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Since metropolitan cities are broadening as a result of urban sprawl, multimodal transportation systems have been adopted to
fulfill the connection between the suburban and urban areas. The transportation system is being revamped around the transit
center in the urban area to facilitate access to the downtown area from the suburbs. Studies are being conducted to improve the
accessibility of public transportation by using the concept of hub-and-spoke. In this study, we develop a coverage area index (CAI)
to assess the impact of a transit center on access to urban areas from the suburbs quantitatively. The concept of network centrality
and the kernel density function is used to evaluate the extent of the influence of a transit center. The smart card data in the Seoul
metropolitan area are used to analyze the CAI Six transit centers in the Seoul metropolitan area are investigated to compare the
coverage area to the transit center. The bandwidth of the kernel density function is set as 2 km considering the size and influence of
each region. We evaluate six transit centers using the CAls in Seoul compared to the index characteristics with transit accessibility
(TA) index from previous studies. The CAI is possible to identify the incompetent centers, alternative routes to solve the problems

of overcrowding on the centers, and areas with insufficient supplies of regional transit.

1. Introduction

As the population increases, urban sprawl can occur rapidly,
and it can impinge on the suburban areas. A hub-and-spoke
structure of the integrated multimodal public transit system
is adequate for covering large suburban areas with restricted
infrastructure and operation costs. Travelers who wish to go
downtown take regional express transit from suburban areas
to access a transit center near the downtown area, where they
can transfer to a city bus or an urban railway to take them
downtown. This system is cost-effective, but passengers may
be uncomfortable due to transfers if transit modes are not
well coordinated.

Transit centers serve as coordination points between
downtown and the suburban areas in a hub-and-spoke structure

network. To evaluate the functionality of transit centers, oper-
ators should investigate the area influenced by the centers. The
investigation will provide operators with information con-
cerning the expected boundary of influence when some actions
are implemented at the transit centers. Conversely, poor con-
nectivity of a suburban area to the transit centers means that
trips from the suburban area to downtown are inefficient.
Several studies have evaluated the effectiveness of transit
centers using a data envelope analysis (DEA) model [1, 2].
Some studies have developed an index of connectivity and
accessibility with variables like headway and transfer time
[3, 4]. In the planning phase, other studies have used ac-
cessibility and connectivity indices derived from the so-
cioeconomic indices of neighborhoods to evaluate transit
centers [5, 6], and they have used heuristic models to
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evaluate the locations of transit centers [7]. However, such
models have limitations that they do not consider the origins
and destinations of transferred travelers. To overcome this
limitation, we suggested developing an index using smart
card data to know the origin and destination of transit center
users.

This study aims to develop a coverage area index (CAI)
for transit centers considering the center’s role which is to
facilitate the connection in the hub-and-spoke structure
of the regional transit system that connects the suburban
areas with the downtown area. The concept of between-
ness centrality is applied to the origin and destination of
actual trips, aiming to indicate the travelers’ preferences.
The CAI is defined as the proportion of the number of
trips through a transit center to the number of total trips
taken from the suburban area to downtown. The kernel
density function is employed to aggregate discrete trip
chain data to traffic analysis zones. As the index usage, we
discuss a comparison of transit centers, transit supply, and
structure of the transit network.

Research on the assessment of transit centers includes
relative evaluation between centers with empirical data,
defining and measuring indices, using socioeconomic
factors to identify optimal hub locations during the
planning phase and developing indices using a network
centrality concept from social science. There have been
several studies on the data-based evaluation of transit
centers using the DEA model. The relative efficiency of
individual centers was calculated through mutual com-
parisons of the centers’ defined inputs and outputs. DEA
model was employed with the inputs, e.g., the areas of the
hubs, the cost of operation, the number of staff members
required, and capacities of the hubs. The model’s outputs
were the number of transfers per day, average, and devi-
ations of the transfer times [1]. Another research employed
DEA model with the inputs, e.g., transfer time, number of
subway and bus lines, and waiting time of the hubs and
outputs of the model were number of transfer trips and
transfer rate [8]. In Kochi City, Japan, the same DEA model
was used with smart card data to evaluate transfers between
buses and trams. Headways and the number of lines were
used as input, and the number of transfers and the time
required for transfers was the desired outputs of the model
[2]. The DEA model was useful for assessing the efficiency
of the transit centers, but it was difficult to evaluate them in
conjunction with the surrounding area.

Accessibility and connectivity were common indices
used to evaluate the transit centers, and there were various
detailed definitions in each concept. From the first per-
spective, connectivity was regarded as an index for
evaluating the availability of transit. A study evaluated the
connectivity of nodes, lines, transfer centers, and net-
works using the connecting power calculated from the
headway and capacity of the transit lines [3]. From the
second perspective, connectivity was regarded as an index
for evaluating travelers’ experiences. There was a study
that defined connectivity as the transfer time between
modes and that measured the index with empirical data
from a transit corridor in Auckland, New Zealand [4].
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Both views treated connectivity as a function of capacity
and time, but not considered the spatial distribution of
trips.

Accessibility of the transit facility was evaluated based on
the population or the number of jobs within a small distance
from the facility [9, 10]. In the Transit Capacity and Quality
of Service Manual (TCQSM), the traffic analysis zones’
accessibility index was defined as the percentage of an area
within a certain accessing distance of stations among the
transit-supportive area [11]. A study measured the acces-
sibility of zones with a weighted average of several indices to
find services gaps [12]. Accessing distance and coverage of a
facility were often considered as a walking distance to access
the station, but some studies expanded the concepts of
accessing distance and coverage to other modes. One study
measured the accessibility of a station with a total area that
could be reached in a reasonable time by walking, riding a
bicycle, and using local bus services [13]. Another study
showed a transit center’s access zone with proper access time
to reach the center with multimodal transit [14]. Another
accessibility measure that considers the origin-destination
(OD) of trips was motivated by the gravity model of demand
forecasting [15]. There have been many studies that mea-
sured accessibility using the supply of transit service, dis-
tance, and time. In contrast, there have been only a few
studies that focused on the transit center and the actual OD
pair.

At the planning level, the locations of transit centers were
optimized to maximize the network’s performance consid-
ering the center of mass as the optimal location of the hub.
This approach had a limit in that it assumed that distance was
the only variable in the relationship between a transit center
and the coverage area [5]. In another approach, it was as-
sumed that the accessibility index is the neighborhood
population not overlapping with other neighborhoods. The
connectivity index was viewed as the number of connections
between nodes and areas with large numbers of travelers to
optimize the overall transit network [6].

Some approaches have used the network centrality
concept from network theory to evaluate transportation
networks. Several centrality measures were used to evaluate
traffic analysis zones in Seoul, Korea, with a kernel density
function to aggregate network nodes to zones [16]. Spe-
cifically, closeness centrality was used to represent the ac-
cessibility of transit nodes [17].

Studies used smart card data to assess the accessibility
of transit and acquire total ridership of the transit network.
There was a study that developed a platform using smart
card data and vehicle GPS data. The platform was designed
to visualize transit performance measures in several lev-
els—network, route, and stop level [18]. Another approach
of using smart card data was finding a relationship between
the data and demographics, land use, and transportation
factors to predict ridership or purposes of trips [19, 20].
Various data other than ridership can be obtained from
smart card data in Seoul where the departure and desti-
nation time and location were specified. There were studies
used the travel time obtained from the data to assess the
competitiveness of transit network compared to other
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modes [21, 22]. There was another approach using mobile
phone data to get the origin and destination of trips with
unknown modes. The origins and destinations, travel time,
and distance of the private car and public transit were
compared to define the accessibility index [23]. These
studies presented some ways to assess accessibility by data-
driven approach, but they did not use the origin and
destination of transit trips. Evaluating transit centers, not
only origin and destination but also the transfer locations of
transit trips, also needed to be considered.

As indicated above, there are several ways to evaluate
transit centers, but there is no specific measure that can be
used to evaluate the pivotal role of transit centers as con-
necting nodes between suburban areas and the downtown
area with data from actual trips. Thus, if we understand the
connections in the transit center, our understanding of the
overall distribution of trips in the metropolitan area can be
improved. At the network level, centrality can be one of the
concepts that address connecting the role of a transit center,
but previous research does not concentrate on transit
centers.

2. Model Formulation

2.1. Definition of Coverage Area for a Transit Center. The
transit center was defined as a meeting point of different
modes and several routes and lines that function as effective
hubs working as a regional collection-distribution function
[7, 11]. The original concept of coverage was that “some-
thing can be understood as an area in which the influence of
such a thing can be perceived” [24]. The coverage of public
transportation facilities refers to the range of space ac-
cessible by walking or riding a bicycle. For a rail station in
the suburban area, the coverage can be extended to an
accessible zone with automobile access, such as drop off or
kiss-and-ride locations in a particular case [11]. In this
study, because the transit center is the location where many
travelers transfer from fast regional transit to city transit,
the access modes to stipulate the coverage of transit centers
were expanded to every mode, including regional buses.
From this perspective, the coverage area for each transit
center is the set of suburban zones which are easily ac-
cessible and strongly dependent on the transit center to
approach the central city area. The expanded concept of a
coverage area in a metropolitan area is shown in Figure 1.
Travelers departing from the suburban zones go through
transit centers in the route of a trip to the central city. Thus,
with a well-constructed hub-and-spoke structure, a large
portion of travelers transfers from the regional transit to
other modes at the transit centers. This phenomenon is
similar to the “betweenness” concept in network theory. To
analyze the expanded coverage, we developed a coverage
area index using betweenness centrality concepts. OD trips
were used to measure centrality instead of a transit network
topology because the topology was too complicated to
reflect travelers’ preferences. The kernel density function
was used to obtain correctly aggregated OD trip data from
smart card data.

2.2. Network Centrality. Network centrality is a measure to
evaluate the nodes of networks in social science and network
theory. There are several kinds of centrality, e.g., between-
ness centrality, closeness centrality, and straightness cen-
trality [25-27]. Betweenness centrality is defined as how a
zone is located between all pairs of other zones. It is mea-
sured as the ratio of the number of shortest paths through
the zone to the total number of the shortest paths between all
pairs of zones. It is a suitable centrality measure to evaluate
the coverage area of transit centers because these centers’
role in transit network is the connection node between zones
in the coverage area and the downtown zones. Betweenness
centrality can be expressed mathematically as follows [16]:

1 i (i)
Cy (i) = =,
50 = NN =D W;ﬁ( s (1)

where Cp (i) means betweenness centrality of zone i, N
means the number of zones, n ik (i) means the number of the
shortest paths from zone j to zone k through zone i, and 1,
means the number of the shortest path from zone j to zone k.

To apply the definition for the coverage area, trip chain
data are used instead of the shortest-path data. The term of
“number of the shortest paths” is substituted with the
number of trips due to traveler choice behavior to define
CAL

2.3. Kernel Density Function (KDF). When aggregating ac-
tual trip data, boarded or alighted zones recorded in the
smart card data are not the actual origin or destination zones
of the trips because travelers walked or took other modes
without records to the neighbor zones to access transit. The
kernel density function (KDF) is used to apply this neigh-
borhood effect. The value of KDF is set by the type of
function and the bandwidth. In this paper, we use the simple
triangular kernel function. The influence of neighbor areas
decreases linearly with distance, and when the distance
exceeds the bandwidth, the influence became zero. KDF can
be formulated as

1- @, if dik <w,

w

K(dy|lw) = (2)

0, otherwise,

where d;, means the Euclidean distance between the cen-
troids of zone i and k (km) and w means the kernel
bandwidth (km).

The bandwidth of KDF is the only variable that affects
the power of the neighborhood effect, but the optimal
bandwidth is not defined. In this research, we set the
bandwidth to 2km, which is the median of the Euclidian
distance between adjacent zones in the Seoul metropolitan
area. This bandwidth is justified based on the case study.

2.4. Coverage Area Index (CAI). Inevitably, suburban zones
in a metropolitan area can be connected directly to only
some points of the central city because of the limitation in
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FIGURE 1: An expanded concept of a coverage area of the transit center.

the infrastructure or the running cost. Given this constraint,
travelers have to transfer from regional transit to city transit,
such as an urban bus or the metro, and transit network
should be formed as a hub-and-spoke structure. Existing
accessibility indices for a transit center have rarely been
focused on the complexity of the transit network and
travelers’ choice behaviors caused by the structure of the
network. Thus, this study uses actual trip data that reflects all
travelers’ personal preferences rather than using the shortest
path in betweenness centrality. Actual trip data allow us to
analyze the dependence of travelers from each suburban
zone on specific transit points by using the definition of
betweenness centrality inversely. Since actual trip data
represent current travelers’ travel behavior, it would be
suitable to analyze the current coverage rather than predict
the future or potential coverage.

From equation (1), the central city was considered as
zone j, and each zone in the suburban area was considered as
zone k. The number of shortest paths between zones j and k
was transformed into the number of trips between the
central city and each zone. The number of shortest paths
through a transit center, i, was transformed to the number of
trips between the central city and the zone that included a
transfer at the transit center. This was reasonable because a
route that is chosen for a trip indicates that the route had the
smallest general cost among the possible choice set.

The coverage area index of zone i for transit center j
(CAL;) is defined as the ratio of the modified number of
trips through the transit center j to the total number of trips
taken from zone i to the central city. KDF is used to account
for the neighborhood effect and modify the original number
of trips. The definition of CAI is

T +T..
CAL; = 2¢ I (3)
Ojc+ Dic
Oic = O + Z K (dilw)Oxc
k#i
Dic = D¢ + Z K (dilw)Dyc, (4)
ki

Tl(jc =Tijc+ Z K(diklw)Tij’
ki

where CAI; means the coverage area index of zone i for
transit center j, O, means the total number of trips to the
central city from zone 7, D,. means the total number of trips
from the central city to zone i, d; means the Euclidian
distance between the centroid of zones i and k, T;c means
the number of trips from zone i to the central city through
transit center j, T; means the number of trips from the
central city to zone i through transit center j, and K (d;|w)
means the kernel density function with distance d;; and
bandwidth w.

CAI is the ratio, so it has a value between 0 and 1. When
the value is close to 1, most travelers from the zone to the
central city transfer to city transit at the center. This indicates
that the zone is in the area covered by the transit center.
When the index is close to 0, almost none of trips from the
zone to the central city passed through the transit center. If
the central city is big enough to have more than one transit
center, the index can be measured individually for each
transit center.

We employ the two methods for network evaluation,
which are network centrality and kernel density function. To
evaluate the transit center, betweenness centrality is used to
define the geographical location from other zones, and
kernel density function is applied to catch the effective area
from the transit center. While betweenness centrality is
focused on one zone or node, CAI considers the trips be-
tween transit center and destination compared to other
transit centers. It is shown that comparing equations (1) and
(3), betweenness centrality is defined as Cy (i) and CAI is
defined as CAL;. This characteristic gives CAI a unique
usage that not only evaluates transit centers but also tests
transit network of each zone with spatial distribution of CAI.

2.5. Evaluation of CAI Compared to Accessibility Index.
The CAI usage was evaluated by the contrast of the CAI and
the accessibility measure presented in the previous study.
The accessibility measure used in the study was defined as
the product of attractiveness at destinations and friction
between zones and destinations. This interpretation came
from the demand forecasting model with socioeconomic
conditions and transit networks [15], using parameters and
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variables from Sacramento, CA [28]. Because this study was
focused on Seoul, Korea, to reflect local characteristics, the
parameters and variables from Korea’s national demand
forecasting model were used [29]. The model was derived

TA,; =(CATT;) « (ZFRIC;)),

from a national survey and used a gravity model to forecast.
To calculate TA with the model, some of the variables needed
to be modified while maintaining the TA’s fundamental
meaning. The definition of TA is

CATT; = 2.296 * EMP; + 0.536 * POP; + 0.443 « EMPS; + 0.801 « STU;,

0.1093 # MTD;;**** « exp(-0.2437 x MTD;;),

ZFRIC;;

where TA;; means the transit accessibility between zone i
and center j; CATT, means the attraction of the transit
center j; ZFRIC;; means the friction of access between zone i
and the center j, which was defined as a combined model;
EMP; means the total number of employers in the zone of
transit center j (people); POP; means the population of the
zone of transit center j (people); EMPS; means the total
number of people working in service in the zone of transit
center j (people); STU; means the total number of students
in the zone of transit center j (people); and MTD;; means
median travel distance by transit between zones i and j.

3. Case Study

3.1. Data Description. Smart card data in the Seoul met-
ropolitan area were used to obtain public transit trip chain
data, and the data covered almost 99% of trips by public
transit in Seoul. Travelers’ boarding time and station, arrival
time and station, modes used, the number of transfers, a
unique ID for each smart card, and a transaction ID for each
trip chain are recorded because users have to tag their card
both when they get on and off transit modes in Seoul. With
appropriate treatment using the transaction ID recorded in
the data, all trip chains between the suburban area and Seoul
and locations they passed through can be obtained. In this
research, 180 million trip data for five weekdays (May 16-19
and May 22, 2017) were used. Data for 2.5 million trips
(2.33% of total trips) were not used because they did not
include arrival time and station. After treatment, 15.77
million trip chains were obtained between suburban areas
and Seoul.

Six transit centers were selected for the case study. They
serve as the destinations for most of the regional express
buses from the Seoul suburban area because they are ac-
cessible to the highway, and they are connected to the metro
lines in Seoul. Three of them (Gangnam, Sadang, and Jamsil)
are in the southern part of Seoul near the Gangnam business
district, subcenters of Seoul. The other three (Seoul Station,
Cheongnyangni, and Hapjeong) are near the central busi-
ness district, the historical downtown of Seoul, in Figure 2.

About two million travelers transferred their modes
from regional bus to the city bus and subway or vice versa at
the centers each day. An average number of trips between
each zone in the suburban area and Seoul was 4,526.5 per

2.4043 » MTD"*™” « exp(-0.0190 x MTD;; ),

. (5)
if MTD;; <13.0 km,

if MTD,; > 13.0km,

day, and 13.8% of the total trips (626.8 trips per day for each
zone) passed through the transit centers. According to the
percentage of trips, it could be shown that the transit centers
were prominent in the regional transit network of Seoul. The
average travel time and the travel distance of trips through
the transit centers were 49.4 minutes and 26.9km. The
average travel speed of trips through the transit centers was
faster than the speed of total trips between the suburban area
and Seoul. The basic statistics of the result of the data
treatment is shown in Table 1.

3.2. Effect of the Bandwidth of KDF on CAIL Stations often
were located near the boundaries of the zones, and such
stations only counted as one zone even though people from
neighboring zones used them. In addition to this, smart card
data might not reflect the actual origin of the trip because
people often cross the neighboring zone of their origin to
access transit modes. This effect was adjusted by applying the
neighborhood effect with KDF when aggregating discrete
smart card data to spatial zones.

The median distance between centroids of neighbor
zones in the study area is 2.1 km, and the average zone size is
16 km®. We assumed that people would not cross more than
one zone to access transit. Sensitivity analysis on the
bandwidth was conducted based on value of 2km. The
bandwidth of 0 km—without KDF, 2 km, and 5 km was used.
The measured result of CAI of Gangnam in part of the region
is shown in Figure 3. Without applying KDF, some adjacent
zones had significant differences in CAI. When the band-
width of the kernel function was 5 km, the index flattened in
a large area, and the power of adjacent zones increased. This
resulted in smaller differences in the index between adjacent
zones.

According to the sensitivity analysis, the proper band-
width of KDF depends on the purpose of the evaluation.
Short bandwidth is suitable for observing the differences in a
small view, such as the zone level. Conversely, long band-
width is suitable for observing differences in a broad view,
such as the regional or in-county levels. In this study, we
used 2 km for the bandwidth to observe a difference between
adjacent zones because we wanted to compare the difference
in CAI in zone level.
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FIGURE 2: Study area: (a) outline of the Seoul metropolitan area; (b) transit centers used in the analysis.
TaBLE 1: Basic statistics of the obtained trip chain data between suburban zones and Seoul.
Division Total # of trips # of regional bus lines Travel time (min) Distance (km) Travel speed (km/h)
Total (697 zones) 15,775,018 51.4 23.0 26.8
Trips through the transit centers 2,184,397 49.4 26.9 32.7
Gangnam 741,220 59 50.9 30.3 35.7
Jamsil 389,536 35 454 23.3 30.8
Sadang 442,237 15 39.7 23.0 34.8
Seoul Station 367,146 34 58.7 29.6 30.3
Cheongnyangni 114,217 17 63.6 26.6 25.1
Hapjeong 130,041 18 478 244 30.6

(%

Without KDF

Transit center [—_] 0.000 - 0.057
Coverage area index [l 0.289 - 0.491

Bandwidth 2km

XY

Bandwidth 5km

[ 0.057-0.148
B 0.491 - 0.689

I 0.148 - 0.289

FiGure 3: Effect of kernel bandwidth to CAI of Gangnam in the southern part of the Seoul suburban area.

3.3. Coverage Area of Transit Center Using CAI. The overall
coverage area of each transit center is shown in Figure 4. The
coverage area was defined as the zone in which the biggest
CAI value was bigger than 0.05 and had more than 100 trips
to Seoul. Sadang covered the area in the southwest part of the
Seoul suburban area. The CAI for Sadang had the highest
value of 0.922 at Jangan. This indicates that 92.2% of the trips
from the Jangan zone to Seoul passed through the Sadang
transit center. The Gangnam transit center is close to the

most important highway in Seoul, and it is the transit center
that is closest to the Gangnam district. These characteristics
of the location led to the broad area that it covers.
Cheongnyangni and Jamsil are located in the eastern part of
Seoul, so their coverage areas are shown in the eastern part of
suburban Seoul. Seoul Station and Hapjeong covered the
west part of Seoul suburban area, but CAls of each zone to
them were smaller than the value of other centers. This
tendency means that Seoul Station and Hapjeong were not



Journal of Advanced Transportation

Code Zone CAI

SE-1 | Shinhyeon 0.173

SE-2 Unseo 0.158

SE-3 Munsan 0.101

apjeong
Code Zone CAI
H-1 Tanhyeon 0.229

H-2 Papyeong 0.222

H-3 | Seoknam 2 0.177

Code [ Zone | CAI
SA-1 Jangan 0.922
SA-2 Ujung 0.919

SA-3 Namyang 0.917

: M
4 d / \@?X

Code Zone CAI
C-1 Ha 0.371
C-2 Gunnae 0.227
C-3 Sang 0.225

]amsll

J-2 Sudong 0.500
J-3 Hwado 0.485
Code Zone CAI

N-1 Joongang 0.679

N-2 Daeone 0.653

N-3 Giheung 0.645

FIGURE 4: Areas influenced by each center and the three regions in each center that have the highest indices.

functional as other centers and less important than other
centers.

Seoul Station and Gangnam show the most significant
difference in the public transportation network. As shown in
Figure 5, they had a similar distribution of TA, and they both
located in major business districts of Seoul, but their CAI
was very different from the centers. Gangnam had a highly
concentrated CAI in the southern part of Seoul. It means
that the transit network in the southern part of Seoul had a
hub-and-spoke structure centering on Gangnam. In con-
trast, the coverage of Seoul Station located in both southern
and northwestern parts of Seoul and CAI values of the area
was low. It means that Seoul Station was connected to the
board part of the Seoul metropolitan area, but the power of
the center was not strong enough to constitute the hub-and-
spoke structure transit network. Through this analysis, we
could discuss that transit lines connecting Seoul Station and
the southern part of Seoul should be adjusted to connecting
the center and northeastern part of Seoul to achieve the
effective hub-and-spoke structure of transit network cen-
tering Seoul Station. In terms of transit in downtown, it is
necessary to examine whether travelers arriving at Seoul
Station from a suburban area can travel to other parts of the
city adequately.

Consequently, CAI can identify transit centers with not
enough power as a hub in a hub-and-spoke structure; it
means the functionality of the transit center in the overall
network would not be sufficient. With Figure 4, three centers
with a lower CAI over their own coverage—Seoul Station,
Hapjeong, Cheongnyangni—would correspond to the case.
The centers should be upgraded to be attractive to travelers,
such as speeding up regional buses with bus rapid transit or

making a convenient environment to transfer with a high-
quality in-door bus shelter and information system.

From a broad perspective rather than an individual
center, the coverage zones’ CAI of the transit centers in the
central business district (Seoul Station, Hapjeong, and
Cheongnyangni) were smaller than the index of the centers
in Gangnam district (Sadang, Jamsil, and Gangnam). We
can infer that the transit network near the central business
district was not forming a hub-and-spoke structure.
Therefore, to make the transit network of the district effi-
cient, it can be considered that the government should
reform the transit network or transit centers of the district to
forming a hub-and-spoke structure.

3.4. Evaluation of Index Performance. We compared CAI
and TA for three centers—Sadang, Gangnam, and Seoul
Station—of total six centers. Sadang was a hub that performs
well, and it had a well-defined coverage. Gangnam and Seoul
Station were located in two different subcenters of Seoul.
They had a similar distribution of TA, but their CAI shows
the difference between the two hubs. The trend shown in
Figure 5 indicated a significant difference between CAI and
TA. There were some core zones in the suburban area with
high CAI values, but CAI decreased rapidly when the dis-
tance from the core increased. TA was shown to have its
highest value near the central city, and it decreased slowly as
the distance from the central city increased. The reason for
this difference in trends was that the friction of the TA index
was affected strongly by the Euclidian distance from the
transit center. In contrast, CAI was not strongly affected by
the distance between the zone and the central city. Due to
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F1Gure 5: Comparison between CAI and TA of three transit centers: (a) CAI of Sadang; (b) TA of Sadang; (c) CAI of Gangnam; (d) TA of

Gangnam; (e) CAI of Seoul Station; (f) TA of Seoul Station.

CAT’s definition, the ratio of the number of trips was not
affected directly by the distance.

This result showed the contribution of CAI. Almost all
zones near the central city are connected to city transit.
Travelers from those zones do not have to transfer at the
transit centers. Zones connected to a transit center with a
regional express bus line would have high CAI to the center
and would be affected significantly by the center’s renova-
tion even though they are far from the city. If the bus line
were terminated, the level of service would decrease dra-
matically. This kind of spatial dependency analysis can offer
new motives and insights into planners and operators. The
CAI and other accessibility indices, such as TA, have
complementary relationships.

4. Discussion

4.1. Measure of Transit Supply and User Preference. A zone
with high CAI of a transit center means a high percentage of
travelers between the zone and the central city was inte-
grated at the center. Except for the case where the total
number of trips was small, a route passing through the center
was the route most preferred by travelers when they chose a
route between the zone and the city. This means that the
zone is connected to the center with a high level of regional
services, such as an express bus line in the case of Seoul. If a
zone has a small CAI of a transit center, travelers from the
zone to the city will transfer to city transit at another center

or out of the city. The latter case implements a longer trip by
slower transit modes, such as the metro or a city bus.
Observing the result of CAI with the existing regional
transit network, especially the main corridor of express bus
lines, it was apparent why the index is what it is. Figure 6
shows that the zones with high CAI were connected closely
to existing express bus routes. Figure 6(a) shows that zones
in the southwestern part of the study area had a high CAI to
Sadang, i.e., 0.92. They were connected to Seoul by express
bus lines to Sadang. Many express lines used highways, so
they were regarded as the coverage of Sadang. Figure 6(b)
shows that the Gangnam transit center had a broad coverage
in the southern part of the study area because Gangnam was
the nearest transit center to the Gyungbu Expressway, a
central corridor in the Seoul metropolitan area.
Accordingly, CAI can identify transit centers with too
broad coverage that can cause overcrowding of travelers and
vehicles in the center. For example, Gangnam of Seoul had
extensive coverage in the southern part of Seoul, as seen in
Figure 6(b). Contrarily, Jamsil did not adequately cover the
southeastern part of the area in Figure 6(c). In another view,
the coverage area of Sadang was too dependent on one
transit center, as seen in Figure 6(a). If there are severe
incidents on the road to Sadang, the areas would be isolated.
The government should have other options to connect the
area to Seoul with other routes or modes. This observation
can suggest a solution for overcrowding in Gangnam, such
as changing the destinations of regional buses from the
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FIGURE 6: A result of CAI with regional transportation (bus routes and highway): (a) Sadang; (b) Gangnam; (c) Jamsil.



Journal of Advanced Transportation

Difference in CAISUM
1 -0.55--0.02
1 -0.02--0.01
[ -0.01 - 0.00
'~ [ 0.00-0.01
[ 0.01-0.02
I 0.02-0.38

| mmssm Bus route

\ memmm Railway
= Highway
T e

15

(a)

11

Difference in CAISUM
1 -0.59 - -0.04
[ -0.04--0.01
[ -0.01-0.00

= I 0.00 - 0.01
I 0.01 -0.03
I 0.03-0.65
mmmmm  Bus route
s Railway
[ wem Highway

(®)

FiGure 7: A difference in the CAISUMs between neighboring zones with regional transits (express bus routes and railway): (a) compared

with zones in 5km; (b) compared with zones in 10 km.

zones to Jamsil. With a proper supply of express bus lines,
trips from the zones to the central city can be dispersed.

4.2. Connectivity between the Centers and Suburban Area.
The CATIs also can be used to evaluate the regional transit in
suburban zones by obtaining the sum of the CAIs for all six
centers (CAISUMs). If the CAISUMs of a zone are small,
it indicates that the zone is connected to the downtown
through another transit center or that there is no ad-
vanced regional transit connection to the transit centers,
meaning that the transit of the zone does not form hub-
and-spoke structure to downtown. To distinguish be-
tween the two cases, the CAISUMs of a zone should be
compared with the CAISUMs of the neighboring zones.
When a zone and its neighboring zones together have
small CAISUMs, it can be inferred that all of them are
connected to other centers. So, comparing the CAISUM
of a zone with those of its neighboring zones can be used
to identify where the structure of the transit network is
inefficient.

Figure 7 shows differences in the CAISUM of a zone and
the CAISUMs of the neighboring zones. We used various
bandwidths of KDFs to compare the CAISUMs. Differences
in the CAISUM with bandwidths of 2, 5, and 10 km can show
the difference in the CAISUM compared to adjusting the
zones with a number. If a zone has a positive value of the
difference, it had a smaller CAISUM than neighboring
zones. When the railroad passes zones, the CAISUMs of the
zones were calculated to be a small value. The zones were
observed as having a lack of regional transit because trips
from the zones to the central city by railway did not require
transferring at the transit center, and the transfer between
metro lines is not counted in the smart card data. The
contribution of this analysis can be derived from the dotted
boxes in Figure 7. These zones had lower CAISUMs than the

neighboring zones because they did not have any railways or
bus routes connecting to the transit centers. Trips between
the zones and the city were on city transit, which had a low
level of service and not forming hub-and-spoke structure
through transit centers. The contrast between Figures 7(a)
and 7(b) was the size of the view. Figure 7(a) was suitable for
finding the zone with an inefficient transit network in the
individual zone level, and Figure 7(b) was suitable for
finding the zones at the county level.

With this approach, TAZs with an insufficient service of
regional transit would be identified. Travelers from the zones
would experience low speed and a poor environment for
transfer when they travel to downtown. The government
should supply a regional express bus from the zones to
existing transit centers. If the area’s transit demand is too big
to handle in the centers, opening a new transit center to
connect subway and city buses with regional transit should
be considered.

5. Conclusion

In this research, the concept of coverage was expanded to
evaluate the integration and coordination of multimodal
public transit system. The coverage area index (CAI) was
defined as the ratio of the number of trips through the transit
center to the total number of trips from the zones to the
central city. Smart card data were used to conduct the case
study, and the kernel density function was applied to ag-
gregate the point-to-point origin-destination data into
zones. Six transit centers that connect Seoul and the
southern part of Seoul metropolitan area were selected to
measure the CAls. The peak value of CAI varied between the
centers, from 0.173 for Seoul Station up to 0.92 for Sadang.
CAI can be used to compare the importance of transit
centers, to measure transit supply and travelers’ preference
and evaluate whether transit from a suburban zone to the
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central city was integrated into intercity transit network of
the city.

Transit centers have the role of integrating transit modes
between downtown and the suburban area in the complicated
hub-and-spoke transit network in big cities. Some researchers
have considered the effectiveness, connectivity, and accessibility
of the transit centers, but they have rarely dealt with the in-
tegration or coordination of the overall transit network. We
developed CAI using the concept of betweenness centrality to
evaluate the role of the centers. With the CAI a dependence of
suburban areas on the centers could be visualized. By com-
paring CAI and TA, we were able to evaluate CAI having the
independence of the distance from the city center. Since only
OD trip data were needed to measure CAI it was not necessary
to directly compare the various alternative routes and modes.
The characteristics of CAI had advantages when transit net-
works are too complicated to analyze in the metropolitan area.

CAI could be used for three purposes: finding coverage
of transit centers, measuring transit supply, and measuring
connections between the centers and suburban areas. With
the coverage of each center, we could find incompetent
centers that had narrow and vague coverage. It meant that
they could not function well as a hub, so the centers should
be more attractive to travelers. With the measured supply of
regional transit, alternative routes to solve overcrowding
problems of centers were implicated. With the measured
connection, areas with insufficient supplies of regional
transit were identified, and strategies to improve the con-
nection in the areas were suggested.

Given our conclusions and observations, future research
should take into account the rarity of Seoul’s smart card
dataset, which provided the trip chain data we used that
included the exact boarding and alighting stations for trips.
The definitions suggested for coverage and CAI can be
applied to other types of trip data, such as the OD matrix and
transit ridership data. However, these characteristics could
be limitations of the index because the index could not be
used to test scenarios in the planning level due to the absence
of future trip data. It can be further work to use the index
with predicted future trip data. By expanding the index with
the data, potential coverage areas that travelers can be users
of a transit center can be identified. This result would be
helpful for planners of a transit center and a transit network.
In future research, analysis of coverage of transit centers
could be assigned to different metropolitan areas to identify
zones that have inadequate regional transit. It can be further
work to use the index with the data of predicted future trips.
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