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Motivation

Figure: Bray Head, Railway Accident, Ireland, 1867. The Liszt Collection.



Motivation

Figure: SBB Blackout, Luzern, June 22nd, 2005. AURA collection.



Brief literature review

solution for 297 out of 300 instances. Moreover, it is able to reduce the maximum secondary delay by approximately 100 s
with respect to the three heuristics.

D’Ariano et al. (2008a) describe the implementation of the Alternative Graph model in the real-time railway traffic man-
agement system ROMA (Railway traffic Optimization by Means of Alternative Graphs). This tool aims to support dispatchers
in order to resolve conflicts when dealing with delays and disturbances.

Other papers focusing on the Alternative Graph model are the following: Corman et al. (2009, 2010a,b,c, 2011b, 2012);
D’Ariano et al. (2007a,b, 2008,b) and D’Ariano and Pranzo (2009). All experiments described in these papers were carried
out with ROMA. They concerned the line between Utrecht and ’s Hertogenbosch, and the congested areas around Utrecht
Central Station and around Schiphol Amsterdam Airport in the Netherlands. Different delay scenarios were considered in
these papers.

D’Ariano et al. (2008b) relax some timetabling constraints in the ROMA model in order to obtain more real-time flexibil-
ity. Flexibility in arrival and departure times enforces to have two timetables: the operational timetable which takes into
account the time windows (i.e. minimum and maximum arrival and departure times), and the public timetable presented
to the passengers, which only includes minimum departure times and maximum arrival times. The objective is to minimize
the delays of trains. Experimental results are performed on the congested area around Schiphol Amsterdam Airport with ran-
domly generated disturbances. In particular, the authors start from a ‘‘rigid’’ timetable provided by Netherlands Railways.
This timetable presents only a limited amount of buffer time to recover from delays. The authors construct a flexible time-
table by replacing the scheduled arrival and departure times with maximum arrival and minimum departure times. Different
types of disturbances are considered. Rescheduling is applied to the rigid timetable and to the flexible timetable for compar-
ison. The results show that flexible timetables are promising. The branch-and-bound algorithm of ROMA outperforms its
heuristics, attaining a deviation of not more than 26% from the lower bound, while for the three heuristics the deviation from
the lower bound is over 85%. With an increase in flexibility from 0 to 120 s, the branch-and-bound algorithm exhibits a de-
crease in delays of more than 30%. The results were obtained by coding the model in C++ on a laptop with 1.6 GHz. The best
solution is always found within 30 s of computation time.

The concept of flexible timetables is related to dynamic traffic management. Here it is important to allow a high degree of
freedom in the real-time operations by relaxing some timetabling constraints, as described by Schaafsma and Bartholomeus
(2007). In the planning stage only a partial order of the trains is determined, and arrival and departure times are provided
only as time windows. The assignment of trains to platforms is postponed to the real-time rescheduling stage. Dynamic traf-
fic management is applied in practice in the congested railway network around Schiphol Amsterdam Airport in the Nether-
lands. It is considered as an adequate measure for handling a large number of trains in a bottleneck area.

Flamini and Pacciarelli (2008) study the problem of real-time management of rail traffic in a metro terminal. This problem
is split into two steps: The first step is the routing and sequencing problem, which is modeled with an Alternative Graph
model. In this step, the objective is to construct a feasible schedule with minimum train delays. This model is solved heu-
ristically, by considering the trains one-by-one in Earliest Due Date order. In the second step, the headways between the
trains are optimized without changing the routes and the sequences of the trains that were obtained in the first step. This
problem is solved to optimality in Oðn3Þ time, where n is the number of trains. The model was implemented on a PC with an
Intel Pentium III processor with 1.0 GHz, and tested on data involving an Italian metro terminal. The complete algorithm
generates rescheduled timetables for up to 25 trains within 5 s. The obtained results are optimal in about 95% of the cases.
In the other cases, the difference of the objective function with a lower bound is less than 4%.

Mannino and Mascis (2009) developed an exact branch-and-bound algorithm for a real-life application provided by
Azienda Trasporti Milanesi (ATM), the major municipal public transport company of Milan in Italy. As described in
Section 3.1, TTR can be decomposed by first selecting a routing for the trains and then calculating a timing. The proposed

Table 1
Classification of the recent literature on train timetable rescheduling.

Disturbances Disruptions

Microscopic Albrecht et al. (2011), Boccia et al. (2013), Caimi et al. (2012), Corman
et al. (2009, 2010a,b,c, 2011b, 2012), D’Ariano et al. (2007a,b,
2008,a,b,), Flamini and Pacciarelli (2008), Gély et al. (2006), Khosravi
et al. (2012), Lamorgese and Mannino (2012), Lamorgese and Mannino
(2013), Lusby et al. (2013), Lüthi et al. (2007), Mannino (2011),
Mannino and Mascis (2009), Meng and Zhou (2011), Pellegrini et al.
(2012), Rodriguez (2007), Schaafsma and Bartholomeus (2007)

Hirai et al. (2009), Corman et al. (2011a), Wiklund (2007)

Macroscopic Acuna-Agost et al. (2011a), Acuna-Agost et al. (2011b), Chiu et al.
(2002), Dollevoet et al. (2011, 2012, 2013). Dündar and S!ahin (2013),
Kanai et al. (2011), Kumazawa et al. (2010), Min et al. (2011),
Schachtebeck and Schöbel (2010), Schöbel (2007), Schöbel (2009),
Törnquist (2012), Törnquist and Persson (2007)

Albrecht et al. (2013), Louwerse and Huisman (2014),
Nakamura et al. (2011), Narayanaswami and Rangaraj
(2013), Shimizu (2008)

V. Cacchiani et al. / Transportation Research Part B 63 (2014) 15–37 21

Figure: Classification of the recent literature on train rescheduling.
(Cacchiani, V., Huisman, D., Kidd, M., Kroon, L., Toth, P., Veelenturf, L., and Wagenaar, J. (2014). An overview
of recovery models and algorithms for real-time railway rescheduling. Transportation Research Part B:
Methodological, 63:15–37)
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Research question

What are the impacts, in terms of passenger
(dis-)satisfaction, of different recovery strategies in case
of a severe disruption in a railway network?
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Recovery strategies

I Train cancellation

I Partial train cancellation

I Global re-routing of trains

I Additional service (buses/trains)

I “Direct train”

I Increase train capacity



The two sides of the problem

Supply (Operator)

I Network

I Trains

I (Rolling stock /
Crew)

Demand (Passengers)

I Origins / Destinations

I Preferences / Choices



Assumptions on the supply side

I Homogeneity of trains

I Passenger capacity of trains / buses

I Depots at stations where trains can depart



Assumptions on the demand side

I Disaggregate passengers : origin, destination and desired
departure time

I Path chosen according to generalized travel time (made of
travel time, waiting time and penalties for transfers and
early/late departure)

I Perfect knowledge of the system

I No en-route re-rerouting



Sets

Stations s ∈ S
Time steps t ∈ T
Depots r ∈ R
Passengers p ∈ P

Nodes (representing station s at time t) nts ∈ N
Train nodes i ∈ V = N ∪ R
Train arcs (i , j) ∈ A ⊆ V × V
Passenger p’s nodes i ∈ Vp = N ∪ O ∪ D
Passenger p’s arcs (i , j) ∈ Ap ⊆ Vp × Vp

Disrupted train arcs (i , j) ∈ AD ⊆ A



Parameters

Number of trains available in depot r nr ∈ N
Origin of passenger p op ∈ O
Destination of passenger p dp ∈ D
Capacity of arc (i , j) ∈ A cap(i ,j) ∈ N
Passenger p’s cost on arc (i , j) ∈ Ap cp(i ,j) ∈ R+

Cost of starting a train ct ∈ R+



Decision variables

I x(i ,j) =

{
1 if a train runs on arc (i , j) ∈ A

0 otherwise

I wp
(i ,j) =

{
1 if passenger p uses arc (i , j) ∈ Ap

0 otherwise



Objective function

min
∑
p∈P

∑
(i ,j)∈Ap

cp(i ,j) · w
p
(i ,j) +

∑
(i ,j)∈A|i∈R

ct · x(i ,j)



Constraints

∑
j∈N

x(r,j) ≤ nr ∀r ∈ R (1)

∑
i∈V

x(i,k) =
∑
j∈V

x(k,j) ∀k ∈ V (2)

x(i,j) = 0 ∀(i, j) ∈ AD (3)∑
(i,j)∈Ap |i=op

w
p
(i,j)

= 1 ∀p ∈ P (4)

∑
(i,j)∈Ap |j=dp

w
p
(i,j)

= 1 ∀p ∈ P (5)

∑
i∈Vp

w
p
(i,k)

=
∑
j∈Vp

w
p
(k,j)

∀k ∈ Vp , ∀p ∈ P (6)

w
p
(i,j)
≤ x(i,j) ∀p ∈ P, ∀(i, j) ∈ A ∩ Ap (7)∑

p∈P
w

p
(i,j)
≤ cap(i,j) · x(i,j) ∀(i, j) ∈ A ∩ Ap (8)

x(i,j) ∈ {0, 1} ∀(i, j) ∈ A (9)

w
p
(i,j)
∈ {0, 1} ∀(i, j) ∈ Ap , ∀p ∈ P (10)
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Macroscopic timetable re-scheduling framework

Adaptive large neighbourhood search (ALNS) is a common
meta-heuristic used for train scheduling. It combines:

I Simulated annealing

I Destroy and Repair operators

⇒ Inclusion of recovery strategies



List of operators

The following operators were implemented:

I R1 — Remove trains randomly

I R2 — Remove trains with lowest demand

I I1 — Insert trains randomly

I I2 — Insert trains after highest demand train



Macroscopic timetable re-scheduling framework

Ini+al*
+metable*

Add*/*Remove*
trains*

Evalua+on*
(Passenger*
assignment)*

Improve<
ment?*

Yes:*Save*current*solu+on*

No:*Discard*current*solu+on*



Adaptive large neighbourhood search

input : Initial solution s, Initial (final) temperature T0 (Tf )
T ← T0, s∗ ← s
while T > Tf do

s′ ← s
Choose Removal and Insertion operator
Apply the operators to s′

Assign passengers on s′

if z(s′) < z(s) then
s ← s′

if z(s) < z(s∗) then
s∗ ← s
Update score of chosen operators with σ1

else
Update score of chosen operators with σ2

else
if s′ is accepted by simulated annealing criterion then

s ← s′

Update score of chosen operators with σ3

if Iteration count is multiple of Ls then
Update weights of all operators and reset scores

Update T

return s∗
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Case study characterstics

I 8 stations : GVE, REN, LSN, FRI, BER, YVE, NEU, BIE

I 207 trains : All trains departing from any of the stations
between 5am and 9am

I 40’446 passengers : Synthetic O-D matrices, generated with
Poisson process

I Disruption : Track unavailable between BER and FRI
between 7am and 9am



Case study network
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Results — Simulated annealing
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Results (2) — Comparison of algorithms

Operators z [min] (Improv.) zp [min] zo [min] # DP # T Time [s]

Disrupted 2,674,223.5 2,666,630.5 7,593.0 2,847 197 < 1

R1-I1 2,674,223.5 (0%) 2,666,630.5 7,593.0 2,847 197 663
R1-R2-I1 2,536,551.1 (-5.1%) 2,525,843.1 10,708.0 2,152 186 1,024
R1-R2-I1-I2 2,496,095.8 (-6.7%) 2,483,594.8 12,501.0 1,645 194 1,140
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Conclusion

Contributions of the present work:

I Novel perspective
Demand-driven framework to generate disposition timetables

I Passenger routing flexibility
Linear disutility function

I Practice-inspired framework
Inclusion of operational recovery strategies as operators

I Network considerations
Possibility of re-routing due to consideration of whole network
(instead of a single line)



Further research

I Comparison between exact and heuristic approach

I More realistic operators for ALNS, based on operational
recovery strategies

I Real data (up to now: proof-of-concept)



Thank you for your attention!

Questions?
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