. In addition, colorimetric quantities of test colour 
samples under various light sources are calculated in the U*V*W* space, the L *a*b *space and the new 
colour space NC-illC. 

Colour shifts evaluated in these colour spaces are compared with perceived colour shifts. 
As a result of this study, it is found that the NC-illC space is superior to the U*V*W* space and the 

L *a *b * space to evaluate appropriately colour rendering indices oflight sources. 

1. INTRODUCTION 
For the specification of colour rendering properties of light sources, the CIE recommended the 

uniform colour space U*V*W* in 1974 to calculate colorimetric quantities of test colours under test 
and reference illurninants. This colour space, however, has been used only for the calculation of the 
colour rendering indices and not for other colorimetric purposes. This space is inadequate to specify 
coordinates of colours because of spatial distortions in the regions ofred and green colours. Recently, 
a new method for the assessment of colour rendering using CIE chromatic adaptation formulae and 
the uniform colour space L*a*b* is also proposed to CIE Technical Committee 1-33. In L*a*b* 
space, however, chroma is estimated larger in the yellow region, and conversely smaller in the blue 
region. For the reason of these spatial distortions in the U*V*W* space and the L *a*b* space, three 
components of colour shift, i.e., differences of hue, lightness and chroma, cannot be represented 
orthogonally and independently. 

A new uniform colour space NC-IIIC has been developed in our laboratory. Spatial distortions in 
the NC-IIIC space has been compensated by introducing nonlinear opponent functions. 
Furthermore Y-B and R-G opponent responses cross at right angles each other in this colour space. 
The new colour space NC-IIIC is able to indicate colours in accordance with colour perception under 
the standard illuminant D65, the standard illuminant A and various fluorescent lamps. 

High intensity discharge (HID) lamps have been used in the fields such as a stadium and an open 
space, etc., traditionally. HID lamps, however, come into general use within a room quite recently. 
Accordingly, it becomes important to specify colour rendering properties of HID lamps. 
In this study, in order to investigate perceived colour shifts under test lamps, visual evaluation 

experiments are executed under the illuminations of HID lamps, a Xenon lamp and an incandescent 
lamp. In addition, colorimetric quantities of test colour samples (TCS) prescribed in ns and 
MacBeth Colour Checker (MCC) samples under various light sources are calculated in the U*V*W* 
space, the L *a*b * space and the new colour space NC-IIIC. Metric colour shifts predicted in these 
colour spaces are compared with the perceived colour shifts. Colour rendering indices for 24 colour 
samples, i.e., test colour samples prescribed in Publication CIE No.13 .2 and MacBeth Colour 
Checker are calculated through three ways, i.e., the traditional step recommended by the CIE, a new 
means proposed by CIE TC 1-33 and a method using the NC-IIIC space. 
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2. NEW COLOUR SPACE NC-illC 
A new uniform colour space NC-IIIC is specified by 

equations (1) to (7). Spatial distortions in the NC-IIIC 
space has been compensated by introducing nonlinear 
opponent functions indicated as (6) and (7), and Y-B and 
R-G opponent responses cross at right angles each other in 
this colour space. According to the stage theory, 
physiological and psychological meanings of the nonlinear 
opponent colour response mechanisms in NC-IIIC space 
are shown schematically in Fig. 1. 
The NC-IIIC space is able to indicate colours in 

accordance with colour perception under the standard 
illuminant D6s, the standard illurninant A and various 
fluorescent lamps. Colour shifts represented in these 
colour spaces are shown in Fig. 3. The NC-IIIC space is 
able to indicate three components of colour shift 
orthogonally, i.e., differences of hue, lightness and chroma 
can be shown independently as you can see in Fig.3. 

Input Stimulus 

Non-linear Receptor 
Output 

Non-linear 
Responses of 
Opponent 
Process 

Colour Response 

B .• ·· 

/ ;-: .. ······ 
::.<".· 

-1.\"---+---J .·•·· 

Fig.1 

h,. . sin (0 - 0,) 

Opponent colour response 
mechanism in NC-IIIC space 

3. SUBJECTIVE EVALUATION OF 
PERCEIVED COLOUR APPEARANCE 

3-1 Test colours for visual experiment 

NC-IIIC space 
I 
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X, Y, Z : tristimulus values of test colour 
Xn, Y n,Zn : tristimulus values oflight 

source 

Representation V*,b*,b 1 

of colour shifts 

u•,a•,a' <t> 

Fig.2 Metric colour shifts in 
U*V*W* L*a*b* and 
NC-mc 'colour spaces 

Test colour samples are 24 colours which are 
composed of 15 test colour samples recommended 
by the CIE and 9 colours selected from MacBeth 
Colour Checker proposed in CIE TC 1-33 . 

Table 1. Test lamps used in experiment 
Lamp Tcp [K] 

Illuminant D65(Xenon lamp) 6504 
3-2 Test lamps for visual experiment 
In this experiment, 6 lamps are used as test 

illurninants as shown in Table 1 . Tcp (correlated 
colour temperature) of these test lamps are also 
shown in Table 1. 

3-3 Experimental set up and viewing condition 
A board of neutral gray with value of 6, on which 
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Illuminant A(lncandescent lamp) 2856 
MT400DL(Metal halide lamp) 6500 

MT150FSW(Metal halide lamp) 4500 
HF400X(fluorescent high pressure 4100 

mercury vapor lamp) 
NH360DL(High pressure 2150 

sodium vapor lamp) 



5 straight lines showing main hues, i.e., red, yellow, green, 
blue and purple, are drawn from the origin in a 
equiangular radial pattern and concentric circles are 
described to indicate constant chroma loci, is prepared for 
the visual evaluation experiment. 

This board serves both as a background of the test 
colours and a chart symbolizing the perceptual colour 
space as shown in Fig. 3. 

y 

R 

A booth for visual experiment is constructed as shown in 
Fig.4 . Colour chips on the background are illuminated 
uniformly by a Xenon lamp simulating illuminant D65, 
incandescent lamps with correlated colour temperature of 
2856K representing illuminant A or HID lamps equipped 
on the ceiling of the booth. Average illuminance on the 
board is about 1000 [lx]. Each observer watches colour 
chips placed on the board and evaluates perceived hue, 
lightness and chroma. Three under graduate students aged 
21 to 23 with normal colour vision are adopted as 
observers for visual experiment. 

Fig. 3 Board ofbackground chart 

3 -4 Visual estimation of colour appearance 
Each observer is asked to estimate subjectively the 

perceived attributes, i.e., Hue, Chroma and Lightness, of 
test colour samples placed on the uniform neutral gray 
background with value of 6 viewing thorough binocular 
vision as shown in Fig. 4 . 

Hue is evaluated with correspondence to red, yellow, 
green, blue and purple taking perceptual distances from 
these hues into consideration. 

Chroma is estimated by way of perceptual magnitude of 
chromaticness taken from neutral gray as origin. 
Lightness is appraised as relative brightness compared 

with black and white. The lightness of black is assumed 
to be 0 and that of perfect white to be 10. 

Observers express their estimated appearances by 
putting the test colour chips at corresponding positions 
on the chart representing appropriate hue and chroma. 

According to this procedure, the observers equate their 
perceived quantities with geometrical distances on the 
chart ofthe psychological configuration colour space. 

4. RESULTS 

Lamp 

Fig. 4 Booth for visual experiment. 

The perceived hues, chromas and lightnesses evaluated by the observers are compared with the 
metric hues, chromas and lightnesses in the three spaces, i.e., U*V*W*, L *a*b* and NC-IIIC spaces 
as shown in Fig. 5. Moreover, differences between perceived data and metric data in colour spaces 
are calculated by following equations(eq.(8) to (10)) . These results are shown in Table 2. 

N 

'LHaN -a.,j +(bp.i -b.,j} 
M= i=l p N 

N 

L2(CP.iC.,)112 sin(M; / 2) 
Mfp i= l 

N 
N 

L(Cp.i -C.,j ) 
!!.CP i=l 

N 

.. ·(8) 

. ··(9) 

.. ·(10) 

41 3 

where 

cp.i = + (b p,i )2 

c .,_; = + (b p,i )2 

!!,(}; = tan -1 (b p.i l ap .; )= tan -1 (b.,,; I a.,,;) 
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Table 2 Differences between perceived attributes and metric quantities 
Lamp U*V*W* L*a*b* NC-IIIC 

DCn DHn DEn DCn DHn DEn DCn DHn DEn 
D 6s 7.29 11.61 14.57 7.65 2.77 8.47 3.10 2.65 4.55 
A 13 .28 17.21 23.23 6.62 4.47 8.77 3.20 5.14 6.65 

MT400DL 6.71 10.32 12.84 7.89 3.98 9.52 3.11 2.84 4.54 
NH360DL 13 .89 17.62 24.16 7.01 3.66 8.57 3.95 3.64 5.76 

. . 

•• 

.V 
/ 

0 10 0 10 
•' •' 

Fig .5 Comparison between perceived attributes and metric quantities in the three colour spaces 

5. CONCLUSION 
The distances between perceived attributes and metric quantities in the U*V*W* space are generally 

large throughout the colour space, especially under illuminants of low colour temperature. 
In the L *a*b* space, the differences are fairly large particularly in yellow region. 
These deviations, however, are exceedingly small in the NC-IIIC space as shown in Fig.S. 
The degree of these differences in the NC-IIIC space is a half of that in the L *a*b * space, and is a 

third of that in the U*V*W* space as shown in Table 2. 
As results of this study, it is found that metric quantities of test colours under the illuminations of 

HID lamps in the traditional colour spaces cannot represent appropriately perceived attributes oftest 
colours. However, metric quantities of test colours under HID lamps in the new uniform colour 
space NC-IIIC are properly correspond with perceived attributes of test colours; i.e., the NC-IIIC 
space is superior to traditional colour spaces for specifying perceived colour appearances. 

Therefore, the NC-IIIC space shall be better than the U*V*W* space and the L *a*b * space for the 
evaluation of colour rendering properties of light sources. 

AUTHORS ' ADDRESS . Mr. Hidetoshi HNAMA and Dr. Koichi IKEDA 
Department of Electrical Engineering, Faculty of Science and Technology, TOKYO RIKA DAIGAKU, 
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Requirements Governing Light Sources 
Used for Color Evaluation 

Taiji SATO and lkuo SATO 

There are three requirements and three cautions to be employed in selecting light sources for 
correct evaluation of color. 
Requirement [I]: The average color rendering evaluation number of the light source shall have a 
minimum 96, preferably close to I 00 as possible. Requirement [2]: The color temperature of the 
light source shall be as close as possible to a color temperature of 5000-6000K of sunlight. 
Requirement [3]: Intensity of illumination shall be well provided. Caution [I]: The 
characteristics and capabilities pertaining to the three requirements shall not deteriorate as a result 
of aging. Caution [2]: The spectral distribution of light shall present a continuous spectrum and 
such spectrum shall not contain any line spectrum which represent energy in excess of 1.5 times 
its perimeter. Caution [3]: All of the three requirements shall be fully supported respectively and 
none of them should be neglected. 

1. INTRODUCTION 
People need some illumination light to see the shape or color of an object. The light can be 

provided by a wide variety of sources, including natural sunlight, fluorescent lamp, incandescent 
lamp, metal halide lamp, etc. which are suitable enough for people to see things, however, as 
anybody knows, color can be seen differently depending on the light Therefore, when 
color is discussed by the color experts, the light source is one of the most important factors which 
must not be disregarded. 

Generally, the color of an object is most accurately seen by the natural sunlight that reaches the 
earth two hours before or after noon (I 0 a.m. to 2 p.m.) on a clear day. Every effort has been 
exercised to develop light sources to make them as close as possible to this natural light. 

In recent years, the colors used for color printing, paints, inks, photographs, plastic materials, or 
design are becoming more complicated increasingly with different types of colors such as pearl, 
metallic and flip-flop flavors employed. As such, needs are increasing for alternative light sources 
to the sunlight. 

This papers summarizes requirements in selecting alternative light sources to the sunlight as a 
result of investigations of over 2000 installations, in addition to the experiences and comments 
offered by color experts such as professional designers, photographers, paint ink color engineers, 
color inspectors, painters, art collectors and graphic artists. 

2. PROCESS OF COLOR RECOGNITION 
The general process of recognizing the color of an object is that the light that hits the object is 

reflected (transmitted) to the eye, which stimulates the RGB of the brain to recognize the color, 
depending on the wavelength and intensity of the reflected (transmitted) light. 

The object itself does not emit colors. Colors are generated by the process : lights of certain 
wavelengths from many other incidental light sources that hit the object are reflected only in 
accordance with the spectral reflectance (transmission) characteristics of the object, and the 
remaining wavelengths of lights are absorbed by the object. 
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On the other hand, if the object reflects light of 
all wavelengths with the same intensity, people 
will sense the color of the object as "white," and 
if the object absorbs all wavelengths without 
reflection (penetration), then people will sense 
the color as "black." 

Therefore, the light required to sense the color 
accurately must include wavelengths of all colors 
and the spectral energy must be evenly Fig. 1 Process of color recognition 
distributed throughout the visible range. 

The sunlight that has an evenly distributed spectral distribution is an ideal light source to see 
colors accurately. 

3. SPECTRAL DISTRIBUTION OF DIFFERENT TYPES OF LIGHT SOURCE 
The spectral distribution characteristics of the natural and artificial light sources that we use in 

our daily lives are generally explained as follows : 

(I) Natural sunlight 
The sunlight that reaches the earth has a color 

temperature that changes from 2400 to 6000K 
during the day from sunrise to sunset. The 
sunlight from 10:00 a.m. to 2:00p.m. on a clear 
day is the most suitable for color evaluation. The 
light has a temperature from 5000 to 6000K with 
a color rendering evaluation number of I 00. 
However, because the direct light has a high 
luminance, a location which is suitable for 
evaluation should be selected. 

(2) Northern blue sky 

Visible rar ltfrared ray 
- Day light as air u ss 1.0 
· ---Day litht as air aass 1. 5 
- --sky light 

Fig. 2 Spectral distribution of natural light 

The blue color of the northern sky (southern sky in the southern hemisphere) occurs when the 
sunlight is scattered and absorbed by moisture and dust in the atmosphere. The shorter the 
wavelength, the larger the scattering and absorption, making the blue color more intense and the 
red color relatively low. This causes the color temperature to exceed 6500K, and often as high as 
20000K. However, it is used as a standard light as it is relatively stable when mixed with the 
sunlight. 

(3) Incandescent lamp 
The incandescent lamp (including halogen lamp) 

emits light by heat radiation from a heated 
filament, having a continuous spectral distribution 
up and rightwards with a lower blue color and 
higher red color. For the average color rendering 
evaluation number, it is as high as I 00 since it is 
close to the black body radiation but the color 
temperature can be as low as from 2650K to 
3200K. This makes the white color more 
yellowish and blue color darkish. Conversely, the 
red color is more enhanced than it actually is. 
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( 4) Fluorescent lamp 
The fluorescent lamp fluoresces when the 

phosphor coated on the inner wall of a glass 
tube is radiated with ultraviolet rays. Since it 
emits light by several fluorescent substances 
corresponding to RGB, there are line 
spectrums. There are several types of 
fluorescent lamp available as the color 
temperature changes in a range from 3500K to 
6500K in accordance with the formulated 
balance of fluorescent substances. The 
spectrum changes largely in its distribution, 
and with a number of line spectrums, it needs 
careful attention when separating colors. 

(5) Metal halide lamp 
The metal halide lamp that has several 

metallic vapors such as thallium, sodium, etc. 
in a light emission bulb, emits in accordance 
with the wavelengths characteristics of metallic 
vapors. The mercury lamp has mercury vapor 
in the bulb and emits by the same principle. As 
with the fluorescent lamp, the spectrum has 
also changes largely in its distribution, and 
with a number of line spectrums, it also needs 
careful attention when separating colors. 

(6) Artificial solar illumination lamp 
The artificial solar illumination lamp uses a 

light source from the xenon lamp adjusted by 
spectral correction filters for spectral energy of 
each wavelength to make it closer to the 
spectral distribution of the sunlight in the 
daytime. The average color rendering 

Ultraviolet 
ray Vis i b I e ray Infrared ray 

Fig. 4 Spectral distribution of high-color 
rendering fluorescent lamp (example) 
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Spectral distribution of high-color 
rendering metal halide lamp (examJile) 
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lllt-.lnatlon Jup 
····Sun li1ht 

000 

Infrared ray 

Spectral distribution of artificial solar 
illumination lamp 

evaluation number is over Ra96, having a color temperature of 5500K, and tl-ie intensity of 
illumination can be increased up to I 00000 lux. Ultraviolet or infrared rays can be selected by 
properly using spectral correction filters. As it uses direct current, it has a continuous spectrum 
without flashing and aged deterioration to the full life of the lamp. It has the advantages that the 
color temperature does not change even if the intensity of light is changed. 

4. REQUIREMENTS OF LIGHT SOURCES FOR COLOR EVALUATION 
There are three requirements and three cautions to be employed in selecting light sources for 
correct color evaluation. 
Requirement [IJ: The average color rendering evaluation number of the light source shall 

have a minimum 96, preferably as close to 100 as possible. 
A continuous spectral light close to the characteristics of the black body radiation is required to 

render all colors accurately. The natural sunlight, artificial solar illumination lamp, the light from 
blue sky and incandescent lamp are light sources with best fit this requirement. 

Requirement J2J: The color temperature of the light source shall be as close as possible to 
a color temperature of 5000-6000K of sunlight. 

Requirement J3J: Intensity of illumination shall be well provided. 
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The intensity of light required for color evaluation is subject to the reflection (transmission) 
factor (brightness) of an object. The deeper colors need higher luminance, and brighter colors can 
be lower in luminance. Solid colors need 2000 to 6000 lux, and metallic colors need 6000 to 
20000 lux . As reference information, the luminance at a north window on a clear day is about 
2000 to I 0000 lux. 

Caution Ill: The characteristics and capabilities pertaining to the three requirements shall 
not deteriorate as a result of aging. 

The characteristics of the light source preferably remains unchanged until the end of its life. 
However, it should be noted that the fluorescent lamp or metal halide lamp deteriorate by aging 
faster than the other light sources. 

Caution [21: The spectral distribution of light shall present a continuous spectrum and 
such spectrum shall not contain any line spectrums which represent energy in excess of 1.5 
times its perimeter. 

If there is an intense line spectrums in the spectral distribution, it causes large errors in color 
separation. It would be better to avoid the line spectrums. 

Caution 131: All of the three requirements shall be fully supported respectively, and none 
of them should be neglected. 

5. SUITABILITY OF EACH LIGHT SOURCE 
Suitability of each light source in terms of color evaluation is summarized in the following table. 

However the suitability of each of the light sources should be subject to how the accuracy of the 
color evaluation is defined . The table summarizes what are required in the color expert fields for 
evaluation of colors, including paint or ink matching, color design, paint creation, authentication 
or appreciation of arts or color products, with some references to actual experiences in this field . 

Table Suitability of each of the light sources in relation to the three requirements and three cautions 
in selecting the best light source for color evaluation 

ROC!Jir-.t 1 RoqJ i rement 2 Roq.Ji rement 3 CaJtioo 1 CaJtioo 2 CaJtioo 3 Tot a I 
Color Color Briltltnoss POint 

Liltlt SO.JrCO rerderirg tewqJerature 

Sunlight 
(daylight on a clear day) @ @ @ @ @ @ @ 
(Jilrmng and evening light) 0 X © X © X X 
North sky 
(blue skY. light fr001 north window) © 6 © 0 © 6 0 
Light fran cloudy or rainy day 0 6 6 6 © 6 X 
Incandescent lamp 
(i ncluding halogen lamps) © X © © © X X 
fluorescent lamp 
(noniBI) X 0 6 6 X X X 
fluorescent lamp 
(high-color rendition) © 0 6 6 X 6 X 
lletal halide lamps 
(high-color rendition) 6 0 © 6 X 6 X 
llercury lamps 
(high-color rendition) 6 0 © 6 X 6 X 
065 fluorescent lamp 
(high-color rendition) © 0 6 6 X 6 X 
Artificial solar © © @ © © © © i llllllination lamp 

Remrks : @: !lost suitable 0: Suitable 6: SUitable on cond1t1on x : Not SUitab le 

lkuo SATO, Taiji SATO 
Engineering Department, SERIC LTD., 1-3-903 Akashi-Cho, Chuo-Ku, Tokyo I 04, Japan 
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Optimal Filters Design for Measuring Colors Using 
Unsupervised Neural Network 

Wenjun WANG, Markku HAUTA-KASARI and Satoru TOYOOKA 

In order to measure spectra of colors in an image by a few of filters which have continuous spectral 
transmittance , an unsupervised neural network is proposed to design non-negative filter functions . 
The learning algorithm of this neural network is in star algorithm with competition transfer function . 
Munse ll co lor database is chosen as learning data. Spectra of unknown color were reconstructed by 
using designed filter functions. Resultant spectral distributions almost coincide with that obtained by a 
subspace designed by K-L expansion . The average reconstructing error of original colors by using the 
filter functions is 0.07% and the biggest error is 2.6%. This method was also applied to designing filter 
functions for estimating optical path difference(OPD) in white light interferometry. Th e OPD values 
were successfully estimated. 

1. Introduction 
Color image analysis is very important in many fields , such as pattern recognition. 

Usually three-dimensional color space like CIE XYZ or Lab systems are used to 
distinguish different colors. Three-dimensional methods are corresponding to human 
visual system and they can not represent spectral distribution , i. e. sometimes 
different spectral distributions will result in the same values. The phenomenon is 
known as metamerism. On the other hand, in some application the spectral 
distribution is just what we want to analyze. In this case, multi-spectral methods to 
use a set of narrow band filters are required. If spectral data are sampled in visual 
wavelength range from 400nm to 700nm with an interval of lOnm, we need 31 filters . 
Isn't it possible to use fewer filters to find spectral distribution of colors? Subspace 
method [l]has been successfully used to represent spectral distribution with a few of 
basis vectors. But because of the orthogonality of the basis vectors, they contain 
negative values and can not be implemented as real filters . We propose a neural 
network method to find the optimal filter functions having only non-negative 
elements. At first we try to make optimal filter functions based on the Munsell color 
data base[2] , because Munsell color base contains almost every color in nature and 
have very general meaning in the color science. Next we apply the method to measure 
interference color and to estimate the optical path difference(OPD) in white light 
interferometry. 

2. Design of Neural Network 
The idea of designing of filters comes from the subspace method. The filters 
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designed by the neural network will be used as basis vectors. So the filter functions, 
i .e. basis vectors, should be as independent to each other as possible. Therefore, the 
set of vectors should satisfy following conditions: 
(1) they should span a subspace including all the color spectra in color data base, 
(2)these vectors should be separated as long as possible to each other. 

Input laye r neurons tra nsform function OuqHJt laye r 

p(j) 

Fig.1 Structure of neural network. 

The structure of this neural 
network is show in Fig. l. The learning 
data of spectral distributions are fed to 
the input layer p(;) which is connected 
to neurons inputs through the weight 
matrix The neurons has a sum 
that gathers its weighted inputs and 
send the summation of its weighted 
inputs to the transfer function 
connected to its output .. 

The transfer function of this network is competition function which selects its 
biggest input, i.e. output of neurons as winner and makes its corresponding output 1, 
while all the other outputs are made 0. The learning algorithm is so-called instar 
algorithm which was invented by Grossberg[3] . The algorithm can be expressed as 
following: 

t.W,,(i,j} = r*a(i)*(p(j) - W,,(i , j)) 
3 . . . . w . . ( ) 

Wn+Jl ,J) = W"(l,J) + 11 ,(l,J) 
where r is the learning rate which takes value , for example 0.1, a(i) is the output of 

the network, W"(i, j) is the weight matrix at the iterative step n. The weight matrix 
W(lJ) is the filter functions we try to design. Munsell color data base is used as 
learning data which contains 1269 colors , each of them is sampled in the wavelength 
range from 400nm to 700nm with an interval of 5nm. Then the input layer has 61 
units. The output units are 8 since we try to use 8 filters to represent Munsell colors. 
Figure 2 shows the first 4 filter functions designed by neural network. 
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Fig. 2 Filter functions designed. 
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Fig.3 Orthogonalized filter functions. 



Figure 3 shows the orthogonalized functions from the filter functions in Fig.2 using 

Singular Value Decomposition(SVD) algorithm. For comparison other basis vectors 
were calculated by K-L expansion, which is shown in Fig.4. We find that the basis 
vectors in Fig.4 are almost similar to the orthogonalized functions in Fig.3 except 
signs of some vectors are inverted. These results mean that the filters designed by 
neural network are successfully optimal ones. 
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Fig4 Eigenvectors calculated from K-L expansion. Fig.5 Spectral recovering errors. 

Figure 5 shows the recovering error when 8 filters are used to recover the original 
colors by linear combination of the filters . The average recovering error of original colors is 
0.07%. Even the biggest error is less than 2.6%. 

3. Application to White Light Interferomeory 
In our second experiment, filter functions corresponding to different optical path 

different(OPD) were designed. The learning database is the set of 101 spectral 
distribution of interference colors of the OPD values between Onm to 1000nm. Figure 
6 shows the resultant filter functions. The 101 spectral data make a color scale on the 
subspace spanned by the filter functions as shown in Fig.?. 
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Fig6. Filter functions designed for 
interference color. 
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Fig.8 Orthogonalized color scale. 
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Fig. 9 Estimated OPD. 

The unknown interference color is projected on the subspace and an OPD value of 
the unknown color will be determined on this color scale. But we can see that in Fig.7, 
some points on scale are very near to each other, almost overlapped, this makes it 
difficult to decide OPD values correctly. To solve this problem the subspace was 

linearly transformed to another subspace spanned by orthogonalized set of filter 
functions. The new color scale is shown in figureS. OPD values of interference colors 
can be decided on this new color scale. Figure 9 shows the estimated OPD values of a 
set of test samples. Most of the OPD value were correctly estimated except a few 
samples of small OPD value. 
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Method for Specifying Color Rendering Properties of 
Light Sources Based on a Color Appearance Model 

Kenjiro HASHIMOTO, Tadashi VANO and Voshinobu NAVATANI 

The purpose of the present study is to propose a method for specifYing color rendering properties 

of light sources based on Nayatani color appearance model. The general color rendering index Ra 
and special color rendering index Ri of various light sources based on the color appearance model 

correlated well with Ra and Ri given by each of the TCl-33 method and the present CIE Ra 

method. Therefore, the method based on the Nayatani color apperance model may be replaced 

TCI-33 method without any problem. 

1. INTRODUCTION 

In CIE TC 1-33, a modification of the present CIE method (Pub.No.13.2 or 13.3) for specifYing 

color rendering properties of light sources has been investigated. The purpose of TC 1-33 is to 

prepare a report on a proposed method based on a color appearance model that will replace CIE 
Pub. 13.2 or 13.3. However, TC 1-34 "Testing color appearance models" needs more years to 

recommend a single model for practical use. For this reason, TC 1-33 prepared an interim revised 

method for field trials based on the CIE publications such as CIE chromatic adaptation transform 

and CIE LAB color space without using a color appearance model. 

The purpose of the present study is to propose a method based on a color appearance model. In 

the present study, the Ra and Ri values of various light sources were calculated by the method 

based on the Nayatani color appearance model", and these Ra and Ri values were compared with 
those given by the TCl-33 method" and the present CIE method (CIE Pub. No.l3.2') or 13.3"). 

2. CONDISIONS FOR CALCULATING 1HE NEW CRI 

The conditions for calculating new color rendering indices of light sources based on a color 

appearance model mainly follow those uesd by TCI-33. The conditions of calculation are as 
follows. 

(a) Test colors 

The I 0 test colors were used for calculating the new CRI. They are the same as the test colors 
used by TCI-33. They consist of the eight saturated colors of the Macbeth Color-Checker (MCC) 

and two kinds of actual complexion colors. One of the two complexion colors is the 
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Japanese woman's complexion prescribed by JJS Z as an example of actual Oriental 

complexions, the other a caucasion complexion colorn suggested by Halstead. Table I shows 

Munsell notations of 10 test colors. 

Table I Munsell notations of I 0 test colors 

No Munse ll notat i on No Mun se ll no t a t ion 

1 5R 4/ 12 6 5B 5/ 8 
2 5YR 6/ 11 7 7. 5PB 2. 9/ 12.75 
3 5Y 8/11. I 8 2.5RP 5/ 12 
4 5GY 7. 08/9. 1 9 0. 4YR 6. 7/4. 5 
5 0. IG 5.3/ 9.65 10 !YR 6/ 4 

(b) Reference illuminants 

Based on the proposal by TCI-33, six kinds of reference illuminants were used. They were 

specified by the classification method of lamps based on chromaticity coordinates prescribed by 

IEC81" and JlS Z 9112'). The 6 reference illuminants used are P2700, P2950, P3450, P4200, 

05000 and 06500 respectively. 

(c) Color space and color difference formula 

The perceived lightness L *p, the redness-greeness component C*rg, and the yellowness-blueness 

component C*yb of chroma response were used for deriving CRI. Those L *p, C*rg, and C*yb 

attributes constitute the three dimensional color space of the Nayatani color appearance model, and 

they are used for estimating color difference. 

The perceived color shift for a test color sample (i) was calculated by changing the illuminant 

from the test (t) to the reference (r) using the following color difference formula. 

L] E*i=[(L *pri-L *pti)' +(C*rg,ri-C*rg,ti)' + (C*yb,ri-C*yb,ti)' ]'" , (i= 1-1 0) (I ) 

where 

L *pti, L *pri : lightness of test color sample (i) under the test illuminant (t), and that under 

the corresponding reference illurninant (r). 

C*rg,ti, C*rg,ri : redness-greeness component of chroma of test color sample (i) under the test 

illuminant (t) and that under the corresponding reference illuminant (r). 

C*yb,ti , C*yb,ri : yellowness-blueness component of chroma of test color sample (i) under the 

test illuminant (t) and that under the corresponding reference illuminant (r). 

(d) Derivation of color rendering index 

The special color rendering index Rei, based on L] E*i for any individual test color sample, was 

computed by the following formula: 

Rci= IOO- K L] E*i where K=3.07 . (2) 

The general color rendering index Rca of the test light source was calculated by the arithmetic 

mean of the I 0 Special Color Rendering Indices as follows : 

Rca= (1 /10) R ci (3) 
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The value K in Eq. (2) was determined so that the Rca value of the CIE illwninant F4 might 

remain at 51. 

3. RESULTS 

We calculated the new color rendering indices (Rca) based on the Nayatani color appearance 

model using the 31 kinds of test light sources ( Incandescent lamps:2, Fluorescent lamps: 19, High 

Intensity Discharge Lamps: I 0 ). These Rca values were compared with each of the present CIE 

Ra and the TCI-33 R96a values. The method for deriving the R96a values in TCI-33 is briefly 

given in Appendix. 
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Figure I shows the relation between Ra 

and the new Rca for 31 test light sources. 

Figure 2 shows the relation between Rca 

and R%a for test light sources. As 

found from Fig. I and Fig.2, the new Rca 

coincide well with those of Ra and R%a. 

On the special color rendering indices, 

as an example of comparison, Figure 3 

shows relation between new Rei for red 

test color sample using the color appea-

rance model and the corresponding R96i 

on TCI-33 method. As found from Fig.3, 

the new Rei correlates well with R%i. 
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On the other special color rendering indices, similar results were obtained. 

4. CONCLUSION 

We calculated the color rendering indices of various light sources by the method based on the 

Nayatani color appearance model. These color rendering indices were compared with those given 

by each of the TCI-33 and the present CIE methods. The computed results clarified that the 

Ra values given by Nayatani color appearance model coincided well with those given by TC 1-33 

method and present CIE method. Similarly, the special color rendering indices Ri based on 

Nayatani color appearance model correlated well with those obtained by TC 1-33 method. 

Consequently, the method based on Nayatani color appearance model may be replaced TC 1-33 

method without any problem 

Appendix: 

The calculation procedure of CRI proposed by TCI-33 is briefly described. The tristirnulus 

values of test color sample under test light source and reference illurninant are transformed to those 

under the standard illuminant 065 by using CIE chromatic adaptation transform"'. Next, using the 

CIELAB color space and its color difference formula, the color difference for the test color sample 

was computed between the test and the reference illurninants. Based on its color difference value, 

the general color rendering index R96a of the test light source is computed according to the 

following equation. 

R96a= IOO - C L] E where C=3.51 

The value ofC=3.51 was determined to make the R96a value of the CIE light source F4 remain at 

51 because of keeping the consistency with the present CIE Ra method . 
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Acceptability of the Road Traffic Safety 
Colors under Various lamps 

Masanori SHIMIZU and Tetsuji TAKEUCHI 

Sinre rolors are Uffiful in rerognizing and identizying items, various oolors are used in signs, signals, 
and displays. From the view point of the reoognition of the sarecy oolors, mt:.egoriall oolor identifirn.tion is 
more important than the perreption of fine oolor detail The appearaiX.E of the road traffic sarecy oolors 
(used fbr road signs and lane Il1lllking:;) were estimated by the elemental oolor naming and the 
a<.n:!ptabilicy of their mt:.egoriall oolor appeara!X.E under various lamps with dilfurent oolor rendering 
piqJerties. 

Using the met:lxx:l of elemental oolor naming, tOO appearaiX.E of the road traffic Bailey oolors were 
ffiPlll'3.ted into the perreived Chromat:.icEss--Achromadirnes3, Yellowishness-Bllli.shm:E, and 
Reddish.re;s.Greellishnes;. BaS2d on tOO results obtaired, tOO Gamut Area of tOO road traffic saE1y 
oolors was derived As a result, the ac:mptabilicy of mt:.egoriall oolor appearaiX.E was oorrelated well with 
the Gamut Area derived fium the elemental oolor naming, and it had a better oorrelation than tOO oolor 
rendering index Ra. 

1.INI'RODUCTION 
Various oolors am Uffid in signs, signal and displays. In the caEe of traffic signs and basic 

oolors soch as red, ytillow, blue, green are genernlzy usrl 
From the view point of traffic sarecy, mtegmical oolor identifirn.tion of the oolors is more important 

than tOO perreption of fine oolor detail TherefOre, in the caEe of lamps Uffid fbr road lighting, treir oolor 
rendering piqJerties should be estimated bared on the mt:.egoriall oolor perreption 1Jll. rather than bared 
on the oolor rendering index Ra defined by CIE. However, no practical method to estimate oolor 
renderingpiqJerties bared on mt:.egoriall oolorperreption has been round 

In this study, appearaiX.E of the road sarecy oolors were estimated by applying the metlxxls of the 
elemental rolor naming and that of the ac:mptabilicy of mt:.egoriall oolor appearaiX.E under various lamps 
with dilfurent oolor mndering piqJerties. 

2. EXPERIMENfS 
Seven rolors, sOO.vn in Table 1, were ffihl.ed as the test oolors which mprerented the oolors Uffid fbr 

road signs and lane marking;. Seven square shape test oolor chips with diflerent oolors were fixed on a 
gray background (reflectance of about 2D'/o). The size of the test oolors were all2 degrees and they we-e 
prerented simultaneously on visual angle of 10 degrees. The test oolors and the background were lit at 

by the 11 kinds of test lamps shown in Table 2. 
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Tab.l 'lb:l.list ci test cd:rs Tab.2 'Ihl.list cflight s:R.m:ES 

Symbol Test O:bs, Murmll HV,C SymboJ. Test light s:R.m:ES 

R Red , 7.5R4'13.5 NX InN pre:rer sxli.um lamp 

G Green ,5CW8 NH Hi!,dJ. presrer sxli.um.lamp 
y Yelk:w , 2.5Y8'12.5 EX-L Tree OOnd cype fi.txreS:entlamp 

B Blm , 7.5PB2.a7.5 Qoomdes:entlarnp rolcr) 

YR Yelk:w , 5.5YR6.&'12 D65-FL as a simulal!rci 

w WhitE ,N9.3 CIE starx!ardilluminantD65 
Nanuw OOnd green radiatirn fitxreS:entlarnp 

BK Block ,N15 G-FL 
R-FL 
GRMIX 5 kinds ciMixedlight G-FLandR-FL 

Three well trained <hErvers with ronnal oolor vision participated in the experiment The 
appeararre of each of the test oolors were estimated by fOllowing two meth:rls: 
1) Al:reptabilicy-of the categoriml oolor appeararre 
Each <hErver was asked to estimate the a<reptabilicy of the oolor appeararre of each test oolor chip 
repres:mting the apperu.-anre of traffic safety oolors by one of three categories of "good', 
"a<reptable'', and ''pool1'. 

2) Elemental mlor naming3l 
Each oboorverwas asked to estimate the appeararre of all the by the fbllowing two steps: 
For the first step, oboorvers were given 10 points and were asked to l!ffiign thel:e points to the perooived 
chromaticrv:B<:l and achromaticness. 
For trn !BDI1d. step, the <hErvers were given 10 points again, and asked to l!ffiign thel:e points to trn 
perooivedyelkJwishnes:; and blooishress, orperooived reddisln'H;s and greenishnes3. 

3.RESULTS 
3.1 Al:reptabilicy-of trn categoriml oolor apperu.-anre 

Figure 1 srows the results obt:airx:rl from the estimations of the aaEptabilicy- of the oolor 
appeararre. The abrissa srows the cy-pe oflamps, and the ordinate srows the aronnulative frequen:y 
of estimations of' good' or "a<reptable". 
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From Figure 1, it was furmd that moot of the mlors were estimated to be "good'' or "a<reptable" under 
the lighting ofD65-FL and EX-L A1s:J the lights obtained fium mixing the lights fium G-FL and R-FL 
in an apprq>riate ratio achieved a "good'' or "a<reptable'' cat:egorirnl mlor appeararre. 

3.2 Elemental mlor naming 
Figure 2 sOO.vs the examples of the results of elemental mlor naming. 'The results of the 

oboolvations of all the ol:Joorvers were averagOO. In Figure 2, the averaged values iJr the five test mlors 
red, orange, yellow, green, and blue were plotted on a new kind of mordinate. 'The X axis of Figure 2 
sOO.vs the averag19 points of yellowisl:n:leffi and bluishness which mrrespond to the Y/B 
mnwonents of mior vision 'The Y axis sOO.vs the averag19 points of pero:!ived Red.di.shres; and 
Greenishnes3 which mrrespond to the RIG mnwonents of mlor vision 'The distanre3 fium the origin to 
each of the plott:ed points indicate the clnumatirness. 

oR o YR () Y 0 G L'. 8 

EX-L --
NH 
NX 

8 R 

- 8 G 

Bluicshness-Yellowishness 

6 

OR DYR OY OG 68 

G-FL ----
R-FL 

8 R 

- 6 

-8 G 
Bluicshness-Yellowishness 

Fig.2 Results of elemental color naning 

From the results of elemental mior naming, it was believed that the lamps which achieved better 
a<reptability prodw:rl a Gamut Area, ilrmulated fium five mlors slv.vn in Figure 2. ThereDre, 
the Gamut Area and the Ra values iJr all the test lamps were rnlculated. rnlculation results 
were mmpared to the results of the estimations of a<reptability, as slv.vnin Flgure 3. 

From Figure 3, it was mnfinned the lamps which prodw:rl Gamut Area achieved satisfuctmy 
cat:egorirnl oolor appeararre. It was alsJ furmd that within the mnditions of the mixed lights of G-FL 
and R-FL, the lights which had the highest a<reptability prodw:rl the largest Gamut Area Based on 
the above results, it is believed that the Gamut Area well mrrelated with the acreptability of the 
cat:egorirnl mior appeararre of the traffic safety mlors. 
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Within tre experimental mnditions tre fullowingrorrlusions were derived. 
1) The rolor rendering pn:perties of lamps bas:rl on tre cat:egor:irnl rolor perreption can be estimated 
quantitatively by tre Gamut Area obtained from elemental rolor naming. 
2) The green rich fil.lJl.'e8:Ent lamp <XJilStrujffi by green and red :namJ\V band will be able to 
achieve high lamp effirncy and good cat:egor:irnl rolor repro:ludion, required in road lighting. 
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An Evaluation and Visualization of the Specular 
Glossiness of Architectural Titanium Sheets 

Mitsuo ISHII, Tatsuo YAMAZAKI and lsamu TAKAYAMA 

Spatial distribution of specular glossiness was measured on commercially pure titanium thin sheets by using angular 
resolved 3D spectro photometer. Phong' s re11ection model was used to analy:re the spatial distribution of specular 
glossiness. Specular glossiness of the sheets were visualized by using Phong' s specular exponents in computer 
graphics. Topographic measurements of smfaces of the sheets were done with using a stylus-method. The topographic data 
was applied to an explicit microfacet model of the specimen smfaces. Specular exponents of the sheets predicted from the 
explicit microfacet model are in good agreement with the values obtained in the radiometry. 

1. IN1RODUCTION 
In this decale applicaions of titanium thin sheets to roof and exterior wall of huge architectures have been rnpidly 

increased oftitanium's excellent corrosion resistance, low specific low thennal expansion coefficient 
and aesthetic smface appearance. Headquarters building of Fuji Television Network Inc. in Tokyo, which was designed 
by architect Kenzo Tange and accomplished in early 1997, is a good example of utilization of titanium's aesthetic surface 
appearance (Figure 1). On the sumce ofthe gigantic globe in the building titanium thin sheet panels were assembled. 
Since titanium sheets can be used ilr architectural applicaions without coating and painting on them, aesthetic sumce 
appearance of the sheets must be architects' great interest (1). Aesthetics of architectural materials such as titanium, 
stainless steels, aluminum, and metallic and paint coated metals seems to be composed of illlowings: specular 
glossiness, especially spatial distribution of specular glossiness (SDSG), sumce finish, colors (light-intererence colors 
and bulk colors), image clarity (image clearness, image distortion, and ha:re), stains (finger-printings i>r example), 
cleaning and maintenance. 

ns 87 41 specifies a method of specular glossiness measurement. This defines specular glossiness of a material as a 
ratio of the material's reflection flux in the mirror reflection direction to the incident flux in the incident direction. The 
ratio is nonnalized with the standard sample's glossiness (100%). This method does not seem to be suit<ble ilr the 

Figure 1. Headquarters building ofFuji Television Network Inc. 
in Tokyo (upper) and the details (led). Titanium was used to 
create the thin metal covering on the spherical enclosure. 
Archited: Kenzo Tange and Associates. 
Photo: Studio Murai. 
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purpose of evaluating and representing SDSG of materials, because the value obtained in this method can not be used 
directly in aesthetic scene simulations with using computer graphics (CG). 

In this paper, we focus on the SDSG of commercially pure titanium thin sheets, its visualization, and especially on 
the relationship between SDSG and micro m01phology ofthe specimen's surfa:e by using angular resolved 3D spectro 
photometer. Phong's reflection model, adefacto standard in CG [2], is used to analyze the SDSG in terms of specular 
exponents. The SDSGs of the sheets are visualized by using CG. Topographic measurements of sumces of the 
sheets are perormed with using a stylus-method. An explicit microilcet model of the specimen surms based on 
topographic data is proposed, and then specular exponents of the sheets predicted from the explicit micro facet model and 
geometrical optics are compared with the values obtained in the radiometrical measurements. 

2. EXPERIMENTAL PROCEDURES 
2.1 MATERIALS USED 

A commercially pure (Grade !:titanium 99.9 mass %) shot-
blasted and subsequently pickled sheets (designated as specimen 
(a) ) was cold rolled and subsequently annealed in va:uum. 
Those sheets were cold rolled again with using either of two 
differenlcold rolls (dull or smooth) in a laboratory cold-rolling mill . 
The sheet cold rolled with dull rolls and the sheetcold rolled with 

R 

smooth rolls are designated as specimen (b) and specimen (c) Figure 2_ Rellectance distribution as a lilnction of 
respectively · incident and viewing angles and the surilce 

2.2 RADIOMETRY 
Spatial reftectance distribution of these three titanium sheets 

were measured by using a angular resolved 30 spectrophotometer 
(Nippon Densyoku Kogyo, GC-I:90) with CIE standard illuminant 
C. The horizontal component of the incident beam direction 
vector was fixed parallel to either the rolling direction (RD) or the 
transverse direction (TO) of the sheets . Incident angle 9i was 
fixed at -45 de g. and the viewing angle er was changed from-70 de g. 
to +70 deg. with2.5 deg. intervalforspatial reflectance distribution 
measurement i>r each sample. Luminous rellectance as a 
tristimulus value Y was calculated according to CIE 193 I standard 
colorimetric system at a viewing angle. Each value Y of the 
specimen was normalized by the value Y of the standard mirror. 
To human eyes, specimen(c) looks the most glossy and 
specimen(a) looks the most dull. The glossiness of all of the 
specimens looks higher when we observe them along RD than 
when we do along TD . 

2.3 SURFACE MORPHOLOGY CHARACTERIZATION 

morphology. 

'C' 
a> 

'·" 

1'" 
a. o.o 

J .. 

(c) 

It\ 

(b) l 
IAf (a) 

.. H .. " .. " 
Viewing angle er /deg. 

Figure 3. Reftectance distributions of specimens 
(a) to (c) at 9i = -45 deg. Incident plane II RD. 

Three dimensional surilce topographic mapping is done on the sheet specimens with using a stylus surilce-profiling 
instrument (Tokyo Seimitsu, 590A-3D). Rectangular area (500J..lm x 500 J..lm) was scanned with a dia mond stylus with 
radius of I J..lm in a direction declined- 45 degree to the RD. Discrete topographic data sets (x , y, height) at 250,000 
points were obtained with intervals of.1.x=I J..lm and .1.y=l J..lm. Surfa:e morphology of the sheet specimens is also 
observed under crossed polarizers with using a Nomarski microscope. 

3. MODELING 
3.1 THE PHONG'S REFLECTION MODEL 

Figure 2 is a schematic representation ofthe Phong' s 
rellection model in a polar coordinates system. 
Reftection from the surilce of materials depends on 
material 's inherent reftectance as a physical property and 
fine surilce morphology such as dimples, ridges and 
crystallographic facets on the surface. Spatial reflectance 
distribution of a practical surface is considered as the sum 
of a diffuse component and a specular component. The 
Phong' s reftection model describes spatial rellectance 
distribution in Equation( I) . 

n=B-20 n=33.94 n=l65.49 

Figure 4. Spheres shaded using Phong' s rellection model 
with differenl specular exponents. 
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p (9i, 9r)=K.. ...... cos9i .. cos n 1P (I), 
where p (9i, 9r) is reflectaoce, 9i and 9r are incident and viewing angles measured from the specimen surface nonnal, K..m.. 
and K."'""" are diffuse and specular components respectively, n is specular exponent and IP is an angle between the mirror 
reflection direction and a viewing direction . K,;......,, K."'""" and n were obtained by using nonlinear regression analysis 
of spatial re11ectance distribution data which were cotreeted by dividing re11ectance with a lactor of cos 9r (3]. CG 
simulations of reflection of the specimens are implemented using symbolic algebra software MATHEMATICA. 

3.2 EXPLICIT MICROFACET MODEL 
Since Rayleigh, wave scattering from rough surface has been the subject ofresearchfor many decades ( 4). Simulation 

of wave scattering behavior has an great importance both physically and practically in radar engineering, remote sensing 
engineering, machine vision and CG. Various models to simulate material swface appearance using microfacetrnodcl 
for the real surface, and electromagnetic wave scattering theory or classical geometrical optics were proposed. Most a 
them assumed tha surflce is consisted of microncets with surflce profiling parameters such as roughness 
parameters (Ra, Rmax), auto<Orrelation distance and distribution imction such as Gaussian 
distribution around the mean specimen surface [ 5, 6]. However light reflection and scattering are not attributed directly 
to roughness parameters but to inclination angle of tangent plane of the swface and the real surface is not always random 
rough surflce. In this study we adopted an explicit microtiK:et model iJr the surflce based on stylus-topographic data 
which are composed of499,000 microfacets calculated from250,000 (x, y, height) data. Each microfacet is a isosceles 
right triangle with two sides of 111m length. For each microfacet a facet plane normal vector and a reflection vector are 
calculated by using geometrical optics. Distribution densities for facet plane normal vectors and reflection vectors of all 
microfacets are calculated. Spatial distribution of reflection vectors in the reflection fieldon the specimen surface is sliced 
along the incident plane and then the reflectance distribution of the specimen was estimated. 

4. RESULTS AND DISCUSSION 
4.1 REFLECTANCE DISTRIBUTION 

Figure 3 shows reflectance distribution curves for specimens (a), (b) and (c) when the incident plane is fixed parallel to 

u.ooo 
13038 
12000 

FREQUENCY 

Figure 5. Orientation distributions offacet plane normal vectors. Figures (1) and (2) correspond to specimens 
(a) and (c). 
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Figure 6. Orientation distributions of reflection vectors calculating from the explicit microfacet models with 
using geometrical optics. The incident plane is located parallel to the RD. Figures (1) and (2) correspond to 
specimens (a) and (c). 
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the RD. Each cwve shows a single maximum point at 
9r=+45deg. and is synunetrical at the range from 9r=+ 20 
to + 70 deg. Large filled circles e are the dlla points 
used ilr nonlinear regression analysis to detennine the 
specular exponent. Since 9i is fixed at -45 deg. in this 
study, the fust term of the equation (I) must be constant. 
Nonlinear regression analysis of these three cwves based 
on the Phong' s reflection model shows that the fiTS! term 
is almost zero and that specular exponents for specimens 
(a) to (c) are8.20, 33.94 and 165.49 respectively . This 
means that specular rellection fi'om specimen (c) is the 
sharpest am that specimen (c) looks most mirror-like 
among three specimens. 

4.2 VISUALIZATION OF SDSG 
Figure 4 is a CG simulation of the SDSG of the 

specimen swilce, where spheres are put in a dark 
room and are lightened by the white illumination beam. 
With increasing specular exponent the sumce area 
looking white on the sphere is decreased. 
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Pbong's specular exponent n(r) from radiometry 
Figure 7. The relationship between specular exponents 
from radiometry and from explicit microfacet model. 

4.3 PREDICTION SDSG FROM MICROF ACET MODEL 
Figure 5 and 6 show the orientation distributions of facet plane normal vectors and reflection vectors. In the figures the 

orientation of a vector (ioclination angle of the vector measured fi'om the specimen normal vector and azimuth angle 
measured fi'om the ref:rence axes (X, Y) is represented by the radius and the azimuth axes respectively . Distribution 
density is shown in the vertical axis. Figure 5-(l)and 5-(2) are corresponding to specimen (a) and (c) respectively. The 
dnrrence in degree of scatter of the ket plane normal vectors in specimens (a) and (c) must be noted. In figures we 
assumed that the incident plane is parallel to the RD and 9i is fixed at -45 de g. Figure 6-( I) and 6-{2) are showing the 
predicted orientaion distribution of reftection vectors ilr specimen (a) and (c) respectively . Geometrical optics 
quantitatively describes the scatter of the teflection vector in 3D space and the difference in the specimens. When we slice 
the 3D distribution along the incident plane we can obtain the calculated spatial reflectance distribution. Figure 7 shows 
the relationship between specular exponents obtained fi'om completely diii:rent two methods, the radiometry and the 
microfacet model. The values obtained from these methods are in a good agreement for three different specimens and two 
dili:rent direction (RD and TD). The directionality of specular exponent in the rolled specimen can be quantitaively 
predicted. Finally these results suggest that with using the explicit microket model we will be able to predict the 
SDSG of the materials· surface in amitrary illumination conditions. However the case with a more higher incident angle 
(sheen reflection), shadowing (the attenuation effect), and the wave scattering simulation for the diffuse reflection must be 
further studied. 

4. CONCLUSIONS 

(I) Spatial distributions of specular glossiness (SDSG) oftitanium sheets were measured by using a angular resolved 3D 
spectro-photometer. (2) The SDSG of titanium sheds can be characterized by using Phong' s reftection model. (3) 
SDSG can be visualized by using specular exponent in computer graphics. ( 4) Specular exponents of specimens can 
be explained by an explicit microfacet model of the surface based on stylus- topographic data. (5) With using the explicit 
microfacet model we will be able to predict the SDSG of the materials' surface in amitrary illumination conditions. 
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Relationship between Subjective Evaluation of Make-Up Skin 
Colors under Light Sources with Various Color Rendering 

Properties and the Color Rendering Indices Calculated by CIE 
1996 Modified Method of Color Rendering Index 

Takayoshi FUCHIDA, Tadashi KOBORI, Chiho SATO, 
Hitoshi KOMATSUBARA and Tsuneo SUZUKI 

The subjective evaluation of make-up skin colors under three-band type fluorescent lamps 
with various color rendering indices was carried out. The relationship between the results of 
subjective evaluation and the physical parameters such as the gamut area of test colors, the 
metric chroma of skin color under the test lamps and the color rendering indices Ra, R15 

calculated by the present CIE method as well as R96a, R9610 by the CIE 1996 modified 
method were investigated. It was shown that the metric chroma of skin color calculated by 
directly measured data were especially most correlated to the subjective evaluation results. 
R96a,R9610 as well as Ra, R15 could also estimate the appearance of skin color. 

1. INTRODUCTION 
We reported in previous report that three-band fluorescent lamps made make-up skin colors 

look more natural and desirable 1 
> than other lamps as well as none make-up skin colors. It has 

been necessary to make quantitatively clear the relationship between the color rendering indices 
of light sources calculated by the present CIE method as well as the CIE 1996 modified and the 
appearance of skin colors. 

2. EXPERIMENTS 
In the experiment, an office room was considered to 

be a typical observational situation because ladies 
would spend a lot of time in an office and they would 
have opportunities to be looked at by their co-workers 
and other people. 

The experimental procedure was as follows . 
As shown in Fig. I , each of the female objects sitting 

observer 
female object 

in the mock-up simulating a small receptionist or a 
secretary room was subjectively observed especially in 

Fig. 1 The experimental mock-up terms of the appearance of their skin colors under 
various test lamps. The mock-up (2m width, 3.0m depth, 2.5m height) was decorated with real 
gray carpets, beige wall papers, some plant pots, a table, a false window with sunlight blinds and a 
false door as much alike as possible a real image. Illuminance at the table top surface was about 
900 lx and vertical illuminance at each female object's face was approximately 400 lx inside the 
mock-up . 

The female object's face was carefully made up by the make-up specialists so as to get constant 
make-up condition using only foundation and rouge for each female object. We used a total of 8 
female objects, 4 of20' s and 4 of 40 ' s of age in the experiment. The spectral reflectance of each 
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female object's face was measured by the spectral colorimeter (MINOLTA CM-1000). Since the 
metric chroma of their skin colors were distributed inside the region of the Japanese female skin 
colors, the female objects' skin colors of this experiment were regarded as representatives of 
Japanese female skin color. In addition, during the experiment each female object wore a white 
blouse so that clothes ' color should not give any influence to subjective evaluation. 

To study the appearance of skin colors under various light sources, we used four types of test 
lamps with almost the same color but different rendering properties. One is a standard type 
fluorescent lamp categorized as halophosphate-type. The others are three-band fluorescent lamps 
categorized as triphosphor-type. Table I shows the correlated color temperature, the color 
rendering indices and the gamut area of the test lamps. Figure 2 shows the spectral power 
distributions of the test lamps, where NW is a halophosphate-type, Type B is a triphosphor-type, 
Type A is the mixed triphosphor type of Type B and NW, and Type C is the modified Type B 
added some spectral energy in the deep red region. 

The observers participated in this experiment were total 10 females from 20' s to 30 's of age. 
They subjectively evaluated the appearance of skin color of each female object in accordance with 
the evaluation sheet at a distance of 2 meters from the object. 

Table 1 Characteristics of test lamps 
100 

Test Lamps C.C.T R, R9 Rl5 

NW SOOOK 72 -65 53 
Qj 80 

60 "'" Type A 5240K 82 -7 81 

Type B SOOOK 88 45 97 

.. . :: 
40 -; 

1! 
Type C 5290K 91 86 86 

20 

0 C. C. T:correlated color temperature 400 500 600 700 

3.RESULTS 
3.1 Appearance of make-up skin colors 

Fig.3 shows a profile of the average value of the ratings 
the observers gave the image of make-up skin color of the 
20' s female objects. A difference of the test lamps made a 
difference of the evaluation, in particular the items of 
"natural or unnatural", "healthy or unhealthy", "fresh or not 
fresh" and "bright or dark". The appearance of make-up skin 
colors tended to be evaluated more natural, fresh and bright 
in the order Type C, Type B, Type A and NW. A similar 
tendency was also given in case of the results of the 40's 
objects. It was clearly shown that these results are caused 
mainly by the differences of the color rendering properties 
of the test lamps because the test lamps' color were almost 
the same each other. 
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3.2 The relationship between the subjective evaluation and the color rendering indices 
calculated by the present CIE method 2 ) Table 2 The correlation coefficients between 

An attempt was made to study the relationship 
between the subjective evaluations and the physical 
parameters such as the color rendering indices(Ra,R,.J , 
the gamut areas(G8) . Table 2 shows the correlation 
coefficients between the subjective evaluations values 
and these physical parameters. It describes that 
the color rendering indices are most correlated to the 
value of the subjective evaluations "natural-

the subjective evaluation values and 
the physical parameters 

unnatural", "healthy-unhealthy", "bright-
dark", "fresh-not fresh" and "clear-not clear". 
Fig.4 shows the relationship between the 
evaluation value of "fresh or not fresh" and 
the gamut areas. It is clearly shown that the 
physical parameters G8 correlates with the 
appearance of make-up skin colors. Fig.S 
describes the relation between the average 
evaluation values of "natural or unnatural" 
and the special color rendering 
index(R1sefirect) calculated by the directly 
measured spectral reflectance of each 
object 's skin . As shown in Fig.S, it is clear 
that the R1sefirect is closely correlated with 
the subjective evaluation "natural-unnatural", 
and could become a good predictor 
of "natural-unnatural" appearance of make-
up skin colors. 

As stated above, since the gamut area 
which is known to correlate to a metric 
chroma has close correlation to the 
appearance of skin colors, the metric chroma 
is considered to be a major factor which can 
predict the subjective evaluation of make-up 
skin colors. Fig.6 summarizes the 

R. R,s Gs 
whitish - blackish -0.24 -0.19 -0.24 
natural - unnatural 0.84 0.87 0.83 

yellowish - reddish -0.74 -0.63 -0.74 
healthy - unhealthy 0.90 0.84 0.90 

bright - dark 0.96 0.85 0.96 
fresh - not fresh 0.97 0.88 0.96 

like - dislike 0.81 0.72 0.81 
clear - not clear 0.88 0.77 0.88 

FRESH very 

NOT FRESH slight f-----r-----,-----r' 
0.8 0.9 1.0 

Gamut Area 
Fig.4 The relationship between "FRESH or 

NOT FRESH" and the gamut area 

NATURAL very 
•NW ... 
II Type A X ... 

1.1 

slight .1. Type B x x.._.._ 
XTypeC 

II X 
# • • 

UNNA TURALslight 
50 60 70 80 90 100 

R 15direct 
Fig.S The relationship between "NATURAL or 

UNNATURAL" and the Rt5direct 

relationship between the evaluation values of "fresh or not fresh" and the metric chroma of skin 
colors. As apparent from Fig.6, the metric chroma of skin colors is shown to be closely correlated to 
the subjective evaluation of skin colors. This result implies that increasing in the metric chroma of 
skin colors, that is, moderately enhancing redness of skin color, makes "fresh-not fresh" appearance 
of skin color better. 
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Metric chroma 
Fig.6 The relationship between "FRESH or 

NOT FRESH" and the metric chroma 
Table 3 The Correlation coefficients between 

the subjective evaluations and 
R96, R96, G96a ' ' 

R96, R9610 G968 

whitish - blackish -0.24 -0.22 -0.24 
natural - unnatural 0.82 0.88 0.83 

yellowish - reddish -0.74 -0.70 -0.74 
healthy - unhealthy 0.90 0.90 0.90 

bright - dark 0.96 0.93 0.96 
fresh - not fresh 0.96 0.94 0.96 

like - dislike 0.81 0.79 0.81 
clear - not clear 0.88 0.84 0.88 

3.3 The relationship between the 
subjective evaluation and the color 
rendering indices calculated by the CIE 
1996 modified method a> 

Table.3 shows the correlation between 
R96a corresponding to Ra of the present 
method, R9610 corresponding to R15 

calculated by the CIE 1996 method 
presently discussed by TC 1-33 and the 
gamut areas of the test colors of CIE 1996 
method, and the evaluation results of skin 
colors. As shown in the table, these indices 

are also closely correlated to the average evaluation 
value in the same way as the present CIE method. 

4.CONCLUSION 
The subjective evaluation of make-up skin colors 

under three band type fluorescent lamps with the 
various color rendering indices were carried out and 
the following results were given. 

I) Under three band type fluorescent lamp enhancing redness of make-up skin color, the 
appearance of make-up skin colors appears more "natural" and "fresh" . 

2) The special color rendering index (Ri) and the metric chroma calculated by directly measured 
skin color data can predict the appearance of make-up skin colors. 

3) The color rendering indices calculated by CIE 1996 modified method can estimate the 
subjective evaluation of make-up skin colors like the present CIE method . 
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Spectral Reflectance Data Base System 

Yoshiki NAKANO, Takayuki SATO, Tetsuo IGA 
and Takehiko WATANABE 

This paper introduce TOYO INK's www server that include the very important spectral 
reflectance data of several objects such as a human skin, flowers , leaves, sky . Anyone engage in 
color science, human visual science or color psychology can down load these data from this server 
to their computer and can use them for their research or study. 

I . INTRODUCTION 
A spectral reflectance is the most important data for a color science. It is a complete description 

of object color information which is independent of a light source and a human visual system. 
Almost colorimetric values such as CIEYxy, CIEL *a*b*, CIEL *u*v* are calculated from these 
spectral reflectance under the several conditions. Especially, it is well known that illuminations 
affect the observed objects color. 

Recently , many kinds of color management system which can realize a color image reproduction 
on any color devices are developed and widely used for color control and communication. The 
systems are called the colorimetric color reproduction for their technical basis depend on 
colorimetric value matching. However, this system has many problems such as a visualization 
under deferent light source or different viewing conditions. For these problems, some color 
correction methods based on spectral reflectance are researched. A spectral reflectance provides a 
useful basis for the metamerism of color reproduction systems. Further example, the spectral 
reflectance can be approximated by the linear combination of a small number of basis functions , 
were reported by Maloney, Vrhel. 1), 2), 3), 4) 

While, we have been en!?flged in the color management system development based on the 
colorimeric value matching. During this process, we gathered many spectral reflectance data of 
various natural and man-made objects such as human skin, flowers, leaves , sky and printing 
samples . We have used them for spectral reflectance color reproduction and spectral reflectance 
estimation from color image. So, we recognize the spectral reflectance data is very important for 
the color appearance model or a prefer color reproduction, and constructed spectral reflectance 
data base system on www server to open to the public. In the next section, we shows the details 
of this data base system. We expect that our spectral reflectance data base system is very useful 
for many color researchers , and must contribute for progress of color science. 

2. Data Base Abstract 
The spectral reflectance data base are constructed with the objets color image, it's spectral 

reflectance indicated graphically and the colorimetric values. The data is to 5 major 
classes. 

a) Plant , b) Sky, c) Earth, d) Human Skin, e)Others 

Furthermore, the major classes have some minor classes as followings. 
a) Plant I Flower, Leaf, Trunk, Others 
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b) Sky I Blue sky, Sunset, Cloud, Others 
c) Earth I Clay, Sand, Rock, Others 
d) Human Skin I Asian, Others 

We think these classes are important color categories for the preferred color reproduction based 
on a memory color or a concept color. Usually , many people can point out the color differences 
between the reproduction color and his memory color. A human skin color is the most important 
for the color printing industry . The present human skin data are Japanese women's and men ' s 
only and almost plant's data were taken in Japan. 
Fig I shows the top page and the class selection page of this data base. We can select the class and 
the objects in it. In the top page, we introduce this system and how to use it. The data names are 
shown in class selection page. 

VHI's Color Dala Base 

............................................................................ ------ ----------------------·-· 
---------------- ---- -·-----............................................................................ ------------------------------------::::::::::::::.:::::::::::::..:::::::::::::.::::::.::::::::::::::.::::::: 
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«ii . 
iiii 'PW;(i;.;,'O-iYll>oj ''O.;.;Qf -,;;.j ··· 

f-;o(f ... ,nl ,ow· .. ;;;-··· e .. .. _ 
Doii1 ' '<.ii:-.:iti)Oiii\;.;.>i";;>." " 

Fig. I: TOYO INK VHI Laboratory Color Data Base 
(the Top page and the Class selection page) 

The measuring conditions are as followings, 
I) Measurement Equipment : Photo Research SpectraScan 706 
This equipment can measured spectral reflectance at 2 nm intervals in the 390 - 730 nm range. For 
calculation the colorimetic values CIEL *a*b*, we processed into I 0 nm intervals in the 400 - 700 
nm range. 
2) Calibration : Before measuring the objects, we placed the calibrated white reflectance standard 
(PhotoReserch SRS-3) at the object location and measured its spectrum. The object reflectance 
were calculated using this illuminate spectrum. All objects were measured except the illumination 
effects (fluorescence, shadow and etc.). 

On this data base, the ASCII formatted reflectance data can be down load to user 's personal 
computer. Everyone can use them for his study without profits. 
The object color images were recorded with 1.5 megapixels by Kodak digital camera DCS 420. In 
the image, the reflectance measuring point shows with an allow. The image's color don't match to 
the real object color, because the color on the monitor is depend on it's characteristics. 

Fig2 shows the each data page following the class selection page. These images are the data of 
the Plant/Flower, Plant/Leaf. We can see the reflectance wave of a pale color cherry blossom 
almost is flat. The other details such as a plant name, a measuring date, a place, the measuring 
equipment and color values appeared on this page. The color values (CIEL*a*b*) are calculated 
under 050 and 2 degree. 
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Fig.2 The data page with color image and exhibited graphically. 

3. CONCLUSION 
In this paper, we introduced our color data base system which includes spectral reflectance data 

of nature objects . Using these data, we are trying a estimation of spectral reflectance from color 
images and a analysis of natural scenes. At present, about 500 data was recorded and now we are 
testing this system. As soon as possible, we will open to public. This data base exist on TOYO 
INK's world wide web server and will be able to access and down load. 
We expect that our spectral reflectance data base system is very useful for many color 
researchers , and must contribute for progress of color science. 
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Development of High Speed Goniospectro-Photometer 
and the Application for Evaluation of Foundation 

Kazuhiko OHNUMA, Kenichi MISHIMA, Toshihiro USUI, 
Takashi IKEDA and Takuji MIWA 

We have developed a new high speed gonia-spectrophotometer to evaluate the 
angular dependence of reflected light on human skin with and without cosmetic 
foundation. This gonia-spectrophotometer consists of 48 silicon photocells which 
arranged on a hemisphere at equal distances, a halogen lamp, and rotating 31 
interference filters. The measuring time is 20 seconds and is enough short to measure 
human skin. The results of experiment are shown by using values of L*a*b* color space. 
We could detect the difference of angular distribution of reflectance at each part of skin 
and the effect of foundation on those reflectance distribution. 

1.1NTRODUCTION 
Human skin consists of stratum corneum, epidermis and dermis. Owing to the 

thickness change of skin on each site of a face, we often notice slight color change of the 
skin when we look it from different angles. The same color change is observed on the 
skin covered with cosmetic foundation. So, obtaining the angular distribution of 
reflectance numerically, using a gonia-photometer, is useful for evaluating optical 
characteristics of foundations as the case of hair1). However, gonia-photometer of 
nowadays is not suitable for human skin because of the long measuring time. So, we 
construct the new high speed gonia-spectrophotometer by developing the gonia-
photometer using multi-photometers2) . The equipment structure and the experimental 
results are shown here. 

2.1NSTRUMENT 
The new high speed gonia-spectrophotometer for evaluation of angular dependence 

of reflected light on the skin is shown in Fig1 . That consists of 48 silicon photocell 
detectors which arranged on a hemisphere at equal distance, a halogen lamp, and the 
rotating 31 interference filters. The inside of the hemisphere is empty. And an aperture 
with the diameter of 15mm( is positioned at the center of the flat bottom. The aperture is 
illuminated by light, which passed through fibers positioned at angle 45 degrees. The 
detected signals are magnified by operational amplifiers and are digitized by a 12 bits 
ND converter to store in a personal computer. The spectral data obtained at each 
detector is divided by the spectral data of a standard white sample called Lambertian 
sample. And the ratios multipl ied by the spectral reflectance factor of the white sample 
are analyzed in the L*a*b* color space. And the results are shown by using values of 
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L*ab, H*ab, and C*ab at the corresponding angles. The measuring time is 20 seconds 
and is enough short for evaluation of human skin . 

3.EXPERIMENT 
Two commercial cosmetic foundations are examined on same sites of face. One of 

them called BC is an ocher type. The other called NCFD is a new "natural look" 
foundation. The test sites are the forehead, side cheek, and cheek under eye shown in 
Fig.2. 

OPTICA L 
FIBER 

Fig .1 Instrumentation 

4.RESULTS 

LAMP 

Fig.2 Test sites 

The analyzed results of the forehead bare skin are shown in Fig.3 (a) to (c) . These 
figures il lustrate the angular distribution of the value of L*ab , H*ab, and C*ab shown by 
using gray levels. From these figures, off-specular peaks are appeared in the figures of 
L*ab and C*ab . On the other side, the value of H*ab has the lower one around the 
center. And the directions of off-specular peaks are different among these figures. 

(a) L*ab (b)H*ab (c)C*ab 

Fig .3 Angular distribution at the forehead site of bare skin shown by 
using the value of (a)L*ab, (b)H*ab,and (c) C*ab in the case of 065. 
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These figures are not suitable for comparing the value of each site. So, the values on 
the horizontal plane, that is perpendicular to the incident plane, are shown in Fig.4 to 
Fig.6. These figures illustrate the angular distribution of the value of L*ab, H*ab, and 
C*ab of bare skin at forehead, side cheek, and cheek under eye. The slight differences 
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among three angular distributions in each figure are observed . These differences are 
due to the different physical structures of three site. Fig. 7 to Fig .1 0 show the angular 
distribution of H*ab and C*ab of the skin covered by foundation BC and NCFD. The 
value of L*ab is not shown here, because the change is small. It is found that the 
foundation BC decreases the differences of H*ab among the three sites. And also, the 
foundation BC increase the values of C*ab of all the three sites. It is because the bulk of 
foundation BC has the value of 70, 62, and 22 in L*ab, H*ab, and c*ab. On the other 
side, foundation NCFD decreases the value of H*ab of only the forehead site and 
decreases the value of C*ab of all site. This shows that foundation NCFD brings the color 
of bare skin to light red a little bit, though the foundation NCFD has no color. 
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45 
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Fig.4 Angular distribution of the value 
of L*ab of bare skin 
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Fig .6 Angular distribution of C*ab 
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Fig.8 C*ab of the skin covered 
by foundation BC 
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5.CONCLUSION 
We have developed the new high speed gonia-spectrophotometer for evaluation of 

human skin which applied foundations. By using this instrument, angular distributions of 
bare skin and the skin which applied foundation are obtained. And also, the differences 
of angular distributions are observed. The measuring time is 20 seconds and is enough 
short for evaluation of the skin . In the next step, we will find the relation between angular 
distributions and visual impressions. 
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New Weighting Functions for the Weighted CIELAB 
Colour Difference Formulae 

Dong-Ho KIM and James H. NOBBS 

ABSTRACT 

The lightness, chroma and hue tolerances with respect to the 
standard colour position in the CIELAB space have been 
studied in detail using the various existing data sets and the 
set from this study. The lightness tolerance showed a clear 
dependency upon the metric lightness for medium to light 
colours, but in the case of dark colours there was a 
discrepancy between the data sets. Both the chroma and hue 
tolerances showed dependency upon both the chroma and hue-
angle and not the single dependency upon the metric chroma, 
as assumed in the CIE94 formula. 

New weighting functions were derived from the above 
experimental evidence, and finally a new formula, LCD 
(Leeds Colour Difference) was proposed. The LCD formula is 
nearly as simple and flexible as CIE94 but smoothes the 
individual weighting functions, especially for lightness 
tolerances for light colours and chromaticity discrimination 
near the blue region. 

I. INTRODUCTION 

In 1994, the CIE recommended a new colour-&fference model, 
the CIE94 formula [I). CIE94 is in fact the simplified version 
of the CMC(l:c) formula [2], which was developed by the 
Colour Measurement Committee (CMC) of the Society of 
Dyers and Colourists (SOC), UK. The CMC formula has been 
extensively used for colour tolerance work, especially in textile 
coloration industry, and is now adopted as an ISO standard [3). 
CIE94 has two main differences to CMC: no weighting for 
lightness difference, and no dependence of hue difference on 
metric hue-angle. The source of these differences is thought to 
be caused by use of different physical viewing parameters. 

Recently, the presenting author of this paper has completed an 
experiment [4] in which the parametric effects as well as the 
weighting functions along the directions of lightness, chroma 
and hue differences were systematically studied. The purpose 
of this paper is to describe the development and evaluation of 
the new weighting functions for the modified CIELAB formula 
using various data sets. 

2. SPECIFICATION OF NEW WEIGIITING FUNCTIONS 

A brief pre-test of colour -&fference formulae based on 
component colour differences [4] showed that the performances 
of three modified CIELAB formulae (CMC, BFD and CIE94) 
are very similar to each other. 

Hence, it seems that they can be used for general application in 
their present forms . The CIE94 formula may be preferred, in 
practice, to the other two formulae as it has the simplest form 
but shows a reasonable performance. However, in some cases, 
CIE94 was found to seriously mispredict the colour tolerance 
volume from a standard colour: 

First, the lightness tolerance shows some dependency on the 
lightness of a standard; in the case of light colours, it definitely 
increases with the lightness. The CIE94 formula proposes a 
constant lightness tolerance. Second, the chroma or hue 
tolerances may differ by more than a factor of 2 for two colours 
having identical metric chromas (hue-angle dependency). The 
CIE94 formula has no hue-angle dependency. Third, the 
chromaticity ellipses in the blue region evidently rotate from 
the direction of chroma differences. Like the CMC formula, 
CIE94 has no means for reflecting this in the formula itself 

The simplicity itself may be one of great advantages of using 
CIE94. The flexibility allows the addition of new terms to the 
formula or the incorporation of new parametric factors. 
Therefore, it was decided to specify a new colour-difference 
formula similar in form to CIE94. The new formula would be 
compatible in most respects to CIE94 and nearly as simple as 
CIE94, but better in performance than CIE94. 

A general form of an ellipsoidal formula based on the CIELAB 
space can be written as follows: 

AE=[(M.".sL)' + +(m".Su)' +SRM.:"m"]'i' 
KL' Kcu2 

(I) 
The SL, Sc, and Su functions are the weighting functions for 
lightness, chroma and hue differences. The SR function is 
introduced to the equation to allow for the ellipse rotation. Kc 
and Ken are the parametric factors for lightness and 
chromaticness (both chroma and hue) differences, respectively. 

Efforts were made in three aspects to improve the performance 
of Eq.(l) compared to CIE94: (a) lightness tolerance (SL 
function), (b) hue-angle dependency of chroma and hue 
tolerances (Sc and Sa functions), and (c) chromaticity ellipse 
rotation (SR function). 

2.1 UGHTNESS WEIGIITING FUNCTION 

The Fong data set [5], which is the bases of both CMC and 
BFD lightness weighting functions and is the only set that 
includes extremely dark samples, shows the lightness 
tolerances of medium to dark colours (L" < 50) are generally 
smaller than those of the medium to light colours (L' 50). 
(Fig. I) However, this is not the case in the other two data sets 
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(Berns (6) and Kim [4)) which were carried out under very 
carefuJJy controlled experimental conditions and thus are 
regarded as self-<:OIISistent. These suggest that the visual 
lighmess tolerances of dark colours are bigger than those near 
medium lighmess (L" = 50), though the greatest tolerance 
magnitude is apparent for the light colours. Each data point 
(tolerance value) of the Fong data was obtained using only one 
colour-difference pair, and thus the effectiveness of these data 
points (especially, those for very dark colours) is questionable. 

To compromise for this situation, the lightness weisl!ting 
fimction SL was set as unity for medium to dark colours (L = 0 
- 50) and as a second order polynomial of L • for the medium 
to light colours (L" =50- 100). (Fig.2) That is, 

SL = I - O.OIL" + 0.0002(L")' unless L" <50 when SL = I 
(2) 

This proposal satisfies the basic purpose of keeping the new 
weighting fimction as compatible as possible to CIE94, i.e., 
Eq.(2) is identical to that of the CIE94 SL fimction for the 
colours of L • :s: 50. 

2.-------------------, • • 

• 
je• • 

• 

•• .. . .. . ,. .. ..... ' .k.:-. ... 
• 0 .. 

• Fong 
a Berns 
• Kim 

Figure I. Unit visual lightness differences. 

-·CIE94 
--LCD(Eq.2) 

0 20 40 60 80 100 

Figure 2. Lightness weighting fimctions. 

2 .2 CHROMA AND HUE WEIGIITING FUNCTIONS 

The original chroma and hue weighting functions Sc and SH of 
CIE94 are thought to be insufficient to describe the chroma 
and hue tolerances for a wide range of colour positions, 
especially, with respect to the hue-angle of a standard. Thus, 
the hue dependent ScH and SHH functions obtained by 
considering the three data sets (Luo [7], Berns [6], and Kim [4)) 
were incorporated to the definition of Sc and SH fimctions. 
(Figs.3 and 4, where Nc and NH normalise the mean tolerance 
value of each data set) The forms of the new Sc and SH 
functions are as follows: 

Sc =(I+ 0.045C")ScH 
SH = (1 + O.D15C")SHH (3) 

where 
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ScH = I + 0.07sin(h0
)- 0.16cos(2h.+250) 

- 0.05cos(3h•) - 0.03cos( 4h•) 
SHH = I - 0.03cos(h0+60) + 0.12cos(2h0

) 

+ 0.12cos(3h0
)- 0.07cos(4h0 -45) 

unless c·"":s:4 when ScH=SHH= I (4) 

2.0 

b Ill 1.5 ...,. 
0 
ci + 
u 
z 0.5 § 

0.0 

0 

·. 

o Luo (Nc= 0.9) 
• Berns (N0 = 0.95) 
• Kim (N0 = 1.05) 
-- line (Sa;) 

90 180 
ho 

270 

• . 

360 

Figure 3. Hue-dependence of chroma differences. 
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Figure 4. Hue-dependence of hue differences. 
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2.3 ELLIPSE ROTATION FUNCTION 

The ellipse rotation function SR is defmed by Eq.(5). (For 
detailed procedure of deriving see IGm [4).) As the 69 
function is essentially zero (and hence SR also) except for the 
blue region (Fig.5, where - t is the mean ellipse rotation angle 
of each data set), the form of Eq.(l) is, in effect, identical to 
CIE94 except for the blue colours. 

sR = [--C./(2 + omc?J sin(269) 
where 69 = 30 exp{- [(h0 -275)125)

2
} 

• Luo (1=-1.8) 
a Berns (I = 3.8) 

60 • Kim (I= 8.8) 
-- line (69, Eq.5) • 

30 • -:'"' .. , 
-30 

-60 

0 90 180 
ho 

270 

.... 
•• 

360 

(5) 

Figure 5. Ellipse rotation (69) as a function of hue-angle (h0
). 

3. TEST OF NEW WEIGIITING FUNCTIONS 

Performance improvement of CIE94 was checked by 
systematically modifying the formula, i.e. , adding or 
incorporating the new weighting functions, to produce seven 
colour-difference models (CDMs). The models tried were: 

CDM-1) CIE94 + SL : replacement of the CIE94 lightness 
weighting function by a new one 

CDM-2) CIE94 + ScH and SHH : incorporation of hue-angle 
dependence factors into the CIE94 chroma and hue 
weighting functions Sc and SH 

CDM-3) CIE94 + SR: addition of a term for the ellipse 
rotation dominant in the blue region 

CDM-4) CIE94 + SL, ScH, SHH 
CDM-5) CIE94 + SL, SR 
CDM-6) CIE94 + ScH, SHH, SR 
CDM-7) CIE94 + SL, ScH, SHH, SR 

Five data sets swnmarised in Tablet were used in performance 
testing. Table 2 showed that the performance of a particular 
formula depends greatly upon the basis data set it was 
developed. That is, the BFD and the CIE94 formulae show the 
best performance to the Luo and the Berns data sets, 
respectively. (The fit, PF/4 value, of the BFD(I:I) formula to 
the Luo sample data [8) is 21 %. ) 

Three modified CIELAB formulae (CMC, BFD and CIE94) 
showed very similar performance when tested with l (or KL) 
values setting as 1.5 for textile samples and 1.0 for paint 
samples. Considering the fact that the optimisation of l value 
is not always possible, it seems that there is no difference in 
perfolllllll1.ce among these three formulae. 

Table I. Five data sets used in testing new weighting functions . 

Data Set Luo Berns IGm-1 Cheung IGm-2 Total 
Substrate Textile Paint Paint Textile Paint -

No.Col.Cnt. :70 19 21 5 21 
No. Pairs 533 163(c) 244 317 203 1460 
Measurer.r PF/4 TSD PF/3 PF/3 PF/3 
l (orKL)(bl 1.5 1.0 1.0 1.5 1.5 

Ref. 8 6,9 (d) 10 (e) 

(a) PF or PF', and TSD: Perfolllllll1.ce factors [II), anci 
tolerance standard deviation [9], respectively. With an ideal 
formula, these measures should be 0. 
(b) Default value used in Table 2-a, i.e. , l = 1.5 for textile anci 
l = 1.0 for paint samples. 
(c) Number of tolerance vectors. 
(d),( e) Both from IGm's study (4) under the grey background 
and the gap conditions, respectively. The gap (lGm-2) data is 
regarded as pseudo-textile data, and l is set to 1. 5 . 

Table 2 . Performance testing results of colour-difference 
formulae in predicting five different data sets. 

(a) With default l values (l = 1.5 for textile, and l = 1.0 for 
paint samples) 

Formula Data Set Overall 
Luo Berns IGm-1 Cheuruz IGm-2 

CIELAB 47 36 53 45 55 48 
CMC 29 28 32 31 34 31 
BFD 27 25 33 29 38 30 
CIE94 26 21 36 34 38 30 
CDM-1 26 20 33 30 34 -
CDM-2 24 21 36 35 39 
CDM-3 24 20 36 33 37 -
CDM-4 24 20 33 32 36 
CDM-5 25 18 32 29 33 21 
CDM-6 22 19 35 32 37 
CDM-7 22 18 32 29 34 26 

(b) With optimised l values 

Fonnula DatA S<l Ov..-all 
Luo il<ms Kim-! a. ...... Kim-2 

l l l l l 
CMC 1.0 26 1.0 28 1.0 32 1.4 31 1.2 33 29 
BFD 0.8 20 0.7 21 0.8 30 1.2 28 1.0 32 25 
CIE94 1.4 26 1.1 21 1.3 34 2.0 31 1.7 37 29 
CDM-5 1.2 24 1.0 18 1.1 30 1.8 28 1.4 33 26 
CDM-7 1.3 21 1.0 18 1.1 31 1.6 29 1.3 34 26 

The optimised l value of a modified CIELAB formula also 
depends on the structure of a data set. Almost all colour-
difference pairs in the Luo sample data are, in effect, 
chromaticness differences rather than lightness differences, a.• 
it was designed to study the chromaticity discrimination. This 
is thought to be the reason why the Luo data set requires 11 

quite different l value (: I) compared to the Cheong and the 
IGm-2 (gap) data sets. 

Table 2 also revealed that the performance of CIE94 could be 
improved significantly if the weighting functions were replaced 
or the new function was added. 
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The dependency of lightness tolerance with metric lightness is 
probably not consistent in the case of dark colours but it shows 
the clear dependency in the case of medium to light colours. 
The lightness tolerance of a light colour (L • > 50) is clearly 
bigger than that of a medium or a dark colour (L • :S 50) as 
shown in F ig.J. The CIE94 SL 1\mction deliberately discowtts 
this effect and thus seriously misleads in predicting the 
lightness tolerance of a light colour (e.g., yellow or white 
grey). For the two data sets of Kim' s study, which include a 
relatively large portion of lightness difference pairs, a 
considerable improvement in performance of CIE94 could be 
fowtd when its SL 1\mction is replaced by the new SL 1\mction 
(Eq.2). The insensitivity of the performance in cases of the 
Luo data set is caused by its structure as explained above. 

The dependence of hue tolerance (and also chroma tolerance) 
on hue-angle should be tested with the data set including a 
sufficient number of colour centres. In case of the Luo data set 
which includes about 70 colour centres, the incorporation of 
the hue-angle dependence 1\mctions to the Sc and Sn 1\mctions 
of CIE94 and the addition of the rotation 1\mction to CIE94 
(i.e., COM-(;) clearly improved the performance of the 
formula. The reason no significant improvements are seen for 
other data sets could be explained by the lack of a sufficient 
number of colour centres. It cannot be justified to claim no 
hue-angle dependency by testing the formulae with a data set 
including only 19 colour centres [ 12]. 

It is worth noting that CDM-5 performs markedly better than 
the CIE94 formula except for the Luo data. Compared with 
the three existing weighted CIELAB formulae, it has the 
second simplest form. The most complex modified version 
CDM-7 performs better than CDM-5 only for the Luo data. It 
means that, though the hue-angle dependency is more likely to 
exist, the additional complexity of hue-angle dependence terms 
may have not much benefit in practice. 

With optimised l values, the BFD formula performs best. It 
may be partly because more than 1/3 of the test pairs are from 
the Luo data set. It is encouraging that the performance of 
CDM-5 is clearly better than CMC and CIE94, and nearly 
matches to that of BFD. 

4. LCD- New Weighted CIELAB Formula 

Based on performance testing results, CDM-5 is proposed as a 
new modified CIELAB formula - the LCD (Leeds Colour 
Difference) formula - and is fmally specified as follows: 

llli= ISc + Ml ISn) +SRL\C Ml 
[
(.,•"' \2 ( • )2 ( • 2 •• ]1/2 

KLl + K c H2 

(6) 
where SL = I - O.OIL • + 0.0002(L•)' ifl" < 50 then SL = I 

Sc =(I+ 0.045C.)Scn 
Sn =(I+ O.OISC.)SHH 
sR = [-C./(2 + omc·)'l sin(2t>e) 

and Sen = SHH = I 
68 = 30exp{-[(h0 -275)125]'} 

KL = Ken = I for non-textile samples 
KL = 1.5, Ken= I for textile samples 

L·. c• and h0 refer to the standard of a pair of samples. When 
neither of samples in a pair is easily assigned as standard, their 
mean L·, c· and h• values could be used instead. 

5. CONCLUSIONS 

A co-ordinated study of the weighting 1\mctions of existing 
modified CIELAB formulae has been carried out and a new 
modified CIELAB formula (LCD) is proposed. 
The LCD formula is comparable with CIE94 in the aspects of 
simplicity and flexibility but smoothes the weighting 1\mctions 
according to the colour position in the CIELAB space , 
especially for lightness tolerances for light colours ancl 
chromaticity discrimination near the blue region. 
In the recent paper [13], it was claimed that the modified 
CIELAB formula allowing for the ellipse rotation in a •b • 
plane, e.g. , LCD or BFD, is particularly useful for the 
instrumental method of fastness testing. 
It is also worth pointing out that the CIE94 formula was 
optimised for only one colour-difference data set (Berns data), 
but the LCD formula (CDM-5 in Table 2) is tested with five 
different data sets including a parametric data set. 
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On the Thermochromism of Some Materials 

Seppo LEPPAJARVI , Pertti SILFSTEN, Jussi PARKKINEN 
and limo JAASKELAINEN 

It has been noticed, that color measurement of different substances is quite sensitive for sample 
temperature. Especially red samples are temperature sensitive. The phenomenon, where an object 
changes its color as the temperature changes, is called thermochromism. In this paper we present 
theoretical calculations, how thermochromism appers in different materials. The calculations help 
reveal, whether the temperature sensitivity of red samples has some physical reason, or does it 
come from the instability of red color pigments. 

1 Introduction 
The color measurement has become increasingly important during last few decades. This is mainly 
due to increased quality requirements set for products. Also, due to development of technology, 
the measuring systems have become more accurate. When the accuracy has improved it has been 
noticed, that many unexpected factors affect the color of different samples. One of these factors is for 
example the temperature of the sample. It has been noticed, that for example ceramic reference tiles 
used for the calibration of colorimeters and spectrophotometers are temperature dependent. The 
long wavelengths, i.e. yellow, orange and red samples, are found to be affected most [1 , 2]. Therefore, 
new recommendations for color measurements require the temperature during the measurement to 
be set to 25 ± 1 °C. It has been noticed, that red samples are especially sensitive to temperature 
changes. This is probably partly due to chemical instability of red colorants. The aim of this study 
is to clarify, if there is any possible physical background for this kind of behavior. 

In the trichromatic color vision, a color is expressed by tristimulus values X, Y and Z [3]. These 
values are defined by 

X 

y 

z 

k I S(>.)R(>.)x(>.)d>. 

k I S(>.)R(>.)y(>.)d>. 

k I S(>.)R(>.)z(>.)d>., 

(1) 

where S(>.) represents the power distribution of the illuminant, R(>.) represents the reflectance or 
transmittance of the sample. The color-matching functions x(>.), y(>.) and z(>.) can be found in any 
book dealing with colors. Factor k is only a scaling factor giving Y = 100 for perfectly reflecting 
or transmitting sample and Y = 0 for fully non-reflecting or non-transmitting sample. Therefore, 
k can be expressed as k = 100/ J S(>.)y(>.)d>.. In practice integrals can be approximated by the 
corresponding summations. Common wavelength intervals are either 10, 5 or nowadays 1 nm. 

A more convenient way than tristimulus values to present colors is to use xy - chromaticity 
coordinates: 

X 

y 
z 

Xf(X +Y +Z) 
Y/(X + Y +Z) 
Zf(X + Y +Z). 
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Therefore x + y + z = 1. The color data can then be presented as the values x, y and Y. The xy 
-chromaticity coordinate system has some disadvantages. First, the system is nonuniform. The 
distances of color in different parts of the coordinate system are not comparable. The second 
disadvantage is that the coordinate system is only applicable to colors having same luminance. 

The CIE has recommended two color coordinate systems, CIELAB and CIELUV, which are 
almost uniform and able to distinct colors of both different chromaticity and luminance. The 
CIELAB system is defined as 

L* 
a* 
b* 

116(Y/Yn) 113 - 16 
500[(X/ Xn) 113 - (Y/Yn) 113] 

200[(Y/Yn)113 - (Z/Zn) 113], 

(3) 

where Xn, Yn , and Zn are the tristimulus values for reference white. If the ratio Y/Yn is equal or 
smaller than 0.008856 the expression for L* is replaced by L* = 903.3(Y/Yn)· If any of the ratios 
X/Xn, Y/Yn or Z/Zn is equal or smaller than 0.008856, (X/Xn) 113 , (Y/Yn) 113 or (Z/Zn) 113 in a* 
and b* are replaced by 7.787F + 16/116, where F is X/Xn, Y/Yn or Z/Zn, respectively. 

The CIEL UV color space is defined as 

L* 116(Y/Yn) 113 - 16 
u* 13L*(u'- ( 4) 
v* 13L*(v1

-

where u' = 4X/(X + 15Y + 3Z) and v' = 9Y/(X + 15Y + 3Z). The suffix n indicates that the value 
is for the reference white. The expression for L* is the same for both CIELAB and CIELUV color 
spaces. As the color spaces are quite uniform, the color differences can be defined as the Euclidean 
distance between two points in those spaces thus giving 

2 Experiment 

[(.::lL*)2 + (.::la*)2 + (.::lb*)2jl/2 
[(.::l£*)2 + (.::lu*)2 + (.::lv*)2]1/2. 

(5) 
(6) 

The color of any sample depends on the reflectance or transmittance spectrum of the sample. That 
is the only factor, which is affected by the temperature. Let us consider how the spectrum may be 
affected by the temperature to see if red is affected more than other colors. 

In some cases the behavior of absorbance and therefore transmittance as a function of tempera-
ture is known. In crystalline materials the absorbance of many impurities has homogeneously broad-
ened absorption band. The shape of absorption band usually obeys either Gaussian or Lorentzian 
shape. The half widths (HW) of these bands at high temperatures including room temperature 
have T 112 dependence: 

(7) 

Anyhow, the integrated absorption, i.e. the area under the absorption band remains constant. It 
means that, as the temperature increases, the half width of absorption band increases and the height 
becomes smaller. Half width multiplied by peak height remais constant all the time. The peak 
position also chances toward smaller energies i.e. longer wavelengths, but that change is negligible 
compared to the changes in the shape of the spectrum. So, we did as follows: 

We synthesized absorption bands of Gaussian shape, which were homogeneously broadened in 
energy scale. This means also homogeneous broadening in frequency scale. It is worth to note, that 
in the wavelength scale the broadening is not exactly symmetric. The half width of every band 
was selected to be the same. We constructed our bands so, that by combining bands we could 
get as blue, green or red spectra as possible. We assumed, that there was no interaction between 
different absorbing units. In that case the combined absorbance is simply an algebraic sum of the 
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absorption spectra. The original height of the bands was selected to be 4 in absorbance scale, which 
corresponds transmittance or reflectance of 0.01 %. Our initial spectra appeared in frequency scale 
as in Figure 1. By combining all spectra we will get a spectrum that in every frequency exceeds 
absorption value of 3, which corresponds transmittance or reflectance of 0.1 %. That is very black, 
especially in reflectance: every real surface reflects more than 1 %. To make our test spectra more 
natural, after combining appropriate absorbance bands, a simple scaling was done to bring the 
absorbance maxima of the resulting mixtures down to 1. 

When initial spectra are converted to the wavelength scale, we will get the absorption maxima 
at the wavelengths 380 nm , 450 nm , 540 nm and 700 nm. The peaks 450 nm and 540 nm correspond 
very well to blue and green, respectively. As the half width of the band in wavelength scale increases 
as the wavelength increases (constant in energy scale), the red peak goes quite far. For the same 
reason the fourth band was made at the wavelength 380 nm to ensure short wavelength blue to be 
removed from spectra . Its effect was anyhow very small. 

Let us see, how our original blue, green and red color spectra appear. The result can be seen 
in Figure 1. Although the initial spectra are artificial, the spectra achieved could be found in t he 
nature, and they appear pure red, green and blue. 

Initial spectra Red 

5 6 7 500 600 700 
Frequency [1/s] x 1014 Wavelength [nm] 

Green Blue 

500 600 700 500 600 700 
Wavelength [nm] Wavelength [nm] 

Figure 1: Ini tial absorbance spectra and resulting test spectra. 

3 Results 
The color differences between test spectra were calculated. As mentioned earlier, every absorption 
band changes as a function of temperature so that the half width changes comparable to T 112 

but integrated absorption remains constant . If we regard the initial spectra as room temperature 
spectra, a 10 % increase in half width corresponds 60 degrees increase in temperature. The ratio of 
absorbance maximum between the first and last spectra is 1.225, which corresponds temperature 
difference of 147 K. The result can be seen in Figure 2. 
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4 6 
Sample# 

(a) 

Color differences between adjacent samples 
1.6 

4 6 
Sample# 

(b) 

Figure 2: Color difference curves. 

As can be seen from Figure 2(a), the color changes are always smallest in red samples. Inter-
estingly, the color differences in red and blue color decrease as the temperature increases, whereas 
the greens behave slightly opposite (Figure 2(b)). To make sure, that the unexpected behavior of 
red samples was not a mistake, were calculated also. The results were the same, red samples 
had smallest changes as the temperature increased. 

When divided into components, in red sample tl.L* and tl.v* remain almost constant whereas 
tl.u* is very large. 

4 Conclusions 
As stated in the introduction, the fact that red samples are found to be more sensitive than other 
colors to temperature changes led us to study the thermochromism more closely. As can be seen from 
our theoretical calculations, the sensitiveness of red samples to temperature changes is probably 
mainly due to chemical instability of the red colorants . Our tests revealed no physical reason or 
color coordinate calculation based reason for the sensitiveness of red samples. In fact, the color 
differences were smallest on red samples in the tests. Experiments on thermochromism on real 
materials are under study. 
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Color Space 



Color Differences and Principal Hue Vectors 
in the Munsell Space 

Tarow INDOW 

The procedures are presented that enable us to make the following predictions from the current 
spacing in the Munsell solid {Pj}, from 4V to 7V. I) Define by a ik the Euclidean distance 
between points Pi and Pk.· The formula is given to predict from a ik the perceptual color 
difference, dik· scaled by matching with the Munsell V-scale. 2) Define by {fa} vectors in {Pj} 
that represent the directions of principal hues, a= R, Y, G, B, or R, Y, G, B, P. The method is 
given to define, the degree of principal hue component a in a color j as the coordinates of 
Pi on fa. Based on a large set of experimental data, the accuracy of both predictions is made 
explicit. These predictions are important for practical use of the Munsell notation and also for 
understanding of the processes underlying perception of colors of surface mode because 
are chromatic response functions for surface colors. Besides, by relating dJk to differences of 

and we can have insight as to why colors j and k appear with that size of difference 

1. PRECEDING STUDIES 
1.1 In a series of studies based on the multidimensional scaling (MDS), it was shown that 

Munsell chips are embeddable in a 3-D Euclidean space with the accuracy given in Fig.4 of 
Indow (1). For each pair of chips (j, k), the subject selected two Munsell grays (V "' V11 ) the 
lightness difference of which matched in size with the color difference, and d1k = IV A- V11 I was 
defined as its scaled value. From the matrix (djk), n x n and needs not to be complete, such a 
configuration of points {:Pi} was constructed that inter-point distances ajk numerically 
reproduced the data dik· Namely, predicted color difference,dik· are given by KdJk and K is 
close to 1.0 The root-mean-squares (RMS) of discrepancies (djk- djk) was 0.20 - 0.24 V. Pairs 
(j, k) were limited so that dj. < 4.0 V, because the subjects cannot have realistic impression 
about the size of differences for colors that are too far apart. The global structure of ( f> J} was in 
agreement with {Pj} of the Munsell notation, though minor adjustments of color spacing were 
necessary (Fig.6 in that article). Some of these may be real but some may be artifacts due to 
imbalances in the color sampling in experiment and errors in the scaled data (djk)· 

1.2 In another series of studies, Indow (2, 3), radial vectors fa from the achromatic axis were 
defined in {Pj} so that contravariant components of Pi on fa, represent degrees of 
principal hues a in colors j. A single color j was presented at a time, and the subject first 
divided a line segment of length 10 into two parts in proportion to degrees of grayness N(j) and 
chromaticness. Then, he or she divided (10- NU)] into segments in proportion to degrees of 
principal hues a felt in the color. These lengths were defined to be l;.,(j) Most cases, 
chromaticness consisted of two principal hues; a = R, Y, etc. Directions of fa were determined 
so as to include in the hue sector spanned by fa and fp as many Pi as possible for which /;aU) > 0 
or (j) > 0 and to minimize RMS of discrepancies {/;a(j)- for these PJ , where = 

Ba. Except B (Blue), the directions of fa were in agreement with those of 51-1 of Munsell 
notation. Irrespective ofwhetherP (Purple) is included or not, f8 was clearly shifted toward 5PB 

455 



(Fig. 3 in the section 4). The subject also assessed the lightness of N(j) by matching with the 
Munsell V-scale. The matched lightness is denoted as VU). 

2. DIRECT USE OF MUNSELL COLOR SPACING 
In the preceding studies, CP j} is a configuration constructed by MDS and a,. are distances in 

{I> j} . However, it is impossible in practice to obtain by MDS a reliable and sufficientl y dense 
{ P j} for the problems stated in 1.1 and 1.2. Hence, on the basis of the same data sets ( d1k) and 
{l;.,(j)}, a new approach has been taken. Instead of defining the most appropriate configuration 
CPj}, simple formulations are proposed to obtain from the current Munsell color spacing most 
reliable predictions djk and Hereafter, (Pj} means the configuration of the current 
Munsell notation, dik, and respectively represent Euclidean distances in {Pi} and 
coordinates of Pi on fa defined with regard to {Pj}. This is an attempt to extract maximum 
amount of information from the Munsell system. When we specify H V/C of a color j, we can 
have insight on its implication to the principal hues a being involved, From an inter-point 
distance dik directly defined in the Munsell solid, we can predict the size of the perceptual 
difference. Predictions are possible for colors or pairs of colors for which experimental data are 
not available and the accuracy is explicitly given. 

3. PREDICTIONS OF PERCEPTUAL COLOR DIFFERENCES 
Let us first consider 2-D a jk in a planar Munsell configuration Wi! v of constant v -level, v = 

3-8. The distance is defined such that IC interval is equal to 1.0 , e.g., d = 2.0 for (5 R 5/4 , 
5R 5/6) and d = 2.2 for (5R 5/4, 7.5R 5/6). Scaled values of corresponding color differences di, 
for (j, k) of the same V were assembled from three sources; Aoki data (5, 286) 1

), Ohsumi data 
(5, 45) l, and K-W data (4, 158)3

) where the integers in the parentheses mean the numbers of 
subjects and those of color differences selected. All were scaled in the procedure stated in 1.1 
and given with the unit of V. Each subject repeated matching with grays twice, and the !:,>Tand 
means were defined as dik in each set of data . The matching is not context-free and d' s are 
sensitive to the range of color differences being used in the experiment. Hence , all the scaled 
values were standardized on a common unit so that, when djk are plotted against d,, ( < 5 ), points 
scatter along a lined = 0.357d . This is the representative trend and the definition is related to 
the following two findings . I) Grandmeans of matched lightness V(j) stated in 1.2, for alii-! , 
C, and all the subjects, are linearly related to V of colors j with the slope of 0.82 , whereas the 

{5RP-5YR} ll : Hue sector ill 
{5BG - 5PB} 

Fig 1 : Two examples of data base to determine K(D) in (I) 
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best estimate (in the studies 1.1) of the size of ratio between I C and IV is 1: 2.3. Hence, a = 
2.3C (IV) in the abscissa corresponds to d = 0.82V in the ordinate, which means the slope of 
0.357. 2) 1n a different series of experiments, two grays (Vj , Vk) were presented and the 
lightness difference was matched with those of other pairs of grays at various positions on the V. 
Means of matched V-differences, fitted by J'= 0.93 a 067

, where ajk= I vj- v. I. When 
this dis converted to the unit !C= 2.3V, the curve is close to d = 0.357d. In order to take into 
account local variations, the formula to predict d from a has been defined as follows: 

d(O)= tf=0.357d. (I) 
With available data dik, ratios = djk(O ) /djk(O) were plotted in various ways as functions of 0, 
various combinations of H, V, an C. Fig. I gives two examples where [J means a hue region 
including various levels of V and C. The regression plane was flat at the level close to I. 0 in the 
red-region whereas it is curved in the blue region. Even if K(O) is kept constant at 1.0, RMS's 
for (djk - di k) are in the range of 0.24- 0.36 V according to hue-regions (the numbers of dik, 
109 - 164 ). Prediction of a 3-D color difference in which two colors differ in V (11 V) is given by 

d(O)- 0.357[{K.(D)Hc 2-D + {K(D)v 2.3 <1V(0)} 2 t 5 (2) 

if K(O) is defined to be independent of V. With all K(O) =I, (2) was tested for dik of Ohsumi 
data (5, 241) 2l where <lV :;t 0 and 2-D a< 5.0 V, then the RMS of (dik - di <)was 0.625 V. 

4. PREDICTIONS OF PRINCIPAL HUE COMPONENTS 
Radial vectors from the achromatic axis, fa, have been defined with regard to the current 

Munsell spacing {Pi}, a changes in 4 or 5 ways. At first, a set of vectors was determined in 
each level of V. However, {f'a}v were found almost independent of V, and hence a single set 
{fa} has been defined for all levels of V. Data matrix (l',a(j)) for all H covering 4 to 7 V and 
various levels of C were assembled from the following sources: Kimura data (5, 3, 120)3l , 
Ogawana data (5, 1, 30ttl, Takeyasu data (5, 2, 120il, and Yamazaki data (8, 2, 100)6l, where 
the first and second integers give the number of subjects and that of repeated assessments, and 
the last integer the number of colors. The procedure of assessment is described in 1.2. In Indow 

... ········· 

.,······ 

<0 

Fig 2 : Definition of dik and 
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(2, 3), fa, were defined individually. 
In this study, grandmeans over subjects 
and repetitions are defined as If 
all subjects do not see in a color j any 
achromatic component and any hue 
other than a, then 10. Vectors 
fa are determined for these As 
shown in Fig. 2, Pi in the sector 
spanned by fa and fp is decomposed 
into two contravariant components, 

and p(j). The directions of fa 
and are obtained by a simplex 
optimization program so as to include 
as many Pi as possible for which 
> 0 or > 0 and to minimize RMS 
of discrepancies where 

Ba are set 
the same for all levels of V and C until 
the optimum directions of fa are fixed. 
Then, with regard to this {fa}, new 
sets of Ba(D) are determined 
under the context 0 that minimize the 



RMS of discrepancies {I;..G)- for Pi for which I;..U) > 0 and 

A..(O Ba(O). (3) 

It can happen that 1;,1 U) > 0 for f1 that is outside of the sector and hence Y U) < 0 (Fig. 2). 
Deviations of this kind are taken into account in the minimization for defining fs but not in 
determining Ay (0), B1 (0). Fig.3 shows{ fa} for 4 and 5 principal hue cases. Notice that 5B is 
not in the direction of perceptual blue, f8 . An example of scatter diagram between C.a G) and 

is given in Fig. 4 where a= Rand 0 is (4V including all levels of C) . 

Ul fSG 
.,.. aJO no lSil IDG 

, .. , ... ,. 

Fig.3 : Principal hue vectors 

5. PROSPECTS 

'" 
"' 
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: .. \ ...... 
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2 N•14 l • Aa(0)•0.77 
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-5 15 

Fig. 4: An example of plotting (I;..U) 

5.1. If coefficients K(O) and A(O), B(O) are adjusted according to context the accuracy to 
predict color differences and principal hue components are improved. 

5.2 Changes of according to H, V, C of colors j correspond to chromatic response 
functions quantified by the cancellation technique for aperture colors . Partial comparisons of 
these functions between two modes of appearance were shown in Fig.3 of Indow (3). More 
detailed comparisons have become possible. 

5.3 The Predictions are readily transformed into other color spaces such as NCS, OSA-UCS 
Through the relationship between djk and differences of components t.i;.,(j, k) t,U)-
we can have insight as to why two colors j and k appear to us with that size of difference . 

DATA 
1). lndow,T. and Aoki,N. Color Res. &Appl. 8 (1983) pp. 145-152 . 2) lndow, T. and Ohsumi, 
K. In Vos, J.J. et a! (Ed.), Color Metrics, Institute for Perception, Holland, pp. I 24-133 ( 1972 ). 
3). Kimura, S. (1979) and supplemented by Watanabe, T (see Indow, T . in Mondial 
Cou/eur, 85 (1985), tome I. 4) Ogawana, H. of SONY (1987)'". 5) Takeyasu.K.(1978). 6) 
Yamazaki, T. (1978). Data with • were obtained in here UCI and all the others in Keio 
University Tokyo. Invaluable contributions of these collaborators are gratefully acknowledged. 
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NCS as a Tool for Colour Communication 
in Colour Design 

Berit BERGSTROM 

The purpose of this paper is mainly to show first of all how the use of a perceptive colour order system, 
such as the NCS, can be of such great assistance when working with colour design and, secondly how long 
research work has resulted in a practical aid in day-to-day practical work. 

INTRODUCTION 
The increasing use of colours in different contexts in the field of colour design has led to the need for 

identifying aid communicating colours in an unambiguous way. It is not sufficient just to identify a colour in 
terms of pigments and their mixtures or in terms of wavelengths and physical stimuli. Many colour systems 
and colour atlases have been developed, but these are based on different conditions and different theories, 
and have added to the difficulty of communicating within this field. However, the primary purpose of colour 
must be the perceptual experience of colour, since colour is what we see, i.e. a subjective visual sensation. 

A perceptive colour system such as NCS begins with colour appearance according to the perceptual 
attributes of hue, chromaticness, whiteness and blackness, which makes it possible to use the system within 
different areas of colour design. NCS is based on how the human being sees colour. An NCS notation 
represents a specific colour percept and says nothing about what pigments, lights rays or nerve signals have 
given rise to this perception. 

s 

NCS colour solid NCS colour circle shows the hue NCS colour triangle shows the nuance 

NCS Edition 2 is a new edition of the NCS standard colour samples that was introduced in February, 1995. 
The standard colours have been revised and resulted in 
-A standard that is more friendly to the environment. A company that chooses the new NCS samples avoids 
environmentally harmful pigments in the products and still achieves exact colour consistency. 
-Narrower nominal tolerances and greater accuracy, i.e. smaller reproduction tolerances. 
- More colours- a total of 1. 750 colour samples. 

ARCHITECTURAL DESIGN 
Since its launch in 1978 NCS has become a colour designing system for different areas in which colour must 
be communicated. NCS is a tool which makes it possible to communicate, analyse, plan, choose, produce 
and control colours in an unambiguous way. When working on a colour design proposal you can use NCS for 
analysing existing colours on carpets, textiles etc in a actual project- colours which you must keep in the new 
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colour design proposal. 
Products from manufacturers in the building trade are often specified in the NCS notation as standard to 

show their colour range, for products such as decorative laminates, wallpapers, flooring , textiles , and of 
course, paint materials. This is because NCS is the common language in architectural colour design. 

It is also easy to illustrate ideas and to present proposals with NCS colour samples, and for colour 
planning for whole cities. 

The make-up of the NCS system offers vast opportunities for testing and analysing various colour compo-
sitions and studying their similarities and relations. Studies performed by Hiird/Sivik indicates that combina-
tions of colours with one or more of these formal similarities tend to be highly valued. Colour designers can 
study how different colour compositions offer various means of expression. 

Colour scales of traditional pigments 
A research project on the external colouring of buildings was started in 1986 by architects Karin Fridell Anter 
and Alee Svedmyr. It shows the colour scales of traditional pigments for external painting used in linseed oil 
paint and limewash. 

The colour scales of traditional pigments have created frames of reference which we have learned to 
appreciate and to which many people want to relate today. Expressions such as golden ochre, iron vitriol and 
light oxide red have acquired a positive ring and symbolize the beauty of by gone days to many architects. But 
few people in the modem building process have a clear idea of what colour scales are actually available with 
the traditional pigments. 

The range of colours associated with the various pigments can be shown by means of the NCS colour 
system. For each pigment, the report also shows what NCS samples lie within or close to the colour range. 
The triangle shows the iron oxide yellow pigment based on measurements of 4 pigments and 2 pigments 
respectively. The measurements show that oxide yellow gives colours with a hue of around Y20R and Y30R 
with 9 NCS standard notations in linseed oil paint and 12 NCS standard notations for limewash. 

Oxide yellow in linseed oil paint Oxide yellow in limewash. 

Note that a paint made of traditional pigment with a colour that is more chromatic than this is not obtainable. 
Based on this knowledge, it is possible to build further on the old colouring tradition, "translated" to today 's 
conditions. 

Natures ' colour palette 
The colours of nature is another research project by architect Karin Fridell Anter. 
The colours that can be found in nature form a natural reference for our perception and judgement of colours, 
and is the basis of our colour history. They also create the background for our buildings. For those who work 
on colour design on buildings it is obviously important to know what colours in nature surround us. This 
includes stones, blades of grass and so on. Using measurements as a basis, the occurrence of different colours 
on different materials can be shown. The pattern of variation of colours is analysed and so is the way in which 
the colours we perceive in nature can be distinguished from the colours of natural materials. 

The green chlorophyll area shown on next page is the main part of the green colours of nature. It is 
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interesting to note that the Swedish Falun red paint has the same nuance as the green chlorophyll . This may be 
the reason why Falun-red houses and cottages are now an important part of Sweden 's cultural heritage and 
have become a well-known national symbol. 

The typically chlorophyll green colour area The Swedish Falun red paint 

The results of the research are useful to architects who work on colour planning of houses and for those who 
will be using our plants for creating different surroundings. 

INDUSTRIAL DESIGN 
In industrial companies that manufacture products for which colour is important and in which the manufactur-
ing tolerances are narrow, instrumented colour measurement and colour formulations should be supplemented 
with a visual check against a colour sample to guarantee that the required colour had been achieved. A visual 
colour order system with colour samples makes it possible to achieve rational coordination between different 
materials, different formulations , colour measurement and colour control. Visual tolerance guides based on 
NCS make it possible to judge the colour in all contexts and thus achieve the right quality. It is possible simply 
to judge whether the product lies within or outside the tolerance range. 

In addition to the need to achieve the correct colour, it is also important to have a method of analysing the 
colour range of a particular product, which can be difficult if the colour assortment is extensive. NCS can be 
used to analyse the spread of a colour assortment with the three-dimensional colour world illustrated in two 
dimensions in a scheme with eight hue areas in one direction and seven nuance areas in the other. NCS makes 
it easy to find the regions in which there are too many or too few colours. 

GRAPHIC DESIGN 
When graphic designers are designing some printed matter or a brochure, they often work with a colour 
system based on pigment formulations. The colour of the printed product then depends entirely on the pig-
ment and absorptivity of the paper and on the ink film thickness, since the printing ink is transparent. This 
means that the final visual result can differ from the colour chosen by the designer in his colour proposal. NCS 
colour samples facilitate the task of achieving the desired colour easier. 

When working on a corporate identity programme for a company, it is very important to have a well 
prepared identity system. The identity forms the base of a communication process and is very valuable to the 
future success of a company. The company profile must create the right signals. Colour language has a natural 
place in the creation of identity, as have other graphic signals. After the colour has been selected, you need to 
use a system that meets the high demands on colour control in manufacture. 

For "corporate identity colours" , the NCS samples can be used as a standard for colour control. When a 
company has chosen a special colour to identify it, it is natural that it wants to have the same colour on all of 
its image elements, such as letters, textiles, signs, packages, buildings, cars etc. A colour sample enables you 
to communicate between the different materials making up these various elements. 

COLOUR DESIGN ON COMPUTER 
In a recently concluded research project, Anders Nilsson has studied the opportunities available for repro-
ducing NCS colour samples on the computer screen by using the "NCS palette". The project has resulted 
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in a method of showing the 1750 standard NCS colour in a software library which is suitable for use in 
many computer programs that handle colours and pictures. The method is based on the CMYK standard 
used for colour printing. The background to this is that most of the suppliers of computer programs who 
handle colours support the CMYK values. The CMYK values are also the European standard for four-
colour printing process. The best results when using the NCS palette are achieved in offset printing on 
coated, matt paper. If the NCS palette is used on a desktop printer, the best results can be expected when 
the software is set to simulate standard offset printing. This also applies to the screen. 

How are the colours distributed in colour space in four-colour printing? 
This is vitally important when the proposal evolved on the computer screen is to be printed on paper. This 
figure shows the translation of a sample of the four-colour printing space available with the yellow (Y), 
magenta (M) and cyan (C) chromatic printing inks. It shows the most chromatic colours in CMYK and the 
triangles show what part of the NCS space can be covered with four-colour half tone print. 

• Four-colour print 
o NCS samples 

It will be noted that the perceptive colour space corresponding to a uniformly distributed colour mixture space 
is by no means uniformly distributed. 

TRANSLATION KEYS 
There is a need for communicating between different colour systems and colour sample collections. In order 
to illustrate how colours in different coloursystems and colour sample collections are distributed, they are 
analysed according to NCS in Translation Keys. The keys give the exact NCS notation and the nearest NCS 
standard colour sample. In order to illustrate the distribution of the actual colours, they are also shown graphi-
cally plotted in NCS colour triangles for 40 different hues. The keys are intended to facilitate colour commu-
nication when different colour system are involved. 
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Divided Parts in the NCS Color-Triangle 

Sadao NAKAMURA 

In the NCS color triangle, sectors are arranged by the dividing lines perpendicular to the sides, 
and zones are constructed by the dividing lines parallel to the sides. Colors in the outer zones are 
high in clearness. The divisions are made according to the distributions of the respective kind of 
colors of 2029 paint colors selected by 57 firms for planning color and 3262 colors selected by 
two printing-ink manufactures for color guide. The results are useful to classify painted colors 
and colors of most products, and colors of visual representations respectively. 

1. INTRODUCTION 
Divided parts in the constant hue planes of color solid can explain visual color relationships. 

While the ISCC-NBS color names are determined against sectors in constant hue planes, 
correspondences between the color names and Munsell values and chromas are complicated. So 
in the NCS color triangle having the same shape of constant hue planes, divided parts are 
arranged. The arrangements are made according to the distributions of the colors selected for 
planning color and color guide. The act selecting colors is considered to include psychological 
factors. 

2. EXPERIMENTS 
Distributions of colors are examined with two kinds of selected colors. As for colors of paint, 

2029 color cards are gained, which are made by 57 firms of Japan for planning color. As for 
those of printing ink, 3262 color cards are used, which are made by two printing-ink 
manufactures of Japan for color guide. They are glossy colors. The color cards are measured in 
Minolta spectrophotometer CM-2002 on the condition of the specular component included. The 
evaluation of color is made in reference to the CIE 1931 standard colorimetric system for the 
standard illuminant C. Gained tristimulus values are converted to NCS notations by the use of 
Kuge's program '' . 

3. RESULTS 
The NCS color triangle is divided according to the distributions of the colors selected for the 

paint and the printing ink respectively. The explanation below is made principally for the case of 
the paint colors. Although the distributions of the colors differ in relation to hues, the divisions 
are made regardless of hues, because numbers of the colors differ with regard to hues and for 
some hues sufficient numbers of the colors ane not gained. As to the distributions, kinds of the 
coordinates of the colors in the triangle are noticed. It is avoided that divided sectors become 
narrow due to repeated selections of some colors. One color is picked for the respective color. 
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For the colors of the same coordinates there can be four hundred hues. Therefore hues in a range 
of fourty, that is one tenth of four hundred, are considered similar hues. So one color is also 
picked for the same coordinate and in a range of fourty hues. As to the dividing lines, the lines 
perpendicular to the sides are selected from the examinations of color differences. Sectors for 
white and black are determined by colors of color tips of Munsell Book of Color(1976).The 
white sector includes colors of Munsell value 9 and higher. The black sector includes those of 
Munsell value 1.75 and lower in Fig.l. Connecting lines between the comers and the center 
divide the triangle into three fundamental parts of Tint, Shade, and Gray. 

s9 

s83 

Fig.l : The fundamental sectors and parts 
as to the colors selected fot the paint 

Fig.2: The sectors in the color triangle 
for the paint colors 

Next dividings are made in the fundamental parts. Gray part is divided into four sectors as in 
Fig.2. The sectors are named whitish Gray(WG), medium whitish Gray(MWG), blackish 
Gray(BG), and medium blackish Gray(MBG). Tint part is divided into five sectors which are 
four sectors of ratio one of color numbers nearer toward the white sector and a sector of ratio a 
half. The last sector constructs the sector of full of color(C) with the equivalent one in Shade 
part. The sector's name CT, for eample, stands for chromatic Tint. Divisions of Shade part arc 
similarlly made with Tint part . 

Fig.3: The clearness zones and sectors 
for the paint colors 

Fig.4: The sectors and zones as to 
the colors selected for the printing ink 

The third divisions arc made by the lines parallel to the sides in Gray part and modified Tint 
and Shade parts. The modified Tint part, for instance, is made by excluding the part of full of 
color from the original Tint part. Tint and Shade parts below are the modified ones. In Tint part, 
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the constant blackness lines marked slO and s16 make 
three zones in Fig.3. Colors in the outer zones are high 
in clearness. In Shade and Gray parts, zones are 
similarlly construccted. Similar divisions are made about ()w " 
the colors selected for the printing ink as in Fig.4. The Ow' 

24-DIVISION OF 
paint colors concentrate near the side of chromaticness o. HUE CIRCLE 
zero. They arc clear gray colors. In the both selected ' •w' 
colors, colors arc hardly seen ncar the sides in Tint and 0 ' ' " O"'o' 

c • ' cr 
Shade parts. A diagram is devised as in Fig.5. Hue ' " 
circles are placed at the sectors. The hue circle is divided •we Q' 
circumferencially into twenty-four hues and radially into 0 "" 
three zones corresponding to the zones of clearness. It is 
a feature that a single diagram can explain colors and be ... 
used to classify colors. 
Although the sectors and zones are determined O 

regardless of hues according to the distributions of the 
selected colors, the distributions differ in relation to Fig.5: Hue circles are placed at 
hues. The distrtibutions of the paint colors are shown for the sectors of the color triangle. 
the four fundamental hues in Fig.6. As yellow colors, for 

Fig.6: The distributions of the colors selected for the 
paint in relation to the four fundamental hues 

example, colors are picked in a fourty-hue range of G80Y to 
Y20R. Yellow colors concentrate in the high and medium 
clearness zones and in the whitish sectors of Gray. Some 
concentrate in the high clearness zone of CT. Red colors are 
many in the high clearness zone of Shade. Blue and green 
colors distribute evenly in the triangle. Colors of highly 
concentrated areas effectively contribute to determine the 
sectors and the clearness zones. 
The distributions of the the colors for the printing ink are 

shown in Fig.7. Yellow colors concentrate in the high 
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4. CONCLUSIONS 

Fig.7: The distributions of the colors selected for the 
printing ink in relation to the four fundamental hues 

clearness zone of Tint and in WG. Red colors are many in 
the sector of full of color, in the high clearness zone of Tint, 
in the medium clearness zone of Shade. and in the whitish 
sectors of Tint and Gray. Blue colors concentrate in the 
medium clearness zone of Tint, in the high and medium 
clearness zones of Shade, and in WG. Green colors are many 
in the medium clearness zone of Shade. Rather uniform 
distributions of blue and green colors are also seen. It seems a 
feature of cold colors. 

Divisions are made in the NCS color triangle, according to the distributions of two kinds of 
colors selected for the paint and the printing ink respectively. The sectors of white, black, and 
full of color are set at the comers of the triangle. The residual area is divided into three 
fundamental parts of Tint, Shade, and Gray, in each of which four sectors are arranged by the 
dividing lines perpendicular to the sides and three zones are also set by the dividing lines 
paraallel to the sides. Colors in the outer zones are high in clearness. The diagram of the color 
triangle loaded with divided parts for the selected paint colors is applicable to classify painted 
colors and those of most products. That about the colors selected for the printing ink is useful to 
analyze colors of visual representations. The distributions of the selected colors are also 
explained in relation to the four fundamental hues. This study was conducted with Tukamoto 
Gakuin Institute's Grand-in-Aid for Educational Research. 
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Study of Practical Color Coordinate System 

Hideaki KAWASAKI and Akira KODAMA 

A purpose of the development, abstract of studies and the essential part of the Practical Color 
Co- ordinate System (PCCS) are explained. The possibility of new application of PCCS is 
also discussed. The history of PCCS development is given as under: 1: Takashi Hosono et a!. 
in the Japan Color Research Institute were denoted by contact to "Geometric Formulation of 
Classical Color Harmony" (1944) by Moon and D.E. Spencer. They carried out the large 
scale research study on 350 subjects who included famous artists, designers and art students 
about 1328 kinds of samples with two color arrangements which were made systematically 
using "Standard of Color'' of the then Japanese standard color system in 1955. Some new 
important harmony rules were derived quantitatively from the analytical result of the 
extensive collection of data, such as the harmony and inharmony of color were not provided 
under the scale of difference of Hue but the large effects of lightness and saturation, the 
range of difference of harmony and inharmony of hue was changed with the kind of hue as 
the starting point and the type of harmony varied with a type of occupation, for example, 
painter and designer etc. 2: The investigations expanded over the studies in 1 to the next "A 
Study of Color System for Color Harmony Plan" successively "Essential Part of PCCS and 
Domain of Systematic Color Name", "A Study of Saturation". "Domain of Hue. Research of 
Color Domain of Red, Yellow, Green and Blue", "A Study of Segmentation of Hue". 
"Segmentation of Lightness and Saturation" and "Establishment of Tone Series". On the 
basis of these studies, the essential part of PCCS was shown for the first time by "Basic 
Color System" in 1964. The basis theory of PCCS was published as 150 Color Chart 
(Harmonic Color Chart, 1965). This system has found with acceptance with the fields of art 
and design education. We explain the condent of the above studies and the essential part of 
PCCS, at the same time, we discuss the possibility of applying it to the color education in the 
art and design education and to the color harmoney plan in the fields of art and design. 

The concept of the color harmony has been discussed since the ancient Greek and 
Roman eras. The color harmony theory based on the color system has, however, been 
discussed since the beginning of this century. Artificial regions of colors developed by 
various industrial products including color printing and color television have been remarkably 
widened in the developed countries since the 1950s. As a result, the artificial color 
information much more extensive than the visual information obtained from the natural 
environment has been experienced in the latest civilized communities. Worthwhile research 
and development of the color system have been made for systematically developing the 
relationship between colors as the basis of the system. A study on the color harmony by a 
study group with Hosono of Japan Color institute as the central figure continuing since 1954, 
the details from the study to the research and development of Practical Color Co- ordinate 
System (PCCS) and the skeleton of the study will be discussed hereafter. 
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1. Study on color harmony (Investigation of Color Harmony Reaction by Artists: 1955) 
A tendency of the reactions of many people to the color harmony depends upon the 

individual subjectivity. It is, however, necessary to analyze a universal tendency which every 
person feels beautiful or harmonious for approaching a complicated, wide- ranging subject of 
color harmony. Hosono told "The approach to such a special phenomenon as harmony is 
meaningless unless it applies to the special class interesting in the harmony though it applies 
to the reactions of many people". The above- mentioned special class includes experts of art 
including pure artists such as Japanese style painters, Western style painters, sculptors and 
designers and art educators. The object for these social strata of investigation results were 
as follows: 
(1) Comparison of frequencies by color differences 
· Comparison of non- saturation with saturation: In general, the responses telling 

"harmonious", "inharmonious" and "toss- up" account for 35.5, 42.9 and 21.8%, respectively, of 
the total. The result indicates that the responses telling "inharmonious" are a little more 
than those telling"harmonious". There is a tendency that non- saturation color schemes are 
relatively harmonious to each other followed by the color schemes of non- saturation and 
saturation. 
· Tendency of harmony by only the hue difference: There is no remarkably harmonious 

tendency by the hue difference though there are slightly harmonious tendencies in the color 
schemes close to the equal hues and those of the opposite colors. 
· Tendency of harmony by lightness difference: The more than lightness difference of the 

color schemes, the more easily the color schemes harmonize with each other. 
· Tendency of harmony by saturation difference: There is a tendency that the color 

schemes with a small saturation difference relatively easily harmonize with those with a large 
saturation difference, while those with an intermediate saturation difference of 3 to 4 are 
relatively hard to harmonize with each other. 
(2) Tendency by the type of experts of art 

The features of the tendency of harmonious and inharmonious color schemes by the 
types of experts are as follows: 

The fewest artists replying "harmonious" are industrial designers, while the most artists 
replying so are the dress designers. The fewest artists replying "inharmonious" are the 
dress designers, while the most artists replying so are the architects. The most artists 
replying "toss- up" are the industrial designers and painters. The result indicates that 1) the 
reactions whether a color scheme is harmonious or inharmonious depend upon the types of 
experts of art and 2) the judgment whether a color scheme is harmonious or inharmonious by 
the hue difference of the color scheme based on the Moon and D.E. Spencer's harmony 
theory has a slight tendency which is not so important, or rather it is largely related to the 
lightness and saturation, whereupon the ranges of harmony and inharmony depend upon the 
hue difference as the basic point. 
2. Study on color system (Research and development of PCCS) 
2.1 Aim of research and development of PCCS (published in 1964) is to develop a color 
system systematically incorporating an issue of the color harmony. The color system is 
characterized by the multipurpose practicality expressed by P in PCCS and the choosing 
method of the isovalent color system- tone system identified as coordinate expressed by C. 
2.2 Hue of PCCS 

Two service functions at which the color system aims are to exactly appoint and 
indicate a specified color and to pur to some use for planning the color harmony. The 
Munsell color system is a color system of established reputation representing the former 
function and the Ostwald system is evaluated as the system suitable for the latter. Most 
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color systems for color harmony including Ostwald color system comprise 12 or 24 hues so 
as to regularly choose a two- , three- and four- color schemes in the same way as A. Pope's 
and J. Itten's systems. PCCS has also basically 24 hues by employing the utility in the same 
maner as them. Unlike the mixed color system of color materials based on the three 
primary colors of the color materials including coloring materials, printing colors and 
pigments, however, PCCS uses red, yellow, green and blue as the basis of hue division 
regarded as the psychological four primary hues which are the basis of the human color sense, 
arranges their psychological complementary colors at the opposite positions, divides them 
into 12 hues so as to be seen at equal rates of hue and finally develops a color composition of 
sensible color system of 24 hues obtained by interpolating the intermediate hues of those 12 
hues. 

An investigating study was made for fixing the positions of the four primary hues by 
the following procedure: 

The red and blue hues were taken in a wide sense in some cases and in a narrow 
sense in other cases. The base for setting the four primary hues was determined by 
obtaining the mean values and standard deviation. 

Investigation 1: 249- colors minute divided color circle of bright tone colors and 
253- pure colors were used as the sample, and 300 and 273 subjects investigated these two 
types of samples, respectively. The samples were prepared by sticking above- mentioned 
number of pieces of colored paper 25 by 50 mm in size painted with an acrylic paint on each 
piece of ground paper in the order of hue. As a result, the values of red, yellow, green and 
blue in the color chart system were obtained. Moreover, the hues corresponding to the 
psychological complementary colors to the four primary colors obtained by the experiment 
were clarified by an opposite color experiment. And then, the standard colors of 24 hues 
were decided by perceptively making the difference between the hues as equal spaces as 
possible to adjust to the smooth gradation of hue. 
2.3 Lightness of PCCS 

The lightness was decided by paying serious attention to the perceptive equal rate 
properties. Hereby, the gradation of Munsell value with white color for a background is felt 
slightly dense at low lightness. The lightness gradation with perceptively equal rates was 
investigated for smoothly showing the lightness gradation on the color chart by the 
bisectional division method using white of the brightest color (Munsell value: 9.6) and black 
(Munsell value: 1.0) as both extremities. The result indicated that the perceptively smooth 
gradation of lightness was able to be obtained by one step reducing in the low lightness 
region. 
2.4 Saturation of PCCS 

Equal saturation is felt sometimes from colors with different hues. It is known by 
experience that community of the saturation contributes to the color harmony. The index of 
the saturation of PCCS is set in such a way that assuming that the conceptually pure color of 
each hue is to be lOs (saturation), the representative color of each hue decided by an 
experiment for choosing a color giving the same saturation from the color charts of each hue 
developed with a practical pigment is dicided to be 9s. The index system of saturation is 
framed by dividing interval between the representative color and the non- color with the 
same saturation with the interpolation so as to be conceptually equal rates. Such a index 
system of saturation can satisfy the relationships between the different hues and the 
saturations with perceptually equal rates. 
2.5 Tone separation of PCCS 

A purpose of the research and development of PCCS is to frame a system of a common 
element of colors contributing to color harmony by incorporating it into the system. For that 
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purpose, the concept of tone as the common element must be embodied. Although tone is a 
term of music, color tone represents a complex intuitive color impression of lightness and 
saturation. The tone classification of PCCS can systematically classify colors common to 
impressions and feelings expressed by words including bright color, dark color, strong tone 
and weak tone. Each hue has a proper lightness. A pure color of yellow hue is highly bright, 
while pure colors of bluish purple and purple are lowly bright. The distribution ranges of 
colors prepared by diluting a pure color with white and darkening it with black vary according 
to the hues. Accordingly, the ranges of lightness and saturation of colors giving relative 
brightness, darkness and dullness vary according to the hues. Color systems with equal 
impressions can be classified by putting the colors common to the impressions such as 
brightness, darkness and dullness from each hue in a class though the lightnesses and 
saturations of the color are different from each other. The concepts of Ostwald's isovalent 
color and of valeur, a term for painting, are close to the concept of the tone of PCCS. It has 
been traditionally considered that community of tone largely contributes to the color harmony. 
Although PCCS is basically made three attributes such as hue, lightness and saturation, it has 
the most distinguished features that it is composed of two elements such as hue and tone.It 
is said that PCCS is a typical system of the hue- tone systems put to practical use at present. 

The results of those studies were published as "Basic Color System" and "Harmonic 
Color Chart 150" in 1964. After that, studies of PCCS are continued up to the present and 
the results of them have been published in "Harmonic Color Chart 201" and "Basic Color List 
Series". 
2.6 Applications of PCCS 
a) Since the principles of color harmony and the mutual relations of colors are developed for 
realizing the forms of color scheme applicable to various principles, PCCS is useful as a 
guideline for color planning and designing. 
b) Since the classification and correspondence of colors by the system color names are made, 
PCCS is appropriate to color codes for investigation, statistics and analyses of colors. 
c) Since PCCS is related to various aspects of color images, PCCS is useful for 
psychologically understanding colors. 
d) Since PCCS adopts the advantages and useful concepts of various systems including the 
representative Munsell and Ostwald color systems developed at the beginning of this century, 
PCCS helps the color systems in basically understanding the color orders. 
e) Since PCCS covers the conditions for knowing the basic items of color including three 
attributes of color sense, the three primary colors of additive and subtractive mixtures of 
color stimuli, psychological four primary colors, psychologically comprementary colors and 
warm and cold colors, PCCS can be used as useful reference materials for the color education 
from compulsory education to special education. 
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Elementary Colours in Chromatic Colours 

Katsuaki SAKATA 

Abstract. The amounts of six psychological elementary colours in viewing chromatic colours 
were measured by the magnitude estimation method in order to examine if it is possible to judge 
not ratios but the absolute amounts of elementary colours. Observing 211 chromatic colour papers 
under I OOOix 065 simulator illumination with an N6 gray background after 5 minutes adaptation, 
two subjects estimated all the psychological elementary colours in the stimuli, in comparison with 
psychological elementary colours. The results showed that some chromatic elementary colours of 
stimuli increased linearly with Blackness and Whiteness, and that the sums of elementary colours 
included in each stimulus increased with the maximum value of Whiteness, Blackness and 
Chromaticness. These results suggest that one elementary colour induces some others in chromatic 
colour percepts, and that being perceived very strong, an elementary colour induced other one, and 
it makes the perception unstable. 

1. Introduction 
A basic problem of colour perception has been 
the complex relation between the physical 
character of a light imaged on the retina and 
our subjective experience of colour. It is known 
that our colour percept consists of six 
psychological elementary colours; i.e. Yellow, 
Red, Blue, Green, White and Black. These are 
unique colours in the sense that we can not see 
any other colour they can be seen any other 
colours in them. All colours we see are made 
up from these elementary colours, and we also 
can compare and judge the ratio of these 
elementary colours which compose a colour 
percept. This principle is used for describing 
colours in the Natural Colour System (Hiird et 
al 1996a I), 1996b2)). However, while it is 
known that the ratio of each elementary colour 
can be judged by human visual system, it is not 
obvious if the ratio results from a calculation of 
the absolute values of each elementary colour 

perceived in a colour sample, or if the ratio is 
perceived directly. 
It has been reported that elementary colours 
contained in an achromatic colour sample are 
underestimated, and that the sums of Blackness 
and Whiteness are less than I 00% when each 
elementary colour is estimated independently 
(Sakata, 1996). The results show, moreover, 
that the sum of Blackness and Whiteness in 
achromatic colours are least when the CIE Y 
value of the stimulus is approximately 25%, i.e. 
where the Blackness and Whiteness attributes 
of the stimulus are almost same. The fact that 
the sum of two elementary colours of 
achromatic colours is less than 100% suggests 
that our visual system does not perceive the 
ratio of elementary colours directly, but 
calculates it by comparing their absolute values. 
It is also suggested that the underestimation of 
elementary colours is at a maximum at the 
point of equilibrium of the elementary colours; 
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when the amounts of Blackness and Whiteness 
are almost equal, the sum of the two elementary 
colours comprising an achromatic colour 
sample shows the largest difference from unity. 
We can, therefore, predict that the percept of 
elementary colours will be least or most 
unstable at the point where the amounts of all 
the elementary colours sensed in a chromatic 
colour are equal. In this paper elementary 

to estimate only one elementary colour at a 
time, and never to calculate magnitude of the 
elementary colour by subtracting other 
elementary colours from I 00. After 5 minutes 
adaptation to the experimental lighting 
condition, a series of stimuli were presented 
one by one at a distance of 60cm where the 
visual angle of a stimulus was 3.5 by I 0.5 , and 
then they observed stimuli under I OOOix 065 

colours sensed in chromatic colours are simulator with gray background which is 
measured separately. 

2. Experimental 
The amounts of six elementary colours which 
were perceived in chromatic stimuli were 
measured by the method of magnitude 
estimation . The amount of each elementary 
colour was reported separately in order to avoid 
comparing all elementary colours sensed in a 
stimulus simultaneously. 
2.1 Method 
2.1.1 Subjects. Two undergraduate students 
who had normal colour vision participated in 
this study. They did not have any idea of either 
psychological elementary colours nor of the 
Natural Colour System (NCS) on whose 
principles the evaluation of psychological 
elementary colours was based . 
2.1 .2 Stimuli. 211 chromatic colour papers 
chosen from "Colour Block" (Scandinavian 
Colour Institute AB) were used for this 
experiment. Domain hues of these stimuli were 
one of the elementary hues; Yellow, Red, Blue, 
and Green, or one of the intermediate hues; 
Orange, Purple, BlueGreen, and YellowGreen. 
2. I .3 Procedure. The observer estimated the 
amount of a designated elementary colour in 
the stimulus on a scale of 0 - I 00, using their 
mental representation of the perfect elementary 
colour as a comparison. They were instructed 

almost N6 in Munsell notation . 
All stimuli were presented to the observers 
randomly in a group which was composed of 
same hue, and each group of stimuli of which 
the hue was either Yellow or Red or Blue or 
Green. The samples were presented four times, 
first for reporting Whiteness, second for 
Blackness, third for a chromatic elementary 
colour, and finally for another elementary 
colour if they perceive some other one. In the 
case of intermediate hue samples, each group 
of stimuli was presented five times. Observers 
compared an indicated elementary colour 
sample with the psychological elementary 
colour, and reported its amount using numbers 
on a scale from 0 to I 00. 
2.2 Results and discussion 
The mean magnitude of elementary colours 
reported by the two observers were compared 
in order to examine the relation between 
elementary colours. Fig. I shows an example of 
the elementary colour compositions of stimuli 
whose hue is Yellow. Fig. 2 shows the 
elementary colour compositions of stimuli 
whose hue is BlueGreen. The horizontal axis of 
the figures shows the approximate NCS 
notation of the stimuli, and vertical axis shows 
the magnitude of estimated elementary colours. 
In Fig. I , Yellowness increases with Whiteness 
and also decreases with Blackness. However, 
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Greenness is almost constant with the other 
elementary colours in Fig.2. 
Therefore there is the possibility that some 
elementary colour induces another. The 
relations between the sums of elementary 
colours in elementary hues and Whiteness are 
shown in Fig.3. The increase in the sums of 
elementary colours in Yellow hues with 
Whiteness suggests the induction of elementary 
colours. 
As the sums of Blackness and Whiteness were 
least at the point of equality in the case of 
achromatic colours, the induction of an 
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Figure.2 Composition of elementary colours. The 
hue is BlueGreen. Magnitude of Green shows little 
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elementary may similarly become small 
as the proportion of the largest elementary 
colour increase. 
To examine this idea, the sums of elementary 
colours are plotted against maximum value of 
Whiteness, Blackness and Chromaticness in 
Fig.4 and Fig 5. 
Fig. 4 shows the sums of elementary colours 
comprising elementary hues, and Fig.5 shows 
the sums of elementary colours for intermediate 
hues. All the series of stimuli , except purple, 
increase with maximum value of Whiteness, 
Blackness and Chromaticness. This result 
suggests that the sum of all elementary colours 
included in a percept increases if one of them is 
very large comparing with the others. 

Additionally, this may explain why the sum of 
two elementary colours in achromatic colour 
samples were most underestimated at the point 
of balance. 
We can ask why elementary colours in 
chromatic colour are sometimes overestimated. 
One possible solution for this question is the 
complexity of the perception of chromatic 
colours. Percepts of achromatic colours are 
composed of only two elementary colours ; 
Blackness and Whiteness, however those of 
chromatic colours are composed of three or 
four elementary colours. This fact may make 
our perception of elementary colours unstable. 
In the perception of chromatic colours, one 
elementary colour sometimes induces another 
elementary colour. However, one elementary 

3. Conclusions colour never induces the other in the perception 
Although the elementary colours in chromatic of achromatic colours. Therefore elementary 
colour samples were underestimated on average, colours in chromatic colours are sometimes 
some of them were overestimated. One of overestimated because of induction each 
observer reported that the proportion of an other. 
elementary colour increased, without a decrease 
in the proportions of the other colours. A References 
similar finding was reported in a previous 
paper using achromatic stimuli, and this 
suggests that each psychological elementary 
colour is processed independently. Therefore 
we can consider that our visual system does not 
perceive the ratio of elementary colours directly, 
but perceives each elementary colour 
independently and recognizes the ratio from 
results of a comparison of these values. 
The total amount of each elementary colours 
sensed in a chromatic colour increases with the 
maximum value of the dominant colour 
component in the stimuli . This suggests that 
one large elementary colour induces some other 
elementary colour, e.g. Whiteness induce 
Yellowness, and this makes the sum large. 
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Visual Assessment of Color: Comparative Analysis of 
the Munsell System and the Natural Color System 

Jose L. CAlVANO, Marfa L. FAGO de MATTIELLO 
and Alejandro R. BIONDINI 

A comparison between the Munsell system and the Natural Color System was made, based on 
the degree of accuracy with which observers can judge color samples without the aid of a color 
atlas. The subjects used the variables and the notation of each system, but they were not allowed to 
see the atlas. The results show that both systems are equally apt for this task, provided the observers 
know the numeric range they can use for the notation of each variable. 

1. INTRODUCTION 
One of the possible uses of a color order system is to assess the color one sees by referring to the 

variables of the system, without employing an atlas with physical samples to make the judgments. 
The Natural Color System, as a matter of fact, was used in this sense before an atlas of it existed. It 
would seem that this system is more suited than any other to perform such a task. The aim of this 
research was to verify this hypothesis, by comparing the NCS with the Munsell system, of which it 
is often said that cannot be used without its atlas. Thus, the purpose was to determine which one of 
these two systems is more suited to identify and name colors by simple visual assessment, without 
the aid of an atlas to make direct comparisons. 

2 . METHOD 
In this survey, 60 color samples randomly distributed in the chromatic space were employed, and 

160 university students not previously acquainted with any color order system acted as observers. 
The subjects were divided in two groups, each one receiving an explanation of only one system. 
The explanation for each group involved a description of the variables and the notation, 
exemplifying this with the corresponding atlas. All this learning process was limited to half an hour 
in time. After that, the atlas was taken off, and no possibility of comparing the samples with it was 
allowed. 

The task for each group was, then, to name the color of the samples by simple visual assessment, 
according to the notation of the system, writing down hue/value/chroma for the Munsell system, 
and huelblackness/chromaticness for the NCS. The only aid each subject had at this time was a 
sheet with a brief description of the system in question, including schemes of the chromatic circle 
and the monochromatic triangle (in black and white line drawings) and the ranges allowed for the 
notation of each variable. Figures l and 2 show the aid-sheets for the Munsell system and the NCS, 
respectively. 

Each subject judged 30 color samples according to only one system. As the total number of 
samples was 60, then, 80 observers were necessary in order to obtain 40 judgments of each sample 
according to one system. The total number of observers employed for both systems was, thus, 160. 
Each of the 60 samples was evaluated according to both systems. In order to avoid learning effects, 
each observer made only one estimation of each sample and according to one system exclusively. 
All the estimations were made at noon, in front of a window facing to the South (Buenos Aires is in 
the Southern hemisphere), situation equivalent to using the CIE illuminant B. 
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Fig. 1: Aid-sheet to evaluate the color samples according to the Munsell system. 
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10 
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20 

Fig. 2: Aid-sheet to evaluate the color samples according to the Natural Color System. 

Once all the judgments were completed, the resulting notations were compared with the exact 
designation of the samples. This exact designation, in tum, had been previously obtained by 
averaging the notations written down by three trained observers (the experimenters themselves) 
that used a matching technique against the samples of the Munsell and the NCS atlas. This process 
was made under the same illuminant employed by the students. 

The comparison showed, for each color sample, the deviations in the notations obtained by 
direct visual assessment and the notations obtained by the matching technique with the atlas. 

3. RESULTS 
The data was processed by means of a mathematical software that allows to obtain the values 

of average, standard deviation, bias, and curtosis for each color sample. The following list 
describes, for each system, the results obtained by the analysis of the data: 

Munsell system 
• The general deviation (obtained by averaging the lengths of the deviation vectors for all the 

colors) is 1. 71 , expressed in an arbitrary unit. It is somehow greater than in the NCS. 
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• Red colors tend to be evaluated as if they were more yellowish than they are. 
• Purple colors tend to be evaluated as if they were more bluish than they are. 
• Blue colors tend to be evaluated as if they were more greenish than they are. 
• In general, in the dark values there is a shift of hue towards blue and blue-green. 

Figure 3 shows the deviations for hue and chroma between the exact notation of the samples 
and the average of the judgments. 

Fig. 3: Deviations for the Munsell system. White circles indicate the exact notation and black ones 
the judgments. Left: samples with value 6 and above. Right: samples with value below 6. 

Natural Color System 
• The general deviation for hue and chromaticness (obtained by averaging the lengths of the 

deviation vectors for all the colors) is 1.42, expressed in an arbitrary unit. It is somehow smaller 
than in the Munsell system. 

• Dark yellows tend to be evaluated as if they were more orange than they are, that is to say, 
deviated towards the red. Light reds tend to be evaluated as more yellowish than they are. 

• Colors of low chromaticness tend to be evaluated as if they had a higher chromaticness. The 
more chromatic colors tend to be evaluated as if they had a lower chromaticness. 
Figure 4 shows the deviations for hue and chromaticness between the exact notation of the 

samples and the average of the judgments. 
y y 

Fig. 4: Deviations for the NCS. White circles indicate the exact notation and black ones the 
judgments. Left: samples with blackness below 40. Right: samples with blackness 40 and above. 
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4. CONCLUSION 
The results indicate that the deviations are in general of the same statistical order for both 

systems. This fact suggests that both, the Munsell system and the Natural Color System are equally 
apt to be used in direct visual assessment without necessity of the atlas. 

According to our interpretation, the psychophysical reason that led to these results is the 
following one: when the subjects have a fixed range in the scale used to evaluate some variable, as 
it was the case in this survey (because the limits for each variable in each system was provided), 
the deviation in the judgments are of a relatively small value, regardless of the system. For the 
Munsell system and the NCS, these limits are equivalent: the Munsell scale of value goes from 0 
to 1 0 and most of the scales of chroma also go from 0 to 1 0; the NCS scales of blackness and 
chromaticness go from 0 to 100, that is, the observers also have ten steps to decide. 

This research has some concrete applications; let us see an example. Suppose that someone 
needs to make a chromatic survey in a certain place (for instance a street, a urban space, etc.), and 
he or she does not have measurement instruments or a color atlas at hand to make direct 
comparisons of the color of the objects with the samples of the atlas. The fact is that, beyond the 
concrete existence of an atlas, a color order system such as the Munsell or the NCS, is a 
conceptual tool that can be employed without the physical correlate with the atlas. Another aim of 
this survey is to provide some data to the discussion about color order systems and the supposed 
necessity of choosing one as an international norm [1, 2, 3], discussion that is mainly held between 
the adherents to the Munsell system and the adherents to the Natural Color System. 
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Introduction of Practical Color Coordinate System 
(PCCS) Used in Color Research 

Kazuyuki NATORI 

The Practical Color Co-ordinate System(PCCS) was produced by Japan Color Research 
Institute in 1964. Since then, PCCS has long been enjoying the popularity among various 
areas such as Japanese industries and school education because of its outstanding merits. One 
of the merits of using PCCS is the ease to systematically categorize and describe any types of 
color by combining hue and tone(nuance of color). This merit derives another practical merit; 
the exclusive achievement of high intelligibility for everyone including designers and clients. 
The purposes of this presentation are two-fold. The first purpose is to explain the basic method 
of color research using PCCS. The second purpose is to briefly introduce three typical cases of 
researches using PCCS. The first case is the color preference survey of Japanese that has been 
continuing since 1978. The second case is the example of color distribution study on products 
and landscapes by systematically linking PCCS with other color order systems such as the 
Munsell system. The third case is the application of PCCS to analysis of interior color 
combinations. PCCS has proved to be practically very useful due to its intelligibility, because 
PCCS enables to express any color combinations intuitively using hue relations and tone 
relations. 

1. INTRODUCTION 
There are many color order systems in the world. However, the notations these systems use 

are not easy for regular people to grasp at a glance. The main reason is probably that they 
represent colors three-dimensionally. 

On the other hand, there is a Japanese color order system whose notation is easy for regular 
people to understand and also can describe the color coordination pattern. The Practical Color 
Coordinate System, PCCS in short, is a widely used color system in Japan, established in 1964 
by Japan Color Research Institute. PCCS has been popular in a variety of uses by color 
designers, researchers, art and education teachers, and so on. PCCS has two practical 
advantages: intelligibility and pattern-notation. These two advantages originate from the 
fundamental characteristic of PCCS's notation system. That is , PCCS can describe any color 
using just hue and tone(Fig.1). Tone notation is especially interesting and unique here. PCCS 
describes tone by casual words so that it can bring out subtle nuances and also is very 
intelligible to everyone. For example, PCCS describe the color of a ripe persimmon as strong 
orange: tone is strong and hue is orange. There are 17 kinds of tone categories, for example, 
pale, grayish, deep, soft, bright, light gray, black, and so on. 

The aim of this paper is to show you some methods to use PCCS in various context of color 
studies. 
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HUE: 24 categories 
y 

TONE : 17 categories the abbreviated letters of tone 

i W : White p: pale It: light v: vivid 

ltGY: light ltg: light sf: soft b: bright 
Gray grayish 

R Lightness mGY:medium d: dull s: strong 
Gray g: grayish 

dk:dark dp:deep 
dkGY: dark dkg: dark 

Gray grayish 

Bk: Black 
Saturation 

Fig.1: Hue and Tone in PCCS 

2. THE BASIC l\1ETHOD OF COLOR RESEARCH USING PCCS 

2-1. Example 1: The usage as the systematic selection tool of the color stimuli 
JCRI has been continuously studying color preferences since 1978. The basic 

procedure is as follows. First, we present a color chart of 75 color samples with 5 
achromatic colors and 70 chromatic colors. The 70 chromatic colors consist of the 
combinations of 10 hues and 7 tones. Then we ask the respondents to choose three 
colors they like best and three colors they like least. The results of the analysis of color 
preference showed interesting patterns. Especially interesting is the result obtained 
using the multidimensional analysis(Hayashi's Multidimensional Quantification Ill) 
that color preference reflects tone but not so 
much hue(Fig.2) 1>. This is a two-dimensional 
space of color preference. Distance of the 
colors represents the distance of likability. 
Clusters of colors are formed based on tone, 
rather than by hue. To recap , PCCS is a very 
convenient tool both to assess the color 
preferences of a wide variety of persons and 
also to find and interpret meaningful 
patterns from the results of numerical 
analysis. 

Fig.2: A space of color preference 
(JCRI.l995) 

2-2. Example 2: The usage as the color distribution analyzer 
Fig.3 shows a combinatory method of PCCS, systematic color naming system, and 

Munsell system to grasp frequency distributions of color of various objects such as 
products and landscapes. This method consists of 3 stages. The first stage is color 
observation and identification using the Munsell system, The second stage is to convert 
the Munsell data to tone of PCCS and color naming. Third stage is analysis and 
interpretation based roughly on PCCS. Among these three stages, stage two is 
methodologically most important. The main procedure of stage two is to convert the 
Munsell data to PCCS and JCRI s systematic naming system(the Color Code for 
Investigation2>) using the color code atlas(Fig.4) . 

I will show you an example that JCRI has been using every season since 1954 on 
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changing patterns of frequency of color of women's clothes observing female 
pedestrians on a main street in Tokyo. We analyzed the data using BAYSEA (a 
bayesian seasonal adjustment program3>) to see a pure trend by excluding seasonal and 
other unstable error variables. 4> 

PCCS 
Hue & Tone system 

s17 

the Munsell notation 
of 'Little blue' 
in Leo Lionni's 
picture book 

1.5PB 4.2/8.6 

(Color Code 
for Investigation) 

Color Naming system 
strong blue 

Fig.3: The flow chart to convert 
the Munsell data to PCCS and 

the color naming system 

Value 

Chrome 

Fig.4 An example of Color Code Atlas 
( 

2-3. Example 3: The usage as the classification language of the patterns of color combinations 
In the third study, I would show a method to describe color co-ordination patterns 

using PCCS. Utilizing the two dimensionality of PCCS, the patterns of color 
combination can be categorized due to a combination offour levels of hue difference and 
four levels of tone difference(Fig.5). For both hue and tone, the four levels of differences 
are, 'identical', 'analogous', 'intermediate' and 'contrasting'. 

Professor Hihara and JCRI have also studied interior color coordinations using 
PCCS in the same way, and have assessed subjective impressions of color combinations 
due to PCCS hue-difference and tone-difference combinations.5> 

3. CONCLUSIONS 
In conclusion, I feel PCCS can be better understood if we think of PCCS as a constellation 

system. We will see countless number of stars in the night sky, and yet we can find 
meaningful constellations from the chaos of stars. PCCS can help us find meaningful 
categorizations from the chaos of colors. And, as there are harmony and disharmony among 
constellations, there is also harmony and disharmony in color combinations, which we can 
find easily by using PCCS. 
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a) An example to convert the Munsell data to PCCS 
Munsell 
notation 

7.5PB 
8/3 

2.5Y 
7.5/2.5 

Hue Tone 

19:p8 

8:Y 

pale 

light 
grayish 

b) The type of hue relation and tone relation 

Type of Difference Type of Interval 
Hue relation in Hue Tone relation in Tone 

Identical 0 Identical 0 

PCCS 

Hue relation 
y 

Tone relation 

c) The classification table of 
color combination 

ld 

Fig.5 An example of method to describe the types of color combinations 
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Derivation of Spectral Reflectance Distribution of Highly 
Saturated Color in Munsell Color Order System 

Hiroaki SOBAGAKI and Kotaro TAKAHAMA 

Abstract In the previous study I, the authors applied the principal component analysis to 
the spectral reflectance distributions (SRD) of the ns Z 8721 color chips, and proposed a 
reconstitution method for deriving the SRD corresponding to a specified Munsell 
renotation. However, the SRD generated by the method did not satisfy the surface color 
condition (O<p(A)<1) for highly saturated colors, where p(A.) refers to the SRD. 

The authors try to derive the SRD satisfying the surface color condition in the region 
of highly saturated colors. The SRD of highly saturated colors are given by combining 
the SRD by the reconstitution method with the SRD of optimal colors and with the SRD 
of the achromatic colors. This method is applied to all of colors specified in the JIS Z 
8721 to provide the colorimetric values of the standard color chips under the CIE standard 
illuminant D65. 

Basic idea 
The spectral reflectance distribution(SRD's) of highly saturated 
color for a target color P with 
x, y, Y is given by combining the following two SRD's. 

pP(A)4 

A A 
a b c 

I . SRD (a) estimated by the reconstitution method to the 
taget color P with x, y, Y. 

II. SRD derived by combining SRD (b) and SRD (c) with the 
same values of x, y, Y. 

(note)(b): SRD based upon optimal colors. (c): SRD of achromatic 
color. 

Step 1 : Estimation of spectral reflectance 
distribution p P( A). 

3 

pP(A) = Ro{A.) + · Ri(A) 
1=1 
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Ro(A.) is average vector. 
Ri(A.) are three eigen vectors. 



y 

y 

y 

Q;-o Qi-J 
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Step 1 :Calculation of SRD of highly 
saturated color by use of principal 
component analysis 

Locus of optimal color 
Qj/ 
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coordinate 
withY 

P(x, y, Y) Dissatisfaction of surface color condition 
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X 

Step 2.1 :Calculation of SRD the .<F, yF) 
based on several optimal colors. 

Q;-. Q;-• Qo only 
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Target 
coordinates 
withY 

O(xo,yo) 

X 
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Step 2.2: Calculation of SRD of 
achromatic color 

Q; Q(XQ, YQ) 

Qj 
F(xF,yr)-

Target 
coordinates P(x, y) 
withY 

Qj •• po{A)=Yo/100 

O(xo, yo) Po( 

OL__ _____ ____J 

X 
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y 

Step 2.3 : Constitution of SRD p c( A) by combining 
p o( A) and p F(A) with x, y, Y of the 

Qo" Q;., target color. 
Q; Q 

F(xF, YF)-
Target 
coordinates 
with Y 

O(xo, yo) 

X 

P(x, y) 

P c(A )= f3 * 

QJ 
Q, •• 

fJ . li. _ill_;;_Yj_ 
pO(A) Y <Y,-Yol pF(A) 

B+(l-p)·M 
Step 3: Calculation of requested SRD of highly saturated color P 

y 

Q;." Qo-1 
Q;Q 

QJ 
F(xF, yF) - <li•• 

Target 
coordinates 
with Y 

P(x, y ) 

O<••.Y•> Condition of surface coior 
'-------- x o-;;;; P p )-;;;;1 

(Q-;;;;w-;;;;1) ). 
p c ( A) p P(A) 
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Result 

Estimated spectral reflectance distributions 
of Munsell renotation 5R 5/Ci 
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Conclusions 

5 

Equi-hue and chroma locus under 
CIE standard illuminant D6s with 
value 5/. 

1. We proposed a method for deriving the spectral reflectance distributions for highly 
saturated colors. 

2. The spectral reflectance distributions of all the colors in Munsell color order system 
were derived by use of the proposed method. 

3. We defined the chromaticity coordinates of Munsell colors in the Japanese Industrial 
Standard JIS Z-8721 under CIE illurninant D65. 

4. This database is opened in WWW. 
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Accurate Visualization of the CIE Color 
Surface in 3-Space 

Diego A. SOCOLINSKY and Lawrence B. WOLFF 

The significance of geometrically visualizing the structure of the CIE color chart was realized 
over a half century ago by MacAdam [1] and Stiles [2],[3]. Such a geometric construction affords 
a fundamental understanding of the human perception of local color variation in an image. 
Because local color differences are non-uniform across the standardized CIE color chart for a 
given incremental displacement in the 2 chromaticity coordinates, the geometric structure must be 
visualized as a 2-D curved surface existing in an ambient space of three dimensions or higher. 
Although well-known methods were implemented separately by MacAdam and Stiles in the 
1940s for approximating the CIE color surface, a correct methodology for directly constructing a 
surface of the CIE color chart from discrete local metric data together with a methodology for ver-
ifying the correctness of the resulting solution has never been achieved-- in essence this has been 
an open problem for quite some time. A methodology is presented in this paper which endows an 
initial surface mesh of data points with dynamical forces that iteratively act on the surface making 
it converge to a verifiably correct embedding of the 2-D CIE color surface in 3-space. This meth-
odology for constructing surface visualizations has general practical applicability to experimental 
data that could be represented by intrinsic metric geometry such as any empirical results involv-
ing line elements in color science. 

l. INTRODUCTION 
One of the cornerstones of color science has been the standardization of color by the CIE color 

system [ 1] which was first created in 1931. Within a decade after the original development of the 
CIE color system geometric models were sought to quantify the important phenomenon of local 
color variation and contrast in context of the CIE color system. This lead to the augmentation of 
the CIE color system with local Riemannian metrics empirically assigned to 2-D coordinates [1]. 
MacAdam used the concept that a human subject attempting to match a color produces a scatter 
plot of points in CIE coordinates about the coordinate associated with the color, and the covari-
ance ellipse of this point distribution creates a minimally perceived color difference contour of 
which the size of the major and minor axes are inversely related to components of a local Rieman-
nian metric. Empirical data collected by MacAdam showed this metric to be significantly variable 
across the CIE color chart implying that the CIE chart is in fact a Riemannian manifold with 
almost everywhere non-zero Gaussian curvature and therefore its geometric structure cannot be 
adequately visualized in a flat 2-D plane.This necessitates the geometric construction of a 2-D 
curved surface that is an embedding of such a manifold in Euclidean space of 3 dimensions or 
higher- as humans visualize geometry well in 3-D, an embedding in 3 dimensions is preferable. 

In the early 1940s two well-known embeddings of the CIE Riemannian manifold in 3 space 
were performed by MacAdam [1] and by Stiles [2]. The paper model construction of the CIE 
color surface by MacAdam is based upon the methodology of Silberstein [4] which utilizes the 
piecewise pasting together of parallelogram area elements derived from the local metric (Figure 
1). The local area size and vertex angles of each parallelogram are determined from the local met-
ric consistent with the First Fundamental Form defined on a 2-D surface. Silberstein's methodol-
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ogy depends upon the best fitting of adjacent sides of neighboring parallelograms, a procedure 
that is not well defined and will not produce a correct result. MacAdam's CIE color surface result 
is in the form of an actual paper model, making it difficult to verify its accuracy using a computer. 
Stiles discovered an analytic form for a metric which exactly integrates directly into a solution for 
a curved 2-D surface in a 3-space with metric possessing this desired analytic form (Figure 2). 
Stiles approximates MacAdam's empirical data for the metric from covariance ellipses with this 
analytic form. The approximation however is not nearly as good as implied, particularly with 
respect to the rate-of-change of the metric. For instance, the Stiles analytic expression for this 
metric produces everywhere negative Gaussian curvature, while the empirical data of MacAdam 
produces regions of both positive and negative Gaussian curvature. The details of this abbreviated 
can be found in [5]. 

FIGURE 1 
MacAdam's paper model of CIE color surface. 

(Reproduced from Wyszecki and Stiles). 

2. METHODOLOGY 

FIGURE2 
Exact isometric embedding of the Stiles' 

line element (Reproduced from 
Wyszecki and Stiles). 

This paper proposes a general algorithm for the construction of a regular 2-D surface in ambient 
3-space from discrete local metric data, along with a methodology to verify the correctness: the 
essence of an isometric embedding is to have the First Fundamental Form of the surface exactly 
correspond to the Riemannian local metric. The nature of the proposed algorithm and its results 
shed a broader light upon the meaning of the CIE color surface and the way it can be used to visu-
alize local color variation, and also clear up some long standing misconceptions. In the color sci-
ence literature there has been an important misconception for over a half-century that the CIE 
color surface can be derived from local metric data, implying that there is only one such realiza-
tion. Mathematically, this is fundamentally incorrect; in fact, from local metric data there are an 
inf>.nity of possible surfaces that can be realized. For instance, a surface with the local metric 
structure of a flat plane can be realized in 3-space as part of a cylinder, or for that matter any 
developable surface. There is an important distinction between quantities that are intrinsic to a 
surface such as local metric (i.e., First Fundamental Form) and Gaussian curvature, and quantities 
that are extrinsic to a surface such as normal curvature and the Second Fundamental Form. Since 
in computer vision most of shape perception and recovery is dependent upon extrinsic surface 
characteristics, the existence of a multitude of surfaces having a diverse variation in extrinsic 
geometry while still having exactly the same intrinsic geometry can be counterintuitive. 

MacAdam obtained covariance data at 25 different points on one slice of roughly equi-bright-
ness in CIE color space. To each of these points he associated a covariance ellipse, which in local 

coordinates du, dv about a point in CIE coordinates is given by g 11 du 
2 + 2g 12dudv + g22dv 

2 = I. 

The coefficients of this ellipse are interpreted as a local Riemannian metric. An exact solution to 
the Isometric Embedding Problem in this case would produce a class of functions 

'I'"' ('If 1 (u, v), '1'2 (u, v), '1'3 (u, v)) that smoothly map an open subset of i into R
3 

, solving the 
following non-linear system of partial differential equations: 
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= (aw,)2 +(aw2)2 +(aw3)2 
8 11 au au au 

aw1aw1 aw2aw2 aw3aw3 
g 12 = au av +au av +au av 

= +(aw2)2 +(aw3)2 822 av av av 
Solving such a system is by no means an easy task. In fact the Isometric Embedding Problem 

isstill unsolved in its most general form. MacAdam's experimental data provides us with a some-
what sparse and irregularly spaced sampling of the values of the metric on the CIE chromaticity 
diagram. Since we need to have a smooth metric on the entire chart in order to properly formulate 
the embedding problem, the first step is to interpolate the metric data with smooth functions. 
Note that a straightforward interpolation of the values of the matrix (g;j) cannot possibly yield 
the correct result, because such an interpolation does not insure that the resulting form is positive-
definite at every point. Therefore, we must fit MacAdam's values for the eigenvalues of (g;) and 
the orientation of the orthogonal eigenvector frame, and then apply equations transform to the 
resulting functions to obtain the desired metric. We perform such an interpolation using the 
method of Hardy's multiquadrics [5]. 

c .. .... . - ·- ·- -- -- -- .,_,,_ ... .. -----FIGURE 3 FIGURE 4 
CIE chromaticity diagram showing MacAdam's 
ellipses enlarged by a factor of l 0 (Reproduced 
from Wyszecki and Stiles.) 

Diagram showing the immediate vicinity 
of a vertex on the surface and illustrating 

the action of the data and elasticity forces 

Our algorithm is based on a discretized active surfaces approach. First, we produce a regular tri-
angulation of the CIE chart. Then, using the line element derived from the interpolated metric, 
we calculate the length that each edge of the triangulation would have if the chart were embedded 
in Euclidean 3-space. Once these calculations have been performed, we map the CIE chart into 
R 3 through a suitably chosen initial condition. This produces an embedded surface whose metric 
does not, of course, coincide with our desired metric. Our algorithm now makes this initial sur-
face evolve in such a way as to minimize the difference between its metric and that which we 
wish to embed. To achieve the evolution of the system, we introduce three forces which act on the 
vertices of the simplicial surface. The Data Force acts on the vertices of a given edge so that the 
edge will stretch or shrink according to its length relative to the length prescribed by the metric, as 
calculated before (see Figure 4). The Elastic Force models the elasticity of a physical membrane 
and it is included to encourage the surface to remain topologically equivalent to a disk. It is 
implemented by having each vertex attract the vertex at the other end of their common edge with 
an intensity proportional to the distance between them (see Figure 4). Finally we use a Stiffness 
Force, which discourages the evolving surface from self-intersecting. This is achieved by 
decreasing the action of the data force on a given vertex in a manner proportional to a suitable 
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power of the sum of the squares of the principal curvatures of the surface at that vertex. In this 
way the movement of the surface is more rapid in areas in which a self-intersection is less likely 
to occur and slower in those areas in which self-intersection is more probable. 

3. RESULTS 
As an initial condition we use a modulated exponential function [5] . After numerous runs through 
the evolution algorithm we obtain a surface with an overall error of approximately 3.5%. Figure 
5 shows two different views of the surface. There are several components which contribute to the 
error in our approximation, and these are explained in [5]. 

FIGURE 5 
Two views of a near isometric embedding of the CIE color chart in R3 

4. CONCLUSIONS 
The surface produced by the algorithm we developed is the first one in the literature which, in 

our opinion, correctly visualizes the surface geometry of MacAdam's data. Furthermore our pro-
cedure is the only one proposed so far that contains a robust, built in method for determining the 
degree to which the surface approximates the desired goal. We must remark once again that the 
surface presented in this article is just one of family of surfaces, all of which share the same First 
Fundamental Form, and therefore adequately represent MacAdam's data. In order to obtain dif-
ferent equivalent embeddings it would be necessary to feed our algorithm sufficiently distinct ini-
tial conditions so that it would evolve in different directions. Lastly, we note that the evolving 
algorithm outlined above is in no way specific to MacAdam's data, and it could be used to provide 

. . . . . . . 3 numencal solutiOns for the tsometnc embeddmg of any well-behaved metnc mto R . 

I. D.L. MacAdam, On the geometry of color space, Journal of the Franklin Institute, 238(2): 195-
210, 1944 
2. W.S. Stiles, A modified helmholtz line-element in brightness-colour space, JOSA,238(2),41-
65,1946 
3. G. Wyszecki and W.S. Stiles, Color Science: Concepts and Methods, Quantitative Data and 
Formulas, John Wiley, 1967 
4. L. Silberstein, Investigations on the Intrinsic Properties of the Color Domain. II JOSA,33( l) 
1-10, 1943 
5. D. Socolinsky and L. Wolff, A Near Isometric Embedding of the CIE Color Chart in Euclidean 
3-space, Technical Report, Department of Computer Science, Johns Hopkins, Oct. 1996. 

AUTHORS' ADDRESSES 
Diego A. SOCOLINSKY ll 
Lawrence B. WOLFF 2) 

1) Department of Mathematics, The Johns Hopkins University, Baltimore, Maryland, 21218 
2) Department of Computer Science, The Johns Hopkins University, Baltimore, Maryland, 21218 

490 



White is Green 

Hal GLICKSMAN 

1. ABSTRACT 
Converting RGB hues to greyscale shows that green is the predominant hue, comprising more than half of 
the total brightness of white. Green also predominates in the spectral sensitivity curve of human vision. 
A plot of the hue/value relationship of RGB indicates white has a specific hue of green in the spectrum. 

2. Introduction 
The original impetus for my research was to make the RGB and CMYK systems of color 

understandable and useful to art students. I created a color wheel of the RGB system on the 
computer and on paper with Windsor-Newton cyan, magenta and yellow inks. I created gradations 
of cyan, magenta and yellow ink mixtures in tiny flasks counting the drops with chemist's pipettes 
in geometric progressions. I made the cyan, magenta and yellow inks into solid watercolor blocks 
with gum arabic and gave them to artists and students to try. 

Even though I could demonstrate that RGB/CMYK color could create more colors than the red, 
yellow and blue (RYB) artist's color wheel, artists were uncomfortable with these colors without 
being able to tell me why. Students were unable to complete satisfactory complimentary and triad 
color exercises with either the inks or the watercolor blocks. They also could not produce satisfactory 
compliments and triads in RGB on the computer. 

I reread books of art instruction looking for the precise place in the text that physics and art 
diverge. This is a typical example from Craig Denton's' otherwise excellent essay on color theory: 

Color circles or color triangles are graphic vehicles used to organize colors. We will be 
using the artist's color circle, which relates to pigments because graphic designers generally 
follow its traditions and rules. There is another color wheel, composed of light primaries 
and their subtractive color complements, which we will discuss later. But, subtractive colors 
are obscurely named and physically transparent, designed to be overlayed in printing, and 
wind up looking unpleasantly acidic by themselves. A subtractive color circle isn't 
aesthetically pleasing so it doesn't help you understand how to best compose colors. 

Luigina De Grandis, in Theory and Use of Color, summarizes the frustration of reconciling artist 
and scientific color. She defines magenta as "a red tending toward purple" and then says: " ... the 
artist, not bound to the industrial primaries, may continue to use the reds, yellows, and blues of his 
or her choice." 2 

Johannes Itten's statement 3 is important because his work is considered authoritative by 
artists, and because he studied and wrote about Ostwald in an attempt to reconcile art and science: 

One essential foundation of any aesthetic color theory is the color circle, because that will 
determine the classification of colors. The color artist must work with pigments, and therefore 
his color classification must be constructed in terms of the mixing of pigments. That is to 
say, diametrically opposed colors must be complementary, mixing to yield gray. Thus in 
my color circle, the blue stands opposite to an orange; upon mixing, these colors give gray. 
In Ostwald's color circle, the blue stands opposite to a yellow, the pigmentary mixture 
yielding green. This fundamental difference in construction means that Ostwald's color 
circle is not serviceable to painting and the applied arts. 
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In the RGB system yellow and blue subtracted does make gray and totally subtracted makes 
black. The RGB System should satisfy Itten's requirement. This observation led me to concentrate 
on how the hue of blue differs in RGB and RYB systems, and why RGB color did not yield 
harmonious compliments. 

3. EXPERIMENTS 

I scanned manufactured color wheels, color wheels in books, as well as paint sample color cards 
into the computer. I asked students to duplicate their RYB color wheels from 2D design class in 
RGB . On the computer I simulated the subtraction of yellow from a range of blues using 
a 'difference' algorithm. In the RGB color wheel (color picker) cyan is at 180° and blue is at 
240°. Halfway between is a blue at 210° that will produce a green of precisely 50% value. It is this 
darker green that is on artist's color wheels. The most prevalent mechanical color wheel is the 
"Artist's Color Wheel" © 1989 by The Color Wheel Company. On this wheel the blue is 206°, 
slightly closer to cyan than blue. In most texts on color the blue is close to the 240° blue of the 
computer and would not yield a green if mixed with yellow. 

I then set about understanding what was 'right' or useful in the artist color wheel, rather than 
dismissing artists as merely obdurate and stubborn. What I noticed primarily was differences in 
value between the same hues in the RGB and RYB systems. I next measured the hues and values 
of the scanned color wheels and entered the hues and values on a spread sheet. These measurements 
were used to generate radar (circular) charts of the hues and values. The hues, measured in 
degrees in the RGB color picker, were plotted on the diameter of the chart while the values were 
plotted as distance from the center. 

In May of 1995 I posted the results of this study on the World Wide Web as "Computer Color 
and Artist's Color" I listed four general differences between the RYB and RGB system. The most 
important demonstration in this study was a figure showing the RYB and RGB color wheels 
transformed to gray values. In the RYB system, green and red are equal in value. There is an even 
gradation of values from yellow as the lightest at the top to purple as the darkest at the bottom. 
Left and right halves of the wheel are almost identical in value. The RGB color wheel shows no 
such symmetry or evenness in value, green of course being much lighter than its opposite red in 
RGB. I concluded that the artist's color wheel was skewed primarily to reduce the difference in 
value in opposite colors. Understanding what was correct and useful in the RYB system still did 
not create a tool for managing the larger gamut of colors available in RGB, nor did it create an 
RGB color wheel with harmonious opposites and triads. 

I then tried to reinvent the color wheel by various combinations of gradations and layers on the 
computer. I created radial gradations of red, green, blue, cyan, magenta and yellow in which the 
diameter corresponded to the value of the color and the placement of the resulting circle was 
determined by the value on the Y axis and the hue on the X axis. I was hoping that the overlapping 
of these circles would produce a complete range of possible hues and values in a useful juxtaposition. 

Conceptually, a spectrum of all the hues of RGB arrayed on the X axis combined with a gradation 
from black to white on the Y axis should produce all the possible hue/value combinations. I discovered 
that the pasting and layering algorithms available on the computer did not produce even gradations or 
complete sets of intermediate colors. This led to a long series of experiments with layering, pasting, 
and opacity algorithms. 

One of the algorithms I used produced a dominant peak of green in relation to red and blue and 
distorted the spectrum into what looked like a mountain range. I initially thought this algorithm 
distorted the hue/value relationship of RGB. In fact it was the value of the RGB colors that were 
distorted, and this chart put the hues back into their correct value relationship. 
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Now, instead of having a system that would reconcile artist's and RGB systems, I had found a 
system alien and antithetical to both. The chart of the hue/value relationship that I produced further 
showed that green comprised more than half of the total brightness of RGB and that white was 
therefore the highest value of green. 

My chart of hue/value relationship of color also corresponds to the dominance of green in the 
spectral luminosity curve in Richard L. Gregory Eye and Brain Fig 6.4 and 6.5. Of this he says 
"The luminosity curve tells us nothing much about colour vision." because animals without 
color vision show a similar luminosity curve. P. 894. Luminosity is discussed in the chapter on 
brightness and not mentioned again in the chapter on color. This to me is like the Wizard of Oz 
saying "Pay no attention to that man behind the curtain." 

4. RESULTS 
I did not wish to draw the conclusion that white is green, but the idea kept reasserting itself. Several 

phenomena that had been a puzzle to me now made sense, especially Goethe's experiments with the 
prism. Looking through the prism at a white rectangle of paper, Goethe saw cyan gradating to blue on 
one edge and yellow gradating to red on the other edge. If you shine a beam of sunlight through the 
prism and place a white surface close to the prism you will see a white band with this same phenomenon. 
As you move the target surface away from the prism, the cyan and yellow color bands will enlarge and 
the white center band will get narrower. When the cyan and yellow overlap, green will appear in the 
place of white. At a greater distance the cyan and yellow bands get narrower and red, green and blue 
predominate. The diagram of this phenomena also makes sense as a chart of basic color organization. 

Goethe-Newton Prism 
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Futher evidence seems to reinforce my premise: Because green carries most of the value information in 
RGB and in video, the most advanced single-chip color CCD has 3 green sensors for each red 
and blue sensor. In the Kelvin temperature of light, lower K0 numbers represent red light increasing 
to yellow followed by white and finally blue at the highest temperatures. White occurs between 
yellow and blue in this progression, in the same place as green in the spectrum. 

Green is even more predominant in the curves that represent the sensitivity of grayscale CCD 
video chips such as the Sony ICX038DLA (chart available on the Internet5). The development of 
grayscale sensitivity in film and video has a long history partly based on empirical data from 
luminosity curves with some adjustment for aesthetic preference to arrive at the current characteristics 
of black and white film and video. 

The algorithm that translates RGB to grayscale on the computer yields brightness percentages 
that total more than % 100 but the relative percentages approximate the percentages of RGB in 
NTSC video quoted in Gregory6 

NTSC Video 
Gray values of RGB Color 
Grey values adjusted to % 100 

Red 
.3 
.46 
.288 

Green 
.59 
.89 
.556 

Blue 
.II 
.25 
.156 

The greyscale conversion algorithm is a useful tool because it allows a dramatic visualization of 
the relation of hue to value. Reu, green and blue must be balanced on computer and video screens 
to produce white and shades of gray. Because the hue/value relationship is empirically derived 
from measurements of human perception and carefully adjusted and calibrated, it follows that 
information about human perception of color is imbedded in the RGB system for it to work. 

S.CONCLUSION 
A color that is %30 red %59 green and 11 % blue has an underlying hue of 101 ° green, close to 

the hue of chlorophyll. I therefore conclude that if white in the RGBsystem is derived from empirical 
data from human perception, then white in human perception has the hue of green as well. This 
corresponds to what appeared to Goethe in the prism. New physiological evidence about perceptual 
mechanisms is not needed to draw this conclusion , although it might suggest lines of inquiry 
for scientists, possibly even a reconciliation of tricromat and opponant process theory. 

I would like to propose the usefulness of "White is Green" in explaining the hue/value relationship 
of color. RGB color space is a distortion of the hue/value relationship in the same way that 
Mercator's projection map of the globe onto a rectangle is a distortion. Every pure hue in RGB is 
defined as having a brightness of % 100 when in fact every hue has a different brightness. The 
artist's red yellow and blue color wheel creates harmonious colors only in a limited range of hues 
and values. Artists argue that harmony is subjective and culturally determined. Even so, once a 
convention or style has been established, only very specific colors will fit within that convention. 
Matching colors and creating variations within established limits requires careful control of hue 
and value, a task that I hope to make easier. 
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Performance Testing of Color-Difference Formula: 
Part 1 -A Color-Difference Data Set in 

Low Chroma Colors 

Hitoshi KOMATSUBARA 

Color-difference data sets were developed for testing performance of color difference 
formula . Data sets comprise observation value for 40 color-difference pairs at seven 
central color. Seven central color were chosen from low chroma color as popular color 
at ceramic tile industries. 
Visual estimation was done for 267 pairs by 49 persons using constant method. The 

population frequency of perceptible or acceptable decisions was derived and Probit 
analysis was used to calculate perceptibility and acceptability of color-difference. 

l.INTRODUCTION 
Since the publication of the CIE color-difference formula several attempts at 

producing an improved formula could be done. I had introduced a new formula 
modified CIELAB in 1985 and CIE TC 1-29 ( Industrial color-difference evaluation ) 
has been published technical report containing modified CIELAB in 1995. This 
formula is given in following equation. 

6. E'={( 6. L*/St)2+( 6. C*ab/Sc)2+( 6. H*ab/Sh)2}1 12 
CIE TC 1-29 recommends that this formula should be tested for its usefulness in 
industrial practice with color-difference data sets. 
It is well known that the acceptable color-difference which becomes important 

concerning color management differ by a kind of industrial product. This is based on 
parameter effect such as texture and a color taste. But, reports of observation data of 
acceptable color-difference are scarce. For this reason, the method that design 
rationally acceptable color-difference of industrial product is not also established. 
On the other hand, observation data for the various color which was chosen from a 

color space systematically are necessary for performance test of color- difference 
formula. But, the large quantity observation data for the various color is difficult. 
One of the reason has the work which makes varied color difference pairs using the 
same material as a product. A surface of the ceramic tile which is used on an interior 
is generally smooth and a color is generally equable such as color chips coating of 
gloss paints. Varied color chips can be made easily and texture of color chips is the 
same as ceramic tiles . In this study , color chips were used instead of ceramic tile for 
judgment perceptibility and acceptability of color-difference. This paper will present a 
new published data set and result of tested color-difference formula. 

2.EXPERIMENTS 
Seven standard colors in Fig.l were selected which were very popular colors in 
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ceramic tile industry. And 40 around colors were produced with color-difference from 
the standard of about 0.2 to about 2.0 CIELAB units. The colorimetric measures of 
267 data set were available based on spectral reflectance from 380nm-780nm with 
5nm intervals. Each color difference pair was judged once by 48 observers ( 41 men 
and 7 women ). 

Judgment of perceived color-difference by each observer were expressed in three 
categories ; acceptable (or perceptible),indeterminate , not acceptable (or not 
perceptible) and three categories were each assigned probabilities ; 

acceptable (or perceptible) P=l.O 
indeterminate P=0.5 
not acceptable (or not perceptible) P=O.O 

Observation were made with approximate 45/0 geometry under the fluorescent lamp 
as simulator of CIE standard illuminant Ds5. 

>n 

e< 
11\ 
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b* 

Fig. I Sample chromaticness (a* and b* ) 

3.Result 

180 
Fig.2 Arrangement of color-difference pair 

for visual judgment 

Average probability of 267 pair were shown in Fig.3 (perceptible) and 
Fig.4(acceptable). Frequency probability turns into S curve ,called ogive. Ogive is 
summation of normal distribution curve. Therefore it can be regarded color-difference 
equivalent to P=0.5 as threshold. Some method of predictive threshold are proposed. 
In this study , threshold were predicted by Probit analysis and showed CIELAB , 
CIE94 , MLAB , CMC(1:1) , HUNTER and NC-ffi C. MLAB were presented by 
KOMATSUBARA on Color'85 and NC-ffi C were developed by IKEDA et al in 1991 
which is a modified version of CIELAB color space. NC- m C has compensation 
mechanisms on nonlinearity of visual system and is complete to express Munsell 
colors uniformly. 
The acceptability data with three color direction and total color-difference are listed 

in Table 1. The low number of range(R) and RIM indicate that given color-difference 
formula are more uniformity. If the ratio of H*):Lightness( L*):Chroma( 
C*) is nearly 1:1:1 the formula is to express more uniformity. The color direction ratio 
which is 1.53:1.00:1.71 with CIELAB is approximate 1.3:1.0:2.0 proposed by 
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KOMA TSUBARA on Color'85. This result indicate the lack of uniformity of CIELAB. 
The new color-difference formula of CIE TC 1-29 called CIE94 is a modified CIELAB 
making color direction ra tio 1:1:1. The result of CIE94 is 1.33:1.00:1.25 and it seems 
slight ly improvement. The result of range(R) and RIM for CMC(1 :1) and NC-ffi C is 
slightly indicative of a good uniformity. But CMC(1:1) is worse than NC- m C 
concerning hue direction. 

4.CONCLUSION 
The tested color-difference formula by new data set of cer amic tile 

perceptible/acceptable judgment dose not satisfy uniformity with color space and 
equal color direction r atio. The color-difference should be calculated using uniform 
color space as NC- ffi C and weight ing function for color direction. 

80 

60 ·)! 
40 

20 

0 
0 0.5 1.0 1. 5 2.0 2 .5 3.0 0 0 .5 1.0 1.5 2.0 2 .5 3.0 

F ig .3 probabi li ty o f percept for a ll sampl es Fig.4 probabili ty of acceptance for all samples 

Table l -1: Acceptabilitv with three color direction : metric 

C1J>LAJ 
o or Hue Lightness Chroma dE 

0.73 0.41 0.5 0.50 
0.58 0.31 0.68 0.45 
0.55 0.41 0.71 0.54 
0.53 0.31 0.61 0.46 
0.63 0.45 0.76 0.57 
0.4 .40 0.55 0.46 

0.56 
Ml>J (MJ 0.58 0.38 0.65 0.50 
ttange(K) 0.26 0.14 0.21 u.12 

RIM 0.45 0.3 0.32 0.24 

Mean(M) : Average of acceptability for aix center colors 
Range(R) : Range of acceptability for each color 

11>94 
Hue Lightne.u Chroma dE 

0.66 0.40 0 .44 0.45 
0.46 0.26 0.46 0.37 
0.40 0.36 0 .4 0.40 
0.44 0.30 0 .4 0.38 
0.5 0.45 0.53 0.48 
0.42 0.40 0.4 0.40 

0.55 
0.46 0.36 U.45 0.43 
0.26 0.19 0.11 0.12 
0.54 0.53 0.24 u.28 
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CMC(U) 
Huo Lightness Chroma dE 

0.99 0.31 0.56 0.40 
0.69 0.25 0.54 0.33 
0.52 0.32 0.45 0.40 
0. 8 0.2 0.48 0.42 
0.59 0.33 0.56 0.44 
0.57 0.30 0.51 0.41 

0.82 
0.69 0.30 0.52 0.46 
0.4 0.08 0.11 0.49 

.68 0.2 0.21 1.07 



Table l -2: Acceptabilitv with three color direction : metric Hue.Lie:htness.Chroma 

MLAH HUNTER 
o or Hu• Ughtne!IS Cbroma dE Hu• Lightne!IS 

0.53 0.39 0.30 0.34 0.69 0.48 
0.40 0.24 0.36 0 .32 0.54 0.32 
0.4 1 0.37 0.43 0.41 0.50 0.43 
0.40 0.30 0.33 0 .33 0.44 0.32 
0 .48 0.45 0.46 0.44 0.60 0 .53 
0.35 0.40 0.28 0.32 0.45 0.48 

0.36 
Mt.i I(M) 0.43 0.36 0.36 0.36 0 .54 0.43 
ttange(tt) 0. 18 0.21 0.18 0.12 0 .24 0 .21 

RJM 0.42 0 .58 0.50 0.33 0.44 0.49 

Mean(M) : Average of acceptability for six center colors 
Range(R) : Range of acceptability for each color 

Table2: Goodness for given color difference formula 

Range(R) 
Hu• Lightness Chroma mean Hu• 

CIELAB 0.26 0 .14 0 .2 1 0.20 0.45 
CIE94 0.26 0 .19 0. 11 0.19 0.54 

CMC(I :l) 0.47 0.08 0. 11 0.22 0.68 
MLAB 0.18 0.21 0.18 0.19 0.42 

HUNTER 0.24 0.2 1 0.26 0.24 0.44 
NC-3C 0.28 0. 14 0.12 11.18 0.42 

Mean(M) : Average of acceptability for six center colors 
Range(R} Range of acceptability for each color 
R/ M : Value of divided mean(R) by mean(M) 
R.D(l) : Ratio of color direction ; dH/dH,dUdH,dC/dH 
R.D (2) Ratio of color direction : dH/dE,dUdE,dC/dE 

REFERENCE 

Cbroma dE 
0.56 0.52 
0.60 0 .46 
0.60 0.52 
0.47 0.40 
0.73 0.59 
0.57 0.48 

0.55 
0.59 0.50 
0.26 0. 19 
0.44 0.38 

IUM 
Lightness Chroma 

0.37 0.32 
0.53 0.24 
0.27 0.2 1 
0 .58 0.50 
0.49 0.44 
0.36 0. 16 

Hu• 
0.84 
0.67 
0.63 
0.60 
0 .73 
0.56 

0.67 
0.28 
0.42 

mean 
0.38 
0.44 
0.39 
0.50 
0.46 
O.lll 

1. Industrial colour-differe nce evaluation , CIE 116(1995) 

N < -3 
Lightness Chroma 

0.41 0.71 
0.34 0.79 
0.45 0.82 
0.31 0.71 
0.45 0.87 
0.40 0.65 

0 .39 0.76 
0.14 0. 12 
0.36 0. 16 

K. (l) '" (2) 
: .:t-

L00:0.65: l.l 2 l.l0:0.76: L3 
1.00:0.75:0.9 l.l 2:0.84: 1.05 
1.00:0.43:0.75 1.50:0.65: l.l3 .. 
1.00:0.79: LO 1.08:0 .86: l.l 
1.00:0.58: l.l 3 1. 20:0.70:1.3 

2. KOMATSUBARA,H.,Evaluation of color difference, Color 85(1985) 

dE 
0.55 
0.48 
0 .59 
0.50 
0.6 1 
0.50 
0.66 
0.56 
0.18 
0 .32 

3. Ikeda K.,Obara K., Improvement of uniformity in colour space in terms of colour 
specification and colour difference evalua tion, CIE Proceedings 22nd session 1(1991) 
pp.49-50 

AUTHOR'S ADDRESSES 
Hitosh i KOMATSUBARA 
Japan Color Research Institute,4-6-23 Ueno, Iwatsuki, Saitama 339 J apan 

498 



An Atlas of Cesia with Physical Samples 

Jose L. CAlVANO and Patricia M. DORIA 

An atlas covering all the visual appearances that are comprised between the categories of 
transparency and translucency, mirrorlike appearance and matte quality, as well as between each 
of them and the sensation of black, has been built. This atlas contains all the appearances in 
which any color can be seen, so that, by combining every sample of the atlas of cesia with every 
sample of a color atlas, all the visual sensations that have to do with the spectral and spatial 
distributions oflight are included. 

I . INTRODUCTION 
Cesia is the name given to the visual perception of the different spatial distributions of light. 

The sensations of transparency, translucency, mirrorlike appearance, matte opacity, glossiness, 
blackness, etc., are within the scope of cesia. A theoretical model -in the form of an order 
system- and a notation system for cesia was first proposed in 1988 [1]. An adjusted version of 
this model was published in 1991 [2]. Afterwards, and in accordance with that, during the 1993 
AIC Congress in Budapest a method to build scales of cesia by means of spinning disks was 
presented [3]. The more complete account of this method provide, along with the theoretical 
background, the proportions of materials necessary to build the scales [4]. The relations between 
cesia and color were approached from the basic concepts of the trichromatic theory [5]. In the 
AIC Interim Meeting 96, in Sweden, the importance of cesias as visual signs that provide useful 
information in the interaction with the environment were analyzed in a more humanistic account 
[6]. There are, of course, other bibliographical sources related with this process (authors such as 
David Katz, Arthur Pope, Sven Hesselgren, Ralph Evans, Richard Hunter, Cesar Jannello, John 
Hutchings, Paul Green-Armytage, and others); the connections with them are described in the 
references cited. 

After these developments, the next logical step seemed to build an atlas with physical samples, 
the atlas being a material representation of the order system for cesias. Such an atlas, covering all 
the possible ranges of cesia, has now been devised and assembled. In spite that other materials 
could be employed, in this case the atlas has been made with pieces of glass. The samples are 
arranged and notated according to the following dimensions: degree of permeability (or its 
opposite, opacity), degree of absorption (or its opposite, luminosity), and degree of diffusivity (or 
its opposite, regularity). 

2. METHOD 
In this preliminary version of the atlas, five samples are set for each of the eight different kinds 

of scale that appear as the boundaries of the system: 1) matte-opaque to black, 2) specular to 
black, 3) translucent to black, 4) transparent to black, 5) specular to matte-opaque, 6) transparent 
to translucent, 7) specular to transparent, 8) matte-opaque to translucent. 

The five levels of absorption are obtained with transparent glass, three different neutral density 
glass filters, and black glass. The five steps of diffusivity are obtained by different degrees of 
grinding and polishing of the samples. In these scales, the samples go from perfect polished glass 
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to glass treated with fine emery, without any further polishing. The degrees of absorption and 
diffusivity are combined in order to build a page of the atlas, where all the samples have the same 
permeability. The five degrees of permeability, then, are obtained by applying mirror coatings to 
the glasses, with the following transmission and reflection percentages (nominal values): 100/0 
(no coating), 75/25 (114 mirror), 50/50 (half-mirror), 25/75 (3/4 mirror), 0/100 (full mirror). 
Figure I is a schematic representation of the atlas. Figure 2 shows, in more detail, one page of 
constant permeability. 

Fig. 1 : Arrangement of the samples in the atlas of cesia. Each of the five pages has a 
different permeability. 

/ increment of diffusivity 
" 

DDDDD 
DODD 
DOD 
DD 

'"" D 
Fig. 2: Each page having the same permeability contains the variations of absorption and 

diffusivity. 
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The samples are square glass tiles of 50 x 50 millimeters, with 2 millimeters thickness, 
mounted in acrylic plates. As a consequence of the mounting, the visible area for each sample is a 
square of 42 x 42 millimeters. 

An alternative version of the atlas has been made combining commercial polyester filters. 
Once more, neutral density filters (in this case made of polyester) are used. Then, these filters are 
combined with filters that produce different degrees of light diffusion. And finally, a different 
mirror coating is applied to each of these previous arrays. 

3. RESULTS 
The atlas presented here comprises five pages with 14 different samples in each one, and one 

sample that is common to all of them (the one that represents black). The result is, thus, a total of 
71 different samples of cesia. This number is relatively small, as compared with most color 
atlases, for instance the Munsell atlas and the atlas of the Natural Color System, with more than 
I ,500 samples each. The possibility exists of making a larger atlas of cesia. At this moment, and 
with any further technical development, we are able to assemble an atlas with 361 samples, but it 
is by far more expensive and involves more complicated techniques than a color atlas of the same 
quantity of samples. 

The samples of this atlas of cesia are achromatic, and include all the appearances that are 
within the space limited by the five elementary cesias: translucent appearance (produced by 
diffuse transmission of light), matte appearance (produced by diffuse reflection of light), 
transparent appearance (produced by regular transmission of light), specular or mirrorlike 
appearance (produced by regular reflection of light), and black appearance (produced by a high 
absorption of light). However, the notion behind this is that all these appearances can be produced 
for every color, so that for each sample in a color atlas we can have all the cesias in which that 
color may appear or, on the contrary case, for each sample in the atlas of cesia we can have all the 
colors in which that cesia may be seen. By combining 70 samples of cesia (excluding the black 
one) with 1,500 color samples, we can have a total of 105,000 samples with different visual 
appearances. 

4. CONCLUSIONS 
As we have said, the samples of the atlas are a representation of the visual appearances of 

cesias. It is important to note that cesia is not an attribute of materials or surfaces, because the 
same material sample can have different cesias, depending on the light intensity and the direction 
from which it is illuminated, and the geometry of observation. For this reason, each sample in the 
atlas represents a certain sensation of cesia in a certain viewing situation, but not in a different 
one. It is necessary, thus, to establish such standard conditions. The length of this paper prevents 
us for a detailed explanation; these conditions are specified in the atlas itself. 

In the domain of applications, this atlas has a main practical advantage: it is a tool for all those 
who need to evaluate the aspect of appearance that depends on the spatial distribution of light, by 
simply looking for the sample that best matches the object in question or by interpolation. Starting 
from this, there are a number of particular applications we can imagine; let us see just a few of 
them. In the linguistic domain, the semantic extension of the words alluding to sensations of cesia 
can be determined, as it has been made with color words. In the field of environmental design, 
different materials used in architecture, graphics, industry, textiles, clothing, etc., can be 
classified according to the range of cesias they are able to cover, so that the designer may know 
beforehand the palette of cesias available for each material. 
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