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Abstract: Precise urban fagade color is the foundation of urban color planning. Nevertheless, existing
research on urban colors usually relies on manual sampling due to technical limitations, which brings
challenges for evaluating urban fagade color with the co-existence of city-scale and fine-grained
resolution. In this study, we propose a deep learning-based approach for mapping the urban facade
color using street-view imagery. The dominant color of the urban facade (DCUF) is adopted as an
indicator to describe the urban fagade color. A case study in Shenzhen was conducted to measure
the urban facade color using Baidu Street View (BSV) panoramas, with city-scale mapping of the
urban fagade color in both irregular geographical units and regular grids. Shenzhen’s urban facade
color has a gray tone with low chroma. The results demonstrate that the proposed method has a high
level of accuracy for the extraction of the urban fagade color. In short, this study contributes to the
development of urban color planning by efficiently analyzing the urban fagade color with higher
levels of validity across city-scale areas. Insights into the mapping of the urban fagade color from the
humanistic perspective could facilitate higher quality urban space planning and design.
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1. Introduction

With the increasing demand for urban sustainability and quality-of-life, it has become
important to understand the relationship between urban color and environmental, recre-
ational, and aesthetic conditions within urban areas from a humanistic perspective [1,2].
Modeling urban color is a major urban design element when planning urban spaces [3,4].
Urban fagade color is a fundamental component in the cityscape, providing urban residents
with unique visual experiences and spatial environment perception, which affect residents’
emotions and behaviors [5,6].

Urban facade color planning has been a common practice in European cities since the
late 1960s [7-9] and China has focused on planning the urban fagade color and rooftop
color since the year 2000 [5]. Urban color planning does not mean unifying urban buildings
into one color, but rather providing guidelines for color use to enable color harmony in
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the urban area. When designing new buildings or renovating old buildings in the city, the
color environment formed by the surrounding buildings needs to be considered [10].

The color survey to reveal the cityscape color is vital in urban color planning. The
general process of urban color planning contains several steps: (1) conduct the color survey
in the target area; (2) determine the dominant color of the target area; (3) provide the
guideline of color use with recommended and prohibited color chromatograms for the
target area [11]. Traditional measurement of the urban facade color is mainly through
field surveys, with color charts or spectrophotometric instruments (e.g., a colorimeter or
a spectrophotometer). Color charts have been used to measure the urban fagade color
based on the observer’s visual inspection of sampling areas [7,12]; however, measuring
the urban facade color with color charts is highly subjective, relying on the observer’s
personal visual experience. Spectrophotometers and colorimeters are applied to record
color measurements on-site, based on results of sampling locations [13,14].

Image-based methods have been developed in recent years to assess the urban fagade
color, with the rapid development of digital image processing technologies [15,16], and
have been implemented by analyzing the urban color characteristics based on the dominant
colors of digital images taken from sampling sites [17]. Urban facade color measurements
with image-based methods rely heavily on manual image acquisition, which is time-
consuming and labor-intensive. Image-based methods are suitable for the assessment of
the urban fagade color on a small scale; however, when measuring the urban facade color
at the city scale, it is difficult to collect a sufficient number of images covering the whole
city area, due to limitations imposed by field survey costs.

Street-view imageries, such as Google Street View, Baidu Street View (BSV), and
Tencent Street View, are new data sources for quantifying urban physical features and
human activities [18,19]. The use of street-view imageries has been applied for investigating
the relationship between street greenery and physical activity [20], mapping the spatio-
temporal distribution of solar radiation [19], and estimating pedestrian volume [21]. Many
studies have focused on accessible green and blue spaces, which are often advocated
as significant design elements in the planning of urban spaces [4], but few studies have
conducted mapping the urban facade color at the city scale.

There is a trend to incorporate street-view images with deep learning to express and
analyze the urban physical environment on a wider scale [22,23]. The success of deep
learning and computer vision has provided new opportunities for urban planners and
modelers to understand cities with machine eyes [18]. Artificial intelligence technologies
have the potential to efficiently identify characteristics from street-view imageries [24].
Semantic image segmentation based on deep learning, such as SegNet [25] and DeepLab
V3 [26], has been applied for the automatic recognition of urban elements from massive
street-view imageries [27].

Large-scale, fine-grained mapping of the urban fagade color from a humanistic per-
spective is the foundation of urban color planning. China’s urban planning dilemma is
that urban color planning can be effectively carried out at the block level but is difficult to
implement at the city level. One of the reasons for this is that the traditional measurement
of urban facade color is mainly conducted by field surveys with color charts or spectropho-
tometric instruments. However, this method is challenging to adapt to the macro-scale
urban color planning of Chinese cities. This study’s main objective was to develop a
quantitative analysis method for mapping the urban fagade color at the city scale. The city
of Shenzhen, China, was adopted as an example of mapping the urban facade color and
the study is expected to provide a feasible deep learning-based method for quantifying the
large-scale urban fagade color from street-view imageries.

The remainder of the paper is organized as follows. Section 2 introduces the study
area and methodology, focusing on the research framework and technical process of
quantitatively extracting the DCUF from massive street-view imagery. Section 3 presents
the results of urban fagade color mapping at the block level and regular grid scale, analyzing
the spatial distribution characteristics of Shenzhen’s urban facade color at the city scale.
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Section 4 discusses the pros and cons of the proposed automatic measurement of the urban
fagade color at the city scale, supported by deep learning-based algorithms. Section 5 gives
the conclusions of this research.

2. Materials and Methods
2.1. Study Area

This study was conducted in Shenzhen, Guangdong Province, China (Figure 1).
Shenzhen is a megacity, with a resident population totaling 13.026 million at the end
of 2018, and has nine administrative districts and one new management area, covering a
total area of 1997 km?. Shenzhen has always been one of China’s pioneer cities for innova-
tive urban planning. Design research has focused on improving the human-centric quality
of the built environment [28]. Choosing Shenzhen as a pivotal case on a city-scale mapping
of urban fagade color using street-view imagery can guide future urban color planning.
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Figure 1. Location of case study area: Shenzhen, China.

2.2. Dominant Color of the Urban Facade (DCUF)

Using the dominant color as a color descriptor is not a new method. For example, the
MPEG standard defined the dominant color descriptor (DCD) as an effective and intuitive
quantification factor for expressing image dominant color attributes [29]. The DCD has
been widely applied in image classification, image retrieval, and other fields [30,31]. There
are some common DCD quantification methods, including the basic histogram-based
method and the clustering-based method [32-34].

In this study, the dominant color of the urban facade (DCUF) is proposed as a color
descriptor for describing the representative color of the urban fagade in an image. The
DCUF contains numerous dominant colors in urban fagade images. For each dominant
color (C;) in the DCUE, the percentage of pixels (F;) in the image area of the urban facade
of the color cluster corresponding to C; is used to describe the weighting of the dominant
color (C;). The DCUF of an image can be defined with Equation (1):

DCUF(I) = {{C;,P;},i=1,...N}, )

where N refers to the number of dominant colors in the urban fagade image I.

There are thousands of color values in an image; therefore, the extraction of the
DCUF needs to divide the set of pixel values into several color clusters. Each pixel’s
color information in the urban facade’s image area can be expressed as a point in the hue,
saturation, value (HSV) three-dimensional color space. The dominant color of the image
can be extracted through cluster analysis of the scattered points in the HSV color space.
For the simplicity and feasibility, this study adopted K-means clustering to identify the
color clusters for the extraction of the DCUF [32,33]. K-means clustering is one of the
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most common methods to partition the data space into clusters. K-means is a method that
iteratively divides observations into K categories based on minimizing the error function.
In this study, we deliberately set the number of color clusters to be four, as previous
studies have found four clusters are significant enough in typological development, and
correspond to people’s color abstraction of visual space [16].

The results of the K-means clustering of the colors of the urban facade images need to
be matched to the color classification standard. The Chinese Building Color Card (CBCC) is
the combination of 1026 colors that are defined in the China National Standard GB/T18922-
2008 on methods of color specification for architecture. In practice, the CBCC-240 is
intensively used in urban color planning, as it is more convenient and practical than the
CBCC. The Chinese Building Color Card 240 (CBCC-240) selects 240 commonly used
architectural colors from the 1026 colors in the CBCC. In this study, the CBCC-240 is used
as the color classification standard for color matching.

The Euclidean distance of HSV was applied to match the results of the K-means
clustering colors of the urban fagade images to the 240 standard architectural colors defined
in CBCC-240. The implementation steps are as follows:

1.  Asthe CCBC-240 uses the Munsell color system to represent the color, the Munsell
color codes of the 240 standard colors are converted to the HSV color space to obtain
the corresponding HSV values of the 240 standard colors.

2. The K-means clustering of the colors of the urban fagade images is matched to the 240
standard colors in CBCC-240, using the smallest Euclidean distance (d) between the
HSV values. The Euclidean distance between the HSV value of a K-means clustering
color and the HSV value of the 240 standard colors in the CBCC-240 is calculated
using Equation (2) [35]:

d = ||(vscos(27th), vssin(27th),v) — (v's'cos(27th’), v's'sin(27th’), )|, ()

where (1, s, v) is the HSV value of the K-means clustering color, and (//, s, ') is that of the
CBCC-240 sample colors. The value range of each color channel is normalized to [0, 1].

Figure 2 shows a flowchart to illustrate the extraction of the dominant color of the
urban fagade (DCUF) from the street view image at a location. This flowchart has three
parts, including (1) Street-view imagery acquisition; (2) Building facade extraction via
Deeplab V3+ model; (3) Dominant color extraction from building fagade. Details of the
implementation are explained in the following sections.

Sampling at 20 m interval o .
OSM road network ————  Sampling sites Baidu map server

Image crawling

Baidu panoramic images

Street-view imagery acquisition

Color space conversion

DeepLab V3+ model ‘ Baidu ic image CIELAB color space

Semantic image segmentation | | Shadow detection
Building fagade segmentation ‘ Shadow in building fagade image
| Clip |
Building facade extraction
via DeepLab V3+ model Building fagade image without shadow
T
1
K-means clustering :
( 1 Equidistant azimuthal projection ( .
‘ Dominant color graph T | Spherical image
| Area computation
Clustered colors Color weights
Dominant color extraction Dominant color of urban fagade ‘
from building facade (DCUF)

Figure 2. Flowchart of determining the DCUF from the street view image at a location.
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2.3. Baidu Street View (BSV) Panorama Acquisition

The BSV panoramas were automatically crawled based on the locations of the sam-
pling points and the Baidu Map Application Programming Interface (API) service. Open-
StreetMap (OSM) is a collaborative project to create and provide free geographic data. The
road network in the study area was derived from OSM (https:/ /www.openstreetmap.org/,
accessed on 11 April 2021) with Python scripts. The sample locations were generated at
intervals of 20 m. A total of 231,758 sample points were generated based on the simplified
road network from OSM. Figure 3 presents the illustration of the sampling points on
the road network, with a randomly selected area that has been magnified. The latitude
and longitude coordinates of the sampling points were used as the major parameters for
crawling the BSV panoramas via the Baidu Map APIL.

Road - Water |:| Shenzhen

1
e Sampling Phint
1

J .

5 3
v
N
—————— -—»
0 500 1000 m 3 0 100 200m
T ) L |

Figure 3. Sampling points collected across the road network of Shenzhen.

The BSV panoramas were captured by cameras mounted on Baidu street-view vehicles
from a height of 2.5 m. The Baidu Maps Open Platform API provides a service for street-
view image query and this was downloaded. By defining URL parameters sent through
a standard HTTP request, users can access and obtain a panoramic image of a specific
image’s collection point [27]. When making an HTTP request, it is necessary to provide the
location, Field of View (FOV), heading, pitch, and other information for image retrieval. In
this experiment, the parameters are unified as: image size 1024 x 512, FOV = 360°.

Where the APIKEY is the user’s access key, WIDTH and HEIGHT are the width and
height of the street-view image, LAT and LON are the latitude and longitude coordinates
of the sampling point, and FOV is the horizontal range. In this study, the image size of the
BSV panorama was set to 1024 x 512, and the field of view (FOV) was set to 360°.

The image quality of the BSV panoramas varies with environmental factors such as
the atmosphere and climate, which affect the accuracy of semantic image segmentation
and further impact the color feature extraction [36]. Therefore, the original BSV panoramas
need to be pre-processed to refine the quality of the images. The images were detected to
find out the ones with color shift and abnormal brightness. Then, white balance algorithm
and Gamma correction were used to correct the color shift and brightness, respectively.
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2.4. Extraction of the Urban Fagade from BSV

The image area of the urban facade needs to be extracted from the BSV panoramas.
In this study, the semantic image segmentation based on the DeepLab V3+ model was
used to extract the urban facade. Next, the image shadow detection method based on the
CIELAB color space was used to detect shadow areas [36-38]. The identified shadow area
was removed from the image of the urban facade to mitigate the effect of shadow on the
extraction of the DCUF.

2.4.1. Deep Learning-Based Extraction of the Urban Facade

DeepLab V3+ was used to extract the urban facades from the street-view images
automatically. DeepLab is a series of open-source semantic image segmentation models
based on the Convolutional Neural Network (CNN) using TensorFlow, which can be
applied for image pixel-level classification [26]. The Cityscapes Dataset is a benchmark suite
and large-scale dataset for semantic urban scene understanding, including a comprehensive
range of complex urban street scenes from 50 different cities [39]. The DeepLab V3+
model trained with Cityscapes has been proven reliable in semantic image segmentation
applications [40,41]. This study used the Cityscapes dataset to train the semantic image
segmentation model to extract the urban fagade.

Figure 4 is an illustration of the urban fagade extraction from the BSV panorama.
The semantic image segmentation model divides the image into several segmentations
(Figure 4b). The urban fagade image is then extracted by using the segmented urban fagade
boundary to clip the street-view image (Figure 4c). To further improve the urban fagcade
extraction results, both closing and erosion algorithms were adopted to refine the building’s
edge by removing the fragmented areas [42].

C))

Figure 4. An illustration of the urban facade extraction from street-view imagery with the deep
learning-based method. (a) An example of a BSV panorama in the study area, (b) results of semantic
image segmentation with red polygons indicating the image area of the urban fagade, (c) results of
the extracted urban facade image.
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2.4.2. Shadow Detection of the Urban Fagade Using CIELAB Color Space

Shadow areas will appear on the image if the incident light source is blocked by
an opaque object when the imaging device collects the image. Shadows cause uneven
brightness and darkness of urban fagade images. The distortion of image color information
will ultimately lead to errors in the extraction of dominant colors. An image shadow
detection method was adopted based on the CIELAB color space to eliminate the influence
of shadows on the extraction results of DCUF [38,43]. There are three color channels in the
CIELAB color space, namely L, A, and B. Channel L represents brightness, and the channel
L values are in the interval of 0 to 100. Channel A and Channel B are the other two color
channels in the CIELAB color space, with values in the range of 128 to 127. As the shadow
is darker than the surrounding environment, the pixel’s channel L value in the shadow
area is significantly lower than that of other pixels, while the channel B value is smaller.
Setting a threshold considering the combination of L and B channels can effectively detect
the shadow area.

The street-view images were converted from HSV color space to CIELAB color space.
The L, A, and B values are normalized to [0, 255] to eliminate the effect of inconsistency.
The shadows were detected according to Equation (3) [43]:

1 < mean(A) + mean(B) < 256,L < meanL — std(L)/3 >
5 "\ or mean(A)+ mean(B) > 256, mean(L) + mean(B) < 200 3)
0 ( mean(A) + mean(B) < 256, L > mean(L) — std(L)/3 ) ’
"\ or mean(A)+ mean(B) > 256, mean(L) + mean(B) > 200

where S represents the shadow detection result, with 1 for a shadow pixel, and 0 for a
non-shadow pixel. The mean(L), mean(A), and mean(B) values represent the average value
of all pixels in a single image in the three channels of L, A, and B, respectively. The std(L)
value represents all pixels” standard deviations in a single image in the L channel.

The shadow detection result of a street-view image is shown in Figure 5. Figure 5b is
the shadow detection result on the extracted urban fagade image. The detected shadow
area will be removed from the extracted urban fagade image to eliminate the effect of
shadows on the extraction of the DCUF.

(@)

(b)

Figure 5. An illustration of shadow detection from a street-view image. (a) An example of BSV
panorama with shadow, (b) the shadow detection result on the extracted urban fagade image.
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Panorama image

The error of the results of dominant color evaluation increase when the proportion
of shadow areas is changed. At present, to eliminate the effect of the shadow area on the
extraction of DCUF from street-view images, we chose to delete pixels of the building
facade in the shadow area and use those image pixels of the building facade not in the
shadow area to extract DCUF. Under some specific circumstances, the street view images
collected at some sampling points are not suitable for evaluating urban facade color. In
this study, when the number of pixels of the building fagade not in the shadow area is less
than 5000, the evaluation is stopped. The threshold value 5000 is determined arbitrarily
according to the opinions of the experts in urban planning. Future work is needed to
develop a more sophisticated algorithm to determine the threshold value.

2.5. Determination of the Weight of the Dominant Color in the DCUF

In addition to the colors obtained by clustering, each color’s weight needs to be calcu-
lated to construct the DCUF. The commonly used method is to determine the color weight
by calculating each color’s pixel area’s proportion. From a human-oriented perspective, the
human perception of natural scenes is based on a spherical surface rather than a plane. The
original BSV panorama downloaded via the Baidu Maps Open Platform API is in the form
of an equidistant cylindrical projection, and is a plane projection (Figure 6a). Therefore,
BSV panoramas need to be transformed from plane projection to spherical projection. BSV
panoramas were converted from an equidistant cylindrical projection to an equidistant
azimuthal projection to create a spherical image [19].

Cylindrical projection

Spherical projection

(@150

s Vint) building

(¢.0)

(b) Schematic of projection calculation

Figure 6. The geometrical transform of equidistant cylindrical projections. (a) An illustration of the transformation of a
panorama image into a spherical projection, (b) schematic of the transformation from an equidistant cylindrical projection

to an equidistant azimuthal projection.
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Figure 6b illustrates the geometric model of transforming equidistant cylindrical
projections into equidistant azimuthal projections. Each coordinate on the result spherical
image can be calculated with Equation (4):

0, — 0.5H—y; _ mH-2my;
1 r - W (4)

L Xp _ 2mx; ’
(Pl r W

where (x;,y;) is the corresponding coordinate of (¢;, 0;) on the cylindrical panorama; H
and W are the height and width of a cylindrical panorama, respectively; r is the radius of
the spherical image, which should be r = W /2.

Then, each pixel area A; and solid angle (); in a spherical image can be calculated
with the Equations (5) and (6) [19,44]:

$iv1 O
A= / dg / cos 66 ®)
[ 0;
A div1 i1
o =5 = / dg / cos 646, ©)
¢i 0;

where (¢;, 0;) is the coordinate on the cylindrical panorama.

All pixels of the same color were counted based on the spherical image to determine
the weight of the dominant color in the DCUEF. The color weight is arranged in descending
order to realize the extraction of the DCUF, and construct the DCUF database.

The extraction results of the DCUF at three sampling sites are shown in Figure 7. For
example, as shown in Figure 7a, four dominant colors, ¢y, ¢y, c3, and c4, were extracted from
the BSV panorama collected at the sampling location. The corresponding weights of the
dominant colors ¢y, ¢y, c3, and ¢4 in the DCUF were 0.32, 0.26, 0.25, and 0.17, respectively.

(a)

Color | Weight HSV Code Munsell Color Code
0.35 | (21,0.22,0.69) 6.9YR 6.5/2
0.31 (11, 0.43,0.62) 0.6YR 5/4.8
0.31 (7,0.03,0.93) 9.4RP 9/1
0.03 | (30,0.01,0.94) 7.5GY 9/1
(b) Color | Weight| HSV Code | Munsell Color Code
0.37 [(333,0.07,0.51) 2.5RP5.5/1
0.34 |(351,0.04, 0.67) 3.8RP7/1
0.23 (8,0.18, 0.51) 8.8R 5/1.6
0.06 |[(210,0.07,0.92) 7.5PB 9/1.6
(c) Color | Weight HSYV Code Munsell Color Code
Cu 0.32 | (82,0.06,0.75) 7.5GY 7.5/1
cz 0.30 | (30,0.01,0.94) 7.5GY 9/1
cs 0.25 |(202,0.06,0.74) 10B 7.5/1
Ca 0.13 |(200,0.03,0.91) 1.3P9/1

Figure 7. The extraction result of DCUF of three sample BSV panoramas. (a) An illustration of the
BSV panorama and the corresponding four dominant colors in the DCUF, (b) the extraction results of
four dominant colors in the DCUF at another sampling site, (c) the illustration of the four dominant
colors in the DCUF at the third sampling site.
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The DCUF data structure was developed to manage the DCUF extracted from massive
street-view imageries efficiently. The DCUF data structure is shown in Table 1. “ID” is
the unique identifier of the DCUF extracted at the sampling location. The geographic
coordinates of the street-view image sampling points are stored in the field of “Location”.
The HSV values of the four dominant colors and the corresponding color weights and
Munsell color codes are recorded in the field of “Dominant Color” in descending order
according to the color weights.

Table 1. The data structure of the DCUFE. The Munsell color system divides hues into ten main colors: red (R), yellow-red
(YR), yellow (Y), green—yellow (GY), green (G), blue—green (BG), blue (B), purple-blue (PB), purple (P), and red—purple (RP).

ID Location Dominant Colors
(0.35, (21,0.22,0.69),“6.9 YR 6.5/2”), (0.31, (11, 0.43, 0.62), “0.6 YR 5/4.8"),
1 (113.9195, 22.5128) (0.31, (7,0.03,0.93), “9.4 RP 9/1”), (0.03, (30, 0.01, 0.94), “7.5 GY 9/1")
(0.37, (333, 0.07,0.51),“2.5 RP 5.5/1"), (0.34, (351, 0.04, 0.67), “3.8 RP 7/1"),
2 (113.9012, 22.8101) (0.23, (8,0.18,0.51), “8.8 R5/1.6"), (0.06, (210, 0.07, 0.92), “7.5 PB9/1.6")
(0.32, (82, 0.06,0.75),“7.5 GY 7.5/1"), (0.30, (30, 0.01, 0.94), “7.5 GY 9/1”),
3 (113.8489,22.5709) (0.25, (202, 0.06, 0.74), “10 B7.5/1"), (0.13, (200, 0.03,0.91), “1.3 P 9/1")
3. Results

The extraction result of the DCUF at each sampling point was applied to map the
spatial distribution of urban dominant colors in Shenzhen. The DCUF at each sampling
point has four dominant colors with corresponding color weights, indicating the propor-
tions in the image area of the urban facade. To map the city-scale urban fagade color,
we adopted the dominant color with the largest color weight in the DCUF to represent
the urban fagade color at each sampling point. The mapping of urban fagade colors in
Shenzhen was conducted based on both irregular geographical units and regular grids.

3.1. Mapping of Urban Fagade Color Based on Street and City Block

Figure 8 is the spatial distribution of the urban facade color in Shenzhen based on
the street and city block. In the study, a total of 207,401 BSV panoramas were collected
from 231,758 sampling points. The reason for this mismatch between the number of valid
BSV panoramas and sampling points is that BSV panoramas do not cover all the road
networks in Shenzhen. The locations of the sampling points are determined according to
the road network from OSM. There was no BSV panorama in the road segments of some
remote areas. Figure 8a shows the spatial distribution of the urban facade color of each
BSV sampling point with a valid BSV panorama.

The urban facade color can be aggregated into different streets. The urban facade
color on each street segment was determined by overlaying the urban facade color of BSV
sampling points on the street segments (Figure 8b). The street segment’s urban fagade
color was calculated based on the majority value of the urban facade color of BSV sampling
points located on the street segment. We further generated the urban facade color mapping
result based on the city blocks (Figure 8c). The majority value of the urban fagade color of
BSV sampling points located on the city block represents the city block’s urban fagade color.

Overall, the urban facade color of Shenzhen is characterized by a gray tone with low
chroma. As shown in Figure 8, the urban facade color with the largest proportion of each
BSV sampling point is medium-gray (Munsell code: 10B 5.25/1), while that of each street
and city block is a dark-gray color (Munsell code: 5PB 3.5/1). Such light and cool colors of
urban fagades are in harmony with the natural environment of the coastal city. In Nanshan,
Futian, Luohu, and Yantian District, the urban facade color is medium-gray, dark-gray,
and blue-gray, respectively, because vast commercial buildings with substantial curtain
walls of glass exist in these areas, leading to a cool color palette. The urban fagade color is
more diverse in other districts, such as Dapeng, Guangming, and Pingshan District. The
urban fagade colors here are light-gray, brown-gray, and some light and warm colors in
residential areas, such as brown, light yellow, and cream-colored.
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Figure 8. The mapping of the urban facade color in Shenzhen based on geographic units. (a) Urban
fagade color of each BSV sampling point, (b) urban fagade color based on each street, (c) urban facade
color based on the city block.

3.2. Mapping of the Urban Facade Color Based on a Regular Grid

The mapping of the urban facade color in a regular grid of different grid sizes can
facilitate the comparison of the urban fagade color at different scales. This study used
several grid units, including 500 m, 1000 m, and 2000 m, to explore the spatial variation of
the urban fagade color with a multi-scale comparative analysis (Figure 9). The gird’s urban
facade color was calculated based on the majority value of the urban fagade color of BSV
sampling points located on the grid.

As shown in Figure 9, the dark-gray color (Munsell code: 5PB 3.5/1) is the urban
facade color with the largest proportion in all three grid sizes. In the grid-scale of 500 m
(Figure 9a), the urban facade color of Shenzhen is a gray tone, together with some bright
and high chroma tones such as red, blue, and green. The bright colors are the various
facade colors of some hotels or commercial buildings. Some commercial buildings have
adopted intense and jumping colors, which are in sharp contrast with office buildings. As
the grid size increases, the detailed color information in small unit sizes is integrated.

At the grid-scale of 2000 m (Figure 9c), the dark-gray color is distributed in patches,
and mainly distributed in Nanshan District, and Longhua District. Brown and brown-gray
colors are concentrated in Longgang District, Pingshan District, and Dapeng District, but
rarely appear in Nanshan District, Futian District, and Luohu District. Light yellow is
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occasionally distributed in Longgang District, Pingshan District, and Longhua District.
Overall, the colors are more diverse and brighter in Longgang District, Pingshan District,
and Dapeng District than in Nanshan District, Futian District, and Luohu District.
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Figure 9. Comparison of mapping urban fagade color of Shenzhen in different grid size.

3.3. Result Verification

The performance of the extraction method of the urban fagade color was evaluated
with the expert scoring method. A C# software for result verification was developed for
experts to determine whether the extracted four dominant colors with the largest DCUF
weight represent the dominant color of urban fagade based on the BSV panorama of the
site. Figure 10 shows the user interface of the C# software to collect feedback from experts.

Urban color planning is a relatively professional field in urban planning and design. In
the past, investigators in urban color surveys have mainly trained professionals to reduce
the influence of subjective factors on the color survey results. In this study, we invited
30 urban planning and design experts to verify our experimental results of the automatic
extraction of DCUF from the street view images [22].

To ensure that samples for verification are evenly distributed with randomness in the
test area, this study divides the study area into grids of 1000 m in size. There are a total of
1234 grids with valid data of street view images. The dataset for verification is constructed
by selecting one street view image from each grid. We invited 30 experts with expertise in
urban planning and design to evaluate the extracted urban facade color based on the four
dominant colors with the largest weight in the DCUEF. The verification results show that the
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accuracy of our DCUF extraction results is 83.6%, and the standard deviation is 0.07, which
means the experts think the extracted DCUFs have a high success rate in representing the
dominant color of the urban facade.

a =

Do you agree -

are the dominant colors of the urban facade

9

Figure 10. The user interface of the software developed for results verification.

4. Discussion
4.1. Measuring the Urban Fagade Color at the City Scale

Previous research on urban colors has tended to rely on manual sampling due to
technology and data limitations. The advantage of the manual sampling analysis method
based on small samples is its level of high accuracy. However, implementation of the
manual sampling analysis method requires many well-trained investigators, which is
challenging for the quantitative evaluation of the urban facade color at the city scale.
In response to this problem, this study explores an automated quantitative evaluation
method for assessing urban facade color at the city scale, supported by deep learning-based
algorithms. Compared with traditional small sample analysis, using massive street-view
imagery can provide a border measurement of the urban facade color at the city scale.
Using street-view imageries to measure the urban fagade color can significantly reduce the
labor cost of field surveys, in terms of raw data acquisition.

There is no urban color planning at the city level in Shenzhen. Our research can not
only enable the survey on the urban fagade color status in Shenzhen at the block level
but also help Shenzhen analyze urban fagade color status on the city level. Our proposed
method can automatically and accurately construct the urban facade color database at
the city level. The urban fagade color database can describe the urban facade color status,
which helps to develop guidelines of color use with recommended and prohibited color
chromatograms for the target area.

4.2. Contributions for Precise Urban Planning and Design

The construction of the urban facade color database by measuring the dominant
colors of urban facades in different city areas is a major component of urban planning
and design. The proposed method for measuring urban facade color from the humanistic
perspective will contribute to a more accurate evaluation of the urban fagade color, which
will facilitate the planning and design of higher quality urban spaces. For example, the
extracted results of the urban fagade color can be used to set a more accurate urban design
code for each city area. The urban design code will provide strong support for small-scale
urban design and color selection for micro-updates. Considering that the street view data
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provided by the map service provider will be continuously updated, in the future, we
could develop an interactive management system of the urban facade color at the city
scale. The management system based on the updated street-view imageries can be used to
perform real-time analysis of urban facade colors, which can also help achieve the effective
management and real-time monitoring of urban design quality.

4.3. Combining Urban Science with Urban Design: A Data-Informed, Algorithm-Driven
Perspective

The proposed measurement of the urban fagade color is a generic framework that can
be easily adopted in practical applications, which serves as the new paradigm for current
urban planning and design. This framework uses open access street-view images as the
data source, which solves the difficulty of obtaining a basic dataset in actual work. At
present, high-precision BSV panoramas have full coverage of China’s first- and second-tier
cities; in the meantime, BSV panoramas have also covered a considerable number of third-
and fourth-tier cities’ central areas. Google Street View (GSV) imagery can be used as a
data source in countries and regions outside of China. GSV panoramas have achieved
high-precision full coverage of most of the major cities around the world.

The proposed deep learning-based algorithm can efficiently analyze the urban facade
color with higher validity, which can be used to evaluate and visualize the city-scale urban
fagade color with high-precision. In addition, we can further improve the accuracy of the
deep learning-based measurement of the urban facade color through the training of more
samples of street-view imageries.

The variation in urban fagade color is related to the social and economic attributes of
the city. The color characteristics of the urban facade can reflect the features of the city’s
functional zoning. For example, due to the prominent office and commercial functions
of the Futian District, substantial curtain walls glass of urban facades are blue-gray and
medium-grey. In future research, DCUF can be used to construct a quantitative evaluation
index of urban color. The DCUEF, together with other urban physical environment factors
such as land function, green viewing rate, housing price, and further evaluation indexes,
construct a city evaluation model to produce social and economic benefits.

In terms of the research orientation of urban color planning, this analytical approach
can reveal the distribution characteristics of the urban fagade color through quantitative
analysis rather than subjective feelings. It will also push the methodology boundary of
urban color planning by combining new urban data with new urban analytical techniques.

4.4. Limitations and Future Steps

This study has limitations in the data source of street-view imagery. The street-view
imageries adopted in this study are BSV panoramas, collected by cameras mounted on BSV
cars. Although the BSV panoramas have wide spatial coverage in Shenzhen, these BSV
panoramas are collected in different weathers and seasons. We can retrieve the approximate
date (e.g., year and month) of when the BSV images were taken; however, the detailed
capture time (e.g., day and hour) of BSV is currently unavailable for the time being. It is
difficult for us to determine the day and hour that the BSV was collected. Customized
street-view image data acquisition is not feasible for us as the collection of street view
images is conducted and controlled by online map service providers.

The chroma and brightness of the street-view imageries are affected by different
weather patterns and seasons. Collecting street view images in good sky conditions is a
benefit for recording more realistic city colors. This research is a preliminary exploration
of using street view images to analyze the dominant color of urban fagades. In this study,
we carried out brightness and contrast adjustments to mitigate the problems. To achieve
a more consistent result of the mapping of urban facade color, more cases of the color
being affected by weather and season need to be analyzed in order to standardize the color
of street-view imageries. In the future, there will be more publicly available street view
images, which will enable us to explore the urban facade color with the most suitable street
view images.
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In this research, pixels of shaded urban fagades were directly deleted from images,
which causes a loss of area of the urban facades. Future research could use the shadow
removal method to remove the effect of shadows on the extraction of the urban fagade
color from street-view imageries. In addition, in this study, the urban facade color was only
analyzed from the perspective of quantitatively measuring the urban physical environment.
In the future, there will be a need to further explore the relationship between the urban
facade color and residents” mental health.

5. Conclusions

This study is an attempt to map the urban facade color using street-view images at
the city scale. The DCUF is proposed as a color descriptor for describing the representative
color of the urban facade in an image. An automatic method was developed to extract the
urban facade color based on the DCUF with a deep learning-based method. We conducted
a case study in Shenzhen to measure the urban fagade color using BSV panoramas. This
study demonstrates that street-view imageries can be used as an important data source for
urban color research.

Mapping at different levels revealed that Shenzhen’s urban fagade color is a gray
tone with low chroma. Urban facade colors vary in different districts in Shenzhen. The
spatial distribution and quantitative information of the urban fagade color could provide a
valuable reference for urban color planning in the future. The methodology presented in
this study could be applied to quantifying the urban fagade color in different cities, given
the publicly available street-view imageries.

Author Contributions: Conceptualization, T.Z., Y.Y. and G.T.; methodology, T.Z., W.Z. and Y.Y.;
experiments, C.Y., W.Z. and Z.W.; data Curation, C.Y. and Z.W.; writing—original draft preparation,
T.Z. and W.Z,; writing—review and editing, T.Z., ZW., G.T. and Y.Y,; funding acquisition, and Y.Y.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key R&D Program of China, grant num-
ber 2017YFB0503500, the National Natural Science Foundation of China, grant number 52078343,
51878428, and 51708410, and Natural Science Foundation of Shanghai, grant number 20ZR1462200.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank the editor and anonymous referees for their constructive
suggestions and comments that helped to improve the quality of this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Ye, Y, Zhang, Z.; Zhang, X.; Zeng, W. Human-scale Quality on Streets: A Large-scale and Efficient Analytical Approach Based on
Street View Images and New Urban Analytical Tools. Urban Plan. Int. 2019, 34, 18-27. [CrossRef]

2. Gou, A.P; Wang, J.B. A comparison between wishes and status: Gray is not the preference for residents while the city shows
neutral colors. Color Res. Appl. 2017, 42, 650—-663. [CrossRef]

3. Markevych, I; Schoierer, J.; Hartig, T.; Chudnovsky, A.; Hystad, P.; Dzhambov, A.M.; De Vries, S.; Triguero-Mas, M.; Brauer, M.;
Nieuwenhuijsen, M.]. Exploring preathways linking greenspace to health: Theoretical and methodological guidance. Environ. Res.
2017, 158, 301-317. [CrossRef] [PubMed]

4. Labib, SM,; Lindley, S.; Huck, ]J.J. Spatial dimensions of the influence of urban green-blue spaces on human health: A systematic
review. Environ. Res. 2020, 180, 108869. [CrossRef] [PubMed]

5. Gou, A.P; Wang, ].B. Research on the location characters of urban color plan in China. Color Res. Appl. 2008, 33, 68-76. [CrossRef]

6.  Tosca, T.F. Environmental colour design for the third millennium: An evolutionary standpoint. Color Res. Appl. 2002, 27, 441-454.
[CrossRef]

7. De Mattiello, M.L.E,; Rabuini, E. Colours in La Boca: Patrimonial Identity in the Urban Landscape. Color Res. Appl. 2011, 36,
222-228. [CrossRef]

8. Linton, H.; Linton, R. Color in Architecture: Design Methods for Buildings, Interiors, and Urban Spaces; McGraw-Hill: New York, NY,

USA, 1999.


http://doi.org/10.22217/upi.2018.490
http://doi.org/10.1002/col.22122
http://doi.org/10.1016/j.envres.2017.06.028
http://www.ncbi.nlm.nih.gov/pubmed/28672128
http://doi.org/10.1016/j.envres.2019.108869
http://www.ncbi.nlm.nih.gov/pubmed/31722804
http://doi.org/10.1002/col.20366
http://doi.org/10.1002/col.10097
http://doi.org/10.1002/col.20612

Remote Sens. 2021, 13, 1591 16 of 17

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Caivano, ].L. Research on color in architecture and environmental design: Brief history, current developments, and possible
future. Color Res. Appl. 2006, 31, 350-363. [CrossRef]

Gou, A. Method of urban color plan based on spatial configuration. Color Res. Appl. 2013, 38, 65-72. [CrossRef]

Xu, Z.; Zheng, X. Roadmap of moving urban colour toward cultural sustainability in China. Color Res. Appl. 2021, 46, 222-239.
[CrossRef]

Gouaich, Y.; Mebrouki, A.; Ghariri, R.; Mebarki, A.; Belabbas, A.; Manav, B.; Serra, J.; Llopis, J.; Torres, A. A novel method for
assessing the chromatic integration of architecture in the Ksourian landscape of M’zab Valley, Algeria. Color Res. Appl. 2018, 43,
760-778. [CrossRef]

Garcia-Codoner, A.; Verdu, J.L.; Barchino, A.T.; Guillen, R.V.; Lluch, J.S. Colour as a Structural Variable of Historical Urban Form.
Color Res. Appl. 2009, 34, 253-265. [CrossRef]

Mohammadgholipour, M.; Kirchner, E.; Salleh, E. Quantifying the color palettes of Naghsh-e Jahan Square in Isfahan. Color Res.
Appl. 2020, 45, 911-925. [CrossRef]

Staresinic, M.; Simoncic, B.; Bracko, S. Using a Digital Camera to Identify Colors in Urban Environments. J. Imaging Sci. Technol.
2011, 55, 060201. [CrossRef]

Nguyen, L.; Embrechts, J.J.; Teller, J. Colour in the city: A chromatic typology for the quantitative analysis of spatial coherence.
Landsc. Res. 2020, 45, 44-62. [CrossRef]

Li, M,; Xu, ].G.; Zhang, X. Spatial-Sensitivity Analysis for Urban Color Planning: Study of Luoyang City, China. J. Urban Plan.
Dev. 2017, 143, 05016014. [CrossRef]

Ibrahim, M.R.; Haworth, J.; Cheng, T. Understanding cities with machine eyes: A review of deep computer vision in urban
analytics. Cities 2020, 96, 102481. [CrossRef]

Li, X.; Ratti, C. Mapping the spatio-temporal distribution of solar radiation within street canyons of Boston using Google Street
View panoramas and building height model. Landsc. Urban Plan. 2019, 191, 103387. [CrossRef]

Lu, Y. Using Google Street View to investigate the association between street greenery and physical activity. Landsc. Urban Plan.
2019, 191, 103435. [CrossRef]

Chen, L,; Lu, Y;; Sheng, Q.; Ye, Y.; Wang, R.; Liu, Y. Estimating pedestrian volume using Street View images: A large-scale
validation test. Comput. Environ. Urban Syst. 2020, 81, 101481. [CrossRef]

Ye, Y;; Richards, D.; Lu, Y.; Song, X.; Zhuang, Y.; Zeng, W.; Zhong, T. Measuring daily accessed street greenery: A human-scale
approach for informing better urban planning practices. Landsc. Urban Plan. 2018, 191, 103434. [CrossRef]

Cao, R; Zhu, J.; Tu, W,; Li, Q.; Cao, J.; Liu, B.; Zhang, Q.; Qiu, G. Integrating Aerial and Street View Images for Urban Land Use
Classification. Remote Sens. 2018, 10, 1553. [CrossRef]

Krylov, V.A.; Kenny, E.; Dahyot, R. Automatic Discovery and Geotagging of Objects from Street View Imagery. Remote. Sens. 2018,
10, 661. [CrossRef]

Badrinarayanan, V.; Kendall, A.; Cipolla, R. SegNet: A Deep Convolutional Encoder-Decoder Architecture for Image Segmentation.
IEEE Trans. Pattern Anal. Mach. Intell. 2017, 39, 2481-2495. [CrossRef] [PubMed]

Chen, L.C.; Papandreou, G.; Kokkinos, I.; Murphy, K.; Yuille, A.L. DeepLab: Semantic Image Segmentation with Deep Con-
volutional Nets, Atrous Convolution, and Fully Connected CRFs. IEEE Trans. Pattern Anal. Mach. Intell. 2018, 40, 834-848.
[CrossRef]

Liang, J.; Gong, J.; Sun, J.; Zhou, J.; Li, W.; Li, Y,; Liu, J.; Shen, S. Automatic sky view factor estimation from street view
photographs—A big data approach. Remote Sens. 2017, 9, 411. [CrossRef]

Ye, Y; Li, D.; Liu, X. How block density and typology affect urban vitality: An exploratory analysis in Shenzhen, China. Urban
Geogr. 2018, 39, 631-652. [CrossRef]

Abdel-Mottaleb, M.; Krishnamachari, S. Multimedia descriptions based on MPEG-7: Extraction and applications. IEEE Trans.
Multimed. 2004, 6, 459-468. [CrossRef]

Li, L.; Zhang, X.Q.; Hu, WM.; Li, W.Q.; Zhu, PF. Soccer Video Shot Classification Based on Color Characterization Using
Dominant Sets Clustering. In Advances in Multimedia Information Processing-Pcm 2009; Muneesawang, P., Wu, F.,, Kumazawa, I.,
Roeksabutr, A., Liao, M., Tang, X., Eds.; Springer: Berlin/Heidelberg, Germany, 2009; Volume 5879, pp. 923-929.

Mustaffa, M.R.; Ahmad, F.; Rahmat, R.; Mahmod, R. Dominant Colour Descriptor with Spatial Information for Content-Based
Image Retrieval. In Proceedings of the International Symposium of Information Technology 2008, Kuala Lumpur, Malaysia,
26-29 August 2008; Volume 14, pp. 1612-1620.

Celebi, M.E. Improving the performance of k-means for color quantization. Image Vis. Comput. 2011, 29, 260-271. [CrossRef]
Feng, Z.L.; Yuan, WL.; Fu, C.L.; Lei, J.; Song, M.L. Finding intrinsic color themes in images with human visual perception.
Neurocomputing 2018, 273, 395-402. [CrossRef]

Kim, D.W,; Lee, KH.; Lee, D. A novel initialization scheme for the fuzzy c-means algorithm for color clustering. Pattern Recognit.
Lett. 2004, 25, 227-237. [CrossRef]

Maddalena, L.; Petrosino, A. The SOBS algorithm: What are the limits? In Proceedings of the 2012 IEEE Computer Society
Conference on Computer Vision and Pattern Recognition Workshops, Providence, RI, USA, 16-21 June 2012; pp. 21-26.

Ding, B.; Long, C.; Zhang, L.; Xiao, C. ARGAN: Attentive Recurrent Generative Adversarial Network for Shadow Detection
and Removal. In Proceedings of the 2019 IEEE/CVF International Conference on Computer Vision, Seoul, Korea, 27 October—
2 November 2019; pp. 10212-10221.


http://doi.org/10.1002/col.20224
http://doi.org/10.1002/col.20728
http://doi.org/10.1002/col.22578
http://doi.org/10.1002/col.22225
http://doi.org/10.1002/col.20491
http://doi.org/10.1002/col.22523
http://doi.org/10.2352/J.ImagingSci.Technol.2011.55.6.060201
http://doi.org/10.1080/01426397.2019.1589437
http://doi.org/10.1061/(ASCE)UP.1943-5444.0000345
http://doi.org/10.1016/j.cities.2019.102481
http://doi.org/10.1016/j.landurbplan.2018.07.011
http://doi.org/10.1016/j.landurbplan.2018.08.029
http://doi.org/10.1016/j.compenvurbsys.2020.101481
http://doi.org/10.1016/j.landurbplan.2018.08.028
http://doi.org/10.3390/rs10101553
http://doi.org/10.3390/rs10050661
http://doi.org/10.1109/TPAMI.2016.2644615
http://www.ncbi.nlm.nih.gov/pubmed/28060704
http://doi.org/10.1109/TPAMI.2017.2699184
http://doi.org/10.3390/rs9050411
http://doi.org/10.1080/02723638.2017.1381536
http://doi.org/10.1109/TMM.2004.827500
http://doi.org/10.1016/j.imavis.2010.10.002
http://doi.org/10.1016/j.neucom.2017.07.043
http://doi.org/10.1016/j.patrec.2003.10.004

Remote Sens. 2021, 13, 1591 17 of 17

37.

38.

39.

40.

41.

42.

43.

44.

Yarlagadda, S.K.; Zhu, F. A Reflectance Based Method For Shadow Detection and Removal. In 2018 IEEE Southwest Symposium on
Image Analysis and Interpretation; IEEE: Piscataway Township, NJ, USA, 2018; pp. 9-12.

Zhu, T.; Yin, X. Image Shadow Detection and Removal in Autonomous Vehicle Based on Support Vector Machine. Sens. Mater.
2020, 32, 1969-1979. [CrossRef]

Suny, A.H.; Mithila, N.H. A Shadow Detection and Removal from a Single Image Using LAB Color Space. Int. J. Comput. Sci.
Issues 2013, 10, 270.

Barbierato, E.; Bernetti, I.; Capecchi, I.; Saragosa, C. Integrating remote sensing and street view images to quantify urban forest
ecosystem services. Remote Sens. 2020, 12, 329. [CrossRef]

Chen, L.-C.; Zhu, Y.; Papandreou, G.; Schroff, F.; Adam, H. Encoder-Decoder with Atrous Separable Convolution for Semantic
Image Segmentation. In Proceedings of the European Conference on Computer Vision (ECCV), Munich, Germany, 8-14 September
2018; Volume 11211, pp. 801-808.

Gil, J.Y.; Kimmel, R. Efficient dilation, erosion, opening, and closing algorithms. IEEE Trans. Pattern Anal. Mach. Intell. 2002, 24,
1606-1617. [CrossRef]

Murali, S.; Govindan, V.K. Shadow Detection and Removal from a Single Image Using LAB Color Space. Cybern. Inf. Technol.
2013, 13, 95-103. [CrossRef]

Chavel, I. Riemannian Geometry: A Modern Introduction; Cambridge University Press: Cambridge, UK, 2006; Volume 98.


http://doi.org/10.18494/SAM.2020.2788
http://doi.org/10.3390/rs12020329
http://doi.org/10.1109/TPAMI.2002.1114852
http://doi.org/10.2478/cait-2013-0009

	Introduction 
	Materials and Methods 
	Study Area 
	Dominant Color of the Urban Façade (DCUF) 
	Baidu Street View (BSV) Panorama Acquisition 
	Extraction of the Urban Façade from BSV 
	Deep Learning-Based Extraction of the Urban Façade 
	Shadow Detection of the Urban Façade Using CIELAB Color Space 

	Determination of the Weight of the Dominant Color in the DCUF 

	Results 
	Mapping of Urban Façade Color Based on Street and City Block 
	Mapping of the Urban Façade Color Based on a Regular Grid 
	Result Verification 

	Discussion 
	Measuring the Urban Façade Color at the City Scale 
	Contributions for Precise Urban Planning and Design 
	Combining Urban Science with Urban Design: A Data-Informed, Algorithm-Driven Perspective 
	Limitations and Future Steps 

	Conclusions 
	References

