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Abstract

This paper examinesseveral techniquesfor static tim-
ing analysis. In detail, the first part of the paperanalyzes
theconnectionof predictionaccuracy(worstcaseexecution
time)andapplicability of a methodology for modelingand
analysisof instructionaswell asdatacachebehavior. The
secondpart of the paperproposesa timing analysistech-
niquefor super-scalarprocessors. Theobjectsof our stud-
iesare two processorsof thePowerPCfamily, in particular
thePPC403andtheMPC750.

1. Introduction

Thenatureof anembeddedsystemis givenby its func-
tionalaswell asits nonfunctionalrequirementsof thespec-
ification. Consequently, the designof an embeddedsys-
tem entailsseveral hardware/softwarecodesignproblems.
Hereby, the first designstepis the partitioninginto a sys-
tem architecture,splitting into software and hardware re-
latedparts.Thepartitioningstepis of extremeimportance,
dueto thefactthatall following designstepsareinfluenced
by it.

In orderto obtainreasonableresults,toolsthatevaluate,
estimateandjudgethe performanceof all possiblesystem
architecturesin a quick mannershouldbeprovided.There-
fore, the timing performanceanalysisof softwarerunning
on embeddedmicrocontrollershasbeenof growing impor-
tance. If a systemdoesnot meetits timing constraints,it
doesnot meetthe functional requirementseither, because
thiscanhavedisastrousconsequences.

Timing analysisresultscan be received by simulation,
emulationor statictiminganalysis. Statictiming analysisis
a techniquewhich collectsinformationaboutthe program
structureaswell asof the microcontrollerat compiletime

ratherthanat runtime.Then,this analysistechniqueshould
provide a worst caseexecutiontime(wcet). Generally, this
valueshouldbe safe(thereforeconservative) andaccurate
(in orderto save resources).Unfortunately, themorecom-
plex the embeddedmicrocontrollersthe morechallenging
the taskto tightenthe analysisresults. However, thesere-
sultsmightbeasexactenoughto spanaguidelinefor trade-
off decisionsfor partitioning,aswell asto provideinitial in-
formationfor softwaredevelopmentwithin a real-timeop-
eratingsystem.

Static timing analysisis a subjectof researchfor some
time. Here,themostgeneralapproachwaspresentedby L I

et. al. [4]. But in theend,all previoussurveys wereeither
limited to more basicRISC-processors[4][6] or to single
architecturalproperties[3][2]. Moreover, mostobtainedre-
sultswerevalidatedby simulationandnotby usinga “real-
world” environment.L IM et.al. [5] first introduceda anal-
ysistechniquefor multiple-issueprocessorsfor theiranaly-
sisframework ETS. But, they restrictedtheirexperimentsto
this featureanddid not havemeaningfulvalidationresults.

That’swhy wemovedsystemsin thecenterof ouratten-
tion which containprocessorimplementationsof the Pow-
erPC family. They run on thebaseof thesame(or at least
similar) assembleror machinecode,but have differentar-
chitecturalfeatures.This madeit possibleto comparethe
processorimplementationswith theprospectto their timing
behavior on theonehand,andenableda truevalidationof
the resultsof the static timing analysison the other. For
themomentwe focusedon predictiontechniquesfor mem-
ory andbusbehavior includinginstructionanddatacaching,
for multiple-issuepipelinesandfor the interactionof these
characteristics,aswell. Further, we examinedsomeof the
predictionalgorithmsto seeif they arepracticablein any
casedueto their analysiscomplexity or if not, if therewas
a feasiblesolutionin orderto decreasetheestimationcost.

Thus,thepaperis organizedasfollows. In Section2 we



introduceour researchenvironment. In particular, we ex-
plain a generalizedview on staticanalysiswhich caninte-
grateseveralapproachesof previouswork, andwedescribe
the validationenvironmentin detail. The subsequentsec-
tionsareaboutourexperimentswhichwementionedabove.
Thus,section3 analyzestheperformanceeffectsof instruc-
tion caches.In addition,herewe surveyed analysiscom-
plexity andproblemsin modelingdatacachebehavior. Sec-
tion 4 presentsa techniquewhich is applicableto multiple-
issuepipelines.Finally, section5 summarizesthepaperand
concludeswith futureworks.

2. Static timing analysis

2.1. Methodology

Slightly contraryto otherconcepts,we would like to in-
troducestatictiming analysisasa processof modelingand
analyzing.In detail,it is dividedinto threemajortasks:pro-
grampathmodeling, architectural modelingandtheanaly-
siscomposition(Figure1). � �����	� 
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Figure 1. Static timing analysis methodology

A programimplementationΠI (eithermachinecodeor
high level language)to beanalyzedis translatedinto anin-
ternalrepresentationΠM which depictsthestructureof the
program. This is eitheran hierarchicalcontrol flow graph
(ΠM1) [4] or anotherhierarchicalorganizationof program
constructs(ΠM2)[6]. Fromthis, thebase(ΠB1 � 2 � � � ) for tim-
ing analysiscan be extracted. Theseare either codese-
quencesformed by basicblock segments,line block seg-
ments[4], high level programconstructs[6], super-block
segmentsor inter-block relationsaswell. Besides,a mix-
tureof differentanalysisblocksfor statictiming analysisis
conceivable.Thiscomplieswith thehierarchicalflow graph
clusteringandtreatmentof ERNST et.al. [1].

In general,static reasoningaboutworst casetiming is
an undecidableproblemdueto the facts,that the executed

programtracedependson the initial programstateandthe
appliedinput values. To make this problemtractable,the
programpathmodelΠM mustnotcontainunboundedloops,
any director indirect recursion or dynamicfunctionrefer-
ences[9]. Ultimately, then, the programpath model ΠM

mustcontainuserprovidedruntimeinformationof pathex-
ecutionby providing executionnumbersor by providing in-
formationof pathrelation.

Consideringthehugeamountof differentprocessorim-
plementationΛI , thearchitecturalmodelingprocessis split
into two stages:abstractionandprocessormodeling. In the
first, a real processorΛI with its several characteristicsis
drawn asa simplified structuraland functionalmodelΛM

with simplified characteristics.In the secondstage,each
characteristicof modelΛM is assignedto oneor moreal-
gorithmsΛC1 � 2 � � � � of a metamodelΛMM for thedescription
of the behavior. Then, thesealgorithmscanbe appliedto
theanalysisblocksmentionedabove. It is worth statingat
this point that algorithmsandanalysisblocksare interde-
pendent.

From the above follows, that the analysiscomposition
falls into two stages,too. In the first, the timing for the
analysisblocks (ΠMi) are computedaccordingto the ap-
propriatemetamodelalgorithms(ΛCi). In the second,the
worst-caseexecutiontime is thesumof executiontimesof
all analysisblocksalongtheworst-caseexecutionpath.

This brings us to the questionof the worst-casepath.
Here,for the first time, PARK [8] showed the necessityof
considerationof path relations. However, this would lead
to exponentialpathenumeration.Nowadays,it is well ac-
ceptedthattheimplicit pathenumerationapproach[4] is the
bestwayto boundthepossiblepathsto thefeasible.Implicit
pathenumerationtakesthetiming analysisasanoptimiza-
tion task,saymaximizethesum-of-basic-block-timings.

2.2. The analysis environment

The methodologydescribedabove is implementedin a
timing analysistool calledGROMIT. Thereby, theanalysis
compositionis basedon the implicit pathenumerationap-
proach[4]. Thebasicstructureof GROMIT (Figure2) can
be seenas follows: Its inputs are a assemblyprogramto
be analyzed(*.s), a descriptionof the functional path re-
lation of that program(*.f) anda descriptionof processor
propertiescomplyingto thesimplifiedprocessormodelΛM

(*.ppc). Its output is a integer linear programming(ILP)
descriptionconsistingof a cost function to be maximized
(derived from the first stageof analysiscomposition)and
structural(describingthebehavior of architecturalfeatures
ΛCi) andfunctional(describingpathexecutionnumberand
path relations)constraints. This can be given to an ILP-
solver(e.g.lp solve) in orderto computetheworst-caseex-
ecutiontime (wcet).
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Figure 2. The structure of the analysis tool

The analysissystemGROMIT is written in Java and is
thereforeportableto differentplatforms.

Figure3 showstheprocessormodelΛM usedto describe
theseveralpropertiesof the PowerPCprocessorfamily. It
generallyconsistsof a four-stagepipelinewith theassigned
functionalstagesFetch, Decode/Issue, Execution,Comple-
tion. Addedto that,therearemoduleslike Caches, Branch
Predictionor Memory.

Thefetch stage is directlycoupledto thememoryhierar-
chyconsistingof aninternalinstructioncacheandanexter-
nal, asynchronousmemoryof either type DRAM, SRAM
or ROM. Dueto differentaccesstimesof cacheandmem-
ory fetch latency timeswill alsodiffer. Thus,we assume
cacheaccessestakesonecycle. However, memoryaccesses
haveto bemodeledasburstaccessescontrolledby different
parameters.The executionstage canhave multiple execu-
tion threads.Thereby, the instructionsareissuedandcom-
pletedin order. Load/storeinstructionscanaccessthedata
cacheor main memory. Therefore,they canhave a deep
impacton thefetchstage.The issuestage andthecomple-
tionstagehavenofurtheranalysissemanticsexceptfor time
consumption.Branch predictionis no matterof considera-
tion yet,but will beanissuefor futurework.

2.3. The validation environment

An essentialaspectof our work is the validationof the
analysisresultsin order to draw conclusionsfrom it. We
setprocessorsof the PowerPCfamily in the centerof our
experimentsdue to several reasons. Above all, they all
complyto thePowerPCspecification- theUserInstruction
SetArchitecture (UISA), theVirtual EnvironmentArchitec-
ture (VEA)and/ortheOperating EnvironmentArchitecture
(OEA), moreor less.Sure,this easestheportability of pro-
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Figure 3. The processor model ΛM of GROMIT

grams.But, first of all, it offersagoodopportunityto study
effectsof differentarchitecturalpropertieswith respectto
the actualor predictedexecutiontiming. Hence,we have
chosentwo differentPowerPCimplementations- the pro-
cessorPPC403andtheprocessorMPC750.

TheembeddedmicrocontrollerPPC403is fully compli-
ant with specificationsfor 32-bit implementationsof the
UISA. It providesa fixed point CPU with singlecycle ex-
ecutionfor mostinstructionsaswell asinstructionanddata
caches.Thisprocessoris usedin anemulationenvironment
called SPYDER[12] and runs with the real-timeoperating
systemVxWorks/Tornado. Theexecutiontiming wasmea-
suredby triggeringandgrabbingexternalsignalsthrougha
logic analyzer.

TheMPC750is a32-bit implementationof thePowerPC
architecture,aswell. It providesfiveexecutionunitsin par-
allel, whereasonly two instructionareissuedtogether(see
section4). All instructionsareissuedandcompletedin the
orderof thefetchedinstructionstream.In addition,thereis
abranchprocessingunit whichhasnot furtherbeeninvesti-
gated,yet. Thememoryhierarchysuppliesseparateinstruc-
tion anddatacacheunitsanda 64-bit accessto memory. In
ourcase,wedonothavealook ateithersecond-levelcaches
normemorymanagementmechanism.

This processoris mountedon a slot-0 board(MCP750)
integratedin a CompactPCIsystem(CPX2108)[7]. There,
the processorsperformancemonitor registersprovide the
ability to monitorandcountpredefinedeventssuchaspro-
cessorclocks, missesin the instruction cache, types of
instructions,mispredictedbranchesetc. Our application
MakeMonitor (written in Java) makesthosefeaturesavail-
ableto the user, andthe programto be analyzedis instru-



mentedaccordingly. Thus,aneasyandaccuratedetermina-
tion of theprogramsruntimeis ensured.

3. Cache modeling and analysis

Cachesmayhaveagreatinfluenceon theruntimewhich
is illustratedin Figure4. Thus,the benchmarksrun about
three times fasterwith an instruction cachethan without
any. Onemayconcludefrom that, that thepredictionerror
is, at least,in this orderof magnitudeif therewasno con-
siderationof instructioncachemodeling. That’s why it is
worth investigatingthe modelingandtiming analysiscon-
cerningthe accuracy andthecostespeciallysincethey are
interdependent.
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Figure 4. Measured execution times of benc h-
mark programs on the processor PPC403GA

3.1. Methodology

Fromthe introductionof instructioncachesfollows that
therearedifferent fetch latency times for cacheaccessin
caseof acachehit andfor memoryaccessin caseof acache
miss. Furthermore,the behavior of the instructioncache
dependson its structure(cachesize, line size, level of as-
sociativity) andon its replacementmechanism.This hasan
implication for programpathmodeling,architecturalmod-
eling andanalysiscomposition,aswell. Here,we will give
a shortoverview of the instructioncachemodelingderived
from [4].

First, theprogramhasbeenreadinto an internalcontrol
flow graph(CFG)structure(Figure5a)consistingof basic
blocks(BBi) connectedby edgesrepresentingthe possible
programpaths. Secondly, the basicblocksaresubdivided
into line blocks (LBi). A line block containsall thosein-
structionsof a basicblock which aremappedto the same
cacheline. Becauseeachsingleinstructionof a line block
hasthesameor at leastsimilarpropertieswith respectto the

fetch latency timesandtherefore,line blocksaresuitedfor
basicanalysis.
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Figure 5. The construction of the cache con-
flict graphs

The architecturalmodel describestwo issues: Which
line blockscompetefor thesamecacheline andhow does
thecachereplacecompetingline blocks?Thefirst question
ismodeledbyaso-calledcacheconflictgraph(CCG,Figure
5b), the secondby a cachestatetransitiongraph(CSTG).
Cacheconflict graphsdepict the control flow throughthe
competingline blocks. Figure5a,bservesasan example:
theline blockswith thesamecolor(gray, white)arecompet-
ing for thesamecacheline (5a)andthus,thecacheconflict
graphcanbe constructed(5b). The cachestatetransition
graph(see[4] for details) resultsfrom the cacheconflict
graphas well as from the cachereplacementmechanism
(e.g.PLRU1 of theMPC750)andassociativity (e.gtwo-way
associativity of thePPC403).

Figure 6 shows someprediction resultsof benchmark
programs2 running on processorswith instructioncaches
at their different modeling variants. This demonstrates,
thatcachemodelingis absolutelynecessaryin orderto get
properpredictionresults.

3.2. Problems

The methodologyof cachemodelingand analysisde-
scribedabove raisesa few questionswith prospectto the
computabilityandapplicability.

The number of all possiblestatesof the cachestate
transitiongraphdependsof the usedreplacementstrategy,
the associativity n and the competingline blocks m and

1pseudoleastrecentlyused
2The processorPPC403doesnot provide a floating point unit. Here,

floatingpoint benchmarksarenotconsidered.



bdc
e b bdc
f b bdc
g b bdc
h b bdc
i b bdc
j b bdc
k b bdc
l b bdc
m b bdc
e b b bdc

ndo pdqdrtsvudw x y

z|{ } ~ �d� }d{ � � } � � � } { � ��� � � ~ �v��� � �d� { � ��������� � �z|{ } ~�{ � � } � � � } { �d��� � � ~ �v��� � �d� { � �������5� � �z|{ } ~ �d� }d{ � � } � � � } { � ��� � � ~ �v��� � �d� { � ��������� � �z|{ } ~�{ � � } � � � } { �d��� � � ~ �v��� � �d� { � ���������d� �

����� �
�� � �
����

¡ ¢ £ ¡ ¤ ¥§¦ ¥ ¨ ¦ © £ ª ¦ « ¬ ¥ ­¯® ® ° « ® ¦ ¡ ° ¢ ± ° ¤ ¢ ± ¥ ¤ ¢ ± ¬ ² ¡ ³µ´ ² ° ¡ ± ° ´t¶ ° ¢
¶ ± ¬ ¢ ³ ¨ £ ° ¨

¶ £ ° ¨ ° ² ° ¨¸· © ¥ ° ¬ ¥ ± °
¶ ´ ¢ ±

Figure 6. The prediction results at diff erent
processor s with instruction caches (PPC403
without floating point benc hmarks)

is given by NLRU ¹ ∑n
i º 0

m!»
m¼ i ½ ! for LRU3 and NPLRU ¹

2n ¼ 1∑n
i º 0

m!»
m¼ i ½ ! for PLRU replacementstrategy. Fromthis

it follows thatthemaximalpossiblenumberof statesof the
cachestatetransitiongraphexplodesquickly with the in-
creasingnumberof conflicting line blocks and the cache
associativity.

Thissituationhasanimplicationto thewcet-analysis,as
well. The morecomplex the cachemodel,the morecom-
plex the cacheconstraintsneededand the more variables
usedby theILP solver.

3.3. Solutions

Thereare several approachesto reducethe numberof
statesof thecacheconflict graphandcachestatetransition
graphin orderto reducethecomplexity.

We think, thatanproperreductioncanbereachedby

¾ reducingthenumberof analysisblocks in orderto re-
ducethe numberof nodesin the cacheconflict graph
(CCG)andcachestatetransitiongraph(CSTG)

¾ modelinga less complex cache replacementmecha-
nism in order to reducethe numberof nodesin the
cachestatetransitiongraph(CSTG)

¾ modelinga lower level of cacheassociativityin order
to reducethenumberof nodesin thecachestatetran-
sitiongraph(CSTG)

3leastrecentlyused

Reducing the number of analysis blocks Line blocks
which allocatethesamecacheline do not compete(Figure
5a). This enablesthe option of merging thoseline blocks
togetherto a singlenode(Figure5b). The reducedcache
conflict graphcontainsmuch lessnodesas well as edges
(Figure5c). Therefore,reducingthenumberof nodesin the
graphreducesthenumberof cacheconstraintsin thesame
orderof magnitude.The numberof edgeswhich aresyn-
onym for variablesof the ILP problemare reducedmuch
more. Thecacheconstraintsarethengoing to beextracted
asbefore.

The magnitudeof the graphreductiondependson the
sizeof thebasicblocksandthesizeof thecacheline. The
larger theratio of thecacheline sizeandtheaveragebasic
blocksize,themorelikely themerging.

Modeling a less complex replacement mechanism As
presentedabove, the differentreplacementstrategiesraise
differentcomputationalcomplexity. Thus,themodelingof
aLRU strategy insteadof PLRU simplifies,but doesnotadd
asignificanterror.

Modeling a lower level of cache associativity Thethird
approachdoesnot encroachon themodelingmethodology
asthepreviousdoes.Conversely, it reducescomplexity by
modificationof the cacheparameterassociativity. Hereby,
thecompetingline blocksareconstant,ratherthenthecache
size. Consequently, if themagnitudeof theassociativity is
divided by two, then the cachesize is divided by two in
orderto ensureworstcaseconditions.

For all threetechniqueshold, that thereductionof com-
putationalcomplexity on theonehandmeansthereduction
of accuracy on theother.

3.4. Results

In orderto assesstheeffectsof theproposedapproaches
on the computationalcomplexity andthe estimationaccu-
racy, we carriedout someexperimentson benchmarkpro-
gramsrunningat theprocessorPPC403GA.Thereby, each
benchmarkprogramrefersto a particularratio of program
size to cachesize. The PPC403providesa two-way set-
associative instructioncachewith a sizeof 2 KByte. Each
of thetwo setsis organizedas64linesof 16byteseach,and
theLRU replacementstrategy is used.

Figure 7 shows the associationof the time neededto
computethe instructioncacheconstraintstcm(y-axis), the
ratio of programsizeto cachesize(x-axis) andthe model
usedfor timing estimation(parameter).Figure8 presents
the sameassociationof the time neededto solve the ILP
problem.ThedifferenttypesA andB mentionedin Figure
7 andFigure8 referto theCCG(A, Figure5b)andreduced
CCG(B, Figure5c).
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Figure 7. The time needed to compute the
cache constraints (SunUltra2 300MHz,SunJIT-
Compiler)
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Figure 8. The time needed to solve the ILP
problem (SunUltra2300MHz,lp solveVersion2.3)

As expected,modelinga two-way set-associative cache
is much more expensive than modeling a direct mapped
cache.Thus,at a ratio of 5 : 1 programsizeto cachesize,
the computationtime neededto determinethe cachecon-
straintsdiffers by two ordersof magnitude(Figure7). A
similar behavior is given in Figure8. The time neededto
solve theILP problemis aboutin thesameorderof magni-
tudeasthemodelingtime. Unfortunately, someILP results
couldnot begathereddueto a bug in theprogramlp solve.

Furthermore,it canbepickedout from theFigures7 and
8, thatmodelsusingcachestatetransitiongraphs(heretwo-
wayset-associativecaches)aremoresensitive to thediffer-
entanalysisblock types(A or B) thansuchwithout any. In
fact,at thosemodelsbothtypesseemto divergefrom each
otherregardingmodelingtimeor ILP time.

Figure 9 shows the additionalpredictionerrorswhich

arosefrom thediscussedmodelingvariants.It canbeseen
from thefigurethatthereis amoresignificantgainonaccu-
racy by usingthe next level of cacheassociativity towards
theactualtwo-wayset-associativity thanby usingthemore
precisemodelof thecacheconflict graph.
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Figure 9. The prediction errors of the cache
models

To summarize,Figures7 and8 show the significantre-
duction in computationtime by using the reducedCCG
insteadof the CCG. Here, Figure 9 shows a relatively
marginal loss of accuracy. The secondoption for reduc-
ing computationtime,namelythemodelingof a lower level
of cacheassociativity, would resultin amoresignificantre-
ductionin computationtimeat largerpredictionerrors.

Basically, the introducedmethodologyon instruction
cachemodelingis transferableto the datacachemodeling
andanalysis[4].

4. Analysis of multi-issue pipelines

The processorMPC750provides a super-scalararchi-
tecture, whereasthe instruction flow through the execu-
tion stageis shown in Figure10. A maximumof two in-
structionscanbe dispatchedper clock cycle, but only one
instruction to eachexecution unit. The instructionsare
strongly dispatchedas well as completedin the order of
the instructionstream. But, different instructionsmapped
ontodifferentexecutionunitsmayconsumemulti-cycle la-
tencies.

4.1. Methodology

Here,the dynamicscheduleof the instructionsequence
of thebasicanalysisblocksis requiredin orderto determine
the executiontime. Basic analysisblocks might be basic
blocksor line blocksor super-blocks,aswell. The longer



theinstructionsequence,themoreaccuratethemodelingof
theactualschedule.In general,therequireddynamicsched-
ulehasto considerall - dispatch,executionandcompletion.
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Figure 10. The model of the processor
MPC750

Theanalysisinput, theassemblyprogram,hasbeenstat-
ically scheduledby the compiler before. Thus, the order
of the instructionswithin the analysisblocks is given. In
thecaseof in-order-issueandin-order-completionthisorder
will notbechangedby theprocessor, anyhow. Wewouldre-
fer to it astheimplicitly givenresourceconstraintssincethe
compilerusedmachinedependentinformationlike number
of registersetc.,too. So,datadependencies,whichareflow
dependencies,anti dependenciesandoutputdependencies,
canbe derived from the analysisblocks. Then,thosedata
dependenciesandthesequentialorderof instructionsarethe
basisto specifyapriority of eachsingleinstruction.If there
were no datadependenciesbetweenadjacentinstructions
they get thesamepriority. If thereweredatadependencies
they getdifferentpriority numbersin ascendingorder.

The processormodel provides several executionunits.
Thereby, instructionscanbe mappedto oneor moreunits.
That’s why we want to introducethe conceptsof assign-
ment, bindingandallocation. Everyinstructioni is attached
to one instanceγ ¯ i ° of a resourcetype rk. The maximal
numberof instancesof rk is given by α ¯ rk ° . The assign-
mentof instructiontypeontoaresourcetypeis givenby the
so-calledresourcegraphGR. We want to refer to it asthe
explicitly givenresourceconstraints.

Theschedulingprocesshasto find anappropriatebind-
ing with respectto the explicit given resourceconstraints.
Therefore,we useda constraintdrivenlist schedulingalgo-
rithm (Algorithm 1) [11].

ThenomineesetKt � k of rk consistsof thoseinstructions
whosepredecessorsarefinishedat the time t. ThesetGt � k
of rk consistsof thoseinstructionsexecutedin t. Finally,
throughthe function p a setSt of maximalpriority canbe
chosenfrom Kt � k in orderto getscheduled.Thepriority of
the instructionsis setby the implicitly givenresourcecon-

straints,explainedabove. With all that,differentschedules
τ for differentpipelinestates(with/without caches)canbe
determined.

LIST(AnalysisBlock ± GR ² VR ± ER ³ ± α ± p³µ´
t:=0;
REPEAT ¶

FOR (k=1) to ·VR ·¸¶
Determine Kt ¹ k;
Determine Gt ¹ k;
Choose set of maximal priority·St ·»º Kt ¹ k : ·St ·½¼¾·Gt ¹ k ·»¿ α ² rk ³ ;
FOREACH (vi À St) τ ² vi ³ : Á t;Â

t : Á t ¼ 1;Â
UNTIL (all nodes vi are scheduled);
RETURN (τ);Â

Algorithm 1: The list scheduling algorithm

4.2. Results

Figure11showsthegainof precisionreceivedbymodel-
ingof multi-issuepipelinesin twocases.Thefirst coversthe
casethat the processorMPC750andits modelcontainno
caches.In thesecond,theprocessorandits modelrun with
aninstructioncache.Thegainof predictionis muchhigher
in caseonethanin casetwo. Thiscanbeexplainedby their
differentanalysisblocks. In thefirst casebasicblocksand
in the secondcacheline blocksareused.In general,basic
blockscontainmoreinstructionswhichcanbescheduledat
thesametime thancacheline blocks.
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Figure 11. The gain of precision received by
multi-issue modeling at the MPC750

Although, the gain receivedby modelingof multi-issue
pipelinesis stronglysensitive to thedistribution of instruc-



tions within the analysisblock, Figure 11 shows also the
dependenciesof the numberof branches(jfdctint - 1%,
matcnt - 20% of all instructions)andthe possiblepredic-
tion gain.

The impact of modelingmulti-issuepipelinesis much
smallerthanthe impactof modelingthe memorybehavior
regardingthepredictionresults.

5. Conclusions and Future Work

The accuracy of the predictionresultsand the applica-
bility of the underlayingalgorithmsareinfluencedby sev-
eral parameters.In addition, both issuesare interdepen-
dent. Thus, the first part of this paperexaminedthis con-
nectionregardingmemoryandcachemodelingaswell as
analysis.In addition,here,we learnedby experienceabout
the difficulties of modelingmore complex bus interfaces
(MPC750). The secondpart introduceda methodologyto
predictthetiming behavior for multi-issuemachines.

Modernprocessorarchitecturearedesignedto increase
the utilization of the parallelismwhich is inherentto pro-
grams. Besidepipelining, dataandinstructioncachingor
multi-issueprocessing,speculative branchprocessingis an
advancedtechnique(e.g.providedby theMPC750)which
isstronglycoupledto thebehavior of thememoryhierarchy.
Thiswill beexaminedin futurework.
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