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The International Colour Association (AIC), also known as Association Internationale
de la Couleur or Internationale Vereinigung flr die Farbe, is an academic society
with a mission to promote research in all aspects of color. They strive to share the
knowledge gained from this research and apply it to solve problems in the fields of
science, art, design, and industry on a global scale. Additionally, AIC collaborates
closely with established international organizations like the International Commis-
sion on lllumination (CIE), the International Organization for Standardization (ISO),
and the International Commission for Optics (ICO) on color-related issues.

Website: www.aic-color.org

5
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Color Society of Thailand

Color Society of Thailand is a group of academics, researchers, and people interested
in the fields of color such as color science, technology, social sciences, art, architec-
ture, and applications. In addition, the Color Society of Thailand is also an ordinary
member of the International Color Organization. (International Color Association)
on behalf of Thailand. From the day when the Thai color group was founded, the
members have started various activities. We hope that it will create a learning com-
munity, continue to be a platform that inspires and supports academic development
and research in the field of color as well as be a channel for exchanging knowledge
with various sciences related. We set resolutions to be a small cog that drives various
sectors of the country to have advancement to those of other civilized countries

Website: www.colorsocietythailand.com
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Welcome from the AIC 2023
Organizing Chair

Welcome, all esteemed participants and distinguished guests to the AIC2023, the 15th
Congress of the International Colour Association. We are thrilled to host this remarkable event
in the enchanting city of Chiang Rai, Thailand.

In these extraordinary times, we find ourselves on the threshold of a new beginning. The
shadows of the global pandemic have receded, granting us the privilege of reuniting as color
artists and scientists in the flesh, following two years of virtual AIC conferences. We stand here
today with hope, resilience, and a belief in the incredible advancements of medical technology
and the dedicated pursuit of sanitation management.

At the closing ceremony of AIC2022, ‘Sensing Colour, we unveiled our intentions to
bring the AIC community to Chiang Rai, not fully certain of the state of the world. Yet, here we
are, fueled by the optimism of a brighter future. Our commitment to fostering invaluable con-
nections through workshops, welcoming ceremonies, engaging oral and poster presentations,
inspiring excursions, and convivial banquets remains unwavering. The opportunities that lie
before us are beyond measure.

The AIC Congress is more than just a professional congregation; it is a family reunion of
individuals who speak the same universal language—the language of color. We share a profound
and mutual fascination with the world of color, and this shared passion makes our AIC gather-
ings truly unique.

The meticulous planning of AIC2023 was set in motion in December 2019, just before
the onset of the COVID-19 pandemic. It was originally intended to be the AIC Midterm meet-
ing, allowing us to better manage the event given our resources within the Colour Society of
Thailand. Now; it stands as a formidable challenge for our organizing team, one that we embrace
with steady dedication and enthusiasm.

In closing, I extend my heartfelt gratitude to all our esteemed participants, invited
speakers, and keynote speakers who have contributed to this symphony of knowledge exchange,
through their engaging oral and poster presentations. Your dedication to the arts and science of
color is the very essence of the AIC, and we are profoundly grateful for your presence.

Welcome, once again, to AIC2023. Let us come together, explore the infinite spectrum of
color, and paint a brighter future for the world of colour art and science.

Pichayada Katemake
AIC 2023 Organizing Chair
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Welcome from the AIC President

Welcome to AIC 2023! It is time, once again, to meet for our annual meeting. This meet-
ing is particularly special as it marks the first in- person meeting since 2019 when Covid forced
us to move to a virtual format. I am sure many of us are excited to be able to meet face-to- face
again as there is nothing quite like it.

I would like to express my sincere gratitude to the Colour Society of Thailand (CST) or-
ganizing committees for their hard work hosting the AIC 2015th Congress in Chiang Rai, Thai-
land. It was 20 years ago that CST hosted the 2003 Mid-term meeting, I know we are all excited
to revisit this beautiful country. A special thanks to the congress sponsors; the Department of
Imaging and Printing Technology, NCS, TCEB, the BAGIS program, Chulalongkorn university:
the second century fund (C2F), and Centasia. We know that the support of our industry partner
helps to elevate the conference experience.

Some of the conference highlights include:

o The awarding of the Judd Award sponsored by RIT to Prof. Rolf
Kuehni who has spent most of his life dedicated to color science and the CADE award to Clino
Trini Castelli for his contribution to environmental and industrial design.

o There is great excitement around the two special workshops, Calm and Focus: Neu-
roArt as a Gateway for Understanding the Mind by Petronio Bendito and Tim Korb and Water
Color Painting by Suphawat Hiranthanawiwat.

o The excursion to visit four meaningful locations in the Chiang Rai area: Way Phra
Knew, What Song Suea ten, Was Hauy Play Kang, and Was Wrong Khun, and for many of us is
a trip of a lifetime.

In 2023, we had to deal with some important and critical issues that impacted the or-
ganizations future. This year, we were able to complete the relocation of AIC to Austria. This
process has been complicated as it impacts most of the organizations operational’s touch points.
To everyone involved, thank you for your support and dedication, it was not an easy journey.

2023 will also mark the end of my term as AIC president. I would like to thank the
2022-23 EC for their tireless dedication to a very busy two years. It always amazes me how many
twists and turns there are in a journey and how quickly time passes. 2024 will usher in a new
EC Committee that will be elected at this 2023 Congress, and I am confident now that we have
settled into our new environment they will lead AIC into a growth phase.

Finally, I would be remiss if I did not recognize those who have submitted papers, the
Review Committee, the session chairs, and the AIC Study Group chairs for hosting the work-
shops. Most of all thank you to all that attended AIC 2023.

Cheers,
Leslie Harrington
AIC President | 2022/23

£ .
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JUDD Award

AIC JUDD AWARD CITATON FOR PROFESSOR
ROLF GEORG KUEHNI

Renzo Shamey'”, Paula J. Alessi' and Roy S. Berns'

"The Inter Society Color Council (ISCC).

*Corresponding author: rshamey@ncsu.edu

BIOGRAPHY

Rolf Georg Kuehni is a member of an old family of citizens in Switzerland. He received his
basic education in the town of Schoenenwerd, where his father worked as a shoe designer in the
Bally Shoe factory. He then moved to Krefeld in Germany for his education and obtained a
degree in textile chemistry from Fachhochschule Niederrhein in 1961.

Dr. Paul Ulrich, a research chemist at CIBA in Basel, Switzerland, became Kuehni’s
supervisor after college in 1962. Ulrich had a deep and broad interest in color and at the time was
working on color literature and he encouraged Mr. Kuehni to read some early psychological
papers which he later said did not mean much to him at the time. Kuehni was more interested in
strength determination of dyes by transmittance and reflectance to make his job easier and more
productive. He quickly learned their limitations at a time when instrumentation was still in rapid
development. He moved to the United States in 1963 where he eventually became a dual citizen.
Being specifically involved in the subject of color matching of textiles he became interested in
color technology. In 1965 he joined Verona Dyestuffs, owned by Bayer Corporation, as a
Manager of Development and Color Physics. Part of his job responsibility was to try to make use
of a Color Eye®. Sometime later he talked the management into acquiring an IBM 1130
computer and thereby began his involvement in computer formulation. Color quality control, and
color difference, became other subjects of interest. A color course at Davidson and
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Hemmendinger and meeting Ralph Stanziola were important elements in steering him deeper
into color technology.

In 1967 Kuehni became a member of the Inter-Society Color Council (ISCC). Over the
course of his employment, he advanced to Vice President Marketing/Textile Products for Bayer

Corp. in the USA and also was Vice President in the successor company Dystar Corp. from which
he retired in 2001.

During these years he maintained a solid interest in color science, being active in the Inter-
Society Color Council and in research committees of the American Association of Textile
Chemists and Colorists (AATCC). From 2002 to 2018 Professor Kuehni served as an Adjunct
Professor of color science at North Carolina State University in Raleigh, NC.

CONTRIBUTIONS TO THE FIELD OF COLOR SCIENCE AND
TECHNOLOGY

Rolf Kuehni has spent most of his life dedicated to color science. His major research
contributions include color tolerances, indices of metamerism, theoretical bases of metamerism,
and modeling hue perception. From 1987-89 he was the editor of the journal 'Color Research and
Application' (CR&A). He translated seminal articles by German scholars including J. H.
Lambert, A. Koenig, W. Ostwald, R. Luther, E. Schrodinger, and P. Runge into English,
published in CR&A. He has written or co-authored nine books on diverse subjects such as
computer colorant formulation, introductory color science and technology, and color order
systems. During his industrial career at Bayer, he authored approximately 80 peer-reviewed
scientific and technical articles as well as encyclopedia articles about color.

Professor Kuehni has mentored numerous color scientists, including Professors Roy S.
Berns and Renzo Shamey. At North Carolina State University alongside Professors Shamey and
Hinks, he mentored students, delivered lectures on the science of color and visual perception,
and oversaw several student projects. Additionally, he co-authored several articles on unique
hues and other color topics.

Professor Kuehni has actively participated in the International Commission on
[Mumination (CIE) as a member or advisor on technical committees, such as TC 1-55 Uniform
Colour Space for Industrial Colour Difference Evaluation, TC 1-56 Improved Colour Matching
Functions, and TC 1-76 Unique Hue Data. His expertise in the history of various developments
has proved invaluable and assisted members of technical committees in successfully completing
their tasks. Kuehni’s pointed and precise questions, along with his constructive feedback, have
often provided members with a fresh perspective on the problem at hand.

In 1986 he received the Armin J. Bruning award from the Federation of Societies for
Coatings Technology in recognition of his significant contributions to the development of the
science of colorimetry in the paint and coatings industries.

Professor Kuehni was also heavily involved in the AATCC, and chaired the RA36, Color
Measurement Test Methods Committee. He regularly provided detailed information and precise
answers to questions and comments related to color and associated test methods. He received the
association's most prestigious scientific award, the Olney Medal, in 2005, in recognition of his
significant contributions.

The Inter-Society Color Council has recognized his many achievements. He received the
Godlove Award, the ISCC’s most prestigious award honoring long-term contributions in the field
of color in 2003, the Nickerson service award in 2015, and the Munsell Centennial Award for
Science in 2018.

The breadth of his expertise and scholarship goes beyond the list of Kuehni’s
accomplishments as evidenced by his book publications. We will highlight several of these.

Professor Kuehni’s second book was Computer Colorant Formulation, written in 1975.
This was the first book that explained what is “under the hood” of formulation systems used in
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coloring industries and paint stores to produce custom colors. Kuehni believed that a better
understanding of the underlying science and engineering would enable colorists to be more
successful in formulating recipes that matched a standard. He introduced the term “colorant
formulation” rather than “color matching” that remains in use today.

Color: An Introduction to Practices and Principles is in its third edition. Its table of
contents indicates Kuehni’s breadth as a color scientist, technologist, and historian:

1. Sources of Color

. What Is Color and How Did We Come to Experience It?
. From Light to Color

. Color Perception Phenomena

. Orderly Arrangements of Color

. Defining the Color Stimulus

. Calculating Color

. Colorants and Their Mixture

O 00 3 &N L AW N

. Color Reproduction

10. The Web of Color 187

11. Color (Theory) in Art

12. Harmony of Colors

Appendix: Timetable of Color in Science and Art

Chapters 1 — 9 are typical color technology topics. Chapters 10 — 12 are not. These seem

to be subjects addressed in color design and color and art books. Only a single author can combine
these topics into a cohesive and compelling story.

Color Ordered: A Survey of Color Systems from Antiquity to the Present, cowritten with
Andreas Schwarz, is, arguably, the definitive book about color order systems. Its excellence is
revealed by Chapters 2 — 4:

2. Linear Systems
3. Color Diagrams and Color Circles
4. From Two to Three Dimensions

For centuries, color ordering was based on a single scale or described in two dimensions
on a single page. However, it is now widely recognized that color ordering requires at least three
dimensions. Explaining the evolution and understanding of color from one to three dimensions
is a remarkable achievement.

Professor Kuehni can also be described as an expert in the history of color science and its
developments. In Pioneers of Color Science, co-authored with Renzo Shamey and published in
2020, the achievements, and significant contributions of some 100 historic figures in the field of
color science are discussed. He was also the section editor for Vison Phenomena, and Vision
Physiology as well as authoring multiple entries in the Encyclopedia of Color Science and
Technology, Shamey R. (Ed.), Springer International (2023).

Professor Kuehni has also served as an editor, editorial board member, and reviewer of
several scientific journals, providing prompt and precise feedback to colleagues and guidance to
the younger generation of color scientists and enthusiasts.

ISCC NICKERSON SERVICE AWARD

The 2015 ISCC Nickerson Service award was presented to Professor Rolf Kuehni on Oct 21,
2015, at the North Carolina State University College of Textiles Color Science Laboratory. The
Nickerson Service Award is presented for outstanding, long-term contributions towards the
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advancement of the Council and its aims and purposes. The contribution may be in the form of
organizational, clerical, technical or other services that benefit the Council and its members.
Professor Kuehni was nominated to receive the 2015 Nickerson Service Award on the basis of
his substantial contributions to color education that have been posted to the ISCC website. Under
Historic Translations on that website, he contributed many translations of color articles and books
from German and French to English, biographical information on the authors, and often technical
introductions as well. (These authors include J. H. Lambert, A. Koenig, W. Ostwald, R. Luther,
E. Schrodinger, and P. Runge, as well as an anonymous French author.) In addition, Kuehni
edited the ISCC-posted manuscript by I. H. Godlove entitled “The Earliest People and their
Colors”. Rolf Kuehni has touched virtually every part of the ISCC electronic presence, including
a column on A. H. Munsell that he wrote for Hue Angles several years ago.

The presentation was made by Professor Renzo Shamey and Ms. Ann Laidlaw (ISCC
representatives). Professor Kuehni provided an overview of the important contributions of
Dorothy Nickerson, for whom the award is named. Professor Kuehni also provided a lecture for
students on “How many colors are distinguishable?”

Figure 1. Professor Kuehni receiving the 2015 ISCC Nickerson Service Award,
with Professor Shamey, and Ms. Laidlaw.

MUNSELL CENTENNIAL AWARD FOR SCIENCE

The recipient of the 2018 ISCC Munsell Centennial Award for Science was Rolf G. Kuehni. Here
are some excerpts from the citation given by Paula J. Alessi:

After more than 30 years working in color for Bayer and BASF in the United States, Rolf
retired and became more active than ever in the science of color. As a matter of fact, during
his retirement he feels that “involving himself in color saves his sanity”. One of the
passions that Rolf Kuehni pursued in retirement is understanding why color space metrics
like CIELAB did not always agree with visual experience. Kuehni has studied color, color
differences, uniform color spaces, unique hues and color order systems both from a current
technological standpoint and from a historical perspective. Throughout his career, Kuehni
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has been a proponent of closer ties between industrial scientists studying and applying
color technology and academic scientists studying color vision and developing the
foundational principles of color science. Kuehni also has a strong belief in color education
as evidenced by his commitment to being an adjunct Professor at North Carolina State
University in Raleigh.

In his 2008 Hue Angles article, ‘150th Anniversary of Albert Henry Munsell’s Year
of Birth” Rolf stated: ‘In 1918, the year of Munsell’s death, the Munsell Color Company
was founded, and the rest is history. Munsell’s landscapes and portraits are curiosities
today; his color order system is a lasting contribution to our understanding of the world of
color’.

Figure 2, Rolf G. Kuehni early career years.

ISCC GODLOVE AWARD

Rolf G. Kuehni was presented with the prestigious Godlove Award during the ISCC Annual
Meeting in Chicago, IL in 2003 This coveted ISCC Award was presented to Kuehni for his
career-long commitment to color science. For more than two decades Kuehni has been a strong
proponent of closer ties between the industrial scientists studying and applying color technology
and the academic scientists studying color vision and developing the bases of color science.
Below are excerpts from Professor Kuehni’s acceptance speech.

The Godlove award is clearly prestigious because among its winners are some of the
most important names in color science. When looking recently at the work of Dr.
Godlove, I found we have a number of common interests.

...I remember fondly Max Saltzman teaching me the ropes of this [ISCC]
organization. Among many other things I also remember the sharp red pen of Deane Judd
correcting our draft for a test procedure on dye strength determination.

As I advanced in managerial rank, the practical side of color more and more
retreated to the background. My 3-year stint as the editor of Color Research and
Application in the later 1980's was an effort to remain involved and knowledgeable. A
general interest in color grew in the areas of culture and art, as well as its history,
philosophy, and its role in consciousness.

During my last few months of employment at DyStar and my stint as consultant,
I had relatively little meaningful work to do and involving myself in color saved my
sanity. I decided to delve again into the mysteries of color space and its divisions, an
effort resulting in a series of papers and now a just published book (Color Space and its
Divisions, Wiley, 2003). As an Adjunct Professor at NCSU, I can share some of my
experience with students and help establish color science as a solid part of the
curriculum.

In the last couple of years, I have come to believe that we know in reality
considerably less about color perception than is generally assumed. I have recently come
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across some experimental facts that are very puzzling and make me wonder how much
we really know about the variability of trichromatic color perception. The first has to do
with standard observers. Using an idea of mine from 1979 a student calculated what we
call the transition wavelengths of gray metamers where one is maximal in terms of the
square root difference from the other. These three wavelengths are independent of linear
transformation of the underlying observer data and are convenient identifiers for
observers. The point is that in published observer data we seem to have two distinct
groups of observers. It seems important for CIE Committee TCI-56 to arrange for
additional experimental data to determine the effect of methodology on the results and
separately the variability of observers.

I also looked at ten sets of published unique hue data. These have been
established under several different experimental paradigms, from sub-second exposure
to lights with black surround to indefinite exposure to arrays of color chips. There is, in
my view, no pattern in regard to experimental paradigm detectable in the results. What
struck me most, however, are the surprisingly large ranges of individual unique hues.
Three of these in fact overlap. That is, unique blue for one observer can be unique green
for another and unique green for one can be unique yellow for another. Most of the papers
from which the data have been taken have been published in Vision Research and JOSA
and [ am not about to doubt their veracity. The findings raise serious questions about the
meaning of unique hues as well as the usefulness of color appearance and color
difference formulas. Finally, studying past large-scale efforts of determining constant
chroma and constant hue differences in global color space I found that the three largest
efforts have produced considerably different results. All three involved more than 10,000
observations. | would not want to claim that one of these results is more accurate. We do
not know what causes these differences. It is evident that we do not have reliable,
replicated global scaling of color space. The same applies to small color differences.

I think this is good news for the younger people. There is a lot that we do not
know about color perception and color science still offers many and large challenges to
those wanting to take them on.
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CADE Award

THE “COLOR FEVER” CHROMA SURVEY 1973

Clino Trini Castelli'*

*Castelli Design; memo@castellidesign.it

BIOGRAPHY

Clino Trini Castelli (Civitavecchia, 1944) industrial designer, artist and design theorist lives and
works in Milan. Internationally known for CMF design (Color, Material and Finishes) of which
he was the initiator, Castelli introduced the “No-form” renewal of plastic languages applied to
industrial products through the tools of Design Primario.

As opposed to traditional compositional methods, Castelli has focused on the design of the
more intangible aspects of figuration, like material and color, light and sound, emphasizing the
virtues of a sensorial approach to art and design. Since the early 1970s this has made him a
pioneer in research on the emotional identity of products in the industrial sector.

From 1978 to 1983 he conceived and directed ColorTerminal IVI in Milan, the first center
of research and services on the new RGB additive technologies. In 1983, alongside his activities
of research and design, he was one of the founders of Domus Academy.

Clino Castelli has continued his work in education, teaching in many international design
schools and universities, including the Milan Polytechnic. He has published several writings and
book on design culture, including articles for leading international magazines of art and design.
His work has received important European, American and Japanese prizes, including two ADI
Compasso d’Oro awards.

(Read the entire paper The “Color Fever” Chroma Survey 1973 in the appendix)
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Schedule
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November 27, 2023

November 28, 2023

Date Monday Tuesday
Day 1
Room Doi Tung Doi Tong Doi Wawee
Opening
Ceremony and
Group Photo
g)’.g? (9:00-10:15)
e
s
25 .
< Invited Lecture:
What Color Is Thai?
Prasarnrajkit, Piyanan
(10:30-11:45)
Keynote Lecture: Keynote Lecture: BAGIS Session
Rizzi, Alessandro Cheung, Vien (Sponsored by
Color Technology Color and Culture JSPS)
Registration open and Applications
_ | Workshop 1: Keynote Lecture: Color Technology | Color in Art and
£ & Cultivating Calm Luo, Ming Ronnier | and Applications/ | Design
S and Focus by Color Technology | Color in Nature
£ & | Petronio Bendito and Applications
i : Workshop 2:
= | Water Color
Painting by
Suphawat Study Group on
Hiranthanawiwat Environmental
Colour Design
(16:15-17:30)
Welcome Party

Evening
(18:00~)

(18.00-20.00)

5
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November 29, 2023

November 30, 2023

Date Wednesday Thursday
Day 2 Day 3
Room Doi Tung Doi Tong Doi Wawee Doi Tung
Invited Lecture:
Digital Color Literacy, Media Arts and Design Education General Assembly
Bendito, Petronio (8:30-10:30)
%"% (9:00-10:15)
£x
§ & | Keynote Lecture:
®, | Stockman, Andrew | Color Psychology
Color Vision Poster Session
(10:45-11:45)
Keynote Lecture: Keynote Lecture:
Horiuchi, Takahiko | Bergstrom, Berit
Color Technology Color and Education
and Applications
- Keynote Lecture:
= & | Color Vision Tse, Nicole Color Naming
QS .o o 0
g l;l Color Applications Excursion
& S (13:00-17:00)
<Z

Evening
(18:00~)

Banquet
(18.00-22.00)

Study Group on
Language of Color
(16:00-17:15)

&
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December 1, 2023

December 2, 2023

&
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Date Friday Saturday
Day 4 Day 5
Room Doi Tung Doi Tong Doi Wawee Doi Tung
Keynote Lecture: . )
Tremeau, Alain Color in Art and g::l,:)ts;i Iﬂ::ggz'e
Design Learning and
Color Appearance Creativity
0 Westland, Stephen
(=]
£ & (9:00-10:15)
£
§ & | Keynote Lecture:
® | Lee, Tien Rien Color and Beauty Color Technology
Color Designs Closing Ceremony
(10:30-11:30)
Keynote Lecture:
Color Technology Caivano, Jose
Color Appearance
9
(=N o
=i
£
“2
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ORAL SESSION

Doi Tung

PROCEEDINGS OF THE INTERNATIONAL COLOUR ASSOCIATION (AIC) 15th CONGRESS 2023

09:00 - 10:15 | Opening Ceremony
10:15 - 10:30 Coffee Break
10:30 - 11:45 | What Color Is Thai? Invited
Prasarnrajkit, Piyanan Lecture
12:00 - 13:00 Lunch
13:00 - 13:30 | On Why the Nature of Color Is Spatial Keynote
Rizzi, Alessandro Lecture
13:30 - 13:45 | Optimization of Spectral Sensitivity for Multispectral Imaging Based
on Adaptive Noise Levels
Xu, Peng*; Xu, Haisong
13:45 - 14:00 | A Low-Cost Portable Spectrophotometer
Trentini, Andrea; Bini, Lorenzo; Rizzi, Alessandro*
14:00 - 14:15 | Spectrofluorimetry — a New Paradigm in the Assessment of Color
Appearance
Ladson, Jack A*; Lategano, Charles
14:30 - 14:45 Coffee Break
14:45 - 15:15 | Advanced Colorimetry for Imaging Colour Reproduction Keynote
Luo, Ronnier Ming Lecture
15:15 - 15:30 | Display Enhancement for HDR Contents Under Ambient Lighting
Huang, Yiming; Xu, Haisong*; Li, Yuemin; Yang, Minhang
15:30 - 15:45 | Estimating Spectral Transmittance of Translucent Media from An
Opacity Value and Known Spectral Reflectance
Safdar, Muhammad*; Emmel, Patrick
15:45 - 16:00 | Modelling Colour Appearance of Images Under HDR Viewing
Conditions
Shi, Xinye*; Zhu, Yuechen; Luo, Ming Ronnier
16:00 - 16:15 | The Influence of Background on the Color Difference Evaluation of
Multicolored Material
Wu, Jiaying; Shamey, Renzo*
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09:00 - 10:15

10:15 - 10:30

10:30 - 12:00

12:00 - 13:00

Coffee Break ]

Lunch

13:00 - 13:15

Colour Processing of Architectural Finishes in Historic Townscapes
Units
Diaz-Ramos, Isolina*; Artioli, Gilberto

13:15-13:30

The Nature of Redness
O’Connor, Natalie A*

13:30 - 13:45

Aesthetic Characteristics of the Buddhist Cuisine Shojin Ryori Served
in Contemporary Japan: From the Perspective of SDGs
Yoshimura, Kohji*; Shrader, Stephen; Yamada, Yuko

13:45 - 14:00

From Digital Colour to Circular Colour. The Colour of Architectural
Surface in the Circular Economy. A Review
Gasparini, Katia*
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14:00 - 14:30 | The Pink Tax Keynote
Cheung, Vien Lecture
14:30 - 14:45 Coffee Break
14:45 - 15:00 | The Effects of Chroma on Designers’ Intellectual Abilities in An
Immersive Virtual Environment
Xia, Guobin*; Henry, Phil; Queiroz, Francisco; Westland, Stephen; Yu,
Luwen; Cheng, Qian; Yang, Jie
15:00 - 15:15 | Colour Palette Generation from Virtual Fashion Images
Lai, Peihua*; Pan, Qiangian; Hemingray, Caroline; Westland, Stephen
15:15 - 15:30 | Production of Functional Inks from Natural Colorant Anthocyanin for
Meat Spoilage Indication
Hongrattanavichit, Intatch*; Katemake, Pichayada ; Siangyai, Rattachai
15:30 - 15:45 | Stability of Pigments and Binders to Narrow-Band Wavelength LEDs
Dethsuphar, Duantemdoung*; Katemake, Pichayada ; Westland,
Stephen
15:45 - 16:00 | Coral Reefs in Uncertain Seas
Ingoldsby, Joseph E.*
£ ’



Doi Wawee
Start - End 28 November 2023 Paper
09:00 - 10:15 -
10:15-10:30 . CoffeeBreak |
10:30 - 12:00 - | |
12:00 - 13:00 Lunch
13:00 - 13:15 | Web Users’ Attitude Towards the Size and Position of Sidebar Ads on
Websites
Meeusah, Natchaphak*; Torsabsinchai, Kamonthip; Tangkijviwat,
Uravis
13:15-13:30 | A Study of the User’s Eye Movement Behavior on Different Colored
Banners of the Commerce Website Using Eye Tracking Technology
Torsabsinchai, Kamonthip*; Meeusah, Natchaphak
13:30 - 13:45 | Hue Polarity Selectivity in a Color Contrast-Contrast Phenomenon
Kamegawa, Shohei*; Sato, Hiromi; Motoyoshi, Isamu; Mizokami,
Yoko
13:45 - 14:00 | Effect of Display Technique on Simultaneous Color Contrast
Mepean, Janejira*; Phuangsuwan, Chanprapha; Ikeda, Mitsuo
14:00 - 14:15 | Color Analysis and Consumer Preferences of Sinom and Kunyitasam
Drinks, Traditional Drinks from Indonesia
Mardhiyyah, Yunita Siti*; Sari, Lisa Risfana; Noviasri, Rizky;
Cholilie, Irvan Adhin; Rahmat, Anni; Cahyono, Hadi; Kurniati, Yuni;
Nugraheni, Roostikasari
14:15 - 14:30 | Customer Perspectives and Preferences for the Color in Sorghum
Cookies Caused by Different Types of Sugar
Azzahra, Laily Rahmadina; Mardhiyyah, Yunita Siti
14:30 - 14:45 Coffee Break
14:45 - 15:00 | Colour Design and Conservation of Gummer and Ford Libraries in
Auckland, New Zealand: Guidelines and Comparison with Notable
Buildings (1923-33)
Premier, Alessandro*; Rennie, Julian
15:00 - 15:15 | The Image of Paris: Development of Colour Harmony on the Banks of
the Seine.
Noury, Larissa*
15:15 - 15:30 | Color for Hospitals: Color Design Vs Artworks
Schindler, Verena M. *
15:30 - 15:45 | Towards a Future Holistic Interior Design Considering Color and
Lighting Together
Rossi, Maurizio*
15:45 - 16:00 | Color Spatial Layering in Architectural Interiors After Josef Albers’
Homages to the Square at RIT
Serra, Juan*; Murdoch, Michael
16:00 - 16:15 | Color, the Soul of Sketching
Moreira Da Silva, Ana M S*
16:15 - 17:30 | Study Group on Environmental Colour Design Study
Schindler, Verena M. Group
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Doi Tun

09:00 - 10:15

Digital Color Literacy, Media Arts and Design Education
Petronio Bendito

Invited
Lecture

10:15 - 10:30

Coffee Break

10:30 - 11:00

Cone Fundamentals, Colour Matching Functions and Individual
Differences
Stockman, Andrew

Keynote
Lecture

11:00 - 11:15

Colour Matching Functions Measured in 30 Young Colour-Normal
Observers
Shi, Keyu*; Luo, Ming Ronnier; Rider, Andy; Stockman, Andrew

11:15-11:30

Effect of Spatial Distribution of Chromaticity and Luminance on
Chromatic Adaptation
Li, Siqi*; Ma, Shining; Liu, Yue; Wang, Yongtian; Song, Weitao

11:30 - 11:45

Color Constancy and Visual Perception
Moreira Da Silva, Fernando J C*

12:00 - 13:00

Lunch

13:00 - 13:15

Relationship Between Softness/Hardness Evaluation and Movement
Characteristics of Black Fabric Using Fabric’S Rotating Video -
Comparison of Engineering and Clothing Students -

Kawamata, Takumi*; Ishikawa, Tomoharu; Maehara, Takashi;
Yanagida, Yoshiko; Ayama, Miyoshi

13:15-13:30

Identification of Natural Indigo Dyed Fabrics by Color Image Analysis
Kamolrat, Kannikar*; Phongsuphap, Sukanya

13:30 - 13:45

Contrast Impression Between Upper and Lower Garments in Terms of
Lightness, Influence on Sensibility Evaluation, and Application to
Image Analysis

Murakami, Shiho*; Ishikawa, Tomoharu; Okuda, Shino; Ayama,
Miyoshi

13:45 - 14:00

Natural Hair Color Appearance and Classification Analysis
Abebe, Mekides Assefa*; Hardeberg, Jon Yngve; Hafslund, Bente;
Asghari, Sahara Smith

14:00 - 14:30

Physical and Perceptual Worlds of Material Appearance
Horiuchi, Takahiko

Keynote
Lecture

14:30 - 14:45

Coffee Break

14:45 - 15:00

Performance Analysis of the Ishihara Test Based on Individual
Colorimetric Observer Model
Sun, Lijia*; Ma, Shining; Liu, Yue; Wang, Yongtian; Song, Weitao

15:00 - 15:15

Color Rendering Indexes for Color Blind Observers

Huertas, Rafael*; Machado, Pedro; Zapata, Lucia; Valero, Eva M.;
Martinez-Domingo, Miguel Angel; Gomez-Robledo, Luis; Galindo,
Jose Luis; Hernandez-Andres, Javier

15:15-15:30

Colour Discrimination for Visually Impaired People Under Mixed
Light LEDs and White LEDs

Plerksophon, Ektawat*; Katemake, Pichayada ; Tremeau, Alain; Dinet,
Eric

15:30 - 15:45

The Effect of Changes in Melanopsin Stimulation of the Surrounding
Light on Brightness and Color Perception
Shibata, Wakana*; Tokunaga, Rumi; Tsujimura, Sei-Ichi

£
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09:00 - 10:15

10:15 - 10:30

Coffee Break

10:30 - 10:45

Is Color Preference Affected by Personality?
Cheng, Wen-Hsin*; Ou, Li-Chen

10:45 - 11:00

Examination of the Color Image Scale for Contemporary Western
Culture: Phase One of a Multiphase Approach
Lamarra, Julie K*

11:00 - 11:15

The Effects of Colour in Human Fabric Perceptions
Han, Xu*; Yu, Luwen; Li, Liting; Xiao, Kaida; Mao, Ningtao; Xia,
Guobin

11:15-11:30

Rosé De Provence Colour Choice in Young Adults
Bonnardel, Valerie*; Pouzalgues, Nathalie; Chevallier, Aurélie; Lorey,
Thierry; Masson, Gilles

11:30 - 11:45

A Study on the Relationship Between Clothing Preference and Color
Cognition
He, Shuang*; Yue, Longxin; Sun, Pei; Li, Liting

11:45 - 12:00

Effects of the Colors of Sanitary Masks on Facial Attractiveness and
Impression
Sakurai, Masato*; Takeda, Ena

12:00 - 13:00

Lunch

13:00 - 13:30

Can We Change the Colour Education to an Attractive and Inspiring
Choice of Subject in Design and Architecture?
Bergstrom, Berit

Keynote
Lecture

13:30 - 13:45

Prerogatives for Teaching Color
Souza, Pedro Felipe P*

13:45 - 14:00

Teaching Material Design and Education Ractices of Color Education
for Children in China
Huang, Qian*; Li, Anni

14:00 - 14:15

Exploring the Effects of Background Colours of Digital Materials on
Learners’ Comprehension in Higher Education

Gong, Zhe*; Henry, Philip; Queiroz, Francisco; Lee, Soojin; Xia,
Guobin

14:15 - 14:30

Effects of Classroom Wall Color on University Students' Performance
and Attention
Baniani, Mahshid*

14:30 - 14:45

Coffee Break

14:45 - 15:15

Managing Museum Collections, Climate and Colour Change
Tse, Nicole

Keynote
Lecture

15:15-15:30

Pigments Applied in Phra Dhevabhinimmit (Chai Thiamsilpajai)’S
Painting Analyzed by Portable Micro X-Ray Fluorescence
Kaew-on, Nawarat*; Kaewkong, Thanaporn

15:30 - 15:45

Chromatic Bio-Indicators of Biofilm Community Structure on Stone
Heritage

Sarti, Beatrice*; Villa, Federica; Cappitelli, Francesca; Rizzi,
Alessandro

15:45 - 16:00

Beauty of Colour in the Light and the Shade of Japanese Traditional
Noh Costume
Osumi, Masayuki*

&
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Doi Wawee

09:00 - 10:15
10:15 - 10:30

Coffee Break _

10:30 - 12:00 i
12:00-1300 . luwch | |
13:00 - 14:30 -

14:30 - 10:45 Coffee Break

14:45 - 15:00 | Augmenting Colour Communication in English, Greek and Thai
Mylonas, Dimitris*; Koliousis, Alexandros; Stutters, Jonathan;
Katemake, Pichayada ; Stockman, Andrew; Eskew, Rhea T.

15:00 - 15:15 | “Geometry” of Color Harmony in the CIELAB Color Space: Evidence
from An Online Experiment Across Countries

Griber, Yulia A.*; Samoilova, Tatiana; Al-Rasheed, Abdulrahman S.;
Bogushevskaya, Victoria; Cordero Jahr, Elisa; Gouaich, Yacine;
Manteith, James; Mefoh, Philip; Odetti, Jimena Vanina; Politi, Gloria;
Sivova, Tatiana

15:15 - 15:30 | Colour Specification for an English-Chinese Colour Names Dictionary
Li, Qinyuan*; Hutchings, John; Chang, Kaiping; Ye, Yuxin; Luo,
Ming Ronnier

15:30 - 15:45 | The Origin and Development of Colour Names and Categories, and the
Biological Basis for Colour Categories.

Dedrick, Donald*

& .
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Doi Tung

10:30 - 10:45 Coffee Break ]

11:45 - 12:45 Lunch
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Doi Tuni

09:00 - 09:30 | Invariance of Color Constancy Models to Complex Lighting Keynote
Conditions Lecture
Tremeau, Alain
09:30 - 09:45 | Color Afterimage Appearance Measured with Natural Color System
Sun, Vincent*; Peng, Ching-Wei; Fu, Ming Chuan
09:45 - 10:00 | Developing CCT and Luminance Correction Functions for High
Dynamic Range Based on Real-World Scene
Zhu, Yuechen*; Luo, Ming Ronnier
10:00 - 10:15 | New Vividness and Depth Equation Developed by CAM16 Q, M
Li, Molin*; Luo, Ming Ronnier
10:15 - 10:30 Coffee Break
10:30 - 11:00 | The Choices of Color: Exploring Color Selection from Maslow to Al Keynote
Lee, Tien Rien Lecture
11:00 - 11:15 | Colour, Form and Product - Form Ghosts in Design Education
Béckstrom, Eva-Lena*
11:15-11:30 | Colour Design for Facade Integrated Photovoltaics Systems in
Campus- a Case Study in Hong Kong
Wang, Wanting; Xu, Kaiyan; Xiang, Changying*
11:30 - 11:45 | Applying a Colour Value Framework for Colour Design of Lifestyle
Products
Dubey, Nijoo*; Damodaraswamy, Sudhakar
12:00 - 13:00 Lunch
13:00 - 13:15 | A Colour Rendering Chart for Preferred Colour Reproduction
Luo, Ming Ronnier*
13:15-13:30 | TM-30-20 and CIE-CRI Ra: Investigation of Colour Rendering of
White Pc LEDs
Bieske, Karin*; Schierz, Christoph
13:30 - 13:45 | A Set of Optimal Reflectance Curves to Detect and Reduce Inter-
Instrument Differences Between Spectrophotometers
Nilsson, Anders*; Seymour, John
13:45 - 14:00 | The Spectral Reflectance Ratio and Deterioration Simulation of
Toyohara Kunichika'S Japanese Woodblock Print
Taguchi, Satoko*; Okuda, Shino; Okajima, Katsunori
14:00 - 14:15 Coffee Break
14:15 - 14:45 | AIC Judd Award Citation Judd
Kuehni, Rolf Georg Award
14:45 - 16:00 | AIC CADE Award Presentation CADE
AIC CADE Award Lecture: The "Color Fever' Chroma Survey Award
1973 Castellli, Clino Trini Lecture

&
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Doi Ton

09:00 - 09:15

Gaudi’S Chromatology in Park Giiell As Case Study
Durfo, Maria Jodo*

09:15 - 09:30

A Colour Story: How Designers Use Colour As a Visual Storytelling
Tool in Sneaker Design
Jackson, Kel*; Choi, Youngmi Christina

09:30 - 09:45

The Unique Color Worlds of Painters with Color Vision Deficiency
Muraya, Tsukasa*; Taniguchi, Yunoka; Ichihara, Yasuyo G.; Sunaga,
Shoji

09:45 - 10:00

Achieving Color Richness in Painting — Concepts & Techniques of
Conventional & Digital Paintings
Ng, Woon Lam*; Chan, David, Kw; Ngai, Carey

10:00 - 10:15

Color Standards in City Planning and Shop Facade Design Changes:
Field Survey of Two Urban Landscape Formation Districts in Nagoya
City, Japan and Analysis of Corporate Identity Elements

Mukaiguchi, Takeshi*; Harada, Masayuki; Terashima, Toshiharu; Ono,
Tomoka

10:15 - 10:30

The Impact of Chromatic Palettes in Social Neighborhoods’
Environments: Cause and Consequence of Human Interactions
Caramelo Gomes, Cristina *

10:30 - 10:45

Coffee Break

11:00 - 11:15

A Study on the Impression Difference Between Facechart and Actual
Makeup Looks
Hsu, Chi-Ying*; Lee, Wen-Yuan

11:15-11:30

Influence of Lighting Spectra on Facial Appearance in Static Images,
Movies, and Real Environment
Iwasaki, Takuma*; Sato, Hiromi; Mizokami, Y oko

11:30 - 11:45

Exploring Relationships Between Skin Tone and Personal Colour
Sueeprasan, Suchitra*

Caivano, Jose

11:45-12:00 | Continuous Skin Color Classification of Warm-Netural-Cool
Park, Yungkyung*

12:00 - 13:00 Lunch

13:00 - 13:30 | The Concept of Cesia (Visual Appearance Other Than Color): Keynote
Antecedents, Development, and Applications Lecture

13:30 - 13:45

Apparatus to Study Total Appearance
Lin, Jinyi*; Luo, Ming Ronnier

13:45 - 14:00

Optical Measurements of Sparkle and Graininess
Basic, Nina*; Blattner, Peter; Aebischer, Cyrill

14:00 - 14:15

Coffee Break

£
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Doi Wawee

09:00 - 10:15
10:15 -10:30 Coffee Break

10:30 - 10:45 | Auto-White Balance Algorithm of Skin Colour Based on Asymmetric
Generative Adversarial Network

Zhou, Sicong*; Li, Hesong; Sun, Wenjun; Zhou, Fanyi; Yang, Yang;
Xiao, Kaida

10:45 - 11:00 | A Study of Image Features and Colour Classification in Tongue
Diagnosis in Traditional Chinese Medicine

Qingmei, Huang*; Shen, Zhang; Ziyuan, Wei; Rong, Liang; Lingyan,
Wang

11:00 - 11:15 | To Perform White Balance Using Skin Memory Color

Wang, Liqing*; Luo, Ming Ronnier; Zhu, Yuechen; Liu, Xiaoxuan
11:15-11:30 | Image Statistics and the Perception of Summary Color of Natural
Materials

Zhang, Yan*; Motoyoshi, Isamu

11:30 - 11:45 | Reliable Uncertainty Evaluation of Measurements of Color Quantities
Ikonen, Erkki*; Rezazadeh, Yasaman; Maham, Kinza

12:00 - 13:00 Lunch

’ 49
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Doi Tung

09:00 - 10:15 | Colour, Machine Learning and Creativity Invited
Westland, Stephen Lecture

10:15 - 10:30 Coffee Break

50
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POSTER SESSION

Doi Tung
Foyer

30 November 2023

Relationship Between Color Preference and Personality Trait in Selecting Clothing
Nakamura, Shinji*

Differences in the Impressions of Professional Women'S Makeup Looks on
Different Genders and Age Levels
Hsu, Chi-Ying*; Lee, Wen-Yuan

The Impact of Goalkeeper Uniform Color on Penalty Kick Performance in a Video
Game—Using Fifa22 for the Experiment
Lu, Yi-Chan*; Lee, Wen-Yuan

Examine the Universal Color Emotion Models and Additive Theory by the Color
Emotions Evoked by Two-Color Combinations on 3D Color Configurations
Gong, Shi Min *; Lee, Wen-Yuan

Local Color, Constancy and Illusion
De Lucas Tron, Alfonso*

Color Characteristics of Korean Purple-Based and Green-Based Natural Dyeing
Fabric
Shukla, Anshika*; Yang, Junghee; Park, Hyewon

Korean Experts' Empirical Perceptions of the Personal Color System
Ham, Dakyeong*; Park, Hyewon

Comparison of Colors in Metaverse and offline Space of Fashion Brands
Ahn, Kyuhee*; Choi, Gyoungsil

Recognition of Smartphone Buttons According to Size and Shape
Yeo, Jiwon*; Park, Yungkyung

Pigments Applied in “Autumn (1956)” Painting of Fua Haripitak, the First and
Most Outstanding Artist of Thai Contemporary, Analyzed by Portable Micro-Xrf
Kaew-on, Nawarat*; Kaewkong, Thanaporn

Multiband Imaging with Smartphone Cameras for Spectral Reflectance Estimation
Nishi, Shogo*; Ohtera, Ryo; Tominaga, Shoji

Automatic Color Calibration Without Color Chart
Muselet, Damien*; Cortes Jaramillo, Felipe; Colantoni, Philippe; Tremeau, Alain

Pakistani Truck Art Colors: Inspiring Fashion Designers by Reflecting Local
Heritage on the Global Stage
Ume Farwa, Syeda*; Yu, Jinsang; Park, Hyewon

A Reflection on the Korean Colorist and Color Qualification Over the Past Three
Decades
Lee, Gyeonghwa*; Cheung, Vien

Text Mining Analysis on Korean Perception of Personal Colors
Kim, Se Jin; Kwon, Minseo*

Color Quality Control of Multicolored Fabrics Containing Color Gradients Based
on Spectral Imaging and Unsupervised Segmentation Method
Xiong, Nian; Shamey, Renzo*

Effect of Color Purity of LED Light on Taste Threshold
Takahashi, Hiroshi*; Tsuchida, Kento; Asaga, Sota

Measurement of RGB-LMS Color Space Transformation Function for Dichromat
Zhang, Yuhang*; Shinoda, Hiroyuki
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The Influence of Spot Varnishing on the Color Appearance of Print Typefaces in
Uv Inkjet Printing
Nilmanee, Somporn*

Investigating the Effect of Lipstick Colour on Skin Colour Perception for Chinese
Female
Chen, Yifei*; Xiao, Kaida; Rigout, Muriel.

Color Change of the Ten Symbols of Longevity Cadets in the Late Joseon Dynasty
Lhi,Wona* ; Choi, Gyoungsil

Effect of Color Quantization on Color Harmony
Sharma, Shreeniwas*; Tandukar, Jyoti; Bista, Rabindra

Influence of Color Appearance on Dichromats’ Superiority in the Visual Search
Task with Color
Palomo, Héctor A*; Muraya, Tsukasa; Sunaga, Shoji

Researching of Costume Featured in the K-Movie, <The King’S
Letters(Lt 52 MtO|naramalsami)>
Hee, Bae Mi*; Park, Hyewon

Effect of Narrow-Band Primary Colors on Observer Metamerism of Anomalous
Trichromats
Inoshita, Taiju*; Muraya, Tsukasa; Sunaga, Shoji

Automatic Colour Palettes from Mood Boards
Westland, Stephen; Angharad, Sally*; Lai, Peihua

The Environmental Color Imagery Survey Via Virtual Reality
Wei, Robert Y.C.*; Kuo, Monica; Kuo, Ya-Ping

Redness Perception of Dichromats for Short-Wavelength Lights
Asakura, Suzuka S*; Inoshita, Taiju; Muraya, Tsukasa; Sunaga, Shoji

Influence of Lighting Source Direction on Color Perception and Texture
Impression of Fabrics
He, Shuilan*

Steady State Pupil Response Elicited by Independent Stimulation of Melanopsin
and Cone Photoreceptors
Ito, Tomoe*; Takikawa, Mizuki; Takasu, Aoi; Fujita, Yuno; Tsujimura, Sei-Ichi

Contribution of Melanopsin Photoreceptors to Brightness Perception by Steady
Light Stimulation
Fujita, Yuno*; Takasu, Aoi; Ito, Tomoe; Tsujimura, Sei-Ichi

Dynamic and Responsive Color in Fashion Design
He, Shuang*; Lan, Cuiqin; Song, Jiajia

A Study on Additivity of Psychological Stress by Mixed Color Lighting of Three
Primary Colors
Oe, Yuki*; Miura, Yukie; Onai, Miku; Yoshizawa, Nozomu

A Comparative Study on Impressions of Clothes Withheld Brand Names in Japan,
China, and Thailand

Sakamoto, Takashi*; Sakamoto, Takashi; Hattri, Nanako; Takahashi, Naoki; Kato,
Toshikazu

An Investigation into the Variability of Hair Colour Measurements
Wang, Haoyu*; Xiao, Kaida

Effect of Modality on the Efficacy of Light Exposure on Mood
Chen, Mengyuan*; Westland, Stephen
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An Image Quality Evaluation Dataset for Atmosphere Quality Modeling
Xu, Nanlin; Zhu, Yuechen; Luo, Ming Ronnier*

Color Preference of Thai Tea Photo
Saksirikosol, Chanida*; Rattanakasamsuk, Kitirochna

Red and Blue — Abstract and Cultural Issues
Asano, Akira*; Asano, Chie Muraki; Ogura, Genki; Chida, Emi

Qualia Change Phenomenon Related to Color Vision Diversity
Hiramatsu, Chihiro*; Yamada, Anna; Ishii, Mochine; Baba, Yasuhito

Worldwide Survey of the Association Between Color and Temperature
Ndeye Meissa Koura Sow, Sow*; Saksirikosol, Chanida; Shamohammadi, Mina;
Rattanakasamsuk, Kitirochna; Phuangsuwan, Chanprapha; Hiramatsu, Chihiro

Impact of Colour on Recognition of Cultural Landscape Images
Griber, Yulia A.*; Paramei, Galina

Appearance of Fluorence in Architectural Spaces: Quantification of the Influence
of Size Angle and Luminance Gradient
Noguchi, Hidetoshi*; Yoshizawa, Nozomu

Tinted Interior Spaces with the Daylight Reflecting off the Outside Greenery
Kitamura, Kaoruko*; Makino, Kanoko; Oe, Yuki; Yoshizawa, Nozomu

Appearance of Objects Seen Through Coloured Low-E Glasses: Application of An
Edge Detection Algorithm for Visibility Judgment
Okamura, Akane*; Yoshizawa, Nozomu; Kitadani, Yukie; Suzuki, Hirotaka

Visualizing Health Status Using Face Color Analysis and Its Application to Smart
Mirrors
Moriyama, Tsuyoshi*; Tsunashima, Nobuhiro

The Appearance Characteristics of the Textile Material and Color Tint of the Ainu
Costume — the Differences Between the Atfus of Sakhalin and Hokkaido
Asano, Chie Muraki*

Color Naming and Constancy of 3D Translucent Objects
Gigilashvili, Davit*; Amirkhanashvili, Ana

Effect of Lip Colours on Colour Appearance and Preference of Facial Skin.
Okuda, Shino*; Jonai, Riho; Okajima, Katsunori

Individual Colour Preference Change Over Time: A Three-Month Study
Lee, Soojin*; Westland, Stephen; Rodski, Stan

Colour Design and Spatial Quality- A Critical Analysis of the Mosaic Colours in
Hong Kong Mass Transit Railway Stations
Liang, Jiaxin; Chang, Raine Marie; Wang, Wanting; Xiang, Changying*

Effect of Wall Color on Comfort of Indoor Space
Azuma, Yoshihiko*

Improving Abandoned Pet Detection in Natural Spaces Through Adaptive Single-
Coloured Image Augmentation Techniques

Akinwehinmi, Oluwakemi; Pedro, Arnau Del Amo; Francesc, Xavier Solsona
Tehas

A Methodological Approach to Colour Construction for Island Fishing Village
Community Based on "Social Lifestyle"
Mao, Xue*

Emotional Responses to Images of the Same Scene with Different Colours
Sueeprasan, Suchitra*

Concentration Dependency on the Identification of Pigment
Khampaeng , Sureeporn*; Katemake, Pichayada ; Tse, Nicole
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The Question of Color / the Color in Question: Cathedral of Portalegre, Portugal
Duarte, Rui B*; Pinheiro, Ana Paula

Petrological Characteristics of Natural Pigments from Rayong, Eastern Thailand
Meethum, Jinnawat; Fanka, Alongkot*; Hattagee, S.; Katemake, Pichayada;
Ngamukot, Passapol; Noppakundilograt, Supaporn; Assawincharoenkij, Thitiphan

Influence of [llumination Spectrum on Visual Comfort
Liu, He*; Shinoda, Hiroyuki

Pigment Analysis in Three Paintings (1966-1967) by Pratuang Emjaroen by
Portable Micro-X-Ray Fluorescence
Kaew-on, Nawarat*; Kaewkong, Thanaporn

Influence of [llumination Color on Person Tracking Based on Deep Learning and
Its Compensation
Doi, Motonori*; Ishikawa, Yoshiki; Nishi, Shogo; Kimachi, Akira

Effect of Color on Gender Identification in Thailand and Japan
Rattanakasamsuk, Kitirochna*; Saksirikosol, Chanida

The Influence of Color on Short-Term Memory
Tangkijviwat, Uravis*; Meenorn, Methawee; Yamprasai, Porntip

Data Analysis of Regional Aesthetic Factors on “Colorscape” in Japan
Yamashita, Ryoma*; Nagaya, Shoma; Hanari, Takashi; Kawasumi, Mikiko

Color Index Development of Nagoya Cochin Eggshell
Nagaya, Shoma*; Yamashita, Ryoma; Akao, Mika; Miyakawa, Hiromitsu;
Nakamura, Akihiro; Tsukada, Toshihiko; Kawasumi, Mikiko

Red Background Enhances Dominance Judgement of Geometric Shapes
Yang, Yidie*; Chen, Na; Kobayashi, Maiko; Nakamura, Koyo; Watanabe,
Katsumi

A Study on Improving Efficiency of Color Matching Function Measurement Using
Selection Techniques
Okuda, Akito*; Yamauchi, Yasuki

Effect of Lighting on Wristwatch for Advertising Photography
Jarernros, Jarunee *; Srisuro, Ploy

The Analysis of Eye-Catching on Thai Movie Posters
Srisuro, Ploy*

Congenital Red-Green Colour Deficiency: Study of the Efficacy of Commercial
Color Filters

Huertas, Rafael*; Jimenez Molina, Maria; Martinez-Navarro, Carlos; Lopez-
Jabalera, Maria De Los Angeles; Martin-Sevilla, Arturo; Valero, Eva M; Gomez-
Robledo, Luis; Martinez-Domingo, Miguel Angel; Hernandez-Andres, Javier

Data Scientific Colour Comparison Among Five Ethnic Townscapes in Singapore
Kawasumi, Natsuko*; Phuangsuwan, Chanprapha; Kawasumi, Mikiko

Unveiling Emotions and Meaning Through Colour Significant Experiences
Conte, Veronica*

Optimised Wavelengths for Displaying Coloured Materials with Cinnabar and Red
Coral Pigments

Katemake, Pichayada *; Ariyavarapong, Airin; Leewatchararoongjaroen, Kasama;
Noppakundilograt, Supaporn; Fanka, Alongkot

Tone Mapping Operator Based on Just Noticeable Difference of Luminance
Kanthong, Kasidet * and Singnoo, Jakkarin

s .
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The Comparison of the Light Distribution Characteristics of External Flash
Accessories
Puenpa, Suwat*; Rattanakasamsuk, Kitirochna

Visual Perception Experiment and Analysis of Metamorphosis for Object
Appearance by Change-Detection Task
Iwase, Kota*; Matsufuji, Momoka; Tanaka, Midori; Horiuchi, Takahiko

Perceptual Collation Method for Colour Halftone Images Based on Visual Saliency
Baba, Taiga*; Tanaka, Midori; Imaizumi, Shoko; Horiuchi, Takahiko

Analysis of Harmony Between Coloured Light and Fragrance by the Reaction of
the Left-Right Orbitofrontal Area
Oba, Toshinori*; Tanaka, Midori; Horiuchi, Takahiko

Relationship Between the Observer Metamerism of Color Vision Diversity and the
Spectral Bandwidth of Primary Color Spectrum
Nakayama, Rei*; Sato, Hiromi; Mizokami, Y oko

The Linear Scale Between Chromaticness and Lightness Axis on the Polar
Diagram
Chitapanya, Phubet*; Phuangsuwan, Chanprapha; Ikeda, Mitsuo

Quantifying the Hue Components of Fa and Blue Using the Elementary Color
Naming Method

Phuangsuwan, Chanprapha*; Phuangsuwan, Chanprapha; Tokunaga, Rumi;
Mizokami, Yoko; Likitpunyawat, Kusuma

Influence of Skin Color Change on Facial Expression Recognition Among Asian
Observers
He, Yuanyuan*; Michishita, Ryo; Sato, Hiromi; Mizokami, Y oko
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Study Group

Environmental Colour Design

2023 Meeting of ‘the Study Group on Environmental Colour Design (SG ECD)’
of the International Colour Association (AIC)

Date: Tuesday, 28 November 2023

Time: 4:15 PM - 5:30 PM

Location: 15th AIC Congress 2023, Chiang Rai, Thailand
Chair: Verena M. Schindler

The role of theory and practice in environmental colour design

This ECD meeting will focus on the discussion of the different roles and relationships
between theory and application. We will inquire into what theory is in environmental colour
design and what application means. Is theory completely detached from practical experience?
Or, is it an ideal abstraction of observations that emerge from practice and experience? In other
words, is theory fundamental to the practice of environmental colour design? What is applied
theory? Do we apply a methodology, rules or regulations? Is it merely a matter of conducting an
investigative analysis of a natural and urban environment? Or is it more about carrying out an
analysis and synthesis to create colour palettes and colour schemes for the application in a space
or on mobile devices? That is, can practice be completely detached from theory? Does practice
entail entirely different concepts that have nothing to do with the application of academic mod-
els and theoretical frameworks? The aim of this meeting is to disentangle the complexity and
understand the different roles that theory, application, and practice hold.
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Study Group

Exploring the Language of Colour Beyond

Primary Colours in the Age of Al

2023 Meeting of the Study Group on ‘the Language of Colour’ of the Interna-
tional Colour Association (AIC)

Date: 29 November 2023
Time: 04:00 PM - 05:15 PM

Location: 15th AIC Congress 2023, Chiang Rai, Thailand
Chair: Dr Dimitris Mylonas
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Trends in Cognitive Sclences

Figure 1. Colour encoding and neural representation. (A) Colour matching functions. (B) Distribution of

unique hue settings. (C) Lateral view of the macaque brain showing functional domains biased for colours

and faces. (D) Geometry of the neural represention of colour for neurons. (Source: Conway et al., 2023, Fig-
ure 2, CC BY-NC-ND 4.0 Deed; https://doi.org/10.1016/].tics.2023.06.003)

The longstanding notion of primary colours has been foundational in colour studies.
However, extensive research into their very existence has produced inconclusive results. Com-
pelling neurobiological evidence from Conway et al., 2023 now suggests that it is time to move
beyond traditional paradigms (Fig 1). Added to this, advancements in Artificial Intelligence
(AI) can offer us large language models to explore this relatively uncharted colour domain in
different languages (Fig 2).

s
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Figure 2. Image generated on DALL-E 2 using the prompt: 3D render of a pink balloon dog in a violet room.

In this meeting of the Study Group on the Language of Colour (SGLC), we will open a
discussion on the implications of this new understanding for future research on the language of
colour beyond primary colours, as well as related challenges and opportunities that the rise of
Al presents for our field. This meeting is open to SGLC members and all AIC 2023 attendees
who are interested in this topic and joining our study group.

Benefits of joining the SGLC meeting
* Connect with a community of scholars and practitioners who are passionate about the
cognitive aspects of colour

» Learn about the latest research in the field
+ Share your own insights and perspectives

Anticipating a vibrant exchange of knowledge and ideas!

& .
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Study Group
Arts and Design

2023 Meeting of the Study Group on ‘the Arts and Design’ of the International
Colour Association (AIC)

Date: Friday, 1 December 2023, 16:00-17:15

Time: 04:00 PM - 05:15 PM

Location: 15th AIC Congress 2023, Chiang Rai, Thailand
Chair: Maria Jodao Durdo, David Briggs

Program

1. Invited lecture: Colour research impacts in Design praxis: An analysis of
academia and industry approaches to colour. By Cristina Caramelo Gomes

2. Presentation of 2nd SGAD Virtual Exhibition of Arts and Design
In collaboration with the Colour and Light Research Group-CIAUD-School of
Architecture, University of Lisbon, the Portuguese Colour Association, and the

Colour Society of Australia.

3. Discussion within the group.

STUDY GROUP ON

V9S>
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What Color is Thai?

Piyanan Prasarnrajkit

Abstract

Colorants, techniques, believes and inspirations that create the exotic colors used in Thai Archi-
tecture, costumes and handicrafts.

Biography

I was born in 1956, groomed up in an artistic family. [ was fascinated by arts and architecture
since my early childhood. After graduated with highest honor and gold medal in Art-education from
Chulalongkorn University in 1978, I pursued my Master’s Degree in Interior Design from Syracuse
University and Florida State University, USA in 1981. Started my career as full-time lecturer & instruc-
tor in Interior Design courses at Department of Industrial Design and Interior Design in the Faculty of
Architecture, Chulalongkorn University.

Assigned to teach color as an element in basic design, | further researched in color at the Royal
College of Art, London in 1990 and wrote a book, Color in Interior Design, funded by CU book program
in 1991.

Joined the NCS color workshop in Sweden in 2005.Founded an elective course, Color Study
and Design, 2006 and left the full-time teaching career from CU to work for TOA paint company as
Color design consultant till 2019.

During 1982-2020 I have done over 50 Interior and Color design projects: houses, offices, med-
ical clinics, hospitals, temples, commercial displays and exhibitions. And also done research on color
trend, and color seeing: Simultaneous contrast in 3Ds.

I have occasionally attended Color meetings: AIC in Thailand, Switzerland, Spain, Sweden, and
Portugal. CMG in England, Thailand and Malaysia.

At the moment I enjoy painting both watercolor and acrylic and creat printing products from my
painting under my brand Piyananta.

Color Knowledge is essential for everyone who cares upon its effects and affects. Therefore, I
am still active and enthusiastic in seeking color knowledge and pleased to be a giver to everyone includ-
ing my beloved 3 grandchildren.

Color was, is and always will be in my soul forever.
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Colour, Machine learning and Creativity
Stephen Westland

Abstract

We are going through a period of almost unparalleled technological change that is dominated
by advances in machine learning. This talk will look at developments in machine learning and how
they change the way we think about colour research. Research findings increasingly rely on very large
amounts of data and machine learning helps us to derive valuable insights from the data. Recent research
to use machine learning in two areas - colour meaning and colour forecasting - will be described with
examples. Some thoughts on future developments will be presented including the question of whether
creativity is unique to humans or might be possible using machine learning.

Biography

Stephen Westland is Professor of Colour Science and Technology at the University of Leeds
(UK), a position he has held since 2003. During his academic career, Westland has published over 275
refereed books, book chapters, journal papers and conference papers in areas of colour measurement,
colour vision and colour design. He holds visiting professorships at University of East Anglia (UK),
University of Texas (USA) and Huazhong University of Science and Technology (China).

He has made a notable contribution to the use of computational methods in various areas of
colour application. He was first author of Computational Methods in Colour Science (Wiley) that was
first published in 2004 with a second edition published in 2012. He was one of the first people to use
artificial neural networks in colour science during the first Al era when he showed that multi-layer per-
ceptrons could be used to map between colorant recipe data and spectral or colorimetric data. He has
since continued to use machine learning to predict colour from recipe data for textile fibre blends using
neural networks and to automatically extract key colours from images. He also applied computational
methods for colorimetry in dentistry where he developed an optimised whiteness index for dentistry that
has been widely used worldwide in clinical trials to develop whitening products. Recently he explored
the relationship between whiteness and yellowness in dentistry and developed a yellowness index for
use in dentistry.

Westland has also made a sustained contribution to colour education, particularly through his
long involvement with the Society of Dyers and Colourists (SDC) since 1983 where he served for many
years on the colour measurement committee and, more recently, chairs the Society’s Examinations,
Qualifications and Examinations Board. He also held the honour of being President of the Society of
Dyers and Colourists in 2019/2020. At the universities of Derby and Leeds, he has supervised 66 PhD
students (40 as first supervisor). He founded a new journal with the SDC entitled Colour: Design and
Creativity which later became the Journal of the International Colour Association (JAIC) of which he
continues to be chief academic editor. He is a member of the Colour Literacy Project (supported by
ISCC and AIC) and publishes on issues of colour education. He is co-author of the textbook 100 Princi-
ples of Color in Art and Design which addresses many contemporary issues in colour theory.
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Digital Color Literacy, Media Arts and
Design Education

Petronio Bendito

Abstract

Integrating art, science, and technology in color design education paves the way for innovative
tools and methods for creating color palettes for art and design applications and teaching. This invited
paper introduces the author’s methodology for teaching color design in the context of media arts educa-
tion. Fundamental to the methodology is the science of color vision and how it informs the exploration
of the most commonly used three-dimensional color systems of the digital age—RGB (Red, Green, and
Blue), CMYK (Cyan, Magenta, Yellow, and Black), and HSB (Hue, Saturation, and Brightness). An
examination of the potential and limitations of these color models are crucial to digital color literacy.
Traditionally, color wheels are predictors of color mixing and are also used as a tool for creating color
combinations. The author’s RGB/CMY digital color wheel aims to provide a framework for promoting
essential digital color literacy proficiency by 21st Century learners. Fundamentally, a digital color wheel
needs to function as a visual aid to foster an understanding of the digital color spectrum based on Red,
Green, and Blue color mixing. The RGB/CMY digital color wheel offers a broader color spectrum than
traditional color wheels based on red, yellow, and blue color mixing, such as Johannes Itten’s 12-step
color circle, which does not include the color Magenta. In this presentation, the implications of using
science-based RGB LED color blocks and microscopes in the classroom to introduce color at the pixel
level are discussed. In this methodology, learning how to create colors using a digital color mixer and
generating a digital color wheel from scratch are considered two of the essential skills of digital color
literacy. Finally, the paper introduces a perceptual analysis of the HSB color model and how to use it to
teach the fundamental concept of generating color palettes based on tonal relationships—another impor-
tant 21st Century digital color literacy foundation.

Biography

Petronio Bendito is a designer, artist, and professor. He teaches digital media design in the
Visual Communication Design program at Purdue University in the Rueff School of Design, Art, and
Performance (USA). His creative and scholarly works investigate digital color design methodologies
and the intersection of art, design, science, and technology.
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Invariance of Color Constancy Models
to Complex Lighting Conditions

Alain Tremeau

Abstract

Color constancy is the ability of human vision to recognize a stable color in objects under
varying lighting conditions. When it comes to computer vision, color constancy is not as accurate as
in human vision. Computer vision aims at “seeing” and “understanding” visual data (content of im-
ages and videos) in order to provide decision-support for many applications. It is a multi-disciplinary
approach which seeks to get closer to human visual perception and understanding in order to automate
tasks that the human visual system can do. In this quest, color constancy is a prevalent issue in every
discipline associated with computer vision. The results of computer vision models deeply depend on
the point of view and lighting conditions. The task of computational color constancy is to estimate the
scene illumination and then perform the chromatic adaptation in order to remove the influence of the
illumination and the camera sensor on the colors of the objects in the scene. Removing the influence of
the illuminants, of the camera sensor, and of the optical effects is of primordial importance in computer
vision to make sense of digital videos and images. This is how, for example, most digital cameras use
color constancy methods in their camera Image Signal Processing (ISP) Pipeline. In this presentation we
will survey the most recent models/methods dealing with color constancy and will discuss the following
research questions: - How might we make computer vision more robust against complex illumination/
viewing conditions? - How to make materials and colors appearance, optical and photonics models
consistent with human perception when using new image sensors (eg. multispectral sensors) and display
devices (eg. AR/XR)? - How might we improve the deployment of smartphones and low-cost sensors in
professional uses? We will also discuss some areas of improvements using machine learning methods.

Biography

Alain Trémeau is Professor at University Jean Monnet (UJM), France and member of the lab-
oratory Hubert Curien (CNRS - UMR 5516). He is also affiliated as Affiliate Researcher at Chulalong-
korn university, Thailand. His research activity covers various fields, such as Human Perception of
visually impair people, Color Appearance of materials, Color Constancy in computer vision, 3D human
body pose estimation in performing arts, etc. He wrote numerous scientific papers and book chapters,
in the domain of Color Imaging and Computer Vision in the highest ranked journal and conferences in
the domain. He is member of the COSI consortium, at UJM his teaching activities cover Color and Mul-
tispectral Image Processing, and Computer Vision. Homepage: http://perso.univ-st-etienne.fr/tremeaua/.
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INVARIANCE OF COLOR CONSTANCY MODELS TO
COMPLEX LIGHTING CONDITIONS

Alain Trémeau'*, Felipe Cortes Jaramillo!, Damien Muselet', Philippe Colantoni’
!Université Jean Monnet — Laboratoire Hubert Curien - UMRS5516, France

*Corresponding author: Alain Trémeau, alain.tremeau@univ-st-etienne.fr

ABSTRACT

Color constancy is the ability of human vision to recognize a stable color in objects under varying
lighting conditions. When it comes to computer vision, color constancy is not as accurate as in
human vision. Computer vision aims at “seeing” and “understanding” visual data in order to
provide decision-support for many applications. It is a multi-disciplinary approach which seeks
to get closer to human visual perception and understanding in order to automate tasks that the
human visual system can do. In this quest, colour constancy is a prevalent issue in every
discipline associated with computer vision. The results of computer vision models deeply depend
on the point of view and lighting conditions. The task of computational color constancy is to
estimate the scene illumination and then perform the chromatic adaptation in order to remove the
influence of the illumination and the camera sensor on the colors of the objects in the scene.
Removing the influence of the illuminants, of the camera sensor, and of the optical effects is of
primordial importance in computer vision to make sense of digital videos and images. This is
how, for example, most digital cameras use color constancy methods in their camera Image
Signal Processing (ISP) Pipeline. In this paper we will survey the most recent models/methods
dealing with color constancy and will discuss the following research questions: - how might we
make computer vision more robust against complex illumination/viewing conditions? - how to
make materials/colors appearance, optical/photonics models consistent with human perception
when using new image sensors (e.g. multispectral sensors) and display devices (e.g. AR/XR)? -
how might we improve the deployment of smartphones and low-cost sensors in professional
uses? We will also discuss some areas of improvements using machine learning methods.

Keywords: Color Constancy, Illumination Estimation, Color Correction, Multi-Views, Multi-Illuminants

INTRODUCTION

Color constancy is the ability of human vision to recognize a stable color in objects under varying
lighting conditions. Usually, when we look at some objects the Human Visual System (HVS) [1,
2] unconsciously removes the influence of the lightning, then the color of the objects is perceived
as if they were illuminated by a neutral white light. In computer vision, we can mimic this
complex human system with different approaches that try to solve these under-constrained
challenges related to the color constancy problem, and the solutions can be used in multiple fields
like object recognition, tracking, color calibration, pattern recognition, etc.

Generally this problem is solved with a function p(x,y) depending on three important factors
[3]: illuminant distribution I(x, y, A), surface reflectance R(x, y, 1), and the camera sensitivity
S(A), where (X, y) is the pixel position and A is the wavelength. See Figure 1. We can express this
function for each RGB channel as, i.e., (Eq. 1):

o, ) = A I, 3, Rz, 7, ) SONA M)

If we assume that the scene is illuminated by a single light source and that the lighting
field is uniform on the surface of the object, and that the surface is Lambertian and flat (i.e. R(A)
is constant whatever the pixel location), then the goal of color constancy is to estimate the light
source color I(A) independently of the pixel position. See Figure 2. In real world the lighting

&

PROCEEDINGS OF THE INTERNATIONAL COLOUR ASSOCIATION (AIC) 15th CONGRESS 2023

67



conditions are various, especially in indoor environment, so conventional approaches based on
single illumination assumption cannot apply, see Figure 3.
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Figure 1: Visual appearance depends on geometry, materials reflectance, lights

Statistic Methods /
Physics-Based Methods
/ Learning-Based Diagonal 3x3

Tran&‘ﬁ) m St}m
S
.
Remoyqy
" Ve

1 %%\
Chromaticity Coordinates: g
R G -

— =
4GB B Ricem

. 5 k-
" Input Image Output Image

-
Grey patch

Figure 2: White balance of a scene lighted by a single illuminant based on the average
grey computation. One solution consists to extract a grey patch, next to perform white
balance from the color of this patch. Another solution consists to use a color chart, next to
perform white balance from the colors of this chart.

Figure 3: Example of scene lighted by various light sources (direct & indirect
illumination). Six color charts are located in different areas (depths, orientations).

SHORT SURVEY OF THE STATE OF THE ART

Color constancy methods are generally classified into three main categories [3]: statistic-based,
physics-based, and learning-based methods. The first group of solutions uses different low-level
image statistics and empirical assumptions to achieve the color estimation, all of them can be
unified with the framework proposed by van de Weijer et al. [4] as i.e., (Eq. 2):
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where: n is the parameter (the order of the image structure) determining if the method is a Grey-
World or a Grey-Edge algorithm; p (the Minkowski norm) determines the relative weights of the
multiple measurements from which the final illuminant color is estimated. A high Minkowski
norm emphasizes larger measurements whereas a low Minkowski norm equally distributes
weights among the measurements; ¢ determines the scale of the local measurements. For first or
higher order estimation, this local scale is combined with the differentiation operation computed
with the Gaussian derivative.

Most of the grey patch -based methods do the assumption that to estimate the scene
illumination, it is only required to extract one grey patch from the surface reference. However,
in [5] it was proven that the prediction of a set of 19 patches (18 color and 1 grey among the 6
grey-level patches of the MacBeth color checker) from a reference surface is much more accurate
in terms of light estimation and color correction. Considering that the illumination fields are not
equally distributed in a scene (as example see Figure 4) and that they depend on multiple factors,
we suggest to predict locally the color of these 19 patches in the scene using a deep learning -
based approach, as if the color checker would have been there during the acquisition. Predicting
multiple color checkers captured in the same image would enable to train a model able to predict
illumination conditions, and to insert a synthetic color checker at any image location in order to
prove that color pixel values change when we change color chart position.

NI

Figure 4: Examples of indoor images captured with the same Canon camera, taken under
multi-illuminant conditions. In each image six color charts were put in various positions.

The second group of solutions exploits the dichromatic reflections principle and they
require to detect grey surfaces, specularities, or segments from the image. As example, a
segmentation-based method for mixed-illuminant scene images was proposed in [6]. On the other
hand, a dichromatic reflection -based method for multiple illumination estimation was proposed
in [7]. This method is based on a grayness index.

Lastly, the third group of solutions focuses on learning algorithm methods based on gamut
mapping, patch-based approaches, or deep learning frameworks to model illumination estimation
and related problems. One of the first paper addressing the problem of multiple illumination
estimation was proposed in [8]. This paper is based on the concept of exemplar-based learning.
It consists, first to apply a mean-shift segmentation of the input image (with unknown illuminant),
next to generate surface models for each surface, then to find the nearest neighbour surface model
in training surface models (from a dataset of images with known illuminants), and lastly for each
nearest neighbour surface model to estimate the illuminant. Until recently most of state-of-the-
art methods rely on single illuminant, complex features, and have long evaluation and training
times. However, the paper proposed in [9] suggests a learning-based method based on four simple
color features (average color chromaticity, brightness color chromaticity, dominant color
chromaticity, and palette chromaticity mode), and an ensemble of regression trees (based on basic
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decision rules) to estimate the illumination. This method only works for a single illuminant but
was extended to two illuminants in [10]. On the other hand, the CNN-based estimator, followed
by a local-to-global regressor, approach proposed in [11] works for multiple illuminants. A
multiple illuminant detector is used to determine whether or not the local estimates of the network
must be aggregated into a single estimate. The GAN-based approach proposed in [12]
incorporates a discriminator loss and a conventional color constancy loss. This method requires
ground truth illumination data which may not be available in a common case. It does not need to
estimate an illumination color map, as it is based on an image-to-image transformation. Another
GAN-based approach was proposed in [13]. Using an image-to-image domain translation
(domain transfer) learning approach this method estimates a multi-illumination probability map.
The most relevant illumination estimation methods are based on pixel-wise approaches. Very
recently, several pixel-wise / patch-by-patch approaches have been proposed in the literature,
such as [14, 15, 16, 17]. Pixel-wise approaches are more efficient than patch-based methods to
estimate illuminant conditions when multiple light sources illuminate the scene.

Another approach consists to “colorize” color images, as in [18], or to “white balance”
color images, as in [19]. The colorization method proposed in [18] is based on training a deep
neural network to learn the connection between the colors in an “improperly balanced” image
and those in a “properly balanced” one. This method does not explicitly estimate the chromaticity
of the illumination, however it handles spatially varying illumination conditions. The Automatic
White Balance (AWB) method proposed in [19] is based on a camera imaging pipeline dealing
with a small set of predefined white-balance settings. Given a set of rendered images, this method
learns to estimate weighting maps to generate the final corrected image. This method does not
require illuminant estimation. It generates spatially varying weighting maps that allows to correct
for mixed lighting conditions in the captured scene.

To evaluate the accuracy of a color constancy method various standard metrics may be
used [20, 21]: the Misclassification Rate, the Average or Median Angular Error (MAE), the Peak-
Signal-to-Noise-Ratio (PSNR), the Root Mean Square Error (RMSE), etc.

ILLUMINATION ESTIMATION IN THE FIELD OF VR/AR/XR

Very few papers investigated chromatic characterization issues in VR, and color reproduction
and calibration issues with VR. The first experiment done with a VR head mounted display
(HMD), reported in [22, 23], consists of an indoor scene (office environment) rendered by the
Unreal Engine (a gaming engine software). The office room contains matte and glossy objects,
and two light sources: one on the ceiling, and a dimmer one at the back of the room. This study
demonstrated that colour constancy performance in an immersive realistic VR environment is
similar to what is reported for natural scenes. More investigations are necessary to extend the
promising results obtained in the color vision domain with VR to the computer vision domain (to
more realistic real-world scenarios) with AR and XR (as example see [24]).

Very recently, few image editing solutions based on Neural Rendering and Relighting
(NeRF) have been proposed in the literature to estimate light sources and their direction in each
pixel using implicit radiance fields, as for example in [25, 26, 27, 28]. With these solutions, it is
now possible to insert virtual objects in an indoor or outdoor scene from a single color image and
also to add or remove light sources. To the best on our knowledge till now none of these papers
used explicitly these solutions for color constancy, but this would make sense.

COLOR CONSTANCY IN SPECTRAL IMAGING

Very few papers investigated the influence of camera spectral sensitivities (with varying spectral
resolutions) and number of channels on color constancy. Some promising results were obtained
in [29, 30]; in [30] the authors claimed that the spectral dimension is more important than the
spatial dimension for estimating the illuminant white points. However, to the best on our
knowledge, till now, spectral color constancy models were only developed for single illuminant
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SHORT SURVEY OF COLOR CONSTANCY DATASETS

Very few real-world images datasets with multiple light sources have been proposed in the state
of the art. One of the first datasets with real world images was introduced in [20]. It only contains
68 images (59 were taken in laboratory environments and 9 were real-world images) but it also
contains their corresponding illuminations. The one proposed in [31] contains 197 images of
faces taken with a varying number of color charts (most of images contains only one color chart)
and captured with 4 different cameras. The MIMO public dataset introduced in [32] contains 58
indoor images (10 scenes, with complex scenes with multiple reflectances and specularities,
lighted by 2 lights) and 20 outdoor images (with shadow, sun light, and in some cases with
additional direct light); it provides pixel-level illumination images (for each light the illumination
map is provided; images are taken with and without a color chart). This dataset was extended in
[33] with high-resolution multi-view images (5 scenes acquired with 6 cameras) of complex
multi-illuminant scenes (4 single-illuminant, 11 multi-illuminant, and 5 specular multi-
illuminant) with precise reflectance and shading ground-truth. However, these data sets are both
small and mainly consist of images of quite constrained single-object scenes [34].

The Cube++ illumination estimation dataset contains 4890 real world images (indoor and
outdoor) with known illumination colors as well as with additional semantic data [35]. A Spyder
cube color target (with white faces, grey faces, black patch and chrome ball) provides for every
image two ground-truth illumination records covering different directions. In the dataset
proposed in [36], the illumination for each scene was determined at once at many different points
using a flying drone (carrying a grey ball); it contains multiple images (indoor and outdoor) taken
from multi-view taken during the flight (150 images per scene, 30 scenes). According the authors
“expanding the dataset further to include many more scenes would make it more useful for
training machine learning methods; the range of illumination chromaticities could also be
increased by recording scenes at sunrise/sunset, during different seasons, and different parts of
the world”. The two equipment used to build these datasets are less convenient than the use of
color charts; the use of only one Spyder cube can be insufficient to estimate complex illumination
fields; the use of a flying drone can be too low to estimate rapid illumination changes.

The large-scale multi-illuminant (LMSI) dataset is the biggest dataset publicly available;
it contains 7,486 raw format images of realistic scenes, captured with three different cameras (on
more than 2,700 scenes), captured under two or three illuminants (natural light, indoor light) [37].
It provides the ground truth illumination map from multiple images of the same scene taken under
different combination of the lights. For each scene, 3 Macbeth color charts were arranged in
places that are well affected by each light source in the scene. Even though the LSMI dataset
contains a variety of images with various lighting settings, the diversity is still limited compared
to real-world lighting conditions. To evaluate the relevance of a deep learning architecture trained
and tested, we suggest to use the LMSI dataset (as it is the biggest one) and to train the network
from a subset of images (e.g. images acquired with the Sony camera) and to test the network
from another subset of images (e.g. images acquired with the Samsung Galaxy camera),
independently from the training step; we also suggest to use 3-fold cross-validation separating
both training and testing sets by the number of unique scenes that we have in total.

The NUS-8 dataset contains 1736 outdoor and indoor images taken with 8 different high-
end consumer cameras (approximately 250 images per camera) [38]. For each image, the
coordinates of the color-checker put inside the image are provided, as well as small region masks
for every color patch. The ground truth illuminants provided were obtained from the difference
of the two brightest achromatic patches. Despite having only one color checker in the scene, this
dataset can be used to compare the performance of illumination estimation methods with past
approaches for predicting one single color estimation per scene. As with the LMSI dataset, we
suggest to train single illuminant estimation networks from a subset of images (acquired with
only one camera) and to test the network from another subset of images (acquired with another
camera), independently from the training step; we also suggest to use 3-fold cross-validation
separating both training and testing sets.
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CONCLUSION

Traditional color constancy algorithms consist of two steps: light color estimation and color
correction. Till recently, most of papers in the state-of-the-art proposed solutions to estimate the
lightning condition under a single illuminant. Since few years, several papers (mainly based on
machine learning methods) proposed solutions to face multi-lighting conditions. Some of these
methods outperform others, but there is still a room for improvement. Firstly, the training process
should be improved from a large and well-balanced images dataset. Secondly, a good trade-off
should be found between the efficiency of a method and its computational cost (e.g. if we want
to embark it on a camera ISP hardware). Lastly, a good trade-off should be found between the
efficiency and the relevance of a global/local estimation method and a pixel-wise estimation
method; this could be managed using additional loss functions.

There is still a lack of relevant color constancy datasets with pixel-wise ground-truth.
Datasets with more realistic scenarios (including linear mixtures of light sources; shadows and
specularities; mixing ambient, direct light and natural light; no fully controlled lighting
conditions) and a higher number of images (including multi-view of the same scene, multi-
images from various cameras, multi-illuminant) are still needed to train and test color constancy
methods. More reliable ground-truth (i.e. accurate estimation of the illumination map, not a
estimation from a grey sphere, color chart, chrome ball, uniform diffuse grey spray paint) is still
needed, for outdoor images taken under daylight condition only, for images of indoor scenes
captured under multi-illuminant, for outdoor images combining natural light and light sources.
We assume that using several color charts could improve the local illumination estimation
(depending on their location in a scene); it could also improve grey-patch -based methods and
single color chart -based methods when dealing with multi-illuminant. The first experiments we
did confirmed this assumption; we created a new dataset satisfying the conditions above (as
examples see images shown in Figures 4 and 5) in order to perform our evaluations. As future
work, we will increase the number of real-world images (of acquisitions from various cameras
and viewing directions) in this dataset before making it publicly available.

Figure 5: Outdoor images captured with the same Canon camera, taken under multi-
illuminant conditions (eg. shadows, daylight shifts, etc.). In each image six color charts
were put in various positions and distances to the camera.

In computer vision, in some study cases, color changes induced by shadows and
illumination fields (as illustration see Figure 6) can impact object detection and tracking in
videos, 3D scene analysis and understanding, 3D pose trajectories estimation of moving objects,
etc. However, thanks to the progress made in the computer vision domain after the start of the
deep learning area, many computer vision tasks (such as human body pose detection in complex
lighting environments) are nowadays robust to illumination changes, shadows, object’s
reflectance, etc. Color constancy and illumination estimation are nowadays less problematic for
computer vision tasks, up to complex situations involving multi-views and multi-illuminations.
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Figure 6: (top images) Indoor images of the same scene captured from various points of
view using a set of GoPro cameras, (bottom images) Indoor images of the same scene
captured from the same point of view. From left to right different light sources have been
used to make the multi-illumination estimation (resp. object detection) more challenging.
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On why the nature of color is spatial

Alessandro Rizzi

Abstract

Everybody knows the spatial nature of color and how its appearance can change as context
changes. We usually think about color in the same way we measure color, but our visual system is not a
spectrophotometer and the world we look at is observed in a context, whatever it could be. Nevertheless,
in our mind color is mainly pointwise, and we are used to think at it like a physical quantity. But it is not.
Color is formed and exists only in our brain, not at the point or on the surface.

This talk aims at discussing these two alternative approaches, starting from the biological bases
of our vision. It reviews some old and new experimental findings on how color sensation is formed in
our visual system. From these sets of data, it emerges not only the spatial nature of color, but most im-
portant, how this is a mandatory characteristic that has developed to overcome the optical limitations of
the human eye. Our visual system has come up with smart methods to extract as much visual informa-
tion as possible, given the constraints of the visual input. It therefore appears that the next challenge in
color science is to incorporate the spatial nature of color in all future metrics and to move from the color
at the point to the chromatic appearance in everyday contexts.
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Alessandro Rizzi is Full Professor at the Computer Science Department of the University of
Milano. He is researching since 1990 in digital imaging with a particular interest on color, visualization,
photography, HDR. He is Senior Editor of Color Research and Applications and Associate Editor of
Journal of Electronic Imaging. He has been Topical Editor of the Journal of Optical Society of America
A, Secretary of CIE Division 8, IS&T Fellow and Vice President. In 2015 he received the Davies medal
from the Royal photographic Society.
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Cone Fundamentals, Colour Matching
Functions and Individual Differences

Andrew Stockman

Abstract

Colour perception depends on a complex sequence of serial and parallel processes but at its
initial stage it is relatively simple. At its input it depends on the activations of just three photoreceptor
types: the long- (L), middle- (M) and short- (S) wavelength-sensitive cones, each of which responds to
light univariantly (i.e., with regard only to the number of photons absorbed). Consequently, a knowledge
of how well each type responds to different wavelengths—the three cone spectral sensitivities—allows
us to predict pairs of lights that should appear the same to the normal or “standard” human observer.
The CIE has sanctioned the cone spectral sensitivity estimates of Stockman and Sharpe (2000) and their
associated measures of luminous efficiency (Sharpe et al., 2005, 2011) as “physiologically-relevant”
standards for colour vision (CIE, 2006). These discrete tabulated cone spectral sensitivities—often re-
ferred to as “cone fundamentals”—are specified for 2 and 10-deg vision for the mean “standard” ob-
servers with wild-type (normal) photopigment genotypes and with average ocular transparencies. The
LMS fundamentals can be easily transformed into colour matching functions (CMFs) for any other sets
of primaries, such as XYZ (CIE, 2015) or RGB.

While it is important to be able to define the mean CMFs, it is becoming increasingly important
in colour applications to be able to predict the CMFs of individual observers many of which differ sub-
stantially from the mean functions. Partly to facilitate this computationally, we have developed formulae
that account for the three cone spectral sensitivities, their underlying photopigment spectra and the mac-
ular and lens pigment optical density spectra as continuous functions of wavelength from 360 nm to 850
nm with minimal error. These continuous functions enable individual differences to be easily calculated
and allow the straightforward generation of non-standard cone spectral sensitivities (and other colour
matching functions) with different macular, lens and photopigment optical densities, and with spectrally
shifted L- and M-cone photopigments such as those found in red-green colour vision deficient observers.
In a recent series of experiments, we have successfully used these continuous functions to analyse col-
our matching data obtained with a new 11-primary LED-driven colour matching device (LEDMax) and
have been able to identify the causes of the individual variations in the matches.

References: Stockman and Sharpe, Vision Research (2000) 40, 1711-1737. Sharpe et al., Journal of
Vision (2005) 5, 948-968; Color Research & Application (2011) 36, 42-46. CIE (2006) 170-1:2006;
(2015) 170-2:2015.
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Can we change the colour education to
an attractive and inspiring choice of
subject in design and architecture?

Berit Bergstrom

Abstract

What can we do to inspire, engage, and increase interest in colour knowledge and education?
Colour education must be more than just learning the colour theories. We need more practical training
and assignments where colour theory is put into practice to understand the importance of colour knowl-
edge. We must deepen the knowledge of colour to become more practical and hands on. The colour of
an object is not constant. It changes depending on among other things, the observation situation, view-
ing distance, surrounding colours and lighting conditions. We should highlight colour as an important
design factor for creating good environments and products for people. Colour is a crucial design factor
that affects spatiality, function, and aesthetics.

Colour is one of the strongest factors in the experience of a building, a room, or a product. Col-
our and light are so obvious, they are just there, and we take them for granted. We trust that the architect,
designer and colourist have a genuine knowledge of the impact of colour on us humans and how colour
affects the perception of the building and the room. This applies to both the aesthetic experience and
the function of the colour. We need beautifully coloured environments to feel good and we also need
the colour’s ability to distinguish and clarify our surroundings, for example to facilitate orientation in a
building.

The background of my lecture is the importance to spread the knowledge and experience that
exists in the science of colour. It can provide both support and inspiration for colour choices and selec-
tion in colour schemes and design, of both products and the colouring of our surroundings and finally
colour education. Colour education can develop creative environments where creativity, communica-
tion, and exchange of experiences between different disciplines are the central point. In this respect,
colour science is unique in the field of education. There is no other branch of science which concerns so
many different disciplines and can involve students in working together with colour in the same creative
project but from different starting points.

The lack of colour education: How can you use colour to create the feeling that you strive for
in different environments? Unfortunately, at many of our design and architecture schools around the
world, colour has taken on a secondary importance. You like to think that colour doesn’t need to be
learned anything about “because it’s so easy to choose a colour on a product or a house; it is just to pick
a colour”. Colouring is much more complicated than that. Spatial design is a complex task with many
different factors that have to be considered and work together to get the desired effects in a room. The
old knowledge of colour is disappearing because the teaching of colour and colour and lighting is no
longer compulsory in architectural and design programs. Colour teaching is also an important factor in
creating interest in further colour research!

In nature’s there is a natural and appreciated flora of colour and light contrasts. Colours and
contrasts that touch our senses. Can we find this variation in our built environments? Very often we find
office rooms with grey floors, beige walls, white ceilings, dreary furnishings, and lack of accents that
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catch your eyes; this creates a lack of engagement. We need more knowledge and inspiration to create a
consistent and harmonious colour scheme which will be used for clarifying functions and underscoring
different types of information.
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CAN WE CHANGE THE COLOUR EDUCATION TO AN
ATTRACTIVE AND INSPIRING CHOICE OF SUBJECT IN
DESIGN AND ARCHITECTURE?

Berit Bergstrom

Berit Bergstrom, Swedish Colour Centre Foundation/NCS Colour AB, Stockholm, Sweden
Berit Bergstrom, e-mail: bergstrom.berit@gmail.com/beritcolourtalks@gmail.com

ABSTRACT

What can we do to inspire, engage, and increase interest in colour education and knowledge?
Colour education must be more than just learning the colour theories. We need more practical
training and assignments where colour theory is put into practice to understand the importance
of colour knowledge. We must deepen the knowledge of colour to become more practical and
hands on. The colour of an object is not constant. It changes depending on the actual conditions.
We must highlight colour as an important design factor for creating good environments and
products for people. Colour education is about our colour perception, colour communication, the
colour design process, significance of colours, colour changes and a lot of practical colour
exercises and practical colour projects. To learn different ways of working and using colour in
the way you experience colours.

Keywords: colour education, colour communication, colour design process, colour pedagogy.

INTRODUCTION

The Importance of Colour in the Design of our Surroundings

Colour is one of the strongest factors in the experience of a building, room or product. Colour
and light are so obvious, and they are just there, and we take them for granted. We trust that the
architect, designer and colourist have a genuine knowledge of the impact of colour on us humans
and how colour affects the experience of the building and the room. This applies to both the
aesthetic experience and the function of the colour. We need beautifully coloured environments
to feel good and we need the colour's ability to distinguish and clarify our surroundings, for
example to facilitate orientation in a building.

The Lack of Colour Education

Unfortunately, at many of our design and architecture schools around the world, colour has taken
on a secondary importance. You like to think that colour doesn't need to be learned anything
about "because it's so easy to choose a colour on a product or a house; it is just to paint the house".
Colouring is much more complex than that. Spatial design is a complicated task with many
different factors that must work together to get the desired effects in a room. How can you use
colour to create the feeling that you strive for in different environments, on products etc.? The
old knowledge of colour is disappearing because the teaching of colour and colour and lighting
is no longer compulsory in architectural and design programs. Colour teaching is also an
important factor in creating interest in further and more colour research!

THE IMPORTANCE OF CONSTRUCTIVE AND CREATIVE COLOUR EDUCATION

Colour education can develop creative environments where creation, communication and an
exchange of experiences between different disciplines are the central point. In this respect, colour
science is unique in the field of education. There is no other branch of science which concerns
so many and can involve students in working together with colour in the same creative project
but from different starting points. Colour education is about perception, communication,
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compositions, associations, colour changes and a lot of practical colour exercises and practical
colour projects. A good colour scheme in the built environment is often considered to be of minor
importance. This is sometimes because of a lack of insight of the importance and weighty
arguments for pushing through the scheduled colour scheme proposal. The colour question can
also be neglected because it has not been timed in the construction planning process.

Colour Perception — a mental phenomenon

“What is colour?” is a good question when starting the colour education. The word colour can
mean pigment, paint, wavelength energy, chromatic surface among other things. Colour can be
unequivocally defined, if you make clear in what sense you are using the word. A strict
combination of pigments can give a paint which can be reproduced repeatedly. A spectral
reflection curve can convey a full description of the reflective properties of the painted surface.
The visual colour impression created by that surface is a different matter. The subjective
observation, however, must be viewed as the primary meaning since colour only exists as a
mental phenomenon. A colour is what it looks to be and nothing else. Accordingly, man’s
perception of colour has played the principal role for putting all colours into a system. Colours
are created in the psyche, in the very moment we perceive them, and as long as we look at them.
It is important in colour science to distinguish between physical colour (physics) and perceptual
colour (psychology), what we see as colour.

Colour Communication — the need for a colour language

In the past, when the paint materials were made of plants and minerals, the colour scale was very
limited. Objects received the natural colour scale, which were determined by the availability of
natural pigments found in nature. Today we have access to a much larger range of colours. The
increasing use of colour in every imaginable context has created a need for clear verbal and
written communication about colours — not just their chemical and physical properties, but what
they look like, how you perceive them. Several colour systems and colour atlases have been
developed in response to this need. In a colour system based on physical properties of the colour
material, the colours are ordered. They can be ordered according to the quantity of pigment
included or the composition of the reflective radiation.

Scientific systems, based

NCS partially or totally on the

DIN, Munsell visual perception of colours
QOSA UCS

CIE, CIELAB Ral ds —

Eurocolor, Colour Curve Instrument-based

RGB, CMYK, Pantone . 3
Paint industry mixing systems Production-driven

Afnor, RAL, British Standard
Industrial Collections, Safety Colours quour
Selections for different purposes, Colour names collections

Figure: The colour pyramid shows the most common systems and their uses. At the top we find
visually-based systems followed by instrument-based systems. Then we find production-driven
systems and at the bottom colour collections.

The visually-based systems are the ones that facilitate communication in different contexts like
the NCS system which is based entirely on the way in which human beings see and perceive
colours. People choose colours by the look of them. The way in which a colour is mixed, or its
physical quantitative data are, for the most part, only of interest to producers and manufacturers.
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The NCS colour notation represents a specific colour percept and says nothing about what
pigments, light rays or nerve signals that give rise to this perception. NCS will be used in colour
communication in this presentation.

The Colour Design Process — colour choices and compositions
A visual colour system helps us to study the expressive potential of different colour compositions.
The concept of different colour categories indicates that several colours are perceived as similar
in one way, although they may in another way be very different.

Colour categories: NCS Colour Category Scheme divides the world of colour into 8 hue
categories (vertical) and 7 nuance categories (horizontal), giving a total of 56 characteristic
colour fields. This gives possibilities of identifying characteristic similarities and relations
between colours and referring all the colours of the colour space to a limited number of colour

categories.
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Figure: With the NCS Colour Category Scheme you can easily find the distribution of colours in
a colour range. Here is a sewing thread colour range analysed. (Bergstrom 2008)

This way of placing and arranging the colours can be used to sort and analyse a colour selection
for a product or a collection, such as ceramic tiles, knitting wool, or cosmetics. You can see in
which colour areas colours are lacking and in which ones there is already a good distribution or
too many colours. Is it necessary to have so many colours right here? Which nuances and hues
are the most common? Which colours serve as markers or exclamation marks, and which break
out of an otherwise coherent pattern?

Colour similarities: Studying the NCS Colour Space, one finds a number of properties which are
easily identifiable as similarities in hue, nuance, blackness, chromaticness, whiteness, saturation,
lightness, and complementary colours. One can easily study how these similarities between the
colours affect the expressive quality of a colour composition. These visual colour attributes have
become important tools in the colour design process. Swedish research studies (Hard/Sivik 2001
& Sivik/Hard 1994 & Sivik/Hard 1989) have found that compositions of colours with one or
more of these NCS similarities also tend to be more highly appreciated (more harmonious) than

others.
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With a visual colour system you can quickly find these harmonious colour combinations which
can bring some order to the infinite number of possible combinations of colours. It does not take
away intuition or creativity, which needs some systematically way of working when investigating
different colour combinations. A colour system does not necessarily give pretty colour
combinations, but it does provide a tool for experimenting with different colour harmonies.
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Figures: The different nuance categories shown in the triangle and a verbal description of
nuance colour areas (Green-Armytage P. & Bergstrom B. 2018.)

Lightness contrast: Lightness or contrasting lightness is highly important in the patterning
context. Great contrast in lightness gives a clearly distinguishable pattern and a small difference
in lightness makes for an indistinct pattern. A great difference in lightness between the colours
in a pattern makes for a distinctly articulated pattern. To determine the lightness position of a
colour, one compares it with a reference scale of lightness, usually a series of colour samples
from white to black (greyscale). By placing the chosen colour sample side by side with the
different grey samples on the reference scale one sees the boundary between the samples
appearing more or less clearly, depending on which sample on the reference scale one includes
in the comparison. Where the boundary is least distinct, we have the lightness or contrast position.

Significance of colours — associations & human impact

What do we associate with different colours? Which colours appeal to us in certain connections?
What effect does the colour of a room have on people in it? How are we affected by colours?
Which colours are “good for us” in hospital wards, waiting rooms and workplaces? Can the
colour design support older people’s ability to orient themselves? There are many questions to
be asked, but are there any straightforward answers to them? One thing is clear: colour makes an
important difference to our surroundings, as witness all that is said and written about it in the
media. Colour is a popular subject which seems to interest everybody. Unfortunately, there are
many beliefs about how colours affect us, but many of these does not hold up for a scientific
review. All colours cannot be investigated, most of them can be answered by common sense.

In our nature there is a natural and appreciated flora of colour and light contrasts. Colours and
contrasts which touch our senses and are self-evident in our nature. Nature’s different colour
scales and seasons in colours create different feelings. A richness and variety of colours that we
all value highly. If you compare this with our constructed environments — can we find this
variation that we need?

Human impact in workspaces: Very often we find office rooms with grey floors, beige walls,
white ceilings, dreary furnishings, and lack of accents that catch your eyes; this creates a lack of
engagements. We also need windows which create a sense of freedom and space. In public spaces
where many people must get on together under similar conditions, a balance needs to be struck
between a calm, harmonious background and more colourful room elements and furnishing
details. We need more knowledge and inspiration to create a consistent and harmonious colour
scheme which can be used for clarifying functions and underscoring different types of
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information. Colour and contrasts that we so badly need to function and feel good in our
environments.

Caring environments: Several international studies emphasize the relationship between quality
of life and a thoughtful design for the elderly. The way the rooms are planned, the sound
environment and the choice of lighting and colour scheme are just a few factors that have a major
impact on well-being and quality of life, not least for people with dementia. A sufficient
lightness- and colour contrast in the interior is a thoughtful colour scheme that will facilitate
orientation, recognition and attention. The colouring of the patients’ doors, for example, demands
attention and leads people in the right direction, at the same time as staff doors are
“camouflaged”. A good lightness contrast between wall and flooring and most colours that meet
in a room should have different light contrast to be seen in their surroundings. A well-thought-
out environment can help to reduce anxiety.

Changeability of Colour Impressions
The colour of an object is not constant. It changes depending on the observation situation,
viewing distance, surrounding colours, light conditions etc. Everyone is doubtless aware of the
difference between the small colour sample and the way the colour “turned out” when the paint
is applied on an entire wall in a room. Then the saying usually goes, “that colour is not the colour
I thought it would be”. The colour of the sample and the resulting colour of the wall is not the
same.

—
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Looking at an object, we perceive it as having a particular colour. We ascribe to objects colours
which we normally see in them, colours which we regard as constant and unaffected by outward
circumstances, and which are here referred to as the inherent colour of objects, i.e., the “true”
colours of objects, colours which can be established in a standardised viewing situation or with
a colour measuring instrument. The changes we can nevertheless see are called wrong, because
it is the colours we see, and are often called optical illusions. Understanding of these phenomena
is made easier by thinking of colour as what we see, and thus incapable of being an optical
illusion. To avoid misunderstandings, we distinguish between inherent colour and perceived
colour. Inherent colour can also be termed local, material, or nominal colour.

Practical Colour Exercises and Projects
The whole colour education program for the students should combine an informative lecture and
several practical exercises about the actual subject. The program should be completed with an
overall colour project where they can use the new colour knowledge and understand how it can
be used in their future professional practice. Then you get a better understanding and insight how
important it is to practice the colour issues and what colour can accomplish in a professional

design process.
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Colour analysis: An inspiring and learning colour exercise or project is to analyse colours and
colour combinations. You can analyse historical colours in genuine environments where we have
a good representation of historical colours. The NCS System can be used to analyse the colours
and to find the typical colour areas for different time periods. You can analyse how colours
change in distance, analyse a colour scale you like and so on. Visual assessments can be made
through comparison with colour samples parallel with a wireless colour reader/scan.

CONCLUSION

Above all my paper is intended to inspire, engage and increase interest in colour education, but
also to deepen the knowledge about colour and show the importance of colour knowledge. It
will highlight colour as an important design factor in creating good environments and products
for people. Colour is a valuable design factor that affects spatiality, function and aesthetics. How
can [ use colour to get the desired effects on my product or my surroundings? What should I keep
in mind? How can colours work together to create a harmonious overall experience of a building
or a product? During my presentation a lot of inspiring and creating projects will be showed.
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The Concept of Cesia (Visual Appear-
ance other than color): Antecedents,
Development, and Applications

Jose Luis Caivano

Abstract

Cesia is the name given to the visual perception of different spatial distributions of light. It
encompass sensations of transparency, opaque appearance, translucency, matte appearance, gloss, mir-
rorlike appearance, etc., in addition to sensations of lightness and darkness (which are the direct link be-
tween cesia and color). Cesia and color are complementary to each other. In short terms, we could define
color as the visual perception of the different spectral distributions of light. A parallelism can be noted
in both definitions: spectral properties of light, in one case, spatial distribution of light, in the other.

While color sensations span from red/green and blue/yellow oppositions (in terms of hue), from

grays to vivid or saturated colors (in terms of chromaticity or saturation), and from light to dark (in terms
of lightness), cesia sensations span from transparent to opaque (in terms of the perceived permeability
to light), from diffuse to regular or clear (in terms of perceived diffusivity), and also from light to dark
(in terms of darkness, as we call the variable that cesia shares with color). Hence, all the appearances
included in color and cesia combined can be defined by five dimensions: the classical three color varia-
bles plus permeability and diffusivity. There are, thus, five kind of scales that can be developed. We may
think in the CIELAB color space (or any other 3D color space) being expanded with the additional di-
mensions of permeability and diffusivity; or either in the CIE chromaticity diagram (or any color circle)
being expanded with the dimensions of lightness, permeability and diffusivity. Any color may appear
as a transparent layer or volume, which can vary between crystal clear and translucent or turbid media.
Colors may also appear as opaque surfaces, either with matte or glossy finish, which can even reach a
mirrorlike appearance (with maximum gloss). And all these appearances may occur at different levels of
darkness.
The presentation will make a basic chronological survey of antecedents of the concept, with biblio-
graphical references to authors who have dealt with these aspects of visual appearance before the name
“cesia” was proposed to designate them. After that, a brief review of the developments that started after
the adoption of that term will follow. Here, a recent proposal for the amplification of the concept of cesia
will be explained, which is intended to include also primary sources of light. We originally considered
that cesia was only applied to secondary sources of light, those that absorb, reflect or transmit light
coming from primary sources. But a recent doctoral thesis by an author who have greatly contributed
to the development of cesia, has made the point that some primary sources (extended ones) can also be
perceived in particular cesias. And finally, some applications or uses of the concept by different authors
will be shown in different fields: visual arts, architecture, design (graphics, textiles, fashion), sensory
evaluation of food, etc.
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ABSTRACT

Cesia is the name given to the visual perception of different spatial distributions of light. It
encompass sensations of transparency, translucency, opaque and matte appearance, gloss,
mirrorlike appearance, etc., in addition to sensations of lightness or darkness. Cesia and color are
complementary to each other. We could define color as the visual perception of the different
spectral distributions of light. A parallelism can be noted in both definitions: spectral properties
of light, in one case, spatial distribution of light, in the other. While color sensations span from
red/green and blue/yellow oppositions (in terms of Aue), from grays to vivid or saturated colors
(in terms of chromaticity or saturation), and from dark to light (in terms of /lightness), cesia
sensations span from opaque to transparent (in terms of the perceived permeability to light), from
regular or clear to diffuse (in terms of perceived diffusivity), and from light to dark (in terms of
darkness, as we call the variable that cesia shares with color). Hence, all the appearances included
in color and cesia combined can be defined by five dimensions: the classical three color variables
plus permeability and diffusivity. We may think in any 3D color space being expanded with the
additional dimensions of permeability and diffusivity. Any color may appear as a transparent
layer or volume, which can vary between crystal clear and translucent or turbid media. Colors
may also appear as opaque surfaces, either with matte or glossy finish, which can even reach a
mirrorlike appearance (with maximum gloss). And all these appearances may occur at different
levels of darkness. This paper presents a basic chronological survey of antecedents of the concept,
with bibliographical references to authors who have dealt with these aspects of visual appearance
before the name cesia was proposed. Then, a review of developments after the adoption of that
term follows, including a recent proposal for the amplification of the concept of cesia, which is
intended to include primary sources of light. Also, some applications or uses of the concept by
different authors are mentioned in various fields: visual arts, architecture, graphic, textile and
fashion design, sensory evaluation of food, etc.

Keywords: visual appearance, cesia, transparency & opacity, gloss, darkness

INTRODUCTION: DEFINITION OF CESIA

The name cesia has been proposed to account for the aspect of visual appearance that is related
to the perception of different spatial distributions of light. Light that is not absorbed by an object
may be reflected or transmitted either regularly or diffusely. These interactions of light with
matter are perceived as more or less glossy (from a mirror to a matte surface as the two extremes),
more or less transparent, translucent or opalescent, in different levels of darkness (according to
the light-dark axis). It is the same kind of phenomena that other authors have called “geometric
attributes of appearance” or “quality of surfaces”, with attributes such as transparency,
translucency, turbidity, gloss, matte appearance, mirrorlike appearance, etc. The advantage is that
the concept of cesia encompasses all the involved aspects in a single word, and that all cesias
have been arranged in a 3D order system according to three axes of variation: transparent-opaque,
diffuse-regular (or sharp), and light-dark (Figure 1).
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Cesia can also be understood as different modalities of color appearance, in the sense that
any color can be seen on an opaque surface (which is usually the most common situation) with a
greater or lesser degree of gloss, but the same color can also appear in a transparent or translucent
object. In Figure 1b, a yellow color appears on four types of surfaces: matte, mirrored, translucent
and transparent, and all of them are different visual sensations. To account for these variations
we can add two dimensions (permeability and diffusivity) to the three classical variables of color
(hue, saturation, lightness). For this reason, all the appearances included in color and cesia
combined can be defined by five dimensions. There are, thus, five kind of basic scales that can
be developed. We may think in the CIELAB color space (or any other 3D color space) being
expanded with the additional dimensions of permeability and diffusivity; or either in the CIE
chromaticity diagram (or any color circle or triangle) being expanded with the dimensions of
lightness, permeability and diffusivity. Any color may appear as a transparent layer or volume,
which can vary between crystal clear and translucent or turbid media. Colors may also appear as
opaque surfaces, either with matte or glossy finish, which can even reach a mirrorlike appearance
(with maximum gloss). And all these appearances may occur at different levels of darkness.

Refiected |

Transmitted

2 g gt o

Figure 1. a) Basic interactions of light with matter. b) Basic visual sensations of cesia.
¢) Three axes of variation. d) Solid of cesias.

AUTHORS WHO HAVE WRITTEN ABOUT SIMILAR PHENOMENA BEFORE 1990

Before the term cesia was invented around the 1980s and an international publication about cesia
appeared in 1991, various authors have been concerned with phenomena similar to those included
in this concept, at least since the beginnings of the 19th century. Probably we could go earlier in
the search of antecedents, but let’s take just the last two centuries.

In 1810 Philipp Otto Runge published his color sphere, the first model that can be regarded
as a modern 3D color order system. But between 1809 and 1810, he wrote a short essay entitled
“On the dual nature of color” (in German, “Von der Doppelheit der Farbe”), not included in his
book of the color sphere. In that essay, Runge considers how color is modified by the material in
which it appears. The “dual nature of color” means the possibility of being transparent or opaque.
He also realizes (as Wittgenstein will do much later) that white cannot be transparent, and
differentiates between blackness (a quality of opaque surfaces) and darkness (which can refer
also to transparent colors). Runge also conceives the possibility of an order system for transparent
colors, besides his color sphere, meant for opaque colors [1]. One century later, in 1911, David
Katz published a monograph entitled The modes of appearance of colors (in German, Die
Erscheinungsweisen der Farben), whose second edition of 1930 (Der Aufbau der Farbwelt) was
translated into English as The world of color in 1935. Katz analyzes the various kinds of
phenomena that always accompany the perception of color. He describes different modes of color
appearance: surface color, which is essentially opaque, film color and volume color, which have
the attribute of transparency, specular colors, perception of luster, etc. [2].

By the middle of the 20th century, Arthur Pope realized that in order to define a color with
accuracy, i.e., giving account for different modes in which a color may appear, more than the
three usual variables (hue, saturation, and lightness) are needed [3]. In his Remarks on color,
published posthumously in 1951, Ludwig Wittgenstein is concerned, among other aspects, with
the different types of white, yellow and golden, gray and silver, “black” mirrors, etc., and affirms
that “opaqueness is not a property of the white color; any more than transparency is a property
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of the green” [4]. In 1953, the Committee on Colorimetry of the Optical Society of America
(OSA) published a book in which visual perception is classified into eleven attributes of modes
of appearance: 1) brightness or lightness, 2) hue, 3) saturation, 4) size, 5) shape, 6) location, 7)
flicker, 8) sparkle, 9) transparency, 10) glossiness, 11) luster [5]. The last three attributes are
included in our concept of cesia. In addition to the perception of color, Sven Hesselgren includes
the perception of shape, illumination, texture and movement, as other visual categories [6]. He
observes that visual sensations such as luster, reflection, and gloss are not perceived as belonging
to the color of an object but as something separate from color [7]. Like Arthur Pope, Ralph Evans
also realized that the three variables normally used to define color are not enough to characterize
color under different modes of appearance. Evans concluded that it would be necessary to define
at least five variables [8].

Richard Hunter proposed a classification of the geometric attributes of visual appearance. He
defined six different types of gloss and developed instruments for the measurement of some of
these phenomena: goniophotometers, diffuse-reflection and specular-reflection meters,
glossmeters, diffuse- and specular-transmission meters, etc. [9, 10]. The American Society for
Testing and Materials (ASTM) has standardized the measurement of various physical aspects
related to visual appearance [11-13]. John Hutchings emphasized the importance of visual
appearance in food, and particularly studied the phenomenon of translucency among other visual
qualities of food [14-16].

THE EMERGENCE OF THE CONCEPT OF CESIA

Sometime before 1980, César Jannello, a professor at the University of Buenos Aires, mainly
influenced by the publications of Pope, Hesselgren, Evans, and the Optical Society of America,
coined the term cesia in order to encompass with a single word the visual appearances elicited
by different spatial distributions of light [17]. I heard for the first time about this in 1980 and
1981, when I was a student of Jannello at the School of Architecture of Buenos Aires University
[18]. A couple of years after my graduation I got a research grant, and between 1987 and 1988 1
decided to investigate more about cesia, particularly trying to develop an order system for the
variation of the involved aspects [19]. After a paper that appeared in Spanish in a journal at my
Faculty in 1990, I published the first article on cesia in Color Research and Application [20].

It was a coincidence that by 1989 Paul Green-Armytage was doing a similar research and
proposed a 3D model to organize what he called “qualities of surfaces” [21]. He did not know
about me and I was also totally ignorant of his work. After reading my article in Color Res. Appl.,
Paul wrote me a letter and we started an interchange of ideas on the subject. Our first personal
meeting was in 1993 in the AIC congress in Budapest, where I also met John Hutchings and
Osvaldo da Pos (who was introduced to me by Paul as “the king of transparency”). In his paper
presented to the AIC 1993 conference, Green-Armytage already mentions the term “cesia”.
Subsequently, he introduced the term “tincture,” borrowed from heraldry, to encompass color,
texture, and cesia [22, 23].

In 1992, I started to produce scales of variation of cesia employing spinning disks and mixing
five materials: transparent air, translucent polyester film, opaque polyester film with specular
finish, black matte cardboard, and white matte cardboard. My paper presented to the AIC 1993
conference was precisely about this, and in 1994 I published a more detailed article [24].

DEVELOPMENTS AFTER THE INTRODUCTION OF THE TERM CESIA

In 1996, Leo Oberascher included the concept of cesia in his paper on environmental color design
presented to the AIC Interim Meeting 1996 in Gothenburg, Sweden [25]. In Argentina, artist and
professor Varinnia Jofré, from the University of Cordoba, worked on ceramic tiles with different
cesias and presented her results in the 3rd Argentine Color Conference [26]. Since 1996, with the
help of designer Patricia Doria, we started to produce a prototype of an atlas of cesia made with
pieces of glass, in the Optics Laboratory of the National Institute of Industrial Technology. This
atlas includes 5 plates, each one with a different degree of permeability to light, from opaque
(0% permeability) to transparent (100% permeability). Within each plate a scale of 5 steps in
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darkness and 5 steps in diffusivity (from matte to specular, in different degrees of gloss) are
developed. It was presented in the AIC 1997 conference in Kyoto, Japan [27]. There, Leo
Oberascher also spoke about cesia in his paper on “The role of color in the 21st century” [28].
Other scholars that started to use the concept of cesia, making some developments or
applications in their fields of specialty in the 1990s, have been: Fernanda Garcia Gil, Jests Diaz
Bucero and Justo Romero Torres (University of Granada, Fine Arts), Mabel A. Lopez (University
of Buenos Aires, Communication in Design), Diana Varela (University of Buenos Aires, Textile
Design), Maria M. Avila (University of Cérdoba, Architecture), and Monica Billger (Chalmers
University of Technology, Sweden). See their publications in ref. [29], section 1990-1999.

A chronology of publications

Let’s now review what happened after the turn of the millennium:

2000 to 2009: In the first decade of the new millennium, we find the concept spread out in
different fields, taken and amplified by other authors. At the University of Buenos Aires: Rodrigo
Amuchastegui (philosophy), Julieta Garavaglia (graphic design), Paulina Becerra (industrial
design). At the University of Litoral, in Santa Fe: Susana Cariola, Luis Curubetto (architecture).
The concept of cesia is also quoted in the following books or monographic publications: Modern
concepts of color and appearance, by Asim Choudhury (2000), Understanding color, by
Giordano Beretta (2003), 4 framework for the measurement of visual appearance, by the CIE
Technical Committee 1-65 (2006), Figures de la figure: semiotics and general rhetoric (chapter
by Tiziana Migliore, 2008), as well as in articles or papers by Lucia Ronchi (2002), Berit
Bergstrom (2004), B. Roullet et al. (2005). See these publications in ref. [29], section 2000-2009.

Roberto Daniel Lozano, deals extensively with cesia in a paper entitled “A new approach to
appearance characterization”, published in 2006 in Color Res. Appl. [30], and in his paper
presented to the CIE Experts Symposium on Visual Appearance [31]. Nuria Acevedo, Pilar Buera
and others apply the concept to the analysis of food appearance [32]. With the help of Ingrid
Menghi and Nicolas ladisernia, working at the laboratory of Sherwin Williams paint company in
Buenos Aires, we developed a new prototype of atlas of cesias, in this case produced with painted
samples. By mixing three kinds of paints (white enamel, black enamel and transparent varnish)
in three different finishes (matte, satin and glossy), we were able to build scales of cesia with five
steps each, covering the whole ranges from opaque to transparent, bright to dark, and matte to
glossy, making a total of five charts with 25 samples each, i.e., 125 samples. This work was
presented to the AIC 2004 Interim Meeting on Color and Paints, in Porto Alegre, Brazil [33].

2010to0 2019: In 2010, the AIC Interim Meeting on Color and Food was held in Mar del Plata
city, Argentina, and five papers dealing with cesia in food or food packaging were presented by
Becerra et al., Castillo and Becerra, Giglio, Lozano, Prause and Cariola (see ref. [29], year 2010).
Also in 2010, Francis Edeline, one of the three authors of Groupe 1, who wrote the famous
Treatise on visual semiotics, devoted a section of an article of his authorship to explain cesia,
pointing out its importance for camouflage purposes [34].

In the AIC Meeting 2011 on Color and Light, in Zurich, I presented a paper on color and
cesia, the interaction of light and color [35], and Green-Armytage described a new model to link
different modes and aspects of appearance, which extends the solid of cesias towards texture, on
one side, and towards the illuminant mode, on the other side [36]. In a similar vein, in 2014
Varinnia Jofré introduced the new hypothesis of luminous cesia, the idea that these kinds of visual
appearances are not limited to secondary sources of light but can be also produced in primary
light sources [37]. Taking examples and applications from the visual arts, she will further develop
and amplify this idea in her doctoral dissertation presented to the University of Cérdoba in 2017,
whose title is Aspects of cesia in the artistic image and deals entirely with the concept of cesia
throughout its six chapters [38]. See Figure 2.

In 2015, 2016 and 2018 Tien-Rein Lee, Vincent Sun and Ming-Kang Lan presented papers
dealing extensively with cesia in the AIC Meetings 2015 (Tokyo) and 2016 (Santiago, Chile), as
well as in the Munsell Centennial Symposium in Boston [39]. In this period, we can also find
mentions and citations in doctoral and master thesis in Spain and Argentina by Raul Parada
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(2016), Maria Lambana (2016), and Carlos Jones (2017). Also, in the book on Visual appearance
and its measurement by Lozano (Argentina, 2015), in the book on Color in industrial design by
Gallardo Frade (Mexico, 2016), as well as in the compendium on color words in the English
language by John Hutchings et al. (United Kingdom, 2019). See these publications in ref. [29].
The first edition of the Encyclopedia of Color Science and Technology, published in 2016 by
Springer, includes an entry on “Appearance” by Caivano and Green-Armytage [40].

2020 to nowadays: In 2021 I published a new article in Color Res. Appl., dealing with the
role of cesia in color mixtures and the consequences on the shape of color order systems [41].
The 2nd edition of Springer’s Encyclopedia of Color Science and Technology, published in 2022,
includes also a new version of the entry on “Appearance” by Caivano and Green-Armytage.
Finally, at the beginning of 2023, with two students of design in Buenos Aires University, we
arranged a website entirely devoted to cesia, featuring a homepage with a definition, a short
introduction and some graphic and photographic material, a chronology with access to more than
120 publications, references to scientific societies, conferences, programs of seminars, calls for
papers in which the concept of cesia is used, videos of recorded lectures, and other materials [42].
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Figure 2. a) Model of cesia in 2D. b) Green-Armytage amplification.
¢) Jofré: glossy-luminous, matte-luminous, and transparent-luminous scales.

CONCLUSION

The notion of cesia has evolved in at least three stages. The initial conception was rather linked
to the nature of the physical stimuli, i.e., the interaction of luminous radiation with matter. Later
we understood that, without leaving the physical stimulus aside, what is important is the visual
sensation produced in the observer, which can vary not only in relation to the materiality of
objects but also with the type of light source, the mode and conditions of lighting and observation
(visual angle, distance, contextual situation, etc.). Finally, proposals for expanding the model of
cesia have appeared with the aim of integrating the different modes of appearance, including not
only the surface mode (typical of opaque objects), the volume and film modes (typical of
transparent objects) but also the illuminant mode (for primary sources). An additional idea is that,
instead of understanding these modes of appearance as situations separate from each other, we
can see them related or linked through gradual transitions or intermediate steps.
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Advanced Colorimetry for Imaging
Colour Reproduction

Ming Ronnier Luo

Abstract

A status quo of colour science will be firstly introduced, such as colour matching function, uni-
form colour space and colour appearance model. Their use to achieve different types of colour imaging
reproductions, including spectral, colorimetric, appearance, preferred. However, there are still limita-
tions. New technologies have been developed to address these problems.
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the Colour Group of the Great Britain for his contribution in colour science research.
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Managing Museum Collections, Climate
and Colour Change

Nicole Tse

Abstract

States of material change are intrinsic and objective material properties, but how we interpret

that change and perceive damage is reliant on custodian knowledge, localised contexts and the cultural
environment. In conserving collections, museum standards have evolved to manage change. Thresholds
for temperature, relative humidity, air quality and specifically lighting to control colour change exist, but
have evolved out of universal museum practices from the global north.
T his paper examines current lighting guidelines to manage colour change of museum collections
such as illumination levels, total light budgets and just noticeable fading. It considers their applicability
to Southeast Asian collections, where higher temperatures, relative humidities and potentially pollution,
alter the lifetime of the material fabric of collections, and thereby their fading rates and colour changes.
How then can the principles of optimum illumination levels and just noticeable fading be applied to
museums in tropical climates? Although there maybe colour changes due to the physical fabric of col-
lections and climate, what levels of fading are acceptable over a given period of time? These questions
of colour change and acceptability will be examined in the context of Southeast Asia, what collections
should look like, their situated contexts and values, and history of care.
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www.aptccarn.com). With a strong commitment to cultural materials conservation in tropical climates,
she has a PhD and Post-Doctoral studies on canvas paintings and modern paints in tropical environments
and has co-convened four international meetings in Malaysia, Thailand, Taiwan the Philippines and
Indonesia since 2009. Since 2013, she has been the Chief Editor of the AICCM Bulletin, the Australia
Institute for Cultural Materials Conservations’, peer reviewed journal published by Routledge Taylor
and Francis.
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Physical and Perceptual Worlds of

Material Appearance
Takahiko Horiuchi

Abstract

When we observe objects in our surroundings, various perceptions and emotions are evoked
within us. For example, the sight of a beautiful glittering jewel leads to the perception of luster, which
evokes feelings of admiration and luxury. The feelings may further influence our behaviour by motivat-
ing us to purchase the jewel. Although the relationship between colour and emotion has been the subject
of many studies over the years, research on visual appearance cues other than colour is still in its early
stage. For example, our experiments have shown that physical gloss measured by a gloss meter does not
necessarily correlate with the glossiness perceived by the human eye. However, the relationship between
them has not been elucidated. In this talk, I will introduce our efforts to elucidate the relationship be-
tween physical properties (physical gloss, surface roughness, etc.) and perceptual attributes (perceptual
gloss, perceptual roughness, etc.) of material objects. In addition, applications based on those analyses
will be presented.

Biography

Prof. Takahiko Horiuchi is a professor at the Graduate School of Engineering, Chiba University,
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to colour image science and technology. His contributions, spanning over the past quarter century, range
from the fundamentals of colour imaging to its computer image applications. He has contributed in
particular, to advancements in colour image processing, spectral imaging, and colour perception. From
2018 to 2021, he served as the Executive Committee of the International Colour Association (AIC). He
has published more than 320 scientific papers on international journals or conferences in the field of
colour sciences and engineering.
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PHYSICAL AND PERCEPTUAL WORLDS OF MATERIAL
APPEARANCE

Takahiko Horiuchi

!Graduate School of Engineering, Chiba University, Japan

*Corresponding author: Takahiko Horiuchi, horiuchi@faculty.chiba-u.jp

ABSTRACT

The process of observing objects in our surroundings evokes various perceptions and emotions.
For example, the sight of a beautiful, glittering jewel leads to the perception of lustre, which
evokes feelings of admiration and luxury. These feelings may further influence our behaviour by
motivating us to purchase the jewel. Although the relationship between colour and emotion has
been the subject of many studies, research on visual cues other than colour is still in its infancy.
For example, our experiments have shown that physical gloss measured using a gloss meter does
not necessarily correlate with the glossiness perceived by the human eye. However, the
relationships between these factors have not yet been elucidated. In this talk, I will introduce our
efforts to elucidate the relationship between the physical (physical gloss, surface roughness, etc.)
and perceptual (perceptual gloss, perceptual roughness, etc.) attributes of material objects. In
addition, applications based on these analyses are presented.

Keywords: Gloss, roughness, material appearance, surface quality

INTRODUCTION

In addition to colour perception, evolution has given us various other abilities to instantly
recognise object features through sight. The assessment of an object based on perceptual
information is known as shitsukan in Japanese [1]. Despite shitsukan being a key element of
human behaviour, academic efforts to answer questions such as how to perceive, measure,
calculate, or reproduce it have proven elusive. Colour information strongly contributes to
shitsukan, which, however, uses not only RGB three-channel signals but also higher-order colour
features based on spatial and temporal distributions.

The study of material appearance and perception based on shitsukan is an established field of
research in Japan, and various projects have been launched worldwide. We are interested in the
relationship between physical features and perception with respect to the appearance of materials.
This study explores the relationship between the physical and perceptual worlds using gloss and
roughness as examples.

WORLD OF GLOSS

Measurement of Perceptual Gloss

Gloss refers to the lustre or sheen that an object's surface emits when exposed to light and is
an important element of product appearance. The gloss measurement method, which expresses
the gloss numerically, is standardised in ISO [2] and is determined by the amount of reflected
light at a measurement angle corresponding to the surface gloss. However, it has been reported
that such ‘physical gloss’ differs from ‘perceptual gloss,” which is a human sensory value.
Therefore, gloss has been defined and used independently in various industries; however, there
is still no standardised gloss-evaluation method, and discussions on standardisation have just
started [3]. Subsequently, we experimentally investigated a method to stably measure the

perceived amount of gloss.
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A total of 30 objects made of 9 materials (fabric, glass, paper, wood, ceramics, metal, plastic,
rubber, and leather) were used as samples for evaluation. Lustre is affected by colour; thus, we
decided to primarily use samples of achromatic colours in this experiment. As shown in Figure
1(a), in a sunny outdoor natural environment, five observers were each given a tray with one
material (three or four samples), as shown in Figure 1(b), and asked to fill in the perceptual gloss
scores for all samples on an evaluation sheet. The evaluation time for each material was set at 10
seconds, allowing the observers to intuitively evaluate the glossiness.

The following scores were considered as evaluation methods: (1) free scale, (2) range from 0
to 100, and (3) comparison with a reference sample (diameter: 50 mm, shape material: copper,
plating: mirror polished, lustre nickel 15 um + hard gold 1 pm) defined as 100 (see Figure 1(b)).
In Method (3), the reference sample was placed at the centre of five observers, as shown in Figure
1(c); subsequently, the observers were asked to evaluate the reference sample by comparing it
with the sample for evaluation. To evaluate the stability of the responses, two sessions each were
conducted for the three methods.

Figure 1. Perceptual evaluation condition

The inter- and intra-observer variances of the glossiness scores are summarised in Table 1,
and those for each evaluation sample are shown in Figure 2. The order of the evaluation samples
on the horizontal axis shown in Figure 2 is the same for all three graphs (in descending order of
the mean of the scores in Method (3)). As shown in Table 1, the inter-observer variance was the
smallest for Method (3), and the evaluation was reproducible. The intra-observer variance was
stable for Methods (2) and (3). The score of Method (3) was slightly higher than that of Method
(2); however, this was because Method (3) did not have a limit on the maximum score, resulting
in a larger range of scores. As shown in Figure 2, Method (3) is generally suitable as an evaluation
method because the inter-observer variance for each sample is relatively small. However, when
the glossiness was felt more strongly than the reference sample, the inter-observer variance was
smaller than that of Method (1) but slightly larger than that of Method (2), revealing a tendency
for the evaluation to be scattered.
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Figure 2. Evaluation score (horizontal axis: sample; vertical axis: score)

Table 1. Inter- and intra-observer variances for glossiness score

Method (1) Method (2) Method (3)
Inter-observer variance 204.4 30.1 18.6
Intra-observer variance 1537.3 263.8 327.2

The illuminances at the beginning of the evaluation from Methods (1) to (3), respectively, were
(1) 99,040 Ix, (2) 41,470 Ix, and (3) 9,263 Ix (illuminance in the horizontal plane in Methods (1)
and (2)). The illuminance in Method (3) was that in the vertical plane; this is because the
illuminance in the horizontal plane exceeded 100,000 (Ix) and was outside the measurement
range of the measuring instrument (Konica Minolta's CL-500A). During the experiment, the
sample visibility changed owing to changes in the outdoor lighting environment. However,
Method (3) was robust to changes in lighting because it was compared with a reference sample.

Modelling of Perceptual Gloss

Leloup et al. summarised years of research on perceptual gloss, physical gloss, and their
measurements, indicating the future direction of gloss research [4]. Ged et al. investigated the
changes in perceptual gloss under different lighting conditions [5]. The investigation of
perceptual gloss in conventional studies has generally been limited to discussing objects with
uniform and progressively different glosses, such as coated paper samples developed using the
Natural Colour System (NCS). We conducted visual evaluations and physical feature analyses
of gloss, transparency, and roughness for 34 real object materials consisting of 10 types (i.e.,
stone, leather, fabric, paper, metal, resin, glass, rubber, wood, and ceramic) and attempted to
model these 3 perceptual quantities [6]. However, when modelling the perceptual gloss, high
accuracy was not achieved when only physical gloss was used. This may be because people
acquire and process complex scattering information on the object surface, and the modelling of
perceptual gloss with physical features is not a simple process. To improve the accuracy of
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modelling real objects with complex optical properties, it is necessary to introduce other physical
features independent of physical gloss. In Ref.[7], we constructed an improved prediction model
for perceptual gloss with higher accuracy using various measured physical features other than
physical gloss and conducted experiments to evaluate perceptual gloss. Experimental samples
with different levels of physical gloss were prepared to consider minute changes in perceptual
and physical gloss. For these samples, we analysed the data of physical features and perceptual
gloss from evaluation experiments and proposed an accurate prediction model to derive
perceptual gloss from physical features.

In Ref.[7], we prepared 28 types of NCS-coated papers with gradually varying base colours
and glosses. These NCS samples have been used in conventional studies of gloss perception [5].
In addition, we used 99 Japan Industrial Design Association (JIDA) samples (JIDA Standard
Samples, n.d.) with different glosses (lustre, sparkle, etc.) and gloss levels. The shapes of the
JIDA samples were flat, with their surfaces forming planes or embosses. The smooth gloss of the
lustre was presented on the surfaces of the resin and plating metal, and a sparkle was generated
with radiant materials, such as pearl and lame, into the resin base. Therefore, three types of
sample materials (paper, resin, and metal plating) were used. The total number of experimental
samples was 127 (28 NCS, 99 JIDA). Examples of these samples are shown in Figure 3.

Figure 3. Test saniples |

We performed physical measurements to determine the physical characteristics of the
experimental samples. We measured the features representing the sample’s surface, such as
reflectance, transmittance, and texture. To select physical features, we referred to the following
six types of gloss proposed by Hunter [8]: specular (brilliance of secularly reflected light,
shininess), sheen (shininess at grazing angles), contrast (contrast between secularly reflecting
areas and other areas), absence-of-bloom (absence of smear or excess semi-specular reflection
adjacent to reflected highlights and images), distinctness-of-reflected-image (distinctness and
sharpness or reflected images), and absence-of-surface-texture (surface evenness, absence of
surface). Our study hypothesised that these gloss types can be satisfied by the following physical
features: physical gloss (gloss unit), haze, distinctness of image, transmittance, and features of
the two-dimensional luminance distribution obtained from captured luminance images.

We analysed the physical features, evaluated the data, and proposed a prediction model to
derive perceptual gloss. Several combinations of explanatory variables were examined and
analysed using regression analysis. Consequently, in the model using multiple physical features
on a logarithmic scale, the coefficient of determination was determined between 0.3 and 0.6. We
confirmed that perceptual gloss could be predicted within approximately 1o of the standard
deviation of the evaluation values between the observers (see also Ref. [7] for more details).

£
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WORLD OF ROUGHNESS

The measurement of object surface roughness has been standardised by ISO [9] and others
and is specified as a change in the depth direction. However, ‘physical roughness’ is different
from ‘perceptual roughness’, which is a human sensory quantity, and these have not been
sufficiently investigated. Consequently, we modelled the physical and perceptual properties of
the leather surface.

In a study mentioned in Ref. [10], the author examined the construction of a perception model
of authenticity, that is, shitsukan, using various leather samples under tactile and visual-tactile
conditions. The perception model consisted of three layers and was constructed by correlating
each layer, as in the previous section. To obtain the properties and impressions of each layer, the
author conducted measurement and subjective evaluation experiments. In the measurement
experiment, 3 types of measurements were performed, and 14 tactile-related physical properties
were acquired. The subjective evaluation experiments were performed by both groups of
observers. Under tactile conditions, they evaluated using their hand and finger to rub the samples
without observing them. However, under visual-tactile conditions, they evaluated by rubbing the
curved sample while observing it.

The following important findings were obtained from the above attempts:

1) Neither group was able to construct an authenticity model under tactile conditions. The
author theorised that this was because even familiar groups rarely touched leather with their
vision blocked. Therefore, the authenticity evaluations of both groups showed large variability,
and the evaluations could not be scaled to a single dimension.

2) Under visual-tactile conditions, an authenticity model could be constructed for both groups.
In the familiar group, the author estimated that vision was superior to the perception of leather
because it could also be constructed under visual conditions. However, the unfamiliar group
could not be constructed under visual and tactile conditions. Thus, the author considered that—all
the tactile conditions could be constructed by the cross-modal phenomenon.

Similar to visual conditions, the shitsukan perception step can be explained only by the
sensory attribute step. Based on the results under visual, tactile, and visual-tactile conditions, the
author inferred that the perception of the familiar group followed a visually-dominant weighted
average rule. That is, it can also be interpreted as an optimal Bayesian integration. In contrast,
the results for the unfamiliar group did not seem to follow certain rules (see also Ref. [10] for
more details). Despite the limitations and issues mentioned above, the results of this study can
contribute to the production of artificial leather with stronger authenticity.

CONCLUSION

In this study, gloss and roughness were presented as examples of the relationship between
physical features and perception. Achromatic objects were used; however, it is evident that colour
is highly involved in the real world. In future, modelling that includes colours will be necessary.
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The Choices of Color: Exploring Color
Selection from Maslow to Al

Tien Rien Lee

Abstract

Colors are ubiquitous in our daily lives, surrounding us at every turn, and we frequently find
ourselves making decisions about them. Whether consciously or unconsciously, with or without a spe-
cific purpose, we engage in the process of color selection. How can we satisfy our psychological needs
when it comes to choosing colors? Is it a challenging task? Can we simply defer this decision to the
currently popular artificial intelligence systems that determine color choices for us? This article delves
into the various methods we employ to select colors in our daily lives and raises questions about our
reliance on existing tools like Al to make these decisions on our behalf.
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The Pink Tax

Vien Cheung

Abstract

Colour is a powerful vehicle which latches significantly onto perceptions through its extensive
associations with culture, history, symbolic meanings, psychological effects and many others. Gendered
colours have been an established part of societies and engrained within consumers for a long time due to
their use as navigators, identifiers and differentiators. Today, the colour pink stands for femininity, in all
its positives and otherwise, while a century ago was it viewed as masculine. The term “pink tax” refers
to gender-based pricing disparities — specifically an upcharge on products and services intended for fe-
male consumers. What is the connection between pink and binary? Could debate such as ‘nature versus
nurture’, which considers particular aspects of thinking and behaviour are outcomes of either inheritance
or learning, shed light on the answers? This talk discusses the history and coding of the colour pink, and
presents a philosophical analysis on the gender equality, diversity and inclusion.
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ABSTRACT

The spectral sensitivity of multispectral imaging influences the generation of multichannel
responses and further impacts the colorimetric and spectral accuracy of spectral estimation. This
study focuses on optimizing the spectral sensitivities of multiple channels through simulation, to
improve the performance of multispectral imaging. Noise generally interferes with the formation
of multichannel responses, and therefore noise is commonly added to the channel responses when
spectral sensitivity is optimized. The shot noise is usually considered to predominate over other
noise types. The adaptive noise levels were proposed in this paper, and the shot noise was
produced on the basis of the magnitude of the multichannel responses. Cooperative cooperation
was employed to optimize the spectral sensitivities of multiple channels simultaneously. Besides,
to improve the generalization of optimized spectral sensitivity, the uniform target samples were
selected and served as the target samples in the optimization. The optimization was performed
toward different objective functions, including one colorimetric objective and one spectral
objective. The results show that the peak wavelengths and bandwidths of optimized spectral
sensitivities vary under different levels of light intensity. The bandwidth of the spectral sensitivity
becomes wider under high noise levels in colorimetric optimization for the illuminant D65, which
is inconsistent with the results derived under fixed noise levels. It is indicated that there is a
balance between the bandwidth and SNR for reaching an accurate spectral estimation when shot
noise is considered.

Keywords: Multispectral imaging, Spectral sensitivity, Optimization, Noise level

INTRODUCTION

For multispectral imaging, the spectral sensitivities of spectral channels drive the formation of
multichannel responses of objects, and further the recovered colorimetric and spectral values.
Much research has been directed at the problem of optimization of spectral sensitivity to improve
the colorimetric or spectral accuracy. One way to optimize spectral sensitivity is to minimize the
colorimetric or spectral error between the recovered target samples and the original ones by
optimizing the spectral sensitivity. However, the optimized spectral sensitivity might vary
significantly from one set of target samples to another [1]. So, if the target samples are skewed
toward a specific color region, the resulting spectral sensitivity based on this set of target samples
will not apply to samples outside of that color range.

Different optimization algorithms can be employed to search for the optimal spectral
sensitivity. Lopez-Alvarez et al. adopted the simulated annealing (SA) algorithms to optimize
the spectral sensitivity for measuring skylight [2]. Shen et al. selected a set of optimal channels
for a multispectral camera through the differential evolution (DE) algorithm [3]. The adaptive
genetic algorithm was used to select the most appropriate filters for a multispectral camera under
different light sources [4]. Such optimization algorithms can obtain a good result when the
number of decision variables is small, while the optimization results will become unstable as the
number of decision variables increases.
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The performance of multispectral imaging is also influenced by the noise present in the
devices besides the spectral sensitivity [5]. The fixed noise levels were commonly added to the
multichannel responses when the spectral sensitivity was optimized [2,5]. The shot noise is
considered to be the dominant component of noise [6,7]. The shot noise can be calculated as the
square root of the signal [6]. To simulate the shot noise, the adaptive noise levels are designed
and adopted in the formation of multichannel responses in this paper. Besides, the uniform target
samples are selected from a larger number of real objects, to suppress the bias of the optimized
spectral sensitivity. Moreover, the cooperation coevolution (CC) [8] is employed to attain better
and more stable results when the number of decision variables is large.

METHODOLOGY

Optimization of spectral sensitivity with cooperative coevolution

To optimize the spectral sensitivities of multiple channels, the cooperative coevolution is
embedded in the complete process of multispectral imaging and spectral estimation, as illustrated
in Figure 1. For improving the generalization ability of the optimized spectral sensitivity, that is
any object can be accurately acquired by the optimized spectral sensitivity, the uniform target
samples (UTS) are selected. The objective of optimization is to minimize the error between the
recovered spectral reflectance of the UTS and the ground truth data. The multichannel responses
of UTS can be simulated by the integration of the SPD of illuminant, the spectral reflectance of
UTS, and the spectral sensitivity of the multispectral imaging system. Thereupon, the spectral
reflectance of UTS can be recovered with the spectral estimation algorithm.

The cooperation coevolution modulates the spectral sensitivity to improve the accuracy of
the recovered spectral reflectance of UTS. Since a multispectral imaging system usually
comprises multiple channels, and the spectral sensitivity of each channel is characterized by
several parameters, the optimization of spectral sensitivity can be formulated as an issue of
multivariable optimization. Compared to conventional optimization algorithms, CC optimizes
one subcomponent each time rather than the whole variables. This strategy can reduce the size
of solution space and is beneficial to approach the best solution. Any evolutionary algorithm (EA)
can be used in the framework of CC.

Cooperative Coevolution

lMinimize

»Error/«
ILL uTs MIS |
A= . |
SPD MR \recovered SR
1.1 1
a ! % SE %
3.??9. i ® :‘E d ] =g 30:’
:;jl _ . 0 e E % : o
400 B00 GO0 00 400 500 600 700 400 5000 600 700 - o 400 500 &0 0D
Wavelengih / nm Wavelengih / nm Wavelength / nm Wavelength / nm
ILL -illuminant MIS - multispectral imaging system
SPD - spectral power distribution S5 -spectral sensitivity
UTS - uniform target samples MR - multichannel responses
SR - spectral reflectance SE - spectral estimation

Figure 1. The schematic diagram of optimizing spectral sensitivity

The type of spectral sensitivity for one spectral channel is formulated as the Gaussian curve.
This type of spectral sensitivity is dominated by two parameters, i.e., peak wavelength and
bandwidth. The bandwidth means the full width at half maximum. Hence, the variables to be
optimized are the peak wavelength and bandwidth for the spectral sensitivity of one channel. In
other words, two variables will be optimized for one channel. The uniform target samples (UTS)
are selected from the spectral reflectances of a large number of real objects. The uniform target
samples comprise 2035 samples, including 1980 color samples and 55 neutral samples.
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Adaptive noise levels

Since the shot noise is considered to be dominant in all types of noise, the shot noise is
added to the multichannel responses during the process of optimizing the spectral sensitivity. The
shot noise can be calculated as the square root of the signal, as displayed in Eq. (1).

=
2

SNR = 1010g10([;—2) = 2010g10(§) (1)

SNR = 2010g10(%) = 20log,,(\/p)
4

In Eq. (1), n denotes the noise, and p represents the multispectral image signal which is
the multichannel responses of the UTS for the designed optimization process. As a result, SNR
is proportional to the square root of p. Therefore, the SNR is changed as the variation of the
multichannel responses, and adaptive to the magnitude of the multispectral image signal. In detail,
SNR is high when the multispectral image signal is strong, and conversely, SNR is low when the
multispectral image signal becomes weak. The magnitude of the image signal is largely
influenced by the light reaching the image sensor. In this paper, the magnitude of the image signal
is supposed to be impacted by the intensity of the light source. Figure 2 illustrates three intensity
levels of one light source which is virtually the CIE illuminant D65. The relative spectral power
distribution (RSPD) of the light source at each intensity level is presented. Level L1 can generate
a strong image signal of multispectral imaging and produce a high SNR, while level L3 will lead
to a weak image signal and thus result in a low SNR.
§if

L1

. 8|
0 L L
400 500 600 700

Wavelength / nm

Figure 2. The relative spectral power distributions of one light source at three intensity levels.
Experiment setup

The peak wavelength of each channel will be searched between 400 nm to 700 nm. The
bandwidth of each channel will be explored from 5nm to 400 nm. The number of channels to be
optimized is 3 to 16. The CIE illuminant D65 is used to generate the multichannel responses.
The spectral estimation algorithm PI (Pseudoinverse) [9] recovers the spectral reflectances from
the multichannel responses. Six optimization algorithms are employed to search the optimal
spectral sensitivity under the framework of cooperative cooperation, including SA, genetic
algorithm (GA), AGA[10], particle swarm optimization (PSO), DE, and one kind of adaptive
DE (ADE) [11]. Two objective functions are adopted, containing one spectral objective function
RMSE and one colorimetric objective function AEg. They correspond to spectral optimization
and colorimetric optimization, respectively.

RESULT AND DISCUSSION

Performance of cooperative cooperation

The above six optimization algorithms were used to search the optimal spectral sensitivity
toward the spectral objective function. The performance of these algorithms with and without
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CC is shown in Figure 3 in which each chart displays the RMSE of the optimal spectral sensitivity
obtained by one optimization algorithm. When the number of channels is small, the performance
of optimization algorithms without CC is very close to that with CC. So, the optimization
algorithm without CC can get good results if the number of decision variables is less.
Nevertheless, the performance with CC begins to surpass that without CC as the number of
channels increases. When the number of channels increases, more decision variables are
produced because one channel will generate two variables, i.e., peak wavelength and bandwidth.
Therefore, the advantage of CC is manifested in dealing with a large number of decision variables.
Moreover, the GA algorithm obtains the best results among the six algorithms when the CC is
used. In the next section, the optimized spectral sensitivity with the GA algorithm under CC is
shown and analyzed.

GA AGA
\ no CC 0.03 no CC
\ | =17 cc u N |51 cc
i =
N @ 0.02f
N e S N Y Tre— —
Number of channels Number of channels Number of channals
PSO DE SDE
0.03H no CC 0.03 ne CC 0030 no CC
w \ cC im cc i \ = cc
2 2 b
¥ 0.02 x 0.02 E 002
Mumber of channels Number of channels Number of channels

Figure 3. Spectral estimation errors for six optimization algorithms
Optimized spectral sensitivity under adaptive noise levels

Figure 4 illustrates the optimized spectral sensitivity toward the spectral objective function
under adaptive noise levels and fixed noise levels, respectively. The peak wavelengths are almost
evenly distributed throughout the whole spectral range for fixed noise levels. However, this kind
of distribution is not obvious under adaptive noise levels. Under fixed noise levels, the
bandwidths for different channels are very close for a certain number of channels, while there is
a larger difference in bandwidth between different channels under adaptive noise levels. Under
fixed noise levels, the bandwidth tends to decline when SNR becomes lower. However, the
bandwidth obtained under adaptive noise levels is still wide and even wider when SNR decreases.
Since the low SNR is generated by the weak light intensity under adaptive noise levels, it is
indicated that a wider bandwidth is needed to increase the magnitude of the multichannel
responses and thus to improve the SNR. In other words, wider bandwidth is preferred under low
light intensity. In the case of fixed noise, for reaching a low SNR, a narrow bandwidth is produced
to reduce the magnitude of the multichannel responses and lower the SNR. Moreover, the first
channel and the last channel get wider bandwidths under adaptive noise levels. In Figure 2, it can
be observed that the spectral power at both ends of the wavelength is weaker than the middle
ones, therefore, the SNR of the first and the last channels will be improved if wider bandwidth is
obtained. However, the bandwidths of middle channels are not as wide as the first and the last
channels, indicating too wide bandwidth is not helpful to accurately recover spectral reflectances.
The mean bandwidth for different numbers of channels is shown in Figure 5. Under adaptive
noise levels, the mean bandwidth is generally higher at lower levels of light intensity, and this
phenomenon is more obvious in colorimetric optimization. It is suggested that improving the
SNR is more beneficial to spectral estimation than finding a proper bandwidth when the light
intensity is weak. However, it is the reverse case under fixed noise levels that the mean bandwidth
gets narrow under low SNR.
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Figure 4. Optimized spectral sensitivity. (a), (¢c) and (d) correspond to the results in light intensity
levels L1, L2, and L3. (b), (d) and (e) show the results under three corresponding fixed noise levels.
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CONCLUSION

The adaptive noise is designed and considered in the process of optimizing spectral sensitivity
for multispectral imaging. Under low levels of light intensity, the bandwidths of spectral channels
become wider to improve the SNR and thus the spectral estimation accuracy. However, too wide
bandwidth is not helpful to spectral estimation. It is indicated that a balance exists between the
bandwidth and SNR for obtaining high accuracy of spectral estimation. Besides, the bandwidth
of each channel is influenced by the spectral power at the corresponding wavelength of the
employed light source. In addition, cooperative cooperation can more efficiently optimize
spectral sensitivity for more channels.
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ABSTRACT

In this work we present an electronic open hardware project for building a low-cost portable
contact spectrophotometer. The project is based on a low-cost, pre-cabled on-board spectral
sensor designed for device embedding. It is an off-the-shelf “low cost” component based on the
AS7265x Smart Spectral Sensor chip family which consists of three sensor devices: AS72651
with master capability, AS72652, and AS72653. This integrated sensor is capable of measures
on 18 spectral channels, ranging from 410nm to 940nm. Each AS7265x component has two
integrated LED drivers with programmable current and can be timed for electronic shutter
applications. Features include UART or I2C slave digital interface, 16-bit ADC with digital
access, and programmable LED drivers. The device prototype we have built has also a GPS and
a DHT (temperature and humidity) sensor to collect data to factor from the environment when
measuring spectral information. Here we describe its main characteristics and present some
preliminary tests and calibration.

Keywords: Color Measure, Color Measurement devices, Spectrophotometer

INTRODUCTION

This article describes the development of an affordable portable spectrophotometry device using
off-the-shelf components, based on the AS7265x Smart Spectral Sensor chip family [4]. It has
been designed for studying phototrophic biofilms that grow on outdoor surfaces like statues.
These biofilms can damage structures and heritage sites, and their early detection is crucial.
Unlike current methods that are costly, time-consuming, and destructive, the proposed device
offers non-destructive, on-site, and inexpensive analysis by measuring color changes associated
with the quantity of microorganisms in the biofilm. Biofilms consist of microorganism-secreted
polymers and cells that are resilient to environmental stressors and antimicrobial agents. Existing
techniques include culture-based methods, microscopy, and indirect approaches like measuring
biofilm mass or ATP levels. Scanning Electron Microscopy provides detailed images but requires
high vacuum and sample preparation, limiting its use on living samples. The spectrometer-based
[1] methods present an advantage by only needing spectrophotometric data, addressing the
limitations of existing techniques [2,3]. The use of this low-cost device introduces a cost-
effective spectrometer-based method for analyzing phototrophic biofilms, offering non-
destructive on-site analysis with potential applications in heritage preservation and antimicrobial
treatment evaluation.

THE DEVICE

The device is a prototype assembled on a breadboard and enclosed in a plastic box (Figure 1),
with a separate spectrometer probe connected via a cable. It can be worn around the neck or hung
on a hook when not in use. The device has two use modes:

e Field Use: users can press the Record button to initiate data recording, which includes
spectrometry, temperature, humidity, time, and GPS location. The display indicates the
recording process, and once completed, it shows the recorded spectrometer data briefly
before entering idle mode. The device allows users to switch between different
information display modes by turning a dial. Pressing the Record button in a specific

ﬁ:
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mode enters Detail Mode, enabling browsing of individual band data from the last
capture using a scrollbar controlled by a knob (a potentiometer, used a monodimensional
joystick). Exiting Detail Mode is done by pressing the Record button again.

Downloading and Managing Data: users connect to the device's Wi-Fi access point
and access a designated web page on the local network to manage data. The interface
presents four buttons:

o

o}

Edit Comment: allows users to modify comments stored alongside each capture

Download Data: enables the downloading of the data file (in CSV format) from the
spectrometer device to the connecting device

View Data: displays all data in a table format, though memory limitations could
cause visible errors

Delete Data: deletes all recorded data on the spectrometer after a confirmation
prompt.

In summary, the prototype device is designed for field use and data management. It records
various data including spectrometry and environmental parameters, offers display modes and
Detail Mode, and provides a data management interface accessible through Wi-Fi for
downloading, viewing, editing comments, and deleting data.

128x64 5501306

B5-280 232 GPS .

Figure 1. Device prototype and internal diagram

IMPLEMENTATION

The hardware implementation consists of the following components with specific functions:
ESP32, a microcontroller with GPIO, UART, and 12C connections

DHT-22, a temperature and humidity sensor

BS-280, a GPS sensor operating connected through the UART

SSD1306, an OLED display connected using the 12C protocol

AS7265X, the actual spectrophotometer sensor connected through the UART.
Some details about the chosen components:

1.
2.
3.
4.
5.

the temperature and humidity sensor (the DHT-22 is an enhanced and more sensitive
version of the DHT-11) readings showed variations due to factors like the physical
presence of the user in the immediate proximity of the sensor, heat from the circuit board
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that the sensor is mounted on, and heat from nearby electronic equipment (e.g. a PC
display), i.e. sensor positioning on the box must be carefully thought.

o the display (SSD1306) is connected via I2C, it has a resolution of 128x64 pixels. The
chosen library is ThingPulse OLED SSD1306 due to its simplicity and alignment
capabilities.

e The GPS sensor (BS-280) is connected via UART, capable of providing location data
outdoors after a short initial period, but (obviously) less reliable indoors.

e The spectrophotometer (AS7265X) is connected via UART, the proper UART port (i.e.
hardware instead of software) is crucial for accurate readings, the software based serial
port (implemented via bit banging) may miss data due to timing.

As for the file system for the ESP32, LittleFS (over SPIFFS) was preferred due to its
compatibility and fault-tolerance in case of power loss. The default partitioning on the ESP-32
devices included a partition for the file system. Mounting the LittleFS file system required setting
the proper flag for automatic formatting in case of mount failure.

In summary, the hardware implementation involves a range of components with specific
connections and voltage requirements. Testing and configurations were performed for each
component, addressing potential issues related to UART signaling, data accuracy, and power
loss. The choice of LittleFS as the file system provides reliability and compatibility for the
prototype device.

Declared channel spectral sensitivity is shown in Figure 2.
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Figure 2. Declared 18-Channel Spectral Responsivity [4]

FIELD TEST

During the development of the prototype spectrometer device, thorough verification was
conducted to ensure that external factors wouldn't significantly impact its readings. Three key
factors were examined:
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1. Temperature: the prototype was tested under different temperature conditions (30°C
exterior, 25°C interior with air conditioning, and 22°C interior with air conditioning).
The results showed minimal impact on the device's readings, indicating temperature
stability.

2. Environmental Light: the prototype was tested under various lighting conditions (direct
sunlight, shade, LED-lit room, complete darkness) to assess if external lighting affected
the readings. The findings demonstrated that external lighting had negligible influence
on the device's performance.

3. Long-Term Fluctuations: a stability test was conducted, where the prototype
continuously collected spectrometer readings over an hour. The initial anomalies in
readings quickly stabilized, and occasional minor fluctuations occurred. However, these
anomalies rarely manifest in real-world use, suggesting acceptable stability.

To assess the device precision some tests and comparisons have been performed:

e Synthetic Comparison: colored card stock was used to perform synthetic tests on both
the prototype and a professional spectrometer (Minolta CM2600D). The card stock used
for this comparison was an Architetto Album Colore product, with a paper weight of and
size of 24x33cm. The colors used were yellow, green, blue, red and black, measured in
this order. A single measurement was performed on each colored card stock with each
of the devices. For the CM2600D device, which allows both Specular Component
Included (SCI) and Excluded (SCE) modes, the measurements were made in SCE mode
only, as the prototype device has no ability to measure SCI. The data showed that the
prototype's measurements were “generally similar” (see comparison below) to the
professional device. However, the prototype occasionally produced noisier and
differently scaled data in certain wavelength bands, particularly on higher-frequency
wavelengths.

e Comparison on Real Monuments (first trial): tests were conducted on actual tombs in the
main Milano cemetery (Monumentale). The prototype and the professional device
(Minolta CM2600D) were used to measure the same surfaces. The results indicated that
the prototype's larger sampling area and lower luminosity led to discrepancies in readings
compared to the professional device. While some targets showed satisfactory similarity,
others displayed significant differences due to the prototype's limitations.

e 2022 Trial: a second trial was carried out a year later with a different spectrophotometer
sensor of the same model and maker. The results were similar to the first trial, suggesting
that the prototype's limitations stem from its illuminant quality and the low-cost sensors.
Despite efforts to sample even areas, the prototype's performance did not notably
improve.

Overall, the verification process and field tests revealed that the prototype spectrometer device
generally provides readings that are competitive, considering the cost, with those of a
professional device in certain conditions. However, limitations related to the prototype's larger
sampling area, illuminant quality, and sensor performance affect its accuracy on uneven and
varying surfaces (Figure 3 and 4).

As can be seen from the plots in Figure 3 and 4, the data obtained from the prototype device is
generally similar to what the professional device produces. However, it must be noted that the
prototype often produces data which is noisier and, sometimes, which shows a different scale in
some wavelength bands compared to the professional one, especially on higher-frequency
wavelengths. Notably, this is not the case with all targets, but only with those presenting high
values over these bands.

Unusually, the black card stock showed an inverse correlation between the two devices. This is
almost certainly the result of random noise, as black produces extremely low readings that are
easily influenced by small variations.
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Target Color Corr.
0 Yellow 0.86
1 Green 0.94
2 Blue 0.20
3 Red 0.98
4 Black -0.85

Table 1. target colors and correlation

For more detailed data, correlation plots, and results, refer to the provided directories and files
within the FieldTests section. The project's code and documentation are available in an open
GitLab (https://gitlab.di.unimi.it/lorenzo.bini/spettrometro-da-campo) repository for further
analysis.
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Figure 3. Plots of spectrometer data from professional and prototype devices

CONCLUSIONS

The prototype spectrophotometer exhibited good accuracy in synthetic tests on evenly-colored
samples, indicating reasonable accuracy of the sensor packages. However, when tested on real
targets at the Monumentale Cemetery (Milan, Italy), significant differences between the
prototype and the professional machine were observed (Figure 3 and 4). Possible explanations
for these differences include variations in aperture between the devices, positioning of the
professional device, specific sensor settings on the prototype, and poor illumination provided by

the prototype.

116



AIC2023 — 15™ Congress of the International Colour Association November 28 - December 2, 2023

Shared Axis

Plot for Target 1 Plot for Target 8
30 A .
Pro Pro

25 4 Dev | Dev

201 .

15 A :

10 1

5- -

0.. -
400 450 500 550 600 650 700 750 400 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure 4. An example of good and bad similarity between prototype and
professional data on a real target

The substantial difference in aperture size between the professional device (3mm) and the
prototype (60mm) resulted in the prototype measuring a larger area, potentially leading to color
differences averaging out due to the larger sample. This may suggest that a larger measuring area
could provide more reasonable results for biofilm measurements.

Regarding the prototype's sensor settings, future research could explore adjusting gain,
integration time, and sampling interval to optimize results and compare with the professional
device's parameters.

The prototype's illuminant, consisting of three white LEDs, proved to be less powerful compared
to the professional device's xenon-based flash. The prototype's LEDs were sensitive to power
delivery conditions, flickering with slight movements. Investigating the use of a more powerful
illuminant, like a camera-grade flash, could enhance performance, especially on dark surfaces.
An external light source can be easily embedded in a further version of the device.

Although the prototype's performance was lower compared to the professional device, its cost-
effectiveness and additional features make it noteworthy. The overall cost is around 100 EUR to
build, the prototype offers GPS location recording, temperature and humidity recording, a user-
friendly web interface, and full data visualization (vs. a clumsy proprietary interface for the
professional device). The web interface facilitates data download to any Wi-Fi-enabled device
without complex hardware interactions. The prototype's portability, usability, and affordability
present advantages over the professional device.
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ABSTRACT

Surface luminescence, or fluorescence as it is more commonly called, is used in various materials
to enhance an object's apparent whiteness and colorfulness. These materials or coatings contain
fluorescent dyes and colorants that enhance these unique color appearance properties. The color
appearance attributes of materials, including fluorescence, is essential in accurately evaluating
coatings, detergents, textiles, pens & markers, plastics, and fluorescent safety colors.

A spectrofluorometer provides the only standardized way in colorimetric spectrometry to
measure and quantify the photoluminescence of calibration standards and materials.

Technical advancements in Fluorescent Whitening Agents, FWAs, require an accurate
assessment of the samples’ luminescent character. The bi-spectral method is the only precise way
to determine the Bi-Spectral Luminescent Radiance Factor (BSLRF). The values obtained by
measuring the BSLRF are independent of instrument characteristics. This feature allows the
samples’ total radiance properties to be calculated. These data allow the critical parameters of
color appearance properties to be calculated for any illumination spectrum of interest. These data
are a vital component in determining product success.

The instrument geometry is significant in the determination and characterization of fluorescence.
The CIE recommends the bi-directional geometry, of Oo illumination: 450 detection, for the
measurement of fluorescence. This is the referee method for the characterization of the
fluorescence phenomenon. The sphere geometry, which is more prevalent in color appearance
industries, generates ambiguous and inferior results.

The accurate characterization of the specimens’ color appearance depends upon the content of
illumination on the specimen. The equipment, methodologies, and procedures were developed
to produce and evaluate demonstrated conformance to daylight illumination in the instrument’s
sample plane. This realization is a first in the color appearance industry and allows us to visualize
samples differently.

INTRODUCTION

In color spectrophotometry, we characterize
materials by their reflectance spectra. In color
appearance  spectrofluorometry, the  color
appearance of opaque materials is determined not
only by reflectance spectra but also by the
fractionated component of photons reflected or
emitted at each wavelength from the near :
UltraViolet, UV, through the visible, and into the Wil gtiom

near Infrared, IR. In the component of color figurel-Typical Fluorescence Spectra
attributable to fluorescence, we have photons'

absorption, excitation, and emission. The quantity of interestis ;(4). This parameter
is the sum of the spectral radiance factor, BrA), and the spectral luminosity factor, frX). The
equation is given by:

Excitation Emission
spectrum spectrum

Normalized |ntansity

B(A) = Br(D) + BL(D) (D
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The spectral range of emission is at a different frequency (wavelength) band and outside the
frequency band than the excitation. Here is a working definition' of fluorescence. The classical
description of fluorescence describes the spontaneous emission of luminescence radiation from
an excited molecule. Remember that fluorescence is the process of an excited molecule relaxing
to the ground state by the emission of a photon at a higher charge. In colorimetry, fluorescence
light has a longer wavelength and lower energy than the absorbed light. This phenomenon is
termed Stokes Shift and occurs because of the energy loss between the time, t, that a photon is
absorbed and the time a new one is emitted, typically less than 10 to 10® seconds?®. The Stokes
shift is named after British scientist Sir George G. Stokes, who first described fluorescence in
1852. A definition of standards includes the physical requirements and chemical basis of
standards. Instrument and standards characterization significantly affects values used for transfer
calibration. This subject is discussed in the following paragraphs. Phosphorescence is another
species of photoluminescence. The understanding of phosphorescence is similar, except that the
initial and final states have different spins termed multiplicity. The time, t, is greater than 10
seconds. The entire molecular fluorescence lifetime, from excitation to emission, is measured in
billionths of a second; the phenomenon is the interaction between light and matter. This is the
basis for steady-state fluorescence, time-resolved fluorescence spectroscopy, and the basis of this
paper. The time difference is the phenomenological difference between these two species. A
Jablonski diagram® illustrates the mechanism and the effect of fluorescence and
phosphorescence. Chemiluminescence is another phenomenon of photoluminescence that
includes energy from chemical reactions occurring within living organisms, such as glowworms
and fireflies.

Jablonski Diagram for Fluorescence and Phosphorescence
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Figure 2-Jablonski Diagram
APPLICATIONS OF FLUORESCENCE MEASUREMENT

Assessing fluorescence can be viewed into two different categories; The first is analytical
applications. These applications are found in the science fields, such as; biochemistry, medical
diagnostics, and biotechnology. Another broad application addressed primarily in this paper is
colorimetric  fluorescence spectrometry. The measurement and quantification of
photoluminescence in materials, such as coatings, detergents, inks, paper, plastics, and textiles,
are inherently flawed and neglected. Users of these measurement techniques neglect the
imprecisions that cause unreliable and poor-quality assessments. These poor-quality
measurements are due primarily to incorrect instrumental optical geometry, inadequate
calibrations, improper measurement methods, and other instrumental effects. Ineffective

'https://chem.libretexts.org/Bookshelves/Physical and Theoretical Chemistry Textbook Maps/Supple
mental Modules_(Physical and Theoretical Chemistry)/Spectroscopy/Electronic_Spectroscopy/Radiati
ve_Decay/Fluorescence

2 In the literature, this value ranges between 10~ and 107'%s.

3 HORIBA Scientific. "Fluorescence Spectroscopy - Applications and Principles". AZoM. 10 July 2022.
<https://www.azom.com/article.aspx?ArticleID=16086>

&
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Figure 3- Typical Emission of LEDs

instrumental error corrections are unaccounted for by most colorimetric spectrometer
manufacturers. Purchasers of said equipment are frequently ignorant on how to proceed. The
confusion is further manifest by different terminology between these two general areas,
quantifying results in terms of photons and radiometric quantities.

SPECTRAL BANDWIDTH

The spectral bandwidth required to accurately measure
luminescence, fluorescence, and phosphorescence is
specified in multiple sources as 5 nanometers (nm)
bandwidth. The requirements are specified in ASTM E-
388%, Spectral bandwidth and wavelength accuracy of
Sfluorescence spectrometers.

Some manufacturers use LEDs as a pseudo-narrow-band
monochrometer. The full width specifies fluorescence
spectrometers' spectral bandwidth and wavelength
accuracy at half maximum (FWHM; bandwidth). A Figure 4 Typical LED Spectral Power
typical LED bandwidth, when used as a quasi- Distribution

monochrometer, varies between 20 and 70 nanometers (see Figure 2).

3 2 8

Normalized Intensity (%)

The issue with a system with a large FMWH is that the spectral difference in excitation and
emission wavelengths may be equal to or less than the bandwidth of the measuring device. For
instance, a commonly used fluorescent yellow dye in 2- ethoxy ethyl acetate has a spectral
difference between the excitation and emission wavelengths of approximately 17 nm®. There are
several issues of concern when the instrumental bandwidth  specification  exceeds
the requirement. First, the excitation frequency of the fluorescent compound can not be
determined. Secondly, since the frequency of excitation is not known, neither can the relative
energy known that caused the excitation. Thirdly, the quantum efficiency of the fluorescent
compound in the vehicle cannot be determined. Hence, the efficacy cannot be quantified. In this
paper, we define quantum efficiency as the percentage of molecules in an excited state that decay
to the ground state by fluorescent emission in the spectral range of 380 to 560 nm. Fourthly, it
is unknown if the total reflectance component, including the radiance from the fluorescent
component, can be quantized. All this goes to say as a result of these unknowns, an
indeterminable difference between the excitation and the emission cannot be resolved; hence,
fluorescence cannot be reliably detected.

The conceptual arrangement of the emission of LEDs in a spectrofluorometer is presented as
shown in Figure 3.

4 ASTM E 388-04. “Spectral bandwidth and wavelength accuracy of fluorescence spectrometers”, in
Annual Book of ASTM Standards, Vol. 03.06, ASTM International (2004, original version 1972).
5 Tutorial on Fluorescence and Fluorescent Instrumentation, Section_2, Washington.edu.
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COLORIMETRY

In object color colorimetry, we assess the object’s overall color appearance by quantifying the
emitted fluorescent component and the spectrally diffuse reflectance factor, known as the body
color, under a broad-band illumination source. These reflected radiations are responsible for
determining the color appearance properties of the material being characterized. Typical
materials are coatings, detergents, markers, paper, pens, plastics, textiles, and fluorescent safety
colors. These numerical values convolved with the values for the desired illuminant-Observer
condition produce colorimetric values used for analysis. These tables and convolution
mathematics are specified in ASTM E 308, Standard Practice for Computing the Colors of
Objects using the CIE System®. Most all colorimetric spectrometers incorporate these
computations and tables. Additionally, the instrument must conform to the geometries
recommended by the International Commission’ on Illumination. There are two geometries
recognized and specified by the CIE. These geometries are D:8° , Diffuse : Detection, known
as the sphere or hemispherical geometry. An additional notation associated with this geometry
denotes the inclusion, i, or the exclusion, e, of the specular reflectance component. The other
CIE-recognized geometry is 45° illumination, 0° Detection, known as the bi-directional
geometry. The standardizing authorities realize and approve reciprocal geometries for the
integrating sphere or bi-directional geometries. As referenced in this article, the notations for
these reciprocal geometries are 8°:D or 0°:45°, respectively.

GEOMETRIES
Spherical Geometries

Most colorimetric spectrometers sold and utilized worldwide are of the sphere geometry, D:8°.
Regrettably, the measurement error of the fluorescence component is exacerbated in this
geometry and, therefore, not satisfactory for the characterization of fluorescence. Alman and
Billmeyer8 demonstrated that this geometry is less than ideal for fluorescence characterization.
This is because the sphere geometry alters the source spectral irradiance on the specimen, and
the emitted fluorescence contributes to the measurement values of the diffuse reflectance
component. This means that the diffuse reflectance component depends upon the emitted
fluorescent component's magnitude and the integrating sphere's efficiency. Additionally, the
initial fluorescence radiance impinges again on the specimen, causing an additional excitation
and emission, creating erroneous values. Therefore, this geometry is unsuitable for quantifying
the emitted fluorescent component in object color characterization.

Bi-directional Geometries

For the reasons cited in the preceding paragraphs, the recommended reference geometry for
measuring fluorescence materials is bi-directional. ~Reducing the variation caused by
irregularities and non-homogeneities in the surface structure and the uniformity of the colorant
distribution, the annular circumferential geometry minimizes errors and is preferred. This
geometry carries the notation 0°:45°. The letter c in the instrumental geometry notation refers

¢ Available from ASTM International, 100 Barr Harbor Drive, West Conshohocken, PA 19428,
www.ASTM.org.

7 Commission Internationale de 1'Elcairage (CIE), https://www.techstreet.com/cie/?,

8 D.H. Alman, F.W. Billmeyer, Integrating Sphere Errors in the colorimetry of fluorescent materials,
Color Research and Application, 1976. 141-145
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to circumferential detection. This design reduces the error
contribution attributable to the imprecise positioning of the
non-homogenous specimen on the instrument’s sample port.
The notation for this bi-directional geometry is: 0°:45°c. This
circumferential viewing geometry (Detection) at 45 degrees
and the standard illumination normal (Illumination) geometry
minimizes the error contribution attributable to surface defects,
structure, or patterns. A fluorescent specimen used in the safety
industry is shown in Figure 2. Note the stripes and a wire mesh
pattern incorporated in the design. This sample is Figure 5 Geometric Patterns on an
approximately one hundred millimeters (4 inches) square. The  0yange Fluorescent Specimen
sample port is fifty-one millimeters (2 inches) in diameter.
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Sampling the surface of the fluorescent specimen over its surface using a cartesian coordinate
method and including rotating the specimen about its geometrical axis 12 times shows no
significant change in the deviation of the colorimetric readings larger than the measurement
uncertainty made under reproducibility conditions’. This is attributable to the excellence in the
design of the optical system.

It is well known and recognized that competent high-level measurement of fluorescent specimens
could only be made using a two-monochromator method illuminating the specimen under a
standard illuminant condition. The methodology we chose uses near monochromatic illumination
and polychromatic detection. Because the spectrofluorometer optical design conforms to known,
referenced, international standards for colorimetric spectrometers, a specific, trustworthy
colorimetric answer can be realized.

Conceptually, a bi-directional
spectrofluorometer operates in
this  manner.  First, the
illumination monochrometer is T

OPTICAL SCHEMATIC OF A SPECTROFLUORIMETER

set to the beginning wavelength,
380 nm. Then the specimen is
illuminated with this spectrally

. . . . == T
selective  illumination.  The * 5,
sample’s spectral reflectivity %
and fluorescent radiance are ) !
captured and measured with a % Pl

\ 27
low bandpass, 5 nm, Yo 27
\':' = - a—::’

monochrometer over  the
spectral range of measurement
from 390 to 700 nm. The Figure 6-Oprical Schematic

illumination wavelength

increments a step, say 5 nm, to

385 nm, and the collection of the sample’s spectral radiance is collected over the visible range of
the specimen’s excitation. This process continues over the defined spectral range within the
visible spectrum of the specimen’s emission range.

This procedure is known as the bi-spectral method of fluorescent measurement. The bi-spectral,
45°:0°, measurement is the referee method used to study fluorescence measurements' colorimetry.
A spectrofluorometer for color measurement of opaque fluorescent materials must conform to
the geometry specified by the CIE. This method allows the complete separation of the two

° REF ASTM E-XXX, ASTM International,100 Barr Harbor Drive, West Conshohocken, PA 19428,

www.ASTM.org.
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components — the spectral reflectance factor and the fluorescent radiance. This is the definition
and the meaning of the term spectrofluorometer.

CALIBRATION

Typically, spectrally diffuse reflectance specimens are calibrated by substitution or comparison
measurements. The idea here is that specimens nominated to serve as standards must have the
following:

1- Similar spectral reflectance factors,

2- Similar bi-directional reflectance distribution functions (BRDFs),

3- Lambertian radiator properties,

4- Short-Term stability,

5- Long-Term stability,

6- Reflectance uniformity, and

7- Non-photoluminescence property.

Photoluminescence is the singular most significant error in the calibration of material standards.
In the industry, it is well known that most materials produce photoluminescence upon exposure
to UV radiation. Most all commercial color spectrometers employ UV-CUT filters to eliminate
or minimize the UV radiation that causes sample photoluminescence. Little attention has been
paid to this kind of photoluminescence. Our system is dual-beam and quite sensitive. Therefore,
we detect the existence of photoluminescence on materials previously not thought to be
photoluminescent. A dual or double-beam spectrometer operates faster and provides more
reproducible results. The system provides automatic correction for any change in the light
intensity of the sample measurement beam attributable to the light source by measuring the power
of the reference beam.

There are a few studies on the fluorescence properties of opal glasses'® and ceramic tiles and
even fewer studies on visible activated fluorescence. Analyzing calibration plaques of popular
suppliers of spectrometers in Asia, China, Europe, and the US reveals errors of several percent
in the assigned values. This is attributable to photoluminescence in the instrument calibration
plaques that adversely affect the spectrally diffuse reflectance measurements.

These calibration plaques are known as physical transfer standards. These standards link the
fluorescence measurements and the radiometric (colorimetric) scales. We used standards
calibrated by a national metrology institute, such as National Research Council'!, NRC.

ILLUMINATION

For colorimetry of fluorescent materials, Illuminant D65 is the essential condition for irradiating
a specimen under test or calibration of a spectrofluorometer. The spectral power distribution
measured in the sample plane using an Ocean Optics 2000+ Fiber Optic Spectroradiometer!?
reveals that the spectral content of the illumination closely conforms to the definition of
Illuminant D65. Another complementary method is specified by CIE 51.2, 4 method for
assessing the daylight quality of simulators. We adapted this method and developed a protocol
for the spectrofluorometer under test. The conformance demonstrated to CIE 51.2 is a B rating.
The high-quality B rating, with A rating as the highest, is required for the accurate instrumental

10 Photoluminescence from White Reference Materials for Spectral Diffuse Reflectance upon Exposure to
the Radiation Shorter than 400 nm, H. Shitomi, I. Saito, National Metrology Institute of Japan, National
Institute of Advanced Industrial Science and Technology (NMIJ/AIST), 1-1-1 Umezono, Tsukuba,
Ibaraki, 305-8563, JAPAN

' https://nrc.canada.ca/en

12 https://www.oceaninsight.com/globalassets/catalog-blocks-and-images/manuals--instruction-old-
logo/spectrometer/usb2000-operating-instructions 1.pdf
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colorimetric assessment of fluorescent specimens. Additionally, since the spectral power
distribution illuminating the specimen is known, and the fluorescence component is known, then
the colorimetric properties of the specimen under a different illuminant can be determined. This
attribute is essential in understanding how the specimen will appear under other spectral power
distributions (illuminants) and the conspicuity of the specimen. These values are crucial to
understanding safety colors. We believe this is the first colorimetric spectrometer to realize the
spectral power distribution of illuminant D65 in the instrument’s sample plane. This feature
represents a significant milestone in the science of color appearance.

Color instrument manufacturers that do not accurately simulate a daylight illuminant in the
sample plane of the measuring instrument cannot accurately access a fluorescent color
component. This is particularly true of those manufacturers that use optical filters to modify the
spectral power distribution of continuous or pulsed xenon sources. These manufacturers measure
in one, two, or more conditions, often called UV-IN and UV-OUT. The difference in the spectral
content of these sources has significant non-compliance with the spectral power distribution of
[Mluminant D65. These systems do not warrant a rating under this system. This causes substantial
uncertainties'® in the measured total radiance factors. Additionally, this is a considerable factor
negatively influencing inter-instrument agreement for fluorescent specimens.

SPECTRAL ACCURACY

The classical CERAM' standards and others were used to assess colorimetric performance.
Measuring the instrument standard 30 times under repeatability (r) conditions, we achieved a
performance of 0.15 CIELAB DE*2000(1:1:1) units. Over the 12 CCSII standards under
reproducibility (R) conditions, we achieved a performance of less than 0.50 CIELAB
DE*2000(1:1:1) units. The initial production run is small, and these data may not be statistically
significant; however, the inferred batch r & R statistical results are commensurate with those
values presented.

COLORIMETRIC RESULTS

We conventionally acquired data after calibrating, as discussed above. The spectral reflectance
factor and the radiance data are obtained as each LED(s) are individually and sequentially
activated. A narrow bandwidth, high-precision polychromator collects the data for analysis. This
process is continued and repeated over the visible spectrum. The collected data are arranged,
thereby providing the data for a Donaldson Matrix'?.

A numerical example of the Donaldson Matrix is shown below in Table 1. The spectral
reflectance factor is shown on the diagonal. It is highlighted and in bold. The data in blue
presented above the diagonal is anti-Stokes data. Anti-Stokes data are not discussed here. We
are interested in the data below the diagonal. These data, shown in yellow, represents the
fluorescence data. The range of these data is from 380 to 700 nm.

13 Zwinkels, JoAnn, et.al, Design and Testing of a two-monochrometer reference spectrofluorometer for
high accuracy total radiance factor measurement, National Research Council, Applied Optics, Vol. 36,

No 4, 1 February 1997

14 Lucideon Limited, Queens Road, Penkhull, Stoke-on-Trent, Staffordshire ST4 7LQ, UK

15 Donaldson R. (1954). Spectrophotometry of fluorescent pigments. British Journal of Applied Physics,

5(6), 210.
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Table I- Illustrative Donaldson Matrix

Illustrative Donaldson Matrix

EXCITATION

380 385 390 395 400 405 a10 415 420
380 1.03E-03 0.00E+00 4.84E-04 7.87E-05 5.14E-04 1.02E-03 1.58E-04 4.9SE-04 5.08E-04
385 0.00E+00 1.29E-03 2.88E-04 0.00E+00 2.16E-04 267E-04 3.18E-04 2.60E-04 2.37E-04
390 2.56E-04 1.39E-04 1.47E-03 2.01E-04 2.30E-04 3.10E ANTI-STOKES LAND )4 1.46E-04
395 1.30E-04 2.84E-04 9.83E-05 1.72E-03 2.85E-05 1.34E-ua z.obE-usa 2z.9ge-U4 2.09E-04
400 0.00E+00 7.16E-05 5.91E-04 5.05E-04 5.02E-03 3.65E-05 1.92E-04 4.87E-05 T7.T1E-05
405 0.00E+00 1 " ~~°" ~"—— =" ““"7.03 1.82E-03 1.97E-02 0.00E+00 0.00E+00 5.06E-05
410 0.00E+00 2 e -04 3.41E-03 3.38E-03 2.71E-02 0.00E+00 0.00E+00
415 2.45E-04 1.17E-04 1.09E-04 1.46E-04 4.89E-04 3.08E-03 3.43E-03 2.39E-02 0.00E+00
420 7.73E-05 1.32E-04 5.31E-05 0.00E+00 8.62E-05 4.20E-05 2.17E-03 1.93E-03 1.77E-02

425 7.95E-05 6.58E-05 5.65E-05 0.00E+00 0.00E+00 0.00E+00 1.10E-04 1.32E-03 1.30E-03 ...

Estimating the bi-spectral Donaldson matrix provides the spectral characterization data of
fluorescent objects. The Donaldson matrix represents the spectral radiance factor that consists
of the sum of two components: a reflectance factor and a luminescence radiance factor. The
luminescent radiance & luminescence is separable into the emission and excitation wavelength
components; hence a complete understanding of the phenomenon of fluorescence can be assigned
to the specimen being characterized. In the Donaldson Matrix, the diagonal is the reflected
component, and the data below the diagonal is the fluorescent component.

Measuring highly fluorescent specimens, as shown in Figure 2, used in safety applications, we
achieved the following results, as shown in Table 2.

Figure 7 Fluorescent Standards

We favorably compare our values to those reported by the National Physics laboratory, NPL and
the “Gold Standard” in the industry, a Model BFC- 450, produced by Labsphere!®.

This separation of the luminescence radiance factor from the spectral reflectance factor allows
investigations to occur that describe the color appearance of the specimen under different
illuminants. One can discern the effect of illumination by LEDs, horizon light, another
illuminant, or any source of illumination where the spectral power distribution is known, LEDs.
Understanding the product’s color appearance in different lighting conditions is invaluable for
product designers. The success or failure of a product can be determined by understanding the
product’s color appearance.

16 Labsphere, Inc., 231 Shaker St., North Sutton, NH 03260, (603) 927-4266,

https://www.labsphere.com/
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Table 2 Data Fluorescent Standards

Flo -Yellow-Green

Sensor Yr Yt Yf Yf/Yt | Max %R |k nm at Max
BFC-450 Report 3M 2deg 58.13 113.58 55.46 49%
HL Solve Donaldson 5nm D65/2 58.13 106.29 48.16 45% 156.8 540
HL Solve Donaldson 10nm D65/2 | 58.05 106.33 48.28 45% 157.3 540
P 76.56 | 136.44 | 59.80 | 44% 200.2 540
Flo -Yellow
Sensor ¥r Yt Yf Yf/¥t | Max %R [A nm at Max
BFC-450 Report 3M 2deg 31.01 76.79 45.78 60%
HL Solve Donaldson Snm D65/2 31.01 62.44 38.43 55% 166.7 580
HL Solve Donaldson 10nm D65/2 | 30.85 69.36 38.51 56% 168.3 580
Spectrofluorometer D65/2 42.82 | 8022 | 37.40 | 47% 169.5 580

Sensor Yr ¥t Yf YE/Yt Max %R |A nm at Max
BFC-450 Report 3M 2deg 13.92 33.63 19.72 59%
HL Solve Donaldson Snm D65/2 13.92 29.24 15.32 52% 113.4 620
HL Solve Donaldson 10nm DB5/2 13.85 29.15 15.30 52% 113.8 610
T ——_—— 19.82 | 3277 | 12.85 40% 129.0 630
DISCUSSION

We observe that some CERAM-colored standards are fluorescent. We are confirming the work
of Koo', et.al. and concluding that more work is required to fully understand the implication of
fluorescence in color instrument standardization, color measurement, and assessment.

CONCLUSIONS

We discovered that a new, novel, high-accuracy spectrofluorometer can be used to measure and
characterize industrial specimens' fluorescent components and the spectral reflectance factor of
the specimen. The spectral range of characterization is 380 to 700 nm. The illumination LEDs
are deployed to produce a close match, a B rating, to CIE Illuminant D65 in the sample plane and
provide the spectral selectivity in concert with a classical monochrometer to create an effective
two-monochrometer system using 45° circumferential detection and normal illumination
conditions. This design follows recommendations in ASTM & CIE colorimetric standards.

Designers are always looking for notable effects to increase sales, and manufacturers are looking
for ways to characterize optical properties, thereby reducing the cost of goods sold, COGS. This
product offering is unique in the color appearance market and offers colorists and stylists valuable
information not previously or currently available.

7Koo, A., Fluorescence of ceramic color standards, https://doi.org/10.1364/A0.49.002376

7
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ABSTRACT

High dynamic range (HDR) could enhance the contrast and gradation of the image, and it is
recommended to be watched in darkrooms for the best viewing experience. However, the
practical lighting conditions are much more diverse, making the images displayed under a high
illumination level appear dull and washed out. In this work, we propose a method to enhance the
display quality for HDR contents under ambient lighting. Specifically, the perceptual luminance
is first quantified based on the contrast sensitivity of the human visual system (HVS). Then, the
luminance mapping operator is constructed by treating the target as a transcoding problem
between the quantified luminance and the HDR display model. Finally, the mapping operator is
implemented to the luma channel of the image in Y’Cg’Cr’ format, and the chromatic
components are scaled accordingly. The results of psychophysical experiment indicate that the
proposed method could significantly improve the image quality under different ambient lighting
levels.

Keywords: Display enhancement, HDR contents, ambient lighting

INTRODUCTION

By enriching the shadow and highlight details, high dynamic range (HDR) could enhance the
image, delivering a more vivid visual experience to users than standard dynamic range (SDR)
system. In order to attain the best image quality, the recommended surround luminance for
viewing HDR contents is below 5 cd/m? [1]. However, the practical ambient illumination is
much more diverse, including dim living rooms, bright offices, outdoor environments, and etc.,
resulting in the loss of image details and contrast. Due to the absolute luminance mapping
characteristics of the perceptual quantization (PQ) curve [2], increasing the peak luminance of
the display would not improve the overall brightness perception of the HDR images. Therefore,
the pixel-level enhancement methods are required. In recent years, both Dolby laboratories and
Samsung have separately introduced specialized solutions based on their respective standards [3],
yet they are unable to encompass the dynamic range requirements for mobile display usage
scenarios.

In this work, we propose a display enhancement method to offer “viewing consistency”
across various ambient illuminations for HDR images. The proposed method is image contents
independent, considering both the display characteristics and the perception of the human visual
system (HVS).

METHODOLOGY

As one of the standard electro-optical transfer function (EOTF) of HDR, the PQ curve is obtained
by integrating minimum detectable contrast from Barten’s contrast sensitivity function (CSF) [4].
However, the luminance of the experimental data in Barten’s model is lower than 500 cd/m?, and
it also does not account for the influence of the lighting environment. In light of this, the proposed
method could be divided into two stages, i.e., surround-aware perceptual quantization and

luminance mapping.
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Surround-aware Perceptual Quantization Recently, a surround-aware CSF was modified
on a state-of-the-art HDR display with the peak luminance over 4000 cd/m? [5], which was
derived based on Barten’s model as:

S(L,u,LS)zR(L*;a,b(u),c(u))-SB (L,u) (1)

where L'=L,/L and L, is the adapted luminance. The function R is the relative sensitivity and Sp
represents Barten’s model. The details of Eq. (1) could be found in [5]. Therefore, the minimum
detectable contrast for each luminance L could be calculated as:

1 2
C(LL)=——x—r 2
(L) =5 (L) 127 @

max

where Syax(L, Ls) 1s the peak sensitivity to luminance L. The constant 2 is used for the conversion
from modulation to contrast, and 1/1.27 is used for the conversion from sinusoidal to rectangular
waves. In addition to the adaptation of the HVS, the reflected luminance on the screen would
also affect the image quality under ambient lighting. Therefore, the total luminance of an HDR
display under ambient illumination E,.» can be represented as:

L

‘total

(Y., ) =L, (Y)+ L, (Epy ) =PQ(Y)+L, +§Eamb 3)

where Y is the pixel value, Lz is the black level, L, is the reflected luminance, and r is the
reflectivity of the display. According to Egs. (1) and (2), we set the minimum detectable contrast
as the contrast between each pair of consecutive codes of the display, thereby quantifying the
perceptual luminance as:

L

B

L,(Y)= Ld(Y_l)1+1.27-S

Y =0
(Li L)

1oL 4)

max

r
-—FK Y>land L, (Y)< L
1-1.27-8S (L'—I’Ly) PR an d() w

max i

A functional form of PQ could be adopted to fit the iterative luminance from Eq. (4) for
further image enhancement, which we refer to as surround-aware perceptual quantization (SA-
PQ) curve.

Luminance mapping The construction of the mapping operator is regarded as a transcoding
problem, which aims to produce the identical image appearance as that from the ideal signal of
SA-PQ when the transcoded signal is reproduced on the HDR display in a bright environment.

Figure 1 illustrates the concept of transcoding from the SA-PQ to the PQ curve, in which
V.ip 1s the pixel value of the display’s peak luminance, V and V' are the normalized PQ encoding
values before and after transcoding, and Lpo and Lsa-pq are their corresponding display
luminance, respectively. Therefore, the luminance mapping operator can be modeled as:

PQ'| SA-PQ Yl os<y< Vet
V’ = I/L‘Iip (5)
14 V. <V<1

clip
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Figure 1. The schematic of transcoding from SA-PQ to PQ

In order to balance the efficiency and performance of the proposed method, the luminance
mapping operator is implemented to the luma channel of the Y’Cg’Cr’ color space, and the
chromatic component is scaled according to the enhanced luminance as:

c;=c(%) ©

where Y’ and Y, are luma channels before and after the enhancement, respectively, C” and C,;’
are the scaled chromatic values, and s is a constant, which is set to 0.4 in this study.

EXPERIMENTAL RESULTS

A series of visual evaluations were conducted to compare the performance of our method with
the other two ones, namely Song et al.’s [6], and Borer et al.’s [7]. A panel of 11 participants (5
females and 6 males) participated in the psychophysical experiment, and they were all confirmed
to have normal color vision. A smartphone of iphonel3 was employed as the test device, with a
peak luminance of 825 cd/m? and a display surface reflectance of approximately 4.6%. The
experiment was conducted in three lighting conditions, i.e., 500 Ix, 5000 Ix, and 10000 Ix,
simulating the environments of a bright office, shadows in a cloudy day, and an overcast day,
respectively. The psychophysical technique of categorical judgement was adopted, and the
observers were asked to give their judgments on the overall quality of the test images and their
enhanced results by 3 different methods. A total of 8 HDR video frames [8] were selected as the
test images, so we obtained 1056 classification levels, i.e., 11 observers x 8 test images X (1
original version + 3 enhanced results) x 3 lighting levels. These raw visual data were further
converted to interval scales as shown in Figure 2, together with Figure 3 presenting some
enhanced results, indicating that our method obtained the best performance among the tested
methods.

3 500 Ix 3 5000 Ix . 3 ; 10000 Ix
25| 25 1 1 25 <
g 2f { g 2 1 g 2| gk |
E = 8 ' E
21 5 @1 5 ® 1.5
3 © «®
o 53 o
w1 o 1 @ 1
0.5 05+ 0.5 1
VA ____ .. ol e 5 & nll o — Sy o I
original proposed Song original proposed  Song Borer original proposed  Song Borer

Figure 2. The scale values of different methods in the test lighting environments
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Song etal. Boreretal. Proposed

Figure 3. The original images and the enhanced results by different methods under three
ambient illumination levels. From top to bottom rows: 500 Ix, 5000 Ix, and 10000 Ix

The runtime of the proposed method was also tested, which took approximately 0.032 s to
enhance a 2K HDR image on a PC with Intel(R) Core (TM) i5-3470 CPU @ 3.20GHz. This
means that the processing speed of our method could easily exceed 30 fps, implying its potential
for real-time applications.

CONCLUSION

In this work, we propose a method to enhance the displayed HDR images under ambient lighting,
considering the display characteristics as well as the perceptual luminance of the HVS. The
experimental results demonstrate that the proposed method outperforms the existing algorithms
and could significantly improve the perceptual quality of HDR images in the bright environment.
The proposed method is image contents independent and requires a short time consumption, so
it has the potential to be implemented for the video applications.
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ABSTRACT

An ill-posed problem of estimating spectral transmittance of a translucent scattering—material
from known spectral reflectance and an average opacity was solved in the current study. Plenty
of methods are available to reconstruct spectral curve of reflectance or transmittance from a given
colorimetric measurement. Hitherto, no study is known to the authors that recovers transmittance
spectrum from a value of opacity and known reflectance. Even though spectral reflectance is
known or can be accurately recovered from colorimetric values, estimating transmittance curve
from a given value of opacity (average—transmittance) is an ill-posed problem. The problem was
solved using Kubelka—Munk model. The prediction model was tested using a large dataset
consisting of over 100,000 plastic samples measured in Reflection/Transmission mode using a
sphere—based benchtop spectrophotometer. The estimated transmittance curves were compared
with the measured ones in terms of average—transmittance difference, root mean square error
(RMSE), and color difference (in units of the CIEDE2000). The difference of the average—
transmittance was kept at zero. Results showed that the predicted transmittance curves fall in the
acceptable range of error as the plastic samples are mostly viewed in the direction of the incident
light flux and not from the transmission side.

Keywords: Transmittance, Reflectance, Translucent Media, Spectral Recovery, [ll-posed Problem

INTRODUCTION

To accurately reproduce color appearance of translucent media, two measurements either
reflectance—over—light & reflectance—over—dark or reflectance (over—light) & transmittance are
required. In most of the practical scenarios (outside of laboratory), to reproduce a color sample,
we are given either trichromatic colorimetric values or spectral curve measured from the
reflection side and an opacity value (e.g., average—transmittance, contrast-ratio or hiding—
power). Spectral measurements are crucial in surface color industry to avoid metameric matches
of the colors being formulated as they are independent of the illumination and observer/camera
responses. Transmittance curve is important to have in some applications e.g., spectral color
matching, [1] scene rendering, [2] agriculture, [3] medical, [4] color appearance, [5] etc.

Different spectral reconstruction methods are used to obtain spectral information when only
colorimetric information of the sample colors is given [6]. The problem of spectral reflectance
reconstruction from colorimetric/camera measurements has been intensively studied over the
past few decades [6—12]. Comparatively, reconstruction of transmittance has been little
researched as it is required in fewer applications [13—15]. Bell and Baranoski [13] used a novel
piecewise PCA approach (PPCA) to reconstruct reflectance and transmittance curves for
herbaceous and woody specimens aiming at a root mean square error lower than 1%. Aghanouri
et al., [14] reconstructed spectral transmission from the RGB color values of colored solutions
captured using a digital camera. They assembled a capturing box and gathered a spectral data set
from colored solutions and employed principal component analysis (PCA), pseudoinverse, and

131



AIC2023 — 15" Congress of the International Colour Association November 28 - December 2, 2023

matrix R methods to reconstruct the spectral transmission of clear solutions from their RGB data.
They found that matrix R method gave the best performance. Such methods reconstruct spectral
transmittance curves from measured colorimetric values. Moreover, the accuracy of the spectral
curves reconstructed by means of above approaches, especially the kinds of training—based
estimation approaches, highly depends on the amount, coverage of the gamut, and
representativeness of valid samples in the training dataset. Generally, a larger sample set would
help to improve the reflectance estimation accuracy. Whereas an analytical approach for
reconstruction of spectral transmittance for translucent scattering—media from a single value of
opacity (defined as average—transmittance in the current study) along with the reflectance
spectra, used in the current study, is hitherto undiscovered as per author’s knowledge.

An analytical model derived based on Kubelka—Munk theory is proposed in this study [16].
Kubelka and Munk derived relations for reflectance and transmittance as [16]:

_1-Ryg (a—b(ctgh(bsx)))

Rien = a+b(ctgh(bSX))-Ry (1)

and

Tim = : (2
KM a(sinh (bSX))+b(cosh(bSX)) )

respectively, where Rk, Txu, Ry, X'and S are KM reflectance (the reflectance of a specimen

of thickness X'mm placed over a backing of reflectance R,) and KM transmittance, reflectance
of the backing, thickness of the specimen in mm and scattering coefficient per mm, respectively.
And a and b, respectively, can be written as follows:

ez 1m.) o
and
b= n), ®

where R, represents the reflectance of the specimen at a thickness approaching infinity.

The rest of the paper is organized as follows. Test dataset is introduced in the next section,
followed by the method implemented to reconstruct spectral transmittance. Results are then
discussed, and conclusions are drawn in the final section.

Test Dataset

Measured reflectance and transmittance curves of more than 100,000 plastic samples historically
produced at Avient Corporation were used as test dataset. The test samples were measured in
Reflection/Transmission mode using a sphere—based bench—top spectrophotometer (Instrument:
DataColor 850). Reflectance was measured using diffuse: eight—degree geometry, specular
component included (&Z: 8°) and UV (Mo mode) included [17]. Transmittance was measured
using diffuse/normal geometry, regular component included (&7 0°) [17]. The measurements
covered the spectral range between 400 nm to 700 nm with 10 nm intervals. The CIE L*a*b*
values for all the test samples are plotted for reflectance and transmittance as shown in Figure 1.
As a few examples, reflectance and transmittance curves of a few typical plastic samples are
shown in Figure 2. Note that reflectance and transmittance of a given sample can sum to a value
greater than 1.0 (see Cyan (dotted) curve at 650 nm in Figure 2) at a given wavelength due to the
way they are measured. The sum of reflectance and transmittance at a given wavelength (1) can
g0 up to Rg;+0.923, where R, is the reflectance of the light background used to measure
reflectance of the specimen at wavelength A and 0.923 is the theoretical maximum transmittance
for a media with refractive index of 1.5 [1].
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Figure 1. Color distributions of the test samples in the CIE a*b* chromaticity
coordinates computed from: (left) reflectance, and (right) transmittance.
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Figure 2. Some typical measured spectral curves from the test set: (left)
measured reflectance, and (right) measured transmittance.

METHODOLOGY

The Kubelk—Munk (KM) reflectance (Rxas) can be computed from measured reflectance (R,,)
using famous Saunderson’s correction [18]:

_ Rm-11
Rien = s rny ®
where 77 and 7 are the fraction of the incident light which is reflected from the front surface of
the sample, and the fraction of the light incident upon the surface of the sample from the inside,
which is reflected, respectively. Eq. (5) was also used to apply surface correction on the measured
reflectance of the background. Kubelka, [16] derived a list of practical formulas from Eqgs. (1)
and (2) where transmittance (Tkwm) can also be written as:

Tgm = \[(RKM + Ry) (é + R0>; (6)

where Ry is reflectance of the specimen over a dark background with zero reflectance. Now if we
assume specimen with zero scattering, Ry approaches zero and Eq. (6) reduces to:

R
TKM = ::lf (7)

Though the assumption of zero scattering is not practically true in the current application, it helps
to simplify the problem, and a curve for KM transmittance can be obtained. Now, using
refractive—index correction, external transmittance can be written as [18]:

_ (A-r)A-12)Tky
Text - 1—r%T%(M ’ (8)

The reconstructed transmittance curve (7,..) can then be obtained by scaling transmittance
computed in Eq. (8) in a way that average—transmittance equals the desired opacity (7%.,).

&
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TEX
Trec =T — (9)

Y mean(Text)

In case, measured spectral reflectance is not given but measured colorimetric values of the color
are given, spectral reflectance can be reconstructed using any suitable method for reflectance
reconstruction [6—12], and then above method can be used to estimate spectral transmittance.

Surface reflectance (r;) was set to 0.04 assuming average refractive index (n) of 1.5 for plastic
materials [19]. Coefficient of internal reflection (>) would be same as 7; in case of a transparent
(zero optical thickness i.e., d(us+u.) where d is thickness, u; is scattering coefficient and u. is
absorption coefficient [20]) media, and otherwise it would be a function of optical thickness
(d(ustuq)) as found by Gautheron et al., [20]. Since we didn’t have access to the optical thickness
in the current scenario, we derived an expression for 7, being a linear function of the opacity (i.e.,
average—transmittance) so that it attains a value between 0.04 (in the case of purely transparent
media and totally collimated incident flux) and 0.6 (theoretical value for a perfectly diffused
media [21]). Allen [18] proposed that a more practical value for the upper limit of > would be
0.4 (instead of 0.6) that was also considered as a case in the current study. The currently driven
relationship between 7, and opacity value assumes that when the specimen is fully opaque it acts
as a perfectly diffused media.

RESULT AND DISCUSSION

Measured and reconstructed spectral transmittance curves were compared in terms of Root Mean
Square Error (RMSE) and the CIEDE2000 color difference under three different illuminants (the
CIE standard illuminant D65, the CIE standard illuminant A, and the CIE illuminant F11)
[17,22]. Note that before computing RMSE, measured and reconstructed spectra were multiplied
by sum of the CIE 1931 color matching functions. Numerical values of the median, mean, and
95" percentile of RMSE and the CIEDE2000 are listed in Table 1. Around 30% test samples
were opaque (i.e., average—transmittance <= 10%) and other 70% translucent (i.e., average—
transmittance from 10% to 80%). Results showed that average error values in terms of both
RMSE and the CIEDE2000 are relatively smaller by a factor of four for opaque samples
compared to translucent ones. Note that when a practical value (40%) of the coefficient if internal
reflection was considered instead of the theoretical value of ~60%, the prediction error improved
in both units of the CIEDE2000 and RMSE (see Table 1). The mean results in units of the
CIEDE2000 and RMSE remained below 5.0 and 1%, respectively, when > = 0.4-0.39*Opacity.
Results also showed that 95% of the test samples give RMSE of less than 3% that falls within
the threshold of acceptability in many applications of transmissions spectral especially when the
specimen is being viewed from the reflection side only. Results were slightly worse when r; =
0.6-0.6067*0Opacity. These results are acceptable in the plastics industry as the plastic samples
are generally viewed from reflection side. More importantly the difference of average—
transmission remained zero that may be crucial in some plastics applications where transmission
of light through the material is a concern e.g., food packaging, chemical packaging, medical
usage, etc.

The variation in the color difference under the three selected illuminants is within the threshold
of £0.1 that means the current model’s performance does not vary much with the change of
illumination. The equation > = 0.4-0.39*Opacity is recommended to be used as it represents a
more practical solution [18].

Authors did not find any previously reported research results for the same problem to compare
with. Under given conditions, current results can be acceptable for some applications as the
average—transmittance of the measured and reconstructed spectral transmittance are exactly same
though there is some different in the spectral shape mainly caused due to the assumptions made.
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Table 1: Transmittance prediction results

7 Metric Median Mean 95 Percentile
0.6-0.6067*Opacity | DEw(D65) | 4.04 4.94 13.36

DEoo (A) 3.89 4.89 14.33

DEw (F11) | 3.83 5.12 14.56

RMSE (%) | 0.57 0.92 3.02
0.4-0.39*Opacity DEw (D65) | 3.83 478 13.19

DEuo (A) 3.69 476 14.16

DEw(F11) | 3.64 498 14.44

RMSE (%) 0.56 0.86 2.66

CONCLUSION

An analytical method is proposed to determine spectral transmittance of translucent scattering—
media from minimal known information regarding transmission (i.e., average—transmittance) and
for a known reflectance curve of the specimen. Kubelka—Munk model was used with some
assumptions to reconstruct spectral transmittance with average value exactly matched to the
given opacity value and spectral curve plausibly close to the measured curve. Data based on
above 100,000 real plastic samples were used to test the method. The results showed that the
spectral transmittance determined with the current method has median and mean color difference
4.0 and 5.0, respectively, in units of the CIEDE2000 under three different illuminants, and mean
RMSE less than 1%. With these results, the current method can be useful for many applications
e.g., plastics, paper etc.
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ABSTRACT

HDR imaging technology has received great attention recently. Most of the mobile imaging
devices include the HDR function with an aim to achieve successful colour reproduction. The
present work is designed to conduct psychophysical experiment using images and the results
were used to test the effectiveness of these functions. In the present work, the data were used to
evaluate colour appearance model, CIECAMI6, the latest CIE colour appearance model
recommended by CIE. CAM16-UCS is an extension of CIECAMI16 and is one of the most
uniform colour spaces reported. CAM16-UCS was used here to present experimental data due to
its uniformity and capability of predicting corresponding colors in different viewing conditions.
Firstly, different oil paintings in the light box (six different illumination levels from 15 lux to
32000 lux) were captured by a camera. The images obtained were input into the CAM16-UCS
model with different parameters to obtain the corresponding color data on the display. The results
showed small difference between the images under different illuminations, but differences from
the real environment were significant, mainly reflected in the brightness and saturation of the
images. Subsequently, ten observers took part in an experiment to adjust the overall lightness (J')
and colorfulness (M') of the image in the J'M' space to match the real scene. The results showed
that in low illuminance environments, the visual results indicate a great reduction of J' and M' to
achieve a higher level of restoration on the display and in the light box. In contrast, in high
illuminance environments, the display could not achieve the corresponding brightness level.
Observers’ results showed that J' and M' needed to be raised to achieve color match while
avoiding overexposure distortion. This phenomenon also indicated that as illumination increased,
both colorfulness contrast and brightness contrast increased. The colorfulness and brightness of
the color stimulus obviously changed with the change of the adapting illuminance of an
illuminant, which were known as Hunt effect and Stevens effect. These two effects jointly affect
color appearance, and with increasing illumination, color shifts are reflected in the direction of
vividness. Therefore, this study derived new formulas from J' and M' to the original CAM16-
UCS model to correct its application in image restoration. In the validation experiment, new 6
illuminations and 5 images were used to test the effectiveness of the new formulas. The CAM16-
UCS original model and the modified CAM16-UCS model generated 30 scene images each.
Observers rated the image restoration on a scale of -3 to 3, where -3 represented "very dissimilar"
and 3 represented "very similar". The experimental results were converted into Z-scores. At six
different luminance levels, the new model performed better than the original model by a factor
about 71%. The results showed that the modified CAM16-UCS model had better performance in
image scene reproduction.

Keywords: Color appearance model, CAM16-UCS, HDR viewing condition

INTRODUCTION

High Dynamic Range (HDR) imaging technology has recently gained widespread attention,
particularly with the integration of HDR functions into mobile imaging devices. This
technological advancement aims to achieve more accurate color reproduction in images.
Therefore, it is necessary to obtain a good color appearance model for high dynamic scenes, such
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as the CIECAMI16, which is the latest CIE colour appearance model recommended by CIE [1].
CAM16-UCS [2] is the uniform color space of CIECAM16 to predict accurate color differences.
Its output attributes are lightness (J’), colorfulness (M”) and hue angle (h), which were the
modifications of CIECAM16 J and M. Note J’, M’ and h were the best combination of attributes
to give most accurate color difference predictions [3]. In our previous work [4], we collected the
corresponding color data set of color blocks in a high dynamic observation environment, and
focused on testing the accuracy of color appearance restoration in the CAM16-UCS space. In
present study, in order to test the effect of CAM16-UCS on color reproduction of images, a
psychophysical experiment using images was conducted to evaluate the effectiveness of the
CAM16-UCS model in HDR viewing condition.

METHODOLOGY

In this study, camera-captured images were used to assess CAM16-UCS model, following this
methodology: a) Various oil paintings were placed in a lightbox, and the camera photographed
them under different illumination conditions, specifically, at six different illuminance levels: 15,
100, 1,000, 3160, 10000, and 32000 Ix. b) Then a polynomial camera characterization model [5]
was applied to convert the captured RGB data into XYZr values (where 'r' represents the real
scene). ¢) The obtained XYZr values, along with environmental parameters, were input into
CAM16-UCS model, resulting in the generation of XY Zd values (where 'd' represents the display)
based on display condition parameters. d) By employing a Gain-Offset-Gamma (GOG) display
model [6], the XYZd values were transformed into the RGB color space and rendered on the
display. This allowed for the observation and comparison of the similarity between the displayed
image and the real scene. The specific process flow is showed in Figure 1.
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Figure 1. Imaging Processing Flow Chart

The results of image processing are shown in Figure 2, with an example presented herein.
The six images illustrate the outcome generated under varying illuminance conditions, following
the image processing methodology described earlier. First and foremost, besides the difference
in colorfulness, discerning variations in the image under different illumination levels proves to
be quite challenging. Nevertheless, upon comparing these results with the actual scene, it
becomes apparent that they do not meet the desired level of fidelity. Therefore, a psychophysical
experiment was conducted within a high-dynamic observation environment created using three
light boxes. The primary objective was to rectify the outcomes obtained from CAM16-UCS
concerning the image and to identify the trends in lightness and colorfulness changes.

To establish a high dynamic range environment, three illumination boxes (IBs) were utilized
specifically, IB1, IB2, and IB3. Positioned at the center-top, IB1 boasted an adjustable luminance
range spanning from 15 to 200,000 Ix. Meanwhile, IB2 and IB3 were situated at the bottom-left
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and bottom-right positions, respectively, with fixed illuminances set at 10 Ix and 200,000 Ix.
During the experiment, paintings were placed within IB1, while two X-Rite Macbeth Color
Checker Charts (MCCC) were positioned in IB2 and IB3, so that observers did observe colors
on the both charts, resulting a high-dynamic range environment.

1000k

24

i
!

3160Ix 10000k 320000

Figure 2. Groups of images generated in different illuminance

The display used to match was an Apple Pro Display XDR display with 2560x1440 pixels,
which was set to a peak luminance of 550 cd/m2. The display was characterized using a Gain-
Offset-Gamma (GOG) model. By using 24 colors form X-Rite Macbeth ColorChecker Chart
(MCCQ) to test the GOG model, the mean accuracy was 0.63 AE,;, (SD = 0.52).

Ten observers participated in the experiment, with 5 females and 5 males, aged between 22
and 29 years, averaging 24.7 years (standard deviation is 2.1). Each observer in the experiment
passed the Ishihara color vision test.

Figure 3. Three paintings selected for the experiment

Three images were selected as shown in Figure 3. Each image generated six images under
different illuminations through the CAM16-UCS model as the initial point of adjustment, i.e.,
the 6 images in Figure 2.

Figure 4. colour image experiment environment

The experiment was conducted in a dark room. The overall environment of the experiment
was shown in Figure 4. The observer adjusted the overall brightness and saturation of the image
to match the painting in the real scene. In the experiment, the RGB value of the image was first
converted into XYZ value through the camera model, and then entered the CAM16-UCS model
to obtain the J'M'h' value, and all J' and M' were multiplied by the coefficients FJ” and FM’ to

&
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change the lightness and colorfulness of the image. The observer adjusted the size of FJ* and FM’
through the keyboard, and the initial value of FJ and FC is 1.00. The adjustment process involves
modifying factors to align the display image with the real scene, and this adjustment is
categorized into coarse and fine adjustments. The experimental results were used to build an
image-specific model.

RESULT AND DISCUSSION

Improve CAM16-UCS model

Table 1 shows the results of parameters FJ* and FM’. The results of 10 observers were very close,
which was reflected in the low standard deviation. In addition to this, images need to greatly
adjust its lightness and colorfulness to match the real environment, especially in low luminance
conditions. Since the maximum brightness of the display is only 550 cd/m* which cannot be
numerically close to the actual environment, the adjustment coefficients FJ’ and FM’ will not
increase all the time.

Table 1: The results of Colour Imaging Experiment, the mean and standard deviation

for FJ’ and FM’ factors under different illuminations

[llumination (Ix) 15 100 1000 3160 10000 32000

P Avg 0.05 0.27 0.92 1.10 1.16 1.10
Std 0.01 0.04 0.07 0.08 0.02 0.06

M Avg 0.39 0.78 1.03 1.08 1.05 0.99
Std 0.04 0.06 0.06 0.05 0.08 0.05

Obviously, FJ’ and FM’ are related to the ambient luminance. At the same time, the
matching experiments were only performed on XDR monitors, and the maximum brightness of
different monitors were different. The final model should be able to reflect the difference of the
display. So, a parameter p was set, its value is the ratio of the display background brightness to
the adaptation field brightness, as shown in the Eq. (1). Take the logarithm of p to fit FJ and FM
respectively, and obtain the Eq. (2)(3).

_ Ldisplay
B Ladapting (1)
’ 1
F] =alx a2+e—a3xlog1o(p)+a4 + as (2)
While al = 0.97,a2 = 0.86,a3 = —2.68,a4 = —2.35,a5 = 0.02;
FM' = b1x : + b5 3)

b2+e—b3xlog1o(p)+b4

While b1 = 1.45,b2 = 2.20,b3 = —5.27,b4 = —6.51,b5 = 0.38.

a (72

1000Ix

3160 10000x 32000
Figure 5. The processed images via the CAM16-UCS-image model at 6 illumination levels
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Figure 5 shows the images generated by the improved CAM16-UCS model under various
illumination levels, using the same example as depicted in Figure 2. These images more
effectively capture the distinctions between different illuminance conditions and closely
approximate the appearance of paintings within real scenes, particularly at illuminance levels of
15 Ix and 100 Ix.

Image Verification Experiment

To assess the image restoration capabilities of the CAM16-UCS image model across various
content types and different lighting conditions, we conducted a verification experiment involving
five scenes and six illumination levels (Figure 6). Both the original and improved CAM16-UCS
models were used to create a total of 60 images. Notably, the illumination levels for IB1 differed
from those used in the color patch experiment. For this verification experiment, we selected
illuminance levels of 15, 34, 100, 316, 10,000, and 32,000 lux. We chose these levels because at
the intermediate illumination level, the image closely resembled the real scene, with differences
primarily noticeable in low and high illumination conditions. Therefore, we included two low
illumination levels for assessment. Ten observers, including 5 females and 5 males, participated
in the verification experiment. The display presented the images generated by the two models for
the current scene in a random order. Observers provided scores ranging from -3 to 3 based on the
degree of match between the real scene and the display screen, with higher scores indicating
better alignment and a score of 3 indicating almost perfect agreement.

R i
(LTI | nmnmn

B B

Figure 6. 5 scenes and 6 illumination selected for the verification experiment (these
images were generated by the improved CAM16-UCS model)

The results for Image Verification Experiment

First, negative scores were added by 4, while positive scores were added by 3. Consequently,
the original scale of -3 to 3 was transformed into a range of 1 to 6. The Standardized Residual
Sum of Squares (STRESS) was employed to assess variations among both intra-observer and
inter-observer measurements. The value of STRESS is ranged from 0 to 100, zero means perfect
agreement and higher STRESS value indicates a larger dispersion. The results showed that the
intra-observer variations ranged from 21.34% to 41.79% (mean=30, SD=7) and inter-observer
variations ranged from 21.49% to 32.91% (mean=28, SD=4).

Table 2 shows the mean scores of the two models under different illumination levels. It is
evident that the enhanced CAM16-UCS model significantly outperforms the original CAM16-
UCS model. Furthermore, it can be observed that under an illumination level of 316 Ix, the
average score of the image model reached 4.96, suggesting that the improved CAM16-UCS
model exhibited superior performance under moderate illumination conditions. However, under
an illumination level of 32000 Ix, the average score of the improved CAM16-UCS model was
only 4.02. In this scenario, the display brightness is notably lower than that of the real scene,
which objectively leads to an inability to achieve a high level of matching. These results
effectively reflect this situation. The validation experimental findings indicate that the CAM16-
UCS image model exhibits a greater enhancement in image restoration compared to the original

CAM16-UCS model.
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Table 2: The mean z-score of the three models under different illumination levels
[llumination (1x) 15 34 100 316 10000 | 32000 | Mean
Original Model 1.60 1.88 2.08 3.04 3.82 3.36 2.63
Improved Model 4.52 4.66 4.32 4.96 4.54 4.02 4.50

CONCLUSION

The primary objective of this research was to conduct a psychophysical experiment using images
to assess the efficacy of CAM16-UCS in image restoration under HDR viewing condition. The
research involved capturing images of different oil paintings under six different illumination
levels ranging from 15 lux to 32,000 lux. These images were then processed using the CAM16-
UCS model with varying parameters to obtain color data for display. The findings revealed minor
differences between images under different illuminations, but significant disparities compared to
the real environment, primarily in terms of lightness and colorfulness. Subsequently, a
psychophysical experiment engaged ten observers to adjust the overall lightness (J') and
colorfulness (M') of the images in the J'M' space (CAM16-UCS) to match the real scene. The
results indicated that in low illuminance environments, significant reductions in J' and M' were
required to achieve faithful reproduction on the display. Conversely, in high illuminance
conditions, the display fell short of reaching the corresponding brightness level, necessitating
increases in J' and M' to achieve color accuracy while avoiding overexposure distortion.
Consequently, new formulas were derived from J' and M' to enhance the original CAM16-UCS
model's performance in image restoration. In the validation experiment, the improved CAM16-
UCS model outperformed the original model by approximately 71% across six different
luminance levels, showcasing superior image scene reproduction capabilities. Overall, this
research highlights the importance of modifying color appearance models such as CAM16-UCS
to adapt different lighting conditions, which contributing to more accurate and effective image
restoration in various real-world scenarios.
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ABSTRACT

It is well-known that the perception of a color is impacted by its surround. However, the color
quality control of multicolored materials is often conducted by evaluating each of the colors
separately and in isolation, despite the fact that this may not correspond with the actual perception
of the overall pattern. The color quality evaluation of camouflage substrates is a prime example
of this type of evaluation and was the motivation behind this study. The initial focus of the work
was on the color quality assessment of a military camouflage pattern called MARPAT, which is
employed by the United States Marine Corps. This is a multicolored pattern composed of a range
of low chroma colors. The main goal of the study was to analyze the assessment results of each
of the MARPAT colors when surrounded by a simplified background composed of averaged
neighboring colors. A set of sample pairs consisting of two images was thus produced using the
center-background paradigm. The central squares of each pair were either the same color or had
a lightness difference of 0.5 or 1.0 unit against each other. Three kinds of backgrounds were
tested, including a checkerboard background consisting of the MARPAT colors, a single-color
background based on the spatial averaging of the colors of the checkerboard pattern, as well as a
gray background, which was used as reference. Monitor based psychophysical assessments were
conducted to test the influence of these backgrounds on the perceived color difference of the
central color pairs. Twenty color normal observers participated in this study. For all tested color
combinations observers noted a visual difference between central patches surrounded by a
checkerboard background or the associated color-averaged background. For identical central
patches the average visual difference was found to be from 0.2 to 1.2 DEgou..y for all
combinations. Results were significantly different from zero, which indicates a color-averaged
background does not replicate, nor should be considered equivalent to the visual processing of a
complex background. It was found that color combinations employed have a significant impact
on the perceived visual difference of the central stimuli, which may be due to differences in the
center-surround contrast. When the lightness contrast between the central color and the
background was approximately one, observers reported a larger difference between the central
colors surrounded by a checkerboard background compared to the color-averaged homogenous
background. Results have an impact on color quality control of multicolored stimuli and can be
utilized to model the effect of background on perceived color differences.

Keywords: Color perception, MARPAT camouflage pattern, multicolored stimuli, background.

INTRODUCTION

When assessing multicolored stimuli, the visual signal at each point, and the perception of the
color in the region of interest, is affected by the neighboring regions. This may alter the
appearance of the point of interest compared to its isolated form due to induced color shifts.
Instead of assessing colors one after another, the color difference of a pair of stimuli within a
complex scene may be assessed by incorporating the influence of the background. The so-called
"color in context" phenomenon has been extensively studied in psychophysics for decades and
observed in simple uniformly inducing backgrounds [1-3], as well as geometrically more

complex ones [4-6].
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The concept of “functionally equivalent surrounds” has been considered by several
researchers. Attempts have been made to use a simplified algorithm to determine the color
appearance of complex scenes. This typically includes the prediction of color appearance based
on the mean light reflected from the background [7-10]. Although an average background is
implied in many popular color models [11-15], it is debatable whether the effect of a complex
background on assessments can be accurately represented by an average homogenous
background. The fundamental aspects of color induction that take place when viewing complex
scenes remain unclear. Some studies support [4,16,17] while others refute [5,18-22] the use of a
uniform background in place of a complex background.

The focus of this study was the color quality assessment of a common military camouflage
pattern (MARPAT), which is a multicolored material containing a range of low chroma colors,
used by the United States Marine Corps. The hypothesis was that the perceived differences
between MARPAT colors on an average homogeneous background are different from those on
more complex backgrounds. Psychophysical experiments were thus designed and conducted to
test the above hypothesis.

METHODOLOGY

Preparation of samples

The stimuli consisted of a color square subtending a 2-degree field of view placed within a
checkerboard background composed of two MARPAT colors subtending a 10-degree field of
view. Other backgrounds of identical size were also tested: one was gray and the other was the
average of the colors of the checkerboard pattern (see figure 1). Three different checkerboard
patterns were examined, whereby the background mosaic of identical size was divided into
16x16, or 88, or 4x4 squares. Six color combinations were utilized. Three colors were selected
from the MARPAT pattern and the other three were higher chroma colors which were included
to expand the range of colors tested in the psychophysical experiment. The majority of the central
squares among the tested stimuli pairs were identical. However, to assess the observer’s ability
in estimating small color differences under complex surround conditions, a lightness difference
(AL") of either 0.5 or 1.0 unit was applied to several sample pairs which were also displayed on
different backgrounds for comparison. The central squares, containing the preset lightness
difference, were either connected on one side or had a distance from their centers subtending a
10-degree field of view size. Hence three categories of sample pairs with preset color differences
were tested. Figure 1 shows an example stimuli pair in each of the tested appearance settings.

(@) (h)

Figure 1. A sample pair with a preset lightness difference tested in three appearance
settings: a-connected side by side, b- with a 10° distance, both against a gray background,
and c- with a 10° distance against a checkerboard and a color-averaged background.

Visual assessment procedure

A psychophysical experiment was conducted with a group of 20 color-normal volunteers. An
EIZO ColorEdge CG277 LCD color calibrated display was used to present the sample images to
the observers in a dark room. Observers performed a two-step visual experiment to evaluate each
sample pair. The first step determined whether the colors of the central squares were a “match”
or “not match”. If a "not match" response was obtained, the observer then proceeded to the
second step and rated the magnitude of the visual difference between the two patches according
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to a 7-step (0 to 2.3 DEooqi:1:1y) linear grayscale. Each observer assessed sample pairs a total of
five times in three separate trials and overall, 4200 assessments, including replicates, were
completed by all observers.

RESULTS AND DISCUSSION

Linear regression was performed to transform grayscale ratings to visual differences (VD)
described in terms of DEgo1.1:1). The variability in visual differences of the same sample pairs on
the checkerboard versus color-averaged background is shown in Figure 2 using box plots. The
“4” 87, and “16” indicate different checkerboard patterns. The “KC_G”, “GK_C”, and “CG_K”
denote combinations of colors selected from the MARPAT pattern. For all color combinations,
observers claimed to have perceived differences of up to 2.4 DEgoq.1:1) when no differences were
actually present between the central patches. The average perceived difference, expressed in
DEooq:1:1), ranged from 0.2 — 1.2 units for all six color combinations. Single-factor analysis of
variance (ANOVA) was performed, and results showed no significant differences between
different patterns (4x4, 8x8, or 16x16) at a significance level of 0.05 for the majority of cases.
Color combinations were found to play an important role in observer ratings regardless of the
checkerboard pattern employed (p < 0.001).
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Figure 2. Variability in visual differences for the same sample pairs presented against the
checkerboard vs. color-averaged backgrounds for three different checkerboard patterns.

Visual differences among the same colors, when used in different arrangements in the
checkerboard patterns, are also distinctly different. According to the Tukey test, the average
visual difference for the “GK _C” color combination is significantly higher than that for the
“KC _G” and “CG_K” combinations for all patterns. In the case of the latter two combinations,
more than half of the participants observed no visual differences between the central squares, and
60% to 80% of reported visual differences were below 0.4 DEgo.1.1) units. Meanwhile for the
“GK_C”, the highest frequency of the visual difference was 0.8-1.2 DEqq(1.1.1y units. It should be
noted that the lightness contrast between the color-averaged background and the central square
color for the “GK_C” combination was close to 1 unit. Thus, since in this case the induction
effect caused by the color-averaged background would be larger the observers may have detected
larger visual differences for these sample pairs compared to other color combinations. This aligns
well with the prior studies [23,24] which have reported that the magnitude of the chromatic
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induction effect is greatest when there is no brightness contrast between the test
area and the inducing field.

Small lightness differences were also added to the central squares of color pairs “GK_C” and
“KC_G”. Visual difference results for the sample pairs containing lightness differences for the
three appearance settings are shown in Figure 3 using box plots. The four boxes from left to right
in each section (separated by dotted lines) show the data for the sample pair with approximately
-1, -0.5, +0.5, and +1 AL" difference from the reference color, respectively. The reproduced AL’
values, as determined by a PR-670 spectroradiometer, are listed on top of each box. ANOVA
results indicate the visual differences are significantly different among sample pairs with the
same lightness difference for both reference colors in each of the three appearance settings. For
sample pairs with the “Coyote” reference color the differences were significant in all cases (p <
.001). For sample pairs with the “Green” reference color, the visual differences were more
significant at -1 or +1 AL"level (p <.001) compared to -0.5 or +0.5 AL" level (p = 0.004).
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Figure 3. Variability in visual assessment results for sample pairs containing preset
lightness differences for the three appearance settings.
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For both reference colors when the central patches were connected side by side, observers
were able to distinguish color differences. The four boxes on the left side of Figure 4 clearly
show a “V” shape corresponding to the magnitude of the difference applied. However, by adding
a 10° distance between the pairs, the observers' ability to quantify the same color differences
seems to have been suppressed since more than 60% of responses were rated as "match". For
sample pairs with checkerboard backgrounds, the perceived differences were similar regardless
of the magnitude of the color difference present. However, differences were relatively larger
compared to those for separated samples against the gray background especially for pairs with a
“Coyote” reference color. This is possibly due to the larger induction effect of the “GK C”
compared to the “KC_G” combination. These observations indicate that the visual difference of
samples against checkerboard backgrounds are largely affected by the color induction effect and
that most observers may not be able to detect small color differences under such appearance

configurations.
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CONCLUSION

The main goal of this study was to determine whether color difference assessments of a pair of
stimuli within a complex pattern can be replicated by assessments against a color-averaged
background. In addition, the role of the background pattern and the magnitude of the small
difference between the stimuli as well as the combination of colors used in the pattern were
tested. Despite the large variations observed, most of the participants were able to distinguish
color differences when the stimuli had a 0.5 or 1.0 lightness difference, shared a border, and were
displayed against a gray background. Meanwhile, observers were not able to determine lightness
differences between the stimuli up to one unit when the stimuli were separated by a 10° distance.
The changes in the checkerboard pattern had an insignificant impact on the mean visual
difference of stimuli, while a change in colors resulted in a significant effect. The color
combination with a center-background lightness contrast ratio of approximately 1 had the largest
visual difference, likely due to a strong induction effect. For all color combinations, the average
visual difference for identical stimuli displayed in different appearance settings was found to be
significantly different from zero, ranging from approximately 0.2 to 1.2 CIEDE2000(1:1:1) units
for different color combinations. This indicates a color-averaged background does not fully
represent the perception of the complex checkerboard background when assessing color
differences.
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ABSTRACT

The original aesthetic of historic townscapes is a fundamental knowledge to retain the important
heritage value of authenticity. This implies the identification of colour layers in buildings. The
authors have studied 314 samples removed from 28 historic dwellings dating from the 16™ to 20"
centuries and located on the historic artistic units of Vegueta and Triana in Las Palmas de Gran
Canaria, Spain. Buildings have been designed mostly in Traditional (16™, 17" and 18™ centuries),
Neoclassical (19™ century), Academic and Eclectic styles (20" c.). The aim is to obtain an overall
picture of the current hues and the past colour palette of the historic city, contributing to
determine how the paintwork of the buildings changes over time. Using a wireless digital colour
reader Colourpin SE, we identify the different colour layers in the samples. Colours are given in
the NCS notation. The large data set obtained will be interpreted to observe patterns and
tendencies in larger data. Results for the samples analysed display 220 colours coming from
walls, ornaments, plinths, stonemasonry, carpentry and metal works in fagades. The trend is a
yellow hue with 30% red. This is displayed in 61% of the buildings studied. The prevailing
nuance in 21% of the buildings has 5% of blackness, 2% chromaticity and 93% whiteness. This
is found in the current walls and in ornamental colour layers. The NCS S6005-Y notation is
visible on 14% of the buildings surveyed. Although there is apparently a chromatic continuity,
this is lost as the buildings get older, and this is evident in the Traditional style dwellings. We
believe that this study can be useful for interpreting and processing the chromatic history of
historic urban landscape units and serve as a reflection on key concepts related to aesthetics,
identity and authenticity in built heritage.

Keywords. Colour notation, building heritage, Natural Colour System (NCS), architectural finishes

INTRODUCTION

When studying the colour in buildings located in large historic units' [1], multiple analytical
techniques can be used to determine the nature of the material. This work shows the initial
procedures carried out to have a map of colours of the historic centers of Vegueta and Triana, in
Las Palmas de Gran Canaria, Spain, listed as historic units in years 1973 and 1993 consecutively
(Figurel).

Vegueta and Triana were planned by Spanish conquerors during 16™ and 17" centuries.
Until the 18" century, buildings follow a Traditional style, with sober asymmetrical facades and
remarkable carpentry works [2]. In the 19" century, the predominant aesthetic sense of the time
was Noclassicism, and the facades were decorated with pilasters, plinths, balusters, and other
elements. The profusion of ornamentation in this and future architectural styles can be painted or
adorned in stonemasonry. At the end of 19", birth of the 20" centuries, the first Spanish-trained
architects arrived in the city, and the Eclectic and Academic styles predominated [3].

! Spanish Historical Heritage Law defines a historical unit as “a group of immovable properties forming continuous or dispersed unit
of settlement, [...] representing the development of a human community in that it testifies to their culture or constitutes a value [...].
A historical unit is also any individualised group of properties in a larger population unit having the same characteristics and that can

be clearly delimited”.
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Figure 1. Location of the study site (left) and plan of the historic units of Vegueta and
Triana. The study buildings are marked in blue. Credits: Ayto. LPGC & GEURSA

Last century, at the end of the 80’s and beginning of the 90’s decades, many facades were
renewed due to an economic uprise [4]. However, renovation works were carried out without a
critical conservative approach, and colour palettes and materials used to rehabilitate the image of
the historic city were derived from new materials used in construction industry such as cements
and modern plastic colours, equating historic buildings with modern ones, leading to a loss of the
value of authenticity [5]. The lime colours washed by the passage of time and the specific textures
given by the materials and mineral pigments used, disappeared.

Today, in spite the efforts committed to protect these ensembles, no enough attention is
paid to the original aesthetic of the buildings, stablishing vague recommendations on the colour
palette to be used when restoring the historic exteriors.

In this paper, we explain the procedures carried out to get knowledge on the hues that make
up the buildings today and the image that the dwellings may have had in the past.

METHODOLOGY

A correct protocol for the selection of the buildings that include an appropriate sampling
methodology and analysis is relevant. The creation of three different databases to store the
information extracted was one of the first steps. We outlined a design of a robust rationale that
allowed us to analyse a subset of data related to the historical buildings and the collection of
samples in 3 work phases.

Phase 1. Building selection. Local heritage catalogues were used to identify the buildings
to be included in our research [6]. They display around 600 protected housing, half of them are
in Vegueta and the rest are located in Triana. Our aim was to get a general picture of the most
representative domestic buildings. Combining this review with an on-site evaluation, we
established the housing that had original features preserved in good condition. A data sheet was
designed and it was composed by several headings: a code (acronym to identify the building),
historical unit, building construction date, architect name’s, architectonic style, date of
restoration, restorer name, number of floors and spatial situation.>

Phase II. Sampling. In order to systematise the data collected, a sample identification code
(SIC) was designated in the following way: Street name and number, a hyphen separating a
capital letter that corresponds to the location from which the sample was taken: W for wall, P for
plinth, O for ornament, and a number indicating the sequency of the samples (Figure 2).

2 The spatial situation refers to the location of the building in relation to other buildings and to the historic space. Three types are

included: side-attached, corner and free-standing.
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Figure 2. Elevation of the dwelling T98 (98, Triana Street), and different
elements that constitute the buildings (P, plinth; O, ornament; W, walls; S,
Stonemasonry; C, Carpentry, M, metalworks). Credits: AHP de LP: 1908 exp.
617-4 leg. 7

A total of 314 samples were collected. 80% were taken from walls, 15% from
ornamentation and 5% from the plinth. The elements that couldn’t be sampled as stonemasonry
(S), metal works (M) and carpentry (C) were pinned on site. Data collected allowed us to create
3 different and individual blanks for every building, providing information about the dwellings,
samples and analysis to be done [7].

Phase 1II. Colorimetric analysis. All samples were carefully documented at the CIRCe
laboratory in Geosciences Department at University of Padova. The tool used was a wireless
digital colour reader Colourpin SE, supplied with a tri-stimulus XYZ sensor and full spectrum
white LEDs. The measurement capacity of 4mm diameter area and 45/0 measuring optics.
Colours were given in RGB, CIE Lab, CMYK and lightness value and translated to the NCS
notation [8]. The technical specification outlines an accuracy of 99% match on NCS fan decks,
short term repeatability <0.1 A E (CIE2000) and an inter-instrument agreement <0.3 /A E
(CIE2000). Connected via Bluetooth to a smartphone application, colour differences in the
collected samples were pinned. To individualise the different colour layers in a sample, the SIC
was followed by a sequence of numbers, where 0 referred to the external layer, and roman
numerals in lower case were used to the inner colour layers. By the use of multiple samples and
measurements, reliable results were provided [9]. 885 colour notations were displayed, in the
matrix generated, the absolute maximum frequency in each of the different colour layers was
taken into account.

RESULT AND DISCUSSION

Twenty-eight buildings were sampled: 14 belonged to the neighbourhood of Vegueta and 14
were located in the Triana district. 47% were described by the catalogues as being in the
Traditional style. These dwellings were built between the 16th and 18th centuries with no
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authorship. 25% of the buildings dated from the 19th century, and 28% were from the 20th.
Buildings from 19th were represented in the Neoclassical style, with Manuel Ponce de Leon and
Francisco de la Torre as representative authors, and housing built in the 20th century were
designed in the Academic (15%) and Eclectic styles (13%). Laureano Arroyo and Fernando
Navarro were the most active architects in that century, the latter also being the one who was to
restore 10% of the houses studied. 61% of the buildings had two floors, with a maximum height
of three storeys for 11%. Most of them were side-attached (43%), followed by corner buildings
(39%).

Table 1 shows the maximum absolute frequency in all building elements, from the external
or current colours to the past layers. Half of the buildings studied have more than one colour
notation per element, as the samples collected or measured in-situ provided different colours in
the same layer. Therefore, all notations have been included in the table.

Table 1: Colour layers in buildings at Vegueta (V) and Triana (T) neighborhoods
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_ Sl B 50502-YSOR [S020vrox I8
[ SH0IB-VAOR | S2010-Y40R — SISIS-Y60R

| S0505-GROY B2010-¥ S0502-Y
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WO, 00, PO show the current colours in terms of walls, ornaments and plinths. Past colours
are considered to be those found in the last columns of each element, and are referred on this
table as Wi, Oi, Pi. Consecutively, the last three rows show the measurements made on site on
carpentry (C), stonemasonry (S) and metal elements (M). 39% of the studied buildings are
ornamented, 25% of them have coloured plinths meanwhile 71% have stonemasonry decorations,
and only 29% hold metal works. White, brown and green colours are often combined in the
carpentry of the same building in 14% of the cases.

£
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The NCS notation S6005Y is found in 14% of the walls of buildings surveyed as well as
in stonemasonry, and the prevailing nuance in 21% of the buildings has 5% of blackness, 2%
chromaticity and 93% whiteness. This is found in the current walls and in ornamental colour
layers. Apparently, in many buildings there is a colour continuity. However, current hues are
mostly reddish and whitish in dwellings built until 19™ centuries, but in earlier times the wall
backgrounds were painted in ochre and green. Moreover, the Traditional style is the architectonic
feature that shows remarkable colour differences in buildings.

The representative hue is Y30R [Table 2]. It is displayed in the past wall backgrounds in
all architectural styles. This hue was also found in the metal elements of Neoclassical houses.

Table 2: Prevailing hues in buildings (T, Traditional; N, Neoclassical; A, Academic and E,
Eclectic style)

Wo Wi 00 Oi C S M TOTAL

Unit___ Stle Unit Style Unit __Style  Unit__ Style  Unit __ Style Unit__ Style Unit __ Style Unit %

S TV e BT T ) O o ) U T T, O I
Y20R 42 N i 1/3 { | ! |32 TN . ) . 15 53
Y40R | 1/1/1 /E 2/1 T/N i 172 T/N | 9 32
YSOR i i 1/372 T/N/E 3/2/1 T/N/A 1/1/1 T/A'E 5 17
R20B . 1/1/1 T/EN | ! i | 3 11

Y30R and Y20R are the characteristic hues in wall backgrounds in Traditional and
Neoclassical buildings. A combination of yellow and neutral hues are displayed in the ornaments
of Traditional, Academic and Eclectic buildings, and there are no representative hues on the
plinths.

CONCLUSION

We understand that colour is an essential part of the history of buildings that reflects not only the
aesthetic appreciation of each period, but also an aspect of critical analysis. For this reason, we
pursue to have a collection of historical finishes to conserve and retain the original colour and
materiality of historic units. This initial map invites us to reflect on the changes in materials and
techniques used throughout history.
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ABSTRACT

Colour has long been a commodity, and the instructional information once developed for
professional artists with a 'cultivated eye' is now more centred on the mass market. Critical
information about an artist's colour pigment name, permanency, and access to hand colour charts
can be absent or highlight manufacturing inconsistencies. The experience of artists' pigments and
their inner workings are separate from the guise of marketing on digital platforms from the
colourmaking industry. Through my practical inquiry of red pigments as an exemplar of all
colours, I examined the contemporary artists' palette using the nineteenth-century colourmaker
George Field’s characterisations of the inherent qualities of good pigments to contribute a new
perspective, bringing to light the genealogy of red's nature and working properties. This provided
a framework for observing and the autoethnographic study of a 100,000-year-old red in the
deepest layer exposed at Lake Mungo in a remote arid area of Australia. By scrutinising redness
in artists' pigments, a sensory engagement is explored with material colours, offering valuable
perspectives for painters. It also encourages colour-making chemists and industries to re-evaluate
prevailing standards and explore novel possibilities. This study provides a deeper understanding
of colour's agency, materiality, and sensory attributes through a series of time-based
observations. The incorporation of George Field's characterisations allows for a nuanced
exploration of red pigments, revealing their unique working properties in the contemporary
artistic context, enriching the discourse on colour to inspire further inquiry among art, science,
and industry.

Keywords: AIC2023, Colour, Pigments, George Field, Red, Practice-based research.

INTRODUCTION

My practice-based research is an invitation to immerse oneself experientially within a place of
inquiry and the practice of observing red. I purposefully examine the coloured pigments on my
palette and consider their relationship to a unique place for a new understanding of material
colour. This research reveals transformations on the artist’s palette since the nineteenth century
and exposes the historical construction of pigments. This paper examines material colour on the
contemporary palette and its transformation since the early nineteenth century. It investigates the
histories, strategies, and new potentials for observing artists’ colours within contemporary
painting practice. It acknowledges that artists understood material colour in Britain before the
early nineteenth century, but with industrialisation came the commercialisation and an explosion
of colours (Skira Editore, 2009, p. 59). Colourmaking chemists met the demands of artists for an
extended colour palette that used more robust and permanent coloured pigments. Colour became
a commodity, and the differing quality of artists’ colours and pigments offered by each
colourmaker resulted in a necessity for colourmakers and purveyors to communicate their
innovations and the attributes of colours to artists via technical guides and catalogues.
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Figure 1. Artist, Natalie O’Connor walking and observing the ancient red layer of the Gol
Gol unit, at the Mungo Lunettes, Willandra Lakes Region World Heritage Area.

My autoethnographic, creative and reflective research (Candy, 2020) is situated in multiple
paradigms that stem from my background and experience as an art practitioner, art educator, and
former technical and educational adviser for the commercial colourmaker Winsor and Newton
(W&N). An eclectic methodological approach was employed to understand the materiality of
colour and the transforming artists’ palettes as a ‘painterly idea’ (Gage, 1993, p. 177),
representing conventions of historical painting practice. In considering multiple paradigms,
questions emerged as I engaged with the notebooks of the nineteenth-century chemist George
Field, the archives of W&N, and the unique environment of Lake Mungo, Willandra Lakes
Region in far southwestern New South Wales (NSW), Australia (see Figure 1).

My practice-based research primarily rests on a series of observational studies, documented on
an external website www.natalieoconnorartist.com under the webpage #redresearch. My research
conveys the experience of ‘real’ material artists’ colours. I argue that associating colour with its
chemical composition has eroded artists’ concept of colour, making it so vague that it no longer
communicates technical expert knowledge. Nearly two hundred years since this transition began,
the production of more colours for artists by commercial colourmakers has disconnected many
artists from manufacturing processes. The chemical and unique behavioral properties of pigments
available to the contemporary painter are underused and misunderstood. Reframing Field’s
inherent qualities of pigments as understood through my series of observational studies could
offer a new understanding for painters, resulting in an expansion and re-purposing of the artist’s
palette.

METHODOLOGY

My interdisciplinary autoethnographic approach to studying red pigments is an inquiry through
practice (Frayling, 1993), whereby my art practice and its procedures constitute the research
methodology. The methodological approaches are outlined below as I describe the multiple
paradigms of place and the colourmakers archive. My method to investigate this proposition has
been an inquiry that singles out red pigments as analogous to all coloured pigments. The research
identified three domains on the artist’s palette of red pigments: advancing warm reds, receding
cool reds, and earth reds, and considered three corresponding case studies of Cadmium Red, Rose
Madder and Burnt Sienna. Each case study explored three of Field’s ‘inherent qualities of good
pigment’ to evidence my research aims and address the central research question: How can the
study of red pigments offer a new understanding of material colour?

Field characterised the inherent qualities of pigments as possessing beauty of colour,
transparency and opacity, keeping their place, and durability. Field used this characterisation to

&
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assist painters in knowing their materials. My observational studies focus on three of the key
‘inherent qualities’: beauty of colour, transparency or opacity, and durability. My research
reveals that W&N, which acquired Field’s notebooks, has continued to develop colours today
with consideration of Field’s characterisations of colour pigments. By conducting a series of
observational studies, evidence was gathered about each red-coloured pigment over time, which
developed into questions that are a personal reflection and an interpretation of my creative
processes.

Connection to Redness

My art practice contextualises the artist’s palette by recognising my place in this world and my
cultural origins. Life brought some challenges that I would never have anticipated throughout my
research journey, and in retrospect, these challenges also provided a new perspective for
reflection. A more profound interconnectedness developed between my practice, what [ made art
with (colour), and where I made art (place). I connected a history of commercial colourmakers'
innovations and changes to artists’ palettes to my personal response to the world I live in and
make art about.

Connection to Place

My art practice engages with the remote and unique area of Lake Mungo as | navigate ideas of
place and its connection to my palette. I frequently return to this remote arid area of Australia to
reflect on the ideas and theories interconnected with the artist’s palette.

el N

Figure 2. Natalie O'Connor at the Mungo Lunettes site with the dry state paper samples
of earth red pigments from Gol Gol Layer Colour Observation (GGLCO) 6 to observe the
pigments in situ. Photo by Nicole Walton. Acknowledgement of permission by NSW
National Parks, Aboriginal Advisory Group and Three Traditional Tribal Groups.

As a practice-based researcher, [ have had to recognise not only where I make art but how [ am
influenced by these places and what histories I take to them. I have used the term ‘place’ as it is
more closely aligned with the First Nations Australian concept of ‘country’. I avoid the terms
‘land’ and ‘landscape’ as I felt they had colonial connotations, and presently in Australia they
carry an implication of possession. In addition, I do not work as a painter in the tradition of
landscape as subject matter.

My initial research did not start in Mungo; it began in the colourmakers' labs. But my questions
about material colour came from the many visits and walks on country. My connection to place
and colour came through my interactions, conversations, and consultation with the communities
of Mungo and staff from NSW National Parks & Wildlife Service. After reading about the red

&
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ochre laid over the cremated body of Mungo Man in a ritual so many tens of thousands of years
ago, | had a sense that if I was to learn about the materiality and nature of redness, it might happen
in this place.

From there, I developed artworks that comprise of a series of observations that identify the
behavioural properties of red pigments and characterised innovations in colourmaking since the
early 1800s. I refer to these as the Gol Gol Layer Colour Observations (GGLCO). They
investigate the behaviour of red-coloured artists’ pigments as a response to the Gol Gol unit (see
Figure 1 and Figure 2), the 100,000-year-old red layer found beneath layers of sand and clay to
form the base of the Mungo Lunettes. It was first described to me as a demarcation layer of life
and I wanted to know what red on my palette, could express this extraordinary place.

Each GGLCO study involves submerging paper into vessels of colourant, pigment (classified as
pigment red PR) and water. Each vessel of red colourant is observed in a wet state with changes
documented over time. Finally, the paper is removed and allowed to dry, revealing the inherent
qualities of each pigment. See figure 3, 5 and https://www.natalieoconnorartist.com/red-research.

Ultimately, this procedure of observation interrogates each red pigment and the act of close
observation over time, provides a new experience of interpreting colour that is about seeing and
tactility.

4
Figure 3. GGLCOS with red pigments and paper in wet state.
Installation at Lakebed exhibition, Concordia Gallery. 2018

Connection to the Colourmaker’s Archive

As an artist, I engage with a place, the contemporary artists’ palette, and have inherited the
histories and strategies of the nineteenth-century colourmaker, George Field. In my role as
resident artist for W&N, I developed a unique perspective of the inner workings of the colour
manufacturing industry, and this extended to privileged access to rare books, catalogues, and
materials from the company’s historical archives. During my encounters at W&N's archive with
Field's notebooks (see Figure 3), a structure and language of colour were discovered that became
the cornerstone of my investigations and observations. My research reveals that an understanding
and identification of artists' colours, adopted from George Field's notebooks by W&N, became
significant to their development (Pavey, 1984) and an understanding of material colour in
painting practice today.
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Figure 4. George Field's notebooks from the Winsor & Newton Archive.
Image courtesy of Colart Pty Ltd.

My practice-based research examines Field’s characterisation of the inherent qualities of the
'good' artist pigments, as written about in Chromatography (1835). In my thesis, I refer most
frequently to this 1835 edition of Chromatography, along with the original text, Chromatics
(1817), and a concise version of Rudiments of The Painter’s Art (1850). I expose that despite the
noteworthy developments to expand the palette of colours for artists, George Field is not well
accounted for in more recent literature on colour.

As explained by historian John Gage, Field’s anti-Newtonian approach to colour distanced him
from his scientific and artistic contemporaries, who questioned his theories. After his death, the
subsequent omission of his colour theories in later editions of Chromatography, edited by J. Scott
Taylor, further confirmed the unpopularity of his ideas. Gage has written the most comprehensive
accounts of Field's contribution to colour in 4 Romantic Colourman: George Field and British
Art (2001), in which he retraces the life and work of Field. Gage claims that Field ‘contributed
to the visual transformation of British painting in the first half of the nineteenth century’ (2001,
p- 1) and suggests Field’s influence continued into the twentieth century thanks to his condensed
technical handbook (Field, 1850), which travelled across the globe to the Americas in art and
design schools. I propose that this popular guide by Field for students cemented his
characterisations of colour as the ‘inherent qualities of good pigments’ in schools. It gave
authority for the identification of pigments in the colourmaking industry, and this requires further
investigation.

I re-interpret and critically engage primarily with Field’s 1835 edition of Chromatography, or A
treatise on Colours and Pigments, and of Their Powers in Painting to form an inquiry that
provides new multimodal insight that can confirm, challenge, or change our understanding of
artists’ colours for the contemporary painter. ‘Artists’ colour’ is a term frequently used by the
commercial colourmaking industry to imply a standard of quality of paint specific to the needs
of artist practitioners, as opposed to student colours or industrial paint. Artists’ colours are also
referred to as artists’ paints and are often known by their binder, for example, artists’ oil colours,
artists’ acrylic colours, and artists’ watercolours.

My research concentrates on one artists’ colour manufacturer to enable consistency and
specificity when describing colour systems and pigment names. Many contemporary brands have
adopted historical systems of classification. Still, they have also created their own specific brand
language, as each colourmaker endeavours to create distinction and differentiation in the
commercial market. As I reviewed the colours currently made available by chemists at the W&N
Innovation and Development labs, I reflected on the constructs of the nineteenth-century
colourmakers, whose principles, theories, and knowledge of colour pigments characterised them
and determined labelling systems still used globally by manufacturers and artists. In the W&N
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1892 catalogue, the introduction declares they make artists' colours 'to endow the fleeting aspects
of nature and the ephemeral creations of imagination with the “living hues of art” (Winsor &
Newton Pty Ltd, 1892). In this same year, W&N was the first commercial colourmaker to publish
the composition of pigments they had prepared (Pavey, 1984).

RESULT AND DISCUSSION

This reflective art practice is an examination of red pigments that connects historical archives
(George Field’s notebooks, Mary Gartside’s notebooks, the W&N pigment, artists’ tools library
and catalogues), and most significantly the interactions with the chemists and the Colart
organisation (the contemporary colourmakers). The act of observation and qualitative accounts
of Field’s inherent qualities of red pigments, within the W&N Professional Watercolour range,
encompass a series of experimental colour observational studies extending from 2016—2022.

In developing a framework for examining red pigments, I adopted Field’s phrase ‘inherent
qualities of pigments’ (Field, 1810; 1835). Field suggested that a selection of pigments that
possess the desired qualities provides a reliable and expansive palette for artists. The qualities
were: Beauty of Colour; Body; Transparency or Opacity; Working Well; Keeping their place;
Drying well; and Durability. He explained that a pigment might exhibit certain inherent qualities
but not possess all qualities entirely, which is why we must understand the complete palette
available and allow the artist to create a palette with a purposeful selection of colours.

These inherent qualities describe what Field believed to be the essential attributes and
characteristics of coloured pigments, which predicate their potential behaviours when used by
artists. From these seven qualities, my art practice examines three to observe: the beauty of
colour, transparency or opacity, and durability. The inherent quality of Field’s (1850) beauty of
colour is the pigment’s sureness, brightness and depth, as examined in GGLCO 5 and 6 (Figures
3, 5 and 7). Field states sureness to be a condition whereby the pigment is reliable and without
doubt. Brightness was identified as the quality of being and reflecting light. A coloured pigment’s
depth is its intensity, which today’s artist could understand as saturation, and defines its
relationship to the coloured pigment’s tinting strength.

My art practice is a procedure that interrogates and examines the inherent qualities of red-
coloured pigments, establishing a connection between Field’s understanding of the materiality of
colour and, in my painting, a connection to place.

Figure 5. Installation of Gol Gol Layer Colour Observation 5, red pigments in dry state

on paper (on the right) and Gol Gol Layer Colour Observation 6, test tubes holding red

pigments on paper in wet state (on the left). Finalist in Art on Paper Exhibition 2018 at
Hazelhurst Arts Centre. 5.5 x 3m approx.

7
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CONCLUSION

The GGLCOs are visual, autoethnographic accounts that involve a process, product, and method
that reveals ‘my personal experience and insider knowledge’ (Ellis & Adams, 2014), as well as
existing knowledge and histories. I could be accused of building anecdotal proof supporting my
view about colour and its materiality. Still, my practice (written and visual) does not generalise
but offers a systematic reflective inquiry with a uniquely positioned voice. My thesis and the
digital documentation of the observational studies on the webpage #RedResearch evidence the
visual and written autoethnographic approach taken in my research that is presented as a method
or tool to explore and represent the inherent qualities of pigments, which requires evaluation and
self-evaluation.

A sensorial response to place has been made through a practical time-based examination of red
pigments (see Figure 3,5,6 and 7). I enact methods of observation and reflection to engage with
the materiality and phenomena of colour. The 100,000-year-old red in the deepest layer exposed
at Lake Mungo is the cornerstone of my contemporary analysis of pigments as an exemplar of
colour, examining the genealogy of red’s nature, behaviour, and working properties. This work
contributes a new perspective for contemporary painters as I bring Field’s characterisations of
pigments and their inherent qualities to light through observations in my art practice.

My research argues that the contemporary artist's palette is a construct inherited from nineteenth-
century colourmakers. Field's inherent qualities of 'good' pigments continue to be the
characterisations retained by W&N and, more broadly, the colourmaking industry today.
Through my art practice, I extend existing research on colour by examining colour innovations
and identifying new challenges in comprehending the creations on the contemporary artist’s
palette.

I

Figure 6. Gol Gol Layer Colour Observation 7. 2020 during Covid Lockdown at UNSW
research studios. Test tubes with earth red pigments after 1250 hours.
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Figure 7. Cadmium Red pigment after 25000 hours from Gol Gol Layer Colour
Observation 5. 2020. By artist Natalie O'Connor.

REFERENCES

Barad, K. (2003). Posthumanist Performativity: Toward an Understanding of How Matter Comes to
Matter. Signs, 28(3), 801 - 831.

Candy, L. (2020). The Creative Reflective Practitioner. Research Through Making and Practice.
Routledge Taylor & Francis Group.

Ellis, C., & Adams, T. E. (2014). The Purposes, Practices, and Principles of Autoethnographic
Research. (P. Leavy, Ed.) Retrieved June 2019, from Oxford Handbooks Online.

Fairburn, L. (1982). Paint & Painting. Paint & Painting:- An exhibition and working studio sponsored by
Winsor & Newton to celebrate their 150th anniversary, 118. Tate Gallery Publications.

Field, G. (1817). Chromatics, Or, An Essay on the Analogy and Harmony of Colours. (Harley, Ed.)
Retrieved from Linda Hall Library.

Field, G. (1835). Chromatography, or, A Treatise On Colours And Pigments, and of Their Powers In
Painting. Charles Tilt.

Field, G. (1850). Rudiments of The Painters' Art;or a Grammar of Colouring, Applicable to Operative
Painting, Decorative Architecture, and The Arts.

Frayling, C. (1993). Research in Art and Design. London Royal College of Art Research Papers, 1(1), 1-
5

Gage, J. (1993). Color and Culture- Practice and Meaning From Antiquity to Abstraction. California:
University of California Press.

Gage, J. (2001). A Romantic Colourman: George Field And British Art. The Volume of The Walpole
Society, 63, 1-73.

Kincholoe, J. L., & Berry, K. S. (2004). Rigour and Complexity in Educational Research:
Conceptualizing the Bricolage. Open University Press.

Pavey, D. (1984). The Artists' Colourmens Story. London: Winsor & Newton.

Skira Editore. (2009). Painting Light - The Hidden Techniques of the Impressionists. Skira.

TATE. (2021). https://www.tate.org.uk/art/art-terms/p/palette. (L. Tate, Producer, & Tate, London)
Retrieved October 2021, from www.tate.org: http://www.tate.org.uk

&

163



AIC2023 — 15" Congress of the International Colour Association November 28 - December 2, 2023

Aesthetic Characteristics of the Buddhist Cuisine Shojin Ryori Served
in Contemporary Japan: From the Perspective of SDGs

Kohji Yoshimura'*, Stephen Shrader?, and Yuko Yamada®

'Kansai Gaidai University, Emeritus Professor, Japan.
2 Notre Dame Seishin University, Japan.
$Yuko Yamada, Colour Instructor, lllustrator, Japan.

*Corresponding author: Kohji Yoshimura, yoshicolor@earth.zaq.jp

ABSTRACT

Even today, the Buddhist cuisine in Japan, Shojin Ryori, uses the fundamentals of five flavors,
five colors, and five cooking methods. The five cooking methods are simmering, grilling, frying,
steaming, and food served uncooked. This way of cooking food served raw reflects the aesthetic
sense of Japan, which aims to blend with nature. It aims to produce a menu that uses five colors:
red, white, yellow, green, and black. Although the five colors, red, white, yellow, blue, and black
are used in the doctrine of Yin-Yang and the Five Agents or Elements (metal, wood, water, fire,
and earth) in Chinese cosmology, green is used instead of blue in contemporary Japan. The
basic six tastes are the five flavors (sweet, sour, spicy, salty, and bitter) that are used for
seasoning, and the light taste (38 : tanmi) to bring out the natural flavors of the ingredients.
Its focus on maintaining a light taste that brings out the flavor of the ingredients reflects the
Japanese aesthetic of valuing things in their natural state, as they are, and with a kind of casual
presentation. Shojin is a Buddhist term that means “avoiding gourmet food and the consumption
of meat, and instead purifying oneself by eating simple vegetarian food.” Shojin Ryori was
originally a cuisine for Buddhist monks who followed the precepts of Buddhism. Dairy products
such as butter, cheese, and milk were basically not used, but nowadays butter is sometimes added
to complement flavor. Some families prepare it as an offering for the Bon festival, and even
while preserving the characteristics of traditional Japanese fare, the preparation and presentation
of vegetables has evolved into a more modern version, attracting attention as “healthy food (soul
food) using only vegetables.” It is used as a main dish. Shojin cuisine in contemporary Japan
reflects a variety of Japanese aesthetics, such as the spirit of hospitality. Therefore, from the
perspective of SDGs, we will consider the aesthetic characteristics of Shojin Ryori in
contemporary Japan. For example, kenchin-jiru, a feast with lots of ingredients, uses leftover
vegetables, making it an eco-friendly dish. It is made with vegetables which are easily available
at hand. Peeled vegetable skins and leftover vegetables from other dishes are also finely chopped
and added to create a rich flavor and at the same time fully utilize the life of the vegetables.

Keywords: aesthetic characteristics, Shojin Ryori (Buddhist cuisine), Contemporary Japan, SDGs, the
ultimate hospitality cuisine, mock dishes (Modoki cuisine)

1. INTRODUCTION: The fundamentals of five flavors, five colors, and five cooking
methods

Even today, the Buddhist cuisine in Japan, Shojin Ryori, uses the fundamentals of five flavors,
five colors, and five cooking methods. The five cooking methods are simmering, grilling, frying,
steaming, and food served uncooked. This cooking method of food served raw reflects the
aesthetic sense of Japan, which aims to blend with nature. For seasoning, the five flavors of
“sweet, sour, spicy, salty, and bitter” are used, and the six flavors are based on the addition of the
light taste (tanmi) that makes it lighter to make the most of the inherent flavor of the ingredients.
The fact that the taste of the ingredients is made thin reflects the Japan’s aesthetic sense of
“natural, as it is, and casually.”” In addition to sugar, soy sauce, salt, vinegar, and mustard, miso
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and sake are also used as seasonings. “Shojin” is a Buddhist term that means “avoiding gourmet
food and the consumption of meat, and instead practicing spiritual improvement (purification)
through coarse food and vegetarian diets.”

Shojin Ryori was originally a cuisine for Buddhist monks who followed the precepts of
Buddhism, and it also means a dish made only with plant-based ingredients such as vegetables
and grains, avoiding killing and the use of animal ingredients. It is a monastic dish that developed
mainly in Buddhist temples. That is, it is based on the “command to abstain from taking life or
harming living things.” Dairy products such as butter, cheese, and milk were basically not used,
but nowadays butter is sometimes added to complement flavor. In addition, some families
prepare it as an offering for the Bon festival (the Buddhist All Souls’ Day), and even while
preserving the characteristics of traditional Japanese fare, the preparation and presentation of
vegetables has evolved into a more modern version, attracting attention as “healthy food (soul
food) using only vegetables.” The Buddhist Cuisine served in Contemporary Japan also reflects
the traditional aesthetic sense of Japan. Therefore, from the perspective of SDGs, we will
consider the aesthetic characteristics of Shojin Ryori in contemporary Japan.

2. MEANING OF SHOJIN: Part of the Noble Eightfold Path or Six Waves of Honey

Shojin is a Chinese translation of the Sanskrit word virya, meaning to control evil deeds and
practice good deeds.® 1t is one of the eight practical virtues that form the basis of training in
Buddhism, the Noble Eightfold Path (Hasshodo: J\1Ej&).Y The Noble Eightfold Path is Shoken
(IEFL: to see correctly with one’s heart that recognizes impermanence), Shoshiyui (1E W to
protect life without harming people, living things, or nature by thinking and judging correctly;
that is, not to get angry even if one doesn’t get what one wants; not to be greedy), Shogo (1IEE
to use the right language that makes people happy and beneficial; that is, not to lie, speak ill of
others, or flatter others), Shogyo (IE3£: to do the right thing without killing or stealing), Shomyo
(IEfm: to do work that can contribute to human life; to live in a righteous manner), Shoshojin
(IEX&HE: to continue to strive with sincerity; to strive without neglect so that there will be no
evil in the future, and so that a good deed that has not yet arisen will arise), Shonen (1IE/&: to
see things without including our likes or dislikes and a sense of values; to keep the essence of
things in our mind as they are, and never forget always to seek the truth), and Shojo (IEE: to
meditate to unify and stabilize the mind; to perfect the correct concentration). All these eightfold
paths work in harmony with each other. Shojin is also closely related to other virtues of the
Noble Eightfold Path, as if it were two sides of the same coin.

In addition, Shojin is also included in the Six Waves of Honey (Rokuharamitsu: 7S5,
which indicates the six types of ascetic virtues that bodhisattvas practice to attain nirvana (the
state of Buddha’s enlightenment). The six virtues of the Six Waves of Honey are Fuse (7 Jifi :
the act of generosity, that is, kindness to those in need without asking for anything in return; the
three kinds of giving of goods, the practice of teaching the truth, and the sense of security that is
reassurance), Jikai ($778: self-discipline; to have commandments that are good habits for
oneself; consistency in words and deeds), Nin-niku (725 to endure hardship; patience to endure
even when one is angry), Shojin (f&#£: perseverance; to keep working with all one’s heart; to
work tirelessly and practice), Zenjo (7€ to unify the mind through meditation, stabilize the
mind, and practice self-reflection), and Chie (F5£%: wisdom; the practice of awakening to the
great work of life; the practice of believing in the law of fate of causality, to stop doing bad things
and to do good things; the cognitive ability to grasp things as they are and discern the truth). The
perfection of these six virtues is called the Waves of Honey.

According to its literal sense, Shojin means to go forward with diligence, “to devote oneself
to things and to devote oneself to oneself” (Nishikawa 1997: 3). Shojin Ryori is “a simple meal
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of one soup and one dish originally eaten by monks of Zen temples” (op. cit., 1), which means a
dish that is made with all one’s heart and effort.

3. MEANING OF SHOJIN RYORI: ‘Zen heart” that makes use of ingredients

Shojin Ryori refers to vegetarian cuisine that does not use animal ingredients such as meat, fish,
and eggs, but uses only plant-based ingredients such as edible wild plants, root vegetables, grains,
legumes, tofu (bean curd), marine products such as seaweed, fruits, seeds, and dried foods such
as Koya-tofu and Campyo (dried strips of the flesh of a variety of gourd), with a focus on seasonal
vegetables that match the season. As practiced in a temple, it is a “diet to preserve the body”
(Fujii 1993: 188), which means not to eat enough just to be full, but to overcome hunger to the
extent that it does not interfere with the practice and to do what needs to be done today (cf. T.E.N.
2000: 62). Odorous irritant vegetables such as garlic, Chinese chives (nira), and leek are
excluded because they interfere with practice, but Shojin Ryori is an ancient vegetarian food that
values a sense of unity with nature.>

Today, new ingredients such as avocado, kiwi, green asparagus, and bok choy (a green
vegetable of the mustard family originating in China) are also used (cf. Fujii 1992: 26).

Shojin Ryori is a simple cuisine, and it is important to use seasonal ingredients which are
casily available at hand and make the most of their unique flavors so that they are not wasted. In
addition to the color and seasoning of the dishes, the buds of trees and green perilla are decorated
to make use of the aroma of the season in the dishes, just like Japanese flower arrangement,
ikebana. We value the feeling of the seasons of spring, summer, autumn, and winter so that it
feels cool in summer and warm in winter. The people who eat it are young and old, men and
women, and each person has different tastes, so we also value the kindness of caring for that
person. In modern times, weddings / funerals, happiness / misfortune, etc., are planned to be
suitable for the occasion. In other words, it has evolved into the ultimate hospitality cuisine.

In Shojin Ryori, it is considered that all the ingredients have life. Therefore, it is devised so
that scraps, skins, and leaves of vegetables that are not normally used are not wasted. They are
salted and pickled in an instant pickle, shredded vegetable tempura (kakiage), finely chopped and
boiled or fried in yuba or thinly fried rolls. Finely cut vegetables and kelp are kneaded with tofu
and yam and fried in oil to make “gan-modoki” (gan means a wild goose and -modoki represents
imitation), which is deep-fried bean curd containing bits of various kinds of vegetables. The
name of this food comes from the fact that the taste resembles goose meat. “Gan-modoki” is also
called “flying dragon head” or “gammo” (the shortened form of gan-modoki).

4. A KIND OF VERBAL PLAYFULNESS CALLED “MITATE or MODOKI”

A dish made by grating potatoes, spreading them on grilled seaweed, and deep-frying them is
called “kabayaki modoki.” Kabayaki means eel broiled and basted with a sweet sauce. This kind
of “modoki (imitation)” and “mitate (likening)” can be seen in Shojin cuisine. This is also a kind
of wordplay and a sense of Japan aesthetic. In Koyasan’s “Shojin Kabayaki”, grilled seaweed,
lotus root, yam, starch syrup, etc. are used, and in the dish name “unagi (eel) no kabayaki modoki”,
coarse-grained tofu, Japanese yam, nori seaweed, Shishito pepper, Hajikami ginger, etc. are used
(cf. Japan Food Thinking Association 2009: 28, 116-117).

In curry and rice, pickled plum-sized konjac jelly is used as a meat substitute (cf. Fujii 1996:
98-99). In eggplant oden dishes, the color, lapis lazuli blue, of the eggplant is beautiful, and
when it is divided vertically into two, it is reminiscent of Japanese lute, biwa. Eggplant oden is
made by cutting an eggplant in the shape of a biwa fried in oil, kneading miso paste kneaded with
sake and sugar, sprinkling it with yuzu, and serving it on a plate.

In addition, we can also see “yaki chikuwa Modoki” (yaki means “toasted”, chikuwa “a kind
of fish paste”, and modoki “imitation”) using coarse-grained tofu and Japanese yam, and
“kamaboko modoki” using long potatoes (cf. Japan Food Thinking Association 2009: 118-119).
Kamaboko means white fish meat formed onto a wooden board. In addition, “bite-sized cutlets”
using kurumabu, one of the baked light cakes made from wheat gluten, are also made (cf. Fujii
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1996: 132-133). Since the main ingredient of wheat-gluten breads is protein (gluten) obtained
from wheat flour, it is said that “there is no fat and it becomes a fine cutlet” (op. cit., 134).

S. FEATURES OF SOUPS SUCH AS “KENCHIN-JIRU”

Kenchin-jiru, a feast with a lot of ingredients, uses leftover vegetables and is an ecological dish.
A variety of vegetables which are easily available at hand are used, and the peels of peeled
vegetables and the scraps of vegetables from other dishes are finely chopped and added, resulting
in a rich flavor, and at the same time fully utilizing the life of the vegetables.

Kenchin-jiru is written in kanji as “% =91 or “&##kit.” The notation, “# &1, indicates
that kenchin-jiru is a Shojin and local dish that originated at the Kenchoji Temple in Kamakura
City, and that “Kenchoji-jiru” is accented as “kenchin-jiru.” The notation, “%#%H> shows that
kenchin-jiru is derived from Kenchan (’5%i%), a type of Fucha cuisine that is a Chinese Shojin
dish. It was in the Kamakura period that the Kenchoji Temple was built and Zen Buddhism was
introduced from China to Japan. There is also a belief that the Kamakura Zen meal is the origin
of the taste of modern Japan (cf. Japan Food Discussion Group 2009: 55-59).

In this way, Shojin Ryori makes full use of all the ingredients and produces almost no food
waste, which is the starting point of Shojin Ryori.

Even with the same Shojin Ryori name, Kyoto and Kamakura may have different cooking
methods and tastes. In Kamakura’s kenchin-jiru, the main ingredients are “bite-sized slightly
large slices”, while in Kyoto they are “shredded long thin strips” (cf. Fujii 1996: 90). Shojin
cuisine is also affected by the climate and natural features of the region (cf. Fujii Sotetsu and
Fujii Mari 2017: 105).

6. SEASONAL CUISINE THAT VALUES THE SENSE OF THE SEASON

It is said in Japan that eating “seven herbs porridge” on the seventh day of the New Year will
ward off evil spirits and eliminate all diseases. The porridge is cooked with the seven spring
herbs, seri (Java water dropwort), nazuna (shepherd’s purse), gogyo (hahakogusa: cudweed),
hakobera (chickweed), hotkenoza (henbit), kabu (turnip), and daikon (Japanese radish, giant
white radish). In addition, the custom of eating rice cakes with red bean porridge (adzuki-bean
gruel) on the morning of the 12th to the 31st of the New Year is held in Zen temples and other
places (cf. Nishikawa 1997: 9).

It is believed that summer vegetables have a cooling effect and winter vegetables have a
warming effect on the body. It is also considered that eating seasonal vegetables during the
season is in accordance with the laws of nature (cf. Fujii 1996: 17-25). In addition, it is pointed
out that tasting seasonal ingredients, which express a sense of the seasons, represents “gratitude
for the workings and blessings of nature and becoming one with nature” (Masuno 2016: 29).

Shojin Ryori is made according to the season. For example, in January “a dish of lotus root
boiled in miso”, in February “yuzu tempura”, in March “udo-no Kishu-ae”, in April “fertile shoot
of field-horsetail boiled in soy” and “bracken rice”, in May “horse bean rice” and “butterbur leaf
walnut-ae”, in June “daikon pickled in cherry blossoms” and “shredded newly-picked-tea
tempura”, in July “crispy pickle” and “perilla seeds rice”, in August “salted eggplant™ and “stir-
fried cucumber”, In September “steamed fig skewered, roasted over coals, and coated with miso”,
in October “yukari rice ball” and “rice ball steamed together with wild plants”, in November
“fried edible chrysanthemums”, and in December “boiled pumpkin in oil” and “dried
persimmons dressed with white sesame, tofu, and white miso” (cf. Fujii 2004: 11-280).

7. RICE PORRIDGE, THE BASIS OF THE DIET OF TRAINEE MONKS

In the diet of Zen trainee monks, in the morning “rice porridge, yellow pickled radish, and pickled
plums”, in the afternoon “barley rice, miso soup, yellow pickled radish”, and at night “porridge
of rice and other ingredients, yellow pickled radish” are served. The basic meal of the trainee
monks is said to be barley rice, miso soup, and pickles, i.c., a meal consisting of one soup and
one main dish besides rice (cf. Fujii 1996: 98, Hosokawa 1997: 4).
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The monks’ tableware consists of five layers of black-painted bowls, which are called
“jihatsu” (F##4: bowls that each monk brings to the Zen meditation hall) or “6ryo-ki” (his Eds -
bowls which are supplied according to the amount of food that each monk can eat). It is
customary to use rice in the bottom bowl, miso soup in the second bowl from the bottom,
simmered food in the third bowl, deep-fried food in the second bowl from the top, and vegetables
dressed with miso, sesame, or vinegar in the top bowl (cf. Fujii 1996: 99). The color, black, of
black-painted bowls indicates that Zen monks are not influenced by popular taste.

The spirit of “hospitality” means “to think about the other person, as though it were a once-
in-a-lifetime opportunity” (cf. Masuno 2016: 64).

8. CONCLUSION: Shojin cuisine, the ultimate slow food

Shojin Ryori also continues to evolve. The unique “acrid taste in the throat” of edible wild plants
as a spring flavor (cf. Fujii Sotetsu and Fujii Mari 2017: 105) and “umami or jimi (&% : dainty)”
that represents nourishment and good taste is also taken into consideration (cf. Abe 1998: 78).
In addition to the five colors, “brown” such as “hdji-cha (toasted tea)” that gives “peace of mind”
is also taken into consideration. In terms of cooking methods, “stir-frying” is also emphasized
in addition to the five methods.®

What is important in Shojin Ryori is to use authentic seasonal ingredients, to spend time and
effort generously, and to make the most of the original flavor, taste, texture, and color of the
ingredients (cf. Nishii 1992: 9). It is extremely important to make the most of the color of them.
It is considered that the decisive factor in any dish is the quality of the broth, and it is usual to
soak various vegetables such as shiitake mushrooms, kelp (konbu), Chinese cabbage, and carrots
in water from the night before to make the broth. Shojin Ryori is the ultimate slow food.

When we consider the vegetarian cuisine in contemporary Japan from the perspective of the
Sustainable Development Goals (SDGs), which consist of 17 goals and 169 targets, we can point
out that it is an effective means of achieving these goals. The phrases such as “to make the most

of the ingredients”, “enough is as good as a feast”, “disordered food is disorder of the mind”, “as
they are”, and “light taste” express the spirit of hospitality in Shojin Ryori and are effective.

NOTE

1) The word “tan (¥K)” of “tanmi (% "£)” refers to the middle way in Buddhism and
Confucianism, that is, to be extremely unbiased, and is referred to as “a so-called casual way
of life” (cf. Fujii Sotetsu and Fujii Mari 2017: 104).

2) Shojin Ryori is by no means considered to be a plain dish, but a simple dish. Zen’s
characteristics of being “simple and refreshing” have been highly evaluated. Sotetsu Fujii and
Mari Fujii (2004: 5) believe that Shojin Ryori is characterized by “tan”, which is synonymous
with “wa: harmony, peace”, and that Shojin represents “living hard with harmony.” Tanmi is
interpreted as “a balanced state that encompasses all tastes” (Fujii 1996: 19).

3) It has been pointed out that the original meaning of the Chinese word for Shojin is “to further
enrich the pure and fulfilling mind and body, and to strive for self-enforcement” (Fujii 1993:
187). When Buddhism was introduced to Japan in the early sixth century, Shojin was called
“sojimono: fHHEW)” (op. cit., 189), and it is believed that the form of Shojin Ryori was
established from the Kamakura period to the early Muromachi period, when Zen Buddhism
was introduced to Japan. The Zen monk of the early Kamakura period, Dogen (1200-1253)
who is the founder of the Soto sect of Zen Buddhism, preached on dietary etiquette in the Tenzo
Kyo-kun ([ #2251 ]| established in 1237; the mindset of a person who prepares a meal) and
the Fushoku Hanpo ([ /L5 8R7% ] established in 1246: the attitude of a person who eats a meal).
These two books are still practiced by Zen monks as the only “Book of Food” in Zen Gate.

4) Syugyo ({E1T : training, practice, ascetic practices) means “cleansing the unclean mind” and
driving away the three poisons (greedy mind, anger, and complaints) (cf. Yoshimura 2019: 93).
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The three poisons are greed (& ¥ ), short temper (% V), and complaints (F:5i; ignorance of
the truth) and is considered to be the four fundamental disturbing emotions by adding arrogance
(2.0 : conceit) to the three poisons. The purpose of training is enlightenment (Satori: & Y)),
but enlightenment is “attaining the purest mind at the bottom of one’s heart”, which means
“becoming aware of and becoming that mind.”

5) There are also five types of irritating vegetables that emit odors and have an intense taste.
They are called “goshin (1.5%).” In addition to garlic, Chinese chives, and leek, it contains
rakkyo (Japanese scallion) and hajikami (Japanese pepper and ginger) (cf. Abe 1998: 174).
These were forbidden as vegetables that increased lust and rage.

6) The cooking method of stir-frying is a way of cooking that did not exist in the Japan ancient
diet. Itis considered that it was introduced to Japan when Zen monks returned to Japan during
the Kamakura period and when Chinese monks came to Japan.
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ABSTRACT

Nowadays, circular economy principles have persuasively entered architectural design and
facade covering, transforming their visibility. Previously, the facade was “covered” by paint or
a flashy and super-colored digital screen; now, the final layer is neutral, typical of recycled
materials. The facade has now lost its role as the superficial identity of the building, instead
becoming a sacrifice surface for new experimentations. The aim of the paper is to describe the
transformation of textures and colors of contemporary architecture, within the circular economy
paradigm, through the analysis of some case studies of the last years and the perceptive and
social repercussions. Where before the facade was "covered" by a bright and colorful digital
screen, now the overlade of layers is neutral color, like the recycled materials. Today the fagade
is no longer considered an identifying surface of the building, but as a surface of sacrifice for
new experiments. The new architectural fagades therefore adopt green, grey, carbon-neutral
solutions and more, with a focus to circularity and resilience of the contemporary construction
system. At the same time, the new environmental demands of the circular economy are leading
us to use technical elements made with recycled or natural materials, which completely change
the perception of architectural surfaces, in this Era characterized by speed. The colors are the
natural ones of the materials, which can then be recycled, or the neutral colors of recycled
materials, maybe as 3D printed powder blends. With this new paradigm, do buildings lose their
identity and look all the same or do they re-appropriate the identity of the original materials of
the place? What is the impact of these new hypo-colored surfaces within urban landscapes?
Will the genius loci [1] of urban spaces survive the changes due to the new circular paradigms?

Keywords: circular colour; architectural surface; digital colour; neutral colour; hypo-coloured surface

INTRODUCTION

In the second half of the 20th century, we witnessed the construction of colored and luminous
architectural facades, thanks to industrial research and technology transfer, which have brought
materials and technologies with high visual impact to the construction field. Silica, acrylic, and
siloxane paint in ordinary construction and experimentation with digital technologies in tall
buildings (in the late 20th century) transformed the perception of architectural fagades and the
skyline of big cities and peripheral hamlets. In major European and international cities,
building fagades were turned into large TV screens, catching the attention of passers-by with
luminous colors, saturated and brilliant, moving images, and super-colored advertisements
(urban screens). In residential and social housing, long-lasting synthetic colors have subverted
historical buildings’ tendency toward soft ones, covering houses with bright tones. Saturated
and brilliant colors, which can resist any weather, have transformed suburbs into colored
mosaics: fagades are neon green, cherry red, lemon yellow, light blue, purple, and so on. At the
same time, the parable of urban screens concluded in little more than 15 years, leaving room for
a revived environmental awareness oriented toward the realization of green facades. Living
walls started to invade some of the most famous contemporary architectures and some
residential buildings, albeit to a smaller extent. Following the same revived environmental
consciousness, contemporary facades have been equipped with new green, grey, carbon-neutral
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and other solutions, in a perspective of circularity and resilience. The new environmental needs
of the circular economy are leading us to use technical elements realized with recycled
materials, whether natural or artificial. They often lose their original color during recycling,
moving toward more neutral (achromatic) shades. At the same time, the contemporary
construction of Italian suburbs is subjected to a generalized chromatic flattening, with new
buildings indistinctly painted in grey shades. Nowadays, circular economy principles have
persuasively entered architectural design and fagade covering, transforming their visibility. The
paper aims to describe the transformation that has invested contemporary architecture's textures
and colors within the circular economy paradigm. This will be accomplished by analyzing case
studies from recent years for both building typologies. Now, the colors of facades are the
natural or neutral colors of recycled materials, sometimes as 3D-printed powder mixes or
shades of grey in the suburbs. This leads buildings to lose identity and visibility. What is the
impact of these new hypo-colored surfaces in urban landscapes? Will the genius loci [1] of
urban spaces survive the modifications of circular paradigms?

METHODOLOGY

This paper employs the descriptive analysis method by combining a literature review with a
case study analysis to identify the relevant items for studying the color of contemporary
facades. A state-of-the-art analysis was made, including both case studies with materials
deriving from a “circular” design and constructive approach (20 case studies) and the color of
facades built in the last years in urban suburbs (50 case studies). When possible —in peripheral
residential buildings — a survey with an NCS Colourpin II colorimeter (or color survey tool) has
been performed [2]. In internal case studies, it was impossible to survey building colors
directly; hence, a photographic sample provided by designers or obtained from journals was
used. Images have been processed with the Adobe Photoshop software (pixilation method).
Color conversion from RGB to NCS has been performed with the conversion tool from e-
paint.co.uk [3] to identify the closest NCS value to the RGB hexadecimal one. The analyzed
buildings have been built relatively recently: 2008-2022 for the 20 international case studies
and 2020-2023 for the 50 Italian case studies. Color variations due to different natural light
conditions, artificial lighting, reflections, and other environmental factors were not considered,
as they were negligible. The paper will present the first analyses inferred from the case studies,
which will have to be further studied and substantiated with multi-disciplinary research in the
future. The paper is articulated into 3 items: historical-circular excursus on the colors on the
facade, with a focus on contemporaneity; chromatic scales found in the case studies and fagade
materials in the circular economy; results and conclusions.

THE COLOUR OF FACADES: “CIRCULAR” EVOLUTION

In the past, buildings were made with local materials. Some regions used bricks, others used
stone, and in others, the wall had a lime plaster. Colours were composed of local pigments in a
solution of water and lime. For this reason, in most urban and periurban historical centres,
facades have the colour of natural materials and soils. In broad outline, five different phases of
facade colours can be recognised in history (fig. 1):

- The first is the longest one, preceding the Industrial Revolution, where colours were
determined by the materials used and by the frescoes and decoration in prestigious buildings;

- The second one is the phase between the two industrial revolutions when the development of
glass and steel buildings led to the construction of high-rise buildings with innovative
materials;

- The third phase is the post-war phase, that of the reconstruction of large residential complexes
(social housing) and the diffusion of synthetic paint;

- The fourth one started in the °80s, with the production of artificial light envelope
(overcladding systems) made with coloured components and any type of material, with digital
panels (urban screens) and innovative materials that change colour and form, etc.;
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- The fifth is the contemporary age, gradually shifting from the construction of living walls to a
new type of sustainability, which reuses construction materials and is called “circular
economy”.
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Figure. 1: Circular evolution of the colour of the facade.

It can be inferred that the productive and cultural system's evolution has influenced the
built environment's colour. Which colours have characterised these five phases? In small urban
centres, the colours of less affluent classes and bourgeoises’ houses used to derive from locally
obtainable materials and components: the colour of bricks (which could be red, grey, or red-
yellow according to the place), the colour of local trees (Fig. 2) or stones. In ancient times,
plastered houses could be left in their natural colour: in Florence, it was a white grey, which
became yellow over time; in Rome, it was pinkish grey, obtained from pozzolana. Throughout
the 17" and 18™ centuries, fagades were painted yellow, red, green, or bicolour, like in Naples
[4]. For example, in Tuscany, the 14™ and 15" centuries are characterised by the pictorial use of
low tones, without flashy colours, due to the practice of frescoes on lime, requiring the use of
earth colours (oxides) [5]

Figure 2: Facades of small historical centres built with local materials. On the left, Storo (I), with
its typical constructions in stone and timber. On the right, Budduso (I), with houses built in grey
granite blocks.
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In the second post-war period, has brought about an unconfined transport of goods.
Architectures can no longer age and must always appear flawless and impervious to time.
Artisanal techniques have disappeared, and artificial materials are used. Saturated and bright
colors are preferred, especially as their visual properties are unaltered by the sun and weather
over time. This leads to the employment of synthetic paint with improbable neon green or
yellow tones, blue and purple, and so on. This is true for residential construction in general.
Then tall buildings, constructed of steel and glass, mainly have neutral, reflective colors or
colored ceramic or marble cladding. Consider, for example, the buildings Gio Ponti designed
and covered with three-dimensional colored ceramics or think to Aldo Rossi and the
“Postmoderns.” In the late twentieth century, there was the spread of artificial coatings: colored
or grey metal panels, polycarbonates, up to the bright, saturated digital layers (Fig. 3) with an
initial environmentalist sensibility that took the form of living walls.

-5

Figure 3: Madrid. Left, a facade with coloured metal panels (social housing on the
outskirts of Madrid); right, the digital facade of MediaLab Prado.

Ideally, the circle completes again in contemporary times. The colours of recycled materials
and components are mixed to give rise to natural/artificial powder mixtures, which 3D printing
transforms into living components or cells. They are the colours of Pla, marble powders, and
soils. That is, basically neutral colours. What happened?

THE COLOUR OF CONTEMPORARY FACADES

The analysis of buildings constructed in recent years revealed a trend toward achromatic or
low-saturation facades: grey and beige scales. The study focused on two types of buildings:
diffuse housing in suburbs (expansion areas) and large architectural projects of office centres,
exhibition halls, installations, tall buildings, etc. As for the latter, the colour tends to come from
the components of the cladding or exterior walls, often made from recycled materials.
Reintroducing materials into the production process usually involves their transformation into
another form than the source material, which can lead to colour variation. In this case, this
involves reusing stone waste, which can be turned into powder to make blends with other
materials (geopolymers) [6] for 3D printing or components from recycled polymers, more
colourful, or metals. The case of current residential construction is different. Our contemporary
urban environment seems to have mutated into a monochromatic world with a limited spectrum
of tones. Examples of this kind of architecture and urbanism are found in large residential
projects in the suburbs [7]. Today, variations of grey and beige (Fig. 4) are widely used instead
of the saturated colours used until recently. Sometimes, grey colours are also proposed in in
historic centres. Thus, while historically, the grey colour of facades was typical of poor
suburbs, where the wall face was barely plastered (the grey colour of the mortar plaster) and not
painted, now grey is deliberately chosen as a valuable finish. Concerning this aspect, it would
be appropriate to investigate the reasons through sociological and anthropological analysis.
According to Weber’s recent research [7], the reason for the contemporary monochromatic
orientation is solely commercial. Neutral colour loosens attention and distracts from
imperfections and design errors, “It is [even] believed that there might be a higher margin of
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error with grey and white tones.” And for that reason, “visual impoverishment is the accepted
consequence.”

Figure 4: Some case study of newly built residential buildings in different suburbs. All
new buildings are painted with gray variants.

FACADE MATERIALS AND TECHNOLOGIES IN THE CIRCULAR ECONOMY

In the analysed case studies of international architectures, the fagades were almost all made by
recycling building components: bricks, tiles, and stones salvaged from other demolished
buildings and reused with more innovative textures than the historic building.

The result is colours that tend to be neutral and darker than the same new product, with
hues ranging from grey scales to beige and brown scales (for terracotta components) (Fig. 5).

TLTLD

Figure S: color palette obtained from contemporary architectural projects, built with
recycled components

18

20

These colors belong to components originally made from natural materials (the soils or
stones), but their tones have turned darker and less vivid. Examples include the Ningbo Historic
Museum project and Kengo Kuma’s China Academy of Arts’ Folk Art Museum, both in China.
The former is constructed from building waste of different shapes and materials, and this
identity is left exposed on the facade of the building. The general color is grey, with a few
bands of brick colour. Recycled materials are deliberately left exposed. Kengo Kuma's project
is grey, too, in a dark shade, and it is interesting because the surfaces are covered with old tiles
from local houses but laid at right angles to the vertical wall, set on a metal mesh. In this way,
they form a kind of brise-soleil. The innovation in almost every project is in the design process:
parametric design and sinuous shapes. Thus, the colors of the circular economy take us back to
the basics, to the pre-industrial revolution building tradition, because components made of
natural materials are reused in their entirety. There are also plastic wrappers, whose colors tend
to be from light blues to whites, reusing recycled plastic components, too. There are still few
case studies in which recycled components are crushed or melted and reinserted into a new
production process. Then, they are usually used for 3D printing housing components or cells.
The colors do not change much from the above, whether polymers or natural materials. In the
case of Tecla from Wasp (Fig. 6), the mixture of soils substitutes the beige-brown color of the
recycled material. Also, in cases of digital polymer printing such as Killa Design’s of the
Future Pavilion or the EU Pavilion by Dus Architect, the colors are white or light blue. In the
People Pavilion the colored tiles that make up the Pavilion’s upper facade are made from
plastic household waste materials (Fig.7).
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Figure 6-7: Left, Tecla by Wasp (ph. WASP); right, People Pavilion (ph. Pretty Plastic)

In the color analysis of residential buildings, the color palette is drastically reduced to
grey scales (Fig. 8). In this case, it is not the reuse of waste material but newly produced
synthetic paints that somehow “mimic” the color scheme of houses built between the wars. In
that period, houses remained plastered with grey cement mortar without a layer of colored
paint. The phenomenon almost exclusively occurs in new construction.

NCS 1502-G NCS 1502-Y NCS 2000-N NCS 1500-N NCS 4502-N

NCS4000N  NCS7502-Y NCS4010-R70B NCS 7005-B20G NCS 8005-B20G
Figure 8: Colour palette derived from residential building plans

RESULT AND CONCLUSION

The findings of this study highlight that, in the time of the circular economy, even architectural
facades are adapting their appearance to the increased environmental sensitivity. The reuse of
building components and materials in the construction process affects the color of facades at
the level of large-scale architecture. It is well known that architecture represents its own time.
This is perhaps the time for the recovery of a more honest relationship with the environment
and the resources available to us. This new approach manifests itself through facades with
duller, more opaque colors. These are the colors of recycled materials that, for that reason, have
been ageing due to exposure to the elements over many years. In fact, the color palette derived
from the 20 case studies (Fig. 6) reveals the original materials: the beiges/reds of bricks, the
grey tones of concrete, and the white/blue tones of polymers. However, they are decidedly low-
saturation colors. In the case studies shown, only one (Tecla) was built by 3D printing with a
local soil-based mixture that influenced its final color. However, other non-structural
components made with marble powder binder-jetting technology are being tested. In this case,
the color will not realistically match the source stone but be more similar to a mixture of stone
and other materials, fading the color. The other analysis, performed on residential construction,
from the material point of view, is apparently unrelated to the logic of circular economy and
recycling. The new buildings are all grey; the materials are newly manufactured paints. What is
the reason for this generalized color flattening? Weber cites purely commercial reasons. Maybe
other explanations are more related to environmental sociology and anthropology, which would
be worth exploring. The grey color does not draw attention to either the object or the design
flaws, is welcomed by most people (how many grey cars do we see along the streets?), and
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keeps the profile low compared to the quality of the building. However, interventions with
recycled materials and those with grey paints are strongly self-referential, prioritizing
experimentation, economy, and emulation. In the era of Industry 5.0, with even the European
community issuing documents on the importance of a Human-Centered (HCD) approach to
manufacturing [8], we are going in the diametrically opposite direction, regardless of urban
color plans and the valorization of the identity of historical centers and suburbs.

SNk
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ABSTRACT

Immersive virtual reality (VR) technology has gradually found its place within the fashion and
creative design industries, aiming to stimulate creativity, imagination, and engagement.
However, it's important to note that limited systematic research has delved into the intricate
design of immersive VR environments to effectively evoke positive emotions and enhance
cognitive performance, particularly with regards to nurturing designers' logical and lateral
thinking abilities. Colour, as a pervasive visual design element, has shown that a deliberate
approach to hue design can elicit favourable cognitive responses and intellectual capabilities.
This research, therefore, endeavours to reignite the exploration of interactions between colour
and cognitive performance in VR, focusing on the impact of chroma on intellectual abilities of
design students within immersive VR environments. The study employed green-coloured
backgrounds across seven chroma levels (90%, 75%, 60%, 45%, 30%, 15%, and 0%), all with
equal luminosity settings. Thirty designers and students (15 males and 15 females), ranging
from 20 to 28 years old, participated in a series of psychrometric experiments. Their logical and
lateral abilities, along with attention to detail, were assessed through a sequence of single-
choice tests delivered via an HTC Vive VR system. Data obtained from the experiment were
analysed using a multivariate analysis of variance (MANOVA). The findings from this
experiment indicate that varying levels of chroma significantly influence the logical and lateral
thinking abilities of design students, as well as their attention to detail within immersive VR
environments. The outcomes of this research offer potential encouragement for VR researchers
to incorporate and maximize the use of advanced immersive computing technologies. The fresh
insights gleaned from this study underscore the potential of selective colour application in
enhancing intellectual abilities and refining the design of immersive VR experiences. Practical
implementation could involve crafting VR applications tailored specifically to stimulate users'
creativity, imagination, and logical thinking skills. However, it's important to acknowledge that
this experiment's scope was limited to a diverse cultural and age range, necessitating a more
comprehensive exploration in the future. Furthermore, extrapolating the effects of chroma on
arousal and impulsiveness across the entire colour spectrum based on these selected samples
remains a challenging endeavour.

Keywords: Virtual Reality, Chroma, Colour Design, Intellectual Abilities
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INTRODUCTION

In the contemporary era, immersive virtual reality (VR) technology has revolutionized various
industries, notably fashion and creative design. These sectors have adeptly harnessed VR's
capabilities to amplify creativity, imagination, and user engagement. For instance, Tao et al.
(2021) emphasized the potential of immersive VR health games to support long-term
engagement with therapeutic interventions, suggesting the profound impact of VR on user
engagement in health contexts. Similarly, Skola et al. (2020) demonstrated that modern
immersive VR applications, when combined with 360° storytelling, can sustain high levels of
presence, immersion, and general engagement. Frohlich et al. (2018) introduced a unique VR-
sandbox system, highlighting the potential of VR to foster creativity and exploration by
allowing users to design landscapes through haptic interactions. Furthermore, Elor et al. (2021)
showcased the effectiveness of a VR game in maintaining engagement and motivation for
physical rehabilitation, emphasizing the versatility of VR applications. Yet, as the adoption of
immersive VR environments grows, a significant knowledge gap persists regarding their
optimal design to foster positive emotional and cognitive outcomes. A particularly uncharted
territory is the potential of VR to enhance designers' logical and lateral thinking abilities.

Central to the visual landscape and design process is the ubiquitous element of colour.
Emerging research has illuminated the profound impact of colour, specifically hue, chroma, and
brightness, on cognitive responses and intellectual capacities (Xia et al., 2021a, Xia et al.,
2021b, Xia et al., 2022, Xia et al., 2023). This litany of research outputs, although prolific,
beckons for a more scrutinizing assessment of their methodologies and implications. Take, for
instance, Xia et al.'s (2021c) endeavours, which purportedly dissect the intricacies of how
colour stimuli wield influence over lateral and logical abilities. Their assertions of heightened
arousal and impulsiveness induced by certain colours in individuals' cognitive processes are
tantalizing, yet warrant a closer examination of the broader ecological validity of such
conclusions. Moreover, the ambitious assertions put forth by Xia et al. (2023), delving into the
domain of colour attributes' impact on cognitive performance within immersive virtual
environments, although intriguing, demand a cautious interpretation. The revelation of colour's
influence on thinking and abilities, within the context of virtual experiences, while undoubtedly
provocative, necessitates further consideration of the multifaceted factors at play. In essence,
while these studies offer preliminary glimpses into the potential interplay of colour and
cognition, they beckon for more rigorous exploration and nuanced understanding before we can
fully embrace their implications. As such, this study embarks on a novel exploration, aiming to
reinvigorate the discourse surrounding the interaction between colour and cognitive
performance within the immersive context of VR, with a focus on exploring the potential to
positively trigger designers' cognitive responses and intellectual capacities.

In a deliberate focus on the effects of chroma, the study investigates its influence on the
intellectual capacities of design students and professionals, thereby providing fresh insights into
the untapped potential of selective colour application in immersive VR experience design.

To address these inquiries, the research engaged a cohort of twenty-eight designers and
students, encompassing an equal distribution of 15 males and 15 females. Ranging in age from
20 to 32 years old, this diverse group participated in a meticulously designed series of
psychrometric experiments, facilitated by an HTC Vive VR system. Through these experiments,
the study evaluated participants' logical and lateral thinking abilities, along with their attention
to detail, across varying levels of chroma. The ensuing analysis, conducted via a multivariate
analysis of variance (MANOVA), uncovers nuanced relationships between chroma, cognitive
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performance, and intellectual capacities within the immersive VR environments. The ensuing
sections delineate the methodology, results, and implications of this pioneering research
endeavor. By shedding light on the intricate interplay between chroma, cognitive faculties, and
intellectual capacities within the context of immersive VR, this study lays the foundation for
harnessing advanced immersive computing technologies to enhance intellectual capabilities and
craft more impactful VR applications tailored to nurture creativity, imagination, and logical
thinking abilities. However, it is pertinent to acknowledge the preliminary nature of this study's
scope, urging further comprehensive exploration across diverse demographics and broader
colour spectrums.

METHODOLOGY

Materials

Chroma trials were conducted utilizing the Unity platform in conjunction with the HTC Vive
Pro head-mounted display.

Colour Conditions

The experiments involving chroma employed green backgrounds across seven different chroma
levels (90%, 75%, 60%, 45%, 30%, 15%, and 0%), all with uniform luminosity settings. The
specific green hue utilized for these experiments is designated as the 90% chroma within this
investigation. The attributes of the background colors on both the monitor and the VR headset
are detailed in Table 1.

Table 1: The attributes of the background colors within the VR headset.

Colour Conditions R G B L a* b* C* h(°)

Green_90%_chroma 23 229 171 81.38 -58.92 15.62 60.946 165.15°
Green_75%_chroma 57 229 181 82.00 -53.80 11.26 54.96 168.18°
Green_60%_chroma 92 229 190 83.00 -46.42 8.00 47.10 170.23°
Green_45%_chroma 126 229 200 84.30 -36.81 4.85 37.13 172.50°
Green_30%_chroma 161 229 210 86.12 -25.26 2.45 2538 174.46°
Green_15%_chroma 195 229 220 88.36 -12.84 0.66 12.86 177.07°
Green_0%_chroma 229 229 229 90.94 -0.00 0.00 0.00 270.00°

Psychometric Tests

The psychophysical study was carried out to explore how chroma impacts individuals'
cognitive capabilities through the use of a Head-Mounted Display (HMD) Virtual Reality (VR)
headset. Six distinct types of psychometric tests were employed to evaluate participants'
cognitive capacities: logical ability (logic rule test, mathematics sequence test), lateral ability
(spatial structure test, rotation test), and detail ability (odd one out, same detail test). Within
each test category, seven questions were presented, with each question featuring a distinct
coloured background. Consequently, the total number of questions reached 42 (6 test types
multiplied by 7 coloured backgrounds), with each participant tasked with responding to the
entire set. The assignment of coloured backgrounds to questions and the sequence of question
presentation were randomized for each participant. It's important to note that while every
participant encountered each question with the seven coloured backgrounds within a given test,
the specific colour allocations varied among participants. This approach aimed to mitigate bias,
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ensuring that if a question proved slightly more challenging, its association with any particular
background for a participant was equally probable. The primary data collected from the
experiment encompassed response time and error rates. These metrics will be utilized in the
Results section to gauge participants' levels of arousal and impulsiveness, serving as an indirect
means to elucidate the influence of colour on individuals' lateral and logical abilities.

Participants

A cohort comprising 30 individuals (15 males and 15 females), aged between 20 and 32 years,
was enlisted for the chroma experiment phase. In light of potential cultural influences and to
mitigate variations in logical tendencies, the participant pool exclusively consisted of Chinese
design students and professionals for this experimental segment.

Experimental Procedure

Prior to commencing the experiments, every participant underwent the Ishihara colour vision
test to ensure their normal colour recognition capability. Once participants successfully
completed the test, they were provided with a comprehensive explanation of the experimental
instructions. Following this, participants engaged in a set of practice tasks for each type of
psychometric test to acquaint themselves with the procedure before embarking on the main
experiment. Upon concluding these tasks, participants were instructed to focus their gaze on the
white reference background presented by the VR headset for a five-minute period, allowing
them to acclimate to the conditions. The primary experiment commenced five minutes after
participants had acclimatized to the experimental conditions.

RESULT AND DISCUSSION

Utilizing a Multivariate Analysis of Variance (MANOVA) in SPSS, the study sought to discern
the impact of distinct chroma levels on participants' cognitive performance. The findings
indicated significant variations in response times when participants were engaged in tasks
necessitating logical reasoning. Specifically, a statistically significant difference was observed
between the chroma levels of 75% and 0%, p = .006. For tasks emphasizing lateral thinking
capabilities, the data revealed marked disparities in response times, especially between chroma
levels of 75% and 30%, p = .001, and between 75% and 15%, p = .031. Furthermore, error rates
in these lateral thinking exercises displayed significant variations across several chroma
contrasts: 75% versus 60%, p = .043; 75% versus 15%, p = .013; 45% versus 15%, p = .025;
and 30% versus 15%, p = .043. In tasks demanding meticulous attention to detail, participants'
response times exhibited significant differences at specific chroma contrasts: 75% compared to
60%, p = .036; 75% compared to 30%, p = .022; 75% compared to 15%, p = .01; and 75%
compared to 0%, p = .004.

These results emphasize the profound impact of chroma variations on cognitive metrics,
spanning logical and lateral reasoning, as well as tasks that demand precision. The insights
derived from the MANOVA analysis shed light on the intricate interplay between chroma
levels and cognitive function, hinting at the potential to design VR experiences that optimize
cognitive capabilities and attention to detail.
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Figure 1. (A) Error rate of participants' performance in logical thinking abilities by
background colours in VR; (B) Response time of participants’' performance in logical
thinking abilities by background colours in VR; (C) Error rate of participants'
performance in lateral thinking abilities by background colours in VR; (D) Response time
of participants' performance in lateral thinking abilities by background colours in VR;
(E) Error rate of participants' attention to details by background colours in VR; (F)
Response time of participants' attention to details by background colours in VR.

CONCLUSION

Our research illuminates the intricate relationship between colour chroma and cognitive
performance within the realm of immersive virtual reality (VR). As immersive VR technology
continues to permeate creative sectors like fashion and design, it offers unprecedented
opportunities for nurturing creativity, bolstering engagement, and catalysing imagination. Yet,
the quest to design VR environments that optimize emotional and cognitive responses has been
hampered by a paucity of in-depth research. Our study sought to bridge this knowledge gap,
with a keen focus on how colour chroma can influence the cognitive prowess of designers.

Building upon the foundational research by Xia et al., which highlighted the profound influence
of colour on cognitive dynamics, our study ventured into the uncharted territories of VR. We
delved into the nuanced effects of chroma variations on cognitive faculties such as logical and
lateral thinking, as well as precision. Utilizing the HTC Vive VR system, our rigorous
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psychrometric experiments have unveiled ground-breaking insights, suggesting that strategic
colour application could revolutionize immersive VR design. This exploration is further
contextualized by studies such as those by Elor et al. (2021), which delve into the potential of
VR beyond the novelty, especially in physical rehabilitation. Similarly, Frohlich et al. (2018)
and Skola et al. (2020) have emphasized the immersive potential of VR in fostering creativity,
playfulness, and cultural heritage engagement. Tao et al. (2021) have also underscored the
transformative potential of VR in health games, emphasizing the importance of game design in
enhancing cognitive and physical outcomes. The marked disparities in response times across
chroma levels, especially in tasks demanding logical reasoning, beckon a deeper exploration
into the underlying cognitive mechanics. The linkage between specific chroma intensities and
heightened cognitive arousal or impulsivity enriches our comprehension of colour's
multifaceted impact. The variations observed in lateral thinking and error rates across chroma
gradients further underscore the intricate dance between colour and cognition.

Our research stands as a beacon in the academic landscape, providing empirical validation of
chroma's sway over cognitive performance in immersive VR settings. The correlations we've
unearthed between chroma shifts and distinct cognitive metrics, such as response times and
error rates, champion the idea of colour as a potent catalyst for cognitive immersion. This
resonates with the broader understanding that colour's magic extends beyond mere visual
appeal, influencing cognitive reactions and intellectual prowess. The ramifications of our
findings are manifold, spanning both academia and real-world applications. The knowledge
gleaned can pave the way for crafting VR experiences that resonate with specific cognitive
goals. By adeptly tweaking colour chroma, designers hold the key to fine-tuning cognitive
immersion, arousal, and meticulousness, thereby elevating the user journey. This knowledge
transcends the boundaries of creativity, beckoning interdisciplinary synergies and innovations
across diverse arenas. Yet, it's paramount to recognize our study's boundaries. Our research lens
was primarily trained on a niche demographic of design aficionados, and the emphasis on green
hues might not encapsulate the vast chromatic spectrum. Future endeavors should cast a wider
net, encompassing diverse demographics and a richer palette of colours. While our insights are
invaluable, the intricate interplay between chroma and cognition beckons deeper exploration.
To encapsulate, our research stands as a trailblazer, demystifying the role of colour chroma in
shaping cognitive trajectories within VR landscapes. Our revelations underscore the promise of
judicious colour application in amplifying cognitive immersion and refining VR design. As the
VR frontier expands, our insights beckon further scholarly pursuits and inventive applications,
fostering cross-disciplinary alliances to harness colour's transformative potential in virtual
realms.
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ABSTRACT

There is growing interest in virtual worlds (the metaverse) and one area that is already active in these
virtual worlds is digital fashion. Some luxury fashion brands are using digital fashion as a way to
promote their physical products; other companies seek to sell digital fashion per se in virtual worlds. In
the gaming industry there is already an economy around buying digital fashion. Although colour
forecasting and analysis is established in the real world, methods to explore colour trends in virtual
worlds are in their infancy. One approach that could be useful would be to automatically extract colours
of clothes from digital images and this work evaluates methods to do this. A total of 16 participants
were each asked to select three colours from each of 5 images of avatars. Each image contained a single
avatar and the participants were instructed to select colours that were representative of the clothes being
worn by the avatar. Several computational methods were used to extract colours from the images.
Specifically, various clustering approaches (such as k-means) were used and a generative Al model
(pix2pix) was also evaluated. The pix2pix approach used a network that was trained on pairs of images
(the input images were streetstyle fashion images; the output images were semantically segmented
corresponding images). In semantic segmentation each pixel is assigned to one of several defined
classes (such as clothes, skin or background); successful segmentation allows the background and skin
pixels, for example, in the original image to be ignored. Palettes selected by human participants were
used as ground-truth data and palettes generated by various machine models (e.g., k-means, pix2pix)
were compared to these. Palettes were compared using a previously published palette-difference metric
(AEp). The results showed that when averaged over all participants and all images the palettes generated
by the pix2pix method were more similar (AEp = 7.7) to the ground-truth data than the palettes
generated by k-means (AEp = 9.5) were. The experimental data show that automatic methods can
generate colour palettes from clothes. Although this task is quite easy for humans, automated methods
are required to enable thousands or hundreds of thousands of images to be processed in one day; that
volume of analysis may be required if accurate colour trends or nowcasts are to be obtained. The
methods described in this work could be used to build tools that would enable designers to process
many images efficiently.

Keywords: colour palette generation, virtual fashion, image analysis

INTRODUCTION

Recently the realm of virtual fashion has been steadily capturing the interest of consumers, drawing the
attention of the Generation Z group in particular. Distinguished from traditional fashion, virtual fashion
breaks physical boundaries on real garments, and mainly focuses on virtual/digital products [1].
Originally conceived as representations (skins) for game characters within gaming platforms, virtual
clothes have progressively expanded into non-gaming domains [2]. The context of this transformation
includes social media filters and avatars in social platforms (e.g. Meta). Also, an increasing number of
platforms are being established to facilitate the sale of virtual fashion apparels, such as The Fabricant
and R-shape. The spending power and consumption habits of the young generation have entered a new
era [2]. In the near future customers will work, play and socialise in immersive virtual worlds to meet
their social satisfaction. Virtual representations of people, in the form of avatars, require virtual clothes.
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Therefore, there is a huge market opportunity in the virtual fashion industry [3]. A big challenge in the
development of virtual fashion clothes is the lack of fashion forecasting data and agencies.

Colour forecasting is well-established in the physical fashion industry [4]. Ideas of colour forecasting
are linked to the design process, the marketing of on-trend products and products themselves. Similar
to the real-world fashion market, the virtual fashion market also encompasses both design and retail.
WGSN, one of the leading forecasting agencies, has explored the concept of virtual fashion and its
connections to the metaverse in their trend reports, yet, do not specifically address pertinent platforms
[5]- Limited researchers and companies are investigating the possible colour forecasting mechanism for
the virtual fashion wardrobes industry. One of the challenges of using traditional colour forecasting
methods to analyse virtual fashion images, is the irregular and diverse shape and colours of the virtual
clothes. Digital clothes in virtual fashion allow more diverse colour usage and material designs.
Specifically, in virtual fashion designs, the physical production is eliminated in a process of design-
sell-make [2]. The shorter design chain for virtual fashion also puts pressure on designers and on the
colour forecasting process itself. In other words, there is a demand for colour forecasting techniques
that cater to the unique demands of the virtual fashion industry

Fashion image analysis is one of the methods to approach colour forecasting in the real fashion industry
[6]. The question is whether we can use advanced techniques to emulate the colour forecasting process
in the real world to the virtual fashion world. This paper explores the practicality of employing machine
learning techniques to extract colour information from virtual fashion images. The avatar is one
important context for virtual fashion [7]. An avatar can be customised into different characters including
different face, hair, skin tone etc. Five avatars’ images released from Meta were selected for a fine-
grained analysis as the starting point for this project [7]. Two machine-learning methods were applied
to extract colour palettes from the virtual fashion images. Human-generated colour palettes from the
psychophysical experiment were used as the ground-truth data to compare the performance of these two
machine learning models. Results show the possibility of using automatic methods to generate colour
palettes from clothes in the virtual fashion industry. Despite being a pilot study in an explorative
purpose, this research has the capacity to significantly enhance awareness within the virtual fashion
field and unlock substantial market potentials.

METHODOLOGY

The rationale for this work is based on a prior study that used real fashion runway images [8]. In this
study, two machine learning models were used to explore the possibility of extracting colour insights
(useful colour palettes) from virtual fashion images. In machine learning research, a type of data known
as ‘ground truth’ is routinely utilized to assess the effectiveness of an algorithm. A set of human-
generated colour palettes was created for this purpose using a psychophysical experiment. The visual
difference between model-generated colour palettes and human-generated colour palettes was
quantified using the Palette Difference Metric (AEp) [9]. A statistical analysis of the difference within
human-generated colour palettes, and for two different model-generated colour palettes was carried out.

Psychophysical Experiment

Sixteen fashion students with normal colour vision participated in the study. Participants were invited
to the laboratory, where they each chose colours on the same computer and calibrated display.
Participants were prompted to select three colours to represent the outfits (clothes) in each image. The
RGB values of the three chosen colours were automatically recorded using MATLAB software. Each
participant needed five minutes to complete the experiment. Figure 1 shows the five Avatar images
used in this study.
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Figure 1: The five Avatar images used in the study

Human-generated colour palettes for each image were stored as the ‘ground truth’ data. The colour
difference among the palettes from each participant for each image was calculated and is called the
‘inter-observer variation’. Note that the AEp for a model palette is calculated from each individual
participant and averaged over all participants (and over all 5 images). Since there is variability
between the colour palettes generated by each participant, it is not possible for a model palette to
simultaneously match the palette for all of the participants. If the colour palette difference AEp
between the palettes from a model and the human-generated palettes is similar in magnitude to the
inter-observer variation, this means that the difference between the model palettes and the human
palettes is similar to the difference between the palettes selected by different human participants. ®

Model 1 — k-means clustering

The core of colour palette extraction in colour forecasting is the identification of pixels that are relevant
to fashion. Even in a digital format, it is not challenging to identity pixels in traditional fashion images
that are associated with clothing by human or advanced algorithms [10]. Nevertheless, in the realm of
virtual fashion outfits, design patterns and colours can be more creative and diverse, as there is no need
for physical manufacturing or even to be constrained by physics. The diverse feature of virtual fashion
clothes increases the difficulty of colour extraction from images. In real colour forecasting, researchers
have applied k-means clustering to generate colour palettes (containing the most frequent colours in the
images) [8][11]. The standard k-means clustering has also been used for image segmentation in some
other studies [12]. In this study, Model 1 is a standard application of the k-means clustering on the
fashion images. The k-means clustering is implemented by using standard MATLAB function kmeans
[13]. The input to the k-means algorithm is the image data (in this case an Nx3 matrix of RGB values
where N is the number of pixels) and the number of clusters required (which refers to the number of
required colours in the colour palette). For consistency, the number of the clusters was set to three in
the whole study.

Model 2 — pix2pix network

In previous research, the effort to extract colours from real-world garments in the digital images has
involved the integration of Generative Adversarial Networks (GANs) [14]. The pix2pix network used
in Model 2 was pre-trained using 1600 fashion streetstyle images from the real world [6]. The network
was trained using the MATLAB implementation called pix2pix image-to-image translation [15]. These
advanced neural networks have proven to be instrumental in performing image-to-image
transformations. The findings supported that using the pix2pix network into colour palettes extraction
outperforms standard k-means clustering and some other machine learning algorithms [8].
Nevertheless, the previous study primarily focused on streetstyle and fashion runway images featuring
real garments. The objective of Model 2 is to employ the pre-trained pix2pix network to test the
effectiveness of this machine-learning pipeline when using virtual fashion images.

Model 2 contains two steps: (1) Input an original image to the pre-trained pix2pix network and generate
as output a corresponding annotated image; (2) The k-means clustering is employed to extract colours
directly from the original image, based on the information from the corresponding annotated image. In
this case, only pixels were annotated as clothes pixels (yellow pixels from the output image) were used
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for k-means clustering in the step 2. Figure 2 illustrates the input image (left) and the output image
(right) using the first step from Model 2.

Figure 2: Example performance for the trained pix2pix network showing the input virtual
fashion image (left) and the output annotated image (right).

RESULT AND DISCUSSION

In total, 240 colour patches (5 images x 3 colours x 16 participants) were selected from the virtual
fashion images. Figure 3 shows the colours chosen by all participants for one of the sample images
respectively. Each row of colours corresponds to a set of three colours chosen by an individual. The
task assigned to participants was made selections based on garment within the virtual fashion images.
Figure 3 provides visual support for the observation that the colour selections mainly relate to the
garments.

Figure 3: Colour selections for one of the sample images(left)and each row of colours on the
right presents colours selected by one participant.

The inter-observer variation on the whole image-set was calculated using the palette difference metric
AEp. The average difference between colour palettes generated each participant on each image was 7.2
CIEDE2000.
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Figure 4 contains two virtual fashion images used in this study and the colour palettes generated by
Model 1 and Model 2 for each image. For Model 1, k-means clustering, the palettes including both the
background (white) and the skin tone. For the colour palettes generated by Model 2, as can be seen in
Figure 4, visually most of the background colours and the skin tone are excluded. For the purpose of
generating colour palettes for fashion images, colours of the garments are priority. It is crucial to find a
strategy to separate the character and exclude skin tones in the fashion colour extraction. In addition to
visual comparisons, quantitative comparison is also used to compare the colour palette difference

among model-generated colour palettes.

Model 1

Model 1
Model 2 Model 2

Figure 4: Colour selections for one of the sample images(left)and each row of colours on the
right presents colours selected by one participant.

Performance of different models can be compared quantitatively by using colour difference AEp value
between the ground truth data and the model-generated data. In comparison to the Model 1 (AEp=9.5
CIEDE2000), colour palettes created using pix2pix network (Model 2) were more similar to human-
generated colour palettes ((AEp=7.7 CIEDE2000). The AEp values were averaged across all colour
palettes selected by each participant and all images.

A statistical analysis has been conducted to assess the mean difference among three groups of colour
palettes: Model 1, Model 2 and humans are significantly different or not. The result shows that F (2,
12) =0.88, p=0.439 > .01, which indicates that the colour palette difference among these groups are not
significantly different. Hence, with this dataset, the performance of Model 2, visually, better than Model
1. Visually, the colour palettes generated by Model 2 are more similar to human-generated colour
palettes and contains more fashion-related colour information. There are two potential factors. Firstly,
insufficient sample size, as this constitutes a pilot study. The data size may lack the requisite support
for further statistical analysis. Secondly, the pre-trained pix2pix network was trained on real-world
fashion images; potential differences between virtual and real-world images may exist.

CONCLUSION

This study explores the generation of colour palettes for virtual fashion images using machine learning
approaches. Model 2 contains a pre-trained pix2pix network to remove the background and skin tone
colours for palette development, whereas Model 1 was a straightforward k-means clustering technique.
In visual comparison, Model 2 performs better at creating colour palettes for virtual fashion, according
to a fine-grain study of a smaller sample of virtual fashion images. Future work can be explore using
more image data and advanced techniques in virtual fashion forecasting.
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Nowadays, the amount of waste caused by food spoilage in the world has increased
considerably and tends to increase every single year. This is because the conventional packaging
is unable to detect and indicate the qualities of the packaged goods. This issue affects the
perception of consumers in terms of freshness, safety, and nutritional value. To developing of
product qualities monitoring and assessment using intelligent packaging is one of the solutions
that help to solve this problem by color identification on the packaging. In this research, the
combination of food grade water-based binder, cellulose nanofibers which extracted from
agricultural waste, and anthocyanin in various ratio for functional flexographic printing inks was
prepared using mixture design method as a tool for appropriated content determination. The
properties of functional ink and printed materials such as morphology, lightfastness, and
mechanical properties in term of rub resistance were studied. The results found that when
increased the cellulose nanofibers component, the homogeneous ink presented the smooth
surface area of printed layer and higher UV resistance, resulting in the reducing of the color
difference (AE*,,) by 38.21% when compared with no cellulose nanofibers ink. The combination
of nanocellulose and binder (ratio 0.35:0.45) showed greater rub resistance value about 96.6
times when compared with the ink that has lower nanocellulose component. In addition, an
increment of anthocyanin content in ink exhibited the greater apparent color transformation from
red to purple in acidic to basic condition (pH 3-12) when observed with the human eyes. The
obtained functional ink in this work was also tested with chicken meat to ensure that the printed
material could be worked for use in commercial. Finally, the functional flexographic printing ink
could be printed on paper and plastic substrates and further applied as an intelligent packaging
for the varieties of fresh product packaging.

Keywords: Functional ink, Anthocyanin, Nanocellulose, Indicator, Intelligent packaging
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ABSTRACT

Artworks can be vulnerable to various environmental factors, including air quality,
temperature, humidity, and light. While the former three factors can be controlled to meet
museum standards, the impact of light on artworks is inevitable. LED technology is widely
preferred across industries due to its numerous advantages, such as energy efficiency, adjustable
colour and intensity, and the absence of ultraviolet emissions. Consequently, it has become a
preferred choice for illuminating museum artefacts. However, previous research has raised
concerns about the safety of LED lamps for all types of pigments, as they can react differently to
various wavelengths of light. This study aims to explore the LED spectrum while considering the
specific requirements of museums to minimize pigment damage. To achieve this, we accelerated
the process of blending historical pigments with two artist binders: acacia gum and linseed oil.
Under controlled laboratory conditions, these mixtures were exposed to sixteen narrow-band
LEDs within the 360-745 nm wavelength range. The primary objective was to assess the stability
and lightfastness of the pigments over time. After 1000 hours of exposure, our empirical findings
revealed that the choice of binder significantly influenced pigment degradation, particularly with
regard to colour changes. When linseed oil was used as the binder, it resulted in more pronounced
colour changes in the paint compared to acacia gum, except in the case of yellow pigments.
Among the organic pigments, turmeric exhibited the most significant colour changes in both
binders. On the other hand, certain inorganic pigments, like ultramarine blue, displayed
considerable colour differentiation, especially when combined with linseed oil, although it
remained lower than that observed in organic pigments. Interestingly, for most pigments, the
highest level of discolouration occurred within the blue wavelength range (360—485 nm),
attributable to its elevated energy levels. However, pigments immersed in linseed oil exhibited
greater colour differentiation within the red wavelength range (610—745 nm). This research offers
valuable insights into the impact of LED lighting on historical pigments in artworks, identifying
the most sensitive pigments and the wavelength ranges that produce the highest degree of colour
differentiation. Furthermore, the findings of this study lay the groundwork for future research on
the effects of LED lighting on various materials and applications beyond the realm of museums.

Keywords: LED lighting, Museum lighting, Lighting design, Colour degradation, Ageing process

INTRODUCTION

The degradation process experienced by artworks is inevitable, and its impact becomes more
pronounced over time. The possession of a comprehensive understanding regarding the materials
used in artworks, including pigments, binders, and substrates, is imperative for conservators and
museum technicians because the phenomenon of deterioration in artworks is not solely attributed
to a single material but also encompasses the interactions between various constituent elements
in an artefact. For this reason, acquiring knowledge is essential to ensure the appropriate
conservation procedures.
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The Indoor Environmental Quality (IEQ) indicates about the museum’s environment that the
potential damage to artworks is predominantly attributed to four factors: temperature, humidity,
UV level, and lighting level [1]. Although the former three can be regulated within acceptable
limits for museum settings, exposure to light is inevitable and can gradually deteriorate exhibited
artworks. Nevertheless, various pigments exhibit sensitivity to distinct wavelength ranges of
light, as exemplified by research conducted by Jo et al. [2] In their study, it was observed that
LED lamps could also lead to the fading of Realgar. Similarly, other investigations, such as those
undertaken by Monico et al. [3], delved into the degradation process of Lead Chromate in Van
Gogh's artworks caused by UV-visible light. This study unveiled that exposure to blue light in
the 335-525 nm range significantly degraded the chrome yellow pigment.

The radiative damage process displays varying severity across different colourants,
binders, and light conditions. Consequently, this study aims to emphasise the investigation of
historical pigments, encompassing both inorganic and organic variants, which were exposed to
16 different narrow-band wavelength ranges. The primary objectives include examining the
pigment's response after exposure to light for specific durations and assessing the influence of
different binders, namely acacia gum and linseed oil, on the overall degradation process.

METHODOLOGY

Colour samples

Initially, 18 organic and 59 inorganic pigments were mixed thoroughly with acacia gum
and linseed oil, maintaining a 1:1 ratio for pigment-to-acacia gum and pigment-to-linseed oil.
Mixing involved milling with a glass muller to achieve a homogeneous blend. Subsequently, the
resulting sample solutions were uniformly applied to the substrate.

Acid-free paper was the substrate material to counteract undesirable yellowing during
extended exposure. Ensuring a consistent thickness of the colour samples, the application was
performed using TQC Sheen Cube Applicators and K control coater, maintaining a coating speed
of 2 m/min and a thickness of 75 microns. Once thoroughly dried, the samples were cut into 1.5
x 1.5 cm dimensions and securely affixed onto acid-free paper. Each set of samples was then
arranged within separate lightboxes to facilitate the subsequent exposure process.

Simulated deterioration process

The experiment used sixteen narrow-band LED light sources, each with distinct peak
wavelengths in the visible spectrum range. These peak wavelengths were as follows: 367.6 nm,
385.8 nm, 394 nm, 404.6 nm, 454 nm, 469 nm, 471.8 nm, 478.2 nm, 523.3 nm, 523.3 nm, 598.8
nm, 599.1 nm, 628.1 nm, 637.6 nm, 662.8 nm, and 740.2 nm. Each LED light source was securely
affixed to individual boxes measuring 50 x 50 x 60 cm. A set of LEDs comprised two 20W circuit
boards. Figure 1 presents the summation of radiance and V(&) regarding each light source.

To ensure controlled conditions, the experiment occurred in a room with a constant relative
humidity of 50% and a temperature of 24 + 1 degree Celsius. The samples were exposed to the
LED lights throughout the study for 1000 hours.

&)

192



AIC2023 — 15™ Congress of the International Colour Association November 28 - December 2, 2023

Relative Intensity (a,u.)
®

Wavelength (nm)

@ Sum of Radiance ®V(%)

Figure 1. The summation of radiance and V(1) of 16 narrow-band wavelengths

Colour difference analysis

The CIE 1976 colour differences (AE*) between 0 and 1000 hours of exposure using the
were calculated. Additionally, individual values for lightness (AL*), colour in the green-red axis
(Aa*), and colour in the blue-yellow axis (Ab*) were observed for all pigments.

The selection of colour samples for degradation assessment was based on the midrange
value calculated for all samples at each peak wavelength. The outcome of this process resulted
in the categorisation of colour samples into five distinct groups, white (chalk from Champagne
and zinc white), blue (HAN-Blue fine, blue bice, ultramarine blue dark, ultramarine blue light,
cobalt blue medium, and copper blue), purple (ultramarine violet medium, Ultramarine red 19 C,
ultramarine violet 13 C, and cobalt violet deep), yellow (turmeric), and red (lac dye and natural
cinnabar Monte Amiata). It is essential to emphasise that the midrange values for organic and
inorganic samples exhibit variability, indicating differential characteristics between the two
groups.

RESULT AND DISCUSSION
White pigments

In Chalk from Champagne, when subjected to a combination with linseed oil, discernible
disparities in colour were observed, surpassing those resulting from a combination with acacia
gum. The specimens treated with linseed oil exhibited the most pronounced colour variations
within the spectral range of 598.8—740.2 nm, exceeding a magnitude of 10 in colour difference.
Analysing the alterations of the CIEL*a*b* values, it is apparent that the specimens exhibited a
tendency towards diminished lightness, accompanied by an increase in yellow and red tonalities.
Zinc white's colour difference gradually decreases with the increasing wavelength, with the
maximum colour difference at 7. The AL* and Aa* remained constant while Ab* changes
corresponding to colour difference, as indicated in Figure 2.

The alteration in both white pigments dispersed in linseed oil was significant due to the
degradation of the linseed oil. In contrast, the white pigment combined with acacia gum exhibited
no notable changes compared to the controlled sample, except for the instance exposed to 394
nm.
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Figure 2. Ab* of (a) white pigments in linseed oil (b) white pigments in acacia gum under
control condition and after 1000 hours of exposure to 16 narrow-band LED wavelengths.

Blue pigments

As depicted in Figure 3, the variation in colour for the blue samples dispersed in linseed
oil exhibited its greatest extent within the wavelength range corresponding to yellow and red
light. The colour differences were observed in blue and green wavelengths, respectively.
Interestingly, upon comparison with the controlled sample stored in a dark room, the colour
difference was notably significant only in the case of the linseed oil applied directly to the
substrate. This observation closely resembled the samples exposed to the blue light, suggesting
that the transpired alterations are likely attributed to changes originating from the binder, in
conjunction with the pigment. Supported by the study conducted by Lazzari and Chiantore [4],
it can be affirmed that the photo-oxidative degradation of linseed oil could be considered as the
continuation of the hardening process. The degradation gradually progresses towards a yellow
tint in the film. The potential structural indications for this yellowing involve diketones and the
metal salts derived from their enol form, quinoid arrangements, or the conjugated double bonds
within the chromophoric groups. The overall colour difference trends were aligned with the
cumulative radiance incident upon the samples.

On the other hand, blue pigments combined with acacia gum exhibit minor changes in
colour after being exposed for 1000 hours, except for blue bice, which displays a significant
colour shift within the blue wavelength range. A closer examination of the CIEL*a*b* values
revealed that the predominant changes come from the shifts in Aa* and Ab* components. Within
the 367.6-404.6 nm range, negative Aa* and positive Ab* values were observed, indicating a
transition towards increased green and yellow tones in the samples.
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Figure 3. Colour difference of (a) blue pigments in linseed oil (b) blue pigments in acacia
gum under control condition and after 1000 hours of exposure to 16 narrow-band LED
wavelengths with total radiance.

Purple pigments

The alterations in purple pigments parallel the trends observed in blue pigments, primarily
due to the comparable hue shared between the two, as depicted in Figure 4. Nevertheless, the
purple pigments exhibit a more pronounced reddish hue. This particular hue characteristic
reduces energy absorption within the red wavelength range, leading to less colour changes
observed in blue pigments.

Yellow pigment

Turmeric, scientifically known as Curcuma longa L., contains the polyphenol curcumin
(1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) as its primary active
compound and serves as an organic pigment. It demonstrates a lower stability compared to
inorganic pigments. The results presented in Figure 5 highlight a clear reverse relationship
between colour variance and wavelength when turmeric is placed in linseed oil. In contrast, when
immersed in acacia gum and exposed to blue wavelengths, the colour variance gradually
increases until peaking at 454 nm. Subsequently, it decreases as the wavelength extends further.

The greater colour variance in the blue wavelength range in linseed oil may arise from the
alkaline nature of linseed oil (pH = 7.5), in contrast to acacia gum (pH ranging from 4.81 to 6.41
[5]), leading to reduced stability of curcumin [6]. Curcumin has been observed to undergo
significant degradation in the presence of light. The primary structural changes that curcumin
undergoes due to light exposure including demethoxylation and isomerisation of the keto-enol to
the diketo form, and the generation of minor byproducts such as methanol or acetate [7].
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Figure 4. Colour difference of (a) purple pigments in linseed oil (b) purple pigments in
acacia gum under control conditions and after 1000 hours of exposure to 16 narrow-band
LED wavelengths with total radiance.
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Figure 5. Colour difference of Turmeric in acacia gum and linseed oil under control
conditions and after 1000 hours of exposure to 16 narrow-band LED wavelengths.

Red pigments

Lac dye, acknowledged as laccaic acid, represents an organic lake pigment obtained
through the extraction process involving Coccus Lacta. The alteration in pigment appearance
upon immersion with acacia gum is deemed insignificant. In contrast, the combination of lac dye
with linseed oil showcases a substantial shift in colour across all wavelengths, distinguishing it
markedly from the controlled sample. Notably, only at the wavelengths of 469 and 471.8 nm
were the colour differences observed to be less than 10, as depicted in Figure 6. Considering all
factors, there is an overall trend in progressive darkening, accompanied by a reduction in both
redness and yellowness.
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Figure 6. Colour difference of lac dye pigment in acacia gum and linseed oil under control
conditions and after 1000 hours of exposure to 16 narrow-band LED wavelengths.

Cinnabar (HgS) is a prominent red mineral pigment that has been extensively used since
the Roman Empire. Instances of artwork incorporating cinnabar have been documented to
experience an irreversible darkening of their surfaces when exposed to sunlight and air [5].
Research findings indicate that this darkening process is directly proportional to the wavelength,
meaning that light energy within the blue spectrum inflicts the most significant harm on cinnabar.
Following this, green and red light also contribute to colour alteration, as indicated in Figure 7,
when the pigment is immersed in both acacia gum and linseed oil mediums.

control 3676 3858 3904 4046 454 469 Jlﬂ 4782 35233 5233 5988 599.1 6281 6376 6628 7402
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Figure 7. Colour difference of Natural Cinnabar Monte Amiata after 1000 hours of
exposure to 16 narrow-band LED wavelengths.

Binders

As shown in Figure 8, focusing on the binder's outcomes, notable distinctions arise
between linseed oil and acacia gum. In the analysis, linseed oil demonstrates substantial
alterations, particularly evident when contrasted with acacia gum. The visual representation
illustrates a noteworthy decrease in lightness for the control sample of linseed oil, aligning
closely with samples exposed to wavelengths ranging from yellow to red. In addition to lightness,
the db* values for linseed oil reveal a shift towards a yellow tone when exposed to yellow to red
light. This change is attributed to photo-oxidative degradation, which elicits a distinct reaction
compared to other wavelengths.
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Figure 8. AL* (left) Ab* (right) of linseed oil and acacia gum

CONCLUSION

This study investigated the stability of pigments and binders when subjected to 16 specific
narrow-band wavelengths. The research findings illuminate that the overarching degradation
originates from a combination of factors, encompassing the individual behaviour of the pigment
and binder and their interplay. Notably, the binder significantly drives colour alterations within
the paint medium.

Significantly, pigments dispersed in linseed oil exhibited a more pronounced degree of
colour alteration than those combined with acacia gum. This divergence can be attributed to the
progressive degradation of linseed oil, resulting in the gradual emergence of a yellowish tint
within the painted surface.

The investigation identified that the primary catalyst for the most subs