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ABSTRACT
Traffic perturbations in railway systems may give rise to conflicts,
which cause delays w.r.t. the timetable. Dealing with them requires
solving the real-time Rail Traffic Management Problem (rtRTMP).
A subproblem of the rtRTMP is the real-time Energy Consumption
Minimization Problem (rtECMP). It defines the speed profiles along
with the timing of multiple trains in a given network and time hori-
zon. It takes as input the train routing and precedences computed
by a rtRTMP solver and its objective is to minimize the weighted
sum of train energy consumption and total delay. In this paper, we
propose an Ant Colony Optimization algorithm for the rtECMP and
we test it on the French Pierrefitte-Gonesse control area with dense
mixed traffic. The results show that, in 30 seconds, a remarkable
exploration of the search space is performed before convergence.
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1 INTRODUCTION
Railway systems are subject to unforeseen events causing traffic
perturbations. They often give rise to conflicts, that occur when at
least one train encounters a restrictive signal demanding an un-
planned deceleration. Conflicts cause delays w.r.t. to the nominal
timetable, that can propagate to the whole system in a snow-ball
effect. The task of managing traffic to reduce delay is entrusted
to a dispatcher, who is in charge of a control area. This is a lim-
ited size portion of the railway network. Dispatchers can decide
upon train-route assignment (routing) and train ordering along
common passing locations (scheduling), in addition to retiming
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trains at scheduled stops. These decisions have to be taken in a very
short time frame, as soon as relevant conflicts are forecast. The
problem faced by dispatchers is commonly referred to as real-time
Railway Traffic Management Problem (rtRTMP) [4] and its solution
is a feature of modern rail traffic management systems (TMS).
The real-time Energy Consumption Minimization Problem (rtECMP),
as introduced by [2], has the objective of minimizing the weighted
sum of train energy consumption and total delay by deciding the
speed profiles in a given control area and time horizon. It takes as
input the decisions on train routing and precedences made by a
rtRTMP solver. In addition, to define energy-efficient speed profiles
for multiple interacting trains, it takes into accounts infrastructure
characteristics, operational constraints and train dynamics. The
rtECMP ouputs include arrival, departure, passing through and
dwelling times along with speed profiles. As the rtRTMP, given its
real-time nature, the rtECMP has to be solved in a short computing
time which starts when the TMS is called to address newly forecast
perturbations. Under this computing time limit, we first need to
solve a rtRTMP instance, then solve the corresponding rtECMP
instance.

In this paper, we propose a graph-based rtECMP model that we
explore with an Ant Colony Optimization (ACO) algorithm, which
we name ACO-rtECMP. An experimental analysis is conducted
on a real life railway infrastructure (Pierrefitte-Gonesse junction,
located in France) subject to various traffic perturbations.

2 GRAPH-BASED APPROACH
We consider a microscopic representation of rail infrastructures.
Specifically, the infrastructure in a control area is composed of
block sections, which are track stretches that can be traversed by
only one train at a time to maintain safe distancing. Every train
is assigned a route in the infrastructure by a TMS. More precisely,
we define a route as a sequence of block sections linking an origin-
destination pair. Origins and destinations can either be at the limit
with another, adjacent control area or a station platform. Stations
can be inside the control area.
To ensure the coherence of route formation, control areas are
equipped with an interlocking system. When a route is set, the
signaling system indicates whether a block section can be accessed
or not: every block sections is delimited by two signals placed at
its entrance and exit location (see for instance [3]). In the simplest
case, a signal is capable of displaying three different aspects: green,
yellow and red. A red aspect forbids the access to the following
block section. A signal displaying yellow allows the access and
demands a slow down so that a full train stop is possible before
the following signal. Green grants the access to a block section and
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implies that a driver can safely enter the following one at full speed,
if suitable.
Given a block section 𝑏, we refer to all block sections sharing at
least one track-circuit with 𝑏 as incompatible. Block section 𝑏 is
available for a train 𝑡 only if all its incompatible block sections are
free and none of them is to be used by another train before 𝑡 .
We propose a graph model for the rtECMP in which we represent
a speed profile as a concatenation of pre-computed partial speed
profiles, one for each block section in a train’s route. Given a train
that has stopped in a block section, in the model the train restarts
as soon as the following block in its route becomes available.
We are given a set of trains 𝑖 ∈ 𝑇 and a route 𝐵𝑖 for each of the trains.
We refer to a generic block section in the route of train 𝑖 as 𝑗 ∈ 𝐵𝑖 .
For each 𝑖 ∈ 𝑇 and 𝑗 ∈ 𝐵𝑖 , we are provided with train precedence
in the form of a set P𝑖, 𝑗 containing train-block pairs (𝑖∗, 𝑗∗). Only
when every train 𝑖∗ has released its block 𝑗∗, 𝑖 can access 𝑗 . For
each block section 𝑗 ∈ 𝐵𝑖 , we pre-compute a discrete set of partial
speed profiles having the following attributes: an initial speed; a
final speed; a value of energy consumed; a running time.
Let 𝐺 = (𝑉 ,𝐴) be a graph with 𝑉 and 𝐴 set of vertices and arcs
respectively. Except for two special vertexes, source (𝑠) and terminal
(𝑡 ) (which indicate the beginning and end of every path in the graph),
each vertex represents a partial speed profile for a train-block pair.
The attributes of a generic 𝑣 ∈ 𝑉 are denoted by: 𝑖𝑣 (train to which
the vertex refers); 𝑗𝑣 (the considered block section of 𝐵𝑖𝑣 ); 𝑘𝑣 (initial
speed); 𝑘 ′𝑣 (final speed); 𝑟𝑣 (running time of 𝑖𝑣 in 𝑗𝑣 ); 𝐸𝑣 (energy
consumption).
The set of arcs 𝐴 of graph 𝐺 is defined as follows:

• For all 𝑎, 𝑏 ∈ 𝑉 such that 𝑖𝑎 = 𝑖𝑏 = 𝑖 , arc (𝑎, 𝑏) exists if all
following statements are true: 𝑗𝑎 directly precedes 𝑗𝑏 in train
𝑖’s route; the final speed associated to node 𝑎 is equal to the
initial speed associated to node 𝑏, i.e., 𝑘 ′𝑎 = 𝑘𝑏 .

• For all 𝑎, 𝑏 ∈ 𝑉 such that 𝑖𝑎 ≠ 𝑖𝑏 , arc (𝑎, 𝑏) exists if one of the
following conditions is verified: (𝑖𝑎, 𝑗𝑎) is in P𝑖𝑏 , 𝑗𝑏 ; 𝑗𝑎 and 𝑗𝑏
are compatible.

• For all 𝑣 ∈ 𝑉 , arc (𝑠, 𝑣) exists if the train-block pairs (𝑖𝑣, 𝑗𝑣)
verifies the following conditions: 𝑗𝑣 is the first block section in
the route of 𝑖𝑣 ; no other train precedes 𝑖𝑣 in 𝑗𝑣 , i.e., P𝑖𝑣 , 𝑗𝑣 = ∅.

• For all 𝑣 ∈ 𝑉 , arc (𝑣, 𝑡) exists if 𝑗𝑣 is the last block section of
the route of train 𝑖𝑣 .

A path ℎ in𝐺 that satisfies a set of constraints represents a feasible
solution of the problem. Precisely, ℎ must satisfy the following
constraints:

C1 [Partial speed profile selection]: For each (𝑖, 𝑗) : 𝑖 ∈ 𝑇, 𝑗 ∈ 𝐵𝑖 ,
exactly one vertex 𝑣 such that (𝑖𝑣, 𝑗𝑣) = (𝑖, 𝑗) must be in ℎ. This
ensures that a choice of a partial speed profile for a train-block
pair is made and is unique.

C2 [Speed profile continuity]: For each 𝑣,𝑤 ∈ ℎ referring to two
consecutive block sections 𝑗𝑣 and 𝑗𝑤 that have to be traversed
by a train (𝑖𝑣 = 𝑖𝑤 ), it must be true that 𝑘 ′𝑣 = 𝑘𝑤 . This ensures
speed profile continuity on the boundaries between every pair
of consecutive block sections traversed by a train.

C3 [Signaling]: For each 𝑣 ∈ ℎ, 𝑘 ′𝑣 must be coherent with the
signal aspect opening block section 𝑗𝑣 when 𝑖𝑣 enters it. This
constraint models the functioning of the signaling system.

To account for the two objectives of the rtECMP, i.e., energy effi-
ciency and delay reduction, we minimize the weighted sum of two
terms accounting for the normalized total energy consumption and
delay. The corresponding weights are parameters of the algorithm.

3 ALGORITHM AND EXPERIMENTS
To tackle the graph model we proposed in this section, we use an
ACO algorithm [1]. Precisely, we adopt a MAX–MIN ant system
(MMAS) algorithm [5], to which we refer as ACO-rtECMP. Graph
𝐺 is used as the construction graph in ACO-rtECMP.
We test ACO-rtECMP on 50 instances derived from the peak-hour
traffic in the French Pierrefitte-Gonesse control area. For each in-
stance, we study the improvement of the best ACO-rtECMP solution
w.r.t. the best one found in the first iteration with a wall-clock time
limit of 30 seconds (following [2]).
First, to display the non-trivial nature of this problem, we show how
ACO-rtECMP results significantly outperform those of a random
search conducted with the same settings. Second, we perform an
experimental analysis that documents the impacts of shifting the
optimization priority from energy consumption to delay reduction
by varying the objective function weight configuration. By focus-
ing on energy consumption minimization, the most remarkable
improvements are obtained. This seems to be due to the range of
the ACO heuristic information 𝜂 becoming narrower as the weight
of total delay minimization is increased, making 𝜂 irrelevant to the
search.

4 CONCLUSION & FUTURE RESEARCH
In this research, to address the rtECMP [2], we developed a graph
model and MMAS algorithm. We showed its applicability in re-
alistic instances representing railway traffic in a French control
area.
In future research, wewill studywhether a different definition of the
ACO heuristic information may prevent the narrowing of its range
and improve the algorithm performance. We will also extend ACO-
rtECMP with a local-search algorithm, which is generally known
to improve solution quality in conjunction with meta-heuristics as
ACO. Future work will also be devoted to benchmarking the ACO-
rtECMP results against an exact rtECMP solver, such as TDRC-MILP
[2], on different infrastructures.
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