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Abstract: During the different periods of a day, the imbalanced distribution of inbound ridership,
that is related to land use, results in extreme flow, which makes metro management challenging.
The causes of imbalanced passenger flow from the perspective of land use in metro station areas are
studied in this paper. More specifically, based on site classification, the impact of land use, including
the floor area ratio and gross floor area on passenger flow, was explored by using a multiple linear
regression model. The results first indicate that the impact intensities of the floor area ratio on peak
hourly flow were 0.41, 0.21, and 0.20 around business, residential, and mixed sites, respectively.
Second, for the abovementioned sites, the types with the greatest impact intensities of gross floor
area on peak hourly flow were commercial and business facilities (B), residential (R), as well as
administration and public services (A), which were 0.73, 0.32, and 0.87, respectively. Finally, for
the land-development-control schemes for business, residential, and mixed sites, the maximum
values of the floor area ratio were roughly 7.2, 5.3, and 8.2, respectively. The results presented in this
study provide guidance for land development in metro station areas and contribute to avoiding the
emergence of extreme passenger flow.

Keywords: land use; site classification; metro station areas; time-varying passenger flow; Xi’an

1. Introduction

With the rapid construction of metros, due to its characteristics of high efficiency and
rapid speed, it has become the main means of public transport in domestic and foreign
cities [1-3]. At the same time, metros also cause a series of urban safety management
problems as a result of an increase in passenger flow on weekdays [4]. As the first city in
Northwest China to open a metro, the explosive growth in construction in Xi’an in recent
years has impacted upon the concentrated development of land in station areas. In turn,
this has stimulated extreme flow, which has resulted in safety management issues, such as
platform congestion and flow blockage [5,6]. Furthermore, for 80% of stations in Xi’an, the
inbound passenger flow during off-peak periods is only around one-third of that during
peak periods, and the passenger flow during peak periods exceeds the designed carrying
capacity of the metro. Transportation demand is shaped by urban land use, and irrational
land development stimulates extreme passenger flow [7,8]; therefore, identifying the impact
of the floor area ratio and gross floor area on time-varying passenger flow is essential to
controlling the high volume of metro users [9]. This study reviewed the literature with
these research questions in mind. A growing body of work has explored the “source-flow
correlation” following the proposed integration of transportation and land that [10,11]. This
included the following two aspects: theoretical and methodical analysis. The first research
aspect identified high-density land use as a key factor stimulating urban rail flow [12].
Kuby et al. proposed that land use is the dominant factor in metro ridership [13]. Related
studies showed that the built environment in various station areas significantly impacts the
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travel behavior of residents, and the characteristics of passenger flow distribution at a metro
station (i.e., the time-varying passenger flow) may differ between different periods [14].
Voulgaris et al. applied a variable set with 20 indicators concerning built environmental
characteristics in order to investigate the relationship between the built environment and
residents’ travel activity [15]. Previous studies examined the mechanism of how the built
environment impacts this flow [16-19]. It was suggested that the development of rail
transit station land can yield passenger flow data [20]. The core factors pertaining to land
in the station area that affect the time-varying passenger flow include form, intensity, and
mixedness [21-24]. For instance, Cynthia et al. and Ding et al. adopted empirical location
data and showed that intensity is one of the most important factors affecting passenger
flow. More specifically, intensity exerts a positive effect on passenger flow [25,26]. Hence,
the control of land use intensity in the station area has been proposed as a key measure
to address this issue [27-29]. In a case study of the Shenzhen metro, both temporal and
spatial features of passenger travel behaviors were examined using land use information to
determine local land use development patterns [30].

The second aspect of this study established a regression model to explain the correla-
tion between land and flow of travel. This model could identify a particular linear causal
correlation between multiple independent factors and the dependent variable of flow [31].
Su et al. adopted this regression model to explore the correlation between passenger flow
and various land use indicators, including density, diversity, and other elements, within an
impact radius of 500 m around each Shanghai station [32,33]. With a similar methodology,
by drawing on cases from Shenzhen and Xi’an, Gu and Duan et al. applied chart and
linear regressions as essential approaches [34,35]. Moniruzzaman and Paez analyzed the
relationship between railway service demand and land use in Hamilton, Canada, using a
regression model that considered spatial auto correlation [36]. In addition, site classification
is also a critical factor influencing station-level transit ridership [37,38].

From the abovementioned literature, it can be observed that the relationship between
flow and land use has been explored in depth; however, the research regarding the im-
balanced distribution of time-varying passenger flow caused by irrational land use in
the station area has not been explored to the same extent. More specifically, previous
studies examined the total daily passenger flow, which tends to obscure the imbalanced
distribution characteristics of passenger flow at different times of the day. This paper
examined the impact that the mechanism of land use around stations has on time-varying
passenger flow. The aim of this study is to clarify the root causes of extreme flow, and to
ensure the maximum values of land use in order to provide control schemes for local land
development practices.

In comparison to previous studies, this paper emphasized the classification of site
types, discussed the distribution characteristics of time-varying passenger flow, and pro-
posed land development control schemes that are tailored to each type of metro station.
On the one hand, from the perspective of the time-varying distribution of passenger flow
within a day, this study focused on the problems arising from extreme flow at stations.
It then explored the logical relationships behind the inbound passenger flow that is gen-
erated by land use around different types of stations; this can enrich the theoretical and
methodological systems of land development in metro station areas. On the other hand, in
many areas, the metro is still in the construction stage. Whether in newer districts or older
districts, the areas around the station are faced with major tasks such as land development
and renewal; therefore, in terms of solving practical problems, this study proposed control
schemes for different types of stations to more accurately and effectively avoid extreme
passenger flow and to ensure public safety.

2. Data and Methods
2.1. Data

As the metro line with the highest regional passenger volume, Xi’an metro line 2 runs
through the Chang’an, Yanta, Beilin, Lianhu, and Weiyang districts, with an average daily
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passenger volume of 1.25 million [39]. In addition, the development of the surrounding
land around 21 stations tends to be advanced (Figure 1).
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Figure 1. Station location schematic.

After selecting the abovementioned stations as the research object, in order to delineate
the metro station areas, two main aspects were relied upon: pedestrian scale and site
spacing. In particular, this study first considered the spatial distance that can be reached by
pedestrians leaving the metro station on foot within 10 min, and then, the station radius
was set within the range of 500-800 m due to the variation in walking speed. Second, for
different countries, regions, and cities, the spacing of metro stations should be considered in
accordance with local conditions. Generally, the radius of the station areas is set to half that
of the station spacing in order to prevent the scope from overlapping [40,41]. In this study,
based on a spacing distance of approximately 1000 m between metro stations in Xi’an, the
buffer zone radius was determined to be 500 m. Inside the buffer zone (Figure 2), the data
included land use and passenger flow (Table 1). First, the land use data aided the design
by utilizing the Autodesk computer from the station area; the data were processed using
high-definition satellite images (https://maps.google.com/ (accessed on 23 August 2021)),
the GIS database, and field research conducted in 2021 which concerned the total floor area
ratio (FAR) and gross floor area of different types of land (GFAs) (one unit: 10,000 m?).
The floor area ratio is the relationship between the total amount of usable floor area that
a building has, or has been permitted to have, and the total area of the lot upon which
the building stands. The gross floor area represents the sum of the gross floor area of all
floors of all buildings on a site; it is measured by the exterior faces of the exterior walls or
from the centerlines of walls separating two buildings. Second, the hourly passenger flow
data were collected from the station’s automatic fare collection (AFC) system from 23 to 27
August 2021.

Table 1. Data categories and sources.

Data Categories Index Significance Sources Unit
. Land maps.google.com
FIOOIEFaXDi:)mtIO develop-ment GIS database /
Land use intensity field research
Gross floor area Land maps.google.com
(GFA) development GIS database m?
function field research
Passenger flow Hourly flow Passenger flow AFC system person/hour

per hour
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Figure 2. Processed land use data showing the scope of the research.

Each small graphic inside Figure 2 depicts the scope of the research; there are 21 dis-
crete graphs that map the surroundings of the stations of line 2, and 11 land use types are
colored differently, which refer to the cutlines.

According to the code for classifying urban land use, and the planning standards
for developing land in China [42], the types of land in the station areas are divided into
11 categories, and the area of each type of land is measured. As the areas that contain
streets and transportation services (S), logistical services and warehouses (W), railways
(H21), special services (H4), structures under development (E9), municipal utilities (U), and
industrial services (M) account for less than 5% each, the GFAs were calculated with the
other four land types in mind. These four land types are: residential (R), administration and
public services (A), commercial and business facilities, (B) and green spaces and squares
(G) (Figure 3a). The GFAs of the four types are symbolized as R-GFA, A-GFA, B-GFA,
and G-GFA. The ratios of the GFAs (R-GFA, A-GFA, B-GFA, and G-GFA) amount to the
buffer area, which is the FAR, and they are plotted in Figure 3b, thus providing an essential
indicator for determining the amount of construction land used [43].
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Figure 3. (a) Gross floor area of different types of land (GFAs); (b) total floor area ratio (FAR);
(c) hourly passenger flow.

For the passenger flow, because the volume fluctuation of the total flow in different
hours is slight, the time-varying distribution characteristics (adopting the total flow in
and out of the station) may diminish. Compared with the outbound flow occurring on
weekdays, the inbound flow has a higher degree of agglomeration, thus imposing greater
pressure on the station’s operation and management [32]; hence, the hourly inbound flow
was adopted as the research index, and the data were collected from 06:00 to 24:00 in the
week of 23 to 27 August 2021, as shown in Figure 3c.

2.2. Methods

In this study, a “data collection characteristics analysis model and construction index
control” research path was proposed (Figure 4), and specific research content was applied.

| Passenger flow | | Land use |
i < index
Data collection l"dexl ’—¢—‘
{ Inbound hourly passenger flow  Floor area ratio {; Gross floor area |

| Analysis of the current characteristics |

research object l

Characteristics analysis

Construction of relationship model between passenger flow and land use
around metro-station to find the impact mechanism

Figure 4. Research path.
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e C(lassification of metro sites. According to the characteristics of land use around the
station at present, and the time-varying law of the hourly coefficient on weekdays, the
metro sites were classified into several types. Based on the site classification, a specific
period division to vary the time periods was proposed.

e Impact mechanism of land use on hourly flow at various stations. Based on the
independent variable types determined after applying the Pearson parameter dimen-
sionality reduction, a linear regression model connecting the hourly flow with different
land use indicators was constructed for different periods.

e Land use control for different types of sites. According to the fitting equation through
the multiple linear regression model, the maximum values of the floor area ratio and
gross floor area were proposed.

The methods were further refined for the above content. The probes on categorizing
sites were conducted by using local land use mixtures [44] and the hourly coefficient for
each station [45]. Then, the correlation of land use and the time-varying flow was analyzed
with the Pearson correlation index. The multiple linear regression model was used to
determine the separate impact of the factors. Finally, the reliability of the results was
corroborated by the use of the mean absolute percentage error (MAPE).

1. Land use mixture

Land use mixture quantifies the abundance and complexity of land use types in the
station area. Normally, it is abbreviated H with the general form:

H=-Y Pdn(P) (1)
k=1

where Py is the proportion of the total area of the site of the type in k, and 7 is the type of
land use.

2. Hourly coefficient

The hourly coefficient normalizes the unit passenger volume, which can be used to
characterize the volume variations in the time-varying distribution. Its general form is:

Y :% x100% @)
where 4 is the passenger volume per hour, and b is the total passenger volume over the
entire day.

3.  Pearson correlation coefficient

The Pearson correlation coefficient can help to screen for indicators that are less
correlated with dependent variables, while avoiding the covariance between independent
variables. The value is bounded by —1 and 1 and it embodies the correlation between land
use indicators and hourly flow. Its general form is:

L T -XG-Y)
VI (X = X2 T (¥ - Y)?

where r is the Pearson correlation coefficient, X represents the GFAs of four area types
(i.e., residential, administration and public services, commercial and business facilities, as
well as green spaces and squares), and Y represents the hourly flow that corresponds with
different periods.

®)

4. Multiple linear regression model

The multiple linear regression model is more accurate than using one variable to
estimate the dependent variable; this can reflect the actual situation in a realistic and
effective way. Moreover, multiple linear regression is suitable for simulations using multiple
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scenarios and the model is relatively simple and easy to manipulate. In this study, a multiple
regression analysis by IBM SPSS Statistics Version 22 software was employed to quantify
the impact that different land use indicators have on the hourly flow in the station area.
Equation (4) is the general equation for the regression model(s), comprising one dependent
variable, Y, and k independent variables, X1, X, ..., Xk.

Y = B Xi+B,Xo+ ... + B Xk +By 4)

where the dependent variable Y represents the average hourly flow in a certain period, the
independent variable X symbolizes the FAR and GFAs,  is a constant, and B4, B2, ..., Bk
are unstandardized regression coefficients.

5. Mean absolute percentage error

6. To test the reliability of the fitting equation, the mean absolute percentage error
(MAPE) was calculated using Equation (5). This formula was used in this study to
measure the difference between the actual and fitted flow. If the value is less than
30%, the fitting equation is valid.

Yi;iyi x100% ®)

1

1 n
MAPE = -}
iz

where Y; represents the actual value, Y; represents the fitted value, and 1 represents the
sample size.

3. Results and Discussion
3.1. Site Classification

There were four categories for all sites that were distinguishable with the hourly coeffi-
cient: residential, business, mixed, and traffic type (Table 2). The proportional variation on
the hourly inbound volume, displayed in the broken-line graphs of Figure 5, embodied the
time-varying flow distribution for each station category. Remarkably, the result of the site
classifications through land use mixture was convergence with an hourly flow percentage
(Figure 6). This indicates that certain correlations existed between land use and hourly flow
in the station area.

Table 2. Site classification.

Type Station(s) Number

Bei Yuan, Yun Dong Gong Yuan, Da Ming, Gong
Xi, Long Shou Yuan, An Yuan Men, Wei Yi Jie,

Residential | San Yao, Feng Qi Yuan, Hang Tian Cheng, and 10
Wei Qu Nan
Xing Zheng Zhong Xin, Bei Da Jie, Zhong Lou,
Business 2 Yong Ning Men, Nan Shao Men, Ti Yu Chang, 7
and Xiao Zhai
Mixed 3 Feng Cheng 5-Lu, Shi Tu 3

Shu Guan, and Hui Zhan Zhong Xin
Traffic 4 Bei Ke Zhan 1
1 For stations at 07:00-09:00, the coefficient is 10-25%; 2 for stations at 17:00-19:00, the coefficient is 10-25%; 3 for

stations at 07:00-09:00 and 17:00-19:00, the coefficient is 5-15%; ¢ and for stations at 06:00-24:00, the coefficient is
1-10% [46].
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Figure 5. (a) Residential; (b) business; (¢) mixed; and (d) traffic sites.
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Figure 6. (a) Residential; (b) business; (c) mixed; and (d) traffic sites.

As shown in Figure 5a—d, with the varying times for flow distribution at all stations,
different peak and off-peak periods existed at different sites, in accordance with the hourly
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coefficient. At the residential sites, 07:00-09:00 was set as the peak period because significant
tidal phenomena can be observed in those stations, and the off-peak periods referred to
the two periods, 06:00-07:00 and 09:00-24:00. At the business sites, 17:00-19:00 was set as
the peak period, with two off-peak periods at 06:00-17:00 and 19:00-24:00. At the mixed
sites, the peak periods were 07:00-09:00 and 17:00-19:00, which displayed a double peak
feature as the volume character and the off-peak periods were 06:00-07:00, 09:00-17:00, and
19:00-24:00. Conversely, as shown in Figure 5d, the passenger volume had no particular
distribution in terms of time for the traffic site, with primarily flexible travelers using the
service (non-commuting).

According to the land characteristics at present, R-type land use occupied a major
proportion of the residential sites; it accommodated a high number of residents, and the
mixture was less than 1.0 (Figure 6a). Most inbound passengers during 07:00-09:00 on
weekdays originated from R-type land and commuted to work. Around the business sites,
the main land use categories were generally identified as B-types with a large, employed
population; the mixture was less than 1.0 (Figure 6b). Most inbound passengers during
17:00-19:00 on workdays originated from B-type land and commuted to their households.
For mixed sites, the mixture of land use types was relatively higher, exceeding 1.0 (Figure 6c).
Lastly, the land surrounding the traffic site, where H was less than 1.0, contained a lower
residential population and fewer business premises (Figure 6d), thus resulting in a lower
overall volume and a balanced distribution.

Additionally, the passenger volume variation was largely determined by the railway
operation schedule in the only railway—metro hinge on line 2, called Bei Ke Zhan; therefore,
the pressure on station management as a result of extreme flow was relatively low, which
shows that a traffic-type station is not an interesting subject for research.

3.2. Impact of Floor Area Ratio on Hourly Flow

Multiple linear regression was used to explore the impact of FAR (X) on the hourly
flow (Y), where three independent variables, X, X, and X3 represent the FAR of the
residential, business, and mixed sites, respectively, and the dependent variables, Y; and Y>,
represent the hourly flow during peak and off-peak periods, respectively (Table 3). The
standardization coefficient (k) represents the impact intensity of FAR on the hourly flow.
The impact intensities of FAR on the hourly flow change in residential, business, and mixed
sites were 0.21, 0.41, and 0.20 during peak periods, respectively, and 0.42, 0.33, and 0.23
during off-peak periods, respectively. In Table 3, 2 represents the unstandardized coefficient
and k represents the standardized coefficient.

Table 3. Corresponding coefficients.

Residential Business Mixed
Constant k a Constant k a Constant k
Y; 2841.24 0.21 422.36 1961.39 0.41 331.99 2284.76 0.20
Y, 602.56 0.42 136.18 755.26 0.33 15.14 976.63 0.23

The results indicate a positive impact between FAR and hourly flow, which is consis-
tent with the results of previous studies [47-49]. Total development intensity addresses
the increase in the local population which imposes an increase in the hourly flow. In short,
a reduction in FAR contributes to reasonable restrictions on local developments, which
indirectly and effectively controls the flow rate for station management.

3.3. Impact of Gross Floor Area on Hourly Flow

The Pearson correlation was adopted to analyze the correlation between GFAs and
passenger hourly flow in order to filter the types of GFAs; then, linear regression was used
to explore the impact of this correlation and filtration on the hourly flow.
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3.3.1. Pearson Correlation

The Pearson correlation was used for correlating the GFAs of four area types (i.e.,
residential, administration and public services, commercial and business facilities, as well
as green spaces and squares) and the peak (PHF: person/hour) or off-peak hourly flow
(OPHE: person/hour). Figures 7-9 show the matrix results, in which the panels marked
with a represent peak periods and those marked with b represent off-peak periods.

7. Residential Sites

During the peak periods, PHF was positively correlated with R-GFA and B-GFA (the
coefficients were 0.45 and 0.07, respectively), and negatively correlated with G-GFA and
A-GFA (the coefficients were —0.43 and —0.30, respectively). During the off-peak periods,
the OPHF was positively correlated with R-GFA and B-GFA (the coefficients were 0.53 and
0.30, respectively), and negatively correlated with G-GFA and A-GFA (the coefficients were
—0.12 and —0.11, respectively); therefore, the positive correlation between R-GFA and the
hourly flow was the strongest, as the R-GFA had a greater proportion in the station area,
which may result in higher passenger flow rates.

(a) e (b) —T'*
G-GFA 4 =043 046 0.77 005 1.00 G-GFA 4= =012 046 077 ~0.05 1.00
B-GFA 4 007 082 007 1.00 -0.05 B-GFA + 0.30 0.82 0.07 1.00 ~0.05
A-GFA 4 =030 024 1.00 007 077 A-GFA 4 =011 024 1.00 0.07 077
R-GFAH 045 1.00 -024 082 -0.46 R-GFAH 053 1.00 024 082 -0.46
.....
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Figure 7. Correlations at residential sites, (a) peak periods; (b) off-peak periods.

8.  Business Sites

For the business sites during the peak periods, a positive correlation was observed
between PHF and B-GFA, A-GFA, and G-GFA, as indicated by the positive coefficients
(0.91, 0.29, and 0.29, respectively). Nevertheless, the PHF was negatively correlated with
R-GFA, as indicated by a coefficient of —0.17. During the off-peak periods, the OPHF was
positively correlated with the floor areas of B, A, and G (the coefficients were 0.77, 0.33,
and 0.12, respectively). Conversely, a negative correlation was observed for R-GFA (the
coefficient was —0.15). A positive correlation was observed between the B-type GFA with
an hourly flow, which addressed a large proportion of the employed population.

(a) — 1.00 (b) —T 100
G-GFA 4 029 -0.31 - 033 1.00 G-GFA A 0.12 -0.31 . 033 1.00
o060 o0

B-GFA 091 -0.01 0.11 1.00 033 B-GFA 4 0.77 -0.04 0.11 1.00 0.33

A-GFA 4 029 0.23 1.00 0.11 -0.68 A-GFA A 033 023 1.00 0.11 -0.68

R-GFA 4 -0.17 1.00 023 ~0.04 031 R-GFA - -0.15 1.00 023 -0.04 -031
060 060

PHF - 1.00 -0.17 029 091 29 OPHF 4 0 -0.15 033 0.77 0.12 I
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Figure 8. Correlations at business sites, (a) peak periods; (b) off-peak periods.
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9.  Mixed sites

The floor area types of A and R and the hourly flow at mixed sites were all positively
correlated during the peak (coefficients of 0.96 and 0.75, respectively) and off-peak (coeffi-
cients of 0.99 and 0.85, respectively) periods. Conversely, the hourly flow was negatively
correlated with G-GFA and B-GFA during the peak (coefficients of —0.84 and —0.37, respec-
tively) and off-peak (coefficients of —0.73 and —0.52, respectively) periods. Consequently,
A-GFA was identified as the most relevant factor that affected the local inbound flow.

(@

G-GFA =020 1.00 G-GFA 100
B-GFA 1.00 020 BaER 0%
A-GFA =061 063 A-GFA 099 090 100 061 0,65
R-GFA 0.89 026 R-GFA 0385 1.00 090 -089 =026
PHF 037 08 OPHF 1.00 0385 099 052 -073
100
N : ; '

= = = = P & < < < <

= 5 g g g £ 5 5 5 5

4 < - S © M < ] ]

Figure 9. Correlations at mixed sites, (a) peak periods; (b) off-peak periods.

3.3.2. Impact Intensity

According to Yao and Dong [50], a threshold value greater than 0.2 and lower than 0.8
was proven as a valid coefficient to screen out the types of GFAs (Table 4). R-GFA, A-GFA,
and G-GFA were obtained and used to compute the respective impact intensity on the PHF
in residential sites. R-GFA and B-GFA were sorted for intensity computations with OPHE.
For the business sites, A-GFA, B-GFA, and G-GFA were applied for computing the impact
intensity on PHF, and A-GFA and B-GFA were adopted for OPHFE. At the mixed sites,
the land use factors A-GFA, B-GFA, and G-GFA were linked to different periods. Linear
regression was employed in order to identify the impact of GFAs on flow using IBM SPSS
Statistics Version 22 software. The correlation coefficients shown in the following tables, R
and R?, of the regression model both exceed 0.4; thus, the fitting equation is reliable.

Table 4. Types of gross floor area after screening.

Types of Sites Residential Business Mixed
Peak hourly flow R A G A,B,G A,B,G
Off-Peak hourly flow R, B A, B A,B,G

10. Peak periods

Tables 5 and 6 shows the multi-regression results of PHF and R-GFA, A-GFA, and
G-GFA at the residential sites. The following model-fitting equation was constructed:

Y =12.82R — 0.99A — 2512.61G + 2613.14 (6)

Table 5. Summary of models for residential sites.

R R? Adjusted R? Standard Error Sig.
0.54 0.51 0.48 1286.51 0.03
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Table 6. Corresponding coefficients.

Non-Standard Coefficient Standard Coefficient Si
T 1g.
Model B Standard Error Beta &
2613.14 593.96 4.40 0.02
R-GFA 12.82 1.25 0.32 10.29 0.00
A-GFA —-0.99 0.17 —-0.02 —-5.82 0.01
G-GFA —2512.61 592.98 —-0.27 —432 0.02

From the standardized coefficient, it can be observed that the impact intensity of
R-GFA on PHF was highest at 0.32.

Tables 7 and 8 shows the multi-regression results for the PHF and A-GFA, B-GFA, and
G-GFA at the business sites. The following model-fitting equation was constructed:

Y = 31.13A + 23.88B + 360.54G + 609.90 )

Table 7. Summary of models for business sites.

R R? Adjusted R? Standard Error Sig.
0.95 0.91 0.81 413.65 0.04

Table 8. Corresponding coefficients.

Non-standard Coefficient Standard Coefficient Si
T 1g.
Model B Standard Error Beta &
609.90 143.51 4.25 0.03
A-GFA 31.13 6.90 0.47 451 0.02
B-GFA 23.88 7.26 0.73 3.29 0.04
G-GFA 360.54 62.70 0.37 5.75 0.01

From the standardized coefficient, it can be observed that the impact intensity of the
B-GFA on PHF was highest at 0.73.

For the mixed sites, Tables 9 and 10 shows the multi-regression results for PHF and
A-GFA, B-GFA, and G-GFA. The following model-fitting equation was constructed:

Y =20.15A — 10.39B — 1244.61G + 4077.70 (8)

Table 9. Summary of models for mixed sites.

R R2 Adjusted R? Standard Error Sig.
0.73 0.62 0.56 413.65 0.02

Table 10. Corresponding coefficients.

Non-standard Coefficient Standard Coefficient Si
ig.
Model B Standard Error Beta &
4077.70 959.50 4.24 0.03
A-GFA 20.15 1.78 0.87 11.34 0.00
B-GFA —10.39 3.05 —-0.41 —3.41 0.04
G-GFA —1244.61 216.93 —-0.33 —5.74 0.01

From the standardized coefficient, it can be observed that the impact intensity of
A-GFA on PHF was highest at 0.87.
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11.

12.

The results presented above indicate that the inbound flow originates from regions
with different land use types. During the peak periods, R-type land around residential
sites provided the majority of the flow due to the high number of people traveling
to work, and the peak times for mixed sites was the result of people commuting on
weekdays. B-type land around the business sites provided the majority of the flow
as individuals were returning to their accommodation [51,52]. Notably, the lower R
and R? of the PHF and GFAs that are fit for residential sites may have been due to the
fact that during weekday peak hours, other factors have a greater impact on the flow
because of the requirements for compressed commuting times; for instance, residents
may consider whether to transfer, bus stop density, and so on. These factors create
a strong interference with the dependent variable, thus resulting in a slightly lower
fitting effect of R-GFA, A-GFA, and G-GFA on passenger flow.

Off-peak periods

Tables 11 and 12 shows the results of the multi-regression analysis between the OPHF

of the residential sites and the R-GFA and B-GFA. The following model-fitting equation
was constructed:

Y = 7.43R — 3.99B + 289.60 o)

Table 11. Summary of models for residential sites.

R R? Adjusted R? Standard Error Sig.

0.59 0.45 0.43 232.17 0.03

Table 12. Corresponding coefficients.

Non-Standard Coefficient Standard Coefficient Si
T 1g.
Model B Standard Error Beta &
289.60 45.67 6.34 0.02
R-GFA 7.43 0.82 0.90 9.06 0.01
B-GFA —-3.99 0.78 —0.45 —-5.12 0.03

From the standardized coefficient, the impact intensity of R-GFA on OPHF was highest

at 0.90.

Tables 13 and 14 shows the results of the multi-regression analysis between the

OPHE, A-GFA, and B-GFA at the business sites. The following model-fitting equation
was constructed:

Y = 6.63A + 9.83B + 417.66 (10)

Table 13. Summary of models for business sites.

R R? Adjusted R? Standard Error Sig.

0.80 0.65 0.47 283.13 0.02

Table 14. Corresponding coefficients.

Non-Standard Coefficient Standard Coefficient Si
T 1£.
Model B Standard Error Beta &
417.66 42.10 9.92 0.01
A-GFA 6.63 0.31 0.24 21.39 0.00
B-GFA 9.83 2.05 0.74 4.79 0.04

From the standardized coefficient, the impact intensity of B-GFA on OPHF was highest

at 0.74.
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For the mixed sites, Tables 15 and 16 shows the results of the multi-regression analysis
between OPHF and A-GFA, B-GFA, and G-GFA. The following model-fitting equation
was constructed:

Y =19.25A — 4.81B — 426.41G + 1453.02 (11)

Table 15. Summary of models for mixed sites.

R R? Adjusted R? Standard Error Sig.
0.95 0.89 0.88 416.22 0.03

Table 16. Corresponding coefficients.

Non-Standard Coefficient Standard Coefficient Si
ig.
Model B Standard Error Beta 8
1453.02 429.50 3.38 0.04
A-GFA 19.25 3.23 0.84 5.96 0.01
B-GFA —4.81 1.09 —0.53 —442  0.03
G-GFA —426.41 96.93 -0.29 —4.40 0.03

From the standardized coefficient, the impact intensity of A-GFA on OPHF was highest
at 0.84.

The results presented above show that during the off-peak periods, for the sites
with different types, the inbound flow of people primarily originates from residential,
commercial, and business facilities, as well as administration and public services land. This
is generally consistent with the findings of previous studies [53,54]. These types of land
are the primary sources of station space which generate a steady flow of people into the
station. Moreover, cumulative passenger flow during off-peak periods is lower than during
the peak periods at all stations, which is due to the reduced travel demand.

The actual and fitted passenger flow for the peak and off-peak periods of each station
is obtained using Equations (6)-(11), as shown in Figure 10a—f, respectively. The trend of the
value was basically similar, and the average MAPE values of the three types of sites during
peak and off-peak periods were all less than 30%, within an acceptable range (Table 17);
therefore, all fitting equations were reliable for ascertaining the correlations between the
GFAs and hourly flow. Additionally, they can be employed for forecasting the trend when
the flow changes; however, other factors, beyond those pertaining to land, can also impact
the hourly flow, and thus, the fitting equations need to be perfected in subsequent research.

(a) (person/hour) [ The actual value of residential sites
5000 - [ The fitted value of residential sites

(b) (person/hour) [ The actual value of business sites|
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Figure 10. Cont.
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Figure 10. (a—c) the actual and fitted passenger flow values during peak periods; (d—f) the actual and
fitted passenger flow values during off-peak periods.

Table 17. Mean absolute percentage error (MAPE).

Residential Business Mixed
Peak Off-Peak Peak Off-Peak Peak Off-Peak
MAPE (%) 28 22 8 19 8 25

Periods

3.4. Land Development Control

The rational development of the area surrounding the station ensures that the ap-
propriate population type provides a reasonable passenger flow for public transportation.
According to the empirical analysis of Xi’an metro line 2, the flow was positively correlated
with the FAR and GFAs in the station area. The three types of land (R, B, and A) had the
greatest impact intensities on the PHF of the metro. As a result, these types of land use are
more important than others to curb the appearance of extreme flow during peak periods.
According to previous research, the constraint values can be determined by combining
the long-term peak hourly flow [55,56]. From the above research results presented in
Sections 3.2 and 3.3, it can be observed that the control suggestions mainly target the orbit
of the FAR and GFAs for these three types of different sites (Table 18).
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Table 18. Maximum development values for control.

Site Type FAR GFA (One Unit: 10,000 m?)
Residential sites 53 204.68(R-GFA)
Business sites 7.2 132.29(B-GFA)
Mixed sites 8.2 101.19(A-GFA)

e Residential sites

The proportion of residential land in the station area is close to 50% with a simple
land structure, and less than 10% of land is dedicated to office, commercial, and municipal
utilities. As indicated by the fitting formula, the maximum development values of the FAR
and R-GFA of the station area should be approximately 5.3 and 204.68, respectively (one
unit: 10,000 m?).

° Business sites

The proportion of land is mainly used for offices and residences, the total proportion
of which exceeds 50%, and there are few commercial or municipal utilities, or green spaces.
B-GFA presented the greatest number of impact intensities on the flow during peak periods.
As indicated by the fitting formula, the maximum development values of the FAR and
B-GFA of the station area should be approximately 7.2 and 132.29, respectively (one unit:
10,000 m?).

e  Mixed sites

In terms of land use, spatial distribution, and passenger flow characteristics, the mixed
sites area lies between residential and business areas, as it has a high land use mix and the
most balanced flow distribution. Overall, mixed sites present outstanding conditions in all
aspects. As indicated by the fitting formula, the maximum values for the development of
the FAR and A-GFA of the station area should be approximately 8.2 and 101.19, respectively
(one unit: 10,000 m?).

In this study, the impact of land use on the hourly flow was identified by adopting a
multiple linear regression model, including two aspects concerning the FAR and GFAs. As
shown in Figure 11, these two aspects representing land use intensity and function impact
the increase in hourly flow in residential, business, and mixed sites. Moreover, the intensity
control of land use development can be guided by assuming the maximum flow as the
threshold.

| Land use indictors |» -I Time-varying passenger flow |
[ + ] +
| Floor arca ratio | | Gross floor area imp‘w; | |
. T . L |Rcsidcnlial silcsl | Business sites | | Mixed sites |
[R-type | [A-type] [B-type | [ G-type ] | svide
L T
v v
‘ Land use intensity H Land use function }» ~{ Peak periods | ‘ Off-peak periods

Figure 11. Results framework.

4. Conclusions

In recent years, we have witnessed the rapid construction of metros. Identifying
the impact of land use around stations on passenger flow is of great significance for
obtaining a scientific understanding of the time-varying distribution of flow, and it provides
a theoretical basis for avoiding extreme flow. According to the results framework presented
above (Figure 11), the following conclusions can be summarized.

Based on the distribution characteristics of the hourly flow during the day, all stations
were classified as residential, business, mixed, and traffic, and each type of site had a
different division between peak and off-peak periods. The impact mechanism of land
use on hourly flow obtained by multiple linear regression at different stations may differ.
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In terms of the methodological application, the study also followed the linear regression
method adopted by Chang et al. and Su et al. [31,32]; however, it is worth noting that the
Pearson correlation coefficient was used to filter out the independent variable indicators
beforehand, which can improve the fitting degree of the gross floor area to passenger flow.

For the theoretical study, the surrounding land use was the main factor influencing
the passenger flow and there was an objective “source—flow correlation” between the two
factors. The floor area ratio and different types of gross floor area were core indicators
that represented land use development intensity and function, which is similar to the
results obtained by Yoshiharu et al. and Ding et al. [21,26]. In particular, the types of
gross floor area that had the greatest impact on the hourly flow during peak periods were
residential areas (R), commercial and business facilities (B), and administration and public
services (A). At the same time, this paper was based on site classification, and therefore,
development control values also differed. At the residential, business, and mixed sites,
these indicators could be subject to the strongest control factors, with values of 204.68,
132.29, and 101.19 (one unit: 10,000 m?), and the maximum values of the total FAR should
be approximately 5.3, 7.2, and 8.2, respectively. In the future development of new districts
and the renewal of old cities, the results can be used to guide site classification and land
development strategies.

e  The emergence of extreme passenger flow at metro stations was influenced by a num-
ber of complex factors, including the built environment of the station area; therefore,
there were some limitations to this study. In particular, spatial factors other than land
use were not considered, and the sample size was small, as only line 2 was considered
for the study. Finally, the presented study failed to consider the spatial variability of
station distribution; therefore, subsequent studies should be improved in the following
three ways:

e  More consideration should be given to the factors concerning the built environment
that impact passenger flow at the station, including the distribution of public stations,
the amount of parking, and the quality of the pedestrian environment, so that extreme
passenger flow can be more accurately and effectively managed to ensure public safety.

e  The diversity of the study sites can further improve the accuracy of the results; there-
fore, the number and type of sample sites needs to be expanded in future studies. For
example, all 116 sites within the main city of Xi’an could be selected for the study.

e  The GWR and GTWR models consider the spatial variability of different sites, and
therefore, they have the advantage of being more accurate. Further research can intro-
duce spatial parameters through these models to propose more reasonable diversified
development strategies for different types of sites.
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