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Abstract; The rapid growth of passenger flow in urban rail transit has led to great service pressures for metro companies
in organizing train services to provide higher transportation capacities in order to satisfy passengers’ travel demand,
especially on those metro lines with insufficient rolling stock. In order to cope with high passenger flow service pressure,
a mixed integer nonlinear programming ( MINLP) model is proposed to optimize the line plan, timetable and rolling
stock circulation simultaneously, to reduce the number of rolling stocks and increase the number of full-length services. A
two-step algorithm strategy is proposed. In the first stage, the train timetable is optimized under the assumption that all
the train services are the full-length services. In the second stage, the rolling stock plan is optimized based on the
timetable optimized in the first stage. To ensure a feasible rolling stock circulation, certain full-length services are
shortened to the short-length services due to the limited number of rolling stocks. Numerical experiments are performed
based on the real-life data of Shanghai Metro Line 8. Results show that the proposed method can efficiently optimize the
timetable and rolling stock circulation of the whole operation day. The optimized results are beneficial for both the service
and the operational costs.
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passenger flow restrictions during morning peak hours

0 Introduction due to insufficient train flow. It is necessary to use the
available rolling stocks as efficiently as possible and

Urban rail transit, as one of the public transport improve the service frequency of suburban stations

modes in big cities, has the characteristics of large
capacity, fast speed and high punctuality, which has
positive significance for alleviating the surface traffic
congestion in China. However, the rapid growth of
the population outside the city also brings new
challenges and pressures for urban rail transit
organizations. The representative performance is the
low frequency of service at suburban stations during
commuting peak hours. For example, Shanghai Metro
stations, such as Xinzhuang, Shendu Highway,
Luheng Road, Cao Road and other stations located in

the far ends of the city are forced to implement normal
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under the condition of a limited number of rolling
stock.

In real life, the metro system adopts relatively
simple line plans, so that the rolling stocks are not
efficiently used. For example, some lines only offer
the full-length services, with all stops being serviced
equally, which, however, requires a large number of
rolling stocks to achieve a high level of service
frequency. In other lines, the full-length service and
short-length ( short-turn) services are mixed, which
can reduce the number of rolling stocks required.
However, in real life, the short-length services only
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stop at stations in the city center or busy zones, the
stations in suburban areas are not well served. Given
this situation, this paper focuses on optimizing the line
plan ( full-length and short-length services ), train
timetable and rolling stock circulation of a metro line,
considering the limited number of rolling stocks in
order to provide better services and save operational
costs.

1 Literature Review

In the research of urban rail transit organization,
providing maximum transport service with a limited
number of rolling stock is a research issue. The
operation of rolling stock circulation and line plan,
from the perspective of train scheduling, needs to be
researched.

1) Line plan

In the line plan problem, designing an optimal
line plan is a research challenge.

In the existing studies, Xu et al.""! put forward
the basic principles of the transportation organization
of urban rail transit lines, compared and analyzed the
characteristics of different services from the aspects of
passenger service, traffic capacity and rolling stock,
and gave suggestions on train services design. Niu et
al.'?" constructed a model for the line plan under a
single full-length services with the train operation
requirements, the number of rolling stocks and the
interests of the operating enterprises as the constraint
conditions and the minimum waiting time of
passengers as the objective function. Xu et al."*’ put
forward two operation modes of full-length service and
1, and
built an optimization model of full-length service and

short-length service ratio being 1 : m and m :

short-length service scheme suitable for multi-
formation considering the train headway in common
line sections. Wang et al."*’ constructed a model to
minimize passenger travel costs and enterprise
operation costs, analyzing the full-length services and
short-length services modes under the condition that
the number of each service is given. Dai et al.'”
established a MINLP optimization model with the goal
of reducing the average waiting time of passengers,
increasing the average load factor of trains, and
reducing the total kilometers traveled by mixed full-
length and short-length services.

2 ) Integrated optimization of rolling stock

circulation and line plan
.2

In the integrated optimization of rolling stock
circulation and line plan problem, the main focus is to
use the relatively limited number of rolling stock to
complete the line plan. Given a relatively fixed train
timetable, the problem assigns different rolling stocks
to different line plans.

For example, Cadarso et al.'® solved rolling
stock assignment and the train service problems to
obtain better and more robust, and proposed a

heuristic based on Benders decomposition for
computational reasons.Giacco et al."” used a two-step
approach to solve rolling stock rostering and
maintenance scheduling with limited rolling stock.
Cadarso et al.'® proposed an integrated planning
model to solve railway timetable and rolling stock
assignment for attending the increased passenger
demand. Ying et al.'® presented a novel actor-critic
deep reinforcement learning approach for metro train
scheduling with circulation of limited rolling stock by

0] used a

Markov decision process. Haahr et al.
column and row generation approach to solve an
optimization model of rolling stock (re)scheduling by
performing tests with different disruption scenarios.
Jiang et al.''" established a MINLP optimization
model under the conditions of full-length and short-
length services independent operation, and full-length
and short-length services mixed operation for a rolling
stocks based on the four basic services forms of
common line section. Lusby et al.''? proposed a
branch-and-price algorithm to solve the collaborative
optimization model of the turnover of rolling stock
rescheduling based on the train service mode. Yue

et al.l ™

proposed a model that integrates both train
timetabling and rolling stock scheduling based on
time-dependent passenger flow demands considering
4 studied the

characteristics of the periodic train timetable, analyzed

rolling stock and service. Xu et al.

the calculation method of the line capacity and rolling
stock circulation of the metro line in the form of full-
length service and short-length service mixing. Wang

et al.l'®!

presented an integrated MILP model to
optimize the train schedule and circulation plan
simultaneously based on given full-length services
generated by the demand analysis and line planning.
Liu et al.''

scheduling and train services combined on a bi-

proposed a model for metro train

directional metro line considering turnaround

operations and the entering/exiting depot with a
Lagrangian relaxation-based approach. Wang et al."'”’
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presented an integrated MILP model to optimize the
train schedule and circulation plan simultaneously
based on a given service pattern generated by the
demand analysis and line planning. Zhang et al.''
considered the train scheduling with short turning
strategy for an urban rail transit line with multiple
depots and the utilization of trains. Wang et al." "' used
a two-stage optimization approach to optimize the train
schedule and circulation plan with consideration of
passenger demand for an urban rail transit line.Peeters

(2

et a I described a model and a branch-and-price

algorithm to solve an efficient rolling stock circulation

on a set of interacting train lines. Ying et al.'?'’
proposed a deep reinforcement learning method for
metro train scheduling under the condition of limited
rolling stocks operation under a single service, and
constructed an optimization model with the objective
function of minimizing cost.

Table 1 shows the comparison of this study and
the most relevant studies. In the existing studies, the
research problems include three aspects; timetable,
rolling stock circulation and line plan. The research
mainly used Branch-and-Price, Lagrangian relaxation,
Two-stage and other algorithms to solve the model.

Table 1 Comparison of this study and relevant studies

Publication Research problem Model structure Line plan type Solution algorithm
Jiang (1 Rolling stock circulation and line plan MINLP Full-length and short-length CPLEX
Lusby (2] Rolling stock rescheduling MINLP Full-length Branch-and-Price
Xu [14) Rolling stock circulation and line plan - Full-length and short-length Analyse
. X . R Lagrangian relaxation
Liu ['0] Timetable, train connections MILP Full-length .
based algorithm
Wang[ 17] Train schedule and train circulation plan MILP Full-length CPLEX
Zhang ['%) Rolling stock circulation and line plan MINLP Full-length and short-length CPLEX
197 Train  scheduling and circulation
Wang [1*] . MINLP Full-length Two-stage
planning
. ) Train scheduling with rolling stock Deep reinforcement
Ying 12! ] : MINLP Full-length .
circulation learning
R Timetable, rolling stock circulation and Mixed usages of Full-length and short-
This paper MINLP Two-stage

line plan

length

However, the factors considered in the existing

studies were not very comprehensive, mainly
including the following four aspects:

1) Existing studies have not distinguished the
differences in the values of various time parameters in
different operating periods within a day. Only one
speed scale was used, and the speed scale of train
operation was not considered to be different in
different time periods.

2) Yue et al.' ™', Wang et al.'"®’ | and Wang et
al.'"” studied rolling stock circulation with full-length
services. But, it lacks consideration of the combination
of full-length and short-length.

3) Xuetal.'?, Wang et al.'*) | Dai et al.""'and
18]

Zhang et al.'" studied the mixing of full-length

service and short-length service. But, the full-length
service and short-length service were dispatched in a
fixed proportion, which limited certain flexibility.

4) Jiang et al.'""! | Wang et al.'"”’

1 [19]

and Wang et

a studied rolling stock circulation with the

minimum number of rolling stocks as the optimization
goal. But, it did not further consider the full utilization
of rolling stocks to provide maximum transport
capacity for passengers under the condition of rolling
stock limitation.

This paper focuses on the intergrated optimization
of timetable, rolling stock circulation and line plan to
solve the problem of transportation capability shortage
under large passenger flow. The line plan considers the
mixed usages of short-length and full-length services to
make it more flexible. Trains use different speed scales
for different periods of time according to the actual
We

consider providing maximum number of full-length

transport organization of urban rail transit.
services to meet passenger flow demand within the
limit of rolling stocks. A MINLP model is proposed,
and a two-stage algorithm is used to solve the model.

To sum up, in the existing line plan, the number
of services and the proportion of services are relatively

fixed with limited number of rolling stocks, it is
c 3.
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It is
necessary to appropriately relax the constraints on the

unfavorable to generate full-length services.

line plan.

Compared with existing researches, the main
highlights of this study are as follows:

(a) This paper focuses on the integrated
optimization of timetable, rolling stock circulation and
line plan. A MINLP model is developed for the studied
problem. Mixed usage of full-length and short-length
services is proposed. The existing single full-length
service or short-length service mode for a rolling stock
is changed. This alteration enables the combination of
both full-length service and short-length service for
rolling stock. Restrictions on the use of rolling stock
are lifted, leading to a more diverse circulation of
rolling stock.

(b) The model adopts a two-stage algorithm to
solve the problem. First, the train timetable of the full-
length service of the whole line is solved. Second, on
the
matching between the rolling stock circulation and line

the basis of calculating the train timetable,

plan is solved by shortening some full-length services
to short-length services. Besides, relevant auxiliary
variables are introduced to transform the nonlinear
model into linear model.

The remainder of this paper proceeds as follows.
In Section 2, the problem statement is presented.
Section 3 introduces integrated optimization model of

rolling stock circulation and train service scheme.
Section 4 presents two-step solving process. Section 5
conducts numerical experiments to verify the proposed
model. Section 6 summarizes the whole paper and
looks forward to further research in the future.

2 Problem Statements

Fig.1 shows the structure of the studied metro
corridor. There are four stations in this corridor,
stations A, B, C, and D, which allow the turnaround
operations. Station A and station D are connected to
two depots,
corridor may start/end its services only from/at the

respectively. A train service in this

four stations. The study names the train services from
AtoD (A—D) and from D to A (D—A) as the full-
length train services, the train services B—C, C—B,
A—C, C—A, B—D, D—B etc. as the short-length
services. A mixture of short-length and full-length
and flexible
services for passengers. However, the complexity of

services can provide more efficient

the train timetabling and rolling stock circulation
problems will increase. The train timetabling problem
dictates the train arrival, departure, and dwell times at
each station and the running times between stations.
The the
connections between the downward and upward trains

rolling stock circulation plan defines

at the turnaround stations.

. A|A

Full-length services

Short-length services

©

@O
© O

Station connected to depot
Turn-around stations
Other stations

Fig. 1 Illustration of full-length and short-length train services

Fig. 2 shows an example of the mixed use of
short-length and full-length services. Rolling stock 1
exits the depot and sequentially provides services to
the train services A—D, D—B, B—>C, C—A, A—
C, C—B, and B—D one by one. After completing its
service of the day, it stops at the depot close to
station D. Rolling stock 1 executes both the full-length
services and the short-length services. Compared with
the common cases, in which one rolling stock can

4 .

only execute short-length or full-length services, the
mixed usage of short-length and full-length services
can utilize the rolling stock more efficiently. In other
words, if the total number of rolling stocks to provide
services in this corridor is limited, the mixed usage of
short-length and full-length services can be a good
strategy to make better use of the rolling stocks and
provide more services to passengers.
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Fig. 2 An example of the mixed use of short-length and full-length services

This study optimizes the rolling stock circulation
and the train timetable simultaneously, considering
the mixed usage of short-length and full-length
services. Its objectives are to reduce the number of
rolling stocks in order to reduce the operational costs,
and to increase the number of full-length services to
provide more services to passengers at stations located
between A and B ( C and D, not including station B
and C). The proposed method adopts a two-stage
algorithm ( Section 4 ). In the first stage, it is
assumed that all the train services are full-length
services. The timetable of those full-length services is
optimized. The train running time in each section is
considered as constant values, but each train service
may have different speed scales, so that each train
service has different running times. It is assumed that
one rolling stock can perform different speed scales in
different train services.

In the second stage, the optimized timetable of
those full-length services is taken as the inputs, the
rolling stock circulation plan is optimized considering
the constraints of limited number of rolling stocks and
the fleet size balance. In this study, the number of
rolling stocks is limited, which means the number of
rolling stocks may be not enough to perform all the
full-length services as assumed in the first stage.
Therefore, the second stage aims to shorten some full-
length services into short-length services to ensure
feasible rolling stock circulation. The circulation is
achieved by connecting all the services to depots or to
the train services from the opposite directions. In
addition, the fleet
considered. That is, for each depot, the second stage

size balance in depots is

builds constraints to ensure that the number of rolling
stocks that exit that depot at the beginning of the day

is equal to the number of rolling stocks that enter the
depot at the end of the day.

3 Models

3.1 Model Assumptions

1) The train running time in each section is
fixed, and the train running time of different speed
scales is strictly based on the parameters of train
operation diagram.

2) Consider the flexibility of the use of rolling
stocks, a rolling stock exits from a certain depot,
after the execution of a number of train services, it
can enter into any depot.It is necessary to ensure that
the number of rolling stock entering and exiting depot
should be equal in a day.

3) The same rolling stock can perform a variety
of speed scales throughout the whole operation. For
different line plans, according to the actual needs,
different speed scales can be flexibly implemented.

4) Each time parameter is given a minimum
technical numerical value, such as headway time,
dwelling time, and turnaround operation time, in
order to meet the needs of passengers during peak
period.

5) The overtaking of trains does not occur in
normal operations of urban rail transit lines, where
trains usually run in a sequential order.

6) The rolling stocks can operate from the early
morning to the late evening. The maximum number of
train services that a rolling stock can operate is not
considered.

3.2 Parameters and Decision Variables

The parameters and the decision variables are

defined in Table 2 and Table 3.
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Table 2 Parameter descriptions

Notation Description
S Set of stations, S = {1, 2,---,S}.
s Index of a station, s € S ; s + 1 refers to the closest station of s in the downward direction.
A 0-1 integer, z, =1 if station s is a turnaround station where a train can turn around from the downward direction to the upward
z\‘
- direction, otherwise z; = 0.
~ A 0-1 integer, z, = 1if station s is a turnaround station where a train can turn around from the upward direction to the downward
z\ -
direction, otherwise z, = 0.
A 0-1 integer, k, = 1 if station s is connected to a depot and station s is the start station of the downward services, otherwise
k, -
- k, = 0.
)’ A 0-1 integer, k, = 1if station s is connected to a depot and station s is the start station of the upward services, otherwise &k, = 0.
v A 0-1 integer, representing the speed scales, v = 1 refers to the high speed scale, v = 0 refers to the low speed scale.
Lo Set of downward trains, LY = {1, 2, ... i},
L™ Set of upward trains, L' = {1, 2,--- L' |.
l Index of a train service, [ € L% U L™ .
Jlown Set of potential line plans in the downward direction, J*" = {1, 2,---,J%"" | A line plan indicates the start station, end station
and the stop plan of trains services ( this study considers a full-stop plan because the method is built for metro systems) .
J® Set of potential line plans in the upward direction, J* = {1, 2, - J" |.
Index of a line plan, j € J**" U J* . For both the up and down direction, j = 1 refers to the line plan by which the train service
J starts from the first station, and ends at the last station in the running direction, i.e. which is the full-length train service. If j #
1, it is a short-length train service as the example in Fig. 1.
o, A 0-1 integer, o, ; = 1 if the first station of service; e Jo is s, otherwise o, ;=0
e A 0-1 integer, e, ; = 1 if the end station of servicej Jom is s, otherwise e,; = 0.
0, A 0-1 integer, o, ; = 1 if the first station of servicej € J' is 5, otherwise o, ; = 0.
e, A 0-1 integer, e, ; = 1 if the end station of servicej € J* is s, otherwise e, ; = 0.
g : Train running time of speed scale v in the section from s to s + 1 in the downward direction.
[ Train running time of speed scale v in the section from s tos — 1 in the upward direction.
gdwellmin Minimum dwelling time.

tdwell ,max

re, min

t

Maximum dwelling time.

Minimum time for the turnaround operation.

e me Maximum time for the turnaround operation.
h:‘lfl,,» Minimum departure-departure headway time in train of speed scale v in front and train of speed scale v” in back.
hy, Minimum arrival-arrival headway time in train of speed scale v in front and train of speed scale v” in back.
M A large positive integer.
3.3 Constraints v e [0,1] (2)
1) Train running time constraints (b) Train dwelling time constraints
(a) Train section running time constraints d" =a" + " Y e L s e
Lo _ glw v down _ - -
('_ls-#l_dx +ES,VZEL ,se [1,2,,8-1], [2,3,---,S = 1] ,» € [0,1] (3)
v e [0,1] < 1) di,b < ai,r + tdwell,max , Vl e Ldown s €
Ll _ gl v up cee B )
aty=d;" +i_,,Vlelse [2,3,-,5], [2,3,---,S = 1] ,» € [0,1] (4)

.6 -
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Table 3 Decision variables descriptions

Notation Description
Lo . . L. ‘ .
‘_l‘x ! Integer variable, departure time of train [ e L% at station s .
Ly . . . . .
@ ' Integer variable, arrival time of train / e L%"" at station s .
av Integer variable, departure time of train/ e L' at station s .
al’ Integer variable, arrival time of train/ e L"" at station s.
i Binary variable, 6,, = 1if train/ e LY performs service j , otherwise 0;, = 0.
0, Binary variable, §;, = 1if train/ e L' performs service , otherwise 6, , = 0.
o Binary variable, o, = 1if train/ e L% is from a depot, otherwise o, = 0.
B, Binary variable, 8, = 1if train/ € L%"" enters a depot after finishing the service, otherwise 8, = 0.
a, Binary variable, a, = 1if train/ e L' is from a depot, otherwise a; = 0.
B, Binary variable, B, = 1if train/ € L" enters a depot after finishing the service, otherwise 3, = 0.
m; Binary variable, m; ;, = 1if train/ € L% is connected with train [ € L™ after a turn-around operation, otherwise m, , = 0.
my Binary variable, m, , = 1 if train I* € L" is connected with train [ e L™ after a turn-around operation, otherwise m; ; = 0.

gi,v 2 &fb + [dwell,mm’ Vl e Lup’s e

[2,3,--,5 - 1] ,v € [0,1] (5)
(_ii,n < (—li,w + t(lwel],max’ Vl c LUP’S c
[2,3,--,5-1] ,v € [0,1] (6)

2) Train headway constraints

(a) Departure-departure headway constraints

- d = hfflv, VieL™/{L-1},
se[1,2,-,8S-1],v e [0,1] (7)

& -dr =R Yl e LY/ -1},
se[2,3,---,5],v e [0,1] (8)

(b) Arrival-arrival headway constraints

MY g = YL e L/{L -1,

se[2,3,--,8S],0e[0,1] (9)
-a' =h"  Vlel"/{L-1},

se [1,2,---,S=-1] ,0 € [0,1]
3) Service uniqueness constraints

=1+1,0
s

(10)

Each train service can only have one unique line
plan (i.e. full-length or short length ), which is
guaranteed by

> 6,=1,VYlel™ (11)
jejdown =

> 0,=1,YlelL"” (12)
jeJuw

4) Train flow balance constraints at turnaround
stations

(a) The number of ending trains in the
downward direction is equal to the number of starting
trains in the upward direction.

z 2 0],1’?3,/‘%522 Zéj,l.as,j.és’vs

N leLvw je Jup
(13)

e Ldown jg jdown

e S

2 X e k=2 X0k,
leLdown je jdown - - - -

lelw jejup

VseS (14)

(b) The number of ending trains in the upward

direction is equal to the number of starting trains in the
downward direction.

2 2 YRR NEER 2 2 0000, 2,

lelw jejuw leLdown je jdown ~
(15)

VseS

> 36, e, k= X 6,0, k,

leLw jejup e Ldown jg jdown -
(16)

VseS
5) Rolling stock circulation constraints
(a) After a rolling stock executes a certain train
service, it can either go back to a depot, or to turn
around at station to execute the train service of the
opposite direction. That is achieved by

(1 —@)' 2 Z ‘?j,l"_ﬂ-‘/'fs +@l' 2 Z 6./1

jeJdown seS jejdown seS N

e vk =1,YlelL"™ (17)

8,7

(1-8) - jg‘,é 0, -e 2 +pB I;p% 0, -

e~k =1,YielL" (18)

(b) Similarly, for any train service, its rolling

stock may either come from a depot, or from a train
service of the opposite direction. That is

(I-a)- 2> O ez toy- PIDY 01

J'E‘/tlnvm seS J'E‘/tlnvm seS

e -k =1,¥1e L™ (19)

(1-a) - X X By vo, -z +a- % > 8,

jeJuw ses jeJuw seS

o,k =1,YleL" (20)

5.

.7 .
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(¢) If a downward train is turned around and
becomes an upward train, constraints are needed to
respect the minimum turn-around time restriction. That

At Y (o0, —at e Y X (e,

jeJuwses ]'Ejdown ses

6,) =" em,, ~M-(1-m,) Ve
Ldnwn’ v l' e Lup (21>

At Y X (o0, —at e X X (e,

jeJur se S je jdown seS

0,) <" em =M (1-m,) Yie

Ldown’ V l' c Lup (22)
(d) If an upward train is turned around and

is

becomes a downward train, constraints are needed to
respect the minimum turnaround time restriction. That

XX (e,

jequwses
0,)=1"""xm , ~-Mx(1-m,) Ve
Lr|nwn, V l c Lup (23>

d' - D (o, 0,) —a X Y (e, 0,) <

is

’

‘Zzil : Z Z (o, 0,,) - at -

je ](]nv\n seS

jeJdom seS jeJu ses
tre,max X T;ll',[ _ M X (1 _ ﬁll"l) , Vl e Ldown ,
ViIelLr (24)

(e) To reduce the invalid search range in the
solution process and ensure the adjacent upward and
downward services can be connected, the following
two constraints are built:

(l-1~-1)-m,=0,V1e L Y1 el
(25)
(& -1-1)-m,;=0,V1e L Y1 el

(26)

(f) If a train service does not go back to any

depot after finish its service, it must turn-around and

become a train service of the opposite direction. That
is

2 my=1-p,Vie

Ue[2,,Lw] ~

(1,2, L% = 1] (27)
Yo my,=1-B.,VI e
le[2,- Ldown]
[1,2’~--’L“p - 1] (28>

If the rolling stock of a train service is not from a
depot, it must come from the train service of the
opposite direction. That is

my,=1-a,Vle [2,3,--+,L""]

I'e[1,2,,L0p-1]

(29)

> m=1-a,Y1 e [2,3,L"]
le[1,2,-,Ldown_1] ~
(30)
(g) For a downward train service / € L""" and an
upward train service [ e L' , the two train services
can be only connected if the end station of the first

train is the same as the end station of the following

train.

my 2 ?j,l Tl A Tm 2 0,0, 255

jEJd(!\VI] jeJup
VseS,Viel™ VI eL" (31)
my, 2 0,‘,1’ te A Tmy z Qj,l TO5; &,

jeJup je]d""‘“

- )

VseS,VielL*™ VI L™ (32)

6) Minimum service frequency constraints

To ensure a certain frequency of services in the
downward direction, specific constraints are added to
the first station ( s=1), to ensure that x, out of x, train

services must start from the first station( s = 1).
0,
lell, ltx,-1] ~

[1,2’.“,Lduwn - ]

a

o, =ux,,V1 e

(33)
To ensure a certain frequency of services in the

downward direction, specific constraints are added to

the last station ( s =S ), to ensure that x, out of x, train

services must end in the last station( s =S ).
0

Uit

[1’2,.”’Ldnwn _x(‘] (34)
To ensure a certain frequency of services in the

=ux,,V1 e

*Cs

le[l,-l+x,~1]

upward direction, specific constraints are added to the
first station (s =S ), to ensure that x, out of x, train
services must start from the first station( s =S ).

0, 05, =2,V e
lell,- l+x,~1]

[1,2,---,L" - «,] (35)

To ensure a certain frequency of services in the

upward direction, specific constraints are added to the

last station (s = 1), to ensure that x, out of x, train
services must end in the last station( s = 1).

0.,e,=x,Y1e
lell, - l+x,~1]

[1,2,,L" —x,]
7) Fleet size balance at depots

(36)

For a depot, the number of rolling stocks entering
and exiting during the day should be equal.

o= B (37)
[ e [,down I Lup

X oa=2p (38)
| e [down I'eluwp
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4 Solution Methods

4.1 Linearization

Constraints (17) —(20), (31) —(32) are
which need to be
following principle in Eq.(39). a,b,c are all 0 -1

nonlinear, linearized by the
variables. ¢ is a newly-introduced binary variable to
replace the nonlinear part (@ + b ) in constraints
(17)-(20), (31)-(32).a,b, and c must respect the
constraints in the right side in Eq. (39).

a =c

c=a-bﬂb>c (39)
c=a+b-1
a,b,c € [0,1]

4.2 MILP Models

The integrated optimization method involves a
train timetable optimization model, denoted as model
F,. The optimization objective is to minimize the sum
of the arrival times of the last train services at the end
stations, so that the train timetable is compressed as
much as possible.

Model F, .

Ldown y —pup

minJ, = ag + a)

(40)
s.t. Constraints (1)—-(10)

The second part of the integrated optimization
method is a rolling stock circulation optimization
a MINLP model F,. The
optimization objective is to minimize the total number

model, denoted as
of train services coming from depots, in order to
achieve the purpose of saving the use of rolling stocks.
F, takes the optimized timetable of F, as the input, in
which the timetable only contains the full-length
services.

Model F, :

minJ, = z o, + 2 07,

le [down le Lup

s.t. Constraints (11)—-(38).
The solution of F, ensures the minimum number

(41)

of rolling stocks, but cannot ensure the maximum
number of full-length services. To go further, a rolling
defined,
denoted as F,, which focuses on the situation that the

stock circulation optimization model is

given number of rolling stocks is limited, so that it is
necessary to shorten some full-length services into
short-length services to ensure a feasible circulation.
The optimization objective of F, is to maximize the

number of full-length services, to provide more

services to passengers at stations located between A
and B (C and D, not including station B and C in Fig.
2).

Model F,;
max/J, = Z 0}.‘1 + z 9}.’1
leLdown ~ leLwp
s.t. Constraints (11)-(36) (42)
Z o, = 2 B, =n" (43)
le Ldown ~ l"e Lvp
2 =2 B =n (44)

| e Ldown lI'eLuw

where n* and n” are optimized solution obtained by

solving F,. n™ is the number of rolling stock coming

from depot A, n” is the number of rolling stock

coming from depot D.
4.3 Two-stage Solution Algorithm

Because urban metro lines have many trains and
stations, if the timetable and rolling stock circulation
are optimized together, the structural complexity of
the model will be greatly increased. Therefore, a two-
stage solution algorithm is built. In the first stage, all
the train services are assumed to be the full-length
services. Model F, is solved to find the optimized
timetable of all train services. It is a simple MILP
model which is easy to be solved with existing solvers.
By solving model F,, the arrival and departure times
of each train at each station are obtained, so that d_f_”’ ,

a'’ , d""and a’" are converted from variables to known

parameters.
In the second stage, model F, is firstly solved and
the optimal values of the minimum number of rolling

stocks ( n" and n” ) are obtained. The optimized

results of F, is taken as the inputs of model F,, which
is then solved to maximize the number of full-length
services under limited rolling stocks in order to provide
more services to passengers at stations located between
A and B (C and D, not including station B and C in
Fig. 2).

5 Numerical Experiments

5.1 Solution Preparation

This numerical experiment runs in Windows 10
system environment, uses C# language and invokes
Gurobi solver, and compiles in Visual Studio 2017
environment. Shanghai Metro Line 8 in China, as an
example, is illustrated in Fig. 3. The whole line has a
total of 30 stations, among which, station A ( Shendu

.9.
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Highway) and station D ( Shiguang Road) are close
to depots. Stations A, B ( Oriental Sports Center
Station) , C (Middle Yanji Road), and D support the
turnaround operations. The train movement from A to
D is the downward direction, and from D to A is the
upward direction. In the downward direction, possible
services include train services from A to D (A—D),
A—C, B—D, and B—C. In the upward direction,

possible services include train services D—A, C—A,
D—B, and C—B. The train speed scale is divided into
two kinds: the high speed scale is “ ATO ( Automatic
Train Operation) normal” , and the low speed scale is
“ATO energy-saving” These are two different types of
speed scales used by the ATO system in Shanghai
Metro line 8. Other input parameters are described in
Table 4.

A B C D
¢ FEZEEFSF e ReEEY e EE QL EE FE T EEE
g E R ¥ F R & £ &8 2 B &2 ¥ % & 8 2® &8 3 E £ B Z g B B B E E m
& : P R % E L% E L L EFEE s f® L% EGEEE S R E BB
T RS 4R ou oo E » 5 F & &8 ° 58 EF E : » % g x £ g B B ®oR
I3 7 B 9 ° AR Y = ° = ® s o 2 ) S 153 e ® B @ A A ®
= & 8 £ 3 E ¢ ®» 28 £ g 7 £ 7R 2 & & 2 ®» S 9 2 92 9
Z 3 &a £ = g 3 & & & ®™ 9 8 g ko8 = g ®* & L & & & 2
2 =L E iz k T ErE =T EF ok
g = 2 2 o 2
g 5
' &
Fig. 3 Shanghai metro line 8
Table 4 Time parameters
td\wll,mm ( S) t«l\«ell,max ( S) tre,min ( S) Jre,max ( S) h:1t17 ( S) h?(.l1 ( S)
h{% =150, h{%, =150 (morning h{" =150, A}", =150 ( morning
25 40 240 420 peak) or 180 (evening peak ), peak) or 180 ( evening peak),

hy', or hi'y = 240 3, or hity = 240

For comparisons, three scenarios are designed to
analyze how the train operations can be influenced by
the number of rolling stocks and the mixed usage of
In the first
scenario ( Scenario I), it is assumed that all the train

full-length and short-length services.

services are full-length services. So 6, , and , , are set

to be 1. By solving F, and F, one after another, the
minimum number of rolling stocks is obtained on
condition that all trains execute full-length services. In
the second scenario ( Scenario II) , it is assumed that
both full-length and short-length train services can be

used. So that 6, , and 6, , are variables instead of given

constants as in Scenario I. By solving F,, F,, and F,
one after another, the minimum number of rolling
stocks, as well as the maximum number of full-length
services, is obtained. In the last scenario ( Scenario
IT), it is analyzed how the number of rolling stocks
influences the line plans of train services. First, the
optimized number of rolling stocks obtained in
Scenario I is higher than the value in Scenario II.
Because only the full-length services are used in
Scenario I, while the short-length services are allowed

in Scenario II, which means the rolling stocks in
.10 -

Scenario I perform more services than in Scenario II.
Therefore more rolling stocks are needed. In Scenario
III, the optimized number of rolling stocks obtained in
Scenario 1 is taken as the upper bound, while the
optimized number of rolling stocks obtained in
Scenario II is taken as the lower bound. Different
numbers of rolling stocks within this range are then
taken as the input of F,. By solving F,, the different
optimized number of full-length services with the
different number of rolling stocks are obtained.
5.2 Small Scale Numerical Experiment

To verify the validity of the methodology
presented in this paper, a small-scale numerical
experiment was conducted to compare the Gurobi
direct solution and the two-stage solution algorithm
proposed in this paper. Scenario I was solved. Only
morning peak period is studied and the train speed
scale is “ ATO normal”. The number of train service
in the upward direction was equal to the number in the
downward direction, and the number was gradually
increased.Table 5 shows the efficiency comparison of
the two methods. Fig. 4 shows the train timetable of
100 train services. It can be seen that with the increase

of train service number, the solving time of the direct
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solution method increases exponentially. When train  in this paper can stably deal with the actual needs of

service number reaches 10, the direct solution method  large quantities of data.

is not feasible. Two-stage solution algorithm proposed

Table 5 Efficiency comparison results of the two methods

Train service number ( one direction) Gurobi direct solution CPU time(s) Two-stage solution CPU time('s)

4 1 1
5 1 1
6 2 1
7 25 1
8 232 1
9 1254 1
10 >7200 1
20 >7200 1
40 >7200 2
60 >7200 4
80 >7200 8
100 >7200 10
~ ATO normal -
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Fig. 4 Train timetable (100 train services)

5.3 Large Scale Numerical Experiment

To further verify the validity of two-stage solution
algorithm proposed in this paper, the study period
spans from 06:00 am to 0:00 am of the next day. The
study period is divided into three periods, namely
morning peak, flat peak, and evening peak. The speed
scales in the morning peak and evening peak trains are
“ATO normal” , and the speed scale in the flat peak
trains is “ ATO energy saving”. The number of train
services of each period is referred to the existing train
timetable; 310 trains in the upward and downward
direction respectively, including 94/102/114 trains in
the morning/ flat/ evening peaks in the downward
direction, 90/105/115 trains in the morning/ flat/

evening peaks in the upward direction. two-stage
solution algorithm is used.

The optimization results of the three scenarios are
reported in Table 6. Due to space limitations, only
optimized rolling stock circulation of Scenario II are
presented in detail in Table 7. The corresponding train
timetable of Scenario II is shown in Figs. 5-7. In
Table 6, Rolling stocks A, — 4,, come from the depot
near Shengdu Highway station. Rolling stocks B, — B,,
come from the depot near Shiguang Road station. As
for the train

services, the odd numbers represent

downward train services, and the even numbers

represent upward train services.

- 11 -
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Table 6 Optimization results

Number Number Number Number Train service frequency
Rolling Rolling of of of of Location of the station
Number ull- short- full- short-
stock stock Between  CPU
Scenarios 0_ number mumber T8 length length length Between .
rolling from from services services services services A-B  Between time('s)
stocks not
A D A-»D A—~C B—D B—C D—A C—A D—B C—p (mot  B-C _
. included)
included)
D

I 71 35 36 310 0 0 0 310 0 0 0 620 620 620 178
11 63 29 34 244 23 40 3 251 16 33 10 534 620 568 184
70 34 36 305 0 5 0 305 0 5 0 620 620 620 181

69 33 36 299 0 11 0 299 0 11 0 620 620 620 181

68 32 36 201 0 19 0 291 0 19 0 620 620 620 182

1 67 31 36 285 0 25 0 285 0 25 0 620 620 620 181
66 30 36 277 0 33 0 277 0 33 0 620 620 620 180

65 30 35 268 8 31 3 269 7 30 4 552 620 598 180

64 29 35 260 7 38 5 259 8 39 4 534 620 596 181

Table 7 Rolling stock circulation ( Scenario II)

Rolling . . Rolling . .

stocks Train service stocks Train services
A} 1-60-117-176-219-256-297-334-375-418-471-520-573-620 B,  8-65-124-181-220-261-298-339-376-423-472-525-574
A, 3-62-119-166-211-248-289-326-367-406-459-508-537-586 Bs  10-39-98-155
A;  5-64-121-180-221-258-299-336-377-420-449-498-551-600 Bs  12-69-128-185-222-263-300—-341-378-427-464-517-566—619
Ay T7-66-95-142-197-234-275-312-353-390-443-492-521-570 B;  14-71-118-175-216-257-294~335-372-419-468-497-546-599
A5 9-68-125-184-225-262-303-340-381-426-479-528-581 Bg  16-73-132-189
Ag  11-58-115-174-217-254-295-332-373-414-467-516-545-59%4 By 18-47-94-123-182-223-260-301-338-379-422-475-512-565-614
A, 13-72-129 By 20-77-136-193-230-271-308-349-386-437-486-539-588-617
Ag  15-74-103-162-209-246-287-324-365-404—-433-482-535-572-601 By, 22-79-138-167
Ay 17-76-133-190-231-268-309-346-387-434-487-524~553-602 B, 24-81-140-195-232-273-310~351-388-439-476-505-554—-607
Ay 19-78-135 B3 26-55-114-171
Ay 21-80-137-192-233-270-311-348-389-424-477-526-579 B, 28-85-144
Ay, 23-70-127-186-227-264-305—-342-383-428-457-506-559-596 Bs  30-87-146—199-236-277-314-355-392—-445-494-547-584
Az 25-84-141-194-235-272-313-350-391-438-491-540-569-618 Bis 32-89-148
Ay 27-86-143-196-237-274-315-352-393-442-495-544-597 B;  34-91-150-179-218-259-296~337-374-421-470-523-560-613
Ajs  29-88-145-188-229-266-307-344-385-430-483-532-561-610 Big  36-93-152-203-240-281-318-359-396-425-474-527-576
A 31-90-147-198-239-276-317-354—-395-444-473-522-575 By 38-67-126-183
Ap; 33-92-149-200-241-278-319-356-397-446-499-536-589 Byy  40-97-156-205-242-283-320~361-398-451-488-541-590
A 35-82-111-170 B, 42-99-158-187-224-265-302-343-380-429-478—531-580-609
Ay 37-96-153-202-243-280-321-358-399-448-501-550-603 By,  44-101-160-207-244-285-322-363-402-455-504-557-606
Ay 41-100-157-204-245-282-323-360-403-440-493-542—-595 B,y 46-75-134-191-228-269-306-347-384-435-484-513-562-615
A,y 43-102-131-178-201-238-279-316-357-394-447-496—-549-598 By, 48-105-164
Ay 45-104-161 B,s  50-107-154
Ay 49-108-165-210-251-288-329-366—411-460-489-538-591 By 52-109-168-213-250-291-328-369-410-463-500-529-578
Ay 51-110-139 B,;  54-83-130-159-206—247-284-325-362-405-454-507-556—585
Ay 53-112-169-212-253-290-331-368-413-462-515-564~-593 By 56-113-172-215-252-293-330~-371-412-441-490-543-592
Ay  57-116-173-214-255-292-333-370-415-452-481-530-583| By 226-267-304-345-382-431-480-533-582
Ay 401-450-503-552-605 By,  400-453-502-555-604
Ay 409-458-511-548-577 B;;  408-461-510-563-612
Ay  417-466-519-568 By,  416-469-518-571-608
B, 2-59-106—-163-208-249-286-327-364—407-456—509-558-611 B33 432-485-534-587
B, 4-61-120-177 By, 436-465-514-567-616
B;  6-63-122-151
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Fig.6 Train timetable 12:00-18:00 ( Scenario II)

Based on this result, the following conclusions
can be drawn:

1) The number of rolling stocks has a significant
impact on services.

In Scenario I, the optimized minimum number of
rolling stocks is 35 starting from station A and 36
starting from station D. In total, 71 rolling stocks are
needed to run all full-length services. In Scenario II,
the optimized minimum number of rolling stocks is 29
starting from station A and 34 starting from station D.
In total, 63 rolling stocks are needed. It shows that
mixed use of short-length and full-length train services
can optimize the use of the limited number of rolling

stocks, enabling the running of as many train services
as possible.

In Scenario III, the given numbers of rolling
stocks are within the range of [ 64, 70], the number
of full-length services decreases with the decrease of
the number of rolling stocks.

2) In Scenario II, the proportion of full-length
services is 79.8% , which is higher than in real-life. It
is proved that the method proposed in this paper can
significantly increase the proportion of full-length
services by efficiently using the limited rolling stocks.
The number of short-length services during the flat
peak period is obviously lower than druing the morning

<13 .
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and evening peak period. The train headway time
during flat peak period is longer than during the
morning and evening peak periods. So, appropriately
increasing the train headway time is more conducive to

- ATO normal
~ ATO energy saving

Shendu Hi ]%hway
Lianhang Road
Ji 1angyue Road

Jhang Town

eng Road

Lmzhao Xincun
Oriental Sports Center
Yangsi

but will
lead to a decrease in the total number of trains in a

reducing the number of short-length services,

time-period. How to balance the relationship between
headway time and service frequency needs further studies.
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Fig.7 Train timetable 18:00-0:00 ( Scenario II)

3) In Scenario II, different rolling stocks service
different number of train services. For example,
rolling stock Ay services 15 train services ( 15-74-
103-162-209-246-287-324-365-404-433-482~
535-572-601). However,

services 3 train services (28-85-144). The average

rolling stock B,, only

number of train services of one rolling stock served is
around 9.5. The balance use of rolling stocks is not
considered in the proposed model, i.e.,
stock is used equally, which can be further discussed

the rolling

in the future studies.

4) In Figs. 4-6, there is certain regularity in the
train timetable. At the beginning of operation, the
rolling stocks gradually exit depot and execute train
services. At the end of the morning peak, a part of
rolling stocks go back to depots, which gradually exit
depots and execute train services at the beginning of
the evening peak. But the number of rolling stocks
leaving depots during the evening peak period is less
than the number of rolling stocks entering depots after
the morning peak. At the end of the operation day, all
rolling stocks go back to depots. This regularity of
rolling stocks entering and exiting depots is consistent
with the reality.
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6 Conclusions

A MINLP model is constructed to optimize the
train timetable, rolling stock circulation and line plan.
A two-stage solution algorithm is designed to solve
the proposed model, which can significantly reduce
the structural complexity of the model and accelerate
the computational speed. The proposed method is
adopted to optimize the timetable and rolling stock
circulation of the whole day period of a metro line.
The research results show that this method can make
intensive rolling stock circulation and increase the
number of full-length service trains. The minimum
number of rolling stocks that can meet the normal
train services of the whole day is 63, which can
perform 495 full-length services out of all 620
services.

This study simplified the turn-around operations
at stations, which can be further studied with
considering more detailed turn-around operations.
Moreover, the study focuses on the planning
problem, how to adjust the rolling stock plan as well
as the timetable in case of disruptions or disturbances

should be considered in the future.
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