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Abstract

Disruptions in urban rail transit systems usually resulénious incidents due to the high
density and the less flexibility. In this paper, we propos@eehmathematical model for
handling a complete blockage of the double tracks for 5-1futeis, e.g., lack of power at
a station, where no train can pass this area during the disrupJnder this disruption s-
cenario, train services may be delayed or cancelled, soltiregrstock may be short-turned
at the intermediate stations with either single or doubtessovers. To ensure the service
quality provided to passengers, the back-up rolling stasidie depots may also be put into
operation depending on the consequences of the disruptiinss, the number of rolling
stock in the depot is considered. We discuss the disruptiamagement problem for ur-
ban rail transit systems at a macroscopic level. Howevesraipnal constraints for the
turnaround operation and for the rolling stock circulatame modelled. A mixed-integer
non-linear programming (MINLP) model, which can be tramsfed into mixed-integer lin-
ear programming (MILP) problem, is proposed to minimizetthé delays and the number
of cancelled train services as well as to ensure a regulaicseior passengers, while ad-
hering to the departure and arrival constraints, turnadaonstraints, service connection
constraints, inventory constraints, and other relevaiwag constraints. Existing MILP
solvers, e.g. CPLEX, are adopted to obtain near-optimatisols. Numerical experiments
are conducted based on real-world data from Beijing subwey to evaluate the effec-
tiveness and efficiency of the proposed model.
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1 Introduction
Urban rail transit is of crucial importance for transpogticommuters and travelers in big

cities due to its advantages, such as large capacity, hiigreaety, and the ability to provide
safe, reliable and fast service. However, with the rapicettgyment of urban rail transit,
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plenty of new technologies and new equipment have been uggdh bring in many un-
certain factors that affect the normal operation of urbahtransit systems. Unexpected
events, such as infrastructure failures, rolling stoclufas and signal malfunctions, hap-
pen frequently and have significant impacts on the operatidrain services as well as
the safety of passengers. When a disruption occurs, it isiitapt that dispatchers quick-
ly present a good solution to reschedule trains so as to ee¢ouvhe planned schedule as
quickly as possible and minimize the inconvenience of pagses. On the one hand, the
headway of urban rail transit lines has become smaller arallendue to the increasing
passenger demand, e.g., the headway is 2 minutes durindipaekfor most of the metro
lines in Beijing. On the other hand, the layout, especidily $tation layout, of urban rail
transit lines is much simpler when compared with mainlimembst of the urban rail transit
lines, trains do not overtake or meet each other in generaiginormal operations due to
the limited infrastructure (in terms of tracks and platfgjravailable. So the disruptions in
urban rail transit systems usually cause serious consegaetue to the dense traffic and
the limited operation flexibility.

The real-time railway traffic management problem has attchmore and more atten-
tion in recent years. Advances in scheduling theory havesnitgmbssible to handle railway
traffic management problem effectively, in which not onlg tidjustment of running time
and dwell time is considered (Ginkel and Schobel (2007)),abso reordering, rerouting,
cancellation of trains and other measures are adopted ttgehthe connection between
trains to ensure the quality of service provided to passsn@orman et al. (2012)). Ac-
cording to Clausen et al. (2010), a disruption is an eventsaries of events that render the
planned schedules for trains, crews, etc. infeasible. Véhaisruption occurs, some effec-
tive measures which can quickly help the system return tonaboperation and reduce the
negative impact on passengers should be taken to adjusstrhédules in a safe, effective
and well-organized way. Jespersen-Groth et al. (2013)thelidisruption management pro-
cess for passenger railway transportation as three maipmiilems: timetable adjustment,
rolling stock rescheduling and crew rescheduling. For niof@ermation, we direct to the
review papers (Cacchiani et al. (2014); Narayanaswami amgj&aj (2011)).

However, most existing literatures on train reschedulirdpfems are based on mainline
railway systems. Since extra tracks, platforms and meltiputes are available, reschedul-
ing in mainline railway systems usually involves reordgramd rerouting strategies. Ghae-
mi, Cats and Goverde (2017) considered a complete blockadeuble tracks for several
hours, a MILP model is proposed at the microscopic level iecs¢he optimal short-turning
stations and reroute for all the services to continue opeyat opposite direction. Louw-
erse and Huisman (2014) focused on adjusting the timetdilalgpassenger railway system
in case of major disruptions, in which both partial and coetelblockage of tracks are
formulated. They also investigated the trade-off betweelaydng and cancelling trains.
Zhan et al. (2015) investigated the real-time reschedufirgilway traffic on a high speed
railway line in case of a complete blockage of double tragksyhich disrupted trains do
not turn around but wait at stations until the disruption®niain decisions, including
in which stations do trains wait, in which order do they leafter the disruption, and the
cancellation of trains, are optimized by a MILP model. Zhtaale(2016) rescheduled train
services on a double-track high speed railway under dignugtin which one of the double
tracks is temporarily unavailable. They assumed that tleeteduration of the disruption
is not known as a priori but been updated gradually, thusdrare rescheduled according
to the latest information of the disruption. Alternativeagh models, which combine job
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shop and alternative graph techniques, are developed ines s papers (D’Ariano et al.
(2008); D’Ariano and Pranzo (2009); D’Ariano, Pranzo andhsten (2007)) and applied in
a real traffic management system ROMA (railway traffic optiation by means of alterna-
tive graphs) to resolve conflicts in recent years. In theadtiéve graph model, the operation
of trains is regarded as jobs associated to a prescribe@ésegwof operations which denote
the processing on block sections.

The researches with regard to the rescheduling problemsrf@n rail transit system-
s are limited. In comparison to mainline railway systems, dbjectives and formulation
approaches for urban rail transit systems are slightlyedifiit due to their specific charac-
teristics. As an early literature on train reschedulingriban rail transit systems, Eberlein
etal. (1998) tried to improve the headway regulation afisturbance by using deadhead-
ing strategy. A MIP model is constructed to determine whielins should be deadheaded
and how many stations should be skipped by certain trainsdden the average passenger
waiting time. Kang et al. (2015) proposed a model to rescleethe last trains in urban
rail networks after a disturbance. The objective is to mimérthe running time and the
dwelling time, and meanwhile to maximize the average temsfdundant time and the
network accessibility, as well as to minimize the differetetween the planned timetable
and the rescheduled one. A genetic algorithm was develapedive the problem. Gao,
Yang and Gao (2017) proposed a mathematical optimizatioteirio calculate real-time
automatic rescheduling strategy for an urban rail line bggrating the information of fault
handling. However, they just considered small faults armdvered the timetable by mod-
ifying dwelling time and running time at a macroscopic levlu, Li and Yang (2015)
considered an incident on one track of a double-track subimayand formulated an op-
timization model to calculate the rescheduled timetabté wie objective to minimize the
total delay time of trains. Crossover tracks are consideréalance the service quality un-
der emergent situations. Taking passengers demand irdespGiao et al. (2016) proposed
an optimization model to reschedule a metro line with an-avewded and time-dependent
passenger flow after a short disruption, in which the pureingtime between consecutive
stations is fixed and stop-skip strategy is presented in thdeiio speed up the circulation
of trains. An iterative algorithm is used to solve the model.

In this paper, we focus on a complete blockage of the doulksrfor 5-10 minutes,
e.g., an accident happened and the operator shut down thex popply system at a station,
where no train can pass this area during the disruption.efbier, some rolling stock may
be short-turned at the intermediate stations with eitheglsior double crossovers. The
rolling stock circulation is also formulated in our disriget management model, where
the rolling stock performed a disrupted service can turagaat a turnaround station and
take over another service in the opposite direction. To enthe service quality provided
to passengers, the back-up rolling stock inside the depgtatsm be put into operation
depending on the consequences of the disruptions, thusuthber of rolling stock in the
depot is considered. A mix integer non-linear programmM§NLP) model is proposed
to handle the disruption management problem, which canamsformed into mix integer
linear programming (MILP) model and then solved by excitodyers.

The remainder of this paper is organized as follows: Se@idascribes the disruption
management problem considered in this paper. The MINLP hfodéhe disruption man-
agement problem in urban rail transit systems in term of apteta blockage of the double
tracks for 5-10 minutes is proposed in Section 3. In Sectighelformulated optimization
model is transformed into an MILP problem. Experimentaltessbased on the real-world
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Figure 1: The layout of an urban rail transit line

data from Beijing subway line 7 are given in Section 5. Thegoamds with conclusions in
Section 6.

2 Problem Description
2.1 Operation of An Urban Rail Transit Line

An urban rail transit line mainly consists of stations, wnound stations, open tracks,
crossovers and depots. Figure 1 shows the layout of an udilaimansit line, which has
1 stations,P turnaround stations and a depot linked to turnaround statioOne station is
separated into two platforms. Open tracks are separatedwotdirections and each track
is designed for rolling stock to operate in only one direttiluring normal operation but
can be used in opposite direction under emergent situatidrescrossovers connecting two
parallel open tracks at turnaround stations can be usedlliygretock to turn around and
take over another train service in the opposite direction.

This paper considers the disruption management problenrban rail transit systems
at a macroscopic level, however, the sufficient detailsHertirnaround operation and the
rolling stock circulations are involved. In this papergditr service” is defined as a rolling
stock operating in one direction from its origin to destioat In detail, we use “service”
to represent a rolling stock’s operation from station 1 #tish 7 in the up direction or
from stationI to station 1 in the down direction. Once a rolling stock tuansund using
crossovers at turnaround stations, the correspondingit&srends, while the rolling stock
keeps circulating in the urban rail transit line. Rollingak is stored in the depots when out
of usage and the number of rolling stock in depots is limited.

2.2 Dispatching Measures

This paper considers the rescheduling problem in case ofcaent of the railway infras-
tructure. Due to the disruption, the double tracks in a r@jhsegment are out of order for
5-10 minutes and no train services can pass this area dinértinte period. The dispatch-
ing measures used to ensure the capacity of urban rail trystiems and quickly recover
from the disruption include:

e Adjustments of running times and dwell times for train seeg;
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e Rolling stock performed a disrupted service in one directian turn around at the
turnaround stations and take over another service in ofgpadisection;

e The back-up rolling stock inside depots can be putinto dgeravhen necessary, e.g.,
performing a train service that cannot be executed by thegfireed rolling stock;

2.3 Assumptions

In order to formulate the disruption management model fercitimplete blockage scenario,
we make following assumptions according to the specialattaristics of urban rail transit
systems:

e Rolling stock do not meet or overtake each other during dimeraue to the limited
infrastructure (in terms of tracks and platforms) ava#gbl

e Connection between train services will change when rolitugk turning around at
intermediate stations, cancelling train services andguttie back-up rolling stock
inside depots;

e Stopping in an interval is not allowed to avoid panickinggasgers;

e Since the potential accumulation of rolling stock on the lslue to the disruption,
adding of new train services is not avaiable;

e Train services can depart before the departure time spet@ifithe timetable, since
the urban rail transit is more focus on the headway betwe®n services and the
passengers do not know the exact departure times;

3 Mathematical Formulation
3.1 Parametersand Variables

Parameters and decision variables adopted in the mathedamdel are listed in Table 1
and Table 2 for the convenience of formulating the disruptimnagement problem.

3.2 Objective Function

The objective function of the disruption management pnokilevolves three parts:
e Minimize the train delay times at all visited stations;

e Minimize the deviation of the current train operations amelpredefined timetable in
terms of the number of cancellation services and interntedlimnaround services;

e Minimize the headway deviations between train servicessuge a regular operation
and minimize passengers’ waiting time;
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Table 1: General subscripts, sets, input parameters

Symbol Description

I set of stations] is the last station in the line

P set of turnaround station® is the last turnaround station in the line

F set of train services in the up direction

G set of train services in the down direction

i station indexj € 1, i, is the station corresponding to turnaround
stationpy

P turnaround station indey, € P, p, is the turnaround station
connected with depot

f train service index in the up directiofi,c F

g train service index in the down directione G

A given binary valuez" ., = 1if servicef in the up direction
operates between turnaround staticemdp + 1 forp € {1,2,..., P — 1}
in the timetable

gj;g’i_H given binary valuey}‘iiﬂ = 1if servicef in the up direction
operates between statioand: + 1 fori € {1,2,...,1 — 1}
in the timetable

fg,‘},p—l given binary valueq;g};_p_l = 1if serviceg in the down direction
operates between turnaround staticendp — 1 forp € {2,3,..., P}
in the timetable

gy given binary valuey; ;_, = 1if serviceg in the down direction
operates between statiomandi — 1 for i € {2,3,..., I} in the timetable

I binary variable3}" == 1if service f in the up direction is
connected with servicgin the down direction at turnaround statipn
in the timetable

B binary variable)" , = 1if serviceg in the down direction is
connected with servicg in the up direction at turnaround statipn
in the timetable

ash/ J‘;_pi planned arrival/departure time of servi¢at station: in the up

o direction in the timetable

ayn/dds planned arrival/departure time of servigat station in the down
direction in the timetable

Rmin minimum headway between two successive train servicegin th

up,max up,min
w; Jw;

dn,maX/ dn,min

w, i

up,max ;_up,min
4,141 / 4,141

dn,maX/ dn,min
i,i—1 4,i—1

tturmmax/tturn,min
p p

wCT

di
tq

same direction in the timetable

maximum/minimum dwell time of train services at statioin the
up direction

maximum/minimum dwell time of train services at statioin the
down direction

maximum/minimum running time between statioand station
i+ 1 in the up direction

maximum/minimum running time between statioand station

i — 1 in the down direction

maximum/minimum turnaround time at turnaround stajion
extra waiting time at turnaround stations needed to lehall t
passengers alight from the train

number of rolling stock in the depot before the disruptitip, > 1
the start time point for disruption
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Table 2: Decision variables

Symbol Description
P - - - —
e binary vanable,q;fp p1 = 1 if service f in the up direction operates
between turnaround statigrandp + 1 forp € {1,2,..., P — 1}
y‘;f;#l binary var|ableyf ..i+1 = Lifservice f in the up direction operates
between stationandi + 1 for i € {1,2,...,1 -1}
qui,“p?p_l binary vanablexq o1 = LIf servieeg in the down direction
operates between turnaround staticandp — 1 forp € {2,3,..., P}
Ygiiio1 binary vanabley %.i_1 = lif serviceg in the down direction
operates between statiomndi — 1 fori € {2,3,...,1}
ﬁf b binary vanableﬁ“p = 1if servicef in the up direction is
connected with serwcgln the down direction at turnaround statipn
;“}p binary varlabIeBJ } » = 1if serviceg in the down direction is
connected with servicg in the up direction at turnaround statipn
/d i arrival/departure time of servicgat stationi in the up direction
d“ /dd’; arrival/departure time of serviggat stationi in the down direction
;i‘z dwell time of servicef at stationi in the up direction
g‘; dwell time of servicey at station; in the down direction
T running time of servicg between stationand statiori + 1 in the
up direction
T(gifi,i_1 running time of servicg between statiom and station — 1 in the

tturn/tturn
UP
Oé.f-,Pd

dn
9,Pd

0“p

frpa

dn
9!] Pa

prd/ngd

out out
f Pd /N, 9,Pd

down direction

turnaround time of servicg¢/g at turnaround statiop

binary variabley;f;d = 1 if the rolling stock performing servicé
in the up direction go back to the depot at turnaround statjon
binary vanablecydown = 1 if the rolling stock performing service
in the down dlrectlon go back to the depot at turnaroundmstaij
binary variableéz;f;d = 1 if the rolling stock performing servicg
in the up direction come out from the depot at turnaroundostat,
binary variable?;‘gj;n = 1 if the rolling stock performing serviceg
in the down direction come out from the depot at turnarouatisip,
total number of rolling stock going back to depot before the
departure of train servicg/g at turnaround statiopy

total number of rolling stock coming out from depot before th
departure of train servicg/g at turnaround statiop,
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Thus, the objective function can be formulated as

2= min 12 (5 3 gt (s 0.7 - 22)

feFiel,i#l
£ S st (e 0 (a - d2) )
g€G i€l i#l
—up up ~dn dn
Tws * (Z Z (xf,p«,pﬂ B $f,p,p+1) + Z Z (xg,p.,pfl - xg,p,pfl))
fEF pEP p#P g€G peP p#l
Fws ( > D Wi s+ R = 2d5)
FEF, f#L fAF i€l i#l
d d d d d d
+ Z Z (ygE1,i+1,iyg,rzl'+1,iygil,i+1,i(dgil,i + dgril.,i - ngg))))
9€G,g#1,9#G i€Li#£]

1)
3.3 Operational Constraints

Departureand Arrival Times

As shown in Figure 2, in the disruption scenario considenethis paper, train servicé

in up direction can operate continuously to the next stadioturn around to connect with
train servicey in down direction at station(corresponding to turnaround statiph Thus,
the calculation of departure times can be analysed into agesaccording to the layout of
stations:

e Normal Stations
In this case, service f can only depart from stati@nd operate to station+ 1, the
departure time of servicg at station; can be calculated by
d;f; = y;2717i(a;5 + w;f;),Vf eF,ie{2,3,...,1}, 2)
Wherew‘flpi denote the dwell time of serviggat station/, which satisfies the following

constraint )
wiP <t < wlPT Vi e e L ©

Down direction
-«

service g

service f oo ( -
oo e —P»PO—>» @ oo i-1 I(p) i+1
i i i service f
i-1 i(p) i+1 >0 °
i-1 i(p) i+1

cee eee

—_—
Up direction
Up direction

Figure 2: Departure options of train servi¢eat station:
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e Turnaround Stations

If service f in the up direction turns around at statib(corresponding to turnaround
stationp) and connects with serviggin the down direction, i. e,Bf ,.p = L thenwe

have

dif =yh (e +wih + B0 we),Vf €F,g€ G,pePi€{2,3,...

71}7
4

wherew,, is the extra time needed to let all the passengers alight finentrain.

The calculation of arrival times can also be analysed intodases:

e Normal Stations

The arrival time of servic¢ at station; from stationi — 1 can be calculated by

afz yfz lz(dpr 1+be IL) \V/fEF,Z.G{273,...,I}’

®)

wherer”_, . denotes the running time of servi¢detween station— 1 andi, which

satisfies the foIIowmg constraint

PP < <P e e B e {2,3,..., 1),

1—1,%

e Turnaround Stations

(6)

If train service f is taken over by the rolling stock performed train servicén
the down direction, which turns around at turnaround statigcorresponding to

turnaround statiom), i.e., 5q "
direction can be calculated by

afb (1- ?sz U)ng_“ gfp(ddn—&—tt“m) VfeF,ge G,peP,iec{23,...

)

=1,the arrival time of servicg at stationi in up

71}7

wheret{"'* denotes the turnaround time of servigat turnaround statiop, which

satisfies the following constraint

turn, tur turn,
tpurn min S tgl,l;l\ S tpllll\ max’vf e F’p e P

®)

When combining equation (5) and equation (7), the arrivaétof servicef at station

1 in the up direction can be calculated by

1 ]
afl ﬁg fp( y}l}; 1, 'L)yg,z+1 z(d;,[; +t;‘,1;n) ( ﬁg fp)yfz 1 z(
VfeF,geG,peP,ie

il )+
2,3,...,1
9)

Similarly, the departure time and arrival time for train\gee g at station: can be

calculated in two cases as well.

Headway Constraints

In the disruption scenario, the headway between trainseswhould be larger than the min-
imum headway determined by the train control systems. Toerewe have the headway

between servicg — 1 and f

ylflgl,ifl,iy;,lz'fl#i(d fri dl; 1) >yf 1,i— lzyfz 1,3 tmin;
vVie{2,3,....,F},ie{2,3,...,1}.
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Figure 3: Departure directions of train service at turnacbstations

up _ up o . . )
Ify,;5 1, =00ry;”,, ;,; = 0(one of the two consecutive train services was can-

celled or turn around at intermediate stations), the caimdtabove is satisfied automatical-
up

ly. However, if train servicef at station: is canceled, i-e-yf,iq,i = 0, then we need to
calculate the headway using servite- 1 and f — 1 as follow:

y}lgl,i—l,iy}l{)}—l,i—l,i(l - y?ﬂ_l,i)(d?il,i - d?il,i) z y}lril,i—l,iy;}-:-l,i—l,i(l - 9?5—1,i)hmin>
Vfe{2,3,... F—1},ie{2,3,...,I}.
(11)

Service Connection Constraints
The rolling stock performed train servigean the up direction can turn around at turnaround
stations and take over another service in the oppositetgtirem the disruption scenario.
However, train servicg can be connected with at most one train service in the dovecdir
tion, i.e.,
d> BP <1VfeF,geGpeP, (12)
g9 p

Whereﬁ}‘.‘; , denotes the connection between seryida the up direction and serviggin
the down direction.
Similarly, we have

ZZ gs‘"’ngvfeFngG,pGP. (13)
fp

to ensure train servicgis connected with at most one train service in the up directio

As shown in Figure 3, train servicgin the up direction has more than one departure
option at turnaround stations, especially turnaroundstatwith depot. Therefore, services
connection constraints should be discussed separatatydicg to different turnaround s-
tations.

e Turnaround Stations without Depot
In this case, servicg in up direction at turnaround statigrhas two options: operate
continuously to next station in the up direction or turn ardat turnaround station
and connect to serviagin the down direction. The relationship betwe@m,p and
", 11 can be formulated as follow

5}‘};@ + :c‘fl};,pﬂ = x‘;";_lyp,Vf eF,geG,pe{2,3,...,P -1} (14)
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Figure 4: Sources of train service at turnaround stations

e Turnaround Stations with Depot
Except the two options described above, seryioan also go back to depot directly
at turnaround statiop; which connects with depot, the equation can be proposed as

up up up __ _up
Bf,g,pd + Tt pa,patl + Cfpg = x.f,pd,—lypd’vf €eFgeG, (15)

wherea;f;d denotes whether servigegoes back to depot at turnaround statign

At the same time, train servicg departs from turnaround statignin the up direc-
tion also has different sources according to the layout ofdround stations as shown in
Figure 4:

e Turnaround Stations without Depot
In this case, servic¢ departs from turnaround statigprhas two sources: come from
stationp — 1 in the up direction or connect with servigen the down direction, so
we have

By, +ayh = VfeF,geGpe{2,3,...,P-1}.  (16)

e Turnaround Stations with Depot
Except the two sources described above, serfideparts from turnaround statipn
in the up direction may also come from depot directly, theatigm can be proposed
as

B;{r},pd + x‘}ivdfl,pd + 9?3&1 - xlfli)dspd‘i’l?vf €eF.gegG, a7

where&?f;d denotes whether servicg is come out from the depot at turnaround
stationpy.

Since the adding of new train services is not included in tifieerhodel, we have
ayh o STV EF,pe{l,2,....,P—1}. (18)

Similarly constraints about service connection of trairviee ¢ in the down direction
can be presented.
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Inventory Constrai nts

stock coming out from the depot directly and the rolllng gtperformed a service can also
go back to the depot. However, the number of back-up rollingksinside depots for urban
rail transit lines is fixed. We need to consider the availghiif rolling stock when adjusting
the connection between train services at turnaround statiith depot.

When a rolling stock inside the depot is required to perfaaimtservicef, i.e.,@f;};d =
1, the number of rolling stock going back to and coming out fribva depot before train
servicef should satisfy inventory constraints

e;il(NJ?l;’td Nf pd) < N —LVfeF, (19)

whereN,,, is the number of rolling stock in the depot before the dlsmthOut and

N}npd denote the total number of rolling stock coming out from anihg back to the depot
before the departure of train servi¢at turnaround statiop, after the disruption happened,

which can be calculated by

t up up up d / /
Ng® = Zef, pdéf,fpdef,7pd+26q/ 0 0009 Y EF, f €F, g € G, (20)

_ up up d
Nfl)d _ZAf',pynf’fde‘f’ Pd Z)‘ deng fpa®y’ Pd’vf cF, f €F. g €G.

f 21)
A set of binary variables is presented to describe the segusgtween train services, in
which 6“pf p, = 1, means servicg’ in the up direction departs from turnaround statign
(corresponding to statiofy) before the departure of servigei.e.,

d;if’d — dl;?“ >0,VfeF, f €F, (22)

(5dnf ps = 1, means serviceg’ in the down direction departs from turnaround statign
before the departure of servigei.e.,

= dyt, 20 VfeF, g €G, (23)

77 P », = 1, means servicg¢’ in the up direction arrives at turnaround statjgrbefore the
departure of servicé, i.e.,

ng,“f py = 1, Means servicg’ in the down direction arrives at turnaround statigrbefore
the departure of servicg i.e.,

dy —ayh,, >0,YfeF,¢ €G, (25)
Moreover, a set of binary variables is considered to idgiitithe train service arrives
at or depart from turnaround statign after the disruption happened, in whie =1
means servicg’ in the up direction departs from turnaround statigrafter the dlsruptlon
happened, i.e.,
dy, —ta>0,Yf €F, (26)
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ejﬁpd = 1, means servicg’ in the down direction departs from turnaround statigrafter
the disruption happened, i.e.,

dor, —ta>0,Yg' € G, (27)

A;?’pd, means servic¢’ in the up direction arrives at turnaround statpgnafter the disrup-
tion happened, i.e.,

a}}ﬁid —tq>0,Yf' €F, (28)
Af;,‘fpd, means servicg’ in the down direction arrives at turnaround statignafter the
disruption happened, i.e.,

agr, —ta>0,¥g' € G, (29)

Similarly, when a rolling stock inside the depot is requitegerform train service,
i.e.,egj;d = 1, the inventory constraints can also be proposed.

4 MILP Solution

The mixed-integer nonlinear programming (MINLP) model ghis formulated in Section
3 can be transformed into a mixed-integer linear progrargrliLP) problem according
to the transformation properties introduced in (Bempoteaal.€1999)).

o Property I: Consider a real-valued varialfler) and a logical variablé € [0, 1]. if
we letM = f(2)maz, m = f(2)min, the product ternd f (x) can be replaced by an
auxiliary real variable: = 6 f(x), wherez = 6 f(x) is equivalent to

z< M0,
z>mb,
2 < f(z) =m(1—0),
z> f(z) — M(1-0).

(30)

e Property Il: Consider two logical variablés € [0,1] andf, € [0,1]. the product
term 6102 can be replaced by a logical variablgs € [0, 1], wheref; = 6105 is
equivalent to

—01 + 63 <0,
—f0, + 63 <0, (31)
01+ 02— 03 < 1.

e Property Ill: Consider a real-valued variabféz) < 0,
€ [0,1], it can be verified that

m = f(2)mn. If we introduce a logical variable
[f(z) < 0] «— [0 = 1] is true if

flx) < M(1-9),
{ f(x) > e+ (m —e)b. (32)

Through property | the nonlinear constraints (4) and (9) loartiransformed by using
auxiliary real variables. Constraints (20) and (21) canrbadformed by adding another
logical variables according to property Il. Constrainty (20) and (11) can be transformed
by combining property | and Il. The statements (22) to (29) loa transformed into logical
dynamic constraints through property Ill.
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Figure 5: Layout of Beijing subway line 7
Table 3: Detailed status of train services
Number of train services Direction Status
fl up dwelling at DJT
f2 up running from GQMN to GQMW
3 up running from QW to CQK
f4 up running from CSK to HFQ
5 up running from DGY to GQMN
f6 up dwelling at BJX
gl down running from QW to ZSK
g2 down running from GQMN to CQK
g3 down running from JLS to SJ
g4 down running from HG to BZW
g5 down running from FT to HLGJQ
5 Case Study

In this section, the experimental results of the proposedeatis demonstrated based on the
data from Beijing subway line 7 and IBM CPLEX 12.8 is used asdblver for the MILP
problem.

The layout of Beijing subway line 7 is shown in Figure 5, whish23.7 km long
with 21 stations and one depot connected with SH stationtioBsadenoted by red cir-
cles are turnaround stations which provide single or doatdssovers for rolling stock to
turn around and take over another service in opposite @rgotvhile stations denoted by
black dots are normal stations where train services canramlgirectly to next station in
the same direction. Train services running from BJX to JHE€iarup direction while ser-
vices running from JHC to BJX are in down direction. In thiseatudy, we consider the
time period from 11:00 am to 12:00 am, 10 services in eacletiine, which departure from
its origin during this period are considered. The track kége between HFQ and ZSK
starts at 11:29 am and ends at 11:39 am, during which no ttamgass the block area. At
11:29 am, the time point which the disruption occurs, 6 sswin the up direction as well
as 5 services in the down direction considered in this caskysire operating on the line,
the detailed status are given in table 3. The maximum andmoimi running times in each
section are defined by adding extra 10s or reducing 10s basttw@redefined timetable.
The minimum dwell times at each station are defined as 204 fpakesengers get on or
alight from the trains while the maximum dwell times are defilby adding extra 120s in
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Figure 6: The rescheduled timetable

case of holding the train in station if necessary. Furtheaythe turnaround time should be
between 120s and 600s. The headway of two consecutive &aiitses should be more than
240s. The number of rolling stock in the depot is taken as Beabeginning of disruption.
The extra waiting time at turnaround stations is 60s. Thayhtsiin the objective function
are set tav; = 2, wy = 100 andws = 1 based on several experiments.

The rescheduled timetable for train services in this digompscenario is shown in Fig-

Headway after rescheduling
+Headway in timetable

Headway (s)
@ s &
& 8 &
S g S

@
8
S

250

200
12 23 34 45 56 67 78 89 910

Train serices

Figure 7: The headway in up direction

<

Headway

12 23 34 45 56 6-7 78 89 910
Train services

Figure 8: The headway in down direction
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ure 6, in which different colors denoted train services genied be different rolling stock
and the track blockage is denoted by a red rectangular etsértween HFQ and ZSK,
which appears at 11:29 am and disappears at 11:39 am. It calpskeeved that, two train
services (3 and f4) in the up direction turn around at turnaround station HF@ @nnect
to train services(1 andg?2) in the down direction, accordingly, train servicgsd indg2) in
the down direction turn around at turnaround station ZSKa@omthect to train serviceg'
andjf4) in the up direction without huge impact on other train seggi The circulation plan
of rolling stock does not change, in which train servigesindg9 in the down direction are
performed by the rolling stock which perform¢gd and f2 in the up direction and turned
around at JHC. The headways between train services at tienstéose to the block area
in up and down direction are illustrated in Figure 7 and Fég8irespectively, in which the
red line denoted the predefined headway in timetable andledibe denoted the headway
after rescheduling. As can be observed in Figure 7, the haabetween servicg2 and f3
and the headway between servjteand f4 are slightly changed since servicgsand f4
are disrupted and turn around before the block area, whilerdteadways remain the same
in timetable. The result is similar in down direction.

The experimental results demonstrate the effectivenes®iciency of the proposed
disruption management model. A rescheduled timetable alfidg stock circulation plan
can be obtained in a few seconds, which can be used to hasdlgtions so as to ensure
the capacity of urban rail transit and the service qualitwjuted to passengers.

6 Conclusion

In this paper, a disruption management model is proposegsttheduling train services in
term of a complete blockage of the double tracks for 5-10 teisin urban rail transit sys-
tems. The objective of the model is to minimize the train geknd the number of canceled
train services as well as to ensure a regular service forepgsss, while constrains, such
as departure and arrival constraints, turnaround consstaervice connection constraints,
inventory constraints are considered. The case study lwastn real-world data from Bei-
jing subway line 7 demonstrated that an acceptable restégettimetable and rolling stock
circulation plan can be obtained within a few seconds, wiseh be adopted in real-time
disruption management.
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