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Abstract

High-level costand performanceestimation,coupledwith a fast
hardware/softvare co-simulationframework, is a key enablerto a
fastembeddedystemdesigncycle. Unfortunately the problemof
deriving suchestimateswithout a detailedimplementationavail-
ableis very difficult.

In this paperwe focus on embeddedsoftware performanceesti-
mation. Currentapproachesiseeitherbehaioral simulationwith
(oftenmanualltiming annotationspr aclock cycle-accuratenodel
of instructionexecution(e.g., an instructionset simulator). The
former provides greaterflexibility (no needto performa detailed
design)and high simulationspeed but cannoteasily consideref-
fectssuchascompileroptimizationandprocessoarchitectureThe
latter provides high accurag, but requiresa more detailedimple-
mentationmodel,andis muchslower in general.We hencedevel-
opeda hybrid approachthatincorporatesomeaspectof both. It
provides a flexible and fast simulationplatform, consideringalso
compilationissuesandprocessofeatures.

The key ideais to usethe GNU-C compiler (GCC) to generate
“assembleilevel” C code.This codecanbe annotatedvith timing
information,andusedasa very precise yet fast,software simula-
tion model.

We reportsomeexperimentakesultsthatshav the effectivenesof
our approachandwe proposesomefutureimprovements.
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1 Introduction

The designof a completehardware/softvare systemis becoming
moreandmorecomple, dueto the progressnmadein variousareas
of hardwareandsoftwaretechnology In particularwith the ability
to mix processorsgcomplex peripheralsand customhardware on
a single chip, it is unthinkableto addresdull-systemdesignand

Mihai Lazarescu
Politecnicodi Torino

| azarescu@olito.it

Alberto Sangivanni-Mncentelli
Universityof Californiaat Berkeley
Berkelgy, CA, USA
al bert o@ecs. ber kel ey. edu

analysiswith a manualapproachThis complity demands new
methodologyandsetof tools.

Co-simulationat an early designstage,using a predictive perfor
mancemodel plays a key role in a completesystem-lgel design
ervironment. It canevaluatethe feasibility of a particularhard-
ware/softvarepartition, processochoiceandsoon, earlierthanby
usingthe traditionalmethodologybasedon separatémplementa-
tion pathsfor hardwareandsoftware.

However, this high level performancesstimationof hardware/soft-
warereal-timeembeddedystemss very difficult. Onthesoftware
side(thefocusof this paper) the main problemis the predictionof

the performanceof a programwritten in a high-level languagg(in

this caseC) on a givenprocessoarchitecturelt musttake into ac-
countseveral architecturaleffects, suchas compileroptimization,
memoryhierarchy(registerscaches,..), pipelinesmultiple func-
tional units, justto namefew of them.

The approachpresentedn this paperis aimedat filling the per
formanceestimationgapin the POLIS [1] embeddedsystemde-
sign ervironment. POLIS usestwo differentsoftware estimation
schemesthat arerepresentatie of muchbroaderclasseof tech-
nigues:

1. ahigh-level estimationmethodologybasedon sourcecode
analysigsoftwaredelaymacromodeling)2];

2. anapproachbaseddn thelink with anlInstructionSetSimu-
lator [3].

The restof the paperis organizedasfollows. Section2 givesan

overview of relatedwork. Section3 describesn detailtheproposed
methodologyandone possibleimplementatiorscheme.Section4

shavs someexperimentakesults.Section5 providessomeconclu-
sionsandanoverview of future extensionsandimprovements.

2 Related Approaches

Themaintechniquesor software performancesstimationfall into
four groups:

1. usingacycle-accuratéSStogethemwith a hardwaresimula-
tor, andfiltering theinformationthatis passedetweerthem
(e.g.,by suppressingnstructionanddatafetch-relatedactiv-
ity in the hardwaresimulator)[4, 5];



2. compiling the software descriptionand annotatingthe gen-
eratedcontrolflow graph(CFG)with informationusefulfor
deriving a cycle-accurat@erformancenodel(e.g.,consider
ing pipelineandcache)[6, 7];

3. trying to guesshecompileroptimizationsandannotatinghe
original C codewith timing estimate$2];

4. usingasetof linearequationgo implicitly describethe fea-
sible programpaths[8].

The first approachis precise,but suffers from a low simulation
speedandrequiresa detailedmodelof the hardware andthe soft-
ware. Performanceanalysiscanbe doneonly after completingthe
designandhenceit is very difficult to modify architecturathoices,
suchasthetype of processaqrthe choiceof peripheralsandsoon.

The secondapproachs basedon analyzingthe codegeneratedor

eachbasicblockin the programtrying to incorporateinformation
aboutthe optimization performedby an actualcompilation pro-

cess. This can considerregister allocation, instruction selection
andschedulingandso on. In our approachwe partially usethis

schemeandcoupleit with a high-level co-simulationframework.

The third approachhasthe advantageof not requiringa complete
designernvironmentfor the chosenprocessor(s)sincethe perfor
mancemodelis relatively simple (an estimatedexecutiontime on
thechoserprocessofor eachhigh-level languagestatement)How-
ever, it cannotconsidercompilerandcomplex architecturafeatures
(e.g.,pipelinestallsdueto datadependencies)he methodcannot
be appliedeasilyto unrestrictedC code,but providesgoodresults
on codewith avery simplestructure(e.g.,withoutloopsandrecur
sive procedurecalls)[2, 6].

Thefourthapproachhastheadwantageof notrequiringasimulation
of the program,andhencecanprovide conserative worst-casex-

ecutiontime information. However, sofarit hasheenappliedonly

to singleprogramsandnotto multi-taskingervironmentscommon
in embeddedystems.

Sometimest is alsopossibleto usemixed approachetike in [9],
where a software estimationmethodologytries to approacheach
stepin the analysiswith the bestmethodscurrentlyknown is pre-
sented.

Our approaclfits in the secondcateory, thusthis onewill be de-
scribedmorein detailbelow.

In [6] a programtiming analyzerfor control applicationsis pre-
sented Givenataskwrittenin a subsebf C, acompilerconstructs
the CFGandgeneratesssemblycodethatis furthertranslatednto
anexecutabléfile. An instruction-leel timing analysiss thenper
formed on the CFG andthe assemblycodefor eachbasicblock.
Theresultsarelabelson the CFG, representinghe descriptionof
thepipelinestateattheentryandexit of eachbasicblock. Dataflow
analysisis alsoperformedin orderto predictdataandinstruction
cacheperformance.

In [7] a compiled hardware/softvare co-simulationis presented.
This approachis basedon generatinga C programfrom the tar-
gethinary code,andthencompilingit on the hostenviromentfor
the co-simulation. This simplifiesthe translationprocesswith re-
spectto the classicabinary-to-binaryapproacheandimprovesits
portability. It differs from the classicalinterpretedlSSs,because
it translategachtargetassemblyinstructioninto oneor morehost
instructions,thus eliminating the fetch and decodesteps,andre-
sulting in a fastersimulation. Moreover, by usingthe C codeas

the intermediateformat for software simulation,anda behaioral
C model of the hardware, it is possibleto usea standardsource
level detuggerto dehug bothhardwareandsoftware.

Our approachinherits featuresof both the approacheslescribed
abore. We constructa C simulationmodel by using a modified
back-endf the GCCcompiler Thisallows usto solve somedraw-
backsof [7], wherethe CFG of the programis not available and
mustbe re-constructedrom the final executable. This is a diffi-
cult processespeciallyin the presenceof sophisticateccompiler
optimizations.

By embeddinga C compilationsuitein a co-designtool, we also
avoid the needto purchasea specificcompilerfor eachtargetpro-
cessarWe have identified GCCasaninterestingcompilationsuite
for our purposedueto the factthatit hasbeenportedto almost
every embeddedprocessorand also due to its good optimitazion
capabilitieson several existing architectures.

Anyway, it is importantto underlinethat our approachdoesnot
dependonthe choiceof thecompiler

Asin [6], we performapipelineanalysisor eachbasicblockin the
program,andwe usea cachingmechanismnto avoid recomputing
timing informationwithin eachbasicblock at every execution!

We alsoprovide the userwith thepossibilityto examinethe perfor
manceof the codewith differentcompileroptimizations thatcan
bespecifiedbnatask-by-taskbasisby attachingparameterso tasks
in our co-simulationframewvork. To thebestof ourknawledge this
is the first software estimationmethodologywherea codesigren-
vironmentis tightly integratedwith acompiler

3 The integration of the GCC suite in the POLIS frame-
work

A prototypeof the proposedsoftware performancemethodology
hasbeenimplementedor the MIPS R3000architectureusingthe
GCCcompilerandthe POLIS co-desigrernvironment.

In POLIS [1], the systemis describedusing a formal behaioral
modelbasedon a network of communicatingentitiescalledCode-
signFinite StateMachine§ CFSMs).TheusercanmapeachCFSM
to eitherhardwareor software,chooseheprocessotypeandcache
architecturegestimatethe performanceand evaluateeachmapping
with little effort. Finally, a hardware or softwareimplementation,
includingthereal-timeoperatingsystem(RTOS),is synthesizedy
POLIS.

The simulationflow of the methodologyproposedn this paperis
shawvn in Figurel.

After the network of CFSMshasbeenmanually partitionedinto
hardwareandsoftware,thevery sameC model(synthesizethy PO-
LIS from the CFSM)is usedfor both hardware and software sim-
ulation. The only differenceis themechanisnusedto synchronize
the various CFSMs. Hardware CFSMsoperateconcurrently and
requireone clock cycle to executea transition. Software CFSMs
requirea variablenumberof clock cycles,asdeterminedy clock
cycle countingcodeinsertedoy POLISin the C model. Moreover,
their operationis coordinatecby a schedulemodelingthe RTOS
usedin thefinal implementation.

10f coursethisinvolvessomeaccuray trade-of wheninstructiontiming is data-
dependentasin somemultiplication, division andstringmanipulationinstructions.
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Figurel: Thesimulationflow.

In [2], softwareperformanceestimatesvereobtainedusinga fixed

costfor eachsynthesizedC codestatemenbn a given processor
(the costis obtainedby executinga setof benchamrk®n a cycle-

accuratemodelof the processor)In [3], an1SS-basedefinement
schememeasureginsteadof estimating)the performanceof each
basicblockin the C model,by usinga cycle-accuratéSsS.

In this paperwe addedto the original POLIS flow the shadedpart
of Figurel. The RTL generatiorandthe optimizationis part of
the normal GCC compilation processwhich we do not interfere
with. The optimizationstepcanbe controlledthrougha bunch of
parametergivenby the userandthatwill be describedater.

The optimizationphasesndsproducinganoptimizedinternalRTL

structure.We thenusethis intermediataepresentatioto perform
an instruction-level timing analysisand generatea C simulation
modelthatincludesbothfunctional information(theassemblelike
C code)andtiming information (the addedcodefor clock cycle
counting). This model canthenbe usedin the POLIS co-simula-
tion framework withoutary change.

Notethatin POLIS C codesynthesizedrom a CFSM canco-exist

with hand-writtenC code. In this approach(unlike [2]) we can
estimatethe performancef bothkinds of codeuniformly.

A significantdifferencewith respecto the performancesstimation
methodologydescribedn [2] is thatnow we needa differentsim-
ulation modelfor eachprocessochoiceandeachcompileroption
combination.Thisis notaseriousdravback,asthemodelis gener

atedautomaticallyonthefly by the co-simulatiorenvironment,but
it meanghatevaluatingdifferentprocessorsequiresmoretime in

this case.

#define detect_e RESET to_z BELT 0 \

(*(frozen_i np_events[proc] +0) & 1)
v_st _tnp = v__st;
startup(proc);
if (detect_e_RESET to_z_BELT_0) {

goto L16;
}
sb $2,v__st_tnp.2
jal startup
Iw $2, proc
#nop
sl $2,$2,2
Iw $2, frozen_i np_event s($2)
#nop
| bu $4, 0($2)
#nop
andi $2, $4, 0x0001
. set nor eor der
. set nomacr o
bne $2, $0, $L16
andi $2, $4, 0x0004
DELAY(sb) ; v__st_tmp =r2;
DELAY(jal); /] startup(proc); deferred
DELAY( | w+nop) ; r2 = proc;
startup(proc);
DELAY(sl1); r2 =r2 << 2;
DELAY(| w+nop) ; gmp = & rozen_inp_events+r2;
r2 = xgmp;
DELAY(| bu+nop); gmp = 0+r2;
r4 = *gmp;
DELAY( andi ) ; r2 = r4 & 0x0001;
DELAY( bne) ; _jcond = (r2 !'=r0);
/1 if (_jcond) goto L16; deferred
DELAY(andi ); r2 = r4 & 0x0004;

if (_jcond) goto L16;

Figure2: Fromtop to bottom: C code,assemblycodeandthe C
simulationmodel.

Figure2 shavsanexampleof alittle portionof C codegeneratethy
POLIS, theresultingassemblycodeandthe correspondingC code
usedas simulationmodel. This is mainly composedf DELAY
macrosanda behaioral part.

The DELAY macrosare usedto accumulateclock cycles during
execution.They receve asargumentanarithmeticexpressiorcom-
posedof assemblyinstructionnames.A globalvariable,thatrep-
resentghe time elapsedrom the baginning of the simulation,is
accordinglyupdated.

The behaioral partis anassembletevel C codethatreconstructs
all the functionality of the module. It is possibleto seethe actual
machineregisters,referenceso memoryand controlinstructions.
This codeis ascloseaspossibleto the assemblesemanticsbut it
is not possibleto mantainanexactoneto onecorrespondence.



For thesimulation,thegenerated codebothDELAY macrosand
behaioral getscompiledonceagainonthehostmachingtypically
differentfrom thetargetmachinefor whichtheassemblewasgen-
erated)andthenexecuted.In anauxiliary headeffile we extracted
the delaysassociatedh the. nd file to eachassemblyinstruction.
This choiceresultsin a fastersimulationin respecto aninterpre-
tive simulationwherefor exampletheactualinstructionfetchesare
performed.

The drawback of this approachis thatit is not possibleto man-
tain the total separatiorbetweerfunctionalanddelayinformation.
For examplewe have to defersomecontrolinstructionsin orderto
maintainthe original functionality This is necessarpecauseave
have to undodelayslotfillings thatexposesomeinstructionsto the
pipelinebehaior in orderto exploit the advantagef a pipelined
execution.

3.1 The GCC machine description format

Processoedependeninformationfor the GCC compileris mostly
storedin amachinedescriptiorfile (. nd) [10].

Thisis atextualdescriptiorcomposeaf instructiondefinitionsand
instructionattributes. Theinstructiondefinitionsdefinetheinstruc-
tion setof the targetmachineas RTL (Register TransferList) ex-

pressions.RTL is the intermediaterepresentatiomn which most
of the compilationalgorithmsoperate.RTL usesfive kinds of ob-

jects: expressiongRTX), integers,wide integers,stringsandvec-
tors. Eachinstructionpatternis definedusingan RTL expression
calleddef i ne_i nsn, containingfour or five operands:

1. anoptional name;

2. the RTL template that shaws the effect of the instructionon
the processostate;

3. the condition (a C expression)that is used(in additionto
theRTL) to decidewhethersomefragmentof compiledcode
matcheghis pattern;

4. the output template determineshow to generateassembler
code.Whensimplegenerabkubstitutioris notgeneraknough,
apieceof C codeto computethe outputcanbeused.Thisis
the only partof the . nd file thatwe hadto modify in order
to produceC insteadof assembler;

5. anoptionalvectorwith thevaluesof attributes(e.g.,lateng,
delaysilots,...) for matchinginstructions.

3.2 User control of optimization parameters

One of the main advantagesof our proposedmethodologyis to
give theuseratight controloverthe compileroptimizationcapabil-
ities,ona CFSMby CFSMbasis.For thisreasonthedesignercan
specify the parametershavn in Table 1 (correspondingo GCC
compilationoptions)for eachCFSM in the netlist describingthe
embeddedystemspecification.

For example the OPTIMIZE parameteselectsvhetherto optimize
the codefor speedor size. The OPTIMIZATION_LEVEL param-
eter selectsthe level of optimization(highernumberscorrespond
to higher optimizations). The LOOP_.UNROLLING parameteis

(define_insn "addsi 3_internal"
[(set (match_operand: SI 0
"register_operand" "=d")
(plus:SlI (match_operand: SI 1
"reg_or_0_operand" "dJ")
(mat ch_operand: SI 2
"arith_operand" "dl")))]
"1 TARGET_M PS16
&& ( TARGET_GAS
|| GET_CODE (operands[2]) != CONST_INT
|| I'NTVAL (operands[2]) != -32768)"
"addu\\t%®, %21, "
[(set_attr "type"
(set_attr "node"
(set_attr "length"

"arith")
R
"1])

Figure3: A sectionof a. nd description.

[ parametename | definition [
OPTIMIZE SPEED,SIZE
OPTIMIZATION_LEVEL 0-3

LOOP.UNROLLING
INLINE _FUNCTIONS
CALLER_SAVES
FAST_MATH

0=notenabled1=enabled
0=notenabled]1=enabled
0=notenabled1=enabled
0=notenabled]1=enabled

Tablel: Optimizationoptions.

usedto enable/disabléhe loop unrolling optimization(to improve

pipelineperformance).The useris freeto addor changeparame-
ters. Thesearepassedspairsof nameandactionto the compiler

ThePOLISenvironment,basedon UNIX make, automaticallyre-

generategachsimulationmodulewheneitherits functionalspeci-
fication(CFSMmodel)or compilationoptionsarechanged.

3.3 Using the C simulation model for implementation

Theaccurag of ourapproachlependsntheability to usethesame
“structure” for the simulationmodel and for the final executable
that will be loadedon the target processor Unfortunately each

compilercanperformdifferentkinds of optimizationsonthecode,

e.g.,by usingdifferentregisterallocationstratgies. This problem

canbesolvedin two differentways,dependingntherequirements
of thefinal implementatiorervironment:

1. if GCCis a suitablecompiler for the target machine,it is
enoughto compilethe C codewith the sameoptionswhen
generatinghe simulationmodelandwhengeneratinghefi-
nal executable This canbeeasilyachievedautomaticallyby
ajudicioususeof automaticallygeneratedvakef i | es.

2. if GCC cannotbe usedfor the final compilation(e.g., due
to compaw policy, availability of developmentoolssuchas
dehuggersand emulators,limited optimization capabilities
of GCC on the selectedarchitecture, ..), the C simulation
modelgeneratedby our modifiedGCC canbecompiledwith
anothercompilerasit preserestheexactfunctionality of the
original C code. If a poorercompileris usedwe canhope
thatit will not undo ary of the optimizations(it will make
gooduseof them),while a bettercompileris freeto 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.

tas pixie | macromodeling -base

Kk ixi deli GCC-based
ODOMETER | 40 72 39
BELT 38 76 36
FUEL 53 93 51

Table3: Optimizedcodemeasurements.

4 Performance Simulation and Results

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

Table2 and3 reporttheresultsobtainedfor the averagenumberof
cycles/taskobtainedfor threemodulesof the dashboardThe first
oneis for the caseof non optimizedcode, while the secondone
is for the caseof optimizedcode. In both tablesare reportedre-
spectvely theresultsobtainedwith thepi xi e tool profiler for the
MIPS architecture(considereda goldenreferencefor this experi-
ment), the macromodelingapproachof POLIS [2] andthe GCC-
basedapproach.

Thefollowing conclusionsanbe dravn from thesetables:

e asexpectedthe impactof compileroptimizationsis signifi-
cantandthemacromodelingpproachthatcannotake them
into accountyesultsin abig discrepang (anaverageerrorof
85%));

o the GCC-baseastimation featuresa goodaccurag in both
casegan averageerror of lessthan 4% for both optimized
codeandunoptimizedcode)becausét reflectsthe compila-
tion performance.

Regardingthe simulation speedwe can say that the GCC-based
estimationfeaturesanaverageof only 8% overheadwith respecto
POLIS macromodeling.Theseresultswere obtainedby usingthe
pr of utility ona SUN SFARC-20workstation.

5 Conclusions and Future Work

A new compilation-basedoftware performanceanalysismethod
hasbeenpresented We believe thatthis is the first approachthat
combinesa state-of-the-arbptimizing compilerwith a high-level
co-simulationandco-desigrmethodology

In the future, we are planningto integrateour work with a front-
endthatis currently underdevelopmentin the GCC group. This
will eventually allow a processomodel developerto generatea
machinedescriptionfrom a templatefile thatis lessdependenbtn
theinternalcompilerstructurethanthe. nd files.
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