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Abstract Numerous metropolises worldwide have adopted transit-oriented development
(TOD) as a sustainable urban development tactic. And the node-place model is the most
commonly used model for TOD typology. However, the spatial vitality, one of the most funda-
mental aspects of TOD, has not been systematically taken into account in the node-place
model. Therefore, this article introduces vitality as a third dimension into node-place model
and develops the node-place-vitality (NPV) model, aiming to comprehensively re-classify
and re-evaluate TOD performance. The independent weight coefficient method is used to
compute place values, node values, vitality values, and overall TOD degree. Moreover, the
categorization of TOD typologies makes use of the K-meansþþ clustering approach. The model
is employed in a case study in Wuhan, China. The results show that the TOD degree exhibits a
spatial discrepancy, characterized as “high-medium-low” from the center to the periphery,
not only in the whole city but also in the three towns. The geographical characteristics of
TOD degree within station catchment area are revealed by the heat map. Five TOD types
are identified and they present obvious spatial differentiation. The approach proposed in this
paper furnishes urban planners and decision-makers with a scientific instrument for assisting
TOD planning and strategies designing.
ª 2024 The Author(s). Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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1. Introduction

Traffic congestion and pollution, the adverse externalities of
automobiles which might restrict urban development and
sustainability, have become a major focus of attention
among urban-planners and decision-makers. Since transit-
oriented development (TOD) might alleviate the aforemen-
tioned car-based problems, numerous metropolises across
the globe have embraced TOD strategies as solutions (Yu
et al., 2022). As a widely encouraged urban policy, TOD
aims to integrate transportation systems and land use by
advocating geographic concentration of urban development
around public transit nodes (Rahman et al., 2022). Amid the
advent and ascent of metro transit systems, TOD strategies
have been adopted by an expanding number of metropolises
in metro station areas as a forceful impetus toward alter-
native modes of transit (Su et al., 2022). Despite the uni-
formity of the fundamental principles of TOD strategies
across different contexts, stations and their surrounding
areas usually exhibit various features according to local
contexts inside a metro transit system (Lyu et al., 2016; Wu
and Li, 2022). Therefore, to better implement and improve
TOD performance in different contexts, it is argued to un-
derstand the heterogeneity of TOD characteristics and
identify TOD typologies. The dominant method for identi-
fying TOD typologies in the literature is node-place model,
which offers a theoretical framework for evaluating the
integration of the transit station (node) and its surrounding
area (place) (Bertolini, 1999). Based on the node-place
model, various applications and enhancements have been
made.

Spatial vitality in urban planning refers to reflecting the
activities individuals carry out in urban space and how the
urban space impacts on people’s activities, and is regarded
as a key engine for sustainable urban development (Xu and
Chen, 2022). Xiao et al. (2021) argued that spatial vitality
had important influences in TOD performance. Monajem
and Ekram Nosratian (2015) added spatial indices to the
node-place model to examine how the spatial vitality
indices contribute to transportation and land use dynamics.
Then, more literature regarded spatial vitality indicators as
an important factor in optimizing the node place model
(Pezeshknejad et al., 2020; Su et al., 2022). However, the
spatial vitality, which seems to be one of the most funda-
mental aspects of TOD, has not been systematically taken
into account in the node-place model yet. Little studies
integrate spatial vitality as a significant dimension of equal
essentiality as node and place for classifying TOD typology.

Therefore, this study aims to address this deficiency and
highlight the importance of spatial vitality by optimizing the
original model with an additional dimension and constructing
a “node-place-vitality (NPV)” model. A more comprehensive
understanding about the role of TOD areas can be gained by
integrating the node, place, and vitality to evaluate TOD
performance. The synergistic relationship coordination be-
tween NPV value is analyzed by establishing a quantitative
index system via multi-source urban data. Understanding the
interaction between node, place and spatial vitality can
equip urban and transport planners with a useful tool to
bring forward more appropriate strategies. Based on the NPV
model, the multi-level TOD degree of different stations can
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be obtained. However, in addition to mathematical and
statistical characteristics, TOD indicators also have spatial
characteristics (Ke et al., 2021). It is therefore imperative to
implement a new geospatial analysis method which can
provide more insights into the geographical difference of
TOD performance within each station area and equip the
policy maker on how to distribute development resources
efficiently. Heat map by Kernal density, a data visualization
technique, is a useful approach to potentially achieve this
(van der Meer et al., 2022). More insight of geographical
differences in TOD performance within station catchment
area can be acquired via using heat map.

Most recently, the rapid growth of big data and quanti-
tative analytical tools have provided new opportunities for
urban transport research (Gu et al., 2019; Zhou and Yang,
2021). Points of interest (POIs), for instance, produces
rich and human-readable information about human activ-
ities, and can better characterize environmental factors (Li
et al., 2020; Yu et al., 2022). This is helpful enough for
quantitative researches (Atitallah et al., 2020; Tang et al.,
2022). Advanced technologies, including Network centrality
tool and Spatial Design Network Analysis (sDNA) that rely on
ArcGIS, offer efficient measurement methods for spatial
vitality (Qiang et al., 2022). Although studies show that
multi-source urban data and new technologies are helpful
for transport geography research, their application for
quantitatively evaluating and classifying TOD performance
has seldom been investigated.

The model is employed in Wuhan, China as a case study.
Wuhan, as a rapidly developing city, has experienced sig-
nificant urbanization and population growth in recent years.
Since 2000, the city has undergone a large-scale construction
of metro transit infrastructure, with a proposition to trans-
form Wuhan into a “metro metropolis” (Liu et al., 2020).
Nowadays, Wuhan has been recognized as a leader in TOD
practices, and metro system has acted as the backbone of
public transit systems. Given the city’s strategic importance
and the pivotal role of TOD in shaping urban development, it
is imperative to establish a standardized methodology for
identifying TOD performance in the areas surrounding metro
stations in Wuhan. Such an approach not only benefits the
city’s sustainable urban development efforts but also holds
important reference significance for other cities facing
similar urbanization challenges.
2. Literature review

2.1. The node-place model

TOD requires Context-based typologies that contribute to
strategic planning and decision making, because it takes a
diversity of form, function and impacts (Liao and Scheuer,
2022). Distinguishing the types of TODs has been an impor-
tant research issue since Calthorpe introduced the TOD
concept. The node-place model, proposed by Bertolini
(1996, 1999), is the most well-known method for identi-
fying TOD typologies. The basic philosophy of the node-place
model is balancing transportation (nodes) with land use
(places) which are projected on a geometrical y axis and x
axis respectively to identify five archetypal TOD typologies
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(see Fig. 1). Along the middle of the diagonal line, the
“balance” station can be found, which means the transport
and land use are integrated and coordinated. Located at the
top of the line, the “stress” form has a high level of land use
and transport, as while as a great chance of tension. By
contrary, the “dependent” form sets at the bottom of the
line, with a weak value and interaction potential of land use
and transport. The rest two forms are unbalanced conditions
at the opposite side of the line. The “unbalanced node” form
setting at the top left corner of the diagram indicates that
the transport dimension is more advanced than land use
degree. On the contrary, the “unbalanced place” form is set
at the bottom right corner of the diagram, indicating that
land use development outpaces transport development.

In the original node-place model, node value is measured
by train service such as frequency of train service, number of
directions and reachable stations within 45 min of travel by
train, while place value is measured by the development
characteristic of the area surrounding the metro station. Cao
et al. (2020) added the opportunities surrounding transit
nodes into the node value. Vale et al. (2018) argued that the
travel time limits used to account the number of reachable
stations should be modified when focusing on the metro
rather than the railway. Then, scholars have established
case-specific indicators that follow the node-place model’s
framework to identify TOD typologies more precisely in
different contexts, such as Switzerland (Reusser et al., 2008;
Zemp et al., 2011), Australia (Kamruzzaman et al., 2014),
Japan (Cao et al., 2020), Portugal (Vale, 2015; Vale et al.,
2018), and China (Li et al., 2019; Lyu et al., 2016).

2.2. Enhancements of the node-place model

However, the two-dimensional model is oversimplified and
cannot capture diverse actors of TOD, calling for the
enhancement of the original model (Lyu et al., 2016; Zhang
Fig. 1 The Node-Place model. Source: Bertolini,1999.
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et al., 2022). Accordingly, a third dimension has been
extended to the traditional node-place model in diverse
aspects by several scholars for a better description of TOD
characteristics. Vale (2015) regarded integrating transport,
land use and walkability conditions as imperative impetus
in TOD typologies, and suggested adding the pedestrian
shed ratio (pedestrian connectivity of station areas) to
evaluate TOD more deeply. Building on this pioneer work,
Lyu et al. (2016) stressed the functional and morphological
interrelations between the node and place, and introduced
an additional dimension “oriented” to develop a Chinese
context-based TOD typology. Likewise, Vale et al. (2018)
incorporated design dimension into the node-place model
to present accessibility to station, providing a more
detailed classification. In a similar vein, other dimensions,
including network (Dou et al., 2021), tie (Li et al., 2019),
functionality (Su et al., 2021), accessibility (Cummings and
Mahmassani, 2022), and ridership (Amini Pishro et al., 2022;
Cao et al., 2020) have been introduced to extend the node-
place model.

2.3. Spatial vitality in TOD

Recent studies have emphasized the significance of spatial
vitality when evaluating the quality of urban development.
Spatial vitality in urban planning refers to human-space
interactions in different spaces (Xu and Chen, 2021). Huang
et al. (2023) argued that accessibility, the integration of
streets, the intersection density and the location of public
transportation influence strongly spatial vitality. Li et al.
(2021) believed that the better accessibility and
pedestrian-friendly streets, the better urban spatial vital-
ity. Besides, distance to subway station and road density
also have significant influences on vitality (Lv et al., 2022).
Combining the node-place model with spatial vitality
characteristics can be a possible enhancement to TOD
evaluation. Monajem and Ekram Nosratian (2015) consid-
ered that the essential issue with the node place model is
spatial, and added spatial vitality indices to the model,
examining how the spatial vitality indices contribute to the
transportation and land use dynamics. Cao et al. (2020)
added network centrality features into node value to cap-
ture the prominence or vitality of a node in the transit
network. Pezeshknejad et al. (2020) identified street inte-
gration and street betweenness to measure spatial speci-
fications to extend TOD indicators. Although urban planners
have emphasized the significance of spatial vitality, there
are conceptual differences and different measurement
variables (Lee and Kang, 2022). Moreover, all these litera-
tures only take spatial vitality as partial indicators in the
index system of node-place model, and have not yet
considered it as an equally important index dimension as
node and place. Spatial vitality can be considered vital in
the integration of node and place functions, which makes it
contributes to a better understanding of the complex
relationship between urban development and socioeco-
nomic context (Li et al., 2022).

To fill this knowledge gap, we add a third dimension
of spatial vitality into the node-place model, and a new
NPV model is developed to re-classify and re-evaluate
TOD performance. In this study, the integration and
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betweenness of the street and metro network, as well as
the streets’ spatial characteristics are used to depict
spatial vitality. The details would be elaborated in the
method (Section 3.3).
3. Research content and methodology

3.1. Analytical framework

Our overall research framework is presented in Fig. 2.
Specifically, we chose Wuhan as our site because of its
leading role in TOD practices in China. The analytical
Fig. 2 Flow chart
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framework in this study could be summarized into four
parts, including data collection, model construction, TOD
evaluation, and guidance. First, multi-sourced urban data
including traditional and non-traditional data are
collected for TOD performance evaluation. Second, the
NPV model is constructed to evaluate TOD performance
under three significant integrated dimensions: node,
place, and vitality which have six sub-indicators, respec-
tively. Their own six sub-indicators were integrated by the
Independent Weight Coefficient method. Third, this phase
has two stages in the evaluation process: (1) The TOD
degree has two different dimensions, one is the TOD de-
gree between each station area and the other one is the
of the research.
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TOD degree within each station area. The former is the
summation of three integrated indicators and the latter
shows the primary differences by depicting in heat maps;
(2) the K-means þþ clustering method was utilized to
classify all the TODs into five typologies. Finally, based on
the result of classification and TOD degree and the cor-
relation, some constructive guidance are provided for
urban planners and policy makers to design more targeted
strategies for special station types.

3.2. Research area and datasets

3.2.1. Research area
Wuhan, as the largest city in central China, serves as the
core city of the Yangtze River Economic Belt and the first
pilot city of the comprehensive transportation hub research
in China. By November 2021, the city’s metro system
boasted 211 stations across 10 lines, accommodating a daily
passenger flow of more than 3 million. Up to now, the
Wuhan metro system has played a backbone role in the
domain of public transportation. According to the devel-
opment plan of Wuhan Metropolitan Area, the local gov-
ernment has accelerated the development of metro
systems and wants to make Wuhan a metro metropolis. By
2026, a total of 14 lines spanning 660 km will be in service,
fully realizing “the main city into a network, the new city
through the line”. Notably, the TOD concept has been
embraced by local government as a pivotal strategy to
promote sustainable urban development. With regard to
this matter, it is imperative to establish a standardized
methodology for identifying the TOD performance in the
areas surrounding metro stations in Wuhan. In the TOD
field, the catchment area is typically described as the re-
gion covered by a circle with a radius, which has a large
travel demand. And the choice of the metro catchment
area is directly influential to the research result. With
respect to the previous studies, scholars have proposed
that a radius of between 400 and 800 m might be the most
suitable range for metro catchment area (Atkinson-
Palombo and Kuby, 2011; Reusser et al., 2008; Vale,
2015). In this study, we selected 600 m radius as the
metro catchment area for each station, according to the
Fig. 3 Rese
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comfortable walking distance in Wuhan and the recom-
mendation by Wu et al. (2023). The final research area is
shown in Fig. 3.

3.2.2. Dataset
Multi-sourced urban data, including traditional and non-
traditional data, were collected in Wuhan. For non-
traditional data, POIs data were gathered utilizing a web
crawler via the AMap platform; street network data were
downloaded from Open Street Map (OSM); the metro
operation information were acquired with the help of Di-
rection API of Baidu Map. For Traditional data, such as
detailed information on metro service was obtained from
the government website. Then, further data preprocessing,
such as removing some POI data’s relevant information and
retaining the attribute, geographical coordination and
multilevel categories’ fields, was conducted in ArcGIS. All
the POI data were then divided into four major types:
educational, health and cultural facilities, recreational
facilities, residential facilities, public offices and service
facilities. Street network data were imported into the sDNA
based on the ArcGIS for quantifying the characteristics of
the street network.

3.3. Introduction of NPV model

3.3.1. Node dimension
Node dimension in this paper are measured by train service
and the opportunities surrounding the transit nodes. We
measured the node value by 6 indicators (Table 1),
including the number of directions served by metro (N1),
departure interval (N2), reachable metro stations within
20 min (N3), accessible destination points (N4), number of
bus stations inside the 600 m-radius catchment area (N5)
and Minimal distance to central business district (CBD),
(N6).

3.3.2. Place dimension
Table 1 presents the six indicators of place value. The
number of facilities in education, health and culture (P1),
number of facilities in retail, catering and office (P2),
number of residential facilities (P3) and number of facilities
arch area.



Table 1 Summary of node, place, and vitality indicators.

Category Code Indicator Explanation Desirability

Node value N1 Number of directions served by Metro For each station, the initial value of direction is
2, and the value increases by 2 for each
additional transferable line.

Positive

N2 Departure interval (minutes) A minimal time interval between two metro
trains in the same station.

Negative

N3 Reachable metro stations within
20 min

The number of metro stations reachable within
20 min by metro.

Positive

N4 Accessible destination points The total number of POIs inside the 600 m-
radius catchment area within 20 min by metro.

Positive

N5 Number of bus stations inside the
600 m-radius catchment area

The number of bus stations inside the 600 m-
radius catchment area.

Positive

N6 Minimal distance to CBD The smallest of the three distance values to the
CBD.

Negative

Place value P1 Number of educational, health and
cultural facilities

The number of educational, health and cultural
facilities inside the 600 m-radius catchment
area.

Positive

P2 Number of recreational facilities The number of facilities in retail, catering and
office inside the 600 m-radius catchment area.

Positive

P3 Number of residential facilities The number of residential facilities inside the
600 m-radius catchment area.

Positive

P4 Number of public offices and service
facilities

The number of public offices and service
facilities inside the 600 m-radius catchment
area.

Positive

P5 Land use functional mixture The degree of land use diversity inside the
600 m-radius catchment area.

Positive

P6 Possible destination points The total number of P1-4. Positive
Vitality value V1 Metro Network integration Integration of Wuhan metro network

calculated by dethmapX software.
Positive

V2 Metro Network choice Choice of Wuhan metro network calculated by
dethmapX software.

Positive

V3 Accessible network length (m) n The number of street network intersections
inside the 600 m-radius catchment area.

Positive

V4 Intersection density The total length of the accessible street
network inside the 600 m-radius catchment
area.

Positive

V5 Street network integration R The average integration Rn values in a 700 m-
radius catchment area based on sDNA.

Positive

V6 Street network integration R600 The average integration R600 values in a 700 m-
radius catchment area based on sDNA.

Positive
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in public administration and services (P4) are four indicates
to represent land use density. P5 measures the land use
mixture, relating to the 4 categories of facilities as
mentioned above. Possible destination points (P6) calculate
every possible destination and area which may be a trip
attract point.

3.3.3. Vitality dimension
When introducing spatial vitality into the metro system, it
can be mainly reflected in two aspects: the vitality of the
metro network and the vitality of station area. The metro
network vitality which represents the topology accessibility
of the metro network in facilitating urban development
could be measured by metro network integration (V1) and
metro network choice (V2) with the help of the theoretical
framework of space syntax. The vitality of the station area
focuses on the urban streets within the station catchment
1368
area, and can be measured by total street length in the
catchment (V3), the number of intersections in the catch-
ment area (V4), and the integration of the street network
with the radius N (Rn), (V5) and radius 600 m (R600), (V6),
respectively. V3 and V4 represent the morphological char-
acteristics of the street within the station catchment area.
While V5 and V6 represent the typological characteristics of
the street and can be calculated by sDNA, an advanced
quantitative technology of urban typological structure. To
minimize the edge effect in spatial analysis, the radius of
metro catchment area is increased by 100 m to better
calculate these two indicators.

3.3.4. Indicator integration
3.3.4.1. Normalization. The min-max normalization which
could eliminate inconsistencies between the data was used
to normalize the indicators, standardizing them between
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0 and 1. Before standardization, each indicator’s positive
impact or negative impact should be identified according to
the logic of the NPV model. The positive and negative
indicators are calculated separately according to Eq. (1).

X 0
ijZ

8>>><
>>>:

Xi �min Xij

max Xij �min Xij
; positive;

max Xi � Xij

max Xij �min Xij
; negative;

ð1Þ

where Xij is the value of station j’s index i; max Xij is the
highest value; and min Xij is the lowest value of index i for
all stations; positive denotes more value and contribution,
whereas negative denotes less value and contribution.

3.3.4.2. Independent weight coefficient method. After
quantification and normalization, we should weight the in-
dicators because they possess unequal importance for evalu-
ating TOD performance. The independent weight coefficient
method was utilized to determine the indicators’ weight and
create respectively a composite node, place, and vitality
value, according to the degree of collinearity between one
indicator and other indicators. If the multiple correlation
coefficient R between one indicator and other indicators is
larger, the weight of this indicator will be smaller (Zhu et al.,
2019). As a data-driven objective approach with a strong
ability for self-adaptation, this method could surmount the
subjectivity of weighting from a human-made decision.
Table 2 shows the ultimate weights of each indicator. The
final integrated TOD degree is calculated by the sum of the
three dimensions with equal weight.

3.4. Spatial visualization

All the indicators can be divided into two categories when
using heat maps: density indicators and constant indicators.
The former involves indicators, such as the distribution of
Table 2 Weight of each indicator by independent weight
coefficient method.

Category Code Weight

Node value N1 0.233
N2 0.204
N3 0.105
N4 0.105
N5 0.214
N6 0.140

Place value P1 0.150
P2 0.150
P3 0.150
P4 0.150
P5 0.250
P6 0.150

Vitality value V1 0.200
V2 0.217
V3 0.140
V4 0.129
V5 0.182
V6 0.133
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POIs and the vitality of the street, which can be measured
by kernel density, whereas the latter includes indicators
cannot measured by kernel density, such as land-use
functional mixture and departure interval by metro. The
constant indicators’ values were not subjected to kernel
density analysis. In the integration process, based on the
weights of each indicator, the superimposed results con-
taining density and constant indicators were calculated,
using the weighted sum analysis tool in ArcGIS. As shown in
Fig. 4, the heat maps which geographically exhibit the
distribution of the final integrated TOD degree were
generated in ArcGIS by superimposing the heat maps of the
geographic distribution of different resources.

3.5. Station classification

Clustering analysis, achieving higher intra-cluster similar-
ity and lower inter-cluster similarity, has been embraced
by many domains. Different Cluster analysis methods,
such as the Self-organizing map (SOM) algorithm method,
K-meansþþ method and Two-step cluster analysis are used
to categorize transit stations. The K-Meansþþ is an
enhanced clustering algorithm that randomly generates
initial centers to support the height difference between the
selected initial centers which solves the problem of centroid
position selection (Li and Wang, 2022). Compared with other
machine learning clustering methods, this is an efficient and
easy-to-learn clustering method. Researchers can debug the
K value of their own research based on the empirical K value
of previous research to ensure the best cluster identifica-
tion. Therefore, more studies prefer to the K-Meansþþ al-
gorithm for cluster identification. In this study, the K-
meansþþ was employed to classify the TOD typology based
on the integrated indicators of the three dimensions by the
Statistical Product and Service Solutions (SPSS) software.

4. Results

4.1. The NPV model

4.1.1. Description of node, place, and vitality indexes
Using the independent weight coefficient method, the
composite node, place, and vitality value were calculated
for 211 metro stations in Wuhan. Figure 5 shows the spatial
distribution and density plot of the node, place, and vitality
index. Table 3 presents a statistical analysis of each
dimension. The average value of three dimensions for
Wuhan metro stations are 0.432, 0.222, and 0.393. The
result indicated that the urban development around metro
stations has not been fully coordinated with metro and vi-
tality development.

For node index, it varies from 0.140 to 0.893, and 103
stations are equal to or higher than the mean node value.
Stations present obvious spatial disparities according to the
distance from the central core. Stations closer to the city
center present higher node values, whereas stations in the
suburbs which are far away from the city center present
lower node values. Transfer stations with greater journey
frequencies and a greater number of accessible destina-
tions possess higher node values. As a three metro lines
transfer station, Xianggang Road Station has the highest



Fig. 4 The overlap process of Kernel density.
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node value. It is noteworthy that stations in Hankou district
have better node values, and the top ten stations with
highest node values are all located in Hankou.

For place index, it varies from 0.000 to 0.744 and less
than half of the total stations (94 stations) are higher than
the average. Compared with node index, although place
index possesses fewer top-level values, these stations are
assembled more in the prosperous historical center. Except
for Jiedaokou Station, which is in Wuchang, all the top-
ranked stations are concentrated in Hankou central business
district. Stations in Hanyang district show the lowest place
value, and no station has a top-level value. Therefore, the
most interesting discovery is the extremely unbalanced
urban development among the three towns in Wuhan.

With respect to the vitality index, it varies widely from
0.040 to 0.819, and 98 stations are higher than the average.
On the map, top-level stations are more scattered than the
other two indexes. In general, stations with high vitality
values are gathered around the intersection of the Yangtze
River and the Han River, in line with Wuhan’s urban
1370
development history. Hankou has themost stations with top-
level vitality value, followed by Wuchang. Although the
geographical pattern of vitality value shows a declining
shape from the center to the periphery, we also can find a
mix of stations with high and low vitality value in some areas.

4.1.2. TOD degree and spatial visualization
By the sum of the abovementioned three dimensions with
equal weight, an integrated TOD degree can be obtained
(Fig. 5). The overall mean value of TOD degree is 1.046, and
it varies from 0.2122 to 2.2769. Generally speaking, the TOD
degree in Wuhan declines from the city center to the out-
skirts, showing a similar spatial patternwith other cities such
as Beijing, Shanghai, and Hangzhou (Su et al., 2021). Stations
with low TOD index values are probably located in the
boundary of the city and at the end of the metro lines. But
Wuhan has unique spatial characteristics based on the spe-
cial geographical conditions of two rivers cutting apart and
three towns of tripartite equilibrium. It can be found that
there is also a “high-medium-low” spatial disparity in each



Fig. 5 Spatial distribution and density plot of each index.

Table 3 Statistical analysis of the three dimensions.

Dimension Minimum Maximum Mean Std. Deviation

Node 0.140 0.893 0.432 0.138
Place 0.000 0.744 0.222 0.135
Vitality 0.039 0.819 0.393 0.145

Frontiers of Architectural Research 13 (2024) 1363e1376
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town, representing the strong multi-central urban structure
of Wuhan, different from other cities. Specifically, higher
TOD index values can be observed in the Hankou which is the
economic hub of Wuhan. In the contrast, the metro stations
located in Hanyang feature lower TOD index values.

To gain insight in the TOD performance of each station
catchment area, this study generates heat maps based on
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the software ArcGIS. As shown in Fig. 6, the condition of
TOD degree is outlined from blue to red, with a high TOD
degree in red and a low in blue. Based on the geographic
distribution of TOD degree in the station catchment area,
the heat map helps us analyze the different spatial fea-
tures. For instance, some stations have more internal re-
sources with relatively uniform distribution around traffic
nodes, showing that each area in the station has a higher
degree of TOD, such as Jianghan Road Station, Youyi Road
Station, and Dazhi Road Station. Although possessing a
quite good score in three indicators, the distribution of
resources does not center around traffic nodes in some
stations, and further development within the station area
to create a prominent central area is needed, such as
Miaolilu Station, Huangpulu Station, and Zhongnanlu Sta-
tion. On the one hand, quite a few stations, particularly
those of metro Lines 21 and 11, have insufficient resource
allocation around traffic nodes and weak TOD degree in
each region of the station. It is worth mentioning that the
resources between some stations are distributed over linear
areas connected by each other’s traffic nodes, such as
Fig. 6 TOD performance inside e
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Optics Valley Square Station and Luoxiong Road Station,
Jiedaokou Station and Guangbutun Station.

4.2. TOD typologies

The K-meansþþ cluster analysis has classified the 211
metro stations of Wuhan into five categories based on the
NPV model. Table 4 presents a descriptive statistical result
of the metro types in Wuhan. Generally, the place value is
lower than the other two values in five types which in-
dicates that the metro and vitality development have not
been literally coordinated with the urban development
around metro stations. The spatial distributions of the TOD
typologies are depicted in Fig. 7.

Type 1 (the number of stations is 65) is a big cluster and
is distinguished by the lowest values on node, place, and
vitality. Distributed at the periphery of the urban area and
the end of metro lines, Type 1 exhibits an extremely infe-
rior level of metro service, land-use development, as well
as urban vitality which refers to “Future TODs” described
by Vale (2015). The implementation of TOD in this type is at
ach station’s area in heat map.



Fig. 7 Result of metro stations’ classification and spatial distribution.

Table 4 Summary description of the five types of metro stations.

Types Number Node value (Avg.) Place value (Avg.) Vitality value (Avg.) TOD degree (Avg.)

T1 65 0.278 0.110 0.242 0.631
T2 66 0.434 0.180 0.365 0.979
T3 50 0.494 0.301 0.507 1.302
T4 15 0.681 0.327 0.682 1.579
T5 15 0.629 0.548 0.582 1.759
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a very early stage (Zhang et al., 2022). Although these
stations are low-performing right now, they may have more
opportunities to constitute TODs than areas not served by
the metro network, and should be given extra attention. It
is noteworthy that all stations of Metro Line 11 belong to
this type. As a suburban branch line of the Wuhan metro
network, Metro Line 11 connects Wuhan Optical Valley and
Ezhou City and does not pass through the urban center.

Type 2 (the number of stations is 66) has the most sta-
tions with moderate node and vitality indexes but low place
index. Stations in this type comprise a well-balanced be-
tween node and vitality. The problem is that the land use
development of these stations is too low to match the
aforementioned two indexes. Increasing land use density
and diversity of these station areas can be advocated to
match their moderate multimodal accessibility. It is inter-
esting to note that the vast majority of stations in Type 1
and Type 2 are located in the suburb, but stations in Type 2
are approximately much closer to the urban center. Based
on this unbalanced development status and geographical
distribution, we can designate this type as “Underdevel-
oped suburb TODs”.

Type 3 (the number of stations is 50) presents a balanced
development status. All three indexes of this type have
mediocre scores, just higher than the average. Although
the place value of Type 3 is slightly lower than node value
and vitality value, we still designate this type as “Balanced
TODs”, considering that the average value of place index is
lower than the other two indexes. Overall, this type pre-
sents a balanced development status, with a slight inferi-
ority of place feature.
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Type 4 (the number of stations is 15), with relatively high
performance except for the place dimension, is mostly
located nearby the city center. Stations in this type have the
largest node and vitality values. But the place dimension is
noticeably inadequate compared with the other two di-
mensions. This suggests that urban development around
these stations is far below the potential demand created by
the metro system and spatial vitality, and balanced devel-
opment status could be matched via strengthening popula-
tion density and land use development around these
stations. Most of the transfer stations belong to this type,
possessing good characteristics of metro service. Type 4 is
analogous to Type 2 with an unbalanced development status,
but the values of the three indexes are much larger. So, we
acknowledge this type as “Underdeveloped urban TODs”.

Type 5 (the number of stations is 15) is characterized by
high values in all three indexes. The node and vitality
values of Type 5 are just below Type 3, but Type 5 has a
relatively high place value. Therefore, the node, place, and
vitality dimensions of this type all score well, indicating
that these stations have a well-balanced development
status and operate at maximum efficiency. The operational
attributes of metro, land use development, and spatial vi-
tality provide a well-equipped, highly-accessible, and
highly-walkable neighborhood for achieving important
transport-hubs. Type 5 could be recognized as the highest
standard of TOD performance in Wuhan, and can be
conceived as “Urban TODs”. Most stations are concentrated
in the central city area, especially the Hankou central area,
except for the Jiedaokou Station, which is located in
Wuchang central area.
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The correlation between each component was used to
make the analysis more accurate and scientific (Dou et al.,
2021; Papa and Bertolini, 2015). As shown in Fig. 8, the R
square (R2) of the node and vitality equals 0.607, showing a
strong correlation and representing that coordination be-
tween spatial vitality and the accessibility of metro stations
has reached. For instance, the Jiedaokou Station
(node Z 0.606, vitality Z 0.763), Jianghan Road Station
(node Z 0.74, vitality Z 0.788), and Xunlimen Station
(node Z 0.703, vitality Z 0.604) were the stations with
high node and vitality value. The relation between node
and place is relatively low (R2 Z 0.475), as well as the
correlation between place and vitality (R2 Z 0.469), which
reflected that land development around metro stations did
not match the level of metro service and spatial vitality.
The result also reveals that a station’s catchment areas
may not be well-developed despite having a high node
value.

5. Discussion and conclusion

This paper aims to provide a comprehensive and realistic
approach for evaluating and classifying TOD performance.
For this purpose, we proposed the NPV model, which builds
upon the original node-place model via incorporating the
spatial vitality dimension. The NPV model can carry out the
quantitative evaluation of TOD performance and provides a
Fig. 8 Correlation between
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more profound comprehension of the coordination between
land use and transportation as well as spatial vitality.
This study uses multi-source urban data to capture the
characteristics of node, place, and vitality dimensions.
Simultaneously, a spatial analysis of heat map was con-
ducted to further present the indicators’ characteristics in
structure and distribution around the stations. The TOD
typologies were revealed by a cluster analysis under the
framework of NPV model.

First of all, the TOD degree of metro station area in
Wuhan shows a rating-circle structure, diminishing from the
central nucleus to the periphery. Partitioned into three
distinct areas by the Yangtze River and the Han River,
Wuhan metropolitan area presents a strong multi-central
urban structure which is the main difference from other
cities. The level of TOD degree is very different among the
three towns. As the economic and historical center, Hankou
has the highest TOD degree, and most of the top-level
stations are located in it. On the contrary, TOD degree of
metro station in Hanyang is quite low. The metro line was
first operated in the central area of Hankou, followed by
Wuchang and Hanyang. After years of urban development,
Hankou has achieved greater gains in TOD performance.
TOD degree can get significant increases with establishment
duration. It is noteworthy that there is also a “high-me-
dium-low” spatial disparity within each town area. Stations
along the Yangtze and Han Rivers perform better in TOD
node, place, and vitality.
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degree, mainly because Wuhan’s urban development his-
tory was drove by water transportation. Numerous high-
level TOD zones have emerged as a significant constituent
of the urban subcenters and contributed to the trans-
formation of the urban structure.

As for the three dimensions, they share similar charac-
teristic of a diminishing propensity from the core towards
the periphery, while not all stations present a coordinated
development. Stations in Hankou perform the best for all
the three sub-indexes, while the stations in Hanyang are
relatively poor. Compared with the other two indexes, the
mean value of place index is relatively low, and stations
with top-level place values gathered more in the pros-
perous historical center. The primary reason behind this
phenomenon can be attributed to the advanced planning
and construction of metro network in Wuhan. Suburb
branches such as Metro Line 11 and 21 connecting new
towns do not pass through the urban center. Meanwhile,
stations in some extension lines are far away from the city
center. Under development, the population density and
land use development in the area surrounding these sta-
tions are insufficient right now. The relationships between
each dimension are analyzed to reveal the complex links
among stations. Stations with high node values do not
necessarily accompany by place values. Policymakers and
planners should determine the node, place, and vitality
development models of different station areas according to
urban development planning, focusing on local conditions.

We identified five TOD typologies via the K-meansþþ
cluster method, and they present obvious characteristic
differences. Located at the periphery of the urban district
and the termination point of the metro lines, Type 1 has the
lowest value of node, place and vitality. Approximating
much closer to the urban center, Type 2 presents larger
values of three dimensions than Type 1, but the value of
place dimension is relatively low compared with other two
dimensions. Type 3 presents a balanced development status
with mediocre values of three dimensions. With the largest
node and vitality values but relatively low place value,
urban development around Type 4 is far below the potential
demand created by metro system and spatial vitality. Both
Type 2 and Type 4 are identified as unbalanced situations.
Characterized by high values in all three dimensions, Type 5
presents a well-balanced and highly-efficient development
situation in the urban core area.

Our empirical results provide TOD performance with
valuable insight. The TOD typologies differentiated in this
paper can serve as a guidance for TOD improvements and
design targeted policy implications. There are no one-size-
fits-all solutions to promote TOD, and the equilibrium
among metro system, development patterns and spatial
vitality ought to be of concern for different types. Although
Type 1 is a common TOD typology in Wuhan and it ranks
lowest in terms of node, place and vitality, where the TOD
surrounding areas are barely constructed. Therefore, Type
1 has enough potential for the growth of TODs in the future,
and the introduction of new urban construction projects
appears to be a pragmatic remedy. Type 2 and Type 4
perform well in node and vitality dimensions but poorly in
place dimension. In order to solve this unbalanced situa-
tion, strategies aimed at enhancing the performance
of TODs can focus on augmenting land use density and
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diversity around these stations. These two types should be
given high priority to maximize benefits and minimize costs.
With a balanced development status, Type 3 and Type 5
provide golden opportunities for sustainable TODs.

Although the NPV model provides policymakers and
planners with a better analytical tool for evaluating TOD
performance of metro stations, we also recognize the lim-
itations of this study. Firstly, we use POI data to define the
current status of land development around metro stations,
which may deviate from the status quo to a certain extent.
Later research should combine POI data and land use data
to better define urban development. Secondly, for the
determination of the catchment area, we defined it as a
circle with a radius of 600 m based on the analysis of the
previous literature, without considering the actual path
distance and physical obstacles. Finally, our vitality
dimension does not include bicycle feeder routes within the
catchment area. In the follow-up research, the NPV model
can be expanded on this basis to obtain more accurate and
reliable conclusions.
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