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Abstract

Current processor architectues, both in the pro-
grammableand customcase becomeamore and more dom-
inatedby the data accessottlene&sin the cache system
busand main memorysubsystemsn order to provide suf-
ficientlyhigh datathroughputin theemeging era of highly
parallel processos whee manyarithmetic resoucescan
work concurently, novel solutionsfor the memoryaccess
anddatatransferwill haveto beintroduced.

Thecrucial questionwewantto addressin this hot topic
sessionis whee one can expectthesenovel solutionsto
rely on: will they be mainly innovative processorarchi-
tecture ideas,or novel approadesin the applicationcom-
piler/synthesisechnolagy, or a mix.

1. Motivation and context

At theprocessoarchitectureside,previouswork hasfo-
cusedon microarchitectureenhancementtke intelligent
managemenbf cachehierarchies,streamingbuffers and
value or addressprediction, techniquesthat exploit spa-
tial/temporallocality in memoryreferences.But canthis
approachprovide the memory performancenecessaryto
feedhighly parallelprocessorsWe will discussalternatve
instructionsetarchitecturethatattempto providethehard-
warewith explicit informationaboutparallelismin mem-
ory, andexaminethe opportunitiesandchallengesrom the
emeping combinationof multiprocessingandmultithread-
ing in asinglechip.

At the sideof the systemdesigntechnologyandcompi-
lation for embeddediata-dominatednulti-mediaapplica-
tions, also much evolution is present. We will shav that
decisiongnadeat this stageheaily influencethefinal out-
comewhenthe appropriatearchitecturaissuesof the em-

beddednemoriesarecorrectlyincorporatedWhatis more
controversialstill howeveris how to dealwith dynamicap-
plication behaiour, with multithreadingand with highly
concurrentarchitectureplatforms.

2. Explicitly parallel architectures for mem-
ory performance enhancement (Christo-
foros E. Kozyrakis)

While microprocessomarchitectureshave significantly
evolved over the last fifteen years, the memory system
is still a major performancebottleneck. The increasingly
comple structuresusedfor speculation,reordering,and
cachinghave improved performanceput are quickly run-
ning out of steam.Thesetechniquesarebecomingineffec-
tive in termsof resourceutilization and scalingpotential.
In addition,memorysystenperformancevill becomeaven
more critical in the future, as the processememoryper
formancegapis increasingattherateof 50%peryear[28].
Multimediaandembedde@pplicationsthatareexpectedo
dominatethe processingycleson future microprocessors,
have significantly different memoryaccesscharacteristics
comparedo typical engineeringvorkloads[26]. Temporal
locality is notalwaysavailable leadingto poorperformance
from traditionalcachingstructures.

We believe the enhancemertf memorysystemperfor
mancerequiresthe synepgy of softwareandhardwaretech-
nigues. Eachsystemcomponenshouldbe focusedon the
taskit is mostefficientwith:

e Compilersand/orrun-timetoolscanview andanalyze
several hundredlines of sourcecode. They cande-
tect instruction/datgparallelismand regular memory
accesyatterns,or transformthe code so that paral-
lelism anddesiredpatterngfor the givenhardwareare
createdseethetwo following sections).



e The processorcanutilize the parallelisminformation
to executeconcurrentlyalargenumberof memoryand
computatioroperationsisingthemassve hardwarere-
sourcesvailablein currentandfuture chips. Therun-
time (dynamic)informationavailableto the hardware
canalsobe usedto apply further optimizationswithin
asmallwindow of instructions.

Theinstructionsetsusedby CISCandRISC processors
todayareinherentlysequentiandhide from the hardware
theparallelismandmemoryaccesinformationthatis avail-
able at varioussoftware levels. For example,a group of
independenbperationsare describedo the hardware us-
ing sequentiallyorderednstructions.Complex dependeng
analysishasto beperformedn hardwarefor theparallelism
to be "re-discovered” and utilized. Similarly, a setof se-
guentialor stridedaccesseto anarraywill beexpresseas
asequencef simpleloadsor storesto a singlememorylo-
cation. To apply ary prefetchingor othermemoryaccess
optimization, the hardware must obsere the sequencef
addresseandguesgheaccespatternfirst.

To enablehigh-performanceyet efficient, processode-
signs,future instructionsetarchitectureglSAs) shouldal-
low softwareto passxplicit parallelismandmemoryaccess
informationto the hardware. Instructionsshouldexplicitly
identify operationghat canbe issuedandexecutedin par
allel. Memoryinstructionsshouldallow controlof memory
systenfeaturesuchascachespaceallocation,andprovide
informationthat describeshe accessharacteristicef the
application.This couldincludeaccespattern(e.g.sequen-
tial or strided),temporalandspatiallocality hints, and ex-
pecteccachingbehaior atthevariouslevelsof memoryhi-
erarchy Usingthis information,the processorcanissuein
parallelor overlapalargenumberof memoryaccessegm-
ploy aggressie prefetchingandtunetheuseof thememory
hierarchyfor maximumperformancendefficiengy. From
thepointof view of compilersandrun-timetools,explicitly
parallelarchitectureallow fine controlof hardwarefeatures
andcreatenew opportunitiedor higherlevel optimizations.

There have beenseveral recentexamplesof explicitly
parallel architecturesboth from academiaand industry
Someexamplesof differentapproacheare:

e The EPIC (IA-64) architecture[27] exposes par
allelism to the hardware using VLIW instructions.
Memoryoperationprovide explicit hintsabouttheex-
pectedcachingbehaior at eachlevel of the memory
hierarchy which is usedfor guiding cachespaceal-
location. Software speculatioris usedto issuemem-
ory accesseasearly aspossiblewithout compromis-
ing programcorrectness.

e The VIRAM architecture[30] expressearallelism
to hardwarein the form of vectoroperations.Vector

memoryinstructionsexplicitly specifyalargenumber
memoryaccesseto be issuedin parallel,alongwith

theirspatialrelation(sequentialstrided,orindexedac-
cesses)Thearchitecturencludessupportfor software
speculatioraswell. Theimplementatiorallows con-
trol of addressnappingata perprocesor apermem-
ory pagegranularity

e The Impulsearchitecturd25] allows software to de-
scriberegular memoryaccessatternsdirectly to the
memorycontrolletr The controlleraccessesnemory
in an optimized mannerfor each pattern, performs
prefetchingand groupsthe requestediatafor maxi-
mum cachingefficiengy. In addition,it providessup-
portfor dataremappindoy the applicationor the com-
piler.

While instructionsetarchitectureshouldfocuson ex-
posingparallelismto thehardware, processodesignshould
focus on implementationof theselSAs that can tolerate
high memorylateng, evenin the caseof poorcachingbe-
havior. Increasedmemorylateny is a technologyprob-
lem unlikely to be solved in the near future. On the
other hand, high memory bandwidthis alreadyavailable
throughtechnologiedike multi-bank embeddeddRAMSs,
high-performancenemoryinterfaces(Ramhus, DDR), and
cost-eficient MCM packaging.Processodesignscan uti-
lize high memorybandwidthin orderto hide the perfor
mancepenalty of high memorylateng. This is in har
mory with the characteristic®f mary multimediaand e-
commercevorkloads wherethroughpuis by far moreim-
portantthan lateng. Frequently lateng canalsobe ad-
dresseedvith software techniquedik e thosepresentedn
the next section. But hardware techniquesor Ha hiding
lateng arestill necessarasthey canbe appliedto all ap-
plications,regardlessof the availability of sourcecodeor
their suitability to compileranalysis.

There are several architecturalapproachego utilizing
high memorybandwidth.Someof thetechniquegroposed
or usedrecentlyincludethefollowing:

e Multithreaded processors such as Sun MAJC and
CompagAlpha EV-8, attemptto executeconcurrently
several fine-grain threads. When some thread is
blocked due to memorylatengy (e.g. a cachemiss)
or lack of parallelism,the hardware switchesto issu-
ing instructionsfrom anotherthreadwithin a couple
of clock cycles. Given a large numberof fine-grain
threadsand high memory bandwidth, multithreaded
designscanefficiently hide high memorylateng.

e Multiprocessingdesignscombinetwo to four proces-
sorson the samechip forming a symmetricmultipro-
cessor(IBM Pawer4, Sun MAJC, StanfordHydra).
Each processorcan run a separateexecutionthread,



proces®r application.Thehigh memorybandwidthis
usedto feeddatato the multiple processorandkeep
theoverallsystermbusydespiteghehighlateng of each
individual access.

e Vectorprocessor¢Berkeley VIRAM, Cray SV-2) uti-
lize the vector instructionsin orderto have a large
numberof memoryaccessependingat ary time from
a singleexecutionthread. Vectordesignscantolerate

high lateng/ by deeply pipelining memoryaccesses.

They alsoamortizeaccesslelay over a large number
of operationgvectorloads). For multimediaapplica-
tions, suchprocessorgan achieze high performance
evenwithoutany SRAM cacheg429].

In conclusionmemoryperformanceanbeenhancedy
properlyemploying synegetichardwareandsoftwaretech-
nigues. Instructionset architecturesnust exposeexplicit
parallelisminformation to the hardware, suchas instruc-
tionsindependencandmemoryaccesgatterncharacteris-
tics. The processocanusethis informationto issuea large
numberof memoryaccessem parallel,andmake optimal
cachingandprefetchingdecisionsfor the specificapplica-
tion. Thesecondnajorfocusfor enhancingnemorysystem
performancen hardwareis hiding memorylateng by uti-
lizing the high memorybandwidthavailable. Multithead-
ing, multiprocessingandvectorarchitecturecanbe used,
or evencombinedto addresshisissue.Giventhememory
lateng andbandwidthtrends,andthe factthatmultimedia
andsener applicationgequiremainly high throughputwe
expectsucharchitecture$o bethe mainfocusof processor
designin the nearfuture.

3. Compile-timetechniquestoremovethedata
transfer and storage bottlenecks (Francky
Catthoor)

Currenthigh-level compilationand systemdesigntech-
nologyresearcHor "general-purposesystemgealizedon
programmabléargetsis mostlyfocussingon the pureCPU
performancdssues(seee.g.[2, 10]). For embeddedys-
temsthe emphasishouldespeciallyincorporatassuedik e
systembus loading, embeddednemory size and enegy
consumption(LSE costs). Theserequire (at leastpartly)
differenttechniqguedrom pure CPU performanceoriented
approachept]. For data-dominatedpplicationsespecially
in multi-mediaand telecom, this meansthat the empha-
sis shouldshift to the reductionof the dataaccesses the
higherlevels of the hierarchicalmemoryorganisation(see
fig. 1). At thesametime, alsothedatastoragaequirements
should be limited as much as possible,especiallyin the
lower levels of this samememoryhierarchy The current
L1 sizesleadto atoo high power andareabudgetfor the
embeddednemorycomponenifll, 20].

System bus load = crucial bottle-neck
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Figure 1. System bus load issue at the board
level

Apart from the hardware solutionswhich are emeging
to helpto addresghesebottleneckqseeprevious section),
aclearneedexiststo alsoaddresshematthecompilerlevel,
asalsoadwocatedn [1]. In this stage high-level source-to-
sourcecodetransformationscanindeedheavily influence
all theserelevant costissuesfor embeddedsystems. Pre-
vious work hasdemonstratedhat importantgainscan be
achievedfor all 3 LSE factorscombinedwithout having to
sacrificepure CPU performancégseee.g.[6, 17, 7]). These
savzingsareachievedby techniquesvhich areactuallycom-
plementaryto the approachesvhich aretypically takento
remove thedatasupplybottleneckfor the CPU[14]. Forin-
stance hiding the memorybandwidthandlateng (e.g. by
prefetching)is not anissuefor reducingthe LSE cost. In
mostcaseprefetchingwill evenincreasaheLSE.
Insteacthe focusshouldlie on (seealsofig. 2):

o carefullyremoving the unnecessartransfersbetween
the memoryhierarchylevels by judiciously selecting
which dataare copiedwhen from the main memory
storage(e.g. the disk) to the lower levels. A compile-
time datareuseand memory hierarchydecisionstep
[9] can selecthow mary partitions are useful in a
given application,in which partition eachof the sig-
nals(mostof which areonly intermediatelatain data-
dominatedapplications)ndits temporarycopieswill
be stored,and the connectiondetweenthe different
memorypartitions(if e.g.bypassings feasible). An
importantgoalin this stepis to performcodetransfor
mationswhich introduceextra transfersbetweenthe
differentmemorypartitionsandwhich aremainly re-
ducing the power cost. In particular theseinvolve
addingloop nestsand introducing temporaryvalues
— to be assignedo a “lower level” — wherever a sig-
nal in a “higher level” is readmorethanonce. This
clearly leadsto a trade-of betweenthe power (and
partlyalsomemorysize)lostby addingthesdransfers,
andthe powergainedby having lessfrequentaccesso
thelargermoreremotememoriesatthehigherlevel(s).
This systematiexplorationstepis complementaryo



cornventionalcompilerapproaches.

o distributing the timing/throughputonstraintover the
differentconcurrentasks,conditionalpathsandloop
nestsso that no unnecessarhus load bottlenecksoc-
cur. Evenfor afully predefinednemoryorganisation,
this stepis still requiredto achieve the maximal ex-
ploitation of the availablememoryportsandthis with
a minimized amountof memorybank activation (es-
peciallywithin the externalmemaorieswhich aretypi-
cally basedbnthe SDRAM concept)5].

e assigningdatato differentmemorypartitionsor banks
(internalin the SDRAM e.g.) suchthatthe numberof
activationsof the memoryplanesis reducedo a min-
imal [5]. Purelyfor performancemprovementmem-
ory bankassignmentasbeenproposedn [24] but this
is not sufficient. In [21] alsothe sizeof theembedded
memoriess addressetiut it hasa limited application
scope.

o distributing the data over the different memoriesin
eachhierarchicallayer. Especiallyin the lower (on-
chip) layers,choicesarebecomingavailablefor multi-
media orientedinstruction-setprocessorsand these
shouldbe exploited to reducethe memorypower and
size[20, 23]. Sofurthereffort is requiredhere.

o exploiting the limited life-times of the datain the pro-
gramto overlapthemin an astight as possibledata
layout to reduceboth the main memorysize andthe
capacitymissesin the L2 or L1 cache.An advanced
in-placemappingapproacH8, 15, 22] enablesa bet-
ter exploitation of the cachesandit allows to remove
nearlyall capacitymissesTheresultsareverypromis-
ing both for software controlledcacheq11] asin the
Philips TriMedia processqgrand for more traditional
hardwarecontrolledonedik ethe Pentium[12]. At the
sametime, this techniquereducesthe overall size of
therequired(external)memoriegandhenceCiyqq)-

e reomanizingthedatalayoutin themainmemoryto re-
move all conflict missesin all the cachelevels, even
whenthis comesat a costin (a controlled)codeand
datamemorysize andwhenit doesnot improve the
CPU performance. Extendedpadding[19] and even
moreaggressie main memorydatalayoutreomganisa-
tionsallow to remove nearlyall the conflict missedor
nonfully-associatve caches.

We have shavn that decisionsmadein sucha “pre-
compilation” stageheavily influencethe final outcomeof
corventionalcompilers,whenthe internal organisationof
the SDRAM andembeddeanemoriess correctlyincorpo-
rated.Thishasbeendemonstratednseveralreal-lifeexam-
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Figure 2. Steps used in ACRoPOLIS methodol-
ogy for reducing the data transf er and storage
cost in the background memory hierar chy.

pleslike medicalimaging[7], voicecoding[11], andvideo
coding[6, 17].

All thesestepsarebasedn compile-timeanalysisof the
sourcecodeandmaodificationsto the way this codeis writ-
ten. For instancefor thedatareusestep,new codewith ex-
tratemporaryariablesandthecorrespondindpop nestsjs
explicitly entered As aresultof all thesestepsthe codeof
the critical kernelsindeedincreasesn size,but the overall
sizeexpansionis very acceptabldlessthan 10%)for com-
plex (real)applicationsThemainbottlenecko applythese
techniquess howeverthe compleity of theresultingcode
itself, especiallyin termsof index expressionsconditions
andloop bounds.To producethis codein a purely manual
way is too tediousanderrorpronesonovel high-level com-
pilation techniquesare essentiato supportthe application
designeilin this stage.Iln addition,whenthe codeproduced
by thesestepsis enteredassuchin a”low-level” compiler
stage,the CPU penaltydue to this complex codewill be
large. Therefore additionalprecompilerstepsarerequired
to remove this again. We have shown that this removal is
notonly feasible but dueto thefull eliminationof thedata
transferbottle-neckin theinitial DTSEstagejt is typically
even possibleto achieve speed-upgomparedo the non-
optimizedcodeof afactor2 andmore[7]. But againnovel
compilertechniqueshave to be developedto achieve this
fully automatically[16].

Whatis morecontroversialstill howeveris how to deal
with dynamic applicationbehaiour, with multithreading
andwith highly concurrentarchitectureplatforms. Static
compile-timeanalysisis then not sufficient ary longerto
provide enoughinformationto steereitherthe traditional
or the novel codetransformatiorsteps. Still, alsoherewe
believe thatthe boundaryof what canbe reacheds much
furtherthanwhatis currentlybelieved. Much of theworst-
caseanalysisfor data-dependerdonstructscanindeedby
augmentedy profiling analysiso identify thelikely cases.
Basedon this information,codecanbe addedwhich works
alsoin the worst-casebput which giveseven betterresults



for the mostlikely cases. The potentialof this hasbeen
demonstrateth experimentson highly data-dependeratp-
plicationslike graphicdibraries(e.g.OpenGL)[13] andthe
emeging multi-mediacompressiostandardAMPEG4]3].

In conclusion,we believe that the first reactionon the
"new” wave of emphasison the datatransferand storage
bottleneckshouldbeto look for novel compilertechniques,
which augment(and are complementaryto) the existing
ones.Theseshouldnot concentratenerelyon CPU perfor
mancebut especiallyonthe LSE costswhich arecruciales-
peciallyin an"embedded’systemcontext (asin the explo-
sive multi-mediaor telecommarkets). This appliesevenfor
(highly) data-dependerand concurrentalgorithms. Only
whennothingmore canbe achiezed at that stage,or when
thecostof achieving thegainssurpasseareasonabléevel,
the remainderof the problemshouldbe solved by adding
appropriatehardware supportwhich can exploit the dy-
namic run-time analysiscomplementinghe compile-time
techniquesCurrently mary of theproposedardwaresolu-
tionsaretoo ambitiousandareevenhamperingheapplica-
tion of compile-timetechniquesothatcompilerdevelopers
have to attemptcircumventingthe"wrong” steeringoy this
hardware. The latter is usually only partially feasibleand
the outcomeis an overall suboptimalresult. Experiments
for avoicecoderapplicationonafully hardwarecontrolled
cacheversusa partially softwarelockableone,have clearly
illustratedthis[11, 12].

4, Processor-Memory Architecture Ex-
ploration using Memory-Aware Software
Toolkit Generation (Nikil D. Dutt)

Advancesn System-on-ChigSOC)technologymale it
possibleto utilize customizablembeddegbrocessocores,
togetherwith a variety of novel on-chip/of-chip memory
hierarchiesallowing customizationof SOC architectures
for specificembeddedpplicationsandtasks.Traditionally,
computemrchitecthhave usedsimulationstudiego perform
architecturaexplorationandevaluatetheeffectsof changes
to thearchitecturdresourcesgonnecwity, storagef pro-
cessosystemsSuchstudiegequire,ata minimum,acom-
piler and simulatorthat accuratelymodelthe architecture.
The needfor explorationtools and ervironmentsbhecomes
even more critical sincewhile we are facedwith rapidly
shrinkingtime-to-marlket windows, we are alsofacedwith
aplethoraof choices:

o diverseprocessomrchitecturalchoices,rangingfrom
more “traditional” RISC, VLIW, and DSR to hy-
brid VLIW/DSP, EPIC, multi-threaded,and vector
machines

e reusabléhardandsoft (parameterizabldp cores

e new families of memory componentge.g., on-chip
DRAM, SDRAM, DDR, RAMBUS, etc.)

¢ heterogeneoumemory organizations,including dis-
joint memory addressspacesmultiple cachehierar
chies, direct-mappednemory spaces,stream/ector
memoriesandadaptve cache/memorgontrol

e new coarse-andfine-graincompilationtechniquedo
alleviatethememorybottleneck

Thesechoicespresentus with a sort of “embarrass-
mentof riches”: haw do we selecttheright (or acceptable)
processomemoryconfigurationgo meetthe multiple de-
sign goals(performancepower, code/memorysize, etc.),
andyetdothis rapidly?

This is a major challengein the context of memory-
dominatedapplications,since currenttools do not allow
rapid explorationandevaluationof this multi-objective de-
sign spacefor an embeddedsystems/embeddedOC tar-
get. Thus not only are individual techniqguesmportant,
but a methodto bring themall togetherso thatthe system
designercantry (explore) andrefine (optimize) promising
processomemoryconfigurationsalsowith the goal of in-
tegratingboth compile-andrun-timemechanisms.

The only hopefor achieving increasinglyshortertime-
to-marlet windows for such memory-intensie systems,
is a software toolkit generationapproach,driven by an
Architecture Description Language (ADL) [31]. The
ADL specifiesthe detailed processorarchitecture (in-
cluding static and dynamic execution units) and the de-
tailed memory-subsysterarchitecturgaswell asary par
titionings/mappings). The ADL is then usedto (semi-
)automaticallygenerata customizedoftwaretoolchainfor
the specifiedprocessememoryconfiguration,comprising
estimators,a memory-avare compiler, (functional, cycle-
, phase-,bit- accurate)simulators, assemblersand as-
sortedsoftware supporttools suchas deluggersand vali-
dation/erificationsubsystemg32, 33].

Since compiler and simulatorgeneratorshave tradi-
tionally producedinferior quality tools/resultsmary will
guestionthe feasibility of this toolkit generatiorapproach.
Firstly, time-to-marlet concernswill leave no alternatves
but to usethis toolkit generationapproach. Secondly by
limiting the templatesof the processememoryarchitec-
tural configurationswe can also achieve high-quality re-
sults. (However, we may also miss mary other superior
processememoryarchitecturecandidates.)JThe challenge
is to achieve generalitywithout lossof fidelity (i.e., consis-
teng in estimation)duringdesignspace=xploration.

While earliersectionshave focusedmainly on architec-
tural stylesand (coarse-grainfompilertechniquegelated
to memory-dominatedesignsmary additionalopportuni-
tiesfor memoryoptimizationexist atthe specificatiorevel,



at the operatingsystemlevel, at the fine-grain(ILP) level,
aswell asusingcombination®f thesedueto limited space,
we highlight only someof thembelow.

operatingsystemsand custom (application-specific)
runtime libraries in usercode. For instance,in the
presenceof dynamicdatastructures,static compiler
techniqguesango only sofar in optimizingthe mem-

¢ Dealingwith DynamicData Structues. ory characteristics. As describedearlier at IMEC

Dynamic data structuresin the applicationbehaior
havetraditionallyposedasignificantchallengen man-
agementof memory traffic. Recentlyseveral lines
of work have soughtto addressthis issue. First,
through profiling data, actual behaior can be mod-
eled when good stimuli streamsare selected- this
partially alleviatesthe “unknown” natureof dynamic
datatypes. Second,the abstract(unoptimized)data
typesin the input specificationcan be transformed
into more optimized (customized)datatypesfor the
specific application[40]. Third, the virtual mem-
ory managemensystemprovided by default operat-
ing systemcanbereplacedby customizedandthere-
fore optimized)memorymanagemergysteni{43, 44].
Both of the above approachesiave beenappliedin
a global mannerat IMEC for systemdesigninvolv-
ing dynamic datatypes|[42, 41]; it is importantto
note that while theseapproachesignificantly reduce
the systemmemorytraffic (improving systemperfor
mance)they alsoindirectly reducepower andthe sys-
tembusload. Finally, asthe needfor aggressie spec-
ulative compilertechnologyincreasesmore sophisti-
cateddisambiguation/anti-aliasingchniquesrelying
heavily on symbolicanalysiswill alsobecomeneces-
sary In particular traditionaloptimizingcompilerap-
proachesare at bestconsenrative for data-dominated
applicationsthat hearily emplgy pointerbaseddata
structures. Indeed, pointerbaseddata structuresare
traditionally notorious for resultingin poor perfor
mance— mainly due to high data cachemiss ratios
resultingfrom a fragmentedallocationof thesedata
structuresn memory Approachesdevelopedat UC
Irvine, includingsemantiaetention[34] andsophisti-
catedpointeranalysig[35], allow for intelligentman-
agemenbdf dynamicandpointerbaseddatastructures
to radicallyimprove datacachehit ratios(e.g.,through
datalayout).

Opeiating SystenSupportfor MemoryManagement.
With increasingamountsof on-chip multiprocess-
ing and multithreading,new techniqueswill have to
be developedto take adwantageof fastcommunica-
tion/synchronizatiofieaturesor multiprocessorsn a
chip. Integrationof operatingsystemswith compiler
technologieswill becomeincreasinglyimportantfor
suchmultiprocessorsPrevious sectionshave already
discusseacompiler supportfor memorymanagement
(of the cachehierarchy). Additionally, techniques
needto be developedto compile and embedmini-

techniqueshave beendevelopedto customizethe de-
fault OS-basednemory managemensystemwith a
morecustomizednefor the specificapplicationboth
for access-dominatdd3] andfor size-dominate{44]

datatypes.At UC Irvine, we have alsodevelopedech-
niguesthatanalyzeusagepatternsor suchdatastruc-
tures,whichin turn canguidethe memorymanageto
intelligently allocatesuchdatastructuregor improved
datacacheperformance.

Integration/Unificationof Coarse-andFine-grain Par-

allelism.

Traditionally the stepsof coarse-grair{e.g.,taskand
loop) parallelizationandfine-grain(InstructionLevel

— ILP) parallelismwas done separately However,

interactionsbetweenthe two phasescan result in

mary opportunitiesfor modifying the range of per

formance,memoryand power profiles of the gener

atedsoftware. The PROMIS projectbeingdeveloped
at UIUC/UCIrvine [37] providessucha platform for

consideringthe interactionshetweenthesetwo tradi-
tionally distinctcompilerphasesFurthermorethereis

anurgentneedfor estimatiortoolsthatcanpredictthe
impactof parallelismontheamountof memorysizeat
the systemlevel to help guidethesecoarse-andfine-
graincompilertransformationge.g.,the MEMOREX

project[38]).

Memory-awae Instruction-Level Parallelization(ILP)
Techniques.

Last,but nottheleast,moreaggressie memory-avare
ILP techniquesare further requiredto optimize both
the memoryrequirementsas well asto compile ef-
ficiently (e.g., for low power) given a specificmem-
ory architecturendorganization For instancewvork at
UC Irvine hasexaminedextractionof timing informa-
tion from both the applicationbehaior, and detailed
timing protocolsof the processememorysubsystem
to createa customizedtiming-driven memory-avare
compilerfor theinstantiatedprocessememoryarchi-
tecture[39]. Our preliminary experimentsshowv that
a memory-avare ILP compiler can combinethe de-
tailed timing and accesamodeinformationfor mem-
orieswith the processomrchitecturepipelinetimings
to getperformancémprovementf 30-50% overand
above existing ILP optimizing compilers. Moreover,
this interactionopensup a larger spaceof otherfea-
sible designpoints that can be further optimizedfor
memorysizeandpower.



Looking forward, the diversity of both processoarchi-
tecturalstylesandmemorymodules/configurationsill ne-
cessitatea software-toolkit generationapproachthat per
mits mary differentconfigurationdo be evaluatedrapidly.
Suchan approachwill allow the systemdesignetto effec-
tively achieve cooperatiorbetweenhardware-driven (e.g.,
run-timemechanismsspecialarchitectural/ISeaturesind
software-orientede.g. sophisticateccompile-timeanaly-
ses,and optimizations,assistedoy profiling information)
techniguedor rapid exploration/evaluationof differentar-
chitecturesaswell asdetailedtuning/refinemendf promis-
ing processememoryconfigurationsto meetthe desired
systemconstraints.Finally, the traditionalnotion of archi-
tecturalregularity (which hasbeenadwcatedas a means
to overcomecompleity in bothhardwareandsoftwarede-
sign), needsto be be replacedwith the notion of heteo-
geneousarchitectural regularity: finding heterogeneous-
landsof processememoryconfigurationscustomizedor
theapplication/domaitbehaior, andthenimposingamea-
sureof regularity within eachprocessememoryconfigura-
tion.
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