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Abstract

Purpose — This study aims to improve the passenger accessibility of passenger demands in the end-of-
operation period.

Design/methodology/approach — A mixed integer nonlinear programming model for last train timetable
optimization of the metro was proposed considering the constraints such as the maximum headway, the
minimum headway and the latest end-of-operation time. The objective of the model is to maximize the number
of reachable passengers in the end-of-operation period. A solution method based on a preset train service is
proposed, which significantly reduces the variables of deciding train services in the original model and
reformulates it into a mixed integer linear programming model.

Findings — The results of the case study of Wuhan Metro show that the solution method can obtain high-
quality solutions in a shorter time; and the shorter the time interval of passenger flow data, the more obvious
the advantage of solution speed; after optimization, the number of passengers reaching the destination among
the passengers who need to take the last train during the end-of-operation period can be increased by 10%.
Originality/value — Existing research results only consider the passengers who take the last train. Compared
with previous research, considering the overall passenger demand during the end-of-operation period can make
more passengers arrive at their destination. Appropriately delaying the end-of-operation time can increase the
proportion of passengers who can reach the destination in the metro network, but due to the decrease in
passenger demand, postponing the end-of-operation time has a bottleneck in increasing the proportion of
passengers who can reach the destination.
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1. Introduction

Optimization of metro timetable refers to determining the arrival and departure times of
trains on different lines in the network at transfer stations, so as to improve the transfer
efficiency of passengers. In off-peak and peak hours, the optimization of the timetable focuses
on reducing the waiting time for passenger transfer to improve the service level of the
network (Yu, Han, Dong, Li, & Yao, 2015). Whereas at the end-of-operation period, a train
transfer failure between lines will cause a decrease in passenger accessibility of the network
service, thus passengers would not be able to reach their destination by taking the metro
(Guo, Jia, & Qin, 2015). Therefore, it is necessary to study the optimization of the last train
timetable from the perspective of service passenger accessibility, so that boosting passenger
accessibility as far as possible of the metro.

Existing studies on the optimization for the timetable of the last train of the metro can be
mainly divided into two categories: the first category focuses on improving the number of
successful transfer connections at the transfer station and the second category optimizes the
passenger accessibility of passengers in the network. For the first category, references (Xu,
Zhang, & Jiang, 2008; Kang, Wu, Sun, Zhu, & Gao, 2015; Kang & Meng, 2017; Chen, Bai, Feng, &
Li, 2017, Chen, Mao, Bai, Ho, & Li, 2019a, Chen, Mao, Bai, Ho, & Li, 2019b; Guo et al., 2020)
optimized the timetable of the last train, to improve the number of passengers transferring
successfully among the last train and reduce the waiting time for the transfer; Ning, Zhao, Xu,
Qiao, and Yao (2016) formulated an optimization model of train timetable in the end-of-operation
period to minimize the waiting time for transfer and the number of failed transfer passengers,
considering all trains in the period. However, in the metro network, optimizing train transfers
merely does not guarantee the largest number of passengers reaching their destinations.

The second category of study optimizes the last train timetable from the perspective of OD
(origin-destination) reachability. Chen et al (2019a, b) further considered the transfer of
passengers between the last train and the non-last train on different metro lines and
optimized the timetable of the last train with the objective of maximizing the number of
passengers who can reach their destination among the passengers taking the last train at the
origin station (passengers departing by the last train). Considering the demand of passengers
departing by the last train, Zhou, Wang, Yang, and Yan (2019) proposed an MILP (mixed
integer linear program) model for the last train timetable optimization, which can be solved
by Cplex. In the end-of-operation period, not only the passengers departing by the last train
may not be able to reach their destination but passengers taking the non-last train at the
origin station of the travel may also be unreachable to their destination. Yao, Liu, Liu, and
Yang (2018) optimized OD reachability of the network considering passengers taking the last
train in the entire travel. Yang, Di, Dessouky, Gao, and Shi (2020) proposed an MILP model
based on a space-time network with the consideration of the passenger demand departing by
the non-last train, and designed a Lagrange relaxation algorithm to solve the model. This
study considers all passenger demands at the end-of-operation period, which may lead to a
large scale of problems and difficulty in achieving efficient solutions. Wen et al. (2019)
proposed a mathematical model aiming at the maximum total number of reachable OD pairs
at each time during the end-of-operation period, but the model did not consider the difference
in passenger demand with different departure times. In the existing studies, only part of the
passenger demand (such as the passengers departing by the last train) in the end-of-operation
period is taken into consideration to optimize the last train timetable, while all OD passenger
demands in the period are not considered in detail (passengers departing by the non-last train
are overlooked), so it is difficult to ensure the maximum reachability of the network service.

Tackling the issues raised above, this paper, oriented toward all passenger demands in the
end-of-operation period, proposes an optimization model of the last train timetable to
maximize the number of reachable passengers of the metro network in the end-of-operation
period; in view of the characteristics of various departure times and great difficulty in model



solution during the period, a solution method based on preset train services is designed to
solve the optimized last train timetables.

2. Illustrating existing problems

2.1 Definition of parameters

The metro network consists of lines and stations, and the up and down directions are
considered as two lines. Definition of parameters: 7 is the number of lines; L is the set of lines,

L={l,i=1,2,...,m}; ns is the number of stations on the metro network; S is the set of
stations, S = {s,,e =1,2,...,n}; 7. is the number of stations on the line /; S; is the set of
stations of the line /, S; = {s.,e = ¢€;1, €2, ... 1€y }, where ¢;1,¢;2,. .., ¢, corresponds to

s

the number of each station of the line in the set S of stations of the metro network.

t is defined as the start time of the end-of-operation period, and the end-of-operation
period is divided into several time points with an interval of 6. The end-of-operation period is
denoted by aset T = {ty + 8,4 + 26, . ..,y + ns5}, where n; is the number of intervals in
the period. Since the passenger accessibility of passengers with the same departing time is the
same between the same OD, it can be regarded as one group of passenger flow; and the OD
pair, composed of the origin station s, € S and the destination station s, € S, is recorded as
8oy b, 1s the passenger group with the departure time ¢ between OD, b, = (sp, 54, ¢); the
demand of all passenger groups in the end-of-operation period can be expressed as a set
B={b,,y=1,2,...,m}, where n, is the number of passenger groups; «, is the number of
passengers in the passenger group b,.

For the passenger group b, = (s, Sq, ), the effective path set between the OD pair g, can be

expressed as R, = {r,;,k=1,2,...,n’}, where #! is the number of effective paths of the
passenger group b,. In the effective path set R,, each effective path 7, . is composed of several
ride sections v, ie. 7, = {v,pm,m=1,2,..., 0%}, the ride section v, = (k,S,,Sr)

represents the passenger group taking the train at the station s, of the line /; and alighting

from the train s, at the station; where 7/* is the number of ride sections in the path 7, ; i‘ﬁk’m and

t ,.1.m r€, respectively, the time when the passenger group b, reaches the origin station and the
destination station of the ride section v,  ,,. The schematic diagram of the effective path between
an OD pair g, is shown in Figure 1. As can be seen from Figure 1, the effective path set R, of the
passenger group b, = (sp, Sq, ¢) includes two paths, namely 7, ; and 7, 5, which are, respectively,
71 = {(h,Sp,52), (la,S2,8¢) } and 7,2 = {(h,Sp, 1), (b, 51,S3), (I3, S5, 5¢) }-

In the end-of-operation period, the train services on the line /; can be expressed as a set

H; = {l;,j =1,2,...,n}, where 7. is the number of train services on the line / (the train
services are sorted in reverse order to departure time); tPJ’g and tﬁ;_e are, respectively, the departure

and arrival times of the train %, ; on the line /; at the station s, along the line; s, is a transfer station,
and £, , is the time of transfer by foot of the passenger group from the line /; to the line J;.

2.2 Analysis of passenger accessibility

Passenger accessibility varies along with departure time and is directly related to the
connectivity of effective paths between ODs. At a certain moment, if there is at least one
connected path between ODs, OD is considered as reachable (Xu, Zhang, Guo, & Du, 2014; Chen,
Mao, Bai, Li, & Tang, 2020). Taking the passenger group b, = (s,,Sq,¢) in Figure 1 as an
example, if the paths 7,1 = {(4, sp, $2), (4, S2,8q) } or 7,2 = {(&, Sp, 1), (b, 51,S3), (I3, 85, 5¢) }
are connected, the OD pair is reachable for g, and the passenger group b, = (s, Sq, ) can
reach its destination. Sufficient and necessary conditions for path connectivity entail that the
passenger group can board the train in each ride section of the path. This depends on the
passenger’s surplus time for riding at the origin station of the ride section, which is equal to
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Figure 1.
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the difference between the departure time of the train on the ride section and the time when the
passenger group arrives at the platform.

Taking thepath7,; = {(&, $p, S2), (&, S2, Sq) } as an example, the travel path for transfer at
the station s, is shown in Figure 2. For the ride section v,11 = (&, Sp, S2), if the time zf.;.; when
the passenger group b, = (s, Sq, t) arrives at the platform of the station, s, is earlier than the
departure time of the train /; ; and the train /; , at the station s, of the line /;; then the surplus
time of the passenger group b, for the train 7, ; and the train /%, ; is greater than 0, and the
passenger group will take the train /z; » arriving earlier, and the time of reaching the station s,
is 11, 5; for the ride section v, = (I, 52,5,), the time i‘fm when the passenger group b,
arrives at the platform of the origin station s, of the ride section is equal to the sum of tﬁz‘z and
the time £/, , of transfer by foot between the two lines, and then combined with the departure
times of each train of the line /j, it can be estimated whether the passenger group can get on
the train promptly in the ride section v, 1 5 = (I4, 53, Sq) and the train it takes; thus, the riding
behaviors of the passenger group in all the ride sections can be calculated in turn, thereby
judging whether the paths are connected.

3. Optimization model of last train timetable
3.1 Model assumptions

(1) Itisassumed that the passenger heterogeneity is low and the fluctuation of the time of
transfer by foot is small at the end-of-operation period, which indicates the
passengers in the same transfer direction at the transfer station have the same time of
transfer by foot.

(2) The effective path between OD takes the K short physical path before loop-free.

(3) Assuming that the train capacity is sufficient and there is no passenger stranded,
passengers always choose to take the train arriving first.

3.2 Modeling

3.2.1 Decision variables. In this paper, to improve the OD reachability of the network during
the end-of-operation period, the arrival and departure times (8, ,, 1%, , Vi, €L,s, € S)) of the

i,1e’ i 1le
last train of each line at each station are taken as the decision variable in the model.
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3.2.2 Constraints.

(1) Constraints on the adjustment range of section operation and dwell times of the last
train

Let o7 and £55 be the maximum and minimum values of section operation time adjustment,
taz and a4 the maximum and minimum values of dwell time adjustment, and the time
adjustment should meet the actual operation requirements, so the arrival and departure times
of the last train at each station should be within the adjustment range, i.e.

tA1<th—t <ty Ve =eiy,¢ =eip1,LEL @

1,1,

tA3<tD - ZAle<lLA4VSe€SZZ,lZ'EL @)

(2) Constraint of maximum headway

To ensure the level of passenger service, the headway between the last train and the
penultimate train at the first station should not be greater than the maximum headway

I ie. 0, — 1, <I"™Ve=c €L ®)

(3) Constraint of minimum headway

To ensure train operation safety in the section, the headway between the last train and the
penultimate train should not be less than the minimum headway I, i.e.

. —th, 21MVs, €S, el @)

1,2, =
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To ensure the safety of station operation, at the same station, the headway between the
arrival time of the last train and the departure time of the penultimate train should not be less
than the minimum headway 7%, i.e.

i, — 10, >1%Vs, €S, €L 5)

12,0 =

(4) Constraint on the latest end-of-operation time

To avoid interference with night maintenance, the end-of-operation time of the terminal
station ¢; ,; of each line should not be later than the latest end-of-operation time £, i..
o SE™Ve=¢, €L ©)
3.2.3 Objective function. Defined x, as a 0-1 variable, indicating the OD reachability of the
passenger group b, When the passenger group b, can reach the destination, x, = 1;
otherwise, x, = 0. The objective function of the model is the maximization of the total number
of passengers who can reach their destinations in the passenger group set
B={b,,y=1,2,...,m} in the end-of-operation period, ie.

() = max Zuyx, @)
b,eB

3.2.4 Evaluation of passenger accessibility.
(1) Evaluation of passenger accessibility

Defined y,, as a 0-1 variable, indicating whether the path 7, , of the passenger group b, is
connected. When the path 7, , is connected, 7, , = 1; otherwise, 7, , = 0.If there is a connected
effective path between ODs, then OD can be reached, and the constraint condition for OD to be
reached can be expressed as

< Yy, €B ®
7, kER,

(2) Evaluation of path connectivity

Defined z, 4, as a 0-1 variable, indicating whether the passenger group b, can successfully
board the train in the ride section v, ; ,,, of the path 7, .. When the passenger group successfully
can board the train, it is taken as z,,, = 1, otherwise, z,,, = 0; M, is a sufficiently large
positive integer. If the passenger group can board the train in all ride sections of the path, then
the path 7, ; is connected, and the constraint for path connectivity is as follows:

My, —1) < Zzyje,m —nt < My,
ver ©)
Vi’y,k ER},, by eB

(3) Evaluate whether the passenger can take the train in the ride section

Defined a, ;.,»j as a 0-1 variable, indicating whether the passenger group b, takes the train /;;

in the ride section v, 1, (within the line /) of the path 7, ;. If the passenger group takes a train

h;jof the line J; then @, .,,; = 1and z,,,, = 1. If the passenger group cannot take any train,

then > @, 5 m; = 0andz, ., = 0. When there is more than one train available, the passenger
JjeH;;

group can only select one of them. In order to maximize the passenger accessibility for



passengers, the value a, 1, j of the first train arriving should be 1, so the constraint conditions
for whether the train can travel in the ride section are as follows:

Zﬂ/’k,m < Zay,kmj Vvy,k,m = (Zz’ Sey se’) € 77]27 7}«,/2 ER},, by EB (10)
JjeH,,
Zay,kmj < 1 Vvy,k,m = (lza Ses se’) € TyisVy ke € Ry7 by eB (11)
Jer,

(4) Evaluation of the train service in the ride section

The value of the variable a, 1, is related to the surplus time of the train service %;; taken by
the passenger group. For the ride section v, ,, = (&, S, S¢), the surplus time of the passenger

group b, for the train service /;;is equal to the difference between the departure time tB ,ofthe

train service /;; at the station s, and the time i‘ﬁkm, when the passenger group b, arrives at the
origin station s, of the ride section. If the surplus time is less than 0, then a, ;. ,»; = 0; otherwise,
a, rm; > 0, indicating that the passenger group can choose to take the train service % ;, and
the constraint condition for the passenger group to take a certain train in the ride section is

M (ayjmj — 1) <t Vhij € Hiy vy pm = (b, Se, o) EVyps 7,2 €R, b, €B - (12)

ije ykm

(5) Evaluation of the arrival time of the passenger group at the origin station of the ride
section

In Equation (12), if v, 1, is the first ride section of the path (m = 1), the time i‘im when the
passenger group b, arrives at the platform at the origin station of the ride section is equal to
the departure time ¢ of the passenger group b, = (spSgt); if vypm = (§,5,,8,) is the

subsequent ride section (2 > 1), the time *  when the passenger group arrives at the

y,km
platform at the origin station s, of the ride section v, z,,, is the sum of the arrival time fﬁkﬂn_] of
the passenger group at the destination station s, of the previous ride section
Uy pma = (I, S, S.) and the time of transfer by foot £ ; . Therefore, the evaluation formula
for the arrival time of the passenger group at the origin statlon of the ride section is as follows:

A t m=1
ty,k.m = l(A + tlb m> 1 (13)
y,km—1

Lll

Vvy,/am—l = (Zt’ 3¢/ 86)7 Uylom = (117 Ses Se”) € Yy ks Ty ke € Rrv by eB

(6) Evaluation of the arrival time of the passenger group at the destination station of the
ride section

In Equation (13), the arrival time i~ ,1m—1 0f the passenger group at the destination station s, of
the ride section v, ;-1 = (I, Sy, S.) is determined by the train service (Chen et al., 2019a, b).
If the train is taken by the passenger group in the ride section v, -1 = (7, 5.,5.) is hy ,
1e.a,pm-1; = 1, then ff,k,m4 = t;,“je; if the passenger group cannot take any train on the line /;,
Le. jeth, Orkan-1j = 0, the arrival time is set to a large positive integer M, (M, < M).
Therefore, the evaluation formula for the arrival time of the passenger group at the
destination station of the ride section is as follows:
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jeH,i, jeH,{,

= (l,S¢,S.) EVyps ¥y ER,, b, €B (14)

4. Solution method

The optimization model of the last train timetable is a mixed integer nonlinear programming
model. Its number of decision variables and constraints are mainly affected by the number of
passenger groups and the size of the train set /; on each line. In order to evaluate the train
service of the passenger group, for any valid path 7, , of the passenger group b,, the variable
a, »mj With a quantity of ‘HZ; | should be considered for each ride section v, 4, which leads to a
large number of 0-1 variables in the model, and the solving time with a commercial solver is
too long.

To reduce the number of variables, a solution method based on a preset train service is
proposed. The preset train service refers to the earliest train service that the passenger group
can board in the travel path according to the departure time of the passenger group, the
timetable information of the non-last train and the adjustment range of the timetable of
the last train. If the passenger group does not need to take the last train in the travel path, the
passenger group can still reach the destination after optimization, and this part of the
passenger group is eliminated by the algorithm; if the optional train of the passenger group is
the last train, the OD reachability of the passenger group can be determined by estimating
whether the passenger group can get on the last train. Thus, the model is linearized to an
MILP model and the timetable optimization model can be quickly solved by the commercial
solver.

4.1 Preset method of train service in ride section

The preset train service of the ride section is related to the timetable of the line
corresponding to the ride section and the time when the passenger group arrives at the
origin station of the ride section. For the passenger group b, = (sp, Sq, {), the preset train
service j, »», of the passenger group in each ride section v, 1, of the path 7, is estimated in
turn with the non-last train timetable, the last train timetable constraints, and the path as
inputs.

(1) Step1l

Given the ride section v, 5, = (4, S, S ) in the path 7, , and the time i‘ﬁk‘m when the passenger
group arrives at the station s, of line /; estimate the preset train service,  , of the ride section:
ifthe arrival time ", of the passenger group is earlier than the departure time of the non-last

v.kom
train at the station s, of line Z, that is, there is a train %;; = { 7l i‘ik‘m <t 22}, the

passenger group takes the non-last train that arrives the earliest, and the preset train is
A

Tykem = max{ 7l i},k,m < tf-_)j‘g }; otherwise, the passenger group can only select the last train in

the ride section, and the preset train is the last train, »,, = 1. For the first ride section v, ; of
s ko i‘f‘kj is equal to the departure time ¢ of the passenger group; for the subsequent ride

section, i‘ik,m is equal to the sum of the arrival time of the passenger group at the destination

station of the previous ride section and the time of transfer by foot.



2) Step 2
Based on the preset train service j, ,, of the ride section v,,, = (4, s, s¢), estimate the

time fﬁm when the passenger group arrives at the destination station s, of the ride
section: if the passenger group takes a non-last train (7, z,, > 2), then the time when the

passenger group arrives at the station s, is the arrival time of the train, i.e. fﬁk_’m = e

if the passenger group takes the last train (7, ; , = 1), since the arrival and departure times
of the last train at each station are decision variables and non-fixed values, the feasible
latest arrival time of the last train at the station is taken as the estimated arrival time of the
passenger group.

3) Step 3

Determine whether v, ;. ,, is the last ride section in 7, , i.e. whether there is m = n/*. If yes, the
preset train service j, »,, of each ride section in 7, ; will be output, and the evaluation of the
preset train service of the current path is over; otherwise, the preset train service of the next
ride section v, 1,41 Will be evaluated, and go to Step 1.

4.2 Reformulated model based on preset train service
With the preset train service of each ride section, it is assumed that the passenger group only
selects the preset train in the travel path, and a reformulated model of the coordination
optimization model of the last train timetable (hereinafter referred to as the original model) is
proposed.

Since the reformulated model only considers whether the passenger group b, can board
the preset train of the ride section, the constraint formula Equation (10) can be reformulated
as follows without considering the constraint formula Equation (11).

/
Zypm < Ay kemjypm V0, kn € ¥y syt € Rrv br €B (15

For the constraint formula Equation (12), the constraint of the surplus time of the passenger
group b, for the preset train service j, ., can be reformulated as follows:

D ~A
M (ay,k.ma',.m - 1) Stiye = bopon Yrkm = (hSe,50) €71 1,1 €R, b, €B° (16)

Similar to the original model, for the first ride section in the path 7, i‘:k,l is equal to the
departure time ¢ of the passenger group; for the subsequent ride section v, s, = (4, Se, S, ),

i‘?k,m is equal to the sum of the arrival time fikmz—l of the passenger group at the station s, in
the previous ride section v, 4 -1 = (I, S¢, S.) and the time of transfer by foot £ s and ff,km4

is the arrival time #2 of the preset train service j(, z,n_1) of line [; at the station s,. The
Ly km—1:€ 7Ry

evaluation formula of the arrival time of the passenger group at the origin station and the
destination station of the ride section can be expressed as a linear common constraint, see
Equations (17) and (18), that is, the conditional formulae, Equations (13) and (14), of the
original model constraint are reformulated as follows:

Z»A t m = 1
P = e 1 m> 1 17)

ed' i

/
vvr.k.m—l = (li/y Sey Se): v;«,k,m = (Zi7 Se, sg” ) € ry.ka 7y.k ER}'7 by GB
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A

{ A

rhm=1 = Yij 1

V0, pme1 = (ly,Se,S0), 7,0 ER,, b, €B (18)

The rest constraints remain unchanged, and the reformulated model is obtained as follows:

@ = max Zuyx, 19

b,eB

s.t.

Egs. (1)-(6), Egs. (8)—(9), Egs. (15)—(18)

Compared with the original model, the decision variables and constraint scale of train
service evaluation in the reformulated model are significantly reduced; and the reformulated
model is a linear model, which can be quickly solved by Cplex software.

As the model only optimizes the timetable of the last train on each line, passenger groups
who can arrive at the destination station by taking a non-last train during the trip will still
reach the destination station after optimization. For the passenger groups that need to take
the last train during their trip, their passenger accessibility is affected by the last train
timetable. In order to improve the solution efficiency, the preset method is first used to
estimate the preset train service of each path of all passenger groups in the ride section during
the end-of-operation period. According to the preset train service, the passenger groups that
must take the last train during the trip are eliminated from passenger demand B during the
end-of-operation period, and their set is represented by B i.e. b, € B, where there exists a ride
sectionj, ,, = 1for 7, € R,. The reformulated model only takes the passenger flow set B as
the input, which can not only ensure that the demands of all passengers who need to take the
last train during the end-of-operation period are considered but also reduce the scale of
problem-solving.

5. Case study

Taking Wuhan Metro as the background, the up-direction and down-direction lines in the
metro network are regarded as two lines. There are 48 key stations, including transfer
stations, origin and terminal stations of the line, and stations with the largest passenger flow
between two adjacent transfer stations. The simplified network diagram is shown in Figure 3.
The green and blue arrows indicate the up direction and down direction of the line,
respectively; dots indicate key stations in the network. Two key stations constitute the key
OD (2,256 pairs in total). Three valid paths are considered between each OD. Parameter
setting: the end-of-operation period is 21:30 to 24:00; the dwell time of each station in the initial
timetable is 30-60 s. The running time in sections is within 1-4 minutes; the minimum
headway and the minimum departure-arrival headway at stations are both 2 minutes. The
maximum headway between the last train and the penultimate train at the origin station of
the line is 10 minutes. The end-of-operation time of the line can be delayed by 10 minutes.

5.1 Comparison of solving efficiency between reformulated model and orviginal model

The end-of-operation period is divided by intervals § of 1, 5 and 10 minutes, respectively, and
the set B’ of passenger groups that must take the last train during the trip is taken as the
input. Cplex is used to test the solution effect of the original model and the reformulated model
under the passenger demand at different intervals. The results are shown in Table 1, where
“the preset number of people who can reach the destination” refers to the number of
passengers who can reach the destination by the preset trains under the optimized timetable,
that is, the objective function value of the reformulated model (the original model has no such
result); “the accurate number of people who can reach the destination” includes the



¢. Yangluo Line

Line 1

Line 6

2 d
‘_
w
>
P
Source(s): Authors own work
The preset number The accurate
of people who can number of people  Upper
Interval/ reach the who can reach the  limit/ Gap/  Computation
min Model destination/pax destination/pax pax % time/min
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Figure 3.

Schematic diagram of
the network and key
stations

Table 1.

Solution results of the
original model and
reformulated model
under passenger flow
data with different
intervals

passengers who actually arrived at the destination without choosing the preset train
(evaluated with Equations (7)—(14) in the original model with the optimized timetable as
input); “upper limit” refers to the upper limit value of Cplex solution; “gap” refers to the
percentage of the difference between the accurate number of people who can reach the
destination and the upper limit.

Table 1 shows that in the reformulated model, the difference between the preset and the
accurate number of people who can reach the destination is only 44. The reason is that the
preset method assumes that passengers only choose the preset train in their travel path, but
passengers may not choose the preset train. The small difference indicates that the preset
method has high accuracy in estimating the train taken by passengers in the ride section and
that the evaluation error of the model is small. With the decrease of interval, the problem scale
and the computation challenge increase, the relative difference between the two models
increases and the computation time becomes longer. The smaller the interval of passenger
demand is, the more obvious the advantage of the fast-solving speed of the reformulated
model is. Therefore, the reformulated model can get the approximate optimal solution in a
relatively short time compared with the original model.
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Figure 4.

Reachable OD
percentage of network
before and after
optimization

Figure 5.

Number of destination-

reachable passengers
in the network

5.2 Optimuzation results

With the set B’ of passenger groups who need to take the last train during the trip and the time
interval is 1 minute, the reformulated model is solved by Cplex. The proportion of reachable
OD in the network varying with time before and after optimization is shown in Figure 4; the
number of destination-reachable passengers of all passenger demand B during the end-of-
operation period is shown in Figure 5 and the change of average travel time of passengers is
shown in Table 2. For some OD, passengers cannot reach the destination station, thus the
travel time penalty for the passengers who cannot reach their destination is set to be
100 minutes.

It can be seen from Figures 4 and 5 that compared with the original, the optimized
reachable OD percentage and the number of destination-reachable passengers in the end-of-
operation period are increased to a certain extent; the reachable OD percentage increases
significantly during the period 22:31-22:56 and increases by 15.6% at 22:32.

It can be seen from Table 2 that within the passenger flow B, for passengers who need to
take the last train during the end-of-operation period, the percentage of destination-reachable
passengers increased by 10% from 32.3% to 42.3%. The average travel time of destination-
reachable passengers increased by 5.2 minutes, mainly because the departure time of the last
train on some lines was delayed. It indicates that the optimization of the last train timetable
can help some destination-unreachable passengers reach their destination, but the travel time
of some passengers also increased slightly. Considering all passengers in B, the average total
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travel time after optimization has decreased from the initial 79.2 minutes to 76.7 minutes,
which means that the overall service level of passengers has been improved.

Although the optimized timetable slightly increases the travel time of some passengers
who can reach their destination before optimization, it effectively improves the percentage of
reachable OD and the number of destination-reachable passengers of the whole network
during the end-of-operation period and improves the overall service level of the network.

5.3 Verification of the necessity of considering the overall passenger demand in the end-of-
operation period
In existing studies, only the passenger groups departing by the last train are considered to
optimize the last train timetable. In order to verify the necessity of considering the overall
passenger demand during the end-of-operation period, a comparative case is set up, where set
B’ of passenger groups departing by the last train is taken as the input passenger flow.
The time interval of passenger flow data is 1 minute. The optimization results are shown
in Table 3. It can be seen that in the compared case and the case in this study, the percentages
of reachable passengers in passenger flow B’ increased by 24.9% and 24.1%, respectively,
and that of flow B’ increased by 28.0% and 31.0%, respectively. Compared with the compared
case, the case in this study has a slight improvement in the number of destination-reachable
passengers in passenger flow B, but the increase of the number of destination-reachable
passengers in the passenger flow B’ is 3.0% higher, so that more passengers can take the last
train to their destination. Therefore, it is necessary to consider all the passenger demands in
the end-of-operation period in the study on optimization of the last train time.

5.4 Sensitivity analysis of the latest end-of-operation time
The latest end-of-operation time of each line restricts the adjustment range of the arrival and
departure times of the last train at each station, thus having a great impact on the service

Percentage of destination- Average travel time of
reachable passengers in passenger destination-reachable Average travel time of
Timetable flow, B'/% passengers/min all passengers/min
Original 32.3 39.8 79.2
Optimized 42.3 45.0 76.7

Source(s): Authors’ own work
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Table 2.
Percentage of
destination-reachable
passengers and
average travel time
before and after
optimization

Passenger flow departing by the last  Passenger flow needing the last train

tra,i/n during travel
B
Number of Increase in Number of Increase in
destination- destination- destination- destination-
reachable reachable reachable reachable
Timetable passengers/pax passengers/% passengers/pax passengers/ %
Original 9,959 22,249
Optimized Comparative 12,443 249 28477 28.0
case
Case of this 12,360 24.1 29,152 31.0

study
Source(s): Authors’ own work

Table 3.
Comparison of the

number of destination-

reachable passengers
and increase after
optimization
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Figure 6.

Influence of delay in
latest end-of-operation
time on the percentage
of destination-
reachable passengers

passenger accessibility in the network. In this paper, the latest end-of-operation time ™ of
each line is set to be 0, 5, 10 and 15 minutes later than the original end-of-operation time, and
the time interval of passenger flow data is taken as 1 minute, so as to optimize the percentage
of destination-reachable passengers in the passenger flow B’ and analyze the influence of the
latest end-of-operation time £™* on the effect of the optimization of passenger accessibility.
The results are shown in Figure 6.

As can be seen from Figure 6, without the delay of the end-of-operation time of each line,
the percentage of destination-reachable passengers increases by 6.5%; with the delay of the
latest end-of-operation time, the percentage of destination-reachable passengers in the
passenger flow B who need to take the last train gradually increases, and it increases by 3.4%
with a time delay of 5 minutes; when the end-of-operation time can be delayed by 10 and
15 minutes, the percentage of destination-reachable passengers hardly increases. This shows
that the percentage of destination-reachable passengers in the network can be increased by
appropriately delaying the end-of-operation time of the line; due to the reduction of passenger
demand, the delay of end-of-operation time has a bottleneck in improving the percentage of
destination-reachable passengers. Therefore, the operating companies can determine a
reasonable end-of-operation time through sensitivity analysis to maximize service passenger
accessibility and avoid late end-of-operation time.

6. Conclusions

(1) From the perspective of improving the passenger accessibility during the end-of-
operation period, a last train timetable optimization model is proposed. Considering the
model is difficult to be solved due to the large number of passenger groups and train
services during the end-of-operation period, this study proposes a solution method
based on preset trains, which reformulates the original model into a mixed integer linear
programming model with fewer decision variables and can achieve a fast solution.

(2) Compared with the original model, the reformulated model and the solution method
can get a high-quality solution in a relatively short time with a small error. The
smaller the interval of passenger flow data, the more significant the advantage of the
fast solution. After optimization, the percentage of passengers who can reach their
destination successfully by last train during the end-of-operation period increases by
10%, which verifies the effectiveness of this model. Compared with the previous
studies that only consider the passengers who take the last train, the number of
passengers who take the last train and can reach the destination in the end-of-
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operation period increased by 3.0%, which indicates that it is necessary to consider
the overall passenger demand in the end-of-operation period for the study on the
optimization of the last train schedule.

(3) In this paper, the passenger accessibility of the network is optimized by adjusting the
last train timetable. In future research, it can be considered to coordinate and optimize
all train timetables in the end-of-operation period, expand the model solution space
and achieve a better optimization effect.
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