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Executive Summary

The objective of D3.2 "“Algorithms for Self-Organizing Railway
Operations” is to detail the algorithm design and implementation
produced in the SORTEDMOBILITY project for achieving railway traffic
self-organization.

Chapter 1 introduces the deliverable.

Chapter 2 summarizes the process designed to achieve self-
organization. The various modules composing this process are
described in the following chapters.

Chapter 3 focuses on train neighborhood identification.
Chapter 4 details the hypothesis generation performed by each train.

Chapter 5 describes the hypothesis compatibility check carried out by
each train, considering the hypotheses of its neighbors.

Chapter 6 proposes the consensus approach trains apply to agree on
traffic management evolution.

Chapter 7 presents how the selected hypotheses are merged into a
valid RTTP.

Chapter 8 concludes the deliverable.
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Figure 1: Pipeline representing the self-organization process.
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1 INTRODUCTION
In this deliverable, we detail the algorithms we developed within
SORTEDMOBILITY to implement railway traffic self-organization.

Traffic self-organization is achieved through the application of a modular
process, designed within the project and presented in Deliverable 3.1 “Design
Choices for Self-Organizing Railway Operations”. This process is summarized in
Section 2, where all the modules involved are introduced. In particular, the
various modules are described specifying their objective, role and working
principles.

The following sections include the description of the specific algorithms we
designed for each module, including the specifications of the current
implementations. In particular, Section 3 pertains to neighborhood selection,
Section 4 and 5 to the hypothesis generation and compatibility, Section 6 to the
consensus achievement and Section 7 to the merge operation among the
resulting hypotheses. Finally, Section 8 reports some conclusions.

2 SUMMARY OF THE SELF-ORGANIZATION PROCESS DESIGN

In this section, we describe the principles we set in SORTEDMOBILITY for
designing the traffic controller to achieve self-organized decisions making. The
controller we propose may be deployed in a totally unsupervised manner, with
the automatic implementation of agreed decisions. Otherwise, it may be
deployed with human interaction. For example, a dispatcher may be in charge
of validating the decisions before implementation. We think this would somehow
go against the nature of self-organization, but it may be pertinent from an
industrial perspective. Another option, which may be a good compromise
between the two extremes, may see dispatchers taking charge of particularly
critical situations, and automatic implementation in normal operations. The
overall process design is out of the scope of the project, but we think the
proposed design is compatible with most envisageable options.

We formalize the controller decision making as a modular process, in which four
sub-processes are to be carried out by single trains and a final one is performed
by the traffic control center. Figure 1 depicts this process.
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Figure 1. Pipeline representing the self-organization process.

As detailed in Deliverable 4.1 “"Data Exchange Format and Software Interfaces”,
the process starts with the reception of the current Real-Time Traffic Plan
(RTTP) and Traffic State Prediction (TSP), along with the prediction of the
passenger demand. The timings in the RTTP are corrected to be consistent with
the current TSP: if an unexpected perturbation occurs, while train routes and
passing orders of the RTTP are deployed, the specific passing times will be
different from the expected ones. We do this correction with a variant of
RECIFE-MILP, an algorithm originally proposed for the real-time railway traffic
management problem (rtRTMP) (Pellegrini et al., 2014, 2015). This algorithm
identifies good - optimal if enough time is available - train routes, timings and
passing orders given a control area and a traffic situation. The control area
infrastructure is represented microscopically, considering detailed track and
interlocking system characteristics. Train length is also considered when making
decisions. The classic RECIFE-MILP formulation manages traffic considering
fixed-block systems, but a variant of the formulation has been produced to
consider moving-block ones (Versluis et al., 2023). RECIFE-MILP exploits a

<Document code : SY-WP3-DEL2> Page 8 of 19



R SORTEDMOBILITY

- Self-Organized Rail Traffic for the Evolution of

URBAN EUROPE -
Decentralized MOBILITY

commercial mixed-integer linear programming (MILP) solver, typically CPLEX, to
make traffic management decisions in two steps. First, a single route is
considered for each train, and only timings and passing orders are optimized.
This route can be the one planned in the timetable or one chosen in a previous
optimization run. Second, routing decisions are added to the panel of possible
actions, considering the solution of the first step as a starting point. The
algorithm stops when either a solution is proven to be optimal, or the available
computational time has elapsed. To correct the RTTP timings, only the first step
of the algorithm is performed, and additional constraints are set to ensure the
passing orders of the RTTP are preserved. This procedure can be carried out
either at the control center, or by each train independently.

The RTTP and the TSP are received by each train, which operates a
neighborhood identification to select the set of trains with which it may have an
interaction. Various types of interaction may be taken into account here,
depending on the modeling choices made for the real-time Railway Traffic
Management Problem (rtRTMP) (e.g., including or excluding rerouting
possibilities) and the process design (e.g., frequency of traffic monitoring).

Once each train has identified its neighborhood, it performs the hypothesis
generation: it generates a set of traffic management strategies - hereafter,
hypotheses - in which changes are defined for both the path of the train itself
and the ones of the trains in its neighborhood. The characteristics of these
hypotheses depend on the modeling choices made for the rtRTMP: hypotheses
may differ in train routing, ordering, timing, speed profile, passenger transfer
possibilities, etc. To produce and associate a value to these hypotheses, the
train may rely on the prediction of the actual demand related to the different
traffic management strategies: in particular, the train may take into account the
impact of each strategy on passenger utility, in terms of, e.g., waiting and
travel times.

On the basis of the generated hypotheses, the interactive consensus process
takes place. Each train shares its hypotheses with the other trains, possibly
keeping their values as private information, and receives the hypotheses of its
neighbors. It carries out a hypothesis compatibility check to identify which
hypotheses are consistent and could hence be implemented concurrently. In
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principle, various permissive definitions of consistency may be considered for
hypothesis compatibility, depending on rtRTMP modeling and decision process
design. Finally, each train engages with its neighbors for the hypotheses
selection, trying to identify its best hypothesis while preserving consistency with
the hypotheses selected by its neighbors.

After a consensus is reached or after a maximum time available for decision
making has elapsed, the trains return the currently selected hypotheses. The
traffic control center receives all hypotheses and applies a merge operation,
aggregating them into a complete RTTP and possibly solving any remaining
incompatibility. In particular, incompatibilities may arise in the long term,
between paths of trains not currently identified as belonging to the same
neighborhood, or even in the short term if permissive hypothesis compatibility
principles are defined. In this case, a reparation strategy must be applied to
obtain a feasible RTTP, as close as possible to the one obtained by merging
hypotheses.

3 NEIGHBOURHOOD IDENTIFICATION
The first step for the decentralized self-organization of rail traffic is the
identification of the set of neighbors relative to each train in the network. We
define a neighbor of a train t as any train t' that may be in conflict with ¢t within
a time horizon h, starting at the current time.

The algorithm we propose takes as inputs the current RTTP and TSP, the former
being updated with newly discovered perturbations as discussed in Section 2.

The produced output consists of a set of modified TSPs, one per train, in which
neighboring trains are identified through an additional XML attribute named
inNeighborhood, whose value can be false or true.

In order to identify its neighbors, each train exploits a representation of the rail
network consisting in a graph of connected TDSs extracted from the
infrastructure description (see Deliverable 4.1 “Data Exchange Format and
Software Interfaces”). Each TDS is tagged with the ID of the trains that may
occupy it, along with the expected occupation times and the route information.
To calculate the expected occupation times, we add up the running time of each
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TDS along the considered route on top of the current time. If a train has
multiple routes that include the same TDS, all occupation times are considered.

Once the mapping of trains to TDSs is complete, each train checks all the TDSs
it may use within the time horizon h (i.e., the occupation time is included
between the current time T and T+h. It identifies as neighbors all the other
trains that may use one or more of these TDS within the same time horizon.

The identification of the neighborhoods leads to the generation of the so called
interaction graph GTZ(VT,ST). Here, v is the set of nodes, each representing a
train, and ¢r is the set of edges: an edge connects two nodes corresponding to
trains that are in the neighborhood of each other.

4 HYPOTHESIS GENERATION
The hypothesis generation module is based on the RECIFE-MILP formulation.
Within SORTEDMOBILITY, traffic management solutions are assessed both from
the perspective of railway operations and from the point of view of passengers
and freight operators, if the case study involves mixed traffic.

To do so, we propose a variant of RECIFE-MILP, in which the demand prediction
module detailed in D2.2 “Data-Driven Operational Prediction Model” and a
passenger assignment module are integrated into the solution process. In
particular, as in classical applications and as mentioned in Section 2, the future
traffic state is considered (supplied by a simulator or a prediction module in the
form of a TSP, as described in D4.1 “Data Exchange Format and Software
Interfaces”). Differently from what is typically done in railway traffic
management, a demand prediction is also produced, consisting of a distribution
of passengers per origin-destination (OD) pair for the near future. These
passengers are assigned to trains, assuming the latter follow the route and
passing order decisions of the RTTP being considered. This can either be the one
representing the original timetable, or the one representing the last traffic
management decisions made.

The passenger assignment is based on two main elements: passenger incidence
times and train-based path choices. The former is the arrival time of a
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passenger at their origin station. We predict the incidence times by first
predicting OD matrices for short time intervals (e.g., five minutes), and then
distributing the predicted number of passengers using waiting time distributions
from the literature. In particular, following the study of Eltved et al. (2019) for
the Copenhagen suburban railway network, we infer the incidence time
distribution considering the waiting time distribution known for each station,
and knowing the number of people arriving at a station in a time interval.

For each OD pair and incidence time, a set of available train-based paths can be
identified by looking at the RTTP. This set includes all train combinations that
the passenger may want to use, looking at historical data. Historical data also
say with what probability a passenger will use each train-based path. We use
this probability to compute the expected number of passengers on each train
and the used train connections.

All passengers with common train-based path choice and incidence time
compose a passenger group.

For each passenger group, we estimate the desired arrival time as the time at
which they would reach their destination if all trains were traveling on time.

Traffic management decisions are made considering the so obtained passenger
assignment to trains. In particular, additional variables and constraints are
added in RECIFE-MILP to impose the used train connections as soft constraints:
it is possible to drop a connection if the feeder train is late, but the quality of
the solution takes it into account. In particular, the objective function minimizes
the sum of train delay at destination (representing the railway operations
perspective) and of passenger delay at destination, with respect to their desired
arrival time. A penalty is added to this sum if connections are dropped, and this
penalty is a function of the frequency of the trains on the lines the passengers
who miss the connection are traveling on, to represent the delay they will
suffer.

With these additional variables, RECIFE-MILP generates a number of solutions.
New passenger assignments are computed for each of these solutions, and they
are used in a final assessment to rank the different solutions.

The formal details of the formulation and algorithm accounting for passenger
demand are available in Pascariu et al. (2023).
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To use RECIFE-MILP for hypothesis generation, we emulate the fact that it is
executed by a specific train to find alternative traffic management options for
itself and its neighbors. The specific train running RECIFE-MILP is the focal
train. Before starting the optimization, we set as constraints all routes and
passing orders of trains not included in the neighborhood of the focal train, as
they appear in the input RTTP. Hence, the focal train will only be able to
propose traffic management decisions modifying the previously planned paths
of either itself or its neighbors. In the objective function, depending on the case
study, we either weigh the delay of all trains equally, or we allow each focal
train to use private information to weight its own delay differently from the one
of the others.

In each run, to generate a set of hypotheses, not only the optimal solution is
searched, but also a panel of different ones. To do so, in the second step of the
algorithm, we run CPLEX using either ‘.populate()’ or °.solve()’ with the
‘MIP::Pool::RelGap’ parameter set to p: the best solution found in the available
computational time is returned, together with all the other ones found which are
less than p% worse than the former, p being an input parameter. These
solutions are screened to eliminate equivalent ones, in which timings change
but routing and passing orders are the same. For each set of equivalent
solutions, only the one with the earliest train trips is kept. As the maximum
number of hypotheses returned for each train (n) is an input parameter, only
the RTTPs corresponding to the best n-1 solutions become actual hypotheses. In
addition, the input RTTP is returned as a hypothesis, considering that, in the
worst case, preserving the traffic management decisions currently being
implemented is a feasible option.

The cost associated with each hypothesis corresponds to the value of the
objective function optimized by the focal train. If the latter uses private
information to assess solutions, then it is possible for two trains with the same
neighborhood to independently generate one or more identical hypotheses but
attribute different values to them.
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5 HYPOTHESIS COMPATIBILITY

The hypothesis compatibility module checks if two neighboring trains t; and ¢,
have got compatible hypotheses. If this is not the case, there is no solution to
the consensus problem. This can happen when the individual neighborhoods of
t, and t, are largely different, so that the two trains may optimize two different
traffic situations. To reduce this effect, we allow for hypothesis sharing. During
this phase, each train delivers its own hypotheses to its neighbors. For example,
consider the case of three trains: t; with the hypothesis h;, t, with the hypothesis
h, and t; with hs, where [t,,t,)€¢; and [t,.t;|€€;. After the hypothesis sharing, the
train t, will have the hypotheses h,and h,, the train ¢, will have the hypotheses
h,,h, and h; and the train t; will have the hypotheses h,and h;. Sharing is
performed only once to ensure that the hypothesis graph is connected, while
avoiding that the same hypothesis diffuses throughout the whole network. In
the example above, this means that h; will not reach t;, because t, only shares
its own hypotheses and not those received from other trains.

Afterwards, the compatibility check between hypotheses takes place. The
compatibility is evaluated for all pairs of trains connected in the interaction
graph, and among all their hypotheses. In practice, given two trains t; and ¢t,,
where [t,,t,|€€;, for any hypothesis of t, the compatibility is checked with any
hypothesis of t,. Clearly, a shared hypothesis is by default compatible with the
original one.

The compatibility check is performed in the following way. Given two different
hypotheses h, and h,, the route of each train t,,€h, is replaced with the route of
the same train t;, €h,. If the utilization times of the replaced route overlap with
at least another one in h;, then h, and h, are declared incompatible. In case of
no overlap, the original route of h, is restored and the next train is checked. If
all the trains’ routes are tested and no incompatibility is detected, then the roles
of h, and h, are swapped and another check is performed. After the second
round of compatibility check, if no incompatibility is detected, h, and h, are
declared compatible. As an alternative implementation, we perform the same
procedure but considering only the route of the focal train, to be checked within
the hypothesis of the neighbor train.
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Following the compatibility check, the hypothesis graph GH=(VH,€H) is created.
Here, vy is the set of all hypotheses from all trains, while €, represents the set
of edges, each connecting two compatible hypotheses. Finally, a cost ¢, is
associated to each vertex h€vy. This is the cost of the hypothesis as returned
by the hypothesis generation. If the hypothesis has been shared by a neighbor
train, its cost is computed from the point of view of the receiving train.

6 CONSENSuUs
Self-organization is achieved through a consensus process, i.e. an iterative
procedure whose goal is to converge to a good, possibly optimal, solution to a
given problem. In SORTEDMOBILITY, during the consensus process, each train
aims at selecting the best possible hypothesis that is compatible with the one
chosen by each of its neighbors.

The state of a train ¢; is represented by the hypothesis hu € H; currently selected.
At start, each train selects its “best” hypothesis, i.e. the one with the minimum
cost, and the consensus process starts. At each iteration, one single train, the
decision maker t;, makes a decision about the hypothesis to promote while all
the other trains remain in their respective states. To this end, the decision
maker t; makes an observation and consequently makes an action. The
observation consists in observing the state h'.€H; of one randomly selected
neighbor t;€N, while the available actions for t; are either keeping its
hypothesis h or switching to another hypothesis in H,. On the basis of this
observation,t; applies the following default policy:

° If h and h' are compatible OR t; has only one hypothesis, then t; keeps
hypothesis h.

° If h and h are not compatible ANDt; has other hypotheses that are
compatible with ', then t; switches to the hypothesis with minimum cost among
these compatible hypotheses.

° If h and h° are not compatible ANDt; has no other compatible hypotheses
with k', thent; switches to its hypothesis with minimum cost.

The process described above is repeated at each time step and stops either
when all the trains have selected a hypothesis that is compatible with the
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hypotheses of all their respective neighbors or when a maximum number of
time steps is reached.

The above basic policy is designed to promote consensus as much as possible,
because trains do tend to align to the hypotheses chosen by their neighbors,
even disregarding the cost of the chosen hypothesis. In other words, trains are
cooperative, as they would select even costly hypotheses in the attempt to
reach an agreement with neighbors. Such cooperativeness does not support the
choice of optimal solutions, however, because any consensus state would be
acceptable. We have therefore introduced the probability of cooperation to
reduce the compliance of trains in changing their state in favor of neighbors.
The decision makert; determines whether or not to change its state following a
probability of cooperation, which depends on the normalized cost C,€[0,1] of
the hypothesis h currently selected by t; (where C,=0 for the best hypothesis in
H; and C,=1 for the worst one) and on its level of competitiveness «:

p|cooperate V C,, &t|=max
a

The idea behind this definition is that the higher the cost C,, the more likely for
the train to take part in the consensus process and possibly replace the selected
hypothesis h with a better one. Similarly, the higher the level of competitiveness
a, the lower the probability of cooperation of the train as long as it holds a good
hypothesis. We define three types of trains according to the value of a:

° base train: fully cooperative train (a=0) that always tries to adapt its
hypothesis to the neighbors.

°® fixed train: it has a>0 and when it cooperates it implements the default
policy.

o adaptive train: it starts with a>0 but then a converges to zero, iteration
by iteration.

With these three setups, we can obtain different system behaviors, trading-off
consensus time with optimality of the selected solution.

7 MERGE
After the consensus module, the RTTP merging phase begins. Here, the
hypothesis selected by each train is used to build up the new global RTTP
<Document code : SY-WP3-DEL2> Page 16 of 19



e SORTEDMOBILITY

Self-Organized Rail Traffic for the Evolution of

URBAN EUROPE -
Decentralized MOBILITY

starting from the currently deployed one. In particular, for each train that
belongs to a connected component in which the consensus is reached, its path
is taken from its selected RTTP (hypothesis). This path is used to replace the
one corresponding to the same train in the current RTTP. For the trains
belonging to a connected component that has not reached consensus, no path
change is applied.

In the end, consistency checks are performed over the merged RTTP, searching
for TDSs with overlapping utilization times. Indeed, after the merge of various
RTTPs, it is possible that the route of different trains partially overlap. In
particular, this may happen for trains which use common TDSs in the future, at
a time farther than the length of the time horizon considered for determining
neighborhoods. If this happens, the RTTP must be repaired before being
deployed. To do so, we use a variant of RECIFE-MILP, in which we set as
objective the minimization of the number of passing order changes. Specifically,
the merged RTTP including stairway overlaps is supplied as input to the new
variant of RECIFE-MILP. Here, routes cannot be changed, and a binary variable
is associated to each existing one, representing a passing order. Additional
constraints are introduced to set this variable to zero if the passing order of the
input RTTP is preserved, and one if it is changed. The objective is finding an
operationally feasible solution minimizing the sum of these new variables. After
this, if any change was necessary, new timings are found with the RECIFE-MILP
variant described in Section 2, given the new passing orders.

8 CONCLUSIONS
In this deliverable, we reported the details of the algorithm design and
implementation produced in the SORTEDMOBILITY project for achieving traffic
self-organization.

The implementations proposed are initial proposals of each module, which will
make the object of development in future studies.

These initial proposals are used in the experimental analysis of
SORTEDMOBILITY, allowing the first implementation of traffic self-organization
combined with a thorough simulation assessment.
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