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Chapter 1
INTRODUCTION

Color perception is an individual experience. Two people looking at the
same object under the same condition could perceive color differently. Taken the recently
famous phenomenon The Dress as an example, an image of a striped dress initially
posted on Tumblr on 26 February 2015 divided people into two groups: one perceiving it
as blue/back and the other as white/gold [1]. The illumination assumption is one of
mechanisms of color constancy. Cues to the illumination in the dress image are
ambiguous, so they lead to different people assuming different illuminations. People who
assume that the dress is under warm illumination perceive the dress as blue/back, while
those who assume cool illumination perceive it as white/gold [2]. This phenomenon
confirms the fact that color is a human perception. The color of an object is changeable
depending on many factors including observers’ experience.

Color perception depends on three factors: light from a light source, optical
properties of an object and the human visual system of an observer. Light emitted from a
light source hits an object. The object then absorbs some parts of the light and reflects
the rest into an observer’'s eyes, where the human visual system interprets what color is
perceived. Thus the light reflected from an object is changeable depending on lighting
conditions. However, the human visual system is able to compensate for the change in
the color of the light source in such a way that the perceived color of objects remains
constant under varying illumination conditions. This phenomenon is called color
constancy [3].

Color constancy is the phenomenon that color of an object can be the same
despite illumination changes. The human visual system can adapt to the illumination
changes so that the perceived color of objects is the same throughout the day. Memory
color is one of the mechanisms of color constancy. Memory color refers to a typical color
of an object that an observer acquires through their experience with that object [4]. For

example, when we think about banana, we associate it with yellow. Therefore, we tend to



perceive banana as yellow regardless of light reflected from banana entering the eyes.
The influence of memory color on color constancy depends on many factors, including
experiences of individuals and physical and optical properties of objects.

Some objects have unique characteristics such as shape and texture that can be
recognized and give rise to the effect of memory color. In Duncker’s study, he cut the
same color paper into different shapes: leaf and donkey [5]. He found that observers
perceived leaf’s color greener than donkey. Olkkonen et al [6] used photographs of fruits
under various simulated illuminations and found that observers perceived fruit stimuli
slightly tinted in their typical color even when every pixel of the stimulus was achromatic.
The effect depended on how realistic the stimuli were, as the stimuli with 2D outline shapes
showed no effect.

Memory color occurs not only with natural objects. As mentioned earlier, memory
color is acquired through experience with the objects. Hence, memory color depends on
individual knowledge and experience of typical colors of familiar objects. Witzel et al [4]
investigated memory color with artificial objects. The results showed that knowledge on a
typical color of artificial objects could influence color appearance. Knowledge from color
in memory can increase the ability to estimate color of illumination. Granzer and
Gegenfurtner [7] showed that the scene with many familiar objects could increase color
constancy.

This study aims to investigate the effect of memory color on color perception of
natural objects under different color lights. The degree of changes in color perception due
to memory color was investigated. To do so, three experiments were conducted. Firstly,
memory colors of selected natural objects were collected by asking observers to display
colors in their memory of the given objects. The images of the natural objects were taken
and the second experiment collected the color perceptions of the natural objects in the
images. Finally, the color perceptions of images without natural objects but having the
same colors as the images in the second experiment were collected. If memory color has

no effect on color perception, the results from the second and third experiments should



be the same. When memory color induces color constancy, the color perceptions of

natural objects should shift towards the colors obtained in the first experiment.

1.1 Objectives

To investigate the effects of memory color on color perception of natural objects

under different illuminations.

1.2 Scope

The visual experiments were carried out on the Internet. A website

(https://memorycolor.net) was created, so that observers from various backgrounds could
access the experiments. The differences between displays and viewing conditions of the
participants were minimized through a monitor calibration chart and gray-balance
technigue.

Five natural objects included in this study were; Blueberry, Broccoli, Salmon,
Sunflower and Tomato. Images of each of the natural objects were taken under D65
simulators and then modified as if taken under extreme colored lights — Red, Green, Blue,
and Yellow. The modification was done with Color Filter tool in Adobe Photoshop.

Mondrian images with exactly the same colors as the natural object images were
created to investigate the color perception when the object was unknown to the observers.

The results were collected in terms of sSRGB values and converted to CIELAB color
values. The degree of changes in color perception due to memory was quantified in terms
of color constancy index. The differences between color perceptions of natural objects

and unknown objects were quantified by CIEDE2000.

1.3 Expected outcomes

1. The degree of changes in color perception due to memory color.
2. Color differences between color perceptions of natural objects and unknown

objects.


https://memorycolor.net/

1.4 Contents

This thesis contains five chapters. The first chapter provides the introduction to
the study. Chapter 2 explains theories and literatures on the related work. Chapter 3 gives
detailed explanations of experiments. Chapter 4 discusses the experimental results, and

the conclusion is given in Chapter 5.



Chapter 2
THEORETICAL CONSIDERATIONS AND LITERATURE REVIEW

2.1 Theoretical considerations

Color perceptions of natural objects under various illuminations were investigated
in this study. In order to understand and analyze the results, the theoretical backgrounds
relating to the present study are given in this chapter. Firstly, the process of color
perception is discussed in Section 2.1.1. Changes in color perception due to color
constancy phenomenon are given in Section 2.1.2. Section 2.1.3 describes the effect of
memory color, which is the main concern of this study. Finally, the information on HTML5
is given in Section 2.1.4 due to the fact that it was used for generating web pages for

launching the experiments.

2.1.1 Color perception

Visual perception is one of human abilities to sense the surroundings. Three main
factors in the process of human visual perception are the light, an object and the eye, as

illustrated in Figure 2-1. Light from the light source hits the object and reflects to the eye.

\/ﬁ?

Figure 2-1: Three factors of visual perception.



The color of visible light depends on its wavelengths. White light contains all
wavelengths from about 400-700 nm. Each wavelength is perceived as different colors,
e.g. at 700 nm red color is perceived. In the process of color perception, light from a light
source incident the object, some of the light absorbs in different amount. Then, the rest of
the remaining light reflects and enters the eyes. The three types of cone cells in retinal
photoreceptor: L, M and S cones convert the color light signal and send to the visual
cortex causing color perception. Figure 2-2 shows spectral responsivities of the L, M and
S cones [3].

(a)

1.00

0.754

0.50

Cone Responsivity

0.25

0.00 lefeer=" | Svu Y
400 500 600 700

Wavelength (nm)

Figure 2-2: Spectral responsivities of human cones, S, M, and L types.

Figure 2-3 illustrates how a green color box is perceived. The white light falls and
hits the green box, all color lights except green are absorbed. Only the green light reflects
to the eyes. Then, M cones are active and send the signal to the nerve, causing the green
color perception. On the other hand, black objects absorb the light in all wavelengths. For

white objects, the light in all wavelengths is reflected, so the objects appear white.



Figure 2-3: The process of color perception.

Consequently, color perception depends on these three main factors. When either
a light source or an object change, the reflected light changes, leading to different amount
of light stimulating the cones. When the light source and the object remain, but the
observer changes, color perception could be different depending on the observer’s cone
sensitivities. Hence, color of an object is changeable. However, color perception is not
determined only by the amount of light in each wavelength stimulating each of the three
cones. The human visual system can compensate for the changes in color of a light

source, in such a way that color perception remains constant under varying illuminations

[3].

2.1.2 Color constancy

Color constancy refers to the phenomenon that objects appear relatively constant
in color despite changes in illumination. A red apple appears red whether it is under
tungsten light or in sunlight. Under different lighting conditions, the red apple reflects the
different light into the eyes, but the apple still appears red. The perceived color of a
surface color depends on spectral reflectance properties. The challenge for the visual
system is to estimate or eliminate the effect of the illuminant [8]. The human visual system
can adapt to the illumination changes so that color perception of objects is the same
throughout the day. Color constancy is the perceptual phenomenon — the results of

mechanism in the eye and brain [9].



Chromatic adaptation is an ability of the human visual system that can
compensate the change in color of the illumination. The human visual system can adjust
the sensitivities of the cones, where the sensitivities of each of the three cone types vary
independently. Figure 2-5 shows conceptual illustration of the process of chromatic
adaptation as the independent sensitivity regulation of the three cone responsivities [3].
When light of a certain wavelength enters the eyes relatively higher than the other
wavelengths, cones adapt to be less sensitive to that light. Chromatic adaptation plays an
important role in achieving color constancy. Chromatic adaptation can be considered as
having two mechanisms: sensory mechanism and cognitive mechanism. Sensory
mechanism alone is not capable of complete chromatic adaptation. Cognitive mechanism

plays an important role in obtaining complete chromatic adaptation [10].
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Figure 2-4: Conceptual illustration of the process of chromatic adaptation.

®  Sensory mechanism
Sensory mechanism responds automatically to the stimulus energy changes. This
mechanism is generally believed to be sensitivity control in the photoreceptors and
neurons in the first stage in the human visual system. The concept of sensory mechanism
is the normalization of cone signal [9]. The sensory mechanism of chromatic adaptation

completes after 60 seconds for changes in adapting chromaticity at constant luminance

[3].



®  Cognitive mechanism

Cognitive mechanism responds to observers’ knowledge of individual observers.
The object recognition and memory may also involve in this mechanism [9]. Cognitive
mechanism refers to memory color and discounting the illuminants, relying on knowledge
of observer. This mechanism can be effectively instantaneous once knowledge is
obtained [3].

Discounting the illuminant refers to the cognitive ability of observers to interpret
the colors of objects based on the illuminated environment in which they are viewed [3].
It allows human to perceive the actual color of an object independent of changes in the

illumination.

2.1.3 Memory color

Memory color is one of the mechanisms in chromatic adaptation. Memory color
refers to a typical color of an object that an observer acquires through their experience
with that object [10]. For example, when we think about banana, we associate it with
yellow, therefore we tend to perceive banana as yellow regardless of light reflected from
banana entering the eye.

The knowledge about typical color of objects can influence the color appearance
[6]. Memory color could be used to estimate the color lights. For example, the color of
yellow banana is less yellow than memory color, so it could be that this banana is under
blue illumination. The strongly associate with typical color of objects can help to eliminate
the illumination changes [8].

Many previous studies have investigated the role of memory color on color
constancy. Jin and Shevell found that color constancy could improve if valid cues to the
illuminant estimation increased [11]. The knowledge of a typical color could be the cue to
estimate an unknown illuminant. Moreover, the knowledge of an object’s typical color

could affect color perception [12].
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Dunker’s study showed that while observers were shown a donkey and leaf cut
from the same material, observers matched the color of leaf greener than a donkey. This
confirmed Hering’s prediction that the two identical colored patches were perceived in
different colors when shaped into familiar object and unfamiliar object [5].

Olkkonen M., Hansen T. and Gegenfurtner K.R. [6] found that when presented
with a simple outline, memory color effect was weak. On the other hand, memory color
was more accurate and consistent for the stimuli containing more realistic features. They
found a better color constancy for textured stimuli than uniform stimuli. This indicated that
physical properties of natural objects, i.e. shape, texture, highlight and shadow, affected
memory color and color perception.

Several researches have reported the effects of memory color on saturation and
hue of object color appearance. Dunker [5] found that observers overestimated the
saturation when doing a color matching. Moreover, Granzier and Gegenfurtner found that
observers overestimated the amount of the typical hue in fruit stimuli [7].

The effects of memory color found not only in natural objects, but also in artificial
objects, so long as observers were familiar with the objects, i.e. blue color of Smurf or
yellow of UHU glue [4].

Many works have been done to investigate the role of memory color on color
perception and color constancy. But it is still unclear whether memory color plays a role

in achieving color constancy and how large of this effect [7].

2.1.4 HTMLS

HTML5 is a markup language used for structuring and presenting content on the
World Wide Web (WWW). HTML stands for Hypertext Markup Language. It cooperates
between the World Wide Web Consortium (W3C) and the Web Hypertext Application
Technology Working Group. With native tags for document structures such as headers,
footers, figures, sections, video and audio, HTML5 allows a browser to display multi-media
documents without plug-ins or custom APIs [13]. HTML5 includes detailed processing

models to encourage more interoperable implementations. It extends, improves and
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rationalizes the markup available for documents, and introduces markup and application
programming interfaces (APIls) for complex web applications [14].

On HTML5, elements and attributes are used for controlling the website, e.g.
<div> is used for generic block, <Video> is used for embedding video on a webpage, or
<svg> is used to define vector-based graphics for the web. The graphics is defined in
xml format and do not lose any quality when zoomed or resized. Figure 2-5 shows sample

for HTML5 coding.

html dir="1tr" lang="en
» <head>..</head

¥ <body
F=viewer—-pdf-toolbar id="toolbar"™ style="transfoerm-origin: 58% @px @px; transform:
translatey(-188%);"=.</viewer-pdf-toolbar
div id="sizer" style="width: 826px; height: 12892px; fdiv
b <viewer—-password-screen id="password-screen'=.</viewer—-password-screen
P <viewer—-zoom-toolbar id="zoom-toolbar" style="right: @px; bottem: @px;"=.=/viewer-zoom-
toolbar

b =viewer—-page-indicater id="page-indicator" style="top: 259.975px; right: 16px; opacity: 8;
w</viewer-page-indicator
k<viewer—error-screen id="error-screen'=.</viewer—-error—-screen
script src="pdf_fitting type.js fscript
F<iron-ally-announcer=>.</iron-ally—-announcer
script src="toolbar_manager.js fscript
script src="viewport.js"==/script

Figure 2-5: HTML5 coding interface.

Colors on websites are typically specified in the sRGB color space, where each
color is made up of a red, green and blue component. These three components relate to
three cone types in the human eye.

On the Web, sRGB colors are specified in formats which describe the color as a
24-bit integer, where the first 8 bits provide the red value, the second 8 bits the green
value, and the final 8 bits the blue value. This gives a total space of 16,777,216 unique
colors, but not all displays can show these colors. It depends on color gamut and
technology of each display [15].

HTML5 simplifies the description of colors with a set of three 8-bit number
representing the red, green and blue components of a SRGB color. A seven-character
string begins with # character, followed by six ASCII hex digits, representing the red,

green and blue components [15].


https://en.wikipedia.org/wiki/Application_programming_interface
https://en.wikipedia.org/wiki/Application_programming_interface
https://en.wikipedia.org/wiki/Web_application
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The sRGB color space is set as the default color space for digital camera images,
which corresponds to the color space showing in HTML5. Since the working space for
digital camera images and HTML5 is the same, when embedded digital camera images

on a website, the colors are the same between these two media.

Color contrast is also important when showing an image on a website. Color

contrast can make the colors in images clearly visible.

2.2 Literature review

Hansen et al. [12] also investigated the effects of memory colors on color
appearance. They presented digital images of the fruit objects on a uniform gray
background and asked observers to adjust the fruit color until they appeared gray. The
assumption was that for a fruit to appear neutral gray, observers needed to adjust its color
away from the gray adaptation point in a direction opposite to the typical color of the fruit
because of memory color affecting its color appearance. The results showed that natural
fruit objects tended to be perceived in their typical color. Color perception is determined
not only by the reflectance of an object, but also by memory color.

Olkkonen, Hansen, T. and Gegenfurtner [6] studied the effect of memory colors
on color appearance of natural objects presented under various simulated illuminations.
In the experiments, they asked observers to adjust the color of the stimulus (a photograph
of fruit or vegetable) presented on monitor either to gray or to the fruit's (or vegetable)
typical color. Three versions of stimuli were tested: original photographs (3D shapes),
photographs of painted fruit (3D shapes without texture), and 2D outline shapes. The
results showed that color appearance of natural objects was affected by their typical
colors. The strength of the memory color effect depended on naturalness of the stimuli.
The color perception was most affected with realistic photographs having the correct
chromatic and luminance texture, less with stimuli without appropriate surface texture,
and not at all with outline shapes. They concluded that the visual identity of an object had

a measurable effect on color perception, and that this effect was robust under illuminant
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changes. Their findings indicate the potential significance of memory color as an
additional mechanism for color constancy.

Witzel et al. [4] investigated the memory color effect for artificial, man-made
objects. They conducted two experiments. The first experiment was to find suitable
artificial objects to be used in the second experiment. The second experiment was the
main experiment that investigated the memory color effect. The artificial objects varied in
the complexity of their visual features and in the abstractness of their color characteristics.
Observers adjusted the objects to their typical color and to achromatic color. If the
achromatic object appeared in its typical color, then observers should adjust it to the
opponent colorin order to perceive it as gray. The results showed that memory color effect
was also found in artificial objects. The acquired knowledge about objects modulated
their color appearance.

Granzier and Gegenfurtner [7] tested whether the presence of objects with
diagnostical colors within a scene influenced color constancy for unknown colored
objects in the scene. Observers matched the Munsell patch placed in a scene illuminated
under colored light with the Munsell book of color illuminated with D65. The Munsell
patches were placed in four different scenes: one scene containing familiar objects,
another containing incongruent colored object, the third with geometrical objects of the
same color as the familiar objects, and the last scene containing non-diagnostically
colored objects (objects that could be in any color, for example, a yellow coffee mug).
The results showed that the scene with familiar objects had the highest color constancy
index (46.2%), followed by the scene with incongruent colored objects (39%), the scene
with geometrical colored objects (37.6%), and the scene with non-diagnostically colored
objects (34.9%). The results showed the effect of memory still occurred but weak in non-
diagnostical scene. The lack of information in artificial objects could affect information

gained in the scene.
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Chapter 3
METHODOLOGY

3.1 Apparatus
3.1.1 Digital Still Camera

Model: Fujifilm X-T2
Lens: Standard lens 18-55 mm

3.1.2 Light Box with D65 lamp
3.1.3 Software Application

Adobe Photoshop: Version CC 2015

Microsoft Word: Version 2017
Microsoft Excel: Version 2017
MATLAB: Version R2015b

3.2 Method

This study investigated the effect of memory color on color perception of natural
objects. To this end, a series of visual experiments were conducted on a computer screen,
where observers were able to display colors they memorized or perceived using a color
picker tool. Firstly, observers identified colors of the given natural objects based on what
they memorized. Having done so, a set of images of the said natural objects under
different illumination was shown to the observers and their task was to identify the colors
they perceived in each image. Lastly, observers were presented with Mondrian images
containing exactly the same colors as those in the natural object images and were again
asked to identify the colors they perceived. The results were recorded in terms of RGB
values of the colors observers selected. The CIE color system was employed to quantify
the degree of memory color effect.

The detailed descriptions of experiments are divided into three parts. Section

3.2.1 gives the details of the experimental setup, as well as how the test images were
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prepared. The experimental steps for an observer are given in Section 3.2.2. Finally,

Section 3.2.3 explains how the experimental data were analyzed.

3.2.1 Experimental preparation

In this study, the visual experiments were carried out through web pages, so that
the experiments could be done online under the usual working environment with a
computer for an individual observer. The web pages were designed to serve the purpose
of each of the three main experiments. Experiment 1 was to determine observers’ memory
colors. Experiment 2 was to obtain colors of the natural objects that observers perceived
in the images with the recognizable objects. The colors perceived in the images without
the recognizable objects were collected in Experiment 3. This section describes the

selection of natural objects, and the preparation of web pages and test images.

3.2.1.1 Natural Objects

Five natural objects were carefully selected with an intention to cover a range of
distinct colors in nature. Moreover, the objects must be well-known to most people, if not
all, and well-recognized by their shapes or characteristics. The natural objects under
study included tomato (red), broccoli (green), blueberry (purple), sunflower (yellow) and

salmon (orange).

3.2.1.2 Web pages

In this study, web pages of experiments were created with HTML5 code to launch
online. These web pages were combined with four sections: Pre-experiment section,
Display calibration section, Main experiment section, and Thank you and share section

(Figure 3-1).
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Pre-experiment section

Collect Collect lighting
personal data environment

|

Display calibration section

A 4

Brightness Collect gray balance

A 4

adjustment information

!

Main experiment section

Experiment Experiment Experiment
1 2 3

Y

v

A\ 4

Thank you & share page

Figure 3-1: A flow of experimental web pages

1. Pre-experiment section

This section aimed to collect information that could affect the results. Since
memory color depends on individual experience, observers’ personal data such as
gender, age and their filed of work must be included. Moreover, the experiments will be
done in an uncontrolled lighting condition. The information on lighting environment must
also be collected. This section thus contained two web pages: one for collecting
observers’ personal data and the other for collecting their lighting environment at the time

of doing experiments.

2. Display calibration section
Since the experiments were carried out online, there was no control over the

viewing conditions for each observer. To minimize the differences between devices and
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viewing environments that affect color perception, a simple calibration that can be done
by an inexperienced observer must be incorporated.

Brightness of a monitor could affect contrast of the displayed image. Thus the first
step was to adjust the brightness of the monitor using a gray chart with various lightness
steps. When the monitor is adjusted to its appropriate brightness, observers should be
able to see differences between all steps.

The monitor white point and the ambient light could affect color appearance of
displayed image. When they deviate from typical white of daylight, the deviated color
casts over the entire image, resulting in an imbalance of gray. Consequently, the unequal
RGB values of a gray patch could be used to calibrate the data. In this step, observers
must be presented with a gray patch having equal RGB values, so that their color
perception of the gray can be collected.

To find the gray balance information, the layout of the webpage was designed to
feature three main elements (Figure 3-2). They were Test Image box for showing the target
color or the test image, Match Color box for displaying the color that observers select from
a color picker to match what they see in the test image, and Color Picker Tool, which is a
tool to find the wanted color. This layout was constant for the main experiments, with an
instruction on top of the page. A submit button was at the bottom on the page. It was used

to confirm and submit the RGB values of the match color, as well as lead to the next page.

Instruction
Match color .
150 % 150 pixals Color Picker
Test Image tool
400 x 400 pixels
Submir
button

Figure 3-2: Web page layout
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The background of web pages was gray (RGB = 128, 128, 128). The instruction
were in English and Thai, white (RGB = 255, 255, 255), Courier New 16 points. The test
image box was 400x400 pixels, placed on the left. The match color box was 150x150
pixels, placed in the middle, and the color picker tool was placed on the right of the web
page. The color picker tool in JavaScript was adopted from https:eyecon.ro/colorpicker
[16].

Two pages of gray balance adjustment were included. The gray patches in the
two pages were different. One was for data calibration, and the other was for familiarizing

observers with using the color picker tool.

3. Main experiment section

In this section, the same web page layout of gray balance adjustment section was
used. This section included with three parts: Experiment 1 — Memory color of natural
objects, Experiment 2 — Color perception of images with natural objects, and Experiment
3 — Color perception of images with non-natural objects. In each experiment, test images
were randomly shown in a random order. Observers must do the experiments from
Experiment 1 to Experiment 3, respectively. The RGB values of match colors were

collected.

4. Thank you and share page

Once observers finished all parts of experiments, thank you and share page
appeared in the last section. The data are saved only when this page appears, if not, the
data are not saved. Observers could share the experimental web page on their personal
Facebook page to expand the experiment and gain more observers. Facebook thumbnail
with 1200 x 632 pixels in size was created from one of the test images, together with the

website headline to attract people who saw this link.



19

3.2.1.3 Test images

Test images were categorized into three sets according to the three main
experiments. The test images in Experiment 1 were simply a set of object names inside a
square of 400 x 400 pixels. They were generated on Adobe Photoshop. The text was in
white (RGB = 255, 255, 255), Arial Regular 84 points, presented against a gray
background (RGB = 100, 100, 100) with the center alignment of the square. Note that the
same configuration was applied to all object names except Sunflower due to its long
spelling, so the word size was reduced to 60 points to fit in the same square size.

In Experiment 2, the test images were the images of the five natural objects under
different illumination. The last image set was a set of Mondrian-pattern images having

exactly the same colors as the image set in Experiment 2.

®  Natural object images
The images of the five natural objects selected in Section 3.2.1.1 were taken under
daylight simulators D65 in a light box. The setting of the digital camera was as follows: f
no. 4, Shutter speed 1/400 seconds, ISO 400 and Auto White balance mode. The original
images size 6000 x 4000 pixels was cropped and resized to 400 x 400 pixels using bi-
cubic mode in Adobe Photoshop. The experimental images of Broccoli, Blueberry,

Salmon, Sunflower and Tomato are shown in Figure 3-3.

Figure 3-3: Test images of natural objects taken under D65 simulators.

®  Modified images
In addition to the natural object images under daylight, Experiment 2 contained
images of the natural objects under different colored lights. In this study, the original

images were modified to simulate the same scene taken under different color lighting. To
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do so, Color Filter function in Adobe Photoshop was applied to the entire image of each
original. Four colors were selected in this study: Red (150, 0, 0), Green (0, 255, 0), Blue
(0, 0, 255) and Yellow (255, 255, 0). When applying Color Filter, the opacity of each color
was set to 50%. Figure 3-4 shows the examples of modified images for sunflowers. In total,

25 images (5 originals + 20 modified images) were included in Experiment 2 image set.

Figure 3-4: Examples of modified images in four different color lights: Yellow, Blue,

Green and Red

®  Mondrian images
In Experiment 3, color perception of an image without natural objects was
investigated. Mondrian images were generated for each of the test images in Experiment
2, in which each Mondrian image had exactly the same color pixels as its corresponding

natural object image. A flow chart of Mondrian image processing is illustrated in Figure 3-

5.
L C H
RGB
RGB
[T

Original | convert reshape Color | 4 212NGE g

; — —_— patch ’

fmage L ¢ ascending sort H

by Lightness 50x%50 1

400 x 400 pixels 8x8

pixels
160000 x 1 2500 x 64 x 3

Figure 3-5: A flow chart of Mondrian image processing

The color transformation was computed in sSRGB under the assumption
that any camera output color image encoding is sSRGB [17]. The transformation was done

on a pixel-by-pixel basis in MATLAB. The first step was to convert the sRGB values of the
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natural object image to CIE LCH color values of lightness (L), chroma (C) and hue (H).
The color data were then sorted by lightness from low to high values. When two or more
colors had the same lightness, they were sorted by hue. From the image size of 400x400
pixels, the total number of pixels was 160,000 pixels. After sorting, the data were grouped
into 64 groups having 2500 pixels in each group. Each data group then formed a color
patch of 50x50 pixels. Sorting the color data by lightness could separate colors with
different hues into different color patches. This is because the colors with different hues
in the natural object images in this study had markedly different lightness.

To form a Mondrian-pattern image of 400x400 pixels in size, the resultant 64 color
patches were randomly arranged into an 8x8 grid image in Adobe Photoshop. Finally, the
color patch having the same color data as the natural object in the original image was
marked with an arrow pointed at the bottom left corner. Note that the color data were
selected from the prominent areas of the natural object in the image. In total, 25 Mondrian

images were tested in Experiment 3. Figure 3-6 shows the examples of Mondrian images.

Figure 3-6: Mondrian images of the images in Figure 3-4

3.2.2 Experimental procedure

Observers participated in the visual experiments online via a website containing
a series of web pages described in Section 3.2.1.2. The URL of the experimental website

was https://memorycolor.net. The experimental steps are as follows.

3.2.2.1 Pre-experiment

First, observers were asked to fill in their personal data: nationality, age,

occupation and gender. For occupation, they were asked only whether or not their field of
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work related to design or art or color. Figure 3-7 shows the interface of the personal data
collection page. On the next page, the observers were asked to fill in their lighting
environment. Firstly, they were given a choice of light sources in a drop-down list,
including Dark (referring to no ambient light), Natural light and Office light. When Office
light was selected, two more drop-down lists appeared for types of Office light: White,

Yellowish or Bluish light; and its brightness: Bright or Dim.

< C  © memorycolor.net PO

This experiment is a part of Master degree at Chulalongkorn University, Thailand. The aim is to investigate the
effect of memory colour on colour perception. It will take around 30 minutes to complete.

o & a - o ¢ a ) > s
mmeasilifiusunilimesniseaininfinfnmn phasnsaimineds JaquesdireAnnuanesi lusamssiemsivid Tasmmaassil
selfoalsnm 30 i

Please fill in your personal information below
nynnIBEntayaduRIRuEN
Nationality dqyma

Agegy

Your occupation is related to design or art or
colour field? enéwsssnnuiledaivem
sonuuy Aav nia & wisli?

@ Yes 15 @No Lily

Gender iwel
@ Male mp @ Female nijjs

SUBMIT

Figure 3-7: Pre-experiment interface

3.2.2.2 Display calibration

Observers were presented with three pages (one for adjusting brightness, the

other two for finding gray balance) for display calibration.

®  Brightness adjustment
The Monitor Calibration chart (Figure 3-8) adopted from Kris Zaklika, Jasc
Software Inc. [18] was shown to observers. Their task was to adjust the brightness of their
monitor so that they could distinguish between shade numbers 0, 1, and 2 on both black

and white ends.
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Figure 3-8: Monitor calibration chart from Kris Zaklika, Jasc Software Inc

®  Gray balance
On this page, observers were shown a gray patch (RGB = 100, 100, 100) and
asked to identify the color that they perceived. The interface of this page is shown in Figure
3-9. The same procedure was repeated with a lighter gray patch (RGB = 200, 200, 200)

on the second page.

Adjust the colour in the middle square, using the colour picker on the right, to be the same
colour as the big square on the left.
Wudnssasdinisunsinan Tas ldiedasiioudmeduem Miidmisunudmdsn Ingdwdhe

Figure 3-9: Interface to find gray balance condition.
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3.2.2.3 Experiment 1 — Memory color of natural objects

The purpose of this experiment was to find the memory color of natural objects.
Observers were given an object name, e.g. Tomato, and adjusted the color using the color
picker to match the color of Tomato in their memory (Figure 3-10). The RGB values of the

selected color were collected. Five object names were shown in turn in a random order.

Adjust the colour in the middle square to match the colour in your memory of the object
name given in the big square.
Viudensinsdindsunsinars Winflaududiauildussdotani 19l ludosdinden lng

Tomato

SUBMIT

Figure 3-10: Interface of Experiment 1

3.2.2.4 Experiment 2 — Color perception of images with natural objects

Experiment 2 aimed to find the perceived color of the natural objects in the
images. The images with natural objects in different colored lights were shown one after
another in a random order. The first 20 images were modified images, i.e. natural objects
in extreme colored light, followed by the original images under daylight. This arrangement
was done to prevent the effect of color memory instead of memory color. Their task was
to select a color from the color picker that matched the color of object that they perceived

in the image. The RGB values of the selected colors were collected.
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Adjust the colour in the middle square to be the same colour as the object in the image
(blueberry or broccoli or salmon or sunflower or tomato).

Wudnasnsdindsuasinans Winfaududensinglunm (uguwes, uieaTed, uzausu, asamussiu
3D unfinined)

SUBMIT

Figure 3-11: Interface of Experiment 2

3.2.2.5 Experiment 3 — Color perception of images with non-natural objects

This experiment aimed to find the perceived color in an image without natural
objects. Observers were shown 25 Mondrian images one at a time and in a random order
(Figure 3-12). Their task was to select a color from the color picker that matched the color

that they perceived in the image where the arrow pointed. The RGB values of the selected

colors were collected.

Adjust the colour in the middle square to be the same colour as the square pointed by the

arrow.

Wufveesiinieunsinans WinflauiufsesedimBsafignasd

SUBMIT

Figure 3-12: Interface of Experiment 3
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3.2.3 Data analysis

1. Color correction
The test images shown to observers could have different color appearance for
different observers due to variations of devices and lighting conditions. Using the gray
patch (RGB = 100, 100, 100) as a calibration target, its RGB values obtained from
observers’ color perception were used to compute a color correction transform. The RGB
values obtained from the experiments were then calculated to compensate for the color

cast due to the viewing conditions (Equation 3-1).

100
Rnew = T X R
100
Gl = TG
¥ (3-1)
100
Bnew = T X B

Where x, y and z are the R, G and B values, respectively, of the gray patch

obtained from the observer.

2. Color data
After color correction, the adjusted RGB values were transformed to CIE XYZ
values following the sSRGB computation [17]. The XYZ values were then converted to color
attributes in CIELAB color space, including L* (lightness), a* (red-green), b* (yellow-blue),

C*,, (chroma) and h,, (hue-angle).

3. Color constancy index
To quantify the degree of color constancy, differences in observers’ color
perception and the ideal match are expressed in a chosen color space [19]. In this study,
the results were presented in the a*b* plane of CIELAB color space, as illustrated in Figure
3-12. The colors of natural objects under D65 denote “Match Color”, i.e. an idea match to

the original image. The true colors of objects in the modified images, i.e. the colors taken
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directly from the images, denote “Actual Color”. These two colors serve as anchor points
to determine the degree of color constancy. When the perceived colors, referred to as
“Color Perception”, fall in the same position as Match Color, perfect color constancy
occurs, i.e. observers perceive the same color as in the original image regardless of light
entering the eyes. On the other hand, when the Color Perception falls in the same positions
as Actual Color, it means zero color constancy, i.e. observers perceive the same color as
the color light entering the eyes, no influence of chromatic adaptation. The color
constancy index (%CC) is defined by the ratio of the distance between Actual color and
Color perception (AC-CP) and the distance between Actual color and Match color (AC-

MC). The end formula is multiplied by 100 to get percentages (Equation 3-2).

(a o 2+“_J- — b 2
05CC = ~2rac-arcp) Hbracbrgp) o 4

b*
Ilatch color

Color perception

Actual color
a#

Figure 3-13: Concept of color constancy index, the a*b* values of Match color (circle;
the color of natural objects under D65 — the original image), Color perception (triangle;
the perceived color of natural objects under colored lights — the modified image) Actual

color (square; the true color of natural objects in the modified image).
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The Euclidean distance as provided in Equation 3-2 combines the differences in
both chroma and hue between two colors. However, the concept of color constancy index
adapted from Arend et.al. [20] and Troost and De Weert [21] comprehends the degree of
color constancy in a one-dimension case, but in a two-dimension case, it does not give
complete information. Given Figure 3-13 as an example, hue of Color Perception can
deviate from the AC-MC line. In this case, the AC-CP distance can be the same as AC-
MC, but the color constancy is not perfect. Taking the deviation into account, this study
applied the same concept to calculate the color constancy index for differences in hue

(AH*ab) and chroma (AC*ab), separately.

4.Color differences

Color differences were calculated in terms of CIEDE2000 [22] between:
- Color Perception and Memory Color
- Color Perception and Match Color
- Color Perception and Actual Color

- Color Perceptions of the object images and the Mondrian images
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Chapter 4
RESULTS AND DISCUSSIONS

The visual experiments were conducted on a computer screen by means of color
matching tasks using a color picker tool to find the matches. In Experiment 1, observers
were asked to provide a typical color of the given natural objects that they memorized,
and the memory color data were collected. The observers then matched the color they
perceived in the images of natural objects in various illuminants, and the color perception
data of natural object images were collected in Experiment 2. In Experiment 3, the
observers provided the color perception data for the Experiment 2 images that all the
colors were rearranged to create Mondrian images.

The results are categorized into four sections. Section 4.1 discusses about the
variations of memory colors collected from the observers in this study. Section 4.2 shows
the results of perceived colors in the natural object images in terms of color constancy
index. Section 4.3 compares the color differences between perceived colors and memory
colors, and the ideal match colors, and the actual colors in the images, to investigate the
role of memory color in achieving color constancy. Finally, the comparisons of perceived
colors in the natural object and Mondrian images are presented in Section 4.4, to

investigate the effect of familiar objects on color perception.

4.1 Memory color

The experiments were carried out online, so that they were accessible to more
people and the viewing condition was a usual working environment for an observer. There
were altogether 98 participants after two weeks of launching on the Internet. After
examining the experimental data, 20 participants were excluded from the list for data
analysis due to errors in the data. This included those who did not finish the experiments
properly, i.e. their results showed repeated data from a certain point in the experiments

through the end. Some gave erroneous typical colors of the natural objects (Experiment
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1), e.g. a gray for tomato. In total, the results from 78 participants were used in the data
analysis.

The information that may yield differences in memory colors and color perceptions
was collected. This included the observers’ personal data and the viewing environment
for the experiments. Figure 4-1 shows the personal data, including gender, nationality and
the related field of work. There were more female (54%) than male observers (46%). The
majority of the observers were Thai (94%), and the other five nationalities were
Argentinean, Indian, Jordanian, Myanmar and Spanish. Regarding the field of work, the
observers were asked whether their occupation was related to Arts, Design and color, to
which the majority (68%) did not work in the related field. In the case of age, the average
from 78 observers was 26 years old, ranging from 19-38 with a standard deviation of 3.9

years old.

Gender Nationality Occupation
Other

“ “ ) @ated

No. of people

Figure 4-1: Demographic data.

Figure 4-2 shows the lighting environment at the time of experiments by each
observer. The majority of the observers (65%) did the experiments in the office light while
29% in the natural light and only 6% did in the dark surround. As for the color of office
light, 37 observers reported bright white light, while 10 observers worked under yellowish

light.
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No. of people

= Natural

37 = Dark

White Bright

= White Dim
= Yellow Bright

m Yellow Dim

A

Figure 4-2: Lighting environment at the experiments.

Five natural objects were selected in this study. They were tomato, broccoli,
sunflower, salmon and blueberry. Their typical colors as memorized by the observers are
presented in CIELAB color space and given in Figures 4-3 (for the a*b* plot) and 4-4 (for
the C*,.-L* plots). It can be seen that the memory colors of the five natural objects fall in
the hue regions as follows: red for tomato, green for broccoli, yellow for sunflower, orange
for salmon, and purple for blueberry. For tomato, broccoli and blueberry, their memory
colors spread widely in the chroma direction but showed lesser differences in hue. On the
contrary, memory colors of sunflower tended to spread more widely in the hue direction
than the chroma. In the case of salmon, the distribution of memory colors scattered in
both directions. The rather constant hue for tomato, broccoli and blueberry conformed to
the findings by Smet et al. that observers were more tolerant toward chroma shifts than

hue shifts [23].
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Figure 4-3: Memory colors of tomato, broccoli, sunflower, salmon and blueberry in the

a*b* plot.

Bartleson found that memory colors of familiar objects tended to be more
chromatic than the actual colors and not necessarily of the same hue [24]. Observers
tended to shift hue toward their preference [25]. This could be the case for sunflower that
varied from saturated yellow to saturated orange-yellow. The possible explanation for the
large variations in memory colors of salmon is that in the experiment observers were only
given the word “salmon” without further detail. So, it was up to the imagination of each
individual whether it was raw or cooked salmon. In other words, different observers could
think of different forms of salmon, resulting in various colors with different hue, chroma

and lightness.
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Figure 4-4: Lightness and chroma of memory colors of the five natural objects.

In the case of lightness (Figure 4-4), broccoli and blueberry seemed to spread
more than the other objects. The observers tended to remember tomato as saturated red

with medium lightness, while they remembered sunflower as bright, saturated color. The
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spreads of broccoli and blueberry were vast in both lightness and chroma, despite being
rather constant for their hue. It could be because broccoli has two clearly dissimilar parts
with different lightness and chroma, i.e. the flower heads usually in deep green color and
the stalk usually in pale green. In the case of blueberry, it is commonly processed into
various products such as jam, juice, etc. The colors of different products usually differ in
lightness and chroma, and they are usually different from the fresh blueberry. Since
memory color depends on individual experience with the objects, it can vary from
observer to observer. Hence, for further analysis, the results were calculated for each
individual observer before finding an appropriate descriptive statistic to represent the

results.

4.2 Color constancy in natural object images

Color perceptions of the natural objects presented in the images were compared
in terms of color constancy index that indicates how constant the color of the objects is
when viewed under illuminant different from the normal daylight. Four colored illuminants
(red, green, yellow and blue) were studied. The color perceptions of the original images
under D65 were taken as the ideal match colors when calculating color constancy index.
This is because if the observers were able to completely discount the illuminant color that
casts over the entire image, they would perceive the color of the original image. When the
perceived colors in the images were the same as their actual colors (the colors taken
directly from the images), color constancy index would be zero. The higher the value of
color constancy index, the better agreement between the perceived colors in the colored
illuminant and in D65.

The results of color constancy index were calculated for each observer, for each
object in each illuminant. The median value was used to represent the data obtained from
all observers, as opposed to the mean value, due to the large differences in the results

between observers.
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4.2.1 Comparing between different objects

Figure 4-5 shows the results of color constancy indices (%CCs) for comparing
between objects for each illuminant. In Red, %CCs were high for all objects, ranging from
67% (Sunflower) to 91% (Broccoli and Salmon). This indicated that observers were able
to estimate the illuminant color and separate it from the object colors, so the perceived
colors were close to the colors in the original images in D65. However, in Green, all objects
had comparatively low %CCs, ranging from 44% (Salmon) to 61% (Broccoli and
Sunflower), whereas in both Blue and Yellow, %CCs were more varied between objects,
ranging from 45% (Broccoli) to 88% (Sunflower) for Blue, and from 51% (Tomato) to 95%
(Sunflower) for Yellow. The results showed that some objects remained constant in color
in some illuminant but poorly perceived in some, for example Salmon. Illuminant
dependency of the object color constancy was further analyzed using the average %CCs
and range of %CCs (differences between the max and min %CCs) of each object across

illuminants (Figure 4-6).

100 95
88
90
— 77
X 80 oy 72
vt 68 P
x AT
z 61 61, = 60Q
c ST
£ 60 - e \
5 =\ ~ >2 J 51
£ 50 N 5. B o
- el s el
173 ne \'.,: S i
2 a0 o N A o
T A AT
o Sz P o
< 30 Lo \ e o
o SmRn P o
S 20 ST \ s i
© Sz P o
[P AT ATAY]
10 N -
. > BN 5 AN
Red Green Blue Yellow
M Blueberry «* Broccoli Salmon Sunflower = Tomato

Figure 4-5: Color constancy indices compared between objects.

In Figure 4-6, the high number of the range values indicates the high illuminant

dependency. It was found that the average %CCs were not much different between
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objects. However, their ranges in different illuminants varied more largely. Blueberry
showed the least illuminant dependent, with the range of 20, meaning that observers
could perceive relatively the same color of Blueberry under varying illuminants. It is
possibly because the original color of Blueberry in the images was very dark, low in both
lightness and chroma (see Appendix A for the distributions of color perceptions in the
original images in CIELAB). Therefore, the illuminant color had little effect on the changes
of the actual colors in different images (see Appendix B for the distributions of the actual
colors in CIELAB). In contrast, Salmon had a high range value (47), showing that the
degree of color constancy for Salmon depended on which illuminant color was cast upon
the entire scene. The possible explanation is that the majority of the observers were Thai,
who may not be familiar with Salmon which is not native to the Gulf of Thailand. Hence, it
was hard for the observers to discard the illuminant color when it was much different from

the object color, i.e. the green illuminant.
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Figure 4-6: The average and range of color constancy indices across illuminants for

different objects.

The color perception can vary in both hue and chroma. The notion of color
constancy is to preserve the same object-color perceptions in various illuminations. The
color constancy exists so long as the object color is not assigned to different hue
categories when viewed under different illumination [21]. When the colored light

illuminates the scene, it is expected to affect the hue of the object more than the chroma.
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In this study, the color constancy indices were also calculated to investigate the
constancy in hue and chroma, separately. The results are presented in Figures 4-7 and

4-8 for hue constancy, and 4-9 and 4-10 for chroma constancy.
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Figure 4-7: Hue constancy compared between objects.

When %CC is higher than 100%, it means that observers over-compensate the
effect of illuminant color for that particular attribute. This happened in the case of
Blueberry in the blue illuminant. The observers could not discount the illuminant color from
the object color, resulting in the perceived color shifting in blue and being bluer than the
original blueberry in D65.

In Figure 4-8, Tomato had the highest hue constancy (70%), followed closely by
Sunflower (68%), and their differences between the highest and lowest %CCs were
moderate. This shows that observers were able to estimate the illuminant color and identify
the object colors under the unnatural colored illuminants. This could be because both
Tomato and Sunflower are common in Thailand. The observers were familiar with the

objects, so it was rather easy for them to separate the illuminant color and the object color.
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Figure 4-8: The average and range of hue constancy across illuminants for different

objects.

In terms of hue constancy, Blueberry had the most illuminant dependent (106), i.e.
the degree of hue constancy varied vastly from illuminant to illuminant. However, the
results in Figure 4-6 showed that Blueberry had the least illuminant dependent for the
color constancy combined for both hue and chroma. The similar results were found for
Salmon in that it had the lowest illuminant dependency in hue constancy but the highest
combined constancy. The results of chroma constancy could explain these findings.

In Figures 4-9 and 4-10, %CCs in chroma of Blueberry were relatively constant
across illuminants with the smallest range of 17, while Salmon had reasonably high in the
range value (87). Chroma of Blueberry was fairly constant because of its dark color in the
original image, leaving little room for chroma changes in the actual colors when colored
illuminant was applied. In contrast, the original color of Salmon was bright and saturated;
some illuminant could increase its chroma while some could decrease its, resulting in

varying degrees of chroma constancy in different illuminants.
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Figure 4-9: Chroma constancy compared between objects.

The average %CCs in chroma showed that Salmon and Sunflower were over-
compensated (141% and 117%, respectively), feasibly due to the bright, saturated colors
in the original images in D65. The chroma constancy of Broccoli depended extensively
on the illuminant (108). In other words, different illuminants gave considerably varying

degrees of chroma constancy.
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Figure 4-10: The average and range of chroma constancy across illuminants for different

objects.

Comparing between hue constancy and chroma constancy, the differences

between objects were smaller for hue (max-min = 28) than for chroma (71). However, it is
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as expected that, on average the chroma constancy was higher than hue. This is because
the illuminant color directly changes the object hue to the extent that in some colored
illuminant, the actual object color is void of the typical hue of that object. Therefore, it is

harder to perceive the same hue as when viewed under normal lighting.

4.2.2 Comparing between different illuminants

Figure 4-11 shows the results of %CCs for comparing between illuminants for each
object. It was found that for all objects with an exception of Sunflower, %CCs in Red were
the highest. In the case of Sunflower, it had the highest color constancy in Yellow. It can
also be seen that %CCs were high when the objects were in the illuminants having colors
similar to their colors: 95% for Sunflower in Yellow, 91% for Salmon in Red, 82% for Tomato
in Red, 65% for Blueberry in Blue and 61% for Broccoli in Green. Even though in the case
of Blueberry and Broccoli, those %CCs were not their highest values, the color constancy
index of above 60% was considered comparatively high. For Blueberry, observers
associated it with purple in color, rather than blue. Since purple is the mix of red and blue,
it could be taken that Blueberry also had the highest color constancy in the illuminant
having similar color to it. It is possibly because when the illuminant color was similar to the
object color, it made little change to the hue, but increased the chroma of the object color.
Thus, the color perceptions remained relatively constant.

The color constancy indices were averaged across objects and the ranges
between the highest and lowest values were calculated. The results are given in Figure 4-
12. It was found that the highest color constancy was Red (81%) and the lowest was
Green (55%). For Blue and Yellow, %CCs were not much different (69% and 66%,
respectively). When considering the range values, Green had the lowest object
dependency, meaning that regardless of the objects, Green always gave the worst color
constancy. It might be because the natural light, albeit varying throughout the course of
day, never has the shade of green. The sunlight could be yellowish or reddish in the
morning and evening, and bluish in mid day, but never greenish. It might be harder for

the human visual system to compensate for the object-color changes due to this
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illuminant. Red was also comparatively low in object dependency. With its high average
color constancy index, it means that color constancy was high in Red regardless of

objects. For Blue and Yellow, the degree of color constancy depended on the objects.
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Figure 4-11: Color constancy indices compared between illuminants.
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Figure 4-12: The average and range of color constancy indices across objects for

different illuminants.

Figures 4-13 and 4-14 show the degree of color constancy in hue. The results

showed that the highest hue constancy was Blueberry in Blue (129%), which was the only
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case that showed the over-compensation in hue. The possible explanation is that
observers did not perceive the blue cast on the object as the illuminant color but took it
as surface color due to their expectations of its typical color, so it became bluer than the

original color.
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Figure 4-13: Hue constancy compared between illuminants.

In Figure 4-14, Blue had the highest hue constancy (74%) followed by Red (67%),
Yellow (52%) and Green (52%). The results showed that Blue was the most object
dependent for hue constancy (114). This indicates that it depended on the objects in order
to achieve high hue constancy in Blue. Some objects could result in very low hue
constancy. Moreover, Red, Green and Yellow illuminant were not much different in ranges
of hue constancy (approximately 50). However, they were all considered reasonably high

values, revealing that hue constancy in all illuminants was object dependent.
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Figure 4-14: The average and range of hue constancy across objects for different

illuminants.
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Figure 4-15: Chroma constancy compared between illuminants.

In Figure 4-15, %CCs in chroma of Salmon were over 100% in all illuminants. This
means that observers over-compensated the chroma of Salmon in all illuminants. This
might be because the texture and surface of Salmon made it look as if it had a semi-

transparent color, which was shiny. Observers then selected high chroma colors to match

that effect.
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Figure 4-16: The average and range of chroma constancy across objects for different

illuminants.

The average %CCs in chroma showed that the object chroma in Red and Green
was over-compensated (104% and 111%, respectively). Blue and Yellow showed chroma
constancy of 93% and 80%, respectively. Moreover, all illuminants were highly object
dependent. Comparing between hue constancy and chroma constancy, chroma
constancy was higher and also more object dependent. Different objects gave varying

degrees of chroma constancy.

4.3 Comparisons between perceived color and memory color

The results from Section 4.2 showed that color constancy occurred: when the
colors of the natural objects changed due to the illuminant color, the color perceptions
remained close to the object colors under D65 to a certain degree. Color constancy is a
fundamentally contextual phenomenon, which by no means results from a unitary
mechanism [8, 19]. One of its mechanisms is chromatic adaptation, whereby
photoreceptors in the eye adjust their sensitivity to compensate changes in illumination.
This sensory mechanism takes time to reach a steady state. However the cognitive
mechanism such as discounting-the-illuminant happens instantaneously. The cognitive
mechanism requires observers’ knowledge about or past experience with the scene to

estimate the illuminant color and remove it from the scene. Memory color also contributes
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to the success of discounting the illuminant color, as it directly influences the color

perception of the object [26].

To investigate the effect of memory color on color perception of the natural objects
under unnatural illuminants, color differences (CIEDE2000) were calculated between
perceived colors and memory colors (CP-MEM), perceived colors and the ideal match
(CP-D65), and perceived colors and the actual colors (CP-AC) for each observer. The
results averaged from all observers are shown in Figure 4-17. If the perceived colors are
closer to memory colors than the object colors under D65 (i.e. CP-MEM color differences
are lower than CP-D65), it is possible that memory color plays a more important role than

other mechanisms.

For Blueberry, the perceived colors were closer to the match in D65 than to
memory colors in all illuminants. As mentioned in Section 4.1, memory colors obtained
from observers in this study were based on individual imaginations of the objects, with no
clarification of state of form. Especially in the case of blueberry, which is not the native
fruit of Thailand, fresh blueberries as used in the test images are less common than
blueberry-processed products. Thus, it is not surprising that the differences between the
perceived colors in the images and memory colors in observers’ imaginations of Blueberry
were larger than that between the perceived colors in the modified images and the
perceived colors in the original image. The CP-MEM differences were even larger than

the perceived colors and the actual color in the image where the color constancy is zero.
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Figure 4-17: Color differences between color perception and memory color, and match

color.

On average, comparing between objects, Sunflower had the lowest color

differences between the perceived colors and memory colors, meaning that observers
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perceived the color of Sunflower closer to their memory than any other objects. It is
possible that sunflowers growing in Thailand are not of many varieties, so memory colors
of Sunflower were close to the sunflowers used in the test images. The CP-D65 differences
of Sunflower were also lower than the other objects, indicating that the perceived colors
were closer to the match in D65. On average, Sunflower showed to have the highest
degree of color constancy (78%, see Figure 4-6). Observers were able to discount the
illuminant color; therefore, the color perceptions remained relatively constant across
illuminants. It is feasibly because Sunflower had bright, saturated color that could be
easily separated from the illuminant color.

Overall, the results showed that in almost all cases the perceived colors were
closer to the match in D65 than to memory colors. Observers were able to discard the
illuminant color from the scene and perceived the object color as close its original image.
The object-color perception shifted from the actual color toward the direction of the match
color in D65, rather than the object-memory color (see Appendix C for the distributions of
color perceptions in the object images in CIELAB). This reveals that the contribution of
memory color to color constancy was weak.

Itis worth noting that the CP-MEM differences for all objects were lower than other
illuminant colors when the objects were in the illuminant colors similar to the object colors.
For instance, the orange salmon had CP-MEM differences of 20 and 21 in the red and
yellow illuminants, respectively, which were lower than in the green (43) and blue (42)
illuminants, respectively, by a factor of two. In the case of red tomato, its CP-MEM
difference was 10 in the red illuminant, whereas it was 27, 34 and 20 in the green, blue
and yellow illuminants, respectively. When the illuminant color closely similar to the object
color was applied to the image, it increased chroma of the object color. Since memory
colors also shift toward more chromatic color than the actual colors. The color differences

between the perceived colors and memory colors, thus, decreased in these cases.
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4.4 Color constancy in Mondrian images

To investigate the effect of familiar object on color constancy, the differences in
color perceptions between the perceived colors in the object images and in the Mondrian
images were evaluated in terms of color constancy index and CIEDE2000. The median
value was used to represent the results of color constancy indices, while the mean value

was used for the color difference results.

4.4.1 Color constancy indices of natural object and Mondrian images

The Mondrian images had exactly the same colors as the object images; however,
the colors were rearranged to form square patches. If the familiar object has no effect on
color constancy, the color perceptions must be the same in both object and Mondrian
images. Figure 4-18 shows the results of color constancy indices compared between the
object images and Mondrian images. It was found that in all cases, the object images had
higher %CCs than the Mondrian images did. This reveals that the familiar object
contributed to achieve color constancy. Not only the sensory mechanism that provides a
compensation when there is too much of a certain light stimulate the human visual system,
but also the cognitive mechanism that is based on observers’ experience work in
achieving color constancy. Hence, it is as expected that the color constancy in the object

images was higher than the Mondrian images.
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The role of familiar object in achieving color constancy is that it provides a cue for
observers for estimating the illuminant color in the scene [7, 27]. Hence, memory color
contributes in the way that when observers recognize an object in the scene and
remember its typical color, but see that the object color deviates from its usual color,
observers use this information to separate the illuminant color from the object color,
leading to color constancy. Without any familiar objects, observers need to rely on other

cues to estimate the illuminant color.

4.4.2 Color differences between actual colors and color perceptions

Color differences between the perceived colors in the object images and their
actual colors (Obj-AC), and the perceived colors in the Mondrian images and the actual
colors (Mondrian-AC) were compared, as shown in Figure 4-19. It is as expected that the
color differences of Mondrian-AC were lower. When there was no familiar object in the
scene, observers perceived the color of the square patch as belonging to its surface, no
influence of illumination. Consequently, the perceived colors were close to their actual
colors (see Appendix D for the distributions of color perceptions in the Mondrian images
in CIELAB). On the other hand, when the familiar object was present, observers perceived
the color of the object in illumination mode, estimating the surface color by removing the

illuminant color. Thus, the perceived colors shifted away from the actual colors.



70
60
50
40
30
20
10

dE 2000

70
60
50
40
30
20
10

dE 2000

70
60
50
40
30
20
10

dE 2000

Blueberry
35
20
12 13 157
N S l@
Red Green Blue

B Obj-AC = Mondrian-AC

Salmon
38
18
k k \
Green Blue

B Obj-AC = Mondrian-AC

Tomato
k \\%
Green Blue

M Obj-AC = Mondrian-AC

37

17

N

Yellow

1312

R

Yellow

Yellow

dE 2000

dE 2000

70
60
50
40
30
20
10

70
60
50
40
30
20
10

Broccoli
38
Green Blue
H Obj-AC = Mondrian-AC
Sunflower
45
=
12 3 N
W S
Red Green Blue
B Obj-AC = Mondrian-AC

&

Yellow

99
RN

Yellow

51

Figure 4-19: Color differences between actual color and color perceptions of object and

Mondrian images.
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Figure 4-20 compares the color differences between the perceived colors in the
object images and in the Mondrian images. The results showed that they were clearly
different, especially in the case of Broccoli in the red illuminant, where its color constancy
was high (91%, see Figure 4-18). The smallest difference was found for Sunflower in the
yellow illuminant. This case also showed to have the smallest differences between color
perceptions and the match in D65, and the actual color (see Figure 4-17). It could be that
the object color in the modified image was close to the color in the original image, leading

to close match with and without the familiar object.
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Figure 4-20: Color differences between object-color perception and Mondrian pattern

perception.

The memory color effect refers to the effect that the color of a familiar object
influences the color perception of the actual color of that object [26]. The memory color
effect depends on observers’ familiarity with the object. In this study, it could be assumed
that the memory color effect happened in a way. Since color constancy in the object
images was higher than in the Mondrian images, observers must have used the
knowledge about the typical color of the natural objects to estimate the illuminant color.
However, the effect was weak compared to other mechanisms. When the entire scene is

dyed in a certain color, observers could interpret that color as the illuminant color and
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extract it from the scene with or without the help of familiar objects. This mechanism is

called discounting-the-illuminant and it plays a stronger role in achieving color constancy.
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Chapter 5
CONCLUSIONS AND SUGGESTIONS

This study investigated the observers’ color perceptions of natural objects when
the natural objects were presented under colored lights other than a natural white light.
The perceived colors in the images where a natural object was present were compared
with the perceived colors in the Mondrian images having the same colors as the object
images. Memory colors were collected and the influence of memory color on color
constancy was examined. The visual experiments were launched online for about two
weeks with 98 people participating. However, the results were analyzed based on 78
participants, excluding those who gave erroneous experimental data. Five natural objects
with well-recognized visual characteristics (tomato, broccoli, sunflower, salmon and
blueberry) were tested for their color constancy in four illuminants (red, green, yellow and
blue) via color matching tasks. This Chapter summarizes the major findings (Section 5.1)

and provides suggestions for future work (Section 5.2).

5.1 Conclusions

The sRGB values taken from the images and those of the perceived colors were
converted to CIELAB color values. Color constancy index quantifying how well the
observer can perceive the same color of objects, invariant to the illuminant color was
employed. It was found that the degree of color constancy was both object and illuminant
dependent. In other words, the results from different objects and illuminant colors were
markedly varied, revealing that whether or not the perceived color remains relatively
constant depends on the type of objects and illuminant colors. Chroma constancy was
higher and more object and illuminant dependent than hue constancy. The color
constancy index averaged across objects and illuminants was 68%, with hue constancy
of 59% and chroma constancy of 98% for the object image. The average color constancy

for the Mondrian image was 41%.
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5.1.1 Memory color

Memory colors of natural objects depend on individual experiences of each
observer. Therefore, memory colors can be different for different observers. This study
provided observers with only the object name, for example “salmon”, without any other
detail. It was up to the observers what kind of salmon they thought of, for example cooked
or raw. The variety of the natural object can also yield the differences. For example, tomato
has many varieties with clear difference in color. Observers could be familiar with different

varieties, so their memory colors will be different.

The result showed that memory colors of tomato, broccoli and blueberry spread
widely in the chroma direction and lesser differences in hue. On the other hand, Sunflower
showed more widely spread in the hue direction than the chroma. In the case of salmon,

memory colors spread in both hue and chroma directions.

5.1.2 Effect of memory color on color perception

Memory color is the color that an observer associates with the object based on
his/her experience with it. Familiarity with an object results in observers expecting the
color of the object and this expectation influences the color perception of that object. It
has been reported that observers over-estimate the saturation of the familiar object colors,
especially when the hue corresponds to the typical color of the objects. Observers
perceive the color of familiar objects to be more chromatic than it actually is. The color
perception thus depends on surface reflectance of the object and the observer's

experience with it.

If memory color plays an important role in achieving color constancy, the color
perception should be closer to memory color than the color in the original image. The
results showed that in almost all cases the perceived colors were closer to the match in
D65 than to memory colors. This indicates that observers were able to separate the
illuminant color from the object and perceived the object color as close its original image.

The object-color perception shifted from the actual color toward the direction of the match
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color in D65, rather than the object-memory color, revealing that the contribution of

memory color to color constancy was weak.

5.1.3 Effect of familiar object on color constancy

Color constancy occurs when the color perceptions of the objects remain
relatively constant despite the change in illumination. The sensory mechanism and
cognitive mechanism work together to achieve color constancy. The cognitive mechanism
requires observers’ knowledge and experience to estimate the illuminant color in order to
remove it from the scene. Memory color of the familiar object could be used as a cue for
estimating the illuminant color. For example, when color of sunflower is away from its
typical yellow, one uses this deviation to determine the illuminant color and separate it

from the surface color.

The object images had the average color constancy for each object across
illuminant as follows: 63% for Blueberry, 68% for Broccoli, 64% for Salmon, 78% for
Sunflower and 67% for Tomato. The Mondrian images had the average color constancy
for each object across illuminant as follows: 27% for Blueberry, 28% for Broccoli, 45% for
Salmon, 49% for Sunflower and 55% for Tomato. It is as expected that the color constancy
in the object image was higher than in the Mondrian image. However, color differences
between the perceived color in the object image and the match color in D65 were lower
than those between the perceived color and memory color. This means that observers
were able to separate the illuminant color from the scene, so they perceived the color
close to the original color when there was no color cast. Nevertheless, memory color of
the familiar object in the scene was not the only cue for discounting the illuminant. The
fact that the entire scene was dyed in a certain color provided a stronger cue for viewing
the object color in illumination mode, rather than surface mode. Thus, color constancy

could also be achieved without a familiar object in the scene.
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5.2 Suggestions

1. In this study, the experiments were launched on the Internet. Therefore,
observers’ understanding of the experimental procedures relies on the written instruction.
This means that the instruction should be highly clear. So, the accurate data can be

obtained.

2. This study tested five natural objects and four illuminants, combining to 25
images in Experiment 2 and 25 images in Experiment 3. With these many images, it could
take observers a long time to finish the whole experiment. Some observers gave up before
it was done. Some might lose interest in the later stage. In future study, it is probably better
to divide the experiments into two or more sessions, so that each session does not last

long. This could keep observers’ interest and maintain their concentration.

3. Mondrian images were used to represent the color of natural objects. However,
Mondrian images are unlike the real scene in everyday life. Observers can only perceive
the color in Mondrian images as surface color because there is no cue for illumination
estimation. In the real scene, there are many cues for determining illumination. The future
study could use an image with the real scene by replacing the natural object with a cube
with the same color as the natural object, to investigate the effect of familiar object instead

of Mondrian pattern.

4. In this study, the colors of the natural objects were simulated as if the objects
were presented in the extreme colored illuminant. Thus, the illuminant color was unnatural
and very different from the normal daylight. In future work, the more natural lighting such
as bluish white or pinkish white that could be encountered in real life could be tested so

as to gain more understanding on color constancy in real life situations.

5. In the experiment for obtaining memory color, the natural objects chosen in the
present study were ambiguous, which could lead to the large differences between
observers’ memory color of the object the observers imagined and the real object used in
the later experiment. For example, the observers might have thought of the color of

blueberry jam, white fresh blueberries were used in the color perception experiment. It is
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therefore recommended for future study that more common natural objects with few
varieties such as carrot (to replace salmon for orange color) or plum (to replace blueberry

for blue/purple color) be tested

6. The natural objects tested were fruit (blueberry and tomato), vegetable
(broccoli), meat (salmon) and flower (sunflower). The future study could include only the

objects of the same kind. For example, all natural objects chosen are a kind of fruits.
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Appendix A

The distributions of color perceptions in the original images in CIELAB
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Figure A-1: Color perceptions in the original images in the a*b* plot.
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Figure A-2: Lightness and chroma of color perceptions in the original images.
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The distributions of actual colors in CIELAB
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Figure B-1: The distribution of actual color of five natural objects in the a*b* plot
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Appendix C

The distributions of color perceptions in the object images in CIELAB
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Figure C-1: The distribution of color perceptions in object images in the a*b* plot
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Figure C-1: (cont.)
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Figure C-2: Lightness and chroma of color perceptions in the original images.
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Appendix D

The distributions of color perceptions in the Mondrian images in CIELAB
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Figure D-1: The distribution of color perceptions in Mondrain images in the a*b* plot
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Figure D-2: Lightness and chroma of color perceptions in the Mondrian images.



Lightness

Lightness

100
90
80
70
60
50
40
30
20

10

100
90
80
70
60
50
40
30
20

10

0

Broccoli
A
A . "=
*A ° r
iA 'Eif
AA A ilv
“ ‘ ' (04
A ‘
< :
T
A 8 =
A e _ .
A R
® L J
B A o
10 20 30 40 50 60 70 80
Chroma

® Red M Green A Blue Yellow @ D65

Salmon

10 20 30 40 50 60 70 &0
Chroma

® Red M Green A Blue Yellow @ D65

Figure D-2: (cont.)

90 100

90 100

7



Lightness

Lightness

100

90

80

70

60

50

40

30

20

10

100
90
80
70
60
50
40
30
20
10

Sunflower
Ih =
o oK .‘Er‘
= X
[ ) @

.« sRETS
A u A'
“A‘AA*‘A ]
A “a N °
'

0 10 20 30 40 50 60 70 80 90 100
Chroma

® Red M Green A Blue Yellow @ D65

0 10 20 30 40 50 60 70 80 90 100
Chroma

® Red M Green A Blue Yellow @ D65

Figure D-2: (cont.)

78



79

VITA

Mr. Nadol Cheawsopon was born on 31 December, 1990 in Bangkok,
Thailand. He was received a Bachelor's Degree in Imaging and Printing Technology
from Chulalongkorn University in 2013. After graduated, He got a great opportunity to
work at Trends Digital. He has worked at Trends for four years. Then, He has decided
to comeback at Department of Imaging and Printing Technology, Faculty of Science,

Chulalongkorn University to improve my academic skills and knowledge in 2016.



	THAI ABSTRACT
	ENGLISH ABSTRACT
	ACKNOWLEDGEMENTS
	CONTENTS
	LIST OF FIGURES
	Chapter 1 INTRODUCTION
	1.1 Objectives
	1.2 Scope
	1.3 Expected outcomes
	1.4 Contents

	Chapter 2  THEORETICAL CONSIDERATIONS AND LITERATURE REVIEW
	2.1 Theoretical considerations
	2.1.1 Color perception
	2.1.2 Color constancy
	2.1.3 Memory color
	2.1.4 HTML5


	Chapter 3 METHODOLOGY
	3.1 Apparatus
	3.1.1 Digital Still Camera
	3.1.2 Light Box with D65 lamp
	3.1.3 Software Application

	3.2 Method
	3.2.1 Experimental preparation
	3.2.1.1 Natural Objects
	3.2.1.2 Web pages
	3.2.1.3 Test images

	3.2.2 Experimental procedure
	3.2.2.1 Pre-experiment
	3.2.2.2 Display calibration
	3.2.2.3 Experiment 1 – Memory color of natural objects
	3.2.2.4 Experiment 2 – Color perception of images with natural objects
	3.2.2.5 Experiment 3 – Color perception of images with non-natural objects

	3.2.3 Data analysis


	Chapter 4 RESULTS AND DISCUSSIONS
	4.1 Memory color
	4.2 Color constancy in natural object images
	4.2.1 Comparing between different objects
	4.2.2 Comparing between different illuminants

	4.3 Comparisons between perceived color and memory color
	4.4 Color constancy in Mondrian images
	4.4.1 Color constancy indices of natural object and Mondrian images
	4.4.2 Color differences between actual colors and color perceptions


	Chapter 5 CONCLUSIONS AND SUGGESTIONS
	5.1 Conclusions
	5.1.1 Memory color
	5.1.2 Effect of memory color on color perception
	5.1.3 Effect of familiar object on color constancy

	5.2 Suggestions

	REFERENCES
	APPENDICES
	Appendix A The distributions of color perceptions in the original images in CIELAB
	Appendix B The distributions of actual colors in CIELAB
	Appendix C The distributions of color perceptions in the object images in CIELAB
	Appendix D The distributions of color perceptions in the Mondrian images in CIELAB

	VITA

