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1. Introduction

Public transportation and land use represent key factors
affecting urban sustainability and pose significant chal-
lenges for urban planners (Zhang and Zhao, 2017). Pro-
ponents for urban rail transit often argue that subways are
essential in densely populated areas, offering superior
service and reducing traffic congestion (Anderson, 2014;
Chen, 2024). Subway stations encourage land use in their
catchment areas (Heblich et al., 2020). The synergy creates
opportunities for the development of novel urban struc-
tures (Calthorpe, 1993; Litman and Burwell, 2006). There-
fore, numerous major cities capitalize on subway
construction to implement Transit-Oriented Development
(TOD) as a policy instrument for urban intensification and
transformation. This approach represents an effective
means of advancing sustainable urban development (Wang
et al., 2024). Notably the Node-Place (NP) model, which
embodies the basic principles of TOD, set the diagonal line
with a slope of 1 is the equilibrium relationship line be-
tween traffic supply and land use (Wu et al., 2024; Yang
et al., 2022a). However, global TOD implementation in-
dicates a diverse set of interaction patterns between traffic
supply and land use and the TOD strategy itself also has the
process of change and transformation (lbraeva et al.,
2020).

The proximity of node and place values, as suggested by
the Node-Place equilibrium relation 1, indicates a greater
equilibrium between traffic supply and land use in the
station catchment area (Litman and Burwell, 2006; Zhao
et al., 2024). Numerous researchers have emphasized the
importance of considering the deviation of sample node and
place values from equilibrium relationship 1 (i.e., the TOD
balance coefficient) (Su et al., 2021a; Yang et al., 2022a,
2024). Our findings, however, suggest that traffic supply
often extends beyond designated boundaries, while in-
dividuals in a given area may utilize traffic resources from
external sources. Therefore, in micro-level analyses, the
equilibrium relationship between Node and Place (the 45°
diagonal line in Fig. 1) will shift either clockwise or coun-
terclockwise as the station area size adjusts. As a result,
the equilibrium relationship line in the NP model needs to
be revised, as the NP equilibrium relationship and the TOD
balance coefficient are two concepts. Additionally, existing
research on TOD performance evaluation often overlooks
the critical difference between Transit-Oriented Develop-
ment (TOD) and Development-Oriented Transit (DOT). In
the DOT development strategy, land use and development
precede public transportation. This results in housing con-
struction occurring first and generates a significant demand
for transportation that is then introduced afterward (Hall,
2014); whereas, the TOD development strategy prioritizes
the implementation of public transportation networks, and
land development occurs around transit stations (Cervero,
2013; Li and Lai, 2009). Considering that not all subway
station areas follow the TOD model (Li and Lai, 2009; Yang
et al., 2016), a TOD performance evaluation is unnecessary
for the DOT samples. And the equilibrium between traffic
supply and land use may exhibit different equilibrium re-
lationships under TOD and DOT strategies, influenced by
their respective objectives. This equilibrium relationship
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Fig. 1 Schematic diagram of the Node-Place model
(Bertolini, 1999a).

directly affects the determination of compatible indicators
for land use and traffic supply during detailed regulatory
planning.

People activity density (vibrancy) directly reflects the
vibrancy of space, considered a crucial driver of sustainable
development (Lynch, 1984; Montgomery, 1998). Numerous
studies have identified that vibrancy is a desired objective
of the synergy between regional traffic supply (Node) and
land use (Place) (Xiao et al., 2021; Yang et al., 2021a).
Leveraging high-density subway station areas in urban set-
tings as case studies, with vibrancy as the target outcome,
this research differentiates between TOD and DOT devel-
opment approaches. The goal is to understand the actual
equilibrium achieved between traffic supply (Node) and
land use (Place) in a specific urban area. Additionally, this
study seeks a direct and effective revision of the NP model
to offer practical guidance for sustainable urban develop-
ment decisions.

This research concentrates on the highest construction
density zone of Shenzhen (Density Zone 1), China, a region
marked by rapid urbanization, population increase, and
transportation infrastructure development (Xiao et al.,
2021). Analyzing the equilibrium relationship between
traffic supply (Node) and land use (Place) in this area is
critical for meeting the needs of sustainable urban growth
(Shao et al., 2020). As a densely developed urban envi-
ronment, the transportation nodes in this region have
largely reached maturity, and development has plateaued,
resulting in a stability that guarantees the reliability of the
case studies. The advancement of its TOD construction
approach, the requirement for high-density development,
and the integration of leading practices from areas such as
Japan and Hong Kong, offer it advantages over other major
Chinese cities (Yang et al., 2022a). Moreover, in this region,
examples of all five station areas from the NP model are
present, covering the full range of sample categories.
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Additionally, examples of both TOD and DOT development
approaches exist, satisfying the research’s requirements for
sample types and variety.

In the first step, this study established an optimized set
of indicators derived from key transportation and land use
metrics pertinent to regulatory detailed planning (Xiao
et al., 2021). A correlation analysis was performed be-
tween each indicator and vibrancy. In the second step,
urban area (Density Zone 1 of Shenzhen) with two devel-
opment strategies of TOD/DOT,five types of NP-balanced
station area samples, and a unified base of land use in-
tensity were found. Then, DOT and TOD samples in this area
were distinguished. The third step of analysis explored the
different ways of acting among traffic supply (Node), land
use (Place), and people activity density (Vibrancy) for both
DOT and TOD samples, as well as the spatial distribution
characteristics of these DOT and TOD samples under the
classification of vibrancy in Density Zone 1 of Shenzhen.
Finally, the functional relationships among traffic supply
(Node), land use (Place), and people activity density
(Vibrancy) were validated and deduced for both DOT and
TOD samples. Applying vibrancy as a constraint objective,
the equilibrium relationship (1.596) between traffic supply
(Node) and land use (Place) in the TOD station areas was
modified. There is no equilibrium relationship regarding
vibrancy between the traffic supply and land use in the DOT
station areas.

2. Literature review

2.1. Difference between DOT and TOD

Two development strategies exist in proximity to subway
stations: Development-Oriented Transit (DOT) and Transit-
Oriented Development (TOD). The DOT development
strategy prioritizes land development in subway station
areas, followed by the construction and improvement of
transportation facilities to serve these areas. This approach
establishes a relationship where land development supports
the construction of transportation facilities (Yildirim and
Akin, 2024). Early in the 20th century, British urban
planner Ebenezer Howard advocated connecting industrial
and residential areas through rail transit to improve resi-
dents’ quality of life (Howard, 1902, 1989). In these mature
land development, high-density areas with significant
transportation demands, public transportation in-
terventions are essential for improving transportation effi-
ciency and addressing congestion (Hall, 2014). During the
mid-20th century urban revitalization period, the integra-
tion of rail transit became a key strategy for promoting
urban vibrancy in both the United States and Europe
(Knowles et al., 2020). Planners opted to develop estab-
lished areas requiring revitalization, such as Boston’s Back
Bay and Washington’s Union Station, for station placement
(Dorsey and Mulder, 2013). Locating stations in densely
developed urban environments allows for greater passenger
capacity and reduces commute times for a larger popula-
tion. In the United States, DOT projects have a higher
probability of securing government financial support (Yang
et al., 2016). Therefore, DOT typically arises in old urban
regions (Hamidi et al., 2015; Li and Lai, 2009).
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In comparison, the TOD strategy emphasizes the initial
implementation of a transit system, followed by high-
density, mixed-use, and pedestrian-oriented development
around the station to cultivate sustainable development
(Cervero, 2013). TOD represents a variant of the DOT
concept, initially put forth by Calthorpe in 1993 (Calthorpe,
1993). The characteristic of TOD is reflected by the inte-
gration of existing public transportation, followed by land
development, and public transportation-guided land
development (Cervero, 2013; Ewing and Cervero, 2001).
TOD is common in newly developed urban districts and re-
gions poised for development (Bertolini and Spit, 1998;
Dittmar and Ohland, 2012). The fundamental difference
between TOD and DOT models rests on the sequencing of
land development and transportation infrastructure
implementation and construction and operation near the
station. This difference creates significant differences in
the synergy between traffic supply and land use in the
station area (Sun et al., 2020; Yang et al., 2016).

A growing body of research currently evaluates the
relationship between traffic supply and land use around
subway stations. This trend is especially evident in the
high-density urban environments of developing countries,
driven by the necessity of sustainable development
(Yildirim and Akin, 2023). However, these studies seldom
differentiate between DOT and TOD in their sample sets.
Areas employing different development approaches exhibit
significant differences in the synergistic effects between
traffic supply and land use, as well as in the characteristics
of people activity density. Therefore, a uniform assessment
of transportation-land use synergies across all samples ap-
pears unwarranted (Karnruzzaman et al., 2015). Yildirim
and Akin (2024) conducted a remote sensing analysis of
Bursa, Turkey, with data from five time periods: 1979, 1989,
2000, 2013, and 2021. Their study differentiated TOD from
DOT by analyzing differences in land-use functions around
subway station areas. They determined that urban and
commercial land uses are the primary characteristics of
areas adjacent to subway stations. Specifically, after 2013,
commercial land use in DOT station areas quadrupled that
of TOD station areas, accompanied by a denser road
network and greater green space stability. In summary, DOT
station areas exhibit greater commercial land use as well as
a slower rate of land-use function change compared to TOD
station areas. While Yildirim and Akin’s approach to
differentiating DOT and TOD is valuable, relying solely on
the proportion of commercial land use and road network
density to classify station areas internationally may not
produce reliable findings. This is due to the fact that many
TOD station areas incorporate significant commercial ac-
tivity to maintain their vibrancy (Calthorpe, 1993; Ibraeva
et al., 2020). Therefore, classifying DOT and TOD accord-
ing to changes in station area land use functions offers a
more accurate method (see Section 4.1 for details).

2.2. Challenge in extending NP model

The Node-Place (NP) model represents a critical analytical
tool in TOD typologies. It offers a framework for analyzing
the synergistic effects between traffic supply and land use
surrounding station areas (Bertolini, 1999; 1996; Bertolini
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and Spit, 1998) (Fig. 1). In the NP model, the Node em-
phasizes the transportation attributes of a site, specifically
referencing the traffic volume the site accommodates;
meanwhile, the Place emphasizes the functional attributes
of the area, specifically referencing the diversified activity
values supported by the land (Bertolini, 1999; 1996;
Bertolini and Spit, 1998). In Fig. 1, the diagonal line with a
slope of 1 represents the equilibrium relationship line of
the NP model. The closer the node and place values are to
this line, the stronger their synergy, suggesting a more
favorable condition for the sustainable development of the
station area. However, the NP model functions as an ideal
model. In the absence of "disturbance" factors such as
station location, policy preferences, and travel behaviors,
the alignment of sample coordinates along the equilibrium
relationship line, reflected by a slope of 1, indicates a
synergistic relationship between Node and Place (Bertolini,
2008a). Nevertheless, in practice, "disturbance” factors are
inevitable. Moreover, differences in the Node-Place indi-
cator systems developed by researchers suggest that the
equilibrium relationship (slope) is not necessarily 1.
Therefore, utilizing the NP model’s equilibrium relationship
line with a slope of 1 as a benchmark for measuring the
development potential of station areas introduces a lack of
accuracy (Bertolini, 1999; Yang et al., 2024).

A significant number of studies have sought to introduce
other constraint factors (such as pedshed ratio, intersec-
tion density, accessible network length, average distance
to various facilities, composition of personnel, spatial vi-
tality, floor area ratio, average building height, and build-
ing density, etc.) as a third dimension to form a new NPX (X
is the name of the introduced third dimension) three-
dimensional model (Fig. 2) (Li et al., 2019; Lyu et al., 2016;
Su et al., 2022; Vale, 2015; Vale et al., 2018; Zhao et al.,
2024). When this model is extended to a three-
dimensional visualization, the "equilibrium relationship”
lacks visual representation in the three-dimensional model,
prompting researchers to employ cluster analysis to
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Fig. 2 Schematic diagram of the extended Node-Place model
(Ma et al., 2022).
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appraise the relationships among the three dimensions
(Ibraeva et al., 2020; Su et al., 2021a; Vale et al., 2018).
The introduction of clustering methods produced a
discrepancy between the clustering results and the five
classifications of the original NP model, posing major
challenges in interpreting the resulting types (Su et al.,
2022; Zhao et al., 2024). Secondly, following the clus-
tering process, the balance coefficient for each sample was
calculated by assessing the variance among the numerical
levels of the three dimensions in each respective category.
This process did not affect the desired equilibrium rela-
tionship, which states that a greater convergence in the
values of Node, Place, and X (the name of the introduced
third dimension) indicates a stronger equilibrium (Yang
et al., 2022a). In their comparative analysis of TOD
indices for subway station areas in Shenzhen and Guang-
zhou, Yang et al. (2022) employed clustering analysis and
introduced the concept of a balance coefficient. The
calculation of the balance coefficient proceeds as follows:
the three dimensions are divided equally and assigned
values of 1, 2, and 3, representing low, medium, and high
levels, respectively. This division yields 27 cell types, and
the variance across the three assigned values for each type
is calculated to determine its balance coefficient. This
demonstrates that, irrespective of the inclusion of the
additional dimension, greater similarity among the values
of the three dimensions in the samples corresponds to a
more balanced result. The study did not correct the
intended 1:1 equilibrium relationship between Node and
Place. The "balance coefficient” in this study is a
completely different concept from the "equilibrium rela-
tionship” of nodes and places that this paper seeks to
discuss (Yang et al., 2022a).

2.3. Value of vibrancy in transportation and land
use synergy

The density of human activity propels public transportation
construction and land use development, representing a
wellspring of urban economic advantages. Transportation
accessibility and the rational allocation of land functions
and their respective intensities are key determinants of this
density (Su et al., 2014). Public traffic supply and land
development seek to increase people activity density in a
given area, cultivating human interaction and, therefore,
amplifying economic value (Yang et al., 2021b; Zhao et al.,
2024). Therefore, the density of human activity, synony-
mous with vibrancy, offers a reasonable standard for eval-
uating the effectiveness of construction projects in a
specified area (Gehl, 1971). Concentrated development
around subway stations has been identified as a central
strategy for promoting people activity density (Cervero,
2013). Accordingly, people activity density can function as
the objective of Node-Place synergy, a concept acknowl-
edged by several researchers. Wu et al. (2024) developed
the Node-Place-Vibrancy (NPV) model, designating
"vibrancy" as the third dimension and employing indicators
such as intersection density and street network integration
as its representation. These indicators, however, primarily
describe spatial form and do not express vibrancy. Yang
et al. (2022) proposed the Node-Place-Design (NPD) model,



F. Liu, J. Zhou, H. Geng et al.

utilizing vibrancy value as a measure for assessing both
node and place values. In this study, the vibrancy dimension
is comprised of three datasets: daily station outflow, daily
station inflow, and average nighttime light values. The
passenger data reflecting station inflow and outflow
represent the station’s traffic flow but do not directly
correspond to the vibrancy of the surrounding area. Addi-
tionally, nighttime light data does not directly equate to
the nighttime vibrancy of the station area. We believe that
a more intuitive expression of a city area’s vibrancy is the
average number of people staying in that area at various
times throughout the day, including at night. The data is
directly obtained from the heatmap of activity density
generated by real-time location data from Baidu Heat Map
(BHM) (Yang et al., 2021b).

Current research widely recognizes vibrancy as a syn-
ergistic goal of traffic supply and land use; however, data
collection methods for assessing vibrancy require further
optimization. Additionally, directly integrating vibrancy
into the NP model as an expanded third dimension would
introduce complexity in visual analysis and the interpreta-
tion of classifications (Su et al., 2021a). We propose that
vibrancy, as a synergistic product of traffic supply and land
use, should not be directly incorporated into the NP model.
Rather, we suggest modulating the proportional contribu-
tions of vibrancy through Node and Place parameters, thus
revising the equilibrium relationship between NP and
establishing a suitable range of values in the area of in-
terest. The advantages of this method are threefold: (1) it
provides greater clarity regarding the causal relationships
between traffic supply, land use, and vibrancy; (2) it pre-
vents discrepancies between the categories through cluster
analysis and the classification outcomes of the NP model;
(3) the established equilibrium relationship and value range
can be readily applied to land use planning and policy.

2.4. The progress and applications of non-NP model
research on vibrancy

Transportation studies have long explored people flow
prediction and traffic demand, with research dating back to
at least the 1950s (Mitchell and Rapkin, 1954). Influential
work by Ewing and Cervero (2010) established the rela-
tionship between regional traffic demand and economic
factors, population, and land use near subway stations.
Since 2010, researchers have increasingly turned to so-
phisticated nonlinear models, including additive models
(Hu et al., 2022; Wang et al., 2021) and machine learning
models (Ding et al., 2018; Hafezi et al., 2021; Millward
et al., 2019). Tree-based models (Allahviranloo and
Recker, 2015; Hafezi et al., 2021) and clustering algo-
rithms (Hafezi et al., 2021; Millward et al., 2019), in
particular, have become prevalent in travel demand and
travel behavior research. Scholars Hu and Xiong (2023) at
the University of Maryland and the University of South
Florida have notably utilized generalized additive models
and tree-based models to perform nonlinear estimations of
population inflow in U.S. counties and predict time-
dependent person flow. This research team conducted an
innovative comparison of the predictive power and inter-
pretability of various tree-based models for traffic flow.
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Empirical results indicate that, when predicting traffic de-
mand at the census block group (CBG) level using mobile
device location data, the boosting tree model exhibits the
highest predictive accuracy, outperforming the bagging
tree model, the single tree model, and linear regression (Hu
et al., 2023). This conclusion offers a valuable contribution
to the relative strengths of big data-based machine learning
(ML) models for traffic flow prediction.

Compared with traditional linear statistical models
(Handy et al., 2002), machine learning models offer
significantly improved predictive accuracy for traffic flow,
and they enable more precise visualization and under-
standing of the nonlinear and interactive relationships be-
tween traffic demand and environmental factors. Non-
linear models, such as decision trees, can shed light on
the amplifying or attenuating effects of indicator combi-
nations on synergy and clarify the marginal effects of in-
dividual indicators on the target variable (Hu et al., 2023;
Xiao et al., 2021; Yang et al., 2021a; Zhao et al., 2024).
However, using machine learning methods requires a suffi-
cient sample size to ensure that the results do not lead to
overfitting (Acena et al., 2022). The focus of this work is to
identify the balanced relationship between traffic supply
(Node) and land use (Place) in the corresponding study
area, differentiating among development approaches. Our
objective is to establish the proportional relationship and
thresholds for traffic supply and total construction volume
in land-use control detailed planning. Linear models can
effectively achieve this goal (Lee et al., 2016). Future
research (determining individual indicators for land-use
control detailed planning) necessitates the use of decision
tree and gradient boosting (GBDT) methods; nevertheless,
two challenges must be addressed: 1) achieving effective
application across the regional scale results in a small
number of collectible station area samples, potentially
causing overfitting; 2) determining relevant land-use in-
dicators requires consideration of factors beyond traffic
provision. Urban structure, topography, urban air quality,
regional industrial structure and development strategy, and
regional economic capacity, among other factors, must also
be incorporated (Bertolini, 2008b; Lu et al., 2021; Wang
and Debbage, 2021). Focusing solely on traffic supply in-
dicators and constraints related to people activity vibrancy
may lead to underfitting due to an inadequate number of
feature variables, thus compromising the practical utility of
the findings.

3. Study area and data

3.1. Study area

In urban planning, the base floor area ratio (i.e., land
development intensity) for a given land use type is deter-
mined according to the designated urban density zone
(Planning and Natural Resources Bureau of Shenzhen Mu-
nicipality, 2021). Including samples from subway station
areas could compromise the accuracy of the equilibrium
relationship analysis. The samples consist of multiple den-
sity zones. Therefore, a single, complete density zone was
selected as the study area The study area was Density Zone
1 (the highest density construction area) from "Construction
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Land Density Zoning Guidelines of Shenzhen" (Planning and
Natural Resources Bureau of Shenzhen Municipality, 2021).
Density Zone 1 comprised areas in all seven districts of
Shenzhen’s natural planning district (Luohu District, Futian
District, Nanshan District, Baoan District, Longhua District,
Longgang District, and Pingshan District). In this zone, a
total of 79 subway stations had been opened. However,
construction data could not be collected for the areas
surrounding three stations where construction had not yet
begun. Therefore, the research sample for this study
comprised 76 subway station areas (Fig. 3). The 76 samples
comprise all equilibrium situations in the NP model (Fig. 4).

The subway station catchment area, hereafter referred
to as the subway station area, was defined as the area in a
500-m radius centered on the station. This 500-m radius
represented an appropriate walking distance (Zou and
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Fig. 4 Scatter plots of all samples according to node and
place values.
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Tang, 2023) and also corresponded to the area designated
by the Planning and Natural Resources Bureau of Shenzhen
Municipality (2021) for potential increases in land plot ra-
tios around subway stations. In cases of overlapping station
areas (where the distance between adjacent stations was
less than 1000 m), the Thiessen polygon method was
employed to outline the station areas (Huang et al., 2018;
Miao, 2023).

3.2. Data source

The traffic supply data, representing the node dimension
indicators employed in this study, were obtained from
Shenzhen Subway Company (Operations Department), and
Shenzhen Municipal Transportation Bureau. The land use
data, constituting the place dimension indicators in this
analysis, were sourced from the Baidu Map Open
Platform. The satellite imagery was primarily sourced
through Google Earth, while the land use planning data
were drawn from the publicly available "Detailed Planning
Map" offered by the Shenzhen Urban Planning and Natural
Resources Bureau. Data reflecting people activity density
in the station areas were derived from Baidu Heat Map
(BHM).

4. Method

This section introduces a modification approach of Node-
Place equilibrium relationship based on constraint objec-
tive which aims to improve the adaptability of the NP model
(Fig. 5). Unlike previous studies, we believe that incorpo-
rating objective constraints related to traffic supply (Node)
and land use (Place) does not necessitate expanding the
dimensions of the NP model. Specifically, all developed
subway station areas in the highest density zone (Density
Zone 1) of Shenzhen was selected as the study samples.
First, Distinguish TOD development strategy samples from
DOT samples. Second, people activity density was consid-
ered as the constraint objective. Further, applying vibrancy
as a constraint objective, we determine the NP equilibrium
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relationship (slope) and correct the equilibrium relation-
ship line in the NP model. In the research process, it is
necessary to use three steps, namely, identifying.

DOT/TOD samples; selecting, filtering, and calculating
relevant indicators; and establishing a method for
extracting the NP equilibrium relationship with vibrancy as
the target.

4.1. DOT/TOD sample identification

We collected satellite imagery of the station areas from the
five years preceding subway operations (subway planning
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phase) and the most recent imagery. This imagery was
imported into a GIS platform for georeferencing. Officially
published statutory planning maps for these samples were
obtained (Bureau of Planning, Land and Resources of
Shenzhen Municipality, 2022). Each parcel was then
manually identified in the GIS environment, and the pro-
portion of land exhibiting change relative to the total area
designated for future development was calculated. The
percentage of changed built environment area was manu-
ally determined through comparative image analysis and
geographic referencing with GIS tools (Fig. 6) (Yildirim and
Akin, 2024).
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! Satellite image capture '

Fig. 6

The formula is d = v/f, where d represents the pro-
portion of land use area already updated or designated for
reconstruction during the development of the subway sta-
tion area. v denotes the area of land use subject to these
updates or reconstruction efforts. We employ “change/no
change” (whether there has been a change in construction
form) and “from-to” (land use shift) as the judgment
standards (Akin et al., 2013; Liu and Zhou, 2004; Yildirim
and Akin, 2024). These can be classified into four cate-
gories: (1) parcels with newly constructed buildings; (2)
parcels that are transformed in architectural form; (3)
parcels that are vacant but have existing construction
plans; (4) parcels scheduled for demolition but with exist-
ing renewal plans (Fig. 7); f indicates the total land use
area in the station area.

Applying the natural breaks method, we classified the d-
value (land use area change proportions) into two groups:
station areas with lower d-value, designated as DOT station

Q)] ——>
r

) T ——>
.

3) ———>

“ E—

Subway planning phase

[ v: changed land use area

Vectorization

Schematic diagram of the method for extracting the proportion of land use area change.

areas, and those with higher d-value, designated as TOD
station areas. We then performed a one-way ANOVA test on
the classification results. To clarify, areas of complete
development prior to the initiation of subway station
planning, and demonstrating limited instances of renewal
or redevelopment activities or plans, are designated as DOT
areas; whereas areas experiencing large-scale develop-
ment, renewal, or redevelopment after the planning and
construction of the subway station are classified as TOD
areas (Sun et al., 2020; Yang et al., 2016).

4.2. Calculation of node, place and vibrancy values
and analysis of their interaction

4.2.1. Indicator selection for Node and Place dimensions
This research was based on the theoretical concepts of
the “Node-Place” model. The existing studies on TOD

- Parcels with newly constructed
buildings.

Parcels that have undergone
changes in architectural form.

=== Parcels that are vacant but have
tead existing construction plans.

=== Parcels scheduled for demolition
s but with existing renewal plans.

Subway steady-state operation phase

Fig. 7 Classification of land use changes in subway station areas from planning to steady-state operation.
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performance, specifically those by Xiao et al. (2021), pro-
vided indicator references. Data availability was a key
factor in the identification of indicators for this study.
These indicators were further re-evaluated. This re-
evaluation process considered the fundamental require-
ments of transportation planning and land use within the
regulatory detailed planning phase. During this process,
some calculation methods were optimized. The selected
indicators are presented in Table 1.

The Node-Place model considers transit hub areas (i.e.,
the subway station areas discussed in this paper) as inte-
grated units. The model applies an X—Y diagram to illus-
trate the relationship between nodes and places (Bertolini,

indicates the node value index. This index is a measure of
node accessibility. In regulatory detailed planning, this
accessibility translates to the transportation supply ca-
pacity. This capacity is further defined by the types and
frequency of traffic supply (Bertolini, 2008a; lbraeva et al.,
2020). Conversely, the X-axis represents the place value
index. This index reflects the diversified activity value
within the station area. Within regulatory detailed plan-
ning, this diversified activity value is shown by the balance
of land use diversity (Bertolini, 2008a; Ibraeva et al., 2020).
Both the Node and Place dimensions are crucial for sup-
porting activities within the station area. Consequently, the
indicators for both Node and Place dimensions were

1999b; Su et al., 2021a). The Y-axis of this diagram determined. This determination involved combining
Table 1 Indicators of node and place dimensions.
Dimensions Code Indicators Description Data source
Node
Subway supply M1 Betweenness . oke(i " Official website of
capacity centrality Cbetwee”“e”(’):% %" TSR era{{)) 15 s Shenzhen subway
number of shortest paths through i between any
two subway stations k and t, and oy, is the total
number of paths between k and t.
M2 Number of For each station, the initial value of direction is 2
directions and for each additional line that can be
transferred, the direction increases by 2
M3 Departure interval The average train service frequency at the station
M4 Subway operating Daily operating hours of the station
time
M5 Number of For each station, the number of compartments is
compartments the sum of the number of compartments passing
through the station on each line at a time
Bus supply B1 Number of bus Number of bus stops in the subway station area Official website of
capacity stops Shenzhen bus
B2 Number of bus Number of bus routes in the subway station area Company
routes
B3 Bus operating time  Total operating hours of all bus lines in subway
station area
Private car supply T1 Density of parking Density of parking lot in subway station area Baidu maps open
lot platform API
Place
Road activity- D1 Number of Intersection number of the subway station area Baidu maps open
supporting intersections platform API
capacity D2 Total road length Total road length of the subway station area
Land development U1 Building density U1l = 37S;/(M — W), where M is the total area of
activity- the station area, and W is the water area of the
supporting station area, S; is the first floor area of the building
capacity i in the station area, n is the number of buildings
in the station area
u2 Floor area ratio U2 = >7Bi/(M — W), where M is the total area of
the station area, and W is the water area of the
station area, B; is the area of the building i in the
station area, n is the number of buildings in the
station area
u3 Entropy of building U3 = — Y7 P; log(D;), where D; is the proportion
types of the building type i, n is the number of building
types. D; can be residential building, commercial
service and office building, industrial building,
transportation building
U4 Density of POI Density of POI in subway station area

202
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indicators from previous research and considering the
availability of data.

Traffic supply types and frequency are reflected by the
node dimension. Supply types comprise subway supply ca-
pacity (M), bus supply capacity (B), and private car supply
capacity (T). A total of nine specific indicators are used to
represent the frequency of each supply type (Su et al.,
2021a; Zheng, 2023). The indicators for subway supply ca-
pacity (M) include between centrality (M1), number of di-
rections (M2), departure interval (M3), subway operating
time (M4), and number of compartments (M5). Between-
ness centrality, one of these indicators, measures a sta-
tion’s role as a bridge or intermediary within the subway
network. It reflects the connectivity characteristics of
subway stations within this network (Lin et al., 2018).
Stations exhibiting high betweenness centrality often con-
nect multiple major lines. This connection facilitates effi-
cient passenger transfers to various destinations and
addresses diverse travel needs. Consequently, it effectively
improves station area accessibility and vibrancy. The in-
dicators for bus supply capacity (B) include number of bus
stops (B1), number of bus routes (B2), and bus operating
time (B3). Parking lot density (T1) measures proxy for pri-
vate car supply capacity. These indicators are established
in existing research and constitute indicator parameters for
joint formulation during the transportation planning phase
of regulatory detailed planning. The number of shared bi-
cycles was excluded as an indicator of private car supply
capacity, considering that the average single trip distance
for shared bicycles is approximately 1000 m (Kou and Cai,
2019). In station areas, shared bicycles are typically used
in conjunction with public transportation (Eren and Uz,
2020). Additionally, the regulatory detailed planning
phase generally does not establish the allocation quantity
for shared bicycles.

The place dimension represents the balanced diversity
of land use. Land development is required to accommodate
diverse functions and configurations to support a variety of
activities (Bertolini, 1999b). During the planning control
phase, this capability amounts to two key aspects: two-
dimensional space (road and land use morphology) and
three-dimensional construction (building intensity and

functional ratio). Accordingly, we define site characteris-
tics through two aspects: road activity-supporting capacity
(D) and land development activity-supporting capacity (U).
Road activity-supporting capacity (D) indicators are based
on two metrics: number of intersections (D1) and total road
length (D2). These two indicators represent the intercon-
nection and connectivity of regional roads. Furthermore,
due to the inverse relationship of the layout, they also
indicate the morphological characteristics of built-up
areas. In addition, these indicators can stimulate activity
generation. Collectively, they characterize pedestrian
accessibility within the station area (Gehl, 1971;
Karnruzzaman et al., 2015; Vale et al., 2018; Wu et al.,
2024). The capacity of developed space to support activ-
ity generation is reflected by Land development activity-
supporting capacity (U). For this aspect, the indicators
are relatively straightforward and evident during the reg-
ulatory detailed planning phase, including building density
(U1), floor area ratio (U2), entropy of building types (U3),
and density of POl (U4) (Xiao et al., 2021; Yang et al.,
2022b). U1 and U2 express the intensity of land use, indi-
cating the capacity of built space to accommodate activ-
ities. U3 and U4 reflect the functional diversity of these
spaces, showcasing the station area’s ability to host a va-
riety of activities. U1 to U3 denote work indicators for
regulatory detailed planning, while U4 represents the
number of commercial service hotspots in the station area
(working indicators for overall land use planning, urban
design, and typology control). These indicators are critical
control parameters for land use in controlled detailed
planning.

4.2.2. Selection of vibrancy indicator and classification of
vibrancy level

Baidu Heat Index (BHI), a measure of activity density
reflecting human presence, was computed based on the
Baidu Heat Map (BHM) for each station area (Fig. 8). BHM
denotes a heat map of people activity density derived from
the real-time locations of hundreds of millions of Baidu
users (Yang et al., 2021b). The BHM, updated every 15 min,
provides a representation of population movement. Chi-
nese scholars often employ BHI to measure the vibrancy of

Fig. 8
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people in different urban areas (Ye et al., 2017; Zhang
et al., 2019). This analysis incorporated BHM data for
each station area, collected during five time periods
(8:00—9:00, 11:00—12:00, 14:00—15:00, 17:00—18:00,
22:00—23:00) on both weekdays and weekends. The
following formula was utilized to determine the people
activity density for each station area:

7

> Ckj X Skj
k=1

8m,

8
Vo = Zj:1

where vg represents the people activity density of station
area g, ¢,; denotes the statistical area of color k in the BHM
during time period j; sy expresses the people activity
density corresponding to color k during time period j, with
values corresponding to [2,5,10,15,30,50,60]; mq indicates
the area of station area g.

This study employed the Jenks Natural Breaks method,
coupled with Goodness of Variance Fit (GVF) analysis, to
establish the optimal number of classifications for the level
of people activity density (Lee and Salih, 2024). GVF indi-
cated the natural breaks method’s classification effec-
tiveness, ranging from 0 to 1 (GVF range from 0 (worst fit)
to 1 (perfect fit)). The procedure involved three steps.
First, the natural breaks method was applied across a
range of category counts to compute corresponding GVF
values. Second, these values were plotted on a line graph,
with the number of categories on the X-axis and corre-
sponding GVF values on the Y-axis. Third, the researchers
analyzed the GVF trend and identified the point of signif-
icant decline in GVF growth (the inflection point) as the
optimal number of classifications for people activity den-
sity data classes.

)

4.2.3. Indicator screening of node and place dimensions
A Pearson correlation analysis served to identify effective
indicators in the node and place dimensions (Monajem and
Ekram Nosratian, 2015). Indicator validity was ensured by
adherence to the following procedures: first, indicators
demonstrating no correlation with vibrancy were excluded.
Second, if two indicators in a given dimension (Node or
Place) exhibited a correlation coefficient of > 0.9
(P < 0.05), their respective correlations with indicators
from the other dimension were compared, and the indica-
tor demonstrating stronger correlations with indicators
from the other dimension was selected for retention.

4.2.4. Indicator calculation

The CRITIC method was utilized to determine indicator
weights in each dimension (Jia et al., 2024). Since vibrancy
comprised a single indicator, weight calculation was un-
necessary. Prior to weight calculation, indicators in both
the node and place dimensions were normalized utilizing
min-max scaling. The weight calculation formulas are pre-
sented below:

Cj:tfj XZ(1 *rj,’),
G

Wj=—
G
=1

)

-
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where C; represents the information amount of indicator j;
oj denotes the standard deviation of indicator j; rj in-
dicates the Pearson correlation coefficient between indi-
cator j and indicator i in the same dimension; w; expresses
the weight of indicator j.

Following the derivation of indicator weights through
the described steps, the node value, place value, and
vibrancy value were calculated according to the following
formulas:

M:

n
Wig X Xng — Min ( 32 Wag X an>

1 q=1

q

Node,, = ,
n n
Max( > Wag x an> — Min( > Whg x X,,q>
q=1 gq=1
n . n
> Wog X Xpg —Min{ 3. Wpg x Xpq
q=1 gq=1
Place,, = ,
n n
Max( > Wpg x qu> - Min( > Wpg x qu>
q=1 q=1
— Mi
Vibrancy,, = - in(va)

Max (vq) — Min(vq)’

where Nodep,, Place,,, and Vibrancy,, represents the node
value, place value, and vibrancy value of station area m,
respectively; W,q denotes the weight of node dimension
indicator q; W, indicates the weight of place indicator g;
Xnq expresses the normalized value of node dimension in-
dicator q; Xpq refers to the normalized value of place
dimension indicator g; v4 depicts the normalized value of
people activity density indicator q.

4.2.5. Relationship analysis between Node, Place and
Vibrancy values

After Node, Place and Vibrancy values of the samples were
calculated, the interaction relationship between them was
inferred by Pearson correlation analysis:

e SX-X-Y)

VE -0 x S (i~ 7)
where r denotes the correlation coefficient; x; and y;
represent the observations of variable x and y at point i,

respectively; X and y indicate the mean values of variable x
and y, respectively.

4.3. Extraction of Node-Place equilibrium
relationship

We developed a linear regression analysis to construct a
fitting model of node value and place value on vibrancy
value (Cao et al., 2020). Vibrancy value were employed as
the dependent variable, while node and place values
constituted the independent variables. The regression
analysis equation was

Y = B0+ 81 X1 + B2 X2 + &,

where Y represents the dependent variable, X; denotes
independent variable 1, X, indicates independent variable
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2, By expresses the vector of the coefficients, and ¢ refers
to the vector of random error terms.

The validity of the fitting model was evaluated utilizing
analysis of variance (ANOVA, P < 0.05), Variance Inflation
Factor testing (VIF < 5), Durbin-Watson statistics (D-W
value € [1,3]), and standardized residual scatter plots
(where points should be roughly rectangular in distribution,
randomly distributed in +3 on the Y-axis) (Burton, 2021).

Node-Place equilibrium coefficient denotes the ratio of
the node value coefficient (8;) to the place value coeffi-
cient (8;), expressed as

6
By

We derived an equilibrium relationship line in the NP
model, employing the e-value as the slope to illustrate the
synergistic effect of node and place values on vibrancy.
Different vibrancy classes were represented through color,
and sample coordinate points were plotted on the NP
model. The value ranges for Node and Place were estab-
lished by referencing the node and place values observed in
the samples belonging to the highest vibrancy class.

e

5. Result and discussion

5.1. Collinearity among indicators and linear
correlation between indicators and vibrancy

Pearson correlation analysis was employed to filter the in-
dicators associated with the Node and Place dimensions.
Figure 9(a) illustrates the correlation coefficients for the
complete set of indicators, while Fig. 9(b) depicts the re-
sults following the filtering process. This procedure led to
the removal of four indicators: M5 (number of compart-
ments), B2 (number of bus routes), D2 (total road length),
and U3 (entropy of building types). The retained indicators
all pertain to activity levels, demonstrating no redundancy
in each dimension.

Two indicators in the Node dimension exhibit a negative
correlation with station area vibrancy. Specifically, M3
(departure interval of subway) demonstrates a negative
correlation with V (vibrancy of the station area). This sig-
nifies that shorter departure intervals correspond with
more vibrant station areas, a finding that aligns with
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Fig. 9

intuitive expectations. M4 (subway operating time) also
indicates a negative correlation with vibrancy V, suggesting
that shorter operating times are associated with increased
vibrancy. This result is due to the concentrated nature of
traffic supply during peak hours in high-density urban areas.
In contrast, in areas with lower vibrancy, extending subway
operating hours is employed to address more geographically
dispersed transportation needs (Mo et al., 2021).

Among the full set of indicators examined, T1 (density of
parking lot), U2 (floor area ratio), and U4 (number of POI)
have the highest positive correlation coefficients with sta-
tion area vibrancy. This suggests that the availability of
private parking significantly affects the vibrancy of high-
density urban areas. Moreover, the intensity of land
development, as well as the number of public service hot-
spots in the station area, contributes positively to
enhanced vibrancy. This conclusion is consistent with the
near-linear correlations observed by Hu et al. (2023) and
Xiao et al. (2021), who utilized nonlinear models for their
respective analyses.

5.2. ldentification and distribution of DOT and TOD
station areas

Comparative analysis of land use status changes between
the subway planning phase and steady-state operating
phase for 76 sample station areas involved calculating the
proportional change in land use area for each. The natural
breaks method (Section 4.1) was applied, with two groups
specified (N = 2). Table 2 presents the results of the one-
way ANOVA test conducted on the two DOT/TOD types
(N = 2), indicating a statistically significant difference in
their classifications (P < 0.01). Of the 76 station area
samples in Shenzhen’s Density Zone 1, 38 employed a DOT
development strategy and 38 employed a TOD development
strategy.

Figure 10 (a) depicts the distribution of station areas
employing these two development strategies in Shenzhen’s
Density Zone 1, illustrating significant spatial distribution
differences. Station areas utilizing the DOT development
strategy are primarily concentrated in the Density Zone 1 of
Luohu, Futian, and Nanshan Districts; whereas, station
areas utilizing the TOD development strategy are chiefly
distributed in the Density Zone 1 of Baoan, Longhua,

Longgang, and Pingshan districts. This distributional
wi [ [ ; '
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Correlation analysis result.
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Table 2 Results of One-Way ANOVA analysis between
groups of TOD/DOT types.

Natural breaks F Sig.
range

TOD 0.000—0.511
DOT 0.511—1.000

Note: **P < 0.01.

Types Eta-squared

223.475 0.000** 0.751

pattern reflects Shenzhen’s urban development history.
Luohu, Futian, and Nanshan districts are located in the old
urban area, where land development was largely
completed prior to the subway planning, resulting in
comparatively stable spatial form around station areas. The
introduction of the subway system aimed to alleviate
existing traffic congestion, exemplifying the DOT develop-
ment strategy: public transportation accommodating pre-
existing urban development. In contrast, Baoan, Longhua,
Longgang, and Pingshan districts are located in new urban
areas and urban areas to be developed, where a significant
proportion of land remained undeveloped or slated for
urban renewal and redevelopment before subway planning
commenced. These districts, therefore, presented favor-
able conditions for new construction, enabling the imple-
mentation of the TOD development strategy: land use
construction follows public transportation.

Guangfming

Longhua

Bao’an

Nanshan

It is important to note that in Density Zone 1 of both
Futian District and Nanshan District, DOT and TOD devel-
opment strategies were discovered to coexist in a small
area. Futian District’s Density Zone 1 contained 20 DOT
station areas and 7 TOD station areas, while Nanshan Dis-
trict’s Density Zone 1 comprised 7 DOT and 7 TOD station
areas. While both areas were DOT-dominant, the origins of
TOD patches differed. Figure 10 (b) illustrates the locations
of the TOD patch in Futian District’s Density Zone 1. The
subway stimulated urban renewal and redevelopment in
this area, resulting in the observed TOD patch. Further
analysis demonstrated that this patch primarily occupies
office and commercial land. This suggests that, following
subway introduction into the established urban area, sta-
tion areas with primarily business and commercial functions
have the potential to transition towards a TOD develop-
ment strategy. Figure 10 (c) displays the TOD patches in
Nanshan District’s Density Zone 1. In contrast to Futian
District, the eastern TOD patch in Nanshan District lies on
scenic tourism land. The western TOD patch is situated on
land that remained undeveloped prior to subway planning.
Both of these areas were previously reflected by low
development intensity, consistent with the rationale for
employing TOD development strategies observed in Density
Zone 1 of Baoan, Longhua, Longgang, and Pingshan dis-
tricts: public transportation drove the land development
and construction.

I’ufuﬂ/

Longgang

Luohu

Density Zone 1 of Shenzhen
— Subway line
[] TOD patch
() Uncompleted station area in Density Zone 1
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(a) All samples in Density Zone 1 of Shenzhen
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(b) All samples in Density Zone 1of Futian District

Nanshan
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Futian
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(c) All samples in Density Zone 1 of Nanshan District

Fig. 10  Distribution of DOT and TOD samples in Density Zone 1 of Shenzhen.
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5.3. Characteristics and spatial distribution of
vibrancy of DOT and TOD station areas

5.3.1. Vibrancy characteristics of DOT and TOD station
areas

A statistical analysis of node, place, and vibrancy values,
including 76 station area samples, was conducted utilizing
the methods detailed in Sections 4.2 and 4.3. Figure 11 (a),
(b), and (c) presents radar charts illustrating the average
and median values for all station area samples (76), DOT
station area samples (38), and TOD station area samples
(38). DOT station areas displayed relatively low node value
(average of 0.494, median of 0.520), whereas their place
value (average of 0.570, median of 0.575) and vibrancy
value (average of 0.758, median of 0.834) were compara-
tively higher. The node value in the TOD station area
samples (average 0.335, median 0.300), place value
(average 0.352, median 0.363), and vibrancy value (average
0.524, median 0.503) are all lower than their counterparts
in the DOT samples. This comparison demonstrates that
traffic supply, land use, and vibrancy are greater in DOT
station areas than in TOD station areas. Therefore, devel-
opment appears to proceed more rapidly in DOT station
areas compared to TOD station areas located in these high-
density zones.

Table 3 offers the results of the correlation analysis
conducted on the node, place, and vibrancy values for
these station area samples. In DOT samples, the correlation
coefficient between "place value” and "vibrancy value" was
0.766, between "node value" and "vibrancy value" it was
0.625, and between "place value” and "node value” it was
0.603. A linear relationship exists among these three
values, with correlation coefficients exhibiting a decreasing

Vibrancy —— Mean
1.0 — o— Median

0.461

Node Place

(a) All samples

—e— Means
— e— Median

Vibrancy
1.0

0.300,

Node Place

(a) TOD samples

Fig. 11

Table 3  Results of the correlation analysis conducted on
the node, place, and vibrancy values (Statistical Signifi-
cance: **P < 0.01; *P < 0.05).

Sample Variables for correlation
analysis
Node- Node- Place-
Place  Vibrancy Vibrancy
All station area Pearson 0.564 0.625 0.756
samples correlation
(N = 76) (two-tailed)
P-value 0.000** 0.000**  0.000**
DOT station Pearson 0.603 0.625 0.766
area correlation
samples (two-tailed)
(N = 38) P-value 0.000** 0.012* 0.000**
TOD station Pearson 0.273 0.458 0.600
area correlation
samples (two-tailed)
(N = 38) P-value 0.970 0.004*  0.000**

trend. Therefore, it can be hypothesized that in DOT sta-
tion areas, the land use directly affects people activity
density, transport demand drives traffic supply, and the
three factors demonstrate a linear, causal relationship.
However, further regression analysis is required to confirm
this proposed causal relationship. The correlation coeffi-
cient between place value and vibrancy value in TOD sta-
tion areas was 0.600, while the correlation coefficient
between node value and vibrancy value was 0.458. "Node
value" and "place value" exhibited no correlation. We

Vibrancy —=*— Mean
1.0 —o— Median

0.570
Place

(b) DOT samples

Vibrancy —*— Means
1.0 —e— Median

Node Place

(b) All samples in Longhua District

Radar charts of mean and median values for Node, Place, and Vibrancy.
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areas, these six TOD samples demonstrate a higher node
value (mean 0.403, median 0.386) compared to their place
value (mean 0.337, median 0.366), indicating that public
traffic supply precedes urban land use development. While
over 51.1% of the land area in Longhua District’s TOD
samples remains under development, these areas already
achieve high vibrancy value (mean 0.786, median 0.785),
highlighting the effectiveness of TOD strategies. Developed
after 2010, Longhua District’s Density Zone 1 functions as a
satellite urban center, primarily focusing on residential
functions, and including an intercity high-speed rail station
(Shenzhen North Railway Station). The land use mix entropy
in this district demonstrates moderate levels (values for the
6 station areas fall between 0.73 and 1.31), with a primary
emphasis on residential use. These findings indicate that
implementing TOD strategies in sub-central urban areas
served by intercity transportation and reflected by resi-
dential growth can effectively increase people activity
density.

5.4. Node-Place equilibrium relationship and value
ranges for vibrancy

5.4.1. Node-Place equilibrium relationship and value
ranges of all samples
Table 4 demonstrates correlations among node, place, and
vibrancy values (the Pearson correlation coefficient be-
tween vibrancy and node values was 0.625, P < 0.01; the
Pearson correlation coefficient between vibrancy and place
values was 0.756, P < 0.01), with all three datasets exhib-
iting normal distributions. Therefore, the linear-regression
analysis described in Section 4.3 was employed to model
the effect of node and place values on vibrancy value. This
linear regression model assists in determining the equilib-
rium relationship between traffic supply and land use,
thereby contributing to increased people activity density.
Table 4 offers the regression results and test statistics
for the independent variables (node value, place value) of
76 station area samples on the dependent variable
(vibrancy value). The linear regression model is defined as:
vibrancy value = 0.118 + 0.371 node value + 0.707 place
value. The results of significance, collinearity, Durbin-
Watson, and residual analyses (Table 4, Fig. 13) confirm
the statistical significance of the linear regression results.
The hypothesis that both traffic supply (node value) and
land use (place value) simultaneously affect the people
activity density (vibrancy value) of station areas is sup-
ported, accounting for 62.9% of the variance in vibrancy.
The linear regression model indicated that in Shenz-
hen’s Density Zone 1, a station area lacking traffic supply

(node value = 0) and exhibiting no land use (place
value = 0) displayed a minimal level of people activity
density (vibrancy value = 0.161). The regression co-

efficients for node value and place value, as they pertain
to vibrancy value, were 0.371 and 0.707, respectively. This
indicates that, under unchanged conditions, each unit in-
crease in traffic supply corresponded to a 0.371 increase in
people activity density, while each unit increase in land
use corresponded to a 0.707 increase in people activity
density. Traffic supply (node value) and land use (place
value) demonstrated a reciprocal relationship of
0.707:0.371. Accordingly, the red line e (0.707:0.371) in
Fig. 14 depicts the adjusted relationship of equilibrium
(0.5:0.5). The Node-Place equilibrium relationship, as it
relates to people activity density in Density Zone 1 of
Shenzhen, is calculated as 0.707:0.371, deriving a coeffi-
cient (slope) of 1.906.

The four dashed lines, a, b, ¢, and d, in Fig. 14
represent the ranges of node value and place value,
calculated according to the highest vibrancy classification
(Class 1). The range of node value is 0.176—1.00 while the
range of place value is 0.221—1.000. The area outlined by
these two value ranges is skewed towards the lower right
of the Node-Place equilibrium relationship line (e). This
asymmetry contradicts the ideal setup of the NP model,
which hypothesizes that the cooperative region of node
and place values should be symmetrically distributed
about the equilibrium line. This discrepancy suggests that
future research should appraise DOT and TOD station
areas independently. Station areas subject to these two
development strategies may exhibit their own unique
Node-Place equilibrium relationship and value ranges.
This inference is similar to the observed discrepancies in
the linear correlations among node value, place value,
and vibrancy value. Therefore, separate linear regressions
for the two station area types are required to further
explore the relationships among traffic supply, land use,
and vibrancy, and to adjust the NP equilibrium
relationship.

5.4.2. Absence of Node-Place equilibrium relationship in
DOT station areas

Thirty-eight DOT station area samples were extracted for
separate investigation. As presented in Table 3, the
vibrancy value demonstrated a correlation with both node
and place values. Therefore, linear regression models for
the DOT sample vibrancy values were developed utilizing
the regression analysis method outlined in Section 4.3.
Table 5 presents the regression analysis results for the 38
DOT samples. While the overall regression model proved

Table 4 Regression results and test statistics (all samples).
Model summary (R*> = 0.629) Diagnostic statistics

B t Sig. ANOVA VIF D-W
Constant 0.161 3.421 0.001* F Sig. Tolerance VIF
Node 0.371 3.376 0.001° 61.921 0.000° 0.682 1.465 1.316
Place 0.707 6.857 0.000*

Note: Dependent variable: vibrancy value; Independent variables: node value, place value.

@ Correlation is signification at the 0.01 level.
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Fig. 14 Modified NP model targeting vibrancy value (all samples).

Table 5 Regression results and test statistics (DOT samples).
Model summary (R* = 0.628) Diagnostic statistics

B t Sig. ANOVA VIF D-W
Constant 0.223 3.053 0.004° F Sig. Tolerance VIF
Node 0.285 1.978 0.056 29.577 0.000? 0.636 1.572 1.801
Place 0.692 4.734 0.000*

Note: Dependent variable: vibrancy value; Independent variables: node value, place value.

2 Correlation is signification at the 0.01 level.

significant (P < 0.01), the node value did not significantly
explain variations in vibrancy (P = 0.056 > 0.05). In other
words, the hypothesis that traffic supply (node value) and
land use (place value) jointly affect people activity density
(vibrancy value) was rejected for the DOT samples. Land use
alone accounted for 62.8% of the variance in vibrancy, while
traffic supply had no significant effect. Correlation analysis,
however, reveals a linear relationship between node value
and vibrancy value (Table 3). This finding suggests that,
under a DOT development strategy, the activities generated
by land development require public transportation to
address mobility needs. Public transportation, in this

210

context, does not appear to increase activity levels inde-
pendently, but rather serves the transportation demand
created by land development. People activity density in
DOT station areas is solely determined by land development.
Therefore, in the DOT samples, a Node-Place equilibrium
relationship aimed at promoting people activity density was
not observed. This is consistent with the hypothesis derived
from the correlation analysis of node, place, and vibrancy
values presented in Section 5.3.1: land use in DOT station
areas directly affects population density, determining
traffic supply, thus establishing a unidirectional causal
relationship among these three factors.
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5.4.3. Node-Place equilibrium relationship and value
ranges in TOD station areas

Similarly, Thirty-eight TOD samples were extracted for
separate investigation. Table 3, the vibrancy value
demonstrated a correlation with both node and place
values. Therefore, linear regression models for the TOD
sample vibrancy values were developed utilizing the
regression analysis method. Table 6 displays the regression
analysis results for 38 TOD samples. The linear regression
model is expressed as vibrancy value = 0.135 + 0.433 node
value + 0.691 place value. Significance testing, collinearity
diagnostics, the Durbin-Watson statistic, and residual
analysis (Table 6, Fig. 15) confirm the statistical signifi-
cance of the linear regression results. Analysis of the TOD
samples verified the hypothesis that traffic supply (node
value) and land use (place value) jointly affect people ac-
tivity density, accounting for 45.4% of the variance in
vibrancy value.

The linear regression model for TOD station areas is
expressed as: vibrancy value 0.135 + 0.433 node
value + 0.691 place value. This indicated that, in the
absence of traffic supply (node value = 0) and land use
(place value 0), the vibrancy value was 0.135. The
regression coefficients for node value and place value on
vibrancy value were 0.433 and 0.691, respectively. This
suggests a 0.691:0.433 reciprocal relationship between
traffic supply (node value) and land use (place value). The
red line e (0.691: 0.433) in Fig. 16 represents the adjusted
relationship line with a coefficient (slope) of 1.596. This
indicates that, even in scenarios where the physical
development of a station area is complete, precluding
further increases in place value, improvements to the
traffic supply can still effectively increase people activity
density. More specifically, a 1.596-unit rise in node value
has the same effect on vibrancy as a 1-unit increase in
place value, yielding a 1-unit gain in overall vibrancy. The

regression analysis confirms the hypothesis presented in
section 5.3: both traffic supply and land use in TOD station
areas have an inducing effect on vibrancy. The specific
effects of traffic supply and land use on vibrancy are shown
to vary between DOT and TOD station areas.

The four dashed lines (a, b, ¢, and d) in Fig. 16 represent
the ranges of node value and place value calculated based
on the TOD samples in the highest vibrancy (Class 1). Two
samples, representing the Huanggangcun and Shajing sta-
tion areas, were excluded from these calculations. The
rationale for this exclusion was the proportion of land for
demolition in each station area: 48.6% in Huanggangcun and
30.9% in Shajing. This significantly inflated the current
place values for these two samples. Considering the po-
tential for outliers to skew the descriptive statistics of
these ranges, such interfering samples were removed.
Following this removal, the node value range spanned from
0.365 to 0.756, and the place value range extended from
0.221 to 0.420. The area defined by these ranges demon-
strated an essentially balanced distribution around the
Node-Place equilibrium relationship line (e), exhibiting a
symmetrical pattern. The TOD samples with the highest
vibrancy values are primarily located near the equilibrium
relationship line, suggesting that these particular station
areas hold considerable development potential.

This symmetry aligns with the theoretical expectation of
the NP model, which hypothesizes a symmetrical distribu-
tion of the cooperative state region of node and place
values around the equilibrium relationship line.

6. Conclusion

This study optimizes the NP model’s indicator set, with
people activity density (vibrancy) as the constraining
objective, based on the requirements of regulatory

Table 6 Regression results and test statistics (TOD samples).
Model summary (R?> = 0.454) Diagnostic statistics

B t Sig. ANOVA VIF D-W
Constant 0.135 1.726 0.093 F Sig. Tolerance VIF
Node 0.433 2.449 0.019% 14.550 0.000 0.925 1.081 1
Place 0.691 3.955 0.000°

Note: Dependent variable: vibrancy value; Independent variables: node value, place value.

@ Correlation is signification at the 0.05 level.
b Correlation is signification at the 0.01 level.
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detailed planning. Utilizing primarily linear models and
regression analysis, this research proposes adjustments to
the NP equilibrium relationship in the NP model and probes
the Node and Place value ranges capable of producing the
expected vibrancy in Shenzhen’s highest density develop-
ment area. Meanwhile, this study identifies two develop-
ment strategies—DOT and TOD station areas—and
describes the varying mechanisms by which traffic supply
and land use affect vibrancy in each station area type.

This study contributes to existing literature both theo-
retically and practically. Unlike traditional linear models
and NP extensions, this research circumvents the inter-
pretational inconsistencies that arise from the use of clus-
tering methods in earlier NP model classifications. We
emphasize the issue arising from the failure of general TOD
performance studies to separate DOT and TOD samples (Su
et al., 2021b; Xiao et al., 2021; Yang et al., 2022a), as well
as the difference between balanced coefficients in per-
formance algorithms (Yang et al., 2022a) and the observed
NP equilibrium relationship. Incorporating constraints or
evaluation objectives for Node and Place does not neces-
sitate directly adding a dimension to the NP model, modi-
fying the Node-Place equilibrium relationship may offer a
more streamlined approach.

This research offers a complement to the application of
nonlinear ML models. In urban planning and land use
research, nonlinear machine learning models can offer
precise, localized interpretability for specific indicators,
shedding light on the nonlinear relationships and interac-
tive effects of TOD on vibrancy (Xiao et al., 2021). We
contend that optimizing the indicator set and establishing
an equilibrium matching relationship between Node and
Place is essential for achieving vibrancy during regulatory
detailed planning. This approach empowers urban planners
to efficiently determine land use indicators and traffic
supply planning during the initial construction phase with
the goal of achieving expected people activity density.
During urban design or redevelopment, optimizing
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individual construction indicator thresholds and exploring
interaction and marginal effects are best addressed
through nonlinear ML models.

This study of subway station area samples in Shenzhen’s
highest density development zone demonstrates.

1) The subway station areas exhibit two development
strategies: DOT and TOD. A station area was TOD if the
changed land area in its perimeter constituted more
than 51.1% of the total area; conversely, areas with less
than 51.1% change were DOT. It is worth noting that the
DOT station areas, which primarily serve business and
commercial functions, are stimulated by the subway
construction. This may drive area renewal and trans-
formation of the DOT station areas into TOD station
areas.

2) The people activity density in DOT station areas is
significantly higher than in TOD station areas. The land
use (Place) directly influences this density, and public
transportation intervention does not further enhance it.
Although the people activity density of TOD station areas
is low, both the traffic supply (Node) and the land use
(Place) independently influence this density. It is worth
noting that implementing TOD strategies in sub-central
urban areas served by intercity transportation and re-
flected by residential growth can effectively increase
people activity density.

3) The traffic supply (Node) and land use (Place) in DOT
station areas have no synergistic effect aiming at people
activity density, and there is no equilibrium relationship
between Node and Place. The equilibrium relationship
of Node and Place in TOD station areas was 1.596 (slope
of equilibrium relationship line). This indicates that,
even in scenarios where the physical development of a
station area is complete, precluding further increases in
place value, improvements to the traffic supply can still
effectively increase people activity density. The value of
Node and Place with the highest people activity density
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ranged from 0.365 to 0.756 and 0.221-0.420, respec-
tively. The TOD samples (have highest vibrancy value) of
efficient cooperation between Node and Place were
symmetrically distributed along around the equilibrium
relationship line. This symmetry aligns with the theo-
retical expectation of the NP model and these TOD
samples.

Our research is still subject to limitations. First, due to
the limited volume of existing research and the availability
of relevant indicators, the resulting set of indicators may
be incomplete. Second, our demonstration focused on
Density Zone 1 of Shenzhen city. However, even in Shenz-
hen’s highest density construction area, some station area
samples demonstrate development and construction levels
below 70 %. A small subset of these samples did not attain a
stable people activity, thereby affecting the accuracy of
our findings. In future research, developing comprehensive
traffic supply and land use policy, coupled with sustainable
development practices, necessitates employing nonlinear
models to further optimize the effects and threshold mar-
gins of specific indicators. However, we have not yet found
a way to adopt a tree-based ensemble method (GBDT)
without overfitting on the basis of the current sample size,
and we need to include more other impact factors that
affect a single indicator of land use.
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