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Modeling and Efficient Passenger-Oriented Control
for Urban Rail Transit Networks

Xiaoyu Liu™, Graduate Student Member, IEEE, Azita Dabiri
and Bart De Schutter

Abstract— Real-time timetable scheduling is an effective way
to improve passenger satisfaction and to reduce operational costs
in urban rail transit networks. In this paper, a novel passenger-
oriented network model is developed for real-time timetable
scheduling that can model time-dependent passenger origin-
destination demands with consideration of a balanced trade-off
between model accuracy and computation speed. Then, a model
predictive control (MPC) approach is proposed for the timetable
scheduling problem based on the developed model. The resulting
MPC optimization problem is a nonlinear non-convex problem.
In this context, the online computational complexity becomes
the main issue for the real-time feasibility of MPC. To reduce
the online computational complexity, the MPC optimization
problem is therefore reformulated into a mixed-integer linear
programming (MILP) problem. The resulting MILP problem is
exactly equivalent to the original MPC optimization problem
and can be solved very efficiently by existing MILP solvers,
so that we can obtain the solution very fast and realize real-time
timetable scheduling. Numerical experiments based on a part of
Beijing subway network show the effectiveness and efficiency of
the developed model and the MILP-based MPC method.

Index Terms—Model predictive control, urban rail transit,
real-time timetable scheduling, time-dependent passenger origin-
destination demand.

I. INTRODUCTION

RBAN rail transit is recognized as a safe, sustainable,
Uand high-efficiency transportation modality, and it plays
an increasingly important role in the public transportation
systems. Real-time timetable scheduling is one of the most
effective and efficient approaches to improve passenger sat-
isfaction and to reduce operational costs. With the rapidly
growing passenger demands and the increasing urban rail
network scale, advanced urban rail network models and the
corresponding control approaches are crucial to obtain efficient

Manuscript received 18 March 2022; revised 12 August 2022 and
3 November 2022; accepted 28 November 2022. Date of publication
20 December 2022; date of current version 1 March 2023. This work was
supported in part by the National Natural Science Foundation of China
under Grant 72071016 and in part by the European Research Council (ERC)
under the European Union’s Horizon 2020 Research and Innovation Program
(CLariNet) under Grant 101018826. The work of Xiaoyu Liu was supported
by the China Scholarship Council under Grant 202007090003. The Associate
Editor for this article was Y.-S. Huang. (Corresponding authors: Xiaoyu Liu;
Yihui Wang.)

Xiaoyu Liu, Azita Dabiri, and Bart De Schutter are with the Delft
Center for Systems and Control, Delft University of Technology, 2628
CD Delft, The Netherlands (e-mail: x.liu-20@tudelft.nl; a.dabiri@tudelft.nl;
b.deschutter @tudelft.nl).

Yihui Wang is with the State Key Laboratory of Rail Traffic Control
and Safety, Beijing Jiaotong University, Beijing 100044, China (e-mail:
yihui.wang @bjtu.edu.cn).

Digital Object Identifier 10.1109/TITS.2022.3228340

, Yihui Wang™,
, Fellow, IEEE

timetables and to improve the performance of transportation
services.

In the research on railway traffic management problems, one
important class of studies pays attention to departure times and
arrival times of trains in the network [1], [2], [3], where the
aim is to improve the performance of daily timetables and
to minimize the effects of delays or cascade delays caused
by disturbances. Another class of studies incorporates rolling
stock circulation [4], train orders [5], conflict resolution [6],
etc., into timetable scheduling problems, which is particularly
helpful when disruptions occur, as it can be used to adjust
the impacted timetable and make the railway network recover
from disruptions as soon as possible. In this paper, we consider
passenger demands when generating timetables online in order
to provide high-quality service for passengers.

There are many studies related to passenger-oriented
timetable scheduling. Several studies handle passenger flows
while including rolling stock circulation [4], [7], speed pro-
files [8], and short-turning [9], but without detailed passen-
ger origin-destination (OD) information. Another direction of
studies addresses passenger OD demands on a single line
[10], [11]. However, the passenger demands in networks are
more complex than those of a single line due to the trans-
fer activities of passengers, and hence, efficient approaches
that consider passenger OD demands in urban rail net-
works are required. Some studies consider passenger OD
demands in railway networks [12] or urban rail networks [13],
[14]; however, the computational complexity of including the
time-dependent passenger demands and the detailed number of
passengers is still a challenging issue. In real life, passenger
demands are typically represented as time-dependent OD
matrices. Nevertheless, most studies on timetable scheduling
problems do not take the detailed time-dependent passenger
OD demands into account, leaving an open gap for further
improving the timetable through closed-loop control while
taking real-time passenger demands into account.

Generally, the timetable scheduling problem is a typical
constrained control problem. Model predictive control (MPC)
is a well-recognized effective method for its ability to handle
multi-variable constrained control problems [15], [16], [17].
The online computational burden of the MPC optimization
problem is the main challenge for real-time timetable schedul-
ing when taking time-dependent passenger OD demands into
account. Passenger flows in railway networks have a certain
similarity with traffic flows in urban road networks. The effi-
cient traffic flow model and fast MPC methods for the urban
road network [18], [19] have inspired us to develop an efficient
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model for passenger-orient railway traffic networks and to
develop efficient MPC methods for the real-time timetable
scheduling problem.

The main contributions of the paper are listed as follows:

1) A novel model for passenger-oriented urban rail traffic
networks is proposed that can explicitly include the
number of passengers in urban rail networks under
time-dependent passenger origin-destination demands.

2) Thanks to the notion of cycle time introduced in this
paper, the time-varying passenger demands are approx-
imated as piecewise constant functions in the model
to achieve a trade-off between model accuracy and
computation speed.

3) An MPC approach is proposed for the real-time
timetable scheduling problem based on the developed
model. The nonlinear MPC optimization problem is
exactly transformed into an MILP problem to reduce
the online computational burden.

The rest of this paper is structured as follows. Section II
summarizes the literature related to this paper. In Section III,
the passenger-oriented urban rail traffic model is proposed.
In Section IV, the MPC controller is designed for the
passenger-oriented timetable scheduling problem based on the
proposed model. In Section V, the MPC optimization problem
is solved with different methods, and an MILP-based approach
is proposed. Section VI provides case studies to illustrate the
accuracy of the model and the efficiency of the developed
method. Finally, conclusions are given in Section VII.

II. STATE OF THE ART
A. Models for Timetable Scheduling

In the literature, many models and methods have been
explored for the timetable scheduling problem. One direction
of research is based on event-driven models where train actions
are defined as different events with predefined rules determin-
ing the orders of events. In [2], the timetable was formulated as
an alternative graph model, and a branch-and-bound algorithm
was proposed to find solutions efficiently. Based on the alter-
native graph model, a tabu search algorithm was proposed to
reroute trains in [20]. In [21], the interaction between train
speeds and headway under the quasi-moving block system
was considered, when rescheduling high-speed trains based
on the alternative graph model. The timetable scheduling
problem can also be formulated through an event-activity
network (a directed graph), which can be used to minimize
the total weighted train delay and the number of canceled
trains [22], to optimize passengers’ routes [9], and to integrate
passenger reassignment and timetable scheduling [12]. Fur-
thermore, max-plus models [23] and switching max-plus-linear
models [1], [24] have also been used to efficiently generate
efficient timetables; as the models make use of properties
from max-plus algebra, the resulting problem can be reduced
efficiently, and less time is required to get the solution.

Another important direction of research is based on time-
driven models, where train actions are formulated with respect
to time constraints. Time-driven models are widely used in
the literature as they can directly include different factors
in railway traffic, such as passenger demands, train speeds,
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and energy consumption. In [25], the timetable and the train
speed profile of one urban rail line with several stations were
jointly optimized within a bi-level scheme, where a numerical
approach was proposed to allocate the total time to each
section, given the optimal speed profile of a fixed running time
for each section. In [26], it was indicated that the timetable can
be optimized in real time with a closed-loop control framework
by predicting the traffic conditions through the real-time train
positions and speed profiles information. In [27] and [28], the
timetable and train speed profile were integrally optimized by
a mixed-integer nonlinear programming (MINLP) approach,
a mixed-integer linear programming (MILP) approach, and a
simplified MILP approach considering different train speed
profile options. In [5], the rescheduling of large-scale railway
traffic networks was formulated as a bi-level MILP problem,
and an MPC scheme was applied to handle disruptions and
disturbances in real time.

B. Passenger-Oriented Timetable Scheduling

In recent decades, many studies have focused on
passenger-oriented timetable scheduling, where passenger
demands are explicitly taken into account to provide
high-quality services for passengers. In [29], a nonlinear
integer programming model was proposed to optimize arrival
and departure times of trains with the objective of mini-
mizing operational costs and passenger waiting times. In
[30], the train speed and stop-skipping were incorporated
into the timetable scheduling problem to minimize the energy
consumption and the passenger travel time, and a bi-level
approach was proposed to solve the resulting MINLP problem.
Furthermore, an iterative convex programming approach was
developed to improve the computational speed in [10]. In [31],
an MINLP problem was formulated to minimize passenger
waiting time with consideration of time-varying passenger
demands. In [11], a Lagrangian relaxation-based heuristic
timetable scheduling algorithm was proposed to minimize
passenger waiting times and operational costs by using a
space-time network. An integer linear programming problem
was formulated to jointly optimize the timetable and passen-
ger flow control strategies for an over-saturated railway line
in [32]; then, a hybrid algorithm was developed to solve the
resulting optimization problem. However, most research only
focuses on the timetable scheduling of a single /ine, and hence
leaving an open gap for improving the operational performance
of urban rail transit networks.

Passenger-oriented timetable scheduling of urban rail net-
works is more challenging than that of a single line as
different lines will interact with each other through the transfer
passengers. An urban rail network including time-dependent
passenger OD demands was modeled as a detailed event-driven
model in [13], and then the passenger travel time and the
train energy consumption were collaboratively optimized.
Furthermore, the event-driven model was extended as a
disruption management model for an integrated disruption
management problem with the objective of recovering the
impacted timetable and minimizing passenger waiting times
in [33]. In [34], an MINLP model was proposed to optimize
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line frequencies and capacities in railway rapid transit net-
works; the objective of that paper was to minimize opera-
tional costs and passenger trip time and transfer time given
a certain OD matrix. In [14], feasible passengers routes
in the urban rail network were defined through a directed
graph, so that the passenger OD demands and the trans-
fer actions can be included explicitly; then, a decomposed
adaptive large-neighborhood search method was proposed to
minimize the number of waiting passengers in the busiest
station. However, incorporating time-dependent passenger OD
demands in the urban rail network timetable scheduling prob-
lem is still a challenging task because of the network’s
size, high non-linearity of the problem, and the large com-
putational burden. Accurate models for urban rail networks
that include time-dependent passenger OD demands and fast
solution methods for passenger-oriented timetable scheduling
are urgently needed for real-time timetable scheduling.

C. MPC for Railway Traffic Management

As an efficient real-time control approach for constrained
systems, MPC has been applied in railway timetable schedul-
ing problems to optimize and adjust the timetable in real
time. In [1], MPC was used for railway timetable scheduling
based on the switching max-plus-linear models to minimize
train delays and operational costs of breaking connections or
changing the order of trains. Furthermore, the switching max-
plus-linear model-based timetable scheduling problem was
solved in a distributed manner to handle large-scale cases [24].
In [35], an MPC approach was proposed to cope with train
rescheduling problems in the complex station areas. MPC was
also used in railway traffic management in case of disruptions,
and the MPC optimization problem was transformed into
an MILP problem to reduce the computational burden [5].
A hierarchical MPC approach was proposed for real-time high-
speed railway delay management and train control problem,
where the train delay was minimized at the upper level
while the detailed train speed control was conducted at the
lower level [36]. The optimization problem in both levels
of the hierarchical MPC approach were also formulated as
MILP problems to increase the online feasibility. The existing
literature indicates that the online computational burden of
the MPC optimization problem must be reduced for real-time
scheduling of large-scale railway networks. The problem is
even more challenging when taking time-dependent passenger
OD demands into account.

This paper proposes a novel timetable scheduling model
which can take time-dependent passenger OD demands into
account. An MPC approach is then proposed for real-time
timetable scheduling. Based on the proposed model the MPC
optimization problem can be easily transformed into an MILP
problem, to overcome computational complexity issues.

III. PASSENGER-ORIENTED REAL-TIME TIMETABLE
SCHEDULING MODEL

In this section, we propose a novel model for passenger-
oriented real-time timetable scheduling in urban rail traffic
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networks. Some general explanations and assumptions adopted
for the model formulation throughout this paper are as follows:

1) Since the number of passengers is very large, the approx-
imation error of treating it as a real-valued variable is
relatively small. Hence, variables indicating the number
of passengers are regarded as real-valued variables.

2) The paper focuses on optimizing arrival and departure
times of trains, and hence, short-turning, stop-skipping,
and rolling stock circulation are not considered.

3) A platform can only accommodate one train at a time,
and the order of trains at a platform is fixed.

The notations used in this paper are introduced in
Section III-A. Then, the simplified passenger flow model is
proposed in Section III-B. In Section III-C, the train operation
model related to the simplified passenger flow model is given.

A. Notations

Sets and Indices

j Index of stations, j € S, § is the set of stations
p Index of platforms
kp Index of cycles at platform p; also indicating the

train visiting platform p at cycle &,
Successor platform of platform p
Predecessor platform of platform p

sP< (p)
PP (p)

Input Parameters

cplkp) Length of cycle k), at platform p

Ly(kp) Starting time of cycle k, at platform p

rp(kp) Minimum running time of train from plat-
form p to its successor platform at cycle k)

rp(kp) Maximum running time of train from plat-

form p to its successor platform at cycle k),
Tt Minimum dwell time of train at platform p

hin Minimum headway of platform p
l;t?;}"“(kp) Passenger arrival rate at station j with sta-
tion m as their destination at cycle k,
Bi.pm Splitting rate of passengers at station j who
are assigned to platform p with destination
m as their destination
ga(}"m Transfer rate of passengers from platform
p to platform ¢ with station m as their
destination
gf‘qns Average walking time for passengers walk-
ing from platform p to platform ¢
922‘;“0" Duration time for the transfer process from

platform p to platform g

Decision variables

ap(kp)  Arrival time of train at cycle k,, of platform
p

dp(kp) Departure time of train at cycle k, of
platform p

Output variables

rp(k,) Running time of train from platform p to

its successor platform sP!2 (p) in cycle kp
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Tp(kp) Dwell time of train at cycle k, of plat-
form p

Apm(kp) Passenger arrival rate at platform p with
station m as their destination at cycle k,

np.m(kp) Number of passengers with station m as

their destination waiting at platform p

immediately after time kj,cp
arrive,new .
Np,m (kp)  Number of passengers outside the urban
rail network with destination m arriving at

platform p at cycle k,

arrive, trans
(kp)

P Number of transfer passengers with des-

tination m arriving at platform p at
cycle k),

Number of passengers at platform p with
station m as their destination immediately
before the departure of train &,

Number of passengers with station m as
their destination boarding on the train at
cycle k,

before ( k )
board ( kp )

dep ot (kp) Number of passengers on train k, depart-
ing from platform p with station m as their
destination

Number of passengers at platform p with
station m as their destination immediately

after the departure of train k),

fi,
1pm Kp)

gagsm (kp) Number of passengers alighting from train
kp of platform p who want to transfer
to platform ¢ with station m as their
destination

;f"};,am(kp) Number of passengers who continue to
stay on train k;, after the alighting process

alllght(kp) Number of passengers with station m as

their destination alighting from train k, at
platform p

B. Simplified Passenger Flow Model

The passenger origin-destination demands can be described
as a time-varying matrix, and the element of the matrix is
denoted as /I“a“‘)“ (t), with j and m indicating the origin
and destlnatlon stations, respectively. Passengers usually care
about whether there are regular departures at a platform so that
they can plan their journey easily and do not have to wait too
long for the next train if they missed the current train. A train
only visits a platform at a certain time period, and the passen-
ger arrival rate generally does not change significantly during
a short time period. Therefore, at each platform, we discretize
the planning time window into several time intervals of equal
length, where every time interval includes one and only one
arrival-departure pair of a train at the same platform so as to
provide reliable service for passengers. In addition, we assume
the passenger arrival rate is constant in each time interval.
In the sequel, we refer to these time intervals as cycles. The
cycle time for a given platform is then the length of the cycle
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Fig. 1. Illustration of approximating passenger arrival rate.

for that platform.! The cycle times for platform p and platform
q, which are represented by c,(k,) and c,(k,) respectively,
can be different from each other.

The passenger arrival rate longmal (t) at platform p with
station m as destination is determmed by

ongmal t)=PBjp. mlls_t’z;:lion (t),Yp e Pj,Vm € S, (1)

where P; defines a set of platforms at station j; S is the set of

stations in the urban rail network; f; , » is the splitting rate

of passengers at station j who are assigned to platform p with

destination m as their destination, > S, n = 1,Vm € S,
€P;

and f; ,.m can be obtained based 01;1 the historical data.

Fig. 1 illustrates the procedure of approximating the original
passenger arrival rate for the simplified passenger flow model,
where k, represents the index of the cycle at platform p, and
the approximated arrival rate can be calculated by:

Ly(kp)teplkp) !
( ) / orlgma (t)dt (2)
Aoy Cp (kp) pkp) Fpam
where /Iongma](t) represents the original passenger arrival rate,

L, (k) represents the starting time of cycle kp, and ¢, (k) is
the length of cycle k). By introducing the cycle time, the com-
putational efficiency for calculating passenger-related factors
can be significantly improved. Note that the approximation
can be conducted offline to reduce the online computational
burden.

According to the definition of cycle, only one train would
visit platform p at cycle kp; therefore, in this paper, for the

IThe cycle time at a platform can be equal to the expected
departure-departure headway of the basic timetable. Then, we can adjust
departure and arrival times to further improve the basic timetable based
on the detailed passenger demands. We can also generate the expected
departure-departure headway by a higher-level controller; for more details,
we refer to our recent work [37].



LIU et al.: MODELING AND EFFICIENT PASSENGER-ORIENTED CONTROL FOR URBAN RAIL TRANSIT NETWORKS

sake of simplification, we use “train k,” to represent the train
visiting platform p at cycle k.

At each cycle, the number of passengers waiting at the plat-
form is updated as some passengers have boarded on a train
and departed from the platform. The number of passengers
waiting at platform p is updated at every cycle, according
to the new arriving passengers ny. " (kp) from outside the
station, the transfer passengers n?,“;l,‘,' e.trans (g ») from other lines,

and the boarding passengers nl;,‘?f‘,fd (kp), by

np, m(k +1) = np, m(kp) +n arrlve new(kp)
+ naprjryl};/e tranS(kp) . board (kp) 3)

where nj, , (k) denotes the number of passengers with station
m as their destination waiting at platform p at the beginning
of cycle k.

As depicted in Fig. 1, in each cycle, the passenger arrival
rate is regarded as constant, and the number of new pas-
sengers ny.y, - (kp) arriving at platform p with destination
m between k, and k, + 1 can be calculated based on the

passenger arrival rate:

n;r;i:l/e,neW(kp) = cp(kp)ip,m (kp)a 4)

where A, (k) is the passenger arrival rate at platform p with
station m as their destination at cycle k.

Define 9;“;5 as the average walking time for passengers
walking from platform ¢ to platform p, a,(k,) and dp(k,)
as the arriving and departure times of train k, at platform p,
respectively. Then, we introduce a binary variable yk, g4.k,.p
to represent the connection of trains at a transfer station:

b dplkp=1) < aglhe) + O < dp(ky);
4-4-kp,p 0, otherwise,

(5)

with i, g.k,,p = 1 denoting that passengers from train
kq of platform g connect to train k, of platform p, ie.,
passengers from train k, at platform ¢ could arrive at platform
p between the departure of train k, — 1 and k,; otherwise,
when y, .q.k,,p = 0, the passengers from train k; at platform
g cannot connect to train k, at platform p.

With yk,.q.k,,p defined as in (5), the number of passengers

?,”;‘,Ye "4 (k,) transferring from other platforms of station j
and arriving at platform p before the departure of train k), can

be calculated by

amve trans (k ) Z Z ykq,q,kp,pngfl;,sm (kq), (6)

geplat(p) kg eNy

where plat(p) is the set of the platforms at the same station
as platform p, and V; collects the indices of all the cycles of
platform q.

Then, the number of passengers nl;,f,f,olre(kp) at platform p
with station m as their destination immediately before the
departure of train k, can be computed by

before(k ) =npmkp) + (dplky) — Lpkp))Apm(kp)

+ n;n;lr\l,e tram(kp), (7)
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Then, the total number of passengers ngefore(kp) waiting at
platform p immediately before the departure of train k) is

nl]))efore(kp) — Z nl;ffy?re(kp)- (8)
mesS

The total number of passengers n'l’)"a‘d (kp) boarding the train
at cycle k, can be computed by

n (k) = min (cmax,kp — 0 k), n?ff‘“(kp)) , (9)

where Crmaxk, represents the capacity of train k,, at platform
p, and n7™* (k) is the number of passengers remaining on
train k, after the alighting process at platform p.

Therefore, the number of passengers n‘;ﬁer (kp), who cannot
board train k,, waiting at platform p immediately after train
kp departs can be computed by

n;fter (kp) — nl]a)efore (kp) .

If we define

b (k). (10

= Z /lp,m (kp);

meS

Ap(kp) (11
then the number of passengers who cannot board train k, at
platform p with different destinations can be calculated by

Ap,m(kp)
Aplkp) ’
which means the proportion of waiting passengers with
different destinations, who cannot board train k, at plat-
form p, is assumed not to change significantly compared with
the proportion of passengers arriving in the current cycle.
As A, m(kp) is defined as a known constant, nafter (kp) can
be computed linearly.

Then, the number of boarding passengers ntl’,?ﬁlrd(kp) with
destination m can be computed by

board ( k ) efore ( kp)

after (kp) after (kp) ( 1 2)

after(kp) (13)

When train &, arrives at platform p, the number of passen-
gers n%, (k) with station m as their destination on train k),
transferring from platform p to platform ¢ can be calculated
by

d
nyt (kp) = Bt nioh (o) k), Va € plat(p)/{p), (14)

where ndfj}f;” (kp) denotes the number of passengers with

destlnatlon m on train k, immediately after the train departure
from the predecessor platform pP@ (p) of platform p, and

gaq‘nm is the transfer rate of passengers on train k,, trans-
ferring from platform p to ¢ € plat(p) with destination m

immediately after arrival at platform p, and

train  __
> Brgm=1

geplat(p)

5)

The transfer rate of passengers can be obtained based on the
historical data or by a shortest path algorithm, e.g., Yen’s
algorithm [38], assuming that passengers select the platform
corresponding to the shortest path to reach their destination.
Remark 2.1: Tt is worth noting that A" denotes the

p,psm
proportion of passengers with m as their destination remaining



3330

on ftrain k, at platform p after the alighting process, i.e.,
no transfer behavior is needed; thus, we have n{;*}*, (k) = 0.

In particular, If the arrival station is not a transfer station, then
train
ppm = 1.
Remark 2.2: Define sta(p) as the station corresponding to
platform p. For passengers whose destination is the arrival

station, i.e., j = sta(p), we set ,[)’gf‘;rjj = 1 and ﬁgf;‘jj =

0,Yqg € plat(p)/{p}, which means passengers who have

arrived at their destination will directly exit the station j

from platform p without any transfer behavior, and we have
ntes (kp) = 0, Vq € plat(p).

The number of passengers nremam (k) remaining on the train

at platform p in cycle k, with destlnatlon m after the alighting
process can be calculated by

remam
p m (kp)

depart
pPa(p).m

train

p.pom (kp),Ym € §/{sta(p)}.

In other words, nremam(kp) represents the number of pas-
sengers who continue to stay on train k, after the alighting
process. In particular, passengers, who have arrived at their
destination station when train k, arrives at platform p, will
alight from the train directly, i.e., no passengers with desti-

nation sta(p) will remain on train k), after arriving at station

sta(p), n;ef;lt*y(np) (kp) = 0. .
Having (16), the total number of passengers n);™*"(k))

remaining on train k, at platform p after the alighting process

can be calculated by

nr;mam(kp) — Z nr;j;lzam(kp)'

meS

(16)

A7)

Then, the number of passengers n‘}fﬁj‘“ (k) with station m as
their destination, who will depart from platform p at time &k,
can be computed by

c[l)eﬁlart (kp) — nremam (kp) + nboard (kp) (1 8)

The total number of passengers n, depar t(k »), who will depart
from platform p at time k,, can be calculated by

Z depart (kp)

meS

P k) = (19)

The total number of passengers n?,hght(kp) alighting from
train k, at platform p can be calculated by

ligh d
na[l)lg t(kp) — np;[zzzn) (kp) remam (kp) (20)
where nssgz(“;) (k) denotes the total number of passengers on

board of train k, departing from the predecessor platform
pP'2 (p) of platform p.

C. Train Operation Model

In this paper, we assume the order of trains at each platform
is fixed, and the aim is to generate departure and arrival
times by incorporating the detailed time-dependent passenger
OD demands of the urban rail network to further improve
passenger satisfaction. In this context, for a general urban rail
transit timetable scheduling problem, the operation of trains
can be described by arrival times, dwell times, departure times,
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and running times. These variables interact with each other by
several constraints to guarantee the conflict-free and efficient
traffic operation.

Based on the definition of the cycle, we can generate
the lower and upper bounds of each cycle according to the
expected departure-departure headway. Then, the arrival and
departure times of train k, at platform p should satisfy

Lykp) <ap(ky) <dpky) < Lykp)+cplky),

where L,(k,) is the starting time of cycle k, at platform
p, and ¢, (k) is the length of cycle k,; a,(k,) and dp(k,)
represent the arrival time and the departure time of train k), at
platform p, respectively.

The dwell time 7,(k,) of train k, at platform p can be
calculated by

21

tplhp) = dpkp) —ap(kp), (22)
and 7,(k,) should be constrained by
tp(kp) = T, (23)

where r;‘i“ is the minimum dwell time.
Then, the arrival time of train k, at platform p is also

constrained by the departure-arrival headway constraint

ap(kp) = dp(kp—1) + 3™, (24)

where dj(k, —1) is the departure time of train (k, —1) at
platform p, and h’;‘in is the minimum headway between two
successive trains at platform p.

The arrival time of train k,, at the successor platform sPI2 (p)
of platform p is

=dykp) +rpkp),

where r, (k) represents the running time of train k, from plat-
form p to platform sP'2 (p), and rp(kp) should be constrained
by

Adgpla (») (kp) (25)

rmi“(kp) <rplkp) <™ (kp), (26)

where r**(kp) and rm"‘(kp) are maximal and minimal run-
ning time of train k, from platform p to sP12 (), respectively.
The minimum running time is limited by the condition of the
line, speed limit, and train characteristics, and the maximum
running time is determined by the operational requirement.

IV. MODEL PREDICTIVE CONTROL FOR
PASSENGER-ORIENTED TIMETABLE SCHEDULING

Model predictive control is a control method that repeatedly
solves finite-horizon optimization problems and implements
optimized decisions in a moving horizon manner [39]. In the
MPC scheme, the current control action is obtained by solving
an optimization problem over a finite-horizon window. The
optimization yields a control sequence, but only the first
control action is implemented in the real system. At the next
control step, the optimization is conducted again using updated
state information and with a shifted finite-horizon window.
This moving horizon optimization procedure is repeated until
the end of the overall control period.
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In this paper, the control time interval of each platform
is defined as the cycle time of the platform. Given the train
is assumed to run from the starting platform to the terminal
platform of a line, the cycle times of all platforms of a line are
identical. As cycle times can be different for different lines,
we introduce control time interval Ty, and the control time
step is indexed as x. The number of cycles included in one
time step for different platforms can be different. The MPC
method can be described by the following three elements:

1) Prediction model.
The passenger-oriented urban rail traffic network model
developed in Section III can be used as the prediction
model for the MPC controller. The model is a nonlinear
model, and, for each cycle, it can be represented as
follows:

Pk +1) = F (1. 06p), 105, (k). g (Kp) )
27)

where np, ,,(k,) is the number of passengers waiting at

platform p with station m as their destination at the

beginning of cycle & ; ng;‘l;,‘fm (kp) represents the number
of passengers transferring from other platforms (denotes
as g) at the same station; g,(k,) collects the decision
variables including arrival and departure times of trains
at cycle k), of platform p.

2) Optimization problem.
The waiting time of passengers at the platform is an
important criterion to evaluate passenger satisfaction.
Furthermore, to further improve passenger satisfaction
a penalty factor is added for passengers who cannot
board a train because of the train capacity. Hence, in this
paper, an objective function of the following form is

considered:
J= z z (nl;)efore (kp)cp (kp)_’_é:nz;)fter (kp)Cp (kp)) ,
PEPkyeN k)

(28)

where V), () is the set indices of trains visiting platform
p within the prediction window starting at control step
x, P denotes the set of platforms of the considered urban
rail network; ngefore (kp) and ni‘,ﬁer (k,) represent the
number of passengers waiting at platform p immediately
before the departure of train k,, and immediately after
the departure of train k,, respectively, and ¢ is a non-
negative weight.

Generally speaking, passengers waiting at a platform
consist of two classes of passengers, i.e., passengers who
cannot board the previous train and the new arrival pas-
sengers. For all the passengers waiting at the platform,
the largest waiting time is the time interval between two
adjacent departure times, therefore the first term in (28)
is used as the cost function of total passenger waiting
time, which, loosely speaking, provides an upper bound
of the passenger waiting time. The passengers who can-
not board the train have to stay at the platform and wait
for the next train, so a penalty factor ni‘,ﬁer (kp)ep(kp) is
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Fig. 2. MPC for passenger-oriented timetable scheduling.

employed to make the trains carry as many passengers
as possible.

Therefore, the optimization problem for MPC in each
control step is

minJ=3 3 (nbRr(ky) +nt k) cplhp),
8(x) pEP kpeN,(x)

st. (1) — (14), (16) — (26),
(29)

where g(x) collects all decision variables g, (k, |x ) for
all platform p and all k, € N, (k).
3) Moving horizon optimization.

Solving the optimization problem (29) results in a
sequence of decision variables represented by g(x), and
only the decision variables at the current time step are
implemented to the real-life urban rail network. At the
next control time step x + 1, the time window is shifted
for one step, and the optimization problem is solved
again based on the new information collected from the
urban rail network. The procedure of the closed-loop
control scheme is shown in Fig. 2.

As the length of cycle time at a platform can be equal to
the departure headway of a basic timetable, cycle times that
can ensure constraint satisfaction of problem (29) can always
be found, i.e., a feasible solution is always available if we
use the basic timetable. Therefore, the recursive feasibility of
MPC can be ensured.

V. SOLUTION APPROACHES

The resulting optimization problem in Section IV is a
nonlinear non-convex problem because of (5), (6), and (9). The
problem can be solved by nonlinear optimization approaches,
e.g., sequential quadratic programming approach. In order
to increase the online feasibility of the problem, the MPC
optimization problem is formulated as a mixed-integer linear
programming (MILP) problem and a simplified mixed-integer
linear programming (SMILP) problem, which can be solved
efficiently by existing solvers.
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A. Sequential Quadratic Programming Approach

Sequential quadratic programming (SQP) approach is a
gradient-based nonlinear programming approach, which is
widely used in many fields to solve nonlinear optimization
problems [40]. In SQP, a sequence of quadratic programming
problems is solved to get descent directions of the original
problem. The objective function and the constraints of the
optimization problem should be continuously differentiable
when applying the SQP algorithm. In this paper, the optimiza-
tion problem has some points of non-smoothness due to the
min function in (9). As the optimal solution is generally not
obtained at the points of non-smoothness, the SQP approach
can jump over these points. Since the SQP algorithm might
obtain a local optimal solution when handling non-convex
problems, multi-start SQP is used to improve the solution
quality of SQP in this paper.

B. Mixed-Integer Linear Programming Approach

In this section, the MPC optimization problem is trans-
formed into an MILP problem, by introducing auxiliary binary
variables to handle the nonlinear terms in (5), (6), and (9).

In order to transform (5) into a mixed logical dynami-
cal (MLD) system [41], the time checking binary variable
Xk,.q.k,,p 18 introduced as

L it aglkg) + 60 < dp(kp);

Xkg,q.kp,p = [0, otherwise, Y

where a,(ky) is the arrival time of train k, at platform g,
H;Zg‘s represents the average transfer time from platform ¢ to
platform p, and d,(k,) denotes departure time of train k, at
platform p.

We define M; and m; as the maximum and minimum value
of the departure (arrival) time, which are finite as we consider
problems in a finite time window.?> Then, (30) is equivalent to

i aq(kq) + 0,7 —dp(ky) < (1 = Xky g,k p) (Me—dp(kp)) 5

aq(ky) + H‘tf’?‘s—dp(kp) > &4 Xky.q.kp.p (mt—dp(kp)—e) ,

(3D
where ¢ is a sufficient small number (generally the machine
precision) [41]. Define

Vigqokp.p = Xkgoqkp.p — Xkgoq.kp—1,p- (32)

Then, based on Lemma 5.1, (5) is equivalent to (31) and (32).

Lemma 5.1: Given Y, q.k,.p = Xky.q.kp.p — Xkg.q.kp—1,ps

dp(k,—1) < aq(ky) + 9}1{?‘5 < d,(kp) holds if and only if
Vig.qkp.p = 1; otherwise, Vigoqkp.p = 0.

Proof: From the definition of x, 4.x,,p in (30), we have
Xky.q.kp.p = Xky.q.k,—1,p- Then, we have the following three
situations based on the value of a,(k;) + 633;‘5:

if ag(kg) + 0,5° > dp(kp), we have xg, gk, p = 0 and
Xieyq.hkp—1,p = 05 then, yi, g.k,.p = 05

if dptkp—1) < aqlky) + 0,5 < dp(kp), we have
Xkygoqkpop = 1 and Xkgoqikp—1,p = 0; then, Vkgq.kp.p = 1;

if ag(kq) +0,5° < dp(kp—1), we have xg, 4.k, = 1 and
Xkyoqkp—1,p = 1; then, Vig.g.kp.p = 0. O

2The value of M, can be the length of the planning time window, i.e.,
Mt = teng, and my can be equal to 0.
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The min function in (9) can be handled by introducing the
auxiliary binary variable (5,'?23;‘1 and the auxiliary real variable
Jk,.p- Define

Sepup = (Conany, = 5™ (K ,)) = e (ky),  (33)

Then, the expression 5,?1‘331‘)‘1 =1 fkp, » =< 0 is equivalent to
board

Jipp = Mp (1 — 9 ) g

board
fipp = €+ (mp —¢) R

(34)

where M), and mp are the maximum value and the minimum
value of f, p, respectively.
Having (34), the expression (9) is equivalent to

k) = o (Coanty — 5™ k)

(1= ofomsd) mbetore k). (35)

After introducing auxiliary variables in (30) and (34),
we still have nonlinear terms, i.e., the product of binary
variables and real variables in (6), (31), and (35). The product
of binary variables and real variables can be transformed into
linear inequalities by introducing some auxiliary variables by
using the method presented in [41] and [42]. The details of
the transformation are given in Appendix A.

In summary, we introduce three equivalence transforma-
tions, i.e., (5) with (31)-(32), (9) with (33)-(35), and (37)
with (38) in Appendix A. The proof for “(5) is equivalent
to (31)-(32)” is provided in Lemma 5.1. The equivalence of
“(9) and (33)-(35)” and “(37) and (38)” can be found in [41]
and [42]. Based on the above transformations, we can finally
obtain an MILP problem that is exactly equivalent to the
original optimization problem.

C. Simplified Mixed-Integer Linear Programming Approach

In Section V-B, several auxiliary variables and constraints
are introduced to handle the train capacity constraints in (9)
which calculates the possible number of boarding passengers
at a platform. These constraints play an important role in
accurately calculating the number of passengers in peak hours,
when there are a large number of passengers waiting at
platforms. During the peak hours, not all passengers can board
the current train, and, instead, some passengers must wait
for the next train at the platform. However, in off-peak hours,
the number of passengers waiting at the platform is relatively
small, and almost all passengers can board the current train
upon their arrival. In this case, we can disregard the train
capacity constraints in (9), and hence the constraints (33), (34),
and (35) are not required. Therefore, we can further reduce the
computational burden.

With this simplification, the number of passengers who can
board the train at cycle k), is equal to the number of waiting
passengers, i.e., (9) will be replaced with:

nl;)oard (kp) — nt;)efore (kp). (36)

3The value of Mp can be a very large value related to train capacities, i.e.,
Mp=10 - Crmax,kp» and m¢ can be a small value, i.e., mp=-10 - Crax,kp -
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The simplification results in a simplified mixed-integer linear
programming (SMILP) problem.

As mentioned in Section V-A, the SQP algorithm might
get stuck in a local optimal solution when handling non-
convex problems. In this context, several starting points are
required for SQP, so as to improve the solution quality. The
simplified problem is solved by disregarding train capacity
constraints, and other constraints are identical with the original
MILP problem. Therefore, instead of doing multi-start SQP,
the SMILP formulation can be used to get an initial solution;
then, this initial solution is employed as the starting point of
SQP for the original nonlinear optimization problem.

VI. CASE STUDY

In this section, simulations are performed to evaluate the
effectiveness of the developed passenger-oriented urban rail
traffic model and the MILP-based MPC approach. We first
simulate the urban rail network using the proposed model and
the model in [13] and [33] based on the real-life operation data
of part of the Beijing metro network, and simulation results
are used to test the accuracy of the proposed model. Then,
numerical experiments are designed to test the performance of
the solution approaches and the corresponding MPC controller.

A. Assessment of the Proposed Model

To the best of the authors’ knowledge, there is no commonly
recognized accurate model for passenger-oriented urban rail
networks, and the most accurate model we found in the
literature is the model in [13] and [33]. Therefore, in this
paper, we define the model in [13] and [33] as an “accurate
model” to simulate the real-life urban network and to test the
accuracy of our model.

The real-life network we use is shown in Fig. 3. The
network contains two bi-directional lines that consist of 19 sta-
tions and 40 platforms. The passenger OD data used for the
case study are obtained based on the real-life entering and
exiting passenger flows of automatic fare collection systems.
The passenger flows over each half-hour are recorded and
stored. In the real-life data used for the case study, passenger
arrival rates in different stations have different dynamics. The
lines we use contains both normal and over-saturated lines. For
the simulation, we use the real-life passenger data from the
Beijing Subway, which is one of the busiest subway systems
in the world. Line 9 is one of the busiest lines in the Beijing
subway network. In order to show the effectiveness of the
developed method in severely congested situations, we select
the data corresponding to Line 9 during the morning peak
hours from 7:00 to 9:00 for the simulation.

We use MATLAB (R2019b) for simulations on a computer
with an Intel Xeon W-2223 CPU and 8GB RAM. The main
parameters associated with the simulation are listed in Table I.
In the developed model, we use the departure-departure head-
way as the cycle time, which is equal to the sum of the dwell
time and the departure-arrival headway of the basic timetable.
In the developed model, variables related to the number of
passengers for all platforms are updated every cycle.
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Fig. 3. Real-life network of 2 lines from Beijing subway.

TABLE I
PARAMETERS FOR SIMULATION OF LINE 9 AND LINE 14

Parameters Line 9 Line 14
Dwell time 7, (kp) 60 s 60 s
Departure-arrival headway 180 s 180 s
Cycle time cp(kp) 240 s 240 s

Number of trains 20 20

Train capacity 2400 2400
Average transfer time tha‘“s 60 s 60 s
Average transfer duration HS}Zration 60 s 60 s
Cruising speed 80 km/h 80 km/h

At each platform, the comparisons are conducted with three
key values in the model, i.e., the accumulated number of
passengers boarding the trains, the number of departing pas-
sengers, and the accumulated number of passengers that cannot
board. The number of boarding passengers and departing
passengers can reflect the utility of trains, which are related
to operational costs, as the train operation company wants to
transport as many passengers as possible with the available
trains. The number of passengers who cannot board is related
to passenger satisfaction, because if passengers cannot board
the current train upon their arrival, they have to wait for the
next train.

We conduct simulations using both the accurate model and
the developed model. For each line and each platform, we get
the accumulated number of boarding passengers, the number
of departing passengers, and the accumulated number of
passengers that cannot board. The computation times needed
to simulate the accurate model and the proposed model for the
given period are 1.17 s and 0.24 s, respectively. The platform
with the largest deviation between the proposed model and
the accurate model is selected to illustrate the accuracy of the
proposed model. The deviations are shown in Table II.

For the accumulated number of boarding passengers,
Line 9 Station LLQ (up direction platform) and Line 14 Station
DWY (down direction platform) have the largest deviation,
with an error of 8.14% and 0.58%, respectively. The simula-
tion results of the platforms are also shown in Fig. 4.
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TABLE 11
THE LARGEST DEVIATION FOR EACH LINE

Passengers Line 9 Line 14
Acc. # of boarding passengers 8.14% 0.58%
Number of departing passengers 11.59% 1.25%
Acc. # of pass. who cannot board  5.43% 0.1%
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Fig. 4.  Accumulated number of boarding passengers at platforms.
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Fig. 5. Number of departing passengers at each time step.

The largest deviation of the number of departing passengers
for the lines occurs at Line 8 Station BSQN (up direction
platform) and Line 14 Station DWY (down direction platform),
with an error of 11.59% and 1.25%, respectively (see Fig. 5).

For the accumulated number of passengers that cannot
board, the largest deviation happens at Line 9 Station LLQ
(up direction platform) and Line 14 Station GZZ (up direction
platform), with an error of 5.43% and 0.1%, respectively, and
we also provide the simulation results in Fig. 6.

According to above simulation results, we can conclude that
the developed model can model the passenger flows with a
maximal error of around 10% while the simulating time is
reduced with a factor about 5, compared with the accurate
model. Therefore, with an acceptable loss of accuracy, the
proposed model can efficiently incorporate time-dependent
passenger OD demands into the real-time timetable scheduling
problem, which provides more possibilities to develop fast
solution methods.
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Fig. 6. Accumulated number of passengers that cannot board at platforms.

TABLE III
PARAMETERS FOR TRAIN OPERATION CONSTRAINTS

Parameters Line 9 Line 14
Minimum dwell time 30s 30s
Minimum headway 144 s 144 s

Maximum running time
Minimum running time

1.3- Tregular
0.8- Tregular

1.3 Tregular
0.8- Tregular

B. Open-Loop Optimization Based on the Proposed Model

Now we perform numerical experiments for open-loop opti-
mization to illustrate the solution quality and computation time
of the approaches provided in Section V, which can reflect
the effectiveness and the real-time feasibility of the developed
MPC controller. The model in [13] and [33] is also used as the
accurate model to simulate the “real-life network”, in order to
compare and evaluate the performance of the approaches.

We use the same urban rail network as introduced in
Section VI-A, and the parameters for train operation con-
straints are listed in Table III, where rregular indicates the
running time from the corresponding platform to its successor
platform of the basic timetable.

For the SQP approach, we use the fmincon function of the
MATLAB Optimization Toolbox, and we adopt the gurobi
solver implemented in MATLAB (R2019b) to solve the MILP
problem. The experiments are performed on a computer with
an Intel Xeon W-2223 CPU and 8GB RAM.

The basic timetable of the given urban rail network can
be calculated by the parameters in Table I and the dis-
tance between each pair of consecutive platforms. The basic
timetable represents the case without optimization. In the
case study, we use the same data set with Section VI-A.
We optimize the arrival and departure times of each platform
for 5 time steps (i.e., 5 - Tcil). As the real-time feasibility is
also important for the online implementation of an approach,
the maximum solution time is set as 3600 s.

Simulation results are shown in Table IV, where the perfor-
mance is the value of the objective function in (28). We find
that all the approaches have better performance than basic
timetable. In particular, the MILP approach has the best
performance with the improvements for 22.66% compared
with the basic timetable, while the improvement of SQP
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TABLE IV

COMPARISON OF PERFORMANCE AND COMPUTATION TIME
CORRESPONDING TO DIFFERENT PROBLEM FORMULATIONS

Method Objective function  CPU time (s)
Basic timetable 1.3813 - 10% -

SQP (1 starting point) 1.1344 - 10* 264.3

SQP (10 starting points) ~ 1.1225 - 10% 2845.7
SMILP (+SQP) 1.1285 - 104 8.2
MILP-int 1.0831 - 104 3600.0
MILP 1.0683 - 104 6.4

(with 1 starting point), SQP (with 10 starting points), and
SMILP+SQP are 17.87%, 18.74%, and 18.30%, respectively.

In order to investigate the impact of regarding the variables
related to the number of passengers as real-valued variables,
we conduct an extra case study using the MILP formulation
and by regarding passengers’ number as integer variables,
which is indicated as MILP-int in Table IV. We can find that
the objective function value of MILP-int is very close to that
of MILP. As the number of integer variables grows rapidly, the
CPU time however increases dramatically, and the MILP-int
approach cannot get its optimal solution within 3600 s, which
indicates that MILP-int is not a suitable choice for real-time
timetable scheduling.

The simulation results show that MILP performs best in
terms of solution quality and solution time, which indi-
cates that we can use the MILP-based MPC controller for
real-time timetable scheduling. We can also find that the SQP
approach is a bit time consuming compared with the MILP
approach. SQP can easily fall into a suboptimal solution of
the non-convex optimization problem, and the implementation
of multi-start SQP can help to improve the performance of
SQP. However, the computational burden of multi-start SQP is
much larger than single-start SQP, which would also influence
the real-time feasibility of MPC. The SMILP approach can
be used to find a starting point for the SQP approach so
as to further improve the performance. In the case study,
the solution obtained from SMILP approach is already a
suboptimal solution of SQP; therefore, the application of SQP
cannot further improve the performance of SMILP.

C. Closed-Loop Control for Real-Time Timetable Scheduling

In Section VI-A and Section VI-B, we have illustrated the
effectiveness of the developed model and the MILP-based
approach, respectively. In this section, numerical experiments
are conducted from the control side based on the accurate
model (i.e. the model of [13] and [33]) and the newly
developed model.

The urban rail network is shown in Fig. 3, and all set-
tings related to the numerical experiment are identical with
Section VI-B. The simulation is conducted for 15 time steps
and the prediction horizon of MPC is 5 (i.e. 5 T¢). In the
developed model, variables related to the number of passengers
are updated every time step.

It has been illustrated in Section VI-B that MILP-based
formulation performs best among the optimization approaches
provided in Section IV; therefore, we only use the MILP-based
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TABLE V
PERFORMANCE OF MPC IN REAL-TIME TIMETABLE SCHEDULING

CPU time (s)

Prediction model ~ Performance
tavrg tmax
Basic timetable Accurate model  7.0692-10% - -
SQP-based MPC  Accurate model ~ 6.1104-10*  1799.4  2680.5
MILP-based MPC ~ Proposed model ~ 5.6763 - 10* 4.0 9.1
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Fig. 7. Basic timetable.

MPC when employing the newly developed model as the
prediction model. For the accurate model, we use SQP-based
MPC as it is difficult to transform the MPC optimization prob-
lem of the accurate model into an MILP or SMILP problem.
As real-time feasibility is important for MPC, in this section,
we conduct numerical experiments for SQP-based MPC (with
one starting point) to obtain an acceptable performance. For
further improvement of SQP-based approach (with the cost of
increasing computational burden), we refer to multi-start SQP
approach which has been included in Section VI-B.

As Table V shows, both SQP-based MPC and MILP-based
MPC perform much better than the basic timetable, with
an improvement of 13.56% and 19.70% respectively in the
performance, which indicates that SQP-based MPC and MILP-
based MPC can be used to improve the performance of the
basic timetable. Although we use a more accurate model for
SQP-based MPC, MILP-based MPC performs slightly better
than SQP-based MPC, as SQP can fall into suboptimal solution
in the timetable scheduling problem.

We collect the computation time of the MPC optimization
problem in each control step. The average and maximum
CPU time of SQP-based MPC are 1799.4 s and 2680.5 s,
respectively, which indicates SQP-based MPC may not be a
suitable choice for real-time timetable scheduling. MILP-based
MPC is time efficiency, with average and maximum CPU time
as 4.0 s and 9.1 s, respectively.

In order to graphically show the results, we depict a part
of the timetable from Line 9 in the considered time window.
The basic timetable, the timetable generated by SQP-based
MPC, and the timetable generated by MILP-based MPC
are shown in Fig. 7, Fig. 8, and Fig. 9, respectively. Both
SQP-based MPC and MILP-based MPC can adjust the arrival
and departure times in real time so that the performance of
the corresponding timetable is improved compared with that
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Fig. 10. Total number of departing passengers at each time step.

of the basic timetable. The timetable of SQP-based MPC is
not the same as that of MILP-based MPC, because we only
take one starting point (considering the real-time feasibility of
the approach), which would typically result in a suboptimal
solution. In order to show the impact on the passengers of
different timetables more clearly, the variables related to the
number of passengers are analyzed in the following.

The total number of departing passengers for all lines and all
platforms is depicted in Fig. 10. The timetable obtained from
the MILP-based MPC approach results in more boarding and
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departing passengers, which means the resulting timetable can
make better use of the available trains.

The total number of waiting passengers before the train
departs and the total number of passenger who cannot board
the train, for all lines and all platforms, is depicted in Fig. 11
and Fig. 12, respectively. We can find that the timetable
obtained from the MILP-based MPC controller results in less
number of waiting passengers and less number of passengers
who cannot depart, i.e., more passengers can board their target
trains, which indicates that MILP-based MPC can help to
improve passenger satisfaction.

VII. CONCLUSION

In this paper, we have proposed a novel passenger flow
model for real-time timetable scheduling of urban rail net-
works. By introducing the cycle time, the time-dependent
passenger origin-destination demands can be modeled very
efficiently, with a loss of accuracy at around 10% compared
with an accurate model for a simulation including part of
Beijing urban rail network. Furthermore, a model predic-
tive control framework was proposed for real-time timetable
scheduling. In order to increase the real-time feasibility of
MPC, the optimization problem in MPC has been transformed
into a mixed-integer linear programming problem, which can
be solved very fast by existing MILP solvers. Simulation
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results indicate that the MILP approach can greatly reduce
the online computational burden of the MPC controller with
the developed model. The developed model and MILP-based
MPC controller can be used in real-time timetable scheduling
for real-life passenger-oriented urban rail networks.

In our future work, we will investigate the possibility of
using MILP-based MPC combined with more accurate models
by designing efficient methods to transform or approximate the
integral of the passenger arrival rates into mixed-integer linear
inequalities. We will design distributed control approaches for
large-scale networks, where the developed MILP-based MPC
controller will be used as the local controller. Furthermore,
flexible coupling of trains will be considered, so that the
capacity of trains at each cycle can be adjusted based on
passenger demands. The influence of uncertain passenger
demands and the order of trains will also be a topic for future
research.

APPENDIX A

The product of real-valued variable f and binary variable
0 can be transformed into linear inequalities by introducing
an auxiliary real-valued variable z using the method in [41]
and [42], with

z=0"f. 37
Then, z =0 - f is equivalent to
7 < My o,

zzmy o, (38)

2= f-—mp(1-9),
2= f—=Mp(1-9),

where My and m s denote the maximum and minimum value
of f, respectively.

REFERENCES

[11 T. J. J. van den Boom and B. De Schutter, “Modelling and control
of discrete event systems using switching max-plus-linear systems,”
Control Eng. Pract., vol. 14, no. 10, pp. 1199-1211, Oct. 2006.

[2] A. D’Ariano, D. Pacciarelli, and M. Pranzo, “A branch and bound
algorithm for scheduling trains in a railway network,” Eur. J. Oper. Res.,
vol. 183, no. 2, pp. 643-657, Dec. 2007.

[3] X. Wu, M. Yang, W. Lian, M. Zhou, H. Wang, and H. Dong, “Cascading
delays for the high-speed rail network under different emergencies:
A double layer network approach,” IEEE/CAA J. Automat. Sinica, early
access, May 4, 2022,

[4] Y. Wang, A. D’Ariano, J. Yin, L. Meng, T. Tang, and B. Ning, “Pas-
senger demand oriented train scheduling and rolling stock circulation
planning for an urban rail transit line,” Transp. Res. B, Methodol.,
vol. 118, pp. 193-227, Dec. 2018.

[5] G. Cavone, T. van den Boom, L. Blenkers, M. Dotoli, C. Seatzu, and
B. De Schutter, “An MPC-based rescheduling algorithm for disruptions
and disturbances in large-scale railway networks,” IEEE Trans. Autom.
Sci. Eng., vol. 19, no. 1, pp. 99-112, Jan. 2022.

[6] P. Wang, L. Ma, R. M. P. Goverde, and Q. Wang, “Rescheduling trains
using Petri nets and heuristic search,” IEEE Trans. Intell. Transp. Syst.,
vol. 17, no. 3, pp. 726-735, Mar. 2016.

[71 P. Mo, L. Yang, A. D’Ariano, J. Yin, Y. Yao, and Z. Gao, “Energy-
efficient train scheduling and rolling stock circulation planning in a
metro line: A linear programming approach,” IEEE Trans. Intell. Transp.
Syst., vol. 21, no. 9, pp. 3621-3633, Sep. 2020.

[8] Z. Hou, H. Dong, S. Gao, G. Nicholson, L. Chen, and C. Roberts,
“Energy-saving metro train timetable rescheduling model considering
ATO profiles and dynamic passenger flow,” IEEE Trans. Intell. Transp.
Syst., vol. 20, no. 7, pp. 2774-2785, Jul. 2019.

3337

[91 Y. Zhu and R. M. P. Goverde, “Railway timetable rescheduling with
flexible stopping and flexible short-turning during disruptions,” Transp.
Res. B, Methodol., vol. 123, pp. 149-181, May 2019.

[10] Y. Wang, B. Ning, T. Tang, T. J. J. Van den Boom, and B. De Schutter,
“Efficient real-time train scheduling for urban rail transit systems using
iterative convex programming,” IEEE Trans. Intell. Transp. Syst., vol. 16,
no. 6, pp. 3337-3352, Dec. 2015.

[11] J. Yin, L. Yang, T. Tang, Z. Gao, and B. Ran, “Dynamic passenger
demand oriented metro train scheduling with energy-efficiency and wait-
ing time minimization: Mixed-integer linear programming approaches,”
Transp. Res. B, Methodol., vol. 97, pp. 182-213, Mar. 2017.

[12] Y. Zhu and R. M. P. Goverde, “Integrated timetable rescheduling and
passenger reassignment during railway disruptions,” Transp. Res. B,
Methodol., vol. 140, pp. 282-314, Oct. 2020.

[13] Y. Wang, T. Tang, B. Ning, T. J. J. van den Boom, and B. D. Schutter,
“Passenger-demands-oriented train scheduling for an urban rail transit
network,” Transp. Res. C, Emerg. Technol., vol. 60, pp. 1-23, 2015.

[14] J. Yin, A. D’Ariano, Y. Wang, L. Yang, and T. Tang, “Timetable
coordination in a rail transit network with time-dependent passenger
demand,” Eur. J. Oper. Res., vol. 295, no. 1, pp. 183-202, Nov. 2021.

[15] S.J. Qin and T. A. Badgwell, “A survey of industrial model predictive
control technology,” Control Eng. Pract., vol. 11, no. 7, pp. 733-764,
Jul. 2003.

[16] D. Q. Mayne, “Model predictive control: Recent developments and
future promise,” Automatica, vol. 50, no. 12, pp. 2967-2986, Dec. 2014.

[17] J. Fu, A. Nunez, and B. De Schutter, “Real-time UAV routing strategy
for monitoring and inspection for postdisaster restoration of distribution
networks,” IEEE Trans. Ind. Informat., vol. 18, no. 4, pp. 2582-2592,
Apr. 2022.

[18] S.Lin, B. De Schutter, Y. Xi, and H. Hellendoorn, “Fast model predictive
control for urban road networks via MILP,” IEEE Trans. Intell. Transp.
Syst., vol. 12, no. 3, pp. 846-856, Sep. 2011.

[19] S. Lin, B. De Schutter, Y. Xi, and H. Hellendoorn, “Efficient network-
wide model-based predictive control for urban traffic networks,” Transp.
Res. C, Emerg. Technol., vol. 24, pp. 122-140, Oct. 2012.

[20] FE. Corman, A. D’Ariano, D. Pacciarelli, and M. Pranzo, “A tabu search
algorithm for rerouting trains during rail operations,” Transp. Res. B,
Methodol., vol. 44, no. 1, pp. 175-192, Jan. 2010.

[21] P. Xu, F. Corman, Q. Peng, and X. Luan, “A timetable rescheduling
approach and transition phases for high-speed railway traffic during
disruptions,” Transp. Res. Rec., J. Transp. Res. Board, vol. 2607, no. 1,
pp- 82-92, Jan. 2017.

[22] S. Zhan, L. G. Kroon, L. P. Veelenturf, and J. C. Wagenaar, “Real-time
high-speed train rescheduling in case of a complete blockage,” Transp.
Res. B, Methodol., vol. 78, pp. 182-201, Aug. 2015.

[23] R. M. P. Goverde, “Railway timetable stability analysis using max-plus
system theory,” Transp. Res. B, Methodol., vol. 41, no. 2, pp. 179-201,
Feb. 2007.

[24] B. Kersbergen, J. Rudan, T. van den Boom, and B. De Schutter,
“Towards railway traffic management using switching max-plus-linear
systems,” Discrete Event Dyn. Syst., vol. 26, no. 2, pp. 183-223,
Jun. 2016.

[25] S.Su, X. Li, T. Tang, and Z. Gao, “A subway train timetable optimization
approach based on energy-efficient operation strategy,” IEEE Trans.
Intell. Transp. Syst., vol. 14, no. 2, pp. 883-893, Jun. 2013.

[26] F. Corman and E. Quaglietta, “Closing the loop in real-time railway
control: Framework design and impacts on operations,” Transp. Res. C,
Emerg. Technol., vol. 54, pp. 15-39, May 2015.

[27] X. Luan, Y. Wang, B. De Schutter, L. Meng, G. Lodewijks, and
F. Corman, “Integration of real-time traffic management and train
control for rail networks—Part 1: Optimization problems and solu-
tion approaches,” Transp. Res. B, Methodol., vol. 115, pp. 41-71,
Sep. 2018.

[28] X. Luan, Y. Wang, B. De Schutter, L. Meng, G. Lodewijks, and
F. Corman, “Integration of real-time traffic management and train
control for rail networks—Part 2: Extensions towards energy-efficient
train operations,” Transp. Res. B, Methodol., vol. 115, pp. 72-94,
Sep. 2018.

[29] D. Canca, E. Barrena, E. Algaba, and A. Zarzo, “Design and analysis
of demand-adapted railway timetables,” J. Adv. Transp., vol. 48, no. 2,
pp. 119-137, 2014.

[30] Y. Wang, B. D. Schutter, T. J. J. V. D. Boom, B. Ning, and
T. Tang, “Efficient bilevel approach for urban rail transit operation
with stop-skipping,” IEEE Trans. Intell. Transp. Syst., vol. 15, no. 6,
pp. 2658-2670, Dec. 2014.



3338

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS, VOL. 24, NO. 3, MARCH 2023

H. Niu, X. Zhou, and R. Gao, “Train scheduling for minimizing passen-
ger waiting time with time-dependent demand and skip-stop patterns:
Nonlinear integer programming models with linear constraints,” Transp.
Res. B, Methodol., vol. 76, pp. 117-135, Jun. 2015.

J. Shi, L. Yang, J. Yang, and Z. Gao, “Service-oriented train timetabling
with collaborative passenger flow control on an oversaturated metro line:
An integer linear optimization approach,” Transp. Res. B, Methodol.,
vol. 110, pp. 26-59, Apr. 2018.

N. BeSinovi¢, Y. Wang, S. Zhu, E. Quaglietta, T. Tang, and
R. M. P. Goverde, “A matheuristic for the integrated disruption man-
agement of traffic, passengers and stations in urban railway lines,”
IEEE Trans. Intell. Transport. Syst., vol. 23, no. 8, pp. 10380-10394,
Aug. 2022.

D. Canca, E. Barrena, A. De-Los-Santos, and J. L. Andrade-Pineda,
“Setting lines frequency and capacity in dense railway rapid transit
networks with simultaneous passenger assignment,” Transp. Res. B,
Methodol., vol. 93, pp. 251-267, Nov. 2016.

G. Caimi, M. Fuchsberger, M. Laumanns, and M. Liithi, “A model
predictive control approach for discrete-time rescheduling in complex
central railway station areas,” Comput. Oper. Res., vol. 39, no. 11,
pp. 2578-2593, Nov. 2012.

Y. Wang, S. Zhu, S. Li, L. Yang, and B. De Schutter, “Hierarchical model
predictive control for on-line high-speed railway delay management and
train control in a dynamic operations environment,” /EEE Trans. Control
Syst. Technol., vol. 30, no. 6, pp. 2344-2359, Nov. 2022.

X. Liu, A. Dabiri, and B. De Schutter, “Timetable scheduling for
passenger-centric urban rail networks: Model predictive control based
on a novel absorption model,” in Proc. IEEE Conf. Control Technol.
Appl. (CCTA), Aug. 2022, pp. 1147-1152.

J. Y. Yen, “Finding the k shortest loopless paths in a network,” Manage.
Sci., vol. 17, no. 11, pp. 712-716, Jul. 1971.

D. Q. Mayne, J. B. Rawlings, C. V. Rao, and P. O. M. Scokaert, “Con-
strained model predictive control: Stability and optimality,” Automatica,
vol. 36, no. 6, pp. 789-814, 2000.

P. T. Boggs and J. W. Tolle, “Sequential quadratic programming,” Acta
Numer., vol. 4, pp. 1-51, Jan. 1995.

A. M. Bemporad und Morari, “Control of systems integrating logic,
dynamics, and constraints,” Automatica, vol. 35, no. 3, pp. 407427,
1999.

H. P. Williams, Model Building
Hoboken, NJ, USA: Wiley, 2013.

in  Mathematical Programming.

Xiaoyu Liu (Graduate Student Member, IEEE)
received the B.Sc. and M.Sc. degrees from Beijing
Jiaotong University, Beijing, China, in 2017 and
2020, respectively. He is currently pursuing the
Ph.D. degree with the Delft Center for Systems
and Control, Delft University of Technology, Delft,
The Netherlands.

His research interests include model predictive
control, hybrid systems, and intelligent railway
transportation systems.

Azita Dabiri received the Ph.D. degree from the
Automatic Control Group, Chalmers University of
Technology, in 2016. She was a Post-Doctoral
Researcher with the Department of Transport and
Planning, TU Delft, from 2017 to 2019. In 2019,
she received an ERCIM Fellowship and also a Marie
Curie Individual Fellowship, which allowed her to
perform research at the Norwegian University of
Technology (NTNU), as a Post-Doctoral Researcher,
from 2019 to 2020, before joining the Delft Center
for Systems and Control, TU Delft, as an Assistant

Professor. Her research interests are in the areas of integration of model-based
and learning-based control and its applications in transportation networks.

Yihui Wang received the B.Sc. degree in automation
from Beijing Jiaotong University, Beijing, China,
in 2007, and the Ph.D. degree in systems and control
from the Delft University of Technology, Delft,
The Netherlands, in 2014.

She is currently an Associate Professor with the
State Key Laboratory of Rail Traffic Control and
Safety, Beijing Jiaotong University. Her research
interests include train optimal control, train schedul-
ing, and railway disruption management.

Bart De Schutter (Fellow, IEEE) received the Ph.D.
degree (summa cum laude) in applied sciences from
KU Leuven, Belgium, in 1996.

He is currently a Full Professor with the Delft
Center for Systems and Control, Delft University of
Technology, The Netherlands. His research interests
include control of discrete-event and hybrid systems,
multilevel and distributed control, intelligent trans-
portation, and infrastructure systems.

Prof. De Schutter is a Senior Editor of the IEEE
TRANSACTIONS ON INTELLIGENT TRANSPORTA-

TION SYSTEMS and an Associate Editor of the IEEE TRANSACTIONS ON

AUTOMATIC CONTROL.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


