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Summary

One of the driving application domains for future mobile terminals is multimedia applications exemplified by video
and high-quality audio processing as well as advanced games. These applications do not only require high peak
performance levels, they also impose stringent real-time demands to provide a high user-perceived quality of
service. At the same time, future mobile terminals must also accommodate other applications with a wide range of
computational requirements that rule out a special-purpose computer infrastructure. What makes the design of the
architecture of this infrastructure even more challenging is that it also must meet stringent constraints on area and
power dissipation.

In this research project, our goa is to investigate design principles of a general-purpose single-chip
processor/memory architecture that can provide high and predictable performance for multimedia applications under
challenging constraints regarding chip area and power dissipation. It draws on the synergies with three ongoing
projects at Chalmers in the areas of (1) worst-case timing analysis for high-performance architectural features (2)
design principles for high-performance memory systems under power dissipation constraints, and (3) algorithms for
3-D computer graphics. These synergies together with the world-leading expertise of the industrial collaborator in
the design of mobile terminals provide a solid base for advancing state-of-the-art in this area.

The expected results of the project are fundamental insights into what architectural support is needed to
meet the challenging performance and predictability requirements of 3-D graphics applications for a simple
processor/memory core built from embedded RAM technology. Besides the obvious potentia industrial impact of
this project, it advances state-of-the-art in the so far quite unexplored area of energy-efficient general-purpose
architectures for the mobile market.



1. Problem Statement

A driving application damain for future mobile wirdessterminals, e.g. high-end mobil e phones, is multimedia
applicationsincluding video and high-quality audio (e.g. digital music) processing aswell as advanced games.
First, these gplications demand high-performance to provide ahigh user-perceived cuality by having the
processing rate conform to the sampling rate of audio and video. Second, since jitter in the audio and video
streams will also contribute to a lower user-perceived quality, the computer infrastructure must conform to
stringent real-time requirements. Finally, while this would call for a spedal-purpose architecture, e.g. vedor
architedures, future mobile terminals should aso accommodate a wide range of applications whose
computational needs are hard to anticipate which calls for a general-purpose computational infrastructure.

This general-purpase computational infrastructure for future mobile terminalsis also atarget for a set of other
challenging requirements caused by constraints in the physical size and the limitations of battery technology.
This makes area and energy consumptionimportant constraints as well.

Multimedia support in general-purpose wmputer architectures is not appropriate for mobile terminals for the
following reasons:

First, except for some simple standard functions, the execution of complex graphics code in most of today’s
mobil e terminals is performed entirely by an embedded processor. This leads to poar performance, poor real-
time responsiveness and a high energy consumption. Second, the multimedia gplication area also drives
high-end microprocessors for the desktops and has led to graphics acceleration in hardware tightly couped to
most processor cores. In addition, it has triggered the devel opments of special graphics cardsin most PCs old
today, and high-bandwidth memory technologies such as Rambus. However, these solutions are for obvious
reasons not viable for a power-sensitive, limited areg system-on-chip design aimed at mobile terminals.
Finaly, even though complex, real-time 3-D graphics applicaions for mobile terminals will not be &
performance demanding as for desktops and home-entertainment systems, because of the limited dsplay sizes,
it is more challenging when fadoring in the constraints imposed by the limited energy provided by current as
well as future battery technology. This rules out traditional embedded solutions. An additional hurdle is that
the computational infrastructure shoud also accommodate multi-programmed workloads that might include
other timing sensitive gplicaions such as audio.

In summary, the main issue to be cnsidered in this projed is how to design a single-chip genera-purpose
procesor/memory architecture that delivers aufficient performance and predictability to med user-perceved
quality requirements under power dissipation and chip-area onstraints for multimedia and aher applications
anticipated for future mobil e terminals.

2. Main Ideas

Our approach to med the gplication requirements under the techndogy constraints is to investigate the
design spaceof a general-purpase processor/memory chip based on the Intelligent RAM (IRAM) concept’.
Unlike the Berkeley IRAM approach, which is based on a vedor architedure, we will base our initial design
onthe foll owing considerations:

= A simple pipelined processor core that does not allow out-of-order execution
= A simple memory hierarchy that does selective data caching

Thein-order pipelined processor core is motivated from recent observations that it provides a better energy-
delay than an out-of-order processor core’. In addition, in our recent research we have found that the same

' R. Fromm et al., "The Energy Efficiency of IRAM Architectures', Proc. ISCA’97, pp. 327-337, 1997

2R. Gonzdez ad M. Horowitz, "Energy Dissipation in General Purpose Microprocesors'. |EEE Journal of Solid-
Sate Circuits, 31(9):1277-1284, September 1996



design decisions also make it easier to achieve ahigh and predictable performance®. Moreover, in contrast to
the vedor architecture gproach in the Berkeley IRAM project, our approach is not tied only to the
computational requirements of multimedia agpplications, but can aso accommodate goplications with other
computational requirements. The second design consideration to use instruction and selective data cahing
seansto bein contradiction to the predictability requirements of the applications under study. However, in aur
recent reseach we have naticed that it is possible to achieve apredictable and high performance by allowing
data structures that are statically analyzable to be cached”.

The goal of the project is to investigate how to best take advantage of the dhip resources for this architectural
framework to med the gplication requirements (predictable performance) under the techndogy constraints
(energy and area).

The scientific methoddogy is based on complete system simulation using SimICS to study performance and
energy-efficiency isaues of architectural design tradeoffs. In an ongoing projed, we have successully used
this methoddogy to study performanceenergy tradeoffs for memory systems.> We will drive our models by a
set of applications that we anticipate will be used for future mobile terminals such as 3-D graphics,
handwriting recognition and video- and audio compresson/decompression algorithms. This application suiteis
avail able dready and used in orngoing projects.

Thisis a mllaborative projed between Chalmers and Ericsson Mobile Communications, and we are seeking
fundng for one Ph.D. student at the Department of Computer Engineering at Chalmers. This Ph.D. student
will be jointly advised by Prof. Per Stenstrém at Chalmers and Docent Fredrik Dahlgren at Ericsson. We are
nat seeking fundng for this project elsewhere, and the project is dependent on external fundng to be started.
We aisrrently have a cadidate in mind and anticipate that the projed can get started as on as funding is
granted.

3. Expected Results
The project will contribute with knowledge in the following main aress:
= Methodsto predict performance and energy dissipation for multimedia gpli cations under area @nstraints

= Design principles for processor/memory architedures for mobile terminals with challenging predictable
performance requirements under energy disspation and area onstraints.

The industrial impad can be substantial. Looking at volumes of embedded 32-bit processors and DSFs, the
mohil e phores and terminals congtitute a substantial part. These processors are devel oped to med the expected
neals of the vendors customers. At the moment, we see adramatic increase in the attempts to add DSP
featuresinto general -purpose procesrs to med the performance demands on multimedia-rel ated applications.
Having a hdistic gpproach with both the application-oriented (i.e. real-time requirements and memory
behavior) related and hardware-oriented (i.e. silicon areg memory design, pover dissipation) pieces is the
only way to achieve agood and redlistic solution. Moreover, al added knowledge into memory hierarchy
design and efficiency for important emerging application will have alarge and dired impad on the design of
the ASICs.

4. Project Plan

Thetasks for thefirst 2.5years (assuming 80% activity level) are as follows.

Task 1 (Definition of application and system framework) This task aims at framing the set of applications
that we aticipate will drive the development of future mobile terminals and developing a baseline
processor/memory architecture for a single-chip system

% Thomas Lundqrist and Per Stenstrom: "Timing Anomaliesin Dynamicdly Scheduled Procesors' in Proc. of the 1999 |EEE
Int. Real-Time Systems Symposium, pp. 12-21, Dec 1999.

* Thomas Lundqrist and Per Stenstrom: "A Method to Improve the Estimated Worst-Case Performance of Data Caching,” in
Proc. of 6™ Int. Conf on Real-Time Computing Systems and Applications, pp. 255-262., Dec1999

® Jonas Hmi nger and Per Stenstrom: "Boosting Energy-Efficiency of Off-Chip Caches using Seledive Data Prefetching” To
appear in Proc.of the |EEE Workshop on Complexity-Effective Designs (in conjunction with ISCA), June 2000.



Task 2 (Methodology development) is to develop an experimenta infrastructure to estimate energy
consumption and performance of a candidate processor (suitable for being embedded ona system-on-chip) as
well as architedural acoeleration methods. We will | everage on an available SimICS-based system simulation
methoddogy already used at Chalmers.

Task 3 (Analysis) is to analyze the performance issues involved in the system architectural framework
defined in Task 1 using the methoddogy developed in Task 2 and haw it is affected by the predictability and
power dissipation constraints imposed by the goplicaions and technology, respectively. This provides a deep
understanding of the problems of using standard, general- purpose processors and onchip memory systemsin
this new setting.

Task 4 (Concept development) is to develop concepts in terms of architectura extensions for 3-D graphics
and novel memory designs and analyze their impad on performance under predictability constraints. Since
energy consumption and slicon area are adso important metrics, the models of the various architectura
extensions must be analyzed in detail. This provides a deep urderstanding of the cst-eff ectiveness of different
architedural featuresto med above goals.

Task 5 (Generalizations) makes use of the findings in Task 4 and generali ze them in the context of extending
procesors with certain architedura suppat. The goal isto understand a broader design space

Thetime-plan for thefirst 2.5 yeasis asfollows.
* Task 1: 6 months

e Task 2: 6 months, one state-of-the-art report deali ng with the design considerations behind the system and
applications framework

» Task 3: 6 months, one state-of-the-art report dealing with the methodblogy and anaysis of the
system/applications framework and its major li mitations.

» Task 4. 9 months, one state-of-the-art report dealing with architectural concepts to improve the
performance under the various constraints

e Task 5. 3months, Licentiate thesis

5. Preliminary Budget

We are seeking support for one Ph. D. student at 80% activity level (480 KSEK/yea).
6. Related Work

The project that is mostly related to our project is the Berkeley Intelli gent RAM project in which architectures
for mobile computers are studied. They have thosen a vedor architecture as the base for their study arguing
that many multimedia gplications need aggressve vedor suppat. In addition, since cadies have been
considered hard to use for red-time gplications, they exclude caches in their design. There are two mgjor
problems with their approacdh. First, mohile terminals must also mee other computational requirements which
makes a vedor architecture goproach restrictive. Secondy, our as well as others recent work have cat doubts
on the widely spread misconception that cadhes are uselessin rea-time systems. Both these observations have
led to our focus on a general-purpose processor with a traditional, albeit restrictive cade architecture.
Interestingly, Transmeta's Crusoe dso takes a genera-purpose gproach and consider an in-order staticdly
scheduled (VLIW) procesor core.

7. Relation to ARTES and I ndustrial Relevance

The focus of this project proposal isto find and study solutions to a red-time gplication area: red-time 3-D
graphics for mohile wireless terminals. Since we target real industry-related requirements, there is a number
of other criteria that must be met for the solutions to be viable; power dissipation, slicon area, and
performance However, if these criteria are met while the red-time requirements are not, the solution will not
be useful. This project emphasizes a holistic system view in that a solid understanding of hardware/software
interaction is of paramourt importance to success In ou on-going research, we have developed a productive
methoddogy to study such interactions as was discussed in Section 3.



3-D computer graphics applications are one essential part of a multimediaterminal, while others include video
and hHgh-quality audio. As pointed ou in the ARTES profile, these are good examples of rea-time
applications.

In addition, the proposed project is related to heterogeneous g/stems, since it deals with complex system
designs based on mainstrean processor cores as well as oftware which to a large degree is developed by
others as buil ding blocks. We are studying how tailor-made suppat can enhancethe properties of the system.

The project is also related to the evaluation of early system designs, and methodol ogies for hardware-software
design tradeoffs for real-time multi -program workloads in that we will further develop a methodology that can
aid in tradeoffs between predictable (real-time) performance and energy consumption.

In summary, the project proposal matchesthe ARTES call-for-propasals well.

The market of mohile computers and mobile terminals is increasing at a tremendous rate. The induwstrial
relevance should therefore be obvious for anyone familiar with the trends of mobile IT, wireless 3G network
possibilities and services, the volumes and trends of current mobile phanes and PDAS, and the volumes and
aggressvenessof home entertainment products.

8. Relation to other SSF programs

This project fits well with the goas of the PCC program with the focus on multimedia cmputer
infrastructures. However, no funding is available for new projeds. It also relates to the goals of the
INTELECT program although this program has a focus on electronics rather than onsystems with interading
hardware and software. This proposal has been evaluated by INTELECT and it was pointed out to us that its
focus on system-level iswues did not match the goals of the program.

9. Context

For this project, we have an extremely strong set of people, cooperation, and infrastructure. The reseach is
headed by Prof. Per Stenstrom at Chalmers, with Docent Fredrik Dahlgren from Ericsson Mobile
Communicaion acting as co-advisor for the Ph.D. student. In addition, the research is caried aut in
collaboration with threeother ongoing research projects at Chalmers: (1) worst-case exeaution time analysis of
high-performance achitectura features (Thomas Lundgvist), funded by TFR; (2) Real-time 3-D computer
graphics (Dr. Tomas Mdller), funded by PAMP, and (3) energy-efficient memory systems (Jonas Jalminger)
funded by SSE

Prof. Per Stenstrom is leading an internationally recognized research group in computer architecture at
Chalmers. He has published more than 80 papers in international conferences and journals. His main areas of
research are high-performance mmputer architectures and analysis methods. He is continucusly supporting
program committees for top conferences in the field such as ISCA, ASALOS, and HPCA and is an associate
editor of IEEE Trans. on Computers and Journal of Parallel and Distributed Computing. He is also the general
chair of ISCA-2001to be held in Géteborg.

Docent Fredrik Dahlgren has a Ph.D. and Docent degree in Computer System Architecture from Lund
University and Chalmers University of Tedhnology, respectively. He is the Technical Manager of the Mobile
Application Platforms (MAP) group at the Research department at Ericson Mobile Communicaions, Lund.
MAP has collaborations with the ongoing designs and architecture work of mobile phones and terminals
within Ericsson Mobile Communicaions around the world. He has published some 35 papers in scientific
international journals and reviewed conferences.

Stenstrom and Dahlgren have adocumented strong and long-term (>10 yeas) collaboration record!!!



Curriculum Vitae

Per Stenstrom
Professor, Ph.D., Docent, Senior Member of the |EEE
Affiliation

Chamers University of Tednology, Dept. of Computer Engineering, S-412 96 Goteborg, Sweden,
Phore: +46 (31) 772 1761, Fax: +46 (31) 772 3663,E-mail: pers@cechalmers.se
Permanent positions and degrees:

e Prof. of computer eng. (chair in computer architecture), Chalmers (Sweden), since Nov.
1995. Since April 199 Vicedean of the School of Electrica and Computer
Engineqing.

e Assc/assist. prof. of computer eng., LundUniv. (Sweden), 1988-1995.Docent in 1993.
e Ph. D degreein computer eng., LundUniv. (Sweden) in 1990, deent 1993.
* Madter of Sciencedegreein eectrical eng., LundUniv. (Sweden) in 1981.
Visiting positions:
e Visiting prof., EE dept., Univ. of Southern Calif. (USA), July/Aug. 1993.
e Visiting prof., Computer systems lab, Stanford Univ. (USA), June-Dec 1991.
e Visgting scientist, CS dept., Carnegie-Mellon Univ. (USA), Aug. 1987 May 1988.
Main resear ch interests
¢ Design principlesfor high-performance mmputer architectures
¢ Performance evaluation methodologies andtods
e Pardldization techniques for multi processors
Energy-efficient computer architectures
Seleded professonal activities:
¢ Has authored more than 80journal and conference pulications in the computer archi-
tecture, performance anaysis, and the compil er areas. Is author of two textbooks.
¢ Has supervised and graduated six Ph. Ds and three(non-overlapping) Licentiates

¢ Isasxciate editor for IEEE Trans. on Computers and the Journal of Parallel and Distrib-
uted Computing, guest editor of IEEE Computer, and Proceedings of the IEEE

* Wasvice dair of the program committees of the 14th IEEE Int. Conf. on Distributed
Computing Systems, Poznan, Poland, 1991.

¢ Has bee on the program committee of more than twenty computer architecture and
paralel processing conferences.

* Generd Chair of ISCA-2001to be held in Gothenburg July 2-4, 2001.



Journal publications: 1995--present (r efer eed)

[1]  H. Grahn, P. Stenstrém, and M. Dubais: “Implementation and Evaluation of Update-Based Cache Protocols
Under Relaxed Memory Consistency Models,” in Future Generation Computer Systems, Vol. 11, No. 3, pp.
247-271, June 1995

[2] F. Dahigren and P. Stenstrom: “Using Write Caches to Improve Performance of Cache Coherence
Protocols in Shared-Memory Multiprocesrs,” in Journa of Parallel and Distributed Computing, Vol
26. No 2, pp. 193- 210, April 1995

[3] F. Dahligren, M. Dubais, and P. Stenstrom: “Sequential Hardware Prefetching in Shared-Memory
Multiprocessors,” in IEEE Trans. on Parallel and Distributed Systems, Vol. 6 No 7, pp. 733-746, July
1995

[4] M. Dubais, J. Skeppstedt, and P. Stenstrom: “Essential Misses and Memory Traffic in Coherence
Protocols,” in Journal of Parallel and Distributed Computing, Vol. 29, No 2, pp. 108-125, 1995.

[5] F. Dahlgren and P. Stenstrom “Evaluation of Stride and Sequential Hardware-based Prefetching in
Shared- Memory Multiprocessors,” in Trans. on Parallel and Distributed Systems, Vol. 7, No. 4, pp.
385-398 April 1996

[6] M. Brorson and P. Stenstrom: “Charaderising and Modelling Shared-Memory Accesses in
Multi procesor Programs,” in Parallel Computing, No 22, pp. 869-893 1996.

[7] P. Stenstrém, M. Balldin, and J. Skeppstedt: “The Design of a Non-Blocking Load Processor
Architedure,” in Microprocessors and Microsystems, No 20 pp. 111-123, 199%.

[8] J. Skeppstedt and P. Stenstrom: “Using Dataflow Analysis to Reduce Overhead in Cache Coherence
Protocols,” in Transactions on Programming Languages and §stems, Vol 18, No 6, pp. 659682,
November 1996

[9] H. Grahnand P. Stenstrém: “Evaluation of an Adaptive Update-Based Cache Protocol,” in Journal of
Parallel andDistributed Computing, 39(2):168-180, Decamber 1996

[10] P. Stenstrom, M. Brorsson, F. Dahlgren, H. Grahn, and M. Dubais: “Boosting Performance of Shared-
Memory Multiprocesors,” in IEEE Computer, pp. 63-70, July 1997,

[11] M. Karlson and P. Stenstrém: “Eff ectiveness of Dynamic Prefetching in Multiple-Writer Distributed
Virtual Shared Memory Systems,” in Journa of Parallel and Distributed Computing, Vol. 43, No. 2,
pp. 79-93, 1997.

[12] F. Dahigren, M. Bjorkman and P. Stenstrom: “Reducing the Read Miss Penaty for Flat COMA
Protocals, in the Computer Journal, Vol. 40, No. 4, pp. 208219, 1997.

[13] P Stenstrém, Erik Hagersten, David Lilja, Margaret Martonosi, and Madan Venugopa: “Trends in
Shared- Memory Multiprocessng,” in IEEE Computer , Vol. 30, No. 12, pp. 44-50, December 1997,

[14] F. Dahigren, J. Skeppstedt, and P. Stenstréom: “An Evauation of Hardware-Based and Compil er-
Controlled Snoopng Cache Protocol Extensions,” in Journal of Future Generation Computer Systems,
No. 13, pp. 469 487, 1998.

[15] F. Dahigren, M. Dubois, and P. Stenstrom: “Performance Evaluation and Cost Analysis of Cade
Protocol Extensions for Shared-Memory Multiprocessors,” in IEEE Transactions on Computers, Vol.
47,No 10 pp. 1041-1055 Oct. 1998.

[16] J. Skeppstedt, F. Dahlgren, and P. Stenstrém: “Evaluation of Compiler-Controlled Updating to Reduce

Coherence-Miss Penalties in Shared-Memory Multiprocesors,” in Journal of Parallel and Distributed
Computing, Vol. 56, No 2, pp. 122-153, 1999.

[17] H. Grahnand P. Stenstrom: “Comparative Evaluation of Latency-Tolerating and Reducing Techniques
for Hardware-Only and Software-Only Diredory Protocols’, Journa of Parallel and Distributed
Computing, to appea 1999.

[18] T.Lundqist and P. Stenstrom: “An Integrated Path and Timing Analysis Method Based on Cycle-Level
Symboalic Execution,” Accepted for publicaion in Journa of Real-Time Systems, to appea Nov 199.



[19 V. Milutinovic and P. Stenstrém “Oppartunities and Challenges for Distributed Shared-Memory
Multi processors. Guest Editors Introduction, Proceedings of the IEEE Vol 87 No 3, pp 399404,
March 1999

Conference Papers (refer eed) 1995-present

[2] M. Bjorkman, F. Dahlgren, and P. Stenstrom: “Using Hints to Reduce Read Miss Pendlties for Flat
COMA Protocols, in Proc. of 28th Hawaii International Conference on System Sciences, pp. 242-251,
January 1995

[3] F. Dahlgren and P. Stenstrom “Effediveness of Stride and Sequential Hardware-based Prefetching in
Shared- Memory Multiprocesors, in Proc. of First Internationd Conference on High Performance
Computer Architedure (HPCA-1), pp. 68-77, January 1995

[4] H. Grahn and P. Stenstrom: “Efficient Strategies for Software-Only Diredory Protocols in Shared-
Memory Multiprocessors,” in Proc. of 22nd Annud International Symposium on Computer
Architedure, pp. 38-47, June 19%.

[5] J. Skeppstedt and P. Stenstrom: “A Compiler Algorithm that Reduces Read Latency in Ownership-
Based Cadhe Coherence Protocols,” in Proc. of Parallel Architedures and Compilation Techniques, pp.
69-78, July 1995

[6] F. Dahlgren, J. Skeppstedt, and P. Stenstrém: “Effediveness of Hardware-Based and Compil er-
Controlled Snoopng Protocol Extensions,” in Proc. of the International Conference on High
Performance Computing, pages 87-92, Decamber 1995

[71 M. Karlson and P. Stenstrom: “Performance Evaluation of a Cluster-Based Multiprocesor Built from
ATM- Switches and Bus-Based Multiprocessor Servers,” in Proc. of Second Internationd Conference
on High Performance Computer Architedure, pages 4-13, Jan. 1996.

[8] H. Grahn and P. Stenstréom: “Relative Performance of Software-Only and Hardware-Only Diredory
Protocols Under Latency Tolerating and Reducing Techniques,” in Procealings of the 11th
Internationd Parallel Processng Symposium, pages 500-506, April 1997.

[9] J Nilson, F. Dahigren, M. Karlson, P. Magnuson, P. Stenstrém: “Computer System Evaluation with
Commercial Workloads’ in Proc. of IASTED Conference on Modeling and Smulation. pp. 293-297,
May 1998

[10] P Magnuson, F Dahlgren, H. Grahn, M. Karlsson, F. Larson, A. Moestedt, J. Nilsn, P Stenstrém,
and B. Werner: “SimICS/Sundm: A Virtual Workstation. In Proc. of USENIX98,pp. 119-130, June
1998

[11] T. Lundgvist and P. Stenstrom: “Timing Anomalies in Dynamicdly Scheduled Procesors,” in Proc. of
1999IEEE Real-Time System Symposium (RTSS99), pp. 12-21 Dec 1999.

[12] T. Lundgvist and P. Stenstrom. “A Method to Improve the Estimated Worst-Case Performance of Data
Cadiing”. in Proc. of 6th International Conference on Real-Time Computing Systems and Appli cations
(RTCSA' 99)pp. 255262, Dec 1999.

[13] M. Karlson, F. Dahlgren, and P. Stenstrom: “Prefetching Techniques for Irregular Accesses to Linked
Data Structures,” 6th IEEE Int. Symp. on High-Performance Computer Architecture (HPCA-6), 2000

[14] M. Karlson, F. Dahlgren, and P. Stenstrom: “An Analyticd Model for Working-Set Sizes in Dedsion
Suppat Systems,” To appea in SGMETRICS, 2000.

[15] A. Saulsbury, F. Dahlgren, and P. Stenstrom: “Recency-Based TLB Preloading’ To appea in 27th IEEE
Int. Symp. on Computer Architedure (ISCA-27), 2000



	artes: ARTES project 0005-9   2000-05-22


