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Summary

Increasinginterestin thehigh-volumehigh-performanceembeddedprocessormar-
ketmotivatesthestand-aloneprocessorworld to considerissueslikedesignflexi-
bility (synthesizableprocessorcore),energy consumption,andsilicon efficiency.
Implicationsfor embeddedprocessorarchitecturesandcompilersaretheexploita-
tion of hardwareacceleration,instruction-level parallelism(ILP), anddistributed
storagefiles.

In that scope,VLIW architectureshave beenacclaimedfor their parallelism
in thearchitecturewhile orthogonalityof theassociatedinstructionsetsis main-
tained. Codegenerationmethodsfor suchprocessorswill be pressuredtowards
anefficientuseof scarceresourceswhile satisfyingtight real-timeconstraintsim-
posedby DSPandmultimediaapplications.

Limited storage(e.g. registers)availability posesa problemfor traditional
methodsthatperformcodegenerationin separatestages,e.g. operationschedul-
ing followedby registerallocation. This is becausetheobjectivesof scheduling
andregisterallocationcauseconflictsin codegenerationin severalways.Firstly,
registerreusecancreatedependenciesthatdid not exist in theoriginal code,but
canalsosave spilling valuesto memory. Secondly, while a particularorderingof
instructionsmay increasethe potentialfor ILP, the reorderingdueto instruction
schedulingmayalsoextendthelifetime of certainvalues,which canincreasethe
registerrequirement.Furthermore,theinstructionschedulerrequiresanadequate
numberof local registersto avoid registerreuse(sincereuselimits the opportu-
nity for ILP), while the registerallocatorwould prefersufficient global registers
in orderto avoid spills. Finally, aneffectiveschedulercanloseits achieveddegree
of instruction-level parallelismwhenspill codeis insertedafterwards.

Withoutany communicationof informationandcooperationbetweenschedul-
ing andstorageallocationphases,the compilerwriter facesthe problemof de-
termining which of thesephasesshouldrun first to generatethe most efficient
final code. The lack of communicationandcooperationbetweenthe instruction
schedulingandstorageallocationcanresultin codethatcontainsexcessof regis-
terspillsand/orlowerdegreeof ILP thanactuallyachievable.Thisproblemcalled
phasecouplingcannotbeignoredwhenconstraintsaretightandefficientsolutions
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viii SUMMARY

aredesired.Traditionalmethodsthatperformcodegenerationin separatestages
areoftennot ableto find anefficient or evena feasiblesolution.Therefore,those
methodsneedanincreasingamountof helpfrom theprogrammer(or designer)to
arrive at a feasiblesolution.Becausethis requiresanexcessiveamountof design
time andextensive knowledgeof the processorarchitecture,thereis a needfor
automatedtechniquesthatcancopewith thedifferentkindsof constraintsduring
scheduling.

This thesisproposesan approachfor instructionschedulingandstorageal-
locationthat makesan extensive useof timing, resourceandstorageconstraints
to prunethe searchspacefor scheduling.The methodin this approachsupports
VLIW architectureswith (distributed)storagefilescontainingrandom-accessreg-
isters,rotating registersto exploit the available ILP in loops, stacksor fifos to
exploit largerstoragecapacitieswith loweraddressingcosts.

Potentialaccessconflictsbetweenvaluesareanalyzedbeforeandduringsche-
duling, accordingto the type of storagethey areassignedto. Using constraint
analysistechniquesandpropertiesof coloredconflictgraphsessentialinformation
is obtainedto identify thebottlenecksfor satisfyingthestoragefile constraints.To
reducethe identifiedbottlenecks,this methodperformspartial schedulingby or-
deringvalueaccessessuchthatto allow abetterreuseof storage.Withoutenforc-
ing any specificstorageassignmentof values,the methodcontinuesuntil it can
guaranteethatany completionof thepartialschedulewill alsoresultin a feasible
storageallocation.Therefore,theschedulingfreedomis exploitedfor satisfaction
of storage,resource,andtiming constraintsin onephase.



Samenvatting

Dooreentoenemendeinteressein demarktvoorzeerkrachtigeingebeddeproces-
sorenis destand-aloneprocessorwereldmeergerichtop zakenalsontwerpflex-
ibiliteit (synthetiseerbareprocessoren),energie verbruik,endeefficientievanhet
silicium. De implicatie voor architecturenen compilersvoor ingebeddeproces-
sorenis denoodzaaktot hetbenuttenvanhardwareversnelling,instructie-niveau
parallellisme,engedistribueerderegisterfiles.

VLIW architecturenwordengeroemdvanwegehetbeschikbareparallellisme
in dearchitectuurmetbehoudvandeorthogonaliteitvanhetovereenkomstigein-
structierepertoire.Methodesvoor hetgenererenvanprogrammacodevoor zulke
processorenstaanondergrotedrukomdeschaarsebeschikbaremiddelenefficient
tegebruiken,enondertussentevoldoenaandestrakketijdsbeperkingenopgelegd
doordeDSPenmulti-mediaapplicaties.

De beperktebeschikbaarheidvan opslagmiddelen(bv registers)vormt een
probleemvoor methodesdie programmacodegenererenin afzonderlijke fases,
bijvoorbeeldhetschedulenvaninstructiesgevolgddoordeallocatievanregisters.
Dit probleemwordtopverschillendemanierenveroorzaaktdoordeconflicterende
belangenvandetweegenoemdefases:Hethergebruikvanregistersvoorkomthet
overlopenvande registerfiles, maarcreeertook afhankelijkhedendie niet in de
originelecodeaanwezigzijn. Hoewel eenbepaaldeordeningvan instructiesde
mogelijkhedenkan doentoenementot het uitbuiten van ILP, kan dezeordening
het tijds-interval vergrotenwaarintussentijdsedatabeschikbaardient te zijn. Dit
vergrootop zijn beurtweerdedruk op deregisterfiles. Aan deenekantheeftde
instructieschedulerafdoendelocaleregistersnodigom hetILP te benutten.Aan
de anderekant wordentijdensregisterallocatiemeerglobaleregistersverkozen
omhetoverlopenvanderegisterfilestevoorkomen.Eengoedeschedulerkanzijn
bereikteniveauvanILP verliezendoorhetinvoegenvanoverloop-code.

Zonderinteractietussende fasesvoor schedulingen registerallocatiezal de
compilerschrijver moetenbeslissenwelk van de fasesals eersteuitgevoerddi-
ent te wordenteneindede meestefficiente codete genereren.In afwezigheid
van enige interactietussende fasesvan schedulingen register allocatiewordt
codegegenereerdmet eente hooggehalteaanregisteroverloopen/of eenlager
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x SAMENVATTING

niveauvanILP danbereikbaar. Dit probleemwordt hetfase-koppelingsprobleem
genoemden kan niet wordengenegeerdin geval van stringentebeperkingenen
indienefficienteoplossingengewenstzijn. Traditionelemethodesdieprogramma
codegenererenin afzonderlijke fases,zijn vaak niet in staatom eenefficiente
of zelfs geldigeoplossingte vinden. Daaromhebbentraditionelemethodenin
toenemendematehulpnodigvandeprogrammeur(of ontwerper)omeengeldige
oplossingte vinden. Omdatdit eenbuitensporigeontwerpinspanningvereisten
eenverregaandebekendheidmet de processorarchitectuur, is er behoefteaan
geautomatiseerdemethodendie efficient om kunnengaanmet de verschillende
beperkingentijdensscheduling.

Dit proefschriftstelteenbenaderingvoor instructieschedulingenregisteral-
locatievoor, waarinveelgebruikgemaaktwordt vandebeperkingenmbt tijd en
de beschikbaarheidvan reken- en opslagmiddelen,teneindede zoekruimtevoor
schedulingin te perken. De methodein dezebenaderingondersteuntVLIW ar-
chitecturenmetgedistribueerdeopslageenhedenbestaandeuit registersmetwille-
keurige toegankelijkheid, roterenderegistersom ILP in loops te benutten,en
stacksof fifos om eengrotereopslagcapaciteitte benuttenmet lagereaddresser-
ingskosten. Mogelijke toegangsconflictentussendata worden voor en tijdens
schedulinggeanalyseerdnaargelanghet type opslagtoegekend aandezedata.
Door het gebruik van technieken die de beperkingenanalyserenen van eigen-
schappenvaneengekleurdeconflictgraaf,wordtessentieleinformatieverworven
omknelpuntenteidentificerenmbthetvoldoenaandebeperkingenopgelegddoor
de opslageenheid.Teneindede geidentificeerdeknelpuntente verkleinenbrengt
dezemethodeeenordeningaanop de lees-en schrijfactiesvan en naarde op-
slageenheidom meerhergebruikmogelijk te makenvandie opslageenheid.Zon-
der eenspecifieke toekenningvan dataaanopslageenhedenaf te dwingengaat
demethodedoortotdatdegarantiegegevenkanwordendatdeopgelegdeorden-
ingsrelatiesovereenkomenmet eengeldigetoewijzing van dataaanopslageen-
heden.Dientengevolgewordt in eenfasedeschedulevrijheid benuttenbehoeve
vandebeperkingenomtrenttijd enbeschikbaarheidvanreken-enopslagmidde-
len.
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Chapter 1

Intr oduction

1.1 Designof EmbeddedProcessors

Embeddedsystems[25] areelectronicsystemscharacterizedby beingreactiveon
eventscomingfrom its environment,veryoftenin real-time,andefficient in terms
of performance,small area,low power, short time-to-market and cost (for the
high volumemarket). Typical applicationdomainsof embeddedsystemsinclude
telecommunications,automotiveandconsumerelectronicsproducts.

Systems-on-chip (SoCs)areembeddedsystemsthatembed(processor)cores,
field-programmablegatearrays(FPGAs),or applicationspecificintegratedcir-
cuits (ASICs). Processorcoresor embeddedprocessors aredesignedspecifically
for integration on a chip togetherwith other processors,communicationstruc-
tures,anddata/programmemory. Dueto their flexibility , programmableembed-
ded processorsare increasinglyusedascomponentsof SoCs[61]. Integrating
electronicsystemson a singlechip ratherthanon a printedcircuit boardoffers
significantadvantagesin termsof interprocessorcommunication,packagingcost,
timedelay, andenergy consumption.If possible,partof therequiredfunctionality
is implementedin dedicatedhardware,but frequentlytherequirementsimposea
degreeof flexibility on thedesignthatcanonly berealizedwith a programmable
component.

Dif ferentclassesof embeddedprocessorsexist [43]: microcontrollers,RISC
processors,digital signalprocessors,multimediaprocessorsandapplicationspe-
cific instructionsetprocessorsknown asASIPs.

� Microcontrollersand RISC processorsare employed mostly for control-
typetasksthatareusuallynot verycomputationallyintensive.

� Digital signalprocessors(DSPs)[41,42] havebeendesignedfor arithmetic-
intensive signal processingapplicationslike channel/source(de-)coding,
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2 CHAPTER1. INTRODUCTION

signaltransformations(e.g.FFT),noisereduction,etc. They canhave spe-
cial hardwarecomponentsanda certaindegreeof instruction level paral-
lelism(ILP), i.e. thenumberof operationsthatcanexecutein parallel.Also,
DSPscontainspecial-purposeregisters.Dueto the irregularity of their ar-
chitecture(seeFigure1.1)thecompilerconstructionfor DSPsis morediffi-
cult comparedwith theotherprocessorclasses.TexasInstrumentsleadsthe
DSPsmarket followedby Motorola,AnalogDevices,andNEC.

� Multimediaprocessorsarebasedontheverylong instructionword (VLIW)
philosophy, in which differentfunctionalunits canoperatein paralleland
arecontrolledby separatefieldsin theinstructionword. Thearchitectureis
moregeneral-purposeorientedthanDSPsandhasgeneral-purposeregisters
groupedin files. Theseprocessorsaredevelopedwith thepurposeof allow-
ing efficient compilersupport.Examplesof multimediaprocessorsarethe
PhilipsTriMediaTM1000[30] andtheTexasInstrumentsC62xxprocessor
family [70].

� ASIPsaredomain-specificprocessors.ASIPsserve only a narrow rangeof
applicationsandarecharacterizedby a small, well-definedinstruction-set
tunedto the critical partsof the applicationcode. The basicarchitecture
of anASIP is fixed(template-basedarchitecture),but it canbecustomized
for a given applicationby settinga numberof differentparameters.With
different setsof parameters,different configurationsof an ASIP may be
available. Therefore,retargetablecompilerscanbe usedinsteadof using
a largenumberof differentcompilersfor eachconfiguration.This implies
thatthecompilerhasto bemachine-independentandbeadaptedto acertain
machineby writing machine-specificcompilercomponentsor by providing
amodelor machinedescription(seediagramof Figure1.2).However, retar-
getabilitycompromisescodeefficiency, sincethecompilercanmake fewer
assumptionsaboutthetargetmachineandnoaggressivecodeoptimizations
canbeperformed.

An embeddedprocessorhasto fulfill somepracticalrequirementsto beableto
communicateandinteractwith theenvironment.ThoseincludeI/O peripherals,a
bus interface,hardwarefor receiving interrupts,andpossiblya real-timekernel.
Thefollowingareconsideredimportantcriteriain thedesignof embeddedproces-
sorsfor DSPandmultimediaapplications:low power consumption,silicon cost,
performance,shorthardware/softwaredevelopmenttime, andporting of legacy
code.
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Figure1.1: Roughrepresentationof theTMS320C25DSPprocessor.

Low power consumption

Low power consumptionis importantnot only to save batteryenergy in caseof
portabledevices,but alsoto have low cooling requirements.With the expected
increasein transistordensity, it canbe expectedthat cooling requirementswill
increaseaswell.

Oneof themajorcontributorsto power consumptionin SoCsis memoryac-
cess.A largeresearcheffort hasbeenspentat IMEC to reducepower inefficient
datamemoryaccesses[13]. Otherresearcheffortsto limit thepowerconsumedby
accessesto programmemoryhavemainly focussedontheuseof aprogramcache
[32]. A cachingstrategy maybeeffectivefor stand-aloneprocessorswith off-chip
programmemorybecauseinstructionfetchestake a long time andaremoreeffi-
cient in burststhanwhenindividual instructionsarefetched.For processorswith
embeddedprogrammemoriesaninstructionfetchfrom cachecanhardlybemore
efficientthanfrom theprogrammemory, andtheefficiency of burstsis lessthanin
thecaseof off-chip memories.Thealternativestrategy is to minimizetheprogram
codesize,which is discussedin moredetail later.
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Figure1.2: Retargetablecompiler.

Silicon cost

Theimportanceof thesiliconcostdependsontheapplicationarea.SinceSoCsare
mostlytargetedat theconsumerelectronicsmarket, they areinherentlyconcerned
with high volumes.For high volumesthe total costperproductdependslargely
on thesilicon costof individualchips.

Thesilicon costof an embeddedprocessoris partly determinedby the func-
tional (e.g.arithmetic)units,theregisterfiles for storingintermediatevalues,and
thecommunicationstructure,all of which dependon therequireddatabit width.
It is thereforeadvisableto designor buy a processorcore that doesnot offer a
largerdatabit width thannecessary.

Thesize(cost)of suchanembeddedprocessorhowevertendsto bedominated
by thedataandprogrammemories.This is largely dueto thedifferenttechnolo-
giesusedfor fabricatingmemoryandlogic circuits(thelargestpartof aprocessor
core).It is difficult to combinethesedifferenttechnologieson asinglechip. As a
result,usuallythechoiceis madeto applylogic technologyfor implementingboth
thelogic devicesandthememorymodules,therebyusingmoreareacomparedto
stand-alonememoryimplementedin memorytechnology.

Furthermore,the dominanceof memorywill grow in the future becausethe
increasingamountof dataprocessingin practicalapplications,theincreasingneed
for flexibility oftenresultingin moreprogramcode,andtechnologyadvancesin
VLSI integrationwhichprovidea largerbenefitfor logic circuitsthanfor (already
densitypacked) memorycircuits. Therefore,minimizing programcodesize is
alsoasensiblestrategy for minimizingcosts.
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Performanceissue

Certainly, theperformanceof theprocessorhasto satisfytheapplicationrequire-
ments. Performanceoverkill shouldbe avoidedbecauseothercriteria areeasily
compromised.

Onecharacteristicof processorsfor DSPandmultimediaapplicationsis that
performanceis not obtainedfrom a high clock speed,which is the casewith
general-purposeprocessorslike the Intel family, but from the parallelexecution
of multiple operations.A parallelprocessoris easierto designthana sequential
processorwith thesameperformance,but canonly beusedfor inherentlyparal-
lel applicationslike DSP. Increasingtheperformanceof anembeddedprocessor
comesat thecostof spendingmorehardwaredevelopmenteffort andtime, larger
silicon area,andtoleratingmoreenergy consumption.

An efficientwayto increaseprocessorperformanceis to identify performance
critical (sub-)functionsin thespecification(oftenprogramcode)with highly reg-
ularbehavior thatrequireslittle flexibility , andimplementthosefunctionsin dedi-
catedhardware.If functionsarerelatively large,theimplementationmaytake the
form of a(non-programmable)coprocessorthatcommunicateswith themainpro-
cessorvia a systembus. Otherwise,the function is implementedasa functional
unit within theprocessor(like anALU), which is controlledfrom the instruction
set.

HW/SW developmenttime

Thedesignof SoCsis considereda HW/SW codesignproblem[39], wherefrom
a specificationthesystemis partitionedinto hardwareandsoftwarecomponents
following somecriteria andrespectingconstraintsaccordingto the application.
Thehardwarecomponentsarethensynthesized,or takenfromalibrary, or brought
in as IP (intellectual property) blocks, and the software componentsare to be
executedon aprocessorcore.

HW/SW developmenttime is a significantfactorin the time-to-market. It is
importantto keepit shortin orderto obtaina reasonablemarket shareon a short
term.Hardwaredevelopmenttime is only avalid criterionif theprocessorcoreis
developedin-house.

Thisdevelopmenttimecanbelimited by designingatahighabstractionlevel.
Programmingat assemblylevel simply requiresmorework thana high-level lan-
guagelike C. C programmingrequirestheuseof a compiler, which introducesa
certainoverheadin both the schedulelengthandcodesize [61]. Designingthe
processorhardwareat a high abstractionlevel essentiallyrequirestheavailability
anduseof standardhardwarecomponentlibrariesandautomatedsynthesistools
(alsocalledsilicon compilers). Similar to softwarecompilers,silicon compilers
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introducea certainoverheadin both areaandtiming, therebylimiting the clock
speedandthustheperformanceof theprocessor.

Porting the legacycode

With theaccumulationof softwareandthe reusepolicy that is currentlypopular
amongthe consumerelectronicsvendors,it is becomingincreasinglyimportant
to be ableto re-implement(port) existing softwareon the new processors.This
inheritedsoftwareis calledlegacycode.

Copingwith legacy codeis relatedto theneedfor acompiler. Thisobservation
resultsfrom thefact that the legacy codeis usuallywritten in C becauseit is too
difficult to port codeefficiently at the assemblylevel (unlessthereexistsa clear
correspondencebetweeninstructionsof thepreviousprocessorandthenew one).

As aconsequence,threeissueswereidentifiedwhichareconsideredimportant
in thedesignof embeddedprocessorsfor DSPandmultimediaapplications:code
size,compilers,andapplicationspecifichardware(ASIC). In thenext subsection
thecodesizeissueis briefly described,while for thecompilerandtheapplication
specifichardwareissuesmoreextensivedescriptionsareprovidedin Sections1.2
and1.3respectively.

1.1.1 CodeSize

Limiting codesizehasbeenconsidereda goodengineeringpracticeratherthana
topic of scientificresearch.Thestrategy takenso far is to designthe instruction
set in sucha way that individual instructionshave a high “expressive power”.
Thatis, asmany operations(RISCinstructions)aspossiblearepackedin asingle
instructionword. This limits theflexibility for executingindividualoperations.

As anexample,theremaybeaninstructionfor performinga loadanda mul-
tiplicationsimultaneously, but theloadcanonly bedoneto registers� � or ��� , and
theleft operandfor themultiplicationcanbeonly fetchedfrom registers��� or ��� ,
andtheright operandfrom �
	 or ��� .

Another possibility is to usesmall instructionwords (e.g. 16 bits) for fre-
quentlyoccurringcombinationsof operations,andlarger instructionwords(e.g.
32bits) for lessfrequentlyoccurringcombinations.

Anotherexampleis theuseof indirectaddressing.Whendataarefetchedfrom
memory, a memoryaddressof e.g. 16 bits hasto be specified.A moreefficient
addressingmechanismis to have a baseaddressof 16 bits which is storedinside
theprocessor, andanoffsetof e.g. four bits which is specifiedin the instruction
word. In this way, highly efficient instructionsetshavebeendesignedsuchasthe
onefor theEPICSprocessor[80].
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1.2 Compilers for EmbeddedProcessors

Nowadays,the importanceof softwarecompilersis increasingin HW/SW code-
sign processes,sincelarge partsof the applicationfunctionality becomeimple-
mentedin software.

Theuseof acompilerintroducesacertainoverheadin boththeschedulelength
andthecodesize,andthereforeconflictswith cost,power, andperformancecrite-
ria. Mucheffort hasbeenspentat improving DSPcompilationtechniques,unfor-
tunatelywith disappointingresults[61]. Fromthatresearchit waslearnedthatthe
efficiency of thecompilerhasa very stronginteractionwith theprocessorarchi-
tectureandthecorrespondinginstructionsetarchitecture(ISA). Unfortunately, an
ISA designedfor smallcodesizeis justabouttheworstpossiblecompilertarget.

Theconstraintsthatresultfrom anirregularISA arehardto modelefficiently.
To deal with them in a systematicand structuralway is very difficult. If it is
possibleto make an efficient compilerfor onesuchISA, it would still requirea
hugesoftwareengineeringeffort. Furthermore,thecompilationtimesstill would
beunacceptable,andthecompilerwouldbeextremelyhardto retargetfor another
processor.

Therefore,embeddedprocessorsneed:
� High-performancecompilersfor low-costirregular architectureswith het-

erogeneousregisterstructures.

� This impliesthatthecompilerdevelopmentprocessmustoffer:

– Richdatastructures,to supportthecomplex instructionsetsandalgo-
rithmic transformationsrequiredto exploit theseeffectively.

– Extensivesearchto explorethenumerousregisterallocation,schedul-
ing, andcodeselectionpermutations.

– Methodsfor capturingarchitecturespecificcompileroptimizationseas-
ily.

� An environmentthatsupportstherapiddevelopmentof thesecompilers,due
to thevarietyof processorsto support.

In this context, themaingoal for softwaredesignersis to developa compiler
thatcanefficiently transformhigh-level languagedescriptionsof theapplications
andmapthemontoa cost-andpowerefficientarchitecture.

Thenumerousarchitecturalconstraintsof anembeddedprocessorhave to be
takeninto considerationby thecompiler. This impliesthatall thephasesof com-
pilation needknowledgeof the architecturalfeaturesof the target. A compiler
would benefitfrom the incorporationof anarchitecturalmodelto describehard-
wareconstraints.
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1.2.1 VLIW architectures

In previoussections,the fundamentalcontradictionbetweensmallcodesizeand
“compiler friendliness”wasdiscussed.Thismakesit extremelydifficult to create
anembeddedprocessorthatis cheapandenergy efficientononehand,andallows
for high-level programmabilityandeasyportingof legacy codeon theother.

“Compiler friendliness”is associatedwith orthogonalityof theinstructionset.
An instructionsetexhibiting operationorthogonalityis theonein which thepres-
ence,elements(operands),andexecutionof oneoperationin the data-pathare
independentof the presence,elements,andexecutionof any otheroperationin
theinstruction.

But, which processorsand ISAs are good compiler targets? Over the last
fiveyearstheverylong instructionword (VLIW) architecture[65, 24] hasgained
enormouslyin popularityamongcompilerbuilders.

Characteristicsof theVLIW architecturearethehigh levelsof ILP, morereg-
istersanda regular interconnection,which all provide a large flexibility of the
instructions(seeFigure1.3).For example,in theidealsituationwheretheproces-
sorcontainsasingleregisterfile, eachinstructionmayaddressthecompleterange
of registers. This is very convenientfor a compilerbecausethe decisionwhich
functional resourcewould executea certainoperationcan be madecompletely
independentof thedecisionwhich registerswouldstoretheoperands.

This type of independenceof mappingdecisionsallows for a modularap-
proachof thecompilersoftware,which is a mustfor thetransparency, maintain-
ability, extendibility, retargetability, andefficiency of thecompiler. Suchflexible
instructionsarein contrastwith processorsdesignedfor a smallcodesize,where
flexibility is sacrificedto limit thenumberof controlbitsnecessaryfor addressing
thecorrespondinginstruction.

1.2.2 Codegenerationphases

Generally, a compilerusesan intermediaterepresentation(IR) of thesourcepro-
gram,which is generatedby thesourcelanguagefront-endat thebeginningof the
process(seeFigure1.4). This representationis machine-independentanda num-
ber of transformationsareappliedon the IR to obtaina moreefficient machine
code.Thosetransformationsinclude: commonsub-expressionelimination,dead
codeelimination,loop-invariantcodemotion,constantfolding, andsoon [1].

Codegenerationmapsmachine-independentIR statementsto machine-specific
assemblyinstructions,therebygeneratinganassemblyprogramwhosefunction-
ality is equivalent to that of the source. Codegenerationis roughly divided in
threemainprocesses:
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Figure1.3: Data-Pathof a typicalVLIW architecture.

� Codeselection. This is theprocessthatdecideswhichassemblyinstructions
will be usedto implementthe input statements.The optimizationof this
processconsistsof selectingasetof assemblyinstructionsof whichthetotal
costis minimal accordingto somecriteria.Codeselectionis highly related
to treepatternmatching andsolved with techniqueslike treeparsing [1].
Work concentratingoncodeselectionproblemincludes[46, 45, 7] and[44]
for mediaprocessorswith specialinstructionsets.

� Scheduling. Decideswheninstructionswill beexecutedduringrun time in
termsof clock cycles. In this processthe dependenciesbetweeninstruc-
tions,delays,limited numberof resources,latency, andpipelineeffectsare
taken into account.Also, it hasto efficiently exploit the amountof paral-
lelism available in the processor. The correspondingoptimizationshould
be to minimize the executiontime for the schedule.Optimal instruction
schedulingis anNP-hardproblem,soheuristicsareapplied.Themostpop-
ular of theseheuristicsis list scheduling[19], which schedulesinstructions
oneafteranotherfollowing apriority function.

� Register allocation. This processdetermineswherethe resultsof compu-
tationsarestored,either in memoryor in registers. Sincethe numberof
availablephysicalregisterscanbelimited, this processdecideswhich pro-
gramvaluescansharea register, suchthatthenumberof registersrequired
atany clockcycledoesnotexceedthephysicallimit. Duringregisteralloca-
tion additionalinstructionscanbeaddedthatspill andreloadvaluesto/from
memory. A popularapproachto dealwith theregisterallocationproblemis
basedon graphcoloring [14, 12]. Thegoal of the optimizationis to store
many valuesto registersthusavoiding moreexpensivememoryaccesses.
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1.3 Silicon Compilers for ASICs

An applicationspecificintegratedcircuit (ASIC) is achipdesignedanddedicated
to a singleapplication.Theprocessof translatinganASIC specificationto achip
layoutdescriptionis calledsilicon compilation.

Thedesignflow of a silicon compiler, seeFigure1.5, startseitherwith a be-
havioral specificationof theintegratedcircuit, or with analgorithmicdescription
in ahardwaredescriptionlanguagelikeVHDL, Verilogor aC-basedlanguage.

Architectural synthesis(alsocalledhigh-levelsynthesis[49]) toolstakethebe-
havioral specificationtogetherwith goalsandconstraintsastheir input, andpro-
ducea socalledregistertransferlevel (RTL) descriptionof thechip architecture.
Sucharchitectureconsistsof a data-pathin the form of a network description,
anda controller in the form of a symbolicfinite statemachine.A data-pathis a
collectionof basicbuilding blockslikeadders,multipliers,ALUs, shifters,mem-
ory elements,etc.,which areinterconnectedby busesand(de-)multiplexers.The
correspondingcontrollergovernsthedataflow in thearchitecture.

Both thecontrollerdescriptionandpartsof thedata-patharethentransferred
to logicsynthesistools,thattransformtheRTL descriptioninto animplementation
at thegatelevel. Thefinal synthesisstepsperformedby the layoutsynthesistools
consistof layout designsubtaskssuchasfloor planning, placementandrouting.
Thefinal result is a setof geometricaldescriptionsof layoutmasks, which area
completephysicaldescriptionof theASIC underconstruction.

Theobjective of architecturalsynthesisis to supportdesignat a higherlevel
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of abstractionthanlogic andlayout synthesis.That level of abstractionenables
betterdesignspaceexplorations,soadesignershouldbecapableof makingbetter
VLSI designswithin ashorteramountof time.

Thearchitecturalsynthesistaskis decomposedinto severalsubtasks[54]. The
first decompositionthatis normallymadeis thedecompositioninto data-pathsyn-
thesisandcontroller synthesis. The following threemainsubtasksaregenerally
distinguishedwhensynthesizingadata-pathfrom a behavioral description:

� Selectionor allocationdeterminesthetypeandnumberof resourcesneeded
for a data-path.The storagetype andthe numberof storagefiles arealso
considered.

� Schedulingdeterminesanassignmentof theoperationsto beexecutedin the
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data-pathto specificmomentsin time (clockcycles).

� Binding determinesan assignmentof the operationsto specificresources,
andanassignmentof valuesto specificstorage,e.g.registers.

Dependingon theapplication,differentgoalsandconstraintsin termsof area,
timing, powerconsumption,etc.areimposed,possiblyleadingto differentsearch
strategiesfor selection,schedulingandbinding. Schedulingandbinding have a
first-orderimpacton theareaandperformanceof thefinal designandhence,are
consideredto bethemostimportantstepsin thesynthesisprocess.

Thepresenceof largecompute-intensivebasicblocksin DSPandmultimedia
applicationslendsitself to a wide varietyof optimizations,which canresultin a
largenumberof RTL designs.In orderto quickly explorethe largedesignspace
for goodsolutions,a carefuldefinitionof thetargetarchitectureprior to synthesis
taskis essential[64].

1.4 The Aim of this Work

The focusof this work is on schedulingandstorageallocationin codegenera-
tion andarchitectural synthesisof embeddedprocessors.Thetargetedapplication
domainsareDSPandmultimedia.

DSPandmultimediaalgorithmsarecharacterizedby intensive computation
(ascomparedto I/O), that canbe representedby dataflow graphs.Examplesof
suchapplicationkernelsare convolution, correlation,filtering, transformations,
and modulations,which requiresimple arithmeticoperationsof multiplication,
addition/subtraction,andshiftsto carryout.

ThegeneralVLIW architecture(template)assumedis shown in Figure1.6.
Codegenerationandsynthesismethodsarehamperedby thecombinationof

tight timing constraintsimposedby signalprocessingapplications,andresource
constraintsimplied by the processorarchitectureor template. Additionally, be-
causeof thedistributedstoragefile architecture,thepossiblylimited connectivity,
andILP exploitation for innermostpipelinedDSPloops, the amountof storage
resourcesrequiredperstoragefile (storagepressure) increases,sothecompileror
synthesistool is pushedto efficientusageof storage.

Thestoragerequirementsof a scheduleareof extremeimportancefor a com-
piler sinceany valid schedulemustfit in the availablenumberof storageunits
of thetargetmachine.Spilling valuesto backgroundmemoryshouldbeavoided
becausetheadditionalloadandstoreoperationsjeopardizethetiming constraints
andmemorybandwidthavailability, which is alreadycritical in innerDSPloops.
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Speciallylimited resourceavailability (e.g. registers)presentsa problemfor
traditionalmethodsthatperformcodegenerationin separatestages(e.g.schedul-
ing followedby registerallocation).Thisseparationoftenresultsin sub-optimality
or eveninfeasibility of thegeneratedsolutionsbecauseit ignorestheproblemof
phasecoupling. I.e. sincevaluelifetimes area resultof scheduling,scheduling
affectsthesolutionspacefor registerallocation.

However, evena throughput-optimalschedulewith minimumstoragerequire-
mentsis uselessif it requiresmorestoragethanthe target machinehas. When
thereis a limited amountof storageandthestorageallocatorfails to find a solu-
tion, someadditionalactionmustbe taken. Onealternative is timing constraint
relaxation,e.g. for loop folded schedulesis to reschedulethe loop with an in-
creasedinitiation interval, like in the Cydra5 compiler [20]. Reschedulingthe
loop with a larger initiation interval usuallyleadsto scheduleswith lessiteration
overlapping,andthereforewith lessregisterrequirements.Unfortunately, thereg-
ister reductionis at the expenseof reductionin performance(lessparallelismis
exploited).

Therefore,althoughtheseparationof schedulingandstorageallocationoffers
betterchancesto get methodsthat arerun-timeefficient, it makesit muchmore
difficult to copewith theinteractionof timing, precedence,resource,andstorage
constraints.

Traditionalmethodsneedanincreasingamountof helpfrom theprogrammer
(or designer)to arrive at a feasiblesolution. Becausethis requiresan excessive
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amountof designtime and extensive knowledgeof the processorarchitecture,
thereis aneedfor automatedtechniquesthatcancopewith differentkindsof con-
straintsduring scheduling.By exploiting theseconstraintsto prunetheschedule
searchspace(asperformedin [50]) thescheduleris oftenpreventedfrom making
adecisionthatinevitably violatesoneor moreconstraints.

Giventheapplicationandthetargetarchitecture,thegoalthereforeis to find a
schedulingsolutionthatwill respecttiming, precedence,resource,andthestorage
constraints,during codegenerationor synthesisof DSP and multimediaalgo-
rithms. In orderto do that, constraintanalysistechniques,describedin Section
2.5,areusedin thecoreof our approachto drive theschedulerto find asolution.

Thecombinationof storageallocationandschedulingovercomestheproblem
of phasecouplingandrelaxestheinsertionof spill code.Themethod“alternates”
betweenschedulingandstorageallocationtasksby makinga decisionfor stor-
ageallocationandsubsequentlyanalyzeshow that prunesthe searchspacefor
scheduling(seeFigure1.7).

Furthermore,not only random-access(distributed) register files are consid-
ered. The proposedmethodalsosupportsstoragefiles with othertypesof units
like rotatingregisters,stacks,andfifos. This work shows that the main storage
constraintsatisfactionmethodis independenton thetypeof storageunitsused.

Theconstraintsatisfactionprocesscanbesummarizedasfollows:

� Potentialaccessconflicts betweenvaluesare analyzedbeforeandduring
schedulingaccordingto the type of storagethey are assignedto. Using
constraintanalysistechniquesandpropertiesof coloredconflict graphses-
sentialinformationis obtainedto identify thebottlenecksfor satisfyingthe
storagefile constraints.
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� To reducethe identifiedbottlenecks,this methodperformspartialschedul-
ing by orderingvalueaccessessuchthatto allow abetterreuseof storage.

� Without enforcingany specificstorageassignmentof values,the method
continuesuntil it canguaranteethatany completionof thepartialschedule
will alsoresult in a feasiblestorageallocation. Therefore,the scheduling
freedomis exploited to satisfystorage,resourceandtiming constraintsin
onephase.

1.5 RelatedWork

Most methodsfor global registerallocationandassignmentarebasedon graph
coloring [14, 12]. However, they assumethat operationsarealreadyscheduled
andperformspilling whenthenumberof registersis notenough.

Integrationof theschedulerandtheregisterallocatorhasbeenconsideredas
complicated.Anotherreasonnot to integratethetwo tasksis thelack of a global
view for the registerallocator. In spiteof thesedisadvantages,integrationof the
two tasksis importantfor ILP processors[57].

Bradlee[10] presentsa methodwhereoperationschedulingandregisterallo-
cationaremixed.Givenacertainnumberof registers,theinitial schedulinggives
estimatesof theschedulingcostin termsof machineclockcycles.Thescheduling
is performedperbasicblock with a limited numberof registersfirst, andwith the
maximumnumberof registers. Thesecost resultsareusedto allocatea certain
numberof registersfor eachbasicblock.

An integerprogrammingmodelwhichsimultaneouslyschedulesandallocates
functionalunits, registers,andbuses,is presentedby GebotysandElmasry[27]
for synthesizingarchitectures.However, asa synthesisapproachit tries to find
theminimumresourceusageandbestperformance,without any specificgoalfor
constraintsatisfaction.

Somework is beingdoneontheinteractionbetweenoperationschedulingand
registerallocation.Papers[56,63] describeaframework whereregisterallocation
is donebeforescheduling.In thoseapproaches,theallocatoris madeawareof the
codemotionstheschedulerwantsto perform,i.e. loadsandstoresinsertedasspill
codecanbemovedoutsideof loops. With this informationtheallocatortries to
avoid registerassignmentsthatpreventcodemotions.

A differentapproachintegratingschedulingandallocationis presentedin [9].
Extra dependencesand spill codeare addedto the programdependencegraph
suchthatexcessive resource(both functionalunit andregister)requirementsare
reducedbeforescheduling.
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SharmaandJainin [72] presenta resourceandperformanceconstrainedver-
sionsof a synthesisalgorithmdevelopedfor bus architecturesthat integratesal-
locationandschedulingof functional, storage,and interconnectionunits into a
singlephase.Theproposedsynthesisalgorithmis drivenby estimationtools[71]
thatperformhardwareallocation.Theirapproachtriesto minimizethenumberof
functionalunits,registers,andinterconnectionsduringscheduling,however they
consideronly the latency (performance)constraint.A fixednumberof resources
(e.g. registers)is not considered.A similar approachcanbe derived from the
work of Ohmet al. in [60].

JanssenandCorporaal[35] presentamethodthatintegratesinstructionschedul-
ing andregisterallocationcalled“registersondemand”.Theirapproachschedules
sequentially, i.e. following a precedenceorder, basicblocksfrom a region. Then,
a registeris assignedto a variableassoonasanoperationthataccessthevariable
(reador write) is scheduled.To ensurethat variableswith overlappinglifetimes
arenotassignedto thesameregistersomebookkeepingis done,whichallowsalso
to find freeregisterswheneveravariableneedsone.Whentherearenomoreavail-
ableregistersspill codeis inserted.Spill codeis notallowedin alreadyscheduled
code,thereforereschedulingis avoidedin Janssen’s approach.Moreover, when
registerassignmentandschedulingof operationsbecomecritical, thereis acertain
flexibility to relaxtiming constraints.

Kolsonet al. describea specialtechniquefor allocationof special-purpose
registersin loops [36] which minimizesthe numberof spills betweenregisters
andmemory. Their techniqueis basedonincorporatingloop-unrollingtechniques
into the algorithm,assigningregistersto values,andcheckingif the registeras-
signmentat the beginningof the loop matchestheassignmentat theend. How-
ever, this approachdoesnot work with timing constraints,but tries to find some
optimuminitiation interval with abudgetof registersandspill codeadded.

Rau et al. presenta fine-grainedapproachof phasecoupling designedfor
compilersof VLIW processors[67]. Theirapproachconsistsof gradualoperation
andregisterbindingaccordingto constraintsliketiming andnumberof resources.
The processgoesthroughcodeselection,partitioning,scheduling,registerallo-
cation,andfinal codeemission.However, schedulingof operationsis performed
beforeregisterallocationwith spill codeinsertion. A secondpassof scheduling
(post-passscheduling)is necessaryto schedulethe spill codeintroducedby the
registerallocator.

Constraintanalysistechniquesintroducedby Timmer[73] arethefoundation
of thework presentedin this thesis.They providea methodto prunetheschedul-
ing searchspacethat exploits the constraintsimposedby the applicationalgo-
rithm or by the targetedarchitecture. Additionally, the work of Mesman[50]
usesconstraintanalysisto drivetheschedulingprocessto makedecisionsthatare
feasible,i.e. respectingprecedence,timing andresourceconstraints.Mesman’s
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work introducestheideaof alternatedschedulingandregisterallocationby insert-
ing precedencesbetweenoperationsin orderto satisfyregisterconstraintsduring
scheduling,avoiding theinsertionof spill code.This thesisdescribeswith details
theschedulingandregisterallocationapproachintroducedbyMesman,andshows
that theapproachcanbeappliednot only to random-accessregisterfiles but also
to fileswith rotatingregisters,stacksor fifos.

1.6 Limitations of our Approach

The storagesatisfactionapproachpresentedin this work doesnot dealwith the
following issues:

� Operationassignmentis not includedin the process.A given assignment
of valuesto storagefiles is assumedoften implied by the assignmentof
operationsto functionalunits. Bekooij [8] presentsan approachthat uses
constraintanalysisfor theassignmentof operationsto functionalunits(data
routingthrougha limited connectionnetwork betweenfunctionalunitsand
registerfiles).

� No conditionalor nestedloop constructions(with severalbasicblocks)are
supported.However, if-conversion canbe appliedpreviously storagecon-
straintsatisfactionandresultingpredicatesareincludedin thecode[82].

� Instructionconstraintsarenot considered.Wheninstructionsetsarehighly
encodedto minimize codesizethereexists a phasecouplingproblembe-
tweeninstructionselectionandscheduling.Zhaoet al. in [81] presentan
approachthatreducestheneedfor explicit instructionselectionby translat-
ing theconstraintsimplied by theinstructionsetinto resourceconstraints.

� Thecompilerretargetability is limited whentuningtheprocessorto anap-
plication(domain)becausenocompletemachinedescriptionis defined(re-
fer to Section2.7,thedescriptionof FACTS researchtool).

Despitetheselimitations our approachis in many casesableto satisfy tight
precedence,timing, resource,andstorageconstraints.

1.7 ThesisOverview

This thesisis organizedasfollows. Chapter2 definesthe basicconceptsneces-
saryto understandthe storagesatisfactionapproach.The architecturetemplate,
dataflow and conflict graphsare introduced,and the basicconstraintanalysis
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techniquesaredescribed.The FACTS tool developedfor schedulingandstorage
allocationwhichmakesintensiveuseof constraintanalysis,is presentedattheend
of thechapter.

In Chapter3 theproblemstatementis given,andthegeneralsolutionstrategy
is proposed,which provesto be effective for differenttypesof storage.Also, it
describestheconstruction,properties,andthewayconflict graphsareusedin the
satisfactionapproach.

Thesatisfactionapproachappliedto (random-access)registerfilesis described
in Chapter4. Thenumberof registersavailablecalledthecapacityof theregister
file is theconstraintto satisfythroughserializationof valuelifetimes.Thatchapter
alsopresentssometechniquesto improve the accuracy andperformanceof the
approachfor random-accessregisters. Moreover, in order to betterexploit the
availableparallelismof resourcesin thetargetprocessorby meansof reducingthe
loopperiod,rotatingregisterfilesareintroduced,andthesatisfactionapproachfor
this storagetypeis alsodescribed.

Chapter5 extendsthesatisfactionapproachto thecasewherestacksor fifos
areusedin thestoragefiles. Constraintsatisfactionhasnot only to dealwith the
numberof storageunitsavailablebut alsowith thenumberof registersper unit,
andtheir particularaccessbehavior.

In Chapter6 all therulesandmethodspresentedin previouschaptersarecom-
binedto obtainaconstraintsatisfactionmethodfor storagefilesof differentaccess
types.

Finally, Chapter7 providestheconclusionsandfurtherresearch.



Chapter 2

Definitions, Assumptionsand Tools

2.1 Intr oduction

As aninput of theconstraintsatisfactionandschedulingapproach,eachapplica-
tion is describedby a dataflow graph, which is themostwidely usedRTL-level
specificationmodel[38]. In addition,thetiming constraintsof theapplicationand
thecharacteristicsof thetargetarchitecture,e.g.functionalunitsandstoragefiles,
aregivento completethesetof requirements.

This chapterpresentsthe basicdefinitions,assumptions,and the tools used
in this work. Themaincharacteristicsof the targetedarchitecturesaredescribed
first. Dataflow graphs,the operationdistancematrix, andgraphsto model the
potentialaccessconflictsbetweenvalues,areintroducednext. Finally, thebasic
analysistoolsimplementedin theframework FACTS arepresented.

2.2 Ar chitectureTemplate

As introducedin thepreviouschapter, thegeneralprocessorarchitectureshown in
Figure1.6(repeatedagainfor conveniencein Figure2.1) is assumed.

It is generallya VLIW architecture. The processorissuesa fixed number
of instructionsformattedasone large instruction. Eachinstructionaddressesa
functionalunit which executesthe operation,anda numberof sourceor target
operandsin storagefiles. The functionalunits executein parallel,eachfetching
its operandsfrom the(distributed)storagefiles at thebeginningof a clock cycle,
andwriting theresultbackto oneor morestoragefiles at theendof a laterclock
cycle. It is assumedthatthedelayfor eachdatatransferisfixed.Accesstoexternal
memoryis assumedby specificloadandstoreoperations(load/storearchitecture).

A storage file �� denotesa groupof storageunits thatshareread/writeports
andaddresses,e.g. a file with random-accessregistersasstorageunits (register

19
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Figure2.1: Architecturetemplate.

file).
Thestoragefile capacity�������� is thenumberof unitsavailablefor assignment

in storagefile �� . In caseof having only onestorageunit, it is seenasa storage
file with capacityequalto one.

In a storagefile, the limited numbersof readandwrite portscanbemodeled
asresourceconstraints.Resourceconstraintsareexplainedlaterin this chapter.

It is assumedthat the datarouting, i.e. the connectionsbetweenfunctional
unitsandstoragefiles, hasalreadybeensolvedlike it is donein [8], which guar-
anteesthateverydatatransfercanbeperformedwithin theconnectionnetwork.

Storageunitsin astoragefile �� areidentifiedby anuniqueindex or address
andhaveaspecificaccessbehavior. A storageunit canbe:

� Random-accessregister, or simply register. Thisstorageis called“random-
access”becauseany singleregistercanbe accesseddirectly. Oneregister
canstoreonly onevalueperclock cycle. Valuessharingthesameregister
musthave their lifetimesserialized,i.e. a valuehasto beconsumed(read)
beforeanothervalueis producedandwritten into thesameregister.

� Rotatingregister. Rotatingregisterfiles have beendesignedto allow ex-
ploitationof theavailableILP by meansof reducingthe initiation interval
of loops.In suchafile registersareaddresseddirectlyusinga“baseplusoff-
set”addressingmodel.Theoffsetcomesfrom theinstructionwhile thebase
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is inherentto theregisterfile andis decrementedeachtimeanew loop iter-
ation startswhile maintainingthe offset (that comesfrom the instruction),
providing adynamicregisterrenamingunderthecontrolof thecompiler.

� Stack. A storageunitwith multipleregistersor locationssharingaread/write
portandoneaddress.Severalvaluescanbestoredin astackandbesimulta-
neouslyalive in thesameclock cycle. Themaincharacteristicof a stackis
thatthefirst valueto bereadis thelastvaluethatwasstored(last-infirst-out
accessbehavior).

� Fifo. A storageunit with multiple registersor locationssharingareadanda
write portsandoneaddress.Severalvaluescanalsobestoredin a fifo and
besimultaneouslyalive in thesameclock cycle. Registersaredisposedin
a queue-like way, andthemaincharacteristicof a fifo is that thefirst value
to bereadfrom thestorageis thefirst valuethatwasstored(first-infirst-out
accessbehavior).

It is assumedthatstorageunitshave a fixednumberof bits perregister(fixed
word-size),andthatany incompatibilityof operand’s sizehasbeenresolved.

For stackandfifo units, �������� is thenumberof registersperunit, alsocalled
theunit sizeor thedepth.

Oncethe target architecturehasbeendefined,the algorithmicdescriptionof
theapplicationis specifiedasfollows.

2.3 Data Flow Graph

Thealgorithmicdescriptionof anapplicationis partitionedinto basicblocks.
A basicblock [1] is a maximallengthsequenceof consecutive statementsor

operationsin which flow of controlentersat thebeginningandleavesat theend
withouthaltor possibilityof branchingexceptat theend.Thatis, if thefirst state-
mentof theblock is executed,thenall of theotherswill beexecutedin sequence
until andincluding the last onein the block. Basicblockscanbe computedby
first determiningentry statementsandthenassociatingeachstatementwith one
entry.

Eachbasicblock is representedby a dataflow graph( ���� ), which indicates
the primitive operationsperformedin that block andthe dependenciesbetween
them.

Definition 2.1 A dataflow graph ��������������� ���"!$#%���&����"!$'(!*)+� is a di-
rected,weightedgraph,where:
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� �,�-������ is thesetof vertices(operations).

� #%���� �.�0/1�324� is thesetof precedenceedges.

– #�5����� �.�0/6# is thesetof datadependencyedges(values).

– #879�-�� �.�0/6# is thesetof sequenceedges. #87;:<#85=�?> .

� ' @A� B C where ' � D�E���FHGI�KJ F%GMLN�PO is a function defining the
executiondelayin clock cyclesassociatedwith operation FHG .

� ) @Q#�B R where ) �SDUT��-F%GWVX!$F%GZY[�KJ\��F%G]V$!$FHG^Y$�4L3#QO is a function
definingthe timing delayin clock cyclesassociatedwith each precedence
edgebetweenoperations FHGWV and FHG^Y .

Theexecutiondelayis thenumberof clock cyclesneededfor thecompletion
of theoperation.

Valuesareconsumedat thebeginningof anoperationandproducedat theend
of theoperation(aftertheexecutiondelay).

A weight _��-F%GWVX!$F%GZY$�`�a_=5 of a datadependency edgebetweenoperations
F%GWV and F%G^Y impliesthat thedataproducedby F%G]V would beconsumedby FHG^Y
at leastafter _=5 clockcycles( _=5cbd� ).

A weight _P��FHGWV$!$FHG^Y[�%�e_H7 implies thatoperationF%G^Y hasto bescheduled
at least_H7 clock cyclesafter FHGWV .

Figure 2.2 shows an exampleof a dataflow graph. Operationsin the data
flow graphare fUg�hi���kjl!*m.!$n&!Xo !$�4!$p and frq�sut . The executiondelaysare for
example E���fUgKhI���"jK�4� �

(dummy operation,seenext section), E��-n��<� � , and
E���mv�w� x . Data dependency edgesare y^!$zU!$� and { , the weight associatedto
eachdatadependency edgeis one,e.g. _P��y|� �}_���m.!$o��A��� . Sequenceedges
are ��fUgKhI���"jl!Xmv�[!K��fUgKhI���"jl!$n��"!U�-m.!Xn��"!K�-n&!$�(�[!K��oA!$�(�[!K��p~!Xmv� and ��p~![frq�sutZ� with
weights,e.g. _���fKgKhi�
�"jl!Xm`��� � , _P��n&!X�(���+� and _���p~!Xmv�����c� .

2.3.1 Verticesand operations

Two vertices(dummyoperations)arealwaysassumedto bepresentin the �� � :
sourceandsink. All verticesarereachablefrom thesourceandthesink is reach-
able from all vertices. The sourceand the sink have no executiondelays,and
representrespectively thefirst (entryvertex of the �� � ) andthelast(exit vertex)
operationsto beexecuted(seeFigure2.2).

For reasonsof simplicity it is assumedthatoperationsarenot pipelined,and
thedataintroductioninterval (or restarttimewhenthefunctionalunit is readyfor
reuse)of eachoperationis equalto its delay. In [53] it is shown how pipelined
andothertypesof operationscanbemodeledusingprecedenceconstraints.
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Figure2.2: Exampleof adataflow graph.

Operationscanhavemultiple inputsandoutputs.Thetargetarchitectureis as-
sumedto provide functionalunitsandstoragefileswith multiple inputandoutput
portsaccordingly, to mapthoseoperations.

2.3.2 Data edgesand values

A dataedge�-���|![�����0L�#�5��-������ representsavalue h beingproducedby opera-
tion � � andconsumedby operation� � . Storageconstraintanalysisandallocation
is performedfor valuesandnot for variables.

A valueis producedonly onceandmaybeconsumedseveral times,it hasan
uniquelifetime andit is associatedwith onestorageunit.

A variableis alsoassociatedwith onestorageunit. However, it canconsistof
oneor morevalues(multiple assignments)with non-conflictinglifetimes. There-
fore, for applicationscontainingvariablesavaluerenaming[38] is assumedto be
performedprior any process.

Consideringvaluesin ourapproachhelpsto reducethecomplexity of thecon-
structionandcoloringof thegraphsusedfor storageallocation.Storingvariables
in thesameunit requiresacarefulanalysisof thevaluesof eachvariable.Besides,
particularlyfor storagelike stacksor fifos theuseof multiply assignedvariables
increasesdramaticallythe complexity of the compileraswell asof the storage
controllerin thearchitecture.
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Valuesin loops

In caseof programloopsvaluesassignedto a storagefile areconsideredloop-
variant, which meansthat one instanceof a loop-variant value is generatedin
every loop iteration.

Loop-invariant values(which arealreadygeneratedoutsidethe loop) arenot
consideredin thestoragesatisfactionapproach.Thosevaluesareassignedto stor-
ageunits prior analysis,and the numberof available storageunits is therefore
reduced.

Althoughit is possibleto assignloop-invariantandloop-variantvaluesto the
samestackunit, this caseis not consideredfor reasonsof simplicity.

Conventions

� A value h is producedby operation� � andconsumedby � � . � � represents
oneof theconsumeroperationsof h .

� ���*�|� � is a dummyoperationrepresentingtheproductionof value h , while
�0�l�Z� � is theconsumptionof value h . �8����� � and �0�l�Z� � arenot includedin
the �&�� but areusedthroughoutthis thesisto representtheinstantswhen
avalue h is producedandconsumedrespectively.

� Consideringfolded cases,h^� is the instanceof value h in the q-��� iteration,
andit is producedby operation���� andconsumedby ���� .

� For a storagefile �� , �,������ denotesthesetof valuesassignedto �� .

2.3.3 Distancesbetweenoperationsand timing constraints

The task of schedulingis to assignto eachoperation F%G�L������� ��� a start
time �r��F%Gi� . Starttimesareconstrainedby theprecedences.A precedenceedge
��F%G]V$!$FHG^Y[�0Lw#%���&���� statesthat

�r��FHG^Y"�0b��U�-F%GWV�����T���FHGWV"!$F%GZY$� (2.1)

Theinteractionbetweenseveralprecedenceconstraintsbecomesclearbycom-
bining theseprecedenceedgesinto a path.

A pathof length { , from operationF%G]V to operationFHG^Y , is a chainof prece-
dencesFHGWV�B �����|B F%GZY thatimplies �r��FHG^Y[�0b6�U�-F%GWV�����{ .

Definition 2.2 Thedistance�;��FHGWV[!$FHG^Y$� is the lengthof the longestpath from
operation FHGWV to F%G^Y .
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A pathin thegraphthusrepresentsaminimumtiming delay. Theusualwayof
administratingthesedelaysis with thedistancematrix [50], describedin Section
2.4.2,thatstoresthelengthof thelongestpathbetweeneverypair of operations.

Sometiming constraintscandirectly beexpressedat thelevel of the �� � or
thedistancematrix. Precedenceconstraintsareanobviousexample.Othertiming
constraintsthatcanbeexpressed,arethelatency andtheinitiation interval.

Latency

Thenumberof availableclock cyclesin which a dataflow hasto bescheduledis
definedby the latency � . This constraintis modeledandexpressedin the �� �
with a precedenceedgefrom thesink to thesourceverticeswith weight �c� [53,
50], asillustratedin Figure2.3a.Accordingto Inequality2.1,this is interpretedas
�r�-���l�Z�*�k���0b��U���* ¡��¢Z�£�~� , whichis equivalentto �U���* ¤�Z¢��=¥��r�-���l�Z�*�k������� . Because
thesourceis alwaysscheduledin clock cyclezerothis formulaexpressesthatthe
sink shouldbe scheduledin clock cycle � or earlier. Furthermore,becauseall
otheroperationsprecedethe sink implies that all operationshave to finish their
executionwithin thefirst � clockcycles.

Initiation Inter val

For architectureswith high levelsof parallelismloop pipeliningor foldedsched-
ulesareintendedto achieveperformancebenefitsby exploiting theavailableILP.
Unlikescheduleswhereinoneiterationof a loop is executedstrictly aftertheexe-
cutionof thepreviousone,pipelinedschedulesconsistof overlappingloop itera-
tionswith theaimof obtainingpotentiallymuchmoreefficientschedules[40,29].
Thesamecodecalledloop bodyor kernel is executedin every loop iteration. It-
erationsof a loop bodyareperiodicallyinitiated in a periodcalledthe initiation
interval ( ¦§¦ ) withouthaving to wait for precedingiterationsto complete.

In pipelinedschedulesconsecutiveinstancesof eachvaluearegeneratedevery
¦§¦ clock cycles. If valueswould be assignedto e.g. random-accessregisters
it hasto be ensuredthat any valueinstancehasto be consumedbeforeanother
instanceof the samevalueis producedin the next iteration. This meansthat a
value(instance)cannotlive longerthan ¦§¦ clock cycles.

Therefore,this constraintis modeledandrepresentedin the �� � througha
precedenceedgewith weight �¨¦§¦ from the consumerto theproduceroperation
of avalue[53, 50], asillustratedin Figure2.3b.
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Figure2.3: Modelingtiming constraintsin thedataflow graph.(a)Thelatency � ,
and(b) theinitiation interval ¦§¦ .

Distancesbetweenoperationsin loop iterations

Distancesbetweenoperationsfrom differentloop iterationsarecalculatedusing
theactualdistances(consideringoperationsin thesameiterationor iterationzero),
theinitiation interval, andthedifferencebetweentherespective iterationvalues.

Thedistance�;��©¨�ª!X«�¬"� from operationm in loop iteration q to operationn in
iteration  is deducedasfollows:

�;�-©%�®!$«¯¬k�8�+���-©.!X«=�¯�6�-q;�w|�Q2°¦§¦ (2.2)

2.3.4 Resourceand storageconstraints

Thesameway aswith timing constraints,a schedulealsohasto satisfyresource
constraints.Resourceconflictsamongoperationsaremodeledby introducingthe
conceptof resource type(functionalunit) andby definingthe resourceusage of
eachoperation.For this purpose,anoperation typeis associatedwith eachopera-
tion. Additionally, eachoperationtypeis associatedwith a uniqueresourcetype,
which is characterizedby a delayvalue,a data introductioninterval to support
pipelinedresources,andthenumberof instancesavailableof thatresourcetype.

Thedelayvaluein this modelis thenumberof clock cycles(integer)that the
functionalunit takesto accomplishits taskandto write theresultbackto astorage
unit if required. This is directly associatedwith the operationexecutiondelay.
The dataintroductioninterval is the numberof clock cycles that the functional
unit takesto bereadyfor reuseor it is ableto readanew setof input operands.

Theconceptof resourceconstraintscanalsobeusedto modelotherkindsof
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constraintslike thosearisingfrom instructionsets[81]. Considerfor examplethe
casethat no instructionexists for the parallel executionof operationsF%G]V and
FHG^Y , so the parallelexecutionof FHGWV and FHG^Y shouldbe prohibited. This can
be modeledby generatingan artificial resource[75] with only oneinstancethat
will be“used”wheneveroperationsF%G]V or FHG^Y arescheduled.With thisaddition,
constraintanalysistechniques(describedin Section2.5) will point out that F%G]V
and F%G^Y cannot be scheduledin the sameclock cyclessincethereis only one
artificial resourceto beusedby F%GWV or FHG^Y eachtime.

A moregeneralconstraintarisesfrom the availability of a limited setof is-
sueslots [70, 30] to control the data-pathof a processor. References[16] and
[11] describea methodto completelyreplaceissueslot constraintsby artificial
resources.

Storageconstraintsarepresentedusingmemorytypeswhichrepresentstorage
files. Eachmemorytype is characterizedin termsof its accesstype (random-
accessregister, rotatingregister, stackor fifo), thenumberof (available)storage
units,andthenumberof registersperunit in thecaseof stacksandfifos. No time
informationor numberof read-writeportsareincludedin thememorytype.

2.4 Representationof the ScheduleSearch Space

Our approachusesthe distancematrix [50] asa representationof the schedule
searchspace.

This is not an obvious choicesincein the context of constraintsatisfaction
otherrepresentationsof theschedulesearchspacearemuchmorecommon.How-
ever, thoserepresentationsfocuson eachindividual operation.That is, for each
operationeitheraset[58] or aninterval [74] is keptcontainingtheabsoluteclock
cyclesin which the correspondingoperationcanbe scheduled.Oneexampleis
theassoonaspossible- aslateaspossibleinterval ([ASAP;ALAP]).

2.4.1 Apparent schedulefr eedom

As describedin the work of Mesman[50], the rangesof possiblestart timesof
theoperationsor solutionspaceareapproximatedto theASAP-ALAP scheduling
intervalsof operations,theconstructionwhich is solelybasedon theprecedence
constraints.

Sequenceconstraintsgeneratedduring constraintsatisfaction are explicitly
addedto the dataflow yielding a reductionof the ASAP-ALAP intervals. In
this way an increasinglymoreaccurateestimateof thesetof feasiblestarttimes
is obtained.
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Thesedistancesdeterminetheminimum andmaximumdifferencebetweenstart
timesof operationsm and n .

In orderto measuretheeffect of theadditionalprecedenceconstraintson the
schedulefreedomof operations,the“apparentfreedom”or mobilityof operations
is defined.Themobility in adataflow graphis theaveragedifferencebetweenthe
ALAP andtheASAP starttimesof operations,i.e.

³ �l´Z ¤µ¡ �¶ª·]���� �.�¯�

¸
¹£ºU»"¼W½¿¾uÀiÁ^Â �-©cÃ;©c�c�-F%GI�Ä�Å©vÆ�©c�c�-F%GI���

J �,���&����KJ (2.3)

2.4.2 Distancematrix

The distancematrix is a bookkeepingmethodfor the minimum andmaximum
differencesbetweenthestarttimesof eachpair of operations.A distancein the
matrix from operationF%GWV to operationF%G^Y is representedby ��±`��F%G]V[!$F%GZY$� .

Seefor exampleFigure2.4a,distancesfoundin thematrixbetweenoperations
m and n indicatethat theminimumdifferencebetweenstarttimesof operations
m and n is zeroclock cycleswhile themaximumdifferenceis three.According
to this information, m would bescheduledin thesameclock cycle as n or up to
threeclockcycleslater(Figure2.4b).

The resultsof the constraintanalysistechniques[50] are conceptuallyex-
pressedas additionalsequenceconstraintsin the dataflow graph. The effects
of theseadditionalconstraintson theschedulesearchspacearecomputedby up-
datingthedistancematrix: theinducedlongestpathsmayincrementtheminimum
distanceor decrementthemaximumdistancebetweentwo operations.

The distancematrix is calculatedusing an all-pairs longest-pathalgorithm
[17]. The featureof beingable to combineanalysisresultssimply by comput-
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ing thelongestpathsbetweeneachpairof operationsis oneof themotivationsfor
choosingthedistancematrix to representtheschedulesearchspace.

Theprocessesrelatedto thedistancematrix thattakeplaceat thecorelevel of
our approacharesummarizedasfollows:

� Timing constraintsareexpresseddirectly in thedistancematrix.

� Analysisresultsare integratedinto the distancematrix by meansof addi-
tionalprecedenceconstraints.

� Precedenceconstraints, including theonesresultingfrom thestoragecon-
straintsatisfactionprocess,arecombinedin the distancematrix suchthat
all implied precedenceconstraintsarealsoderived.

The distancematrix fits the purposesof this work becauseof the following
reasons:

� The distancematrix administratesrelative timing (order). Practicallyall
codegenerationconstraintshave an implication on the ordering of opera-
tionsratherthanontheirabsolutestarttimes.For example,reducingregister
requirementcanbeachievedby serializingvaluelifetimes. Obviously, this
is anorderingissue.

� Thedistancematrix impliesaninterval representation.Theexamplein Fig-
ure 2.5 shows that the reverseis not true: the information in the distance
matrix cannotbe accuratelyexpressedin termsof intervals. Any interval
can be representedin termsof sequenceedgesexpresseddirectly in the
distancematrix. For aninterval [lb;ub] of operationm this requirestwo se-
quenceedges: �*�l���*�9�<B m with weight Ç-z and mÈB �*�l�Z���9� with weight
�¨hIz , which imply �;�-���l�Z�*�k�£!Xmv�0b6Ç�z and �;�-m�!X�*�
�Z�*�k���0bd�¨hIz respectively.

An obviousdrawbackof maintaininga distancematrix duringconstraintsat-
isfactionprocessesis that it is computationallymoreexpensive thanan interval
representation.However, experimentalevidenceprovidedin [77] shows that this
overheadis quiteacceptablein practiceevenfor largedataflow graphscontaining
hundredsof operations.

Note thataddinganextra sequenceedgedoesnot mostlyrequirea recalcula-
tion of theentiredistancematrixbut ratheranincrementalupdate.
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Distancesbetweenproductionsand consumptionsof values

Distancesbetweenproductionsandconsumptionsof valuesh and É arecalculated
from distancesin thematrix andexecutiondelaysof operationsasfollows:

�;�-���*�|� � !$���*�|��Ê9�Ë� ��±`��� � !$� Ê ���ÌE���� Ê �¯�ÍE��-� � � (2.4)

�;�����*�|� � ![�0�
�Z� Ê �Ë� ��±`��� � ![� Ê �¯�ÍE��-� � ���Î� (2.5)

�;���0�l��� � !$���*�|��Ê9�Ë� ��±`��� � !$� Ê ���ÌE���� Ê �¯��� (2.6)

�;���0�l�Z� � ![�0�
�Z�*Ê9�Ë� ��±`��� � ![��Ê9� (2.7)

2.5 BasicConstraint AnalysisTechniques

Thebasicconstraintanalysistechniquesessentiallyconsistof rules triggeredby
thecombinationof oneor morepairsof distances(entriesin thedistancematrix)
andother(oftenarchitectural)constraints.

Theessenceof constraintanalysisis thatadditionalsequenceconstraintsare
necessarilyimplied by the combinationof other constraints. In this way, the
schedulesearchspaceis prunedto prevent theschedulerfrom finding infeasible
solutionswithout eliminatingfeasiblesolutions.

2.5.1 Execution interval analysis

Executioninterval analysisis implementedto analyzeresourceconstraints,andis
basedon examiningthe intervals in which operationscanbe executed[74, 73].
Themethodfocuseson theavailability of resources:it reducestheexecutionin-
terval of anoperationwhenit observesthatno resourceis availablefor executing
thatoperationin aparticularclock cycle. This is illustratedin Figure2.6.
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Figure2.6: Executioninterval analysis,(a) a dataflow graph Ï�Ð�Ñ , (b) initial
operationexecutionintervalsOEIs, (c) moduloexecutionintervalsMEIs of one
adder, (d) thecorrespondingbipartiteschedulegraphÒ�Ó�Ñ , (e)edgesin Ò�Ó�Ñ that
cannever bepartof a completematchingareeliminated,(f) operationexecution
intervalsareadjustedaccordingly, (g) theanalysisresultis annotatedin Ï�Ð Ñ , (h)
theprunedOEIs,and(i) theupdatedÒ�Ó�Ñ .
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In Figure2.6aadataflow graphis given.Thelatency is fiveclock cycles,and
oneresourceof type‘adder’ is availableto executetheoperations.Theinitial op-
erationexecutionintervals(OEIs)aredeterminedby the[ASAP;ALAP] intervals
asdepictedin Figure2.6b. The moduloexecutionintervals (MEIs) considering
oneadderareshown in Figure2.6c.EachMEI representstheabstractnotionthat
someresourcehasto executeanoperation.In theexample,theconstraintsimply
thattheavailableadderhasto startexecutinganew operationeveryclockcycle.

Executioninterval analysiscombinestheexecutionintervalsof theoperations
with resourceconstraintsby constructinga bipartite schedulegraph ÒPÓ8Ñ (Fig-
ures2.6d)in thefollowing way: TheoperationsandtheircorrespondingOEIsare
shown on the left side. The moduleexecutionintervals areshown on the right
side. Thereis anedgebetweenan OEI anda MEI if the intervalsoverlap,indi-
catingthat the correspondingoperationcanbe executedin the designatedMEI.
In addition,it is requiredthatall precedingoperationsof thesameoperationtype
canbematchedwith precedingMEIs in thebipartitegraph. A similar condition
is imposedfor all succeedingoperations.

The key observation of the analysisis that for every feasibleschedulethere
exists a completematching in the ÒPÓ8Ñ betweenthe OEIs andthe MEIs. That
is, every OEI is matchedto exactly oneMEI andvice versa. The analysisuses
the algorithm of [68] to identify edgesin the bipartitegraphthat can never be
partof acompletematching.Thereadercanverify thattheboldcrossededgesin
Figure2.6earesuchedges.Becausetheseedgescannever bepartof a matching
correspondingto a feasibleschedule,they areremovedfrom thebipartitegraph.
Other(bold) edgesarealsoremovedasa secondaryeffect. As a result,operationÔ

cannotexecutein MEIs [1;1] and[3;3]. Theexecutioninterval of operation
Ô

is thereforeadjusted(Figure2.6f). This adjustmentcorrespondsto a pruningof
the searchspace.The resultof the analysisis annotatedin the dataflow graph
(andthedistancematrix)asindicatedin Figure2.6g.

Therefore,thetiming andtheresourceconstraintshaverestrictedtheexecution
of operation

Ô
to interval [2;2] as well as the executionintervals of the other

operations(Figure2.6h).TheupdatedÒPÓ8Ñ is shown in Figure2.6i.

Executioninterval analysiscontainsan additionalprocess:to determinethe
earliestpossiblestarttimeof anoperationarelaxedschedulingprobleminvolving
all its predecessorsis solved,which determinesa lower boundof the first clock
cycle in whichall predecessorsarecompleted.Theschedulingproblemis relaxed
in thesensethattheresourceconstraintsareessentiallyignored;it is only enforced
thateachoperationcannotstartearlierthanthelowerboundof its starttime. Sim-
ilarly, all successorsof the operationareanalyzed.Operationpredecessorsand
successorsaredeterminedusingthedistancematrix,e.g.anoperationÕ%Ö]× is said
to precedeanoperationÕHÖ^Ø if ÙIÚ�ÕHÖW×[Û$ÕHÖ^Ø$ÜQÝdÞ .
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2.5.2 Storageconstraint analysis

A relatively simpleconstraintanalysisarisesfrom thedecisionto assigntwo val-
uesto thesameregister. Thisdecisioncanbemadeby thedesigner, or by asearch
strategy for registerallocation(Chapter4), or like in thecaseof conditionalexe-
cutionof operationswherethereis only oneguardregister(predicate)availableto
storeanumberof conditionalvalues[82].

Whenever two valuesare assignedto the sameregister their corresponding
lifetimes are forced to be serialized. In general,this canbe donein two ways:
value â precedesÉ or value É precedesâ . Sometimestherealreadyexistsaprece-
dencebetweenthe accessesof â and É that excludesoneof thesepossibilities.
Onesuchsituationis illustratedin Figure2.7. Becausealreadyexists theprece-
denceß�àPã ß Ê thesequenceedgeß�à�ã á Ê is theconstraintnecessaryto solve
the registerconflict betweenâ and É . Suchsituationsarerecognizedby simple
rules[52] thatexaminethedistancematrix for precedences.

2.5.3 Symmetry detection

Many signalprocessingalgorithmsexhibit certainsymmetriesbecausetheirstruc-
tureis completelyor partlyregular. Practicalexamplesincludealgorithmsfor per-
forming a fastFourier transformor a discretecosinetransform.Thesymmetries
have a negative impacton theaccuracy of constraintanalysistechniques.These
techniquesarenot capableof “breaking” thesymmetriesin orderto decreasethe
apparentschedulingfreedom,becausedoingsowould removefeasibleschedules.
Therefore,vanEijk in [76] developedadditionaltechniquesfor detectinganduti-
lizing symmetrywhile preservingfeasibility.
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In general,theconceptof symmetryis stronglyrelatedto the propertyof an
objectthatdoesnot changeundera certaintransformation.Thekind of transfor-
mationthatis relevantfor capturingsymmetryin adataflow graphis a relabeling
of theoperationssuchthat theoperationtypesandtheprecedenceedgesarepre-
served.Sucha transformationis calledanautomorphism.

Let äuå denotethe set of operationtypes. Then the function æèç=é ã äWå
definesthe operationtype of eachoperation. An automorphismis a bijective
function êÅçléëãSé suchthat:

ì Eachoperationis mappedto anoperationof thesametype:í Õ%Ö<îïé�Ú�Ï�Ð Ñ.Ü0çlæ�Ú�ÕHÖIÜ�ðÎæ;Ú-êQÚ-Õ%ÖIÜ�Ü .
ì Eachedgeis mappedto anedgehaving thesameweight:í Ú�ÕHÖW×[Û$ÕHÖ^Ø$Ü0î�ñ%Ú�Ï&Ð�Ñ�Ü0ç
Ú�ê0Ú�Õ%Ö]×òÜ"ÛXêQÚ�ÕHÖ^Ø$Ü�Ü0îwñ%Ú�Ï�Ð Ñ�Üôó3õ�Ú�ÕHÖW×[Û$ÕHÖ^Ø$Ü8ð�õ�Ú�êQÚ-Õ%ÖW×òÜ"Û$ê0Ú�Õ%ÖZØ$Ü*Ü

Givenanautomorphism,thefollowingdataflow transformationdescribeshow
anextrasequenceedgecanbeaddedto breakthesymmetry.

Givenan operation Õ%ÖW× and an automorphismê that maps Õ%Ö]× to another
operation Õ%ÖZØ , i.e. ê0Ú�Õ%Ö]×�ÜHð3Õ%Ö^Ø with ÕHÖW×Pöð3Õ%Ö^Ø . Introducea sequenceedge
in Ï�Ð Ñ from Õ%Ö]× to ÕHÖ^Ø with weightzero.

To illustratethis transformation,considerthe dataflow graphof Figure2.6.
Becausethereexists an automorphismthat exchangesoperations÷ and Ò , the
transformationallows to introducea sequenceedgewith weight zerofrom ÷ to
Ò . Similarly, it is allowedto put a sequenceedgefrom Ï to ø . In combination
with theexecutioninterval analysis,this transformationassociatesanuniquestart
timewith eachoperation.

For theproof thatthetransformationpreservesfeasibility theinterestedreader
is referredto [76].

2.5.4 Infeasibility Analysis

Orderingof operationscan result from different processessuchas the storage
file capacitysatisfactionapproach,symmetrydetection,or scheduling,andis per-
formedthroughtheadditionof sequenceedges.

The orderingof operationshasto be validated. This includesthe issueof
whetheror not the updatedinformation in the distancematrix still representsa
feasibleschedulingsearchspace.

Constraintanalysisdetectsinfeasibility basedon the distancematrix in the
following way [50]: whena path is found from operationÕ%Ö to itself (a cycle
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Figure 2.8: Exampleof infeasibility causedby the orderingof two operations
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tion from thedistancematrix. (b) Ordering Òeã ÷ with weightone.No positive
cycle is created. (c) Ordering ÷ùã Ò with weight one. Cycleswith positive
weightarecreatedresultingin aninfeasiblesituation.

in the dataflow graph)andthis pathhasa positive weight, the operationÕ%Ö is
forcedto executestrictly beforeits own starttime which is clearly not possible.
Therefore,aprecedencecycleof strictly positiveweightindicatesinfeasibility.

To illustratethis process,Figure2.8 shows a simplesituationwhich consists
of the orderingof two operations÷ and Ò usinga sequenceedgewith weight
one. With the informationfrom thedistancematrix (dashededgesin thefigure),
it is possibleto determinethefeasibilityof eachdecisionmade.Thefirst ordering
Ò ã ÷ (with sequenceedge Ú�Ò&ÛX÷`Ü with õ�Ú�Ò&ÛX÷`Ü�ð Þ ) is feasiblesinceno
positive cycle path is createdbetween÷ and Ò . On the other hand,ordering
÷�ã Ò (with sequenceedge Ú-÷�Û$Ò�Ü with õ�Ú-÷�Û$Ò�Ü~ðúÞ ) createspositive cycle
pathsmeaningthat eachoperationmust be executedbeforeits own start time,
which is infeasible.

During the satisfactionprocessthepositive weight cyclesaredetectedwhile
performingtheall-pairslongest-pathalgorithmto updatethedistancematrix.

2.6 Conflict Graphs and Coloring

Conflictgraphsareintensivelyusedin thiswork for storageconstraintsatisfaction
andallocation. In this sectionthe basicdefinitionsof graphs,coloring, andan
introductionof conflict graphsarepresented.

2.6.1 Basicdefinitions

Definition 2.3 Let Ñ�ðèÚ�é,Ú-Ñ.Ü[Û$ñ%Ú�Ñ�Ü*Ü beanundirectedgraph,where:
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ì é,Ú-Ñ.Ü is thesetof vertices,and

ì ñ%Ú�Ñ�Ü0û6éèüïé is thesetof edges.

ý Ú-â]Ü is thesetof neighborsof avertex â in graph Ñ , i.e.ý Ú-â]Ü�ðÿþKÉôîïé,Ú-Ñ.Ü���Ú�âÄÛ*É�Ü îwñ%Ú�Ñ�Ü�� .
Thedegreenumber�����]Ú-â]Ü of a vertex â is thenumberof its neighborsor the

numberof edgesincidentto it, i.e. ���	�IÚ�âWÜ8ð
� ý Ú�â]Ü�� .
A sub-graphof a graph Ñ is a graphof which vertex andedgesetsarecon-

tainedin thevertex andedgesets,respectively of Ñ .
A clique

Ô
is a subsetof vertices(

Ô ûëé,Ú-Ñ.Ü ) that inducesa sub-graphof Ñ
in whichthoseverticesarecompletelyconnectedto eachotherby edges.A clique
cover of size � is a partition of the verticessucheachpartition is a clique. The
cliquecovernumber�uÚ-Ñ.Ü is thesizeof thesmallestcliquecoverof Ñ .

A clique is called the maximumclique if it is a clique with the vertex set
of largestcardinality. The clique number ¯Ú-Ñ.Ü is the numberof verticesof the
maximumcliqueof Ñ .

A stablesetis a subsetof verticesin which no two verticesareconnectedby
anedge.This is alsocalledan independentset. Thestability numberê0Ú�Ñ�Ü is the
numberof verticesin astablesetof maximumcardinality.

Vertex coloring of agraphconsistsof assigningacolor to everyvertex sothat
no two verticesconnectedby anedgehave thesamecolor. �	�������9Ú-â]Ü is thecolor
assignedto vertex â . Thechromaticnumber��Ú�Ñ�Ü is thesmallestpossiblenumber
of colorsfor coloring Ñ . Exactcoloring is a coloringthatuses��Ú�Ñ�Ü colors.

Then,it is easyto seethat¯Ú�Ñ�Ü�����Ú�Ñ�Ü and êQÚ�Ñ�Ü����uÚ-Ñ.Ü
A graph Ñ is saidto be1-perfectif¯Ú�Ñ�Ü�ð���Ú�Ñ�Ü and êQÚ�Ñ�Ü�ð��uÚ-Ñ.Ü

Definition 2.4 Thesaturation number���! KÚ�âWÜ of a vertex âÍî�é,Ú-Ñ.Ü in a colored
graph Ñ is thenumberof colorsusedby its neighbors, i.e.�"�! UÚ-â]Ü�ð#� þ����������9Ú�É�Ü�� Éôî ý Ú�â]Ü��$�
2.6.2 Conflict graph

A well-establishedapproachto modeltheregisterallocationproblemin many op-
timizing compilersis asagraphcoloringproblem[15]. Comparedwith otherreg-
isterallocationmethods,graphcoloringprovidesarelatively simple,conceptually
elegant,formulationof the problemof assigningvaluesto a registerset. Graph
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Figure2.9: Graphcoloringfor registerallocation.(a) Ï�Ð Ñ , (b) a conflict graph
with verticesrepresentingvalues,(c) eachcolorusedrepresentsaregisterin which
valuesarestored.

coloringcombinesallocationandassignmentby allocatingvaluesto verticesof a
conflict graphandplacesedgesbetweenverticeswherethecorrespondingvalues
arealive simultaneously. The solutiontheninvolvesfinding a � coloring of the
graph,where � representsthenumberof the targetmachine’s availableregisters
(seeFigure2.9).

In acoloredgraphthecolorof eachvertex differsfrom thecolorof eachof its
neighbors.As anarchitecturalparadigm,this impliesthateachvalueis assigned
a registerdifferentfrom all othervaluesaliveduringthesameexecutioncycles.

Definition 2.5 A conflict graph
Ô Ñ&Ú�Ó�Ð.Ü�ð Ú�é�Ú Ô Ñ.Ü[Û$ñ%Ú Ô Ñ.Ü�Ü , for valuesas-

signedto storagefile Ó8Ð , is an undirectedgraph,where:

ì é,Ú Ô Ñ�Ü is the set of vertices. A vertex â&%wî é,Ú Ô Ñ�Ü representsa value
âïî(',Ú�Ó�Ð�Ü .

ì ñ¨Ú Ô Ñ�ÜwûËéÈüÍé is the set of edges. An edge Ú-â % Û*É % Ü�î ñ%Ú Ô Ñ�Ü , with
â % öðdÉ % , existsandrepresentsa conflict if theaccessmodeof valuesâ and
É doesnotmatch with theaccessbehaviorof Ó�Ð .

The accessconflict betweentwo valuesis obtainedby applying the access
rules of the correspondingstoragefile to the relative distances(in the distance
matrix) betweenproducerandconsumeroperations.Seethe exampleof Figure
2.10,valuesâ and É will have a conflict if they areassignedto: a random-access
register(Figure2.10a),a stack(Figure2.10b)or a fifo (Figure2.10c).The(rela-
tive)distancesarerepresentedby dashededges.
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2.7 Description of the FACTS Research Tool

FACTS is a researchtool developedto takeadvantageof timing andresourcecon-
straintsin order to prunethe schedulesearchspace. By exploiting thesecon-
straintsthescheduleris oftenpreventedfrom makinga decisionthatviolatesone
or moreconstraints.Thestructureof FACTS consistsof threelayers[77], asde-
pictedin Figure2.11.

basic CA techniques

DFG
distance matrix

latency/initiation interval minimization,
scheduling, storage assignment

latency constraint, initiation interval
constraint, precedence constraints

execution interval analysis, storage
constraint analysis, symmetry detection

search strategies

Figure2.11:Thelayeredstructureof FACTS.

Thecorelayercontainstheinternalrepresentationsof thealgorithmto sched-
ule andof the schedulesearchspace.Eachbasicblock of the algorithmis rep-
resentedby anedge-weighteddataflow graph. FACTS usesthedistancematrix,
explainedin Section2.4.2,asa representationof theschedulesearchspace.The
resultsof theconstraintanalysistechniquesin FACTS areexpressedasadditional
precedenceconstraintsin thedataflow graph,andupdatesof thedistancematrix.

At the intermediatelayer of FACTS, the basicconstraintanalysistechniques
arelocatedliketheexecutioninterval analysis,thestorageconstraintanalysis,and
thesymmetrydetection.
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At the top level of FACTS searchstrategiesarefound. Theobjective maybe
to minimizesomecriterionlike latency or initiation interval, or to satisfy“global”
constraintslike a fixedcapacityof a storagefile. Theseconstraintsareglobal in
thesensethat they have a generaleffect on all timing relations,without affecting
any specifictiming relation.For example,a constrainton thecapacityof a regis-
ter file limits theamountof valuessimultaneouslyalive, which is determinedby
thetiming relations.However, no singlevaluelifetime canbeidentifiedthatnec-
essarilyhasto beserializedwith someothervaluelifetime. It is clearthatsome
valuelifetimesneedto beserializedin orderto satisfythecapacityconstraintsand
thereforesomechoiceshave to bemaderegardingtheserializationof values.In
thesearchstrategies,it is tried to basechoiceson theidentificationof bottlenecks
for satisfyingthecorrespondingconstraints.

In orderto expandFACTS to becomeafull compilerthefollowing itemswould
have to beaddressed:

ì Supportfor a high-level descriptionlanguageasC.

ì Definitionof amachinedescriptionlanguage.A machinedescriptionwould
beaninput for compilerreconfigurability.

ì Includeinstructionsetconstraintsandcodeselection.

ì Includetechniquesfor global constraintanalysisandschedulingin scopes
beyond basicblocks,e.g. traces,super-blocks,decisiontrees,or regions
[33].

Given the setof basicdefinitions,analysis,andtools, next chapterpresents
theproblemdefinitionandtheproposedstrategy towardsobtaininga scheduling
solution.
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Chapter 3

StorageConstraint Satisfaction

3.1 Intr oduction

Thischapterdescribestheproblemandtheproposedapproachfor schedulingand
storageallocationwith storageconstraintsatisfaction.

Our approachis performedin thescopeof basicblocks(seethecenterof Fig-
ure 3.1). In a scopebeyond basicblocks, like in traces,super-blocks,decision
trees,or regions,othertechniqueslike codemotionandif-conversioncanbeap-
plied. Hoogerbruggein [33] presentsan overview of thesescopesandthebasic
techniquesappliedin eachcase. Codeselectionandstoragefile allocationare
assumedto beperformedprior our approach.Figure3.1alsosuggeststhattrade-
offs canbemadein anextendedbasicblock scopebetweentiming, resource,or
storageconstraintsandtheinsertionof spill code.

The importantcharacteristicsof our approachare: it dealswith tight timing,
resource,andstorageconstraints,andtheapproachproposedis independentof the
typeof storage.

In thecoreof ourapproach,conflict graphsrepresentingpotentialaccesscon-
flicts amongvalues,areconstructedbasedon the informationextractedfrom the
distancematrixafterconstraintanalysis.Thosegraphsareusedto steerthesatisfi-
ability process:to checkthefeasibilityof theschedule,andto identify bottlenecks
for storageallocation.Thosebottlenecksaretreatedvia orderingof valueaccesses
to allow sharingof storageresourcesandto prunetheschedulingsearchspaceto-
wardsasolutionthatwill satisfyall constraints.

3.2 Moti vation

Considerthe dataflow graphfrom Figure3.2awith six operationsandfive val-
ues(dataedges).The latency for the completionof this applicationis four. All

41
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basic block scheduling
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scheduling tradeoffs,

vs. spill code insertion
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Figure3.1: Schedulingscope.

valuesareassignedto oneregisterfile with two registersavailable. It is assumed
that thenumberof functionalresourcesis largeenoughanddoesnot constitutea
constraint.

Figures3.2b,3.2cand3.2dshow thedifferentconflict graphsobtainedfrom
differentschedulingresults,i.e. the differentclock cyclesin which operationø
canbe scheduled(the restof operationsarealreadyfixed in time). As the use
of random-accessregistersfor storingvaluesis assumed,thereexists a conflict
betweentwo valuesif their lifetimesoverlap.

If operationø is scheduledin clock cycle zerothe storageconstraintis vio-
latedsincethe numberof registersrequiredwill be three(for values ) , * and + )
insteadof the available two. Coloring the conflict graphof Figure3.2b results
in threecolors,which confirmsthe constraintviolation. Scheduleoperationø
in clock cycles one or two would satisfy the register file constraint. If during
schedulingit is possibleto prevent operation ø from beingscheduledin clock
cyclezero,thestorageconstraintwouldbemet.

Sincedealingwith registerallocationandanotyetdefinedschedule,away to
solve this satisfiabilityproblemwould be identifying thebottlenecksfor register
allocationand try to serializevalue lifetimes to allow valuesto sharethe same
register.

In theexample,beforeoperationø is scheduledpairsof valuesþ,)iÛ"+�� , þ,*UÛ-+��
canbe selectedfor lifetime serialization,sincevalues ) , * and + would require
threeregistersin theworstcase.Serializationof pair þ,)^Û-+�� resultsin forcing the
schedulingof ø (theproducerof + ) to occurat leastat thesameclock cycle as

Ô
(theconsumerof ) ). Thisdecisionis representedby

Ô ã ø . Serializationof pair
þ,*KÛ"+�� givesthesameresult.Theresultingconflictgraphafterserialization)/.0+ or*�.1+ with ø scheduledin clock cycleone,is shown in Figure3.2c. In thegraph,
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Figure3.2: Exampleof a Ï�Ð�Ñ and its conflict graphsfor eachclock cycle in
whichoperationø canbescheduled.

edges(conflicts) Ú2)^Û-+KÜ and Ú2*UÛ-+KÜ wereeliminatedandthenew numberof colors
is two, i.e. two registersarenow required,which meetsthe storageconstraint.
Anotherpossibleserializationis 34.5+ , which resultsin forcing the scheduling
of ø at the sameclock cycle as Ï (ordering Ï ã ø ), i.e. at clock cycle two.
Theresultingconflict graphis shown in Figure3.2d.As a consequence,conflicts
betweenvalues ) , * , 3 with + are eliminated. Any of thoseorderingsapplied
guaranteesthatthefinal schedulewill satisfythestorageconstraint.

Working with constraintanalysistechniquesthe informationof the potential
conflicts betweenvaluescan be translatedinto a worst-caseconflict graphfor
storageallocation,when the schedulingof operationsis not defined. With this
conflict graph,bottlenecks for storageallocationcanbeidentified.

Thegraphin Figure3.2bwouldrepresenttheworst-caseconflictgraphfor the
currentexample. In this graph,bottleneckscanbe eitheredgesÚ2)^Û-+KÜ , Ú2*UÛ-+KÜ , or
Ú63�Û"+KÜ becausethoseconflictscanbeeliminatedwith a (convenient)valuelifetime
serialization.
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Oncea bottleneckhasbeenfound, accessordering (e.g. lifetime serializa-
tion) of thecorrespondingvaluesis performedby insertingoneor moresequence
edgesamongtheir producerand consumeroperations. As a consequence,the
extra precedenceconstraints(sequenceedges)will steertheschedulingto find a
solutionthatsatisfiesall constraintsincludingthestorageavailability.

Traditionalmethodsdealwith schedulingandstorageallocationastwo sepa-
ratedandindependentstages[66, 78]. Althoughfaster, thosemethodscanintro-
ducethe problemof phasecouplingbetweenschedulingandstorageallocation,
i.e. decisionsmadein oneof thestagescanresultin aninfeasiblesetof constraints
for theother. If schedulingis performedfirst, thenumberof requiredstorageunits
mayexceedtheamountavailablein astoragefile. Ontheotherhand,if storageal-
locationis donebeforescheduling,timing andresourceconstraintviolationsmay
arise.

Spilling valuesto backgroundmemorylike performedin [14, 66] could be
onesolution for the problemof storageconstraintsatisfactionafter scheduling.
Somevaluesareselectedto be storedin memory, load andstoreoperationsare
insertedin the code,andoperationsare re-scheduled.However, the useof ad-
ditional operationsmaycausetiming constraintviolations. Anotherway to deal
with constrainedschedulingandstorageallocationis simply by relaxingthetim-
ing constraintslike it is donefor theinitiation interval discussedin [47].

Theproposedapproachcombinesstorageallocationandschedulingavoiding
theproblemof phasecouplingandthedifficultiesof insertingspill codewithout
relaxingconstraints.Theapproachconsistsin alternatingbetweenschedulingand
storageallocationsub-problemsby makinga decisionfor storageallocationand
subsequentlyanalyzinghow thatprunesthesearchspacefor scheduling.

Onekey advantageof our approachis that it canbeeasilytunedto work with
differenttypesof storageunitsandaccessbehaviors.

3.3 ProblemStatementand Solution Approach

In this section,thestorageallocationandschedulingproblemis definedandthe
proposedsolutionapproachis presented.A givenassignmentof valuesto storage
files is assumedoftenimpliedby theassignmentof operationsto functionalunits.

ProblemDefinition 3.1 ConstrainedStorageAllocationandOperationSchedul-
ing Problem. Givena weighteddataflow graph Ï�Ð�Ñ , resourceconstraints,an
assignmentof valuesto storagefiles,for each storagefile Ó8Ð a numberof avail-
ablestorageunitsor capacity3�Ú�Ó�Ð�Ü with a specificaccessbehavior, an initiation
interval 787 , anda latency 9 . Find an assignmentof valuesto storageunitsanda
schedule: that satisfiestheprecedenceconstraints,theresourceconstraints,the
storagefile constraints,andthetimingconstraints 787 and 9 .
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Figure3.3: Approachfor storageconstraintsatisfactionconsideringonestorage
file Ó�Ð .

Thespecificstorageunitsconsideredin thisworkare:random-accessregisters
(the approachfor which is presentedin Chapter4), relative location storage or
rotatingregisterfiles (alsoin Chapter4), stacks (in Chapter5), andfifos (alsoin
Chapter5).

Becausedecisionshave to be madethat affect the feasiblesearchspacein
boththedomainof storageallocationandthedomainof scheduling,theapproach
is decomposedinto stepsasdepictedin Figure3.3.

Constraint analysis(explainedin Section2.5)generatesadditionalprecedence
constraintsthat are implied by the combinationof all constraintsincluding the
onesfor storageallocation.Theseadditionalprecedencesrefinethedistancema-
trix (Section2.4.2) thusproviding a muchmoreaccurateestimateof the setof
feasiblestarttimes. Theconstraintanalysiswill guidethedecisionsmadein the
schedulerandoftenpreventit from makingdecisionsleadingto infeasibility.

After constraintanalysis,astoragefile Ó�Ð is selectedin thecaseof distributed
storagefiles (refer to Section3.4) andthevaluesboundto it areusedin the fol-
lowing analysis.

For theselectedfile Ó�Ð theworstcaseor upperboundof requiredstorageunits
is computedbasedontheadministrativebookkeepingby constraintanalysis.Note
thatanexactfigureis unknownbecauseacompletescheduleis notyetdetermined.
Theworst casesituationis foundby meansof usinga worst-caseconflictgraph; Ô Ô ÑôÚ�Ó�Ð�Ü andits exactcoloring ��Ú ; Ô Ô Ñ�Ü (Section3.5.1).Whentheworst
casefor thecurrentandall storagefilesalreadysatisfiestheir capacity3�Ú�Ó�Ð�Ü , the
Ï&Ð�Ñ andthe precedencesaretransferredto conventionalscheduleandstorage
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assignmentphasesto completetheprocess.However, in mostcasesandespecially
at the beginning of the processthe schedulefreedomof the operationscan be
relatively large, resultingin many potentialconflicts henceinevitably violating
somestoragefile capacityconstraint.

After that,a lowerboundof thenumberof storageunitsis determinedthrough
the coloring of a best-caseor strong conflict graph Ó Ô ÑôÚ�Ó�Ð�Ü (Section3.5.1).�0Ú�Ó Ô Ñ�Ü is comparedwith therespectivefile’scapacity. A lowerboundviolation
determinesan infeasiblecase,if it is detectedat the beginning of the processa
solutioncannotbefound.

In orderto reducethestoragefile requirement,ourapproachin Figure3.3has
to reducethe maximumnumberof conflictsby identifying oneor morepairsof
valuesthat canpotentiallybe storedin the sameunit (bottleneck identification,
Section3.6)andthenproceedto ordertheiraccesses(valueaccessordering, Sec-
tion 3.7) accordingto the targeted Ó�Ð accessbehavior. After accessordering,
constraintanalysiscalculatestheeffect of this on theschedulefreedomof all op-
erations.This is necessaryto guidetheaccessorderingpartandto avoid making
decisionsthatleadto infeasiblecases.Also, a lowerboundviolation foundwith a
new Ó Ô Ñ indicatesthatthelatestaccessorderingis infeasibleandanotherorder-
ing with thepreviousor adifferentpairof valueshasto bemade.

Thefile selection,theupperandlower boundschecking,thebottleneckiden-
tification, the valueaccessordering,andconstraintanalysiskeepon alternating
until the capacityconstraintof eachstoragefile matchestheworst caserequire-
mentsor until aunrecoverableinfeasiblecaseis detected.

In fact, just at thebeginningof thesatisfactionprocessaninfeasiblecasecan
be detected,which meansthat the constraintsaretoo tight andno scheduleso-
lution canbe found with suchrequirements.During the satisfactionprocessan
infeasiblecasemayariseasa resultof the last accessordering. Infeasiblecases
canbe detectedby constraintanalysisor by the lower boundchecking. In such
casestheprocessbacktracks(asindicatedby thedashededgesin Figure3.3)and
makesanotherorderingdecision(Section3.8).

An advantageof our approachis that in practiceany conventionalscheduling
algorithmcanbeusedto completetheschedule.As theschedulerandits heuristics
arenotcritical in this approach,they arenotconsideredin this work.

3.4 StorageFile Selection

For distributedstoragefiles theorderin whichstoragefilesareanalyzedis impor-
tant.After orderingandconstraintanalysis,thesequenceedgesaddedmayaffect
thewholedistancematrix makingconstraintstighter, andconsequentlyaffect the
resultfor thenext storagefile analysis.
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A previousapproach[3] considersaheuristicin whichtheselectionof register
files <vÐ is basedon theapparentregisterpressure,apriority definedas:= �?>����?>@ BAWÚ2<vÐDC£Ü8ð �E',Ú2<vÐ/C
Ü��3
Ú6<vÐ/ClÜ (3.1)

where '~Ú6<vÐ/ClÜ representsthe valuesassignedto the FHGJI register file <vÐDC , and3�Ú2<vÐDC£Ü is its capacity. Theregisterfile selectedis theonewith thehighestpriority.
Thispriority functionhasthreemajordrawbacks:

ì First, thenumberof valuesassignedto astoragefile saystoo little aboutthe
amountof storageunitsactuallyrequired.I.e. dependingon theconstraints
many valuescanrequirefewer registersthanfew othervalues.

ì Second,this is a staticdecision.Oncea storagefile is selectedfor analysis
andcapacitysatisfaction,thenext onewill beanalyzedonly after thepro-
cesshasfinishedwith thefirst. Theprocessof capacitysatisfactionwould
not be performedgraduallyfor eachstoragefile simultaneously, anddeci-
sionsmadefor satisfyingonesetof storagefile constraintsat a time can
affectnegatively thesatisfactionprocessof theothers.

ì Finally, thiscriterionis evenlessclearin thecaseof usingstoragefileswith
fifos, stacksor rotatingregisterfiles,sincethenumberof valuesassignedto
astoragefile doesnot representtheactualstoragerequirement.

The bestsolutionfound so far is to selectthe storagefile for which the unit
requirementis thefurthestfrom respectingits capacity, i.e. with priority:= ��>@����>K BAuÚ�Ó�Ð/ClÜ ð ��Ú ; Ô�Ô ÑôÚ�Ó�Ð/ClÜ*Ü3
Ú�Ó8ÐDC£Ü (3.2)

where
; Ô Ô ÑôÚ�Ó�Ð/C
Ü representstheworst-caseconflict graphfor valuesmapped

to storagefile Ó�Ð/C , ��Ú ; Ô�Ô Ñ�Ü is thechromaticnumberof
; Ô Ô Ñ , and 3
Ú�Ó8ÐDC£Ü

is the capacityof Ó�Ð/C . Sinceconstructionandcoloring of
; Ô�Ô Ñ arealready

partof thesatisfactionprocessthepriority functionin Expression3.2doesnotadd
complexity.

Expression3.2describestheactualstoragepressurein thefile. Following this
priority function,whenareductionof storagepressureis achievedfor onestorage
file theupperboundrequirementis updatedfor thecurrentfile, andthenthepro-
cesscanselectanotheronewith thehighestpriority. Thus,capacitysatisfaction
will begraduallyperformedfor eachstoragefile.

Moreover, notethateachstoragefile mayhaveadifferenttypeof storageunits.
Therefore,this criterionof file selectionis independentof thetypeof storageand
directedtowardsto thesatisfactionprocessitself.
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In Section4.7.1 (Chapter4 dedicatedto registerfiles), experimentalresults
will show theadvantagesof usingExpression3.2 insteadof Expression3.1.

3.5 Conflict Graphs and Coloring

This sectiondescribeshow conflict graphsareusedfor storagesatisfaction. The
graphcoloringmodelis generalenoughto beusedwith differenttypesof storage
units,sincetakesonly into accounttheaccessincompatibility (conflict) between
values.

3.5.1 Constructing conflict graphs

During thesatisfactionprocess,oncethe constraintanalysishasgeneratedaddi-
tional precedencesandrefinedthe distancematrix, the informationcontainedin
thematrix will consistof a setof feasiblestarttimesof operations.Using these
starttimes,for eachpair of valuestherelative accessconflictsareobtained.Be-
causein thiscontext theproducerandconsumeroperationsof valuesarenotfixed
yet in time, threedifferentnotionsof conflict areused.

ì Two valueshave no accessconflict if the orderof their accessesrespects
the storageaccessbehavior. For example,in the caseof registersthereis
no conflict whenthe lifetimesof thosevaluesareserialized.For stacks,it
meansthat theorderof their consumptionsis oppositeto theorderof their
productions.For fifos, theorderof theirconsumptionsmatchestheorderof
theirproductions.

ì Two valueshaveastrongaccessconflictif theorderof theiraccessesdefini-
tively doesnotmatchthestorageaccessbehavior.

ì Otherwise,twovalueshaveaweakaccessconflict. Dependingonthesched-
ule, their accessesmayexhibit aconflict or not.

Considertheexampleof Figure3.4awithout folding ( 7L7 ðM9 ). Thereis no
conflict for values 3 and Ù sincetheir lifetimes areserialized.Thereis a strong
conflict for values ) and * in the clock cycle whenoperation

Ô
executes(both

valuesareconsumedat thesametime). Thereis a weakconflict for values* and+ . If operationø precedesoperation
Ô

by oneclock cycle lifetimes of * and +
overlap(have a strongconflict), otherwise* and + will have no conflict. Sinceit
is not yet determinedwhetheror not ø precedes

Ô
, * and + haveaweakconflict.

Thefollowing is theessentialdifferencebetweenastrongandaweakconflict:
valueswith a strongconflict can never residein the samestorageunit, but for
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Figure3.4: Exampleof (a) a dataflow graph Ï&Ð�Ñ , (b) its worst-caseconflict
graph

; Ô Ô Ñ , and(c) its strongconflict graph Ó Ô Ñ , after constraintanalysis.
Valuesareassignedto registers.

valueswith aweakconflict theiraccessescanstill beorderedto matchthestorage
accessbehavior.

Worst-caseconflict graph

A graph
; Ô Ô Ñ&Ú�Ó8Ð�Ü for valuesassignedto storagefile Ó�Ð is calledtheworst-

caseconflictgraph. Thereexistsanedge Ú-â % ÛXÉ % ÜQîwñ%Ú ; Ô Ô Ñ�Ü if valuesâ and É
haveaweak-or astrongaccessconflict ( âÄÛ*É&î(',Ú�Ó�Ð�Ü ).

Figure3.4bshowstheworst-caseconflictgraphafterconstraintanalysisof the
examplein Figure3.4a. Weakaccessconflictsarerepresentedby dashededges,
while strongconflictsarerepresentedby solid edges.

As mentionedin the previous section,the exact coloring of
; Ô�Ô Ñ&Ú�Ó�Ð.Ü

givesan upperboundof thenumberof storageunits required,andalsohelpsto
find andselectbottlenecksfor storageallocation.

If ��Ú ; Ô Ô Ñ�Ü isgreaterthanthecapacityof thefile 3
Ú�Ó8Ð�Ü thesatisfactionpro-
cessproceedsto identify andreducebottlenecks.If not, thesatisfactionprocess
returnsandanotherfile is analyzedor the processperformsthe final scheduling
andstorageassignment.
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Bottlenecks(for storageallocation)in
; Ô Ô Ñ areedgesthatcanberemoved.

Thoseedgesrepresentweakconflictsandarereducedby orderingtheaccessesof
thecorrespondingvalues(verticesin

; Ô Ô Ñ ). Accessorderingwill take edges
(conflicts)away from

; Ô Ô Ñ which reducesthe chromaticnumberandhence,
thestoragerequirement.

Sinceaccessorderingcan have an effect on the entire distancematrix and
subsequentlyontheaccessrelationsbetweenvalues,anew

; Ô Ô Ñ is constructed
andcoloredin every iterationof thesatisfactionprocess.

Best-caseor strong conflict graph

A graph Ó Ô ÑôÚ�Ó�Ð�Ü for valuesassignedto storagefile Ó�Ð is calledthebest-case
or strongconflictgraph. Thereexistsanedge Ú�â % ÛXÉ % Ü=î ñ%Ú�Ó Ô Ñ�Ü if valuesâ and
É haveastrongaccessconflict ( â;ÛXÉ&î(',Ú�Ó8Ð�Ü ).

Coloringof thebest-caseconflictgraphgeneratesalowerboundof thestorage
requirements.In this graphonly thestrongaccessconflict situationsareconsid-
ered.Figure3.4cshowsthestrongconflict graphof theexamplein Figure3.4a.

Thecoloringof Ó Ô Ñ steersthestoragesatisfactionprocess.With this graph
it is checkedwhethertheminimumstoragerequirementof thevaluesassignedto
Ó8Ð is (still) in therangeof theavailablecapacity3�Ú�Ó�Ð�Ü .

Sinceaccessorderingcanaffect the distancematrix andweakconflictscan
becomestrongones,a new Ó Ô Ñ is constructedandcoloredin every iterationof
thesatisfactionprocess.

3.5.2 Inaccuraciesin conflict modeling

Becausein theworst-casesituationpotentialaccessconflictsbetweenvaluesare
included,

; Ô Ô Ñ canbeinexact.Themodelingof worst-caseconflictsandexact
coloringof

; Ô Ô Ñ obtainapessimisticapproximationof theupperbound.
This is especiallytrue in the caseof multiply consumedvalues. In Figure

3.5aa portion of a non-scheduleddataflow graphwith a latency of four clock
cyclesis shown. Value ) is consumedby operationsÒ and

Ô
. If all valuesare

assignedto the sameregisterfile Figure3.5bshows the corresponding
; Ô Ô Ñ

andits coloring.Notethatdueto theschedulefreedomof operations,value ) can
conflict with eithervalue * or 3 accordingto theschedulingof operationsÒ andÔ

. Therefore,thereexist weakconflictsbetween) and * , * and 3 , and ) and 3 .
Theresultingnumberof colorsfor

; Ô�Ô Ñ is three,however it is easyto seethat
for any schedulingthenumberof registersrequiredwouldbetwo.

For the best-casesituation the coloring of Ó Ô Ñ fails being a good lower
bound.
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Figure3.6: Ó Ô Ñ doesnot obtainthetightestlower boundof two, (a) Ï�Ð�Ñ por-
tion, and(b) thecorrespondingÓ Ô Ñ with ��Ú�Ó Ô Ñ�Ü�ðèÞ .

In Figure3.6aa differentpart of a dataflow graphis shown. The best-case
conflict graphis presentedin Figure 3.6b. According to the schedulefreedom
of theproducerandconsumeroperationsof value 3 , thereareno strongconflict
situationsbetweenthis valueandvalues) or * . Value 3 canconflict with ) , * , or
both.Thetightestlowerboundfor thisexampleis two andnotoneasthecoloring
of Ó Ô Ñ suggests.Figure3.7shows anotherexamplein which thetightestlower
boundis not detected.

3.5.3 Conflict graph characteristics

In orderto obtainrun-timeadvantageswhencoloringexactly theworst-andthe
best-caseconflictgraphs,it wouldbeusefulto find outspecialpropertiesof these
graphs.However, graphsfor valueaccessconflictsdo not have any recognizable
property, sinceany graphcanbeshown to betheconflictgraphof somedataflow
graph.
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Figure 3.7: Another exampleof Ó Ô Ñ weakness. The minimum requirement
of registersis three. (a) Ï&Ð�Ñ portion, and (b) the correspondingÓ Ô Ñ with�0Ú�Ó Ô Ñ�Ü�ð�O .

Let ÑèðaÚ é,Ú-Ñ.Ü[Û$ñ%Ú�Ñ�Ü*Ü beanarbitrarygraphfrom which a dataflow graphis
beingderived(e.g.Figure3.8a),then:

ì For all â&%&îëé�Ú�Ñ�Ü , the correspondingvalue â is createdin the dataflow
graph(Figure3.8b)asa dataedgebetweentwo vertices,i.e. theproducer
andthe consumeroperations.The weight of eachedge â in Ï�Ð�Ñ is one
(minimumlifetime).

ì For all Ú-â % ÛXÉ % Ü4î3ñ%Ú�Ñ�Ü andassumingrandom-accessregisters,sequence
edgesof weight equalto oneareaddedfrom producerto consumeroper-
ationsof values â and É in Ï�Ð�Ñ defining a strongconflict betweenthe
lifetimesof thosevalues(Proposition4.4for non-foldedcases,referto next
chapter).

ì Note that the sequenceedgesaddedin the dataflow graphdo not induce
pathswith positive cycles (from one operationto itself). Otherwise,the
dataflow graphwould beinfeasible(referto Section2.5.4). In Figure3.8b
all pathsgo from thesetof operationsin thetop to thesetin thebottom.

ì Additionally, nopathsin Ï�Ð Ñ induceconflictsnotpresentin Ñ .

With this resultit is concludedthat, if from any grapha correspondingpath-
feasible,non-scheduleddataflow graphcanbe obtained,a dataflow graphcan
originateany conflict graph.

Notefinally thatconflictsderivedfrom Ñ arestrongandthereforepartof both; Ô Ô Ñ and Ó Ô Ñ . This proof thusholds for both
; Ô�Ô Ñ and Ó Ô Ñ conflict

graphs.
In conclusion,no specialpropertycan be exploited for coloring efficiently; Ô Ô Ñ and Ó Ô Ñ .



3.5. CONFLICT GRAPHSAND COLORING 53

a

b

c d

d c

ba
1

1

1

1

1

1

1 1

(a) (b)G DFG

Figure3.8: Any graphcanbetheconflictgraphof adataflow graph.(a)An initial
graph Ñ . (b) For valuesassignedto random-accessregistersa dataflow graphis
build from Ñ .

3.5.4 Exact coloring algorithm

In general,sinceno propertyof
; Ô Ô Ñ or Ó Ô Ñ can be exploited, finding a

coloring is an NP-hardproblem[26]. In order to prevent excessively long run
timesin findinganexactcoloring,theapproachpresentedby Coudertin [18] was
selected,whichoffersagoodtradeoff betweenqualityandrun time.

Coudert’s coloring algorithm is basedon finding and coloring a maximum
cliqueof thegraphandthensequentiallypicking up verticesthathave thelargest
saturationnumber(seeDefinition2.4),breakingtieswith thelargestdegreenum-
berin theremaininguncoloredgraph.Theprocessof findingthemaximumclique
of a graphis basedon a simplified branch-and-boundalgorithm togetherwith
heuristicsto prunethesearchspace.

Themotivationof Coudertto useheuristicsin his algorithmis to exploit the
1-perfectnessproperty(definedin Section2.6) that appearsin many “real-life”
examples,but doesnotalwayshold(seetheexamplein Figure3.9).Thealgorithm
works fastandexact for certaincasesandslow (but exact) for others. Besides,
experimentalresultspresentedin thefollowing chapterswill show thatsolutions
werefoundin a reasonabletime.

Coudert’s algorithmoffers the following advantages:after finding the maxi-
mum clique of the worst-caseconflict graphthe clique number �Ú ; Ô�Ô Ñ.Ü can
alreadybecomparedwith thecapacityof thestoragefile 3�Ú�Ó�Ð�Ü .
ì If ¯Ú ; Ô Ô Ñ�ÜQP�3�Ú�Ó�Ð�Ü , therearealreadymorestorageunitsrequiredthan

available.Weakconflict edgesbetweenvaluesin thecliquecanbeconsid-
eredto be removed. Nevertheless,not only thoseweakconflict edgesare
bottlenecksfor storageallocation,but otheredges(which arepartof many
maximumcliques)haveto bealsoconsidered.Theheuristicsappliedin our
approach(explainedin the following section)requireto completelycolor
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Figure3.9: A non1-perfectconflictgraphin aloopfoldedcase.(a)A loopfolding
scheduleddataflow graph,(b) the resultedconflict graphwith ¯Ú Ô Ñ�ÜAðRO , and�0Ú Ô Ñ�Ü�ð5N .; Ô�Ô Ñ for abetterexplorationof thesearchspace.

ì If ¯Ú ; Ô Ô Ñ.Ü0�#3
Ú�Ó8Ð�Ü , the coloring processneedsto be completed,and
bottlenecksneedto beidentifiedwith theheuristicsproposed.

Similarly, thecliquenumber¯Ú�Ó Ô Ñ�Ü of thebest-caseconflict graphcanalso
becomparedwith thecapacityof thestoragefile 3�Ú�Ó�Ð�Ü .
ì If ¯Ú�Ó Ô Ñ.ÜSP53�Ú�Ó�Ð�Ü aninfeasibleresultcanalreadybereturned,sincethe

minimumstoragerequirementis morethantheavailable.

ì If ¯Ú�Ó Ô Ñ�ÜT�U3�Ú�Ó�Ð�Ü , thecoloringprocessneedsto becompleted,andthe
actualnumberof colors ��Ú�Ó Ô Ñ�Ü will indicatethe feasibility directionof
theprocess.

3.6 Bottlenecksfor StorageSatisfaction

Reductionof storagefile pressurecanbeobtainedby finding a setof valuesthat
requirethelargestamountof storage.Someof thosevaluescanbeeitherspilledto
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Figure3.10:Exampleof bottleneckreduction.(a)Non-foldedVXW4Y , (b) Z\[4[]Y
with ^`_aZ\[4[]Y]bdc#e andthepossibleedgesto remove, (c) serializationof life-
times of f and g or h and g , (d) resulting Z\[4[]Y with ^`_2Zi[4[4Yjbkcml after
ordering [on p , (e) serializationof lifetimes of q and g , (f) resulting Z\[4[]Y
with ^`_aZ\[4[]Y]brc�l afterordering Vsn p .

differentstorageincludingbackgroundmemory, or their accessescanbeordered
suchthatthey canshareastorageunit.

In the domainof conflict graphs,valuespilling canbe viewed asremoving
verticesfrom the graph(andthereforethe edgesincident to them),while value
accessorderingremovesedgesbetweenthe correspondingvertices. In both ap-
proaches,theaim is to obtaina reductionin thefinal numberof colorsto satisfy
some“color budget”.

Our approachreducesthestoragefile pressureuntil it is possibleto storeall
theassignedvaluesinto theavailablestorageunits.Thisis doneby meansof usingZ\[4[]Y andremoving edgesthatrepresentweakaccessconflicts.

Considerthe exampleof Figure3.10a. Zi[4[4Y is coloredwith threecolors
(Figure3.10b).Edges_6f$t-g�b , _2h�t-g�b , and _6q,t"g�b representweakconflicts,andcanbe
selectedfor removal. Thesolid edgebetweenverticesf and h indicatesa strong
accessconflict situation,andthereforeedge _2f$t-hub cannotbeselected.
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Now thequestionarises:how to identify the(best)bottlenecks?.Theanswer
is givenin thefollowing section.

3.6.1 Bottleneck identification

Givena dataflow graph VXW4Y , a storagefile vrW , a setof valuesassignedto vwW
( xy_avrW]b ), andthecapacityof thestoragefile q�_2vrWjb , thegoalof ourapproachis to
reducethenumberof colorsin thecoloringof Z\[4[]Yz_avrW]b by removing some
of its edgesuntil ^`_2Zi[4[4Yjb�{|q!_avrW]b .

Removal of anedge_~}H��t"�L��b in theconflictgraph Z\[4[]Yz_avrW]b impliesorder-
ing theaccessesof values} and � accordingto vrW accessbehavior. Theremoval
of anedgein Z\[4[]Y throughtheadditionof sequenceedgesin VXW4Y canindi-
rectly imply the removal of otheredges,a secondaryeffect which contributesto
speedup thesatisfactionprocess.

Sincetheremoval of anedgein Z\[4[]Y impliesa reductionin schedulefree-
dom it is necessaryto carefully selectthe edgesto remove, in order to reduce
efficiently thenumberof colorsof Zi[4[4Y while not toomuchschedulefreedom
is sacrificed.For thatpurpose,thesaturation numberfrom Definition 2.4 is used
to identify bottlenecks.

ConsideracoloredZ\[4[]Y . Whenavertex } � hasasaturationnumber���!��_~} � b
it is equivalentto saythatfor vertex } � andits neighbors( ��} ������� _~} � b ), �"�,��_6} � b���

colorsareassignedin thecoloring. As larger thesaturationnumbersare,more
arethecolorsusedby theset.

Therefore,in acolored Z\[4[]Y themaximumsaturationnumbersof a vertex} � andits neighborsindicatesthateachedgeamongthoseverticesis acandidateto
beremovedfrom Z\[][4Y in orderto reducethenumberof colorsfor thatvertex
set.A reductionof thenumberof colorsin thevertex setwith maximumsaturation
numberscanpotentiallyreducethetotal numberof colorsfor coloring Zi[4[4Y .

In conclusion,the largestsaturationnumberof verticesis usedascriterionto
identify bottlenecksin Z\[4[]Y .

For bigger examplesin which many verticescan have the samesaturation
number, the largestdegreenumberof a vertex }H� ( � � _6}&��b�� ) is usedto breakties
amongverticeswith thesamesaturationnumber.

The saturationnumberwasusedin previous works [4, 51] obtainingaccept-
ableresultsin termsof accuracy andexecutiontime. In [3] someadditionalheuris-
tics (including thesaturationnumbersin vr[]Y ) wereexperimentedto refinethe
selectionof thebottlenecks.However, thoseheuristicsdid notobtainbetterresults
for theanalyzedexamples.

In the exampleof Figure 3.10bedge _2f$t-g�b is identified asbottlenecksince�"�!��_2f8bwc��"�,��_2g�bwc�l , ���	��_6g�b�c|� , and �����H_2f8bwc�l .
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Disadvantagesof the saturation number

Thesaturationnumberof vertices,andhencethebottleneckidentification,canbe
sensitive to the way Zi[4[4Y is colored. This is importantto take into account
sinceusing the saturationnumberasa way to identify bottleneckscanmislead
theprocessif theverticestargetedin Z\[][4Y do not correspondto a groupthat
requiresthelargestnumberof colors(storage).

Look at theexampleof Figure3.11. ThesameZ\[][4Y wasexactly colored
in two ways. The chromaticnumberis always three,but in the coloredgraph
of Figure3.11athe saturationnumberof vertex g is ���!�,_2g�b0c�l . In that graph,
the removal of the weakconflict edgeincidentto g doesnot reducethe number
of colors for coloring Zi[4[4Y . Removing edgesbetweenvertices h , q and �
doesreducethe numberof colors. Unfortunately, this situationcannotalways
beavoided.

Anothereffect is that,while looking only at themaximumsaturationnumber
asolutioncannotalwaysbefounddirectly. Seetheexampleof Figure3.12a.The
sameZ\[4[]Y wasexactly coloredin two ways. Using themaximumsaturation
number, verticesf , g , and � areselected,howeverthey donothaveaweakconflict.
Meanwhile,thecoloringof thegraphin Figure3.12b,allows usto find verticesq
and � with a weakconflict.

In the FACTS implementation,to overcometheproblemspresented,thebot-
tleneckselectionproceedsasfollows:

1. All verticesin Z\[][4Y areconsideredfor reasonsof completeness.

2. Verticesarelistedandsortedaccordingto their largestsaturationanddegree
numberscriteria. Vertex } � is selectedfrom thetop of thelist andthenthe
setof its neighborsis obtained.
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Figure3.12: Drawbackof identifying bottlenecksthroughmaximumsaturation
number. (a)Firstcoloring,edgesbetweenverticeswith maximumsaturationnum-
berdonot representweakconflicts,(b) asecondcoloring,at leastoneedgerepre-
sentsaweakconflict.

3. Theneighbors� _~} � b arealsosortedby their largestsaturationanddegree
numbers.Vertex � � is selectedstartingfromthetopof thelist if edge_~} � t"� � b
representsa weakconflict.

3.7 Performing AccessOrdering

Valueaccessordering is the term usedin this work to denotea relative place-
mentof operations(producersandconsumersof values)throughthe insertionof
sequenceedgesaccordingto theaccessbehavior of thetargetedstoragefile. The
goalof accessorderingis to eliminateapotentialconflictbetweenvaluesfrom the
identifiedbottleneckin Z\[][4Y .

Value lifetime serialization is a particularaccessorderingperformedin the
caseof having registersasstorage.

Accordingto thestorageaccessbehavior andtheschedulingfreedomtheac-
cessesof two valuescanbe orderedin differentways(like lifetime serialization
canbeperformedwith avalue} preceding� or value� preceding} ). Theordering
processconsidersonekind of orderingatatime. If constraintanalysisor thelower
boundcheckingdetectinfeasibility asa resultof thatchoice,anotherorderingis
madeif possible.If all possibleorderingsleadto infeasibility, accessorderingof
thosevaluesis discardedandanotherpair is chosento repeattheprocess.

In Figure3.10lifetime serializationof, e.g. f and g will resultin theaddition
of sequenceedge [�n p with weight zero in the dataflow graph. After seri-
alization,theupdatedconflict graph Z\[][4Y is coloredwith only two colorsas
shown in Figure3.10d.Notethatafterserializationf���g , notonly edge_6f$t-g�b has
beenremovedbut also _6h�t-g�b asa secondaryeffect of that serializationdecision.
SerializationqT��g is not detectedby our approach.This serializationremoves
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theconsumptionof value } precedestheproductionof � , and(d) theconsumption
of value } precedestheconsumptionof � .
alsoedges_6f&t"g�b and _2h�t-g�b but hasthedrawbackof consumingall thescheduling
freedom(seeFigures3.10eand3.10f).

Figure3.13shows thedifferentsituationswhenorderingtheproductionsand
consumptionsof values,takinginto accounttheoperationexecutiondelays.

3.8 Branch-and-BoundApproach

A branch-and-boundalgorithmis usedto solve combinatorialoptimizationprob-
lems with a certaincost function. It is a systematicway to evaluatesolutions
in a decisiontreedeterminedby a setof decisionvariables. Leaves in the tree
representthepossiblesolutions.

For eachbranch, i.e. local decisionon thevalueof a variable,a lower bound
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is computedon the cost of all solutionsin the correspondingsub-tree. If that
boundis higherthanthecostof any solutionfoundso far thesub-treeis pruned
(or killed), becauseall its leaveswouldyield a solutionof provablyhighercost.

In FACTS, a branch-and-boundapproachfor storageconstraintsatisfaction
is implemented.In the satisfactionapproachthereis no cost function, and the
boundingmechanismconcernsfeasibility ratherthancost. This approachhasa
systematicwayof choosingvaluesfor accessorderingandthebranch-and-bound
is restrictedto theorderingchoices.

For a selectedpair of values(outputof thebottleneck identificationprocess),
a branch representsa choiceregardingtheorderingappliedto thecorresponding
producerandconsumeroperationswhile the boundingconsistsin the following
mechanisms:

� During accessordering,somebranchesare alreadyexcludedwhenusing
rulesappliedto thedistancematrix. This is donebeforeany branchis taken.
In Figure3.14theprecedencebetweenconsumeroperationsof values} and� determinesonly onewayof orderingexcludingalreadytheother.� Constraintanalysisdetectsinfeasibility as a result of orderingdecisions.
During orderingsomepossibilitiesareexcludedbut no guaranteesregard-
ing feasibility canbe given. Constraintanalysisprovidesa moreaccurate
mechanismto excludeorderingpossibilitiesandthereforeactsasa bound-
ing mechanism.� Anotherboundis determinedby thenumberof colorsin thestrongconflict
graph vr[]Y becausethis numberrepresentsa lower boundon storageal-
location. As a resultof anorderingdecision̂`_avr[4Yjb canbecomegreater
thanthecapacityconstraintandan infeasibility is returnedin this case.In
this sense,the importanceof the strongconflict graphand its coloring is
emphasizedto steerthesatisfactionprocess.

If accessorderingresultsin aninfeasibility theprocessbacktracksandmakes
anotherordering.If all orderingsfail, thepairof valuesis markedandtheprocess
restartswith another(unmarked)pair. Whenthereareno morechoicesit means
thatthereis no solutionfoundfor thesatisfactionproblem.

The branch-and-boundapproachis meantto guaranteethe completenessof
our approachregardlessof thetime consumedto obtaina solution.However, for
executiontimereasonsthemaximumnumberof backtracksis limited by allowing
only a limited numberof branchesvisitedduringthesatisfactionprocess.
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3.9 Run-time Complexity

Let ¢£cR¢y_2V¤W]Y]b , ¥w¦zc£¥r¦!_2VXW4Yjb , and � cm�Exy_avrWjb�� the numberof values
assignedto a storagefile vrW , with �§xy_avrW]b��${M� ¥w¦¨�&{£� ¢¤� © . �EvrW/ª�� is thenumber
of storagefiles of which constraintshave to be satisfied.The complexity of our
approachis determinedby thefollowing processes:� Constraint analysisanddistancematrix update. The run-timecomplexity

of theexecutioninterval analysisis presentedin detail in [73]. Thedomi-
nantfactorin executioninterval analysisis theconstructionof thebipartite
schedulegraph «0vrY anddeterminingits irreduciblecomponents(refer to
Section2.5.1),of whichcomplexity is � ¢X� © ��� ¢¤�¬2® ©�¯ � °z� , where° is related
to the setof arcsin «0vrY , with � °z�S{ � ¢X� © . The complexity of the dis-
tancematrix updateis determinedby the numberof pathsthat needto be
updatedasa resultof a new sequenceedge.This processhasa complexity
of ±X_2l�² ¯ � ¢X� © b [50], where ² is thelatency.� Storage file selection. Storagefile selectionis performedusingthepriority
functionfrom Expression3.2.At thebeginningof theprocesstheconstruc-
tion andcoloringof �§vrW/ª?� worst-caseconflict graphsarenecessaryfor the
initial file selection. During the satisfactionprocessstoragefile selection
hasacomplexity of ±¤_��§vrWDª³� © b sinceit usesasortalgorithm.Thechromatic
numberŝ̀ _aZ\[4[]Y]b for eachgraph Z\[][4Yz_avrW/ª´b areupdatedduring the
process.� Worst-caseconflictgraphconstructionandcoloring. For astoragefile vrW ,
theconstructionof Zi[4[4Y takes ±X_ � © b . Thealgorithmof Coudert[18] is
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usedfor exactcoloringof Z\[4[]Y . This algorithmwasbuilt to exploit the
1-perfectnesspropertyof most register allocationrelatedconflict graphs.
Coloring of 1-perfectgraphsis solvable in polynomial time [28] and,al-
thoughthe algorithm of Coudertcannotbe boundin polynomial time, it
givesgoodresultsin practice.� Best-caseconflictgraph vw[4Y constructionandcoloring. Theconstruction
of vr[]Y also takes ±X_ � © b , and Coudert’s algorithm [18] is also usedto
obtain ^`_avr[4Yjb .� Bottleneck identification. It usesa sortalgorithmfor thevaluesassignedto
storagefile vrW . Therefore,it takes ±X_ � © b [17].� Branch-and-bound. The branch-and-boundcomplexity for our approach
cantake exponentialrun time. To avoid long run timesduring theexperi-
mentsthenumberof backtrackswaslimited to asmallnumberlike100.

In (mostof) thecasesin which � ¥w¦¨� is comparableto � ¢X� or less,theexecution
interval analysisandthedistancematrixupdatearethecritical factors.By making
a profile over theroutinesexecutedduringthestoragesatisfactionprocess,it was
foundthatin many casesup to 80%of thetimewasspentfor constraintanalysis.

When �E¥r¦¨� is muchlargerthan � ¢X� theconstructionandcoloringof theconflict
graphsbecomedominant.

Theuseof distributedstoragefiles is expectedto performin shorterrun times
becausetheprobleminstancesaresmaller.

Theactualcomplexity of thestoragesatisfactionprocessis hardto calculate
sinceit dependsnot only on thenumberof operations� ¢X� , thenumberof values�E¥r¦�� , or thenumberof storagefiles �§vrWDª�� , but alsoonhow tight aretheconstraints
thatprunepartof theschedulingsearchspacereducingthetimeto find asolution.

Experimentsshowedthatfor exampleswith lessthan100operationsandval-
uesa feasiblesolutionis found in a matterof seconds.However, for somecases
a solutioncould not be found within the limited numberof backtracksallowed.
Finally, thealgorithmof Coudertis notadominantfactorin therun time.



Chapter 4

RegisterFiles

4.1 Intr oduction

In the previous chapterthe approachfor storageconstraintsatisfaction during
schedulingwas presented.In this chapterour approachis appliedto the case
of usingregisters in thearchitecture.

Random-accessregistersare usedto storedata that are transferredfrom a
functionalunit to anotheracrossclock cycle boundaries.This storageis called
“random-access”becauseany singleregistercanbeaccesseddirectlyandnotnec-
essarilyin a sequentialway like in thecaseof stacksandfifos (seenext chapter).
A register file denotesa groupof registerswith commonread/writeportsor ad-
dressesand it is organizedand controlled in a way that enablesthe accessto
specificregisters.

Thebestreasonsfor theuseof random-accessregistersin anembeddedpro-
cessorare twofold. First, registersinternal to the CPU are fasterthanexternal
memory. Second,registersareeasierfor a compilerto useandcanbeusedmore
effectively than other forms of internal storagelike stacksor fifos. Moreover,
whenregistersareusedto hold valuesthe memorytraffic reduces,the program
speedsup sinceregistersarefasterthanmemory, andthecodedensityimproves
sincea register can be addressedwith fewer bits than a memory location (the
numberof registersis alwayssmaller).

From the compilerpoint of view the ideal situationwould be if all registers
wereequivalent(thesamesize,sameaddressingspace)andunreservedfor special
purposes.However, many embeddedprocessorscompromisethis desireby dedi-
catingregistersto specialuses,or partitioningtheavailableregistersinto smaller
registerfiles distributedover differentpartsof the architecture.Embeddedpro-
cessorclasseshave thefollowing characteristics:� DSPprocessorshave(distributed)special-purposeregisters,likeadedicated

63
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accumulatorregister. Theuseof special-purposeregistersis dependenton
the instructioncontext, wherethe sourceanddestinationregistersareim-
plicit in the instructioncode.This leadsto shorterdelaysin thedata-path,
due to the absenceof complex addressdecodinghardware, and lessbits
requiredfor encoding. Becauseof the irregularitiesin their architecture,
compilerconstructionfor DSPsis difficult.� VLIW multimediaprocessorshavea moreregulararchitecturewith prefer-
ably one large register file [30] andan orthogonalinstructionset, i.e. in
which any register canbe usedby any instruction. This oneregister file
architecturehasa negative impacton power consumption,codesize (of-
tenmorethan50%of theinstructionbits in VLIW processorsareusedfor
register addressing),and clock frequency comparedto architectureswith
distributedregisterfiles. Therefore,thetendency is to partition theregister
file into a numberof smallerfiles [22]. Theaim of file partitioningis to in-
creasetheoverall bandwidthby providing multiple pathsbetweenregisters
andfunctionalunits. However, this hasthe major drawbackof increasing
thecomplexity of thecompilerrequiredto performregisterallocationonto
aheterogeneousregisterspace,sincenotall directcommunicationbetween
functionalunitsandregisterfiles is provided.� Due to the objectivesof ASIP designnamelysmall codesize, low power
consumption,and high performance,ASIPs can have architectureswith
highly irregulardata-pathsandrelatively few registers,which arefar from
anidealcompilertarget. Dueto the largeoverheadin schedulelengthand
codesizeof compilergeneratedcodewhencomparedto hand-writtenas-
semblyfor ASIPs,thereis anurgentneedfor compilationmethodsthatcan
dealwith suchirregulardata-paths.

For theseclassesof embeddedprocessorsthesamecodegenerationproblem
arises:performingschedulingandregisterallocationfor capacitylimited register
filessuchthatpotentiallyseveretiming andresourceconstraintsarealsosatisfied.

This chapterpresentsthe capacitysatisfaction processconsideringregister
files asshown in Figure3.3 (repeatedfor conveniencein Figure4.1). The rules
to constructconflict graphsfor valuesassignedto registerfiles aregiven in Sec-
tion 4.2. Lifetime serializationasvalueaccessorderingis described,andsome
relatedheuristicsarediscussedin Section4.3. A techniquecalledvaluemerging
to improve theaccuracy andperformanceof thesatisfactionprocessis presented
in Section4.5. The lower boundof the registercountestimatedto steerthe sat-
isfactionprocessis alsodiscussed,anddifferentlower boundapproachesarede-
scribedin Section4.6. Theexperimentalresultsto test,compareandvalidatethe
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Figure4.1: Approachfor registerfile constraintsatisfaction.

heuristicsandtechniquesproposedarepresentedin Section4.7. Finally, capacity
satisfactionfor rotatingregisterfiles is consideredin Section4.8.

4.2 Constructing Conflict Graphs

The worst-caseZ\[][4Y¤_6µTWjb and the best-casevr[4Y¤_6µTWjb conflict graphsare
constructedbasedonspecificrulesfor accessingvaluesassignedto random-access
registerfiles. Theaccessconflict rulesarepresentedin thefollowing section.

4.2.1 Conflict Rules

Considervalues } and � producedby operations¶ � and ¶ � and consumedby� � and � � respectively. ¶r·�¸8� � and ¶r·�¸8� � representthe productionsof } and� respectively, while ��¸�¹�� � and ��¸�¹�� � representtheir consumptions.For loop
foldedcases,instances}$ª and ��º correspondto values} and � in iterations» and ¼
respectively.

Thefollowing propositionsconsidertheloop foldedcasesin general.For the
non-foldedcasessimplyconsider½L½0c�² and »¾c¿¼0c5ÀÁc5¡ .
No conflict

Values} and � havenoconflict if dueto theorderof theiraccessestheir lifetimes
can never overlap. Thereis no overlapbetweenvalues } and � if and only if
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thelifetime of � is exactly containedin the interval betweentwo successive loop
iterationlifetimesof } . This is depictedgraphicallyin Figure4.2aandcaptured
by thefollowing proposition:

Proposition4.1 Values} and � havenoconflictif andonlyif thereexistiterations» and ¼ such that �D_a��¸�¹�� �ª t-¶r·�¸8� �º b�Â|¡ and �Ã_a��¸�¹�� �º t"¶w·?¸Ä� �ª bQÂ\��½L½ .
This correspondsto thesituationthata consumeroperationof onevaluepre-

cedestheproduceroperationof thesecondvalueby at leastzeroclock cycles(a
valuemaybereadandsubsequentlyoverwrittenin thesameclockcycle).

Becausethe distancematrix is usedfor checkinga conflict, the equivalent
Proposition4.2 is derived.

Proposition4.2 Values} and � haveno conflictif thereexists ÀkÅÇÆ such that���È_a�`�Lt-¶É�	bÃ�ËÊÄ_2¶É�	b¾� � Â ÀÍÌÎ½8½ ��¹�����È_a�`�,t-¶É�!bÃ�ËÊÄ_2¶É�!b¾� � Â �Ï_2À]� � b�ÌÇ½L½
Strong conflict

Values } and � have a strongconflict if dueto the orderof their accessestheir
lifetimesoverlapfor sure.Thereis anoverlapbetweenvalues} and � if andonly
if the lifetime of � can never be exactly containedin the interval betweentwo
successivelifetimesof } . This is depictedgraphicallyin Figure4.2bandcaptured
by thefollowing proposition:
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Proposition 4.3 Values } and � havea strong conflict if and only if there exist
iterations » and ¼ such that �Ã_2¶r·�¸8� �ª t���¸�¹�� �º b�Â � and �D_6¶w·?¸Ä� �º t-��¸�¹�� �ª b�Â � .

This correspondsto thesituationwheretheproduceroperationof eachvalue
precedestheconsumeroperationof theotherby at leastoneclock cycle.

Becausethe distancematrix is usedfor checkinga conflict, the equivalent
Proposition4.4 is derived.

Proposition 4.4 Values } and � havestrong conflict if there exists À�Å\Æ such
that �Ä�T_6¶r�Lt-�`�Ðb¾�1ÊÄ_2¶É�!bmÂ ÀÑÌ�½L½ ��¹���Ä�T_6¶ � t�� � b¾�1ÊÄ_2¶ � b Â �ÈÀÑÌÇ½L½
Weakconflict

Thereis aweakconflict if conditionsof Propositions4.2and4.4arebothinvalid.

For theconstructionof Z\[][4Y two valueshave a worst-caseconflict if they
simply do not have a no conflict situation,i.e. theconditionfrom Proposition4.2
is invalid. This is becauseZ\[][4Y includesweakandstrongconflicts.For vr[]Y
theconditionfrom Proposition4.4 is directlyapplied.

Considertheexampleof Figure4.3awithout folding. Theexecutiondelayof
the operationsis oneclock cycle. Thereis no conflict, e.g. for values f and q ,
sincetheir lifetimesarealreadyserialized;a strongconflict, e.g. for valuesh andq in the clock cycle that operationV executes(both valuesareconsumedat the
sametime); anda weakconflict situation,e.g. for values h and g . If operationp precedesoperationV by at leastoneclock cycle lifetimes of h and g overlap
(haveastrongconflict),otherwiseh and g will havenoconflict. Sinceit is not yet
determinedwhetheror not p precedesV , h and g haveaweakconflict. Theworst-
andthebest-caseconflict graphsareshown in Figures4.3band4.3crespectively.

4.3 Lifetime Serialization

Following the bottleneckidentification(seeFigure4.1), values } and � arese-
lectedfor lifetime serialization.

4.3.1 Heuristic of the minimum sacrificeddistance

Lifetime serializationcanoftenbeperformedin morethanoneway. At a glance
a serializationdecisioncan be basedon sacrificingthe leastpossibleschedule
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freedomaspresentedin [3, 51]. Whenlessschedulefreedomis sacrificed,more
is thechancefor subsequentserializationsto beperformed,andeventuallyother
constraintsatisfactionprocessescanexploit theremainingfreedomtoo.

Consideringa non-foldedcaseandexecutiondelaysof oneclock cycle, life-
time serializationof } and � (with a weak conflict) can be donein two ways:�`�]n ¶r� or �`�Èn ¶r� . Sometimestheconstraintsaresuchthatconstraintanaly-
sis is ableto excludeoneof thesepossibilities.If this is not thecase,a heuristic
shouldbeapplied.

Let ÒÑc��D_2�`�Ät"¶r��b and Óyc��Ã_a�`�,t-¶É�!b . Ò�Ô�¡ and Ó¤ÔÕ¡ , i.e. theweakconflict
situationin which serializationof lifetimes of } and � canbe performedin two
ways. Making a decisionis to increaseeither Ò or Ó to zero. The leastschedule
freedomis sacrificedwhenthesmallestincrementis made,thereforeif � Òr��{M� Ó/�
thenordering � � n ¶ � is performed,otherwise� � n ¶ � .

Considerthe exampleof Figure4.4. This examplehasa latency of four, a
registerfile with capacityof two registers.Thedistancematrix is alsoshown in
4.4b. The initial worst-caseconflict graphis illustratedin Figure4.4c andhas
a chromaticnumberof three. From the list of possiblecandidateswith highest
saturationanddegreenumbersin Z\[][4Y , supposeedge _6h�t-g�b is selectedto be
reduced.Therefore,lifetime serializationh��Ög will beperformed.In thedistance
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matrix: Òkc��Ä�T_2��Ø"t-¶rÙ"bwc��Ã_2V�t-pjbrcÚ�dl and ÓÏc����È_a��Ùut-¶rØ�bwc��D_6YÁt"°ÈbrcÛ��e .
In this case � Òr�É{�� ÓD� ( �L��lH�ÉÔÜ�L�|e�� ), andthe decisionwould be to insertthe
sequenceedge VÝn p (Figure4.4d) in orderto looseonly two clock cyclesof
schedulefreedom.However, looking at theconflict graphin Figure4.4ethereis
still a requirementof threeregisterssince ^`_aZ\[4[]Y]b�cÞe , having thenecessity
to repeattheprocessafterwardsandinsertanothersequenceedgeWßn p . The
decisionof serializinglifetimes of g and h with the insertionof sequenceedgeYin×° is moreeffective,astheresultingconflict graphin Figure4.4f shows.

In conclusion,if any lifetime serializationis possible,lookingonly at therela-
tivedistancesbetweenproductionandconsumptionsof thecorrespondingvalues
yieldsunclearresults.

4.3.2 Serialization method

Consideringthe fact that in the loop folded caseoneiterationof value � canbe
scheduledin betweenany othersubsequentiterationsof value } , it is necessaryto
find out thepossible“places”wherevalue � canfit without infeasibility, i.e. the
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gapsbetween} iterationswhere� canbescheduled.

It is tried to serializelifetimes of } and � by fitting instanceÀ of � between
instancesÀ4�Ë» and À]�¿»à� � of } asdepictedin Figure4.5. » is thustherelative
iterationdifferencebetweeninstancesof } and � beingserialized.

To put ��¸�¹�� �á before ¶r·�¸8� �á-â ª â ¬ a sequenceedgewith weight zero is intro-
ducedfrom ��¸�¹�� �á to ¶r·�¸8� �á-â ª â ¬ . To prevent a positive weight cycle between
operations,which resultsin an infeasiblesituation(seeSection2.5.4), the dis-
tancefrom ¶r·�¸8� �á-â ª â ¬ to ��¸�¹�� �á shouldbelessthanor equalzero,resultingin the
following inequality:

�Ã_2¶r·�¸8� �á-â ª â ¬ t���¸�¹�� �á bm{ ¡¥¾ãÄä�· ¯ l ¯ lyå\�Ã_2¶r·�¸8� � t���¸�¹�� � bÉ�|_aÀæ�¿»�� � �çÀ�b�ÌÇ½L½ { ¡�D_2¶r·?¸Ä� � t-��¸�¹�� � bm{ _6»�� � b�Ì�½L½è	éê�ë@ì?è�íÐî ï�ìBð"ñóò?ôõ�õ � � { »ö è�é÷ê!ë�ì³è-íÐî ï¨ìBð�ñóò?ôõ�õ ø � � { »ù è�é÷ê!ë�ì³è í î ï�ìBð"ñ�ò�ôóú ¬õ�õ û { »
Finally, usingExpression2.5weobtain:

ü �Ä�È_6¶ � t-� � b¾�1ÊÄ_2¶ � b½L½ ý { » (4.1)

Thisexpressiongivesthelowerboundof » .
Similarly, to put ��¸�¹�� �á-â ª before ¶r·�¸8� �á a sequenceedgewith weight zerois

introducedfrom ��¸�¹�� �á-â ª to ¶r·?¸Ä� �á . To preventa positive weight cycle between
operationsthedistancefrom ¶r·�¸8� �á to ��¸�¹�� �á-â ª shouldbe lessthanor equalzero
resultingin thefollowing inequality:



4.3. LIFETIME SERIALIZATION 71

time

uk+i+1

uk+i

vk

0

0
uk+i

kv

kv

d(

d(

uP

uC

Pu

uC Pv

Cv

Pu

uC

Pv

Cv

Pv

Cv

Pu vC, )

Pv uC, )

i upper bound

i lower bound

Figure4.5: Lifetime serializationof values} and � . » is boundby inequalities4.1
and4.2.

�D_6¶r·�¸8� �á t���¸�¹�� �á-â ª bm{ ¡¥ÉãÄä�· ¯ l ¯ l0å\�D_2¶r·�¸8� � t���¸�¹�� � b¾�|_aÀÏ��_2À4�1»Bb?b�ÌÇ½8½ { ¡»wÌÇ½8½ { ���D_6¶r·�¸8� � t-��¸�¹�� � b
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»þ{ ù úLè	éê�ë@ì?è ò î ï�ìBð"ñóíuôõ�õ û

Finally, usingExpression2.5weobtain:

»þ{ ü �����T_6¶É�!t-�`�!bÃ�ËÊÄ_2¶É��b¾� �½L½ ý (4.2)

Thisexpressiongivestheupperboundof » .
For non-foldedcases,making ½L½(cM² in Expressions4.1 and4.2 » cantake

valuesof minusone(orderingin which the lifetime of value � will precedethe
lifetime of } ) or zero(thelifetime of � will succeedthelifetime of } ).
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Performing lifetime serialization

With a known relative iterationnumber» , lifetime serializationis performedwith
sequenceedges:

��¸�¹�� � n ¶w·?¸Ä� � å ÿ]_2� � t-¶ � bwc|»`ÌÇ½L½4�1Ê�_6¶ � bÃ� ���¸�¹�� � n ¶r·?¸Ä� � å ÿ]_2� � t"¶ � bwci�Ï_~» � � b�ÌÇ½L½j�çÊÄ_2¶ � bÃ� � (4.3)

Thevalueaccessorderingstartsto serializelifetimesof } and � with themini-
mumvalueof » (from Expression4.1)insertingtwo sequenceedgesusingExpres-
sion4.3. If constraintanalysisor thelowerboundcheckingdetectinfeasibility as
a resultof this choice,» is incrementedandanotherserialization(in anothergap)
is tried. If all possiblevaluesof » leadto infeasibility, serializationof } and � is
discardedandanotherpair of valuesis chosento repeattheprocess.

4.4 A Folded-CaseExample

To illustratethis processthe examplein Figure4.6 is used. This examplecom-
prisesresourceconstraints,e.g. °Ú��V meansthat operation° hasa resource
constraintwith V andthey cannotbescheduledin thesameclockcycle,a latency
of seven,aninitiation interval of two, andaregisterfile µTW with capacityof four.
As explainedin Section2.3.3,thelatency andtheinitiation interval constraintsare
expressedin thedataflow graph,asseenin Figure4.6a.Theresourceconstraints
arealsoexpressedwith sequenceedgesof weightsoneandthree( � c�ÀTÌ4½8½¾� � )
[50]. Theinitiation interval constraintis alsoexpressedwith precedenceedgesof
weightminustwo betweenconsumerandproduceroperations.

The distancematrix after constraintanalysisis shown in Figure4.6b,while
the initial worst-caseconflict graphis in Figure4.6c. Thecoloringof this graph
resultsin achromaticnumberof six, i.e. six registersrequired,whichis morethan
theavailablecapacityof theregisterfile.

Following themethodin Section3.6.1supposeedge_2f$t-g�b in Z\[][4Y is iden-
tified asbottleneck. f and g are thereforecandidatesfor lifetime serialization.
UsingExpressions4.1and4.2for distances���d_6°jt"Wjb and �Ä�T_6pzt-[]b respectively
(with }|cof and �1c�g andexecutiondelaysof oneclock cycle), » is equalto
one. Therefore,following Expression4.3 the lifetime serializationprocesswill
insertsequenceedges[Ûn p with weightof two clock cycles,and WUn ° with
weightof minusfour clock cycles. Figure4.6dshows thesequenceedgesadded
in the dataflow. Constraintanalysisthenreducesthe schedulefreedomto zero
andupdatesthe distancematrix. The worst-caseconflict graphis alsoupdated
(Figure4.6e),andthe new chromaticnumberis four which satisfiesthe storage
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Figure4.6: Constraintsatisfactionfor a folded-case(a) initial VXW4Y , valuesare
assignedto µTW with q!_2µTW]bXcþ� , (b) distancematrix, (c) initial Zi[4[4Y with^`_2Zi[4[4Yjb|c �

, (d) lifetime serialization f(�
g , (e) updated Z\[4[]Y with^`_2Zi[4[4Yjbrc�� , and(f) final scheduleandregisterassignment.

constraint. As a result the scheduleis fixed asdepictedin Figure4.6f, andthe
registerconstraintis satisfied.

4.5 ValueMerging

In Section3.5.1thecharacteristicsandlimitationsof theworst-andthebest-case
conflict graphswere presented.However, in many casesthe following can be
observed. Look at theexampleof Figure4.7a. Valuesf and h couldoccupy the
sameregisterbetween��_~°Tb and��_2VXb . They canbeconsideredasasinglevalue fLh .
Theadvantageis visible in theconflict graphsof Figures4.7eand4.7f: thereare
lessverticesandmoreaccuratebounds,which improvetheaccuracy of thegraph
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valuemerging. (a) VXW4Y , (b) thecorrespondingZi[4[4Y with ^`_aZ\[4[]Y]bdc#l ,
(c) the correspondingvr[4Y with ^`_avr[4Yjbzc �

, (d) a merging of values f andh in fLh , (e) the new Z\[4[]Y with lessverticesand ^`_aZ\[4[]Y]b4c£l , (f) a more
accuratelowerboundwith ^`_avr[4Yjbrc5l .
coloring. Therefore,thevaluemerging techniqueis usefulin theconstructionof
worst-andbest-caseconflict graphs.

Valuemerging will selecta chainof values.All valuesin thechainarethen
consideredasasinglevaluebeingproducedby theproduceroperationof thefirst
valueandconsumedby theconsumeroperation(s)of thelastvalue.Thereasoning
behindmerging is that the mergedvaluescanbe mappedonto a singleregister.
However, mergingof valuesat thisstagedoesnotnecessarilyimply thatall values
in a chainwould be assignedto the sameregisterat the endof the final storage
allocationprocess.

With valuemergingthenumberof verticesin theconflictgraphsis less,it sim-
plifiesgraphconstruction,coloring,andhencespeedsup thecapacitysatisfaction
process.Moreover, asseenin Figure4.7 theobtainedlower boundis two (which
is thetightest).With thatlowerboundresultthecapacitysatisfactionprocesscan
be stoppedbeforeit tries unsuccessfullyto serialize fÑ�5q or qæ��h in order to
satisfythecapacityconstraintof oneregister, which is in factinfeasible.

In orderto performmerging efficiently andin a conservativeway, thefollow-
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Figure4.8: Becausethelifetime of value f overlapswith its successorvalue h , f
and h cannotbemerged.In this case,value q canbepartof thechainafter f .
ing issueshave to betakeninto account:� Valuesaremergedonly with othersassignedto thesameregisterfile.� To obtainlongchainsof mergedvalues(with longerlifetimes)thefirst val-

uesshouldhave the earliestproduction,which correspondsto the earliest
ASAP of their produceroperations.To breakties amongvalueswith the
earliestASAP, theearliestALAP is used.� Next valueto merge is a direct datasuccessorof the previous one,i.e. it
mustbeproducedby anoperationthatconsumesthepreviousvalue. Oth-
erwise,somelifetime “gaps” canbeintroducedwhich will not bedetected
andexploitedfor serialization.If thereis morethanonesuccessorthevalue
selectedis theonewith theearliestconsumption,i.e. theearliestALAP of
its consumeroperations.This is to obtaina longerchainof mergedvalues.� In additionto thepreviousitem, if theconsumeroperationof thelastvalue
in the chainhasan executiondelay longer thanone the merging process
stopsfor thecurrentchain,sincea shortvaluelifetime couldfit in thegap
createdby theoperationexecutiondelay.� Consideringmultipleconsumptionof values,thelifetime of thelastvaluein
thechainmustnot overlapthelifetime of thevaluecandidatefor merging,
seeFigure4.8.

In loop folded casesvaluemerging cannotbe directly applied. Valuesto be
mergedmustnot overlapin successive iterations. Also, valuemerging canadd
undesirablyin theregistercount.SeeFigure4.9,thedecisionof mergingvaluesf
and h addsanextra registerrequirement,asseenby comparingtheconflictgraphs
withoutandwith valuemerging in Figures4.9band4.9crespectively.
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value � is not consideredbecauseit hasa conflict with f in thenext iteration. (c)
ResultedZ\[][4Y aftermerging, ^`_aZ\[4[]Y]brc5e .

Oneway to avoid this problemis to createchainswith fixed lifetime of ½L½
clockcycles,which is difficult to find whenthelifetimesarenotfixedyet.

Anothersolutionis to unroll the loop first [40], createnew (unfolded)values
andapplyvaluemerging asin thenon-foldedcase.This is shown in Figure4.10.
Notethatunfoldedinstancesof thesamevaluecanbemappedto differentregisters
oncetheloop is unroll (as q and q ¬ or fLh�� and fLhu� ¬ ).

A third solutionis theuseof rotatingregisterfiles,ahardwaresolutionthatis
presentedin Section4.8.

To illustratetheefficiency of valuemerging,look now attheexampleof Figure
4.3 repeatedfor conveniencein Figure4.11.After applyingvaluemerging in the
dataflow graphthenew valuesare h , g , andthechain fLqu��� . Theconflict graphs
from Figures4.11band4.11cconsistonly of threevertices,andhave the same
chromaticnumbersascomparedto theonesfrom thegraphsof Figures4.3band
4.3c.

4.6 Lower Bound RegisterEstimation

Asapartof thesatisfactionprocessshown in Figure4.1alowerboundof thenum-
ber of registersis determinedthroughthe coloring of a best-caseconflict graphvw[4Yz_2µTW]b ( ^�_2vr[]Y]b ).
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4.6.1 The importance of a goodlower bound

A lowerboundviolationdeterminesaninfeasiblecasein thesatisfactionprocess.
Whenthisviolation is detectedjustbeforetheprocessnosolutioncanbefoundto
theschedulingandregisterallocationproblem,andno time is consumed.Mean-
while, if this is detectedduringthesatisfactionprocess,abacktrackis initiatedto
undothe previous lifetime serialization(s).The sooneran infeasiblecaseis de-
tectedthe fasterthesolutionspaceexploration,andthebetterthechanceto find
a solutionin shorttime. Therefore,it is importantto find anastight aspossible
lowerbound.

For example, look at the dataflow graphof Figure 4.12a. This graphhas
a latency of five, and valuesare assignedto a register file µTW with capacityq!_2µTW]brc�l . Theworst-caseconflictgraphis shown in Figure4.12b,andits chro-
maticnumberis ^`_aZ\[4[]Y]brc�� . Therefore,somelifetime serializationhasto be
performed.Thebest-caseconflict graphin Figure4.12chasa chromaticnumber
of ^`_aZ\[4[]Y]bSc l , which allows thesatisfactionprocessto continue.However,
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it is easyto verify thatin thebestcasetheminimumregisterrequirementis three.
If this would bedetectedat thebeginningof theprocessaninfeasiblecasewould
bereturnedsaving time.

Valuemerging helpsto improve thebest-caseconflict graphsandtheir color-
ing to find tighter lower boundslike in theexampleof Figure4.7. Nevertheless,
valuemerging cannotalways be applied. From the exampleof Figure 3.7, re-
peatedfor conveniencein Figure4.13, it is shown thatno valuemerging canbe
performedand the lower boundobtainedcontinuesto be inaccurate.Thus the
needof abetterlowerboundestimationapproachis obvious.

4.6.2 Lower bound registerestimationover time intervals

Ohmin [59, 60] andSharmain [71] presentsimilar approachesaimedat estimat-
ing lower boundsof hardware resourcesneededto implementa behavioral de-
scriptionwithin agivenamountof time(latency). Theregisterestimationis based
on the principle that if � objectsaredistributedover � slots,at least �������! 
objectsareassignedto thesameslot within those� slots.

Theweightof thevalue " denotedby 
$# representstheminimumlifetimeof" , i.e. thenumberof clockcycles " is guaranteedto bealiveafterbeingproduced.
If theweightof thevalueis determined,% #'& #)( * is computedfor eachinterval
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, whenthetightestlowerboundis three.

3
, where & #4( * is the portion of value " ’s lifetime guaranteedto be includedin

interval
3

, takenoverall possibleschedules.
Since % # & #4( * is thenumberof registersrequiredfor interval

3
,��� % # & #4( * � �65 3 5  representstheminimum numberof registersrequired,i.e. the

lowerbound.This is computedfor all intervals
387:9<;>=)?A@CBED

to obtaina tighter
lowerboundandthenselectits maximumaslowerboundof theregistercount.

In order to optimizehis approach,Ohm appliesfanout reductionandvalue
merging. Fanoutreductionconsidersonly the latestconsumerof the valueand
is usedto gain in performance.Valuemerging is usedto refinethe lower bound
having longerlifetimes.

For theaim of this work, 
$# is easilyfoundasthemaximumdistance(taken
from thedistancematrix)betweentheproducerandtheconsumeroperations.

Ohmrefinestheregisterestimationto geta tighter lower bound[60]. In that
case,themaximumnumberof valueswhich canbeactive duringsomestep F is
restrictedto theinitial lower bound.Therefinedalgorithmconsistsof tentatively
schedulethe produceroperationof eachvalue in its ASAP clock cycle. Then
updatethatdecisionin thewholedataflow graph,andcheckif the lower bound
is alteredwith thattentativedecision.If thelower boundis altered,theexecution
interval of theproduceroperationis refinedexcludingtheinitial schedulingpoint
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. Theminimumrequirementof registersis three.

assumed.After that the tentative scheduleis undone. The sameis appliedfor
thevalueconsumeroperationsbut consideringtheirALAP executiontimes.After
adjustingthetime framesfor every value,if thereis an infeasiblecasecausedby
thepruningof theexecutionintervals, i.e. whentheASAP of someoperationis
greaterthanits ALAP, theassumedlower boundis incrementedandtheprocess
continuesuntil thereis novariation.

4.6.3 Registerestimationusing probabilities

Morenoin [55] presentsamethodfor registerestimationin unscheduleddataflow
graphs.The strategy consistsof calculatingthe probability that an edge(value)
betweentwo vertices(operations)crossestheboundarybetweentwo controlsteps
(clock cycles).Themethodis basedon a modelthatassociatesprobabilitieswith
thedifferentschedulingalternativesof eachvertex.

Assumingin this casea mappingfrom operationsto resources,the method
startsby calculatingthe probability for eachoperation JLK to be executedin a
clockcycle F .

The &�MON6PIQSRTQ ��UWVYX R6ZWZ�[ VYX [ �\JLK = F � is themaximumnumberof operations
similar to JLK (including J]K itself) which will concur for the samefunctional
unit in clock cycle F . This is calculatedasthetotal numberof thecorresponding
operationexecutionintervalsthatoverlapin clock cycle F .^ Z U`_ M _ PbacPId�e �IJ]K = F � is the probability of an operationJ]K beingscheduledin
controlstep F andis calculatedasfollows:fhgjijkml�kon\pqn�r�sut�vxwTy{z}|�~ � iEg}��l`pqn\��l`r�n\iE� �]l��mr�iEg�t�v�w�|��l`��n\����� �hiE�6�m��g}g��)�6�)�Wt�vxwTy{zE|
where F!� 9�� � �.^ �IJ]K ���m�.?��.^ �IJ]K ��D , otherwisê Z UW_ M _ P�a�P\d�e �\JLK = F ����;

. The�!U Z`Q�M�acPb�OMOd�P UWV � M X d U Z �\JLK � is givenby:
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� i�g}��l�pqn\��l`rIn\iE� �]l`�mrbiEg�t�vxwu|�~ �� �`� ¡Y¢¤£�¥�¦§¨�© �uª�� ¡Y¢¤£�¥�¦ ��«l`��n����>� �]i��6�m�>gEg��4�6�¬�`t�v�wTy{z}|
sothat

�>��� ¡Y¢¤£�¥�¦§¨�© � ªW�>¡Y¢£�¥�¦ fhgjijkml�kon\pqn�r�s�t�v�wTy{z}|�~ � .
Theprobabilityof a value R producedby operation̂̄

®
andconsumedby � ®

of beingalive betweentheboundaryof control stepsFE° and FE°T± B
is thesumof

probabilitiesof
^¯®

beingscheduledin stepsbeforeandincluding FE° multipliedby
theprobabilityof � ® beingscheduledafterstep FE° .fhgji}kmlOkon\pqn�rIs ²]l�pq� �Wtq�³y{z ° |�~´µ ¨I¶§¨I© �uª�� ¡Y¢·¡�¸)¦ fhgji}kmlOkon\pqn�rIs�t¹f ® y{z}|�º»0¼ ´µ � �`� ¡Y¢¤½ ¸ ¦§¨�©�¨\¶¿¾³À fhgjijkolOkon\pqn�r�sut�� ® y{zE|�º»

This approachlacksaccuracy thatdependson obtaininga tightermeasureof&ÁM�N6PIQSR6Q ��UWVYX R6ZWZ�[ VYX [ .
In orderto comparethedifferentmethodspresented(includingthecoloringof

thebest-caseconflictgraph),Section4.7.2showstheresultsobtainedby applying
thesemethodsin agroupof examples.

4.7 Experimental ResultsUsing FACTS

This sectionpresentstheexperimentalresultsobtainedwith theproposedcapac-
ity satisfactionmethodandheuristicsimplementedin FACTS for random-access
registerfiles.

Theaim of theexperimentsin Section4.7.1is to comparetheregisterfile se-
lectioncriteriadescribedin Section3.4.Thesecondsetof experimentsin Section
4.7.2 teststhe different lower boundregisterestimatorsfrom Section4.6, con-
sideringthemerging of values.Section4.7.3presentstheresultsof thecapacity
satisfactionapproachappliedto tight constrainedapplicationexamples.Finally,
Section4.7.4presentsthe capacitysatisfactionresultsusingvaluemerging and
symmetrydetection.

All experimentswererun on a machinewith a PentiumII processorrunning
at 350MHz.

Instancesof thefollowing exampleswereused:



82 CHAPTER4. REGISTERFILESÂ A fastdiscretecosinetransform(fdct) usedin [73].Â A fastFouriertransform(fft ) usedin [50].Â A finite impulseresponsefilter kernel(fir ) foundin [21] andtranslatedfrom
C to a dataflow description.Â An inversefastFouriertransform(ifft ) generatedby Mistral2[79] atPhilips
ResearchLaboratories.Â An infinite impulseresponsefilter kernel(iir ) alsofoundin [21] andtrans-
latedfrom C to adataflow description.Â A Loeffler algorithmthatperformsanone-dimensionalinversediscreteco-
sinetransform(loef) from [48].Â A loop body of an industrialexample(loop) that combinesa fastFourier
transformwith differentialmodulation[34].

Instancesof eachof theseexamplesdiffer in the numberof resourcesand
timing constraints.Thecharacteristicsof theexamplesareshown in Table4.1.

In thefirst columnof thetabletheexamplenamesarelisted. Thesecondand
third columnsshow the numberof vertices(operations)anddataedges(values)
respectively of thecorrespondingdataflow graphs.5 ��Ã 5 is a referenceof theavailableinstructionlevel parallelismor functional
units,e.g. ‘1’ meanstheavailability of oneadder, onemultiplier, oneload/store
unit, ’2’ meansthattheinitial numberof functionalunitswasdoubled,andsoon.5Ä� � 5 is thenumberof storagefilesof which capacitieshave to besatisfied.

Thelatency
?

shown in thesixth columnis theminimumobtainablewith the
setof resourceanddataprecedenceconstraints.

Finally in thelasttwo columnstheminimumobtainableinitiation intervalsare
shown. Å�ÅEÆ correspondsto thecasesthatuserandom-accessregistersor stacks,
while Å�ÅEÆ Æ correspondsto thecasesthatuserotatingregistersor fifos asstorage.

4.7.1 Experimentswith registerfile selectioncriteria

Table4.2showstheresultsof usingtwo differentcriteriafor registerfile selection
duringcapacitysatisfaction.Thetwo criteriawerepresentedin Section3.4. The
exampleinstancesconsideredherearethustheoneswith distributedregisterfiles.

The first column of the table shows the instancenamewith the associated
resourceandtiming constraints.Thesecondcolumnshows theminimumregister
file capacitiesX ( X��\, �1� ) obtainedwith the capacitysatisfactionapproachusing
any of thefile selectionmethods.
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Table4.1: Examplecharacteristics.Ç1�ÉÈ Ê�²ËÊ Ê ÌÎÍWÊ Ê �.Ï¯Ê Ê�Ð'�	Ê Ñ Ò`Ò Æ ÒWÒ Æ ÆÓ�ÔuÕ�Ö
42 34 1 1,2 18 – –

2 11 – –
4 8 – –×TÖ

30 37 1 1,2 13 4 4
2 11 3 2Ø�Ù

16 11 1 1 6 3 3
2 – 2
3 – 1Ú ×TÖ

73 75 1 1,2 36 26 26
2 23 14 14ÚqÚ Ù

27 21 1 1 9 4 4
2 – 2
4 – 1ÛqÜ�Ý Ó

46 48 1 3 28 – –
2 15 – –
4 10 – –ÛqÜ�ÜOÞ

30 26 1 1 11 4 4
2 7 2 2

The third columnpresentsthe resultsof the staticstoragefile selection,i.e.
selectingfirst thefileswith thehighestpriority from Expression3.1.Thecapacity
satisfactionprocessis oncefor eachregisterfile until reachingits goalfor thatse-
lectedstoragefile. After that,anotherfile with highpriority is selected.Thethird
columnis dividedin two, onesub-columnindicatingif a solutionwasfoundand
theothersub-columnindicatingthetime in secondsspentto obtainthesolution.

The fourth columnpresentsthe resultsof the dynamicstoragefile selection,
i.e. alternatingthe file selectionduring the processby taking eachiteration a
storagefile with thehighestpriority from Expression3.2.Thiscolumnalsoshows
thecasesin whichasolutionwasfoundandthetimerequiredto find thesolution.

The branch-and-boundsatisfaction processwas set to work with a limited
amountof backtracks(up to 100). That meansthat if the numberof backtracks
hasreachedthelimit aninfeasiblecaseis returnedandnosolutionis found.

Evaluatingtheresultsfrom Table4.2 it is observablethatin mostof thecases
the approachusing the dynamicfile selectionperformedbetterin finding solu-
tions,andin a comparabletime for caseswhenbothheuristicsfounda solution.
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Table4.2: Registerfile selection.

Expr. 3.1 Expr. 3.2Ç1�ÉÈ.ß àTáYß ( ß ª à�ß ( � ( â�â �
found?

r¬tcz}|
found?

r)tczE|Ó�ÔuÕ�Ö À ( ãm( À\ä (�å 8,2 no – yes 0.87Ó�ÔuÕ�Ö ãm( ãm( ÀæÀ (�å 6,2 yes 0.59 yes 0.45Ó�ÔuÕ�Ö¬ç ( ãm( ä (�å 8,4 yes 0.18 yes 0.17×TÖ À ( ãm( À\è (�å 1,4 yes 0.10 yes 0.09×TÖ À ( ãm( À\è ( ç 4,6 yes 0.24 yes 0.24×TÖ ãm( ãm( ÀæÀ 2,4 yes 0.08 yes 0.08×TÖ ãm( ãm( ÀæÀ ( è 6,6 yes 0.31 yes 0.22Ú ×TÖ À ( ãm( èæé (�å 5,4 no – yes 2.43Ú ×TÖ À ( ãm( èæé ( ã é 4,5 yes 8.40 no –Ú ×TÖ ãm( ãm( ã è (�å 4,4 no – yes 3.40Ú ×TÖ ãm( ãm( ã è ( À ç 6,4 no – yes 4.63ÛqÜ�Ý Ó À ( è ( ã ä (�å 4,6,8 no – yes 1.85ÛqÜ�Ý Ó ãm( è ( À\ê (�å 4,2,8 yes 1.24 yes 1.30ÛqÜ�Ý Ó�ç ( è ( À\ë (�å 3,5,8 no – yes 0.52

Theapproachusingthestaticfile selectioncouldnotfind asolutionin 40%of the
cases(within thelimited amountof backtracksallowed).

In conclusion,theeffectivenessof thedynamicselection,plusits cheapercost
(only by reusingthechromaticnumbersfrom theworst-caseconflictgraphs),have
motivatedits usagein thecapacitysatisfactionprocessfor distributedstoragefiles.

4.7.2 Comparisonbetweenlower bound algorithms

Anothersetof experimentswasrun in orderto comparetheaccuracy of thelower
boundestimationapproachespresentedin Section4.6.

Table4.3showstheobtainedresultsprior theschedulingandsatisfactionpro-
cess(whenthe mostschedulingfreedomexists),andconsideringinstanceswith
oneregisterfile andnon folded cases.For loop folded casesthe algorithmsap-
pliedpresentrelatively similar resultsin relationto thenon-foldedcases.For each
approachtwo situationsareconsidered:withoutandwith valuemerging.

Following the column with the instancenamesand constraints,the second
column shows the tightest lower bound(feasibleminimum capacity)found by
observation in small examplesor by runningthe capacitysatisfactionapproach
without time limitation, i.e. allowing thebranch-and-boundalgorithmto run asit
wasnecessaryto find asolution.
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Table4.3: Comparisonof lowerboundapproaches.ì t�Ð��LÈ]| Intervals ProbabilitiesÇ	�ÉÈíß àTáYß ( ß ª à�ß ( ß � ß tightest orig. merg. orig. merg. orig. merg.Ó�Ô Õ�Ö À ( À ( À\ä 9 2 2 2 2 10 10Ó�Ô Õ�Ö ãm( À ( ÀæÀ 7 2 2 4 4 9 9Ó�Ô Õ�Ö¬ç ( À ( ä 8 8 8 8 8 10 10×TÖ À ( À ( À\è 5 2 4 2 4 6 5×TÖ ãm( À ( ÀæÀ 6 2 4 4 4 6 6ØuÙ À ( À ( é 3 2 2 3 3 4 4Ú ×³Ö À ( À ( èæé 7 3 3 3 3 12 9Ú ×³Ö ãm( À ( ã è 7 3 6 4 5 11 10ÚîÚ Ù À ( À ( ï 5 2 3 3 3 6 6ÛîÜ>Ü�Þ À ( À ( ÀæÀ 5 4 4 4 4 8 8ÛîÜ>Ü�Þ ãm( À ( ð 7 4 7 5 7 9 9

Thefirst resultscorrespondto theexactcoloringof a best-caseconflict graph��� � �\, �1� . Thesecondonesaretheresultsof applyingOhm’salgorithm[59,60]
(from Section4.6.2),andthe third correspondto applyMoreno’s algorithm[55]
asdescribedin Section4.6.3.

Table4.3showsthatthecoloringof �G� � andOhm’salgorithmpresentsimilar
results,often lower thanthetightestlower bounds.Thoseresultswereimproved
whenvaluemerging wasapplied,which indirectly reducesthe schedulingfree-
dom. Moreno’s algorithmbasedon probabilitiesobtainedpoor resultsas lower
bound.In mostof thecasestheestimationobtainedwasgreaterthanthetightest
lowerbound.

Due to the small differencebetweenthe resultsusing coloring of ��� � or
usingtheapproachof Ohm,thegeneralapplicabilityof ��� � , andin orderto keep
concordancebetweenmethodsof finding bounds,theusageof best-caseconflict
graphswaspreferredin thesatisfactionapproachpresentedin this thesis.

4.7.3 Experiments for registerfile capacity satisfaction

To evaluatethe proposedcapacitysatisfactionmethod,it wasappliedto the ex-
amplesof Table4.1,andtheresultsareshown in Table4.4. This tableshowsfirst
theresultsobtainedby theresourceconstrainedschedulerfrom [75] followedby
a graphcoloringbasedregisterallocationandassignment.X)ñæòIó is thecapacityof
the registerfile requiredafterscheduling.d �IF � is theCPUtime in secondsspent
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Table4.4: Resultsof proposedmethodfor random-accessregisterfiles. Capacity
satisfactionversusschedulingandallocationaposteriori.

Sch.& Alloc. CapacitysatisfactionÇ	�ÉÈ ß àTáYß ( ß ª à�ß ( � ( â�â � ñæò�ó r)tczE| � r)tczE|
mobilityÓ�Ô Õ�Ö À ( À ( À\ä (�å 10 0.34 9 0.75 9.52 ô 0.17Ó�Ô Õ�Ö ãm( À ( ÀæÀ (�å 8 0.39 8 0.87 2.90 ô 0.07Ó�Ô Õ�Ömç ( À ( ä (�å 10 0.21 8 0.20 0.76 ô 0.24Ó�Ô Õ�Ö À ( ãm( À\ä (�å 8,4 0.34 8,2 0.87 9.52 ô 0.71Ó�Ô Õ�Ö ãm( ãm( ÀæÀ (�å 6,4 0.39 6,2 0.45 2.90 ô 0.31Ó�Ô Õ�Ömç ( ãm( ä (�å 10,4 0.21 8,4 0.17 0.76 ô 0.24×TÖ À ( À ( À\è (�å 5 0.06 5 0.11 3.17 ô 2.23×TÖ À ( À ( À\è ( ç 10 0.11 10 0.12 2.30 ô 0.00×TÖ ãm( À ( ÀæÀ (�å 6 0.06 6 0.11 2.17 ô 1.33×TÖ ãm( À ( ÀæÀ ( è 15 0.12 12 0.12 1.20 ô 0.23×TÖ À ( ãm( À\è (�å 1,4 0.05 1,4 0.09 1.90 ô 0.73×TÖ À ( ãm( À\è ( ç 4,6 0.10 4,6 0.24 2.30 ô 0.00×TÖ ãm( ãm( ÀæÀ (�å 4,4 0.05 2,4 0.08 2.17 ô 1.23×TÖ ãm( ãm( ÀæÀ ( è 8,7 0.12 6,6 0.22 1.20 ô 0.23Ú ×³Ö À ( À ( èæé (�å 13 1.82 7 2.84 13.9 ô 1.12Ú ×³Ö À ( À ( èæé ( ã é 13 3.39 8 5.56 13.9 ô 1.21Ú ×³Ö ãm( À ( ã è (�å 11 1.69 7 1.79 6.34 ô 0.86Ú ×³Ö ãm( À ( ã è ( À ç 10 2.71 10 3.42 6.30 ô 0.82Ú ×³Ö À ( ãm( èæé (�å 7,8 1.80 5,4 2.43 13.9 ô 1.25Ú ×³Ö À ( ãm( èæé ( ã é 7,8 3.38 5,5 4.06 13.9 ô 1.23Ú ×³Ö ãm( ãm( ã è (�å 6,6 1.68 4,4 3.40 6.34 ô 0.82Ú ×³Ö ãm( ãm( ã è ( À ç 6,6 2.70 6,4 4.63 6.30 ô 0.48ÛîÜ>Ý Ó À ( è ( ã ä (�å 8,8,9 0.95 4,6,8 1.85 14.4 ô 1.61ÛîÜ>Ý Ó ãm( è ( À\ê (�å 8,8,8 0.75 4,2,8 1.30 6.11 ô 0.32ÛîÜ>Ý Ó�ç ( è ( À\ë (�å 8,8,8 0.67 3,5,8 0.52 2.43 ô 0.20ÛîÜ>Ü�Þ À ( À ( ÀæÀ (�å 9 0.05 5 0.13 4.40 ô 1.67ÛîÜ>Ü�Þ À ( À ( ÀæÀ ( ç 12 0.14 10 0.40 4.00 ô 1.00ÛîÜ>Ü�Þ ãm( À ( ðo(�å 11 0.05 7 0.11 2.00 ô 1.33ÛîÜ>Ü�Þ ãm( À ( ðo( ã 17 0.12 15 0.21 1.60 ô 0.60
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Table4.5: Capacityandtiming constraintstradeoff.Ç	�ÉÈíß àTáYß ( ß ª à�ß Ñ Ò`Ò � r¬tcz}|
mobilityØuÙ À ( À 6 3 6 0.02 1.44 ô 1.44

4 5 0.02 1.56 ô 0.75
5 4 0.02 1.56 ô 1.31
– 3 0.01 1.56 ô 0.38

9 – 2 0.04 4.75 ô 0.69ÚîÚ Ù À ( À 9 4 8 0.27 1.56 ô 0.22
5 7 0.14 2.07 ô 0.15
6 6 0.09 2.07 ô 0.19
– 5 0.06 2.07 ô 0.15

11 – 4 0.64 4.15 ô 0.70

Table4.6: Distributedregisterfile capacitiestradeoff.Ç1�ÉÈ.ß àTáYß ( ß ª à�ß ( � � r)tczE|
mobilityÛqÜ�Ý Ó À ( è ( ã ä 3,4,10 2.02 14.4 ô 1.75

4,6,8 1.84 14.4 ô 1.61
5,7,6 2.10 14.4 ô 0.89ÛqÜ�Ý Ó ãm( è ( À\ê 4,2,8 1.30 6.10 ô 0.32
4,6,7 1.08 6.10 ô 0.36ÛqÜ�Ý Óæç ( è ( À\ë 2,4,10 0.84 2.43 ô 0.21
3,5,8 0.51 2.43 ô 0.20
3,6,7 2.78 2.43 ô 0.21

by theschedulingandregisterallocation.
Thethird columnshowstheresultsobtainedby applyingcapacitysatisfaction,

schedulingandregisterallocation. This columnshows the minimum capacitiesX ( X`�I, �	� ) for which our approachcouldfind a feasiblesolution. TheCPUtime
in secondsd ��F � spentto find the solution (including schedulingandregisteral-
location),andthe impactof accessorderingon theschedulefreedom(usingthe
mobility definedin Section2.4.1)areshown in the last two sub-columns.The
numbersbeforeandafterthearrow denotethemobility beforeandafterthesatis-
fiability processrespectively.

Fromtheresultsof Table4.4 thefollowing aspectscanbeobserved:Â By taking the register file capacitiesinto accountthis methodis able to
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reducethe registerpressurecomparedto the approachthat schedulesand
performsregisterallocationa posteriori. For the instance

ÛqÜ�Ý Ó ãm( è ( À\ê (�å this
resultsin a reductionfrom 24 (eight in all files) to 14 (four, two andeight)
in thetotal numberof registers.Â Theinitial mobility of instance

×TÖ À ( À ( À\è (�å (of 3.17)is larger thantheoneof
instance

×TÖ À ( ãm( À\è (�å (of 1.90). Instances
×TÖ À ( À ( À\è (�å and

×TÖ À ( ãm( À\è (�å differ only
in the numberof registerfiles in the architectureandtheir initial schedul-
ing freedomshouldbe the same.The differenceon the initial mobility of
thoseinstancesis a goodexampleof theeffect of constraintanalysis.It is
seenthat oneof the registerfiles of instance

×TÖ À ( ãm( À\è (�å hasonly oneregis-
ter available(seecolumn X of table).Therefore,storageconstraintanalysis
(presentedin Section2.5.2)wasalreadyableto makeserializationdecisions
with thevaluesassignedto thatregister. Thosedecisionsaffectedtheinitial
schedulingfreedomprior capacitysatisfactionprocess.Â Thenumberof infeasiblecasesencounteredduringthesatisfactionprocess
wasusuallysmall. This shows theeffectivenessof our approachon reach-
ing the feasiblesolutionspace.For theseexperiments,a maximumof 100
backtrackswereallowed andan infeasibleresult (no solution found) was
returnedwhenreachedthat limit. Therefore,thetime overheadintroduced
by thesatisfactionprocessis minimum.It is seenin thetablethatthetimeto
performdirectschedulingandregisterallocationis comparableto thetime
spentfor thewholesatisfactionprocess(includingfinal schedulingandreg-
isterallocation),andin caseslike for instances

Ó�ÔuÕ�Ömç ( ãm( ä (�å , and
ÛqÜ�Ý Ó�ç ( è ( À\ë (�å ,

thewholesatisfactionprocessspentlesstime. Thisprovesthattheintensive
useof constraintanalysis,updateof thedistancematrixand,furthermorethe
useof conflict graphshave a little impacton the schedulingtime for data
flow graphswith lessthan100operations.Moreover, thesatisfactionpro-
cessactuallyhelpsschedulingby pruningthesearchspacewith theaddition
of constraints.Â Theuseof distributedregisterfilesdoesnotaddcomplexity to theapproach.
In many examples,capacitysatisfactionrun timesfor singleanddistributed
register files were comparable,and in somecasesusing distributed files
speededup theprocess.

Table4.5 shows that it is possibleto useour approachto make tradeoffs be-
tweencriteria like timing andcapacityconstraints.The resultsobtainedfor theØ�Ù

and
ÚqÚ Ù

examplesshow that it is possibleto make tradeoffs betweenthecapac-
ity andthelatency or theinitiation interval constraints.By weakeningthetiming
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Table4.7: Resultsapplyingvaluemergingandsymmetrydetection.

breakingsymmetries
no merging merging no merging mergingÇ	�ÉÈ ß àTáYß ( ß ª à�ß ( � � r¬tcz}| r)tczE| r)tczE| r¬tcz}|Ó�Ô Õ�Ö À ( ãm( À\ä 8,2 0.87 1.01 nsf 0.82

7,2 nsf nsf nsf 1.27Ó�Ô Õ�Ö ãm( ãm( ÀæÀ 6,2 0.45 nsf 0.51 0.50Ó�Ô Õ�Ömç ( ãm( ä 8,4 0.17 0.14 0.33 0.19×TÖ À ( À ( À\è 5 0.11 0.09 – –×TÖ ãm( À ( ÀæÀ 6 0.11 0.08 – –Ú ×³Ö À ( À ( èæé 7 2.84 2.48 4.40 2.29Ú ×³Ö ãm( À ( ã è 7 1.79 2.42 1.68 1.07ÛîÜ>Ý Ó À ( è ( ã ä 4,6,8 1.85 nsf 1.33 1.25
3,2,7 nsf nsf nsf 1.45ÛîÜ>Ý Ó ãm( è ( À\ê 4,2,8 1.30 nsf 0.80 0.89ÛîÜ>Ý Óæç ( è ( À\ë 3,5,8 0.52 nsf 0.51 0.59
2,4,6 nsf nsf nsf 0.58

constraints,registerfile capacitiescanbefurtherreduced.This is usefulfor archi-
tecturalsynthesis.

Theproposedmethodcanalsohelpto reducetheregisterrequirementfor reg-
isterfileswith low capacityby meansof increasingthenumberof registersavail-
ablein otherregisterfiles. This is seenfor the

ÛîÜ>Ý Ó
instancesin Table4.6,which

shows the solutionsfoundmakingtradeoffs amongthe capacitiesof the register
files. Whenthecapacityis tight in onefile thesatisfactionprocessusestheavail-
ablefreedomof theotherfiles to find a solutionfor thefirst. Therefore,a relax-
ationof theconstraintof somefile canallow theconstraintsatisfactionof others.
This is importantfor handlingheterogeneousregister file architectures.Tradi-
tional methodslack thecapabilityof makingtradeoffs betweendifferentregister
files. Furthermore,thisalsoshowsthatthemethodcanbeusedto dodesignspace
explorationfor storagefile architectures.

4.7.4 Experimentswith valuemergingandsymmetrydetection

Valuemerging(Section4.5)andsymmetrydetection(Section2.5.3)helpto speed
up thesatisfactionprocess.

Symmetrydetectionandbreakingthedetectedsymmetriesin dataflow graphs
canhelpour approachto find solutionsmoreefficiently andin shortertime,since
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it prunestheschedulingsearchspacewhile preservingfeasibility. This processis
appliedoncebeforethesatisfactionprocessstarts(alsoprecedingvaluemerging)
andits resultis evaluatedwith constraintanalysis.

For comparisonreasonsTable4.7presentsfirst theoriginal capacitysatisfac-
tion results X ( X`�I, �	� ) from Table4.4. Thenthe resultsin termsof time d ��F � by
applyingvaluemergingandsymmetrydetectionareshown.

Only non folded instancesfor which value merging or symmetrydetection
havechangedthefinal resultareshown in thetable.For the

×TÖ
examplessymme-

trieswerenotdetected,soonly theoriginalandthesolutionsusingvaluemerging
are shown. “nsf” means“no solution found” in lessthan 100 iterationsof the
satisfactionprocess.

FromTable4.7 it is seenthatalthoughvaluemerging or symmetrydetection
canin factreducethetimeof findingasolution,whenappliedseparatelythereare
casesin which a solutioncannotbe found like for

Ó�Ô Õ�Ö À ( ãm( À\ä (capacitiesof eight
andtwo),

Ó�ÔuÕ�Ö ãm( ãm( ÀæÀ , and
ÛqÜ�Ý Ó

examples.
Thebestsituationsaretheonesin whichsymmetrydetectionandvaluemerg-

ing areusedtogether, asseenin the lastcolumnof the table. In addition,it was
possibleto find asolutionfor tightercapacities,especiallyin thecaseof instancesÓ�ÔuÕ�Ö À ( ãm( À\ä (capacitiesof sevenandtwo),

ÛîÜ>Ý Ó À ( è ( ã ä (capacitiesthree,two andseven),
and

ÛîÜ>Ý Ó{ç ( è ( À\ë (capacitiestwo, four andsix) for whichnosolutionwasfoundusing
withoutsymmetrydetection,or valuemerging.

4.8 Rotating RegisterFiles

Using random-accessregistersthe lifetime of valuesis upperboundby the ini-
tiation interval Å�Å . With reducedÅ�Å s, softwaretechniqueslike modulovariable
expansionof Lam [40], or hardwareresourceslike relativelocationstorage [78]
or rotatingregisterfiles [69] have to beused.

Thissectionpresentstheconstraintsatisfactiontechniquefor rotatingregister
files [2], a type of storageintendedto obtain the maximumusageof resources
duringtheexecutionof tight timing constrainedprogramloops.

Considerthe exampleof Figure 4.14 (borrowed from [69]). This example
consistsof a loopwith a loadandanaddoperations,whicharescheduledin clock
cycles F and Fh± �

. Thefigureshows theexecutionof two consecutive iterations
of theloop. Theinitiation interval is Å�Å �8B

.
Assumingthatvaluesareassignedto random-accessregisters,theloadopera-

tion executedin cycle F will loada valuein register Z}õ . Thelifetime of this value
is extendedto clock cycle FH± �

whenit is consumedby theaddoperation.How-
ever, onecycle later in FÉ± B

the loadoperationwill be executedagainandwill
overwritethevaluein ZEõ while it is alive,therebyinsertingawrongresultthatwill
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clock cycle iteration P iteration P ± BF Z}õ = load( Z}ö );F�± B
... Z}õ = load( Z}ö );F�± � Z Í = add( ZEõ , 7); ...F�± � Z Í = add( ZEõ , 7);

Figure4.14: Exampleof overlappedlifetimes, Å�Å ��B
andrandom-accessregis-

tersareusedasstorage.

be usedby the addoperationin F÷± �
. Therefore,it is seenthat random-access

registershave limitationswhenit is tried to makeanaggressivepipeline[40].
In orderto exploit bettertheavailableILP by meansof reducingtheinitiation

interval, therotatingregisterfiles [69] wereintroduced.
Rotatingregisterfiles alsohave a limited capacityand,dependingon theap-

plicationandresourceconstraints,theproblemconsistsonperformingscheduling
andregisterallocationsuchthatall thoseconstraintsaresatisfied.Therefore,our
approachis adaptedin thiscontext.

4.8.1 Storagemodel

In Figure4.15theassumedrotatingregisterfile ,í, � is shown. Thetotalnumber
of registersof this file is X ( X��\,í, �1� ).

Consideravalue R assignedto rotatingregisterfile ,í, � . Conceptually, onceR hasbeenassignedto a register, the registeraddressspecifiedin an instructionÅ³� R � (sourceor target) is addedto thebaseto derive thephysicalregisteraddress
in the file. The physicalregister addresŝ � R � is the modulusof the previous
additionandthefile capacity, i.e.^ � R ��� �\_ M F [ ±�Å³� R �m��ø Ü Ô X`�I,í, �	�

Oncea new loop iterationstartsthebaseaddressis decrementedby one.
For the examplepresentedin Figure4.14,usinga rotatingregisterfile withX`�I,í, �	�+�úù

, the load operationspecifiesrotatingregister ZWZ � as its target, as
shown in Figure4.16. In the PIû¿ü iterationit writesto thephysicalregisternumber
three. At the beginning of a new iteration the baseis decremented.As a con-
sequence,the loadoperationin thenext iterationwrites to physicalregistertwo,
althoughit specifiesZWZ � asthe target. Therefore,distinct registersaregiven for
thelifetimesof avaluein successive iterations.

Sincebaseis decrementedwhenanew loop iterationstarts,theproperoffsets
in the producerandconsumeroperationsmustbe maintained.For example,the
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Figure4.15:A rotatingregisterfile.

clock iteration P iteration P ± B
physicalregisters

cycle accessedF ZWZ � = load( Z}ö ); (0 + 3) mod8 = 3F�± B
... Z`Z � = load( Z}ö ); (0 - 1 + 3) mod8 = 2F�± � Z Í = add( ZWZOý , 7); ... (0 - 2 + 5) mod8 = 3F�± � Z Í = add( ZWZOý , 7); (0 - 3 + 5) mod8 = 2

Figure4.16:Theuseof rotatingregisters.Å�Å �8B
, and X��\,í, �1���Áù

.

addoperationspecifiesZWZOý (andnot ZWZ � ) asthesourceoperandin orderto access
thevalueproducedby theload,becausetheaddoperationis scheduledtwo clock
cycleslateraftertheloadoperationandbasewasdecrementedtwice betweenthe
two operations.

In conclusion,rotatingregisterfiles provide a dynamicregisterrenamingun-
derthecontrolof thecompiler.

4.8.2 Constructing conflict graphs

Like it is performedfor random-accessregisters,thecapacitysatisfactionprocess
usesa worst-caseconflict graph 
��	� � �I,í, �	� anda best-caseconflict graph�G� � �I,í, �	� for valuesassignedto a rotatingregisterfile ,í, � .
���� � and ��� � areconstructedbasedon specificrules like the onesfor
random-accessregisters,with thedifferencethatmultiplevalueinstancesmustbe
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Figure4.17: Exampleof graphsfor rotatingregisterfiles. In orderto construct
���� � and �G� � , multiple instancesof valuesin
�+�	�

havebeengenerated.(a)�+�	�
andcopiesto illustratethe overlapbetweenvalueinstancesof successive

loop iterations. (b) 
��	� � with verticesrepresentingvalueinstances.Dashed
edgesin conflict graphrepresentweakconflicts.(c) �G� � .

consideredfor loop foldedcases.

Multiple value instancesin a conflict graph

In loop folded schedules,valuelifetimes from different loop iterationsoverlap,
i.e. several instancesof valuesassignedto rotating registerfiles cancoexist in
someclock cycle.

Sincetheregisterrequirementis modeledwith conflictgraphs,valueinstances
from successive loop iterationsrequirea correspondingvertex representationin
thosegraphs(seeFigure4.17).

Thenumberof verticesrepresentingtheinstancesof onevalueis relatedto the
longestvaluelifetime andtheinitiation interval:

V R6Q _ [}Z P V'F d{M VYX [ F �ÿþ @ Ô�� � � ® =�� ® � ±��>� � ® ��@CBÅ�Å � ± B
(4.4)
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Figure4.18: InstancesR ° and "	� (a)havenoconflict, (b) havea strongconflict.

This numberis basedon the maximumnumberof overlapsamongthe life-
times of values,and it is upperboundby �{� ?2@0B�� �`Å�Å� Ë± B

which considers
the longestpossiblelifetime in a dataflow graph. It is clear that the run-time
complexity for constructingconflict graphswill be incrementedby a factor ofV R6Q _ [}Z P V'F d{M VYX [ F ã , andtheextraamountof verticescanmakecoloringadomi-
nantrun-timefactorin thesatisfactionprocess(referto Section3.9).

Conflict rules

No conflict. InstancesR ° and "
� haveno conflict if their lifetimescanneverover-
lap. Thenoconflict situationis depictedgraphicallyin Figure4.18aandcaptured
by thefollowing proposition:

Proposition4.5 InstancesR ° and "	� havenoconflictif
Ô � � Ü��� ®° =�� Ù Ü Ô #� ��� ;

orÔ � � Ü��� #� =�� Ù Ü Ô ®° ��� ;
.

Becausetheinformationfrom thedistancematrix is usedfor checkinga con-
flict, theequivalentProposition4.6 is derived.

Proposition4.6 InstancesR ° and "	� havenoconflictifÔ�� � � ®�=�� # � ±��>� � # ��@CB � � P @������ Å�Å Ü ÙÔ�� � � # =��x®`� ±��>� �x®`��@CB � � ��@ P ��� Å�Å
Strong conflict. InstancesR ° and "	� have a strongconflict if their lifetimes

overlapfor sure. The strongconflict situationis depictedgraphicallyin Figure
4.18bandcapturedby thefollowing proposition:
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Proposition 4.7 InstancesR ° and "	� havestrongconflict if
Ô � � Ù Ü Ô ®° = � Ü��� #� ���-B

and
Ô � � Ù Ü Ô #� = � Ü��� ®° ����B

.

Becausetheinformationfrom thedistancematrix is usedfor checkinga con-
flict, theequivalentProposition4.8 is derived.

Proposition 4.8 ValuesR ° and "	� havea strongconflict ifÔ�� � �x®�= � # ��@ �>� �x®`��� � P @������ Å�Å � � ÔÔ�� � � # = � ® ��@ �>� � # � � � �	@ P ��� Å�Å
Additionally, instancesR ° and R � of the samevalue R alwayshave a strong

conflict, becausethe accessingmechanismof a rotatingregisterfile assignsdif-
ferent locationsfor eachvalue instance. This is formalizedwith the following
proposition:

Proposition 4.9 InstancesR ° and R � alwayshavea strongconflict.

Weakconflict. Two valueinstancesR ° and "	� haveaweakconflict if Proposi-
tions4.6(noconflicts),andPropositions4.8and4.9(strongconflicts)areinvalid.

Considerthedataflow graphof Figure4.17a,e.g.instances_ À and X À haveno
conflict, instancesM ã and _4ã have a strongconflict in theclock cycle that theop-
erationthatconsumesbothexecutes,andinstancesX À and M ã haveaweakconflict
becauseit is not yet determinedwhethertheir lifetimesoverlapor not. In Figure
4.17bthecorrespondingworst-caseconflictgraph
��	� � is shown. Thenumber
of instancesconsideredpervalueis threeaccordingto Expression4.4. Coloring
this graphresultsin a chromaticnumberof four, while the rotatingregisterfile
capacityis three,thereforesomelifetime serializationhasto be performed. In
Figure 4.17c, the strongconflict graph �G� � is shown. In the example,edges� M = _ À � , �\X = M À � , �IX = _ À � , � M À = _)ã � , �\X À = M ã � and �IX À = _)ã � canbebottlenecks.Then,in-
stanceM À is chosenfirst becauseits saturationanddegreenumberof threeandsix
respectively, andinstanceX becauseit hasaweakconflict relationwith M À .
4.8.3 Lifetime serialization

Therearetwo waysthatlifetimesof R ° and "	� canbeserialized:thelifetime of R °
precedeslifetime of "
� or vice versa.Often, the distancerelationsbetweenpro-
ducerandconsumeroperationsexcludeonepossibility. In Figure4.19,adistanceÔ � � ®° = � #� ���C;

determinestheonly possibleserialization
� ®° ô � #� .

Lifetime serialization
� Ü��� ®° ô � Ù Ü Ô #� is performedwith sequenceedge:
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Figure4.19: Lifetime serializationof instancesR ° and "
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with weight � showstheconditionthatdeterminesthisserialization,(b) theactual
sequenceedge

� ® ô � # of weight � P @������ Å�Å is insertedin the
���	�

.

� Ü��� ® ô � Ù Ü Ô #�� � � � ® =�� # ��� � P @��>��� Å�Å @ � � � # � ± B
(4.5)� Ü��� #� ô � Ù Ü Ô ®° is performedwith sequenceedge:� Ü��� # ô � Ù Ü Ô ® � � � � # =�� ® ��� � �	@ P ��� Å�Å @ �>� � ® � ± B
(4.6)

Figure4.20shows theresultfrom lifetime serializationof X and M À . Theup-
datedworse-caseconflict graphin Figure4.20drequiresonly threecolors,which
matchesthecapacityof three.

4.8.4 Experimentswith rotating registerfiles

Thesetof experimentsteststhecapabilitiesof theconstraintsatisfactionapproach
to find solutionsfor tight constrainedexamples,andusing rotating registersas
storage.

In the first columnof Table4.8 instancenameshave the format
����� ß ª à�ß ( � ,

where 5�� � 5 �ÿB
and

?
is the latency. The secondcolumnshows the initiation

interval Å�Å which is theminimumobtainablewith theavailableILP ( 5 ��Ã 5 ) shown
in the next column. Initiation intervals with an ‘*’ arethe minimum obtainable
usingrandom-accessregisters.
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Next, thetableshows theresultsobtainedby theresourceconstrainedsched-
uler from [75] followedby the rotatingregisterassignmentapproachfrom [78].X)ñæòIó is thecapacityof thefile requiredafterscheduling.TheCPUtime in secondsd �IF � spentby schedulingandregisterallocationandassignmentis alsoshown.

Thelastpartof thetableshows theresultsof applyingstorageconstraintsat-
isfaction. The resourceconstrainedschedulerwasusedto completethe partial
scheduleresultingfrom the satisfactionprocess.The column X shows also the
minimumcapacities( X`�I,í, �	� ) for whichourapproachcouldfind a feasiblesolu-
tion. #inscorrespondsto the initial numberof instancespervaluein theconflict
graphsfrom Expression4.4. TheCPUtime in secondsd ��F � spentto find theso-
lution (including schedulingand register assignment)and the impact of access
orderingon the schedulefreedomof the operationsare shown in the last two
columns.Thenumberbeforeandafter thearrow denotethemobility beforeand
afterthesatisfactionprocessrespectively.

The resultsfrom Table4.8 show thatour approachis ableto satisfythecon-
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Table4.8: Resultsfor rotatingregisterfiles. Capacitysatisfactionversusschedul-
ing andallocationaposteriori.

Sch.& Alloc. CapacitysatisfactionÇ	�ÉÈ ß ª à�ß ( � Ê �.Ï¯Ê Ò`Ò � ñbò�ó r)tczE| �
#ins

r)tczE|
mobility×TÖ À ( À\è 1 4* 11 0.09 9 4 0.40 3.10 ô 0.00×TÖ À ( ÀæÀ 2 3* 16 0.10 12 5 0.60 2.17 ô 0.17

2 2 18 0.09 17 6 1.06 2.17 ô 0.00ØuÙ À ( é 1 3* 6 0.01 6 3 0.05 1.44 ô 0.48
2 2 9 0.01 8 4 0.02 1.94 ô 0.19
3 1 15 0.01 15 6 0.73 1.94 ô 0.19Ú ×³Ö À ( èæé 1 26* 13 1.73 12 3 2.46 13.9 ô 4.16ÚîÚ Ù À ( ï 1 4* 9 0.05 9 3 0.18 1.59 ô 0.33
2 2 19 0.06 15 5 0.25 2.22 ô 0.11
4 1 32 0.04 32 9 2.11 2.22 ô 0.07ÛîÜ>Ü�Þ À ( ÀæÀ 1 4* 17 0.07 16 4 263. 4.40 ô 1.00ÛîÜ>Ü�Þ À ( ð 2 2* 24 0.07 15 4 0.54 2.00 ô 0.60

(*) IndicatestheminimumobtainableÅ�Å usingrandom-accessregisters.

straintsof rotatingregisterfiles. By taking therotatingregisterfile capacityinto
account,this methodis ableto reducethe registerpressurecomparedto the ap-
proachthatperformsregisterallocationa posteriori.For

ÛîÜ>Ü�Þ À ( ð with Å�Å �-�
this

resultsin a reductionfrom 24 to 15 in thetotal numberof registers.
Additionally, theuseof rotatingregistersoffers theopportunityto reducethe

initiation intervals.Our approachis alsoableto find solutionswith tightertiming
constraints.This is shown in thetablespecificallyfor

×TÖ
,
Ø�Ù

and
ÚîÚ Ù

examples.
Consideringrun times, it is seenthat althoughthe incrementof the number

of verticesin theconflict graphsis significant,capacitysatisfactionrun timesare
still acceptable.In the caseof

ÛqÜ�ÜOÞ À ( ÀæÀ with Å�Å ��/
the CPU time spentby the

constraintsatisfactionis two ordersof magnitude(263 seconds)longerthanthe
othercases.In thatexample,coloring 
��	� � with thealgorithmof Coudert[18]
wasthecritical run-timefactorin thesatisfactionprocess(for moreinformation
referto Section3.9).

Until now, wehavestudiedthecasesof registersin which theaccessto values
is random.Next chapterdealswith othertypesof storagein which theaccessof
valuesis in a (predefined)sequentialway. Thecapacitysatisfactionapproachis
thenappliedwith somelittle adaptations.



Chapter 5

Sequential-AccessStorage

5.1 Intr oduction

In thepreviouschapter, registerfiles wereconsideredfor capacityconstraintsat-
isfaction.In thischapter, thestoragesatisfactionmethodis appliedto storagefiles
with multiple registersthatareaccessedin a sequentialway. Particularly, storage
fileswith stacksor fifos areconsideredfor whichthenumberof unitsandregisters
perunit aretheconstraintsto satisfy.

Stacks

A stack consistsof multiple registerssharinga read/writeport andoneaddress.
Themaincharacteristicof astackis thatthefirst valueto bereadis thelaststored.

Processorsusingstacksasstoragearecommonlyknown asstack machines
[37]. Stack machinesare efficient at running certain types of programsthan
random-accessregister-basedones,particularlyprogramsthat arebasedin “re-
cursions”.Stackmachinescanbesimplerthanothermachines,andprovidecom-
putationalpower using little hardware. A favorableapplicationareafor stack
machinesis in real time embeddedcontrol applications,which requirea combi-
nationof small size,high processingspeed,andsupportfor interrupthandling.
Procedurecallsarecheaperonstackmachines.

The 4stackprocessor[62] usesstackbasedinstructionsfor a four data-path
VLIW processorandDSPapplications.Thoseinstructionswith implicit address-
ing reduceinstructionmemorybandwidth,sincemultiple registerscanbepointed
with oneaddress,anadvantageover register-basedmachines.

However, it will beseenlater that thecharacteristicsof theDSPkernelsused
and the architecturetemplate(VLIW with distributedstoragefiles with stacks)
arenot necessarilyfavorablefor theexploitationof stackfeatures.Nevertheless,

99
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somevalueaccessorderingcanbeperformedin orderto obtainsomereductionin
thestackrequirementandexploitationof their multiple registers.

Fifos

A fifo consistsalsoof multiple registersor locationssharingreadandwrite ports
andoneaddress.Themaincharacteristicof a fifo is thatthefirst valueto beread
from thestorageis thefirst stored.Theregularity of valueaccessespresentedon
many DSPcomputationsmakesembeddedsystemdesignersthink abouttheuse
of queuesor fifo-lik estoragein theirASIPsin orderto savearea,power, overhead
of memoryaddressgenerationor encoding[6].

In thecaseof multimediaprocessors(VLIW) codesizecanbecritical. Tak-
ing into accountthat themain contributor of codesizeis registeraddressing,an
alternative is the useof fifos which offersa larger storagecapacityfor the same
addressingcost. Besides,for pipeline-scheduledloopsqueue-like storageoffers
theadvantageof having valuelifetimeslongerthantheinitiation interval [23], just
like rotatingregisters.

Thedrawbackof stacksandfifos is their lackof flexibility in comparisonwith
registerfiles becausecompilersarenot preparedto dealwith their strict access
behaviors. This introducesthe problemof phasecoupling betweenscheduling
andstorageallocationevenmoreseverelythanthecaseof schedulingandregister
allocation.

In basicblocks,whichcanbedataintensive,valueaccesseshaveto beordered
in a way to guaranteethe useof no morethanthe availablestorageunits. The
satisfactionprocessin the caseof stacksandfifos hasto dealnot only with the
interactionof timing, resource,andavailableunits(capacity)constraints,but also
with thenumberof registersin eachstorageunit or size[5].

This chapterintroducesthestackandfifo modelsin Section5.2. Section5.3
presentstheextendedsatisfactionapproachfor storagefiles with stacksor fifos.
In Section5.4, therulesto constructconflict graphsfor valuesassignedto stacks
or fifos arepresented.Accessorderingfor capacitysatisfaction is describedin
Section5.5. Section5.6 explainsthe constructionof conflict graphs,bottleneck
identification,andsolutionsappliedfor unit sizesatisfaction. Finally, in Section
5.7storageconstraintsatisfactionresultsarepresented.

5.2 StorageModel

In Figure 5.1a,a storagefile � � with stacksis shown. Storagefile � � has X
( X`��� �1� ) stacksavailablefor assignment.Eachunit in file � � correspondsto a
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Figure5.1: Storagefile with (a)stacks,(b) fifos.

stackwith  (   ��� �	� ) registers.

Stacksorganizeregisteraccessesaslast-in-first-out. Addressingof registers
is implicit throughthe stackpointer, so registernumbersarenot encodedin the
instructionword. Beforea valueis written into a stackits pointeris incremented
to point to thenext emptyregister. A valuereadfrom thestackis fetchedfrom the
lastindex andits pointeris decremented.It is assumedalsothatonestackallows
onereador onewrite accessperclock cycle.

In Figure5.1b,a storagefile � � with fifos is shown. Storagefile � � has X
( X��I� �1� ) fifos availablefor assignment.Eachunit in thefile correspondsto a fifo
with  (   ��� �1� ) registers.

Oncea valueis written in a fifo at someindex its write pointeris incremented
to point to thenext emptyregister. A valuereadfrom thefifo is fetchedfrom a
lower index (no emptyregister)andits readpointeris incremented.It is assumed
alsothat onefifo allows onereador onewrite accessper clock cycle. The im-
portantcharacteristicof fifos regardingloop folded casesis that the lifetime of
valuesstoredin fifos canbelongerthantheinitiation interval constraintÅ�Å . This
is becauseavaluethatbelongsto thenext iterationwouldbewrittenatadifferent
pointedregisterinsidethefifo.



102 CHAPTER5. SEQUENTIAL-ACCESSSTORAGE

C

C

P

u

u

P

C

C

P

u

(a)

(b)

2

1

2

2

2

1

1

1
2u

u 1

unit i

dest op src uC 12

dest op src u 0C1

operation code

destructive reading bit

u

unit i

1u
u 2

unit i unit j

OR

Figure5.2: Solutionsfor multiple consumptionof valuesassignedto stacksor
fifos: (a) using(non-) destructive readingbits in the instruction,or (b) creating
multiplecopiesof thevalues.

5.2.1 Multiple consumptionof values

Oneproblemthatarisesusingstacksor fifos is themultiple readingor consump-
tion of values.As describedin theprevioussection,a valuereadfrom a stackis
fetchedfrom the last index andthe stackpointer is decremented.A valueread
from a fifo is fetchedandthereadpointeris incrementedto point to anotherreg-
ister. Therefore,a valuereadoncecannotbe readagainif anotheroperationin
anotherclock cycleneedsto accessit.

With multiple consumptionof valuesassignedto stacksor fifos two alterna-
tivesareavailable:Â A controlbit in theinstructionwordcanindicatewhetherthereadaccessis

“destructive” (thevaluewill not be readagain)or not, affecting thedecre-
mentof thepointer. Thiscanbeseenin Figure5.2a.

If amultipleconsumptionof onevaluehappensat thesameclockcycle,the
connectionnetwork betweenstoragefiles andfunctionalunits is assumed
to guaranteethebroadcastingof thatvalue.

As a consequence,thecompilermusttake carethatall readings(consump-
tions)of onevaluewill precedeall readingsof any othervalueassignedto
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Figure5.3: Approachfor stacksandfifos.

thesamestackor fifo.! A multiple consumptionof valuescanbe avoidedby generatingcopiesof
thosevaluesby copying their produceroperationsasmany timesascon-
sumersexist. This is depictedin Figure5.2b,andthisalternativewill create
new valueswrittenandreadonly once,changingtheoriginal "$#&% .

Thosenew valuecopiescanbestoredin thesamestoragefor which some
accessorderingwould be needed,or in differentstorageunits. However,
with thisalternativethenumberof additionaloperationscangrow exponen-
tially violatingtiming, resourceandevenstorageconstraints.Therefore,de-
signersmightbeforcedto look for convenienttradeoffs amongconstraints.

The approachimplementedin FACTS dealswith multiple consumptionsin
generalandcanbeeasilytunedto any of thetwo alternatives.

5.3 SatisfactionApproachfor Stacksand Fifos

Thestoragesatisfactionapproachpresentedin Chapter3 is extendednow for the
caseof storagefiles with stacksor fifos. This is becausenot only the capacity')(+* #-, , but alsothesize . (+* #/, is aconstraintto satisfy. Theapproachis depicted
graphicallyin Figure5.3.

When the worst-caseunit requirementfor eachstoragefile alreadyrespects
theiravailablecapacity( 0 (+132&2 %-,�4 '�(5* #-, ), thedataflow graphis transferred
to thestorageunit sizesatisfaction.
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In orderto prevent a stackor fifo of size . (5* #-, from overloading,no more
than . (+* #/, valuescanbesimultaneouslyalive in thestorageunit. To satisfythis
requirementtheworst-casesizeconflict graph 6 2 % (5* #-, is used.The coloring
of 6 2 % givesanupperboundof thenumberof registersrequiredfor theunits in
storagefile * # .

When the worst caselocation requirementfor eachstorageunit alreadyre-
spectstheir size ( 0 ( 6 2 %-,74�. (+* #/, ), the dataflow graphwith the additional
precedencesis transferredto thescheduleandthestorageassignmentprocesses.
If not,abottleneckidentificationis performedto find thevaluesthatcanoverload
astorageunit.

In order to reducethe storagesize requirementlifetime serialization is per-
formedbetweenvaluesif possible.Serializinglifetimes will guaranteethat one
valuewill beconsumedbeforetheotheris produced,henceusingonly oneregis-
ter. Theconstraintanalysischecksafterwardsthefeasibilityof this solution.

If serializationcannotbe performed,a strongconflict at the capacitylevel
(in 132-2 % ) is forcedin order to make the storageallocationprocessto assign
thosevaluesto differentunits(conflictaddition). Theforcedconflict is preferable
betweenvalueswith a weakconflict. If not, the impactof the conflict addition
is checkedwith a new coloringof 132-2 % , andthecapacity')(+* #-, is compared
with thenew 0 (+132-2 %-, in orderto preserve thecapacitysatisfaction.If thenew0 (5132-2 %/, is largerthan '�(5* #-, aninfeasiblecaseis returnedandanotherpairof
valuesis chosen.

Insteadof conflict addition,lifetime serializationis the preferredsolutionin
our approachsinceit exploits theremainingschedulefreedomto satisfyalsothe
sizeconstraint.

5.4 Conflict Graphs for Capacity Satisfaction

Thecapacitysatisfactionprocessshown in Figure5.3usestwo conflictgraphsfor
valuesassignedto storagefile * # with stacksor fifos: aworst-caseconflictgraph182&2 % (5* #-, andabest-caseconflict graph *92 % (+* #-, .132&2 % and *92 % areconstructedbasedon specificrulesfor accessingval-
uesassignedto storagefiles with stacksor fifos. The accessconflict rules are
presentedin thefollowing sections.

Considervalues : and ; producedby operations<>= and <9? andconsumed
by @A= and @A? respectively. <9BDCFE = and <9BGCHE ? representtheproductionsof : and; respectively, while @�C�I�J = and @�C�I�J ? representtheir consumptions.For loop
foldedcases,instances:LK and ;
M correspondto values: and ; in iterationsN and O
respectively.
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Thefollowing propositionsconsidertheloop foldedcasesin general.For the
non-foldedcasessimplyconsiderPQPSRT6 and NURVOSRXWYRXZ .
5.4.1 Stackaccessconflict rules

No stackconflict

Stackscanstorevaluesof which lifetimesappearin sequence,thereforetwo val-
ueshave no stackconflict if their lifetimes are serialized(Proposition4.2 pre-
sentedin Section4.2.1).Thissituationis shown in Figure5.4aandrepeatedagain
for conveniencein Proposition5.1.

Proposition 5.1 Values : and ; haveno stack conflict if there exists W�[]\ such
that E�^ ( @A=Q_�<>?
,a`�b ( <>?c,Udfe g WihjPQP k�I�EE�^ ( @A?l_�<>=),a`�b ( <>=�,Udfe g d ( Wm`neo,�hjPQP

In addition, values : and ; have no stackconflict if the orderof their pro-
ductionsoppositesthe order of their consumptions.The following proposition
formalizesthis:

Proposition 5.2 Values : and ; haveno stack conflict if there exist iterations N
and O such that ( E ( <9BGCHE =K _�<9BDCFE ?M ,�g8e and E ( @�C�I�J ?M _�@�C�I�J =K ,�g3eo, or( E ( <9BDCFE ?M _�<9BDCFE =K ,�g3e and E ( @�C�I�J =K _p@�C�I�J ?M ,�g3eq, .

Thepossiblenon-conflictcasesfrom Proposition5.2aredepictedgraphically
in Figures5.4b and 5.4c. Becausethe distancematrix is usedfor checkinga
conflict, theequivalentProposition5.3 is derived.

Proposition 5.3 Values : and ; haveno stack conflict if there exists W�[]\ such
that ( E�^ ( <>=H_�<>?
,a`�b ( <>?
,Udrb ( <9=),�g WshtPQPu`ne k�I�EE�^ ( @A?)_p@A=), g dvWwhjPQP�`xe ,yC�B( E�^ ( <>?)_�<>=),a`�b ( <>=),Udrb ( <>?c,�g WshtPQPu`ne k�I�EE�^ ( @A=H_p@A?
, g dvWwhjPQP�`xe ,
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Figure5.4: : and ; have no stackconflict. (a) Serializedvaluelifetimes, (b),(c)
typical stackaccessbehavior.

Strong stackconflict

Values : and ; have a strongstackconflict if their lifetimes overlapandthe or-
der of their productionsmatchesthe orderof their consumptions.This orderof
accessescorrespondsto typical fifo-lik e accessbehavior. Additionally, because
single-portstacksare consideredvaluessimultaneouslyproducedor consumed
cannotbe assignedto the samestack,andthereforethey have a strongconflict.
Both conditionsaregrouped,depictedgraphicallyin Figure5.5a,andformalized
with thefollowing proposition:

Proposition5.4 Values : and ; havea strong stack conflict if there exist itera-
tions N and O such that ( E ( <9BGCHE ?M _p@�C�I�J =K ,zg e and E ( <9BGCHE =K _�<9BGCHE ?M ,zg{Z andE ( @�C�I�J =K _p@�C�I�J ?M ,&g|Z}, or ( E ( <9BGCHE =K _p@�C�I�J ?M ,&g~e and E ( <9BDCFE ?M _�<9BDCFE =K ,mg�Z andE ( @�C�I�J ?M _p@�C�I�J =K ,�gnZ�, .

Becausethe distancematrix is usedfor checkinga conflict the equivalent
Proposition5.5 is derived.

Proposition5.5 Values: and ; havea strongstack conflict if there exists W�[�\
such that ( E�^ ( <>?l_p@A=),Udrb ( <>?
, g dvWihjPQP k�I�EE�^ ( <>=Q_�<>?
,a`�b ( <>?
,Udrb ( <>=),�g WihtPQP k�I�EE�^ ( @A=Q_�@A?c, g WihtPQP ,�C�B( E�^ ( < = _p@ ? ,Udrb ( < = , g dvWihjPQP k�I�EE�^ ( < ? _�< = ,a`�b ( < = ,Udrb ( < ? ,�g WihtPQP k�I�EE�^ ( @ ? _p@ = , g WihtPQP ,
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A strongconflict alsooccurswhenthe productionsor consumptionsof two
valuesthatapparentlydo not overlap,happensimultaneouslywhenloop folded,
i.e. they would bescheduledat thesameclock cycle. This is depictedin Figure
5.5b.

Proposition 5.6 Values: and ; haveastrongstackconflictif thereexistiterationsN and O such that E ( <9BGCHE =K _�<9BDCFE ?M ,�RTZ or E ( @�C�I�J =K _p@�C�I�J ?M ,�RTZ .
Fromthedistancematrix,Proposition5.7 is derived.

Proposition 5.7 Values : and ; havea strongstack conflict if there exists Wt[7\
such thatE�^ ( <>=Q_�<>?
,a`�b ( <>?
,Udrb ( <>=),�R WshjPQP C�B�E�^ ( @A=H_p@A?
,�R Wwh�PHP

Additionally, for multiple consumptionof values,assumingthata valuein a
stackcan be readmultiple times in differentclock cycles implies that all con-
sumptionsof onevaluemustprecedeall consumptionsof theother. As depicted
in Figure5.5cvalues: and ; haveastrongconflict if oneconsumerof : precedes
oneof ; andoneconsumerof ; precedesoneof : .

Proposition 5.8 Values : and ; havea strong stack conflict if there exist con-
sumeroperations @�C�I�J k = _p@�C�I�J � = _p@�C�I�J � ? _p@�C�I�J � ? anditerationsN and O such
that E ( @�C�I�J k =K _p@�C�I�J � ?M ,�gnZ and E ( @�C�I�J � ?M _�@�C�I�J � =K ,�gnZ .

Fromthedistancematrix,Proposition5.9 is derived.

Proposition 5.9 Values : and ; havea strong stack conflict if there exist con-
sumeroperations @�k = _p@�� = _p@�� ? _p@A� ? and Ws[j\ such thatE�^ ( @�k = _�@�� ? ,�g WihjPHP k�I�E E�^ ( @A� ? _p@�� = ,�g dvWwh�PHP
Weakstackconflict

Two values: and ; have a weakstackconflict if Propositions5.1,5.3 (no stack
conflict) andPropositions5.5,5.7,5.9(strongstackconflicts)areinvalid.132&2 % is constructedjust by applying the no stackconflict conditions. If
they are false,either a weak- or a strongstackconflict situationoccurs. Pairs
of valueslinked by an edgein 182&2 % have a weakstackconflict if the strong
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Figure5.5: : and ; have strongstackconflict. (a) Typical fifo-lik e accessbe-
havior, (b) overlapof productions(or consumptions)of values,(c) alternatedcon-
sumptionof values.

conflict conditionis false. *92 % is constructedconsideringonly thestrongstack
conflict conditions.

In Figure5.6 for stackaccesscompatibility, e.g. values� and � have no con-
flict, � and � havestrongconflict in theclockcycle thatoperation� executes,and
values� and � have a weakconflict becauseit is not yet determinedwhetheror
notoperation# precedes" .

5.4.2 Fifo accessconflict rules

No fifo conflict

Values: and ; have no fifo conflict if theorderof their productionsmatchesthe
orderof their consumptions.This situationis depictedin Figure5.7 andformal-
izedwith thefollowing proposition:

Proposition5.10 Values: and ; havenofifo conflictif thereexist iterations N andO such that E ( <9BGCHE =K _�<9BGCHE ?M ,�g3e and E ( @�C�I�J =K _�@�C�I�J ?M ,�g3e andE ( <9BGCHE ?M _�<9BGCHE =K ,�g3d�PQPm`xe and E ( @�C�I�J ?M _p@�C�I�J =K ,�g3d�PQPu`ne .
Becausethe distancematrix is usedfor checkinga conflict, the equivalent

Proposition5.11is derived.

Proposition5.11 Values : and ; haveno fifo conflict if there exists W][V\ such
that
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Figure5.6: Dataflow andconflictgraphsfor valuesassignedto stacks.(a) "$#&% ,
(b) initial 132-2 % , dashededgesrepresentweakconflicts,(c) accessorderingof
values� and � with sequenceedge#�� " , � ( #�_�"i,�R�e , (d) resulting 132&2 %
afteraccessordering.

EF^ ( <9=Q_�<9?
,a`Vb ( <9?
,Udrb ( <>=),�g WshjPQP�`xe k�I�EEF^ ( <9?l_�<>=),a`Vb ( <9=�,Ud�b ( <>?
,�g d ( W&`neo,�hjPQPu`ne k�I�EEF^ ( @ = _p@ ? , g WshjPQP�`xe k�I�EEF^ ( @A?)_�@A=), g d ( W&`neo,�hjPQPu`ne
Strong fifo conflict

Values: and ; haveastrongfifo conflict if theorderof theirproductionsopposites
the orderof their consumptions.This orderof accessescorrespondsto typical
stack-like accessbehavior. Additionally, becausesingle-portfifos areconsidered
valuessimultaneouslyproducedor consumedcannotbe boundto the samefifo,
andthereforethey have a strongconflict. Both conditionsaregrouped,depicted
graphicallyin Figure5.8aandformalizedwith thefollowing proposition:

Proposition 5.12 Values : and ; havea strong fifo conflict if there exist itera-
tions N and O such that ( E ( <9BGCHE =K _�<9BGCHE ?M ,�g Z and E ( @�C�I�J ?M _�@�C�I�J =K ,�g Z�, or( E ( <9BDCFE ?M _�<9BDCFE =K ,�gnZ and E ( @�C�I�J =K _p@�C�I�J ?M ,�gnZ�, .
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Becausethe distancematrix is usedfor checkinga conflict, the equivalent
Proposition5.13is derived.

Proposition5.13 Values : and ; havea strongfifo conflict if there exists W�[V\
such that ( E�^ ( <>=Q_�<>?
,a`�b ( <>?
,Udrb ( <>=),�g WihtPQP k�I�EE�^ ( @A?l_p@A=), g dvWihjPQP ,�C�B( E�^ ( <>?l_�<>=),a`�b ( <>=),Udrb ( <>?
,�g WihtPQP k�I�EE�^ ( @ = _�@ ? , g dvWihjPQP ,

Similar to thecasesfor strongstackconflicts,Proposition5.7 relatedto time
overlapbetweentheexecutionof operationsfrom differentiterations,andPropo-
sition5.9relatedto alternatedconsumptionsof values,constitutealsostrongcon-
flicts for valuesassignedto fifos. Thesesituationsare depictedgraphically in
Figures5.8band5.8crespectively.

Weakfifo conflict

Two values: and ; haveaweakfifo conflict if Proposition5.11(nofifo conflict),
andPropositions5.13,5.7,5.9(strongfifo conflicts)areinvalid.132&2 % is constructedjust by applying the no fifo conflict conditions. If
they are false,eithera weak-or a strongfifo conflict situationoccurs. Pairs of
valueslinkedby anedgein 132-2 % haveaweakfifo conflict if thestrongconflict
conditionis false. *92 % is constructedconsideringonly the strongfifo conflict
conditions.
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ConsiderFigure5.9 for fifo accesscompatibility, e.g. values� and � have no
conflict, � and � havestrongconflict in theclock cycle thatoperation� executes,
andvalues� and � have a weakconflict becauseit is not yet determinedwhether
or notoperation" precedes# .

5.5 AccessOrdering

Following the bottleneckidentification(Figure5.3), values : and ; areselected
for accessordering.

Consideringthe fact that in the loop foldedcaseoneiterationof value ; can
beaccessorderedwith any otheriterationof value : , it is necessarythusto find
the possible“places” relatedto : iterationswhere ; can fit without leadingto
infeasibility. I.e. thelower andupperboundsof : iterationswith which ; canbe
ordered.After accessordering,theeffect on thestoragefile pressureis checked
usinganupdated132&2 % with anew coloring.

5.5.1 Stackaccessordering

Orderingof : and ; canbedonein oneof thethreewayspresentedin Figure5.10.
Accordingto thosepossibleways,threeintervalsof iterationsN arederived. The
first interval is relatedto serializationof valuelifetimes aspresentedin Section
4.3which coversthecaseshown in Figure5.10a:� E�^ ( < = _p@ ? ,Udrb ( < = ,PQP � 4�N�4 � d�E�^ ( < ? _p@ = ,a`�b ( < ? ,>dfePQP � (5.1)
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Thesecondinterval is foundconsideringtheorderingin which thelifetime of
value : is insidethelifetime of value ; asshown in Figure5.10b.

It is tried to order them by fitting instanceWi`8N of : inside instanceW of; . For productions,to put <9BGCHE ?� before <9BGCHE =��� K a sequenceedgewith weight
one is introducedfrom <9BGCHE ?� to <9BGCHE =��� K . To prevent a positive weight cycle
betweenoperationswhichresultsin aninfeasiblesituation(referto Section2.5.4)
it is requiredthat: E ( <9BDCFE =��� K _�<9BDCFE ?� ,v4�d-e . Similarly, for consumptions,to put@�C�I�J =��� K before @�C�I�J ?� it is requiredthat: E ( @�C�I�J ?� _�@�C�I�J =��� K ,�4�d-e . Fromboth
inequalitiesandfollowing the processsimilar to the onefor registersin Section
4.3.2thesecondinterval of N is:� EF^ ( < = _�< ? ,a`Vb ( < ? ,>d�b ( < = ,PQP � `ne 4�N�4 � d�E�^ ( @ ? _p@ = ,UdfePQP � (5.2)

The third interval is found consideringthe orderingin which the lifetime of
value; is insidethelifetime of value: asshown in Figure5.10c.It is triedto order
themby fitting instanceW of ; insideinstanceW-`�N of : . To put <9BGCHE =��� K before<�BDCFE ?� it is requiredthat: E ( <�BDCFE ?� _�<9BGCHE =��� K , 4�d&e . Also, to put @�C�I�J ?� before@�C�I�J =��� K the last distancerequirementis obtained: E ( @�C�I�J =��� K _p@�C�I�J ?� ,r4 d&e .
Frombothinequalitiesthethird interval of N is:
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Figure5.10: Stackorderingof : and ; . (a) Lifetime serialization,N is boundby
Expression5.1,(b) lifetime of value : insidelifetime of ; , N is boundby Expres-
sion5.2,and(c) lifetime of value ; insidelifetime of : , N is boundby Expression
5.3.

� E�^ ( @ = _p@ ? ,PHP � `xe 4�Nz4 � d¡EF^ ( < ? _�< = ,Ud�b ( < = ,a`�b ( < ? ,Ud¢ePHP � (5.3)

Theminimumandmaximumvaluesof N from Expressions5.1,5.2and5.3are
thelowerandupperboundsrespectively of : iterationsthatcanbeaccessordered
with iterationzeroof value ; . For non-foldedcasesN cantake valuesof -1 and0
(while PHPSRT6 ).
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Performing stackaccessordering

Thevalueaccessorderingprocessstartswith theminimumvalueof N . Theway
accessorderingis performeddependson whetherN is betweentheboundsof the
respective expression.Whenever thereis morethanoneoption theprocesspro-
ceedsasfollows.! Thefirst orderingtried is lifetime serializationandis performedfollowing

Expression4.3. The reasonfor trying lifetime serializationfirst is that it
allowsabetterreutilizationof registersin thestackunit.! Thesecondorderingtried is by makingthelifetime of : beinginsideof the
lifetime of ; , insertingin thedataflow graphthesequenceedges:

<9BDCFE ? � <9BGCHE =-£ � ( < ? _�< = ,�RxN�htPQPu`Vb ( < ? ,Udrb ( < = ,a`ne@�C�I�J = � @�C�I�J ? £ � ( @ = _�@ ? ,�R|d�N�hjPQPu`ne (5.4)! Finally, thelastorderingtried is by makingthelifetime of ; beinginsideof
thelifetime of : insertingthesequenceedges:

<9BDCFE = � <9BDCFE ? £ � ( < = _�< ? ,�RxN�htPQPu`Vb ( < = ,Ud]b ( < ? ,a`ne@�C�I�J ? � @�C�I�J =-£ � ( @ ? _p@ = ,�R|d�N�hjPQPu`ne (5.5)

Thevalueaccessorderingstartsorderingaccessof : and ; with theminimum
valueof N . Onceanaccessorderingis made,theconstraintanalysisor the lower
boundcheckingvalidatethechoice.If any of themdetectsinfeasibilityasaresult
of thedecision,anothertypeof orderingis madewith thesamevalueof N if pos-
sible. If noneworks,then N is incrementedandorderingsin subsequentiterations
aretried. If all possiblevaluesof N leadto infeasibility, orderingof : and ; is
discardedandanotherpair of valuesis chosento repeattheprocess.

5.5.2 Fifo accessordering

Orderingof : and ; can be donein two ways: the productionand consump-
tion of value : precederespectively the productionandconsumptionof value ;
or vice versa. As shown in Figure5.11, it is tried to order them by fitting in-
stanceW of ; betweeninstancesWw`|N and Ww`|N�`�e of : . For productions,
to put <�BDCFE ?� before <9BGCHE =��� K �¥¤ a sequenceedgewith weight one is introduced
from <9BGCHE ?� to <�BDCFE =��� K �¥¤ . To preventapositiveweightcyclebetweenoperations
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Figure5.11:Fifo orderingof : and ; . N is boundby Expressions5.6and5.7.

which resultsin aninfeasiblesituation(refer to Section2.5.4),thedistancefrom<9BDCFE =��� K �¥¤ to <9BGCHE ?� mustbelessthanzero,resultingin thefollowing inequality:E ( <9BGCHE =��� K �¥¤ _�<9BGCHE ?� ,�4�d&e . For consumptions,to put @�C�I�J ?� before @�C�I�J =��� K �¥¤
thedistancerequirementis: E ( @�C�I�J =��� K �¥¤ _�@�C�I�J ?� ,�4�d-e . Fromboth inequalities
and following the processsimilar to the oneperformedfor registersin Section
4.3.2,it is obtained:¦m§
¨S©�ª
« ^¡¬® =Q¯  ?
°L±�² ¬® ?q°´³w² ¬® =�°µlµ ¶ ¯ ªq« ^¡¬¸· =}¯ · ?c°µlµ ¶�¹ º » (5.6)

The maximumvaluefrom expression5.6 gives the lower boundof value :
iterationthatcanbeaccessorderedwith iterationzeroof value ; .

Similarly, to put <9BDCFE =��� K before <9BGCHE ?� if is requiredthat:E ( <9BGCHE ?� _�<�BDCFE =��� K ,¼4�d&e . Also, to put @�C�I�J =��� K before @�C�I�J ?� the last distance
requirementis: E ( @�C�I�J ?� _p@�C�I�J =��� K ,�43d&e . Frombothinequalitiesit is obtained:

»�º ¦m½¿¾ ©�ª ³ « ^¡¬® ?o¯  =)°À±�² ¬® =�°Á³w² ¬® ?q°´³�Âµlµ ¶ ¯ ª ³ « ^¡¬¸· ?q¯ · =�°Á³�Âµ)µ ¶�¹ (5.7)

The minimum value from expression5.7 gives the upperboundof value :
iterationthatcanbeaccessorderedwith iterationzeroof value ; . For non-folded
casesN cantakevaluesof -1 and0 (while PQPSRX6 ).
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Performing fifo accessordering

With a known iterationnumber N , accessorderingof values: and ; assignedto
fifos is performedinsertingthefollowing sequenceedgesin thedataflow graph:<9BGCHE = � <9BGCHE ? £ � ( < = _�< ? ,�RnN�htPQPu`�b ( < = ,Udrb ( < ? ,a`xe<9BGCHE ? � <9BGCHE = £ � ( < ? _�< = ,�R8d ( N¥`xeo,�hjPQPv`�b ( < ? ,Ud]b ( < = ,a`ne@�C�I�J = � @�C�I�J ? £ � ( @ = _p@ ? ,�RxN�htPQPu`ne@�C�I�J ? � @�C�I�J = £ � ( @ ? _p@ = ,�RÃd ( N¥`xeq,�hjPHP�`xe (5.8)

Thevalueaccessorderingstartsorderingaccessof : and ; with theminimum
valueof N . Onceanaccessorderingis made,theconstraintanalysisor the lower
boundcheckingvalidatethechoice.If any of themdetectsinfeasibilityasaresult
of thedecision,N is incrementedandorderingsin subsequentiterationsaretried.
If all possiblevaluesof N leadto infeasibility, orderingof : and ; is discardedand
anotherpair of valuesis chosento repeattheprocess.

5.6 Conflict Graphs for Unit SizeSatisfaction

After capacitysatisfactionthereis still the possibility for any storageunit to be
overloaded.This canoccurwhena numberof valuesthat canpotentiallybeas-
signedto thesameunit aresimultaneouslyalive,andwoulddemandmoreregisters
thanthesize . (+* #/, of thestacksor fifos.

Thefollowing analysisconsistsof usingagainthedistancematrix to construct
anotherworst-caseconflictgraphfor sizesatisfaction 6 2 % . Thebottleneckiden-
tification is basedon thecoloringof 6 2 % andtherespectivevaluesarethencan-
didatesfor lifetime serializationor for beingassignedto differentstorageunits.

Sincevaluesshouldappearin sequencein orderto reusethesameregisterin
astackor fifo, thetermsequentialaccessconflict is used.

5.6.1 Sequentialaccessconflict rules for stacks

The following propositionsconsiderthe loop folded casesin general. For the
non-foldedcasessimplyconsiderPQP�RT6 and NÄR�OSRTW RxZ .
No sequentialconflict

Two values: and ; have no sequentialconflict if they have a strongstackaccess
conflict, i.e. they will beassignedto differentstacksanyway, or their lifetimesare
serialized.Thefollowing propositionformalizesthis:
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Proposition 5.14 Values : and ; assignedto stacks haveno sequentialconflict
if Propositions5.6 or 5.8 are valid or there exist iterations N and O such that(ÆÅÀ( <9BGCHE =K _�<9BGCHE ?M ,vg3Z and ÅÀ( @�C�I�J =K _p@�C�I�J ?M ,vg3Z}, or (5ÅÀ( <9BDCFE ?M _�<�BDCFE =K ,¡g8Z andÅÀ( @�C�I�J ?M _p@�C�I�J =K ,�gnZ}, .

Becausethe distancematrix is usedfor checkinga conflict, the equivalent
Proposition5.15is derived.

Proposition 5.15 Values: and ; assignedto stackshavenosequentialconflictif
Propositions5.7or 5.9arevalid or if thereexists Ws[j\ such that( E�^ ( < = _�< ? ,a`�b ( < ? ,Udrb ( < = ,�g WihtPQP k)I�EE�^ ( @ = _�@ ? , g WihtPQP ,�C�B( E�^ ( < ? _�< = ,a`�b ( < = ,Udrb ( < ? ,�g WihtPQP k)I�EE�^ ( @A?l_p@A=), g WihtPQP ,
Strong sequentialconflict

Two valueshave a strongsequentialconflict if they have a no stackconflict and
their lifetimesoverlap.Thosevalueswill requiredifferentregistersif assignedto
thesamestack.Thefollowing propositionformalizesthis:

Proposition 5.16 Values : and ; assignedto stackshavestrongsequentialcon-
flict if Proposition5.3(nostack conflict),andProposition4.4(relatedto lifetimes
overlap)arevalid.

Weaksequentialconflict

Two values: and ; assignedto stackshavea weaksequentialconflict if Proposi-
tion 5.15(nosequentialconflict)andProposition5.16(strongsequentialconflict)
areinvalid.

Valueswith a weaksequentialconflict canhave their lifetimesserialized,and
valueswith a strongsequentialconflict could be assignedto differentstacksby
explicitly addinga conflict in 132-2 % betweenthemif theupdated0 (5132-2 %/,
is not increasedasresultof that.

Considerin Figure5.12thedataflow andconflict graphsof a non-foldedex-
ampleduringthestacksatisfactionprocess.Thecapacityof two stacksis already
satisfiedwith theadditionof sequenceedgesof weightone,thisresultis visualized
in theworst-caseconflict graph 132-2 % of Figure5.12b. For sizesatisfaction,as
shown in the conflict graphof Figure5.12c,values � and Ç have no sequential
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Figure5.12: Exampleof sizesatisfactionfor stacks.After capacitysatisfaction
of * # with two stacksandtwo registersperstackwe obtained:(a) a "$#-% with
sequenceedgesof weight one, (b) a 132&2 % with 0 (+132&2 %-,$R�È , and (c) a6 2 % with 0 ( 6 2 %-,�RXÉ , which is morethanthesizeof eachstack.To satisfythe
sizeconstraintvalues' and Å arechosenfor serialization,thereforeweobtain:(d)
the "$#&% with theextra sequenceedgeof weightzerobetweenoperationsP and" , (e) theresulting182&2 % with still 0 (5182&2 %/,�RXÈ , and(f) theresulting6 2 %
with 0 ( 6 2 %/,�RTÈ , whichprovesthecompletionof thesizesatisfactionprocess.

conflict sincethey have a fifo-lik e accessandwill beassignedto differentstacks
(stackstrongconflict), values� and ' have a strongsequentialconflict sincetheir
lifetimesoverlap,andvalues' and Å haveaweaksequentialconflictsinceit is not
yetdeterminedwhetheroperation2 precedes" andoperationÊ precedesP .
5.6.2 Multiple value instancesin conflict graphs for fifos

In loop folded schedulesvaluesassignedto fifos canhave their lifetimes longer
thantheinitiation interval PHP . Therefore,multiple instancesof thesamevaluecan
bealivesimultaneouslyat any clock cycle andwill occupy multiple registersin a
fifo.

In orderto constructa worst-casesizeconflict graph 6 2 % for fifos, it is thus
necessaryto know thenumberof instancesof thesamevaluethat canbepoten-
tially alive in a singlefifo.

As a consequence,extra verticesareincludedin 6 2 % representingvaluein-
stancesfrom different loop iterations. The numberof vertices,representingthe
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instancesof onevalue,is relatedto the longestvaluelifetime andthe initiation
interval: Ë :ÍÌs�pÇc� N Ë �
ÎÏ� Ë ' Ço�uR�Ð d�E�^ ( @A=Q_�<>=),a`�b ( <>=�,UdfePQP Ñ (5.9)

Proof. Assumethatavalue : hasthelargestlifetimeÒ NÔÓÁÇ
ÎÕN+ÌsÇ = RÃd¡E ( @�C�I�J = _�<�BDCFE = ,�R8d¡E ( @A=H_�<>=),a`�b ( <>=�,Udfe . (a)
Thenumberof overlapscausedby : instanceswouldbeequalto:Ö ;HÇc� Ò �c×À� = RÙØ Ò NÚÓÁÇ
ÎÕN5ÌsÇ =}Û PHP}Ü . (b): is assignedto onefifo andthe numberof registersrequiredby : instancesis
equalto thenumberoverlapsof theseinstances,i.e. .	ÝÚÞ5ß ( :¥,9R Ö ;HÇc� Ò �c×À� = . (c)
Whenusinga conflict graph 2 % to generatethe requirementof : for registers
in a fifo, thenumberof colors 0 (52 %/, would beequalto thenumberof registers
required,i.e. 0 (Æ2 %-,�RT.	ÝÔÞ+ß ( :¥, . (d)
Furthermore,usingonly instancesof value : to build 2 % , resultsin:

Ë :ÍÌs�àÇc� N Ë �cÎÏ� Ë ' Ço� = Rxá (Æ2 %-,9RT0 (52 %/, . (e)
Therefore,from (a), (b), (c), (d) and(e):

Ë :ÍÌs�àÇc� N Ë �cÎÏ� Ë ' Ço�uR�Ø ( d�E�^ ( @A=H_�<>=),a`�b ( <>=),Ud¢eo, Û PHP}Ü
Thenumberof instancesfrom Expression5.9is upperboundby Ø ( 6¼d�eq, Û PQP}Ü

whichconsidersthelongestpossiblelifetime in adataflow graph.

5.6.3 Sequentialaccessconflict rules for fifos

No sequentialconflict

Two valueinstances:LK and ;
M haveno sequentialconflict if : and ; haveastrong
fifo conflict, i.e. they will beassignedto differentfifos anyway or their lifetimes
areserialized.Thefollowing propositionformalizesthis:

Proposition 5.17 Instances:LK and ;
M of values : and ; assignedto fifos have
no sequentialconflict if Propositions5.12,5.6, or 5.8 are valid for : and ; , orÅÀ( @�C�I�J =K _�<9BDCFE ?M ,�gnZ or ÅÀ( @�C�I�J ?M _�<9BGCHE =K ,�gnZ .

Becausethe distancematrix is usedfor checkinga conflict, the equivalent
Proposition5.18is derived.

Proposition 5.18 Instances:LK and ;	M of values: and ; assignedto fifoshaveno
sequentialconflict if Propositions5.13,5.7,or 5.9arevalid for : and ; , or ifE�^ ( @A=Q_�<>?
,a`�b ( <>?c,Udfe g ( Nad�OH,�htPQP C�BE�^ ( @ ? _�< = ,a`�b ( < = ,Udfe g ( O-d]NÔ,�htPQP
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Strong sequentialconflict

Two valueinstanceshaveastrongsequentialconflict if they haveanofifo conflict
andtheir lifetimesoverlap. Thosevalueinstanceswill requiredifferentregisters
if assignedthesamefifo. Thefollowing propositionformalizesthis:

Proposition5.19 Instances:LK and ;	M of values : and ; assignedto fifos have
strongsequentialconflict if Proposition5.10is valid, and ÅÀ( <9BGCHE =K _p@�C�I�J ?M ,/g�Z
and ÅÀ( <9BGCHE ?M _p@�C�I�J =K ,�gnZ .

Proposition5.18is derivedwhenusingthedistancematrix.

Proposition5.20 Instances:LK and ;	M of values : and ; assignedto fifos have
strongsequentialconflictif Proposition5.11is valid for : and ; , andifE�^ ( <>=H_p@A?
,Ud�b ( <>=�,a`xe g ( Nad�OH,�hjPQP k�I�EE�^ ( < ? _p@ = ,Ud�b ( < ? ,a`xe g ( O&d�NÚ,�hjPQP
Weaksequentialconflict

Two valueinstances:ÍK and ;	M , of values: and ; assignedto fifos, haveaweakse-
quentialconflict if Proposition5.18(no sequentialconflict) andProposition5.20
(strongsequentialconflict) areinvalid.

Considerin Figure5.13thedataflow andconflict graphsof a non-foldedex-
ampleduringthefifo satisfactionprocess.Thecapacityof two fifos is alreadysat-
isfiedwith theadditionof sequenceedgesof weightone,this resultis visualized
in the worst-caseconflict graph 132-2 % of Figure5.13b. For sizesatisfaction,
asshown in theconflict graphof Figure5.13c,values� and Ó have no sequential
conflict sincethey areconsumedsimultaneouslyandwill be storedin different
fifos (strongfifo conflict), valuesÓ and Å have a strongsequentialconflict since
their lifetimesoverlap,andvalues' and Å haveweaksequentialconflictsinceit is
not yet determinedwhetheroperation2 precedes" andoperationP precedesÊ .

5.6.4 Bottleneck identification and reduction

One conflict graphis constructedin this situation, the worst-casesizeconflict
graph 6 2 % (+* #-, . Its chromaticnumber0 ( 6 2 %/, determinesanupperboundof
locationrequirementfor stacksor fifos. If the chromaticnumberis greaterthan
theactualunit size . ( . (5* #/, ), thesatisfactionprocesscontinues(seeFigure5.3).

With a numberof units (stacksor fifos) greaterthanone,a strongsequential
conflict graphandits coloring is not neededfor a lower boundestimation,since
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Figure 5.13: Exampleof size satisfaction for fifos. After capacitysatisfaction
of * # with two fifos and two registersper fifo we obtained: (a) a "$#&% with
sequenceedgesof weight one, (b) a 132-2 % with 0 (+132&2 %-,iRâÈ , and (c) a6 2 % with 0 ( 6 2 %/,�RÃÉ , which is morethanthesizeof eachfifo. To satisfythe
sizeconstraintvalues' and Ó arechosenfor serialization,thereforeweobtain:(d)
the "$#&% with theextrasequenceedgeof weightzerobetweenoperationsã and2 , (e) theresulting132&2 % with still 0 (5132-2 %/,9RXÈ , and(f) theresulting6 2 %
with 0 ( 6 2 %/,�RäÈ , which provesthecompletionof thesizesatisfactionprocess.

strongsequentialconflictscanalsobeeliminatedby introducingstrongconflicts
at the capacitylevel (in 132&2 % ), which will force the valuesto be assignedto
differentstorageunits.

Bottlenecksfor sizesatisfactionareidentifiedusingthesaturationanddegree
numbersof 6 2 % , thesamewayasto identify bottlenecksfor capacitysatisfaction
in 132-2 % .

Lifetime serializationof : and ; is performedfollowing themethodpresented
in Section4.3.2for stacksandSection4.8.3for fifos ([3]).

Fromtheworst-caseconflictgraphin Figure5.12cit is observablethatvalues� , ' and Å couldoverloadastackof sizetwo if they arestoredtogether. A possible
solutionis to serializelifetimes of ' and Å becausethey have a weaksequential
conflict. In Figure5.13c,the setof values ål�Í_��o_ 'oæ , ål�L_ ' _pÓ æ , and å ' _ Å _�Ó æ can
overloada fifo of sizetwo if they arestoredtogether. A possiblesolutionis to
serializelifetimesof Ó and ' .

Onceall possibilitiesfor serializationhave beenused(constraintanalysishas
detectedinfeasibility asa resultof serializinglifetimes), a strongconflict in the
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worst-caseconflict graph(andnot in the dataflow) canbe explicitly addedbe-
tweenthe candidatevalues. As a result, the valueswill be assignedto different
unitswhich eliminatestheconflict in 6 2 % . Thebestcandidatesfor this conflict
additionare the oneswith a weakconflict in both 6 2 % and 132&2 % sincethe
changefrom weakto strongconflict doesnot imply an incrementin thenumber
of colorsfor 132-2 % . Otherwise,if the conflict additionis performedbetween
valueswith no conflict in 132-2 % theenforcementof theconflict hasto beval-
idatedwith a coloring of the updated132-2 % to avoid decisionsthat will not
respectthealreadysatisfiedcapacity.

In the exampleof Figure5.12 for stacks,the serializationof values ' and Å
resultsin the conflict graphsof Figures5.12eand5.12f of 132-2 % and 6 2 %
respectively. This satisfiesthecapacityandsizeconstraintsof theexample.Oth-
erwise,theweakstackconflict (Æ' _ Å , in 182&2 % canbeforcedto becomestrong,
which will only take away edge (5' _ Å , from 6 2 % . Meanwhile,in the example
of Figure5.13for fifos, theserializationof values' and Ó resultsin theconflict
graphsof Figures5.13eand5.13f. If a strongfifo conflict is forced,only edge(5' _pÓ´, will beeliminatedfrom 6 2 % whichwill still leave 6 2 % with 0 ( 6 2 %-,�RXÉ
andtheconstraintsatisfactionwill continueto iterate.

Lifetime serializationand the conflict addition will alleviate the numberof
sequentialconflictsandcoloringof 6 2 % . At theendof thesatisfactionprocess
the extra conflictsaresentto storageallocationandassignmentafter operation
scheduling.

5.7 Experimental ResultsUsing FACTS

Thissectionpresentstheexperimentalresultsobtainedwith theproposedmethod.
Theaim of thesetof experimentsis to testthecapabilitiesof theconstraintsatis-
factionapproachto find solutionsfor tight constrainedexamplesusingstacksand
fifos asstorage.

Instancesof the exampleswith onestoragefile, presentedin Table4.1 were
used,andthestoragesatisfactionresultsareshown in Tables5.1and5.2for stacks
andfifos respectively.

Following thecolumnwith the instancenames,thesecondcolumnof the ta-
blesshow thestoragerequirementsobtainedby theresourceconstrainedscheduler
from [75] followedby anexactstorageallocationandassignment.' ÝÚÞ+ß is theca-
pacityand .	ÝÚÞ5ß is thesizeof thestorageunitsrequiredafterscheduling.Î ( �o, is the
CPUtime in secondsspent.

The third columnof both tablesshows the resultsof applying storagecon-
straint satisfaction. The schedulerfrom [75] was usedto completethe partial
scheduleresultingfrom thesatisfactionprocess.The tablesalsoshow the mini-



5.7. EXPERIMENTAL RESULTSUSING FACTS 123

Table5.1: Resultsfor storagefileswith stacks.

Sch.& Alloc. Capacitysatisfactionç-è¡éuê ëÀìÁê íîê ïoëaê í ðHí ñÕñ ò ÝÚÞ5ß ó�ÝÚÞ5ß ô�¬öõ ° ò ó ô�¬öõ ° mobility
ò�÷ø E�ù	ú ¤ í ¤ í ¤Æû íýü 7 3 0.34 7 2 0.93 9.52 � 0.17 9ø E�ù	ú�þ í ¤ í ¤Ú¤ íýü 8 2 0.39 8 1 0.40 2.90 � 0.02 8ø E�ù	úGÿ í ¤ í û íýü 10 2 0.21 8 1 0.22 0.76 � 0.14 8� ú ¤ í ¤ í ¤�� íýü 4 2 0.06 3 2 0.16 3.17 � 0.03 5� ú ¤ í ¤ í ¤�� í ÿ 9 2 0.11 7 2 0.53 2.30 � 0.00 10� ú�þ í ¤ í ¤Ú¤ íýü 6 2 0.06 4 2 0.10 2.17 � 0.27 6� ú þ í ¤ í ¤Ú¤ í � 13 2 0.12 9 2 0.18 1.20 � 0.07 12� B ¤ í ¤ í �Gíýü 3 2 0.01 3 1 0.01 1.56 � 0.38 3� B ¤ í ¤ í �Gí � 5 2 0.02 5 2 0.30 1.44 � 1.13 6� � ú ¤ í ¤ í � �Gíýü 11 3 1.82 6 2 2.83 13.9 � 0.21 7� � ú ¤ í ¤ í � �Gí þ � 11 3 3.39 6 2 7.62 13.9 � 0.16 8� � úDþ í ¤ í þ � íýü 9 3 1.69 6 2 1.90 6.34 � 0.51 7� � úDþ í ¤ í þ � í ¤ ÿ 10 2 2.71 9 2 3.10 6.30 � 0.41 10��� B ¤ í ¤ í �Gíýü 6 2 0.06 5 1 0.08 2.07 � 0.15 5��� B ¤ í ¤ í �Gí ÿ 8 2 0.10 7 2 0.12 1.55 � 0.19 8� CFC
	 ¤ í ¤ í ¤Ú¤ íýü 6 3 0.05 5 2 0.14 4.40 � 1.17 5� CFC
	 ¤ í ¤ í ¤Ú¤ í ÿ 11 2 0.14 10 1 1.42 4.00 � 1.07 10� CFC
	 þ í ¤ í �Díýü 9 2 0.05 7 1 0.12 2.00 � 1.33 7� CFC
	 þ í ¤ í �Dí þ 17 1 0.12 15 1 0.22 1.60 � 0.60 15

mumcapacities' ( ')(+* #/, ) andsizes. ( . (+* #/, ) for whichour approachcouldfind
a feasiblesolution. The CPU time in secondsÎ ( �o, spentto find the solutionin-
cludingschedulingandfinal storageallocation,andtheimpactof accessordering
ontheschedulefreedomof theoperationsusingthemobility areshown in thelast
two sub-columns.The numbersbeforeandafter the arrow denotethe mobility
beforeandafterthesatisfactionprocessrespectively.

For comparisonreasons,the last column of the tablesshows the minimum
capacity' ÷ obtainedby applyingthestoragesatisfactionprocessto theexamples
with random-accessregisterfiles (from Table4.4).

Tables5.1and5.2show thatour approachcandealalsowith stacksandfifos
as storageunits, togetherwith timing and resourceconstraints. By taking the
storagefile constraintsinto account,this methodis able to reducethe storage
pressurecomparedto theapproachthatperformsstorageallocationa posteriori.
For example,for instances

� � ú ¤ í ¤ í � �Gíýü and
� � ú ¤ í ¤ í � �Gí þ � in Table5.1a reductionfrom
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Table5.2: Resultsfor storagefileswith fifos.

Sch.& Alloc. Capacitysatisfactionç/è¡é�ê ëÀìÁê íîê ïlëaê í ðQí ñÕñ ò ÝÔÞ+ß ó�ÝÚÞ5ß ô�¬öõ ° ò ó ô�¬öõ ° mobility
ò�÷ø E�ù	ú ¤ í ¤ í ¤Æû íýü 6 3 0.34 7 2 1.07 9.52 � 0.14 9ø E�ù	ú�þ í ¤ í ¤Ú¤ íýü 6 2 0.39 8 1 0.80 2.90 � 0.05 8ø E�ù	úGÿ í ¤ í û íýü 10 1 0.21 8 1 0.26 0.76 � 0.05 8� ú ¤ í ¤ í ¤�� íýü 4 3 0.06 3 2 0.15 3.17 � 0.33 5� ú ¤ í ¤ í ¤�� í ÿ 6 3 0.11 6 4 0.16 3.10 � 0.00 10� úGþ í ¤ í ¤Ú¤ íýü 6 2 0.06 4 2 0.13 2.17 � 0.60 6� ú þ í ¤ í ¤Ú¤ í � 10 2 0.12 9 2 0.26 2.17 � 0.03 12� B ¤ í ¤ í �Gíýü 3 3 0.01 2 3 0.01 1.56 � 0.50 3� B ¤ í ¤ í �Gí � 4 2 0.02 3 3 0.02 1.44 � 0.38 6� � ú ¤ í ¤ í � �Gíýü 7 5 1.82 6 3 5.04 13.9 � 0.29 7� � ú ¤ í ¤ í � �Gí þ � 7 4 3.39 7 2 7.62 13.9 � 0.18 8� � úGþ í ¤ í þ � íýü 7 4 1.69 6 2 3.12 6.34 � 0.53 7� � úGþ í ¤ í þ � í ¤ ÿ 8 3 2.71 8 3 6.51 6.34 � 0.40 10��� B ¤ í ¤ í �Gíýü 5 3 0.06 4 3 0.07 2.07 � 0.22 5��� B ¤ í ¤ í �Gí ÿ 7 3 0.10 6 2 0.89 1.59 � 0.15 8� CHC	 ¤ í ¤ í ¤Ú¤ íýü 6 4 0.05 5 2 0.24 4.40 � 1.00 5� CHC	 ¤ í ¤ í ¤Ú¤ í ÿ 10 6 0.14 9 2 0.72 4.00 � 1.00 10� CHC	 þ í ¤ í �Díýü 9 2 0.05 7 1 0.18 2.00 � 0.60 7� CHC	 þ í ¤ í �Dí þ 16 5 0.12 15 2 0.25 2.00 � 0.60 15

11 to six stackunits is obtained.In Table5.2, for instance
� úGþ í ¤ í ¤Ú¤ íýü a reduction

from six to four, andfor
� CHC	 þ í ¤ í �Díýü a reductionfrom nine to sevenfifo unitsare

obtained.

Comparingtheminimumcapacitiesobtainedbyusingrandom-accessregisters
(in column ' ÷ ) andby usingstacksor fifos (columns' in tables),areductionin the
numberof storageunitshasoftenbeenobtained,speciallyfor example

� ú . This
reductioncan be useful if the numberof bits to encodeinstructionsis critical.
Unfortunately, this is notalwaysthecase.In somecasesthebestresultsfoundfor
stacksor fifos werelike having random-accessregistersasstorage(stackor fifo
unitsobtainedwith only oneregister).

Comparingtheusageof stacksandfifos, theresultsin the tablesshow a cer-
tain advantageof fifos over stacks. This is due to the fact that DSP examples
selecteddonothaverecursivecharacteristicsfavorableto stacks,andadditionally
for foldedcasesit is moreadvantageoustheusageof fifos.
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Table5.3: Resultsexploiting availableILP usingfifos.

Sch.& Alloc. Capacitysatisfactionç/è¡é�ê ïlëaê í ð � è���� µ)µ ò ÝÚÞ+ß ó�ÝÚÞ+ß ô�¬öõ ° ò ó ô�¬öõ ° mobility� ú ¤ í ¤Ú¤ 2 2 11 3 0.16 8 5 1.15 2.17 � 0.07� B ¤ í � 2 2 5 3 0.01 4 3 0.02 1.94 � 0.19
3 1 7 3 0.01 7 3 0.70 1.94 � 0.19��� B ¤ í � 2 2 11 4 0.05 10 4 0.12 2.22 � 0.15
4 1 17 4 0.04 17 4 1.55 2.22 � 0.11

Similar to rotatingregisters,fifos offer thechanceto reducethe initiation in-
terval andexploit theavailableILP. Table5.3shows theresultsof capacitysatis-
factionfor examplesin which a reductionof PQP wasobtained.In eachof those
examples,valuelifetimes are longerthanthe reducedinitiation interval making
it impossiblefor the respective valuesto bestoredin random-accessregistersor
stacks.
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Chapter 6

StorageFilesof Differ ent Access
Types

6.1 Intr oduction

Previouschaptersdealtwith constraintsatisfactionfor storagefileswith unitshav-
ing a specificaccesstype, i.e. random-accessregisters,rotatingregisters,stacks,
or fifos. Storagefile allocationfor valueswasassumedprior scheduling.

In thischapterall thepreviouslypresentedrulesandmethodsfor eachparticu-
lar storageareput togetherto obtainamethodthatsatisfiestheconstraintsduring
schedulingof architecturescontainingstoragefilesof differentaccesstypes,with-
outany previousfile allocationfor values.

Storagefiles of differentaccesstypescanbeusedto exploit thevalueaccess
regularity presentedin many applications,to reducethe total numberof storage
units (and bits for addressing),or to exploit the available ILP by reducingthe
initiation interval (whenusingrotatingregistersor fifos).

In suchstoragescope,Aloqeely in [6] presentsa techniquefor architectural
synthesiswhich exploits theregularity of valueaccessesthatexists in many DSP
andmatrix computations.After schedulingof operations,thestorageassignment
procedureof Aloqeely consistsof threestages. In the first stage,it is tried to
assignall valuesto queue-like storage.Then,basedon a rejectioncriterion like
thesizeof thequeue,someof thequeuesthatdo not meettheminimumallowed
utilizationarerejected.Thevaluesthathavebeenassignedto rejectedqueueswill
beusedasinputsto thenext stagein which they aretried to beassignedto stacks.
Similarly, stacksthat do not meetthe minimum allowed utilization arerejected
andthe valuesaresentto the last stagethat will assignthemto random-access
registers.

Similar to the work of Aloqeely our approachfollows a predefinedanalysis

127
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Figure6.1: A storagearchitecturewith filesof differentaccesstypes.

order. For every file with a specificaccessbehavior a limited capacity(andsize
for stacksandfifos) is associatedandconstitutesaconstraintto satisfyduringthe
schedulingprocess.

Our approachmakesuseof two differentmethodsfor constraintsatisfaction
whenunits of a specificstoragefile andaccesstype areaboutto be overloaded.
Thefirst methodis accessorderingof values,ashasbeendescribedin previous
chapters.The secondmethodis spilling valuesto otherstoragefiles (andother
accesstypes). Bottlenecksfor storageallocationare found in both the worst-
and the best-caseconflict graphs. Bottlenecksfound in the worst-caseconflict
graphareedges, andthe respective valuesarecandidatesto have their accesses
orderedaccordingly. Bottlenecksfoundin thebest-caseconflictgrapharevertices
representingvaluesthatwill bespilledto anotherstoragefile. Both methodswill
removeedgesandverticesrespectively from thegraphsuntil theupperandlower
boundsof requiredstoragearesatisfied.

This chapteris organizedasfollows. In Section6.2, the modelassumedin
this casefor thestoragearchitectureis shown. Section6.3explainstheproposed
constraintsatisfactionapproach.Finally, in Section6.4 experimentalresultsare
presented.

6.2 StorageModel

In Figure6.1, the assumedstoragearchitectureis illustrated. It hasa random-
accessregisterfile with capacity ' ÷ , a rotatingregisterfile with capacity ' ÷�÷ , a
file of stackswith capacity' ï andsize . ï , and/ora file of fifos with capacity' ë
andsize . ë .

It is unlikely however to have architectureswith units having four storage
files eachwith a different accesstype, sincetheir implementationcan become
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complex andexpensive. From thecompilerpoint of view, to exploit thestorage
characteristicsof thosearchitecturesis alsodifficult to implement.

6.3 ProposedApproach

The goal of our approachwith this kind of storagearchitectureis to find an as-
signmentof valuesto storagefiles (pre-assignment), an assignmentof valuesto
storageunits,anda schedulethat satisfythestorage,precedence,timing andre-
sourceconstraints.

Constraintsatisfactionandpre-assignmentof valuesareperformedconsider-
ing oneaccesstypeat a time. Initially, all valuesareassumedto bepre-assigned
to onestoragefile (oneaccesstype). During the satisfactionprocess,whenthe
minimumrequirementof a particularfile is morethantheavailable,somevalues
areselectedto bespilledto anotheravailablefile (henceanotheraccesstype).

The criteria aboutwhich accesstype would be consideredfirst take into ac-
countthecharacteristicsof eachparticularstorageasfollows:! Random-accessregistersare the most flexible storagefrom the compiler

point of view, sinceaccessto valuesis straightforward. However, they are
costlyin termsof controlandencoding(observationmainly consideredfor
architecturedesign). For loop folded cases,valuesassignedto random-
accessregistershave their lifetimesupperbound(constrained)by theiniti-
ationinterval PQP .! Rotatingregistersare the most costly storageunits sincetheir control is
morecomplex relatedto their baseplus offset addressingmode. For the
compiler rotating registersare as flexible as random-accessregistersand
their advantageis that they canbeusedin applicationswith a reducedPQP ,
sincevaluesassignedto rotating register files do not have their lifetimes
upperboundby PHP .! Stacksarelesscostly thanrandom-accessregistersbecauseof their multi-
ple registerssharingoneaddress.Their control is simpler, sincethe stack
pointeris updatedautomaticallyin everyaccess.However, for thecompiler
stacksarenot asflexible if it is assumeda destructive readingof values.
Furthermore,for loopfoldedcases,valuesassignedto stackshavealsotheir
lifetimesupperboundby PQP .! Fifosarealsolesscostlythanrandom-accessregistersbecauseof theirmul-
tiple registersandtheir simplercontrollability. They arealsolessflexible
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Figure6.2: Constraintsatisfactionandschedulingflow for storagefiles of differ-
entaccesstypes.

thanrandom-accessregistersfrom thecompilerpoint of view, if a destruc-
tive readingof valuesis assumed.On the otherhand,valuesassignedto
fifos donothave their lifetimesupperboundby PQP .

With this description,theorderin which thefiles areanalyzedandtheir con-
straintsatisfied,dependsspecificallyontwo situations(seetheflow in Figure6.2):! Loop folded cases.It is alwaysdesirableto reducethe schedulefreedom

gradually, andto satisfythelessflexible storagefirst. Therefore,for folded
casesthefollowing orderis considered:constraintsatisfactionfor fifos first,
then for rotating registers. By this stagethe initiation interval constraint
bindsthelifetimesof theremainingvalues.After that,theprocesscontinues
with stacksandfinally with random-accessregisters.! Non-foldedcases.For non-foldedcasestheadvantageof rotatingregisters
is reduced,sincethey becomethesameasrandom-accessregisters.There-
fore,thefollowing orderis considered:constraintsatisfactionfor fifos first,
thenfor stacks,andfinally for registers.

The satisfactionapproachdepictedgraphicallyin Figure6.2, startswith an
initial pre-assignmentof values.

For folded casesthis processcheckswhethertherearevalueswith lifetimes
longerthan PQP . If yes,thosevaluesarepre-assignedto fifos or rotatingregisters
(in thatorder)accordingto theavailability of thoseunits.Theprocessalsochecks
whethervaluesareconsumedmorethanonce(for stacksandfifos). Whenanini-
tial pre-assignmentcannotbeperformedbecausethelack of unitswith a specific
accesstype,infeasibility is reported.
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With a list of valuecandidatesfor pre-assignment,thesatisfactionalgorithm
analysesthe storagefile with a specificaccesstype. The satisfactionprocessis
thereforecalled,which is depictedgraphicallyin Figure6.3.

In thesatisfactionprocessa lowerboundis calculatedfirst by coloringabest-
caseconflictgraph����� . If thisboundis largerthanthenumberof unitsavailable
(capacity),avertex (value)is selectedfrom its largestsaturationanddegreenum-
bersin the colored ����� . The selectedvalue is thus removed from the list of
candidates.

When the numberof availableunits fulfills the minimum requirements,the
processcheckstheupperboundof storagerequirementusingaworst-caseconflict
graph ������� , identifiesbottlenecksin ������� , andselectspairsof valuesto
ordertheir accesses.

After accessorderingthesatisfactionprocesscheckswhetherthereis a vari-
ation on the bounds. If the lower boundrequirementbecomesgreaterthan the
capacity, a valueis selectedandremovedfrom the list. Every time a valueis re-
moved,all orderingsfor thecurrentstoragefile arediscarded,insertedsequence
edgesareremoved from the ����� , andthe satisfactionprocessrestartswith an
updatedlist of values.

The satisfactionprocesscontinuesuntil lower- andupperboundsfor the ca-



132 CHAPTER6. STORAGE FILES OFDIFFERENTACCESSTYPES

pacity (andsizefor fifos andstacks)aresatisfied.Only whenthesatisfactionof
constraintsis guaranteed,the valueson the list arethenpre-assignedto the file,
andthenext file (anotheraccesstype)is analyzedfor theremainingvalues.

For loopfoldedcases,beforethealgorithmdealswith stacksor random-access
registersthe initiation interval constraintwill bind the lifetimesof the remaining
valuesasdescribedin Section2.3.3.

For the laststoragefile analyzed,if it is not possibleto satisfyits constraints
infeasibility is reported.

After constraintsatisfactionwassuccessfullyaccomplishedandvaluesareal-
readypre-assigned,theprecedencesaretransferredto conventionalscheduleand
storageassignmentphasesto completetheprocess.

6.4 Experimental ResultsUsing FACTS

Thissectionpresentstheexperimentalresultsobtainedwith theproposedmethod.
Instancesof the examplespresentedin Table4.1 wereused,andthe respective
storagesatisfactionresultsareshown in Table6.1.

Thefirst columnof Table6.1showstheinstancenameswith theformat ������� . 
is thelatency. Thesecondcolumnshows theinitiation interval !"! which is the

minimum obtainablewith the available ILP ( #$�&%'# ) shown in the third column.
For eachstoragearchitecturethe tableshows thefifo capacities(*) andsizes+,) ,
the rotatingregistercapacities(,-.- , the stackcapacities(*/ andsizes +0/ , andthe
random-accessregistercapacities(*- .

TheCPUtime in seconds1,24365 spentto find thesolution(includingscheduling
andfinal storageassignment),andthe impacton theschedulefreedom(mobility
afterthesatisfactionprocess)areshown in thelasttwo columnsof thetable.

The resourceconstrainedschedulerfrom [75] wasusedto completethepro-
cess.Storageassignmentfor rotatingregistersis performedusingthemethodfor
relative locationsassignmentin [78], while for the otherstoragetypesa graph-
coloringbasedstorageallocationis performed.

As areference,alsotheminimumcapacitiesobtainedby applyingthesatisfac-
tion approachto storagefiles having a specificaccesstypeareincludedin Table
6.1 at thesamerow following the instancenameor a new ( #$�&%7# , !"! ) setof con-
straints.Fifos andstacksareassumedto have a destructive readingandto obtain
thecapacityandsizereferences,copiesof multiply consumedvaluesweregener-
ated(refer to Section5.2.1). Note that for certainvaluesof !"! no solutioncould
befoundusingstacksor random-accessregisters.At theendof therow theinitial
mobility of operationsprior thesatisfactionapproachis included.

Theresultsin Table6.1aretheminimumobtainablewith FACTS makingtrade-
offs amongthedifferentconstraintsfor eachfile with aspecificaccesstype.Com-
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binationsof fifos, stacks,andrandom-accessregisters,or rotatingandrandom-
accessregistersweretested(which arethemostlikely to be usedtogetherin an
architecture).

As the resultsin the tableshow, it is possibleto make tradeoffs amongthe
constraintsof differentstoragefiles. By weakeningtheconstraintsfor onefile the
capacityrequirementfor theotherscanbereduced.Also, with theuseof fifos or
rotatingregistersa betteruseof the availableILP canbe madeby reducingthe
initiation interval (seetheresultsfor instances8:9<; and =�=�9?> ).

In many casespresentedin the table a reductionin the numberof storage
unitscanbe observedwhenusingfifos, stacksandrandom-accessregistersthan
whenusingonly registers.Onesuchexampleis 8@9<; with !A!CBED for which the
numberof unitswerereducedfrom six (random-accessregisters)to e.g.four (one
fifo plus threerandom-accessregisters),or five (two stacksplus threerandom-
accessregisters).However, thisis notalwaysthecaseespeciallywhenconsidering
fifos andstackswith destructivereading.Tradeoffs betweenrotatingandrandom-
accessregistersarestraightforwardasseenfor 8@9F; and =�=�9?> .

In conclusion,our approachis ableto find solutionsfor tight constrainedex-
amples,andhavingstoragefilesof differentaccesstypesin thearchitecture.Using
this kind of storage,reductionsin thenumberof unitsandbits for addressingare
achieved,aswell asexploitationof theavailableILP in theprocessorarchitecture.
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Table6.1: Resultsfor architectureswith storagefilesof differentaccesstypes.

G�HJI � K H�L K MNM OP) QR) OS-.- OS/ Q*/ OP- TSUWVYX mobilityZ\[,]�^
1 - 5 3 - 5 2 5 – 3.17

2 2 - - - 2 0.75 0.30
2 4 - - - 1 0.75 0.10
- - - 2 2 3 0.47 0.37
- - - 3 2 2 0.41 0.43
1 2 - 1 2 2 0.80 0.13
2 2 - 2 2 - 0.75 0.30

8:9<; 1 3 4 3 6 5 2 6 – 1.44
1 3 - - - 3 0.05 0.94
- - - 2 2 3 0.07 0.38
- - 4 - - 2 0.13 1.06
- - 2 - - 4 0.07 0.69

2 2 6 3 8 - - - – 1.94
2 3 - - - 3 0.02 0.31
- - 6 - - 2 0.05 0.19

3 1 7 3 15 - - - – 1.94
5 3 - - - 2 0.03 0.25
- - 13 - - 2 0.15 0.19

= Z_[F^ ; 1 - 7 3 - 7 2 7 – 13.8
3 2 - - - 4 33.3 2.58
- - - 4 3 4 5.31 3.01
2 2 - 2 2 5 41.0 1.84

=�=�9?> 1 4 7 2 9 7 2 8 – 1.59
4 3 - - - 3 0.17 0.19
- - - 4 2 6 0.37 0.41
3 2 - 3 2 2 0.34 0.22
- - 7 - - 2 0.70 0.19
- - 2 - - 6 0.26 0.22

2 2 12 4 15 - - - – 2.22
8 4 - - - 3 0.11 0.11
- - 10 - - 5 0.31 0.17



Chapter 7

Conclusionsand Further Research

This thesispresentsanapproachfor storageallocationandoperationscheduling
for codegenerationin embeddedprocessorcompilers,andfor the architectural
synthesisof DSPandmultimediaapplications.DSPandmultimediaapplication
kernelscharacterizedby intensivecomputation,aremappedontoaVLIW embed-
dedprocessorarchitecture(or architecturetemplatefor synthesis),which hasa
limited numberof resourcesincludingdistributedandcapacityconstrainedstor-
agefiles.

Storagefile constraintsaretakeninto accountfrom thefirst phaseof schedul-
ing while thereis enoughfreedomto reducestoragepressure.Constraintanalysis
techniquesareusedto capturethe interactionamongtheprecedence,timing and
resourceconstraints. By constructingand coloring a worst-caseconflict graph
thatmodelsthestrongandweakconflictsbetweenvalueaccesses,thebottlenecks
for storageallocationareidentified. Thesebottlenecksaresubsequentlyreduced
by orderingvalue accessesaccordingly. This resultsin a partial schedulethat
canbe completedby a conventionalschedulerwithout violating the storagefile
constraints.

Although the problemof spilling valuesto backgroundmemorywasnot di-
rectly addressed,theproposedmethodcanhelpto avoid unnecessaryspill code.

Theexperimentalresultsin this work clearlyshow theadvantagesof theap-
proach:

` This approachis ableto satisfystoragefile constraintsundertight timing,
precedence,andresourceconstraints.Themethodprovidesa goodbalance
betweensolutionqualityandrun time.

` By takingthestoragefile constraintsinto account,thismethodis ableto re-
ducethestoragepressurecomparedto anapproachthatperformsscheduling
first andstorageallocationaposteriori.
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` The proposedmethodis alsoable to reducethe storagepressurefor files
with low capacityat the expenseof an increasein the amountof storage
usedin otherstoragefiles. This is importantfor handlingheterogeneous
storagefile architectures.Traditionalmethodslack the capabilityof mak-
ing tradeoffs betweendifferentstoragefiles. Furthermore,this alsoshows
that themethodcanbeusedto do designspaceexplorationfor storagefile
architectures.

` It is possibleto make a tradeoff betweenstoragepressureandtiming con-
straints.By weakeningthelatency or theinitiation interval constraints,stor-
agefile capacitiescanbefurtherreduced.

Moreover, the satisfaction approachpresentedalso works in the context of
rotating registers,stacks,fifos, and enablesan integratedapproachfor storage
architectureswith differenttypesof storage.The coloring approachwasreused
effectively in all thetreatedstorageallocationproblems.

Thiswork hasbeenimplementedin theFACTS researchtool. TheFACTS tool
is usedattheEindhovenUniversityof Technologyasavehiclefor researchin code
generationandarchitecturalsynthesis. FACTS functionality is being integrated
in the A #RT tool set from AdelanteTechnologies(a company resultedfrom the
mergingof FrontierDesignandPhilipsSemiconductors’EPD),in orderto design
andprogramASIPswith a VLIW architecture.At Philips Research,FACTS is
appliedin the COCOONandthe ERC (EmbeddedReconfigurableComputing)
projectsaspartof thecompilertargetedat VLIW architectures.

Currentresearchrelatedto codegenerationand implementedin FACTS fo-
cuseson thefollowing topics:

` Thework of Bekooij [8] presentsanapproachthatusesconstraintanalysis
for theassignmentof operationsto functionalunits(dataroutingthrougha
limited connectionnetwork betweenfunctionalunitsandregisterfiles).

` Forconditionalconstructions,theworkof Zhaoin [82] presentsanapproach
that performsif-conversion andcreatespredicatesthat areincludedin the
code. After if-conversion,schedulingandstorageallocationis performed
consideringthepropertyof mutualexclusivityof values,i.e. becausethey
belongto exclusive conditionedbasicblocks,mutualexclusive valueswill
nevercoexist andcanbeassignedto thesamestorage.

` Zhaoet al. in [81] presentan approachthat reducesthe needfor explicit
instructionselectionby transferringconstraintsimplied by the instruction
set to virtual resourceconstraints,that conventionalresourceconstrained
schedulerscancopewith.
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To guaranteecompilerretargetability, thereis anecessityto defineacomplete
machinedescriptionin FACTS. Thecompilerretargetability is limited whentun-
ing theprocessorto aspecificapplication(domain),becausenocompletemachine
descriptionis definedin theinput descriptionfile for FACTS.

Possibleextensionsincludetheuseof the techniquespresentedin this thesis
in a broaderschedulingscope(beyond the scopeof basicblocks). In that case,
a global constraintanalysisis necessaryaswell asthe ability to make tradeoffs
betweentheuseof thetechniquespresentedin this thesisandtheinsertionof spill
code.
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