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Preface

In the ongoing desire to improve, adapt and understand transportation systems, algorithmic
theory and mathematical techniques are essential to develop and solve new models and
optimization problems. Scientific advancements come from various disciplines, including math-
ematical optimization, theoretical computer science, algorithmics, and operations research.
Since the 2000’s, the Algorithmic Approaches for Transportation Modelling, Optimization
and Systems (ATMOS) symposia represent a well-established series of meetings that brings
together researchers and practitioners who are interested in all aspects of algorithmic meth-
ods and models for transportation optimization, providing a forum for the exchange and
dissemination of new ideas and techniques to handle all modes of transportation.

The 24th edition of the Symposium on Algorithmic Approaches for Transportation Model-
ling, Optimization, and Systems (ATMOS 2024) was held on September 5-6 2024, as part of
ALGO 2024, the major annual European event for researchers, students and practitioners in
algorithms, which was hosted by the Royal Holloway, University of London in Egham, United
Kingdom. All optimization problems, models and algorithmic techniques which are related
to transportation systems were regarded as topics of interest for ATMOS 2024, including
but not limited to: charging schemes; electromobility; fairness in schedules; fare structure
design; infrastructure assignment and maintenance; passenger flows; resource-constrained
shortest paths; route planning; (rolling-stock, shift, vehicle, periodic-event) scheduling; time-
dependent travel-times; traffic-assignment; equilibria with side-constraints; vehicle routing
and dial-a-ride problems. Of particular interest were the following techniques which were used
by the papers in this year’s edition of ATMOS: (exact, approximate, heuristic, local-search)
algorithms for transport optimization; algorithmic engineering; algorithmic game theory;
Bayesian inference; labelling and indexing schemes; learning and prediction techniques;
mathematical programming; multi-objective optimization; stochastic simulation.

We received a total of thirty-two submissions from all over the world, twenty-eight
of them being regular papers, and the other four being short papers. All manuscripts
were reviewed by at least three PC members and were evaluated on originality, technical
quality, and relevance to the topics of the symposium. Based on the reviews, the program
committee selected eighteen submissions (sixteen regular papers and two short papers) to
be presented at the symposium. Altogether, they quite remarkably demonstrate the wide
applicability of algorithmic optimization on transportation problems. In addition, Eduardo
Uchoa (Universidade Federal Fluminense, Niteroi, Brazil) kindly agreed to complement the
program with an invited talk “Ezact Algorithms for Vehicle Routing: advances, challenges,
and perspectives”, that was presented as one of the keynote talks of ALGO 2024.

We would like to thank: the Steering Committee of ATMOS for giving us the opportunity
to serve as Program Chairs of ATMOS 2024; all the authors who submitted their papers; the
members of the ATMOS 2024 Program Committee and the sub-reviewers for their valuable
work in evaluating all the submissions and selecting the papers appearing in this volume;
Eduardo Uchoa for accepting our invitation to present an invited talk; Argyrios Deligkas
and Eduard Eiben (co-chairs of the ALGO 2024 Organizing Committee) and their team
at the Royal Holloway, University of London for hosting the symposium as part of ALGO
2024. We would also like to acknowledge the use of the EasyChair system for the great help
in managing the submission and review processes, and Schloss Dagstuhl for publishing the
proceedings of ATMOS 2024 in its OASIcs series.

24th Symposium on Algorithmic Approaches for Transportation Modelling, Optimization, and Systems (ATMOS
2024).
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Preface

Finally, we are pleased to announce that, based on the Program Committee’s reviews and
decisions, the authors Justine Cauvi, Ruoying Li and Sabine Storandt have been awarded
this year’s “Best Paper Award of ATMOS 2024” for their paper “Landmark Hub Labeling:
Improved Bounds and Faster Query Answering”.

August 2024

Paul Bouman and Spyros Kontogiannis
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Landmark Hub Labeling: Improved Bounds and
Faster Query Answering

Justine Cauvi &

Ecole Normale Supérieure de Lyon, France

Department of Computer and Information Science, University of Konstanz, Germany
Ruoying Li &4

Department of Computer and Information Science, University of Konstanz, Germany

Sabine Storandt &

Department of Computer and Information Science, University of Konstanz, Germany

—— Abstract

Hub Labeling (HL) is a state-of-the-art method for answering shortest-distance queries between node
pairs in weighted graphs. It provides very fast query times but also requires considerable additional
space to store the label information. Recently, a generalization of HL, called Landmark Hub Labeling
(LHL), has been proposed, that conceptionally allows a storage of fewer label information without
compromising the optimality of the query result. However, query answering with LHL was shown to
be slower than with HL, both in theory and practice. Furthermore, it was not clear whether there are
graphs with a substantial space reduction when using LHL instead of HL. In this paper, we describe
a new way of storing label information of an LHL such that query times are significantly reduced and
then asymptotically match those of HL. Thus, we alleviate the so far greatest shortcoming of LHL
compared to HL. Moreover, we show that for the practically relevant hierarchical versions (HHL and
HLHL), there are graphs in which the label size of an optimal HLHL is a factor of ©(y/n) smaller
than that of an optimal HHL. We establish further novel bounds between different labeling variants.
Additionally, we provide a comparative experimental study between approximation algorithms for
HL and LHL. We demonstrate that label sizes in an LHL are consistently smaller than those of HL
across diverse benchmark graphs, including road networks.

2012 ACM Subject Classification Theory of computation — Graph algorithms analysis
Keywords and phrases Route Planning, Shortest Path, Hub Labeling

Digital Object Identifier 10.4230/0OASIcs.ATMOS.2024.1

1 Introduction

Efficiently determining the shortest path distance between node pairs in a given weighted
graph G(V, E, ¢) is important for a multitude of applications, including navigation, vehicle
routing, and network design [3, 4, 13, 14, 15]. Using Dijkstra’s algorithm, such distance
queries can be answered in O(nlogn + m) with |V| = n and |E| = m. However, if many
queries need to be answered on the same input graph, preprocessing methods can help to
tremendously reduce subsequent query times. One state-of-the-art method is Hub Labeling
(HL) [6]. In a HL, each node v € V' gets assigned a node label L(v) C V, and the shortest
path cost ¢(m(v,w)) is stored along for each w € L(v). The labels need to fulfill the so called
cover property that demands that Vs,t € V' : Jv € L(s) N L(t) N7 (s,t). In other words, for
each shortest path, its end nodes need to have at least one common node from that path in
their respective labels. The node is then called a hub for s, .

This allows for a very simple and fast query answering routine: For each v € L(s) N L(t)
compute ¢(7(s,v)) + ¢(w(t,v)), with both values being precomputed, and keep track of the
minimum. The resulting value is guaranteed to coincide with the shortest path distance
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Landmark Hub Labeling: Improved Bounds and Faster Query Answering

hub zone

— (I

perfect landmark zone perfect landmark zone

v

Figure 1 Top: Illustration of hub zone (green) and perfect landmark zone (purple) for the node pair
s,t. Bottom: Two LHL query answering scenarios for s, ¢ with L(s)NL(t) = {v, w}: In the left image
(assuming uniform edge weights), the best lower bound is realized via w with ¢(7 (s, w)) —c(w (¢, w)) =
3 —2 =1 and the best upper bound is realized via v with ¢(n(s,v)) + ¢(7(t,v)) =141 = 2. Here,
the upper bound is tight. In the right image, the best upper bound via v is 3 4+ 2 = 5 and the best
lower bound via w is 4 — 2 = 2. Here, the lower bound is tight.

between s and ¢. If the labels are stored sorted by ID of the contained nodes, the intersection
of two labels can be computed in linear time. Thus, query answering only takes O(|L(s)| +
|L(t)|) € O(Lmax) where Lyax := max,cv | L(v)].

While HL allows for fast query answering, storing labels that meet the cover property often
requires a substantial amount of space. Landmark Hub Labeling (LHL) is a generalization of
HL which uses a weaker cover property and thus potentially allows for smaller label sizes
[16]. The underlying observation is that if s and ¢ both store the distance to a node v that is
not on the shortest path from s to ¢ but on a shortest path from a to b that contains both
s and t, one can still deduce the correct shortest path distance between s and ¢, now by
computing |c(m(s,v)) — e(mw(t,v))|. Such a node v where |c(n(s,v)) — e(w(t,v))| = c(n(s,t))
is also called a perfect landmark for s, . The relaxed cover property of LHL now demands
that for each s,t € V their label intersection L(s) N L(t) either contains a hub or a perfect
landmark for s,t. The issue is that query answering becomes more intricate with LHL, as
one needs to figure out whether a hub or a perfect landmark leads to the tight distance
bound. To accomplish this, each node in I := L(s) N L(t) is considered in both roles. This
results in an upper bound UB := min,ey c(n(s,v)) + ¢(w(t,v)) as well as a lower bound
LB :=maxyey |c(m(s,v))—c(n(t,v))| on the shortest path distance ¢(m(s,t)) where either UB
or LB needs to be tight, see Figure 1 for an illustration. To check if LB is tight, one needs to
reconstruct the path from (w.l.o.g.) s to v up to a distance of LB and see whether ¢ is found.
If this is the case, c¢(n(s,t)) = LB follows, otherwise it is certified that ¢(n(s,t)) = UB. To
make the path traversal step efficient, a variant of LHL called path-consistent LHL (PC-LHL)
was introduced in [16]. Tt allows to reconstruct the shortest path from a node s to one of its
stored label nodes v in O(k) where k denotes the number on edges on that shortest path.
However, this still results in distance query times of O(Lyax + D) where D denotes the
diameter of the input graph. Depending on the structure of the input graph, the query time
might thus be significantly larger than the O(Lyax) query time of HL.

In this paper, we show that one can actually answer distance queries with a PC-LHL also
in O(Lpax) by storing and indexing the labels in a novel manner. Furthermore, we show
that both in theory and practice substantial space savings are possible when imposing the
weaker cover property of LHL instead of the stronger one required for HL.
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1.1 Related Work

Hub Labeling (HL) has been studied extensively, both from a theoretical and practical
perspective. Constructing a Hub Labeling (HL) with minimum total or average label size
poses an NP-hard problem [2]. Interestingly, the complexity of computing a HL with minimum
average label size is still open on trees. For this special case, a PTAS was described in [1]. In
general graphs, an approximation algorithm with a factor of O(logn) and a running time of
O(n?logn) is known [2, 8], as well as an O(log D) approximation algorithm which is based
on a LP-relaxation [1]. For practical applications, however, oftentimes fast heuristics are used
instead of the slower and more intricate approximation algorithms. Usually, those construct
a special type of HL, called a hierarchical HL. (HHL) [7, 8, 12]. Here, nodes are ranked by
some notion of importance and the node label of a node v can only contain nodes that have
at least the same rank as v. Approximation algorithms were also studied for HHL, with the
best known guarantee being in O(y/nlogn) [2].

As storing the labels of a HL or a HHL requires a lot of memory, label compression
techniques have been investigated [9]. Recently, Landmark Hub Labeling (LHL) has been
introduced as a complementary way to reduce the label size [16]. It was shown that the
O(log n) approximation algorithm for HL can be adapted to also work for LHL. Furthermore,
a O(logn) approximation algorithm with a running time of O(n%) was proposed for the
path-consistent variant (PC-LHL) as well as a heuristic construction methods that run in
O(n?) [16, 17]. However, the query time analysis as well as a proof-of-concept-study revealed
worse query times when using the PC-LHL framework instead of HL.

1.2 Contribution

In this paper, we provide numerous new structural insights into LHL.

We first carefully study the relationships between different LHL and HL variants. For
example, we prove that for the hierarchical variants (HLHL and HHL), the optimal label size
of the HLHL is always smaller than that of a HHL and there exist graphs where the factor
between the respective label sizes is ©(y/n). This label size gap even applies to HHL and
PC-HLHL, where PC-HLHL denotes the practically relevant path-consistent HLHL variant.
We show several further novel gaps and bounds, see Figure 2 for an overview of results on
tree graphs, and Figure 4 for results on general graphs. Our new gaps illustrate the great
potential of reducing the space consumption when using LHL instead of HL.

Next, we prove that computing an optimal PC-HLHL is NP-hard by reduction from HHL,
which itself was proven to be NP-hard in [2]. To nevertheless see whether the theoretical space
improvements we show for (PC-H)LHL over (H)HL also translate into practical improvements,
we describe how to efficiently implement known and novel (approximation) algorithms. In
an experimental study on diverse benchmark graphs, we demonstrate that label sizes of LHL
are indeed consistently smaller than those of HL.

Finally, we tackle the most pronounced weakness of LHL with respect to HL, which is
the query time of O(Lyax + D). The +D term stems from the necessity to conduct a path
traversal in the LHL query in order to check whether the computed lower or upper distance
bound is tight. We describe a new method for storing labels of a (PC-)LHL such that no
path traversal is needed anymore for this check. Accordingly, we can now match the O(Lyax)
query time of HL.. We thus establish LHL as a viable alternative to HL, both with respect to
space consumption and query time.
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2 Preliminaries

Throughout the paper, we assume to be given an undirected graph G = (V, E, ¢) with positive
edge costs ¢ : E — RT and a unique shortest path between any pair of nodes s,t € V. The
latter property can be ensured via symbolic perturbation of the edge costs. We use 7 (s, t) to
denote the shortest path between nodes s,t € V and c¢(n(s,t)) = ¢(n(¢,s)) for its cost.

We already defined Hub labeling (HL) and Landmark Hub labeling (LHL) in the in-
troduction. We now provide additional definitions for the labeling variants which are also
studied in the remainder of the paper.

» Definition 1 (Hierarchical Hub Labeling). A HL L is a Hierarchical Hub Labeling (HHL) if
there is a ranking r : V. — {1,...n}, with n = |V|, such that for every v € V, all w € L(v)
are such that r(w) > r(v).

For a fixed ranking r, one can find in polynomial time the HHL with minimum total label
size which is called the canonical HHL.

» Definition 2 (Canonical HHL). Given a node ranking r, the canonical HHL is such that,
forv,w €V, w € L(v) if and only if there is a shortest path starting at v on which w has
the highest rank.

We can also define a hierarchical LHL (HLHL) in the same way as HHL by allowing all nodes
to contain only nodes of higher or equal rank in their label. Another important property on
labelings that we will explore is path-consistency.

» Definition 3 (Path-Consistent Labeling). A labeling is path-consistent (PC) if for each
w € L(v), we also have w € L(u) for all u on a shortest path from v to w.

In what follows, we will use PC-(L)HL to refer to a path-consistent (Landmark) Hub
Labeling and PC-H(L)HL to denote a path-consistent hierarchical (Landmark) Hub Labeling.

It was shown in [16] that every canonical HHL is path-consistent. Given a ranking r,
we can also define the canonical PC-HLHL, which is the PC-HLHL respecting r with the
smallest labeling size [16].

» Definition 4 (Canonical PC-HLHL). Given a node ranking r, the canonical PC-HLHL is
such that, for v,w € V, w € L(v) if and only if there is a maximal shortest path containing
v and w on which w has the highest rank.

Finally, also the concept of a Landmark Labeling (LL) was defined in [16].

» Definition 5 (Landmark Labeling). A Landmark Labeling (LL) is a labeling L : V — 2V
which satisfies the landmark cover property, that is for every pair of nodes s,t € V, there is
a node v € L(s) N L(t) which is a perfect landmark for s,t.

Clearly, LL is a special type of LHL just like HL.

3 Relationships between Labeling Variants

With the plethora of labeling variants that have been proposed in the literature, it is interesting
to investigate how optimal label sizes behave with respect to each other. Obviously, label
sizes of more general variants are at most as large as those of the respective special cases.
But we are also interested in the size of the gaps that can arise between them.

In this section, we provide novel results on trees and general graphs, and summarize the
known gaps between different LL, LHL, and HL classes in relationship diagrams.
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3.1 On Trees

In [1], the authors show that the optimal HL on trees is hierarchical. Based on the same
idea we can show that the optimal PC-LHL on trees is also hierarchical.

» Theorem 6. For every tree T = (V, E) and any valid PC-LHL L for T, there exists a
hierarchical PC-LHL L' such that |L'| < |L].

Proof. The idea is to construct a hierarchical PC-LHL L’ based on the given L without
increasing the label size.

For each u € V, let L(u) be the label set of u, we define an induced subtree T,, C T in
the same way as in [1]: Let u be the root of T,,, there is a path 7(u,v) € T, if v € L(u). A
vertex w belongs to T, if there is a label v € L(u) such that w € w(u,v). We call this tree
the label tree of u on T respects L(u).

We now show that T, N T, # ), for every u,v € V. Let w € L(u) N L(v), then w € Ty,
and w € T,. Due to Helly Property ([10],[11]), given a family of subtrees of T, if every
two subtrees in the family intersect, then all subtrees intersect on at least one node r. To
construct L', we first let L’ = L. Secondly, we assign the node r the highest rank and add r
into the label set L’ of every node, then remove the labels w € L'(u) for u € T, such that
r € w(u,w). Now L’ is still a valid PC-LHL with |L'| < |L|.

Let T3, ..., Tk be the subtrees rooted at the neighbors of r. The shortest paths between
u,v are covered by r, where u € T;,v € Tj,4,j € {1,...,k},i # j. Therefore, we can deal

with the subtrees T7,..., Ty separately. Let T; be one subtree rooted at the neighbor of r.

Let 7(r,w) be the degree two path such that any node on the path, except r and w, has
degree two, and the degree of w is not two. Let u € w(r,w) \ {r,w}, then the shortest path
from any node in T' can be covered by r. We, therefore, remove the labels in v € L(u) such
that v # r and v # u. Now L' is still valid and |L'| < |L|. If T; for ¢ € {1,...,k} is a path,
we assign all nodes in 7; the lowest ranks, then L'[T}] is a valid hierarchical PC-LHL.

We obtain the subtrees that are not just a path. Let T” be a subtree after removing the
degree 2 chain from r. Let ly,...,l, be the leaves in T”. Then r ¢ n(l;,1;) for i # j. There
exists a node u € L(l;) N L(l;), and u € L(w) for all w € w(l;,{;). This means all nodes that
lie on the path of two leaves contain a common label. Hence, as a pair of nodes always lies
on a path from a leaf to another leaf, for any u,v € T, L(u) N L(v) # (. Therefore, the label
trees 1), T! C T’ have an intersection. Again according to the Helly Property, all label trees
have a common intersection. We assign the node the next highest rank.

For each subtree, we can apply this construction recursively, and the resulting L’ is
hierarchical and PC with |L'| < |L|. <

Since the optimal HHL is canonical and thus also PC, HHL is a special case of PC-HL. Hence,
the optimal labeling of PC-HL on trees has the same size as HHL. It thus follows that it also
has the same size as HL.

In Figure 2, we present the known optimal label size relations between different labelings
on trees, and the blue color highlights the relations of our contribution in this work. On trees,
the optimal LHL has the smallest size of any labeling. For a star graph with n nodes, the
average label size in optimal LL is O(n), where in the optimal LHL it is constant. For a path,
the optimal solution of HL has a maximum label size of O(logn), while the optimal solution
of LHL has a maximum size of O(1). The HLHL is a special labeling of LHL, but whether
the optimal LHL on trees is hierarchical is still open. As we have shown that the optimal
PC-LHL on trees is hierarchical and PC-HLHL is a special case of HLHL, we conclude that
the optimal HLHL is at most as large as PC-LHL, PC-HLHL, and canonical PC-HLHL.
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On Trees

Landmark Labeling Landmark Hub Labeling Hub Labeling

Q(n) Q(logn)

Non-Hierarchical

Hierarchical

[Canonical HHL |-=—{HHL]

= Q(logn) |Canonical PC-HHL|={PC-HHL|
&logn)

Canonical PC-HLHL

Figure 2 Relation of optimal solution between different labelings on trees. This diagram consists
of three labelings, LL, LHL, and HL. In particular, we present the relations for optimal solutions
on hierarchical and PC labeling of LHL and HL. The arrows point to the labeling whose optimal
solution is always smaller or equal to the other one. The function classes on the arrow are the largest
known factors of the optimal label size of the larger labeling to the smaller labeling on particular
tree families. Equal means that both labelings have the same optimal label size on trees. The blue
highlighted relations are our contributions.

3.2 On General Graphs

In [2] it was shown that the gap between HHL and HL can be in Q(y/n). We prove that the
optimal HL on the same instance satisfies the PC property. Thus, the gap between HHL
to both PC-HL and PC-LHL is also at least a factor of Q(y/n). Using the same example,
we show that the gap between hierarchical and non-hierarchical (PC-)LHL is also at least a
factor of Q(y/n).

» Theorem 7. There is a graph family for which the optimal HLHL size is Q(\/n) times
larger than the optimal label size of LHL.

Proof. We take the same example as in [2] (that is the graph in Figure 3 without the b;
nodes) in which they prove that the gap between HL and HHL can be Q(y/n). They exhibit a
HL for the considered graph of total labeling size in O(n). Each node has to contain at least
one label in the label set, thus the smallest summed label size of a graph without isolated
nodes is in O(n). Since HL is also an LHL, the optimal LHL size is also in O(n). We show
that the total size of any HLHL is Q(n%) Now we consider a ranking of the nodes on the
clique, let r(c1) < ... < r(cx), and consider p;; and ¢; for ¢ < j and 1 < 2 < k. The only
shortest path containing p;, and ¢; is (pis, ¢;, ¢j). Since ¢; cannot be in the label of ¢;, then
either p;, is in the label of ¢; or ¢; is in the label of p;;. This produces at least one label for
each such pair. The total number of such pairs is:

k—1 2 .
k;zf k (k2 D GQ(n%)

Then the total label size of HLHL is Q(n2). Hence, the gap between the optimal HLHL and
the optimal LHL is Q(y/n). <



J. Cauvi, R. Li, and S. Storandt

Figure 3 Example graph with ©(y/n) label size gap between HHL and HLHL.

Now consider the gap between PC-HLHL and PC-LHL. It is easy to verify that the HL
proposed in [2] is PC. Furthermore, PC-HLHL is an HLHL. It follows that in this graph
family, the optimal PC-HLHL size is Q(y/n) times larger than the label size of PC-LHL.

Note that the graph in Figure 3 without the b; nodes contains non-unique shortest paths
from ¢; to s. However, one can assign each {¢;, p;1} and each {p;1, s} edge with a cost of 2/3,
and all other edges with a cost of one. Then the graph has unique shortest paths and the
optimal label sizes of the discussed labelings are still the same.

We now modify their example and show the gap between the optimal label size of HHL
and the optimal label size of (PC-)HLHL is Q(y/n).

» Theorem 8. There is a graph family for which the optimal HHL size is Q(y/n) times larger
than the optimal label size of (PC-)HLHL.

Proof. Consider the undirected graph in Figure 3. The graph consists of k stars, denoted
as cq,...,c,. Each star has k leaves, denoted as p;1,...,p;x for a star with center ¢;. The
centers of the stars form a clique. The leaves of each star connect to another center denoted as
b1,...,bs. Finally, all leaves connect to the node s. The total number of nodes is k% + 2k + 1,
and the length of every edge is 1.

Now consider the following HLHL for this graph. The nodes are sorted according to their
ranking from high to low: s,bg,...,b1,¢k,...,C1,Pkk,---,P11- LThe node s is in every label
set. The label b; is in the label set of nodes p;1,...,pi, C1,...,Ck, and b;. And ¢; is in the
label set of node ¢; where j < i. Finally, every p node adds itself to its label set. It is easy to
verify the cover property and path consistency holds. Each of node s, b and p has a label size

of O(1). The label size of every ¢ node is in O(k). It follows that the total label size is O(n).
Now we show the optimal HHL size is in Q(n?). W.lo.g., let 7(c1) < r(c2) < --- < (cx).
Consider any p;, and ¢; where ¢ < j, the shortest path between them is 7(p;z, ¢;) = (Pix, ¢, ¢5)-

Since ¢; is not in L(c;), then either p;; in L(c;) or ¢; in L(p;;). Due to the same reason as
in Theorem 7, the total label size of HHL is Q(n%) Hence, the gap between the optimal
(PC-)HLHL and the optimal HHL is Q(y/n). <

In Figure 4, the label size bounds between different labels are shown for general graphs.
Clearly, the gaps are at least as large as those for trees. LHL has the smallest optimal label
size. Between the LHL and HL labels, the optimal HHL is the largest. There exists a graph
family such that every optimal hierarchical labeling of LHL and HL is at least a factor of
Q(y/n) larger than the non-hierarchical one. The gap between HHL and (PC-)LHL is at
least a factor of Q(y/n) on a graph family that allows multiple shortest paths between two
nodes. For unique shortest paths, the known gap is at least a factor of Q(logn) on paths.
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On General Graphs

Landmark Labeling Landmark Hub Labeling Hub Labeling

Hierarchical

PC-HLHL e HHL

. [Canonical HHL }—=—{HHL|

Canonical PC-HLHL [Canonical PC-HHL}=-{PC-HHL]

Figure 4 Relation of optimal solution between different labelings. The dashed arrows mean that
the gap of the corresponding labelings is found on a graph family with non-unique shortest paths.

4 NP-Completeness of PC-HLHL

In this section, we argue that finding an optimal PC-HLHL is NP-complete by a reduction
from HHL. The reduction takes an instance of HHL consisting of a graph G = (V, E) and an
integer k and constructs a graph G and an integer k¥’ such that the following conditions are
equivalent: (i) There is an HHL of size k in G. (ii) There is an PC-HLHL of size k' in G*.
We prove the following theorem based on this reduction idea.

» Theorem 9. The problem of deciding whether an undirected graph has a PC-HLHL of size
at most k is NP-complete.

Before showing the reduction, we first prove the following useful Lemmas. Note that for
the cover property, we do not consider the pair of (v,v) for v € V. Therefore, a node v is in
its label set if and only if it is in the label set of other nodes.

» Lemma 10. Given a graph G = (V, E) in which all nodes in this graph have a degree of at
least 3, and there is a unique shortest path between every two nodes. Let GT = (VT ,ET) be
the graph obtained by connecting one single node to each node in G. Denote v' € VT \'V as
the node added to the node v € V', called leaf of v. There is an optimal PC-HLHL such that
leaves have lower ranks than non-leaf nodes and no leaf is contained in any label set.

Proof. Any maximal geodesics that v’ lies on contains v too, and v’ is always one of the end
nodes. Let L be one optimal PC-HLHL on G, with the ranking r which is also a canonical
PC-HLHL. It was shown in [16] that the canonical PC-HLHL is the minimum PC-HLHL
respected to the rank r. We now construct a canonical PC-HLHL ranking r’ such that all
leaves have a lower rank than its neighbor and the respected labeling L’ has a size at most
as the size of L. For any r(u') > r(u), let 7'(u) = r(v’) and r'(v’) = r(u), we now show
the total label set size does not change. Case one: For a node v such that v’ € L(v), its
label set does not increase. Since w lies on all the maximal geodesics that ' lies on. Then
L'(v) C L(v) \ {v'} U {u}. Case two: For a node v such that u ¢ L(v), its label set does not
increase either. Assume that after the ranking swap, there is a node v that u ¢ L(v), but
now u is in L’(v). Then it follows that u has now the highest rank on one maximal geodesic
7' € nt(v,u), where 77 (v, u) is the set of maximal geodesics that contain both u and v. Let
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s,t be the end nodes of the maximal geodesic and ©’ = 7(s,v) Um(v,u) Um(u,t). Then u has
now the highest rank on the maximal geodesic 7(s,u’). Then u’ has the highest rank on it in
the rank 7. It follows that «' must be in L(v). It is a contradiction. Therefore, for a node v,
if u' & L(v), then u ¢ L'(v), their label set size does not increase either. We update the rank
for such leaves using the same methods until every leaf has a rank lower than their neighbor,
and |L'| = |L|. Tt follows that any label set contains no leaf. Furthermore, one can assign '
in the way that all leaves have lower ranks than the nodes in V" and it is still optimal. <

» Lemma 11. Given a graph G = (V, E) and Gt = (V*,E") as described in Lemma 10.
Let L be an optimal PC-HLHL such that all leaves have lower ranks than the nodes in V.,
then for a leaf v', its label set L(v') = L(v).

Proof. Let L be an optimal PC-HLHL such that all leaves have lower ranks than the nodes

in V. Due to path consistency, for a leaf v’, L(v") C L(v). Now we show L(v) C L(v').

Assume that there is a label w € L(v) and w ¢ L(v"). Since w ¢ L(v'), w does not have the
highest rank on any maximal geodesics end by node v/, and any shortest path reaches v is a
part of one maximal geodesics end by v’. Therefore, on any maximal geodesics that contains
v, w does not have the highest rank. According to canonical property, w ¢ L(v). This leads
to a contradiction. Therefore L(v) C L(v') and L(v) = L(v'). <

» Lemma 12. Given a graph G = (V, E) and G* = (V*,E™") as described in Lemma 10.
Let L be an optimal PC-HLHL on GT such that all leaves have lower ranks than the nodes
in'V, and L(GT[G]) be the sublabeling of a PC-HLHL in G that is induced by the graph G,
then L(GT[G)) is an HHL for nodes in V.

Proof. Let L be an optimal PC-HLHL such all leaves have lower ranks than non-leaf nodes.
We show that there is no landmark in L(G"[G]). Assume that there is a landmark w € L(u)N
L(v)N7T(u,v), and L(u)NL(v)Nm(u,v) = 0. Tt follows L(v')NL(v")Nw(u',v") = 0. However,
L is a valid PC-HLHL. This leads to a contradiction. Therefore, L(u) N L(v) N7 (u,v) # 0
for u,v € V. Hence, L(G'[G]) is an HHL for G. <

» Lemma 13. Given a graph G = (V,E) and Gt = (V*,E™) as described in Lemma 10.
The graph G has an HHL of size k if and only if G* has a PC-HLHL of size 2k.

Proof. Let |V| = n, |E| = m. It follows |VT| = 2n and |[E*| = m + n. Assume G has
a canonical HHL L of size k with the rank r. We construct a canonical PC-HLHL of G*
as follows. We assign each non-leaf node v in G with the rank of 7(v) + n. And assign
the rank of leaves randomly from 1 to n. The label set of non-leaf stays the same, and for
each leaf v’ let L(v') = L(v). Since all maximal geodesics which end by a leaf v/ contain
the node v, and all shortest paths reaching node v are covered in the HHL, therefore all
maximal geodesics are also covered by assigning L(v') = L(v). And the canonical HHL is
path-consistent. Hence, the constructed labeling is a canonical PC-HLHL with a size of 2k.

Assume that L is an optimal PC-HLHL of G of size 2k. Let L be an optimal PC-HLHL L
such all leaves have lower ranks than the nodes in V. According to Lemma 11 and Lemma 12,
L(GT[G]) is an HHL for nodes in V with |L(G*[G])| = k. Assuming that L(GT[G]) is not
an optimal HHL, then we can construct a PC-HLHL for G+ with a smaller HHL, then L is
not optimal. It is a contradiction. Therefore, the optimal HHL size is k. |

5 Construction Algorithms

In [6], the authors formulate HL as a weighted set cover problem (U, S) so that one can
use a greedy algorithm to compute an O(logn) approximation of the optimal solution. The
universe U is a set of uncovered node pairs, S is the collection of all subsets of uncovered
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pairs that can be covered by the same node. They introduce the center graph of a node
v for the undirected graph as follows. In the center graph G, = (V', E,), for all u,w € V
there is an edge between node u and w if and only if they are not yet covered and v lies on
the shortest path between them. The center graph does not contain isolated nodes. The
greedy algorithm chooses the maximal density subgraph (MDS) of all center graphs and
adds the center to the label set of the nodes in the MDS. It removes the covered pairs from
U and repeats until all pairs are covered. This greedy algorithm can also be applied to
LHL [16]. The difference from the HL formulation is that for a center graph G,, there is an
edge between uncovered pair (u,w), if and only if v lies on some shortest path containing u
and w. The O(logn) approximation factor still holds. We call this algorithm w-LHL.

5.1 Improvements

A naive way to compute the LHL using the greedy algorithm is to precompute all maximal
shortest paths (also called geodesics). To construct the center graph of a node v, one must
check for each uncovered pair (s,t) whether v lies on one of their maximal geodesics. This
can be done by iterating over all maximal geodesics containing v, and checking whether
they also contain s and t. However, this takes linear time to check. This implementation
costs O(n?) space and O(n®) running time. We propose two improvements for computing
the greedy algorithm efficiently. The improved algorithm needs only O(n?) space and has a
running time of O(n*logn). However, it is faster in practice.

The first improvement is to efficiently check whether a node can cover a pair. Instead
of storing all maximal geodesics, one can use a distance matrix to store only the shortest
path distances. This reduces the space consumption from O(n?) to O(n?). Given a node
v and a pair (s,t), v is a hub or a perfect landmark if and only if ¢(s,v) 4 c¢(v,t) = ¢(s, t)
or ¢(s,t) + c(v,t) = c(s,v) or ¢(s,v) + c(s,t) = c(v,t). Therefore, checking whether a node
covers a pair can be done in constant time. The second improvement is to avoid unnecessary
recomputation of the MDS of a node’s center graph every round by using “lazy updates”.
Note that the MDS of a graph cannot be increased by removing nodes or edges in the graph.
We use a max-heap to store for each node the density of the MDS of its center graph. In
each iteration, a threshold d is initially set to —oco. While the node v at the top has a
corresponding stored density of at least d, we recompute the density md of its new center
graph and update d = max(d, md). Then, the node is pushed back to the heap. Note that
the density may decrease because some pairs may be covered from the last round. Finally, we
cover the pairs in the best MDS with the respective center node. For the nodes with lower
density of the center graph, the MDS is not updated every round to avoid the redundant
calculation. The total running time is now in O(n*logn).

5.2 PC-Labeling

The resulting label from the greedy algorithm is not necessarily PC. Given a valid LHL, one
can produce a PC-LHL in polynomial time. We run Dijkstra for each node v until it reaches
all nodes w with v € L(w). Then we check for the resulting shortest path tree whether there
is a node u such that v & L(u). If so, we add v into the label set of u, thus ensuring PC.

5.3 Hierarchical LHL

In [2], authors propose the weighted greedy HHL algorithm, which selects the whole center
graph of maximum density instead of its MDS. Since every center graph is only chosen
once, the resulting labeling is hierarchical. We now also select the whole center graph for
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hierarchical LHL. This algorithm is called w-HLHL. Another greedy algorithm is selecting
the center graph which has the most edges. We call this g-(H)LHL. Note that w-HLHL and
g-(H)LHL are not necessarily PC. For w-HLHL and g-(H)LHL, one can also apply the “lazy
updates”. The heap now stores the density of the whole center graph for w-HLHL or the
number of edges for g-(H)LHL. The respective running times are in O(n?3logn).

6 Improved Query Answering

In an LHL distance query for nodes s,t € V, we first compute the lower and the upper
distance bound LB and UB and then check whether LB is tight by traversing the path from
(w.lo.g.) s to the assumed perfect landmark node v up to distance LB. If we detect ¢, a
path from s to ¢t with cost equal to LB is found and thus this is the correct distance value.
The path traversal from s to v can easily dominate the query time.

To improve the query time, we need a more efficient way to characterize whether v is
indeed a perfect landmark for s,t. To accomplish this, we now assume that the shortest
path tree T, emerging from v is known. We furthermore denote with LC'A,(s,t) the lowest
common ancestor of s and ¢ in the shortest path tree rooted at node v. The following lemma
describes the connection between T,, and the role of v for s,t in an LHL query.

» Lemma 14. The node v is a perfect landmark for s,t € V if and only if LCA,(s,t) = s
or LCA,(s,t) =t. The node v is a hub for s,t € V only if LCA,(s,t) =v.

Proof. To be a perfect landmark, there needs to be a shortest path from w.l.o.g. s to v
over t. Thus, in T, ¢ has to be an ancestor of s and LCA, (s,t) = ¢ follows. To be a hub,
the shortest path from s to ¢ needs to go over v and thus it follows LCA,(s,t) = v. These
observations hold because we have a unique shortest path between each pair of nodes. <«

It was shown in [5] that for a given tree graph T, an LCA data structure can be computed
in linear space and time that allows to answer LCA,(s, ) queries in O(1). Below, we discuss
how to leverage the lemma and this data structure to improve LHL query times without
increasing the asymptotic space consumption and to efficiently check whether a given labeling
fulfills the weak cover property.

6.1 An Alternative Method for Label Storage

Conventionally, each node simply stores its labels as a list of nodes with corresponding
distance values (sorted by node ID to enable efficient computation of label intersections).
But to make use of Lemma 14, we need a label-centered perspective. We thus propose
the following alternative way to store label information: Each node v € V stores a partial
shortest path tree T} defined as the smallest subtree of 7}, that contains all nodes w with
v € L(w). Shortest path distances are stored along with the tree nodes as well as a pointer
to the root node. For each T}, we compute an LCA data structure as described above.

The nodes then additionally hold a list of pointers to their positions in these partial
shortest path trees, sorted by the ID of the respective root node. On query time, the lists of
s and t are processed and common root node IDs are identified in linear time. For each such
root node v, we then query the LCA data structure to check whether v is a perfect landmark
for s,t according to Lemma 14. If that is the case, we can immediately abort the procedure
and return the respective distance. Otherwise, we check whether LC' A, (s,t) = v and if that
is the case, update the U B value (initially set to co) if necessary. If no perfect landmark was
detected, we return the UB value at the end which is now certified to be correct. We thus
get the following corollary.
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Figure 5 In the left image, the shortest path tree from node v (marked red) is depicted and
nodes w with v € L(w) are marked blue. In the three images to its right, the compressed tree is
shown and different query answering scenarios are indicated. In the first, LC'A,(s,t) is neither s,t
nor v and thus v is not a perfect landmark or a hub for s,t. In the second, LC'A,(s,t) =t and thus
v is a perfect landmark. In the third, LC'A,(s,t) = v and thus v is a potential hub for s, ¢.

» Corollary 15. Distance queries can be answered with LHL in O(Lmax)-

However, compared to simply storing L(v) with every node v € V, we might have increased
the space consumption significantly by also storing 7.F. For PC-LHL, this is luckily not the
case as shown in the next lemma.

» Lemma 16. In a PC-LHL, we have ) .y |L(v)| = > oy |T5].

Proof. The PC property demands that for a node v € L(w) also all nodes u on the shortest
path from w to v have v in their label L(u). Therefore, if we consider T.F, we know that for
each u € T)f we also have v € L(u). The lemma follows. |

Accordingly, the space consumption is at most doubled by the alternative method to store
the label information. But as L(v) is replaced by a list of pointers, it demands at most half
of the space than it takes to store the node ID and the distance explicitly, reducing the
overhead further. Moreover, with T, being stored, we can also answer path queries very
efficiently by simply traversing the respective tree edges. To answer path queries with (H)HL
efficiently, either substantially larger query times are necessary or additional information
needs to be stored with every label [16]. With our method we can guarantee to answer path
queries in O(Lmax + k) where k denotes the number of edges on the shortest path.

For non-PC LHL, the summed size of the partial shortest path trees 7,7 might indeed
be much larger than the summed label sizes. However, we can use the same trick as
proposed in [9] (there applied to the labels themselves for later compression) to also ensure
Y wev L) =32, cy |Ty| as for PC-LHL. The idea is simply to only keep nodes w € T}
with v € L(w) and insert shortcuts between w,w’ € T,F if the shortest path w,..,w’,..v is
part of T, but for all nodes u on the shortest path from w to w’ it yields v ¢ L(u). Figure 5
illustrates this concept as well as how to use the compressed T, for query answering.

So while for the query answering routine described in [16] the PC-property was vital to
achieve a query time in O(Lyax + D), we can now guarantee query times in O(Lax) even
for non-PC LHL based on our novel method to store the label information.

6.2 LHL Verification

With our improved query answering routine described above, we can also efficiently check
whether a given labeling L is a feasible LHL. We compute the shortest path trees rooted at
v for all v € V and the respective LCA data structures. For each node pair s, ¢, we can then
check in T the correct distance and compare it to the distance obtained by running the
LHL query algorithm. If these do not match for some pair, L is not a valid LHL. This check
procedure requires O(n?) space, a preprocessing phase in O(nm + n?logn) and a running
time for the verification in O(n?L,,4z).
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Table 1 Benchmark set summary.

Benchmark Set  # Instances V| |E| |[E|/|V]
OSM 12 [100, 2000]  [99, 2132] 1
PACE 100 (10, 491]  [15, 4100]  [1, 32]

7 Experiments

We implemented the approximation algorithms described in Section 5 in C++, including
the lazy variants. The primary goal of the evaluation is to compare HL, HHL, (PC-)LHL
and HLHL label sizes in practice. As shown in Table 1, we use road networks extracted
from OpenStreetMap! (OSM) as well as the PACE challenge 2020 benchmark 2. The PACE
challenge 2020 benchmark contains a diverse set of graphs (100 instances in total) with
number of nodes up to 500 nodes and density up to 32. Due to the large running times
of the approximation algorithms, we restricted our tests to road networks with up to 2000
nodes (12 graphs in total). Experiments were conducted on a single core of an AMD Ryzen
Threadripper 3970X (3.6 GHz) with 128 GB main memory. The time-out was set to 20
minutes per instance.

t . + ¢ .
10

T maTs

w-HL w-HHL g-HLHL w-LHL ~ PC w-LHL  w-HLHL

L— me

Figure 6 Label size comparison on the PACE benchmark set. The depicted value is the difference

between the average label size and the minimal average label size among the solutions of all algorithms.

Note the logscale of the y-axis.

Figure 6 and Table 2 show the label size comparison on the PACE benchmark set. In
compliance with our theoretical results, the LHL sizes are in general significantly smaller
than the HL sizes. In 95 out of 100 instances, the smallest label size is returned from one
of the (H)LHL algorithms. The relative difference of HL to LHL size is up to a factor of
34.01 (on a graph with a density of 15). For instances with a density less than 2, w-HLHL
computes on average smaller label sizes than w-LHL, which is somewhat surprising. For
instances with higher density, w-LHL performs best overall. The PC-LHL constructed with
our augmentation algorithm is smaller than w-HL in 51 out of 100 instances but we still
observe that enforcing this property increases the label size significantly compared to the
other LHL variants. Thus, our new query answering routine described in Section 6, which
does no longer rely on the PC-property, is very useful to also keep the label size small.

Figure 7 and Table 3 show the results on the OSM benchmark set. We observe similar
trends as for the PACE instances. The LHL algorithms consistently produce smaller label
sizes. In fact, w-HLHL computes the smallest labeling in all instances. On average, each

! https://www.openstreetmap.org
2 nttps://pacechallenge.org/2020/td
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min

L—-1L

——
— i .

¢-HHL w-HL w-HHL g-HLHL w-LHL PC w-LHL ~ w-HLHL

Figure 7 Label size comparison on the OSM benchmark set. The depicted value is the difference
between the average label size and the minimal label size among the solutions of all algorithms.

node has at least two more labels in HLs than in LHLs. While this does not sound like a lot,
we remark that with every decrease of the average label size by 1 we save space proportional
to the size of the graph. The relative difference is up to a factor of 3, even on these rather
small instances. We expect this gap to grow further on larger instances. Again, enforcing
the PC property leads to larger label sizes and thus should be avoided. Alternatively, there
might be other construction algorithms that take the PC property directly into account and
thus produce smaller PC-LHL.

Regarding the construction time, the w-HLHL algorithm without lazy updates could not
compute the result within 20 minutes on the four largest road network instances, while the
engineered one finished in time on all of them. On the large PACE instances, the lazy variant
was up to a factor of 3.75 faster.

8 Conclusions & Future Work

We provided new structural insights into LHL, including label size gaps towards the respective
HL variants, hardness results, and improved query routines. There are several directions for
future work. Our experimental results indicate that w-HLHL performs better than w-LHL
on graphs of low density. It would be interesting to provide a theoretical explanation for
this. From a practical perspective, there is a clear demand for LHL construction algorithms
that scale well with the graph size. Our focus was on approximation algorithms to have a
somewhat fair comparison between label sizes. However, most algorithms used in practice
are fast heuristics. For LHL, so far only heuristics for the path-consistent variant were
investigated [17]. With our alternative method to store labels, there is no longer the need
to ensure the PC property, which should allow for easier construction and smaller label
sizes. Moreover, there is room for further improving the space consumption. The method
for compressing HL described in [9] relies on storing labels as trees and reducing space by
identifying common tree structures. This approach should be transferable to LHL, where
we store inverse label trees instead. Furthermore, our LCA-based query routine allows for
stopping early if a perfect landmark is identified for the query node pair s,¢. Thus, assigning
node IDs in an LHL such that perfect landmarks are identified early for many node pairs
could decrease the query time in practice. This is not possible in an HL query, where always
all labels in L(s) and L(t) need to be inspected to ensure that the tightest upper distance
bound is identified.
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A Detailed Experimental Data

Table 2 This table presents a random sample of 30 results, chosen from a total of 100, which
describe the average label sizes |L| and running times t(s) of the output produced by each algorithm
tested on the PACE challenge benchmark set. The largest label size among them is indicated in italic

font, while the smallest label size among them, which is denoted as Lmin in Figure 6, is presented in
bold font. In column w-LHL, the values of PC represent the number of labels that have increased
when the results of w-LHL are transformed into PC w-LHL.

g-HHL w-HL w-HHL g-HLHL w-LHL w-HLHL

L ts) [ 1Ll ) | 1Ll )| 1Ll us) [ L _ts) PC| [ )
e003 4.9 <1 4.9 <1 4.9 <1 4.1 <1 4.1 <1 0.2 4.1 <1
e017 5.5 <1 5 <1 53 <1 4.8 <1 49 <1 0.8 4.8 <1
e027 5.4 <1 48 <1 4.7 <1 5 <1 4.7 <1 0.7 4.7 <1
e029 5.9 <1 58 <1 58 <1 5 <1 4.9 <1 0.1 4.9 <1
e031 4.6 <1 45 <1 44 <1 42 <1 4.1 <1 0.3 4 <1
e033 56 <1 54 <1 51 <1 54 <1 4.9 <1 0.3 52 <1
e043 6.8 <1 6.2 <1 6.6 <1 59 <1 56 <1 0.6 58 <1
e047 9.7 <1 84 <1 88 <1 77 <1 7 <1 0.9 72 <1
e059 | 14.8 <1 119 <1 129 <1 83 <1 76 <1 0.1 8 <1
e065 6.2 <1 59 <1 58 <1 56 <1 54 <1 0.8 53 <1
e071 10.2 <1 69 <1 72 <1 85 <1 6.7 <1 0.4 72 <1
e073 7.8 <1 72 <1 75 <1 73 <1 6.7 <1 1 69 <1
e075 11.4 <1 9.8 <1 109 <1 94 <1 8.8 <1 2.1 9.1 <1
e083 | 10.1 <1 91 <1 91 <1 88 <1 83 <1 1.8 86 <1
e085 8.4 <1 83 <1 8 <1 69 <1 72 <1 1.4 6.9 <1
e087 58 <1 6 <1 58 <1 59 <1 55 <1 0.2 59 <1
e089 5.4 <1 53 <1 53 <1 51 <1 4.8 <1 0.2 51 <1
elll 9.2 <1 81 <1 85 <1 75 <1 6.8 1 0.6 7T <1
ell7 9.9 <1 9.4 1 94 <1 93 <1 9 1 1.8 9 <1
el33 7.5 1 7.5 1 74 <1 6.7 <1 6.4 1 0.7 6.6 <1
el37 | 33.8 1| 33.6 2 | 33.7 1 7.1 1 6.4 2 03 6.7 1
eld3 8.4 1 8.6 1 82 <1 76 <1 7.6 1 0.9 76 <1
elbl 5 <1 5.5 1 5 <1 45 <1 4.3 1 0.2 45 <1
elb3 7.9 1 8.1 1 79 <1 7.1 1 6.9 2 09 6.9 1
elb59 8.5 1 8.5 1 8.2 1 7.3 1 7.5 2 0.7 7.3 1
el73 8.5 2 9.1 2 8.4 1 7.2 1 7.4 3 1.1 7.1 1
el83 | 54.9 19 | 21.2 8 | 53.4 2| 514 6 | 20.8 12 0.3 | 504 6
el85 9.6 5 9.5 4 9.5 2 7.9 2 7.9 6 1.1 7.8 2
el89 5.3 4 5.4 4 5.3 3 4.6 3 4.7 5 0.3 4.6 3
el93 | 12.9 26 | 12.8 13 | 12.6 6 | 11.2 7 | 10.8 20 1.2 | 11.1 7
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Table 3 This table presents the average label sizes |L| and running times t(s) of the output
produced by each algorithm tested on the benchmark set OSM. The largest label size among them
is indicated in italic font, while the smallest label size among them, which is denoted as Lmin in
Figure 7, is presented in bold font. In column w-LHL, the values of PC represent the number of

labels that have increased when the results of w-LHL are transformed into PC w-LHL.

g-HHL w-HL w-HHL  g-HLHL w-LHL w-HLHL

IL] t(s) | L] t(s) | Ll t(s) | |L] t(s) | |L] t(s) PC L] t(s)
1 57 <1| 57 <1| 57 <1| 2.0 <1]|20 1 0| 20 <1
2 47 <1| 48 <1| 47 <1| 36 <1|36 <1 03] 35 <1
3 53 <1| 55 < 54 <1| 40 <1 | 4.0 1 07| 44 <1
4 | 52 <1| 51 <1| 51 <1| 29 <1]| 30 1 03] 30 <1
5 95 72| 99 136 | 94 68| 81 8 | 85 285 47| 7.9 82
6 | 103 74| 104 148 | 102 69| 85 84 | 89 315 42| 87 84
7 94 73| 95 146| 93 68| 77 8| 75 311 28| 7.4 83
8 89 74| 92 161 | 87 71| 71 87| 71 363 24| 6.9 88
9 | 123 484 | 13.6 848 | 12.0 437 | 10.8 557 10.5 523
10 | 124 494 | 13.2 899 | 12.3 445 | 11.0 587 10.3 532
11 | 11.4 475 | 1.9 856 | 11.0 438 | 9.7 541 9.6 530
12 | 10.0 489 | 10.4 1019 | 10.0 461 | 8.1 584 7.8 572
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—— Abstract

A beer graph is an edge-weighted graph G = (V, E,w) with beer vertices B C V. A beer path between
two vertices s and t of a beer graph is a path that connects s and ¢ and visits at least one vertex
in B. The beer distance between two vertices is the weight of a shortest beer path, i.e. a beer path
having minimum total weight. A graph indexing scheme is a two-phase method that constructs an
inder data structure by a one-time preprocessing of an input graph and then exploits it to compute
(or accelerate the computation of) answers to queries on structures of the graph dataset. In the last
decade, such indexing schemes have been designed to perform, effectively, many relevant types of
queries, e.g. on reachability, and have gained significant popularity in essentially all data-intensive
application domains where large number of queries have to be routinely answered (e.g. journey
planners), since they have been shown, through many experimental studies, to offer extremely low
query times at the price of limited preprocessing time and space overheads.

In this paper, we showcase that an indexing scheme, to efficiently execute queries on beer
distances or shortest beer paths for pairs of vertices of a beer graph, can be obtained by adapting the
highway labeling, a recently introduced indexing method to accelerate the computation of classical
shortest paths. We design a preprocessing algorithm to build a WHL index, i.e. a weighted highway
labeling of a beer graph, and show how it can be queried to compute beer distances and shortest
beer paths. Through extensive experimentation on real networks, we empirically demonstrate its
practical effectiveness and superiority, in terms of offered trade-off between preprocessing time, space
overhead and query time, with respect to the state-of-the-art.
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1 Introduction

Determining detours constitutes a major decision process in our daily lives and in modern
computing systems: whenever moving from point A to point B, we might need to deviate
from the main itinerary in order to stop to a gas station or to buy a beer not to show up
empty-handed to a friend one is going to visit. Similarly, in multi-agent systems, we might
be interested in planning paths for agents that traverse one of any location of a certain type,
for instance to pick-up a specific tool. Finally, in multi-hop communication networks, it
might be useful to route data packets through nodes with certain characteristics, e.g. to
achieve some form of resiliency. What is the fastest way to accomplish these goals? To model
such decision processes from a computational viewpoint, Bacic et al. [3,4] introduced the
notions of beer graph and beer paths, and defined corresponding optimization problems. A
beer graph is a graph G = (V, E,w), with weight function w : £ — R* on the edges, where a
set of special vertices B C V, called beer vertices, is given. A beer path, between two vertices
s and t of a beer graph, is any path of G from s to ¢ that visits at least one vertex in B
whereas a shortest beer path for two vertices s and t is a beer path having minimum total
weight (called the beer distance), i.e. minimizing the sum of the weights of its edges.
Surprisingly, while determining shortest beer paths (and corresponding distances) is a
computational problem that arises naturally in a wide range of modern applications, and
notwithstanding the fact that such problem can be seen as a special case of the generalized
shortest path problem [29,35], algorithmic issues related to such problem have been only
recently formalized and investigated [3,4,11,22,23]. In more details, although a beer path
may be a non-simple path (i.e. it might self-intersect), it can be easily shown that any
shortest beer path, for a given pair of vertices s, t, always consists of two shortest paths: one
from s to a beer vertex, say w, and one from w to t. In other terms, a beer distance can
be always determined by finding the minimum, overall beer vertices w; € B, of the sums of
the shortest path distances from s to w; and from w; to t. This characterization provides
a baseline algorithm for determining shortest beer paths and beer distances for a pair s, t,
namely: grow two shortest path trees by Dijkstra’s algorithm [16] rooted, respectively, at
s and t, and select the beer vertex that minimizes the sum of the distances from s and to
t [3,4]. Unfortunately, while this strategy is simple and considered efficient, as Dijkstra’s
algorithm runs in almost linear time in the size of the graph [16], many experimental works
in the past two decades have shown how employing Dijkstra’s algorithm is impractical in
many real-world contexts where either the algorithm has to be executed on an interactive
basis or when moderately to massively sized networks have to be handled since, in such
contexts, it can take up to seconds to compute even a few shortest paths [1,25,32].
Practical limitations of shortest path algorithms have motivated the design of several
so-called graph indexing schemes for shortest paths, i.e. two-phase methods that: (i) perform
an offline, one-time preprocessing phase on the graph to compute auxiliary data, generally
stored in a data structure called index; (ii) exploit the index, in an online phase and upon
query, for very fast retrieval of shortest paths for (possibly many) pairs of vertices. Due to the
excellent performance in practice, combining extremely low query times to find shortest paths
(orders of magnitude smaller than methods without indexing) with limited preprocessing
time and space overheads (even in large graphs) [1,2], these schemes have gained significant
popularity and have become the state-of-the-art for shortest paths retrieval in all application
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domains where large number of queries have to be routinely answered (e.g. journey planners
or network analytics software) [5,6,13-15,20]. Moreover, such popularity has inspired
the development of similar schemes to support, with comparable effectiveness, many other
relevant types of queries on graphs (e.g. on reachability [31], on top-k shortest paths [12], on
path counts [33], or on communities [34]).

Indexing schemes for queries on beer distances or shortest beer paths have been only very
recently considered in the literature. Specifically, some schemes with theoretical guarantees,
either on the space occupancy of the index or on preprocessing and query times, have been
designed only for special graph classes [4,11,23]. For general graphs, instead, no indexing
scheme able to support the computation of beer distances or shortest beer paths faster
than the baseline, neither theoretically nor in practice, has been developed. To this end, a
straightforward way to index a graph for accelerating queries on beer distances and shortest
beer paths could be precomputing and storing, into a matrix, distances (or corresponding
shortest paths) from all beer vertices to all other vertices of the graph. This approach, which
we call B2ALL, translates into a simple and fast query algorithm which can retrieve, (i) the
beer distance in O(|B|) time, by finding the beer vertex minimizing the sum of distances to
the two queried vertices; (ii) a shortest beer path of weight £ in O(|B|¢) time, by unrolling
the path that minimizes the sum of the distances. An alternative to the above method,
worth being considered, is adapting one of the many indexing schemes designed for the more
general and complex problem of determining generalized shortest paths, i.e. paths having
minimum weight among those which traverse at least one vertex for each of a set of vertex
categories [17,24,27,29,30,35]. To apply such methods to beer distances and shortest beer
paths, in fact, it suffices to restrict vertex categories to be a single category that contains
all beer vertices. For instance, by applying this restriction to the indexing scheme K-SKY,
given in [24], one of the best in terms of offered trade-off between preprocessing cost and
query performance for generalized shortest paths, one could obtain an algorithm that takes
O(|B|?*n) (O(|B|*nt), respectively) time to answer a query on the beer distance (on a shortest
beer path, respectively), per vertex pair.

However, while both above strategies are appealing in terms of query performance,
significantly better than that of two executions of Dijkstra’s, it remains unclear whether they
are applicable in real-world data-intensive scenarios, due to their high preprocessing time
and space occupancy overheads. In both cases, in fact, the preprocessing step takes O(n?|B|)
time while the resulting index data structure has size Q(n|B|) and O(n|B]|), respectively, for
any n-vertex graph. To the best of our knowledge, no experimental study has been concerned
with the assessment of the average performance of existing indexing methods to support
queries on beer distances or shortest beer paths, for both general graphs and special graph
classes.

Our Contribution. In this paper, we move in this direction and advance the state-of-the-art
with respect to graph indexing methods for queries on beer distances and shortest beer paths
in general beer graphs. In particular, we first showcase that an indexing scheme, to efficiently
execute such queries, can be obtained by adapting the highway labeling, a recently introduced
indexing method to accelerate the computation of classical shortest paths [20]. We propose a
preprocessing algorithm, similar but more intuitive than that in [20] for unweighted graphs,
to build a WHL index, i.e. a weighted highway labeling of a beer graph; we adapt the query
algorithm of [20] to retrieve beer distances or shortest beer paths by only accessing said
index. Differently from [20], once the WHL index is computed, our method is oblivious to the
graph, in the sense it does need to access it to answer queries. We prove the correctness and
analyze the time and space complexities of our methodology.
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Then, through extensive experimentation on real networks, we empirically demonstrate
its practical effectiveness and superiority, in terms of offered trade-off between preprocessing
time, space overhead and query time, with respect to the state-of-the-art. In particular,
our experiments show that our query algorithm answers to queries on beer distances, on
average, within microseconds per vertex pair, even for very large networks. This is: (i) orders
of magnitude faster than both the baseline and the adaptation of the K-sKy method; (ii)
comparable to the B2ALL method. At the same time, on the one hand our preprocessing
routine preprocesses even very large beer graphs very quickly (within an hour), which is faster
than any known indexing scheme for fast beer distance/shortest beer path query answering;
on the other hand, our index is compact in size (few hundreds of MBs even for very large
networks), with a space occupancy that is up to orders of magnitude smaller than any known
index computed for queries on beer distances and shortest beer paths.

Related Works. Bacic et al. [4] have designed a preprocessing-based method that, for
outerplanar graphs, computes in O(n) time an index of size O(n) that allows to find, for a
pair of vertices, the beer distance d in O(a(n)) time, where a(n) is the inverse Ackermann
function, and a corresponding shortest beer path in O(d) time. Similarly, Das et al. [11]
introduced a data structure for interval graphs, occupying 2nlogn + O(n) 4+ O(|B|logn) bits
of space, which allows to compute the beer distance d in O(log®(n)) time, for any constant
€ > 0 and a corresponding shortest beer path in O(log®(n) + d) time. The same authors
also show that, if one restricts the input to be a proper interval graphs, worst case running
time and space occupancy can be further slightly improved [11]. Finally, on a similar line of
research it is worth mentioning: (i) the method of Hanaka et al. [23] which, by computing a
suited graph decomposition, achieves optimal query time on series-parallel graphs and linear
preprocessing time on graphs having bounded-size triconnected components; (ii) the work of
Gudmundsson and Sha [22] which showed how a graph with bounded treewidth ¢ can be
preprocessed in O(t3n) time to guarantee the retrieval of the beer distance d in O(t3a(n))
time and of the corresponding shortest beer path in O(dt?a(n)) time.

2 Notation and Definitions

We are given a weighted graph G = (V, E,w), with n = |V| vertices, m = |E| edges and
a weight function w : E — RT that assigns a positive, real value to each edge of G. A
path P = (s =v1,v2,...,t =vy) in G, connecting a pair of vertices s,t € V, is a sequence
of n vertices such that {v;,v;41} € E for all 4 € [1,n7 — 1]. The weight w(P) of a path P
is the sum of the weights of the edges in P. For non-simple paths, path weights include
multiplicities of occurrences of a same edge. A shortest path Py, for a pair s,t € V, is a
path having minimum weight among all those in G that connect s and t. The distance d(s, t)
between s and ¢ is the weight of a shortest path Pg. A subpath (v;,viy1,...,vj—1,v;) of a
path P = (vi,...,0,it1,...,0j—1,Vj,...,0y) is denoted by P[v;,v;], for each 0 <i < j <.
Given a vertex v € V, we denote by N(v) = {u € V|{v,u} € E} the set of neighbors of v.
Given a set of vertices S C V of a graph G = (V, E,w), G[S] denotes the subgraph of G
induced by S, i.e., E(G[S]) = {{u,v} € E | u,v € S}. A beer graph is a weighted graph
G = (V,E,w) having a set of beer vertices B C V. A beer path between two vertices s
and t of a beer graph is a path that connects s and ¢ and includes at least one vertex in
B. A shortest beer path for two vertices s and t is any beer path having minimum weight.
The weight of a shortest beer path is called the beer distance. In what follows, for the sake
of simplicity, we describe our approaches by assuming, w.l.o.g., that the given graph G is
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connected and undirected. All methods, described in this paper, can be used with digraphs
by considering edge orientations and corresponding partitions of the neighbors of a vertex
into outgoing and incoming neighbors.

2-Hop-Cover and Highway Labeling. The 2-hop-cover distance labeling is a graph indexing
scheme, originally introduced in [7] and heuristically improved in [1]. It is based on the
precomputation of an index, called 2-hop-cover distance labeling, that can be used to answer
to queries on classical shortest paths and distances, as follows. Given a weighted graph
G = (V,E,w) and a subset H C V of its vertices, called hubs, a 2-hop-cover distance labeling
L of G is a collection of labels L(v), one per vertex v € V such that: (i) a label L(v) is a
set of entries (u,d(u,v)) where u € H; (ii) for each pair of vertices s,t, labels L(s) and L(¢)
store a set of entries that suffice to compute the distance d(s,t) for any pair of vertices s,t of
the graph, that is d(s,t) can be obtained by a function d;, : V x V + R™T that takes L(s)
and L(t). Note that, it is known that computing a 2-hop-cover distance labeling of minimum
size (i.e. number of label entries) is an NP-Hard problem [10].

The highway labeling is an hybrid indexing scheme that generalizes the 2-hop-cover
distance labeling, introduced in [20] with the purpose of reducing the preprocessing time and
space requirements of the approach of [1], at the price of a slight increase in the average query
time. It is considered an hybrid indexing scheme in the sense that queries cannot be solved
by accessing only the precomputed data structure and a search of the graph, even if bounded,
must be employed to guarantee the correctness of the returned output. Given a graph
G = (V,E,w), and a subset of its vertices R C V, called landmarks, a highway H(R,0g) of
G with landmarks R C V' is a pair (R,dy), where 0y is a distance decoding function, i.e. a

function ég : R x R+ R™ such that, for any pair r;,r; € R, we have dy (r;,7;) = d(r;, 7).

In other words, a highway H is a data structure that stores the distance in G for any two
landmarks in R in the form of a function d (e.g. a look-up table). Given a vertex r € RCV
and two vertices s,t € V' \ R, an r-constrained shortest path P!, from s to t in G is a path
that passes through r (i.e. r € P,) and has minimum weight (called r-constrained distance)
among all paths that connect s and ¢ in G and include 7.

Let H(R,dy) be a highway for a graph G with landmarks R C V. A highway cover
distance labeling (or simply highway labeling) of G is a pair (H(R,dy), L) where H is a
highway and L is a labeling i.e. a collection of labels L(v), one per vertex v € V such that:
(i) a label L(v) consists of a set of entries in the form (r;, d(r;,v)) where r; € R; (ii) for
any two vertices s,t € V' \ R, and for any r € R, labels L(s) and L(t) store entries that
suffice to compute the r-constrained distance d"(s,t). In other terms, any r-constrained
distance between two vertices s and t can be found using only the labels of these two
vertices. In more details, the latter condition, called highway cover property is guaranteed
if, for any two vertices s,t € V \ R and for any r € R, there exist (r;,d(r;,s)) € L(s)
and (r;j,d(r;,t)) € L(t) such that r; € P, for some shortest path P, from s to ¢, and
rj € Py, for some shortest path P,.; from r to ¢, where r; and 7; may be equal to 7. We say
H(R,dp) covers G when the highway cover property holds. Moreover, if the label of a vertex
v contains an entry (r,d(r,v)) for some r € R we say that vertex v is covered by landmark
r in the (highway) labeling. Given any two vertices s and ¢, a highway labelling L can be
used to find any r-constrained distance d”(s,t) by computing d(r;, s) + 0 (r4,7;) + d(rj, )
where 7, = r or r; = r and for (r;,d(r;,s)) € L(s) and (r;,d(r;,t)) € L(t). Moreover,
an upper bound d”(s,t) on the shortest path distance from s to ¢ is given by d”(s,t) =
min{d(r;,s) + u(rs, ;) + d(rj, ©)|(ri, d(ri, 8)) € L(s), (r;,d(r;,t)) € L(t)}. Observe that
such upper bound corresponds to the weight of a shortest path from s to ¢ passing through
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landmarks r; and r; which is exploited by the query routine [20] to compute the true distance
d(s,t) by running a distance-bounded bidirectional search on the subgraph G[V \ R]. In
Figure 1 we show an example of highway labeling (H, L) of a graph G, taken from [20].
Consider the graph in the figure (left), the highway H has three landmarks, i.e. R = {1,5,9}.
We have that (11,1,4) is a shortest path between vertices 11 and 4 constrained by landmark
1, i.e. it is 1-constrained shortest path between 11 and 4. In contrast, neither of the paths
(11,10,9,1,4) and (11,4) is a 1-constrained shortest path between 11 and 4. In Figure 1
(middle), the outgoing arrows from each landmark point to vertices in G that are covered by
this landmark in the highway. The distance labelling in Figure 1 (right) satisfies the highway
cover property because for any two vertices that are not landmarks and any landmark
r € R ={1,5,9}, we can find the r-constrained shortest path distance between these two
vertices using their labels and the highway.

Label Distance Entries
L(2) (5.1) (9.2)
L(3) (5.1)

L(4) 1)

L(6) [CAY)

L(7) (5.2) (9.1)
L(8) (6.1)
L(10) (9,1)
L(11) (1,1)
L(12) (5,1)
L(13) (1,1)
L(14) (1,1

Figure 1 Example of Highway Labeling of a graph [20].

3 Indexing Scheme for Beer Distance Queries

In this section, we describe a graph indexing scheme to support queries on beer distances
and shortest beer paths. Specifically, we first introduce an algorithm that preprocesses a
beer graph to compute a WHL index, a data structure that can be used through a dedicated
query algorithm, also given here, to compute beer distances and shortest beer paths. W.l.o.g,
and for the sake of simplicity, we describe our method to support the execution of beer
distance (BD, for short) queries only. All given approaches can be easily extended to return
a corresponding shortest beer paths by the strategies similar to those used for shortest paths,
e.g. by storing predecessors (see, e.g., [10,14]).

Our methodology is based on the work of Farhan et al. [20]. The key idea is, given a
beer graph G = (V, E,w) with beer vertices B, to compute a highway labeling X = (H, L)
that is; (i) weighted; (ii) considers, as set of landmarks R, the set of beer vertices B; (iii)
covers GG. In fact, it is easy to show that a highway labeling that satisfies the above three
properties can be used to retrieve beer distances for any pair of vertices of the given beer
graph by the following observations. Specifically, while using this structure alone does not
suffice to compute shortest path distances (see Section 2), it is easy to see that, under the
above assumptions, the beer distance, for any pair of vertices s,¢ € V, is returned in O(|B|?)
time by the following query routine:

Q(a.t.X) = min {d(bi,5) 435 (be.y)+(by. Ol (bisd(bi, ) € L(s). by d(0;.1) € LD)} (1)
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Indeed, by the highway cover property, any r-constrained distance d"(s,t) for landmark
r € R can be found by computing d(r;,s) + dg (ri,7;) + d(rj,t) where r; =7 or r; = r and
for (r;,d(r,s)) € L(s) and (rj,d(r;,t)) € L(t). Thus, the weight of a shortest beer path
that includes a beer vertex b € B can be found by determining d(r;, s) + dp (i, 7;) + d(r;,t)
where r; = b or r; = b and for (r;,d(r;,s)) € L(s) and (r;,d(r;,t)) € L(t). It follows that the
upper bound d” (s,t) on the shortest path distance from s to ¢, provided by the labeling as
d" (s, t) = min{d(r;, s) + dp (ri,rj) + d(rj, t)|(ri, d(ri, 8)) € L(s), (rj,d(rj,t)) € L(t)}, is the
minimum of the weights of all r-constrained shortest paths, for each r € B, which corresponds
to the minimum of the weights of the shortest paths that include a beer vertex b € B for all
beer vertices of B, which is the beer distance. We call a weighted highway labeling built on
beer vertices, that satisfies the above equivalency, a WHL index.

Now, Farhan et al. [20] have shown that a highway labeling can be found in linear time
for unweighted graphs by running |R| modified breadth-first search (BFS) visits, one per
landmark, and by incrementally constructing labels that satisfy the following. Whenever
a vertex v is extracted from the queue of the BFS, rooted at landmark r; € R, if we call
P,,, the shortest path from r; to v traversed by the search, and d(r;,v) its weight, then: (i)
if vertex v € V' \ R, an entry (r;,d(r;,v)), for some r; € R, is added to L(v) if and only if
there does not exist any other landmark in P,,,, i.e. P, N R = {r;}; (ii) if v is a landmark
r € R\ {r;}, then d(r;,v) is added to the highway, i.e. to dg(r;,v) to build the distance
decoding function (e.g. in the form of a table). Unfortunately, no strategy for efficiently
building a weighted highway labeling covering a weighted graph is given in [20]. In subsequent
works, namely [18,19], the authors claim that the construction of [20] can be adapted to
weighted graphs by replacing the modified BFS with Dijkstra’s algorithm. Differently from
an unweighted one, in fact, both the label entries of a weighted highway labeling and the
associated distance decoding function must store weights of shortest paths (i.e. sums of
weights of edges), rather than path lengths (i.e. number of edges). However, no details on the
extension are given in [18,19] and adapting the approach from unweighted to weighted inputs
seems to be all but straightforward. More specifically, in the unweighted version, each visit,
rooted at a given vertex r;, employs two queues, called Qaper and Qprune. The former is used
for paths to vertices that do not traverse landmarks other than r;, while the latter for paths
that traverse at least one landmarks r;j,j € R\ {r;}. When an element is extracted from
Qlaber With some priority 4, all neighbors of the terminal vertex of the path are enqueued ,
with priority d + 1 into Qjqepe (if they are not landmarks) or into Qpryne (otherwise). In the
latter case, elements in Qpyyne having priority 6 are all extracted, and neighboring vertices are
enqueued in the same queue with priority § + 1. If the graph is unweighted, this mechanism
guarantees that a vertex is never added to both queues. However, it is easy to see that this
would not be true if the treated input graph is weighted, with simultaneous occurrences
of a same vertex in both queues leading to unnecessary queue operations that have to be
managed by the algorithm. Therefore, in what follows, we introduce a novel algorithm, called
BUILDWHL, to efficiently compute a WHL index, i.e. a weighted highway labeling with beer
vertices as landmarks that covers a beer graph, using only one priority-queue.

Algorithm BUILDWHL works as follows. Starting from each beer vertex in B as root, we
run a modified version of Dijkstra’s algorithm that searches the graph by relying on a single
one-level priority queue (e.g. a min-heap). For each root r € B, the algorithm assigns, to
each vertex v € V: a flag flag[v] initially false; a tentative distance d[v] initially equal to
some infinity default value. Then, the visit starts by enqueueing the root with zero priority

and, whenever a vertex v is dequeued, say with associated priority &, two cases can occur.

If v is a beer vertex v # r, first its flag is set to true, to trace the fact that a path from
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the root to such vertex traverses a beer vertex. Then, the associated value ¢, corresponding
to the weight d(r,v) of a shortest path from r to v, is stored in the highway H (i.e. the
distance decoding function is built). Moreover, regardless of whether v is a beer vertex or
not, if the value of its flag is true, then value 4, which equals distance d(r,v), is discarded
(since the shortest path inducing such distance traverses a beer vertex). Viceversa, if the
flag of v is false, we have that value § is the distance from 7 to v induced by a shortest
path, say P, that does not traverse any beer vertex, thus entry (r,d) is added to L(v).
Finally, a distance relaxation operation is performed on the neighbors of v. In details, for
each w € N(v), we check if d[w] > ¢ + w(v,w), i.e. if the weight of the path from r to v plus
the weight of edge (v, w) is less than the tentative distance d[w]. In the affirmative case, it
follows that the path P,., to v combined with edge (v, w) has weight that is smaller than any
previously discovered path to w. Hence, we update d[w] = § + w(v,w) and either enqueue w
with priority d[w] or decrease its current priority to d[w]. Contextually, we update the flag
of w to that of v, to keep trace of traversal of beer vertices. Viceversa, the path from r to
w through v is either not a shortest path to w or a shortest path of equal weight, hence it
is not considered. The pseudo-code of BUILDWHL is given in Algorithm 1. We next state

Algorithm 1 Algorithm BUILDWHL.

Input: A beer graph G = (V, E,w) with beer vertices B C V.
Output: A wHL index (H, L).

1 foreach r € R do
2 foreach v € V do
3 d[v] + oo;
4 flag[v] + false;
5 PQ « 0; // PQ is a priority queue, e.g. min-heap
6 Enqueue vertex r into PQ with priority 0;
7 while PQ # 0 do
8 Dequeue from PQ vertex v having minimum priority d; // Here d[v] =4
9 if ve B\ {r} then
10 flag[v] « true;
11 ou(r,v) < 6; // Store § into entry 0 (r,v) of the highway H
12 if flag[v] is false then
13 ‘ Add (r,d) to L(v);
14 foreach w € N(v) do
15 if dw] > § + w(v,w) then
16 flaglw) « flaglol;
17 dlw] + § + w(v,w);
18 if d[w] = oo then Enqueue vertex w into PQ with priority d[w];
19 else Decrease priority of vertex w in PQ to d[w];

the correctness and the running time of procedure BUILDWHL. In particular, we are able
to prove that algorithm BUILDWHL computes a weighted highway labeling that covers the
input graph with landmarks B. This implies that the query routine of Eq. 1 on said labeling
returns the beer distance for every pair of vertices.

» Lemma 1. Algorithm 1 adds entry (r,d) to label L(v) of a vertex v € V' \ B if and only if
r € B is the only beer vertex in the shortest path P, inducing 6 = d(r,v).

Proof. Suppose that P, N B # {r}, i.e. there exists at least a beer vertex ' € B\ {r} in
the shortest path P, between r and v that causes v to be enqueued (i.e. path having weight
d =d(r,v)). Since 1’ lies in P,,, it must be extracted from the priority queue before v, and
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Line 10 in Algorithm 1 sets the flag of 7’ to true. By the subpaths optimality property of
shortest paths, it follows that flag of r’ is propagated in each distance relaxation operation
of any vertex v’ € P,[r’,v] (cf. Lines 15-16). Therefore, when v is extracted from the
priority queue, its flag is equal to true, and Line 13 is not executed. On the other hand, if
Algorithm 1 inserts (r,d) in L(v) in Line 13, then we have P., N B = {r}. In fact, Line 13
is executed only if the flag of vertex v is set to false, which happens if and only if each
distance relaxation applied on the vertices v’ € P, was not induced by a path traversing a
landmark 7’ # r. |

By Lemma 1 we can derive a corollary similar to that given in [20] for unweighted graphs.

» Corollary 2. Let r € B be a beer vertex and let v € V' \ B be a non-beer vertex. Let (H,L)
be a labeling constructed by Algorithm 1. If (r,d(r,v)) ¢ L(v), then there must exist a beer
vertex r; such that (r;,d(rj,v)) € L(v), and d(r,v) = d(r;,v) + 0u(r;,7).

Finally, we can prove that the labeling computed by BUILDWHL covers the given graph.

» Theorem 3. The highway labeling (H, L) constructed by Algorithm 1 on a beer graph
G = (V, E,w) satisfies the highway cover property for G.

Proof. We need to show that, for any two vertices s,t € V' \ B and any r € B, there exist
(ri,d(r,8)) € L(s) and (r;,d(rj,t)) € L(t) such that r; € P.; and r; € P,;. To that aim,
we can apply Corollary 2 to the following four cases: (i) r covers both s and ¢; (ii) r covers
s but not ¢; (iii) ¢ is covered by r, while s is not; (iv) neither s nor ¢ is covered by r. For
the sake of completeness, we also give it here. With a slight abuse of notation, in what
follows we use ' € L(v) to denote that landmark 7’ covers a vertex v, i.e. that there exists
an entry (r',d(r’,v)) in L(v). In Case (i), we have r € L(s) and r € L(¢), thus r =r; = r;.
Case (ii): 7; = r, while Corollary 2 ensures the existence of another landmark r; such that
r; is in the shortest path between ¢ and r and r; € L(t). Case (iii) is treated similarly to
the previous case. Finally, again by Corollary 2 applied to Case (iv), we know that there
exist two landmarks 7;,7; such that r; (r;, respectively) is in the shortest path between s (t,
respectively) and r, and (r;,d(r;, s)) € L(s) and (r;,d(r;,t)) € L(t). <

» Theorem 4. Algorithm 1 runs in O(|B|(m + nlogn)) time.

Proof. Observe that, for each landmark r € B, the algorithm performs a call to a Dijkstra-like
algorithm for each landmark. During the execution of such routine, rooted at a landmark 7,

the algorithm update the flags of the vertices. The initialization of the flags takes O(n) time.

Then, when a vertex v is extracted from the min-heap data structure PQ, if v € B\ {r}, the

flag of v is set to true and the algorithm inserts distance ¢ into highway H in constant time.

Otherwise, the algorithm adds entry (r,d) to label L(v), which again can be done in constant
time. Finally, the algorithm checks if value d[w] can be decreased for neighbors w of v. In
the affirmative case, the flag of w is set to the flag of v and a queue operation is performed,
in O(logn) time. Overall, the maintenance of the flags requires O(m + n) constant time
operations while queue operations account for O(nlogn) time. Furthermore, the algorithm
performs | B| — 1 insertions into the highway H and at most n — | B| insertions into the labels
of the vertices, so overall O(n) insertions operations, each taking O(1) time. Therefore, the
time complexity per landmark r € B is O(m + nlogn) and the claim follows. <

4 Experimental Evaluation

In this section, we present the results of an experimental evaluation we conducted to assess
the effectiveness of our new graph indexing method for BD queries.
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Setup and Executed Tests. We implemented: (i) algorithm BUuiLDBM that precomputes
and stores, in a corresponding B2ALL matrix, all distances from beer vertices to other vertices
of the graph; (ii) the corresponding query algorithm, called QUERYBM, that solves a BD
query for a pair of vertices by determining the minimum of the sums of the distances between
all beer vertices and the two queried vertices; (iii) our method BUILDWHL to compute a
WHL index; (iv) the corresponding query algorithm, denoted by QUERYWHL, that computes
the BD for a pair of vertices by accessing the index as per Eq. 1; (v) the baseline method,
denoted by BASELINE, which executes Dijkstra’s algorithm twice to compute the shortest
path trees rooted at the two queried vertices s,t and selects the beer vertex providing the
minimum sum of distances from s and to ¢t. All our code is written in C++, compiled with
GCC 10.5 with opt. level O3. All tests have been executed on a workstation equipped with
an Intel Xeon® CPU E5-2643, clocked at 3.40 GHz, and 96 GB of RAM, running Ubuntu

Linux.

Input Instances. As inputs to our experiments we considered real-world road graphs taken
from publicly available repositories [26]. Details on used inputs, including number of vertices
|V| and edges |E|, average vertex degree, and size of the graph file |G| are reported in
Table 1. Graphs are sorted from top to bottom by |V| + |E|. Concerning the number of

Table 1 Overview of Input Graphs.

Graph V] |E| Avg. Deg. |G|

LUX 30647 37773 2.46 1.1 MB
NY 264 346 365050 2.76 13 MB
BAY 321270 397415 2.47 14 MB
COL 435666 521200 2.39 19 MB
DNK 469110 545019 2.32 18 MB
FLA 1070,376 1343951 2.51 48 MB
NW 1207945 1410387 2.33 52 MB
NE 1524453 1934010 2.53 71 MB
CAL 1890815 2315222 2.44 87 MB
ITA 2077709 2589431 2.49 91 MB
DEU 4047577 4907 447 2.42 178 MB
USA 23947347 | 28854312 2.40 1.2 GB

beer vertices b, to study the scalability properties of the proposed approach, as suggested
in [28], we measure and report performance indicators for doubling values of parameter b
that are relevant to the domain, i.e. for b € {25, 50,100, 200,400}. Beer vertices are placed
in each graph by a strategy called distance-6 bounded dominating set, a policy that is often
considered in network design problems, and adopted in real-world scenarios, to identify a
subset of important vertices that have to be traversed by paths between other vertices (e.g.
routers responsible for specific messages) [21]. For each input graph and value of b, we:
(i) run BUILDWHL to construct a WHL index; (ii) execute BUILDBM to precompute the
B2ALL matrix. We measure the running times of both BUILDWHL and BUILDBM (denoted
by PTwu, and PTyo,, respectively), and the space occupancy, in MB, of the WHL index
(which includes both the distance deconding function and the label entries) and the B2ALL
matrix (denoted by ISy, and ISgoar, respectively). Note that, in all our experiments, we
represent distances and landmarks/beer vertices as 32-bit integers. Moreover, we execute
QUERYWHL and QUERYBM to solve 10° BD queries for randomly selected vertex pairs
and measure their average execution time (denoted by QT and QT,,,,., respectively).
Finally, we run algorithm BASELINE for a subset of 10* of the aforementioned vertex pairs,
and measure the average execution time. Such reduction is necessary due to the moderately
large running time per query of BASELINE.
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Analysis. The results of our experimentation are summarized in Tables 2—4. For both
performance indicators indexing time and space occupancy, in Tables 2—4 we give the ratio of
the value achieved by B2ALL and that achieved by WHL. In terms of indexing/preprocessing
time, our data show that algorithms BUILDWHL and BUILDBM are comparable and both
can be considered reasonably practical since both average execution times range from less
than half a second in the smallest instance (i.e. LUX with b = 25) to around one hour in
the largest one (i.e. USA with b = 400). However, we notice that BUILDWHL is always

Table 2 Results of the experimentation with b = 25 beer vertices.

Graph Preprocessing Space Occupancy Query (s)
PTywm () | PTr2ain () | PTr2ain/PTwin | ISwie (MB) | ISpoain (MB) | ISpoain/ISwin | QT QT,0.. | BASELINE
LUX 0.12 0.13 1.09 0.13 2.92 22.46 1.2-1077 | 1.1-1077 0.01
NY 1.65 1.78 1.08 3.80 25.21 6.63 45-1077 | 3.2.1077 0.10
BAY 1.94 2.40 1.24 2.59 30.64 11.83 4.3-1077 | 3.7-1077 0.13
coL 2.39 2.96 1.24 1.77 41.55 23.47 3.5-1077 | 3.3-1077 0.18
DNK 2.56 3.30 1.29 5.36 44.74 8.35 41-1077 | 3.8-1077 0.17
FLA 6.95 7.40 1.07 12.36 102.08 8.26 44-1077 | 3.4-1077 0.43
NW 7.25 8.43 1.16 8.30 115.20 13.88 42-1077 | 3.5-1077 0.51
NE 11.04 12.41 1.12 21.63 145.38 6.72 46-1077 | 3.9-1077 0.70
CAL 13.63 15.43 1.13 15.44 180.32 11.68 52-1077 | 4.3-1077 0.87
ITA 10.56 12.62 1.19 7.93 198.15 24.99 4.9-1077 | 5.1-1077 0.72
DEU 26.81 31.80 1.19 48.44 386.01 7.97 6.9-1077 | 521077 1.63
USA 246.94 280.49 1.14 91.35 2283.80 25.00 9.7-1077 | 6.7-1077 10.90

faster than BUILDBM, by factors that span in the orders of tens of percentage points (see
PTgoarn/PTwa column in Tables 2—4). This is most likely due to the fact that BUILDWHL
stores label entries only when the flag of a vertex is false, i.e. when the root r is the only beer
vertex lying on the path found by the visit. Furthermore, to characterize of the scalability
properties of BUILDWHL, in Fig 2 (left) and 3 (left) we plot its running time as a function
of b for all inputs. Our data suggest a linear trend of the indexing time with respect to to b,
which matches our analysis of Theorem 4. On top of that, Figures 2 (middle) and 3 (middle)
suggest that BUILDWHL scales better with respect to b than BUILDBM, in terms of running
time, with the ratio between the execution times of the two algorithms increasing with b.
2
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Figure 2 Running time (in seconds) of BUILDWHL (left); ratio of the running time of BUILDWHL
to that of BUILDBM (middle); ratio of the space occupancy of the B2ALL matrix index to that of
the WHL (right), for all graphs, except USA, as a function of b (z-axis).

Concerning the sizes of the WHL index and the B2ALL matrix, instead, we observe that
our new scheme significantly outperforms method B2ALL. In fact, BUILDWHL computes very
compact WHL indices, even for large graphs, with an average space occupancy that is up
to orders of magnitude smaller than that of B2ALL matrices, which contain precisely one
distance value per beer vertex and for all vertices of the graph (cf. column “Space Occupancy”
of Tables 2-4). In details, we observe that, even in the largest considered graph, i.e. USA (see
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Table 3 Results of the experimentation with b € {50,100} beer vertices.

b Graph Preprocessing Space Occupancy Query (s)
PTywi (5) | PTuoace (5) | PTo2aie/PTwi | ISwi (MB) | ISsoaie (MB) | ISponin/ISwin | QTy QTy,, | BASELINE
LUX 0.25 0.34 1.34 0.27 5.85 21.67 1.5-1077 | 1.4-1077 0.01
NY 3.11 3.77 1.21 5.34 50.42 9.44 35-1077 | 3.4-1077 0.11
BAY 3.68 4.41 1.20 4.59 61.28 13.35 33-1077 | 22-1077 0.13
coL 4.77 5.89 1.23 1.78 83.10 46.69 49-1077 | 2.2-1077 0.17
DNK 5.97 7.14 1.20 7.08 89.48 12.64 38-1077 | 24.1077 0.21
50 FLA 12.82 15.59 1.22 11.14 204.16 18.33 42-1077 | 251077 0.46
NW 14.67 17.79 1.21 11.37 230.40 20.26 43-1077 | 2.7-1077 0.55
NE 19.29 23.46 1.22 30.37 290.77 9.57 44-1077 | 26-1077 0.71
CAL 23.86 29.27 1.23 21.17 360.64 17.04 45-1077 | 27-1077 0.88
ITA 25.47 30.61 1.20 23.73 396.29 16.70 46-1077 | 29-1077 0.96
DEU 57.03 66.62 1.17 49.37 772.01 15.64 6.0-10"7 | 351077 2.05
USA 412.75 469.48 1.13 161.71 4567.59 28.24 5.7-1077 | 3.3-1077 13.91
LUX 0.49 0.55 1.13 0.29 11.69 40.31 1.4-1077 | 1.7-1077 0.01
NY 6.25 7.68 1.23 6.31 100.84 15.98 3.7-1077 [ 291077 0.11
BAY 7.16 8.83 1.23 4.09 122.55 29.96 3.4-1077 | 29-1077 0.13
coL 9.60 12.03 1.25 2.52 166.19 65.95 4.1-1077 | 3.0-1077 0.18
DNK 11.11 13.71 1.23 3.67 178.95 48.76 3.8-1077 | 3.0-1077 0.20
00 | A 25.08 31.12 1.24 11.34 408.32 36.01 43-1077 | 34-1077 0.46
NW 29.08 35.90 1.23 14.89 460.79 30.95 44-1077 | 3.7-1077 0.55
NE 38.17 47.12 1.23 37.89 581.53 15.35 4.7-1077 | 3.6-1077 0.71
CAL 47.01 58.20 1.24 34.96 721.29 20.63 49-1077 | 36-1077 0.88
ITA 48.14 58.72 1.22 15.98 792.58 49.60 48-1077 | 3.6-1077 0.92
DEU 107.30 130.06 1.21 77.34 1544.03 19.96 5.2-1077 | 3.8-1077 1.98
USA 836.25 981.31 1.17 341.28 9135.19 26.76 65-1077 | 42-1077 13.81

Table 4 Results of the experimentation with b € {200,400} beer vertices.

b Graph Preprocessing Space Occupancy Query (s)
PTywi (5) | PTaoare (5) | PTo2aie/PTwm, | ISwim (MB) | ISsoais (MB) | TSpoain/ISwin | QT QTyo,, | BASELINE
LUX 0.97 1.11 1.14 0.66 23.38 35.42 1.7-1077 | 2.9-1077 0.01
NY 12.46 15.56 1.25 6.61 201.68 30.51 44-1077 | 40-1077 0.11
BAY 14.33 17.95 1.25 6.32 245.11 38.78 3.7-1077 | 41-1077 0.13
coL 19.00 24.28 1.28 6.37 332.39 52.18 41-1077 | 42-1077 0.17
DNK 22.15 27.77 1.25 12.65 357.90 28.29 42-1077 | 43-1077 0.20
200 FLA 49.94 62.58 1.25 23.84 816.63 34.25 49-1077 | 45-1077 0.46
NW 57.63 72.91 1.27 9.60 921.59 96.00 4.7-1077 | 4.8-1077 0.55
NE 74.85 94.99 1.27 32.77 1163.07 35.49 49-1077 | 46-1077 0.71
CAL 93.64 117.93 1.26 60.73 1442.58 23.75 5.6-1077 | 4.6-1077 0.88
ITA 96.81 120.30 1.24 16.08 1585.17 98.58 49-1077 | 46-1077 0.94
DEU 212.27 264.37 1.25 69.28 3088.06 44.75 5.4-1077 | 4.8-1077 1.98
UsA 1658.4 1967.24 1.18 529.48 18270.38 34.50 6.8-1077 | 5.3-1077 13.88
LUX 1.96 2.19 1.12 1.47 46.76 31.81 2.6-1077 | 45-1077 0.01
NY 24.54 31.71 1.29 14.97 403.36 26.94 6.5-1077 | 5.7-1077 0.11
BAY 28.33 36.30 1.28 13.90 490.22 35.27 5.4-1077 | 5.7-1077 0.13
coL 38.41 50.56 1.32 7.27 664.77 91.44 45-1077 | 5.8-1077 0.17
DNK 44.66 56.75 1.27 18.47 715.81 38.76 46-1077 | 58-107"7 0.21
100 FLA 99.92 127.31 1.27 42.71 1633.26 38.24 6.0-107"7 | 5.9- 10*? 0.46
NW 115.23 147.90 1.28 36.33 1843.18 50.73 5.3-1077 | 6.0-1077 0.53
NE 150.59 194.48 1.29 63.70 2326.13 36.52 6.1-1077 | 6.7-1077 0.73
CAL 192.78 248.61 1.29 83.07 2885.15 34.73 6.3-1077 | 6.4-1077 0.91
ITA 192.47 242.78 1.26 49.50 3170.33 64.05 52-1077 | 6.1-1077 0.92
DEU 423.58 539.66 1.27 62.38 6176.11 99.01 5.7-1077 | 6.6-1077 2.02
USA 3178.94 3962.77 1.24 692.82 36540.75 52.74 75-1077 | 6.9-1077 13.95

Table 4), the space occupancy of the WHL index, with b = 400, is less than 700 MB, which
can be considered a negligible amount of memory for modern commodity hardware. On the
contrary, the space occupancy of the B2ALL matrix is more than 36 GB of data, roughly
50 times more than the WHL index. Moreover, as shown in Figures 2 (right) and 3 (right)
the gap between the two occupancies tends to increase with b, which suggests that the WHL
schemes scales better in terms of space occupancy with respect to b. Even more remarkably,
the space to store WHL index is often lower than the space occupancy of the input graph (cf.
column |G| of Table 1 and column ISy, of Tables 2-4) and always lower for large graphs and
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Figure 3 Running time of BUILDWHL (left, in seconds); ratio of the running time of BUILDWHL
to that of BUILDBM (middle); ratio of the space occupied by the B2ALL matrix index to that
occupied by the WHL (right) for graph UsA, as a function of b (z-axis).

values of b. Note that, differently from previously indexing strategies based on the highway
labeling [18-20], our scheme is oblivious of the graph topology, that is, once the WHL index
is built, algorithm QUERYWHL does not need to access the underlying graph to answer BD
queries. This is an interesting feature with respect to both space efficiency (the WHL index
can be seen as a compressed representation of all pairs beer distances) and usage of the index
in a distributed environment (distances can be computed by only accessing the labels of the
queried vertices and the distance decoding function [8]).

For the sake of completeness, in Figures 4 and 5, we provide measures of number of label

entries stored by algorithm BUILDWHL in the labeling part of the computed WHL index.

Despite, in the worst case, a WHL stores an entry per beer vertex in each label, here we
observe that, in practice, the amount of entries is generally around two orders of magnitude
lower than such a worst case.
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Figure 4 Average number of label entries per vertex (y-axis) stored by algorithm BUILDWHL into
the labeling part of the WHL index, for each of the considered graphs, except USA, as a function of
the number b of beer vertices (z-axis).
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Figure 5 Average number of label entries per vertex (y-axis) stored by algorithm BUILDWHL into
the labeling part of the WHL index, for graph USA, as a function of the number b of beer vertices
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Such behavior is reflected into the low space occupancy requirements discussed above and
shows how our preprocessing algorithm, and the highway labeling properties, allow to compute
compact representations of shortest beer paths. In this regard, we leave the problem of
evaluating whether such effectiveness is influenced by the centrality of beer vertices open for
future investigation.

Concerning query times, our experiments highlight that both QUERY WHL and QUERYBM
are extremely fast at answering BD queries (few hundreds of nanoseconds even for large
graphs and values of b, cf. column “Query” of Tables 2-4). As expected, QUERY WHL is
slightly slower than QUERYBM, since the query algorithm must consider distances between
beer vertices (cf. second term of Eq. 1). Nonetheless, both strategies are competitive under
such measure and suited for the requirements of modern data-intensive applications. Our
data also confirm the poor performance of BASELINE in this sense: the algorithm does not
scale well with both the graph size and b. Indeed, BASELINE’s average running time ranges
from around 0.01 seconds, on the smallest considered graph and value of b, to 14 seconds
on the largest graph and value of b (see Tables 2-4, cf. column BASELINE). In order to
give further insights on the effectiveness of employing a WHL index for BD queries, in what
follows, we provide a cumulative analysis that compares BASELINE, the best known approach
without indexing, and our method. In particular, we design and run an experiment where, on
the one hand, we execute BASELINE to solve 10° queries for randomly selected vertex pairs
and measure the total running time. We call this quantity CMTgg, the cumulative running
time of BASELINE. On the other hand, we execute BUILDWHL to build a WHL index and
run QUERYWHL to answer the same set of queries. We measure the preprocessing time and
sum it to the time for executing QUERYWHL for all queries. We call this quantity CM Ty,
the cumulative running time of WHL. The purpose of this experiment is to assess whether
the time taken by BUILDWHL to construct the index is amortized by the time saved by
running QUERYWHL to answer BD queries instead of BASELINE, hence to determine the
most effective solution in terms of amortized running time.

In Table 5 we present the results of the cumulative experiment for a subset of the
considered inputs and values of b. Results for other graphs and values of b are similar and
hence omitted. Our data show that the cumulative running time of WHL is almost three

Table 5 Cumulative running time of WHL and BASELINE to answer to 10° BD queries with
b = 200.

Graph | CM Ty, (s) | CMThyg, (s) | CMTys/ CM Ty,
BAY 1.4-10 1.3-10* 9.2-10%
DNK 2.2-10" 2.0-10* 9.3-10%
CAL 9.3-10" 8.8-10* 9.4-10%
ITA 9.6- 10" 9.4-10* 9.7-10°
DEU 2.1-10% 1.9-10° 9.3-10%

orders of magnitude lower than that of BASELINE on any combination of graph and number
of beer vertices. This is a remarkable result, especially if one considers that the time for
precomputing the highway labeling via BUILDWHL can be as high as around two hours on
USA, and represents a strong experimental evidence of the fact that WHL is the most effective
framework in practical contexts to answer BD queries, even when large graphs and volumes
of queries have to be managed.

Comparison against Frameworks for Generalized Shortest Paths. In this section we
complete the experimental evaluation of our framework for BD queries by comparing it with
the indexing scheme K-SKY of [24], which is considered the best performing method to answer
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queries on generalized shortest paths, where the aim is computing minimum-weighted paths
that traverse at least one vertex for each of k vertex categories. Answering to queries on beer
distances or shortest beer paths is equivalent to the special case of generalized shortest paths
where £ = 1. For the purpose, method K-SKY preprocesses the graph to store both a 2-hop
cover distance labeling and, for each vertex, a so-called keyword-skyline. Upon query, the
former is exploited to compute quickly shortest paths while the latter, which is a collection
of sets of vertices, one per category, is used to reduce the computation of distances toward
vertices of each sought category (see [24] for more details). In order to compare K-SKY and
WHL, we implemented K-SKY by considering a single POI category (set B) and executed it
in the same settings considered for WHL in the previous section. For K-SKY we measure: (i)
the running time to build the 2-hop cover distance labeling and to populate the keyword
skyline (PTx.sky); (ii) the space occupancy to store such two data structures (IS gky); (iii)
the average execution time to answer 10° BD queries for randomly generated vertex pairs
(QTy ky)- For WHL, we measured the same performance indicators discussed in the previous
part of the experimentation. Clearly, QUERYWHL is run with the same set of queries.

An excerpt of the results of the above experiment is given in Table 6. Data for other
graphs and values of b are omitted due to space limitations. The main conclusion that can
be drawn from our experimental data is that our method WHL outperforms method K-SKY
with respect to all performance metrics. Specifically, the preprocessing time of K-SKY is
orders of magnitude larger than the running time of BUILDWHL, as it runs for more than
one hour even for small inputs. This is expected, since the index constructed by BUILDWHL
can be seen as a compact version of the 2-hop cover labeling. Also from a space occupancy
viewpoint, K-SKY stores at least two orders of magnitude more information with respect to
the WHL index. Finally, the average query time offered by K-SKY is always around 3 orders
of magnitude larger than that of QUERYWHL.

Table 6 Performance of WHL and K-SKY on graphs NY, BAY, COL with b € {50,100} beer vertices.

b | Graph Preproceslzs)‘.FiIr‘lg (s) ISSpace OccupIaSncy (MB) Query (s)
WHL K-SKY WHL K-SKY WHL K-SKY
NY 3.11 > 3600 5.34 795.02 35-107 | 1.3-10°%
50 BAY 3.68 > 3600 4.59 1385.53 33.1077 | 1.6-107*
COL 4.77 > 3600 1.78 1982.95 49-1077 | 1.5-107%
NY 6.25 > 3600 6.31 1467.21 3.7-1077 [ 2.6-10717
100 BAY 7.16 > 3600 4.09 2726.54 3.4-1077 | 3.3-107*
COL 9.60 > 3600 2.52 3794.05 41-1077 | 3.0-107*

5 Conclusion and Future Work

We have showcased that an indexing scheme, to efficiently execute queries on beer distances or
shortest beer paths for pairs of vertices of a beer graph, can be built by adapting the highway
labeling. Through extensive experimentation on real-world graphs, we have empirically
demonstrated its practical effectiveness and superiority, in terms of offered trade-off between

preprocessing time, space occupancy and query time, with respect to the state-of-the-art.

Our work leaves several questions open for future investigation. First and foremost, it would
be interesting to understand whether an indexing method with a space/computational time
trade-off better than those mentioned in this paper (either empirically or in the worst case),
can be designed for general graphs. Another relevant direction to explore would be extending
the experimental comparison of WHL, B2ALL K-SKY given here to digraphs and to queries on
shortest beer paths. A more challenging, but certainly of interest, objective to pursue would
be designing a dynamic algorithm to maintain the WHL index under changes of the set B.

2:15

ATMOS 2024



2:16

Indexing Graphs for Shortest Beer Path Queries

—— References

1

10

11

12

13

Takuya Akiba, Yoichi Iwata, and Yuichi Yoshida. Fast exact shortest-path distance queries
on large networks by pruned landmark labeling. In Kenneth A. Ross, Divesh Srivastava,
and Dimitris Papadias, editors, Proceedings of the ACM SIGMOD International Conference
on Management of Data, SIGMOD 2013, New York, USA, pages 349-360. ACM, 2013.
doi:10.1145/2463676.2465315.

Shikha Anirban, Junhu Wang, and Md. Saiful Islam. Experimental evaluation of indexing
techniques for shortest distance queries on road networks. In 39th IEEE International
Conference on Data Engineering (ICDE 2023) Anaheim, USA, pages 624—-636. IEEE, 2023.
doi:10.1109/ICDE55515.2023.00054.

Joyce Bacic, Saeed Mehrabi, and Michiel Smid. Shortest beer path queries in outerplanar
graphs. In Hee-Kap Ahn and Kunihiko Sadakane, editors, 32nd International Symposium on
Algorithms and Computation (ISAAC 2021), Fukuoka, Japan, volume 212 of LIPIcs, pages
62:1-62:16. Schloss Dagstuhl — Leibniz-Zentrum fiir Informatik, 2021. doi:10.4230/LIPICS.
ISAAC.2021.62.

Joyce Bacic, Saeed Mehrabi, and Michiel Smid. Shortest beer path queries in outerplanar
graphs. Algorithmica, 85(6):1679-1705, 2023. doi:10.1007/S00453-022-01045-4.

Valentin Buchhold, Dorothea Wagner, Tim Zeitz, and Michael Ziindorf. Customizable Con-
traction Hierarchies with Turn Costs. In Dennis Huisman and Christos D. Zaroliagis, editors,
20th Symposium on Algorithmic Approaches for Transportation Modelling, Optimization,
and Systems (ATMOS 2020), volume 85 of Open Access Series in Informatics (OASIcs),
pages 9:1-9:15, Dagstuhl, Germany, 2020. Schloss Dagstuhl — Leibniz-Zentrum fiir Informatik.
doi:10.4230/0ASIcs.ATM0S.2020.9.

Alessio Cionini, Gianlorenzo D’Angelo, Mattia D’Emidio, Daniele Frigioni, Kalliopi Gi-
annakopoulou, Andreas Paraskevopoulos, and Christos D. Zaroliagis. Engineering graph-
based models for dynamic timetable information systems. In Stefan Funke and Matus
Mihalédk, editors, 14th Workshop on Algorithmic Approaches for Transportation Modelling,
Optimization, and Systems, ATMOS 2014, September 11, 2014, Wroclaw, Poland, vol-
ume 42 of OASIcs, pages 46-61. Schloss Dagstuhl — Leibniz-Zentrum fiir Informatik, 2014.
doi:10.4230/0ASICS.ATM0S.2014.46.

Edith Cohen, Eran Halperin, Haim Kaplan, and Uri Zwick. Reachability and distance queries
via 2-hop labels. SIAM J. Comput., 32(5):1338-1355, 2003. doi:10.1137/S0097539702403098.
Feliciano Colella, Mattia D’Emidio, and Guido Proietti. Simple and practically efficient
fault-tolerant 2-hop cover labelings. In Dario Della Monica, Aniello Murano, Sasha Rubin, and
Luigi Sauro, editors, Joint Proceedings of the 18th Italian Conference on Theoretical Computer
Science (ICTCS 2017) and the 32nd Italian Conference on Computational Logic (CILC 2017),
Naples, Italy, volume 1949 of CEUR Workshop Proceedings, pages 51-62. CEUR-WS.org, 2017.
David Coudert, Andrea  D’Ascenzo, and Mattia  D’Emidio. D-
hash/ShortestBeerDistanceQueries. Software (visited on 2024-09-20). URL:
https://github.com/D-hash/ShortestBeerDistanceQueries.

Gianlorenzo D’Angelo, Mattia D’Emidio, and Daniele Frigioni. Fully dynamic 2-hop cover
labeling. ACM J. Exp. Algorithmics, 24(1):1.6:1-1.6:36, 2019. doi:10.1145/3299901.
Rathish Das, Meng He, Eitan Kondratovsky, J. Tan Munro, Anurag Murty Naredla, and Kaiyu
Wu. Shortest beer path queries in interval graphs. In Sang Won Bae and Heejin Park, editors,
38rd International Symposium on Algorithms and Computation (ISAAC 2022), Seoul, Korea,
volume 248 of LIPIcs, pages 59:1-59:17. Schloss Dagstuhl — Leibniz-Zentrum fiir Informatik,
2022. doi:10.4230/LIPICS.ISAAC.2022.59.

Andrea D’Ascenzo and Mattia D’Emidio. Top-k distance queries on large time-evolving graphs.
IEEFE Access, 11:102228-102242, 2023. doi:10.1109/ACCESS.2023.3316602.

Daniel Delling, Julian Dibbelt, Thomas Pajor, and Tobias Ziindorf. Faster Transit Routing by
Hyper Partitioning. In Gianlorenzo D’Angelo and Twan Dollevoet, editors, 17th Workshop on
Algorithmic Approaches for Transportation Modelling, Optimization, and Systems (ATMOS


https://doi.org/10.1145/2463676.2465315
https://doi.org/10.1109/ICDE55515.2023.00054
https://doi.org/10.4230/LIPICS.ISAAC.2021.62
https://doi.org/10.4230/LIPICS.ISAAC.2021.62
https://doi.org/10.1007/S00453-022-01045-4
https://doi.org/10.4230/OASIcs.ATMOS.2020.9
https://doi.org/10.4230/OASICS.ATMOS.2014.46
https://doi.org/10.1137/S0097539702403098
https://github.com/D-hash/ShortestBeerDistanceQueries
https://doi.org/10.1145/3299901
https://doi.org/10.4230/LIPICS.ISAAC.2022.59
https://doi.org/10.1109/ACCESS.2023.3316602

D. Coudert, A. D’Ascenzo, and M. D’Emidio

14

15

16

17

18

19

20

21

22

23

24

25

2017), volume 59 of Open Access Series in Informatics (OASIcs), pages 8:1-8:14, Dagstuhl,

Germany, 2017. Schloss Dagstuhl — Leibniz-Zentrum fiir Informatik. doi:10.4230/0ASIcs.

ATMOS.2017.8.

Daniel Delling, Andrew V. Goldberg, Thomas Pajor, and Renato F. Werneck. Robust
distance queries on massive networks. In Andreas S. Schulz and Dorothea Wagner, editors,
Proceedings of the 22th Annual European Symposium on Algorithms (ESA 2014), Wroclaw,
Poland, volume 8737 of Lecture Notes in Computer Science, pages 321-333. Springer, 2014.
d0i:10.1007/978-3-662-44777-2_27.

Julian Dibbelt, Thomas Pajor, Ben Strasser, and Dorothea Wagner. Connection scan algorithm.
ACM J. Ezp. Algorithmics, 23, 2018. doi:10.1145/3274661.

Edsger W. Dijkstra. A note on two problems in connexion with graphs. In Krzysztof R. Apt and
Tony Hoare, editors, Edsger Wybe Dijkstra: His Life, Work, and Legacy, volume 45 of ACM
Books, pages 287-290. ACM / Morgan & Claypool, 2022. doi:10.1145/3544585.3544600.
Jochen Eisner and Stefan Funke. Sequenced route queries: getting things done on the way
back home. In Proceedings of the 20th International Conference on Advances in Geographic
Information Systems, SIGSPATIAL 2012, pages 502-505, New York, NY, USA, 2012. ACM.
doi:10.1145/2424321.2424400.

Muhammad Farhan, Koehler Henning, and Qing Wang. BatchHL™": batch dynamic labelling
for distance queries on large-scale networks. The VLDB Journal, pages 1-29, 2023. doi:
10.1007/s00778-023-00799-9.

Muhammad Farhan and Qing Wang. Efficient maintenance of highway cover labelling for
distance queries on large dynamic graphs. World Wide Web (WWW), 26(5):2427-2452, 2023.
d0i:10.1007/811280-023-01146-2.

Muhammad Farhan, Qing Wang, Yu Lin, and Brendan D. McKay. A highly scalable labelling
approach for exact distance queries in complex networks. In Melanie Herschel, Helena
Galhardas, Berthold Reinwald, Irini Fundulaki, Carsten Binnig, and Zoi Kaoudi, editors,
Proceedings of 22nd International Conference on Extending Database Technology (EDBT 2019),
Lisbon, Portugal, pages 13-24. OpenProceedings.org, 2019. doi:10.5441/002/EDBT.2019.03.
Roy Friedman and Alex Kogan. Deterministic dominating set construction in networks with
bounded degree. In Marcos K. Aguilera, Haifeng Yu, Nitin H. Vaidya, Vikram Srinivasan, and
Romit Roy Choudhury, editors, Distributed Computing and Networking, pages 65-76, Berlin,
Heidelberg, 2011. Springer Berlin Heidelberg.

Joachim Gudmundsson and Yuan Sha. Shortest beer path queries in digraphs with bounded
treewidth. In Satoru Iwata and Naonori Kakimura, editors, 34th International Symposium
on Algorithms and Computation, ISAAC 2023, December 3-6, 2023, Kyoto, Japan, volume
283 of LIPIcs, pages 35:1-35:17. Schloss Dagstuhl — Leibniz-Zentrum fiir Informatik, 2023.
doi:10.4230/LIPICS.ISAAC.2023.35.

Tesshu Hanaka, Hirotaka Ono, Kunihiko Sadakane, and Kosuke Sugiyama. Shortest beer
path queries based on graph decomposition. In Satoru Iwata and Naonori Kakimura, editors,
34th International Symposium on Algorithms and Computation (ISAAC 2023), Kyoto, Japan,
volume 283 of LIPIcs, pages 37:1-37:20. Schloss Dagstuhl — Leibniz-Zentrum fiir Informatik,
2023. doi:10.4230/LIPICS.ISAAC.2023.37.

Vassilis Kaffes, Alexandros Belesiotis, Dimitrios Skoutas, and Spiros Skiadopoulos. Finding
shortest keyword covering routes in road networks. In Proceedings of the 30th International
Conference on Scientific and Statistical Database Management, pages 1-12, 2018.

Vassilissa Lehoux and Christelle Loiodice. Faster preprocessing for the trip-based public
transit routing algorithm. In Dennis Huisman and Christos D. Zaroliagis, editors, 20th
Symposium on Algorithmic Approaches for Transportation Modelling, Optimization, and
Systems, ATMOS 2020, September 7-8, 2020, Pisa, Italy (Virtual Conference), volume 85
of OASIcs, pages 3:1-3:12. Schloss Dagstuhl — Leibniz-Zentrum fir Informatik, 2020. doi:
10.4230/0ASICS.ATM0S.2020. 3.

2:17

ATMOS 2024


https://doi.org/10.4230/OASIcs.ATMOS.2017.8
https://doi.org/10.4230/OASIcs.ATMOS.2017.8
https://doi.org/10.1007/978-3-662-44777-2_27
https://doi.org/10.1145/3274661
https://doi.org/10.1145/3544585.3544600
https://doi.org/10.1145/2424321.2424400
https://doi.org/10.1007/s00778-023-00799-9
https://doi.org/10.1007/s00778-023-00799-9
https://doi.org/10.1007/S11280-023-01146-2
https://doi.org/10.5441/002/EDBT.2019.03
https://doi.org/10.4230/LIPICS.ISAAC.2023.35
https://doi.org/10.4230/LIPICS.ISAAC.2023.37
https://doi.org/10.4230/OASICS.ATMOS.2020.3
https://doi.org/10.4230/OASICS.ATMOS.2020.3

2:18

Indexing Graphs for Shortest Beer Path Queries

26

27

28

29

30

31

32

33

34

35

Jure Leskovec and Rok Sosi¢. Snap: A general-purpose network analysis and graph-mining
library. ACM Trans. Intell. Syst. Technol., 8(1), July 2016. doi:10.1145/2898361.

Huiping Liu, Cheqing Jin, Bin Yang, and Aoying Zhou. Finding top-k optimal sequenced routes.
In 84th IEEFE International Conference on Data Engineering, ICDE 2018, Paris, France, April
16-19, 2018, pages 569-580. IEEE Computer Society, 2018. doi:10.1109/ICDE.2018.00058.
Catherine C. McGeoch. A Guide to Experimental Algorithmics. Cambridge University Press,
2012.

Michael N. Rice and Vassilis J. Tsotras. Engineering generalized shortest path queries. In
Christian S. Jensen, Christopher M. Jermaine, and Xiaofang Zhou, editors, 29th IEFE
International Conference on Data Engineering, ICDE 2013, Brisbane, Australia, April 8-12,
2013, pages 949-960. IEEE Computer Society, 2013. doi:10.1109/ICDE.2013.6544888.
Mehdi Sharifzadeh, Mohammad Kolahdouzan, and Cyrus Shahabi. The optimal sequenced
route query. The VLDB journal, 17:765-787, 2008.

Chao Zhang, Angela Bonifati, and M. Tamer Ozsu. An overview of reachability indexes on
graphs. In Companion of the 2023 International Conference on Management of Data, SIGMOD
2023, pages 61-68, New York, NY, USA, 2023. ACM. doi:10.1145/3555041.3589408.
Junhua Zhang, Long Yuan, Wentao Li, Lu Qin, Ying Zhang, and Wenjie Zhang. Label-
constrained shortest path query processing on road networks. The VLDB Journal, 33:569-593,
2024. doi:10.1007/s00778-023-00825-w.

Yikai Zhang and Jeffrey Xu Yu. Hub labeling for shortest path counting. In Proceedings
of the 2020 ACM SIGMOD International Conference on Management of Data, SIGMOD
2020, pages 1813-1828, New York, NY, USA, 2020. Association for Computing Machinery.
doi:10.1145/3318464.3389737.

Zibin Zheng, Fanghua Ye, Rong-Hua Li, Guohui Ling, and Tan Jin. Finding weighted k-truss
communities in large networks. Information Sciences, 417:344-360, 2017. doi:10.1016/j.1ins.
2017.07.012.

Huaijie Zhu, Wenbin Li, Wei Liu, Jian Yin, and Jianliang Xu. Top k optimal se-
quenced route query with POI preferences. Data Sci. Eng., 7(1):3-15, 2022. doi:10.1007/
S41019-022-00177-5.


https://doi.org/10.1145/2898361
https://doi.org/10.1109/ICDE.2018.00058
https://doi.org/10.1109/ICDE.2013.6544888
https://doi.org/10.1145/3555041.3589408
https://doi.org/10.1007/s00778-023-00825-w
https://doi.org/10.1145/3318464.3389737
https://doi.org/10.1016/j.ins.2017.07.012
https://doi.org/10.1016/j.ins.2017.07.012
https://doi.org/10.1007/S41019-022-00177-5
https://doi.org/10.1007/S41019-022-00177-5

Pricing for the EVRPTW with Piecewise Linear
Charging by a Bounding-Based Labeling Algorithm
Jenny Enerbiack

Department of Mathematics, Linkoping University, Sweden
Scania CV AB, Sodertélje, Sweden

Lukas Eveborn! 24
Department of Mathematics, Link6ping University, Sweden

Elina Ronnberg &4
Department of Mathematics, Linképing University, Sweden

—— Abstract

The elementary shortest path problem with resource constraints (ESPPRC) is a common problem

that often arises as a pricing problem when solving vehicle routing problems with a column generation
approach. One way of solving the ESPPRC is to use a labeling algorithm. In this paper, we focus on
how different bounding strategies for labeling algorithms can be adapted and strengthened for the
ESPPRC that arises from the Electric Vehicle Routing Problem with Time Windows and Piecewise
Linear Recharging function (EVRPTW-PLR). We present a new completion bound method that
takes charging times into account, and show how the completion bound can be combined with
ng-routes. Computational experiments show that the new completion bound combined with ng-routes
significantly improves the performance compared to a basic labeling algorithm.

2012 ACM Subject Classification Mathematics of computing — Combinatorics; Mathematics of
computing — Graph algorithms; Applied computing — Transportation; Mathematics of computing
— Mathematical software

Keywords and phrases ESPPRC, EVRP, Bounding, Labeling Algorithm
Digital Object Identifier 10.4230/0ASIcs.ATMOS.2024.3

Supplementary Material
Software (Public Repo): https://gitlab.liu.se/eliro15/labeling-algorithm-for-evrptw-plr

Funding This work was funded by the Swedish Energy Agency within the program FFI, For-
donsstrategisk Forskning och Innovation, under the grant Condore (P2022-00952).
Lukas Eveborn: This work was partially supported by the Wallenberg AI, Autonomous Systems and
Software Program (WASP) funded by the Knut and Alice Wallenberg Foundation.

Acknowledgements The Condore project is an important platform for this research as it provides
close collaborations with the industrial partners Scania and Ragn-Sells as well as the Vehicular
Systems division at Linképing University. We also want to thank the reviewers for useful feedback
and especially the reviewer that pointed out an issue related to the combination of ng-routes and

bounding.

1 Introduction

The interest in using electrical vehicles for transportation has been steadily increasing in the
last years. One of the main reasons is the positive environmental aspects compared to using
traditional combustion vehicles. As for the traditional vehicles, the routing and scheduling
of the electric vehicles is a crucial aspect to consider. This has created a new type of vehicle
routing problem, the Electric Vehicle Routing Problem (EVRP).
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As for traditional routing problems, a common way of solving the EVRP is to use a column
generation approach. Given a path representation of the routes, the column generation pricing
problem can be represented as a shortest path problem. In such a setting, the performance of
the pricing problem is crucial for the overall performance of the column generation approach.
In this paper we are interested in the pricing problem for the EVRP with Time Windows,
Piecewise Linear Recharging function and partial recharging (EVRPTW-PLR). This pricing
problem can be represented as an elementary shortest path problem with resource constraints
(ESPPRC). The ESPPRC can be solved in several ways, one of them is to use a labeling
algorithm [9] which is the method we will be using.

Compared to traditional routing problems, the electrical routing problems come with a
new set of challenges, the main one being the need to plan for recharging of the vehicles. This
changes the characteristics of the ESPPRC and the labeling algorithm needs to be adapted
to handle this, something that has been previously studied (see e.g. [5]). Another challenge is
to model the recharging realistically, for which a piecewise linear function has been proven to
be a good choice [11]. This does further complicate the ESPPRC and necessitates adaptions
of the labeling algorithm, as done in e.g. [10] and [2].

How well a labeling algorithm performs is highly dependent on the different acceleration
strategies that are used. Some of the most common acceleration strategies are bidirectional
labeling [14], ng-routes [1] and bounding (see e.g. [3, 14]). The implementation of ng-routes
is not affected by the piecewise linear charging function and can easily be implemented in
a standard way. For bidirectional labeling, the case is different, as the standard strategy
cannot be applied for piecewise linear charging functions. To the authors’ best knowledge,
this has not yet been done, and we find it hard to see how it can be done efficiently. For this
reason, we consider bounding to be an important type of acceleration strategy in labeling
algorithms for piecewise linear charging functions. Bounding builds on the idea to discard
unpromising labels. There are several ways to do this, one is the resource bounding, which is
a way to discard labels that cannot be completed to a feasible solution. Another way is the
completion bounding, which is a way to discard labels that cannot be completed to a better
solution than the best found so far.

In this paper, we focus on how different bounding strategies can be adapted and
strengthened for the ESPPRC that arises from the EVRPTW-PLR. The paper extends the
result of the master thesis [7] that introduced a bounding-based labeling algorithm for the
EVRPTW with linear and partial recharging. The main contributions of this paper are:

A new time-based completion bound method that takes charging times into account.

Integration of completion bounds and ng-routes that handles the assumption of element-
arity in completion bounds with the relaxation of elementarity in ng-paths.

Publicly available labeling algorithm solving the ESPPRC for the EVRPTW-PLR (avail-
able at: https://gitlab.liu.se/eliro15/labeling-algorithm-for-evrptw-plr).

The rest of this paper is structured as follows. In Section 2, the problem statement and
model will be presented. A short explanation of the foundations of the labeling algorithm
will be presented in Section 3. The implemented bounding methods will then be presented
in Section 4. Experimental results will be presented in Section 5 comparing the effect of
the different bounding methods implemented, and finally the conclusions are presented in
Section 6.
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Figure 1 The piecewise linear charging curve used in this paper, with data from [11].

2 Problem Statement and Model

The problem considered is the ESPPRC that arises as a pricing problem from solving the
EVRPTW-PLR within a column generation approach. In the EVRPTW-PLR, a fleet of
electric vehicles with limited load and battery capacity should visit a set of customers, where
each customer has a given time window and a given demand, while minimizing the total cost.
Furthermore, the vehicles start and end at a depot, and can recharge at charging stations.
The recharging rate is given by a piecewise linear function.

Inspired by the notation used in [5], we formulate the ESPPRC on a directed graph
G(V, A), where V denotes the set of nodes, and A denotes the set of arcs connecting the
nodes. The set of nodes V' consists of customer nodes, given by the set IV, charging nodes,
given by the set R, a start node o, and an end node d.

An arc between node ¢ € V and node j € V is associated with three parameters: the
cost ¢;; of the arc, the energy consumption r;; for traversing the arc, and the travel time ¢;;,
where also the service time at ¢ is included if i € N, i.e. 7 is a customer node. We assume
that the triangle inequality holds for the time and energy consumption, i.e. t;; < i + tx;
and r;; < 7y + 1k for all 4,7,k € V. Each customer node 7 € N is associated with a service
time window [e;, [;], during which the service can start. The vehicle is allowed to arrive
early at a customer but has to wait until the start time to start service. Each customer node
1 € N is associated with a demand ¢;, which since we are solving the pricing problem, only
needs to be satisfied if the customer is visited.

The vehicle has a maximum load C' and a maximum battery capacity @. It can recharge
at charging nodes where partial recharging is allowed. The battery level cannot go below 0.

The charging curve is given by a piecewise linear function, and we define it as in [10] where
the charging curve is given by a set of pieces P = {1...W}. Each piece p € P is defined by
a start and end battery level 7,_1 and 7, and a recharging rate p, (energy per timestep). In
reality, the charging function is often concave since the charging rate decreases as the battery
level increases [11]. With these assumptions, it holds that 0 =79 <7 < ... <7y = Q and
p1 > p2 > ...> pw > 0. An example is shown in Figure 1.

The vehicle starts at the start node at time 0 with a full battery and must return to
the end node before the max time, Ti,.«. It can visit a customer node at most once, while
charging nodes can be visited multiple times. The objective is to find a route that minimizes
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the total cost of the arcs travelled, while satisfying the constraints. Because we are in a
column generation setting, the arc costs are in fact reduced costs and as such they can become
negative. In the EVRPTW-PLR, we assume the initial costs to be positive, and customers
to be associated with dual variables, leading to that the outgoing arcs from customers can
become negative, while the other arcs have their initial cost.

3 Labeling Algorithm

The basic version of the labeling algorithm is presented in Algorithm 1. The algorithm is
implemented with a priority queue I' of labels waiting to be extended and continues until
there is no label to be extended from this queue. In order to find a good complete path early,
the priority queue is ordered by increasing costs and the label with the lowest cost is first
extended. This is especially important when using completion bounds, since the strength
of the completion bounds depend on the quality of the incumbent upper bound. A label
is denoted by L; and represents a partial path o — i € N. Each label contains a number
of resources, such as the cost of the partial path and the battery level. When extending a
label L; to a node j the function Extend(L;,j) updates the label resources given by the
defined Resource Extension Functions (REFs) and verifies the feasibility of the extension of
the path. All neighbours that can be reached from node i are denoted by A;. The function
Dominance(A;, L;) checks dominance between the new label L; and all labels in Aj, which
is a bucket containing all labels ending at node j, given the decided dominance criteria. All
labels that L; dominates are discarded, and the Dominance(Aj, L;) returns false if L; is
dominated, whereupon L; is discarded. The shortest path can, at the end of execution, be
selected from the set of labels at the end node.

Algorithm 1 Basic labeling algorithm.

1 // Initialization of priority queue I" with a start label A,

2 '+ A,

3 while " # () do

4 // Get next label to extend

5 L; + pop(T)

6 // Try to extend label to all outgoing neighbours of i

7 for j € A; do

8 // Try to extend label to node j

9 if L; < Extend(L;,j) then

10 // If label finishes at end node, it is not added to priority queue
11 if j = d then

12 ‘ Ad “— Lj

13 // Else check dominance between new label and all labels at node j
14 else if Dominance(A;, L;) then

15 '« L;

16 Aj — Lj

17 end

18 end
19 end

20 end
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The resources of label L; are defined as suggested by Lam et al. [10], with the notation
of Desaulnier et al. [5], and presented below.

Teo: Cost of the partial path o — i.
T)°*d; Delivered load along the partial path.

Ti™e: Farliest service start time at node 4 that ensures time window and battery
feasibility along the path.

penergy

] : Battery level at i, assuming that minimal recharges have been performed at

all visited charging stations.

Timrt”: Available charging time at each charging piece p € P that can be added at
previous charging stops while ensuring time window feasibility.

T Indicates if a customer n € N cannot be visited in the extension of the path.
This can either be because they already are visited or because they are
unreachable from the path ending at node j.

A label L; at node i € N is extended to a node j € N along the arc (i,j) € A by a
number of Resource Extension Functions (REFs) that update the resources of the label,
creating a new label L;. The REFs are defined as suggested by Lam et al. [10], with the
notation of Desaulnier et al. [5]. The REFs for the cost of the partial path and the delivered
load are defined by (1) and (2).

T;:ost — Ticost + Cij (1)
T]load _ Tiload 4 qj (2)

To update the time of the partial path and the energy level, we need to define some new
concepts. Whenever a vehicle can arrive early at a customer, i.e. T/™° +¢;; < e;, a slack
time is introduced, denoted W;;. This slack time is given by W;; = max{0,e; — TH™¢ —¢;;},
which represents how much later it is possible to leave node i without delaying service start

time at node j. If charging stations have been visited previous to node j, the slack time can
mrt,

be used for charging to the extent allowed by the available charging time T, ™, p € P. We
assume that all available slack time, in the extent that it is possible, is used for charging and
denote the energy charged during slack time by .S;;. Since the charging curve is piecewise
linear, we have several charging pieces p € P. In order to calculate S;;, we therefore need
to calculate the amount of time we can recharge at each charging piece, which we denote
by 5;2‘}“. This is calculated for each piece p € P in decreasing order of charging rate by

. —1 mrt . mrt, . .
5;1%& = max{0, min{W;; — Zzzl 521%91‘, T;7 ""}}. In this formula T; ™ is, as mentioned, the
p—1 5slapk

available charging time at charging piece p from previous charging stops, and W;; — =10y
is the remaining available slack time for charging at piece p, given the charging time at
previous, more advantageous, pieces. The energy charged during slack time is then given by

Sii = Zpe P ppézz‘}'zk where p, is the charging rate at piece p.

If the energy charged during slack time together with the initial energy is not enough
to cover the energy consumption r;; of the arc (i, j), i.e. T, " —r;; + S;; < 0, additional
charging is required. The required additional charging energy is denoted by Z;; and the
time for this additional charging is denoted Xj;. Similarly to how the energy charged during

slack time was calculated, we need to calculate the amount of time 5™

charging piece p € P. This is calculated for each piece p € P in decreasing order of charging
< . t -1 x

rate by 655 = max {0, min{T;""" — 553K, (=T +ry; — Sij = Y20 ) pudii®) /pp}}. In

this formula Timrtp — 5;1;}Ck is the remaining available charging time for charging at piece

p after slack charging has been done and (—=7;""® +r;; — S;; — Zf;ll Pudi™)/ pp is the

we recharge at each
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remaining time, given the piece p charging rate, needed to be recharged after slack charging
has been done and additional charging has been done at previous, more advantageous,
pieces. The additional charging time and energy are then given by X;; = Zpe p 6;’{}”
Zij =3 pep Opy pps Tespectively.

The REF for time can now be given in (3), where, as stated, X;; is the required additional

and

charging time and e; is the earliest allowed arrival at node j. The energy level is updated
according to the REF defined in (4), where, as stated, r;; is the energy consumption of the
arc, S;; is the energy charged during slack time, and Z;; is the additional energy charged.

Ty = max{T{™° + ti; + Xij, e;} (3)
TERTEY _ TENerY Gy 7 (@)

The REF for the available charging time is calculated for each piece p € P in decreasing
order of charging rate, where 7, is the end battery level of piece p € P. It is given in (5)
and calculated differently depending on whether j is a charging station or not. If a charging
station, the time is calculated as the minimum of the maximum charging time at the piece p
and the time needed to reach the end battery level at the piece p given current battery level
T, 1f not a charging station, it is calculated as the minimum of available charging time,
after slack and additional charging has been added, and available time until the end of the
time window after available charging time at more advantageous pieces has been added.
Tty {min{(’rﬁlrt Tp—1)/ pp, max{ (7, — Tfrfergy)/ﬂp’oi}a iftj €ER (5)

! min{7;""" — gslack _ gextra . Tme — Zﬁ;l T;nr "1LifjeVA\R

pij pij

Finally, customer reachability is updated in REF (6), either if they are visited or if
they are unreachable from the path ending at node j. A node n € N \ {j} is marked as
unreachable from the path ending at node j in the function R(T}Oa‘d7 Tjtime) by the value 1
if T}Oad +q, > C or Tjtime + tjn > l,, holds. This method of marking unreachable nodes as
already visited was initially suggested by Feillet et al. [8].

cust,, f o
T]‘CUStn = {CTZ —:u:t7 ! ’ _ln’d : . (6)
max (T2, R(TIo, THme)} j & N\ {n}

After the resources of the label have been updated, the feasibility of the extension is
verified. As defined by [10], an extended label is feasible if the following four inequalities
hold: Tjead < €, Tjime < [, Ty > 0, and (T5"*'*) <1 for all n € N.

Once a label has been feasibly extended to node j, dominance is checked on the other
labels finishing in node j. For a label I~/j at j to dominate another label f/j at j, the criteria
given by Equations (7) through (11) must hold as defined by [10]. If L; dominates L;, L; is

discarded.

jw]g:ost S Tj@ost (7)
T}Oad < T}oad (8)
Tyme < Ipe (9)
Tyestn < T5% ne N (10)
Fer () = f ), e [T ) (1)

In Equation (11), battery levels are compared given a later arrival time at j with the
help of the function f;"“"*¥(t) which outputs the battery level given an arrival time ¢. This

has to be done because T8

p is only the energy level given a minimal recharge, but since
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the extensions are unknown at the time of dominance checking, it might be needed to arrive
later but with a higher battery level. So in order for the label f/j to dominate ﬁj, it has
to be able to achieve a higher battery level for every possible arrival time at node j of ﬁj.
The possible arrival times are all the times between Tj“”‘e and the latest service start time
at node j, I;. However, since the charging curves are piecewise linear, it suffices to verify
this at start points, breakpoints and endpoints of the charging curves. For a more thorough
explanation and definition of this function, we refer to Lam et al. [10].

4 Bounding Methods

A well-known challenge when applying labeling algorithms is that in the late iterations, a
huge number of labels have been generated and a large portion of those cannot be completed
into a solution of interest. To avoid this, or at least discard some unpromising ones along
the way, bounding methods can be used. Bounding methods use optimistic bounds on the
completion of a path to discard labels that cannot yield a best solution. This can be done in
different ways, but common for all is that the methods need to rely on fast computations to
contribute to computational efficiency. For that reason the methods can often be greedy and
do not necessarily use the network structure or all information in the problem. Furthermore,
it is often important to use the problem structure to make the bounding methods even more
efficient. We choose to implement two types of bounding methods, resource bounds and
completion bounds, to improve the computational time of the labeling algorithm. These are
presented in Section 4.1 and 4.2, respectively.

4.1 Resource Bounds

The main idea behind resource bounds is that if there is not enough resources left to reach
the end node, a label can be discarded — even if there still are resource feasible extensions to
some nodes. We implement resource bounds for battery feasibility and time feasibility, as
they are the only resources that directly can prevent feasible completions of a path. The
resource bounds are implemented in the Extend(L;,j) function.

When formulating our resource bounds, inspiration is taken from the criterion W" + w;;+
Wig > Wia
along the partial path, w;; the consumption on the arc (i, j), and M;d a lower bound on the

. suggested by Boland et al. [3], where W7 is the consumption of resource r
resource consumption from node j to the depot.

Starting with battery feasibility, it is checked that the partial path can reach the end
node or a charger without emptying the battery. For a node j € V, let r;¢ be the energy
consumption to travel from j to the closest node that is either a charger or the end node,
ie. £ € RU{d}. If the current battery level together with the available charging time is
not enough to reach ¢, the label can be discarded. This is done by checking if 7;""®" +
ZpGP ppT]mrtp —1je <0.

For time feasibility, we generate an optimistic bound on the time it takes to reach the
end node and use this to check that the end node can be reached within the max time limit.
Beyond travel time we also consider possible extra charging time that is needed to reach
the end node. In order to make sure it is an optimistic bound, i.e. no labels are discarded
wrongly, it is assumed that charging can be done “on the road” i.e. discarding the possible
extra travel time and energy it takes to reach a charging station. For the same reason it is
also assumed that the recharge is done at the fastest charging rate, p;. To formulate the
condition, we first need to calculate the possible required additional energy to reach the end
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node, which is given by Y; = max{0,7;q — T;"“"®"}, where ;4 is the energy consumption
to reach the depot from current node j € N. The feasibility check can then be done by
T;ime +tjq +Y;/p1 > Tena. If the inequality holds, the label is discarded.

4.2 Completion Bounds

For completion bounds, the idea is to discard labels that are guaranteed to not be completed
to a better solution than the current best solution. This is done by generating an optimistic
bound on the cost of completion of the path, denoted zrp. A label L; with current cost
TJ‘?OSt7 can then be discarded if TjCOSt + 2z > UB, where UB is the current upper bound
on the cost for a finished path. We choose to calculate two completion bounds, one by
solving a knapsack problem with respect to the vehicle load constraint and one by solving a
problem that takes both travel time and charging time into account. Both are inspired by
the knapsack bound formulation of Righini and Salani [14].

For the load-based bound, the implementation is similar to the formulation of [14], but
with some adjustments to our problem. They do not have charging nodes, but as it turns
out, the charging nodes can be disregarded in the calculation of the bound. The reason for
this is twofold, firstly, the battery constraints are relaxed in the bound, so visits to chargers
are not required for feasibility reasons. Secondly, in a standard column generation context,
the dual variables of the charging nodes are non-existent as there are no master constraints
related to them, and it can therefore never be profitable to visit chargers assuming positive
initial costs. With this in mind, let then S be the set of already visited customers. We can
then define the continuous decision variable y;, € [0,1], k € V' \ S that state how much a
customer is visited.

We define the cost of visiting a node i € N as the cost of its cheapest outgoing arc,
i.e. u; = minjen\ g cy- This is used to get the cost of visiting a customer in the case when
i € N\ S which we only would want to do if u; is negative. It is also used to get the cost
of leaving the current node j in the case when ¢ = j, which is necessary to get the right
number of arcs in the solution. Compared to [14], we consider the outgoing arcs from the
nodes k € N instead of the incoming arcs to calculate the least cost since the service time
in our case is included in the outgoing arcs and not the incoming arcs. Note also that to
calculate the cost for visiting a customer, outgoing arcs to charging nodes are disregarded,
which is valid thanks to the relaxed battery constraints and the non-profitability of visiting
charging nodes. This strengthens the bound in the case where the closest node to a customer
node is a charging station since the arc between them would then be the arc with the least
cost. The load-based completion bound for a label L; is presented in Equation (12).

z, = min E URYk + Uj
keEN\S

st T+ > gy < C (12)
kEN\S

0<ye <1, VkeN\S

Another important adjustment compared to the formulation of Righini and Salani
[14] is that when selecting the cheapest outgoing arc for a node, all arcs to customer
nodes are considered, not just arcs to not visited customers, i.e. minjey\ g ¢k instead of
min e n\ (sur) k- Although the second formulation of the two generates a stronger bound, it
is more computationally expensive, since the least arc costs must be computed each time the



J. Enerback, L. Eveborn, and E. Ronnberg

bounding method is used. With our formulation, however, the least cost arc of a node, and
further the least time and least energy consumption arc, which will be used in the second
bound, can be precomputed.

The time-based bound can be seen as an extended version of a knapsack problem on
maximal route time. It considers arc travel time and, to make sure that the battery level
stays positive, the possible extra required charging time. To obtain a lower bound, the same
assumptions as in the resource bounds are made, i.e. it is assumed that the charging can be
done “on the road” and at the fastest charging rate, p;. Most of the notation is the same as
in the vehicle load bound, but some new parameters and variables need to be introduced. To
handle the extra potential charging time, a new continuous variable ( is introduced, which is
the total extra charging energy that needs to be added in order to ensure battery feasibility.
We also introduce the minimum energy consumption r; of visiting a node 7 € V, and the
minimum travel time t; to visit a node, i € V. Both are calculated in the same manner as
the lowest cost, u;, by finding the cheapest outgoing arc from a node ¢ € V for energy and
time respectively, i.e. 7; = minen\ g ra and t; = minep\ g L. The time-based completion
bound for a label L; is presented in Equation (13).

zr = min Z ULYk + Uj
kEN\S
s.t. T;ime + tj + C/pl + Z tkyk < Tmax
keEN\S
rj + Z TRy < G+ T (13)
keEN\S

0<y, <1, VkeN\S
0<¢

Even if zr generates a good bound, it is not as straightforward to calculate efficiently as
zr. It can always be solved with an LP-solver, but that would not be that effective. However,
if we assume that the problem instance has the properties that ¢; > t3 = r; > 79, then
we can use a greedy algorithm to calculate the bound, presented in Algorithm 2. Note
that this assumption holds for the instances tested in this paper, the EVRPTW dataset
of Schneider et al. [15], where the relation between travel time and energy consumption
is linear, and the service time are same for all customers in one instance. As input to the
algorithm we precompute the most profitable customers and add them to a list, denoted K,
tk#ﬁ' The algorithm then iterates
over the nodes in this order and adds the most profitable nodes to the path as long as the

which is ordered by increasing value of the quotients

max time limit is not violated.

4.2.1 Integration of ng-routes with Completion Bounds

Another popular acceleration strategy for a labeling algorithm is ng-routes, first suggested
by [1]. In ng-routes, the elementarity constraints on the paths are partly relaxed allowing
revisits to a customer as long as the customer is not in the ng-set of the current node. The
ng-set is unique for each node and contains the nodes for which elementarity is checked
when extending a label. If a customer is not in the ng-set of the node we are extending
the label from, it can be added to the path even if it has been visited before, allowing
for subtours. The size of the ng-set, n, is set according to what fits the problem and is
often chosen to be the n closest customers to the node, including itself. This is also the
approach we have chosen to use. One of the benefits of using ng-routes is that if the best
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Algorithm 2 Completion bound with time and battery constraints.

1 C + 0 // Initial cost

2 0 <+ max{0, (r; — T°"'®)/p;} +t; // Time needed to leave j
8 T T —THme _ g // Time left

4 B+ max{0,T;""* —r;} // Remaining energy

5 140

6 while 7" > 0 do

7 // Find the most profitable customer to add
8 k + KJi]
9 // Check that the customer can be added and have a positive effect
10 | if T/ [k] =0 A up <0 then
11 // Time needed to add customer k
12 o+ max{0, (ry — E)/p1} + tx
13 // Check if customer can be fully added, else add partially
14 if T — 0 >0 then
15 C+CHuy
16 T+T-o
17 E + max{0,F —r;}
18 else
19 // Percentage that can be added
20 A (c—-T)/c
21 C <+ CH+ duy,
22 T+T-MX
23 E+— E+ Xy
24 end
25 end
26 i++
27 end

path is elementary when finishing the labeling algorithm, it will be also be an optimal
elementary path. Using ng-routes is a powerful acceleration strategy. It can, however, not be
used directly with the implemented completion bounds. The reason for this complication
is that the implemented completion bounds create elementary completions to the partial
paths, which are not necessarily optimistic completions to an ng-route. Since subtours are
allowed for ng-routes, it has to be considered that a node can be added multiple times to
the completion of the path, and the calculation of completion bounds need to be adjusted
accordingly.

There are some existing approaches to combine ng-routes with completion bounds in the
literature, but none really fits with our problem. For implementations where each problem is
solved several times to find elementarity, i.e. iteratively extending the size of the ng-set until
the optimal path is elementary, labels from the previous iteration can be used to compute
lower bounds on the reduced cost of the completion of a path (used by [13, 4, 12]). Another
approach to use completion bounds in the ng-route ESPPRC was suggested by Baldacci et
al. [1], and was applied to the electric ng-route SPPRC by Duman et al. [6]. They use the
completion bounds as a big part of the solution method starting each solving process by,
for each customer, running an exact labeling algorithm with the customer as a start node
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and with 5% = T0 .. — At as the start time. The results from these runs are then used as
lower bounds when solving again, but with the start time 3*3"* = T, .. — 2At. This is then
repeated until the full problem is solved.

However, we want to integrate completion bounds with ng-routes without significant
changes to the algorithm. When computing the completion bound we therefore assume that
there are no elementary constraints, to ensure it to be an optimistic bound on the solutions
also in the case of using ng-routes. However, by considering other constraints, the bound
can be strengthened. Firstly a customer cannot be added at all if it is not reachable from
the current node, i.e. if T}ime +tj5 < l;. Secondly, given it is reachable, an upper bound on
the total number of times a node can be added to the path can be calculated. Provided the
least time outgoing arc ¢ from node [ and the least time incoming arc ¢ to node I, then
fmin 4 ¢Inin ig the minimum time required to leave and come back to node . Furthermore, the
earliest arrival at the node [ can be calculated as TF*r* = JrnaX{T;imC +tji, e}, comparing
the earliest allowed arrival e; with the possible earliest arrival given the label T}imc at node
j and the travel time t;;. Using both of these, an upper bound on the number of visits at
node [ can be calculated by L% + 1J.

To further strengthen the upper bound on the number of visits, the elementary constraints
that exist in an ng-routes setting can be taken into consideration as follows. In order to be
allowed to come back to a node [ that already has been visited, the route must be extended
from a node k for which [ is not in its ng-set. Provided the least time outgoing arc from
node [ to a node for which [ is not in its ng-set t?,;m“g and the least time incoming arc from a
node for which [ is not in its ng-set to node [, tkmlm“g, then t?,;m“g + t:}ln“g can be used instead
as the minimum time required to leave and come back to node [. The strengthened upper

bound on the number of visits at node [ can hence be calculated as

l _ Tstart
\‘ mirllng l mingg + 1.
by "t

In practice this adaption to make completion bounds work with ng-routes is implemented
by adding nodes to the path in order of decreasing profitability given that it is reachable
and that the multiplicity is not violated. Note that in order to ensure an optimistic bound,
given the ng-setting, a node can be added multiple times in a row as long as the multiplicity
constraint is not violated and that there is place left in the knapsack.

5 Experimental Results

The performance of the labeling algorithm with the suggested acceleration strategies is
evaluated using the EVRPTW benchmark data set of Schneider et al. [15] which is based on
Solomon’s benchmark instances for the VRPTW [16]. Tests are performed on all 29 instances
from the groups C100, RC100, and R100, that have 100 customer nodes with narrow time
windows and 20 charging nodes with no time windows. Each instance is tested in three
different simulated column generation environments, resulting in a total of 3 x 27 = 89
instances.

To simulate a column generation environment, values of the dual variables for customers,
m;, © € N, are generated as random integer variables from a uniform distribution on the
interval {0,...,20} as suggested by Feillet et al. [8]. These are used to update the arc costs
of outgoing arcs from customers nodes ¢ € N: ¢;; = d;; — m;, where d;; is the Euclidean
distance between node i and node j. For all other nodes i € V' \ N the outgoing arc costs
are set to ¢;; = d;;. The generated dual values are available in the public repo (available at
https://gitlab.liu.se/elirol5/labeling-algorithm-for-evrptw-plr).
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Table 1 Number of instances solved for each group and acceleration strategy

Series
C'100
RC100
R100
Total

basic
21/27
21/24
18/36
60/87

ng-routes

27/27 (20
24/24 (19
25/36 (16
76/87 (55

)
)
)
)

bounds load bounds time

21/27
23/24
20/36
64/87

21/27
24/24
21/36
66/87

ng-routes+bounds

27/27 (20)
24/24 (19)
29/36 (17)
80/87 (56)

Table 2 Aggregated results for each group and acceleration strategy

Series basic ng-routes bounds load bounds time ng-routes+bounds
t t At[%)] t At[%)] t At[%)] t At[%]
C100 15.11 3.09  -79.60 9.06  -40.07 1.80  -88.06 0.74 -95.11
RC100 24.33 12.69 -47.87 14.15 -41.84 11.83 -51.38 6.17 -74.64
R100  620.67 515.09 -17.01 417.23 -32.79 256.75 -58.63 165.01 -73.41

In the dataset for EVRPTW it is assumed that the charging curve is linear, where the
battery capacity @ and the inverse recharging rate w is unique for each instance. To adapt
the dataset to a piecewise linear charging function, we fit the charging curve in Figure 1, by
scaling the time of breakpoints by w@ f(.)(l)dl and the battery levels by Q<t. From this it is
then easy to calculate, for each instance, the set of pieces in the piecewise linear charging

function with its corresponding breakpoints and recharging rates which are available in our

public repo.

Before running the algorithm the graph is reduced by removing infeasible arcs, i.e. arcs
between nodes ¢ € V and j € V such that e; +t;; > 15, ¢; +q; > C or r;; > Q.

The algorithm was implemented in C++ and compiled with GCC 11.4.0. It was tested on
a PC with AMD Ryzen Pro5650U CPU at 2.301 GHz, 32 GB RAM on Ubuntu with WSL.

We report results of each instance solved using (¢) no acceleration strategy, (i7) ng-routes,
(#i1) resource bounds + load-based completion bound, (iv) resource bounds + time-based
completion bound. Finally, a combination of all acceleration strategies is tested (v): ng-
routes + resource bounds + load-based completion bound + time-based completion bound.
A maximum time of 1 hour was set for each instance.

To minimize unnecessary computational effort, the completion bounds are only computed
if the resource consumption for the constrained resource exceeds 20% of the total resource
availability. This threshold was chosen from pretrial tests (Figure 2 in Appendix A) of
different thresholds on resource consumption. In the combined setting, the time-based bound
is computed first and if TJ‘»30St + zp > UB the label is discarded straight away. Otherwise,
the load-based bound is computed to check if choSt 4z, > UB.

The size of the ng-sets were set to 10 (C'100), 15 (RC'100), and 20 (R100) nodes respectively.
For each group of instances, these were the smallest sizes of multiples of 5 of the ng-sets for
which the optimal solutions of at least half of the instances were elementary.

In Table 1, we report how many instances from each group were solved to optimality
within the 1-hour time limit. For the acceleration strategies using ng-routes, it is reported in
parentheses how many of the optimal paths were elementary. It is worth to remember that
in a column generation environment, as long as there is one elementary path with negative
reduced cost among the finished paths, the result is useful. Full results for each instance and
acceleration strategy can be found in Table 3-Table 5 in Appendix B.
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Table 2 shows aggregated time results per group and acceleration strategy. To make a
fair comparison, only instances that were solved with an elementary optimal solution by all
acceleration strategies within the 1-hour limit are included in the calculation. Deviation for
a strategy = and group y is calculated compared to the basic version by AtY = 100 - (¢¥ —
.E}ysasi(:)/tj{)asic'

Comparing the results in Table 1 and Table 2, we can state that the combination of
ng-routes and completion bounds (v) is the most effective acceleration strategy. It solves
the largest number of instances within the time limit, and achieves the largest reduction
in computational time compared to the basic version, from —73% to —95% in average,
depending on the instance group. When it comes to the computational time, the pattern for
the instances not included in the aggregated results is the same as for the instances included,
i.e. the combination of ng-routes and completion bounds is the most effective strategy.

Comparing the two implemented completion bounds, the time-based bound (iv) is on
average more efficient than the load-based bound (#i7) for all groups of instances, and for
some the difference is significant. This indicates that the vehicle load is not as often a binding
constraint as the time constraint for the instances tested, at least when taking charging time
into account.

Looking a bit closer at the full results, Table 3—Table 5 in Appendix B, it can be seen
that the main difference in computational time between the other acceleration strategies and
acceleration strategy (v) shows on the more difficult instances. On instances that are easier
to solve, the difference in computational time between the strategies is not as large, and often
one of the plain bounding strategies is the most effective. The reason for this is most likely
that completion bounds generated when combining it with ng-routes is weaker compared to
when not combined with ng-routes, and the usage of ng-routes does not compensate for this
on easier instances.

6 Conclusion

In this paper, we propose bounding methods to accelerate a labelling algorithm used for
solving the ESPPRC as the pricing problem of the EVRPTW with a piecewise linear charging
curve and partial recharging. Two types of bounding methods are implemented, resource
bounds and completion bounds. For completion bounds we implemented two versions, one
load based and one time based. The latter is a new stronger completion bound that takes
travel time as well as charging time into account. A strength of both the completion bounds
is that they are cheap to compute, since the information required can be preprocessed.
Furthermore, we propose a way to integrate the bounding methods with ng-routes, another
popular acceleration strategy.

Experimental results show that the combination of ng-routes and bounding methods was
most efficient, reducing the computational time from —73% to —95% in average, depending
on the instance group, compared to a basic labelling algorithm on benchmark instances with
100 customers and 20 chargers. The results also show that the time-based completion bound
was more efficient than the load-based completion bound for all groups of instances.

Our efficient way of computing the time-based completion bound uses a specific relation
between travel time and energy consumption. Of interest for future work is to investigate
efficient ways of computing this time-based completion bound when these assumptions do
not hold.

3:13

ATMOS 2024



3:14

Bounding-Based Labeling Algorithm for the EVRPTW-PLR

—— References

1

10

11

12

13

14

15

16

A

Roberto Baldacci, Aristide Mingozzi, and Roberto Roberti. New route relaxation and pricing
strategies for the vehicle routing problem. Oper. Res., 59(5):1269-1283, 2011. doi:10.1287/
OPRE.1110.0975.

Moritz Baum, Julian Dibbelt, Andreas Gemsa, Dorothea Wagner, and Tobias Ziindorf. Shortest
feasible paths with charging stops for battery electric vehicles. CoRR, abs/1910.09812, 2019.
arXiv:1910.09812.

Natashia Boland, John Dethridge, and Irina Dumitrescu. Accelerated label setting algorithms
for the elementary resource constrained shortest path problem. Oper. Res. Lett., 34(1):58-68,
2006. doi:10.1016/J.0RL.2004.11.011.

Claudio Contardo and Rafael Martinelli. A new exact algorithm for the multi-depot vehicle
routing problem under capacity and route length constraints. Discret. Optim., 12:129-146,
2014. doi:10.1016/J.DISOPT.2014.03.001.

Guy Desaulniers, Fausto Errico, Stefan Irnich, and Michael Schneider. Exact algorithms
for electric vehicle-routing problems with time windows. Oper. Res., 64(6):1388-1405, 2016.
doi:10.1287/0PRE.2016.1535.

Ece Naz Duman, Duygu Tas, and Biilent Catay. Branch-and-price-and-cut methods for the
electric vehicle routing problem with time windows. Int. J. Prod. Res., 60(17):5332-5353, 2022.
doi:10.1080/00207543.2021.1955995.

Jenny Enerbéck. A labelling algorithm for the resource constrained elementary shortest path
problem. Master Thesis, Linképing University, 2024. URL: urn:nbn:se:1liu:diva-205286.
Dominique Feillet, Pierre Dejax, Michel Gendreau, and Cyrille Gueguen. An exact algorithm
for the elementary shortest path problem with resource constraints: Application to some
vehicle routing problems. Networks, 44(3):216-229, 2004. doi:10.1002/NET.20033.

Stefan Irnich and Guy Desaulniers. Shortest path problems with resource constraints. In
Column generation, pages 33—65. Springer, 2005.

Edward Lam, Guy Desaulniers, and Peter J. Stuckey. Branch-and-cut-and-price for the
electric vehicle routing problem with time windows, piecewise-linear recharging and capacitated
recharging stations. Comput. Oper. Res., 145:105870, 2022. doi:10.1016/J.COR.2022.105870.
Alejandro Montoya, Christelle Guéret, Jorge E. Mendoza, and Juan G. Villegas. The electric
vehicle routing problem with nonlinear charging function. Transportation Research Part B:
Methodological, 103:87-110, 2017. doi:10.1016/j.trb.2017.02.004.

Diego Pecin, Artur Alves Pessoa, Marcus Poggi, and Eduardo Uchoa. Improved branch-
cut-and-price for capacitated vehicle routing. Math. Program. Comput., 9(1):61-100, 2017.
doi:10.1007/S12532-016-0108-8.

Rafael Martinelli Pinto. Exact algorithms for arc and node routing problems. These de
doctorat, Pontifcia Universidade Catélica do Rio de Janeiro, 2012.

Giovanni Righini and Matteo Salani. Symmetry helps: Bounded bi-directional dynamic
programming for the elementary shortest path problem with resource constraints. Discret.
Optim., 3(3):255-273, 2006. doi:10.1016/J.DISOPT.2006.05.007.

Michael Schneider, Andreas Stenger, and Dominik Goeke. The electric vehicle-routing problem
with time windows and recharging stations. Transp. Sci., 48(4):500-520, 2014. doi:10.1287/
TRSC.2013.0490.

Marius M. Solomon. Algorithms for the vehicle routing and scheduling problems with time
window constraints. Oper. Res., 35(2):254-265, 1987. doi:10.1287/0PRE.35.2.254.

Pretrial results

In Figure 2 we present the average computation time of instances in C'100 (¢101, ¢105, ¢106,
¢107, ¢108), RC'100 (rcl01, rc102, rcl05, rcl06, rc107) and R100 (r101, r105, 109) using
different starting thresholds of resource consumption for the two completion bounds.


https://doi.org/10.1287/OPRE.1110.0975
https://doi.org/10.1287/OPRE.1110.0975
https://arxiv.org/abs/1910.09812
https://doi.org/10.1016/J.ORL.2004.11.011
https://doi.org/10.1016/J.DISOPT.2014.03.001
https://doi.org/10.1287/OPRE.2016.1535
https://doi.org/10.1080/00207543.2021.1955995
urn:nbn:se:liu:diva-205286
https://doi.org/10.1002/NET.20033
https://doi.org/10.1016/J.COR.2022.105870
https://doi.org/10.1016/j.trb.2017.02.004
https://doi.org/10.1007/S12532-016-0108-8
https://doi.org/10.1016/J.DISOPT.2006.05.007
https://doi.org/10.1287/TRSC.2013.0490
https://doi.org/10.1287/TRSC.2013.0490
https://doi.org/10.1287/OPRE.35.2.254

J. Enerback, L. Eveborn, and E. Ronnberg

Figure 2 Average computation times using different bounding thresholds.
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B Results

We report results of each instance in Table 3—-Table 5, divided by the three simulated
column generation environments, solved using (7) no acceleration strategy, (i) ng-routes,
(#it) resource bounds + load-based completion bound, (iv) resource bounds + time-based
completion bound and (v): ng-routes + resource bounds + load-based completion bound +
time-based completion bound. For each instance and strategy we report the solving time
in seconds, and how many non-dominated labels were left at the end of the algorithm, in
thousands. We indicate for the results using ng-routes with a star which instances did not
have an elementary optimal solution. The ng-set size was set to 10, 15, and 20 for the
instance groups C'100, RC'100, and R100, respectively. The instances that could not be
solved within the 1-hour time limit are indicated with ’-’.
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Table 3 C100, RC100 and R100: basic version, ng-routes, completion bounds and ng-routes with

bounds. First simulated column generation environment.

basic ng-routes bound load bound time ng+bounds
Labels Time Labels Time Labels Time Labels Time Labels Time
cl01 10.57  0.72 13.64 1.06 7.02 0.38 6.64 0.26 6.91 0.33
c102 292.68 1639.79 61.19* 20.03* 257.23 828.44 153.99 156.62 41.22*%  7.04*
c103 - - 187.81 450.61 - - - - 122.50 81.83
c104 - - 300.45*% 1136.58* - - - - 237.44* 509.01*
cl05 13.75 1.22 16.81 1.49 11.00 0.76 7.28 0.38 8.65 0.42
cl06 2298  2.72 25.80 2.97 19.07 1.65 8.87 0.48 9.04 0.39
c107 16.64 1.76 19.37 2.21 14.03 1.20 8.73 0.54 10.00 0.57
cl08 32.11 5.03 34.28 4.65 27.84 3.05 1590 1.01 15.64 0.85
c109 70.44 21.13 58.71 12.37  63.35 11.06 39.55 3.57 29.65 2.34
rcl0l  9.92 0.23 16.29 0.70 6.19 0.15 5.42 0.13 7.46 0.19
rcl02 56.39  4.33  41.89*% 2.77* 4815 2.75 46.68 2.56 31.40*  1.33*
rcl03 331.06 182.51 124.35 24.99 277.25 94.08 257.62 74.68 100.38 10.83
rcl04 - - 232.14  93.65 - - 1013.24 2355.03 182.59 34.67
rcl05 32.25  1.67  42.00 3.69 26.43 1.08 25.69 1.03 29.92 1.34
rcl06 26.83 1.08 38.22 2.91 22.44 0.76 21.59 0.71 26.95 1.02
rcl07 128.75 18.88 12796 21.16 114.46 12.95 113.12 10.91 107.04 10.32
rcl08 284.19 100.13 223.03 72.62 254.82 62.64 250.77 52.10 190.37 33.86
r101  9.96 0.24 30.10 2.85 4.08 0.08 1.86 0.05 2.66 0.07
r102 268.04 455.46 192.05* 676.26* 187.85 152.03 165.44 105.60 89.49* 76.10%*
r103 - - 580.34* 3383.36* - - - - 375.53% 847.43*
r104 - - - - - - - - - -
rl05 32.35 2.15 79.55 26.84 13.14  0.50 8.39 0.32 10.85 0.51
r106 361.49 1957.72 258.61* 1365.62* 252.39 659.79 221.34 563.77 127.36*% 171.22*
r107 - - - - - - - - 250.37*% 1364.76*
r108 - - - - - - - - - -
r109 77.27 11.18 124.72 57.29 4536 3.40 28.16 2.07 35.72 3.38
r110 609.45 1034.56 454.91 773.58 528.69 620.33 388.87 423.37 284.19 241.75
r111 617.17 1218.69 408.33 996.71 538.91 709.02 398.09 509.14 268.08 323.70
rl12 - - - - - - - - 788.28 3323.50
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Table 4 C100, RC100 and R100: basic version, ng-routes, completion bounds and ng-routes with

bounds. Second simulated column generation environment.

basic ng-routes bound load bound time ng+bounds
Labels Time Labels Time  Labels Time Labels Time Labels  Time
cl01l  6.26 0.30 8.07 0.30 4.15 0.17 3.04 0.10 3.60 0.12
c102 262.03 993.25 41.29* 5.61* 232.83 516.59 129.38 64.23 22.86* 2.10%
c103 - - 129.01% 82.20%* - - - - 96.60%  26.76*
cl04 - - 133.37% 229.87* - - - - 104.75%  80.61*
cl05  9.80 0.58 12.32 0.67 7.69 0.41 5.69 0.22 6.75 0.25
c106 16.49 1.41 18.35 1.31 13.99 0.91 8.88 0.38 10.74 0.44
c107 10.33  0.78 12.41 0.81 8.78 0.58 6.56 0.32 7.36 0.34
cl08 23.15 2.71 24.61 2.18 20.09 1.70 13.79 0.79 15.04 0.78
cl09 46.66 10.22  36.66 5.27 43.07 6.25 32.68 2.81 26.32 2.00
rcl0l  9.22 0.25 14.67 0.63 4.92 0.13 4.04 0.12 5.29 0.16
rcl02 63.35 5.80  50.94 4.69 42.70 2.34  39.28 1.96 33.93 2.67
rcl03 233.18 97.14 135.98*% 28.09* 179.02 42.10 175.89 43.30 105.43* 13.47*
rcl04 - - 231.74  85.70 1254.22 2238.00 1077.48 1492.99 185.34 37.29
rcl05 23.85 0.89  33.49 1.98 18.26 0.54 17.52 0.53 21.51 0.73
rcl06 21.40 0.81 31.36 1.76 16.33 0.51 15.46 0.51  19.52 0.68
rcl07 78.47 8.19  88.11 11.74 68.98 524 67.85 4.96 71.19 5.23
rcl08 161.45 39.18 135.66 24.69  140.67 19.64 135.28 19.30 107.70 10.69
r101  5.49 0.11 14.35 0.65 3.24 0.07 1.94 0.05 2.73 0.07
r102 509.03 1610.95 264.09 672.55 415.35 873.40 341.72 54788 177.42 201.77
r103 - - 388.42* 1165.05* - - - - 219.83* 232.07*
r104 - - - - - - - - - -
r105 15.31 0.56 36.57 4.35 8.11 0.24 6.22 0.19 8.18 0.29
r106 - - 411.79*% 1755.61* - - 714.61 2795.80 289.07* 652.41%*
r107 - - 519.23*% 2438.46* - - - - 304.52*% 571.81*
r108 - - - - - - - - - -
r109 64.95 13.62 107.91  72.88 48.34 5.45 41.61 4.12 52.29 6.84
r110 379.97 612.04 335.82 628.84 332.98 317.98 290.90 200.27 237.60 146.19
r111 415.15 640.51 339.85 546.87 370.74 274.64 332.89 270.65 250.83 178.28
r112 - - 808.89*% 3512.37* - - - - 645.10% 1889.91*
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Table 5 C100, RC100 and R100: basic version, ng-routes, completion bounds and ng-routes with
bounds. Third simulated column generation environment.

basic ng-routes bound load bound time ng+bounds
Labels Time Labels Time Labels Time Labels Time  Labels Time
cl01 10.74  0.56 14.58 0.68 6.35 0.25 5.26 0.20 6.28 0.25
cl02 189.41 21256 43.98 4.73 158.19 126.25  89.23 18.95 23.85 1.50
c103 - - 145.53* 120.09* - - - - 88.56%  37.24*
cl04 - - 250.34* 347.26* - - - - 177.54* 130.94*
cl05 1492 0.81 19.44 1.11 11.21 0.53 7.25 0.28 8.65 0.31
cl06 24.54 1.81 28.38 2.02 20.27 1.25 10.23 0.42 9.86 0.41
c107 16.19 1.03 20.00 1.29 13.48 0.75 9.10 0.39 10.46 0.50
c108 33.56  4.07 35.73 3.97 28.20 2.55 15.52 0.84 13.28 0.58
cl09 67.46 17.71  54.62 9.49 59.27  12.37 36.37 3.24 22.81 1.65
rcl01 8.72 0.18 14.43 0.50 5.70 0.12 5.05 0.12 7.06 0.19
rcl02 81.43 10.20 42.28%  2.91* 69.06 6.66 65.75 6.87 31.21* 1.61*
rcl03 277.02 170.70 94.47* 11.93*% 228.45 118.19 213.85 102.08 69.46*  5.94*
rcl04 - - 202.47* 54.83* 1212.49 2985.51 1078.13 2329.54 169.58* 32.54*
rcl05 26.29 1.04 34.30 2.21 20.42 0.70 19.25 0.68 23.30 0.94
rcl06 23.22 0.75  31.87 1.56 1790  0.51 16.92 0.51 21.42 0.72
rcl07 105.39 10.72 110.37 13.92  90.57  8.16 87.71 7.46 88.95 8.26
rcl08 198.30 41.37 163.56  25.93 175.65 31.02  169.05 25.43 135.59 18.03
r101  8.48 0.28 22.52 2.25 3.79 0.09 1.50 0.05 2.01 0.07
r102 - - 235.24* 1178.80* 291.00 1939.15 193.89 891.05 117.96*% 266.17*
r103 - - - - - - - - 343.92* 3242.89*
r104 - - - - - - - - - -
r105 26.81 1.96 59.52 15.06 12.38 0.61 5.68 0.29 7.25 0.45
7106 - - 278.71% 1272.39* 332.47 2962.30 217.65 1046.66 134.17* 244.67*
r107 - - - - - - - - 284.58* 2133.11%*
r108 - - - - - - - - - -
r109 82.11 32.52 129.89 196.64 51.20 11.44 26.56 4.59 36.29 9.02
r110 653.41 1482.01 456.48 1007.39 563.37 1211.10 400.06 791.16 260.14 332.05
r111 848.99 3269.41 615.19 3239.52 730.46 2548.20 481.84 1353.81 376.60 1195.76

rl12
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1 Introduction

Out of the many interacting pieces of public transportation services, a key determinant in
the puzzle is the timetable. This is an omnipresent yet flexible concern in the operators’
minds [3], as well as one of the data of most interest to passengers [14]. These are but two
of the reasons for which timetabling and in particular periodic timetabling has received
substantial attention in the past. The modeling framework of the Periodic Event Scheduling
Problem (PESP) was initially formulated by Serafini and Ukovich [16], quickly found to
have rich and interesting underlying structures [1, 9, 12, 13], and studied ever since, also in
integration with various other problems, such as [5, 10, 11, 15, 17].

Of special interest in this work is the question of solving PESP while making sure that
the produced timetable accounts for various infrastructural constraints of high practical
interest in railway operations, involving safety of operations and physical occupation of
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tracks. In particular, we focus on what is called track occupation problem in [11], which
entails ensuring that no two vehicles are ever scheduled to occupy the same point in time
and space. This is of particular interest, for example, when planning dwelling activities of
trains at the same platform. The need to respect a given association of the activities to be
scheduled to infrastructure elements led to Infrastructure-Aware PESP (IPESP), which can
be formulated as a mixed-integer linear program, by using well-known PESP constraints as
foundation [2, 11].

We present two main contributions: At first, we generalize IPESP to Infrastructure-Aware
PESP with Assignment (IPESPA), by integrating the assignment of activities to infrastructure
elements into the periodic timetabling problem. We show that such an assignment can always
be made periodic, without impact on the timetable, and highlight how it can be advantageous
for the period of such an infrastructure assignment to be larger than the one of the timetable,
with an elucidatory example. We then also present a mixed-integer programming formulation
for IPESPA, that generalizes the so-called QO-constraints of [11].

The setting above is for the general case, in which we allow any map of activities to
sets of infrastructure elements. In a second step, we then restrict our inquiry to a more
common and practical use-case, where multiple infrastructure elements can be considered
as equivalent. We then assume that activities can only be assigned to one element, but
this element is allowed to have a capacity larger than one. For example, the two sides of a
platform are oftentimes equivalent options to choose, and we might consider such a platform
as an element with capacity two. The main achievement is a mixed-integer programming
formulation for this Infrastructure-Aware PESP with Capacities (IPESPC), a model much
more compact than the IPESPA model, based on matchings in certain auxiliary bipartite
graphs. Finally, this allows us also to derive two new alternative mixed-integer programming
formulations for standard IPESP, i.e., IPESPC with unit capacities, beyond those of [2, 11].

We compare our new formulations on three realistic instances, both in the case of unit
and larger capacities, and demonstrate their computational feasibility and practical benefit.

Section 2 recalls the Periodic Event Scheduling Problem and its infrastructure-aware
extension IPESP. Section 3 introduces IPESPA, discusses the theory of general infrastructure
assignments, and presents a mixed-integer programming formulation. In Section 4, we
restrict to IPESPC and present a matching-based MIP model, along with the resulting new
formulations for IPESP. We evaluate the computational power of our models in Section 5,
before concluding the paper in Section 6.

The present work is a direct consequence of the fruitful connections and conversations
that were had during ATMOS 2023 [4], and we thereby thank the organizing committee for
fostering the transport optimization community.

2 Periodic Event Scheduling and Infrastructure Awareness

The Periodic Event Scheduling Problem (PESP) is the standard model to compute and
optimize timetables for public transport. It is formulated as follows.

» Definition 1 ([16]). Consider a directed graph G with vertex set V(G) and arc set A(G),
together with T € N, vectors £,u € RS9 | and w € Rééc). The Periodic Event Scheduling
Problem (PESP) is to find vectors m € RV() and x € RAE) such that

a) mj —m =z,mod T for all a = (i,7) € A(G),

b) ¢ <z <u,

c) w'x is minimum,

or to decide that no such ™ and x exist.
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In public transportation practice the directed graph G is oftentimes a so called event-activity
network. There nodes V(G) are the events, typically arrival or departure events, whereas
arcs A(G) are the activities, typically driving from a departure to an arrival, or dwelling
from an arrival to a departure. The number T € N is the period time, and determines
after how long each event should repeat. Then the vectors = and x sought by PESP are
called periodic timetable and periodic tension, respectively, where the former represents
T-periodic timestamps denoting at which point of each period each event should occur, and
the latter instead denotes the duration of the activities in-between events. PESP instances
are commonly denoted as (G, T, ¢, u,w).

Note that the simultaneous use of timetable and tension variables is primarily for ease
of expression, since one can always be recovered from the other. In fact, given a periodic
timetable 7, a corresponding tension is quickly found by setting x, = [m; — m; — lo]7 + lq

for every a = (i,7) € A(G), where [-]7 denotes the modulo T operator with values in [0,T).

Likewise, given a periodic tension, a corresponding timetable is quickly found by a connected
graph traversal [7, Theorem 9.8].

For in-depth analysis of the many properties of PESP, we refer to the literature, starting
with [8]. Multiple mixed-integer program formulations for PESP are known [7]. For simplicity,
here we choose the standard formulation [16], which models PESP by linearizing the modulo
constraints by use of auxiliary integer variables p;;, called periodic offsets:

min Z Wi T (1a)
(1,5)€A(G)
st. mj—mi+Tpy; =5 Y(i,j) € A(G), (
0<m<T VieV(Q), (
iy S wij <wuyy V(i j) € AG), (1d
pij €Z  Y(i,j) € A(G). (

Now we continue with the basic extension of PESP with infrastructure awareness, as
per [2]. First of all we define an infrastructure map n: A — E, mapping certain arcs
A C A(G) to a set of infrastructure elements E. This map encodes an assignment of
activities to infrastructure, implying where those activities will physically take place within
the network. We denote A, := n~1(e), for e € E. For each infrastructure element we also
have a minimum headway time h € RE,, indicating how long this element needs to be
unoccupied between uses of different vehicles. As in [2], we assume that for each e € F either
he >0 or £, > 0 for all a € A, to avoid pathological cases.

Counsidering then arcs ay = (i1,J1) and as = (i2,72) in A, and such that a; # as and
n(a1) = n(az), we say that a; does not h-overlap as if it holds that

[7‘(’1‘2 - ﬂ-il]T > ZTa;, + he. (2)

The constraint (2) is called QO0-constraint in [11], but there is also another possible equivalent
formulation, namely the Q4-constraint (“butterfly constraint”). These entail, for each pair of
arcs a1 and ag as above, the addition of auxiliary arcs (j1,42) and (jo,41) with lower bound
he and upper bound T — h., and then imposing total tension exactly equal to T along the
4-cycle q(a1,a2) == (i1, 71,92, j2,%1). That is,

> =T (3)
a€q(ai,az)

Then (3) holds for g(a1,ag) if and only if a1 and az do not h-overlap each other [11].
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0 T 2T
Platform 1 al ai
Plutorn
Platform 3 a3 as as

(a) T-periodic platform assignment with 3 platforms.
0 T 2T

Platform 1 a as
Platform 2 @3 a as

(b) 2T-periodic platform assignment with 2 platforms.

Figure 1 Two platform assignments of the same three activities.

We say that a set S C A is h-conflict-free if no arc in S h-overlaps another, and
furthermore z, + h, < T foralle € F and alla € SN A..

» Definition 2 ([2]). Let (G, T, ¢, u,w) be a PESP instance, letn: A — E be an infrastructure
map, and let h € RE . The Infrastructure-Aware PESP (IPESP) is to find a solution (m,x)
to PESP on (G, T, Z,um}) such that A is h-conflict-free and the solution is optimal, or to
decide that no such solution exists.

The PESP mixed-integer program (1), together with either all necessary QO-constraints (2)
or Q4-constraints (3), solves Infrastructure-Aware PESP.

This extended form of PESP implicitly assumes two rather strict properties. Firstly, the
map 7 is, by definition, mapping each arc in A to a single e € F, thereby presuming that
such an infrastructure assignment has already been fixed. This implies that every activity
must repeat every period always on the same infrastructure. However common, this need
not be the case, and as we will see in the next section, it shall not.

3  General Infrastructure Awareness with Flexible Infrastructure Maps
Let us begin by considering the following illustrative example, motivating our work.

» Example 3. Consider an IPESP situation where we have T' = 30 minutes, and three
dwelling activities ar = (ig,jx) for k € {1,2,3}. Suppose further that there are three
platforms eq, es, e3 with n(ay) = ey, for all k € {1,2,3}, without headway requirements. Let
™, = 0, my, = 10, m;, = 20, and 7;, = 20, 7;, = 0, 7;, = 10, meaning that each dwelling
activity is scheduled for 20 min. In Figure la, we see how this would play out. Crucially,
this leaves each platform unoccupied for 10 minutes per period of 30 minutes.

Suppose we were now to allow all activities to be assigned to either platform, and possibly
to different platforms at different periodic repetitions. Then, the configuration of Figure 1b
would be possible. With the same timetable as before, only two platforms are required now.
This enables a more efficient use of the existing infrastructure.

Moreover, IPESP always assumes that no infrastructure element can be occupied for
longer than T'. This might however be practically necessary, e.g., due to regulations on
minimum turnaround times.
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3.1 Problem Definition and Periodizability of Assignments

We now present the tools to do timetabling while ensuring efficient use of the underlying
infrastructure. Consider the flexible infrastructure map n: A — £ C 2¥, and so having the
option to choose where to have activities occur. Given a periodic timetable 7 and tension x
on a PESP instance (G, T, ¢, u,w), we call

I:= {]ék) ‘aeA,kEZ} (4)

the realisation of (m,x), where I = [m; + kT, m; + kT + x;5] for k € Z and a = (¢, j) € A.
Now, an infrastructure assignment is any map v: Z — E, and we say it is valid if we have
that v (Lgk)> € n(a) for all Lgk) € Z. Furthermore, for a given infrastructure assignment v

and an infrastructure element e € E we define
I, = {[m + KT, m + kT + x5 + he) | VI € T: v (Iék)> = e} ) (5)

and we say v is h-conflict-free if the intervals in Z, are pairwise disjoint for every e € E.
It now comes natural to formulate the following.

» Definition 4. Let (G, T,¢,u,w) be a PESP instance and n: A — & C 2F an infrastructure
map, and let h € RE . The Infrastructure-Aware PESP with Assignment (IPESPA) is to
find a solution (77,3;) to PESP on (G,T,¢,u,w), together with a valid and h-conflict-free
infrastructure assignment v, such that the solution is optimal, or to decide that no such
solution exists.

It is clear that were 7 not to be actually flexible, meaning |n(a)| = 1 for every a € A, then
we would fall back into Definition 2 by fixing the only possible assignment y(],gk)) = 1(a) for
all intervals in the realisation. Otherwise, this problem formulation allows for full flexibility
in the choice of infrastructure, which can change after any periodic repetition, within the
limits of n. This lack of structure and predictability may seem to be an issue of design, since
the solutions could even become indescribable in finite terms. Thankfully, this will turn out
not to be an issue. We say an infrastructure assignment v is w-periodic, for some w € N, if

v(IF)) = p(IF) 4+ wT), (6)

for every L(lk) € Z. In such a case, we call w the infrastructural period of the assignment. As
it turns out, we are always able to restrict to such repeating patterns without losing any
underlying PESP solution.

» Theorem 5. Consider an instance (G, T, !, u,w) of IPESPA withn: A — & C2F, and a
solution (7, x) together with a valid and h-conflict-free infrastructure assignment v. Then,
there exist w € N, with w < |E|P!, and a valid and h-conflict-free infrastructure assignment
o such that o is w-periodic.

Proof. Let us consider Z for the above instance and solution. All activities have a single
representative interval in Z whose lower bound is in [pT,pT + T'), with p € Z. This set of
representatives, which we denote by F,,, is finite. Even more so, considering for each e € £
the one interval in F), that is v-assigned to e and with the minimum lower bound, there are
at most | E| such leading intervals. There are at most |F|/Zl ways to assign these intervals,
and so there exists a p’ € Z such that p — |E|IFl < p/ < p+ |E|'Pl, and such that vE,
mirrors v|x, on all the leading intervals of F,. By that, mirroring the whole of v|z, on F
can be done without h-conflict. Then, without loss of generality, we assume that p < p’, and

4:5
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set w = p’ — p. By construction w < |E|‘E |, and we can construct a valid, h-conflict-free,
and w-periodic infrastructure assignment o by setting

o (1) = v (1tr). (7)
L |

The theorem ensures that IPESPA can be solved by restricting to periodic assignments,
whose maximum period is bounded by the instance. Note that the bound on w can be
significantly improved if all headways are the same, i.e., h, = h. for any e,e’ € E. In that
case, much along the lines of [6, Theorem 3.1], the bound becomes w < |E|!.

3.2 Pattern Functions and Conflict-Freeness

We will now construct a finitely described object from which a periodic infrastructure
assignment can be derived, and conclude this chapter by showing how to use said object to
formulate IPESPA as a mixed-integer program. As in Definition 4 we have a PESP instance,
an infrastructure map, and a vector of headways. Choosing some maximum infrastructural
period M € N+, we construct a pattern function H: A — P, that assigns to each arc in .4
a pattern in

P=|JE ={(e1,...,e;) | e1,...,e; € E and i divides M} . (8)
i|M

A pattern function is said to be valid if every image #(a) only contains elements of n(a). The
prescribed pattern is intended to be repeated ad infinitum. A corresponding infrastructure
assignment v is quickly extracted from a pattern function #, by setting

Vi (I;’C)) = H(a)yy,, Va€AVkeLZ, (9)

where m,, is the length of #H(a), i.e., the number of entries. So constructed, v is periodic, of
period at most M. Note that the choice of M is up to the planner and the model becomes
more flexible the more M is divisible.

» Example 6. Let us consider again Example 3 in the case where we allow to assign each
activity to each platform, i.e., n(ax) = {e1,es} for all k € {1,2,3}. The valid pattern
function associated to the infrastructure assignment in Figure 1b is given by H(a;) =
H(as) = (e1,e2), H(az) = (e2,e1), so that my, = Mg, = Mg, = 2.

We can now use pattern functions to formulate linear modulo constraints, that generalize
the QO-constraints as presented in (2).

» Theorem 7. Consider a PESP instance (G,T,¢,u,w), an infrastructure map n: A —
£ C 28, headways h € REO, and some PESP solution (m,x). Let H be a pattern function,
and denote by mq the length of the pattern H(a). Then, the infrastructure assignment vy is
h-conflict-free if and only if:

(a) For every arc a € A and infrastructure element e € H(a), we have

Tq +he <m,T. (10)
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(b) For every ay,as € A, with a; = (i1,51) and as = (i2,]2), with images under H both
containing the same infrastructure element e at indices p1 and ps respectively, such that
either a1 # as or p1 # pa, we have

[Ty + (D2 4+ kama,) T — w5, — (p1 + kima, ) T),p = Tay + he,
11
Vkle{o,..., mn —1},k2€{0,..., n —1}, (1)

ma1 maQ

where m == lem(mg, , My, ), and the indexing of the patterns starts at 0.

Proof. (= ): If (a) is violated, then vy (LS”)) =e=uvy <I§p+m“)>, for p the index of e in
H(a). Then we find in Z, the intervals
[mi + pT, m; + pT + x;5 + he) and
[7Ti + (p + ma)T7 Uy + (p + ma)T + xij + he);

which intersect, since m; + pT' + ;5 + he > 7 + pT' + m,T.

Suppose instead (a) holds, and (b) is violated, for some k1 € {0,...,M/m,, — 1} and
(p1+kima,)
Io, !

(12)

ks €{0,...,m/m,, — 1}. By construction in (9), note that the images under vy of
and L(f;ﬁkzm“?) are both e, in fact for any integral k; and ko. Since m, € [0,T) for every
v € V(G), we have that

[ﬂifz + (p2 + k2ma2) T—my — (pl + klmal)T]mT < Zqy + he, (13)

and by construction the content of the modulo operator is either already in [0, mT), or it is
in [-mT,0). If it is non-negative, we find in Z, the intervals

[7Ti1 + (pl + klmal)Tv Ty + (pl + klmal)T + Lay + he) and
[Ti, + (D2 + kama, )T, 73y, + (D2 + ko, )T + x4, + he),

and they intersect. If instead the content is negative, then the modulo operator will add mT,
and we find in Z, the intervals

[miy + (p1 + k1ma, )T, iy + (p1 + kima, )T + 24, + he) and
[7Ti2 + (p2 + kaa2 + m)Tv Ty + (p2 + k2ma2 + m)T + Lay + he)v

(14)

(15)

and they intersect.
( <= ): Suppose now that vz is not h-conflict-free. There is then an element e € E such
that the set Z. contains two intersecting intervals. Let these be Iéfl) and ngz), and without

loss of generality let us assume that min I,EZZ) IS Lgfl). We then have that

0<mi, + 8T — 7, —51T < oy — he <M, T, (16)

11

where the last inequality holds if (a) does. Then, since m,, T < mT, the [-],,r operator is
freely applied, and we have [m;, + s9T — 7, — 517T],,7 < %q, +he. For both intervals, another
way to write s; is as p; + kimg, + Bim, with integral 5; and minimal positive integral k;,
by which we have [7;, + (p2 + kama, + Bom)T — 7, — (p1 + kima, + Bim)T,1 < Ta, + he.
Then, the two summands SemT and S1mT can be deleted since they do not affect the modulo
operation, and we have found a violation of (b). <

» Remark 8. In the IPESP case, i.e., |n(a)| =1 for all a € A, all patterns H, have length
mg = 1, so that m = 1. Theorem 7 then states that an infrastructure assignment is h-
conflict-free if and only if z, + h, < T for all e € F and a € A, and the Q0-constraint (2)
holds for all pairs of distinct arcs assigned to the same infrastructure element. Indeed, this
was our definition of h-conflict-freeness in Section 2. In general, the constraints (11) can be
interpreted as QO-constraints that implicitly capture a time expansion up to period mT.

4:7
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ai

u VAN

a2 az az

Figure 2 Two time expansions over 10 periods, with occurrences of two activities, a1 and as,
with different pattern lengths. Each arc symbolizes one constraint like (19). Only those highlighted
in black are needed in case there were upper bounds uq;, ey < 7T

3.3 A MIP Formulation for IPESPA

We now want to use the platforming period bound of Theorem 5 and the inequalities
of Theorem 7 to extend the PESP mixed-integer program (1) to IPESPA. We model a
pattern function H by introducing binary variables 7, for all possible a € A and images
peEP= UHM E', whenever p is valid for a, i.e., all entries of p are in n(a). By the bound
expressed in Theorem 5 we can choose a finite but sufficiently large M, thereby having
finitely many variables 7,,. Exactly one pattern has to be activated for each arc, which we
express by

Z Tap = 1, Va € A. (17)

pEP

We include the inequalities (10), but only activate them if relevant, by having

ZTo + max he <moT + (1 — 74p)B, (18)
for every variable 7,,. Here max.c, h. and m, are scalars, determined by the pattern p, and
B := max,c 4 u, + max.cp he is a scalar globally determined by the instance itself. This
way, if H(a) = p, then (18) is effective, but otherwise it is trivially satisfied.

To linearize the modulo operation in (11) we also introduce binary variables s,, ,,. These
are analogous to the periodic offsets p;; (le) and can indeed be restricted to {0, 1}, as in this
case the modulo operator is applied to a number in [—mT, mT). Activating the constraint if
and only if both patterns p; and py are selected, we have

Tig +(p2 + kaaz) Tﬁﬂil - (pl + klmal) T+mT$P1P2 2 Tay +h67(277—a101 7Ta2pz)Ba (19>

for every pair of arcs aj,as € A, respectively with H-images p1, p2, of lengths mg,, ma,,
both containing e € E at indices p1,p2 (0-indexed), for every k1 € {0,...,™/m., — 1} and
k2 € {0,...,m/m., — 1}, and where m = lem(myg, , Mg, ). Note that p;, mg,, m, and he, here
are all scalars, determined by p; and ps.

» Example 9. For an illustration of which constraints (19) are applied, we refer to Figure 2.
There we have two activities a; and as, assignable to the same infrastructure element, with
p1 =2, my =5, and py =0, mo = 2. Each arc symbolizes one constraint like (19), of which
there is two per pairing, i.e., 20 in total. However, in many cases, if ps +komg, —p1 —kimq, >
[(uay +he) /7], then (11) is always satisfied, and we can exclude it a priori. This means that,
depending on the PESP upper bounds, a significant drop in the number of constraints is
possible. The bold arcs in Figure 2 are the 4 constraints that would be kept if we had, for
instance, Uq,, Ug, < T
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Including in a PESP mixed-integer program such as (1) these two types of binary variables
Tap and s, ,,, together with (17), (18), and (19), yields a mixed-integer program formulation
for IPESPA. In (20) we can see it in full.

min Z Waly (20a)

acA(G)

s.t. (m,z) solves PESP on G, (20b)
Z Tap = 1 Ya € ./4, (20(3)
peEP

Va € A and
Zq +max he <mgT + (1 —74,)B (20d)
e€p V valid p € P,
Tig + (pQ + kZma2) T
Tay + he
—1i, — (p1+ kime, )T | > ( ) Yaq,az s.t. (%), (20e)
_(2_7—@1/)1 - Ta2P2)B
+mT8P102
Va € A and
Tap € {0,1} (20f)
Y valid p € P,
Sp1p2 € {07 1} VPlvPZ S pa (2Og)

where by (x) we mean the conditions of (19).

This formulation allows for a great degree of flexibility, giving practitioners a direct
handle on the maximum infrastructural period M. In fact, although fixing M to the bound
proven in Theorem 5 ensures that no PESP solution is excluded, it is entirely possible that
in a practical setting one would want to limit it further, so as to bound the complexity of
the infrastructural assignment. To that same purpose, the formulation also allows to forcibly
forbid individual patterns if desired.

4 Partitionable Infrastructure Maps

In practice, the infrastructure map n: A — &£ is oftentimes not completely flexible, as shown
in Figure 3a, but instead comes with additional structure. Of particular interest is the
case illustrated in Figure 3b, where £ is a partition of all infrastructure elements, i.e., the
infrastructure elements are all grouped and every activity can be freely assigned to all
elements in one of such groups. An omnipresent example is a station with two platforms that
serves lines in two directions, with the lines in each direction having a dedicated platform. It
turns out that when 7 is partitionable, the IPESPA boils down to a rather compact form.

(a) Non-partitionable 7. (b) Partitionable 7.

Figure 3 Two infrastructure maps for an instance with six activities and four infrastructure
elements.

ATMOS 2024
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Formally, we define the following variant of the IPESPA.

» Definition 10. Let (G, T,¢,u,w) be a PESP instance and n: A — £ an infrastructure
map, where & is a partition of E. The Infrastructure-Aware PESP with Capacities (IPESPC)
is to find a solution (w,x) to PESP on (G, T, ¢, u,w), together with a valid and conflict-free
platform assignment v, such that the solution is optimal, or to decide that no such solution
exists.

Alternatively, IPESPC is equivalent to IPESP with the additional feature that every e € E
has now a capacity k. € N. In other words, e € E no longer corresponds to a single
infrastructure element, but to a group of k. equivalent elements. For ease of exposition, we
stick to this perspective going forward.

We use a matching-based approach to solve IPESPC. To this end, we expand G with
auxiliary arcs between activities that can use the same group of infrastructure elements.
Formally, let G’ be the graph arising from G by adding for each e € E and a1 = (i1, J1),a2 =
(i2,72) € A. a new arc « from j; to ia. We refer to « as the auxiliary arc from a; to as,
and much like the headway arcs al used in [2] and in the Q4 butterfly constraints (3), we
set Ly = he, Ug =T — he, Wy = 0if a1 # a9, and £, = he,uq = T, w, = 0 in the case
a1 = ay. Let A’ denote the set of all auxiliary arcs, let A’ denote all auxiliary arcs associated
to e, and let G%, be the subgraph of G’ on the arcs in AL. For S C V(G) x V(G), we will use
the notation G[S] for the graph (V(G), A(G) U S), so that, e.g., G = G[A']. The following
theorem compactly characterizes when a PESP solution admits a feasible infrastructure
assignment in the context of IPESPC:

» Theorem 11. Consider a PESP instance (G,T,{,u,w), the expanded graph G', a par-
titionable infrastructure map n: A — &, headways h € Rgo, capacities k € N¥, and some
PESP solution (w,x) on G. Then, there exists a valid and h-conflict-free infrastructure
assignment v if and only if for each e € E there exists a perfect matching M., C A, of G.,
and (m,x) can be extended to a PESP solution on G[M.] such that

> zat Y wa < kT (21)

a€A. aeM,

Proof. First, assume that there exist perfect matchings M/, of G/, satisfying (21) for all
e € E. The matching M/, together with the arcs A, forms a set of disjoint directed cycles,
where every cycle consists of arcs that alternatingly belong to A, and A..

Let then Cf,C3,...,C},  denote the cycles corresponding to e € E, and define p§ =
% Za60§ z, for j = 1,...,m.. Because the timetable (m,z) is feasible on G[M(], p§ is
integer by the cycle periodicity property [7, Lemma 6.39]. Since it holds that

ip§=%izxa=% S wat Y wa | ke (22)
j=1

j=la€cCy ac€A. aceM!

it suffices to show that just the activities appearing in C} can be assigned on a group of
capacity pj. The total tension along the cycle is p$T', so in a pT-periodic schedule it is
straightforward to fit all the activities in Cf N A, simply following the order in which they
appear through the cycle and with timestamps agreeing with 7 modulo 7. Then, having an
available capacity of p§, that schedule can be repeated over each of the p§ equivalent elements,
each time shifted forward by T. This construction implies adherence to the T-periodic
timetable 7, and a pT-periodic infrastructure assignment, valid since each n(C5 NA) = e,

and h-conflict-free by the bounds on the auxiliary arcs.
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Suppose the contrary instead, that no perfect matching in A/, respects (21). Notice how,
given that 7 is fixed and the headway h. is the same on all elements in the group e, we can
without loss of generality lengthen all activities in A, by h. and then assume that the new

minimum headway is 0 instead. Now, let M* be a minimum tension perfect matching in GZ.

We then have that for some e € E there is an integer K. > k. such that

S et Y wa=KT > kT. (23)

acA. aeM*

Now, for t € [0,T) and S C A, U AL, let the inventory function I.(t,S) denote the number
of h-overlapping activities in S at time ¢. By (23) we have that I.(t, A, U M*) = K, for
all t € [0,T"). Moreover, since M* is a minimum tension perfect matching, then there is a
t* € [0,T) such that I.(t*, M*) = 0. That is because if M* = {(e1, f1),..., (em, fm)} Was
h-overlapping everywhere instead, then without loss of generality we can assume that the
timestamps would be

Tey < Ty <Tey <Tpy < oo < Tepp < Tf (24)

where a shorter matching is immediately apparent, negating the minimality of M*. See
[17, Lemma 3] for further details. By the above, we then have that I.(t*, A.) = L.(t*, A. U
M) = L (t*, M*) = K. > k., implying there are more simultaneous activities than there is
infrastructure capacity to host them. In particular, there is no h-conflict-free infrastructure
assignment. <

. Tj i =10 .
1] e 1

(D)

. Ljz,iz = 10 X
13 & J3

(a) Matching corresponding to Figure 1la. (b) Matching corresponding to Figure 1b.

Figure 4 The two matchings corresponding to Example 3.

» Example 12. We illustrate on the basis of Example 3 how matchings relate to infrastructure
assignments in Figure 4. In the IPESPA situation of Figure la, we have three infrastructure
elements eq, es, e3 of capacity one each. For each element e, the matching in Figure 4a
creates a directed cycle of tension 1-7T = 30 containing the dwelling activity ax = (ix, jx)
and the auxiliary arc (jg,ix). Figure 1b is an IPESPC situation with one infrastructure
element e. Here, the matching in Figure 4b induces a directed cycle of tension 2 - T = 60, we
hence use a capacity of two. The cycle encodes that each platform is used by a1, as,as in
this cyclic order.
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Theorem 11 allows formulating IPESPC very compactly compared to IPESPA. Introducing
matching variables as binary decision variables y, for all a € A’, we have the following MIP:

min Z Walq (25a)

a€A(Q)
s.t. (m,z) solves PESP on G, (25b)
Z Yo =1 Ve € E,Y(i,j) € Ae, (25¢)

aeégé ()
Y pa=1 Ve € E,Y(i,7) € Ae, (25d)

aeag,e (4)
Z Tq + Z TolYa < kT Ve e E, (25e)

a€A. acAl

Ty — M +1Tpy = 4 Va = (i,j) € A, (25f)
laYa < Ta < UalYa + (T —1)(1 —ya) Va €A, (25g)
ya € {0,1} Va e A'. (25h)

Constraints (25¢) and (25d) define a unique predecessor and successor for each activity by
requiring that y corresponds to a perfect matching M’ in A, for each e € E. Constraints
(25e) ensure that the total time of the activities scheduled on a platform group and the
selected auxiliary activities is at most the total available time on that platform group. These
constraints can be linearized by introducing for each a € A’ a real variable z,, with bounds
0 < 2z, < ug, and constrained as x, — (1 — Yo )ugq < 24 < 24, so that it is equal to the product
ZaYa- The constraints (25f) tie the tensions z, on the auxiliary activities a € A’ to the
timetable 7. Finally, (25g) ensures that those tensions adhere to their bounds when they are
part of the selected matching, and impose no restrictions otherwise.

There is a clear resemblance between (25) and the formulation [17] proposes for jointly
optimizing a periodic timetable and vehicle circulation. This is no coincidence: as long as
the corresponding mapping from activities to resources is a partition, any resource schedule
associated to a periodic timetable can be described by a matching. In [17] the resources are
vehicles, whereas in the present paper infrastructure elements, e.g., platforms. It immediately
follows that the results established in [17] carry over to our setting. Most notably, given
a feasible timetable, a greedy algorithm can actually be used to find an infrastructure
assignment with the minimum number of required infrastructure elements.

For groups consisting of a single element, i.e., k. = 1, the matching formulation can be
enhanced using the surprising insight that in this case it is not necessary to compute the
matching explicitly. We have the following theorem:

» Theorem 13. Suppose k. = 1 and let (mw,z) be a PESP solution on G. Then A, is
h-conflict-free if and only if (7, x) extends to a PESP solution on G, such that

S wa+ |A|Z |A|+1 (26)

a€A, ac A/,

Proof. Suppose that A, is h-conflict-free. This means that for any as = (is, js), ar = (it, ji) €
Ae with as # a; the Q4-constraints (3) must hold, namely

Ty, g, vy g, F g, vy, =T, (27)

Jsytt

where we use the notation z/, :== [1; — m; — £,]; + {4 to indicate tensions on an auxiliary arc

a= (Zv.])
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Let q(as,at) denote the butterfly-shaped 4-cycle given by (is, js, i, j¢,is). There are
Z‘A 715 = | Ac|(JAe| — 1)/2 many such butterfly cycles, each auxiliary arc (j, ;) € A, with

s # t is in exactly one such cycle, while each arc (is, js) € A, is in |A4¢| — 1 many of them.

Moreover, there are exactly |A.| auxiliary arcs of the form (js,is), for which holds that

he < @, j, + ;. < 2T — he, (28)
since he < 2, < T and h-conflict freeness implies x;, ;, < T — he. Due to the cycle
periodicity property,

xlsds + xjs,ls = T7 (29)

unless . = 0, but then we can subtract T" from z’;_,
(m,z) on G..

Summing up over all butterfly constraints (27) for each pair of activities and all the
self-cycles (29) of each activity in A, we obtain

=T and maintain the feasibility of

[Ael
|A ‘Zx“ i + Z (|A ‘ |“4 | ) + Ae|)T ‘Ae|(‘Ae|+1)T (30)

2
ac Al

For the other direction, suppose that A, is not h-conflict free, but (7, ) extends to PESP
solution on G7. Then one of (27) or (29) must be violated. Let ¢(as,a:) be a butterfly cycle
with as = (is,7s) and a; = (44, j¢). Then

Ti, g+ a2 >l g+, g, +2he >0 (31)

Jsstt Jtls

since we assumed that at least lower bounds or minimum headway times are positive. Due
to the cycle periodicity property of periodic timetables,

+ Ziy 5, + ah i >T. (32)

Tig g, t x Jtris =

Jsyit

Moreover, considering the cycles comprised of (is, js) € A, and the auxiliary arc (js,15) € AL,

we have

xi, g, 2y i >l g+ he >0, (33)
so that

x5, +ay, . > T (34)

Therefore, if one of (27) or (29) is violated, we must have a strict inequality in (32) or (34).

Taking the sum,

[Acl
|A‘Zx“7]§+zz >(|A|A|)+Ae|>TA@|(“;G|+1)T’ (35)
acAl
0 (26) cannot hold. <

A direct implication of Theorem 13 is a new formulation for IPESP, provided that all
infrastructure elements have unit capacities:

min Z Walq (36a)

a€A(G)
s.t. (m,x) solves PESP  on G, (36Db)
1
> aa+ > _ A |+ Y T VeeE. (36¢)
a€A. “A | a€A]
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In contrast to the original formulation proposed in [2] and to the matching approach (25),
formulation (36) introduces neither additional integer variables nor quadratic terms.

5 Experiments

In the sequel, we will evaluate different formulations for IPESP and IPESPC on a set of
realistic instances. We omit the IPESPA model, as for our datasets there hardly is added
value compared to IPESPC. We use Gurobi 11 as a MIP solver on an Intel Xeon E3-1270
3.80 GHz CPU with 32 GB RAM.

5.1 Instances

We evaluate our models on instances we constructed based on publicly available timetable
information, platform usage, and track data. Additionally, some track information was
provided to us by DB InfraGO AG. The instances are:
S-Bahn, the full network of S-Bahn Berlin, a suburban commuter rail network with 16
lines. On several sections, there are as much as 7 trains per track and direction within
the period time of 20 minutes. Our IPESP instance is based on the annual timetable,
assuming fixed driving times, but flexible dwelling and turnaround times. However, there
are several places in the network where multiple platforms are available, and this builds
our corresponding IPESPC instance.
Tram, the full tram network of Berlin, comprising 22 lines operated with a period
time of 20 minutes, with frequencies ranging between 1 and 6. The difficulty here
does not lie in associating driving and dwelling times, which are fixed, but in fulfilling
synchronization constraints and deciding infrastructure assignments at the terminal
stations: The turnaround times are flexible and capacities in the turning loops are scarce.
This is inherently an IPESPC instance, that, in fact, cannot be transformed into a feasible
IPESP instance, since all T-periodic assignments are infeasible.
Corridor, the central longitudinal railway corridor of regional and long-distance trains
in Berlin, as well as a subsection of it, from Ostkreuz to Friedrichstrafle, which we denote
as ShortCorridor. Many stations have multiple platforms, and the trains have different
stopping patterns. The period time is 60 minutes, driving, dwelling, and turnaround
times are all variable. This, too, is inherently an IPESPC instance, from which we created
an IPESP instance based on the annual timetable.
We use only a simple objective function for the timetabling part: Driving and dwelling
activities are weighted by 2, turnarounds by 1, and all other arcs by 0. Additionally, note that
we do not include any transfer arcs, in part because we have no data available regarding the
flow of passengers, and in part because the scope of this work rather focuses on operational
capabilities instead.

5.2 IPESP Experiments

For the unit capacity case of IPESP, we have now several formulations at hand: The Q4
butterfly constraints (3), the matching model (25), and the special formulation (36). We
test these formulations and their combinations on the S-Bahn and Corridor instance, with
a wall time limit of one hour. We further include versions where the matching variables y
are relaxed to be continuous. Our results are collected in Table 1.

On S-Bahn, not all formulations found a solution, but those that did also managed to
prove optimality within the time limit. All such formulations contain the Q4 butterfly
constraints (3), and none of them use binary matching variables. The combination of Q4
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with the special sum constraint (36) worked best, followed by pure Q4. When initialized
with the optimal solution as MIP start, almost all formulations proved its optimality within
the time frame of one hour, or managed a very thin optimality gap.

On Corridor, no formulation found solutions, and no attempt at providing initial partial
solutions was successful. On ShortCorridor all formulations quickly found a primal solution
within seconds, and an optimal solution within minutes, but none managed to prove that
optimality within one hour. Only when starting ShortCorridor with the best solution

found so far, a proof to optimality was reached, and only by the formulation using (25), i.e.,

matching with binary variables, together with the special constraints (36¢). This was also
the fastest formulation to reach optimality to begin with.

Table 1 Timed results for IPESP tests on S-Bahn and Corridor, expressed in seconds. Tests
denoted with Q4 use Q4-constraints as in (3). Tests denoted with M use matching constraints as
in (25), with capacity set to 1. Tests denoted with Mc use the same constraints as M, but with
relaxed continuous variables instead. Tests denoted with S use constraints as in (36). The first
column details the time to the first primal solution that was found, the second column the time to
the optimal objective value (3058 for S-Bahn and 10 for Corridor), and the third column the time
to fully close the optimality gap. The last column details the time needed to prove optimality when
given the optimal solution from the beginning. The time limit was 1 hour per configuration.

S-Bahn s to primal | s to optimal | s to proof | s to proof (warm)
Q4 64 227 227 95
Q4-+M - - - 1221
Q4+Mc 338 1672 1672 140
Q4+S 40 156 156 150
Q4+M+S - - - (.58%)
Q4+Mc+S 172 738 738 766
M - - - (.61%)
S - - 595
M+S - - 2952
Mc+S - — 1402
ShortCorridor | s to primal | s to optimal | s to proof | s to proof (warm)
Q4 0 110 -
Q4+M 5 87 -
Q4+Mc 0 82 -
Q4+S 2 48 -
Q4+M+S 1 15 -
Q4+Mc+S 0 23 -

M 0 44 -

S 1 576 -
M+S 4 11 3268
Mc+S 6 50 -

5.3

For the instances with capacities larger than one we used formulation (25). To aid the
solution process, all infrastructure that still had capacity one has been modelled using Q4
constraints, and used the matching variables where necessary, i.e., for all larger infrastructure.
We tested this formulation on the S-Bahn, the Tram, and the Corridor instance, with a time
limit of four hours.

IPESPC Experiments
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On S-Bahn no primal solution was found, but we were able to warm start the models with
solutions found in the corresponding IPESP tests instead. In that case, the more flexible
IPESPC within seconds improved the optimal IPESP solution (albeit by a measly 1.1%),
and within approximately 4 more minutes reached the final primal value. In the course of
the first hour, Gurobi managed to reduce the optimality gap to 0.2%, where it remained
until the time limit.

On Tram proven optimality was reached within 10 seconds. Notably, however quick to
solve this instance was, it is infeasible to formulate with simple IPESP. Only using the higher
capacities enabled by IPESPC it was at all possible to generate a feasible solution.

On Corridor, again, no solution was found, but providing a partial starting solution on
just the section of ShortCorridor was enough to be completed to a full solution for the
whole network, which then was improved to proven optimality in only 2 minutes and 25
seconds. On ShortCorridor the first primal was found in under 10 minutes and was directly
proven to be optimal. Notably, its objective value was better than the IPESP case, now
reaching 0 slack. Starting the same test with a solution from the IPESP case reached proven
optimality in 3 seconds.

6 Conclusion

This work extends the Infrastructure-Aware PESP (IPESP) framework. One of our new
problem formulations, Infrastructure-Aware PESP with Assignment (IPESPA), does so by
integrating the choice of the infrastructure assignment within IPESP, allowing for more
flexible use of the available infrastructure. In fact, this flexibility can lead to higher efficiency,
as well as improved timetables. Although extremely general in its assumptions, we prove
that IPESPA can be formulated as a mixed integer linear program (20).

Moving on to a more restricted, but highly realistic scenario, we consider the case when
infrastructure elements can be effectively considered as equivalent, and formulate this special
version of IPESPA as well, namely Infrastructure-Aware PESP with Capacities (IPESPC).
In this case the assignment structure is of note, since it can be seen as a matching problem
on a complete bipartite graph, connecting the ends of activities to the starts of the next ones.
This gives us not only a compact mixed integer linear program formulation (25), but also
novel formulations for IPESP itself, seen as a case of IPESPC with only unit capacities.

Finally, on the practical side, we tested the new matching-based IPESP formulations, as
well as the IPESPC formulation. On the unit capacity side, our tests went through various
combinations of approaches, and although caution is advised when drawing conclusions,
it seems that on the S-Bahn instance the Q4-based formulations fared better, whereas on
ShortCorridor, which has a higher density of larger infrastructure elements to deal with,
matching-based formulations had more success. With instances of larger capacity, instead,
our tests show that our modelling approach can be of interest in real-world scenarios.

For future work, on the theoretical side we suggest proving tighter bounds on the maximum
platforming period, as well as trying to generalize the Q4-constraints much like we here
generalized the QO0-constraints. On the practical side, we suggest an iterative approach that
uses a separate matching solver to concurrently feed the main model with partial solutions,
and to develop heuristic approaches to quickly generate initial solutions.
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—— Abstract
This work deals with a problem of assigning periodic tasks to employees in such a way that each
employee performs each task with the same frequency in the long term. The motivation comes from
a collaboration with the main French railway company, the SNCF. An almost complete solution is
provided under the form of a necessary and sufficient condition that can be checked in polynomial
time. A complementary discussion about possible extensions is also proposed.
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1 Introduction

1.1 Context

The problem studied in this paper was suggested to the authors through a collaboration with
the SNCF, the main French railway company. The schedules of their freight train drivers
are always periodic: a collection of round trips is repeated every week, with each round
trip performed at the same time within the week. Such schedules are often termed “cyclic
rosters” in the literature. One motivation for this periodicity is that such schedules are easily
understood and memorized by the employees. Another motivation is that these schedules
balance experience: in the long term, each round trip is performed the same number of times
by each employee. This ensures fairness and also maintains a similar level of proficiency
among the employees.

More generally, in the transport sector, periodicity is an important requirement, to which
a full body of research is devoted; see, e.g., [5, 7, 8]. Based on the authors’ experience and
the literature, the concern of balancing experience among employees, given tasks that must
be performed periodically, is not only present at the SNCF but also in many other companies.
For instance, in an article by Breugem, Dollevoet, and Huisman [2], the same motivations as
described in the previous paragraph apply, justifying the use of cyclic rosters among teams
of employees (grouped by characteristics) for the Netherlands Railways. Another example,
this time for bus drivers, is studied in an article by Xie and Suhl [10].

This raises a natural mathematical question: given tasks that need to be repeated every
week and a group of employees, under what conditions is it possible to create (not necessarily
periodic) schedules ensuring that in the long term each task is performed the same number
of times by each employee?
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)

In this paper, we propose an almost complete solution to this problem. To the authors
knowledge, this problem has not been addressed in the literature. Nevertheless, problems
with almost the same input but where the “balancedness” criterion is replaced by a more
standard optimization criterion, such as minimizing the number of employees, have been
studied in various papers. As an example, Korst, Aarts, Lenstra, and Wessels [4] consider
the problem of assigning periodic operations, with fixed starting times and different periods,
to a minimal number of processors.

1.2 Problem formulation

Consider a collection of tasks that have to be performed periodically (typically every week in
an industrial setting), and a group of indistinguishable employees who will perform them.
Formally, we are given

a collection of n intervals [a;,b;) C (—1,1), with b; € (0,1] and b; — a; < 1.

a positive integer q.
Each interval of this collection represents a task: the rth occurrence of task i (r € Zso)
takes place over the time interval [a; + 7, b; + 7). The number ¢ corresponds to the number
of employees, whom we identify from now on with the set [q]. Every occurrence of each
task has to be assigned to an employee. Such an assignment is feasible if no employee is
assigned two occurrences overlapping within Rsg. Such an assignment is balanced if each
task is performed by each employee every g periods in the long term average.

In symbols, consider an assignment f: [n] X Zsg — [q], where f(i,r) = j means that the
rth occurrence of task i is assigned to employee j. It is feasible if

lai +7,0; +7) Nag +7"bp +1") £ @ = f(i,r) # f(@,7) (1)

for all ¢ # ¢’ and all r,7'. (Remark that the left-hand side holds only if |r —7/| < 1.) It is
balanced if

. 1
lim -
t—+oo t

|{re[t]:f<z,r>=j}r=; @)

for all 7 € [n] and all j € [g]. An illustration is given in Figure 1.

We aim at identifying conditions under which there exists a balanced feasible assignment
and at studying the related algorithmic question.

A few comments are in order. First, remark that there exists a feasible assignment if and
only if there is no point in R contained in more than ¢ intervals [a; +7,b; +7). (This has also
been noted by Korst, Aarts, Lenstra, and Wessels [4, Theorem 2.3], in a more general setting.)
This means that for our problem, feasibility is not the challenge. Second, when there is a
point of [0, 1) contained in no interval [a; 4+ r,b; + r), then the construction of a balanced
feasible assignment is trivial: without loss of generality, this point is 0, and any feasible
assignment f and any cyclic permutation 7 of [¢] provides a balanced feasible assignment g,
periodic with period ¢, defined by ¢(i,r) := (7" o f)(4,1) for i € [n] and r € Z~. Finally,
there are feasible assignments for which the limit in (2) is not well-defined. By definition, if
the limit is not well-defined, then the assignment is not balanced.

1.3 Main results

Clearly, a necessary condition for the existence of a balanced feasible assignment is that there
is a feasible assignment in which an employee performs each task at least once. Our first
main result states the following surprising fact: this condition is actually sufficient.
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» Theorem 1. There exists a balanced feasible assignment if and only if there exists a feasible
assignment with an employee performing each task at least once. Moreover, if there exists a
balanced feasible assignment, then there exists such an assignment that is periodic.

An assignment f is periodic if there exists h € Zsq such that f(i,r + h) = f(i,r) for all
i € [n] and r € Zsg. The proof will actually make clear that, in case of the existence of
a balanced feasible assignment, it is always possible to get a period h upper-bounded by
g% x ql.

The necessary and sufficient condition of Theorem 1 is simple enough to obtain an
algorithmic counterpart. This is the second main result of the paper.

» Theorem 2. Deciding whether there exists a balanced feasible assignment can be done in
polynomial time. Moreover, if the number of employees is constant, then such an assignment
can be computed in polynomial time when it exists.

The proofs of these two theorems can be found in Section 3.2. They essentially consist in
reducing the question of existence of a balanced feasible assignment to a problem of pebbles
on an arc-colored Eulerian directed graph. The latter problem is dealt with in Section 2,
which can be read independently of the rest of the paper. Section 3.1 introduces preliminary
results and tools, such as a graph D’ built from a well-chosen set F of feasible assignments
and that plays an important role in the proofs. This graph D7 is a particular arc-colored
Eulerian directed graph on which we apply the results of Section 2.

2 A problem of pebbles on an arc-colored Eulerian directed graph

This section introduces a problem of pebbles moving on an Eulerian directed graph, which
we believe to be interesting for its own sake. The proof of Theorem 1 will essentially
consist in reducing the problem of existence of a balanced feasible assignment to this pebble
problem. This pebble problem will also be useful for algorithmic discussions, as in the
proof of Theorem 2. From now on, this section does not refer anymore to the question of
assignments and periodic tasks.

Consider an arc-colored Eulerian directed multi-graph D = (V, A) such that each vertex
is the head of exactly one arc of every color, and also the tail of exactly one arc of every
color. (In other words, each color is a collection of vertex disjoint directed cycles covering
the vertex set.) Assume we have a pebble on each vertex. We denote by P the set of pebbles,
and we have thus |P| = |V|.

Now, we explain how a sequence of colors induces a sequence of moves for the pebbles.
Given a sequence cy, Ca, . .. of colors, each pebble is first moved along the unique arc of color
c1 leaving the vertex on which it is originally located; then it is moved along the unique arc
of color ¢y leaving the vertex it has reached after the first move; and so on. Remark that
each move sends each pebble on a distinct vertex and so after each move, there is again a
pebble on each vertex.

We might ask under which condition there exists an infinite sequence of colors such that
the arc visits are “balanced,” i.e., each pebble visits each arc with the same frequency. Not
only such a sequence always exists but such a sequence can be chosen to be periodic.

» Proposition 3. There always exists a periodic sequence of colors making each pebble visit
each arc with the same frequency.

The proof shows a bit more: each pebble actually follows a periodic walk on D which has

the same period as the sequence of colors, and the latter is upper bounded by |A|(|]V] — 1)

5:3

ATMOS 2024



5:4

Balanced Assignments of Periodic Tasks

task 1 L BSSEEEE | BEESSAA | BEEEEEA |

task 2 2 (72777 (72274

task 3 NNNNN NN
1 2 3 1

(a) An instance with three tasks (n = 3). The first three occurrences of each task are represented. The
tasks 2 and 3 are in the set {7 € [3]: a; < 0} and their fourth occurrence is represented in lighter color.

employee 1 } 223722 BRI

employee 2 NIIIIIIIN 77
|

| | |
employee 3 NN | INNNNN ‘e
1 2 3 4
(b) A feasible assignment f for three employees (¢ = 3). Assuming that this pattern is repeated along
the horizontal axis, each line represents an employee and the rth occurrence of the task i is on the line
of employee j when f(i,7) = j. This assignment is not balanced: employee 2 works 72% of the time,

employee 3 works 56% of the time, employee 1 does not perform task 3, and employee 3 performs 75% of
the occurrences of task 3.

| |

employee 1
| |

employee 2 m : |

s —|- - -
N R NN

employee 3 |
1 2 3 4

(c) A feasible assignment g for three employees (¢ = 3). Assuming that this pattern is repeated along the
horizontal axis, the assignment g is feasible and balanced: task 1 is performed equally by employees 1, 2,
and 3, and so are tasks 2 and 3. The assignment g is periodic with period h = 3.

Figure 1 Example of an instance, with two feasible assignments.

The proof of this proposition relies on a larger graph D= (177 Z) built as follows. The
vertex set V is the set of bijections from P to V. For every color ¢, define the permutation
o of V by setting 0°(i) = i’ whenever there is an arc of color ¢ from i to ¢’ in D. The set A
is built as follows: for each bijection n: P — V and each color ¢, introduce an arc (1,0 on),
and color this arc with color ¢. The indegree and outdegree of every vertex in V are equal to
the number of colors.

For each pebble j, we introduce a function p;: A — A. Given an arc = (n,n') of A
with color ¢, we define p;(a) as the arc (n(j),n'(j)) of A with color c.

The graph Disan encoding of all possible distributions of the pebbles on V' and all possible
transitions between these distributions. More precisely consider any initial distribution 7 of
the pebbles on V' and a sequence of colors ci, ¢, .... The moves induced by the sequence
of colors translate into a walk on D. The corresponding sequence of vertices of D is the
sequence of distributions of the pebbles on V induced by the sequence of colors.

» Lemma 4. Letj € P,a € A, and K be a connected component ofl~) (note that weakly
and strongly connected components of D are identical by equality of the in- and outdegrees).
Denoting by k the number of connected components of D, we have

(vi-1!

b7 (@) 1 A(R)] = -

In particular, the left-hand term is independent of j, a, and K.
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Proof. Denote by ¢ the color of a.

We prove first that every connected component K of D contains at least one arc from
p{l(a). Let 1 be a vertex of such a connected component K. Consider any walk W in D
from 7(j) to the tail of a, and then traversing a. Such a walk exists because D is strongly
connected. With ¢y, ca, ..., c being the sequence of colors of the arcs traversed by the walk,
the sequence

n,0%v0n,0%00%0n,...,00-- 00200 0
forms a walk in K starting from 7, whose image by p; is W. Hence, K contains at least one
arc from p}l(a).

Second, given two components f(l and IN(Q of l~), we build an injective map : A(f(l) —
A(f( 2) as follows (actually, it is a bijection but this property is not explicitly used). Pick
a, € pj_l(a) NA(K;) and @, € pj_l(a) NA(K>). According to what we have just proved, these
two arcs exist. Write a; = (n1,0%0n1) and as = (12,0 0 12). Then, for an arc a € A(f(l)
with tail vertex 1 and color d, set v(a@) as the arc (non;  ong, 0% onony* ony) with color d
(this arc is unique). Checking that ¢ is injective is immediate.

Third, we check that ¢ maps elements from pj_l(a) NA(K;) to pj_l(a) N A(K,). Let
@ be an arc in pj_l(a) N A(Ky). Tt is of the form (1,0¢ on). Its image by v is the arc
(nony* omg,0¢onon ! ony) with color c¢. Denoting i the tail of a, we have n(j) = n1(j) =
n2(j) = ¢, which implies immediately that p, (1/)((1)) has the same endpoints as a. Since it
has also the same color ¢, we have p; (¥(a))= a.

From the previous two paragraphs, we see that for any two components I}l and [N(Q of
D, we have |pj_1(a) N A(KY)| < |pj_1(a) N A(K>)|. Since the choices of K; and K can be
arbitrary, we have actually

I (@) N AL = [p; (a) N A(K)] 3)

Finally, an arc @ = (1,7’) is mapped to a by p; precisely when & is colored with color
¢, we have ' = o€ o, and n(j) = i (where 7 is the tail of a). The number of bijections 7
from P to V with n(j) =i is (|[V| —1)!. Hence, |pj_1(a)| = (|[V| —1)!. Combining this with
equality (3), we get the desired conclusion. <

Proof of Proposition 3. Choose any connected component K of D. Tt is Eulerian, since
each vertex of D has equal in- and outdegrees. Consider an arbitrary Eulerian cycle, and
denote by ¢y, co, ... the sequence of colors of the arcs of this cycle. According to Lemma 4,
every pebble j moved according to this sequence of colors follows a closed walk on D visiting
each arc w times. Repeating infinitely many times this sequence of colors provides the
desired periodic sequence. <

3 Proofs of the main results

3.1 Preliminaries

This section introduces preliminary results and a few tools that will be crucial for the proofs
of Theorems 1 and 2 given in Section 3.2. In particular, we show how to introduce fictitious
tasks in a way that will simplify some discussions, we explain how to build a new feasible
assignment from a sequence of feasible assignments, and finally we define a graph D7 built
from a set of feasible assignments, which will be useful to cast the problem of existence of
balanced feasible assignments as the pure graph problem of Section 2.
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ATMOS 2024



5:6

Balanced Assignments of Periodic Tasks

3.1.1 Making the number of employees and the number of tasks
overlapping 0 equal

Denote by U the set {i € [n]: a; < 0}. In other words U is the set of tasks that are
overlapping the left endpoint of the interval [0,1]. We can get |U| = ¢ by adding fictitious
tasks ¢ whose intervals are of the form [0,¢) for an € > 0 small enough. Just after the proof
of the following lemma, the relevance of this transformation will be highlighted.

» Lemma 5. The number € can be chosen so that the following holds: There exists a feasible
assignment for the original instance if and only if there exists a feasible assignment for the
instance with the fictitious tasks.

Proof. Let € := min({a;: a; > 0} U {a; + 1: a; < 0}). Obviously, if there exists a feasible
assignment with the fictitious tasks, then the restriction of this assignment to the original
tasks is feasible. Conversely, suppose there exists a feasible assignment f for the original
instance. We extend it on the fictitious tasks as follows: for each integer time, the assignment
f leaves a number of idle employees equal to the number of fictitious tasks; extending f
arbitrarily on the rth occurrence of these tasks with these employees leads to a feasible
assignment for the instance with the fictitious tasks. (The number € has been chosen so that
this does not create any conflict.) <

Since a balanced feasible assignment for the instance with the fictitious tasks is obviously
balanced and feasible when restricted to the original instance, the assumption |U| = ¢ is
made throughout Section 3. For every feasible assignment f and every r € Z~, we introduce
the map ¢ys,: i € U f(i,7) € [q]. The assumption |U| = g makes ¢y, a bijection, which
will turn out to be useful, already in the next paragraph.

3.1.2 Building a new feasible assignment from a sequence of feasible
assignments

In the proofs, we will build new feasible assignments from sequences of feasible assignments.
Let f1, f2,... be an infinite sequence of feasible assignments. Define inductively the per-
mutations 7, of [¢] by the equation 7,1 = 7, 0 ¢y, 20 90)11171’ where 77 is an arbitrary
permutation of [g]. This implies in particular

(7‘—7’+1 OfrJrl)('vl) = (Wrofr)('72)' (4)
Notice that if the f, are periodic, then so are the m,.. Note also that the period of the 7, can
be much larger than that of the f,.. (Similar constructions have been used in the work of
Eisenbeis, Lelait, and Marmol [3].)

(

» Lemma 6. The map (i,7) — (w0 f)(i,1) is a feasible assignment.

Proof. Let us show that g: (i,7) — (7 o f,)(i,1) is a feasible assignment by checking the
contrapositive of (1). Consider i,i’ € [n] with ¢ # i’ and r, " € Z~¢. Suppose g(i,r) = g(@’,r'),
ie., (m.ofr)(i,1) = (w0 frr) (i, 1). Without loss of generality, suppose that r < /. Consider
first the case when r = ’. Since 7, is a permutation, we have f,.(i,1) = f,.(¢,1). Since f, is
feasible, then the contrapositive holds for f,, namely, [a; + 1,b; + 1) N]ay + 1,0y + 1) = &,
which is equivalent to [a; +7,b; + r) N [a; + 7', by +1') = @, as desired.

Consider now the case when r 4+ 1 = r’. Note first that if i’ ¢ U, then b; +r < ay +7+1
and so [a; +7,b;+7)N]ay +71',by +1') = &. Suppose now that i’ € U. Using the definition of
Tr41, we have m.(f-(4,1)) = m-(fr(¢/,2)). Since 7, is a permutation, then f,.(i,1) = f.(¢,2).
The contrapositive holds for the feasible assignment f,., so [a;+7, b;+7)N[ay +77, by +7') = @.

Finally, if » +2 < 7/, then [a; +7,b; +7r)N[a; + 1, by +717) is necessarily empty. Therefore,
g is a feasible assignment. <



H. Gachet and F. Meunier

3.1.3 Definition of D*

For each i,i" € U, pick a feasible assignment f;; such that f;;/(i,1) = fi (¢, 2) if it exists.

Let F be the set of all these feasible assignments (some f;;» might be equal but only one
representative is kept). The proofs rely on a directed multi-graph D7 = (U, A7), with vertex
set U and whose arcs are defined from the set F. The arc set A7 is obtained by introducing
q arcs for each f € F: an arc from ¢ € U to ¢/ € U whenever f(i,1) = f(i’,2) — repetitions
are allowed — ; such an arc is labeled with f.

Note the following properties:

The ¢ arcs labeled with the same feasible assignment f form a collection of vertex-disjoint
directed cycles: each vertex is by construction the head of exactly one arc and the tail of
exactly one arc.

The number of arcs in A7 is ¢|F|.

When D7 is weakly connected — i.e., the underlying undirected graph is connected — it is
also strongly connected and Eulerian.

Lemma 6 will be used to retrieve a feasible assignment from a walk on D*. The next
lemma will be useful in that regard.

» Lemma 7. The directed graph D7 is Eulerian if and only if there exists a feasible assignment
with an employee performing each task at least once.

Proof. Suppose there exists a feasible assignment f with an employee j* performing each
task at least once. For every r such that f(i,r) = j* and f(i/,r + 1) = j* there is an arc
(i,i") in A because we can build a feasible assignment from f in which the first occurrence
of ¢ and the second occurrence of i’ are both assigned to employee 7*. Thus the sequence of
tasks in U performed by employee j* induces in D7 a walk visiting all vertices. This implies

that the graph D7 is weakly connected and as noted above this implies that D7 is Eulerian.

Suppose now that D7 is Eulerian. Let a1, aq, ... be the sequence of arcs of an Eulerian
cycle of DF | visited infinitely many times, and consider the sequence f1, fo, ... of assignments
labeling this arc sequence. Denote by %, the tail of the arc a,. Let m, be the permutations
defined by equation (4), for this sequence of assignments, with w1 being arbitrary. Let then
g be the feasible assignment as in Lemma 6. Let i € [n]. Define then i’ := 90;11,1(]”1(1', 1)). In
particular, we have fi(i,1) = f1(¢’,1). In other words, i’ is the task in U performed before
the first occurrence of ¢ in the assignment f;. Let 7 be such that a; leaves the vertex ¢’ with
label f1, which means that ¢ = iz and fr = f;. Such 7 exists because an Eulerian cycle
visits all arcs and because from every vertex, there is an outgoing arc labeled with f; by
construction of D¥. Thus, we have

g(i,7) = mr(fr(i, 1)) = m(f1(3, 1)) = mr(f1(i7, 1)) = 7 (fr(ir, 1)) -

We have f,.(iy,1) = fr(ir+1,2) for all r € Zso because the arc a, is labeled with f, and a,
goes from 4, to i,41. Then, combining this equality alternatively with the equation (4), we
get

7 (fr (i, 1)) = mro1 (fr-1(i7,2)) = mr1(fro1(iro1,1)) = - = m(f1(i1, 1)) = g(i1, 1) .

Therefore g(i,7) = g(i1,1). Since i was chosen arbitrarily, this means the employee g(i1, 1)
performs each task at least once. |
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3.2 Proof of Theorems 1 and 2

This section deals with the proofs of our two main results.

Proof of Theorem 1. As already mentioned, one direction is immediate: if there exists a
balanced feasible assignment, then this assignment is such that every employee performs
each task at least once. We prove now the opposite direction.

Suppose there exists a feasible assignment with an employee performing each task at least
once. By Lemma 7, D7 is Eulerian. Locate one pebble on each vertex of D7. Applying
Proposition 3 on D7, with each feasible assignment in F identified with a color, we get a
periodic sequence f1, fo, ... of feasible assignments. Denote by g the resulting periodic feasible
assignment given by Lemma 6 for this sequence, with 7; being an arbitrary permutation.

Number j = ¢(i,1) the pebble initially located on vertex ¢ € U. This makes sure that
each pebble gets a distinct number in [g] (by the bijectivity of ¢4 1). We establish now the
following claim: For every i € U and every j € [g], pebble j is on vertex i after its (r — 1)th
move if and only if g(i,r) = j.

Let us proceed by induction on r € Z~ . This is true for » = 1 by the definition of the
numbering of the pebbles. Suppose now that the claim if true for some r € Z~q. Consider
pebble j and assume it is located on ¢ after its rth move. This means that the pebble j was
on vertex i’ after its (r — 1)th move then moved along the arc from i’ to ¢ labeled with f,..
Then, using equation (4) and the fact that f,.(i,2) = f,.(i’,1) by definition of D7,

g(i”r + 1) = 7TT’+1(fT+1(i7 1)) = WT(fT(iv 2)) = Wr(fr(ilv 1)) = g(i/,’f‘) =7, (5)

as desired. Conversely, assume that g(i,7 + 1) = j. Denote by ¢’ the tail of the arc of head i
and label f,.. Then equation (5) holds as well, meaning that ¢g(i,r) = j. By induction, the
pebble j was located on vertex i after its (r — 1)th move. It then moves along the arc from
7/ to i with label f,., which concludes the proof of the claim.

We check that g is balanced. According to Proposition 3, for every i € U, every j € [q],
and every f € F, we have

ti}gl - |{r € [t]: pebble j leaves i along arc labeled f for its (r — 1)th move}| =

1
|AZ|
With the claim, this equality becomes

Jim 2 |{r € []: fr = f and gli,r) = )| =

\AFI

This equality is actually also true when U is replaced by the larger set [n]. Indeed, given
i € [n] and f € F, the bijectivity of ¢, ensures that there exists a unique u(¢, f) in U
such that f(u(i, f),r) = f(i,7) and we have g(i,r) = g(u(i, f),r) = j for every r € Zsq, by
definition of g and u(i, f,-). Therefore, for all i € [n]

1 _ 1 A1
tl}inoot’{TE[] (z,7) j}| Z hrn }{7’6 : fr=fand g(i,r —]}| A7 g
fer
as desired. <

The proof actually shows that the period of the periodic balanced feasible assignment
¢ built within the proof is upper bounded by ¢? x ¢!. Indeed, with the comment following
Proposition 3, each vertex 4 is visited by each pebble every h moves (with h the period of the
fr), where h is bounded by |A7|(¢ —1)! < ¢? x ¢!. Using the claim in the proof of Theorem 1,
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for each i € U and r € Zsg, we have g(i,r) = g(i,7 + h). Extending this relation to all
i € [n] as in the proof of Theorem 1 (since the sequence of the f, also has period h), the
period of g is bounded by ¢* x ¢!.

The proof of Theorem 2 combines this remark, Theorem 1, Lemma 7, and the following
lemma.

» Lemma 8. Let i,7 be two tasks of U. Deciding whether there exists a feasible assignment
f such that f(i,1) = f(i,2) and building such an assignment if it exists can be done in
polynomial time.

Proof. Let G be the interval graph built from all the intervals [ag, b) for k € [n] together
with the intervals [ax+1, b, +1) for & € U. Deciding whether there exists a feasible assignment
f such that f(i,1) = f(i’,2) is equivalent to deciding whether there is a proper g-coloring of
G with the intervals [a;, b;) and [a +1, by +1) colored the same color. (Indeed, such a feasible
assignment translates into a proper g-coloring of G with the desired property and conversely
such a g-coloring provides a “partial” feasible assignment which can be extended into a
feasible one easily.) This is equivalent in turn to the problem of deciding the g-colorability
of G with [a;,b;) and all intervals intersecting [a;s + 1,b;s 4+ 1) (the latter interval excluded)
colored with pairwise distinct colors. Here, we use the fact that |U| = g, i.e., there are ¢ — 1
intervals intersecting [a;s + 1,5 + 1). The problem of deciding whether a partial coloring of
an interval graph can be extended to a proper g-coloring can be done in polynomial time
when the partial coloring contains at most one occurrence of each color (this is a result by
Bird, Hujter, and Tuza [1]). If such a partial coloring extension exists, then it can be built in
polynomial time as well. |

Proof of Theorem 2. According to Lemma 8, the graph D’ can be built in polynomial time
(since | F| < ¢?). Deciding whether a graph is strongly connected can be done in polynomial
time, and D7 being strongly connected means it is Eulerian. Therefore, using Theorem 1
along with Lemma 7, deciding whether there exists a balanced feasible assignment can be
done in polynomial time.

Moreover, Theorem 1 provides a construction of a periodic balanced feasible assignment
g (if it exists). By expliciting the arguments, the construction consists first in building the
graph D of Lemma 4, and then in computing an Eulerian cycle in an arbitrary connected
component of this graph (as done in the proof of Proposition 3), which provides a periodic
sequence of feasible assignments f1, fo,.... The size of D and the period of this sequence are
both polynomial when ¢ is fixed. In other words, the sequence can be described in polynomial
time when q is fixed. This allows a polynomial description of g when ¢ is fixed according to
the comment following the proof of Theorem 1. <

4 Concluding remarks

4.1 Al feasible assignments are balanced (Almost)

If we are just interested in the existence of a balanced feasible assignment, and not on the
periodicity of such an assignment or its computability, we can replace Proposition 3 by the
following lemma in the proof of Theorem 1. We keep the same setting of an arc-colored
Eulerian directed multi-graph D = (V, A) with a distribution of pebbles on its vertices, as in
the beginning of Section 3.2.

» Lemma 9. Consider an infinite sequence of independent random colors drawn uniformly.
Then, almost surely, this sequence makes each pebble visit each arc with the same frequency.
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In particular there are infinitely many color sequences making each pebble visit each arc
with the same frequency. The proof relies on basic properties of Markov chains. (A standard
reference on Markov chains is the book by Norris [6].) The proof does not show how to
construct such a sequence of colors. It is not even clear that the proof could be modified in
that regard. So the proof shows that almost all color sequences have the desired property,
but does not explain how to construct a single such sequence. Although this might sound
surprising, this phenomenon is quite common. Normal numbers form an example: (almost)
all numbers are normal but not a single one has been described explicitely [9].

The proof of Proposition 3 actually provides an alternative proof of the existence of
sequences of colors making each pebble visit each arc with the same frequency, with an
explicit construction. However, the latter proof does not show that almost all sequences
are actually like that. (In counterpart, it shows that such a sequence can be chosen to be
periodic.)

Proof of Lemma 9. Any realization of this random sequence of colors defines a sequence
of moves for the pebbles, as described above. Consider an arbitrary pebble. The random
sequence of colors translates thus into a random walk of the pebble on the graph D. Denote
by X} the arc along which the pebble performs its kth move. The X}’s form a finite Markov
chain. Since the graph is Eulerian, this Markov chain is irreducible, and hence there exists a
unique invariant distribution A such that AT = AT M, where M is the transition matrix of
the Markov chain.

We claim that A is actually the vector ﬁe, where e is the all-one vector. By the uniqueness
of the invariant distribution, it is enough to check that e is a left eigenvector of M with
eigenvalue equal to 1. The entry M, o of the transition matrix (row a, column a’), which
corresponds to the probability of moving along a’ just after moving along a, is equal to 1/« if
the head of a is the tail of a’, and 0 otherwise. The indegree of each vertex being «, we have

1
Ma,a’ =a— = 17

and therefore e ' M =e'.

According to the ergodic theorem, for almost all realizations of the random sequence of
colors, the pebble visits any arc a with a frequency equal to the corresponding entry in A,
which is equal to ﬁ for all arcs since it is a probability distribution proportional to the
all-one vector. The previous discussion does not depend on the considered pebble, which
implies the desired result: for almost all realizations of the random sequence of colors, every
pebble visits every arc with a frequency equal to ﬁ. |

Similarly to the proof of Theorem 1, using a much larger set of feasible assignments
F' (typically one for each feasible “pattern” on [1,2]), Lemma 9 could translate into the
following statement: If there is at least one balanced feasible assignment, then almost all
feasible assignments are balanced.

4.2 Tasks with different periods

Suppose now that each task i € [n] comes with a period 7; > b; — a;: the rth occurrence
of task i takes place over the time interval [a; 4+ r7;,b; + r7;). In this more general setting,
it is not clear under which extra condition Theorem 1 and Theorem 2 are verified. When
some periods are irrational, the equivalence stated by Theorem 1 does not necessarily hold.
Figure 2 provides an example where there exists a feasible assignment with one employee
performing all the tasks at least once but no feasible assignment is balanced.
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(a) An instance with three tasks (n = 3). The task 3 has interval [1 — 7, 1) and period 7, the task 2 has
interval [1 — e, 1) and period e and the task 1 has interval [e — 3, e — 2) and period 1.

1+ 2e

employee 1 AXEXKX] e

1+e

employee 2 -:\\\\d\\\\\l\\\\\|
1 I

1—e 1 1+7

employee 3 NN XDAXAXIX X
1

I 1
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(b) A feasible assignment f for three employees (¢ = 3). Assuming that this pattern is extended along the
horizontal axis, the employee 3 performs each task at least once.

Figure 2 Example of an instance with irrational periods, for ¢ = 3, with a feasible assignment
where an employee performs each task at least once but with no balanced feasible assignment: after
time 1 + e, there is no possible swap of the tasks between the employees.

However, the authors do not know what happens when all the periods are rational. In the
latter case, there is a natural way to associate to the original instance a new instance, with
all tasks of period 1 and with the same number of employees. This goes as follows. Write the
7; as fractions of integers with the same denominator, and denote by p; the numerator. Let
p be a common multiplier of the p;. For every i € [n] interpret the p/p; first occurrences of
tasks i as the first occurrence of p/p; new tasks that replace the original task i. Then, scale
the time with a factor 1/p so as to get a common period of 1. Clearly, a balanced assignment
for this new instance translates into a balanced one for the original instance, but it is not
clear whether things go the other way around. Moreover, the construction described above is
not polynomial and extending Theorem 2 along these lines seems even more elusive.

4.3 When the number of employees is part of the instance

Theorem 2 states that when the number of employees ¢ is constant, a balanced feasible
assignment (if it exists) can be built in polynomial time. However, the proof exhibits a
period bounded by ¢ x ¢! for this balanced feasible assignment. Therefore, when ¢ is part
of the instance, it is not clear whether the construction of a balanced feasible assignment
(under condition of existence) is polynomial.

» Question. When the number q of employees is part of the instance, what is the complexity
status of the construction of a balanced feasible assignment (if it exists)?

5:11

ATMOS 2024



5:12

Balanced Assignments of Periodic Tasks

—— References

1

10

Miklés Bir6, Mihaly Hujter, and Zsolt Tuza. Precoloring extension. I. Interval graphs. Discrete
Mathematics, 100(1-3):267-279, 1992.

Thomas Breugem, Twan Dollevoet, and Dennis Huisman. Analyzing a family of formulations
for cyclic crew rostering. In Dennis Huisman and Christos D Zaroliagis, editors, ATMOS 2020,
volume 85, pages 7:1-7:16, 2020.

Christine Eisenbeis, Sylvain Lelait, and Bruno Marmol. Circular-arc graph coloring and
unrolling, February 1998.

Jan Korst, Emile Aarts, Jan Karel Lenstra, and Jaap Wessels. Periodic assignment and graph
colouring. Discrete Applied Mathematics, 51(3):291-305, 1994.

Christian Liebchen and Rolf Méhring. The modeling power of the periodic event scheduling
problem: Railway timetables — and beyond. In Computer-aided Systems in Public Transport,
volume 600, pages 117-150. Springer Berlin Heidelberg, January 2008.

James R Norris. Markov chains. Cambridge university press, 1998.

Philine Schiewe and Anita Schébel. Periodic timetabling with integrated routing: Toward
applicable approaches. Transportation Science, 54(6):1714-1731, 2020.

Paolo Serafini and Walter Ukovich. A mathematical model for periodic scheduling problems.
SIAM Journal on Discrete Mathematics, 2(4):550-581, 1989.

Wikipedia. Normal number, 2024. [Online; accessed 1-July-2024]. URL: https://en.
wikipedia.org/wiki/Normal_number.

Lin Xie and Leena Suhl. Cyclic and non-cyclic crew rostering problems in public bus transit.
OR Spectrum, 37:99-136, 2015.


https://en.wikipedia.org/wiki/Normal_number
https://en.wikipedia.org/wiki/Normal_number

Two-Stage Weekly Shift Scheduling for Train
Dispatchers

Tomas Lidén &
Department of Science and Technology (ITN), Linkoping University, Sweden

Christiane Schmidt 24
Department of Science and Technology (ITN), Linkoping University, Sweden

Rabii Zahir =
Department of Science and Technology (ITN), Linképing University, Sweden

—— Abstract

We consider the problem of creating weekly shift schedules for train dispatchers, which conform to a
variety of operational constraints, in particular, several work and rest time restrictions. We create
the schedules in a two-stage process. First, using a previously presented IP model, we create a set
of feasible daily shifts, which takes care of minimum-rest and shift-length requirements, taskload
bounds, and combinability of dispatching areas. We then formulate an IP model to combine these
daily shifts into weekly schedules, enforcing that each daily shift is covered by some dispatcher
every day of the week, while ensuring that the weekly schedules comply with various restrictions
on working hours from a union agreement. With this approach, we aim to identify “good” sets of
daily shifts for the longer schedules. We run experiments for real-world sized input and consider
different distributions of the daily shifts w.r.t. shift length and ratio of night shifts. Daily shifts
with shift-length variability, relatively few long shifts, and a low ratio of night shifts generally yield
better weekly schedules. The runtime for the second stage with the best daily-shift pattern is below
three hours, which — together with the runtime for stage 1 of ca. 2 hours per run — can be feasible
for real-world use.
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1 Introduction

Train dispatchers are responsible for assigning tracks, for routing trains safely and efficiently,
and for guaranteeing the safety of staff working close to the tracks [18]. A good performance
in their dispatching work is crucial for safe and efficient operations. This becomes even
more important with increasing traffic volumes: railway passenger traffic had increased
pre-pandemic and has again caught up with these volumes [9].

In Sweden, the Swedish Transport Administration (Trafikverket) manages ca. 90% of the
~15.600-km track network [21]. For this task, the network is divided into eight dispatching
centers, each of which is further partitioned into geographical areas. Such a geographical area
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must be controlled by a dispatcher, but when the traffic situation allows — in particular, with
a low enough traffic volume — the working positions of several dispatchers, and with that the
geographical areas, can be combined to fewer working positions. However, the dispatchers
will need an endorsement for each area they control.

Apart from these operational requirements, dispatcher shifts must comply with a variety
of restrictions from a union agreement [20]: limits on the length of a single shift, limits on
the rest periods between consecutive shifts, limits on the weekly working hours (depending
on whether and how much a dispatcher works during nights and weekends). Currently, shift
scheduling for train dispatchers is a manual process and — up to our work — it had obtained
little attention by researchers, despite its complexity. In previous work, we [16, 15, 14]
presented integer programming (IP) models to compute daily train-dispatcher shifts, which
are feasible w.r.t. all shift-specific legal and operational requirements and for which the
dispatcher task load is limited.

While the daily shift plans are a good start, the planning horizon for dispatchers is longer.
When moving from planning for a single day to planning for longer periods, for starters to a
full week, a variety of relatively complicated restrictions from the union agreement [20] for
Trafikverket come into play:

The weekly rest in a seven-days period should include at least 36 hours of contiguous rest.

In the average of the considered period (= the calendar year), ordinary working hours

(vefer to the standard weekly hours a dispatcher is expected to work excluding overtime),

may not exceed:

On average 40 hours per week without holidays.
On average 38 hours per week for employees who have ordinary working hours before
06AM or after 8PM on average one time per week or ordinary working hours on a
Saturday, Sunday, or holiday.
On average 36 hours per week for employees who have ordinary working hours before
6AM or after 8PM on average two times per week and ordinary working hours occur
on Saturdays, Sundays, or holidays.
On average 36 hours per week in case of ordinary working hours which on average
per employee occur 1 time/week and on average 2 hours/week and with on average 2
hours/week between 11PM and 5AM and ordinary working hours occur on Saturdays,
Sundays, or holidays.
On average 34 hours and 15 minutes per week if ordinary working hours on average
per employee occur with at least 1.4 times/week between 11PM and 5AM and at least
once on average 2 hours between 11PM and 5AM and ordinary working hours occur
on Saturdays, Sundays, and holidays.
We denote this list of restrictions by R. Since the planned horizon considered is one week,
resulting in a cyclic schedule, we use the total working hours to track the averages presented
in R.

Modeling all the constraints on weekly schedules mathematically incurs quite a high
complexity, and we did not want to add these to the functionality of our models for daily
shifts [16, 15, 14], as we do not expect to obtain solutions even with very high limits on the
computation times. Hence, for this paper, we instead use the output of the optimization
model for one-day shifts as puzzle bits that we aim to combine as good as possible for feasible
weekly schedules. More precisely, we take a set of feasible one-day shifts as our puzzle bits
and enforce that all of these are used every day — in contrast to using a larger set of possible
shifts (puzzle bits), where our mathematical model would have to ensure that with the
selected shifts each area is monitored by a dispatcher during all periods of each day (which
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would yield a column-generation approach). We use this approach, as we do not solely want
to compute the optimal puzzle bits, but we aim to identify good puzzle bits (daily shifts) and
how to create them. Thus, in our mathematical model for the weekly schedules, we do not
need to take care of aspects covered in the daily shifts: dispatchers are assigned one or several
combinable areas, for which they hold an endorsement; each dispatching area is assigned a
dispatcher during every period of the day; each dispatcher shift complies with upper and
lower bounds on the shift length; and the task load for each dispatcher does not exceed an
upper bound in any time period. Of course with this approach we will likely not reach the
global optimum for the weekly shifts. The runtime for stage one in our approach (using the
previous models to compute daily shifts), even if we minimize the dispatcher-area-assignment
switches (an operationally desirable property), is less than two hours.

In this paper, we minimize the number of dispatchers scheduled for work during the
week. The motivation for this is twofold: the labor turnover for dispatchers is relatively high
(possibly because of the partly undesirable working hours) and from the operational side it is
interesting to know the minimal number of dispatchers that are needed to cover the existing
traffic to be able to size the workforce; for us, the objective yields a baseline to which we can
compare results for other possible objectives in later stages. This is in line with our work
for daily shifts, where we first aimed to minimize the number of dispatchers and in later
stages aimed to minimize the number of dispatcher-area assignment changes while keeping
the number of dispatchers to the minimum.

Related Work. Shift-scheduling problems are typically different for each type of profession,

and even for each specific case study, making them difficult to solve by standard models [19].
However, some tentative approaches for a generic shift scheduling were presented in [1, 19].

These approaches categorize the problems’ constraints into hard ones, such as staffing and
competence constraints, and soft ones (called horizontal) consisting of counter constraints
(e.g., number of days off), series constraints (e.g., consecutive worked nights) and their
combination (e.g., number of resting hours between consecutive shifts). The objective
function contains a weighted sum of each of the violated horizontal constraints. In real
life, where scheduling is done manually, some horizontal constraints may be violated [8]. In
our paper, in contrast to [1, 19], we do not allow constraints to be violated, though we do
have horizontal constraints, e.g., on consecutive hours off. Several solution approaches were
proposed in the literature, which are based on exact methods, such as linear programming [4],
constraint programming [13] and column generation [6, 7, 10, 12], or on heuristics, such as
variable neighborhood search [3], tabu search [2, 17] and simulated annealing [5].

Guo et al., [11] used a two-stage approach for scheduling air traffic controllers over a
two-week period. The type of shifts (morning, evening and night) and the corresponding
demand were given. In the first step, they make shift-employee assignments, while breaks are
added in the second phase. This paper is organized as follows: in Section 2, we describe the
problem. In Section 3, we present the mathematical formulation. In Section 4, we describe
the experiments and discuss corresponding results. Finally, in Section 5, we present our
conclusions and recommendations for future work.

2 Problem Description

In this section, we briefly formalize the problem we aim to solve in this paper, the problem
of shift scheduling for train dispatchers for several days:

Input: A set S of daily shifts that feasibly cover a single day; a set of train dispatchers, D;
the length of the planning horizon in days, p; and a lower bound on the rest time between

min

two consecutive shifts, r
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Output: A dispatcher-minimal assignment of all daily shifts in S to dispatchers for each of
the p days that fulfill all restrictions in R, such that the rest time between consecutive shifts

min

is at least r

3 Mathematical Formulation

In this section, we present an optimization model for the weekly schedules, with the parameters
and variables presented in Tables 1 and 2, respectively. We give our model for daily shifts
from [15, 14] in Appendix A for the ease of the reader.

The number of periods equals the number of days for which we are planning, that is, for
a week, we have p = 7. The input is a set of shifts S that completely cover a day (where we
for starters assume the same traffic volume during all 7 days) — S could contain an optimal
set of shifts computed with one of our previous models [16, 15, 14], but also a different set of
shifts (e.g., computed with the previous models but with other parameters on shift length,
such as to obtain better “puzzle bits” for the weekly plan). We denote the elements of S as
“daily shifts”. We then construct the weekly schedule by enforcing that each shift is handled
by some dispatcher every day.

We assume that each dispatcher holds endorsements for all areas, which provides a lower
bound for other endorsement structures. If dispatchers hold endorsements only for some
areas, we could define subsets S; C S of shifts that dispatcher i can cover.

We now give the constraints of our formulation, followed by the objective function and
detailed explanations.

Zﬂ?yk =1 vje S, Vke P (1)
i€D
Zl‘z‘,j,k < 2 Vi€ D,Vk € P (2)
JjES
Ti,j,k < 4 Vie D,Vje S,Vk e P (3)
Z Z Ti,j,k > G Vie D (4)
jES kEP
Tigk + Tk <1 Vi€ D,Vk € P,Vj,j' €8

Aj,j’ < Tmin (5)
Ti gk + i/, (k+1)modp < 1 Vi € D,Vk € P,Vj,j €S :

A <™ (6)
Z wri e+ wr > ¢ Vie D (7)
keP
65,5+ (Tijke + Tij7 (kt 1) mod p) < 2—wrig Vie D,Vk e P

V4,5 €8 (8)
85,50+ (Ti gk + Tijr (k4 2)mod p) < 2—wrig Vi € D,Vk € P
V4,5 €8 (9)
xz‘,j,(kJrl)modp + wr;,k S 1 Vi S D,V] (S S, vk S P (10)
Z wak + Z Ti it k=5 < M- wk; Vi€ D (11)
JES ke{6,7} j'es:
endj/ <startj/

Z Zzuk + Z Ti 50 k'=5 > wk; Vie D (12)

JES ke{6,7} j'€s:
endj/ <5ta,rtj/
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Z Z 0]2'0/06 X g 4 wh < M-w® vieD (13)
jES keP
Z Z 050/06 “Tigk + whki > w® vie D (14)
jES keP
Z Z 050/06 ‘T — 1 < M- 91'20/06 vieD (15)
jES keP
DI S weo o
jES keP
07°/% + wh; — 1 < w vie D (17)
eizo/oe T wk; > 2.t Yie D (18)
ZZ&' ‘l’i,j,k+2'(w?8+w?6) < W™ VieD (19)
jES keP
Z Z 0,?3/05 Ty — 1 < M- vieD (20)
jES keP
S 2 2o &
jES keP
029 ks — 1 < WPt Vi€ D (22)
029 | ks > 2.0 Vi € D (23)
Z Z G-+ 4w < wt™ vieD (24)
jES keP
Z Z 012'3/05 ‘TG — 1 < M- vieD (25)
jES keP
DI S &
jES keP
623195 4 g2/ g < 24wt Vie D (27)
623155 4 g/ L g > 3.3 Vie D (28)
Z Zéj @ik + 6wt < wt vieD (29)
jES keP
The objective function minimizes the number of used dispatchers: min . i 30
D q
i€D

Constraint (1) ensures that each shift is assigned to exactly one dispatcher during each
day. With Constraint (2), we limit the number of shifts a single dispatcher can be assigned
during a day to two: with shifts of minimum length 6 and a rest period of at least 11
hours, that is the maximum possible number. Constraint (3) ensures that if a dispatcher
is assigned to some shift during some day, they are counted as a working dispatcher, while
Constraint (4) ensures that if a dispatcher is not used for any shift during any period, they
are not counted as a working dispatcher. Constraint (5) states that if between shifts j and j’,
worked successively and started on the same day, we have less than the minimum resting time
between two consecutive shifts, we can assign at most one of j and j’ to the same dispatcher
during a day. Similarly, Constraint (6) states that if between two shifts j and j’, worked
successively and j being an overnight shift, we have less than the minimum resting time
between two consecutive shifts, we can assign at most one of j and j’ to the same dispatcher
during consecutive days. Constraint (7) ensures that any working dispatcher has at least one
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Table 1 Model Parameters.

Parameter Description

D set of train dispatchers, indexed by

S set of daily shifts, indexed by j

P set of week days in the time horizon, indexed by k

start; the beginning of the first working hour of shift j

end; the beginning of the last working hour of shift j

4; the length of shift j

Aj the gap (number of rest hours) between shifts j and j’ if worked successively
and start on the same day

AN the gap (number of rest hours) between shifts j and j' if worked successively
and the first shift ends the next day (overnight shift)

TR binary, whether the gap between shifts j and ;' is less than 36h
if worked in two consecutive days

(5;, 5 binary, whether the gap between shifts j and j’ is less than 36h
if started in k& and k + 2, respectively

rmin the minimum resting time between two consecutive shifts

X the maximum weekly working hours

050/ 06 binary, whether shift j overlaps period 20-06

033/ 05 binary, whether shift j overlaps period 23-05

o'??’/ 05 integer, the number of hours in shift j that overlap period 23-05

p = |P| number of time periods (days) in the time horizon

d=|D| number of available dispatchers (which maximally can be scheduled in the model)

M a big number

Table 2 Model Variables.

Variable Description

Ti gk binary, whether disp. i is assigned shift j during period k
qi binary, whether disp. 7 works at least one shift/week
Wy binary, whether disp. ¢ has weekly rest (36h)
between periods k and k + 1
wrg binary, whether disp. i has weekly rest (36h)
between periods k and k + 2
wk; binary, whether disp. @ works, at least once, on a weekend
61.20/ 06 binary, whether disp. ¢ works at least twice in period 20-06
61.23/ 05 binary, whether disp. ¢ works at least twice in period 23-05
o/ 23/05 binary, whether disp. 7 works at least 2h/week in period 23-05
w3 binary, whether disp. i works at least once in period 20-06
or on weekend
w3 binary, whether disp. ¢ works at least twice in period 20-06
and at least once on weekend
w'fG binary, whether disp. 7 works at least 2h/week in period 23-05
and at least once on weekend
w3t binary, whether disp. ¢ works at least twice in period 23-05

for at least 2h/week and at least once on weekend
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weekly rest of at least 36 hours starting during some of the periods. Constraint (8) enforces
that there is no weekly rest period starting during day k for dispatcher i if they are assigned
a shift j during k followed by a shift 7/ during k + 1 between which we have less than 36
hours. Constraint (9) ensures that there is no weekly rest period starting during day k& for
dispatcher 4, if they are assigned a shift j during k followed by a shift 7/ during k + 2 between
which we have less than 36 hours. Constraint (10) enforces that dispatcher i can be assigned
at most one of two things during day k + 1: a weekly rest period of 36 hours starting during
day k and ending during day k + 2, or a shift during day k + 1.

Constraint (11) ensures that if dispatcher ¢ is working some weekend shift, that is, a shift
starting Saturday or Sunday (periods 6 and 7) or a shift starting on a Friday but ending
on the Saturday, the variable indicating weekend work is set to 1. Constraint (12) enforces
that if dispatcher i is not working any weekend shift, the variable indicating weekend work is
set to 0. If a dispatcher is working either during a weekend or/and a shift during the week
that overlaps with the time interval 20-06, the variable indicating this, w3, is set to 1 with
Constraint (13). If a dispatcher is working none of these shifts, the variable is set to 0 with
Constraint (14). Similarly, Constraints (15) and (16) correctly set the variable indicating
whether dispatcher ¢ works at least twice during the hours 20-06; Constraints (17) and (18)
correctly set the variable indicating whether dispatcher i works at least twice during the
hours 20-06 and a weekend shift. Constraint (19) sums up the length of all shifts during the
week assigned to dispatcher ¢ and limits those plus 2 hours — if the dispatcher may by the
other constraints work at most 38 hours — or plus 4 hours — if the dispatcher may work at
most 36 hours — by the maximum weekly working hours of 40.

Constraints (20) and (21) keep track whether dispatcher worked at least two hours during
23 and 05 with the variable 9;23/ 95 Constraint (22) and (23) enforce that the variable
indicating whether dispatcher i is working at least two hours within the hours 23-05 and
at least once during the weekend, w;%, is assigned correctly. If that variable is set to 1,
Constraint (24) limits the lengths of shifts assigned to ¢ to 36 (otherwise, the limit is 40
hours). Constraints (25) and (26) keep track whether dispatcher i worked at least twice
during 23-05 with the variable 01-2 3/05 " Constraint (27) and (28) enforce that the variable
indicating whether dispatcher i is working at least twice and for at least two hours within
the hours 23-05 and at least once during the weekend, w$?, is assigned correctly. If that

7 0

variable is set to 1, Constraint (29) limits the lengths of shifts assigned to i to 34%.

4 Experiment Setup and Results

In this section, we present our experiments and their results followed by a discussion. We
consider real-world-sized data, comparable to Malmo dispatching center, which is responsible
for train traffic in southern Sweden. The dispatching area is partitioned into 15 dispatching
areas (the area adjacency graph is given in Figure 2 in Appendix B) and the number of train
movements per hour (approximating the dispatcher taskload) is based on discussions with
operational experts, where we allow a maximum taskload of 30 per hour and dispatcher
(see [16] for a detailed description of the train movements and the area’s adjacencies). We
assume that a dispatcher can handle a maximum of three areas simultaneously. We use one
of our IPs for daily shifts [16, 15, 14] to create feasible sets of daily shifts. In Figure 3 in
Appendix C, we present an example of the output of one of these models.

1 More precisely, 34h and 15 minutes rounded down to 34h given the time resolution of 1h.
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The input to the weekly problem consists of a set of shifts, S, represented by the start
time, start;, and end time, end;, of each shift j. Using this data we compute the parameters
for the weekly-scheduling model, such as £;, A, A} o/, 85 5, 07 o, 0?0/06, 0?3/05, and 0’33/05.
For all instances, we set the minimum resting time between two consecutive shifts, »™", to
11 periods (which equals 11 hours here), and the computational time limit to 48 hours.

We run three experiment series, varying the shift lengths and the number of night shifts
(i.e., shifts overlapping with the period 20-06) in the daily-shifts input. In the first series, we
change the interval of feasible shift lengths and the number of daily shifts when generating
data for the daily-shifts model. In the second series, we change the distribution of the
shift lengths, i.e., for each instance we generate daily shifts grouped by their length within
predefined intervals. The purpose is to better control the structure of the shift lengths (short,
medium, long) and to study the effect on the weekly dispatcher-shift assignments. Lastly,
in the third series, we keep all parameters from the previous two series, in particular, the
total number of daily shifts, while pushing for as few night shifts as possible (as night shifts
strongly constrain the allowed weekly working hours). The purpose here is to examine the
impact of the night-shift ratio on the weekly schedule.

For modeling and solving the IPs, we use the programming language Python and the
solver Gurobi. As hardware, we use a powerful server (Tetralith server, 2019), utilizing
Intel HNS2600BPB computer nodes with 32 CPU cores, 384 GB, provided by the National
Academic Infrastructure for Supercomputing in Sweden (NAISS).

4.1 Series 1: Changing Shift Lengths and Total Number of Shifts

This first experiment series consists of two subseries (1.1 and 1.2). In the first one, we use a
set of shifts with lengths within the interval [6-11], and we gradually increase the number
of daily shifts. To generate these, we run the daily-shifts model where we set the lower
(T™in) and upper bound (7™2%) for the feasible shift length to 6 and 11 periods (which equal
hours here), respectively. We start with 21 daily shifts, which is the minimum for a one-day
coverage for that specific instance, and gradually increase this number to 25. The rationale
for using increasing number of daily shifts is to create more puzzle bits and see how this will
affect the quality of the weekly schedule. We use the notation It[fgs’ub] for the instance with
feasible shift lengths within the interval [¢b,ub], and where ¢ is the total number of daily
shifts and n is the number of night shifts among those. In the second experiment subseries
(1.2), we adjust the feasible interval of the shift lengths in the daily-shifts model to [7-9]. The
idea here is to avoid shifts that are either too short or too long and examine the impact of
this change. The minimum number of shifts to cover one day of operations, for this specific
instance, is 28. Similarly to Subseries 1.1, we gradually increase the number of daily shifts
from 28 to 31.

We define the slack as the working hours of a dispatcher that we are not using with the
current schedule. For example, if a dispatcher ¢ has been assigned a shift pattern with a total
of 34 hours, while according to the legal constraints for this specific shift pattern dispatcher 4
could have worked up to 38 hours, then the slack is 4 hours. We are not steering for a small
slack with our model, but we use the slack as a performance indicator to gauge a shift pattern
— with the general expectation that a schedule with large slack uses many dispatchers.

We report the shift-length distribution and the results of the two subseries in rows 2-10
of Table 3. We present the sum of slacks, their average per dispatcher, the total number of
needed dispatchers, the optimality gap, and the runtime (rt) for each instance.

For both subseries, increasing the number of daily shifts in the input did not always result
in a decrease in the number of needed dispatchers for the week. However, the number of
dispatchers decreased between the instances I£61’71116] and Iég’ylli]. The first instance uses the
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minimum number of daily shifts, this makes it more likely that many shifts are pushed to the
maximum of 11 hours. However, “puzzle bits” of 11 hours do not match well with the upper
bounds on working hours of 34, 36, 38, and 40 hours. Thus, instances with a high number of
11-hour shifts are likely to yield large slacks. Increasing the number of daily shifts resulted

in a decrease in the number of dispatchers in both Ig;ﬁ] and 12[2’71117], while this was not the

case for I%g”lllg], and even worse for 12[65”1211], where the number of dispatchers increased to 49.
These high numbers of dispatchers in these two instances are probably due to a high number
of 11-hour shifts (15 in both cases). Increases/decreases in average slack are accompanied

with increases/decreases in the number of 11-hour shifts.

The changes in daily shifts in the second subseries (1.2) yield smaller changes in the
number of dispatchers, where the highest value (47) was obtained in Ig[g’,gg}z, which is the
instance with the highest number of 9h-shifts in this subseries. The same instance has also the
highest slack (both sum and average) within its group. Generally, the slack does not always
follow the same trend as the number of dispatchers, which is the value we are minimizing.

From this experiment series, we conclude that adding more daily shifts may improve
the weekly schedule, mainly because of adding shorter shifts at expense of longer ones.
Too many 11-hour shifts may create a large number of weekly schedules with ca. 33 hours,
which in turn yield a high slack. Hence, these experiments highlight the importance of the
length-distribution of daily shifts.

The runtime reached the maximum limit of 48h in six out of nine instances with an
optimality gap below 4.26. However, most instances reached the current solution relatively
quickly, and the latest current solution has been reached before 9 hours.

Table 3 Length distribution and results for the first experiment series (1.1 and 1.2) and second
experiment series.

night slack slack slack disp gap rt length distr.
instance name ratio > avg minjmax Y, % (h) 6/7/8/9/10/11

i 0.76 132  2.87 07 46 0 036 0/0/2/1/1/17
i 064 24 058 0;5 41 337 max  0/5/1/3/1/12
I 078 61 133 0;5 46 3.98 max  0/5/0/1/2/15
i 0.71 14 0.33 0;4 42 0 947 4/3/2/0/6/9
)] 0.84 55 1.12 05 49 312 max  0/4/2/3/1/15
1507 071 30  0.69 0;3 44 227 max  0/10/6/12/0/0
159, 076 39  0.83 0;5 47 426 max  0/6/10/13/0/0
157, 077 14 0.30 0;3 46 217 max  0/13/6/11/0/0
157, 0.77 7 0.15 04 46 0 345 0/13/11/7/0/0
pIE 0z 7 09 051 370 073 0/1/10/1/0/9
12%2’,(1[3’8]’[8’“” 077 16 0.4 0;1 40 0 149  0/1/10/0/0/11
1z (es e 065 12 03 051 40 0 150  0/4/8/0/1/10
I T L 0;1 36 0 319  0/7/0/7/0/7
zégffg’”7”’9]’[97“” 0.68 6 0.16 0:1 37 0 148  0/8/0/7/0/7
e X T S 01 0;2 39 0 580  1/6/1/8/1/6
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4.2 Series 2: Splitting the Shift-Length Interval in Equal Subintervals

To generate more variability in the daily shifts, we adjust the input for the daily-shifts model,
splitting the complete interval of allowed shift lengths into subintervals, and requiring roughly
equally many shifts that have a shift length in each subinterval. This gave us the input for
the second experiment series, containing the Subseries 2.1 and 2.2, which we report together
with the corresponding results in rows 11-16 of Table 3. The instances of the first subseries

series are It(é;[&s]’[g’u]), where half? of the shifts have a length in the interval [6-8], and the
other half have a length within [8-11]. We generated these shifts by adding extra constraints
in the daily-shifts model. The two intervals overlap, because non-overlapping intervals may
not yield feasible daily shifts when we keep all other parameters unchanged. The instances in
:[6’7]’[7’9]’[9’11]), where we split the shifts into three equinumerous
sets with lengths within the intervals [6,7], [7,9] and [9,11], respectively (again we allow
overlapping intervals)®. In both subseries, we have instances with 21, 22, and 23 daily shifts.

1.
Both the slack and the number of dispatchers improve in each instance Itf,'l([&s]’[&u])

1
the second subseries are It(ﬁl

I[G,ll]

compared to its correspondent in Subseries 1.1 with the same number of daily shifts, I;

1.
Comparing the instances only within this subseries, I221.’(1[2,8],[8,11]) performs best, which is

probably at least partly due to relatively few long (11-hour) shifts. The same trend holds for
[6.71.[7.9L.[9.11]) compared to their correspondent instances It[i;m. Every instance
in the second experiment series outperformed any one in the first series w.r.t. the number of

used dispatchers. Moreover, the runtimes are generally much shorter in this second series.

1.
. 1
instances I,

4.3 Series 3: Changing the Percentage of Night Shifts

In all the previous experiments, relatively few shifts covered only daytime, while the majority
overlapped with night hours. In this experiment series, we aim to investigate the impact of
changing the ratio of the number of night shifts and the total number of shifts by decreasing
the number of night shifts (while keeping the total number of daily shifts constant). For each
of the previous instances, we generate a corresponding instance with the lowest night-shift
ratio for the given total number of daily shifts. The idea here is to minimize the number of
shifts involved in the constraints on the total weekly working hours, hence, we define the
night shifts as any shift that overlaps with the period 20-06 (we cannot impact the weekend
shifts, as all daily shifts have to be manned during the weekend). To generate these shifts
in the daily-shifts model, we prohibit some shifts from covering the time interval 20-06,
performing a binary search for the highest number of daily shifts that are prohibited to
overlap with the night hours, while yielding a feasible solution. In Table 4, we report the
shift distribution and the results of these instances, which we denote by I’ instead of I.

The number of dispatchers in instance I’ is lower than in instance I in 12 out of 15
instances; this number remains unchanged in two cases; and only for Ié[261121 ], the number is
higher than in 12[62’_1112]. This sole increase in the number of dispatchers is probably caused by
an increase in the number of 11-hour shifts.

The slack decreased for all but three instances I’ in comparison to the corresponding
instance I (these three instances are marked in red in Table 4). However, in two out of three
cases, the increase in slack is accompanied by a decrease in the number of dispatchers (our
objective). Hence, the trend in slack is often a good indicator for the trend in the number of
needed dispatchers, but this does not always hold.

2 More precisely, we have (%1 daily shifts in one shift-length interval and L%J in the other interval.
3 And again, we actually have two shift-length intervals with L%J shifts and one shift-length interval with
[£] shifts.
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Table 4 Results for the third experiment series (with adjusted parameters of all instances in the
first two series), where the number of night shifts is minimized. For instances I’ with a higher slack
than the corresponding instance I, we highlight the slack in red; for instances with a higher number
of dispatchers, we highlight the number in bold.

night slack slack slack disp gap rt length distr.
instance name  ratio > avg minmax Y % (h) 6/7/8/9/10/11

] 062 30  0.77 05 39 256 max  1/0/1/1/4/14
Je 054 46 1.07 0;5 43 233 max  2/1/0/2/2/15
TR 0.48 4 0.1 0;2 38 0 142 5/5/0/2/2/9
R 0.42 10 024 04 41 0 213  4/4/1/3/1/11
AR 0.36 1 0.02 0;1 40 0 352  7/4/2/1/1/10
! 0.46 43 1.02 0;8 42 0 3028  0/16/5/7/0/0

oyl 049 20 044 0;5 45 222 max  0/10/5/14/0/0

) 0.43 12 026 0;3 46 217 max  0/9/10/11/0/0

A 0.42 2 0.04 0;1 46 217 max  0/13/9/9/0/0
A 0;2 36 278 max  2/3/6/0/1/9
LSBT g5 4 on 0:1 37 0 159  6/1/4/0/2/9
1z s 0.52 9 023 0:3 39 0 018  6/1/5/0/1/10
3 0on A 6o 1 003 0;1 3 0 294 1/6/1/6/0/7
e 0;1 36 0 028  4/4/1/6/0/7
e R 051 38 0 261 2/6/1/7/1/6

Since we are not steering the shift-length distribution in this experiment series, we exclude
the instances for which not only the number of night shifts changed, but for which the
number of the longest shifts decreased. The rationale behind this is that changes in both
would not allow us to determine whether the improvements are due to having fewer night
shifts. Considering only instances where the number of longest shifts did not decrease (10

) . 1:([6,8],8,1
instances), only two out of these ten instances, namely I£[261121 ] and[éf % L 1]), had worse

results either in terms of increased slack or both increased slack and number of dispatchers.

The remaining eight out of ten instances yield better results, which is possibly because of
fewer night shifts.

£:((6,7],[7,9).[9,11])

In Figure 1, we present the final weekly schedule obtained for instance I;1,16
This is the instance with the lowest number of needed dispatchers (35).

Generally, minimizing the number of night shifts has a positive effect on the weekly
schedule, which is in line with our expectations, since having more night shifts would activate
more constraints that limit the weekly working hours, thus, increasing the number of needed
dispatchers.

5 Conclusions and Future Work

Solving shift-scheduling problems with a long time horizon and a high resolution is a complex
problem that requires a huge amount of computation time, and in many cases depending
on the size and the problem type, without reaching a global optimum. In this paper, we
suggest a two-stage approach for weekly shift scheduling of train dispatchers. First, we use
our previous model from [16, 15, 14] to generate feasible daily shifts, which we then use as
input to the weekly-shift-scheduling model presented in this paper. We run three experiment

6:11
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Mon | Tue | Wed | Thu | Fri | Sat | Sun Mon | Tue | Wed | Thu | Fri | Sat | Sun
disp.1 [15-22 & - - 08-19|08-19|11-20 disp.18|23-10|23-10 = 16-23|15-00 = =
disp.2 (14-21|11-20 - - - 08-19(08-19 disp.19|22-09|05-14| - 18-05|16-23
disp.3 |16-23|18-05|23-08|22-09| - - - disp.20|23-10|23-10|05-12| - |11-20
disp.4 [05-12|18-05|18-05|23-08 = = disp.21|18-05|16-23|23-10 - |05-14| - o
disp.5 [13-20|22-09 - - - 18-05|16-23 disp.22 - - |05-14| - |23-10|05-12|05-14
disp.6 [14-20|08-19(06-13|10-19(13-20| - - disp.23| - - |22-09|05-14| - |14-21|15-00
disp.7 [06-13|15-00|23-10|23-10 - S a disp.24| - = 10-19 = 15-23|15-23|23-10
disp.8 [10-19|06-13|14-20|11-20(11-20 - - disp.25 - - - - 18-05|18-05|18-05
disp.9 [11-20| - |[08-19|08-19(10-19| - - disp.26| - - |11-20|08-19| - |15-00|11-20
disp.10(11-20(14-20|{08-19|06-13|06-13 = = disp.27 N 13-20|11-20 - 14-20|11-20|15-22
disp.11|15-00 - 13-20|11-20 - 14-20|13-20 disp.28 - - 14-21 - |08-19|15-22|18-05
disp.12|05-14|10-19| - |14-20| - |[06-13|06-13 disp.29| - - - |05-12|22-09|23-10|05-12
disp.13|15-23(15-23|16-23|15-23|14-21 - = disp.30| - = 14-21|15-22|23-10|08-19
disp.14(23-08|05-12|18-05|18-05 - - - disp.31 - 14-21 - - 18-05|16-23|22-09
disp.15|08-19|08-19| - - - |11-20|14-21 disp.32| - |11-20|15-00|{13-20| - |13-20/14-20
disp.16|08-19 = = 15-00 = 10-19|10-19 disp.33 - = 15-23 - |23-10|05-14|15-23
disp.17(18-05|23-08 - 23-10(05-12 - - disp.34| - 15-22 - 15-22 - |22-09|23-10

disp.35| - - |15-22| - |23-08|23-08|23-08

1.
Figure 1 The weekly schedule obtained for instance I;f"f([f’ﬂ’[7’9]’[9’11]). The values in the cells

represent the start and end time of each shift. To exemplify the daily assignment of all daily shifts,
we marked two of the 21 daily shifts, the shifts 05-12 and 16-23 in red and blue, respectively.

series, with a real-world sized data, where we: change the number of daily shift and their
feasible lengths, split the feasible shift-length interval into equal subintervals, and change the
percentage of night shifts among the daily shifts.

We conclude that increasing the number of daily shifts may improve the weekly schedules,
especially if this would decrease the percentage of the too long shifts (11h). Moreover,
enforcing more variability in the daily shifts’ length, and reducing the night-shift ratio can
also improve the quality of the weekly schedules.

For stage two in our approach, the runtimes in our experiments were between a few
minutes up to being stopped after two days with an optimality gap below 4.26%. The
instances with minimized night shift ratio and with three subintervals of the feasible lengths
performed very well, and also had a relatively low runtime (between 0.28 and 2.94h). Thus,
we recommend those daily-shift patterns. For stage one in our approach, computing one
feasible set of daily shifts — using a model to minimize the dispatcher-area-assignment
switches [15, 14] — takes less than two hours. However, if we want to achieve the fewest
possible night shifts, we may have to perform multiple runs. Minimizing the number of
dispatchers only is much faster (with a runtime of maximum 20 seconds). We could use this
objective for our daily-shifts model to obtain the minimum number of night shifts (performing
a binary search on that number with a few seconds runtime per run) and then once run the
computationally more expensive model to minimize dispatcher-area-assignment switches;
with this, we would prioritize the smallest number of night shifts over the lowest possible
number of assignment switches. Given the planning horizon, the resulting runtime for the
complete approach can be acceptable for real-world use, in particular, given the quality of
the resulting schedules.

We opted for a two-stage approach, mainly to gain insight not only in the weekly schedules,
but also in “good” daily-shift distributions for the operational planning. Another natural
approach is column generation, where both constraints on the daily shifts and those on the
weekly shifts are integrated. The split in master and pricing problem could, for example, be
steered by operational vs. legal constraints on the shifts, respectively.
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A  Mathematical Model for Daily Shifts

For the ease of the reader, we provide the full model used for computing the daily shifts
that we presented in [15, 14] (an improvement of the model from [16]) in this section of
the appendix. While we also presented different approaches for minimizing changes in the
dispatcher-area assignment in [15, 14], here, we give the improved model for minimizing the
number of used dispatchers while observing all operational and legal requirements for shifts
during one day.

We give the notation we used in the model in Tables 5 and 6. Because we aim to minimize
the total number of used dispatchers, our objective function is given by (31).

min . Z qi (31)

ieD
The rest of the model is given by Constraints (32)-(43).

Table 5 Model parameters in the one-day-shifts model.

Parameters Description

D set of train dispatchers, indexed by 14

A set of geographical areas, indexed by j

P set of time periods, indexed by k

C set of area combinations, indexed by ¢

TLjk task load in area j during period k

TL™* maximum allowed task load

Amex maximum number of assigned areas to a dispatcher per period
ei; € {0,1} =1 if dispatcher ¢ holds an endorsement for area j
T™in minimum shift length (in time periods)

7™ maximum shift length (in time periods)

pmin minimum number of rest periods between two shifts
p=|P| number of time periods in the time horizon

Table 6 Model variables in the one-day-shifts model.

Variables Description

zi 6 € {0,1} =1 if dispatcher i is assigned area j during period k

cio ke €{0,1} =1 if dispatcher ¢ is assigned area combination ¢ during period k
yik € {0,1} =1 if dispatcher ¢ is at work during period k
vk € {0,1} =1 if dispatcher ¢ starts a shift at the beginning of period k

q; € {0,1} =1 if dispatcher ¢ is used during some period
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Figure 2 Adjacency graph of the considered dispatching areas.
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Example Output of the Daily-Shifts Model
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Figure 3 An optimum schedule obtained by the daily-shifts model given an instance with 24
periods and 15 areas. Rows and columns stand for dispatchers and time period of a day, respectively.
The values in the cells represent the assigned areas, while the colors are used for clarity and distinction

between rows.
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We study the Capacitated Team Orienteering Problem, where a fleet of vehicles with capacities
have to meet customers with known demands and prizes for a single commodity. The objective is to
maximize the total prize and to assign a sequence of customers to each vehicle while keeping the
total distance traveled within a given budget and such that the total demand served by each vehicle
does not exceed its capacity. The problem has been widely studied both from a theoretical and a
practical point of view. The contribution of this paper is twofold: (1) We advance the theoretical
knowledge on the problem by providing new approximation algorithms that achieve, under some
natural assumption, improved approximation ratios compared to the current best algorithms; (2)
We propose four efficient heuristics that outperform the current state-of-the-art practical methods
in the sense that they compute solutions that collect nearly the same prize in a significantly smaller
running time. We also experimentally test the scalability of the new heuristics, showing that their
running time increases approximately linearly with the size of the input, allowing us to process large
graphs which were not possible to analyze before.
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Improved Algorithms for the Capacitated Team Orienteering Problem

1 Introduction

The Capacitated Orienteering Problem (c-0P) is an NP-hard combinatorial optimization
problem belonging to the wide class of Vehicle Routing Problems (VRPs), which has received
much attention in the literature on algorithms and operation research [2,6,8,13,16-19,22,25,26].
In c-oP, we are given a complete graph, with edge lengths, where each node represents a
customer that is assigned a profit/prize and a demand/size. Given two nodes s and t the
goal is to find a path from s to ¢ that maximizes the total prize, and respects both a capacity
constraint on the total size of the nodes on the s-t path and a budget constraint on the total
length of the s-t path. C-OP is a natural generalization of two very well-known problems,
namely the Knapsack Problem [27], which is a special case of C-OP where the length of all
edges is zero, and the Orienteering Problem (op) [9,10], which is a variant of c-OP where the
size of all nodes is zero. A generalization of C-OP is the case in which the goal is to find s-t
paths for a fleet of K homogeneous, capacitated vehicles that can be used to collect prizes.
This problem is known as the Capacitated Team Orienteering Problem (c-TOP) and has been
defined by Archetti et al. [2], originally in the flavor when s = ¢, i.e. when the aim is finding
tours centered at a depot node, rather than paths.

From a theoretical viewpoint, the best known approximation algorithms for c-op and
C-TOP, that run in polynomial time, are due to Bock and Sanita, who achieved approximation
factors of (3 + ¢), for any € > 0, and 3.53, respectively [8]. From a practical perspective,
for both c-OP and C-TOP, several heuristics without guarantees on the achieved quality
of solution and exact algorithms with exponentially large worst-case running times have
been introduced and experimentally evaluated with the aim of characterizing their practical
effectiveness and applicability, i.e. evaluating the quality of the computed solutions and the
running time necessary to achieve such solutions (see [1,2,6,16,17,19,22 25 26]). In all
benchmark instances for the c-Op and C-TOP problems considered in such works, the prize
of each node is fixed to be at least equal to half of its size. Specifically, the prize of each
node v with size r(v) is assigned to be equal to m(v) = (h + 0.5)r(v), where h is a random
number uniformly generated within interval [0, 1] [2,26]. This implies that, for two nodes u
and v with r(u) > r(v), we have w(u) > 7(v)/3. Motivated by this observation, we consider
problems C-OP and C-TOP under the natural assumption that choosing subsets of nodes with
larger sizes results in achieving (almost) more prizes. In more detail, we assume that any
subset S of nodes collects an overall prize that is at least equal to a multiplicative factor
A € (0,1] times the prize collected by any subset of nodes whose sum of sizes is lower than
the sum of the sizes of nodes in S (see Assumption 2.1 for a formal definition).

Our Contribution. The contribution of this paper is both theoretical and experimental. From
the theoretical viewpoint, we improve over the state-of-the art by providing approximation
algorithms, for ¢c-OP and C-TOP, that guarantees an approximation ratio which, under
particular assumptions, is smaller than the best approximation ratio known so far. In
particular, we propose a max{«, %}—approximation algorithm for c-oP and a (1 — 67%)_1—
approximation algorithm for C-TOP, where « is the approximation factor of an algorithm
for op, = max{a, %}, and A is the parameter of Assumption 2.1. Observe that, the best
known approximation algorithm for oP is that given by Chekuri et al. [9], which guarantees
an approximation factor of 2+¢, for any € > 0. When \ € [%, 1], our algorithms for c-op and
C-TOP achieve approximation factors in the intervals [2 + ¢, 3] and [2.55, 3.53), respectively,
for any € > 0. These improve over the long-standing results by Bock and Sanita [8] who
achieved factors 3 4+ ¢ and 3.53 for c-OP and C-TOP, respectively, for any € > 0.
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Since our algorithms with theoretical guarantees have high computational complexity, we
propose four efficient heuristic algorithms that do not give any proven guarantee on the quality
of the computed solution but achieve good performance in practice. We experimentally
evaluate our heuristics in benchmark instances from the literature and show that two of them
produce solutions that are comparable to the best solutions known from the literature in
terms of collected prize, but outperform all the state-of-the art algorithms in terms of running
time. In particular, our heuristics require less than a second on the small instances (at most
100 nodes) and two orders of magnitude less time than other algorithms on large instances
(at most 577 nodes), while achieving the same prize in most cases, a slightly worse prize in a
few cases, and even a better prize in a few cases. To assess how the time performance of our
heuristics scales with the input size, we also generated new instances with up to 15500 nodes,
starting from real-world road networks. Our experiments in these instances suggest that the
running time of two of our algorithms tends to grow approximately linearly with the input
size and highlight that, on the largest instance, such two algorithms take below one minute
on average, whereas previous algorithms are not able to handle such large input graphs.

Related Work. Blum et al. [7] gave the first constant factor approximation algorithm for
OP with approximation ratio of 4 when s = ¢t and showed that: (i) no polynomial-time
approximation algorithm can achieve a factor better than 1431: (ii) op is APX-hard. Bansal et
al. [5] improved the bound of [7] by designing a 3-approximation algorithm for the case where
s =t while Chekuri et al. [9] proposed a (2 + €)-approximation algorithm that works for any
positive constant . Friggstad and Swamy [15] designed, via LP-rounding, a 3-approximation
algorithm when s = ¢. Paul et al. [23], gave a 2-approximation algorithms for OP when s and
t are not given in advance. Finally, Chen and Har-Peled [10] gave a PTAS for the case where
the points lie in a constant-dimensional Euclidean metric space.

A natural generalization of OP is the Team Orienteering Problem (TOP) where we are
asked to find K > 1 paths from s to ¢ that maximize the total prize, accumulated by all the K
paths, and such that each path respects the budget B. Blum et al. [7] studied TOP under the
name of Multi-Path Orienteering problem (M-OP) and showed that: (i) any « approximation
for op, when s = t, can be translated into a 1/(1 — e~%) approximation for M-0OP; (ii) their
algorithm for M-OP has a factor of a4+ 1 when the starting point of each vehicle is arbitrary.
Friggstad et al. [14] studied a variant of M-OP in the case where each vehicle needs to find
a tour and each node has a cost. The goal is to find K tours so that the minimum total
prize among all tours is maximized, i.e. to find P’ : m(P’) = maxminp 7(P). They called
this problem maz-min orienteering and showed that any a-approximation algorithm for
OP results in an (« 4 2)-approximation for maz-min orienteering. Xu et al. [28] studied a
variant of TOP in which the prize function is a special submodular function and showed
the existence of a 1/(1 — e~*)-approximation algorithm for such variant, where « is an
approximation factor to op. Finally, Xu et al. [29] focused on TOP when s = t, they call
this variant the monitoring reward mazrimization problem and presented a 3-approximation
algorithm. Clearly, C-OP is a generalization of OP in which we also consider node demands
r:V — N and a capacity bound C. Gupta et al. [18] showed that, given an a-approximation
algorithm for OP, it is possible to derive a 2a-approximation algorithm for c-op. By using
the (2 + ¢)-approximation algorithm for op [9], this leads to a (4 + &)-approximation for c-OP.
Bock and Sanita [8] improved this result by giving a (1 + « + ¢)-approximation algorithm for
c-0P and by presenting a PTAS on trees and a PTAS on Euclidean metrics. Again, using
the (2 4 €)-approximation algorithm for OP, results in a (3 + ¢)-approximation for c-op. For
¢-TOP, Bock and Sanita [8] designed a (1 — e%)—approximation algorithm, where g is an
approximation factor for c-op. Using 8 = 3 + ¢ this leads to a 3.53-approximation algorithm
for c-Top.
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2 Notation and Definitions

We are given an undirected complete graph G = (V, E) with n = |V| vertices and m = |E|
edges, respectively. Let [ : ' — R>( be a metric length function on edges, let 7 : V' — Rx>¢
be a prize function on the nodes, let 7 : V' — R>( be a size function on the nodes, and let
g:V — Rxq be a service time function on the nodes. For any subgraph G’ of G, we denote
by V(G’) and E(G’) the set of nodes and edges in G’, respectively. Given a subset S C V,
G[S] denotes the subgraph of G induced by S, i.e., E(G[S]) = {{u,v} € E | u,v € S}.

For an integer k, let [k] := {1,2,...,k}. A path P,, from node u to node v is a graph
made of a sequence of distinct nodes {vy = u,...,vr = v} and a sequence of edges {v;, v;11},
where i € [k—1]. The cost of a path P,, in G is the sum of the lengths of its edges and service
times of its nodes, i.e., 3" cp(p,) l(€) + X cv(p,,) 9(v). Given a path P = (s,v2,v3,...,1)
and a subset S = {v;,, v, ..., v, } of k > 1 nodes in V(P)\{s,t} withi; < ¢;44 for j € [k—1],
we call P[S] the subpath of P induced by S which is the path made of nodes {s,t} U S and
edges {{vail}v {vikvt}} U {{Uijvvij+1} 1j € [k - 1]}

In the Capacitated Orienteering Problem (C-0OP), we are given two distinguished nodes
s,t € V, a cost budget B € R>( and a capacity bound C' € R>( on the sizes, and the goal
is to find a path Py from s to ¢ in G that maximizes the prize 7(Ps) = >, cy(p,,) T(v)
and that satisfies both I(Pst) + g(Pst) = X cp(p,,) l(€) + X pev(p,,) 9(v) < B and r(Py) =
Y vev(p) (W) < C. W.lo.g. we assume that r(v) < C, for any v € V, and that r(s) =
r(t) = 0. The Capacitated Team Orienteering Problem (C-TOP) is a generalization of C-OP in
which we are asked to find K > 1 vertex-disjoint paths that maximize the total collected prize
and each path respects both the capacity and the budget constraints. Formally, in ¢-TOP, the
goal is to find K paths PL, ..., PX from s to ¢ that maximize > p_, >_vepr ™(v), and such
that I(P5)+ 9(P) = Toe popiy U+ ey (o) 9(0) < Band r(Ph) = Yty (pry r(v) < C
for any k € [K].

In the remainder of the paper, we assume w.l.o.g. that the service times of s and t are
equal to 0, that is g(s) = ¢g(t) = 0. This implies that we can ignore the cost of service time
by moving it to the edge length function. More formally, we redefine the length and service
time functions as follows: the length is I'(e) = I(e) + M, for each edge e = (u,v) € E,
while the service time is ¢’(v) = 0 for each node v € V. The cost of any path Ps;, with the
new functions, is therefore equal to 3 cpp,,)'(€) = Xoc_ (. v)er(p.) (l(e) + M =
Yeer(r.) (€) + X ev(p,,) 9(v). This implies that under this transformation: (1) the cost of
any path is equal to the length of the path, and (2) clearly, the triangle inequality property
is preserved. Thanks to this transformation, for the sake of simplicity and w.l.o.g., from
now on we assume that any graph with node service times is converted to an equivalent
graph with zero node service times. For the sake of readability, the obtained length I’ will be
denoted by .

Given a subset of nodes V' C V, let (V') =3 i, 7(v) and ©(V') =37 i, 7(v). In all
the benchmark instances that have been considered in the literature on C-OP, we observe
that node size is positively correlated to node prize. In fact, in such real-world inspired
instances, the prize of a node v is equal to w(v) = (0.5 + h)r(v), where h is a random
value in [0, 1] (see [2,25]). This implies that, for any two subsets of nodes V1, Vo C V with
r(Vi) > r(V2), we have m(Vy) > i7m(V5), since m(Vy) > 1r(V4) and 7(V2) < 2r(Va) < 3r(V7).
Indeed, in many practical applications we have that the prize of a subset of nodes increases
as its size increases, that is for two subsets of nodes Vi, Vo CV with r(V;) > r(Va), we have
w(V1) > A (Vz), for some A € (0,1]. Therefore, in this paper we consider C-OP and C-TOP
under the following natural assumption.
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Algorithm 1

Input: I = (G = (V,E),s,t,m, 1, B,r,C).
Output: An (s —t) path Py s.t. [(Pst) < B and r(Ps) < C.

1 Let I' = (G = (V,E), s,t,n,1, B) be an instance of OP;

2 Apply an Ao to I’; let P, be the returned solution;

3 if 7(Py) < C then Py < P, ;

4 else /! r(Pa) >C

5 Choose a subset of nodes S C V(Pa) \ {s,t} with 7(S) > C such that, for some v € S,
we have r(S\ {v}) < C;

6 if r(S) = C then Py + P,[S];

7 else // r(S)>C

8 Let v be a node in S such that (S \ {v}) < C;

9 Partition S into two subsets S1 = S\ {v} and S; = {v};

10 Let S" = argmaxacysy,s,} T(A);

11 Py «+ P,[S"];

12 return Ps;

» Assumption 2.1. Let A € (0, 1] be a parameter to be fixed. For any two subsets of nodes
Vi, Vo CV with r(V1) > r(Va), we have w(Vy) > Ax(Vs).

Note that, Assumption 2.1 implies that selecting subsets of nodes with larger sizes results in
collecting more prize, besides a multiplicative factor A.

3 Approximation Algorithms with Theoretical Guarantees

In this section, we introduce some polynomial time algorithms for c-OoP and C-TOP that
guarantee bounded approximation ratios under Assumption 2.1. We first focus on c-op
under that assumption and introduce a polynomial time max{c, %}—approximation algorithm
where « is the approximation ratio guaranteed by an algorithm A, for Op that is used
as a subroutine while A € (0, 1] is the parameter of Assumption 2.1. Then, we show that
this result implies, under some particular conditions, an improvement over the best known
approximation ratio for c-Op. Finally, we show how to use this algorithm to approximate
C-TOP.

Our main algorithm, whose pseudo-code is summarized in Algorithm 1, takes as input an
instance I = (G = (V, E), s, t,n,l, B,r,C) of c-0P. Starting from I, Algorithm 1 defines an
op instance I’ with I’ = (G = (V, E), s,t, w1, B) and executes algorithm Aop onto it. Let P,
be the solution returned by Aep when applied to I’. An optimal solution OPT}, to instance
I' of oP has value at least 7(OPTy/) > n(OPTy), where OPTy is an optimal solution to the

instance I of c-op. It follows that, if r(P,) < C, then P, is an a-approximation also for I.

Therefore, if r(P,) < C, Algorithm 1 returns P, as a solution. If r(P,) > C, Algorithm 1
chooses a subset of nodes S C V(P,) \ {s,¢} such that r(S) > C and, for some v € §,
we have r(S\ {v}) < C. Now if r(S) = C, then Algorithm 1 returns P,[S], the subpath
of P, induced by S, as a solution. Otherwise, it partitions S into two subsets of nodes
S1 =8\ {v} and Sy = {v}, where v is a node in .S such that r(S;) < C. Note that r(v) < C
and hence both S; and S, are feasible solutions for I. Finally, Algorithm 1 selects the set
with the maximum prize between S and Ss, denoted by S’ = argmax ¢, 5,3 7(4), and
returns P,[S’] as a solution. In the next theorem, we show that Algorithm 1 guarantees a
max{a, %}-approximation algorithm for ¢c-oP under Assumption 2.1.

7:5

ATMOS 2024



7:6

Improved Algorithms for the Capacitated Team Orienteering Problem

» Theorem 1. Algorithm 1 is a polynomial time max{c, %}-approximation algorithm for
C-OP under Assumption 2.1, where o denotes the approxzimation ratio for op and X € (0,1].

Proof. If r(P,) < C, then Algorithm 1 returns solution P,. By the feasibility of P, for
instance I’, we have that I(P,) < B and hence P, is feasible for instance I of c-op. Moreover,
7(Py) > 17(OPTy) > L7 (OPTy), and hence P, provides an a-approximation for I. If
r(P,) > C, then Algorithm 1 selects a set S C V(P,) \ {s,t} with r(S) > C such that there
exists a node v € S for which (S \ {v}) < C. We distinguish between two cases.

1. »(S) = C. In this case, Algorithm 1 returns P,[S] as a solution. Since [(P,) < B,
then, by triangle inequality, we have {(P,[S]) < B. Moreover, r(P,[S]) =r(S) = C, as
r(s) = r(t) = 0, and hence P,[9] is feasible for I. By Assumption 2.1, it follows that
7(S) > Ar(OPTy), since r(S) = C and r(OPTy) < C. Hence, P,[S] is a +-approximation
for I.

2. r(S) > C. In this case, Algorithm 1 partitions S into two subsets S; = S\ {v} and
So = {v}, with r(S1) < C, selects the set with the maximum prize between S; and Ss,
say S, and returns P,[S’] as solution. Since I(P,) < B, then, by triangle inequality, it
follows that [(P,[S]) < B. Moreover, both r(S;) and r(S3) are upper bounded by C
and hence P,[S’] is feasible for I. Regarding the approximation factor of P,[S’], we have
7(8") > in(S) > 3m(OPTy), where the first inequality holds as S’ is the set with the
maximum prize between two sets S1, 52 C S with S; U Sy = S and S; NSy = (), and the
second inequality follows by Assumption 2.1, as 7(S) > C and r(OPTy) < C. Therefore,
P,[S"] is a %-approximation for I. <

Theorem 1, along with the (2 + ¢)-approximation algorithm for op given by Chekuri et al. [9]

implies the following result.

» Corollary 2. For any fized ¢ > 0, Algorithm 1 is a max{2+e¢, %}—appmximation algorithm
for c-op, under Assumption 2.1 where X € (0, 1].

When A > % in Assumption 2.1, then % < 3 and hence the above corollary implies that the
approximation factor of Algorithm 1 is in the interval [2 + ¢, 3], for any € € (0, 1]. This is an
improvement on the approximation of ¢-OP under Assumption 2.1 over the factor 3 + ¢ by
Bock and Sanita [8].

» Corollary 3. For any fized ¢ € (0,1], Algorithm 1 is a B-approzimation algorithm with
B € [2+¢,3] for c-oP, under Assumption 2.1 where X € [,1].

Another interesting implication of Theorem 1 is that an a-approximation algorithm for op
results in an a-approximation for ¢-OP, under Assumption 2.1, when A > % In particular,
under this hypothesis, Algorithm 1 is a (2 + €)-approximation algorithm for c-op, by using
the result by Chekuri et al. [9].

» Corollary 4. For any fized ¢ > 0, Algorithm 1 is a (2 + €)-approzimation algorithm for
2

C-0P, under Assumption 1 where \ > e

A [-approximation algorithm ALG for C-OP can be used as a black-box, to obtain a (1 —
6_%)’1—approximation algorithm for c-ToP [8], using the following greedy strategy (named
GENSTRA):
1. For i =1 to K do:

a. Run the S-approximation algorithm for C-OP to obtain a path P; on G = (V, E).

b. Remove all covered nodes V(FP;) from G.
2. Return Py,..., Pk.

Using this result, we can generalize our result for ¢-OP to C-TOP under Assumption 2.1.
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» Theorem 5. Under Assumption 2.1, there exists a polynomial time (1 —e_/%)’l—appmm'ma—
tion algorithm for c-TOP, where f = max{2 + ¢, %} for any fixed € > 0.

Proof. The theorem follows from Theorem 1 and the fact that any S-approximation algorithm
1

for c-OP can be used as a subroutine in GENSTRA to achieve a (1 — e~ 7)™ l-approximation

factor for c-ToP [8]. <

Theorem 5 implies that when A > % in Assumption 2.1, one can achieve a p-approximation

algorithm for c-Top, where p € [(1 — 6_%“)_1, (1 — e 3)71], for any € € (0,1), where

(1—e2)"! > 255 and (1 — e 3)"! < 3.53. This is an improvement for c-TOP under
1

Assumption 2.1 over the factor (1 — e~ 5+ )~!, for € > 0, by Bock and Sanita [8].

» Corollary 6. For any fized € € (0,1), under Assumption 2.1 with A\ > %, c-TOP admits a
p-approximation algorithm, where p € [2.55,3.53).

4 Heuristic Algorithms

The running time of Algorithm 1 presented in Section 3 is dominated by the time required
to run an approximation algorithm for op at line 2. If we use the (2 + ¢)-approximation
algorithm by Chekuri et al. [9] for this purpose, this step requires O(n®"/ 82)) time, for any
€ > 0. In this section, motivated by such high computational time, we design four efficient
heuristic algorithms that have low computational time but do not guarantee any bound on
the quality of the computed solution. In Section 5, we experimentally evaluate the proposed
heuristics on relevant sets of instances of C-TOP, showing that they also produce high-quality
solutions. In particular we show that our heuristics require small computational time and
that the value of the computed solutions is comparable to that achieved by state-of-the-art
methods. Both in this section and in Section 5, we assume that s = ¢ in c-OP and C-TOP,
that is we need to find a tour instead of a path. We refer to node s as depot.

In what follows, we describe our heuristics for ¢-op. Each algorithm ALG for C-OP can
be generalized to be used for ¢-TOP by applying GENSTRA stated in Section 3, where we use
ALG instead of a S-approximation algorithm for c-op, and we set s = t.

Our heuristic algorithms for ¢-oP exploit a procedure, named DPROC, to produce solutions
that respect the capacity constraints starting from a set of nodes S C V. Such procedure
works as follows: first, it computes a subset of nodes S’ C S that maximizes the prize m(S’)
and has size at most r(S’) < C by using the well-known dynamic programming for the
Knapsack problem [27]. Then, it determines a tour T that includes the depot s and all
nodes in S’ using an approximation algorithm for the Traveling Salesman Problem (TSP).
Specifically, for all algorithms we consider two versions of DPROC, which use either the 3/2-
or 2-approximation for TSP [27], respectively, and, in Section 5, we will specify how the
two versions are used in the experiments. Finally, DPROC returns 7" as output. We remark
that the input graph is complete and metric. In the following, we denote the application
of procedure DPROC with input S by DPROC(S). Now, for any two nodes u and v, let
w(u,v) =l(e) - r(v), be the weight of edge e = (u,v). Our heuristic algorithms for c-OP are
as follows. In Section 5, we will extend each algorithm for C-OP to C-TOP by using procedure
GENSTRA and, we call its extension with the same name for c-op.

sqrB-ApxA (SBAA). This algorithm is inspired by the algorithms given by Kuo et al. [21]
and by D’Angelo et al. [12] for the problem of finding a rooted out-tree in a directed graph
that maximizes the sum of prizes associated to the nodes, subject to a budget constraint.
Specifically, for each node u € V, we compute a candidate set S, and, at the end of the
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algorithm, we consider a set Sp; that maximizes the prize, i.e. Sy := argmax,cy 7(Sy)
and output DPROC(S)/). In details, the candidate set S, of a node u € V' is computed as
follows. We first sort all nodes v € V' in non-increasing order of 7(v)/w(u,v) or m(v). In
Section 5 we will describe how the two sorting strategies are used in the experiments. Then,
we consider two integers = and y and, for each pair (x,y) € {0,1,2} x [50], we compute:
(i) the set Sy containing the first yB'~%/2 nodes in the ordering that have a distance at
most B*/2 from u; (i) a tour Ty = DPROC(SY) and check if [(T}y) < B. Then, set S, is
selected as a set that produces a feasible tour in the previous step and maximizes the prize,
ie. Sy = argmax{7(Sy) : (Ty) < B, (z,y) € {0,1,2} x [50]}. To improve the running time,
we exploit the monotonicity of function m, iterate through the values of y from y = 50 to
y = 1 and stop as soon as we find a feasible tour. The values for x and y have been chosen
after a preliminary pilot experimental study on the algorithm’s performance.

4-ApxA (4AA). This heuristic is based on the idea of Gupta et al. [18] who showed that, given
an a-approximation algorithm for OP, it is possible to derive a 2a-approximation algorithm
for c-opP. So, we use the best approximation algorithm for the unrooted version of OP in which
there is no specified root node s that must be spanned, which is the 2-approximation algorithm
proposed by Paul et al. [23]. In particular, given an instance I = (G = (V, E), s, m,r, 1, B,C)
of c-0P, we define an OP instance I’ with I’ = (G = (V, E),s,n’,l, B) in which for any
v eV, n'(v) =n(v) —nr(v), where n > OPT/(2C) and OPT is an optimal solution to
c-0P. As OPT is not known, we guess it through a binary search over the range [mmin, TP],
where T, be the minimum positive prize of a node and TP is the total prize of vertices.
We know that OPT < T P. We estimate the value of OPT by guessing N possible values,
where N is the smallest integer for which Tmin2Y ~1 > TP. For the instances considered in
Section 5, we set 7 using this binary search. For each 7, we compute the solution returned
by the 2-approximation algorithm by Paul et al. [23] on the obtained instance I’ and we let
Sy be the nodes in this solution. By definition of oP, set S, satisfies the budgeted constraint
but it is not guaranteed to satisfy the capacity. Therefore, we compute T,, = DPROC(S))
to obtain a tour that satisfies the capacity constraint. Finally we output the tour T, that
maximizes the prize, i.e. Ty := argmax{n(T;)}, where 7 is set based on the binary search
to find OPT. Note that for any v, in case 7’'(v) = w(v) — nr(v) < 1, we set 7’'(v) = 1.

GreedyRandom-ApxA (GRA). This is a modification of the randomized algorithm proposed
by Arora and Scherer [4]. The following randomized algorithm is repeated multiple times
and the solution with best prize is selected (in the experiments we repeat for 10 times). We
keep a solution S, initially equal to the empty set. For 3|V| times we repeat the following
loop. We sample a node v uniformly at random and we check if v € S. If so, we remove it
from S. Otherwise, we add it to S. Then, we compute T' = DPROC(S) and check if I[(T) < B
and 7(T") > 7(S). In the affirmative case, we set S := V(T') and repeat the loop.

Greedy-ApxA (GA). Like for SBAA, we compute a candidate set Sy, for each node u € V,
we select a set Sjp; that maximizes the prize, i.e. Sy := argmaxy,ey 7(Sy), and output
DPROC(S)s). For each node u € V, the candidate set S, is computed as follows. We first
sort all nodes v € V in non-increasing order of 7 (v)/w(u,v) or 7(v). In Section 5 we will
specify the used sorting strategy. We initialize S, as Sy, := {u}. Then, we iterate over the
nodes v € V'\ {u}, according to the sorting. At each iteration we check whether adding to
S, the next node v in the sorting induces a feasible solution with better prize of the current
solution. Specifically, we compute T' = DPROC(S,, U {v}) and check whether {(T') < B and
m(T) > 7(Sy). In the affirmative case, we set S, := V(T') and iterate to the next node in
the ordering.
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Note that SBAA, 4AA, GA and GREEDYRANDOM-APXA are pseudo-poly algorithms as we
use the well-known dynamic programming for the Knapsack problem. However, one can use
the well-known FPTAS for the knapsack problem [27].

5 Experiments

In this section, we present and analyze the results of an extensive experimental evaluation on
the performance of the heuristics proposed in Section 4. We design two experiments, named
respectively COMPARISON and SCALABILITY, with the objective of answering to different
experimental questions.

The aim of experiment COMPARISON (see Section 5.1), is comparing the performance of
the four proposed heuristic algorithms against methods of the literature that are considered
the state-of-the-art for c-TOP. Among them, based on the most recent experimental results
on the problem (see [19]), we identify the most effective/competitive w.r.t. solution quality
and running time, that is algorithms: VNS, TSF, TSA [2]; BiFFf and BiFFs [25]; VSS-Tb and
VSS-SA [6]; HALNS [19]. We do not consider, instead, algorithms ADEPT-RD [22], SA-ILS [17],
and LNS/NLNS [20] since they have been tested only on a subset of the benchmark instances and,
in terms of performance, they are dominated by or comparable to HALNS [19]; Furthermore,
ILS [16] provided the average results on each set instead of giving their result on each
instance.

The aim of experiment SCALABILITY (see Section 5.2), is assessing the scalability properties
of our newly introduced heuristics, i.e. to study how the performance of our heuristics change
with the input size, and specifically if our algorithms can process larger instances than those
that have been considered in past literature on the problem. For all experiments, we use
implementations of the four heuristics of Section 4 we developed for the purpose. All our
code is written in C++ (available at nttps://shorturl.at/bMywn) and compiled with GCC 9.4.0
with optimization level O3; all our tests have been executed on a workstation equipped with
an Intel® Xeon® processor, clocked at 2.30GHz, running Ubuntu Linux.

5.1 comparison Experiment

In this experiment, we test implementations of SBAA, 4AA, GRA, and GA on two publicly
available datasets of benchmark inputs for ¢-TOP, defined in [2] and [25], respectively, derived
from instances of TSP and considered reference instances for assessing the performance of
algorithms for c-TOP.

Input Data. The details of such datasets, which we call SMALL-CASE and LARGE-CASE

inputs, respectively, are summarized in what follows:

small-case: this set contains 130 instances (divided into three subsets, named sc-1, sc-2 and
sc-3 and having 10, 90 and 30 instances, resp.) defined in [2] by suitably manipulating
the instances given in [11] for TSP. The number of nodes of graphs in this set is n €
{51,76,101, 121, 151,200}; instances are generated by considering different combinations
of fleet size K € {2,3,4,10, 15,20}, budget B € {50, 75,100, 160, 200, 230, 720, 1040} and
capacity C' € {50, 75,100, 140, 160, 200}.

large-case: this set contains 130 instances (divided in three subsets, named LC-1, LC-2,
and Lc-3 and having 10, 90, and 30 instances, resp.) developed in [25] by modifying
the inputs to the Periodic Vehicle Routing Problem of [24]. The number of nodes in
this set is n € {337,361, 385,433,481, 529,505,577} while other parameters are K €
{6,7,8,14,15,16, 18, 20,21, 22,24}, B € {100, 200,400, 660, 668, 675, 683, 705, 713, 720}
and C € {75,150, 200, 330, 335, 340, 345, 350, 360, 365, 375} .
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Each of the above instances, in what follows, is identified by a unique string following the
format base-n-K-C-B, where base is the name of the original TSP instance from either [11]
or [24], while n is the number of nodes, K is the number of vehicles, C' is the capacity and B
is the budget. Note that, for both SMALL-CASE and LARGE-CASE instances, the prize of each
node v having size r(v) is assigned to be equal to m(v) = (h + 0.5)r(v), where h is a random
number uniformly generated within interval [0, 1]. This implies that for any instance having
capacity C and number of vehicles K, the optimum for the instance is upper bounded by
(h+0.5)KC < 3EC in c-ToP.

Executed Tests. For all mentioned inputs, we run all four heuristics and measure both
running time (column ¢, in seconds) and solution quality (i.e. achieved prize, column p).
We then compare observed measures with the results obtained, on the same instances, by
reference methods of the literature mentioned above, as summarized in Tables 1-4.

Table 1 Results of experiment COMPARISON for SMALL-CASE inputs, subset SC-1.

GRA SBAA GA 4 NS [2] TSF [2] TSA[2] BiFFf [23] BiFFs [23] VSS-Tb [6] Vss-sA [6] HALNS [19]
Instance

poltfe e [ty |t]e| |t e |t el |tla]p |[t{s]|p|t|elp|t|la]p|[t]{s]|p|t|e|lp]|t]|s
03-101-15-200-200 1409 | < 1]0.00{1409 | < 1]0.00|1409 | < 1[0.00| 904 | 362 3584|1409 | < 1 [0.00|1409 [ < 1]0.00{1409|< 1|0.00|1409|< 1[0.00|1409 | < 1]0.00{1409|< 1]0.00|1409| 2 |0.00(1409 | < 1|0.00
06:-51-10-160-200 | 761 | < 1|0.00| 761 | < 1]0.00| 761 [< 1/000| 191 | 73 {7490| 761 | <1 [0.00| 761 [< 1|0.00{ 761 |<1{0.00| 761 |<1[0.00| 761 |<1]|0.00| 761 |<1[0.00| 761 [<1|0.00| 761 | < 1{0.00
07-76-20-140-160 {1327 | < 1]0.00 1327 | < 1[0.00 {1327 | < 1]0.00{ 1238 | 146 | 6.70 | 1327 | < 1 [0.00{1327|<1]0.00 1327 | < 1[0.00 1327 [ < 1]0.00{1327|<1]000|1327|< 1[0.00[{1327| 1 |[0.00{1327|<1]0.00
08-101-15-200-230 | 1409 | < 1] 0.00 | 1409 | < 1[0.00{1409 | < 1{0.00| 916 | 391 [ 3495|1409 | < 1 |0.00|1409 | < 1{0.00 1409 | < 1[0.00|1409 | < 1|0.00 {1409 | < 1]0.00 |1409 | < 1|0.00{1409| 1 |0.00|1409| < 1 |0.00
09-151-10-200-200 | 2063 | < 1]0.09 | 2064 < 1|0.04{ 2057 | < 1{0.38 | 1586 | 1255 | 0.00 | 2064 3600 |0.00 | 2061 | 163 {0.00 | 2062 | 127 [0.00 | 2065 | 2 |0.00|{2065| 2 |0.00|2065 | 39 |0.00|2065| 120 0.00 {2065 | 1 |0.00
10-200-20-200-200 | 3048 | < 1[0.00{3048 | < 1{0.00 3048 | < 1[0.00| 2528 4218 | 7.21 | 3048 | < 1 {0.00| 3048 | < 1[0.00|3048 | < 1|0.00 {3048 | < 1]0.00 |3048 | < 1[0.00|3048 | < 1]0.00|3048| 11 [0.00|3048 | < 1|0.00
13-121-15-200-720 | 1287 < 1/0.00 [ 1287 | < 1[0.00 1287 [ < 1{0.00|1287| 417 | 0.00 | 1287 | < 1{0.00|1287|< 1|0.00 | 1287 < 1[0.00 1287 [ < 1{0.00{1287 < 1|0.00|1287 | < 1[0.00[1287| 2 |0.00{1287|< 1]0.00
14-101-10-200-1040 [ 1710 | < 1[0.00 {1710 [ < 1{0.00{1710 | < 1|0.00 |1710| < 1 [ 0.00 [1710| < 1 [0.00{ 1710 | < 1[0.00 {1710 < 1{0.00{1710|< 1000|1710 | < 1[0.00 {1710 | < 1{0.00{1710| 3 |0.00|1710|< 1 |0.00
15-151-15-200-200 | 2159 < 1/0.00 2159 | < 1[0.00| 2159 | < 1{0.00| 2159|1450 | 0.00 | 2159 | < 1{0.00|2159|< 1[0.00|2159 < 1[0.00|2159 < 1{0.00{2159|< 1000|2159 |< 1[0.00(2159| T |0.00{2159|< 1|0.00
16-200-15-200-200 | 2965 < 1[0.13{ 2065 | < 1{0.13 | 2966 | < 1[0.10 | 2041 3829 | 0.94 | 2968 |3600 | 0.03 | 2965 | 270 [013 | 2067 377 [0.06 | - | - | - | - | - | - 2969 61 |0.00]2969| 254 |0.00|2969 | 76 |0.00

Observe that, for subsets of inputs SC-2, sc-3, LC-2 and LC-3, which have a large number
of instances, we report a meaningful selection of the results of our tests, while full data will
appear in a longer version of the paper. Besides running time and prize, for each algorithm
A and for each instance, we report the gap g4 between the solution Sol4 computed by A
and the best known solution for the instance, obtained by any of the algorithm in the set X

of considered algorithms, i.e. g4 = %&g‘“ - 100, where BK S = max Sol 4,. Algorithms
AleX

achieving the maximum solution quality, for each instance, are highlighted in bold. For the
sake of fairness, we remark that all the considered algorithms from the literature have a
randomized nature and have been evaluated by following a measurement strategy commonly
referred to as Time-To-Best, which consists of: (i) running a given algorithm 10 times; (ii)
selecting the run that performs best in terms of solution quality (prize); (iii) reporting solution
quality and running time only of such run of the algorithm (see [19] and references therein).
While this measurement strategy is reasonable when one compares only randomized solutions,
it appears to be not well suited to be applied in comparisons that include deterministic
algorithms, such as ours GA, SBAA or 4AA, which output the same solution even if they are
executed multiple times. Indeed, a more empirically appropriate assessment strategy would
require to measure, for randomized approaches, the sum of the running times of the all
executions, since that represents the actual time the algorithm have to run to obtain the best
solution, and compare such time with that of deterministic algorithms. Therefore, running
times reported for algorithms from the literature might likely be underestimations of the
actual average running time.

Note that, procedure DPROC, used by all our heuristics, considers different possibilities for
computing a tour on a subset of the nodes, namely the 3/2- and 2-approximation algorithms
for TSP [27]. Moreover, heuristics SBAA and GA use two different node sorting strategies,
based on the prize or on the ratio between prize and weight. After a preliminary experimental
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Table 2 Excerpt of the results of experiment COMPARISON for subsets sc-2 (top) and Sc-3
(bottom).

Subset sc-2

GRA SBAA GA 4AA VNS [2] TSF [2 TSA [2] BiFFf [27] BiFFs [27] VSS-Tb [6] VSS-sA [6] HALNS [19)

Instance
pltle|p|tls|p|t]ls|p]|t s lp |t e fp|t|e|p|tlslp | t]le|p|t]es|p|tles]|p|tle|p]|t]e

03-101-4-100-100 | 510 | < 1| 4.13 | 523 | < 1 | 1.69 | 516 | < 1 [3.00 [ 501 [ 257 | 5.82 | 529 | 963 |0.56 | 531 | 317 [0.18 | 529 | 357 [0.56 | 531 018 532 | 42 |0.00| 532 | 27 |0.00 | 532

2(0.00(532 |21 (0.00

06-51-4-100-100 | 450 | < 1| 5.49 [470 [ < 1248|472 < 1 [2.07 388 | 21 [19.50 | 481 | 135 |0.20 (482| 25 [0.00 (482 | 26 [0.00 482 < 1{0.00|482|< 1]0.00 (482 < 1[0.00|482| 2 (0.00(482 2 [0.00

07-76-4-100-100 510 | < 1172510 | < 1 [2.11 (514 [< 1 [1.34 [451| 107 |13.43 [ 521 | 342 [0.00|521| 25 [0.00| 514 | 26 |1.34| 518 | < 1{0.57(521|<1|0.00|521|<10.00|521( 2 |0.00|521|2 [0.00
08-101-4-100-100 514 | < 1{2.06 | 523 | < 1 |1.69 | 516 [ < 1|3.00|501 | 107 | 5.82 | 529 | 963 [0.56 | 531 | 317 [0.18 | 520 | 357 |0.56 | 531 | 7 [0.18 532 41 [0.00|532| 29 |0.00 |532 |20 [0.00 | 532 |31 |0.00
09-151-4-100-100 [ 532 | < 1| 1.64 | 542 | < 1|0.73 | 539 [ < 1|1.26 | 506 | 1074 | 7.32 | 545 [ 2934 [0.18 | 539 | 924 [1.28 [ 536 | 959 |1.83| 545 | 51 [0.18 | 546 | 38 0.00|546 | 53 |0.00 | 546 | 31[0.00 | 546 |31 |0.00
10-200-4-100-100 | 544 | < 1| 1.80 | 548 | < 1 {0.90 | 550 | < 1054|522 2969 | 5.60 | 548 {3600 | 0.90 | 549 | 2077 {0.72 | 550 |3232 | 0.54 | 553 | 183 | 0.00 | 553 | 243 [ 0.00 | 553 | 11 [0.00 | 553 |40 | 0.00 [ 553 |43 | 0.00

13-121-4-100-100 415 [ < 1 [ 119 {415 | < 1 [0.95 [417 [< 1 {047 |383 | 23 | 850 (419 179 [0.00 {419 24 |0.00|419| 48 |0.00|419|< 1[0.00(419 < 1(0.00|419 < 1[0.00(419| 1 |0.00|{419| 1 |0.00

14-101-4-100-100 [ 511 [ < 1 [3.04 {522 | < 1 [0.57 [ 521 [< 1 [0.76 [488 | 212 | 7.04 | 525 | 670 [0.00| 523 | 210 |0.38 | 525 | 292 | 0.00| 525 | < 1 [0.00 525 [< 1[0.00|525| 5 |0.00|525| 1 |0.00|525| 5 |0.00

15-151-4-100-100 | 542 | < 1 [ 1.27 | 545 | < 1 [0.72 [ 544 [ < 1| 0.91|518 | 1077 | 5.64 | 548 2828 [0.18 | 549 | 1252 | 0.00 | 545 | 1015 | 0.72| 548 | 10 [0.18 | 549 | 206 | 0.00 | 549 | 66 | 0.00 [ 549 |49 |0.00 | 549 | 87 | 0.00

16-200-4-100-100 | 553 | < 1{0.53 {535 | < 1053|554 | < 1{0.71|538{3000 | 358 | 554 [3600 | 0.71| 554 | 2124 |0.71| 553 |3550 [0.80 | 556 | 3 |0.35 | 558 | 67 {0.00[558 | 5 |0.00|558 | 79|0.00|558 |36 {0.00
Subset sc-3
GRA SBAA GA 4hn NS [2] TSF [2 TSA 2] BiFFf [25] BiFFs [25) VSS-Tb [6] vss-sh [6] HALNS [19]
Instance

polt|e P tlelp|t|le]|p|t|a] P t gl P tlelp|tle]| v tlelp | t|ls |l p|t]|eg poft]e|p t |8
03-101-4-200-200 | 936 < 1|147| 938 | < 1[1.26| 930 | < 1|1.05 | 914 | 027 [3.78] 950 | 961 [0.00| 946 | 110 |0.42| 947 | 42 {0.31] 950 | < 1]0.00| 950 | < 1|0.00| 950 | 16 |[0.00| 950 |11]0.00| 950 | 10 |0.00
06-51-4-160-200 | 681 < 1]020] 682 | < 1]0.04] 680 [<1[043] 643 | 82 |5.12] 683 | 53 |0.00] 683 | 5 [0.00] 652 | 4 |0.14| 683 | < 1[0.00| 683 |<1[0.00| 683 [<1|0.00| 683 | 1 [000] 683 | 1 [0.00
O07-76-4-140-160 | 705 < 1]028] 705 | < 1]028] 704 [< 1|042] 686 | 376 |2.97| 707 | 206 |0.00| 707 | 44 [0.00] 702 | 30 [070| 707 | 2 [0.00] 707 | 5 [0.00| 707 [ 2 |0.00| 707 | 1 [000] 707 | < 1|0.00
08-101-4-200-230 | 947 | < 1[031| 949 [< 1[0.10[ 946 | < 1]0.42| 924 | 916 [2.73| 950 | 726 [0.00| 949 89 |0.10| 949 | 38 [0.10] 950 1 {0.00] 950 | 10 | 0.00| 950 & 10.00] 950 | 8 {0.00[ 950 | 11 | 0.00
00-151-4-200-200 | 1020 | < 1{0.38| 1031 [< 1[0.19|1024| 4 |0.87| 1008|3552 |2.42 | 1033 | 2003| 0.00{ 1033 | 450 |0.00| 1020|254 [0.35|1033| 2 [0.00|1033 | 2 |0.00{1033| 44 |0.00|1033|11]0.00|1033 | 16 | 0.00
10-200-4-200-200 | 1064 | < 1 [0.00 [ 1064 | < 1[0.00| 1062 | 10 | 0.18 [ 1060 | 8854 | 0.37 | 1064 | 3600 | 0.00 | 1064 | 1260 | 0.00 | 1063 780 | 0.09]| 1064 | 1 |0.00 {1064 | < 1|0.00| 1064 | 15 |0.00{ 1064 | 9 |0.00| 950 | 11 |0.00
131214200720 | 908 | < 1[0.00| 908 | < 1[0.00] 908 | < 1]0.00|908 |1474|0.00| 908 | 954 [0.00| 907 | 76 |0.11| 906 | 40 |0.22] 908 < 1|0.00| 908 | < 1|0.00| 908 | 217 |0.00| 908 |27|0.00| 908 | 6 |0.00
14-101-4-200-1040 | 975 [< 1[0.00| 975 | < 1[0.00] 975 < 1{0.00|978 | <1 [0.00| 975 | 483 [0.00| 975 | 56 |0.00| 975 | 38 [0.00| 975 | 1 |0.00] 975 | 1 |0.00| 975 |<1{0.00| 975 | 1 |0.00| 975 | < 1|0.00
15-151-4-200-200 | 1024 | < 1 {067 | 1027 [< 1038|1016 5 |1.45 1010|3645 [2.03| 1031|2832 | 0.00 [ 1019 | 618 | 1.16 [ 1030|276 | 0.09 [ 1031 | 3 [0.00 (1031 | 3 |0.00| 1031|262 |0.00| 1031 (58 (0.00{1031| 7 |0.00
16-200-4200-200 | 1071 | < 1[0.18| 1071 | < 1[0.18{ 1068 | 11 [0.46 [1062 [ 9171 | 1.02 | 1073 | 3600 [ 0.00 | 1072 | 1263 | 0.09 [ 1071 | 807 | 0.18 1073 | 1 |0.00{1073| 1 |0.00{1073| 40 |0.00{1073|15]0.00/1073| 1 [0.00

study, we found out that on instances sc-1, sc-2, and SC-3, on average the algorithms
based on prize ordering performs worse in terms of collected prize than those based on prize-
over-weight ordering. Therefore, for these instances we use the prize-over-weight ordering
and both the 3/2- and 2-approximation algorithms for TSP. We then select the solution
with the highest prize between these two and report the sum of the running times of both
approaches. Similarly, for instances LC-1, LC-2 and LC-3, our preliminary experiments
show that algorithms based on the 2-approximation algorithm for TSP perform worse than
those based on the 3/2-approximation and hence, in these instances, we use only this latter
and both prize and prize-over-weight orders. We then select the solution with the highest
prize and report the sum of the running times of both approaches. Finally, for SBAA we
fix parameter y, determining an upper bound on how many nodes can be assigned to each
vehicle, to 20, whenever the number of vehicles is large enough so that the nodes of graphs
can be divided among vehicles.

Analysis. Our data lead to two main general conclusions: first, the newly introduced
algorithms are competitive with existing ones in terms of solution quality. In fact, they
achieve, in many cases, best known solutions (i.e. have zero gap), and solutions with good
quality, with gaps that are in the order of few percentage points, one or two tens in the worst
cases, in the remaining cases. Second, SBAA, GA and GRA are significantly faster than methods
known in the literature, requiring running times that are up to orders of magnitude smaller
to achieve solutions that have comparable quality (with prizes equal or very close to the best
ones and corresponding small gaps). The only exception to this behavior is algorithm 4AA,
whose running time does not scale well with the graph size, due to using the 2-approximation
algorithm of [23]. For this reason, we omit from the comparison the results of algorithm 4AA
for larger instances, i.e. LARGE-CASE. In more details, we observe that:
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Table 3 Results of experiment COMPARISON for LARGE-CASE inputs, subset LC-1.

GRA SBAA GA BiFFf [25] BiFFs [27] VSS-Tb [6] VSS-SA [6] HALNS [19]
Instance
p t g p t g p t g p t g p t g p t] g p t g p t| g
01-337-14-345-720 | 3836 | 30 | 8.05 | 4139 | 1 |0.79|4014 | 51 |3.78 4172 | 17 | 0.00| 4172 | 17 |0.00 |4172 | 1|0.37|4172| 2 {0.00| 4172 |10.00
02-385-16-350-713 | 4434 | 43 | 7.31 | 4753 | < 1|0.64|4605 | 77 |3.74|4784 | 25 | 0.00 | 4784 | 25 |0.00 | 4784 |1|0.37|4784| 3 {0.00|4784|20.00
03-433-18-330-675 | 4911 | 59 | 5.57 | 5187 | < 1]0.26|4949 | 103 |4.84 | 5201 | 33 | 0.00| 5201 | 32 |0.00 | 5201 |2{0.37| 5201 | 3 | 0.00| 5201 |4 | 0.00
04-481-20-335-713 | 5463 | 85 | 6.35 | 5834 | 2 |0.00|5697 | 155 [2.24 | 5828 | 48 | 0.10| 5828 | 47 [0.10 | 5828 | 1{0.10| 5828 | 3 | 0.10| 5828 [3]0.10
05-529-22-340-705 | 5892 | 127 | 8.59 | 6446 | 5 |1.95| 6211|215 |3.63| 6445 | 101]0.01 | 6445 | 98 |0.01 | 6445 |3]0.01| 6445 | 5 | 0.01| 6445 |3{0.01
06-577-24-365-683 | 6709 | 164 | 5.26 | 7082 | 5 |0.00 | 6937|266 [1.89 | 7071 | 94 {0.15| 7071 | 93 |0.15| 7071 | 1{0.15| 7071 | 2 {0.15| 7071 |6 |0.15
07-361-15-335-668 | 3877 | 41 {10.97 | 4134 | < 1|5.07|4122 | 56 |5.35|4355 | 24 | 0.00| 4355 | 23 |0.00 4355 | 1|0.37| 4355 | 3 |{0.00| 4355 |10.00
08-433-18-350-675 | 4706 | 74 | 9.39 | 5133 | 2 |1.17|4965 | 122 |4.40|5194| 51 | 0.00 | 5194 | 49 |0.00| 5194 |2|0.37| 5194 | 4 | 0.00| 5194 | 1|0.00
09-505-21-360-660 | 5267 | 118 | 14.81 | 5841 | 5 |5.53|5953 | 176 |3.71| 6183|103 |0.00| 6183 | 104 | 0.00 | 6183 | 3| 0.37| 6183 [22{0.00| 6183 |5 | 0.00
10-577-24-375-675 | 6601 | 166 | 8.88 | 7245 | 8 |0.00| 7132|289 | 1.47 | 7239 | 144 | 0.08 | 7239 | 144 |0.08 | 7239 |4 ]0.08| 7239 | 7 |0.08 | 7239 |6 [0.08

for SMALL-CASE instances, algorithms GRA, SBAA and GA outperform all other approaches
in terms of running time by completing their execution always in less than 1 second; at
the same time they compute best solutions in all cases with few exceptions where the gap
is below 5%; in more details, for subset sc-1, algorithms VSS-Tb, VSS-SA and HALNS have
running times up to 254 seconds (with zero gap) while GRA and SBAA, GA take less than 1
second (with gaps below 0.39%); for subset sC-2, similarly, VSS-Tb, VSS-SA and HALNS
have running times up to 100 seconds (with zero gap) while our simple algorithms SBAA
and GRA take always less than 1 second (with gaps below 5% and 7%, resp.); instead, GA
has running time below 4 seconds (while exhibiting gaps below 5%); finally, for subset
SC-3, VSS-Tb, VSS-SA and HALNS have running times up to 300 seconds, while SBAA and
GRA run always for less than 1 second and their gaps are below 1.78% and 3.42%, resp.;
GA has running time up to 11 seconds with gap below 2.00%; Note that for subsets sc-1,
sc-2 and sC-3, 4AA has gap mostly below 15.00% with high running time.

for LARGE-CASE instances, algorithm SBAA outperforms the literature in 4 out of 10
instances of subset LC-1, in terms of quality of solution, while having running time at
most 8 seconds; in the remaining 6 instances of subset LC-1, method SBAA is competitive
w.r.t. the state-of-the-art, in terms of quality of solution, while achieving a gap that is
always below 5.40%; for subset LC-2, algorithms VSS-Tb, VSS-SA and HALNS have large
running times (up to 3900 seconds) while SBAA and GRA are the best performing in terms
of time, with executions lasting at most 32 seconds (which is at least two orders of
magnitude faster than VSS-Tb, VSS-SA and HALNS); on top of that, the gap obtained by
SBAA and GRA remain below 15% and 20% respectively in most cases, and the gap of
GA is mostly below 15% (with running time up to 132 seconds); finally, for subset LC-3,
algorithms VSS-Tb, VSS-SA and HALNS have huge running times (up to 16000 and 1700
seconds, resp., for VSS-Tb and VSS-SA, while HALNS runs for up to 7000 seconds) while
SBAA and GRA run for at most 56 seconds (meaning that SBAA is at least two orders of
magnitude faster than VSS-Tb, VSS-SA and HALNS) with gap mostly below 8%; similarly,
GRA has running time up to 56 seconds with the gap mostly below 15%, and GA takes
up to 437 seconds to yield gaps that are mostly below 5%; to summarize, the results for
LARGE-CASE inputs suggest that our very simple algorithms outperform the literature by
far in terms of time (at least an order of magnitude) while having a good gap, and hence
they can be considered more practical.
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Table 4 Excerpt of the results of experiment COMPARISON for subsets LC-2 (top) and LC-3
(bottom).

Subset lc-2

GRA SBAA GA BiFFf [25)] BiFFs [25] VSS-Tb (6] VSS-SA (6] HALNS [19]

Instance
pltl e | p |t e | p|tle|lp| teglp| t el p|[t]|e]lp|[t]|e]p|t]|esg

81-337-8-200-400 | 1718 | 16 | 15.82 | 1911 | 16 | 6.36 | 1976 | 50 |3.57 {2032 | 155 |0.44 |2032 | 1236 |0.44 | 2039 |1286 |0.10 | 2041 | 763 | 0.00 | 2040 | 1167 | 0.05

81-337-8-200-400 | 1757 | 8 |13.91| 1911 |16 | 6.36 | 1976 | 50 |3.57 | 2032 | 155 |0.44 2032 | 1236 |0.44| 2039 |1286 |0.10 | 2041 | 763 | 0.00| 2040 | 1167 | 0.05

82-385-8-200-400 | 1830 | 8 | 11.50 | 1850 | 15 {10.54 | 2022 | 55 {2.22 | 2064 | 1216 |0.19 | 2065 | 5641 |0.15| 2066 |2121 |0.10 | 2068 | 1078 | 0.00 | 2066 | 1983 | 0.10

83-433-8-200-400 { 1939 | 16 | 7.57 | 2024 |10 | 3.52 | 2058 | 77 {1.90 | 2096 | 574 |0.10|2097 | 3173 |0.05| 2097 |2724 | 0.05 | 2098 | 1649 | 0.00 | 2098 | 1562 | 0.00

84-481-8-200-400 | 1876 | 16 | 11.96 | 2014 | 21 | 5.49 | 2075 [106 |{2.62 | 2127 | 112 |0.19 2127 | 103 |0.19| 2130 |3317 |0.05| 2131|1627 | 0.00 | 2130 | 1116 | 0.05

85-529-8-200-400 | 1708 | 20 | 21.03 | 2023 | 24 | 6.47 | 2109 | 111 |{2.77 | 2154 | 1038 |0.32 | 2155 | 7914 |0.37 | 2162 |3764 |0.05| 2163 210.00 | 2161 |1339 |0.09

86-577-8-200-400 | 1991 | 24 | 9.66 | 2116 |19 | 3.99 | 2171 [ 132 | 1.54 | 2204 | 7385 |0.05 | 2204 | 1658 |0.05| 2205 | 6426 | 0.00 | 2204 | 2289 | 0.05 | 2205 | 2078 | 0.00

87-361-8-200-400 | 1804 | 8 [12.59 {1939 |16 | 6.05 | 1978 | 55 |4.16 | 2063 | 1964 |0.05 | 2063 | 3762 |0.05 | 2063 | 889 |0.05|2064 | 886 | 0.00 | 2064 | 1329 | 0.00

88-433-8-200-400 | 1800 | 16 | 13.21 | 1814 | 22 {12.53 | 2011 | 90 {3.03 | 2068 | 683 |0.29 | 2070 | 3589 |0.19| 2072 | 1974 |0.10 | 2074 | 2000 | 0.00 | 2072 | 784 |0.10

89-505-8-200-400 | 1718 | 16 | 18.88 11942 | 32 | 8.30 | 2051 | 126 |3.03 | 2115 [ 11022 | 0.14 | 2115 | 17380 | 0.14 | 2116 | 2693 |0.09 | 2118 | 2515 | 0.00 | 2115 | 2849 | 0.14

90-577-8-200-400 | 1961 | 24 | 9.75 | 2077 | 24 | 4.41 | 2139 [ 129 | 1.56 | 2168 | 2168 |0.23 | 2172 [ 15678 | 0.05 | 2171 |3326 |0.09 | 2173 | 3197 | 0.00 | 2173 | 2901 | 0.00

Subset lc-3
GRA SBAA GA BiFFf [25] BiFFs [25] VSS-Tb [6] VSS-SA (6] HALNS [19]
Instance
p t g p t g P t g p t g P t g p t g P t g P t g

21-337-8-345-720 | 2858 | 19| 9.52 {2933 |26 | 7.15 | 2975 | 135 |5.82 | 3159 | 927 | 0.00| 3159 | 1745 | 0.00 | 3158 | 1462 | 0.03|3159| 1576 | 0.00| 3159 | 824 | 0.00

22-385-8-350-713 | 2911 | 24 | 11.54 | 3033 | 26 | 7.83 | 3183 | 161 |3.28 | 3290 | 144 0.03|3291| 583 |0.00| 3291 | 2850 | 0.03|3291| 3018 | 0.00| 3291|1401 | 0.00

23-433-8-330-675 | 2970 | 26 | 6.89 | 3058 | 17 | 4.13 | 3143 | 188 | 1.47 | 3190 | 455 | 0.00|3190| 461 |0.00|3190 | 4288 | 0.00|3190 | 3143 | 0.00|3190| 616 |0.00

24-481-8-335-T13 | 3038 | 34 | 7.63 | 3144 |29 | 440 | 3218|273 |2.15|3289 | 451 | 0.00|3289| 426 |0.00|3289 | 283 |0.00|3289| 314 |0.00|3289| 297 |0.00

=

25-529-8-340-705 | 3078 | 41| 10.36 | 3258 | 31| 5.12 | 3368 | 295 | 1.92 | 3432 | 1953 | 0.06 | 3434 | 7418 | 0.00 | 3434 | 4145 | 0.00 | 3434 | 4396 | 0.00 | 3434 | 5964 | 0.00

26-577-8-365-683 | 3385 | 51| 9.70 3674 1406 |2.00 | 3749 | 997 | 0.00 | 3749 | 1007 |0.00| 3748 14090 | 0.03 | 3748 | 9342 | 0.03 | 3749 | 1430 | 0.00

27-361-8-335-668 | 2738 | 24 12.15 | 3916 | 22 | 6.44 | 2947 | 131 |5.45| 3116 | 187 |0.03 | 3116 | 189 |0.03 | 3117 | 3090 | 0.00|3117| 2248 | 0.00 | 3117|2046 | 0.00

28-433-8-350-675 | 2828 | 33 | 14.38 | 3106 | 40 | 5.96 | 3166 | 235 |4.14 | 3301 | 1834 | 0.06 | 3302 | 3455 |0.03 | 3303 | 5691 | 0.00|3303| 5120 | 0.00| 3303|3583 |0.00

29-505-8-360-660 | 2794 | 45 | 20.82 | 3083 | 55 | 12.63 | 3303 | 373 | 6.40 | 3510 | 2282 | 0.54 | 3525 | 14499 | 0.11 | 3528 | 7370 |0.03 | 3529 | 11119 | 0.00 | 3526 | 7134 | 0.09

30-577-8-375-675 | 3233 | 56 | 14.53 | 3518 | 48 | 7.00 | 3698 | 437 | 2.24 | 3781 | 2784 |0.05| 3783 | 11663 | 0.00 | 3781 | 10154 | 0.05| 3783 | 9865 | 0.00 | 3783 | 7147 | 0.00

5.2 scalability Experiment

Here we evaluate how the running times of SBAA, GRA and GA change as the input size
increases.

Input Data. We generate input instances whose size is far larger than that of any of the
available benchmark inputs, with up to 15500 nodes, by manipulating instance BRUSSELS2,
used by Arnold et al. [3], for a version of the capacitated vehicle routing problem where,
given a graph with edge lengths and a set of vehicles with limited capacity, the goal is to
cover all the nodes with minimum total length and in such a way that each vehicle respects
the capacity constraint. We sample uniformly at random 10 subgraphs from BRUSSELSZ2,
each having from 500 nodes to 15500 nodes with steps of 1000 nodes. For each subgraph, we

consider K € {2,4,...,10} and B € {200, 400,600} while the capacity is fixed to C' = 200.
Note that in the original instance, BRUSSELS2, the capacity of each vehicle is set to 150.

Similarly to the other benchmark instances, the prize is set to w(v) = (h + 0.5)r(v), for each
node v with size r(v), with A randomly uniformly chosen within [0, 1].
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Executed Tests. For each subgraph and combination of K and B, we ran heuristics SBAA,
GRA, and GA, and measure achieved prize and running time. We omit heuristic 4AA from
this part of the study since its running time is observed to be high even for not so large
input combinations (see Section 5.1). The results of this experiment are summarized in
Figures 1- 3: for each heuristic and for each considered value of B, we report measured
solution quality and running time, averaged over all K.
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Figure 1 Results of the SCALABILITY experiment for B = 200.
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Figure 2 Results of the SCALABILITY experiment for B = 400.
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Figure 3 Results of the SCALABILITY experiment for B = 600.

Analysis. Our experimental data highlight the following general behavior. When B = 200
(see Figure 1), GA and SBAA are extremely fast, with running times smaller than 1 second
even when the number of nodes n approaches 15 500; the running time of GRA is higher than
the first two heuristics and grows faster as n increases, but remains below 10 seconds even
for the largest case of n = 15500. The latter value is far below the average running times
of algorithms tested in Section 5.1 for smaller graphs. Moreover, despite the low running
time, GA and SBAA on average outperform GRA also w.r.t. achieved prize. When the budget
is increased to 400 (see Figure 2) the observed trends are similar, with the average running
time of GA and SBAA being below 1 second until n is less than 6 500 and remaining below
50 seconds. GA and SBAA outperform GRA w.r.t. both execution time and prize while SBAA
outperforms GA, by small factors, w.r.t. both execution time and prize. Finally, when B is
further increased to 600 (Figure 3), the trend in terms of solution quality appears not to
be affected while the running time of all considered heuristics significantly increases, with
the difference between SBAA, GA and GRA that seems to decrease as n approaches the largest
value of 15000. In general, our experiments suggest that the running time of SBAA and
GA tends to grow approximately linearly with the input size and highlight that, on the the
largest instance, SBAA and GA take below one minute on average, whereas previous algorithms
are not able to handle such large input graphs. Note that however, we use the dynamic
programming for the knapsack problem in both SBAA and GA, the capacity C in our instances
is less than the number of nodes.
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—— Abstract

We revisit the Segmented Best Path (sBP) algorithm for online DARP in an offline setting with
revenues and a time limit. The goal is to find a subset of the inputted ride requests that can
be served within the time limit while maximizing the total revenue earned. SBP divides the time
into segments and greedily chooses the highest-revenue path of requests to serve within each time
segment. We show that SBP’s performance has an upper bound of 5. Further, while SBP is a
tight 4-approximation in the uniform-revenue case, we find that with non-uniform revenues, the
approximation ratio of SBP has a lower bound strictly greater than 4; in particular, we provide a
lower bound of (v/e 4+ 1)/(v/e — 1) = 4.08299, which we show can be generalized to instances with
ratio greater than 4.278.
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1 Introduction

We study the Dial-a-Ride Problem in an offline setting with revenues and a time limit 7'
The goal is to find a subset of the inputted ride requests that can be served within the time
limit while maximizing the total revenue earned. We consider the Segmented Best Path (SBP)
algorithm, originally proposed in [6] for an online variant of DARP. It was later adapted
by [1] for the offline setting where revenues are uniform and the goal is to maximize the
number of requests served. We present SBP in a form that applies to our offline non-uniform
revenue setting. This modified SBP algorithm starts by partitioning the total time limit into
time windows, where each window (except possibly the last) is split into two equal time
segments. The algorithm uses the first segment of each window to determine a maximum
revenue set of requests that can be served within a segment, moving (if needed) to this set.
It then uses the second segment of each window to serve the requests in this set.

For a literature review of some of the numerous DARP variants, see a recent survey by
Ho et al. [8]. DARP problems are generalizations of the Traveling Salesperson Problem
(TSP), so we mention TSP work that is most closely related to the time-limited variant of
DARP that we study in this paper. Balas [2] first introduced the Prize Collecting Traveling
Salesperson Problem (PCTSP), in which the server earns a prize (similar to our revenues)
for each location visited, with the goal of collecting a prescribed amount of prize money
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while minimizing travel costs and penalties. Bienstock et al. [3] gave the first approximation
algorithm for PCTSP with ratio 2.5. Recently, Blauth and Néagele [4] achieved a significant
improvement, obtaining an approximation guarantee of 1.774. Blum et al. [5] provide a
constant-factor approximation algorithm for the Orienteering Problem (OP), another special
case of the DARP problem we study. The goal of OP is, given a weighted graph with rewards
on the nodes, to maximize the total reward collected on a path of a predefined maximum
length. Our problem generalizes OP (and TSP), since in DARP we must visit pairs of points,
rather than single points. The limit on the path length for OP is analogous to the time limit
T in our DARP setting.

In this work, we highlight how SBP’s performance changes when the revenues switch from
uniform to non-uniform. Previously, we showed that an adapted version of the SBP algorithm
which enforced an even number of time segments gave an approximation ratio of 4 in the
uniform-revenue setting [1]. In this work we show that when revenues are non-uniform, SBP
approximates the optimal revenue that can be earned within the time limit to within a factor
of 5. We then show that when the number of time segments is odd, the approximation ratio
of SBP is no better than 5, before showing that when the number of time segments is even,
the ratio is strictly greater than 4.

2 New Upper and Lower Bounds

We formally define RDARP, the Revenue-Dial-a-Ride-Problem, as follows. The input to
RDARP is a complete weighted graph, a set of requests given as source-destination node-pairs
where each request has an associated revenue, and a time limit 7" > 0. We note that any
simple, connected, weighted graph is allowed as input, with the simple preprocessing step of
adding an edge wherever one is not present whose weight is the length of the shortest path
between its two endpoints. We further note that the input can be regarded as a metric space
if the graph is undirected and the edge weights satisfy triangle inequality. We treat the edge
weights as travel-times, but for expository convenience may also refer to them as distances.
Let t,,4 denote the maximum length of an edge in the graph.

Algorithm 1 SEGMENTED BEST PATH (SBP) Algorithm as adapted from [6]. Input: time
limit T' > 0, a complete graph with T > 2¢,,,4,, and a set of requests with associated revenues.

1: Let t1,t2,...t; denote time segments of length X = T'/f ending at times
T/f,2T/f,...,T, respectively, where f = |T/tmaz]-

2: Let ¢ = 1.

3: while ¢ < f and there are still unserved requests do

4: At the start of ¢;, find the maz-revenue-sequence, R.
5. Move to the source location of the first request in R.
6: At the start of ¢;41, serve the requests in R.

7 Let i =i+ 2.

8: end while

We begin by adapting the sBP algorithm for online DARP to the offline RDARP setting.
In the online setting, SBP was shown in [6] to have competitive ratio 6, which was then
improved to 5 and shown to be tight [7]. At the beginning of SBP (see Algorithm 1), set f,
the number of time segments, to |T/tmaz|. Let X =T/ f be the length of a time segment;
note X > t,,4,. Let every pair of consecutive time segments, starting from the first time
segment t1, form a time window. A maz-revenue-sequence, R, is a sequence of requests of
maximum total revenue that can be served within one time segment of length 7'/ f.
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We use the term drive to refer to any move of the server from one point to another,
whether or not there is a request being served during the move. We use OPT to denote an
optimal solution: a sequence of requests that maximizes total revenue that can be served
within the time limit T. We let |oPT(I)| denote the total revenue earned by the optimal
solution on an instance I of RDARP.

2.1 Upper bound

In what follows, we allow OPT to choose its desired position at time 0. We will show that
even with this extra flexibility, SBP is a 5-approximation.

» Lemma 1. Let r denote the revenue of all requests that OPT begins serving by the end of
the first time window, and s denote the revenue earned by SBP within the first time window.
Then s > r/4.

Proof. Consider the initial subpath of OPT that contains the first time window and any
requests OPT begins serving by the end of the first time window. This subpath thus has
revenue r. We subdivide this subpath into four further subpaths:

1. The subpath that is entirely contained in the time interval [0, X].

2. The subpath that is entirely contained in the time interval [X,2X].

3. The drive (not necessarily a request), if any, between (1) and (2).

4. The drive (not necessarily a request), if any, that comes after (2) and overlaps time 2X.

Each of these four subpaths has total length no greater than X. Because their collective
revenue is r, at least one of the four subpaths must have revenue at least /4. Since SBP could
have greedily chosen any of these four subpaths, SBP must thus earn revenue s > r/4. <

» Theorem 2. For the offline general metric with nonuniform revenues and time limit
T > 2tmae, we have |OPT| < 5|SBP|.

Proof. We will show by induction on the number of time windows that |sBp| > |oPT|/5.

Base case 1: There is only one time window, so T'= 2X. (T > 2X since T > 2t,4, by
assumption, so f > 2.) Using Lemma 1, |OPT| = r < 4s = 4|sBP| < 5|SBP|.

Base case 2: T' = 3X. For this case, consider the above proof of Lemma 1, but add one
more subdivision so that there are 5 subpaths instead of 4. The fifth subpath is the subpath
of OPT that is entirely contained within the time interval [2X,3X]. We now redefine r to be
the revenue earned by OPT by time 3X. The rest of the proof remains the same, except we
divide into five subpaths instead of four, so |oPT| = r < 5s = 5|SBP|.

For the inductive step, we may now assume T > 4X, with the theorem holding for any
smaller time limit than 7. Let I refer to the original input instance. We want to show that
|sBp(I)| > |opT(I)|/5. We consider the smaller instance after SBP has completed its first
time window. This smaller instance, I’, has time limit 7' — 2X, and the requests served by
SBP in the first time window are removed.

Consider the path in I’ formed by taking the OPT path in I and removing the initial
part that earned revenue r; this path has length at most T'— 2X, and revenue at least
|oPT(I)| —r — s. In essence, it is the OPT path with the first portion removed and potentially
some ‘holes’ from requests that are not present in I’. By the inductive hypothesis, SBP(I”)
would have revenue at least |opT(I’)|/5 > (lopT(I)| — r — 5)/5.

Thus, using the inductive hypothesis and Lemma 1, we have |SBP([)| = s+ [sSBP(I')| >
s+ (Jopr(I)| — r — s)/5 = (Jopr(I)| — r + 4s)/5 > (lopT(I)| — r + r)/5 = |opT(I)|/5,
completing the induction. <
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‘ Requests have distances and revenues as follows: f',e, 8/e4), (t €,7/64), (\, 1,49/64) and (f, €, as shown). ‘

42/64

Figure 1 A small instance with a = 4 and b = 2 that illustrates the overall structure of the lower
bound (but does not yield a ratio greater than 4). Requests are shown in color with distances and
revenues as indicated. Gray dashed edges are empty drives of distance e¢. All edges not shown have
distance 1, including the reverse of existing directed edges.

2.2 Tight lower bound when the number of time segments is odd

Consider an instance with 7' = 6, ,,4. = 2, and five (or more) requests of unit revenue and
length 1+ 4, for some small 6 > 0, so f = |T/tmaz| = 3. These requests are such that opT
is able to serve five consecutively until the time limit, earning total revenue of 5. By contrast,
SBP serves only one request: two consecutive requests take time 2+ 20 > 2 =T/ f, so only
one request can be served within a single time segment of length 7'/ f, and the first segment
of each window is used, by definition of SBP, to move. Thus, we achieve a ratio of 5 which
matches base case 2 of Theorem 2.

In [1] we proposed a version of SBP that ensured f, the number of time segments, was
even. There we showed that version of SBP earned a (tight) approximation ratio of 4; however,
in what follows we show that even if the number of time segments is even in Algorithm 1, we
cannot guarantee an upper bound of 4 on the ratio.

2.3 Lower bound when the number of time segments is even

We describe how to construct instances with an even number of time segments that have a
lower bound greater than 4. We note that these instances are not metric spaces, as they lack
symmetry. Let a,b be positive integers with b < a. Let t,,4 = 1 and T = 2a, resulting in
f =2a and X = 1. See Figure 1 for a representative example with a =4 and b = 2.

Let the OPT path consist of Py, Ey, Pa, Ea, ..., Pag—1, E2q_1, Paq where each P; (depicted
in Fig. 1 as vertical paths oriented upward) is a path of up to 2b + 1 requests with total
distance less than 1/(2a) and total revenue 1, and each E; (depicted as a green downward
diagonal edge in the figure) is a request of distance 1 and revenue ¢ that we will specify later.
These are the only requests in the input. Hence, the OPT path has total distance at most
2a/(2a) + 2a — 1 = 2a, and the optimal solution can be completed in time 7.
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Requests have distances and revenues as follows: (f,e, 144/1728), (1, €,132/1728), (x, 1,1331/1728), d, €,121/1728) and (1, €, as shown). ‘

o o o T
- -

\

~,
,——~§\

-
- -

1728

1331/1728

Figure 2 Instance with a = 6,b = 3. Requests are shown in color with distances and revenues as
indicated. Gray dashed edges are empty drives of distance e. All edges not shown have distance 1,
including the reverse of existing directed edges.

All other distances between nodes will be 1 except that specific nodes of each P; are
very close to nodes in P;;; so that there are paths @Q1,Q2,..., Qs defined as follows. @
(depicted in Figures 1 and 2 as the red and gray staircase pattern) starts with a request in P;
of revenue 1/(2a) and then cuts through Py, Ps, ... Ps,, serving a request of revenue 1/(2a)
from each P;, followed by an empty drive (gray dashed edges) of a sufficiently small distance
€ > 0 after each request, accruing a total revenue of 1. (Note: € must be small enough so
that (1 can be served within one time segment.)

Setting ¢ < 1, no paths of total distance 1 or less have revenue larger than 1, so we can
assume that SBP will move to and then drive along @1 during the first two time segments.
At time ¢t = 2, each path P; now has remaining revenue (1 — ﬁ), which we denote by p.

Now suppose we have path Q2 (depicted as the magenta and gray staircase in the figures)
that similarly cuts through Ps, Ps, ..., Pag, Py, serving a request of revenue p/(2a) each, so
that @ has total revenue p. Again, as long as ¢ < p, no path of length 1 or less has revenue
more than 1 at time ¢ = 0, and no path of length 1 or less has revenue more than p at time
t = 2. So we can assume that SBP moves to and serves (0o from time ¢ = 2 to time ¢t = 4.

In general, define Q; for ¢ = 1...b as a path that cuts through P;, Piy1 ... Pag, P1 ... P;_1,
serving a request of revenue p'~!/(2a) each, so that @; has a total revenue of p*~!. To ensure
that SBP chooses Q; in time segment [2i — 2,2i], we need ¢ < p'~! for all i = 1...b. Note
that each @;, 1 < i < b, consists of 4a — 1 drives: 2a requests with an empty drive of distance
€ between each pair for a total of 2a — 1 empty drives.

After time t = 2b, the remnants of each path P; have revenue p°. (After SBP serves Q;
for i = 1...b, the remaining revenue of each P; shrinks by a factor of p.) If ¢ > p®, SBP may
serve paths of revenue ¢ for the remainder of time. We choose ¢ = p°, so SBP serves a — b
paths of revenue p® for the remainder of time. Summarizing,

b
1
loPT| = 2a + (2a — 1)p° = 2a + (2a — 1) (1 — 2)
a

and since 1 — p = 1/(2a),

sBP| =1+ p+p*+...p" "+ (a=b)p" = (1= p") /(1= p) + (a—b)p"

b
=2a(1 - p®) 4 (a — b)p® = 2a — p’(a +b) = 2a — <1_21a> (a+10).
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Table 1 Some sample instance parameters and their corresponding ratios.

b a |oPT|/|sBP|

2 6 4.025

3 6 4.03985

3 10 4.09867
1000000 | 1877946 4.27805

If a = b, we can take the limit as a — 0o to get p® = (1 — =) is 1/y/e. Then |OPT|/|SBP|
has a limit of (ve+1)/(v/e — 1) ~ 4.08299.

Table 1 shows some sample instance parameters and their corresponding ratios. The

instance shown in Figure 2 is reflected in the second row. Thus far, preliminary testing
suggests that a ratio much greater than 4.27805 (in the final row of the table) is unachievable.

Since our upper bound is tight only when f is odd, we continue to investigate a version

of the sBP algorithm that enforces an even number of time segments. An open question is if
the upper bound of 5 is no longer tight for this adjusted algorithm, and whether the true
upper bound matches the above family of instances, or can be shown to be strictly below 5.
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—— Abstract

The Vehicle Routing Problem with pickups, deliveries and spatiotemporal service constraints
(VRPepstc) is a quite challenging algorithmic problem that can be dealt with in either an off-
line or an online fashion. In this work, we focus on a generalization, called VRPrpsTctd, in which
the travel-time metric is time-dependent: the traversal-time per road segment (represented as a
directed arc) is determined by some function of the departure-time from its tail towards its head.
Time-dependence makes things much more complicated, even for the simpler problem of computing
earliest-arrival-time paths which is a crucial subroutine to be solved (numerous times) by VRPppstcta
schedulers. We propose two online schedulers of requests to workers, one which is a time-dependent
variant of the classical Plain-Insertion heuristic, and an extension of it trying to digest some
sort of forecasts for future demands for service. We enrich these two online schedulers with two
additional heuristics, one targeting for distance-balanced assignments of work loads to the workers
and another that makes local-search-improvements to the produced solutions. We conduct a careful
experimental evaluation of the proposed algorithms on a real-world instance, with or without these
heuristics, and compare their quality with human-curated assignments provided by professional
experts (human operators at actual pickup-and-delivery control centers), and also with feasible
solutions constructed from a relaxed MILP formulation of VRPppsTctd, which is also introduced in
this paper. Our findings are quite encouraging, demonstrating that the proposed algorithms produce
solutions which (i) are significant improvements over the human-curated assignments, and (ii) have
overall quality pretty close to that of the (extremely time-consuming) solutions provided by an exact
solver for the MILP formulation.
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1 Introduction

The vehicle routing problem with pickups, deliveries and spatiotemporal service constraints,
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commodities (e.g., parcels, food, individuals, etc.) from their origins (pickup points) to their
destinations (delivery points) within certain hard time-windows which are determined by
earliest pickup-times and latest delivery-times per commodity. The primary goal is to have a
maximum number of served commodity-delivery requests by the fleet of workers, respecting all
spatiotemporal constraints (i.e., vehicle capacities, work shifts, and servicing time-windows),
with a secondary objective that the workers commute in an underlying road network of a
(typically large-scale) urban area in such a way that a specific aggregate service-cost function
(e.g., total travel-time, total-distance of the entire fleet, etc.) is minimized.

An even more complicated generalization of the problem, VRPrpsrcta, considers instances
in which the traversal-times of the road segments (which are represented as directed arcs),
rather than being scalars, are time-dependent, i.e., they are determined by given arc-traversal-
time functions of the departure-times from their tails towards their heads. Such a travel-time
metric is typical when computing earliest-arrival-time paths for private vehicles commuting
within road networks, but unfortunately makes the problem of computing earliest-arrival-time
paths much harder (cf. [11] and references therein). Since this is a typical subroutine that
must be used numerous times when solving an instance of VRPepsrcta, it is clear that this
generalization of the vehicle routing problem becomes even harder as well.

The problem can be dealt with either offline, i.e., having at the solver’s disposal the entire
instance of delivery requests to be served and the fleet of workers, or online, i.e., when the
requests for commodities to be delivered appear in real-time and/or the workers are activated
at will. For VRPepsrc, typical approaches for the offline case such as the consideration of an
appropriate mixed-integer linear programming formulation and the use of state-of-the-art
MILP solvers, are well-known but also extremely demanding in computational resources,
since the problem is NP-hard to solve. Unfortunately, for VRPrpstcta the situation becomes
even more complicated, since there is no MILP formulation to solve (the travel-time metric
is not constant but time-dependent).

Therefore, our focus is mainly on the efficient construction of suboptimal solutions in an
online scenario where the work-shifts are predetermined and a priori known to the scheduler,
but the requests are revealed in real-time and the scheduler has to always maintain a feasible
solution for a maximal number of the active requests by the currently operational workers.
As it is not obvious how classical constructive and improvement heuristics for VRP can be
adapted when the service requests come in pickup-delivery pairs (one per served commodity),
the literature for VRPrpstc has mainly focused on simple online solvers, namely some
well-known constructive heuristics such as the Neighborhood and the Insertion heuristics.
In particular, Insertion is a popular online algorithm, heavily used and experimented in
the past, e.g., in [3, 16] for VRPepsrc, which simply constructs incrementally a feasible
solution by allocating in a locally-optimal way each emergent request to one of the existing
routes (creating a new route also being an option, provided there exist active workers still
awaiting their first assignment) in such a way that the relative order of the already assigned
requests remains intact and the incremental cost in the value of the objective function is
minimized. Typically this heuristic requires cubic time, but there are also some quite efficient
(even linear-time) implementations based on dynamic programming [16]. Incorporating a
time-dependent travel-time metric in such heuristics is already a challenge. On the other
hand, the adaptation of well-known exact polynomial-size MILP formulations for VRPeosrc
to VRPeosrctd, to be fed to an offline solver, seems to be very hard because the point-to-point
travel-times are now time-dependent variables rather than scalars.

In this work, we propose, implement, engineer, and experimentally evaluate two insertion-
based algorithms for VRPrpstceta: The TD-Insertion and the TD-Prophet. Our implement-
ation of TD-Insertion, apart from the typical greedy criterion (the minimization of the
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additive cost for fitting a new request in the subtour of a worker) for accommodating an
emergent commodity to some active worker, also considers an alternative local-optimization
criterion, which essentially attempts to keep a rough balance in the aggregate lengths of the
workers’ subtours. This criterion was inspired by [1] who observed, in the most elementary
variant of VRPc only with vehicle capacities, that in optimal solutions some subtours cor-
respond to much longer routes than others. Trying to avoid this kind of unfairness among
the workers’ actual commodity-servicing tasks, they proposed to compute the scores (i.e.,
marginal increases in route lengths) of the candidate pairs using the difference of squared costs
(the ¢3-scoring criterion), rather than just the difference of the route costs (the ¢;-scoring
criterion). We implement and experimentally evaluate for VRPreosrcea the local-optimization
analogue of the ¢y-scoring criterion for our TD-Insertion heuristic. As an alternative, we
also try to hard-code fairness in the workers’ subtour lengths when considering the classical
£1-scoring criterion, via an additional heuristic feature that we may opt to use in our scheduler,
called the Work Balancer heuristic.

Our TD-Prophet algorithm was inspired by the Prophet-Insertion algorithm of [16]
and works similarly with TD-Insertion, but also tries to account for some sort of forecasts
for near-future requests and handles them exactly as the actual requests. Apart from
the consideration of the time-dependent travel-time metric, another difference from the
Prophet-Insertion algorithm of [16] is that TD-Prophet does not have the workers always
on the move just because of predictions for the entire period (as Prophet-Insertion does
in the static case); it just fits a small number of short-term predictions (e.g., only within the
next hour of operation) to their actual assignment of real requests that appear online to the
system, and simply shortcuts the coverage of delivery points of those predictions that were
not eventually verified in real-time at their pickup points.

Apart from implementing and engineering our online algorithms for VRPeosrcwa, we
also evaluate the efficiency of a local-search improvement heuristic, namely, the repetitive
Relocation of already assigned but not yet served routes right after handling a new (real or
predicted) request, towards improving the solutions produced by the two algorithms.

As it would be too expensive to have an exact mixed-integer linear programming (MILP)
formulation for VRPepsrciw!, we also propose a heuristic construction of some “baseline”
solutions, using a relazed MILP formulation of polynomial size. This MILP considers a scalar
travel-time metric for interconnecting routes of service points of the requests which, rather
than being just the average travel-times or the (optimistic) free-flow travel-times or the
(pessimistic) full-congestion metric, are deduced by some “educated” estimations (scalars) of
the actual time-dependent travel-times, depending on when these interconnecting routes are
most likely to be used by any worker. Well-known MILP solvers are then used to create,
within bounded execution time, a small set of solutions which are then tested for feasibility
w.r.t. the temporal constraints, under the actual (time-dependent) travel-time metric. This
way we get some “baseline solutions” with which the solutions of our online algorithms are
compared. Of course, even an optimal solution for the relaxed MILP is not necessarily an
optimal solution for the time-dependent instance at hand, and its cost does not necessarily
constitute some guaranteed lower-bound of the optimal cost. Of course, this MILP-based
method is rather unrealistic for our online scenario, due to both the assumption of a priori
knowing all delivery requests and its need for extremely demanding computational resources.

! One could possibly consider a set-partitioning formulation using all feasible routes, but this would
require exponentially many variables.
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Finally, we conduct a thorough experimental evaluation of our online algorithms for
VRPepsrcia, with or without the heuristic improvements, on a real-world instance of food and
supermarket delivery requests in an urban environment, which is fed with synthetic demand
forecasts of varying accuracy. It is mentioned at this point that although high-quality demand
forecasting is of paramount importance, it is not the subject of the present work. This is why,
for the purposes of our experimental evaluation only, we created synthetic forecasting data
of varying accuracy. As a measure of comparison for our produced solutions, we use both
the feasible solutions constructed by the relaxed MILP formulation and the actual solution
that was determined by experienced human operators in our real-world dataset. Our results
demonstrate a significant prevalence of both our online algorithms over the human-curated
solution, up to 49% in total length and travel time, and also the prevalence of TD-Prophet
over TD-Insertion, up to 4%, on finding better pickup-delivery scheduling solutions.

2 Problem Statement and Related Work

We are given a sequence R = (r1,72,...,7|g|) of pickup-and-delivery requests. Each request is
a tuple r = (Xfic7 tep gpsrv del gld ydsro g h,,) € R, where: t (t!9) is the earliest-pickup-

time (latest-delivery-time) that a worker may receive (leave) the commodity from (at) the
pickup point P (delivery point x¢'), assuming that t7 < tld; 257 (¢457v) ig the anticipated
service-time for the worker that is responsible for commodity r, at the corresponding (pickup
or delivery) location (X2 or x4!); g, is the volume/weight of the commodity to be transferred,
that is consumed from the corresponding vehicle’s capacity; and h, C H is the subset of
eligible vehicle-types for the good to be transferred (e.g., bicycle, motorcycle, car, with a
cooler or heated box, etc.). VP¢ = {(r,x2¢) : r € R} and V¥ = {(r,x9!) : r € R} are the
sets of pickup and delivery events, respectively, for all the active requests in R. It is noted
that, even if two requests r # r’ share some (geographical) service point, e.g., x2* = x4 or
xPie = Xffc, the pairs (r, x2%), (r, x4, (r', Xf,ic), (', x4) are distinct.

There is also a set W = {wl, Wa, ..., w|W‘} of active workers (e.g., operational couriers dur-
ing a work-shift), each of them represented by a tuple w = (5iort tstart yend gend () H,)
where: y5197t and t5tort (yend and t¢"?) are the initial (final) location and opening (closing)
time, respectively, of w’s work-shift; H,, € H is the type of the particular vehicle used by w
(e.g., bicycle, motorcycle, car, etc); @, is the maximum volume/weight of storage, for the
vehicle used by w. V197t = {(w, x3ft) : w € W} and Ve = {(w, x¢"?) : w € W} are the
sets of work-shift starting and finishing locations, for all the active workers.

Each worker w € W may be assigned an arbitrary subset of requests R,, € R which
are eligible for them to serve. The whole task for w is represented as a sequence of all the
corresponding pickup and delivery points for requests of R,,, called his/her subtour. Then,
w is assumed to move within an urban area along earliest-arrival-time subpaths connecting
consecutive points in the subtour, in order to serve them. The area is represented by a
directed graph G = (V, E), whose arcs correspond to unidirectional road segments and
vertices represent intersections and intermediate points (corresponding to distinct postal
addresses) of these road segments. Each arc e = uv € E comes with a scalar arc-length, \[e],
and a periodic arc-travel-time function 7 [e](t) : [0,T) +— R for evaluating the traversal-
time of e when using a vehicle of type h € H, depending on the departure-time from u. For
succinctness in its representation, this function is assumed to be continuous and piecewise
linear (pwl), represented as a constant-size sequence of breakpoints. It is also assumed
to satisfy the FIFO property, as is typical for individually moving private vehicles within

road networks. The FIFO property implies that the corresponding arc-arrival-time function
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aple](t) = t+7u[e](t) for e when using h is non-decreasing. In a similar fashion, we inductively
define the notions of travel-time and arrival-time functions for paths which are perceived as
sequences of incident arcs: For each k > 0, a path 7 = (e; = (ip,%1),-..,ex = (ik—1,%)) and
an arc ex11 = (ig,ik+1), the path 7 @ ep41 is constructed by appending ey at the end of .
It then holds that A[7 @ eg 1] = A[7]+Aerr1], an[rDerr1](t) = an[m)(t) +7nlens1](an[7] (1)),
and Tp[m ® ep41](t) = ap[r D eg41](t) — t. Furthermore, 71[0, d](t,) denotes the minimum
path-travel-time, when departing at time ¢, from o € V towards d € V', using a vehicle of
type h, and the earliest arrival-time at d is denoted as a0, d](t) = [0, d](t) + t. The scalar
Ao, d] denotes the minimum path-length from o to d.

A feasible solution for an instance of VRProstcta is described as a collection {Sy, : w € W}
of subtours (i.e., sequences of service points for all the requests assigned to them), one per
worker, such that each request belongs to at most one subtour and, along each subtour S,
there is no violation of a temporal constraint or a vehicle capacity constraint as w moves with
his/her vehicle between consecutive service points along S, across interconnecting paths of
the road graph G. The primary goal is to find a feasible solution that maximizes the number
of served (i.e., assigned) requests, and a secondary goal is to minimize a global cost objective
value (e.g., total travel-time or total-length, for all workers).

For convenience, we consider a special graph, the pickup-and-delivery (PD) graph Gpp =
(V,€) (cf. Figure 1), whose node set V contains four subsets of nodes corresponding to
distinct events: The green and orange nodes correspond to workers-shift starting and ending
events from V¢t and V°"?  respectively. The purple and blue nodes correspond to pickup
and delivery events from VP* and V9!, respectively. As for the arc set £, nodes from Vstert
are connected to all nodes in V¥, nodes from V%! are connected to each node in V"¢,
and (roughly) a complete subgraph is induced by VP U V! excluding only arcs from each
delivery event to the pickup event of the same request, as they cannot be part of any solution.

For each u € VPi¢ U V¥l p(u) € R denotes the corresponding request. For each
v e pstart yyend ~(y) € W denotes the corresponding worker for the work-shift v. Within
Gpp, each subtour S, = (vg,v1,...,vk+1) can be seen as a (simple) path where vy = x5t
vy = x4, and Vi € {1,2...,k},v; € VP U Veel (service point for some request).

9

For each arc wv € &, there is a minimum-length path ﬂﬁ’v (and possibly suboptimal
travel-time), and a minimum-travel-time path 7, ,(¢,), dependent on the departure-time
t,, (and possibly suboptimal length) in the underlying road graph G connecting v and v.
Each subtour (i.e., simple path in Gpp) S, of a worker can then be translated within the
road graph G into a route by using either a distance-optimizing route I}, (prioritizing the
usage of length-optimal interconnecting paths), or a travel-time-optimizing route II7 (¢5tr?)
(prioritizing the usage of length-optimal interconnecting paths), that interconnects all the
consecutive points in S,,. For some route II,, = (vo = ij”t, Vlyeony Vgl = Xfund) for worker
w € W, we denote by II''’” the subroute starting at node u and ending at node v. For a
given departure-time ¢, we associate each node v; € II,, with the following labels:

1. arrival-time: a(v;) = a[I19V](¢);
max{a(v), to0, }+500, i € ypic

p(vi)’?

2. earliest departure-time: d(v;) = a(v;) + tﬁf;:’), v; € Vel

a(v;), otherwise

3. waiting-time: b(v;) = max{t;’()vi) — a(v;), 0} for v; € VP and b(v;) = 0 otherwise; and

C(vi—1) + Qp(vy), Vi € VP
4. current-load: C(vg) =0; Vi > 1,C(v;) = C(vi—1) — Qp(oy), vi € VI
C(vi—1), otherwise
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When considering to insert a new service point u in S, right after some existing point
v;, all the subsequent subpaths interconnecting consecutive nodes of S, after v; must be
recomputed, to account for the updated departure and arrival times along II,,. Due to the
time-dependent nature of the travel-time metric, this is a non-trivial task to execute, prior
to assessing the effectiveness of positioning the new event at a particular place within IT,,.

An instance of VRPepsrcea is represented by a directed graph G = (V, E), scalar arc-
lengths A : E'+— R.,, (periodic, continuous and piecewise-linear) arc-travel-time functions
(tnle] : [0,T) = Rog)hem.ecr, & sequence of requests R, and a set of workers W. As
previously mentioned, we also construct the auxiliary graph Gpp. Because there may be
nodes in V whose geo-locations do not coincide with vertices in V', some road-pedestrian
connections are added between them by finding the nearest-neighbor pairs (z,v), for each
x € V and v € V. The nearest-point search is done efficiently using an R-tree [6]. We
also conduct sequentially shortest-path-tree computations for any involved vehicle type,
to provide a set of (one-to-many) minimum-length paths and minimum-travel-time paths
among geo-locations for elements of VU V. For the (scalar) length metric we simply employ
executions of Dijkstra’s algorithm [4]. As for the time-dependent travel-time metric, the
earliest-arrival-time computations are efficiently performed “on the fly”, using the query
algorithm CFCA of the CFLAT oracle [9] for time-dependent shortest paths, exactly when an
arc in the PD graph Gpp is to be used by some worker. This is something that can be done
efficiently by an online algorithm that only tries to fit into an existing solution a single new
delivery request. On the contrary, the consideration of time-dependent travel-times renders
impossible the construction of an exact MILP formulation; therefore, even the time-consuming
construction of an optimal solution via MILP solvers becomes quite more challenging in this
case. Section A in the appendix provides an approximate MILP formulation for VRPepsrcta
that considers some carefully selected scalar travel-time values for entire paths (rather than
just arcs), exactly when they could be possibly used by some (any) feasible solution.

P1 dy
51 § 7
1
P2 d;
)
52 pP3 d3 fz
H
D4 dy
Siw) : : fiwi
p|R| d|R|

Figure 1 The pickup-and-delivery (PD) graph.

3 Insertion-based Schedulers for VRPrpstcta

The purpose of an insertion heuristic is to assign each request r to a worker w in a cost-optimal
way, so that the new subtour S), (after adding the two service points of r) maintains the
same relative order for the service points in S,,. The main reasons for such a requirement are
simplicity and computational efficiency, since the consideration of all possible subtours for
R!, = R, U {r} would require the examination of an exponential number of subtours [14].
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» Definition 1 (Insertion-Based Heuristics). Given a collection of subtours S,, for serving
the subsets R, of requests assigned to each operational worker w € W, and a new request
r, an Insertion-Based heuristic determines for each w € W a candidate subtour S., for
R!, = Ry, U {r}, which achieves a minimum increase in w’s contribution to some global-
objective value, and leaves intact the relative order of the service points already in S.,.
FEventually, r is assigned to the worker achieving the minimum increase, among all workers.

The Plain-Insertion algorithm is well known in the literature of VRP-related prob-
lems. A naive implementation of such a heuristic would require quadratic, or even cubic
computational time. A linear-time implementation of Plain-Insertion for VRPrpsrc was
recently proposed [16], which is based on a preprocessing step and on dynamic programming
for computing the workers’ scores (i.e., the marginal increases in cost if they were assigned
the new request), for a scalar travel-time metric. We introduce in this section a variant of
Plain-Insertion, called TD-Insertion for VRPrpstc, which follows the main idea of the
preprocessing of workers’ paths in [16], so as to achieve early pruning of infeasible solutions,
but with some major modifications so as to deal with the time-dependent travel-time metric
and the consideration of earliest pickup-times for each request. The primary objective is
to maximize the number of assigned requests. As a secondary objective, our algorithm
considers two alternatives, as was previously explained: either the sum (i.e., ¢;-norm), or
the sum-of-squares (i.e., £o-norm) of the workers’ costs (distances, or travel-times). The
ly-scoring criterion was inspired by [1], as an indirect means of inducing more balanced
allocations of requests to the workers. We then incorporate in TD-Insertion the heuristic
Workload Balancer (WB), which enforces some balance among the workers’ assignments.
We also consider a local-search improvement heuristic which post-processes the solutions
provided by TD-Insertion, exploring among single-request relocation attempts for better
solutions. Finally, we introduce TD-Prophet, a variant of TD-Insertion that, apart from
actual requests, also includes in the produced subtours some short-term forecasts for future
requests.

(a) Description of TD-Insertion

We denote as TD-Insertion,, the variant of TD-Insertion that assumes a cost metric
k € {7, A} (7 for travel-times and X for distances) and a norm ¢, € {¢1,¢3} for assessing
the scores of candidate insertion pairs of each new request. It is assumed inductively that:
(i) each worker w € W has already been assigned a subset of requests R,,, to be served
according to the subtour (i.e., sequence) S,, of the corresponding service points; (ii) S,
has already been translated into some particular route IIf, depending on the particular
cost metric kK € {7, A} that we consider as primary. It should be noted at this point that
II7, is indeed a route of minimum-travel-time interconnecting subtours. On the other hand,
IT) is not necessarily a route of minimum-length interconnecting subtours. In particular,
some minimum-travel-time interconnecting paths may also have been used in II} for some
pairs of consecutive points in S, only as contingency interconnecting routes for the case
that the insertion of a service point with length-optimal interconnecting paths has lead to
a violation of some temporal constraint of the subsequent service points. More about this
issue is discussed in Subsection A.3.

Let a(v;) and d(v;) denote the arrival-time at v; and the departure-time from v;, respect-
ively, as w moves along II%. In a nutshell, the steps of TD-Insertion, ¢, for k € {7, A} and
v € {1,2} are the following: For each new request r, at release-time "¢, we test the insertion

of 7 within the subtour Sy, = (vo = x5, v1,v2,...,vj5, -1 = X&'¥) by iteratively placing

9:7

ATMOS 2024



9:8

Online VRP with Pickups, Deliveries and Time-Dependent Travel-Times

the pickup node yP* right after position i € {0...,|S,|—2} and the delivery node x®* right
after position j € {i,...,|S,| —2}. We also require that 7 < d(v;y1), i.e., r cannot precede
a service point whose departure time is already before r’s release time. This insertion would
result in the expanded subtour S, = (v, v1, ..., Vi, X2, Vit1s -, 05, X2 vj 11, s US| —1)
and the corresponding route II/, from II% with the appropriate cost-optimizing interconnect-
ing paths. For each pair (i, j) of candidate positions for the service points of r, a feasibility
check of the spatial- and (time-dependent) temporal-constraints is performed along the
suffix-subroute of I/, starting at node v;. If all these service points are still feasible, then
a marginal-increase value Score, x, (ILy,,7,7) is computed, to assess the impact on w’s
servicing cost of accepting the candidate positions (i,7) of S, for serving r. In case of
infeasibility, when x = 7 the candidate pair (7,j) is immediately rejected. When x = ),
we alternatively construct the route II”, from II,, with the appropriate travel-time-optimal
interconnecting paths (only for the detours of r’s service points). We provide now a detailed
description of exactly how this is done.

(a.i) Preprocessing check-constraint indicators for candidate insertions

As in [16], given the (k,¥,) pair of cost-metric and scoring-criterion that we consider, we
use two check-constraint indicators for the service nodes of S,,, as w moves along the
corresponding route IT,, (for simplicity, we slightly abuse notation by skipping the metric-
dependent exponent, and the worker’s shift-start-time):
slack(v;) is the mazimum tolerable time for inserting a detour between v; and v;y1,
without violating any of the (temporal) latest-delivery-times for nodes in IL,, " "15w!=",
ddl(v;) is an upper bound on the ultimate arrival-time at v; so that neither the deadline
for serving the request p(v;), nor the work-shift end of the carrying worker are violated.
For each arc e = v;v;41 € Sy NE, the travel-time 7[e](t), of the path 7. = (v;,v;11) in G
associated with e, can be either increased or decreased as a function of the departure-time ¢
from v;. Nevertheless, due to the FIFO property, the arrival-time function is non-decreasing;:
vt < t', ale](t) < ale](t'). Inserting xP*¢ between v; and v;1; will give a new arrival-time
a'(viy1) > a(vi1). Therefore, the current arrival-time value a(v;y1) is a lower-bound whereas
slack(v;) is an upper bound on the arrival time at v;11, and their difference is an upper
bound for the delay that may occur (due to some detours for adding new service points)
between v; and v;11. In order to incorporate earliest pickup-times in the slack(v;) and ddl(v;)
indicators, the following dynamic-programming approach is adopted, as we move backwards
along Il,,, from the end v|g, |—1 = X" towards v;:
1. ddl(v;) values:
for the work-shift end node, ddi(xc"?) = tend;
for a commodity-delivery node v; € V¥ N S, ddl(v;) = tlpd(vi);
for a commodity-pickup node v; € VPN S, : v; € V¥ Ar = p(v;) = p(v;),

ddi(v;) = t2 = > [(a(veg1) — d(vr)) + ti, — b(vg)]

i<k<j
psTV ;
B> Uk €V
where t, = tifg:), vy, € Vel

0, otherwise
2. slack(v;) values: slack(vy) = min{ ddl(vgt1) — a(vgy1), slack(vgyr) + b(vgyr) } for k
ranging from |S,| — 1 down to i.
Recall that b(v) represents the required waiting-time at a service node v, or just the
resulting idle-time (only at pickup nodes), when r imposes an earliest pickup-time ¢¢7.
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It should be noted that, compared to a brute-force implementation of Plain-Insertion,
the exploitation of these two auxiliary variables by our online algorithms allows the pruning
without checking of many insertion-candidates, which has lead to a significant improvement
of our implementations’ execution times by at least 60%.

(a.ii) Efficient rejection of infeasible candidate insertions

The procedure is as follows: Assume for a new request r and a subtour .S,, that we consider
for insertion the candidate pair (i,75), for 0 < i < j < |S,| — 2. If [/ (viy1) — a(vit1) >
slack(v;)] V [C(v;) + gr > Q] i.e., the resulting increase on the arrival-time at v;11 exceeds
the slack of v;, or the resulting vehicle-load after picking up r at v; causes a violation in the
vehicle capacity, then the candidate pair (¢,7) can be safely rejected. Moreover, if either of
these two types of violation constraints occurs and i < j, i.e., only the pickup node of r is
checked for insertion right after v;, then all the candidate pairs (i,m) : ¢ < m < j can be
safely rejected.

It should be noted at this point that, since the slack times are only upper-bounds, even if
the above checks are passed, we still need to check for potential violations in latest-delivery-
times of requests or in the work-shift end-time along the suffix of the new subtour ), that
we create, under the time-dependent travel-time metric. Therefore, the time complexity to
obtain all the feasible insertion-pairs for a new request along S,, is O(|S,|?), due to the
unavoidable time-dependent travel-time updates when checking for these potential violations.

(a.iii) Computation of scores for feasible candidate insertion-pairs per
route 11,

For a new request r, fix an arbitrary worker w whose vehicle-type is eligible for r: H,, € h,..

Recall that we consider some arc-cost metric £ € {7, A\} (i.e., traversal-times, or distances)
for all the arcs in the auxiliary PD graph. As for the assessment of the scores for candidate

insertion pairs, as already mentioned, we consider that it is specified by the norm ¢, € {¢1,¢2}.

For example, TD-Insertion, ¢, uses the travel-times cost metric for the routes and assesses
the overhead of each candidate path according to the ¢; norm, whereas TD-Insertiony s,
uses the arc-lengths metric for the routes and the overhead of each candidate path according
to the 5 norm. For TD-Insertion we need to compute one of the following path-costs for
worker w’s subroute II,,:

For distance-metric: Costy(Ily) = > _, em, (Ae)-

For travel-times metric: Cost,(Ily) = >, _, cr. [a(v) — d(u)].

Given I, and a particular candidate insertion pair (i, ;) for a new request r, I1,, (¢, j, ) is

del

the resultant candidate subroute from II,, in which x?% is positioned right after v; and x¢

is positioned right after v; (and after xP¥, in case that i = j). The scores (i.e., marginal
costs) of this subroute are calculated as follows, for x € {\,7} and v € {1,2}:

[Cost,. (1L, (4, j,7))]” — [Cost(I1y)]”, if IL,(4,7,7) is feasible

O i) =
Scorex., (M, i, j,7) { 00, if 1, (4, j, r) is infeasible

The score of w for hosting r is then Scorey ¢, (w,r) = ming<;<;<|s, |2 Scorex e, (Hw, 1, ,7).
Eventually, r is assigned to a worker @ of minimum score: @ € argmin,ew Score, g, (w, 7).

Note that during step (a.ii), for each feasible pair (i, 7j), the score can be computed in
parallel with the constraint-checking process. When a feasible pair (4, j) is verified, its (finite)
score is compared to the minimum score discovered so far. Then, (i, j) is rejected immediately
when the calculation of its score already gives a value larger than the current minimum score.

9:9
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A particular attention should be given when working with distances: If some (3, j)
leads to an eventually infeasible route 1T/, := 11, (w, i, j, ), because of violations of temporal
constraints, then we repeat the process using travel-time-optimal (instead of distance-optimal)
interconnecting paths for pairs of consecutive service points along IL,, (corresponding to
arcs in the PD graph). This approach guarantees that, if there is any feasible solution
at all for the new request, then the request will at least be allocated to some subroute
I/ of finite score, even if having to use distance-suboptimal interconnecting paths. For
TD-Insertion we considered two distinct contingency plans when facing such infeasibilities
with the distance metric: (i) either construct II// separately for each (i,j) whose II/, is
time-infeasible, interconnecting with distance-suboptimal subtours 7’s service points within
IT,, or (ii) recompute from scratch an assignment for r, under the travel-time objective this
time, but only when all the candidate pairs under the distance metric provided temporally
infeasible routes. Eventually our decision for the experimental evaluation of TD-Insertion
was to adopt the former contingency plan, as it adopts the travel-time metric not for each
and every candidate pair but only for the problematic detours.

(b) Workload Balancer Heuristic (WB)

When running the experiments, it was observed that the optimal solutions provided by
TD-Insertion involved only a few workers that shouldered the majority of the requests,
while the rest of the workers did much less work, or were even not assigned any request at
all. Towards providing more fair assignments for all the operational workers, we consider
a threshold # > 1 and a penalty factor p > 1 and we introduce a bias for new requests
in favor of workers with lighter (by means of traveled distance) workloads, even though
some other workers might serve them with smaller marginal service costs. This bias is
achieved by our Workload Balancer (WB) heuristic, which considers a slightly different
scoring step for TD-Insertion for determining the winning worker per new request. In
particular, upon the release of a new request r, let W, be the set of the currently operational
workers, and Cost,, ,(II,,) be the cost of some worker w € W, for a given metric s € {7, A}
and objective v € {f1,£>}. The total cost of the current solution (before serving r) is
Costy,,(W,) = ZwGWO Costy, ,(I1,,). Then, each operational worker w € W, whose subroute-
cost exceeds the average subroute-length in W, by more than 6, gets a penalized score by a
multiplicative factor p > 0: Yw € W, Vk € {1, A}, Vv € {{1,{5},

COSt}x,ll (Hu,)>9- Wl

Scoreffl(l’[mi,j7 r)=|(1+p- ]I{ COSt/\,él(Wt?)} - Scorey,, (Iy, i, 4,7)

(c) Request Relocation Improvement Heuristic (RR)

A weakness of insertion-based heuristics is that they forbid changes in the assignment and the
relative service order of the active requests, except for the new request. Towards amplifying
this drawback, as in [7], we introduce the Request-Relocation Improvement (RR) heuristic,
which conducts a sequence of local-search improvement attempts to the current solution
as follows: For each w € W,, and each » € R,, that has not been picked up yet by w,
xPie € YPic and ¢ € Vi€l are removed from II,,, making the appropriate shortcutting to
IT,, so as to be a feasible subroute for R,, \ {r}. By the FIFO property, this may cause
no violation of a spatiotemporal constraint in I, and does not affect the routes of other
workers. Consequently, r is relocated by TD-Insertion, either at a better position within
11, or within the route of another operational worker.
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(d) Digesting Demand Forcasts with TD-Prophet

In the typical online scenario, the request sequence R is initially unknown and is gradually
revealed (per request) to the request scheduler. This knowledge gap is an important drawback
for preparing a better and more organized scheduling plan. Apart from the higher risk of
adopting suboptimal assignments, another significant burden is the necessity of the workers
making large detours to serve newly revealed requests. Inspired by the Prophet-Insertion
scheduler in [16], we introduce here a variant of TD-Insertion, called the TD-Prophet, which
takes into account some sort of short-term forecasts for future requests and deals with them
exactly as (virtual) requests with pickup/delivery points and spatiotemporal constraints.
These virtual requests are a priori scheduled in the front of the request sequence to be handled
by the scheduler, so as to be assigned to (initially idle) operational workers. This assignment
is done using TD-Insertion. Consequently, their spatiotemporal constraints are deactivated
(ie., ¢ = 0,4 = 00), s0 as not to cause unnecessary infeasibilities for the workers’ subroutes.
The major difference of TD-Prophet from Prophet-Insertion in [16], apart of handling
time-dependent travel-times, is that, after determining the assignment of the predictions to
the workers, the delivery nodes of predictions of low appearance probability (below 80%) are
removed (to better deal with any forecast inaccuracy). Also, when TD-Insertion decides to
place the service nodes of a new request, say, at positions ¢ and j respectively, any virtual
pickup node (corresponding to a forecast) with low appearance probability (below 80%)
between i and j is simply ignored. It should be noted that the demand-forecasting task is
beyond the scope of this work and we consider this information to be provided as input to
TD-Prophet. Nevertheless, Section B in the full version of the paper [10] describes exactly
how this forecasting task is simulated for the real-world data set that we use for the needs of
our experimentation.

4 Experimental Evaluation

We evaluated our algorithms using a real-world data set with records of pickup-and-delivery
food and shopping orders during 3 consecutive working days, at the midium-sized city of
Ptolemaida, Greece. In our experiments we assess the performance of our online schedulers
for the actual request-sequence against two baseline solutions: (1) human-curated solutions
provided by operators in the control room of a middleware platform mastering the service
of food-order and shopping-delivery requests in Ptolemaida; and (2) optimal solutions to
the MILP formulation for a relazation (a carefully constructed instance of VRPrpsrc) of the
actual instance of VRPepsrcea (the detailed description of this relaxation, the proposed MILP
formulation and the adopted solution method, are provided in Section A of the Appendix).

(a) Experimental Setup

The algorithms are in C++ (GNU GCC v.11.3.0). The experiments were conducted on an
AMD EPYC 7552 48-Core 2.2GHz Processor with 256GB RAM and Ubuntu (22.04 LTS).

(b) Experimental Dataset

The dataset contains a pair (W, R) of a worker set and a request sequence, with actual
pickup/delivery-times for the requests and work-shift intervals for the workers, within a
period from Monday, July 3 2023 to Wednesday, July 5 2023, in the city of Ptolemaida in
Northern Greece. All workers involved in this particular data set have used a single type
of vehicle (scooters with a fixed-size storage). The human-curated service subtours were
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decided in real-time by well-experienced operators at the control center of a middleware
platform providing couriers to food and shopping enterprises. The actual (GPS-recorded)
service routes of the couriers were extracted from the pilot-phase event-logging database in
the framework of a research project in which our group participated in the past [8]. These
routes are already of high quality, since they were based on the long-term experience of
the human operators, especially in the medium-size of the operational area (Ptolemaida).
The construction of the road graph G was based on an OpenStreetMap dataset for Greece’s
road network [12]. The travel-time metric is provided by the OpenStreetMap service and
the request-demand predictions were provided as input. G contains |V| = 2547 nodes
and |E| = 9514 arcs. In the real data set some spatiotemporal restrictions were missing,.
In order to carry out a more realistic experimental evaluation, we adopted the following
constraint scenario: Each request was assumed to have one-unit load and a duration of
40min between the latest-delivery-time and and the earliest-pickup-time, and service times
of 1.5min; and each worker uses a vehicle with a total capacity of 3 units. l.e., Vr €
R (g = 1At =12 4 40min A 270 = 257 = 1.5min ) AVw € W (Qu =3 ) .

(c) Analysis of Experimental Results

We executed three experiments, one per working day (Mon,Tue,Wed). Our online al-
gorithms created the full sequences of worker subtours per day, starting from initially
empty subtours. We experimented, exactly on the same instances, for an online algorithm
alg € {ID-Insertion!%'” TD-Prophet!*" : heur € { { },{wb},{rr},{wb,rr} }, x €
{1, \},v € {{1,02}} where heur indicates whether specific heuristics are activated, x determ-
ines the cost metric and v specifies the type of the global objective.

Each variant of TD-Prophet, , works as follows: first we appended at the beginning of
the request sequence a subset of predictions for virtual requests, which were then assigned to
workers with TD—Insertionz’f:,. The remaining sequence (of the real requests) were handled
then sequentially, exactly as they appeared, by TD-Insertion, ,. Each real request was
assumed to be visible to the scheduler only after its release time. Upon the release of a
new (real) request r» € R at time ¢7°, each variant of our algorithms executes the following
substeps: 7 € R is first assigned to a “moving” worker w € W with the minimum score value,
w.r.t. the objective function. Then, a detour event takes place, if the worker is instructed
to change destination. Consequently, w’s route is expanded by adding the service nodes
of the new request. Finally, the new time-dependent interconnecting paths are computed,
to (re)construct the route also covering the service points of the new request. As for
preprocessing, in both the offline and the online scenarios, some common tasks are executed:
(a) The preprocessing phase of CFLAT was executed by computing optimal trees, so that the
interpolation of the travel-times at destinations constitutes an (1 + €)-approximation of the
unknown time-dependent minimum-travel-time functions 7,[0,d](t,) : L x V x T — Rxq,
where e = 0.1, L is a subset of nodes (landmarks), h = scooter, and T is a one-week period.
In principle we could use the query algorithm CFCA to approximately compute time-dependent
distances “on the fly”. Nevertheless, since the graph size is small, we set L = V so as to avoid
executing CFCA and to improve the approximation guarantees of the provided travel-time
values. (b) Minimum distances A[o,d] : V x V = Rx¢ are computed with Dijkstra calls from
all the nodes in Gpp, under the distance metric .

The detailed presentation of the experimental results is deferred to the full version of
the paper [10]. We demonstrate some indicative results in Table 1, which focuses on the
distance metric and the ¢; objective. The reported execution times of the online algorithms
are average times per request. The table captures the resources spent: total travel-time (h)



S. Kontogiannis, A. Paraskevopoulos, and C. Zaroliagis

and total-length (km) traveled by the workers to serve requests, average (PathLen Avg) and
variance (PathLen Var) of the workloads (measured in km) assigned to the workers. For the
sake of a fair comparison, the human-curated subtours were translated into routes in such a
way that all the interconnection paths are indeed distance-optimal paths, even if some of
them are infeasible due to temporal constraint violations. This only works in favor of the
baseline solutions. For the WB heuristic, we set § = 1.5 and g = 2. As shown in Table 1,
against the quality of the human-curated assignments, there is a clear improvement of all
variants of TD—Insertionﬁfg‘l’", varying from 14.6% up to 49.1% decrease in total-length,
and from 13.5% up to 48.9% decrease in total travel-time. The variants of TD—Prophet’}fZ’"
provide an additional improvement over the corresponding variants TD—Insertionﬁf}f by
roughly 4%. The picture is similar also for the £5 objective, as shown in Table 2 in the full
version of the paper [10]. Remarkably, ¢5 does not necessarily provide better solutions, but
it guarantees much less variance in the workloads, without the need of the WB heuristic.

As for the solutions of the relaxed MILP formulation of VRPepsrcia, as shown in Table 5
in the full version of the paper, the involved solvers take hours to construct optimal solutions,
even for small instances, whereas TD-Insertion finds very good solutions within amortized
time per request that is smaller by several orders of magnitude. E.g., for 12 requests and
8 workers, the branch-and-cut method of SCIP spending up to 6 hours to find 31 feasible
solutions and, via them, in the next phase, the best time-dependent metric converted solution
which is only 0.64% better than the best of them in total-distance, within only 69ms per
request.

Table 1 Experimentation of TD-Insertiony ¢, and TD-Prophety g, .

. Total |Improve| Total |Ilmprove| Path |Path Length
Day IR Iwl Method | Heuristic E.xecutlon Length | ment | Travel ment Length Std.Dev.
#irequests | #workers Time (ms) .

(km) (%) |Time (h) (%) [Avg (km) (km)
human = 1021.0 26.7 51.0 27.5
% 23.5 865.4 -18.0 221 -20.8 43.3 23.0
= WB 24.6 891.1 -14.6 22.1 -20.9 a4.6 14.6
E E RR 886.5 686.3 -48.8 18.0 -48.3 34.3 18.8
8 720 20 = WB+RR | 813.3 727.8 | -40.3 18.6 -41.0 36.4 3.0
= [ 34.9 837.2 -22.0 21.5 -24.0 41.9 229
§ WB 30.4 858.2 -19.0 22.2 -20.5 42.9 18.5
E RR 971.1 634.9 -49.1 17.9 -48.9 34.2 27.4
= WB+RR 925.1 718.7 -42.1 18.7 -42.8 35.9 15.2
human = 1034.7 26.3 43.1 27.7
E 24.5 871.9 -18.7 22.4 -17.3 36.3 33.6
E WB 24.6 879.1 -17.7 23.2 -13.5 36.6 21.7
= % RR 790.4 707.8 -46.2 18.0 -46.1 29.5 21.3
E 710 24 E WB+RR 741.8 734.0 -41.0 18.3 -394 30.6 16.4
ﬁ i} 32.4 866.1 -19.5 21.9 -20.0 36.1 27.9
g WB 29.4 883.1 -17.2 22.1 -19.0 36.8 17.6
E RR 964.0 722.5 -43.2 18.3 -43.2 30.1 24.0
= WB+RR 792.8 753.6 -37.3 19.1 -37.3 314 17.3
human = 1090.8 27.9 47.4 24.8
E 29.5 915.0 -19.2 23.8 -17.4 39.8 25.7
- E WB 29.3 919.2 -18.7 23.6 -18.5 40.0 151
E E RR 1247.2 747.7 -45.9 19.2 -45.2 32.5 281
E 7ia 23 = WB+RR 1139.6 763.5 -42.9 19.8 -40.8 33.2 15.8
E E 34.5 911.2 -19.7 23.7 -18.0 39.6 24.3
S WB 34.3 919.9 -18.6 23.6 -18.1 40.0 16.0
E RR 1266.7 744.4 -46.5 19.3 -44.8 324 229
= WB+RR 1203.8 780.0 -39.8 20.2 -37.9 33.9 15.9
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5

Concluding Remarks

In this paper we introduced, implemented and engineered two insertion-based online schedulers
for the time-dependent variant VRPepstcia of VRPepste, which were also experimentally
evaluated on a real-world instance of food and shopping orders. In the future we plan

to extend our online schedulers with more advanced local-search improvement heuristics,
exploit them also by well known metaheuristics that are efficient for VRIP, such as the ALNS
metaheuristic, and also to explore in more depth offline solvers which are custom-tailored to

this particular problem.

—— References

1

10

11

12

13

14

15

16

Tolga Bektas and Adam Letchford. Using ¢P-norms for fairness in combinatorial optimisation.
Computers & Operations Research, 120(104975), 2020. doi:10.1016/j.cor.2020.104975.
K. Bestuzheva, M. Besancon, W. K. Chen, A. Chmiela, T. Donkiewicz, J. van Doornmalen,
L. Eifler, O. Gaul, G. Gamrath, A. Gleixner, L. Gottwald, C. Graczyk, K. Halbig, A. Hoen,
C. Hojny, R. van der Hulst, T. Koch, M. Liibbecke, S. J. Maher, F. Matter, E. Miithmer,
B. Miller, M. E. Pfetsch, D. Rehfeldt, S. Schlein, F. Schlésser, F. Serrano, Y. Shinano,
B. Sofranac, M. Turner, S. Vigerske, F. Wegscheider, P. Wellner, D. Weninger, and J. Witzig.
The SCIP Optimization Suite 8.0. Technical report, Optimization Online, 2021.

Peng Cheng, Hao Xin, and Lei Chen. Utility-aware ridesharing on road networks. SIGMOD,
pages 1197-1210, 2017. doi:10.1145/3035918.3064008.

Edsger Wybe Dijkstra. A note on two problems in connexion with graphs. Numerische
mathematik, 1(1):269-271, 1959. doi:10.1007/BF01386390.

Gurobi Optimization, LLC. Gurobi Optimizer v.10.0.2 , 2023. URL: https://www.gurobi. com.
Antonin Guttman. R-trees: A dynamic index structure for spatial searching. SIGMOD,
14(2):47-57, 1984. doi:10.1145/971697.602266.

Penny Holborn, Jonathan Thompson, and Rhyd Lewis. Combining heuristic and exact methods
to solve the vehicle routing problem with pickups, deliveries and time windows. In Evolutionary
Computation in Combinatorial Optimization: 12th FEuropean Conference (EvoCOP 2012),
pages 63-74. Springer, 2012. doi:10.1007/978-3-642-29124-1_6.

iDeliver - delivering platform for delivering goods as a service. https://i-deliver.gr, 2023.
Spyros Kontogiannis, Georgia Papastavrou, Andreas Paraskevopoulos, Dorothea Wagner, and
Christos Zaroliagis. Improved Oracles for Time-Dependent Road Networks. In 17th Workshop
on Algorithmic Approaches for Transportation Modelling, Optimization, and Systems (ATMOS
2017), volume 59 of OpenAccess Series in Informatics (OASIcs), pages 4:1-4:17. Schloss
Dagstuhl — Leibniz-Zentrum fiir Informatik, 2017. doi:10.4230/0ASIcs.ATM0S.2017.4.
Spyros Kontogiannis, Andreas Paraskevopoulos, and Christos Zaroliagis. Online Vehicle
Routing with Pickups and Deliveries under Time-Dependent Travel-Time Constraints. Arxiv
technical report, ArXiv, 2024. doi:10.48550/arXiv.2408.06324.

Spyros Kontogiannis, Dorothea Wagner, and Christos Zaroliagis. An axiomatic approach
to time-dependent shortest path oracles. Algorithmica, 84:815-870, 2022. doi:10.1007/
s00453-021-00922-8.

OpenStreetMap datasets. https://download.geofabrik.de/europe.html, 2023.

Manfred Padberg and Giovanni Rinaldi. A branch-and-cut algorithm for the resolution
of large-scale symmetric traveling salesman problems. SIAM Review, 33(1):60-100, 1991.
doi:10.1137/1033004.

J. Pan, G. Li, and J. Hu. Ridesharing: Simulator, benchmark, and evaluation. PVLDB,
12:1085-1098, 2019. doi:10.14778/3339490.3339493.

Solving Constraint Integer Programs. Scip optimization suite v.8.0.3, 2023. URL: https:
//scipopt.org.

Yongxin Tong, Yuxiang Zeng, Zimu Zhou, Lei Chen, and Ke Xu. Unified route planning for
shared mobility: An insertion-based framework. ACM Transactions on Database Systems,
47:2:1-2:48, 2022. doi:10.1145/3488723.


https://doi.org/10.1016/j.cor.2020.104975
https://doi.org/10.1145/3035918.3064008
https://doi.org/10.1007/BF01386390
https://www.gurobi.com
https://doi.org/10.1145/971697.602266
https://doi.org/10.1007/978-3-642-29124-1_6
https://i-deliver.gr
https://doi.org/10.4230/OASIcs.ATMOS.2017.4
https://doi.org/10.48550/arXiv.2408.06324
https://doi.org/10.1007/s00453-021-00922-8
https://doi.org/10.1007/s00453-021-00922-8
https://download.geofabrik.de/europe.html
https://doi.org/10.1137/1033004
https://doi.org/10.14778/3339490.3339493
https://scipopt.org
https://scipopt.org
https://doi.org/10.1145/3488723

S. Kontogiannis, A. Paraskevopoulos, and C. Zaroliagis

A  Construction of a Relaxed MILP Formulation for VRPrpstcta

Recall that each assignment of requests to workers for an instance of VRPrpstcta is represented
as a collection {5y, : w € W} of vertex-disjoint (simple) paths in Gpp = (V, ). Of course, in
order to actually have a feasible solution in the end, we should translate each assignment S,
into a (not necessarily simple) walk II,, to be followed by w in the underlying road network
G = (V, E), by substituting each pair of consecutive points in S,, (i.e., an arc in Gpp)
with some cost-minimal interconnecting path of G. At this point, there are two options for
the interconnection of the endpoints of each arc e = uv € £: Use in the road network G
either a travel-time-optimal (and distance-suboptimal) (u,v)-path, or a distance-optimal
(and travel-time-suboptimal) (u,v)-path. When the cost-objective is based on the travel-time
metric, all interconnecting paths for arcs of £ are naturally minimum-travel-time paths in G,
mainly due to the FIFO property of the metric. On the other hand, when the cost-objective
is based on the distance metric, although the interconnecting paths for arcs of £ should
ideally be minimum-distance paths in G, such a choice might lead to infeasible solutions.
We explain in subsection A.3 how we resolve this issue in such a way that, to the least,
whenever there is a feasible solution of a given maximum number of serviced requests, one
such solution should be found (even if it is suboptimal in the cost-objective).

Before that, we first consider a simplified situation (cf. A.1) where the travel-time metric
consists of scalar values for the arcs in G (i.e., it is time-independent). We then perceive all the
temporal parameters (e.g., travel-times, arrival-times) as scalars, which can be precomputed.
Abusing slightly the notation for the sake of simplicity, we use only the names of the temporal
functions, without their explicit dependence on departure-time values from the tail of an arc
or from the origin of a path, as the corresponding constants. For example, we write 7[IL,]

for the scalar approximation of the time-dependent path-travel-time function 7|[IL,,](t5{2"t).

Given those (constant) travel-time values, in subsection A.2) we provide a MILP formulation
for the (time-independent) relaxation of the actual instance of VRPepsrcia that we wish
to solve. This MILP is then fed to several MILP solvers for providing an offline solution
(cf. A.4), to act as alternative baseline solutions for quantifying the quality of the provided
heuristic solutions by our online solvers. Of course, even the solutions provided by the offline

solvers for the MILP relaxation are suboptimal solutions to the VRPepsrcia instance at hand.

The challenge is exactly to adopt a time-independent travel-time metric which is somehow
more informative than just considering the average, or the freef-flow arc-traversal times of
the road segments and thus renders offline solutions closer to optimality.

A.1 Approximating Time-Dependent Travel-Times

This subsection concerns the determination of scalar travel-time values to all the arcs in
the PD-graph Gpp, when the global objective to consider is the minimization of (sums,
or sums-of-squares of) travel-time along the actual servicing paths of the workers. In this
case, each arc of Gpp actually represents a minimum-travel-time interconnecting path for
its endpoints, in the underlying road network G.

Rather than simply considering only average (or, free-flow) travel-time values per arc in
G and then conducting shortest-path computations between the endpoints of arcs in Gpp,
as is typically the case, we construct a more meaningful static travel-time metric for the
arcs of Gpp, which tries to be as close as possible to the actual time-dependent travel-time
metric in G, taking into account that specific connections may only appear at specific parts
of the workers’ subtours. In particular, we construct relaxated time-indepdenent travel-times
for all the arcs in Gpp in three consecutive phases,
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Phase 1: We compute the actual earliest arrival-times (and thus, also the minimum travel-
times) from the starting location of each worker to every of the pickup point, under the
time-dependent metric. In particular, fix an arbitrary arc e = (u = x5 v = xPi¢) €
pstart 5 pric from some worker’s shift-start point to some request’s pickup point. The
departure-time is definitely ¢5t%*. Therefore, using the query algorithm CFCA of the
CFLAT oracle, we can determine a (1 + €)-approximation of the minimum travel-time value
T[II%v](¢stert). The eventual scalar travel-time approximation for e (when considered as
candidate for first arc in some subtour) is defined as 7, = 75, [[I4V](E5197) 4 257 fe.,
we add to the actual travel-time value the service-time at the pickup point y?%.

Phase 2: We consider all the arcs of Gpp emanating from pickup points, towards other
pickup points or delivery points (acting as candidates for second, or even later arcs within
subtours). To compute scalar approximations of their travel-times, we make calls of
CFCA from each pickup point x2¥ and each vehicle-type h € H,., towards all destinations
in YPic U Vel As departure-times from 2 we consider the maximum of its earliest
pickup-time ¢ and its earliest arrival-time from any worker with the specific vehicle
type. The resulting (time-dependent) minimum travel-time values at the destinations,
plus the service times at the destinations, determine the scalar approximations 7, p, for
all the arcs (Y2, v) € £ NVPC x (VPic yVdel) and vehicle types h € H,..

Phase 3: We consider all the arcs of Gpp emanating from delivery points, towards other
pickup points, delivery points, or work-shift ending points (as candidates for third, or even
later arcs within subtours). To compute scalar approximations of their travel-times, we
make again calls of CFCA from any delivery point x%¢! € V% towards all destinations in
v e yricy ydel yyend Ag departure-time from ¢ we consider the earliest arrival-time,
among all eligible vehicle types h € H,., from the corresponding pickup point x2¥, as it
was computed in the second phase, since it definitely has to precede that delivery point.
The resulting minimum arrival-times computed by these calls plus the service times (if
any) at the destinations, determine the scalar approximations 7 j of the travel-times
that we consider, for all the arcs (%, v) € €N Vel x (Vpic y el y yend) and eligible
vehicle-type h € H,.

A.2 MILP Formulation for Relaxation of VRPepstcta

With the above mentioned static travel-time metric at hand, we may proceed with the con-
struction of the relaxed MILP formulation of VRProsrcea. Recall that each arc (x5, x2¢) €
ystart s Ypic and each arc (x%, xrd) € Vel x Yerd may be “traversed” by workers wy
and wsy if and only if 1 and ro were assigned to them, respectively. The rest of the arcs
in & may be “traversed” by any worker whose vehicle is eligible for the serviced requests
at its endpoint(s). Therefore, some binary decision variables are employed to indicate
the traversal of arcs by workers and the assignment of requests to workers: For each arc
e € EN((VPie y ety x (yric y pdel)) each request r € R, and each worker w € W, ¢4,
indicates whether w traverses e, and z,.,, indicates whether r is assigned to w.

We proceed with the definition of some constants for earliest arrival-times at nodes in V
and modifications in vehicle-loads, as some worker w traverses an arc e = uv € S,, towards
a service node v € VP U V! Recall that any feasible solution is a collection of subtours
{Sw : w € W} which correspond to vertex-disjoint paths in Gpp. In particular, for each
edge e = uv € &£, the constant g. represents the change in a vehicle’s load, when traversing
e: if v = xP¥¢ € VP© then q, = q,; if v = x% € V¥ then q. = —¢,; otherwise, ¢. = 0.
Moreover, each request r € R comes with a (large positive) profit o,., to be considered only
when 7 is assigned to some worker for its service. Finally, for each node v € V, the continuous
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variable a, captures either the arrival-time of the unique worker (if any) who serves the
corresponding request 7 along its assigned route, when v € {}2i¢, ydel C yric y il or a
worker’s shift starting time 5197, when v = y5fomt € Vstart jg its shift-starting node; or, the
eventual arrival-time at the end of the entire route IL,, of a worker, when v = y*"?¢ ¢ yend
is its shift-ending node. Along each arc e = uv € &, the values of the variables a, and a,
should be compliant with the required time for the moving worker (with a particular vehicle
type) to traverse e.

For the sake of simplicity, we make here the assumption that all workers possess the same
vehicle type, as is the case in our real-world data set. The proposed relaxed mixed integer
linear program (MILP) for VRPepsrcta is shown in Figure 2. It can be easily extended to
also cover the case of more vehicle types for the workers.

min E Ce,wlew — § Or § T w

ecE,weW reR weW
s.t.
0 < Z Lyw,y(u) < 1,Vu € Vstart (1),
vevpic
Z Tyv,w = Trow, Vr e R,w ew (2)’
wweEu=xb"
Z Lyv,w = Lraws Vr € R7w ew (3)3
uveEiv=xPr"
Z Tyv,w = Lrow, Vr e R,’U} cw (4)7
uvEE u=xdel
Z Tyv,w = Lrw, Vr € R,'LU ew (5)7
uve&v=xdel
0< > 2pw<1, WeR (6),
wew
tf}tart < ay < tznd7 Yo eV (7)’
a,pic < Qydel VreR (),
|CL1, = Qy — z (Tmar + Tuv,w)xuv,w‘ < Tmam,VUU eé (9),
wew
|QU — qu — Z (Qmax + Qu’u)xuv,w| < Qmaaﬁ,vuv €& (10)7
wew
0<q, < Z xr,waa Yv € Vp (11)7
reR,weWwW
Le,wy Lryow 6{071}, Ve:uwweE,weW,reR (12),

qy =0,v € ystart Vend; 0<q, < Qmaa:a v e Vpic U Vdd (13>

Figure 2 The relaxed MILP formulation of VRPppsTcta.

The objective function seeks as a primary goal to maximize the number of served requests
(recall the large positive values for the o, parameters) and, as a secondary goal, to minimize
the aggregate travel cost for having the selected requests served by the workers. Towards
this direction, we construct the objective as the sum of two terms. The first term accounts
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for the aggregate cost to serve all the accepted requests, as determined by the sum of costs
Ce,w * Te,w for those arcs of Gpp which are used in the solution. The value of the coefficient
Ce,w depends on the metric that is considered for the objective, i.e., it is associated with
either the arc-length A., or with the (approximate) arc-travel-time 7. ,, (but excluding the
embedded service times). The second term determines the negative of the aggregate profit for
serving requests: For each request r € R, the coefficient o, denotes the “profit” for having
r served by some worker. These coefficients are set to a sufficiently large value (based on
an upper bound to the worst possible path-travel-time or to the maximum length from any
origin towards any destination), so as to enforce the service of as many requests as possible.
The sum of profits for all the served requests is then subtracted from the overall service cost.

As for the constraints of the MILP: (1) ensures that any worker’s subtour may start
with a move towards at most one pickup point. (2-5) enforce that each worker may depart
from / enter the pickup / delivery) point of some request towards / from any other node,
only if the corresponding request is assigned to her. (6) ensures that any request r is served
by at most one worker. (7) enforces the arrival time a, at each node v is in the allowable
time window, where: (a) for v € {ystart yend} gstart — ystart apq ¢end — gend; and (b) for
v € {xpic, ydel}, ¢start — P and ¢ = tld. (8) ensures that the pickup-time point of r
precedes the delivery-time point of . (9) stipulates that if an arc e = uv€ is traversed by
some worker w, then the arrival time a, at v must be the result of the arrival-time a, at
u plus w’s travel-time 7. ,, along e. (10) stipulates that if an arc e = wv € £ is traversed
by some worker w, then the change of w’s vehicle-load ¢, at v results from the vehicle-load
qu at u plus the pickup-load / minus the delivery-load ¢,(,) = |¢c| that corresponds to the
request p(v). (11) ensures that the vehicle’s load at any pickup-node v assigned to w, never
exceeds the vehicle’s maximum capacity Q.,. The constants T),4. and Qe are the result
of applying the big-M linearization method, and their values, in direct dependence on the
problem instance, are selected as the maximum distance |a, — ayl, |¢» — qu|, Vuv € &, e.g. a
loose bound could be Tinax = maxy,ew (L7 — 5197) and Quax = MaxXy,ew Q. Note that in
(9) and (10) only the lower bounds are tight; the upper bounds are relaxed, T},qz and Qumaz
theoretically can also be perceived as co. Their actual values are determined in relation
to the rest of the constraints. This is done on purpose, especially for the arrival decision
variables, because those variables in pickup-nodes have to be increased to reach the earliest
pickup-times in the case of a non-zero buffer time.

A.3 Translating Assignments to Routes under the Distance Metric

It is important to note at this point that for the MILP formulation provided in Figure 2, which
was constructed on top of the PD graph with arc-costs equal to the minimum travel-times
of their endpoints in the underlying road graph G, the optimal solutions indeed maximize
the aggregate profit for serving the accepted requests and, at the same time, minimize the
aggregate service cost for having the workers on the move, when the cost for each arc uv € £
is indeed measured by the total travel-time of the workers from u to v in the underlying road
graph G.

Unfortunately, when the secondary objective (the aggregate service cost) is measured
by the total distance traveled by the workers, it is no longer true that the consideration
of a route of consecutive distance-optimal paths for implementing a given subtour is the
right choice for implementing a worker’s subtour. This then causes a crucial dilemma: which
weights should be considered for the arcs of £¢ For example, in Figure 3 the worker can
move from u to v along one of two uv-routes in the underlying road network G, but the
upper route is distance-optimal but time-infeasible and the lower route is travel-time optimal
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but distance-suboptimal. Then, for the unique arc uv € £, using the distance-optimal (but
travel-time-suboptimal) weights would lead to a MILP formulation where the single request is
impossible to serve, whereas using the travel-time-optimal (but distance-suboptimal) weights
for the arcs in the PD graph would certainly provide a feasible solution, whose distance-
related service cost may be far from being optimal. Recall that our primary objective is to
have a maximum profit by the accepted requests for service (e.g., to have as many requests
served, as possible). Nevertheless, we wish (given that) to move towards optimizing also the
distance-related service cost, even though we cannot possibly reach it. Towards this direction,
we change the PD graph as follows: For each e = uv € £, we attach two Pareto-optimal routes

in the underlying road graph G, a distance-optimal (but travel-time-suboptimal) uv-route
l

U,V

This way, our (updated for the distance-optimal service cost objective) MILP formulation
tries to find either a distance-optimal and spatiotemporally feasible solution, or at least a
distance-suboptimal feasible solution that employs the cheapest (w.r.t. extra distance to
be traveled) subset of travel-time optimal connections so as to guarantee feasibility. Of
course, this is still not the required distance-optimal solution for the maximum profit for
the accepted requests, because it might be the case that some connecting paths in the road
graph which are suboptimal for both distance and travel-time criteria might be preferable.
Nevertheless, the primary goal of maximing the profit of accepted requests is now achieved.

Ty 0, and a travel-time-optimal (but distance-suboptimal) wv-route 77,

U,

[4km, 45mins]

h: motorbike —
N

tiy < 8:30

\ " arrival deadline
departure .
t

8:00 Ty
[5km. 27mins]

Figure 3 Finding a feasible solution to minimize distance while respecting the time constraints.
The worker arrives at u at 8:00. The arrival-time at node v via the distance-optimal path 71'7[“, is
8:45, i.e., too late w.r.t. the latest-delivery-time deadline (8:30). On the other hand, the arrival-time
at v via the travel-time optimal path WZ’U is 8:27, i.e., catching up the delivery deadline, at the cost
of a slightly longer distance to travel.

A.4 Offline Solvers for Relaxed MILP Formulation of VRPrpstcta

The core method used for solving the MILP formulation of VRPepsrc is based on built-in
implementations in SCIP [2, 15] and Gurobi [5] of the branch-and-cut method [13]. Since the
produced solution has taken into account, not the actual time-dependent travel-time metric,
but a time-independent approximation metric for it, as was already explained in Section A.1,
we have to cross-check that the produced solution indeed respects all the spatiotemporal
constraints of the instance. This is done as follows: We examine up to 10 of the best feasible
solutions found from the MILP solver. Each solution is a set of subtours {S,, : w € W}. For
each worker w € W and the corresponding subtour S, which dictates the visiting order of
the service points for all the requests assigned to her, we recompute the (now time-dependent)
optimal interconnecting paths for consecutive points of S,,. The spatial constraints (relating
to vehicle capacities) are certainly preserved. As for the temporal constraints, we recheck
along the subtour if any arrival-time at a delivery service or shift-ending node now violates
a temporal constraint, thus rendering the particular subtour infeasible. In such a case, we

per type of vehicle.
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try to “repair” the route of S, in the following way: at each v, € II, N {Vdel U yend}l
where a(v,) > tifévz) or a(vy) > t™ (i.e. a latest delivery or shift-ending deadline is
violated), we traverse the route ITu!**= backwards, i.e. from v, up to vy, and successively
any contained intermediate subpath in II,, that was computed for length-minimization is
replaced by a corresponding optimal subpath that minimizes the travel-time. If there is no
length-optimal path or the applied replacements eventually are not enough to deal with the
deadline violations, then the whole solution is rejected, and an additional constraint to block
the selection of the infeasible subtours in Gpp is added to the MILP formulation (Figure 2).
This process is applied to any MILP solver’s examined feasible solution. At the end, if
there is no time-dependent-metric converted feasible solution, then there is the possibility to
use the new MILP formulation (with the added constraints) to solve the problem again for
computing new solutions that will hopefully overcome the deadline violations.
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——— Abstract

While it is important to provide attractive public transportation to the passengers allowing short
travel times, it should also be a major concern to reduce the amount of energy used by the public
transport system. Electrical trains can regenerate energy when braking, which can be used by a
nearby accelerating train. Therefore, apart from the minimization of travel times, the maximization
of brake-traction overlaps of nearby trains is an important objective in periodic timetabling. Recently,
this has been studied in a model allowing small modifications of a nominal timetable. We investigate
the problem of finding periodic timetables that are globally good in both objective functions. We
show that the general problem is NP-hard, even restricted to a single transfer station and if only
travel time is to be minimized, and give an algorithm with an additive error bound for maximizing
the brake-traction overlap on this small network. Moreover, we identify special cases in which the
problem is solvable in polynomial time. Finally, we demonstrate the trade-off between the two
objective functions in an experimental study.
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1 Introduction

In order to reach the climate goals, it is necessary to strengthen the role of public transport-
ation in passenger transport. However, also the public transport system itself consumes a
large amount of energy. Modern electric motors are able to regenerate energy while braking.
In the context of rail traffic, the most efficient way to use the regained energy is to transfer
it via the catenary to an accelerating train close by. Therefore, it is sensible to schedule
train timetables in a way that synchronizes braking and acceleration processes of nearby
trains. Such a schedule has two advantages concerning the energy usage. First, it enables a
maximum usage of the regenerated energy and, hence, reduces the total amount of energy
that needs to be bought by the public transport company. Second, it prevents power peaks
that might surcharge the transportation system’s power supply.

However, from a passenger perspective, this synchronization of braking and acceleration
processes of two trains is the worst possible case as it prevents a passenger transfer from
the braking to the accelerating train. Narrowly missing a train leads to frustration of the
passengers and long waiting times might cause them to choose the car over public transport.
? Sven Jéiger, Sarah Roth, and Anitg Schébel;

5v icensed under Creative Commons License CC-BY 4.0
24th Symposium on Algorithmic Approaches for Transportation Modelling, Optimization, and Systems (ATMOS

2024).
Editors: Paul C. Bouman and Spyros C. Kontogiannis; Article No. 10; pp. 10:1-10:20

\\v OpenAccess Series in Informatics
OASICS Schloss Dagstuhl — Leibniz-Zentrum fir Informatik, Dagstuhl Publishing, Germany


mailto:sven.jaeger@math.rptu.de
https://sven-jaeger.gitlab.io
https://orcid.org/0000-0002-7003-1430
mailto:s.roth@math.rptu.de
https://orcid.org/0009-0005-3681-4465
mailto:anita.schoebel@math.rptu.de
https://math.rptu.de/ags/opt/personen/leitung/schoebel
https://orcid.org/0000-0002-9306-5529
https://doi.org/10.4230/OASIcs.ATMOS.2024.10
https://creativecommons.org/licenses/by/4.0/
https://www.dagstuhl.de/oasics/
https://www.dagstuhl.de

10:2

Periodic Timetabling: Travel Time vs. Regenerative Energy

1| br wait acc 1| br wait acc
£ 2| br wait acc & 2 br wait acc
£ 3| br wait acc &3 br wait acc
4| br wait acc &4 br wait acc
time time
(a) arr/dep around fixed time. (b) Simultaneous braking/accelerating of pairs of trains.

Figure 1 Timetable patterns of braking, waiting and acceleration phases of four trains.

As an illustration of this trade-off, we consider an example motivated by Swiss railways.
Here, the operated timetable prevents such situations of narrowly missing a train. The trains
are scheduled in a regular interval timetable. At each station there is a fixed time. Shortly
before this time all trains stopping at the station arrive, and the trains depart shortly after
that time, see Figure la. This enables short transfer times to all directions. On the other
hand, a transfer of regenerative braking energy from one train to another is impossible. For
this objective, an efficient timetable would schedule the trains one after another such that
the braking and acceleration phases overlap pairwise, see Figure 1b.

While it is beneficial to the environment to use as much of the regenerative energy as
possible, it is also of utmost importance to provide attractive public transportation to the
passengers. In this paper, we investigate a bicriteria problem with the aims to maximize
the brake-traction overlap enabling the usage of regenerative energy and to minimize the
passengers’ travel times. We study this problem in the periodic version, where all train lines
are operated repeatedly with a fixed period time.

Related Work

The task of designing efficient railway timetables has been subject to study at least since
1989 [12]. Traditionally, the literature on timetabling focuses on minimizing the passengers’
travel time. An overview can be found in [7]. As mentioned above, the increasing importance
of saving energy has sparked significant research efforts towards this goal in the engineering
sciences. A complete review of all these works goes far beyond the scope of this paper.
Instead, we only mention some particularly important papers and refer to the survey by
Scheepmaker, Goverde, and Kroon [11] and the exemplary recent papers [8, 6, 13], which
contain more extensive literature reviews.

There are two ways in which the timetable can affect the trains’ energy consumption. On
the one hand, there is the idea of saving energy by the implementation of energy-efficient
driving strategies [5]. These depend on the time scheduled for each driving section; typically
longer travel times require less energy. Ghoseiri, Szidarovszky, and Asgharpour [3] considered
a multi-objective train scheduling model, combining the objectives of minimizing energy and
minimizing travel time, and approximate the Pareto frontier using the e-constraint method.

On the other hand, the timetable can influence the usage of regenerative energy in train
systems. This was first researched by Ramos Pena, Ferndndez, and Cucala [10], who allow
a modification of the dwell times to increase the brake-traction overlap. A more detailed
modelling of the energy consumption that combines the driving strategies and the brake-
traction overlaps has been studied by Yin, Yang, Tang, Gao, and Ran [17], who devised a
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Lagrangian relaxation-based heuristic for this problem. In the other direction, Gupta, Tobin,
and Pavel [2] considered a very simplified linear programming model to synchronize the start
times of braking phases and the end times of acceleration times.

The bicriteria problem of minimizing the passenger travel times and maximizing the
brake-traction overlap has been investigated by Yang, Ning, Li, and Tang [16], who developed
a genetic algorithm for it. Moreover, Yang, Liao, Wu, Timmermans, Sun, and Gao [15] apply
the NSGA-II algorithm for approximating the Pareto frontier.

All these works considered given aperiodic timetables that can be modified. Only recently,

the study of the periodic version of this problem was initiated by Wang, Zhu, and Corman [14].

They assume a given nominal periodic timetable and develop a first model that can be
used for local adjustments. On the one hand their aim is to maximize the brake-traction
overlap to enable the usage of regenerative energy on a fixed set of synchronized arrival and
departure events. On the other hand, they include passenger related objectives such as the
minimization of the generalized average travel time of all passengers and the minimization of
the maximum increase in individual’s generalized travel time. Wang et al. also provide a
visualization of the Pareto frontier for these objectives on an instance of Dutch railways.

Our contribution

1. We propose a mixed integer programming (MIP) formulation for the problem of maximiz-
ing the brake-traction overlap (PESP-Energy), based on the Periodic Event Scheduling
Problem (PESP) (Section 2.1) and including the decision which acceleration and braking
processes are synchronized.

2. We extend this MIP formulation to the bicriteria problem that additionally aims at
minimizing the passengers’ travel time (Section 2.3) and run numerical experiments on a
single transfer station. (Section 5)

For our theoretical investigation, we focus on the problem restricted to a single transfer

station, for which we derive the following results:

3. We characterize the structure of optimal solutions for the two single-objective problems
(Propositions 8 and 9 and Theorem 10).

4. We show that only minimizing the transfer times is already NP-hard for a single transfer
station (Theorem 6).

5. Based on a special-form TSP, we obtain a polynomial-time algorithm with an additive
performance guarantee (depending on the input parameters) for the energy objective
(Theorem 16). We show for some special cases that its solution is optimal (Section 4.4).

2  Including the Brake-Traction Overlap in the Periodic Event
Scheduling Problem

In the timetabling problem, we are given a set of lines [ € £, which are given as sequences of
served stations v € V. Every line will be served periodically with the given period of T'.

2.1 PESP-Passenger — Minimizing the Travel Times

For the PESP model we are given bounds on the durations of activities (driving, waiting,
transfers) as well as weights which correspond to the number of passengers performing each
activity. The objective is to minimize the total travel time of all passengers. For this problem,
the event-activity-network (EAN) € = (E, A) for given directed lines £ serving stations v € V
is a directed graph on all arrival and departure events £ = E,., U Eyep, given by

Eare = {(v, £,arr) | £ € L arrives at v € V}, Eaep = {(v,¢,dep) | £ € £ departs at v € V}.
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The activities A = Adrive U Await U Atrans connect the events as follows:

Adrive i= {((vl,f, dep), (ve, 4, arr)) € Egep X Earr | £ serves vy directly after vl},
Asvait = {((v,ﬁ,arr), (’U7£) dep)) € Fanr X Edep}7
Atrans = {((v,ﬁl,arr), (va‘€2vdep)) S Earr X Edep | ‘el 7& £2}

A timetable 7: E — {0,...,7 — 1} assigns a time 7; to each event i € E, meaning
that the event takes place at all times from m; + TZ. We can associate the bounds on
the driving, transfer and waiting times with the activities: For each activity a € A let
Ay = [la, ug] be the set of allowed durations with l,,u, € Z. Since we only determine the
times modulo 7', we can ignore multiples of T" in the activity durations and therefore assume
that 0 <[, <T —-1and 0 <wu, —l, <T — 1. Then a timetable is feasible if the periodic
tensions x;; == (m; —m; — l;;) mod T +1;; lie within the provided bounds for all ¢j € A. In this
paper, we assume the bounds on the transfer arcs a we have u, = [, + 7T — 1 and, therefore,
the bounds on the transfers do not impose feasibility constraints.

The classical PESP seeks to find a feasible schedule in this network. The PESP-Passenger
problem aims to find one with minimal total travel time. Let w(ij) be the total number
of passengers performing the activity ij € A. Then we minimize the weighted sum of the
periodic tensions (cf. objective (1)) of all activities, yielding a timetable that minimizes the
passengers’ travel times. This leads to the following mixed integer linear program [7].

(PESP-P) min > wlig)a (1)
ijEA

subject to xij =5 — w5 + pi; T Vij € A (2)

lij <z < wyy Vij € A (3)

0<m<T-1 VieE (4)

zi; €R, pi; €Z Vij € A (5)

w €L Vie E (6)

The variables p;; are called periodic offsets or modulo parameters and are chosen such that
the periodic tensions ;; lie within the bounds. This is ensured by constraints (2) and (3).
Constraints (4) and (6) ensure that the timetable 7 takes only values within {0,...,7 — 1}.

2.2 PESP-Energy — Maximizing the Brake-Traction Overlap

Now we develop an extension of the PESP that allows to maximize our second objective
function, the brake-traction overlap. In addition to the standard input, we are given the
acceleration and braking times for all departures and arrivals, respectively. Our model,
which we term PESP-Energy, is also based on an EAN & = (E,A). The events F =
Earr U Eqep are derived from the set of stations V and the set of directed lines £ as in
PESP-Passenger. However, a different set of activities is considered. Specifically, we now
have A := Adrive U Await U Aenergy With Adrive and Ayaiy defined as above and

Acnergy = {((v,ﬁl,dep), (v, €9, arr)) € Egep X Earr}.

Such an energy arc is depicted in red in Figure 2a. The energy activities do not impose any
constraints on the feasibility of a timetable, i.e., A, =[0,T — 1] for all @ € Aepergy. For each
arrival event i € F,,, the time tP* needed for braking, and the time t5° needed for accelerating
at each departure event j € Fy.p are given. We assume that t?ﬂ—t?r < T for any ji € Acnergy-
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We denote with ¢} := min{t3,?"} the minimum and with #** := max{t3°,¢"} the
maximum of the acceleration and braking times associated with energy arc ji. We consider

the periodic intervals of the acceleration and braking phases. By a periodic interval we mean

0. b] [a mod T, b mod T if amodT < bmod T,
a,blr =
g [0,bmod T)U [amod T,T) else.

The length of a periodic interval is length([a,b]r) := (b — a) mod T'. The periodic interval of
the acceleration phase after the departure event j is then [m;, m; + t?C]T and, analogously,
[m; — t?r, 7;]7 describes the braking phase before the arrival event i. The overlap of the two
phases is then determined by the intersection of the periodic intervals. Note that due to the
assumption that ¢5° + t?r < T, this is again a periodic interval.

» Definition 1 (Brake-Traction Overlap). For ji € Aenergy we define the brake-traction overlap
resulting from a periodic timetable ™ as 0;; = length([ﬂ'j, T + 5 N [m — thr, m}T).

Clearly, the overlap does not depend on the exact times m; and m; but only on their
difference, i.e., on the periodic tension z;;. The following lemma gives a formula to compute
it, using the function overlap,: [0,7') — R>¢ depicted in Figure 2b.

» Lemma 2. For every a € Acnergy With periodic tension x the brake-traction overlap is
overlap, (z) = max{min{xz, 5", t2% + 2™ — z}, 0}.

Proof. Let a = ji. There are two cases in which there is an empty intersection [r;,7; +
t3)p N [m; — t7*, mi)p. First, the intersection is empty if 7; < m; and 7 + 3¢ < m; — £;". This
is the case whenever ¢3¢ + ¢* < m; — m; = (m; — m;) mod T = xj;. The second case in which
the intersection is empty is if 7; > m; and 7; + 3¢ < m; + T — t{*. This is true whenever
15 + tr < +T —m; = (m; — m;) mod T = zj;. Hence, we have an empty intersection if
and only if 15 + t?r —xj; < 0. In this case the overlap is 0j; = 0.

Provided that the intersection is non-empty, we receive the length of the overlap by
the minimum of the lengths of the four intervals [m;, m; + 5|7, [m; — P wr, [, milr,
[m; — 27, m; + t3¢]7. This yields

0ji = min{t3°, ¥ (m; — ;) mod T, (3¢ + t?" — (m; — 7;) mod T) mod T'}

= min{t5°, g, (t5° + 2" — ;) mod T}
= min{t?c, t?r, Tji, t?c + t?r — Z‘ji}

= min{t}", zji, " 4+ 0 — 25} > 0.
The third equation holds by the assumption that we have a non-empty intersection. Therefore,
min{tﬁin,xﬁ,t;‘;in +tE =i} 20 = [m, 7+ 5 N [m — 2 il # 0.
Hence, for the actual overlap of energy arc a € Aenergy We obtain:
0q = overlap, (z) = max{min{z,, {™, 0> + 2" — x,}, 0}. <

The maximum possible overlap at @ € Aenergy 1S 04 = M0 which is achieved if and only
if tmin < g, < ¢MaX I this case, we say that there is full overlap on a.

Of course, the fact that energy can only be reused once must be taken into account in
the model. Previous work [14] assumed a fixed matching between braking and accelerating
trains. In contrast, we integrate these decisions directly into the model. Therefore, the
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overlap, (x)
accelerating
departure event ——)
energy arc
arrival event @ «— e e e >
0 tgnn t;ﬂax t;nax + t;mn
(a) Energy arc. (b) Function overlap, mapping tension  on a to brake-

traction overlap.
Figure 2 Energy arc in EAN and brake-traction overlap as a function of the periodic tension.
problem PESP-Energy consists in finding a feasible periodic timetable 7 together with a

matching M C Aenergy in € such that the sum of the brake-traction overlaps on the energy
arcs in the matching is maximized (cf. (7)):

(PESP-E) max >, o "
Ji€ Aenergy
St (2)-(4)

031 < ;1 Vji € Acnergy  (8)
— Vji € Acneray  (9)
0j; SER 419 — x5+ (1 — ;)T Vji € Acnergy (10)
oji < ay; - I Vi € Acnergy (11)
Y o<t Vi€ Bare  (12)

A€ AcnergyNd~ (4)
a, <1 Vi € Edep (13)

A€ Acnergy Nt (4)
0ji > 0, aj; € {0,1} Vi € Acnergy (14)
xij 20, pij €Z vij e (15)
rel Vie E (16)

As we want to find a feasible timetable, the model also contains the constraints (2)—(4) from
the standard PESP. The variable o;; determines the brake-traction overlap and is bounded
from above by the constraints (8)—(10) according to Lemma 2. The constant I" is chosen large
enough so that for a;; € {0,1} one of the constraints (10) and (11) does not impose a relevant
bound on 0j;. It can be set to I' := max{max{t;‘;m, T — (th> + t;?z‘»i“)} ’ ji € Aenergy}.
Constraints (12) and (13) ensure that the energy arcs chosen at each station form a matching,.
They set aj;; to 0 whenever the arc ji € Aenergy is not chosen to be in the matching.
Constraint (11) ensures that the overlap is not counted whenever «;; = 0.

We now compare the way to model the brake-traction overlap in (PESP-E) with the
formulation of Wang et al. [14] for the timetable adjustment problem. For each energy arc,
Wang et al. introduce two binary variables to decide whether there is a brake-traction overlap
or not and thereby distinguish cases in which the periodic offset is 0 or 1. The next theorem
formally states that the parts maximizing the brake-traction overlap are equivalent in both
models. For a proof of this equivalence we refer to the appendix.
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» Theorem 3. The constraints (8)—(11) are equivalent to the constraints (18)—-(26) in the
appendiz, taken from the model of Wang et al. [14], in the sense that for each energy arc
a € Aenergy and periodic timetable ™ with tension z, the overlaps in the two models are equal.

Next, we give an upper bound for the objective value of this maximization problem. To
this end, we define weights for the energy arcs ji € Aenergy as w(ji) == e

» Proposition 4. For an instance of PESP-Energy on the EAN £ = (E, A), let S = (7w, M)
be a feasible solution with objective value f(S), and let w°P* be the mazimum weight of a
(perfect) matching in the graph G = (E, Acnergy) with weights w(ji) as defined above. Then
f(S) < wert.

Proof. Each overlap is bounded from above by both the corresponding acceleration and the
corresponding braking time: o;; <3¢ and 0;; < tbr. |

2.3 The Bicriteria Problem

For real timetabling problems it is desirable to find timetables that enable the usage of
regenerative energy as well as short travel times for the passengers. Hence, it is necessary to
consider a bicriteria problem and study Pareto optimal solutions to find a good trade-off. The
bicriteria MIP formulation consists of the objectives (1) and (7) under the constraints (2)—(14).
However, solving only PESP-Passenger on large networks exactly is already computationally
out of scope. To obtain a better understanding of the problem under the two objectives, we
investigate the solution structures on a small network of one transfer station.

» Definition 5 (One-Station Network). An EAN &, = (E, A) is called a one-station network
with n lines if it is based on one station |V| =1 and n (directed) lines stopping at this station
inducing the following events:

B = {({,arr) | £ € [n]}, Eaep = {(¢,dep) | £ € [n]}.
The activities A = Ayait U Atrans U Aenergy connect the events as follows:

Await = {((£>arr)a (Ea dep)) S Earr X Edep}7
Atrans = {((Elaarr)v (é%dep)) S Earr X Edep | el 7é 62}7
Aenergy = {((zla dep); (62731'1‘)) S Edep X Earr}-

There are no driving activities in a one-station network. In the following, a one-station
network £P*% for PESP-Passenger has the arcs Ayait U Atrans, while for PESP-Energy the
arc set of the one-station network £;"°"8Y consists of Ayait U Aenergy-

3 PESP-Passenger on a One-Station Network

The Periodic Event Scheduling Problem is NP-complete for any fixed 7' > 3, which can
be proved by a reduction from the vertex colouring problem [9]. More recent work shows
NP-hardness on a star network with turnaround loops [1]. Here, we show that the problem of

finding a timetable minimizing the total transfer time on a single station is NP-hard as well.

» Theorem 6. The problem PESP-Passenger is NP-hard even on a one-station network.
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Proof. We show NP-hardness by a reduction from the Max-Cut problem. Let I be an
arbitrary instance of the Max-Cut problem, consisting of a graph G = (V, R) and a weight
function w: R — R. We search a bipartition (S,T) of the vertex set V such that the sum of
the weights on the edges between the sets S and 7', >, c 5,7 W(€us), is maximal.

Based on I we define an instance I’ of the PESP-Passenger problem on a one-station
network: Let EP*% = (B, U Edepy Await U Atrans) be a one-station network with n = V|
lines, inducing n arrival events and n departure events. Let the period time T := 2. The
bounds on the waiting activities ij € Ayait are l;; = u;; = 0, and their weights are w(ij) = 0.
For the transfer activities ij € Agrans, let the bounds l;; = 1 and u;; = 2 and weights

ooy Jwligy) it {i g} € R,
w'(iy) =

0 else.

We want to show that any optimal solution to I’ can be transformed to an optimal
solution of I. Let 7 be an optimal timetable for I'. We define S := {i € V' | m(; qep) = 0}
and T := {i € V | m(;qep) = 1}. To see that (S,T') is an optimal solution to the Max-Cut
problem, i.e., that 3 ., cpw({u,v}) is maximum, note that 7 minimizes the sum of the
weights multiplied with the periodic tensions in I’. As every transfer arc has tension 1 or
2, this is the same as maximizing the sum of the weights of arcs with tension 1, which are
exactly those between the sets S and T. Hence, (S,T) is a maximum-weight cut. |

Now we establish a special case in which we know the structure of an optimal solution.

» Definition 7 (Basel Solution Structure). A timetable ™ for a one-station network EL*® has
a Basel solution structure if all arrival events are scheduled at the same time 7™ and all
departure events at time 7P such that (79" — 78%) mod T = [™** := max{l, | a € A}.

» Proposition 8. Let P2 = (E, A) be a one-station network with lower and upper bounds
la,ug on the arcs such that u, = lo + T — 1 for all transfer arcs a € Atrans. Then any
timetable ™ with the Basel solution structure minimizes the total travel time independently of
the weights if and only if ly = ly for all a,a’ € Atrans U Await -

Proof. First, let us assume that I, = [, for all a,a’ € Arans U Await- Let 7 be a timetable
with the Basel solution structure. Then the periodic tensions induced by 7 are z;; =
(mj —m —lij) mod T + I;; = (1™ — ™) mod T + ™ = ["** for all ij € Ayrans U Await-
As we cannot do better than attaining the lower bounds on the tensions, © must be optimal.
Let us now assume that there is an arc a’ € Agrans U Await with I,y < ™% In the following
we find a weight vector w for which 7 is not optimal. Let a’ = i’j’. Then the following
timetable 7’ achieves a lower objective value than 7 for the following weight vector w:

T, = li’j/ le:],

1 ifii— il 0 if i =14,
ifij =4d'j’, .
w(ij)::{ J J ! !

0 else,
arbitrary feasible values else.

This is possible as only the waiting activities impose feasibility constraints. The weighted
sum of the periodic tensions w.r.t. 7 is ["™2* and it is I, w.r.t. 7’. By assumption, I, < [™a%,
hence, 7 is not optimal. <
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4 PESP-Energy on a One-Station Network
4.1 The Timetable for a Given Matching

An EAN for this problem is a bipartite graph with partition classes Eu and Eqep. In
a one-station network, the set of waiting activities constitutes a perfect matching from
Eqr to Fgep. These activities impose the only feasibility constraints on the timetable 7.
In contrast, the energy activities solely influence the objective value. Hence, arrival and
departure times of different lines are not restricted by any PESP constraint. For any
matching M C Acpergy = Fdep X Earr, the graph (E, Ayai U M) is a union of node-disjoint
directed cycles and directed paths. A timetable with maximum brake-traction overlap on
the matching arcs can be determined for each connected component of this graph separately.
The following proposition describes the structure of an optimal timetable for a directed cycle.

» Proposition 9. Let £:"°™8Y be a one-station network, let M C Aenergy be a matching, and
let C C Agait UM be a directed cycle. We write the cycle as C = ay,by,a2,ba ..., 0m,bm
with a; € M, bj € Ayait, and tf{‘ji“ > tfz“li“ for all j € [m]. There is an optimal timetable 7 for
PESP-Energy restricted to C' such that we have full overlap o,; = tgj_i“ forallj e {2,...,m}.

Proof. Let 7 be a timetable maximizing the brake-traction overlap on the energy arcs of
C. Among all such timetables, we consider one with the maximum number of arcs a; with
j €{2,...,m} having full overlap. Assume that some arc a; with j € {2,...,m} does not
have full overlap. To derive a contradiction, we modify the timetable 7 on C' so that a; has
full overlap, while preserving full overlap on all other arcs and not reducing the total overlap.

To this end, we first define the new tensions z’ and then construct a timetable 7’ inducing
them. Let = be the tension induced by 7. For k € [m] we set z;, = x;, and

Lay, for k ?é {17]}? min __ if min
;o ) t, Ta; 1 xe, <G,
Ty, = (Ta; —6)mod T  for k=1, where 6:=<{ % I
toax — g, if g, > 7
ZTq, +0 for k = j, i ! ! J
J

Note that this covers all cases because for tg;in <z, < t‘arfx the activity a; would have full
overlap, contradicting our assumption. We define the periodic timetable 7" as follows: We
enumerate the nodes of the cycle so that ay = (2k — 1,2k) for k € [m] and by, = (2k, 2k + 1)
for k € [m — 1]. The nodes with even number correspond to arrivals and with odd number

to departures. We set 7} = 0, 7, = (7, + 2, ) mod T for k € [m], and 7}, | =
(myy, + 23, ) mod T' for k € [m — 1]. This adheres to the prescribed tensions on all arcs ay,
k € [m], and by, k € [m — 1]. The tension on b, is congruent to ] — w5, = —mh,, =
-, — ! Ty ==Yl Tay — Sy, = ap,, (mod T). The last congruence

holds since the periodic tension x sums up to a multiple of T" due to the cycle periodicity.

For a € M let o/, := overlap,(z/). The only matching arcs whose tensions have changed
are a; and a;. We have :c;j € {tg‘ji“, tfl’;a"}, and thus a; has now full overlap, i.e., 0;‘7, = tg;in.
It holds that

min : min max
tg," =0 if zq; > g™ + 65,
r __ 4min __ — min : min
Oq; = Oa; = tq, Oa; = ( tq," — Ta, if zq, <tg™,

tgr;in _ (tg;ax + tg;in _ xaj) if t(r}r;ax < xaj S tg;ax + tzbr;in7
_ tg“;n if x4, > tg“jin + e,
[0]  else,

> min{\(5|,tg;_i“ .
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Similarly, 04, — 0, < min{|d],¢™} < min{|d], tg;i“}, hence the decrease of the overlap
on ap is at most the increase of the overlap on a;. Since no other overlaps have changed, the
sum of all overlaps cannot have decreased, i.e., we have found a solution whose objective is

not worse but which has more arcs a; with j € {2,...,m} with full overlap. <

We can also regard a connected component being a directed path as a cycle whose missing
edge has overlap 0. Hence, by Proposition 9, there is an optimal timetable for this component
such that all energy edges in the path have full overlap. While the proposition describes
the structure of an optimal timetable for each connected component resulting from a fixed
matching M, we are interested in a global optimum, comprising the matching. Hence, we
need to investigate the structure of an optimal matching.

4.2 The Matching of Energy Arcs

The following result bounds the number of arcs in the matching of a globally optimal solution.

» Theorem 10. In every optimal solution S = (w, M) to PESP-Energy on a one-station
network £, the matching M contains at least n — 1 arcs.

Proof. Let S = (m, M) be an optimal solution to PESP-Energy with |[M| < n — 1, so at least
two connected components of (E, Ayaj U M) are directed paths Pp, P,. For k € {1,2} let
i € Earr be the start and ji € Egep be the end node of Py.

Let ¢ :==m;, + t;‘;lzr; — T;,, and let us define the following timetable

A k" itve BE\V(P),
| (re4 ) mod T ifve V(R).
Now, let S = (7', M") with M’ = M U {j1i2}. For the tensions on M’, we obtain:

/

o {(7‘(‘; —m;)mod T = (m; — mj) mod T' = x;; for ji € M,
Ji

(7}, — 7 )mod T = " for j = j1,i = ia.

12 i J1t2

Hence, we obtain the brake-traction overlaps

, {Oji if ji e M,

e it ji = jria.

Consequently, S’ yields a better objective value than S, so S cannot be optimal. <

» Corollary 11. There is a unique perfect matching MP which is obtained by extending the
matching M of an optimal solution to PESP-Energy on a one-station network.

This yields another way of looking at an optimal solution to PESP-Energy on a one-
station network. A perfect matching MP C Aepergy corresponds one-to-one to a permutation
¢: [n] = [n] of the trains (lines) in a one-station network. This is given by ¢(¢) = k if and
only if ((¢,dep), (k,arr)) € MP. The directed cycles in MP U Ayai then correspond to the
cycles of the permutation.

Recall that we can find an upper bound for the objective value of a PESP-Energy instance
by calculating the maximum-weight perfect matching on the energy arcs a € Aepergy W.r.t. the
weights w: Aenergy — R with w(a) = ™" (cf. Proposition 4). This matching can be found
easily by a greedy algorithm for the weights in our problem. Sorting both tP*, i € E,,,, and 5,
J € Edep, according to their sizes, we obtain the permutations p and o with t?fl) <o <thr
and ¢57,) < -+ < t59,). Then Mgeeay = {((o(i),dep), (p(i),arr)) € Eaep X Farr | i € [n]} is
a perfect matching with maximum weight in the graph (E, Aenergy)-
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(a) Greedy matching, (b) Optimal solution, (c) Hamiltonian path,
weight: 38, total overlap: 32. total overlap: 35. total overlap: 34.

Figure 3 Example of non-optimal greedy and Hamiltonian path matchings for 7' = 15. The
timetable 7 is written in the nodes. To the left of the arrival nodes (white) the braking times are
given, and to the right of the departure nodes (blue) there are the acceleration times. The numbers
on the waiting (black) and energy (red) arcs correspond to the periodic tensions. For the full red
arcs, they also correspond to the achieved overlap.

4.3 A Hamiltonian Path Algorithm/Heuristic

A lower bound on the optimal objective value of PESP-Energy can be obtained by a
maximum-weight Hamiltonian path on £."'8Y with respect to the weights w: A — R defined

by w(ji) == t5™ for ji € Aenergy and w(ij) =T for ij € Ayait, where ' is a big number.

The choice of weights ensures that the path consists of n waiting arcs and n — 1 energy
arcs. Adding the arc from the end node of the path to its start node creates a cycle. Due
to Proposition 9, we know that in that cycle, we can obtain full overlap on the best n — 1

energy arcs, so we obtain at least overlap equal to the weight of the path’s energy activities.

Hence, this yields a lower bound on the optimal overlap achievable. In Figure 3 we can
see that neither weight of the greedy matching is always obtained as overlap nor does a
maximum-weight Hamiltonian path necessarily yield an optimal solution. In Figure 3a the

greedy matching together with the waiting activity M U Ay.iy decomposes into three cycles.
Due to the cycle periodicity, however, we cannot obtain full overlap in the second cycle.

There is no overlap on the dashed arc. While the greedy matching has weight 38, only
an overlap of 32 can be obtained from the matching. In Figure 3b an optimal solution is
depicted. We can see a decomposition of one cycle and one path, which cannot be closed due
to cycle periodicity. The achieved overlap is 35. In Figure 3c, we can see a maximum-weight

Hamiltonian path with full overlap on all energy arcs. In total an overlap of 34 is achieved.
Due to the cycle periodicity it is not possible to obtain overlap on the missing energy arc.

We show now that this lower bound can be computed in polynomial time.

» Theorem 12. A mazimum-weight Hamiltonian path on a one-station network ESMSY with
weights w can be found in polynomial time.

In order to prove this theorem, we show that PESP-Energy on a one-station network
can be transformed to the problem of sequencing a machine with variable state, for which a
polynomial-time algorithm is known, see [4]. To simplify the notation, in this section we write
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9 = t?ec dep) and t'j’r = t'&r arr) for ¢ € [n]. We consider the complete directed graph G =

nl, on the set of all lines and weights w: A — elined by wg ‘= min , . We

A h f all li d weigh A — R defined b ket in{t2c, th}. W
need the following three lemmas.

» Lemma 13. If P; is a maximum-weight Hamiltonian path in G w.r.t. wg, then P =
{((k,dep), (¢,arr) | k¢ € Ps}U{((¢, arr), (¢,dep)) | £ € [n]} is a mazimum-weight Hamiltonian
path in ESCY w.r.t. w.

Proof. First, P is the arc set of a Hamiltonian path. It has weight w(P) = w(Pg) +
nl. Let P°P' be a maximum-weight Hamiltonian path in £°¢'8Y. By the large choice
of T, this must contain n waiting arcs and hence contains exactly n — 1 energy arcs
((k,dep), (¢,arr)). Then (P°P%)q = {(k,£) | ((k,dep), (¢,arr)) € P°P'} is a Hamiltonian
path in G of weight wg((P°P*)g) = w(P°P) — nl'. Therefore, w(P) = w(Pg) + nl' >
w((P°PY)g) + nl' = w(P°P') and P is a maximum-weight Hamiltonian path in T8y, <

» Lemma 14. Any mazximum-weight Hamiltonian cycle in G w.r.t. wg contains a mazimum-
weight Hamiltonian path. Conversely, any mazimum-weight Hamiltonian path can be closed
to a mazrimum-weight Hamiltonian cycle.

Proof. Let k = argmin{t{/ ;) thr | £ € [n]}. W.lo.g. let us assume tl(’,;arr) < t3°. We know
that all incoming arcs of k have weight w@™ = t‘(’,;arr). Let C°P' be a maximum-weight
Hamiltonian cycle. Since this must visit &, it must contain an arc a of weight w&™. Then
P = T°P*\ {a} is a Hamiltonian path with weight w(P) = wg(C°P?) — win,

Let now P°P' be a maximum-weight Hamiltonian path, and let v be the first and u
be the last vertex in P°P*. Then C := P°P' U {uv} is a Hamiltonian tour with weight
we(C) = wa(POPY) + we(uv) > we(POPY) + wiin.

Together, both P and C must be optimal since wg(P) = we(CP?) — wB™ > we(C) —
wd > we(POPY) and we(C) > we(POPY) + wlB™ > we(P) + wi™ = w(COPY). <

» Lemma 15. Let Cy,Cy C A be two Hamiltonian cycles in G. Consider a second weight
function w': A — R defined by w'(kl) := |t2°—tP*|. Ifw(Cy) < w(Cy), then w'(C1) > w'(Cy).
Hence, a mazimum-weight Hamiltonian cycle w.r.t. w is a minimum-weight Hamiltonian
cycle w.r.t. w'.

Proof. For the weight w’ of a Hamiltonian cycle C' we get

w'(C)= Y |55 =ty = Y (max{ti", 7"} — min{#",1f"})

kteC kteC

= Z (max{tzc,t?r} + min{t3¢, ¢t} — 2 - min{t3, tb* )
kleC

= D0 (Bt —2omin{f 67)) = D (B + 1) — 2 we(©),
kteC ke(n]

where the first summand in the last expression is constant. Hence, if w(C7) < w(Cs), then
w'(C1) > w'(Cy). <

Now, we can prove Theorem 12.

Proof of Theorem 12. The problem of sequencing a one state-variable machine from [4] is
defined as follows. We consider N jobs Ji, Js, ..., JJny which are to be done on one machine in
some order. For each job J; we know the required starting state of the machine represented
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by the real number A; and the machine’s state after the completion of job .J; represented by
the real number B;. When job J; follows job Ji, we need to change the machine’s state from
By to A;. The cost ¢ of this change is defined as

Ay
f f(ac)dm if Al 2 Bk,

._ ) Bk
Ckl = B,
J g(z)dz it A; < By,

Ay

Here, f and g are integrable functions such that f(z) 4+ g(z) > 0 for all € R. The problem
is to find a sequence of jobs such that the sum of the costs for changing the state of the
machine between consecutive jobs is minimized. The polynomial-time algorithm developed
in [4] requires the prescription of an initial state By 41 and a final state Ay of the machine
so that it becomes the problem of finding a tour Jyy1J;, ... Jiy Jn+1 with the artificial
job Jy4+1 minimizing the total state transition cost.

Now, consider finding a maximum-weight Hamiltonian path in £57'&Y | w.r.t. the weights w.
By Lemma 13, this is equivalent to finding a maximum-weight Hamiltonian path in G w.r.t.

wg. By means of Lemma 14, this can be reduced to finding a Hamiltonian cycle in G
which corresponds to finding a minimum-weight Hamiltonian cycle in G w.r.t. the weights w’
defined in Lemma 15. We reduce this problem to solving the sequencing problem of finding
a closed tour on a set of jobs on the following instance I°°9.

For every directed line ¢ € [n] we define a job ¢ with A, := t2* and B, := t3°. The
functions for the state transition costs are defined as f(z) = g(z) =1 for all € R. This
yields the costs ¢y = A; — By if A; > By and ¢ = By — A; if A; < Bg. In other words,
ekl = |A; — By| = w'(kf). Therefore, the cost of any cyclic tour of the jobs equals the weight
of the corresponding Hamiltonian tour in G w.r.t. w'. <

The maximum-weight Hamiltonian path yields a feasible solution to PESP-Energy on a
one-station network. We can guarantee that the objective value of this solution is not further
away from the optimal objective value than the smallest of the largest acceleration and the
largest braking time. This follows from the following theorem, which bounds the difference
between the lower bound and the upper bound from the greedy matching of Section 4.2.

» Theorem 16. Let H be a Hamiltonian path in ESM'Y of mazximum weight. Then it holds
W(Mgreedy) — W(H N Aenergy) < min{maux{t'gJr | ¢ € [n]}, max{t3°| ¢ € [n}}}

Proof. We iteratively convert the greedy matching Mgreedy
Hamiltonian cycle and bound the total reduction of weight in this process. Finally, we delete
one edge to obtain a Hamiltonian path.

Let us assume that ¢3¢ < ... < ¢3¢ holds, and let ¢° denote the permutation obtained

0
by Mgreedy

into a matching inducing a

greedy —
The permutation ¢* corresponds to the perfect matching M* obtained in iteration i.
In each iteration, we obtain the matching M* as follows from the matching M*~!. Let

C C M1 U Ayait be the cycle containing (1, dep). If C' is a Hamiltonian cycle, we are done.

Otherwise, there is a smallest ¢ such that (¢,dep) € C but (¢ + 1,dep) ¢ C. We define the

new permutation ¢* as follows:

el +1) ifx =1,
o' (z) = = 1(0) ifz=0+1,
() else.

such that 05,y < -+ < tg%(n). Then M? {((¢,dep), (¢°(£),arr)) | £ € [n]}.
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For the new matching M*® we have, M* = M=t U {((¢,dep), (¢*~1(¢ + 1),arr)), ((¢ +
1,dep), ('~ 1(€),arr)) I\ {((¢,dep), ('~ (£), arr)), ({+1,dep), ('~ L(¢+1),arr))}. The cycle’s
length increases by this operation and for the weight of the new matching M?, we get

w(M?) = w(M"™") + min{t3°, ¢ W 1(041) }—|—m1n{tz+1, “10)}
_ mln{te ,t};b 1 }' — mln{t€+1, 2171(164“1)}
w(MTY) = |13, 551) N Bkt (o) tokr gy |-
Further, we know that [ C 1(1,)71? L 1(/+1)] [t25(1)7t25(n)]~ Hence, the length of the inter-
section can be bounded by
|[63°, 85540 N (8051 g0y i1 oy ]| S NGS5 82500 0 [E26 1) o oy ]

and, therefore w(M*) > w(M*1) — |[t3¢,435,] N [tbf)(l), 0(n)]|.

Let k be the number of iterations until we obtain a matching M* such that M* U Ayait
corresponds to a Hamiltonian cycle. In the following ¢; denotes the smallest ¢ € [n — 1] such
that (¢,dep) € C and (¢ + 1,dep) € C in iteration 7. Further, it holds k¥ < mn — 1 as there are
n different trains. Hence, we can overestimate the sum as follows:

k n—1
b b
Z 1[50, 83141 0 [t 1y E0b e, 4 )| < Z [£2°, 051 N [E20 (1> to0 ()]
i=1 =1

Instead of just summing up the length of the intervals for the corresponding train ¢ in each
iteration, we sum over the lengths of all possible choices for £. We get the following bound:

k
w(Mk) > w greedy Z‘ tyy %C+1 [tgo 0(1)» tbr 0(¢; +1)|

n—1

(Mgreedy) Htégc?te-&-l} n [ gpro(l)’ts:%(n)H

~
Il
—

As the intervals [t7¢, ¢ ] intersect only in one point (of length 0), we can bound the sum

of the intersections as follows:

n—1 ne1
D5, t35a] 0 by bl < | U i il = -t
=1 —

n—

Z 1163, 83501 0 [t (1) too (]| < 1o (1)» Teo (my)| = tob(ny — tob(1y-
=1

Thus, w(MF¥) > W(Mgreeay
path H C MF* U Ayait, we delete one edge from the matching M*. As we want to maximize
the path’s weight, we choose the edge with the lowest weight. Due to the weight structure,
this weight is min{téfc,tsar 1)}. For the difference of the weights of the greedy matching

Migreedy and the weight of the energy arcs in H, we get:

) —min{#2° —¢3° tg{,(n) - tl;%(l)}. In order to receive a Hamiltonian

W(Mgreedy) — W(H N Aenergy) < min{ta® — ¢3¢, tZO(n) 0(1 )} + min{#{° tbr 1}

< min{#2°, tEf ()}

The weight of the path H is a lower bound for the weight of an optimal Hamiltonian path. <
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4.4 Two Special Cases Solvable in Polynomial Time

There are some special cases in which we can solve PESP-Energy on a one-station network
in polynomial time. In the first case, all braking times and all acceleration times are equal.

» Proposition 17. Let I be an instance of PESP-Energy on a one-station network with n
lines such that all acceleration times are equal and all braking times are equal, i.e., t*¢ = t5°
and t°" = tl?r for alli,j € [n]. Then, there is an optimal solution to I consisting of one cycle
of all lines in arbitrary order. This can be found in polynomial time.

Proof. Assume that there is no optimal solution consisting of a single cycle, and consider an
optimal solution (M,7) with the minimum number of cycles. Let C1,Cs be two different
cycles in M U Ayait, and let ag = (jk, i) € Aenergy NCy for k = 1,2. Consider the alternative
solution with M’ := (M \ {a1,a2}) U {j1i2, joi1 }. Then M’ induces a big cycle on the node
set V(C1)UV(Cy). Let ¢ == mj, + x4, — m;,, and set

, T ifve E\V(Cy),
o=
! (my +¢c)mod T ifveV(Cy).

Then the arc jiip has new tension 2’y ; = (m;, — 7} )mod T' = (m;, + ¢ — ;) mod T' = 24,
i.e., it also has the same overlap because all energy arcs a have the same function overlap,
mapping tensions to overlaps. Moreover, the arc joi1 has tension x;é o = (7], — W;Q) modT =
(miy, —mj, —c)mod T = (m;, — mj, + Wiy — Tj, — Ta,) mod T = x,,, i.e., the overlap is also
equal. Therefore, together the overlap on the two new arcs is the same as on the two old arcs.

So we have found an optimal solution with less cycles, which constitutes a contradiction. <

In the second case, we consider a period time that is so large that no energy cycle can
exist. This corresponds to an aperiodic timetabling problem.

» Proposition 18. Let I be an instance of PESP-Energy on a one-station network with
n lines. Let u™™ = max{u, | a € Ayait} + max{t%" + t1* | @/ € Acpergy} such that
T > n-u™>_ Then, any matching M inducing a Hamiltonian path of mazimum weight
w.r.t. w is part of an optimal solution S = (m, MH).

Proof. We show that for every optimal solution S°P' = (7Pt M°P') the set MOP* U Ayait
contains a Hamiltonian path. By Corollary 11, M°P' can be extended to an optimal perfect
matching MP. Let C be an arbitrary directed cycle in MP U Aya,it- By Proposition 9 we can
assume that 7°Pt induces full overlap on all but at most one arc of C. Let ag denote this

energy arc such that t2 = min{t"" | a € C}. It holds:

tg:)ax _"_ tg;ln + E ua + E tg}ax
a€CN Awaie @/ €CN Acnersy \{ao}
< E Ug + E X 0 < n ™ < T
a€CNAywait a’ECﬁAene,gy

Therefore, we have >, ccna .. a2 arecn Amay \fao} ta - < T = (tay ™ + toim). Since there
is full overlap on all a’ € C' N Aepergy \ {0}, we know that the periodic tensions induced
by Pt satisfy %P < ¢72* for all these arcs. Hence, for the tension P on ag we have
xggt > o + tg;jn as by the cycle periodicity constraints all periodic tensions in C' need to
sum up to a multiple of T'. Therefore, there is no overlap on ag. By the same argument, every
other cycle in MP U Ay, has an arc without overlap. We can remove all these arcs from

MP without reducing the objective value. However, by Theorem 10, any optimal matching
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Figure 5 Pareto frontier of instance I;.

has at least n — 1 arcs. Therefore, C' must be the only cycle in MP U Ay, i-e., it is a
Hamiltonian cycle. Moreover, the objective value of S°P! is equal to the total weight of
(C'\ {ao}) N Aenergy. An arbitrary maximum-weight Hamiltonian path contains all waiting
arcs and then maximizes the weight of the chosen energy arcs. Therefore, it yields the
optimal objective value. |

5 Examples of Bicriteria Timetables — Numerical Results

In this section, we present some computational results of bicriteria timetabling problems at
a single transfer station. We use the MIP formulation from Section 2.3 and solve it with the
CPLEX solver on a 13th Gen Intel(R) Core(TM) i5-1335U with 1.30 GHz, 16,0 GB RAM,
and a 64-bit processor. We use an e-constraint method bounding the total brake-traction
overlap from below in order to obtain a set of Pareto-optimal solutions. The objective then
seeks for the minimal weighted sum of travel times. In the one-station network this equals
the weighted sum of the periodic tensions on the waiting and the transfer activities.

The instance I; under consideration is based on a one-station network with 2 lines into
both directions and a period time of T'= 40. The acceleration and braking times are all set
to t* = 5 and t"* = 7. On the waiting activities, we have the bounds | = 4, v = 8, and
the transfers have a lower bound of [ = 5 and are non-restricted with « = 44. There are no
transfers into opposite directions of one line. We assume a symmetric passenger distribution
on the arcs, see Figure 4. Figure 5 shows the optimal weighted sum of the periodic tensions
(total travel time of the passengers) at this station depending on the required overlap time
for the braking and acceleration phases. We observe that the travel times increase with
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Figure 6 Exemplary solution structures of I;. The numbers in the nodes represent the scheduled
times of the events. Black arcs represent waiting activities and red arcs represent energy arcs with
the numbers indicating the overlap times.
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Figure 7 Objective values for instance I; with different period times.

increasing required overlap time. Further, there is one huge gap, where the increase from a
required overlap time from 10 to 11 results in a huge increase of the total travel time from 579
to 894. In Figure 6 we can see the corresponding timetables for the scenario of no enforced
overlap and for a required overlap time of at least 10 and 11. Without an enforced overlap,
the timetable has almost a Basel solution structure separately for both the horizontal and
the vertical line. If the required overlap is 10, still two trains arrive and depart at almost the
same times. This structure disappears for an overlap of at least 11.

Figure 7 shows the Pareto frontiers of instances with the same parameters as I; but with
varying period time 7. We can observe that in general the total travel time of the passengers
increases with an increasing period time, which is reasonable as there are transfers with the
same number of passengers into both directions of each pair of lines. Further, we can observe
that it depends on the period time whether it is possible to attain a maximum overlap of 40
time units. While this is possible for the cases of T' € {20, 30,60}, for T'= 50 we obtain at

most 34 time units overlap and for T' = 40 we obtain a maximum overlap of 32 time units.

Due to the cycle periodicity constraints which depend on the period length it is not always
possible to obtain full overlap on all chosen energy arcs.
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6

Outlook

We have introduced the new periodic timetabling problem PESP-Energy and its bicriteria
version. Apart from giving a MIP formulation we characterize the structure of optimal
solutions for both single objective problems on a one-station network. On this small network,
a polynomial-time algorithm with an additive performance guarantee is obtained for the
problem with energy objective. Further, some bicriteria instances on a one-station network
were solved numerically and analysed. We plan to continue our work investigating the
complexity of the single objective PESP-Energy on a one-station network and developing
algorithms for the bicriteria problem on larger networks.
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A Comparison with the Model of Wang et al.

In the timetable adjustment problem considered by Wang et al. [14], there is an explicitly
given set Aga, € Eqep X Eapr of activities (j,¢) specifying that the acceleration after the
departure j (taking time t;) and the braking before ¢ (taking time ¢;) should be synchronized.
Their model reads

max O = » Ly (17)
J1€Agab
s.t. L; = min{m — T+ BjiTa tj +t, —m + T — 6jiT7 tj, tl} le € Agap (18)
M (i + Bji —1) < Lji — Lj; < =M - (i + Bji — 1) Vji € Asap  (19)
— M - (aj; + Bji) < Lji < M - (o + Bji) Vji € Asap  (20)
L (M —my my — T+t 4+t ..
Qi > mm{ zM A ZM J Z} Vji € Asar,  (21)
i T T =Tttt .
aj; <1+ rnin{7r Mﬂj , LE WA—; it } Viji € Agap  (22)
LT i s — s — T . )
By > min{m +M T 7 T — T - +t; + tl} Vji € Awn  (23)
i+ T —my mj—m =T+t +1 iy
Bji < 1+ min{ﬂ +M b ) i T M ha s + } VJZ S Asab (24)
Qg Bji e {0, 1} V]Z S Asab (25)
Lji7 le S/ ij S Asab (26)

The brake-traction overlap between the events j and i is represented by the variable L;;. The
auxiliary variable L7, indicates the value of the minimum in the expression for the overlap in
Lemma 2, which equals the overlapping time if the overlap is non-empty. This is enforced by
Constraint (18). The binary variables a;; and 8;; model whether there is some overlap or
not: the constraints (21)—(25) ensure that

1 ifm—ﬁj>0and7rj+tj>7ri—ti,
aj; =40 ifﬂ'i—ﬂ'j<001‘ i+t < mp—t, (27)

Oor1l else
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and

1 if7Tj+tj>7Ti+T—ti,
ﬁji: 0 if’l‘rj+tj <m+T -1, (28)

Oor1l else

for all ji € Agap. Finally, constraints (19) and (20) ensure that the actual overlap Lj; is
set to L7, in the case that a;; + 8;; = 1 and to 0 if ay; + 3;; = 0. Further, the case that
aj; + B4 = 2 is prevented by constraint (19). So it holds

Qj; + 6ji <1 Vi1 € Agap (29)

Note that the constraint involving a minimum are not linear. To linearize them, we
would need to introduce two constraints for each constraint. Further, whenever the minimum
bounds from below, we would have to introduce a new binary variable.

Proof of Theorem 3. We begin by showing that the variable L;; in this model measures the
same overlap as 0;; from PESP-Energy. Hence, we show the following:

1. If there exists an overlap then L;; = L;i = 0jj-

2. If there is no overlap, then Lj; =0 = oj;.

The equalities oj; = L7, if there is an overlap and o;; = 0 else follow from Lemma 2. So
we need to investigate the value of L;; for the cases in which there is an overlap (Case 1.1
and 1.2) and in which there is no overlap (Cases 2.1, 2.2 and 2.3).

Case 1.1 [n; < m; and 7; +t; > m; — t;] In this case, aj; = 1 by (27) and (j; = 0 by (28).
(23) allows 3j; to take the value 0. Hence, aj; + 3j; = 1 and we have Lj; = L}, by (19).

Case 1.2 [m; > m; and m; +t; > m; +T —t;] In this case, §j; = 1 by (28) and a;; = 0 by (27).
Also by (21) allows «; to take the value 0. Hence, oj; + 3;; = 1 and we have Lj; = L
by (19).

Case 2.1 [n; < m; and 7; +t; < m; — ;] In this case, aj; = 0 by (27). Further, 8;; = 0 by
(28) as mj +t; < m; — t; implies that m; +¢; < m + T —t;. Hence, a;; + £;; = 0 and we
have L;; =0 by (19).

Case 2.2 [n; > m; and 7 +t; < m; + T — t;] We have that a;; = 0 by (27). Further, if
7 +t; < m +T —t; then 8;; = 0 by (28). Hence, a;; + £;; = 0 and we have L;; =0 by
(19) On the other hand, if Uy +t] =T +T—ti then ﬁj’i =0or /Bji =1 by (29) If Bji =0
then it holds, as just discussed, that Lj; = 0. If 3;; = 1, then it holds that L;; = L}, =
min{mfﬂ'j +BjiT7 tj+ti7ﬂ'7;+ﬂ'jfﬂjiT, t;, ti} = min{ﬂ'i*ﬂ'j +BjiT7 0, t;, ti} =0
as tj,tz' > 0 and 7T1'+T77Tj > 0.

Case 2.3 [m; = m;] By (27) we get that «j; could be 0 or 1 in this case, also the value for
Bjs is unclear. Therefore, we rest with the two options aj; + 85 = 0 and «aj; + 8j; = 1. If
j; + Bji = 0, we know that Lj; = 0 by constraint (20). If ay; + Bj; = 1, then Lj; = L, =
min{m — Ty + 6jiTa tj +t2 — i + Ty — ﬂjiT; tj, tl} = min{O, tj +t2 - O, tj, tl} =0
as t;,t; > 0 and therefore ¢t; +¢; > 0. «j; = 1 by constraint (21) a;; < 1 by constraint
(22) Bji = 0 by constraint (19). <
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—— Abstract

Attractive and cost-efficient public transport requires solving computationally difficult optimization

problems from network design to crew rostering. While great progress has been made in many areas,
new requirements to handle increasingly complex constraints are constantly coming up. One such
challenge is a new type of resource constraints that are used to deal with the state-of-charge of
battery-electric vehicles, which have limited driving ranges and need to be recharged in-service.
Resource constrained vehicle scheduling problems can classically be modelled in terms of either
a resource constrained (multi-commodity) flow problem or in terms of a path-based set partition
problem. We demonstrate how a novel integrated version of both formulations can be leveraged
to solve resource constrained vehicle scheduling with replenishment in general and the electric bus
scheduling problem in particular by Lagrangian relaxation and the proximal bundle method.

2012 ACM Subject Classification Mathematics of computing — Mathematical optimization; Math-
ematics of computing — Network flows; Mathematics of computing — Integer programming;
Mathematics of computing — Linear programming; Applied computing — Transportation

Keywords and phrases Electric Bus Scheduling, Electric Vehicle Scheduling, Non-linear Charging,
Multi-commodity Flow, Set Partition, Lagrangian Relaxation, Proximal Bundle Method

Digital Object Identifier 10.4230/OASIcs.ATMOS.2024.11

Funding This work has been conducted within the Research Campus MODAL funded by the German
Federal Ministry of Education and Research (BMBF) (fund number 05M20ZBM).

1 Introduction

Public transport operators are ramping up the electrification of their bus fleets. Operators
in major German cities like Berlin, Hamburg or Munich have pledged to fully electrify their
public transport systems by 2030 [25]. Moreover, starting in 2026, it is a legal requirement
that 65% of new acquisitions have to have a clean drive train [30]. The European electric
bus market is dominated by battery-powered vehicles, depot chargers and fast opportunity
chargers at selected terminals [31, 5, 9, 32].

Deploying electric buses has to be planned around their complex energy-cycle. Unlike
their diesel counterparts, which can usually drive for an entire day and be fully refueled
within minutes upon returning to the depot, electric buses have limited driving ranges and
significant recharging times. These limitations are usually exacerbated during summer and
winter [31], for instance, enabling air conditioning may reduce a driving range of 250 km down
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to 175 km [35]. As such, electric buses either require short schedules or pre-planned detours
and downtime throughout the day to recharge. Moreover, the physics behind recharging
batteries lead to non-linear energy models [27], which must be considered for electric vehicle
scheduling problems to ensure solutions are actually energy-feasible [24, 26, 22].

This paper is structured as follows: In Section 2 we define the electric bus scheduling
problem and in Section 3 we briefly review solution approaches (with non-linear charging) from
the literature. In Section 4 we provide a generalized formulation for resource constrained
vehicle scheduling by integrating the common flow and path-based models presented in
Section 2. In Section 5 we outline how to solve this new formulation leveraging Lagrangian
relaxation and the so-called proximal bundle method. For the sake of brevity, we will often
refer to older publications for details. Since this algorithm has been in commercial use
at a number of public transport operators with partially electrified fleets for a few years
now, we can not provide an open source implementation. Finally, we conclude with some
computational results in Section 6.

2 Problem Description

Attractive and efficient public transport is contingent on high quality solutions to a number
of strategic and operational planning steps, from infrastructure planning, line planning,
and timetabling to vehicle scheduling, duty scheduling, crew rostering, and finally real-time
disposition [34]. Due to the high computational complexity of each planning task, they are
often solved sequentially, even though there are some feedback relationships.

For this paper, we consider the vehicle scheduling planning step for bus systems with
(partially) battery-electric fleets, although we believe our results generalize to any electric
vehicle scheduling or routing problem. We assume that the infrastructure, bus lines and the
timetable have already been fixed, which yield a set of timetabled passenger trips T. A trip
T € T is the activity of servicing a single repetition of a line from its first to its last stop or
terminal. For example, if a bus line has a periodicity of five minutes, then it admits twelve
trips per hour. The back direction of a line for this purpose is considered as a separate line.

Each trip needs to be serviced by a bus and any individual bus can not service any trips
that happen simultaneously. Moreover, if a bus is scheduled to service two trips in order,
it needs to be able to get from the end terminal of the first trip to the start terminal of
the second in time to comply with the given fixed timetable. Generally, the set of trips
T together with a relation < giving feasible connections called turns or deadheads can be
thought of as a partially ordered set.

The classic (non-electric) bus scheduling problem (BSP) in its simplest form is to find
a cost optimal partition of the trips into chains (subsets of ordered trips), which we call a
vehicle schedule. An individual chain of trips, i.e., a sequence of trips that can be serviced
by the same bus, is a vehicle course. The objective function would generally minimize the
total required fleet size, i.e., the number of vehicle courses, but also the overall operational
expenses.

We are further given a set of depots D and vehicle types V. Each course has to be
assigned a depot the bus has to begin and end service at, and a vehicle type which determines
operational costs, but also which trips, deadheads, depots or potentially other infrastructure
are accessible. Articulated buses or double-deckers may not fit through every road but some
trips have to be serviced by vehicles with a higher capacity for passengers. Moreover, in the
electric setting (Section 2.1), we may have vehicle types with different driving ranges, but
larger batteries incur higher deployment costs.
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We can model BSP as a multi-commodity flow problem on a directed acyclic graph where
pairs of vehicle type and depot K = V x D serve as the commodities, which we call plan
types. Every trip admits a node and we have an arc of the form (7;,7;) € A if and only if
T; =< Tj, that is, 7; can be serviced after trip 7; by the same bus. For every depot d € D we
add a source node d°"* and a sink node d'™ and connect them by pull-out and pull-in arcs
to every trip. K(a) then denotes the plan types admissible on arc a, which can be used to
control access of particular types to trips. By restricting the pull-in and pull-out arcs at a
depot to only the compatible plan types, we further enforce that buses actually return to the
depot that they started their course at.

A vehicle course for type v € V is then a path between the source and sink nodes of a
depot d whose arcs all permit the plan type (v,d). The cost of a vehicle course is simply
the sum over arc costs c¥ of its plan type, which reflect operational expenses. A (binary)
multi-commodity flow of minimum cost on this graph then yields a minimum cost vehicle
schedule.

Moreover, we have so-called vehicle-mix constraints which impose lower and upper bounds
on how many courses may be assigned to particular plan types. This is because depots can
usually only accommodate a certain number of buses of any particular type, or operators
may insist that the fleet composition stay within some parameter. They are given by a family
of plan type subsets K C 2X and for each K € K, we have bounds ¢k and ux, as well as
coefficients “Ifc per k € K such that the weighted sum over all courses of those plan types has
to be within [{x, ux].

In this BSP model, trips are generally connected to all reachable trips which happen later
within the planning horizon, so a large fraction of the deadheads are long in the sense that
operators prefer a bus assigned to such a deadhead makes a stopover at a parking facility
or depot, where no driver has to be paid to watch over the idle vehicle. In the worst-case,
the total number of deadheads is |T| (]7| 4 1)/2, therefore, long arcs are either dynamically
generated on demand while solving BSP [20], or they are modeled implicitly via timelines
(cf. [14, 12]): The planning horizon is discretized and for every time step and parking spot,
a node is added to the graph. The nodes of a spot are connected by idling arcs in order and
there are pull-out and pull-in deadheads between the trips and appropriate timeline nodes.
Every long deadhead is then pruned as it now corresponds to a path between a pull-in and a
pull-out along a timeline, which decreases the total number of arcs on instances of relevant
size [12]. For an example BSP graph with five trips, two depots and one parking spot see
Figure 1.

Figure 1 Example BSP Graph with five trips, two depots and one parking spot timeline.
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The grey arcs are the depot pull-in and pull-out deadheads which only permit plan types of
the associated depot. The trip nodes are elongated to indicate their relative start and end
times. There is no deadhead from 73 to 7, as there is no way to make the connection in time.
The long deadhead between 73 and 74 has been pruned in favor of the parking spot timeline
on top of the graph, which of course needs larger graphs to be of any advantage. If some
trips or deadheads may only be traversed by particular bus types, they must permit only the
corresponding plan types, so that the respective nodes and arcs are no longer part of the
network of those commodities.

Formulating this multi-commodity flow model of the non-electric BSP as an integer linear
program, we obtain

(BSP) min Z Z ckak (1)
)

a€AkEK (a
s.t. Z R Z =0 VYne N\D, ke K (2)
a€din(n): K(a)dk a€dout(n): K(a)dk

oo > ak=1 VreT (3)

a€dout(r) keK (a)

o> k< Yne N\ (DUT) (4)

aedseout(n) ke K(a)

U < Z /s,(cv’d) Z (0D < VK € K (5)
(v,d)eK agéout(dout)

28 €{0,1} Vaec A, ke K(a) (6)

where N denotes the entire set of nodes, i.e., it contains 7, the depot source and sink nodes
and all timeline nodes. Furthermore, §'"(n) denotes the set of incoming and §°"¢(n) the set
of outgoing deadheads at node n. The binary variables 2¥ indicate whether arc a is selected
or active for plan type k, i.e., whether a bus of the corresponding type and housed at the
corresponding depot traverses it. (2) are flow conservation constraints per commodity, which
propagate the selected vehicle type and depot along the flow belonging to a vehicle course.
(3) enforces that every trip is covered exactly once and (4) ensures that a parking spot can
be used by at most one bus at the same time. (5) are the vehicle-mix constraints.

Note that if |[K| > 2, BSP is NP-hard even without any vehicle-mix constraints [1].
Further note that BSP is a special case of the vehicle scheduling or routing problem, where
vehicles have to visit a set of customers within pre-defined time windows to perform some task
of a given duration. The trips correspond to customers with fixed and tight time windows.

Let MYz = b denote (2) - (5) of the flow formulation in an appropriate matrix notation.

2.1 The Bus Scheduling Problem with Electric Vehicles

The electric bus scheduling problem (EBSP) extends the BSP such that some or all of the
bus types are powered by an electric battery. We collect the corresponding plan types in K
and normalize all battery capacities and energy consumption to a relative driving range in
[0,1]. Every deadhead arc admits an energy consumption e® per electric plan type, including
the consumption of its target trip. We track the remaining driving range via variables y, at
the beginning of every arc, just after the source trip.

Charging takes place at a limited number of charger slots S, so we introduce timelines
to track when they are occupied by a bus. We denote those recharge nodes s; by S and
add them to N. The corresponding timeline arcs a(s,i) = (s;—1, s;) are called recharge arcs
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and we denote the set of all recharge arcs by A”. Along each we can replenish an amount
of driving range given by a function A¢F (Ya(s,i), 0) where y, (s ) is the charge state at the
beginning of the recharge arc a(s,i) and 6 is the step size of the time discretization. The
charge increment function AC* depends on the technology employed at charger slot s and
the vehicle type of the plan type k. Note that if we are given a charge curve { as most of the
literature on FBSP assumes, that is, a function mapping time spent charging an initially
empty battery to the resulting state-of-charge, then it relates to the increment function via
Al(y,0) = ¢(¢C1(y) + 0) — y. For a homogeneous time step size § we can just write A{(y).
This yields the, in general non-linear, mixed-integer program

(EBSP) min Z ckak (7)
a€A, k€K (a)
s.t. MYz =5 (8)
Z x>y, Va € A\ A" (9)
kEKE (a)
Z k=, Va € AR" (10)
kEKF (a)
D mi= D, Ve D, Yo ughls ()
a€d®(n) a€din(n) a€dout(n)
k€eK® (a)
Yooewmn— D Ghww= DL Ya— D Y Valsi)€A” (12)
a€d(s;), keKE (a(s,i)) a€din(s;) a€dout(s;)
keK® (a)
Ya(s,i)€EAT,
SDI;(S,'L') = Acf(ya(s,i))ms(s,i) keI((E?ae(s,i)) (13)
z¥ € {0,1} Vae A, ke K(a) (14)
Ya =0 Ya € A (15)

where A% denotes the set of pull-out arcs at depot nodes, i.e., those arcs that can open new
vehicle courses. We retain the BSP constraints in (8), but on the graph including charge slot
timelines (an example graph would still look like the one in Figure 1, except the timeline
may belong to a charge slot). (9) enforces that only active flow-carrying arcs can also have
non-zero charge states while (10) requires buses to start service with a full battery. (11) and
(12) propagate charge states along active arcs as an energy flow depending on whether any
incoming arc is a recharge arc. (13) gives the amount of restored driving range on active
recharge arcs depending on the incoming charge state. (14) and (15) are the variable domains.
To make (EBSP) a linear program we have to linearize the constraint (13), where we refer to
our contributions [21] and [22].

2.2 A Set Partition Formulation

It is well-known that BSP can be formulated as a set partition problem by applying Dantzig-
Wolfe decomposition to the multi-commodity flow formulation. For k = (v,d) € K, let
P, denote all d°"*, d™-paths admissible for vehicle type v on the BSP graph. Further, let
P = Ugeg Pr.. Then, assuming a suitable cost vector ¢ € R (usually the sum over the arcs
on the path), a formulation equivalent to (BSP) is

E CpTp

peP

min

(16)
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s.t. Z zp =1 VreT (17)
pEP:pST
Yo oa <t Vne N\ (DUT) (18)
pEP: pon
€K§22$p§u’< VK € K (19)
ke pe Py,
z e {0,1}" (20)

In theory, it is straightforward to turn this into a formulation for EBSP: Let P be the set
of all energy-feasible paths. A path on the BSP graph is energy-feasible if we can insert
recharge events such that the battery is never fully depleted and all trips on the path can
still be serviced as scheduled. Note that finding a cost-optimal recharge schedule for a given
fixed sequence of trips is an instance of the NP-hard fized route vehicle charging problem
[24], while testing whether such a sequence is energy-feasible by just charging for as much
as possible is polynomially solvable [4]. Further note that the set partition formulation is
straightforward to generalize to any resource constrained vehicle scheduling problem with
replenishment, like railway operation with maintenance scheduling.

Due to the large number of variables, which in the worst case is one per path on the
vehicle scheduling graph, column generation lends itself as the go-to solving approach. The
pricing problem is then a resource constrained shortest path problem with replenishment, i.e.,
we need to find resource-feasible paths on the vehicle scheduling graph with negative reduced
costs. These paths have to be fit with a cost-optimal resource restoration schedule, which for
EBSP generally involves evaluating non-linear A(.

3 Solution Approaches in the Literature

Electric vehicle routing and scheduling is an active area of research attracting an immense
amount of attention. We therefore restrict this literature review to contributions presenting
solving approaches for the electric vehicle scheduling problem that can handle non-linear
charging explicitly. For an extensive survey on electric vehicle routing and scheduling we
refer to [5] and on electric bus scheduling see [28].

An energy state expansion model is proposed in [33], where for each step of a charge state
discretization, every node of the vehicle scheduling graph is duplicated. The deadhead arcs
connect nodes of appropriate charge states with each other and if there is a recharge window,
such a connection can go from a lower to a higher charge state, so A can be evaluated
explicitly per recharge arc. The column generation pricing problem is then a classic shortest
path problem on this energy-state-expanded graph. The column generation itself solves the
Lagrangian relaxation of a path-based set cover formulation in combination with a rounding
heuristic.

In [16] a fully time-and-energy-expanded network is proposed, from which a MILP is
derived, where the frequency at which the passenger lines are serviced and the number of
chargers are decision variables. The formulation is verified using a commercial MILP solver.

A time-and-energy-expanded network with timelines to track charger slot occupation like
in our model is proposed in [3]. Two graphs are obtained by rounding charge states up or
down, from which in turn primal and dual bounds can be derived to fuel column generation.
A diving heuristic explores the branch-and-bound tree in a depth-first manner to obtain
integer solutions.
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[24], [7] and [6] are a series of papers which propose a local search to generate a set
of candidate vehicle courses that the set partition formulation is solved over. For every
candidate vehicle course, the local search has to solve the fixed route vehicle charging problem
to determine whether the course is energy-feasible and its cost, so a labeling algorithm and
recharge event insertion heuristics are developed. [24] introduces linear spline interpolations
of the charge curve ¢ from which dominance rules for the labeling method can be derived. [13]
extends [7] to consider settings where operators may wish to charge at publicly accessible third-
party infrastructure with uncertain availability. The problem is solved by a benders-based
branch-and-cut algorithm using a modified version of the labeling algorithm.

Other extensions of [24] are [17] and [10]. [17] develops a label-setting algorithm for the
pricing problem of the column generation for the set partition formulation based on recursive
functions derived from the linear spline charge curve approximation. This is embedded within
a branch-and-price-and-cut framework. [10] extends the model and algorithm from [24] to
also include non-linear discharging.

Other papers relying on linear spline approximations of ¢ are [36], which presents an
adaptive large neighborhood search, [37], which develops a label-setting algorithm considering
battery capacity fade, and [38], which also considers capacity fade and develops a MILP with
a number of a priori tightening inequalities and runs a commercial solver on it. We assess
the previously unknown numerical implications of approximating the charge curve ¢ by a
linear spline interpolation in [23] and [22].

Lastly, there are a few exact approaches. [26] uses a greedy construction heuristic with
backtracking to insert charging events such that arbitrary A{ can be considered. [4] proposes
a branch-and-check algorithm for factory in-plant electric tow trains. A vehicle schedule
whose courses can be made energy-feasible by charging for as much as possible is accepted as
the optimal solution, otherwise subtour elimination constraints are introduced to prohibit
energy-infeasible courses.

[15] considers an objective function that minimizes the total distance and time spent
charging. As such, every recharge event in an optimal solution will only charge for as much as
is strictly needed to drive the subsequent trips until the next recharge event or the final depot.
One can then use column generation on the set of trip sequences that are energy-feasible
without charging and their costs can be derived a priori from the inverse of arbitrary charge
curves. It is unclear how this approach can work if the objective does not explicitly minimize
the time spent recharging. Operators may not want to strictly minimize charging times due
to robustness considerations and active charge management [22]. Nevertheless, generating
energy-feasible trip sequences is also a core idea behind our method, which further takes
advantage of the easier pricing problem that arises then. Our method could loosely be seen
as a generalization of [15] to resource constrained vehicle scheduling with replenishment,
multiple depots and vehicle types, and arbitrary linear objective functions. It is also the (to
our knowledge) first application of the proximal bundle method [11] to EBSP.

4 An Integrated Flow and Set Partition Formulation

In computational experiments, we have found that the set partition formulation for EBSP
has two undesirable properties, which have also been reported in [15] and we expect should
be observable in related problems: For one, there are a large number of very similar columns
of negative reduced costs, which cause the master problem to quickly become intractable.
Furthermore, the longer the vehicle courses can be and thus have more insertion points for
recharge events, the worse the pricing problem performs. In contrast, rounding heuristics to
produce integer solutions struggle with the flow formulation. Solutions to the LP-relaxation
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often collect fractional paths into a single bus, charge its battery, and then fractionally
distribute the replenished energy into the network. Vehicle courses derived from a (fractional)
path decomposition of the LP solution then often share a single recharge event and it is
unclear how to efficiently break this up.

Note that a recent publication [29] shows that electric shortest path with recharging and
the corresponding minimum cost flow problem are polynomially solvable if |K| = 1, the
charge curve ( is piecewise linear, and every minimum cost subpath in the network is also
of minimum energy consumption. However, we believe piecewise linear charge curves to
be an inadequate model choice to describe the recharge process [23, 21, 22]. Furthermore,
energy-optimal subpaths may not be cost-optimal and vice versa in our application. Some
trip to trip arcs involve barely any driving because the bus simply idles at a terminal
waiting to service the back direction of the corresponding line. Such a turn has a low energy
consumption unlike deadheads that involve proper location changes. But the majority of the
operational costs on an arc come from the salary for the driver, so it is possible to have a
turn arc that is more expensive than a deadhead arc but that requires less energy.

As we have already alluded to in Section 3, we can make the set partition formulation
significantly more tractable by limiting P to those paths that start or end at a depot, where
vehicles can be removed from the network, or a facility where consumed resources can be
restored. All interior nodes of these paths shall be trips or parking spot timeline nodes and
the total resource consumption has to be permissible. In the context of FBSP, this means the
path can be serviced on a single battery charge. We call these paths wvehicle blocks. Vehicle
courses are then alternating sequences of blocks and restoration or recharge events.

We can then couple the set partition formulation with the flow formulation to have it
arrange blocks into vehicle courses by forcing all deadheads contained in active blocks to
also be active within the flow. Flow conservation will naturally force deadheads to become
active that connect blocks to each other or depots. This yields an integrated flow and set
partition formulation for FBSP.

We can further completely eliminate all resource related constraints from the formulation
by assuming that every block p € P is serviced by a vehicle that has not consumed any
resource yet. Consequently, we have to ensure that all block connections are long enough
such that a vehicle’s resource state can be fully restored from any initial state. We can
enforce this in the timeline model via constraints where an active pull-in onto the timeline
prevents pull-outs within the appropriate time window from carrying flow. We then only
have to consider the maximum driving range when generating vehicle blocks. This is not
a restriction in settings where resource restoration happens in constant time, like regular
maintenance or battery swapping, but it does prevent partially recharging a battery for
EBSP and block connections have to have recharge time windows of length ¢ ~*(1).

While this is clearly a major restriction compared to allowing partial charging, we hope
that the impact on solution quality is limited by the following observations: On most instances
we have encountered so far, recharge events are either a depot charging event with a longer
time window, especially in rural settings, or an opportunity charging event with a shorter
time window during the turn after a trip. Bus timetables usually tighten their frequency in
the morning and late afternoon to evening since the passenger demand is higher during these
times. This causes a peak of timetabled trips (see Figure 2) and we need at least as many
buses as the largest number of simultaneously scheduled trips as a consequence of Dilworth’s
theorem. Part of these buses will be idle after the morning peak and they can usually be fully
recharged before the afternoon or evening, so the corresponding courses should be mostly
unaffected by the restriction.
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Figure 2 Number of simultaneously scheduled trips of one of our test instances.

Opportunity charging events, as the name suggests, occur during the turns between trips
whose terminals are equipped with chargers and a bus can simply recharge there during the
mandatory downtime before the next trip. While these events are modeled exactly the same
as depot charging via charge slot timelines on the EBSP graph, we can efficiently consider
them during block generation, unlike depot charging.

Recall that the pricing problem for the full set partition formulation of FBSP, where P
is the set of energy-feasible vehicle courses, is a resource-constrained shortest path problem
with replenishment. This problem is computationally challenging because we can potentially
recharge after every trip at any charging facility, for an arbitrary amount of time to an
arbitrary state of charge. In particular, the minimum state of charge that the bus has to
reach depends on the rest of the path, which in turn depends on how much driving range
can actually be restored and the downtime that requires. In fact, as previously mentioned,
fitting a cost-optimal recharge schedule to an entirely fixed sequence of trips is NP-hard [24],
and the pricing problem to generate vehicle courses is a generalization of this problem.

But if the end terminal of a trip is equipped with an opportunity charger, since the
assigned bus is already there, we can simply charge the bus for as long as it can remain
depending on whatever trip is put next on the block. Opportunity charging is therefore
easy to incorporate into the pricing problem for generating p € P and we can extend the
definition of a vehicle block to allow for opportunity charging whenever a trip terminal is
equipped with the necessary infrastructure. This softens our restriction to only apply to
depot charging in between blocks, whereas we can consider partial charging for opportunity
charging infrastructure as a part of vehicle blocks in P.

We can now give a general integrated flow and set partition formulation for integrated
resource constrained vehicle scheduling (with replenishment) (IRCVSP) as

(IRCVSP) min Tz (21)
s.t. MYz =b (22)
Z wy, =1 vreT (23)
pEP:p>T
> wy=af Vac A, ke K(a) (24)
PEP:pda
zF e {0,1} Ya € A, k € K(a) (25)
w e {0,1}" (26)
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where the system (22) is the multi-commodity flow formulation for unconstrained vehicle
scheduling as in BSP. It enforces the vehicle-mix constraints and that capacities at parking
lots and chargers are observed. However, it further needs to guarantee the invariant that
vehicles start all blocks with a fully restored resource state by prohibiting block to block
connections that are too short. But it is otherwise completely devoid of resource constraints.

Constraints (23) ensure that every trip is covered by exactly one vehicle block and
(24) couple the selection of active blocks to that of the active deadheads. Note that if a
block contains an opportunity charging event, then that block needs to be coupled to a
corresponding charge slot pull-in arc, a number of timeline arcs and a pull-out arc in the
flow formulation.

Let M7w = 1 denote (23) and MFz — M Pw = 0 denote (24) in matrix notation.

5 Solving IRCVSP

Our formulation for IRC'VSP is superficially similar to standard formulations for the integrated
vehicle and duty scheduling problem, where P is defined to be the set of all valid driver duties
[34, 2]. A driver duty contains trips and deadheads and has to comply with an underlying
vehicle schedule, thus, it can be coupled to a BSP flow problem like the vehicle blocks in the
IRCVSP formulation.

generate blocks

ve BSP stability
,SO' ve ’ b PBM step — center stagnation? yes
init. blocks
change?

fully fix/unfix

output yes .
integral? deadheads

Figure 3 Simplified flow chart of our method to solve IRCVSP.

In the case of EBSP, there is an intuitive equivalence between drivers and batteries:
Both can perform a limited amount of work before they have to be substituted by a fresh
replacement. The analogy is literal for battery swapping EBSP instances, otherwise replacing
a battery by a fresh one means we have to fully recharge it. While driver duties are subject
to multiple complicated resource constraints related to working time regulation, we expect
similar algorithmic techniques and frameworks used to solve the integrated vehicle and duty
scheduling problem to also work for resource constrained vehicle scheduling. In this vein,
the algorithm we present here is inspired by our work on the integrated vehicle and duty
scheduling problem. Since the algorithmic techniques are quite involved, we only give an
outline of the method and describe the necessary modifications to apply it to EBSP (see
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Figure 3 for a simplified flow chart). For any detailed descriptions omitted here we refer to
our previous work [34] and [2]. We further note that the method should generalize to all
resource constrained vehicle scheduling problems that fit formulation (ITRCVSP).

Our method as depicted in Figure 3 has an inner and an outer loop. For the inner loop
it relies on the (inexact) prozimal bundle method (PBM) [11] in combination with column
generation on the set of vehicle blocks to produce fractional flow values, which are used in a
diving heuristic to gradually produce a fully integral flow on the EBSP graph by fixing or
unfixing arcs as part of the outer loop.

More precisely, we relax the integrality constraints and apply Lagrangian relaxation to
the coupling constraints (24) so that the Lagrangian dual

max [min (" = ATMF) o + min ATMP w) (27)
)\E]RAXK(A)

s.t. MYz =10 s.t. MTw=1 (28)

z € [0, 1AW w € [0,1)7 (29)

decomposes into the LP-relaxation of the multi-commodity flow and a range-restricted set
partition formulation of non-electric BSP. The two subproblems are over separate domains
and coupled solely via the Lagrange multipliers A. Therefore, the Lagrangian function (27)
is a separable, concave, piecewise linear, and non-smooth function, which can be expressed

as L(A) = fr(\) + fp(A\), where

fr\) = min{(cT — AT MF) 5 ‘ MFz=b, z €0, 1]AXK<A>} (30)
and
fp(A) = min ATMPw | MTw=1, we0,1]7}. (31)

This is exactly the setting for the PBM to find the optimal multipliers A. Given a decompos-
able concave function such as L, the PBM maintains a polyhedral approximation which is
iteratively refined along a sequence of so-called stability centers A; by evaluating the function
components and their subgradients at nearby trial points. Applied to our Lagrangian L from
(27), the stability centers \; converge towards the optimal multipliers. Furthermore, we can
obtain a series that converges towards the optimal primal solution to the LP-relaxation of
(IRCVSP) from the values x and w that attain fr and fp at the trial points [34, 2].

Evaluating fr and fp, i.e., solving the LP-relaxations of the flow and the set partition
problem for different multipliers, is still computationally challenging and has to be done
repeatedly. We therefore solve them approximately, which requires modifications to the PBM
to still guarantee convergence. For details on this inexact PBM for general applications we
refer to [11]. How to process approximate evaluations of fr and fp is explained in [34, 2].

The flow problem fr can be (approximately) solved by any appropriate algorithm, we
rely on the method described in [18], [19], and [20] as a black-box, which can produce both
fractional and integral feasible solutions of high quality as needed. As mentioned before,
we have to employ column generation to solve the set partition subproblem fp, so suppose
PT are the currently selected candidate vehicle blocks from some index set I. If we apply
Lagrangian relaxation to this restricted subproblem we obtain

max | p'1+ min  (ATMT" - ,uTM?I—) wy (32)
HERT wre[0,1]P!
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where M.; denotes the submatrix made of columns indexed by I. For fixed multipliers A and
1 the minimization is trivial to solve by setting w; to one if )\TM.({?Z.P} < ,uTM_?{—i} and zero
otherwise. For fixed A from the current PBM step of solving (27) we can then use the (exact)
PBM to determine the optimal p, which yields an approximation for fp restricted to P! and
a corresponding argument wy. It is possible to deduce an approximation of the reduced costs
of all vehicle blocks from this by repairing p* into a dual feasible, almost optimal solution,
see [34] for details. The reduced cost of block 7 is then /\TM_%% - (M*)TM_E}. Since M7
and MCT are simply incidence matrices of which trips and deadheads are contained in which
blocks, A and p* yield arc weights which we use for the vehicle block pricing problem as
explained in Section 4. It can be solved by standard label-setting techniques. If a deadhead
with an opportunity charging window is processed, i.e., a bus can idle at a charger at a trip
terminal for a few minutes, we evaluate A( for every respective label. While we eliminate
the need to decide when, where and for how long to charge after every trip for the pricing
problem and instead offload this decision to the flow subproblem, generating vehicle blocks
is still a computationally expensive step, so we only do it when the stability center and thus
the candidate trial points of the main PBM process changes significantly.

Finally, the lower bounds and (approximated) primal LP-solutions obtained by repeatedly
evaluating (27) are used to guide a rounding heuristic to find high quality integer solutions
for IRCVSP. Once the PBM appears to stagnate at the current stability center, we enter
the outer loop as indicated in Figure 3 and fix arcs for which x, is close to 1.0, appropriately
propagate this decision through the network and then relaunch the PBM algorithm. We
dynamically adjust the threshold for when an arc becomes fixed to be more aggressive early
on. If a fixing causes the objective to increase by a large margin, the method can backtrack
and revert the decision, however, this step is rarely necessary. The final solution is then a
feasible binary multi-commodity flow on the vehicle scheduling graph which adheres to all
capacity and vehicle-mix constraints, and is straightforward to decompose into individual
vehicle courses as explained in Section 2. It is compatible with a selection of energy-feasible
blocks which are connected with sufficient downtime to fully recharge the battery, so the
vehicle schedule is energy-feasible.

Note that we can obtain an initial solution to start the procedure with by solving the
non-electric BSP to integrality, then we simply cut the resulting vehicle courses into energy-
feasible blocks, which is what the step after “start” in Figure 3 refers to. Throughout the
method we also occasionally delete blocks with large reduced cost from P! to keep the
number of candidate blocks tractable.

6 Computational Results

We tested our method on sixteen anonymous real-life EBSP instances with sizes depicted in
Table 1. Instance G extends F, and I extends H by an additional opportunity fast-charging
terminal. Instances K, L and M are variations of the same instance with different charging
technology and bus types.

We ran our method until it returned a feasible integral solution and recorded the runtime
and objective value. Then, we ran Gurobi 11.0.0 [8] twice on the mixed-integer formulation
(7) - (15) for EBSP with our charge curve linearization of (13) described in [21] and [22],
once with the previously obtained solution and once without any information. After twelve
hours of running Gurobi, we recorded the best found objective value, lower bound, and how
long it took in the cold-started run to find a solution that was at least as good as the one
produced by our method. Note here that our method enforces that the downtime between
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blocks is large enough to fully recharge an initially empty battery, whereas the MILP permits
partial recharge events in the depot. Both permit partial opportunity charging, however.
Therefore, the lower bound and best possible objective are in relation to this more flexible
charging policy. The results are presented in Table 2 and Figure 4. The experiment was
carried out on an AMD EPYC 7542 CPU restricted to two cores and thus four threads per
instance.

Table 1 Number of vehicle types, depots, charge slots, timetabled trips and explicitly given
deadhead arcs of our test instances. So-called long arcs are given implicitly via pull-in and pull-out
arcs at charge slots and parking facilities at the depots.

instance clectric non-electric depots charge trips deadheads
bus types bus types slots
A 1 0 1 3 121 992
B 1 0 1 2 123 1078
C 2 0 1 3 146 3126
D 1 0 1 3 185 1769
E 1 0 1 8 189 1977
F 1 0 1 3 232 1484
G 1 0 1 5 232 2064
H 1 1 1 6 333 6363
I 1 1 1 7 333 7859
J 1 0 1 14 678 15589
K 1 0 1 43 709 14431
L 1 0 1 37 709 17779
M 1 0 1 34 709 21343
N 2 1 2 12 822 12390
O 1 1 1 10 837 111590
P 1 0 1 28 1207 42610

Table 2 Runtime comparison between our method and Gurobi on (7) - (15) for EBSP without a
start solution. The runtime of our method is how long it took to output an integer solution. We
compare it to the time Gurobi takes to produce an integer incumbent that is at least as good as
the reference solution of our method and the entry of the faster one is highlighted. A value of
W

indicates that Gurobi failed to produce a better solution within twelve hours (43200 seconds).
Gurobi could not produce any feasible integer solution for instances L. and P.

runtime (s) of ‘ A B C D E F G H
our method 75 72 413 165 196 371 322 4469
MILP via Gurobi - 173 4967 82 6834 56 8 39689
|1 J K L M N o) P
our method 6 604 1767 1854 5008 2637 2 887 29334 2792
MILP via Gurobi - 9929 - - - 297 343 -

Our method can find good solutions faster than Gurobi, as demonstrated on eleven of the
sixteen tested instances, with a bias towards the larger ones. On six instances it produces a
solution in less than two hours that Gurobi can not beat within twelve. In particular, Gurobi
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Figure 4 Relative objective values. The best objective value we obtained after letting Gurobi
run for twelve hours, both with and without a start solution, is the baseline at 1.0. The best lower
bound is given as a relative value by the green triangles pointing to the right. The objective value of
the solution produced by our method is given as a relative value by the orange triangles pointing to
the left.

fails to produce any feasible vehicle schedule for instances L. and P, whereas our method
produces solutions that are almost optimal even under the model where partial charging in
the depot is allowed, as can be seen in Figure 4.

Integer heuristics used by Gurobi can produce good schedules faster than the overhead
of our method permits for the small instances D, F, and G, but those heuristics are not
consistent on our test set as can be seen for other small instances A, C, and E. Among the
larger instances, N and especially O are the outliers for which our method is significantly
slower than Gurobi. Examining the vehicle schedules we see that the problem is the restriction
to full recharge windows between blocks. Gurobi can find the optimal solution for O, which
admits one hundred and three recharge events, whereas our method produces a solution with
sixteen. Most of these recharge events in the optimal solution are short and merely top off
an almost fully charged bus, i.e., they are like opportunity recharge events, except the bus
takes a small detour of about five minutes to the depot charger. In our data, this depot
charger is of course not flagged as opportunity charging infrastructure and is therefore not
considered by the vehicle block pricing algorithm. Our method then apparently struggles
to produce compatible blocks that allow for full recharge windows in between. We make a
similar observation for instance N.

Further examining the objective values and lower bounds in Figure 4, we see that our
method solves J, L, and P almost optimally and additionally attains the best found solution
for B, K, and M. At worst, it is within 11% of the best found solution and 15% of the best
lower bound. Lastly, note that a sequential approach of our method and then Gurobi on the
MILP solved A, C, G, J, L, and P to optimality within a total time limit of fourteen hours,
whereas Gurobi did not produce any feasible solution for L. and P on its own.
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—— Abstract

Increasing the capacity of our railway infrastructure will become more and more essential in coping
with the need for sustainable transportation. This can be achieved by intelligently implementing
train control systems on specific railway networks. Methods that automate and optimize parts of
this planning process are of great interest. For control systems based on hybrid train detection,
such optimization tasks simultaneously involve routing and block layout generation. These tasks
are already complex on their own; hence, a joint consideration often becomes infeasible. This
work-in-progress paper proposes an idea to tackle the corresponding complexity. To this end, we
present a pipeline that allows to sequentially handle corresponding optimization tasks in a less
complex fashion while generating results that remain (close to) optimal. Results from an initial case
study showcase that this approach is, indeed, promising. A prototypical implementation is included
in the open-source Munich Train Control Toolkit available at https://github.com/cda-tum/mtct.
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1 Introduction

The demand for railroads is increasing as sustainable transportation becomes more and
more important. However, the capacity of existing railway infrastructure is limited. In
addition to building new tracks, increasing the capacity of existing lines is crucial to satisfy
the growing demand, e.g., by utilizing more efficient train control systems. For reasons
of compatibility, international train control systems have been specified in a standardized
fashion, e.g., through the Furopean Train Control System (ETCS), Chinese Train Control
System (CTCT), and Positive Train Control (PTC) [10]. Each of them comes in different
variants. More sophisticated levels allow shorter train following times (headways), and by
this, increase the capacity while, at the same time, maintaining a high level of safety.
During the planning process, design choices have to be made that might influence the
outcome. Much of the planning relies on manual processes and the work experience of the
involved personnel, an expensive and error-prone endeavor. Automating and optimizing
specific steps to reduce these costs and ensure the best operational outcome is of great
interest [3]. Accordingly, methods have been developed that optimize train operation, such
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as creating timetables and routing [2]. Optimal routing has recently been considered for
trains operating under so-called Moving Block [12, 9, 6]. In addition, classical control systems
rely on separating the network into blocks, requiring physical hardware for each of them.
Generating optimal block layouts focused on optimizing general performance indicators
independent of specific schedules [7, 13].

Alternatively, modern specifications relying on Hybrid Train Detection allow the introduc-
tion of purely virtual (sub-)sections. At least in theory, they allow the flexible adjustment of
the layout, leading to new design objectives to be optimized [4]. To the best of our knowledge,
algorithms tailored to hybrid train detection have first been considered in [14, 11]. While
these initial solutions neglect significant modeling details, a more accurate solution method
has been introduced in [5]. Unfortunately, these solutions do not scale well. A primary
reason for that might be because they combine multiple complex objectives in one task.

In this work-in-progress paper, we propose an optimization pipeline that considers the
resulting sub-tasks sequentially. This allows for solving these problems in a less complex
fashion while still generating (close to) optimal solutions. Results obtained by initial case
studies confirm these premises. A prototypical implementation of the proposed idea is
available open-source as part of the Munich Train Control Toolkit at https://github.com/
cda-tum/mtct.

The remainder of this work is structured as follows. Sec. 2 summarizes the relevant
background, namely principals of train control systems in Sec. 2.1 and resulting design tasks
in Sec. 2.2. Afterward, Sec. 3 describes the proposed optimization pipeline and constitutes
the main contribution of this work in progress. A short case study in Sec. 4 demonstrates
that this approach is promising, and Sec. 5 concludes this paper.

2 Background
2.1 Moving Block and Hybrid Train Detection

Due to long braking distances, it is not feasible for trains to operate on sight. Instead,
signaling systems are implemented to ensure safe operation. Classical control systems divide
the network into fixed block sections. A train cannot enter a section that is already occupied
by another train. Physical Trackside Train Detection (TTD) hardware (e.g., axle counters)
at the section borders is used to detect the position of trains.

Modern specifications require trains to report their exact positions with certainty. By
doing so, TTD hardware is no longer needed. Ideally, a Moving Block control system can be
implemented in which trains follow each other at their (absolute) braking distance (similar
to car traffic) without the need to define block sections.

However, such a system might impose practical problems, especially on lines with mixed
traffic where some trains might not be equipped with train integrity monitoring systems
to safely report their positions to the control system [1]. As a “compromise” Hybrid Train
Detection has been specified. For this, existing TTD sections are separated into smaller
Virtual Subsections (VSS) without the need for additional hardware. This allows for shorter
headway times. At the same time, the original TTD sections serve as a backup.

» Example 1. Consider the scenario shown in Fig. 1 with two trains. In Fig. 1a, the network
is divided into block sections TTD1 and TTD2. Because TTD2 is occupied by train trq, the
following train ¢ry can only advance to the end of TTD1 (solid orange line). Using hybrid
train detection, TTD2 might be separated into two virtual subsections. Because of this, train
tro is authorized to move until the end of VSS21 (dashed orange line). On the contrary,
there are no block sections under moving block control. In Fig. 1b, train tr, can advance up
to the end of train tr; minus a small safety buffer.
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TTD1 TTD2
VsSsi1 VSs21 VSSs22
(a) Hybrid Train Detection. (b) Moving Block Control.

Figure 1 Schematic drawings of various ETCS levels.

2.2 Resulting Design Tasks

In the following, we focus on control systems with hybrid train detection. At least in theory,
the virtual block layout can be chosen flexibly. This allows, for the first time, the VSS to be
adjusted depending on a specific train schedule. Hence, new design tasks result that utilize
this additional degree of freedom [4].

In general, the question is how to separate a given layout into VSS sections to obtain
the best operational outcome. Some objectives might be determining a minimal number of
subsections to make a previously infeasible timetable possible, minimizing runtimes using
a predefined number of VSS, or maximizing the throughput of additional (e.g., freight)
trains. Nevertheless, the focus is to achieve this operational benefit by intelligently defining
a (virtual) block layout. It can be shown that all of those tasks are NP-hard, even if the
routing aspect is fixed. For more details (which are out of the scope of this paper), we refer
to previous work [4].

3 Towards an Optimization Pipeline

The design tasks reviewed above have in common that they consist of two main parts,
namely train routing and placement of VSS sections. At the same time, they affect each
other. The feasibility of a routing depends on the chosen VSS layout, and the necessity of
subsections depends on the routing. Both tasks are NP-hard already on their own; hence, a
joint consideration often makes solving these tasks infeasible. To cope with the corresponding
complexity, we propose using an optimization pipeline to solve the two aspects sequentially
while still getting (close to) optimal solutions.

To this end, we use the following observation: Moving block control can be seen as classic
block signaling where each section is infinitesimally small. In particular, a routing under
moving block is likely feasible if a sufficient amount of block sections is defined. Nevertheless,
finding such a routing is easier on moving block systems because the optimization model
does not have to generate a (virtual) block layout simultaneously. Moreover, there is already

promising work for time-optimal routing on moving block controlled networks [12, 9, 6].

Thus, we propose a two-step approach, quasi an “optimization pipeline”:
1. The trains are routed as if they were to operate under moving block control using the
approaches mentioned above.
2. The routing obtained from Step 1 is fixed, and VSS sections are then generated based on
this assumption.
Based on the above reasoning, we conjecture that Step 1 will likely choose the same routes
as a combined optimization model would have produced (even though there is no theoretical
guarantee). In this case, Step 2 outputs the same optimal solution, but the sequential
approach substantially reduces the complexity compared to the joint consideration.
In order to implement that idea, we can utilize the approach proposed in [5], which is
based on a Mized Integer Linear Program (MILP) that (in principle) jointly models Steps 1
and 2. At the same time, this approach offers an option to additionally constrain trains
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Figure 2 Velocity Profiles. Figure 3 Experimental Evaluation.

to use predefined routes; hence, it can be used in Step 2. In [5], it was already shown
that this option is beneficial under the assumption that these routes are available “for free”.
Unfortunately, the question of how (and at what additional cost) to obtain this information
has not been investigated before.

Given a solution obtained by Step 1, we can extract the used edges and even more
information to narrow down the search space and guide the optimization algorithm in Step 2.
To this end, observe that the approaches in [12, 9, 6] (which can be used for Step 1) only
model the times and velocities when entering and leaving specific track segments. Say a
train enters a given track segment with velocity vy and exits at speed v;. The intermediate
positions and velocities can only be interpolated and might not be uniquely defined. To this
end, consider Fig. 2. The orange lines denote the (two) extreme velocity profiles that might
occur on the track segment and correspond to the min- and max-time profiles in [12]. If we
assume that trains only accelerate/decelerate close to the ends and travel at constant line
speed in between, we obtain the dashed blue profiles. Doing so allows assigning a well-defined
approximate velocity profile for any possible timing. Keeping this in mind, we concretize:

Fiz Train Orders: To ensure train separation, every formulation has to somehow model
in which order trains traverse specific track segments. This usually adds complexity to
the underlying model. However, we can extract those train orders from a Step 1 solution
and fix it for Step 2, which reduces the feasible region, prunes the search space, and might

lead to faster solving times.

Fiz Train Positions and Velocities: Solving Step 2 with the method proposed in [5],
position and velocity are modeled at a discretized set of time points. Using the above
observation, we can extract lower and upper bounds at every time point using the extreme
profiles and add this information as constraints. Theoretically, this could cut off the
optimal solution. However, we conjecture this to be unlikely due to the aforementioned
reasoning that train routes are likely equivalent under both controlling principles. To be
on the safe side, we add an additional tolerance of the distance traveled in one time step
to reduce a possibly negative effect of discretization errors.

Hint Approximate Train Positions: Using the specific timings from Step 1, we can map
precisely one of the approximate velocity profiles mentioned above. At any time, we
can easily calculate exact positions and velocities; however, the actual trajectory might
differ. Because of this, we are not sure enough to add this information using equality
constraints. However, we can pass these as a variable hint to the MILP solver, indicating
that we believe the optimal solution is close to that approximated trajectory. Some
solvers, e.g., Gurobi, can use this information to speed up the optimization process by

adapting heuristics and branching decisions [8].
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Overall, the above ideas allow for a sequential (rather than joint) consideration of the
corresponding design aspects. This may provide the path towards efficiently handling those
design tasks while still maintaining (close to) optimal results.

4 Case Study: Generation of Minimal VSS Layouts

To preliminary evaluate the proposed approach, we tested it on one of the more straightforward
design tasks: generating minimal VSS layouts to make a specific timetable possible. Our
implementation is based on [12, 6] for Step 1 and on [5] for Step 2, which was extended to
include the additional information described in Sec. 3. The code is available as an open-
source implementation on GitHub at https://github.com/cda-tum/mtct. We used the
same benchmark as in [5] and an Intel(R) Xeon(R) W-1370P system using a 3.60GHz CPU
(8 cores) and 128GB RAM running Ubuntu 20.04 and Gurobi version 11.0.2 [8].

2 are plotted in Fig. 3 (see previous page). The x-axis shows

The resulting runtimes
timeouts in seconds, whereas the y-axis represents the percentage of instances solved within
the given time or faster. By design, all lines are monotonously increasing, and being on the
left /top is considered to be “better”. For comparison, we solved the benchmark using the
previous approach [5], which jointly considers all decision aspects. Additionally, all instances
were solved using the proposed sequential approach. In Step 2, three variants have been
considered, namely,

1. only fixing the routes (i.e., used edges) without any additional information,

2. additionally, constraining position and speed at every time step, and,

3. finally, incorporating all information described in Sec. 3.

The depicted runtimes are total times, i.e., the sum of both Step 1 and Step 2, as well as
model creation times.

Overall, these initial case studies clearly show the benefit of the proposed pipeline. Even
though this includes two optimization steps, it is consistently and significantly faster than
the previous approach. On the other hand, we can observe that most of this improvement
is due to the separation of routing and VSS placement (orange solid line). The additional
information described in Sec. 3 (dotted lines) seem to further improve the runtime in most
cases; however, the difference is not as big. Moreover, it is not immediately apparent which
of the described information are best to be included. Still, we can conclude that adding all
additional information is never a bad idea. It is just that, in some cases, almost the entire
runtime benefit might be due to fixing edges and not due to additional information. Finding
the best set of parameters within the proposed optimization pipeline is left to future research.

5 Conclusions

With this work, we proposed a step towards an efficient optimization pipeline for designing
railway networks based on train control with hybrid train detection. We demonstrate
how routing information from a different control principle, namely, moving block, can
significantly simplify the optimization model. Even though the resulting approach consists
of two optimization steps, the runtime is significantly reduced. The resulting prototypical

2 We do not show the objective values in detail. The optimal solution was returned independently of the
chosen algorithm in all but one instance. In this one case, fixing position bounds led to an increase
in VSS sections from 6 to 13, even though the route itself was optimal. All other parameters did not
have any effect on the objective. Overall, this shows that the proposed approach often yields (close-to)
optimal results (even though there is no theoretical guarantee).
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implementation is available open-source and included within the Munich Train Control
Toolkit at https://github. com/cda-tum/mtct. Future work focuses on a more sophisticated
implementation and evaluation of the idea presented in this paper. This includes the extension

to more complex design tasks and objectives as well as the development of algorithms tailored

to this framework to use more information on the relevant problem structure already at the

core of their development.
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—— Abstract

We consider the rolling stock rotation planning problem with predictive maintenance (RSRP-PdM),
where a timetable given by a set of trips must be operated by a fleet of vehicles. Here, the health
states of the vehicles are assumed to be random variables, and their maintenance schedule should be
planned based on their predicted failure probabilities. Utilizing the Bayesian update step of the
Kalman filter, we develop a rolling horizon approach for RSRP-PdM, in which the predicted health
state distributions are updated as new data become available. This approach reduces the uncertainty
of the health states and thus improves the decision-making basis for maintenance planning. To
solve the instances, we employ a local neighborhood search, which is a modification of a heuristic
for RSRP-PdAM, and demonstrate its effectiveness. Using this solution algorithm, the presented
approach is compared with the results of common maintenance strategies on test instances derived
from real-world timetables. The obtained results show the benefits of the rolling horizon approach.
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1 Introduction

Rail transport is one of the most positive modes of transport concerning environmental
friendliness and sustainability. Its volume is likely to increase further in the future. This
leads to an increased complexity in the planning of vehicle rotations and results in more
challenging scenarios, particularly with respect to maintenance scheduling.

A maintenance strategy that has become increasingly important in recent years is
predictive maintenance (PdM). One reason is the availability of sensors and the ability
to analyze the data they generate using machine learning. In addition, PdM has obvious
advantages in terms of economic and ecological factors. These advantages are based on the
fact that the costs for spare parts are lower if the currently installed components are used
until the end of their service life. As this also minimizes the number of spare parts used, the
environmental impact is likewise reduced.

To combine the advantages of rail transport with those of PdM, it is necessary to develop
approaches that integrate predictive maintenance planning into the optimization of rolling
stock rotations.
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One problem that arises in the application of PAM strategies is that the considered health
states are usually unobservable quantities that have to be derived from measurements using
some model. There are various steps in this process that introduce uncertainty into the
obtained states. For example, measurement errors may occur when recording the observable
quantities, or the employed model may be imprecise or only approximate. Since the states
are subsequently projected into the future to serve as a basis for maintenance decisions, and
the exact operating conditions cannot be known at that point in time, the uncertainty of the
health states increases the further they are projected into the future. This uncertainty must
be taken into account and addressed when optimizing the vehicle rotations.

Contribution

We consider the rolling stock rotation planning problem with predictive maintenance (RSRP-
PdM), as presented in [31], and propose a rolling horizon approach that reduces the uncertainty
of the health states and their future predictions. For this purpose, the RSRP-PdM is solved
and the determined vehicle rotations are partially operated until measurements of the health
states become available, for example, by analyzing sensor data collected during operation
when the vehicles are parked overnight. Using these observations of the health conditions,
the current predictions of the states are then updated by Bayesian inference. This reduces
the variance of the health states and results in a subsequent RSRP-PdM instance.
Furthermore, we introduce a local neighborhood search, which is a modification of the
heuristic presented in our earlier paper [29], to solve the occurring RSRP-PdM instances.

Outline

The article is structured as follows: First, in Section 2, we review and discuss the literature on
the two arising tasks, i.e., the rolling stock rotation planning problem (RSRP) and predictive
maintenance (PdM). Next, the problem formulation of RSRP-PdM, as stated in [31], is
reproduced in Section 3. In Section 4, we describe the utilized Bayesian inference procedure.
We provide a description of the rolling horizon approach in Section 5 and present a heuristic
that extends the algorithm proposed in [29]. Section 6 then introduces the considered
maintenance strategies, which are compared with each other in the subsequent computational
experiments. Finally, we draw a conclusion on the obtained results in Section 7.

2 Related Work

Both aforementioned topics, i.e., PAM as well as RSRP, have already been thoroughly
described and studied in the literature. In the following, we provide a brief overview of
articles dealing with these two subjects.

The Rolling Stock Rotation Planning Problem (RSRP)

In RSRP, we are given a fleet of vehicles and a timetable whose trips must be operated.
Furthermore, maintenance requirements are defined that the vehicles have to fulfill. The
task is then to determine rotations for the rolling stock that operate all trips, satisfy the
specified maintenance conditions, and have minimum costs. The articles addressing RSRP
can be categorized according to the following three aspects:

Regarding the model used to represent the vehicle rotations.

According to the applied solution approach.

Based on the employed maintenance strategy.
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For a survey of the RSRP literature, we refer to [32]. An extensive comparison of different
articles with an emphasis on additionally considered constraints can be found in [31].

The RSRP is usually modeled by space-time graphs, where the nodes correspond to
events specified by a location and a time point, and the arcs represent the different actions
of the vehicles, e.g., [8, 25, 38]. Then, there is the sequence model, in which the nodes depict
the trips that need to be operated and the arcs indicate whether two tasks can be conducted
in succession, see [6]. Next, we have the hypergraph model utilized by [4, 18, 32]. This
model is a generalization of the space-time graph in which the hyperarcs represent vehicle
compositions and their orientation during operation. Finally, there is the state-expanded
event-graph, see [29, 31]. This is a space-time graph that is extended by additional dimensions
to implicitly track the resource flow that enforces the maintenance constraints. In contrast to
the previously mentioned approaches, this model allows for non-linear degradation functions,
which is of particular relevance as the wear of mechanical components often exhibits such a
behavior.

In all these models, the solutions to RSRP are given by flows that cover the trip arcs or
nodes sufficiently often and satisfy the additional maintenance or capacity constraints. These
induced flow problems are then solved by using branch and bound [8], the direct application
of mixed-integer linear programs [17, 20, 21, 34, 39], column generation [2, 4, 32], branch
and price [14, 25, 32], or the utilization of heuristics [5, 6, 18, 38].

The literature primarily employs preventive maintenance strategies. These include time-
based maintenance [2, 4, 8, 14, 32] and distance-based maintenance [2, 4, 17, 21, 25, 32].
Recently, also condition-based and predictive maintenance regimes have been introduced for
rail transport. Here, the maintenance decisions are either based on the vehicle states [5, 20],
a classification of the vehicle conditions into degradation stages [39], or the remaining useful
life (RUL) of the vehicles [34]. Finally, there are solution approaches that schedule the
maintenance based on the predicted failure probability of the rolling stock [29, 31].

Predictive Maintenance (PdM)

The literature regarding PAM generally focuses on the prediction of the RUL or indices
representing the future health conditions of the vehicles. We refer to [22] for different concepts
of health indices. These indices usually do not consider the vehicles themselves, but rather
the mechanical, electrical, or hydraulic components that are installed in them. The employed
approaches are often distinguished into data-driven and model- or physics-based ones, see [1].
In addition, there are hybrid methods that combine both. A comprehensive literature review
on PdM can be found in [13].

Data-driven models usually rely on machine learning techniques like classical neural
networks (NNs), recurrent neural networks such as long short-term memory (LSTM) net-
works [10], support vector machines (SVMs) and decision trees [23], or deep learning [11].
For a survey of data-driven approaches applied in the railroad sector, see [9].

Model-based approaches, on the other hand, are based on some assumptions regarding
the degradation process and often utilize Bayesian updating procedures [7, 16, 27].

Finally, there are hybrid approaches that combine model-based methods with machine
learning. These include, for example, relevance vector machines, i.e., Bayesian variants of
SVMs [35], Bayesian inference applied to the output of NNs [15, 26], or the assumption of a
piecewise linear degradation behavior, followed by the subsequent combination of the outputs
of multiple NNs using a Kalman filter [24]. In addition, a concept for extending deep learning
models to Bayesian NNs is presented in [28], which enables the NNs to determine probability
distributions for the predicted RUL.
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Note that the hybrid approaches and the Bayesian methods have the advantage of
obtaining a probability distribution for the RUL that captures the uncertainty of the
prediction.

3 Problem Description

We counsider the rolling stock rotation planning problem with predictive maintenance (RSRP-
PdM), as presented in [31], and recall its description in the following. Suppose we are given
a train timetable 7 consisting of various trips that need to be operated, and we have a
homogeneous fleet of vehicles V at our disposal to conduct them. Each trip ¢ € T features a
departure and an arrival location, i.e., lf, I# € L, as well as a departure and an arrival time,
ie., ki k? € K. Here, L is the set of locations and K is the time horizon, which consists of
a finite set of time points. Furthermore, we associate an integer n; € Z~o with each trip,
which indicates how many vehicles are required to operate t.

The task of RSRP-PdM is not only to find a feasible sequence of trips for each vehicle,
i.e., a set of trips in which each pair of time-consecutive trips can be operated in succession,
but also to schedule the maintenance of the vehicles. The maintenance actions can be carried
out at the maintenance locations £y, C £ and should be based on the predicted health states
of the vehicles. These health states are considered to be random variables since they cannot
be measured directly and are thus prone to measurement, determination, and prediction
errors. In addition, they are assumed to be normally distributed, i.e., H, x ~ N (u,0?) for
some /1 € [0,1] and 02 > 0. Hence, all health states are distributed by the family of normal
distributions with parameter space © = [0,1] x Rs( and can thus be characterized by their
corresponding parameters § € ©. In this sense, we assume that the initial state of each
vehicle v € V is given by an initial parameter 6, o € © that determines H, . Note that a
health value of one corresponds to a condition that is as good as new, while a value of zero
or less signifies that the vehicle has a breakdown. The failure probability of a vehicle at a
certain time is therefore given by

(v, k) = BlH por(in),
Ps(v, k) =P[Hy <0] = / —
1/27TU k 2037,C

where erf is the Gauss error function.

The deterioration of the vehicles and their maintenance is then described by modifying
the parameters that represent their health states. Therefore, we associate a degradation
function A; : ©® — O with each of the trips ¢ € T, whose application describes the wear
that occurs during the operation of t. Let 7; == k¢ — k¢ be the duration of ¢, then the
parameters of v after conducting ¢ are determined by 6, k+r, = Ay(0y k). To obtain a
Shar 2 Ok
for (tio kim0 yr,) = Dt (fo k, 05 1), 1-€., the mean of the health state decreases, while the
uncertainty about the condition grows. Similarly, we can associate degradation functions
with the other activities of the vehicles such as waiting or deadheading, which might depend
on the duration or the mileage of the corresponding task. Maintenance is also described
by a wear function, which does not cause a deterioration of the condition, but resets the
parameters of the health state to a certain value 6,, € O.

reasonable deterioration behavior, we further demand iy k+r, < fiyx and o2

We further assume that we occasionally receive measurements y, ; of the true health
value of v at time k that exhibit noise originating from the measuring process. This noise is
supposed to be normally distributed around zero with known variance 05 > 0.
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Combining these notions, the task of RSRP-PdM is to determine a feasible assignment of
the trips to the vehicles such that each trip is operated by the required number of vehicles.
The objective here is to find an assignment of minimum total cost that takes the potential
failure costs into account, i.e., the product of the predicted failure probability during the
operation of the trips and the costs associated with the breakdown of a vehicle. Finally,
we require that the rotations must be balanced, i.e., the number of vehicles located at each
destination at the beginning and at the end of the time horizon have to coincide. This
constraint is important as it gives rise to schedules that can be repeated periodically.

4 Bayesian Inference

In RSRP-PdM, as described in Section 3, the health states of the vehicles and their predictions
are assumed to be random variables to reflect their uncertainty. Since these random variables
are distributed by members of a family of probability distributions, their associated probability
density functions (PDFs) can be characterized by their parameters, and the degradation
functions describe how these parameters change. The deterioration process can therefore
be understood as a dynamical system in which the parameters of the vehicle conditions
represent the system states, and the degradation functions define the state transitions.

One problem that arises in practice is that the degradation functions are also subject to
uncertainty since they can only be derived from historical data, and the actual operating
conditions are unknown at the time of planning. If this uncertainty is factored in, the variance,
and thus the uncertainty, of the predicted health states increases the further into the future
they are projected. However, these predicted conditions form the basis for maintenance
planning. Therefore, it should be attempted to reduce their variance to obtain more accurate
estimates of the actual health states. This can be achieved by updating the predicted states
with measurements, which is a filtering problem, see [36]. Using standard terminology, we
utilize the rule of Bayes for these updates, see, for example, [36].

» Theorem 1 (Rule of Bayes [36]). Let 6 and y be random variables representing a parameter
estimate and a measurement, then it holds

Ply | 6] - P[0]

BIp 3] =~

o< Ply | 6] - P[6)].

Here, P[0] is the prior belief about 6 before obtaining measurement y, Ply | 6] describes
the likelihood, i.e., the relationship between the true state and y, which represents the
measurement error. P[f | y] is the belief about 6 after the information about y is incorporated,
i.e., the posterior belief, and Ply] is the marginal probability, which can be interpreted as
a normalization constant ensuring that P[# | y] has an integral of one. Furthermore,
f(z) < g(x) signifies that f(z) is proportional to g(x), i.e., there exists a constant ¢ € R
such that f(x) = c- g(z) for all z € R. For further details, we refer to [36].

We now transfer the notions of Theorem 1 to the situation in RSRP-PdM. Recall that
we assumed in Section 3 that the health states are normally distributed with a mean
between zero and one. Suppose we are given a vehicle v at time kg with health state
Hy ko ~ N (g, a,%o) that operates some services S = {s1,...,$,}, i.e., a set consisting of
trips, waiting times, deadhead trips, and maintenance actions in their chronological order.
Then, a prediction of the health state of v after the operation of S can be determined by
applying the degradation functions of the services in S to the parameters characterizing
Hy - If weset Agi=Ag, 0---0A, and k= ko + 75, + - + 75, , the predicted state is
therefore H, p ~ N (fig,62) with (i, 67) = As (kg o7y )-
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Here, ft[v,k represents the current belief about the true health state H, ;. If we now
obtain a measurement y of the true health state with a measuring error whose variance is
specified by 05 > 0, then we have y | ]flv,k ~ N(H, 1, O’;). Thus, we can apply the rule of
Bayes to obtain H, ; = H'v’k | y. Since the considered random variables are all normally
distributed, this inference corresponds precisely to the update step of the Kalman filter, as
described in [36].

» Definition 2 (Kalman Filter Update Step). Let i € R™ be the predicted mean of the
estimated state and P € R™™ the corresponding predicted covariance matriz. Furthermore,
let H € R™*™ be the measurement model, y € R™ a measurement of the true state and
R € R™*™ the corresponding covariance matrixz of the measurement. Then, the Kalman
filter update step is defined as follows:

R R -1
K =PHT (HPHT + R)
w=p+K(y—Hp)
P=(I,—KH)P,
where K € R™™ js the Kalman gain, p € R™ is the updated mean of the estimated state,

P € R™ "™ s the corresponding updated covariance matriz, and I, € R"*" is the identity
matriz of size n.

Considering Definition 2 for the one-dimensional case and assuming that the measurement is
a direct observation of the true state, i.e., H = 1, we obtain the following corollary:

» Corollary 3. Let g € R be the predicted mean of the estimated state and o3 > 0 the
corresponding predicted variance. Furthermore, let 1, € R be a direct measurement of the
true state and 05 > 0 the corresponding variance of the measurement noise. Then, applying
the Kalman filter update step yields the updated state estimate

2 2 2 2
X ~ N [ %t T 050y
0.2+0.2 ,0'2—’—0'2 .
0 Y 0 Y

The inferred health states can therefore be directly determined by applying Corollary 3.
Moreover, they are also normally distributed and thus members of the considered family of
probability distributions.

An example illustrating the impact of inference is given in Figure 1. The two graphs show
the development of a vehicle’s predicted /updated health state over time. The corresponding
PDFs are given from right to left and show the state after the operation of ten trips in
each case, starting with the initial health H, o on the far right. It can be observed that the
variance in the scenario without inference continues to increase, while it remains in the same
order of magnitude if the states are updated with measurements after every ten trips. As a
result, H, 50 has a high probability of taking values between 0.25 and 0.45 in the second case,
whereas in the first case, it contains essentially no information since its variance is too large.

Application to Non-normally Distributed Health States

However, the health states do not necessarily have to be represented by normally distributed
random variables. Other possible models could, for example, be based on families of
probability distributions that are used in reliability theory, such as the family of Weibull or
gamma distributions, see, e.g., [12].
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(a) PDF of the predicted health state over time, (b) PDF of the health state over time, using infer-
without state updates. ence after every tenth trip.

Figure 1 Comparison of the health state PDF development over time, with and without inference.

Furthermore, it would also be conceivable that the states are distributed by discrete
distributions or PDFs that do not belong to any common family of distributions. In these
cases, we have to choose a family of distributions whose members fit the given data as well
as possible since the employed approach is based on the assumption that the PDFs of the
random variables representing the health states all belong to a parametric family.

Suppose now that we have determined such a family of distributions for modeling the
health states and are able to obtain measurements of the true states, which are either given
by point estimates with a certain measuring error or described by a PDF. If we then apply the
rule of Bayes to infer the posterior of the health state after incorporating the measurement, as
described above, the resulting PDF does not necessarily have to be a member of the selected
family. It may even be that it does not belong to any common family of distributions.

In these cases, the posterior of the state would have to be approximated by a member of
the considered family of distributions. This would, for example, be possible by employing a
Markov chain Monte Carlo algorithm to sample from the posterior distribution of the health
state. Subsequently, we determine the PDF of the family that best fits the obtained data
w.r.t. some statistical distance. Another option would be the utilization of a variational
Bayesian method, see, e.g., [37].

5 Solution Approach

In this section, we introduce the rolling horizon approach. This algorithm determines a
solution for RSRP-PdM by sequentially generating and solving sub-instances. Here, the
instances occurring in each iteration are solved by a heuristic, which is also described below.

5.1 The Rolling Horizon Approach

The idea of the rolling horizon approach is the following: Suppose we have a solution for
RSRP-PdM where the expected deterioration caused by the trips is only known approximately.
Then, the maintenance services of the vehicles are planned entirely based on predictions
of the health states, whose uncertainty increases the further they are projected into the
future. However, if it is possible to occasionally obtain measurements of the health states
and incorporate them into the planning of the rotations, these can be adjusted such that the
vehicles are assigned to trips that better match their conditions. In addition, maintenance
needs can be better estimated, and the vehicles can be serviced at more appropriate times.

13:7

ATMOS 2024



13:8

A Bayesian Rolling Horizon Approach for RSRP-PdM

This can be accomplished by first solving the initial RSRP-PdM instance (solveInstance)
and operating the resulting vehicle rotations until measurements y of the health states become
available at a certain time k, (operateRotations). Subsequently, a new problem instance
is created by restricting the timetable of the considered instance to trips whose departure
time is greater than or equal to k, (restrictTrips). The positions of the vehicles are
then updated by assigning them the location at which they are at time %k, or at which they
terminate the operation they are conducting at that time (updatePositions). In addition,
the predicted health states of the vehicles are updated with y using Bayesian inference, as
described in Section 4 (inferStates). This procedure is outlined in Algorithm 1 and results
in a new RSRP-PdM instance, which is then considered in the next iteration of the approach.
The algorithm stops when all trips of the original instance have been completed.

Algorithm 1 One iteration of the rolling horizon approach.

Input :RSRP-PdM instance 7, measurements y of the health states at time k,
Output : Updated RSRP-PdM instance for the remaining time

1 s < solvelnstance(Z)

2 operateRotations(s, k)

3 I’ + restrictTrips(Z, k)

4 T’ + updatePositions(Z,s, k)

5 7' < inferStates(Z',y)

6 return 7’

5.2 A Local Neighborhood Search That Considers Transition Costs

To solve the occurring RSRP-PdM instances, we utilize a modified version of the multi-
swap heuristic proposed in [29]. This algorithm initially solves the underlying RSRP of
the instance using an integer linear program that neglects the maintenance constraints.
Afterwards, maintenance is scheduled in a second step by determining a shortest path in
the state-expanded event-graph (SEEG). Then, a local neighborhood search is employed to
improve the rotations of the current solution, where maintenance planning is again done by
searching for a shortest path in the SEEG.

This local neighborhood search works as follows: Given two vehicle rotations, the first
step is to determine the possible swap positions, i.e., the times at which both vehicles can
reach and operate the next trip of the other. This groups the trips of the rotations into sets
that can be exchanged without violating the feasibility of the corresponding vehicle schedules.
Subsequently, the generated subsets of trips are randomly swapped to obtain new rotations.
An example of this procedure is shown in Figure 2a. Here, the rotations of vehicles v; and
vy (top) are first grouped into subsets of interchangeable trips (middle). Afterwards, some of
these related subsets are swapped to create two new vehicle schedules (bottom).

In [29], the swapping decisions are sampled from a discrete uniform distribution 24{0, 1},
i.e., the swaps are performed with a probability of one-half. However, some swaps are more
beneficial than others in terms of costs, and their selection may accelerate the process of
finding good solutions. Therefore, the transition costs of the vehicles should be included
when determining the exchange probabilities. These costs are referred to as ¢;; € R>, for
i,j € {1,2}, and are associated with the waiting times and deadhead trips that are necessary
for vehicle v; to reach the next trip of vehicle v;. For example, consider the scenario depicted
in Figure 2b with costs ¢11 = c22 = 1 and ¢12 = ¢9; = 10. If we disregard maintenance
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(a) The various stages of the local neighborhood search. (b) The costs used in the weighted variant

of the swapping procedure.

Figure 2 Visualization of the stages of the employed heuristic (a) and of the transition costs of
the vehicles between trip subsets of the second stage (b).

decisions, a swap of the second pair of trip subsets would lead to an increase in transition
costs. Therefore, it would not be advisable to swap with a probability of one-half at this
position. For this reason, we use a probability of

c11+ca2

P _{mm if c11 +c12 +c21 +c22 #0
. =
1

3 else

for sampling the swapping decisions. However, to ensure a certain degree of exploration, the
P, were finally rounded to values in [0.05,0.95]. The swapping decisions for each pair of trip
subsets are then made in chronological order with the associated probability Ps. Here, we
set Py :=1—
C11 and C12, as well as of C22 and Co1.

P, if the previous decision was a swap to account for the resulting exchange of

A comparison of the solutions obtained with the multi-swap heuristic using this swapping
procedure with those of the algorithm from [29] can be found in Appendix A. The results
demonstrate the effectiveness of the modified swapping approach.

6 Computational Results

In this section, we examine the results of the Bayesian rolling horizon approach proposed in
Section 5.1. For this purpose, we compare its solutions with those of two other maintenance
strategies, namely predictive maintenance without Bayesian inference and preventive main-
tenance. To solve the occurring RSRP and RSRP-PdM instances, we apply the weighted
multi-swap heuristic presented in Section 5.2 and use scenarios derived from the instances
given in [30] for testing.

Computational Setup

The data structures and algorithms were implemented in Julia v1.9.4 [3], and Gurobi
v10.0.2 [19] was employed to solve the integer programs that are used to find initial rotations
for the heuristics. The computations were conducted on a computer with Intel(R) Xeon(R)
Gold 6342 @ 2.80GHz CPUs, eight cores, and 64GB of RAM. Finally, all approaches had
a time limit of seven hours, with the rolling horizon approach using one hour to solve the
RSRP-PdM instance of each day of the given week.
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6.1 Test Instances

The considered test scenarios, used for the evaluation and comparison of the maintenance
regimes, are based on the instances T1 — T6 constructed in [30]. Each of them has an
individual timetable, which needs to be completed within one week, and contains the
information about the available fleet, i.e., the operating costs of the vehicles and their initial
positions. In addition, the distances between the considered locations and the costs associated
with trips, waiting times, deadheading, and maintenance are indicated. The costs for vehicle
breakdowns are also defined.

The components that specify the conditions of the vehicles are their doors, and it is
assumed that they can undergo 1,500 cycles before failing. This assumption is based on
the real-world data used in [33] and influences the number of required maintenance services.
Furthermore, the expected deterioration caused by the operation of each trip, i.e., the number
of expected cycles, is given by the mean and variance of a normal distribution derived from
the passenger volume at the served stations, see [30]. Note that the vehicle conditions in the
conducted computations are assumed to deteriorate only during the operation of the trips.
In the original instances, a non-linear degradation behavior is considered, whereas we assume
a linear one, as this improves the comparability of the obtained solutions.

From each of these instances, we derive ten scenarios by sampling the initial states
of the vehicles, i.e., the number of already performed cycles, from the discrete uniform
distribution ¢4{0,1200}. In addition, the number of cycles that actually arise during each
trip is sampled from the corresponding normal distribution. These values are later used to
determine whether vehicle failures occur during the operation of the obtained schedules and
to derive the measurements utilized in the Bayesian approach. This gives rise to the various
scenarios T1-01 — T6-10, which are used for the computations below.

Furthermore, we assume that, if the states are considered as random variables, the initial
states of the vehicles, the conditions after maintenance, and the measurements each have
a variance of 25, i.e., the corresponding values are accurate to within ten cycles with a
probability of 90%. Finally, for the predictive approaches, we apply a transformation that
converts the number of cycles into a health value between zero and one. Here, zero cycles
correspond to a new condition, i.e., a value of one, while 1,500 cycles correspond to a vehicle
failure and thus a value of zero. The variances were also adjusted accordingly.

6.2 Compared Maintenance Strategies

Now, we describe the maintenance strategies considered in the computational experiments.
Since we assume a linear degradation behavior, one-dimensional quantities simply have to be
added. However, if the states and occurring cycles of the trips are considered as random
variables, the convolution of their PDFs must be determined. Nevertheless, since both are
presumed to be normally distributed, this convolution can be calculated by summing the
mean values and the variances of the corresponding PDFs.

Preventive Maintenance

The first considered maintenance strategy is preventive maintenance (PM), which represents
the status quo of maintenance planning. In this approach, one-dimensional quantities such
as the traveled distance or the elapsed time are usually considered, and maintenance is
performed before the values exceed a certain threshold.
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Applied to the considered scenarios, we assume that maintenance decisions are based on
the number of operated cycles, but only the mean values of the distributions characterizing
the deterioration due to the trips are used. Since the vehicles are assumed to complete 1,500
cycles before failing, we must first define a suitable threshold to avoid vehicle breakdowns.
For this purpose, we examine the preventive strategy with safety margins of 5% and 10%.

Based on the 30 rule, i.e., the fact that approximately 99.7% of the values in a normal
distribution lie within an interval of three standard deviations around the mean, we require
that p 4+ 30 < 1,500 holds for all parameters that the predicted health state of a vehicle
could possess before maintenance. Let v be a vehicle in new condition, i.e., with parameters
(u,0%) = (0,25). Then, we apply the degradation functions of randomly selected trips to
v until the mean value of its predicted state is 1,350 and 1,425, respectively. With 50,000
repetitions, this results in a maximum variance of 750 or 800. Thus, a margin of 5% does
not fulfill the property required above and might therefore lead to failures. Hence, we use a
threshold of 1,350 cycles, i.e., a safety margin of 10%, for PM.

Predictive Maintenance

The next strategy used is the direct application of predictive maintenance (PdM), as described
in [29, 31]. Here, maintenance planning is based on the predicted failure probabilities of
the vehicles. However, the health states are not updated. Since the degradation behavior
is assumed to be linear, the deterioration of a vehicle v due to a trip ¢ is expressed by the
convolution of the PDF of the random variable representing the health state of v with the
PDF of the random variable describing the expected number of cycles occurring during the
operation of ¢. As previously mentioned, the initial vehicle states and the conditions after
maintenance are assumed to have a variance of 25.

Predictive Maintenance with Bayesian Inference

Finally, we consider the maintenance strategy developed in this article, namely predictive
maintenance with Bayesian inference (PdM-B). For this, we utilize the predictive mainte-
nance regime PdM described above but additionally assume that it is possible to receive
measurements of the health states when the vehicles are parked overnight. As explained in
Section 4, we assume that these measurements are normally distributed and have a fixed
variance crg = 25, which reflects the measuring error. After obtaining the measurements of
the states, we apply Algorithm 1, using Corollary 3 to update the predicted vehicle states
and reduce their variance. This yields a new RSRP-PdM instance, which is subsequently
solved.

6.3 Results

The results of the computations are summarized in Table 1 and show the number of
maintenance services and the total costs of the solutions after averaging the scenarios derived
from each instance. The best results for each instance are marked in bold. A more detailed
itemization of the costs by type can be found in Tables 3-5 in Appendix B. Here, only the
actually incurred costs are taken into account, i.e., the expected failure costs, which are
considered in the predictive maintenance strategies for maintenance planning, are ignored.
In addition, all determined vehicle rotations were compared with the number of cycles
that actually occurred, i.e., the number of cycles that were sampled for each trip when the
scenarios were created. However, none of the generated solutions resulted in a vehicle failure.
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Table 1 Number of maintenance services and total costs of the solutions generated by the
considered maintenance strategies after averaging the scenarios of each instance.

Instance Maintenance services Total costs
PM PdM PdM-B PM PdM PdM-B
T1 6.3 5.8 5.8 272,822 271,781 271,937
T2 4.9 4.9 4.9 462,219 466,564 458,174
T3 14.9 13.3 13.2 1,421,806 1,411,300 1,412,457
T4 6.0 5.5 5.1 212,015 212,069 211,831
T5 7.0 6.8 6.2 346,513 344,891 342,976
T6 21.1 18.8 18.7 | 2,369,415 2,377,673 2,375,013
b 60.2 55.1 53.9 5,084,790 5,084,278 5,072,388

A comparison of PM with PdM shows that both approaches achieve better results in terms
of costs than the other for three of the six instances. Overall, however, they have almost the
same total costs. The reason for this is that PAM reduces the number of maintenance services
but does so at the expense of higher deadhead costs, compare Tables 3 and 4. Nevertheless,
excluding instance T2, PdM performed fewer maintenance services for each instance and was
able to reduce the total number of service actions by 5.1.

PdM-B, on the other hand, is able to reduce the number of conducted maintenance
operations even further. To be precise, an average of 6.3 fewer maintenance operations are
required compared to PM. Moreover, it can compensate for the disadvantage of PAM and
reduces the deadhead costs to such an extent that it generates the vehicle schedules with
the lowest total costs. It was thus able to achieve lower costs than PM for all instances
except T6 and reduced the number of maintenance services for all instances except for T2.
In particular, the number of service actions for instances with many vehicles, i.e., for T3 and
T6, is reduced. Looking at the entire network, i.e., all instances combined, PdM-B was able
to decrease the number of maintenance actions by 10.5%, while the costs are 0.24% lower. If
the fixed costs, i.e., the costs required to operate the trips, are neglected, the overall cost
advantage increases to 0.97%.

The cost differences, expressed as percentages, of PAM-B compared to PM and PdM are
shown in Table 6. These differences range between -1.02% and 0.24% and between -1.8%
and 0.08%, respectively. If the fixed costs are again excluded, the cost advantages for the
individual instances increase to up to 5.72% and 8.05%, respectively.

The main cost benefits of PAM-B in comparison to PM are less maintenance (T1), lower
deadhead costs (T2), or the combination of both (T3 and T5), see Tables 3 and 5. For
T4, the costs for maintenance and deadhead trips are also decreased, but PAM-B deploys
additional vehicles that may be necessary to absorb a more severe deterioration identified
by the incorporation of the measurements. In addition, some maintenance can be spared
by using these vehicles, which also reduces the costs. In the case of T6, PdAM-B achieved
solutions with higher costs than PM, which is due to the increased deadhead costs, although
the number of maintenance tasks could be lowered.

Compared to PAM, PdM-B achieves lower costs for four of the six instances and lower
costs overall, specifically 0.23% less. When the fixed costs are neglected, the benefit is 0.93%.
In addition, the number of performed maintenance actions was reduced by a total of 1.2.
The cost savings are again due to lower deadhead costs (T2 and T6) and to a combination of
lower deadhead and maintenance costs (T4 and T5). For T1 and T3, the solutions generated
by PAM-B have slightly higher costs than those generated by PdM. In the first case, this
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is due to the utilization of additional vehicles, which reduces deadhead costs, while in the
second case, slightly higher deadhead costs are accepted to assign the vehicles to trips that
better match their conditions.

7 Conclusion

In this article, we presented a rolling horizon approach for RSRP-PdM that incorporates
health state measurements using Bayesian inference. We also extended the local neighborhood
search from [29] to include transition costs when determining the swapping probabilities.

For this purpose, we first gave a literature review of the two topics RSRP and PdAM. Then,
we recalled the problem formulation of RSRP-PdM and introduced the notions that arise in
the context of Bayesian inference. Subsequently, the Bayesian rolling horizon approach was
introduced and we described the modified local neighborhood search. Finally, we conducted
computational experiments with three different maintenance strategies, namely preventive
and predictive maintenance, as well as predictive maintenance with Bayesian inference, and
compared their solutions.

The results show that the iterative scheduling of the Bayesian approach is advantageous
over both preventive and predictive maintenance without updating. Not only can the number
of maintenance actions be reduced by 10.5% compared to the conventional strategy of
preventive maintenance, but also the total costs of all instances combined are decreased by
0.24%, or by 0.97% if the fixed costs are excluded. In comparison to predictive maintenance
without updating, the costs can likewise be reduced by 0.23% and 0.93% respectively due to
fewer deadhead trips, while the number of maintenance operations is also slightly decreased.
This demonstrates the effectiveness and benefits of the Bayesian rolling horizon approach.

In addition, we have shown that taking transition costs into account improves the
performance of the multi-swap heuristic, both in terms of the solution value after a short
and a long computation time.
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A  Computational Evaluation of the Weighted Swapping Procedure

In the following, we evaluate the effectiveness of the multi-swap heuristic utilizing the
weighted swapping procedure presented in Section 5.2. We will refer to this approach as
weighted multi-swap (WMS) and compare its results with those obtained by the algorithm
from [29]. This uses a swapping probability of one-half and is therefore denoted as equal
probability multi-swap (EPMS) in the following.

For testing, we use the instances of the preventive maintenance strategy described in
Section 6. The detailed results are listed in Appendix A and show the values of the solutions
obtained by EPMS and WMS after 360 seconds and after one hour of computation time.
The best results for each instance are marked in bold.

We can observe that EPMS finds the best result after 360 seconds only eight times and
that it was able to determine the best solution after one hour for only eight scenarios. The
majority of these cases occur for instances T3 and T4, both of which are medium-sized
scenarios in terms of the number of trips. In addition, there is a tie for the best solution for
six and seven instances, respectively. WMS, on the other hand, could find the best solution
after 360 seconds for 46 of the scenarios and achieved a better result after one hour for 45 of
the 60 instances. These results show that the cost-oriented swapping used in WMS offers an
advantage over the procedure employed in EPMS, both in terms of finding good solutions
quickly and finding solutions with low costs.

Table 2 Results of EPMS and WMS after 360 seconds and after one hour of computation time.

Instance EPMS after 360 s  WMS after 360 s EPMS WMS
T1-01 274,016 272,090 272,514 272,090
T1-02 276,858 276,120 276,544 276,120
T1-03 276,684 275,607 275,836 275,607
T1-04 272,514 272,090 272,514 272,090
T1-05 272,514 272,090 272,090 272,090
T1-06 270,075 270,075 270,075 270,075
T1-07 277,825 276,544 276,544 276,544
T1-08 272,514 272,090 272,090 272,090
T1-09 272,090 272,090 272,090 272,090
T1-10 270,075 270,075 270,075 270,075
T2-01 507,420 494,036 484,718 468,615
T2-02 511,781 488,175 496,993 474,073
T2-03 503,256 492,784 493,873 471,772
T2-04 486,411 476,156 480,048 468,335
T2-05 498,193 466,304 485,160 459,522
T2-06 500,491 482,167 480,559 472,028
T2-07 506,559 485,151 480,451 474,629
T2-08 496,731 473,915 484,462 461,136
T2-09 499,435 475,127 486,415 461,121
T2-10 500,269 484,520 481,735 468,810

Continued on next page
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Table 2 — continued from previous page

Instance EPMS after 360 s WMS after 360 s EPMS WMS
T3-01 1,443,584 1,417,645 1,429,586 1,415,815
T3-02 1,466,915 1,436,870 1,459,579 1,435,336
T3-03 1,471,162 1,486,642 1,446,601 1,458,286
T3-04 1,465,143 1,442,264 1,448,476 1,433,629
T3-05 1,510,924 1,441,830 1,460,280 1,432,776
T3-06 1,456,730 1,475,282 1,437,910 1,456,083
T3-07 1,470,481 1,443,980 1,447,427 1,441,852
T3-08 1,430,814 1,424,607 1,422,649 1,424,329
T3-09 1,433,021 1,419,417 1,427,806 1,418,864
T3-10 1,449,332 1,412,973 1,427,362 1,411,817
T4-01 216,340 216,664 214,181 215,506
T4-02 219,954 221,504 218,414 216,350
T4-03 222,980 218,718 220,409 216,814
T4-04 219,139 222,581 217,756 218,094
T4-05 220,460 221,212 219,281 219,683
T4-06 219,149 219,112 216,181 215,830
T4-07 219,666 218,058 216,285 216,839
T4-08 216,103 218,168 215,807 215,936
T4-09 223,116 220,051 221,855 215,975
T4-10 219,098 217,057 216,856 214,176
T5-01 347,529 346,924 347,356 346,111
T5-02 349,658 349,658 349,658 349,658
T5-03 349,642 348,547 349,359 347,590
T5-04 345,630 345,630 345,630 345,175
T5-05 357,457 350,891 356,291 350,891
T5-06 343,027 342,714 343,027 342,052
T5-07 358,069 352,783 354,852 351,553
T5-08 347,051 345,996 347,002 345,996
T5-09 351,079 350,766 351,079 350,417
T5-10 345,039 345,039 345,039 343,742
T6-01 2,304,624 2,384,517 2,379,655 2,370,161
T6-02 2,450,322 2,430,110 2,432,481 2,392,949
T6-03 2,400,259 2,390,905 2,389,128 2,380,847
T6-04 2,390,995 2,390,943 2,390,995 2,370,129
T6-05 2,307,184 2,384,236 2,387,226 2,372,693
T6-06 2,442,339 2,426,068 2,416,792 2,390,244
T6-07 2,393,514 2,404,469 2,389,038 2,382,052
T6-08 2,393,010 2,389,088 2,384,886 2,373,894
T6-09 2,428,272 2,422,976 2,415,699 2,389,409
T6-10 2,386,473 2,382,799 2,377,996 2,362,586

13:17

ATMOS 2024



13:18 A Bayesian Rolling Horizon Approach for RSRP-PdM

B Tables of Computational Results

Table 3 Costs by type after averaging the scenarios of each instance when the preventive
maintenance strategy (PM) is applied.

Instance  Operating costs Deadhead costs Maintenance costs Trip costs Total costs

T1 11,507 1,342 12,600 247,373 272,822
T2 64,438 25,595 9,800 362,386 462,219
T3 308,384 58,388 29,800 1,025,235 1,421,806
T4 20,137 14,248 12,000 165,630 212,015
T5 41,425 6,459 14,000 284,629 346,513
T6 536,986 63,994 42,200 1,726,235 2,369,415
v 982,877 170,025 120,400 3,811,487 5,084,790

Table 4 Costs by type after averaging the scenarios of each instance when the predictive
maintenance strategy (PdM) is applied.

Instance  Operating costs Deadhead costs Maintenance costs Trip costs Total costs

T1 11,507 1,301 11,600 247,373 271,781
T2 64,438 29,939 9,800 362,386 466,564
T3 308,384 51,082 26,600 1,025,235 1,411,300
T4 20,137 15,303 11,000 165,630 212,069
T5 41,425 5,237 13,600 284,629 344,891
T6 536,986 76,852 37,600 1,726,235 2,377,673
by 982,877 179,714 110,200 3,811,487 5,084,278

Table 5 Costs by type after averaging the scenarios of each instance when the preventive
maintenance strategy with Bayesian inference (PdM-B) is applied.

Instance  Operating costs Deadhead costs Maintenance costs  Trip costs Total costs

T1 11,737 1,227 11,600 247,373 271,937
T2 64,438 21,550 9,800 362,386 458,174
T3 308,384 52,439 26,400 1,025,235 1,412,457
T4 22,151 13,850 10,200 165,630 211,831
T5 41,425 4,523 12,400 284,629 342,976
T6 536,986 74,392 37,400 1,726,235 2,375,013

2 985,121 167,981 107,800 3,811,487 5,072,388
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Table 6 The cost differences of PAM-B compared to PM and PdM in percent after averaging the

scenarios of each instance.

Cost diff. in %

Cost diff. without fixed costs in %

Instance

PM PdM PM PdM

T1 —-0.32 +40.06 | —3.48 +0.64

T2 —0.86 —1.80 | —4.05 —8.05

T3 —0.66 +40.08 | —2.36 +0.30

T4 —-0.09 —-0.11 | —0.40 —0.51

T5 —1.02 —-0.56 | —5.72 —3.18

T6 +0.24 —0.11 | 40.86 —0.41
Combined | —0.24 —0.23 | —0.97 —0.93
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—— Abstract

On-demand ridepooling systems offer flexible services pooling multiple passengers into one vehicle,

complementing traditional bus services. We propose a transportation system combining the spatial
aspects of a fixed sequence of bus stops with the temporal flexibility of ridepooling. In the line-based
Dial-a-Ride problem (liDARP), vehicles adhere to a fixed, ordered sequence of stops in their routes,
with the possibility of taking shortcuts and turning if they are empty. We propose three MILP
formulations for the liDARP with a multi-objective function balancing environmental aspects with
customer satisfaction, comparing them on a real-world bus line. Our experiments show that the
formulation based on an Event-Based graph is the fastest, solving instances with up to 50 requests
in under one second. Compared to the classical DARP, the iDARP is computationally faster, with
minimal increases in total distance driven and average ride times.
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1 Introduction

Line-based bus services are able to pool a large number of transportation requests along
popular trajectories, thus contributing towards reducing mobility-related emissions when
people decide to take the bus instead of the car. However, when there is little demand (e.g.,
in rural areas or during off-peak periods), buses often run infrequently and almost empty,
so that the described benefits do not materialize. Ridepooling approaches, where multiple
passengers are pooled into a shared vehicle, accepting a slight detour compared to their
direct route, are often proposed to complement line-based bus services for these scenarios.
These approaches are inefficient where they do not succeed to pool requests sufficiently.
We formalize a conceptual approach called line-based ridepooling which combines the
spatial aspect of a classical line-based bus service with the temporal flexibility of on-demand
ridepooling, inspired by real-life examples, including the FLEX’HOP 722 in France, and the
NAHBUS? and the Rufbus? in Germany. In line-based ridepooling, we consider a fixed and
ordered sequence of bus stops (defined, e.g., by a prior operating regular bus line) which we
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use as pick-up and drop-off locations. In contrast to a classical line-based bus, our vehicles
have the flexibility to skip stops and take shortcuts, enabling tailored pick-up and drop-off
times dependent on the specific customer requests. However, in contrast to ridepooling, we
use the spatial structure of the given line as a sort of service promise, ensuring that passengers
are only transported towards their destination along the line. In particular, vehicles may not
turn with passengers on board. We call this the directionality property. We aim to achieve a
transportation mode which is more efficient and provides a higher quality of service than the
classical line-based bus, especially in areas with low demand or during off-peak times.

In this paper, we define a new optimization problem to serve passenger requests in
line-based ridepooling. Due to its similarity to the general Dial-a-Ride problem (DARP),
from which it differs by the directionality property and the underlying geography, we call
this problem the line-based Dial-a-Ride problem (liDARP). Here, we study the static variant,
where all requests are known ahead-of-time, and consider a homogeneous fleet of vehicles.

We observe that, due to the directionality property, each vehicle route can be decomposed
into a number of sublines, separated by vehicle turns, with each transported passenger assigned
to exactly one subline. We introduce and compare three mixed-integer linear programming
(MILP) formulations for the liDARP that exploit this property. The first formulation,
presented in Section 4.1, explicitly models sublines and the assignment of passengers to
them. The second and third formulation, presented in Section 4.2 and Section 4.3, are based
on Cordeau’s classic 3-index Location-Based formulation [7] and the Event-Based model
introduced by Gaul et al. in [14]. Section 5 discusses computational results.

Our contribution is threefold: First, we present a general problem definition for the
liDARP, an approach to organizing passenger transport with the potential to combine
benefits from a line-based public transport and on-demand transportation. Second, we
develop and present three MILP formulations for the iDARP. Third, we compare these three
models on synthetic test instances.

2 Related Work

Traditional modes for passenger transportation like the bus, metro, or train, operate based
on lines (prescribing the sequence of stops visited) and timetables (prescribing the timing of
each stop) or frequencies (prescribing the distance to be kept between individual vehicles
on a line). While public transport planning often takes a network perspective, there are
also many contributions that study timetabling or frequency setting on an individual line
with the objective to find an optimal balance between service quality and operator cost, see,
e.g., [18, 19] and the references therein. Gkiotsalitis et al. [15] present a model that allows
to establish regularly operating sublines within a longer line to deal with inhomogenous
demand along the line. Aktag et al. [1] study a situation where selected stops are assigned to
an express service, forming a shorter and quicker route. Their goal is to determine which
vehicles should perform this express service during morning rush hour, based on expected
demand. While still a rather uncommon strategy during the planning of public transport
operations, short-turning and stop-skipping are common control strategies in transit systems
to mitigate effects like vehicle bunching and overcrowding, see [18].

The literature on Dial-a-Ride problems (synonymously called ridepooling, on-demand bus
services, or demand-responsive transport) is extensive, with in-depth overviews of the current
state being provided by Cordeau and Laporte [9] (until 2007) and Ho et al. [17] (2007 until
2018). Typography and variants are discussed in Molenbruch et al. [20], whence this paper
is concerned with the static, homogeneous, multi-objective approach, compromising the
conflicting goals of system efficiency (including environmental aspects) and user experience.
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Early approaches towards exact solution methods to the DARP were carried out by
Psaraftis in [25] and [26]. Cordeau [7] proposes a 3-index arc-based mixed-binary linear
program for the standard DARP, which was adapted to a 2-index formulation by Rgpke
et al. [30]. Regpke et al. propose a branch-and-cut approach which is tested on a large
number of benchmark instances. Parragh [22] constructs further valid inequalities related
to capacity restrictions, integrating these into a branch-and-cut framework as well as a
variable neighborhood search heuristic, based on both the 3-index and 2-index formulations.
Gschwindt and Irnich [16] develop an exact branch-and-cut-and-price approach, which solves
all instances of the benchmark set introduced by [30] exactly. Recently, Rist and Forbes [29]
propose a branch-and-cut framework where a DARP route is broken in multiple fragments,
which are paths between a request’s pick-up and drop-off where the vehicle has a non-empty
load. Then, a route is created as a combination of fragments. Gaul et al. [14] propose a new
MILP formulation, relying on an Fvent-Based graph with nodes representing pick-up/drop-off
events denoting a feasible user allocation of the corresponding vehicle and edges connecting
feasible transitions between events.

Next to exact methods, many papers consider heuristic solution methods to solve the
DARP, including metaheuristics such as simulated annealing [4, 27|, adaptive large neighbor-
hood search [23, 24, 31], and tabu search [3, 8.

We are aware of only three publications where the DARP is studied in combination with
an underlying line structure: Archetti et al. [2] restate and prove results from the dissertation
of Busch [6], showing that the Vehicle Routing Problem on the line is NP-hard, both with
an unlimited and a limited fleet of fixed capacity. A complexity classification of DARP
variants has been proposed by de Paepe et al. [10], establishing a scheme akin to scheduling
problems. They examine variants on the line geography, showing that the DARP on the line
with one vehicle of capacity one is solvable in polynomial time. The DARP on a line with
multiple homogeneous vehicles of fixed capacity > 1 is NP-complete, which has been shown
by Bjelde et al. [5] based on a reduction from the CIRCULAR ARC COLORING problem. All
three papers are focused on exploring the complexity of the problem, where they consider
only the special case with equally spaced stations and do not allow for shortcuts.

3 Problem Description

We consider a set of k vehicles of capacity Qumax that operate on a bus line, specified by a
sequence of bus stops H = (1,...,n), to transport m stop-to-stop passenger requests R.

The vehicles do not need to traverse the whole line in each route, but are allowed to take
short-cuts (including skipping stops at which no passenger wants to board or alight), to wait,
and to turn at any stop, the latter of which may not be done with passengers on board. In
this way, we guarantee that the directionality property is fulfilled, i.e., each passenger, at all
times, is transported towards their direction with respect to the sequence of stops defined
by the bus line. Pairwise (time) distances t; ; between all stops i,j € H are given, with
;i *= tyurn denoting the turn time at ¢ € H. These distances respect the triangle inequality.

Each request r € R specifies an origin stop o, € H, a destination stop d, € H, a time
window [e,, l.], a load (number of passengers in the request) ¢,, and a service time b,
for boarding and alighting. We assume that boarding is synchronous, i.e., if one request’s
destination is another request’s origin, and both requests are transported by the same vehicle,
we require that the first request alights before the second boards. This reflects the widely
accepted standard boarding procedure on public transit systems. Furthermore, passengers
do not transfer between vehicles.

14:3
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We make two service promises to our accepted passengers regarding 1) their total travel
time and 2) their waiting time that have to be respected. For the former, we guarantee that
the passenger’s total ride time L, will not exceed the time needed to travel the direct route
(between their origin and destination) by a pre-specified factor, the ezxcess factor a, i.e.,
LM =ty q

not more than S minutes later (resp. earlier) than the specified earliest pick-up (resp. latest

. For the latter, we ensure that the actual pick-up (resp. drop-off) time is
drop-off) time.

Our objective is to create a reliable service for customers and, at the same time, integrate
environmental aspects by reducing emissions compared to passengers travelling in their own
vehicles. Therefore, our objective function is composed of two weighted components: the
number of accepted passengers and the saved distance (i.e., the difference between the sum
of direct distances between all origins and destinations and the total distance driven by our
vehicles), which we want to maximize. The optimization problem now counsists of deciding
which passenger requests are accepted, and which are rejected, to assign accepted requests
to one of the x vehicles, and to plan the routes of these vehicles.

The above-defined problem is a variant of the Dial-a-Ride problem: removing the restric-
tion that vehicles may only turn without passengers on board, it reduces to a (standard)
DARP. Given that our vehicle’s operations are constrained by the line, we call our problem
the line-based Dial-a-Ride problem (iDARP).

4 MILP Formulations for the liDARP

The underlying line structure, which defines an order of bus stops, combined with the
directionality property, allows us to divide the route of each vehicle into a number of sublines:
a sequence of stops at which a vehicle stops to pick-up or drop-off passengers. The first
subline is initialized when a vehicle starts its route and a new subline starts after each of the
vehicle’s turns. We split the set of sublines S into ascending sublines (525¢), travelling from
a stop i to j with i < j, and descending sublines (S4°°), travelling in the opposite direction.

Similarly, we divide the passenger requests r € R into ascending requests (R*°) and
descending requests (R1°°). As passengers may not be on board when the vehicle turns, each
accepted request can be assigned to exactly one subline, with ascending requests assigned to
ascending sublines and descending requests assigned to descending sublines.

In Section 4.1, we exploit these properties to propose a Subline-Based MILP for the
liDARP, explicitly modelling sublines and passenger assignments to sublines. In Section 4.2
and Section 4.3, we show that the sublines can also be used to simplify MILP formulations
for the standard DARP.

Note that the sublines in the iDARP are similar to the so-called fragments proposed by
Rist and Forbes [29] in their branch-and-cut approach for the DARP. Namely, a subline can
be further subdivided into fragments, which start with a pick-up node and end when the
vehicle is empty.

4.1 Subline-Based Formulation

The Subline-Based formulation relies on the concept of a subline. Given the set of vehicles K,
we assign each k € K a set of sublines S and use binary variables y; % to indicate whether
subline s of vehicle k stops at bus stop 7. The route of every subline s of vehicle k is encoded
by the binary variables a:fjk that denote the path between bus stops i, € H. Depending on
the direction of the subline s, these only need to be defined for ¢ < j or j < i, respectively.
Sublines are computed on a vehicle-basis and symmetry breaking constraints are defined on

the vehicle’s index to remove alternative solutions with equal objectives.
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Flow conservation constraints ensure these routes are consistent in each subline and
between consecutive sublines. We track the start and end stop of each subline with binary

variables 2%, which correspond to sublines s of vehicle & turning at bus stop 1.

i

Requests are assigned to sublines using binary variables assign®* to indicate if request r
is transported by subline s of vehicle k. Note that these only need to be created for pairs
(r,s) with both 7 and s travelling in the same direction. We ensure each passenger is picked
up at most once, with the corresponding subline stopping at both the origin and destination
stop. The underlying line structure determines each subline’s pick-up and drop-off sequence,
allowing capacity constraints to be expressed solely in variables assigns*.

Continuous variables arr’”* and dep:’* model the arrival and departure time of subline
s of vehicle k at bus stop ¢, respectively. We introduce constraints to ensure the stopping
time is sufficiently long for all assigned passengers who are boarding or alighting the vehicle
at a station to do so. Similarly, we ensure that the time between departure at a bus stop
i and arrival at the next bus stop j on the vehicle’s route is equal to ¢; ;. The departure
and arrival times are further constrained by the fact that, when a request is assigned to a
subline, the corresponding departure and arrival times have to respect the request’s time
window and associated service promises. For this, we track the pick-up and arrival time of
every request r.

An overview of parameters and variables, and the full model are given in Appendix B.1.

4.2 Location-Based Formulation

Inspired by mathematical programming formulation for the traveling salesperson and vehicle
routing problems, Cordeau [7] models the Dial-a-Ride problem using a graph where nodes
represent origin o, and destination d, locations of requests r and arcs represent direct
connections between locations. In principle, traveling between any pair of locations is possible,
though many arcs can be removed in a pre-processing step based on time constraints.

To account for the directionality property, we can modify Cordeau’s DARP formulation

for use in the liDARP as follows: we treat the requests as (general) DARP input, adding
modifications to respect the line precedence and to prevent that vehicles turn with passengers
on board. Observing that a vehicle may only turn after drop-off location or before a pick-up
location, we introduce additional nodes at these bus stops which are used to start or end
a turn, allowing us to model our problem based on fewer arcs than the general DARP. A
start-turn node denotes that a vehicle is turning at a pick-up node (and then starting a new
subline), while an end-turn node denotes that a vehicle is turning after a drop-off node (and
ending the current subline). Similar to the general DARP, many arcs can be excluded by
pre-processing based on time windows and service constraints.
f’ ; model whether vehicle k travels from node ¢ to node j with flow
constraints ensuring feasible operations. Additional variables and big- M-constraints are
needed to keep track of the time at which locations are visited and of vehicle load, so that
the requirements with respect to time windows, service promises, and vehicle capacity are
ensured. Technical details and the full model are given in Appendix B.2, where we use
strengthening techniques based on [11].

Binary variables x

4.3 Event-Based Formulation

Encoding feasible user allocations in vehicles as nodes, and constructing only edges between
feasible connections, Gaul et al. [14] propose the Event-Based graph as a basis to formulate
the general DARP as a MILP. Every node in the Event-Based graph represents a Qax-tuple,
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where the first entry represents the most recent action: a pick-up 7+ or drop-off = of a
request r, and the remaining entries denote the other passengers on board. The node 0
is used to denote the depot. Finding feasible vehicle routes for the DARP can then be
interpreted as a minimum cost circulation flow problem with the additional constraints that
each passenger cannot be picked up more than once and that time windows and service
constraints need to be respected.

While the number of events grows exponential with (.x, many nodes can already be
excluded during the construction of the Event-Based graph due to incompatibility of time
windows and service constraints. The directionality property allows us to further reduce this
set. In particular, requests 7 and j cannot be part of the same event if

one of them is ascending and the other is descending, or

both requests are ascending (resp. descending) and the request with a later (resp. earlier)

starting station cannot board a vehicle with the other already on board due to time

window constraints.
The Event-Based model for the DARP can be directly applied to the iDARP by an adapted
construction of the Event-Based graph, distinguishing ascending and descending events and
connecting only events that preserve the directionality property, hence we do not re-state
the formulation here. Moreover, Gaul et al. [12] proposed further arc eliminations.

5 Computational Experiments

In this section, we present numerical experiments for the liDARP on synthetic benchmark
instances. For all experiments, we set the passenger load ¢, = 1 and service time b, = 3 min
for all » € R. The service promise parameters were set to a maximum waiting time of
£ = 15min and a maximum exceedance of direct ride time by o = 3. The objective function
weights were chosen to be ¢; = 10 for the number of accepted passenger and ¢y = 1 for the
saved distance for the computational results.

The models for the Subline-Based and Location-Based formulation were implemented in
Python 3.11 using Gurobi 10.0. The Event-Based formulation was implemented in C++ 17
using CPLEX 22.1, based on the code by Gaul et al. [13]. The computations are carried out
using a 12th Gen Intel Core i7-1260P CPU, running at 2.10 GHz with 32 GB RAM. For all
runs, we set the solver timeout to 60 min and repeated the calculation five times, averaging
the runtimes.

5.1 Benchmark Instances

We create new benchmark instances specifically for the liDARP using the existing bus stops
of bus line 6 in Wiirzburg, Germany, as pictures in Figure 1, with 16 stops connecting the
city center to a residential area. We calculate bus stop distances using OpenStreetMap [21],
assuming vehicles can take shortcuts and rounding to the nearest minute.

For the given bus stops H, we generate requests that uniformly choose a pick-up and
drop-off stop in H. We generate an equal amount of requests per time window type,
picking the (earliest) pick-up time or (latest) drop-off time uniformly in the interval [0, 480],
corresponding to an operation of 8 hours. The vehicles have a capacity of Qmax € {3,6} and
take tiurn = 3min to turn.

We generated 14 instances on the given sequence H, varying from 16 requests with 2
vehicles to 50 requests with 5 vehicles, following the sizing of the well-known benchmark
instances by Cordeau [7] for the classical DARP. The instance names consist of a prefix ‘w’
(for Wiirzburg), followed by two numbers, where the first indicates the number of vehicles
and the second denotes the number of requests.
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Figure 1 Route of bus line 6 in Wiirzburg, Germany, from [21].

5.2 Results

In this section, we first compare the three proposed MILP formulations using the benchmark
bus line test instances. Second, we assess the trade-off between environmental savings and
customer satisfaction. Lastly, we compare the liDARP model to the classical DARP model
to evaluate its competitiveness.

Computational Time

Figure 2 shows the computational time per benchmark instance for all three formulations.
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Figure 2 Runtime of the three formulations on the benchmark instances. Solid markers denote
Qmax = 3, unfilled markers Qmax = 6, and the dashed line marks the solver timeout.

The results clearly show that the Event-Based model outperforms the Location-Based and
Subline-Based models in all instances, for either capacity. For Qunax = 3, the Subline-Based
model reached the timeout for all but one instance, w2-16, and we were not able to compute
a solution for the three largest instances due a lack of available memory. For Qnax = 6, the
largest possible instance the model could solve was w4-32.
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Observing the Location-Based model, we see a step-structure, where the runtime signific-
antly increases with the number of requests, then decreases as the instances switch to the
next-largest number of vehicles. We see a similar effect in the Event-Based model between
instances w4-58 and wb-40. This is supported by the model size differences reported in
Table 1, which strongly correlate to the number of passenger requests.

In the two instances where the Location-Based model reached timeout for Qm.x = 3,
namely w4-58 and w5b-50, we note that although the achieved a relative MIP gap at timeout
was greater than 1, the objective value found was within 8 % and even 0% of the optimum,
respectively.

Table 1 Number of constraints and variables for the benchmark test instances with Qmax = 3,
ordered by the number of requests. SB = Subline-Based, LB = Location-Based, EB = Event-Based.

Num. Constraints Num. Boolean Var. Num. Cont. Var.

Inst. SB LB EB SB LB EB SB LB EB

w2-16 45042 553 317 20030 968 189 1952 150 53
w4-16 90 388 787 335 40188 1868 196 3872 154 56
w3-18 83315 752 401 35841 1731 238 3276 170 64
w2-20 67290 689 497 28 062 1372 294 2440 186 76
w2-24 96 434 825 746 38462 2062 430 2928 222 106
w3-24 144 443 998 830 57117 3168 449 4368 224 119
w4-24 197732 1171 769 79228 4116 437 5808 226 109
w3-30 227963 1244 956 87213 4473 610 5460 278 122
w4-32 352756 1555 1174 133500 6792 706 7744 298 149
w3-36 340895 1490 1627 127749 6564 935 6552 332 199
w4-40 577636 1939 1867 214204 10668 1117 9680 370 223
w5-40 722789 2224 1657 267755 12945 1065 12080 372 188
wb-50 1227649 2774 2419 453155 20885 1602 15100 462 249
w4-58 1400268 2803 3282 517020 21976 2154 14036 532 326

The Subline-Based model requires a significantly higher number of resources, with the
number of constraints and boolean variables exceeding those of both the Location-Based and
Event-Based models by factors of 100 and 10, respectively. Notably, the Location-Based
model uses 10 times more boolean variables than the Event-Based model, but both require a
similar amount of continuous variables.

In general, this result is not surprising, as Gaul et al. [14] demonstrated the computational
efficiency of the Event-Based graph in a MILP formulation for the classical DARP, as many
complicating constraints are implicitly encoded in the underlying network structure.

All following experiments are carried out with Quax = 3.

Trade-off Analysis

To evaluate the trade-off between environmental savings and customer attractiveness in our
chosen objective function, we compare three different settings: in the environmentally focused
setting, we use objective weights ¢; = 1, ¢co = 10, placing an emphasis on the distance saved,
whilst in the customer focused setting, we use weights ¢; = 10,c2 = 1, emphasising the
number of transported passengers. We also include a setting with equal weights as a base
case. The trade-off between objective function components is visualized in Figure 3.
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Note that both objective functions are considered as maximizing objectives. A positive
saved distance is preferred, as this corresponds to more direct passenger kilometers saved
than total routing costs accumulated. All instances in Figure 3 were solved to optimality.

We observe that, in the customer-focused setting, all passengers are accepted in all
instances. In the environmental-focused setting, the saved distance is always non-negative.
We have highlighted the approximated Pareto front for a specific instance, w2-20, represented
by triangles, by connecting the markers corresponding to the three obtained weighted-sum
solutions in Figure 3 to better illustrate the trade-offs. The saved distance decreases from
7min to —22 min between the environmental-focused and the customer-focused setting, while
the share of accepted passengers increases from 40 % to 100 %. The same pattern can be
observed for all other benchmark instances. Hence, the proposed objective function is capable
of capturing multiple needs and can be adjusted accordingly, dependent on the chosen
application.

DARP versus liDARP

Lastly, we compare the iDARP formulation to the classical DARP formulation, where
vehicles are allowed to take any route between passenger without needing to adhere to the
line structure. We use the above-introduced benchmark instances, extending these to cases
with up to 11 vehicles and 132 requests (similar to the extended benchmark set introduced
by Rgpke et al. [30]). We set tyrn = Omin for both formulations and set the solver timeout
to 60 min. The computational time for both models is shown in Figure 4, averaged over five
runs. The Event-Based model was used to produce the iDARP results.

We observe that the iDARP model is faster in all instances. While both models’
computational time increases with the number of requests, the iDARP was able to solve
even the largest instances with over 100 requests in less than 10s, while the DARP model
was aborted at timeout. Examining the objective values, both models accepted all requests
in all instances, while they differ in the saved distance, which is visualized in Figure 5. The
DARP achieved a higher saved distance in all but one instance, w10-100, which was aborted
at timeout, with the average deviation being 3 min and the maximum deviation being a
saving of 10 min in instance w11-132. Both models use all available vehicles for all instances.
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Figure 4 Runtime of the DARP and liDARP on the extended benchmark instances. The dashed
line marks the solver timeout.
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Figure 5 Saved distance of the iDARP and DARP on the extended benchmark instances.

The average ride time, measured as the time between pick-up and drop-off of each request,
was marginally higher in the DARP model, with an average increase of 0.14min. The
difference in the average share of empty mileage, defined as the fraction of empty mileage
over the total distance, is less than 0.02 on average. Similarly, the difference in average
detour, which is the fraction of passenger distance driven to the shortest distances between
pick-up and drop-off, is less than 0.025 on average.

Examining each DARP solution, we count the number of requests which are, at least for
a portion of their trip, travelling away from their destination, i.e., violating the directionality
property. The only instances where there are no such violations are w3-18, w3-30, and w4-32.
On average, 7.7 % of passengers travel in the opposite direction for at least a portion of their
trip, with the largest amount being 18.9% in instance w9-90. We hypothesize that these
routes will likely be viewed as unnecessary by customers, even if they are the most efficient
amongst all possible connections.
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While there is a difference in saved distance and ride time, passengers do not have to
accept significant detours when using the liDARP compared to the DARP model, and the
vehicles travel without passengers for a similar amount of time.

6 Conclusion

We present the line-based Dial-a-Ride problem (iDARP), wherein ridepooling vehicles operate
on-demand on a sequence of bus stations, adhering to the directionality property, time and
capacity constraints, and our service promises. The efficiency of this approach is validated
through numerical computations on benchmark instances derived from on a real-life bus line
in Wiirzburg, Germany. Our multi-objective approach successfully balances environmental
concerns, by reducing the total distance travelled compared to individual passenger trips,
and the attractiveness, measured in the total amount of passengers accepted.

The advantages of the liDARP additionally include the possibility to use existing infra-
structure, being based on a sequence of bus stops, which may increase utilization in off-peak
times or in areas with low demand. Thus, we provide a system that can serve as an alternative
to public transport, providing flexibility to its customers to improve attractiveness.

Our approach can be extended to inhomogeneous vehicles with varying capacities, to
determine where each vehicle is best allocated to serve the customer base. Future research
could explore varying demand scenarios, such as operating a feeder line to a train station
or considering rush-hour induced fluctuations in demand. Finally, this paper focuses on
the static variant of the liDARP, where all requests are known in advance. Investigating
the liDARP under unknown and dynamic demand may provide insights into its practical
applicability and competitiveness in a real-world setting.
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Variable Overview

Table 2 Summary of liDARP parameters.

Notation  Definition

H set of bus stops, {1,...,n}

K set of vehicles, {1,...,x}

R set of passenger requests, {1,...,m}

R set of passenger requests travelling in ascending direction
Rdese set of passenger requests travelling in descending direction
Or origin stop of passenger request r

dy destination stop of passenger request r

qr load of request r

er earliest departure time of request r

I latest arrival time of request r

b, service time for request r

ti travel time from bus stop 7 to j

« service promise constant relating to maximum ride time, excess factor
8 service promise constant relating to maximum wait time
L, total ride time of request r

Ly* maximum ride time of request r, dependent on « and (8
tturn time it takes for a vehicle to turn around

c1,Co objective weights

B MILP Formulations

B.1 Subline-Based Formulation

In this section, we present the MILP model for the Subline-Based formulation introduced in
Section 4.1. All parameters and variables are summarized in Table 3.
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Table 3 Summary of notation for the Subline-Based model.

Notation  Definition

Parameters

S set of sublines, {1,...,0}

Sase set of sublines travelling in ascending direction
Gdese set of sublines travelling in descending direction

Binary Decision Variables

assigni”c 1 if request r is assigned to subline s of vehicle k

yo* 1 if subline s of vehicle k visits node 4

start? 1 if node i is the start node of vehicle k

end? 1 if node i is the end node of vehicle k

x:]k 1 if node j is visited immediately after node ¢ on subline s of vehicle &k
mff 1 if vehicle k turns at node ¢ after executing subline s

Wry,ro 1 if requests 1 and 72 are on the same subline of the same vehicle

2k 1 if vehicle k is in use

Continuous Decision Variables

depf”C departure time of subline s of vehicle k£ at node ¢
arrsF arrival time of subline s of vehicle £ at node 4
pickup,. pick-up time of request r

arrtime,  drop-off time of request r

In this model, we explicitly model the path of every subline of each vehicle, using binary
variables y; ** to denote if subline s of vehicle k stops at bus station ¢ and binary variables mff
to denote if the direct path from station i to station j is used. Further binary variables starty
and endéC denote if vehicle k starts and ends at station i, respectively. Then, by tracking
the turning stations of every subline s, i.e., stations ¢ where xff = 1, we track the start
and end station of every subline. For every variable which references both passengers and
sublines, such as assign®*, we only create those variables where the passenger and subline
are travelling in the same direction.

To ensure our model respects the boarding precedence (requests which are alighting leave
the vehicle before those boarding can enter), we construct the following three subsets for
every request ¢ € R:

Prec}®, containing all requests j which have the same origin as i, are travelling in the

same direction, and should board before 1,

Precf’d, containing all requests j whose destination is at 4’s origin, are travelling in the

same direction, and should alight before ¢ boards, and

Prec';’d, containing all requests j which have the same destination as 7, are travelling in

the same direction, and should alight before 1.

Note that the set Prec?’o, which denotes all origin requests that need to be served before
request ¢ is dropped-off, is not created as it is always empty due to the boarding assumption.

Furthermore, we track which passengers are pooled together on the same subline of the
same vehicle with binary variables wy, »,. These are required, together with the precedence
sets, to ensure we allow for sufficient boarding and alighting times per passenger at every
stop. To model these, we use big-M constraints with M; := max,cpr L}"**.
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Binary variables z; denote that vehicle k is used by our solution. Here, we use big-M
constraints with My := max,crl, + (2-0 — 1) - b, where o denotes the number of sublines,
to ensure the arrival and departure time variables for each vehicle are only set if they are
also used.

To strengthen the model, we enforce that a vehicle’s end stop is placed after it has
turned twice, i.e., after two consecutive sublines start and end at the same stop. Then, every
following subline is empty and turns at the same stop. This reduces the number of possible
solutions with the same objective value.

We define TV := max,cg L™ + (0 — 1)ttun to be the end of service, i.e., when all
vehicles end their operation at the latest.

We note that the model’s size is dependent on the choice of o, the number of sublines,
which is hard to choose. We set 0 = 2 - m for all experiments presented here.

The full Subline-Based model is given by:

max c; - (Z Z Z assign®® - ¢ ord Z Z Z If]k 'ti,j>

s€eSkeKreR k€K s€S (i,j)EHXH:

i#£]
0 3P 3p Bt
seSkeKreRr
s.t. Z starth <1 Vke K (1a)
icH
Z endf= Z start) Vke K (1b)
i€H icH
Z xf{k: Z start® Vke K,seS\{o} (1c)
ieH ieH
alf=0 VieHkeK (1d)
yil’k: starti-C + Zx;f Vie HkeK (le)
j<i
yr=al Py et VieHke K s e S\ {1} (1)
Jj<t
yf,k: s— 1k+Z$8k ViGH,kGK,SGSdESC (1g)
j>i
=af+Y )t VieHkeK,se S (1h)
J>i
=af+) @)t VieHkeK,se S\ {o} (1i)
j<i
yPP=endf +> a7t  VieHkeK (13)
Jj<i
2= Z start? VkeK (1k)
i€H
Z assign®* < Qumax VkeK,seS*¥ i=1,...,n—1 (11)
7r:0,<i,d,>1
Z assign®™* < Qumax VikeK,seS¥ i=2 .. n (1m)
7:0021,d,- <1
a>y*  VieHseSkek (In)
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Z5> xfjk V(i,j) € E,s€ S,ke K (1o)
25> atssignfj’€ VreR,seSkeK (1p)
My - 2z, > arrf’k VieHseSkeK (1q)
My - z>dep?®  VieHseSkek (1r)
starth> Z staurt?Jrl VieHke{l,...,c—1} (1s)
jEH:j<i

depi™>ar®®  VieH,seSkek (1t)
arr?* > depy* + 42l V(i,j) € H x H with i < j, s € §*° k € K (1u)
arr?* > dep)* 4t 2l V(i,j) € H x H with i > j,s € $9 k€ K (1v)
arr? > dep! ™ "F 4 touen - mlek Vie HseS¥\{l},ke K (1w)
arr? > dep? ™ MF 4ty - xlek Vie HseS® ke K (1x)
arrf’kZO VieHseSkeK (1y)
Z Zassignf,’kg 1 VreR (1z)
keK s€S

2 assign* < g2k + yfirk VkeK,seSreR (laa)
assign®* - (e, + b,,)< depz’fC VkeK,seSreR (1lab)
I, + T (1 — assign®*)> arrj’f VreR,seS kekK (lac)
Wy, < assignﬁ;k VseSkeK,r,rjeR (1ad)
assigni;k + assigni;k — 1< wy, o, VseS ke Kr,r;eR (lae)
pickup, > Z Zassigni’k' . arrf);k VkeK,seSreRr (laf)

keK s€S
arrtime,. > Z Z assign®® 'arrZ’Tk Vke K,seS,reR (lag)
keK s€S
br; + pickup,, — pickup, < M; - < — Z Zwﬁ’%) Vr; € R,r; € Prec]®  (lah)
keK s€S
by, + arrtime,, — pickuprjg M - (1 - Z waﬁj) Vr; € R,rj € Prec(r’;d (1ai)
keK s€S

by, + arrtime,, — arrtime,, < My - [ 1 — E E wﬁ;’frj

kEK s€S
depf;rkz assign®" - (pickup,. + b,.) VreR
depZ’Tkz assign®* . (arrtime,. + b,) VreR
€0, < pickup, <, VreR
eq, < arrtime, <lg, VreR
arrtime, + b, — pickup, < o - t,, 4, VreR

) Vri € R,rj € Preci?d (1aj)

Constraint (1a) ensures each vehicle is used at most once and constraint (1b) ensures that

a started vehicle also ends at a bus stop. Constraint (1c¢) makes sure every started vehicle
turns around at some station, while (1d) denotes that the last subline of each vehicle does not
turn. Constraints (1e) to (1i) are for flow conservation between sublines and their turn stops.
The last subline ends at its end stop, which is controlled by (1j). Constraint (1k) tracks
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the amount of vehicles which are used. The upper capacity of every vehicle is ensured by
(11) and (1m), for both subline directions. Constraints (1n) to (1r) ensure that only vehicles
which are started can travel to and between stops. Constraint (1s) is a symmetry breaking
constraint which says that vehicles with a smaller index start at a smaller station.

Constraint (1t) ensures a vehicle departs from a bus stop only after it has arrived, while
constraints (1u) and (1v) ensure the arrival time at the next bus stop respects the minimum
travel time. Constraints (1w) and (1x) take into account the turning time, linking a subline’s
end time with the subsequent subline’s start time at the same stop. Finally, constraints (1y)
ensures all times are positive.

Constraint (1z) ensures a passenger is picked up at most once and, by constraint (laa),
only if the subline they are assigned to also stops at their origin and destination. The link
between earliest pick-up and departure from the origin times, as well as latest drop-off and
arrival at the destination times, is handled with constraints (lab) and (lac), respectively.
Finally, constraints (lad) and (lae) link the variable w;, ., to denote if two passengers are
assigned to the same subline of the same vehicle.

Constraints (laf) and (lag) place a lower bound on the pick-up time and drop-off time
of each passenger, dependent on the vehicle’s arrival time at the corresponding station.
Constraints (lah) to (1aj) ensure the precedence rules for boarding are respected and add
sufficient service times between serving customers. Then, constraints (lak) and (lal) ensures
the vehicle can only depart after the last passenger has fully boarded or alighted. The time
windows of each passenger is guaranteed by (lam) and (lan), while the maximum travel
time is limited by constraint (1ao).

B.2 Location-Based Formulation

In this section, we describe the construction of the underlying graph for the Location-Based
formulation in more detail, as well as presenting the full MILP model. All notation is
summarized in Table 4.

We introduce ascending bus stops H* := {hy, ..., h,} and descending bus stops H°¢ :=
{hns1,--.,hon}. Bus stops h; € H and h,,; € H*° are virtual copies of stop i € H.
In reality, these may be the same stop on opposite sides of the road, for vehicles travelling
in opposite directions. We connect all bus stops h; € H9¢ with their corresponding
hnti € H*¢, in both directions (corresponding to a turn at station i), and enforce that two
stops in either set can only be served in upstream order with respect to the line.

Similar to the classical DARP formulation, for each request » € R, we construct four nodes
0y, dy,0p,d, in a iDARP-Graph G = (Hg, Er). Here, the nodes o, and d, correspond to
the classic pick-up and drop-off nodes of . The node o, is a start-turn node, denoting that
the vehicle is at o,, facing the opposite direction, i.e., before it turns and picks up request
r at o,. Similarly, the node d, is an end-turn node, denoting that the vehicle is at d,., has
dropped off the request r, and is now turning to continue in the opposite direction. Then,

if r € R*°: we construct o, at the origin h,, € H*°, d, at the destination hy, € H*

stop, 0, at A1, € HIC and d, at Bpya, € HI®C

if r € Rdese: we construct o, at the origin h,, € H desc g at the destination ha, € H desc

stop, o, at h,,_n, € H*°, and d; at hd,—n € H®C.

We set P:={o,:r € R}, D:={d,:r € R}, P:= {0, :7 € R},and D := {d, : v € R}
to denote the sets of these bus stops. We additionally define time windows on the nodes o,
and d, of every request r € R, dependent on the time windows on o, and d,., respectively,
accounting for the boarding and turn times. We introduce two depots, the start depot dspart
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Table 4 Summary of notation for the Location-Based model.

Notation  Definition

Parameters

Ostart start depot

Oend end depot

P set of pick-up nodes

D set of delivery node

P set of start-turn nodes, before a pick-up node

D set of end-turn nodes, after a drop-off node

Nr set of all pick-up and delivery nodes in all directions, depending on requests R
Hr set of all pick-up, delivery, and depot nodes, depending on requests R
Er set of all edges between nodes in Er

Binary Decision Variables

zy 1 if vehicle k travels on arc (i,j) € Er

2k 1 if vehicle k is used

Continuous Decision Variables

B; start of service time at bus stop
Qi passenger load departing bus stop ¢
L, ride time of passenger r

and the end depot deng, where vehicles start and end their route. Let Ng := PUD U PUD

den
the

ote all pick-up, drop-off, and turn stops, and Hg := {dstart, dend } U Ng all nodes including
depots.

The edge set Er := U}il E% between nodes in Hg, is constructed as follows:

E} :={(o,d,) € P x D :r € R}, connecting each request’s origin with its destination,
E% = {(vi,wj) € (PUDUD)x (PUDUP): hos haw; € H*C i # j,v; precedes wy,i,j €
R}, connecting all ascending stops to subsequent stops in the same direction,

E%, = {(vi,w;) € (PUDUD) x (PUDUP) : hy,, hyy, € HI* i & j v; precedes wj,i,j €
R}, connecting all descending stops to subsequent stops in the same direction,

E% :={(6r,0,) € P x P:r € R}, connecting the start-turn stop of each request with its
corresponding origin stop in the opposite direction,

E?, = {(d,, d,) € D x D :r € R}, connecting the destination stop of each request with
its corresponding end-turn stop in the opposite direction,

ES = {(vi,w;) € (PUDUD) x (PUDUP) : vj,w; € H* h,, = hy,,i # j,
(v € DAwj € P),ey, < ew,,ly, < luw,,i,j € R}, connecting ascending stops at the
same original physical bus stop if they are compatible regarding their time windows,
E}, = {(v;,w;) € (PUDUD) x (PUDUP) : vj,w; € HI h, = hy,, i # j,
—(vs € PANwj € D), ey, < ew,,ly, < lu,,i,j € R}, connecting descending stops at the
same original physical bus stop if they are compatible regarding their time windows,
E% := {(Jstart; Oena) }, connecting the starting depot to the ending depot to allow for
unused vehicles,

EY = {(dstart, 0r) € {0start } X P : 7 € R}U{(Sstarts 0r) € {Ostart} X P : 7 € R}, connecting
the start depot to all pick-up locations and their start-turn stops,

EY :={(dy,0ena) € D X {0ena} : 7 € RY U {(dy,end) € D X {ena} : 7 € R}, connecting
all drop-off locations and their end-turn stops to the end depot.
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Here, we write v precedes w to denote that the bus stations corresponding to v precedes that
corresponding to w with respect to the corresponding line direction. We use Fiypy 1= E%UE%
to denote all the edges on which the vehicles turn. Each edge is only added once, even if it
appears in multiple sets. The travel time of the edges is given by the original network, where
a turn takes tiy and travel between two pick-ups or drop-offs at the same physical stop is
instantaneous.

In our model, the binary variable a:k denotes if a vehicle k travels on defined arcs
(i,7) € ER. Variables zj, denote if vehicle k: is used in the solution.

We define that the vehicle loads ¢s.,,.. := ¢5.,.c =0, ¢; :=1for all i € P and ¢; := —1
ceare = 05, = 0 and b; = 0 for all
i€ PUD. Let Q; denote the passenger load of a vehicle departing a stop i and let the
continuous variable B; denote the start of service time at stop i. Note that these do not

for all 1 € D. Additionally, we set the service times by

end

require an index for the vehicle k as each node can be visited by at most one vehicle and the
vehicles are homogeneous with a maximum capacity Qmax, as has been discussed in [7]. We
require that ngstm = Q’gend =0 for all k£ € K, thus removing these variables from the model.
To strengthen the model, we introduce a symmetry breaking constraint which enforces
that vehicles of lower index are used first. Then, the full Location-Based model is given by:

TSTP3) SUTUETINES 3D ol TN R ol Dl 927

keK icP k€K je€Hg: i€Hp keK je€Hg: icP
(4,J)€EER (i,j)€ER
st Y > af;<1 VieP (2a)
keK je€HR:
(4,5)€EER
Z ‘Tfj - Z xfn+i7j =0 Vie Pke K (2b)
JEHR: JjEHR:
(i,j)€ER (m+i,j)€ER
Y. s =1 VkEK (20)
jePUP
> oafs =1 VkekK (2d)
i€eDUD
Z x?,z‘_ Z fvﬁj=0 Vie Ng, ke K (2¢)
JEHR: JEHR:
(4, 1)EER (4,5)EER
1 B Z Z ‘TZ J = M3 $5<mrm5end v k € K (2f)
JENR i€ENR:
(i,J)€ER
B > (B(Ssta” + béstaxt + t55taxt7j) . J’Jgsta”,j v J E P U P U {5end}’ kj e K (2g)
By > (Bi+bi+tis,.) als., Vi€ DUDU {6}, k€K (2h)
B> (B;+b+t;)- qu Vi,j€ Ngr:(i,j) € Ep (2i)
keK
B, >e; + Z (max{O,ej —ei+bj+1t;,}- Z xfl> Vi€ Ngp (2j)
JEHR\{i} k€K

B; <l; — Z (maX{O,li —lj+bi+ti,j}' inz) Vi€ Ngr (21{)

jeHR\{i} kEK
L;=Bitp — (Bz + bl) VieP (21)
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The Line-Based Dial-a-Ride Problem

tiivm < Li S a-tiipm VieP (2m)
Qi>q-a5,.,; VjiePUPkeK (2n)
Q> (Qi+q)- Y =f; VijeNg:(i,j) € Er (20)
keK
0>Q;-af;., VieDUDkeK (2p)
Qi S Qmax : (1 - Z xij) V (Zaj) € Eturn (2q)
keK
Qi > 7Qmax : (]- - Z xi,j) v (Zaj) € Eturn (21‘)
keK
Qi S Qmax : Z Z xf,j v 1 S HR (25)
keK jeHR:
(1,7)€EER
B> > af Vke K (2t)
|HR\ y
7,7 EER
2k > Zpal Vke K (2u)

Constraints (2a) and (2b) ensure each passenger is picked up at most once and is dropped-
off by the same vehicle. Vehicles must start (2c) at Ogtart and end at deng (2d) depots,
maintaining flow conservation across all arcs (2¢). Only unused vehicles may use the arc
(Ostart, Oend ); as denoted by (2f), where we use a big-M constraint with M3 := |Eg|. The
service start times for leaving and entering the depot, as well as consistency across arcs,
is handled by (2g)—(2i). Constraints (2j) and (2k) ensure time consistency regarding the
requests time windows. The maximum ride time of each request is defined and bounded by
constraints (21) and (2m). Load constraints (2n)—(2s) ensure vehicles respect capacity limits
at each bus stop as well as on turning arcs. Constraint (2t) counts the number of required
vehicles. Finally, we use the symmetry breaking constraint (2u) to improve computational
times.
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—— Abstract

Fare planning in public transport is important from the view of passengers as well as of operators.
In this paper, we propose a bi-objective model that maximizes the revenue as well as the number
of attracted passengers. The potential demand per origin-destination pair is divided into demand
groups that have their own willingness how much to pay for using public transport, i.e., a demand
group is only attracted as public transport passengers if the fare does not exceed their willingness to
pay. We study the bi-objective problem for flat and distance tariffs and develop specialized algorithms
to compute the Pareto front in quasilinear or cubic time, respectively. Through computational
experiments on structured data sets we evaluate the running time of the developed algorithms in
practice and analyze the number of non-dominated points and their respective efficient solutions.
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1 Introduction

Fare structures in public transport are an important design element that involves the interests
of both (potential) passengers and operators alike. For passengers, fares are one among
several criteria for mode and route choice. The affordability and the perceived fairness
of fares significantly influence people’s decisions to opt for public transport over other
modes of transport, for example, their own car. When the fares exceed a certain price limit
(willingness to pay), it is reasonable to assume a deterrent effect leading to a reduction in the
attractiveness of public transport and, therefore, ridership. Conversely, for operators, fares
directly impact the revenue. An increase of prices, for example, increases the income per
sold ticket but might decrease the ridership and therefore the total number of sold tickets.

In this paper, we investigate the trade-off between revenue and number of passengers
for different fare strategies. For each origin-destination (OD) pair, we consider multiple
demand groups that differ in their willingness to pay. If the fare for an OD pair exceeds
the willingness to pay of a demand group, this group does not use public transport. These
demand groups could, for example, be captive and choice passengers, where the willingness
to pay is dependent on whether an alternative mode like a car is available or not. Another
categorization of demand groups could be based on age and income. We introduce a bi-
objective model that optimizes fare structures to determine the Pareto front of revenue and
number of passengers.
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A wide range of fare structures is implemented worldwide. In this paper, we introduce
the revenue-passenger model for fare structures in general and then focus on flat and distance
tariffs. In a flat tariff, all tickets have the same price. While this is very easy to understand,
it also encourages using public transport for longer journeys. For shorter journeys a flat tariff
might be perceived as unfair because passengers with a short journey pay the same price as
passengers with a long journey. The opposite can be realized with a distance tariff, which
accounts for the traveled distance. Here, the distance may either be the beeline distance
between the start and the end station of the journey or the network distance of the respective
path of the journey. In this paper, we consider affine distance tariffs, which are composed
of a base amount and an additional price per kilometer. While it is easy to communicate,
passengers need to know the exact distance of their journey to determine the fare. Slight
deviations of the path may directly lead to a change in the fare. Other differential fare
structures depend on a duration, time or quality component of the journey [12, 22, 9], but
are not considered here.

Related Literature. In public transport, requirements and needs of several actors such as
the passengers and the operators are involved, leading to multi-objective models [5]. However,
multi-objective models are scarcely considered in fare planning, and the literature on fare
planning so far focuses on single-objective models. The objective often is the minimization
of the deviation from reference prices [15, 16, 1] or the maximization of either revenue or
demand [10, 3, 26, 19, 17]. Moreover, studies analyze the impact of different fare structures
such as flat, distance and zone tariffs on the route choice and travel time [18] and the revenue
and number of passengers [13, 6]. We expand the literature by a bi-objective model with
respect to revenue and number of passengers.

Contribution. First, we formulate a general model that can be applied for any fare strategy.
Due to the characteristic of one of the objectives, the complete Pareto front can be determined
with the e-constraint method. Second, we study the specific problem for flat and distance
tariffs. In both cases, we identify a finite candidate set, based on which we develop algorithms
that compute the Pareto front in quasilinear or cubic time, respectively.

We also perform computational experiments on structured data sets and analyze the
number of non-dominated points and their respective efficient solutions. The experiments
emphasize the advantage in running time of the specialized algorithm for distance tariffs
compared to the mixed-integer programming formulation derived from the general model.

2 Problem Formulation

Let a public transport network (PTN) (V, E) be given. The node set V represents a set of
stops or stations and the edge set F represents the direct connections between them. For
simplicity, we assume the PTN to be an undirected graph which is simple and connected.
The PTN can be used to model railway, tram, or bus networks. In the following, we call the
nodes of the PTN stations, also if bus networks with stops are under consideration.

By D C {(v1,v2) : v1,v2 € V,u; # va} we denote the set of origin-destination (OD)
pairs. The potential passengers of an OD pair can be distinguished by their willingness to
pay. This could for example reflect the degree of dependence on public transport or the
income. For each OD pair d € D, we denote by G4 € N>; the number of demand groups, by
t% € N>1 the number of people belonging to group g € {1,...,G4} with a willingness to pay
of w¥ € Rsg. In this model, a demand group uses public transport whenever the ticket price
does not exceed its willingness to pay. Without loss of generality, we assume that w > 0

and w # wgl for all g, ¢’ € {1,...,Gq4}, g # ¢' and all OD pairs d € D.
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To simplify notation, we introduce the shorthand notation [G] := {1,...,G} for G € N>1.

» Definition 1 (Fare structure [25]). Let a PTN be given, and let W be the set of all paths in
the PTN. A fare structure is a function m: W — R that assigns a price to every path in
the PTN.

Usually, a fare strategy (e.g., a flat, distance or zone tariff) is desired instead of just
determining a price for each OD pair. Such a desired fare strategy can be modeled by
additional requirements, that can be formulated as constraints.

The objective is to maximize the revenue and the number of passengers simultaneously.
While the revenue is the key objective of the operator, the number of passengers serves as
an indicator of the success of the transition towards sustainable transport modes. This is
particularly significant when public transport is used instead of private motorized transport
modes such that the environmental impact of traveling is reduced.

Given a fare structure m, we denote the according price for OD pair d € D by 74. The
number of attracted passengers for OD pair d € D given m, is then determined as

pass(d | mq) := Z t9.

. g
g€[Gal: ma<w]

The total number of passengers with respect to fare structure = is

pass(m) := Z pass(d | mq)

deD

and the total revenue is

rev(m) := Z pass(d | wq) - 7q-

deD

With this, we can now define the revenue-passenger model formally.

» Definition 2 (The revenue-passenger model). Given are
a PTN (V,E) as an undirected graph,
a set of OD pairs D C {(v1,v2) : v1,v2 € V,v1 #wva}, D #0,
the numbers of demand groups Gq € N>1 for each OD pair d € D,
the willingness to pay w’ € Rxo and the potential demand t) € N>y for each demand
group g € [G4] and each OD pair d € D.
The aim is to determine fare structures w that mazimize the revenue rev(m) and the number of
passengers pass(m), where a desired fare strateqy might be required. The bi-objective problem
hence is:

max rev(m)

max pass(7)

s.t. m is of a desired fare strategy
g >0 forallde D.

Each feasible fare structure 7 induces a two-dimensional vector of objective function
values, i.e., we have a bi-objective problem. For multi-objective optimization, we refer to,
e.g., [11]. As usual in multi-objective optimization, we are interested in finding the Pareto
front and corresponding efficient solutions. Generally speaking, we aim to find those feasible
fare structures that do not allow to improve one objective function without decreasing the
other.

ATMOS 2024



15:4

A Bi-Objective Optimization Model for Fare Structure Design in Public Transport

» Definition 3 (Efficient solution, non-dominated point and Pareto front, e.g., [11]). Let an
instance of the revenue-passenger model be given. A feasible solution w is called efficient and
its objective value (rev(mw), pass(m)) is called non-dominated if there does not exist another
feasible solution 7' with objective value (rev(w’), pass(n’)) such that rev(n’) > rev(w) and
pass(n’) > pass(w) and at least one inequality holding strictly. The set of all non-dominated
points is also called the Pareto front.

Because the numbers of passengers ¢ for all d € D, g € {1,..., G4} are given as natural
numbers, the objective function pass always attains integral values. Hence, the whole Pareto
front can be computed systematically by applying the well-known e-constraint method [11, 4].
This is done by restricting the number of passengers pass in the constraints while the revenue
rev remains as the objective function. In this case, by increasing € with a step width of 1,
we do not miss any non-dominated point. Further, given a set of tuples of revenue and
number of passengers, it is simple to filter for the non-dominated points: The points are
first sorted in decreasing order by the number of passengers and as a second criterion by
decreasing revenue. We then iterate over this sorted list and add a point to the Pareto front
whenever the revenue is strictly higher than the highest value so far. This ensures that
while the numbers of passengers is decreasing, the revenue is increasing, and we only keep
non-dominated points.

3 Flat Tariffs

Flat tariffs are common in city centers and assign the same price to all paths. We start with
a formal definition:

» Definition 4 (Flat tariff, [25]). Let a PTN be given, and let W be the set of all paths in
the PTN. A fare structure 7 is a flat tariff w.r.t. a fized price f € R>q if 1(W) = f for all
WeWw.

Let Syin := {w) : d € D,g € [Gq]} be the set of all willingness to pay values with
max Sy the largest of these values and let

Si=q (w,t): w € Sy, t = Z Z tg

deD ge[G4l: wi=w

be the set of all tuples of willingness to pay and the respective demand with exactly this
willingness to pay. Let (w1,t1),...,(wg|,tg) be a sorting of S such that w; < ... <wg.
In particular, we have |S| < >, Ga, with equality if and only if the willingness to pay is
different for every demand group.

For a flat tariff = with fixed price f € R, the objective functions simplify to

rev(m) = f - Z t and pass(m) = Z t.
(w,t)€eS: (w,t)€S:
f<w f<w
Because a flat tariff 7 is uniquely determined by f, we write rev(f) and pass(f) instead
of rev(m) and pass(r).
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» Definition 5 (F-RPM). Given the input data as in Definition 2, the bi-objective revenue-
passenger model for a flat tariff (F-RPM) is the following:

max rev(f) = f- Z t

(w,t)eS:
f<w

max pass(f) = Z t
(w,t)eS:
f<w

s.t. f S Rzo.
We now derive a finite candidate set for F-RPM.
» Lemma 6. For all efficient solutions f to F-RPM, it holds that f € Syi-

Proof. Let f be an efficient solution, and assume that f ¢ Swin. First, we have that
f < max Sy because for f > max Sy the objective function values are (0,0), which is not
efficient since for f := max Sy = wjg| the objective function values are (rev(f),pass(f)) =
(t|s) - w)s|, tys)), which dominates (0,0). Hence, f" := min{w € Sy : f < w} is well-defined
and f’ is the next higher price compared to f that is contained in Syy;. Then f < f’ and
{(w,t) € S: f <w}={(w,t) €S :f < w} by definition of f’ and because f ¢ Syi.

This yields pass([) = pass(f’) and rev(f) = f - pass(f) < f’ - pass(f) = rev(f’), which is a
contradiction to f being efficient. |

Lemma 6 allows Algorithm 1 to compute the Pareto front in O(|S] - log(|S])). Note that
|S | < ZdeD Ga.

Algorithm 1 Solution method for F-RPM.

Input :Set S (as defined above) of F-RPM
Output: Set I' of all non-dominated points
1 Sort S such that wy <... < wg.
]
Initialize pass <— ). tg; Tev < wy - pass; I < {(fev,pass)}; rev* « rev.
s=1
for s=2,...,]5| do
Update pass < pass — ts_1.
Update rev < w; - pass.
if rev > rev* then
L Update T' + IT" U {(rev, pass) }.

Update rev* < rev.

N

w N O oA ®

return I’

©

» Theorem 7. Algorithm 1 solves F-RPM in O(|S| - log(]S]))-

Proof. By Lemma 6 it suffices to consider the willingness to pay ws € Sy as fixed prices of
the flat tariff. Because w; is the unique optimum with respect to the objective function pass,
(rev(wq), pass(wy)) is a non-dominated point and is added to I' in line 2. In rev* we store
the maximum revenue that has occurred so far. Increasing the fixed price from ws_1 to ws
reduces the number of passengers by those that have a willingness to pay of ws_1, which are
ts—1 many. Hence, after the updates in lines 4 and 5, fév and pass are the revenue and the
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number of passengers for a flat tariff with fixed price ws. Because the number of passengers
is strictly decreased in every iteration, the tuple (vév,pass) is non-dominated whenever the
revenue rev is larger than any previous revenue, i.e., if ¥fév > rev*. Therefore, in this case,
the tuple is added to I' and the maximum revenue rev* is updated.

Sorting S can be done in O(|S] - log(]S|)) (see, e.g., [7]). The initialization of pass in
line 2 is executed in O(|S]), whereas all other initializations and updates are in O(1). Hence,
the for-loop takes O(]S|) in total. Overall, we obtain a running time of O(|S|-log(|S])). <=

4 Distance Tariffs

In a distance tariff, the fare is related to a distance {(W) associated with the path W € W.
Usually this is the beeline (Euclidean) distance between the start and the end station of
the path or the network distance, i.e., the length of the path W in the PTN. We consider
affine distance tariffs which means that the fares consist of a base amount and a price per
kilometer. We start with a formal definition.

» Definition 8 (Affine distance tariff, [25]). Let a PTN be given, and let W be the set of all
paths in the PTN. Let [: W — Rx>q be a distance function determining, e.g., the beeline or
network distance. A fare structure 7 is an affine distance tariff w.r.t. a base amount f € R>¢
and a price per kilometer p € Rxo if 1(W) = f+p - U(W) for all W € W.

For the optimization of affine distance tariffs, we consider that each OD pair d € D travels
along a fixed path Wy € W. Hence, each OD pair is associated with a distance g := [(W,)
based on the distance function I.

» Definition 9 (D-RPM). Given the input data as in Definition 2 and a distance lq € R>g
associated with OD pair d for all d € D, the bi-objective revenue-passenger model for a
distance tariff (D-RPM) is the following:

max  rev(m)

max  pass(m)

st. mg=f+p-lg foraldeD
fip € Rxp.

Also here, we write rev(f, p) and pass(f,p) instead of rev(r) and pass(r) because an affine
distance tariff is uniquely determined by f and p.

For the e-constraint method, the following mixed-integer linear programming (MILP)
formulation may be used:

}: }: g..9
max ty - Ty

g
fopmg,zg

deD ge[Gql
s.t. <y >t
deD ge[Ga]

fH+p-la<wi+M-(1—-29) forallde D,ge[Gq (1)
T < f+p-la forall d € D, g € [Gq] (2)
) < M-z for alld € D, g € [G4] (3)

f,p, 75 € Rxg for all d € D, g € [Gy4)

2% €{0,1} for alld € D, g € [Gq).
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The variables f and p determine the base amount and the price per kilometer of the distance
tariff. The binary variable z9 is 1 if and only if demand group g of OD pair d uses public
transport. Finally, the variable 79 stores the price that is actually paid by the demand
group g of OD pair d. Constraints (1) ensure that z9 is set correctly, meaning that it is
only 1 if the price according to the distance tariff does not exceed the willingness to pay.
Constraints (2) limit the price of a demand group to the price of the distance tariff and
constraints (3) set the price paid by a demand group to 0 if it does not use public transport.
Together constraints (2) and (3) set the price paid by a demand group to either 0 or the
distance tariff price.

Before we show that M can be chosen based on natural bounds on f and p, we introduce
some notation. Let

Sdem(fvp) = {(dvg) rd € Dag € [Gd]7wg > f+pld}

be the set of demand groups that are attracted in case of a distance tariff with base amount f
and price per kilometer p, i.e., pass(f,p) = -4 ) sum(f.) t9. For every efficient solution
(f;p), it holds that Sqem (f,p) # 0 because otherwise the objective function value is (0,0) and
is, analogously to the proof of Lemma 6, dominated by a solution f’ := wg for some d € D,
g € [G4] and p' := 0, which attracts at least one demand group. Therefore, we can restrict

[ < e i=max{w):d e D,g e [G4)} and p < p™>* := max{%z' :de D,ge [Gd}}. Let
[max = max{ly : d € D}. Setting M := fmax 4 pmax . [max we have for all d € D, g € [G4)
that

(2)

i.e., M is sufficiently large for constraints (1) and (3).

This MILP has O(} ;. Ga) many variables and constraints and, as we will see later in
the experiments, is hard to solve. We hence develop a polynomial-time method that exploits
the specific problem structure.

» Lemma 10. For every efficient solution (f,p), at least one willingness to pay is met exactly,
i.e., there is at least one willingness to pay wf for some OD pair d € D and demand group
g € [Ga] such that w) = f+p-lq.

Proof. Let ( 1, p) be an efficient solution. Assume that no willingness to pay is met exactly.
Then there must be a willingness to pay wf for some d € D, g € [G4] such that w > f+p-la.
Otherwise Sgem (f,p) = 0, which is not possible for an efficient solution. Hence, we can set

§:=min{w) — f—p-lg>0:de D,g € [Gq]}. Increasing f to f/:= f + 0, we have
{(dag):d€D7g€ [Gd]af+ﬁld§wg} :{(d7g):d€DagE [Gd]af,"i'ﬁ'ld Swg}

and hence pass(f, ) zipass(f',ﬁ) and rev(f,p) < rev(f,p) + 6 - pass(f,p) = rev(f’, p) which
is a contradiction to (f,p) being an efficient solution. <

Lemma 10 shows that we can interpret our problem as least absolute deviation (LAD)
regression problem (see, e.g., [2, 23, 8, 24]): Given a set of points with weights, find a line
that minimizes the sum of vertical distances to the given points. In our case, the existing
points are (I4,wf) with weights tJ for every OD pair d € D and every demand group g € [Gg].
We want to fit these points by a line with intercept f and slope p, i.e., x — f + p-z. For the
evaluation of the fit we distinguish two cases:

15:7
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price

distance

lg

Figure 1 Example of three OD pairs with distances 1, 4 and 6 and with three groups each. They
are marked based on their distance and willingness to pay. Line ¢1 (black, solid) meets exactly one

willingness to pay exactly. The point (Iz, wg) is the fixed point. The line can be rotated clockwise

to line @2 (blue, dashed), or it can be rotated counterclockwise to line 3 (red, dotted). For ¢ the
willingness to pay of two groups is met exactly. The black groups are always attracted, the gray
are attracted in none of the scenarios, and the gray-red group is only attracted in case of @3 (red,
dotted). Vertical lines show the price difference for each OD pair in the different scenarios.

If (g, wf) is on or above the line, we add t9 to pass(f,p). For rev(f,p), we could have
achieved the full amount of the willingness to pay wf, but we realize only the point on
the line, i.e., f 4+ p-lq. The vertical distance w — (f + p - lq) between the point (I, w?)
and the line is what we lose and hence what we want to minimize.
If (14, wY) is below the line, the OD pair is lost and hence does not contribute to any of
the two objective functions.
Lemma 10 then says that any optimal line passes through at least one of the points. For
unrestricted LAD lines it is furthermore known that there always exists an optimal line that
passes through two of the points. In our case, the parameters of the line are restricted to be
positive, i.e., f > 0 and p > 0. Taking this restriction into account leads to the statement of
Theorem 11.

» Theorem 11. For every non-dominated point, there is an efficient solution (f,p) such that
one of the following holds: The willingness to pay of
two groups is met exactly, i.e., there are d; € D, g; € [Gq,] for i € {1,2} with di # do
and w§ = f+p-la,,
one group is met exactly and p =0, i.e., there is some d € D, g € [Gq4] with w) = f,
one group is met exactly and f =0, i.e., there is some d € D, g € [Gq] with w) =p- 4.

Proof. Let (f1,p1) be an efficient solution, in particular f1,p1 € R>¢. By Lemma 10, there
is at least one willingness to pay that is met exactly. We consider the case that only exactly
one willingness to pay w := wg for some d € D, g € [G4] is met exactly and that neither
p1 = 0 nor f; = 0. We fix (w,l;) and rotate the line f; + p1 - = in the following ways as
illustrated in Figure 1:

We choose (fa2,p2) as the optimal solution to

min p
fp

s.t. @Zf-i-p'lg
Sdem(flapl) - Sdem(fap)
prz2p=0
f>0.
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Hence, (f2,po) still meets w for OD pair d. The line fo + py - 2 is less steep than f; + py -z,
with a non-negative slope for which all demand groups that are attracted by (f1,p1) are also
attracted by (f2,p2).

Analogously, we choose (f3,p3) as the optimal solution to

a.
e
st. w=f+p-l
Sdem(flapl) g Sdem(fap)
pZ=p
f>0.

Note that (f2,p2) and (f3,ps3) are of the form as in the claim. Because of the assumption
that only one willingness to pay is met exactly and p; > 0 and f; > 0, we have that
p2 < p1 < psand f3 < fi < fo. For i € {1,2,3}, we define ;: R>g = R>q, o+ f; +p; - <.

By construction, we ensure that the numbers of attracted passengers are not decreased
when changing from (f1,p1) to (f2,p2) or to (f3,ps3). We show that for at least one of these
options also the revenue does not decrease. Note that the revenue related to OD pairs with
distance [; does not change because the price is kept fixed. Hence, we divide the attracted
demand groups based on their respective distances /4 compared to [ as follows:

Sdem,r = {(d,9) € Saem(f1,p1) 1 la <13} and Sdem,r = {(d,;9) € Saem(f1,p1) : la > I3}

For all d € D, we set 04 := |l —Iq]. From that, we obtain that Iy = [;—d4 for (d, g) € Sdem,L
and lg = ;4 04 for (d,g) € Sdem,r, which yields for all ¢ € {1,2,3} and all d € D that

willa) = fi +pi- (lgF a) = fi +pi - lgF pi- 0a = @i(lg) F pi - da-
Then for the difference in revenues, we have

rev(fa,p2) —rev(fi,p1) > Y t5(pallg) —p2ba) + D, 5 (pally) +pada)

(dxg)esdcm,L (dvg)esdcm,R
- Y el - — Y th(ei(l) +prda)
(d,9)€Sdem,L (d,9)ESdem, R

= Z t5-0a- (p1 — p2) + Z ty - 0a- (P2 —p1)

(dvg)esdem,L (dvg)esdem‘R
= (p1 — p2) Z tg 04— Z tg - 0d

>0 (d,9)E€ESdem, L (d,9)€Sdem, R
=A

and analogously

ev(faups) —rev(fip) > S (psll) —psda) £ S 4 (ps(la) + pada)

(dvg)esdem,L (d7g)esdem,R
- Z tg (p1(lg) — p1da) — Z t5 (e1(lg) + p1da)
(d,9)€Sdem, L (d,9)€Sdem,r

= > t9ba-(i—ps)t+ D, 50 (ps—p)

(d,9)€Sdem, L (d,9)€Sdem,r
= (ps —p1) S tda— Y 194

>0 (dvg)esdem,R (dvg)esdem.L
=ZA
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Because A > 0 or —A > 0, at least one difference is non-negative. If the absolute revenue
difference |A| is strictly larger than zero, then (f1,p1) is dominated by the respective other
distance tariff, which is a contradiction. If it is equal to zero, but the number of passengers
has increased, then (f1,p;1) is again dominated, which is a contradiction. And if it is equal
to zero and the number of passengers is the same, then all solutions belong to the same
non-dominated point and we can choose the one that satisfies one of the claimed criteria.
Hence, for every non-dominated point, there is an efficient solution satisfying one of the
criteria in the claim. <

» Corollary 12. The problem is tractable, i.e., the number of non-dominated points is
polynomial in the input, namely in O((3 e p Ga)?)-

Proof. The claim follows from Theorem 11 because there are at most ), ., Gq non-
dominated points for efficient solutions (f,p) with f =0 or p =0, and at most (3, , Ga)?
non-dominated points that meet the willingness to pay of two demand groups exactly. <«

Algorithm 2 Solution method for D-RPM.

Input :Instance of D-RPM

Output: Set I' of all non-dominated points
1 Initialize T'; < 0; Ty < 0; T's + 0.

// Determine points with a solution with p=0.
2 Apply Algorithm 1 and let I'; be its result.

// Determine points with a solution with f=0.

3 Set f «+ 0.

a4 forde D do

5 for g € [G4] do

6 Set p + %g

7 Update 'y «— T's U {(rev(f,p), pass(f,p))}.

// Determine points with a solution that meets the willingness to pay

of two groups exactly.

8 for d,d’ € D with l; <y do

9 for g € [G4], ¢’ € [Ga] do

10 Set p < 1‘;317:‘1

11 Set f <« wf—p-lq.

12 if f>0and p> 0 then

13 L Update I's « I's U {(rev(f,p), pass(f,p))}.

// Filter for non-dominated points.
14 Filter I'y UT'y UT'3 for non-dominated solution as described in Section 2. Let I' be the
filtered result.
15 return I’

» Theorem 13. Algorithm 2 computes the set of all non-dominated points of D-RPM in

O((Xaep Ga)*)-
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Proof. Theorem 11 gives a characterization of efficient solutions from which all non-dominated
solutions can be determined. In line 2 of Algorithm 2, a superset of all non-dominated
solutions with an efficient solution (f,p) with p = 0 is determined, in lines 3 to 7 a superset
of all those with f = 0 and in lines 8 to 13 of all those that meet the willingness to pay
of at least two groups exactly are computed. Combinations of demand groups with the
same distance are omitted because this would yield an infeasible vertical line. Therefore,
'y UT'y U T3 contains all non-dominated points. In line 14, all dominated solutions are
removed and, hence, I' is the set of all non-dominated points.

The computations in lines 2 to 7 are in O((3_,cp Ga)?). In lines 8 to 13, we iterate
over the combinations of two demand groups and again iterate over the demand groups
for determining the revenue and the number of passengers in line 13. This is done in
O((Xyep Ga)?). Filtering 'y UT, U 'y for non-dominated solutions in line 14 is done in
O((Xgep Ga)? -10g(>" 4 p Ga))- Hence, in total, the algorithm is in O((Y ,cp Ga)®). <

» Remark 14. Note that the running time is significantly influenced by the number of OD
pairs with the same distance because the for-loop in line 8 of Algorithm 2 is only performed
for OD pairs d’ with a larger distance than that of OD pair d, but in particular not for those
with the same distance. Hence, the loops over the demand groups and the computation of
the objective function value are omitted for OD pair combinations with the same distance.

5 Computational Experiments

The revenue-passenger model introduced in this paper is tested on artificial instances based

on the data sets grid and mandl from the open source software library LinTim [20, 21].

The PTNs provided for each of the data sets can be used to compute network and beeline
distances between any pair of stations. The distributions of the demand with respect to the
network and beeline distances is shown in Figure 2. Data set mandl consists of 172 OD pairs
that have 72 different network distances and 84 beeline distances. While data set grid even
has 567 OD pairs, these belong only to 8 network distances and 14 beeline distances. An
overview of the parameters for generating the artificial instances is given in Table 1: The
demand data provided in LinTim is split into G € {1, 3,5} demand groups to create the
input demand data of the revenue-passenger model in four different ways (EQUAL, RANDOM,
INCREASING, DECREASING). The willingness to pay for each group is generated using a flat
tariff (w-FLAT) or an affine distance tariff where the distance is derived from the network
(w-NETWORK) or the Euclidean distance (w-BEELINE). The parameters f and p are chosen
from three options for affine distance tariffs and one option for flat tariffs. In total, this
yields 252 instances per data set. The instances are solved for the revenue-passenger models

F-RPM and D-RPM, determining FLAT, NETWORK distance and BEELINE distance tariffs.

The solution methods are implemented in Python and the experiments are run on a machine
with an Intel(R) Core(TM) i5-1335U and 32 GB of RAM.

Running Time. The running times of Algorithm 1 and Algorithm 2 are depicted in Figure 3.
According to Theorem 7 and Theorem 13 the running time of Algorithm 1 is quasilinear in
the total number of demand groups while the running time of Algorithm 2 is cubic. This
can be observed in the running times: F-RPM can be solved in 0.08 seconds for all grid
instances and in 0.14 seconds for all mandl instances, while the running time of D-RPM
increases to up to 13 seconds for grid and to 46 seconds for mandl, respectively.
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(a) Demand data for data set grid. (b) Demand data for data set mandl.

Figure 2 Demand data with respect to the different PTNs. The size of a point reflects on the
demand. Above and on the right hand side of the plots, the demand with the same network or
beeline distance, respectively, is aggregated.

Table 1 Parameters for generating artificial instances.

Explanation

Parameter Value
demand
G €{1,3,5}
groups
EQUAL
demand RANDOM
split INCREASING
DECREASING
- w-FLAT
willingness
wW-NETWORK
to pay
w-BEELINE
. A
tariff
arameter
P C

number of groups G4 = G for all OD pairs d € D

vd € D,Yg € [G] : t9 = [t—d]

[ &
Vvd € D,Vg € [G] : t5 € {1,...,tq} random with Zle t9 =tq
Vd € D,Vg € [G—1]: tZZ %—‘ andtdczbéqu
Vd e D,Vg € [G—1]:t)=|5o1d=| and tj = | 3547 |

tariff used to generate willingness to pay

Vg € [G]: fg =g,pg = 0.2
Vg € [G]: fg = g,pg = 0.6 —0.1g
Vg€ [G]: fg=1,py =0.1g

Figure 2 shows that the input data of grid is very structured and that only a few different

distances occur, especially for the network distance. As suggested in Remark 14, this reflects

on the running times, which is smaller for grid than for mandl, even though grid has roughly
three times as many OD pairs as mandl.

These running times are orders of magnitude smaller compared to the running times of
the MILP-based approach using Gurobi 10.01 [14] for solving the MILP of D-RPM. Figure 4
and Table 2 show that Algorithm 2 for D-RPM, that exploits the structure of distance
tariffs, is much faster than the MILP-based approach. For NETWORK D-RPM, in 68% of
the instances of grid with 5 demand groups, it was in some iteration not possible to even
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(a) Data set grid. (b) Data set mandl.

Figure 3 Running times in seconds for computing the complete Pareto fronts with Algorithm 1
for F-RPM and with Algorithm 2 for NETWORK and BEELINE D-RPM.
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B ALGO B MILP, solved optimally I MILP, not solved optimally O  MILP, no feasible solution within time limit

Figure 4 Running times in seconds of NETWORK D-RPM with Algorithm 2 (ALGO) and with
the MILP-based method (MILP) on data set grid with a logarithmic scale. Each marker represents
the running time for computing the Pareto front of a single instance. The time limit for solving
each MILP within the e-constraint method is set to 300 seconds. If a MILP could not be solved
to optimality within this time limit but a feasible solution was found, then we continue with this
feasible solution and label the instance as “MILP, not solved optimally”. If no feasible solution is
found, the procedure terminates and we label the instance as “MILP, no feasible solution within
time limit” and depict it with the maximum running time in this figure.

Table 2 Mean, minimum and maximum running times in seconds for solving NETWORK D-RPM
on the grid instances with Algorithm 2 (ALGO) and with the MILP-based method (MILP). Only
the instances that were solved optimally are considered.

running time ALGO running time MILP

groups mean min max mean min max
1 1.19 1.02 2.21 0.78 0.44 1.02
3 3.23 244 4.04 248.36 2.07 2086.07
5 6.95 5.11 12.37 30.53 10.15 67.35
all 3.79 1.02 12.37 103.81 0.44 2086.07
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determine a feasible solution within the time limit. With 3 demand groups this still happened
to 7% of the instances. In both cases, 11% terminated with a feasible, but not necessarily
optimal solution. Just in case of only 1 demand group, the MILP-based approach performs
slightly better than Algorithm 2 with a mean running time of 0.78 seconds compared to 1.19
seconds. Note that strengthening the formulation of the MILP could improve the running
time of the MILP-based approach.

Size of the Pareto Front. Figure 5 shows the number of points on the Pareto front for the
different options for the demand splits and for the generation of the willingness to pay. We
can observe two main effects:

First, a DECREASING demand split leads to a small size of the Pareto front. This is
because the price increase cannot compensate for loosing large demand groups with a low
willingness to pay. We see the reverse effect for INCREASING which leads to the most points
on the Pareto front because loosing only small demand groups with a low willingness to pay
is compensated in the revenue by the increased price.

B FLAT l NETWORK Il BEELINE

DECREASING RANDOM EQUAL INCREASING
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Figure 5 Size of the Pareto front dependent on the demand split and the tariff used to generate
the willingness to pay.
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Second, if the fare strategy of the input tariff (for generating the willingness to pay) and
the output tariff coincide, the size of the Pareto front is smaller. In this case, an output tariff
might be chosen exactly as the willingness to pay of one demand group level, which is in
general not possible if they differ.

Structure of the Pareto Front, Efficient Tariffs and Input Data. Figure 6 to Figure 9
show the Pareto fronts in (a) and corresponding efficient solutions in (b) and (c) for selected
parameter settings for the mandl instances. Additionally, (b) and (¢) show the demand as
points (Iq, w9) weighted with the number of potential passengers ¢. The figures for grid can
be found in Appendix A. In these cases, we can see well that coinciding input and output
tariffs lead to a small sized Pareto front that even dominates many of the points of the other
tariff types. For w-BEELINE, the Pareto front of BEELINE D-RPM dominates the Pareto front
of NETWORK D-RPM, and vice versa for w-NETWORK. Particularly in Figure 6, it is visible
that the distinct points on the Pareto front belong to solutions that are a FLAT tariff. Only
in this setting with the willingness to pay being generated by w-FLAT, we obtain a Pareto
front for F-RPM that is not dominated by both, the Pareto fronts of BEELINE and NETWORK
D-RPM. This is however not surprising because a flat tariff is a special case of a distance
tariff.

Moreover, in many cases, the efficient tariffs are located on the lower levels of the demand
groups, meaning that it is not beneficial to increase the price to the highest willingness to pay.
For example, Figure 6 constitutes an exception, where it is an efficient solution to choose a
flat tariff with a fixed price equal to the second highest willingness to pay. However, we also
see here that the highest willingness to pay does not lead to an efficient solution.

»
40000 1 *
g @
g £
£ 30000 - D Y g
g
20000 \
»
12000 13000 14000 15000 0 10 20 00 25 50 75 100
number of passengers network distance beeline distance
¥ NETWORK A BEELINE <+ FLAT = NETWORK  ***** FLAT == BEELINE  =="** FLAT
(a) Pareto fronts. (b) NETWORK and FLAT tariff.  (c) BEELINE and FLAT tariff.

Figure 6 Instance of mandl with 5 demand groups and parameters INCREASING /w-FLAT/A.
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Figure 7 Instance of mandl with 5 demand groups and parameters RANDOM/w-NETWORK/A.
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Figure 8 Instance of mandl with 5 demand groups and parameters DECREASING /w-BEELINE/B.
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Figure 9 Instance of mandl with 5 demand groups and parameters EQUAL/w-BEELINE/C.

6 Discussion and Outlook

In this paper, we have introduced a bi-objective model for fare planning maximizing the
revenue and the number of passengers with different demand groups per OD pair. Specialized
algorithms for flat and distance tariffs showed a significant reduction in running time in
computational experiments on artificial data sets from the software library LinTim.

Another common fare strategy are zones tariffs. For counting zone tariffs, for which the
price depends on the number of traversed zones, the MILP-based method can be performed
by applying the MILP proposed by [19] and adding the constraint restricting the number of
passengers. However, because this MILP has a high running time in practice, it cannot be
expected to compute the whole Pareto front, even for small instances. Future work could
encompass the design of a specialized algorithm for zone tariffs.

Computational experiments show that it is worth to look into the revenue-passenger
model for the specific fare strategies. Exploiting the structure of tariffs, leads to methods
that allow for the computation of the complete Pareto front. This yields a wide range
of information for public transport operators to choose a tariff that serves their financial
requirements as well as promotes public transport with the aim to attract and increase the
demand.
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Pareto Fronts and Efficient Solutions for Selected grid Instances

Figure 10 to Figure 13 show the Pareto fronts in (a) and corresponding efficient solutions
in (b) and (c) for selected parameter settings for the grid instances. Additionally, (b) and (c)
show the demand as points (I, wf) weighted with the number of potential passengers t9.
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—— Abstract

Simulation of urban rail networks provides useful information to optimize traffic management
strategies w.r.t. goals such as satisfaction of passenger demands, adherence to schedules or energy
saving. Many network models are too precise for the analysis needs, and do not exploit concurrency.
This results in an explosion in the size of models, and long simulation times. This paper presents
an extension of Petri nets that handles trajectories of trains, passenger flows, and scenarios for
passenger arrivals. We then define a fast event-based simulation scheme. We test our model on a
real case study, the Metro of Montreal, and show that full days of train operations with passengers
can be simulated in a few seconds, allowing analysis of quantitative properties.
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1 Introduction

Development of urban transport networks such as metros is a key issue in the development
of cities. Beyond infrastructure, efficient traffic management algorithms are needed to
plan operations in the network, and take the most appropriate decisions to optimize its
performance. Traffic management can be seen as a combination of planning (one needs a
priori schedules to provide a transport offer to clients, and plan composition of train fleets
in metro lines), control (to take decisions online to handle delays caused by incidents, and
avoid their propagation), and optimization of key performance indicators (KPIs).

Several quality criteria are usually addressed at the same time. An obvious one is
passengers satisfaction, which is highly correlated with waiting times in stations. This means
that to satisfy passengers demand, traffic management has to consider issues raised by crowds
in stations, and by delays. Other quality criteria address running cost of a network, energy
consumption, adherence to a determined schedule, etc. To answer all the needs of these
complex systems, it is natural to consider automated techniques. However, models for metros
are usually huge: even for a small network with a single line, a few stops and a small size fleet
of metros, the size of models that can capture the dynamics of the network exceed several
millions of states [3]. This exceeds the limits of most verification and optimization tools
that rely on an explicit state representation. This calls for the use of efficient simulation
techniques and statistical approaches to address real-size case studies.

Related Work. Several commercial tools propose realistic models to simulate metro networks.
OpenTrack [20] is often used to measure the KPIs achieved under a certain traffic management
policy. OpenTrack models are precise, and almost digital twins of the running systems. As a

© Antoine Thébault, Loic Hélouét, and Kenza Saiah;

licensed under Creative Commons License CC-BY 4.0
24th Symposium on Algorithmic Approaches for Transportation Modelling, Optimization, and Systems (ATMOS
2024).
Editors: Paul C. Bouman and Spyros C. Kontogiannis; Article No. 16; pp. 16:1-16:20

\\v OpenAccess Series in Informatics
OASICS Schloss Dagstuhl — Leibniz-Zentrum fir Informatik, Dagstuhl Publishing, Germany


mailto:antoine.thebault@inria.fr
https://orcid.org/0009-0002-7255-9746
mailto:loic.helouet@inria.fr
https://orcid.org/0000-0001-7056-2672
mailto:kenza.saiah@alstomgroup.com
https://doi.org/10.4230/OASIcs.ATMOS.2024.16
https://creativecommons.org/licenses/by/4.0/
https://www.dagstuhl.de/oasics/
https://www.dagstuhl.de

16:2

Modeling Subway Networks and Passenger Flows

consequence, the simulation of a day of operation requires important computing resources.
The Railsys suite [7] is another tool addressing train operations at a microscopic level. The
simulation scheme of [11] starts from timetables. It considers how primary delays propagate
in a schedule, and uses symbolic descriptions of train trips and reduction rules to represent
states in a compact way and speed up the simulation process. However, this simulation
framework does not consider passengers. Models to simulate metro with their payloads
have been developed. Railnet is a simulation model to help planning shared occupation
of tracks between freight and passengers transport [19]. The network model is a graph
and the vehicles moves are depicted as sequences of arrival and departure dates. Railnet is
used to find a solution for insertion of new freight trips that do not harm passengers trains.
The model proposed in [1] is an origin-destination model for passengers interconnection to
forecast passenger movements and help propose new layouts for interconnections. Another
simulation method proposed in [9] evaluates passenger flows in case of service interruption.
The simulation is mainly a calculus of paths duration, involving access time, waiting time,
and transport duration. Many other tools exist, addressing modeling and simulation at low
(microscopic) or high (macroscopic) level, with a formal background inspired from graphs,
queuing theory, etc. We refer to [10, 15] for surveys of the domain.

Challenges. Most of the models proposed are either too low level and require important
computing resources to simulate a network, or describe metros at a higher level, but ignore
passengers. An ideal model should have a semantics close enough to the behavior of the
running system, but yet allow fast techniques to perform large simulation campaigns and
produce sound statistics on the performance of the system. The basic ingredients of the
model must take care of the network topology, of varying composition of vehicle fleets,
timetables, and passengers. Of course, an appropriate model for a metro network is a timed
model (performance of traffic management is often measured w.r.t. delays or end-to-end trip
durations) but also a stochastic model, as trips and dwell durations are subject to random
perturbations: unexpected delays can be imposed to a vehicle by a passenger blocking a
door, or by a choice of a driver to extend the dwell time in case of important crowds on
platforms. As already mentioned, state space explosion is an issue for tools and models
relying on explicit states representation. Further, as train movements are independent as
long as the distance between the two vehicles is sufficient, concurrency models such as Petri
nets are natural candidates to design metros.

Contributions. In this paper, we propose an efficient simulation scheme for metros operated
with a moving block policy. Our model includes train movements, passenger flows in stations,
platforms and vehicles. Important situations such as delayed trains are difficult to address
with standard models such as timed automata [2] or Time Petri nets [18], which led to
proposing a new timed variant of Petri nets in [13]. We extend this work, and propose
trajectory nets, a variant of Time Petri that includes passenger flows. Roughly speaking,
a trajectory net is a Petri net in which some places represent track portions and contain
forecast train trajectories instead of tokens. Passenger flows in a network are modeled by
assigning an integral vector indexed by destinations to trains and platforms, and by queues
representing connections between lines. Last, scenarios to describe passenger arrivals in the
network are modeled as sequences of Origin-Destination matrices indexed by time periods.
Despite these extensions, the model still benefits from fast simulation techniques that were
developed for Time Petri nets. We show the efficiency of our simulation scheme on a real
case study: we evaluate the effects of train insertions on passengers waiting times during
peak hours in the metro of Montreal.
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2 A subway network model

A subway network is mainly a graph, and it is natural to see a day of operation as a description
of how vehicles move on this graph. A metro that follows a path in the network graph travels
at a given speed between two stations, i.e. the train moves for a period of time between two
events: a departure and an arrival. The other events that can be considered are incidents,
or decision taken by an operator. Last, vehicles have independent moves if they are distant
enough in the network, but close trains may have to adapt their speed to maintain safety
distances. This calls for the use of concurrent models, and Time Petri nets [18] seem tailored
for this task: the flow relation of a net can represent the network, tokens can be used to
represent trains, and the timing constraints attached to transitions can be used to enforce
trips durations or dwell times. It was shown however that Time Petri nets are not expressive
enough to model simple situations where a train has to wait for a departure order even when
its dwell time has expired. A new model called waiting nets was proposed to solve this issue
in [13]. Further, speed adaptation for close trains cannot be captured by tokens and clocks.
In the rest of this section, we describe trajectory nets, a model that extends Time Petri nets
to handle safety distances and varying speeds of trains. Roughly speaking, a trajectory net is
a Petri net in which some places can contain diagrams representing several train trajectories
from a station to the next one instead of tokens. Trajectories are discretizations of space-time
diagrams, a representation of trains moves frequently used to give a feedback on realized and
planned train movements in a network. In the rest of the paper, configurations of a network
will be mainly collections of trajectories.

Before introducing the elements of our new model, let us recall the basics of Petri nets. A
Petri net is a bipartite graph composed of a set of places, denoted P that represent resources,
of a set of transitions, denoted T representing actions. Places and transitions are connected
via a flow relation, i.e. a subset of P x TUT x P. The set *(t) denotes the resources (set of
places) required for transition ¢ to occur, and the set (t)® represent the resources produced by
execution of transition ¢. Petri nets are often used to model systems with a lot of concurrency
and analyze their behaviors. The state of a Petri net is called a marking, and is a map that
associates a number of tokens to each place. The state of a Petri net evolves by firing actions,
i.e. consuming one token in each place representing a resource required by a transition ¢
and producing one token in each place in the postset of ¢. Behaviors of Petri nets can be
infinite, and the state state space reachable by a Petri net from an initial marking can also
be infinite. Despite this expressive power, many properties such as reachability are decidable
for Petri nets [17]. Figure 1 shows an example of Petri nets with places P = {p1, p2,p3} and
transitions T = {¢1,t2}. Repeating sequence of transitions ¢;.to allows to fill place ps with
any number of tokens. Due to their graphical nature that can easily simulate networks, to
their clear semantics, and to their decidability, Petri nets or their extensions are often used
to model railway systems.

D2

=0

h1 tl D3

Figure 1 An example Petri net.
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» Definition 1. A segment is a pair of points ((x,y)(z',y’)) where x,z" are real values that
represent time and y,y’ are real values that represent distances. A trajectory is a pair (tr,b),
where b is a boolean indicating if the trajectory is blocked, and

tr = {((xo,y0)(x1,y1)) - - (-1, yr—1)(Zk, yx)) s a finite sequence of consecutive segments
such that =0, and Vi,z; > x;—1 and y; < y;—1. A trajectory is complete if yi =0.

In a point (x,y) of a segment, = represents a duration, and y a remaining distance to a
destination. So, trajectories define how distance to arrival decreases over time. For instance a
trajectory tr = ((0,200)(10,100)).((10, 100)(30,0)) describes a train at distance 200 m from
its goal, that arrives 30 seconds later. It travels at 10m/s during 10 seconds, and then slows
down at 5m/s. A train approaching a close predecessor will have to adapt its trajectory to
preserve headways, and elapsing § time units will simply consist in shifting trajectory segments
by 0 units to the left. For a trajectory tr = {((xo,yo)(x1,y1)) - {(Tr-1, Yr—1)(Tk, yx)), and a
date d < xj, we will denote by ¢r(d) the coordinate of a train at date d. For z; < d < ;41 we
have tr(d) = y; + (d — xl)% We will say that two trajectories tr, tr’ respect a safety
headway h if and only if Vd, |tr(d) —tr'(d)| > h, and that ¢’ is above tr if Vd, tr'(d) —tr(d) > 0.
Trajectories are defined for track portions of bounded length. For a length H we assume
that for every trajectory, yo < H. So, we can have at most H/h trajectories respecting a
safety headway h in a track segment of length H.

Trajectory nets defined hereafter will use sequence of trajectories of the form T'S =
(tri,b1) - - (try, b) to represent trips for several trains in a given space of length H. We
forbid ill-formed sequences of trajectories where trains overtake or violate the safety headway.

» Definition 2. A sequence of trajectories T'S = (try,b1)--- (try, bg) is consistent (w.r.t.
headway h) iff every pair of trajectories in T'S respects safety headway h, and b; = true
implies that b; = true for every j < i.

For a sequence of trajectories T'S = (tr1,b1) - - - (trg, b), we can denote by :v;“ (resp. y;")
the j* value of x (resp. y) in trajectory k. With this notation, y& = try(0) is the current
distance to next stop of train k in sequence T'S. Let CT'S(H, h) denote the set of consistent
sequences of trajectories (w.r.t. headway h) in a space of length H. Given a consistent
sequence of trajectories T'S = (¢ry,b1) - - - (t7k, bg) such that tr;(0) < H — h, we can sample
an additional trajectory tryy1 such that T'S.(tri41, false) is consistent and y§+1 = H. Let
I = [o, 8] be a time interval depicting a possible trip duration (these values depend on train
speeds allowed by the network, the rolling stock specifications, and the policies given by
operators), d € I be a rational value, and g = ((0,H)(d,0)). Trajectory frpe1 depicts
a space time diagram for a train traveling at average speed % when no other train is on
the track. Now, to preserve consistency of a place contents one cannot always add directly
tm, to an existing sequence T'S : the wished trajectory may have to be adapted (this
amounts to reducing the speed of a train) to stay at distance h from preceding trains. That
is, one has to compute a trajectory triy+; =1 (tﬁ:, TS, h) such that, for every time value t,
T (frie1, TS, h)(t) = max(frp (1), tri(t) + h).

Computing 1 (trr41,TS,h) is a simple geometrical calculus, defined formally in Ap-
pendix A. One can notice that by construction, trp4; =71 (tﬁ?l,TS, h) is the only tra-
jectory for a train running at speed H/d whenever possible such that T'S.(trg41, false)
is consistent. For a given sequence T'S and time interval I = [, ], we denote by
SAMPLE(T'S, H, h,I) = {1 (trjps) 11, TS, h) | 3d € I Atripsis = (0, H)(d,0))} the set of
additional trajectories depicting trains with trips of length H, that can be added consistently
HH] This way of

B«
sampling trajectories allows the introduction of random perturbations w.r.t. a chosen speed

to T'S while respecting headway h with an initial speed in interval |
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Figure 2 A sequence of trajectories (left) and its left shift by § = 40s (right).

profile with an appropriate probability distribution on I. The sampled trajectories can be
simple segments respecting headways (such as the black trajectory in Figure 2), or sequences
of consecutive segments at distance > h from preceding train (such as the orange and green
trajectories in Figure 2).

As one can see on Figure 2, trajectories have an intuitive graphical representation, showing,
after x time units the distance from a train to the next station. A trajectory that is blocked
represents a train that cannot move because it does not have a sufficient headway ahead. Let
us now give a graphical intuition of how trajectories evolve when time progress. We will call
the left shift of a sequence of trajectories by a real value ¢ the sequence of trajectories obtained
by letting trajectories of blocked trains unchanged, and translating all other trajectories
by a value —¢. Figure 2 shows an example of left shift. In the original configurations, two
trajectories are blocked : a train at distance 0 from arrival (represented by a dot) and its
successor, that has to stop to preserve a headway, represented by a thick black line. The
next two trains are at a sufficient distance to continue their planned trip during 20 seconds.
The left shift of the initial positions of trains by 20 seconds simply consists in a translation
of 20 units to the left of unblocked trajectories (erasing the parts of shifted trajectories with
negative absiscaes). As for trajectory creation, left shift of a trajectory ¢r by d time units is
a simple geometrical operation, denoted by LS(¢r,d), that we define formally in Appendix B.
We now have all elements to define our simulation model for metro networks.

» Definition 3. A trajectory net is a tuple N = (P, T, F,H,I) where P = Pc U Pr is a set
of places partitioned into control places Po and trajectory places Pr. T is a set of transitions,
and FC PxTUT x P. Maps H : Pr — Q associates a length, and I : Pr — Q? a time
interval with each trajectory place of Pr.

As usual, we denote by *(t) = {p € P | (p,t) € F} the preset of a transition ¢ € T and
by (t)* ={p € P | (t,p) € F} its postset. A marking M of Pc is a map that associates an
integral number of tokens with every control place in Ps. We say that M enables a transition
t € T iff, for every place p € Po N*t), M(p) > 0. The effect of a firing of a transition ¢ on a
marking M that enables it is to produce a new marking M’ obtained by removing a token
from each place in *(¢) N Pc and then adding a token in each place of (¢)®* N Po. With a
slight abuse of notation, we will write M’ = M — *(t) + (¢)* . Let Hyop = maxpep, H(p),
and assume a fixed headway h for the whole network. A trajectory marking (or TMarking
for short) is a map p: Pr — CTS(Hpmaz, h) that associates a sequence of trajectories with
each place of Pr. We will say that p enables t if, for every place p € *(t) N Pr, u(p) is not
empty and contains a trajectory of the form (tr,true), with tr = ((0,0)(0,0)) depicting a
train arrived at the end of its trip. A configuration of a net A is a pair C' = (M, u) where M
is a marking, and p a TMarking. Figure 3 is a simple trajectory net with two control places
D3, P4, two trajectory places p1, ps and a transition t. The TMarking of place p; is a sequence
of two trajectories, where the green trajectory was adapted to preserve safety headways.
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Figure 3 Basic elements of a trajectory net: places, transitions, trajectories.

The semantics of trajectory nets is given in terms of discrete and timed moves from
a configuration to the next one. Discrete moves depict arrivals and departures of trains,
trajectory changes imposed to preserve safety headways, and timed moves depict how
trajectories evolve when time elapses. One can simulate a train waiting in a station S with a
trajectory place pg representing the station, such that H(pg) < h. In this setting, a TMarking
of place ps can contain at most one train, which waiting duration lays in I(pgs). Adding a
trajectory in place pg models an arrival in station, removing a trajectory a departure.

Given a non-empty TMarking p(p) = (tro, bo) - - - (trk, b)) one can easily find the remaining
time 0,4.(p) before arrival of a train depicted by trajectories in p(p) if trq is not blocked, or
dbiock (p) before a trajectory in p(p) has to be blocked to preserve consistency of u(p). For
a sequence T'S = (trg,bo) - - - (trg, b)), UNBLOCK(T'S) = (tro, false) - - - (try, false) is the
sequence obtained by unblocking all trajectories in T'S.

Consider semantics rule R1 below, depicting an arrival or a departure. Roughly speaking,
the rule consists in “consuming” a complete trajectory representing a train arrived in station,
creating new ones in the places® of (¢)®, and unblocking trajectories of trains that were
blocked until this arrival. The second semantics rule R2 below describes how trains can get
blocked when there is not enough space ahead to move.

M enables ¢, p enables t, M’ = M — *(t) + (¢)*
Wp € Pr (), u(p) = ({(0,0)(0,0), true).W A i (p) = UNBLOCK (W)

(R1) Vp' € PrO (), 1/ (p') = p®') - (tr, false), where tr € SAMPLE(u(p'), H, h, I(p))
C=(Mp) - C' = (M, 1)
,U,(p) = (tTh bl) . (tT’Q, bg) e (t’f‘i, bz) e (tT’k, bk)
(R2) bi = false A ((bi—1 = true Atr;(0) — tr;—1(0) = h) V tr; = ((0,0)(0,0)))

w(p) = {(tr1,b1), (tra,ba) - - - ({fri,b; = true) - (tre, bx)}
C = (M) " " = (M)

Timed moves just let time elapse. We adopt an urgent semantics: a timed move of
duration ¢ is allowed from configuration C if and only if no discrete move is allowed in C.
Unsurprisingly, letting time pass is modeled by a left shift of TMarkings. However, blocked
trajectories represent trains that cannot move without violating a safety headway. Hence,
the left shift of a TMarking pu(p) = {(tr1,b1) - - - (trk, b))} by a duration § is a new TMarking
{(try,b1) - - (tr}, bg)} where tr; = LS(tr;,d) if b; = false and tr; = tr} otherwise.

1 To represent metro networks, one only needs |(t)®| = 1 but this restriction is not needed in the semantics.
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jeR>0
Vt € T, M does not enable ¢V y does not enable ¢
(R3) Vp € Pr such that u(p) is defined § < min(dar(p), dbiock (D))
Vp € Pr, i/ (p) = LS(u(p),9)
C = (M, p) = C' = (M, 1)

With these semantic rules, we can simulate the behavior of a metro network represented
by a trajectory net. Arrivals and departure are symbolized by transitions firings, and result
in the sampling of a new trajectory that is consistent with the possible speeds of trains and
with the TMarking of the new track entered. An interesting feature of Rule 3 is that one can
directly elapse time for a duration ¢ = prg})r; min(dar(p), Opiock (p)), i-€. progress time up to

the date of the next discrete event : arrival/departure in station, or blocking of a trajectory.
With this approach, one does not need to sample a discrete clock and compute what happened
at each time step. This approach is called event-based simulation, and considerably speeds
up simulation of metro networks. One can also see from these rules the advantages of using
Petri nets variants: in each discrete rule, the effect of an event changes the contents of a
single place, or the preset/postset of a single transition.

. . s
We can now define runs of a trajectory net. A run is a sequence p = Cyp —= C; —% Cy - -

. . 61 . . 2 .
where each Cj is a configuration, C; — C;11 is a legal time move, and C; LI Ciy1is a

legal discrete move (e; is either a transition firing, or the blocking of a trajectory in a place).

Note that the behavior of a net starting from a configuration Cy is not deterministic, as
transitions firings sample random durations for newly created trajectories.

Despite their apparent simplicity, trajectory nets allow for the design of complex topologies
of metro networks involving forks, joins, reversal or garage zones for trains, ... Using control
places filled at the appropriate moment, one can guide a train reaching a fork to enter the
next track segment on its trip. We refer interested reader to Appendix F for examples.

3 Passenger flows

The model of Section 2 does not consider passengers, but only possible moves of trains. In
this section, we model passenger flows as a side quantitative information evolving with runs
of a trajectory net, i.e. as quantities representing crowds, that are updated at each timed
and discrete move. First of all, passenger flows are not constant over time, and depend on
particular scenarios. In most cities, during a working day, one can observe peak hours during

which commuters move from their home to their workplace, and the way back in the evening.

Scenarios for passenger flows during weekends differ w.r.t. dates and duration of peaks,
number of moving passengers or destinations. To control efficiently a transport network,
i.e. provide the expected transport offer but nevertheless use the right amount of resources,
operators use different policies for each scenario. In this section, we first explain how scenarios
for passenger flows are usually represented in metro networks (using Origin-Destination
matrices), how connections between parts of a network (corridors or access to quays) are
specified. We use these representations to decorate in a consistent way runs of our metro
model with quantities depicting passengers that are moving towards a platform, waiting on a
platform, or traveling in a train.

Roughly speaking, passenger behaviors (arrivals and final destination) are encoded as
sequences of origin/destination matrices, connections as queues, and train payloads as vectors
containing the number of passengers alighting at each destination in the network. To avoid
overloading our model, we consider that all passengers move at identical constant speed
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from a point to the next one. This modeling choice may result in slight modification in the
duration of transit times. Indeed all passengers do not move at the same speed, corridors
may contain bottlenecks, and paths from a platform to another one on a different line may
include stairs, etc. However, there is no clear consensus on how passenger flows should be
modeled. It seems that for corridors with bottlenecks, the throughput depends mainly on the
width of the bottleneck [21]. We will hence model passengers moving in a station by queues
of integers. In a similar way, there is no canonical model to represent passengers entering or
leaving a trains, and the time needed to load and unload may depend on characteristics of
the rolling stock (e.g. the number of doors, their width and their position) [16]. Here again,
we will adopt a simple model, and consider the exchanges that occur depending on the dwell
time, passengers on platform, and available space in trains.

» Definition 4. Let S ={S51,---Sm} be a list of stations in a metro network, and let us
fix a duration A. An Origin Destination Matrix (ODM for short) is an integer matriz OD
indexed by S. Each entry ODls;, s;| represents a number of passengers willing to travel from
station s; to station s; in A time units. A scenario is a sequence OD1,0Ds,...,0D,, of
origin destination matrices. The duration of a scenario is n - A

An ODM depicts the number of passengers traveling from one origin station (represented
by a row in the matrix), to a destination station (represented by a column) during a duration
of A time units. The origin and destination stations need not be located on the same subway
line. This means that passengers may have to use interconnection at stations shared by
several lines, and move from one platform to another one to continue their journey. Hence,
the path followed by passengers will have an impact on passenger flows in the transit areas
at connection points. A metro network can be seen as a graph depicting connections from a
station to the next one along each line and interconnections between two lines. We assume
that this graph is consistent with the flow relation of the trajectory Petri net modeling
our network. We also assume that passengers always follow the shortest path (in terms of
distance or in terms of number of stations) in this graph when traveling from an origin station
S, to a destination station Sy. With this assumption one can compute the shortest path for
every pair (S,,S4) of origin/ destination, using for instance the well known Floyd-Warshall
algorithm (see for instance [5]). For completeness, we provide this algorithm in Appendix D.
Let us assume that we have obtained a matrix Mp giving the shortest distance between any
pair of connected stations. Then, we can compute a matrix Myg such that Mygs(S5;,5;) =k
if station S is the next station to visit on an optimal path going from S; to S;. When one
knows the final destination of passengers, this matrix Myg allows to decide, when a train
stops at a station, how many passengers leave the train, and how many passengers continue
their journey to the next station on the same line. The calculus of Myg can be done with a
simple extension of the Floyd-Warshall algorithm, given in Appendix E. Notice that this way
of modeling passengers choices is a way to keep the model simple. We could make passenger
choices more complex, e.g. allow choices of alternative routes to a destination, or choice of a
particular line to go from an origin to a destination. Note that line information is not needed
when lines do not share common track portions (as in the metro of Montreal).

Each ODM is used to depict passenger arrivals and destinations in the network for a
duration A. Scenarios allow changes in the arrival dates at each station, at each period
of the day. Let d < A. Assuming that an ODM OD represents faithfully passenger trips,
the number of passengers entered in the network at station S; willing to go to station S; is
|ODJi,j] - (d/A)]. Remembering the time ¢ elapsed since the beginning of a simulation, one
can compute how many passengers have entered the network and their destination at time
t + 0. Note that this calculus may involve contents of several OD matrices.
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Figure 4 Integration of scenarios and passenger flows in the model.

At each instant, one wants to remember the number of passengers for a destination in a
train, on platforms, in corridors connecting one entry to a platform, or on platform serving a
line to another platform serving a different line in the same station. We define a payload as
a vector of integers indexed by station, that is vectors of the form PL = [vy, -+ ,v,]. The
interpretation is the following: if PL describes the passengers of a train, then PL[i] indicates
the number of passengers willing to reach station s; in that train. Obviously, when a train
alights at station .S;, then at least PL[i] passengers leave the train. Further, if S; is the last
station on the same line on a shortest path to station Sy, then PL[k] passengers leave the
train too, and move towards a corridor connecting the reached platform S; to the platform
MNI[S;, Si], that is the next step on the journey to Si. We assume that passengers do not
make mistakes, i.e. they all follow the shortest path to their destination. Payloads are also
used to represent awaiting passengers on a platform: PL[i] is then the number of passengers
that did not yet board a metro and are waiting for a train to go to station S;.

Let us now add corridors to the model. Corridors connect entries of the network to
platforms, and bridge lines to allow journeys involving several metro lines. As for trains and
platforms, one has to remember the number of passengers moving in a corridor and their final
destination. However, passenger moves in corridors take time, and cannot be represented
with a payload. We use FIFO queues to represent passenger flows.

» Definition 5. A passenger queue is an tuple Q = (lg, spg) where lg is a length (in meters),
spg is an average speed. A state of a passenger queue Q is a vector of payloads Mg indexed
by 1..l. We will denote by Mg[k] the passengers at distance k from the beginning of the queue,
and Mglk][j] = n means that at distance k, n passengers are willing to go to station S;.

Each entry Mgl[k] in a passenger queue represents a section of 1 meter on a path from an
origin (a platform or a station entry) to a destination (a platform). We take some simplifying
assumptions : the speed of passengers is constant in the whole space represented by @ and
is the same for all passengers. Passengers do not interact. With these assumptions, we
can simply remember with Mg[k][j] how many passengers willing to go to station S, are at
distance k from the next platform. So, using passenger queues, one need not assign a behavior
to every passenger in the network (which would be too costly to simulate). More complex
models for crowd behaviors have been proposed [12, 16], but we are mainly interested in
durations of transfers and in destinations of passengers, not in individual movements. Further,
modeling flows with queues allow for an easy calculus of the evolution of crowds. Let Mg be
the current state of a queue @ = (I, sp) from an entry at station S; to a platform, d be the
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current date. Assume that the played scenario is OD1,ODs,...,OD,,. We can easily compute
how the state of () evolves within ¢ time units. Passengers in Mg at distance z < § - sp
have arrived, so the corresponding sum of payloads from 1 to z is added to the payload
of the platforms. Passengers in Mg at distance y > = + 1 simply progressed in the queue,
ie. Mgly — [0 -v]] = Mgly]. Last, assuming that d and d + ¢ belong to the same period,
i.e. arrivals are given by a single ODM OD, we have ODJi|[j] - % new passengers arriving
in @ willing to go to station .S;, and spread uniformly on entries J - sp...I of the queue.
In practice, computing the actualized contents of queues within ¢ time units may involve
several OD matrices, and one has to pay attention to rounding to avoid loosing passengers.
To avoid heavy notations, we leave the complete definition of passenger moves to a more
formal definition provided in Appendix G, and we will simply write M¢, = Update(d, 6, Mq)
to denote that Mé) is the state of queue @ after § time units have elapsed since date d.
Similar rules apply for queues representing connections between platforms. In a similar
way, we can represent how the payload of a train evolves when time elapses. When a train
arrives at station S;, passengers alighting at S; leave the train, and either leave the system,
or move to the queue representing the connections to another platform. Then, passengers
on platform board the train up to the maximal capacity CT},,, of the vehicle. We refer
to the model of [12] to compute the time needed by n passengers to leave a train. We set
talighting = |1+ Duwidth X Dnp| X to where Dyyiqu is the width of a door in meter, D, is the
number of doors of the vehicle and ¢, is the time for one passenger to alight, estimated in
seconds. Note that a train cannot leave if its passengers are still alighting, so when %4ignting
is greater than the dwell time planned, the train is delayed. When all passengers alighting at
s; have left the train, and the payload of the train is T'P then the free space can be used to
let n < CTpae — Y TPy passengers enter the train. Boarding is similar to alighting time,
i.e. we have thoarding = [1 - Dwidth X Dnp| X tp, where ¢ is the average time needed by a
passenger to board a train. Here, if tyoarding is larger than the remaining dwell time of a
train, then our model assumes that doors close, and that some passengers fail to board.

As the remaining space, or the dwell time of trains might not allow all passengers to board,
some of them will stay on the platform. Failures to board are an important performance
indicator, as this is one of the quantitative aspects that characterizes users’ satisfaction. As
for queues, we will denote by TP} = Update(d,d, TP;) the change of payload in train T;
within § time units, and P} = Update(d, d, P;) the change in platform i’s payload. Figure 4
gives an illustration of passenger flows between platforms, corridors, entries and trains.

Let us now reconnect trajectory nets, passenger queues and scenarios. The global
state of a simulation is represented by a tuple (C, dy, (Py)ic1.kp, (TE)ic1. Kps (MQi)iel..KQ))
where C is a configuration of the trajectory net depicting the physical network, d is a
date, (P;)ic1..xp represents platforms crowds, (T'P;)ic1. i, represents train payloads, and
(Mgq,)ic1..k, are the queues contents. Let ¢ be an arrival of a train in station s; after a
delay §. The new state of the system is (C”, d+6,(P)ic1.kps (TP))ic1. Kz, (Mbi)ieluKQ),
where C’ is the configuration reached by the trajectory net after elapsing § time units and
firing ¢, i.e., such that C BLINYG LN C', and P/ = Update(d, d, P;), TP/ = Update(d, 6, TP;),
Mé? = Update(d, 6, Mé?) Similar rule applies when blocking operations occur. At each use
of an operational rule for a train movement, at most one train has its payload updated, but
the contents of all queues and platforms change. So, one has to perform a number of updates
in O((Kp+ Kqg - Lyax + 1) - S), where L.y is the maximal length of a queue. Experimental
results in the next section show that this simulation model is efficient, and allows for fast
simulation of a complete day of metro operation.



A. Thébault, L. Hélouét, and K. Saiah

4 A case study: The metro of Montreal

We consider a real-size case study, namely the Metro network of Montreal (see [6] and
Appendix H for a complete map). The network is composed of three main lines (orange,
green, blue) plus a short yellow side line. The orange line is 31km long, it has 42 trains
and 31 stations, which corresponds to 128 places and transitions in our net model. The
green line is 22km long, it has 34 trains, which corresponds to 108 places and transitions in
our net model. The blue line is 9km long, with 32 trains, which corresponds to 48 places
and transitions. In addition to the trajectory net defining the physical behavior of trains,
queues have been created for each platform, and set a limit for the capacity of platforms. We
choose a default queue distance of 10m for corridors from an entry to a platform, a platform
capacity of 1000 awaiting passengers, and a train capacity of 1000 passengers. We represent
the 4 interconnections in the network with 8 queues (one per direction) of 50m.

The control part of the trajectory is extracted from a real GTFS file [8] (a standard
proposed by Google in 2006 for timetable description). This public data depicting one day
of operation on Montreal’s network is available on the STM site [22]. From this timetable,
we generate a list of events associating a date, a vehicle id and a transition to fire. This
timetable allows to feed the control part of our model to trigger train departures. If needed,
delays can be inserted to simulate small perturbations (e.g. doors blocking) or a more serious
anomalies causing a technical interruption of traffic.

We simulated the trajectory net depicting Montreal’s network with the MOCHY tool [14],
an Open-GL software developed for the simulation of transport networks described with
variants of Petri nets. The experimentation was conducted with a weekday scenario repeating
the same OD matrix representing one hour of passenger flows. In this matrix, for every
entry ODJi, j], we generated randomly a high number of passengers entering the network
at station S; and willing to go to destination S;. This number of passengers per hour was
generated with a uniform law to sample a value ranging from 0 to 100. Multiplying an
average number of 50 passengers per hour by the number of stations in the network rapidly
leads to large flows of incoming passengers. With this scenario, we can model a peak period:
in all stations, a large number of passengers arrive and travel from their home place to their
work. In weekdays scenarios, the payload of all trains increase up to their full capacity if the
operators do not inject new trains in the network. The objective of this simulation was to
consider the effects of train insertion during peak hours, to verify that this policy influences
train payloads. Overall, simulating a full day of operation for the three main lines with
110 trains and their passenger flows takes between 1 and 2 minutes on a standard laptop
(Intel core i7). Our first simulation results are represented in Figures 5 and 6. Figure 5 is
a space-time diagram drawn from our simulation logs. It represents train moves between
station Montmorency and station Cote-Vertu on the Orange line from 5:00 to 8:20. The
horizontal axis represents time. The vertical axis represents localization of trains, labeled
by station names plus a garage, and ordered according to their position on the line. Each
colored line represents a train. This simulation follows exactly the planned timetable, i.e,
events have been realized exactly at their planned dates. The timetable was designed to
guarantee regularity of train departures at each station, and to increase the frequency of
trains to absorb passenger peaks. On the space time diagram, one can observe regularity of
service: train trajectories are parallel lines. When a train is inserted, trajectories adapt and
get closer, as expected.
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Figure 5 A Space-Time diagram for the Orange line.
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Figure 6 Passenger flows at Berri-Ugam Orange line.

Figure 6 gives information on passenger flows at station Berri-UQAM (BUQ), more
precisely for the platform located on the orange line. This station is an important node
in the network, because it is an interconnection between the orange and green lines. The
horizontal axis represents time, and the vertical axis a number of passengers. Each point on
each curve was recorded at the date of closure of train doors, i.e. when a train is about to
leave the station. The orange curve describes occupation of trains that stop at the considered
platform. As one can see the trains rapidly fill at their maximum capacity between 6:00 and
7:00. The green curve represents passengers who alighted at BUQ, and will move to the green
line in the next coming seconds, the light blue curve represents the number of passengers
that boarded the currently stopped train. The dark blue curve represents the number of
passengers who alighted at that station but do not connect to the green line (they will exit
the station). Last, the yellow curve represents passengers who failed to board because the
train was full. This is an important indicator, that impacts user satisfaction. The pink curve
depicts the number of passengers who had to wait before entering the station (this value
remains low during the depicted simulation because platforms are never full).
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The simulation is done with heavy passenger flows conditions from early morning until
12 o’clock. The consequence is that trains are almost full on the whole time period shown in
Figures 5 and 6 except for the period 07:00 - 10:00, when frequency of trains is increased
sufficiently to reduce platforms occupation and hence avoid failures to board. Then, from
7:00 to 9:30AM, train occupation is low to 50-60% and no passenger fails to baord. After
10:00AM, the number of trains on the network is reduced. As the incoming passenger flows
remain high on all lines, trains occupation increases. However frequency of stops remains
sufficient to keep trains occupation at 90% of their maximal capacity, and the number of
boarding and alighting passengers remains rather stable after 10:00 during the simulation.

e Qe o

O train occupation
plateform occupation

O boarding Nb.

800 O alighting Nb.

O remainingFromOD

0535 0553 0611 0830 0643 o706 0725 o743 0801 0820

Figure 7 A delay at station Sauve creates a passengers peak at Beaubien.

In a second experiment, we studied the consequence of a 10min delay at 7:30AM at
station Sauvé (the 5" station on the Orange line) with the same weekday scenario. For
space reasons, the space-time diagram of this scenario appears in Appendix I. The networks
takes around 30 minutes to recover from this primary delay. Figure 7 shows the consequences
of this perturbation on passengers at station Beaubien (located 4 stations after Sauvé on
the orange line). A peak in trains occupation arises at 7:43AM. It is due to the increased
time gap between train departures, but also to a larger number of passengers boarding at
the previous stations for the same reason.

5 Conclusion

We have proposed a model for metro networks with their passenger flows. This extension
of Petri nets includes time, positions of moving objects, and queues to represent passenger
moves between platforms and metros. The proposed semantics allows fast simulation, by
computing the state of the system at each discrete event occurrence. At each event, the time
elapsed is known, which is sufficient to update trajectories and passenger flows. Simulation
of a complete day of operation is fast enough to handle real-size cases such as the Metro of
Montreal, and study the effects of operational choices on passenger flows.

A first direction to extend this work is to consider other values than the number of
passengers. For instance, considering the energy consumed by a metro network is a crucial
need. Another challenging task is to address traffic management as a controller synthesis
problem, building controllers that optimize a quantitative criterion (energy, nb. of failures to
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board...). Standard approaches of control (e.g. & la [4]) will not work for metros, due to the

number of states to consider. Solutions to build effectively optimized traffic management

algorithms may come from abstraction, approximation, and possibly learning techniques.

Last, even if this model is tailored for metros, the concurrent nature of the model should be

useful in a setting where objects are most of the time independent, and interact only in local

delimited areas, such as road sections or automated plants.
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A Computing 1 (trgs1, TS, h)

Let try, = ((zo,y0)(x1,y1)) - {(@n—1,Yn—1)(@n,yn)), and let dp € [T, Tmi1] be the date
where triy1(dp) = tri(dp) + h. Then

T (i1, TS, h) = {0, H).(dn, tri(dn) + h)) - ((dn, tri(dn) + 1) (@mi1, Ymys +h)) -+
e <(-rn717 Yn—1+ h)(xna Yn + h)> : <($n; Yn + h)(mn +h- %’ 0)>

B Formal definition of Left Shift

» Definition 6. The left shift of a segment s = ((x;—1,yi—1)(xi,y:)) is defined if x; > 6, and
is a segment LS(s,8) = ((zi_q,yi_1) (i, yl)), where : ¢ = max(0,2;,_1 — 9), ) =x; — ¢,
Yio1 =i + 0 By =y

Let (tr,b) be a trajectory with tr = s1 - 83+ s, and let 6 < xy. The left shift of (tr,b)
by duration 6, is denoted LS(tr,b). If b is true, then LS(tr,b) = (tr,b). If b is false, then
LS(tr,b) = LS(S;,96) -+~ LS(sk, 6), where i5 the index of the first segment such that LS(s;,d)
is defined.

Notice that as soon as § < xj, index i5 exists.

C ComPUting 5arr7 5bl06k

Let us now detail, for a given configuration C' = (M, 1) and a given place p how to compute
the value of 04 (p) and dplock(p) when p(p) = try - tro---try. First, the arrival date to
consider is the date of the first unblocked trajectory. Let ¢ be the index of this trajectory, and
let tr; = s1...s4 with sq = ((z4-1,%4—1)(¢,0)). Then, the train represented by trajectory
tr; can only arrive in station within x, time units, so d4.»(p) = 4. In the same setting, one
can compute the remaining time before train represented by tr; has to brake to maintain a
safety headway h. Letting tri_l(y) denote the date x at which ¢raj;(x) = y, then the train
has to adapt its speed at date dpock(p) = tri_l ((n -1)- h)
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D Algorithm to compute passenger paths

Algorithm 1 Floyd-Warshall Distance Matrix.

parameter IV : the set of ids of the places
the cells of the matrix are initially null
Mp : the distance square matrix from an origin to a destination

for all (idy,ids) € A do > Matriz initialization
‘ Mp(idy,ids) =1 > arcs weights are set to 1
end for

for all k € N do > Distance Matriz Building

for alli € N do
for all j € N do
v < null
if Mp(i,j)! = null then
if Mp(i, k)! = null AND Mp(k,7)! = null then
v min(Mp(i,§), Mp(i, k) + Mp(k, j))
else
‘ V< MD(Zaj)
end if
else if Mp(i,k)! = null AND Mp(k,j)! = null then
v Mp(i,k) + Mp(k, )
end if
Mp (’L,j) — v
end for

end for
end for
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E Algorithm to compute the next station on a trip

Algorithm 2 Floyd-Warshall Next step Matrix.

parameter Mp : from Floyd-Warshall Distance Matrix algorithm
parameter IV : the set of ids of the places

the cells of the matrix are initially null

Mpys : the next step squared matrix from an origin to a destination

for all (idy,ids) € A do > Matriz initialization
- Mys(idy, ids) = ids
end for
for all k € N do > Next Step Matrix Building
for all 7 € N do
for all j € N do
v < null
if 7! = j then
if Mp(i, k) == null OR Mp(j, k) == null then
v Mys(i,j)
else if Mp(i,j) == null then
v Mys(i, k)
else if Mp(i,j) < Mp(i, k) + Mp(k,j) then
‘ [ MNS(i?j)
else
‘ V< MNS(i, k)
end if
end if
Mns(i,j) < v
end for
end for

end for

F Complex network patterns with Trajectory nets

Consider for instance Figure 8-a). This piece of trajectory net represent a typical pattern to
design forks. In this Figure, a train represented by a segment in place Pr 4 can be guided
to a track U (represented by place pr ) if place p. y is filled or to track D (represented by
place pr p) if place p. p is filled. Figure 8-b) represents another typical pattern appearing in
networks, namely the en of track and the turn back procedure. Form these two examples, one
can see that filling control places at the right moment is a way to control arrivals, departures
and directions of trains. If timetable is provided, one can even implement it with a controller
that fills the appropriate places at the planned departure dates. A pattern of the form of the
net given in Figure 9 can also be used to represent a garage, initially filled with a sequence
of trajectories representing the available fleet of vehicles.

G Uptading queue, platform and train payloads

Let us detail how passengers waiting on quays, walking, or entered in a train are updated
between date d and d + 0. Let (C,d, (Py)ier..kp, (TPi)ict..icr, (Mg, )ic1..k,)) be the current
configuration, and Scen = OD; - --ODg be the scenario used for simulation.
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Figure 8 Fork from section A to sections U or D controlled by place p.,r and pe,p.

Figure 9 Garage and Reversals.

Let P; be the contents of a platform at a station S;, and Q; = (I;, v;) be the queue relating
gates at the platform at station S;. Let Mg, denote the state of Q).

The new state of Mg, in C” after § time units is My, = M&‘; + Arrag, (Scen, d, d + 6),
where M@’S is the left shift of queue contents, i.e. Mg,[|y —d] - v;] = Mg,[y — 9 - vi], and
Arrag, (Scen, d, d+0) is the payload representing passengers arrived on platform .S; between
date d and d+ 9 .

Formally, let k1, k2 be two integers such that d € [(ky — 1) - A, k1 - A] and
d+6¢€ [(kz — 1) A,sz] Then

OD[kQ]% ifx e [O,d‘i’(;*kg]
Arrag, (Scen,d,d + 6)[z] = ODlky —i)- X ifz€[d+6—ko+1,d+0— ko — A -]
OD[k) - x ifz € [(k2 — k1 —1)- A, ]

Let us now consider the contents of platform P, when no train is at station
S;.  The payload of the platform is incremented by the number of passengers ar-
rived from the entry gate plus queues arriving on the platform. That is, P/[k] =
> weo.s Mo, [l[k] Yosq, ., 2ovco..s Ma,.[%][k] where SQ;_; is the set of queues from a plat-
form j to a platform j.

Let us now consider the situation where a train with payload T P,, is stopped at station
S; We consider a simplified model for exchanges, where passengers board a train when all
passengers leaving at station S; have left the train. We consider that leaving a train takes a
constant time A per passenger, and similarly that boarding takes time Ay;.

If TP,,[S;].Ay; > 6 then TP, [S;] = TP,,[S;] (i.e., if the time needed to unload the train
at station \S; is larger than 0) then for every S; # S; and T'P),[S;]| = T Py,[Si] — [0/ ].

If TC(p)[S;].Air < 6 then TP/, [S;] = 0, then the allowed number of passengers after all
passengers stopping at .S; have exited the train is mazboard = TCap — Y S, #8: TP,[S;].
The number of passengers who will board also depends on the remaining available time, i.e.,
dp =86 —TP,[S:i] - A
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Then, the number of passengers boarding who will board is: nbpcs =
max(A‘s—’;t , mazboard)

We divide the stations in two groups: S~ containing stations Sy such that P;[Sk] <
nbpc,s/|S|—1, and ST, containing stations such that P;[Si] > nbpc 5/|S|—1 For every station
Sk € ST we set P/[Sk] = 0 and TP}, [Sk] = TP,[Sk] + P;[Sk]. The remaining number of

passengers is nbpro,s = nbpc,s — Y, P;[Sk] This number of passengers is fairly distributed
SRES=
on other destination, 2, by allowing nj passengers to board, with ny = |nbprcs/|ST|] or

ni = [nbpros/|ST|) + 1, ie. setting P/[Sy] = P;[Sk] — ng and TP, [S] = TP,,[Sk] + ng.

H Map of the metro network in Montreal
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Figure 10 The STM Montreal Network.

2 To distribute fairly these passengers, we memorize the last destinations with the most passengers, or
choose randomly at each round which destinations receive an additional passenger.
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I Appendix: A space-time diagram for a delay occurring at station
Sauve

The Space-Time diagram below in Figure 11 depicts a incident causing a 10 minutes delay
at 7:30AM at station Sauvé during a weekday scenario. Station Sauvé is the 5" station
on the Orange line, after a start in station Montmorency. It is located 4 stations before
station Beaubien. Figure 11 shows that this incident impacts 4 vehicles. The networks takes
around 30 minutes to recover from this primary delay. This can be observed as a “hole” in
the parallel lines representing train trips.

Figure 11 A delay at station Sauve impacts multiple vehicles.
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Modelling passenger assignments in public transport networks is a fundamental task for city planners,
especially when deliberating network infrastructure decisions. A key aspect of a realistic model for
passenger assignments is to integrate selfish routing behaviour of passengers on the one hand, and
the limited vehicle capacities on the other hand. We formulate a side-constrained user equilibrium
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via a quasi-variational inequality and prove their existence by generalizing a well-known existence
result of Bernstein and Smith (Transp. Sci., 1994). We further derive a polynomial time algorithm
for single-commodity instances and an exact finite time algorithm for the multi-commodity case.
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the computed user-equilibria are quite efficient compared to a system optimum, which neglects
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Figure 1 Two scheduled vehicle trips in the physical network (left) and their representation in
the time-expanded transit network (right).

categorized into frequency-based and schedule-based models, see [13, 12] for a survey. The
former model class operates operate with line frequencies and implicitly defines resulting travel
times and capacities of lines and vehicles, cf. [38, 11, 40, 3, 6, 5, 24]. With variations in the
demand profile during peak hours, the frequency-based approach only leads to approximate
vehicle loads, with the error increasing as variability grows. In contrast, schedule-based
approaches are more fine-grained and capable of explicitly modelling irregular timetables of
lines. They are usually based on a time-expanded transit network derived from the physical
transit network and augmented by (artificial) edges such as waiting, boarding, alighting,
dwelling, and driving edges to connect different stations. This construct, also known as
diachronic graph [29] or space-time network [4], is illustrated in Figure 1.

An assignment of passengers to paths in this network encompasses their entire travel
strategies, including line changes, waiting times, etc. It corresponds to a path-based multi-
commodity network flow satisfying all demand and supply. One key obstacle in the analysis of
such a schedule-based model is the integration of strategic behaviour of passengers, opting for
shortest routes, and the limited vehicle capacity, which bounds the number of passengers able
to use a vehicle at any point in time. If a vehicle is already at capacity, further passengers
might not be able to enter this vehicle at the next boarding stop, which can make their
(shortest) route infeasible. On the other hand, the passengers already in the vehicle are not
affected by the passengers wishing to board.

A key issue of such a capacitated model is to choose the right equilibrium concept.
Consider for instance the simple example in Figure 1, and suppose that the vehicles operating
the violet and the green line have a capacity of 1 unit each. A demand volume of 2 units
start their trip at node a at time 1°°, and all particles want to travel as fast as possible to
the destination node c. The violet line arrives at 43°, while the green line arrives at 6%°.
Then there exists no capacity-feasible Wardrop equilibrium [39, 8], i.e., a flow only using
quickest paths.

Most works in the literature deal with this non-existence by either assuming soft vehicle
capacities (cf. [9, 30, 28]) or by considering more general travel strategies and a probabilistic
loading mechanism (cf. [26, 23, 27, 17]). An alternative approach that inherently supports
capacities are so-called side-constrained user equilibria. These are feasible flows such that
for any used path there is no available alternative path with lower cost (cp. [10]). The
precise definition of what is an available lower-cost alternative has spurred a whole series of
works. Larsson and Patriksson [32, 25] consider only paths with available residual capacity
as available alternative paths. This excludes the change from a used path p to another
path ¢ that shares some saturated edges with p. For a path p, Smith [37] considers all
paths ¢ to which a part of the flow on p can change over so that the resulting flow is feasible.
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This concept has the drawback that it allows for coordinated deviations of bundles of users,
which is unrealistic and, as shown by Smith, leads to non-existence of such side-constrained
equilibria for monotonic, continuous, but non-separable cost functions. In response, Bernstein
and Smith [2] propose an alternative equilibrium concept (see Definition 3 of BS-equilibrium)
characterized by the property that “no arbitrarily small bundle of drivers on a common path
can strictly decrease its cost by switching to another path” [7].

In this paper, we consider side-constrained user equilibria for schedule-based time-
expanded networks in the sense of Bernstein and Smith [2]. Here, whether a path is
an available alternative depends only on the available capacity of the vehicle when the
passenger boards it, but not on whether capacity is exceeded on a later edge of the vehicle
trip. Hence, a path can be an available alternative for some user even if arbitrarily small
deviations to that path make the resulting flow infeasible (for some other users). Similar
to [28], the priority of passengers in the vehicle can be modelled by expressing the capacity
limitations using discontinuous costs on the boarding edges in the time-expanded transit
network. The resulting cost map is not separable, and it turns out that it does not satisfy
the regularity conditions imposed by Bernstein and Smith [2] to prove existence of equilibria.
Our approach works for elastic demands where a user only travels if the travel cost does not
exceed the user’s willingness to travel. This elastic demand model is quite standard in the
transportation science literature, see [41] and references therein.

1.1 Qur Contribution

We define a user equilibrium for schedule-based time-expanded networks using the notion of
deviations. For a given flow, an admissible e-deviation corresponds to shifting an e-amount
of flow from a path p to another path ¢ without exceeding the capacity of any boarding
edge along q. A feasible flow is a side-constrained user equilibrium if there are no improving
admissible e-deviations for arbitrarily small e. We summarize our contribution as follows.
1. We prove that for schedule-based time-expanded networks, side-constrained user equilibria
can be characterized by a quasi-variational inequality defined over the set of admissible
deviations (Theorem 2). Moreover, by moving the side-constraints into discontinuous cost
functions, we can express side-constrained user equilibria as BS-equilibria (Theorem 4).

2. We study the central question of the existence of BS-equilibria. We first give an example
showing that our cost map does not fall into the category of reqular cost maps, defined
by Bernstein and Smith [2], for which they showed the existence of equilibria. Instead,
we introduce a more general condition for cost maps, which we term weakly reqular. As
our main theoretical result, we prove in Theorem 7 that BS-equilibria do exist for weakly
regular cost maps. We further show (Theorem 8) that the cost maps in schedule-based
time-expanded networks are weakly regular, hence Theorem 7 applies. However, the
generalization of Bernstein and Smith’s result might also be of interest for other traffic
models.

3. We then turn to the computation of BS-equilibria. For single-commodity time-expanded
networks, we present an algorithm that computes a BS-equilibrium in quadratic time
relative to the number of edges of the input graph (Theorem 12). For multi-commodity
networks, we give an exact finite-time algorithm. As this algorithm is too slow for
practical computations, we further develop a heuristic based on our quasi-variational
inequality formulation. It starts with an arbitrary feasible flow and updates this flow
along elementary admissible deviations in the sense of Theorem 2.

4. Finally, we test our heuristic on realistic instances drawn from the Hamburg S-Bahn
network and the Swiss long-distance train network. It turns out that user-equilibria can
be computed with our heuristic and that they are quite efficient compared to a system
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optimum, which neglects equilibrium constraints and minimizes total travel time. More
specifically, for the computed instances the total travel times in the user equilibria are
less than 8% higher compared to the system optimum.

1.2 Related Work

Schedule-based transit assignment has been studied extensively in the past. Since the works
by [29, 4], most authors use a time-expanded graph as their modelling basis. For example,
Carraresi et al. [4] consider a model with hard capacity constraints where passengers accept
routes that are at most a factor of 1 4 € worse than an optimal path without any congestion.
This is approximated in several papers [9, 28, 30] by incorporating the vehicle capacities as
continuous penalties representing the discomfort experienced by using an overcrowded edge.

Marcotte and Nguyen [26] address hard capacities by defining an agent’s strategy as
preference orderings of outgoing edges at each node, similar to so-called hyperpaths, and
by assuming a random loading mechanism for congested edges, where the probability of
entering an edge is proportional to its capacity and decreases with the amount of flow desiring
to traverse it. Every passenger wants to minimize the expected travel cost resulting from
their strategy. A whole series of works [28, 17, 16, 15, 33, 18] build upon this model and
expand it by incorporating boarding priorities of passengers, departure time choice with
early/late arrival penalties, different costs for seated and standing passengers, risk aversion,
or stochastic link travel times modelling variation due to weather or incidents.

An alternative to time-expanded graphs is the use of dynamic flows. For example, [31]
defines dynamic flows that traverse the public-transport edges in discrete chunks and employ
the method of successive averages (MSA) to find approximate equilibria. Side-constrained
equilibria for dynamic flows have been studied in [14] where also a dynamic variant of
BS-equilibria is analysed without stating any existence results for them.

2 Side-Constrained Equilibria for Schedule-Based Transit Networks

We first describe a schedule-based time-expanded network (cf. [29, 4]) and then formally
define the side-constrained user equilibrium concept.

2.1 The Schedule-Based Time-Expanded Network

Consider a set of geographical stations S (e.g., metro stations or bus stops) and a set of
vehicle trips Z (e.g., trips of metro trains or buses), specified by their sequence of served
stations and adhering to a fixed, reliable timetable. This timetable specifies the arrival and
departure times at all stations of the trip, where the arrival time at a station is always strictly
later than the departure time of the previous station. Each vehicle trip z € Z also has an
associated capacity v, which represents the maximum number of users the corresponding
vehicle may hold at any time. We use the term wvehicle synonymously with vehicle trip.

To represent the passengers’ routes through the network, we construct a time-expanded,
directed, acyclic graph G = (V, E) with a time 6(v) € R assigned to each node v € V.

There are three categories of nodes: an on-platform node for each station s € S and each
time 6 at which at least one vehicle departs or arrives in s, a departure node for each vehicle
z € Z and each time 6 at which z departs from a station s, and an arrival node for each
vehicle z € Z and each time # at which z arrives at a station s.

There are five categories of edges connecting these nodes: A waiting edge connects two
on-platform nodes v, w of the same station s with consecutive times 8(v) < 8(w). A boarding
edge connects an on-platform node with a departure node of a vehicle z of common time 6
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and station s. A driving edge connects a departure node with the next stop’s arrival node
of the shared vehicle z. An alighting edge connects an arrival node of a vehicle z with the
on-platform node of common time 6 and station s. Finally, a dwelling edge connects an
arrival node of a vehicle z with the corresponding departure node at the same station s.

For ease of notation, let Eg and Ep denote the set of all boarding and driving edges,
respectively. We denote the time delay of an edge e = vw by 7, := 6(w) — 0(v), the delay
of a v-w-path p = (e1,...,ex) by 7 =3 ., 7e = O(w) — O(v). For a driving edge e € Ep
belonging to a vehicle z € Z, we write v, := v,. Waiting and driving edges are always
time-consuming, dwelling edges may be time-consuming, and boarding and alighting edges
are instantaneous. For e € Eg, we denote the succeeding driving edge by e*.

Figure 1 shows a possible generated graph for two vehicles, a green one and a violet one,
and four stations a, b, ¢, and d. The nodes on the grey rectangles represent the on-platform
nodes, the other nodes are the departure and arrival nodes.

The non-atomic users of the network are partitioned into several groups: First, they are
grouped into finitely many origin-destination and departure-time triplets (s;,t;,6;) € T C
S x 8 xR. Tomodel the elastic demand, there is a non-increasing function @;: R>g — Rx>g
for each triplet that given some travel time 7 assigns the volume of particles of triplet j

that are willing to travel at cost 7. We assume Q;(7) = 0 for all 7 > T for some T € R.

Let P7 denote the set of paths from the on-platform node at time 6; and station s; to any
on-platform node of station t;.

As the travel times of the paths are fixed, we can subdivide all triplets into a finite
number of commodities I of common willingness to travel and introduce an outside option
for each commodity: Let {7;1,...,7jx,} = {7p | p € Pj} be the set of travel times of all
paths p € P¢ ordered by 7;; < --- < 7;,. For each j' € {1,...,k; + 1}, we introduce a
commodity ¢; ;- consisting of all particles of triplet j whose willingness to travel is contained
in the interval [7; j:—1,7; ;) with 70 =0 and Tjk;+1 = 1. Thus, commodity i :=i; ;s has a
demand volume of

Qi = Qs(135-1) = Qs(i.5),

and we assign it an outside option p$"*

Finally, we write P; = P; U {p"*}, and denote the set of all commodity-path pairs by
P ={(i,p) | p € Pi}.

2.2 Side-Constrained User Equilibrium

A (path-based) flow f is a vector (fi ) pepr With fi, € Rsg. We call the flow f
demand-feasible, if Z;DG'P,‘, fip = Qs holds for all 4 € I,
capacity-feasible, if f. == Zi,p:eép fi.p < ve holds for all driving edges e € Ep,
feasible, if f is both demand- and capacity-feasible.
Let Fq, F", F§ denote the sets of all demand-feasible, capacity-feasible, and feasible flows,
respectively. For a given demand-feasible flow f and two paths p,q € P; with f; , > ¢, we
define the e-deviation from p to ¢

Jipoqle) = f+e-(lig—1ip)

as the resulting flow when shifting an e-amount of flow of commodity i from p to q. We call

fip—q(e) an admissible deviation, if f; ,—q(€)e+ < e+ holds for all boarding edges e of gq.

We say, q is an available alternative to p for ¢ with respect to f, if there is some positive
such that f; ,—,4(€) is an admissible deviation. In other words, ¢ is an available alternative, if

with some constant cost 7,ue chosen from (75 j/ 1, 7; j).
3
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after switching some arbitrarily small amount of flow from p to ¢, the path ¢ does not involve
boarding overcrowded vehicles. Equivalently, all boarding edges e € ¢ fulfil f.+ < v+, if
et ¢ p,and for < e+, if et € p. We denote the set of available alternatives to p for ¢ with
respect to f by A;,(f).

» Definition 1. A feasible flow f is a (side-constrained) user equilibrium if for all i € I and
p € P; the following implication holds:

fip >0 = Vg€ A, (f):1p < 7g.

This means, a feasible flow is a side-constrained user equilibrium if and only if a path
is only used if all its faster alternative routes are unavailable due to the boarding capacity
constraints. For the rest of this work, we use the shorthand user equilibrium for this concept.

3 Characterization and Existence

We characterize user equilibria as defined above in two different ways: as solutions to a
quasi-variational inequality and as BS-equilibria by defining appropriate, discontinuous cost
functions. By generalizing the existence result of Bernstein and Smith [2] for BS-equilibria,
we show that user equilibria exist. Some proofs are omitted in this conference paper due to
space constraints. They can be found in the full version [19] of the paper.

3.1 Quasi-Variational Inequalities

Traditional types of user equilibria without hard capacity constraints can be equivalently
formulated as a solution to a variational inequality of the form

Find f* € D such that: (c(f*), f—f")>0 forall feD, (VI(c, D))

where D is a closed, convex set, and ¢ is a continuous cost function.

With the introduction of hard capacity constraints together with boarding priorities, an
admissible e-deviation might lead to capacity violations. Therefore, such deviations may
leave the feasible set D = F§ and, thus, are not representable in this variational inequality,
leading us to the concept of quasi-variational inequalities. We define the set-valued function

M:Fg5= RZO, f={fipoq(e) | fiposq(e) is an admissible e-deviation, e > 0}

that returns for any given flow f the set of all possible flows obtained by any admissible
e-deviation with respect to f. We now consider the following quasi-variational inequality:

Find f* € F{ such that: ((p)ip, f—f") >0 forall feM(f). (QVI)

A feasible flow f is a solution to this quasi-variational inequality if and only if there is no
commodity ¢ and a pair of paths p, ¢ € P; with 7, < 7, such that f; ,,,(¢) is an admissible
e-deviation for arbitrary € > 0. Hence, we can characterize user equilibria as follows:

» Theorem 2. A feasible flow f* is a user equilibrium if and only if it is a solution to the
quasi-variational inequality (QVT).

While the existence of solutions to customary variational inequalities in the form
of (VI(c,D)) can be shown using Brouwer’s fixed point theorem, the existence of solu-
tions to quasi-variational inequalities is not clear upfront. To establish an existence result,
we therefore introduce an alternative characterization of our problem in the next section.



T. Harks, S. Jager, M. Markl, and P. Schiewe

3.2 Bernstein-Smith Equilibrium

In this section, we will reformulate the user equilibrium as a Bernstein-Smith equilibrium for
suitably chosen edge cost functions c.: Fg — R>q. This way we dispense with the explicit
side-constraints and instead incorporate them as discontinuities into the cost functions, so
that any equilibrium must correspond to a feasible flow.

» Definition 3 ([2, Definition 2]). We are given a directed graph G = (V, E) and a set of
commodities I, each equipped with a demand Q; > 0, a finite, non-empty set of paths P;,
and a cost function ¢;,: RE ) — Rsq for every p € P;. A demand-feasible flow f € F¢ is a
Bernstein-Smith equilibrium (BS-equilibrium) ¢f, for alli € I and p € P;, fip > 0 implies

¢ip(f) < mingep, iminfe o ¢; q(fipoq(€))-

We first define cost functions for the edges of our schedule-based transit network as
follows: The cost of a non-boarding edge e is given by the time it takes to traverse the edge,
ie., ce(f) = 7. > 0. Passing a boarding edge takes no time, however, it is only possible to
board until the capacity of the vehicle is reached. We realize this by raising the cost of the
boarding edge when the capacity is exceeded to a sufficiently large constant M, which is

guaranteed to be higher than the cost of any available path, e.g., M := max;cs pep, 7p + 1.

This means, for a boarding edge e € Ep, the experienced cost is

0, if fer < Ve,
ce(f) = . (1)
M, if fe+r > ve+.

For a v-w-path p in our time-expanded graph, we assign the cost

cip(f) =Y ce(f) =0(w) = 0(v) + D celf). (2)

e€p ecpNEp

out

For the outside options p¢

7

, we assume that they are virtual paths consisting of a single
edge in E, which is exclusively used by the path po“t

2U', and we set the cost of this edge to
¢; pout (f) = Tyoue. The BS-equilibria with respect to these cost functions are exactly the user
equilibria, as the following theorem shows.

» Theorem 4. A demand-feasible flow f is a user equilibrium if and only if it is a BS-
equilibrium with respect to the cost functions c;, defined above.

Proof. For any f € F§ and p,q € P; with f; , > 0, it holds that

limsup ¢;,q(fip—q(€))
el0

=1, ifVe€EgNq:et €por fer < Ve,
> M, otherwise.

Note that the condition in the case distinction is equivalent to ¢ € A4; ,(f).

If f is a BS-equilibrium, then ¢; ,(f) < Tpour < M holds by the BS-equilibrium condition
and, thus, we must have ¢; ,(f) = 7. The same holds true, if we instead assume f to be a
user equilibrium. Therefore, the following equivalence holds:

Vge Aip(f)imp <7y <= Vg eP;:cip(f) < limisoup Cig(fip—=q(€))-
>

Hence, f is a BS-equilibrium if and only if it is a user equilibrium. |
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3.3 Existence

Bernstein and Smith [2, Theorem 2] proved the existence of BS-equilibria in the case that
cep Ces Where c.: Fg — Rxg, € € E, are
lower-semicontinuous, bounded functions that satisfy the following regularity condition.

each path cost function has the form ¢;, = >

» Definition 5 ([2]). A cost structure ¢: Fgo — Rgo is regular if it satisfies

h%%nf Ciq(fip—q(e)) = Z ce(f) + Z ce(f)

eepng ecq\p

for all f € Fg, ¢ € I, and paths p,q € P; with f;, > 0, where ¢, is the upper hull of c.
defined as

Ce(f) =limsup{ee(x) |+ € Fo, o — fI| <<}

Unfortunately, the cost functions in our case as defined in (1) do not fulfil this condition,
as the network in Figure 1 illustrates: Assume there is a single commodity with source a and
sink d with demand 2, and assume that both vehicles have a capacity of one. Let p be the
a-d-path using only the green vehicle, and let ¢ be the a-d-path using both vehicles. Let f
be the flow sending one unit along p and the remaining unit along the commodity’s outside
option p?"*. Then, for the boarding edge e of the green vehicle at station c, it holds that
ce(f) =M (as Fq contains f; pout_,,(¢) for € < 1). This implies

liminf cg(fipsq(€)) =74 <M < 37 eolf)+ 3 ).

eepnq e€q\p

On the left-hand side it is noticed that the flow on the last driving edge is unchanged and
boarding remains possible, whereas the right-hand side is oblivious to the flow reduction
along p.

Therefore, we introduce a weaker condition that is satisfied in our time-expanded networks
but still guarantees the existence of equilibria.

» Definition 6. A cost structure c: Fg — Rgo s called weakly regular if the following
implication holds for all demand-feasible flows f € Fg, i € I, and p € P; with f; , > 0:

Cz’,p(f) < 1?61%1 Z ce(f) + Z ce(f) = Ci,p(f) < min liniionfc’i,q(fi,p%q(e))-

qEP; 5
eepng e€q\p
It is easy to see that any regular cost structure is also weakly regular.

» Theorem 7. Ifc: Fg — Rgo is a lower-semicontinuous, bounded, and weakly reqular cost
structure, a BS-equilibrium exists.

The proof uses a similar approach to that in [2, Theorem 2], but we show that it applies
to the broader class of weakly regular cost structures.

Proof. Let M be an upper bound for all functions c.. There exists, for each e € F,

a sequence of continuous functions ¢{™: Fo — [0, M] such that <™ (f) 1 co(f) holds

for all f € Fg. For each n € N, there is a Wardrop equilibrium o e Fo w.r.t. the
(n)

path cost function (Cg?;))(i’p)e'p defined by cgf;)(f) =D eepCe (f), L, fi(;) > 0 implies

M (F) < ™ (F0) for all i € I and paths p,q € P; [36]. Equivalently, we have

1 >0 = 3 ) < 30 ). 3)

e€p\q e€q\p
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The sequence (f™), (™ (f(™)) is contained in the compact set F¢ x [0, M]¥, and therefore
has a convergent sub-sequence with some limit (f,z); we pass to this sub-sequence.

By the upper-semicontinuity of the upper hull and the monotonicity of the sequence of
cost functions, we have for all e € E

ce(f) > limsupée(f(”)) > limsupce(f(”)) > lim cgn)(f(")) = .. (4)

n—00 n—00 n—00

Let a > 0. First, since (cg"))n converges pointwise to c., there exist ng € N such that
cgn‘))(f) > ce(f) — a/2. Second, since ("™ is continuous, there is § > 0 such that for
all g € Fgo with ||f — g|| < § we have cén")(g) > cgn‘))(f) —a/2. As (cé”))n is a pointwise
increasing sequence, we then have for all n > ng that cé”)(g) > co(f) —a. Third, since (™),
converges to f, there is n; such that ||f — f(”)H < ¢ holds for all n > n;. In conclusion,
cgn)(f(”)) > ce(f) — a holds for n > max{ng,n1}. Since a > 0 was arbitrary, we deduce
ze > ce(f)-

Let ¢ € I and p,q € P; with f; , > 0. There exists ng € N with fi(,z) > 0 for n > ny.
Taking the limit of (3) yields }- ..\, Ze < 3 g\, Te, and applying (4) and ze > cc(f) we
get

D eelf) < Y Elf)

e€p\q e€q\p

Adding c.(f) for each e € pN¢q to both sides , this shows

()< Y )+ D eelf)

e€png e€q\p

Thus, we can apply weak regularity. |

While it is clear that the cost functions in (1) are lower-semicontinuous and bounded, some
effort is required to show that they fulfil weak regularity. The idea is that given a path p and a
path ¢ minimizing lim inf, g ¢; ¢(fi p—q(€)) We consider the last common node v of p and ¢, and
define ¢’ as the path that consists of p up until v concatenated with the suffix of ¢ starting from
v. For boarding edges e on the second part of ¢/, we can then show liminf. o c.(fi p—q/(€)) =
Ce(f) while boarding edges e on the first part fulfil liminf. g ce(fi p—q (€)) = ce(f). The ob-
servation liminf. o ¢; ¢ (fi poq (€)) < lminfeyo ¢ q(fip—q(€)) then concludes the argument.

» Theorem 8. For schedule-based transit networks, a user equilibrium always exists.

» Remark 9. Even for single-commodity networks, the price of stability, i.e., the ratio of the
total travel times in a best user equilibrium and in a system optimum, is unbounded. However,
Section 5 shows that this ratio is well-behaved in experiments on real-world networks.

4 Computation of Equilibria

We continue by discussing the computation of user equilibria. After describing an O(|E|?)
algorithm for single-commodity networks, we consider the multi-commodity case, for which we
outline a finite algorithm. To compute multi-commodity equilibria in practice, we propose a
heuristic based on insights gained by the characterization with the quasi-variational inequality.
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4.1 An Efficient Algorithm for Single-Commodity Networks

We begin with the description of an efficient algorithm for single-commodity networks. To
reduce noise, we omit the index ¢ where applicable, i.e., we write P instead of P;, etc.

» Definition 10. Let p,q € P. We say that a driving edge e € pNq is a conflicting edge of p
and g if its corresponding boarding edge ep lies either on p or on q (but not on both).

Assume p and q have a conflicting edge, and let e € E be the first conflicting edge. We
say p has priority over q if the boarding edge eg preceding e lies on q (and not on p). Let
< C P x P denote this relation.

A <-minimal path ending in a given reachable node w can be computed by a simple
backward-search on the sub-graph of reachable nodes prioritizing non-boarding edges over
other edges. This in fact returns a <-minimal path as for any conflicting edge e with a
path ¢ € P, the corresponding boarding edge eg must lie on ¢. As the graph is acyclic, this
backward-search terminates in O(|E|) time.

» Lemma 11. For the end node w of any path in P, a <-minimal path ending in w can be
computed in O(|E|) time.

In order to compute single-commodity equilibrium flows, we can now successively send
flow along <-minimal and 7-optimal paths. In every iteration, the flow on this path is
increased until an edge becomes fully saturated. Then, we reduce the capacity on the edges
of p by the added flow, remove zero-capacity edges, and repeat this procedure until the
demand is met.

» Theorem 12. For single-commodity networks, a user equilibrium can be computed in
O(|E|?) time. The resulting user equilibrium uses at most |E| paths.

For general (aperiodic) schedules our algorithm is strongly polynomial in the input. For
compactly describable periodic schedules it is only pseudo-polynomial as it depends on the
size of the time-expanded network. The actual blow-up of the network depends on the ratio
of the time horizon and the period length.

4.2 The General Multi-Commodity Case

The approach of the previous section fails for the general multi-commodity case as the set of
paths | J; P; may not necessarily have a <-minimal element if there are commodities that do
not share the same destination station. Hence, we now describe a finite-time algorithm and
a heuristic for computing multi-commodity equilibria in practice.

4.2.1 A finite-time algorithm

In the following, we describe a finite-time algorithm for computing exact multi-commodity
user equilibria. As we know that an equilibrium f exists, the idea is now to guess the subset
Eo of driving edges that are at capacity, i.e., Eo = {e € Ep | fe = v}, as well as a positive,
lower bound € on the available capacity on all other edges, i.e., min.cp,\g, Ve — fe > €.
Then, we check the following set defined by linear constraints for feasibility:

fe = Ve, for e € Ep,
F(Eo,e) =X feFq| fe<ve—e, forecEp\ Eo, , (5)
fiyp:(), fOI‘iGI,pEPi(Eo)
where P;(Ep) is the set of paths p € P; for which there exists a ¢ € P; with 7, < 7, such
that e™ ¢ Eo holds for all edges e € Eg N q with et ¢ p.
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» Lemma 13. The set of user equilibria coincides with \J..oUg,cp, F(Fo,€).

As the set F(Eo,¢) only grows when reducing ¢, a finite-time algorithm can iteratively
decrease € and then check the feasibility of F(Ep,¢) for every subset Ep of Ep. As a user
equilibrium must exist, an equilibrium will be found for small enough e.

» Corollary 14. The procedure described above computes a user equilibrium in finite time.

4.2.2 Heuristic for computing multi-commodity equilibria

In the following, we describe a heuristic for computing multi-commodity equilibria. Start
with some initial feasible flow f € F§, e.g., by sending all flow along their outside option.
Then, iteratively, find a direction d € R” and change the flow along this direction while
preserving feasibility, until an equilibrium is found. More specifically, we replace f with
f' = f + a-d where « is maximal such that f’ is feasible.

» Definition 15. Let f be a feasible flow. A direction d € R¥ is called
balanced if > p dip =0 fori€ I, and
feasible for f if the flow f + « - d is feasible for small enough o > 0.

Clearly, the choice of the direction is essential for this heuristic to approach an equilibrium.
The characterization in Theorem 2 indicates using a direction d such that f+«-d is a
deviation violating the quasi-variational inequality, i.e., d :=1; ; — 1; ,, for some path p € P;

with f;, > 0 for which ¢ is a better available alternative, i.e., ¢ € A;,(f) and 7, < 7.

However, not all such directions are feasible; even worse, sometimes no feasible direction is
of this form. Therefore, our approach is to start with such a direction d and, if necessary,
transform it to make it feasible.

If this heuristic terminates, it provides an equilibrium, but termination is not always
guaranteed, as we will see later. We first describe how we achieve feasibility of the direction.
For this, a key observation is stated in the following proposition:

» Proposition 16. Let f be a feasible flow and d a balanced direction that fulfils f;, > 0
whenever d; , < 0. Then, d is a feasible direction for f if and only if there exists no boarding
edge e such that fe+ = Ve+, de+ >0 and (fo > 0 or d. > 0) hold.

In the case that d = 1; 4 — 1; , is an infeasible direction, we apply the following transform-
ation: As long as d is infeasible, there exists a boarding edge such that fo+ = ve+, de+ > 0,
and f. >0 V d. > 0, and we repeat the following procedure: Let (i,p’) be such that p’ is a
path containing e with positive flow f; ,» > 0 or whose entry in the direction vector is positive,
ie., d;,y > 0. We decrease d; ,» by 6 :=d,, if f;,y > 0, or by § := min(de, d; ,/), otherwise.
Next, we determine a best path ¢’ € P; that does not use full driving edges, i.e., driving
edges € with fz = vz and dz > 0. We increase d; o by min({0} U{—d. | e € ¢, fe = v.}), and
afterwards, decrease d by the same amount. We repeat this until § equals zero. A detailed
description of this transformation of the direction can be found in Algorithm 1.

» Proposition 17. Algorithm 1 transforms any direction d, that fulfils f;, > 0 whenever
dip <0, to a feasible direction.

Using Algorithm 1 in the main loop, we can implement the heuristic mentioned above.
However, in some situations, the heuristic might apply changes along directions dy, ..., dy
in a cyclic behaviour. We distinguish between terminating cycles, for which the heuristic
breaks out of the cyclic behaviour after some finite but potentially very large number of
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Algorithm 1 Establishing feasible directions.

Data: Time-expanded graph with outside options, feasible flow f, balanced
direction d € Z% s.t. V(i,p) 1 d;p <0 = fi, >0

Result: A feasible direction

while Je € Ep with fer = Ver A de+ >0 A (fe >0V de > 0) do

(,p) < any commodity ¢ and path p containing e with f; , > 0 or d; , > 0;

5 {de+, i fip >0,
min(de+,dip), otherwise.
Decrease d; , by d;
while § > 0 do
q < best alternative to p not containing any e’ € Ep with for = ver A der > 0
5 min({8} U {~dus | ¢ € g for = ver});
Increase d; 4 by ¢';
Decrease ¢ by ¢’;
return d

iterations, and non-terminating cycles. In practice, most terminating cycles can be detected
and prohibited by changing the flow along the common direction Zle d;. Non-terminating
cycles, however, constitute a more serious problem. We can detect these cycles, as their
common direction Zle d; vanishes. Randomizing the path selection in the main loop of the
heuristic might help in breaking out of the cycle.

We employ a technique to reduce the initial complexity of a given instance: There is a
class of paths for which the procedure will never remove flow from. Thus, we first fill these
paths directly when initializing the heuristic. In our experiments, this has shown to handle
between 10% and 25% of the total demand before entering the heuristic.

5 Computational Study

To gain insights into the applicability of the proposed heuristic, we conduct a computational
study on real world train networks. We analyse the performance of the heuristic and compare
the computed equilibrium solutions with system optima.

5.1 Experiment Setup

For each network in our dataset, we use a dynamic demand profile. As our dataset only
provides aggregate, static demand data, we generate a dynamic profile using a uniform
distribution of the demand over time horizon of a typical work day. This means, for every
origin-destination (OD) pair, we generate commodities ¢; with varying start time.

Since the performance of our heuristic varies with the utilization of network capacities,
we also apply it to rescaled demands. A demand scale factor of 1 reflects the real-world
demand.

The system optima are computed using a linear-programming based approach with
delayed column generation. A system optimum is an optimal solution to the linear program

min Ty * fin-
fery E p - fip
(i,p)€P

This problem is solved using a column generation approach. It is initialized with some
feasible solution, e.g., by sending all particles along their outside option. Then, after every
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Figure 2 Map of the considered S-Bahn Hamburg as operated until 2023 [1].

iteration, paths that reduce the objective function are added to the so-called Master-LP, and
if any path was added, the Master-LP is solved again. For this, we used software developed
by [21, 22].

Our implementation of the heuristic (available in [20]) uses the Rust programming
language. All experiments were conducted on an AMD Ryzen 9 5950X CPU.

5.2 Data

A pool of periodic timetables of real-world public transportation networks is provided in the
publicly available TimPassLib [35]. In our computational study, we unroll these periodic
timetables to match an observation period of a day (18 hours) and feed our heuristic the
resulting schedule. Table 1 describes the considered networks and schedules in more detail.

We present results for the Hamburg S-Bahn network (Figure 2) and the Swiss long-
distance train network. The nominal demand of 750.000 passengers per day in the Hamburg
S-Bahn network was taken from [34]. Due to a lack of real-world data, we set the capacity of
all vehicles to 1000 passengers, a number closely aligned to real-world train systems. For
example, a 2-unit train system of the DBAG Class 490 can hold up to 1028 passengers. The
average number of stops per vehicle is 19.14 in the Hamburg network and 8.25 in the Swiss
network. We equip all commodities in our experiments with an outside option of 180 minutes.

Table 1 Details of the considered networks.

Name 7 stations  # vehicles nominal demand # commodities
Hamburg S-Bahn 68 1,512 750,000 219,240
Swiss Long Distance 140 2,772 1,347,686 2,609,712

17:13

ATMOS 2024



17:14

Equilibria for Capacitated Scheduled-Based Transit Networks

5.3 Results

For real-world demands, the heuristic computes user equilibria in both networks in less than
30 seconds. Starting with a demand factor of 0.5 for the Hamburg S-Bahn network and 0.55
for the Swiss network, capacity conflicts occur; for demand factors below these values, any
system-optimal flow is also an equilibrium flow as all agents can be assigned to a path p
minimizing 7, over all paths p € P;. With an increase in demand, the number of iterations
of the heuristic increases heavily. For example in the Hamburg instance, when initializing
the heuristic by filling optimal paths until all of them have a full driving edge, only 1,015
iterations are necessary for the nominal demand while 10,280,576 iterations were necessary
for a demand factor of 2.5. For the Swiss long-distance train network, the computation time
increased similarly dramatically already when doubling the demand.

The average travel time in the computed equilibria is up to 3.3% higher, in the Hamburg
instance, and up to 7.4% higher, in the Swiss instance, compared to a system optimum. For
the nominal demand, these numbers are below 1%. Figure 3 shows the computation time of
the heuristic, and the mean travel times in the equilibrium and in the system optimum.

Hamburg S-Bahn Swiss Long Distance

T T T 76 T T
= —— Equilibrium
e = 175 n
LE E --- Optimum & /
o L 72
- /
= B 70 | T
16.5 &1 il ! ! ! —_\———'77/” _ !
0.5 1 1.5 2 2.5 0.5 1 1.5 2

Demand factor Demand factor

Figure 3 Comparison of the mean travel time of the user equilibrium and system optimum, and
the computation time of the heuristic in the two networks.

6 Conclusion

We presented a side-constrained user equilibrium model for a schedule-based transit network
incorporating hard vehicle capacities. As our main results, we proved that equilibria exist and
can be computed efficiently for single-commodity instances. The existence result generalizes
a classical result of Bernstein and Smith [2]; its proof is based on a new condition (weak
regularity) implying existence of BS-equilibria for a class of discontinuous and non-separable
cost maps. For general multi-commodity instances we devised a heuristic, which was
implemented and tested on several realistic networks based on data of the Hamburg S-Bahn
and the Swiss railway.

Limitations of the Model

Our model assumes that passengers are associated with fixed start times for their travel. For
flexible departure time choices, however, a side-constrained user equilibrium need not exist
(see [28]). Non-existence also applies to a model with transfer penalties.
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Open Problems

First of all, a side-constrained user equilibrium is not unique and, hence, the issue of equilib-
rium selection or determining which equilibrium is likely to be observed in practice remains
unclear and deserves further study. From an algorithmic point of view, the hardness of the
equilibrium computation problem for multi-commodity networks is open. The computa-
tional complexity for single-commodity networks and periodic timetables (which leads to a
compactly representable time-expanded graph) is also open.
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—— Abstract

Traffic assignment is a core component of many urban transport planning tools. It is used to
determine how traffic is distributed over a transportation network. We study the task of computing
traffic assignments for public transport: Given a public transit network, a timetable, vehicle
capacities and a demand (i.e. a list of passengers, each with an associated origin, destination,
and departure time), the goal is to predict the resulting passenger flow and the corresponding
load of each vehicle. Microscopic stochastic simulation of individual passengers is a standard, but
computationally expensive approach. Briem et al. (2017) have shown that a clever adaptation of
the Connection Scan Algorithm (CSA) can lead to highly efficient traffic assignment algorithms,
but ignores vehicle capacities, resulting in overcrowded vehicles. Taking their work as a starting
point, we here propose a new and extended model that guarantees capacity-feasible assignments and
incorporates dynamic network congestion effects such as crowded vehicles, denied boarding, and
dwell time delays. Moreover, we also incorporate learning and adaptation of individual passengers
based on their experience with the network. Applications include studying the evolution of perceived
travel times as a result of adaptation, the impact of an increase in capacity, or network effects due
to changes in the timetable such as the addition or the removal of a service or a whole line. The
proposed framework has been experimentally evaluated with public transport networks of Gottingen
and Stuttgart (Germany). The simulation proves to be highly efficient. On a standard PC the
computation of a traffic assignment takes just a few seconds per simulation day.
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1 Introduction

Efficient, sustainable, and accessible public transport systems are critical to promoting
economic growth, reducing congestion and minimizing environmental impact. This calls for
innovative methods to optimize resource allocation, improve passenger comfort and ensure
the overall efficiency of transit networks. A crucial part in the planning process of public
transit systems is traffic assignment. Traffic assignment models are used to predict the
passenger flow and the estimated load of vehicles within a transit network for a given demand
scenario, making them a fundamental analysis and evaluation tool at both planning and
operational levels [4]. Results of traffic assignments provide valuable insights into possible
congestion problems due to insufficient capacity. They can be used to study the benefits of
introducing additional services, increased frequencies, larger vehicle capacities or possible
network extensions [5]. In this work, we consider the following variant of public traffic
assignment: As input we are given a public transit network, a corresponding timetable and a
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vehicle schedule with vehicle capacities. The demand is specified by a list of passengers, each
with an associated origin, destination, and departure time. The task is to assign for each
individual passenger a journey from his origin to his destination.

Microscopic stochastic simulation of individual passengers is meanwhile a standard, but
computationally expensive approach. Briem et al. [1] have shown that a clever adaptation
of the Connection Scan Algorithm (CSA) [7] can lead to highly efficient traffic assignment
algorithms. However, their approach ignores vehicle capacities, resulting in unrealistic
assignments and overcrowded vehicles (they report in their case study assignments of about
1200 passengers to a single vehicle). The commercial state-of-the-art tool PTV VISUM has
recently integrated CSA into their transport assignment for faster shortest path search [12].

Contribution. Taking the work of Briem et al. [1] as a starting point, we here propose a
new and extended model that guarantees capacity-feasible assignments. We use agent-based
modeling, a powerful tool to study the behavior of passengers, transport vehicles and the
interaction between them. By modeling passengers as autonomous agents, this approach
captures the different decision-making processes, preferences and adaptive behaviors that
individuals exhibit during their journeys. More specifically, our model incorporates dynamic
network congestion effects such as crowded vehicles, denied boarding, and dwell time delays.
Moreover, we also incorporate learning and adaptation of individual passengers based on
their experience with the network. The proposed model has been implemented as a prototype.

Computational experiments with public transport networks of Goéttingen and Stuttgart

(Germany) demonstrate the efficiency of the approach. We present three case studies with

selected applications:

1. First, we study how passengers respond to network congestion. We find that the learning
process is quite effective. It helps to improve the average perceived travel times and to
reduce cases of denied boardings due to overcrowded vehicles.

2. Second, we examine the benefits of increasing capacity. It turns out that a moderate
increase in capacity leads to a significant reduction in average perceived travel times.

3. Third, we compare unlimited vs. limited vehicle capacity. As expected the passenger
flows with unlimited vehicle capacity turn out to be highly unrealistic.

Related work. There is a long history of research on traffic assignment in public transport,
see [9, 10, 11] for surveys. Conventional traffic assignment models distinguish between
frequency-based and timetable-based models. These two groups differ in the modeling of
the network. In frequency-based models [16, 20, 25, 24] the timetable is only modeled at
the line level. Each line has an assigned frequency. These models aim at determining the
average loads on the lines. In timetable-based models [13, 14, 17, 18, 19], the trips of a line
are explicitly modeled, and the task is to determine loads on each single trip. A prominent
example of the implementation of a schedule-based model is the commercial software VISUM,
which is primarily used for long-term planning. In agent-based models, passengers are not
considered as an aggregated flow, but are simulated individually on a microscopic level. The
individual vehicles are also modeled as individual agents, which allows great freedom in
modeling (for example, the development of vehicle-specific delays or seating and standing
capacities). Agent-based models focus on the dynamic interactions between passengers and
the network as well as interactions between passengers. Individual, adaptive decisions are
simulated as a reaction to dynamic network conditions. The network conditions are in turn
dependent on the individual decisions of the passengers. In addition to dynamic processes
within a day, a learning process lasting several days is usually modeled. The experiences on
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one day are incorporated into the expectations of the individual passengers and thus influence
the decisions on subsequent days. These learning processes model long-term adaptations
of passengers to the network conditions. In 2008, Wahba presented MILATRAS [26, 27],
the first agent-based simulation in public transport that models a learning process. In
MILATRAS, the traffic assignment is considered as a Markov decision problem, where the
possible positions of the passengers (stops, vehicles) are the states and the possible decisions
(choice of the next line or stop to alight) are the actions. In 2009, MATSim, an activity-based
agent simulation framework, was extended by Rieser et al. to include public transportation
trips [21]. In MATSim, each traveler has a population of plans representing journeys. Each
passenger randomly selects a plan from its population. This selection is based on journey
ratings and the learning process is implemented as a co-evolutionary algorithm.

With BusMezzo [2, 4, 5] another agent-based simulation was introduced by Cats in 2011,
designed as an operations-oriented model for short-term to mid-term planning [3]. The
probabilistic decisions in BusMezzo depend on the current expectations of passengers, based
on previous days’ experiences and current real-time information. The individual decisions
(boarding, alighting and walking) depend on pre-computed path sets, where each action (e.g.
alighting at a specific stop or boarding a specific vehicle) is assigned a path set (e.g. a subset
of all possible paths to the destination after alighting). In [4] a path is defined as a sequence
of stops, whereby the exact lines and transfers are not specified. A single path is therefore not
a concrete journey. The expected waiting time at a stop is calculated based on the combined
frequency of the lines at the stop. A SoftMax model is used when deciding between different
actions. Passengers learn the perceived travel times and the waiting times for the individual
path segments. In contrast to MILATRAS and BusMezzo, the model proposed in this paper
avoids the static pre-computation of alternative path sets. Instead, we consider and evaluate
all feasible actions dynamically on-the-fly in an event-based manner, allowing passengers to
react in a flexible way on network conditions such as unexpected delays or congestion. In our
model the evaluation of individual passenger decisions depends on explicit journeys, which
include specifically defined trips and transfers. Due to the explicit definition of journeys, the
model is also suitable for timetables that include routes with low frequencies or individual
special trips. Passengers can learn the expected load and reliability of specific trips, not only
about lines. Similarly, probabilities of failed transfers can be learned.

Overview. The remainder of this paper is structured as follows. First, we start with the
necessary preliminaries to formalize the problem in Section 2. In Section 3, we introduce
our framework in detail. In Section 4, we present a computational study evaluating our
framework and showcasing a few applications. Finally, we conclude with a short summary.

2 Preliminaries

This section describes the modeling of the network and provides basic definitions and notations.
A timetable is modeled as an event-activity network [15]. An event-activity-network is a
tuple (£,A,S8,T,L,F,D) whose components are described below. The events £ and the
activities A form a network N = (£,.A), where the events correspond to the nodes and the
activities to the arcs. The events are divided into departure events Eqep and arrival events
Eqrr- Each event e is associated with a time 7(e), a trip trip(e) € T, and a stop stop(e) € S.
We write dep(s) and arr(s) for the set of all departure and arrival events at stop s. An
activity (e1,es) can be a driving, dwelling or transfer activity. A dwelling arc is an arc from
an arrival event to a departure event, modeling the waiting of a vehicle at a stop. Driving
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arcs are arcs from a departure to an arrival event and model driving from one stop to the
next. Driving and dwelling activities have an in-vehicle time 7V (ey, e2) := T(ea2) — 7(e1)
and a minimum in-vehicle time 7%
and the minimum duration of an arc corresponds to the catch-up potential in case of delays.
A driving or dwelling activity (e, e3) has a reference to its trip trip(e;,es) € T.

(e1,€e2). The difference between the regular duration

A trip t € T is an alternating sequence of departure and arrival events (e, (t), ex,..(t),

eflep(t)7 ....,el{‘ig)l_l(t),e!ii(pt)‘_l(t),elﬁg«t)l(t)), where S(t) is the set of stops served by the
trip . Denote by ey, (¢) the departure event and by e,
of t. The times of the events of a trip are non-decreasing, so 7(ej,,(t)) < 7(eit1(t)) and
T(ezmr

of driving and dwelling activities(t) of trip t. For a trip segment between the ith and jth
stop of a trip ¢, with ¢ < j, we write efiep(t) el
and dwelling arcs between the departure event at the ith stop and the arrival event at the
jth stop of trip ¢. Let activities(eilep(t) — ¢eJ..(t)) be this sequence of arcs. Each trip has a
seat capacity caps;(t), which corresponds to the number of seats in the vehicle. The capacity
cap(t) > capsi(t) of a trip is the sum of the seats and standing capacity. This capacity is
considered as a hard upper limit for the number of passengers that can be on a trip. Trips
are grouped into lines £, where each trip of a line serves the same sequence of stops. Let
line(t) be the line of a trip ¢t and line(e) the line of an event e. We assume that two trips
of a line cannot overtake each other. A line is therefore a set of trips ordered according
to the first departure time. Let ¢; and t5 be two subsequent trips of a line. The headway
headway(ei (t1)) := 7(ek(ta)) — 7(el(t1)) of an event is the time until the corresponding
event of the next trip. A transfer is an arc from an arrival event to a departure event of
another trip. Such arcs are not explicitly modeled, but are implicitly defined by the stops S
and footpaths F. A footpath (s,s’) € F between two stops can be passed at any time. The
time required for a footpath is given by £(s,s’) € N. A minimum transfer time mct(s) can
be specified for transferring at stop s. A transfer ey, — €4ep With trip(eqrr) # trip(edep)
is therefore valid if either stop(eqrr) = stop(edep) and 7(eqrr) + met(stop(earr)) < T(€dep)
applies, or if stop(eqrr) # stop(eqep) and the footpath (stop(eqrr), stop(edep)) exists with
T(earr) + L(stop(eqrr), stop(egep)) < T(€dep). A valid transfer can become invalid in the
course of the simulation due to delays. Conversely, an invalid transfer can also become
valid if the departure event is delayed. The walking time 7% (
is (stop(earr), stop(€aep)) if stop(earr) # stop(egep), and O otherwise. The waiting time
rwait( walk (e grr = €dep). To model delays
that can propagate between different trips, dependency arcs (t1,t3) € D are introduced
between two consecutive trips of a vehicle. Like activities, they have a minimum duration. If
a trip arrives late at its last stop, the next trip of the vehicle is delayed accordingly.

(t) the arrival event at the ith stop
() < T(eﬁlep(t)) always apply. This sequence of events defines the alternating sequence

(t). This trip segment contains all driving

€arr — €dep) Of a transfer

€arr — €dep) Of a transfer is T(egep) — T(€arr) — T

The agents are generated using an OD-matrix. The OD-matrix specifies how many
passengers per hour want to travel from a specific start stop origin to a specific destination
stop dest. Each passenger is assigned a fixed start time 7g44.¢. A more realistic modeling,
in which the start time is chosen by the agents themselves depending on the network, is
conceivable, but is not dealt with in this paper. During a simulated day, a journey is created
for each passenger, which is an alternating sequence of trip segments and valid transfers.
In addition to transfers between two trips, a journey can also have an initial walk at the
start or a final walk to the destination. We therefore extend our definition of transfers
to include the special cases origin — egep and eqr. — dest, where origin is the start and
dest is the destination. A final transfer e,,., — dest always has a waiting time of 0. A
journey J consisting of n trip segments therefore has the form J = {origin — eillep(tl),

ezllep(tl) - 63;7"7" (tl)’ eé%rr(tl) - Bf;ep(tQ)7 ey 6Z'ép(tn) - egﬁr(tn% eg?“r (tn) - deSt}'
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3 Agent-Based Dynamic Traffic Assignment Model

In this section we introduce our dynamic traffic assignment model step-by-step. We first
sketch and discuss the model of Briem et al. [1], as it serves in many respects as the basis
for the simulation presented in this work. Then we present a high-level description of our
simulation model. Afterwards, we provide details about the modeling of congestion effects,
passenger preferences, route choice, learning, and real-time reactions.

Traffic assignment using Connection Scan Algorithm. In [1], passenger preferences are
modeled using perceived arrival times. These are used to make decisions based on factors
such as arrival time, number of transfers, walking time, waiting time, and delay robustness.
The algorithm simulates different decisions for each passenger (boarding a vehicle, alighting
a vehicle, walking to another stop) and assigns probabilities to these options based on the
perceived arrival times of each option. The boarding and alighting decisions are binary
(board or stay at a stop, alight or stay on a trip). The perceived travel times for all options
are calculated with a single run of the Connection Scan Algorithm [7]. In a second scan
over all elementary connections, a random decision whether to board the vehicle is made
for each passenger waiting at the corresponding departure stop. Then, for all passengers in
the current vehicle, a random decision is made whether to alight at the arrival stop. Finally,
for each alighting passenger, a random decision is made as to which stop they will walk
to (or remain at the current stop). This approach is very efficient, but is based on some
unrealistic assumptions. First, the model assumes unlimited vehicle capacities. This leads to
traffic allocations in which individual vehicles have unrealistically high load factors. Second,
passengers do not react in any way to high occupancy rates and are treated as uniform
decision makers; personal preferences or experiences are not implemented. Third, movements
of vehicles are not simulated and transfer uncertainty is modeled by adding a random variable
to the arrival times. Consequently, it is not possible to model specific vehicle delays and
how passengers react to them. As capacities and occupancy rates are ignored and delays
are modeled as random variables, the network performance is completely independent from
passenger decisions.

3.1 High-level Description of Model

In our model, passengers are modeled as agents with their own preferences and experiences.

The individual decisions of the passengers influence the network dynamics and the passenger
decisions are in turn dependent on the network dynamics. The network flow is therefore the
result of the passengers’ interaction with the network. Each individual trip is modeled as a
separate entity whose performance depends on the decisions of the agents. The modeling of
vehicles as entities allows explicit delays and delay dependencies between vehicles. Section 3.2
describes three different network congestion effects that are implemented in this model:
crowded vehicles (including seat allocations), denied boardings and dwell time delays.

The model replicates the impact of network performance on passenger decisions. We
develop a flexible choice model that allows passengers to make adaptive decisions in response
to these dynamic network conditions. As in [1], we evaluate decisions by calculating a
perceived travel time (Section 3.3) for each option, but we incorporate the three modeled
congestion effects. In Section 3.4, we explain how probabilities are assigned to different
options based on the perceived travel times. Instead of binary choices, passengers choose
between boarding trips of different lines and alighting at different downstream stops. The
advantage of this is that passengers can react adaptively to the characteristics of different
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journeys, rather than just considering the current and optimal options. One drawback is that
the journey characteristics can change in the time between the decision and the execution of
the chosen event. In Section 3.6, we describe how passengers can change their decisions based
on real-time information. Individual passengers adapt their behavior to their experiences
with the network. Passengers’ decisions are influenced by the experience they have gained
by repeatedly traveling through the network on consecutive days (Section 3.5). Modeling
a learning process is of great importance as the network conditions vary from day to day.
The learning process models how passengers react to the fluctuating network congestions on
different days and allows them to avoid highly congested trips.

The model is developed as an event-oriented simulation with discrete time steps. We
keep the algorithmic framework and the overall structure of a simulated day from the model
in [1]. Changes to the algorithm are described in Section 3.3. As event times are no longer
static (in particular, due to dwell time delays), the connections cannot be pre-sorted and
we need a priority queue ). This contains all events of the period to be simulated. The
events are sorted in ascending order according to the current time of the events. If two events
have the same time, arrivals are processed before departures. On each pass through the
main loop, the current event is extracted from (. All passengers who have not yet started
their day are loaded into the network. They select their first boarding. The type of event is
then distinguished. In the case of a departure event, the passengers waiting at the current
stop are processed in random order. In the case of an arrival event, the passengers on the
current vehicle are processed. When a departure event is processed, a dwell time delay may
be generated and propagated. In this case, @) must be updated. At the end of each day, the
expectations and perceived travel times are updated.

3.2 Congestion Effects

Crowded vehicles. Seats are allocated as follows: We assume that passengers alight from
the vehicle before those waiting at the stop board. Seats may therefore become available.
First, passengers are drawn at random from those currently standing until either all seats are
occupied or all passengers are seated. Second, the waiting passengers then board the vehicle
in random order. We therefore assume that the passengers mix while waiting. Entering
passengers are assumed to take a seat if one is available. The main causes of dissatisfaction
in overcrowded vehicles are standing and physical proximity to other passengers. Let
@™ (e1  e9) < cap(t) be the number of passengers of an activity (e, es) of the trip £. The
discomfort depends on the current passenger load A(ey,es) := q°"*°% (e, e5) /capsi(t) and
on whether a seat has been found. The load is defined relative to the number of seats. These
two properties give the crowding factor B (X(e1, e2), seatedy,(€gep, (€1, €2))), Where k
is the current passenger and egqe), is the departure event at which the passenger boarded the
current trip. The Boolean function seatedy, which indicates whether the passenger k has a
seat, thus depends not only on the current arc, but also on the time of boarding. We assume
that a passenger will not give up a seat once it has been found. The crowding factor is
modeled as a step function (see Table 1). The load of a vehicle is not known to the passenger
in advance and is therefore based on the passenger’s personal experience on previous days,
or a default value if no experience is available. Learning is described in Section 3.5. The
model also allows for real-time load information, but this is beyond the scope of this paper.

Denied boardings. As with the seat allocation, the standing room allocation depends on the
random order of boarding passengers. It is possible that the number of passengers wishing to
board a vehicle is greater than the remaining capacity. In this case, some of the passengers
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must therefore remain at the stop. We refer to this as denied boarding at a departure event
edep- The passengers must respect the minimum transfer time at the current stop and may
walk to another stop in response to the denied boarding. They are therefore treated as
passengers who alight at stop(egep) at time 7(egep). Such an unplanned complication is
associated with additional stress for the passenger. Therefore, the subsequent waiting or
walking time to the next boarding event is penalized by a multiplier B,{ ail

Dwell time delays. We model the dwell time as a monotonically increasing function based
on the number of boarding and alighting passengers. Let ¢®%9"* be the current number of
alighting passengers and ¢*°*"¢ the current number of boarding passengers. The required
dwell time is given by (q@9ht + gb°@rd) /doorCapacity(t), where doorCapacity(t) is the
number of passengers that can board or alight per second. This value differs significantly
between different vehicle types, for example buses generally have a smaller doorCapacity
than trains. It should be noted that this is a greatly simplified model; for example, the
time to open and close the doors is ignored. Since boarding and alighting is the dominant
component [22], this is sufficient to capture the systematic evolution of delays caused by
the network flow. For more accurate modeling, more information is needed on the vehicles
used. If the required dwell time is greater than the scheduled one of a dwelling arc, the
corresponding departure is delayed by the difference. Occurring delays are propagated
downstream along the corresponding trip (as in [23]). Additionally, delays of trains are
propagated across shared rails.

3.3 Perceived Travel Time

Perceived travel time is a key characteristic that influences passenger satisfaction with public
transport. Unlike actual travel time, it takes into account that waiting times, walking
distances, transfers and in-vehicle crowding are perceived differently by passengers. Each
passenger in the model has its own preferences and experiences. The perceived travel time
is dependent on the network dynamics of the current day and the passenger’s experience
gained on previous days. Each passenger has different sources of information about expected
times and vehicle loads. These sources can be, in descending order of priority, real-time
information, experience, or default values (scheduled times or an input parameter for load).
Unless otherwise specified, the source with the highest priority is used.

During the simulation, each passenger is assigned a journey iteratively through partial
decisions. Two types of decisions are made: a passenger waiting at a stop, has to decide
which trip to board next (or whether to walk directly to the destination if there is a footpath).
The passenger chooses between departure events that can be reached from the current stop,
including departure events reachable by a footpath. Second, a passenger traveling in a
vehicle has to decide at which stop to alight. To implement these decisions, we calculate
for each passenger k an expected perceived travel time fi(e) for each boarding and alighting
event e, that corresponds to the optimal journey from the current event to the destination.
The initial perceived travel times are calculated before the start of the simulation and are
based on scheduled times. The perceived travel times are updated at the end of each day
after incorporating passenger experience, and are recalculated during a day when real-time
information is available. At the time of the decision, the passenger does not know the actual
perceived travel times, as the activities are in the future. These values are therefore only
estimates for the current day. We account for crowding by weighting the in-vehicle-travel
time by a crowding factor ﬂ;mwdmg depending on the vehicle load. Similarly, waiting and

walking times are weighted by passenger-specific factors B}C“a”“ and (% respectively. We
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also use an additive penalty Bimmf " for each transfer and B{ail (tr) for a possible failed

transfer ¢tr. The penalty term for a failed transfer corresponds to the weighted additional
waiting time caused by the failed transfer, multiplied by an estimated probability p'}:ail(tr).
The expected perceived travel time fi(e) of an event e is defined recursively as the minimum
over all possibilities to continue from this event to the destination. In the following, we derive
these calculations step by step. First, we define an expected perceived travel time ptt; for
each transfer and for each trip segment. The perceived travel time of a journey is the sum of
the perceived travel times of all trip segments and transfers of the journey (including the
waiting time at the origin stop). The perceived travel time of a trip segment is the sum of
the perceived travel times of all driving and dwelling arcs of the trip segment. The perceived
travel time of an activity (eq,es) is obtained by multiplying the crowding factor with the
duration of the activity, i.e.

Ptti(€edep, (€1, €2)) == ;mwdmg()\k(el, e2), seatedy (eqep, (€1, €2))) - T,i“t(el, €2),
where egep is the departure event at which the passenger k boarded the current trip. Since
a passenger does not know in advance when he will find a seat, he assumes that he will
find a seat at the first arc with an expected load of less than 1. The Boolean function
seatedk(egep(t), (7 (1), €7 (1)) is true if an arc (€™ (t), e™ (t)) exists with A (e™(t),e™ (£)) < 1
and ¢ < m < j. This is a pessimistic estimate: even if the expected loads match the actually
experienced values, the passenger may find a seat earlier.

The perceived travel time of a trip segment is

Pt (efiep(t) - eérr (t)) = Z Dtly (efiep(t)7 (e, 6/))'

(e,e’)Eactivities(efiep (t)—el .. (1)

The real travel time of a transfer tr = e,y — €q4ep consists of the waiting time for the next
trip and, if a footpath is required for the transfer, the length of the footpath. These times are
multiplied by passenger-specific coefficients %% and B9, In addition, there are penalty
terms B,t:‘msf " for the transfer itself and B,{ail (tr) for a possible failed transfer. The penalty
term for a failed transfer corresponds to the weighted additional waiting time caused by the
failed transfer. Since the additional waiting time after the failed transfer is not known at the
time of the decision, it must be estimated. To allow an efficient calculation, this estimate is
based only on the timetable. We define the expected additional weighted waiting time after
the failed boarding B,{ail(tr) as headway(edep) - ,J;ail. The value ﬁ,’:a”(tr) is then multiplied
by a probability pgau (tr) estimated by passenger k that boarding at eqe, is not possible due
to limited capacity of trip(eqep) or delays of eqrr. This probability is assumed to be 0 at the
beginning of the simulation. It depends on two components, pge”ied and piezay. The overall
probability p/®(tr) is calculated as pfeied(eg.,) + picl™ (tr) — (pfericd(eqep) - Pr Y (tr)).
Both components are based on the passenger’s experience on previous days. The probability
pgelay is calculated using a weighted empirical distribution function of the arrival times

T(€arr). The perceived travel time of a transfer tr = eqrr — €4ep is
pttk(tr) — Agail (tT) .pim’l (t?“) + 5}191;ait .leuait“,r) + Bllcualk . Twalk(ﬁ“) + ﬁ]tcransfer_

We additionally define walk{®s!(s) = Bek . ((s,dest) as the weighted walking time from
stop s to destination dest of passenger k. Using these definitions, we can now recursively
define the expected perceived travel times fi(e). The minimum perceived travel time from
an arrival event ey, to the destination stop is given by the minimum over all outgoing valid
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transfers and the weighted walking time to the destination stop. Transfers that are only
possible due to a learned delay of the departure event are ignored here. We first define the
minimum over all transfers:

JEre™ (eqrr) 1= min  ptty(eqrr — 62151)) L (eiiep)'

Carr—rey.,
The value fi(eqrr) is the minimum of this value and the weighted walking time, i.e.

fr(earr) = min{ f7"* (egrr), walkgeSt(stop(earr))}.

In particular, fi(eqr) is O if stop(eqrr) is the destination of k. The minimum perceived
travel time of a departure event egep is the minimum over all possible trip segments. The
respective trip segment is defined by the arrival event at which the passenger alights. For a
departure event efiep(t) this results in

Fil€lep (1)) = minptty(€ep () = € (D) + fil€rr (£)-

We have therefore defined a minimum perceived travel time fi(e) to the destination for each
passenger k and for each possible boarding and alighting event.

Calculation of initial perceived travel times. Algorithm 1 describes the calculation of
the initial perceived travel times fi(e). These initial values are independent of the network
dynamics. The times therefore correspond to the regular times according to the timetable, a
standard load A g is assumed for each activity and the probability of a failed boarding is
assumed to be 0. The algorithm is based on the profile connection scan algorithm [7], with
the difference that we calculate perceived travel times instead of earliest arrival times. In
addition, dwelling activities must also be taken into account. As in [7], we first perform a
simple earliest arrival time query with CSA to determine the driving arcs C' that can be
reached from the origin. We limit the time horizon to 7,,..(k) + A, where 74,.-(k) is the
earliest (real) arrival time of k at its destination dest. We therefore discard journeys that
arrive more than A, later at the destination than the fastest journey. During the execution
of the algorithm, a set of Pareto-optimal journeys B[s] from s to the destination is calculated
for each stop s € S. The criteria are the departure time and the minimum perceived travel
time to the destination. For each departure event egep, a label L = (74ep, ptt, trip) is created
consisting of the departure time 74.p, the minimum perceived travel time to the destination
ptt and the first trip of the journey trip. For Pareto dominance, the difference between the
departure times of the labels must be added to the perceived travel time of the later label.

We iterate over the driving arcs C' in descending order of departure times. In each loop
iteration, the invariant applies that pttey..[t] is the minimum perceived travel time from
the earliest scanned departure event of the trip ¢ to the destination. At the beginning
of the iteration for the travel arc (eilep(t), et 1(t)), ptteurr[t] therefore corresponds to the
minimum perceived travel time from eil;}(t) to the destination. At the arrival event e‘fl(t),
the passenger has three options: he can change to another trip, walk to the destination or
stay in the vehicle. We calculate the minimum of these three options. First, we calculate the
perceived travel time for a transfer. The optimal transfer is the transfer to the Pareto-optimal
partial journey with the smallest departure time. Here we discard the case that a passenger
alights to get back on the current trip immediately. Let Ly be the label of this journey. The
perceived travel time for a transfer transfer is therefore the sum of the perceived travel time
of L; and the cost of the transfer (waiting time and penalty for transfer). The perceived
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Algorithm 1 Calculation of the initial perceived travel times fi to the destination of
passenger k.

Input: list C of relevant driving arcs sorted by regular departure times
Output: perceived travel times fi(e)
foreach t € T do
‘ Dttcurr [t} < 00
foreach driving arc (e}, (t), e5t} (t)) € C, descending by (e, (t)) do
let Liransfer be the label L € Blstop(eit}(t))] with minimum departure time
Tdep(L), for which 74, (L) > 7(eit1(t)) and trip(L) # t apply
if Liransfer 7 L then
trans fer < ptt(Liransrer) + B " + B (Tacp(Luransper) — T(€hi} (£)))
else
transfer < oo
alight < min{trans fer, walk{es!(stop(ett1(t)))}

arr
remain < pttey[t] + ﬁ,zrmmmg()\std, Asta < 1) - T (et (1), 62:; (t))
minptt < min{alight, remain}
if minptt = co then continue
Pttcure[t] < minptt + By " (Asta, Asta < 1) - 7€l (), ik (2))
fuleith (1)) < alight
fi(€gep () < ptteurrlt]
Ly + (T(ebep(t)) - mCt(StOP(eiiep(t»)apttcurr [t]l"' Bratt - mCt(StOP(eziep@)))’ t)
if Ly is not dominated: insert L; into B[stop(eg,,(t))] and remove dominated
labels
foreach footpqth (s, stap(efjep(t)).e F do _
Ly (T(efiep(t)) — (s, StOP(ezJep(t))aPttcurr [t] + B}cﬂalk l(s, stop(efiep(t)), t)
if Ly is not dominated: insert L; into B[s'] and remove dominated labels

travel time for the passenger to walk to the destination is given by walk{st(stop(eitL(t))).
We summarize these two options under alight. The perceived travel time for staying in
the vehicle is equal to the sum of the minimum perceived travel time from ei;g; (t) to the

destination (i.e. ptteurr[t]) and the cost of the dwelling arc between et} (t) and el (t). The
sum of these two costs is called remain. The minimum of all three options is minptt.

Afterwards, ptteyrr[t] is updated. The minimum perceived travel time for the departure
event eilep(t) corresponds to the sum of the costs of the current driving arc and the costs
of the minimum option at the arrival event (minptt). We store the calculated minimum
perceived travel times in fi. We still need to update the Pareto sets. We create a label for
the current stop and for all footpaths. We incorporate the minimum transfer time or footpath
length directly into the labels. The departure time of the label therefore corresponds to
the departure time of €}, (t) minus the minimum transfer time or walking distance. For
the perceived travel time ptt of the labels, the corresponding costs for waiting or walking
must be added to the current perceived travel time pttey..[t]. We first test whether a label
is dominated by another label of the corresponding Pareto set. If this is not the case, it is
inserted. The labels dominated by the inserted label are then removed.

Updating the perceived travel times. Updating the perceived travel times f; works in
a similar way to the initial calculation in Algorithm 1. This subsection only describes the
differences. Only a small subset of all events is affected by the update. It would therefore be
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suboptimal to scan the entire list C'. Instead, we use a priority queue ), which contains the
arcs in descending order according to regular departure times. At the beginning, () contains
the arcs for which at least one property has changed. At the end of each iteration, all driving
arcs through which the current driving arc can be reached are inserted into . These are the
previous driving arc of the current trip ¢ and all driving arcs (egep ('), e2t1(t")) for which the
transfer e} 5! (t') — e, (t) is valid. Another difference is that during the update, each stop
is usually visited much less frequently, as only a small subset of the travel arcs are scanned.
We therefore do not calculate the Pareto sets. Instead, we calculate the minimum perceived
travel time for a transfer by scanning over all departure events egep that are reachable from
eit1(t) via a valid transfer. Transfers that are only valid because of the learned delay of the
boarding event are ignored. We therefore use the regular time for efiep.

In the initial calculation, a default value Ay 4 was assumed for the load of each arc. This
means that a passenger assumes that they are either always seated or always standing. This is

no longer the case with the update. As a reminder: A passenger assumes that they must stand

until they reach an arc (e}, (t), e4f+(t)) for which they expect a load factor of less than 1, i.c.

rrarr

S\k(efiep(t), ett1(t)) < 1. In addition to ptt.y..[t], we store another value pttSittind[¢]  which is
the minimum perceived travel time to the destination, assuming that the passenger is seated
for the rest of the journey. If we scan an arc (efiep(t)7 ettl(t)) with S\k(efiep(t)7 eltl(t)) < 1,
we set Pty [t] < pttsitting[t]. The initial calculation of the minimum perceived travel times
and their update at the end of the day or in real-time reactions is independent of the other

passengers. The parallelization of these steps is therefore trivial.

3.4 Choice Model

We use a mixed (e — greedy, SoftMazx) decision model. With a probability of 1 — ¢, the
optimal decision is made directly. In the other case, the SoftMax selection is used. This mixed
model results in the agents predominantly making the optimal decision, while occasionally
opting for a random action according to the SoftMax principle. The SoftMax function is used
to assign probabilities to the individual decisions based on the perceived travel times f.
In general, the SoftMax selection for any actions a with costs f(a) has the following form:

e(f(a®)=f(a))/7(d)
pla) = S U@~ F@N /@

’

a

where a®P! is the optimal action, y(d) is the temperature and d is the current day. The costs
of an action are therefore considered relative to the optimal costs. If a high temperature
is chosen, the probability of making suboptimal decisions is higher. In the limit value for
~ — 0, the optimal decision is always made. The temperature therefore influences the average
perceived travel times of passengers.

Boarding and walking decisions. When a passenger k is waiting at a stop, he decides
on a trip, specifically a departure event, which he wants to board next. For simplicity,
assume that the passenger just alighted at an arrival event e,,... The passenger decides
on the basis of the perceived travel time fi. We restrict the departure events in question
to the earliest available trips on each line. Let the set of relevant departure events be
reldep(eqrr) := {egep(t)|ear,. — efiep(t) is valjd and there is no valid transfer eq., — ezep(t’)
with line(t) = line(t') and 7 (e, (t')) < 7(eg,,(t))}. Here we only consider transfers if they
are valid for the regular time T,¢q(€qgep) of the departure event. Transfers that become valid
due to delays are handled as part of the real-time reactions in Section 3.6. The expected
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perceived travel time for a selected boarding event eg., consists of the perceived travel time
of the transfer eqrr — €4ep and fi(eqep). As we only consider valid transfers and the arrival
time 7(eqpr) is fixed at the moment of the decision, the probability pgelay(emr — €dep) Of
the transfer being invalid because of a delay is 0. Let

f];k (earr) = min ptty, (earr — edep) + fk (edep)
eaT7‘_>edep7edepE”'eldep(earr)

be the perceived travel time for the optimal transfer among the relevant ones. The passenger
first decides whether to walk to the destination or wait for a ride. The perceived travel time
of the optimal transfer f;(eq,) is compared with the weighted walking time walk®es!(s).
Let f*" := min(walk{**!(s), f{(earr)) be the optimal decision. The probability that the
passenger decides to walk to the destination is

U2 —walki e (s)) /(d)

lk) =
p(wa ) e(f;:pt_walkiCSt(s))/’Y(d)—|—€( ijt—f,:(ea,rr))/'}’(d)’

If the passenger does not walk to the destination, he chooses a departure event from
reldep(eqrr). We define the relative perceived travel time for a transfer ey, — egep with
edep € Teldep(eqrr) as

rel

k (earr — edep) = .f;: (ea'r'r) - (pttk (earr — edep) + fk: (edep))-

This value is therefore 0 for the optimal transfer and negative otherwise. The probability
that the passenger decides for the transfer e,y — €gep is

eflzd (ear'r")edep)/ﬁ’(d)

P(Carr = Cacp) 1= > =y

€yopEreldep(earr)

If a walk is required for the selected transfer, the passenger changes the stop after making
the decision. So far, we have assumed that the passenger has just alighted at an arrival event
eqrr- However, it is also possible that a departure decision is made that does not immediately
follow an alighting event. This is not a problem because any tuple (s,7) consisting of
a stop and a time can define a set of relevant boardings. We described the special case
(Stop(earr)7 T(earr))~

Alighting decisions. If a passenger has boarded at a departure event egep (t) of the trip ¢, he
decides at which downstream stop of ¢ he will alight. He therefore decides on an arrival event
e} (t) with j > 4. Together, e, (t) and ¢, (t) result in a trip segment e}, (t) — €7,,..(t) of
the journey. The expected perceived travel time for a selected exit results from the sum of
the perceived travel time of this trip segment and fx(eZ,,.(t)). We again define the perceived
travel time relative to the optimal decision. The perceived travel time for the optimal

alighting decision is
€y (1)) 5= min ptta (€l (1) — €, (1)) + File, (1))
The relative perceived travel time for an exit at the jth stop is

1 (Clep(t) = € (8)) 7= f (€liep(t)) = (PtER(€lep(t) = €hyp(8)) + fro(hrr (1)))-
This value is 0 for the optimal decision and negative otherwise. The probability that the
passenger chooses the jth stop is
eIt (Chep(D—eh, (8)) /(d)

Ty T Can O A

m>i

P(Caep(t) = €hpn(t))
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3.5 Learning

After each simulated day, the expected perceived travel times f; are updated according to
the experiences on the current day. Thus, an explicit learning process is modeled through
which the passengers learn properties of the network. We mark the learned properties with a
tilde. The properties learned are the loads of driving arcs S\k(edep, earr), the probabilities

for denied boardings ﬁgemed(edep), the probabilities for failed transfers because of delays

P (e — €yep) and the times 7y (e) of the events. The learned values are updated in two

steps: First, the expected properties are updated for the activities and events experienced

by the passenger on the current day. Then the perceived travel times fj are recalculated.

The recency parameter x indicates how highly new experiences are weighted. For x = 1,
the accumulated experiences correspond to the average of all experiences. For x < 1 newer
experiences are weighted higher and for x > 1 lower. The accumulated experiences are defined
as in [4] as a function of the experiences on the current day and the accumulated experiences
before the current day. Since not every event is updated every day, we need to memorize
the number of updates for each event and property. Let |Ax(€dep, €arr)|, [PE 4 (edep)| and
|7, (€)| be the number of updates. The respective number is incremented before the update.

At the end of each day, a passenger k has a journey J, = {0 — €Zlep(t1),€gep(t1) —
el (t1), el (t1) — efi"‘ep(tg)7 ....,ei{”e’p(tn) — eln (tn),eln (t,) — dest} and a set of denied
boardings Dy. Let driving arcs(Jy) be the set of all driving arcs of Ji, events(Jy) the set
of all events of J and eventsgep(Ji) the set of all departure events of Jy. In addition to the
times of the events and the utilization of the activities, the proportion of passengers who
were unable to board due to limited capacity out of those who attempted to on the current

day is also stored for each departure event. Let pgemed(edep) be this quantity.

Let Ag(€dep, €arr), P34 (€4ep) and 74(e) be the respective properties of the network on

day d. The first step is to integrate the properties of the current day into the learned values
~denied

5\k(ede;zm earr)apk; (ed«ip) and 7~'If(e)'
We update the load Ag(€gep, €arr) for the driving arcs (egep, €arr) € driving arcs(Jg):

—K

Ak(edepa earr) — )\k(edepv earr) : (1 - |)\k(6dep7 6arr)|7ﬁ) + /\d(edepv earr) : |)\k(6dep7 6arr)| y

~denied

for the departure events ege, € events(Jy) U Fy, the probabilities p§ (€dep):

ﬁgenied(edep) «— ﬁgenied(edep) . (1 o |pgenied(edep)|fn) +pgenied(edep) . |pgenied(edep)|fn,

and for the events e € events(Jy) the times 7% (e):

() = Tr(e) - (1= [m(e)|™") + 7ale) - [T (e)| 7"

We set the learned load of a dwelling arc (e, (t), egep(t)) to the learned load of the
following driving arc, i.e. Ag(el,..(t), Chep(t)) S\k(eﬁlep(t) ett1(t)). In order to learn the

rrarr

probability [)Zelay(ear,. — €dep) that a transfer fails because eq,, is delayed, the experienced

times for each arrival event in events(Jy) are memorized. Let T%(eq.) be the sampled
arrival times of e, after day d. We calculate an inverse weighted empirical distribution
function based on this sample. The probability ﬁzelay(eaw — €dep) is equal to the weighted

share of sampled arrival times that are greater than T,req(€dep) — Tmin (€arr — €dep), 1-€.

d

~delay _ § d
pk (ear"‘ - edep) - wi : ]17—11>7—7‘eg(edep)_Tmin(earT_’edep)’
i=1
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where Tinin(€arr — €dep) is the minimum required time for the transfer (either minimum
change time or footpath length) and 17,5+ (cu.p)—7min(earr—ea.,) 15 the indicator for 7; >
Treg(edep) - Tmin(earr — edep) and

wi =i [ a=5").

j=it1

These normalized weights are derived from the update formulas above. A problem arises when
updating the times: as only parts of a trip are updated, it may happen that 7 (e1) > 7 (e2)
applies to an activity (ej,e2). The property that the times of a trip are non-decreasing
is therefore violated. To restore this property, the delays at the first or last event are
extrapolated to the start or end of each trip.

After the values Ay, plemied, pI% and 7, have been updated, the expected perceived
travel times fr must be updated. However, a complete recalculation is not necessary as only

a small subset of all events and activities have changed.

3.6 Real-time Reactions

Until now, passengers’ decisions have been based on personal experience or, in the absence
of experience, on the timetable and default values. However, current circumstances may
differ from these experiences. Therefore, mechanisms are implemented that allow adaptive
behavior based on current information. Similar to Milatras [27], these mechanisms allow
to change the original decision. In general, a new decision is made if the currently selected
action is worse than expected or if an unselected action is better than expected. The affected
perceived travel times f(e) are updated with a CSA query, taking into account the current
information. The new decision then follows the same principle as the original, but with
updated scores for each option. Boarding and alighting decisions are reconsidered for various
cases, mainly due to differences between expected and actual event times or vehicle loads.

We distinguish between real-time reactions while a passenger is waiting at a stop and
real-time reactions while a passenger is in a vehicle. For real-time reactions at stops, we
further distinguish between two cases. In the first case, let the originally selected trip t* be
the currently departing trip (boarding_redo). If T(eilep(t*)) > %k(eﬁlep(t*)) applies, the trip is
more delayed than expected and a change of decision is possible. After updating fk(efiep (),
a completely new boarding decision is made as described in Section 3.4. The current trip t*
remains a possible option.

For the second case, let eiep(t) # elep(t*). The passenger therefore has the option of
switching from the currently selected trip ¢* to trip ¢ (boarding_switch). We distinguish
between four different reasons why a switch could be advantageous: (1) trip ¢ is departing
earlier than expected, (2) there is still free capacity in ¢ and ]Bzemcd(eilep(t)) > 0 applies, (3)
boarding at eﬂep(t) is not possible according to regular times and was therefore not included
in the original decision, and (4) the current simulation time 7., is greater than the expected
departure time of the current choice t*, i.e., the current choice is more delayed than the
passenger expected.

A binary decision between these two options is made following the described (e —
greedy, SoftMax) decision model with two restrictions after updating the values f (eflep (1)
and f(el,(t*)). To avoid a bias towards earlier departing but worse trips, the switch is
only executed if the updated perceived travel time for eilep (t) is not worse than the updated
perceived travel time for egep(t*). On the other hand, we also want to avoid that the passenger
switches to a better trip if the original choice was already suboptimal, as this would defeat
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the purpose of a probabilistic decision model. The switch is therefore not made if the original
choice was suboptimal and the original choice is not worse than expected under the current
circumstances.

The real-time reactions in vehicles work in a similar way to the real-time reactions at
stops. The current passenger k has a currently selected arrival event ef;rr (t) at which they
want to alight. If the trip ¢ arrives at a stop, the passenger has the option to change his
decision. Let e
passenger has arrived at the stop where he plans to alight. A change of decision is possible if
the current trip is more delayed than expected. If the optimal transfer is still possible, no
change of decision is necessary, as the journey with the minimum perceived travel time to
the destination remains the same. If this transfer is no longer possible, the perceived travel
time for an exit at e’,..(t) becomes worse. In this case, a new alighting decision is made,
taking into account the current information (alighting redo). The current arrival remains a
possible option.

If ¢ < ¢* applies, the passenger has the option of alighting early at the current stop
(alighting switch). There are three reasons why early alighting might be attractive: (1)
the current trip t arrived earlier than expected, which could allow a new transfer at the
current stop, (2) the current trip ¢ arrived later than expected and the optimal transfer at
the originally selected exit at e?,,.(t) is no longer possible with the projected downstream
delay, and (3) the passenger has no seat and seatedk(egep (1), (eil;;(t) el .(t)) was true at the

(t) with ¢ < i* be the current arrival event. In the case where i = i*, the

' Carr
time of the original decision (egep(t) being the boarding event), in which case the passenger
expects to have to stand for the rest of the trip. If one of these causes is given, a binary
decision is made between the two events e, (t) and e, (t). As with the decision at stops,
the switch is only made if the expected perceived travel time for alighting at the current
event e’ (t) is not worse than for the current choice eZ, . (t). If the original choice e’  (t) was
suboptimal and the optimal transfer is still possible after the exit at event e’ () according
to the current information, the switch is also not made. It is still possible for a passenger to
find a seat sooner than they expected when they made their original decision. In this case,
later exits can become more attractive because the perceived travel time in the current trip

is smaller than expected. If the passenger finds a seat, a new alighting decision is made.

4 Experimental Study

In this section, the model is tested on two different public transportation networks. First, the
experimental setup and the choice of parameters are presented. Subsequently, three different
experiments are conducted to assess the proposed model.

4.1 Experimental Setup

The simulation was implemented in C++ and compiled with mve 14.3 on Windows 10 using
the O2 compiler option. The experiments were run on an AMD Ryzen 7 5800X, clocked at
4.7 GHz during program execution, with 32 GB DDR4 memory with a latency of CL16 and a
clock frequency of 3600 MHz. As the model is probabilistic, the results are averaged over ten
runs. We simulate a total of two hours of the timetable per day and evaluate all passengers

who start their journey within the first simulated hour. For each run, we simulate 30 days.

The 2-hour timeframe is sufficient to demonstrate the learning process as the timetable is
hourly periodic. As we only simulate a limited timeframe, it is not guaranteed that passengers
can finish their journey, for example in the case of consecutive denied boardings. For this
case, we introduce a new penalty gu/iished  which we set to the Euclidean distance in
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Table 1 Crowding factor ,Bgm‘”di"g.

load seated standing
0<A<06 1.0
0.6 <A<1.0 1.2
1.0< A <20 1.4 2.2

Table 2 Characteristics of the Stuttgart and Gottingen networks. The number of trips and
driving arcs refer to the 2-hour simulation frame.

Network ##stops  #lines  #trips #driving arcs  #footpaths  # passengers per hour
Gottingen 257 22 205 2348 0 1943
Stuttgart 735 403 3175 17381 8732 44836

meters between the current stop and the destination. The parameters for the perceived
travel times are identical for each passenger k and are chosen as B,”;"‘”t =1, ﬁ,ﬁ”“lk =1.5
and 5,2”””” = 300. We choose B,{ail = 2 as the multiplier for the additional waiting or
walking time after a failed boarding. The choice of the crowding factor 5,?01”6“"9 is based on

a British meta-study [28] and is summarized in Table 1.

We use datasets for the public transportation networks of Géttingen (goevb) and Stutt-
gart [8], provided in LinTim format [23], including the OD matrix. Stuttgart is a mixed
network, consisting of 25 train lines and 378 bus lines. Goéttingen, in contrast, is a pure
bus network consisting of 22 lines. Table 2 shows the main properties of the two data
sets. The buses in Stuttgart have a total capacity of 70 and the total capacity of the trains
is between 400 and 1000. In Goéttingen, buses have a capacity of 50. For simplicity, we
assume that the number of seats corresponds to half the total capacity. This is in line with
common bus models. We assume that for buses 0.4 passengers can board or alight per second
(doorCapacity), corresponding to the value recommended by the Transportation Research
Board [22]. For trains, let doorCapacity = cap/200. The value is chosen depending on the
capacity, based on a study for the French city of Nantes [6]. The minimum transfer times
mct are specified by LinTim for both data sets. For Stuttgart, the minimum transfer time is
60s and for Gottingen 180s. Footpaths were limited to a maximum of 1800s. We discard
journeys that arrive more than A, = 3600s later than the fastest journey on the current day.
The rest of the parameters have been determined by testing. We have chosen a constant
temperature of v = 400 for Gottingen and v = 250 for Stuttgart. For both networks, we
chose € = 0.2 for the probability of choosing a random option. Furthermore, we have set the
recency parameter to x = 0.5 and the standard load to Agq = 0.5.

4.2 Performance

The simulation was run in parallel on 16 threads. For Stuttgart, an average runtime of
493 seconds was achieved for the whole simulation. Calculating the initial perceived travel
times took 70 seconds. On a single day, 89672 passengers were simulated in less than 14.1
seconds on average. For Gottingen, the whole simulation took about 6 seconds. The memory
consumption of the simulation is relatively high, as each passenger has to store their personal
experiences and expected travel times. For Stuttgart 10.5 GB and for Goéttingen 0.2 GB
were used.
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Figure 1 Evolution and composition of the perceived travel times.

4.3 Experiments

Experiment 1: Evolution of perceived travel times. In a first experiment, we examine the
evolution of the average perceived travel times over 30 days. This evolution is shown for both
networks in Figure 1, including the components of the perceived travel times. For simplicity,
we assume that all passengers start their learning process on the first day. More complex
scenarios are possible in the model. The overall average perceived travel time decreases
from 6296s to 5792s for Gottingen and from 2707s to 2412s for Stuttgart. Perceived travel
times decrease significantly in the first few days. After 10 days, only minimal gains are
achieved. The variance between each of the ten runs was quite small with a maximum

deviation from the mean improvement of about 10% for Gottingen and 6% for Stuttgart.

The three effects of network congestion are directly reflected in the additional waiting time
for denied boardings, the real waiting time and the penalty term for overcrowded vehicles.
For both networks, these components of the total perceived travel time decrease over the
course of the simulation. The greatest difference is recorded in the additional waiting time
penalty for denied boardings. For Géttingen, this value decreases by 227s and for Stuttgart
by 118s. The average number of denied boardings per passenger decreases from 0.24 to 0.05
for Gottingen and from 0.21 to 0.01 for Stuttgart. For both networks, the real waiting time
decreases significantly during the simulation (108s decrease for Géttingen and 123s decrease
for Stuttgart). For Gottingen, it increases on the first few days and only drops below the
initial value on the fourth day. The reason for this is that passengers explore nominally
worse journeys due to the experienced network congestion effects. Similar effects can be
seen in the number of transfers, walking time and the real travel time. If the nominally
worse journeys are similarly congested as the journeys selected on previous days, the overall
perceived travel time can increase. The crowding penalty decreases by 201s for Gottingen and

64s for Stuttgart. Most of this improvement is due to passengers’ desire to avoid standing.

The average standing time drops from 495s to 307s for Gottingen and from 69s to 31s for
Stuttgart. In this experiment, we have shown how passengers respond to network congestion
through the learning process and improve their average perceived travel time by incorporating
personal experiences and avoiding congestion. We have found that denied boardings and the
resulting additional waiting times have the largest impact on passengers.

Experiment 2: Capacity expansion. In this experiment, we examine the benefits of
increasing capacity, targeted to trips operating on full capacity. To determine candidates
for a capacity increase, we simulate both networks for one day and determine the trips
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Figure 2 Evolution of denied boardings per passenger with regular and increased capacities.

that are affected by denied boardings. Each trip with at least one denied boarding has
its capacity increased by 40%. As a result, the capacities were increased for 41 trips in
Gottingen and for 236 trips in Stuttgart. A large benefit was achieved by this capacity
expansion for both networks, especially on the first day of the simulation. Compared to the
first day of Experiment 1, the total perceived travel time for Géttingen decreased from 6296s
to 5775s. For Stuttgart, the difference is smaller (from 2707s to 2585s). As the simulation
progresses, this difference becomes smaller as passengers adjust their behavior when capacity
is at its limit. At the end of the simulation, the difference compared to Experiment 1 is 321
seconds for Gottingen and 31 seconds for Stuttgart. The improvement is largely due to the
reduction in the number of denied boardings and the resulting improvement in real waiting
times. The average number of denied boardings is shown in Figure 2. On the final day, the
average number of denied boardings is below 0.01 for both networks, which is a substantial
improvement for Gottingen. This suggests that for Gottingen the regular capacity is too
limited to satisfy passenger demand.

Experiment 3: Unlimited capacities. In Experiment 3, we study the scenario of unlimited
vehicle capacities. As a result, some trips are highly overloaded. For Stuttgart, there are
buses with over 300 passengers and trains with over 1000 passengers. Similarly, buses with
over 130 passengers are found in Gottingen. For Gottingen, 7.9% of all driving edges have
loads greater than their regular capacity, compared to 2.6% for Stuttgart. In Figure 3, we
compare the vehicle load of normal capacities (left) and unlimited capacities (right). The
color coding is relative to the seat capacity. The value 2.0 corresponds to full capacity and 1.0
to full seat capacity. Values above 2.0 indicate overload. We observe that similar segments
of the network have high loads in both cases, but considering capacities avoids overloading.

5 Conclusions and Outlook

We presented a fine-grained framework for a dynamic agent-based simulation of traffic
assignment in public transit networks. This model is extendible to include real-time delay
information or real-time load rates. First experimental studies with our prototype prove to
be highly efficient for simulation tests with medium-sized metropolitan regions. As part of
future work, further case studies are needed to assess the model validity and scalability to
even larger networks as well as to calibrate model parameters.
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1 2 4

(a) normal vehicle capacities. (b) unlimited vehicle capacities.

Figure 3 Small excerpt from the Stuttgart network. Comparison of vehicle loads: normal (left)

vs. unlimited vehicle capacities (right). The maximum capacity utilization on the respective segment
is shown. The color coding is relative to the seat capacity. The value 2.0 corresponds to full capacity
and 1.0 to full seat capacity.
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