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CASPT 2018

Railway timetable rescheduling for multiple simultaneous
disruptions

Yongqiu Zhu - Rob M.P. Goverde - Egidio
Quaglietta

Abstract Unexpected disruptions occur in the railways on a daily basis, which are
typically handled manually by experienced traffic controllers with the support of
predefined contingency plans. When several disruptions occur simultaneously, it is
rather hard for traffic controllers to make traffic management decisions, because 1)
the predefined contingency plans corresponding to these disruptions may conflict
with each other and 2) no predefined contingency plan considering the combined
effects of all disruptions is available. This paper proposes a Mixed Integer Lin-
ear Programming (MILP) model that reschedules the timetable automatically in
case of multiple simultaneous disruptions occurring at different geographic loca-
tions. This multiple-disruptions rescheduling model considers the interactions be-
tween service adjustments made for different disruptions. The combined multiple-
disruptions rescheduling model is applied every time an extra disruption occurs by
considering all ongoing disruptions. Also, a sequential single-disruption reschedul-
ing model is considered to handle each new disruption with the last solution as
reference. A case study is performed by assuming two simultaneous disruptions
occurring in part of the Dutch railways with 38 stations and 10 train lines oper-
ating half-hourly in each direction. By setting 3 minutes as the computation time
limit in the considered disruption scenario, the combined approach resulted in less
cancelled train services and train delays compared to the sequential approach.
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1 Introduction

On the Dutch railways, the number of unplanned disruptions occurring each year
has increased from 1846 in 2011 to 4085 in 2017 (data source: www.rijdendetreinen.nl).
This indicates that multiple disruptions are likely to happen during operations,
which is particularly true during winter (Trap et al, 2017). Due to the complexity
of disruptions, lots of contingency plans are designed beforehand to enable quick
responses in practice, while each of these contingency plans corresponds to only
one disruption at a specific location. When disruptions occur simultaneously at
different locations, contingency plans corresponding to different disruptions may
conflict with each other. Thus, traffic controllers have to make traffic management
decisions based on their own experiences, which can eventually recover the original
schedule although not in an optimal and time-efficient way (Ghaemi et al, 2017b).

Therefore, it is necessary to propose an efficient way of handling multiple si-
multaneous disruptions. This has been seldom dealt with in the literature so far.
Although several contributions have been made on timetable rescheduling during
disruptions, the focus is on one single disruption only (Louwerse and Huisman,
2014; Zhan et al, 2015; Binder et al, 2017; Ghaemi et al, 2017a, 2018). Veelenturf
et al (2015) propose a model said to be applicable to multiple track blockages,
however no experimental evidence has been given. Van Aken et al (2017) design
alternative timetables for the case of multiple simultaneous planned disruptions
(i.e. possessions for maintenance), focusing on full-day possessions, where transi-
tions between the original timetable and the rescheduled timetable, and vice versa,
are not needed to be considered. For shorter disruptions, such transitions have to
be taken into account.

In this paper, we consider unplanned disruptions that cause complete track
blockages in open track sections. Our focus is on rescheduling the timetable in
case of multiple simultaneous complete track blockages where each disruption is
connected to another by some train line. Here, train services need to be adjusted
to the multiple time-space disruption windows that have overlapping periods but
are located in different sections and may start/end at different time instants. The
main challenge is that the service adjustments towards one disruption window may
influence the ones towards another disruption window, and vice versa.

We put forward a multiple-disruption rescheduling model on the basis of the
single-disruption rescheduling model proposed by Zhu and Goverde (2018). The
single-disruption rescheduling model applies delaying, reodering, cancelling, flexi-
ble stopping and flexible short-turning and considers platform capacity and trains
turning at terminals. These characteristics are all kept in the multiple-disruption
rescheduling model. Flexible stopping means that for each train the scheduled
stops could be skipped and extra stops could be added. Flexible short-turning
means that each train is given a full choice of short-turn station candidates corre-
sponding to the served or passed stations where the infrastructure layouts enable
short-turning.

This paper contributes to advance the current state of the art on railway
timetable rescheduling by introducing a model that is able to tackle multiple si-
multaneous disruptions. The proposed model also leads to a major contribution to
current state of practice, by providing a tool for supporting complex decisions for
situations where predefined contingency plans are not supportive as in the case of
multiple simultaneous disruptions.



In Section 2, we give a general overview of two approaches to handle multi-
ple disruptions: a sequential single-disruption rescheduling model and a combined
multiple-disruption rescheduling model. To show the differences between these two
rescheduling models, Section 3 introduces the single-disruption rescheduling mod-
el first, then Section 4 explains how the multiple-disruption rescheduling model
is extended from the single-disruption rescheduling model, and what kind of con-
straints are additionally established. A case study is given in Section 5 while
Section 6 concludes the paper.

2 General framework

In this paper, multiple simultaneous disruptions are defined as two or more dis-
ruptions that

— have overlapping periods,

occur at different geographic locations,

may start/end in different time instants, and

— are pairwise connected by at least one train line.

They can be handled by two approaches. One is the sequential approach that
uses the single-disruption rescheduling model to solve each disruption sequentially.
Another is the combined approach that applies the multiple-disruption model to
handle each extra disruption with all ongoing disruptions taken into account.

2.1 The sequential approach

The schematic layout of the sequential approach is shown in Figure 1 where the
single-disruption rescheduling model is applied every time a new disruption e-
merges. As this model can deal with one disruption only at one time, it uses the
last solution as reference when handling the disruption that starts second or later.
This means that 1) the train services that are previously decided to be cancelled
will remain cancelled; 2) the train departures/arrivals that are previously decided
to be delayed can no longer occur before those time instants, as early depar-
tures/arrivals are not allowed; and 3) the short-turnings between the trains that
do not run through the new track blockage will remain.

2.2 The combined approach

The schematic layout of the combined approach is shown in Figure 2 where the
single-disruption rescheduling model is applied for the 1st disruption only and the
multiple-disruption rescheduling model is applied every time an extra disruption
emerges. When handling the disruption that starts second or later, the multiple-
disruption rescheduling model makes service adjustments by taking all ongoing
disruptions into account as well as the train arrivals and departures that have
already been realized according to the previous rescheduled timetable.
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Fig. 1 Dealing with multiple simultaneous disruptions by the sequential approach
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Fig. 2 Dealing with multiple simultaneous disruptions by the combined approach

2.3 Objective function and decision variables

The multiple-disruption rescheduling model and the single-disruption rescheduling
model have the same objective of minimizing train service deviations from the
planned timetable,

minimize Z wce + Z de, (1)

e€ By, e€E,UEqe



where ce is a binary variable deciding whether or not an arrival/departure event
e is cancelled (if yes, cc = 1), de represents the delay of event e, and w is a fixed
penalty for each cancelled service. A service refers to a train run between two
geographic adjacent stations. Ear (Eg.) is the set of arrival (departure) events.
Each event has several attributes including the original scheduled time oe, the
corresponding train line tle, train tre, station ste and operation direction dre.

For each event e, its rescheduled time z. is a decision variable, of which the
last adjusted value will be represented as re when handling a later disruption. For
the event e that has a short-turning possibility (i.e. e € EL¥™ U E{¥™), a binary
decision variable ye is needed to decide whether or not the train corresponding to e
chooses the station corresponding to e as the short-turn station (if yes, ye = 1). It
is necessary to have this binary variable, since a train may have multiple short-turn
station candidates to choose. Here, Ef™™ (ESU™) is the set of arrival (departure)
events corresponding to Aturn that includes all short-turn activities. A short-turn
activity a € Agurn is established from an arrival event to departure event that
belong to the same train line and occur at the same station, but operate in opposite
directions. Another binary variable mg is needed, which decides whether or not a
short-turn activity a is maintained (if yes, mq = 1). The aforementioned decision
variables are used in both rescheduling models. Their notation is shown in Table 1.
Note that the decision variables for reordering, flexible stopping, platform capacity
and turning trains at terminals are not presented in this paper, but can be found
in Zhu and Goverde (2018). These decision variables as well as the corresponding
constraints are the same in both the single-disruption rescheduling model and the
multiple-disruption rescheduling model.

Besides short-turn activities that are established between different trains, run-
ning, dwell and pass-through activities are also constructed for each single train.
A running activity is from a departure event to an arrival event that belong to
the same train at geographic adjacent stations. The departure event occurs at the
upstream station relative to the station where the arrival event occurs. A dwell
(pass-through) activity is from an arrival event to a departure event that belongs
to the same train, occurs at the same station, and with the departure event occur-
ring later (at the same time as the arrival event). Dwell and pass-through activities
together constitute station activities. The descriptions of these activities can be
found in Table 2 that shows the notation.

Table 1 Decision variables

Symbol  Description

Ce The binary variable deciding whether or not event e is cancelled. If yes, ce = 1.

de The delay of event e

Te The rescheduled time of event e

Ye The binary variable deciding whether or not the train corresponding to e chooses
the station corresponding to e as the short-turn station tre, Ve € E{¥™ U Eé‘é”’.
If yes, ye = 1.

ma The binary variable deciding whether or not a short-turn activity a € Aturn

is maintained. If yes, mq = 1.




Table 2 Notation

Symbol Description
Oe The original scheduled time of event e
tle The corresponding train line of event e
tre The corresponding train of event e
ste The corresponding station of event e
dre The operation direction of event e
n The nth disruption that currently emerges
Te The previous rescheduled time of event e
teiart The start time of the ith disruption, 1 <i <n
tind The end time of the ¢th disruption, 1 <i<n
stiiT The entry station of the ith disrupted section regarding to train tr
sté’,fr The exit station of the ith disrupted section regarding to train tr
tail(a) The tail of activity a
head(a) The head of activity a
D The maximum delay allowed to an event
Lg The minimum duration of an activity a
My A positive large number whose value is set to 1440
Mo A positive large number whose value is set to twice of M;
Qrun Running activity: arun = (e,€’),e € Ege, €’ € Ear,tre = trys, ste
is upstream neighbouring to st.s
Adwell Dwell activity: aqwen = (e,€’),€ € Ear, €' € Eqe,tre = try/, ste = Ster, 0e < 0gr
Apass Pass-through activity: apass = (€,€’),e € Ear,€ € Ege,tre = tror, ste = Stor
Oe = Og/
Gturn Short-turn activity: aturn = (e,€’),e € Ear, €' € Ege,tre # tres,dre # dres,
Ste = Ste/,tle = tle/
Arun Set of run activities
Adwell Set of dwell activities
Apass Set of pass-through activities
As_tation Set of station activities: Agtation = Adwell U Apass
Al Set of short-turn activities serving the sth disruption, ¢ € Dis
Aturn Set of short-turn activities: ;¢ p;s Aburn = Aturn
FEar Set of arrival events
Fye Set of departure events
El_\IMdemy Set of events that don’t have upper limit on their delays
ELtum Set of arrival events corresponding to the short-turn activities serving
the ith disruption: EL™™ = UaGAéurn {tail (a)},% € Dis
E;‘ﬁrn Set of arrival events corresponding to all short-turn activities:
iyt —
Uiepis B = Ay
E;’;um Set of departure events corresponding to the short-turn activities serving
the ith disruption: Eé’emm = UaEAéun, {head (a)},i € Dis
Eégm Set of departure events corresponding to all short-turn activities:
i,turn __ 4t
. Uiepis Ede =A™
STen® Set of entry stations of all disrupted sections regarding to train tr
STire Set of exit stations of all disrupted sections regarding to train tr

3 The single-disruption rescheduling model

In Zhu and Goverde (2018), timetable rescheduling under one single disruption
is formulated into a MILP model where delaying, reordering, cancelling, flexible
stopping and flexible short-turning are applied and platform capacity and turning



trains at terminals are considered. This section introduces this single-disruption
model by showing part of its constraints that will help to understand the multiple-
disruption rescheduling model.

3.1 Constraints for cancelling and delaying train services

For an event e, the relation between its rescheduled time x¢, the cancelling decision
ce and the delaying decision (de) is formulated by

Mice < xe — 0e < M, € € Far U Ege, (2)
Te — 0e = de + Mice, e € Ear U Eqge, (3)
de > 0, € € Ear U Ege, (4)
de < D, e € (Bar U Ege) \ENMe™, (5)

where oc is the original scheduled time of e, Far (Fqe) is the set of arrival (de-
parture) events, and ENMdelay g the get of events that do not have an upper
limit on their delays. Those events relate to trains which are already running in
the network when the disruption occurs. Thus, they can no longer be completely
cancelled, but only delayed or short-turned. In case they are unable to be short-
turned due to insufficient station/rolling stock capacity, they have to be delayed
(i.e. wait) at least to the end of the disruption. This is why their corresponding
events are not imposed with an upper limit on the delays. Constraint (2) means
that for any event e, its rescheduled time z. cannot be earlier than its original
scheduled time oe, and is set to o + M7 in case it is cancelled. The binary variable
ce decides whether or not an event e is cancelled; if yes, cc = 1. Constraint (3)
means that for a cancelled event e, its delay d. is set to 0, because each cancelled
service has been given a fixed penalty in the objective; for a kept event, its delay is
the time difference between the rescheduled time and the original scheduled time.
Constraint (4) forces the delay of any event to be non-negative, and (5) ensures
that an event that does not belong to ENM9¢1%Y can only be delayed by at most
D minutes.

Each event that originally occurs earlier than the disruption start time (i.e.
tstart) cannot be cancelled, and should run as planned. This is realized by

Ce = 07 e € Ear U Ege, 0c < tstart, (6)
Te — Oe = 07 e € Far U Ede, 0e < tstart- (7)

A train can no longer access a blocked open track section during the time a
disruption occurs. This is represented by

Te > tona(l — ce), € € Eqo, ste = st totart < 0e < tond, (8)

where stiT¢ represents the entry station of the disrupted section regarding to the
train tre corresponding to e, and tonq is the end time of disruption. Constraint (8)
means that a departure that originally occurs at the entry station of the disrupted

section is either cancelled or delayed to the end of the disruption. If this departure



is cancelled, so will its corresponding arrival event in the running activity. This is
realized by

Cer —ce =0, (e,€') € Arun, (9)

which means that any two events e and e’ that constitute a running activity
must be cancelled or kept simultaneously to guarantee the operation consistency
between them.

Similarly for any two events e and ¢’ that constitute the same dwell/pass-
through activity (i.e. station activity), the operation consistency should always be
kept, if neither of them has short-turning possibility. This is formulated by

Ce/ — Ce = 07 (e7 6/) S Astatiorh € §é Eztl‘flrnv 6/ éé E(Ellérn7 (10)

where EL™ (ELS™) is the set of arrival (departure) events corresponding to
any short-turn activity. Note that all scheduled short-turn activities are pre-
constructed and are the input of the rescheduling model. For events that originally
occur at stations whose track layouts do not permit short-turning, no short-turn
activities are established.

3.2 Constraints for flexible short-turning of train services

For any two events e and ¢’ that constitute a station activity and one of them
has short-turning possibility, the operation consistency between them could be
broken, considering one event is short-turned while the other event is cancelled.
Note that in the single disruption case, at most one of ¢ and ¢’ from (e,e’) €
Astation has short-turning possibility. This means that the situation of (e,e’) €
Astation, e € Ei¥™ and ¢ € E{*™ will never happen under the single disruption
case. An example is given to explain this by Figures 3 and 4. In Figure 3, the
solid lines represent the original scheduled services. In Figure 4, the solid lines
represent the rescheduled services, while the dashed (dotted) lines represent the
original scheduled services that are cancelled (delayed) in the rescheduled service
plan. Figure 3 shows the original schedule of two trains where e; (e}) represents
the arrival (departure) event of the yellow train at station D and e (e5) represents
the arrival (departure) event of the blue train at station D. Thus, we have (e1,€}) €
Agtation and (ez2,eb) € Agtation- When a complete track blockage occurs between
stations E and F (see Figure 4), at the top of section E-F the yellow train is short-
turned to the blue train at station F, whereas at the bottom of section E-F the
yellow train is delayed to be served by the short-turned blue train at station D
(assuming station E lacks capacity). In this case, at the bottom of section E-F, the
short-turning will never happen from e; to e5, which means these two events do not
have short-turning possibilities. Thus, we have (e1,e}) € Astation, €1 € Fit™ e} €
EL™ and (ea, eh) € Astation, €2 € Far™ eh ¢ ELU™,
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Fig. 3 The original service plan where (e1,€}) € Agtation and (ez2,e}) € Agtation

B
A

Fig. 4 The rescheduled service plan when one disruption occurs, where (e1,e}) €
! / /
Astation, €1 é E;lr”n: [SS Eé{grn and (62a 62) € Astation, €2 € E;}‘rn7 €y ¢ ESZ"’

To decide the operation consistency of two events e and e’ that constitute the
same station activity and one of them has short-turning possibility, the following
constraints are established:

ce < Cer, (e,€') € Astation, e € Ei™ ¢/ ¢ EL™, (11)
cer < Ce + Ye, (e,€') € Astation, € € Ear ™ €’ ¢ Ega™, (12)
Cer > Ye, (e,€') € Astation, € € Ear™ €’ ¢ Eqa™, (13)
cer < Ce, (e, e/) € Astation, € ¢ ELum e Eé‘ém, (14)
ce < Cor + Yer,s (e,€') € Astation, e ¢ Eii™, ¢/ € EL™, (15)
Ce > Yer s (e,€') € Astation, € ¢ Ear™ €’ € Ega™, (16)

where y. is a binary variable deciding whether or not the train corresponding to
e chooses the station corresponding to e as the short-turn station (if yes, ye = 1).
Constraints (11) and (12) together ensure that for an arrival event e that has
short-turning possibility (i.e. e € EL¥™), it should be cancelled or kept simultane-

ously with its corresponding departure event in the station activity, if the train



corresponding to e does not choose the station corresponding to e as the short-turn
station (i.e. ye = 0). Otherwise (i.e. ye = 1), the departure event corresponding to
e in the station activity must be cancelled (13). Similarly, constraints (14) and (15)
together ensure that for a departure event ¢’ that has short-turning possibility (i.e.
¢ € Ef¥™) it should be cancelled or kept simultaneously with its corresponding
arrival event in the station activity, if the train corresponding to ¢’ does not choose
the station corresponding to €’ as the short-turn station (i.e. yor = 0). Otherwise
(i.e. yor = 1), the arrival event corresponding to ¢’ in the station activity must be
cancelled (16).

Because of flexible short-turning, each train is provided with multiple short-
turn station candidates, whereas a train can only be short-turned at most one
station on each side of the disrupted section, if its operation in the disrupted
section is cancelled. To realize this, we establish

Z Ye = Cory  tr € TRiurn, e € ELY™ €' € Ege, trer = tr, sty = stgf', (17

e:tre=tr

Z Yor = Ce, tr € TRyurn,€ € E4o™ € € Ear,tre = tr, ste = stihe, (18)

/. p—
e'itr  =tr

where TRiturn is the set of trains that correspond to the events in ELY™ UEL™, and
store’ (stthe) represents the entry (exit) station of the disrupted section regarding
to the train corresponding to ¢’ (e). Note that for any two trains tr, and tr,
that serve the same train line but operate in opposite directions, there must be
stira £ sty stife — gl and stitd = stile.

Constraints (17) and (18) determine the short-turn station for a train at each
side of the disrupted section. Next, it is necessary to decide which short-turn
activity will be maintained at each short-turn station chosen for this train, as

there are multiple short-turn activities as candidates. To this end, we establish

Z Mg = Cer — Ce, (ey 6/) S Astation: ec E;grn7 el ¢ Eégrnz (19)

a€ Agurn,
tail(a)=e

Z Ma = Ce — Cer, (e, e/) € Agtation, € ¢ EL™ ' € EX™, . (20)
a€Aturn,
head(a)=e’

where m, is the binary variable deciding whether or not a short-turn activity
a will be maintained; if yes mq = 1. Constraint (19) means that for an arrival
event e € EX¥™, one and only one of its corresponding short-turn activities would
be maintained, if e is kept and its corresponding departure event in the station
activity is cancelled. Constraint (20) means that for a departure event ¢’ € E{2™,
one and only one of its corresponding short-turn activities would be maintained,
if ¢’ is kept and its corresponding arrival event in the station activity is cancelled.
If a short-turn activity is maintained, the minimum short-turn duration must

be respected, which is formulated by

Mice +2D(1 —mg) + Tt — e > maLa,  a=(e,€') € Apurn, (21)

where Aturn is the set including all short-turn activities, and L, represents the
minimum duration required for short-turn activity a.



Note that the constraints of flexible stopping, reordering, platform capacity
and turning trains at terminals (i.e. OD turning) in the single-disruption model
can be found in Zhu and Goverde (2018). The objective (1) of the single-disruption
rescheduling model is that minimizes the deviations (i.e. cancelling and delaying)
from the planned timetable.

4 The multiple-disruption rescheduling model

Among constraints (2) - (21) that serve the single-disruption rescheduling model,
(6) - (8), (17) and (18) need further extensions to be used in the multiple-disruption
rescheduling model, while the remainders are kept exactly the same. In this section,
we explain why and how these extensions are made, and also introduce additional
constraints that are particularly needed for the multiple-disruption rescheduling
model.

4.1 Constraints for cancelling and delaying train services

When a disruption occurs at the time that the previous occurring disruption(s)
is still ongoing, an event e whose previous rescheduled time r. is earlier than
the current disruption start time tl;,, can no longer be cancelled and its current
rescheduled time z. should respect its previous one r.. Here, n represents the nth
disruption that currently emerges (n > 2). Considering these, we extend (6) and
(7) that are applicable to only the first occurring disruption to (22) and (23) that
are applicable for each extra emerging disruption:

ce =0, e € Far U Ege, e < tgtartan > 2, (22)

Te —1e = 0, € € Ear UFEge,Te < thiart, n > 2. (23)

In case of multiple disruptions, a train cannot run into any disrupted sections
during the corresponding disruption periods. As the existing constraint (8) can
only forbid a train running into one disrupted section, we extend it to

Te > tina(l —ce), €€ Eqe,ste = stin®, thiars < 0e < tina, 1 <i<mn,  (24)

where ti,.. (t\,4) represents the start (end) time of the ith disruption, stilre

refers to the entry station of the ith disrupted section regarding to the train
corresponding to e. To be more specific, constraint (24) means that a departure
originally occurring at the entry station of the ith disrupted section during the
ith disruption period should either be cancelled or delayed to the end of that
disruption.

Thus, the constraints for cancelling and delaying train services are (2) - (5),
(9) and (10), and (22) - (24).



4.2 Constraints for flexible short-turning of train services

In Section 3, we have explained that in the single-disruption case, for any two
events e and e’ with (e, e’) € Astation, at most one of them has a short-turning pos-
sibility. However under multiple disruptions, both of them may have short-turning
possibilities. An example is given to explain this by Figures 5 - 6 where the solid
lines represent the rescheduled services, while the dashed (dotted) lines represen-
t the original scheduled services that are cancelled (delayed) in the rescheduled
service plan. In Figures 5 and 6, we keep the disruption from Figure 4 and addi-
tionally assume another disruption occurring later between stations B and C. The
differences between Figures 5 and 6 is the short-turning at station D. In Figure
5, the short-turning from e; to e} is established, whereas in Figure 6 the short-
turning from es to e is established instead. In fact, the short-turning at station
D shown in either Figure 5 or Figure 6 could happen. This means that events
e1,¢1,e2 and e} all have short-turning possibilities. In this case, we have (e1,e}) €
Agtation, €1 € EE™ e] € ER¥™ and (e2,eh) € Agtation, €2 € Et™, eh € ES™. Note
that Figures 5 and 6 do not show the rolling stock connections at station E or
station C, which are actually considered in the multiple-disruption rescheduling
model.

/
/
B /\A
A
Fig. 5 One possible rescheduled service plan with two disruptions, where (e1,e}) €
Astationa el € E;lrlrny ell € E(tllérn and (627 5/2) S Astatiorn e2 € E;‘;rnv 6/2 € Eé‘ém

"
. J
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/
/
/
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Fig. 6 One possible rescheduled service plan with two disruptions, where (e1,e}) €
Astation: el € E;lrlrny ell € Eé‘érn and (€2a 6/2) S Astatiorn e € E;‘;rnv 6/2 € Eé‘érn



Considering that under multiple disruptions there are events e and ¢ with
(e,€) € Astation and both of them have short-turning possibilities, we need addi-
tional constraints to decide whether to break the operation consistency between
them. The added constraints are:

Ce — Co! = Yo' — Ye, (e, e/) € Agtation, € € E;?rn7 e e Eg‘,;”l, (25)
Ye +yer <1, (e,€') € Astation, € € Ear™ €’ € Ege™, (26)
Ce! 2 Ye, (e, 6/) € Astation, e € B, € € Eélérnv (27)
Cer <1 —yer, (e,€') € Astation, e € Ei™, ¢/ € ER™, (28)
Ce > Yer, (e;€') € Astation, € € Eax™, ¢’ € BE™, (29)
ce <1 —ye, (e, 6’) € Astation; € € Esy™, ¢’ € Egllérnv- (30)

Constraints (25) - (30) together ensure that 1) if ye and y.s are both equal to 0, then
e and ¢’ must be kept/cancelled simultaneously; 2) at most one of ye and y./ can
be 1, and for the one with value 1 its corresponding event will be kept due to short-
turning, whereas for the one with value 0 its corresponding event will be cancelled.
Recall that binary variable y. decides whether or not the train corresponding to e
chooses the station corresponding to e as the short-turn station.

The existing (17) and (18) ensure that at most one station can be chosen for a
train at each side of a disrupted section as the short-turn station. When multiple
sections are disrupted, a train could be short-turned at each side of each disrupted
section. In such a case, (17) and (18) are no longer applicable, which need to be
extended as follows:

it s

> Ye>ce, tr€ TRiym, e € Ey™ € € Bae,tre =tr,ster = stey @, 1 <i <n,
e:tre=tr

(31)
Z Yo' = Ce, tr € TRium,e/ € Eé’etum76 € Ear,tre = tr, ste = sté’,f”, 1<i<n,

/. —
e’:itr r=tr

(32)

where EL™™ (EZ™"™) is the set of arrival (departure) events relevant to the short-
turn activities corresponding to the ith disruption, TRY,,, is the set of trains corre-
sponding to the events in B4 "™ UES’:“m, and st’!"e’ (stid™e) represents the entry
(exit) station of the ith disrupted section regarding to the train corresponding to
¢’ (e). Constraints (31) and (32) ensure that at least one station can be chosen
for a train at each side of the ith disrupted section as the short-turn station, if
the operation of this train in the ith disrupted section is cancelled. In (31) and
(32), we use “>” instead of “=” because the short-turn activities relevant to one
train could correspond to different disruptions. In other words, it is possible that
an event e € E™™ N EL™M™ (or € € Efi’etum N E‘(Ji’;um), while i # 5,1 < 4,5 < n.
For example in Figure 5 or Figure 6, the short-turning activity from the blue train
to the yellow train at station B corresponds to the first disruption (i.e. blocked
section E-F) as an earlier short-turning and also corresponds to the second dis-
ruption (i.e. blocked section B-C) apparently. Thus, the arrival event of the blue
train at station B must belong to both E;'"™ and E%™™.



At each sides of all disrupted sections, the number of short-turn stations chosen
for a train cannot be larger than the number of its departure (arrival) events that
originally occur at the entry (exit) stations of these disrupted sections but were
cancelled. To this end, we establish

Z Ye < Z:ce/7 tr € TReurn, e € ES™ ¢! € Ege,trer = tr, sty € ST, 1< i < n,
e:itre=tr e’

(33)
Z Yor < Zce, tr € TRtum,e/ S Efi‘ém,e € Far,tre = tr, ste € STgf, 1<i<n,
€

/. —
e’:itr  =tr

(34)

where STetﬁ‘”” = Ui:{1,~~ n} StéﬁTc/y STl = Ui:{lw' n} St«ia’:fre, Egr = Uie{1,.“ n} E;’rtum»
and BV = Uiegi, n} ES™™ . Constraint (33) ensures that at the top of all dis-
rupted sections, the number of short-turn stations chosen for train ¢r is no larger
than the number of its corresponding departure events that originally occur at the
entry stations of disrupted sections but cancelled. Constraint (34) ensures that
at the bottom of all disrupted sections, the number of short-turn stations chosen
for train tr is no larger than the number of its corresponding arrival events that
originally occur at the exit stations of these disrupted sections but cancelled.

Considering (19) and (20) are only applicable to events e and ¢’ that constitute
the same station activity while only one of them has short-turning possibility, we
additionally establish (35) and (36) for events e and ¢’ that constitute the same
station activity and both of them have short-turning possibilities.

t t
Z Ma = Ce/ — Ce + Ye! » (67 6/) S Astation7 ec Eak}rn» el S Edzrn7 (35)
a€ Aturn,
tail(a)=e
Z Mg = Ce — Ce/ + Ye, (67 6/) € Astation, € € E;;xrn’ e e E(glelrn~ (36)

a€ Agurn,
head(a)=e’

Constraint (35) ensures that at most one of the short-turn activities corresponding
to arrival event e will be maintained, and (36) ensures that at most one of the short-
turn activities corresponding to departure event ¢’ will be maintained. In (35), it
happens that ¢, = 0 and ¢, = 1, which makes ¢, — ce = —1 while the left term
of this equality must be non-negative. Considering this, y. is added at the right
side, whose value must be 1 in this case due to constraints (25) and (27). Similar
reasoning is applied for adding ye at the right side of (36).

Thus, the constrains for flexible short-turning train services are (11) - (16),
(19) - (21), and (25) - (36).

To summarize, for the multiple-disruption rescheduling model, the used con-
straints include (2) - (5), (9) - (16), and (19) - (36). Besides, constraints of flexible
stopping, reordering, platform capacity and turning trains at terminals (i.e. OD
turning) for the single-disruption model are all kept for the multiple-disruption
model, which can be found in Zhu and Goverde (2018). The objective (1) mini-
mizes the deviations (i.e. cancelling and delaying) from the planned timetable.



5 Case study

The considered network is part of the Dutch railways, which is shown in Figure 7,
where red crossings indicate the disrupted areas assumed in the case study.
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Fig. 7 The train lines operating in the considered network

There are 38 stations located in this network with 10 train lines operating half-
hourly in each direction. In the proposed model, trains turning at their terminals
(i.e. OD turnings) to serve the opposite operations are taken into account. Table
3 lists the terminals of the train lines that are located in the considered network,
while the terminals outside the considered network are neglected.

Table 3 Train lines in the considered network

Train line  Type Terminals in the considered network
800 Intercity =~ Maastricht (Mt)

1900 Intercity ~ Venlo (V1)

3500 Intercity = Heerlen (Hrl)

6400 Sprinter  Eindhoven (Ehv) and Wt
6800 Sprinter  Rm

6900 Sprinter  Sittard (Std) and Hrl
9600 Sprinter ~ Ehv and Dn

32000 Sprinter ~ —

32100 Intercity Mt and Hrl

32200 Sprinter ~ Roermond (Rm)




5.1 Disruption scenario and parameter settings

According to the definition of multiple simultaneous disruptions given in Section
2, we assume two disruptions as follows:

— a 1st disruption between stations Bk and Lut from 8:06 to 10:06, and
— a 2nd disruption between stations Roermond (Rm) and Wt from 8:12 to 10:16.

Train lines 6800 and 3500 are affected by the 1st and 2nd disruptions, respectively,
while train line 800 is affected by both disruptions. We apply both the sequential
approach (see Figure 1) and the combined approach (see Figure 2), to deal with
the multiple simultaneous disruption scenario. In both cases, we don’t allow the
original scheduled stops to be skipped. This is because passenger demand is not
taken into account, while the decision of whether an original scheduled stop should
be skipped or not needs to be made according to passenger demand. However, we
allow extra stops to be added, considering that a train may dwell at a station
where it originally passes through to wait for the platform capacity to be released
in the downstream station where it will be short-turned.

We set the minimum duration required for short-turning or OD turning to 300
s, the minimum arrival/departure headway at open track sections to 180 s, the
minimum headway between a departure and an arrival that correspond to the same
station track to 180 s, the minimum dwell time at a station to 30 s, the maximum
delay for each departure/arrival to 25 min, and the penalty of cancelling a service
to 100 min.

Considering the time requirement for computation, we set 180 s as the upper
time limit to get a solution from either the single-disruption rescheduling model or
the multiple disruptions one. Both models are solved by the optimization software
GUROBI release 7.0.1 on a desktop with Intel Xeon CPU E5-1620 v3 at 3.50 GHz
and 16 GB memory.

5.2 Results

The 1st rescheduled timetables corresponding to the 1st disruption obtained by
the sequential approach and the combined approach is the same, which are shown
in Figure 8. The solid lines represent the rescheduled services, and the dotted
(dashed) lines represent the original scheduled services that are delayed (cancelled)
in the rescheduled timetable. From Figure 8 we can see that at the top of the
disrupted section Bk-Lut, four dark blue trains (train line 6800) are short-turned
at station Lut while four yellow trains (train line 800) are short-turned earlier
at station Std. Station Lut has two tracks only and both of them are alongside
platforms. Thus at station Lut, a minimum headway has to be respected between
the arrival of a train and the departure of another train that previously arrives
at station Lut from the same direction. Under this circumstance, if a yellow train
(train line 800) was short-turned at station Lut, it would be delayed at station Lut
and the opposite operations serviced by it would be delayed a lot. In such a case,
although there are two services cancelled less, the resulting delays are more than
the penalty on cancelling two services, which is why the model short-turns four
yellow trains (train line 800) earlier at station Std instead. Similarly, station Bk
also has only two tracks and both of them are alongside platforms. As a result, four



dark blue trains (train line 6800) have to be delayed at station Bde to respect the
minimum headway between their arrivals and the departures of previous arriving
yellow trains (train line 800) at station Bk.
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Fig. 8 The 1st rescheduled timetable obtained by the sequential/combined approach: from
Eindhoven (Ehv) to Maastricht (Mt)

The 2nd rescheduled timetable obtained by the sequential approach is shown
in Figure 9 where the red triangles represent extra stops. Compared to Figure 8,
there are more yellow train services (train line 800) cancelled between stations Std
and Rm in Figure 9. This is because yellow trains (train line 800) have to be short-
turned at station Rm due to the emerging disruption (disrupted section Rm-Wt),
which however may be inoperable due to their short-turnings at station Std. At the
top of the disrupted section Rm-Wt, four pink trains (train line 3500) additionally
dwell at station Mz. This is because station Wt has four tracks while only two
of them are alongside platforms. Thus, each of these four pink trains (train line
3500) has to wait at station Mz to ensure the headway between its arrival and
the departure of a short-turned light blue train (train line 6400) at station Wt
where a yellow train (train line 800) is still occupying another platform at that
time. At station Wt, the departures of four upstream yellow trains (train line 800)
are delayed more than necessary. This is because in the sequential approach, the
delaying decisions made for the previous disruption are kept. Hence, the adjusted
arrival and departure times from the previous step are now the reference timetable,
while early arrivals/departures are not allowed, which now is with respect to this
timetable. Also at station Wt, the arrival of a downstream pink train (train line
3500) is delayed to respect the minimum headway between this arrival and the
departure of a previous delayed arriving pink train (train line 3500), since a light
blue train (train line 6400) is occupying a platform at that time.

The 2nd rescheduled timetable obtained by the combined approach is shown in
Figure 10 where two yellow trains (train line 800) are short-turned at station Lut
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Fig. 9 The 2nd rescheduled timetable obtained by the sequential approach: from Eindhoven
(Ehv) to Maastricht (Mt)
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Fig. 10 The 2nd rescheduled timetable obtained by the combined approach: from Eindhoven
(Ehv) to Maastricht (Mt)

instead of station Std in Figure 9. With the combined approach (Figure 10), two
upstream yellow trains (train line 800) between Std and Rm and four upstream
yellow trains (train line 800) between Wt and Ehv are less delayed than when us-
ing the sequential approach (Figure 9). Less delays in the combined approach are
obtained because of the use of the multiple-disruption rescheduling model that dif-
ferently from the single-disruption rescheduling model does not rely on previously
taken decisions, thus having a wider search space to find a better solution.



Table 4 shows the general results of the 2nd rescheduled timetables obtained
by both approaches. We can see that the sequential approach found an optimal
solution in 87 seconds, while the combined approach only found a suboptimal so-
lution with an optimality gap of 0.67% under the required computation time limit
(i.e. 180 s). Even so, the 2nd rescheduled timetable obtained by the combined ap-
proach still resulted in 4 less cancelled services and 266 minutes less train delays
(i.e. arrival and departure delays), compared to the one obtained by the sequen-
tial approach. Recall that a service refers to a train run between two geographic
adjacent stations.

Table 4 Results of the 2nd rescheduled timetables obtained by both approaches under the
required time limit

Objective Total cancelled Total train Computation  Optimality

Approach  value [min] services delays [min] time [sec] gap
Sequential 6314 52 1114 87 0.00%
Combined 5678 48 878 180 0.67%

Without the computation time limit, the combined approach found an optimal
solution in 884 seconds. The resulting objective value is 5640, the total cancelled
services are 44, and the total train delays are 1240 minutes. Compared to the sub-
optimal solution obtained by the combined approach, the optimal solution results
in 4 less train services cancelled, but 362 minutes more train delays. We found that
the consideration of station capacity is the main reason to find an optimal solution
relatively slow, since lots of binary variables are used for considering station capac-
ity. By excluding station capacity constraints, the multiple-disruption rescheduling
model can find an optimal solution in only 11 seconds for the concerned scenario.

6 Conclusions and future research

We proposed a multiple-disruption rescheduling model that reschedules all train
services together each time an extra disruption occurs. Such a model contributes
to advance the current state of the art on railway disruption management that
mostly focuses on solving a single disruption. A contribution to current practice is
also provided since the proposed model could support dispatchers during complex
situations not effectively handled by predefined contingency plans. The proposed
combined multiple-disruption rescheduling model has been compared to a sequen-
tial single-disruption rescheduling model that solves disruptions one by one with
previous rescheduling decisions as reference. In terms of solution quality, the com-
bined approach outperforms the sequential approach.

A case study is performed to part of the Dutch railways with 38 stations and
10 train lines operating half-hourly in each direction. Complete track blockages are
assumed to occur in two different sections in the considered network, which have
overlapping periods and both last 2 hours approximately, but start and end at dif-
ferent time instants. By setting 180 s as the computation time limit, the sequential
approach generated an optimal solution with 4 more cancelled train services and
236 minutes more train delays than the suboptimal solution (with optimality gap



of 0.67%) obtained by the combined approach. Without computation time limit,
the combined approach needed 884 seconds to find an optimal solution. This long
computation time originates from station capacity constraints where lots of binary
variables are used. To speed up the computation, a different way of including sta-
tion capacity might be explored without infringing the solution quality. Besides,
more experiments will be designed to explore the impact of different time periods,
amount, and locations of multiple disruptions.
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