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Abstract: To comprehensively and systematically review the
research achievements of transit-oriented development (TOD)
typology, a total of 41 papers were collected from the Scopus
and Web of Science Core Collection databases. These papers
were analyzed by bibliometric indicators, in adopting
VOSviewer software to draw graphical visualizations. A
review of international and domestic research progress in TOD
typologies was conducted. The results indicate that the number
of published papers has increased over time. Luca Bertolini is
the most contributive author, and the top three contributing
organizations are Queensland University of Technology, the
University of Amsterdam, and the University of Lisbon. The
United States is the most active source country, followed by
the Netherlands and Australia. TOD typology methods were
analyzed from the aspects of principles, indicators,
advantages, and disadvantages and their applications. In
recent years, domestic scholars have paid attention to the
importance of TOD typologies and applied them in different
urban contexts to facilitate the TOD development in China.
The understanding of the TOD typology research progress is
helpful for developing context-based TOD typology approaches.
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‘ x T ith the rapid development of urbanization and mo-

torization, urbanization problems have become in-
creasingly prominent, such as the disorderly spread of ur-
ban lands and inefficient traffic operations. Therefore,
the interactive relationship between transportation and
land use should be understood. In 1959, Hansen’s re-
search showed that heavily accessible areas were more
likely to be developed compared to remote areas'''. Sub-
sequently, the land-use transport feedback cycle was pro-
posed, which attracted some scholars to this area of re-
search”™ . In the 1990s, disordered and sprawling subur-
banization in the United States brought a series of urban
problems, which raised various planning concepts, such
as smart growth and new urbanism. Peter Calthorpe, one
of the leading New Urbanists, put forward the concept of
transit-oriented development (TOD) in his book The Next
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American Metropolis“”, which linked land use to trans-

portation planning in essence, promoting urban function
agglomeration in transit systems.

Although the definition of TOD seems to be the same
in all contexts, the research presents no “one-size-fits-all”
approach to TOD development™™ . Scholars have attemp-
ted to classify TOD into various characteristics of stations
and surrounding areas. Each type of station area possesses
similar characteristics, which diagnose existing problems
and support urban planners in proposing targeted improve-
ments for specific stations. Currently, several articles
have offered reviews related to TOD typologies, inclu-
ding studies'®™ on specific subjects and even TOD re-
view'”. However, they emphasize the development of
context-based TOD typologies or tend to be wider with
respect to themes. Thus, it is difficult to grasp the re-
search progress of TOD typology in more detail. Accord-
ingly, this article attempts to provide a comprehensive,
systematic, and up-to-date review of TOD typology re-
search achievements.

In recent years, bibliometrics has been commonly used
to analyze the development of specific themes or journal
topics, such as connected and autonomous vehicles”,
city logistics''"!, and shipboard decision support sys-
tems'”’. To celebrate the anniversaries of certain jour-
nals, numerous studies have used bibliometrics to analyze
previous achievements'” ™'

In this study, various bibliometric indicators are adopted
to explore influential papers and leading authors, organiza-
tions, and countries in the field of TOD typologies. Then,
bibliometric networks are computed and visualized through
the VOSviewer software. Finally, research progress in the
field of TOD typologies is reviewed.

1 Methods
1.1 Data source

The Scopus database covers a variety of literature
sources, such as journal papers, conference papers, and
series books''”". As keywords for our search, we entered
“TOD” and “typology” into the Scopus database. Thirty-
two documents were obtained, including articles, confer-
ence papers, reviews, and book chapters. Due to the
small number of documents found, the Web of Science
Core Collection, which mainly includes articles and con-
ference papers, was used to retrieve data again, as itis a
database commonly used for bibliometric analysis''®. As
a result, nine documents were obtained. After manually
excluding repeat documents and those not related to TOD
typologies (e. g., air quality and key success factors of
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TOD best practices), a total of 26 documents were col-
lected, with the last data update conducted on June 23,
2020. After identifying highly cited papers referenced in
these works, a total of 41 documents were obtained for
the bibliometric analysis.

1.2 Analytical methods and tools

Bibliometrics is a science focused on the quantitative a-
nalysis of the literature and is distinct from scientometrics
and informetrics in terms of research objects and purpo-
ses''”’. Bibliometrics selects formal scientific or informa-
tion exchange literature as research objects, including
books, journals, and electronic publications. It can be
used to effectively evaluate a specific field’s development.
Multiple bibliometric indicators, such as the total number
of papers (7,), total number of citations (7,.), citations
per paper, and H index'"”, were considered to evaluate the
research of certain countries, institutions, and scholars in
the field of TOD typologies. The present study also adopts
indicators, such as citations per year and the number of pa-
pers with equal to or more than 100, 50, and 10 citations.

We used the VOSviewer software developed by Van Eck
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and Waltman from Leiden University in the Netherlands in
our bibliometric analysis'™'. The program draws from the
relationships between literature knowledge units to create
knowledge maps using a similarity matrix and VOS map-
ping techniques'"*'. These tools are not discussed in depth
in this paper due to limited space. The VOSviewer soft-
ware can create three types of visualizations: network,
overlay, and density visualizations. Multiple functions,
such as co-occurrence, co-authorship, and bibliographic
coupling, were implemented to reveal relationships be-
tween authors, keywords, and cited references.

2 Statistical Analysis

2.1 Publication and citation structure

2.1.1 Analysis of annual papers

The number of papers published in a given area reflects
trends in that field. Within the scope of our search, pa-
pers focused on TOD typologies first appeared in 1996.
Fig. 1 illustrates the number of papers on TOD typologies
published from 1996 to 2020 and shows that the number
has increased over time.
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Fig.1 Annual number of papers

2.1.2

Influential papers are determined by the total number
of citations, reflecting the influence of articles. Tab. 1
presents the ten most frequently cited papers,
which the top two were published by L. Bertolini in
1996 and 1999, receiving 153 and 131 total citations
and 6. 12 and 5. 95 citations per year, respectively. The
former work'"”' focuses on the integration of nodes and
places and different redevelopment strategies, whereas
the other™ examines the relationships between nodes
and places in Amsterdam and Utrecht railway stations.
The newest paper listed in Tab. 1 was published by Hig-
gins and Kanaroglou in 2016"'" and has generated a total
of 39 citations and 7. 8 citations per year. This paper u-
ses a latent class analysis to classify 372 existing and
planned rapid transit stations in the Toronto region"'.
The paper with the most frequent citations per year was
published by Kamruzzaman et al. in 2014''. In this pa-
per, a two-step cluster analysis was used to classify cen-
sus collection districts ( CCDs) in Brisbane, Australia,
where the mode choice behaviors of individuals verify

typologies'® .

Influential papers

among

2.2 Leading authors, organizations, and countries/
regions

2.2.1 Leading authors

Aided by the VOSviewer software, Tab.2 presents the
top 10 leading authors in the field of TOD typologies by
the T, listing the authors’ names, current or latest affili-
ations, and nationalities. It depicts the contributions of
these authors in different bibliometric indicators, such as
the total number of citations ( 7.), citations per paper
(T./T,), H index, and the number of papers with equal
to or more than 100, 50, and 10 citations. The author
with an H index of n indicates that more than n of the
author’s articles have been cited at least n times. If more
than one author has the same T, value, then the author
with a higher T value ranks higher.

L. Bertolini of the University of Amsterdam leads the
list in three categories (total papers (5), total citations
(414), and citations per paper (82.80)), whereas B.
Giles-Corti of RMIT University leads the list in the H in-
dex category. Five authors have more than 20 citations
per paper. L. Bertolini has published two papers with
more than 100 citations. In terms of the number of papers
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Tab.1 Ten most frequently cited published papers
Rank T¢ Title Author( s) Year Ts5 T¢c/Ts

1 153 Nodes and places: complexities of metro station redevelopment L. Bertolini 1996 25 6.12

2 131 Spatial de.velopment .patterns and public transport: the application of L. Bertolini 1999 22 5 95
an analytical model in the Netherlands

3 102 Comparing transit-oriented development sites by walkability indicators ~ M. Schlossberg and N. Brown 2004 17 6.00

4 95 Advance trans-zt-orlented development typology: case study in Bris- M. Kamzzaman, D. Baker, S. 2014 7 13.57
bane, Australia Washington, and G. Turrell
A icati 3 - i -

5 38 n appltcattfm of the .node placef model to explore the spatial develop P. Chorus and L. Bertolini 2011 10 8.80
ment dynamics of station areas in Tokyo

6 sg Classifying metro stations for sustainable transitions—balancing node D. E. Reusser, P. Loukopoulos, 2008 13 4.46
and place functions M. Stauffacher, and R. W. Scholz '
Transit-oriented development, integration of land use and transport,

7 56 and pedestrian accessibility: combining node-place model with pedes- D. S. Vale 2015 6 9.33
trian shed ratio to evaluate and classify station areas in Lisbon

3 5] Classifying metro stations for strategic transport and land-use plan- ~S. Zemp, M. Stauffacher, D. J. 2011 10 510
ning: context matters! Lang, R. W. Scholz ’

9 45 The geography of advance transit-oriented development in metropolitan ~ C. Atkinson-Palombo and M. J. 2011 10 4.50
Phoenix, Arizona, 2000—2007 Kuby ’

10 39 A latent class method for classifying and evaluating the performance of- C. D. Higgins and P. S. Kanaro- 2016 5 7,80

station area transit-oriented development in the Toronto region glou

Notes: T refers to the total citations; T refers to the time span, i.e., the duration from the year of publication to 2020; T/ Tg refers to the cita-

tions per year.

Tab.2 Top 10 leading authors with the most papers published

Number of papers

Rank Author Current/ latest affiliation Country Tp Tc Tc/Tp  H index with N citations
=100 =50 =10
1 L. Bertolini University of Amsterdam Netherlands 5 414 82.80 25 2 3 4
2 M. Kamruzzaman Monash University Australia 3 137 45.67 22 0 1 3
3 D. S. Vale University of Lisbon Portugal 3 77 25.67 7 0 1 2
4 H. M. Taki KingAbdulaziz University Saudi Arabia 3 18 6.00 0 0 1
5 M. M. H.Maatouk KingAbdulaziz University Saudi Arabia 3 18 6.00 1 0 0 1
6 B. Giles-Corti RMIT University Australia 2 31 15.50 68 0 1 1
7 S. Washington Queensland University of Technology Australia 2 96 48.00 38 0 1 1
8 G. Turrell RMIT University Australia 2 125 62.50 46 0 2 2
9 B. S. Appleyard San Diego State University United States 2 5 2.50 8 0 0 0
10 A. R. Frost San Diego State University United States 2 5 2.50 1 0 0 0

Notes: T} refers to the total papers; T/Tp refers to the citations per paper.

with more than 50 or 10 citations, Bertolini is also the
most influential, with three and four papers, respective-
ly. In addition, three authors on the list have an H index
of more than 30. Tab. 2 shows that the most influential
authors are mainly from Australia.
2.2.2 Leading research organizations

The aggregation of thousands of researchers contributes
to influential organizations in specific fields. After introdu-
cing major authors, this section identifies the main organi-
zations in the field of TOD typologies. Tab. 3 lists the top

Tab.3 Ten Organizations with the Most Papers Published

Rank Organization Country T, Tc To/Tp
j Queemsland University )\ (olia 3 137 45.67
of Technology
2 University of Amsterdam  Netherlands 3 130 43.33
3 University of Lisbon Portugal 3 77 25.67
4 KingAbdulaziz University =~ Saudi Arabia 3 18 6.00
5 University of Utrecht Netherlands 2 284 142.00
6 ETH Zurich Switzerland 2 109 54.50
7 University of Western Australia ~ Australia 2 31  15.50
8 University of Melbourne Australia 2 31 15.50
9  Florida Atlantic University United States 2 18 9.00
10 University of California ~ United States 2 6 3.00

10 organizations based on the T, and the organizations’
countries, 7 values, and citations per paper.

Tab. 3 demonstrates that the top three organizations are
Queensland University of Technology, the University of
Amsterdam, and the University of Lisbon, each with a T,
value of 3. Among them, Queensland University of Tech-
nology has a total of 137 citations and 45. 67 citations per
paper, the University of Amsterdam has 130 citations and
43. 33 citations per paper, and the University of Lisbon has
77 citations and 25. 67 citations per paper. Australia domi-
nates the top 10 leading organizations with three universities
listed, followed by the United States and the Netherlands.
Other organizations, such as the University of Lisbon, are
the only entries from their countries listed in Tab. 3.

Interestingly, the affiliations of four of the top five
most contributing authors listed in Tab. 2 correspond to
three of the top four leading organizations shown in Tab.
3. The affiliations of authors listed in Tab. 2 are related to
the organizations shown in Tab. 3. Indeed, of the three
papers contributed by Queensland University of Technolo-
gy, two (2/3 =66.67% ) were written by S. Washing-
ton. All three papers contributed by the University of
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Amsterdam were coauthored by L. Bertolini and col-
leagues, whose organizations are the University of Am-
sterdam and the University of Naples Federico [I. Simi-
larly, the three papers contributed by the University of
Lisbon were coauthored by D. S. Vale and colleagues,
whose organizations are the University of Lisbon, Ghent
University, and Vrije Universiteit Brussel. All three pa-
pers from King Abdulaziz University were coauthored by
H. M. Taki and M. M. H. Maatouk, whose organiza-
tion is King Abdulaziz University. The University of
Utrecht of the Netherlands, which ranked fifth in Tab. 3,
takes the lead in terms of the total citations (284) and ci-
tations per paper (142) (due to the high citations (414)
and citations per year (82.80) of L. Bertolini).
2.2.3 Leading countries/regions

In ranking leading countries on total papers, Tab. 4
presents the top 10 most productive countries in the field
of TOD typologies. In terms of the total papers, the Unit-
ed States, the Netherlands, and Australia are ranked as
the top three countries. The United States is the most
contributive country with eight papers, followed by the
Netherlands with seven papers and Australia with five.
The three countries rank the highest on the list for 7. In
terms of 7./T,, seven papers from the Netherlands re-
ceived 422 citations, resulting in 60. 29 citations per pa-
per, the highest 7./T, value found for all countries, fol-
lowed by Switzerland with 54. 50 citations per paper.
Other countries with high 7./ T, values of over 20 include
the United States (22) and Australia (27.80).

Tab.4 Ten countries with the most papers published

Rank Country Ty Tc Te/Typ
1 United States 8 176 22.00
2 Netherlands 7 422 60.29
3 Australia 5 139 27.80
4 Portugal 4 78 19.50
5 United Kingdom 4 33 8.25
6 Saudi Arabia 3 18 6.00
7 Indonesia 3 2 0.67
8 Switzerland 2 109 54.50
9 China 2 17 8.50
10 Italy 2 8 4.00

2.3 Co-occurrence of author keyword analysis

To analyze the bibliographic materials more thorough-
ly, a graphical visualization of the co-occurrence of au-
thor keywords using VOSviewer is presented in Fig. 2.
Author keywords are keywords that appear below ab-
stracts, reflecting the focuses of papers. The co-occur-
rence of author keywords embodies the relatedness of au-
thors in terms of the number of papers in which they oc-
cur together. Note that the figure considers a minimum
threshold of two occurrences of author keywords. Ac-
cording to Fig. 2, “TOD,” “node-place model,” and
“TOD typology” are the three keywords used most fre-
quently. The keywords can be divided into three main
clusters: cluster 1 (red) stresses planning and urban de-
sign in TOD, cluster 2 ( green) is mainly related to the
application of the node-place model in station areas, and

cluster 3 (blue) mainly adopts clustering techniques, such
as latent class analysis and self-organizing maps, to devel-
op TOD typologies. In addition, Fig.2 reflects the empha-
sis of the study areas on railway and metro stations.

Cluster 3

Fig.2 Co-occurrence of author keywords

3 International Research Progress on TOD Ty-
pologies

A TOD typology is the grouping of study areas cover-
ing a similar set of morphological and functional charac-
teristics'™ to guide urban planning and design. This area
adopts two main approaches: qualitative description and
quantitative approaches. The former involves classifica-
tion based on the spatial location and functions of an are-
a, whereas the latter involves the classification by quanti-
tative approaches using the node-place model (including
the modified node-place model) and clustering tech-
niques. Fig.3 demonstrates the research progress of three
methods, i.e., qualitative description, node-place mod-
eling, and clustering. The development of these methods
is explored in the following sections.

3.1 Qualitative description

3.1.1 Basic types

In 1993, Calthorpe classified TOD areas into two basic
categories, namely, urban TOD and neighborhood TOD,
according to relationships to transit'”'. The former occurs
on arterial lines of regional public transport with higher
levels of development intensity and mixed land-use func-
tions. The latter occurs off the arterial lines of public
transport and is connected to arterial lines through public
transport feeder lines, serving surrounding areas.
3.1.2 Development based on basic types

With the development of the TOD concept, some re-
search has developed TOD typologies in the context of
TOD for different regions. In 2004, Dittmar and
Ohland'* analyzed case studies to further detail urban and
neighborhood TOD from the perspective of regional func-
tions. The region is classified into six types: urban down-
town, suburban center, urban neighborhood, suburban
neighborhood, neighborhood transit zone, and commuter
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Qualitative
(| description

Main approaches

Basic types

Development based on basic types

Advantages:simple and direct

Limitation:It can not quantify urban structure and
its spatial diversity in time, lacking accurate guidance
in TOD design and development.

Need to develop quantitative approaches.

Node-place model

Advantages:It can explain the interaction between

transport and urban development.

The node and indicators of Bertolini may not be
expected to represent multiple actors of TOD.

The correlation between node and place indicators
may not locate near the centerline.

It can not reveal the degree to which transport and

urban conditions are functionally and
morphologically interrelated.

The typology is limited to five clusters only,
demanding external validation.

It can not reflect the role of the station on the
network.

Node-place
model (including | =~
modified model) |Limitations

Qualitative
approaches

-

Enhance the set of indicators
It cannot assume that correlation between node and
place indicators is located near the centerline.

Modified node-place model é Consider the relationship between transport and

urban conditions in function and morphology.
Verify the result of classification
Network analysis

K-means clusterin
Clustering techniques [ ?lerarchlcal clustering

wo-step cluster

i Latent class analysis

Fig.3 Progress of the TOD typology approaches

town center. These various areas have different character-
istics in terms of land use, residential features, regional
accessibility levels, public transport modes, and frequen-
cy levels.

Some cities also adopt qualitative descriptions to guide
urban TOD planning. In 2010, the Queensland Govern-
ment in Australia identified TOD types, including city
centers, activity centers, specialist activity centers, urban
areas, suburban areas, and neighborhoods'™'. Design pa-
rameters are recommended for different types of TODs in
terms of dwelling density, land-use diversity, commercial
plot ratios, and transit. The Florida TOD Guidebook™
divides station typologies across three scales (i. e., re-
gional, community, and neighborhood) that provide pa-
rameters for each type (e. g., density levels, mixed-use
functions, urban forms, and street networks). Similarly,
the TOD Guidance Document used in India classifies sta-
tions into seven types"”™ according to station area charac-
teristics, land availability, mixed land use, density, and
planning and development challenges.

Qualitative description mainly classifies areas in terms
of their locations and functions, directly guiding TOD
planning. However, it cannot quantify urban structures
and spatial diversity in time or guide TOD planning accu-
rately'”’. Therefore, the development of quantitative ty-
pology methods is important considering that such meth-
ods can be tested, analyzed, and compared”’m.

3.2 Node-place model and its modified model

3.2.1 Node-place model
The node-place model is foundational to TOD typolo-

gies and elaborates on the relationship between transporta-
tion (node) and urban development ( place) ™. Fig. 4 il-
lustrates five ideal and typical situations. The middle di-
agonal line denotes the area in which a node and place are
equally strong and is also divided into stress, accessibili-
ty, and dependency levels in terms of the value of the
node and place. The area in which the node value is sig-
nificantly higher than the place value denotes an unsus-
tainable node, and the area in which the place value is
significantly higher than the node value denotes an unsus-
tainable place. A neighborhood’s position in Fig. 4 can be
determined by calculating the node and place value from
the node and place indices.

Node' z

Unsustained
node

Accessibility,”

P Unsustained
o place

Dependency

Place

Fig.4 Node-place model

The node-place model has been widely used in different
contexts™”**!" and was first constructed by Bertolini'*”’

and applied to Amsterdam and Utrecht railway stations in
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the Netherlands. The node indicators considered in this
paper cover the connectivity (e. g., the number of direc-
tions served and distance from the closest motorway ac-
cess), frequency (e. g., the daily frequency of serv-
ices), and diversity (e. g., trains, buses, trams, under-
ground transport, cars, and bicycles) of transport serv-
ices. Place indicators include the number of residents in
an area, the number of workers per economic type, and
the degree of the functional mix. Most stations occupy
balanced conditions, but a few stations are located in
stressed and unsustainable nodes.

To better comprehend the spatial development dynam-
ics of station areas, Chorus and Bertolini"’'"" applied the
node-place model to 99 stations in Tokyo, selecting typi-
cal stations to analyze consistency with reality and the
model. Most stations were found to be balanced, some
were found to be under stress and unbalanced, and no sta-
tions were found to be dependent. Typical stations in-
clude Ueno Station, Urawa Station, and Shinjuku Sta-
tion, and the results indicate that the development of Ue-
no Station and Urawa Station is consistent with that of the
node-place model, but that of Shinjuku Station is an ex-
ception due to the influence of government policies.

The node-place model serves as a conceptual frame-
work elaborating on the relationship between transporta-
tion and urban development. Although it cannot predict
the future development of station areas, it is conducive to
developing a stronger comprehension of development dy-
namics and potential for (re) development, supporting
proposals from the land use and traffic sides.

However, the model shows the following limitations:
First, the node and place indicators developed by Bertoli-
ni"™ cannot represent multiple actors of TOD™ ™' Sec-
ond, the balanced situation is defined as the middle diag-
onal line, but a straight line with other angles or concave
curves may be more suitable'™ . Third, the model fails to
reveal the degree to which transport and urban conditions
are functionally and morphologically interrelated"”” .
Fourth, because the weight of indicators is equal in di-
mensions, the importance of the difference between indi-
cators is ignored. Fifth, the model classifies five situa-
tions only, and its results have not been externally veri-
fied™ . Finally, the model cannot reflect the distinct roles
of stations at regional levels™ . Accordingly, some at-
tempts have been made to enhance the model based on
these limitations'®”* 2773
3.2.2 Modified node-place model

The modified node-place model overcomes the node-
place model’s inadequate representation of indicators and
linear assumptions.

Reusser et al. ™ operationalized the node-place model
to 1, 684 railway stations in Switzerland. In addition to
the eleven indicators developed by Bertolini’™, this work
develops six node indices and place indices based on ex-
pert questionnaires and interviews. The added indicators
include passenger frequency, the ratio of the number of
long-distance and regional services, presence of staff,

number of full-time jobs with educational facilities, dis-
tance to a town center, and presence of grocery stores,
restaurants, pharmacies, and florists. Node and place in-
dices were drawn to verify whether the stations follow the
node-place typologies. A two-step cluster analysis was
conducted to classify stations into five types using 17 in-
dicators. The results indicate that relationships between
node and place values follow a concave curve, and the
improved model with added indicators is highly suitable
for Switzerland.

In a subsequent study of Switzerland, Zemp et a
divided 1 700 railway stations into seven types relying
solely on contextual factors. Ten indicators were taken in-
to account as a result of expert interviews. The research-
ers adopted a principal component analysis to classify the
indicators into two types: density (e. g., jobs, popula-
tion, reachability, intercity trains, regional trains, and
buses) and use (e. g., frequency distribution and
tourism) . Density was further divided into nodes (e. g.,
reachability, intercity trains, regional trains, and buses)
and places (e. g., jobs and population). Their results
show that the density-use typology constitutes a methodo-
logical improvement of the node-place model because
some small stations cannot be easily distinguished with
the node-place model but are significantly differentiated in
the density-use model.

Many researchers have realized that the node-place
model cannot explain the functional and morphological re-
lationship between transportation and urban condi-
tions™ ¥ For example, the functional interrelation
is weak when the distribution of high densities and mixed
uses does not gravitate toward a station. Equally, the
morphological interrelation is weak when a street network
is not friendly to pedestrians and cyclists.

In 2004, Schlossberg et al. ™ quantified the walking
environments of 11 TOD sites in Portland, Oregon. Six
indicators were selected at two geographic scales (0. 25
and 0.5 mi), including the number of accessible paths,
the number of impedance paths, pedestrian catchment are-
a (PCA) ranking, impeded PCA ranking, intersection
density, and density of dead ends. If a given indicator of
a site was ranked in the top or the last three, then the site
receives a chart. This paper shows that not all TOD sites
are set in the same pedestrian environment.

Vale'™ also argued that the combination of the node-
place model with walkability evaluates TOD more deeply
in adding the ped-shed ratio indicator. In terms of node
values, place values, and ped-shed ratios, their cluster a-
nalysis classifies train and ferry stations in Lisbon. Their
results indicate that pedestrian infrastructure is poor in
some areas where nodes and places are balanced.

Later, some scholars expanded the node-place model
with a third dimension, considering other factors, such as
quantifying pedestrian- or cycling-friendly built environ-
ments'™* " the experience of travelers™, and back-
ground traffic™ . Cluster analyses were used to classify
station areas. The results demonstrate that adding the

1 [32]
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third dimension enables the extended model to explain the
subtle differences between stations and to better distin-
guish the balanced conditions of the node-place model.

In addition to adding different dimensions, some schol-
ars determine the weight of indicators in different dimen-
sions through surveys to distinguish the importance of in-
dicators. After expanding the model as a node-place-
functionality model, Su et al. ** used the analytic hierar-
chy process to determine the weight of indicators under
the same dimension and calculated the TOD degree ac-
cording to the equal weight of three dimensions. Similar-
ly, based on the node-place-experience model, Groe-
nendijk considered that the three dimensions are equally
important. A literature review provided the criteria for the
experience value, and the weights were obtained through
a questionnaire survey as the input for a multi-criteria de-
cision-making method called the best-worst method"™' .

The existing research on TOD typologies mainly adopts
built environment indicators. Belzer et al. " found that
some projects are successful when employing measure-
ment using physical characteristics but fall short when
measured by performance. At present, there is no con-
sensus on whether performance indicators are the inputs or
outputs of TOD typologies.

Some researchers have applied performance indicators
in TOD classification. For example, the Center for Tran-
sit-Oriented Development'” utilized the use-mix indicator
and household vehicle miles traveled ( household VKT) to
develop a TOD typology for the United States. The use-
mix indicator was defined as the percentage of workers
within half a mile radius of train stations relative to the
overall number of residents, and workers were divided in-
to three categories: residential, balanced, and employed.
The household VKT was obtained through a regression
analysis, which was divided into five categories in terms
of household income, household size, commuters per
household, work commute time, household density,
block size, transit access, and job access. The combina-
tion of indicators formed 15 categories, and 3 760 exist-
ing transit stations in the United States were analyzed.

However, some researchers have argued that perform-
ance indicators should be the outcomes of TOD typolo-
gies. Kamruzzaman et al.'® applied a two-step cluster
analysis to classify the CCDs of Brisbane in Australia into
four typologies. The results were verified based on the
mode choice behaviors of 10 013 individuals, which dem-
onstrate that people living in areas classified as TODs are
more likely to use public and active transport. Kamruzza-
man et al. "' then analyzed differences in the levels of so-
cial capital of different types. Their results demonstrate
that social capital is higher in TODs than in TADs.

In addition to these indicators, performance indicators
include the percentage of train station entries made by the

transport mode'', daily bus rapid transit ridership'!!,

and distance traveled by mode per person per day'*”,
among others. Renne argued that TOD outcomes could be

verified from travel behavior, economic trends, natural

environment, built environment, social environment, and
policy contexts™’.

All of the above works examined station areas on a lo-
cal scale. However, other studies have attempted to un-
derstand stations’ multiple roles at the regional level
through network analyses. Existing indicators of network
analyses mainly adopt betweenness, closeness, and eigen-
vector centrality™ ™.

Monajem et al. ™ added spatial indices, including
closeness and betweenness, to improve the value of the
node-place model. Their results show that, in Tehran,
71% of subway station areas are balanced and approxi-
mately 25% are unbalanced. The spatial indices show a
logical relationship to node and place indicators, which
are beneficial to the node-place model.

Zhang et al. ™' divided London’s 270 subway stations
into five categories through a K-means cluster analysis
that took advantage of node, place, and design indica-
tors. Unlike Monajem et al. ™, the authors explored
strategic network analysis indices ( criticality and weighted
betweenness centrality) after classification. The results
indicate that most of the stations’ areas are balanced in
terms of transportation and land-use development, but
some stations do not offer friendly pedestrian environ-
ments. However, criticality levels were found to be sig-
nificantly different for the same type.

Although the node-place model is simple and effective for
evaluating land-use and transport integration, the enhance-
ment of the original node-place model has broader applica-
tions. Similar to the node-place model, the classification of
stations by the modified model can also instruct more targe-
ted TOD planning of station areas or rail systems.

3.3 Clustering techniques

The node-place model (including the modified model)
can promote an understanding of the integration of trans-
portation and land-use development in station areas, but it
only classifies station areas into five typologies, leading to
numerous stations of the same conditions when the indica-
tors are relatively concentrated. Therefore, it is difficult to
distinguish the differences between sites when datasets are
large. Moreover, the determination principle of spindle
range in the node-place model is fuzzy. As a result, some
clustering tools are widely used for station classification.
Common clustering techniques of TOD typologies include
K-means clustering”” ™' hierarchical clustering'”*",
two-step clustering'*”*, and latent class analysis'*"*" .

Vale et al. """ used K-means clustering to divide Lisbon
subway stations into seven categories. K-means clustering
can merge similar objects simply and efficiently, but it
cannot determine the optimal cluster numbers. Moreover,
it can only deal with continuous variables, not suitable for
discrete variables. Similarly, hierarchical clustering only
deals with continuous variables rather than determining
the optimal number of clusters, although the number can
be determined by convenience or other theories™'. For
example, Lyu et al. ™' conducted hierarchical clustering
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using the Duda test to classify Beijing subway stations in-
to six categories in terms of nodes, places, and oriented
values. By contrast, the two-step cluster analysis used by
Phani et al.'” is effective in dealing with mixed varia-
bles, including continuous and categorical variables. The
determination of the optimal number of clusters conforms
to statistics, such as the Bayesian information criterion.
Outside of the two-step cluster analysis, the latent class
analysis method used by Higgins and Kanaroglou" also
seems promising. The latent class analysis differs from
two-step clustering in that variables do not need to be
standardized but are more computationally intensive.

Clustering techniques are effective for policy evalua-
tion, benchmarking, and comparison of TOD characteris-
tic performance in existing and planned stations"?", which
supports research on the relationship between TOD char-
acteristics and outcomes. Nonetheless, the classification
results obtained are open to interpretation.

4 Research Progress of TOD Typologies in China

Research related to TOD typologies in China is mainly
based on the qualitative description, considering function-
al characteristics, such as land-use function, traffic func-
tion, and regional function. Considering urban planning
function and the status quo of land-use function, Zhang et
al. """ divided metro station areas into residential areas,
central areas, special areas, and transportation hub areas.
Combined with typical cases, planning and design guide-
lines for different types were put forward from five as-
pects, namely, spatial zoning, transportation system,
land layout, development intensity control, and environ-
mental design. Considering urban function, traffic func-
tion, and land-use function, Chen™ divided 21 metro
stations in Wuhan into six types and proposed the land-
use structure control standards for different types of sta-
tion areas. Similarly, Duan and Zhang'”' considered the
comprehensive functional characteristics, divided metro
stations of Xi’an Metro Line 2 into six categories, and
proposed the optimization standards of land-use control
for different types of stations.

The state and some cities have put forward TOD devel-
opment guidelines based on function. The Ministry of
Housing and Urban-Rural Development'™ divided the rail
transit stations into six categories, namely, hub station,
central station, group station, special control station, ter-
minal station, and general station, and proposed the land-
use function and construction intensity guidance for differ-
ent types of stations. Shenzhen directly put planning
guidance requirements for TOD development from the
macro-meso-micro level ™. According to the functional
orientation of the metro station areas and surrounding land
use, TOD areas were divided into three categories: ur-
ban, neighborhood, and special areas. Different types of
micro-planning and design points of TOD were put for-
ward based on the four elements of spatial scale, land-use
function control, urban design and environment, and
transportation facilities. Based on the comprehensive

functions, Guangzhou divided the TOD areas of the Pearl
River Delta into regional comprehensive centers, specific
function centers, sub-regional comprehensive centers, re-
gional transportation hubs, and city and sub-city level
centers, as well as the general neighborhood, industry,
and tourism"”'. The TOD development planning guide-
lines for rail transit stations were put forward from the
land use, traffic organization, and urban design.

In recent years, the number of studies using quantita-
tive classification based on TOD features has been in-
creasing. Based on node and place dimensions, Yuan and
Zhang"™' considered activities of residents ( passenger
flow of the station), constructed the node-place-activity
model, and used the hierarchical clustering method to di-
vide Shanghai metro stations into seven categories, name-
ly, future TOD, suburban TOD, unbalanced nodes, ur-
ban peripheral TOD, special stations, urban center TOD,
and urban core TOD. Aiming at ten typical rail transit
stations in Tokyo, Zhang and Cao'™ evaluated the node
value from the perspectives of commuting passenger den-
sity, transfer convenience, and proximity to CBD. At the
same time, they evaluated the place value from the sur-
rounding land development intensity, daytime population
density, and residential population density. Similar to the
research of Reusser et al. ™', regression fitting estimation
was used to analyze the relationship between node and
place values. The results showed that the relationships be-
tween node and place values were nonlinear. When the
node value of the station was higher, the positive benefit
of improving its accessibility to the place value would de-
crease. When the node and place value were unbalanced,
the land redevelopment motivation would be formed to
make it return to equilibrium. Chen et al.'” expanded
the node-place model and increased the relationship di-
mension, which was measured by walkability and accessi-
bility. The weight of each index was determined using the
fuzzy analytic hierarchy process. Finally, Guangzhou
metro station areas were divided into four categories using
self-organizing mapping clustering based on the compre-
hensive scores of the three dimensions.

Domestic TOD typology is mainly based on function,
which can directly guide TOD development. However, on-
ly a little research is based on TOD features at present,
such as density, diversity, and design. They mainly used
node-place models to evaluate the coordination of land and
transportation development or to improve the model by
adding a new dimension or clarifying the index weight, ai-
ming to evaluate it more comprehensively. Overall, do-
mestic research has gradually begun to realize the impor-
tance of TOD typology, attempted to perform empirical re-
search in different cities, and constantly enhanced the ap-
plication of TOD typologies in domestic cities.

5 Conclusions and Avenues for Future Research

1) The number of published papers on TOD typologies
has been increasing over time. The countries, institu-
tions, and scholars in the field of TOD typologies are
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evaluated by multiple bibliometric indicators. According
to a graphical visualization, TOD typology mainly stres-
ses three aspects: TOD planning and urban design, appli-
cation of node-place models to station areas, and devel-
opment of TOD typologies using clustering techniques.

2) TOD typology approaches are effective in guiding
strategic planning, mainly through qualitative descrip-
tions, node-place model and clustering techniques. The
node-place model is applied in different contexts but has
some limitations, which some researchers have attempted
to address. Clustering techniques are widely applied ow-
ing to their easily interpretable results. The distinct char-
acteristics of these methods satisfy various demands.

3) Research related to TOD typologies in China is
mainly based on functions. In recent years, the number
of studies using a quantitative classification based on TOD
features is gradually increasing. Scholars have paid atten-
tion to the importance of TOD typologies and applied
them in different urban contexts to deepen TOD develop-
ment in China.

4) This paper argues that the TOD typology research
still presents the following limitations: Research on the
roles of stations is in its infancy, and network analysis in-
dices are measured by the characteristics of transport net-
works rather than based on passengers’ movement net-
works"™ . However, Liu et al. """ emphasized the signifi-
cance of human mobility patterns for TOD typologies. The
volume of station inbound and outbound passenger flows
used by Liu et al. """ enables us to capture a more compre-
hensive understanding of different contexts. In addition,
scholars have reached the consensus that TOD typologies
help guide planning and policy. Although some studies
have tested the equity of TOD policy'”, the application of
TOD typologies to policies has been insufficient.

5) The research results of this paper are dynamic. New
papers on TOD typologies may contribute to new results
and research progress. Therefore, different bibliometric
indicators can measure documents more comprehensively.
Considering that only 41 papers were analyzed in this
study, further research may conduct searches using multi-
ple keywords and more articles to more comprehensively
explore the development of TOD typologies.
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