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ABSTRACT Color harmony is the hotspot of many researchers in the fields of art and design which is widely
used in various artworks and design activities. As for psychology, color harmony is closely related to human’s
perception and cognition, although, the research of its generation process has not been fully focused on. With
experimental psychology with artificial intelligence technology combined together, our aim is to investigate
the factors affecting color harmony on the basis of the generation process from perception to cognition,
and construct a mathematical model to predict its degree, so as to realize the quantitatively analysis and
measurement of color harmony. We classify the factors affecting color harmony into objective and subjective
ones. Among them, the objective factors are constructed based on the three principle elements of color with
a total of 21-dimensional color-pair objective physical features extracted. And the subjective factors are
divided into direct psychological effects and indirect psychological effects. 180 two-color combinations
were evaluated by 30 subjects based on color harmony and its subjective factors on discrete scales ranging
from —2 to 2. Correlation analysis reveals that color harmony is not only affected by objective factors, but
also by subjective factors which has a stronger correlation than that of the objective ones. Finally, machine
learning algorithms were adopted to construct a mathematical model, which has been proved that the linear
relationship can well explain the generation mechanism of color harmony.

INDEX TERMS Color harmony, objective factor, subjective factor, hierarchy model of color harmony
generation, color emotion, experimental psychology, machine learning.

I. INTRODUCTION

Color harmony refers to the overall effect of two or more col-
ors juxtaposed in the same time and space [1]. Since ancient
times, the theory of color harmony has been the focus of many
researchers in the field of art and design, and its research
results have been widely used in various artworks and design
activities. With the development of signal processing and arti-
ficial intelligence technologies, more and more researchers
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try to predict the degree of color harmony in a data-driven
way, and intelligently generate color combination schemes.
In addition, in the fields of psychology and neurobiology,
researchers have also conducted some exploratory studies
on the relationship among color harmony, perception, and
cognition.

Specifically, the theory of color harmony came about after
the art of painting had been developed for hundreds of years.
During the Renaissance, Leonardo da Vinci [2] had a theoret-
ical method of color harmony, and the German poet Goethe
[3], [4] also wrote a theory of color harmony. The classical
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theory of color harmony started from the descriptions of
color harmony summarized by Cheruer. He gave a qualita-
tive description of color harmony and summarized his har-
mony theory into 10 qualitative rule [5]. Since Cheruer’s
theory of color harmony was established, the research on
color harmony has been deepening continuously. So far, there
is no color harmony theory that can cover all aspects of
color harmony and solve all the problems in color harmony
design. In the 20th century, color science has established
a quantitative and rational color representation system, and
established a strict relationship and systematic order between
colors, thus creating good conditions for the establishment
of modern color harmony theory. The representative ones
are Munsell’s theory of color harmony [6], Ostwald’s theory
of color harmony [7], and Moon-Spencer’s theory of color
harmony [8], [9]. The establishment of the color harmony
theories makes color design to get rid of the painter’s feel-
ing, so that the color design is included in the scope of
engineering to a certain extent. However, due to the unique
comprehensiveness and complexity of color harmony, using
mathematical methods to create convincing color harmony
rules that meet aesthetic requirements is a difficult point in
color harmony research and has not yet reached a compre-
hensive and practical stage.

At present, the theory of color harmony keeps developing,
and every aspect of social life cannot be separated from color
design. Therefore, more practical color harmony theory is
constantly called for. Researchers have applied more quan-
titative analysis methods, and the color system is constantly
improved and perfected. Szabd F. et al. developed several
color harmony formulae to describe observers’ impressions
of color harmony for two-and three-color combinations, and
defined a new light source color quality metric named “‘color
harmony rendering index” [10]. Hsiao et al. constructed a
color design/selection system for predicting the color trend
based on aesthetic measures. The analytic hierarchy pro-
cess theory was used to evaluate the weights for four major
consumption style factors in human environment, includ-
ing Economy, Education, Culture, and Technology [11].
Kim et al. proposed a method to achieve a harmonious com-
bination of an image and a color element by increasing
the hue similarity between them based on the insights from
designers [12]. Ou et al. developed a new set of quantita-
tive models of color emotion and color harmony using psy-
chophysical data collected from 12 regions in the world. For
color harmony, a new color harmony model was constructed
based on the physical parameters quantified from CIELAB
color space, which had a satisfactory predictive performance.
In addition, Ou et al. also found that the common color har-
mony principles, including hue similarity, chroma similarity,
lightness difference and high lightness principles, were partly
agreed by observers of the same region [13].

With the help of signal processing and artificial intel-
ligence technology, color harmony theory have devel-
oped rapidly in the field of computer-aided design.
Hu et al. abstracted the color combination features into
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a six-dimensional color relationship model, namely hue,
chroma, brightness, span of hue, span of chroma, and span
of brightness, and characterized individual preference as
a specific parameter, so as to refactor the preferred color
scheme to meet individual needs [14]. Aiming at the prob-
lem that the existing color harmony model overly relies
on classical rules and ignores image semantic information,
Lu et al. introduced image semantic features (multi-color
perceptual features and emotional features) to represent the
image contents, so as to construct a color harmony prediction
model which is more consistent with human’s visual per-
ception than the traditional ones [15]. Wu et al. took color
preference as prior knowledge, and used a multi-objective
interactive genetic algorithm to automatically generate color
combination schemes that conform to individual preferences.
The result shows that the algorithm can reduce designers’
work barriers and speed up design [16]. Yang et al. took
color pairs as the research object, and based on the positive
effect of color harmony on emotion, an initial prediction
of color harmony was given, and then the initial score was
corrected by Back Propagation Neural Network, so as to
construct a more flexible color harmony model [17]. The
above researches are carried out independently for a specific
application, and have achieved good results in related fields,
but the model has poor interpretability.

In terms of the relationship between color combination
and cognition, the research results from Nippon Color &
Design Research Institute (NCD) are the most significant.
Based on the color image scale [18] constructed by them-
selves, NCD picked the color combinations of 12 represen-
tative colors (nine chromatic colors and three achromatic
colors) popular in Japanese society to conduct subjective
evaluation on 180 color image descriptors (including color
harmony) [19]. Then, NCD mapped the color combinations to
the two-dimensional scale of “cool/warm” and ‘‘soft/hard”,
so0 as to summarize the color image rules and spatial charac-
teristics among different color combinations. However, their
research is limited to the qualitative analysis of color com-
binations without the quantitative relationship with image
descriptors (including color harmony), which results in the
unpredictability of the degree of color harmony. In addition,
color preference from different regions was not taken into
account, so the generalization needs to be further verified.

Color emotion is one of the most popular researches in
the field of color cognition, which are often carried out
in specific scenes and groups due to individual differences
in emotion. Valdez er al. explored the relationship between
different color attributes and emotions, which proved that
the color with high saturation could make people feel happy
with arousal enhancing [20]. Solli et al. used the categori-
cal scale and the interval scale respectively to evaluate the
three emotional factors, namely activity, weight and heat, and
extended the evaluation object from single color to paired
colors [21]. Hanada firstly tried to study the generation mech-
anism of color emotion through consistency analysis (CA)
and revealed the correlation between color temperature
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perception and emotion [22]. Wang et al. used the SD method
to characterize the color emotion by three mutually orthog-
onal factors, and constructed the features related to each
factor through factor interpretation. Then, the support vector
regression (SVR) algorithm was used to accurately model
the perception factors, so as to realize the retrieval of image
emotion [23]. Then, Ou et al. found that the universal model
of color emotion is relatively more culture-independent than
that of color harmony, which is the first study on the rela-
tionship between color emotion and color harmony through
modeling [13].

IVRESULTS AND
DISCUSSION

I[IFACTOR ANALYSIS

Objective Factors Analysis

. Reliability Analysis
Affecting Color Harmony

Correlation Analysis

Subjective Factors Analysis

Affecting Color Harmony Analysis of Objective
Factors Affecting Color
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v Analysis of Subjective
I METHOD Factors Affecting Color
Harmony
Subjective Evaluation
Experiment
Materials
Subjects Mathematical Modeling

Experimental Condition Modeling between

Objective Factors and
Color Harmony

Experimental Procedure

Modeling between
Subjective Factors and
Color Harmony

Objective Physical Features
Extraction

FIGURE 1. The section arrangement.

To sum up, the current research on color harmony mainly
includes two aspects: one is the study of color harmony
theory and its mathematical methods, and the other is the
construction of color harmony prediction model. Aiming at
the common problems in color harmony research, we take
two-color combinations (abbreviated as color pair below) as
the research object, based on the generation mechanism of
color harmony, comprehensively analyze the factors affecting
color harmony, and construct a color harmony prediction
model. On this basis, we further studied the relationship
between color harmony and emotion, tried to construct a com-
plete research paradigm of color harmony, and verify the tra-
ditional color harmony theory based on the research results.
The specific sections are arranged as shown in Figure 1.
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TABLE 1. The objective and subjective factors that affect the color
harmony perception.

The objective factor The subjective factor

Hue Cool/warm Pleasure
Chroma Soft/hard Arousal
Lightness Transparent/turbid Dominance

Il. FACTOR ANALYSIS AFFECTING COLOR HARMONY
Human’s judgment on the degree of color harmony is affected
by many factors. We divide the factors into objective fac-
tors and subjective factors. The objective factors refer to the
inherent physical attributes of the generator of color harmony,
so they can be accurately quantified by objective features,
such as hue, chroma, lightness, etc., with certainty and univer-
sality. The subjective factors refer to the additional attributes
possessed by the receiver of color harmony, which are based
on human’s subjective feeling as the basic premise, and works
synergistically with color harmony, such as emotion, with
ambiguity and specificity. The objective and subjective fac-
tors that affect the perception of color harmony are as shown
in Table 1.

A. OBJECTIVE FACTORS

Hue, chroma, and lightness are the basic attributes of color
proposed based on the principle of color perception [24],
which are in line with human’s logical psychology and color
vision characteristics, and are the most important and stable
three elements in color [25]. According to CIE Publication
No. 17.4, hue is an attribute of a visual sensation accord-
ing to which an area appears to be similar to one, or to
proportions of two, of the perceived colors. Chroma is the
colorfulness of an area judged in proportion to the brightness
of a reference white. Lightness is the brightness of an area
judged relative to the brightness of a reference white. Both
colorfulness and lightness are determined by the amplitude
of the light. At present, color harmony theory takes these
three color attributes as the constraint objects. Therefore, hue,
chroma, lightness, and their statistical characteristics were
analyzed systematically as the objective factors affecting
color harmony.

First of all, it is necessary to quantify the three attributes
of color, that is, to select a color system that can accurately
represent hue, chroma, and lightness. The CIELAB color
space (L* represents lightness, a* represents red/green, and
b* represents yellow/blue) was proposed by the International
Commission on Illumination (CIE) in 1976 [26], which is a
perceptually uniform color space to linearly represent the per-
ceptual difference between colors. Therefore, the CIELAB
color space was adopted to extract the objective physical
features. Among them, we selected the L* dimension to repre-
sent lightness, and the /& dimension and C* dimension which
calculated by the a* and b* dimension to represent hue angle
and chroma.
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B. SUBJECTIVE FACTORS

Color can affect human’s psychological activities in many
ways, from direct visual stimulation to indirect association,
subtly influence human’s emotions, thoughts and behaviors,
and interact with human’s perception of color harmony.
As shown in Figure 2, the psychological effects stimulated by
color are divided into direct psychological effects and indirect
psychological effects according to the psychological change
law from simple to complex when triggering psychological
reflex [1], [27]. The former is the direct influence of the phys-
ical light stimulus of color on human’s physiology, which
is also called the physical psychological illusion of color,
e.g., red with longer wavelength makes people feel warm;
blue with shorter wavelength makes people feel cold [28].
The latter refers to a more complex psychological feeling
generated by combining associations, thinking, and memo-
ries on the basis of physical stimulus, e.g., red is related to
concepts such as fire and blood, which makes people feel sad
by conjuring up images of war [29]. Narrowly speaking, the
direct psychological effect of color refers to color perception
with objectivity and consistency [30], e.g., temperature sense
(“‘cool/warm™) [31], [32]. And the indirect psychological
effect of color refers to color emotion with subjectivity and
specificity, which evokes more intense and complex feel-
ings instead of staying in the shallow level of psychological

stage [33].
™o
R ®

Individual
factors Thougin |

FIGURE 2. The visual cognitive process from direct psychological effects
to indirect psychological effects.

On the basis of the Hue and Tone System, NCD
constructed a color image space formed by the three psycho-
logical axes, namely ‘““‘cool/warm”, “‘soft/hard”, and “‘trans-
parent/turbid”. Taking the different preferences of colors
and words in different cases into consideration, various
color-image research and analysis was conducted by NCD.
The check points were the differences among subjects of
research (individual and groups of people), the difference
between single colors and color combinations, the differences
in research methods, the color differences in various design
fields, and the differences of image caused by the spatial
effects of colors. In each case, the axes for the measurement of
colors (“‘cool/warm”, ““soft/hard”, and ““transparent/turbid’’)
were extracted as a result of factors analysis [18]. Therefore,
these axes are statistically primary, basic, and definite in spite
of the differences mentioned above.

VOLUME 10, 2022

Personal differences in taste from different regions are sup-
posed to be focused on. Jonauskaite et al. [34] tested color-
emotion associations in 4,598 participants from 30 nations
and the pattern-similarity analysis revealed universal
color-emotion associations (average similarity coefficient:
0.88). In addition, Wangeral. [35] analyzed
the effectiveness of color basic attributes for the multi-
color perceptual features. For “cool/warm”, color moment
(the third-order moment hue), which is a mathemati-
cal method in which the original value is the math-
ematical expectation, and the third-order moment hue
represents the average value of hue cubed, has the
highest effectiveness (Pearson’s correlation coefficient:
r = 0.55). For ‘“soft/hard”, brightness has the highest
effectiveness (Pearson’s correlation coefficient: » = 0.41).
For “transparent/turbid”, chroma is the most relevant to it
(Pearson’s correlation coefficient: » = 0.26). Therefore,
“cool/warm”, “‘soft/hard”, and ‘‘transparent/turbid” can
construct a good mapping relationship with corresponding
dimension of HSV color space.

Since the color image space can be used as the benchmark
for color image judgment, that is, any single color, psycho-
logical effect descriptor and color combination can be placed
on it, ‘“cool/warm”, “‘soft/hard”, and ‘‘transparent/turbid”
were adopted as direct psychological effect descriptive words
on the basis of the research from NCD. Further, in terms of
indirect psychological effects, due to the general connection
between color and emotion, we selected emotion as the eval-
uation object, and the PAD emotional model was adopted
to represent emotions (P represents pleasure, A represents
arousal, and D represents dominance) [36], as shown in
Table 2.

r =

lil. METHOD

In this section, we firstly introduced the process of evalua-
tion subjective experiment to quantify the subjective factors.
On this basis, we introduced the method of objective physical
features to quantify the objective factors.

A. SUBJECTIVE EVALUATION EXPERIMENT OF COLOR
HARMONY
1) MATERIALS
We adopted the “main color 4 assistant color” mode to
design and process two-color materials. It is noting that the
“main color + assistant color” mode is only for the conve-
nience of making materials, and there is actually no main or
assistant color in the color pair. The main color were from the
research results of NCD, based on the Munsell color system,
which composed of nine kinds of chromatic colors and three
kinds of achromatic colors, as shown in Table 3. On this basis,
the assistant color design was carried out on the basis of color
image [37]. (The CIELAB L*, a*, and b* values of all the
“main color” and “assistant color’”” are shown in Appendix,
Table 8 and Table 9.)

The materials contain a total of 180 pictures, and each
main color contains 12 color pairs. The original size is
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TABLE 2. The statistics of descriptive words of psychological effect
affecting color harmony [35].

The Chinese  English name, Description
descriptive abbreviation

words

Yo /e Cool/warm, e Cool: (feel) lower temperature;

CwW e Warm: (feel) higher temperature.
T8 Soft/hard, SH ¢ Soft: loose internal structure, easy
to deform;
e Hard: tight internal structure,
difficult to deform.
ERE Transparent/t ¢ Transparent: (an object) can
urbid, TT penetrate light;
* Turbid: contain impurities.

i EE Pleasure, P The  positive and  negative
characteristics of an individual’s
emotional state, including the two
opposing states of positive or
negative emotion.

ERE Arousal, A The individual’s neurophysiological
activation level, which is related to
the activation degree of the body’s
energy associated with emotional
states, including two states of low
arousal (such as quiet) and high
arousal (such as excited).

e Dominance, The individual’s state of control

over the situation and others, and is
used to distinguish whether the
emotional state is subjectively issued
by the individual or the influence of
the objective environment, including
active and passive states.
Note: “cool/warm”, “soft/hard”, and “transparent/turbid” belong to the
category of direct psychological effects, and pleasure, arousal, and
dominance belong to the category of indirect psychological effects.

TABLE 3. The L*/a*/b* value of the main colors.

The color name L* a* b*
YR/Dp 38 38 48
68 46 75

94 -10 91

54 -45 25

30 13 -53
10 17 -39
28 42 -48

79 31 2

0 0 0

66 0 0

100 0 0

Note: According to “Color Image Scale”, the main colors naming
adopted the naming paradigm of “hue/color tone”. Among them, R
represents red, YR represents orange, Y represents yellow, G represents
green, PB represents blue-purple, P represents purple, RP represents
purple-red, N represents achromatic color; V represents vivid tone, P
represents pale tone, Dp represents deep tone, Dk represents dark tone.

813 pt x 813 pt, and the horizontal and vertical resolution
is both 300 ppi. In order to avoid the influence of areas
and adjacent relationships in color pair on subjective evalua-
tion, the presentation method is shown in Figure 3. In addi-
tion, the spatial distributions of the objective physical features
of the materials are shown in Figures 4(a) and 4(b). It can be
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seen from the figures that the distributions of the features are
uniform and complete, which can support the research of the
later experiments.

FIGURE 3. The “main color + assistant color” presentation form. This
presentation method can ensure the consistency of the area and adjacent
relationship. In addition, the coloring areas of the main color and the
assistant color are randomly selected, not limited to a certain fixed
position.

2) SUBIJECTS

A total of 30 subjects participated in this experiment. The
subjects were university students, Chinese nationality, aged
between 18 and 25 years old (Mean: 20.3, SD: 1.16), and the
sex ratio was 7 (male): 11 (female). No subjects were major in
color-related professional courses and reserved color-related
professional knowledge. All subjects had passed the Ishi-
hara Color Blindness Test [38]. In addition, subjects signed
an informed-consent form and were compensated for their
participation.

3) EXPERIMENTAL CONDITION

Figure 5 shows the experiment settings. To avoid the inter-
ference of noise on the perceptual evaluation, the subjective
evaluation experiment was carried outina 5.37 m x 6 m stan-
dard listening room, where the background noise was kept
below 30 dB(A). A 75-inch Sony KD-75X9400D HD monitor
was adopted with a resolution of 4K (3840 x 2160), and the
actual size presented on the monitor is 15 inch x 15 inch.
According to the Methodology for the Subjective Assessment
of the Quality of Television Pictures (ITU-R BT.500-14),
the ambient illumination of the monitor (i.e., the incident
light by the surrounding environment on the monitor, mea-
sured in the vertical direction of the monitor) was set to
200 Ix (an illumination unit, representing the luminous flux
received on the monitor per unit area). Then, the luminance
is 596.5 cd/m?, and the luminance uniformity is 0.03 cd/m?
(Input signal: black level; Value: SD; Method: Nine-point
Test) and 10.69 cd/m? (Input signal: white level; Value:
SD; Method: Nine-point Test). A “slideshow” function in
the ACDSee software (official free version; ACD Systems
International Inc., Shanghai) was used to randomly present
the stimuli. The seats were arranged in an arc with the
monitor as the center, so as to make the distance between
the subjects and the monitor fixed at 2 m. The horizon-
tal viewing angle of the display is 178°, and the actual
viewing angle from the subjects sitting on either of two
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FIGURE 4. The spatial distributions of the objective physical features.
Among them, Figure 4(a) shows the distribution of AL* value between
the main color and the assistant color with Y-axis representing the serial
number of AL* value ranging from smallest to largest, and Figure 4(b)
shows the plane distribution of a* difference and b* difference between
the main color and the assistant color.

sides is 80°, so as to ensure the consistency of color
displaying.

4) EXPERIMENTAL PROCEDURE

The experiment was conducted in four groups with 13 or
14 subjects in each group. Each subject was asked to score
a total of 200 two-color pictures (including 20 repeated ones)
based on color harmony and subjective factors. During the
experiment, the subjects were prohibited to talk or signal
to each other. The presentation time of each picture was
30 seconds, and a 10-minute break was provided for each
100 pictures completed in the evaluation. It took a total of
two hours for each subject to complete the experiment.
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(@)
1.65m

Monitor

FIGURE 5. The experimental environment and the presentation method
of each picture. Among them, Figure 5(a) shows the presentation form of
each picture on the 75-inch monitor, the size of the monitor is 16:9, the
actual size is 15 inch x 15 inch, and the stimulus is centered with a grey
background (Munsell: N2); Figure 5(b) shows the seat arrangement, and
the main decorative materials such as walls and floors are all grey
(Munsell: N4).

The experiment was divided into two steps. The first step
is to evaluate color harmony. In our experiment, the Series
Category (SC) method was adopted to establish the psycho-
logical evaluation scale of color harmony, so as to realize the
quantitative analysis. As shown in Table 4 (a), subjects were
asked to score the degree of color harmony on a 5-level scale.
The second step is to evaluate the subjective factors affecting
color harmony. The SC method was also adopted to clarify
the psychological evaluation scale. As shown in Table 4 (b),
the subjects were asked to score all the pictures on a 5-level
scale of six subjective descriptive words.

B. OBJECTIVE PHYSICAL FEATURES EXTRACTION

Based on the analysis results of objective factors in Section II,
the Image Processing Toolbox and Statistics Toolbox of
MATLAB software (R2014a; The MathWorks, Inc., Nat-
ick, MA) was adopted to extract a total of 21-dimensional
color-pair objective physical features, as shown in Table 5.
According to the representation method of the CIELAB color
space, it is divided into six categories of eigenvectors, which
are lightness eigenvector, red/green eigenvector, yellow/blue
eigenvector, hue eigenvector, chroma eigenvector, and dis-
tance eigenvector. Firstly, the quantifying methods of the
basic parameters of hue, chroma, and distance eigenvectors
are as follows.

h = tan_l(b—i) )
a
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TABLE 4. The subjective evaluation scale.

(a)

2 [ - | 0 1 | 2
disharmonious —- harmonious
®
2 | [ 0 | 1 | 2
cool — warm
2 | - [ 0 | 1 | 2
soft — hard
2 [ - | 0 | 1 | 2
transparent —- turbid
2 [ - | 0 | 1 | 2
unpleasant — pleasant
2 | [ 0 | 1 | 2
unarousable —- arousable
2 | - [ 0 | 1 | 2
submissive —- dominant

Note: A 5-level scale was adopted to score, and the psychological
evaluation scale range is {-2, -1, 0, 1, 2}. E.g., using the SC method to
evaluate color harmony, -2 represents disharmonious, -1 represents a little
disharmonious, 0 represents none, 1 means a little harmonious, and 2
represents harmonious.

TABLE 5. The statistics of color-pair objective physical features.

Category The objective physical features Dimensions
Lightness Ly, Ly, mean L*, AL 4
Red/green a;, a3, mean_a*, Aa* 4
Yellow/blue bi, by, mean_b*, Ab** 4
Hue hl, h2, mean_h, Ah 4
Chroma C;, C;, mean C* 3
Distance AE, AC* 2

Note: 1 represents the eigenvalues of the main color, and 2 represents
the eigenvalues of the assistant color.

C* = (@) + b*) 2)
B =\ -1+ (@ @)+ - @

AC* = J(at — a3)* + (o} — B3)° @

where h represents the hue angle value in the CIELAB color
space; C* represents the chroma attribute in the CIELAB
color space; AE represents the total difference between two
colors, which quantified by the Euclidean distance between
two points in the CIELAB three-dimensional color space.
AC* represents the chroma difference between two colors,
which quantified by the Euclidean distance between points
on the a* o b* plane.

Except for distance eigenvector, each eigenvector has four
dimensions, including the eigenvalues of the main and assis-
tant colors, the average eigenvalue of the main and assis-
tant colors, and the difference eigenvalue between the main
and assistant colors. Taking the red/green eigenvectors as an
example, a} represents a* of the main color, a} represents a*
of the assistant color, mean_a™ represents the average value
of a* of the main and assistant colors, and Aa* represents the
difference value of a* between the main and assistant colors.
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IV. RESULTS AND DISCUSSION

Firstly, after all the experimental steps were completed and
the experimental results were summarized and sorted, test-
retest [39] and Cronbach’s alpha [40] were adopted to check
the consistency of the data. On this basis, correlation analysis
was carried out to analyze valid data qualitatively and a
hierarchy model was constructed to visualize the correlation
relationships. Finally, based on the analysis results of objec-
tive factors, the machine learning algorithms were adopted
to construct the mathematical model of color harmony on the
basic of the objective factors and subjective factors quantified
in Section III, so as to further explore the generation mecha-
nism of color harmony accurately.

A. RELIABILITY ANALYSIS

Test-retest and Cronbach’s alpha were adopted to evaluate
the reliability of the experimental data. Test-retest is used
to measure the reliability of the single picture. If the same
picture has a consistent distribution in two repeated mea-
surements, the results are reliable. Test-retest is calculated
by calculating the Pearson’s correlation coefficient for the
results of two repeated measures. Table 6 shows the test-retest
results after removing the experimental data whose Pearson’s
correlation coefficient is lower than 0.5 for each scale, and the
Pearson’s correlation coefficients are: » = 0.82,p < 0.001
(“‘cool/warm™), r = 0.72,p < 0.001 (“soft/hard”), r =
0.64, p < 0.001 (“transparent/turbid’’), »r = 0.75, p < 0.001
(pleasure), r = 0.72,p < 0.001 (arousal), r = 0.71,p <
0.001 (dominance). Among them, the Pearson’s correlation
coefficient of “cool/warm” is the highest, and the ‘“‘transpar-
ent/turbid” is the lowest (Mean: 0.72, SD: 0.05). In addition,
as shown in Equation (1), the effective rates of *““cool/warm”’,
pleasure, and arousal are 88%, 82%, and 82%, all above 80%,
indicating that the above-mentioned factors of the pictures are
complete, and the descriptive words are accurate and easy for
the subjects to understand. The effective rates of “‘soft/hard”
and dominance are the second, both are 78%, close to 80%.
The lowest effective rate of ““transparent/turbid” is 74%. The
possible reasons are: (1) The factor completeness of the pic-
tures was poor. (2) This factor was not suitable for describing
color pairs. (3) The subjects did not accurately understand the
meaning of the descriptive words.

. M
effective rate = N ®)

where M represents the number of subjects whose Pearson’s
correlation coefficient is greater than 0.5; N represents the
total number of subjects, which is equal to 30.

Then, the Cronbach’s alpha is used to measure the internal
consistency of the evaluation results, usually above 0.7 is
considered to be more reliable:

K
we K Yol
K-1 o2

(6)

where K represents the number of subjects, aiz repreents the

score variance of all the subjects on the i measurement
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TABLE 6. The result of the reliability analysis.

(a)

Test-retest

Descriptive words Cronbach’s Alpha

harmony 0.73 0.86
(b

Descriptive words Test-retest Cronbach’s Alpha
cool/warm 0.82 0.94
soft/hard 0.72 0.88
transparent/turbid 0.64 0.81
pleasure 0.75 0.87
arousal 0.72 0.9
dominance 0.71 0.81

Note: Table VI(a) shows the test-retest coefficient and Cronbach’s
Alpha of color harmony, and Table VI(b) shows the test-retest coefficient
and Cronbach’s Alpha of the subjective factors affecting color harmony.
The maximum values are bolded, and the minimum values are italics.

item, and o represents the total variance of the total scores
obtained by all the subjects. As shown in Table 6, all the
scales have very good internal consistency among the 30 sub-
jects, and the Cronbach’s alpha are: 0.94 (‘“‘cool/warm’),
0.88 (““soft/hard”’), 0.81 (“‘transparent/turbid’’), 0.87 (plea-
sure), 0.9 (arousal), and 0.81 (dominance). Among them, the
Cronbach’s alpha of “cold/warm” is the highest, and the
“transparent/turbid” is the lowest (Mean: 0.87, SD: 0.05).

B. ANALYSIS OF OBJECTIVE FACTORS AFFECTING COLOR
HARMONY

In this section, the correlation analysis was evaluated by
the Pearson’s correlation coefficient, which mainly including
three parts: (1) correlation analysis between objective factors
(including color basic attributes and 21-dimensional objec-
tive physical features) and color harmony; (2) correlation
analysis between subjective factors (including direct psycho-
logical effects and indirect psychological effects) and color
harmony. In addition, some comparative studies were carried
out with the classical color harmony theory.

1) ANALYSIS OF COLOR BASIC ATTRIBUTES AFFECTING
COLOR HARMONY

Firstly, we applied scatter plots into intuitively showing the
mapping relationship between color basic attributes (includ-
ing hue, chroma, and lightness) and color harmony. For hue
attribute, the materials were classified into 12 categories
according to the main colors, namely R/V, YR/Dp, YR/V,
Y/V, G/V, PB/V, PB/Dk, P/V, RP/P, N1.5, N5, and N9.5. For
chroma attribute, according to the average value of chroma
with main and assistant colors, 180 two-color combinations
were divided into three categories: when 0 < C* < 40,
it belongs to low category; when 40 < C* < 60, it belongs
to medium category; when 60 < C* < 100, it belongs
to high category. For lightness attribute, according to the
average value of lightness with main and assistant colors, 180
two-color combinations were divided into three categories:
when 0 < L* < 40, it belongs to low category; when
40 < L* < 60, it belongs to medium category; when 60 <
L* < 100, it belongs to high category.
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As shown in Figure 6(a), the materials with R/V, YR/Dp,
G/V, and P/V as the main colors have uniform distributions.
The materials with YR/V, Y/V, RP/P, N1.5, and N9.5 as the
main colors have centralized distributions. Among them, the
two-color combinations with RP/P and N9.5 as the main col-
ors tend to be more harmonious. The two-color combinations
with N 1.5 as the main colors tend to be more disharmonious.
In addition, a two-color combination with G/V as the main
color obtained the highest degree of color harmony, and a
two-color combination with N1.5 as the main color obtained
the lowest degree of color harmony. As shown in Figure 6(b),
the clear and definite relationship between chroma and color
harmony cannot be found from the scatter plot, which may
result from the weak correlation between chroma and color
harmony. And a correlation analysis between objective phys-
ical features and color harmony will be carried out to further
verify this result in the next. As shown in Figure 6(c), there is
a centralized distribution of the materials with low lightness,
which tend to be more disharmonious. On the other hand, the
average value of color harmony degree with high lightness is
greater than 0, the avearge value of color harmony degree with
medium lightness is close to 0, and the average value of color
harmony degree with low lightness is less than 0, indicating
that there maybe a linear relationship between lightness and
color harmony.

2) ANALYSIS OF OBJECTIVE PHYSICAL FEATURES AFFECTING
COLOR HARMONY
According to the subjective evaluation experiment in
Section III (A) and the feature extraction in Section III (B),
the scatter plot and the Pearson’s correlation coefficient
(r) were adopted to measure the correlation between objective
physical features and color harmony. Basically speaking, the
r value exceeding 0.8 is interpreted as a strong correlation,
and below 0.5 a poor correlation. Therefore, this article drew
the scatter plots to examine the correlation, and calculated
the r values after removing the abnormal distribution on the
plots. The scatter plots with correlation are shown in Figure 7.
There is a significant correlation between objective physical
features, namely lightness category and distance category,
and color harmony. Specifically, Li‘, L;, and mean_L* are
positively correlated with color harmony, and AE and AC*
are negatively correlated with color harmony. (The total cor-
relation coefficient matrix is shown in Appendix, Figure 15.)

For the lightness categories, specifically, the Pearson’s
correlation coefficient between L} and color harmony is:
r = 0.531, p < 0.001, the Pearson’s correlation coefficient
between L;‘ and color harmony is: » = 0.577,p < 0.001,
and the Pearson’s correlation coefficient between mean_L*
and color harmony is: r = 0.738, p < 0.001, that is, there is
a correlation between lightness and color harmony. The data
show that in the same color pair, the greater the lightness of
the main and assistant colors is, the more harmonious the
color pair is.

For the distance category, specially, the Pearson’s cor-
relation coefficient between AE and color harmony is:
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200 T r = —0.5,p < 0.001, and the Pearson’s correlation coeffi-
D D@ 5% cient between AC* and color harmony is: r = —0.509, p <
ﬁé% . = 49, A AZA 8 A 0.001, that is, there is a correlation between distance attribute

PB/V A .
W emm il ;**; f, * and color harmony. The data show that in the same color
PV * R . .
5 S . L dbgogo ° pair, the smaller the color difference between the main and
- B o .. " amg " i - assistant colors is, the more harmonious the color pair is.
2100_ o* a g8 ;:.-‘ o Compare to Aa* and Ab*, the distance attribute is more
) A . . . . .
5 =d_ A 474 . i correlated with color harmony, indicating that the Euclidean
< L] . .
£ iAo o a %% a distance can better represent the difference between two
° % o 06668 2 colors.
" m . .
mmge 'A s T IR " Further, we made a comparison with the Moon-Spencer
0 a f s Liat oa color harmony model. The lightness difference of color
; ; . pairs was divided into three categories on the basis of
2 -1 0 1 the Moon-Spencer color harmony model, namely identity
disharmonious - harmonious (AV = 0), similarity (AV € [0.5, 1.5]), contrast (AV €

200 @ [2.5,3]), glare (AV € (3, 10]) and the reset are ambigu-
© medom ahoma R ous areas, where V represents the value dimension in the
= s s £, s Munsell color system. On this basis, the changing law of

A . . .

150 A © ‘AA‘AA é , . the color harmony perception can be studied under the dif-

Ay AA . . . .

° Q0 a0 2 ferent lightness relationship. Firstly, we need to transform

. Az A X >
'd'é) o A, la O"‘O §° a L* in the CIELAB color space to V in the Munsell color
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Z 100 k7 ! DAggn A 3 4 e system. As shown in Figure 8(a), the degree of color harmony
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o . .
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o . . . .

oAgo A 4o0p, o a® with the lightness difference, and decreases rapidly when the
o L 6 %505 "o T ga & lightness difference reaches a certain limit. Specifically, the
average value of identity harmony is 0.27, the average value

(b)

in the 15 ambiguous area is 0.261, the average value of similar
harmony is 0.228, the average value in the 2" ambiguous area
is 0.132, the average value of contrastive harmony is 0.349,

which is the highest, and the average value of glare harmony
. G 48% is 0.204. It is worth noting that, although the changing trend is
6 8‘; Dog B0 similar, there are differences between our analysis results and

150 o A ° . o e
4aat g, e al o the Moon-Spc?ncer color harmony model in the classification

B o A, % . EFJEDED o of lightness dlfferepce. . . .
§ 100 - A G gooAO o Then, the hue difference of color pairs was divided into
= 'S 8 OOOQ o . three categories on the basis of the Moon-Spencer color har-
g O‘Eo o DSQ o I L] mony model, namely identity (AH = 0°), similarity (AH €
£ 5 £ & EE o [25°, 43°]), and contrast (AH € [100°, 180°]), and the reset
X 080 By O E o are ambiguous areas, where H represents the hue dimension
otes, 00 OZ” ®® Lo in the Munsell color system. On this basis, the changing
0 o Tt ° ® rule of color harmony can be studied under the different hue
T T T differences. Similarly, because & represents the radian in each

disharmonious - harmonious

©

quadrant, we need to transform 4 in the CIELAB color space
to H in the Munsell color system [41].

FIGURE 6. The scatter plots between color basic attributes and color h, in the 1st quadrant
harmony. Among the m, Figure 6(a) shows the correlation between hue o .
and color harmony, Figure 6(b) shows the correlation between chroma W= 180° +h, in the 2nd quadr ant 7

and color harmony, and Figure 6(c) shows the correlation between 180° + h, in the 3rd quadrant
lightness and color harmony. As shown in Figure 6(a), the materials with ]
R/V, YR/Dp, G/V, and P/V as the main colors have uniform distributions. 360° + h, in the 4th quadrant

The cyan triangles show the average of color harmony degree from each
hue category, and the error bars show the standard deviation of color
harmony degree from each hue category. (The scatter plots between color
basic attributes and subjective factors are shown in Appendix,

Figure 14.)

Then, since the Moon-Spencer color harmony model
quantifies the H interval with the angle between hues
on the ring, it cannot linearly represent the perceptual
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FIGURE 7. The scatter plots between objective physical features and color harmony. The X-axis represents the corresponding objective
physical feature, and the Y-axis represents the degree of color harmony.
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difference. We put forward the following method to calculate
the H interval:

Wy —H,
360° — Ity + I,

if Wy — 'y < 180°
if Wy — Ny > 180°

AH = ®)
where 1’1 and /', respectively represent the hue angle values
of the main color and the assistant color in the CIELAB color
space, and iy > H'y.

As shown in Figure 8(b), the degree of color harmony
in different hue harmony modes shows a trend of ‘“mono-
tonically decreasing overall and slightly fluctuating locally
except identity harmony” with the increase of hue differ-
ence, which is consistent with the above rules. Specifi-
cally, according to the hue interval from small to large,
the average value of identical harmony is 0.69, the aver-
age value in the 1% ambiguous area is 0.595, the average
value of similar harmony is 0.928, the average value in
the 2" ambiguous area is 0.352, and the average value of
contrastive harmony is —0.261. Among them, the average
value of similarity is highest, the average values from sim-
ilarity to contrast decrease in turn, the average values of
identity and similarity are higher than that in the 1% and
2" ambiguous areas. The above data analysis results are in
line with the basic rule of the Moon-Spencer color harmony
model. However, and the average value of contrast is negative
and lower than that of the 1% and 2"¢ ambiguous areas,
which is inconsistent with the Moon-Spencer color harmony
model.

3) ANALYSIS OF DIRECT PSYCHOLOGICAL EFFECTS
AFFECTING COLOR HARMONY AFFECTING COLOR
HARMONY

First, the Pearson’s correlation coefficient was adopted
to measure the degree of correlation between direct
psychological effects and color harmony. There is a
correlation between direct psychological effects (includ-
ing “cool/warm”, ‘‘soft/hard”, and ‘‘transparent/turbid’’)
and color harmony. Specifically, the Pearson’s correla-
tion coefficient between SH and color harmony is: r =
—0.59,p < 0.001, that is, there is a strong correla-
tion between the “soft/hard” sense and color harmony.
The data show that the color pair with a softer color
combination tends to be more harmonious. The Pearson’s
correlation coefficient between TT and color harmony
iss r = —=0.717,p < 0.001, that is, there is a very
strong correlation between the ‘“transparent/turbid” sense
and color harmony. The data show that the color pair with
a more transparent color combination tends to be more
harmonious.

Similar to the generation process of color harmony,
the direct psychological effects of subjective factors are
influenced by the objective physical features. There-
fore, we further analyzed the degree of correlation
between objective factors and direct psychological effects.
As shown in Figure 9, there is a correlation between the
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FIGURE 8. The comparison between our analysis results and the
Moon-Spencer color harmony model. Among them, Figure 8(a) shows the
comparison to the lightness category, and Figure 8(b) shows the
comparison to the red/green and yellow/blue categories.

T
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“cool/warm” sense and the red/green, yellow/blue, and
chroma categories in objective factors. Specifically, CW has
the highest correlation with mean_a*, mean_b*, and
mean_C*, respectively, and the Pearson’s correlation coef-
ficients are: r = 0.518,p < 0.001, r = 0.648,p < 0.001,
and r = 0.559,p < 0.001. There is a correlation between
“soft/hard” sense and the lightness category in objective
factors. Specifically, SH has the highest correlation with
L; and mean_L*, respectively, and the Pearson’s correlation
coefficients are:r = —0.563, p < 0.001, and r = 0.685, p <
0.001. There is a correlation between “transparent/turbid”
and the lightness categories. Specifically, TT has the high-
est correlation with L] and mean_L*, respectively, and the
Pearson’s correlation coefficients are: r = 0. — 0.532,p <
0.001 and r = 0.669,p < 0.001. Of all the objective
factors, lightness categories has the strongest correlation
with direct psychological effects, which is as the same to color
harmony.
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FIGURE 9. The heat map of the Pearson’s correlation coefficient between
21-dimensional objective physical features and the direct psychological
effects.

4) ANALYSIS OF INDIRECT PSYCHOLOGICAL EFFECTS
AFFECTING COLOR HARMONY AFFECTING COLOR
HARMONY
Then, the Pearson’s correlation coefficient was adopted to
measure the degree of correlation between indirect psycho-
logical effects and color harmony. There is a correlation
between indirect psychological effects (including pleasure,
arousal, and dominance) and color harmony. Specifically, the
Pearson’s correlation coefficient between pleasure and color
harmony is: r = 0.545, p < 0.001, that is, there is a strong
positive correlation between pleasure and color harmony.
However, the Pearson’s correlation coefficients of A and D
are low, that is, the sense of arousal and dominance produced
by color pairs has no clear relationship with color harmony.
Further, in order to compare with indirect psychological
effects, we analyzed the degree of correlation between objec-
tive factors and indirect psychological effects. As shown
in Figure 10, there is a correlation between pleasure and
the lightness and yellow/blue categories in objective fac-
tors. Specifically, pleasure has the highest correlation with
mean_L* and mean_b*, respectively, and the Pearson’s cor-
relation coefficients are: r = 0.647,p < 0.001 and r =
0.557,p < 0.001. There is a correlation between arousal
and almost all the objective factors, namely red/green,
yellow/blue, chroma, and distance categories. Specifically,
arousal has the highest correlation with mean_a*, mean_b*,
C3, mean_C*, and AC¥, respectively, and the Pearson’s
correlation coefficients are: » = 0.533,p < 0.001, r =
0.608,p < 0.001,r = 0.645,p < 0.001, r = 0.764,p <
0.001 and r = 0.512,p < 0.001. There is a correlation
between dominance and the chroma category. Specifically,
dominance has the highest correlation with C;‘ and mean_C*,
respectively, and the Pearson’s correlation coefficients are:
r = 0.546,p < 0.001 and » = 0.651,p < 0.001. Of
all the objective factors, chroma categories has the strongest
correlation with indirect psychological effects.
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FIGURE 10. The heat map of the Pearson’s correlation coefficient
between 21-dimensional objective physical features and the indirect

psychological effects.

TABLE 7. The Pearson’s correlation coefficients between direct
psychological effects and indirect psychological effects, complement with

color harmony.

0.764

0.587

0410

0234

0.0568

-0.120

Pearson’s correlation coefficient

CW SH TT
pleasure 0.777 -0.611 -0.338
arousal 0.767 0.005 0.283
dominance 0.523 0.185 0.199
color 0.207 -0.59 -0.717
harmony

Note: Bold indicates that there is a correlation.

Finally, the degree of correlation between direct psycho-
logical effects and indirect psychological effects is as shown
in Table 7. There is a correlation between pleasure and direct
psychological effects, namely “cool/warm”, and “soft/hard”.
Specifically, the Pearson’s coefficients between them are:
r =0.777, p < 0.001 (*cool/warm’) and r = —0.611,p <
0.001 (“‘soft/hard’’). The data show that warmer, softer color
combinations are more likely to generate pleasant emotions.
In addition, arousal and dominance also have the correlation
with CW, and the Pearson’s correlation coefficients are: r =
0.767, p < 0.001 (arousal) and r = 0.523, p < 0.001 (domi-
nance). In other words, emotion has the strongest correlation
with the “cool/warm” sense of color, whereas color harmony
has the strongest correlation with the “transparent/turbid”
sense.

C. MATHEMATICAL MODELING OF COLOR HARMONY

According to the CHG hierarchy model, machine learning
was adopted to construct the hierarchical mathematical model
between associated layers, which mainly including three
parts: (1) model construction between objective factors and
color harmony; (2) model construction between subjective
factors (including direct psychological effects and indirect
psychological effects) and color harmony; and (3) model
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construction from objective physical features to color har-
mony with the subjective factors as the connecting bridge.
In addition, some comparative studies were carried out

among (1), (2), and (3).

1) MODELING BETWEEN OBJECTIVE PHYSICAL FEATURES

AND COLOR HARMONY

In order to further study the important relationship between
objective factors and color harmony and the influence
strength of multiple objective factors on color harmony,
machine learning algorithms were adopted to construct the
mathematical model. From the correlation analysis results,
it is possible that there is a linear correlation between the
objective physical features and color harmony, and they
are independent of each other. Therefore, in the first, the
Multivariable Linear Regression (MLR) algorithm [42] was
adopted to mathematically model color harmony. Let D =
{X,y1),X,y2), -+, (X, ym)} be the training set, where,
for 180 pictures, X is the color objective physical feature
vector containing 21 dimensions (see Table 5), and y; is the
average score of the effective data from 30 subjects on color

harmony. The steps are as follows.

Step 1: To eliminate the influence of the difference in
dimensions among different data, normalization to [0, 1] was

implemented:
Xi — Xmin
Xpi= ——
Xmax — Xmin
Yi = Ymin
Yi= ——

Ymax — Ymin

©))

(10)

Step 2: Construct linear regression function f(X) to make
If (X) —yi| as close as possible to €. Among them, f(X)
represents the degree of color harmony, and ¢ is usually equal

to 0. For MLR:
fFX)=0"®X)+b

(11)

where @ and b are the regression coefficients; © is the linear

mapping of X.

Step 3: When |f (X) — yi| < &, the loss is zero. Therefore,
the Mean Squared Error (MSE) to construct the loss function

J (w, b):
J(@,b) =Y (f X)—y)’

(12)

Step 4: Minimize the loss function J (@, b), and solve for

the regression coefficients @ and b.

The weka software (3.8.3; The University of Waikato,
Hamilton, New Zealand) with functions of machine learning
and data mining was adopted to construct the MLR model.

Finally, the following is the MLR equation.
color harmony = 0.404L} + 0.354L5 + 0.261AL*

—0.438a} — 0.331a; + 0.467Tmeany
—0.22Aa* + 0.212b5 — 0.468mean;y

—0.28AE — 0.222AC* + 0.298h

+0.174hy — 0.279meany, + 0.133C}

+ 0.333meanc + 0.228
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(13)

From the Equation (13), it can be seen that the degree of
color harmony is affected by a variety of objective factors,
namely lightness, red/green, yellow/blue, hue, chroma, and
distance categories. Specifically, it includes the following
rules: (1) The degree of color harmony is most sensitive to
mean_a* and mean_b* between color pairs. Among them,
the average value of red/green increases by 1, the color
harmony degree increases by 0.467, and the average value
of yellow/blue increases by 1, the color harmony degree
decreases by 0.468. (2) The degree of color harmony is more
sensitive to the lightness category between color pairs. The
higher the overall lightness is, the more harmonious the color
is. Among them, the value of L}, L}, and AL* increases by 1,
and the color harmony degree increases by 0.404, 0.354, and
0.261 respectively. (3) The degree of color harmony is less
sensitive to the hue and chroma categories.

Then, three other nonlinear machine learning algorithms
were adopted to construct the mathematical model, namely,
the SVR algorithm [43], the random forest (RF) algo-
rithm [44], and the back propagation neural network (BP)
algorithm [45]. In this article, we selected 10-fold cross
validation to evaluate the accuracy of the model, that is,
the dataset is divided into 10 subsets, and nine of them
are taken as training sets without repetition, and the predic-
tion errors of the remaining subsets are evaluated, and the
evaluation indexes are Pearson’s correlation coefficient (1),
r square, and mean absolute error (MAE). It can be seen from
Figure 11 that the MLR algorithm has the best prediction per-
formance. Therefore, the linear mathematical model can well
explain the generation process from objective factors to color
harmony.
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FIGURE 11. The 10-fold cross validation results of the model between
objective factors and color harmony.

Although, for machine learning, the more parameters the
better; but, for discussing the phenomenon of color har-
mony, the model for color harmony better involves significant
parameters only. Therefore, according to Section IV (B) (2),
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the objective physical features of lightness category and
distance category which significantly correlated with color
harmony were selected to construct the MLR model:

color harmoy = 0.326L] + 0.372L; — 0.275AL*
—0435AE  (14)

The evaluation indexes are: 0.754 (r), 0.568 (r square), and
0.116 (MAE).

2) MODELING BETWEEN DIRECT PSYCHOLOGICAL EFFECTS
AND COLOR HARMONY

Similarly, the weka software was adopted to construct the
multivariable linear regression equation between the direct
psychological effects and color harmony. Finally, the follow-
ing is the multivariable linear regression equation.

color harmony = —0.315SH — 0.517TT + 0.946 (15)

From the Equation (15), it can be seen that the degree
of color harmony is mainly affected by “soft/hard” sense
and “‘transparent/turbid” sense. Specifically, it includes the
following rules: (1) The degree of color harmony is sensi-
tive to ““soft/hard” sense, and the softer the feeling is, the
more harmonious the color pair is. Among them, the SH
increases by 1, and the color harmony degree decreases by
0.315. (2) The degree of color harmony is most sensitive to
the “transparent/turbid” sense, and the more transparent the
color pair is, the more harmonious it is. Among them, the
TT increases by 1, and the color harmony degree decreases
by 0.517.

Then, SVR algorithm, RF algorithm, and BP algorithm
were also adopted to construct the mathematical model. The
evaluation results of 10-fold cross validation are as shown
in Figure 12. It can be seen that the MLR algorithm also
has the best prediction performance. Therefore, the linear
mathematical model can well explain the generation process
from direct psychological effects to color harmony.

3) MODELING BETWEEN INDIRECT PS YCHOLOGICAL
EFFECTS AND COLOR HARMONY

The following is the multivariable linear regression equation
between indirect psychological effects and color harmony.

color harmony = 0.813P — 0.616A + 0.374 (16)

From the Equation (16), it can be seen that the degree of
color harmony is mainly affected by pleasure and arousal.
Specifically, it includes the following rules: (1) The degree
of color harmony is very sensitive to pleasure, and the more
pleasant the emotion is, the more harmonious the color pair
is. Among them, the P increases by 1, and the color harmony
degree decreases by 0.813. (2) The degree of color harmony
is sensitive to the arousal, and the less arousable the color pair
is, the more harmonious it is. Among them, the A increases
by 1, and the color harmony degree decreases by 0.616.

Then, SVR algorithm, RF algorithm, and BP algorithm
were also adopted to construct the mathematical model.
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FIGURE 12. The 10-fold cross validation results of the model between
direct psychological effects and color harmony.

The evaluation results of 10-fold cross validation are as
shown in Figure 13. It can be seen that the BP algorithm has
the best prediction performance, indicating that the relation-
ship between emotion and color harmony can be explained
as a more complex nonlinear model.
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FIGURE 13. The 10-fold cross validation results of the model between
indirect psychological effects and color harmony.

It is worth noting that, compared with the model con-
structed by objective factors, the model constructed by sub-
jective factors has higher prediction accuracy. The possible
reasons are: (1) Color harmony is not only affected by objec-
tive factors, but also by subjective factors, and the correlation
between subjective factors is stronger than by objective fac-
tors. (2) Although color harmony is produced by the physi-
cal stimulation of color, there is a “‘semantic gap” between
objective physical features and indirect psychological effects
at the signal processing level. Therefore, the subjective
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FIGURE 14. (Continued.) The value distributions of subjective factors of different color basic attribute categories. Among them, X-axis shows
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FIGURE 14. (Continued.) The value distributions of subjective factors of different color basic attribute categories. Among them, X-axis shows the
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FIGURE 15. The total correlation coefficient matrix.

factors can improve the problem of accuracy decreasing
resulted from this gap, so as to increase the interpretability
of the model.

V. CONCLUSION

This article tacked color pair as the research object, divided
the factors affecting color harmony into objective factors
and subjective factors, studied the relationship among three
of them, and constructed the mathematical model to predict
color harmony. Among them, the objective factors were con-
structed based on the three elements of color (hue, chroma,
and lightness), including a total of 21-dimensional color
objective physical features. Subjective factors are divided
into direct psychological effects and indirect psychological
effects according to the process of color stimulating human’s
psychological perception and cognition. Direct psychological
effects are based on ‘“Hue and Tone System” theory from
NCD, including ‘““‘cool/warm”, “soft/hard’, and ‘“‘transpar-
ent/turbid’’; indirect psychological effects are represented by
emotion, which is represented by the PAD emotional model,
including pleasure, arousal, and dominance. On this basis,
this article abstracted the generation process of color har-
mony from objective factors to subjective factors, and tried
to construct a research paradigm of color harmony. The main
contributions are as follows:

(1) In terms of objective factors, for the lightness category,
research shows that there is a correlation between L7, 5‘,
mean_L*, and color harmony. The data show that in the same
color pair, the greater the lightness of the main and assistant
colors is, the more harmonious the color pair is. For the
distance category, research shows that there is a correlation
between AE, AC*, and color harmony. The data show that in
the same color pair, the smaller the color difference between
the main and assistant colors is, the more harmonious the
color pair is.

(2) In terms of subjective factors, for the direct psycholog-
ical effect, research shows that there is a correlation between
the “‘soft’/hard” sense and color harmony. The data show that
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the color pair with a softer color combination tends to be more
harmonious. There is a correlation between the “transpar-
ent/turbid” sense and color harmony. The data show that the
color pair with a more transparent color combination tends to
be more harmonious. For the indirect psychological effect,
there is a positive correlation between pleasure and color
harmony, but the sense of arousal and dominance produced
by color pair has no clear relationship with color harmony.

(3) Construct the objective factor-color harmony math-
ematical model and the subjective factor-color harmony
mathematical model respectively. Through the 10-fold cross
validation, the MLR algorithm also has the best prediction
performance, indicating that the linear mathematical model
can well explain the generation process of color harmony.

The future works will focus on the following aspects.
Firstly, in order to study the influence of other external
factors on color harmony in addition to the basic attributes
of color, a richer dataset containing more situations will be
constructed. Secondly, the research object will be expanded
from color pair to multiple color combinations, and the objec-
tive physical features are also supposed to be designed and
quantified according to the attributes of color combinations,
so as to expand the application scope. Thirdly, in addition
to the general rules of color harmony, the influence of color
preference on color harmony will be studied, and the person-
alized parameters are supposed to be introduced into the color
harmony model by increasing the number of differentiated
subjects. Finally, the accuracy of the mathematical model is
planned to be improved by the technologies of small sample
learning and automatic labeling.

APPENDIX
All the materials of two-color combination are shown
in Table 8.

The values of L*, a*, and b* in the CIELAB color space of
main and assistant colors are shown in TABLE 9.

The value distributions of subjective factors of different
color basic attribute categories are shown in Figure 14(a)-(r).
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TABLE 8. All the materials of two-color combination TABLE 8. (Continued.) All the materials of two-color combination.
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TABLE 9. The values of L*, a*, and b* in the CIELAB color space of main

and assistant colors.

Main color Assistant color
L] ay b} L; a;, b5
RV-1.1 49 74 60 68 46 75
RV-1.2 49 74 60 94 -10 91
RV-1.3 49 74 60 53 -42 13
RV-2.1 49 74 60 30 13 -53
RV-2.2 49 74 60 28 42 -48
RV-2.3 49 74 60 0 0 0
RV-3.1 49 74 60 66 0 0
RV-3.2 49 74 60 79 31 2
RV-3.3 49 74 60 37 37 47
RV-4.1 49 72 48 66 -6 -24
RV-4.2 63 57 48 100 0 0
RV-4.3 46 71 34 28 42 -48
RV-5.1 63 57 38 95 -9 81
RV-5.2 49 72 48 68 -39 63
RV-5.3 28 51 39 10 17 -39
YRDp-1.1 37 37 47 49 74 60
YRDp-1.2 37 37 47 68 46 75
YRDp-1.3 37 37 47 94 -10 91
YRDp-2.1 37 37 47 53 -42 13
YRDp-2.2 37 37 47 30 13 -53
YRDp-2.3 37 37 47 28 42 -48
YRDp-3.1 37 37 47 44 -26 41
YRDp-3.2 37 37 47 6 -10 5
YRDp-3.3 37 37 47 79 31 2
YRDp-4.1 66 24 39 100 0 0
YRDp-4.2 42 27 41 49 72 48
YRDp-4.3 42 27 41 63 -25 -4
YRDp-5.1 27 31 38 60 32 -19
YRDp-5.2 27 31 38 6 -10 5
YRDp-5.3 12 15 16 68 46 75
YRV-1.1 68 46 75 49 74 60
YRV-1.2 94 -10 91 68 46 75
YRV-1.3 68 46 75 75 -37 70
YRV-2.1 68 46 75 53 -42 13
YRV-2.2 68 46 75 30 13 -53
YRV-2.3 68 46 75 28 42 -48
YRV-3.1 68 46 75 93 4 21
YRV-3.2 68 46 75 79 31 2
YRV-3.3 68 46 75 37 38 47
YRV-4.1 76 27 60 76 15 -14
YRV-4.2 76 0 0 100 15 -14
YRV-4.3 83 18 33 81 -26 12
YRV-5.1 83 18 33 95 -9 81
YRV-5.2 28 51 39 61 53 70
YRV-5.3 75 6 26 27 31 38
YV-1.1 94 -10 91 49 74 60
YV-1.2 94 -10 91 68 46 75

TABLE 9. (Continued.) The values of L*, a*, and b* in the CIELAB color

space of main and assistant colors.

YV-13 94 -10 91 75 -37 70
YV-2.1 94 -10 91 53 -42 13
YV-22 94 -10 91 44 -22 -20
YV-2.3 94 -10 91 30 13 -53
YV-3.1 94 -10 91 28 42 -48
YV-3.2 94 -10 91 79 31 2
YV-33 94 -10 91 37 37 47
YV-4.1 95 -7 58 63 57 38
YV-4.2 95 -7 58 81 -26 12
YV-43 95 -9 81 10 17 -39
YV-5.1 98 -6 32 76 0 0
YV-52 70 -1 70 17 22 -53
YV-53 79 -1 28 0 0 0
GV-1.1 54 -46 25 49 75 61
GV-1.2 54 -46 25 67 47 74
GV-1.3 54 -46 25 94 -10 91
GV-2.1 54 -46 25 75 -37 70
GV-2.2 54 -46 25 73 -31 -3
GV-2.3 54 -46 25 30 13 -53
GV-3.1 54 -46 25 28 42 -48
GV-3.2 54 -46 25 79 31 2
GV-33 54 -46 25 82 -21 -5
GV-4.1 94 -14 37 17 22 -53
GV-4.2 75 -37 70 95 -7 58
GV-43 75 -37 70 62 24 -23
GV-5.1 20 -22 18 67 -24 49
GV-5.2 20 -22 18 44 5 47
GV-5.3 17 -16 -3 0 0 0
PBV-1.1 30 13 -53 49 74 60
PBV-1.2 30 13 -53 69 46 75
PBV-13 30 13 -53 94 -10 91
PBV-2.1 30 13 -53 67 -40 15
PBV-2.2 30 13 -53 73 -31 -3
PBV-23 30 13 -53 76 15 -14
PBV-3.1 30 13 -53 66 -6 -24
PBV-3.2 30 13 -53 79 31 2
PBV-3.3 30 13 -53 37 37 47
PBV-4.1 82 -21 -5 10 17 -39
PBV-4.2 57 -39 -1 95 -9 81
PBV-4.3 57 -39 -1 53 0 0
PBV-5.1 17 22 -53 0 0 0
PBV-5.2 17 22 -53 28 51 39
PBV-5.3 38 5 -39 76 27 60
PBDk-1.1 10 17 -39 49 74 60
PBDk-1.2 10 17 -39 68 46 75
PBDk-1.3 10 17 -39 94 -10 91
PBDk-2.1 10 17 -39 53 -42 13
PBDk-2.2 10 17 -39 30 13 -53
PBDk-2.3 10 17 -39 28 42 -48
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TABLE 9. (Continued.) The values of L*, a*, and b* in the CIELAB color TABLE 9. (Continued.) The values of L*, a*, and b* in the CIELAB color
space of main and assistant colors. space of main and assistant colors.
PBDk-3.1 10 17 -39 79 31 2 N1.5-4.2 0 0 0 10 17 -39
PBDk-3.2 10 17 -39 50 -12 10 NI1.5-4.3 0 0 0 100 0 0
PBDk-3.3 10 17 -39 5 23 7 NI1.5-5.1 0 0 0 66 0 0
PBDk-4.1 10 17 -39 95 -7 58 NI1.5-5.2 0 0 0 70 -1 70
PBDk-4.2 10 17 -39 100 0 0 NI1.5-5.3 0 0 0 75 -37 70
PBDk-4.3 30 1 -24 53 0 0 N5-1.1 66 0 0 49 75 61
PBDk-5.1 8 23 -33 76 6 1 N5-1.2 66 0 0 68 46 75
PBDk-5.2 4 8 -25 63 57 38 N5-1.3 66 0 0 94 -10 91
PBDk-5.3 17 22 -53 45 10 27 N5-2.1 66 0 0 53 -42 13
PV-1.1 28 42 -48 49 74 60 N5-2.2 66 0 0 30 13 -53
PV-1.2 28 42 -48 68 46 75 N5-2.3 66 0 0 28 42 -48
PV-13 28 42 -48 94 -10 91 N5-3.1 66 0 0 79 31 2
PV-2.1 28 42 -48 53 -42 13 N5-3.2 66 0 0 95 -9 81
PV-22 28 42 -48 30 13 -53 N5-3.3 66 0 0 82 221 -5
PV-23 28 42 -48 46 71 34 N5-4.1 95 0 0 76 27 60
PV-3.1 28 42 -48 76 15 -14 N5-4.2 95 0 0 63 57 38
PV-3.2 62 23 -23 66 54 4 N5-4.3 95 0 0 100 0 0
PV-33 32 36 -37 81 -26 12 N5-5.1 53 0 0 91 -12 -1
PV-4.1 62 23 -23 44 59 1 N5-5.2 53 0 0 67 -40 15
PV-42 88 7 -3 100 0 0 N5-5.3 53 0 0 0 0 0
PV-43 32 36 -37 66 0 0 N9.5-1.1 100 0 0 49 75 61
PV-5.1 18 39 -41 0 0 0 N9.5-1.2 100 0 0 68 46 75
PV-5.2 62 23 -23 95 -9 81 N9.5-1.3 100 0 0 94 -10 91
PV-5.3 32 36 -37 66 -6 -24 N9.5-2.1 100 0 0 53 -42 13
RPP-1.1 79 31 2 49 72 48 N9.5-2.2 100 0 0 30 13 -53
RPP-1.2 79 31 2 63 57 38 N9.5-2.3 100 0 0 28 42 -48
RPP-1.3 79 31 2 76 27 60 N9.5-3.1 100 0 0 79 31 2
RPP-2.1 79 31 2 95 -9 81 N9.5-3.2 100 0 0 77 15 -14
RPP-2.2 79 31 2 67 -40 15 N9.5-3.3 100 0 0 80 -9 -4
RPP-2.3 79 31 2 73 -31 -3 N9.5-4.1 100 0 0 37 37 47
RPP-3.1 79 31 2 66 -6 -24 N9.5-4.2 100 0 0 17 22 -53
RPP-3.2 79 31 2 76 15 -14 N9.5-4.3 100 0 0 75 -37 70
RPP-3.3 79 31 2 83 18 33 N9.5-5.1 100 0 0 0 0 0
RPP-4.1 66 54 4 93 4 21 N9.5-5.2 100 0 0 62 -2 51
RPP-4.2 66 54 4 100 0 0 N9.5-5.3 100 0 0 88 0 0
RPP-4.3 91 10 2 76 0 0 Note: The L*, a*, and b* values presented in this article are the values
RPP-5.1 77 31 19 78 -32 34 in digital files.
RPP-5.2 77 31 19 49 74 60
RPPS3 o2 % > 0 0 0 The total correlation coefficient matrix is shown in
N1.5-1.1 0 0 0 49 75 61 Figure 15.
N1.5-1.2 0 0 0 68 46 75
N1.5-1.3 0 0 0 94 -10 91 REFERENCES
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