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Abstract

Current processor architectures, both in the pro-
grammableandcustomcase, becomemore andmore dom-
inatedby the data accessbottlenecks in the cache, system
busandmainmemorysubsystems.In order to providesuf-
ficientlyhighdatathroughputin theemergingera of highly
parallel processors where manyarithmetic resourcescan
work concurrently, novel solutionsfor the memoryaccess
anddatatransferwill haveto beintroduced.

Thecrucial questionwewantto addressin thishot topic
sessionis where one can expect thesenovel solutionsto
rely on: will they be mainly innovative processorarchi-
tecture ideas,or novel approachesin theapplicationcom-
piler/synthesistechnology, or a mix.

1. Motivation and context

At theprocessorarchitectureside,previouswork hasfo-
cusedon microarchitectureenhancementslike intelligent
managementof cachehierarchies,streamingbuffers and
value or addressprediction, techniquesthat exploit spa-
tial/temporallocality in memoryreferences.But can this
approachprovide the memory performancenecessaryto
feedhighly parallelprocessors?We will discussalternative
instructionsetarchitecturesthatattempttoprovidethehard-
warewith explicit informationaboutparallelismin mem-
ory, andexaminetheopportunitiesandchallengesfrom the
emergingcombinationof multiprocessingandmultithread-
ing in asinglechip.

At thesideof thesystemdesigntechnologyandcompi-
lation for embeddeddata-dominatedmulti-mediaapplica-
tions, also much evolution is present. We will show that
decisionsmadeat this stageheavily influencethefinal out-
comewhenthe appropriatearchitecturalissuesof the em-

beddedmemoriesarecorrectlyincorporated.Whatis more
controversialstill however is how to dealwith dynamicap-
plication behaviour, with multithreadingand with highly
concurrentarchitectureplatforms.

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

While microprocessorarchitectureshave significantly
evolved over the last fifteen years, the memory system
is still a major performancebottleneck. The increasingly
complex structuresusedfor speculation,reordering,and
cachinghave improved performance,but arequickly run-
ning out of steam.Thesetechniquesarebecomingineffec-
tive in termsof resourceutilization andscalingpotential.
In addition,memorysystemperformancewill becomeeven
more critical in the future, as the processor-memoryper-
formancegapis increasingat therateof 50%peryear[28].
Multimediaandembeddedapplications,thatareexpectedto
dominatetheprocessingcycleson futuremicroprocessors,
have significantlydifferentmemoryaccesscharacteristics
comparedto typical engineeringworkloads[26]. Temporal
locality is notalwaysavailable,leadingtopoorperformance
from traditionalcachingstructures.

We believe theenhancementof memorysystemperfor-
mancerequiresthesynergy of softwareandhardwaretech-
niques.Eachsystemcomponentshouldbe focusedon the
taskit is mostefficientwith:

� Compilersand/orrun-timetoolscanview andanalyze
several hundredlines of sourcecode. They can de-
tect instruction/dataparallelismand regular memory
accesspatterns,or transformthe codeso that paral-
lelism anddesiredpatternsfor thegivenhardwareare
created(seethetwo following sections).



� The processorcanutilize the parallelisminformation
to executeconcurrentlyalargenumberof memoryand
computationoperationsusingthemassivehardwarere-
sourcesavailablein currentandfuturechips.Therun-
time (dynamic)informationavailableto thehardware
canalsobeusedto applyfurtheroptimizationswithin
asmallwindow of instructions.

Theinstructionsetsusedby CISCandRISCprocessors
todayareinherentlysequentialandhidefrom thehardware
theparallelismandmemoryaccessinformationthatis avail-
able at varioussoftware levels. For example,a group of
independentoperationsare describedto the hardwareus-
ing sequentiallyorderedinstructions.Complex dependency
analysishasto beperformedin hardwarefor theparallelism
to be ”re-discovered” andutilized. Similarly, a setof se-
quentialor stridedaccessesto anarraywill beexpressedas
asequenceof simpleloadsor storesto a singlememorylo-
cation. To apply any prefetchingor othermemoryaccess
optimization,the hardwaremust observe the sequenceof
addressesandguesstheaccesspatternfirst.

To enablehigh-performance,yet efficient,processorde-
signs,future instructionsetarchitectures(ISAs) shouldal-
low softwaretopassexplicit parallelismandmemoryaccess
informationto thehardware. Instructionsshouldexplicitly
identify operationsthatcanbe issuedandexecutedin par-
allel. Memoryinstructionsshouldallow controlof memory
systemfeaturessuchascachespaceallocation,andprovide
informationthat describesthe accesscharacteristicsof the
application.Thiscouldincludeaccesspattern(e.g.sequen-
tial or strided),temporalandspatiallocality hints,andex-
pectedcachingbehavior at thevariouslevelsof memoryhi-
erarchy. Using this information,theprocessorcanissuein
parallelor overlapalargenumberof memoryaccesses,em-
ploy aggressiveprefetching,andtunetheuseof thememory
hierarchyfor maximumperformanceandefficiency. From
thepointof view of compilersandrun-timetools,explicitly
parallelarchitecturesallow finecontrolof hardwarefeatures
andcreatenew opportunitiesfor higher-leveloptimizations.

Therehave beenseveral recentexamplesof explicitly
parallel architecturesboth from academiaand industry.
Someexamplesof differentapproachesare:

� The EPIC (IA-64) architecture [27] exposes par-
allelism to the hardware using VLIW instructions.
Memoryoperationsprovideexplicit hintsabouttheex-
pectedcachingbehavior at eachlevel of the memory
hierarchy, which is usedfor guiding cachespaceal-
location. Softwarespeculationis usedto issuemem-
ory accessesasearlyaspossiblewithout compromis-
ing programcorrectness.

� The VIRAM architecture[30] expressesparallelism
to hardwarein the form of vectoroperations.Vector

memoryinstructionsexplicitly specifya largenumber
memoryaccessesto be issuedin parallel,alongwith
theirspatialrelation(sequential,strided,or indexedac-
cesses).Thearchitectureincludessupportfor software
speculationaswell. The implementationallows con-
trol of addressmappingataperprocessor apermem-
ory pagegranularity.

� The Impulsearchitecture[25] allows software to de-
scriberegular memoryaccesspatternsdirectly to the
memorycontroller. The controlleraccessesmemory
in an optimized mannerfor eachpattern, performs
prefetchingand groupsthe requesteddatafor maxi-
mum cachingefficiency. In addition,it providessup-
port for dataremappingby theapplicationor thecom-
piler.

While instructionsetarchitecturesshouldfocuson ex-
posingparallelismto thehardware,processordesignshould
focus on implementationsof theseISAs that can tolerate
high memorylatency, evenin thecaseof poorcachingbe-
havior. Increasedmemory latency is a technologyprob-
lem unlikely to be solved in the near future. On the
other hand,high memorybandwidthis alreadyavailable
throughtechnologieslike multi-bank embeddedDRAMs,
high-performancememoryinterfaces(Rambus,DDR), and
cost-efficient MCM packaging.Processordesignscanuti-
lize high memorybandwidthin order to hide the perfor-
mancepenaltyof high memory latency. This is in har-
mony with the characteristicsof many multimediaande-
commerceworkloads,wherethroughputis by far moreim-
portantthan latency. Frequently, latency can also be ad-
dresseedwith software techniqueslike thosepresentedin
the next section. But hardware techniquesfor Ha hiding
latency arestill necessaryasthey canbeappliedto all ap-
plications,regardlessof the availability of sourcecodeor
their suitability to compileranalysis.

There are several architecturalapproachesto utilizing
highmemorybandwidth.Someof thetechniquesproposed
or usedrecentlyincludethefollowing:

� Multithreadedprocessors,such as Sun MAJC and
CompaqAlpha EV-8, attemptto executeconcurrently
several fine-grain threads. When some thread is
blocked due to memorylatency (e.g. a cachemiss)
or lack of parallelism,the hardwareswitchesto issu-
ing instructionsfrom anotherthreadwithin a couple
of clock cycles. Given a large numberof fine-grain
threadsand high memory bandwidth,multithreaded
designscanefficiently hidehighmemorylatency.

� Multiprocessingdesignscombinetwo to four proces-
sorson thesamechip forming a symmetricmultipro-
cessor(IBM Power4, Sun MAJC, StanfordHydra).
Eachprocessorcan run a separateexecutionthread,
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processor application.Thehighmemorybandwidthis
usedto feeddatato the multiple processorsandkeep
theoverallsystembusydespitethehighlatency of each
individualaccess.

� Vectorprocessors(Berkeley VIRAM, CraySV-2) uti-
lize the vector instructionsin order to have a large
numberof memoryaccessespendingatany time from
a singleexecutionthread.Vectordesignscantolerate
high latency by deeplypipelining memoryaccesses.
They alsoamortizeaccessdelayover a large number
of operations(vectorloads). For multimediaapplica-
tions, suchprocessorscan achieve high performance
evenwithoutany SRAM caches[29].

In conclusion,memoryperformancecanbeenhancedby
properlyemploying synergetichardwareandsoftwaretech-
niques. Instructionset architecturesmust exposeexplicit
parallelisminformation to the hardware, suchas instruc-
tionsindependenceandmemoryaccesspatterncharacteris-
tics. Theprocessorcanusethis informationto issuea large
numberof memoryaccessesin parallel,andmake optimal
cachingandprefetchingdecisionsfor the specificapplica-
tion. Thesecondmajorfocusfor enhancingmemorysystem
performancein hardwareis hiding memorylatency by uti-
lizing the high memorybandwidthavailable. Multithead-
ing, multiprocessingandvectorarchitecturescanbe used,
or evencombined,to addressthis issue.Giventhememory
latency andbandwidthtrends,andthefact thatmultimedia
andserverapplicationsrequiremainly high throughput,we
expectsucharchitecturesto bethemainfocusof processor
designin thenearfuture.

3. Compile-time techniques to remove the data
transfer and storage bottlenecks (Francky
Catthoor)

Currenthigh-level compilationandsystemdesigntech-
nologyresearchfor ”general-purpose”systemsrealizedon
programmabletargetsis mostlyfocussingon thepureCPU
performanceissues(seee.g. [2, 10]). For embeddedsys-
temstheemphasisshouldespeciallyincorporateissueslike
systembus loading, embeddedmemory size and energy
consumption(LSE costs). Theserequire(at leastpartly)
differenttechniquesfrom pureCPU performanceoriented
approaches[4]. For data-dominatedapplications,especially
in multi-mediaand telecom,this meansthat the empha-
sisshouldshift to the reductionof thedataaccessesin the
higherlevelsof the hierarchicalmemoryorganisation(see
fig. 1). At thesametime,alsothedatastoragerequirements
shouldbe limited as much as possible,especiallyin the
lower levels of this samememoryhierarchy. The current
L1 sizesleadto a too high power andareabudgetfor the
embeddedmemorycomponent[11, 20].
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Figure 1. System bus load issue at the board
level

Apart from the hardwaresolutionswhich areemerging
to help to addressthesebottlenecks(seeprevioussection),
aclearneedexiststoalsoaddressthematthecompilerlevel,
asalsoadvocatedin [1]. In this stage,high-level source-to-
sourcecodetransformationscan indeedheavily influence
all theserelevant cost issuesfor embeddedsystems.Pre-
vious work hasdemonstratedthat importantgainscan be
achievedfor all 3 LSE factorscombined,withouthaving to
sacrificepureCPUperformance(seee.g.[6, 17, 7]). These
savingsareachievedby techniqueswhichareactuallycom-
plementaryto the approacheswhich aretypically taken to
removethedatasupplybottleneckfor theCPU[14]. For in-
stance,hiding thememorybandwidthandlatency (e.g. by
prefetching)is not an issuefor reducingthe LSE cost. In
mostcasesprefetchingwill evenincreasetheLSE.
Insteadthefocusshouldlie on (seealsofig. 2):

� carefullyremoving theunnecessarytransfersbetween
the memoryhierarchylevels by judiciously selecting
which dataare copiedwhen from the main memory
storage(e.g. thedisk) to the lower levels. A compile-
time datareuseand memoryhierarchydecisionstep
[9] can selecthow many partitions are useful in a
given application,in which partition eachof the sig-
nals(mostof whichareonly intermediatedatain data-
dominatedapplications)andits temporarycopieswill
be stored,and the connectionsbetweenthe different
memorypartitions(if e.g.bypassingis feasible). An
importantgoalin thisstepis to performcodetransfor-
mationswhich introduceextra transfersbetweenthe
differentmemorypartitionsandwhich aremainly re-
ducing the power cost. In particular, theseinvolve
adding loop nestsand introducingtemporaryvalues
– to be assignedto a “lower level” – wherever a sig-
nal in a “higher level” is readmore thanonce. This
clearly leadsto a trade-off betweenthe power (and
partlyalsomemorysize)lostby addingthesetransfers,
andthepowergainedby having lessfrequentaccessto
thelargermoreremotememoriesatthehigherlevel(s).
This systematicexplorationstepis complementaryto
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conventionalcompilerapproaches.

� distributing thetiming/throughputconstraintsover the
differentconcurrenttasks,conditionalpathsandloop
nestsso thatno unnecessarybus loadbottlenecksoc-
cur. Evenfor a fully predefinedmemoryorganisation,
this stepis still requiredto achieve the maximal ex-
ploitationof theavailablememoryportsandthis with
a minimizedamountof memorybankactivation (es-
peciallywithin theexternalmemories,which aretypi-
cally basedontheSDRAM concept)[5].

� assigningdatato differentmemorypartitionsor banks
(internalin theSDRAM e.g.) suchthatthenumberof
activationsof thememoryplanesis reducedto a min-
imal [5]. Purelyfor performanceimprovement,mem-
ory bankassignmenthasbeenproposedin [24] but this
is not sufficient. In [21] alsothesizeof theembedded
memoriesis addressedbut it hasa limited application
scope.

� distributing the data over the different memoriesin
eachhierarchicallayer. Especiallyin the lower (on-
chip) layers,choicesarebecomingavailablefor multi-
media orientedinstruction-setprocessors,and these
shouldbeexploited to reducethememorypower and
size[20, 23]. Sofurthereffort is requiredhere.

� exploiting thelimited life-timesof thedatain thepro-
gramto overlap them in an as tight as possibledata
layout to reduceboth the main memorysizeand the
capacitymissesin the L2 or L1 cache.An advanced
in-placemappingapproach[8, 15, 22] enablesa bet-
ter exploitationof the cachesandit allows to remove
nearlyall capacitymisses.Theresultsareverypromis-
ing both for softwarecontrolledcaches[11] asin the
Philips TriMedia processor, and for more traditional
hardwarecontrolledoneslike thePentium[12]. At the
sametime, this techniquereducesthe overall sizeof
therequired(external)memories(andhence

�������	�
).

� reorganizingthedatalayoutin themainmemoryto re-
move all conflict missesin all the cachelevels, even
whenthis comesat a cost in (a controlled)codeand
datamemorysize and when it doesnot improve the
CPU performance.Extendedpadding[19] and even
moreaggressivemainmemorydatalayoutreorganisa-
tionsallow to removenearlyall theconflictmissesfor
nonfully-associativecaches.

We have shown that decisionsmade in such a “pre-
compilation” stageheavily influencethe final outcomeof
conventionalcompilers,when the internalorganisationof
theSDRAM andembeddedmemoriesis correctlyincorpo-
rated.Thishasbeendemonstratedonseveralreal-lifeexam-
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pleslike medicalimaging[7], voicecoding[11], andvideo
coding[6, 17].

All thesestepsarebasedoncompile-timeanalysisof the
sourcecodeandmodificationsto theway this codeis writ-
ten.For instance,for thedatareusestep,new codewith ex-
tra temporaryvariablesandthecorrespondingloopnests,is
explicitly entered.As a resultof all thesesteps,thecodeof
thecritical kernelsindeedincreasesin size,but theoverall
sizeexpansionis very acceptable(lessthan10%)for com-
plex (real)applications.Themainbottleneckto applythese
techniquesis however thecomplexity of theresultingcode
itself, especiallyin termsof index expressions,conditions
andloop bounds.To producethis codein a purelymanual
way is too tediousanderror-pronesonovel high-level com-
pilation techniquesareessentialto supportthe application
designerin this stage.In addition,whenthecodeproduced
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
not only feasible,but dueto thefull eliminationof thedata
transferbottle-neckin theinitial DTSEstage,it is typically
even possibleto achieve speed-upscomparedto the non-
optimizedcodeof a factor2 andmore[7]. But againnovel
compiler techniqueshave to be developedto achieve this
fully automatically[16].

What is morecontroversialstill however is how to deal
with dynamic applicationbehaviour, with multithreading
and with highly concurrentarchitectureplatforms. Static
compile-timeanalysisis then not sufficient any longer to
provide enoughinformation to steereither the traditional
or the novel codetransformationsteps.Still, alsoherewe
believe that the boundaryof what canbe reachedis much
furtherthanwhatis currentlybelieved. Much of theworst-
caseanalysisfor data-dependentconstructscan indeedby
augmentedby profiling analysisto identify thelikely cases.
Basedon this information,codecanbeaddedwhich works
also in the worst-case,but which giveseven betterresults
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for the most likely cases. The potentialof this hasbeen
demonstratedin experimentson highly data-dependentap-
plicationslikegraphicslibraries(e.g.OpenGL)[13] andthe
emergingmulti-mediacompressionstandardMPEG4[3].

In conclusion,we believe that the first reactionon the
”new” wave of emphasison the datatransferand storage
bottlenecksshouldbeto look for novelcompilertechniques,
which augment(and are complementaryto) the existing
ones.Theseshouldnot concentratemerelyon CPUperfor-
mancebut especiallyontheLSEcostswhicharecruciales-
peciallyin an”embedded”systemcontext (asin theexplo-
sivemulti-mediaor telecommarkets).Thisappliesevenfor
(highly) data-dependentand concurrentalgorithms. Only
whennothingmorecanbeachievedat thatstage,or when
thecostof achieving thegainssurpassesareasonablelevel,
the remainderof the problemshouldbe solved by adding
appropriatehardware supportwhich can exploit the dy-
namic run-timeanalysiscomplementingthe compile-time
techniques.Currently, many of theproposedhardwaresolu-
tionsaretooambitiousandareevenhamperingtheapplica-
tion of compile-timetechniquessothatcompilerdevelopers
have to attemptcircumventingthe”wrong” steeringby this
hardware. The latter is usuallyonly partially feasibleand
the outcomeis an overall suboptimalresult. Experiments
for avoicecoderapplicationona fully hardwarecontrolled
cacheversusa partiallysoftwarelockableone,haveclearly
illustratedthis [11, 12].

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

Advancesin System-on-Chip(SOC)technologymakeit
possibleto utilize customizableembeddedprocessorcores,
togetherwith a variety of novel on-chip/off-chip memory
hierarchies,allowing customizationof SOC architectures
for specificembeddedapplicationsandtasks.Traditionally,
computerarchitectshaveusedsimulationstudiestoperform
architecturalexplorationandevaluatetheeffectsof changes
to thearchitecture(resources,connectivity, storage)of pro-
cessorsystems.Suchstudiesrequire,ataminimum,acom-
piler andsimulatorthat accuratelymodelthe architecture.
The needfor explorationtools andenvironmentsbecomes
even more critical sincewhile we are facedwith rapidly
shrinkingtime-to-market windows, we arealsofacedwith
aplethoraof choices:

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

� reusablehardandsoft (parameterizable)IP cores

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

� heterogeneousmemoryorganizations,including dis-
joint memoryaddressspaces,multiple cachehierar-
chies, direct-mappedmemory spaces,stream/vector
memories,andadaptivecache/memorycontrol

� new coarse-andfine-graincompilationtechniquesto
alleviatethememorybottleneck

Thesechoicespresentus with a sort of “embarrass-
mentof riches”: how do we selecttheright (or acceptable)
processor-memoryconfigurationsto meetthe multiple de-
sign goals(performance,power, code/memorysize, etc.),
andyet do this rapidly?

This is a major challengein the context of memory-
dominatedapplications,since current tools do not allow
rapidexplorationandevaluationof this multi-objectivede-
sign spacefor an embeddedsystems/embeddedSOC tar-
get. Thus not only are individual techniquesimportant,
but a methodto bring themall togetherso that the system
designercantry (explore)andrefine(optimize)promising
processor-memoryconfigurations,alsowith thegoalof in-
tegratingbothcompile-andrun-timemechanisms.

The only hopefor achieving increasinglyshortertime-
to-market windows for such memory-intensive systems,
is a software toolkit generationapproach,driven by an
Architecture Description Language(ADL) [31]. The
ADL specifies the detailed processorarchitecture(in-
cluding static and dynamic executionunits) and the de-
tailedmemory-subsystemarchitecture(aswell asany par-
titionings/mappings). The ADL is then used to (semi-
)automaticallygenerateacustomizedsoftwaretoolchainfor
the specifiedprocessor-memoryconfiguration,comprising
estimators,a memory-awarecompiler, (functional, cycle-
, phase-,bit- accurate)simulators, assemblers,and as-
sortedsoftwaresupporttools suchasdebuggersandvali-
dation/verificationsubsystems[32, 33].

Since compiler- and simulator-generatorshave tradi-
tionally producedinferior quality tools/results,many will
questionthe feasibility of this toolkit generationapproach.
Firstly, time-to-market concernswill leave no alternatives
but to usethis toolkit generationapproach.Secondly, by
limiting the templatesof the processor-memoryarchitec-
tural configurations,we can also achieve high-quality re-
sults. (However, we may also miss many other superior
processor-memoryarchitecturecandidates.)Thechallenge
is to achievegeneralitywithout lossof fidelity (i.e.,consis-
tency in estimation)duringdesignspaceexploration.

While earliersectionshave focusedmainly on architec-
tural stylesand(coarse-grain)compilertechniquesrelated
to memory-dominateddesigns,many additionalopportuni-
tiesfor memoryoptimizationexist at thespecificationlevel,
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at the operatingsystemlevel, at the fine-grain(ILP) level,
aswell asusingcombinationsof these;dueto limitedspace,
wehighlightonly someof thembelow.

� Dealingwith DynamicDataStructures.
Dynamic datastructuresin the applicationbehavior
havetraditionallyposedasignificantchallengein man-
agementof memory traffic. Recentlyseveral lines
of work have sought to addressthis issue. First,
throughprofiling data,actualbehavior can be mod-
eled when good stimuli streamsare selected– this
partially alleviatesthe “unknown” natureof dynamic
datatypes. Second,the abstract(unoptimized)data
types in the input specificationcan be transformed
into more optimized(customized)datatypesfor the
specific application [40]. Third, the virtual mem-
ory managementsystemprovided by default operat-
ing systemcanbereplacedby customized(andthere-
foreoptimized)memorymanagementsystem[43, 44].
Both of the above approacheshave beenapplied in
a global mannerat IMEC for systemdesigninvolv-
ing dynamic data types [42, 41]; it is important to
note that while theseapproachessignificantly reduce
the systemmemorytraffic (improving systemperfor-
mance),they alsoindirectly reducepowerandthesys-
tembusload. Finally, astheneedfor aggressivespec-
ulative compilertechnologyincreases,moresophisti-
cateddisambiguation/anti-aliasingtechniques,relying
heavily on symbolicanalysiswill alsobecomeneces-
sary. In particular, traditionaloptimizingcompilerap-
proachesareat bestconservative for data-dominated
applicationsthat heavily employ pointer-baseddata
structures. Indeed,pointer-baseddatastructuresare
traditionally notorious for resulting in poor perfor-
mance– mainly due to high data cachemiss ratios
resultingfrom a fragmentedallocationof thesedata
structuresin memory. Approachesdevelopedat UC
Irvine, includingsemanticretention[34] andsophisti-
catedpointeranalysis[35], allow for intelligentman-
agementof dynamicandpointer-baseddatastructures
to radicallyimprovedatacachehit ratios(e.g.,through
datalayout).

� OperatingSystemSupportfor MemoryManagement.
With increasingamountsof on-chip multiprocess-
ing and multithreading,new techniqueswill have to
be developedto take advantageof fast communica-
tion/synchronizationfeaturesfor multiprocessorson a
chip. Integrationof operatingsystemswith compiler
technologieswill becomeincreasinglyimportant for
suchmultiprocessors.Previoussectionshave already
discussedcompilersupportfor memorymanagement
(of the cachehierarchy). Additionally, techniques
needto be developedto compile and embedmini-

operatingsystemsand custom(application-specific)
runtime libraries in user code. For instance,in the
presenceof dynamicdatastructures,static compiler
techniquescango only so far in optimizingthemem-
ory characteristics. As describedearlier, at IMEC
techniqueshave beendevelopedto customizethe de-
fault OS-basedmemorymanagementsystemwith a
morecustomizedonefor thespecificapplication,both
for access-dominated[43] andfor size-dominated[44]
datatypes.At UC Irvine,wehavealsodevelopedtech-
niquesthatanalyzeusagepatternsfor suchdatastruc-
tures,which in turncanguidethememorymanagerto
intelligentlyallocatesuchdatastructuresfor improved
datacacheperformance.

� Integration/UnificationofCoarse-andFine-grainPar-
allelism.
Traditionally the stepsof coarse-grain(e.g., taskand
loop) parallelizationandfine-grain(InstructionLevel
– ILP) parallelismwas done separately. However,
interactionsbetweenthe two phasescan result in
many opportunitiesfor modifying the rangeof per-
formance,memoryand power profiles of the gener-
atedsoftware. ThePROMIS projectbeingdeveloped
at UIUC/UCIrvine [37] providessucha platform for
consideringthe interactionsbetweenthesetwo tradi-
tionally distinctcompilerphases.Furthermore,thereis
anurgentneedfor estimationtoolsthatcanpredictthe
impactof parallelismontheamountof memorysizeat
the systemlevel to help guidethesecoarse-andfine-
graincompilertransformations(e.g.,theMEMOREX
project[38]).

� Memory-awareInstruction-LevelParallelization(ILP)
Techniques.
Last,but not theleast,moreaggressivememory-aware
ILP techniquesare further requiredto optimize both
the memoryrequirements,as well as to compile ef-
ficiently (e.g., for low power) given a specificmem-
ory architectureandorganization.For instancework at
UC Irvine hasexaminedextractionof timing informa-
tion from both the applicationbehavior, and detailed
timing protocolsof the processor-memorysubsystem
to createa customized,timing-driven memory-aware
compilerfor theinstantiatedprocessor-memoryarchi-
tecture[39]. Our preliminaryexperimentsshow that
a memory-aware ILP compiler can combinethe de-
tailed timing andaccessmodeinformationfor mem-
orieswith the processorarchitecturepipelinetimings
to getperformanceimprovementsof 30-50% overand
above existing ILP optimizing compilers. Moreover,
this interactionopensup a larger spaceof other fea-
sible designpoints that can be further optimizedfor
memorysizeandpower.
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Looking forward, the diversityof both processorarchi-
tecturalstylesandmemorymodules/configurationswill ne-
cessitatea software-toolkit generationapproachthat per-
mits many differentconfigurationsto beevaluatedrapidly.
Suchan approachwill allow the systemdesignerto effec-
tively achieve cooperationbetweenhardware-driven (e.g.,
run-timemechanisms,specialarchitectural/ISfeatures)and
software-oriented(e.g. sophisticatedcompile-timeanaly-
ses,and optimizations,assistedby profiling information)
techniquesfor rapid exploration/evaluationof differentar-
chitectures,aswell asdetailedtuning/refinementof promis-
ing processor-memoryconfigurationsto meet the desired
systemconstraints.Finally, the traditionalnotionof archi-
tecturalregularity (which hasbeenadvocatedas a means
to overcomecomplexity in bothhardwareandsoftwarede-
sign), needsto be be replacedwith the notion of hetero-
geneousarchitectural regularity: finding heterogeneousis-
landsof processor-memoryconfigurationscustomizedfor
theapplication/domainbehavior, andthenimposingamea-
sureof regularitywithin eachprocessor-memoryconfigura-
tion.
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