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ABSTRACT

Bus stops provide accessibility to public transit service, whereas they also influence the
efficiency of mobility due to the extra dwell time. The decision of bus stop locations is a tradeoff
between access coverage and mobility. This paper formulates a bi-objective optimization model
of bus stop placement problem at the network level. Two objectives are pertinent to the
improvement of mobility: minimization of total dwell time at stops and minimization of total
number of bus stops. Access coverage is constrained to ensure a certain level of accessibility.
The issue of stop congestion and its effect on road traffic flow is also considered in the model.
The model is applied to a case study of the bus network in urban areas of Yancheng, China. The
results show that the proposed model can be efficiently solved by CPLEX to obtain Pareto

optimal solutions for real-case problems.
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1. Introduction

Public transit is a key component in the transportation system, which is more energy efficient
than other travel modes. It is generally regarded as an effective way to mitigate the problems
attributed to the automobile, such as road congestion, energy consumption and air pollution
(Ceder, 2007; Currie, 2010; Szeto and Jiang, Y. 2014; Tirachini et al., 2014; Chen et al., 2015;
Ibarra-Rojas et al., 2015; Fan et al., 2016; Feng et al., 2016; Huang et al., 2016; among many
others). To enhance attractiveness and associated ridership, public transit should provide good
service to guarantee efficient mobility for all citizens within urban areas. Mobility can be
expressed in terms of bus operating speed, and transit service becomes attractive when the travel
time of transit modes (e.g. bus, light rail and subway) is comparable to that of the automobile. In
this regard, some measures can be taken to increase bus operating speed and decrease passengers’
travel time, which include signal priority at intersections, dedicated bus lanes at road segments,
and the optimization of bus stop placement (McLeod and Hounsell, 2003; Currie et al., 2007;
dell’Olio et al., 2011; Lin et al., 2015; Ahmed et al., 2016). The bus stop placement problem is
considered an important issue with respect to the efficiency of mobility at the planning stage,
which is tackled in this paper.

Bus stops increase accessibility for passengers to get to and depart from the bus service.
When designing or modifying the bus network, the maximum spacing of stops needs to be
constrained to ensure that bus service is accessible to passengers within a reasonable walking
distance. At the same time, if stops are placed too close, bus vehicles have to dwell at excessive
stops which slow down vehicles and incur an increase of passengers’ in-vehicle travel time.
Hence, the problem of determining bus stop placement is not trivial as it involves a balance
between access coverage and mobility. This study considers these two factors simultaneously
and proposes a methodology for the optimization of bus stop placement problem at the network

level.

1.1. Literature Review

This section presents a review of the literature pertinent to bus stop placement. Currently, a
number of studies have been conducted on the analysis of bus service access (Murray et al., 1998;
Ammons, 2001; Wu and Hine, 2003; Chien and Qin, 2004; Wright and Hook, 2007; Ziari et al.,
2007; Foth et al., 2013; Tirachini, 2014; Owen and Levinson, 2015). Access typically has to do
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with proximity to service: one is access distance from an origin to one bus stop, and the other is
egress distance from one bus stop to a destination (Murray, 2003). The density and locations of
bus stops are usually used to determine the access coverage of bus service. Several authors
investigated the relationship between access coverage and the level of usage of bus service
(Greenwald and Boarnet, 2001; Zhao et al., 2003; Cervero et al., 2009; Hess, 2009; Kim et al.,
2012; Moniruzzaman and P&z, 2012). They showed that access/egress distance is negatively and
significantly related to transit patronage. Consequently, the spacing of stops should have an
upper bound threshold to guarantee that passengers complete their access/egress trips in a
reasonable amount of time. Such maximum spacing threshold is generally location-specific,
which depends on many local considerations (e.g., service region, road hierarchy, local demand).
For example, bus stops in the city’s central area should be placed closer than those in the suburb.
The maximum spacing of stops on the arterials or trunk roads is usually set larger than that on
the collectors and local roads. The above previous studies proposed several useful methods to
determine the detailed access standard.

Apart from access coverage, mobility is the other salient factor which greatly influences bus
system performance and level of service (Litman, 2003; Kim and Lee, 2008; Feng et al., 2010;
Hahn et al., 2011; Zhu et al., 2016). Efficient mobility is closely related with bus stop placement
because fewer stops generate less dwell time at stops and subsequently contribute to higher bus
operating speed. For decades, numerous transport scholars have endeavored to develop different
optimization models with consideration of both access coverage and mobility (Levinson, 1983;
Saka, 2001; Murray and Wu, 2003; dell’Olio et al., 2006; Chien et al., 2010; Ibeas et al., 2010;
Yan et al., 2013; Ceder et al., 2015; Chen et al., 2016). These models can be further divided into
two categories: (1) the objective function subsumes access coverage and mobility at the same
time, which is associated with the benefits of two stakeholders (passengers and bus company);
and (2) the objective function focuses on the issue of mobility, and access coverage is seen as
constraints. Given assumed access standard, stop placement is optimized in order to achieve the
utmost improvement of mobility.

Some previous studies investigated bus stop placement at the route level, and some others
addressed it as part of bus network design problem (Ceder, 2007). The general bus network
design problem contains two main procedures, namely route generation and stop placement. It is

usually an NP-hard problem, and most of extant studies use heuristic methods to acquire
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potentially good solutions (Kepaptsoglou and Karlaftis, 2009; Ibarra-Rojas et al., 2015). Once
bus routes are generated and put into use for a certain period, it is often difficult to change or
alter their routings. For an already existing bus network, an alternative approach to enhance bus
system performance is to re-design the locations of stops along given bus routes. Compared with
the general bus network design problem, network-level optimization of stop placement is easier
because route generation is not needed. As a result, it may be efficiently solved by some exact
solution methods or off-the-shelf solvers, such as CPLEX. Yet detailed methodologies that
exclusively cope with bus stop placement at the network level are in short supply, and the

present paper strives to fill this gap in the extant literature.

1.2. Objective and Contribution

The primary objective and contribution of this study is to propose a network-based
methodology for the optimization of bus stop placement problem. The formulated model in this
study belongs to the second category that the objective functions are pertinent to mobility, while
access coverage is treated as a constraint. Bus stops increase accessibility for passengers to get to
and depart from the bus service. To reduce the access/egress distance, the spacing of stops has an
upper bound limit to ensure that bus service is accessible to passengers. Two objective functions
are considered: minimization of total dwell time at stops and minimization of total number of bus
stops. Both objectives aim to increase the average operating speed of whole bus network, and
enhance the efficiency of mobility. Considering the practical circumstances, the combined
service frequency at each stop should have the maximum threshold, in order to avoid bus stop
congestion. The proposed bi-objective optimization model can be efficiently solved by CPLEX
to garner the Pareto frontier for real-case problems.

The remainder of this paper is organized as follows. Section 2 below describes the problem
and formulates the optimization model. A numerical example is presented in Section 3. Finally,
conclusions are provided in the last section.

2. Problem Description and Model Development

Consider a study area with a connected bus network which contains a total of N bus routes,
and let i1=1,2,...,N denote each bus route. Apart from two terminals, each bus route has a set of
intermediate candidate stop locations. Variables/parameters used in the model and their notation

are summarized in Table 1.



Table 1 List of Notation

Indices

i the index of bus routes

J the index of bus terminals and intermediate candidate stops

K the index of intermediate candidate stops which are shared by two or more routes

Sets

I a set of bus routes within the study area

T, a set of stop locations along the route i including intermediate candidate stops and
two terminals

() a set of intermediate candidate stops which are shared by two or more routes within
the study area

G, a set of sequence numbers that denote the identical candidate stop k

Parameters

N the total number of bus routes

0; the original number of the first terminal of route i

e the ending number of the second terminal of route i

K the number of intermediate candidate stops which are shared by two or more routes

S; i the spacing between two nodes jeTI’, and j T,

D, the upper limit of the spacing between node j and its nearest succeeding selected
stop

f, the frequency of bus route i at node jeTI';\{o,,e}

F the upper limit of the combined frequency of bus routes at candidate stop k

7 the average dwell time per vehicle at node jeI';,\{o,,e}

0; a binary parameter which equals 1 if node jeTI’;\{o,,&} is the candidate stop of a
sole bus route, and 0 if it is shared by two or more routes

Variables

X a binary variable which equals 1 if candidate stop j eI’ is eventually selected as
one stop of bus route i, and 0 otherwise

Yy a binary variable which equals 1 if candidate shared stop k € ® is selected as one
stop, and 0 otherwise

Bii a binary variable which is equal to 1 if j' equals min{j"| j"> j,x; =1or j"=¢},

and 0 otherwise.

For the ease of model formulation, bus terminals and candidate stops are sequentially
numbered along each route, and such sequence originates from route 1 to route N. We use o, to
denote the original number of the first bus terminal of route i, and use e, to denote the ending

number of the second terminal of route i. For an arbitrary bus route i, the sequence of

intermediate candidate stops is from o, +1 to e, —1. The sequence relation between route i and
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route i+1is 0, =6 +1,i<N-1. We define set | ={1,2,...,N} and set I'; ={0;,0, +1,...,6,}

(Viel). Fig. 1 presents an example of four bus routes and associated sequence of bus terminals

and candidate stops.
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Fig. 1. An example of four bus routes.
Furthermore, some candidate stops are shared by two or more bus routes where passengers
are available to transfer between various bus vehicles. In this study, we assume that the bus

network has a total of K candidate shared bus stops, which constitute the set ® ={1,2,...,K}. We
let G, be the set of sequence numbers that denote the identical candidate shared stop k . In Fig.

1, as an example, set @ has seven candidate shared stops, such as the first shared node (k =1)

which can be simultaneously employed by route 1 and route 2, and set G, equals {4,18}.

Access coverage is treated as a constraint in the model. Specifically, the spacing of stops has

an upper bound limit to ensure that the bus service is accessible to passengers. We let s;
denote the spacing between two nodes jeI'; and j'eI, and D; denote the upper limit of the
spacing between node j and its nearest succeeding selected stop. The values of D; is location-

specific, which relies on several local considerations (Ceder, 2007; Ziari et al., 2007).



g B~ W N

[ep}

10
11

12

13

14

15
16

17
18

19

20
21

Furthermore, the issue of bus stop congestion is also considered in the model. When one bus stop
is used by many routes and meanwhile frequency is high, the stop inevitably gets congested and
further interrupts the operation of traffic flow on the road segment (Tirachini, 2014). Therefore,
it is necessary to restrict the number of bus routes at one bus stop which is mainly associated

with bus frequency. We let f; denote the frequency of route i at node j (jeT;), and F,

denote the upper limit of the combined frequency of bus routes which dwell at candidate stop k .

The value of F, depends on roadway geometry and type of bus stops (e.qg., curbside, bus bay).
Then, we define x; (Vjel;\{o;,e}) as the decision variable which equals 1 if candidate

stop j is eventually selected as one stop of route i, and 0 otherwise. In addition, Yy, (ke ®) is

defined as the decision variable which equals 1 if candidate shared stop k is selected for

construction, and O otherwise. To formulate the model, we introduce a new binary variable,

denoted by ;.. Nodes j and j" are in set I';, and j is not the bus terminal e,. Here, 3,  is
equal to 1 if ' equals min{j”| i"> 5, x, =Llor j”:ei}, and 0 otherwise. Fig. 2 presents the

illustration of binary variable &; ; on the basis of a single bus route.

lbg:s =0 Bia=0

Fig. 2. An illustration of binary variable 2, ..

The bi-objective optimization model of bus stop placement problem is formulated as follows:

minz=> > frx (1)

iel jel'\{o; e}
min z,=> > 5Xx+.Y, (2)
iel jel'\{o; e} ke®

subject to:
> fx,<F Vked (3)

j€Gy
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V=X, VjeG,Vked (4)
S B, =1 Vel \{e}Vicl (5)
i=j+
3's, B, <min(D,D,) Vjel,\{e} Vicl (6)
j=i+
X, 2B, I'2jVijel\{e}Viel )
;
X, <Y By iz j+LVi el e} Viel )
i"=j+1
x;=1 Vje{o,e} Viel 9)
B, =0 j'<jVjjel,Vviel (10)
x; {01} VjeG,Viel (11)
B {0} Vj jel,Viel (12)

Both objectives are associated with the enhancement of mobility. Objective (1) is to

minimize the total dwell time at all the intermediate stops of N bus routes during the peak hour.

7; denotes the average dwell time per vehicle at the intermediate stop j. Objective (2) is to
minimize the total number of stops within the bus network. &; is a binary parameter which

equals 1 if candidate stop jis owned by a sole bus route, and 0 if it is shared by two or more
routes.

Constraint (3) restricts the maximum number of bus routes at candidate shared stop k e @ to
prevent bus stop congestion. Constraint (4) ensures that candidate shared stop k is constructed if
it is selected as one stop by at least one bus route. Constraint (5) determines which is the nearest
succeeding selected stop for node j of route i. If none of the succeeding intermediate candidate
stops are selected, f; . is equal to one. Constraint (6) is the stop spacing constraint, which

ensures that the spacing between node j and the nearest succeeding selected stop is not more

than min(D;,D;). Constraints (7) and (8) establish the relationship between decision variables

x; and B, ,, and ensure that node ]’ is the nearest succeeding selected stop for node j of route

i
i if both x; and g, equal 1. Constraint (9) indicates that bus terminals o; and e, must be

selected as two stops of route i. Constraint (10) indicates that S, , equals zero if the sequence
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number of node j' is not more than that of node j. Constraints (11) and (12) present that x; and

B;.; are binary variables.

3 Numerical Example

The bi-objective optimization model described in previous sections was applied to the bus
network in urban areas of Yancheng. Yancheng is a prefecture-level city in northeastern Jiangsu
province, P.R. China, by the year of 2015 with a population of 7.2 million and an area of 17,000
square kilometers. Fig. 3 illustrates thirteen existing bus routes within the bus network. For each
bus route, the original and ending sequence numbers, and the number of candidate stops are
depicted at the lower right corner of Fig. 3. There are a total of 141 candidate stops that are

shared by two or more bus routes.
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Fig. 3. Candidate stops of thirteen bus routes in the city of Yancheng, China.
Table 2 presents the length of each bus route and associated bus frequency during the peak
period. Based on field investigations, we collected data of bus average dwell time at existing

stops. We assume that candidate stops within the same road segments of existing stops shared the
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identical bus dwell time, and hence all the parameters z; in objective function Eq. (1) were

obtained.
Table 2 Length and frequency of thirteen bus routes
Bus route 1 2 3 4 5 6 7 8 9
Length (km) 247 181 189 123 171 112 154 173 264
Frequency (min) 4.6 3.0 6.0 5.0 6.7 8.6 8.6 5.0 7.5
Bus route 10 11 12 13
Length (km) 205 21.8 22.0 17.9

Frequency (min) 5.0 5.0 6.7 7.5

A classical technique is utilized to solve the bi-objective optimization problem, which applies
the e-constraint method; any interested readers could refer to Burke and Kendall (2005) for a
detailed description of the e-constraint method. From the perspective of efficient mobility,
objective (1) can be considered as the priority, with objective (2) formulated as a constraint.
When transforming two objectives into one, the model is solved using CPLEX 12.6. Based on
the e-constraint method, a set of Pareto optimal solutions are obtained by CPLEX, which
constitute the Pareto frontier. The computational time for each Pareto optimal solution is

generally on the order of 4-5 min. Figure 4 presents the objective values of these Pareto optimal

solutions.
897.0
892.0
Region of dominated
= 887.04 solutions
£
N 882.0 -
S— Pareto frontier
877.0 4
872.0 T T

— T T — T T — T * T T T T T T
219 221 223 225 227 229 231 233 235 237
Z,

Fig. 4. Objective values of Pareto optimal solutions generated by CPLEX.
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The Pareto frontier contains the set of non-dominated solutions, all of which to some extent
can be seen as optimal, depending on the relative importance of the two objectives. In practice,
alternative optima are beneficial because we can provide several alternative plans of bus stop
placement for the local authority to perform the final optimization decision-making. Fig. 5

presents the result of optimized bus stop placement of one Pareto optimal solution.
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Fig. 5. Result of optimized bus stop placement.

Table 3 depicts the comparison between optimized stop placement and existing stop
placement. Results show that the adjustment of different bus routes is distinct. Among thirteen
bus routes, eleven routes have larger average stop spacing compared to existing stop placement,
and their performances get improved in terms of dwell time at stops along each route. At the
same time, one route (i.e., route 4) retains existing stop placement with no adjustment, and the

number of stops for route 7 increases by one and associated dwell time becomes longer as well.
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In this study, Constraint (3) takes effect in the design of bus stop placement. For instance, a
road segment of Jianjun Road contains six bus routes including route 1, 2, 3, 5, 9 and 13. Due to
the consideration of stop congestion, only one stop is incapable of accommodating all the bus
vehicles of six routes during the peak period. Consequently, two stops are selected at such road
segment in the optimized stop placement. One bus stop is employed by five routes (i.e., route 1,

2, 3, 5 and 13) and the other stop serves route 9.

Table 3 Bus Stop Placement Characteristics and Performance

The number of stops * Stop spacing Dwell time
Network Network Add/Delete Network A Network B Netwgrk A Netwgrk B Improvement
A B (m) (m) (min) (min) (%)
Sum 375 347 21/49 - - 940.3 876.3 6.8
Mean - - - 679 731 - - -
Routes
1 35 33 2/4 725 771 69.6 65.8 5.5
2 27 25 1/3 696 754 31.3 294 6.1
3 29 26 2/5 676 757 73.2 65.5 10.6
4 21 21 0/0 615 615 374 374 0.0
5 28 24 216 633 743 714 62.5 125
6 17 16 1/2 700 747 61.2 56.5 1.7
7 22 23 312 733 700 91.8 94.9 -3.4
8 25 24 2/3 719 750 54.0 524 3.0
9 42 38 4/8 644 714 128.4 116.0 9.7
10 32 29 0/3 661 732 64.2 57.0 11.3
11 30 28 1/3 753 809 59.0 56.2 4.8
12 41 36 217 549 628 115.9 103.2 10.9
13 26 24 1/3 717 779 82.9 79.5 4.1

Note: * Network A and B denote the existing and optimized bus stop placement, respectively; Add/Delete denote two opposite
measures of adjusting the existing bus stops

In general, compared with the existing stop set, the optimized stop placement has a reduction
of 28 stops, which eliminates service redundancy or inefficiency in the current bus network.
Fewer stops also increase the connectivity of bus service because some important stops are
shared by more bus routes and passengers have more route choices when they transfer or arrive
at these stops. Meanwhile, the total bus dwell time experiences a decrease of 6.8% when some

stops are relocated. The network-level optimization of bus stop placement further speeds up the
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operation of bus vehicles, which is effective in decreasing passengers’ average travel time as

well as bus company’s operational costs.
4. Conclusions

This paper focused on the network-level optimization of bus stop placement problem.
Considering both access coverage and mobility, a bi-objective optimization model was
formulated. Two objectives aimed to improve the efficiency of mobility: minimization of total
dwell time at stops and minimization of total number of bus stops. Access coverage was
constrained to ensure a certain level of accessibility. The effect of bus stop congestion on road
traffic flow was also treated as a constraint in the model, which required that each selected stop
should have an upper limit of service frequency. A case study of the bus network in urban areas
of Yancheng, China was conducted based on CPLEX solver. The computational results show
that Pareto optimal solutions obtained are a trade-off of two objectives, and the practical

implication of the proposed model indeed improves the service efficiency of bus system.
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