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Preface

This volume contains the papers presented at SWAT 2004, the 9th Scandina-
vian Workshop on Algorithm Theory, which was held on July 8-10, 2004, at the
Louisiana Museum of Modern Art in Humlebak on the @resund coast north of
Copenhagen. The SWAT workshop, in reality a full-fledged conference, has been
held biennially since 1988 and rotates among the five Nordic countries, Den-
mark, Finland, Iceland, Norway, and Sweden. The previous meetings took place
in Halmstad (1988), Bergen (1990), Helsinki (1992), Arhus (1994), Reykjavik
(1996), Stockholm (1998), Bergen (2000), and Turku (2002). SWAT alternates
with the Workshop on Algorithms and Data Structures (WADS), held in odd-
numbered years.

The call for papers invited contributions on all aspects of algorithm theory. A
total of 121 submissions was received — an overall SWAT high. These underwent
thorough reviewing, and the program committee met in Copenhagen on March
20-21, 2004, and selected 40 papers for presentation at the conference. The
program committee was impressed with the quality of the submissions and, given
the constraints imposed by the choice of conference venue and duration, had
to make some tough decisions. The scientific program was enriched by invited
presentations by Gerth Stglting Brodal (University of Aarhus) and Charles E.
Leiserson (Massachusetts Institute of Technology).

Two satellite events were held immediately before SWAT 2004: the Workshop
on On-Line Algorithms (OLA 2004), organized by members of the Department
of Mathematics and Computer Science at the University of Southern Denmark,
and the Summer School on Experimental Algorithmics, organized by the Perfor-
mance Engineering Laboratory in the Department of Computing at the Univer-
sity of Copenhagen. More information about SWAT 2004 and its satellite events
is available at the conference web site http://swat.diku.dk/.

We thank all of the many persons whose efforts contributed to making SWAT
2004 a success. These include the members of the steering, program, and or-
ganizing committees, the invited speakers, the authors who submitted papers,
the numerous referees who assisted the program committee, and the support
staff at the conference. Our special thanks go to Frank Kammer (University of
Augsburg), who maintained the submission server, and Sebastian Berg and his
associates (Less is more ApS), who implemented and hosted the web-based con-
ference shop. We also thank our institutional and industrial sponsors for their
support.

May 2004 Torben Hagerup
Jyrki Katajainen
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Design and Analysis
of Dynamic Multithreaded Algorithms

Charles E. Leiserson*

MIT Computer Science and Artificial Intelligence Laboratory
Cambridge, Massachusetts 02139, USA

Dynamic multithreaded languages provide low-overhead fork-join primitives to
express parallelism. One such language is Cilk (3, 5], which was developed in the
MIT Laboratory for Computer Science (now the MIT Computer Science and
Artificial Intelligence Laboratory). Cilk minimally extends the C programming
language to allow interactions among computational threads to be specified in a
simple and high-level fashion. Cilk’s provably efficient runtime system dynami-
cally maps a user’s program onto available physical resources using a randomized
“work-stealing” scheduler, freeing the programmer from concerns of communi-
cation protocols and load balancing.

Cilk provides an abstract performance model for algorithmic analysis. This
model characterizes the performance of a multithreaded algorithm in terms of
two quantities: its work T, which is the total time needed to execute the com-
putation serially, and its critical-path length T, which is its execution time
on an infinite number of processors. Cilk provides instrumentation that allows a
user to measure these two quantities. Cilk’s scheduler executes a Cilk computa-
tion on P processors in expected time

Tp =Ti/P+ O(Tx) ,

assuming an ideal parallel computer. This equation resembles “Brent’s theorem”
[1,4] and is optimal to within a constant factor, since T1/P and T, are both
lower bounds.

The fork-join primitives of a dynamic multithreaded language encourage the
design of divide-and-conquer parallel algorithms. Consequently, recurrences are
a natural way to express the work and critical-path length of a multithreaded al-
gorithm. Recurrence analysis can be used to develop good algorithms for matrix
multiplication, sorting, and a host of other problems.

The algorithmic technology behind dynamic multithreading has been ap-
plied to develop MIT’s championship computer-chess programs, xSocrates and
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Foundation under Grants EIA-9975036 and ACI-032497, and by the Singapore-MIT
Alliance.
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Cilkchess [2]. The methodology of analyzing work and critical-path length pro-
vides a clean theoretical model which works in practice.

See http://supertech.csail.mit.edu/cilk for more background on Cilk
and to download the Cilk manual and software release.
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Abstract. Frigo, Leiserson, Prokop and Ramachandran in 1999 intro-
duced the ideal-cache model as a formal model of computation for devel-
oping algorithms in environments with multiple levels of caching, and
coined the terminology of cache-oblivious algorithms. Cache-oblivious
algorithms are described as standard RAM algorithms with only one
memory level, i.e. without any knowledge about memory hierarchies,
but are analyzed in the two-level I/O model of Aggarwal and Vitter for
an arbitrary memory and block size and an optimal off-line cache re-
placement strategy. The result are algorithms that automatically apply
to multi-level memory hierarchies. This paper gives an overview of the
results achieved on cache-oblivious algorithms and data structures since
the seminal paper by Frigo et al.

1 Introduction

Modern computers are characterized by having a memory system consisting of
a hierarchy of several levels of memory, where each level is acting as a cache for
the next level [46]. The typical memory levels of current machines are registers,
level 1 cache, level 2 cache, level 3 cache, main memory, and disk. While the sizes
of the levels increase with the distance from the CPU the access times to the
levels also get larger, most dramatically when going from main memory to disk.
To circumvent dramatic performance loss data is moved between the memory
levels in blocks (cache lines or disk blocks). As a consequence of this organization
of the memory, the memory access pattern of an algorithm has a major influence
on its practical running time. A basic rule commonly stated in the literature for
achieving good running times is to ensure locality of reference in the developed
algorithms.

1.1 I/0 Model

Several models have been proposed in recent years to model modern memory
hierarchies. The most successful of these models (in terms of number of publica-
tions) is the two-level I/O model introduced by Aggarwal and Vitter in 1988 [6]:
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