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Abstract

Three-dimensional landscape patterns are an effective means to study the relationship
between landscape pattern evolution and eco-environmental effects. This paper selects six
districts in Xi’an as the study area to examine the spatial distribution characteristics of the
three-dimensional architectural landscape in the city’s main urban area using three-dimen-
sional information on the buildings in 2020 with the support of GIS. In this study, two new
architectural landscape indices—landscape height variable coefficient and building rugosity
index—were employed in landscape pattern analysis, whilst a system of rigorous and com-
prehensive three-dimensional architectural landscape metrics was established using princi-
pal component analysis. A mathematical model of weighted change of landscape metrics
based on the objective weighting method was applied to carry out scale analysis of the land-
scape patterns. Spatial statistical analysis and spatial autocorrelation analysis were con-
ducted to comprehensively study the differentiation of three-dimensional architectural
landscape spatial patterns. The results show that the characteristic scale of the three-
dimensional landscape pattern in Xi’an’s main urban area is around 8 km. Moreover, the
three-dimensional landscape of the buildings in this area is spatially positively correlated,
exhibiting a high degree of spatial autocorrelation whilst only showing small spatial differ-
ences. The layout of the architectural landscape pattern is disorderly and chaotic within the
second ring, whilst the clustering of patch types occurs near the third ring. Moreover, the
building density in the Beilin, Lianhu, and Xincheng districts is large, the building height
types are rich, and the roughness of the underlying surface is high, such that these are key
areas to be improved through urban renewal. The height, volume, density, morphological
heterogeneity, and vertical roughness of the architectural landscape vary amongst func-
tional areas within the study area. This paper is the first to apply the study of spatial hetero-
geneity of three-dimensional landscape patterns to Xi’an. It does so in order to provide a
quantitative basis for urban landscape ecological design for urban renewal and the rational
planning of built-up areas, which will promote the sustainable development of the city’s
urban environment.
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Introduction

In China’s rapid urbanization process, with economic development and population growth,
cities are expanding rapidly, and the artificial landscape continues to expand. As a complex
artificial landscape, the vegetation-based natural landscape is gradually replaced by buildings
to meet the demand of the expanding population for limited urban land [1, 2]. The current
urban spatial form and organizational structure are rapidly developing toward the vertical
direction, and the urban architectural landscape is significantly higher than other landscapes,
which has a significant impact on the pattern and functional characteristics of the urban land-
scape. Therefore, the spatial role of structural features and functions of urban landscapes is
reflected not only in two-dimensional space but also in the three-dimensional space to show
the spatial relationship of urban landscapes. Our discussion on the spatial pattern and func-
tional characteristics of urban landscapes cannot be limited to the two-dimensional plane [3].

Landscape ecology is a rapidly developing discipline of modern ecology and interdisciplin-
ary science [4]. Landscape ecology applies ecosystem principles to study the interactions
between landscape patterns and ecological processes, scales, and levels for the ultimate purpose
of landscape sustainability [5-7]. Landscape patterns refer to the spatial structure characteris-
tics of the landscape in addition to the type, number, and spatial configuration of landscape
component units, which is a comprehensive spatial expression of landscape heterogeneity. The
development of methods for quantifying landscape patterns not only helps to understand the
interaction of patterns and processes but also has significant implications for applying the con-
cepts of landscape ecology to sustainable landscape planning [8, 9]. Landscape pattern metrics
are commonly used quantitative methods for landscape pattern analysis [10]. They can con-
dense landscape pattern information, reflect its structural composition and spatial configura-
tion characteristics and are a powerful tool for scientifically describing the relationship
between landscape patterns and ecological processes [11]. Landscape metrics are widely used
in spatial pattern analysis, making the landscape planning process more accurate, objective,
and reliable [12]. This study analyzed the 3-D landscape pattern of the main urban area of
Xi’an by constructing a 3-D urban landscape metrics system.

The acquisition of urban 3-D information is the premise and foundation of urban 3D land-
scape research. Aerial photogrammetry, high-resolution remote sensing satellite images, air-
borne laser scanning and 3-D cadastral data provided the main data sources for obtaining 3-D
urban landscape information, among which aerial photogrammetry and satellite telemetry
mainly acquired the top surface of buildings and their contours [13-15]. Airborne laser scan-
ning technology can obtain both ground and surface elevation information through multiple
echo detection, yet the performance of 2-D features is poor [16]. 3D cadastral data are time-
consuming and laborious to acquire [17]. Therefore, this study made use of the 3-D data of
buildings from the China Geography Census database and constructed a multisource dataset
to analyze the 3-D landscape pattern of the main urban area of Xi’an.

As an important carrier of urban physical space, architecture is the core element of urban
landscapes. Quantifying three-dimensional landscape patterns is an effective way to study the
relationship between the evolution of landscape patterns and coenvironmental effects [18]. To
characterize urban 3-D landscape change more comprehensively, researchers have used a vari-
ety of landscape indices to study the spatial and temporal patterns of urban landscapes [19]. In
recent years, many studies have tried to reveal the spatial characteristics of urban landscapes
based on remote sensing data [20, 21]. The study found that the study of 2-D urban landscapes
can no longer meet the needs of urban vertical expansion, and revealing the differentiation of
3-D urban landscape patterns is more conducive to the study of urban landscapes and their
ecological effects [22]. Based on the construction of the landscape metrics system, some
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researchers have studied the spatial heterogeneity analysis of the 3-D urban landscape pattern
and found that the metrics constructed with 3-D architectural data can well reflect the chang-
ing characteristics of the architectural landscape [23]. However, these studies rarely analyze
the validity of index selection. Researchers have also paid much attention to the scale effect of
urban landscape patterns and found that there is a grain size effect and extent effect of urban
landscape patterns [24, 25]. However, there are fewer research results on the magnitude effect,
especially in Xi’an, where no research has been conducted. Therefore, compared with previous
studies, this study used principal component analysis to screen the indices and enhance the
validity of metric selection. By introducing two new landscape indices, new possibilities for the
selection of landscape metrics were provided. In addition, the extent effect of the landscape
pattern in the main urban area of Xi’an was analyzed by establishing a mathematical model of
the weighted change in the landscape metrics based on the objective assignment method. This
study fills the gap in the research on the magnitude effect of the 3-D landscape in Xi’an.

The purpose of this study was to construct a metric system for the 3-D architectural land-
scape pattern in the study area, establish a mathematical model for the weighted change in
landscape metrics based on the objective weighting method, and reveal the characteristic scale
of the 3-D architectural landscape pattern in the main urban area of Xi’an. In addition, it aims
to provide a quantitative basis for urban landscape ecological design for urban renewal and
rational planning of built-up areas by studying the differentiation characteristics of the 3-D
architectural landscape pattern. Finally, it provides important support for further research on
the mechanism by which 3-D landscape patterns influence the urban ecological environment,
which has a positive role in promoting the sustainable development of the urban environment.

Materials and methods
Study area

X{i’an, the capital of Shaanxi Province and an important central city in western China, is
located in the Guanzhong Basin in the middle of the Yellow River watershed in eastern North-
west China, between 107°40°-109°49’ east longitude and 33°42°-34°45 north latitude; it is adja-
cent to the Weihe River and Loess Plateau in the north and the Qinling Mountains in the
south [26]. The jurisdiction is approximately 204 km long from east to the west and 116 km
wide from north to south. It has an area of 10,096 km?, of which 5,145 km?> represent the
urban area. Xi’an is composed of 11 districts with two counties. The study area is the main
urban area of Xi’an, namely, Beilin District, Yanta District, Lianhu District, Xincheng District,
Bagiao District and Weiyang District, as shown in Fig 1. According to the Xi’an Statistical
Yearbook, the population density of these six districts is greater than 15,000 people/km?. With
accelerated urbanization, the population of Xi’an is increasing, especially in the main urban
area, and building density are constantly increasing, which brings severe challenges to the
resources and ecological environment of the area [27].

Data

Administrative divisions and road network information. The administrative zoning
data were mainly collected from the National Geomatics Center of China, including data
related to national boundaries, provincial boundaries, municipal boundaries and district
boundaries. The road network data were extracted from OpenStreetMap for five types of road
networks: motorways, primary roads, secondary roads, tertiary roads, and trunk lines.

Land use information. Landsat TM/ETM/OLI remote sensing images were the main data
source. After preprocessing, such as orthorectification and image fusion, remote sensing
images with a 30 m spatial resolution of Xi’an city were obtained. Then, object-oriented

PLOS ONE | https://doi.org/10.1371/journal.pone.0261846 December 28, 2021 3/24


https://doi.org/10.1371/journal.pone.0261846

PLOS ONE Spatial differentiation and scale effects of the three-dimensional architectural landscape

N

SHAANXI

CHINA

SHA

NXI

- KM - KM

0 500 1,000 0 100 200

Lianhu District

Primary road

E District

Elevation

Value
pm High : 1216 m

B Low:227m

KM
0 2 4 8 12 16

Fig 1. Location of study area. The map images are from the National Catalogue service for Geographic Information: http://www.ngcc.cn/.

https://doi.org/10.1371/journal.pone.0261846.9001

classification and visual interpretation methods were used to extract remote sensing image
information and obtain land cover classification data. Combining land use coverage types and
urban functions, the land use of the study area was classified into five categories: residential
land, commercial land, industrial land, transportation land, and public service land, as shown
in Fig 2.

3-D Architectural information. The 3-D architectural data used in this study were
obtained from the National Geomatics Center of China’s Geographic National Conditions
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Fig 2. Land use map of the study area. The map images are from the National Catalogue service for Geographic Information: http://www.ngcc.cn/.
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database (http://www.ngcc.cn/). The database includes the data of national geographic census
results and the data of basic monitoring results carried out in previous years. The building
data in the database were primarily collected using high-resolution satellite images, combined
with geographic mapping, automatic computer classification, and manual interpretation. The
3-D building data of Xi’an in the 2019 Geographical National Conditions database obtained by
application to the natural resources management department include height information.
According to the high-resolution remote sensing images in 2020, the visual interpretation of
buildings was carried out on the basis of the acquired data, and the number of buildings was
added or subtracted. Then, the mathematical relationship between building shadows and
actual building heights in the high-resolution remote sensing images was used to obtain the
building distribution data in 2020. The total accuracy rate reached 88.13% and was verified by
field measurement data, which was suitable for 3-D architectural landscape recognition. In
this study, buildings were classified into five types according to their heights, low-rise buildings
(<9 m), multistory buildings (10 < H < 18 m), mid-rise buildings (18 < H < 30 m), high-rise
buildings (30 < H < 100 m) and super high-rise buildings (>100 m), and these five building
types participated in the calculation of the architectural landscape metrics as patch types.
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Metrics

Index selection. Five categories of urban architectural landscape metrics were introduced,
including a total of 12 landscape level indices. Among them were height metrics, including
average height (AH), landscape height standard deviation (LHSD), and landscape height varia-
tion coefficient (LHVC). Quantity/density metrics, including number of buildings (N), high
building ratio (HBR), building coverage ratio (BCR), and floor area ratio (FAR). Shape metrics
were average volume (AV), building shape coefficient (BSC) and building rugosity index
(BRI). Contagion index (CONTAG) was selected for aggregation/dispersion metrics, and
Shannon diversity index (SHDI) was selected for diversity metrics. In this study, to analyze the
3-D spatial structure and heterogeneity of the architectural landscape more comprehensively,
the landscape height variation coefficient and the building rugosity index were created for the
first time.

The architectural landscape metrics were replaced by abbreviations in the latter part of the
text. The architectural landscape metrics were calculated in ArcGIS 10.6, except for CONTAG
and SHDI, which were calculated with the landscape metrics calculation software Fragstats 4.2
[28].

Principal component analysis (PCA). A geographic information system was a complex
system with multiple variables. Too many variables undoubtedly increase the difficulty of
problem analysis. Therefore, if the original variables can be replaced by fewer independent var-
iables and as much information of the original variables as possible can be retained, then the
problem will be simplified. Principal component analysis was a dimensionality reduction pro-
cess to solve such problem. PCA was adopted in this research to exclude the overlapping parts
of the numerous landscape information so that the selected variables could represent the land-
scape information contained in the original multiple variables as much as possible. In this
PCA, a sample block of 2.8 km X 2.8 km from the land cover data of Xi’an in 2020 was adopted,
and a total of 81 samples were used to analyze 12 variables.

The framework of establishing and analyzing of the architectural 3-D landscape metrics sys-
tem is shown in Fig 3.

Spatial scale analysis

Spatial extent setting. The spatial scale was generally divided into grain size and extent.
For spatial data or image data, the grain size corresponds to the maximum resolution or pixel
size. The extent was determined by the size of the study area. If the scale is not chosen properly,
the nature of the object of study cannot be scientifically revealed. If the scale chosen is too
large, a large number of details are often ignored, making the Study a "biased" estimation. If
the scale is too small, it is easy to ignore the overall pattern. If the scale conversion restriction
was ignored and the scale conversion was done arbitrarily, the conclusions obtained were
often biased. In this study, the grain size at a 30 m spatial resolution was kept unchanged, and
the effect of scale change on the landscape metrics was studied through extent change. The
spatial extent of the scale analysis was set by a square of 1 kmx1 km in the geometric center of
the study area with a step length of 500 m gradually increasing outward. The minimum extent
was 1 kmx1 km, and the maximum extent was 21 kmx21 km, as shown in Fig 4.

Model construction. To study the characteristic scales of the landscape pattern in the
main urban area of Xi’an, this study comprehensively analyzed the scale effect of the landscape
pattern with extent change by calculating the weight of each landscape index in the 3-D land-
scape pattern.

The subjective weighting method relies too much on expert experience and deviates from
actual data characteristics. In contrast, the entropy method commonly used in the objective
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weighting method can calculate the weight by using the amount of information carried by data
[29]. However, in the entropy method, the correlation information between different data
series and the dynamic changes of the overall data cannot be well represented [30]. To over-
come the above problems, in this study, we used the CRITIC method to calculate the weights
of landscape indices. CRITIC (criteria importance through intercriteria correlation) is an
objective weighting method based on the evaluation of the contrast strength of indices and the
conflict between indices to measure the objective weight of indices. It takes into account the
correlation between indices while considering the magnitude of index variability and uses the
objective properties of the data itself for scientific evaluation [31]. In the CRITIC method, the
standard deviation was used to indicate the fluctuation of the difference between the values of
each index. The larger the standard deviation is, the greater the difference is in the values of
the index exist, the more information can be reflected, and the stronger the evaluation inten-
sity of the index itself; then, more weight should be assigned to the index. At a certain standard
deviation, the smaller the conflict between indices is, the smaller the weight is. The larger the
conflict is, the larger the weight is. The basic steps are as follows.
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Assuming that there are n samples to be evaluated and p evaluation indices, the original
index data matrix is formed:

X1 e X

where x;; represents the value of the j-th evaluation index for the i-th sample.
To eliminate the influence of different dimensions on the evaluation results, it was neces-
sary to conduct dimensionless processing for each index, as shown in the following equation.
X — X

= o

max n

The variability of the index is expressed in the form of standard deviation:

S; represents the standard deviation of the j-th index.
The conflict of the indices is expressed in terms of correlation coefficients:

P

R=>(1-r) (3)

i=1

R; represents the conflict of the j-th index; r;; represents the correlation coefficient between the
evaluation index i and j.
The amount of information is as follows:

P
C =8> (1—r)=S8xR, (4)
i=1

Cj represents the information content of the j-th index, the larger C; is, the greater the role of
the j-th evaluation index in the whole evaluation metrics system, and the more weight should
be assigned to it.

The objective weights W; of the j-th index are the following equation:

C].
W= (5)
pe
j=1

In this study, the above calculation process of the CRITIC method was completed in
MATLAB software.

On this basis, this study obtained the weighted average of the total change in the landscape
metrics at different scales by superimposing the extent of the change in the standardized land-
scape index at each spatial scale interval. The weighted change mathematical model of the
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landscape metrics is shown in the following equation.

n

Z('xij - 'x(i—l)j| X VV;)
yi = n (6)

¥y, is the weighted average of the total variation of the landscape metrics at scale ;i €2, 3,.. ., m;
j€L 2, ..., n; mis the number of spatial extents; n is the number of landscape indices, and x;; is
the normalized value of landscape index j at scale i.

In this study, the changes in several landscape indices with spatial scales were aggregated
into a single index of total variation extent. The scale effect of the landscape metrics was
explored according to the total variation extent, and the scale relationship map was used to
detect the hierarchical structure and scale characteristics of landscape patterns in the main
urban area of Xi’an.

Model validation. Fractal analysis is an important method of spatial scale analysis. By
analyzing the variation of fractal dimension at different scales, the self-similarity, scale invari-
ance or scale dependence can be detected, and the characteristics of hierarchical structure or
fractal structure of landscape pattern process variables, thereby playing a similar role to spatial
statistics method.

The fractal dimension calculated using the double logarithmic regression fractal dimension
method of perimeter-area is equivalent to FAFRAC in Fragstats software. This regression
method considers patches of different sizes, and the resulting fractal dimension can reflect the
pattern characteristics at different scales.

2
n n n

[niZ(lnpi.]. . lnaij))f[(z lnpﬁ)(z Ine;)

PAFRAC = —— U (7)

(”iz lnp?j) - (Z lnpij)z
j=1

=1

Pj; is the perimeter of patch ij, a;; is the area of patch ij, and #; is the number of patches of patch
type i. P;; reflects the shape complexity of a series of patches of different sizes; the larger the
value is, the more complex the shape is.

In this paper, Fragstats software was used to calculate the fractal dimension of different
scales to verify the weighted change model of landscape metrics.

Spatial statistical analysis

Spatial autocorrelation analysis. In the process of development and urban reconstruc-
tion of Xi’an, the landscape pattern changed, and spatial heterogeneity was obvious. In this
study, the Moran index was mainly applied to reflect the degree of spatial autocorrelation in
the spatial analysis. The Moran index reflects the similarity degree of attribute values of spa-
tially adjacent regional units. The global Moran index I was calculated by the following equa-
tion.

ni i wij(x,. - J?)(xj —X)

i=1 j=1

>3 0>

i=1 j=1 i=1

I
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Table 1. Analysis results with SIMCA software.

where x; and x; respectively represent the values of landscape elements in adjacent pairs of spa-
tial units, X are the mean values of the variables, 7 is the total number of spatial units, and w; is
the neighboring weight. When spatial units i and j are adjacent, w;; = 1, and when spatial units
iand j are not adjacent, w;; = 0.

The Moran index I had a value range of [-1, 1], and the larger the absolute value of the
Moran index is, the greater the correlation is. When I > 0 was spatially positively correlated,
when I < 0 was negatively correlated, and when I = 0 was significantly spatial uncorrelated.

In this paper, based on the weights of each index obtained by the CRITIC weighting
method, a new variable representing the comprehensive information of the architectural land-
scape pattern was obtained. The Moran index of the new variables was calculated to analyze
the degree of spatial autocorrelation of the architectural landscape pattern in the study area to
map the scale relationship of the spatial autocorrelation coefficients.

Kriging spatial interpolation. The spatial heterogeneity analysis of 3-D architectural
landscape patterns was mainly realized by the kriging spatial interpolation method. Kriging’s
interpolation method is based on the condition that the regionalized variables are spatially cor-
related. In essence, it uses the measured data of the regionalized variables and the structural
characteristics of the variation function to make linear unbiased and optimal estimates of the
values of the regionalized variables at the unsampled points. The variogram model used in this
interpolation is the spherical model, which is the most widely used theoretical model. In this
study, ArcGIS was used to divide the study area into 3480 cells, each with an area of 500
mx500 m. All landscape metrics were calculated and connected with all the cells. Finally, kri-
ging spatial interpolation was carried out in ArcGIS.

In addition to the above methods, finally, the land use of the study area was functionally
zoned according to the land use data of Xi’an in 2020. The regional statistics function of Arc-
GIS spatial analysis was used to count the landscape pattern indices in different functional
areas and make regional comparisons.

Results
3-D architectural landscape pattern metrics system

SIMCA software was researched and developed by the Swedish company Umetrics in 1987.
Multivariate statistical analysis software excels in performing principal component analysis
and partial least squares discriminant analysis on datasets with many variables and interpret-
ing the data results. In this paper, 12 variables with 81 samples were initially selected, the data
were standardized and analyzed by PCA with SIMCAI 14.1, and the results are shown in
Table 1.

The result of the PCA model of the 3-D architectural landscape shows that the number of
principal components was 3, which means that the analysis shows that there are three principal
components that were the most effective. R2X represents the explanation rate corresponding
to each component. R2X(cum) represents the cumulative explanation rate at the current num-
ber of principal components, and the results show that the cumulative explanation rate of
three principal components for 12 variables of the 3-D architectural landscape reaches 78.3%,

Component R2X R2X(cum) Eigenvalue Q2 Limit Q2(cum) Significance
1 0.407 0.407 4.88 0.245 0.0883 0.245 R1
2 0.252 0.659 3.02 0.29 0.0948 0.465 R1
3 0.124 0.783 1.49 -0.044 0.102 0.441 R2

https://doi.org/10.1371/journal.pone.0261846.t001
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i.e., three principal components can explain the variables well. Q2 represents the predictive
power corresponding to each component, while Q2(cum) represents the cumulative value of
the predictive power of the principal components. The eigenvalue represents the load value
corresponding to each component, and the load value represents how many variables each
principal component holds. The eigenvalue of the three principal components was 9.39, which
means that they can explain 9.39 out of 12 variables. The value of limit corresponds to the criti-
cal value when Q2 of the principal component was not significant, and the model result was
significant if it was higher than this value. Significance refers to whether cross-validation was
significant, and the result for R1 show there is very significance. The results for R2 indicate sig-
nificance. The results of Q2 show that the first and second principal components were highly
predictive, while the third principal component was poorly predictive.

The load plot in SIMCA can also be called the correlation plot, where variables with
strong correlations were aggregated together, variables with opposite correlations were dis-
tributed at both ends of the line passing through the origin, and variables were independent
of each other at an angle of 90 degrees. The "magnitude or quality” of the variable’s influence
on the sample can be evaluated on the load plot by finding the distance between the vari-
ables and the origin. Fig 5 shows that there is an obvious aggregation of variables in the
upper right and lower right.

The purpose of this PCA is to select independent indices and eliminate those with large
redundancy. Therefore, on the premise of maintaining independence among variables, the
contribution degree of variables to principal components was considered. The building height
metrics contain AH, LHSD and LHVC. From the load diagram, it could be seen that the AH
load value was larger and positively correlated with the LHSD, but they were weakly correlated
with the LHVC. Therefore, AH with large load values and LHVC were selected. The quantity/
density metrics contain four indices, N, BCR, HBR and FAR. N, BCR and FAR were positively
correlated, and the two indices of N and BCR were basically independent of HBR. The two
indices of BCR and HBR with larger loads were finally selected. The shape metrics contain
three indices, AV, BSC and BRI. A low load value of BSC was positively correlated with BRI
and negatively correlated with AV. BRI and AV were basically independent of each other, and
these two indices were retained. CONTAG and SHDI represent the connectivity and diversity
of the landscape, respectively, and CONTAG shows great differences from other indices; thus,
both of these indices were retained. Finally, the architectural landscape pattern retained eight
indices: AH, LHVC, BCR, HBR, AV, BRI, CONTAG and SHDI.

Detailed explanations and sources of CONTAG and SHDI can be found in the Fragstats
user help manual. The specific formulas and parameter meanings of the other indices are
shown in Table 2. Therefore, a 3-D architectural landscape metrics system composed of eight
indices was constructed to analyze the spatial pattern of the architectural landscape in the
main urban area of Xi’an.

Scale effect of 3-D architectural landscape

Scale effect of metrics. Based on the 500 mx500 m grid, 3-D architectural landscape pat-
tern metrics were calculated to 21 kinds of extent with a grain size of 30 m spatial resolution.
After data standardization processing, the response of architectural landscape pattern metrics
to extent change was obtained, as shown in Fig 6. The results of the scale effects of the architec-
tural landscape metrics show that the LHVC, BRI and CONTAG have similar trends with the
extent and show obviously opposite trends with the other five indices. The overall change in
the eight landscape indices shows the following characteristics: a significant change occurs
near 6 km and a stable change trend occurs after 8 km.
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Fig 5. Load plot of variables.
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This study used the CRITIC method to calculate the weights of eight indices of architectural
landscape patterns. In addition, the weights of the architectural landscape index were calcu-
lated using the entropy method, and the results were compared with those of the CRITIC
method to observe the robustness of the CRITIC method. The results calculated by MATLAB
software are shown in Table 3. Based on the results of the CRITIC method and entropy
method, the weighted average of the total change in the extent of the architecture landscape
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Table 2. Index of terms and their meanings.

Metrics type
Height metrics

Quantity/density
metrics

Shape metrics

aggregation/
dispersion
metrics

diversity metrics

Index name
Average heigh (AH)

Landscape height
variable coefficient
(LHVC)

Building coverage ratio
(BCR)

High building ratio
(HBR)

Average volume (AV)

Building rugosity index
(BRI)

Contagion index
(CONTAG)

Shannon diversity index
(SHDI)

Formula
AH=1)"H,
i=1

n

AH n%lz (Hi 7AH)2

i=1

LHVC =

BCR = %Zﬂ: F,
i=1

HBR=N/n

AV = %i Vi
i=1

CONTAG =

SHDI = —» " P, x InP,

i=1

(100)

Description

This reflects the overall level of urban building
heights versus the expansion of the city in the vertical
direction.

This reflects the relative change degree of the height
of urban architectural landscape within a certain
range.

This reflects the open space ratio and building density
of a certain land area.

This index represents the proportion of buildings
over 24 m in height.

This reflects the size of the building volume and space
heat loss area and the amount of energy
consumption.

This reflects the roughness of the ground surface
within a certain range.

gix is the number of patches of type i and k adjacent to
each other. m is the number of patch types. This
reflects the degree of clustering or extension of
buildings in the landscape.

This reflects the landscape heterogeneity and is
sensitive to the uneven distribution of patch types in
the landscape.

Note: Hi, Vi, Fi and Pi in the formula of AH, LHVC, BCR, HBR, AV and BRI are the height, volume, floor area and underside perimeter of the i-th building in a district,
respectively; n, AH is the numbers and average height of buildings, respectively; A is the total area of the district; N}, is the number of buildings with a height of more

than 24 m. Pi in the CONTAG and SHDI are the percentage of area occupied by type i patches.

https://doi.org/10.1371/journal.pone.0261846.t1002

pattern metrics was calculated by Eq (6), and the relationship between this value and the
change in extent is shown in Fig 7. The results show that the total change trend of the architec-
ture landscape pattern clearly turns at 3 km, 4 km, 6 km and 8 km and stabilizes after 8 km.
The results included the scale effect of the architecture landscape metrics but reflected more

abundant change information.

Model validation. To verify the mathematical model of the weighted change in landscape
metrics based on the CRITIC method, the fractal dimension of the 3-D architectural landscape
pattern was calculated using Fragstats software, and the relationship between it and the change
in extent is shown in Fig 7. The results show that the fractal dimension PAFRAC of the archi-
tecture landscape pattern changes significantly within 8 km, such as a great turning point at 2
km, 3 km, 4 km, 6 km, 8 km, etc., and it gradually becomes stable after 8 km.

The result was basically consistent with the scale effect of the weighted change of the build-
ing landscape metrics, which embodies richer information. In summary, it can be concluded
that the mathematical model of the weighted change in landscape metrics based on the
CRITIC method are effective.

Spatial correlation analysis. The Moran index was calculated for the weighted architec-
tural landscape pattern using the statistical analysis module in ArcGIS, and the relationship
between the Moran index and the change in extent was obtained as shown in Fig 8.
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Fig 6. Scale-effect plot of eight architectural landscape pattern indices.
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The larger the Moran index is, the smaller the spatial variation is; the smaller the Moran
index is, the larger the spatial variation is. Near the turning point from positive to negative, the
landscape does not have spatial autocorrelation but has a random distribution characteristic.
The trend of the Moran index of the architectural landscape pattern with extent shows that the
architectural landscape was spatially positively correlated to all extents, with a high spatial
autocorrelation and small spatial differences.

Spatial distribution characteristics of the 3-D architectural landscape

In this study, spatial distribution maps of architectural landscape metrics were generated using
ArcGIS visualization, and the results show that there was significant spatial heterogeneity in
the 3-D landscape pattern of the main urban area of Xi’an, as depicted in Fig 9. The architec-
tural landscape metrics were calculated for each functional land in the study area using Frag-
stats software, and the calculated results are presented in Table 4. The results show that there
are obvious differences in the architectural landscape patterns of different functional lands.

Discussion
Comparison with other studies

In terms of the heterogeneity of landscape patterns, most of the existing studies focus on 2-D
landscape analysis [32-38]. In this study, a metrics system of 3-D architectural landscape pat-
terns was constructed to analyze the spatial heterogeneity of 3-D architectural landscape pat-
terns in the main urban area of Xi’an. Researchers in other cities in China have also carried out

Table 3. Weighting values of the eight architectural landscape pattern indices.

SHDI CONTAG AH BCR AV BRI LHVC HBR
CRITIC method 0.1175 0.1105 0.0875 0.1749 0.09 0.1482 0.1439 0.1274
Entropy method 0.0287 0.0861 0.1290 0.1440 0.1222 0.3370 0.0396 0.1133

https://doi.org/10.1371/journal.pone.0261846.t003
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Fig 7. Scale-effect plots of weighted changes in landscape metrics and fractal dimension.
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studies on 3-D landscape patterns. For example, researchers in Shenyang, Qingdao, Dalian
and other cities have used several architectural metrics to describe urban 3-D landscape pat-
terns. Researchers usually select several metrics according to the needs to analyze the architec-
tural landscape but seldom analyze the validity of the index selection [39-43]. For the selection
of 3-D architectural metrics, commonly used indices such as AH, AV, BCR, CONTAG, and
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Fig 8. Scale relationship plot of the Moran index of architectural landscape pattern.
https://doi.org/10.1371/journal.pone.0261846.g008
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https://doi.org/10.1371/journal.pone.0261846.9009
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Table 4. Architectural landscape index values for each functional land.

Region AH LHVC BCR HBR AV BRI CONTAG SHDI
Residential land 34 1.3112 0.3487 0.3744 22349 9019667 39.2159 1.4052
Commercial land 34 1.3154 0.4600 0.3995 26905 2335524 40.4754 1.4092
Industrial land 19 1.4970 0.1649 0.1458 14627 850781 55.7298 1.1284
Transportation land 32 1.1538 0.3368 0.4107 23961 320348 39.6788 1.4076
Public service land 28 1.2616 0.1996 0.3599 20039 3607928 43.4613 1.3514

https://doi.org/10.1371/journal.pone.0261846.1004

SHDI have been applied in architectural landscape research, which can reflect the changing
characteristics of the architectural landscape [44]. In addition, some scholars created the HBR
to help build a 3-D metrics system and found that the index has a certain effect on air quality
[45]. This study introduces two new indices, the LHVC and BRI, to provide a more compre-
hensive understanding of the differentiation characteristics of the 3-D architectural pattern of
the main urban area of Xi’an.

The United States, Italy, Japan, China and other countries have explored the scale effect of
landscape patterns more [46-49]. Some researchers have analyzed the grain size effect of land
use pattern changes at the type and landscape levels by changing the spatial grain size through
the ratio dominance method of pixels [24]. In addition, some researchers used the grain size
(resolution) of GIS data to evaluate the impact of grain size changes on landscape pattern met-
rics and cost-surface model output [25]. However, these studies mainly focus on the grain size
effect of landscape patterns, and there were few studies on the extent effect, especially in Xi’an,
where there is currently no such study.

This study analyzed the spatial heterogeneity of the landscape pattern for each functional land
based on the analysis of the 3-D architectural landscape metrics differentiation. In similar stud-
ies, some researchers analyzed the spatiotemporal characteristics of the architectural landscape
in the area using the 3-D information of buildings and found that the city was expanding verti-
cally and that the intensity of urban land use had increased significantly year by year [23, 41].
Some researchers have used building-related landscape metrics to describe 3-D urban landscape
patterns and used these metrics to describe urban characteristics, ecological conditions, and
social significance [19]. The study found that these landscape indices can effectively reflect the
relationship between the number, area, height, 3-D shape, and diversity of urban buildings.
However, in Xi’an, there is no relevant research on the characteristics of 3-D landscape patterns.

In summary, compared with other studies, this study conducted a principal component
analysis of landscape metrics and constructed a rigorous 3-D landscape pattern metrics sys-
tem. Two new indices were introduced, LHVC and BRI, which enable a more comprehensive
analysis of the spatial structure and heterogeneity of 3-D architectural landscapes and provide
new possibilities for the selection of landscape indices in future studies. In addition, this study
established a mathematical model of weighted changes in landscape metrics based on the
CRITIC method to analyze the extent of changes in architectural landscape patterns and
revealed the characteristic scales of 3-D landscape patterns in the study area. This study fills
the gap in the research on the 3-D architectural landscape in Xi’an. Finally, this study compre-
hensively analyzed the spatial distribution characteristics of the landscape pattern in the study
area at the micro and macro levels.

Scale effect of the 3-D architectural landscape in the main urban area of Xi’an

The urban grid phenomenon of Xi’an is obvious, and the built-up areas have a chessboard
design with have unique landscape ecological patterns. The boundaries of the first, second and
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third rings can reflect the expansion and evolution of the urban spatial structure of Xi’an and
the characteristics of the urban landscape structure in the process of urban development. Spa-
tial heterogeneity can reflect the complexity of the distribution pattern of landscape structure
and functional space. It exists widely at multiple scales and is scale-dependent. For example,
the measurement of landscape patterns are closely related to the selected scale of analysis. As
shown in Fig 6, the values of SHDI, AH, BCR, HBR, and AV increase rapidly with increasing
extent, and the scale dependence was strong. Between 6~8 km, the changes in these five land-
scape indices are not significant. Outside the range of 8 km, the values of these five indices
slowly decrease and stabilize with increasing extent, and the scale dependence was weak.
Within the range of 9 km, as the extent increases, the value of CONTAG decreases rapidly,
and the scale dependence was strong. Outside the 9 km range, the landscape index gradually
increases and tends to be stable with increasing extent, and the scale dependence was weak. In
the range of 6 km, the value of LHVC changes drastically and irregularly, and the scale depen-
dence was strong. Outside the range of 6 km, the index increases rapidly with increasing
extent, and the scale dependence was strong. The value of the BRI increased continuously with
increasing extent and had a strong scale dependence. From the above results, it is clear that the
two newly introduced indices, LHVC and BRI, have a strong scale dependence compared to
the other indices. For example, the values of these two indices change greatly with changes in
extent.

The load plot in the PCA results can evaluate the "size or quality” of the variable’s influence
on the sample. Therefore, Fig 5 shows that the load value of the LHVC is low, i.e., the informa-
tion presented about the landscape is relatively low. BRI presents a larger amount of landscape
information. Therefore, BRI was more effective than LHVC. Since the two new indices were
sensitive to scales, they do not apply to studies of landscape patterns that require transforma-
tion between different scales. However, the new indices can be popularized and involved in the
study of landscape patterns in a region to interpret landscape patterns from a wider range of
perspectives.

Fig 7 shows that the weighted change value of the architectural landscape pattern index cal-
culated based on the CRITIC method was consistent with the overall change trend of the
entropy method, but the CRITIC method was more sensitive to changes in the architectural
landscape pattern. Therefore, the weighted change model of the architectural landscape pat-
tern index based on the CRITIC method was more robust. When we observe the weighted
change plot of the landscape index based on the CRITIC method, we can see that the architec-
tural landscape index changes more drastically in the range of 6 km and gradually decreases in
the range of 6~8 km. Outside the 8 km range, the weighted change in the landscape index
tends to be stable. This was because the range of 6 km was close to the location of the first ring
road in Xi’an. Due to the unreasonable landscape composition in the first ring area and the
mixed layout of residential and commercial areas, the architectural pattern has shown obvious
changes. Between 6 km and 8 km was a transitional area from a mixed commercial and resi-
dential area to a predominantly residential area. Beyond 8 km, outside the second ring road,
the land use structure tended to be stable. Therefore, the characteristic scale of architectural
landscape patterns was approximately 8 km.

In addition, as shown in Fig 8, the architectural landscape is spatially positively correlated
to all extents, with a high degree of spatial autocorrelation and small spatial differences. This
indicates that buildings of the same type of height show an aggregated distribution in space.
However, within 6 km, the spatial difference was relatively large, which was caused by a large
number of old buildings in the first ring, the unreasonable layout between them and the new
houses, and the fragmented arrangement of multiple height types of buildings. Beyond 8 km,
the spatial difference of the architectural landscape tended to stabilize.
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Spatial differentiation characteristics of the 3-D architectural landscape in
main urban area of Xi’an

With the acceleration of urbanization, the population of Xi’an is increasing, especially in
urban areas. The increase in population density has brought severe challenges to the resources
in this area. To save land, cities have a tendency of employing vertical development, which has
been shown by research in many cities [50-52].

As depicted in Fig 9, the high-value areas of the LHVC, BCR, SHDI, and BRI are Beilin Dis-
trict, Xincheng District, Lianhu District, and parts of Yanta District. As a result, it was con-
cluded that the building density is higher, the roughness of the underlying surface is high, and
the building height types are abundant and vary significantly in height in the Beilin, Lianhu
and Xincheng districts. This is mainly because Beilin District, Lianhu District, and Xincheng
District are the earliest built-up areas in Xi’an. The population density is high, there are many
old buildings, commercial buildings are dense, and urban renewal is difficult, which leads to
disorder and chaos in the building layout. The high values of AH are mainly distributed in the
Bagqiao and Yanta districts, and the low values are mainly distributed in Weiyang District. The
HBR value of Bagiao District is higher, followed by Weiyang District, and there are also high-
value areas of AV in these two districts. This was mainly because there are more newly devel-
oped buildings in Baqiao and Yanta, and the average height of the buildings is relatively high.
In addition, Bagiao District has excellent ecological conditions and low population density,
with only localized areas with large building volumes and high heights. The population density
in Weiyang District is low, the average building height is relatively low, and a small number of
large-volume buildings exist locally. The high-value areas of CONTAG mainly appear in
Yanta, Weiyang, and Baqiao districts and are distributed near the third ring road of the city.
From this, we know that the patch types of the architectural landscape cluster around the third
ring road. This is due to the high land prices within the city’s first and second ring roads, and
developers have focused construction in areas around the third ring road in Xi’an, with high-
rise buildings dominating.

As seen from Table 4, the values of AH, BCR, and BRI of residential land are higher, and
the value of CONTAG is lower. It is concluded that the residential land in the main urban area
of Xi’an has a high average building height, high building density, large roughness of the
underlying surface, and dispersed layout. This is mainly due to the high population density of
the residential land in the main urban area of Xi’an and a large number of buildings and
mainly high-rise buildings. The layout is often more flexible due to the need to meet the living
needs of people in different regions. Commercial land has higher values of AH, BCR, AV and
SHDI. It can be concluded that commercial land has a high building height, high building den-
sity, large volume, and rich building types. This is mainly because commercial land has a large
flow of people compared to other lands and requires higher construction space utilization. The
building types are full of changes. The values of LHVC and CONTAG of industrial land are
higher, and the values of AH, AV, BCR, HBR, and SHDI are the lowest compared to other
lands. Industrial land has a low building height and small size, low building density, fewer
high-rise buildings, and fewer types of building patches. This is because industrial land is
mainly located in suburban areas, with low population density, and land is not as scarce as in
urban centers. Second, industrial land has various building types, such as factory buildings, liv-
ing buildings, and office buildings, and the height varies greatly. In addition, there are many
industrial parks in Xi’an, and industrial buildings tend to cluster. The values of HBR and AV
are higher for transportation land, while the values of LHVC and BRI are lower. This is mainly
because the transportation land has high pedestrian flow and the number of buildings is small
and most of them are high-rise, resulting in a large proportion and volume of high-rise
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buildings. In addition, transportation buildings are generally public buildings with small
height differences and low roughness of the underlying surface. The lower value of BCR for
public service land is due to the public service land that usually has more public service facili-
ties and a relatively lower building density.

Conclusions

In this study, the 3-D landscape pattern analysis was applied to the landscape pattern study of
the main urban area of Xi’an for the first time, and the spatial heterogeneity of the landscape
pattern of buildings was analyzed. In this study, principal component analysis was used to con-
duct dimensionality reduction analysis on 12 3-D architectural landscape indices, and finally,
8 indices were selected, among which two indices, LHVC and BRI, were created for the first
time, thus constructing the metrics system for 3-D architectural landscape patterns in the
main urban area of Xi’an. In this study, a mathematical model of the weighted change in land-
scape metrics based on the CRITIC method was constructed to reflect the scale effect of a 3-D
architectural landscape. The fractal dimension PAFRAC varies with the amplitude, which veri-
fies the validity of the model. The model successfully reflects the characteristic scale of the 3-D
landscape pattern and reveals that the characteristic scale of the 3-D landscape pattern in the
main urban area of Xi’an is near 8 km. Through spatial correlation analysis, it was determined
that the 3-D architectural landscape in the main urban area of Xi’an is spatially positively cor-
related, with a high degree of spatial autocorrelation and small spatial differences.

This study found that the characteristics of the 3-D urban landscape pattern are related to
the natural geographic conditions, economic and production activities, and urbanization of
Xi’an. The main urban area of Xi’an was densely built, creating a complex urban landscape. As
different regions accommodate different urban economic, social and cultural functions, build-
ings vary in size, height, volume, density, morphological heterogeneity and vertical roughness.
The architectural landscape pattern of Xi’an’s main urban area was disordered and chaotic
within the second ring, and the phenomenon of patch type clustering near the third ring was
closely related to geography, housing prices, traffic and other factors. Among the six adminis-
trative districts of Xi’an, Beilin District, Lianhu District and Xincheng District had higher
building density, richer building height types and higher roughness of the underlying surface,
which were the key areas for improvement in urban renewal. From the perspective of land use,
residential land, commercial land, industrial land and public service land were the main urban
functional land, among which residential areas had high building density and high height,
industrial land had low building density and low height. The building density of public service
land was low and the layout was centralized. The building density of commercial land was
large and the volume was large. In the process of urbanization, how to make a reasonable lay-
out of architectural space is an issue that government planning departments and urban design-
ers need to pay attention to. From the perspective of urban landscape ecological design, we
suggest that urban planning decision-makers in Xi’an should do a good job of integrating and
transforming old and new buildings within the First Ring Road in the urban renewal process.
It is necessary to focus on improving the layout of buildings and roads in Beilin District,
Lianhu District, and Xincheng District to transform the scattered buildings to intensification
to increase the utilization rate of land. In addition, the planning of commercial land should be
strengthened so that the population density can be reasonably distributed, and finally, the vari-
ous administrative regions should develop in a balanced manner. The reasonable layout of the
architectural landscape has a profound impact on the quality of the urban ecological environ-
ment. This paper provides important support for further research on the mechanism of 3-D
landscape pattern influence on the urban ecological environment.
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