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Abstract. We give an overview of models and efficient algorithms for
optimally solving timetable information problems like “given a depar-
ture and an arrival station as well as a departure time, which is the
connection that arrives as early as possible at the arrival station?” Two
main approaches that transform the problems into shortest path prob-
lems are reviewed, including issues like the modeling of realistic details
(e.g., train transfers) and further optimization criteria (e.g., the num-
ber of transfers). An important topic is also multi-criteria optimization,
where in general all attractive connections with respect to several criteria
shall be determined. Finally, we discuss the performance of the described
algorithms, which is crucial for their application in a real system.

1 Introduction

The first electronic timetable information systems were established in the late
eighties of the last century. Current systems are for example HAFAS [I3], which
is used by many European railway companies, or EFA [§], which is mainly used
for local traffic limited to smaller regions in Europe. Empirically, the resulting
connections are satisfying in the majority of cases. There are cases, however, for
which the suggested itineraries are clearly not optimal (given some optimiza-
tion criterion). The main reason for such non-optimal connections is that the
algorithms behind the systems employ heuristic methods to reduce the search
space (in order to achieve an acceptable response time) that do not always guar-
antee optimal solutions. Such heuristic approaches often work in two phases as
described below.

In the last few years the question arose whether models and algorithms for
optimally solving timetable information problems are feasible. In this work we
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want to give an overview of such approaches, which solve timetable information
queries by finding a shortest path in an appropriately defined graph. Hence, the
problems are directly transformed into shortest path problems.

In the remainder of the introduction we give a brief overview of heuristic two-
phase approaches and direct shortest-path approaches. In SectionPlthe timetable
information problems are formally specified. Two main approaches for model-
ing timetable information directly as shortest paths are described in detail in
Section [3] where first a simplified problem specification is considered. Later on,
in Section ] extensions of the approaches that cover realistic details are outlined.
Multi-criteria optimization is discussed in Section [l and studies investigating
the performance of the algorithms described in this paper are summarized in
Section [Bl We conclude the survey with some final remarks in Section [7

1.1 Two-Phase Approaches

We want to mention two predecessors of “real” timetable information systems.
Around the year 1988, the Dutch and German train companies started to use
electronic timetable information systems. Heuristics that usually yield good so-
lutions, but cannot always guarantee an optimal solution, are used to keep the
search spaces small enough. The two systems we describe work both in two
phases, where the first phase heuristically restricts the search space.

TRAINS

Tulp and Siklossy [37] describe the TRAINS system, which was used by the
Dutch railways (NS) at that time as a prototype: It is based on a graph where
nodes represent cities. They distinguish two levels of the network, a “static” level
which consists of arcs between nodes representing distances, and a “dynamic”
level where the arcs include information about the departure and arrival times
of trains. The algorithm uses the static level to cut out the “interesting” part
of the network, without considering any information about time. Note that this
cutting is heuristic in the sense that optimal connections may be lost by that
step, which is not permitted in the models investigated later in this paper. Then,
a train connection is calculated by a modification of Dijkstra’s algorithm [7]
trying to incorporate time for train changes at stations. Once a connection to
the destination station is found, a backward search tries to improve the result
(e.g., to find a connection that departs later and has the same arrival time).

ARIADNE

Baumann and Schmidt [2] outline an algorithm called ARTADNE, which can be
regarded as ancestor of HAFAS [I3], the timetable information system that is
nowadays used by the German railway company Deutsche Bahn AG and many
other railway companies worldwide. As in TRAINS, the algorithm considers two
different networks: a static graph representing the topographic railway network,
and a dynamic network including time, traffic days, train classes etc. The ARI-
ADNE algorithm works in two phases: The first phase (“Wegesuche”) searches
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feasible paths in the static network by a bidirectional version of Dijkstra’s al-
gorithm and outputs a subgraph of the network to be considered in the second
phase. Note that again—as in the TRAINS algorithm—optimal solutions may
be lost by this step. The second phase (“Zeitsuche”) computes on the dynamic,
time-dependent version of the network, limited by the subgraph computed in
the first phase, several feasible train connections. These are rated according to
measures like travel time, quality of trains, direct connection, etc.

1.2 Direct Shortest Path Approaches

Two main approaches have been proposed for modeling timetable information

as shortest path problem: the time-expanded [TI2012T221263012813213334], and
the time-dependent approach [ABITE23242530/2829I32]. The common charac-

teristic of both approaches is that a query is answered by applying some shortest
path algorithm to a suitably constructed graph.

The Time-Expanded Approach

A time-expanded graph is constructed in which every node corresponds to a
specific time event (departure or arrival) at a station and edges between nodes
represent either elementary connections between the two events (i.e., served by
a train that does not stop in-between), or waiting within a station. Depending
on the optimization criterion, the construction assigns specific fixed lengths to
the edges. This naturally results in the construction of a very large (but usu-
ally sparse) graph. The simplified version of the earliest arrival problem—where
details like transfer rules and traffic days are neglected—has been extensively
studied:

In [33], Schulz, Wagner and Weihe explicitly use the time-expanded approach
to model a simplified version of the earliest arrival problem as a shortest path
problem in a static graph, and solve the problem optimally. An extensive exper-
imental study has been conducted and—at least in the simplified scenario—it
could be demonstrated that the running time of the time-expanded approach on
state-of-the-art computers is acceptable. To achieve this result, several speed-up
techniques, which guarantee optimal solutions, were applied to Dijkstra’s algo-
rithm for computing the shortest path. More details on the speed-up techniques
are provided in Section [6l

An extension of the time-expanded approach incorporating train transfers
and an extensive experimental study focused on multi-criteria problems is pre-
sented by Miiller-Hannemann and Weihe in [22]. The results of this study are
quite promising: in practice (among other data also the time-expanded graph
was considered) the number of Pareto-optimal paths is often very small, and
labeling approaches are feasible. In [21], Miiller-Hannemann, Schnee and Weihe
focus on more realistic and complex real-world scenarios for timetable infor-
mation, in particular with respect to space limitations. Further extensions to-
wards realistic models and also further optimization criteria as well as bicriteria
problems are presented by Pyrga, Schulz, Wagner and Zaroliagis in [30/28] (see
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also [32]), where the authors also conducted an experimental comparison with the
time-dependent approach (see below). Multi-criteria optimization in the time-
expanded graph by a labeling approach is extensively investigated by Miiller-
Hannemann and Schnee [20]; the notion of Pareto-optimal connections is relaxed
(cf. B2). Mohring suggests the time-expanded model as a graph-theoretic con-
cept for timetable information in [T9]. He further discusses algorithms for solv-
ing multi-criteria problems, and focuses on a distributed approach for timetable
information, which is also the topic of the recent projects DELFI [6] and EU-
Spirit [T1]: the railway network is considered as consisting of several (overlap-
ping) subnetworks (e.g., each subnetwork is operated by a different company
or institution), and a global solution is constructed from several subqueries to
the conventional timetable information systems operated on the respective sub-
networks. In a sense such new systems operate like meta search engines for
the web.

The Time-Dependent Approach

The idea is to avoid the maintenance of a node per event. Instead, the time-
dependent graph is used in which every node represents a station, and two nodes
are connected by an edge if the corresponding stations are connected by an el-
ementary connection. The lengths on the edges are assigned “on-the-fly”: the
length of an edge depends on the time in which the particular edge will be used
by the shortest path algorithm to answer the query. Dynamic programming ap-
proaches for a time-dependent shortest-path problem have first been studied
by Cooke and Halsey [5]. Later, Kostreva and Wiecek [16] generalized this ap-
proach towards multiple criteria. However, no performance guarantees are given
for these dynamic programming approaches. Orda and Rom [24125] thoroughly
investigated the complexity of time-dependent shortest path problems and give
efficient algorithms for special cases. Brodal and Jacob [3/4] argued that in the
simplified case of the earliest arrival problem, Dijkstra’s algorithm considers
many redundant edges in the time-expanded approach. They suggest to use a
time-dependent network instead and proved by a detailed theoretical analysis of
operation counts in both approaches that a variant of a time-dependent shortest-
path algorithm introduced by Orda and Rom is more efficient than the time-
expanded approach. Pyrga, Schulz, Wagner and Zaroliagis extended the time-
dependent model to cope with realistic problem specifications [29]. A subsequent
study [30U28/32] compares these models experimentally with the time-expanded
models, where also bicriteria problems are considered.

The work of Nachtigal [23] can also be classified as a time-dependent approach
to timetable information. The problem specification he uses is different to most
other approaches: given a source station, for all other stations arrival functions
depending on the departure time shall be computed. Hence, the departure time
is not part of the query, and solutions are computed for all possible departure
times.
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2 Problem Specification

2.1 Data

A timetable consists of data concerning: stations (or bus stops, ports, etc), trains
(or busses, ferries, etc), connecting stations, departure and arrival times of trains
at stations, and traffic days. More formally, we are given a set of trains Z, a set
of stations B, and a set of elementary connections C whose elements ¢ are 5-
tuples of the form ¢ = (Z, 51, 52,t4,tq). Such a tuple (elementary connection)
is interpreted as train Z leaves station Sp at time t4, and the next stop of train
Z is station Sy at time ¢,. If 2 denotes a tuple’s field, then the notation z(c)
specifies the value of x in the elementary connection c.

The departure and arrival times tq(c) and t,(c) of an elementary connection
¢ € C within a day are integers in the interval [0,1439] representing time in
minutes after midnight. The length of an elementary connection ¢, denoted by
length(c), is the time that passes between the departure and the arrival of c.

A timetable is valid for a number of N traffic days, and every train is assigned
a bit-field of N bits determining on which traffic day the train operates (for
overnight trains the departure of the first elementary connection counts).

At a station S € B it is possible to transfer from one train to another only
if the time between the arrival and the departure at that station S is larger
than or equal to a given, station-specific, minimum transfer time, denoted by
transfer(S). There may also be more complicated transfer rules, for example the
transfer time can be smaller for trains that depart from the same platform. The
most general notion is to specify a station-specific minimum transfer time, and
exceptions in the form of a set of feasible and a set of forbidden transfer trains
for each arrival of a train at a station.

Between stations that are located close to each other it is possible to walk
by foot. Such data is available through so-called foot-edges between stations.
Each foot-edge is associated with a natural number representing the time in
minutes needed for the walk. Formally, we treat a foot-edge like an elementary
connection ¢, where the train Z and the departure and arrival times t; and ¢, are
invalid, and length(c) is the associated walking time. Foot-edges are independent
of traffic days.

2.2 Connections

Let P = (¢1,...,cr) be a sequence of elementary connections (and foot-edges)
together with departure times dep;(P) and arrival times arr;(P) for each el-
ementary connection ¢;, 1 < i < k. We assume that the times dep;(P) and
arr;(P) include data regarding also the departure/arrival day by counting time
in minutes from the first day of the timetable. A time value ¢ is of the form
t = a- 1440 + b, where a € [0,364] and b € [0,1439]. Hence, the actual time
within a day is ¢ (mod 1440) and the actual day is [¢/1440].

Such a sequence P is called a consistent connection from station A = Sy(c¢1) to
station B = Sa(cy) if it fulfills some consistency conditions: the departure station
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of ¢;41 is the arrival station of ¢;, and the time values dep;(P) and arr;(P)
correspond to the time values t; and t,, resp., of the elementary connections
(modulo 1440) and respect the transfer times at stations. More formally, P is a
consistent connection if the following conditions are satisfied:

¢; is valid on day |dep;(P)/1440],

Sa(ci) = Si(citr),
dep;(P) =tq(c;) (mod 1440),
arr;(P) = dep;(P) + length(c;),

0 if Z(ciy1) = Z(c;) or
¢; is a foot-edge, and
transfer(Sa(c;)) otherwise.

depit1(P) — arri(P)

%

2.3 Criteria and Queries

For the timetable information problems we are additionally given a large, on-line
sequence of queries. A query generally defines a set of valid connections, and an
optimization criterion (or criteria) on that set of connections. The problem is to
find the optimal connection (or a set of optimal connections) w.r.t. the specific
criterion or criteria.

The Basic Query

The most fundamental query is also referred to as the earliest arrival problem.
A query (A, B, 1) consists of a departure station A, an arrival station B, and a
departure time ty. Connections are valid if they do not depart before the given
departure time tg, and the optimization criterion is to minimize the difference
between the arrival time and the given departure time. Additionally, one may
ask among all connections that are solutions to such a query for the connection
that departs as late as possible.

Extended Queries

Other important optimization criteria involve the number of transfers and the
price of a connection. In the minimum number of transfers problem, the query
is to ask, given two stations A and B, for a connection with as few transfers as
possible, which doesn’t involve a departure or arrival time at all. Similarly, one
can ask for a connection with the lowest price.

A query can also contain a sequence of via stations together with the duration
of the stays at the respective stations. Further, certain trains or train classes can
be excluded from the set of trains, e.g., if one intends to use a ticket that is
valid only for local trains the intercity trains should be excluded. Also, instead
of specifying the departure time, as in the earliest arrival problem, the aspired
arrival time may be given. Alternatively, such time specifications can be given
as time intervals.
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3 Basic Modeling: The Earliest Arrival Problem

In this section, we review models for solving the first and most fundamental
basic query, namely the earliest arrival problem, in both the time-expanded and
the time-dependent approach. We consider throughout this section a simplified
specification of train connections: We assume that (i) a transfer between trains
at a station takes negligible time, i.e., transfer(S) = 0 for each station S, (ii) ev-
ery train is operated daily, i.e., every day is the same in the timetable, and
(iii) there are no foot-edges. In the following section we show how the models
can be extended to comply with the realistic specification, and also consider the
extended types of queries.

3.1 Time-Expanded Model

The time-expanded model [33] is based on the directed time-expanded graph
which is constructed as follows. There is a node for every time event (departure
or arrival) at a station, and there are two types of edges. For every elementary
connection (Z, 571, S2,t4,t,) in the timetable, there is a train-edge in the graph
connecting a departure node, belonging to station S; and associated with time
tqg, with an arrival node, belonging to station Sy and associated with time ¢,.
In other words, the endpoints of the train-edges induce the set of nodes of the
graph. For each station S, all nodes belonging to S are ordered according to
their time values. Let vy,...,v; be the nodes of S in that order. Then, there
is a set of stay-edges (vi,vir1), 1 <i <k —1, and (vg,v1) connecting the time
events within a station and representing waiting within that station. The length
of an edge (u,v) is ¢, — t,, (for edges over midnight the length is 1440 + ¢,, — t,,
respectively), where ¢, and ¢, are the time values associated with u and wv,
respectively. Figure [Il illustrates this definition.

A shortest path in the time-expanded graph from the first departure node s
at the departure station A with departure time later than or equal to the given
start time ¢y to one of the arrival nodes of the destination station B constitutes a
solution to the earliest arrival problem in the time-expanded model. The actual
path can be found by Dijkstra’s algorithm [7].

3.2 Time-Dependent Model

The time-dependent model [4] is also based on a digraph, called time-dependent
graph. In this graph there is only one node per station, and there is an edge
e from station A to station B if there is an elementary connection from A to
B. The set of elementary connections from A to B is denoted by C(e). The
definition is illustrated in Figure [ The length of an edge e = (v, w) depends
on the time at which this particular edge will be used during the algorithm. In
other words, if T' is a set denoting time, then the length of an edge (v, w) is given
by fvw)(t) —t, where t is the departure time at v, f, ) : 7 — T is a function
such that f(, .)(t) = t', and ¢’ > ¢ is the earliest possible arrival time at w. The
time-dependent model is based on the assumption that overtaking of trains on
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C

Fig. 1. The time-expanded graph (left) and the time-dependent graph (right) of a
timetable with three stations A, B, C. There are three trains that connect A with B
(elementary connections u,v,w), one train from C via B to A (x,y) and one train from
C to B (z).

an edge is not allowed, i.e., for any two given stations A and B, there are no
two trains leaving A and arriving to B such that the train that leaves A second
arrives first at B.

A modification of Dijkstra’s algorithm [7] can be used to solve the earliest
arrival problem in the time-dependent model []. Let D denote the departure
station and o the earliest departure time. The differences, w.r.t. Dijkstra’s al-
gorithm, are: set the distance label §(D) of the starting node corresponding to
the departure station D to ¢y (and not to 0), and calculate the edge lengths “on-
the-fly”. The edge lengths (and implicitly the time-dependent function f) are
calculated as follows. Since Dijkstra’s algorithm is a label-setting shortest-path
algorithm, whenever an edge e = (4, B) is considered the distance label §(A)
of node A is optimal. In the time-dependent model, §(4) denotes the earliest
arrival time at station A. In other words, we indeed know the earliest arrival
time at station A whenever the edge e = (4, B) is considered, and therefore we
know at that stage of the algorithm which train has to be taken to reach station
B via A as early as possible: the first train that departs later than or equal to
the earliest arrival time at A. The particular connection ¢ € C(e) can be easily
found by binary search if the elementary connections C(e) are maintained in a
sorted array (or with more sophisticated techniques in constant time). The edge
length of e, £.(t), is then defined to be the time to wait for the departure of ¢
plus length(c). Consequently, fe(t) =t + £c(t). The correctness of the algorithm
is based on the fact that f is non-decreasing (t < t' = f(t) < f(t')) and has
non-negative delay (Vt, f(t) > t).

3.3 Comparison of Models

In the simplified scenario we are investigating in this section, the graphs that
are used in the two approaches are strongly related: Contracting all nodes that
belong to the same station in the time-expanded graph and deleting parallel
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edges afterwards yields the time-dependent graph. Further, the algorithm used
in the time-dependent approach can be viewed as an improved implementation
of the simple shortest-path search by Dijkstra’s algorithm in the time-expanded
approach: If the first edge from some station A to another station B has already
been processed by Dijkstra’s algorithm in the time-expanded graph, all other
edges ¢/y 5 from station A to station B do not have to be considered anymore.
The reason is that such an edge doesn’t provide an improvement since the path
through the first edge extended by some stay-edges to the head of the edge €/4 5
has the same length. In a sense, the time-dependent algorithm implements this
observation.

Note, however, that on the one hand the edge lengths have still to be computed
in the time-dependent algorithm, which consumes running time as well, so that it
is not immediately clear which algorithm is faster. We will discuss this question
in Section [l On the other hand, the similarity of the graphs and the algorithms
is disturbed when the realistic specifications are incorporated into the models in
the following section.

4 Realistic Modeling

In this section, we explain how the approaches introduced so far for the simplified
earliest arrival problem can be extended towards realistic problem specifications
and other optimization criteria.

4.1 Transfers Rules

We summarize first how transfer times at stations can be incorporated in the
time-expanded and the time-dependent models, and after that discuss the case
of extended transfer rules.

Time-Expanded Model

To incorporate transfer times in the time-expanded model the realistic time-
expanded graph is constructed as follows (cf. [22I30J28]). Based on the time-
expanded graph, for each station, a copy of all departure and arrival nodes in
the station is maintained which we call transfer-nodes; see Figure Pl The stay-
edges are now introduced between the transfer-nodes. For every arrival node
there are two additional outgoing edges: one edge to the departure of the same
train, and a second edge to the transfer-node with time value greater than or
equal to the sum of the time of the arrival node and the minimum time needed
to change trains at the given station. If the earliest arrival problem shall be
solved, the edge lengths are defined as in the definition of the original model (see

Section B]).

Time-Dependent Model

The original time-dependent model is extended in [29] (cf. also [4]) using informa-
tion on the routes that trains may follow. Hence, we assume that we are given a set
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Transfer

Arrival

Departurd

Fig. 2. Modeling transfer times in the time-expanded approach using the realistic time-
expanded graph (left) and in the time-dependent approach using the train-route graph
(right)

of train routes and their respective time schedules. In the following, we describe
the construction of the train-route graph. We say that stations Sp, S1,..., k-1,
k > 0, form a train route if there is some train starting its journey from Sy and
visiting consecutively St, ..., Sx_1 in turn. If there are more than one trains fol-
lowing the same schedule (with respect to the order in which they visit the above
nodes), then we say that they all belong to the same train route.

The node-set of the train-route graph consists of the station-nodes S rep-
resenting the stations, and for each station S of one additional route-node per
route that passes through the station S, denoted by p7, where i is an index of the
specific route passing through station S. There are three types of edges: (i) edges
from each station-node to the route-nodes belonging to the same station model
boarding a train belonging to the specific route; (ii) edges from each route-node
to the station-node model getting off a train at that station; (iii) for each train
route Sp, ... Sk_q edges that connect the corresponding route-nodes model the
actual train trips.

To solve the earliest arrival problem with transfer times, edge lengths are
defined as follows. The edges modeling boarding a train at a station S are as-
signed the transfer time gs = transfer(S), edges modeling getting off a train
are assigned zero length, and the edges representing the train routes have time-
dependent lengths as in the basic modeling described in Section Given the
query to solve, all internal edges are assigned zero length, and the modified
version of Dijkstra’s algorithm (cf. Section B2]) is applied.

Extended Transfer Rules

Additionally to the transfer times at stations, exceptions which explicitly allow
specific transfers can be modeled in the realistic time-expanded graph as addi-
tional edges connecting the arrival with the departure node of the correspond-
ing elementary connections. Concerning the time-dependent approach, in [29] a
graph similar to the train-route graph is constructed that allows to model also
variable transfer times.
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4.2 Foot-Edges

In the time-dependent approach a foot-edge from station A to station B can
be directly modeled as an edge in the train-route graph between the two nodes
representing the stations A and B. For the earliest arrival problem, such an edge
is assigned a constant edge length: the walking time.

The straight-forward modeling of foot-edges in the time-expanded case is of
course done by time expansion. For each transfer node of A in the (realistic) time-
expanded graph an additional edge is maintained to the first possible transfer
node at B. Another solution for the time-expanded approach is to apply the
time-dependent idea and compute the additional edges during the algorithm
(the node at B has to be calculated depending on the arrival time at B) instead
of explicitly constructing them.

4.3 Traffic Days

Edges representing elementary connections of trains that are not valid can be
simply ignored during Dijkstra’s algorithm in the time-expanded approach, and
the test whether an elementary connection is valid or not can be done by a
lookup in the traffic day bit-mask of the corresponding train, if the day of de-
parture is known. However, the algorithm has to be slightly modified because
it may happen that an optimal connection stays more than a day at a station,
and such connections would not be found otherwise. See [30] for details con-
cerning the modification of the algorithm. In the time-dependent approach, the
traffic days have to be considered in the calculation of the time-dependent edge
lengths.

Problems with traffic days occur when speed-up techniques for Dijkstra’s algo-
rithm are applied that require preprocessing (cf. Section [l), because then every
day is different and the preprocessing basically has to be done separately for
each day.

4.4 The Minimum Number of Transfers Problem

The realistic time-expanded graph as well as the train-route graph (cf. Sec-
tion ) can be used to solve a minimum number of transfers query with a
similar method (cf. [20022J30I28]): edges that model transfers are assigned a
length of one, and all the other edges are assigned length zero. In the time-
expanded case all incoming edges of transfer nodes have length one, whereas in
the time-dependent case the edges that represent getting off a train, except those
belonging to the departure station, are assigned length one, and all other edges
have length zero. Note that the edge lengths in the time-dependent train-route
graph are all static here.

A shortest path in one of the graphs from a node belonging to (resp. rep-
resenting) the departure station to a node belonging to (resp. representing)
the arrival station provides a solution to the minimum number of transfers
problem.
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4.5 Extended Queries
Latest Departure

Determining a connection optimized for the latest departure combined with the
earliest arrival can be done in the time-expanded case by introducing the latest
departure as second criterion and determining the lexicographically first solution.
In the time-dependent model the standard approach is to carry out a backward
search from the destination station to the arrival station once the earliest arrival
at the destination station is known.

Time Intervals

In pre-trip planning one often seeks the fastest connection which starts within
a certain departure interval [tg,t1] (or arrives within a certain arrival time in-
terval). This variant can also be solved by Dijkstra’s algorithm. With a single
starting point, Dijkstra’s algorithm starts by labeling the corresponding event
node with distance 0 and puts it into the priority queue. With a time interval
the only difference is that one initially inserts a label for each departure event
between to and t; into the priority queue and marks all corresponding nodes
with a distance label of 0.

Excluding Trains

The exclusion of specific trains or of train classes, the exclusion or required
inclusion of train attributes with respect to a given query can be handled like
traffic days: We simply mark train edges as invisible for the search if they do
not meet all requirements of the given query.

Via Stations

A query may contain one (or more) so called vias, i.e., stations the connection
has to visit and where at least a specified amount of time can be spent. As-
sume that we have a query (A = Sy, B = Sk, to) with via stations Si, Sa, Sk—1
and corresponding stay durations dy,ds, .. .d;. To answer such a query, one can
simply split the query into basic queries without vias. More precisely, we first
answer the query (A, S1,tp) and may find out that the earliest arrival time at
Sy is t1. Then we answer the query (S, Se,t1 + d1). If ¢; denotes the earliest
arrival time at S; (provided that we have visited Si,Ss,...,S;—1 before), we
continue with basic queries of the form (S;, S;y1,t; +d;) for i = 1,...,k — 1.
Finally, we concatenate the connections found in each of the basic queries to get
the connection which solves the earliest arrival problem.

Cheapest Connections

Many customers are interested in finding a cheapest connection from station A
to B within a certain time interval. Unfortunately, given the complicated fare
regulations in most countries, this goal seems to be intractable. Recall that a



Timetable Information: Models and Algorithms 79

shortest path problem on a given digraph usually assumes that the length of a
path can be calculated as the sum over the edge lengths which constitute the
path. Given nonnegative lengths, the separability of the objective function then
suffices to apply Dijkstra’s algorithm.

Even in the standard tariff, the fare of a connection is usually not additive
based on its elementary connections. The situation becomes substantially worse if
one would also like to consider the many exceptions and special offers which exist
and frequently change. Hence, there is no hope to solve the cheapest connection
problem exactly and simultaneously efficiently.

However, what one can do is to use fare estimations based on a simpler model.
Miiller-Hannemann and Weihe [22] and Miiller-Hannemann and Schnee [20] use
a simplified fare model which assumes that the basic fare is proportional to the
distance traveled. Depending on the train class an extra supplementary fare is
charged. For the fastest trains like German ICE and French TGV, this supple-
ment is assumed to be proportional to the speed of the train, whereas certain
trains like Eurocity and Intercity trains have a constant surcharge which has
to be paid at most once. With such a simplified fare model we can again use
Dijkstra’s algorithm if we store in our distance labels also flags indicating which
train classes have been used.

Miiller-Hannemann and Schnee [20] use these fare estimates to find low cost
connections in a framework which does not only look for a single best connection
but for several attractive connections.

5 Multi-criteria Optimization

In the previous sections we focused on single-criterion optimization, and in par-
ticular on finding fastest connections. In practice, however, one wishes to find
optimal connections under several criteria. For instance, a customer may want
to ask for a connection with a small number of transfers that departs later than
a given time and does not arrive at the destination too late.

Other additional criteria of interest are fares, convenience (for example, mea-
sured by the used train classes in a connection), stability of a connection in case
of delays (for example, measured by the minimum buffer time of a transfer within
a connection, where the buffer time of a transfer is the difference between the
waiting time and the minimum transfer time), seat reservability (is it possible
to get a seat reservation for all those parts of a connection where the used trains
do in principle allow a seat reservation), etc.

Computing optimal connections under multiple criteria reduces (in a com-
pletely analogous to the single-criterion case) to the multi-criteria or multi-
objective shortest path (MOSP) problem — a fundamental problem in the area
of multi-criteria or multi-objective optimization [I0]. An instance of a multi-
criteria optimization problem is associated with a set of feasible solutions @) and
a d-vector function f = [f1,..., fa]T (d is typically a constant) associating each
feasible solution ¢ € @ with a d-vector f(q) (w.l.o.g we assume that all objec-
tives f;, 1 <14 < d, are to be minimized). In multi-criteria optimization we are
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interested not in finding a single optimal solution, but in computing the trade-
off among the different objective functions, called the Pareto set (or curve) P,
which is the set of all feasible solutions in @ whose vector of the various objec-
tives is not dominated by any other solution (a solution p dominates another
solution ¢ iff f;(p) < fi(q), for all 1 <14 < d, and f;(p) < fj(q), for at least one
i 1<j<d.

Multi-objective optimization problems are usually NP-hard (as indeed is the
case for MOSP), since the Pareto set is typically exponential in size (even in the
case of two objectives). Hence, exact methods (i.e., methods that find all Pareto
optimal solutions) may be efficient under certain circumstances that depend on
the particular instance of a given problem. On the other hand, even if a decision
maker is armed with the entire Pareto set, s/he is still left with the problem
of which is the “best” solution for the application at hand. Consequently, three
natural approaches to deal with multiobjective optimization problems are to: (i)
study approximate versions of the Pareto set that result in (guaranteed) near
optimal but smaller Pareto sets; (ii) optimize one objective while bounding the
rest (constrained approach); and (iii) proceed in a normative way and choose
the “best” solution by introducing a utility (often non-linear) function on the
objectives (normalization or decision maker’s approach).

In the following, we will discuss the above exact and non-exact approaches in
computing optimal connections under multiple criteria.

5.1 Exact Approaches

The straightforward approach in dealing with multiple criteria is to find the
entire Pareto set, that is, all Pareto-optimal (i.e., feasible and undominated)
solutions (connections). As mentioned above, this may be a hard problem. Even
very simple instances of graphs — actually chains of parallel arcs with just two
criteria — may have exponentially many different Pareto optima [I4]. In certain
cases, however, the cardinality of the Pareto set may not be too large and the
Pareto set can be computed efficiently. In the following, we discuss such cases.

Size of the Pareto Set

If the range of valid values of some criterion is restricted to a small discrete set,
adding such a criterion cannot lead to an exponential blow-up. For example, for
the number of transfers we can safely assume a small constant k£ as an upper
bound on its number in practice. Hence, if we add the number of transfers as an
additional criterion to one or more other criteria, the size of the Pareto set can
only increase by a factor of k.

Empirical results indicate that one may have small Pareto sets in timetable
information. In a recent study with 25000 queries to the server of Deutsche
Bahn AG, Miiller-Hannemann and Schnee observed only 3.6 Pareto optimal
connections on average if the three criteria travel time, number of transfers, and
fares are used. The observed maximum was 19 Pareto-optimal connections.

Miiller-Hannemann and Weihe [22] studied the size of the Pareto set also from
a theoretical point of view. They considered certain characteristics found in the
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application scenario in an attempt to explain the huge gap between the poten-
tially exponentially sized Pareto set and the small sizes observed in practice.

An important characteristic of our application is that we can partition the
edge set of our graph models into a small number of different edge classes such
that each edge class has a certain semantics. Naturally, we can take the different
types of edges as individual classes. Moreover, we can refine the class of those
edges modeling elementary train connections into further classes derived from
the type of train (train classes). A similar way to partition the edge set is to
group them by average speed.

Average speed as the ratio of travel distance and travel time relates two cri-
teria together. If we now assume that there are only k different average speeds
(and therefore only k different edge classes), we arrive at the ratio-restricted
lengths model. More generally than just considering speed, but still with two
criteria, we assume in this model that every edge class is equipped with a
value r which denotes the ratio between the length values of the first and sec-
ond criterion, respectively. But even in a bicriteria model with at most £ > 1
different ratios, the number of Pareto optima can still be exponentially large
(Lemma 2.1 in [22]).

Another important characteristic of our application is that Pareto-optimal
connections typically show a certain pattern with respect to the order of used
train classes. Namely, if we order the train classes by their maximum speed, from
slowest to fastest means of transportation, then most connections turn out to
be bitonic: they consist of one acceleration and one deceleration phase. In the
acceleration phase, we start with a slower train and from transfer to transfer we
monotonically use trains with higher average speed until we reach a maximum.
Then the deceleration phase starts and we use again slower and slower trains.
Of course, there are exceptions: for example, in cities like Paris or London one
may have to use the subway when changing between two high-speed trains. But
it seems reasonable to assume that the number of changes between acceleration
and deceleration phases is rather limited for Pareto-optimal connections. This
model has been called restricted non-monotonical.

Combining the ratio-restricted lengths model with the restricted non-monoto-
nical case it is possible to give tight polynomial worst case bounds on the size
of the Pareto set (Lemma 2.3 and Lemma 2.7. in [22]).

Finding the Pareto Set

The standard approaches to the case that all Pareto optima have to be computed
are generalizations of the standard algorithms for the single-criterion case (for a
survey see Ehrgott and Gandibleux [10]).

The main difference is that instead of one scalar distance label, each node
v maintains a list of d-dimensional distance labels assuming that we work with
d criteria. Such a list contains a set of Pareto-optimal paths from the start
node to v.

This immediately leads to a “Pareto version” of Dijkstra’s algorithm (first de-
scribed by Hansen [T4] and Martins [I8]). Instead of storing temporarily labeled
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nodes, the priority queue now maintains d-dimensional labels. In each iteration
of the main loop, we extract the lexicographic smallest label from the priority
queue instead of choosing the node with smallest distance label. If v is the cor-
responding node to the extracted label one updates for all feasible edges of type
(v,w) the list of Pareto optima stored at the head node w. More precisely, a
tentative new d-dimensional label is created and compared to all labels in the
list of Pareto-optima held at node w. It is only inserted into that list if it is not
dominated by any other label in the list. Moreover, labels dominated by the new
label are removed. For a more detailed description of the generalized Dijkstra
algorithm and a correctness proof we refer to [19] and [35].

An adaption of this algorithm has been used by Miiller-Hannemann and
Schnee to build the timetable information server PARETO [20] which relies
on the time-expanded graph model.

In [30I28], Pareto-optimal connections concerning the earliest arrival and mini-
mum number of transfers have been considered for the time-dependent approach.
In this work, it is further shown that the Pareto-set in the special case of a bi-
criteria problem involving the earliest arrival as one criterion can be determined
in the time-expanded approach by running Dijkstra’s algorithm on the real-
istic time-expanded graph with lexicographically ordered distance labels. The
Pareto-optimal solutions are enumerated by the solutions that Dijkstra’s algo-
rithm reports at the destination station (i.e., the algorithm is not terminated
until all Pareto-optimal solutions have been found).

5.2 Approximation Approaches

The ultimate goal of a traffic information system is to offer a small set of highly
attractive connections as an answer to a customer query. In that respect finding
the whole set of Pareto-optimal solutions bears two problems:

1. Not every Pareto-optimal solution is really noteworthy for a customer.
2. Many attractive connections are dominated only slightly.

The first of these two problems can be solved easily by filtering out unattrac-
tive connections. To tackle the second problem, we need a proper notion of
approximate Pareto optimal solutions. Current research concentrates along two
directions: the (recently re-investigated) concept of (1 + ¢)-Pareto set [27], and
the concept of relaxed Pareto dominance, usually called e-efficiency [17142].

Approximate Pareto Sets

Despite so much research in multiobjective optimization [9JI0], only recently a
systematic study of the complexity issues regarding the construction of approx-
imate Pareto sets has been initiated [27]. Informally, an (1 + ¢)-Pareto set P
is a subset of feasible solutions such that for any Pareto optimal solution and
any € > 0, there exists a solution in P, that is no more than (1 + ¢) away in
all objectives. Although this concept is not new (it has been previously used in
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the context of bicriteria and multiobjective shortest paths [I4J41]), Papadim-
itriou and Yannakakis in a seminal work [27] show that for any multiobjective
optimization problem there exists a (1 + ¢)-Pareto set P- of (polynomial) size
|P.| = O((4B/¢)?!), where B is the number of bits required to represent the
values in the objective functions (bounded by some polynomial in the size of
the input). They also provide a necessary and sufficient condition for its effi-
cient (polynomial in the size of the input and 1/¢) construction. In particular,
P. can be constructed by O((4B/¢)¢) calls to a GAP routine that solves (in
time polynomial in the size of the input and 1/¢) the following problem: given
a vector of values a, either compute a solution that dominates a, or report that
there is no solution better than a by at least a factor of 1 + € in all objectives.
Extensions to that method to produce a constant approximation to the smallest
possible (1 + ¢)-Pareto set for the cases of 2 and 3 objectives are presented in
[38], while for d > 3 objectives inapproximability results are shown for such a
constant approximation.

Apart from the above general results, there has been very recent work on im-
proved approximation algorithms (FPTAS) for multiobjective shortest paths by
Tsaggouris and Zaroliagis in [36]. In that paper, a new and remarkably simple
algorithm is given that constructs (1 + €)-Pareto sets for the single-source mul-
tiobjective shortest path problem, which improves considerably upon previous
approaches. The algorithm can be viewed as a generalization of the Bellman-
Ford algorithm. It proceeds in rounds. In each round 7 and for each node v, the
algorithm maintains a d-dimensional label representing an approximate Pareto
set to all Pareto optimal s-v paths with no more than i edges (s is the source
node). When an edge (u, v) is considered during round 4, the algorithm performs
(instead of a relaxation) an extend-&-merge operation. This operation extends
the node label of v in round ¢ — 1 with the edge (u, v) and merges the resulting set
with the label associated with v by keeping the solution that approximately dom-
inates all other solutions. This keeps the size of all labels polynomially bounded,
contrary to previous label correcting or setting approaches which used to keep
all undominated solutions and thus resulting in exponentially large sets of labels.

Relaxed Pareto Dominance

Miiller-Hannemann and Schnee [20] recently generalized the concept of relazed
Pareto dominance (also known as e-efficiency [I7/42]) and applied it to traffic
information. In relaxed Pareto dominance, a solution p dominates (in the relaxed-
Pareto sense) another solution ¢ iff f;(p) + hi(p,q) < fi(q), for all 1 < i < d,
and fi(p) + hi(p,q) < fi(q), for at least one j, 1 < j < d, where hi(p,q) is
an appropriately chosen relaxation function. The idea is to make more pairs
of connections mutually incomparable by redefining the dominance relation for
certain criteria. For example, if we do not want to suppress a connection with a
slightly longer travel time, say of less than 5 minutes, then we would define that
connection A will dominate connection B with respect to travel time only if the
travel time of A plus these 5 minutes are less or equal to the travel time of B.
For more examples how to apply relaxed dominance, see [20].
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5.3 Normalization Approaches

In this approach, a utility function is introduced that translates (in a linear or
non-linear way) the different criteria into a common cost (utility) measure. For
instance, when traveling in a traffic network one typically wishes to minimize
travel distance and time; both criteria can be translated into a common cost
measure (e.g., money), where the former is linearly translated, while the lat-
ter non-linearly (small amounts of time have relatively low value, while large
amounts of time are very valuable). Under the normalization approach, we seek
for a single optimum in the Pareto set (a feasible solution that optimizes the
utility function). We distinguish between the case where all criteria are linearly
translated to the common cost measure and to the case where some (or all) of
the criteria are non-linearly translated.

The Linear Case — Weighted Sum of Criteria

The straightforward (and simplest) approach could be to express the relative
importance of optimization criteria by weights and then to optimize a weighted
sum of the criteria. This approach reduces the multi-criteria problem to a single-
criterion optimization which can be solved by the standard Dijkstra algorithm
provided we use a graph model where each criterion is non-negative and additive
on the edges. Setting all but one weight to zero, we get the single-criterion
optimization as a special case.

Such an approach has two serious drawbacks. First, it will inevitably miss
many attractive connections as it will find just one single solution (and not all
Pareto optima). The second drawback of such an approach lies in the choice
of suitable weight parameters. Each potential customer has its own preference
system, but typically this preference system is not given explicitly in terms of
weight parameters. The user (customer or salesperson of a train company) of a
traffic information system and/or the system itself might set the parameters in-
correctly as neither of them will typically know the customer’s preference system
to its full extent.

The Non-linear Case

The case of non-linear utility function is the most interesting one, since it reflects
realistic scenaria in traffic optimization. Experience shows that users of traffic
networks value certain attributes (e.g., time) non-linearly [I5]: small amounts
have relatively low value, while large amounts are very valuable. Also, the vast
majority of transit systems have a non-additive (non-linear) fare structure [12].
Consequently, the most interesting theoretical models for traffic equilibria involve
minimizing a monotonic non-linear utility function. In this case, the problem
of computing optimal connections reduces to the so-called non-additive short-
est path (NASP) problem: given a digraph whose edges are associated with
d-dimensional cost vectors, the task is to find a path that minimizes a certain
d-attribute non-linear cost function.
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Very recently, Tsaggouris and Zaroliagis [36] presented the first FPTAS for
NASP. In particular, they showed how the FPTAS for multiobjective shortest
paths can provide a FPTAS for NASP for any number of objectives and for a
rather general form of a utility function that includes all polynomials of bounded
degree with non-negative coefficients. For the bicriteria case, a FPTAS for NASP
was independently presented in [I].

5.4 Lexicographical Ordering

One other possibility is to settle for only one specific Pareto-optimal solution: the
lexicographically first one. Dijkstra’s algorithm works not only for non-negative
real edge weights, but in general for semi-rings [31]. In our case, edge weights
and node labels are d-tuples, with lexicographical ordering and element-wise
addition.

With the simplified version of the time-expanded approach the lexicograph-
ically first solution can be computed for any d-tuples as edge weights. For ex-
ample, if d = 2, the first element being the travel time and the second one the
number of transfers, among all fastest connections the one with the minimum
number of transfers is computed. With the realistic version of the time-expanded
approach only tuples can be used where the first criterion is travel time. This
restriction is due to the 24-hour cycles induced by the stay-edges belonging to
each station. A special case are pairs as edge weights with travel time as first
criterion. In this case all Pareto-optimal solutions can be computed by Dijkstra’s
algorithm (cf. the last paragraph of Section [B.T]).

In the time-dependent approach the edge weights are required to be non-
decreasing (cf. Section B.2). This is not necessarily true for arbitrary d-tuples
as edge weights, but it can be shown that for the case d = 2, where the first
element is the number of transfers and the second one is the travel time, the
time-dependent version of Dijkstra’s algorithm can be extended to find the lex-
icographically first solution. See [28129I32] for further details.

6 Performance

As mentioned in the introduction, the performance of the core algorithms is
crucial for a timetable information system. The average performance is partic-
ularly important in a scenario of a central server that has to answer several
hundreds of (on-line) queries which are issued, for example, through the Inter-
net or through terminals at train stations. We review the results of experimental
studies involving the approaches introduced in the previous sections.

6.1 Simplified Earliest Arrival Problem

The approaches introduced in Section [ for solving the simplified earliest arrival
problem have been extensively studied, both in the time-expanded and the time-
dependent approach.
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Time-Expanded Approach

Schulz, Wagner, and Weihe [33] conducted an experimental study based on the
time-expanded graph (cf. Section B]) with realistic timetable data of the Ger-
man railway company Deutsche Bahn and a sample of half a million of real-world
customer queries. Using a single 336 MHz Ultra-SPARC-II processor, the aver-
age running time per query of Dijkstra’s algorithm was 0.103 seconds. The main
contribution of the study is that it demonstrates that the average running time of
Dijkstra’s algorithm can be drastically improved by applying distance-preserving
speed-up techniques (which still guarantee optimal solutions): a speed-up of a
factor of 34 could be observed, yielding an average running time of 0.003 sec-
onds. More precisely, they used a geometric speed-up technique based on angular
sectors limiting the reachable nodes through an edge, and a graph decomposi-
tion technique based on a small “backbone graph” for finding the shortest path.
Both techniques reduce the search space of the algorithm and rely on a pre-
processing step in which the additional information is pre-computed. Wagner
and Willhalm [40] have shown that other geometric containers are better suited
and yield even higher speed-up factors, in particular bounding boxes around the
reachable nodes through an edge show good results.

The second technique has been generalized by Schulz, Wagner, and Zaroliagis
in [34). They demonstrated, also conducting experiments with the same time-
expanded graph as in [33], that several hierarchical levels (3 or 4 levels for the
data used) of backbone graphs yield better running times than only one addi-
tional level (by a factor of roughly 3). See also [39] for a survey on speed-up
techniques for shortest path algorithms.

Time-Dependent Approach

Brodal and Jacob proved in [4] by a detailed theoretical analysis of operation
counts in both approaches that the time-dependent approach is more efficient
than the time-expanded approach. This was also the starting point of an experi-
mental comparison of the two approaches conducted by Pyrga, Schulz, Wagner,
and Zaroliagis [30/28]. They revealed that indeed the time-dependent approach is
faster than the time-expanded approach by factors in the range 12 to 40 depend-
ing on the data set (timetables consisting of French and German long-distance
traffic as well as two timetables consisting of local traffic have been used).

Basically, the preprocessing speed-up techniques mentioned above for the
time-expanded case can also be applied in the time-dependent approach; how-
ever, we are not aware of experimental studies dealing with this issue.

6.2 Realistic Single-Criterion Problems

In the experiments mentioned above [28], also the realistic specifications have
been considered. Solving the minimum number of transfers problem is clearly
faster (by a factor of roughly 4) in the train-route graph than in the realistic
time-expanded graph. This is due to the fact that in this case the train-route
graph is also static and smaller than the time-expanded graph.
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Concerning the realistic earliest arrival problem, the picture looks different: The
average running times of the time-expanded and the time-dependent approach are
almost equal, only a speed-up factor of 1.5 was observed. Comparing the aver-
age running time for solving the simplified earliest arrival problem to the realistic
earliest arrival problem, the time-expanded implementations solved the simplified
version only slightly faster (by a factor of less than 2), while the simplified time-
dependent implementation was faster by a factor of 5.

6.3 Multi-criteria Optimization

Finding all attractive connections with respect to travel time, fare, and number
of interchanges is of course more expensive than just searching for a fastest
connection. In the implementation of [20], such a search needs about 10 times
as long as the search with a single criterion. For the multi-criteria case, we still
need more effective speed-up techniques.

7 Conclusion

We have discussed time-expanded and time-dependent models for several kinds
of single- and multi-criteria optimization problems for timetable information
systems that provide optimal solutions via shortest paths. Extensions that model
realistic requirements (like train transfers) can be integrated in both approaches.
The time-dependent approach is clearly superior with respect to performance
when the simplified earliest arrival problem is considered, and speed-up factors
in the range from 10 to 40 were observed. When considering extensions of the
models for the solution of realistic versions of optimization problems in the single-
criterion case, the performance of the two approaches is almost equal. Speed-up
techniques yield running times indicating that these approaches are applicable
in practice. The main open question is how these speed-up techniques—relying
on additional information computed beforchand—can be extended to deal with
dynamic changes of the timetable; such a change of the timetable invalidates the
preprocessed information. Possibly, the additional information can be adapted
by small updates to cope with both “off-line” changes like the treatment of
different traffic days and “on-line” changes caused for example by accidents.
For other optimization criteria, it is more likely that the integration can be
modeled directly by edge lengths in the time-expanded model than in the time-
dependent model: In case the criterion can be expressed as additive costs for
elementary connections, these costs induce edge lengths in the time-expanded
graph. In contrast, in the time-dependent approach it is not clear if the costs can
be mapped to feasible edge lengths, since only the first elementary connection
per edge is considered. Because of this most studies concerning multi-criteria
optimization have focused on the time-expanded approach. In that, (relaxed)
Pareto-optimal solutions are desirable, and it turns out that in practice the size
of the Pareto frontier is quite small, such that labeling approaches are feasible.
For practical application, the multi-criteria optimization techniques provide the
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most satisfactory solutions. However, further speed-up techniques are required
(the techniques for the single-criterion problems cannot be directly applied for
the general multi-criteria algorithms) in order to yield a performance that is
acceptable for a real-world timetable information system.

References

11.
12.

13.

14.

15.

16.

17.

. Ackermann, H., Newman, A., Roglin, H., Vécking, B.: Decision making based on

approximate and smoothed pareto curves. In: Deng, X., Du, D.-Z. (eds.) ISAAC
2005. LNCS, vol. 3827, pp. 675-684. Springer, Heidelberg (2005)

. Baumann, N.; Schmidt, R.: Buxtehude—Garmisch in 6 Sekunden. Die elektronische

Fahrplanauskunft (EFA) der Deutschen Bundesbahn. Die Bundesbahn. Zeitschrift
fiir aktuelle Verkehrsfragen, 10, 929-931 (1988)

. Brodal, G.S., Jacob, R.: Time-dependent networks as models to achieve fast exact

time-table queries. Technical Report ALCOMFT-TR-01-176, BRICS, University
of Aarhus, Denmark (2001),
http://www.brics.dk/ALCOM-FT/TR/ALCOMFT-TR-01-176.html

. Brodal, G.S., Jacob, R.: Time-dependent networks as models to achieve fast exact

time-table queries. In: Proceedings of the 3rd Workshop on Algorithmic Methods
and Models for Optimization of Railways (ATMOS 2003). Electronic Notes in
Theoretical Computer Science, vol. 92, Elsevier, Amsterdam (2004) (A previous
version appeared as [3])

. Cooke, K.L., Halsey, E.: The shortest route through a network with time-dependent

internodal transit times. Journal of Mathematical Analysis and Applications 14,
493-498 (1966)

. DELFI. Durchgéngige elektronische Fahrplaninformation, http://www.delfi.de/
. Dijkstra, E.W.: A note on two problems in connexion with graphs. Numerische

Mathematik 1, 269-271 (1959)

. EFA. A timetable information system by Mentz Datenverarbeitung GmbH,

Miinchen, Germany, http://www.mentzdv.de/

. Ehrgott, M.: Multicriteria Optimization. Springer, Heidelberg (2000)
. Ehrgott, M., Gandibleux, X.: Multiobjective combinatorial optimization. In: Mul-

tiple Criteria Optimization — State of the Art Annotated Bibliographic Surveys,
pp. 369-444. Kluwer Academic Publishers, Boston, MA (2002)

EUSpirit. European travel information system, http://www.eu-spirit.com/
Gabriel, S., Bernstein, D.: The traffic equilibrium problem with nonadditive path
costs. Transportation Science 31(4), 337-348 (1997)

HAFAS. A timetable information system by HaCon Ingenieurgesellschaft mbH,
Hannover, Germany, http://www.hacon.de/hafas/

Hansen, P.: Bicriteria path problems. In: Fandel, G., Gal, T. (eds.) Multiple Cri-
teria Decision Making Theory and Applications. Lecture Notes in Economics and
Mathematical Systems, vol. 177, pp. 109-127. Springer, Berlin (1979)

Hensen, D., Truong, T.: Valuation of travel times savings. Journal of Transport
Economics and Policy, 237-260 (1985)

Kostreva, M.M., Wiecek, M.M.: Time dependency in multiple objective dynamic
programming. Journal of Mathematical Analysis and Applications 173, 289-307
(1993)

Loridan, P.: e-solutions in vector minimization problems. Journal of Optimization
Theory and Applications 43, 265-276 (1984)


http://www.brics.dk/ALCOM-FT/TR/ALCOMFT-TR-01-176.html
http://www.delfi.de/
http://www.mentzdv.de/
http://www.eu-spirit.com/
http://www.hacon.de/hafas/

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Timetable Information: Models and Algorithms 89

Martins, E.Q.V.: On a multicriteria shortest path problem. European Journal of
Operations Research 16, 236-245 (1984)

Mohring, R.: Verteilte Verbindungssuche im o6ffentlichen Personenverkehr:
Graphentheoretische Modelle und Algorithmen. In: Angewandte Mathematik — ins-
besondere Informatik, Vieweg, pp. 192-220 (1999)

Miiller-Hannemann, M., Schnee, M.: Finding all attractive train connections by
multi-criteria Pareto search. In: Proceedings of the 4th Workshop in Algorithmic
Methods and Models for Optimization of Railways (ATMOS 2004), To appear in
the same volume (2004)

Miiller-Hannemann, M., Schnee, M., Weihe, K.: Getting train timetables into the
main storage. In: Proceedings of the 2nd Workshop on Algorithmic Methods and
Models for Optimization of Railways (ATMOS 2002). Electronic Notes in Theo-
retical Computer Science, vol. 66, Elsevier, Amsterdam (2002)
Miiller-Hannemann, M., Weihe, K.: Pareto shortest paths is often feasible in prac-
tice. In: Brodal, G.S., Frigioni, D., Marchetti-Spaccamela, A. (eds.) WAE 2001.
LNCS, vol. 2141, pp. 185-198. Springer, Heidelberg (2001)

Nachtigal, K.: Time depending shortest-path problems with applications to railway
networks. European Journal of Operations Research 83, 154-166 (1995)

Orda, A., Rom, R.: Shortest-path and minimum-delay algorithms in networks with
time-dependent edge-length. Journal of the ACM, 37(3) (1990)

Orda, A., Rom, R.: Minimum weight paths in time-dependent networks. Networks,
21 (1991)

Pallottino, S., Scutella, M.G.: Shortest path algorithms in transportation models:
Classical and innovative aspects. In: Equilibrium and Advanced Transportation
Modelling, ch. 11, Kluwer Academic Publishers, Dordrecht (1998)

Papadimitriou, C., Yannakakis, M.: On the approximability of trade-offs and opti-
mal access of web sources. In: Proc. 41st IEEE Symp. on Foundations of Computer
Science — FOCS 2000, pp. 86-92 (2000)

Pyrga, E., Schulz, F., Wagner, D., Zaroliagis, C.: Experimental comparison of short-
est path approaches for timetable information. In: Proceedings of the Sixth Work-
shop on Algorithm Engineering and Experiments, SIAM, pp. 88-99 (2004)

Pyrga, E., Schulz, F., Wagner, D., Zaroliagis, C.: Towards realistic modeling of
time-table information through the time-dependent approach. In: Proceedings of
the 3rd Workshop on Algorithmic Methods and Models for Optimization of Rail-
ways (ATMOS 2003). Electronic Notes in Theoretical Computer Science, vol. 92,
pp. 85-103. Elsevier, Amsterdam (2004)

Pyrga, E., Schulz, F., Wagner, D., Zaroliagis, C.: Efficient Models for Timetable
Information in Public Transportation Systems. ACM Journal of Experimental Al-
gorithmics, 12(2.4) (2007)

Rote, G.: Path problems in graphs. In: Tinhofer, G., Mayr, E., Noltemeier, H.,
Syslo, M. (eds.) Computational Graph Theory, pp. 155-190. Springer, Heidelberg
(1990)

Schulz, F.: Timetable Information and Shortest Paths. PhD thesis, Universitét
Karlsruhe (TH), Fakultét Informatik (2005)

Schulz, F., Wagner, D., Weihe, K.: Dijkstra’s algorithm on-line: An empirical case
study from public railroad transport. Journal of Experimental Algorithmics, 5(12)
(2000)

Schulz, F., Wagner, D., Zaroliagis, C.: Using multi-level graphs for timetable in-
formation in railway systems. In: Mount, D.M., Stein, C. (eds.) ALENEX 2002.
LNCS, vol. 2409, pp. 43-59. Springer, Heidelberg (2002)



90

35.

36.

37.

38.

39.

40.

41.

42.

M. Miiller-Hannemann et al.

Theune, D.: Robuste und effiziente Methoden zur Losung von Wegproblemen.
Teubner Verlag, Stuttgart (1995)

Tsaggouris, G., Zaroliagis, C.: Multiobjective optimization: Improved FPTAS for
shortest paths and non-linear objectives with applications. Theory of Computing
Systems (to appear, 2007)

Tulp, E., Sikléssy, L.: TRAINS, an active time-table searcher. In: Eighth European
Conf. on Al, pp. 170-175 (1988)

Vassilvitskii, S., Yannakakis, M.: Efficiently computing succinct trade-off curves.
In: Diaz, J., Karhumaki, J., Lepistd, A., Sannella, D. (eds.) ICALP 2004. LNCS,
vol. 3142, pp. 1201-1213. Springer, Heidelberg (2004)

Wagner, D., Willhalm, T.: Speed-up techniques for shortest-path computations. In:
Thomas, W., Weil, P. (eds.) STACS 2007. LNCS, vol. 4393, pp. 23-36. Springer,
Heidelberg (2007)

Wagner, D., Willhalm, T., Zaroliagis, C.: Geometric containers for efficient
shortest-path computation. ACM Journal of Experimental Algorithmics, 10 (2005)
Warburton, A.: Approximation of pareto optima in multiple-objective shortest path
problems. Operations Research 35, 70-79 (1987)

White, D.J.: Epsilon efficiency. Jorunal of Optimization Theory and Applica-
tions 49, 319-337 (1986)



	Timetable Information: Models and Algorithms
	Introduction
	Two-Phase Approaches
	Direct Shortest Path Approaches

	Problem Specification
	Data
	Connections
	Criteria and Queries

	Basic Modeling: The Earliest Arrival Problem
	Time-Expanded Model
	Time-Dependent Model
	Comparison of Models

	Realistic Modeling
	Transfers Rules
	Foot-Edges
	Traffic Days
	The Minimum Number of Transfers Problem
	Extended Queries

	Multi-criteria Optimization
	Exact Approaches
	Approximation Approaches
	Normalization Approaches
	Lexicographical Ordering

	Performance
	Simplified Earliest Arrival Problem
	Realistic Single-Criterion Problems
	Multi-criteria Optimization

	Conclusion



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.01667
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU ()
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice




