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Abstract: The purpose of this research is to evaluate transit-oriented development (TOD) efficiency
in Seoul using the network slacks-based measure data envelopment analysis (NSBM DEA) model.
The smartcard data and socio-economic data are used to evaluate the transit efficiency of 352 subway
station areas in Seoul. To measure the TOD efficiency, the two-stage network is designed with the
transit design stage and the transit efficiency stage. The overall efficiency score of each station area is
estimated through each score of the stage. The results of the efficiency evaluation by station area
indicate that the overall efficiency score average is 0.349, with the transit design score and efficiency
score estimated to be 0.453 and 0.245, respectively. The results indicate that the balance of each stage
is crucial to achieve an efficient station in the concept of transit efficiency. With the efficiency scores of
the 352 subway station areas, the TOD efficiency is also evaluated by the administrative units in Seoul.
The results of district analysis reveal that the top 10 efficient administrative units are characterized by
both residential and commercial land use. The results indicate that efficiency is found to be good in
areas having both residential and commercial characteristics.

Keywords: transit-oriented development (TOD); transit efficiency; smartcard data; network
slacks-based measure data envelopment analysis (NSBM DEA)

1. Introduction

Transit-oriented development (TOD) is a strategy of urban development that maximizes the transit
accessibility to urban areas within walking distance [1]. The main purpose of TOD is to increase transit
user comfort and alleviate automobile use by creating an accessible public transportation environment
within the city [2]. Moving towards a transit-oriented approach, personal mobility can be prevented
and looking in the long-term, more sustainable cities can be built [3].

TOD is practiced in densely populated areas with high demand for transit system facilities
such as subway and bus stations. When planning a new public transportation system, organizers
must first contemplate the socio-economic characteristics of the area and plan transportation facilities
accordingly to the population density, land use, commercial facilities, and residences in the area [4].
The travel demand for transit systems increases when stations are newly introduced into an urban
area. Early TODs focused on increasing the connectivity between urban planning and public transit
to address problems such as urban sprawl, traffic congestion, and environmental degradation [5].
The development of the TOD concept was aimed at urban planning with a focus on public transit
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within the city [6]. Historically, TOD has been recognized as an efficient development strategy in
terms of the transit environment and socio-economic characteristics [7]. Calthorpe [1] stated that
research on public transit use via high-density, multi-purpose land-use patterns could help shape
a culture toward becoming a transit-friendly environment. This concept considered the regional
factors, such as population density, complex land use, trip purpose, trip frequency, trip demand, and
mode [2]. Also, various studies established the TOD evaluation criteria to achieve a more efficient and
sustainable transit environment and solve complex urban problems. Most previous research stated
that efficient and sustainable transit must balance the social and economic aspects of the transportation
environment [8-10]. It means that land use, population density, and residential environment should be
closely examined in urban planning [9]. To maximize efficiency at the economic level, transit capacity
must be met and maintained to minimize the consumption of resources [11]. The efficiency of TOD
also has been explored in previous studies [12-18]. They established one or more indicator variables
to quantify the efficiency of TOD strategies. Renne and Wells [16] identified various useful TOD
indicators from monitoring successive TODs. Galelo et al. [17] found that travel volume was one of
the most representative indicators for evaluating TOD efficiency. However, Yu et al. [18] suggested
that a single indicator had a limitation to effectively measure the performance of TOD efficiency and
multi-indicators were required.

The massive data created by the Internet of Things (IoT) in cities now enables data scientists
to analyze the objective functions of TOD. With its data-driven approaches, data envelopment
analysis (DEA) has been widely used to measure the effectiveness of the operation or management
of transportation systems [19]. DEA has a significant advantage compared to parametric models as
it does not require weight parameters to measure efficiency [20]. The merit of DEA is its simplicity
in estimating efficiency with multiple inputs and outputs [19]. DEA also has merit compared to the
parametric model. The parametric model assumes a specific production function for the relationship
between input and output [18]. However, DEA does not make assumptions about the production
function and the given data are utilized to estimate the production relationship between input and
output [21]. Therefore, it is possible to avoid the error of setting the type of distribution according
to the arbitrary judgment of the analyst. It is possible for the network DEA model to be designed
in the order of stages which is required for the evaluation process [22,23]. It is also used with the
slacks-based measure (SBM) model for direct comparisons between the observations [24]. The early
DEA models have the disadvantage that the inefficiency cannot be directly compared between different
observations [25], but the SBM model allows direct comparison between different observations by
measuring efficiency based on the slack ratio [26].

The evaluation of the efficiency of the transit system has been performed in previous studies using
DEA model [27-31]. With the introduction of automatic fare collection (AFC) system, the data-driven
approach for the transit-related analysis has become possible [32]. Various kinds of data, i.e., smartcard
data, socio-economic data, and geographical data, were combined to evaluate the efficiency of TOD [33].
Transit efficiency was defined through the relationship between multiple inputs and outputs [34].
Transit efficiency refers to how well the transit system was introduced and managed with respect to the
socio-economics, transit infrastructures, and transit trips of each station area [8]. Regarding the TOD
concept, both transit design and efficiency must be considered to determine transit efficiency [16,17].

The purpose of this research is to evaluate transit efficiency in Seoul using the network slacks-based
measure (NSBM) DEA model. The smartcard data and socio-economic data were used to evaluate
the transit efficiency of 352 subway station areas in Seoul. The evaluation process is developed as a
two-stage network with transit design and efficiency stage. In the evaluation process, the two-stage
NSBM DEA model was used to measure efficiency. The two-stage network constructed with transit
design stage and transit efficiency stage. With the results gathered from each stage, the overall efficiency
was measured to evaluate the transit efficiencies of the subway station areas. Each station evaluated
were grouped by each Seoul administrative unit and ranked based on its TOD efficiency.
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2. Methodology for Evaluating Transit Efficiency

2.1. Concept of Data Envelopment Analysis (DEA)

DEA is a nonparametric method for estimating production frontiers. The DEA model identifies
relative efficiencies using a number of input and output variables [20,21]. The purpose of measuring
efficiency using the DEA model is to determine the strategy of an enterprise, organization, or industry.
The first DEA model was developed to evaluate the efficiency and increase production for farm yield
in the UK [25]. With respect to productivity, DEA has been applied to linear programming and has
been used in various fields [35]. The relative efficiencies of decision-making units (DMUs) were
determined and their performances compared. The original model was known as the Charnes, Cooper
& Rhodes (CCR) model, which was employed to achieve constant returns to scale (CRS). Since the
CRS condition assumes that the unit of production is kept constant at the optimal scale, the input and
output are scaled proportionally. The CCR model is the most important model as it shows the most
abbreviated methodological features. The CCR model estimates a ratio that can reduce the input as
much as possible while keeping the output constant, and vice-versa. For example, there are some
considerations to estimate the efficiency score with the input-oriented CCR model. The efficiency score
is estimated by summing the weights of the output variables. The summed weights of output variables
are between 0.0 and 1.0 score. With the observed ] stations (j =1, ..., J), each station produces the M
outputs using N inputs. The ratio of the input value versus output value is the efficiency score 6 and
the objective function is to minimize the 6/ which is the reduced ratio of the input variables of target
station i. The input-oriented CCR model, therefore, measures the weights of input and output variables
to minimize the 6, and the efficiency score is estimated by weights of variables. The maximum value
of the efficiency score is equal to or less than 1.0 value with the constraints, i.e., y,x > 0 and A > 0.
The efficient stations consist of the production frontier, and the inefficient stations improve efficiency
in the near direction of the production frontier. In other words, the efficient stations are the reference
group that the inefficient station benchmarks to improve its efficiency. The mathematical expression of
the input-oriented CCR model is as follows:
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where 0 is the efficiency score of the target station areai, j (j=1, ..., ]) is the number of observed
station areas, y{l is the output number of each variable v (r =1, ... , R) of a station area j, x,]ﬁ is the input
variable m (m =1, ... , M) of a station area j, yi is the output variable r of a station area j, A/ is the
intensity vector of station area j, s, is the slack vector of the input variable x,,, s5 " is the slack vector of
the output variable y;.

2.2. Network Slacks-Based Measure DEA

The NSBM DEA is used to measure the efficiency of the network that consists of two or more
stages. In general, measuring the efficiency with DEA model involves two stages, an input stage,
and an output stage. However, network DEA has more than two stages that include intermediate
processes [22,23]. These intermediate processes are linking activities that occur in stages of production
or that occur internally in DMUs. In other words, the output results of the first stage can be applied to
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the second stage as inputs for the final result [22]. If the network becomes complex, early DEA models
had a limitation with only contain one stage while the network DEA solves this problem by having
multiple stages [24]. Since the transit system also has a complex network, the network DEA is suitable
for measuring transit efficiency.

The transit infrastructure relative to the socio-economic is important in terms of the transit
design [36]. Transit efficiency is defined as the number of transit trips relative to the infrastructures [37].
In this research, the transit design and transit efficiency stages were designed to measure transit
efficiency. The process of TOD proceeds with three factors, i.e., socio-economic, transit infrastructure,
and transit trip [11]. First, the socio-economic factors are examined to find the area where the transit
is needed. Second, the transit infrastructures are built to the area selected from the socio-economic
factors. Finally, the transit trips are derived through the socio-economic and transit infrastructures.
These three factors are grouped by two stages which are transit design stage and transit efficiency stage.
Figure 1 shows the framework of the process used to evaluate transit efficiency. The first stage, the
transit design stage was measured by comparing the transit infrastructures with socio-economic factors.
For the second stage, the transit efficiency was estimated by comparing the transit trips with transit
infrastructures. The overall efficiency score is obtained by the average sum or weighted multiplication
of each stage output from the design and efficiency stage. The weight of each stage can be determined
by the purpose of the research or the characteristics of the subject [38]. Regarding the TOD evaluation,
a bunch of previous studies considered the transit-related factors at the same level [11-13]. Since
the concept of TOD considers design and efficiency at the same level, the importance of both stages
is considered equal. In this research, identical weights are given at both stages in this research, i.e.,
w! : 0.5and w? : 0.5. In other words, the assumption is made that both the transit design and efficiency
stages are equal contributors to the overall efficiency score. With this assumption, the comprehensive
efficiency of the station area could be obtained with consideration of the transit design and efficiency.

Transit equity (stage 1) Transit efficiency (stage 2)
Input Intermediate measures Output
Socio-economics (xf) Transit infrastructure (%) Transit trips (y§)

* Number of subway lines

*+ Population density + Number of subway trips
+ Number of bus lines
+ Land value * Number of bus trips
+ Number of bus stations *
+ Number of households * Number of transfer trips
« Distance of stations
+ Number of companies + Energy generation of trips

(Bus-subway)

Transit sustainability (overall)

Figure 1. Network framework for measuring transit efficiency.

The production possibility set of network DEA is denoted as P10 and its mathematical
expression is shown in Equations (2)—(7). The term z(kh) is an intermediate measure for evaluating
transit efficiency, and Equation (5) show their mathematical expressions. The z(k) s applied to z(12)
in this study, since the network framework for measuring the TOD efficiency requires a connection
link from the transit design stage to the transit efficiency stage. Equation (5) describes an intermediate
measure such as the weights of outputs from the design stage and inputs for the efficiency stage.
Equation (6) is used to determine the variable returns to scale (VRS) condition. In the absence of
Equation (6), CRS is assumed:

Petwork = (xk/ yk/ Z(k'h)) ()
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where P10k is the production possibility set, k (k = 1, 2) is the number of stages that k = 1 is the
transit design stage and k = 2 is the transit efficiency stage, j (j =1, ..., ]) is the number of observed
station areas, xﬁ i€ RT‘ is the input variable of station area j of stage k, y’r‘j € Rl" is the output variable
of station area j of stage k, (k, 1) € L is the connection link from transit design stage to transit efficiency

stage, z(kh) ¢ R(f’h) is an intermediate measure from the transit design stage to transit efficiency stage,

A is the intensity vector corresponding to stage k, z;k’h)

and 2" A1 is the inputs to the transit efficiency stage.

The SBM DEA is a widely used model for evaluating efficiency [23]. Network DEA with a
slacks-based approach was first developed by Tone and Tsutsui [22], and this model is called NSBM
DEA model. The NSBM DEA model evaluates efficiency using the input and output slack. The slack
is the difference value amount from the desired value amount from the actual input and output
variables [24]. The two slack values are estimated irrespective of the variable unit and are calculated as
an efficiency measure using the average of the reduced inputs and the average of the increased outputs.
Since input and output variables have different units, slack values are converted to ratio values by
dividing the original observation values. NSBM DEA is performed by calculating the slack between
observations and production changes. NSBM DEA is referred to as a SBM because it is calculated
based on the slack between the observations and production changes. The most important feature
of NSBM DEA is that the measure of efficiency does not change even when the units of the input
or output variables change. This is because the input or output slack is calculated as a ratio and is
thus independent of the unit. Compared to the early DEA models, SBM model has the advantage
of allowing direct comparison between different DMUs [23]. Since the efficiency score of early DEA
model is estimated by adding the slacks of variables with different units, the inefficiency cannot be
directly compared between different DMUs [28]. The efficiency of SBM model is measured by adding
the slack ratio. Since SBM model uses the slack ratio of each variable, the efficiency can be measured
regardless of the units of the variables [24].

NSBM DEA has three variations, i.e., the non-, input-, and output-oriented models. These
three models can be employed depending on the objective or the features of the variables. In this
research, we used the output-oriented SBM, for which the output direction is improving efficiency.
The output-oriented SBM measures efficiency by fixed inputs and maximizing outputs. Since the outputs
of each stage of transit analysis are required by the given conditions, the use of the output-oriented
SBM is reasonable for determining the transit design and efficiency scores. It is difficult to change
land use or eliminate existing facilities. Therefore, it is necessary to derive efficiency rankings by
maximizing the output variables of each stage. NSBM DEA is widely used for evaluating relative
efficiencies because it measures the efficiencies of DMUs. Given the transit system features mentioned

)\’]? is the outputs from the transit design stage,
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above, the NSBM DEA model is suitable for evaluating transit efficiency. The mathematical expression
for measuring transit efficiency is shown in Equation (8).
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where 67 is the overall efficiency score of station area i, k (k = 1, 2) is the number of the stages that k = 1
is the transit design stage and k = 2 is the efficiency stage, w* is the relative weight of stage k, xlr‘n ;is the
input variable m of station area i of stage k, y’r‘i is the output variable r of the station area i of stage k, A¥
is the intensity vector corresponding to the stage k, sk, is the slack vector of the input variable x,, of the
stage k, and sk is the slack vector of the output variable y; of the stage k.

3. Data Description

3.1. Description of Smartcard Data

The government of Seoul has been operating the AFC system such as the smartcard system since
2004. The transit fare from the origin to destination is charged based on the total distance traveled
by buses, subways, or both. Within the AFC system, travelers can use any combination of transit
modes [31]. Since the transit system in Seoul has been operating as a 100% smartcard system, it is
possible to extract 99% of the transit trip information. The smartcard data in Seoul records about
20 million individual transit trips per day. Each individual item of information is classified with respect
to 36 categories, including card ID, boarding station, alighting station, boarding time, alighting time,
etc. With the smartcard data, it is possible to obtain the numbers of subway, bus, bus-bus transfer,
and subway-bus transfer trips. Since the smartcard data in Seoul include all transit users’ trips, it can
be used to analyze transit efficiency by station area [27]. Among the 36 categories of smartcard data,
11 were used in this research. These 11 categories include the card ID, boarding station ID, alighting
station ID, number of transfers, alighting time, alighting date, boarding time, boarding date, line ID,
vehicle ID, and zone code. Table 1 shows the 36 categories of smartcard data in Seoul of which 11 were
used in this research.
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Table 1. Description of the smart card data.

No. Categories No. Categories
1 Card ID * 19 Alighting time *
2 Name of the transit line 20 Transaction ID
3 Vehicle number 21 Company name
4 Boarding station ID * 22 Ending run time
5 Alighting station ID * 23 Alighting date *
6 The number of users 24 User division
7 Alighting violation penalty 25 Alighting fare
8 General user code 26 Total travel time
9 Time code 27 Boarding time *
10 Year 28 Boarding date *
11 Mode code 29 Line ID *
12 Company code 30 Vehicle ID *
13 Starting run time 31 Child user code
14 Name of boarding station 32 Name of alighting station
15 Number of transfer * 33 User group
16 Boarding fare 34 Boarding violation penalty
17 Total travel distance 35 Zone code *
18 Student user code 36 Other user code

* indicates the categories used in this research.

3.2. Description of Socio-Economic Data

The government of Seoul has been operating an open big-data portal since October 2013. This open
big-data portal is an integrated data platform and provides the public with data about Seoul. Open
big-data portal is available to anyone who has the desire to use it. The portal refers to all the data and
information produced by public institutions such as public information. It facilitates communication
and cooperation between all those interested. These open data are wide-ranging in scope, with
information ranging from weather, geography, transportation, and food to historical documents
and records. Open data related to socio-economic and environmental indicators are provided at the
administrative and statistical aggregation district level. Seoul consists of 424 neighborhood areas, called
dong, and each neighborhood is composed of one or more census areas. In this research, the census
area unit is used to aggregate the population density, land value, number of households, and number
of companies. There are 103,455 census area units in Seoul with an average area of 0.58 km?.

3.3. Data Preprocessing

The station areas of the 352 subway stations in Seoul were designated as DMUs in order to
measure transit efficiency. The Enforcement Rules of the Urban Planning Ordinance of Seoul defines
the station area as “an area within a 500 m radius from the center of stations such as subway, national
railway, and light rail”. [39]. This standard was employed in several previous research related to the
transit in Seoul [40,41]. Data preprocessing involved compiling these data by the station area. Transit
and socio-economic data were obtained from both the smartcard and open data, respectively.

Socio-economic data from the open data portal were also compiled by the station area. Among
the various open data, the population density, land value, number of households, and the number of
companies were obtained for this research. Since all the obtained data were provided within census
area units, it was necessary to aggregate the data values by the station area. The population density
and land use values were compiled by averaging. The number of households and companies were
aggregated by summing. From the result of preprocessing, the socio-economic data, population density,
land value, the number of households, and the number of companies were determined to average:
34,249 (person/kmz), 5903 (1000 won/mz), 5249 households, and 134 companies, respectively. Table 2
lists the descriptive statistics of the socio-economic data from the open-data portal.
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Table 2. Descriptive statistics of the socio-economic data.

Socio-Economic Data (Input Variables) Mean Max. Min. Standard Deviation (S.D.)
Population density (person/kmz) 34,249 67,074 342 12,186
Land value (1000 won/m?) 5903 29,275 79 4133
Number of households 5249 14914 74 2648
Number of companies 134 198 24 23

The transit data consist of transit infrastructures and trips per transit stations. The infrastructure
variables include the numbers of subway lines, bus lines, and bus stations, and the average distance
between a bus stop and subway station. The transit trips data include the numbers of subway trips,
bus trips, and transfer trips between subway and bus, and the energy consumption by transit trips.

Since there is an overlapping area between some station areas, the average distance between the
bus and the subway stations and the number of transfer trips are included as a variable. The definition
of energy consumption is the consumed energy by transit mode per trip [42]. The station area the transit
energy consumption of the individual station area can be calculated. Since the transit modes consist of
subway and bus, the energy consumption is obtained by the sum of each mode’s trips multiplied by
the conversion factor. For the transfer trips, conversion factors of each mode are multiplied by each
trip. The energy consumption by each station area was calculated using conversion factors, i.e., 0.7 for
a subway trip (Mcal/trip), and 3.2 for a bus trip (Mcal/trip). These factors are provided by the Ministry
of Trade, Industry and Energy of the Republic of Korea [42]. Figure 2 shows the heat-map of transfer
trips on station area.

0 5 10km

Figure 2. Heat-map of transfer trips on station area.

The data preprocessing results by station area for the numbers of subway lines, bus lines, and bus
stations, and the distance between bus stops and subway stations yielded averages of 1.6 lines, 34 lines,
70 stations and 254 m, respectively. To identify the relationship between transit modes, the numbers of
bus lines and stations were counted by types of buses, i.e., main bus, branch bus, or circulation bus.
The numbers of subway trips, bus trips, and transfer trips, and energy consumption were 36,640 trips,
96,239 trips, 6164 trips, and 377,910 Mcal/trip, respectively. Table 3 lists the descriptive statistics of the
transit data obtained from smartcard data.
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Table 3. Descriptive statistics of the transit efficiency data.

Details Mean Max. Min. S.D.
Transit Number of subway lines 1.6 5 1 0.8
infrastructures Number of bus lines 34 145 4 22.1
(intermediate Number of bus stations 70 321 13 44
variables) Distance of bus and subway stations (m) 254 433 132 59
Number of subway trips 36,640 225,130 1860 30,805
Transit trips Number of bus trips 96,239 473,770 2090 85,324
(output variables) Number of transfer trips 6164 62,183 26 8171
Energy consumption (Mcal/trip) 377,910 1,603,120 24,697 268,318

4. Application

4.1. Results of Transit Efficiency

With the results of the NSBM DEA of this research, the overall efficiency score was obtained by
the average sum or weighted multiplication of each stage output from the design and efficiency stages.
Table 4 and Figure 3 show the efficiency evaluation results for the station areas in Seoul. Based on the
efficiency evaluation results in Table 4, the average overall efficiency score is 0.349. The transit design
and efficiency evaluation results average 0.453 and 0.245, respectively. Since the overall efficiency
score is calculated using the transit design and transit efficiency scores, multiplying by a weight
of 0.5 implies that the overall efficiency score is affected more by the design score rather than the
efficiency score. Regarding the 0.349 score and 0.207 standard deviation (S.D.), there is clearly a large
gap between the efficient and inefficient station areas in Seoul. The 10 station areas were determined to
be efficient, i.e., Euljiro 1ga, Shindorim, Gupabal, Dongjak, Yeongdeungpo, Digital media city, Gasan
digital, Magok, Bokjung, and Gaehwa station. The top 10 efficient stations are the DMUSs with the
highest scores of 1.000 in both the transit design and efficiency stages is served as benchmarks for
the other 342 inefficient stations. As the means of the input variables for the top 10 efficient station
areas, the population density, land value, number of households, and number of companies are 21,581
(person/ km?), 4478 (1000 won/m?), 2450 households, and 110 companies, respectively. The means
of the intermediate variables for the top 10 efficient station areas are 1.8 subway lines, 55 bus lines,
91 stations, and 212 m distance between stations, respectively. The means of the output variables
for the efficient station areas, i.e., the number of subway trips, bus trips, transfer trips, and energy
consumption, are 182,420, 97,491, 11,747 trips and 439,666 Mcal/trip, respectively.

Table 4. Efficiency evaluation results for station areas in Seoul.

Total Stations Efficient Stations Inefficient Stations
Details (352 Stations) (Top 10 Stations) (Bottom 10 Stations)
Mean S.D. Mean S.D. Mean S.D.
M. d Overall efficiency score 0.349 0.207 1.000 0.000 0.090 0.011
easure Design (stage 1, p1 : 0.5) 0.453 0.209 1.000 0.000 0.157 0.016
score Efficiency (stage 2, B2 : 0.5) 0.245 0.251 1.000 0.000 0.023 0.016
Population density (person/kmz) 34,249 12,186 21,581 15,853 38,853 11,657
2
Input variable Land coat (1000 won/m?) 5903 4133 4478 6097 7,300 4140
Number of households 5249 2648 2450 2133 5,329 1844
Number of companies 134 23 110 40 140 13
Intermediate Number of subway lines 2.7 0.7 1.8 0.8 3.5 1.1
variable Number of bus lines 52 21 55 33 93 36
(output from Number of bus stations 167 81 91 52 242 38
stage 1) Distance of bus and 231 46 212 64 202 36
subway stations (m)
Number of subway trips 36,640 30,805 182,420 205,228 37,676 58,562
Output Number of bus trips 96,239 85,324 97,491 80,063 57,391 29,638
variable Number of transfer trips 6164 8171 11,747 11,575 511 620

Energy consumption (Mcal/trip) 377,910 268,318 439,666 262,293 210,026 107,734
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Figure 3. Visualization of the efficiency evaluation results for Seoul: (a) efficiency result of the
352 stations; (b) top 10 efficient stations; and (c) bottom 10 inefficient stations.

A comparison of the efficient station area scores for the 352 station areas shows that all the input
variable scores of the efficient station areas are lower than the mean score of all the station areas.
In particular, the population density and number of households in the efficient station areas are about
37% and 16% lower than the average value of all the station areas, respectively. From the statistics for
the intermediate variables, the number of subway lines and bus stations are about 66% and 54% of
the means for all the station areas, and the number of bus lines is almost the same as the mean for
all the station areas. These efficient station areas have relatively low population densities and small
household. Although the population densities and number of households are smaller than the average
values for all the station areas, the transit infrastructures are also well constructed. This is the main
reason that transit design is estimated to be high. From the statistics of the output variables, the number
of subway trips, bus trips, and transfer trips, and the energy consumption are about 4.98, 1.01, 1.91,
and 1.16 times higher, respectively, than the mean values for all the station areas. The transit efficiency
score was estimated to be 1.000, since it has a small population density, number of households, and
the number of transit infrastructures compared to the output variables. This is because the inputs
are lower and outputs are higher than the means for all the station areas, respectively. Since both the
design and efficiency scores were 1.000, the overall efficiency score was also estimated to be 1.000.

The balance of each stage is crucial to achieve an efficient station in the concept of transit efficiency.
For instance, if the transit infrastructure is well established with low transit trips, the design stage
scores will be high but the efficiency stage scores will be relatively low. On the contrary, if the transit
infrastructure is not well established with high transit trips, the design stage scores will be low and
the efficiency stage scores will be relatively high. Hence, the overall efficient stations have balance in
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both design and efficiency stage scores. From the results of the evaluation, overall efficient stations
are usually located in areas that have a relatively low population density but have well-built transit
infrastructures with high transit trips.

The bottom 10 inefficient station areas include Donrimcheon, Hakyoeul, Eungbong, Guryong,
Gaepodong, Dongdaemoon, Olympic Park, Geoyeo, Macheon, and Dokbawi stations. These bottom
10 inefficient station areas are relatively estimated to be the lowest overall efficiency scores among the
352 station areas. These 10 relatively inefficient station areas are DMUs in which the TOD should take
top priority in improvement. The overall average score of the bottom 10 inefficient station areas was
0.090, which indicates that an improvement of 99.1% is required. The averages of design and efficiency
scores were 0.157 and 0.023, respectively, which means that about 84.3% of these areas are poorly
designed and 98.8% are inefficient. When targeting the efficient station, transit infrastructure-related
variables should be improved by 84.3% compared to the socio-economic related variables. The transit
trip-related variables should also be increased by 98.8% compared to the infrastructure-related variables.
For the input variables of the bottom 10 inefficient station areas, the population density, land price,
number of households, and number of companies totaled 38,853 (persons/km?), 7300 (1000 won/m?),
5329 households, and 140 companies, respectively. The intermediate variables, which are the outputs
of the design stage, i.e., numbers of subways, bus lines, and bus stations and the distance between bus
stops and subway stations averaged 1.2 subway lines, 11 bus lines, 20 stations, and 258 m, respectively.
For the outputs, the numbers of subway trips, bus trips, and transfer trips, and the energy consumption
totaled 37,676, 57,391, and 511 trips, and 210,026 Mcal/trip, respectively.

A comparison of the statistics for the bottom 10 inefficient station areas with all the station areas
was conducted. It shows that all the input values of the bottom 10 inefficient station areas are higher
than the mean values of all the stations. With respect to the statistics for the intermediate variables, the
numbers of subway lines, bus lines, and bus stations are about 1.3, 1.8, and 1.5 times more, respectively.
The distance between bus stops and subway stations is about 13% less than the mean distance for
all the station areas. However, the output variable values were lower than the mean values of the
352 station areas. Although the number of subway trips was similar to the mean value for all the
station areas, the numbers of bus trips and transfer trips and the energy consumption were about 40%,
92%, 44% less, respectively, than the mean values for all the station areas. Since the population and
number of households are higher than the mean values for all the station areas, transit infrastructures
must be better equipped than the mean required for all 352 station areas. The transit efficiency scores
are also very low since the output values do not meet the required number of transit infrastructures.

4.2. Discussion

Figure 4 shows the overall efficiency scores that consider both the design and efficiency stages.
As mentioned above, station areas with a score between 0.000 and 0.200 have top priority for TOD
improvement due to low design and efficiency scores. Based on the mean score for each stage, i.e.,
transit design and efficiency analysis, the DMUs were also divided into four groups to indicate the
type of improvement needed at these station areas. In Figure 4b, we can see that both the design and
efficiency scores of group 1 are lower than the mean value, which mean that station areas in group 1
need to improve both their design and efficiency. The station areas in group 2 need improvements in
design more than efficiency. Station areas in group 3 can improve their overall efficiency by improving
their efficiency, and stations areas in group 4 qualify as relatively efficient stations. The types of
improvement required to achieve overall efficiency can be determined by the scores of each stage or by
group analysis.

The analysis of an administrative unit is needed to practically evaluate the TOD priorities. Using
the efficiency evaluation results of the station areas, it is also possible to analyze transit efficiency by
the administrative units in Seoul. The dong unit is the smallest unit among the administrative units.
The overall efficiency scores of the dong unit were obtained by averaging the scores of the relevant
station areas.
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Figure 4. Efficiency evaluation results with respect to design and efficiency: (a) efficiency results
prioritized regarding TOD; and (b) group-wise efficiency results.

The dongs were classified with respect to four dimensions, i.e., non-scoring, low-scoring,
mid-scoring, and efficient, and land-use features of each dimension were identified by the socioeconomic
variables of each dong. The overall efficiency scores of the dong unit are shown in Table 5 and Figure 5.

Table 5. Results of overall efficiency by Dong unit in Seoul.

Detail Total Non-Scoring Inefficient Efficient
etatls (424 Dongs) (41 Dongs) Low-Scoring Mid-Scoring (8 Dongs)
(79 Dongs) (296 Dongs)
Overall Overall efficiency score 0.351 - 0.153 0.387 1.000
efficiency Design (stage 1, 0.443 ; 0.249 0.480 1.000
score B1: 0.5)
Efficiency (stage 2, 0.259 - 0.058 0.293 1.000
Ba: 0.5)
Population Density 24,397 22,463 21,960 25,592 14,138
(person/km*®)
Socio-economics Land cost
(1000 won/m?) 4454 2410 6208 4290 3682
Number of households 10,133 9478 9815 10,280 11,232
Number of companies 1934 1227 2083 2004 1488
Sustainabilit -
ustaimal y ( /\/ \ﬁ A

B Non-score

[10.0~0.2 score
[10.2~0.4 score
7] 0.4~0.6 score
B 0.6-0.8 score
M 0.8~1.0 score

5 10km

Figure 5. Visualization of the efficiency evaluation results by dong unit in Seoul.
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Figure 5 shows the results of the overall transit efficiency of Seoul by the 424 dong administrative
units. Since the station areas were set within a 500-m radius, a station area could cover several dongs.
Even though the no subway stations reside in the dong, the dong can be affected by the station area
radius that spans multiple dongs. The efficiency score of each dong is estimated by calculating the
average efficiency values of the station areas that reside or radius spans into the dong.

Eight dongs were estimated to be efficient, having earned a 1.000 overall efficiency score,
i.e., Wirye-Dong, Gonghang-Dong, Sangam-Dong, Susek-Dong, Jinkwan-Dong, Daerim (3)-Dong,
Dorim-Dong, and Yeongdeungpobon-Dong. These eight dongs can serve as reference DMUs for
achieving efficient TOD. Regarding regional characteristics, efficient dongs have both residential
and commercial land-use features. The top priority areas for TOD are the red dongs in Figure 5.
These 41 dongs were estimated to be non-scoring areas since they contain no station areas. These
non-scoring dongs do not have any station areas that reside or spans within the dong despite range
being 500 m radius for the station area. Residents of the non-scoring dongs must first take a bus
to make transit trips due to the lack of subway stations. Since only bus infrastructures have been
established, these areas are at a disadvantage for improving their overall efficiency. With respect to
land use characteristics, these top-priority dongs for TOD are mostly residential with a large number
of households, i.e., 9478 households. The second-priority areas are the 79 low-scoring dongs, which
earned overall efficiency scores in the 0.0 to 0.2 range. Although these 79 dongs were designed for
TOD, their transit infrastructures, trips, and energy consumption must be improved to achieve efficient
TOD. Regarding land use, these second-priority dongs also have commercial features and host a large
number of companies, i.e., 2083 companies.

5. Conclusions

The government of Seoul has been operating the AFC system and open data platform since 2004
and 2013, respectively. These systems provide the opportunity to analyze the efficiency of station areas
in terms of TOD. This research was conducted to evaluate the transit efficiency of subway station areas.
A total of 352 subway stations within a 500-m radius in Seoul were analyzed. Socioeconomic data
were obtained from the open data platform, i.e., population density, land value, number of households,
and number of companies. Transit-related data were obtained from Seoul’s smartcard data, i.e., the
number of subway lines, the number of bus lines, and the number of bus stations. Given the TOD
concept, the transit efficiency evaluation was designed as a two-stage network slacks-based measure
data envelopment analysis (NSBM DEA). The first stage was designed as a transit-design evaluation
and the second stage was evaluated with respect to transit efficiency.

The results of the evaluation were as follows: the overall efficiency score and S.D. were estimated
to be 0.349 and 0.207, respectively, which points to a large gap between the efficient and inefficient
station areas in Seoul. The analysis results indicated that the eight efficient dongs were characterized
by both residential and commercial land use. In addition, overall efficiency was found to be high in
areas that have both residential and commercial characteristics. The non-scoring dongs were identified
as having top priority for TOD, and the land-use features of these dongs are residential. Dongs
with overall efficiency scores in the 0.0 to 0.2 range were designated as second-priority areas, and
these dongs also have commercial features. Based on the results of the transit design and efficiency
evaluation, it was possible to determine the TOD-related priorities for stations and dongs.

Considering the regional characteristics, development efforts are also required to improve overall
efficiency. This research measured transit overall efficiency based on transit design and efficiency.
From the results, recommendations regarding the TOD priorities and development directions were
made by station areas. Although various factors were used to evaluate TOD efficiency, a variety of
additional socioeconomic and transit factors must also be considered. In this study, we defined the
station area as the area within a 500-m radius adjacent to a subway station based on previous literature.
The overlapping areas may affect the results of the analysis. The score of a station area that contains
multiple stations would be different from the score of a station area that only contains one station. Based
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on the sensitivity analysis, the effect of the station area should be investigated. The weight of each stage
of NSBM DEA model can be also changed according to regional conditions, environment, and culture.
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