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Abstract

Needsfor performanceon embeddedpplicationswill
lead to the useof dynamicexecutionon embeddegbroces-
sors in the next few years. However, completeout-of-oider
supescalarcoresare still expensiven termsof siliconarea
and powerdissipation.In this paper we studythe adequa-
tion of a more limited form of dynamicexecution,namely
decoupledarchitectuie, to embeddedpplications.

Decoupledarchitectuieis knownto work veryef ciently
wheneertheexecutiondoesnot sufer frominter-processor
dependenciesausingsomeossof decouplingcalledLOD
events.In this study weaddressregularity of codesn terms
of the LOD eventsthat may occut We addressthree as-
pectsof regularity: contmwol regularity, control/memoryde-
pendencyand patternsof refeencingmemorydata. Most
of the kernelsin MiBend will beamenabldo efcient per
formanceon a decoupledarchitectuie.

Keywords: embeddedorocessas, decoupledarchitec-
ture, embeddedbendmarks, MiBendh, code regularity,
workloadcharacterization Jossof decoupling

1. Intr oduction

Needsof embeddedpplicationsn termsof performance
and programming e xibility increasein parallel with in-
tegration possibilities. Thus processorsisedfor embed-
ded applications(automobile,telephone,set-topboxes...)
areincreasinglyusedasboth micro-controllersand DSPs.
Theirclockfrequencies evenif they remainbeingsetback
comparedo general-purposprocessors imposeto resort
to architecturatechniquesvhich wereresenedup todayto
high performanceprocessorscachememoriesjnstruction
parallelismyery stronglypipelinedexecution...

However, dif culties relatedto conceptiorandcompila-
tion for embeddegrocessorslightly differ from thoseof
general-purposprocessorsWhile performances the prin-
ciple criterionfor general-purposprocessorgdjifferentcri-

terionsmustalso be consideredor embeddegrocessors:

cost, power consumptionand performancepredictability

Thus,upto now mostembeddegrocessorexecuteinstruc-
tionsin orderanduseno, or few, speculatie and/orout-of-
order execution. Using dynamicexecutionmakes perfor

manceof embeddegrocessordesspredictableandtends
to consumemorepower.

Even so, embeddedapplicationsare becomingmore
complex and their dynamicbehaior may vary according
to input stimuli and responsetime. In particular static
schedulingof control sectionamay limit performanceUs-
ing the completeout-of-orderexecutionimplementatioron
modernsuperscalaprocessorsnay resulton a signi cant
bene t for embeddedpplications.The overall objectie of
this studyis to shav that morelimited dynamicexecution
suchasthe oneencounteredh decoupledarchitecturanay
be sufcient for mary embeddedapplications,and there-
fore may be more costeffective thanusingthe superscalar
architecture.

Dynamic instruction schedulingresohes control and
datadependencieat runtime. Decouplingis an optimiza-
tion techniqudor high-performanceomputetarchitectures
[4] thatis avery powerful techniquefor minimizingtheim-
pactof memorylateng, andis applicableto a wide range
of applications.So, in this paperwe aim to understandhe
behaior of embeddedhpplicationson a decoupledarchi-
tectureandaddressspectandconstraintdo designan ef-
fective embeddediecoupledrocessar

Decoupledarchitecture(Figure 1) attainshigh perfor
manceif its “processors’executein afully decoupledvay,
i.e. with a sufcient slip betweenthem. Loss of decou-
pling (LOD) betweenprocessorsonstitutesthe principal
causeof executionpenalty Thelossof decouplingoccurs
when inter-processomependencieiterfere with the de-
coupledexecution. Regular applicationshave goodbeha-
ior on decoupledarchitecturedecouplings evidentandno
occurrencef inter-processodependengthatrisksto break
down the pipelineof decoupling.In this study we analyze
the characteristic®f a wide spectrumof embeddedippli-
cationsandaddressegularity of codesn termsof theLOD
eventsthat may occur We addresshreeaspectof regu-
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Figure 1. Access and contr ol decoupled architec-
ture.

larity: controlregularity, control/memorydependeny, and
patternsof referencingnemorydata.

The workloadevaluationis performedon MiBenchem-
beddedbenchmarksuites[1]. We usecalvin2+DICE sim-
ulator[2] to analyzethesebenchmark&ndextractfeatures
thatwill directarchitecturallecisiongo take, in thefuture
stepsof design.We baseour studyontheaccessndcontrol
decoupledrocessomodelproposedn [4].

The workload evaluationshavs that mostof kernelsin
MiBench may be amenableo ef cient performanceon a
decoupledarchitecture However, the studyof control ow
regularityshovsthatonfew applicationsmispredicteaton-
ditional branchescausedby somecontrol/memorydepen-
denciesare quite frequent,andthis mayresultin poor per
formancedueto lossof decoupling.

The remainderof this paperis organizedasfollows. In
Section2, we describedecoupledarchitecturemodel ad-
dressedy our study Section3 presentshevariousaspects
of regularitywe addressn codesandthe associatednetrics
we use. Section4 providesthe evaluationsand discusses
theresultswe obtain. Sections summarizesheconclusions
andpresentslirectionsfor our futurework.

2. DecoupledAr chitecture

Decoupling is an optimization technique for high-
performancecomputerarchitectures. It is a very power
ful techniqudor minimizingtheimpactof memorylateng,
andis applicableto awide rangeof programs For instance,
mediaapplicationsasbeingvery structuredandregularand
lendthemseleswell to the decouplingconcept8].

ZS-1[6], PIPE[9], andWM [7] constitutethe rst de-

coupledaccessheecutearchitectureswhich are ne-grain

processorseekingto maximize performanceby dividing

a given programinto two separaténstructionstreamsthe
Accessstreamandthe Executestreamandexecutingthem
ontwo independentooperatingprocesseshe memoryac-
cesgprocessandthecomputationor execute)processThis

allows exploiting parallelismbetweerthetwo streamsThe
accesstreamconsistof thoseinstructionsinvolvedin gen-
eratingmemoryaccessesothemoving of datato andfrom

memory The executestreamconsistsof thoseinstructions
thatperformsomeoperationon thatdata.

In thesearchitecturesthe addressefor memoryrefer
encesare generatedn adwanceof the executionof data-
relatedinstructions. This meansthat memoryreadopera-
tionscanbeinitiatedmary cyclesbeforethereaddatais re-
quiredfor execution,andthe lateng of mainmemoryread
operationgor cacheoperationsganbehidden.This means
that thereis a sufcient slip betweenthe two processors,
andthat executeprocessomwill not stall waiting for mem-
ory data.Consequentlyif the processorunningthe access
streamis ableto initiate, sufciently in advance,load op-
erations,thenit canget aheadof the executestreamand
the penaltydueto long memorylatengy will bereducedor
eliminated.

Bird etal. haveintroducedin [4], thecontroldecoupling
concept-afurthertechniqueor increasingoerformanceto
maximizethe useof main memorybandwidthin animple-
mentationpy exploringthecontrol- ow graphof aprogram
aheadof the time at which computationis required. This
enablesrequestdor paclets of computationto be queued
aheadof the time at which they arerequired,sothatwhen
one computationhad nished, anotheris readyto take its
placeontherelevantprocessar

An accesandcontroldecoupledarchitectureconsistof
three,independentind cooperating processor&ommuni-
cating via queues(Figure 1): Control processqgrAddress
processarand Executeprocessar The control processor
(CP)resohes,in advance,branchesand deliversthe good
o w of instructionsto be executed.CP splitsthis o w into
accesandcomputatiorinstructionstreamgo be processed
by the appropriateprocessorsThe addresgprocessofAP)
performsthedatafetchaheadf demando alleviatedelays
dueto memorylateng. The AP alsoperformsindexing and
other addressingoperations. The executeprocessor(EP)
operate®n thedataandproduceresults.

In this architecturethe CPrunsaheadf the AP andER
andthe AP runsaheadf the ER It is concevablefor the CP
andthe EPto be separatedh time by severalthousand®f
programstatementsWhenthe systemis fully decoupled,
onewould like thatthe AP betypically aheadof the EP by
atime equalto the largestmemorylateng experiencedoy
ary load operationsincethe last recouplingof the AP and
EP



Figure 2. Loss of decoupling events.

Lossof decoupling(LOD)

Therearea numberof speci ¢ eventsthatwill causean
interruptionin the pipeline o w. Theseoccurwheneerin-
formationtravel againsthenormaldirectionof o w for the
decouplingpipeline (the backward arrovs in gure 2). At
suchpointsin the program,somedegreeof decouplingis
lostandwe thereforereferto asLossOf Decoupling(LOD)
points. In a decoupledarchitecture,LOD eventsare the
principalcauseof executionpenaltied4]. Whenthe system
is fully decoupledtheentirephysicaladdresspaceappears
to be accessiblavithin onecycle; ata LOD point however
alargepenaltyis paid.

Typically, no LOD would occur in regular programs.
Consequentlyour analysisof embedde@pplicationbehar-
ior will addresd.OD eventsthatmay occut In Section3,
we presenthe main casesf inter-processodependencies
thatcaninterferewith decoupling.

3. Workload Characterization

This workload characterizatiormimsto understande-
havior of embeddedpplicationson an accessand control
decoupledrchitectureTypically, aregularbehaior means
thatthethreeprocessorgxecutein a fully decoupledvay,
i.e. with a sufcient slip to eachotherandno LOD event
would occur With anirregularbehaior, the decoupled:x-
ecutionrisksto breakdown morefrequently resultingon a
considerabléossof performance.

In this analysis,we rst addresghe regularity of con-
trol ow in the applicationsand quantify the slip between
CP and AP/EP Secondwe studythe casewhen CP must
recouplewith AP waiting for a memorydataand propose
solutionsto dealwith suchCP/APrecoupling.Last, we ex-
tractthe patterndn which dataareusedin the applications,
in orderto dealwith memorylateng.

3.1 Control regularity/pr edictability

Ideally, if the control processoris able to gener
ate/predicthe instruction o w without usingexternaldata
from the accessor executeprocessarthenit will be able
to provide the AP with the accessnstructionstreamsuf-
ciently in advance,sothat AP loadsearliermemorydata
EPneedsHowever, irregularcontrolin applicationsthatis

ldsh [%07],%g2
sub %g2,%g4,%g3
sra %g3,31,%g2
andcc %g2,8,%g2
be .LL8

Figure 3.CMD example form adpcm coder assem-
bler code.

conditionalbranchesvith poor predictability would delays
CPuntil conditionevaluationis complete.This constitutes
aLOD, i.e. CPrecoupleswith AP/ER

Theimpactof irregularcontrolis particularlyimportant
if it occursin innermostioops,astheseconstitutethe most
time consumingportion of codein mostof applications.If
innermostloops areregular, i.e. iterateover a large and
known, or predictablenumberof times,and performsim-
ple computationsandno irregular control, CU deliversin-
structionsin the loop body andthe numberof iterationsto
AP andEPR Thus,CU would have largetime to preparethe
next outerloop iterationor anotherinnermostoop. But, if
irregularcontroloccursin innermostioops,control proces-
sorwill haveto make controlateachiteration,whichresults
onahighrateof LOD events.

3.2 Control/Memory dependency(CMD)

Oneof the causeghat may breakdown the pipeline of
decoupledarchitectureis memory lateng. For example,
if EP requiresdatanot yet ready computationcan stall
for hundredsof cycles. In the worst case,CP needsre-
sultsof thosecomputationgo resole a conditionalbranch
with poorpredictabilitybeforedispatchingnoreinstruction
streams This meanghatthe threeunitsrecouple resulting
on a considerabldoss of performance.This would not be
the caseif thebranchcanbe predicted.

To studythis casewe de ne the CMD (Control/Memory
Dependeny) distanceasthe numberof instructionsin the
computationchainof the irregular branchcondition, start-
ing from thelastmemoryloadin thechain.A smalldistance
is anindicatorthata severeLOD is likely to occuron this
branchif datais not presentin the cache,inducinglarge
misspenalty

In gure 3, wepresenanexampleof CMD from adpcm
application. The computationchain from the load (Idsh:
shortload) to the conditionalbranch(be: brand if equa)
is of 3instructions.So, if thebranchhaspoorpredictability
thereis a CMD, andit is importantin this casethat data
can be loadedwithout lateng. Consequentlyone would
like that data,on which dependsrregular control, be kept
in cache.
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Figure 4. Flow data referencing pattern.

3.3 Data referencingpattern (DRP)

Applicationsusedatain differentpatterns.We identify
three categoriesof datawhoseusecan causesomelLOD,
which are: permanentlata, indirect accesse¢e.g. point-
ers), and transitory data. Permanendataare thosedata
EP will usepermanentlyin computations.To save mem-
ory bandwidth,onewould like to keeppermanentatain
cachecloseto theER

Referenceso memorydatacandependon othermem-

ory data,which is the casewith indirectmemoryaccesses.

To dealwith suchAP/AP dependenyg onewould like that
pointershekeptin nearestnemorylocations(cachesothat
addresgprocessocaninitiate earliersuchmemoryloads.

Transitory(or temporary)ataarethosedatathatremain
alive only for few cycles. This is the case,for example,
whena loop processeaninput le, buffer by buffer. So,
dataareusedin a o w DRP (FDRP)andthe processcan
berepresentedsadirectline: input buffer - computation
outputbuffer (Figure4). Onewouldlik e thatsuchtransitory
datado not disrupt contentof cachememory So, it may
be effective to avoid loadingthemin the main cache. We
notethattransitoryor permanentiatacanbe written-read-
written (WRW) within a shortdelay This is the case for
example,of the buffersreceving inputsin the o w pattern:
dataareloadedin buffer, processe@ndthanotherdataare
written in that buffer. Therefore,a small auxiliary cache
shouldbe consideredor thesetransitorydata.

In summary one would like that data causingCMD
events, permanentata, and pointersbe keptin cache,to
limit LOD eventsandsavze memorybandwidth while tran-
sitory data can be fetched from memory without being
storedin datacache.So,onewouldlik e thattransitorydata
beloadedin anauxiliary cache.

4. Evaluation and discussion

In this section, we presentour evaluation on the
MiBench embeddedenchmarksuite [1], which includes
regularity of control, control/memorydependenyg andthe
patternof referencingdata.To instrumentodesandcollect
dynamicinformation,we usecalvin2+DICEsimulator[2],

on a SunUltrasparoworkstation to which we addthe nec-
essaryuserde ned routinesin orderto collecttherequired
characterizatiomformation.

We rst presenbur evaluationframewvork: benchmarks
andtools we use,thenthe qualitative characteristicef the
MiBench applications. Provided optimizationsare turned
on.

Thesecharacteristicaremainly inherentto the applica-
tion andits codingin high level languageandmainly inde-
pendenfrom the compilerandthe ISA.

4.1 Evaluation environment

Workload evaluation we presentin this paperis con-
ductedonthe MiBenchembeddedbenchmarlsuite[1], de-
ned atthe University of Michigan. We usecalvin2+DICE
simulator[2] to extract static and dynamic codefeatures.
Programsverecompiledusinggcc  -03.

4.1.1 MiBench benchmark suites

Thewide rangeof applicationamalesit dif cult to charac-
terizethe embeddediomain. In fact,an embeddedench-
marksuiteshouldre ect thisby emphasizingliversity Em-

beddedapplicationsrangefrom sensorsystemson simple
microcontrollergo smartcellularphoneghathave thefunc-

tionality of a desktopmachinecombinedwith supportfor

wirelesscommunications.

There have beensome efforts to characterizeembed-
ded workloads, most notably the suite developedby the
EDN EmbeddedMicroprocessorBenchmarkConsortium
(EEMBC) [3]. They have recognizedhe dif culty of us-
ing onesuiteto characterizesucha diverseapplicationdo-
mainandhave insteadproduceda setof suitesthattypi es
workloadsin ve embeddednarkets. Unfortunately the
EEMBC benchmarkarenotreadilyaccessibléo academic
researchers.

MiBench is a set of representatie embeddedapplica-
tions for benchmarkingurpose.Following the EEMBC's
model, thesebenchmarksre divided into six suiteswith
eachsuite targeting a speci ¢ areaof the embeddednar
ket, whichincludeapplicationdrom automotve andindus-
trial control, consumerevices, networking, security and
telecommunicatiorcateyories. All the programsare avail-
ableasstandardC sourcecode.As inputs,mostapplications
areprovidedwith smallandlarge datasets.The smalldata
setsrepresent lightweight, useful embeddedapplication
of the benchmarkywhile the large datasetprovidesa more
useful,real-world application.In whatfollows, we present
anoverview of MiBenchbenchmarkén eachcategory.

Automotiveand Industrial Control Theautomotveand
industrial control benchmarksepresentet of embedded
controlsystems.



basicmath | simplemathematicatalculation.

bitcounts | teststhebit manipulationabilitiesof a processor
by countingthe numberof bits in anof integers,
using vemethods
susan is animagerecognitionpackagehatrecognizes

cornersandedgesn MagneticResonancémages
of thebrain,andcansmoothimage.

Consumer Devices The consumerdevices benchmarks
representonsumemeviceslike scannersdigital cameras,
andPersonabDigital Assistant{PDAS).

ipeg A standardlossyimagecompressioroder
(cjpey) anddecoder(djpeay) for colorand
grayscalémage,basednthe JPEGstandard;
aGPLed MP3 encodethatsupportsonstant,
average andvariablebit-rateencoding.
corvertsacolor TIFF imageto blackandwhite
image.
corvertsacolorimagein the TIFF formatinto an
RGB color formattedTIFF image.
dithersa blackandwhite TIFF bitmapto reduces
theresolutionandsizeof theimageatthe
expenseof clarity.
corvertsanimageto areduceccolor paletteby
taking severalmediansof thecurrentcolor
palette.
ageneratypesettingool, thathasa front-end
processofor HTML.

lame

tiff2bw

tiff2r gba

tiffdither

tiffmedian

typeset

Of ce Automation The of ce applicationsare text ma-
nipulation algorithmsto representof ce machinerylike
printers,fax machinesandword processors.

stringsearch | searche$or givenwordsin phrasesisingacase
comparisoralgorithm.

Network Benchmarksof networking representproces-
sorsin network deviceslik e switchesandrouters.

dijkstra | constructsalargegraphin anadjaceng matrix
representatioandthencalculateghe shortespath
betweerevery pair of nodesusingrepeateappli-
cationsof Dijkstra's algorithm.

patricia | A Patriciatrie is adatastructureusedin placeof

full treeswith very sparsdeafnodes.Theinputdata
is alist of IP traf c from a highly active websener.
ThelP numbersaredisguised.

Security The Securitycategory includesseseralcommon
algorithmsfor dataencryptiondecryptionandhashing.

blow sh | is asymmetricblock cipherwith avariablelength
key.
rijndeal | wasselectedasthe Nationallnstituteof Standards

andTechnologief\dvencedEncryptionStandard
(AES). It is ablock cipherwith the optionof 128-,
192-,and256-bitkeys andblocks.

sha is thesecurenashalgorithmthatproducesa 160-bit
messageligestfor agiveninput.

Telecommunications Many portable consumerdevices
areintegratingwirelesscommunications.

adpcm | Adaptive DifferentialPulseCodeModulationis a
simpleadaptve differentialpulsecodemodulation
coder(rawcaudi¢ anddecoderawdaudig.

crc32 | performsa32-bit Cyclic Redundang Checkona le.
Thedatainputis thesound les from theadpcm

benchmark.

fft performsa FastFourier Transformandits inverse
transformon anarrayof data.

The Global Standardor Mobile communicationss
thestandardor voice encoding/decodingh Europe
andmary countries.

gsm

4.1.2 calvin2+DICE simulator

calvin2+DICEtoolsetfor microarchitectursimulationq2]
is a platformof a costeffective tracecollectionandon-the-
y simulationapproach. The original applicationcodeis
lightly annotatedo provide a fast(direct) executionmode,
with calvin2. An embeddedhstruction-seemulator DICE,
enabledracecollection or on-the- y simulations. At run
time, dynamicswitchesare enabledrom the fastmodeto
theemulationmodeby theannotatiorcode,andvice-versa.
calvin2 is a static code annotationtool which instru-
ments SFARC assemblycode. DICE emulatesSRARC
V9 instruction-sefrchitecturgISA) code: it manageshe
emulationexecutionmode of target programs. DICE en-
ablessimulationby calling userde ned analysisroutines
betweenreachinstructionemulated.Analysisroutineshave
directaccesgo all informationin the target programstate,
includingcompletememorystate andregistervalues.

4.2 Regularity of control

To investigatethe control o w regularity/predictability
in MiBench applicationswe addressnnermostioop char
acteristics, in terms of dynamic loop instruction count
(DLIC) andirregularcontrolin thesdoops.

We de ne the DLIC metric as the total numberof in-
structionsexecutedin the loop, which correspondgo the
interval of time CP hasto preparethe next outerloop iter-
ationor anotherinnermostioop. So, we addto the simula-
tor theroutinethatdetectinnermostoops,at run-time,and
evaluatethe DLIC metric. We classifytheresultswe obtain
into four classes:DI50 representshe loops executingnot
morethan 50 instructions,while DI+ is the classof loops
executingmore than 1000 instructions. Figure 5 presents
theratio of instructionsin loopsof eachclassperthe num-
berof executednstructionsn thekernels.DI50 andDI200
aretheclasse®f theloopswe considerassmall. DI+ is the
classof loopsthatarelarge.

Predictabilityof branchesn innermostloopsis alsoan
issuesinceeachbranchmispredictiormayresultin alossof
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Figure 5. Dynamic instruction count in MiBenc h's
innermost loops.
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Figure 6. Contr ol rate in the main innermost loops
of MiBenc h's kernels.

decoupling.We usethe 32 Kbits 2Bc-gslkew hybrid branch
predictor[5] integratecto thesimulator with respectie his-
tory sizesof 0, 13,9, and11, to quantifyconditionalbranch
predictabilityin the maininnermostoops(Figure6).

We analyzethe resultsbelov in eachdomain. There
is no control in innermostloops of applicationsform the
automotve domain. In basicmath and bitcount
the processis performedin functions executing simple
arithmetic computations,called in the innermostloops.
This does not be shovn in our simulation, as we do
not considerthe instructionsexecutedin called functions
and treat call instructionsas ary other instructionin the
loop. susan is an applicationof imagerecognitionthat
performlot of computationsand manipulationson mem-
ory data (processedmage) for which we studied three
methods:susan _smoothing , susan _edges , andsu-
san _corners In susan _smoothing , most of the
treatmentis performedin the outerloops. No call occur
in the main innermostloops of susan _edges and su-

san _corners , whose94% of executedinstructionsis in
their innermostloops. The main innermostloops of su-

san _corners arelarge and have somepredictablecon-
trol, which meangthat CP hassufcient time to go further
aheadn thedynamiccontrol o w graphof the application.

Main loopsin mostof benchmarkgrom consumerdo-
main processnputsbuffer by buffer. The processof com-
pression/decompressiaf JPEGimagesis very regularas
performedin large innermostloopsthat performvery few
control. Themainproces®f lame andtypeset applica-
tionsis executedn functionscalledby theinnermostoops.
Thekernelof tiff2bw  consistsof loopswith smallbod-
ies, iterating over the imagewidth. The functionscalled
within thesdoopsperformsomecomputationg&ndno con-
trol. A controlrateof upto 20%is encountereéh the main
innermostioopsof tiffdither which predictabilityde-
pendson someinitial parametersso predictable. tiff-
median seemdo beirregular: innermostioopsaresmall
andsomeof the controlencounteredepend®n processed
inputs,andcausesomemispredictions.

stringsearch is an algorithm that searchedor a
mord in a sentence.lts main innermostloop is large and
performsno control but calls for a searchingunction that
performsa setof comparisonsnot always predictableas
dependnthestringscompared.

dijkstra  andpatricia ~ executethemainprocesses
in functionscalledin theirinnermostioops,andwhich per
form a setof control. Someof the conditionalbranches
encounteredlependon memorydata(adjaceng matrix in
dijkstra andtheroutinetablesin patricia ) andare
quiteunpredictable.

Innermostloopsin encryptionapplicationsaccomplish
a numberof logic operationsandno, or few, control. The
controloccurringin innermostoopsof blowfish  encryp-
tion/decryptiomprocesss predictabldecausé depend®n
someparametersx edattheinitialization. sha is aregular
application:85% of executedinstructionsbelongsto large
innermostoops.

Innermostoopsin theapplicationdrom thetelecommu-
nication domainare small and perform somecontrol that
attainsa rate of 23% in the adpcm coder/decoder This
applicationseemgto be the mostirregular benchmarkwe
study The control encounteredn its innermostloops is
predictableatarateof only 80%in the coder asit depends
oninputstimuli.

In this evaluation, we note that some of MiBench
kernels spend more time in outer loops (such as su-
san _smoothing ) andcalledfunctions(suchastheappli-
cationsof networking). To further understandehaior of
theseapplications,we addresdn the following paragraph
the overall control predictability and the characteristicef
mispredictedcontrol in terms of control/memorydepen-
deng.
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Figure 7. Predictability in Mibenc h's applications.

4.3 Control/Memory dependency

In this sectionwe analyzethe CMD distanceevaluation.
As de ned in the paragrapiB.2, the CMD distanceis the
numberof instructiondn thecomputatiorchainof theirreg-
ularbranchcondition,startingfrom thelastmemaoryloadin
thechain. We addresnly irregularcontrol, thatis, condi-
tional brancheswith poor predictability In addition,when
thedistances highthan1000instructionswe considetthat
addresgrocessohassufcient time interval to load data,
in orderto resole the dependengwith no, or few, penalty
Theroutinewe de ne evaluategshe CMD distancestarting
from eachmemoryload operationuntil reachingthe max-
imum value of 1000instructions,or a conditionalbranch.
If the reachedbranchis well predictedthereis no depen-
deng. Themispredictectontrolis classi ed dependingn
the obtaineddistanceof control/memorydependeng

Figure 7 presentsthe mispredictions detected in
MiBench's kernels,classi ed dependingon the CMD dis-
tanceinto four classegFigure8): D50 representshecases
wherethe distanceof dependengis lower than50 instruc-
tions. D500is theclassof casesvith aCMD distancaang-
ing from 50to 500instructionsetc. NO_CMD representhe
caseswith distancdargerthan1000instructions.This clas-
si cation will helpusto decideof the appropriatdoading
policy to avoid long penalties.

Nearlyall themisprediction®nbasicmath  andbit-
count applicationsdo not dependon memorydata. Some
controlfrom susan depend®ntheimageprocessedThis
explainstherateof 10%of mispredicteccontrol. TheCMD
distanceevaluatedat this controlis lower thanteninstruc-
tions in the most of casesform susan _edges and su-
san _corners paths.

As explainedin the previous section, there are some
control/memorydependenciet the processof compres-
sion/decompressionf JPEG image. This is the case
also of sometiff applicationssuchastiffdither and

Figure 8. CMD distance classi cation.

Figure 9. Ratio of CMD occurrences in
MiBenc h's kernels.

tiff2rgba . The control occurringin lame application
is highly predictablédbecaus¢heapplicationis veryregular.
stringsearch performs a set of comparisonson
strings, which causessomedependenciesSomeirregular
control occurringin the network applications,dueto pa-
tricia  treenodeanddijkstra adjaceng matrix ma-
nipulation,causesomecontrol/memorydependencies.

We note that the main processingoop of the adpcm
coder/decodepresents high rateof small CMD distance.
In almostof the casesCMD distances lower than500in-
structions. For thesecaseof dependeny; it would beim-
portantto maintaindatain nearestnemorylocationsin or-
derto avoid long latengy of memoryloads.

The CMD distanceis greaterin sha andfft applica-
tions. Initiating loadslittle in advanceshouldbe sufcient
to correspondinglatabe readyand so avoid high mispre-
diction penaltyevenif this datadoesnotresidein cache.

Severeloss of decouplinginducing long misprediction
penaltywill occurwhentwo phenomenappear: branch
mispredictionand short CMD distance(let us say less
than 100). Figure 9 illustratesthe ratio of suchbad sit-
uationsper kilo instructions. We note that most of ker-
nelsin MiBench do not suffer from such dependencies.



However, on some paths from jpeg , tiffdither,
typeset, stringsearch , and adpcm applications,
the control/memorydependenciesccur more frequently
which mayresultin a considerabldossof decoupling.For
instancethereis a pick in adpcm with aratio of 30-380c-
currencegerkilo instructions.

As conclusion,aparta few exceptions,the applications
in MiBenchshouldnot suffer from very high misprediction
penaltyon adecoupledrocessar

4.4. Data Referencing Pattern

To studythe DRP on MiBench applicationswe extract
eachcatgory of datapresentedn section3.3, which are:
permanentiata transitorydata,andpointers(indirectmem-
ory accesses)lo determingpermanenandtransitorydata,
we computethe data lifespanmetric that we de ne asthe
numberof instructionsexecutedfrom the rst until thelast
use of this data. Data referencesare rangedwithin six
classeqor intervals) (Figure 10): P is the classof pointer
usagesWRW arethereferenceso datausedwithin aWRW
pattern! S100is theclassof thereferenceso dataliving no
morethanonehundredof instructionsin the application...
LS+istheclassof referenceso datathatremainsalive more
than10000instructions.

We rst analyzedthe patternsof referencingdatain
the applicationdrom MiBench,looking at the sourcecode
from eachdomain,andthen patternsare capturedthrough
the automaticanalysiswe performed. The routine we
link with calvin2+DICEsimulatorproceedsasfollows: (i)
memorylocationswritten beforebeingusedarethoseused
in a WRW pattern(ii) to detectpointers,we checkif the
registerusedto load datahasbeenwritten before(memory
addressyiii) for the otherload operationswe evaluatethe
datalifespanmetric.

In basicmath , dataareusedin a o w pattern,soare
to beloadedin anauxiliary cachebitcount  'sinputsare
usedin asetof computationsluringall theapplicationtime
and mustbe cached. Imagepixelsin the processof su-
san imagerecognitionare referencedover a large num-
ber of iterations. The procesausespointersto someimage
zones,while smoothing or detectingcorners . su-
san _smoothing processeshe imagein a ow pattern,
by sub-matrice8x3.

The JPEGcoder/decodeprocesseshe input le, line
by line. lame application manipulatescomplex struc-
turesvia pointers,so it would be moreappropriateo load
in adwancedatapointersin the cache. TIFF benchmarks
usetheir inputs in differentways. In tiff2bw | inputs
are treatedby buffer. This hasnot beendetectedin our
pro ling becauseof passingthe read buffers as parame-
tersto calledfunctions. The imagein tiffdither and
tiffmedian is processedby setof two linesperiteration

(pointedto by thisline and nextline). Whereasgachitera-
tion of tiff2rgba mainprocesaiseshewhole,or asig-
ni cant part, of theimage. Consequentlyinputsprocessed
in tiff2bw | tiffdither , andtiffmedian areto be
loadedin an auxiliary cache whereast seemgo be more
appropriateo loadthetiff2rgba processeimagelines
in themaincache.

At eachiterationof its mainloop, the stringsearch
applicationreadsa word and searchfor it in a sentence.
Thesedataaretransitoryandit is sufcient to loadthemin
the auxiliary cache.Stringsare manipulatedisingpointers
thatmustbe cached.

The network applicationsmake use of node structures
to implementroutine tables(patricia ) or the network
graph(dijkstra ). Thesestructuresare manipulatedus-
ing pointers(10% of references).Dijkstra  application
usegheinput le to Il theadjaceng matrix,anduseother
structuresn a WRW pattern. In patricia benchmark,
the transitorydata(usedin a o w pattern)is IP addresses.
At eachiteration,patricia ~ searchesghe pathfor onead-
dresausingtheroutingtables consequentlyt is effectiveto
loadthe IP addressem an auxiliary cacheandto load the
routinetablesandthe pointersin themaincache.

blowfish  processetheinputsin a o w patternwhile
theencryption/decryptiokey constitutegpermanentlatato
bekeptin themaincacheduringall of theapplicationtime.
sha usesthe shainfo structuredatato cumulatethe infor-
mationcollectedfrom theprocessingf all theinputbuffers.
Consequentlywe haveto loadinputbuffersin theauxiliary
cacheandkeeptheshainfo in themaincache.

The adpcm coder/decodeprocessesne buffer of data
at eachiteration. This hasnot beendetectedn our simu-
lation becausef passingparameterdy calls to the main
methodsof coding/decoding.crc32 applicationcollects
the information over the processiterations. fft and
fft invers transformapplicationsmake use of some
arraysin a WRW/permanenpatterns. We candistinguish
different patternsin gsm coder/decoderin which datais
transitoryor permanent.

4.5. Synthesis

Thecharacterizatioof MiBenchapplicationshowvsthat
most of the studiedkernelsare quite regular and may be
amenabléo ef cient performancen adecoupledarchitec-
ture. However, the study of control o w regularity shavs
that on someof the applicationsmispredictecconditional
branchesausediy somecontrol/memorydependeng are
more frequentand may resulton considerabldoss of de-
coupling. In addition,we identify threecategyoriesof data
whoseuse can causesomeLOD, which are: permanent
data,pointers,andtransitorydata.

In an embeddedprocessarthesepoints could be ad-



Figure 10. Ratio of references to MiBenc h's data in each DRP.

dressedhroughtheuseof differentcachesfor thedifferent
datacategories.For example,we canusea large cachethat
recevescontrol/permanendataandpointers,andan auxil-
iary onefor transitorydata.

5. Conclusion

In this paperwe addressethe adequatiorof the decou-
pled architectureo embeddedpplications.Decoupledar
chitectureis known to work very ef ciently wheneer the
executiondoesnot suffer from inter-processordependen-
cies causingsomelossof decoupling,calledLOD events.
In this study we have analyzedhe characteristicef awide
spectrumof embeddedapplicationsand addressegularity
of codesin termsof the LOD eventsthatmayoccut Three
aspectf regularity have beenaddressedcontrol regular
ity, control/memorydependeng and patternsof referenc-
ing memorydata.

The workload evaluationshawvs that mostof kernelsin
MiBench may be amenableto efcient performanceon
a decoupledarchitecture. However, the study of control
ow regularity shavs that on some of the applications,
mispredictedconditional branchescausedby some con-
trol/memorydependengaremorefrequentandmay result
on considerabldoss of decoupling. In addition, we iden-
tied threecateyoriesof datawhoseusecancausesome
LOD, which are: permanentiata, pointers,and transitory
data.

In an embeddedprocessar we feel that these points
could be addressethroughthe useof differentcachesfor
the differentdatacategories. Selectionof the cachetarget
canbeaddresseditherthroughtheSA or throughthe data
layout. In future work, we will explore thesedirectionsin
orderto ef ciently designadecouplegrocessofor embed-
dedapplications.
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