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With the rapid development of urban rail transport, regional functional dif-
ferences result in significant variations in service facilities and population
growth around stations. A scientific assessment of station development can
enhance the comprehensive benefits and sustainability of rail transit sys-

tems. Using Suzhou as a case study, this research analyzes the correlation
between variables such as service facilities and population distribution utiliz-
ing POI data and Baidu heat map data. Interchanges were classified using
clustering methods, and specific differences in service facilities among
these stations were identified through analysis of variance (ANOVA).

1. Introduction

With the growing demand for convenient transportation
and rapid urbanization, urban rail transit (URT) has be-
come increasingly vital in urban development. URT facili-
tates population movement and regional growth. Despite
China's late start in URT development, national policies
and large-scale investments have led to significant
achievements, with passenger flow surpassing other coun-
tries for years. However, high costs and challenges in
achieving operational profitability remain. Nonetheless,
URT's external benefits drive local economic growth and
land use. Scholars have explored ways to balance URT
losses through value capture and diversified business
models. Classifying URT stations and aligning service facil-
ities with population changes can support effective transit-
oriented development (TOD).

Studies confirm URT's strong influence on population
concentration and service facility development. A rich vari-
ety of service facilities attracts residents, businesses, and
enterprises, driving local economic prosperity and enhanc-
ing property value. This concentration of services fosters

urban expansion and population growth. The rise of urban
multi-source data has enabled more precise research on
urban environments at finer scales, facilitating real-time
studies of URT stations. Research highlights URT’s role in
urban growth, with population as a key factor reflecting
station characteristics. Comprehensive vitality assess-
ments of station areas using multi-source data are essen-
tial for optimizing resource allocation and promoting spatial
synergy.

This study uses multi-source data (Amap POI and
Baidu Heat Maps) to analyze service facilities and real-
time population data around Suzhou’s URT interchange
stations. By exploring the development characteristics and
typological differences of these stations, the research aims
to support urban development and improve transportation
and citizens' quality of life.

2. Research Scope and Data Presentation

2.1. Research Scope
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map is captured

Figure 1 | Diagram of Suzhou Railway
Interchanges

Suzhou is the
first prefecture-level city in China to build and open a URT
system. The first rail transit line, Suzhou Rail Transit Line
1, commenced operations on April 28, 2012. By 2023,
Suzhou has a total of 7 lines in operation, with 197 sta-
tions, including 16 interchange stations. This study focuses
on the 1km radius around these interchange stations, rep-
resenting a 15-minute living circle. The research scope
includes 15 interchanges (Figure 1). Huagiao Station on
Line 11 is excluded from the study as it is not under the
city's jurisdiction.

2.2, Data Acquisition and Processing

There are three main types of data included in the study
to represent the development of interchanges: service fa-
cility data, demographic data, and locational planning (Ta-
ble 1).

The population data were sourced from Baidu Heat

Table 1 | Specific variables and data acquisition methods

Taking a transfer station as the
center, the macroscopic heat
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Figure 2 | Heat data extraction process

Maps and acquired in March and April 2024. Real-time
heat maps for each interchange were regularly captured
using a mobile phone, and the specific heat data within a
1-kilometer radius were cropped out. The number of pixels
in different color classes was then calculated separately,
and population values were assigned based on these color
classes (Figure 2). The population data were categorized
into two types: weekdays and weekends, covering the pe-
riod from 6:00 to 23:00. By averaging the data from multi-
ple weekdays and weekends, the specific population
changes for each period were determined (Figure 3).

The service facility data were obtained from amap POls
on April 9, 2024. Based on the Urban Residential Code
Design Standards and considering the availability and
practicality of the data, the POI data were classified into 10
categories of facilities: automobile repair-related services,
food and beverage services, shopping services, living ser-
vices, sports and recreation, health care, governmental

Typology

Specific variables

Sources of data

Total population (Sy)

Population data

Population fluctuation (o;,,)
Interchange completion time (7)

Entrances and exits (W)

Planning condition

Distance from the city center (D)

Real-time population peaks (Sy/4 x)

Sum of real-time headcount by time period

Maximum real-time headcount from 6-23
p.m.

Standard deviation of real-time population
Official operating time of the line
Number of entrances/exits in amap

Straight-line distance from the interchange
site to the city center

Auto Service (K;), Food & Beverages (K,), Shopping
(K3), Daily Life Service (K,), Sports & Recreation (K5),

Medical Service (Kg), Governmental Organization &
Social Group (K5), Science/Culture & Education Service
(Ky), Transportation Service (Ky), Finance & Insurance

Service facilities

Number of pois within 1km of the
interchange

Service (K|), Total Services and Facilities (K,)

Service facility imbalance (H)

Information entropy of different services in
the vicinity of the interchange
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weekday
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Figure 3 | Real-time population of the interchanges at different times of the day

institutions, science, education and culture, transportation,
and financial and insurance services. The KEY was ac-
quired through the amap Open Platform's WEB service,
and the POI data within a 1km radius of each interchange
were further retrieved using Python, resulting in a total of
32,037 nodes.

2.3. Research Indicators

Several specific variables are selected for this study.
S, represents the total population in one day at the inter-
change, which is obtained by summing up the real-time
population (S;) ross the 18 study periods at the inter-
change. S; is derived by multiplying the number of color
pixels (A,,;,,) in different study periods by the weights of
the corresponding colors. This study focuses on a relative-
ly active population, so only the color range from red to
cyan is selected, and the minimum weight value is used:

Si = 60Ared + 40Aorange + 2OAyellow + 10Agreen +Acyan

The population fluctuation (o) is used to measure the
daily population activity at different interchanges. A larger
value indicates a higher level of population vitality at the
interchange on that day. o, is the standard deviation of the
real-time population (S;), where S is the average real-time
population at the interchange for a single day. The calcula-
tion formula is as follows:

21236 (Si - 3,)2

“=\" 1

Service facility imbalance (H) represents the degree of
disarray in the number of various service facilities around
the interchange. A higher value indicates a greater imbal-
ance among different types of service facilities. H is the
information entropy of different types of service facilities,

where PK,- represents the overall proportion of a certain

type of service facility. The calculation formula is as fol-
lows:

10
H=- Zi:l PKiIngpKi

3. Analysis of Data Results

The study first used SPSS to process and analyze the
data, explored the correlation relationship between various
variables through correlation analysis, found a more stable
and conducive to explaining the developmental differences
in the variable groups, and then further carried out cluster-
ing and analysis of variance (ANOVA). On this basis, the
data were imported into ArcMap, and the spatial distribu-
tion of the variables was combined to obtain the develop-
mental differences of each site.

3.1. Correlation Analysis

Correlating the specific variables of the interchange
(Table 2), it can be observed that the total service facilities
(K,) show a highly stable positive correlation with the total
population (S4), the real-time population peak (K4 x), and
the population fluctuation (o,), (p-values<0.1). This sug-
gests that an abundance of service facilities positively im-
pacts the mobility of the population around the inter-
change. Simultaneously, active demographic changes
prompt the presence of a considerable number of service
facilities. Although further research is needed to analyze
the influence mechanism between these two factors, their
relationship is notably close at the macro level.

Additionally, the total population (S,), the real-time pop-
ulation peak (S, x), and the population fluctuation (s,,) on
weekdays and weekends are all negatively correlated with
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Table 2 | Correlation and significance between different variables
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Figure 4

the distance from the city center (D). This partly reflects
that interchanges farther from the city center have lower
total population, less vigorous surrounding populations,
and lower single-day real-time headcount maxima. The
imbalance of service facilities (H) and the distance (D)
from the interchange to the city center show a high nega-
tive correlation, indicating that the closer the interchange is
to the city center, the more imbalanced the distribution of
various types of service facilities. Conversely, the further
the station is from the city center, the more balanced the
distribution of service facilities.

It is worth noting that there is a strong positive correla-
tion between the total service facilities (K,) and the imbal-
ance of service facilities (H) (p=0.000009 < 0.01). This
also indicates that the higher the total number of service
facilities around the interchange, the more serious the im-

balance in service facility types. Combined with the dis-
tance to the city center (D), the closer the station is to the
city center, the greater the number of service facilities, and
consequently, the greater the imbalance in the types.

By transforming the above variables into scatterplots
(Figure 4), it can be observed that the points display a ba-
sic linear distribution. However, due to the scattered nature
of the distribution, it is difficult to draw clear and intuitive
conclusions from the scatterplots alone. To more accurate-
ly and visually interpret their correlations, further cluster
analysis is necessary to identify the specific differences
among the relevant variables.

3.2. Cluster Analysis
Given that this study is based on big data, it continues
to examine population dynamics and service facilities. Four
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Figure 6 | Gap in total population and population vitality on weekdays and weekends



variables S,, 0,, K, and H —are categorized and summa-
rized to reveal the basic characteristics and differences in
the development of interchanges. Using systematic cluster-
ing in SPSS, 15 interchanges were analyzed based on
these 4 variables. The clustering method used was Wald's
method, with the measurement interval being the squared
Euclidean distance. Based on the clustering results, the
different interchanges were classified into 2 to 8 cate-
gories. To compare the relative levels of these inter-
changes, the results of 3-4 categories were selected for
comparative analysis (Figure 5).

Since the total population clusters on weekdays and
weekends are similar, but considering the differences in
their specific conditions, the gap situation is further plotted
(Figure 6) to analyze the population characteristics of the
interchanges in more detail. The specific calculation
method for the gap situation involves the difference be-
tween weekday and weekend data. A positive difference
indicates stronger population data on weekdays than on
weekends, and vice versa. This difference is then divided
by the average population data of the two periods to get
the specific fallout of the total population at various inter-
changes. The circle represents the total population gap,
and the diamond represents the difference in the popula-
tion vitality gap.

In terms of K, clusters, Type 3 has the largest share,
with the total service facilities around its interchanges rang-
ing between 2500 and 3500, symbolizing that these inter-
changes are at a relatively mature level of development,
marked High. Additionally, since the total number of service
facilities in Type 4 (Leqgiao station) is significantly higher
than the other types, it is classified as a separate category,
indicating that its service facility situation is at an over-sat-
urated development level compared to other interchanges,
marked Excessive. Regarding H clusters, Type 1 > Type 3
> Type 2, are characterized as severe imbalance, moder-
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ate imbalance, and slight imbalance respectively. Most in-
terchanges experience severe imbalance and combined
with the total number of service facilities, there are signifi-
cant developmental differences in service facilities among
different interchange stations. The reasons for this imbal-
ance will be further analyzed in the following section.

In terms of S, clusters, Type 1 and Type 2 have the
same number and both account for the largest proportion
of the clusters. This indicates that the total population at
most of the interchanges is small-sized (1469-7383) and
medium-sized (9011-16093), with only three interchanges
having a large-sized population (20345-28824). Figure 6
shows that the number of positive and negative values in
the total population gap is approximately the same, and
most of the absolute values of the gap are between 0 and
0.2. This indicates that the total population at these inter-
changes is relatively stable on weekdays and weekends.
However, there are also cases with significant differences,
such as Fengtingdadao station and Jinshegiao station,
which are -0.41 and 0.49 respectively. It shows that the
difference in total population between weekdays and
weekends is prominent, with people tending to gather at
Fengtingdadao station on weekends and at Jinshegiao
station on weekdays. Combined with the real-time popula-
tion data in Fig. 2, most of the interchanges in Type 1 show
a high concentration of population during weekdays only
during commuting hours, indicating that the main function
of these interchanges is oriented towards daily commuting.
Type 2 and Type 3 have significant population concentra-
tion throughout the day, indicating that these interchanges
not only serve daily commuting but also accommodate var-
ious functions such as commerce and culture.

In terms of S, clusters, Type 2 has the lowest popula-
tion volatility, suggesting that these interchanges have a
less vibrant population profile. Type 1, which is the most
numerous, has moderate population volatility, indicating

Table 3 | Relative development and characteristics of different interchanges

Factor Total service Service facility Total Total population  Population Population Distance from
Level facilities imbalance population gap fluctuation  fluctuation gap  the city center
Interchange K, H S, AS, 0, Ao, D

Xingtangjie Low Low Low Negative Low Positive
Fengtingdadao Low Low Low Negative Low Negative
Jinshegiao Low Medium Low Positive Low Positive
Laodonglu Medium Medium Low Negative Low Negative
Suoshangiao west Medium Medium Low Positive Low Positive
Hongzhuang Medium Low Medium Negative Medium Negative
Shizishan Medium Medium Medium Negative Medium Negative
Suzhou railway station Medium Medium High Positive Medium Negative
Panlilu High High Low Negative Medium Positive
Dongfangzhimen High High Medium Positive Medium Negative
Nanmen High High Medium Negative Medium Negative
Shihudonglu High High Medium Negative Medium Negative
Baodailu High High Medium Positive Medium Negative
Guangjinanlu High High High Positive Medium Negative
Legiao Excessive High High Negative High Negative




more distinct changes in real-time headcount. Additionally,
there is only one interchange in Type 3, Leqgiao station,
which has the highest population volatility and the most
dramatic population fluctuations. Combined with the data in
Figure 2, it can be seen that the population build-up at
Legiao station becomes progressively more pronounced
from 9:00 a.m. to 11:00 p.m. This suggests that Legiao
station is the most prominent in terms of demographic fac-
tors. It not only has high-intensity population activity values
but also a stable continuation of population activity. This, to
some extent, explains the excessive level of development
in terms of the number of service facilities. The data in Fig-
ure 6 reflects the difference in population volatility between
weekdays and weekends. Most interchanges have nega-
tive population gap values, indicating a higher intensity of
population activity on weekends than on weekdays. For
example, at Panlilu station, population activity from 10 a.m.
to 10 p.m. on weekends is consistently high, while on
weekdays from 10 a.m. to 3 p.m., there is less activity
around the site, suggesting that people are more inclined
to visit this interchange on weekends.

The above analysis provides the specific development
differences for each interchange site (Table 3).

3.3. One-Way Analysis of Variance Analysis

The total service facilities and the total population can
summarize the basic reasons for the differences in the de-
velopment of interchanges, so the one-way analysis of
variance analysis (ANOVA) was continued based on these
two clusters to analyze the specific reasons for each of
them to cause significant differences in the occurrence of
interchanges (Table 4).

No significant between-group differences were shown
between each of the above variables. In K, clusters, 7
variables—Food & Beverages (K,, Shopping (K3), Daily
Life Service (K,), Sports & Recreation (Ks), Medical Ser-
vice (Kg), Transportation Service (Ky) and Distance from
the city center (D) —showed high significance. These fac-
tors are likely crucial in determining the differences in ser-
vice facilities at interchange sites. Governmental Organiza-
tion & Social Group (K;), Science/Culture & Education
Service (Kg), and Finance & Insurance Service (K) also
contribute to the classification of the total development
type of service facilities. The histogram of facility types
(Figure 7) reveals a certain regularity in the proportion of
each type of K,: K5 > K, or K, > K,. This indicates that
differences between various development types are con-
centrated in these four types of service facilities.

In S, clusters, only K, showed high significance, indi-
cating that Food & Beverages are the most critical among
the various service facilities and are the key factor influenc-
ing population size changes. Following K>, K,, K5 Kg and
K also impact population growth. However, the surprising-
ly low significance of shopping services suggests the grow-
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Table 4 | One-way ANOVA for K, and S,

KA SA
ANOVA
F P F P
Auto Service (K;) 0.980 0.404 0.235 0.794
Food & Beverages (K,) 8.823 0.004 7.315 0.008
Shopping (K3) 9.445 0.003 3.050 0.085
Daily Life Service (K ) 13.5183 0.001 4.626 0.032
Sports & Recreation (Ks) 7.840 0.007 5.151 0.024
Medical Service (K) 9.615 0.003 1.625 0.237
Governmental Organization &
Social Group (K-) 5.357 0.022 1.579 0.246
Science/Culture & Education
Service (Ks) 4990 0.026 4.838 0.029
Transportation Service (Kg) | 23.080 0.000 4.842 0.029
Finance & Insurance Service
K 4938 0.027 1.806 0.206
(K1p)
Distance from the city center
(D) 12.173 0.001 3.439 0.066
Interchange completion time
(T) 1.406 0.283 1.750 0.215
Entrances and exits (W) 3.699 0.056 0.162 0.852
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Figure 7 | Number of service facilities in K, clusters

Finance & Insurance Service -
Transportation Service

Science/Culture & Education Service
Governmental Organization & Social Group
Medical Service

Sports & Recreation

Daily Life Service

Shopping

Food & Beverages

Auto Service -

o

100 200 300 400 500 600 700 800 900

mHigh mMedium mLow

Figure 8 | Number of service facilities in K, clusters



Type 1 (Low 54
5":"::;""‘ Xngargie  Jmhegao  Loodonghs  Fengirgdadso P
- // N
Food & Deverages (o) ° O \ a
RN
- ~ -~
N, e
NS N/
| ; k.
— \ A
AAN
7o)
& Recseat & o e ° ®
g mom'Culure e
& [ hscaton Sarwce o . e o o .

F)
£
§

(5]

.

’ .

\
N—

Shizshan  Donglangzivmen  Nanmen

 Number of single type of
! service facility

JSBE | Vol. 2 No. 2 | 31 March 2025 | 8

Type 2 (Medium 5) Type 3 (High 5)

Shinudongiu Bacdabs Hongztwang Sm;lghw Guanggnanks Legao

- — / N
—— e — \
N 7 N~/ N\ N P A \
e A ‘w-/, \ . _ [N\ \
¥ [ () (o) ()1 { L |
\J \J \ ] \_/ J ' = ~ |
A A = A~ N ALY N/
JEIK Nl R TXIT A P\ p
\‘ . . A \ TN TN FAN N\
) I | | \ : { -~ |
j ]
\ l‘ / '\ p \ A \ J )
AN AN v £ o N\ LS /
- = ~ 7N 7 —_— N /
— - ~ y
~ - -
.(o/ (@ (o !\ o . (o t _v-/\" :
oy
D} D) ] (s (o) o (& (e
~ TN TN -~ TN \
/ \ \ A 4 / \
\ / \ A J N \ \
S S N ~ ~__ ._\ J

Number of persons potentially served
by a single type of service facility

Figure 9 | Number of persons potentially served by a single type of service facility

ing popularity and convenience of online shopping, which
reduces people's reliance on physical shopping places.
The histogram of facility types (Figure 8) shows a consis-
tent pattern with the previous section: K3 > K, or K, > K.

The five service facilities with higher significance in the
clusters were further analyzed and combined with the real-
time S),;4x at their respective interchanges (Figure 2) to
determine the specific number of people potentially orient-
ed towards different service facilities at each interchange
(Figure 9). In Figure 9, the coil size represents the number
of each service facility, while the solid circle size reflects
the number of potential users for each facility. Most coils
surround the solid circle, indicating that the overall trend of
the two is similar. However, in a few cases, the coils are
smaller than the solid circles, suggesting that the configu-
ration of the service facilities at these interchange stations
is inadequate to meet the needs of the surrounding popula-
tion, leaving room for further development and utilization.
Conversely, if the solid circle is too small within the same
type of service facility, it indicates that these facilities are
under significant pressure and require better planning to
enhance their comprehensive utilization rate.

4. Discussion

This study investigates the differences in development
among Suzhou metro interchanges by examining service
facilities and population data through multiple data
sources. The findings highlight several patterns and rela-
tionships.

From the perspective of interrelationships, except for
Suzhou Railway Station, there is a clear correlation be-
tween S, and K. According to the relative development
levels indicated in this study: low S, - low/mid/high K, mid
S4- mid/high K, high S, - high/very high K, the relative

development level of service facilities is always greater
than or equal to the total population. This indicates that the
provision of service facilities is generally designed to meet
or exceed the needs of the surrounding population, ensur-
ing the functionality and service quality of the interchanges.
It also reflects the foresight and redundancy in urban plan-
ning and service facility configuration to handle surges in
population during holidays. The situation at Suzhou Rail-
way Station is unique due to its dual function as a railway
station, leading to an imbalance between service facilities
and total pedestrian flow, and hence it is discussed sepa-
rately.

Regarding o, and S, interchanges with mediumgo,, typi-
cally have medium to high S,. This suggests that inter-
changes with medium S, tend to attract more people.
When considering the distance from the city center, Nan-
men Station, which is relatively close to the city center,
shows a trend of increasing to a high S,. Similarly, Panlilu
Station also exhibits a trend of rising to a medium S,. In
contrast, interchanges with low population volatility may
need to develop multi-functional uses to enhance their
overall attractiveness and utilization, thereby promoting
population gathering and mobility, and driving the overall
development of these interchange stations.

Moreover, there is a significant relationship among K,
H and D. The closer an interchange is to the city center,
the more service facilities it has, but also the more imbal-
anced the distribution of these facilities. In the city center,
high population density and demand drive the development
of commercial service facilities such as shopping, dining,
and living services, while the quantity of other service facili-
ties remains relatively stable, leading to resource over-
concentration and supply-demand imbalance. The most
typical example is Legiao Station, where the excessive K,



results in serious imbalance, leading to high pressure and
competitive intensity among service facilities. To address
this, government intervention is necessary to guide busi-
nesses and investors to build service facilities in peripheral
areas, thereby alleviating the high-pressure environment of
the city center.

5. Conclusion and Outlook

The development of URT interchanges is influenced by
a multitude of factors, and cannot be inferred solely from
service facilities and population factors. Land use types,
local development policies, and per capita income levels all
contribute to the comprehensive development of communi-
ties, creating a complex web of influencing factors. How-
ever, by combining pedestrian flow and service facility
data, it is possible to monitor and track the development
status and differences of interchanges in real-time. The
study preliminarily demonstrates the potential for establish-
ing a real-time development monitoring system for inter-
changes through this approach.

In the long run, the sustainable development of URT
sites primarily depends on population density and the den-
sity of service facilities. High population density areas drive
increased demand for commercial, educational, and med-
ical facilities, which in turn fosters the clustering and devel-
opment of these service facilities. This positive correlation
ensures that the area surrounding a rail transit station is
well-supported and functional. Adequate and diverse ser-
vice facilities meet residents' daily needs, enhance the
convenience and comfort of life, and attract more people,
creating a virtuous cycle of "attracting population with ser-
vice facilities." Moreover, the availability and quality of ser-
vice facilities directly impact the attractiveness and utiliza-
tion rate of the rail transit station. The richer and more
evenly distributed the facilities around the station, the bet-
ter they can meet diverse needs, increase passenger flow,
and enhance the overall efficiency of the rail transit sys-
tem. This interaction and synergistic development have a
far-reaching impact on the sustainable development of
cities, maximizing comprehensive benefits.
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ABSTRACT

Focusing on 219 existing ancient opera stages in Hunan Province, this
study integrates GIS spatial analysis with the AHP-entropy model to exam-
ine their spatial distribution and disaster risk characteristics. The findings
reveal a generally discrete distribution pattern (R=1.86), with high-density
clusters in southern and western Hunan. Spatial evolution follows a tempo-
ral sequence, shifting from a southern concentration during the Ming and
Qing dynasties to multi-directional expansion in the late Qing and Republic
periods. A total of 72 stages are located in key geologic hazard zones, and
169 are threatened by floods, particularly in mountainous and low-lying ar-
eas. Based on disaster risk zoning, a hierarchical protection strategy is pro-
posed—emphasizing structural reinforcement and digital monitoring in high-
risk areas, and drainage improvements with community participation in sec-
ondary zones. The study establishes a “distribution—risk—response” frame-
work, providing a scientific basis for the preventive conservation of tradi-
tional opera heritage under climate change.

1. Introduction

The traditional Chinese opera art and its material carri-
er, the ancient stage, coexist and co- prosperity, forming a
unique cultural system of "performance space". Ancient
stage is not only a physical place for opera performance,
but also an important social space carrier for clan rituals,
trade exchanges and folk activities!'l. Its architectural form
since the Song and Yuan hook rail tile house to the Ming
and Qing ancestral hall playhouse gradually stereotypes,
showing a blend of north and south of the regional charac-
teristicsl?. Hunan Province, as the "ancient sound of
Jingchu, the source of the southern opera" cultural town,
the number of existing ancient stage among the forefront of
the country, Xiang Opera, Qiqu Opera, Yang Opera and
other local theater and Dong Nuo opera and other ethnic
minorities intertwined here, giving birth to the footstool
type, wind and rain bridges, and other very characteristic of
the regional architectural types of the stage. However, un-

der the double pressure of accelerated urbanization and
frequent occurrence of extreme weather, the ancient stage
in Hunan is facing multiple threats such as flooding, termite
infestation, improper repair, etc., and its protection has be-
come imminent.

Currently, domestic scholars on the study of the ancient
theater mostly focus on the architectural form and cultural
functions. For example, Zhou Hua binBl systematically
sorted out the logic of the spatial evolution of theater build-
ings, and Chen Zhihual4l revealed the interaction between
Huizhou theater and clan society through field research. At
the level of regional studies, Xiao Minl5! conducted a typo-
logical analysis of the construction techniques of ancient
stage in southern Hunan, while Wu Weiguangl®! paid atten-
tion to the cultural symbolism of minority stage in western
Hunan. While foreign countries pay relatively less attention
to folk architecture such as ancient stage, with the global-
ization trend of cultural heritage protection and disaster risk
management, foreign scholars have made some progress
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in the protection of traditional architecture, disaster risk
assessment and application of spatial information technol-
ogy, etc. Smith and Brownl”l emphasized the vulnerability
of traditional architecture and disaster risk through case
studies of traditional architecture in Asia and suggested
spatial analysis and risk assessment through GIS technol-
ogy. Lee and Kimi8l systematically analyzed the spatial dis-
tribution characteristics of traditional theaters in East Asia.
Johnson and Thompsonl®! proposed to realize the dynamic
monitoring of disaster risk of traditional buildings through
the combination of 3D modeling and GIS, while Chen and
Liul'0l evaluated the disaster vulnerability of traditional tim-
ber-framed buildings, and Rossi and Bianchil'l evaluated
the disaster vulnerability of traditional wooden buildings.
Rossi and Bianchi proposed an integrated assessment
method for flood and earthquake disaster risk of cultural
heritage, combining historical data with geographic infor-
mation system (GIS) for disaster vulnerability analysis. it is
worth noting that there is a gap in the existing results in the
study of the use of spatial information technology to ana-
lyze the distribution pattern of the playhouse, and most of
the studies are confined to the protection of single building,
and lack of a systematic assessment of disaster risk per-
spective. GIS technology has shown significant advan-
tages in the field of cultural heritage protection in recent
years. In recent years, GIS technology has demonstrated
significant advantages in the field of cultural heritage pro-
tection, such as Zhang Ying ['2] revealing the fire risk pat-
tern of ancient buildings in Shanxi through spatial superpo-
sition analysis, which is an important reference value for
the comprehensive risk assessment of ancient stage.

Hunan Province, the spatial and temporal distribution of
the ancient theater profoundly reflects the "by the moun-
tains, along the water, along the stage" of the wisdom of
the camp. The Qing Dynasty "Hunan Tongzhi"l'3] in "where
the town wharf, there must be a theater to gather populari-
ty", Yueyang Zhang Guying village "sunny not exposed to
the sun, the rain does not wet shoes" of the gable-type
stage, the passage of the Dong village "to sing instead of
fighting" drum tower stage, all reflecting the environmental
adaptation. The drum tower stage of Dong Village, where
songs are sung instead of fighting, reflects the deep inte-
gration of environmental adaptability and ethnic culture.
However, previous studies have mostly used case descrip-
tions or qualitative generalizations, and have not yet estab-
lished a quantitative analysis framework based on geo-
graphic big data, and even less interdisciplinary exploration
of the association between spatial distribution characteris-
tics and disaster vulnerability. In this study, we propose to
reveal the spatial clustering pattern of ancient opera hous-
es and their disaster risk classification through GIS spatial
analysis and AHP-entropy combination model, aiming to
provide a scientific basis for the construction of a "preven-
tive protection" system, which is of double practical signifi-
cance for the continuation of the cultural genes of Hunan
opera houses and meeting the new challenges of cultural
heritage protection in the face of climate change. This is of
double significance for the continuation of the cultural gene
of Hunan opera and the new challenges of cultural heritage
protection under climate change.
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Figure 1 | Overview of the study area

2. Study Area and Data Sources

2.1. Study Area

Hunan Province is located in south-central China, on
the south bank of the middle reaches of the Yangtze River,
with geographic coordinates between 108°47' and 114°15'
east longitude and 24°38' and 30°08' north latitude, and a
total area of 211,800 square kilometers. The province has
13 prefecture-level cities and one autonomous prefecture,
with a resident population of about 66 million (2020). Hu-
nan Province is one of the important birthplaces of Chinese
opera culture, Xiang Opera, Qi Opera, Yang Opera and
other local operas and Dong Nuo Opera, Miao Drum
Dance and other ethnic minority operas mingled here,
forming a unique "Hunan Opera Cultural Circle"; ancient
opera stage as the material carrier of opera performance,
widely distributed throughout the province. Meanwhile, Hu-
nan Province has a variety of landforms, with mountains,
hills and plains accounting for 51.2%, 29.3% and 13.1% of
the total area respectively. Western Hunan and southern
Hunan are mainly mountainous and steep, which is the
area where the ancient theaters are concentrated; the hills
in central Hunan are undulating, and the ancient theaters
are mostly built in the center of villages or ancestral halls;
the plains of Dong ting Lake in northern Hunan are low and
flat, with well-developed water systems, and the ancient
theaters are often distributed along the rivers, but they also
face a high risk of flooding. The climate is subtropical mon-
soon climate, with an average annual precipitation of 1200-
1700 millimeters, uneven spatial and temporal distribution
of precipitation, and heavy rainfall in summer, which is
easy to cause flash floods, mudslides and other disasters.

2.2. Data Sources

The data sources mainly contain two parts: the data of
ancient theater in Hunan Province and the geographic
base data of geology and flooding in Hunan Province. The
ancient theater data in this study mainly comes from cul-
tural heritage list, local literature and field research data.
The cultural heritage list is derived from the information on
ancient theaters in national and provincial cultural protec-
tion units in Hunan Province provided by the National Bu-
reau of Cultural Heritage's "List of National Key Cultural
Relics Protection Units" (2021) and the Hunan Provincial
Department of Culture and Tourism's "List of Provincial



Cultural Relics Protection Units in Hunan Province" (2020),
while the local records and related literature are mainly
from the "Journal of Hunan Theatre and Opera"l'4, Hunan
Traditional Architecture Journal, as well as Xue Linping's!'5]
Study of Traditional Theater Architecture in Hunan, and
Hong Xuemei'sl'8l Study of Existing Ancient Theater
Stages in Hunan South; the team conducted field surveys
in some areas of Hunan Province in 2022, and supple-
mented some of the information on ancient theater stages
through GPS positioning, photographs taking, and inter-
view records. By the end of 2022, after removing dupli-
cates, there were a total of 219 extant ancient stage in Hu-
nan Province, including 151 ancestral halls, 20 guild halls,
15 temples, and 33 houses and pueblos.

The basic geographic data mainly include topography
and geomorphology, hydrology and climate, and disaster
risk information. Among them, the DEM digital elevation
model of Hunan Province (30-meter resolution) comes
from the Geospatial Data Cloud Platform (http://
www.gscloud.cn); the geological map of Hunan Province
(1:500,000 scale) is provided by the China Geological Sur-
vey (http://www.cgs.gov.cn), which covers the geological
structure and lithological distribution information of Hunan
Province; the River system data (1:250,000 scale) from the
National Center for Basic Geographic Information (http://
www.ngcc.cn); and Hunan Province precipitation and ex-
treme weather data (1981-2020) from the China Meteoro-
logical Data Network (http://data.cma.cn).

2.3. Research Methodology

For the spatial distribution characteristics of the existing
ancient opera stages in Hunan Province, this study adopts
GIS technology and spatial analysis methods, combined
with ArcGIS software, using the spatial statistical methods
of kernel density analysis, nearest-neighbor analysis, and
standard deviation ellipse analysis (see Table 1), to quanti-
tatively analyze the spatial distribution characteristics and
evolutionary trends from the perspective of spatial distribu-
tion characteristics and evolutionary trends. Among them,
kernel density analysis can intuitively and quantitatively
analyze the spatial trend of statistical points, and objective-
ly and accurately express the spatial distribution status of
ancient theaters by strengthening the pattern of displaying
spatial distributionl'?]; standard deviation ellipse analysis
can observe geometric parameters such as ellipse's area,
long and short semiaxes, and oblateness to intuitively re-
flect spatial features such as the scope of distribution of
the performance venues, directionality, and the degree of
discrete; Mean nearest-neighbor analysis can be used to
evaluate the degree of agglomeration of elements, and the
nearest-neighbor index can be used to determine whether
the global distribution pattern of ancient performance
venues in Hunan Province is agglomerated, discrete, or
stochasticl'8l.

On the other hand, in the study of disaster risk in Hunan
Province, the informativeness method, the weighted com-
prehensive evaluation method and the geohazard risk in-
dex have been used to assess the risk of different types of
disasters (see Table 1). The informativeness method is
used to study the susceptibility of geohazards, and its ba-
sic principle is to measure the potential risk of geohazards
in different regions by calculating the ratio of the number of
units known to occur geohazards to the total number of
units in the region. For the study of flood hazard suscepti-
bility, the weighted comprehensive evaluation method was
used, and the corresponding risk model was constructed
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by evaluating the factors affecting flood hazard susceptibili-
ty. The geohazard risk index model is used to comprehen-
sively assess the risk of geohazards by combining the sus-
ceptibility and risk coefficients, and this method further re-
fines the assessment of disaster risk through the calcula-
tion of the risk index. The flood hazard risk index is used to
assess the comprehensive risk of flood hazards and pro-
vide a scientific basis for regional disaster risk zoning. Fi-
nally, based on the results of the calculation of the suscep-
tibility and danger of geology and flooding, three risk zones
were divided into high, medium and low, respectively.

3. Distributional Characterization

3.1. Types of Spatial Distribution

By comparing the average distance of the actual obser-
vation with the theoretically expected average distance, the
nearest neighbor index R can be calculated to infer the
distribution pattern of spatial points. When the index value
is small, it means that the spatial point distribution presents
a more irregular or discontinuous state. In order to assess
the statistical significance of this distribution pattern, the
nearest-neighbor index and P-value can be applied to cal-
culate and draw conclusions. When the index of the calcu-
lation result is less than 1, it indicates that the point ele-
ments present an agglomeration pattern, i.e., there is an
obvious aggregation effect; if it is greater than 1, it indi-
cates that the point elements present a dispersed tenden-
cy, which is not in line with the characteristics of aggrega-
tion. When the index is close to 1, it indicates that the dis-
tribution of point elements is close to the random distribu-
tion mode.

Previous studies have found that the distribution of an-
cient theaters in certain areas can be of different types
such as aggregated, uniform or random. The nearest
neighbor index, as a geographic indicator, is often used to
describe the relative proximity between point elements and
is widely used in the analysis of spatial distribution charac-
teristics. In the study of ancient theaters, due to the influ-
ence of geographic and cultural factors, their distribution
usually shows strong clustering characteristics. Using Arc-
GIS spatial analysis tools, the distribution of existing an-
cient opera stages in Hunan Province was measured, and
the spatial distribution types of ancient opera stages in Hu-
nan Province at different scales were finally identified by
calculating the theoretical closest proximity distance and
the closest point index R. The spatial distribution of ancient
opera stages at different scales in Hunan Province is
shown in the following table.

The distribution of the existing ancient stage in Hunan
Province is analyzed, and the results are shown in Table 2.
The actual nearest point distance of ancient stage in Hu-
nan Province is much larger than the theoretical distance
of the average neighboring point, and the actual nearest
point distance is 9093 m. The nearest point index is 1.8 >
1, and the z-value is 24.50, and the significance level p-
value <0.01, which indicates that the ancient stage in Hu-
nan Province has a strong discrete characteristic. Among
the 14 cities in Hunan Province, the actual nearest neigh-
bor distance of the urban areas with a larger number of
ancient theaters does not reach the theoretical nearest
neighbor distance, indicating that the spatial distribution of
ancient theaters in these areas shows aggregation charac-
teristics; on the contrary, in the urban areas with a smaller


http://www.gscloud.cn/
http://www.gscloud.cn/
http://www.cgs.gov.cn/
http://www.ngcc.cn/
http://www.ngcc.cn/
http://data.cma.cn/

Table 1 | Statistical analysis model and implications [19]
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Exponents Mould

Model Implications

nuclear density index (NDI)

nearest neighbor index (NMI)

k is the kernel density function; / is the
bandwidth; 7 is the number of points in the
threshold range; x — xi denotes the distance
from the valuation point x to the event at xi

7; represents the average of the distances

between each point and its nearest neighbor; r,
is the theoretical nearest neighbor distance
when point elements are randomly distributed;
m represents the number of point elements; A
represents the study area and Drepresents the
number of point elements per unit area.

SDE, = \
standard deviation elliptic index

x; and y; are the coordinates of the spatial

(SDEI)

position of each element; p,_and ]'Jy are the

arithmetic mean centers; and the variation of
the ellipse calculated by SDE, and SDE,.

SDE, = \

information quantity method

N

Weighted Comprehensive
Evaluation Method (WCEM)

Geologic Hazard Risk Index —q
(GHRI) ! !

Flood hazard index

riskiness index V=UXY

N is the total number of units in the study area
where geologic hazards are known to occur,
and S is the total number of units in the survey
area.

K, denotes the total value of susceptibility; n

is the number of evaluation indicators; M, ; is

the normalized value of the 1 indicator of factor
z; Q; denotes the weight of the ith indicator.

H; denotes the hazard index of the grid cell; S;
is the normalized susceptibility index of the grid
cell, and ehl, is the hazard coefficient

L is the hazard index, H; and D; correspond to
the number of occurrences of each evaluation
factor and their corresponding weights.

V represents the result of the risk evaluation of
the disaster; U represents the result of the

hazard evaluation of the disaster; and Y is the
result of the vulnerability evaluation of the
disaster.

number of ancient theaters, such as Changde City, Yiyang
City, Loudi City, etc., the spatial distribution of ancient the-
aters tends to be randomly distributed or discrete distribu-
tion.

From a comprehensive point of view, the distribution of
the existing ancient stage in Hunan Province has signifi-
cant regional differences. In southern Hunan and western
Hunan, the distribution of ancient theaters shows an obvi-
ous aggregation, especially in Xiangxi Tujia and Miao Au-
tonomous Prefecture and Chenzhou City, where the distri-
bution of ancient theaters is dense, reflecting strong cultur-
al inheritance characteristics. The distribution of ancient
stage in central and northern Hunan is relatively decentral-
ized, with central Hunan showing a random spatial distribu-

tion pattern. Overall, the spatial distribution of ancient
opera stages in Hunan Province is discrete, showing local
aggregation, but most areas still show discrete or random
distribution.

3.2. Degree of Spatial Aggregation

The density of spatial point elements can be estimated
using the kernel density analysis method. The method
evaluates the spatial density around each point by weight-
ing and summing the spatial point elements, thereby re-
vealing the distribution characteristics of the point ele-
ments. Specifically, kernel density analysis obtains the
density value of each point by setting a window, calculating
the influence of each point within that window and sum-
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Table 2 | Spatial distribution types of ancient theater in Hunan Province cities

Number of

. . Theoretical Actual Nearest neighbor Distribution
Shore City Ancient distance distance index z-value type
Theaters
Yongzhou 41
South Aggregate
Hunan  Chenzhou 103 9502 5548 0.58 -10.00 Distribution
Hengyang 14
Huaihua 27
Xiangxi
Western Autonomous 8 S\_g?fgg?te
Hunan Prefecture 19382 14470 0.75 -2.86 istribution
Zhangjiajie e
Changde e
North Discrete
Hunan yueyang ! 75295 98963 1.31 0.85 Distribution
Yiyang 1
Xiangtan 4
Loudi 2
Central Shaoyang 12 %ﬁgﬁ%ﬂ;end
Hunan 24367 26170 1.07 0.69
Changsha 4
Zhuzhou 2
Hunan 219 4878 9093 1.86 24.50 Discrete
Province Distribution

ming it up. Compared with the traditional assumption of
uniform distribution, kernel density analysis can more ac-
curately reflect the clustering or dispersion trend of point
elements in space.

Through the kernel density analysis, we are able to
identify the spatial aggregation area of the ancient theaters
more clearly. The spatial distribution density of the ancient
theaters in Hunan Province is analyzed in detail by using
the spatial analysis tool in the ArcGIS-Pro software, and its
distribution pattern is revealed. As shown in Fig. 2, the an-
cient opera houses in Hunan Province are mainly concen-
trated in western Hunan and southern Hunan, which show
the strongest spatial aggregation. The distribution of an-
cient opera houses in the eastern and northern Hunan re-
gions is relatively sparse, and the overall distribution
shows a pattern of "one center and many belts", specifical-
ly, the western part of Chenzhou and the eastern part of
Yongzhou serve as the core area for the distribution of tra-
ditional ancient opera houses, while the central part of
Huaihua City and the central parts of Hengyang and
Changsha form a number of important belts for the distrib-
ution of ancient opera houses.

Among them, the core of distribution in southern Hunan
is located in the western Chenzhou and eastern Yongzhou
areas, especially in the western Chenzhou area, where the
kernel density value is significantly higher, with 12 to 20
ancient theaters per 100 square kilometers, concentrated
in Guiyang County. This is closely followed by the eastern
parts of Xintian and Ningyuan counties, which have a ker-
nel density of 8 to 12 per 100 square kilometers. The dis-
tribution in other areas is sparser, and the distribution of

ancient theaters in southern Hunan is characterized by
obvious spatial heterogeneity. Western Hunan also shows
a more concentrated distribution of ancient opera tages,
especially in Huaihua City, along the belt of the Xuefeng
Mountain Range. The geographical conditions of western
Hunan provide a favorable natural and cultural environ-
ment for the formation of ancient stage, and the lofty
mountains, abundant water resources, and unique geo-
graphic location make this area an important concentration
of ancient stage.

In contrast, the distribution of ancient theaters is sparse
in the central and northern Hunan regions because of the
relatively flat topography and convenient transportation,
and the rapid urbanization process that these regions have
experienced. The number of ancient opera houses in cen-
tral and northern Hunan is significantly lower than that in
western and southern Hunan. In conclusion, the distribu-
tion of ancient opera houses in Hunan Province shows ob-
vious regional differences, with western Hunan and south-
ern Hunan being the main gathering areas, especially in
the western part of Chenzhou and the Xuefeng Mountain
Range, while central Hunan and northern Hunan have a
relatively small number of existing ancient opera houses
due to the rapid modernization process and the relatively
flat terrain.

3.3. Trends in Spatial Distribution

In spatial statistical analysis, Standard Deviation Ellipse
(SDE) is a commonly used method to analyze the spatial
distribution trend of point elements. This method is able to
measure the spatial characteristics of geographic ele-



Figure 2 | Kernel density analysis of ancient theaters in
Hunan Province

ments, specifically including the center trend, distribution
dispersion and directional trend. In the SDE method, the
mean center represents the concentrated area of the dis-
tribution of geographic elements; while the dominant direc-
tion of the distribution can be reflected by rotating the az-
imuth angle; and the offset is used to measure the change
of geographic lements within the region. In addition, the
direction and extent of the distribution of geographic ele-
ments can be described by the standard distances of the
long and short axes. Applying this method to analyze the
spatial distribution of the extant ancient theaters in Hunan
Province can effectively assess their changes in different
time periods.

By utilizing the standard deviation ellipse tool in ArcGIS
Pro, the spatial analysis of the existing ancient theaters of
different construction periods in Hunan Province was car-
ried out, and their evolution patterns in various historical
stages were studied. Taking the earliest construction time
mentioned in the traditional documentary records as the
benchmark, the 141 ancient stages of the known period
are divided into three periods: the early Ming and Qing dy-
nasties (1507-1735), the mid-Qing dynasty (1736-1850),
and the late Qing and Republic of China (1851-1949).
Through this division, the geospatial development trend of
the existing ancient stage in Hunan Province is explored
from a temporal perspective (see Figure 3).

According to the standard deviation ellipse analysis in
GISPro, the spatial distribution of the ancient stage built
from the Ming and Qing Dynasties to the Republic of China
(1507~1949) in Hunan Province shows obvious regional
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characteristics. The results obtained from the standard de-
viation ellipse analysis show that the distribution of ancient
stage has a strong spatial concentration trend, and the dis-
tribution trend is mainly concentrated in the south-central
part of Hunan Province and part of western Hunan Prov-
ince. From the results of the analysis in the figure, the an-
cient stage built in the early period (1507-1735) was mainly
concentrated in the south of Hunan, and the distribution
showed a long-axis trend in the north-south direction; and
into the middle of the Qing Dynasty and the Republic of
China (1736-1949), the distribution of the ancient stage
was gradually extended to the central and western Hunan
areas. Especially in the late Qing and Republican period,
the distribution of the ancient theater appeared to have a
wider expansion trend, and the western and central Hunan
regions became the emerging distribution areas. The re-
sults of standard deviation ellipse analysis also reveal the
aggregation of distribution. The analysis shows that, al-
though the number of ancient stages gradually increased
in all periods, the dense areas of distribution were still con-
centrated in the southern and western Hunan regions, and
this trend persisted throughout the time span. Overall, the
distribution trend of ancient stage in Hunan Province from
the Ming and Qing Dynasties to the Republic of China is
characterized by a gradual expansion from southern Hu-
nan to central and western Hunan. With the advance of
time, the construction of ancient theaters was not only
concentrated in the traditional southern Hunan area, but
also gradually expanded to other regions, especially the
number of ancient theaters in the western and central Hu-
nan areas increased, which shows the gradual expansion
and development of the spatial distribution of ancient the-
aters in this period.

3.4. Continuous Regional Distribution

According to the statistical analysis, the county average
distribution density of the existing ancient stage in Hunan
Province is 1.14 per thousand square kilometers. Through
the use of ArcGIS Pro software to screen out the counties
where the distribution density of ancient stage is higher
than the average value of the province, a total of 23 coun-
ties have a distribution density of ancient stage exceeding
the average level of the province. Among them, the top
three counties with the highest density of ancient stage are
Guiyang County, Shuangqing District and Xintian County,
while three of the top five counties belong to the southern
Hunan region (see Table 3).

From a spatial distribution point of view (see Figure 4),
among the counties with a high density of ancient theaters,
there are 11 counties in the southern Hunan region, 6
counties in the central and western Hunan respectively,

Table 3 | Top five contiguous areas at the county level in Hunan Province

Number of Anclet Araleauare  Desly (pesthousand
Guiyang county 95 South Hunan 2958.17 32.11
Shuangging District 2 Central Hunan 135.87 14.71
Xintian County 12 South Hunan 999.58 12.00
Steamboat District 1 South Hunan 110.99 9.00
Yuhu District 3 Central Hunan 450.44 6.66
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Figure 3 | Distribution of the direction of ancient theaters in each period (1507-1949)
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Figure 4 | County-level centralized area of existing ancient
theatres

while the northern Hunan region fails to find any counties
with a density exceeding the provincial average. According
to the statistics, Nanyue District of Hengyang City,
Ningyuan County and Jiangyong County of Yongzhou City,
Jiahe County of Chenzhou City, Fenghuang County of Xi-

Table 4 | Geologic Hazard Vulnerability Evaluation Factor Table
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angxi Autonomous Prefecture, and Zhongfang County of
Huaihua City, together with the five contiguous areas in the
table below, the distribution densities of the ancient the-
aters in a total of 11 districts and counties are all higher
than 3 per 1,000 km2, which are areas of high potential for
centralized and contiguous conservation and utilization.

4. Geologic Hazard Risk Zoning

4.1. Evaluation of Susceptibility

Geological disaster susceptibility refers to the possibility
of geological disasters occurring in a specific area due to
geological conditions. When carrying out the vulnerability
assessment, it mainly analyzes the occurrence of existing
geohazards in the area and predicts the trend of possible
disasters in the future, which lays the foundation for further
hazard and risk assessment. In this paper, the information
quantity method is used to assess the susceptibility to geo-
logical hazards, and the information quantity model mea-
sures the degree of influence of various disaster-causing
factors on geological hazards with the help of probabilistic
statistical methods.

According to the relevant requirements for the evalua-
tion of the susceptibility of geologic disasters in Hunan
Province, this study carried out a comprehensive assess-
ment of the susceptibility of geologic disasters by combin-

Evaluation factors Weights Indicator Grading Indicator weights
<20 0.25
[20, 45) 0.35
Slope/(, ) 0.20
[45, 60) 0.25
260 0.15
Agricultural Land 0.30
Forests, grasslands and 0.20
unutilized land )
Land use type 0.25 Urban, rural, industrial, mining
. - 0.30
and residential land
Water area 0.10
Transportation Land 0.10
[-1,0] 0.20
(0,0.2] 0.30
Vegetation cover 0.15
(0.2,0.4] 0.30
>0.4 0.20
Concave 0.40
Slope type 0.10 Linear 0.35
Convex 0.25
<10 0.30
(10, 20] 0.30
Degree of terrain undulation/m 0.15
(20, 30] 0.25
>30 0.15
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Figure 5 | Topography of Hunan Province

ing the characteristics of the geologic environment and the
types of disasters in Hunan Province. Firstly, according to
the development pattern and geological conditions of geo-
logical disasters in Hunan Province, through the investiga-
tion and analysis of various factors affecting the occur-
rence of geological disasters, a number of influencing fac-
tors were selected as indicators of susceptibility assess-
ment (see Table 4).

Using the information quantity method and GIS spatial
analysis tools, the spatial analysis and information quantity
calculation of each evaluation factor were carried out, and
finally the evaluation layer of geohazard susceptibility in
Hunan Province was generated. According to this evalua-
tion layer, combined with the proportion and frequency of
various types of geohazards, the geohazard susceptibility
was divided into three levels: high, medium and low sus-
ceptibility areas. After filtering and denoising, the suscepti-
bility evaluation map was further optimized and finally

Table 5 | Hazard secondary evaluation factor weights
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Figure 6 | Land use map of Hunan Province

formed the geohazard susceptibility zoning map of Hunan
Province (see Figure 7).

4.2. Hazard Evaluation

Geological disaster risk mainly reflects the probability of
occurrence of a specific type and scale of geological disas-
ter in a certain area within a certain time frame under the
effect of specific triggering factors. According to the re-
search and analysis, most of the geohazards in Hunan
Province occur during the rainy season, and precipitation is
the main triggering factor for the occurrence of geohaz-
ards. Based on the foundation of geohazard susceptibility
evaluation, combined with the monthly average precipita-
tion data, the risk coefficient is introduced to carry out the
geohazard risk assessment.

On the basis of the susceptibility evaluation, the hazard
coefficient was introduced in combination with the monthly
mean precipitation distribution (see Fig. 8) to carry out the

Average monthly

Vulnerability results precipitation Wi
Vulnerability results 1 2 0.6667
Measured quantity of rain 1/2 1 0.3333
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Figure 7 | Geological hazard susceptibility zoning map of
Hunan Province
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Figure 8 | July mean precipitation in Hunan Province (2022)

hazard assessment of geologic hazards in . A hierarchical
analysis model of geologic hazards was constructed using
Matlab software, and the judgment matrix of the suscepti-
bility evaluation results and monthly mean precipitation in
the hazard evaluation was set on this basis (see Table 5).
The weighting factors of the susceptibility evaluation re-
sults and average monthly precipitation were calculated as
(0.6667, 0.3333), respectively.

Through the hierarchical analysis method and com-
bined with the evaluation standard of geologic hazards, the
weights of the average monthly precipitation and the eval-
uation result of susceptibility were determined, and the
precipitation and susceptibility evaluation results of Hunan
Province were superimposed and analyzed to derive the
geologic hazard risk evaluation map of Hunan Province.

Table 6 | Geologic hazard risk classification table

Figure 9 | Geologic Hazard Risk Evaluation Map

Using the natural discontinuity method in ArcGIS software,
the results of the hazard evaluation were categorized into
three types, namely, low-hazard zone, medium-hazard
zone, and high-hazard zone, and the geohazard hazard
zoning map of Hunan Province was drawn (see Fig. 9).

4.3. Geologic Hazard Risk Areas

Geological disaster risk reflects the possibility of losses
caused by geological disasters to different types of disas-
ter-bearing bodies in a specific region and period of time.
The final geohazard risk evaluation results are obtained by
combining the results of the evaluation of the danger and
the susceptibility of geohazards, and by classifying the risk
level based on the matrix judgment method, and integrat-
ing the data by using focal statistical tools. The risk evalua-
tion of geohazards can be expressed by the product of
hazard evaluation and susceptibility evaluation, risk = haz-
ardixisusceptibility.

Matrix analysis method is used for specific evaluation.
The results of the evaluation of the risk of geologic hazards
in the study area are superimposed on the results of the
evaluation of the susceptibility to geologic hazards to ob-
tain a table of the classification of the risk of geologic haz-
ards in the study area (see Table 6), and the calculation
and analysis is carried out by using the formula of the risk
to obtain the results of the evaluation of the risk of geologic
hazards in the study area, and the results of the evaluation
are classified into three levels of intervals, and the evalua-
tion map of the risk of geologic hazards in the study area is
obtained (see Fig. 10)

The percentage of each risk zone is derived by statisti-
cally analyzing the results of hazard risk evaluation in Hu-
nan Province. Low-risk zone, medium-risk zone and high-
risk zone account for 58.25%, 30.45% and 11.3% of the
total area respectively. High-risk zones are mainly concen-

Vulnerability/hazard high Hazard Medium Hazard low Hazard
Low susceptibility medium risk high risk high risk

Medium Vulnerability high risk medium risk high risk
High Vulnerability high risk high risk medium risk
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Figure 10 | Geologic hazard risk zoning map

trated in central Hunan, northwestern Hunan and southern
Hunan mountainous areas, especially in the central area of
Loudi City, the northern area of Zhangjiajie City, and the
western mountainous area of Chenzhou City, with an area
of about 23,900km?. Medium-risk zones are mainly dis-
tributed in the central and southern low-hill areas of Hunan
Province, covering an area of about 64,500km2. The low-
risk zone is mainly concentrated in the plains and river al-
luvial areas in the province, with the largest area of about
123,400km2. Overall, the distribution of low-risk areas in
Hunan Province is wide, and mainly concentrated in the
central and southern plains; the area of very high-risk ar-
eas is the smallest, and mainly distributed in mountainous
areas with complicated terrain. In terms of the distribution
of geohazard risk, the mountainous areas in the east-cen-
tral part of Hunan Province have higher geohazard risk, the

Table 7 | Flood vulnerability evaluation factor table
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central and western parts are medium-risk zones, and the
plains in the south and east are low-risk zones.

5. Flood Risk Zoning

5.1. Evaluation of Susceptibility

Disaster-causing factor is the external condition that
triggers flood disaster, and it is the key factor indispensable
to the occurrence of disaster, and the disaster-causing fac-
tor and the environment that breeds disaster work together
to constitute the conditions for the occurrence of flood dis-
aster. By determining the disaster-causing factors, the
weighted comprehensive evaluation method is used to an-
alyze the influence of each factor on the overall disaster,
and the influence degree of each specific index is summa-
rized, so that the strengths and weaknesses of the overall
evaluation object are reflected centrally through the quanti-
tative indexes. In this study, the weighted comprehensive
evaluation method is used to construct a risk assessment
model for heavy rainfall and flooding in Hunan Province.

Disaster susceptibility refers to the environment and
conditions affecting the occurrence of disasters, which can,
to a certain extent, exacerbate or weaken the occurrence
of disasters and their consequences. In Hunan Province,
the terrain is complex and hilly, and water in low-lying ar-
eas is difficult to discharge, making it easy to form water-
logging. At the same time, there are many rivers running
from northeast to southwest in Hunan Province, and con-
tinuous precipitation can easily lead to a rapid rise in water
level, which in turn triggers flooding. Therefore, the aver-
age annual precipitation, topographic relief and river net-
work density were mainly selected as indicators to mea-
sure the susceptibility to pregnant disasters, and the corre-
sponding weight values were assigned to combine the de-
gree of influence of each factor on flooding.

Evaluation factors Weights Indicator Grading Indicator weights
> 1200 0.05
(500, 800] 0.15
DEM/m 0.25 (200, 500] 0.25
(50, 200] 0.35
<50 0.20
(0.03, 0.05] 0.40
Density of nverz network/ (m/ 0.95 (0.01, 0.03] 035
m)
<0.01 0.25
(400, 800] 0.25
Average annual precipitation 0.35 (800, 1200] 0.40
(mm)
> 1200 0.35
<20 0.25
[20, 45) 0.35
Slope/(, ) 0.15
[45, 60) 0.25
260 0.15




JSBE | Vol. 2 No. 2 | 31 March 2025 | 22

Legend . _,.{.
Grilix SR g

HEEEThE
&
—— 7KZL1000
= FKZE500

Linzhoy

“SE.SGE FEN % P
e

Figure 11 | Density map of water systems in Hunan Prov-
ince
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Figure 13 | Flood vulnerability zoning map of Hunan Prov-
ince

In ArcGIS, the raster data of flood disaster susceptibility
in Hunan Province were obtained by assigning different
amounts of information to the influencing factors in each
interval and spatially overlaying them using a raster calcu-
lator. The natural discontinuity method can effectively re-
flect the spatial distribution status of each influence factor
when flooding occurs. Therefore, the natural discontinuity
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Figure 12 | Average annual precipitation statistics for Hu-
nan Province

method is used in the ArcGIS reclassification tool to divide
the total value of information into three grade intervals,
which are low susceptibility zone, medium susceptibility
zone, and high susceptibility zone (see Figure 13). Based
on this, the distribution map of flood disaster susceptibility
assessment in Hunan Province was obtained.

5.2. Hazard Evaluation

Hunan Province is located in the monsoon climate
zone, and precipitation characteristics show long duration,
high intensity and obvious seasonality. Especially in the
summer, heavy rainstorms are frequent, and precipitation
is concentrated and of significant intensity. In order to
study the risk of flooding in Hunan Province, the heavy rain
days in Hunan are defined as daily precipitation = 50 mm,
which is used as one of the evaluation factors of flooding
risk. The intensity and frequency of heavy rainfall are
closely related to the occurrence of floods, so evaluating
the risk of heavy rainfall is of great significance for predict-
ing and preventing floods.

In order to quantify the risk of flooding, two key factors,
the daily maximum rainfall and the annual average number
of days of heavy rainfall, were selected. The daily maxi-
mum rainfall reflects the extreme intensity of precipitation
on a single day, which is an important factor in the degree
of flood hazard. Based on the collected meteorological
data for Hunan Province in 2022, the daily maximum rain-
fall was categorized into four classes: (86.20, 122.06Jmm,



Table 8 | Flood Hazard Evaluation Factor Table
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Evaluation factors Weights Indicator Grading Indicator weights
(86.20, 122.06] 0.35
(62.99, 86.20] 0.30
Maximum daily rainfall/mm 0.48
(38.90, 62.99] 0.20
(0, 38.90] 0.15
(5, 8] 0.40
(3, 5] 0.35
Average annual number of 0.52 A, 3] 0.20
days of heavy rainfall/(d) ' ’
(0, 1] 0.05

(62.99, 86.20]Jmm, (38.90, 62.99]Jmm, and (0, 38.90]Jmm,
which were assigned a weight of 0.35, 0.30, 0.20, and
0.15, respectively, and the annual average number of days
of rainstorms reflects the frequency of heavy rainfall in Hu-
nan Province, and this factor is important for the prediction
of flooding.

Statistically, the annual average number of days of
heavy rainfall was categorized into four intervals: (5, 8]
days, (3, 5] days, (1, 3] days, and (0, 1] days, which were
assigned weights of 0.40, 0.35, 0.20, and 0.05, respective-
ly. Higher frequency of heavy rainfall days implies a more
severe risk of flooding occurrence, and thus higher weights
are given to high frequency heavy rainfall areas. By com-
bining the evaluation weights of the two factors of daily
maximum rainfall and annual average number of days of
heavy rainfall, the risk of flooding in Hunan Province can
be described more comprehensively.

Based on the statistical data of the number of days of
heavy rainfall and the maximum rainfall in each county of
Hunan Province in 2022, the spatial analysis and informa-
tiveness calculation of each evaluation factor were carried
out by the informativeness method and the GIS spatial
analysis tool. Through the calculation of these data, the
results of the evaluation of the risk of flooding in each re-
gion of Hunan Province were obtained. According to the
calculation results, the regions were divided into high,
medium and low danger zones from high to low (see Fig-
ure 16).

5.3. Flood Risk Areas

The risk of flooding reflects the likelihood of flood dam-
age suffered by different types of bearers in a given area
and time period. By combining the results of flood hazard
and susceptibility evaluation, and using the matrix judg-
ment method to classify the risk level of (see Table 6), and
integrating the data with the Focus Statistical Tool, the risk
assessment results of flood hazard are finally derived.
Based on the flood disaster risk evaluation model of Hunan
Province, combined with the evaluation results of danger
and susceptibility obtained from the above calculation, the
risk formula was used to calculate and substitute the cor-

responding evaluation index weights, i.e., risk = Danger-
ousnessx Susceptibility.

The specific evaluation also adopts the matrix analysis
method. The results of the evaluation of flood hazard risk
in the study area are superimposed on the results of the
evaluation of flood hazard susceptibility to obtain the clas-
sification of flood hazard risk in the study area, which is
calculated and analyzed by using Equation 4-3 to obtain
the results of the evaluation of flood hazard risk in the
study area, which is divided into three grade intervals to
obtain the evaluation map of flood hazard risk in the study
area (see Fig. 17).

According to the results of the flood risk assessment in
Hunan Province, the flood risk in Hunan Province shows
obvious spatial distribution differences and is mainly divid-
ed into three risk zones: low, medium and high. The high-
risk zones are usually located in the low-lying areas around
South Hunan, West Hunan and Dongting Lake, especially
in Yueyang, Changde, Zhangjiajie and Chenzhou. These
areas have low topography, well-developed water systems,
frequent and intense rainstorms, and are prone to water-
logging, so the risk of flooding is high, and severe flooding
often occurs during heavy rains. Medium-risk areas are
mainly located in hilly and low-mountain areas in central
and southern Hunan Province, in cities like Changsha,
Hengyang, and Loudi. These areas have moderate precipi-
tation and moderate frequency of heavy rainfall, and al-
though they do not have the dense water systems of the
high-risk zones, they are also at risk of poor flood drainage
due to the relatively gentle topography. The low-risk areas
are concentrated in the mountainous and higher terrain
areas of Hunan Province, including parts of northern and
eastern Hunan. These areas have relatively low precipita-
tion and steep topography, which makes water flow faster
and floodwaters easier to discharge, so they are at lower
risk of flooding. The natural drainage capacity of these re-
gions is high, which avoids the occurrence of floods. Over-
all, flood riskiness in Hunan Province shows different levels
from south to north and from low-lying to upland areas,
with high- risk areas mainly concentrated in the south and



JSBE | Vol. 2 No. 2 | 31 March 2025 | 24

\_J g

| |1-3
.3.5;,,,,..
B :

TS0, 805 FHL A p2rtoeetiaar oriibt s, e,

100 F%

k2 .5 it

Figure 14 | County-level storm days statistics
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Figure 16 | Flood Hazard Evaluation Map

lowlands, while low-risk areas are distributed in mountain-
ous areas and upland zones.
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Figure 15 | County-level maximum rainfall statistics

6. Control Zoning and Countermeasures

6.1. Disaster Prevention and Control Zoning

According to the results of the flood risk assessment of
the ancient stage in Hunan Province, combined with the
natural environment of the region, the distribution charac-
teristics of geological hazards and the need for protection
of cultural heritage, based on the distribution of the 72 an-
cient stages in the medium- and high-risk areas, and
through the optimization of cold hot spot analysis of GIS-
Pro, the 72 ancient stages in the risk area are divided into
three levels of key prevention and control areas, sub-priori-
ty prevention and control areas, and general prevention
and control areas, to form the Geological disaster preven-
tion and control zoning map of Hunan Province.

The map of geohazard prevention and control zones is
shown in Figure 18, and the key prevention and control
areas are mainly located in places with frequent geologic
activities, such as high mountainous areas and low hilly
areas. The area is about 10,640,000 square kilometers,
accounting for 4.99% of the province's area. Most of the
ancient theaters in Hunan Province are located in these
key prevention and control areas, and the probability of
disasters is high. Protective measures should be focused
on strengthening. The sub-priority prevention and control
areas are mainly located in the valleys or fringes of Hunan
Province, covering an area of 61,400 square kilometers,
accounting for 28.89% of the province's area. The risk of
geologic hazards in these areas is relatively low, but there
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Figure 17 | Flood risk zoning map of Hunan Province

are still potential disaster threats, which may also cause a
large impact in case of occurrence. Therefore, ancient the-
aters in the sub-priority prevention and control zones
should develop moderate protection strategies and con-
duct routine safety inspections and maintenance.

Similarly, based on the flood risk assessment results of
the ancient theaters in Hunan Province, combined with the
geographic environment, historical disaster data and po-
tential threat of flooding in each region, and also based on
the distribution of 169 ancient theaters in the medium- and
high-risk areas, the 169 ancient theaters in the risk area
are divided into three levels: key prevention and control
area, sub-priority prevention and control area, and general
prevention and control area, through the optimization of the
cold hotspot area analysis by ArcGIS Pro. The 169 ancient
theaters in the risk area were divided into three levels: pri-
ority control area, sub-priority control area and general
control area through ArcGIS Pro optimized cold-hot spot
area analysis.

The flood hazard control zoning map is shown in Figure
19, and the key control zones are mainly concentrated in
the localized low hills and river valleys in southern Hunan
Province, covering an area of about 0.64 million square
kilometers, or 3.01% of the province's area. These areas
have a higher degree of vulnerability to flooding and are
low-lying and densely populated, and therefore have a
higher risk. The sub-priority prevention and control areas
are mainly located in the southern and western low moun-
tainous areas in the north and the low mountainous areas
in the center of Hunan Province, with an area of 98,900
square kilometers, accounting for 46.73% of the total area
of the province. These areas are moderately prone to
flooding, with a relatively low disaster density and a rela-
tively decentralized population. Although such areas face a
certain degree of flood risk, the frequency and impact of
disasters is relatively limited because of the moderate im-
portance of the disaster-bearing body, and prevention and
control efforts should focus on strengthening flood man-
agement and infrastructure development in order to miti-
gate the risks that may be posed.

Figure 18 | Geologic Hazard Prevention and Control Zone
Map

6.2. Recommendations for Prevention Strategies

6.2.1. Strengthening Disaster Risk Assessment and
Zoning Management

The ancient theaters in Hunan Province are located in a
number of areas with high incidenceof geologic hazards;
therefore, it is necessary to first conduct a disaster risk as-
sessment and divide different risk prevention and control
zones based on the potential impacts of geologic hazards
and flooding. The results of the risk assessment for each
zone will provide the basis for the development of targeted
prevention and control measures, ensuring that the safety
management of each ancient theater is accurately as-
sessed.

6.2.2.Improvement of Disaster Early Warning and
Emergency Response Mechanisms

The establishment of a sound disaster warning and
emergency response mechanism is crucial in the disaster
risk control of the ancient theater. Through the Meteorolog-
ical Bureau, the Geological Hazard Monitoring Center and
other institutions, disaster warning information is issued on
a regular basis to warn of possible disasters in advance
and ensure that the Government and relevant manage-
ment departments can respond quickly.

6.2.3. Promoting Digital Preservation and Monitoring of
Cultural Heritage

With the development of modern science and technolo-
gy, digital technology has been widely used in cultural her-
itage protection. The implementation of digital protection is
an indispensable part of the disaster risk control of ancient
opera stages in Hunan Province. Intelligent monitoring
equipment, such as geological sensors and meteorological
monitoring systems, are installed in conjunction with the
Internet of Things technology to monitor the structural con-
dition of the ancient theater in real time and discover po-
tential risks in a timely manner.

6.2.4. Enhancement of Public and Local Government
Awareness of Disaster Prevention and
Management

Disaster risk management in ancient theaters does not
only depend on the efforts of the government and profes-
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Figure 19 | Flood control zoning map

sional organizations, but also requires the active participa-
tion of local communities and the public. By raising the
awareness of local residents on disaster control, the risk in
case of disaster can be effectively reduced.

6.2.5. Enhancement of Financial Support and Policy
Guarantees

Disaster risk control requires strong financial support
and policy guarantee. Hunan Province should ensure the
smooth progress of disaster prevention and control of the
ancient theater through diversified funding channels such
as government investment, social financial support, and
international assistance. In terms of policy, local govern-
ments can introduce relevant regulations to provide legal
protection for disaster prevention and control.

7. Conclusion

In this study, the spatial distribution characteristics of
ancient stage and its disaster risk pattern in Hunan Prov-
ince are systematically investigated by combining the GIS
spatial analysis technology and disaster risk assessment
model with the ancient stage in Hunan Province. The re-
sults show that the distribution of ancient stage in Hunan
Province has significant regional differences, and its disas-
ter risk pattern is closely related to the natural geographic
environment, climate conditions and human activities.

The distribution of ancient stage in Hunan Province
presents a spatial pattern of "built along the water and built
on the mountain", with obvious local aggregation charac-
teristics. Through kernel density analysis, nearest-neighbor
index and standard deviation ellipse analysis, it is found
that in terms of spatial distribution type, the overall distribu-
tion of ancient opera houses in Hunan Province shows a
discrete distribution (nearest-neighbor index R=1.86), but
in the south and west of Hunan Province, there is a signifi-
cant agglomeration, especially in the western part of
Chenzhou and the central part of Huaihua, where the ker-
nel density value is higher, and the number of ancient the-
aters reaches 12-20 per 100 square kilometers. In the spa-
tial distribution trend from the Ming and Qing Dynasties to
the Republic of China, the distribution range of ancient
opera houses gradually expanded from southern Hunan to
central and western Hunan, showing a diffusion trend of
"from south to north, from the center to the periphery". The
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southern Hunan region is always the core area of the dis-
tribution of ancient stage, while the western and central
Hunan regions became new distribution areas in the late
Qing and Republic of China periods. In terms of the distri-
bution of continuous areas, the high-density continuous
area of ancient stage in Hunan Province is mainly concen-
trated in the south of Hunan, such as Guiyang County,
Xintian County, etc. The distribution density of ancient
stage in these areas is significantly higher than the aver-
age level of the whole province (1.14/thousand km?), which
is of high centralized and continuous conservation value.

The disaster risks faced by ancient theaters in Hunan
Province mainly include geological disasters (landslides,
mudslides) and floods. Through the information quantity
method, weighted comprehensive evaluation method and
GIS spatial analysis, the study concludes that the high-risk
areas of geologic hazards in Hunan Province are mainly
concentrated in the mountainous areas of central Hunan,
northwest Hunan and south Hunan, accounting for 11.3%
of the province's area. These areas have complex topog-
raphy and concentrated precipitation, and the ancient the-
ater faces high threats of landslides and mudslides. The
medium-risk area accounts for 30.45%, mainly located in
the low hills of central and southern Hunan; the low-risk
area accounts for 58.25%, mainly located in the plains of
northern Hunan and the highlands of eastern Hunan. The
high-risk areas of flooding in Hunan Province are mainly
located in the low-lying areas around Hunan South, Xi-
angxi and Dongting Lake, accounting for 3.01% of the
province's area. These areas have well-developed water
systems and frequent heavy rainfall, and the ancient the-
ater is vulnerable to flooding. The medium- risk area ac-
counts for 46.73%, mainly located in the low mountainous
areas of central and southern Hunan; the low-risk area ac-
counts for 50.26%, mainly located in the highlands of
northern and eastern Hunan.

Based on the results of disaster risk assessment, the
study divides the ancient stage in Hunan Province into key
prevention and control areas, sub-priority prevention and
control areas and general prevention and control areas, of
which the key prevention and control areas are mainly lo-
cated in the high-risk areas of geologic hazards and floods,
such as Guiyang County, south Hunan Province, Huaihua
City, west Hunan Province, and other places. It is recom-
mended to strengthen the construction of the disaster early
warning system, implement the structural reinforcement
project of the ancient theater, and establish a digital moni-
toring platform. The sub-priority prevention and control
zones are mainly located in medium-risk zones, such as
Loudi City in central Hunan and Yongzhou City in southern
Hunan. It is recommended to improve the drainage facili-
ties, carry out regular safety inspections of the ancient
stage, and promote community participation in the protec-
tion work. General prevention and control zones are mainly
located in low-risk areas, such as Yueyang City in northern
Hunan and Changsha City in eastern Hunan. It is recom-
mended to strengthen daily maintenance, raise public
awareness of disaster prevention and control, and develop
emergency plans.

This study combines GIS spatial analysis and disaster
risk assessment model for the first time,

and systematically reveals the spatial distribution pat-
tern of ancient stage and its disaster risk pattern in Hunan
Province, which provides a scientific basis for "preventive
protection" of cultural heritage. This study is mainly based
on the existing data, and in the future, the field research
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ABSTRACT

Exploring the impact of the built environment on street vitality is essential for
enhancing urban public spaces. Using the central urban area of Nanchang
City as a case study, multi-temporal street vitality is measured with popula-
tion heat data. A multi-dimensional built environment indicator system is de-
veloped based on macro-scale neighborhood composition and micro-scale
street characteristics, using street view imagery, POI data, and OSM road
network data. The spatiotemporal variations in the influence of built envi-
ronment factors on street vitality are examined through a multiscale geo-
graphically weighted regression (MGWR) model. Results reveal that: (1)
Street vitality is most prominent between 10:00 and 20:00, with a spatial
pattern of "eastern core, western belt, and multiple clustered points" across
all time periods. (2) Macro-scale neighborhood composition generally has a
stronger impact on street vitality than micro-scale street characteristics. (3)
The influence of various built environment factors on street vitality exhibits
significant spatiotemporal heterogeneity. Factors like sky view openness
and parking lot density show robust spatiotemporal variations, while con-
nectivity, facility densities, walkability, street ratio, and green view index
have localized spatiotemporal effects.

1. Introduction

Streets, as multifunctional aggregators within urban

macro neighborhood level and the composition of the spa-
tial environment at the micro street level contribute to the

landscapes, not only facilitate the city's daily transportation
needs but also serve as vital public spaces for social inter-
action and leisure activities among residents. Street vitality,
perceived through the lens of human activity within these
spaces, reflects the concentration of people in streets and
stands as a significant indicator of urban vibrancy!l.Influ-
enced and constrained by the built environment that ac-
commodates human spatial activities, street vitality is
shaped by the continuous organization and succession of
urban functions. Both the aggregation of resources at the

temporal and spatial distribution differences of vitality with-
in urban street spacesl?. Against the backdrop of high-
quality urban development aimed at creating desirable liv-
ing environments, the quality of urban public spaces has
garnered increasing attention from residents. Investigating
the impact mechanisms of the built environment on street
vitality across multiple scales is crucial for fostering hu-
man-centered public spaces and enhancing urban living
environments.
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Existing research has predominantly focused on un-
covering the effects of the built environment on street vitali-
ty, considering both macro neighborhood characteristics
and micro street compositions, and has constructed multi-
element indicators from perspectives such as location, in-
terface accessibility, functionality, and facilities®5l. Early
small-scale case studies based on field research delved
into observing interface characteristics, facility arrange-
ments, and landscape compositions within micro street
spacesl-sl. Subsequently, the advent of the new data wave
has expanded the research scale of street vitality through
the integration of multi-source big data, with POI and road
network data widely applied to measure the density distrib-
ution of neighborhood resources and the accessibility of
transportation and facilities at the urban scalelé-71. However,
compared to the detailed measurements at the neighbor-
hood scale that focus on micro street characteristics, the
large-scale measurements at the urban scale are limited
by data collection and analysis methods, often remaining
at the two-dimensional material space level and seldom
addressing the micro three-dimensional street space char-
acteristics from the perspective of human subjective per-
ception and experience. Recent advancements in machine
learning and image segmentation within the computer sci-
ence field have provided new methodologies for the large-
scale measurement of three-dimensional built environment
indicators of streetsl®l. Related studies, based on image
semantic segmentation and large-scale image recognition
technologies, have automated the extraction of elements
such as sky, buildings, and roads from street view images
to form three-dimensional built environment indicators of
streets, applying these to the measurement and evaluation
of street qualityl®-19], urban functional area identificationl1],
and urban spatial perception(i2l.

In exploring the relationship between the built environ-
ment and street vitality, existing research has predominant-
ly employed linear regression models!3], analyzing the im-
pact differences of various built environment elements on
street vitality based on the linear distribution trends of
sample values among variables. However, traditional linear
regression analysis focuses on exploring the effect of vari-
ables on vitality at a global scale through the linear distrib-
ution differences of indices, neglecting the spatial distribu-
tion patterns of variables at the meso and macro scales.
For streets within a city, the similarity of their regional envi-
ronment and their inherent attractiveness determine a cer-
tain degree of similarity and dependency in attracting peo-
ple among nearby streetsl'4, thereby forming a differenti-
ated distribution of vitality and the built environment in
space. Recently, scholars have utilized the multi-scale ge-
ographically weighted regression model (MGWR) to ex-
plore neighborhood vitalityl'4], housing prices!'s], the pro-
portion of public transport commuting!'€], and their influenc-
ing mechanisms, preliminarily validating its applicability in
studying the differentiation of spatial characteristics at the
urban scale. This method addresses the lack of considera-
tion for spatial heterogeneity in traditional linear regression
models by setting differentiated bandwidths for each vari-
able to form different spatial action scales, thereby provid-
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ing a more realistic explanatory power to the overall spatial
modell17-18],

In summary, this paper takes the central urban area of
Nanchang as a case study, utilizing POI data and OSM
road network data to measure the two-dimensional materi-
al space environment, and further employs street view data
to measure the micro three-dimensional space environ-
ment from the perspective of human subjective perception
and experience. Finally, the multi-scale geographically
weighted regression model (MGWR) is introduced to ex-
plore the temporal and spatial differences in the impact of
various built environment elements on street vitality, offer-
ing insights and references for the differentiated creation of
urban vitality and the enhancement of public space quality.

2. Research Object and Data Sources

2.1. Research Object

The case study area is selected as the central urban
area of Nanchang, Jiangxi Province, with its spatial scope
defined as the area within the Dongxi Lake District and the
Honggutan New District of Nanchang City, which is the
concentrated construction area and highly populated area
of Nanchang City, covering a total area of approximately
114 km2. For convenient comparative analysis, the road
network within the research scope is divided into 651 street
segments, serving as the basic units for this study (Figure
1). As the traditional core area of the city, the central urban
area of Nanchang is the political, economic, and cultural
center of Wuhan City, with a large concentration of popula-
tion, commercial, office, residential, educational, and ad-
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Figure 1 | Distribution of streets in the central urban area
of Nanchang



ministrative facilities, forming differentiated urban spatial
built environments and human activity distribution charac-
teristics within the region.

2.2. Data Sources and Processing

The basic data of this paper mainly include four cate-
gories: road network data, population heat data, street
view image data, and POI data:

Road Network Data: The road network data of the cen-
tral urban area of Nanchang is sourced from the Open-
StreetMap website (www.openstreetmap.org). Based on
the ArcGIS 10.8 platform, the road network data is cleaned
and topologically processed, and then interrupted at inter-
sections. Subsequently, road buffers are constructed
based on the road centerline with a buffer distance of 55
meters. This range basically includes the road red line
range and its surrounding shops, open spaces, and other
areas that may affect street vitality.

Population Heat Data: The population heat data is
sourced from the Baidu Map Huiyan Big Data Platform
(https://huiyan.baidu.com). Using Python to access the
server's open port, location service data of the central ur-
ban area of Nanchang is collected continuously for 24
hours from May 5, 2025, to May 11, 2025, with the data
format being "longitude_latitude_value". Since the activity
state of people when using mobile devices is mostly walk-
ing or staying, the instantaneous positioning data generat-
ed in this state can effectively reflect the real location in-
formation of people at specific timesl['9l.

Street View Data: The street view data is obtained from
the Baidu Street View Application Programming Interface
(http://bsyun.baidu.com). First, based on the vector road
network of the central urban area of Nanchang, a sampling
point coordinate is obtained every 100 meters, and a
Python program is written to call the server interface to
obtain panoramic images of the sampling points. A total of
35,687 panoramic street view images are collected starting
from May 2024. Then, the PSPNet model pre-trained on
the MIT ADE20K dataset is used to semantically segment
the panoramic images, identifying and calculating the area
proportion of street built environment elements such as
sky, green plants, buildings, and roads in the street view
images. PSPNet, as a commonly used method in street
view image semantic segmentation, effectively reduces the
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Spatial Distribution
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probability of misidentification by applying a pyramid pool-
ing module to extract and fuse multi-layer features of im-
ages, and is one of the current image recognition algo-
rithms with high data classification accuracyl?0l.

POI Data: The POI data is sourced from Tencent Maps,
with the acquisition time being June 2024. The data covers
16 major categories including food, corporate enterprises,
hotels, tourist attractions, and infrastructure, and has ad-
vantages in describing the functional diversity of streets
and the spatial distribution of stations. Considering the
spatial layout forms on both sides of roads of different
grades, a total of 132,316 POI points are obtained after
intersecting with the street buffers within the research
scope through the ArcGIS 10.8 platform.

3. Research Methods and Technical Path
3.1. Indicator Construction

3.1.1.Measurement of Street Vitality Intensity

Referring to existing research on the scale measure-
ment of street vitality, this paper quantifies street vitality as
the aggregation intensity of people staying or walking slow-
ly in space. First, based on the acquired location service
data, population heat points are visualized on the ArcGIS
10.8 platform according to coordinate information and val-
ue values. Second, through kernel density analysis, popu-
lation heat points are generated into heat grids with a
search radius of 200 meters and a cell size of "20 meters x
20 meters", totaling 128 images. Using the natural break-
point mean of each grid as the division standard, the re-
classification tool is used to divide the heat grid values into
7 levels, and then the raster to polygon tool is used to vec-
torize the graded heat grids. Finally, the vector grids are
intersected with each road buffer, and based on the face
data with vitality intensity levels within the intersected buf-
fer and the buffer area, a weighted average is performed to
obtain the vitality intensity value of each road segment.
The specific calculation formula is as follows:

Regression

Multiscale Geographically Weighted

Figure 2 | Technical Path
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Table 1 | Calculation statistics of the built environment elements
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Built environment Evaluation level

Evaluation metrics

Quantification of metrics

Traffic convenience

Two-dimensional built
environment

facility convenience

Space comfortability

Three-dimensional built
environment

environmentl safety

The nearest distance to a
transportation station

Parking lot density

Convenience

Functional mixing degree

Catering function

Entertainment function

Shopping function

Sky openness

Green light rate

Architectural Continuous
Process

Enclosure degree

Road surface feasibility

Relative pedestrian width

Traffic safety

Using the Nearest Facility Point Analysis
tool in ArcGIS 10.8 software, the actual
distances from the midpoint of streets to the
nearest bus stops and subway stations
were calculated to reflect the accessibility of
the streets

The number of parking lots within a 55-
meter buffer zone on both sides of the
street centerline

The accessibility of a street to nearby
streets was analyzed by calculating the
ratio of the number of street intersections to
the length of the street.

The location entropy of major points of
interest (POIs) within the street buffer zone
reflects the diversity of facilities

The ratio of the number of catering facilities
within a 55-meter buffer zone on both sides
of the street centerline to the length of the
street was calculated using the ArcGIS
Spatial Join tool

The ratio of the number of Entertainment
within a 55-meter buffer zone on both sides
of the street centerline to the length of the
street was calculated using the ArcGIS
Spatial Join tool

The ratio of the number of accommodation
hotels within a 55-meter buffer zone on both
sides of the street centerline to the length of
the street was calculated using the ArcGIS
Spatial Join tool

The average proportion of sky elements in
street view images within the street unit
reflects the degree of spatial openness

The average proportion of vegetation
elements in street view images within the
street unit reflects the level of greenery

The standard deviation of the building-to-
space ratio within a street reflects the
degree of continuity of the building
interface.

The ratio of buildings, walls, columns,
fences, and trees within street view images
reflects the degree of enclosure in the street
space

The average ratio of pedestrian walkways
to roadways within the street reflects the
scale of pedestrian space

The average ratio of pedestrian pathways to
roadways within a street reflects the scale
of pedestrian space.

The proportion of the midpoint of the street
to traffic safety facilities, along with the
average ratio of railings and columns within
the street, reflects the level of traffic safety,
as well as the distance to the nearest
subway entrance




Where Q isthe street vitality intensity, Q; is the vitality
intensity level corresponding to the i-th unit within the
street, A; is the area of unit 7, and 7 is the number of face
data of each level within the road buffer. The built environ-
ment indicators that meet the conditions are used as inde-
pendent variables to construct the MGWR model with
street vitality at each time period to explore the temporal
and spatial differences in the impact of different built envi-
ronment elements on street vitality .

3.1.2.Measurement of Built Environment Indicators

Referring to the existing indicator composition of street
vitality influencing factorsl21-22], 14 built environment ele-
ments are preliminarily selected for measurement from four
levels: transportation accessibility, facility conveuilt envi-
ronment includes 8 indicators such as sky openness, en-
closure degree, and green view rate, reflectinnience, spa-
tial comfort, and environmental safety, including two-di-
mensional spatial environment indicators focusing on
macro neighborhood characteristics and three-dimensional
spatial environment indicators focusing on micro street
composition. Among them, the three-dimensional bg the
micro street spatial composition environment from the per-
spective of human subjective perception and experience at
the three-dimensional level. These indicators can provide
references for the design of local street spaces and the
improvement of human settlements. The composition and
calculation rules of each indicator are shown in Table 1.

3.2. Analysis Methods

This paper adopts the multi-scale geographically
weighted regression model to explain the temporal and
spatial differences in the impact of two-dimensional and
three-dimensional built environments on street vitality. The
multi-scale geographically weighted regression model
(MGWR) improves on the classic geographically weighted
regression model (GWR) by addressing the limitation that
variables can only choose the same bandwidth.

The model sets different bandwidths for each variable
to present different scale characteristics. The smaller the
bandwidth selected for a variable, the smaller its impact on
the overall spatial scale and the stronger its spatial hetero-
geneity. Conversely, the larger the bandwidth selected for a
variable, the more stable it is on the global scalel?3]. The
calculation formula is as follows

k
Yi= 21 ﬁij(“i’ VX + € (2)
J=
Where X;; is the j-th predictor variable, U, U,) are
the centroid coordinates of street segment i, and ﬂbwj rep-
resents the bandwidth of the regression coefficient for the j
-th variable. This study uses MGWR 2.2 software for model

calculation and completes visual analysis based on the
ArcGIS 10.8 platform

3.3. Technical Path

First, Baidu Huiyan population heat data is used to
measure and deconstruct the temporal and spatial varia-
tion characteristics of street vitality in the central urban
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area of Nanchang at different times of the day. Second,
POI data, OSM road network data, and Baidu street view
data are used to measure the two-dimensional and three-
dimensional built environment. Finally, spatial autocorrela-
tion analysis and linear regression analysis are used to
screen variables.

4. Temporal and Spatial Variation
Characteristics of Street Vitality in the
Study Area

4.1. Temporal Variation Characteristics of Street
Vitality Intensity

To intuitively reflect street vitality, the calculated aver-
age heat value of streets is represented as a line chart.
The statistical results are shown in Figure 3: The fluctua-
tion situation can be roughly divided into four stages: the
morning period from 7:00 to 11:00, the noon period from
11:00 to 15:00, the afternoon period from 15:00 to 19:00,
and the night period from 19:00 to 23:00. During different
times of the day, there are multiple transient heat peaks.
Street vitality reaches its first peak at 12:00, consistent with
the rapid gathering of people during the morning peak pe-
riod. From 12:00 to 14:00, it gradually decreases. After
that, entertainment and commercial activities in the central
urban area gradually become active. Due to the influence
of the evening peak and nightlife activities, the number of
people in the streets reaches a peak around 20:00, but
after that, gathering activities gradually decrease, leading
to a rapid decline in street vitality.

The Baidu heat data is divided into 6 levels using the
natural breakpoint method, with levels 1-2 classified as low
vitality areas, levels 3-4 as medium vitality areas, and lev-
els 5-6 as high vitality areas. The Baidu heat data obtained
through vectorization processing is used to count the area
proportion of each level, and the proportion of streets with
different vitality levels is studied. The statistical results are
shown in the table.

Analyzing the proportion of streets with different vitality
levels, it can be seen that during the morning peak from
7:00 to 9:00, the proportion of high vitality streets and
medium vitality streets is low, and they start to rise with
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Figure. 3 | Variation of Overall Street Vitality in the Central
Urban Area of Nanchang
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Table. 2 | Statistics of Instantaneous Vitality Intensity Proportion in Streets of Central Urban Area of Nanchang

Time period Type of fluctuation Heat value Volatility
07:00-11:00 Rapid rise 290-339 0.17
11:00-13:00 Slowly rising 339-370 0.09
13:00-15:00 Slow descent 370-347 -0.06
15:00-17:00 Slowly rising 347-367 0.06
17:00-19:00 Rapid rise 367-409 0.1
19:00-21:00 Slowly rising 409-429 0.05
21:00-23:00 Fast descent 429-340 -0.21

roughly the same trend. Due to the relatively dispersed
distribution of people during lunch time, the proportion of
high vitality streets and medium vitality streets shows a
slow downward trend from 11:00 to 13:00. At 18:00 in the
afternoon, the proportion of medium vitality streets is rela-
tively high, reaching a vitality peak. At 20:00 at night, the
proportion of high vitality streets is relatively high, reaching
a vitality peak, while the proportion of medium vitality
streets is relatively low. This phenomenon can be at-
tributed to the further gathering of people's activities in the
central urban area at night. It can be inferred that the in-
tensity of people's activities in the morning is usually higher
than that during the noon period. The density of people in
the neighborhood gradually increases after lunch time, in-
dicating that the leisure activities of neighborhood people
usually reach a peak from after lunch time to the evening.

4.2. Spatial Differentiation Characteristics of
Street Vitality Intensity

To further explore the spatial differentiation characteris-
tics of street vitality at different times of the day, especially
during the main activity periods, the average vitality of
streets during four time periods: 7:00-11:00 (morning),
11:00-15:00 (noon), 15:00-19:00 (afternoon), and
19:00-23:00 (night) is visualized. The analysis results in
the spatial distribution map of the comprehensive heat val-
ue of streets on weekdays (Figure 4). From Figure 4, it can
be seen that the overall street vitality in the central urban
area of Nanchang shows a spatial differentiation pattern of
"east core, west belt, multi-point aggregation”, with medi-
um and high value areas forming differentiated distribu-
tions with time changes. It can be seen that high vitality
streets and medium vitality streets on weekdays are mostly
concentrated in the central part of the old city, and the vital-
ity of streets in the north is significantly higher than that in
the south. Specifically, high vitality streets are mainly con-

Table 3 | Statistics of Instantaneous Vitality Intensity Proportion in Streets of Central Urban Area of Nanchang

8:00 10:00 12:00 14:00
Quantity Ratio Quantity Ratio Quantity Ratio Quantity Ratio
ngggr?ar;etrgy 10 1.54% 30 4.61% 45 6.91% 33 5.07%
Mid-energy %6 14.75% 123 18.89% 18 18.13% 112 17.20%
street
'-°";;f;§r9y 545 83.72% 498 76.50% 488 74.96% 506 77.73%
16:00 18:00 20:00 22:00
Quantity Ratio Quantity Ratio Quantity Ratio Quantity Ratio
High-energy 44 6.76% 55 8.45% 71 10.91% 48 7.37%
street
M"i'tfg:trgy 136 20.89% 147 22.58% 102 15.67% 95 14.59%
Low-energy 471 72.35% 449 68.97% 478 73.43% 508 78.03%

street
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Figure 4 | Spatial Variation of Street Vitality Intensity Across
Different Time Periods
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centrated in the cultural and tourism integration area with-
in the Wanshou Palace historical urban area and the tradi-
tional commercial center area of Zhongshan Road-Shengli
Road Pedestrian Street. Although this area is an old city, it
has a large concentration of shopping, dining, and ac-
commodation resources, rich tourism resources, complete
public service functions, and well-equipped living facilities.
Secondly, the central area of Honggutan, centered on
Central Financial Street, also has high street vitality, in-
cluding CBD, Qiushui Square, etc. This area has well-
equipped commercial facilities and high transportation ac-
cessibility, making it easy to gather vitality. It can be seen
that the street vitality in the central urban area shows a
trend of decreasing from the central area on both sides of
the Gan River to the suburbs, and a distribution of central
aggregation and stronger north than south.

5.Spatiotemporal Heterogeneity in the Impact
of Street-Level Built Environment on Urban
Vitality Intensity: a Multiscale Analysis

5.1.Analytical Framework for MGWR Model
Results

5.1.1.Screening of Built Environment Indicators

First, spatial autocorrelation analysis is conducted on
the 14 built environment indicators, and the results show
that all variables have obvious clustering characteristics in
space. From the global Moran's index statistics, the near-
est distance to comprehensive shopping malls, proximity,
and the nearest distance to transportation stations have
very strong clustering characteristics (Table 4). Then, ordi-
nary least squares (OLS) is further used to perform re-
gression analysis with the 14 multi-dimensional built envi-

Table 4a | Results of Spatial Autocorrelation and Multicollinearity Diagnostics for the Built Environment

Two-dimensional built environment

First-level indicators

Traffic convenience

facility convenience

Transportat

Functional

Secondary indicators ion Parklng lot Connectivity mixing Caterllng Entertalr]-ment Shopplng
. density function function function
distance degree
Global
Moran's
b 0.440341  0.334867  0.682102 0.252610  0.167312 0.297193 0.777576
Numeric
Space-time self-
correlation Variance ~ 0.000004  0.000004  0.000004 0.000004  0.000004 0.000004 0.000004
Z score 171'26515 225";1422 348521286 129.080649 85559826  152.102850 397'%4371
P-value  0.000000  0.000000  0.000000 0.000000  0.000000 0.000000 0.000000
. . Variance
%‘:!gﬁgs'r:tsy inflaton ~ 1.563141  1.494003  1.590602 1645913  1.385783 1.747346 1.505872

factor
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Table 4b | Results of Spatial Autocorrelation and Multicollinearity Diagnostics for the Built Environment

Three-dimensional built environment

First-level indicators

Space comfortability

environmentl safety

Architectura

Road Relative

A Sky Green light | Enclosure . Traffic
Secondary indicators . surface pedestrian
openness rate Continuous degree feasibilit width safety
Process y
Global
Moran's
index 0.144728 0.235639 0.089482 0.317182 0.084996 0.089482 0.112461
Numeric
Space-time self-
correlation Variance 0.000004 0.000004 0.000004 0.000004 0.000004 0.000004  0.000004
Z score 171.765156 162.072935 45.788505 129.080649  45.194476  185.559826 57.571604
P-value 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000  0.000000
Collinearity Variance
Di . inflation 1.252827 1.371032 1.420298 3.133947 1.065539 1.385783 1.058528
iagnosis factor

ronment elements as independent variables and the street
vitality values at each time period as dependent variables.
The results show that the VIF values of all independent
variables are far below 75 (Table 4), indicating that there is
no multicollinearity problem among the variables. However,
the probability p-values of relative pedestrian width and
building continuity are greater than 0.01 in all time periods,
indicating that their impact on street vitality is not signifi-
cant and needs to be excluded. Finally, the remaining 12
built environment indicators participate in the subsequent
model construction.

5.1.2.Model Regression Results

According to the temporal variation characteristics of
street vitality intensity, the street vitality and built environ-
ment indicators of the four time periods are introduced into
the multi-scale weighted regression model for analysis
(Table 5). The results show that the average adjusted R? of
the MGWR model in each time period is 0.844, indicating
that its overall explanation degree of street vitality changes
in the central urban area of Nanchang is as high as 84.4%
on average. Subsequently, based on the regression coeffi-
cients, variable interpretability, and spatial action scale
(bandwidth), the temporal and spatial effects of different
built environment elements on street vitality in each time
period are further analyzed. The regression coefficients of
the three-dimensional built environment indicators are rela-
tively high overall, but there are differences in variable in-
fluence and interpretability in different time periods.

5.2. Spatiotemporal Differences in the Impact of
Two-Dimensional Built Environment on Street
Vitality

5.2.1.Temporal Differences in the Two-Dimensional
Built Environment

(1) Transportation Accessibility

Parking lot density showed a positive correlation with
street vitality across all time periods, with higher signifi-
cance overall. lts influence was stronger in the morning
and midday compared to the afternoon and evening, indi-
cating that the capacity for vehicle parking in street spaces
positively promotes vitality. Connectivity also demonstrated
a positive impact on vitality, particularly during daytime
hours when pedestrian accessibility attracts natural travel
choices. However, the average distance to the nearest
transportation hub exhibited a negative correlation with
street vitality across all periods, though its explanatory
power was negligible. This may be due to the relatively
balanced distribution of transportation hubs in Nanchang's
central urban areal®, resulting in minimal differences in
accessibility between streets (Figure 5).

Facility Accessibility

The explanatory power of dining facilities on street vital-
ity (37.79%-68.97%) remained consistently high across all
periods. This is primarily because dining facilities cater to
various needs throughout the day, including breakfast,
lunch, afternoon tea, dinner, and late-night snacks, ensur-
ing a steady flow of people and sustaining street vitality.
Shopping facilities had the highest absolute regression
coefficients (0.159-0.234) across all periods, with their pos-
itive influence peaking during the evening. Their explanato-
ry power (51.831%-70.20%) was also consistently high,
highlighting the strong promotional effect of commercial
activities on street vitality. However, the localized clustering
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Table 5 | Statistical Summary of Regression Results from the Multiscale Geographically Weighted Regression (MGWR) Model

07:00-11:00 11:00-15:00 15:00-19:00 19:00-23:00
Variable Bandwi  Averag .V?:ra ?ft Bandwi  Averag i\r/]?;i%?ﬁ Bandwi  Averag i\r/ﬁ;i%t;ﬁ Bandwi  Averag i\r/]?;i%t;z
dth e value mabilri)ty e value ability dth e value ability dth e value ability
The nearest
t‘f;ﬁ:;gﬁatﬁoi 221 -0.053 0 189  -0.012 0 650  -0.041 0 650  -0.023 0
station
Parking lot density 646 0.082 100 650  0.081 100 507  0.075 7358 650  0.057  57.93
Convenience 650  0.181  80.65 650  0.133  57.31 252 0136  57.30 268 0.118  56.99
Functional mixing 650  -0.065 0 650  -0.066 0 650  -0.067 0 650  -0.115 0
degree
Catering function 650  0.070  37.79 650  0.072  58.06 650  0.093  58.06 650  0.074  68.97
E”tfirrt]iit?or:‘]e”t 650  0.002 1475 650  0.010  17.97 650 0011  51.77 650  0.009  39.63
Shopping function 257 0159  62.83 236 0158  70.20 249 0195  51.31 236 0234 7020
Sky openness 650  -0.348 100.00 650  -0.073 100.00 650  -0.327  77.57 650  -0.338 100
Green light rate 338 0.605 0 198  -0.227 0 439 0.571 0 447 0787 0
Enclosure degree 431 -1.313 0 650  0.108 0 431 -1.244 0 419 -1.568 0
Road surface 205 0011 7450 650  0.001  64.71 650  0.003  59.91 650  0.011 3594
feasibility
Traffic safety 650 0216  53.92 650  0.032  54.84 650  0.205  36.71 148 0257 1413
Adjusted R-squared 0.835 0.843 0.852 0.846

Note: Variable interpretability represents the percentage of the total sample size with significant coefficients (p < 0.05) for explanatory variables.

of commercial facilities led to spatially significant variations
in their explanatory power.

Entertainment facilities showed an increasing positive
correlation with street vitality as the day progressed, peak-
ing in the evening. This indicates that the impact of leisure
and entertainment facilities on street vitality is more pro-
nounced at night due to their primary usage times. Func-
tional mix exhibited a negative correlation with street vitali-
ty across all periods, suggesting that streets with lower
functional mix tend to concentrate vitality more effectively.
Specifically, streets dominated by single-use commercial
activities are more likely to attract consumer behavior, with
clear travel purposes for various facilities, especially at
night.

5.2.2.Spatial Differences in the Two-Dimensional Built
Environment

To explain the spatial heterogeneity of the influencing
factors, ArcGIS 10.8 was used to visualize the coefficients
of significant factors during the main activity periods. The
spatial patterns of some variables are shown in Figures 6
and 7. Overall, connectivity, as a global variable, exhibited
the most stable spatial influence on street vitality, followed
by parking lot density. Entertainment and dining facilities
showed significant spatial heterogeneity, while shopping
facilities displayed distinct spatial differentiation.
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Figure 5 | Distribution of the Nearest Distance to Trans-
portation Stations and Density of Entertainment Facilities
in Streets

Specifically, the impact of connectivity on street vitality
showed minimal spatial variation, with its positive influence
gradually increasing from north to south throughout the
day. High-value areas were concentrated in Jiuzhou and
Chaonong streets in Xihu District, where parks and educa-
tional facilities are abundant, facilitating pedestrian activi-
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Figure 7 | Spatial Distribution of Regression Coefficients for Facility Convenience

ties such as sightseeing and commuting. In contrast, areas  purpose-driven pedestrians unaffected by street connectiv-

like Honggutan District's Hongjiaozhou and Jiulonghu ity.

streets, as well as Baihuazhou Street in the historical dis- The positive impact of parking lot density on street vital-

trict, showed no significant impact due to the high density ity generally increased from the central to the western ar-

of transportation and educational facilities, which attract eas. High-value areas were clustered in Dinggong Road
and Pengjiagiao streets in Donghu District, where limited
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Figure 9 | Spatial Distribution of Regression Coefficients
for Spatial Comfort

vehicle access in the historical district necessitates parking
before entering, enhancing the influence of parking density
on vitality. In other areas, the availability of public trans-
portation, such as subways and buses, reduced the re-
liance on parking facilities.

Dining facilities exhibited a positive influence on street
vitality that decreased from the central to the western ar-
eas. High-value areas were concentrated in Dinggong
Road and Shengjin Tower streets in Donghu District, where
local cuisine in the old town enhances street attractive-
ness. Entertainment facilities showed positive correlations
and significance in the afternoon and evening, with their
influence decreasing from the central to the western areas.
High-value areas were mainly located in the historical dis-
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tricts of Donghu and Xihu Districts, where abundant
tourism and leisure resources attract visitors and sustain
high street vitality.

Commercial facilities displayed localized clustering in
their positive influence on street vitality, with high-value
areas concentrated in Tengwang Pavilion Street in Xihu
District and Shajing Street in Honggutan District. These
areas feature a mix of traditional and chain commercial
establishments, attracting both local residents and tourists
and enhancing street vitality.

5.3. Spatiotemporal Differences in the Impact of
Three-Dimensional Built Environment on
Street Vitality

5.3.1.Temporal Differences in the Three-Dimensional
Built Environment

As shown in Figure 8, the regression coefficients of the
built environment indicators across the four time periods
were generally low, with significant variations in influence
and explanatory power across different periods.

Spatial Comfort

The explanatory power of green view ratio and enclo-
sure degree was negligible. This may be due to the dis-
persed distribution of greenery along roads and the relative
clustering of vegetation around natural landscapes, render-
ing the green view ratio ineffective in explaining vitality.
High pedestrian flow streets may not be significantly af-
fected by enclosure degree, as the existing foot traffic is
sufficient to sustain street vitality. Sky view openness ex-
hibited a negative correlation and was significant across all
four periods. Its negative influence gradually increased
during the daytime, peaking in the afternoon. This is likely
because streets with high sky view openness often lack
building or tree cover, leading to functional monotony and a
lack of commercial, cultural, or social activities that attract
pedestrians. In the afternoon, people tend to gather in work
areas, amplifying the impact of sky view openness on
street vitality.

Environmental Safety

The average regression coefficient of walkability ratio
showed a positive correlation with street vitality across all
periods, with high explanatory power (35.94%-74.50%). Its
positive influence was stronger in the morning and after-
noon, as these periods involve commuting activities. A
well-maintained pedestrian environment supports walking,
cycling, and other modes of transportation, increasing
street usage and attracting more customers, thereby pro-
moting commercial activity. In contrast, traffic safety facili-
ties had lower explanatory power (14.13%-54.84%), with
their positive influence peaking in the afternoon when
commuting demand is high. Properly designed traffic facili-
ties can optimize traffic flow, reduce congestion, and en-
hance street attractiveness.

5.3.2.Spatial Differences in the Three-Dimensional
Built Environment

As shown in Figure 9, sky view openness, as a global
negative correlation variable, exhibited a spatial pattern of
higher influence in peripheral areas and lower influence in
central areas. High negative impact areas were concen-
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trated in Hongjiaozhou and Jiulonghu streets in the south-
western part of the central urban area, where large trans-
portation and entertainment facilities dominate, and pedes-
trian activities are more purpose-driven. In contrast, Tao-
hua Street and Shengjin Tower Street in the southern his-
torical district showed relatively lower impacts on street
vitality. These areas feature scenic landscapes and iconic
buildings, where high sky view openness does not signifi-
cantly affect pedestrian destinations or street activities.

As shown in Figure 10, the positive influence of walka-
bility ratio on street vitality exhibited a spatial pattern of
higher values in the west and lower values in the east.
High-value areas were concentrated in Hongjiaozhou and
Jiulonghu streets in the Honggutan New District, with addi-
tional clustering in Shajing Street during midday. This may
be due to the presence of large commercial and office fa-
cilities in these areas, where pedestrians primarily use
sidewalks for dining and commuting activities during
lunchtime. The influence of traffic safety facilities on street
vitality was concentrated near the historical district during
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midday and afternoon periods. This is because these peri-
ods involve diverse pedestrian activities, and the historical
district's commercial vibrancy, combined with fewer vehicle
lanes, enhances the pedestrian environment, attracting
more customers and promoting commercial activities.

6. Conclusions and Discussion

This paper takes the central urban area of Nanchang as
a case study, uses population heat data to measure and
deconstruct the temporal and spatial differences of street
vitality, uses OSM road network data and POI data to
measure the two-dimensional material space environment,
further uses street view images to measure the micro
three-dimensional street space environment based on hu-
man subjective perception and experience, and uses the
multi-scale geographically weighted regression model to
explore the differentiation characteristics of multi-dimen-
sional built environment and urban street vitality in time
and space. The main conclusions are as follows.

The temporal and spatial distribution differences of
street vitality in the central urban area of Nanchang are
obvious. In terms of time, residents' activities on the streets
are mostly concentrated from 6:00 to 23:00, with the high-
est proportion of medium and high vitality streets from 9:00
to 18:00. In terms of space, the spatial structure of street
vitality generally shows a differentiation pattern of "east
core, west belt, multi-point aggregation", and the aggrega-
tion characteristics are most obvious in the afternoon.

The impact of the two-dimensional built environment on
street vitality is generally more significant than that of the
three-dimensional built environment. Specifically, among
the two-dimensional built environment indicators, parking
lot density, connectivity, and shopping facility density have
high interpretability for street vitality in all time periods,
while catering facility density and entertainment function
have high interpretability in some time periods. Among the
three-dimensional built environment indicators, only sky
openness and road surface feasibility have high inter-
pretability for street vitality in most time periods.

The temporal and spatial heterogeneity of the impact of
each built environment element on street vitality is obvious.
In terms of transportation accessibility, the positive influ-
ence of connectivity on street vitality generally increases
from north to south in space in all time periods
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ABSTRACT

As urban metro systems play an increasingly vital role in public transporta-
tion, passengers' emotional perception has become increasingly crucial for
enhancing their travel experience and quality of life. This study establishes
a theoretical relational model for whole-process perception during metro
travel. Structural Equation Modeling (SEM) was employed to validate the
significant relationships between travel experience perceptions and pas-
senger emotions throughout metro journeys. Furthermore, Multi-group
Structural Equation Modeling (MSEM) was utilized to analyze group differ-
ences in emotional perception among populations with varying genders and
travel frequencies. The findings reveal: (1) The impact mechanism demon-
strates that metro passengers' travel emotions are positively influenced by
pre-boarding/post-alighting perceptions, accessibility perception, and in-car-
riage perception, with accessibility perception exhibiting the strongest effect.
(2) Group effect analysis indicates significant differences in metro travel
emotional perception across gender groups and travel frequency sub-

groups.

1. Introduction

At the 75th United Nations General Assembly, China
pledged to peak its carbon emissions by 2030 and achieve
carbon neutrality by 2060. Given that transportation is a
significant source of carbon emissions, the transportation
sector needs to develop low-carbon transportation facilities
and encourage the public to adopt green travel modesl'-2l.
As a low-carbon transportation mode with large capacity,
low emissions, and the ability to effectively alleviate traffic
congestion, the metro has been favored by many cities.
According to statistics from the Ministry of Transport of
Chinall | as of September 2024, 54 cities in China have
opened 313 urban rail transit lines, with an operational
mileage of 10,440.5 kilometers and a monthly passenger
volume of 2.58 billion.

With the continuous development of metro systems and
the increase in passenger numbers, urban transportation

management agencies face a dual challenge: on the one
hand, they need to meet the growing basic transportation
demands, and on the other hand, they need to provide
high-quality and personalized travel experiences 4. Al-
though Chinese transportation authorities are working to-
gether to enhance the transportation service capacity of
urban hubs to meet the diverse needs of the population,
there are still challenges in meeting passengers' psycho-
logical and emotional needs during travel 151,

In 2019, China launched the "Healthy China Action
(2019-2030)," which set a goal of raising the level of public
mental health literacy to 30% by 2030 Bl. Mental health is
not only of great significance to individual development but
also plays a key role in the overall well-being of society.
Studies have shown that more than 70% of diseases are
related to negative emotions (e.g., depression, anxiety, and
stress) [7l. Moreover, frequent negative emotions (such as
depression, irritability, anxiety, and stress) can also lead to
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many social problems [8. Emotions not only reflect the cur-
rent psychological state and feelings but also reflect the
psychological demand for a better urban environment and
public services €. Given this, it is particularly urgent and
important to explore the impact of emotional perception in
urban metro travel and to enhance positive emotions in
people's daily travel to promote sustainable transportation
development.

This study first constructs a theoretical model of the
entire process of metro travel perception. Subsequently,
the study uses Structural Equation Modeling (SEM) to ana-
lyze the impact mechanism of each stage of the metro
travel process on passengers' travel emotions. Meanwhile,
Multi-group Structural Equation Modeling (MSEM) is em-
ployed to analyze differences among different groups, with
a focus on the differences in emotional perception during
metro travel among groups with different genders and
travel frequencies.

In the following sections of this study, Section 2 is the
literature review; Section 3, "Theoretical Research and
Hypotheses," introduces the theoretical and methodologi-
cal approaches and proposes the hypotheses; Section 4,
"Research Design and Data Analysis," describes the
sources and methods of data collection; Section 5, "Model
Construction and Analysis," introduces the Structural Equa-
tion Modeling and Multi-group Structural Equation Model-
ing, using SEM to analyze the impact mechanism and
MSEM to analyze group effects; Section 6 summarizes the
results and main findings of this study, and discusses the
limitations and future research prospects.

2. Literature Review

Passenger travel emotions have become a prominent
research topic in the field of urban transportation. Numer-
ous studies have explored factors influencing passenger
travel emotions, including environmental perception, ser-
vice quality, mode choice, and travel time, purpose, and
companions.

In terms of environmental perception, Yazdanpanah
and Hosseinlon 19 found that adverse weather conditions
can increase passengers' negative emotions. Balaban et
al. [l demonstrated that passengers experience varying
emotions when navigating public transit spaces, depending
on their perception of these spaces. Cox et al. ['2 revealed
a significant correlation between crowding and negative
emotions among UK railway passengers, while Mahudin et
al. '3 developed a scale to measure railway passenger
crowding and investigated its psychometric properties.
Meenar et al. ['4, based on a survey of bike-transit users
(CTUs) in Philadelphia, USA, found that negative emotions
were more prevalent than positive emotions during travel,
often linked to specific geographic locations or operational
management issues. Chen and Yan et al. 'S used SEM
and MGWR models to show that urban architectural de-
sign, layout, and surrounding public spaces directly influ-
ence passengers' psychological states.

Regarding service quality, Delaplace and Dobruszkes
['6], using France as a case study, identified fare, conve-
nience, and speed as key service attributes affecting pas-
senger emotions. Alberto et al. '] highlighted the correla-
tion between service disruptions and negative passenger
emotions. Zhai et al. ['8 found that proximity to metro sta-
tions significantly enhanced passengers' positive emotions,
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whereas greater distances increased the likelihood of neg-
ative emotions.

In terms of mode choice, St-Louis et al. ['9] demonstrat-
ed in Canada that slower modes such as walking and cy-
cling tend to elicit more positive emotions. Paez and
Whalenl20], also in Canada, found that walking and cycling
commuters experienced more positive emotions compared
to car and bus users. Le and Carrel [21] revealed that public
transit users generally experience more negative emotions
than car users but feel slightly less stress and frustration.

Concerning travel time, purpose, and companions, Mor-
ris and Guerra [22found in the US that travel duration had
little impact on passengers' emotional states. Watkins et al.
[23] noted that uncertainty in travel time can cause psycho-
logical stress and irritability. Olsson et al. [24], in Sweden,
found that social and recreational activities can enhance
positive emotions and mitigate stress and boredom for
long-distance commuters. Zhu et al. [25], using 2012-2013
US time-use survey data, explored the relationship be-
tween daily travel behavior and emotional well-being, par-
ticularly the effects of travel mode, duration, purpose, and
companions. Their study showed that cycling is the most
enjoyable mode, travel duration negatively correlates with
happiness, dining-related trips generate the highest happi-
ness, and traveling with family and friends enhances posi-
tive emotions. Zhang et al. [8, in China, found that the
choice of travel companions influences individuals' emo-
tional states during daily travel.

Existing literature confirms that environmental percep-
tion, service perception, mode choice, and travel time, pur-
pose, and companions all influence passenger travel emo-
tions. However, most studies focus on specific factors, with
limited exploration of how the entire travel process affects
passenger emotions. Additionally, research on the emo-
tional impact of metro travel remains scarce. Furthermore,
subjective perceptions and travel habits vary across
groups due to individual differences and travel contexts,
leading to diverse emotional perceptions.

To address these gaps, this study investigates the
mechanisms influencing passenger travel emotions
through perceptions before boarding, after alighting, ac-
cessibility, and in-carriage experiences during metro travel.
It also examines group differences in emotional perception
based on gender and travel frequency. By doing so, this
research aims to explore the impact of metro travel on
passenger emotions and promote the sustainable devel-
opment of low-carbon transportation infrastructure.

3. Theoretical Analysis and Hypotheses

3.1. Theoretical Analysis

Arnold's theory of emotion posits that emotion is a "re-
action to an object or situation"26l. The necessary condition
for the generation of emotion is the individual's perception
of a specific stimulus event. Once perceived, the individual
automatically evaluates the event, and this evaluation
leads to an emotional response regarding the relevance of
the stimulus to the individual's well-being, resulting in vari-
ous needs and behaviors to approach or avoid the stimulus
(271, Based on Arnold's theory, we define metro travel as a
"stimulus event." Passengers perceive the entire process
of metro travel, and this perception automatically gener-
ates an evaluation, which in turn produces emotions.



The cognitive theory of emotion suggests that emotions
and feelings are reactions to the relationship between ob-
jective reality and personal needs [28l. The person-envi-
ronment fit theory indicates that an individual and their en-
vironment may achieve a state of mutual adaptation or
may experience inconsistencies. When the external envi-
ronment meets an individual's needs, it helps to elicit posi-
tive emotions; conversely, if the environment fails to meet
these needs, it may lead to emotional problems and relat-
ed negative impacts [29. When an individual traverses a
public transport space, they experience different feelings
and emotions based on their perception of the space [30l.
Therefore, in the perception process, we categorize the
entire metro travel experience into pre-boarding and post-
alighting perceptions, in-carriage perceptions, accessibility
perceptions, and emotional perceptions. Since passengers'
needs and environments before boarding and after alight-
ing are essentially the same, we do not consider pre-
boarding and post-alighting perceptions separately but in-
clude them together in our analysis. Thus, we measure
metro travel emotions based on these four aspects of per-
ception.

Based on Arnold's theory of emotion, we establish the
path for the generation of metro travel emotions (Figure 1).
By analyzing passengers' perceptions of the entire metro
travel process using the cognitive theory of emotion and
the person-environment fit theory, we identify the key fac-
tors. Following the path of emotion generation, we collect
data on passengers' different perceptions and subjective
emotions during travel through questionnaires. We then
use Structural Equation Modeling (SEM) and Multi-group
Structural Equation Modeling (MSEM) to analyze the col-
lected data and explore the impact mechanisms of each
stage of metro travel on passengers' travel emotions.

3.2. Variable Selection

Based on the cognitive theory of emotion and the per-
son-environment fit theory mentioned in the methodology
above, we consider the environment and needs of passen-
gers before boarding and after alighting. The perceptions
before boarding and after alighting include fare, station
entry process, supporting facilities, waiting time, and envi-
ronmental space. These factors are included as measure-
ment variables to construct the evaluation framework for
pre-boarding and post-alighting perception experiences.

Similarly, considering the environment and needs of
passengers inside the carriage, the perceptions of passen-
gers inside the carriage include crowding level, tempera-
ture, and carriage environment. These factors are included
as measurement variables to construct the evaluation
framework for in-carriage perception experiences.

Considering the need for accessibility, the perceptions
of accessibility include transfer convenience, connections
with other transportation modes (e.g., shared bicycles,
buses, walking), and detour (i.e., the distance traveled by
metro is greater than that by car). These factors are in-
cluded as measurement variables to construct the evalua-
tion framework for accessibility perception experiences.

For travel emotion perception, emotional state, satisfac-
tion, and willingness to use are included as measurement
variables to construct the evaluation framework for emo-
tional perception experiences. The specific measurement
items are shown in Table 1.

In addition, descriptive variables were also established.
Descriptive variables measured a range of socio-demo-
graphic attributes and travel situations, which help to un-
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Figure 1 | Path Diagram of Metro Travel Emotion Genera-
tion

derstand the travel patterns of different groups of people.
These attributes include gender, age, number of times tak-
ing the metro per week, and purpose of travel. The number
of times taking the metro per week is measured in four as-
pects: 1. Daily, 2. 3-5 times per week, 3. 1-2 times per
week, 4. Very rarely. The purpose of travel is measured in
seven aspects: 1. Commuting to work, 2. Going to school,
3. Tourism, 4. Shopping, 5. Visiting friends, 6. Entertain-
ment, 7. Others. All other socio-demographic data are con-
tinuous variables.

Thus, the questionnaire design includes five dimen-
sions, namely descriptive variables, emotional perception,
pre-boarding and post-alighting perceptions, accessibility
perception, and in-carriage perception. Except for the de-
scriptive variables, a 5-point Likert scale was used to rate
the statements, ranging from 1 (Strongly Disagree) to 5
(Strongly Agree).

3.3. Research Hypotheses

3.3.1.Hypotheses on Impact Mechanisms

The perception before boarding and after alighting
refers to the experiences that passengers have before they
start their metro journey and after they finish it. This
process involves a series of procedures, such as purchas-
ing tickets, undergoing security checks, passing through
turnstiles, perceiving the station space environment, and
using the supporting facilities within the station. Studies
have shown that when the environment, services, ticketing,
and supporting facilities in the metro station are well-man-



Table 1 | Measurement Variable Settings
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Divisor Quantity Content
On this subway ride, | felt comfortable emotionally.
Emotional Perceptions 3 During this subway trip, | felt satisfied with all kinds of objective conditions.
| would like to keep taking the Wuhan subway.
| feel satisfied with the fare of this subway trip.
| am satisfied with the process of entering the subway station (including ticket
purchase, security check, passing the gate, etc.).
ﬁreboatr.ding/Post-aIighting 5 | am satisfied with the facilities (toilets, waiting seats, vending machines, etc.) at the
erceptions subway station.
| am satisfied with the waiting time for this trip.
| felt comfortable with the environmental hygiene in the station during this trip.
| am satisfied with the convenience of transferring to other routes during this trip.
| was satisfied with the convenience of connecting the subway station with other
Accessibility Perception 3 modes of transportation (shared bikes, buses, etc.).
The detour (the distance traveled by subway is greater than the distance traveled by
car) was acceptable to me.
| am satisfied with the safety of the subway during this trip.
| found the congestion in the subway car acceptable during this trip.
In-carriage Perception 4

The temperature of the carriage made me feel comfortable.

| felt comfortable with the sanitary conditions of the carriage this time.

aged, passengers' positive emotions are enhanced [16.31],
Therefore, we propose Hypothesis H1: The perception be-
fore boarding and after alighting has a positive effect on
passengers' emotions. Reasonable travel costs, conve-
nient station entry procedures, well-equipped supporting
facilities, and appropriate waiting times can lead to more
positive emotions among passengers.

Accessibility perception refers to an individual's subjec-
tive feeling about the ease of reaching a destination. The
quality of accessibility depends on the convenience with
which people can experience services and activities [321,
Studies have indicated that during transfers, transfer areas
often cause more negative emotions [3%.Good accessibility
can enhance passengers' overall sense of well-being [331.
Therefore, we propose Hypothesis H2: Accessibility per-
ception is positively correlated with passengers' travel
emotions. When passengers feel that transfers are incon-
venient, connections with other modes of transportation
(such as shared bicycles, buses, etc.) are poor, and the
travel distance by metro is greater than that by car (i.e.,
detour), they are likely to experience more negative emo-
tions.

In-carriage perception involves passengers' emotional
experiences inside the carriage. Studies have shown that
when facing crowded carriages, delays, or uncomfortable
environments, passengers' emotions tend to become neg-
ative B0, The environmental conditions of the vehicle, such
as crowding level, noise level, and temperature, can affect
passengers' psychological feelings 132l. Therefore, we pro-
pose Hypothesis H3: In-carriage perception is positively
correlated with passengers' travel emotions. When pas-
sengers have a positive evaluation of the environment and

conditions inside the carriage, their travel emotions are
also more likely to be positive.

3.3.2.Hypotheses on Group Differences

Existing research has demonstrated significant differ-
ences in travel emotion perception among different groups.
Regarding gender, Fong and Shaw 34 found that women's
emotional responses during travel experiences differ from
those of men. Other studies have shown that women's
emotional response mechanisms during travel may be
more complex, influenced by various factors such as travel
purpose, personal emotional state, and social relationships
3%, In terms of travel frequency, Ma and Chen [36] found
that increased travel frequency is generally positively cor-
related with emotional well-being. Frequent travelers tend
to experience more positive emotions, which is closely re-
lated to their improved quality of life. Travel provides an
opportunity to escape daily stress, thereby enhancing trav-
elers' emotional states. Additionally, some studies have
identified an interaction effect between gender and travel
frequency. The impact of travel frequency on emotional
benefits varies between genders. Although both men and
women can derive emotional benefits from travel, women's
motivations for psychological relaxation and cultural learn-
ing during travel may make their emotional experiences
more positive with increased travel frequency [371.

Therefore, the following hypotheses are proposed:

H4: There are significant differences in metro travel
emotion perception between genders and travel frequen-
cies.

H5: There are significant differences in metro travel
emotion perception among different travel frequencies.
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Figure 2 | Theoretical Model Diagram

Based on the research hypotheses presented in this
section, a theoretical model is constructed as shown in
Figure 2.
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4. Research Design and Data Analysis

4.1. Research Design and Data Collection

Data were collected through offline questionnaires dis-
tributed in Wuhan City in July 2024. Wuhan, the central city
of China's central region and an important comprehensive
transportation hub nationwide, is a rapidly developing city
with a permanent population of 12.3265 million (according
to the 7th National Population Census of Wuhan). It is also
the capital city of Hubei Province. As of June 2024, Wuhan
Metro had 12 operational lines with a total operating
mileage of 486 kilometers. On June 24, 2024, the total
passenger volume of Wuhan Metro's network exceeded 10
billion.

The 12 operational lines of Wuhan Metro were selected
as the research subjects. Random sampling surveys were
conducted among passengers on these 12 lines, with small
gifts (valued at less than 5 Chinese yuan) provided as in-
centives for participation. A total of 500 questionnaires
were distributed. After preliminary processing of the 500
returned questionnaires, including the removal of incom-
plete responses and those with contradictory answers, 402
valid datasets were obtained.

4.2. Variables

4.2.1.Descriptive Statistics of the Sample

Table 2 reflects the socio-demographic attributes and
travel situation data. In terms of gender distribution, male
respondents slightly outnumber females. Regarding age

Table 2 | Statistics of Socio-Demographic Attributes and Travel Situations

Sample Information Options Quantity Percentage
Gender Man 241 60
Woman 161 40
Ages 0-14 7 1.7
Ages 15-24 241 60.0
Ages 25-34 108 26.9
Age Ages 35-44 26 6.5
Ages 45-54 10 25
Ages 55-64 7 1.7
Aged 65 and above 3 0.7
Daily use 41 10.2
Number of Times Taking the 3-5 times per week 126 31.3
Metro per Week 1-2 times per week 158 39.3
Very rarely 77 19.2
Visiting friends 32 8.0
Shopping 36 9.0
Traveling 28 7.0
Purpose of Travel Commuting to work 72 17.9
Going to school 83 20.6
Entertainment 115 28.6
Other 36 9.0




distribution, young people aged 15-34 are the main force
in metro travel, accounting for 60% of the total sample.
Passengers in this age group are usually more active and
have higher travel demands, including commuting to
school, work, and social activities. Fewer passengers are
aged 0-14 and 65 and above, which may be related to the
relatively lower travel demands and activity ranges of these
age groups. In terms of metro usage frequency, passen-
gers who travel 1-2 times per week are the most numer-
ous, accounting for 39.3%. This indicates that the metro is
a regularly used mode of transportation for many passen-
gers. Passengers who travel 3-5 times per week also con-
stitute a significant proportion, highlighting the important
role of the metro in urban transportation. Regarding travel
purposes, commuting to work and school are the main
purposes, accounting for 38.5% of the total sample. This
emphasizes the key role of the metro in urban daily com-
muting. The data analysis results reveal a balanced distri-
bution of the survey sample across various basic attribut-
es, effectively avoiding sample bias and ensuring the rep-
resentativeness and diversity of the statistical results.

4.2.2.Reliability and Validity Testing

The reliability of the questionnaire was assessed using
Cronbach's alpha coefficient, with the analysis conducted
using SPSS. As shown in Table 3, the overall reliability co-
efficient of the questionnaire scale is 0.954, indicating a
high level of reliability for the entire questionnaire. Typical-
ly, a Cronbach's alpha coefficient greater than 0.7 is con-
sidered acceptable, while a value greater than 0.8 is re-
garded as good. The Cronbach's alpha coefficients for
each dimension of the scale range from 0.865 to 0.921, all
exceeding the standard value of 0.6. Therefore, the inter-
nal consistency reliability of the survey questionnaire is
good, and its reliability is strong.

To assess the structural validity of the data, Bartlett's
test of sphericity and the KMO (Kaiser-Meyer-Olkin) test
were employed to evaluate the suitability of using factor
analysis. The KMO value is an indicator of the correlation
between variables; the closer it is to 1, the stronger the
correlation between variables, and thus the more suitable
for factor analysis. As shown in Table 4, the KMO value of
the scale is 0.949 (>0.7), and Bartlett's test of sphericity
yields a p-value of 0.000 (<0.01). This indicates that the

JSBE | Vol. 2 No. 2 | 31 March 2025 | 45

significantly higher than the minimum acceptable standard
(at least 50%). This indicates that most of the data varia-
tion can still be explained, and they have a strong explana-
tory power over the data as a whole. Therefore, four com-
mon factors can be extracted, which correspond exactly to
the four dimensions in the questionnaire, proving the ratio-
nality of the questionnaire's setting of four dimensions. In
the factor analysis, the factor loadings of each item ranged
from 0.611 to 0.798, exceeding the threshold of 0.5. Thus,
the model data also performed well in terms of structural
validity, and the quality of the model data passed the test.

4.2.3.Correlation Analysis

The correlation between travel emotions, pre-boarding
and post-alighting perceptions, accessibility perceptions,
and in-carriage perceptions was examined using Pearson's
correlation coefficient method. As shown in Table 5, all cor-
relation coefficients were statistically significant (p<0.001),
indicating that the relationships between these variables
are significant.

Table 3 | Reliability Test of the Questionnaire

Total alpha Dimension alpha
a;=0.875
a2=0.921

0.954
03=0.885
04=0.865

Note: Dimension 1: Travel Emotion is denoted as ay; Dimension 2: Pre-
boarding and Post-alighting Perception is denoted as az; Dimension 3:
Accessibility Perception is denoted as as; Dimension 4: In-carriage
Perception is denoted as aa.

Table 4 | KMO and Bartlett's Test of Sphericity for the Scale

correlations between variables are significant and suitable KMO 0.949
for exploratory factor analysis. . .
Excluding the items of descriptive variables in the sam- ' Approximate Chi-Square  4881.833
ple, the principal component analysis method of explorato- gaﬁleFt?{TESt of " Degrees of Freedom 105
ry factor analysis was used. According to the total variance phericity o
explained, the first four principal components cumulatively Significance 0.000
accounted for 78.543% of the total variance, a proportion
Table 5 | Correlation Analysis
Correlation Emotional pre-boarding/post- Accessibility In-carriage
perception alighting perceptions perception perception
Emotional perception 1 0.749** 0.767** 0.716**
pre-boarding/post- - - o
alighting perceptions 0.749 L 0.755 0.679
Accessibility perception 0.767** 0.755** 1 0.688**
In-carriage perception 0.716** 0.679* 0.688* 1

Note: ** indicates p<.001, the correlation is significant.
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5. Model Construction and Analysis

5.1. Construction of Structural Equation Modeling
(SEM)

This study employs Structural Equation Modeling (SEM)
for data analysis. SEM is capable of simultaneously resolv-
ing the complex relationships between endogenous and
exogenous variables and calculating the direct, indirect,
and total effects of these variables. SEM is used to test a
set of theory-driven hypotheses, aiming to measure the fit
between the hypothesized conceptual model composed of
observed indicators and latent constructs and the datal33! .

Based on existing literature and theoretical knowledge,
we designed and constructed a theoretical conceptual
model for the entire process of metro travel perception to
explore the interrelationships among different variables. In
this process, we first established the measurement models

Table 6 | Goodness-of-Fit Test for the SEM Model

1
Emotional perception

1

1 Emotion S
1

Satisfaction @
X 1

Willingness @

for latent variables, which are based on theoretical hy-
potheses and used for preliminary analysis of the correla-
tions between latent variables. Subsequently, we conduct-
ed path analysis to further investigate the relationships be-
tween these variables and constructed the Structural
Equation Model accordingly.

The SEM model was constructed using AMOS 24.0
software, where ellipses represent latent variables and rec-
tangles represent measurement indicators. We considered
three exogenous latent variables—perception before
boarding and after alighting, accessibility perception, and
in-carriage perception—and one endogenous latent vari-
able—travel emotion. The three measurement indicators
for travel emotion, the five measurement indicators for per-
ception before boarding and after alighting, the three mea-
surement indicators for accessibility perception, and the
four measurement indicators for in-carriage perception are

Statistical Test Metric Standard or Critical Value for Fit

Test Result Model Fit Judgment

Chi-Square(y?) p>0.05 (Not Significant)

CMIN/DF <5
RMR <0.05
RMSEA <0.08
GFlI >0.90
AGFI >0.80
TLI >0.90
IFI >0.90
NFI >0.90

CFI >0.90

348 (p<0.001) Fit Indices Reference Statistics

4.139 Yes
0.024 Yes
0.088 No
0.898 No
0.854 Yes
0.932 Yes
0.946 Yes
0.930 Yes
0.946 Yes
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Figure 4 | Revised SEM Model and Path Diagram

shown in Figure 3. The circular e1 to e16 represent the
measurement errors for each measurement indicator. In
the constructed Structural Equation Model, the three ex-
ogenous latent variables and one endogenous latent vari-
able are interconnected through three hypothesized paths.
These paths represent our expected influences between
the variables, and the model construction aims to verify
whether these expectations align with the actual data.

A goodness-of-fit test was conducted on the construct-
ed SEM model. The goodness-of-fit indices are shown in
the table. Table 6 indicates that the Root Mean Square Er-
ror of Approximation (RMSEA) is 0.088, which exceeds the
acceptable threshold of 0.08. Additionally, the Goodness-
of-Fit Index (GFl) is 0.898, slightly below the standard val-
ue of 0.90. These results suggest that the constructed
model requires further refinement.

Table 7 | Goodness-of-Fit Test for the Revised SEM Model

Emotional perception

<
o
=)

€D
Satisfaction @
€3

Willingness

When a model fails to meet the fit criteria, variables with
high Modification Indices (Ml) can be removed to refine the
model. A high MI value (typically greater than 10) indicates
a strong correlation,

suggesting the need to release paths with large MI val-
ues to improve the model's fit. In this study, the Ml values
between e4 and e5, e5 and e8, e5 and €10, and e6 and e9
were found to be significant. Therefore, correlation paths
between these residuals were added to enhance the mod-
el's fit.

The revised SEM is shown in Figure 4. The results of
the goodness-of-fit test after revision are shown in Table 7,
and all fit indices indicate that the model fits well. There-
fore, it can be concluded that the model is well-fitted over-
all.

Statistical Test Metric Standard or Critical Value for Fit

Test Result Model Fit Judgment

Chi-Square(x?) p>0.05 (Not Significant)

CMIN/DF <5
RMR <0.05
RMSEA <0.08
GFl >0.90
AGFI >0.80
TLI >0.90
IFI >0.90
NFI >0.90

CFI >0.90

280 (p<0.001) Fit Indices Reference Statistics

3.498 Yes
0.022 Yes
0.079 Yes
0.916 Yes
0.874 Yes
0.946 Yes
0.959 Yes
0.944 Yes
0.959 Yes




5.2. Structural Equation Modeling (SEM) Analysis
and Hypothesis Path Testing

The relationships between model variables are deter-
mined by the signs of the standardized path coefficients,
which indicate the positive or negative correlations be-
tween variables. The absolute values of the path coeffi-
cients are used to assess the strength of the influence be-
tween two variables; the larger the absolute value, the
greater the impact one variable has on the other along the
path. The standardized path coefficients for the revised
SEM paths, as shown in Figure 3, are presented in Table
8.

The results reveal significant relationships between
metro passengers' travel emotions and their perceptions of
different travel stages. Specifically, accessibility perception
has a significant positive impact on travel emotions (stan-
dardized path coefficient = 0.42); pre-boarding and post-
alighting perceptions also have a positive impact on travel
emotions (standardized path coefficient = 0.26); and in-
carriage perception has a positive impact on travel emo-
tions as well (standardized path coefficient = 0.29). The
differences in the impact of pre-boarding and post-alighting
perceptions and in-carriage perception on travel emotions
are not significant. The standardized coefficients between
accessibility perception and pre-boarding and post-alight-
ing perceptions and in-carriage perception are 0.85 and
0.77, respectively, indicating a very significant influence.

Based on the above findings, accessibility perception
has the most significant impact on travel emotions, reflect-
ing contemporary residents' high emphasis on the accessi-
bility of public transportation. A well-designed metro net-
work can provide convenient connections, reduce the
number of transfers and walking distances, thereby en-
hancing passengers' travel emotions. Wuhan, a densely
populated and geographically extensive city, is divided into
three main areas (Wuchang, Hanyang, Hankou) by the
Yangtze River and the Han River. This unique geographical
feature poses higher demands on transportation connectiv-
ity. In such an urban environment, the metro, as a key and

Table 8 | Interpretation of the Paths in the Revised Model
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rapid mode of public transportation, plays a decisive role in
alleviating traffic congestion and improving travel efficiency.
Therefore, residents are particularly sensitive to the acces-
sibility of the metro, paying close attention to the connec-
tions between the metro and residential areas, commercial
districts, educational institutions, and tourist attractions
during their travels. These factors directly affect their travel
convenience and time costs, which in turn influence pas-
sengers' travel emotions.

5.3. Multi-Group Structural Equation Modeling
(MSEM) Analysis

The purpose of multi-group structural equation model-
ing (MSEM) is to evaluate whether the theoretical model
proposed by researchers is equivalent across different
sample groups or if there are significant differences [38l.
This paper employs MSEM to conduct differential analysis
on two dimensions: gender and travel frequency. In terms
of gender, due to the interaction of physiological factors
and socio-cultural influences, there are certain psychologi-
cal differences between men and women, and these differ-
ences are also reflected in their experiences with public
transportation. Regarding travel frequency, it is divided into
frequent users and occasional users. Based on the sam-
ples collected in this study, individuals who use the metro
daily or 3-5 times per week are categorized as frequent
users, while those who use it 1-2 times per week or very
rarely are classified as occasional users. Occasional users
account for 58.5% of the total sample, which is close to the
proportion of frequent users, making it suitable for multi-
group analysis. On the other hand, frequent and occasion-
al users of the metro have different focal points regarding
the construction and services of the metro. For example,
frequent users may place greater emphasis on the punctu-
ality, crowding levels, and transfer convenience of the
metro, while occasional users may be more concerned
with the convenience of ticket purchasing and the clarity of
station guidance. Therefore, this paper selects these two

. . Standardized Path Direction of S
Path Hypothesis Explanation Coefficient Influence Validation Result
Perception before boarding and
H1 after alighting has an impact on 0.26 oo Positive Valid
travel emotions.
Accessibility perception has an - i .
H2 impact on travel emotions. 0.42 Positive Valid
H3 In-carriage perception has an impact 0.29 - Positive Valid

on travel emotions.

Note: *** indicates that the path significance level P value is less than 0.01.



representative dimensions to analyze the differences be-
tween groups.

The results of the multi-group analysis are shown in
Table 9. In terms of the impact mechanism, the multi-group
test results are basically consistent with the main model
results, all showing positive impacts. However, the acces-
sibility perception for women is not significant. The specific
analysis is as follows:

In the gender dimension, the path coefficient for men
regarding the impact of accessibility perception on travel
emotions is 0.492, while it is not significant for women.
This indicates that men place greater emphasis on the ac-
cessibility of the metro, and accessibility perception has a
more significant impact on men's travel emotions. In daily
travel and commuting, men tend to focus more on travel
efficiency, and inefficient travel can lead to more negative
emotions for them. The path coefficient for women regard-
ing the impact of pre-boarding and post-alighting percep-
tions on travel emotions is 0.435, while for men, it is 0.208.
This suggests that women pay more attention to pre-
boarding and post-alighting perceptions, including ticket
prices, station environmental hygiene, entry procedures,
and supporting facilities and services. These perceptions
have a more significant impact on women's travel emo-
tions. The path coefficients for men and women regarding
the impact of in-carriage perception on travel emotions are
0.302 and 0.259, respectively. The slightly higher path co-
efficient for men indicates that in-carriage perception has a
more significant impact on men's travel emotions.

In the travel frequency dimension, for the group that
frequently uses the metro, the path coefficient for the im-
pact of accessibility perception on travel emotions is 0.459,
which is higher than the path coefficient of 0.330 for the
group that occasionally uses the metro. This suggests that
frequent users place slightly more importance on accessi-
bility perception, which has a more significant impact on
their travel emotions. Frequent users, who mostly com-
mute for work or school, tend to focus more on the acces-
sibility and efficiency of the metro. The path coefficients for
the impact of pre-boarding and post-alighting perceptions

Table 9 | Results of Multi-group Analysis
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and in-carriage perception on travel emotions are 0.257
and 0.269 for frequent users, and 0.325 and 0.313 for oc-
casional users, respectively. This indicates that occasional
users are more affected by pre-boarding and post-alighting
perceptions and in-carriage perception in terms of travel
emotions. Occasional users tend to pay more attention to
ticket purchasing, station guidance clarity, entry proce-
dures, station environment, and supporting facilities.

6. Conclusion and Outlook

6.1. Conclusion

This study proposes a theoretical relational model for
the entire process of metro travel perception. Through a
questionnaire survey of metro passengers in Wuhan, rele-
vant data were collected and analyzed using Structural
Equation Modeling (SEM) to explore the impact mecha-
nism of different stages of metro travel on passengers'
travel emotions. Additionally, Multi-group Structural Equa-
tion Modeling (MSEM) was employed to investigate differ-
ences among different groups. The following conclusions
were drawn:

(1) The impact mechanism results show that passen-
gers' travel emotions are positively influenced by pre-
boarding and post-alighting perceptions, accessibility per-
ception, and in-carriage perception. Among these, acces-
sibility perception has the greatest impact on travel emo-
tions and is a key factor in enhancing passengers' travel
emotions.

(2) The group effect results indicate significant differ-
ences in travel emotion perception between different gen-
ders and travel frequencies. In terms of gender, male pas-
sengers' travel emotions are more influenced by accessibil-
ity perception, while female passengers' travel emotions
are more affected by pre-boarding and post-alighting per-
ceptions. Regarding travel frequency, passengers who fre-
quently use the metro are more influenced by accessibility
perception, while occasional users are more affected by

Gender Trip Frequency
Path Man Woman Frequent Travelers Occasional Travelers
Std P Std P Std P Std P
pre-boarding/post-alighting
perceptions —Emotional 0.208 o 0.435 > 0.257 > 0.325 >
perception

Accessibility perception 0.492 0.252 0.229 0.459 0.330 o

—Emotional perception ’ ) : : :
In-carriage perception 0.302 - 0.259 o 0.269 *x 0.313 *kk

—Emotional perception

Note: ***_ **

*indicate significance at the 0.01 0.05, and 0.1 levels, respectively.



pre-boarding and post-alighting perceptions and in-car-
riage perception.

6.2. Limitations and Future Work

This study has provided some insights into the impact
of the entire metro travel process on passengers' emo-
tions, but there are still several limitations. The current
study has focused on analyzing the differences in gender
and travel frequency groups, and future research should
incorporate other group differences such as age, income
level, travel time, and travel purpose to enhance the ex-
planatory power of the model. Moreover, the geographical
location of metro stations may affect passengers' accessi-
bility perception and travel experience. Metro stations lo-
cated in the city center often have better accessibility than
those in peripheral areas. Additionally, different metro sta-
tions may bring different perceptions to passengers. These
differences may moderate the significance of the relation-
ships among the variables examined in this study. There-
fore, future research needs to further explore the impact of
these factors to more comprehensively reveal the mecha-
nisms that affect travel emotions and to provide more tar-
geted strategies for improving passenger experience.
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ABSTRACT

This paper explores strategies to enhance the seismic resilience of prefab-
ricated medical buildings, particularly in China, where urbanization has led
to increasingly stringent seismic performance requirements for newly con-
structed hospitals. Prefabricated hospital buildings, utilizing green construc-
tion methods with healthy, age-friendly, and easily maintainable compo-
nents, have become the primary model for the construction and renovation
of emergency medical facilities. The study addresses the current limitations
in seismic resilience, exploring paths to improve the structural toughness of
medical buildings. It covers the application of precast concrete in hospital
construction, a comparison of the economic benefits of precast concrete
versus steel structures, seismic performance at varying levels of prefabrica-
tion, and the overall integrity of precast concrete structures. Additionally, the
paper examines the synergy of concrete structures with seismic isolation
and damping technologies. The findings underscore the importance of inte-
grating advanced seismic isolation and vibration reduction technologies to
maintain the functionality of medical buildings during and after seismic
events, ensuring operational continuity in times of crisis.

1. Introduction

With the continuous advancement of urbanization in
China, the requirements for the seismic performance of
newly constructed hospitals are increasingly stringent. The
"Regulations on Seismic Fortification Management of Con-
struction Projects" clearly stipulate that new hospitals in
high-intensity fortification areas should adopt seismic isola-
tion and vibration reduction technologies to ensure that
they do not lose their functional capabilities during the de-
sign-basis earthquake events in their regionslll. Hospital
buildings play an extremely crucial role in earthquake dis-

asters, serving as a core component of the urban disaster
prevention and mitigation system. They are responsible for
critical functions such as post-earthquake casualty treat-
ment, epidemic prevention and control, and public health
servicesl?lBl. The continuity of their functions directly affects
the life safety of the affected population and the stability of
society. The ability of a hospital to quickly engage in rescue
operations after an earthquake depends on the damage
sustained by the hospital building and its internal medical
equipment during the earthquake. Prefabricated hospital
buildings, which utilize green construction methods and
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select healthy, age-friendly, and easily maintainable build-
ing components, are undergoing a revolution in construc-
tion technology and design philosophy. Since the outbreak
of the COVID-19 pandemic in 2020, prefabricated con-
struction has fully demonstrated its advantages of rapid
construction and high quality, becoming the primary model
for the construction and renovation of emergency medical
facilities in various regions. Therefore, in-depth research
on seismic isolation and vibration reduction technologies
for medical buildings, and the enhancement of hospitals'
seismic resilience, hold extremely important practical sig-
nificance.

2. The Significance of Enhancing the
Resilience Performance of Medical
Buildings

2.1. The Key Role of Medical Buildings in Post-
Earthquake Emergency Rescue

China is a country prone to frequent earthquakes, and
each major earthquake has caused substantial economic
losses and casualties. The urban medical system, as one
of the critical subsystems within the urban system, serves
as a vital node in the urban lifeline and an essential carrier
for medical services. Under normal conditions, it is respon-
sible for basic medical treatment, but after a disaster, it
immediately participates in medical rescue operationsl4l.
The safe and stable operation of medical buildings during
an earthquake is crucial for ensuring the continuity of med-
ical services. Any interruption in the functionality of medical
buildings directly threatens the efficiency of post-earth-
quake emergency response. Hospitals need to quickly ini-
tiate the treatment of casualties, diagnosing, treating, and
nursing various types of injured individuals. They provide
basic medical care for affected populations, which is es-
sential for stabilizing social order in the disaster area, re-
ducing casualties, and lowering the disability ratels!.

2.2. The Complexity and Vulnerability of Medical
Buildings

The seismic capacity of medical buildings directly af-
fects the regional disaster recovery capability®! and is also
a core indicator!”l for the restoration of social order after an
earthquake. However, medical buildings themselves are
complex system projects. A large number of high-precision,
high-value, and vibration-sensitive medical devices, such
as Magnetic Resonance Imaging (MRI) and Computed
Tomography (CT) equipment, face severe threats during
earthquakes. In the 2011 Great East Japan Earthquake,
many hospital buildings suffered structural damage, with
walls cracking and collapsing. Non-structural components,
such as ceilings falling and doors and windows deforming,
were also affected. Numerous medical devices were dam-
aged by violent shaking, not only rendering the hospital's
internal facilities unusable but also severely impeding the
hospital's medical service functions and significantly affect-
ing the post-earthquake rescue operations. In the 2008
Wenchuan earthquake in China, many hospital buildings
suffered heavy damage and even collapsed due to the im-
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perfections of their structural systems and insufficient
seismic measures. In the 2022 Luding earthquake of mag-
nitude 6.8, medical buildings with unverified seismic de-
sign, such as those made of wood and masonry structures,
were severely damaged, and the destruction of non-struc-
tural components directly led to the paralysis of hospital
functionsl3l.

3. The Limitations of Current Seismic
Resilience in Medical Buildings

3.1. The Limitations of Traditional Seismic Design
in Medical Buildings

Traditional seismic design follows the principle of "minor
earthquakes cause no damage, moderate earthquakes
cause repairable damage, and major earthquakes do not
cause collapse." This approach primarily focuses on ensur-
ing the safety of the building structure during an earth-
quake to prevent casualties from structural collapse. How-
ever, this philosophy falls short of meeting the modern
medical building's demand for functional continuity. Medical
buildings designed according to current regulations often
suffer significant damage to non-structural components
during rare but severe earthquakes, leading to functional
interruptionst®l. Under the action of high intensity earth-
quakes, although the traditional seismic design of medical
buildings can ensure that the structure will not collapse, the
excessive inter-story displacement angle and floor accel-
eration may lead to the damage of precision medical
equipmentl8l. There are fewer studies on the susceptibility
of non-structural components such as flexible ducts and
enclosuresl®l. Comparison of seismic, damping, and isola-
tion techniques reveals that traditional seismic strengthen-
ing can only maintain the original design objectives, but
cannot effectively reduce the impact of floor acceleration
on equipment(0l,

In recent years, seismic resilience has become an im-
portant research direction in the field of earthquake engi-
neering, with its core being the ability of buildings to "rapid-
ly restore functionality" after an earthquakel'3l'4. The
seismic resilience of medical buildings not only relies on
structural safety but also needs to achieve rapid post-
earthquake functional recovery through seismic isolation,
vibration reduction technologies, and non-structural protec-
tion strategies. Mal*l have proposed constructing a re-
silience framework for urban medical systems from three
aspects: robustness (R1), redundancy (R2), and efficiency
(R3), to ensure that medical facilities do not interrupt their
treatment functions during earthquakes and that personnel
can more quickly enter a state of rescue. Seismic isolation
technology can keep the upper structure elastic under rare
earthquakes and reduce the floor acceleration to 1.69 m/s2,
significantly reducing the risk of equipment tipping over®l.

by using liquid viscous dampers, the structural dis-
placement damping rate is increased to 20% - 40%, verify-
ing the effectiveness of vibration reduction technology in
high-intensity areas (Zhang Xinzhi, 2022). Therefore, tradi-
tional seismic design can no longer meet the needs of
medical buildings to ensure structural safety and normal
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Figure 1 | Mismatch between level of seismic toughness and needs in healthcare buildings

operation of equipment during earthquakes, and there is
an urgent need to explore new seismic isolation and vibra-
tion reduction technologies to enhance the seismic perfor-
mance of medical buildings. The structural displacement
damping rate was increased to 20-40% by liquid viscous
dampers, which verified the effectiveness of the damping
technology in high intensity zonesl'l. Therefore, traditional
seismic design can no longer meet the needs of medical
buildings to ensure structural safety and normal operation
of equipment during earthquakes, and there is an urgent
need to explore new seismic isolation and vibration reduc-
tion technologies to enhance the seismic performance of
medical buildings.

3.2. The Limitations of Traditional Seismic
Technology in Medical Buildings

Due to the particularity of their functions, medical build-
ings impose higher demands on the seismic performance
of their structures. Current seismic design for medical
buildings still faces issues such as insufficient multidiscipli-
nary collaboration and difficulties in data integration. Re-
search on the structural systems of medical buildings and
their seismic isolation and vibration reduction implementa-
tion plans not only helps enhance the seismic capacity of
medical buildings but also provides new ideas and meth-
ods for the development of seismic technology in the entire
building structure field. Chengl'2 proposed a multi-level
functional assessment model based on BIM, which inte-
grates component vulnerability data with functional logical
relationships to achieve department-level functional cou-
pling analysis. Ningl'3! developed an evaluation method for
seismic safety and resilience, providing a quantitative basis
for the performance grading of medical buildings. Zhail'4
presented a basic approach for seismic resilience design
of buildings through resilience concept design and compu-
tational design methods, constructing a five-step process
for seismic resilience design of buildings, which includes
determination of resilience targets, structural safety design,
seismic resilience concept design, post-earthquake func-
tional verification of buildings, and rapid functional recovery
strategies. Fangl's! demonstrated that point layout can im-
prove the post-earthquake treatment efficiency of the
emergency department through the optimization of spatial
combination patterns.

4. Path to Improved Toughness Performance
in Medical Buildings

4.1. Research on Precast Concrete Structures and
Technical and Economic Comparative
Analysis With Steel Structures

4.1.1.Current Application Status of Precast Concrete
Structures in Hospital Construction

A comprehensive survey of domestic and international
hospital projects that have adopted precast concrete struc-
tures is conducted. Design drawings, construction records,
cost data, and user feedback are collected. First, the char-
acteristics of precast concrete structures used in hospitals
of different regions and scales are analyzed, including
types of precast components, production processes, trans-
portation, and installation methods. Second, a classifica-
tion of medical buildings into large general hospitals, spe-
cialized hospitals, and primary healthcare centers is estab-
lished based on their categories, functions, and volumes,
forming a case library for medical buildings. The advan-
tages and shortcomings of precast concrete structures in
meeting the functional demands of hospitals are studied to
provide a practical basis for technical and economic com-
parisons and optimized design.

4.1.2.Economic Comparison of Precast Concrete
Structures and Steel Structures

4.1.2.1.Construction Cost Comparison

Cost Calculation: Detailed cost calculations are per-
formed for the construction costs of precast concrete struc-
tures and steel structures in hospital construction projects.
Differences in material costs, labor costs, and equipment
rental costs between the two structural forms are analyzed.
Management costs during the construction process, includ-
ing temporary facility costs and construction management
fees, are also compared. Based on the case library of
medical buildings, a cost model is established to predict
the construction cost range for hospitals of different scales
and functional requirements using precast concrete struc-
tures and steel structures.
4.1.2.2.Lifecycle Operation and Maintenance Cost

Comparison

Lifecycle Cost Analysis: The operational, maintenance,
and demolition costs of precast concrete structures and
steel structures over the lifecycle of hospitals are studied.



Given the long service life of hospital buildings, mainte-
nance and operational costs account for a significant pro-
portion of the total lifecycle costs. The cost of adaptability
and functionality changes in medical buildings to meet new
medical demands is also investigated. The convenience of
construction modifications to meet new medical require-
ments is analyzed, considering the need for adjustments in
ventilation, fire protection, and vibration-sensitive control in
existing medical areas.

The comprehensive construction costs and lifecycle
cost benefits are synthesized to provide an economic basis
for investment decisions in hospital construction projects.

4.2. Research on Seismic Performance of
Structures Under Different Prefabrication
Rates

4.2.1.Establishment of Structural Models With Different
Prefabrication Rates

According to relevant standards and practical engineer-
ing requirements, a series of concrete precast structural
models with different prefabrication rates (30%, 50%, 70%)
and different structural forms (frame structures, frame-
shear wall structures, etc.) are designed and established.
The impact of changes in prefabrication rates on the seis-
mic performance of different structural forms is investigat-
ed through numerical simulation and experimental re-
search.

4.2.2.Seismic Performance Analysis of Structures
Under Earthquake Actions

4.2.2.1.Seismic Response Analysis

Using seismic isolation and vibration reduction tech-
niques, dynamic characteristic analysis is conducted on
structural models with different prefabrication rates and
structural forms. Parameters such as the natural vibration
period, frequency, and mode shapes of the structures are
calculated. The influence of prefabrication rate changes on
the dynamic characteristics of structures is studied, and
the differences in vibration characteristics under different
prefabrication rates are analyzed. Different seismic waves
are input to perform seismic response analysis on the es-
tablished structural models. Response parameters such as
inter-story drift angle and floor acceleration of the struc-
tures under earthquake actions are calculated. The seismic
performance of models with different prefabrication rates
and structural forms is evaluated. The damage patterns
and injury distribution under earthquake actions are ana-
lyzed, revealing the impact of prefabrication rates on struc-
tural damage mechanisms.
4.2.2.2.Seismic Resilience Indicator Assessment

Based on the evaluation method of building seismic
performance using full probability theory, the calculation
methods for measurement standards such as repair costs,
repair time, casualties, and environmental impact are clari-
fied. The seismic resilience levels of medical buildings with
different prefabrication rates are analyzed. A vulnerability
database for precast concrete medical buildings is estab-
lished. Combined with the three-star resilience grading
standard proposed in the "Standard for Seismic Resilience
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Evaluation of Buildings" (GB/T38591-2020), a seismic re-
silience indicator evaluation system for precast concrete
medical buildings that is compatible with China's seismic
fortification standard system is proposed.

4.2.3.Research on Rational Design and Connection
Construction
4.2.3.1.Design Optimization for High Prefabrication
Rate Structures

Combining the functional requirements and seismic
demands of hospital buildings, seismic isolation and vibra-
tion reduction techniques that match the medical functions
are selected to improve the seismic resilience level of med-
ical buildings. The dimensions and shapes of precast com-
ponents are optimized to enhance their load-bearing and
deformation capacities. Considering the overall require-
ments of the structure, the cast-in-place parts are reason-
ably arranged to strengthen the collaborative work be-
tween precast components and cast-in-place parts.
4.2.3.2.Connection Construction Measures Research

The key parts of the connection nodes in precast med-
ical building structures are determined. Through experi-
mental research and numerical simulation, indicators such
as the strength, stiffness, ductility, and energy dissipation
capacity of the connection nodes are analyzed. Key factors
affecting the seismic performance of high prefabrication
rate structures, such as the construction form of connec-
tion nodes, dimensions, and shapes of precast compo-
nents, are analyzed. Rational connection construction de-
sign methods and structural optimization measures are
proposed, such as increasing constraints on connection
nodes and using high-performance connection materials,
to ensure the seismic resilience safety of precast medical
buildings.

4.3. Research on the Integrity of Precast Concrete
Structures

4.3.1.Impact of Connection Nodes on Structural
Integrity

This research investigates the influence of connection
nodes on the collaborative performance of components
during the overall force transmission process of the struc-
ture. By establishing comprehensive structural models and
simulating the force distribution under various connection
node properties, the study quantitatively assesses the ex-
tent to which nodes affect the overall structural behavior.
Based on these findings, optimized design methods for
connection nodes are proposed to enhance the structural
integrity and performance of precast concrete structures.

4.3.2.Role and Optimization of Cast-in-Place Concrete
Areas

This section examines the impact of the location, size,
and construction techniques of cast-in-place concrete ar-
eas on the structural integrity of precast concrete buildings.
A rational layout scheme for cast-in-place concrete areas is
developed, which includes scientifically determining the
critical locations, dimensions, reinforcement details, and
high-performance cast-in-place concrete materials for post-
pour strips. Through the optimization of these cast-in-place



concrete areas, the study aims to further improve the over-
all integrity and seismic performance of precast concrete
structures.

4.4. Research on the Impact of Assembly
Construction Sequence and Construction
Accuracy on Structural Seismic Performance

4.4.1.Impact of Assembly Construction Sequence on
Structural Seismic Performance

4.4.1.1.Construction Process Simulation Analysis

Finite element analysis software is utilized to simulate
the assembly construction process of precast concrete
structures. Structural models that account for the construc-
tion sequence are established, with prefabricated compo-
nents added incrementally in accordance with the actual
construction process, and the connection processes be-
tween components are simulated. The force states and
deformation of the structure under different construction
sequences are analyzed, and the redistribution patterns of
internal forces and the stability of the structure during the
construction process are investigated. Through construc-
tion process simulation analysis, a rational assembly con-
struction sequence is determined to ensure the safety of
the structure during construction and to provide a founda-
tion for subsequent seismic performance analysis.
4.4.1.2.Long-term Impact of Assembly Construction

Sequence on Seismic Performance

The long-term impact of the assembly construction se-
quence on the seismic performance of the structure after
completion is examined. The internal force changes and
deformation of the structure during long-term use due to
factors such as concrete shrinkage and creep, temperature
variations, etc., under different construction sequences are
analyzed. Long-term monitoring and numerical simulation
are employed to assess the long-term impact of the as-
sembly construction sequence on the seismic performance
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of the structure, providing a basis for the development of
rational construction plans to ensure good seismic perfor-
mance throughout the structure's lifecycle.

4.4.2.Potential Impact of Construction Accuracy on
Structural Seismic Performance
4.4.2.1.Determination of Construction Accuracy Indica-
tors and Monitoring Methods

Construction accuracy indicators that affect the seismic
performance of precast concrete structures, such as di-
mensional deviations of prefabricated components, instal-
lation position deviations, and construction accuracy of
connection nodes, are identified. Effective real-time moni-
toring methods for construction accuracy indicators based
on detection techniques such as ultrasonic waves and
ground-based synthetic aperture radar (GB-SAR) are pro-
posed to ensure precision control during the construction
process. A construction accuracy database is established
to record various accuracy indicator data during construc-
tion.
4.4.2.2.Impact Analysis of Construction Accuracy on

Structural Seismic Performance

The impact of construction accuracy deviations on
structural seismic performance is analyzed through exper-
imental research and numerical simulation. Structural
models considering construction accuracy deviations are
established to simulate the force performance and failure
modes of the structure under seismic actions under differ-
ent accuracy deviation conditions. The influence patterns
of construction accuracy deviations on seismic perfor-
mance indicators such as displacement, internal forces,
and inter-story drift angle of the structure are studied, and
the potential risks of construction accuracy to structural
seismic performance are assessed.
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4.5. Research on the Synergy of Concrete
Structures and Seismic, Isolation, and
Damping Devices

4.5.1.Research on the Synergy of Seismic, Isolation,
and Damping Devices

This research focuses on the synergistic working
mechanisms of seismic, isolation, and damping devices
tailored to the functional demands of medical buildings.
Through theoretical analysis, experimental testing, and
numerical simulation, mechanical models for seismic isola-
tion bearings (such as natural rubber bearings and lead-
rubber bearings) and damping devices (such as viscous
dampers and metallic dampers) are established. The study
identifies key factors influencing the seismic control effec-
tiveness of different devices and clarifies their mechanical
characteristics under various loading conditions. A collabo-
rative design method for precast medical building struc-
tures and seismic isolation and damping devices is pro-
posed to enhance the overall seismic performance.

4.5.2.Research on the Synergy of Structural and Non-
Structural Components

Based on the seismic and functional requirements of
medical buildings, a performance-based collaborative de-
sign approach is adopted, fully considering the role and
impact of non-structural components. The research ex-
plores the working synergy between non-structural and
structural components, aiming to ensure the normal func-
tionality of medical buildings under moderate seismic ac-
tions, with no impact on structural deformation and equip-
ment operation. Under severe seismic actions, the struc-
ture should remain essentially intact, and the devices
should effectively dissipate energy to ensure the continua-
tion of medical services. Clear design parameter require-
ments for structures and devices under different perfor-
mance targets are established, and a collaborative design
process for precast structures and seismic isolation and
damping devices is developed to provide specific design
methods and recommendations for practitioners.
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