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Abstract: Sustainable development is regarded as a pivotal factor for smart urban planning.
Transit-Oriented Development (TOD) is a well-known land use transportation integration (LUTI)
planning method, which can fulfill sustainable development objectives. In this study, a new spatial
index is developed to measure TOD levels in neighborhoods of Tehran, the capital of Iran. To develop
the TOD index, several criteria and indicators are first computed using spatial analyses, before being
aggregated using a fuzzy-analytic hierarchy process (fuzzy-AHP). The fuzzy-AHP method generates
three types of factor maps: that are optimistic, pessimistic, and moderate. This process evaluates
the sensitivity of the TOD index by determining the indicators” weights from various views, or
perspectives. The results of this sensitivity analysis show the robustness of results from various views.
Furthermore, in order to assess the efficiency of the proposed method, the moderate TOD-level map
is compared with both the level of public transit services and trip attraction in neighborhoods. This
comparison shows that the TOD map has an accuracy of 77 percent in urban modeling, which verifies
the efficiency of the proposed method for measuring TOD.
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1. Introduction and Background to Topic

In recent decades, cities have expanded dramatically due to rapid urbanization processes.
Consequently, several issues associated with the management of urban built environments, such
as unplanned urban sprawl, unfair distribution of land uses, and inappropriate utilization of
infrastructures, have emerged [1,2]. Nowadays, a significant rise in the use of private cars over
public transit is one of the most conspicuous issues in many of cities. This issue can lead to both
environmentally and non-environmentally harmful consequences, such as traffic congestion, global
warming, climate change, environmental pollution, and socio-economic problems [3,4]. On the other
hand, in most developing countries, the existing public transportation services are unsuccessful in
attracting people because land use characteristics are not considered when planning and designing
public transit. To facilitate decision-making processes in urban areas, it is therefore necessary to
integrate land use and public transportation planning into a comprehensive index [4-7].

There is a mutual relationship between transportation and land use. For instance, land uses
affect travel demand, while transportation networks have a prominent impact on the patterns of land
use [8-10]. Therefore, transportation and land use should be considered in relation to one another, as a
way of efficiently addressing urban planning from the perspective of sustainable development [7,11,12].
Sustainable development helps urban planners in managing infrastructures intellectually and in
supporting economic, social, and environmental objectives in a city [13,14]. Several models have
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been developed to accomplish sustainable urban planning in cities. Among these sustainable models,
Transit Oriented Development (TOD) has proven to be quite successful [15-17].

Various definitions have been offered for the TOD concept [18]. There are, however, some common
elements to all of them, such as a compact mixed-use development pattern, pedestrian-friendliness,
being close to public transit services, and being well-served by these services [19-22]. Additionally,
the TOD concept uses several scales, which show its multi-scale character [23,24]. In order to achieve
an efficient and comprehensive result, the TOD concept should be conducted on a region or a city,
rather than on a specific distance around the public transit stations [6,12,25,26]. This approach, which
is known as TOD planning, computes TOD levels over all areas. The results of the TOD planning
help decision-makers in land use and transportation planning. For instance, by using TOD levels,
TOD planning can be used to determine high potential neighborhoods for developing public transit
services [12].

1.1. Literature Review

Many studies have implemented the TOD concept for local spaces around public transportation
stations [3,11,15,20]. However, there are only a few studies that focus on the evaluation of TOD levels
via the TOD index. Renne and Wells [26], and Evans and Pratt [6] investigated the importance of using
an index in TOD studies. Indeed, for them, the TOD index has the capacity to measure TOD levels in
an area, and they believe that these TOD levels can help decision-makers to plan efficiently. Wey [27]
and Wey et al. [28] investigated the TOD concept in a site selection of public transport stations. For this
purpose, they began by defining efficient criteria for smart growth and the TOD concept. Then, they
employed the fuzzy analytic hierarchy process (fuzzy-AHP) and the fuzzy analytic network process
(fuzzy-ANP) to evaluate the TOD’s criteria and determined an optimum set of public transit stations.
This study has some limitations: (1) the selected sites for public transit stations were not globally
optimal; (2) the considered indicators were not comprehensive and should be supplemented with some
other influential indicators, such as diversity and demographic characteristics; and, (3) the indicators
were evaluated in a qualitative form by experts, which is less precise than using a quantitative format.
It should be noted that it is essential to compute the quantitative format using Geographic Information
Systems (GIS).

To the best of our knowledge, Singh et al. [12] performed the first study on TOD planning. They
developed a spatial TOD index to evaluate TOD levels across the entire study area. These TOD levels
were employed for public transit site selection over the relevant study area. However, their study has
some weak points: (1) the considered indicators were limited to five indicators: residential density,
commercial density, entropy, land use mixedness, and number of business establishments; however,
the authors and other studies emphasize that some other indicators, such as accessibility and street
connectivity, should be considered in TOD planning; (2) the indicators were computed in a raster
format, which is not suitable for urban planning because data gathering and municipalities” plans are
usually configured in the vector format; and, (3) the aggregation method that is used for combining
the indicators and criteria is not flexible and cannot incorporate the uncertainties inherent in criteria
and indicators [29].

1.2. Contribution and Objectives

This research contributes to the development of a comprehensive spatial TOD index whose aim
is to cover the inherent uncertainties in urban planning at a regional scale. This index’s TOD level
measurement is optimal when using the vector data format, and decision-makers can use it as a
promising tool in urban planning. Therefore, this study follows three objectives: (1) developing a new
TOD index based on a comprehensive set of indicators, as part of regional TOD planning from the
perspective of sustainable development; (2) utilizing the vector format to compute the indicators since
this format is more suitable for urban planning; and (3) employing a reliable aggregation method for
combining the indicators and incorporating uncertainties in the planning [30,31].
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2. Methodology and Materials

2.1. Study Area and Data

In this study, the 7th region, a central region of Tehran, was selected to develop the proposed
TOD index. There are two main reasons for this selection. First, the region is a high-density area with
various land uses, which makes land use planning essential. Second, the seventh region has a high
level of trip generation and trip attraction; thus, public transportation plays a key role there. This
is evidenced by the fact that all of the subway lines, as well as two major BRT lines, pass through
the area. It is divided into five districts and 22 neighborhoods. The total population and area of this
region is about 300,000 individuals and 1536 hectares, respectively. Data sets used in this study were
provided by the Tehran Municipality. Figure 1 shows the study area and its neighborhoods. Moreover,
the following data sets were used to develop the TOD index:

e spatial layers of the region’s boundaries, neighborhoods, and parcels, with the attributes of area
and land use types;
e astreet map with the attributes of type, pavement, and streets design data; and,

e apopulation map in the neighborhood scale with the attributes of educational level, professional
status, age, and family members.

2 . 20

(a) ' ' (b)

Figure 1. (a) Tehran and the 7th region and (b) neighborhoods of the 7th region.

2.2. Methodology

In this research, we propose a multi-criterion decision-making (MCDM) method in four stages,
as a way of developing a spatial index. MCDM helps decision-makers to make optimal decisions
in multi-criteria problems. To this end, the method evaluates all the criteria and aggregates them
with an efficient function [31]. Today, many studies use MCDM as a promising tool together with
GIS, since most spatial problems are multi-criteria problems [4,5,7,12]. For instance, Singh et al. [12]
utilized the MCDM method to determine the weights of TOD’s indicators and to aggregate them for
the development of a TOD index; in another study, Babakan et al. [4] used the MCDM method to
aggregate people’s priorities in selecting their settlements and to choose the best location for them to
live in. In this study, we therefore use MCDM and GIS. In the first stage, the most significant criteria
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and indicators are determined. Although several studies, such as [6,12,26,32], have determined a set of
criteria and indicators for TOD planning, this set is not comprehensive and it should be completed by
adding other important indicators. Therefore, in the second stage, a comprehensive list of indicators
is calculated that is based on adequate formulas. Since most indicators, such as density, mixed land
use-ness, and accessibility are spatial, GIS can be utilized to calculate these indicators. In the third stage,
in order to obtain the spatial TOD index, the calculated indicators are aggregated using an efficient
decision-making method. The aggregation method used should be able to incorporate uncertainties in
data and to compare indicators according to a scientific basis [30,31,33]. For this purpose, a fuzzy-AHP
aggregation method is used. In the fourth stage, the result of the TOD index in the study area is
evaluated through the use of some reference data.

2.2.1. The First Stage: TOD Concept, Criteria, and Indicators

Generally, a description of the TOD concept involves some important characteristics such
as high-density areas, suitable land use diversity, a high mixedness level, and efficient public
transportation services [22,25,34]. The TOD concept is defined as an approach that encourages the
development of mixed and compact land uses, increasing the number of public transit passengers,
and creating more livable communities [34]. According to Sung and OH [3] (p. 75), “TOD is a
planning technique that aims to reduce automobile use and promote the use of public transit and
human-powered transportation modes through high density, mixed use, environmentally-friendly
development within areas of walking distance from transit centers”.

There are some essential criteria for TOD planning. Ewing et al. [35] suggested three
criteria: density, diversity, and design. Additionally, further studies expand these criteria with the
socio-economic development criterion, in order to enhance the efficiency of the TOD planning [6,12,27].
In this study, the aforementioned criteria are employed to develop the TOD index. Additionally, each
criterion is evaluated by efficient indicators. Table 1 summarizes the criteria and indicators that are
considered in this research. When compared to the indicators that are used in [12], in which the
authors developed a successful implementation of TOD planning, we utilize further indicators to
improve the evaluation of the criteria and TOD planning, including: (1) administrative density: this
has a prominent role in transportation demand; (2) accessibility: the most important factor in land
use-transportation integration models; (3) street connectivity: a principal factor in urban design and
detecting deteriorated urban textures; (4) level of streets’ design: a fundamental factor for encouraging
walking and cycling in the community; (5) demographic indicators such as population, educational
level, family members, and the percentage of young people, all of which can specify the trip generation
level, as well as the level of socio-economic development in an area; and, (6) level of facilities: this
distinguishes trip attraction in a particular area. Educational, health, sport, religious, and recreational
land uses are considered in determining the level of facilities.

Table 1. Criteria and indicators of the Transit-Oriented Development index.

Criteria Indicators

Residential density
Density Commercial density
Administrative density

Diversity Entropy Index

Street connectivity
Accessibility
Land use mixedness
Level of streets” design

Design

Population
Number of employees
Percentage of young people
Family members
Educational level
Level of facilities

Socio-economic development
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2.2.2. The Second Stage: Calculation of Indicators

In this study, indicators are computed in the vector format at a neighborhood scale, as this
approach implies several advantages:

e  Urban planning in Tehran is initially performed at a neighborhood scale before being detailed at
larger scales. Therefore, most of the required data are gathered and presented at this scale.

e  Since most data sets are gathered at the neighborhood level, converting data into other levels and
the raster data format may potentially result in some inherent errors.

o  The border effect is an affecting factor when a raster data format is employed. This effect
is reduced when the cell size of the raster data format decreases. This error occurs in the
raster data format since in this format features, such as points, lines, and polygons are not
determined explicitly. Therefore, metric functions (e.g., distance and area) and topological
functions (e.g., connectivity and contiguity) are not satisfied. Additionally, using the raster
data format increases computational cost and disaggregation errors. On the other hand, the use
of the vector data format eliminates the border effects, and the computational cost decreases
considerably because there is no need for disaggregation.

e  Since a neighborhood is considered a homogenous environment, urban planning is conventionally
conducted at a neighborhood scale. A raster cell, on the other hand, is a square area that contains
different parts of the urban environment regardless of their characteristics. Thus, the vector
format at a neighborhood level is expected to be more efficient than the raster format.

e  Some indicators, such as density, land use mixedness, and diversity, are conventionally employed
at the neighborhood level in urban planning, and utilizing these indicators on other levels is
meaningless or inefficient. In addition, the raster data format is not justifiable for calculating these
indicators in urban planning.

Some indicators, which are expressed through their methods and formulas, are detailed below.
Other indicators, such as the indicators of socio-economic criterion, are obtained by selection operator,
and consequently there are no specific methods and formulas to express them.

Density

Density is a vital indicator for evaluating the efficiency of urban planning and public
transportation services. High-density areas have the potential to incorporate walking, cycling, a lively
community, and an optimum usage of public transit. Therefore, developing high-density areas is
necessary for TOD planning [17].

The density indicator is conventionally measured in the form of the variable of interest per unit
of the area. Equation (1) is utilized to compute residential density. Similarly, other densities, such as
commercial and administrative densities, can be calculated through Equation (1).

) ) total residential area
Residental density = 1)
total area

Diversity

Diversity is a prominent indicator in urban planning for determining the level of heterogeneity
of land uses. This indicator can be employed to obtain a value, which describes a variety of different
land uses in the study area. Different land uses in an area will support the various requirements of
the relevant inhabitants, ensuring a lively and friendly community. Additionally, this indicator has
a pivotal effect on trips modalities. For instance, a decrement of this indicator causes people to use
private cars to meet their requirements. On the other hand, an increment of this factor means that there
will be more walking and cycling in the community. Therefore, Cervero and Kockelman [35] believe
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that diversity can be used as an indicator for trip generation. Additionally, Ewing and Cervero [36]
investigated the effects of the diversity factor on walking and the use of public transit.

There are different approaches to measuring diversity, such as entropy, Herfindahl-Hirschman
Index, and the jobs-to-housing ratio. In this study, the entropy method is utilized, as it has some
advantages over other method: (1) not requiring the use of some require demographic data that is
hard to access, such as number of jobs; (2) being widely used in urban planning and travel studies and
presenting a high reliability within these areas; and, (3) being able to incorporate more than two types
of land uses, while other methods cannot [35,37,38]. These reasons bring us to conduct an estimation
of diversity by using the entropy indicator, which is presented in Equation (2).

- pi X Inp;
E= —i; B )
where E is the entropy indicator for the study area, P; is the ratio of the area assigned to the land use 7,
and 7 is the number of different land uses in the study area [38]. The range of Equation (2) is between
0 and 1. The values 0 and 1 show that all land uses in the study are the same, or that they are evenly
expanded in the study area, respectively [35].

Design

Design, which is a fundamental criterion in TOD planning, can significantly affect the TOD level.
Measurement of the walkability in an area is one of the most important indicators for evaluating the
design criterion because the design criterion and walkability have a strong mutual relationship to
one another [39]. Zhang and Guindon [40] mentioned that, “to support a high degree of walking
and cycling, residential and employment uses must be mixed on a very small scale”. In this study,
walkability is measured using four indicators: street connectivity, the level of streets” design, mixedness,
and accessibility to facilities.

Street Connectivity

Different indicators, such as network density, cross density, alpha index, and gamma index have
been developed to compute street connectivity. All of these indicators use graph theory for their
computations. In this research, we employ the alpha index because it is highly adaptable to urban
planning [41]. The alpha index («) is defined as the proportion of the number of existing circuits in the
study area to the maximum possible number of circuits. This index is computed using Equation (3) [42]:

_ e—v+1

20 —5 ©)

where e and v are the number of segments and nodes in the street network, respectively. The value
of the alpha indicator ranges between 0 and 1. Higher values of the indicator show that the urban
network has a high degree of street connectivity, which in turn means that different places can be
reached via several paths [43].

In Equation (3), circuits are formed with three edges. However, since city blocks are tetrahedrons
(because of the specific conditions of streets” orientations and the usual separation of parcels), it is
more convenient to change Equation (3) into Equation (4):

_ (e—v+1)

p— (4)

In Equation (4), circuits are formed with four edges that are more compatible with the structure of
urban environments.
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Accessibility

Accessibility in an urban area is expressed as the availability of facilities, such as commercial,
educational, recreational, and health centers, from a specified place, via a mode of transport.
Accessibility is considered as a prominent indicator for evaluating the efficiency of urban development,
because it links two main components of an urban environment, namely the land use pattern and
the transportation network. The land use pattern defines the distribution of different facilities in the
study area, while the transportation network indicates how easily a certain mode of transport can
reach each activity. Thus, this indicator has been widely investigated in transportation and urban
research, especially in LUTI models, such as TOD [4,7,10,21]. The accessibility indicator has two main
parameters: (1) the travel cost, which is estimated by the spatial distribution of facilities and the
transportation network; and, (2) the attractiveness of facilities. Based on this definition, the accessibility
indicator can be calculated with Equation (5).

Ajp = Zojf(cijm) ©)
j

where A;;, is the accessibility of place i to facility j via transportation mode m. O; is the attractiveness
of facility j, and f(Cjj,) is a function to calculate the travel cost between place i and facility j using
transportation mode m [10,43].

Land Use Mixedness

Distributing various activities and land uses for increasing land use mixedness in neighborhoods
is essential for TOD planning. Excessive distances between different types of land use result in more
mobility, which increases the need to develop more infrastructures, and to use private cars for urban
travels. Therefore, this may lead to the development of some policies that encourage people to use
their private cars rather than walking or cycling (e.g., some facility centers provide free parking to
encourage their customers to use their private cars) [4]. In addition, single land use development
and inappropriate mixedness in an area both increase travel time. This increment can lead to traffic
congestion, global warming, and environmental pollution. Thus, it is necessary to consider and
measure land use mixedness in the area. The mixe-ness indicator is computed using Equation (6) [40]:

_ Zﬁi Sc
Yri (Sc +Sr)

where MI is the mixedness indicator, S, is the total area of commercial and administrative land uses,
and S, is the total area of residential land uses within the buffer distance 1.

MI (6)

Socio-Economic Development

Economic activity has been proposed as a criterion for TOD planning by Renne and Wells [26],
and Evans and Pratt [6]. TOD planning in an area needs both private and public investments. These
investments provide some benefits such as improving financial profit, travel demand, and the level of
facilities in the given area. Additionally, because of a higher density and various activities in high-level
TOD areas, social and economic interactions will increase in these areas. Therefore, socio-economic
developments have meaningful effects on the increase of the TOD level in an area. In this study, the
socio-economic criterion includes some indicators that are mainly statistical and available in Tehran.

2.3. The Third Stage: Fuzzy-AHP

AHP is a MCDM method developed by Saaty [44]. AHP helps decision-makers determine
how to weight the criteria and indicators in MCDM problems based on pairwise comparisons [45].
AHP is usually implemented in three stages: (1) representing the MCDM problem in a hierarchical
structure that includes the goal, criteria, and indicators of the problem; (2) performing pairwise
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comparisons between criteria and indicators based on the decision-makers’ preferences, the latter
being represented by a value ranging from 1 to 9; and, (3) calculating weights of the different criteria
and indicators [45-47].

Since the AHP method is unable to model problem uncertainties [30,31,33], the fuzzy-AHP
method was developed in spatial decision-making problems [47]. Fuzzy-AHP is an extended version
of AHP that supports fuzzy numbers.

The fuzzy-AHP method is based on fuzzy numbers. There are several methods for representing
fuzzy numbers, such as the triangular and Gaussian methods. However, triangular fuzzy membership
functions represent quite a simple and fast method with reliable results, that are commonly employed
in many studies to represent fuzzy numbers [30,48]. Therefore, in this study, the triangular fuzzy
membership function is employed to compare and express criterion and indicator priorities. Each
triangular fuzzy membership function can be defined with three parameters (i.e., I, m, and u),
which are presented in Equation (7). Furthermore, Figure 2 schematically shows a fuzzy triangular
membership function.

=

x=l . I<x<m

m—1 7
pa(x) =9 4= m<x<u @)
0 ; otherwise
A
Pa(x)
1
0 [ m u X

Figure 2. Schematic presentation of a triangular fuzzy membership function.

In Equation (7), I, m, and u represent the lower, median, and higher values of the triangular fuzzy
membership function, respectively. Additionally, the membership function p4(x) shows that the
degree of membership of element x in the domain X belongs to the fuzzy number A. Many fuzzy-AHP
methods that are relying on the triangular fuzzy membership function have been proposed [49]. In this
study, we employ Chang’s fuzzy extent analysis [50], because it provides a simple and robust form for
a decision-making process. To perform pairwise comparisons in this analysis, some linguistic variables
are used. Each linguistic variable can be presented by a triangular fuzzy membership function.
The parameters of the triangular fuzzy membership function are specified based on pessimistic,
moderate, and optimistic views in pairwise comparisons. Table 2 presents linguistic variables with
their fuzzy triangular numbers and parameters.

Table 2. Fuzzy triangular numbers of linguistic variables.

Linguistic Variables Fuzzy Triangular Numbers Reciprocal Fuzzy Triangular Numbers
Extremely strong 9,9,9) (1/9,1/9,1/9)
Very strong 6,7,8) (1/8,1/7,1/6)
Strong (4,5,6) (1/6,1/5,1/4)
Moderately strong (2,3,4) (1/4,1/3,1/2)
Equally strong (1,1,1) (1,1,1)
Intermediate (7,89), 5,6,7), 345),(1,2,3)  (1/9,1/81/7),(1/7,1/6,1/5), (1/5,1/4,1/3), (1/3,1/2,1)

After pairwise comparisons, how indicators and criteria are weighted is determined based on
three views: pessimistic, moderate, and optimistic. In order to compute TOD levels, the indicators
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and criteria are aggregated based on these three types of weights. However, in order to have robust
results, the values of indicators should be normalized, since indicators have their own domains. These
domains are different from each other and have effects on the aggregation result. In order to counter
this, the normalization process converts the domain of each indicator into a specific value between 0
and 1. In order to normalize the indicators, Equation (8) is utilized:

Xi

®)

Xnorm = max(x)

where x; is the value of ith indicator and x4, is the normalized value of that indicator.

2.4. The Fourth Stage: Evaluating the TOD Index

To evaluate the reliability of the proposed method, the TOD map that is obtained from the
moderate view is compared with the two reference data sets provided by the Tehran municipality.
In the first comparison, the level of public transit services (i.e., bus and subway services) in the
neighborhoods is used as reference data to evaluate the TOD index. Since a neighborhood with a high
TOD level may have high values for indicators such as density and diversity, it could need public
transit infrastructures to satisfy business trips for its inhabitants. Given this, it is justifiable to evaluate
the TOD levels by comparing them with the levels of public transit services in the neighborhoods.
In this research, the level of public transit services is evaluated by the ratio of the number of public
transit stations in each neighborhood to the total number of stations in the study area. Subsequently,
a new index is defined by dividing the public transit level by the TOD level in each neighborhood.
This new index is named the ratio of public transit level to the TOD level (RPT index). This indicator is
then assigned to a class, depending on the balance of TOD levels and public transit levels in the study
area. If the study area is able to appropriately cover its inhabitants” trip demands, then the RPT index
will be assigned to the moderate class.

Second, values of the TOD index are compared to a trip attraction map at the neighborhood
scale, derived from Tehran municipality data. Neighborhoods with high TOD levels are liable to
have positive factors such as high land use mixedness, accessibility, and street connectivity. These
neighborhoods have the necessary capabilities to attract people engaging in different activities, which
could be commercial, recreational, or administrative. The comparison between the TOD level and trip
attraction is a way to evaluate the TOD index. For this purpose, an analogous classification process is
used for TOD levels and trip attraction values. Following this, the number of neighborhoods belonging
to the same class in the two classified maps is computed before being finally divided by the total
number of neighborhoods in the region. This method provides an accordance index between the
TOD levels and trip attraction maps. The higher the value of the accordance index, the more efficient
the model.

3. Results

In order to produce the TOD index, all of the indicators are calculated in the vector format,
at the neighborhood scale. To calculate the indicators’ equations, some parameters should be set.
To calculate the entropy indicator (Equation (2)), eight types of land uses—residential, commercial,
administrative, recreational, educational, health, sport, and religious land uses—were considered.
Therefore, in Equation (2), each of these land uses is represented by parameter i, and its total area in
the study by parameter P;, and parameter # is defined as being equal to 8. In order to estimate the
accessibility indicator (Equation (5)), all of the commercial and administrative centers are considered
to be facilities, while their areas are equated to their attractiveness (parameter O;). In addition, each
neighborhood is defined as parameter i, and the inverse of the distance between each neighborhood’s
centroid and each facility center is defined as the travel cost value function (f(C ijim))- To compute the
land use mixedness indicator (Equation (6)), a buffer with a 500-m radius around the residential areas
is used to investigate the total areas for commercial, administrative, and residential land uses, since
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this buffer distance can still encourage people to walk in order to meet their requirements. It should be
noted that all of the indicators were computed by ArcGIS and MATLAB. After setting the parameters
and calculating the indicators, the latter are normalized using Equation (8), and weights for the criteria
and indicators are determined with the fuzzy-AHP method and based on the pessimistic, moderate,

and optimistic views [6,26]. As an example, the pairwise comparisons conducted for the TOD criteria
are shown in Table 3.

Table 3. Pairwise comparisons between criteria based on pessimistic, moderate, and optimistic views.

Socio-Economic

Criteria Density Diversity Design Development
Density (1,1,1) (1,2,3) (2.5,3.54.5) (4,5,6)
Diversity (1/31/2,1) (LLD (2,34) (3:5455.5)
Design (1/451/351/25)  (1/41/3,1/2) (1,1,1) 2,34)
Socio-economic Development (1/6,1/5,1/4) (1/55,1/451/35)  (1/4,1/3,1/2) )

Similarly, these comparisons are performed for the indicators of each criterion to determine their
relative weights. Finally, in order to obtain the TOD index, the normalized indicators are aggregated
based on their three types of weights. As a result of this aggregation process, three maps are produced
based on the optimistic, pessimistic, and moderate views (Figure 3). In Figure 3, in order to render the
pattern of TOD levels in the study area, these levels are categorized into five classes: very low, low,

moderate, high, and very high. The method that is used for classification is the natural breaks (Jenks)
classification method [51].

Very Low

Low

Moderate
B vin
B - o

Very Low

Low

Maoderate
- High
- Very High

Moderate
.
- Very High

@ (b) (©

Figure 3. Transit Oriented Development (TOD) levels at the neighborhood scale based on three different
views including: (a) pessimistic view; (b) moderate view; and (c) optimistic view.

Following the fourth stage of the methodology, the TOD levels that were obtained from the
moderate view are compared with two reference data sets. In the first comparison, moderate TOD
levels are compared to public transit levels in the study area, and this comparison produces the RPT
index, as shown in Figure 4. This comparison shows that the study area exhibits an appropriate
balance for these two levels since Figure 4 shows us that most of the neighborhoods (55 percent of
the study area) are assigned to the moderate class, while only three neighborhoods (14 percent of the
study area) are assigned to very low or very high classes. Additionally, in the second comparison, the
moderate TOD levels are compared to a trip attraction map in order to produce the accordance index.
In this study, the accordance index is evaluated through three different classifications, consisting of
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three, five, and seven classes. The result of each classification is presented in Table 4. As an example,

Figure 5 shows the results of the five class approach. These comparisons show the high reliability of
the proposed model within urban planning.

- Very Low

Low
Moderate
| High

- Very High

Figure 4. The values of RPT index in the 7th region of Tehran.

8
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Figure 5. Comparison between (a) the TOD index based on the moderate view; and (b) the
attraction map.
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Table 4. The ratio of accordance of neighborhoods based on the values of TOD index and the attraction
map using different classification methods.

Number of Classes Ratio of Accordance
3 77%
5 59%
7 45%

4. Discussion

According to the result section, the proposed method results in three maps, since the aggregation
method, i.e., fuzzy-AHP, computes TOD levels with three different views. These different views
allow us to consider the uncertainties inherent in experts” views, while using the proposed method.
Additionally, as illustrated in Figure 3, the maps with different views are highly similar to each
other. This indicates that the moderate, optimistic, and pessimistic views result in the same TOD
class. Incorporating various views provides a sensitive analysis within TOD planning. The sensitivity
analysis is a fundamental component in MCDM problems because it evaluates the robustness of results.
This sensitivity analysis shows that the proposed TOD index provides a high degree of reliability.
Consequently, fuzzy-AHP offers several advantages for our modeling approach: (1) producing the
TOD index based on the various experts’ views; (2) providing more robust results by calculating the
indicators” weights according to the pairwise comparisons, where the inconsistency is computed;
(3) providing more realistic results by modeling uncertainties in experts’ views; and, (4) providing a
framework for sensitivity analysis.

As shown in Figure 3, neighborhoods 15 to 22 represent high TOD levels because they are located
adjacent to two main streets that ensure a high level of walkability and cycling. Additionally, these
neighborhoods have other positive characteristics that ensure that they are assigned high TOD levels,
such as high land use mixedness, high accessibility to facility centers and recreational areas, and low
levels of air pollution and traffic congestions. As a result of these high TOD levels, people are more
interested in walking and using public transport services in these neighborhoods. To facilitate the
use of public transit, the Tehran municipality has therefore provided several high-efficiency public
transit services in these neighborhoods, such as a subway and BRT services. However, according to
Cervero et al. [17], from the perspective of sustainable development, developing BRT services opens
up opportunities of increasing the TOD level at the regional scale. On the other hand, neighborhoods
4,5,7,8, 11, and 12 represent low TOD levels. This is due to several reasons, such as low street
connectivity, the lack of commercial complexes, and the large numbers of dead ends and low-height
residential buildings. These shortcomings have forced decision-makers to promote new land use
plans in these neighborhoods. Furthermore, according to Figure 4, the RPT index value in most of the
neighborhoods is appropriate. This means that there is a balance between the TOD level and the level
of public transportation stations in each neighborhood. However, neighborhoods 1, 8, 11, and 18 to 21
have fewer public transportation stations than would be appropriate with respect to their TOD level
(i.e., low and very low categories). In view of this inadequacy, the Tehran municipality has decided to
develop some new public transportation stations in these areas. This decision confirms the efficiency
of the TOD index that is proposed in this study. Therefore, the proposed TOD planning would help
urban decision makers manage public transit systems and land use activities.

It should be noted that GIS plays a pivotal role in the proposed TOD planning because it facilitates
the calculation of high-precision indicators. It is clear that imprecise indicators, either in the spatial
dimension or resulting from attributes of the given indicator, have a prominent effect on the TOD level.
For instance, if data sets are gathered at a lower scale and the indicators are computed at this scale, then
the reliable TOD values necessary for urban planning are not obtained; or if the model incorporates
only very few types of land uses, then the model is not robust in detecting diversity and the TOD
level. Accordingly, the proposed model is not case sensitive, given that all of the required indicators
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for TOD planning are computed precisely, and there is no particular condition in the proposed model
that might affect the relevant indicators. However, it should be noted that some of the proposed
method’s indicators have a correlation with one another. For instance, the commercial density affects
the diversity and land use mixedness.

5. Conclusions

The absence of an applicable and efficient planning approach comprising a wide range of
urban planning components—including transportation, land use, and infrastructures—demands
that researchers develop integrated planning methods. One of these approaches, which can adequately
address the fragmented planning of urban areas, is regional TOD planning. In order to achieve this
objective, this study proposed a four-stage methodology to develop a spatial TOD index. In the first
stage, a comprehensive set of criteria and indicators for TOD planning were considered. In the second
stage, the indicators were precisely computed at the neighborhood scale using GIS, which played a
prominent part in achieving efficient and robust results. GIS has high capabilities for coping with
MCDM problems in urban planning. In the third stage, a fuzzy-AHP method was used to aggregate
the criteria and indicators. As a result, three maps were derived based on the pessimistic, moderate,
and optimistic views. These maps provide a sensitivity analysis, since the indicators” weights were
changed according to the views. The sensitivity analysis showed that the variation of indicators’
weights in pessimistic, moderate, and optimistic views did not have a significant impact on the
TOD levels. Consequently, the determined TOD levels showed a high degree of reliability at the
neighborhood scale. At the fourth stage, in order to evaluate the efficiency of the proposed TOD
planning method, the TOD map that was derived from the moderate perspective was compared to two
reference data sets derived from Tehran municipality data. These data sets focused on public transit
services and trip attraction. The first comparison highlighted the strength of TOD planning within
transportation planning, given that it revealed how the proposed TOD planning has the capacity to
evaluate the adequacy of the current public transit network in the area. Additionally, the proposed
method aids decision-makers in finding the neighborhoods that need to develop public transit services.
The second comparison revealed that the TOD planning had an accuracy of 77 percent in computing
neighborhoods’ trip attraction.

It should be noted that the vector data format had an underpinning effect on the reliability of
the results, since it allowed for the model to use topological and metric functions when computing
the indicators. However, the precision of the vector data, either regarding attributes or regarding the
spatial dimension, was another factor in producing a reliable result. If, for instance, the types of land
use are minimized to two (residential and non-residential), the precision of indicators, such as diversity
and land use mixedness, are dramatically deteriorated. Additionally, if the spatial scale of the data
set shrinks to below 1:2000, then the precision of the metric calculation is reduced. Model reliability
is therefore limited to the precision of the data sets. It should be noted that the model’s use of the
indicators is not case sensitive, and the same model can be used in other cities with them. However,
the indicators” weights are based on the experts of different cities and can therefore be changed.

For future research in TOD planning, since the indicators have a degree of correlation with each
other, it would be useful to consider this correlation in the aggregation function of the fuzzy-ANP
method. Additionally, we suggest that an efficient Spatial Decision Support System (SDSS) should be
developed, in order to make optimum decisions for improving the TOD levels in given neighborhoods.
This SDSS would incorporate several factors, such as the policies of the municipality, neighborhood
attributes, and environmental objectives. In addition, we highly recommend that a temporal dimension
be considered within TOD planning, as some indicators change over time. For instance, the value of
the accessibility indicator differs over a day because public transit systems adjust their services to the
time of a day. Another future route we recommend would be to use advanced fuzzy expert systems,
such as those presented in [30,31,34], for TOD planning, because these systems model the experts’
knowledge together with its inherent uncertainties and ambiguities.
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