Transactions on

High-Performance
Embedded Architectures
and Compilers |



,!}77} Per Stenstrom Michael O’Boyle Francois Bodin

"’ | Marcelo Cintra Sally A. McKee (Eds.)

VAR
Transactions on
High-Performance
Embedded Architectures

and Compilers I

& springer LI

E2007003117



Editor-in-Chief

Per Stenstrom

Chalmers University of Technology

Department of Computer Science and Engineering
412 96 Gothenburg, Sweden

E-mail: pers@ce.chalmers.se

Volume Editors

Michael O’Boyle

Marcelo Cintra

Institute for Computing Systems Architecture, School of Informatics
King’s Buildings, Mayfield Road, Edinburgh EH9 3JZ, UK

E-mail: {mob,mc}@inf.ed.ac.uk

Francois Bodin

IRISA, Campus de Beaulieu
35042 Rennes Cedex, France
E-mail: bodin@irisa.fr

Sally A. McKee

Cornell University, School of Electrical and Computer Engineering
324 Rhodes Hall, Ithaca, NY 14853, USA

E-mail: sam@csl.cornell.edu

Library of Congress Control Number: 2007923068
CR Subject Classification (1998): B.2, C.1, D.3.4, B.5,C.2, D.4

LNCS Sublibrary: SL 1 — Theoretical Computer Science and General Issues

ISSN 0302-9743 (Lecture Notes in Computer Science)

ISSN 1864-306X (Transactions on HiPEAC)

ISBN-10 3-540-71527-4 Springer Berlin Heidelberg New York
ISBN-13 978-3-540-71527-6 Springer Berlin Heidelberg New York

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, re-use of illustrations, recitation, broadcasting,
reproduction on microfilms or in any other way, and storage in data banks. Duplication of this publication
or parts thereof is permitted only under the provisions of the German Copyright Law of September 9, 1965,
in its current version, and permission for use must always be obtained from Springer. Violations are liable
to prosecution under the German Copyright Law.

Springer is a part of Springer Science+Business Media
springer.com

© Springer-Verlag Berlin Heidelberg 2007
Printed in Germany

Typesetting: Camera-ready by author, data conversion by Scientific Publishing Services, Chennai, India
Printed on acid-free paper SPIN: 12039449 06/3180 543210



Lecture Notes in Computer Science

Commenced Publication in 1973
Founding and Former Series Editors:
Gerhard Goos, Juris Hartmanis, and Jan van Leeuwen

Editorial Board

David Hutchison

Lancaster University, UK
Takeo Kanade

Carnegie Mellon University, Pittsburgh, PA, USA
Josef Kittler

University of Surrey, Guildford, UK
Jon M. Kleinberg

Cornell University, Ithaca, NY, USA
Friedemann Mattern

ETH Zurich, Switzerland
John C. Mitchell

Stanford University, CA, USA
Moni Naor

Weizmann Institute of Science, Rehovot, Israel
Oscar Nierstrasz

University of Bern, Switzerland
C. Pandu Rangan

Indian Institute of Technology, Madras, India
Bernhard Steffen

University of Dortmund, Germany
Madhu Sudan

Massachusetts Institute of Technology, MA, USA
Demetri Terzopoulos

University of California, Los Angeles, CA, USA
Doug Tygar

University of California, Berkeley, CA, USA
Moshe Y. Vardi

Rice University, Houston, TX, USA
Gerhard Weikum

Max-Planck Institute of Computer Science, Saarbruecken, Germany

4050



Editor-in-Chief’s Message

It is my pleasure to introduce the first volume of Transactions on High-
Performance Embedded Architectures and Compilers, or Transactions on
HiPEAC for short. Transactions on HiPEAC is a new journal which aims at
timely dissemination of research contributions in computer architecture and/or
compilation methods for high-performance embedded computer systems. Rec-
ognizing the convergence of embedded and general-purpose computer systems,
this journal intends to publish original research and surveys on systems targeted
at specific computing tasks as well as systems with broader application bases.
The scope of the journal, therefore, covers all aspects of computer architecture
as well as code generation and compiler optimization methods of interest to
researchers and practitioners designing future embedded systems. Examples of
topics of interest include:

— Processor architecture, e.g., network and security architectures, application-
specific processors and accelerators, and reconfigurable architectures

— Memory system design

— Power, temperature, performance, and reliability constrained designs

— Evaluation methodologies, program characterization, and analysis techniques

— Compiler techniques for embedded systems, e.g, feedback-directed optimiza-
tion, dynamic compilation, adaptive execution, continuous profiling/
optimization, back-end code generation, and binary translation/optimization

— Code size/memory footprint optimizations

Journal publications are usually associated with a significant delay between
submission and final publication. Transactions on HiPEAC will rectify this by
seriously cutting down on manuscript handling time. The time to the first re-
sponse will not exceed ten weeks. If minor revisions only are requested, the goal
is to publish such papers within six months. Articles that are requested to un-
dergo a major revision will be requested to be resubmitted within three months.
Articles that are accepted will immediately be available electronically. By the
end of each year, a printed volume will be published by Springer.

In This Volume

First, I am very delighted that Sir Maurice Wilkes accepted to write the leading
article of the first volume of the journal. Having contributed to our field ever since
the beginning of the electronic computer era, he has an unprecedented broad
perspective of the exciting evolution of computers to the point that we know
them today. In his leading article, which is partly based on the keynote address
he contributed to the first HIPEAC summer school (ACACES 2005), Prof. Wilkes
shares with us his reflections on the evolution in computer architecture over the



VI Preface

last few decades. He also provides his outlook on the forces that will be important
over the next decade. His article appears as the first regular paper in this volume.

An important deliverable for the HIPEAC Network of Excellence is a roadmap
of the challenges facing high-performance embedded architectures and compilers.
The HIPEAC community has put together a roadmap along ten themes that
highlights the research challenges we are faced with in the next decade. I'm
pleased that the roadmap appears in this volume. It is the second regular paper.

Apart from publishing regular papers, Transactions on HiPEAC will some-
times publish papers on special topics or highlights from conferences. This vol-
ume contains three such specialized themes organized into three parts: Part 1,
Part 2, and Part 3. Part 1 is devoted to the best papers of the 2005 Interna-
tional Conference on High-Performance Embedded Architectures and Compilers
(HiPEAC 2005). Part 2 is devoted to the topic of optimizing compilers and is
edited by Mike O’Boyle, University of Edinburgh, Francois Bodin, IRISA, and
Marcelo Cintra, University of Edinburgh. Finally, Part 3 is devoted to the best
papers on embedded architectures and compilers from the 2006 ACM Interna-
tional Conference on Computing Frontiers and is edited by Sally A. McKee,
Cornell University. Organizing specific themes in this journal will be a recur-
ring activity in the future and I encourage prospective guest editors to propose
themes for future volumes.

Finally, I have been fortunate to engage a set of distinguished members of
our community to form the first editorial board. It is my pleasure to introduce
this set of fine people.

Per Stenstrom

Chalmers University of Technology
Editor-in-chief

Transactions on HIPEAC



Editorial Board

Per Stenstrom is a professor of computer engineering of Chalmers Univer-
sity of Technology and a deputy dean of the IT University of Goteborg. His
research interests are devoted to design principles for high-performance com-
puter systems. He is an author of two textbooks and 100 research publications.
He is regularly serving program committees of major conferences in the com-
puter architecture field as well as actively contributing to editorial boards: He
has been an editor of IEFE Transactions on Computers and is an editor of the
Journal of Parallel and Distributed Computing and the IEEE Computer Archi-
tecture Letters. Further, he served as the General as well as the Program Chair
of the ACM/IEEE Int. Symposium on Computer Architecture. He is a member
of the ACM and the SIGARCH, a Fellow of the IEEE, and a founding member
of the Network of Excellence in High-Performance Embedded Architectures and
Compilation Methods funded by the European Commission.

Koen De Bosschere obtained his PhD from Ghent University in 1992. Cur-
rently, he is research professor at the engineering school of the same univer-
sity where he teaches courses on computer architecture and operating systems.
He is the head of a research group of 20 researchers and has co-authored 150
contributions in the domain of optimization, performance modeling, microarchi-
tecture, and debugging. He is the coordinator of the Flemish research network
on Architectures and Compilers for Embedded Systems (ACES), and he is the
Belgian representative of the HIPEAC network of Excellence. Contact him at
Koen.DeBosschere@elis. UGent.be.
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Jose Duato is Professor in the Department of Computer Engineering (DISCA)
at UPV, Spain. His research interests include interconnection networks and mul-
tiprocessor architectures. He has published over 340 papers. His research results
have been used in the design of the Alpha 21364 microprocessor, and the Cray
T3E, IBM BlueGene/L, and Cray Black Widow supercomputers. Dr. Duato is
the first author of the book “Interconnection Networks: An Engineering Ap-
proach”. He served as associate editor of IEEE TPDS and IEEE TC. He was
General Co-chair of ICPP 2001, Program Chair of HPCA-10, and Program Co-
chair of ICPP 2005. Also, he served as Co-chair, Steering Committee member,
Vice-Chair, and Program Committee member in more than 55 conferences, in-
cluding HPCA, ISCA, IPPS/SPDP, IPDPS, ICPP, ICDCS, Europar, and HiPC.

Manolis Katevenis received his PhD degree from U.C. Berkeley in 1983 and
the ACM Doctoral Dissertation Award in 1984 for his thesis on “Reduced In-
struction Set Computer Architectures for VLSI”. After a brief term on the fac-
ulty of Computer Science at Stanford University, he is now based in Greece,
with the University of Crete and with FORTH since 1986. After RISC, his re-
search has been on interconnection networks and interprocessor communication.
In packet switch architectures, his contributions since 1987 have been mostly in
per-flow queueing, credit-based flow control, congestion management, weighted
round-robin scheduling, buffered crossbars, and non-blocking switching fabrics.
In multiprocessing and clustering, his contributions since 1993 have been on
remote-write-based, protected, user-level communication.

His home URL is http://archvlsi.ics.forth.gr/~kateveni
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Michael O’Boyle is a Reader in the School of Informatics at the University
of Edinburgh and an EPSRC Advanced Research Fellow. He received his PhD
in Computer Science from the University of Manchester in 1992. He was for-
merly a SERC Postdoctoral Research Fellow, a Visiting Research Scientist at
IRISA/INRIA Rennes, a Visiting Research Fellow at the University of Vienna
and a Visiting Scholar at Stanford University. More recently he was a Visit-
ing Professor at UPC, Barcelona. Dr.O’Boyle’s main research interests are in
adaptive compilation, formal program transformation representations, the com-
piler impact on embedded systems, compiler-directed low-power optimization
and automatic compilation for parallel single-address space architectures. He
has published over 50 papers in international journals and conferences in this
area and manages the Compiler and Architecture Design group consisting of 18
members.

Cosimo Antonio Prete is Full Professor of Computer Systems at the Univer-
sity of Pisa, Italy, and a faculty member of the PhD School in Computer Science
and Engineering (IMT), Italy. He is Coordinator of the Graduate Degree Pro-
gram in Computer Engineering and Rector’s Adviser for Innovative Training
Technologies at the University of Pisa. His research interests are focused on
multiprocessor architectures, cache memory, performance evaluation, and em-
bedded systems. He is an author of more than 100 papers published in inter-
national journals and conference proceedings. He has been project manager for
several research projects, including: the SPP project, OMI, Esprit IV; the CCO
project, supported by VLSI Technology, Sophia Antipolis; the ChArm project,
supported by VLSI Technology, San Jose, and the Esprit IIT Tracs project.
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André Seznec is “Directeur de Recherches” at IRISA/INRIA. Since 1994,
he has been the head of the CAPS (Compiler Architecture for Superscalar and
Special-purpose Processors) research team. He has been conducting research
on computer architecture for more than 20 years. His research topics have in-
cluded memory hierarchy, pipeline organization, simultaneous multithreading
and branch prediction. In 1999-2000, he spent a sabbatical with the Alpha Group
at Compaq.

Olivier Temam obtained a PhD in computer science from University of
Rennes in 1993. He was Assistant Professor at the University of Versailles from
1994 to 1999, and then Professor at the University of Paris Sud until 2004.
Since then, he has been a senior researcher at INRIA Futurs in Paris, where he
heads the Alchemy group. His research interests include program optimization,
processor architecture, and emerging technologies, with a general emphasis on
long-term research.
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Theo Ungerer is Chair of Systems and Networking at the University of Augs-
burg, Germany, and Scientific Director of the Computing Center of the Uni-
versity of Augsburg. He received a Diploma in Mathematics at the Technical
University of Berlin in 1981, a Doctoral Degree at the University of Augsburg
in 1986, and a second Doctoral Degree (Habilitation) at the University of Augs-
burg in 1992. Before his current position, he was scientific assistant at the Uni-
versity of Augsburg (1982-89 and 1990-92), visiting assistant professor at the
University of California, Irvine (1989-90), professor of computer architecture at
the University of Jena (1992-1993) and the Technical University of Karlsruhe
(1993-2001). He is a Steering Committee member of HIPEAC and of the Ger-
man Science Foundation’s priority programme on “Organic Computing”. His
current research interests are in the areas of embedded processor architectures,
embedded real-time systems, organic, bionic and ubiquitous systems.

Mateo Valero obtained his PhD at UPC in 1980. He is a professor in the
Computer Architecture Department at UPC. His research interests focus on
high-performance architectures. He has published approximately 400 papers on
these topics. He is the director of the Barcelona Supercomputing Center, the
National Center of Supercomputing in Spain. Dr. Valero has been honored with
several awards, including the King Jaime I by the Generalitat Valenciana, and
the Spanish national award “Julio Rey Pastor” for his research on I'T technolo-
gies. In 2001, he was appointed Fellow of the IEEE, in 2002 Intel Distinguished
Research Fellow and since 2003 he is a Fellow of the ACM. Since 1994, he has
been a foundational member of the Royal Spanish Academy of Engineering. In
2005 he was elected Correspondant Academic of the Spanish Royal Academy of
Sciences, and his home town of Alfamén named their public college after him.
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Stamatis Vassiliadis is currently the chairperson of computer engineering and
a T.U. Delft chair professor in the Faculty of Electrical Engineering, Mathemat-
ics and Computer Science. He has also served in the ECE faculties of Cornell
University, Ithaca, NY and State University of New York (S.U.N.Y.), Bingham-
ton, NY. He worked for a decade with IBM in the Advanced Workstations and
Systems laboratory in Austin TX, the Mid-Hudson Valley laboratory in Pough-
keepsie NY and the Glendale laboratory in Endicott NY. In IBM he was involved
in a number of projects regarding computer design, organizations, and architec-
tures and the leadership to advanced research projects. He has been involved in
the design and implementation of several computers. For his work he received
numerous awards including 24 publication awards, 15 invention achievement
awards and an Outstanding Innovation Award for Engineering/Scientific Hard-
ware Design in 1989. Six of his patents have been rated with the highest patent
ranking in IBM and in 1990 he was awarded the highest number of patents in
IBM. While at IBM, he was awarded 73 USA patents ranking him as the top
all-time IBM inventor. Dr. Vassiliadis received best paper awards at the PDCS
(2002), the IEEE CAS(1998, 2001),the IEEE ICCD (2001) and honorable men-
tion best paper award at the IEEE/ACM MICRO 25(1992). He is an IEEE and
ACM fellow.
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