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KEYWORDS Abstract Color is an important element to consider when shaping urban characteristics. How-
City color; ever, previous studies seldom included quantitative analyses of color relationships between ur-
Urban agglomeration; ban agglomerations within proximal regions and with similar cultures to distinguish and shape
Network image; individual urban personalities. This study focused on Xiamen, Zhangzhou, and Quanzhou metro-
Clustering algorithm; politan areas, which are influenced by Minnan culture, and collected natural and cultural land-
Computer vision scape network images that collectively represent the urban landscape in China. Color extraction,

computer vision processing technologies, and clustering algorithms, such as k-means partition-
ing, hierarchical methods, and co-occurrence frequency, were applied using image recognition.
We then established an urban color database and quantified color attributes. Finally, we con-
ducted a comparative analysis of dominant colors and color combination associations in Xiamen,
Zhangzhou, and Quanzhou metropolitan areas to explore their similarities and differences and
define their characteristics. We also considered other cities of the same type for comparison.
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1. Background

1.1. Macrobackground: individual needs under the
rise of urban agglomeration

Numerous and complicated connections exist among urban
E-mail address: dingmc@xujc.com. color, local geography, history, culture, traditions, and others.
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Moreover, color is an important element of urban landscape
that intuitively represents urban image and vividly shapes
urban personality (Wang et al., 2010; Wu, 2009). However, the
long-time neglect of urban colorin China has led to the blind use
of colors, particularly the large-scale abuse of traditional colors
in cities. This disregard of urban color ultimately resulted in the
convergence of urban colors and loss of urban characteristics
(Dongetal., 2011; Wang, 2017; Day et al., 2013). Chinese cities
have gradually shifted from "disorderly expansion” to “direc-
tional renewal.” Urban color planning has been extensively
explored and applied mainly to a selection of cities to renovate
and reconstruct their buildings and street style (Zhang et al.,
2014; Lu et al., 2019; Zhu et al., 2020) and shape the regional
culture (Mehanna, 2019; Bao and Qiu, 2018; Wang and Wu,
2013; Jeong et al., 2015; Shi et al., 2013) in this context. Con-
struction of high-quality and human-built environments has
become a common objective for urban managers and builders.
Notably, the rapid emersion of megacity groups (i.e.,
Beijing—Tianjin—Wing, Yangtze River Delta, Guangdong—Hong
Kong—Macao, and Xiamen—Zhangzhou—Quanzhou) that has
led to new characteristic images of Chinese cities is a new and
increasingly evident urban phenomenon. Integration of econ-
omy, industry, and transportation has been realized in these
megacities. Formulation of the urban landscape of a certain
city is no longer limited to itself and needs to consider any
associated sibling cities in this context. Finally, urban cultural
characteristics of sibling cities should be considered to achieve
a harmonious urban group landscape.

1.2. Current dilemma: status of urban color
collection and analysis

Verifications of urban color status quo in China are mostly
based on traditional methods, such as field investigations
and shooting. For example, historical documents and on-
site images have been collected and analyzed to determine
the formation of urban colors and local visual environment
(Dong and Xi, 2007), while field color card comparisons have
been carried out to evaluate the current city color status in
representative regions (Xu and Zeng, 2019). Furthermore,
online and offline public color cognition surveys have been
conducted for the collection of urban color subjective im-
ages and evaluations (Guo, 2020). These methods inevitably
require a considerable amount of manpower and material
resources, involve long research cycles, and fail to solve the
contradiction between refined analyses and large-scale
demands. The analysis of image color attributes showed

" RGB is a color space based on the variation and combination of
the three color channels of red, green, and blue, through which a
variety of colors can be obtained.

2 HsV (hue, saturation, and value) is a color space first proposed
by Smith (1978) and based on intuitive characteristics of colors also
known as the “hexcone model.” Color parameters in this model are
hue (H), saturation (S), and lightness (V). Hue was measured in
angle degrees, with values ranging between 0° and 360°; particu-
larly, red varied between 0° and 10° and 156° and 180°, orange
changed between 11° and 25°, yellow differed between 26° and
34°, green ranged between 35° and 77°, cyan fluctuated between
78° and 99°, blue altered between 100° and 124°, and purple
adjusted between 125° and 155°.
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that the overall tone can be summarized by referring to a
coordinate system (Tian and Xu, 2015) and described in
terms of grayscale characteristics and spatial color distri-
butions, which can be visualized in color histograms (S. O.
Abter and Abdullah, 2017). Moreover, RGB' or HSV? color
space can be decomposed to create statistical charts of
graphical attributes (Liu et al., 2016) or elaborated with an
image processing software (i.e., MATLAB) for color extrac-
tion (H. Yadav et al., 2015). These procedures mostly focus
on statistically describing single color attributes and
exclude analyses of the combination relationship between
colors. Hence, analyzing the inner logic of urban color
systems without considering diverse types and combina-
tions of colors occurring in cities is difficult.

1.3. New possibilities: network sharing of images,
computer vision, and clustering algorithms

Network images with spatial location attributes have been
widely used as open data for studies on the urban built
environment with the advent of the big data era (Bahrehdar
et al., 2020; Pantano Dennis, 2019). SegNet, histogram
equalization, and other image recognition technologies
based on the concept of “computer vision area” (Kansal
et al., 2018; Bai et al., 2020) have recently become a tool
for image quantization research due to their capability of
efficient and accurate image data processing and pixel
recognition (Long and Liu, 2017; Ye et al., 2018; L. Kennedy
et al., 2007). The combination of network images and ma-
chine learning allows large-scale and quantitative mea-
surements of urban colors. Clustering algorithms can
provide solid classification logic when a large number of
urban color analyses are carried out. This method is
commonly used for image recognition, classification, and
statistical analysis based on color and constituent elements
in the field of computer vision (Jia et al., 2019; Saglam and
Baykan, 2019; Wei and Zhang, 2020).

2. Research design

2.1. Research object and purpose

The Xia-Zhang-Quan metropolitan area, including Xiamen,
Zhangzhou, and Quanzhou cities, which are close to one
another in terms of geographical location, language, and
culture, is representative of southeastern Fujian Province
in China. Xiamen is a special economic zone and famous
tourist city, Quanzhou has a long history and an important
industrial economy, and Zhangzhou covers a vast area and
is rich in agricultural ecological resources. The general
public’s impression of the Xia-Zhang-Quan metropolitan
area relies on its cultural unity, which is blurred by
geographical differences. Achieving regional integrated
development while maintaining current urban characteris-
tics is necessary to promote social and economic integra-
tion of the Xia-Zhang-Quan metropolitan area. We explored
and analyzed similarities and differences among cities in
terms of color characteristics in this study to determine the
independent character of each city and general style of the
city cluster as well as provide a basis for refined shaping of
the brand of cities.
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2.2. Research steps

The research process includes the five main steps of data
collection, image processing, dominant color extraction,
color feature quantitative analysis, and intercity compara-
tive research (Fig. 1). Travel websites are active platforms
that showcase cities on the Internet and used as sources of
image data for the construction of a city color library. Deep
learning-based image recognition technologies, such as
image semantic segmentation based on SegNet and histo-
gram equalization based on Python, were used to enhance
image effects and reduce the color interference in image
processing. The k-means secondary clustering was then used
to extract image dominant color features and build a library
containing dominant colors on the basis of the corresponding
HSV color space. Moreover, we analyzed characteristics of
urban colors on the basis of group co-occurrence and a
cohesive hierarchical clustering algorithm. Finally, the three
cities of the Xia-Zhang-Quan metropolitan area with similar
geographical locations and regional cultures were investi-
gated using horizontal comparative analysis.

2.3. Image data collection and procession
1. Image data collection

Travel websites® in China, such as Ctrip, Mafengwo, and
Qunar, are important network information platforms that
have been used by people as a reference for planning trips in
recent years. A large number of tourists share their knowledge
concerning cities through text and pictures on the Internet.
Accordingly, these websites can be used as major platforms
for the acquisition of information about the appearance of
cities. We selected all pictures of Xiamen, Zhangzhou, and
Quanzhou from corresponding official tourism websites to
ensure the objectivity of pictures used in this work and
represent the investigated cities to a large extent. Notably,
the number of submitted photos for the three cities reached
38,985, 12,140, and 22,581 on March 5, 2020. We considered
the impact of touristic popularity on the number of photos
shared and the issue of repetitive photo content. The top 30
scenic spots were selected as the main research objects of our
investigation. The top 100 pictures of each scenic spot were

3 Ctrip: www.ctrip.com; Mafengwo: www.mafengwo.com; and
Qunar: www.qunaer.com.
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Diagram of the technical route analysis.

chosen (3000 pictures of each city) for a total of 9000 pictures.
The content of selected pictures includes important elements
of city images, such as their rural landscape, urban landscape,
and landmark historic buildings.

However, the selected pictures also contain additional
and miscellaneous information. Hence, the results strictly
depend on researchers’ interpretation of picture content
and ability to exclude undesirable elements, such as
maps, activity scenes, and advertisement signs. Finally,
6000 pictures were selected, with 2000 of the most pop-
ular pictures of each city, and used in this study. All
picture materials were saved and processed in one day
due to the continuously changing nature of the Internet
(Fig. 2).

2. Image data procession

Preprocessing of images during the collection of image
materials through computer-aided means was necessary to
determine the overall image of each city from pictures and
display their colors accurately. Image preprocessing was
mainly divided into two steps.

e Research-worthy information was extracted from images
to reduce the influence of factors that cause color
interference. Notably, the color of the sky changed
considerably over time due to varying weather, seasons,
and other conditions. We excluded the sky from analyses
because it typically occupies large areas of images and
exert a serious impact on the calculation results. Natural
elements, such as green spaces and water bodies, are
important components of urban color images given that
large differences must be considered between urban
geographical and ecological environments. A semantic
segmentation  algorithm based on SegNet (V.
Badrinarayanan et al., 2017) was used to recognize
different elements in images, such as sky, buildings, and
green spaces. The corresponding results were used as the
base to identify refined architectures and allow both
environment recognition and optimization extraction.
Histogram equalization was used to achieve image
enhancement (Voronin et al., 2018). Grayscale and blurring
problems linked to illumination intensity and imaging
quality were removed to improve the local contrast and
brightness of images. However, the overall contrast of
images remained unaffected and the interference caused
by image color recognition reduced.
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3. Analysis of urban dominant colors based on
k-means clustering

Urban colors are generally divided into artificial and natu-
ral. Urban dominant colors represent the sum of all colors
of objects exposed in urban public spaces (e.g., buildings,
vegetation, and infrastructure).

3.1. Establishment of an urban color category
database

The extraction calculation of each city’s dominant colors
was carried out by considering the color of pixels in city
images and the respective composition ratio. We selected
the HSV color space as the basic color context to achieve a
“physical space—computer—visual perception” and quan-
tify colors seen by the human eye. Notably, this color space
is close to the human being’s perception of color and
description methods. The Python platform and the k-means
algorithm were used to conduct full-pixel clustering of each
city image. The specific procedure is described as follows.

e TMmain color clusters of 10 classes were included in a
single picture (10 = number of colors to be extracted).
Threshold values between 4 and 10 indicated a level of
color abstraction close to that of the human visual
space.

e Remaining data objects were assigned to clusters with
highly similar centers. Similarity level is usually repre-
sented by the “distance” of cluster centers.

e The center of each cluster was recalculated after
completing the distribution of objects. These steps were
repeated multiple times and reached a maximum num-
ber of iterations. The results of each cluster showed no
significant changes once the number of iterations
exceeded 10.

e Characteristic colors of each city image were determined
through calculations. Particularly, 10 colors can be ob-
tained from each picture through clustering calculations
while nearly 20,000 colors can be obtained for each city
from 2000 images. All these colors reflected the overall
color image of the corresponding city (Fig. 3). In addition,
ratios and quantity of city colors were obtained at the
same time to provide a basis for further analyses on the
relationship between city colors.

3.2. Extraction of dominant urban colors

e Main color clusters of 10 classes were included in color
category databases of Xiamen, Zhangzhou, and Quanzhou
to determine 10 dominant colors for each city.

e Data of 20,000 colors collected for each city were assigned
to clusters with highly similar centers, and a k-means
secondary clustering extraction was conducted.

3.3. Dominant color analysis for the Xia-Zhang-
Quan metropolitan area

We identified 10 representative colors through k-means
secondary clustering extraction of the color database of
the Xia-Zhang-Quan metropolitan area. Their respective
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proportions in each city were also extracted (Fig. 4). We
then compared the hue, lightness, and saturation of
representative colors according to the HSV color space
information and considered the Munsell color value dis-
tribution (Fig. 5). Proportions of dominant colors in Xia-
men and Zhangzhou showed a trapezoidal decline. This
finding indicated that their proportions in Xiamen and
Zhangzhou were clearly different although only 10 colors
dominated both cities. Specifically, cool colors (e.g., light
gray—white and light gray—blue) were more abundant in
Xiamen, while neutral colors (e.g., gray and gray—brown)
were abundant in Zhangzhou. Overall, these two cities
were mainly represented by blue, orange, and green. By
comparison, Quanzhou showed a balanced proportion and
distribution of dominant colors, such as light gray—yellow,
dark brown, yellow—brown, and other colors. The overall
trend indicated a predominance of warm colors, such as
orange—red.

The comparison of color attributes of Xiamen, Zhang,
and Quan demonstrated clear homologies. Overall, their
colors were concentrated between the YR—GY and BG—B
color systems.“ Each two adjacent positions were divided
into 10 equal parts to obtain a total of 100 parts, and the
hue interval was uniformly distributed. However, colors
pertaining to the same color system showed significant
differences between cities in terms of proportion,
lightness, and saturation. Color images of Xiamen mainly
include the sea, plants, and modern buildings and are
characterized by low saturation, high brightness, light
red to light blue hues, and an overall pleasing effect to
the eye that provides an impression of brightness and
elegance. Color images of Zhangzhou were instead
characterized by low saturation, low lightness, and a
yellowish to blue—green hue. Overall, solid-colored and
plain images provided the impression of a clam environ-
ment. Finally, color images of Quanzhou were charac-
terized by low saturation, moderate lightness, and an
orange—red to earthen yellow hue that provides an
overall impression of warmness and simplicity. We
investigate differences between cities in terms of color
images to explore tie-in relationships among the 10
dominant colors further.

4. Analysis of city color combinations based on
co-occurrence clustering

4.1. Establishment of the clustering formula

A color correlation analysis was carried out on the basis of
10 dominant colors previously identified for each city. First,
we calculated how many of the 2000 images showed pairs of
colors that appear simultaneously and then set the corre-
lation degree between two colors as the sum of the number
of coappearing images. Second, we calculated an

4 Hue is part of the Munsell color system, where a 360° color ring
is divided into five main colors that blend into one another and
create five intermediate colors (R: red, YR: red—yellow, Y: yellow,
GY: yellow—green, G: green, BG: green—blue, B: blue, PB:
blue—purple, P: purple, and RP: purple—red).
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Fig. 3  Popular scenic spots in
adjacency matrix on the basis of correlation degrees be-
tween the 10 dominant city colors. Third, the visual image
of the correlation intensity and its relationship between
colors was calculated and plotted in the Python platform
according to the adjacency matrix. Finally, the tree clus-
tering algorithm in the SPSS statistical software was used
for data processing and determining the topological struc-
ture and hierarchical network of each city’s color images.
The formula applied in this study is as follows:

(1) Constructing urban dominant colors’ adjacency ma-

trix Qn

If colors i and j appear in the same photo at the same
time, then they demonstrate co-occurrence association. We
record number 1 as one time. N;; represents the amount of
co-occurrence of colors i and j in the city image database
and reflects the degree of correlation between colors i and j.
Accordingly, 10 dominant colors of each city are selected as
analysis objects, where i = {1,2,3, ,103, j = {1,2,3, ...
...,10}, and i#j.

Xiamen, Zhangzhou, and Quanzhou.

0 Nz Ng3 Ny;
Ny 0 Nyz Nyj

Qv= N3y N O Ns; (1)
Ni Np N Nij

(2) Calculating the correlation intensity T;; of urban
dominant colors

The correlation intensity between colors i and j is sig-
nificant after repeated calculation only when N;; > 50. We
set M;; as the associated weight of colors i and j, where
Mij = Nij if N,'j > 50 and Mij = 0if Nij <50. Nij refers to the
amount of combinations of dominant colors with the sig-
nificance to measure the correlation intensity, where
i=1{1,2,3, ,103, j = {1,2,3, ,103}, and i=j.

(2)

T,'j = N,‘j X
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The SPSS statistical software was used for data pro-
cessing. We determined the topological structure and the
correlation strength among 10 dominant colors to recreate
a co-occurrence cluster tree diagram and a hierarchical
network on the basis of city color images.

4.2. Color correlation intensity in the Xia-Zhang-
Quan metropolitan area

A color correlation line directly reflects the intensity of the
interaction between two city colors (i.e., level of relation-
ship between them). The number of dominant color corre-
lation lines identified for Xiamen City was 33, with an
average correlation intensity of 270. The correlation in-
tensity between colors presented an evident normal uniform
distribution at both poles. Six-tenths of main colors of the
city were closely related to white—gray and presented high
association intensities (particularly “white grayish light
blue” and “white grayish blue gray” that correspond to in-
tensities of 480). By comparison, only slight differences exist
in association intensities of other color combinations. Xia-
men’s urban colors were mainly represented by white and
gray, while regional characteristic colors were orange and
red and environmental characteristic colors were blue and

Zhangzhou Dominant Color Ratio

Quanzhou Dominant Color Ratio
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Distribution of the HSV color space in the Xia-Zhang-Quan metropolitan area.

green. These colors were considered auxiliary colors in the
city color system. Overall, the color matching for this city
was balanced and highlighted (Fig. 6).

The number of color correlation lines identified for
Zhangzhou City was 31, with an average correlation strength
of 240. Notably, color combination types identified for this
city were less than those of the previous one and the cor-
relation strength was relatively low; in addition, color com-
binations with stronger correlation intensities were mostly
concentrated around “light gray” (“light gray—light brown”
showed the maximum correlation intensity of 510), while
correlation intensities of other color combinations were
considerably lower. The image expression of urban colors of
Zhangzhou was unclear but presented evident tonal prefer-
ences. Earthy colors (e.g., earth brown and gray) predomi-
nated the entire city, with random co-occurrence frequency
of other dominant color combinations.

Quanzhou showed 38 color correlation lines, with an
average correlation intensity of 330. This city presented
numerous dominant color combinations with similar correla-
tion intensities. More than 60% of color combinations exhibited
above-average correlation intensities, while the remaining
color combinations demonstrated significantly lower in-
tensities. This finding indicated a strong polarization of urban
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color correlation lines. The strongest color correlation for this
city was “orange—red—light red” (750) and the co-occurrence
frequency was significantly higher than that of the two other
cities. Although characteristic colors of Quanzhou City in
southern Fujian account for only a small proportion, this city’s
colorcombinations were extremely evident. In this case, urban
color combinations were evenly distributed among light gray,
yellow—gray, light brown, dark brown, and gray—black instead
of being concentrated in a single color system.

This analysis suggested that Xiamen, Zhangzhou, and
Quanzhou show clear differences in the type of correlations
and correlation intensities despite their homologous color
systems. Quanzhou showed particularly evident urban color
combinations and a large variety of color distributions while
Xiamen and Zhangzhou presented a strong dominance of
one or two color combinations from the perspective of color
matching. Xiamen showed a balanced distribution of urban
environmental and architectural color combinations while
Zhangzhou and Quanzhou demonstrated a predominance of
urban architectural color combinations from the perspec-
tive of color types. Notably, urban colors of Quanzhou
better reflected the regional architectural color combina-
tions compared with those of Zhangzhou.

4.3. Color hierarchy network for the Xia-Zhang-
Quan metropolitan area

City colors were divided into levels 1 (0-5), 2 (5—10), 3
(10—15), 4 (15—20), and 5 (20—25). A high color levelindicates
significant corresponding colors in the context of urban color
building. The co-occurrence clustering dendrogram of the Xia-
Zhang-Quan metropolitan area in the network image showed
different color hierarchical relationships (Fig. 7). Quanzhou
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Comparison of color correlation intensities in Xia-Zhang-Quan metropolitan area.

City showed distinct dominant color hierarchies, with all levels
uniformly distributed and a stable hierarchical structure from
the perspective of hierarchical distribution. By comparison,
Xiamen and Zhangzhou presented an unstable color hierarchy.
For example, the majority of Zhangzhou’s dominant color
levels were low and presented central dispersion. The five
color levels in Xiamen and Zhangzhou all corresponded to
gray—white and these cities exhibited the maximum propor-
tion of dominant colors from the perspective of color force.
Meanwhile, Quanzhou was dominated by orange—red and
showed the third lowest proportion of dominant colors. Color
clusters of Quanzhou were mostly hierarchically layered
within the same color system or among similar colors while
those of Xiamen reflected the combination and classification
of color brightness (from light to dark) from the perspective of
hierarchical network combination. Finally, color clusters of
Zhangzhou were scattered and unorganized.

These results indicated that Quanzhou develops a color
combination system with hierarchical rules and stable
characteristics through its architecture and built environ-
ment. Notably, its primary and secondary colors appeared
to be fixed and theme colors were clear. These elements
were generally reflected in color images of its buildings to
show a vivid and distinct regional architecture. Xiamen’s
urban color hierarchy system clearly appeared to be under
construction and development, as indicated by the uneven
distribution of levels obtained through color matching.
Therefore, the crucial architectural and environmental
colors, combinations and matching of theme and auxiliary
colors, and other characteristics are still unclear for this
city. Moreover, the overall color image of this city is sub-
jected to the influence of buildings, which accounts for the
majority of background colors, and results in partially
blurred urban characteristics. Compared with those of the

ical clustering
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first two cities, the urban color hierarchy system of
Zhangzhou was clearly polarized. Some color relationships
were identified within color systems, but irregular color
combinations were also observed. Additionally, overall hi-
erarchical relationships were loose and clear urban color
relationships were undetected.

5. Conclusion and outlook

5.1. Comparison of urban color characteristics in
the Xia-Zhang-Quan metropolitan area

The results of this study clearly reflect similarities and differ-
ences of color statuses among cities based on color quantifi-
cation. Colors of Xiamen, Zhangzhou, and Quanzhou
influenced by culture, environment, urban constructions, and
other factors clearly showed some common elementsas well as
combination differences. Colors and phase intervals of Xia-
men, Zhangzhou, and Quanzhou were basically the same but
differences in proportions of color systems as well as the color
lightness and saturation were unclear from the perspective of
color properties. Dominant color properties of cities were
significantly influenced by built and natural environments, and
the composition of their color systems depended on different
regional cultures. Color combinations of the three cities
demonstrated high overlap rates, but evident differences
existed in hierarchical relationships and the number of color
combinations. For example, Quanzhou showed a mature color
hierarchy network and diverse colors. Additionally, urban
colors of Xiamen and Zhangzhou were affected by the
geographical environment and their combination of colors
showed unstable relationships with only one dominant color.
Hence, we can infer that color combinations in urban and
building environments must be considered to attain a defined
color network although Xiamen is characterized by a “bright
and refreshing” color impression. Although Zhangzhou is sur-
rounded by diverse natural features and world cultural heri-
tage architectural attractions, improving its color suggestions
and the organization of the color impression in its main urban
areas is still necessary. The results of our study can provide a
solid base for the improvement and construction of the human
settlement environment in these three cities.

5.2. Prospects and shortcomings

We introduced a new urban color research plan based on the
comparison and exploration of cities included in the Xia-
Zhang-Quan metropolitan area. The results of our study
proved that the proposed research method is feasible and
reasonable. However, our study presents certain limitations
due to limited data sources and research techniques at
present. Notably, network pictures are affected by multiple
complex factors, such as photographer, shooting time,
environmental status, and image processing, and completely
eliminating the color calibration deviation associated with
image types is difficult. Therefore, exploring new intelligent
learning algorithms is necessary to improve the accuracy of
color recognition further. The scope of research will be
expanded and the number of research objects will be
increased in future investigations to explore the improve-
ment space of research algorithms comprehensively.
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