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Abstract

This thesis is dedicated to the problem of existesmed other issues of the color inconstancy.
Reasons of effect of the color inconstancy areudised. Algorithm for predicting variations in

color by using modern color appearance models gemented.

The experimental part of the thesis consists oéstigations of the color inconstancy methods
for images and implementation of CIECAM97s and CAMD2 models for simulating effects
of different illuminants on images. This simulatiailows resolving important problem for color
technologies as under different lightning condii@ame-colored objects can look completely
different. Developed software allows predicting hitv color sample will look on the monitors
or printed on paper.

Keywords: color, color theory, color inconstancy, chromatedaptation transform,
CIECAM97s, CIECAMO2.



List of Abbreviations?

CAT (Chromatic Adaptation Transform): A model for estimating color appearance under

different illuminants.

CIE (Commission International de L'Eclairage): A French name that is translated to
International Commission on lllumination, the mamernational organization concerned with

color and color measurement.

CIELAB (OR CIE L*a*b*, CIE Lab): Color space in which values L*, a* and b* are f#dt
at right angles to one another to form an orthobooardinate system. Equal distances in the
space approximately represent equal color diffeen@alue L* represents Lightness; value a*

represents the Redness/Greenness axis; and vatapriesents the yellowness/blueness axis.

CIE Standard Illuminants: Known spectral data established by the CIE for fdifferent
types of light sources. When using tristimulus datdescribe a color, the illuminant must also
be defined. These standard illuminants are usqulace of actual measurements of the light

source.

CIE Standard Observer: A hypothetical observer having the tristimulusaroinixture data
recommended in 1931 by the CIE for a 2° viewinglarfgsing for field of view from 1° to 4°).
A supplementary observer for a angle larger thens#ttg CIE Standard Observer (CIE 1964)

with angular subtense equal to 10°.
CMC (Color Measurement Committee): UK Society of Dyers and Colourists.

Color Model: Color measurement system that numerically spacifie perceived attributes of

color. Used in computer graphics applications andddor measurement instruments.

Color Space:A geometric representation of the colors thatlmaiseen and/or generated using a

certain color model.

Color Temperature: A measurement of the color of light radiated byoarect while it is being
heated. This measurement is expressed in ternissofude scale, or degrees Kelvin, or kelvins.

! Abbreviations were given accordingly to [1]



Lower Kelvin temperatures such as 2400 K are réghdr temperatures such as 9300 K are

blue. Neutral temperature is gray, at 6504 K.

Gamut: The range of different colors that can be integutdy a color model or generated by a

specific device.

Hue: The basic color of an object, such as "red,” "greetc. Defined by its angular position in

a cylindrical color space.

llluminant: Incident luminous energy specified by its spedisiribution.

llluminant A (CIE): CIE Standard llluminant for incandescent illumioat yellow-orange in
color, with a correlated color temperature of 2856

llluminant C (CIE): CIE Standard llluminant for tungsten illuminatitrat simulates average

daylight, bluish in color, with a correlated cotemperature of 6774 K.

llluminants D (CIE): CIE Standard llluminants for daylight, based ortuakt spectral
measurements of daylight. D65 with a correlatedorcdemperature of 6504 K is most
commonly used. Others include D50, D55, and D75.

Intensity: Saturation or reflective energy as related toblésiwavelengths of light. Reflect

range of wavelengths at high intensity generatglks saturation or chroma.

Visible Spectrum: The region of the electromagnetic spectrum betw88G and 720
nanometers. Wavelengths inside this span creatsetigation of color when they are viewed by
the human eye. The shorter wavelengths createeti@ason of violets, purples, and blues; the
longer wavelengths create the sensation of orasaggseds.

Wave: A physical activity that rises and then falls peically as it travels through a medium.

Wavelength: Light consists of electromagnetic waves; wavelengthe peak-to-peak distance

between two adjacent waves.
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1. INTRODUCTION
1.1. Overview

The world around us is full of colors. Each objom surrounding us environment has own
color. Beauty of flowers, sunrise, sunset and maairwhole can be percepted due to color
vision. But observation is not enough, from theianictimes human tried to reproduce colors
of the nature on images. When computer graphic rbecaidespread, a question about
comparability of colors emerges. How we can deteentinat colors on monitor or printed are
correct and look like original? How to predict colohanges under different viewing

conditions? Does the color constancy exist?

Although nowadays the color theory gave us answerthose questions, there are various
approaches to the color phenomena and its intatmet Colors do not exist by itself, they
emerge from interaction of three components: lghiirces, objects and the human vision

system (Fig. 1).
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Figure 1: The color triangle: interaction of light sourcejexti and

human vision system create a color (Image taken {&j).

Therefore for understanding nature of color we néedexamine how this interaction

proceeds and consider the structure of the coloergéing components.



Once we have color information we need to kee@alor data can be kept in memory as a
spectral image, in bitmap or other image formatnd¢dewe should consider different color
coding system. But colors are not always constReasons of color changes lie not only in
human vision system, but also in modifications @wng conditions. For predicting color

inconstancy depending on surround changes we sHeatd color appearance model and

their implementation. Those topics are considenetiis thesis.

The thesis is organized as follows:

Chapter 2 presents the theoretical background eftépic. First part of the chapter is
dedicated to different aspects of the color phem@nalso mechanism of the human color
vision and physical nature of light are explaingdrious aspects of the color definition are
given, and considered modern determination coloe d&timuli that allows accurate
measuring of color data. Definitions of the colenstancy and inconstancy are given and

considered question about existence of the colostancy.

In second part of the chapter we investigate varimethods for representation and storing of
the color information. Spectral images, CIE XYZ @RGB color spaces are reviewed. This
chapter also describes essence of color appeanaodels. Also considered evolving process
of development of the chromatic adaptation tramsfoon examples of CMCCAT97,
CMCCAT2000 and their modifications. Discussed mgamints of the color appearance
models: CIECAM97s and CIECAMO2.

In chapter 3 we investigate algorithm of chroma#idaptation and applicability of
CMCCAT2000 and CATO2 for the task of predictingiadility of colors.

Chapter 4 describes process of the measurementbtaided results. For all results received

graphical representation as a graph for visuatipnati

Chapter 5 accumulates all conclusions from previchapters and reveals obtained results.

Also some perspective of further work marked aneigia general summary of the thesis.

1.2. Description of the problem and constraints

This project is dedicated to problem of the coloeconstancy. Color inconstancy is the

change in color of a single sample under differmminants. It stands as a very important
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problem for color technologies as under differegiithing conditions same-colored objects
can look completely different. It is necessary tww how the color sample looks on the
monitors or printed on paper. This topic is requifer many industrial applications such as
the prediction of color inconstancy for the paintlwondustry, evaluating the color rendering
property of light sources for the lighting industrand achieving successful color
reproduction under different light sources for todor reproduction industry. The developed
software allows predicting changes in color ifiadittolor and characteristics of illuminants

are known.

For prediction of color changes only data obtaibgdneasurements (spectral image of the
samples, colorimetric data of colors of the samplg] some reference data (characteristics
of the light sources) are used so we do not hawsipitity to implement full color

appearance model that include post-adaptation inea#l response compression depend on

psychophysics characteristics of human vision.



2. THEORETICAL BACKGROUND

In this chapter we will consider some theoreticaksjions that are needed to perform
practical researches. We will give definition tediamental concepts of color theory such as a
color, aspects of human vision and physical nabfit@lor, concept of the stimuli, constancy
and inconstancy of the color. Also emission andeotdince spectra of electromagnetic
radiation, color data representation as spectralges, various color spaces and color

appearance models will be described.

2.1. Human vision

To understand the way artificial color systems waekshould know physical nature of color
and mechanism of the human color vision. Humaromiss a complex process and currently
iIs not yet completely understood. Many authors lkeNeitz, M. Neitz, G.H. Jacobs, G.
Wyszecki, K. L. Gunther, B. A. Wandell are studyidifferent aspects of the visualization
process in human eye. Their papers consider wiageraf the theories of human vision but
authors agree on the several generally recogniaets.f The complex process of vision
involves the nearly simultaneous interaction of ¢éyes and the brain through a network of
neurons, receptors, and other specialized cellmatiueye acts like camera when cornea and
lens working together to create image on retina k photographic film. Every eye element
participates in the process of visualization: tbenea, iris, pupil, a variable-focus lens, and

the retina, as illustrated in Fig. 2.

Eye Muscle

The Human Eye

Iris
Cornea

Figure 1

Figure 2: The human eye (Image taken from [3]).



Light reflects from objects and gets to the cortieat is the clear, dome-shaped surface
covering the front of the eye. Cornea — strondms$ in optic system of the human eye.
Reason of intense refraction is the great diffeedmetween index of light refraction in the air

and index of light refraction of cornea’s materiaight passes through the cornea going to
front cavity of eye that is filled with liquid and situated between cornea and iris. Iris is the
diaphragm with aperture in center called pupil.rbeger of the pupil can changes depending
on the lightness level and regulates quantity giitlpercepted by the eye. Crystalline lens is
placed beyond iris; it refracts light like cornaat with lesser optic strength. Crystalline lens
is connected with ciliary muscle on inner surfadeege by suspensory ligament. These
muscles can contract and relax, so crystalline leasus of curvature is changed depending
on muscles’ state and human can see both nearistadtdbjects. Vitreous body is situated

beyond lens and occupies most part of eye, its umgtion in preserving the form of an

eyeball.

After passing through all structures described abdight falls on the retina that consists of
the nine layers of cells and is needed to transiayht energy to electric energy of nervous
impulses. The most important part of retina folionsprocess is fovea. Fovea occupies area
where visual angle of observation is equal to 2r@egn the centre of field of vision, so we
have best vision in the area of fovea. Hence thedstrd angle of observation is equal to 2

degree.

There are two types of photoreceptors (light-semsitetinal cells) — rods and cones which
responsible for two different functions of visidRods are responsible for the twilight vision
when observing image has low brightness. As bregggnincreases rods become saturated
and cones begin to work as main light perceptirits.c¥ision by rods is called scotopic,
cones vision is called photopic. If the both typéghotoreceptors are working, the vision is
called mesopic. Rods and cones have different igpeesponse: rods have only one peak of
spectral response while cones have three pealespbmse situated in different parts of the
visible spectrum. The difference in the signalseneed from the three cone types allows
human to perceive colors using opponent proces®lof vision. The three types of cones
have some overlapping in the wavelengths of lighivhich they respond, so human visual
system record differences between the responsesomds. The opponent color theory
suggests that there are three opponent channdlsiersus green, blue versus yellow, and
black versus white (the latter type is achromatic aetects light-dark variation, or
luminance). The light response of the rods curweoat entirely lies within the area of “blue”

(450-495 nm) wavelength and they respond veryelitd another wavelengths, so for
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example we can not see red color in twilight anctget red image like dark or black. “All
cats are grey in the night” is a good descriptibtaok of rods’ color perception sensitivity:

in twilight human eye can not discern color of altge Cones have wide range of perception;
there are three types of cones. Each type hasvitscarve of spectral response. These three
types of cones have following spectral sensitieitlyves and are called L-, M- and S-cones
(long-, middle-, short-wavelength) as illustratedFig. 3 below (image based on Dicklyon's
PNG version, itself based on data from StockmarglMad & Johnson (1993) Journal of the
Optical Society of America A, 10, 2491-2521d).

1ol T T =
08r

0.6

o ) ;
400 450 500 550 BO0 650 T00

Figure 3: Simplified human cone response curves
(Image taken from [4]).

Image on the retina is converted to chemical ardtet signals of photoreceptors that are
processed by cells of neural network of the retimathis process horizontal, bipolar,
amacrine and retinal ganglion cells are engagednsvof retinal ganglion cells form optic
nerve which follows to lateral geniculate nuclen®ithalamus — subcortical section of the
cerebrum. Cells of lateral geniculate nucleus rex@put signal from retinal ganglion cells
and send them into first visual section of occidithe. Hence the occipital lobe is the visual
processing center of human brain, containing mbéghe® anatomical region of the visual

cortex, analyzing and constructing visual image.

Also we should consider visual mechanisms thauerfte human vision. Some cognitive
visual mechanisms such as: memory color, colorteoey, discounting the illuminant and
object recognition impact on color appearance. Wm@man recognize familiar objects he

has a prototypical color that is associated witbséhobjects correspondently. So human



perceive colors of everyday seen objects like iiade under different illuminant because of
color memory and discounting the illuminants. Oleemrecognizes similar object and its
colors, interpret the lightning conditions and @éve the colors of object after discount
influence of illuminant. These effects can prevelefar visual perception and we should be

careful about environment of objects during experits.

2.2. Physical aspects

Effect of the color inconstancy has a physical arption. Human eye can not sense object
by itself, but can percept light that is reflec{ed emitted) by an object. An object reflects
some portion of falling light depending on theiypital characteristics. For each wavelength

of falling light there is a given amount of ligmténsity to be reflected.

Let's present reflective characteristics of objexd an array R of wavelengths and

corresponding portions of light to be reflectedaoinequency:

_[PoP P P Py

R
P P P @)
wherell’"Jn - wavelengths;
Pos--Pn . portions of light reflected wher& in interval [0, 1],i Uln,
When an obiject is illuminated by some light witlesjppum S:
a, a, .. a a
S: a:l. 2 3 n-1 n (2)
N P P P

where odo wavelengths ands - intensities of illuminating light on correspondin

wavelengthsi 01.n

Reflected light can be presented as following atrggpectrum):

L:{m*% P8 Ps*a o Pra* A nﬁaﬂ @)

1, 1, PR |,

* .
where P " & are intensities on corresponding Wavelentjjthé,D 1n,



These equations can be presented in functional &sraescribed below:

L(l) = S(I)x R(l), whereL(l)—reflected light spectrung(l)—spectrum of illuminantR(l)—

reflectance spectrum of the object, where randge 0{0..1].

Hence, similar objects on different illuminationgynproduce different reflected spectrums

and colors; while different objects on differemghining conditions may look similar.

2.3. Not color but stimulus

We discussed human vision system and physic aspktite color, and we can try to answer

on question “What color is?”.

- Perception of light by human?
- Property of object itself which human can see?
- Electromagnetic waves which can be measured sonmiehow

- Material waves which reach the eye?

There are many theories considering different @spef color and giving us many
explanation of this phenomenon. Followers of olsiin assume that color is mind-
independent properties of objects and the colaowisllows human to sense some of them
[5]. Reflectance spectrum of the surface can be asemind-independent characteristic of
object according to this theory and determine thlercof object uniquely. But problem of
metamerism can not be solved using such way: wehaga physically distinct spectra that
will be percepted as same color. So it is not @brt® use characteristic of object
independent of human vision to determine the cédso we know that color does not exist
without light. Existence of color metamerism leadconception that color is not an objective
characteristic but can be defined by referencdfaxis on a human retina—anthropocentric

theory [6]. C. L. Hardin in 1988 gave the followisgbjectivist explanation [7]:

“It is not as if there were no plausible alternatio all these Ptolemaic epicycles. There is,

and it is simply this: render unto matter what iati@r's. Physical objects seem colored, but

they need not be colored. They do have spectiaictahces and the like, and such properties

are sufficient to give us a straightforward andadetl account of the stimuli of color

perception. To account for the phenomena of colmeed not ascribe any other properties

to those stimuli, and we find, furthermore, thatewhwe try to do so, the chief result is
8



obscurity in our understanding and caprice in @atits. So stop the sun and the stars, and
start up the earth. The sun's motions, which wplaioly see, are illusory: the movement is

on our end.”

Hence we can not tell about colors itself but we datermine color due stimuli that effect on
the system of human vision. Let’s give some dabng of the stimulus concept.

“Stimulus— any factor inside or outside an organidmt external to a sensory receptor,
which initiates activity of some kind” — generalsgeiption [Sports Science and Medicine.
The Oxford Dictionary of Sports Science & Medicine]

“The stimulus is defined as the color element fdrioch a measure of color appearance is
described” — description is given by M. D. FairchjB] and determines stimulus like color
factor that effects on human vision and should ifipecas viewing condition. Usually

stimulus is taken as uniform patch with angularteobe according to two standard

observers:

- for field of view from 1° to 4° using CIE Standa@iserver (CIE 1931) with
angular subtense equal to 2°;
- for field of view larger then 4° using CIE Stand&uUserver (CIE 1964) with

angular subtense equal to 10°.

Some limitations is appeared when concept of timeustis is used in color theory, reasons
for these limitations are heterogeneity of then@tin context of color sensitivity and real
field of view usually larger then 10°, but in gesleconcept of the stimulus is effective for

colorimetry.

2.4. Constancy and Inconstancy of the Color

Human eye can distinguish a great number of diftecelors depending on characteristics of
the visual perception. This makes up to 150 diffeteie values, 25 values of saturation and
60 various values of luminance for good observeh wie normal color vision in the well lit
environment. We can define color and name it likght grey”, “deep blue”, “brightly pink”
but if condition of observation is changed coloscathanges. Modification of light, size,
background, shape, surface characteristics and ottraditions of observation influences

perception of colors. But sometimes we can obsimvariability of colors and percept color
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of objects that stays constant under differenttlighnditions as shown in Fig. 4. So we are

coming to a question—does the color constancy existis just optical illusion?

Figure 4: Color constancy makes square A appear darker than
square B, when in fact they are both exactly tmeesahade of
grey (Image taken from [4]).

Let’s determine the color inconstancy as a changmior of a single sample under different
light sources. The value of color inconstancy fenmed asAE. Let’s defineAE according to
CMC? standard (CMCCON). We can determine the degreshizh colors change in

appearance when color of the illuminant changedgusext methods:

- checking visually by observing samples under variaght sources

- instrumental method based on chromatic adaptatamsform
We can obtain two sets of measurements of thentusits values of sample:

- X, Y, Z—for example under A (test illuminant);

- Xr, Yr, Zr—under D65 (reference illuminant).

The difference between these two sets of valudsccdluminant colorimetric shift. X Yo,

Z. — tristimulus values of the sample of correspogdiolor in the daylight, which has the
same appearance as color seen under A illumindet.difference between X, Y, Z and,X
Y., Z: is called adaptive color shift and can be caledatsing formulas of the chromatic

2 Colour Measurement Committee
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adaptation transform (CAT). CAT is used to prediglues X, Y., Z: for the corresponding
color which under reference illuminant looks themsaas sample’s color under test
illuminant. Magnitude of the color inconstansi is the color difference between, X, Z
and X, Y. Z [9] as illustrated in Fig. 5. This differenc&E provides the 1997 Color
Inconstancy Index (CON97) and refers to tkie CMC® for a sample between D65 and a
second light source.

Corresponding
color

Adaptive Col
apsgfﬁ 2] Sample under test

illrniniant

Ly

Sample under
reference llurminant

Figure 5: Definition of the color inconstancy due to adaptedor shift

and illuminant colorimetric shift.

We should notice main difference between two sinplaenomena: color inconstancy and
metamerism. Color inconstancy is the change inraafi@ single sample and metamerism is

the change in color difference between a pair nffgas.

Consider two stimuli with identical coordinatesdolor space (CIE XYZ is taken as a color
space); they will be the same in color for obsenvethe conditions of observation are
identical. As long as we keep invariability of viemy conditions we will percept the colors of
these stimuli as similar. But if observation’s ciiimhs are changed this similarity

disappears. Hence we can determine color constarigyfor colorimetric calculation models

% The abbreviation stands faE Colour Measurement Committee of Dyers and Cadtsiri Built upon a color
standard developed from CIELAB. Adopted as Brifsthndard BS6923: 1988.
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that don’t consider light source, type of surfacfiuence of background or temperature of
the object. In the color theory of CIE, colorimetsydefined as a color appearance for many
viewing conditions, so objects looking similar uname light source will mismatch under
some other light sources. If we can eliminate atuce effect of the illuminants and
concentrate on the light reflected by surface weatatain “true” colors. Necessary condition

of color constancy existence is extracted infororatibout reflectance spectrum.

Although concept of the color constancy does naster the context of theory of color
appearance model but we can observe this phenonmandently. If we look at a sample
through red optical filter under daylight and themer sunset light, the color of sample will
be the same for observer. But it is just outwarngeapance and the spectrum of reflected light
is different in each case. Explanation of the calmnstancy in this case lies in human color
perception. As described above human eye has btnge tclasses of cones receptors for
coding of all colors of the world. We need infintbember of values for determination of
received energy for each wavelength but informatbout color of objects is reduced to
triplet. Hence we can’t obtain unique value forte@olor and seen only group of colors.
When difference between colors is small eye perttegste colors as the same, so concept of

the color constancy existence is applicable to huwsion.

2.5. Emission and reflectance spectra

Human eye can percept electromagnetic radiatioh wévelengths approximately between
380 and 750 nm. This range is called the spectiwisible light and present range in which

natural source of light such as sun emits mosthap@ical representation of the spectrum of
visible light is illustrated in Fig. 6.
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Figure 6: Spectrum of visible light, rendered in SRGB, so
that the relative luminances are respected (Imalgent
from [4]).

Different wavelengths of electromagnetic radiatipercepted by human eye as different
colors, but as spectrum is continuous we can daterfimits of wavelength for each color

only approximately [10] (see Table 1).

Color Wavelength interval Frequency interval
violet ~ 400-450 nm 750-670 THz
blue ~ 450-490 nm 670-610 THz
green ~ 490-560 nm 610-540 THz
~560-590 nm 540-510 THz

orange ~ 590-630 nm 510-480 THz
red ~ 630-700 nm 480430 THz

Table 1: The colors of the visible light spectrum [11].

Physical reason of the electromagnetic radiati@mfrsubstance consists in that excited
atoms of the substance emit energy of excitatiothenform of quanta of electromagnetic
radiation (photons). Dropping extra energy from éixeited electrons and resetting them to
ground state atoms turn to basic (unexcited) stduere they can not emit energy anymore.
Each excited atom tends to basic state and ocadlioradiates photons with energy
(wavelength or frequency) depending on the typthefatom (or ion) and excitation energy.
Each type of atoms or ions can absorb or emit alhbyved portion of the energy. Number of
atoms may emit specific distributions of photonsghe energy. In generally this distribution

are called electromagnetic or optical emission spet

There are three types of the electromagnetic spdepending on the way of their interaction

with a matter:
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- absorption spectra;
- reflectance spectra;

- emission spectra.

The absorption spectrum shows which part of eletagnetic radiation is absorbed by the
substance. Depending on physical characteristicssutfstance, radiations with some
wavelengths are absorbed better than others. Teer@ion spectrum of the substance is
complementary to the reflectance spectrum whiclwshehich part of radiation reflected by
the substance. Hence if substance absorbs redwyeatirange and green light then under
white light color of this object will contain blwees illustrated in Fig. 7.

Incident Retlected
White Blue
o %
e % ,
.. % /
(] ra
ra
S DN | S
/._..r- ﬂﬂﬂﬂﬂ —
Blue Object

Figure 7: White light composed of all wavelengths of visibght
incident on a pure blue object. Only blue lightefiected from the

surface (Image taken from [12]).

The emission spectrum demonstrates radiation witiclhwwavelengths will emits when

substance will be in excited state. Analysis ofoasption and reflectance spectra allows
determination of some physical structure featuréssubstance such as density of the
substance and its concentration; the emission iseds unique for each chemical element
and can be used to determine chemical structutleeasubstance [25]. If we have data about
reflectance and absorption spectra of the substahe® object and emission spectrum of

light source we can determine what will be coloanfobject.
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2.6. Data representation as spectral images

There are different methods to save color inforamabut representation color data as spectral
image give us most accurate and comprehensivemiafosn. Spectral images are files which
contain complete information about spectrum or sepectral information of the substance.
Spectral data can be represented as graph of dotralpcurve as illustrated in Fig. 8 which is
visual representation of color. This curve is basedtwo coordinates: wavelength and
intensity reflecting light. Spectral data of lighturces that used for experiments presents on
Chapter 4, Fig. 19—23.

Figure 8: Chromalux Spectral Distribution

Curve (Image taken from [13]).

Spectral data describe characteristics of surfédbeoobject and contain information about
the way this surface interacts with light. Quantfylight which will be reflected, absorbed or
emitted does not depend on light source or charatits of color percept system; hence this
representation can be used for exact determinatioolor of an object. For spectral
measurements we use different types of spectromstmh as spectral camera, spectroscopes
and others. For spectral data storing can be wdkxiving format of files: .mat: (binary data
container format used by MATLAB; may include arrayariables, functions, and other types

of data), .raw (24-bit RGB graphic containing unqoessed, raw image data), .aix, .spb.

2.7. Color Spaces

Spectral data representation keeps fullest infaomatbout colors, but storing of this data
requires a lot of memory and time to access grawsrdingly to occupied space. There are
other methods of storing color data when using rcspace model. Some color space models
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use special characteristics for color coding sushhae, saturation and lightness. Hue
represents meaning which determine place of theraal spectrum, saturation represents
depth of hue from grey to the color and lightndsaracterizes luminosity of color from 0 %

(black) to 100 % (white). Representation of theocalsing three coordinates represent value

of hue, saturation and lightness illustrated in Big

Near “equator” of the sphere lies pure bright celdsut as the length of the color vector
decreases colors became less saturated and trartsf@rey in centre. When traveling along

vertical axis from top to bottom colors change frioght to dark.

Figure 9: Example of the spherical representation of a
color space (Image taken from [14]).

J. C. Munsell first represent color used 3D spawkraow exist various color space based on
Munsell system. Gamut is the range of all colorsepted by the observer or reproduced by
the device. There two base class of colors: additwelors (red, green and blue) and

subtractive colors (cyan, magenta, yellow + black):

- Additive colors: on blending three base colors (ggeden and blue) in different
proportions we can receive almost all colors pdrégphuman eye. Absence of
colors gives us black color and maximum quantityegiwhite color. Composition
of two additive colors gives us one of base subtracolors (Fig. 10a). Monitors

use an additive color system.

16



- Subtractive colors: these colors are opposite ttitizd colors. Blending of two
subtractive colors give us additive color. Absent&olors gives us white color
and maximum quantity gives dark grey color (Figb)lBlack color was added to
three base subtractive colors because pure bldok can not be received using

only base colors. Color printers use a subtracoler system for the color output.

Magenta Yellow

Red o Green \J{W
Blue

H b. Subtractive color

a. Additve color

Blue-
violet

Figure 10: Additive color mixing and subtractive color mixifignage
taken from [15]).

Commission International de L'Eclairage approvadeindependent of devices color system
describing human visual gamut. CIE XYZ (tristimylusand RGB spaces use for

representation measurements data of my practisaareh.

2.7.1. CIE XYZ color space

The CIE tristimulus values (XYZ) are calculatednfr&CIE Standard Observer functions (for
2° and 10° observing field) considering illuminatiand reflectance spectrum of the object’s
surface (Fig. 11). This model use 3 base functX(X), pY (L), pZ(A)) depending on the
wavelength, linear combinations these functionshwiton-negative attributes allow to
represent all visible colors [16]. This color spd@ased on direct measurements of the human
eye capabilities and depends on reflectance cuhiehwis unique for each object. So CIE

XYZ space can be used as the basis from many other spaces.
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Figure 11: The CIE 1931 color space chromaticity
diagram. The outer curved boundary is the spe(tral
monochromatic) locus, with wavelengths shown in

nanometers (Image taken from [4]).

2.7.2. RGB color space

RGB color space is an additive color space. A color be represented by three coordinates
of RGB dimension: chromaticity of red, green andebprimaries (Fig. 12). Each component
is coded by 8 bits usually, so we have 16 777 2d@&ors for color representation. Full
specification of RGB color space also requires atevpoint chromaticity and a gamma
correction curve. Disadvantages of RGB model asenall color gamut and dependence on

the type of monitor. Not all colors that human sae may be represented by this model.
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Figure 12: The triangle is a representation of the RGB csjpice
on CIE XYZ chromaticity diagram (Image taken frotv]).

RGB space has many modifications such as sRGB, &@&bB 98, CIE (1931), ISO RGB,
NTSC (1979) and others.

2.8. Color Appearance Model

Existence of large quantity of various color spadeat describe color in own color
coordinates makes a jumble with color specificaio€IE Technical Committee 1-34
recommends some unified color models which showoldsicler different aspects of colors
variance and can be used for colors transform. Suocbels are called color appearance
models and are determined according to CIE TC thx&4following way: “a color appearance
model is any model that includes predictors okast the relative color appearance attributes
of lightness, chroma, and hue. For a model to aeleasonable predictors of these attributes,
it must include at least some form of a chromatiapation transform. Models must be more
complex to include predictors of brightness andxdalness or to model other luminance-

dependent effects such as the Stevens effect ¢tuheeffect.” [8, p.184]

The color appearance models are based on CIE XMEntulus values which obtained
directly from measuring of the stimulus. Modelsnsform these XYZ tristimulus values to
cone responses in order defined by specificatidnthe® model to create values closer to
human vision system responses. CIELAB, Nayataal.ethe Hunt, RLAB, ATD models also
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can function as the color appearance model but sathe constraints. Now most usable and
widespread color appearance models are CIECAMOd shenewest version CIECAMO02. At
the heart of a color appearance model lies chr@naatptation transform (CAT).

The chromatic adaptation, as dark and light adeytais one of the mechanisms of human
color vision. Human eye can adapt to changes imrgss or colors and compensate these
changes. Chromatic adaptation transform allowsréalipt corresponding colors. A pair of
corresponding colors is the color observed under ibnminant and another color that has
same appearance under second illuminant. This atapis not full color appearance model
because it is not considering influence of atteisusuch as lightness, hue, chroma or
specifications of human vision. Different modelstioé chromatic adaptation exist, such as
von Kries model, Nayatani et al. model, Guth’s mpéairchild’s model and others, but in
this thesis described and implemented two CAT mmddéhear CMCCAT2000 for
CIECAM97s model and modified CMCCAT2000 (CAT02) folECAMO2 model.

In 1997 M. R. Luo and R. W. G. Hunt modified theaBform transform (BFD transform
derived by K. M. Lam and B. Rigg[18]), this transfocalled CMCCAT97[19] and it was
included in CIECAM97s. The CIECAM97s model was boih researches of many scientists
in the color theory and represents most effectiethmds from their works. The model was
formalized and published by the CIE in 1998 [20].

Input data to the CIECAM97s model:

- luminance of the adapting field:;
- luminance of the source background in the referenoelitions;
- tristimulus values of the sample in the referermaddions;

- tristimulus values of white point the referenceditions.

Additionally were used chromatic induction factdt,, the constant for the impact of

surround,F , a lightness contrast factdf,factor for degree of adaptation. These factorsswer

chosen accordingly to environment conditions.

First stage of CIECAM97s model is normalizatiortloé tristimulus values of the sample and
white point in the reference conditions. Then aledivalues used for acquirement of spectral
sharpened cone respond$®sG, B that is used for CMCCAT97 adaptation. Post-adapiat

signals for the sample and reference white poen thansformed to the Hunt-Pointer-Estevez

cone responses. Also red-green and yellow-blue mgm@alimensions are calculated.
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CMCCAT97 has two modes: forward mode for transfdristimulus values of the sample
under a nondaylight illuminant to correspondingocslunder daylight illuminant and reverse
mode for obtaining corresponding colors from dawligo nondaylight illuminant. These
modes should be reversible but there are someuiits with reverse mode (with calculating
parametep that answers for the blue corresponding speasganse) and obtained values of
two modes do not coincide. So in 2000 C. Li, M.LRo, B. Rigg and R. W. G. Hunt [21]
developed simplified version of CMCCAT97 which hbsen adopted by the CMC as
CMCCAT2000. This chromatic adaptation transform waglemented in developed software
as CAT for CIECAM97s model.

The CIECAMO2 color appearance model is based onCBM97s model but has some
improvements and simplifications [28]. Chromaticapthtion transform used for the
CIECAMO02 model is the modified CMCCAT2000 transfo(@AT02). CAT02 transform has

similar performance to non-linear Bradford transfaf CIECAM97s [23]. Also CIECAMO02

includes a different from CIECAM97s hyperbolic pasiaptation response compression
function and changes to perceptual attribute catesl that allowed to achieve greater
accuracy for a range of different data sets, camsid specifications of the human vision

system and invertibility. [22]

Input data to the CIECAMO02 model:

tristimulus values of the test stimulus;
- tristimulus values of the white point in refererared adapting conditions;
- adapting luminance;

- relative luminance of surround.

Changes in chromatic adaptation transform allows® simpler model [24] for transform CIE
tristimulus values of the sample and white pointteresponding RGB responses. Then D
factor, answers for degree of adaptation, is catedl With this factor tristimulus responses
for the stimulus color are transformed to adaptestimulus responses, this chromatic
adaptation was implemented as CAT for CIECAMO02 nhadedeveloped software. After
CAT transform viewing-condition-dependent composeare computed, post-adaptation non-
linear response compression is similar to that used in CIECAM97s but simplified and

improved [22].
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3. IMPLEMENTATION

In chapter 3 we will investigate algorithm of chratic adaptation and applicability of
CMCCAT2000 and CATO2 for the task of predictingiaaility of colors. The task was to
develop software that simulates variance of illuaions and allows obtaining corresponding

colors under adapting illuminant.

3.1. Chromatic adaptation algorithm

For solution of formulated task the algorithm ofainatic adaptation transform that is used in
modern CIECAM models was chosen. As initial dateegi

- original image (.spb or .tiff (.tif) files);
- specified light source (adapting illuminant);

- luminance of the reference and adapting illuminants

Tristimulus values of each pixel of reference imag#ained from image file and the

tristimulus values of white point taken from illumaint specifications. The general flow chart
for the CIECAM models that were used is shown o EB. Stages marked in Fig. 13 as CAT
(chromatic adaptation transform) were performedtiier simulation process. After transform

gamma correction was performed to enhance qudlitpage built.
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Tristimulus values of ref. white in

Tristimulus values of

i 4——— | the test luminance : X, Y. 2.,
- stimulus X, ¥.2
Transformation ———————#y
Matrix: M Cone response of ref, white in
{ Limear) the test luminance: R,.. G.. B,
Cone Response:
RGH
CAT
i Modified von-Kries function ¢
v R degree of chromatic
' | Adapted Corresponding cone adaptation D

response of simulus: R, G, B,
and of refl. white : R,.. G... B,

Matrix: M’

l Inverse Transformation

Hunt-Pointer-Estevez

| | Corresponding Tristimulus ! i

' values of sample:X,, ¥, Z cone response: KRG8
Linear matrix: My l

Comesponding cone responses of

stimulus after adaptation R,", G;°, B;'

.

Lightness J, Brighiness
Chroma €, Colourfulness M, Saturation 5
Hue angle k, Hue quadrature H

Figure 13: Flow chart of color appearance model (image adofpted [24]).
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3.1.1 CMCCATZ2000

CMCCAT2000 was implemented at first, this model sgnplified and improved the
CMCCAT97 and has following specifications unlikepi@vious model [26]:

- parametep in CMCCAT97 is set equal 1 for solving reversilyilgroblem;
- new transform matriM is used;

- introduced newD function for predicting degree of incomplete chatim

adaptation.
Input data:

- tristimulus values under reference illuminaXt:Y, Z (obtained for each pixel of
processed image);

tristimulus values of the white point under refeemluminant:Xy, Yu, Zu;
tristimulus values of the white point under adagtifuminant: Xur, Yur, Zur;

- luminance of reference and adapting illuminantr(@l/Las, L.
Output data:

- corresponding tristimulus values under adaptingnihant:X., Y, Z.

Computation procedure for the chromatic adaptation(CMCCATZ2000)

Step 1: Calculate inner RGB values of each pixe¢hefreference image.

{ Ry ! f A
| oo )=ad 72| @
R A Vil
f Ry \ [ X\
| G, | =M| T, (5)
| B" | | z’u |
| i X
| G | =m] T | (6)
| B ..' \ 7 .
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where

0.7982 03389 -0.13N (7)
M= — 03918 15512 0.0406
0.0008 0.0239 0.9753

Original matrix M that used in CIECAM97s model befanodifications presented in Eq. 8
below (specified by Fairchild [8, p.261]).

08951 02664 -01614
M =|-07502 17135 00367 ©)
00389 -00685 1.0296

Step 2: Calculate the degree of adaptation.

D = F{0.08 log[0.5(Ls; + Ly)]
76

b : 9)
—043Ly; — LWLy + L)

+ 0

where parametdf is response for viewing conditions (F=1 for averagrround, F=0.8 for

dim- and dark-surround). D greater than 1 or less than 0, set to 1 or Oectsfely [21].

Step 3: Calculate adapted RGB values [27].

R_= R[EEI_RH,.:'RH_I +1— D] (10)

G, = G[rr:iGw_,."GwJ +1- D] (11)

B =EB[alB /B )+ 1— D] (12)
where

o =DY /Y _ (13)

Step 4: Calculate corresponding tristimulus values.
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| I. |=u G | (14)
| Zr 1 L B |
where
{ 1076450 —0.237662 0161212,
M1l= | 04109464 0.554342 0.034694 (15)
\—0.010954 —0.013389 1.024343)

After the chromatic adaptation transform we obtdigerresponding colors under adapting
illuminant and built adapted image on them.

3.1.2 CATO02

Second modes of developed software based on nexeesion of chromatic adaptation
transform. CATO02 is a modified CMCCAT2000 transfaotmat was described in [22]. CATO02
gave more precise results for a range of data asishas a change in linear chromatic
adaptation transform that allowed obtaining valdeser to cone response of human visual

system.
Input data:

- tristimulus values under reference illuminaXt:Y, Z (obtained for each pixel of
processed image);

- tristimulus values of the white point under refeemluminant:Xy, Yu, Zu;

_ tristimulus values of the white point under adagtifuminant: Xur, Ywr, Zur;

- luminance of the adapting illuminant (cd/m2);

- parameters of adaptation depending on surroundittmm@Table 2 below is used

to set the values):

- c is exponential nonlinearity;
- N is chromatic induction factor;

- F is maximum degree of adaptation.
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Output data:

corresponding RGB responses under adapting illumiifl, G”, B".

Viewing condition c N F

Average surround 0.69 1.0 1.0
Dim surround 0.59 0.9 0.9
Dark surround 0.525 0.8 0.8

Table 2: Input parameters for CAT02 (Table taken from [267]).

Computation procedure for the chromatic adaptation(CAT02)

Step 1: Calculate inner RGB values of each pixe¢hefreference image.

| G |=n 7o | (16)
'._ -Sw ._| |_. s |
{ R'u i | -F'b'
| 6. | =m] T, | (17)
| Eh | | E’N |
I R .'| f X i
| G | = _:Il-:l-rl I | (18)
|_. B ..I I._ z ._|

07328 04296 —0.1624
Myror =| = 07036 1.6975  0.0061 (19)
0.0030 00136  0.9834

Step 2: Calculate the degree of adaptation.

h 9

—L4—42 ]

D=F 1—[%}[ .

(20)
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Step 3: Calculate adapted RGB values [24].

(21)
R. = [D(Yy/Ry) +1— DR

G. = [D(Yy/Gy) + | — D|G (22)
B. = [D(Y,/By) + 1 —D|B
(23)

Step 4: Transform adapted RGB values to Hunt-Polstevez fundamentals.

R R.
G'|=MzMgirg| G, (24)
B B

a
where
1.096124  —0.278869 0.182745

Chror =| 0454369 0473533 0.072008
—0.009628 —0.005698 1.015326

(25)

038971 0.68898 —0.07868
My =1 — 022981 118340 (004641
0.00000  0.00000  1L.OOOOO (26)

After the chromatic adaptation transform we obtdigerresponding colors under adapting
illuminant and built adapted image on them.
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3.2. Interface and manipulation of the developed $tovare

The software is implemented using IDE MATLAB R20UAathe MathWorks, Inc., because

to this IDE convenience and simplicity of programmifor such tasks. The primary task of

developed software is simulation change of illutiora for images and obtaining

corresponding colors under different illuminants.

In Fig. 14 presents main interface window of thétvgare. Description of the interface

elements is given in Table 3 below.

H Color Inconstancy Simulator LTJ @
File Edit View Insert Tools Deskkop ‘Window Help ~
— Color Appearance Model—l 1
(3) CIECAMAT
() CIECAMOD2
Original image 3 Scaling factor of white point for D65
Yalues of luminance for iluminants — 8
Foor imace loacded o
or chooge flluminant from hist 6 Choose adopting illuminant  DES
Foar chazen iluminant
DEs 4 | g
2 |
1r 5 7 S
0.9 0.8
08 08
0.7 0T =
06 06
10 11
051 05
04r 04+
031 03
02r- 02
01 01
0 | 1 1 1 I 12 1 1 I | 0 1 1 1 | 1 I 13 ! 1 1 1
0 0.1 02 0.3 04 05 07 0.8 0.9 1 0 01 02 03 04 05 0.6 It 08 04 1
Save Image ] Save Image ]

Figure 14: Main window of the software. Uninitialized state.

Number of the

element

Description

Radiobuttons that performed selection between twdes:
CIECAM97s and CIECAMO02

Button that loads image file (.spb or .tiff)

Button that loads file with spectrum of illumirtan

Listbox with list of standard illuminants

a|l | W[ N

Button that confirms selected adapting illuminant
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Edit field for input values of the luminance fofeeence image and
° selected illuminant
7 Button that runs transform
8 Listbox with list of illuminant for obtaining copensated image
9 Button that confirms selected compensating ilhami
10 Axis on which adapted image appears
11 Axis on which compensated image appears
12 Button that allows saving adapted image (a<filg)
13 Button that allows saving compensated imageitagle)

Table 3: Description of interface elements.
In general steps for algorithm are as follows:

1: Using radiobuttons #1 we can select requiredehfod color transformation: CIECAM97s
or CIECAMO2.

2: Using button #2 we load reference image. Fildhwtiff or .spb extensions are allowed to

load as a reference image.

3: Choose method for receiving values of white péim illuminant. We can load file with
spectrum of the illuminant (use button #3 for i) select one of standard illuminants
represent in listbox #4. After selection or loadiigminant we should confirm our choice

using button #5.

4: After we input values of luminance for illumirtaimder which reference image was taken
and for the adapting illuminant. If value of lumita is equal to O or not inputted then it is

equal to 100 cd/m2 for the computations.

5: When all specifications were chosen we shougbspibutton #7 that runs process of the

adaptation.

6: After acquiring adapted image we can obtain cemspted image (Compensated image is
an image that will look under compensating illunmhéke image on left axis #10). We can

chose compensating illuminant using listbox #8 emwfirm our choice using button #9.

7: Using buttons #12 and #13 we can save acquinagdes as a .tiff file.
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On the Fig. 15 represents example of running soéwa

nfulorlnoonstnncy Simulator g =
File Edit View Insert Tools Desktop Window Help ~

(3 CIECAMST

Color Appearance Model
( () CIECAMO2

Original image Scaling factor of white point for D65

[ Select file with spectrum of lluminant Walugs of luminance far illuminarts —

Load Image For image loaded
or choose illuminant from list

I For chazen illuminart
A

Apply lluminant

Choose adopting fluminant  [EEEE=] Apply

Save Image Save Image

Figure 15: Developed software running in CIECAM97s mode.

For the simulation process can be used followsdstahilluminants: D65, D50, A, B, C, F2,
F7, F11 and illuminants of the Assessment CabiD@SAC, D65AC, D50AC, 840AC, FAC

(white points of these illuminants presented in é&mqix Ill, Table 17). Developed software
performs simulation of illumination change succebgf Ability to save and load an image
files and apply different chromatic adaptation t@dicting corresponding color allow to

flexibly tune software for various requirements.
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4. TEST AND PROCESSING OF THE RESULTS

In chapter 4 we will describe process of the meaments and laboratory equipment that
were used. Acquired results will be presented apltgg and images built on values obtained

from colorimetric devices.

4.1. Measurements

4.1.1. Laboratory Devices

This section describes laboratory devices that weeel for measurements. Practical research
has been done in the LIGIV laboratory, Saint-Etesniarance and supervised by Professor

Alain Tremeau.

Laboratory equipment:

- ELDIM MURATest Camera;
- MINOLTA Spectroradiometer CS-1000;
- VeriVide DCAC Assessment Cabinet (D75, D65, D5®),& illuminants).

ELDIM MURATest Camera:

MURATest Camera (see Figure 16 below) is the defdceneasuring and analysis of colors
from emitting or reflecting target that can be alge images, display modules, display walls

and clusters [29].

Specifications:

- Measurement modes: luminance/CR, color.

- Sensor configuration: peltier cooled CCD (adjustabb®C/-20°C), photopic
response, 16-bit A/D converter.

- Luminance units: Selectable cd/m? (nit), fl, norioadl or binary format.

- Luminance range: Full scale range 0.05 to 5000 zdfmthout ND filter),
enhanceable to 500 000 cd/m2. Maximum sensivigo@L cd/m?2.

- Luminance: Measurement time approx. 3s. Accurac@@® CIE (X, y) on A type
illuminant, 0.005 RMS CIE (X, y) on any color stilas. Short term repeatability
+0.002 on one pixel, £0.0002 on 100 pixels.
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- Dynamic range: 23 000 for single shot, 44 000 fghhdynamic measurement
mode, 10° for contrast analysis.
- CCD resolution: 1536x1024 (£8° & +16°), 3072x2048°), 4872x3248 (+16°).

Figure 16: ELDIM MURATest Camera
(Image taken from [29]).

MINOLTA Spectroradiometer CS-1000:

Spectroradiometer CS-1000 (see Figure 17 below)maasure spectral power distribution,
luminance, color and correlated color temperatdréigplay devices including CRTs, flat
panel displays, LEDs and light sources, while drfigrexcellent absolute accuracy and short-
term repeatability. The CS-1000 can be used assdemgstrument in the R&D centers of
display devices manufacturers, as well as lightamgl lamp companies, to measure the

spectral radiance of a light source [30].

Figure 17: MINOLTA Spectroradiometer CS-
1000 (Image taken from [30]).
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Specifications:

- Spectral range : 380 up to 780 nm +/- 0.3 nm

- Minimal surface : 0.25 mm with macro lens

- Luminance range : 0.01 up to 80 000 cd/m?

- Accuracy : £ 2% £1digit x:+0.0015 y=:01

- Polarisation error : less than 5% (400 nm to 700 nm
- Certified 1ISO9001 and I1SO 14001

VeriVide DCAC Assessment Cabinet:

Assessment Cabinet as you can see in Figure 18vhslthe device simulating lightning
conditions of 5 illuminants: D75, D65, D50, 840, Huminant is a mathematical
representation of real light source (for exampletmeky daylight) and it represents by
spectral distribution of light energy (intensitf)he DCAC range has been developed for the
visual assessment of color in accordance with BritStandards 950:1 directives and

International Standards [31].
Specifications:

- Light Sources: 5.
- Viewing Cavity: width 1530 mm, height 545 mm, dep80 mm.

“1.1._.

Figure 18: VeriVide DCAC Assessment Cabinet
(Image taken from [31]).
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4.1.2 Process of measurements
Practical research was held in two parts:

- measurements of color inconstancy of the sampiifierent lightning conditions;
- simulation of change of illuminations using develdsoftware.

The GretagMacbeth ColorChecker Color Rendition Chath 24 colors (Appendix I, Fig.
54) had been used as sample. Sample of “referehde”vhave been used for obtaining

spectra of illuminants of the Assessment Cabinet.
Process of the measurements consists of follonamntsp

- First step: Obtained spectrum of all illuminants ings MINOLTA
Spectroradiometer CS-1000.

- Second step: Put the samples to the Assessmemetddieasured GretagMacbeth
ColorChecker with MURATest Camera under all illueams of cabin. Calculated
average XY values for each color.

- Third step: Output image of the samples to monM®asured samples on monitor
with MURATest camera under all illuminants of thebm.

- Fourth step: Convert image of the samples usingldped software and output to
monitor. Measured colors of image of GretagMacléatlorChecker obtained after

CIECAM conversion under illuminants of the cabin.

After gaining results | compared colors of imagdagied from developed software and
image reproduced on monitor under correspondingiithant. Calculated difference between
these images allows correction of the transitioririndor the used chromatic adaptation

transform.

4.2. Calculated results
4.2.1 llluminants of the Assessment Cabinet and saoies description

For all five illuminants of the VeriVide DCAC Assasent Cabinet were obtained spectral
distribution of the light energy for each waveldnffom 380 nm to 780 nm. The Assessment

Cabinet has 5 types of fluorescent lamps which kitmg following illuminants [14]:
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- llluminant D75: Simulates north sky daylight (Fit). Color temperature: 7500
K.

- llluminant D65: Simulates average north sky dawig(Fig. 20). Color
temperature: 6500 K.

- llluminant D50: Simulates noon sky daylight (Fid.)2Color temperature: 5000 K.

- llluminant 840 (TL84): Mathematical representatioh commercial, rare earth
phosphor, narrow band fluorescent used in Europetlaa Pacific Rim (Fig.22).
Color temperature: 4100 K. Simulates typical officestore lightning.

- llluminant F (F12): Simulates sunset light (Fig.).2@olor temperature: 3000 K.
Simulates typical store lighting for Sears (USA igglent of TL83).

Spectral energy distribution of illuminant D75
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Figure 19: Spectral energy distribution of illuminant D75 betAssessment Cabinet that
simulates north sky daylight.
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Spectral energy distribution of illuminant D65
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Figure 20: Spectral energy distribution of illuminant D65 betAssessment Cabinet that

simulates average north sky daylight.
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Figure 21: Spectral energy distribution of illuminant D50 betAssessment Cabinet that

simulates noon sky daylight.
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Spectral energy distribution of illuminant 840
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Figure 22: Spectral energy distribution of illuminant 840 bétAssessment Cabinet that

simulates typical office or store lightning.
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Figure 23: Spectral energy distribution of illuminant F of thesessment Cabinet that

simulates light of sunset.
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After acquiring those spectra | obtained averagg& @istimulus values X and Y and
magnitude of luminance for each of 24 colors of teg®&lacbeth ColorChecker under
illuminants of the Assessment Cabinet. Data of rsoéwe represented in Appendix |, Table 5

and on Fig. 24-33 below. All data represented oages were obtained using ELDIM
Software for the MURATest Camera.
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ELDIM

EZContrast by

Figure 24 Figure 25

Representation of color (Fig. 24) and luminance.(Eb) information for illuminant D75 of
the Assessment Cabinet.

GretagMacbeth ColorChecker was put into Assessi@abinet under D75 illuminant and
tristimulus values for each color was taken. Ascae see in Fig. 24 sample under D75 looks
like under light of early morning—all colors arddirt and the white color (most luminous)
has luminance approximately 240 cd/mz2. This illuaminis most luminous between the other

ones available in the Assessment Cabinet.

177.3
1555
1338
1120
0.3
B35
46,8
26,0
3.3

EZContrazt by ELDIM

Figure 26 Figure 27

Representation of color (Fig. 26) and luminance.(Ev) information for illuminant D65 of
the Assessment Cabinet.

Sample under D65 illuminant looks less bright antbis are less saturated then previous

sample. Luminance of the white color is approxirtyaggual to 140 cd/m?2.
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2473
I21 E.3
186.4
186.0

Pizss

95.2
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I34,3
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EZCantrast by ELDIM

Figure 28 Figure 29

Representation of color (Fig. 28) and luminance.(EB) information for illuminant D50 of

the Assessment Cabinet.

Light of the D50 illuminant looks more “yellow” tihhgprevious ones and colors of the sample
are less saturated. Luminance of the white col@d®®cd/m2.

203.8
I1 78k
1535
128.3

|03

779

52.8
I2?,E
24

EZContrast by ELDIM

Figure 30 Figure 31

Representation of color (Fig. 30) and luminance.(Bil) information for illuminant 840 of

the Assessment Cabinet.

Under 840 illuminant sample looks like illuminatbg the lamp. Colors are less saturated
and look warmer then under daylight-simulating minants. White color has luminance

approximately equal to 90 cd/mz2.
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EZCantrast by ELDIM

Figure 32 Figure 33

Representation of color (Fig. 32) and luminanceg.(BB) information for illuminant F of the

Assessment Cabinet.

llluminant F is most “warm” illuminant (spectral emgy distribution of this illuminant
monotonically increase from short waves to long @8y so all colors look more “orange”.

White color has smallest luminance approximatelyaétp 80 cd/m?2.

As we can see on Figure 24—33 above image of tkeéa@Macbeth ColorChecker under all
illuminants of the Assessment Cabinet and CIE itmsius values for each color were
obtained.

On next stage of the experiment | reproduced obthimages on a LCD monitor placed in
the Assessment Cabinet and measured colors of snagter all available illuminants of the
cabinet. Graphical representation of the acquiratd gresented below in Table 4. Hence |

have reference images for correction of color aatapt in developed software.
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D75

D65

D50

840

Table 4:Images of the GretagMacbeth ColorChecker reprodanddCD monitor placed in DCAC under illuminants.
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Developed software works with images in .tiff (Tadglmage File Format) and .spb
(Spectral Binary Data) formats. | took spectral gmaf the GretagMacbeth ColorChecker
sample under D65 illuminant and used this image likference for color adaptation.
Reference tristimulus values of each color Gretagddth ColorChecker sample represent in
Appendix 1l, Table 6. Simulating change of illumiltem was done using Chromatic
Adaptation Transform for two Color Appearance Mad€IECAM97s and CIECAMO2.

4.2.2. Results of usage CIECAM97s

Chromatic adaptation transform using for CIECAM9¥s a modified von Kries
transformation (performed on a type chromaticitprdinates) with exponential nonlinearity
added to the short-wavelength-sensitive channgl486] Input data to this model are:

- luminance of the reference illuminant (illuminamder which taken reference
image);

- luminance of the adaptive illuminant;

- tristimulus values XYZ of the reference image (fak®m image file);

- reference white point (taken from illuminant’s cheteristics).

Variable F is taken equal to 1.0 for average vignwaandition. Variable D specifies degree of
adaptation (from 0 — without adaptation to 1 — fatlaptation). As transition matrix for

transformation was used matrix M specified in Ef. 2

0.7982 03380 —0.1371
M=| — 03918 1.5512 0.0406 ) (27)
0.0008 0.0239 09753,

Obtained results represented on Figure 34—38 bdlbese images were reconstructed from
values taken by MURATest Camera from LCD monitaustiwhite color looks like rose-
colored. Tristimulus values of each color of thepke presented in Appendix Il, Tables 7—
11.
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Figure 34 b Figure 34 c

Figure 34 a
Sample under D75 illuminant of the Assessment Gallveproduced on the screen (a), after CIECAM@atssform under D65 illuminant (b) and
under D75 illuminant (c).

Figure 35 a Figure 35 b
Sample under D65 illuminant of the Assessment Gallveproduced on the screen (a), after CIECAM@atssform under D65 illuminant (b).

45



P!

Figure 36 a Figure 36 b

Figure 36 b

Sample under D50 illuminant of the Assessment CGalveproduced on the screen (a), after CIECAMSatssform under D65 illuminant (b)
and under D50 illuminant (c).

Figure 37 a Figure 37 b Figure 37 c
Sample under 840 illuminant of the Assessment Galeproduced on the screen (a), after CIECAM%sstorm under D65 illuminant (b) and
under 840 illuminant (c).
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Figure 38 a Figure 38 b Figure 38 ¢

Sample under F illuminant of the Assessment Cabbegbduced on the screen (a), after CIECAM97sstcam under D65 illuminant (b) and
under F illuminant (c).
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As we can see from images above there is somerahife between reference image and

images obtained after chromatic adaptation. Refereand obtained tristimulus values of

each color of the sample under different illumirsaaute presented on Fig. 39—43 below

025

CIE tristimulus ¥

Graphic representation of calors of the sample taken undsr D75 illuminanf t
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Figure 39: Graphical representation of tristimulus valuesréderence sample under D75

illuminant (marked as red points) and sample &@i&CAM transformation under D75

(marked as green points) and D65 illuminants (ntheseblue points). Difference between

values for each point is magnitude of the efvgy .
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Graphic representation of colors of the sample taken under DES illurninant
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Figure 40: Graphical representation of tristimulus valuesréderence sample under D65
illuminant (marked as red points) and sample &@i&CAM transformation under D65

illuminants (marked as green points).
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Figure 41: Graphical representation of tristimulus valuesréderence sample under D50
illuminant (marked as red points) and sample &I&CAM transformation under D50
(marked as green points) and D65 illuminants (ndhdseblue points).
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Graphic representation of calors of the sample taken under 840 illuminant
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Figure 42: Graphical representation of tristimulus valuesréderence sample under 840
illuminant (marked as red points) and sample &I&CAM transformation under 840

(marked as green points) and D65 illuminants (ndhdseblue points).

Graphic representation of colors of the sample taken under F illuminant
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Figure 43: Graphical representation of tristimulus valuesréderence sample under F
illuminant (marked as red points) and sample &i&CAM transformation under F (marked

as green points) and D65 illuminants (marked as phints).
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Calculated AE, for each color of the sample allows adjusting math! used for

transformation. After all calculation | have coriedt matrix M for CIECAM97s:

324071 -0969258 0.0556352
M =| -153726 187599 -0.203996 (28)
~0498571 00415557 1.05707

4.2.3. Results of usage CIECAMO02

CIECAMO2 color appearance model is the improvemehtthe CIECAM97s color

appearance model and based on linear von-Kries typematic adaptation transform.
Principal difference between these two modelsifieonversion from CIE tristimulus values
to corresponding RGB values. For CIECAMO2 is usptinaized transform matrix M (Eq.

29) and factor D—degree of adaptation—is computedraing to Eq. 30.

0.7328 04296 -0.1624
M =|-0.7036 1.6975 0.0061
0.0030 0.0136 0.9834 (29)

(30)
D =F*(1-(1/36)* g (L+42/%2) )

where L,—luminance of the adapting illuminant, F—value aéwing conditions (F=1 for
average surround, F=0.9 for dim surround and Ff@.8ark surround).
Input data for CIECAMO2:

- luminance of the surround (dark, average, dim):

- luminance of the adaptive illuminant;
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- tristimulus values XYZ of the reference image (tak®m image file);

- reference white point (taken from illuminant’s cheteristics).

After chromatic adaptation were obtained tristinsultalues for each of the colors of the
sample under different illuminants as illustratedAppendix Il, Tables 12—16 and graphical
representation (Fig. 44—48 below). As we can seenaiges after CIECAMO02 transform we
obtained colors more “bluish-green” than they stidug. Yellow looks like green color and
red seems like blue. For the precise differencéuatian between reference and image after
transform were used tristimulus values of eachr¢c@aphical representation of the results
are illustrated on Figure 49—53. Colors obtaineteralCIECAMO02 transform have a
significant difference with reference values; ibsls that algorithm works incorrectly for the
sample in conditions of the experiment. After adirrections for CIECAM02 mode and
considering necessity of post-adaptation nonlireanpression has been used matrix M
according to Egq. 31 and obtained RGB responses wereverted from MCATO02
representation to Hunt-Pointer-Estevez values 89.that are more closely represent cone

responsivities of human vision system.

1096124 -0.278869 0.182745
Mk, =| 0454369 0473533 0.072098

-0.009628 -0.005698 1.015326 (31)
R R
G =M HPEM(;}-\TOZ G |,
B B. (32)

whereR., G., B; present inner CAT02 RGB system akt,.. is determined as:
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0.38971 0.68898 -0.07868

M e =| 022981 1.18340 0.04641 |.

0.00000 0.00000 1.00000

(33)
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Figure 44 a Figure 44 b Figure 44 ¢
Sample under D75 illuminant of the Assessment Galygproduced on the screen (a), after CIECAMO2sfam under D65 illuminant with
color correction (b) and without correction (c).

Figure 45 b Figure 45 c

Figure 45 a
Sample under D65 illuminant of the Assessment CGalveproduced on the screen (a), after CIECAMO&stfaam under D65 illuminant with
color correction (b) and without correction (c).
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Figure 46 a Figure 46 b Figure 46 c

Sample under D50 illuminant of the Assessment CGalveproduced on the screen (a), after CIECAMO&staam under D65 illuminant with
color correction (b) and without correction (c).

..

i 0111 ot barf] Fom b ] vt i i C it

Figure 47 a Figure 47 b Figure 47 c
Sample under 840 illuminant of the Assessment @lbeproduced on the screen (a), after CIECAMO2staam under D65 illuminant with
color correction (b) and without correction (c).

55



Figure 48 a Figure 48 b Figure 48 ¢
Sample under F illuminant of the Assessment Cabbembduced on the screen (a), after CIECAMO2 foansunder D65 illuminant with color
correction (b) and without correction (c).
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Graphical representation of colors of the sample taken under D75 illuminant
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Figure 49: Graphical representation of tristimulus valuesréerence sample under D75
illuminant (marked as red points) and sample &i&CAM transformation under D75

(marked as green points) and D65 illuminants (ndhdseblue points).

Graphical representation of colors of the sample taken under DBS illuminant
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Figure 50: Graphical representation of tristimulus valuesréderence sample under D65
illuminant (marked as red points) and sample &i&CAM transformation under D65

illuminants (marked as blue points).
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Graphical representation of colors of the sample taken under D50 illuminant
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Figure 51: Graphical representation of tristimulus valuesréerence sample under D50
illuminant (marked as red points) and sample &I&CAM transformation under D50

(marked as green points) and D65 illuminants (ndhdseblue points).

Graphical representation of colors of the sample taken under 840 illuminant
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Figure 52: Graphical representation of tristimulus valuesréderence sample under 840
illuminant (marked as red points) and sample &i&CAM transformation under 840

(marked as green points) and D65 illuminants (ndhdseblue points).
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Graphical repregentation of colors of the sample taken under F illuminant
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Figure 53: Graphical representation of tristimulus valuesréderence sample under F
illuminant (marked as red points) and sample &i&CAM transformation under F (marked

as green points) and D65 illuminants (marked as phints).

4.3. Experiment results

Two color appearance models were investigated imesd of the experiment: CIECAM97s
and CIECAMO2. Algorithm of the chromatic adaptattoansform was used for CIECAM97s
model and gave us successful results; images drégteleveloped software are similar to
reference. Hence CIECAM97s mode can be used foulatmg effect of illumination

changes and allow predict color inconstancy—hovorsobf the sample will change under

different illuminants.

But algorithm of CIECAMO02 chromatic adaptation tséorm was failed and gave us
incorrect results. The reason of this error is mptete procedure of color appearance model
in the software. Developed software implements ocdhyomatic adaptation transform
depending on color of reference image and illumisawithout calculations viewing
condition-dependent components which allow buildrex cone responsivities of human
vision system. Without correction that depends loaracteristics of human eye system used
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algorithm of the color appearance is incomplete ahthined image look different from

reference for observer.
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5. CONCLUSIONS

In this thesis a topic of color inconstancy wassidered. Review of most important issues of
the subject was done and a lot of theoretical qotscen color theory were discussed. Also
practical research that approved the theory wasuted. The software for simulation change
of illumination was developed and tested. In thhapater we briefly review the main results

obtained by practical researches and discuss pedstbre development of this topic.
The following results were obtained due experimigraiat of the research:

- Process of the simulation implemented by the chtmm@daptation transform
from CIECAM97s model was performed successfullyst$avith range of image
set were done and gave us correct results. Difteréetween the control values
of reference colors (obtained by colorimetric degjcand adapted colors (created
by developed software) not over the possible eratue.

- Due simulation with chromatic adaptation transfdnom CIECAMO02 acquired
results were not accurate and gave us incorregptedamage. Reason of the error
iIs over-adaptation of the CAT02 to the cone respamishuman vision. After
acquiring post-adaptation cone response we cambtain tristimulus values of
the corresponding colors directly but can use thvasges to create opponent color

response and calculate correlates of color appearan

Hence future development of the research can bieated to the task of obtaining adopted
colors closer to response of the human vision syste addition to chromatic adaptation,
full adaptation model including post-adaptationngfarm can be implemented, allowing

better simulation.

Nowadays new version of CIE color appearance maslaleveloped (iICAM). Perhaps
implementation of the new model allows achievingenttexible adaptation model that will
consider state of surround conditions carefully erghte simpler algorithm of the simulation

change of environment conditions not only illumioatbut many others.
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APPENDIX |

GretagMacbeth ColorChecker Data

The GretagMacbeth ColorChecker "Color Rendition if€has a chart that measures

approximately 13 inches by 9 inches (330 mm by 288). It contains 24 colored patches

arranged in a 6 by 4 array.

Figure 54: GretagMacbeth ColorChecker (Image taken from [32]).

The chart is described in this paper: McCamy, QVi&rcus, H., and Davidson, J.G., "A Color

Rendition Chart," Journal of Applied Photographiegtheering 11(3) (Summer issue, 1976),

e

95-99.
Name of ISCC NBS
Index CIE x CIEy | CIEY Hue Value| Chroma
color Name
1 dark skin 0.4 0.35 10.1 3YR 3.7 3.2 moderateviro
_ _ 2.2 light reddish
2 light skin 0.377 0.345 35.8 6.47 4.1
YR brown
3 blue sky 0.247 0.251 193] 43PB 495 5.5 moddyiaie
_ 6.7 moderate olive
4 foliage 0.337 0.422 13.3 4.2 4.1
GY green
blue . _
5 0.265 0.24 243 | 9.7PB 547 6.7 light violet
flower
bluish 2.5 light bluish
6 0.261 0.343 43.1 7 6
green BG green
7 orange 0.506 0.407 30.1 SYR 11 strong oran
8 purplish 0.211 0.175 12 7.5 PB 4 10.7 strong Imirp
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blue blue
moderate
9 d 0.453 0.306 19.8 25R 5 10 moderate re
re
5:00
10 purple 0.285 0.202 6.6 oM 3 7 deep purple
yellow strong yellow
11 0.38 0.489 44.3 5GY 7.1 9.1
green green
orange strong orange
12 0.473 0.438 43.1 10 YR 7 10.5
yellow yellow
vivid purplish
13 blue 0.187 0.129 6.1 7.5PB 2.9 12.7
blue
strong yellowish
14 green 0.305 0.478 234 0.25G 54 8.6p
green
15 red 0.539 0.313 12 5R 4 12 strong red
16 yellow 0.448 0.47 59.1 5Y 11.1 vivid yellow
strong reddish
17 magenta 0.364 0.233 19.8 25RP 5 12
purple
strong greenish
18 cyan 0.196 0.252 19.8 5B 5 8
blue
19 white 0.31 0.316 90 N 9.5 0 white
20 neutral 8 0.31 0.316 59.1 N 0 light gray
neutral light medium
21 0.31 0.316 36.2 N 6.5 0
6.5 gray
22 neutral 5 0.31 0.316 19.8 N 5 0 medium gra
neutral
23 a5 0.31 0.316 9 N 3.5 0 dark gray
24 black 0.31 0.316 3.1 N 2 0 black
Table 5: Color data of the GretagMacbeth ColorChecker.
Data represent in table calculated by Charles BPoyntColor technology, 2005:

(http://www.poynton.com/notes/color/GretagMacbetHe®Bhecker.html
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APPENDIX I

Index of
| Color X (D75) | Y (D75) | X(D65) | Y (D65)| X (D50)| Y (D50)| X840) | Y (840) X (F) Y (F)
color
moderate
1 0,3712 0,3486 0,3808 0,3632 0,4128 0,3774 0,424 4004@, 0,5293 0,4026
brown
light reddish
2 0,3646 0,3489 0,3767 0,3636 0,4096 0,3775 0,4257 4000, 0,5264 0,4025
brown
moderate
3 o 0,2505 0,2738 0,2645 0,2926 0,2952 0,3210 0,3195 3538, 0,4280 0,4018
ue
moderate
4 _ 0,3226 0,4112 0,3336 0,4221 0,3614 0,4334 0,36[71 4636, 0,4663 0,4581
olive green
5 light violet 0,2683 0,2614 0,2814 0,2806 0,3151 ,3081 0,3368 0,3388 0,4605 0,3834
light bluish
6 0,2614 0,3572 0,2747 0,3738 0,2988 0,3939 0,3176 4296, 0,4056 0,4581
green
strong
7 0,4805 0,3919 0,4863 0,4008 0,5102 0,4008 0,5141 4120, 0,5789 0,3953
orange
strong
8 purplish 0,2137 0,1994 0,2252 0,2170 0,252y 0,2485 0,2763 278Q, 0,3935 0,3534
blue
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moderate

9 ed 0,4418 0,3080 0,4501 0,3232 0,4871 0,3372 0,5004 3580, 0,5948 0,3550

10 deep purple 0,2833 0,2364 0,293 0,2570 0,3314 ,2860 0,3420 0,3182 0,4979 0,359
strong

11 yellow 0,3597 0,4823 0,3697 0,4867 0,3922 0,4850 0,3948 5098, 0,4755 0,4775
green
strong

12 orange 0,4460 0,4291 0,4539 0,4360 0,4782 0,4338 0,477 4508, 0,5492 0,4231
yellow
vivid

13 purplish 0,1983 0,1615 0,2090 0,1778 0,2352 0,2093 0,25[72 2400, 0,3697 0,3179
blue
strong

14 yellowish 0,2981 0,4703 0,3101 0,4777 0,3304 0,4840 0,3441 5128, 0,4179 0,5032
green

15 strong red 0,5104 0,3130 0,504 0,3265 0,5354 3358, 0,5270 0,3594 0,6307 0,335¢

16 vivid yellow | 0,4266 0,4670 0,4327 0,4707 0,4554 0,4643 0,4525 0,4848 0,5296 0,441
strong

17 reddish 0,3614 0,2464 0,3698 0,2642 0,4141 0,2897 0,4257 3149, 0,5707 0,3375
purple

18 g?ter;):iih 0,2128 0,2730 0,2243 0,2910 0,2457 0,3174 0,2707 3498, 0,3530 0,4123
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blue

19 white 0,3071 | 0,3300| 0,3207 0,3465  0,3521  0,36750,3709 | 0,3980 | 0,4768| 0,4182

20 lightgray | 0,3028 | 10,3268 0,316  0,3437  0,3485 3688 | 0,3672 | 0,3955| 0,4734  0,4184
light

21 medium | 0,3019 | 0,3253 | 0,3161| 0,3424  0,3481  0,3640  0,3669 3936, | 0,4735 | 0,4176
gray

22 m;:j;sm 0,3020 | 0,3275| 0,3163| 0,3447  0,3488  0,3658  0,3667 3959, | 0,4728 | 0,4187

23 dark gray | 0,3017 | 0,3266] 0,3162 03437 03482 658,3| 0,3656 | 0,3952| 0,4728] 0,4184

24 black 0,2979 | 0,3218| 0,3120  0,3388  0,3437  0,36080,3609 | 0,3906 | 0,4700| 0,4178

Table 6: Reference tristimulus values of each color Gretagihéth ColorChecker sample.
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Index

X (D75 under

Y (D75 under

X (D75 under

Y (D75 under

Color
of color D65) D65) D75) D75)
1 moderate brown 0,3329 0,3376 0,3298 0,3347
2 light reddish brown 0,3373 0,3535 0,3362 0,3522
3 moderate blue 0,2297 0,2953 0,2295 0,2943
moderate olive
4 0,2979 0,3960 0,2960 0,3922
green
5 light violet 0,2506 0,2837 0,2501 0,2830
6 light bluish green 0,2488 0,3731 0,2486 0,3720
7 strong orange 0,4456 0,3906 0,4424 0,3883
8 strong purplish blue 0,2018 0,2344 0,2021 0,2343
9 moderate red 0,3804 0,3093 0,3778 0,3080
10 deep purple 0,2553 0,2414 0,2544 0,2407
11 strong yellow green 0,3535 0,4705 0,3520 0,4680
strong orange
12 0,4326 0,4236 0,4302 0,4216
yellow
13 vivid purplish blue 0,1876 0,1954 0,1882 0,1957
strong yellowish
14 0,2826 0,4617 0,2816 0,4575
green
15 strong red 0,4476 0,3115 0,4422 0,3095
16 vivid yellow 0,4190 0,4671 0,4175 0,4651
strong reddish
17 0,3165 0,2582 0,3153 0,2577
purple
18 strong greenish blue 0,2100 0,3094 0,2099 0,3080
19 white 0,2945 0,3455 0,2942 0,3449
20 light gray 0,2881 0,3400 0,2877 0,3393
21 light medium gray 0,2879 0,3370 0,2873 0,3360
22 medium gray 0,2824 0,3354 0,2814 0,3338
23 dark gray 0,2719 0,3284 0,2709 0,3260
24 black 0,2635 0,3135 0,2620 0,3103

Table 7: Tristimulus values of color of the sample obtaineder D75 illuminant and

reproduced after CIECAM97s transformation under @68 D75 illuminants.
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Index of X (D65 under Y (D65 under
Color

color D65) D65)

1 moderate brown 0,3533 0,3808
2 light reddish brown 0,3590 0,3915
3 moderate blue 0,2538 0,3403
4 moderate olive green 0,3168 0,4354
5 light violet 0,2758 0,3306

6 light bluish green 0,2733 0,4179
7 strong orange 0,4562 0,4139
8 strong purplish blue 0,2251 0,2833
9 moderate red 0,4060 0,3481
10 deep purple 0,2772 0,2849
11 strong yellow green 0,3640 0,4939
12 strong orange yellow 0,4397 0,4449
13 vivid purplish blue 0,2037 0,2356
» strong yellowish 0.3034 0.4046

green

15 strong red 0,4608 0,3414
16 vivid yellow 0,4218 0,4804
17 strong reddish purple 0,3394 0,2956
18 strong greenish blue 0,2241 0,3583
19 white 0,3227 0,3804
20 light gray 0,3148 0,3875
21 light medium gray 0,3112 0,3808
22 medium gray 0,3072 0,3783
23 dark gray 0,2959 0,3757
24 black 0,2831 0,3572

Table 8: Tristimulus values of color of the sample obtaineder D65 illuminant and

reproduced after CIECAM97s transformation under Dié&inant.



Y (D50
Index X (D50 under | Y (D50 under | X (D50 under
Color under
of color D65) D65) D50)
D50)
1 moderate brown 0,3947 0,4029 0,3986 0,405%9
2 light reddish brown 0,4052 0,4186 0,4066 0,4197
3 moderate blue 0,2934 0,3957 0,2947 0,3973
moderate olive
4 0,3486 0,4559 0,3511 0,4588
green
5 light violet 0,3199 0,3820 0,3211 0,3831
6 light bluish green 0,3034 0,4560 0,3041 0,4570
7 strong orange 0,4874 0,4130 0,4894 0,4141
8 strong purplish blue 0,2632 0,3474 0,2646 0,3486
9 moderate red 0,4647 0,3720 0,4674 0,3731
10 deep purple 0,3336 0,3430 0,3367 0,3450
11 strong yellow green 0,3902 0,4919 0,3913 0,4933
strong orange
12 0,4664 0,4400 0,4675 0,4409
yellow
13 vivid purplish blue 0,2348 0,3033 0,2366 0,3048
strong yellowish
14 0,3276 0,5083 0,3289 0,5106
green
15 strong red 0,5127 0,3581 0,5170 0,3595
16 vivid yellow 0,4446 0,4704 0,4457 0,47112
strong reddish
17 0,4044 0,3424 0,4063 0,3432
purple
18 strong greenish blue 0,2439 0,4190 0,2449 0,4207
19 white 0,3680 0,4250 0,3685 0,4254
20 light gray 0,3586 0,4237 0,3592 0,4242
21 light medium gray 0,3545 0,4201 0,3555 0,4210
22 medium gray 0,3512 0,4210 0,3528 0,4226
23 dark gray 0,3405 0,4153 0,3429 0,4176
24 black 0,3118 0,3837 0,3159 0,387%

Table 9: Tristimulus values of color of the sample obtaineder D50 illuminant and

reproduced after CIECAM97s transformation under @68 D50 illuminants.

71



Index Color X (840 under Y (840 under X (840 under Y (840 under
of color D65) D65) 840) 840)
1 moderate brown 0,4059 0,4228 0,4149 0,4315
2 light reddish brown 0,4268 0,4431 0,4303 0,4473
3 moderate blue 0,3378 0,4366 0,3404 0,4434
4 moderate olive 0,3553 0,4821 0,3589 0,4917
green
5 light violet 0,3596 0,4221 0,3620 0,4265
6 light bluish green 0,3358 0,4895 0,3368 0,4936
7 strong orange 0,4872 0,4242 0,4933 0,4269
8 strong purplish blue 0,3147 0,3952 0,3167 0,4006
9 moderate red 0,4889 0,3950 0,4975 0,3991
10 deep purple 0,3643 0,3888 0,3719 0,3973
11 strong yellow green 0,3882 0,5079 0,3902 0,5121
12 strong orange 0,4548 0,4580 0,4584 0,4608
yellow
13 vivid purplish blue 0,2834 0,3552 0,2835 0,3598
14 strong yellowish 0,3445 0,5192 0,3472 0,5262
green
15 strong red 0,5133 0,3711 0,5270 0,3754
16 vivid yellow 0,4237 0,4898 0,4256 0,4928
17 strong redaish 0,4420 0,3714 0,4480 0,3735
purple
18 strong greenish blue 0,2919 0,4609 0,2925 0,4675
19 white 0,3853 0,4518 0,3872 0,4541
20 light gray 0,3858 0,4585 0,3876 0,4611
21 light medium gray 0,3838 0,4559 0,3863 0,4597
22 medium gray 0,3784 0,4550 0,3816 0,4605
23 dark gray 0,3648 0,4462 0,3703 0,4557
24 black 0,3306 0,4084 0,3379 0,4220

Table 10: Tristimulus values of color of the sample obtaineder 840 illuminant and

reproduced after CIECAM97s transformation under @68 840 illuminants.
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Index of X (F under Y (F
Color Y (Funder D65) X (F under F)
color D65) under F)
1 moderate brown 0,5252 0,3501 0,5477 0,3539
2 light reddish brown 0,5517 0,3772 0,5626 0,3797
3 moderate blue 0,4878 0,3875 0,5064 0,3940
moderate olive
4 0,4908 0,3770 0,5116 0,3834
green
5 light violet 0,5241 0,3807 0,5377 0,3847
6 light bluish green 0,4790 0,4191 0,4876 0,4235
7 strong orange 0,5735 0,3590 0,5851 0,3608
8 strong purplish blue 0,4876 0,3748 0,5124 0,3821
9 moderate red 0,5969 0,3473 0,6107 0,3491
10 deep purple 0,5222 0,3491 0,5519 0,3544
11 strong yellow green 0,5280 0,3973 0,5360 0,4002
strong orange
12 0,5434 0,3807 0,5522 0,3832
yellow
13 vivid purplish blue 0,4311 0,3539 0,4634 0,363p
strong yellowish
14 0,4702 0,4119 0,4846 0,4188
green
15 strong red 0,6026 0,3405 0,6176 0,34283
16 vivid yellow 0,5237 0,4003 0,5313 0,4032
strong reddish
17 0,5960 0,3487 0,6082 0,3505
purple
18 strong greenish blue 0,4208 0,4185 0,4359 0,4289
19 white 0,4982 0,4216 0,5047 0,4245
20 light gray 0,5214 0,4049 0,5292 0,4081
21 light medium gray 0,5397 0,3880 0,5493 0,3909
22 medium gray 0,5268 0,3794 0,5413 0,3836
23 dark gray 0,5009 0,3620 0,5244 0,368
24 black 0,4319 0,3432 0,4587 0,3504

Table 11: Tristimulus values of color of the sample obtaineder F illuminant and reproduced
after CIECAM97s transformation under D65 and Fnilinants.
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Index

; Col X (D75 under Y (D75 under X (D75 under Y (D75
o] olor
D65) D65) D75) under D75)
color
1 moderate brown 0,2852 0,3877 0,2838 0,384
2 light reddish brown 0,2981 0,3996 0,2974 0,3979
3 moderate blue 0,2787 0,3559 0,2781 0,3544
moderate olive
4 0,2937 0,4023 0,2927 0,3993
green
5 light violet 0,2781 0,3512 0,2777 0,35
6 light bluish green 0,2971 0,3952 0,2968 0,3942
7 strong orange 0,3118 0,4268 0,3108 0,4242
8 strong purplish blue 0,261 0,3134 0,2606 0,3124
9 moderate red 0,2862 0,374 0,2852 0,3718
10 deep purple 0,2554 0,3171 0,255 0,3154
11 strong yellow green 0,3121 0,4411 0,3116 0,4396
strong orange
12 0,3153 0,4374 0,3146 0,4354
yellow
13 vivid purplish blue 0,2427 0,2808 0,2426 0,2799
strong yellowish
14 0,3044 0,4267 0,3037 0,4248
green
15 strong red 0,2881 0,3886 0,2864 0,3838
16 vivid yellow 0,3196 0,4451 0,3192 0,4437
strong reddish
17 0,2702 0,3282 0,2698 0,3269
purple
18 strong greenish blue 0,2823 0,3672 0,2819 0,3659
19 white 0,3013 0,3422 0,3009 0,3417
20 light gray 0,2949 0,3756 0,2944 0,3748
21 light medium gray 0,2914 0,3864 0,2909 0,3851
22 medium gray 0,2874 0,3786 0,2869 0,3767
23 dark gray 0,2788 0,3738 0,2778 0,3711
24 black 0,2681 0,3625 0,267 0,3576

Table 12: Tristimulus values of color of the sample obtaineder D75 illuminant and

reproduced after CIECAMO2 transformation under @68 D75 illuminants.
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Index of X (D65 under | Y (D65 under
Color
color D65) D65)
1 moderate brown 0,2868 0,3819
2 light reddish brown 0,2981 0,3992
3 moderate blue 0,2758 0,3474
moderate olive
4 0,2956 0,4022
green
5 light violet 0,2747 0,3417
6 light bluish green 0,2969 0,3678
7 strong orange 0,316 0,4329
8 strong purplish blue 0,2576 0,3008
9 moderate red 0,29 0,37
10 deep purple 0,2567 0,3102
11 strong yellow green 0,32 0,4311
strong orange
12 0,3194 0,4453
yellow
13 vivid purplish blue 0,2434 0,2705
strong yellowish
14 0,3052 0,4269
green
15 strong red 0,2942 0,39
16 vivid yellow 0,3316 0,4296
strong reddish
17 0,271 0,3222
purple
18 strong greenish blue 0,278 0,3548
19 white 0,3075 0,334
20 light gray 0,2951 0,3452
21 light medium gray 0,29 0,3822
22 medium gray 0,2881 0,3774
23 dark gray 0,2793 0,3674
24 black 0,2665 0,3589

Table 13: Tristimulus values of color of the sample obtain@der D65 illuminant and

reproduced after CIECAMO2 transformation under DgBninant.
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Index
X (D50 under | Y (D50 under | X (D50 under Y (D50
of Color
D65) D65) D50) under D50)
color
1 moderate brown 0,283 0,3741 0,2845 0,3756
2 light reddish brown 0,2949 0,3874 0,2955 0,3879
3 moderate blue 0,2713 0,3332 0,2718 0,3334
moderate olive
4 0,2928 0,3941 0,2938 0,3951
green
5 light violet 0,2701 0,3281 0,2705 0,3284
6 light bluish green 0,2917 0,3737 0,2919 0,3737
7 strong orange 0,3162 0,4324 0,3175 0,4338
8 strong purplish blue 0,253 0,2878 0,2536 0,288
9 moderate red 0,2857 0,3609 0,2865 0,3616
10 deep purple 0,2506 0,2977 0,2516 0,2978
11 strong yellow green 0,3149 0,4433 0,3153 0,4439
strong orange
12 0,3205 0,4442 0,321 0,4447
yellow
13 vivid purplish blue 0,2394 0,2601 0,2402 0,2611
strong yellowish
14 0,3029 0,4219 0,3038 0,4226
green
15 strong red 0,2884 0,3791 0,29 0,3808
16 vivid yellow 0,3276 0,4478 0,3279 0,4483
strong reddish
17 0,2655 0,3092 0,2661 0,3094
purple
18 strong greenish blue 0,2724 0,3405 0,2727 0,3407
19 white 0,3026 0,3339 0,3032 0,3342
20 light gray 0,2883 0,3492 0,2887 0,3494
21 light medium gray 0,285 0,3684 0,2854 0,3683
22 medium gray 0,2838 0,3642 0,2843 0,3645
23 dark gray 0,2743 0,3564 0,2751 0,3569
24 black 0,2618 0,3447 0,2636 0,3463

Table 14: Tristimulus values of color of the sample obtain@der D50 illuminant and

reproduced after CIECAMO02 transformation under @68 D50 illuminants.
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Index

4

¢ Col X (840 under Y (840 under X (840 under | Y (840 under
0 olor
D65) D65) 840) 840)
color
1 moderate brown 0,2752 0,3432 0,2754 0,3439
2 light reddish brown 0,2851 0,3558 0,2854 0,3561
3 moderate blue 0,2518 0,2789 0,2512 0,2784
moderate olive
4 0,2895 0,3799 0,2903 0,383
green
5 light violet 0,2575 0,2851 0,257 0,2846
6 light bluish green 0,2807 0,3362 0,2806 0,3367
7 strong orange 0,3236 0,441 0,3245 0,444
8 strong purplish blue 0,236 0,2351 0,2354 0,2342
9 moderate red 0,2791 0,3302 0,2799 0,3314
10 deep purple 0,2389 0,2484 0,2382 0,2478
11 strong yellow green 0,3253 0,4458 0,3259 0,4477
strong orange
12 0,3313 0,4639 0,3321 0,4663
yellow
13 vivid purplish blue 0,2228 0,2059 0,2225 0,205
strong yellowish
14 0,3025 0,4173 0,3036 0,419
green
15 strong red 0,2842 0,3533 0,2848 0,3558
16 vivid yellow 0,351 0,4632 0,3521 0,465
strong reddish
17 0,2482 0,2593 0,2483 0,2597
purple
18 strong greenish blue 0,2525 0,2833 0,2525 0,283
19 white 0,3072 0,3338 0,3079 0,3345
20 light gray 0,2958 0,334 0,296 0,3344
21 light medium gray 0,2717 0,327 0,2719 0,3279
22 medium gray 0,2684 0,3214 0,2684 0,3225
23 dark gray 0,2635 0,3171 0,2633 0,3185
24 black 0,2485 0,3016 0,2477 0,3035

Table 15: Tristimulus values of color of the sample obtaineder 840 illuminant and

reproduced after CIECAMO2 transformation under @68 840 illuminants.
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Index

X (F under
of Color D65) Y (Funder D65) X (F under F) Y (F under R
color
1 moderate brown 0,3186 0,4524 0,3202 0,4557
2 light reddish brown 0,3394 0,3832 0,3407 0,3844
3 moderate blue 0,3502 0,4352 0,3519 0,4376
moderate olive
4 0,327 0,4254 0,3284 0,4276
green
5 light violet 0,3599 0,4318 0,3616 0,434
6 light bluish green 0,3168 0,348 0,3175 0,3488
7 strong orange 0,3361 0,4045 0,3372 0,4061
8 strong purplish blue 0,3551 0,516 0,357 0,5203
9 moderate red 0,3308 0,4711 0,3323 0,4749
10 deep purple 0,336 0,4981 0,3386 0,5041
11 strong yellow green 0,3093 0,3377 0,3099 0,3383
strong orange
12 0,3212 0,3548 0,3219 0,3557
yellow
13 vivid purplish blue 0,3402 0,5258 0,3429 0,5322
strong yellowish
14 0,3308 0,3703 0,3318 0,3711
green
15 strong red 0,3426 0,4723 0,3475 0,4812
16 vivid yellow 0,3085 0,3366 0,3091 0,3372
strong reddish
17 0,3516 0,5236 0,3534 0,5279
purple
18 strong greenish blue 0,3568 0,4244 0,358 0,4261
19 white 0,3079 0,335 0,3084 0,3355
20 light gray 0,3142 0,3443 0,3147 0,3449
21 light medium gray 0,3386 0,381 0,3396 0,3822
22 medium gray 0,3436 0,4176 0,3447 0,4193
23 dark gray 0,3201 0,4632 0,3214 0,4662
24 black 0,315 0,4532 0,3177 0,4595

Table 16: Tristimulus values of color of the sample obtaineder F illuminant and reproduced

after CIECAMO2 transformation under D65 and F ilinamts.
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Index of

| Color X (D75) Y (D75) X (D65) Y (D65) X (D50) Y (D50) Xq40) Y (840) X (F) Y (F)
color
moderate
1 b 0,3986 0,3501 0,4006 0,3525 0,4276 0,3574 0,4256 3670, 0,5122 0,3722
rown
light reddish
2 b 0,3992 0,3532 0,4035 0,3587 0,4294 0,362p 0,4413 3840, 0,5290 0,3909
rown
3 moderate blue 0,2884 0,3021 0,2973 0,3114 0,3248 0,3258 0,3424 0,3459 0,4416 0,3811
moderate
4 ) 0,3464 0,3880 0,3509 0,3913 0,37685 0,396p 0,3666 4068, 0,4529 0,4044
olive green
5 light violet 0,3126 0,2965 0,3186 0,3056 0,3448 ,3108 0,3613 0,3391 0,4656 0,3683
light bluish
6 0,2951 0,3612 0,3037 0,3701 0,3254 0,3768 0,3370 3996, 0,4194 0,4203
green
7 strong orange 0,4974 0,3784 0,4997 0,3864 0,5191 0,3829 0,5140 0,3880 0,5643 0,3737
strong
8 _ 0,2430 0,2363 0,2508 0,2462 0,2773 0,263p 0,2962 2844, 0,4229 0,3506
purplish blue
9 moderate red 0,4665 0,3164 0,4684 0,3255 0,4981 ,3329 0,5058 0,3475 0,5857 0,3480
10 deep purple 0,3192 0,2611 0,3184 0,274 0,3505 ,2890 0,3495 0,3140 0,4756 0,3396
strong yellow
11 0,3898 0,4444 0,3962 0,4474 0,4138 0,4444 0,4092 4536, 0,4718 0,4284
green
strong orange
12 I 0,4646 0,4078 0,4630 0,4105 0,4794 0,4074 0,4709 4101, 0,5268 0,3902
yellow
vivid purplish
13 bl 0,2153 0,1924 0,2243 0,2047 0,2492 0,223% 0,2689 2530, 0,3882 0,3172
ue
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strong

14 yellowish 0,3197 0,4389 0,3279 0,4449 0,34889 0,445p 0,3501 453G, 0,4261 0,4409
green
15 strong red 0,5224 0,3170 0,5112 0,326pH 0,5307 3300, 0,5079 0,3392 0,5858 0,3396
16 vivid yellow 0,4583 0,4381 0,4547 0,4399 0,4704 0,4349 0,4564 0,4363 0,5201 0,4064
strong reddish
17 | 0,4000 0,2701 0,4038 0,2838 0,4368 0,2964 0,4437 316Q, 0,5584 0,3347
purple
strong
18 _ 0,2257 0,2972 0,2356 0,3025 0,2540 0,315p 0,2761 332, 0,3563 0,3735
greenish blue
19 white 0,3567 0,3469 0,3635 0,3535 0,387y 0,3610 0,4018 0,3873 0,5022 0,4056
20 light gray 0,3464 0,3403 0,3515 0,347§ 0,376 3510 0,3958 0,3851 0,4946 0,4042
light medium
21 0,3375 0,3356 0,3484 0,3439 0,3756 0,351p 0,3925 37686, 0,4851 0,3921
gray
22 medium gray 0,3341 0,3343 0,3405 0,338f 0,3700 ,3459 0,3694 0,3601 0,4704 0,3750
23 dark gray 0,3208 0,3227 0,3234 0,3292 0,3458 3313 0,3331 0,3374 0,4299 0,3552
24 black 0,2952 0,3096 0,2954 0,3129 0,3048 0,3167 0,3045 0,3255 0,3535 0,3408

Table 17:Reference tristimulus values of each color Gretaghth ColorChecker sample reproduced on the LCDitoron
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APPENDIX I

Name

D50
D55
D65

D75

9300
F2
F7

F11

CIE 1931
X y
1/3 1/3

0.34567 0.35850

0.33242 0.34743

0.31271 0.32902

0.29902 0.31485

0.44757 0.40745

0.34842 0.35161

0.31006 0.31616

0.28480 0.29320

0.37207 0.37512

0.31285 0.32918

0.38054 0.37691

CIE 1964
X10 Y10
1/3 1/3

0.34773 0.35952
0.33411 0.34877
0.31382 0.33100
0.29968 0.31740
0.45117 0.40594
0.3498 0.3527

0.31039 0.31905

0.37928 0.36723

0.31565 0.32951

0.38543 0.37110

CCT
5400

5003

5503

6504

7504

2856

4874

6774

9300

4200

6500

4000

T
D

Note

Equal energy

Television sRGB color space

Incandescent tungsten

Obsolete, direct sunlight at noon
Obsolete, north sky daylight
High-efficiency blue phosphor monitors
Cool White Fluorescent (CWF)
Broad-Band Daylight Fluorescent

Narrow Band White Fluorescent

Table 18: White points for different illuminants (Data takéom [4]).
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