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High-level cost and performanceestimation,coupledwith a fast
hardware/softwareco-simulationframework, is a key enablerto a
fastembeddedsystemdesigncycle. Unfortunately, theproblemof
deriving suchestimateswithout a detailedimplementationavail-
ableis verydifficult.

In this paperwe focus on embeddedsoftware performanceesti-
mation. Currentapproachesuseeitherbehavioral simulationwith
(oftenmanual)timing annotations,or aclockcycle-accuratemodel
of instructionexecution(e.g., an instructionset simulator). The
former providesgreaterflexibility (no needto performa detailed
design)andhigh simulationspeed,but cannoteasilyconsideref-
fectssuchascompileroptimizationandprocessorarchitecture.The
latter provideshigh accuracy, but requiresa moredetailedimple-
mentationmodel,andis muchslower in general.We hencedevel-
opeda hybrid approach,that incorporatessomeaspectsof both. It
providesa flexible andfastsimulationplatform, consideringalso
compilationissuesandprocessorfeatures.

The key idea is to use the GNU-C compiler (GCC) to generate
“assembler-level” C code.This codecanbeannotatedwith timing
information,andusedasa very precise,yet fast,softwaresimula-
tion model.

We reportsomeexperimentalresultsthatshow theeffectivenessof
our approach,andwe proposesomefutureimprovements.
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The designof a completehardware/softwaresystemis becoming
moreandmorecomplex, dueto theprogressmadein variousareas
of hardwareandsoftwaretechnology. In particularwith theability
to mix processors,complex peripherals,andcustomhardwareon
a singlechip, it is unthinkableto addressfull-systemdesignand

analysiswith a manualapproach.This complexity demandsa new
methodologyandsetof tools.

Co-simulationat an early designstage,usinga predictive perfor-
mancemodelplaysa key role in a completesystem-level design
environment. It can evaluatethe feasibility of a particularhard-
ware/softwarepartition,processorchoiceandsoon,earlierthanby
usingthe traditionalmethodology, basedon separateimplementa-
tion pathsfor hardwareandsoftware.

However, this high level performanceestimationof hardware/soft-
warereal-timeembeddedsystemsis verydifficult. On thesoftware
side(thefocusof this paper),themainproblemis thepredictionof
theperformanceof a programwritten in a high-level language(in
this caseC) ona givenprocessorarchitecture.It musttake into ac-
countseveral architecturaleffects,suchascompileroptimization,
memoryhierarchy(registers,caches,. . . ), pipelines,multiple func-
tionalunits,just to namefew of them.

The approachpresentedin this paperis aimedat filling the per-
formanceestimationgap in the POLIS [1] embeddedsystemde-
sign environment. POLIS usestwo differentsoftwareestimation
schemes,that arerepresentative of muchbroaderclassesof tech-
niques:

1. a high-level estimationmethodology, basedon sourcecode
analysis(softwaredelaymacromodeling)[2];

2. anapproachbasedon thelink with anInstructionSetSimu-
lator [3].

The restof the paperis organizedasfollows. Section2 givesan
overview of relatedwork. Section3 describesin detailtheproposed
methodologyandonepossibleimplementationscheme.Section4
shows someexperimentalresults.Section5 providessomeconclu-
sionsandanoverview of futureextensionsandimprovements.
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Themaintechniquesfor softwareperformanceestimationfall into
four groups:

1. usinga cycle-accurateISStogetherwith a hardwaresimula-
tor, andfiltering theinformationthatis passedbetweenthem
(e.g.,by suppressinginstructionanddatafetch-relatedactiv-
ity in thehardwaresimulator)[4, 5];



2. compiling the softwaredescriptionandannotatingthe gen-
eratedcontrolflow graph(CFG)with informationusefulfor
deriving acycle-accurateperformancemodel(e.g.,consider-
ing pipelineandcache)[6, 7];

3. trying to guessthecompileroptimizationsandannotatingthe
originalC codewith timing estimates[2];

4. usinga setof linearequationsto implicitly describethefea-
sibleprogrampaths[8].

The first approachis precise,but suffers from a low simulation
speed,andrequiresa detailedmodelof thehardwareandthesoft-
ware.Performanceanalysiscanbedoneonly aftercompletingthe
design,andhenceit is verydifficult to modify architecturalchoices,
suchasthetypeof processor, thechoiceof peripherals,andsoon.

Thesecondapproachis basedon analyzingthecodegeneratedfor
eachbasicblock in theprogram,trying to incorporateinformation
about the optimizationperformedby an actualcompilationpro-
cess. This can considerregister allocation, instructionselection
andscheduling,andso on. In our approachwe partially usethis
scheme,andcoupleit with a high-level co-simulationframework.

The third approachhasthe advantageof not requiringa complete
designenvironmentfor the chosenprocessor(s),sincethe perfor-
mancemodelis relatively simple(anestimatedexecutiontime on
thechosenprocessorfor eachhigh-level languagestatement).How-
ever, it cannotconsidercompilerandcomplex architecturalfeatures
(e.g.,pipelinestallsdueto datadependencies).Themethodcannot
beappliedeasilyto unrestrictedC code,but providesgoodresults
oncodewith averysimplestructure(e.g.,without loopsandrecur-
sive procedurecalls)[2, 6].

Thefourthapproachhastheadvantageof notrequiringasimulation
of theprogram,andhencecanprovide conservative worst-caseex-
ecutiontime information.However, sofar it hasbeenappliedonly
to singleprograms,andnotto multi-taskingenvironmentscommon
in embeddedsystems.

Sometimesit is alsopossibleto usemixed approacheslike in [9],
wherea software estimationmethodologytries to approacheach
stepin theanalysiswith thebestmethodscurrentlyknown is pre-
sented.

Our approachfits in thesecondcategory, thusthis onewill bede-
scribedmorein detailbelow.

In [6] a programtiming analyzerfor control applicationsis pre-
sented.Givena taskwritten in a subsetof C, a compilerconstructs
theCFGandgeneratesassemblycodethatis furthertranslatedinto
anexecutablefile. An instruction-level timing analysisis thenper-
formedon the CFG andthe assemblycodefor eachbasicblock.
The resultsarelabelson the CFG,representingthedescriptionof
thepipelinestateattheentryandexit of eachbasicblock. Dataflow
analysisis alsoperformedin orderto predictdataandinstruction
cacheperformance.

In [7] a compiledhardware/software co-simulationis presented.
This approachis basedon generatinga C programfrom the tar-
get binary code,andthencompiling it on the hostenviromentfor
the co-simulation.This simplifiesthe translationprocesswith re-
spectto theclassicalbinary-to-binaryapproachesandimprovesits
portability. It differs from the classicalinterpretedISSs,because
it translateseachtargetassemblyinstructioninto oneor morehost
instructions,thuseliminating the fetch anddecodesteps,andre-
sulting in a fastersimulation. Moreover, by using the C codeas

the intermediateformat for softwaresimulation,anda behavioral
C model of the hardware, it is possibleto usea standardsource
level debuggerto debug bothhardwareandsoftware.

Our approachinherits featuresof both the approachesdescribed
above. We constructa C simulationmodel by using a modified
back-endof theGCCcompiler. Thisallowsusto solvesomedraw-
backsof [7], wherethe CFG of the programis not availableand
mustbe re-constructedfrom the final executable. This is a diffi-
cult process,especiallyin the presenceof sophisticatedcompiler
optimizations.

By embeddinga C compilationsuite in a co-designtool, we also
avoid theneedto purchasea specificcompilerfor eachtargetpro-
cessor. Wehave identifiedGCCasaninterestingcompilationsuite
for our purposesdue to the fact that it hasbeenportedto almost
every embeddedprocessorandalsodue to its good optimitazion
capabilitieson severalexistingarchitectures.

Anyway, it is important to underlinethat our approachdoesnot
dependon thechoiceof thecompiler.

As in [6], weperformapipelineanalysisfor eachbasicblockin the
program,andwe usea cachingmechanismto avoid recomputing
timing informationwithin eachbasicblock atevery execution.%
Wealsoprovide theuserwith thepossibilityto examinetheperfor-
manceof the codewith differentcompileroptimizations,that can
bespecifiedonatask-by-taskbasisbyattachingparametersto tasks
in ourco-simulationframework. To thebestof ourknowledge,this
is thefirst softwareestimationmethodologywherea codesignen-
vironmentis tightly integratedwith a compiler.
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A prototypeof the proposedsoftware performancemethodology
hasbeenimplementedfor theMIPS R3000architecture,usingthe
GCCcompilerandthePOLISco-designenvironment.

In POLIS [1], the systemis describedusinga formal behavioral
modelbasedon a network of communicatingentitiescalledCode-
signFiniteStateMachines(CFSMs).TheusercanmapeachCFSM
to eitherhardwareor software,choosetheprocessortypeandcache
architecture,estimatetheperformanceandevaluateeachmapping
with little effort. Finally, a hardwareor softwareimplementation,
includingthereal-timeoperatingsystem(RTOS),is synthesizedby
POLIS.

Thesimulationflow of themethodologyproposedin this paperis
shown in Figure1.

After the network of CFSMshasbeenmanuallypartitionedinto
hardwareandsoftware,theverysameC model(synthesizedbyPO-
LIS from theCFSM) is usedfor bothhardwareandsoftwaresim-
ulation.Theonly differenceis themechanismusedto synchronize
the variousCFSMs. HardwareCFSMsoperateconcurrently, and
requireoneclock cycle to executea transition. SoftwareCFSMs
requirea variablenumberof clock cycles,asdeterminedby clock
cycle countingcodeinsertedby POLISin theC model.Moreover,
their operationis coordinatedby a schedulermodelingthe RTOS
usedin thefinal implementation.?

Of course,this involvessomeaccuracy trade-off wheninstructiontiming is data-
dependent,asin somemultiplication,divisionandstringmanipulationinstructions.
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Figure1: Thesimulationflow.

In [2], softwareperformanceestimateswereobtainedusinga fixed
cost for eachsynthesizedC codestatementon a given processor
(thecostis obtainedby executinga setof benchamrkson a cycle-
accuratemodelof theprocessor).In [3], an ISS-basedrefinement
schememeasures(insteadof estimating)theperformanceof each
basicblock in theC model,by usinga cycle-accurateISS.

In this paperwe addedto theoriginal POLISflow theshadedpart
of Figure1. The RTL generationand the optimizationis part of
the normal GCC compilationprocesswhich we do not interfere
with. Theoptimizationstepcanbe controlledthrougha bunchof
parametersgivenby theuserandthatwill bedescribedlater.

TheoptimizationphaseendsproducinganoptimizedinternalRTL
structure.We thenusethis intermediaterepresentationto perform
an instruction-level timing analysisand generatea C simulation
modelthatincludesbothfunctional information(theassembler-like
C code)and timing information (the addedcodefor clock cycle
counting). This modelcanthenbe usedin the POLIS co-simula-
tion framework withoutany change.

Notethatin POLISC codesynthesizedfrom a CFSMcanco-exist

with hand-writtenC code. In this approach(unlike [2]) we can
estimatetheperformanceof bothkindsof codeuniformly.

A significantdifferencewith respectto theperformanceestimation
methodologydescribedin [2] is thatnow we needa differentsim-
ulationmodelfor eachprocessorchoiceandeachcompileroption
combination.This is notaseriousdrawback,asthemodelis gener-
atedautomaticallyonthefly by theco-simulationenvironment,but
it meansthatevaluatingdifferentprocessorsrequiresmoretime in
this case.

#define detect_e_RESET_to_z_BELT_0 \
(*(frozen_inp_events[proc]+0) & 1)

....
v__st_tmp = v__st;
startup(proc);
if (detect_e_RESET_to_z_BELT_0) {

goto L16;
}

sb $2,v__st_tmp.2
jal startup
lw $2,proc
#nop
sll $2,$2,2
lw $2,frozen_inp_events($2)
#nop
lbu $4,0($2)
#nop
andi $2,$4,0x0001
.set noreorder
.set nomacro
bne $2,$0,$L16
andi $2,$4,0x0004

DELAY(sb); v__st_tmp = r2;
DELAY(jal); // startup(proc); deferred
DELAY(lw+nop); r2 = proc;

startup(proc);
DELAY(sll); r2 = r2 << 2;
DELAY(lw+nop); gm_p = &frozen_inp_events+r2;

r2 = *gm_p;
DELAY(lbu+nop); gm_p = 0+r2;

r4 = *gm_p;
DELAY(andi); r2 = r4 & 0x0001;
DELAY(bne); _jcond = (r2 != r0);

// if (_jcond) goto L16; deferred
DELAY(andi); r2 = r4 & 0x0004;

if (_jcond) goto L16;

Figure2: From top to bottom: C code,assemblycodeandthe C
simulationmodel.

Figure2 showsanexampleof alittle portionof Ccodegeneratedby
POLIS,theresultingassemblycodeandthecorrespondingC code
usedas simulationmodel. This is mainly composedof DELAY
macrosanda behavioral part.

The DELAY macrosare usedto accumulateclock cycles during
execution.They receiveasargumentanarithmeticexpressioncom-
posedof assemblyinstructionnames.A globalvariable,that rep-
resentsthe time elapsedfrom the beginning of the simulation,is
accordinglyupdated.

Thebehavioral part is anassembler-level C codethat reconstructs
all the functionality of themodule. It is possibleto seetheactual
machineregisters,referencesto memoryandcontrol instructions.
This codeis ascloseaspossibleto theassemblersemantics,but it
is notpossibleto mantainanexactoneto onecorrespondence.



For thesimulation,thegeneratedC codebothDELAY macrosand
behavioral@ getscompiledonceagainonthehostmachine(typically
differentfrom thetargetmachinefor whichtheassemblerwasgen-
erated)andthenexecuted.In anauxiliary headerfile we extracted
thedelaysassociatedin the.md file to eachassemblyinstruction.
This choiceresultsin a fastersimulationin respectto an interpre-
tivesimulationwherefor exampletheactualinstructionfetchesare
performed.

The drawback of this approachis that it is not possibleto man-
tain thetotal separationbetweenfunctionalanddelayinformation.
For examplewe have to defersomecontrolinstructionsin orderto
maintainthe original functionality. This is necessarybecausewe
have to undodelayslot fillings thatexposesomeinstructionsto the
pipelinebehavior in orderto exploit theadvantagesof a pipelined
execution.
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Processor-dependentinformationfor the GCC compiler is mostly
storedin a machinedescriptionfile (.md) [10].

Thisis atextualdescriptioncomposedof instructiondefinitionsand
instructionattributes.Theinstructiondefinitionsdefinetheinstruc-
tion setof the targetmachineasRTL (RegisterTransferList) ex-
pressions.RTL is the intermediaterepresentationon which most
of thecompilationalgorithmsoperate.RTL usesfive kindsof ob-
jects: expressions(RTX), integers,wide integers,stringsandvec-
tors. Eachinstructionpatternis definedusingan RTL expression
calleddefine insn, containingfour or five operands:

1. anoptional name;

2. the RTL template thatshows theeffect of the instructionon
theprocessorstate;

3. the condition (a C expression)that is used(in addition to
theRTL) to decidewhethersomefragmentof compiledcode
matchesthispattern;

4. the output template determineshow to generateassembler
code.Whensimplegeneralsubstitutionisnotgeneralenough,
a pieceof C codeto computetheoutputcanbeused.This is
theonly partof the.md file thatwe hadto modify in order
to produceC insteadof assembler;

5. anoptionalvectorwith thevaluesof attributes(e.g.,latency,
delayslots,. . . ) for matchinginstructions.
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One of the main advantagesof our proposedmethodologyis to
givetheuseratight controloverthecompileroptimizationcapabil-
ities,ona CFSMby CFSMbasis.For this reason,thedesignercan
specify the parametersshown in Table1 (correspondingto GCC
compilationoptions)for eachCFSM in the netlist describingthe
embeddedsystemspecification.

For example,theOPTIMIZEparameterselectswhetherto optimize
thecodefor speedor size. TheOPTIMIZATION LEVEL param-
eterselectsthe level of optimization(highernumberscorrespond
to higheroptimizations). The LOOP UNROLLING parameteris

(define_insn "addsi3_internal"
[(set (match_operand:SI 0

"register_operand" "=d")
(plus:SI (match_operand:SI 1

"reg_or_0_operand" "dJ")
(match_operand:SI 2
"arith_operand" "dI")))]

"! TARGET_MIPS16
&& (TARGET_GAS

|| GET_CODE (operands[2]) != CONST_INT
|| INTVAL (operands[2]) != -32768)"

"addu\\t%0,%z1,%2"
[(set_attr "type" "arith")
(set_attr "mode" "SI")
(set_attr "length" "1")])

Figure3: A sectionof a.md description.

parametername definition

OPTIMIZE SPEED,SIZE
OPTIMIZATION LEVEL 0-3
LOOP UNROLLING 0= notenabled,1= enabled
INLINE FUNCTIONS 0= notenabled,1= enabled
CALLER SAVES 0= notenabled,1= enabled
FAST MATH 0= notenabled,1= enabled

Table1: Optimizationoptions.

usedto enable/disabletheloop unrolling optimization(to improve
pipelineperformance).Theuseris free to addor changeparame-
ters.Thesearepassedaspairsof nameandactionto thecompiler.
ThePOLISenvironment,basedon UNIX make, automaticallyre-
generateseachsimulationmodulewheneitherits functionalspeci-
fication(CFSMmodel)or compilationoptionsarechanged.
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Theaccuracy of ourapproachdependsontheability to usethesame
“structure” for the simulationmodel and for the final executable
that will be loadedon the target processor. Unfortunately, each
compilercanperformdifferentkindsof optimizationson thecode,
e.g.,by usingdifferentregisterallocationstrategies.This problem
canbesolvedin two differentways,dependingontherequirements
of thefinal implementationenvironment:

1. if GCC is a suitablecompiler for the target machine,it is
enoughto compilethe C codewith the sameoptionswhen
generatingthesimulationmodelandwhengeneratingthefi-
nalexecutable.Thiscanbeeasilyachievedautomatically, by
a judicioususeof automaticallygeneratedMakefiles.

2. if GCC cannotbe usedfor the final compilation(e.g., due
to company policy, availability of developmenttoolssuchas
debuggersand emulators,limited optimizationcapabilities
of GCC on the selectedarchitecture,. . . ), the C simulation
modelgeneratedby ourmodifiedGCCcanbecompiledwith
anothercompilerasit preservestheexactfunctionalityof the
original C code. If a poorercompiler is usedwe canhope
that it will not undo any of the optimizations(it will make
gooduseof them),while a bettercompileris free to further
improve the quality of the final code. In the latter casewe
canexpectlesspreciseestimations.



task pixie macromodeling GCC-based

ODOMETER 42 72 44
BELT 41 76 40
FUEL 58 93 60

Table2: Unoptimizedcodemeasurements.

task pixie macromodeling GCC-based

ODOMETER 40 72 39
BELT 38 76 36
FUEL 53 93 51

Table3: Optimizedcodemeasurements.
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We performedseveral experimentsto evaluateboth the accuracy
of our approachandthe simulationspeed.We useda reasonably
complex embeddedsystemdistributed with POLIS, a dashboard
controller.

Table2 and3 reporttheresultsobtainedfor theaveragenumberof
cycles/taskobtainedfor threemodulesof thedashboard.Thefirst
one is for the caseof non optimizedcode,while the secondone
is for the caseof optimizedcode. In both tablesarereportedre-
spectively theresultsobtainedwith thepixie tool profiler for the
MIPS architecture(considereda goldenreferencefor this experi-
ment), the macromodelingapproachof POLIS [2] and the GCC-
basedapproach.

Thefollowing conclusionscanbedrawn from thesetables:

V asexpectedthe impactof compileroptimizationsis signifi-
cantandthemacromodelingapproach,thatcannottakethem
into account,resultsin abig discrepancy (anaverageerrorof
85%);

V theGCC-basedestimation,featuresa goodaccuracy in both
cases(an averageerror of lessthan4% for both optimized
codeandunoptimizedcode)becauseit reflectsthecompila-
tion performance.

Regardingthe simulationspeedwe can say that the GCC-based
estimationfeaturesanaverageof only 8%overheadwith respectto
POLIS macromodeling.Theseresultswereobtainedby usingthe
prof utility ona SUNSPARC-20workstation.
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A new compilation-basedsoftware performanceanalysismethod
hasbeenpresented.We believe that this is the first approachthat
combinesa state-of-the-artoptimizing compilerwith a high-level
co-simulationandco-designmethodology.

In the future, we areplanningto integrateour work with a front-
end that is currentlyunderdevelopmentin the GCC group. This
will eventually allow a processormodel developer to generatea
machinedescriptionfrom a templatefile that is lessdependenton
theinternalcompilerstructurethanthe.md files.
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