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Foreword

The Ninth DIMACS Implementation Challenge is the most recent of a series of
highly successful events aimed at narrowing the gap between theory and practice in
an area of current research interest. The DIMACS challenges identify an important
research area and challenge researchers to find new algorithms appropriate to a
challenge problem. The first Challenge event was held in 1991, and this volume
represents the fifth volume dedicated to reporting the outcome of such events. The
Challenge workshop was held at DIMACS November 13-14, 2006, and was devoted
to shortest path problems. Shortest path problems have applications in a wide
variety of areas including transportation, robotics, and network optimization, and
there has been a huge literature devoted to them. This challenge was intended to
revisit the problem in all of its generality and its many variations, with the goal
of identifying new algorithmic approaches and finding real-world applications for
which good solutions to corresponding shortest path problems are not yet known.
A highlight of the activity leading to this volume was a competition involving the
point to point shortest path problem, comparing performance and robustness of
different approaches.

We would like to express our appreciation to Camil Demetrescu, Andrew V.
Goldberg, and David S. Johnson for their efforts to organize and plan this successful
event. We especially thank Camil Demetrescu for his efforts in maintaining a web-
site dedicated to the Challenge. We also thank Paolo Dell’Olmo, Irina Dumitrescu,
Mikkel Thorup, and Dorothea Wagner for serving as an Advisory Committee for
this Challenge.

DIMACS gratefully acknowledges the generous support that makes these pro-
grams possible. Special thanks go to the National Science Foundation and Microsoft
Research, as well as to DIMACS partners at Rutgers, Princeton, AT&T Labs - Re-
search, Alcatel-Lucent Bell Labs, NEC Laboratories America, and Telcordia Tech-
nologies, and affiliate partners Avaya Labs, Georgia Institute of Technology, HP
Labs, IBM Research, Microsoft Research, Rensselaer Polytechnic Institute, and
Stevens Institute of Technology.

Fred S. Roberts,
Director

Robert Tarjan,
Co-Director for Princeton






Introduction

This volume contains papers arising from the 9th DIMACS Implementation Chal-
lenge (http://www.dis.uniromal.it/ challenge9), which was devoted to short-
est path algorithms.

DIMACS implementation Challenges are aimed at narrowing the gap between
theory and practice for algorithms in specific problem areas. This is achieved by
developing a common infrastructure for experimental algorithm evaluation and en-
couraging researchers to develop and compare state of the art algorithm imple-
mentations. The first Challenge was held in 1990-1991 and was devoted to Net-
work Flows and Matching. Other addressed problems included: Mazimum Clique,
Graph Coloring, and Satisfiability (1992-1993), Parallel Algorithms for Combinato-
rial Problems (1993-1994), Fragment Assembly and Genome Rearrangements (1994-
1995), Priority Queues, Dictionaries, and Multi-Dimensional Point Sets (1995-
1996), Near Neighbor Searches (1998-1999), Semidefinite and Related Optimization
Problems (1999-2000), and The Traveling Salesman Problem (2000-2001).

Selection of the problem area is the key to a Challenge’s success. A good
area is one with active theoretical algorithmic research and a lack of the common
infrastructure. In 2004, when the call for the Ninth Challenge was issued, this was
the case for the area of shortest path algorithms.

Shortest path problems are among the most fundamental combinatorial opti-
mization problems with many applications, both direct and as subroutines. They
arise naturally in a remarkable number of real-world settings. A limited list in-
cludes transportation planning, network optimization, packet routing, image seg-
mentation, speech recognition, document formatting, robotics, compilers, traffic
information systems, and dataflow analysis. Shortest path algorithms have been
studied since the 1950’s and still remain an active area of research.

The goal of the Ninth DIMACS Implementation Challenge was to stimulate
research on shortest path algorithms by creating a reproducible picture of the state
of the art. The main results of the Challenge included:

e Definition of common file formats for several variants of the shortest path
problem, both static and dynamic. These comprised extensions of the
famous DIMACS graph file format used by several algorithmic software
libraries.

e Definition of a common set of core input instances for evaluating shortest
path algorithms.

e Definition of benchmark codes for shortest path problems.

e Design of new shortest path algorithms.

e Experimental evaluation of state of the art implementations of shortest
path codes on the core input families.

ix



x INTRODUCTION

e A discussion of directions for further research in the area of shortest paths,
identifying problems critical in real-world applications for which efficient
solutions still remain unknown.

The Challenge call for participation was broad, inviting work on most poly-
nomially-solvable variants of shortest paths. The organizers provided input-output
file formats and benchmark problem solvers for the most basic problems and indi-
cated that more formats will be developed if needed.

Participants at sites in the U.S. and Europe undertook projects during the
period from October 2005 to November 2006, studying several variants of the
shortest paths problem. For its relevance in modern applications such as GPS
navigation systems, the point-to-point shortest paths problem, which consists of
answering multiple online queries about the shortest paths between pairs of ver-
tices, was the most popular problem during the Challenge, attracting about half
of the contributions. Other variants under investigation included k-shortest paths
and language-constrained shortest paths. Parallel and external memory implemen-
tations of shortest paths algorithms were also studied.

In the first stage of the Challenge, the organizers and the participants obtained
or developed real-life problems and problem generators, from which benchmark
problem families were selected. The participants were encouraged to use these
problems whenever practical during the second part of the Challenge, during which
algorithm implementations were developed and evaluated. In addition, the partici-
pants were free to use any other problems that they found useful in evaluating their
algorithm performance.

The Challenge culminated in a workshop held at the DIMACS Center at Rut-
gers University, Piscataway, New Jersey on November 13-14, 2006. Following the
workshop, participants were encouraged to share test instances whenever possible,
to rework their implementations and experiments in light of the feedback at the
workshop, and to submit a final report for this book. After a careful reviewing pro-
cess, comparable to that of refereeing for a high-quality journal, twelve full articles
were selected for this volume. In view of the practical importance of the prob-
lems studied in this Challenge, this volume also contains a survey of applications
of shortest path problems.

More than 40 researchers attended the workshop; there were thirteen project
presentations, one invited talk, and a panel discussion. The specific application
problems presented at the workshop included point-to-point shortest paths, k-
shortest paths, parallel shortest paths, external-memory BFS, and language-con-
strained shortest paths. The invited presentation was given by David A. Bader
(Georgia Institute of Technology). The lecture focused on solving massive graph
problems on large-scale parallel machines and presented several graph theoretic
kernels for connectivity and centrality. The lecture discussed how the underlying
parallel architectures affects algorithm development, ease of programming, perfor-
mance, and scalability.

In addition, many participants took part in a special competition held during
the workshop and devoted to the point-to-point shortest path problem. The aim
was to compare the performance and the robustness of the different implementations
discussed at the workshop. The rules of the competition were announced on the first
day of the workshop and the results were due on the second day. The competition
consisted of preprocessing a version of the full road network of continental U.S.
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PREPROCESSING QUERY

cope Time Space | Node Time Benchmark
(minutes) (Mbytes) | scans (ms) ratio x10°

HH-based transit [5] 104 3664 | n.a. 0.019 4.78
TRANSIT [1] 720 n.a. | na. 0.052 10.77
HH Star [2] 32 2662 | 1082 1.140 287.32
REAL(16,1) [4] 107 2435 | 823 1.420 296.30
HH with DistTab [2] 29 2101 | 1671 1.610 405.77
RE [4] 88 861 | 3065 2.780 580.08

TABLE 1. Results of the Challenge competition on the USA graph
(23.9 million nodes and 58.3 million arcs) with unit arc lengths.
The benchmark ratio is the average query time divided by the time
required to answer a query using the benchmark Dijkstra code on
the same platform. Query times and node scans are average values
per query over 1000 random queries.

with unit edge lengths and answering a sequence of 1,000 random distance queries.
Each participating team used their own machine and computational environment.
Note that the U.S. graph with lengths corresponding to travel distances and transit
times was a part of the benchmark data set, and the unit length function was a
natural “new” length function to consider. Some of the participants’ codes were
unable to deal with the size of the full U.S. graph, or incurred runtime errors.
However, six point-to-point implementations successfully preprocessed the graph
and answered the queries. These included two codes, RE and REAL(16,1), which
were not eligible for the official competition because one of the co-authors on the
paper was also an organizer. These two codes were run on the problem prior to the
competition to ensure that the problem could be solved in 24 hours.

Because results were obtained on different platforms, each participant ran a Di-
jkstra benchmark code [3] on the USA graph to allow machine calibration. The final
ranking was made by considering each query time divided by the time required by
the benchmark code on the same platform (benchmark ratio). Other performance
measures taken into account were space usage and the average number of nodes
scanned by query operations.

The results of the competition are reported in Table 1. All six codes that
successfully handed the graph had substantially faster query times than the bench-
mark Dijkstra code, which did no preprocessing. As one can see from the table, the
fastest query time was achieved by the HH-based transit code of Peter Sanders and
Dominik Schultes. (The times reported in the table are for the different platforms
used by the participants and are not normalized. They are reasonably comparable,
however. Based on the benchmark runs, no pair of platforms differed in speed by
more than 22%.)

Work done by the participants during the Challenge improved the state of the
art in shortest path algorithms. In addition, the infrastructure developed during
the Challenge should facilitate further research in the area, leading to substantial
follow-up work as well as to better and more uniform experimental standards.

The expert assistance of the DIMACS staff in hosting and arranging the work-
shop is gratefully acknowledged. We would like to thank Microsoft Research for
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providing partial funding for the workshop. We also would like to thank all the
Challenge participants, whose hard work and enthusiasm was the key to the suc-
cess of the Challenge.

Camil Demetrescu
Andrew V. Goldberg
David S. Johnson
March 2009
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Shortest path problems are among the most fundamental combina-
torial optimization problems with many applications, both direct
and as subroutines. They arise naturally in a remarkable number of
real-world settings. A limited list includes transportation planning,
network optimization, packet routing, image segmentation, speech
recognition, document formatting, robotics, compilers, traffic infor-
mation systems, and dataflow analysis. Shortest path algorithms
have been studied since the 1950’s and still remain an active area
of research.

This volume reports on the research carried out by participants
during the Ninth DIMACS Implementation Challenge, which led
to several improvements of the state of the art in shortest path algo-
rithms. The infrastructure developed during the Challenge facilitated
further research in the area, leading to substantial follow-up work
as well as to better and more uniform experimental standards. The
results of the Challenge included new cutting-edge techniques for
emerging applications such as GPS navigation systems, providing
experimental evidence of the most effective algorithms in several
real-world settings.
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