An Integrated Optimization Method for Train Timetabling
and Maintenance Scheduling Problem

Team Name : Railsmart

CAE r »& Advisor : Gongyuan Lu
O 7434 4 4 2vr oo

ad! /' Southwest Jiaotong University  leam Member :

Bisheng He
Yongxiang Zhang
Yadong Liu

- Southwest Jiaotong University §

Railsmart Technol

e = -

ogy Co., Ltd &



| conTENTS

a&iaa

Vi H W N =

Introduction

Model Formulation

Solution Approaches

Case Study

Conclusion




\ 1 Introduction
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Determining arrival and departure time of the trains oni
traveled links is the essential work for joint optimization on i
train timetabling and maintenance task scheduling problem. |

Block sections traveled by the trains as well as start and i
end time for trains occupying block sections are treated asi
core decision variables. i

A mixed integer linear programming model is built oni

his basis to solve the integrated optimization problem, andi
he model is solved through a commercial solver. i
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An Integrated Optimization Method for Train Timetabling and Maintenance Scheduling Problem

2 Model Formulation
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2 Model Formulation

2.1 Definition of Sets and Parameters

(1) Fundamental sets

Cell

Node

Departure Signal

. Avrrival Block Section o — Passing Signal ' '
Home mgnal\ P e Y= . Departure Block Section Lo ; \H Passing Block Section
o~ N e S
BB A v PN ey + -
| )(1 L gl Main Track e \

& I ] 1 [l ] & ] ] &

- 1 T T T T T - T T -

f . \ - e i o - Track

Boundary Point
Link ® Siding Track
}4 Station >|‘ Segment ‘:}: Station——
+ Node [ Boundary Point -z Block Section (Station)
— Link e Signal —— > Block Section (Segment)

R set of trains, index by r, i.e., 7 € R
set of block sections, index by b, i.e., b € B. Block section can be

B divided into three types, i.e., arrival block section, departure block
section and passing block section

C set of cells, index by c, i.e.,, c € C. Cells are the minimal units to
identify the conflicts between block sections

L set of links, index by L, i.e.,l € L
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2 Model Formulation

(1) Fundamental sets

Cell

—

Home signal

Node Departure Signal

Departure Block Section

Passing Signal

Passing Block Section

Arrival Block Section -
I
-
1

/ T
= VG st 20 e
. l \= ain Trac !-./= : \\: . : .
e L g o
Boundary Point \ / f Track
Link H Siding Track
I~1 Station ‘;‘F Segment :i: Station
+ Node [ ] Boundary Point -3 Block Section (Station)
— Link e Signal —-——— Block Section (Segment)
S set of stations, index by s, i.e., s€ S
N set of nodes, index by n,i.e, n e N

MOT
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set of track maintenance tasks, index by m, i.e., m € MOT



2 Model Formulation

(1) Fundamental sets

Set of tracks in the segment (1)

e X ) re )
1300 glill .mx p 1813 W81l ML L1307 L

R

1842 v Ls:ao 18%6 18
W 843 1&35 183 189 o . R . . . 5%
35 NG o 56 BE 8D | SEIUI T
- - - -

o483 1334

&

set of tracks in the segments, index by i, i.e., i € I. A segment consists
I of one double-track usually has two tracks and each of the track is
made up of several passing block sections
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2 Model Formulation

(2) Sets and parameters related to block section

Cell
; Node ) ) Departure Signal
Arrival Block Section - Passing Sienal
. o - = = R .
Home sngnal\r_. g / _._|]' e _& Departure Block Section I—C'/ \I-O Passing Block Section
****** *rﬂl./ ] !_. L_I_T___-’._____’I____PI_____—'I]-.

\ 4 T 1 T T T T ! !
: [ & i
| T/{I‘. | : Main Track !_. . : '\\: . I :
\ k" | e / g L L Track
1

1
Link ® Siding Track
I~1 Station ‘;‘F Segment :i: Station
+ Node [ ] Boundary Point -3 Block Section (Station)
— Link e Signal —-——— Block Section (Segment)

Barrival  oat of arrival block sections, B4mival - B

set of passing block sections shared by two or more tracks in the

Bshare
segments, Bshare B

B, set of block sections that train r can potentially travel on, B,. ¢ B
B}, B, setof block sections flow out (in) node n, B}, B; c B

B, set of block sections containing cell ¢, B, ¢ B
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2 Model Formulation

(2) Sets and parameters related to block section

Cell

—

Node Departure Signal

_ Arrival Block Section - Passing Signal _ _
Home mgnal\ Pt et —bI— —  Departure Block Section y N\ Passing Block Section
Fe ., * N DN & S & S
P a— — 1 | 1 1 ] P | 1 [
. 2 1 T - T T T T T T
/x/' | o Main Track e \
P ] - | 1 1 1 ) Py ] 1 P
« P o T e - -
Track
Boundary Point \ / f
H Siding Track
I~1 Station ‘;‘F Segment :i: Station
+ Node [ ] Boundary Point -3 Block Section (Station)
— Link e Signal —-——— Block Section (Segment)

set of passing block sections located on the track parallel to the track i,

Bi, that cell ¢ is located, B; c B
0-1 relationship parameter, equals 1 if block section b conflicts with
Epp’ block section b’, 0 otherwise. Two block sections are conflict with each
other if they have cells in common
Last last link of arrival block section b
ny, end node of arrival block section b
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2 Model Formulation

(3) Sets and parameters related to node

Cell

—

Departure Signal

Home signal

/ Passing Signal

Aurrival Block Section
e . .
L/ \ ) - — ,— _—— —bI— Departure Block Section H'/ \|-. Passing Block Section
- = — !_.\I _I_T___F____’I____FT____#

I
o Main Track e
l l

/
V:_
"I_
N\
1_
]
b1 N

Track
Boundary Point
H Siding Track
if. Station ';‘F Segment :i: Station
+ Node ] Boundary Point -3 Block Section (Station)
— Link e Signal e Block Section (Segment)

set of nodes which have the same location as departure signals and are

Nsiding located on the siding tracks, i.e., those nodes are connections between
two block sections, N514ind ¢ N
set of nodes which have the same location as departure signals and are

Nmam located on the main tracks, i.e., those nodes are connections between
two block sections, N4 ¢ N

Nboundary set of nodes serve as the boundary points, NPoundary c

N set of nodes in station s, Ng © N
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2 Model Formulation

(3) Sets and parameters related to node

Cell

; Departure Signal

Arrival Block Section / Passing Sienal
Home signal\ / = 1— - — = —IJI:. Departure Block Section y N\ Passing Block Section
. _ i — | H\I _I_T___F____’F.___blt.____#
& T } — ® T
o Main Track e
] L 1 1 1 ] P

I I
| 1
I I I I |
/ 2 o L Track

/ .
X
T8

H Siding Track

|~1 Station >t Segment :': Station
| ) ; |
+ Node ] Boundary Point -3 Block Section (Station)
— Link e Signal e Block Section (Segment)

N set of nodes that train r can potentially travel on, the origin and
r destination nodes excluded, N, ¢ N

special c N

NSPectal set of special nodes that train = can potentially travel on, N°

index of the special origin station for train r. In the special origin

special
r station, origin node of train r is in the home signal
s index of the station containing node n

22:02 11



2 Model Formulation

(4) Sets and parameters related to cell

Cell
; Node Departure Signal
_ Arrival Block Section o - Passing Signal _ _
Home mgnal\ Pt et —bI— =~ _ Departure Block Section |_.'/ \H Passing Block Section
o \I_ ______ N . S, S
LI Y
/l/l (gl Main Track e \
& | T ] ] 1 [l o l ] &
RS o T e - -
Track
Boundary Point \ / { f
Link ® Siding Track
I~1 Station ‘;L Segment :i: Station
+ Node [ ] Boundary Point -3 Block Section (Station)
—_— Block Section (Segment)
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e Signal

set of cells in block section b, €, c C

i, index of the track for cell ¢
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2 Model Formulation

(5) Sets and parameters related to link

Cell

; Node

Departure Signal

Arrival Block Section -
=g
N Departure Block Section

Home signal

L R | o
S A, ey I |
- ./.H H\r——————'————-'————' B
! ] ] Py | }

Passing Signal
Passing Block Section

Ad T —+— 1 1 1 T
/x/' P Main Track o \
1z 1 : 1 ] Py

)
l
L|
o Track

S I S

Boundary Point 1
Link ® Siding Track
I~1 Station ';L
+ Node ] Boundary Point -3
— Link e Signal ——

set of links for block section b, L, c L

set of links for cell c,i.e., L, c L
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Block Section (Segment)

13



\ 2 Model Formulation
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(6) Sets and parameters related to MOT
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Cn set of cells included in track maintenance task m, C,, c C

set of cells adjacent to cell ¢, i.e., MOTY%™ < ¢. All of the

djacent
MOT; _ djacent .
¢ cells in MOT;7“““™ have track maintenance tasks

[mot;,, mots, | starting time window of track maintenance task m

d., minimum time duration of track maintenance task m

limit maximum speed of the other whole track during track
v :

¢ maintenance task on cell ¢

1 .2 maximum speed of the first (second) train traveling through cell
V¢, V¢

c after track maintenance task on cell c is finished
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2 Model Formulation

(7) Sets and parameters related to train

Cell

—

Node ) ) Departure Signal
_ Arrival Block Section o - Passing Signal _ _
Home mgnal\ Pt et —bI— —  Departure Block Section y N\ Passing Block Section
Fe ., * N DN & S & S
P a— — 1 | 1 1 ] P | 1 [
o T L - 1 — T 1 1
/x/' | o Main Track e \
P ] - | 1 1 1 ) Py ] 1 P
« P o T e - -
Track
Boundary Point \ / f
H Siding Track
* Station > Segment > Station
I s R
+ Node [ ] Boundary Point -3 Block Section (Station)
— Link e Signal —-——— Block Section (Segment)

set of stations that train r can potentially travel on, the origin and

round up to an integer

Sr destination stations excluded, S, c S
[t5, 18 ] time window that train r can leave from origin node n?
L, minirrlal runnin_g time _of trainronlink I, ¢, is
’ when it’s value is fractional
n?, n4 index of the origin (destination) node for train r

22:02
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2 Model Formulation

(7) Sets and parameters related to train

Cell
; Node ) ) Departure Signal
_ Arrival Block Section o - Passing Signal _ _
Home mgnal\ Pt et —bI— —  Departure Block Section y N\ Passing Block Section
Fe ., * N DN & S & S
P a— — 1 | 1 1 ] P | 1 [
o T L - ] I — T 1 1
/x/' | o Main Track e \
Py ] T | 1 1 1 ] Py | 1 P
« P o T e - -
Track
Boundary Point \ / f
H Siding Track
|~1 Station >t Segment =|= Station
| ) |
+ Node [ ] Boundary Point -3 Block Section (Station)
— Link e Signal —-——— Block Section (Segment)

dwell, ¢ prescribed dwell time of train r in station s
s, s& index of the origin (destination) station for train r

l; maximum speed of train r on link [

Last parameter used is the sufficiently large number M.
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\ 2 Model Formulation

2.2 Definition of decision variables

(1) Decision variables related to train properties

entry _ exit

Yrp »Yrp  entry (exit) time for train r at block section b
Xrb 0-1 variable, equals 1 if train r uses block section b, 0 otherwise

stop, s scheduled dwell time of train r in station s

(2) Decision variables related to train sequence

0-1 variable, equals 1 if train r is scheduled earlier on block section b
e b b’ than train r’ is scheduled on block sections b" which is in conflict
with block section b, 0 otherwise

(3) Decision variables related to MOT properties

start, start time of track maintenance task on cell ¢

end, end time of track maintenance task on cell ¢

22:02 17



\ 2 Model Formulation

(4) Decision variables related to the relation between train and MOT

ar.b,c

B r.b,c

Zyc

22:02

0-1 variable, equals 1 if entry time of train r at block section b is
greater than or equal to end time of track maintenance task on cell c,
0 otherwise

0-1 variable, equals 1 if train r can exit block section b at its
maximal speed before maintenance task on cell ¢ starts, 0 otherwise

0-1 variable, equals 1 if train r travels through cell ¢ after track
maintenance task on cell

0-1 variable, equals 1 if train r is the first train traveling through cell
c after track maintenance task on cell

0-1 variable, equals 1 if train r is the second train traveling through
cell ¢ after track maintenance task on cell ¢ is finished, 0 otherwise

18



2.2 Model Preliminaries

Release time of the arrival block section
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Figure 1 Illustration on releasing the arrival block section in advance

As shown in Fig.1, for the arrival block section from node 1 to node 25,
when the train traverse on the node 24, the links from node 1 to node 24
could be used by the other trains except the link from 24 to 25. Hence,
the release time of the arrival block section should exclude the last link
movement time for the train.
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2.2 Model Preliminaries

Departure block section splitting
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cells which causes ambiguity of train routes.
In this way, we spilt a departure block section into two train routes which are
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2.2 Model Preliminaries

Original location of the train
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Figure 1 lllustration on releasing the arrival block section in advance

i Two special situations should be noted since some trains will enter the rail i
i network at nodes where departure signals are not located.

I (1) The train enters the system at the node behind the departure signal, such
i as node 24 and node 27 in Fig 1.

i (2) The train is located on the boundary point, such as node 1 in Figl.
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2.2 Model Preliminaries

Turnover movement on the links

For bi-directional links which i

can be passed by from both |
|
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Figure 2 Station layout for train turnover movement on the links

arrival at one node but leave from a

different node. This scenario is

In this situation, we add a

virtual block section which is

similar to passing block section, so

|
|
|
|
|
|
|
|
|
|
|
|
|
I defined as a turnover movement.
|
|
|
|
|
|
|
|
|
] that a turnover movement can

| happen by passing this virtual
|

I block section.
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Track maintenances task duration time

Figure 3 Analysis on speed restriction on the whole parallel

The speed restriction constraint |
should be applied to every passing i
block section in the parallel track. i

It is too complex to constrain the |

train’s speed on each passing blocki

|
simplify the speed constrains by !
assuming that train’s speed on the

whole passing block section will be
constrained for all six situations
above except situations in Fig3 (1)
and Fig3 (5).
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One kind of speed restriction for all of the cells with track maintenance tasks in the

same block section

22:02
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For the block section containing several cells with track maintenance tasks
hat a train passes through, it is assumed that if the train is the first or second
rain traveling through one of the cells after track maintenance on that cell has
inished, then the train will be the first or second train traveling through all of the
ells after track maintenance tasks on those cells has finished.
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\ 2.3 Mathematical Model

Objective Function

minimize Z = 2 ( z yEt — Z yf’Z"y> z stop, qa + z z Xrptrey

T€R \beB;; NByn=ng bEB; NBy,n=ny TER TE€R beB; NByn=nd

@ @ ®

The model is aimed to minimize total running time of all trains:

(O total running time of the trains when they release the arrival
block sections in destination station.

@ scheduled dwell time of the trains at destination station.

® minimal running time of the trains on the last link of arrival
block section which connects the destination node.

22:02 26



2.3 Mathematical Model

Train Moving Constraints

» The relationship between usage of block sections and entry and exit
time of trains on those block sections

entr

vy Y < Mx, ), Vr € R,Vb € B, 1)

yet < Mx,,, Vr € R,Vb € B, (2)

» Minimal running time constraints

YR 2 YR 4 Xy Siery bt Vr € R, WD € B\(BTVU U BY): n = ng,m @ Noowdary (3
t S entry . — b a
YbeBtnp, yipt = 2 Ypeptng, Yrb T Zpeptng, Xrb Lier, tri T StOPrs, VT € Rin = mnp,n g NPOHHAATY
4)
Ve =y + %0y Dierpney tri s VT € R, VD € B, 0 BT (5)

22:02 27



2.3 Mathematical Model

Train Moving Constraints

» Departure time window constraints

entry _
ZbEB;‘IL-ﬂBT yr,b = tﬁ' Vr € R;n - n?, Vb € B—,T (6)
entry _
Shepins Yrb 2t VT €Rn=n2, Vb € B} @

> Entry and exit time cohesive relationship between two adjacent block
sections
Zb’eB,;nBr )’re,plcyi’t = ZbEB;'{nBr yf,Z”y, Vr € R,¥Yn € N,\ ( (NSHding y ymain) \NrSpeCial) nm#nln+#
" ®)

exit
ZnENSn ( (nsidingyymain ) \N:pecial) Zb’EBEnBT y’r,b’ + Stop‘r,s +

D . y X ot =y _ 3 entry

nengn ( (nsidingyymain ) \nSPecial)y  &ib'€By NBy *1,b " T,Chr nengn ( (nsidingyymain) \nSPecial) ZbeBinBy Yrb =
special

Vr €R,Vs € S, Us, 9)

As for the arrival block section and the departure block section,
release time of the arrival block section and scheduled dwell time of
trains should be considered.
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\ 2.3 Mathematical Model

Train Moving Constraints

» Minimal dwelling time constraints
stop, s = dwell, s, ¥Vr € R,¥s € STUsZ U sf (10)

» Trains stop constraints

stoprs < (1—x,.,)M, Vr € R,YR € N™" Vb€ B, NBy:s =s"s€ (STUs? U si) (11)

22:02 29



\ 2.3 Mathematical Model

Block Section Selection Constraints

» Only one block section can be selected at the origin and destination

node
ZbeB,"{nBrxT,b =1, VreR,n=n? (12)
Ybep:ng, Xrp = 1, Vr € R,n = n{ (13)

> Train flow conservation constraints at the intermediate nodes

_ : d
ZbEB;'{nBr Xrb = XbeB;nB, Xrp, YT ER, VR ENin#ng,n # ny (14)

» Atrain can only choose one block section traveling into the station

ZnENSn (NsidingUNmain) Zb’eB;nBr xT,b' = 1' Vr € R' Vs € ST (15)

22:02 30




2.3 Mathematical Model

Block Section Occupancy Constraints

» Two trains choose two conflicting block sections: two arrival block
sections with different destination nodes, two different departure
block sections with different origin nodes, one arrival block section
and one departure block section

M(1= xp ) + M(1— x,p) +y507 =y > —=M(1 = pypppr ), V77" € R, ¥y, my € (NSUNI Y
r',b , ) ,b,v".b

r’,b’
M(1— xp ) + M(1— x.p) + v — Y = =M,y V7,7 € R, YNy, my € (NS9MI Y

> Two trains choose one same block section

M(1— xp) + M(1— x.p) + y:,r’l;ry — vt > -M(1—ppp,p), V1,7 €ERYD €B,NBiT £ 7
(18)

M(1- xrr,b) + M(1— x.p) + yfj’,jtry — yrefflif > —Mu, 1y V7,7 €R VD €EB.NB 7T #1' (19)
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2.3 Mathematical Model

Block Section Occupancy Constraints

» Sequences of trains on passing block sections can not be changed

Krbr' b = Hrp! 2/ bl vr,r' €R,Vi€,Vb,b' € B, N B N B\B*"¢ :r v b'=b+1 (20)

» Sequences of trains on conflicting arrival block sections which have
same destination node

M(1— xpp) + M(1— xpp) + Yre’r,lziry — ViP5t 2 stopys +tre, —M(1 =y pr), V17 ERME
Ns@ingyNman vhp € B.NB;,b' € B NBr:r #1',s =s™,s € (STUs? U s2) (21)

M(1— xp ) + M(1— x,p) + 35,77 — yiiyi = stopr g + trre,, = Ml pytp, V7,7 ER,ME
NsWingyN™man vhp € B.NB,,b' € B, NBy:r #1',5s =s™,s € (ST' Usa U Sf,) (22)
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\ 2.3 Mathematical Model

Block Section Occupancy Constraints

» Origin node of the train is at the departure signal and other trains
can not use the occupied main track or siding track until the train
leaves the origin node

entry entry _ —. _
M(l — xr/,b/) t Yy 2 ZbEB;{nBryr’b + stop,s, Vr,7v' €R,s =s?,Vb'€EB,  NBy:r #r',n =

jal al
nd,n & preaa ,S # sfpeaa (23)

» Origin node of the train is at the node behind the departure signal
and other trains can not use the occupied main track or siding track
until the train arrives at the departure signal

t ; _
M(l — xr,’b,) + yrefr’lbfy > ZbEB;nBryf,’f,lt, vr,r' €R,s =s2,Vb' € B NB:r #r',n=n,n€

special special
N, ,S #* S, (24)
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\ 2.3 Mathematical Model

Block Section Occupancy Constraints

» Origin node of the train is at the boundary point and other trains
using different arrival block sections should wait until the occupied
arrival block section is released

M(1— xp )+ M(1— x,p) + ¥ > yE3%, wr,r' €R, s"= s;P°““ vb € B, N B}, ¥b' € B,/ N
Bf:r+r' ', n=nl,b+b (25)

» Origin node of the train is at the boundary point and other trains
using same arrival block sections should wait until the train leaves
the station

M(1- xrr’b) +M(1— x.p) + yeHY > yf,’f,it + stopys, Vr, v’ €R, s"= erpeCial,Vb €EB.NB,. N

r'.b

BiY:r#r',n=n? (26)
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\ 2.3 Mathematical Model

Maintenance of Track Constraints

» MOT starting time window constraints

start, = mot,,, Vm € MOT,Vc € C,,
start, < motg,, Vm € MOT,Vc € C,,

end, — start, > d,,, vm € MOT,Vc € C,,

» Maintenance task entrance constraints

yet < start. + M(1— x.p) + Ma, ., Vr € R,Ym € MOT,Vc € C,,, Vb € B, N B,

M(1— x.p) + ¥ > end, — M(1— a,,.), ¥r € R,vm € MOT,¥c € Cy,, Vb € B, N B,

» Maintenance task adjacency constraints

adjacent

end., = start,,, Ym € MOT,V¢; € Gy, Ve, € MOT,,

end., = start.,, Ym € MOT,V¢; € Cp, V€ MOTCCidjacent

22:02

(27)
(28)

(29)

(30)

(31)

(32)

(33)
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Speed Restriction Constraints

» Only speed of trains traveling through the MOT needs to be

22:02

restricted

Zre < Ypes,np, Xrp, VT € R,¥Ym € MOT,Vc € Cy, (34)

The relationship between train entry time and MOT end time
entry

YvesnB Yrp ~ + M@ —2z..) =end, Vr € R,Vm € MOT,Vc € Gy (35)

entry

YbeB.nBYrp - <endc—1+Mz.., Vr € R,Ym € MOT,Vc € Cp, (36)

The first and second train traveling through the MOT must travel
through the MOT after the MOT is finished

zl.<z.. Vr €R,Ym € MOT,Vc € C 37
,C ,C m
2. <z, Vr € R,Ym € MOT,Vc¢ € Cp, (38)

Speed restriction condition for the first train traveling through the
MOT after the MOT is finished

t t
M(l - Z}LC) + M(l - ZT1rC) + M(1 - ZTz.C) + ZbEBranc yrezr,lbry = ZbEanBc yTe:.lbry , V1,72 ER, VM €
MOT,Vc € Cpii1y # 1 (39)
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Speed Restriction Constraints

» If there are trains traveling through the MOT after the MOT is

22:02

finished, then the first train whose speed needs to be restricted exits

YrerZre < MY, erzi, Ym € MOT,Vc € Cy, (40)

Entry time of the second train into the MOT is greater than or equal
to the first train

t t
M(1—2% )+ Mz e+ M(1 =2, 0) + M(1 = 2p,0) + Zier, 08 V00 2 Loty 0B Vb » Y1172 €
R,vm € MOT,Vc € Cy;:11 # 1, (41)

A train can only be either the first train or the second train traveling
through the MOT after the MOT is finished

Zt.+ 2zt <1, Vr € R,Ym € MOT,Vc € Cp, (42)

If there are at least two trains traveling through the MOT after the
MOT is finished, then the second train whose speed needs to be
restricted exits

YrerZre — 1 S MY, cgzic, Vr € R,Ym € MOT,Vc¢ € Cy, (43)
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2.3 Mathematical Model

Speed Restriction Constraints
>

22:02

Speed restriction constraints for the first train

t lv
Zcecbncm M(1 Zy c) + Yf’lc;lt = Y:Z Y+ Xr,b (EcecanleeLanc T/min{w,vcl } bry + ZleLbuLC(CECm) tr,l);
Vr € R,Ym € MOT,Vb € B\Bgrrivar : Cob N Cy # @ (44)

exit entry 4
Zcecbncm M(l Zr c) TYrb ZVrp T Xrp (Zcecbncm ZlELanC\Cb T/min{ly,vcl } tro

Speed restriction constraints for the second train

t s o Entry 154
Zcecbncm M(l Zy c) + J’fﬁl =ZYrp T Xrp (ZcecanleELanC r/min{lgz,vg ) byt

exit < entr 14

Yy
Zcecbncm M(l Zy c) tYrp Z2Vep T Xrp (Zcecbncm ZleLanc\cb r/min{l}f,vg } try t

One kind of speed restriction for all of the cells with track
maintenance tasks in the same block section

Zr ¢ —z . VI € R,Ym € MOT,Vb € B,,c € C, N Cpy:c’ = c+ 1,card(Cp N Cpy) = 2 (48)

Zie —z o YT €ER,VYm € MOT,Vb € B,,c EC, N Cp:c’ =c+ 1,card(C, N Cyp) = 2 (49)

38



2.3 Mathematical Model

Speed Reduction Constraints

22:02

e > end. — M(1— ayp,), V7 € R,Ym € MOT,Vc € Cpy, ¥b € (B,NB):i =i, (50)
v < end. + Ma, ., Vr € R,Ym € MOT,Yc € Cy, Vb € (B,NB;):i = i, (51)

entr

starte = yop 0 + Yiep, tri — M(1 = Bypc), Vr € R,Ym € MOT,Vc € C,, Vb € (BN By):i = i (52)

starte < ypp ' + Yier, tra + MBrpe, VT € R,Ym € MOT,Vc € Cp,, ¥b € (BN By):1i = i, (53)
1)
@

f--{  Train running time
(©)]

1 Track maintenances task duration time

O]

®)

(6)
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\ 2.3 Mathematical Model

Speed Reduction Constraints

» Speed of trains in situation (2), (3) and (4) needs to be reduced

Urpet Prpe <1 Vr €R,VYm€ MOT,Vc € C,,,Vb € (B,NB;):i =i, (54)

1 t 154
Mar,b,c + M,Br,b,c + yﬁ?lc)lt > yre,g Yt ZleLb r/min{l}f,véimit} tr1, Vre R,Ym € MOT,Vc € C,,Vb €
(Brﬂ Bi): l = ic (55)

@
]
@

b Train running time

®

——1  Track maintenances task duration time
4)

®)

(6)
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2.3 Mathematical Model

Values of Variables

yiztry,yﬁ,’{,it €N, Vr ER,Vb € B, (56)
xrp €{0,1}, Vr ER,Vb € B, (57)
Hrpr b €{0,1}, Vr €ER, VD € B, V'€ R,Vb E B.iir # 1’ (58)
stop,s €N, Vr € R,Vs € S" Us? U st (59)
start.,end. € N, Vm € MOT,Vc € C,, (60)
A pcr Brpoc €10,1}, Vr € R,vm € MOT,Vc € C,,, Vb € (B, N B,) (61)
Zr o Zp o ZEc €{0,1}, Vr € R,VYm € MOT,Vc € Cp, (62)
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An Integrated Optimization Method for Train Timetabling and Maintenance Scheduling Problem

3 Solution Approaches
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-3 Solution Approaches

3.1 Simplification of Objective Function

22:02

exit

. _ . entry
minimize Z = ), ¢p (ZbEBgnBr,n= nd Yrb ZbEB;{nBr'F n2 Yr.b ) (63)

The objective function of our research consists of three parts, i
while two of the three parts corresponding to scheduled dwelli
time of the trains at destination station and minimal running time 1
of the trains on the last link of arrival block section which i
connects the destination node turn out to be constants, which will i
not affect the optimization results of the model. Hence, the object i
function is simplified as expression (63). E
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entr

Vo™ < Mx,p, Vr € R,Yb € B,

ye¥it < Mx,.,, Vr € R,¥b € B,

stopy ¢ < (1 — xrjb)M, Vr ER,Yn € N vh e B, NB,:s=5s"s€ (STUs’U s%)

The value of big M is critical for several constraints. Generally, the i
smaller the value of big M is, the higher is the solving efficiency (Yan and i
Yang, 2011).

However, in constraint (1), (2), and (11), the value of big M will also !

i (2), the value of big M will affect the possible entry and exit time of block E
i sections. So, under the condition of not changing the solving quality, we i
i hope the value of big M is as small as possible to obtain a better efficiency.i
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Sequences of trains on the
same passing block sections will not
change. Therefore, in Expression
(20), we set the value of decision

variable Rebr' b = By b+1r' b+1-
There are some Dbranches

overpass

Figure 4 Analysis on passing block sections used by trains
nearby station M
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22:02

.tlme of track maintenance task on cell ¢ and extra 5h,

=and cell ¢ i1s contained in block section b, then we can !
iset the value of z,.. to 1 in advance to improve the:
| solvmg efficiency without affecting the solution space.
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‘4 Case Study

Table 7 Solution results

CPU Times (s) Obijective Value (s) Gap (%)
Case 1 51.08 154361 0
Case 2 457.03 154367 0
Case 3 3041.91 154439 0.0094

i » In Case 1, the optimum solution is acquired after 51.08s, and the gap is 0, which i
proved that our solution is optimal. This result indicates that the maintenance task |
will not affect the train movement. All trains have left station M before the
maintenance tasks started.

» In Case 2, the number of maintenance tasks increases to 2, which make the problem
more difficult to solve. The CPU time increases to 457.03s. There will be only one
train affected by the speed restriction constraint which is the first train running on
the cell after the track maintenance task has finished.

» In Case 3, the number of maintenance tasks increases to 4 and one of the maintenance
tasks is located on the track between two stations, and this leads to the CPU time |

increases dramatically, which is up to 3041s with gap 0.0094%.
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‘4 Case Study

Table 8 Solution results with revised maintenance task adjacency constraints

CPU Times (s)

Obijective Value (s)

Gap (%)

Casel

30.74

154361

Case 2

188.06

154367

Case 3

3609.59

155255

> All cells included in one maintenance task have same start and end time,
and only time window of adjacent maintenance tasks should be overlapping
or contiguous.

» As for Case 1 and Case 2, CPU times decrease with the optimal objective
values unchanged, which means the difficulty in solving those two cases has

» As for Case 3, the total available CPU times are set to 3600 s, and the
objective value with gap 0.577% is 816 s higher than the original model,
which means the difficulty in solving Case 3 has been increased. Possibl

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I been reduced.
|
|
|
|
|
|
|
|
|
|
|
|

e
reason is that much harder block sections usage constraints are set in Case 3.
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5 Conclusion

22:02

The mixed integer linear programming model aimsi
to schedule each train on the link and mamtenance’
task on cell with train moving constraints, block-
-sectlon selection constraints, block section occupancy,

! constramts and maintenance task constraints.

Gurobi 6.5.2 can solve the model in case 1, case 2
and case 3 in a reasonable time, which is 51.08s for
i Case 1, 457s for Case 2, and 3041s for Case 3. But-

|
iwhen the number of trains increases, a decomposition

i algorithm is needed to solve the problem.
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Thanks for Listening!




