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Abstract: Transit-oriented development (TOD) construction is considered critical for economic
growth and the population’s daily well-being in suburban development. However, there are few
empirical evaluations of TOD performance and typology in suburban areas of high-density cities.
In this study, we selected 23 metro stations in the five new towns in Shanghai as research objects
to understand their TOD characteristics. By proposing a data-driven framework built on points of
interest (Pols) to characterize urban functions of metro stations in new towns, four thematic topic
functions were extracted by implementing Latent Dirichlet Allocation (LDA) topic modeling. Five
types of stations were revealed through a hierarchical cluster analysis based on their main functions.
Then, an extended “Node-Place” model with a third “design” dimension was applied to classify TOD
typologies. After establishing an evaluation framework by calculating the results of 15 indicators,
five TOD topologies were identified through hierarchical cluster analysis. In addition, results from
the ANOVA analysis showed that the classification according to thematic topics changes according to
the “place” dimension indicators. Ultimately, the identified urban thematic function types and TOD
types provide a useful tool for planners and governors to diagnose common problems and design
targeted strategies in new towns.

Keywords: transit-oriented development (TOD); new town; urban function; multi-sourced urban
data; metro station

1. Introduction

Chinese cities have experienced unprecedented suburban growth since 2000. New
town development has been adopted as an important means to optimize the urban spatial
structure of large cities and cope with urban growth. In Shanghai, there is a decreasing
difference in population density between the inner city and the suburbs, and a growing
trend in the multi-center population patterns [1]. Although the suburban new towns in
Shanghai have become the main clusters for economic activities, the scope of employment
in each new town is still concentrated, and the single-centered expansion remains the city’s
dominant spatial pattern [2]. Accordingly, rail transit has been adopted as an instrument for
financing suburban development to facilitate growth, and a transit-oriented development
(TOD) strategy has been proposed as an efficient approach to concentrate jobs, housing,
and services around metro stations [3].

In Shanghai, the government has promoted the development of new towns to alleviate
the pressure on the urban core. The strategy evolved from the “One City, Nine Towns
Development Plan” of 2001 to the development of the “Seven New Cities” during the 12th
Five-year Plan and the plan to build the “Five New Cities” in suburban Jiading, Qingpu,
Songjiang, and Fengxian districts as well as Nanhui in the Pudong New Area during the
14th Five-Year Plan (2021-2025). The development of Shanghai’s new towns is closely
related to its urban railway development. In 2007, Songjiang New City was connected
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to the central urban area by metro line 9, becoming the first of the five new towns to
operationalize the metro. Jiading was connected to Central Shanghai by Metro line 11
at the end of 2009. Metro line 9 benefited Songjiang, and line 11 promoted Jiading and
Lingang [4]. In Shanghai’s strategic plan for future development, the “Five New Cities”
are the top priority. In addition, the TOD community and 15-min community life circles
are expected to be the focus of metro construction in new towns with major developments
planned for rail transit projects [5]. By 2035, each new town with over 100,000 residents
is expected to have its metro stations. The catchment areas of the metro stations with a
radius of 600 m covers 30% of the area of the new city, and the resident population and
employment coverage ratios within a 600 m radius of the metro station in five new towns
will reach 40%.

In this context, it is imperative to examine the TOD performance of metro station areas
in new towns and to discuss how TOD should be adapted to suburban Shanghai. The rapid
growth of multi-source geospatial big data and new technologies provides novel analysis
methods for quantifying the characteristics of transit station areas [6-10]. Nevertheless,
previous studies using non-traditional data have seldom investigated the existing urban
functions and how they interact with built environments to shape vibrant metro stations
areas and achieve their planning objectives [7]. By 2035, each new town is expected to
have over one million people, which is comparable to most second-and third-tier cities
in China. From this perspective, the TOD research on new towns is more universal than
that on the metropolis. It is imperative to examine the TOD performance of metro station
areas for new towns and to discuss how TOD should be adapted to suburban Shanghai.
However, few such studies have examined TOD performance and typology for suburban
cities. Accordingly, we attempt to address existing research gaps by exploring the following
research questions:

By identifying the most prototypical thematic topics of urban functions for catchment
areas, how do such thematic topics depict a metro station and each new town?

1.  To what extent do existing conditions of TOD sites meet TOD standards?
2. Can TOD performance be measured and determined via thematic urban functions?

To answer the research questions, 23 metro station catchment areas of 600 m radius
around 23 metro stations in the five new towns in Shanghai, China were examined in this
study. All the stations are located 30-60 km from Shanghai’s city center. This study aimed
to investigate whether the implementation of TOD of metro stations in new towns aligns
with their planning objectives, to quantitatively explore their TOD performance using
multi-source urban data, and to observe their TOD typology classification by extending
the classic “node-place” model with a third “design” dimension. These can capture the
TOD characteristics of metro station areas, thus providing an efficient method for planners
and governors to diagnose common problems. The analysis also generates discussions
concerning how TOD should be adapted to new towns in a large and growing metropolis.

The remainder of the article is organized as follows. Section 2 reviews the literature
on the development of TOD in China and the extension of the node-place model. Section 3
introduces the data and methodology. Section 4 presents the results of the thematic urban
functions and TOD performances. Finally, Section 5 provides a discussion on urban
planning implications and limitations.

2. Literature Review
2.1. The Growth of TOD in China

Since Calthorpe introduced the TOD concept [11], considerable research related to
this subject has been conducted in the West. Although China has a relatively short history
regarding this topic [12], extensive research has investigated how TOD has unfolded over
time in China’s metropolises. This is because urbanization in China has been increasing
exponentially, with the urban population rising from 80 million in 1978 to 901.99 million
in 2021 [13],; consequently, there were serious problems related to automobiles, pollution,
and congestion [14]. TOD is one of the most appropriate strategies for sustainable land use,
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urban form, and transit [15]. Moreover, given that the Chinese urban periphery takes the
form of high-density apartment buildings compared to the USA’s low-density houses, the
potential for TOD implementation in China is extremely high [16].

Therefore, scholars are committed to adapting TOD principles to the Chinese context.
Considering the overall prospect of the TOD strategy in China, Yanping Chen stated that
the development of transport-oriented land use forms is the key to solving urban traffic
problems in the country [17]. Scholars in China and abroad have published various influ-
ential articles focusing on large Chinese cities with developed metro networks, such as
Hong Kong, Taipei, Beijing, Shanghai, and Shenzhen. For example, Alice Chow believes
Tseung Kwan O new town in Hong Kong achieved transport and urban sustainability
through the TOD concept [18]. Kheir Al-Kodmany identified four types of Tall Buildings
and Transit-Oriented Development (TB-TOD) models within different areas in Hong Kong,
from the old city and city edge to the suburban and new areas [19]. Zidong Yu proposed
a framework to describe four thematic urban functions of metro stations through points
of interest (Pols) in Hong Kong [7]. Additionally, Pengjun Zhao investigated the lifestyle,
shopping, and entertainment choices of passengers around Beijing subway station areas,
believing that in the process of suburbanization, land-use planning based on the TOD
model can help shape sustainable mobility [20]. Moreover, taking Shanghai as an exam-
ple, Bindong Sun analyzed the built environment’s impact on commuting behavior and
concluded that the TOD model can help shorten travel distances [21]. Some researchers
explored variations and typology of TOD in Shanghai: Yao Chen [22] categorized them into
five types with different degrees of congestion, putting forward optimizing suggestions
for high congestion stations; Zekun Li [23] clustered them into four types based on the
“node-place” model, offering optimization plan for the stations with low TOD index values.
Furthermore, Jiawen Yang took Shenzhen as an example to analyze the impact of location
selection on TOD planning [24]. Ming Zhang proposed a practical TOD model to build a
sustainable transportation system that combined the experiences of Hong Kong, Taipei,
and mainland Chinese cities [25].

TOD has been widely adopted in Chinese cities, and the local government has realized
the importance of applying this concept. Nevertheless, studies exploring TOD areas
around suburban metro stations remain scarce. This is because of China’s unbalanced
urban and rural development and the lack of access to detailed data [26]. Although
Chinese urban planners typically prefer to adopt the TOD model when planning new
neighborhoods, the current TOD implementation practices are still at a nascent stage. Many
new towns in Hong Kong, acknowledged as the most successful TOD cases in China,
are highlighted as the benchmark for implementing TOD in mainland China, even more
widely in Asia [12,18]. Consequently, an increasing number of scholars have recognized the
importance of metro stations in the urban periphery to conduct studies in megacities such
as Beijing [20,27,28] and Nanjing [12], and uncover the logic of the TOD framework in small
cities [29]. However, the existing investigations in Shanghai from this perspective were
surprisingly limited. Haixiao Pan [30] examined two station areas in Songjiang, Shanghai,
to assess the effectiveness of their TOD application and Jie Shen [3] examined the same cases
to understand the social relations and processes of suburban infrastructures. However,
these studies relied on traditional manually collected data, making it difficult to provide
large-scale feedback on current planning practice. Thus, China still has a long way to go in
this direction.

In short, though there have been numerous studies about TOD classification and
evaluation in China, there is little quantitative evidence on estimating new town TOD.
Although TOD has been proposed to serve Chinese new metro projects on the edges of
cities, they have not been designed as vectors to shape new towns’ urbanization [31].
Strategies and suggestions for the construction of TOD in new towns generally focus on
features, such as scale, facilities, position and classification, and mainly include qualitative
elaboration, they lack refined quantitative measurement. Furthermore, most research has
barely combined new towns’ comprehensive plans with TOD implementation on a large
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and fine scale. Therefore, this study considers all 23 metro stations in five new towns of
Shanghai utilizing multi-source urban data and natural language processing techniques to
define their main functions and more accurately explore their TOD performance.

2.2. Extension of “Node-Place” Model

The “node-place” model, typically used to classify TOD typologies, was established
by Bertolini to describe various TOD forms in cities [32]. It focuses on the integration of
nodes (the stations) and places (the catchment areas), projecting these two dimensions
on a 2D coordinate system and further dividing five representative TOD typologies to
depict the different combinations of development levels of one “node” and its surrounding
“place”. The simple equation line in the coordinate system is divided into three parts
(Dependence, Balance, and Stress), leaving the other two areas (Unbalanced node and
Unbalanced place) outside the spindle-shaped outline. The node and place values are
both weak in the “dependent” areas, the bottom of the line. The “balanced” areas are
found along the middle of the line, where the relative positions on nodes and places are
almost equal. The “stressed” areas at the top of the line can become problematic as both the
node and the place are overused. Moreover, the rest areas are two unbalanced conditions.
The “unbalanced node” sets above the spindle, where the transport dimension is more
advanced than the urban development. By contrast, the “unbalanced place” is located
below the spindle, where the situation is the opposite. Accordingly, massive research has
been conducted to identify thorough and accurate indicators to describe the performance
of TOD projects more precisely. Features related to traffic, station, and road/lines are
usually assigned to the “node” dimension, whereas those that reveal density, development,
and population are considered part of the “place” dimension [33-35]. This framework
presents an effective way to reveal the relative position of one metro station within an
urban network.

Some researchers noticed limitations of the classical “node-place” theory when it was
widespread [15,36]. They pointed out that the two-dimensional model was insufficient
to capture diverse TOD manifestations [37,38]. Consequently, various three-dimensional
extended node-place models were constructed to better measure and describe the existing
characteristics of TOD. As for the third dimension, some scholars emphasized walking
friendliness and corresponding indicators at an early stage; lately, others combined and
discussed various aspects in the extended dimension (Table 1).

In previous years, researchers argued that evaluating walkability can assess the built
environment dimensions which that influence traffic, as it greatly impacts the accessibility
of TOD'’s catchment areas [39,40]. In the beginning, several elementary indices were chosen
to depict walkability. Kamruzzaman [41] and Singh [42] tried to apply the “3 Ds” [43]
theory (Density, Diversity, Design) to establish criteria. Both proposed using intersection
density. However, Singh considered the streetscape quality for walking/cycling more
important than Kamruzzaman’s cul-de-sac density, which is similar to intersection density.
Additionally, Monajem and Nosratian [44] utilized closeness and betweenness calculated
by space syntax tools to measure pedestrian friendliness, whereas Vale [38] introduced
“pedshed ratios,” calculated by dividing pedestrian catchment areas with a circle with the
same distance radius. Before long, Lyu [37] and Nigro [45] tried to add assorted indicators
to the extended dimension. Nigro’s research concentrated on TOD strategies in the context
of low-density areas, whereas Lyu focused more attention on Chinese high-density areas,
which are more relevant to our study.

More recently, “5 Ds” [46] (Density, Diversity, Design, Destination accessibility, and
Distance to transit) or “3 Ds + A” [47] (Density, Diversity, Design, and Accessibility) have
become increasingly popular in the extended node-place model. Researchers have begun
to use a more comprehensive framework to amend the node-place model. For example,
Loo and Verle [48] completely implied the 3Ds framework and selected 67 variables
for each “D”, where factors such as income, retail, road connectivity/density, covered
walkways, and open spaces can represent the economy, walkability, and space quality. In
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contrast, other experts chose the indicators in a more unfettered way, even though they also
considered the 3Ds theory as standard. Singh [49] used eight separate criteria, including
walkability and cyclability, economic development, and user-friendliness of transit systems,
to estimate TOD with different weights. Going one step further Zhou goes much further.
It is worth mentioning that Zhou [9] exploits big and open data to examine 16 indicators
of regional accessibility/centrality, density and diversity, and design. Furthermore, many
scholars flexibly applied the 5Ds theory to improve the node-place model by adding a third
dimension: design, functionality, orientation, or tie [8,23,50-52].

One of the newest and most representative studies in this approach considered ser-
viceability, accessibility, and walkability in the extended dimension to compare TOD in five
typical Chinese megacities and offer more targeted strategies [52]. Therefore, the current
study chooses indicators based on this cutting-edge research. However, unlike [52], we
combined local planning indicators into the framework, making it more comprehensive
and in accord with the local context. Only in this way can the framework be truly practical
when urban planners use it to verify whether the planning objectives are met. The details
of how we add some of the new towns’ planning guidelines to our extended “node-place”
model is explained in Section 3.5.

Concerning the datasets, except for Zhou [9], Vale [50], and Qiang [8], most of the
aforementioned studies used entropy or proportion of traditional land use data rather
than Pols to calculate land /functional mix. Nevertheless, only Vale [38,50] Nigro [45],
Singh [49], and Qiang [8] utilized pedestrian network distance catchment areas; others
used straight-line radius. Accordingly, this research used multi-sourced data to develop a
3D node-place model focusing on the TOD in Shanghai’s five new towns.

Table 1. Indicators of various extended dimensions.

Extended Dimension

Indicators of the

Year Extended Dimension

Name Subject/Title

Walking /Pedestrian
Oriented

Design/Tie
(Function, Walking and
economy et al.)

Kamruzzaman, Md.

Advance TOD typology

2014 in Brisbane

etal. [41] Intersection density; Cul-de-sac density

Singh Y. et al. [42] 2014

Quality and suitability of
Streetscape; Density of controlled
intersections/street crossings

Measuring TOD for
Arnhem and Nijmegen

Monajem, S. & Ekram

The evaluation of the
2015 spatial integration via
the node-place model

Two spatial indices (To-movement and

Nosratian, F [44] through-movement)

Evaluating and

Vale, D.S. [38] 2015 classifying station areas  The pedestrian shed ratio (Pedshed ratio)
in Lisbon
TOD typology for Block size; Distance from the station to
Lyu, G. et al. [37] 2016 Beijing metro jobs/residents; Length of paved footpath
station areas per acre; Intersection density; Walk scores
Land use and public Feeder transport (Walking; Bike lanes;
Nigro, A et al. [45] 2019  transport integration in Expected traffic intensity.
small cities and towns Road size/slope et al.)
Diversity of land uses; Convenience of
Loo, B.LY. & Verle, F. TOD towar<.i a public transit; Retail; Road
2017 two-level sustainable . .
du [48] mobility strate connectivity /density; Open space;
ty &Y Covered walkway; Exit system
. Land use diversity; Economic
Singh YJ. et al. [49] 2017 Measuring TOD development; Walkability and Cyclability;

around transit nodes

User-friendliness of the transit system
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Table 1. Cont.

Indicators of the

Extended Dimension Name Year Subject/Title Extended Dimension
The extended Variety /Number of Pols; Degree of the

Vale, D.S. et al. [50] 2018 node-place model at functional mix; Pedshed ratio; Intersection

the local scale density; Accessible network length

Typology,
LiZ. etal. [23] 2019 Optimization, and Accessibility; Walkability
implications
Pezeshknejad, P. Evaluating BRT via Functional mix; Streets integration/choice;
. . 2020 extended node-place .. .
Design/Tie etal. [51] model Streets connectivity; Street density
(Function, Walking and

economy et al.) Destination intensity of re-

Zhou, J. et al. [9] 2020 ];'; Stl;tgoB;iZ? (ieO"F SI]ID tail/entertainment/restaurant/residence;
y Simpson index; Walkability; Bikeability
TOD typologies . - - -
SuS. et al. [52] 2021 in China Serviceability; Accessibility; Walkability
. Density of Pols; Function mix; Density of
. Evaluation O.f Tob road/pedestrian network; Accessibility of
Qiang, D. et al. [8] 2022  Based on Multi-Source destri » .
Data in Shanghai pedestrian network; Intersection

density; Entrance

3. Data and Methodology
3.1. Analytical Framework

The four key steps of the present study were data collection, analysis, and classification,
TOD evaluation, measurement, and guidance (Figure 1). First, information on metro lines
and stations, 3D building information and Pols, the third economic census, and the street
network of Shanghai were gathered. The second step has two parts: (1) After cleaning,
processing, and recategorizing the Pols, we used Latent Dirichlet Allocation (LDA) and
hierarchical cluster analysis to classify five groups of stations based on their main functions.
(2) Other data types of data were imported to ArcGIS to be analyzed using sSDNA(a spatial
network analysis software) [53] and other toolsets. Moreover, the results in step one, key
references for D1 indicators, were integrated into the “design” dimensions to calculate the
weighted average walking route distance from the metro station to its representatively
functional quarters. Third, three critical dimensions—node, place, and design—were
presented to rate the TOD performances in new towns. Each dimension was evaluated
by five sub-indicators, which were then summed to obtain the degree of every metro
station’s TOD performance; this was displayed in radar charts to show the main differences.
The calculation details are discussed later. Finally, a few optimizing guidance points are
provided to help TOD construction in Shanghai’s new towns, according to their diverse
TOD characteristics. This framework can diagnose problems, help determine whether
the TOD development matches its new town policy and prospects, and more importantly,
guide the future metro construction in new towns.
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Figure 1. Analytic framework.

3.2. Study Area

This study applied the extended framework to the five new towns of Shanghai. The
centers of these new towns cover a total area of 748 km?, accounting for 11.8% of Shanghai’s
total area. These five sub-centers of Shanghai were chosen as the research area for two
reasons. First, the metro railway system in Shanghai was established in 1993; As of Decem-
ber 2021, it had 508 metro stations (including two maglev stations) and 20 operating lines
(including maglev lines), with a total operational mileage length of 831 km (including 29
km of maglev lines). Second, massive, solid evidence was presented to support the appear-
ance of a typical TOD mode in Shanghai [8,22,54]. Nevertheless, there is little quantitative
evidence on the relationship between the development of new towns in Shanghai and the
development of their local TOD. However, according to the latest Shanghai Comprehensive
Plan 2017-2035 (hereafter referred to as the 2035 Plan), the surrounding areas of new towns’
metro stations should and will represent the new towns’ characteristics. Although most
stations on one suburb subway line were constructed simultaneously, the new towns are
developing in stages. The catchments of some stations could not present their thematic
function, except for the stations located in sub-centers. Therefore, we only used 23 stations
in the core districts of five new towns as examples, as specified in the 2035 Plan.

Next, we used a 600 m walking distance based on a real pedestrian network to define
the catchment area of each metro station. Previous investigations have suggested a radius of
400-600 m as the most appropriate distance for the catchment area of TOD precincts [37,38].
In our case, a catchment area with a 600 m walking distance was selected as the analysis
boundary of each site, as this distance can cover more population and Pols and better
reflect the identical functions of each site; this is because the distance between two suburb
stations is longer and the surrounding density is lower compared to stations in the city
center. Nevertheless, the circular catchment calculated by a Euclidean-based measurement
method cannot simulate real-world walking scenarios. Therefore, we calculated the 600 m
service area of every station’s exit using the Network Analyst Toolbox on ArcGIS. The final
catchment area of a metro station consists of overlapping service areas of the station’s exits
(Figure 2).
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Figure 2. Study area.

3.3. Raw Data Pre-Processing

Multi-sourced urban data, including traditional and non-traditional data, were
collected to represent the aforementioned indicators. For example, for non-traditional
data, 77,724 street polylines from OpenStreetMap (OSM) (2019), 559,777 street polylines,
754,607 building plots data from Baidu Map API and Python (2019), and over 2.7 million
Pol data from Gaode Maps (2019) were collected. Then, traditional data obtained from the
Shanghai metro official website and the Shanghai census were used to represent the physical
characteristics of metro stations and social attributes of surrounding neighborhoods.

The Pol data used in this study were provided by AutoNavi Map, a platform that has
collected over 270,000 records of Shanghai. Three pre-processing steps were performed
before Pol analysis:

First, we used Python to grab Pol data from the AutoNavi Map and imported it
into ArcGIS for coordinate system transformation. The obtained Pol data included the
coordinates, names, and three classification types: major class, medium class, and small
class. In the subsequent analysis, “major class” was used as the analysis sample.

Second, abnormal Pol records with incomplete information were removed from the
dataset, and Pol data of the type “auto repair, car sales, motorcycle repair” were merged into
the “Life Services” category. A total of 15 major types of Pols were obtained: catering, scenic
spots, public facilities, corporate enterprises, shopping, transportation facilities services,
financial insurance services, science, education and cultural services, commercial residences,
life services, sports and leisure services, healthcare services, government agencies and social
groups, and accommodation services.
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Finally, the Pols within the pre-defined TOD area were extracted on the ArcGIS
platform and approximately 7500 pieces of data were obtained, providing a basis for
classifying metro stations and measuring functional diversity for subsequent research.

3.4. Evaluating Thematic Functions via LDA Topic Modeling

Thematic functions of metro stations can be characterized by the abundance of urban
functions in their catchment areas. First, 15 major types of Pols were analyzed by LDA topic
modeling to extract the functional topics of the metro station areas. Second, metro station
areas were clustered by agglomerative hierarchical clustering according to the importance
weights of thematic functional topics, such that the metro station areas with similar topics
belong to the same type. The specific steps are as follows:

1.  Establish two analysis matrices: Pol data were used as analysis keywords to form
a thesaurus of each station catchment area. Two matrices for extracting topics were
established, namely topic-to-Pols and catchment-to-topic matrices. In the former, each
Pol type was assigned a probability within each latent topic, and the semantic features
corresponding to the topic were obtained. The latter represents the probability of each
topic corresponding to different station areas.

2. Determine the analysis parameters: The number of potential topics n, Max_df, and
Min_df are key parameters in the LDA model and need to be pre-defined. Here, we
employed the perplexity score metric to determine the optimal number of topics. The
smaller the value, the better the quality of the topic results. According to the semantic
features corresponding to the topic, whether this parameter was reasonable could be
determined. After the analysis, the number of potential topics was determined to be
4, the value of Max_df as 0.95, and the value of Min_df as 4. The semantic results
generated by the topic reflected the characteristics of the site area function.

3.  Based on the corresponding probabilities of topics within the metro station areas, we
used a standard deviation measure to calculate the uniqueness of topics. The clusters
with the most similar attributes were merged into a new cluster using the agglomera-
tive hierarchical clustering method, and through multiple iterations, the classification
results of metro stations that conform to the actual situation were finally obtained.

3.5. Measuring TOD Performance of Five New Towns in Shanghai

An extended “node-place” model, with the third dimension of “design”, was used to
measure Shanghai’s five new towns” TOD performance. Each of these three dimensions has
a different significant value: the “Node” dimension describes the transportation capacity
of the metro station itself, while the “Place” dimension represents the degree of urban
development, dynamics, and diversity of the surrounding area of the station. Meanwhile,
the “Design” dimension identifies the quality of the environment and convenience of the
whole network within the catchment area.

We selected indicators in accordance with: the logic of Su’s “node-place—functionality
model [52] and Qiang’s “Transportation (T)-Pedestrian—oriented (O)-Development (D)
framework [8]; the concrete TOD characteristics of Shanghai; the official reports of Compre-
hensive Plan and General Land-Use Plan, 2017-2035 of Five New Cities in Shanghai; data
availability; and previous cases.

Each dimension was evaluated by five sub-indicators. Specific indicator descriptions,
calculation methods, and data sources are listed in Table 2. The “node” dimension is
portrayed by indicators of carrying capacity (metro frequency (N4) and passenger flow (N5))
and transit connectivity (accessibility of the metro station (IN1), reachable metro stations
within 20 min (N2) and accessible bus station number (N3)). The local metro company
provided the original data on the metro network, metro frequency, and passenger flow.
To describe the accessibility of metro stations, we referred to the betweenness centrality
variable, a measure that reflects the through-movement potential of each link, calculated
by sDNA [53] based on the official metro network. Reachable metro stations within
20 min were automatically measured via Baidu Map’s APIL. The number of bus stops

”

”
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which are reachable in the catchment can be indicated by the corresponding Pols from the
AutoNavi’s Map.

Table 2. Overview of TOD indicators.

Dimension Indicator

Description/Calculation

Data Sources

N1 Accessibility of the

metro station

N2 Reachable metro stations

within 20 min
Node N3 Accessible bus
station number

N4 Metro frequency

N5 Passenger flow

The average betweenness centrality
value of the lines connecting to
the station

The number of metro stations that one
station can reach within 20 min
Number of bus stops within the

catchment area
Train frequency during non-peak hours
at the station on weekdays
The passenger flow on July 18
(weekday) and July 20 (weekend), 2019

Shanghai metro’s official website

Calculated on Baidu Map
Pols from AutoNavi’s Map

Shanghai metro’s official website

Shanghai Shentong Metro
Group Co., Ltd.

P1 Density of Pols

P2 Functional mixture

Place P3 Floor area ratio (FAR)

P4 Employment density

P5 Population density

The Density of Pols within
the catchment
Shannon entropy of various categories
of Pols within the catchment area

The ratio of the gross floor area of
buildings and the total buildable area

Employment density within
the catchment
Resident population density within the
catchment area of the station

Pols from AutoNavi’s Map

Pols from AutoNavi’s Map

Map World (National Platform for
Common Geospatial
Information Services)

https:/ /www.tianditu.gov.cn/
(accessed on 12 July 2022)

Third Economic Census in 2013

https:/ /www.swguancha.com/
(accessed on 12 July 2022)

D1 Distance to

representative function

D2 Green public area

Design D3 Density of
pedestrian network

D4 Job-housing balance

D5 Accessibility of
pedestrian network

The average walking distance from the
nearest metro station exits to certain
Pols, which belonging to the station’s
representative functions obtained from
LDA modeling analysis
Area of green space within the
catchment of the station
Pedestrian road network density within
the catchment
The absolute value of the difference
between the ratio of standardized
population density against
employment density and 1
Average betweenness centrality value
within the catchment

Calculated on ArcGIS based on
LDA results.

Aols from the AutoNavi Map
Baidu network

https:/ /www.swguancha.com/
(accessed on 12 July 2022)

Baidu network

The “place” dimension was constructed from two aspects: multi-function degree and

density. The former aspect includes indicators of the Density of Pols (P1) and functional
mixture (P2); the latter includes the floor area ratio (FAR) (P3), employment density (P4),
and population density (P5). The calculation methods of P1, P3, and P4, provided in
Table 2, are clear and uncomplicated. P2 was quantified by the Shannon entropy [55] of the
15 categories of Pols obtained from Section 3.4. More importantly, P5 was the standard of
both the 2035 Plan and the construction strength around TOD. It can represent the guideline
of “the coverage rate of permanent residents within 600 m of metro stations” in “the 2035
Plan” of Five New Cities [56—61].

Concerning the “design” dimension, we established most of the indicators from
the main indicator table in “the 2035 Plan” of Five New Cities in Shanghai [56-61]. All
the new towns’ 2035 plans have set regulations on the 15-min walk accessibility rate of
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comprehensive service facilities, per capita parks and green space, pedestrian network
density (D3), and job-housing balance (D4). We retained the last two indicators and
transformed the first two into the distance to representative function (D1) and green public
area (D2) based on the data availability. Moreover, we added accessibility of the pedestrian
network (D5), calculated by sDNA [53], to describe the pedestrian network topological
connectivity. When calculating D1, we evaluated the average distance from each Pol that
belongs to the station’s dominant topics to the nearest station exit. The larger the D1
value, the farther the subway station was from the leading function, which meant more
inconvenience. The accessible area of green public space within the catchment was obtained
from areas of interest (Aols) from the AutoNavi Map, while the original data for D3 were
from a pedestrian network on the Baidu Map. However, the job-housing balance was
a little perplexing. First, we generated a ratio of the number of jobs to the number of
households. Then, we took the absolute value of the difference between one and this ratio,
as job-housing is the most balanced when the ratio reaches one. Lastly, the final value
negatively correlated with the state of the job-housing balance. The equation to calculate
the value is as follows: ]

1

JHR =1~ & (1)
where J; = number of jobs of catchment i, H; = number of households in the catchment i. The
number of households is obtained by dividing the population by the average household
size of Shanghai (Average Household Size: Shanghai data was reported at 2.32 Person in
the Seventh National Population Census in May 2021. http://tjj.sh.gov.cn/, accessed on 12
July 2022).

The abovementioned subindices were given equal weight to join these 15 indicators
into a final TOD index. Before integrating all indicators, they were separately normalized
and standardized using the formula below:

X_index = (X —Min(X))/(Max(X) — Min(X)) )

Except for D1 and D4, other indicators positively correlated with the TOD index.
Therefore, D1 and D4 must be subtracted from 1 before adding up to obtain the “design”
or TOD index.

4. Results
4.1. Thematic Topics of Urban Functions in Catchment Areas

Four thematic topics were extracted by implementing LDA topic modeling, indicating
the characteristics of the urban function in rail transit station areas. Figure 3 shows the
results of LDA topic modeling and the frequency of each keyword under each topic,
showing that each topic had good independence. The main keywords of each topic were
then displayed by using a comparison word cloud, as shown in Figure 4.

The standard deviation measure of each topic generated by LDA topic modeling results
represented the different strengths of each catchment on different topics. As a complex and
dense urban space, a catchment cannot be simply defined by a single urban function type.
Thus, railway stations were divided into different clusters to study their corresponding
urban functions. As shown in Figure 5, all metro stations were classified into five groups
through hierarchical clustering. The dominant topic of cluster one was Topic 2, due to the
low development degree of these three stations and because their functions were mainly
public facilities built prior to urban development. Only two stations from group 2 showed
a predominant interest in Topic zero. This revealed that many building material stores were
in the catchment areas of the Zuibaichi and Qingpuxincheng stations. Stations from group 3
show strong interest in Topic 2, which is relevant to daily residential activities and accounts
for 43% of metro stations in the five new towns. Notably, clusters four and five showed
more than one interest in urban functions. Stations from group 4 showed relatively strong
interest in Topics 1 and 3, because large businesses and residential areas surrounded such
stations; thus, they showed the compound property of shopping and catering. Dishuihu
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station was the only station in cluster 5 and its leading topics were Topics 2 and 3, which
were related to the goal of building a world-class cultural and sports tourism destination
that combines business, culture, sports, tourism, and residence. Based on the LDA topic
modeling results, the station catchment classification had a strong coupling relationship
with the built environment, which matched the development objectives of the new towns.
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Figure 3. LDA results of LDA topic modeling.
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Figure 5. Hierarchical clustering results of station based on standard deviation metric.

From a geospatial perspective, we discovered the clustering patterns shown in Figure 6,
using distinct colors to label stations from different groups. We found that although the
same new town often included different clusters, the dominant topics of stations in Nanhui,
Fengxian, Songjiang, and Jiading New City were relatively uninformed. By contrast,
the dominant topics of Qingpu New City were more diversified, which is related to the
functional positioning of innovation research, business trade, and tourism.



Buildings 2022, 12, 1394

14 of 25

Qingpu

N
e == @nﬂﬂu\[}rfsx—sm
-*Ni'bn"" Songjiang

+

luster 3
=
Cluster 4
uster. 5 y

al. Five New Cities of Shanghai

o
g ;

[ New Town
Station_buffer600
Shanghai_pedestrian

Accessible area

LDA categories

- cuwser 1 ShangHaiS

 Cluster 2
_ Cluster 3«

| Cluster 4

Cluster 5
-5
N ) i

a3. Jiading

B e Tom

Station_buffer60l

Shanghai pedestridn network
~~ —hecessible are

LDA categories

| Cluster 1
' Cluster 2
Cluster 3
Cluster 4

I custer 5

a5. Qingpu

s e S

] New Tom
Station buffé
Shanghai_pedes’

Accessible area

LDA categories

| Cluster 1

 Cluster 2

~ Cluster 3

~ Cluster 4

B ciuster 5

a2. Songjiang

\

Subway Line 5

Station_buffer600m Huancl
Shanghai_pedestrian network

~ Cluster 1
~ Cluster 2

S

Cluster 3 s
Cluster 4 ]

B custer 5 |

a4. Fengxién

* Accessible are
~ LDA categories

| Cluster 1

[ Cluster2

Cluster 3

a6. Nanhui

Figure 6. The spatial distribution of aggregated metro stations regarding their thematic topic compositions.

4.2. Node, Place, and Design Indices and TOD Performance in Catchment Areas

Figure 7 shows that the combined TOD indices in Songjiang New City rank the highest,
and those of Nanhui New City stand the lowest. The TOD in Jiading New City has the
largest variation, accounting for four out of five types, with a high degree of inconsistency.
The TOD indices of Qingpu New City and Fengxian New City were relatively close, with
only two types. Moreover, except for Fengxian and Nanhui New Cities, the closer the
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metro station was to downtown Shanghai, the higher the TOD index. This could be because
Fengxian New City has the Huangpu river as a natural barrier, and Nanhui New City is far
from the central area.
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Figure 7. The spatial distribution of metro stations regarding their TOD indices.

We performed a separate diagnosis of each dimension of metro stations in the Five New
Cities (Figure 8). First, the overall performance of the three dimensions of Songjiang and
Jiangding New Cities looked excellent but deeply uncoordinated. For example, Songjiang-
daxuecheng station in the north of Songjiang New City featured the highest “node” and
“place” degree, but the lowest “design” index. This was similar to the Malu station in Jiad-
ing New City. By contrast, Songjiangxincheng and Songjiangtiyuzhongxin stations in the
center of Songjiang New City had the highest “place” and “design” and the lowest “node”
scores. Additionally, Jiadingxincheng station had superior scores in all three dimensions,
whereas Shanghaisaichechang was far from satisfactory. Therefore, the two new towns had
various problems with different metro stations. The government should take appropriate
action in response to these concerns. Second, the TOD area of Qingpu New City had issues
of high density and functional mixture, but there were fewer people and employment
positions. This indicates that the real estate in Qingpu New City was over-developed, and
the surrounding supporting greening and public facilities were insufficient, resulting in
problems such as an insufficient permanent resident population. Third, the “place” and
“design” were fairly good in stations of Fengxian New City, but the “node” was surprisingly
unacceptable, especially in the nearest two stations closest to Fengxianxincheng station. In
this case, the core area could not promote a synergy effect between the regions to enhance
its sub-center status. Hence, they urgently needed to increase the capacity and connectivity
of the stations. Lastly, the stations in Nanhui New City had the worst “node” and “place”
degrees. Only the “design” index of Dishuihu station made people comfortable, as it is
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close to a huge lake and many museums, parks, and hotels. Therefore, Nanhui New City,
has a long way to go in applying TOD.

Figure 8. Cont.
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Figure 8. The spatial distribution of metro stations regarding Node, Place, and Design indices.
(a): The spatial distribution of metro stations regarding the Node index. (b): The spatial distribution
of metro stations regarding the Place index. (c): The spatial distribution of metro stations regarding
the Design index.

Additionally, most of the indicators of “design” were abstracted from “the 2035 Plan”.
For the “design” aspect (Figure 8c), the overall values were considerably high in Jiading
and Songjiang New Cities; however, but the values of the stations in each new town
varied greatly. The “design” values in other new towns were fairly low, although they
were all equipped with one or two stations with high “design” values. Interestingly, the
stations with the highest degree of “design” were the central stations of the five new towns,
namely Songjiangxincheng, Songjiangtiyuzhongxin, Jiadingxincheng, Fengxianxincheng,
and Dishuihu (Dishuihu station was formerly known as Lingangxincheng Station in plan-
ning guidance in 2009, and Lingang New City was formerly known as Nanhui New City).
Furthermore, the station with the highest “design” index in Qingpu New City was also
Qingpuxincheng station, although its score only ranked second. As can be observed, the
“design” score supported the planning guidance well. The construction of the central areas
of new towns led to the implementation of the planning indicators, which meant that the
goal of developing Five New Cities to become sub-centers of Shanghai in “the 2035 Plan”
took a huge step forward. However, the stations with the highest “design” values did
not have very high “node” or “place” indices, indicating that the TOD concept is still not
well-integrated with planning objectives. Urban planners and policymakers should thus
focus on combining TOD and comprehensive urban planning.

4.3. TOD Typologies in Catchment Areas

We used a hierarchical cluster analysis method to classify 23 metro stations into four
categories based on three dimensions (Figure 9), focusing on the geographical distribution
and characteristics of each type. The radar charts in Table 3 visualized every dimension of
each type for easy comparison. Figure 10 shows the spatial location distribution of the four
types. Some conclusions can be drawn when we combine Figure 10 and Table 3:



Buildings 2022, 12, 1394

18 of 25

0 5 10 15 20 25
Shuuyuan : 1 i B L
Lingangdadao J
Xiaotang
Fengpudadao J
Wangyuanlu

Shanghaisaichechang
Dishuihu

Jiadingxi

Huijinlu |
Zuibaichi

Jinhaihu

Dianshanhudadao I

Caoyinglu

Songjiangdaxuecheng

Songjiangxincheng

Jiadingbei

Songjiangtiyuzhongxin

Baiyinlu

Huanchengdonglu

Ll

Qingpuxincheng

Fengxianxincheng

Jiadingxincheng

Malu

Figure 9. Hierarchical cluster analysis based on three dimensions.

Table 3. Rader charts for each dimension by types.
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Figure 10. The spatial distribution of clustered metro stations regarding their TOD typologies.

Type 1—Unsustained: The implementation of TOD in this type of station is at a
very early stage. All dimension values of the stations belonging to this type were below
0.5, except for the “design” variable of the Dishuihu station. Nevertheless, despite the
unsatisfactory performance, the three indicators of these stations were relatively balanced.
Most stations were concentrated in Nanhui and Fengxian New Cities, suggesting that the
development of TOD in these areas is very slow. For this type of metro station, the priority
of the local government is improving the urban development to attract more citizens to
settle down in the new town.

Type 2—Unbalanced place: This type of station’s performance is extremely poor in
living quality. Their environments cannot support the overcrowded density. This type was
characterized by extremely high “place” values but relatively low “node” and “design”
values. This suggested that the population density and land use development around metro
stations far outweighed the potential demand created by transportation. Most stations of
this type were around the central areas of Qingpu, Songjiang, and Jiading New Cities. The
density of real estate development near these stations was similar to that in the new town
centers; however, but the quality of transport services and the environment was lower. This
can lead to an unbalanced place for such stations. All of them happen to be close to the
central station. Consequently, strengthening their “node” and “design” dimensions can
help the Five New Cities achieve the goals of “the 2035 Plan” faster and more thoroughly.

Type 3—Unbalanced, lack of nodes: The transportation capability of stations in the
third cluster is far from enough. They comprised a comparable balance between “design”
and “place” and intermediate “node”. This indicated that urban design and development
provided a well-equipped and highly accessible neighborhood to satisfy the needs of an
important transportation hub. The only problem is that the operational attributes of the
stations were too moderate to match the first two features. The vast majority of Type
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3 stations are located in the center of new towns, such as Qingpuxincheng, Songjiangx-
incheng, and Fengxianxincheng stations, as well as their adjacency, such as Baiyinglu and
Songjiangtiyuzhongxin stations. Practically, all of them were built before “the 2035 Plan”
was proposed. Therefore, the design of these stations cannot fully meet the rapid develop-
ment of the surrounding area and needs to be optimized in the future. Local planners need
to concentrate more on renovating and upgrading the outmoded stations.

Type 4—Balanced: This type includes two metro stations, Jiangdingxincheng and
Malu stations, which can be considered the highest standard of TOD in Shanghai’s new
towns, both of which belong to Jiading New City. Malu station was quite balanced but was
under stress threat since the “node” was slightly superior to the “place” and the “node”
dimensions. By contrast, Jiadingxincheng station was the most balanced station among the
23 new town stations. As shown in Table A1, only the bus station number, green public
areas, and accessibility of the pedestrian network were weak and needed to be optimized.
Nevertheless, it should be a role model for other stations in developing an outstanding TOD
project. For them, further optimization is the punctual enhancement of targeted indicators.

4.4. Analysis of Variance

A one-way analysis of variance (ANOVA) was conducted to evaluate the relationship
between the TOD indicators and urban functional topics. We see that the significance
value for the five place dimension variables was 0.002, 0.000, 0.035, 0.065, and 0.001,
respectively (Table A2), revealing a statistically significant difference in indicators of the
“place” dimension in the classification of thematic topics. That is, the classification according
to thematic topics changes according to the Density of Pols, Population Density, Function
Mixture, and Plot Ratio. Furthermore, except for the green public area (D2, with a p-
value of 0.05), the remaining indicators did not statistically significantly affect the thematic
topics’ classification.

5. Discussion and Conclusions

Many cities in China have adopted TOD planning around metro stations. TOD con-
struction is considered critical for economic growth and the population’s daily well-being
in suburban developments. By 2035, each new town in Shanghai is expected to have a
population of over one million people. From this point of view, the TOD research on new
towns is more comprehensive than that on the metropolis. It is imperative to examine the
TOD performance of metro station areas for new towns and to discuss how TOD should
be adapted to suburban Shanghai. Several studies have attempted to investigate the effec-
tiveness of the TOD application at the urban peripheral locations in a large metropolitan
region [3,30]. However, few such studies have quantitatively examined TOD performance
and TOD typology for suburban areas.

This research aimed to investigate the TOD implementation of the catchment areas
of metro stations in new towns and examine how the TOD typology can be used as a
decision-support tool for planners by introducing a data-driven analytical framework.
Unlike prior research, this study provides a comprehensive and realistic evaluation ap-
proach for measuring TOD performance by incorporating the “design” dimension in an
extended “node-design—place” framework and employing relevant indicators supporting
planning objectives.

The differences in the thematic topic were visualized by identifying the most proto-
typical thematic topics of urban functions for catchment areas. Five types of stations were
identified via hierarchy clustering. We observed that most metro stations only had one
thematic topic. In contrast, eight of the 23 metro stations studied were labeled with multiple
thematic topics, revealing that these station areas have started to develop a multifunctional
system. Additionally, the TOD index of each catchment area is based on an extended
“node-place” model. The study revealed that there is uneven development of new towns in
Shanghai. The TOD typologies further distinguished in this study can provide valuable
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insights for TOD planning. Planners should design individualized strategies for each TOD
type based on their function and planning targets.

A few limitations need to be pointed out. First, a set of indicators was selected based
on a literature review, five new towns’ comprehensive plans, and data availability. This
procedure can cause limitations in subjective bias and knowledge scope. In the future,
planners and governors should verify the validity of the chosen indicators and determine
their proportions. Second, although Pols are positively correlated with urban vitality, it is
worthwhile to collect and analyze more user-generated datasets to provide a more accurate
and comprehensive insight into local activities. Third, this study focuses on the current
conditions of TOD sites. Finally, there is an absence of planning data for estimating the
future condition of TOD sites. Follow-up research should further explore information such
as projected or assumed population and employment density in 2035. An evaluation of
TOD performance based on more in-depth information and planning guidelines could help
planners and governors to diagnose and correct problems in the planning stage, and to
guide the planning process.
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Appendix A

Table A1. Rader charts for each indicator by types.
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Type 3 Type 4
Type 3 Type 4
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Table A2. One-way ANOVA result.

Sum of Squares Df Mean Squares F p

Between groups 0.065 4 0.016 0.284  0.885
N1Accessibility of the metro station Within groups 1.035 18 0.057

Total 1.100 22

Between groups 0.502 4 0.125 2.877  0.053
N2 Reachable metro stations within 20 min Within groups 0.785 18 0.044

Total 1.287 22

Between groups 0.120 4 0.030 0.361  0.833
N3 Number of bus stations Within groups 1.492 18 0.083

Total 1.611 22

Between groups 0.608 4 0.152 1.204  0.343
N4 Metro frequency Within groups 2.272 18 0.126

Total 2.880 22

Between groups 0.334 4 0.084 1212 0.340
NS5 passenger flow (person) Within groups 1.240 18 0.069

Total 1.575 22

Between groups 0.706 4 0.177 6.315  0.002
P1 Function mixture Within groups 0.503 18 0.028

Total 1.209 22

Between groups 1.929 4 0.482 11.614  0.000
P2 Density of Pols Within groups 0.748 18 0.042

Total 2.677 22

Between groups 0.661 4 0.165 3.285  0.035
P3 Plot Ratio Within groups 0.905 18 0.050

Total 1.566 22

Between groups 0.344 4 0.086 2.683  0.065
P4 Employment density Within groups 0.577 18 0.032

Total 0.920 22

Between groups 0.805 4 0.201 7.655  0.001
P5 Population density Within groups 0.473 18 0.026

Total 1.279 22
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Table A2. Cont.

Sum of Squares Df  Mean Squares F p
Between groups 0.242 4 0.061 0946  0.460
D1 Distance to representative function Within groups 1.152 18 0.064
Total 1.394 22
Between groups 0.800 4 0.200 5498  0.005
D2 Green public area Within groups 0.655 18 0.036
Total 1.455 22
Between groups 0.133 4 0.033 0305 0.871
D3 Density of pedestrian network Within groups 1.970 18 0.109
Total 2.103 22
Between groups 0.113 4 0.028 0.559  0.695
D4 Job-housing balance Within groups 0.906 18 0.050
Total 1.018 22
Between groups 0.479 4 0.120 2195 0.111
D5 Accessibility of pedestrian network Within groups 0.983 18 0.055
Total 1.462 22
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