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Abstract: Limited-stop service is useful to increase operation efficiency where the demand is unbal-
anced at different stops and unidirectional. A mixed scheduling model for limited-stop buses and
normal buses is proposed considering the fleet size constraint. This model can optimize the total
cost in terms of waiting time, in-vehicle time and operation cost by simultaneously adjusting the
frequencies of limited-stop buses and normal buses. The feasibility and validity of the proposed
model is shown by applying it to one bus route in the city of Zhenjiang, China. The results indicate
that the mixed scheduling service can reduce the total cost and travel time compared with the single
scheduling service in the case of unbalanced passenger flow distribution and fleet constraints. With
a larger fleet, the mixed scheduling service is superior. There is an optimal fleet allocation that
minimizes the cost for the system, and a significant saving could be attained by the mixed scheduling
service. This study contributed to the depth analysis of the relationship among the influencing factors
of mixed scheduling, such as fleet size constraint, departure interval and cost.

Keywords: transit; limited-stop service; fleet size constraint; optimal fleet allocation

1. Introduction

In many urban cities, transit operation strategies are commonly used to improve the
efficiency and reliability of transit systems. Three different operational stopping strategies
are commonly used in urban bus operations: short turn, deadheading, and limited-stop
service [1-5]. This paper addresses the limited-stop service, where different vehicles
serving the same bus route may have different stopping plans. The limited-stop or express
bus service has been recommended as a measure to decrease travel time and the number of
vehicles required for service [6-10]. Express or limited buses stop at only a few stops along
a route, while a parallel “local” or regular route serves all of the limited and intermediate
stops. In actual practice, these services in systems such as Transmilenio (Bogota, Colombia),
Transantiago (Santiago, Chile), and Metro Rapid (Los Angeles, CA, USA) have proven to
be highly attractive. One of the drawbacks of the express service is that the wait time tends
to increase after implementation; therefore, they should be implemented in parallel with
high-frequency routes (routes with short headways of 8 min or less) and high-ridership
routes. It is found that a high-quality limited-stop or express bus service can be as attractive
to users as a light rail service [11,12]. The implementation of the limited-stop bus service
in parallel with an existing local service is considered a positive change by the users. In
Chicago, the user satisfaction increased for both limited-stop and local service after the
introduction of the limited-stop service.

The literature includes a considerable amount of research on the transit-network
design problem, where given a network and trip demand origin-destination matrix, a set of
routes and their respective frequencies must be determined by minimizing the sum of users
and transit operating costs. Recent reviews are presented in Ceder [13], Desaulniers and
Hickman [14], and Guihaire and Hao [15]. Paul developed three different scenarios based
on theory and practice to select the stops to be incorporated in the limited service [16,17].
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The limited-stop service can be divided into two categories: (1) a single bus route:
buses skip some stops along the route, but the skipped stops of a vehicle is subject to
the previous vehicle so that the passengers at each stop do not have a long waiting time;
(2) two parallel bus routes: the buses in one route stop at only a few stops along the route,
while the parallel route serves all intermediate stops.

For a single bus route, scholars have developed mathematical models to design the
limited-stop bus service. Carola proposed an optimization method to design limited-stop
services that minimized the costs of a segregated bus lane; the models could determine
the services to be offered, their frequencies and type of vehicles [16]. Niu proposed the
determination of the skip-stop scheduling for a congested transit line using a bilevel genetic
algorithm [18]. Liu studied the bus stop-skipping scheme with random travel time and
developed a mathematical model considering the vehicle capacity and stochastic travel
time [19,20]. Freyss proposed a continuous approximation for the skip-stop operation in
rail transit [21]. Yi optimized the limited-stop bus route selection using a genetic algorithm
and smart card data [22]. Zhang presented a limited-stop service for a bus fleet to satisfy the
unbalanced demand of passengers on a bus route and improve the transit service of the bus
route [23]. Torabi proposed a bi-level mathematical model, where the upper-level model
minimizes the total fleet unused capacity of limited-stop services, and the objective function
of the lower-level model minimizes the total expected travel time for all passengers [24].

For a bus corridor, scholars have begun to study this issue in recent years. Alam
investigated the effects of transit improvement strategies on the bus emissions along a busy
corridor in Montreal, Canada [25]. Hart developed a methodology for transit agencies
to evaluate the potential for the limited-stop bus service along existing local routes [26].
Therefore, a framework to address the limited-stop service design problem over a corridor
was presented, and it formally introduced a family of subproblems in its solution. A
bi-level optimization approach was introduced to design these services while considering
the bus capacity, transfers, and two behavioral models for passengers: deterministic and
stochastic [27]. Zhang presented an optimization model to design limited-stop lines for a
branching bus network of several feeder lines and a trunk line, and the optimization model
was used to calculate the total cost of a transit system [28]. Wang proposed a global optimal
solution method with various linearization and convexification techniques to optimize the
bus service design with limited stop services in a travel corridor [29]. Suman proposed
two main indicators to compare both passenger assignment: the total passenger deviation,
and the total capacity deficit [2]. Liang proposed a prioritization method to separately
incorporate different types of unsatisfied demand as critical indicators, prompting the
algorithm to dig deeper into valuable genes and evolve more feasible solutions. The
proposed algorithm has been tested on a small network and a real intricate network [1].

Similarly, this present literature has shortcomings, that is, less research focuses on
the optimization of both passengers’ cost and operation cost. In the sensitivity analysis
of different load factors, the fleet size is also relatively infrequently analysed. In reality,
the bus companies usually have limited fleet size due to the limitation of operating costs.
The problem of how to optimize the mixed scheduling by comprehensively considering
the passengers’ travel costs and bus company’s operation costs has not been solved. The
relationships among the influencing factors of mixed scheduling such as the departure
interval, fleet size and cost have not been analysed in depth by combining the passenger
flow and capacity limitation. To fill in these knowledge gaps, this study focused on the
design of mixed scheduling for limited-stop buses and normal buses, which involves the
frequencies and fleet. A multi-objective model for this problem was established.

The remainder of this paper is organized as follows. Section 2 describes the method.
A numerical example is presented in Section 3. Section 4 contains the conclusions.

2. Methods

To design the mixed schedule of limited-stop and normal bus service, a multi-objective
model was established, and a genetic algorithm was applied to solve this model. There are
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four specific sections. The model assumptions and notation were clarified in Section 2.1.
We described the function expressions for each objective in Section 2.2, including the
access time cost, the waiting time cost, in vehicle travel time cost, and operation costs.
In Section 2.3, we constructed the expressions for the multi-objective models of a single
scheduling and mixed scheduling respectively. The genetic algorithm was described in
Section 2.4. Then, the results obtained by applying the proposed models to Bus route
202 in Rongbing township, Zhenjiang city, China were analysed. The efficiency of mixed
scheduling was compared with the single scheduling of only normal buses.

2.1. Notation and Assumptions

The proposed model is based on an isolated transit route with N stops. The trip
demand is assumed to be fixed and known, and it is defined by an exogenous origin-
destination (O-D) matrix of trips between stops that must be satisfied. The normal bus
visits all stops, and f o is the frequency of normal service of single scheduling per hour.
The limited-stop bus visits only a subset of the stops on a route; fo and f are the frequency
of normal service and limited-stop service of mixed scheduling, respectively. The mixed
schedule of normal service and limited-stop service is illustrated in Figure 1.

f

Ko ———_ e - SR _ -

ph ~ — — _

+ Normal bus stops 2 B Limited-stop bus stops
|
—» Normal bus route ——» Limited-stop bus route

Figure 1. Organization of the mixed schedule of normal service and limited-stop service.

The trip demand is assumed to be constant and known. The arrival of passengers
at the bus stop is considered to be uniform. The waiting time that passengers are willing
to bear is not long. The trip time for each passenger is assumed to be identical, and all
buses drive at the same average speed. No bus is allowed to overtake and skip stops. The
following section only shows the calculation of one direction, and the calculation of the
other direction is identical.

2.2. Total Costs of a Bus Route

The benefits discussed in this paper are in terms of saving and better fleet utilization
for the operators and travel time savings for the passengers. The use of a limited-stop
bus service that serves only a subset of stops along certain routes appears to be a promis-
ing alternative given the benefits that they offer to both passengers and operators. For
passengers, the limited-stop service implies improved service levels in the form of lower
travel times due to fewer stops and higher between-stop speeds; for system operators, they
enable demands to be met with fewer vehicles due to the shorter bus cycles.

The total costs include the passengers’ costs and bus operation cost. The passengers’
costs consist of the cost of access time, waiting time, and in-vehicle travel time as follows.

2.2.1. Access Time Cost

The access time cost includes two sections, one is the time elapsed from the moment a
passenger begins a journey to the moment of arrival at the origin stop, another is the time
elapsed between disembarking at the destination stop and arriving at the final destination.
Since the origin and destination stop access times are assumed fixed for any trip, and the
O-D matrix is fixed, the access time cost is constant and can be excluded from the objective
function.
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2.2.2. Waiting Time Cost

The waiting time cost reflects the time that passengers spend waiting at bus stops,
which depends on the interval between consecutive vehicles. If the frequency of operation
is f, then assuming that the passengers arrive uniformly at stops. The average passenger
waiting time is often modelled as TE = k/f, where k depends on the distribution of bus
arrival times at the stops. In systems with zero variability (that is, deterministic arrival
times), the parameter takes the value of 0.5. However, bus arrivals are generally random,
and if they are assumed to be Poisson-distributed, k is equal to 1 [13]. The following is
expressions for single scheduling and mixed scheduling, respectively.

(1) Single scheduling

The waiting time cost of single scheduling, CWTj is expressed as Equation (1).

G W

CWTy = ——
fQ i=1 j=i+1

where ¢y, is the waiting time for a passenger. g;; is the passenger OD,i=1,2,... ,N — 1,
j=1,2,..., N, which means boarding stop and alighting stop, respectively.

(2) Mixed scheduling

The waiting time cost of mixed scheduling can be divided into two components,
namely the passengers’ cost at the normal stops and passengers’ cost at the limited
stops. The waiting time cost of mixed scheduling, CWT can be modelled as following,
in Equation (2).

N-1 N
CWT = CWT, + CWT,; =kcy|—— Z Z 0,0;qij + Z Z gij— Y, Y. 6:i4;) 3]

i=1 j=i+1 i=1 j=i+1 i=1 j=i+1

where CWT} and CWT), are the waiting time cost of the limited-stop service and normal
service, respectively. 0; is a binary variable that indicates the service type at stop I, which is
equal to 1 if the limited-stop service is offered and 0 if it is not, similarly for 6; and 6,,.

2.2.3. In-Vehicle Travel Time Cost

The total in-vehicle travel time includes four components, namely, the total travel
time with an average speed between stops, additional time taken due to acceleration and
deceleration at the intermediate stops, Ty, drivers’ reaction time Ty, and total stopping
time for boarding and alighting at various intermediate stops, which is determined by the
longer time of boarding and alighting.

(1) Single scheduling

The in-vehicle travel time cost of single scheduling, CIV( can be expressed, as in
Equation (3).

czvgch{z x q, zt +z

i=1 j=i+1 Ji=1

(Ta n Tf n max(BOn}tb A()m ) Z Z 0 ] }
Q i=1 j=m+1 3)

Bom = Z Tmjs Aom = Z Jim
j=m+1

where ¢, is the travel time for a passenger. t,; is the average travel time between bus stops i
and i + 1. By,, is the number of boarding persons at the entering door at stop m. Ay, is the
number of alighting persons at the alighting door at stop m. t;, and ¢, are the boarding and
alighting time per person, respectively.

(2) Mixed scheduling

The passengers that take the limited-stop bus must wait for the passengers boarding
and alighting at the non-destination stops. The passengers that take the normal bus must
wait for the passengers boarding and alighting at the non-destination stops. Thus, the total
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stopping time for boarding and alighting at various intermediate stops is made up of the
above two components of stopping time.

The passengers that take the limited-stop bus must wait for the passengers boarding
and alighting at the non-destination stops, and then this stopping time cost in vehicle,
CIV,\ can be modelled as follows, in Equation (4).

N-1
ClVy=¢, *_ [(GmTa + 0T + %) 121 - % ; 9]%]],

(4)

Bxm = Z Om ﬂm]rAKm = Z 0i0mGim
j=m+1

where By, and Ay, are the number of passengers boarding and alighting, respectively, at
the limited stop m for limited-stop service of this mixed scheduling case.

The passengers that take the normal bus must wait for the passengers boarding and
alighting at the non-destination stops, and then this stopping time cost in vehicle, CIV, is
expressed as Equation (5).

— _ m—1 N m—=1 N
(Ta—l—Tf—i—maX(tb(Bom BK}nQ),ta(AOm AKm)))(Z Y ogi-Y Y 91‘9]‘171']')1 5)

i=1 j=m+1 i=1 j=m+1

Thus, the total in-vehicle time cost of mixed scheduling, CIV is expressed as in
Equation (6).

(GmTa+9mTf‘|‘ maX(thﬁ“taAKm ) Zl E 99]%]‘|
i=1 j=m+

(6)

Q i=1 j=m+1 i=1 j=m+

2.2.4. Operation Cost

The operation cost can be decomposed into fixed costs, variable costs. The fixed costs
include all costs that do not depend on the number of buses in circulation, such as the
operator’s management and general administrative expenses. The variable costs include
distance-based and time-dependent variable costs. The variable costs that depend on the
distance travelled can be expressed as the cost per vehicle-kilometre and is generally a
function of the physical characteristics of the route served, such as the number of stops,
route grade, and operation factors such as the vehicle speeds and accelerations between
stops [10]. The variable operation costs that depend on time include employment costs,
bus acquisitions, taxes, licenses and insurance and can be measured on a per vehicle-hour
basis [10]. This part of the variable costs can be expressed as the product of cost per hour
and cycle time.

(1) Single scheduling

The operation cost of single scheduling, COP is expressed as follows in Equation (7).

N-1 N-1

@)

max(thB()m, tﬂAOm) > ‘|
i=1

fo
where ¢; and ¢; are the operation cost per vehicle-hour and operation cost per vehicle-
kilometre, respectively. T'g is the cycle time of single scheduling.

(2) Mixed scheduling

The operation cost of mixed scheduling, COP is expressed as follows in Equation (8).
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COP = ¢, (fQ + fK)L + thQTQ + i fx Tk

N-1 N-1
= L ts; T,+T max(ty (Bom —Bxm) ta(Aom—Axm)) }
otfe s o[ e ([T sttt

®)

N-1 N-1
. max (ty B ta Axm)
+thl({i§1 tsz+m§2[(6mTu+9mTf+—fK )}}
where T and Tk are the cycle time of the normal bus and limited-stop bus, respectively.
The above analysis only addresses the inbound trips, and it is identical to the analysis
of outbound trips. It is necessary to sum both inbound trips and outbound trips to analyse
the scheduling.

2.3. Objective Function

A multi-objective optimization problem is commonly converted to a single-objective
model in the literature. The multi-objective function for this model is the sum of the waiting
time cost, in-vehicle travel time cost and operation cost.

(1) Single scheduling

The total cost of single scheduling, CSy is the sum of Equations (1), (3) and (7) of both
inbound and outbound trips, and is expressed as follows in Equation (9).

Min CSo(fl) = wy(CWTy + CIVp) + w,COPy )

where w;, and w, are the non-negative weights, which can be adjusted for different bus
routes with different passenger demands.

(2) Mixed scheduling

The total cost of mixed scheduling, CS is the sum of Equations (2), (6) and (8) of both
inbound and outbound trips, and is expressed as follows in Equation (10).

Min CS(fo, fk) = wy(CWT + CIV) + w,COP (10)
stF=F (11)

fmin < f < fmax (12)

Omin < & < Kmax (13)

where, the constraint of Equation (11) ensures that the fleet size F is Fy. The fleet size
F is the product of frequency and cycle time. Fg is the fleet size limitation. The con-
straint of Equations (12) and (13) ensure the value of frequency f and load factor «. Here,

/ -

f= { for 6i =0 . The load factors of the normal bus in single scheduling, &g, normal
fo+fr.b0i=1

bus in mixed scheduling, «,, and limited-stop bus in mixed scheduling, a; are expressed as

Equations (14)—(16), respectively.

m

N
max )}, ). qij
m=23, ;N-1;=1 jmgms1

ap = . x 100% (14)
fo x PL
LY =T L 0460
max T 0iqii
=TT =P T 100% (15)
= fo x PL °
T 0,00
MZZIE?-)fN—ligl j:%+1 o
ap = x 100% (16)

fK X PL
where PL is the vehicle capacity.
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2.4. Solution Algorithm

This model is used to analyze two parts of the contents. The first part discusses the
changes of the frequencies, fleets and costs of optimal decision with constraints of different
load factor. Here, constraint conditions (fimin < f < fmax) and (min < & < amax) are
only considered, but constraint condition (F < Fg) is not considered. The second part is a
comparative analysis of the optimization solution with the constraint of different fleet size,
where constraint (F < Fg) is taken into account.

For the single scheduling, the optimization of frequency can be calculated by the first
derivation. However, for the mixed scheduling, the proposed minimization model is a
mixed nonlinear integer programming model. The objective function is not convex or
concave, which is an NP-hard problem and difficult to solve using any exact algorithm.
The heuristic algorithm has a good effect on coping with this problem. There are many
different domains where metaheuristics and nature-inspired algorithms have been applied
as solution approaches, such as online learning, intermodal terminal operations, multi-
objective optimization, vehicle routing, medicine, data classification, and others [30-34]. A
genetic algorithm could be used to yield a minimum-cost transit operation for optimizing
bus frequencies and transit routes and [18,22,35,36]. Genetic algorithms can efficiently
cope with mixed-integer non-linear problems and the objective function gradient does not
require calculation, thus reducing computational effort.

In solving the model, the genetic algorithm is used to implement genetic operation on
individuals in the population based on the objective function. The first step of applying
genetic algorithm to solve the optimization of bus frequency is to express the gene of bus
frequency, as the decision variable is the bus frequency. fo and fx are the frequency of
normal service and limited-stop service of mixed scheduling, respectively, and they are
encoded as [fo, fk] by using two-dimensional real number. f  is the frequency of normal
service of single scheduling per hour. In the iterative process, individuals of the population
are optimized generation by generation and gradually approach the optimal solution. The
specific steps of this solution method are as follows:

Step 1: Initiate the frequency (fo, fx and f ). Randomly generate N individuals as
initial population P(g). Set the number of iterations, and the maximum number of iterations
for the genetic algorithm as T, and set the number of elites and the crossover probabil-
ity. Individuals in the initial population are randomly generated. In order to generate
the optimization of the first part, the constraint conditions are (fiin < f < fmax) and
(@min < & < &max). In order to generate the optimization of the second part, the constraint
condition (F < Fy) needs to be added.

Step 2: Calculate the value of the objective function, according to Equation (10).
Because the objective function is formed to minimize cost, the objective function is equal to
the reciprocal of the fitness function.

Step 3: The selection, crossover, and mutation of chromosomes are applied to produce
new chromosomes.

Step 4: The termination condition is given the maximum number of iterations. If t = T,
the individual with the maximum fitness obtained in the evolution process is output as the
optimal solution and the calculation is terminated. Otherwise, go to Step 3.

2.5. Data and Parameter Setting

We took a bus route in Zhenjiang city of China as an example to verify the validity
of the proposed model. Bus route 202 connects Zhenjiang railway station and Rongbing
town. It is 46 kilometres long with 32 bus stops in total. The demand of boarding/alighting
passengers at each stop during the morning peak was investigated and shown in Table 1
and Figure 2. All other OD pairs that are not shown in this table have zero demand.
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Table 1. OD matrix of Bus Route 202 in the direction of Rongbing — Zhenjiang railway station
during the morning peak (7:00 a.m.-8:00 a.m..).

oD UM 0D Lo 0D ponm oD Lol
1-7 20 1-8 20 1-10 20 1-11 20
1-15 20 1-23 22 1-26 12 1-31 20
1-32 8 2-11 20 2-15 20 2-31 16
2-32 24 3-32 16 4-11 20 4-15 20
4-26 20 4-31 24 5-30 20 5-32 20
6-31 20 7-31 24 7-32 16 8-23 16
8-26 24 8-29 28 8-31 12 8-32 24
9-19 24 9-23 36 9-26 24 9-29 20
9-31 20 10-23 24 10-30 16 10-32 20
11-30 20 11-32 20 12-31 20 12-32 20
13-31 20 14-32 20 15-20 16 15-22 20
15-23 48 15-24 24 15-32 92 15-32 28
16-23 12 16-28 20 16-31 28 16-32 12
17-32 20 18-30 20 18-32 20 19-27 16
19-31 44 19-32 20 20-28 12 20-31 16
20-32 24 21-32 20 23-32 20 24-32 24
25-32 52

250

200

= Number of passengers boarding at the stop

150

Number of passengers alighting at the stop

100 -

(o2
o
|

Passenger flow(person time/hour)

o
|

1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

Bus stop

Figure 2. Passengers demand of boarding/alighting at the stop from Zhenjiang to Rongbing during the morning peak

(7:00 a.m.~8:00 a.m.).

As seen from Figure 2, the passengers flow boarding/alighting at Stops #2, 4, 8, 9,
10, 11, 15, 16, 19, 20, 23, 26, 30, and 31 were obviously more than those at other stops.
As shown in the Table 1, the OD pair number between these eleven intermediate stops
was 514 person times, and the number of all OD pairs was 770 person times. Therefore,
these eleven intermediate stops were confirmed as the limited stops. The arrival of buses
at the various stops was assumed as deterministic. Because the maximum demand of
boarding/alighting person was 514 person times per hour, the maximum and minimum
frequencies were set as 20 and 2 times per hour respectively. Here, k is 0.5; t; is 2.2 min;
tpis2s;t,is 1.55; T8 30's; Tris 12's; ¢ i8 0.7 $/min; cp is 0.5 $/min; ¢s is 7 $/km-veh; ¢ is
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3.5 $/min-veh; PL is 75. Because the passengers’ cost should be higher, we set the weight

wyp as 0.6, and w, as 0.4.

3. Results and Discussion

3.1. Results

A genetic algorithm was used to solve this multi-object model. This algorithm was
calculated by the “Genetic Algorithm and Direct Search Toolbox” by MATLAB 2012(b) and
implemented on a personal computer with Intel Core i5-3470 CPU @ 3.20 GHz, 3.20 GHz
and 4.00 GB RAM. We randomly generated 100 individuals as the initial population and
set the maxim generation numbers as 100 and crossover fraction as 0.09. A convergence
trend of the solution algorithm for single scheduling model and mixed scheduling model

are observed in Figures 3 and 4, respectively.
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N
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Figure 3. Convergence trend of the solution algorithm for single scheduling model.
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Figure 4. Convergence trend of the solution algorithm for mixed scheduling model.
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3.2. Discussion
3.2.1. Sensitivity Analysis of Different Load Factors

The following discussed the variation of frequency, fleet size, and cost for different
load factor constraints. Table 2 listed the frequencies, fleets and costs of optimal decision
generated by the model with constraints of different load factor. Here, the minimum load
factor was set as 50%, and the maximum load factors were set as 90%, 100% and 120%
respectively. The three load factor constraints were set as 50-90%, 50-100%, and 50-100%.
The following is a comparative analysis of the optimal scheduling scheme for normal bus
and limited-stop bus under these three load factor constraints. We compared the cost
differences of actually load factor, departure frequency, fleet size, cycle time, wait time cost,
in-vehicle time cost, operation cost and total cost. In addition, we also compared the cost
variation of the optimal solution under combined versus single dispatch.

Table 2. Frequencies, fleet size and costs of different load factor constraints.

o f F Cycle Time
ﬂémin;‘amax Schedule a (%) (buses/h) (buses) (min) Wait Time .In-Vehicle Operation Total Cost ACS
(%) Type - » . I I Cost ($) Time Cost ($) Cost ($) ($) (%)
50~90 Single 61.6 133 50 197 1742 178,272 17,670 197,686 -3.1
Mixed 90 50 88 2 30 6 199 174 3740 173,502 14,246 191,488
50~100 Single 61.6 133 50 197 1742 178,272 17,670 197,686 —44
Mixed 100 50 82 26 28 8 199 174 3804 171,064 14,200 189,068
50-120 Single 61.6 133 50 197 1742 178,272 17670 197,686 -71
Mixed 120 50 6.8 4 24 12 199 174 3992 165,656 14,094 185,176

I: normal bus; II: limited-stop bus. ACS(%): the percentage increase of mixed schedule to single schedule of total cost.

Under the single scheduling, regardless of whether the upper limit constraint on load
factor increases or decreases, the optimal solution was unchanged with a frequency of
13.3 buses per hour, an actual load factor of 61.6%, a fleet size of 50, a cycle time of 197 min,
and a constant total cost.

Under the mixed scheduling, there were three different optimal scenarios of the three
load factor constraints. As the maximum load factor constraint was increased, the frequency
of departures for normal bus service decreased from 8.8 to 6.8, the load factor increased
from 90% to 120%, and the fleet size decreased from 30 to 24. The frequency of limited-stop
bus service was increased from two to four, the load factor was maintained at 50%, and
the fleet size was increased from six to twelve. The total fleet size remained unchanged at
36 vehicles. When the fleet size was more than 36, the load factors were lower than 50%.
It could be found that both frequencies and fleets of the normal bus were clearly reduced
when the upper limit of the load factor increases from 90% to 120%. When the load factor
constraint was activated, these services tend to be replaced with higher frequencies on
limited-stop services. The total cost of the mixed scheduling decreased with increasing
load factor. The waiting time cost increased because of the lower frequencies of normal
buses. Because of the higher frequencies and less in-vehicle time of limited-stop buses,
the in-vehicle time cost and operation cost decreased. The in-vehicle time cost shared most
of the total cost, and the total cost was reduced.

Comparing the costs of single scheduling and mixed scheduling, several changes can
be observed. Under the same load factor constraint, the in-vehicle time cost, operation cost
and total cost of mixed scheduling were much lower than the single scheduling. Only wait
time cost was higher than the single scheduling.

3.2.2. Sensitivity Analysis of Different Fleet Sizes

Considering passenger comfort, we set 100% as an upper bound on the full load factor.
Under this load factor constraint, the capacity size of the optimal solution was 25 and 18 for
single scheduling and mixed scheduling, respectively. We further compared and analyzed
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the optimal solution with the constraint of different fleet size, and the results are shown in

Table 3 and Figure 5.

Table 3. Frequencies, fleet of different fleet size constraints.

F, Type of f (buses/h) A (%) F (buses) Cycle Time (min)
(buses) Schedule I II I II I II I II
36 Single 10.3 80 36 198
Mixed 8.2 2.6 100 50 28 8 199 174
38 Single 10.9 75.2 38 198
Mixed 8.31 297 98 48 30 8 198 173
40 Single 11.1 71 40 198
Mixed 8.3 3.6 98 45 30 10 198 173
0 Single 12 62 42 197
Mixed 8.27 4.35 99 43 30 12 198 173
m Single 12.6 65 44 197
Mixed 8.16 5.14 100 40 28 16 198 173
46 Single 13.1 62 46 197
Mixed 8.22 5.74 99 39 28 18 198 173
48 Single 13.7 60 48 197
Mixed 8.16 6.48 100 37 28 20 198 173
50 Single 14.1 62 50 197
Mixed 8.2 7.2 100 35 28 22 198 172
—o— ACIV(%) ACOP(%) —&— ACS(%) —®— ACWT(%)
8 82
6
29 80
4 78.7
78
2 77.3
8 76
0
a
S-2 74 .
2 =
<-4 20
> 6 <
@) 70
<
68
-10
12 66
117 119
-14 64

Fleet size constraints

Figure 5. The waiting time cost, in-vehicle time cost, operation cost and total cost of different fleet size constraints.

ACWT (%), ACIV(%) and ACOP(%) mean the percentage increase of mixed schedule to single schedule of waiting time

cost, in-vehicle time cost, and operation cost, respectively.
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As seen from Table 3 and Figure 5, with the increase in fleet size, the load factor, cycle
time, waiting time cost and in-vehicle time cost decreased, and only the operation costs
increased. Finally, the total costs were still reduced.

The objective function values of different scheduling types are compared. Compared
with the single scheduling case, the passengers” waiting time cost and in-vehicle time cost
reduce because of the limited-stop service. The operation cost always increases because
of the higher frequency, and the increased operation cost is ¢sL( fo+fx— f(’g) However,
the total cost decreases under mixed scheduling.

The result of the application of this model to Bus Route 202 is that the inclusion of the
limited-stop service achieved a savings of 9.49% compared to the single scheduling service.
When the fleet size increases from 36 to 50, the cost saving tends to increase from 4.9% to
9.49%. When the fleet size is smaller, the frequency of limited-stop buses is less than two
times per hour. However, it is difficult to make full use of the advantages of limited-stop
buses, and the passengers’ trip time costs will increase. Therefore, single scheduling is
better than mixed scheduling when the fleet size is smaller.

3.2.3. Analysis of the Travel Time Saving

Figure 6 compares the average travel time of different scheduling types.

m \Waiting time-single(min)  ®In vehicle time-single(min)

m Waiting time-mixed(min) ®In vehicle time-mixed(min)

38 40 42 44 46 48 50
Fleet size constraints

Figure 6. Average travel time of different scheduling types.

When the fleet size increases from 36 to 50, the passengers” waiting time, in-vehicle
time and total travel time decrease. Under the same fleet size, the passengers’ waiting time
increases, but the in-vehicle time and total travel time are less than those under the single
scheduling service. For example, when the fleet size is 44, the waiting time and in-vehicle
time are 77.3% higher and 15.1% lower than those under single scheduling, respectively.
The total travel time of limited-stop services achieves a saving of 4.5% compared to that of
the single scheduling service, which is a normal service that visits every stop on a line at its
optimal frequency. The optimal results are also obvious when the fleet size is growing.
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4. Conclusions

This paper has presented an optimization method to design a limited-stop transit
service that minimizes the total cost. Since the method was intended to be used in a known
trip matrix, the minimization problem was equivalent to minimize the cost, that is, both bus
system operating cost and the costs in terms of the waiting time, in-vehicle travel time, etc.
A numerical example of Bus Route 202 was used to testify the feasibility of the proposed
methodology. A genetic algorithm was used to calculate the mixed dispatching frequency
scheme of limited-stop and normal-bus service. The results are compared with those of
single scheduling. Moreover, a sensitivity analysis is conducted to further investigate
the impacts of the demand on the load factor and fleet size. The discussion results are
summarized as follows.

(1)  The cycle time of limited-stop service achieved a savings of 5.76% compared to that
of single scheduling: a normal-service visiting every stop on a line at its optimal
frequency.

(2) When the load factor constraint is activated, these services tend to be replaced with
higher frequencies on limited-stop services, and the total cost of the mixed scheduling
service decreases with the increasing load factor.

(3) Under the same load factor constraint, the total cost is lower when the system is
operated under the mixed scheduling service compared to that under the single
scheduling service.

(4) Under the same fleet size constraint, the passenger travel time and operation cost
obtained by offering the limited-stop services are significant savings, especially when
the fleet size increases.

In general, this study contributed to the depth analysis of the relationship among the
influencing factors of mixed scheduling, such as departure interval, fleet size and cost by
combining the passenger flow and the capacity limitation. However, some shortcomings
remain. The model established here is suitable for bus routes with imbalanced passenger
flow sections and long-distance travel needs. When the bus passenger flow presents such
characteristics, the advantages of limited-stop bus service are prominent. The demand
variability among different O-D pairs is an important factor in the design of limited-stop
service, and the analysis should test the effects of different characteristics of the demand
profile. The analysis presented here can also be extended from an isolated transit route to a
more complete transit system such as a corridor. In the construction of this multi-objective
model, the following two aspects have not been fully considered: one is the behaviour of
passengers’ individual choice; the other is the benefits brought by the mixed scheduling
service to the operation of bus companies. Further research will make up for the above
deficiencies.
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