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Introduction

Motivation

@ Management of railway networks is extremely challenging

@ Train timetabling or scheduling is a crucial problem

Operational constraints and network structure should be considered

Train delays occur due to various reasons

@ Travel-time estimation by considering delays and restrictions
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Introduction

Literature

@ Travel time and delay estimation Approaches:
o Optimization methods: finding an optimal train timetable
e Simulation models: Building a prototype of the network
o Data-driven methods: Applying statistical and machine learning

techniques
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Problem description

Our problem

@ Goal: Estimating travel-time of trains by determining the arrival and

departure time
@ The followings are given:

Network characteristics

Business constraints

Resource availabilities

Planned train schedule

Delays
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Problem description

Business constraints

Three type of delay: yard, crew and locomotive delay.

There are single tracks, double tracks and 4-track sections

@ Siding can occur at siding tracks and yard tracks

High-priority trains are expected to have a smaller amount of delay

Delay of a train has an impact on other trains departure/arrival
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Problem description

Important assumptions

Yard tracks can be utilized for siding
@ 5-minute penalty delay for siding

@ Pick up/drop off activity at a non-yard station performed at a
separate industrial spur (Only one train can use it at any time)

@ Arrival/departure can occur earlier than planned time at intermediate
stations

o Early arrival at stop stations is allowed while departure must be at or
after planned time and imposing the stop duration

e distribution of the delays is assumed to be LogN(u,c?). We assume
that all trains have a delay equal to the mean of the corresponding

02
distribution which is e(#t7).
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Mathematical model

Notations and parameters

Parameter

Description

L1 A Q0 HM X0 _SOX

Set of trains

Set of stations

Set of arcs in the railways network

Set of high priority trains

Set of low priority trains

Set of single-track arcs

Set of double-track arcs

Set of 4-track arcs

Set of stations having siding tracks

Set of non-yards stations having drop off /picking up activities
Set of the stations visited by train i ; Vi € [ (it does not include origin and destination)
Set of stations with a yard flag visited by train i; Vi € |

Set of the stations where train i changes the crew; Vi € /

Set of non-yard stations with a yard flag visited by train i; Vi € /
Set of the stop stations for train i; Vi € |

Set of arcs visited by train i; Vi € |

Set of trains passing through station s; Vs € S

Set of trains passing through station s and having a drop off/picking up order at s; Vs € S
Set of trains whose origin is station s; Vs € S
Set of trains whose final destination is station s; Vs € S

Set of trains passing through arc j = s1sp going from station s; to station sp; Vj € J

Set of trains passing through arc j = s1s, going from station s, to station s1; Vj € J
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Mathematical model

Notations and parameters

Parameter  Description

oj Original station of train i; Vi € |

f; Final destination of train i; Vi € |

ais Planned arrival of train i at station s; Vi € I,s € V; \ {oi}
dis Planned departure of train i from station s; Vi € I,s € Vi \ {fi}
tij Travel time of train i on arc j; Vi€ l,j € E;

ns Number of siding tracks at station s; Vs € S

ms Number of mainline tracks at station s; Vs € S

« Penalty time delay due to siding

53 Average delay due to yard activity

ol Average delay due to crew change

0 Average delay due to locomotive unavailability

A Penalty considered for the delay of high priority trains

M A sufficiently large number
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Mathematical model

Decision variables

s

i,s

X
Yi,s:
+ .
6/-’5.

o .:

Arrival time of train i at station s; Vi € I,s € V; U {f;}.
Departure time of train i from station s; Vi € I,s5 € V; U {o;}.
Positive delay of train i at station s; Vi € I,s € K; U {f;}.

Negative delay of train i at station s; Vi € I,s € K; U {f;}.

Ps,i,in: A binary variable which is equal to 1 if train i arrives at station s before arrival of

train i, and it is equal to zero otherwise; Vs € S, i1, i € (Gs U Fs)|ih < bo.

Gs,ir,ih: A binary variable which is equal to 1 if train i1 departs from station s before

departure of train ip, and it is equal to zero otherwise; Vs € S, i1, i» € (Gs U Os)|i1 < io.

@ r5,in: A binary variable which is equal to 1 if train i1 departs station s before arrival of
train iz, and it is equal to zero otherwise; Vs € S, i1 € (Gs U Os), i € (Gs U Fs)|ih # Ip.
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Mathematical model

Decision variables

@ z,;: A binary variable which is equal to 1 if train i/ does a siding at station s, and it is
equal to zero otherwise; Vs € S,i € (Gs \ Gs,)

@ hg i i: A binary variable which is equal to 1 if train i> is on the mainline of station s when
train i arrives at s, and it is equal to zero otherwise; Vs € B, i1, i» € (Gs \ Gsl)|i1 #+ ip.

o wit. A binary variable which is equal to 1 if train i passing through arc j in direction 1

i
uses the first track assigned to this direction, and it is equal to zero otherwise;
vjie AW, ie T
° Wj(ll_,2)
uses the second track assigned to this direction, and it is equal to zero otherwise;
vieA® ie T,

: A binary variable which is equal to 1 if train i passing through arc j in direction 1

o Wj(zi’l): A binary variable which is equal to 1 if train i passing through arc j in direction 2
uses the first track assigned to this direction, and it is equal to zero otherwise;
vjeA®, ie T,

o Wj(2,.’2): A binary variable which is equal to 1 if train i passing through arc j in direction 2
uses the second track assigned to this direction, and it is equal to zero otherwise;

vjeA®, ie T,

Bijan Taslimi et. al (UFL) Freight train travel-time estimation Nov 2020 11/28



Mathematical model

Constraints

@ Departure and arrival time constraints:

Yio; = diso; +0

Yis > xis + (dis — ajs)
Yis > Xis + 8

Yiis = Xis +

Yiis 2 Xis + Qzis

Yi,s > di,s

Xisy = Yisg + tij

@ Delay calculation constraint:
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Mathematical model

Constraints

@ Arrival and departure order constraints:

Xiy,s — Xip,s < Mps iy i, Vs € S,i,h € Gs U Fs|iy < o, (9)
Xii,s = Xig,s < M(l — ps7,-1’,-2) Vs €S, i, i € GsUFs|ih < i, (10)
Yin,s — Yins < Mas iy i, Vs €S,ih,h € GsU Os|ir < Iz, (11)
Virs — Yips <M1 —qs ) VSES, i, € GsU Osliy < o, (12)
Xiy,s = Yip,s < Mrs iy iy Vs €S,i1 € (GsUOs),i2 €(GsUFs)|in # i,  (13)
Yis — Xps <M —r 5) VSES,it €(GsUOs),ir € (GsUFs)|iy#ia.  (14)
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Mathematical model

Constraints

@ Siding and overtake constraints:

z,=0 ¥s € (S\B),i € (Gs\G,), (15)

hsivin = (1 = Ps,iyin) = Fs,in,iy — Zs,in Vs € S, i, i € (Gs \ Gg)|i < iz, (16)
- . ’ . .

hs,iv,in = Ps,in,it = Isin,in — Zs,i Vs € S,i,i2 € (Gs \ Gs)li2 < i1, (17)
. ’

zey > 1+ Z hs. iy i — Ms Vs € S, i € (Gs\ Gy), (18)

he(Gs\GL)
i
Zs,i < ns+ ms — Z (1 = ps,ir,i)
iZEGs\Gsl
i <ip
. !
= D Penit D, e Vs € B, i1 € (Gs\ Gy). (19)
h€G:\G, h€Gs\G,
i <iy i #i
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Mathematical model

Constraints

@ Single-track capacity constraints:

Yir,s1 > Xiy 51

Y

Yia,s Z Xiy,sp

Y

Yir,s1

v

Yiy,s1

Y

Yir,s

v

Yir,s
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Mathematical model

Constraints

@ Double-track capacity constraints:

Yii,s1 2 Xiy,sp —

Yiy,s1 > Xiy,sp

Yii,s2 > Xiy,s1 —

Yit,sp = Xiy,s1
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Mathematical model

Constraints

@ 4-track section capacity constraints:

WJ.(}I.*” + wj(yll.’z) -1 vj €
Wj(f;” + M,j.(fivz) =1 vj e
Yit,s1 2 Xig,sp — M(2 sy Wj(,lif) - Wj(-,lf,zl)) vi=
Vi = X~ M2+ ag iy — D —wBP) vi=
Yip,s1 2 Xig,sp — M(3 — sy ,ip,ip — Wj(,liil) - Wj(}';)) vi=
Yig,s1 2 Xig,sp — ’V’(3 = sy ,in,ip — Wj(,l,vf) - J(’l,zz)) vj =
Yigsp = Xig,s — M(2 T sy.ip iy — Wj(,zfil) - WJ‘(vQ"‘Zl)) vi=
Yip,sp 2 Xig,sy — M(2 +sy,i1,0 Wj(,sz) - V"J(,zf;)) vi=
Yig,sp Z Xig,sy — M(3 T Gspyipsiy T WJ<2'11) N W}?/éll) vi=
Yig,sp 2= Xig,sp — M(3 — Gspip,ip — WJ<2112) - 1(2122)) vi=
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Mathematical model

Constraints

@ Dropping off/picking up capacity constraint for non-yard stations:

!
Xit,s 2 Yip,s — Mps,iy iy Vs € U, i1, i € Gglir < I,

. . ’ . .
Xi,s 2 Yin,s — M(1 = ps iy iy) Vs € U,ir, i € Gglin < 1.
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Mathematical model

Objective function

@ The objective shown as (42) is minimizing the total penalized delay at the stop stations

and final destination of trains:

min > > AL+ >

iEH se(KU{}) iEL se(KU{f})
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Computational experiments

Test instance

(@
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O siding Flag (Number of siding tracks is shown inside the shape.)

e—~—#~@

* 2
- N
O Yard Flag (Number of yard tracks is shown inside the shape.)

Tracks between Stations (Number of parallel tracks is shown on the line.)

Tracks between Stations (Number of parallel tracks is shown on the line. Some stations with
----- similar structure on these tracks are removed from the figure for network simplicity.)

o®

Figure: Railway network diagram. There are four routes with 61 stations the
the provided network. Among 61 tracks connecting the stations, 4 are
single-track, 6 are 4-track and the rest are double-track.
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Computational experiments

Numerical results

@ Our model is coded in Julia using JuMP package and it is solved by Gurobi 8.1.1
on a Core-i7 computer with 8 GB RAM.

@ MIPGap is set to 0.01 to terminate the solver at a desirable solution.

@ Constraints (16)-(29) and (32)-(41) are considered as lazy constraints.

Day Trains Convars Binvars Total const Lazy const Time (s) MIP Gap
1 211 14820 1050473 2202392 518096 4003 0.0025
2 212 15032 1073822 2251460 528983 2866 0.0081

Table: Results obtained by implementing our MIP model on the validation data set
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Computational experiments

Numerical results
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Figure: Train timetables of the west route for the first day.
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Computational experiments

Numerical results
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Figure: Number of sidings at the stations with siding or yard tracks in day 1.
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Computational experiments

Numerical results
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Figure: Percentage of trains with high and low priority which had different
number of sidings in day 1.
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Computational experiments

Numerical results
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Figure: Total delay and delay due to resource unavailability and stops for trains in
day 1.
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Conclusion

Summary and future study

@ Our optimization approach enables us to consider all restrictions in our

model and can perfectly formulate this problem.

@ We evaluate our model by implementing it on the test instance provided in

this challenge.

@ We observe that our approach can efficiently solve the model and acquire

near-optimal solutions in a reasonable amount of time.

@ Considering variable amount of delays depending on the stations, trains and

time can be a future line of research to be considered in our next works.

@ Other sources of delay such as weather conditions and planned or emergency

maintenance can be considered.
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