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Abstract

The efficiency of metro rolling stock maintenance directly affects the safety and
capability of train operation in the main line. Aiming at the optimization problem
of rolling stock maintenance scheduling (RSMS) in metro, a multi-objective
mixed integer nonlinear bi-level programming model was presented in this paper
to improve the efficiency of maintenance as well as the availability of the rolling
stock in the planning horizon. In the model, maintenance systems, train operation
timetable in the main line and maintenance capacity of the crews are taken into
comprehensive consideration. To solve the optimal solutions quickly, the static
variable ordering heuristics according to a possible minimum value of the start
time of the maintenance, the dynamic value ordering heuristics according to the
minimum value and the constraint propagation based on the maintenance cycle are
imbedded in the basic backtracking algorithm. Finally, the effectiveness of the
model and the algorithm is verified by the instances from Chengdu Metro Line 2
in China.

Keywords: metro, rolling stock maintenance scheduling, bi-level programming,
improved backtracking algorithm.

1 Introduction

Every rolling stock must undergo maintenance checks after a certain number of
hours or kilometres of travelling time or distance. Most of the maintenances are
detailed in the metro rolling stock bases including car depot and parking lot.
Maintenance procedures can be divided into preventive maintenance and
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corrective maintenance depending on their level. Compared with preventive
maintenance, corrective maintenance has greater randomness. At the same time,
daily inspection, one kind of the preventive maintenance, must be carried out every
day. The other preventive maintenance procedures are divided depending on their
level. In order to reduce the maintenance costs and to extend the rolling stock life,
RSMS is established to arrange a variety of maintenances coordinately.

In current practice, the decision making process for RSMS is largely manual
and primarily relies on the knowledge and judgment of experts, which leads to low
efficiency and error-prone. Therefore, it is essential to study the optimization
theory of RSMS. Some metro rolling stock maintenance information systems were
built to assist the scheduler to dispatch the daily maintenances in [1-3]. But the
systems are only limited to add, delete and change the maintenances in [1, 2]. A
0-1 programming model and a modified genetic algorithm were established to
maximize the matching between the maintenance workers and the maintenance
works in [3]. But the skill indicators of the crews are non-deterministic and
changing, furthermore, because of the great flexibility of the actual maintenance,
it is difficult to divided one maintenance task into several processes. The railway
routing considering maintenance problem the track maintenance production team
scheduling problem are discussed in [4] and [5], but not actual RSMS optimization
problem.

In this paper, a multi-objective mixed integer nonlinear bi-level programming
model for RSMS is established. In the model, metro RSMS is to determine the
daily maintenance content, time and crews of each rolling stock, meanwhile
the sum of the present maintenances and the availability of the rolling stocks are
maximized. Then, an improved backtracking algorithm is designed to solve the
model and achieve different kinds of maintenances for a planning horizon. Finally,
experimental results based on the instances from Chengdu Metro Line 2 in China
show that the model and algorithm could be a promising way.

2 A mixed integer nonlinear bi-level programming model

2.1 Assumptions

In order to model, assumptions are as follows:

(1) Maintenance systems, daily train operation schedule in the main line,
daily capacity of the maintenance crew teams and the time when each
rolling stock is put into operation are determined and unchanged.

(2) Neither maintenance can be interrupted until the end.

(3) One maintenance requires only one maintenance crew team from the start
to the end, while one maintenance crew team can only undertake one
maintenance at one time.

(4) There is only one rolling stock base, that is, only one car depot and
excluding subsidiary parking lot, which indicates it doesn’t need to
allocate place for each maintenance.
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2.2 Constants

Based on the above assumptions constants are defined as follows:
(1) T={t,--,t;,--~,t,;} represents the maintenance scheduling horizon

taking one day as a step. #, is the start time, ¢ , is the end time. g is the

number of submitting rolling stocks to the main line when #,, while a, is
the total capacity of the maintenance crew teams when 7,.

(2) R={n, -r;,-++,rs} is formed by different kinds of maintenances sorted
by the level from low to high. r, ={y,, p,,T;"",T,"",d,} is the j-th kind
of the maintenance, y; is the designation, p, is the priority, p, > p,

indicates the level of 7, is higher than the 7, . T/.‘“i“ and 7™ are the

shortest and longest maintenance cycle. d; is the duration time of 7, ,
generally, the higher the maintenance level, the longer the consuming time.

(3) C={q, ¢, ¢ e} is composed of N€ rolling stocks. tf/. is the latest
end time of maintenance 7, of rolling stock ¢; before #, while
t = max(tf_ ;) is the latest end time of all maintenances of rolling stock c;

before £,.
2.3 Variables

On condition that #; ; 1s known, the domains of start time and end time of the first
maintenance r, of rolling stock ¢; can be expressed as:
in = [ti?j + ijm +1, t,.(?j + 17 10,
()

e _ s _ 140 min 0 max
T =T,,+d, =1=[t, , +T" +d ¢, +T;" +d ]

i1

Make T° , =1t ., the domains of start time and end time of the /-th (/>1)

i,j,0 Lj?

maintenance r; can be expressed as:

T =6, +IXT™ + (=D xd, +1,8) , +IxT™ +(I-1)xd, +1],

il

2)

T, :[tl?j+lx7}"’j"+lxdj,t£j+l><ija"+l><dj]

As long as any maintenance starts in 7, we can think the maintenance belongs to
the scheduling, then the minimum number and the maximum number of 7; within

T are expressed as:
ot =t —1+d, t, =t —1+d.
mmn __ N 1] J max __ N i,] J
N =t N =

max i, min (3)
T: ! T
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Then, the minimum maintenance number and the maintenance maximum number
of ¢; in T are expressed as:

NE NE
N[mm — z N[r‘n;n , Nimax — z N[mlax ( 4)
j=1 J=1
Make the duration of 7, be expressed as:
Di,j,l = 7;,Sj,l U 7;;,1 (5)

Then, the maximum domain of all 7, and the maximum domain of all kinds of

maintenances of ¢; in T are expressed as:

R

7, (©)

max
N

~ N€
r,=UD,,.T=U

L) =1 i

=

J
Hence, the optional variable o, , ,(1<i< NC,1<j<Nf1<i< N") is defined
to denote whether ¢; needs to execute the /-th 7;. £, can be determined as long

therefore, the variable ¢

L,

as the determination of ¢’

s e g
i1 ;1 €T, indicates start

i

time of the /-th r when 0= 1.

According to o, ;,, the variable v, ;, €{0,1} is defined to represent whether the

maintenance of ¢, is r, at ¢ (¢ eT ). Namely, if o, =1, then v, =1 and
=0 and ¢ €T, UTS,. If N*>1, the
difference between the start time of the /-th r; of ¢; and the end time of /-1-th 7,

-1. If

L el t;,], otherwise, v,

8

Lo s .
of ¢; can be expressed as d, ;,, which is equal to ¢, o, ;, —1,

ioji-1 % Oi

i,j,0-1
s 0
=1, then d, ;, =t,;, %0, ;, =1, =1.

2.4 Objective functions

Because of maintenance cycles, daily capacity of the maintenance crews, etc., not
every maintenance can be executed. Thus, the main purpose of the rolling stock
maintenance scheduling is to arrange the maintenances as many as possible. The
main objective is expressed as formula (7).

. max
NE NR N

max f,=>.> >0, (7)

i=l j=1 I=1

In order to improve rolling stock turnover rate and delivery capacity of the
rolling stock to the main line, the secondary objective is defined to maximize the
availability of the rolling stocks.
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2.2 2.(0,,%d

minf2 _ =l j=1 1= (8)

NC NRNT

ZZ Z 05

i=l j=1 I=1

Constraints

There is only one maintenance for any rolling stock at any time, that is, the
uniqueness constraint b, is expressed as:

<1,i=1,2,.,N, I=1,2,..,N™, t eT 9)

ljk - ij ?
LSNPS <t <

il
The maintenance cycle constraint b, between the adjacent maintenances with
the same kind can be expressed as:
min max
rmsd,,, <177,
(10)
i=12,...,N, j=12,...,N%, I= L,2,...,N "
If one low-level maintenance is after another high-level maintenance, then the
difference between them must be less than maintenance cycle of the low-level
maintenance. And maintenance cycle constraint b, can be described below.

T <, 1T,

ijys tj -1
(1)
i=1,2,....N, j,j,=12,...,N%, P, <p,, =23, N
Each maintenance can’t be interrupted until the end, and uninterruptible
constraint b, is described as follows.

lj|k| y_/l i,jz,kzijzvizl’za"-nNca
(12)
Jisd, =1,2,...,N® oty €18 11, [=12,..,N™

If one low-level maintenance and one high-level maintenance both can be
assigned to some rolling stock at some time, then the high-level maintenance
must be scheduled. Hence, the covering constraint b, is expressed as follows.

Oi’jl h > Oiajz b

(13)
i=1,2,....,N, j.j=12,....N*, p.>p, T NI’

ijish inj2shy * @
The daily capacity of the maintenance crews is limited, as a result, the total
number of the maintenances scheduled every day is restricted. The

maintenance capacity constraint b, is expressed as follows.
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, 0, <a,,t T (14)
ISISNC 1SN 6 <t <t

il

(7) Inorder to meet the operational requirements of daily train timetable, a certain
amount of rolling stock must be submitted to run in the main line, that is, train

operation constraint in the main line b, can be described as follows.

NC= Y > o, zg.teT (15)

. C . nax s e
IiSN® I<GENTT 8 L <o.<t] 4

2.6 Bi-level programming model

The above two objective functions are in conflict, at the same time, it is meaningful
that the objective function (8) is optimized after the objective function (7) has been
optimized. Therefore, the model can be transformed into a smooth nonlinear bi-
level programming model [6, 7].

Let o, t and

;0 Y i, form a generalized variable donated as

X0 =<0, 5t st >- - Let b,(x,;,)=1, if x , satisfies the constraint
b,(m=1,...,7),, otherwise, b, (x,;,)=0. Then the feasible solution set in the

whole optimization model is denoted as follows.
S(x,, ) =14x,,, 1b,(x,;)=L1<i< N 1< j<S N I<IS N (16)
And the optimal solution set of the upper level programming model is denoted as

follows.
v (x, ;) =arg r{}ax{fl (x, ;)% ;, €S} (17)

If v, (x,;,)# <, let the optimal value of the upper objective function (7) be

denoted as f,”", then the optimal solution set of the lower level programming
model is denoted as follows.

w,(x, ;) =arg Iglin{fz (X)) %0 €8,%, 5, €vy, fix ;) 2 A7 (18)

3 Improved backtracking algorithm

In order to improve the efficiency of the basic backtracking algorithm [8], the
static variable ordering heuristics (VarOH) [9, 10] according to a possible
minimum value of the start time of the maintenance and the dynamic value
ordering heuristics (ValOH) [11, 12] according to the minimum value are designed
in this improved backtracking algorithm. Furthermore, the constraint propagation
(CPr) [12] based on the maintenance cycle were imbedded to communicate the
domain reduction of a variable to all of the constraints that are stated over this
variable.
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3.1 Static variable ordering heuristics
The maintenances number of the rolling stock ¢, is most up to N[Imx in the

planning horizon 7, and sort these generalized variables x, ., =<o, > by

i,j,l i,j,0° 1 sl
the possible minimum value tl.’j +1 ><Tj,mm +1xd, of the start time 7, ,. If there
are multiple value domains of the start time overlap, then schedule the high-level
maintenances in front of the low-level maintenances. Rank the variables among
the different rolling stocks according to the existing order, hence, the reordering

of variables is denoted as X={X,...X,,..., XNC }s and

X, ={x,, [1<n, <N™}. x,, =<o,,.t;, > represents the n, -th generalized

variable, o,, and ¢/, indicate the optlonal variable and the start time variable of

the n, -th maintenance of the rolling stock ¢, respectively.

3.2 Dynamic value ordering heuristics

In order to make the algorithm search better solution as soon as possible, it is
needed to prioritize the values in the domain of each variable. Let the priority value

of x,, =<o,,,;, > be <l,min(Z}, )>, and 7}, is the value domain of the start

ln’zn i,n;

time variable #;, .

3.3 Constraint propagation

CPr [12] contains domain reduction and communicating, which is a process of
communicating the domain reduction of a variable to all of the constraints that are
stated over this variable. Based on the maintenance cycle constraints (see formula
(10) and formula (11)) and the relationships between the start time and the end
time of the contiguous maintenances (see formula (2)), and if the start time and
the end time of (/-1) -th maintenance r, are determined, then the domain of start

time of /-th maintenance r, can be narrowed as follows.

T [,j,1+T‘“‘“+1t +T/‘““"+1] (19)

i,j,l 2%, 01
Then, according to the following communicating formula.

T =T, 4 T 1T + T +1] (20)

i,7,0+1 i,j,0 i,j,l

Finally, reduce the value domain of the start time of larger than /-th maintenance.
3.4 Algorithm steps

Let that the optimal solution set be denoted by y;, the initial minimum value of
the objective function (7) be 0, the constraint set of all constraints b, (m =1,...,7)
be denoted as B, invoking constraint propagation method be described as Cpr(B),
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then the steps of the improved backtracking algorithm (Improved-BT) is used to
solve the upper level model with the objective function (7) are designed as follows.

Improved-BT(X,....,X,,...., X ()

Ly, « @, b: iz ", B« BUb, x,, «<2,min(T), )-1>
2i<1, n«1

3 while i > 1

1 while n, > 1

2 do while 0,, >0

3 doo,, <0, -1

7 ifo,, =1

8 then while 7;, < max(7, )

9 do tf,,,[ <—t,:fn[ +1

10 it Vm=1,....8, (b,(x,,)=1)
11 then flopt «— flom +1
12 Cpr(B)

13 if n, = N™

14 then exit this while loop
15 else n, «—n, +1

16 elseif 0, , =0

17 then if Vm=1,...,8,(5,(x,, ) =1)
18 then Cpr(B)

19 if n,=N™"

20 then exit this while loop
21 else 1, <—n, +1

2 ifi=NC

23 then g//l<—(//1U{<Xl,...,)([,...,XNC >}

24 exit this while loop

25 else i < i+1

26 x,, <<2,min(7;, )—1>

in,

27 ifn, >1
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28 then 7, <—n, —1
29 else i<—i—1 and n, <~ N
30 return ¥/,

Based on the optimization solution of the upper layer model, the lower layer
optimization model with the objective function (8) will be solved. The constraint

b, in Improved-BT must be changed to £, < f;”", and the initial maximum value

of the objective function f, be f”' =d .

4 Case study

4.1 Case solving

There are 15 rolling stocks in Chengdu Metro Line 2 in China. The daily capacity
of the maintenance crew team is 5 in the planning horizon from day 1 to day 365.
At least 10 trains must be provided to the main line every day. Assume that each

train was put into use at day 0, that is, the latest end time tf ; for each maintenance

is 0. Let the solving time of each layer model be less than 1 minute. Different kinds
of maintenances are listed in Table 1.

Table 1:  Different kinds of maintenances in Chengdu Metro Line 2.

Type ();) priority (p;) cycle ( iji“ ~T™) duration (d ;)

heavy 6 10-12 years 30 days
unwheeling 5 5-6 years 24 days
light 4 1.25-1.5 years 8 days
monthly 3 82-98 days 3 days
weekly 2 12-18 days 6 hours
pantograph 1 4-7d ays 1 hour

There are 1575 maintenances, 4725 variables, about one million constraints,
and one hundred million iterations in this case. The model is solved using the
improved backtracking algorithm on a PC equipped with as Inter Core i3-2310M
2.1GHz, DRAM 2G, Windows 7 and .NET Framework 4.5. The solving processes
of the upper layer model with the objective function (7) and the lower model with
the objective function (8) are shown in Figure 1. Finally, the results of the
maintenance scheduling are shown in Table 2.
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Figure 1:  The solving processes of the upper model and the lower model.

Table 2:  Scheduling results of the maintenance.

rolling stock maintenance type (start time ~ end time)

1 pantograph(5~5,10~10,:-,361~361) weekly (13~13,30~30,-+,364~364)
2 pantograph(5~5,10~10,*+,361~361) weekly (13~13,30~30,**,364~364)
3 pantograph(5~5,10~10,-:-,361~361) weekly (13~13,30~30,:*+,364~364)
4 pantograph(5~5,10~10,**+,361~361) weekly (13~13,30~30,+**,364~364)
5 pantograph(5~5,10~10,:+,361~361) weekly (13~13,30~30,**,364~364)
6  pantograph(6~6,11~11,--,362~362) weekly (14~14,31~31,:-+,365~365)
7  pantograph(6~6,11~11,-*+,362~362) weekly (14~14,31~31,:-*,365~365)
8  pantograph(6~6,11~11,-+:,362~362) weekly (14~14,31~31,*-,365~365)
9  pantograph(6~6,11~11,--,362~362) weekly (14~14,31~31,:-+,365~365)
10 pantograph(6~6,11~11,-+,362~362) weekly (14~14,31~31,:+:,365~365)
11 pantograph(7~7,12~12,-++,363~363) weekly (15~15,33~33,-:+,353~353)
12 pantograph(7~7,12~12,**+,363~363) weekly (15~15,33~33,+:+,353~353)

13 pantograph(7~7,12~12,++,363~363) weekly (15~15,33~33,+-+,353~353)
14 pantograph(7~7,12~12,++,363~363) weekly (15~15,33~33,++,353~353)
15 pantograph(7~7,12~12,--+,363~363) weekly (15~15,33~33,++- 353~353)

4.2 Algorithm comparisons

To illustrate the efficiency of Improved-BT algorithm, the BT1 algorithm with the
static variable ordering heuristics according to the priority of the maintenance, the
BT2 algorithm with the static variable ordering heuristics according to the car
number ranking from small to big, the BT3 algorithm with the dynamic value
ordering heuristics according to the maximum value of the start time, and the BT4
algorithm without constraint propagation technique are used to solve the upper
layer model with the objective function (7). The process of each algorithm is
shown in Figure 2.
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Figure 2:  The solution processes of BT1, BT2, BT3 and BT4.

Figure 2 can verify that the Improved-BT algorithm is more high-quality and
high-efficiency than other algorithms. Particularly, because of the constraint
propagation technique, the iterations number of Improved-BT algorithm is 3992,
while the iterations number of BT4 algorithm is 44529.

5 Conclusion and future work

In this paper, a multi-objective mixed integer nonlinear bi-level programming
model for RSMS was established. Then an improved backtracking algorithm with
two kinds of ordering heuristics and constraint propagation technique was
designed to solve the model efficiently. This study can improve the efficiency of
the rolling stock maintenance and can protect the safety of the train operation in
the main line. Based on the proposed optimized model and algorithm, our future
work is to study the integrated optimization problem of operation scheduling and
maintenance scheduling to improve the service level of rolling stock bases and the
mainline in the metro.
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