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The recent decades have witnessed a growing trend towards transit-oriented development (TOd) to achieve sustainable development through maintaining the integration between land use and transport systems. it is believed that measuring the TOd level ‘TOd-ness’ is important for TOd planning. however, it has been found that the spatial studies and quantitative methods that comprehensively measure TOd-ness are still limited. furthermore, some methods do not have standard frameworks, and they vary according to the research context and orientation. accordingly, the major focus of this paper is related to the multi-criteria decision making (mcdm), quantitative measuring methods that prioritize potential areas for intervention. Based on a systematic review, this paper aims to evaluate the existing studies published between 2000 and 2020 in relation to TOd-ness measurement and its operationalization. This systematic review is an attempt to present the dominant methodologies used and analyse their pros and cons. accordingly, the paper introduces a theoretical review of the TOd concept, its evolution and methods employed from the previous studies. Then, an analytical review is conducted for the eligible records, that are extracted from eight databases according to certain criteria. finally, it is expected that the outcomes of the research will provide insight for further studies, in addition to presenting the best-adopted methods and assisting in developing mcdm models that measure TOd-ness quantitively. 
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1 inTrOducTiOn

Over the past few years, the population growth of cities has increased rapidly as a result of urbanization. The urbanization process impacts the spatial distribution of land use and the mobility demand created by the distribution of activities. unfortunately, many urban areas across the world have become increasingly car-oriented, threatening the sustainability of the road structure as well as creating social, economic and environmental imbalances. 

consequently, further road construction policies have failed to cope with the substantial increase in travel demands resulting from this rapid motorization, causing a transport vicious cycle. meanwhile, transit-oriented development (TOd) has grown significantly, aiming to achieve sustainable development by maintaining the integration between land use and transport systems [1]. 

The concept of TOd has a variety of definitions, as given by many researchers, the researchers and stakeholders describe it differently in light of their different perspectives on the concept. consequently, there is no general definition of TOd. most commonly, TOd is 

*Orcid: https://orcid.org/0000-0002-3715-7680

© 2022 WIT Press, www.witpress.com

ISSN: 2058-8305 (paper format), ISSN: 2058-8313 (online), http://www.witpress.com/journals DOI: 10.2495/TDI-V6-N4-378-398

  

 Sara M. Ibrahim et al., Int. J. Transp. Dev. Integr., Vol. 6, No. 4 (2022) 379

considered a way to densify neighbourhoods, reduce congestion and increase accessibility and transportation options through land-use clustering and mixing. This could thus have a great impact on reducing the distance and time required for car trips; allowing a greater proportion of trips to be made via non-motorized transport; and reducing car ownership in some households. as a corollary, this reduces total transportation costs and helps to create a more liveable community [1], [2], [3]. 

The formulation of the TOd concept appeared in the usa during the late 1970s and early 1980s. however, it really gained prominence during the 1990s, through its strong association with the emerging planning movements in the usa at that time when Peter calthorpe published ‘The next american metropolis’ in 1993. Therefore, studying TOd is crucial as it is considered as a specific component for smart growth, new urbanism sharing some common principles with the aforementioned movements. 

more recently, a growing number of cities and regions have embraced the concept of tod, its planning policies and implementation at different scales for instance, europe, in the netherlands, sweden and austria. asia, in Tokyo and Toyama in Japan. australia, in Perth, in the usa such as california, Portland, the new Jersey transit village and many more. some cities have gained popularity through their tod qualities and successes, such as curitiba (Brazil), hong Kong (china), london (united kingdom) and Johannesburg (south africa) [2]. in addition to that, the implementation of  TOd varies, it can be utilized  to develop around existing transit stations, or  develop new transit stations [3]. Therefore, there is a crucial need to measure the outcomes of TOds, implementing more quantitative understanding of the existing situation when planning for TOd, and it is thus important to measure the overall TOd-ness (TOd level) of urban areas in order to carry out effective TOd planning [4]. 

it was found that the previous research concerned with TOd, are focused on two major orientations; first, the successful engagement of the private sectors in TOd implementation while the second, is the evaluation of TOd stations around transit corridors, such as bus rapid transit (BrT) or light rail transit (lrT). however, almost all of these studies have dealt with 

‘evaluating’ completed TOd projects, with very little interest in ‘measuring’ TOd-ness. further, most cases are mainly qualitative and with little quantitative analysis, simply discussing the success or failure of TOd plans at that location. Only limited research has been found that assesses TOd quantitively. in 2004, schlossberg & Brown [5] carried out such study; assessing the TOd of 11 sites in Portland, Oregon using only the walkability indicator. This is considered to be an example of measuring TOd-ness quantitatively, utilizing arcgis as a spatial platform using one indicator. The literature shows that ‘comprehensive’ location-based TOd-ness measurements had not been attempted before that time. Over the past few years, some efforts have been made by researchers to fill this gap by proposing different spatial quantitative methods and models to measure TOd-ness comprehensively. although the number of studies investigating this issue is growing, they are still limited and fragmented. 

accordingly, this research paper is an attempt to tackle this gap, as the spatial studies and quantitative methods that measure the TOd-ness of an area comprehensively are limited. Thus, the paper is an attempt to provide a useful synthesis of existing studies on TOd-ness measurement, through providing methodological and empirical systematic reviews. moreover, it’s major orientation relates to TOd-ness measuring methods that prioritize potential areas for intervention. The paper will focus on multi-criteria decision making (mcdm) methods and techniques that are employed for TOd-ness measurement in TOd planning, as a tool to support decision making process. Therefore, this paper seeks to examine the following research question: Q: how did the studies measure levels of TOd quantitively using mcdm methods to prioritize the potential areas for an intervention? 
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[6], and has been used in many fields. in transportation planning, [7] was one of the first authors to propose an mcdm tool to be used for TOd planning purposes. This tool was aimed to ‘assess the suitability of land use around proposed lrT stations of the memphis metropolitan area’ by applying the analytic hierarchic process (ahP) method in conjunction with geographic information systems (gis). in 2005, Banai [8] added small improvements to convert it into a decision-support system through a ‘land development concept plan’. 

although the topic of measuring TOd employing mcdm methods has attracted considerable attention from researchers during the last decade, the number of studies is still limited, especially in developing countries. 

2  meThOdOlOgical framewOrK

in this paper, a systematic review is adopted to synthesize the state of different research on measuring TOd-ness quantitatively and to build a strong theoretical basis. The systematic review is conducted using the selected studies from different electronic databases. Then, it provides literature analysis, which will be discussed with regard to the research gap. finally, the paper presents the conclusion of this review by providing a summary of insightful findings, lessons drawn and directions for future research. This review follows the Prisma method, as it is preferred in reporting items for systematic reviews and meta-analyses, which ensures a transparent, systematic review. in basic terms, the selection of publications follows the four stages of identification, screening, eligibility and inclusion. 

2.1 search strategy

The systematic search was conducted between since december 2018 and december 2020 

and yielded more than 2,535 records. The different electronic databases were screened to continue the literature search. They sometimes use ‘Boolean operators’ – simple words such as and, Or and nOT – to combine and/or exclude specific terms for a quick search. initially, an explorative keyword search was employed to determine appropriate search terms for the study. The search used different combinations of the generic terms ‘transit-oriented development’ and ‘TOd measurement’. additionally, the search strategy did not restrict the search to the transportation planning domain but also considered related fields such as urban planning and geo-information science. The combination of search terms listed in (Table 1) was used (with some syntactic variants) and applied to the title, abstract, keywords and full text of the databases mentioned previously. 

Based on the most frequent terms used to describe TOd-ness measurement, found in several studies, the researchers constructed some search strings – for example (web of science): Ts (Topic) = (‘transit-oriented development’ Or ‘TOd’) and Ts= (‘TOd-ness’ Or ‘TOd level’ Or ‘TOd evaluation’ Or ‘TOd measurement’ Or ‘measuring TOd’ Or ‘mcdm’ 

Or ‘TOd planning’ Or ‘Potential locations for TOd’ Or ‘Planning support system’ Or 

‘spatial decision support system’ Or ‘spatial models’ Or ‘smart growth’). 

2.2 literature identification

initially, the scholarly databases were searched to determine which ones provided relevant results, through an extensive search of international journals, articles, reports and other 
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Table 1:  [Keywords used in guiding the systematic review and the literature search.    

 (Source: Authors.)]. 

Keyword list

generic

Transit-Oriented development (TOd) – TOd measurement specific

TOd measurement

mcdm methods

measuring TOd

Potential locations for TOd

TOd evaluation

Planning support system (Pss)

TOd Planning

spatial decision support system (sdss)

TOd-ness

spatial models

TOd level

smart growth

scientific web resources. in addition, a sample from grey literature resources was also included in the search, such as theses, dissertations and conference proceedings. The literature search was conducted across eight electronic scholarly databases: (1) google scholar, (2) ProQuest, (3) science direct, (4) scopus, (5) eBscOhost, (6) springer, (7) sage and (8) web of science. in cases where publications appeared relevant but were not accessible, the researchers attempted to gain access via scientific communities (e.g. egyptian Knowledge Bank (eKB), researchgate or academia). after the initial database searches, preliminary criteria were established to narrow down the results, focusing on studies that were: (1) written in english and (2) published between 2000 and 2020. 

This time-frame was chosen to limit the search based on the literature review conducted by 

[9]. malczewski’s review [9] revealed that the publishing of mcdm spatial methods such as smca-related (spatial multi-criteria analysis) articles has increased exponentially post-1995, with modest developments between 1990 and 1995. finally, after narrowing down the results, the next inclusion/exclusion criteria were implemented, and the search was further refined. 

2.3 selection of eligible literature: inclusion/exclusion criteria in the first stage, the authors eliminated irrelevant papers through an initial screen. The foci of the eliminated papers were on TOd node typologies, TOd node models, TOd street design, TOd road network analysis, TOd real-estate prices, residential location, residential self-selection, or other irrelevant fields. moreover, papers focusing on travel behaviour and/or environmental outcomes related to travel were also eliminated because they did not meet the scope of the current paper. during the second stage, titles and abstracts were screened to determine which ones are accepted for full paper screening. This was accomplished through selecting eligible literature resources based on a predefined criterion. The papers therefore had to meet the following inclusion criteria to be considered relevant for the research approach: 1.  Papers must have a TOd measurement (quantitative) focus. additionally, they must include planning aspects in line with TOd features and principles. 

2.  Papers must contain applied research that includes indicators or criteria identification. 

3.  Papers must have used an mcdm method or analytical technique (paper scope). 

after removing the duplicated records, all titles and abstracts were screened based on the inclusion/exclusion criteria in order to select the relevant studies. finally, 25 potentially 

[image: Image 1]
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3  search resulTs and selecTiOn PrOcedure

The four-level structure of the literature search and selection process is illustrated in Prisma flow diagram (see fig. 1). during the screening process of the full texts, 195 records were excluded due to the following reasons: 

1.  They evaluated suburban neighbourhoods or focused on measuring one indicator only which did not fall within the scope of the research. 

2.  They were less focused on TOd measurement or discussed several topics at once. 

3.  They contained a theoretical basis for measuring TOd-ness or TOd evaluation but did not carry out a case study implementation. 

4.  although some studies aimed to bring out optimal TOd locations using one of the mcdm methods, they used it to classify the transit node typology needed for the areas under study. 

5.  They met the selection criteria, but they focused on a TOd behavioural study. 

6.  although the american study by [10] was found to evaluate the potential locations for TOd, but it had a slightly different focus. it focused on developing an index model to identify the areas where changes in the TOd-related variables were consistent with a positive or negative relation to the surrounding urban environment. 

figure 1: [The Prisma flow diagram for the literature search. ( Source: Authors. )]. The Prisma diagram adopted from www.prisma-statement.org. 
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7.  The review study by [11] was found to discuss only the necessary criteria and indicators that should be included in any study to establish an accurate TOd index which is used to measure TOd-ness. however, it did not discuss the methodology of measuring of TOd-ness via TOd index. 

after the full-text screening, a total of 25 eligible records were included for data extrac-tion and analysis and the review results are presented below through a narrative synthesis approach. 

4  descriPTive analysis Of liTeraTure resulTs The discussion of results was analysed according to the following: the origin of the studies, frequently analysed case studies and the transport modes included in the studies, the time of publication, the methods employed, the buffer size of the area of analysis and the main aims of the research. 

The first observation was that the number of studies on TOd-ness evaluation or measurement has grown over the last decade, which has contributed to a better understanding of TOd indicators and criteria. however, no systematic reviews were found in the review results discussing this point. moreover, the literature is dominated by studies from northern europe and south asia, particularly the netherlands (nl) and indonesia. 

as shown in (Table 2 and fig. 2), it was found that 18 out of 25 selected studies were conducted in northern europe and south asian countries, while four studies took place in south-ern europe and western asia, two studies were conducted in north america, particularly in the usa, and only one study in east africa, particularly in addis ababa. 

The second observation was that arnhem-nijmegen (san) was the most frequently analysed metropolitan area ( n = eight, 32%) followed by Jakarta metropolitan region (Jmr) ( n = four, 16%). most studies focused on more than three modes (11 studies), whereas fewer analysed only a single mode (nine studies) or two modes (two studies). Train stations were the most frequent focus of the studies ( n = seven, 28%) and were included in multi-mode studies. additionally, BrTs were included in eight studies (including one in which it was the exclusive focus), lrTs in ten studies (exclusively in two), mrTs in 11 studies (exclusively in two), rail-based stations in 20 studies (exclusively in three) and public transit stations in 21 studies (exclusively in five). 

another point observed was that a significant increase in the number of studies focusing on measuring TOd-ness had not been identified until very recently, after the TOd index appear-ance in 2007. One study was found in the years 2010, 2013, 2019 and 2020; two in 2012; four in 2014; three in 2015; and five and seven were published in 2017 and 2018, respectively. 

concerning the publication year, although the review time-frame was from 2000 to 2020, some studies included earlier influential studies. These earlier studies were descriptive qualitative studies that discussed the indicators used to measure or evaluate TOd-ness. 

concerning the mcdm methods employed, the reviewed literature demonstrated a variety of methods being used, divided between analytical methods and simulation-based methods. 

a cumulative number of ten analytical techniques was obtained by grouping them into three main categories (suitability analysis, hierarchal decision process and statistical analysis). 

among the most reliable methods, suitability analysis techniques ( n = 19, 76%) were most common, especially multi-criteria decision-analysis (mca) techniques, followed by spatial statistical analysis ( n = 11, 44%) and then the hierarchal decision process ( n = five, 20%). 

much more common were those studies that used combined methods, which accounted for 52% ( n = 13) of the total studies. among the least reliable methods, the multivariate 
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 (Source: Authors.)]. 

reference

case study

Type

[6]

ahmedabad, india

Thesis

[12]

gaza city, Palestine

Thesis

[13]

--




Book chapter

[14]

san – nl

Thesis

[15]

san – nl

Thesis

[16]

azambuja, Portugal

research paper

[17]

san – nl

conference paper

[18]

san – nl

research paper

[19]

san – nl

conference paper

[20]

san – nl

dissertation

[21]

san – nl

research paper

[22]

rangsit campus, Thailand

research paper

[23]

denver, colorado, usa

research paper

[24]

Jmr, indonesia

research paper

[25]

san – nl

research paper

[26]

Tehran, iran

research paper

[3]

Tehran, iran

research paper

[27]

Jmr, indonesia

conference paper

[28]

faridabad city, india

research paper

[29]

Jmr, indonesia

research paper

[30]

Jmr, indonesia

conference paper

[1]

new Jersey, usa

Thesis

[31]

depok city, indonesia

conference paper

[32]

Palembang city, indonesia

conference paper

[33]

addis ababa, ethiopia

research paper

regression method ( n = one, 4%) was used in only one study by [16]. moreover, the models were classified into four main categories (gis-based, agent-based, ahP-based and statistical-based models). 

The dominant models used were gis-based models, which accounted for 92% ( n = 23) of the total studies. Only the study by [23] used an ahP-based model without employing gis, while the study by [3] was the only one that used an agent-based model, thus belonging to the category of simulation-based methods. 

according to the studies that defined a specific radius for the area of analysis, the buffer size ranged from 300 to 1,200 m. most of the researchers acknowledged that a 500 m boundary is a suitable distance for TOd development. however, the ‘pedestrian catchment area’ 

of built environment indicators found in ten studies (40%) measured the area within 800 

[image: Image 2]
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figure 2: [The map depicts the results of literature analysis of relevant studies. ( Source: Authors. )]. 

m around the stations, while seven studies (28%) measured within an area of 300 m and three studies (12%) within 500 m. The remaining four studies measured the area around the neighbourhoods or the stations within 400, 700 and 1,200 m each depending on the transport mode, corresponding station services and the context of the region. The reason for this disparity was highlighted by [15], who stated that a walkable boundary is not standard in all regions. for example, [34] defined a comfortable walking distance as a ten-minute walk within 609.6 m from the station in the context of american cities, while in the past 1,000 

m (1 km) has been used as a comfortable walking distance for australian urban settings. in conclusion, it is recommended for the study of TOd in different cities that the definition of an adequate distance for walking is based on the city context. 

The main aims of the reviewed studies were grouped by the authors of this paper into eight different aims: (1) develop a TOd score for the study area, (2) measure the degree of TOd-ness of an area, (3) find station best allocation based on model/scenarios, (4) develop a framework to measure TOd-ness, (5) develop a gis-based model to measure TOd-ness, (6) evaluate how the transit nodes function as TOds, (7) analyse the most feasible location for TOd planning or (8) develop dss model used for choosing TOd site. developing a TOd score, developing a gis-based model for the study area and measuring the degree of TOd-ness of an area were the most extensively studied aims in the scientific work on this topic. 

5  cOnTenT analysis and discussiOn

in this section, the discussion of the reviewed articles is grouped into seven topics: (1) the limited number of studies, (2) the indicators included in the studies, (3) the focus, TOd indices and scale of the studies, (4) the framework of analysis, (5) the methodological strengths and weaknesses of the studies, (6) stakeholder involvement and (7) study relevance for real-world practices. 

[image: Image 3]
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it is quite surprising to find only two american studies in the review results, considering that TOd has received considerable attention in the usa and many american cities have undertaken TOd projects over the last decades. The notable thing about the literature review containing many usa studies that focused on the evaluation of existing TOd projects and discussed ‘success/failure’ factors at that location or the success of the project. in addition, only one study was found in african cities. Possible limitations to explain this are that selection bias might have occurred due to the exclusion of non-english records, some research papers were closed-access. 

5.2  The indicators included in the studies according to calthorpe [34], TOd planning principles support the perspective of the ‘physical-based TOd view’, especially the walkable environment. similarly, cervero & Kockelman 

[35] focused on built environment principles and shed light on the ‘3ds’ (density, diversity and design), which are recognized as essential anchors in TOd planning. dittmar & Ohland 

[36] also stressed the physical TOd aspects, while ewing & cervero [37] added ‘two more ds’ as criteria of the built environment (destination accessibility and distance to transit), thus expanding it to the 5ds. however, some researchers believe that it is not sufficient to analyse only physical TOd dimensions, despite their necessity. hence, other researchers have tackled TOd from the perspective of the ‘performance-based TOd view’ and have moved beyond those variables to include others. for instance, Belzer &  autler [38] defined TOd from this perspective and ewing & cervero [39] added two more ‘ds’, with demand management (including parking supply and cost) as the ‘sixth d’ and demographics as the ‘seventh d’. 

however, others have jettisoned the alliterative use of the letter d and employed their own formulations as shown in fig. 3. later, evans et al. [40]’s report, identified the ten most frequently defined ‘quantifiable’ indicators to measure the existing TOd via an ‘index’. such an index allowed measuring all the indicators of TOd areas to identify which areas needed greater TOd-ness or better transit connectivity. as reported in a review study by Patel & shah figure 3: [synthesizing the researchers’ perspectives on TOds, their criteria and indicators. 

( Source: Authors. )]. 
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[11], the necessary criteria to be included in any study in order to establish an accurate TOd index are: (1) density, (2) diversity, (3) walkable and cycle-able distance and 4) economic development. regarding the indicators used in the studies, the number varied from four (in two studies) to 22 indicators (in one study). furthermore, just over half of the studies ( n = 22, 88%) used more than four indicators. The most frequently analysed indicators were density, diversity and design ( n = 23, 92%). 

Table 3 shows that five studies focused on physical TOd indicators only, while the majority of studies ( n = 17, 68%) used physical and performance indicators. The literature acknowledged that since researchers’ aims in regard to TOd vary, the indicators also differ. further, the more the indicators included in any study, the more precise the results that the researchers will obtain. several researchers, such as [3] tried to put this into practice by considering more comprehensive indicators in their study. They used public transit infrastructure indicators (i.e. route performance and service performance) and TOd-level indicators (i.e. density, diversity, design and economic development), which were evaluated at the neighbourhood scale. from the review, it was found that researchers such as [14], [15], [6], [18] excluded some indicators in their studies due to different limitations, including data availability (i.e. 

the meta-data for the dataset), time and energy resources. 

for these reasons, some studies, such as that by [14], had to adjust some indicators, thus they became less precise. further, the authors of six studies modelled the link between land use and transport by using cervero’s 1997 ‘3ds’ indicators. however, while these indicators can explain the relationship between land use and transport, they might not be comprehensive and efficient enough for the TOd-ness measurement of an area. as emphasized by many researchers, studies must include the ‘3ds’ and economic development indicators when measuring TOd-ness comprehensively. further to this, some indicators change over time, such as accessibility, passenger load, etc., because these services differ across the duration of a day. hence, it is highly recommended that a time-based dimension should be considered within TOd planning. 

5.3  The focus, TOd indices and scale of the studies it should be noted that TOd typically encompasses different types of development, as it sometimes refers to a development around new transit stations and sometimes refers to station re-development. The different foci of the studies revealed from the literature analysis are shown in Table 3. some studies focused on a single TOd approach ( n = 21, 84%) while others utilized both TOd approaches ( n = two, 8%). from the review, it was noticed that approach 1 (see Table 3) was the most adopted ( n = 13, 52%) in the selected studies. 

many researchers, such as singh, fard, et al. [18], suggested that TOd planning for a region should address two approaches: 

1.  approach 1: To identify the areas that surround high-quality transit but where TOd levels are low, and the transit orientation of these places needs improvement. 

its objective: Plan for higher TOd levels in different areas where transit connectivity is available, but TOd levels are low. 

2.  approach 2: To identify the areas that are characterized by urban development with high transit orientation but poor or absent access to high-quality transit. 

its objective: Plan for transit connectivity at those locations or areas where high levels of TOd exist but transit connection is absent or poor. 
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have not yet been used comprehensively. They also argued that a single TOd index is not sufficient, since the two approaches differ in terms of area, scale and measuring indicators. 

hence, they proposed two TOd indices for each of the previously mentioned approaches, referred to as an ‘actual TOd index’ and a ‘potential TOd index’. 

1.  actual TOd index: an index must measure TOd levels within walking distance of each transit node. it should also measure the characteristics not just of urban development’s surrounding the node but also of transit services in that area (eight criteria and 25 indicators). 

2.  Potential TOd index: an index must be able to measure urban development characteristics in all areas of the region. it cannot measure transit characteristics as it is found that those areas where transit connectivity is absent and is desired (four criteria and 11 

indicators). 

noticeably, the approaches adopted by researchers are reflected in the scale of the studies in the review results. The station area and city scale were the most frequently analysed scales ( n 

= 12, 48%), followed by the urban-regional scale ( n = seven, 29.16%), then the transit corridor scale (along mrTs, BrTs and lrTs) ( n = six, 24%) and lastly the neighbourhood-scale ( n = three, 12%). from the review, it was recognized that TOd is a multi-scale concept that uses several scales. many researchers have argued about this since calthorpe [34] defined TOd as a conducive development that surrounds transit stops/stations and considered station level as the most critical scale of TOd planning. some of the researchers adopted the local scale (i.e. station area and its neighbourhood level), believing that this scale is critical for developing transit-oriented activities as well as understanding the community. nevertheless, others argued that the TOd should be applied to a region or a city, rather than around transit nodes. in their opinion, this scale helps to achieve a more efficient and comprehensive result for TOd planning and to ensure coordination between other existing regional plans. 

it can be concluded that the two approaches towards measuring TOd-ness are essential to ensure the comprehensive elaboration of the studied area. however, research that used the two approaches for the same area was rare in the literature reviewed. Only three studies were found to be complementary to each other: [18], [20] and [21]. working on both approaches for the same study areas is recommended as it can help to understand TOd-ness at a regional level and to establish significant strategies and scenarios that stand on the assessed indicators. 

This can also help the stakeholders and decision-makers to move towards a greater TOd-ness or better transit connectivity when choosing a TOd site for development. 

5.4  The framework of analysis

To answer the question asked in the introduction of this paper, the review revealed the tools and methodological frameworks employed, but some caveats exist. The authors of 23 articles used computerized simulation tools and models that used spatial analysis to measure the degree of TOd-ness of an area. The authors of 24 articles employed different models in case studies to qualitatively measure the TOd-ness of an area, and one study developed a conceptual model only. as mentioned before, suitability analysis techniques ( n =19, 76%) are the most reliable methods. additionally, the majority of the reviewed studies did use a TOd index score to measure the TOd-ness of an area but with different methodological frameworks. To calculate the TOd index, it was found that many researchers employed an 
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smca analysis method. in general, mca has been acknowledged as an effective method that aggregates multiple indicators into a single composite index. moreover, ‘gis-based mca’ or 

‘smca’ has been employed when dealing with spatial indicators. singh et al. [13] took the TOd index to fruition within a proposed smca-methodological framework that calculated multiple ‘spatial criteria’ and combined them into this index. They described this framework as an extension of the work of [40]. 

likewise, a number of studies ( n = nine, 36%) developed the smca-based framework, while some researchers ( n = five, 20%) operationalized the same framework as singh et al. 

[13], which employed a gis-based spatial model as an analytical measurement tool to measure the existing TOd-ness of an area. moreover, four studies (20%) developed a framework based on  that of singh et al. [13] and eight studies (32%) developed a new TOd Pss-based framework (see Table 3). additionally, [28] adopted singh [19] framework while semeraro c adopted that of singh, fard, et al. [18] and sulistyaningrum & sumabrata [31] adopted that of singh et al., [25] . moreover, the data obtained in the study by fajri & sumabrata [32] was analysed using sulistyaningrum & sumabrata [31] TOd measurement method and the TOd evaluation method by galelo, et al. [16]. 

5.4.1  interpretation of studies’ results

it was found that visual analysis and statistical analysis were employed by researchers in TOd studies to aid in recommending alternative TOd locations for development or building. 

The methods found in the reviewed literature using visual analysis were spatial analytical and spatial statistical, which can facilitate in interpreting spatial indices. many researchers admitted that the potential TOd index could only be used to make a comparison between locations in order to identify the potentially more transit-oriented location, but that the index may not clarify the magnitude of the differences. moreover, fard [14] added that computing the maps of smca analysis (i.e. in the form of either a suitability map or a TOd index map) provides us with different values without indicating the required actions in practice. 

likewise, almost all of the reviewed studies (96%) employed the spatial analysis using a gis platform except strong [23]’s study, which used statistical analysis. seven studies (28%) employed spatial statistical analysis and six studies (24%) employed both spatial analysis and statistical tests. almost all the studies that employed spatial statistical analysis studied the statistics of spatial association through ‘spatial clustering’ using global or local cluster statistics methods. 

arguably, the review revealed that the findings of the previous studies could not be compared in order to identify their degree of success in the future due to the diversity of the methods employed. hence, without comparison or validation scores, it is difficult to know which method would produce the best results. The literature provided a few studies ( n = 11, 44%) that suggested which policies were needed for improvements or suggested detailed TOd site decisions based on the results as in [33]. however, some researchers claimed that planners would still need more information on land use plans, planning policies or political motiva-tions in order to make physical plans when the need arises. finally, the review also revealed that the Pss-based framework in many studies could not predict or simulate how the increase in densities, jobs or economic development could affect the number of transit ridership. 

5.5  The methodological strengths and weaknesses of the studies after investigation, many researchers admitted that the methodological framework of singh et al. [13] has obvious points of strength because:
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2.  it is transparent and back-traceable. 

3.  it is simple, which makes it repeatable and easily applied in other countries as well. 

4.  The results can provide an input for an sdss environment and can then be assessed by stakeholders in order to propose planning interventions in those areas. 

correspondingly, singh, he, et al., [17] developed the framework and tool that had been proposed previously in the work by singh et al. [13]. This development has strengths as follows: The researchers proposed two separate indices – an ‘actual’ and a ‘potential’ TOd index – where they differ in scale and indicators. They used spatial statistical analysis, which leads to higher accuracy in results. moreover, the study is considered one of only a few studies across the entire study area that measured TOd-ness via a TOd index. in general, many researchers emphasized the advantages of measuring TOd-ness via a TOd index, as it can help in: assessing the existing TOd characteristics, maintaining effective TOd planning or evaluating TOd projects, justifying poor TOd performance such that proposed policies, programs or interventions can be created to improve TOd conditions and identifying whether an area is moving towards or away from performance threshold values. 

another argument was made by lukman [15], who criticized fard [14]’s study for applying the potential TOd index to the whole areas regardless of whether the areas had transit access or not. Therefore, the consideration of some transit system elements was missed in this study. however, [3,26] argued that singh, he, et al., [17]’s study has some weak points: ignoring accessibility or street connectivity, which are considered as efficient indicators in developing a TOd index. The indicators were computed in a ‘raster format’, which is considered inappropriate because data collection is usually represented in a ‘vector format’ in urban planning. finally, they did not propose any scenarios for improving the TOd-ness of areas in the region, especially public transit service areas that had the potential for development. 

despite these weak points, singh et al., [25]’s study employed the same methodology but discussed the first approach throughout an entire urban area. finally, motieyan & mesgari 

[26] developed a four-stage methodology to calculate a TOd index score using an ahP analytical method. according to the results of the assessment, they described their method as robust and efficient for sustainable urban planning. stating that using this analytical method had many advantages for their modelling approach because: it produces the TOd index from the stakeholders’ point of view. By calculating the indicators’ weights using pairwise comparisons, it provides robust results where the inconsistency is computed. additionally, by modelling uncertainties in stakeholders’ views (sensitivity analysis), it gives more precise results. 

finally, the spatial data of the majority of studies used vector representation in gis. many researchers confirmed that the vector format has many advantages in producing reliable results, regarding either attributes or the spatial dimension. for instance, [26]’s study computed the indicators in the vector format at a neighbourhood scale, which they justified with the following reasons: some errors may potentially result if data is converted into other levels because the majority of datasets are compiled at the neighbourhood level. The raster cell square area contains different urban environment areas with different characteristics, so using the vector format at a neighbourhood level is more efficient than the raster format. density, diversity and land use mixedness indicators are usually employed at the neighbourhood level, thus utilizing them on other levels is inefficient. 
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5.6  stakeholder involvement

it has been acknowledged that achieving efficient TOd requires cooperation between planners, policymakers, private investors, administrators, etc. also, it is believed that stakeholder participation is a way to encourage the bottom-up approach in the planning process. similarly, the researchers believed in the role of stakeholders’ involvement in TOd planning studies. 

from the review, many researchers considered smca as the preferred analytical method for prioritizing potential locations for intervention, due to stakeholder participation twice during the process: first, their major role in assigning the weights to each indicator before calculating the TOd index, and second, when discussing the TOd indices. further to this, the other advantage of smca or multi-criteria methods is that stakeholder bias can be eliminated after performing a sensitivity analysis to test the small change in the weights of the TOd scores. 

from the review, a drawback was noticed regarding the weighting of the criteria that were determined through interviews or surveys. for instance, the ranks in the study by shastry [6] 

were determined by a group of six people through interviews, which is a very small dataset. 

moreover, not all of the interviewees were from the city of ahmadabad and they were not representative of the entire list of stakeholders. Taki & maatouk [29]-[30] overcame this drawback and obtained their ahP data (the primary data) from interviews and questionnaires answered by 12 experts in various scientific fields to obtain the weight value of each indicator. in lukman’s study [15], the weights were derived from a previously held stakeholder workshop by singh [41], who worked on the same topic as lukman’s research. The weights were only derived from government representatives at the municipality level. in the study by galelo et al. [16], the weights were derived from a national survey in the usa that used the opinions of 30 professionals, while in the study by singh, he, et al., [17], a workshop was held with the municipal heads of all 20 municipalities, where they were asked to rank the indicators in order of their importance in the realization of TOd. 

5.7  study relevance to real-world practices at a broader level, this review helps in identifying where the relevant research exists to help academics to be consistent with past and recent progress, as well as the considerations needed for future research. moreover, the authors believe that exploring this kind of study can also help decision-makers to identify priorities and provide computerized models to be assembled and used. The review revealed that the direct impact and relevance of the studies are mostly on urban planning, TOd planning and decision-making processes. as mentioned before, only 11 studies had a direct impact on the policy-making process as well as TOd planning. The researchers admitted that measuring TOd-ness would help decision-makers to determine which areas had more potential for development. in addition, the results of the studies can provide an input for an sdss environment (e.g. gis) and can then be assessed by stakeholders again to propose planning interventions in those areas. consequently, the selection of proper measurement frameworks needs more consideration, because without measuring the TOd-ness outcomes correctly, investment strategy mistakes will occur repetitively. 

in some cases, such as that of shastry [6], the secondary data (i.e. the number of jobs) has decimal values, which indicate that the data has been calculated using a mathematical operation and not been collected onsite. hence, the authors believe that more empirical research on measuring TOd-ness is needed using real-world data, derived from interviews with stakeholders, reports, surveys and other sources, in greater detail. although the Pss-based 
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Therefore, the use of more market studies should be another important topic that deserves further exploration by both academics and practitioners. some researchers recommended that the results of ‘spatial clustering’ hotspots analysis could be further followed up with a detailed technical feasibility analysis or a financial/economic feasibility analysis. 

6 cOnclusiOn

arguably, TOd has become the catchphrase of the planning world over three decades. it is widely recognized as one of the most comprehensive sustainable planning approaches. moreover, it is believed that TOd has many aims that eventually achieve smart growth principles for enhancing local communities. it also attempts to orient land use and development towards the transport system. in line with this, this paper conducted a systematic literature review on the state of research on TOd-ness measurement and its operationalization. The systematic review method gathers search results from different resources and allows the effective analysis of relevant research studies. in the end, the paper has focused on some important considerations after reviewing 25 relevant studies published between 2000 and 2020. it should be noted that the total number of 25 eligible studies found for a systematic review is a rather small proportion. 

This extensive review revealed some well-known facts about the TOd concept. first, the available literature on TOd is very vast and covers many aspects of the concept. Thus, the attempts to evaluate TOds have also been conducted differently by researchers and urban planners worldwide, as they perceive the concept differently. it is also very clear that TOd planning implementation is a multi-scale endeavour. at the same time, the review revealed that there is insufficient work in the literature that measures TOd-ness in certain areas quantitatively. 

although the literature is rich with station-area studies attempting to measure levels of TOd, they did not quantify them until 2007. furthermore, the review revealed that more published articles on this topic have been observed since 2010. with respect to the methods employed, combined methods using a suitability analysis smca and spatial statistical analysis techniques dominated the TOd measurement studies. at the same time, the authors of a few articles employed agent-based, ahP-based and statistical-based models in their work. in accordance with content analysis, the reviewed studies were classified according to seven topics. 

in general, the review confirmed some results in the existing literature. for instance, many researchers have encouraged the development of a TOd index that can quantify TOd-ness to measure TOd comprehensively. This helps to identify what is lacking in the existing situation and what developmental interventions need to be carried out based on the location potentials. 

moreover, review found that the literature is rich with studies that used a mix of ‘spatial’ and 

‘non-spatial indicators’ to calculate such an index that is both measurable and quantifiable at the same time. most commonly, the researchers excluded some indicators in their studies due to different limitations, including data availability or time constraints. however, some studies emphasized that certain indicators should be included to maintain effective TOd planning (e.g. the 3ds and economic development). in addition, a temporal dimension should also be considered because some indicators differ across the duration of a day, such as accessibility, passenger load, etc. The review also revealed that these types of studies can have a valuable impact on real-world practices such as urban planning, TOd planning and decision-making processes. The results of the TOd scores can provide identification for decision-makers in order to focus their efforts on these locations. 
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To sum up, the review provided the following considerations needed for further research: first, this review has a ‘methodological focus’ and, to the best of the authors’ knowledge, this is one of few attempts at a systematic review on this topic. Therefore, the authors believe that an additional review with an empirical focus is needed. if the same literature is used, the authors recommend a new angle to be investigated, resulting in different conclusions. 

second, although there is a large amount of TOd research focusing on how users living in or moving to a TOd change their travel behaviour, this review did not consider travel behaviour and/or environmental outcomes related to travel. however, travel behaviour and mode shift should potentially be measured along with the TOd-ness measurement at some point, in order to strengthen the argument behind this paper. 

Third, working on two approaches to measuring TOd-ness for the same study area is recommended, as it can help to understand the level of TOd at a regional level and to establish significant scenarios that stand on the assessed indicators. The researchers also suggest using the results of the studies on which to base the policies needed for improvements or a detailed TOd site decision in order to help policymakers to identify the priorities. fourth, it is also recommended that studies that capture built environment indicators should define the adequate walking distance based on their local context. moreover, the consideration of more stakeholder involvement as well as government policies would certainly have a major impact on the criteria weighting that may affect the value of each indicator. Therefore, the involvement of the local communities, the private sector and the public sector is considered an essential element to maintain a successful TOd. 

fifth, for further implementation of the methods, this review focuses on the methods and models used in fard & lukman studies [14,15], which measure the actual or potential implementation of the TOd concept in an area. it also suggests using combined methods to ensure a methodologically balanced approach. in addition, it is important to assess the model used in order to examine its efficiency by comparing and validating the resulting TOd scores. further to this, future research should enlarge the TOd-ness measurement scope. for instance, people living in proximity to transit stations are affected by government policies and the demography of the area. hence, there is a need for more agent-based models to consider other characteristics of the area. further research should also include additional interviews to provide a vision of what the community wants, and whether they support or are against the proposed development. finally, there is a need to conduct more studies that employ big and open data (BOd)-derived variables in the future, which allow planners to revalidate existing TOd planning principles, refine TOd analytics of measuring TOd-ness and evaluate different TOd plans and adapt them to local contexts. 
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PLANNING TRANSIT-ORIENTED DEVELOPMENT (TOD):
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ABSTRACT

The recent decades have witnessed a growing trend towards transit-oriented development
(TOD) to achieve sustainable development through maintaining the integration between land
use and transport systems. It is believed that measuring the TOD level “TOD-ness’ is impor-
tant for TOD planning. However, it has been found that the spatial studies and quantitative
methods that comprehensively measure TOD-ness are still limited. Furthermore, some meth-
ods do not have standard frameworks, and they vary according to the research context and
orientation. Accordingly, the major focus of this paper is related to the multi-criteria decision
making (MCDM), quantitative measuring methods that prioritize potential areas for interven-
tion. Based on a systematic review, this paper aims to evaluate the existing studies published
between 2000 and 2020 in relation to TOD-ness measurement and its operationalization. This
systematic review is an attempt to present the dominant methodologies used and analyse their
pros and cons. Accordingly, the paper introduces a theoretical review of the TOD concept,
its evolution and methods employed from the previous studies. Then, an analytical review is
conducted for the eligible records, that are extracted from eight databases according to cer-
tain criteria. Finally, it is expected that the outcomes of the research will provide insight for
further studies, in addition to presenting the best-adopted methods and assisting in develop-
ing MCDM models that measure TOD-ness quantitively.

Keywords: multi-criteria decision making (MCDM), TOD planning, TOD level, TOD measurement,
transit-oriented development (TOD).

1 INTRODUCTION

Over the past few years, the population growth of cities has increased rapidly as a result of
urbanization. The urbanization process impacts the spatial distribution of land use and the
mobility demand created by the distribution of activities. Unfortunately, many urban areas
across the world have become increasingly car-oriented, threatening the sustainability of
the road structure as well as creating social, economic and environmental imbalances.
Consequently, further road construction policies have failed to cope with the substantial
increase in travel demands resulting from this rapid motorization, causing a transport
vicious cycle. Meanwhile, transit-oriented development (TOD) has grown significantly,
aiming to achieve sustainable development by maintaining the integration between land
use and transport systems [1].

The concept of TOD has a variety of definitions, as given by many researchers, the
researchers and stakeholders describe it differently in light of their different perspectives on
the concept. Consequently, there is no general definition of TOD. Most commonly, TOD is
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