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Abstract. Dispatch centres are an important part of the feeder bus network, and their location affects the de-
sign process of the feeder route. In some remote areas with weak transport infrastructure, it is very important
to find an effective tool to simultaneously select the optimal location of the dispatch centre as well as transit
routing process, which could improve the performance of the feeder bus system. The purpose of this article is
to present an integrated optimization model for joint location and dispatching decisions for Feeder Bus Route

Design (FBRD). The proposed methodology can select a number of best dispatch centres in alternative sets and
calculate the order of the demand points visited by the feeder route. The objective of the model is to simulta-
neously minimize the total construction cost of selected dispatch centres and the total operational cost of the
designed feeder bus system. The methodology facilitates obtaining solutions using the design of an improved
double population Bacterial Foraging Optimization (BFO) algorithm. For example, it redefines the solution cod-
ing and the heuristic used to randomly initialize the initial population. When applied to the design of a feeder
bus system for a station at Nanjing (China), the results reveal that a reduced budget may lead to change in the
location of the dispatch centre; a more distant centre is required, which may increase the total mileage cost of
all feeder routes. A detailed comparison of the improved and standard BFO and CPLEX shows that the difference
between solutions is acceptable. However, the calculation time is greatly reduced, thus proving the effectiveness

of the proposed algorithm.
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Notations

BFO — bacterial foraging optimization;
CPLEX — IBM ILOG CPLEX optimization studio
(https://www.ibm.com/products/ilog-cplex-opti-
mization-studio);
GIS - geographic information system;
FBRD - feeder bus route design;
IBFO — improved BFO;
LD-FBRD - location and dispatching FBRD;
M-to-M — many-to-many;
M-to-1 — many-to-one;
VRP — vehicle routing problem.

1. Introduction

The feeder bus, which provides “last mile” access service
to link urban rail transit and residential areas, could shift
the majority of passengers from car traffic to public trans-
port and further enhance urban connectivity (Errico et al.
2013). Typically, feeder bus routes often consist of a set
of nodes and a set of links. These nodes represent bus
stops, dispatch centres, and rail stations. The links between
2 adjacent nodes are treated as bus route segments. The
demand points are mostly centred on workplaces and/or
residences located near bus stops, wherein passengers are
to be transported from pick-up locations to rail stations.
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The rationality of FBRD is one of the main challenges faced
by traffic management personnel. Dispatch centres are an
important part of the feeder bus network. Existing research
mainly focuses on assigning vehicles to visit these nodes
based on the premise that dispatch centres are built in
advance during the feeder bus network design process.
However, dispatch centres may not be constructed in
some remote areas with weak transport infrastructure. In
this case, the location of the dispatch centre affects the
design process of the feeder route, especially when con-
sidering the nature of land required for the candidates
and total budget for selected dispatch centres. Non-inte-
gration of dispatch centre selection and FBRD will result in
inconvenience to passengers and high operation costs for
the bus company. Thus, similar to location-routing prob-
lems (Capelle et al. 2019), it is very important to study how
location jointing and dispatching decisions affect FBRD
(henceforth referred to as “LD-FBRD" in this article).

In an attempt to fill the gaps in existing studies on
FBRD, the main contribution of this article is to create an
integrated optimization framework for LD-FBRD by iden-
tifying an optimal relationship between the process of de-
signing a feeder bus route and the locations of dispatch
centres. The following research tasks are considered criti-
cal in this regard:
= coordination of location selection of the dispatch cen-
tres and feeder transit routing process to balance resi-
dents’ travel convenience, operation costs for the bus
company, and construction cost of the selected dispatch
centres;
development of an improved BFO algorithm to effi-
ciently obtain the acceptable solution to such a non-
deterministic polynomial-time-hard (NP-hard) problem;
= use of a case study to illustrate the proposed meth-

odology and identifying factors influencing parameter
sensitivity of the scheduling result, to find optimal loca-
tions of dispatch centres and finalize the corresponding
feeder bus route plan in the real world.

The remainder of this article is structured as follows.
Section 1 is introduction. A summary of related literature
on FBRD is provided in the Section 2. In Section 3, we
present our methodology and the integrated optimization
model. The Section 4 provides an improved BFO algorithm;
we discuss the experimental results and case study in Sec-
tion 5. Finally, in the Section 6 we present the conclusions.

2. Literature review

FBRD is an extension of the well-known VPR, and various
types of applications in relation to FBRD have been widely
reported by academicians. As studies on FBRD is associ-
ated with 2 major areas, namely, optimization modelling
and the solution algorithm, the literature review concen-
trates on these aspects.

At present, many network-programming approaches
exist to handle FBRD. They decompose the traffic network
into a set of demand points, rail transit stations, dispatch
centres, and links between them (i.e., bus route segments).

Based on these developed methodologies, most math-
ematical models are based on either the M-to-1 or M-
to-M demand pattern (Kuah, Perl 1989; Martins, Vaz Pato
1998; Li et al. 2018). Ciaffi et al. (2012) presented a 2-phase
mode to conduct FBRD, which 1st finds some feasible
routes and then uses the associated frequencies to iden-
tify sub-optimal routes. Deng et al. (2013) proposed a
novel model for the M-to-M feeder bus network based
on a multi-level cost structure, which included passengers’
costs and operators’ costs. Pan et al. (2015) employed a
bi-level model to reveal the optimal relationship between
the number of residents picked up by the vehicles and the
operation cost for transit operators. Quental et al. (2018)
established a design model for a rail transit network to
study the difference between the total costs of rail transit
and other non-rail transit systems. Deng et al. (2013) pre-
sented a model for designing transit networks based on
irregularly shaped streets. Kim & Schonfeld (2014) stud-
ied the bus transit optimization model considering transfer
time. Qiu et al. (2014, 2015a; 2015b) established a 2-stage
vehicle scheduling model that addresses both booking
and real-time requirements. Shen et al. (2017) proposed
an integrated model for vehicle routing and scheduling of
demand-responsive connectors with on-demand stations.
Li et al. (2018) proposed a model to optimize total cost by
choosing the best pick-up locations and feeder bus routes.
Sun et al. (2018a, 2018b) presented a mixed-integer-pro-
gramming model to establish coordination between rail
and bus lines while considering passengers’ multiple time
windows and their satisfaction.

The solution algorithms for FBRD are mainly divided
into 2 general categories, namely, exact methods and heu-
ristic algorithms (El-Sherbeny 2010). The exact methods
are further sub-divided into 3 groups: (1) Lagrangian relax-
ation-based techniques (Kohl, Madsen 1997), (2) column
generation methods (Desaulniers et al. 1998), and (3) dy-
namic programming methods (Christofides, Beasley 1984).
Since the problem is NP-hard, exact methods are unable
to solve large-scale instances due to their poor computa-
tional efficiency (Calvete et al. 2007; El-Sherbeny 2010; Ma
et al. 2018), and heuristic algorithms are thus preferred.
Heuristic algorithms allow route-building by generating
several feasible routes at 1st, and then refining the search.
Thus, they fine-tune the initial solutions according to the
proposed constraints at a reasonable computational cost
(Solomon et al. 1992; Li et al. 2018). Besides these route-
building methods, some widely used metaheuristics, such
as the bat algorithm (Sun et al. 2018b), ant colony algo-
rithm (Mohaymany, Gholami 2010), and genetic algorithms
(Tang et al. 2017; Sun et al. 2018a), are often used to re-
solve problems in this area.

Although the reviewed literature presents a variety of
models and solution algorithms on FBRD, the following
critical issues deserve attention during the process of de-
signing a feeder bus network:
= a number of studies have presented a variety of FBRDs,

but only a few have taken the locations of dispatch cen-
tres into account. The basic input to traditional models



is based on the premise of dispatch centres being built
in advance during the process of feeder bus network
design. However, dispatch centres may be not under
construction in some remote areas with weak transport
infrastructure. Thus, the selection of dispatch centre lo-
cations (which guides the feed routes to the selected
dispatch centres) and routing transits (which guides
transit from these demand points to the rail station) has
not been integrated, which may inconvenience passen-
gers and lead to high operation costs;

= FBRD is an NP-hard problem as it is an extension of the
classic VRP. Thus, it is a more complex issue, which is not
treated as such by traditional modelling. The proposed
methodology fills this gap by considering the integra-
tion of dispatch centre locations and route designs of
the feeder bus routes, and hence is more suited to real-
life situations. Hence, the traditional methods lack the
means to solve such a problem.

3. Methodology

3.1. Research framework

This article proposes an integrated model that is capable
of seamlessly and simultaneously coordinating locations
of dispatch centres and the feeder transit routing process
when designing the feeder bus network. The core input
to the model consists of the number of passengers at de-
mand points, dispatch centre candidates, travel distance,
and time matrix between demand points, dispatch cen-
tres, and rail stations in the study area. Real distribution
of travel demand, involving pick-up locations and number
of passengers, could be obtained using cell phone data.
A set of candidate dispatch centres with their locations,
construction cost, and capacities (i.e., area) are provided by
the relevant transportation departments. Further, the travel
distance and time matrix based on actual traffic conditions
are obtained using an open GIS tool. This is designed to
meet realistic constraints, such as total budget, capacity
and, route length. To reveal the optimal relationship in
FBRD efficiency between centre locations and dispatching
decisions, integrated mixed-integer-programming is for-
mulated to select the most appropriate locations of dis-
patch centres as candidates as well as guide routes start-
ing from the selected dispatch centres and ending at a
rail station, to transport residents from the demand points
(home address or workplace) to the rail station. These key
components, including the model’s input and output, are
illustrated in Figure 1.

Figure 2 explains the principle and scope of the pro-
posed mixed-integer-programming. It shows 1 rail station
(M), 5 demand points (C1...C5), and 3 candidate dispatch
centres (D1...D3) in the feeder bus system. The number
below each demand point (Ci, where i =1, 2, ..., 5) denotes
the number of passengers at this pick-up location. The 2
numbers within parentheses below each dispatch centre
(Di, where i =1, 2, ..., 3) denote the construction cost and
maximum number of routes for this centre. The 2 num-
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bers within the parentheses for vehicles travelling between
adjacent nodes denote travel distance and time. For in-
stance, this value is 4 for C2 in Figure 2, which means that
4 people will board the bus at this location. The numbers
within parentheses, that is, (40, 2), near D1 mean that the
construction cost is 40 million, and at most, 2 routes can
be located at the depot. The 2 numbers between C4 and
C3, that is, [5, 4], denote that the travel distance and time
taken for the travel are 5 km and 4 min, respectively. In
this example, the optimization process yields the following
optimal plan. 2 candidates, D1 and D2, are finally selected
for 3 dispatch centres of the feeder bus route, and these
example routes are described as D1-C5-M, D1-D4-D3-M,
and D2-C2-C1-M. For example, vehicle 3 departs from D2,
and arrives at demand points C2 and C1 to pick-up 4 and
6 people, respectively, before finally returning to M. Thus,
the total travel time and distance are 11 km and 12 min,
respectively. In this case, the total construction cost is
90 million. The reduction in the total budget from 90 mil-
lion to 85 million would render both D1 and D2 unfeasible,
and these centres can be replaced by D3 to change the
feeder routes. Thus, the location of the dispatch centre
affects the design process of the feeder route.

The aim of the proposed model is to simultaneously
minimize the total cost of constructing selected dispatch
centres and operating designed feeder routes. To ensure
real-world application of the proposed methodology, the

I |
T —|-> Output result

Imput data -1 Model
|

Optimal routing
and location

Demand
pattern

Locations of
dispatch center.

| .
I |
| An I
. integrated |
I mixed- .
i integer- |
. |programming

I |
| I
| |

Route of
feeder bus

Traffic
network

Figure 1. Key components of the research framework

/ : ‘/@;/

!
(40, 2) 8 f)‘& \v(~°
(50, 1)

Q demand point

— > feeder route

<:> rail station
candidate
dispatch centers

Figure 2. Graphical representation of LD-FBRD



Transport, 2024, 39(3): 240-249

model is based on the following assumptions/requires the
following inputs:

= the nature of land use as well as the locations and con-
struction costs of a series of candidate dispatch centres;
real distribution of passenger demand between demand
points and the rail station is obtained using cell phone
data. However, a few passengers between different de-
mand points may be ignored;

actual travel distance or the time matrix between these
vehicle nodes, based on the real traffic flow conditions,
can be calculated using the open GIS tool.

3.2. Mathematical model
3.2.1. Definitions of variables

The notations used in the model are listed in Table 1.

3.2.2. Formulation

The proposed methodology can be formulated as an inte-
grated mixed-integer-programming:

Zx{j-dU+Zz[~ci ™

minimize:

minf = ¢, - Z

Vi, jeluMuD vkeK VieD
subject to:

Z Z <N; @)
VieD
D z¢<C @3)
VieD
x{jszi, Vjel VieD, Vk ek )
D> xk <R, VieD, (5)
VkeK Vjel

k= xk=1,Vkek Viel (6)
vjeluM vjeluD
U, —Ujk+|/uDuM|-x§- >[lUDUM|-1,
VkeK VijeDuluM; @
zxjk,[:L VkeK VieM; (8a)
vjel
le!j:o, VkeK YieM (8b)
vjel
ZXf-,:O' VkeK, VieD; (9a)
vjel
ZX§:1,VkeK, VYieD; (9b)
vjel
at +p-(1-xf) H <},
Viel VjeluM, Yk ek (10a)
q{(+pi+(1—x§)~H2q5,
Viel VjeluM, VkeK; (10b)
gk<Q,VkeK Viel (1)

gk =0, Vk e K, Vi € D; (12)

Table 1. Parameters and variables of LD-FBRD

Indices
iJj node (i.e, demand point, candidate dispatch centre,
or rail station) index
k route index
Sets

/ set of demand points
K set of routes
D set of candidate dispatch centres
M set of rail stations
Parameters
pi number of residents at pick-up location §; Vi € /

G construction cost of dispatch centre i; Vi € D
Co operational cost per km
budget for building dispatch centres

maximum capacity of dispatch centre i; Vi € D

C
R,
N maximum number of dispatch centres
Q maximum route capacity

Dpax | maximum route length

Tmin | minimum travel time of each route

d; travel distance matrix between route node i and j;
VijeDuluM

travel time matrix between route node i and j;
VijeDuluM

H a very big constant
Decision variables

X whether adjacent nodes i and j are visited by route k
ornot; Vke K, VijeDuluM

Z; whether dispatch centre m is selected or not; Vi € D

q number of passengers on route k visiting demand

point ; Vk € K, Vi e |

Uy auxiliary variable for sub-tour elimination constraint in
route k; Vk e K, Vi e |

k

vi,jeluDUM

Vi,jEDU/UM,VkEK; (13)
k
X i = T

Vi, jeluDUM

V[,jEDU/UM,VkEK. (14)

In the formulation, the objective function of the pro-
posed model is given by Equation (1) to minimize total
cost, including the operation cost for different feeder
routes and the construction cost of the selected dispatch
centres. Constraint (2) indicates that the number of se-
lected dispatch centres should be no more than the al-
lowed maximum number. Constraint (3) indicates that
construction cost for the selected dispatch centre should
be no more than the allowed budget. Constraints (4)
and (5) guarantee each feeder bus route originates from
the selected dispatch centre and the number of feeder bus
routes is limited. Constraints (6) and (7) guarantee network
flow constraints, that is, each demand point is covered by
1 feeder route only, starting at the dispatch centre and



ending at the rail station. Constraints (8) and (9) guarantee
that the line departs from the dispatch centre and arrives
at the orbital station. Constraint (10) shows the relation-
ship between the flow rates of cross-sections between the
adjacent demand points { and j. Constraint (11) indicates
the number of passengers on the route visiting the de-
mand point does not exceed the route’s capacity. Con-
straint (12) indicates that vehicles can leave the dispatch
centre with no passengers. Constraints (13) and (14) show
that the total travel distance and time for all feeder bus
routes should satisfy their minimum and maximum values.

4. Improved BFO to solve LD-FBRD

LD-FBRD is an NP-hard problem, which requires integrat-
ing the vehicle route and site location optimization prob-
lem. Large-scale instances cannot be solved within an ac-
ceptable time using an accurate algorithm. BFO is a novel
nature-inspired algorithm that simulates the social forag-
ing behaviour of E. coli bacteria (Wei et al. 2015). Similar to
other intelligent algorithms, BFO displays immature con-
vergence mainly due to the neglect of the required ex-
change between the bacteria and the environment during
their propagation and migration, which may result in the
elite bacteria dying off and failure to maintain population
diversity. In order to overcome some of the disadvantag-
es of BFO, this article proposes a 2-population improved
BFO method for solving LD-FBRD, by designing a coding
scheme of solutions, the heuristic method to produce the
initial population, and foraging behaviour.

4.1. Coding scheme of an individual bacterium

Using the real number encoding method, the position
vector Xy ={Xy, . Xpjs X|ppe1s - x|,|+|D|+|K|) of the bacteria
k represents a solution to the problem. Here, each ele-
ment x; ranges from 0 to 1. The vector includes 2 parts.
Element x, (1< i <| D) indicates whether the dispatch cen-
tre is selected (if x; > 0.5,the said centre is selected). Ele-
ment x;(|D[+1<i<|/|+|D|+|K|) presents the position
of routes and demand points, where the sorted position of
eIementxi(|D|+|l|+1£i£|l|+|D|+|K|) is the position
of route i—|D|—|/| and the sorted position of element
x;(ID|+1<i<|I|+|D]) is the position of demand point
i—| D |. Depending on the value of x; the positions of dif-
ferent feeder routes and their demand points are found,
and the sequence of demand points visited by each feeder
route is determined.

For example, 1 solution vector involving 2 dispatch-
ing centres, 2 routes, and 4 demand points, is denoted
as X =(02,06,0.2,0.8,03,1.1,07,0.1), wherein the value
of the element for dispatch centre 2 is set as 0.6. Thus,
this centre is selected. The sorted positions of all demand
points and routes are [253 641}. Thus, the 2 selected
routes are 2-4 and 1-3.
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4.2. Evaluation function of
the individual bacterium

In this article, we use the objective function f as the evalu-
ation function fit (f) = f of an individual bacterium to esti-
mate the strengths and weaknesses of the individual and
find the optimal solution.

4.3. Heuristic algorithm for generating
the initial population

Some factors of LD-FBRD are extremely complicated. It

is very difficult for BFO to randomly find a set of feasible

individuals to generate the initial population. Hence, the

heuristic algorithm used to generate some feasible solu-

tions is presented as follows:

= Step 1: initialize operating parameters for the dispatch
centre and feeder route, such as C, R, m, N, Q, Doy
and T

= Step 2: randomly select the dispatch centre m (i.e., z,, = 1)
by satisfying Z z,, <N and z z,-¢c,<C. leti=

YmeD YmeD
m and N' = N, and randomly choose feeder route k;

Z Xf - dj; < Dy and
Vi, jeluM,
z x{j -t; 2T, find the set N” of feasible demand
Vi, je/uMs
points in set N’ covered by feeder route k for the route
arriving at demand point i, and randomly choose j €
N" as the next demand point to be visited (i.e, x{j. =1).
If N"= @, let j € M and go to Step 2. Otherwise, go to
Step 4;
= Step 4: let N' = N' - {j}. If N' = &, output the result.
Otherwise, go to Step 3.

= Step 3: according to gk <Q,

4.4. Bacteria foraging behaviour

In the BFO, each bacterium’s foraging behaviour consists
of 3 operations: chemotaxis, reproduction, and migration.
When each bacterium completes 1 cycle of chemotaxis, it
would multiply and then migrate. To enhance the global
search capability of the algorithm, this article aims to over-
come the defect of the single-population BFO, wherein the
diversity of the population is maintained by the exchange
of information between 2 different populations of bacteria.
The main improvements are as follows.

In chemotaxis, the concept of “gradient” is introduced
in the moving step in order to speed up the convergence.
The ith bacteria completes the actions involving overturn-
ing, going forward, and stopping towards a high-fitness
bacterium k. There is a certain probability o to move to
a new location, gradually approaching the best bacterial
location X*(j, r, l) to complete the foraging behaviour.
The overturning and moving position of the ith bacterium
is updated according to the following formula:

X (4. 1)+C (i) 20( ), rand <o;

X (J+1r)= X (o 0)+C(i) 20 (j). rand >a,

15)
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where: X; (j, r, l) is the location of the ith bacterium in the
process of the jth chemotaxis; rth reproduction; lth migra-
tion; rand is a random number;

X (Jor0)=X (4. r. 1)

e er 5 r) -5 m)

denotes step length; L(b(j) denotes the random direction
angle of the bacterium going forward in the jth step.

The fitness of all bacteria in the reproduction opera-
tions was calculated to replicate bacteria of uniform fitness
using the “retain the best bacteria” and “fitness wheel se-
lection” strategies.

In the migration operation, individuals are exchange
between different populations, and population diversity
controls the size of the migration probability.

c(i)=

4.5. Algorithm steps

Given the basic principles of multi-population BFO, the
general process used to solve the improved BFO problem
is described in Figure 3. The data inputs for both popu-
lations are the same. After initializing their populations,
they are run independently to complete each bacterium'’s
foraging behaviour in each iteration. When the diversity of
the population is reduced to a certain extent, the popula-
tion will exchange information with the other population
to produce a new generation of bacterial populations. In
the case, the population with the highest diversity would
gradually approach the optimal solution.

5. Case study

This section presents an example to verify the suitability/
validity of the proposed algorithm. We develop a feeder
bus system serving the population around Nanjing. As
shown in Figure 4, the white square represents the rail sta-
tion (M), the 6 red balloons represent the dispatch centres
(D1...D6), and the 15 blue balloons represent passenger
pick-up points (C1...C15) for this case study. Basic infor-
mation pertaining to the passenger points and dispatch
centres is described in Tables 2 and 3, respectively. The key
input parameters of our model are as follows:
= maximum route capacity: 180 passengers;
= maximum route length: 10 km;
= minimum travel time per route: 15 min;
= operational cost per km: 6.5 million/km;
= budget for building dispatch centres: 80 million;
= maximum number of dispatch centres: 3.
The parameters for the improved BFO were sourced
from Wei et al. (2015). The solutions were obtained using
both BFO and CPLEX. Table 4 reveals the following:
= although the solution provided by the IBFO is about 5%
worse than that of CPLEX, the calculation time is greatly
reduced, and the algorithm is feasible;

= as the number of feeder routes increases, the total
mileage costs also gradually increase, resulting in an in-
creased number of dispatch centres between the start-
ing and ending points, and more empty mileage;

= assuming that the selected dispatch centres have limited
capacity, a higher number of feeder routes raises the

End
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bacterial H Chemotaxis H Reproduction H Migration

No
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Figure 3. Flow chart of the improved BFO

Figure 4. Spatial distribution of the routes visiting nodes
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construction cost of the dispatch centres. Thus, 1 would
need to choose a dispatch centre with a larger capac-
ity to reduce the construction cost entailed by multiple
dispatch centres.

Therefore, the total operation cost gradually rises as
the number of feeder routes increases. The scheme with 3
feeder routes is the optimal. As shown in Table 5, candi-
date centre D3 is selected for route 2, and the candidate
centre D5 is selected for routes 1 and 3. The total mile-
age and time for the 3 feeder bus routes are 9.685 km
and 38.708 min, whereas their total operation cost is
112.9525 million.

Table 2. Information pertaining to demand points

B. Sun et al. Optimal integrated location and dispatching decisions for feeder bus route design problem

We take 3 feeder routes as examples to analyse the
impact of the unit cost of transportation, construction
budget, and capacity of dispatch centres on the route-
scheduling plan. The results displayed in Tables 6-8 reveal
the following:
= as the total construction budget for the dispatching
centres is reduced to a certain extent, the scheme may
prefer a more distant dispatching centre to lower the
construction cost. Thus, the mileage cost as well as total
cost would increase. When the budget increases to more
than a certain degree, the total cost remains unchanged
due to the fact that there is no obvious improvement in
the construction cost and the mileage changes depend-
ing on the selection of the dispatching centre;

= as the maximum number of dispatching centres in-

No qi [passengers] creases, the scheme may choose the more expensive
1 23 dispatching centres in the surrounding areas, but the
c2 36 cost of the commuting decreases, and thus, the total
c3 20 cost may also be reduced. When the maximum number
ca 37 of dispatch centres rises to a certain number, relocation
s > options for dispatch centres and design of better feeder
routes are no longer available/possible, and thus, the
6 37 total cost will also remain unchanged;
c7 21
c8 25 Table 3. Information pertaining to dispatch centre candidates
9 32 No Cpy [million] R,
c10 41
D1 30 2
cn 30 D2 30 1
12 37 D3 25 1
ci3 38 D4 45 3
C14 34 D5 25 2
C15 35 D6 15 1
Table 4. Comparison of schemes for different numbers of feeder routes
Objective value Average Mileage . Total Total Location of Capacity of
Number [million] Ca!CU|at'°” feesg Construction milea i dispatchi di P X K
of routes time [s] o costs [million] 9¢ runtime Ispatching Ispatching
[million] [km] [min] centres centres
CPLEX | IBFO | CPLEX | IBFO
3 1129 | 1184 487 48 62.9 50 9.7 38.7 D3, D5 3
4 133.0 | 1405 793 54 78.0 55 12.0 48.1 D1, D5
177.7 | 1887 | 1201 67 97.7 80 15.0 59.1 D1, D3, D5
Table 5. Optimal locations of dispatch centres and feeder route design
Route No Sequence of nodes visited by feeder route Run mileage [km] Runtime [min] Number of passengers
1 D5-C10-C4-C2-C3-C1-M 3.092 12.41 157
2 D3-C9-C5-C6-C7-C8-M 3.560 14214 137
3 D5-C14-C11-C15-C13-C12-M 3.033 12.084 174
Table 6. Impact of different total construction budgets for dispatch centres on feeder bus route design
ConstrucFic_)n Object.iv.e value Milea!g_e fees Constru.cFion Total mileage [km] Total rgntime . Loca_tion of
budget [million] [million] [million] cost [million] [min] dispatching centres
40 113.3265 73.3265 40 11.281 38.304 D5, D6
50 112.9525 62.9525 50 9.685 38.708 D3, D5
60 112.9525 62.9525 50 9.685 38.708 D3, D5
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Table 7. Impact of different maximum number of dispatch centres on FBRD

Number of Objective value | Mileage fees Construction Total mileage Total runtime Location of
dispatch centres [million] [million] cost [million] [km] [min] dispatching centres
1 124.8265 79.8265 45 12.281 38.304 D4
2 112.9525 62.9525 50 9.685 38.708 D3, D5
3 112.9525 62.9525 50 9.685 38.708 D3, D5
Table 8. Impact of different unit mileage values on FBRD
Unit mileage Objective value Mileage fees Construction Total mileage Total runtime Location of
[million/km] [million] [million] cost [million] [km] [min] dispatching centres
6.5 112.9525 62.9525 50 9.685 38.708 D3, D5
11.5 158.8105 103.8105 55 9.027 37.076 D1, D3
16.5 203.9455 148.9455 55 9.027 37.076 D1, D3
= as unit mileage costs increase, the scheme may choose 155
the more expensive dispatch centre in the surrounding ) )

. . wsory improved BFO -
area, which will reduce the total length of the feeder ) —_ standard BFO
route, and thus reduce the total cost. When the unit 145 |
mileage costs increase to a certain extent, the mileage
cost of the feeder route far exceeds the construction % 140
cost of the dispatch centre. Hence, the design of the a; 135 |
feeder route tends to be stable. g

To verify the validity of the algorithm, the differences S 130
in performance between the improved BFO and standard sl
BFO are compared. As shown in Figure 5, we can see that
improved and standard BFO iterate 114 and 171 times 120
respectively on average to find their respective optimal
solutions. The average difference between these iterations 15 0 ;0 160 1;0 200

is 1.69%. This finding can be attributed to the fact that the
improved BFO introduces the concept of “gradient” into
the calculation by considering the information exchange
among multiple groups. It not only converges quickly but
also avoids the algorithm from reaching the local opti-
mum. Thus, the improved BFO shows good robustness
over its standard counterpart and proves that the tech-
nique is valid for the case at hand.

6. Conclusions

It is well-known that the location of the dispatch centre
affects the design process of the feeder route. Some re-
mote areas with weak transport infrastructure require a
methodology that is capable of seamlessly and simul-
taneously selecting the optimal location of the dispatch
centre and transit routing process, so as to improve the
performance of the feeder bus system. This work extends
Li et al (2018) study on FBRD, by integrating location
decisions of the dispatch centres to seek a balance be-
tween the interests of various stakeholders, namely, the
government, businesses, and passengers. Unlike existing
studies, the proposed methodology is unique in that (1) it
presents an integrated model to find the optimal relation-
ship between the process of designing a feeder bus route
and the locations of its dispatch centres, and (2) it is an
improved BFO-based heuristic algorithm, which redefines

Iteration

Figure 5. Comparison of different algorithms to ensure opti-
mal performance

the solution code to generate an initial population and
foraging behaviour based on the problem'’s features. The
results show that a reduced construction budget would
entail building a more remote dispatch centre, thereby re-
ducing the total mileage. Obviously, if the reduction does
not affect the location of the dispatch centre, the total
mileage will remain unchanged. Changes in the number of
dispatching centres and unit mileage costs have the same
effect on LD-FBRD as changes in the construction budget.
Hence, a balance needs to be obtained between designing
the feeder bus route and the locations of dispatch centres,
to even out the disparity between the construction cost of
the dispatching centre and the operating mileage cost of
the feeder route. These aspects are limited by the budget,
maximum capacity of the dispatch centre, and unit mile-
age cost. Further, the difference between the proposed
BFO and the exact solution is about 5%, and the calcula-
tion time is greatly reduced by the former, which proves
the effectiveness and accuracy of the proposed algorithm.

Note that this study is based on 2 hypotheses: (1) the
demand and travel time are stable, and (2) passengers
board at the demand points only (i.e., bus stops). In the
real world, however, random events such as traffic conges-



tion and weather may cause fluctuations in the dynamics
of passenger flow and travel time, which may not be re-
flected in the results of the proposed scheme. In addition,
our study has neglected the fact that the selected demand
points may not necessarily be the only passenger board-
ing points; at times, passengers board at left-turn only in-
tersections as well. In this case, the design of the feeder
bus network should integrate the assignment of demand
points to boarding points selected by passengers. There-
fore, extending our methodology to passenger-centric
stop selection, that is, from the current static settings to
dynamic and uncertain ones, as well as including time-
varying traffic conditions, would be an important direction
for further research.
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