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Summary

Increasingnterestin thehigh-wolumehigh-performancembeddegrocessomar
ket motivatesthe stand-along@rocessoworld to considelissuedik e designflexi-
bility (synthesizablg@rocessorcore),enegy consumptionandsilicon efficiengy.
Implicationsfor embeddegrocessoarchitectureandcompilersaretheexploita-
tion of hardwareaccelerationinstruction-lerel parallelism(ILP), anddistributed
storagsdfiles.

In thatscope,VLIW architecturedave beenacclaimedfor their parallelism
in the architecturewhile orthogonalityof the associatednhstructionsetsis main-
tained. Codegeneratiormethodsfor suchprocessorsvill be pressuredowards
anefficientuseof scarcaesourcesvhile satisfyingtight real-timeconstraintgm-
posedoy DSPandmultimediaapplications.

Limited storage(e.g. registers)availability posesa problemfor traditional
methodghat performcodegeneratiorin separatestagesge.g. operationschedul-
ing followed by registerallocation. This is becausehe objectvesof scheduling
andregisterallocationcauseconflictsin codegenerationn severalways. Firstly,
registerreusecancreatedependenciethatdid not exist in the original code,but
canalsosave spilling valuesto memory Secondlywhile a particularorderingof
instructionsmay increasethe potentialfor ILP, the reorderingdueto instruction
schedulingnay alsoextendthelifetime of certainvalues,which canincreasdahe
registerrequirementFurthermoretheinstructionschedulerequiresanadequate
numberof local registersto avoid registerreuse(sincereuselimits the opportu-
nity for ILP), while the registerallocatorwould prefersufiicient global registers
in orderto avoid spills. Finally, aneffective schedulecanloseits achieveddegree
of instruction-level parallelismwhenspill codeis insertedafterwards.

Withoutarny communicatiorof informationandcooperatiorbetweerschedul-
ing and storageallocationphasesthe compilerwriter facesthe problemof de-
termining which of thesephasesshouldrun first to generatehe most efficient
final code. The lack of communicatiorand cooperatiorbetweerthe instruction
schedulingandstorageallocationcanresultin codethatcontainsexcessof regis-
terspillsand/orlowerdegreeof ILP thanactuallyachievable. This problemcalled
phasecouplingcannotbeignoredwhenconstraintaretight andefficientsolutions

Vil



viii SUMMARY

aredesired.Traditionalmethodgshat performcodegenerationn separatetages
areoftennotableto find anefficient or evena feasiblesolution. Therefore those
methodseedanincreasingamountof helpfrom theprogrammefor designer}o
arrive at afeasiblesolution. Becausehis requiresan excessve amountof design
time and extensve knowledgeof the processomrchitecturethereis a needfor
automatedechniqueghatcancopewith the differentkinds of constraintduring
scheduling.

This thesisproposesan approachfor instructionschedulingand storageal-
locationthat makes an extensve useof timing, resourceand storageconstraints
to prunethe searchspacefor scheduling. The methodin this approachsupports
VLIW architecturesvith (distributed)storagdiles containingrandom-acces®g-
isters, rotating registersto exploit the available ILP in loops, stacksor fifos to
exploit larger storagecapacitiesvith lower addressingosts.

Potentialaccessonflictsbetweernvaluesareanalyzedeforeandduringsche-
duling, accordingto the type of storagethey are assignedo. Using constraint
analysigechniquesndpropertief coloredconflictgraphsessentiainformation
is obtainedo identify thebottleneckdor satisfyingthe storagdile constraintsTo
reducethe identified bottlenecksthis methodperformspartial schedulingoy or-
deringvalueaccessesuchthatto allow a betterreuseof storage Without enforc-
ing ary specificstorageassignmenbf values,the methodcontinuesuntil it can
guaranteehatany completionof the partialschedulewill alsoresultin afeasible
storageallocation.Thereforethe schedulingreedomis exploitedfor satisfiction
of storageresourceandtiming constraintsn onephase.



Samelrvatting

Dooreentoenemendmmteressen demarktvoor zeerkrachtigeingebedderoces-
sorenis de stand-along@rocessowereldmeergerichtop zaken als ontwerpflex-
ibiliteit (synthetiseerbarprocessorengnegie verbruik,ende efficientievanhet
silicium. De implicatie voor architectureren compilersvoor ingebedderoces-
sorenis de noodzaakot hetbenuttervan hardwareversnelling,instructie-nveau
parallellismeengedistritueerdeegisterfiles.

VLIW architecturerwordengeroemdvanwege hetbeschikbargarallellisme
in dearchitectuumetbehoudvande orthogonaliteitvan hetovereenkbmstigein-
structierepertoire.Methodessoor hetgenererewvanprogrammacodevoor zulke
processorestaarondergrotedruk omde schaarséeschikbareniddelenefficient
te gebruilen,enondertussete voldoenaande strakle tijdsbeperkingemmpgelgd
doorde DSPenmulti-mediaapplicaties.

De beperktebeschikbaarheidban opslagmiddeler(bv registers)vormt een
probleemvoor methodedie programmacodegenererenn afzonderlijle fases,
bijvoorbeelchetschedulervaninstructieggevolgd doordeallocatievanregisters.
Dit probleemwordtop verschillendananiereneroorzaaktioorde conflicterende
belangervandetweegenoemddasesHet hegebruikvanregistersvoorkomthet
overlopenvan de registerfiles, maarcreeertook afhanlelijkhedendie niet in de
originele codeaanwezigzijn. Hoewel eenbepaaldeordeningvan instructiesde
mogelijkhederkan doentoenemertot het uitbuiten van ILP, kan dezeordening
hettijds-intenal vergrotenwaarintussentijdselatabeschikbaadientte zijn. Dit
vergrootop zijn beurtweerdedruk op deregisterfiles. Aan de enekantheeftde
instructiescheduleafdoenddocaleregistersnodigom hetlILP te benutten.Aan
de anderekant wordentijdensregisterallocatiemeerglobaleregistersverkozen
om hetoverlopenvanderegisterfileste voorkomen.Eengoedeschedulekanzijn
bereikteniveauvanILP verliezendoorhetinvoegenvanoverloop-code.

Zonderinteractietussende fasesvoor schedulingen registerallocatiezal de
compiler schrijver moetenbeslisserwelk van de fasesals eersteuitgevoerd di-
ent te wordenteneindede meestefficiente codete genereren.In afwezigheid
van enige interactietussende fasesvan schedulingen register allocatie wordt
codegegenereerdnet eente hoog gehalteaanregisteroverloopen/of eenlager
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X SAMENVATTING

niveauvanILP danbereikbaarDit probleemwordt hetfase-koppelingsprobleem
genoemden kan niet wordengengyeerdin geval van stringentebeperkingeren
indienefficienteoplossingergenvenstzijn. Traditionelemethodeslie programma
codegenerererin afzonderlijle fases,zijn vaakniet in staatom eenefficiente
of zelfs geldige oplossingte vinden. Daaromhebbentraditionelemethodenn
toenemendenatehulp nodigvande programmeufof ontwerperjom eengeldige
oplossingte vinden. Omdatdit eenbuitensporigeontwerpinspanningereisten
eenverrggaandebekendheidmet de processorarchitectuur is er behoefteaan
geautomatiseerdeethodendie efficient om kunnengaanmet de verschillende
beperkingenijdensscheduling.

Dit proefschriftstelteenbenadering/oor instructieschedulingenregisteral-
locatievoor, waarinveel gebruikgemaakwordt van de beperkingermbt tijd en
de beschikbaarheigtan reken- en opslagmiddelenteneindede zoekruimtevoor
schedulingn te perken. De methodein dezebenaderingpndersteunVLIW ar-
chitecturermetgedistrilueerdeopslageenheddrestaandait registersmetwille-
keurige toeganlelijkheid, roterenderegistersom ILP in loops te benutten,en
stacksof fifos om eengrotereopslagcapacitetie benuttenmetlagereaddresser
ingskosten. Mogelijke toegangsconflictertussendataworden voor en tijdens
schedulinggeanalyseerdhaagelang het type opslagtoegekend aan deze data.
Door het gebruik van technielen die de beperkingeranalysereren van eigen-
schappewaneengekleurdeconflict graaf,wordtessentielenformatieverworven
omknelpunterteidentificerermbthetvoldoenaandebeperkingempgeled door
de opslageenheidTeneindede geidentificeerdé&nelpuntente verkleinenbrengt
dezemethodeeenordeningaanop de lees-en schrijfactiesvan en naarde op-
slageenheid@m meerhegebruikmogelijk te makenvandie opslageenheidZon-
der eenspecifiele toekenningvan dataaanopslageenhedeaf te dwingengaat
de methodedoortotdatde garantiegegevenkanwordendatde opgeledeorden-
ingsrelatiesovereenbmenmet eengeldigetoewijzing van dataaanopslageen-
heden.Dienteng&olge wordtin eenfasede schedulevrijheid benuttenbehoee
vande beperkingeromtrenttijd enbeschikbaarheigtan reken-en opslagmidde-
len.
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Chapter 1

Intr oduction

1.1 Designof EmbeddedProcessors

Embeddeaystem$25] areelectronicsystemsharacterizedby beingreactve on
eventscomingfrom its ervironment,very oftenin real-time,andefficientin terms
of performancesmall area,low power, shorttime-to-marlet and cost (for the
high volumemarket). Typical applicationdomainsof embeddedystemsnclude
telecommunicationgutomotve andconsumeelectronicgproducts.

Systems-onhkip (SoCs)areembeddedystemghatembed(processoriores,
field-programmablegate arrays (FPGAS),or applicationspecificintegratedcir-
cuits (ASICs). Processocoresor embeddegrocessos aredesignedspecifically
for integration on a chip togetherwith other processorscommunicationstruc-
tures,anddata/programmemory Dueto their flexibility, programmablembed-
ded processorsare increasinglyusedas componentf SoCs[61]. Integrating
electronicsystemson a single chip ratherthanon a printed circuit boardoffers
significantadvantagesn termsof inter processocommunicationpackagingcost,
time delay andenegy consumptionlf possible partof therequiredfunctionality
is implementedn dedicatechardware,but frequentlythe requirementsmposea
degreeof flexibility onthedesignthatcanonly berealizedwith a programmable
component.

Differentclasseof embeddegrocessorexist [43]: microcontrollersRISC
processorgligital signalprocessoranultimediaprocessorandapplicationspe-
cific instructionsetprocessor&nown asASIPs.

e Microcontrollersand RISC processorsare employed mostly for control-
typetasksthatareusuallynot very computationallyintensve.

¢ Digital signalprocessoréDSPs)41, 42] have beendesignedor arithmetic-
intensie signal processingapplicationslike channel/sourcéde-)coding,

1



2 CHAPTER1. INTRODUCTION

signaltransformationge.g. FFT), noisereduction.etc. They canhave spe-
cial hardware componentsanda certaindegreeof instructionlevel paral-

lelism(ILP), i.e. thenumberof operationghatcanexecuten parallel.Also,

DSPscontainspecial-purposeegisters.Dueto theirregularity of their ar

chitecture(seeFigurel.1)thecompilerconstructiorfor DSPsis morediffi-

cultcomparedvith the otherprocessoclassesTexasInstrumentdeadsthe
DSPsmarket followedby Motorola,Analog Devices,andNEC.

e Multimediaprocessorarebasedntheverylonginstructionword (VLIW)
philosophy in which differentfunctionalunits canoperatein paralleland
arecontrolledby separatdieldsin theinstructionword. Thearchitectures
moregeneral-purposerientedthanDSPsandhasgeneral-purposeegisters
groupedn files. Theseprocessoraredevelopedwith the purposeof allow-
ing efficient compilersupport. Examplesof multimediaprocessorsirethe
Philips TriMedia TM1000[30] andthe TexasInstrumentsC62xx processor
family [70].

e ASIPsaredomain-specifiprocessorsASIPssene only a narrov rangeof
applicationsand are characterizedby a small, well-definedinstruction-set
tunedto the critical partsof the applicationcode. The basicarchitecture
of anASIP is fixed (template-basedrchitecture)put it canbe customized
for a given applicationby settinga numberof differentparametersWith
different setsof parametersdifferent configurationsof an ASIP may be
available. Therefore retamgetable compilerscanbe usedinsteadof using
a large numberof differentcompilersfor eachconfiguration.This implies
thatthecompilerhasto bemachine-independeanhdbeadaptedo acertain
machineby writing machine-specificompilercomponentsr by providing
amodelor machinedescriptionseediagramof Figurel.2). However, retar
getability compromisegodeefficiengy, sincethe compilercanmake fewer
assumptionaboutthetagetmachineandno aggressie codeoptimizations
canbeperformed.

An embeddegrocessohasto fulfill somepracticalrequirementso beableto
communicatendinteractwith the ervironment.Thoseincludel/O peripheralsa
bus interface,hardwarefor receving interrupts,and possiblya real-timekernel.
Thefollowing areconsideredmportantcriteriain thedesignof embeddegbroces-
sorsfor DSPandmultimediaapplications:low power consumptionsilicon cost,
performance shorthardware/softvare developmenttime, and porting of legagy
code.
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Data bus

Program
bus

Accumulator

Figurel.l: Roughrepresentationf the TMS320C25DSPprocessar

Low power consumption

Low power consumptions importantnot only to save batteryenegy in caseof
portabledevices, but alsoto have low cooling requirements.With the expected
increasen transistordensity it can be expectedthat cooling requirementwill
increaseaswell.

Oneof the major contributorsto power consumptionn SoCsis memoryac-
cess.A largeresearcheffort hasbeenspentat IMEC to reducepower inefficient
datamemoryaccessefl 3]. Otherresearcteffortsto limit thepowerconsumedby
accessew programmemoryhave mainly focussedntheuseof aprogramcache
[32]. A cachingstratgy maybeeffective for stand-alon@rocessorsvith off-chip
programmemorybecausenstructionfetchestake a long time andare more effi-
cientin burststhanwhenindividual instructionsarefetched.For processorsvith
embeddegrogrammemoriesaninstructionfetchfrom cachecanhardlybemore
efficientthanfrom the programmemory andtheefficiency of burstsis lessthanin
thecaseof off-chip memoriesThealternatve strateyy is to minimizetheprogram
codesize,whichis discussedn moredetaillater.
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software target
specification machine
of application description
retargetable

compiler

target
machine
code

Figurel.2: Retagetablecompilet

Silicon cost

Theimportanceof thesiliconcostdepend®ntheapplicationarea.SinceSoCsare
mostlytargetedat the consumeelectronicanarket, they areinherentlyconcerned
with high volumes. For high volumesthe total costper productdependdargely
onthesilicon costof individual chips.

The silicon costof an embeddegrocessois partly determinedoy the func-
tional (e.g. arithmetic)units, theregisterfiles for storingintermediatevalues,and
the communicatiorstructure all of which dependon the requireddatabit width.
It is thereforeadvisableto designor buy a processoicore that doesnot offer a
largerdatabit width thannecessary

Thesize(cost)of suchanembeddegrocessohowevertendsto bedominated
by the dataandprogrammemories.This is largely dueto the differenttechnolo-
giesusedfor fabricatingmemoryandlogic circuits(thelargestpartof aprocessor
core). It is difficult to combinethesedifferenttechnologie®n asinglechip. As a
result,usuallythechoiceis madeto applylogic technologyfor implementingooth
thelogic devicesandthe memorymodulestherebyusingmoreareacomparedo
stand-alonenemoryimplementedn memorytechnology

Furthermorethe dominanceof memorywill grow in the future becausdhe
increasingamountof dataprocessingn practicalapplicationstheincreasingheed
for flexibility oftenresultingin more programcode,andtechnologyadvancesn
VLSI integrationwhich provide alargerbenefitfor logic circuitsthanfor (already
density paclked) memorycircuits. Therefore,minimizing programcodesizeis
alsoa sensiblestratgy for minimizing costs.
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Performanceissue

Certainly the performancef the processohasto satisfythe applicationrequire-
ments. Performanceverkill shouldbe avoidedbecausethercriteria areeasily
compromised.

Onecharacteristiof processorgor DSPand multimediaapplicationss that
performances not obtainedfrom a high clock speed,which is the casewith
general-purposprocessorsik e the Intel family, but from the parallelexecution
of multiple operations.A parallelprocessois easierto designthana sequential
processowith the sameperformancebut canonly be usedfor inherentlyparal-
lel applicationdike DSP Increasingthe performanceof anembeddegrocessor
comesatthe costof spendingnorehardwaredevelopmenteffort andtime, larger
silicon area,andtoleratingmoreenegy consumption.

An efficientway to increaserocessoperformancaes to identify performance
critical (sub-)functionsin the specificationoftenprogramcode)with highly reg-
ularbehaior thatrequiredittle flexibility, andimplementthosefunctionsin dedi-
catedhardware.If functionsarerelatively large,theimplementatiormaytake the
form of a(non-programmable)oprocessaothatcommunicatesvith themainpro-
cessotvia a systembus. Otherwise the functionis implementedasa functional
unit within the processoflike an ALU), which is controlledfrom the instruction
set.

HW/SW developmenttime

Thedesignof SoCsis considereda HW/SW codesigrproblem[39], wherefrom
a specificationthe systemis partitionedinto hardware and software components
following somecriteria and respectingconstraintsaccordingto the application.
Thehardwarecomponentsrethensynthesizedpr takenfromalibrary, or brought
in asIP (intellectual property) blocks, and the software componentsare to be
executedon aprocessocore.

HW/SW developmenttime is a significantfactorin the time-to-marlet. It is
importantto keepit shortin orderto obtaina reasonablenarket shareon a short
term. Hardwaredevelopmentime is only avalid criterionif the processocoreis
developedin-house.

This developmentime canbelimited by designingatahigh abstractiorievel.
Programmingat assemblylevel simply requiresmorework thana high-level lan-
guagelike C. C programmingequiresthe useof a compiler which introducesa
certainoverheadin both the scheduldengthandcodesize[61]. Designingthe
processohardwareat a high abstractiorievel essentiallyrequiresthe availability
anduseof standarchardwarecomponentibrariesandautomatedsynthesigools
(alsocalledsilicon compiles). Similar to software compilers,silicon compilers
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introducea certainoverheadn both areaandtiming, therebylimiting the clock
speedandthusthe performancef the processar

Porting the legacycode

With the accumulatiorof softwareandthe reusepolicy thatis currently popular
amongthe consumetrelectronicsvendors,it is becomingincreasinglyimportant
to be ableto re-implement(port) existing software on the new processorsThis
inheritedsoftwareis calledlegacycode

Copingwith legag/ codeis relatedtio the needfor acompiler Thisobsenation
resultsfrom the factthatthe legag/ codeis usuallywritten in C becauset is too
difficult to port codeefficiently at the assemblylevel (unlessthereexists a clear
correspondencieetweerinstructionsof the previous processoandthe new one).

As aconsequencehreeissuesvereidentifiedwhichareconsideredmportant
in thedesignof embeddegrocessorfor DSPandmultimediaapplications:code
size,compilers,andapplicationspecifichardware (ASIC). In the next subsection
thecodesizeissueis briefly describedyvhile for the compilerandtheapplication
specifichardwareissuesmoreextensie descriptionsareprovidedin Sectionsl.2
andl.3respectiely.

1.1.1 CodeSize

Limiting codesizehasbeenconsideredh goodengineeringpracticeratherthana
topic of scientificresearch.The stratgy taken sofar is to designthe instruction
setin sucha way that individual instructionshave a high “expressve power”.
Thatis, asmary operationgRISCinstructions)aspossiblearepaclkedin asingle
instructionword. This limits theflexibility for executingindividual operations.

As anexample,theremay be aninstructionfor performingaloadanda mul-
tiplication simultaneouslybut theload canonly be doneto registersr0 or 1, and
theleft operandor themultiplicationcanbeonly fetchedfrom registersr3 or r4,
andtheright operandrom r7 or r8.

Another possibility is to use small instructionwords (e.g. 16 bits) for fre-
guentlyoccurringcombinationsof operationsandlarger instructionwords (e.g.
32 bits) for lessfrequentlyoccurringcombinations.

Anotherexampleis theuseof indirectaddressingWhendataarefetchedfrom
memory a memoryaddres®f e.g. 16 bits hasto be specified. A moreefficient
addressingnechanisms to have a baseaddresf 16 bits which is storedinside
the processqgrandan offset of e.g. four bits which is specifiedin the instruction
word. In thisway, highly efficientinstructionsetshave beendesignedsuchasthe
onefor the EPICSprocessof80].
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1.2 Compilers for EmbeddedProcessors

Nowadays the importanceof softwarecompilersis increasingn HW/SW code-
sign processessincelarge partsof the applicationfunctionality becomeimple-
mentedn software.

Theuseof acompilerintroducescertainoverheadn boththescheduldength
andthecodesize,andthereforeconflictswith cost,power, andperformancerite-
ria. Much effort hasbeenspentatimproving DSPcompilationtechniquesyunfor-
tunatelywith disappointingesultg61]. Fromthatresearcht waslearnedhatthe
efficiengy of the compilerhasa very stronginteractionwith the processoarchi-
tectureandthecorrespondingnstructionsetarchitecture (ISA). Unfortunatelyan
ISA designedor smallcodesizeis justaboutthe worstpossiblecompilertarget.

Theconstraintghatresultfrom anirregularISA arehardto modelefficiently.
To dealwith themin a systematicand structuralway is very difficult. If it is
possibleto make an efficient compilerfor onesuchlISA, it would still requirea
hugesoftwareengineeringeffort. Furthermorethe compilationtimesstill would
beunacceptablegandthe compilerwould be extremelyhardto retagetfor another
processar

Thereforeembeddeghrocessorseed:

e High-performancecompilersfor low-costirregular architecturesith het-
erogeneousegisterstructures.

e Thisimpliesthatthe compilerdevelopmentrocessnustoffer:

— Rich datastructuresto supportthe comple instructionsetsandalgo-
rithmic transformationsequiredto exploit theseeffectively.

— Extensve searcho explorethe numerougegisterallocation,schedul-
ing, andcodeselectionpermutations.

— Methoddor capturingarchitecturespecificcompileroptimizationseas-
ily.
e An environmentthatsupportgherapiddevelopmenbf thesecompilersdue
to thevarietyof processor$o support.

In this context, the main goalfor softwaredesignerss to developa compiler
thatcanefficiently transformhigh-level languagedescriptionof the applications
andmapthemontoa cost-andpower efficient architecture.

The numerousarchitecturakonstraintsof anembeddegrocessohave to be
takeninto consideratiorby the compiler Thisimpliesthatall the phase®f com-
pilation needknowledgeof the architecturalfeaturesof the tamget. A compiler
would benefitfrom the incorporationof an architecturaimodelto describehard-
wareconstraints.
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1.2.1 VLIW architectures

In previous sectionsthe fundamentatontradictionbetweensmall codesizeand
“compilerfriendliness”wasdiscussedThis makesit extremelydifficult to create
anembeddegbrocessothatis cheapandenepy efficienton onehand,andallows
for high-level programmabilityandeasyporting of legag/ codeon the other

“Compilerfriendliness’is associateavith orthogonalityof theinstructionset.
An instructionsetexhibiting operationorthogonalityis theonein which thepres-
ence,elementgoperands)and executionof one operationin the data-pathare
independenbf the presenceglementsand executionof any otheroperationin
theinstruction.

But, which processorand ISAs are good compiler targets? Over the last
five yearstheverylonginstructionword (VLIW) architecturd65, 24] hasgained
enormouslyin popularityamongcompilerbuilders.

Characteristicef the VLIW architecturearethe high levelsof ILP, morereg-
istersand a regular interconnectionwhich all provide a large flexibility of the
instructiongseeFigurel1.3). For example,in theidealsituationwherethe proces-
sorcontainsasingleregisterfile, eachinstructionmayaddresshecompleterange
of registers. This is very convenientfor a compiler becausehe decisionwhich
functional resourcewould executea certainoperationcan be madecompletely
independenodf thedecisionwhich registerswould storethe operands.

This type of independencef mappingdecisionsallows for a modular ap-
proachof the compilersoftware,which is a mustfor the transpareng maintain-
ability, extendibility, retagetability, andefficiency of the compiler Suchflexible
instructionsarein contrastwith processorslesignedor a smallcodesize,where
flexibility is sacrificedo limit thenumberof controlbits necessarjor addressing
thecorrespondingnstruction.

1.2.2 Codegenerationphases

Generallya compilerusesanintermediaterepresentation(IR) of the sourcepro-
gram,whichis generatedby the sourcdanguagdront-endatthe beginningof the
procesqseeFigurel.4). This representatiors machine-independeanda num-
ber of transformationsare appliedon the IR to obtaina more efficient machine
code. Thosetransformationsnclude: commonsub-epressiorelimination,dead
codeelimination,loop-invariantcodemotion,constanfolding, andsoon [1].

Codegeneationmapsmachine-independetR statements machine-specific
assemblyinstructions therebygeneratingan assemblyprogramwhosefunction-
ality is equialentto that of the source. Codegenerationis roughly divided in
threemainprocesses:
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Figurel.3: Data-Rithof atypical VLIW architecture.

e Codeselection Thisistheprocesshatdecidesvhichassemblynstructions
will be usedto implementthe input statements.The optimizationof this
processonsistof selectingasetof assemblynstructionsof whichthetotal
costis minimal accordingto somecriteria. Codeselectionis highly related
to tree pattern matding and solved with techniquedik e tree parsing [1].
Work concentratingon codeselectionproblemincludes|[46, 45, 7] and[44]
for mediaprocessorsvith specialinstructionsets.

e Sdeduling Decideswheninstructionswill be executedduringruntimein
termsof clock cycles. In this processhe dependenciebetweeninstruc-
tions, delays limited numberof resourceslateng, andpipelineeffectsare
takeninto account. Also, it hasto efficiently exploit the amountof paral-
lelism availablein the processar The correspondingpptimizationshould
be to minimize the executiontime for the schedule. Optimal instruction
schedulings anNP-hardproblem,soheuristicsareapplied. The mostpop-
ular of theseheuristicsis list schedulind19], which schedulesnstructions
oneafteranotherfollowing a priority function

e Rajisterallocation This processdeterminesvherethe resultsof compu-
tationsare stored,eitherin memoryor in registers. Sincethe numberof
availablephysicalregisterscanbe limited, this processlecideswhich pro-
gramvaluescansharearegister suchthatthe numberof registersrequired
atary clockcycledoesnotexceedhephysicallimit. Duringregisteralloca-
tion additionalinstructionscanbeaddedhatspill andreloadvaluesto/from
memory A popularapproacho dealwith theregisterallocationproblemis
basedon graphcoloring [14, 12]. The goal of the optimizationis to store
mary valuesto registersthusavoiding moreexpensve memoryaccesses.



10 CHAPTER1. INTRODUCTION
code
selection
instruction
scheduling

source
code

sourqe—Jeve
optimization
source code
analysis
register
allocation
IR
optimization
address cods
generation

Figurel.4: Coarsecompilationflow.

assembly
code

1.3 Silicon Compilers for ASICs

An applicationspecificintegratedcircuit (ASIC) is a chip designedanddedicated
to asingleapplication.The processf translatingan ASIC specificatiorto a chip
layoutdescriptionis calledsilicon compilation

The designflow of a silicon compiler seeFigure 1.5, startseitherwith a be-
havioral specificatiorof theintegratedcircuit, or with analgorithmicdescription
in ahardwaredescriptionanguagdike VHDL, Verilog or a C-basedanguage.

Architectural synthesigalsocalledhigh-level synthesi$49]) toolstake thebe-
havioral specificatiortogetherwith goalsandconstraintsastheir input, andpro-
duceasocalledregistertransferlevel (RTL) descriptionof the chip architecture.
Sucharchitectureconsistsof a data-pathin the form of a network description,
anda contmoller in the form of a symbolicfinite statemachine.A data-paths a
collectionof basicbuilding blockslik e addersmultipliers, ALUs, shifters,mem-
ory elementsetc.,which areinterconnectedby busesand(de-)multiplecers. The
correspondingontrollergovernsthe dataflow in thearchitecture.

Both the controllerdescriptionandpartsof the data-patharethentransferred
to logic synthesisools,thattransformtheRTL descriptioninto animplementation
atthegatelevel Thefinal synthesistepsperformedoy thelayoutsynthesigools
consistof layout designsubtasksuchasfloor planning placementandrouting
Thefinal resultis a setof geometricadescriptionsof layout maskswhich area
completephysicaldescriptionof the ASIC underconstruction.

The objective of architecturakynthesigs to supportdesignat a higherlevel



1.3. SILICON COMPILERSFORASICS 11

Behavioral description

High—Level Synthesis

Controller description Data—path
q RTL level 1@

Logic Synthesis Module Generation

Gate Network Module descriptions
[@ Logic level

Layout Generation

==

Layout description 'Ejl

Figurel1.5: Silicon compileroverview takenfrom [31].

of abstractiorthanlogic andlayout synthesis.Thatlevel of abstractiorenables
betterdesignspacesxplorations,soadesigneshouldbe capableof makingbetter
VLSI designswithin a shorteramountof time.

Thearchitecturabynthesigaskis decomposeahto severalsubtask$54]. The
firstdecompositiorthatis normallymadeis thedecompositionnto data-pathsyn-
thesisandcontroller synthesis The following threemain subtasksare generally
distinguishedvhensynthesizinga data-patHrom a behaioral description:

e Selectioror allocationdetermineshetypeandnumberof resourceseeded
for a data-path.The storagetype andthe numberof storagefiles arealso
considered.

e Sdedulingdeterminesnassignmenof theoperationgo beexecutedn the
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data-patho specificmomentdn time (clock cycles).

¢ Binding determinesan assignmenbf the operationgo specificresources,
andanassignmentf valuesto specificstorageg.g.registers.

Dependingn theapplication differentgoalsandconstraintsn termsof area,
timing, power consumptiongetc. areimposed possiblyleadingto differentsearch
stratgyiesfor selection,schedulingandbinding. Schedulingandbinding have a
first-orderimpacton the areaand performanceof the final designandhence are
consideredo bethe mostimportantstepsin thesynthesigprocess.

The presencef large compute-intensie basicblocksin DSPandmultimedia
applicationdendsitself to a wide variety of optimizationswhich canresultin a
large numberof RTL designs.In orderto quickly explore the large designspace
for goodsolutions,a carefuldefinitionof thetargetarchitectureprior to synthesis
taskis essentia64].

1.4 The Aim of this Work

The focus of this work is on schedulingand storageallocationin codegenel-
tion andarchitectural synthesi®f embeddegrocessorsThetargetedapplication
domainsareDSPandmultimedia.

DSP and multimediaalgorithmsare characterizedy intensve computation
(ascomparedo 1/0), that canbe representedby dataflow graphs.Examplesof
suchapplicationkernelsare corvolution, correlation,filtering, transformations,
and modulations,which require simple arithmetic operationsof multiplication,
addition/subtractionandshiftsto carryout.

ThegeneralVLIW architecturgtemplatelassumeds shovn in Figurel.6.

Codegeneratiorand synthesignethodsare hamperedy the combinationof
tight timing constraintamposedby signalprocessingapplicationsandresource
constraintamplied by the processoirchitectureor template. Additionally, be-
causeof thedistributedstoragdile architecturethe possiblylimited connectvity,
andILP exploitation for innermostpipelinedDSP loops, the amountof storage
resourcesequiredperstoragdile (storage pressue) increasessothecompileror
synthesigool is pushedo efficient usageof storage.

The storagerequirement®f a scheduleareof extremeimportancefor acom-
piler sinceary valid schedulemustfit in the available numberof storageunits
of the target machine. Spilling valuesto backgroundnemoryshouldbe avoided
becausehe additionalload andstoreoperationgeopardizethetiming constraints
andmemorybandwidthavailability, which is alreadycritical in innerDSPIloops.
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Figurel.6: GeneraMLIW architecturgtemplate).

Speciallylimited resourceavailability (e.g. registers)presentsa problemfor
traditionalmethodghatperformcodegeneratiorin separatstagege.g.schedul-
ing followedby registerallocation).This separatiomftenresultsn sub-optimality
or eveninfeasibility of the generatedolutionsbecausét ignoresthe problemof
phasecoupling l.e. sincevaluelifetimes area resultof schedulingscheduling
affectsthe solutionspacefor registerallocation.

However, evenathroughput-optimaschedulevith minimum storagerequire-
mentsis uselessf it requiresmore storagethan the target machinehas. When
thereis alimited amountof storageandthe storageallocatorfails to find a solu-
tion, someadditionalactionmustbe taken. Onealternatve is timing constraint
relaxation,e.g. for loop folded scheduless to reschedulghe loop with anin-
creasednitiation interval, like in the Cydra5 compiler[20]. Reschedulinghe
loop with a largerinitiation interval usuallyleadsto schedulesvith lessiteration
overlappingandthereforewith lessregisterrequirementsUnfortunatelythereg-
ister reductionis at the expenseof reductionin performanceglessparallelismis
exploited).

Therefore althoughthe separatiorof schedulingandstorageallocationoffers
betterchancedo get methodsthat arerun-timeefficient, it makesit muchmore
difficult to copewith theinteractionof timing, precedenceagsourceandstorage
constraints.

Traditionalmethodseedanincreasingamountof helpfrom the programmer
(or designer)to arrive at a feasiblesolution. Becausehis requiresan excessve
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amountof designtime and extensve knowledge of the processomarchitecture,
thereis aneedfor automatedechniqueshatcancopewith differentkindsof con-
straintsduring scheduling.By exploiting theseconstraintgo prunethe schedule
searclspacgasperformedn [50]) the scheduleis often preventedfrom making
adecisionthatinevitably violatesoneor moreconstraints.

Giventheapplicationandthetargetarchitecturethegoalthereforas to find a
schedulingsolutionthatwill respectiming, precedencegsourceandthestorage
constraints,during code generationor synthesisof DSP and multimediaalgo-
rithms. In orderto do that, constraintanalysistechniquesdescribedn Section
2.5,areusedin thecoreof our approacho drive the scheduleto find a solution.

Thecombinationof storageallocationandschedulingovercomeghe problem
of phasecouplingandrelaxestheinsertionof spill code. Themethod‘alternates”
betweenschedulingand storageallocationtasksby making a decisionfor stor
ageallocationand subsequenthanalyzeshow that prunesthe searchspacefor
schedulingseeFigurel.7).

Furthermore not only random-accesg@istributed) register files are consid-
ered. The proposednethodalso supportsstoragefiles with othertypesof units
lik e rotating registers,stacks,andfifos. This work shavs that the main storage
constraintsatisactionmethodis independenbn thetype of storageunitsused.

Theconstraintsatishctionprocessanbe summarizedsfollows:

e Potentialaccessconflicts betweenvaluesare analyzedbeforeand during
schedulingaccordingto the type of storagethey are assignedo. Using
constraintanalysistechniquesndpropertiesof coloredconflict graphses-
sentialinformationis obtainedto identify the bottleneckdor satisfyingthe
storagdile constraints.
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e To reducetheidentifiedbottlenecksthis methodperformspartial schedul-
ing by orderingvalueaccessesuchthatto allow a betterreuseof storage.

¢ Without enforcingary specific storageassignmenbdf values,the method
continuesuntil it canguaranteg¢hatany completionof the partialschedule
will alsoresultin a feasiblestorageallocation. Therefore,the scheduling
freedomis exploited to satisfy storage resourceandtiming constraintan
onephase.

1.5 RelatedWork

Most methodsfor global registerallocationand assignmenare basedon graph
coloring[14, 12]. However, they assumehat operationsare alreadyscheduled
andperformspilling whenthe numberof registersis notenough.

Integrationof the scheduleandthe registerallocatorhasbeenconsideredas
complicated. Anotherreasomot to integratethe two tasksis thelack of a global
view for theregisterallocator In spite of thesedisadantagesintegrationof the
two tasksis importantfor ILP processor§5s7].

Bradlee[10] presents methodwhereoperationschedulingandregisterallo-
cationaremixed. Givena certainnumberof registers theinitial schedulinggives
estimate®f theschedulingcostin termsof machineclock cycles. Thescheduling
is performedperbasicblock with a limited numberof registersfirst, andwith the
maximumnumberof registers. Thesecostresultsare usedto allocatea certain
numberof registersfor eachbasicblock.

An integerprogrammingnodelwhich simultaneouslgchedulesndallocates
functionalunits, registers,andbuses,is presentedy Gebotysand Elmasry[27]
for synthesizingarchitectures.However, asa synthesisapproacht triesto find
the minimumresourceausageandbestperformancewithout arny specificgoalfor
constraintsatistction.

Somework is beingdoneontheinteractionbetweeroperationschedulingand
registerallocation.Paperg56, 63] describeaframavork whereregisterallocation
is donebeforeschedulingln thoseapproachedheallocatoris madeawareof the
codemotionstheschedulewantsto perform,i.e. loadsandstoresnsertedasspill
codecanbe moved outsideof loops. With this informationthe allocatortriesto
avoid registerassignmentthat preventcodemotions.

A differentapproachntegratingschedulingandallocationis presenteadh [9].
Extra dependenceand spill code are addedto the programdependencgraph
suchthat excessve resourcgboth functional unit andregister) requirementsare
reducedbeforescheduling.
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SharmaandJainin [72] presenta resourceandperformanceconstrainedrer-
sionsof a synthesisalgorithmdevelopedfor bus architectureghat integratesal-
locationand schedulingof functional, storage,andinterconnectiorunits into a
singlephase.The proposedynthesisalgorithmis drivenby estimationtools[71]
thatperformhardwareallocation. Theirapproachriesto minimizethe numberof
functionalunits, registers,andinterconnectionsluring schedulinghowever they
consideronly the lateng (performancefonstraint.A fixed numberof resources
(e.g. registers)is not considered.A similar approachcan be derved from the
work of Ohmetal. in [60].

JansseandCorporaa[35] presenamethodthatintegratesnstructionschedul-
ing andregisterallocationcalled“registersondemand”.Theirapproactschedules
sequentiallyi.e. following a precedencerder basicblocksfrom aregion. Then,
aregisteris assignedo a variableassoonasanoperatiornthataccesshevariable
(reador write) is scheduled.To ensurethat variableswith overlappinglifetimes
arenotassignedo thesameregistersomebookkeepings done whichallows also
tofind freeregisterswhen&eravariableneedone. Whenthereareno moreavail-
ableregistersspill codeis inserted.Spill codeis notallowedin alreadyscheduled
code,thereforereschedulings avoidedin Janssers approach.Moreover, when
registerassignmenandschedulingpf operationdecomecritical, thereis acertain
flexibility to relaxtiming constraints.

Kolsonet al. describea specialtechniquefor allocationof special-purpose
registersin loops[36] which minimizesthe numberof spills betweenregisters
andmemory Theirtechniquas basednincorporatingoop-unrollingtechniques
into the algorithm, assigningregistersto values,and checkingif the registeras-
signmentat the beginning of the loop matcheghe assignmenat the end. How-
ever, this approachdoesnot work with timing constraintsput triesto find some
optimuminitiation interval with a budgetof registersandspill codeadded.

Rauet al. presenta fine-grainedapproachof phasecoupling designedfor
compilersof VLIW processor§7]. Theirapproactconsistof gradualoperation
andregisterbindingaccordingo constraintdik e timing andnumberof resources.
The procesgoesthroughcodeselection, partitioning, scheduling registerallo-
cation,andfinal codeemission.However, schedulingof operationgs performed
beforeregisterallocationwith spill codeinsertion. A secondpassof scheduling
(post-passcheduling)is necessaryo schedulethe spill codeintroducedby the
registerallocator

Constraintanalysistechniquesntroducedby Timmer[73] arethe foundation
of thework presentedh this thesis. They provide a methodto prunethe schedul-
ing searchspacethat exploits the constraintsmposedby the applicationalgo-
rithm or by the tagetedarchitecture. Additionally, the work of Mesman[50]
usesconstrain@analysigo drive the schedulingorocesgo make decisionghatare
feasible,i.e. respectingprecedencetiming andresourceconstraints.Mesmans
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work introducegheideaof alternatedschedulingandregisterallocationby insert-
ing precedenceBetweeroperationsn orderto satisfyregisterconstraintgduring
schedulingavoiding theinsertionof spill code.This thesisdescribewith details
theschedulingandregisterallocationapproachntroducedoy Mesmanandshavs
thattheapproacthcanbe appliednot only to random-accesegisterfiles but also
to files with rotatingregisters stacksor fifos.

1.6 Limitations of our Approach

The storagesatishctionapproachpresentedn this work doesnot dealwith the
following issues:

e Operationassignments not includedin the process.A given assignment
of valuesto storagefiles is assumedften implied by the assignmenbf
operationgo functionalunits. Bekooij [8] presentsan approachthat uses
constraintanalysidor theassignmenof operationgo functionalunits(data
routingthrougha limited connectiometwork betweerfunctionalunitsand
registerfiles).

¢ No conditionalor nestedoop constructiongwith severalbasicblocks)are
supported.However, if-cornversion canbe appliedpreviously storagecon-
straintsatisfictionandresultingpredicatesreincludedin thecode[82].

e Instructionconstraintsarenot consideredWheninstructionsetsarehighly
encodedo minimize codesizethereexists a phasecoupling problembe-
tweeninstructionselectionand scheduling.Zhaoet al. in [81] presentan
approachhatreduceghe needfor explicit instructionselectionby translat-
ing the constraintsmplied by the instructionsetinto resourceconstraints.

e Thecompilerretagetabilityis limited whentuning the processoto an ap-
plication (domain)becaus@o completemachinedescriptions defined(re-
fer to Section2.7,thedescriptionof FACTS researchiool).

Despitetheselimitations our approachis in mary casesableto satisfytight
precedencdjming, resourceandstorageconstraints.

1.7 ThesisOverview

This thesisis organizedasfollows. Chapter2 definesthe basicconceptseces-
saryto understandhe storagesatisaictionapproach.The architectureemplate,
dataflow and conflict graphsare introduced,and the basic constraintanalysis
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techniquesaredescribed.The FACTS tool developedfor schedulingandstorage
allocationwhich makesintensve useof constrain@analysisjs presenteattheend
of thechapter

In Chapter3 the problemstatements given,andthe generakolutionstratey
is proposedwhich provesto be effective for differenttypesof storage.Also, it
describeghe constructionpropertiesandthe way conflict graphsareusedin the
satishctionapproach.

Thesatishctionapproactappliedto (random-accessggisterfilesis described
in Chapterd. The numberof registersavailablecalledthe capacityof theregister
file istheconstrainto satisfythroughserializatiorof valuelifetimes. Thatchapter
also presentssometechniquedo improve the accurag and performanceof the
approachfor random-acceseegisters. Moreover, in orderto betterexploit the
availableparallelismof resourcesn thetargetprocessoby meansof reducingthe
loop period,rotatingregisterfiles areintroduced andthe satistctionapproactior
this storagetypeis alsodescribed.

Chapters extendsthe satistictionapproacho the casewherestacksor fifos
areusedin the storagdfiles. Constraintsatishctionhasnot only to dealwith the
numberof storageunits available but alsowith the numberof registersper unit,
andtheir particularaccesdehaior.

In Chapter6 all therulesandmethodgresentedh previouschapterarecom-
binedto obtainaconstrainsatishctionmethodfor storagdiles of differentaccess

types.
Finally, Chapter7 providesthe conclusionsandfurtherresearch.



Chapter 2

Definitions, Assumptionsand Tools

2.1 Intr oduction

As aninput of the constraintsatishctionandschedulingapproacheachapplica-
tion is describedyy a dataflow graph which is the mostwidely usedRTL-level
specificatiormodel[38]. In addition,thetiming constraint®f theapplicationand
thecharacteristicef thetargetarchitecturee.g. functionalunitsandstoragsdiles,
aregivento completethe setof requirements.

This chapterpresentghe basicdefinitions, assumptionsand the tools used
in this work. The main characteristic®f the targetedarchitecturesredescribed
first. Dataflow graphs,the operationdistancematrix, and graphsto modelthe
potentialaccessonflictsbetweernvalues,areintroducednext. Finally, the basic
analysistoolsimplementedn theframewvork FACTS arepresented.

2.2 Architecture Template

As introducedn thepreviouschapterthegeneraprocessoarchitectureshavnin
Figurel.6 (repeatechgainfor conveniencan Figure2.1)is assumed.

It is generallya VLIW architecture. The processotissuesa fixed number
of instructionsformattedas one large instruction. Eachinstructionaddresses
functional unit which executesthe operation,and a numberof sourceor target
operandsn storagefiles. The functionalunits executein parallel,eachfetching
its operandgrom the (distributed)storagefiles at the beginning of a clock cycle,
andwriting theresultbackto oneor morestoragefiles at the endof a laterclock
cycle. It isassumedhatthedelayfor eachdatatransferis fixed. Accesgo external
memoryis assumedby specificloadandstoreoperationgload/stoe architecture).

A storage file SF denotesa groupof storageunitsthatshareread/writeports
andaddresses.g. a file with random-accesgegistersas storageunits (register

19
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Figure2.1: Architecturetemplate.

file).

Thestoragdile capacityc(SF) isthenumberof unitsavailablefor assignment
in storagdiile SF'. In caseof having only onestorageunit, it is seenasa storage
file with capacityequalto one.

In a storagefile, thelimited numbersof readandwrite portscanbe modeled
asresourceconstraintsResourceonstraintsaareexplainedlaterin this chapter

It is assumedhat the datarouting, i.e. the connectionsetweenfunctional
unitsandstoragefiles, hasalreadybeensolvedlik e it is donein [8], which guar
anteeghatevery datatransfercanbe performedwithin the connectiometwork.

Storageunitsin astoragdile SF areidentifiedby anuniqueindex or address
andhave a specificaccesdehaior. A storageunit canbe:

e Random-acceggygister, or simply register. This storagas called“random-
access’becausary singleregistercanbe accessedlirectly. Oneregister
canstoreonly onevalueper clock cycle. Valuessharingthe sameregister
musthave their lifetimes serialized,.e. avaluehasto be consumedread)
beforeanothewalueis producedandwritten into the sameregistet

e Rotatingregister. Rotatingregisterfiles have beendesignedo allow ex-
ploitation of the available ILP by meansof reducingthe initiation interval
of loops.In suchafile registersareaddressedirectly usinga“baseplusoff-
set”addressingnodel. Theoffsetcomedrom theinstructionwhile thebase



2.3. DATA FLOW GRAPH 21

is inherentto theregisterfile andis decremente@achtime anew loopiter-
ation startswhile maintainingthe offset (that comesfrom the instruction),
providing a dynamicregisterrenamingunderthe control of thecompiler

e Stadk. A storageunitwith multipleregistersor locationssharingaread/write
portandoneaddressSereralvaluescanbestoredin astackandbesimulta-
neouslyalive in the sameclock cycle. The maincharacteristiof a stackis
thatthefirst valueto bereadis thelastvaluethatwasstored(last-infirst-out
accesdehaior).

e Fifo. A storageaunit with multiple registersor locationssharingareadanda
write portsandoneaddress Severalvaluescanalsobe storedin a fifo and
be simultaneouslalive in the sameclock cycle. Registersaredisposedn
a queue-lile way, andthe main characteristiof afifo is thatthefirst value
to bereadfrom the storagas thefirst valuethatwasstored(first-infirst-out
accesdehaior).

It is assumedhat storageunits have a fixed numberof bits perregister(fixed
word-size),andthatarny incompatibility of operands sizehasbeenresohed.

For stackandfifo units,¢(SF') is the numberof registersperunit, alsocalled
theunit sizeor thedepth.

Oncethe target architecturehasbeendefined,the algorithmic descriptionof
theapplicationis specifiedasfollows.

2.3 DataFlow Graph

Thealgorithmicdescriptionof anapplicationis partitionedinto basicblocks

A basicblock [1] is a maximallengthsequenc®f consecutie statement®r
operationsn which flow of control entersat the beginningandleavesat the end
without haltor possibility of branchingexceptattheend. Thatis, if thefirst state-
mentof theblock is executedthenall of the otherswill be executedin sequence
until andincluding the last onein the block. Basicblockscanbe computedby
first determiningentry statements&nd thenassociatingeachstatementvith one
entry.

Eachbasicblockis representely a dataflow graph(D F'G), which indicates
the primitive operationgperformedin that block andthe dependenciebetween
them.

Definition 2.1 A dataflowgraph DFG = (V(DFG),E(DFG),A, W) is a di-
rected weightedgraph,wheee:
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V(DFQG) is thesetof vertices(operations).

e E(DFG) C V x Visthesetof precedenceds.

— Eq(DFG) C E is thesetof datadependencgdges(values).
— E;(DFQG) C E isthesetof sequencedges.E; N E; = ¢.

e A:V - Nwhee A = {§(Op)|Op € V} is a function definingthe
executiondelayin clock cyclesassociatedvith operation Op.

e W:E — ZwheeW = {w(Opy,Op2)|(Op1,0ps) € E} is a function
definingthe timing delayin clodk cyclesassociatedvith ead precedence
edge betweeropemationsOp; andOps.

The executiondelayis the numberof clock cyclesneededor the completion
of theoperation.

Valuesareconsumeat the beginningof anoperationrandproducedattheend
of theoperation(afterthe executiondelay).

A weightw(Opy, Ope) = w, of a datadependeng edgebetweenoperations
Op; andOp, impliesthatthe dataproducedby Op; would be consumedy Op,
atleastafterw, clock cycles(wy > 1).

A weightw(Op1, Ops) = ws impliesthatoperationOp, hasto be scheduled
atleastw, clock cyclesafter Op;.

Figure 2.2 shavs an exampleof a dataflow graph. Operationsn the data
flow graphare source, A, B,C, D, E and sink. The executiondelaysare for
exampled(source) = 0 (dummy operation,seenext section),6(B) = 1, and
d(A) = 2. Datadependeng edgesare a, b, c and d, the weight associatedo
eachdatadependeng edgeis one,e.g. w(a) = w(A,C) = 1. Sequencedges
are (source, A), (source, B), (A, B), (B, D), (C, D), (E, A) and (E, sink) with
weights,e.g.w(source, A) = 0, w(B, D) = 3 andw(E, A) = —6.

2.3.1 Verticesand operations

Two vertices(dummyoperationsprealwaysassumedo be presenin the DFG:
sourceandsink All verticesarereachabldrom the sourceandthe sinkis reach-
ablefrom all vertices. The sourceand the sink have no executiondelays,and
representespectiely thefirst (entryvertex of the D F'GG) andthelast(exit vertex)
operationgo be executedseeFigure2.2).

For reason®f simplicity it is assumedhat operationsarenot pipelined,and
thedataintroductioninterval (or restarttime whenthe functionalunit is readyfor
reuse)of eachoperationis equalto its delay In [53] it is shovn how pipelined
andothertypesof operationganbe modeledusingprecedenceonstraints.
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Figure2.2: Exampleof a dataflow graph.

Operationcanhave multiple inputsandoutputs.Thetargetarchitecturas as-
sumedo provide functionalunitsandstoragefiles with multiple inputandoutput
portsaccordinglyto mapthoseoperations.

2.3.2 Dataedgesand values

A dataedge(P*, C*) € E4(DFGQG) representavalueu beingproducedy opera-
tion P* andconsumedy operationC®. Storageconstraintanalysisandallocation
is performedfor valuesandnotfor variables

A valueis producedonly onceandmay be consumedeveraltimes,it hasan
uniquelifetime andit is associatedavith onestorageunit.

A variableis alsoassociatedavith onestorageunit. However, it canconsistof
oneor morevalues(multiple assignmentsyith non-conflictinglifetimes. There-
fore, for applicationscontainingvariablesa valuerenaming38] is assumedo be
performedprior ary process.

Consideringvaluesin our approacthelpsto reducethe compleity of thecon-
structionandcoloring of the graphsusedfor storageallocation.Storingvariables
in thesameunit requiresacarefulanalysisof thevaluesof eachvariable.Besides,
particularlyfor storagdik e stacksor fifos the useof multiply assignedvariables
increasegdramaticallythe compleity of the compileraswell as of the storage
controllerin thearchitecture.
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Valuesin loops

In caseof programloopsvaluesassignedo a storagefile are consideredoop-
variant, which meansthat one instanceof a loop-variantvalue is generatedn
everyloopiteration.

Loop-invariant values(which are alreadygeneratedautsidethe loop) arenot
consideredn the storagesatistictionapproachThosevaluesareassignedo stor
ageunits prior analysis,and the numberof available storageunits is therefore
reduced.

Althoughit is possibleto assignloop-invariantandloop-variantvaluesto the
samestackunit, this cases not consideredor reason®f simplicity.

Conventions

e A valuewu is producedy operationP* andconsumedy C*. C* represents
oneof theconsumepperationf u.

e Prod" is adummyoperationrepresentinghe productionof valuew, while
Cons" is theconsumptiorof valueu. Prod” andCons* arenotincludedin
the DF'G but areusedthroughoutthis thesisto representhe instantswhen
avalueuw is producedandconsumedespectrely.

e Consideringfolded casesy; is the instanceof valuew in the i* iteration,
andit is producedoy operationP} andconsumedy CY.

e Forastoragdile SF, T(SF) denoteshesetof valuesassignedo SF.

2.3.3 Distancesbetweenoperationsand timing constraints

The task of schedulingis to assignto eachoperationOp € V(DFG@) a start
time s(Op). Starttimesareconstrainedy the precedencesA precedencedge
(Op1, Opy) € E(DFQ) stateghat

s(Op2) > s(Op1) + w(Op1, Ops) (2.1)

Theinteractionbetweerseveralprecedenceonstraintbecomesglearby com-
bining theseprecedencedgesnto a path

A pathof lengthd, from operationOp, to operationOp,, is achainof prece-
dence®p; — ... — Op, thatimpliess(Op,) > s(Opy) + d.

Definition 2.2 Thedistanced(Op;, Op,) is the length of the longest path from
opemation Op; to Op,.
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A pathin thegraphthusrepresenta minimumtiming delay Theusualway of
administratinghesedelaysis with the distancematrix [50], describedn Section
2.4.2 thatstoresthelengthof the longestpathbetweerevery pair of operations.

Sometiming constraintandirectly be expressedatthelevel of the DFG or
thedistancamatrix. Precedenceonstraint@areanobviousexample.Othertiming
constraintghatcanbe expressedarethelateny andtheinitiation interval.

Latency

The numberof availableclock cyclesin which a dataflow hasto be scheduleds
definedby thelatencyL. This constraintis modeledandexpressedn the DFG
with a precedencedgefrom the sink to the sourceverticeswith weight—L [53,
50], asillustratedin Figure2.3a.Accordingto Inequality2.1,thisis interpretedas
s(source) > s(sink) — L, whichis equialentto s(sink) < s(source)+ L. Because
thesourceis alwaysscheduledn clock cycle zerothis formulaexpresseshatthe
sink shouldbe scheduledn clock cycle L or earlier Furthermore becausell
other operationgprecedethe sink implies that all operationshave to finish their
executionwithin thefirst L clock cycles.

Initiation Interval

For architecturesvith high levelsof parallelismloop pipelining or foldedsched-
ulesareintendedo achieve performancéenefitsby exploiting the availablelLP.
Unlike schedulesvhereinoneiterationof aloopis executedstrictly afterthe exe-
cution of the previous one,pipelinedschedulegsonsistof overlappingloop itera-
tionswith theaim of obtainingpotentiallymuchmoreefficientschedule$40, 29].
The samecodecalledloop bodyor kernelis executedin every loop iteration. It-
erationsof a loop body are periodicallyinitiated in a periodcalledthe initiation
interval (17) without having to wait for precedingterationsto complete.

In pipelinedschedulesonsecutreinstance®f eachvaluearegenerated@very
11 clock cycles. If valueswould be assignedo e.g. random-accessgisters
it hasto be ensuredhat ary valueinstancehasto be consumedeforeanother
instanceof the samevalueis producedin the next iteration. This meansthat a
value(instancexannotlive longerthan/I clock cycles.

Therefore this constraintis modeledandrepresenteth the D FG througha
precedencedgewith weight — 7 from the consumetto the produceroperation
of avalue[53, 50], asillustratedin Figure2.3h
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(b)

Figure2.3: Modelingtiming constraintsn thedataflow graph.(a) Thelateny L,
and(b) theinitiation interval 11.

Distancesbetweenoperationsin loop iterations

Distancesdetweenoperationdrom differentloop iterationsare calculatedusing
theactualdistancegconsideringoperationsn thesamaeterationor iterationzero),
theinitiation interval, andthe differencebetweertherespectre iterationvalues.

Thedistanced(A;, B;) from operationA in loop iteration: to operationB in
iterationj is deducedasfollows:

d(A;,B;) = (A, B) — (i — j) x II (2.2)

2.3.4 Resourceand storageconstraints

The sameway aswith timing constraintsa schedulealsohasto satisfyresource
constraintsResourceonflictsamongoperationaremodeledby introducingthe
conceptof resouce type (functionalunit) and by definingthe resouce usage of
eachoperation.For this purposeanoperationtypeis associateavith eachopera-
tion. Additionally, eachoperationtypeis associatedvith a uniqueresourceaype,
which is characterizedy a delayvalue, a data introductioninterval to support
pipelinedresourcesandthe numberof instancesvailableof thatresourceype.
Thedelayvaluein this modelis the numberof clock cycles(integer)thatthe
functionalunit takesto accomplishts taskandto write theresultbackto astorage
unit if required. This is directly associatedvith the operationexecutiondelay
The dataintroductioninterval is the numberof clock cyclesthat the functional
unit takesto bereadyfor reuseor it is ableto reada new setof input operands.
The conceptof resourceconstraintcanalsobe usedto modelotherkinds of
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constraintdik e thosearisingfrom instructionsets[81]. Considerfor examplethe
casethat no instructionexists for the parallel executionof operationsOp; and
Ops, sothe parallelexecutionof Op; and Op, shouldbe prohibited. This can
be modeledby generatingan artificial resourcg75] with only oneinstancethat
will be“used”wheneeroperationg)p; or Op, arescheduledWith thisaddition,
constraintanalysistechniquegdescribedn Section2.5) will point out that Op;
and Op, cannot be scheduledn the sameclock cyclessincethereis only one
artificial resourceo beusedby Op; or Op, eachtime.

A more generalconstraintarisesfrom the availability of a limited setof is-
sueslots[70, 30] to control the data-pathof a processar Reference$16] and
[11] describea methodto completelyreplaceissueslot constraintsby artificial
resources.

Storageconstraintarepresentedisingmemorytypeswhich represenstorage
files. Eachmemorytype is characterizedn termsof its accesstype (random-
accesgegister, rotatingregister stackor fifo), the numberof (available)storage
units,andthe numberof registersperunit in the caseof stacksandfifos. No time
informationor numberof read-writeportsareincludedin the memorytype.

2.4 Representationof the ScheduleSearch Space

Our approachusesthe distancematrix [50] as a representatiof the schedule
searchspace.

This is not an obvious choicesincein the contet of constraintsatisaction
otherrepresentationsf theschedulesearchspacearemuchmorecommon.How-
ever, thoserepresentationfocuson eachindividual operation. Thatis, for each
operatioreitheraset[58] or aninterval [74] is keptcontainingthe absoluteclock
cyclesin which the correspondingperationcan be scheduled.One exampleis
theassoonaspossible- aslate aspossibleinterval ([ASAP;ALAP]).

2.4.1 Apparent schedulefreedom

As describedn the work of Mesman[50], the rangesof possiblestarttimes of
theoperationr solutionspaceareapproximatedo the ASAP-ALAP scheduling
intervals of operationsthe constructionwhich is solely basedon the precedence
constraints.

Sequenceconstraintsgeneratedduring constraintsatistiction are explicitly
addedto the dataflow yielding a reductionof the ASAP-ALAP intervals. In
this way anincreasinglymore accuratesstimateof the setof feasiblestarttimes
is obtained.
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Figure2.4: (a) In the distancematrix: d,,(A, B) = —3 andd,,(B, A) = 0. (b)
Thesedistancesleterminethe minimum and maximumdifferencebetweenstart
timesof operations4 andB.

In orderto measurehe effect of the additionalprecedenceonstrainton the
scheduldreedomof operationsthe “apparentreedom”or mobility of operations
is defined.Themobility in adataflow graphis theaveragedifferencebetweerthe
ALAP andthe ASAP starttimesof operationsi.e.

)" (ALAP(Op) — ASAP(Op))

OpeV(DFG)

mobility(DFG) =

V(DFG) (2:3)

2.4.2 Distancematrix

The distancematrix is a bookkeepingmethodfor the minimum and maximum
differencedetweenthe starttimesof eachpair of operations.A distancen the
matrix from operationOp; to operationOp; is representeddy d,,,(Op;, Op»).

Seefor exampleFigure2.4a,distancegoundin thematrix betweeroperations
A and B indicatethatthe minimum differencebetweenstarttimesof operations
A and B is zeroclock cycleswhile the maximumdifferenceis three. According
to this information, A would be scheduledn the sameclock cycle as B or up to
threeclock cycleslater (Figure2.4b).

The resultsof the constraintanalysistechniqueg50] are conceptuallyex-
pressedas additionalsequenceconstraintsin the dataflow graph. The effects
of theseadditionalconstraintoon the schedulesearchspacearecomputedoy up-
datingthedistancenatrix: theinducedongestpathsmayincrementheminimum
distanceor decrementhe maximumdistancebetweertwo operations.

The distancematrix is calculatedusing an all-pairs longest-pathalgorithm
[17]. The featureof beingableto combineanalysisresultssimply by comput-
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ing thelongestpathsbetweereachpair of operationss oneof the motivationsfor
choosingthedistancematrix to representhe schedulesearchspace.

The processeselatedto thedistancematrix thattake placeatthe corelevel of
our approacharesummarizeasfollows:

e Timing constaintsareexpressedlirectly in the distancematrix.

e Analysisresultsareintegratedinto the distancematrix by meansof addi-
tional precedenceonstraints.

e Precedenceonstaints including the onesresultingfrom the storagecon-
straintsatisfiction processare combinedin the distancematrix suchthat
all implied precedenceonstraintsarealsoderived.

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

e The distancematrix administrategelative timing (order). Practicallyall
codegeneratiorconstraintshave an implication on the ordering of opera-
tionsratherthanontheirabsolutestarttimes. For example reducingregister
requirementanbe achieved by serializingvaluelifetimes. Obviously, this
is anorderingissue.

e Thedistancematriximpliesaninterval representationTheexamplein Fig-
ure 2.5 shows that the reverseis not true: the informationin the distance
matrix cannotbe accuratelyexpressedn termsof intervals. Any interval
can be representedn termsof sequenceedgesexpresseddirectly in the
distancematrix. For aninterval [Ib;ub] of operationA this requirestwo se-
guenceedges:source — A with weightlb and A — source with weight
—ub, whichimply d(source, A) > b andd(A, source) > —ub respectiely.

An obvious dravbackof maintaininga distancematrix during constraintsat-
isfaction processess thatit is computationallymore expensve thanan interval
representationHowever, experimentalevidenceprovidedin [77] shavs thatthis
overheads quiteacceptablén practiceevenfor large dataflow graphscontaining
hundred=f operations.

Note thataddingan extra sequencedgedoesnot mostly requirea recalcula-
tion of the entiredistancematrix but ratheranincrementalipdate.
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Figure2.5: Theinterval (or set)representatiodoesnot accuratelyrepresentela-
tive timing or precedencéetweeroperations.

Distancesbetweenproductionsand consumptionsof values

Distancedetweerproductionandconsumptionsf valuesu andv arecalculated
from distancesn the matrix andexecutiondelaysof operationsasfollows:

d(Prod®, Prod”) dpm (P, PY) + 6(P”) — §(P¥) (2.4)
d(Prod*,Cons’) = d,(P*,C")—=46(P*)+1 (2.5)
d(Cons*, Prod®) = d,,(C* P")+4(P") -1 (2.6)
d(Cons*,Cons”) = d,(C* C") (2.7)

2.5 BasicConstraint Analysis Techniques

The basicconstraintanalysistechniquesessentiallyconsistof rules triggeredby
the combinationof oneor morepairsof distancegentriesin the distancematrix)
andother(oftenarchitecturalconstraints.

The essencef constraintanalysisis that additionalsequenceonstraintsare
necessarilyimplied by the combinationof other constaints. In this way, the
schedulesearchspaces prunedto preventthe schedulefrom finding infeasible
solutionswithout eliminatingfeasiblesolutions.

2.5.1 Executioninterval analysis

Executioninterval analysisgs implementedo analyzeresourceconstraintsandis
basedon examiningthe intervals in which operationscanbe executed[74, 73].

The methodfocuseson the availability of resourcesit reduceghe executionin-

terval of anoperatiorwhenit obsenesthatno resources availablefor executing
thatoperationin a particularclock cycle. Thisis illustratedin Figure2.6.
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Figure 2.6: Executionintenval analysis,(a) a dataflow graph DF'G, (b) initial

operationexecutionintervals OEls, (c) modulo executionintervals MEIs of one
adder (d) thecorrespondindpipartiteschedulgraphBSG, (e)edgesn BSG that
cannever be partof a completematchingareeliminated,(f) operationexecution
intenvalsareadjustedaccordingly (g) theanalysisesultis annotatedn D F'G, (h)

theprunedOEls,and(i) theupdatedBSG.
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In Figure2.6aa dataflow graphis given. Thelateng is five clock cycles,and
oneresourceof type‘adder’ is availableto executethe operationsTheinitial op-
eration executionintervals(OEls)aredeterminedy the [ASAP;ALAP] intervals
asdepictedin Figure2.6h The moduloexecutionintervals (MEIs) considering
oneadderareshown in Figure2.6¢c. EachMEI representshe abstrachotionthat
someresourcehasto executean operation.In the example,the constraintsmply
thatthe availableadderhasto startexecutinga new operationevery clock cycle.

Executioninterval analysiscombineghe executionintervalsof the operations
with resourceconstraintsy constructinga bipartite stchedulegraph BSG (Fig-
ures2.6d)in thefollowing way: Theoperationsandtheir correspondingdElsare
shown on the left side. The moduleexecutionintervals are shavn on the right
side. Thereis anedgebetweenan OEl anda MEI if the intervals overlap,indi-
catingthat the correspondingperationcan be executedin the designatedVEl.
In addition,it is requiredthatall precedingoperationf the sameoperationtype
canbe matchedwith precedingMEls in the bipartitegraph. A similar condition
is imposedfor all succeedingperations.

The key obsenation of the analysisis that for every feasibleschedulethere
exists a completematding in the BSG betweenthe OEIs andthe MEIs. That
is, every OEI is matchedto exactly one MEI andvice versa. The analysisuses
the algorithm of [68] to identify edgesin the bipartite graphthat can never be
partof acompletematching.Thereadercanverify thatthe bold crossededgesn
Figure2.6earesuchedges.Becausdheseedgesannever be partof a matching
correspondingo a feasibleschedulethey areremoved from the bipartitegraph.
Other(bold) edgesarealsoremoved asa secondaryeffect. As aresult,operation
C cannotexecutein MEIs [1;1] and[3;3]. The executioninterval of operationC
is thereforeadjusted(Figure 2.6f). This adjustmentorrespondso a pruningof
the searchspace. The resultof the analysisis annotatedn the dataflow graph
(andthedistancematrix) asindicatedin Figure2.6g.

Thereforethetiming andtheresourceonstrainthaverestrictedheexecution
of operationC to interval [2;2] aswell asthe executionintervals of the other
operationgFigure2.6h). TheupdatedBSG is shovn in Figure?2.6i.

Executioninterval analysiscontainsan additionalprocess:to determinethe
earliestpossiblestarttime of anoperatiorarelaxedschedulingorobleminvolving
all its predecessors solved, which determinesa lower boundof the first clock
cyclein which all predecessom@recompleted.The schedulingoroblemis relaxed
in thesensehattheresourceonstraint@areessentiallygnored;it is only enforced
thateachoperationcannotstartearlierthanthelower boundof its starttime. Sim-
ilarly, all successorsf the operationare analyzed. Operationpredecessorand
successoraredeterminedisingthedistancematrix, e.g.anoperationOp;, is said
to precedeanoperationOp; if d(Op;, Ops) > 1.
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Figure2.7: To solvetheregisterconflict,sinceC* alreadyprecede§’” thefeasible
solutionis thatC* hasto precedeP®.

2.5.2 Storageconstraint analysis

A relatively simpleconstraintanalysisarisesfrom the decisionto assigntwo val-
uesto thesameregister Thisdecisioncanbemadeby thedesigneror by asearch
stratgyy for registerallocation(Chapterd), or like in the caseof conditionalexe-
cutionof operationsvherethereis only oneguardregister(predicategvailableto
storea numberof conditionalvalues[82].

Wheneer two valuesare assignedo the sameregister their corresponding
lifetimes areforcedto be serialized. In general,this canbe donein two ways:
valueu precede® or valuev precedes. Sometimesherealreadyexistsaprece-
dencebetweenthe accessesf v andwv that excludesone of thesepossibilities.
Onesuchsituationis illustratedin Figure2.7. Becausealreadyexists the prece-
denceC* — C" thesequencedgeC" — P is the constraininecessaryo solve
the register conflict betweenu andv. Suchsituationsare recognizeddy simple
rules[52] thatexaminethedistancematrix for precedences.

2.5.3 Symmetry detection

Many signalprocessin@lgorithmsexhibit certainsymmetriepecauséeheir struc-
tureis completelyor partlyregular. Practicalexamplesncludealgorithmsfor per
forming a fastFouriertransformor a discretecosinetransform. The symmetries
have a negative impacton the accurag of constraintanalysistechniques.These
techniquesarenot capableof “breaking” the symmetriesn orderto decreas¢he
apparenschedulingreedom because&oingsowould remove feasibleschedules.
ThereforeyanEijk in [76] developedadditionaltechniquedor detectinganduti-
lizing symmetrywhile preservingeasibility.
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In generalthe conceptof symmetryis stronglyrelatedto the propertyof an
objectthatdoesnot changeundera certaintransformation.Thekind of transfor
mationthatis relevantfor capturingsymmetryin a dataflow graphis arelabeling
of the operationsuchthatthe operationtypesandthe precedencedgesarepre-
sened. Suchatransformatioris calledanautomorphism

Let Ty denotethe setof operationtypes. Thenthe functionr : V. — T,
definesthe operationtype of eachoperation. An automorphismis a bijective
functiona : V — V suchthat:

e Eachoperation's mappedo anoperationof the sametype:
VOp € V(DFQ) : 7(Op) = 7(a(Op)).

e Eachedgeis mappedo anedgehaving thesameweight:
V(Opl, Opg) € E(DFG) :
(a(Op1),a(Ops)) € E(DFG) N w(Op1,Ops) = w(a(Op1), a(Ops))

Givenanautomorphismthefollowing dataflow transformatiordescribesiow
anextrasequencedgecanbeaddedo breakthe symmetry

Givenan opemtion Op; and an automorphisnu that mapsOp; to another
opeftion Ops, i.e. a(Op;) = Opy With Op; # Op,. Introducea sequencedge
in DFG fromOp; to Op, with weightzeio.

To illustrate this transformation considerthe dataflow graphof Figure2.6.
Becausédhereexists an automorphisnthat exchangesperationsA and B, the
transformatiorallows to introducea sequencedgewith weightzerofrom A to
B. Similarly, it is allowedto put a sequencedgefrom D to E. In combination
with the executioninterval analysisthis transformatiorassociateanuniquestart
time with eachoperation.

For theproofthatthetransformatiorpreseresfeasibility theinterestedeader
is referredto [76].

2.5.4 Infeasibility Analysis

Ordering of operationscan result from different processesuchas the storage
file capacitysatishictionapproachsymmetrydetectionor schedulingandis per
formedthroughthe additionof sequencedges.

The orderingof operationshasto be validated. This includesthe issueof
whetheror not the updatedinformationin the distancematrix still representsa
feasibleschedulingsearctspace.

Constraintanalysisdetectsinfeasibility basedon the distancematrix in the
following way [50]: whena pathis found from operationOp to itself (a cycle



2.6. CONFLICTGRAPHSAND COLORING 35

(@) (b)

Initial situation Feasible decision Positive cycle: Infeasible
dm(AB) =-2 d(AA)=-1 dAA) =1
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Figure 2.8: Exampleof infeasibility causedby the orderingof two operations
throughsequencedges(a) Initial situation,dashededgesepresentheinforma-
tion from the distancematrix. (b) OrderingB — A with weightone.No positive
cycle is created. (c) OrderingA — B with weight one. Cycleswith positive
weightarecreatedesultingin aninfeasiblesituation.

in the dataflow graph)andthis path hasa positive weight, the operationOp is
forcedto executestrictly beforeits own starttime which is clearly not possible.
Thereforeaprecedenceycle of strictly positive weightindicatesinfeasibility.

To illustratethis processFigure 2.8 shavs a simplesituationwhich consists
of the orderingof two operationsA and B usinga sequenceedgewith weight
one. With theinformationfrom the distancematrix (dashededgesn thefigure),
it is possibleto determinghefeasibility of eachdecisionmade.Thefirst ordering
B — A (with sequenceedge(B, A) with w(B, A) = 1) is feasiblesinceno
positive cycle pathis createdbetweenA and B. On the other hand, ordering
A — B (with sequenceedge(A, B) with w(A, B) = 1) createspositive cycle
pathsmeaningthat eachoperationmust be executedbeforeits own starttime,
whichis infeasible.

During the satishction procesghe positive weight cyclesare detectedvhile
performingtheall-pairslongest-pattalgorithmto updatethe distancematrix.

2.6 Conflict Graphs and Coloring

Conflictgraphsareintensvely usedin thiswork for storageconstrainsatisfction
and allocation. In this sectionthe basicdefinitionsof graphs,coloring, andan
introductionof conflictgraphsarepresented.

2.6.1 Basicdefinitions
Definition 2.3 LetG = (V(G), E(G)) beanundirectedgraph,whee:
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¢ V(G) isthesetof vertices,and

e E(G) CV x Visthesetof edgs.

N(u) is thesetof neighborsof avertex u in graphgG, i.e.
N(u) = {v € V(G)|(u,v) € E(G)}.

The dggreenumberdeg(u) of avertex u is the numberof its neighborsor the
numberof edgesncidentto it, i.e. deg(u) = |N(u)].

A sub-gaphof agraphG is a graphof which vertex andedgesetsare con-
tainedin thevertex andedgesets respectiely of G.

A clique C is asubsebf vertices(C C V(G)) thatinducesa sub-graplof G
in whichthoseverticesarecompletelyconnectedo eachotherby edgesaA clique
cover of sizek is a partition of the verticessucheachpartitionis a clique. The
cliquecover numberk(G) is thesizeof the smallestclique cover of G.

A clique is called the maximumclique if it is a clique with the vertex set
of largestcardinality The cligue numbery(G) is the numberof verticesof the
maximumcliqueof G.

A stablesetis a subsebf verticesin which no two verticesareconnectedy
anedge.Thisis alsocalledanindependenset The stability numbera(G) is the
numberof verticesin a stablesetof maximumcardinality

\ertex coloring of agraphconsistf assigninga colorto every vertex sothat
no two verticesconnectedy an edgehave the samecolor. color(u) is the color
assignedo vertex u. Thechromaticnumbery(G) is thesmallesipossiblenumber
of colorsfor coloringG. Exactcoloringis a coloringthatusesy(G) colors.

Then,it is easyto seethat

7(G) <x(G) and  «G) <k(G)
A graphd is saidto be 1-perfectf
7G) =x(G) and  oG) = k(G)

Definition 2.4 Thesaturation numbersat(u) of a vertecu € V(G) in a colored
graphG is thenumberof colors usedby its neighbos, i.e.
sat(u) = [{color(v)|v € N(u)}|

2.6.2 Conflict graph

A well-establishe@pproachiio modeltheregisterallocationproblemin mary op-
timizing compilersis asagraphcoloringproblem[15]. Comparedvith otherreg-
isterallocationmethodsgraphcoloringprovidesarelatively simple,conceptually
elegant, formulation of the problemof assigningvaluesto a registerset. Graph
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Figure2.9: Graphcoloringfor registerallocation. (a) DF'G, (b) a conflictgraph
with verticesrepresentingaluesc) eachcolorusedrepresentaregisterin which
valuesarestored.

coloringcombinesallocationandassignmenby allocatingvaluesto verticesof a
conflictgraphandplacesedgedetweerverticeswherethe correspondingalues
arealive simultaneously The solutiontheninvolvesfinding a £ coloring of the
graph,wherek representshe numberof the target machines availableregisters
(seeFigure2.9).

In acoloredgraphthe color of eachvertex differsfrom thecolor of eachof its
neighbors.As anarchitecturaparadigm this impliesthateachvalueis assigned
aregisterdifferentfrom all othervaluesalive duringthe sameexecutioncycles.

Definition 2.5 A conflict graph CG(SF) = (V(CGQG),E(CG)), for valuesas-
signedto storagefile SF, is an undirectedgraph,whese:

e V(CGQ) is the setof vertices. A vertx u¢ € V(CG) representsa value
u € Y(SF).

e E(CG) C V x V is the setof edges. An edee (u¢,v¢) € E(CG), with
u® # v°, existsandrepresents conflictif theaccessnodeof valuesu and
v doesnot matd with theaccesdehaviorof SF.

The accessconflict betweentwo valuesis obtainedby applying the access
rules of the correspondingstoragefile to the relative distanceqin the distance
matrix) betweenproducerand consumeroperations.Seethe exampleof Figure
2.10,valuesu andv will have aconflictif they areassignedo: arandom-access
register(Figure2.10a),a stack(Figure2.10b)or afifo (Figure2.10c). The(rela-
tive) distancesarerepresentetly dashecedges.
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Figure2.10: Examplesof conflictsaccordingthe storageaccesdehaior. Values
u andv have aconflictif assignedo (a) registers,(b) stacksand(c) fifos.

2.7 Description of the FACTS Reseach Tool

FACTs is aresearchool developedto take advantageof timing andresourcecon-
straintsin orderto prunethe schedulesearchspace. By exploiting thesecon-
straintsthe scheduleis often preventedfrom makinga decisionthatviolatesone
or moreconstraints.The structureof FACTS consistsof threelayers[77], asde-
pictedin Figure2.11.

@ latencyl/initiation interval minimization
/ : ) )
search strategies  }— scheduling, storage assignment

basic CA techniques o )
———= @ execution interval analysis, storage

[DFG constraint analysis, symmetry detectior

distance matri

™ @ |atency constraint, initiation interval
constraint, precedence constraints

A

Figure2.11: Thelayeredstructureof FACTS.

Thecorelayercontaingheinternalrepresentationsf the algorithmto sched-
ule andof the schedulesearchspace.Eachbasicblock of the algorithmis rep-
resentedby anedge-weightediataflow graph. FACTS usesthe distancematrix,
explainedin Section2.4.2,asarepresentationf the schedulesearchspace.The
resultsof the constraintanalysistechniquesn FACTS areexpressedsadditional
precedenceonstraintsn thedataflow graph,andupdateof the distancematrix.

At the intermediatdayer of FACTS, the basicconstraintanalysistechniques
arelocatedik etheexecutioninterval analysisthestorageconstraineanalysisand
thesymmetrydetection.
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At thetop level of FACTS searchstratgiesarefound. The objective may be
to minimizesomecriterionlik e lateng or initiation interval, or to satisfy“global”
constraintdik e a fixed capacityof a storagefile. Theseconstraintsareglobalin
the sensehatthey have a generalkeffect on all timing relations,without affecting
ary specifictiming relation. For example,a constrainton the capacityof aregis-
ter file limits the amountof valuessimultaneoushalive, which is determinedoy
thetiming relations.However, no singlevaluelifetime canbeidentifiedthatnec-
essarilyhasto be serializedwith someothervaluelifetime. It is clearthatsome
valuelifetimesneedto beserializedn orderto satisfythecapacityconstraintand
thereforesomechoiceshave to be maderegardingthe serializationof values.In
thesearchstratgies, it is tried to basechoiceson theidentificationof bottlenecks
for satisfyingthe correspondingonstraints.

In orderto expandFACTS to becomeafull compilerthefollowing itemswould
have to beaddressed:

Supportfor a high-level descriptionanguageascC.

Definitionof amachinedescriptiorlanguage A machinedescriptionwould
beaninputfor compilerreconfigurability

Includeinstructionsetconstraintsandcodeselection.

Includetechniquedor global constraintanalysisand schedulingn scopes
beyond basicblocks, e.g. traces,superblocks, decisiontrees,or regions
[33].

Giventhe setof basicdefinitions,analysis,andtools, next chapterpresents
the problemdefinition andthe proposedstratgy towardsobtaininga scheduling
solution.
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Chapter 3

StorageConstraint Satisfaction

3.1 Intr oduction

This chapterdescribeshe problemandthe proposedpproachHor schedulingand
storageallocationwith storageconstraintsatishction.

Our approachs performedn the scopeof basicblocks(seethe centerof Fig-
ure 3.1). In a scopebeyond basicblocks, like in traces,superblocks, decision
trees,or regions,othertechniquedik e codemotion andif-conversioncanbe ap-
plied. Hoogerbruggen [33] presentsan overview of thesescopesandthe basic
techniguesappliedin eachcase. Codeselectionand storagefile allocationare
assumedo be performedprior our approachFigure3.1 alsosuggestshattrade-
offs canbe madein an extendedbasicblock scopebetweentiming, resourcepr
storageconstraintandtheinsertionof spill code.

The importantcharacteristice®f our approachare: it dealswith tight timing,
resourceandstorageconstraintsandtheapproactproposeds independentf the
typeof storage.

In the coreof our approachgonflict graphsrepresentingotentialaccesson-
flicts amongvalues,are constructeasedon the informationextractedfrom the
distancematrix afterconstrainanalysis.Thosegraphsareusedto steerthe satisfi-
ability processto checkthefeasibility of thescheduleandto identify bottlenecks
for storageallocation.Thosebottlenecksretreatedvia orderingof valueaccesses
to allow sharingof storagaesourcesndto prunethe schedulingsearchspaceo-
wardsa solutionthatwill satisfyall constraints.

3.2 Motivation

Considerthe dataflow graphfrom Figure 3.2awith six operationsandfive val-
ues(dataedges).The lateng for the completionof this applicationis four. All

41
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- traces
- code selection - superblocks
- storage file allocation—~~ >—" - decision trees
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<extended basic block
scheduling and storage
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scheduling tradeoffs, . other techniques:
e.g., timing constraints®™ T~ _ code motion
vs. spill code insertion - if conversion

Figure3.1: Schedulingscope.

valuesareassignedo oneregisterfile with two registersavailable. It is assumed
thatthe numberof functionalresourcess large enoughanddoesnot constitutea
constraint.

Figures3.2b, 3.2cand 3.2d shawv the differentconflict graphsobtainedfrom
differentschedulingresults,i.e. the differentclock cyclesin which operationE
canbe scheduledthe restof operationsare alreadyfixed in time). As the use
of random-acceseegistersfor storingvaluesis assumedthereexists a conflict
betweenwo valuesif theirlifetimesoverlap.

If operationFE is scheduledn clock cycle zerothe storageconstraintis vio-
lated sincethe numberof registersrequiredwill be three(for valuesa, b ande)
insteadof the availabletwo. Coloring the conflict graphof Figure 3.2b results
in threecolors, which confirmsthe constraintviolation. ScheduleoperationE
in clock cycles one or two would satisfy the register file constraint. If during
schedulingit is possibleto prevent operationE from being scheduledn clock
cycle zero,the storageconstraintvould be met.

Sincedealingwith registerallocationanda not yet definedschedulea way to
solve this satisfiability problemwould be identifying the bottleneckdor register
allocationandtry to serializevalue lifetimes to allow valuesto sharethe same
register

In the example,beforeoperationE is schedulegairsof values{a, e}, {b, e}
canbe selectedor lifetime serialization,sincevaluesa, b ande would require
threeregistersin theworstcase.Serializationof pair {a, e} resultsin forcing the
schedulingof E (the producerof e) to occurat leastat the sameclock cycle asC'
(theconsumenf a). Thisdecisionis representely C' — FE. Serializationof pair
{b, e} givesthesameresult. Theresultingconflictgraphafterserializatiornu — e or
b — e with E scheduledn clock cycle one,is shovnin Figure3.2c. In thegraph,



3.2. MOTIVATION 43

s(E)=0
nr_colors =3

s(E)=1
nr_colors =2

Data flow graph:
nr. operations = 6 (d) a s(E)=2
nr. values =5 nr_colors = 2
L=4 .\. -
c(RF) = 2 e b
([ J
d c

Figure 3.2: Exampleof a DF'G andits conflict graphsfor eachclock cycle in
which operationE canbescheduled.

edgeg(conflicts) (a, e) and (b, e) wereeliminatedandthe nev numberof colors
is two, i.e. two registersare now required,which meetsthe storageconstraint.
Another possibleserializationis ¢ — e, which resultsin forcing the scheduling
of E atthe sameclock cycle as D (orderingD — FE), i.e. at clock cycle two.
Theresultingconflict graphis shovn in Figure3.2d. As a consequenceonflicts
betweenvaluesa, b, ¢ with e are eliminated. Any of thoseorderingsapplied
guaranteethatthefinal schedulewill satisfythe storageconstraint.

Working with constraintanalysistechniqueghe information of the potential
conflicts betweenvaluescan be translatedinto a worst-caseconflict graphfor
storageallocation,whenthe schedulingof operationss not defined. With this
conflictgraph,bottlene&sfor storageallocationcanbeidentified.

Thegraphin Figure3.2bwould representheworst-caseonflictgraphfor the
currentexample. In this graph,bottleneckscan be eitheredges(a, e), (b, ¢€), or
(¢, ) becausehoseconflictscanbe eliminatedwith a (corvenient)valuelifetime
serialization.
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Oncea bottleneckhasbeenfound, accessordering (e.g. lifetime serializa-
tion) of the correspondingaluesis performedby insertingoneor moresequence
edgesamongtheir producerand consumeroperations. As a consequencethe
extra precedenceonstraintgsequencedges)will steerthe schedulingto find a
solutionthatsatisfiesall constraintsncludingthe storageavailability.

Traditionalmethodsdealwith schedulingandstorageallocationastwo sepa-
ratedandindependenstageq66, 78]. Althoughfaster thosemethodscanintro-
ducethe problemof phasecoupling betweenschedulingand storageallocation,
i.e. decisionsnadein oneof thestagesanresultin aninfeasiblesetof constraints
for theother If schedulings performedirst, thenumberof requiredstorageunits
mayexceedtheamountavailablein astoragdile. Ontheotherhand.,if storageal-
locationis donebeforeschedulingtiming andresourceconstraintviolationsmay
arise.

Spilling valuesto backgroundmemorylike performedin [14, 66] could be
onesolutionfor the problemof storageconstraintsatishiction after scheduling.
Somevaluesare selectedo be storedin memory load and storeoperationsare
insertedin the code,and operationsare re-scheduled.However, the useof ad-
ditional operationgnay causetiming constraintviolations. Anotherway to deal
with constrainegschedulingandstorageallocationis simply by relaxingthetim-
ing constraintdik e it is donefor theinitiation interval discussedn [47].

The proposedpproacttombinesstorageallocationandschedulingavoiding
the problemof phasecouplingandthe difficulties of insertingspill codewithout
relaxingconstraintsTheapproactconsistsn alternatingoetweerschedulingand
storageallocationsub-problemsy makinga decisionfor storageallocationand
subsequentlgnalyzinghow thatprunesthe searchspacefor scheduling.

Onekey advantageof our approachs thatit canbe easilytunedto work with
differenttypesof storageunitsandaccesdehaiors.

3.3 Problem Statementand Solution Approach

In this section,the storageallocationand schedulingoroblemis definedandthe
proposedolutionapproachs presentedA givenassignmenof valuesto storage
filesis assumeaftenimplied by theassignmenof operationgo functionalunits.

Problem Definition 3.1 ConstainedStorage AllocationandOperation Schedul-
ing Problem. Givena weighteddata flow graph D F'G, resouce constaints, an
assignmenof valuesto storage files, for ead storage file S F' a numberof avail-
ablestorage unitsor capacityc(SF') with a specificaccesdehavioraninitiation
interval /1, anda latencyL. Find an assignmenbf valuesto storage unitsanda
schedules that satisfieghe precedenceonstiaints, the resouce constaints, the
storage file constraints,andthetiming constrints 77 and L.
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Figure 3.3: Approachfor storageconstraintsatisactionconsideringone storage
file SF.

Thespecificstorageaunitsconsideredn thiswork are:random-acces®gisters
(the approachfor which is presentedn Chapter4), relative location storage or
rotating register files (alsoin Chapter4), stadks (in Chapters), andfifos (alsoin
Chaptens).

Becausedecisionshave to be madethat affect the feasiblesearchspacein
boththedomainof storageallocationandthe domainof schedulingtheapproach
is decomposedhto stepsasdepictedn Figure3.3.

Constaintanalysis(explainedin Section?2.5)generateadditionalprecedence
constraintsthat are implied by the combinationof all constraintsancluding the
onesfor storageallocation. Theseadditionalprecedencerefinethe distancema-
trix (Section2.4.2)thus providing a much more accurateestimateof the set of
feasiblestarttimes. The constraintanalysiswill guidethe decisionsmadein the
scheduleandoftenpreventit from makingdecisiondeadingto infeasibility.

After constrainanalysisastoragdile SF is selectedn thecaseof distributed
storagefiles (referto Section3.4) andthe valuesboundto it areusedin the fol-
lowing analysis.

Fortheselectedile S F' theworstcaseor upperboundof requiredstorageunits
is computedasentheadministratve bookkeepingoy constrainanalysis.Note
thatanexactfigureis unknovn becaus@acompleteschedules notyetdetermined.
The worst casesituationis found by meansof usinga worst-caseconflictgraph
WCCG(SF) andits exactcoloring x (WCCG) (Section3.5.1). Whenthe worst
casefor thecurrentandall storagdiles alreadysatisfiegheir capacityc(SF'), the
DF @G andthe precedencearetransferredo corventionalscheduleand storage
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assignmenphaseso completehe processHowever, in mostcasesandespecially
at the beginning of the processthe schedulefreedomof the operationscan be
relatively large, resultingin mary potentialconflicts henceinevitably violating
somestoragefile capacityconstraint.

After that,alowerboundof thenumberof storageunitsis determinedhrough
the coloring of a best-caseor strong conflict graph SCG(SF) (Section3.5.1).
x(SCQ) is comparedvith therespectiefile’s capacity A lower boundviolation
determinesan infeasiblecase,if it is detectedat the beginning of the processa
solutioncannotbefound.

In orderto reducethe storagdfile requirementpur approachn Figure3.3 has
to reducethe maximumnumberof conflictsby identifying oneor more pairs of
valuesthat can potentially be storedin the sameunit (bottlene& identification
Section3.6) andthenproceedo ordertheiraccesseéralueaccesrdering Sec-
tion 3.7) accordingto the tageted S F' accessehaior. After accessordering,
constraintanalysiscalculateghe effect of this on the scheduldreedomof all op-
erations.Thisis necessaryo guidethe acces®orderingpartandto avoid making
decisionghatleadto infeasiblecasesAlso, alowerboundviolation foundwith a
nev SCG indicateghatthelatestacces®rderingis infeasibleandanotherorder
ing with the previousor a differentpair of valueshasto be made.

Thefile selectionthe upperandlower boundschecking,the bottleneckiden-
tification, the value accessordering,and constraintanalysiskeepon alternating
until the capacityconstraintof eachstoragefile matcheghe worst caserequire-
mentsor until aunrecwerableinfeasiblecases detected.

In fact, just at the beginning of the satishctionprocessaninfeasiblecasecan
be detectedwhich meansthat the constraintsare too tight andno scheduleso-
lution canbe found with suchrequirements.During the satishction processan
infeasiblecasemay ariseasa resultof the lastaccessrdering. Infeasiblecases
canbe detectedoy constraintanalysisor by the lower boundchecking. In such
casesheprocesdacktrackgasindicatedby the dashededgesn Figure3.3) and
makesanotherorderingdecision(Section3.8).

An advantageof our approachs thatin practiceary conventionalscheduling
algorithmcanbeusedo completehescheduleAs thescheduleandits heuristics
arenotcritical in this approachthey arenot consideredn this work.

3.4 StorageFile Selection

For distributedstoragdilesthe orderin which storagdiles areanalyzeds impor-
tant. After orderingandconstraintanalysisthe sequencedgesaddedmay affect
thewhole distancematrix makingconstraintdighter, andconsequenthaffect the
resultfor thenext storagdile analysis.
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A previousapproach3] considersheuristicin whichtheselectiorof register
files RF is basedontheapparentegisterpressurea priority definedas:
Y(RF,
priority (RF,) = |c((ll%%7Fn))| (3.1)
where Y (RF,) representshe valuesassignedo the n'* registerfile RF,,, and
¢(RE,) isits capacity Theregisterfile selecteds theonewith thehighestpriority.
This priority functionhasthreemajordravbacks:

e First,thenumberof valuesassignedo a storagdile saystoolittle aboutthe
amountof storageunitsactuallyrequired.l.e. dependingnthe constraints
mary valuescanrequirefewer registersthanfew othervalues.

e Secondthisis astaticdecision.Oncea storagsdfile is selectedor analysis
andcapacitysatishction,the next onewill be analyzedonly afterthe pro-
cesshasfinishedwith thefirst. The processof capacitysatisactionwould
not be performedgraduallyfor eachstoragefile simultaneouslyanddeci-
sionsmadefor satisfyingone setof storagefile constraintsat a time can
affect negatively the satishctionprocessf the others.

e Finally, thiscriterionis evenlessclearin thecaseof usingstoragdiles with
fifos, stacksor rotatingregisterfiles, sincethe numberof valuesassignedo
astoragdile doesnot representhe actualstoragerequirement.

The bestsolutionfound so far is to selectthe storagefile for which the unit
requirements thefurthestfrom respectingts capacityi.e. with priority:

x(WCCG(SF))
c(SEF,)

whereW CCG(SF,) representshe worst-caseconflict graphfor valuesmapped
to storagdile SF,,, x(WCCQG) is thechromaticnumberof WCCG, and¢(SF,,)
is the capacityof SF,,. Sinceconstructionandcoloringof WCCG arealready
partof thesatishictionprocesshepriority functionin Expressior8.2doesnotadd
compleity.

ExpressiorB.2 describeshe actualstorageoressuren thefile. Following this
priority function,whenareductionof storagepressures achiezedfor onestorage
file theupperboundrequirements updatedor the currentfile, andthenthe pro-
cesscanselectanotheronewith the highestpriority. Thus,capacitysatisfction
will begraduallyperformedfor eachstoragdile.

Moreover, notethateachstoragdile mayhave adifferenttypeof storageunits.
Thereforethis criterionof file selectionis independentf thetype of storageand
directedtowardsto the satisctionprocesstself.

priority(SF,) = (3.2)
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In Section4.7.1(Chapter4 dedicatedo registerfiles), experimentalresults
will showv the advantage®f usingExpressiorB.2insteadof ExpressiorB.1.

3.5 Conflict Graphs and Coloring

This sectiondescribeiow conflict graphsareusedfor storagesatisaction. The
graphcoloringmodelis generakenoughto be usedwith differenttypesof storage
units, sincetakesonly into accountthe accessncompatibility (conflict) between
values.

3.5.1 Constructing conflict graphs

During the satisfction processpncethe constraintanalysishasgeneratecddi-
tional precedenceandrefinedthe distancematrix, the information containedn

the matrix will consistof a setof feasiblestarttimesof operations.Usingthese
starttimes,for eachpair of valuesthe relative accessonflictsareobtained.Be-

causdn this context the producerandconsumepperation®f valuesarenotfixed
yetin time, threedifferentnotionsof conflictareused.

e Two valueshave no accessconflictif the orderof their accessesespects
the storageaccesdehaior. For example,in the caseof registersthereis
no conflict whenthe lifetimes of thosevaluesare serialized.For stacks,it
meanghatthe orderof their consumptionss oppositeto the orderof their
productions For fifos, theorderof their consumptionsnatcheghe orderof
their productions.

e Two valueshave astrongaccessonflictif theorderof theiraccessedefini-
tively doesnot matchthe storageaccesdehaior.

¢ Otherwisefwo valueshave aweakaccesonflict Dependingpnthesched-
ule, their accessemayexhibit a conflictor not.

Considerthe exampleof Figure 3.4awithout folding (/1 = L). Thereis no
conflict for valuesc andd sincetheir lifetimes are serialized. Thereis a strong
conflict for valuesa andb in the clock cycle when operationC executes(both
valuesareconsumedt the sametime). Thereis a weakconflict for valuesh and
e. If operationE precede®perationC' by oneclock cycle lifetimes of b ande
overlap(have a strongconflict), otherwiseb ande will have no conflict. Sinceit
is notyet determinedvhetheror not £ precede€’, b ande have aweakconflict.

Thefollowing is theessentiatlifferencebetweera strongandaweakconflict:
valueswith a strongconflict can never residein the samestorageunit, but for
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Figure 3.4: Exampleof (a) a dataflow graph DF'G, (b) its worst-caseconflict
graphWCCG@G, and(c) its strongconflict graphSCG, after constraintanalysis.
Valuesareassignedo registers.

valueswith aweakconflicttheiraccessesanstill beorderedo matchthestorage
accesbehaior.

Worst-caseconflict graph

A graphW CCG(SF) for valuesassignedo storagefile SF is calledthe worst-
caseconflictgraph Thereexistsanedge(u, v¢) € E(WCCQG) if valuesu andv
have aweak-or a strongaccesgonflict (u,v € T(SF)).

Figure3.4bshavstheworst-caseonflictgraphafterconstrainanalysisof the
examplein Figure3.4a. Weakaccessonflictsarerepresentethy dashededges,
while strongconflictsarerepresentetly solid edges.

As mentionedin the previous section, the exact coloring of WCCG(SF)
givesan upperboundof the numberof storageunits required,andalso helpsto
find andselectbottleneckdor storageallocation.

If x(WCCQ) isgreatethanthecapacityof thefile ¢(SF') thesatishctionpro-
cessproceedgo identify andreducebottlenecks.If not, the satishctionprocess
returnsand anotherfile is analyzedor the processperformsthe final scheduling
andstorageassignment.
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Bottlene&s(for storageallocation)in W CCG areedgeghatcanberemoved.
Thoseedgegepresenwveakconflictsandarereducedoy orderingthe accessesf
the correspondingalues(verticesin WCCG). Accessorderingwill take edges
(conflicts)away from WC'CG which reduceshe chromaticnumberandhence,
thestoragerequirement.

Since accessrdering can have an effect on the entire distancematrix and
subsequentlpntheaccesselationsbetweernvaluesanen WCCG is constructed
andcoloredin everyiterationof thesatisactionprocess.

Best-caseor strong conflict graph

A graphSCG(SF) for valuesassignedo storagefile SF' is calledthe best-case
or strongconflictgraph Thereexistsanedge(u®, v¢) € E(SCQ) if valuesu and
v have astrongaccesgonflict (u, v € T(SF)).

Coloringof thebest-caseonflictgraphgeneratealowerboundof thestorage
requirementsin this graphonly the strongaccessonflict situationsare consid-
ered.Figure3.4cshavsthe strongconflict graphof the examplein Figure3.4a.

The coloringof SCG steerghe storagesatishctionprocess.With this graph
it is checledwhetherthe minimum storagerequiremenbf the valuesassignedo
SF is (still) in therangeof the availablecapacityc(SF).

Sinceaccesorderingcan affect the distancematrix and weak conflicts can
becomestrongones,anew SCG is constructedandcoloredin every iterationof
thesatishctionprocess.

3.5.2 Inaccuraciesin conflict modeling

Becausen the worst-casesituationpotentialaccessonflictsbetweenvaluesare
included,lWCCG canbeinexact. Themodelingof worst-caseonflictsandexact
coloringof WCCG obtaina pessimisti@approximatiorof the upperbound.

This is especiallytrue in the caseof multiply consumedvalues. In Figure
3.5aa portion of a non-schedulediataflow graphwith a lateng of four clock
cyclesis shovn. Valuea is consumeddy operationsB andC. If all valuesare
assignedo the sameregisterfile Figure 3.5b shaws the correspondingV CCG
andits coloring. Notethatdueto the scheduldreedomof operationsyaluea can
conflict with eithervalueb or ¢ accordingto the schedulingof operationsB and
C. Therefore thereexist weak conflictsbetweena andb, b andc, anda andc.
Theresultingnumberof colorsfor WCCG is three howeverit is easyto seethat
for any schedulinghe numberof registersrequiredwould betwo.

For the best-casesituationthe coloring of SCG fails being a good lower
bound.
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Figure3.5: WCCG in caseof a multiple valueconsumption(a) DF'G portion,
and(b) thecorrespondingV CCG with x(WCCG) = 3.

Figure3.6: SC'G doesnot obtainthetightestlower boundof two, (a) D F'G por-
tion, and(b) thecorrespondinggCG with x(SCG) = 1.

In Figure 3.6aa differentpart of a dataflow graphis shovn. The best-case
conflict graphis presentedn Figure 3.6k Accordingto the schedulefreedom
of the producerand consumeioperationsof valuec, thereare no strongconflict
situationsbetweerthis valueandvaluesa or b. Valuec canconflictwith a, b, or
both. Thetightestlower boundfor this exampleis two andnot oneasthe coloring
of SC'G suggestsFigure 3.7 shavs anotherexamplein which the tightestlower
boundis notdetected.

3.5.3 Conflict graph characteristics

In orderto obtainrun-timeadwantagesvhencoloring exactly the worst- andthe
best-caseonflictgraphsjt would be usefulto find out specialpropertiesof these
graphs.However, graphsfor valueaccessonflictsdo not have ary recognizable
property sinceary graphcanbe shown to betheconflict graphof somedataflow
graph.
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Figure 3.7: Another example of SCG weakness. The minimum requirement
of registersis three. (a) DF'G portion, and (b) the correspondingSCG with
X(SCG) = 2.

LetG = (V(G), E(G)) beanarbitrarygraphfrom which a dataflow graphis
beingderived(e.g.Figure3.8a),then:

e Forall u¢ € V(G), the corresponding/alue u is createdin the dataflow
graph(Figure 3.8b) asa dataedgebetweenwo vertices,i.e. the producer
andthe consumeioperations.The weight of eachedgeu in DFG is one
(minimumlifetime).

e Forall (u%,v°) € E(G) andassumingandom-acceseegisters,sequence
edgesof weight equalto one are addedfrom producerto consumeroper
ationsof valuesu andv in DF G defining a strong conflict betweenthe
lifetimesof thosevalues(Propositiord.4 for non-foldedcasesreferto next
chapter).

¢ Note that the sequencedgesaddedin 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 the setof operationsn thetop to the setin the bottom.

e Additionally, no pathsin D F'G induceconflictsnot presenin G.

With this resultit is concludedhat, if from ary grapha correspondingath-
feasible,non-schedulediataflow graphcanbe obtained,a dataflow graphcan
originateary conflictgraph.

Notefinally thatconflictsderivedfrom G arestrongandthereforepartof both
WCCG and SCG. This proof thus holdsfor both WCCG and SCG conflict
graphs.

In conclusion,no specialproperty can be exploited for coloring efficiently
WCCG andSCQG.
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Figure3.8: Any graphcanbetheconflictgraphof adataflow graph.(a) An initial
graphG. (b) For valuesassignedo random-accessegistersa dataflow graphis
build from G.

3.5.4 Exact coloring algorithm

In general,since no propertyof WCCG or SCG can be exploited, finding a
coloring is an NP-hardproblem[26]. In orderto prevent excessvely long run
timesin finding anexactcoloring,theapproactpresentedby Coudertin [18] was
selectedyhich offersa goodtradeof betweemuality andruntime.

Couderts coloring algorithmis basedon finding and coloring a maximum
clique of the graphandthensequentiallypicking up verticesthathave thelargest
saturatiomumber(seeDefinition 2.4), breakingtieswith thelargestdegreenum-
berin theremaininguncoloredgraph.The proces®f findingthemaximumclique
of a graphis basedon a simplified branch-and-boundlgorithm togetherwith
heuristicsto prunethe searctspace.

The motivation of Coudertto useheuristicsin his algorithmis to exploit the
1-perfectnesproperty (definedin Section2.6) that appearsn mary “real-life”
examplesput doesnotalwayshold (seetheexamplein Figure3.9). Thealgorithm
works fastand exactfor certaincasesandslow (but exact) for others. Besides,
experimentalresultspresentedn the following chapterswill showv thatsolutions
werefoundin areasonabléime.

Couderts algorithmoffers the following adwvantages:after finding the maxi-
mum clique of the worst-caseconflict graphthe clique numbery(WCCG) can
alreadybe comparedvith the capacityof the storagedile ¢(SF).

o If y(WCCGQG) > ¢(SF), therearealreadymorestorageunitsrequiredthan
available. Weak conflict edgesbetweenvaluesin the clique canbe consid-
eredto be removed. Neverthelessnot only thoseweak conflict edgesare
bottleneckdor storageallocation,but otheredgegwhich are partof mary
maximumcliques)have to bealsoconsideredTheheuristicsappliedin our
approach(explainedin the following section)requireto completelycolor
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(b)

Figure3.9: A nonl-perfectconflictgraphin aloopfoldedcase (a) A loopfolding
scheduleddataflow graph,(b) the resultedconflict graphwith v(CG) = 2, and
x(CG) = 3.

WCCG for abetterexplorationof the searchspace.

o If y(WCCG) < ¢(SF), the coloring processneedsto be completed and
bottleneckseedto beidentifiedwith the heuristicsproposed.

Similarly, theclique numbery(SCG) of thebest-caseonflict graphcanalso
be comparedvith the capacityof the storagdfile ¢(SF).

o If v(SCQ) > ¢(SF) aninfeasibleresultcanalreadybe returned sincethe
minimum storagerequirements morethanthe available.

e If v(SCG) < ¢(SF), the coloring procesmeedso be completedandthe
actualnumberof colors x(SCG) will indicatethe feasibility direction of
theprocess.

3.6 Bottlenecksfor Storage Satisfaction

Reductionof storagefile pressurecanbe obtainedby finding a setof valuesthat
requirethelargestamountof storage Someof thosevaluescanbeeitherspilledto
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(b) (d) ®

Figure3.10: Exampleof bottleneckreduction.(a) Non-foldedD FG, (b) WCCG
with x(WCCG) = 3 andthe possibleedgeso remove, (c) serializationof life-
timesof a ande or b ande, (d) resultingW CCG with x(WCCG) = 2 after
orderingC — FE, (e) serializationof lifetimes of ¢ ande, (f) resultingiWCCG
with x(WCCGQG) = 2 afterorderingD — E.

differentstoragancluding backgroundnemory or their accessesanbe ordered
suchthatthey cansharea storageunit.

In the domainof conflict graphs,value spilling canbe viewed asremoving
verticesfrom the graph (andthereforethe edgesincidentto them), while value
accesrderingremoves edgesbetweenthe correspondingertices. In both ap-
proachesthe aim is to obtaina reductionin the final numberof colorsto satisfy
some“color budget”.

Our approachreduceghe storagefile pressureuntil it is possibleto storeall
theassignedaluesinto theavailablestorageaunits. Thisis doneby meansf using
WCCG andremoving edgeghatrepresentveakaccesgonflicts.

Considerthe exampleof Figure3.10a. WCCG is coloredwith threecolors
(Figure3.10b).Edges(a, e), (b, €), and(c, e) representveakconflicts,andcanbe
selectedor removal. The solid edgebetweenverticese andb indicatesa strong
accesgonflict situation,andthereforeedge(a, b) cannotbe selected.
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Now the questionarises:how to identify the (best)bottlenecks?The answer
is givenin thefollowing section.

3.6.1 Bottleneckidentification

Givenadataflow graphDF'G, astoragefile SF', a setof valuesassignedo S F
(Y(SF)), andthecapacityof thestoragdile ¢(SF'), thegoalof ourapproachis to
reducethe numberof colorsin the coloringof WCCG(SF) by removing some
of its edgeuntil x(WCCG) < ¢(SF).

Remaal of anedge(u¢, v°) in theconflictgraphW CCG(SF) impliesorder
ing theaccessesf valuesu andv accordingio SF' accesdehaior. Theremoval
of anedgein WCCG throughthe additionof sequencedgesn DF'G canindi-
rectly imply theremoval of otheredgesa secondaryeffect which contributesto
speedup thesatishctionprocess.

Sincetheremoval of anedgein WCCG impliesareductionin scheduldree-
dom it is necessaryo carefully selectthe edgesto remove, in orderto reduce
efficiently the numberof colorsof W CCG while nottoo muchscheduldreedom
is sacrificed.For that purposethe saturation numberfrom Definition 2.4 is used
to identify bottlenecks.

ConsideracoloredW CCG. Whenavertex u¢ hasasaturatiomumbersat (u©)
it is equivalentto saythatfor vertex u¢ andits neighborg{u¢}UN (u®)), sat(u®) +
1 colorsareassignedn the coloring. As largerthe saturatiomumbersare,more
arethecolorsusedby the set.

Thereforejn acoloredW C'CG the maximumsaturatiomumbersof a vertex
u¢ andits neighborsndicateghateachedgeamongthoseverticess acandidatéo
beremovedfrom WCCG in orderto reducethe numberof colorsfor thatvertex
set.A reductionof thenumberof colorsin thevertex setwith maximumsaturation
numberscanpotentiallyreducethe total numberof colorsfor coloringW CCG.

In conclusionthe largestsaturationumberof verticesis usedascriterionto
identify bottlenecksn WCCG.

For bigger examplesin which mary verticescan have the samesaturation
number the largestdegree numberof a vertex u¢ (| N (u°)|) is usedto breakties
amongverticeswith the samesaturatiomumber

The saturatiomumberwasusedin previous works [4, 51] obtainingaccept-
ableresultsn termsof accurag andexecutiontime. In [3] someadditionalheuris-
tics (including the saturationrnumbersin SC'G) were experimentedo refinethe
selectiorof thebottlenecksHowever, thoseheuristicdid notobtainbetterresults
for theanalyzedexamples.

In the example of Figure 3.10bedge(a, e) is identified as bottlenecksince
sat(a) = sat(e) = 2, deg(e) = 4, anddeg(a) = 2.
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Figure 3.11: Exactcoloringsof a graphWCCG, x(WCCG) = 3. (a) First
coloringin whichsat(e) = 2, (b) coloringassumedn whichsat(e) = 1.

Disadvantagesof the saturation number

The saturatiomumberof vertices,andhencethe bottleneckidentification,canbe
sensitve to theway WCCG is colored. This is importantto take into account
sinceusing the saturationnumberas a way to identify bottleneckscan mislead
the procesdf the verticestargetedin WC'CG do not correspondo a groupthat
requiresthelargestnumberof colors(storage).

Look at the exampleof Figure3.11. The samelW CC'G wasexactly colored
in two ways. The chromaticnumberis alwaysthree,but in the coloredgraph
of Figure 3.11athe saturationnumberof vertex e is sat(e) = 2. In thatgraph,
the removal of the weak conflict edgeincidentto e doesnot reducethe number
of colorsfor coloring WCCG. Remawing edgesbetweenverticesd, ¢ and d
doesreducethe numberof colors. Unfortunately this situationcannotalways
beavoided.

Anothereffectis that, while looking only at the maximumsaturatiommumber
asolutioncannotalwaysbefounddirectly. Seethe exampleof Figure3.12a.The
samelW CC'G wasexactly coloredin two ways. Using the maximumsaturation
numberverticess, e, andd areselectedhoweverthey donothave aweakconflict.
Meanwhile,the coloring of the graphin Figure3.12b,allows usto find verticesc
andd with aweakconflict.

In the FACTS implementationto overcomethe problemspresentedthe bot-
tleneckselectionproceedsasfollows:

1. All verticesin WCCG areconsideredor reason®f completeness

2. Verticesarelistedandsortedaccordingo theirlargestsaturatioranddegree
numberscriteria. Vertex u€ is selectedrom thetop of thelist andthenthe
setof its neighborgs obtained.
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Figure 3.12: Drawback of identifying bottlenecksghroughmaximumsaturation
number (a) Firstcoloring,edgedetweernverticeswith maximumsaturatiomum-
berdo notrepresentveakconflicts,(b) aseconccoloring,atleastoneedgerepre-
sentsaweakconflict.

3. TheneighborsN (u¢) arealsosortedby their largestsaturatioranddegree
numbersVertex v¢ is selectedstartingfrom thetop of thelist if edge(u®, v°)
represents weakconflict.

3.7 Performing AccessOrdering

Value accessordering is the term usedin this work to denotea relative place-
mentof operationgproducersandconsumer®f values)throughthe insertionof
sequencedgesaccordingto the accesbehaior of thetametedstoragdfile. The
goalof acces®rderingis to eliminatea potentialconflict betweervaluesfrom the
identifiedbottleneckn WCCG.

Value lifetime serializationis a particularaccessorderingperformedin the
caseof having registersasstorage.

Accordingto the storageaccesdehaior andthe schedulingreedomthe ac-
cesse®f two valuescanbe orderedin differentways(like lifetime serialization
canbeperformedwith avalueu preceding or valuev preceding:). Theordering
processonsider®nekind of orderingatatime. If constraintanalysisor thelower
boundcheckingdetectinfeasibility asa resultof that choice,anotherorderingis
madeif possible.If all possibleorderingdeadto infeasibility, accesorderingof
thosevaluesis discardecandanotherpairis choserto repeatheprocess.

In Figure3.10lifetime serializationof, e.g. « ande will resultin the addition
of sequencedgeC — FE with weightzeroin the dataflow graph. After seri-
alization, the updatedconflict graphW CCG is coloredwith only two colorsas
shown in Figure3.10d.Notethatafterserializatiorn — e, notonly edge(a, e) has
beenremovedbut also (b, e) asa secondaryeffect of that serializationdecision.
Serializationc — e is not detectedby our approach. This serializationremoves
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Figure3.13: Orderingof operations.(a) The productionof valueu precedeshe

productionof v, (b) the productionof valueu precedeshe consumptiorof v, (c)

theconsumptiorof valueu precedesheproductionof v, and(d) theconsumption
of valueu precedeshe consumptiorof v.

alsoedgeqa, €) and(b, e) but hasthe dravbackof consumingall the scheduling
freedom(seeFigures3.10eand3.10f).

Figure 3.13shows the differentsituationswhenorderingthe productionsand
consumption®f valuestakinginto accounthe operationexecutiondelays.

3.8 Branch-and-Bound Approach

A branch-and-boundlgorithmis usedto solve combinatorialoptimizationprob-
lemswith a certaincostfunction. It is a systematicway to evaluatesolutions
in a decisiontree determinedby a setof decisionvariables. Leavesin the tree
representhe possiblesolutions.

For eachbrand, i.e. local decisionon the valueof a variable,a lower bound
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is computedon the costof all solutionsin the correspondingsub-tree. If that
boundis higherthanthe costof ary solutionfound so far the sub-treeis pruned
(or killed), becausall its leaveswould yield a solutionof provably highercost.

In FACTS, a branch-and-bouna@pproachfor storageconstraintsatisfiction
is implemented. In the satisfction approachthereis no costfunction, andthe
boundingmechanisntoncerndeasibility ratherthan cost. This approachhasa
systematiavay of choosingvaluesfor acces®rderingandthe branch-and-bound
is restrictedo the orderingchoices.

For a selectedpair of values(outputof the bottlene& identificationprocess),
a brand represents choiceregardingthe orderingappliedto the corresponding
producerand consumeioperationswhile the boundingconsistsin the following
mechanisms:

e During accesordering, somebranchesare alreadyexcludedwhen using
rulesappliedto thedistancematrix. Thisis donebeforearny branchis taken.
In Figure3.14theprecedencbetweerconsumepperation®f valuesu and
v determine®nly oneway of orderingexcludingalreadythe other

e Constraintanalysisdetectsinfeasibility as a result of orderingdecisions.
During orderingsomepossibilitiesare excludedbut no guaranteesegard-
ing feasibility canbe given. Constraintanalysisprovidesa more accurate
mechanismio excludeorderingpossibilitiesandthereforeactsasa bound-
ing mechanism.

e Anotherboundis determinedy the numberof colorsin the strongconflict
graphSCG becausehis numberrepresents lower boundon storageal-
location. As aresultof anorderingdecisiony (SCG) canbecomegreater
thanthe capacityconstraintandan infeasibility is returnedin this case.In
this sensethe importanceof the strongconflict graphandits coloring is
emphasizedo steerthe satishctionprocess.

If acces®rderingresultsin aninfeasibility the procesdadtracksandmalkes
anotherordering.If all orderingsail, the pair of valuesis markedandthe process
restartswith another(unmarled) pair. Whenthereareno morechoicesit means
thatthereis no solutionfoundfor the satishctionproblem.

The branch-and-boundpproachis meantto guaranteghe completenessf
our approachregardlessof thetime consumedo obtaina solution. However, for
executiontime reasonshe maximumnumberof backtrackss limited by allowing
only alimited numberof branchewisited duringthe satishctionprocess.
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Figure3.14: Accessorderingof valuesu andv assignedo random-accessgis-
ters(lifetime serialization) Distanced,,,(C*, C?) > 0 excludesalreadyoneof the
orderingpossibilities.

3.9 Run-time Complexity

LetV = V(DFG), E; = E4(DFG), andN = |Y(SF)| the numberof values
assignedo a storagedile SF, with |Y(SF)| < |Eq4| < [V[. |SF;| is thenumber
of storagefiles of which constraintshave to be satisfied. The compleity of our
approachs determinedy thefollowing processes:

e Constaint analysisand distancematrix update The run-time compleity
of the executioninterval analysisis presentedn detailin [73]. The domi-
nantfactorin executioninterval analysiss the constructiorof the bipartite
schedulggraph BSG anddeterminingits irreduciblecomponentgreferto
Section2.5.1),0f which compleity is [V|* + [V|'/2.|A|, whereA is related
to the setof arcsin BSG, with |[4| < [V|*. The compleity of the dis-
tancematrix updateis determinedoy the numberof pathsthat needto be
updatedasa resultof a new sequencedge.This proceshasa compleity
of O(2L.|V|?) [50], whereL is thelateng.

o Storage file selection Storagefile selectionis performedusingthe priority
functionfrom Expressior8.2. At thebeginningof the procesghe construc-
tion andcoloring of |SF;| worst-caseconflict graphsarenecessaryor the
initial file selection. During the satisfction processstoragefile selection
hasa complexity of O(|SF;|?) sinceit usesasortalgorithm. Thechromatic
numbersy (W CCG) for eachgraphW CCG(SF;) areupdatedduringthe
process.

¢ Worst-caseconflictgraphconstructionandcoloring. For astoragdile SF,
the constructiorof WCCG takesO(N?). Thealgorithmof Couder{18] is
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usedfor exactcoloringof WCCG. This algorithmwasbuilt to exploit the
1-perfectnesproperty of mostregister allocationrelatedconflict graphs.
Coloring of 1-perfectgraphsis solvablein polynomialtime [28] and, al-

thoughthe algorithm of Coudertcannotbe boundin polynomial time, it

givesgoodresultsin practice.

e Best-caseonflictgraph SC'G constructionand coloring. The construction
of SCG alsotakes O(N?), and Couderts algorithm [18] is also usedto
obtainy (SCG).

e Bottlene& identification It usesa sortalgorithmfor the valuesassignedo
storagdile SF. Thereforejt takesO(N?) [17].

e Brand-and-bound The branch-and-boundompleity for our approach
cantake exponentialrun time. To avoid long run timesduring the experi-
mentsthe numberof backtrackavaslimited to a smallnumberik e 100.

In (mostof) thecasedn which |E,| is comparableo |V| or less theexecution
interval analysisandthedistancamatrix updatearethecritical factors.By making
a profile over theroutinesexecutedduring the storagesatistictionprocessit was
foundthatin mary casesupto 80%of thetime wasspentfor constraintanalysis.

When|E,| is muchlargerthan|V| theconstructiorandcoloringof theconflict
graphshecomedominant.

Theuseof distributedstoragdilesis expectedo performin shorterruntimes
becausehe probleminstancesresmaller

The actualcompleity of the storagesatistctionprocesds hardto calculate
sinceit dependsiot only on the numberof operationgV|, the numberof values
|Eq|, or thenumberof storagdiles |SF;|, but alsoon how tight arethe constraints
thatprunepartof theschedulingsearchspaceaeducingthetimeto find a solution.

Experimentshovedthatfor exampleswith lessthan100 operationsandval-
uesa feasiblesolutionis foundin a matterof seconds However, for somecases
a solutioncould not be found within the limited numberof backtracksallowed.
Finally, thealgorithmof Coudertis nota dominantfactorin theruntime.




Chapter 4

RegisterFiles

4.1 Intr oduction

In the previous chapterthe approachfor storageconstraintsatisfiction during
schedulingwas presented. In this chapterour approachis appliedto the case
of usingregistersin thearchitecture.

Random-acceseegistersare usedto store datathat are transferredfrom a
functionalunit to anotheracrossclock cycle boundaries.This storageis called
“random-accessbecauseary singleregistercanbeaccessedirectlyandnotnec-
essarilyin a sequentialvay like in the caseof stacksandfifos (seenext chapter).
A register file denotesa group of registerswith commonread/writeportsor ad-
dressesandit is organizedand controlledin a way that enablesthe accesgo
specificregisters.

The bestreasondor the useof random-accessegistersin anembeddegro-
cessoraretwofold. First, registersinternalto the CPU are fasterthan external
memory Secondyegistersareeasierfor acompilerto useandcanbeusedmore
effectively than otherforms of internal storagelike stacksor fifos. Moreover,
whenregistersare usedto hold valuesthe memorytraffic reducesthe program
speedsup sinceregistersarefasterthanmemory andthe codedensityimproves
sincea register can be addresseavith fewer bits thana memorylocation (the
numberof registersis alwayssmaller).

From the compiler point of view the ideal situationwould be if all registers
wereequialent(thesamesize,sameaddressingpacepndunreseredfor special
purposesHowever, mary embeddegbrocessorsompromisehis desireby dedi-
catingregistersto specialuses or partitioningthe availableregistersinto smaller
registerfiles distributed over differentpartsof the architecture.Embeddedoro-
cessorlassedhave thefollowing characteristics:

e DSPprocessorbave (distributed)special-purposeegisters)ikeadedicated
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accumulatoregister The useof special-purposeegistersis dependenbn
the instructioncontext, wherethe sourceand destinationregistersare im-
plicit in the instructioncode. This leadsto shorterdelaysin the data-path,
dueto the absenceof complex addressdecodinghardware, and less bits
requiredfor encoding. Becauseof the irregularitiesin their architecture,
compilerconstructiorfor DSPsis difficult.

VLIW multimediaprocessorfiave a moreregulararchitecturewith prefer

ably onelarge register file [30] and an orthogonalinstructionset,i.e. in

which ary register can be usedby ary instruction. This oneregisterfile

architecturehasa negative impacton power consumptioncodesize (of-

tenmorethan50% of the instructionbits in VLIW processorareusedfor

register addressing)and clock frequeny comparedto architectureswith

distributedregisterfiles. Thereforethetendeng is to partition theregister
file into anumberof smallerfiles [22]. Theaim of file partitioningis to in-

creasdhe overall bandwidthby providing multiple pathsbetweerregisters
andfunctionalunits. However, this hasthe major dravbackof increasing
the compleity of the compilerrequiredto performregisterallocationonto
aheterogeneousgisterspacesincenotall directcommunicatiorbetween
functionalunitsandregisterfilesis provided.

Due to the objectvesof ASIP designnamelysmall codesize, low power
consumption,and high performance ASIPs can have architectureswith
highly irregular data-pathsndrelatively few registers,which arefar from
anideal compilertarget. Dueto thelarge overheadn scheduldengthand
codesize of compilergenerateccodewhencomparedo hand-writtenas-
semblyfor ASIPs,thereis anurgentneedfor compilationmethodghatcan
dealwith suchirregulardata-paths.

For theseclasseof embeddegrocessorshe samecodegeneratiorproblem

arises:performingschedulingandregisterallocationfor capacitylimited register
filessuchthatpotentiallyseveretiming andresourceconstraintsarealsosatisfied.

This chapterpresentsthe capacitysatishction processconsideringregister

files asshowvn in Figure 3.3 (repeatedor corveniencein Figure4.1). Therules
to constructconflict graphsfor valuesassignedo registerfiles aregivenin Sec-
tion 4.2. Lifetime serializationasvalue accesorderingis describedandsome
relatedheuristicsarediscussedn Section4.3. A techniquecalledvaluemeging
to improve the accurag andperformanceof the satishctionprocesss presented
in Section4.5. The lower boundof the registercountestimatedo steerthe sat-
isfactionprocesss alsodiscussedanddifferentlower boundapproachearede-
scribedin Section4.6. The experimentakesultsto test,compareandvalidatethe
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Figure4.1: Approachfor registerfile constraintsatishction.

heuristicsandtechniquegproposedarepresentedn Sectiord.7. Finally, capacity
satistctionfor rotatingregisterfilesis consideredn Sectior4.8.

4.2 Constructing Conflict Graphs

The worst-casédV CCG(RF) andthe best-caseSCG(RF') conflict graphsare
constructedasedn specificrulesfor accessingaluesassignedo random-access
registerfiles. Theaccesgonflictrulesarepresentedn the following section.

4.2.1 Conflict Rules

Considervaluesu and v producedby operationsP* and P and consumedby
C* and C" respectrely. Prod“ andProd” representhe productionsof « and
v respectirely, while Cons” and Cons® representheir consumptions.For loop
foldedcasesinstances:; andv; correspondo valuesu andv in iterationsi andj
respectiely.

Thefollowing propositionsconsiderthe loop folded casesn general.For the
non-foldedcasesimply consider// = L and: = j =k = 0.

No conflict

Valuesu andv have no conflictif dueto the orderof theiraccessetheir lifetimes
can never overlap. Thereis no overlap betweenvaluesu andwv if andonly if
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Figure4.2: Valuesu andv (a) have no conflict, (b) have a strongconflict.

thelifetime of v is exactly containedn the interval betweerntwo successie loop
iterationlifetimes of u. Thisis depictedgraphicallyin Figure4.2aandcaptured
by the following proposition:

Proposition4.1 Valuesu andv havenoconflictif andonlyif there existiterations
i andj sudthatd(Consy, Prod}) > 0 andd(Consj, Prod;) > —I1.

This correspondso the situationthata consumeioperationof onevaluepre-
cedeghe produceroperationof the secondvalueby at leastzeroclock cycles(a
valuemaybereadandsubsequentlpverwrittenin the sameclock cycle).

Becausehe distancematrix is usedfor checkinga conflict, the equivalent
Propositiord.2is derived.

Proposition4.2 Valuesu andv haveno conflictif there existsk € N sud that

m(C P +5(PY) =1 > kxII and

d >
dm(CV, PY) +6(PY) =1 > —(k+1) x IT

Strong conflict

Valuesu andv have a strongconflict if dueto the orderof their accessegheir

lifetimesoverlapfor sure.Thereis anoverlapbetweervaluesu andw if andonly

if the lifetime of v cannever be exactly containedin the interval betweentwo

successielifetimesof u. Thisis depictedgraphicallyin Figure4.2bandcaptured
by thefollowing proposition:
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Proposition4.3 Valuesu and v havea strong conflictif and only if there exist
iterationsi andj sud thatd(Prod;, Cons}) > 1 andd(Prody, Cons;’) > 1.

This correspondso the situationwherethe produceroperationof eachvalue
precedeshe consumepperationof the otherby atleastoneclock cycle.

Becausehe distancematrix is usedfor checkinga conflict, the equivalent
Propositiond.4is derived.

Proposition4.4 Valuesu and v havestrong conflictif there existsk € N sud
that

dm(P¥,C%) — 6(P*) > kxII and
dm(P?,C%) — §(PY) > —kx II

Weak conflict

Thereis aweakconflictif conditionsof Propositiongt.2and4.4 arebothinvalid.

For the constructionof WC'CG two valueshave aworst-caseconflict if they
simply do not have ano conflict situation,i.e. the conditionfrom Propositiord.2
is invalid. Thisis becauséV C'CG includesweakandstrongconflicts. For SCG
the conditionfrom Propositior4.4is directly applied.

Considerthe exampleof Figure4.3awithout folding. The executiondelayof
the operationds oneclock cycle. Thereis no conflict, e.g. for valuesa ande,
sincetheir lifetimes arealreadyserialized;a strongconflict, e.g. for valuesb and
¢ in the clock cycle that operationD executes(both valuesare consumedht the
sametime); and a weak conflict situation,e.g. for valuesb ande. If operation
E precedeoperationD by at leastone clock cycle lifetimes of b ande overlap
(have a strongconflict), otherwiseb ande will have no conflict. Sinceit is notyet
determinedvhetheror not E preceded), b ande have aweakconflict. Theworst-
andthebest-caseonflictgraphsareshownn in Figures4.3band4.3crespectrely.

4.3 Lifetime Serialization

Following the bottleneckidentification (seeFigure 4.1), valuesu andv are se-
lectedfor lifetime serialization.

4.3.1 Heuristic of the minimum sacrificeddistance

Lifetime serializationcanoften be performedin morethanoneway. At a glance
a serializationdecisioncan be basedon sacrificingthe leastpossibleschedule
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Figure4.3: Exampleof (a)a DF'G, (b) its worst-caseonflictgraphW CCG, and
(c) its strongconflict graphSCG afterconstraintanalysisandvaluesassignedo
random-acces®gisters.

freedomaspresentedn [3, 51]. Whenlessscheduldreedomis sacrificed,more
is the chancefor subsequergerializationgo be performed,andeventuallyother
constraintsatisaictionprocessesanexploit the remainingfreedomtoo.

Consideringa non-foldedcaseand executiondelaysof oneclock cycle, life-
time serializationof v and v (with a weak conflict) can be donein two ways:
C* — PY or C* — P*. Sometimeghe constraintaresuchthatconstraintanaly-
sisis ableto excludeoneof thesepossibilities.If thisis notthe casea heuristic
shouldbe applied.

Letz = d(C*, P?) andy = d(C?,P*). z < 0 andy < 0, i.e. theweakconflict
situationin which serializationof lifetimes of v andv canbe performedin two
ways. Making a decisionis to increaseeitherx or y to zero. The leastschedule
freedomis sacrificedwhenthe smallestincrementis made thereforef |z| < |y|
thenorderingC* — P? is performedptherwiseC’ — P*.

Considerthe exampleof Figure4.4. This examplehasa lateng of four, a
registerfile with capacityof two registers. The distancematrix is alsoshown in
4.4h The initial worst-caseconflict graphis illustratedin Figure 4.4c and has
a chromaticnumberof three. From the list of possiblecandidatesvith highest
saturationanddegreenumbersin WCCG, supposeedge(b, e) is selectedo be
reduced.Thereforelifetime serializationb — e will be performed.In thedistance
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Figure 4.4: Heuristicof the minimum sacrificeddistance. (a) DFG, (b) initial
distancematrix, (c) WCCG with x(WCCG) = 3, (d) serializationof valuese
andb throughorderingD — E, (e) WCCG with x(WCCG) = 3 afterordering
D — E,and(f) WCCG with x(WCCG) = 2 afterorderingG — A.

matrix: x = d,,,(C%, P¢) = d(D, E) = —2 andy = d,,(C¢, P%) = d(G, 4) = -3.
In this casejz| < |y| (| — 2| < | — 3]), andthe decisionwould be to insertthe
sequencedgeD — F (Figure4.4d)in orderto looseonly two clock cyclesof
scheduldreedom.However, looking at the conflict graphin Figure4.4ethereis
still a requiremenbf threeregisterssincex(WCCG) = 3, having the necessity
to repeatthe processafterwardsandinsertanothersequencedgeF — FE. The
decisionof serializinglifetimes of e andb with the insertionof sequencesdge
G — A is moreeffective, astheresultingconflictgraphin Figure4.4f shows.

In conclusionjf ary lifetime serializations possibleJooking only attherela-
tive distancedetweerproductionandconsumption®f the correspondingalues
yieldsunclearresults.

4.3.2 Serialization method

Consideringthe factthatin the loop folded caseoneiterationof valuev canbe
scheduledn betweerary othersubsequeriterationsof valuew, it is necessaryo
find out the possible“places” wherevaluev canfit without infeasibility, i.e. the
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gapsbetweeny iterationswherev canbe scheduled.

It is tried to serializelifetimes of v andwv by fitting instancek of v between
instances + ¢ andk + ¢ + 1 of u asdepictedn Figure4.5. ¢ is thustherelatve
iterationdifferencebetweennstance®f v andv beingserialized.

To put Cons}, beforePrody;,, a sequenceedgewith weight zerois intro-
ducedfrom Cons), to Prod;_,. ;. To preventa positive weight cycle between
operationswhich resultsin an infeasiblesituation(seeSection2.5.4), the dis-
tancefrom Prod},;,, to Cons; shouldbelessthanor equalzero,resultingin the
following inequality:

d(Prody ., Consy)

IA
o

Expr. 2.2: d(Prod“,Cons”) — (k+i+1—k) x II

IN

0

d(Prod*, Cons”)

IN

(i+1) x II

d(Prod“,Cons”) 1
II

IN

IN

d(Prod*,Cons")
’V OIIOS -‘_1

{d(Prod“,IcI:onsv)—lj <

Finally, usingExpressior2.5we obtain:

{dm(P“,C;’I)—é(P“)J < (4.1)

This expressiorgivesthelower boundof ;.

Similarly, to put Consj,_; beforeProd;, a sequence&dgewith weightzerois
introducedfrom Cons;;,; to Prod;,. To preventa positive weight cycle between
operationghe distancefrom Prodj, to Consj,, ; shouldbe lessthanor equalzero
resultingin thefollowing inequality:
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Figure4.5: Lifetime serializationof valuesu andw. i is boundby inequalities4.1
and4.2.

d(Prody, Consy,;) < 0
Expr. 2.2: d(Prod’,Cons*) — (k — (k+1¢)) x IT < 0

ixII < —d(Prod’,Cons")

—d(Prod?,Cons*)
11

. —d(Prod?,Cons")

P [t

Finally, usingExpressior2.5we obtain:

7 (4.2)

This expressiorgivesthe upperboundof ;.

For non-foldedcasesmaking /7 = L in Expressiongt.1and4.2: cantake
valuesof minusone (orderingin which the lifetime of valuev will precedethe
lifetime of u) or zero(thelifetime of v will succeedhelifetime of u).

;< {—dm(P”,C“) +8(PY) — IJ
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Performing lifetime serialization

With a known relative iterationnumber;, lifetime serializationis performedwith
sequencedges:

Cons" — Prod”": w(C* P’)=ixII—46(P’)+1
Cons” — Prod": w(C",P*)=—(i+1)xII-06(P¥)+1 (4.3)

Thevalueacces®rderingstartsto serializelifetimesof v andv with themini-
mumvalueof i (from Expressiort.1)insertingtwo sequencedgesusingExpres-
sion4.3. If constraintanalysisor the lower boundcheckingdetectinfeasibility as
aresultof this choice,: is incrementedandanotherserialization(in anothergap)
is tried. If all possiblevaluesof i leadto infeasibility, serializationof v andwv is
discardecandanothermair of valuesis choserto repeatheprocess.

4.4 A Folded-CaseExample

To illustratethis procesghe examplein Figure4.6 is used. This examplecom-
prisesresourceconstraintse.g. A — D meansthat operationA hasa resource
constraintith D andthey cannotbescheduledn thesameclock cycle,alateny
of seven,aninitiation interval of two, andaregisterfile RF with capacityof four.
As explainedin Section2.3.3,thelateny andtheinitiation interval constraintare
expressedn thedataflow graph,asseenin Figure4.6a.Theresourceconstraints
arealsoexpresseavith sequencedgef weightsoneandthree(w = k x IT+1)
[50]. Theinitiation interval constraints alsoexpressedvith precedencedgesof
weightminustwo betweerconsumeandproduceroperations.

The distancematrix after constraintanalysisis shavn in Figure4.6b, while
theinitial worst-caseconflict graphis in Figure4.6c. The coloring of this graph
resultsin achromaticnumberof six, i.e. six registersrequired whichis morethan
theavailablecapacityof theregisterfile.

Following themethodin Section3.6.1supposedge(a, ) in WCCG is iden-
tified asbottleneck. « and e are thereforecandidatedor lifetime serialization.
UsingExpressiongl.1and4.2for distancesl,, (A, F) andd,,(E, C) respectiely
(with v = @ andv = e andexecutiondelaysof one clock cycle), i is equalto
one. Therefore following Expressiord.3 the lifetime serializationprocesswill
insertsequencedges” — E with weightof two clock cycles,andFF — A with
weightof minusfour clock cycles. Figure4.6d shavs the sequencedgesadded
in the dataflow. Constraintanalysisthenreduceshe schedulefreedomto zero
and updatesthe distancematrix. The worst-caseconflict graphis alsoupdated
(Figure 4.6e),andthe new chromaticnumberis four which satisfiesthe storage
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Figure4.6: Constraintsatishctionfor a folded-casda) initial DF'G, valuesare
assignedo RF with ¢(RF) = 4, (b) distancematrix, (c) initial WCCG with
x(WCCG) = 6, (d) lifetime serializationa — e, (e) updatedWCCG with
x(WCCGQG) = 4, and(f) final scheduleandregisterassignment.

constraint. As a resultthe schedules fixed asdepictedin Figure 4.6f, andthe
registerconstraints satisfied.

4.5 Value Merging

In Section3.5.1the characteristicandlimitationsof the worst-andthe best-case
conflict graphswere presented.However, in mary casesthe following can be
obsenred. Look at the exampleof Figure4.7a. Valuesa andb could occupy the
sameegisterbetweers(A) ands(D). They canbeconsideredsasinglevalueab.
The advantages visible in the conflict graphsof Figures4.7eand4.7f: thereare
lessverticesandmoreaccurateboundswhich improve theaccurag of thegraph
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Figure4.7: Exampleof thelimitationsof WCCG andSCG andtheusefulnessf
valuememing. (a) DFG, (b) the correspondingV CCG with x(WCCQG) = 2,
(c) the correspondingSCG with x(SCG) = 1, (d) a meging of valuesa and
b in ab, (€) thenew WCCG with lessverticesand x(WCCG) = 2, (f) amore
accuratdower boundwith x(SCG) = 2.

coloring. Therefore the valuemeiging techniques usefulin the constructionof
worst-andbest-caseonflictgraphs.

Valuememing will selecta chainof values. All valuesin the chainarethen
consideredhsasinglevaluebeingproducedy the produceroperationof thefirst
valueandconsumedy theconsumenpperation(spf thelastvalue. Thereasoning
behindmeming is that the melgedvaluescanbe mappedonto a single register
However, mewging of valuesatthis stagedoesnot necessarilymply thatall values
in a chainwould be assignedo the sameregisterat the end of the final storage
allocationprocess.

With valuememging thenumberof verticesin theconflictgraphdgs less,it sim-
plifies graphconstructiongcoloring,andhencespeedsip the capacitysatistction
processMoreover, asseenin Figure4.7 the obtainedower boundis two (which
is thetightest).With thatlower boundresultthe capacitysatisbctionprocesscan
be stoppedbeforeit tries unsuccessfullyto serializea — ¢ or ¢ — b in orderto
satisfythe capacityconstraintof oneregister whichis in factinfeasible.

In orderto performmeming efficiently andin a conserative way, the follow-
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Figure4.8: Becausehe lifetime of valuea overlapswith its successovalueb, a
andb cannotbe meged.In this caseyvaluec canbe partof the chainaftera.

ing issueshave to betakeninto account:

Valuesarememgedonly with othersassignedo the sameregisterfile.

To obtainlong chainsof memgedvalues(with longerlifetimes)thefirst val-
uesshouldhave the earliestproduction,which correspondso the earliest
ASAP of their produceroperations.To breakties amongvalueswith the
earliestASAP, theearliestALAP is used.

Next valueto meige is a direct datasuccessoof the previous one,i.e. it
mustbe producedby an operationthat consumeshe previous value. Oth-
erwise,somelifetime “gaps” canbe introducedwhich will not be detected
andexploitedfor serialization.If thereis morethanonesuccessothevalue
selecteds the onewith the earliestconsumptionj.e. the earliestALAP of
its consumepperationsThisis to obtainalongerchainof megedvalues.

In additionto the previousitem, if the consumemoperationof thelastvalue
in the chain hasan executiondelay longerthan one the memging process
stopsfor the currentchain,sincea shortvaluelifetime couldfit in the gap
createdby the operationexecutiondelay

Consideringnultiple consumptiorof valuesthelifetime of thelastvaluein
the chainmustnot overlapthe lifetime of the valuecandidatdor memging,
seeFigure4.8.

In loop folded casesvalue memging cannotbe directly applied. Valuesto be
meiged mustnot overlapin successie iterations. Also, value meging canadd
undesirablyin theregistercount. SeeFigure4.9,thedecisionof meging valuesa
andb addsanextraregisterrequirementasseenby comparingheconflictgraphs
without andwith valuemerging in Figures4.9band4.9crespectiely.
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Figure4.9: An exampleof valuemeging in aloop folded case.(a) A dataflow
graph(assumingl,,(B, D) = 2, d,,(D, F) = 2, andd,,(C, E) = 2). (b) Initial
W CCG withoutvaluemegingwith x(WCCG) = 2. Valuess andb aremerged,
valued is notconsideredecausét hasa conflictwith a in the next iteration. (c)
ResultedV CCG aftermeging, x(WCCQG) = 3.

Oneway to avoid this problemis to createchainswith fixed lifetime of 11
clock cycles,whichis difficult to find whenthe lifetimesarenot fixedyet.

Anothersolutionis to unroll the loop first [40], createnew (unfolded)values
andapplyvaluememing asin the non-foldedcase.This is shavn in Figure4.10.
Notethatunfoldedinstance®f thesamevaluecanbemappedo differentregisters
oncetheloopis unroll (asc andc; or abd andabd,).

A third solutionis the useof rotatingregisterfiles, a hardwaresolutionthatis
presentedn Section4.8.

Toillustratetheefficiency of valuemerging,look now attheexampleof Figure
4.3repeatedor corveniencean Figure4.11. After applyingvaluemerging in the
dataflow graphthe new valuesareb, e, andthe chainacdf. The conflict graphs
from Figures4.11band4.11cconsistonly of threevertices,and have the same
chromaticnumbersascomparedo the onesfrom the graphsof Figures4.3band
4.3c.

4.6 Lower Bound RegisterEstimation

As apartof thesatishctionprocesshavnin Figure4.1alowerboundof thenum-
ber of registersis determinedhroughthe coloring of a best-caseonflict graph
SCG(RF) (x(SCGQ)).
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Figure4.10: Valuemeging for afoldedcase.(a) Thedataflow graphwith values
unfolded In this caseit is possibleto memge instancesf valuesa, b andd. (b)
C( afterunfoldingandmeging with x(CG) = 2.

4.6.1 The importance of a goodlower bound

A lower boundviolation determinesaninfeasiblecasen the satisactionprocess.
Whenthisviolationis detectedqust beforethe processio solutioncanbefoundto
the schedulingandregisterallocationproblem,andno time is consumedMean-
while, if thisis detectedduringthe satishctionprocessa backtrackis initiatedto
undothe previous lifetime serialization(s). The sooneran infeasiblecaseis de-
tectedthe fasterthe solution spaceexploration,andthe betterthe chanceto find
a solutionin shorttime. Therefore,it is importantto find an astight aspossible
lower bound.

For example, look at the dataflow graphof Figure 4.12a. This graphhas
a lateny of five, and valuesare assignedo a register file RF' with capacity
¢(RF) = 2. Theworst-caseonflictgraphis shovn in Figure4.12b,andits chro-
maticnumberis x(WCCG) = 4. Therefore somelifetime serializatiorhasto be
performed.The best-caseonflict graphin Figure4.12chasa chromaticnumber
of x(WCCG) = 2, which allows the satisactionprocesgo continue.However,
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Figure 4.11: Resultingconflict graphsafter value meging. (a) A non-folded
D FG with megedvalues|(b) its WCCG with x(WCCG) = 3, and(c) its SCG
with x(WCCG) = 2.

it is easyto verify thatin the bestcasethe minimumregisterrequirements three.
If thiswould be detectedhat the beginningof the processaninfeasiblecasewould
bereturnedsaving time.

Valuememing helpsto improve the best-caseonflict graphsandtheir color-
ing to find tighter lower boundslik e in the exampleof Figure4.7. Nevertheless,
value memging cannotalways be applied. From the exampleof Figure 3.7, re-
peatedor corveniencen Figure4.13,it is shovn thatno valuemerging canbe
performedand the lower bound obtainedcontinuesto be inaccurate. Thusthe
needof abetterlower boundestimationapproachs obvious.

4.6.2 Lower bound registerestimation over time intervals

Ohmin [59, 60] andSharman [71] presensimilar approacheaimedat estimat-
ing lower boundsof hardware resourcesieededo implementa behaioral de-
scriptionwithin agivenamountof time (lateng). Theregisterestimations based
on the principle thatif N objectsaredistributedover K slots, at least| N/ K|
objectsareassignedo the sameslot within thoseK slots.

Theweightof thevaluev denotedby W, representshe minimumlifetime of
v, i.e. thenumberof clock cyclesw is guaranteedb bealive afterbeingproduced.
If the weightof the valueis determined)_ M,  is computedfor eachinterval



4.6. LOWERBOUND REGISTERESTIMATION 79

(@) (b)

Figure4.12: A casein which a tight lower boundis important. (a) DF'G with
valuesassignedo registerfile RF', (b) WCCG with x(WCCG) = 4 (b) SCG
with x(SCG) = 2, whenthetightestlower boundis three.

Z, where M, 7 is the portion of valuev’s lifetime guaranteedo be includedin
interval Z, takenoverall possibleschedules.

Since) M, 7 is the numberof registersrequiredfor interval Z,
[(3>-, My z)/|Z]] representshe minimum numberof registersrequired,i.e. the
lower bound. This is computedor all intervals Z C [0, L — 1] to obtainatighter
lower boundandthenselectits maximumaslower boundof theregistercount.

In orderto optimize his approach,Ohm appliesfanoutreductionand value
meiging. Fanoutreductionconsidersonly the latestconsumerof the valueand
is usedto gainin performance Valuememing is usedto refinethe lower bound
having longerlifetimes.

For theaim of this work, I, is easilyfound asthe maximumdistance(taken
from the distancematrix) betweerthe producerandthe consumepperations.

Ohmrefinesthe registerestimationto geta tighter lower bound[60]. In that
case the maximumnumberof valueswhich canbe active during somesteps is
restrictedto theinitial lower bound. Therefinedalgorithmconsistsof tentatvely
schedulethe produceroperationof eachvaluein its ASAP clock cycle. Then
updatethat decisionin the whole dataflow graph,andcheckif the lower bound
is alteredwith thattentatve decision.If thelower boundis altered the execution
interval of the produceroperationis refinedexcludingtheinitial schedulingpoint
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Figure 4.13: No value memging can be performed. (a) DFG, (b) SCG with
x(SCG) = 2. Theminimumrequiremenbf registersis three.

assumed.After that the tentatve schedules undone. The sameis appliedfor
thevalueconsumenpperationsut consideringheir ALAP executiontimes. After
adjustingthe time framesfor every value,if thereis aninfeasiblecasecausedy
the pruningof the executionintenals, i.e. whenthe ASAP of someoperationis
greaterthanits ALAP, the assumedower boundis incrementedandthe process
continueauntil thereis no variation.

4.6.3 Registerestimationusing probabilities

Morenoin [55] present& methodfor registerestimationn unscheduledataflow
graphs. The stratgy consistsof calculatingthe probability that an edge(value)
betweentwo vertices(operationsgrossesheboundarybetweertwo controlsteps
(clock cycles). Themethodis basedon a modelthatassociateprobabilitieswith
thedifferentschedulingalternatvesof eachvertex.

Assumingin this casea mappingfrom operationsto resourcesthe method
startsby calculatingthe probability for eachoperationOp to be executedin a
clockcycle s.

The M azimum_Concurrence(Op, s) is the maximumnumberof operations
similar to Op (including Op itself) which will concurfor the samefunctional
unitin clock cycle s. Thisis calculatedasthe total numberof the corresponding
operationexecutionintervalsthatoverlapin clock cycle s.

Probability(Op, s) is the probability of an operationOp beingscheduledn
controlsteps andis calculatedasfollows:

. Normalization_Factor(Op)
Probability(O =
robability(Op, s) Mazimum_Concurrence(Op, s)

wheres € [ASAP(Op); ALAP(Op)], otherwiseProbability(Op,s) = 0. The
Normalization_Factor(Op) is givenby:
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1

Normalization_Factor(Op) = ALAP(Op)
1

Z Mazimum_Concurrence(Op, s)

s=ASAP(Op)
ALAP(Op)
sothat Z Probability(Op, s) = 1.
s=ASAP(Op)

The probability of a valueu producedby operationP* andconsumedy C*
of beingalive betweenthe boundaryof control stepss; ands; + 1 is the sumof
probabilitiesof P* beingscheduledn stepsbeforeandincludings; multiplied by
the probabilityof C* beingscheduledftersteps;.

Probability_Value(u, s;) =

Si ALAP(C%)
Z Probability(P*,s) | x Z Probability(C", s)

s=ASAP(Pv) s=s;+1

This approacHacksaccurag thatdependsn obtaininga tighter measureof
Mazimum_Concurrence.

In orderto comparehedifferentmethodspresentedincludingthecoloringof
thebest-caseonflictgraph),Sectiord.7.2shavs theresultsobtainedoy applying
thesemethodsn agroupof examples.

4.7 Experimental ResultsUsing FACTS

This sectionpresentghe experimentalresultsobtainedwith the proposedtapac-
ity satishictionmethodandheuristicsimplementedn FACTS for random-access
registerfiles.

Theaim of the experimentan Sectiond.7.1is to comparetheregisterfile se-
lectioncriteriadescribedn Section3.4. Thesecondsetof experimentsn Section
4.7.2teststhe differentlower boundregister estimatorsfrom Section4.6, con-
sideringthe memging of values.Section4.7.3presentghe resultsof the capacity
satishctionapproachappliedto tight constrainedapplicationexamples.Finally,
Section4.7.4 presentghe capacitysatistction resultsusing value meiging and
symmetrydetection.

All experimentswvererun on a machinewith a Pentiumll processorunning
at350MHz.

Instance®f thefollowing exampleswereused:
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A fastdiscretecosinetransform(fdct) usedin [73].
A fastFouriertransform(fft) usedin [50].

A finite impulseresponsdilter kernel(fir ) foundin [21] andtranslatedrom
C to adataflow description.

An inversefastFouriertransform(ifft ) generatedby Mistral2[79] at Philips
Researcliaboratories.

An infinite impulseresponsdilter kernel(iir ) alsofoundin [21] andtrans-
latedfrom C to a dataflow description.

A Loeffler algorithmthat performsanone-dimensionahversediscreteco-
sinetransform(loef) from [48].

A loop body of anindustrialexample(loop) that combinesa fast Fourier
transformwith differentialmodulation[34].

Instancesof eachof theseexamplesdiffer in the numberof resourcesand

timing constraintsThe characteristicef theexamplesareshovn in Table4.1.

In thefirst columnof the tablethe examplenamesarelisted. The secondand

third columnsshow the numberof vertices(operationsyanddataedges(values)
respectiely of the correspondinglataflow graphs.

|F'U| is areferenceof the availableinstructionlevel parallelismor functional

units, e.g. ‘1’ meanghe availability of oneadder onemultiplier, oneload/store
unit,’2’ meanghattheinitial numberof functionalunitswasdoubled,andsoon.
|SF| is thenumberof storagdiles of which capacitiehave to be satisfied.

Thelateny L shavn in the sixth columnis the minimum obtainablewith the

setof resourceanddataprecedenceonstraints.

Finally in thelasttwo columnstheminimumobtainablanitiation intervalsare

showvn. Iy corresponds$o the caseghatuserandom-accessegistersor stacks,
while 1Tz correspond$o the caseghatuserotatingregistersor fifos asstorage.

4.7.1 Experimentswith registerfile selectioncriteria

Table4.2 shavstheresultsof usingtwo differentcriteriafor registerfile selection
during capacitysatistction. Thetwo criteriawerepresentedn Section3.4. The
exampleinstancegonsideredherearethusthe oneswith distributedregisterfiles.

The first column of the table shawvs the instancenamewith the associated

resourceandtiming constraints The secondcolumnshaows the minimumregister
file capacities: (c(RF')) obtainedwith the capacitysatisfictionapproachusing
ary of thefile selectiormethods.
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Table4.1: Examplecharacteristics.

DFG | |V| | |E4| | |[FU| | |SF|| L | IIg | IIgg |

fdet | 42| 34 1 1,2 118| - -
2 11| - -
4 8| - -
fft 30| 37 1 12 13| 4 4
2 11| 3 2
fir 16 | 11 1 1 6| 3 3
2 - 2
3 - 1
ifft 73| 75 1 12 | 36| 26 | 26
2 23| 14 | 14
iir 27 | 21 1 1 9| 4 4
2 - 2
4 - 1
loef | 46 | 48 1 3 |28 - -
2 15| - -
4 10| - -
loop | 30 | 26 1 1 (11| 4 4
2 7| 2 2

The third column presentghe resultsof the static storagefile selection,i.e.
selectindfirst thefiles with the highestpriority from Expressior8.1. Thecapacity
satishctionprocesss oncefor eachregisterfile until reachingts goalfor thatse-
lectedstoragdile. After that,anotheffile with high priority is selected Thethird
columnis dividedin two, onesub-columnindicatingif a solutionwasfoundand
the othersub-columnndicatingthetime in secondspentto obtainthe solution.

The fourth column presentghe resultsof the dynamicstoragefile selection,
i.e. alternatingthe file selectionduring the processby taking eachiteration a
storagdile with thehighestpriority from Expressior8.2. Thiscolumnalsoshovs
the casesn which asolutionwasfoundandthetime requiredto find the solution.

The branch-and-boundatistction processwas setto work with a limited
amountof backtrackgup to 100). That meansthatif the numberof backtracks
hasreachedhelimit aninfeasiblecaseis returnedandno solutionis found.

Evaluatingtheresultsfrom Table4.2it is obsenablethatin mostof the cases
the approachusing the dynamicfile selectionperformedbetterin finding solu-
tions,andin a comparabldime for casesvhenboth heuristicsfound a solution.
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Table4.2: Registerfile selection.

Expr 3.1 Expr. 3.2
DFG py sei,par | ¢ | found?| ¢(s) || found?] #(s)
fdct 2,18, 8,2 no - yes | 0.87
fdctg 211, 6,2 yes | 0.59| yes |0.45
fdctyos,— 8,4 yes [0.18| yes |0.17
fft1213, 1,4 yes | 0.10|| yes | 0.09
ﬁt1’2,13,4 4,6 yes 0.24 yes 0.24
ﬁ.t2’2,11 2,4 yes 0.08 yes 0.08
ffto2,11,3 6,6 yes | 0.31| yes |0.22
iﬁ.t1,2,36,_ 54 no - yes 2.43
ifft; 2 36,26 4,5 yes [8.40| no -
iffty 2 93, 4,4 no - yes | 3.40
iffto 2 93,14 6,4 no - yes | 4.63
loef 398 46,8 no - yes | 1.85
loefy 3 15— 4,2,8|| yes |1.24| yes |1.30
106f4,3’1()’_ 3,5,8 no - yes 0.52

Theapproachusingthestaticfile selectioncouldnotfind a solutionin 40%of the
casegwithin thelimited amountof backtracksallowed).

In conclusionthe effectivenes®of thedynamicselectionplusits cheapercost
(only by reusingthechromaticnumberdrom theworst-caseonflictgraphs) have
motivatedits usagen the capacitysatisaictionprocessgor distributedstoragdiles.

4.7.2 Comparison betweenlower bound algorithms

Anothersetof experimentsvasrunin orderto compareheaccurag of thelower
boundestimationapproachepresentedan Sectior4.6.

Table4.3shownstheobtainedresultsprior the schedulingandsatisactionpro-
cess(whenthe mostschedulingfreedomexists), and consideringnstanceswith
oneregisterfile andnonfolded cases.For loop folded caseghe algorithmsap-
plied presentelatively similar resultsin relationto thenon-foldedcasesFor each
approachwo situationsareconsideredwithout andwith valuememging.

Following the column with the instancenamesand constraintsthe second
column shaws the tightestlower bound (feasibleminimum capacity)found by
obsenationin small examplesor by runningthe capacitysatishctionapproach
withouttime limitation, i.e. allowing the branch-and-boundlgorithmto run asit
wasnecessaryo find asolution.
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Table4.3: Comparisorof lower boundapproaches.

x(SCG) Intenals Probabilities
DFGpyy, s, 1) || tightest| orig. | meg. || orig. | mew. || orig. | mem.
fdcty 115 9 [ 2] 2 | 2] 2 | 10] 10
fdetoy 1 7 | 2] 2| 4] 4| 9] 9
det4,1,8 8 8 8 8 8 10 10
s 5 | 2] 4 | 2] 4 | 6 5
o1 11 6 | 2| 4| a| 4| 6] s
fir, 1 6 3 | 2] 2 | 3] 3 | 4 4
ifTt, | 26 7 3] 3 [ 3] 3 |12] 9
ifFts 1 2 7 | 3| 6 | 4| 5 |11] 10
firs 1o 5 [ 2] 3 | 3] 3 | 6 6
loop, ; 13 5 4 4 4 4 8 8
loopy ; 7 7 4 7 5 7 9 9

Thefirst resultscorrespondo the exactcoloring of a best-caseonflict graph
SCG(RF). Thesecondnesaretheresultsof applyingOhm’s algorithm[59, 60]
(from Section4.6.2),andthe third correspondo apply Moreno’s algorithm[55]
asdescribedn Section4.6.3.

Table4.3shavsthatthecoloringof SCG andOhm’salgorithmpresensimilar
results,oftenlower thanthe tightestlower bounds.Thoseresultswereimproved
whenvalue meging was applied,which indirectly reduceshe schedulingfree-
dom. Moreno's algorithm basedon probabilitiesobtainedpoor resultsas lower
bound.In mostof the caseghe estimationobtainedwasgreaterthanthetightest
lower bound.

Due to the small differencebetweenthe resultsusing coloring of SCG or
usingtheapproactof Ohm,thegenerabpplicabilityof SCG, andin orderto keep
concordancdetweernmethodsof finding bounds the usageof best-caseonflict
graphswaspreferredn the satishctionapproaclpresentedn this thesis.

4.7.3 Experimentsfor registerfile capacity satisfaction

To evaluatethe proposedcapacitysatishiction method,it wasappliedto the ex-
amplesof Table4.1,andtheresultsareshovn in Table4.4. This tableshavs first
theresultsobtainedby the resourceconstrainedgschedulefrom [75] followed by
agraphcoloring basedegisterallocationandassignmentc,., is the capacityof
the registerfile requiredafter scheduling.t(s) is the CPUtime in secondspent
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Table4.4: Resultsof proposednethodfor random-accesegisterfiles. Capacity
satishctionversusschedulingandallocationa posteriori.

Sch.& Alloc. Capacitysatishction

DFGipy | srioa1 | creq | t) || ¢ | t(s) [ mobility

det1,1,18,— 10 0.34 9 0.75| 9.52— 0.17
fdety,y 11 - 8 | 039| 8 |0.87|290-0.07
fdcty s, 10 | 021 8 |0.20|0.76—0.24
Fdcty 0,15, 84 | 034 82 | 087|952 0.71
fdctos - 6.4 | 0.39|| 6,2 | 0.45| 2.90— 0.31
fdctsog, 10,41 0.21 | 84 |0.17| 0.76— 0.24
ity ss, 5 [006] 5 |011]3.17—223
ﬁt1,1,13,4 10 0.11 10 0.12| 2.30— 0.00
fftg,l,ll,_ 6 0.06 6 0.11| 2.17— 1.33
fFto ) 11 4 15 | 0.12 | 12 |0.12|1.20—0.23
ﬁ.tl,g,l:.;,_ 1,4 0.05 1,4 0.09| 1.90— 0.73
Ft 15194 46 | 0.10| 4,6 |0.24|2.30— 0.00
o1y 44 | 0.05| 2,4 | 008|217 1.23
fto1r s 87 | 012 6,6 | 0.22| 1.20- 0.23
iﬂt1,1,36,_ 13 1.82 7 2.84]1 13.9—1.12
iﬁ.tl,l,gg,gg 13 3.39 8 556| 13.9—1.21
iﬂt2,1,23,_ 11 1.69 7 1.79| 6.34— 0.86
iffto, 1 95,14 10 | 271 | 10 |3.42|6.30—0.82
ity 0,56, 78 | 1.80 | 54 |2.43|13.95 1.25
ifFty 5,56 96 7.8 | 338 55 | 4.06| 13.9-5 1.23
iffty g 05 6,6 | 1.68 | 4,4 | 3.40|6.34— 0.82
iffty,.05.14 6,6 | 2.70 | 6,4 | 4.63| 6.30— 0.48
Toef 3.0, 8,89] 0.95] 4,6, 1.85| 14.4— 1.61
loefs 3 15, 8,8,8| 0.75 || 4,2,8| 1.30| 6.11— 0.32
loefs 3 1. 8,8,8| 0.67 | 3,58| 0.52| 2.43—0.20
100D, 1 11 9 |005| 5 |0.13] 440167
100D 1 11 4 12 | 014l 10 |0.40| 4.00— 1.00
100p; 1 7. 11 [005| 7 |0.11|2.00—1.33
100D 1 7 17 | 0.12|| 15 |0.21| 1.60— 0.60
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Table4.5: Capacityandtiming constraintdradeof.

| DFGpyysr | L [ 11 ] c| t(s) | mobility |
firy 6|3|6[0.02]1.44—1.44
0.02| 1.56— 0.75
0.02| 1.56— 1.31
0.01| 1.56— 0.38
0.04| 4.75— 0.69
0.27| 1.56— 0.22
0.14| 2.07— 0.15
0.09|2.07—0.19
0.06| 2.07— 0.15
0.64| 4.15— 0.70

O

iiI‘l,l 9

OO NOONWSO

11| -

Table4.6: Distributedregisterfile capacitiesradeof.

| DFGpyysri || ¢ | t(s) | mobility |
loef} 398 3,4,10] 2.02] 14.4— 1.75
4,6,8 | 1.84| 14.4— 1.61
57,6 | 2.10| 14.4— 0.89

Toetas1s 42,8 | 1.30| 6.10— 0.32
4,6,7 | 1.08| 6.10— 0.36
106f4,3’10 2,410/ 0.84| 2.43— 0.21

3,58 (051 243—0.20
3,6,7 | 2.78| 2.43— 0.21

by theschedulingandregisterallocation.

Thethird columnshownstheresultsobtainedoy applyingcapacitysatistction,
schedulingandregisterallocation. This columnshaowns the minimum capacities
¢ (¢(RF)) for which our approactcouldfind a feasiblesolution. The CPUtime
in secondg(s) spentto find the solution (including schedulingandregister al-
location),andthe impactof accesrderingon the scheduldreedom(usingthe
mobility definedin Section2.4.1)are shavn in the last two sub-columns.The
numberseforeandafterthearrov denotethe mobility beforeandafterthe satis-
fiability procesgespectiely.

Fromtheresultsof Table4.4 thefollowing aspect€anbeobsened:

e By taking the register file capacitiesinto accountthis methodis able to
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reducethe register pressurecomparedo the approachthat schedulesand
performsregisterallocationa posteriori. For the instanceloef; 5 15 this
resultsin areductionfrom 24 (eightin all files) to 14 (four, two andeight)
in thetotal numberof registers.

e Theinitial mobility of instancefft, ; 15 (of 3.17)is largerthanthe oneof
instancefft; 5 13— (of 1.90). Instancedft, ; 13 andfft, 5,3 _ differ only
in the numberof registerfiles in the architectureandtheir initial schedul-
ing freedomshouldbe the same. The differenceon the initial mobility of
thoseinstancess a goodexampleof the effect of constraintanalysis.It is
seenthat one of the registerfiles of instancefft; , ;5 hasonly oneregis-
ter available(seecolumnc of table). Therefore storageconstraintanalysis
(presentedh Section2.5.2)wasalreadyableto make serializationdecisions
with thevaluesassignedo thatregister Thosedecisionsaffectedtheinitial
schedulingreedomprior capacitysatisictionprocess.

e Thenumberof infeasiblecasesncountereduringthe satishctionprocess
wasusuallysmall. This shavs the effectivenesf our approacton reach-
ing the feasiblesolutionspace.For theseexperimentsa maximumof 100
backtrackswvere allowed and an infeasibleresult (no solution found) was
returnedwhenreachedhatlimit. Thereforethetime overheadntroduced
by thesatishctionprocesss minimum. It is seenn thetablethatthetimeto
performdirectschedulingandregisterallocationis comparabldo thetime
spentfor thewholesatisactionprocesgincludingfinal schedulingandreg-
isterallocation),andin casedike for instanceddcty o5, andloefy s 19,
thewholesatishctionprocesspentesstime. This provesthattheintensve
useof constrainanalysisupdateof thedistancematrixand,furthermorethe
useof conflict graphshave a little impacton the schedulingtime for data
flow graphswith lessthan100 operations.Moreover, the satishctionpro-
cessactuallyhelpsschedulingoy pruningthesearchspacewith theaddition
of constraints.

e Theuseof distributedregisterfiles doesnotaddcompleity to theapproach.
In mary examplescapacitysatishctionruntimesfor singleanddistributed
register files were comparable and in somecasesusing distributed files
speededp theprocess.

Table4.5 shaws thatit is possibleto useour approachto make tradeofs be-
tweencriteria lik e timing and capacityconstraints. The resultsobtainedfor the
fir andiir examplesshaw thatit is possibleto make tradeofs betweernthe capac-
ity andthelateng or theinitiation interval constraints By wealeningthetiming



4.7. EXPERIMENTAL RESULTSUSINGFACTS 89

Table4.7: Resultsapplyingvaluemeging andsymmetrydetection.

breakingsymmetries
nomeging | meging || nomewging | meging
DFGpy|sri,L | ¢ t(s) t(s) t(s) t(s)
fdcti 218 8,2 0.87 1.01 nsf 0.82
7,2 nsf nsf nsf 1.27
fdcto o 11 6,2 0.45 nsf 0.51 0.50
fdctsog 8,4 0.17 0.14 0.33 0.19
ftti1,13 5 0.11 0.09 - -
ffto. 1,11 6 0.11 0.08 - -
ifft1 1,36 7 2.84 2.48 4.40 2.29
iffto 1,23 7 1.79 2.42 1.68 1.07
loef 398 46,8 1.85 nsf 1.33 1.25
3,2,7 nsf nsf nsf 1.45
loefs 3 15 42,8 1.30 nsf 0.80 0.89
loefy 3,19 3,5,8 0.52 nsf 0.51 0.59
2,4,6 nsf nsf nsf 0.58

constraintsregisterfile capacitiesanbefurtherreduced.Thisis usefulfor archi-
tecturalsynthesis.

The proposednethodcanalsohelpto reducetheregisterrequirementor reg-
isterfiles with low capacityby meansof increasinghe numberof registersavail-
ablein otherregisterfiles. Thisis seenfor theloef instancesn Table4.6, which
shaws the solutionsfound makingtradeofs amongthe capacitieof the register
files. Whenthe capacityis tight in onefile the satishctionprocessisesthe avail-
ablefreedomof the otherfiles to find a solutionfor thefirst. Thereforearelax-
ation of the constraintof somefile canallow the constraintsatistctionof others.
This is importantfor handlingheterogeneousgisterfile architectures.Tradi-
tional methoddack the capabilityof makingtradeofs betweendifferentregister
files. Furthermorethis alsoshavsthatthe methodcanbe usedto do designspace
explorationfor storagdile architectures.

4.7.4 Experimentswith valuemerging and symmetry detection

Valuemeging (Sectiond4.5)andsymmetrydetectionSection2.5.3)helpto speed
up thesatishictionprocess.

Symmetrydetectiorandbreakingthe detectedsymmetriesn dataflow graphs
canhelpourapproacho find solutionsmoreefficiently andin shortertime, since
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it prunesthe schedulingsearchspacewhile preservingeasibility. This processs
appliedoncebeforethe satistctionprocessstarts(alsoprecedingvaluemerging)
andits resultis evaluatedwith constraintanalysis.

For comparisorreasonsiable4.7 presentdirst the original capacitysatisac-
tion resultsc (¢(RF')) from Table4.4. Thenthe resultsin termsof time ¢(s) by
applyingvaluemeiging andsymmetrydetectionareshawn.

Only non folded instancesor which value memging or symmetrydetection
have changedhefinal resultareshown in thetable. For the fft examplessymme-
trieswerenot detectedsoonly theoriginalandthe solutionsusingvaluemeiging
areshovn. “nsf” means‘no solutionfound” in lessthan 100 iterationsof the
satishctionprocess.

FromTable4.7 it is seenthatalthoughvaluememging or symmetrydetection
canin factreducethetime of finding a solution,whenappliedseparatelghereare
casesn which a solutioncannotbe found like for fdct, 15 (Capacitiesof eight
andtwo), fdcts 2 11, andloef examples.

Thebestsituationsarethe onesin which symmetrydetectionandvaluemeig-
ing areusedtogetheyasseenin the lastcolumnof thetable. In addition,it was
possibleto find a solutionfor tightercapacitiesespeciallyin the caseof instances
fdct, 215 (Capacitieof sevenandtwo), loef; 5 o3 (Capacitieshree two andseven),
andloef, 3 ;o (capacitiedwo, four andsix) for which no solutionwasfoundusing
without symmetrydetectionor valuememging.

4.8 Rotating RegisterFiles

Using random-accesegistersthe lifetime of valuesis upperboundby the ini-
tiation interval 71. With reducedI Is, softwaretechniquedike modulovariable
expansionof Lam [40], or hardwareresourcesik e relativelocation storage [78]
or rotatingregisterfiles[69] haveto beused.

This sectionpresentghe constraintsatishctiontechniquefor rotatingregister
files [2], a type of storageintendedto obtainthe maximumusageof resources
duringthe executionof tight timing constrainegrogramloops.

Considerthe example of Figure 4.14 (borronved from [69]). This example
consistof aloopwith aloadandanaddoperationsyhich arescheduledn clock
cycless ands + 2. Thefigure showns the executionof two consecutie iterations
of theloop. Theinitiation interval is I7 = 1.

Assumingthatvaluesareassignedo random-acces®gisterstheloadopera-
tion executedn cycle s will loadavaluein registerr,. Thelifetime of thisvalue
is extendedo clock cycle s + 2 whenit is consumedy theaddoperation.How-
ever, onecycle laterin s + 1 the load operationwill be executedagainandwill
overwritethevaluein r, while it is alive, therebyinsertingawrongresultthatwill
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| clockcycle | iterationi | iterationi +1 |
S ry = load(r,);
s+1 Ty = load(ry);
s+ 2 ’l‘d:add(’f'b,7);
s+3 Td:add(T'b,7);

Figure4.14: Exampleof overlappedifetimes, /I = 1 andrandom-accessegis-
tersareusedasstorage.

be usedby the add operationin s + 2. Therefore,it is seenthatrandom-access
registershave limitationswhenit is tried to make anaggressie pipeline[40].

In orderto exploit betterthe availablelLP by meansof reducingtheinitiation
interval, therotatingregisterfiles [69] wereintroduced.

Rotatingregisterfiles alsohave a limited capacityand,dependingon the ap-
plicationandresourceconstraintsthe problemconsistson performingscheduling
andregisterallocationsuchthatall thoseconstraintsare satisfied.Therefore pur
approachs adaptedn this context.

4.8.1 Storagemodel

In Figure4.15theassumedotatingregisterfile RRF' is shovn. Thetotal number
of registersof thisfile is ¢ (¢((RRF)).

Consideravalueu assignedo rotatingregisterfile RRF. Conceptuallyonce
u hasbeenassignedo a register, the registeraddresspecifiedin aninstruction
I(u) (sourceor target)is addedto the baseto derive the physicalregisteraddress
in the file. The physicalregister addressP(u) is the modulusof the previous
additionandthefile capacityi.e.

P(u) = (base + I(u)) mod ¢(RRF)

Onceanew loop iterationstartsthe baseaddresss decrementedly one.

For the examplepresentedn Figure 4.14, usinga rotatingregisterfile with
¢(RRF) = 8, theload operationspecifiesrotating registerrr3 asits target, as
shavn in Figure4.16. In thei* iterationit writesto the physicalregisternumber
three. At the beginning of a new iterationthe baseis decremented As a con-
sequencethe load operationin the next iterationwritesto physicalregistertwo,
althoughit specifiesrr3 asthe target. Therefore distinct registersaregiven for
thelifetimesof avaluein successieiterations.

Sincebaseis decremente@hena new loop iterationstarts the properoffsets
in the producerand consumeioperationamustbe maintained.For example,the
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(u) 6 -
relative 5 a1
frortn . |j‘> location 4 d
Instruction |(U) 3 b
2 by
base— 1 e
0 f
c-1
c-2
N W
Figure4.15: A rotatingregisterfile.
clock iterations iterations + 1 physicalregisters
cycle accessed
S rr3 =load(r,); (0+3)mod8 =3
s+1].. rr3 =load(r,); (0-1+3)ymod8 =2
s+ 2 | rg=add(rrd, 7); | ... (0-2+5)mod8 =
s+ 3 rq =add(rr5,7); | (0-3+5)mod8 =2

Figure4.16: Theuseof rotatingregisters.// = 1, andc(RRF') = 8.

addoperationspecifiesr5 (andnotrr3) asthe sourceoperandn orderto access
thevalueproducedoy theload,becauséhe addoperationis scheduledwo clock
cycleslateraftertheload operationandbasewasdecrementetivice betweerthe
two operations.

In conclusion rotatingregisterfiles provide a dynamicregisterrenamingun-
derthecontrolof thecompiler

4.8.2 Constructing conflict graphs

Likeit is performedor random-acces®gistersthe capacitysatishctionprocess
usesa worst-caseconflict graphWCCG(RRF') and a best-caseonflict graph
SCG(RRF) for valuesassignedo arotatingregisterfile RRF'.

WCCG and SCG are constructedoasedon specificruleslik e the onesfor
random-accesggisterswith thedifferencethatmultiple valueinstancesnustbe
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(a) bFG

L=4
=2
c(RRF) =3 by a
n(+) =3
a by
C1

Figure4.17: Exampleof graphsfor rotatingregisterfiles. In orderto construct
WCCG andSCG, multipleinstance®f valuesin DF'G have beengenerated(a)
DF G andcopiesto illustrate the overlapbetweenvalueinstancef successie
loop iterations. (b) WCCG with verticesrepresentingalue instances.Dashed
edgesn conflictgraphrepresentveakconflicts.(c) SCG.

consideredor loop foldedcases.

Multiple value instancesin a conflict graph

In loop folded schedulesyalue lifetimes from differentloop iterationsoverlap,
i.e. severalinstancesf valuesassignedo rotating register files can coexist in
someclockcycle.

Sincetheregisterrequirements modeledwith conflictgraphsyalueinstances
from successie loop iterationsrequirea correspondingertex representatiom
thosegraphg(seeFigure4.17).

Thenumberof verticesrepresentingheinstance®f onevalueis relatedto the
longestvaluelifetime andtheinitiation interval:

(4.4)

—d, (C*, P¥) + 5(P¥) — 1
17 +1

number_instances = [
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fI 20 5 33

Figure4.18:Instances:; andv; (a) have no conflict, (b) have a strongconflict.

This numberis basedon the maximumnumberof overlapsamongthe life-
times of values,andit is upperboundby [(L — 1)/IT] + 1 which considers
the longestpossiblelifetime in a dataflow graph. It is clearthat the run-time
compleity for constructingconflict graphswill be incrementedby a factor of
number _instances?, andthe extraamountof verticescanmake coloringa domi-
nantrun-timefactorin the satishctionprocesgreferto Section3.9).

Conflict rules

No conflict. Instances:; andv; have no conflictif their lifetimes canneverover
lap. Theno conflict situationis depictedgraphicallyin Figure4.18aandcaptured
by the following proposition:

Proposition4.5 Instances:; andv; haveno conflictif d(Cons{, Prodj) > 0 or
d(Consj, Prod}’) > 0.

Becausdhe informationfrom the distancematrix is usedfor checkinga con-
flict, theequialentPropositiord.6is derived.

Proposition4.6 Instances:; andv; haveno conflictif
dm(C*,PY) +6(PY) =1 > (i—j)xII or
dp(C*PY) +6(P*) -1 > (j—1i)x 1T

Strong conflict. Instances:; andv; have a strongconflictif their lifetimes
overlapfor sure. The strongconflict situationis depictedgraphicallyin Figure
4.18bandcapturedy thefollowing proposition:
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Proposition4.7 Instances:; andv; havestrongconflictif d(Prodf, Cons}) > 1
andd(Prodj, Cons;’) > 1.

Becauseheinformationfrom the distancematrix is usedfor checkinga con-
flict, theequivalentPropositior4.8is derived.

Proposition 4.8 Valuesu; andv; havea strongconflictif

dm(P*,C%) = 6(P*) > (i—j)xII and
d,,(P?,C*) = 6(P*) > (j—i)xII

Additionally, instancesu; andu; of the samevalueu always have a strong
conflict, becausehe accessingnechanisnof a rotatingregisterfile assigngdif-
ferentlocationsfor eachvalueinstance. This is formalizedwith the following
proposition:

Proposition 4.9 Instances:; andu; alwayshavea strongconflict.

Weak conflict. Two valueinstances:; andv; have aweakconflictif Proposi-
tions4.6 (no conflicts),andPropositionst.8 and4.9 (strongconflicts)areinvalid.

Considerthe dataflow graphof Figure4.17a.e.g.instance$; andc; have no
conflict, instancesi; andb, have a strongconflictin the clock cycle thatthe op-
erationthatconsume$othexecutesandinstances:; anda, have aweakconflict
becausat is not yet determinedvhethertheir lifetimes overlapor not. In Figure
4.17bthecorrespondingvorst-caseonflictgraphW C'CG is shavn. Thenumber
of instancexonsidereger valueis threeaccordingto Expressio.4. Coloring
this graphresultsin a chromaticnumberof four, while the rotating registerfile
capacityis three,thereforesomelifetime serializationhasto be performed. In
Figure 4.17c, the strongconflict graph SCG is shavn. In the example,edges
(a,b1), (¢,a1), (c,b1), (a1,b2), (c1,a2) and(c;, by) canbebottlenecks.Then,in-
stanceu; is choserfirst becauséts saturatiomrmnddegreenumberof threeandsix
respectrely, andinstance: becausét hasaweakconflictrelationwith a; .

4.8.3 Lifetime serialization

Therearetwo waysthatlifetimesof «; andv,; canbeserialized:thelifetime of ;
precededifetime of v; or vice versa. Often, the distancerelationsbetweenpro-
ducerandconsumenpperationexcludeonepossibility. In Figure4.19,adistance
d(P}, C%) > 0 determinesheonly possibleserializationCy — P3.

Lifetime serializationCons;* — Prodj is performedwith sequencedge:
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Figure4.19: Lifetime serializationof instances:; andv,. (a) The dashededge
with weightd shovsthe conditionthatdetermineshis serialization(b) theactual
sequencedgeC* — PV of weight (i — j) x IT isinsertedn the DFG.

Cons* — Prod": w(C",P")=(i—j)xII—-06(P")+1 (4.5)

Cons; — Prod; is performedwith sequencedge:

Cons” — Prod”: w(C",P*)=(j —1i) x I[I —6(P")+1 (4.6)

Figure4.20shaws the resultfrom lifetime serializationof ¢ anda,. The up-
datedworse-caseonflictgraphin Figure4.20drequiresonly threecolors,which
matcheghe capacityof three.

4.8.4 Experimentswith rotating registerfiles

Thesetof experimentdeststhe capabilitiesof theconstrainsatisactionapproach
to find solutionsfor tight constrainedexamples,and using rotating registersas
storage.

In the first columnof Table4.8 instancenameshave the format DFG s,
where|SF| = 1 and L is thelateng. The secondcolumnshaws the initiation
interval 11 whichis theminimumobtainablewith theavailablelLP (| FU|) shovn
in the next column. Initiation intervals with an**" are the minimum obtainable
usingrandom-accesggisters.



4.8. ROTATING REGISTERFILES 97

Figure4.20: Resultdor theexampleof Figure4.17.(a) W CCG with bottlenecks
(shadedegion). (b) Serializationof valueinstances anda;. (c) Actual sequence
edgeaddedn DF'G to serializec — a;. (d) UpdatedV CCG.

Next, the tableshaws the resultsobtainedby the resourceconstrainedsched-
uler from [75] followed by the rotating registerassignmenapproachfrom [78].
Creq 1S the capacityof thefile requiredafterscheduling.The CPUtime in seconds
t(s) spentby schedulingandregisterallocationandassignmenis alsoshown.

Thelastpartof the tableshows the resultsof applyingstorageconstraintsat-
isfaction. The resourceconstrainedschedulemwas usedto completethe partial
scheduleresultingfrom the satishction process. The column ¢ shavs alsothe
minimumcapacitiegc(RRF’)) for which our approactcouldfind afeasiblesolu-
tion. #inscorrespondso theinitial numberof instancegervaluein the conflict
graphsfrom Expressiord.4. The CPUtime in secondg(s) spentto find the so-
lution (including schedulingand register assignmentpnd the impact of access
orderingon the schedulefreedomof the operationsare shavn in the last two
columns. The numberbeforeandafterthe arrav denotethe mobility beforeand
afterthe satisfictionprocessespectiely.

The resultsfrom Table 4.8 show thatour approachs ableto satisfythe con-
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Table4.8: Resultsfor rotatingregisterfiles. Capacitysatisactionversusschedul-
ing andallocationa posteriori.

Sch.& Alloc. Capacitysatishction
DFGispr | IFU| | IT [ creq | t(s) c | #ins| t(s) | mobility
ftt 13 1 4* 11 | 0.09 9 4 10.40)| 3.10— 0.00
ftti 11 2 3* 16 | 0.10 |12 5 |0.60| 2.17— 0.17
2 2 18 | 0.09 |17, 6 |1.06|2.17— 0.00
fir 6 1 3* 6 0.01 6 3 |0.05|1.44—0.48
2 2 9 0.01 8 4 10.02|1.94—0.19
3 1 15| 0.01 | 15| 6 |0.73|1.94— 0.19
ifft; 36 1 26 || 13 | 1.73 || 12| 3 | 2.46| 13.9— 4.16
iiry o 1 4* 9 0.05 9 3 10.18|1.59—0.33
2 2 19| 0.06 |15 5 |0.25|2.22—0.11
4 1 32| 004 (|32] 9 |211|2.22— 0.07
loop; 11 1 4* 17 | 0.07 | 16| 4 | 263.| 4.40— 1.00
loop, ; 2 2* 24 | 0.07 |15] 4 054 2.00— 0.60

(*) Indicatesthe minimumobtainablel/ I usingrandom-accesgisters.

straintsof rotatingregisterfiles. By takingthe rotatingregisterfile capacityinto
account,this methodis ableto reducethe register pressurecomparedo the ap-
proachthat performsregisterallocationa posteriori. For loop, ; with IT = 2 this
resultsin areductionfrom 24 to 15in thetotal numberof registers.

Additionally, the useof rotatingregistersoffersthe opportunityto reducethe
initiation intervals. Our approachs alsoableto find solutionswith tightertiming
constraintsThisis shovn in thetablespecificallyfor fft, fir andiir examples.

Consideringrun times, it is seenthat althoughthe incrementof the number
of verticesin the conflict graphsis significant,capacitysatisactionrun timesare
still acceptable.In the caseof loop, ;; with 11 = 4 the CPU time spentby the
constraintsatistctionis two ordersof magnitude(263 secondsjongerthanthe
othercasesIn thatexample,coloringWW C' CG with thealgorithmof Couderi18]
wasthe critical run-timefactorin the satishction procesgfor moreinformation
referto Section3.9).

Until now, we have studiedthe casef registersin which theaccesdgo values
is random.Next chapterdealswith othertypesof storagein which the accesof
valuesis in a (predefinedsequentialvay. The capacitysatisctionapproachs
thenappliedwith somelittle adaptations.



Chapter 5

Sequential-Accesstorage

5.1 Intr oduction

In the previous chaptey registerfiles wereconsideredor capacityconstraintsat-

isfaction. In this chapterthe storagesatistictionmethodis appliedto storagdiles

with multiple registersthatareaccesseth a sequentialvay. Particularly, storage
fileswith stacksor fifos areconsideredor whichthenumberof unitsandregisters
perunit arethe constraint4o satisfy

Stacks

A stadk consistsof multiple registerssharinga read/writeport andone address.
Themaincharacteristiof astackis thatthefirst valueto bereadis thelaststored.

Processorsising stacksas storageare commonlyknown as stak madines
[37]. Stack machinesare efficient at running certain types of programsthan
random-accesegisterbasedones,particularly programsthat are basedin “re-
cursions”.Stackmachinesanbe simplerthanothermachinesandprovide com-
putationalpower using little hardware. A favorable applicationareafor stack
machinesds in realtime embeddedontrol applicationswhich requirea combi-
nation of small size, high processingspeed,and supportfor interrupthandling.
Procedurecallsarecheapeon stackmachines.

The 4stackprocessof62] usesstackbasedinstructionsfor a four data-path
VLIW processoandDSPapplications.Thoseinstructionswith implicit address-
ing reduceanstructionmemorybandwidth sincemultiple registerscanbe pointed
with oneaddressanadwantageover registerbasednachines.

However, it will be seenlaterthatthe characteristicef the DSPkernelsused
andthe architectureemplate(VLIW with distributed storagefiles with stacks)
arenot necessarilyavorablefor the exploitation of stackfeatures.Nevertheless,

99
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somevalueacces®rderingcanbeperformedn orderto obtainsomereductionin
the stackrequirementindexploitation of their multiple registers.

Fifos

A fifo consistsalsoof multiple registersor locationssharingreadandwrite ports
andoneaddressThe maincharacteristiof afifo is thatthefirst valueto beread
from the storageas thefirst stored. The regularity of valueaccessepresenteaen
mary DSP computationsnakesembeddedystemdesignerghink aboutthe use
of queuewr fifo-lik e storagen their ASIPsin orderto save area power, overhead
of memoryaddresgeneratioror encoding6].

In the caseof multimediaprocessorgVLIW) codesizecanbe critical. Tak-
ing into accountthatthe main contributor of codesizeis registeraddressingan
alternatve is the useof fifos which offers a larger storagecapacityfor the same
addressingost. Besidesfor pipeline-scheduletbopsqueue-lile storageoffers
theadwantageof having valuelifetimeslongerthantheinitiation interval [23], just
lik e rotatingregisters.

Thedrawvbackof stacksandfifos is their lack of flexibility in comparisorwith
registerfiles becausecompilersare not preparedo dealwith their strict access
behaiors. This introducesthe problemof phasecoupling betweenscheduling
andstorageallocationevenmoreseverelythanthe caseof schedulingandregister
allocation.

In basicblocks,which canbedataintensie, valueaccesseBaveto beordered
in a way to guaranteghe useof no morethanthe available storageunits. The
satishctionprocessn the caseof stacksandfifos hasto dealnot only with the
interactionof timing, resourceandavailableunits (capacity)constraintshut also
with thenumberof registersin eachstorageunit or size[5].

This chapterintroduceshe stackandfifo modelsin Section5.2. Section5.3
presentghe extendedsatisictionapproachfor storagefiles with stacksor fifos.
In Section5.4,therulesto constructconflict graphsfor valuesassignedo stacks
or fifos are presented.Accessorderingfor capacitysatisfctionis describedn
Section5.5. Section5.6 explainsthe constructionof conflict graphs,bottleneck
identification,andsolutionsappliedfor unit sizesatistction. Finally, in Section
5.7 storageconstraintsatisctionresultsarepresented.

5.2 StorageModel

In Figure 5.1a, a storagefile SF with stacksis shavn. Storagefile SF hasc
(c(SF)) stacksavailable for assignment.Eachunit in file SF' correspondgo a
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(a) (b)
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Figure5.1: Storagdfile with (a) stacksb) fifos.

stackwith ¢ (¢(SF)) registers.

Stacksorganizeregisteraccessesas last-in-first-out. Addressingof registers
is implicit throughthe stackpointer, so registernumbersare not encodedn the
instructionword. Beforea valueis written into a stackits pointeris incremented
to pointto thenext emptyregister A valuereadfrom the stackis fetchedfrom the
lastindex andits pointeris decrementedit is assumealsothatonestackallows
onereador onewrite accesperclock cycle.

In Figure5.1b, a storagefile SF' with fifos is shavn. Storagefile SF' hasc
(c(SF)) fifos availablefor assignmentEachunit in thefile correspondso a fifo
with g (¢(SF)) registers.

Onceavalueis writtenin afifo at someindex its write pointeris incremented
to point to the next emptyregister A valuereadfrom thefifo is fetchedfrom a
lowerindex (no emptyregister)andits readpointeris incrementedit is assumed
alsothat onefifo allows onereador onewrite accesger clock cycle. Theim-
portantcharacteristiof fifos regardingloop folded casess that the lifetime of
valuesstoredin fifos canbe longerthantheinitiation interval constraint/ /. This
is becausea valuethatbelonggo thenext iterationwould bewritten ata different
pointedregisterinsidethefifo.
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(@)

unit; operation code

destructive reading bit

. C, [desop[sre] [ - [u]0]
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(b)

@ unit; unit; unit

uz Us
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Figure5.2: Solutionsfor multiple consumptionof valuesassignedo stacksor
fifos: (a) using (non-) destructve readingbits in the instruction,or (b) creating
multiple copiesof thevalues.

5.2.1 Multiple consumptionof values

Oneproblemthatarisesusingstacksor fifos is the multiple readingor consump-
tion of values.As describedn the previous section,a valuereadfrom a stackis
fetchedfrom the lastindex andthe stackpointeris decrementedA valueread
from afifo is fetchedandthe readpointeris incrementedo pointto anothermeg-
ister. Therefore,a valuereadoncecannotbe readagainif anotheroperationin
anotherclock cycle needdo accesst.

With multiple consumptiorof valuesassignedo stacksor fifos two alterna-
tivesareavailable:

e A controlbit in theinstructionword canindicatewhetherthereadaccesss
“destructve” (the valuewill not be readagain)or not, affecting the decre-
mentof thepointer This canbeseenn Figure5.2a.

If amultiple consumptiorof onevaluehappenstthesameclock cycle,the
connectionmnetwork betweenstoragefiles and functionalunitsis assumed
to guarante¢he broadcastingf thatvalue.

As a consequencehe compilermusttake carethatall readinggconsump-
tions) of onevaluewill precedeall readingsof any othervalueassignedo
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Figure5.3: Approachfor stacksandfifos.

the samestackor fifo.

e A multiple consumptiorof valuescanbe avoidedby generatingcopiesof
thosevaluesby copying their produceroperationsas mary timesas con-
sumersxist. Thisis depictedn Figure5.2b,andthis alternatve will create
new valueswritten andreadonly once,changingtheoriginal DFG.

Thosenew valuecopiescanbe storedin the samestoragefor which some
accesrderingwould be neededpr in differentstorageunits. However,
with this alternatve thenumberof additionaloperationsangrow exponen-
tially violatingtiming, resourceindevenstorageconstraintsThereforede-
signeramightbeforcedto look for corvenienttradeofs amongconstraints.

The approachimplementedin FACTS dealswith multiple consumptionsn
generaklndcanbeeasilytunedto ary of thetwo alternatves.

5.3 SatisfactionApproachfor Stacksand Fifos

The storagesatishctionapproachpresentedn Chapter3 is extendednow for the
caseof storagefiles with stacksor fifos. This is becausenot only the capacity
¢(SF), butalsothesizeq(SF) is aconstrainto satisfy Theapproachs depicted
graphicallyin Figure5.3.

Whenthe worst-caseunit requirementor eachstoragefile alreadyrespects
their availablecapacity(x (W CCGQG) < ¢(SF)), thedataflow graphis transferred
to the storageunit sizesatisaction.
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In orderto preventa stackor fifo of size¢(SF) from overloading,no more
thanq(SF) valuescanbe simultaneouslalive in the storageunit. To satisfythis
requirementhe worst-casesizeconflictgraph LCG(SF) is used. The coloring
of LCG givesanupperboundof the numberof registersrequiredfor the unitsin
storagdile SF.

When the worst caselocation requirementor eachstorageunit alreadyre-
spectstheir size (x(LCG) < ¢(SF)), the dataflow graphwith the additional
precedencess transferredo the scheduleandthe storageassignmenprocesses.
If not, abottleneckidentificationis performedo find the valuesthatcanoverload
astorageunit.

In orderto reducethe storagesize requirementifetime serializationis per
formedbetweenvaluesif possible. Serializinglifetimes will guaranteghatone
valuewill beconsumedeforethe otheris producedhenceusingonly oneregis-
ter. Theconstraintanalysischecksafterwardsthe feasibility of this solution.

If serializationcannotbe performed,a strong conflict at the capacitylevel
(in WCCGQG) is forcedin orderto make the storageallocationprocesgo assign
thosevaluesto differentunits (conflictaddition). Theforcedconflictis preferable
betweenvalueswith a weakconflict. If not, the impactof the conflict addition
is checled with a new coloring of WCCG, andthe capacityc(SF') is compared
with thenew x (W CCG) in orderto presere the capacitysatishction.If thenew
x(WCCQG) islargerthanc(SF) aninfeasiblecases returnedandanothempair of
valuesis chosen.

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

5.4 Conflict Graphs for Capacity Satisfaction

Thecapacitysatishctionprocesshownn in Figure5.3 useswo conflictgraphgor
valuesassignedo storagdile S F with stacksor fifos: aworst-caseonflictgraph
WCCG(SF) andabest-caseonflictgraphSCG(SF).

WCCG and SCG areconstructedbasedon specificrulesfor accessingal-
uesassignedo storagefiles with stacksor fifos. The accessconflict rulesare
presentedhn thefollowing sections.

Considervaluesu andv producedby operationsP* and P and consumed
by C* andC" respectiely. Prod* andProd’ representhe productionsof » and
v respectirely, while Cons” and Cons” representheir consumptions.For loop
folded casesinstances:; andv; correspondo valuesu andv in iterationsi andj
respectely.
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Thefollowing propositionsconsiderthe loop folded casesn general.For the
non-foldedcasessimply consider/] = L and: = j = k = 0.

5.4.1 Stackaccessonflict rules
No stack conflict

Stackscanstorevaluesof which lifetimes appeaiin sequencethereforetwo val-
ueshave no stackconflict if their lifetimes are serialized(Proposition4.2 pre-
sentedn Sectiord4.2.1). This situationis shavn in Figure5.4aandrepeatedigain
for corveniencen Propositionb.1.

Proposition5.1 Valuesu and v haveno stadk conflictif there existsk € N sut
that

dm(C*,P") +6(P") =1 > kxII and
dm(C?, PY) +6(P¥) =1 > —(k+1) x II

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

Proposition 5.2 Valuesu and v haveno stak conflictif there exist iterations+
andj sud that (d(Prod}, Prod}) > 1 andd(Consj, Cons;) > 1) or
(d(Prod}, Prod}) > 1 andd(Cons;, Cons;) > 1).

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

Proposition 5.3 Valuesu andv haveno stad conflictif there existsk € N sud
that

( dm(PY,P?)+5(P")—6(P*) > kxII+1 and
dm(CY, C¥) > —kxII+1 ) or

( dw(P",P¥) +5(P*) —6(P") > kxII+1 and
dm(CH, C) > —kxIT+1 )
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Figure5.4: v andwv have no stackconflict. (a) Serializedvaluelifetimes, (b),(c)
typical stackaccesdehaior.

Strong stack conflict

Valuesu andwv have a strongstackconflictif their lifetimes overlapandthe or-
der of their productionsmatcheghe orderof their consumptions.This order of
accessesorrespondso typical fifo-lik e accesdbehaior. Additionally, because
single-portstacksare consideredvaluessimultaneouslyproducedor consumed
cannotbe assignedo the samestack,andthereforethey have a strongconflict.
Both conditionsaregroupeddepictedgraphicallyin Figure5.5a,andformalized
with thefollowing proposition:

Proposition5.4 Valuesu and v havea strong stadk conflictif there exist itera-
tionsi and j sud that (d(Prodj, Cons) > 1 and d(Prod;, Prod}) > 0 and
d(Consj}, Consj) > 0) or (d(Prodj, Cons}) > 1 andd(Prod}, Prod;) > 0 and
d(Consj, Consf’) > 0).

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

Proposition5.5 Valuesu andv havea strongstad conflictif there existsk € N
sud that

( dn,(P?,C*) —4(PY) > —kxII and
dm(P*, PY) + 6(P*) — §(P*) > kxII and
d,,(C*, CY) > kxII ) or

( d(P*,C%) — 6(PY) > —kxII and
dm(P?,P¥) + §(P*) — §(P*) > kxII and
dn,(C7, C¥) > kxII )
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A strongconflict also occurswhenthe productionsor consumptionof two
valuesthat apparentlydo not overlap,happensimultaneouslyhenloop folded,
i.e. they would be scheduledat the sameclock cycle. Thisis depictedin Figure
5.5h

Proposition 5.6 Valuesu andv havea strongstad conflictif there existiterations
i andj sudthatd(Prodj, Prod}) = 0 or d(Cons;, Cons}) = 0.

Fromthe distancematrix, Propositions.7 is derived.

Proposition5.7 Valuesu andv havea strong stad conflictif there existsk € N
sud that

A (PY, PY) + 6(PY) — 6(P*) = kxII or dm(C%CY) = kxII

Additionally, for multiple consumptiorof values,assuminghata valuein a
stackcan be read multiple timesin differentclock cyclesimplies that all con-
sumptionsof onevaluemustprecedeall consumption®f the other As depicted
in Figure5.5cvaluesu andv have astrongconflictif oneconsumenf u precedes
oneof v andoneconsumenf v precede®neof v.

Proposition 5.8 Valuesu and v havea strong stak conflictif there exist con-
sumeroperationsCons_a*, Cons_b“, Cons_x", Cons_y” anditerations: and;j sut
thatd(Cons_a;’, Cons xj) > 0 andd(Cons_y?, Cons_bj}) > 0.

Fromthedistancematrix, Proposition5.9is derived.

Proposition5.9 Valuesu and v havea strong stak conflictif there exist con-
sumeroperationsCa®, Cb*, Cx”, Cy’ andk € N sud that

dm(Ca®,Cx") > kxII and dn(Cy’,Cb") > —kxII

Weak stack conflict

Two valuesu andv have a weakstackconflict if Propositionss.1,5.3 (no stack
conflict) andProposition$.5,5.7,5.9 (strongstackconflicts)areinvalid.

WCCG is constructedust by applyingthe no stackconflict conditions. If
they arefalse,eithera weak- or a strongstack conflict situationoccurs. Pairs
of valueslinked by anedgein WCCG have a weakstackconflictif the strong
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Figure5.5: v andv have strongstackconflict. (a) Typical fifo-lik e accesde-
havior, (b) overlapof productiongor consumptionspf values,(c) alternatedcon-
sumptionof values.

conflict conditionis false. SC'G is constructedconsideringonly the strongstack
conflict conditions.

In Figure5.6 for stackaccessompatibility, e.g. valuesr andb have no con-
flict, « andr have strongconflictin theclock cycle thatoperation4 executesand
valuesr ands have a weakconflict becauset is not yet determinedvhetheror
notoperationF’ preceded).

5.4.2 Fifoaccessonflict rules
No fifo conflict

Valuesu andv have no fifo conflictif the orderof their productionsmatcheghe
orderof their consumptionsThis situationis depictedin Figure5.7 andformal-
izedwith thefollowing proposition:

Proposition5.10 Valuesu andv havenofifo conflictif there existiterations: and
j sudthatd(Prody, Prody) > 1 andd(Cons;, Cons}) > 1 and
d(Prod?, Prod?) > —II + 1 andd(Cons?, ConsY) > —I1 + 1.

Becausethe distancematrix is usedfor checkinga conflict, the equivalent
Propositionb.11is derived.

Proposition5.11 Valuesu and v haveno fifo conflictif there existsk € N suth
that
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(a) DFG (b) wcea (c) DFG
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Figure5.6: Dataflow andconflictgraphsfor valuesassignedo stacks.(a) DFG,
(b) initial WCCG, dashededgesepresentveakconflicts,(c) accesorderingof
valuesr ands with sequencedgeF — D, w(F, D) = 1, (d) resultingi CCG
afteracces®ordering.

dp (P, PY) + 6(PY) = 6(P*) > kxII+1 and
dp(P?, PY) + 6(PY) = §(P*) > —(k+1)xII+1 and
d(C*, CY) > kxII+1 and
d,,(Cv,C*) > —(k+1)xII+1

Strong fifo conflict

Valuesu andv have astrongfifo conflictif theorderof theirproductionpposites
the order of their consumptions.This order of accessesorrespondgo typical
stack-like accesdbehaior. Additionally, becauseingle-portfifos areconsidered
valuessimultaneouslyproducedor consumedtcannotbe boundto the samefifo,
andthereforethey have a strongconflict. Both conditionsaregrouped,depicted
graphicallyin Figure5.8aandformalizedwith thefollowing proposition:

Proposition5.12 Valuesu and v havea strong fifo conflictif there exist itera-
tions: and j sud that (d(Prody, Prod}) > 0 and d(Consj, Cons;) > 0) or
(d(Prodj, Prod}) > 0 andd(Cons}’, Cons}) > 0).
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Figure5.7:» andv have nofifo conflict.

Becausethe distancematrix is usedfor checkinga conflict, the equivalent
Propositions.13is derived.

Proposition5.13 Valuesu andv havea strongfifo conflictif there existsk € N
sud that

( dp(PY,P?) +6(PY)—6(P¥) > kxII and

dm (C¥, C¥) > —kxII ) or
( dm(P?,P%) +6(P¥) —§(PY) > kxII and

dp (C¥, CV) > —kxII )

Similar to the casedor strongstackconflicts, Proposition5.7 relatedto time
overlapbetweenthe executionof operationdrom differentiterations,andPropo-
sition 5.9relatedto alternatecconsumption®f values,constitutealsostrongcon-
flicts for valuesassignedo fifos. Thesesituationsare depictedgraphicallyin
Figures5.8band5.8crespectiely.

Weak fifo conflict

Two valuesu andv have aweakfifo conflictif Propositions.11(nofifo conflict),
andProposition$.13,5.7,5.9 (strongfifo conflicts)areinvalid.

WCCG is constructedust by applying the no fifo conflict conditions. If
they arefalse,eithera weak-or a strongfifo conflict situationoccurs. Pairs of
valuedlinkedby anedgein W C'C'G have aweakfifo conflictif thestrongconflict
conditionis false. SCG is constructedcconsideringonly the strongfifo conflict
conditions.
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Figure5.8: v andv have strongfifo conflict. (a) Typical stack-like accesde-
havior, (b) overlapof productiongor consumptionspf valuesc) alternatedcon-
sumptionof values.

Considerrigure5.9for fifo accessompatibility, e.g. valuesa andb have no
conflict,a andr have strongconflictin the clock cycle thatoperationA executes,
andvaluesr ands have a weakconflict becausét is not yet determinedvhether
or notoperationD preceded’.

5.5 AccessOrdering

Following the bottleneckidentification(Figure 5.3), valuesu andv areselected
for acces®rdering.

Consideringthefactthatin the loop folded caseoneiterationof valuev can
be accesorderedwith ary otheriterationof valueu, it is necessaryhusto find
the possible“places” relatedto u iterationswherewv canfit without leadingto
infeasibility. I.e. the lower andupperboundsof v iterationswith which v canbe
ordered. After accessrdering,the effect on the storagefile pressuras checled
usinganupdated¥ CC'G with anew coloring.

5.5.1 Stackaccessrdering

Orderingof v andv canbedonein oneof thethreewayspresenteah Figure5.10.
Accordingto thosepossibleways,threeintervals of iterations; arederived. The
first interval is relatedto serializationof value lifetimes aspresentedn Section
4.3which coversthe caseshavn in Figure5.10a:

{dm(P“,CI”}—(S(P“)J cie {—dm(PvJC“I);L 5(P) —1J (5.1)
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(b) wcea

S r

Figure5.9: Dataflow andconflict graphsfor valuesassignedo fifos. (a) DF'G,
(b) initial WCCG, dashededgesepresentveakconflicts,(c) accesorderingof
valuesr ands with sequencedgeD — F, w(D, F) = 1, (d) resultingi CCG
afteracces®rdering.

Thesecondnterval is foundconsideringhe orderingin which thelifetime of
valueu is insidethelifetime of valuev asshowvn in Figure5.10b

It is tried to orderthem by fitting instancek + i of u inside instancek of
v. For productionsto put Prod; beforeProd;,; a sequenceedgewith weight
oneis introducedfrom Prod; to Prod;,,. To preventa positive weight cycle
betweeroperationsvhich resultsin aninfeasiblesituation(referto Section2.5.4)
it is requiredthat: d(Prody_ ;, Prod;) < —1. Similarly, for consumptionsto put
Cons;,,; beforeConsy, it is requiredthat: d(Consy, Consj ;) < —1. Fromboth
inequalitiesandfollowing the processsimilar to the onefor registersin Section
4.3.2thesecondntenval of i is:

{dm(P“,P”) +I(;(P”)—5(P“)J+1 << {—dm(cz}}cu)—lJ (5.2)

The third interval is found consideringthe orderingin which the lifetime of
valuev isinsidethelifetime of valueu asshovnin Figure5.10c.It istriedto order
themby fitting instancek of v insideinstancek + ¢ of . To put Prod;, ; before
Prodj, it is requiredthat: d(Prod}, Prod;, ;) < —1. Also, to put Cons;, before
Cons;,,; the last distancerequirementis obtained: d(Consj_;, Cons;) < —1.
Frombothinequalitiesthethird interval of i is:
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Figure5.10: Stackorderingof v andwv. (@) Lifetime serialization,: is boundby
Expressiorb.1, (b) lifetime of valuew insidelifetime of v, ¢ is boundby Expres-
sion5.2,and(c) lifetime of valuewv insidelifetime of u, ¢ is boundby Expression
5.3.

{@J +1 <i < {_d’”(Pv’Pu)_i(IPU)M(PU)_lJ (5.3)

Theminimumandmaximumvaluesof ; from Expression$.1,5.2and5.3are
thelowerandupperboundsrespectrely of u iterationsthatcanbeacces®rdered
with iterationzeroof valuev. For non-foldedcases cantake valuesof -1 andO
(while IT = L).
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Performing stack accessrdering

The valueaccesrderingprocessstartswith the minimumvalueof i. Theway
accesrderingis performeddependon whether; is betweernthe boundsof the
respectie expression.Wheneer thereis morethanone option the processro-
ceedsasfollows.

e Thefirst orderingtried is lifetime serializationandis performedfollowing
Expressio4.3. The reasonfor trying lifetime serializationfirst is that it
allows a betterreutilizationof registersin the stackunit.

e Thesecondrderingtried is by makingthelifetime of v beinginsideof the
lifetime of v, insertingin the dataflow graphthe sequencedges:

Prod” — Prod”:  w(P",P") =i x IT + §(P*) — §(P*) + 1
Cons" — Cons”:  w(C",C")=—ixII+1 (5.4)

e Finally, thelastorderingtried is by makingthelifetime of v beinginsideof
thelifetime of  insertingthe sequencedges:

Prod" — Prod”:  w(P“ PY)=ixII+4§P")—-P")+1
Cons” — Cons": w(C",C")=—ixII+1 (5.5)

Thevalueacces®rderingstartsorderingacces®f v andwv with theminimum
valueof i. Onceanacces®rderingis made,the constraintanalysisor the lower
boundcheckingvalidatethe choice.If any of themdetectanfeasibility asaresult
of the decision,anothertype of orderingis madewith the samevalueof i if pos-
sible. If noneworks,then: is incrementecandorderingsin subsequenterations
aretried. If all possiblevaluesof i leadto infeasibility, orderingof v andv is
discardedandanotherpair of valuesis choserto repeathe process.

5.5.2 Fifo accessrdering

Orderingof v andv canbe donein two ways: the productionand consump-
tion of valueu precederespectrely the productionand consumptiorof value v
or vice versa. As shawvn in Figure5.11, it is tried to orderthem by fitting in-
stancek of v betweeninstancest + ¢ andk + ¢ + 1 of u. For productions,
to put Prod; beforeProdj_;,, a sequenceedgewith weight oneis introduced
from Prod;, to Prodj ;. To preventa positive weightcycle betweeroperations
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Figure5.11: Fifo orderingof v andwv. 7 is boundby Expression®.6and5.7.

which resultsin aninfeasiblesituation(referto Section2.5.4),the distancefrom

Prodj_;,, to Prod; mustbelessthanzero,resultingin the following inequality:
d(Prody,,., Prod}) < —1. For consumptionsto put Cons;, beforeConsj_;_,

the distancerequirements: d(Consj ;. ;, Cons;) < —1. Frombothinequalities
and following the processsimilar to the one performedfor registersin Section
4.3.2,it is obtained:

max ({dm(P“,P“) +46(P?) — 6(P“)J ’ {dm(C“,C”)J> < i (5.6)

17 11

The maximumvalue from expression5.6 givesthe lower boundof value u
iterationthatcanbe acces®rderedwith iterationzeroof valuev.

Similarly, to put Prod;,; beforePrody if is requiredthat:
d(Prody, Prody,;) < —1. Also, to put Consj_; beforeCons;, the last distance

requirements: d(Consy, Cons, ;) < —1. Frombothinequalitiest is obtained:

i < min Q—dm(Pv,PU) +<IS§P“) — 5(PY) — 1J | [—dm(C;,IC“) - 1J> 5.7)

The minimum value from expression5.7 givesthe upperboundof value u
iterationthatcanbe acces®rderedwith iterationzeroof valuev. For non-folded
caseg cantake valuesof -1 andO (while I7 = L).
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Performing fifo accessrdering

With a known iterationnumber:, accesorderingof valuesu andwv assignedo
fifos is performednsertingthefollowing sequencedgesn the dataflow graph:

Prod" — Prod”:  w(P% P’) =i x II + §(P") — 6(P) + 1

Prod” — Prod“: w(P’,P*)=—(i+1)xII+§P")—-06(P*) +1
Cons" — Cons” :  w(C*,C")=ix II+1

Cons’ — Cons":  w(C",C*)=—(i+1)xIT+1 (5.8)

Thevalueacces®rderingstartsorderingacces®f v andwv with theminimum
valueof i. Onceanacces®rderingis made,the constraintanalysisor the lower
boundcheckingvalidatethe choice.If any of themdetectsnfeasibility asaresult
of thedecision, is incrementecandorderingsin subsequenterationsaretried.
If all possiblevaluesof i leadto infeasibility, orderingof » andv is discardedand
anothermair of valuesis choserto repeatheprocess.

5.6 Conflict Graphs for Unit SizeSatisfaction

After capacitysatistctionthereis still the possibility for ary storageunit to be
overloaded.This canoccurwhena numberof valuesthat canpotentiallybe as-
signedo thesamaunit aresimultaneouslhalive,andwould demandnoreregisters
thanthesizeq(SF) of the stacksor fifos.

Thefollowing analysisconsistf usingagainthedistancematrix to construct
anothemworst-caseonflict graphfor sizesatisaction LC'G. Thebottleneckiden-
tificationis basedn the coloringof LC'G andtherespectre valuesarethencan-
didatedor lifetime serializationor for beingassignedo differentstorageunits.

Sincevaluesshouldappeaiin sequencén orderto reusethe sameregisterin
astackor fifo, thetermsequentiahccessonflictis used.

5.6.1 Sequentialaccessonflict rules for stacks

The following propositionsconsiderthe loop folded casesin general. For the
non-foldedcasessimply consider/] = L and: = j = k = 0.

No sequentialconflict

Two valuesu andv have no sequentiatonflictif they have a strongstackaccess
conflict,i.e. they will beassignedo differentstacksaryway, or their lifetimesare
serialized.Thefollowing propositionformalizesthis:
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Proposition 5.14 Valuesu and v assignedo stadks haveno sequentialkconflict
if Propositions5.6 or 5.8 are valid or there exist iterations: and j sud that
(d(Prodj, Prodj) > 0 andd(Cons{, Consj) > 0) or (d(Prody, Prod;) > 0 and
d(Consj, Cons;}’) > 0).

Becausehe distancematrix is usedfor checkinga conflict, the equivalent
Propositions.15is derived.

Proposition 5.15 Valuesu andv assignedo stakshaveno sequentiatonflictif
Propositionss.7or 5.9are valid or if there existsk € N sud that

( dm(P",P?) +6(PY) —6(P¥) > kxII and
d,(C¥, CV) > kxII ) or
( dm(P?,P%) +6(PY) —6(P*) > kxII and
d, (Cv, CY) > kxII )

Strong sequentialconflict

Two valueshave a strongsequentiaconflictif they have a no stackconflict and
their lifetimesoverlap. Thosevalueswill requiredifferentregistersif assignedo
the samestack. Thefollowing propositionformalizesthis:

Proposition5.16 Valuesu andv assignedo staks havestrong sequentiakcon-
flict if Proposition5.3 (no stad conflict),andProposition4.4 (relatedto lifetimes
overlap)are valid.

Weak sequentialconflict

Two valuesu andv assignedo stackshave a weaksequentiatonflictif Proposi-
tion 5.15(no sequentiatonflict) andPropositions. 16 (strongsequentiatonflict)
areinvalid.

Valueswith aweaksequentiatonflict canhave their lifetimes serializedand
valueswith a strongsequentiakonflict could be assignedo differentstacksby
explicitly addinga conflictin WCCG betweerthemif the updatedy (W CCG)
is notincreasedsresultof that.

Considerin Figure5.12the dataflow andconflict graphsof a non-foldedex-
ampleduringthe stacksatisfictionprocess.The capacityof two stackss already
satisfiedwvith theadditionof sequencedgeof weightone thisresultis visualized
in theworst-caseconflictgraphWW C'CG of Figure5.12b For sizesatistction,as
shavn in the conflict graphof Figure5.12c,valuesb ande have no sequential
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Figure5.12: Exampleof size satishctionfor stacks. After capacitysatisaction
of SF with two stacksandtwo registersper stackwe obtained:(a) a DF'G with
sequenceedgesof weight one, (b) a WCCG with x(WCCG) = 2, and(c) a
LCG with x(LCG) = 3, whichis morethanthesizeof eachstack.To satisfythe
sizeconstraintvaluesc andd arechoserfor serializationthereforewe obtain: (d)
the D F'G with the extra sequencedgeof weightzerobetweeroperationd and
D, (e)theresultingi CCG with still x(WCCG) = 2, and(f) theresultingLCG
with x(LCG) = 2, which provesthe completionof the sizesatishctionprocess.

conflict sincethey have afifo-lik e accessandwill be assignedo differentstacks
(stackstrongconflict), valuesb andc have a strongsequentiatonflict sincetheir
lifetimesoverlap,andvaluesc andd have aweaksequentiatonflict sinceit is not
yetdeterminedvhetheroperationC' preceded) andoperationE precedeqd.

5.6.2 Multiple valueinstancesin conflict graphsfor fifos

In loop folded schedulewvaluesassignedo fifos canhave their lifetimes longer
thantheinitiation interval 11. Therefore multiple instance®f thesamevaluecan
bealive simultaneoushat ary clock cycle andwill occugy multiple registersin a
fifo.

In orderto constructa worst-casesizeconflictgraph LCG for fifos, it is thus
necessaryo know the numberof instanceof the samevaluethat canbe poten-
tially alivein asinglefifo.

As a consequencextra verticesareincludedin LCG representingaluein-
stancedrom differentloop iterations. The numberof vertices,representinghe
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instancesf onevalue,is relatedto the longestvaluelifetime andthe initiation
interval:

number_instances = ’V dn (C ’P])I+ o(F) 1-‘ (5.9)
Proof. Assumethatavalueu hasthelargestlifetime
lifetime, = —d(Cons", Prod") = —d(C*, P*) + §(P*) — 1. (a)
The numberof overlapscausedy u instancesvould be equalto:
overlaps, = [lifetime,/1I]. (b)
u is assignedo onefifo andthe numberof registersrequiredby u instancess
equalto the numberoverlapsof theseinstancesi.e. ¢,.,(u) = overlaps,,. (c)

Whenusinga conflict graphC'G to generatethe requiremeniof « for registers
in afifo, the numberof colorsx(C'G) would be equalto the numberof registers

requiredji.e. x(CG) = greq(u). (d)
Furthermoreusingonly instance®f valuew to build C'G, resultsin:
number_instances, = v(CG) = x(CG). (e)
Thereforefrom (a), (b), (c), (d) and(e):

number_instances = [(—d,(C*, P*) + 6(P*) — 1)/IT] |

Thenumberof instance$rom Expressiord.9is upperboundby [ (L —1)/IT]
which considerghelongestpossibldifetime in adataflow graph.

5.6.3 Sequentialaccessonflict rules for fifos
No sequentialconflict

Two valueinstances:; andv; have no sequentiatonflictif v andv have astrong
fifo conflict, i.e. they will be assignedo differentfifos anyway or their lifetimes
areserialized.Thefollowing propositionformalizesthis:

Proposition 5.17 Instancesu; and v; of valuesu and v assignedto fifos have
no sequentialconflictif Propositions5.12,5.6, or 5.8 are valid for v and v, or
d(Cons{, Prod}) > 0 or d(Consj, Prod;’) > 0.

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

Proposition 5.18 Instances:; andv; of valuesu andv assignedo fifos haveno
sequentiatonflictif Propositions5.13,5.7,0r 5.9 are valid for » andv, or if

dpn(CH, P +6(PY)—1 > (i—j)xII or
dp(CY,PY) +6(P*) —1 > (j—i) xII
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Strong sequentialconflict

Two valueinstancefiave a strongsequentiatonflictif they have anofifo conflict
andtheir lifetimes overlap. Thosevalueinstancewill requiredifferentregisters
if assignedhe samefifo. Thefollowing propositionformalizesthis:

Proposition5.19 Instancesu; and v; of valuesu and v assignedo fifos have
strong sequentiakonflictif Proposition5.10is valid, and d(Prod;, Cons}) > 0
andd(Prod?, Cons!) > 0.

Propositionb.18is dervedwhenusingthe distancematrix.

Proposition5.20 Instancesu; and v; of valuesu and v assignedo fifos have
strongsequentiatonflictif Proposition5.11is valid for v andwv, andif

dm(P*,C?) —6(P*)+1 > (i—j)x IT and
dm(P?,C") = 6(P") +1 > (j—i) x II

Weak sequentialconflict

Two valueinstances:; andv;, of valuesu andv assignedo fifos, have aweakse-
guentialconflictif Proposition5.18(no sequentiatonflict) andProposition5.20
(strongsequentiatonflict) areinvalid.

Considernin Figure5.13the dataflow andconflict graphsof a non-foldedex-
ampleduringthefifo satishctionprocessThecapacityof two fifos is alreadysat-
isfiedwith the additionof sequencedgesof weightone,this resultis visualized
in the worst-caseconflict graphW CCG of Figure5.13b For size satisaction,
asshawvn in the conflict graphof Figure5.13c,valuesb and f have no sequential
conflict sincethey are consumedsimultaneouslyand will be storedin different
fifos (strongfifo conflict), valuesf andd have a strongsequentiatonflict since
their lifetimesoverlap,andvaluesc andd have weaksequentiatonflictsinceit is
notyet determinedvhetheroperationC' preceded) andoperation/ precededr.

5.6.4 Bottleneckidentification and reduction

One conflict graphis constructedn this situation, the worst-casesize conflict
graph LCG(SF). Its chromaticnumbery(LCG) determinesn upperboundof
locationrequirementor stacksor fifos. If the chromaticnumberis greaterthan
theactualunit sizeq (¢(SF)), thesatishctionprocessontinuegseeFigure5.3).
With a numberof units (stacksor fifos) greaterthanone,a strongsequential
conflict graphandits coloring is not neededor a lower boundestimation,since
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Figure 5.13: Exampleof size satisactionfor fifos. After capacitysatisaction
of SF with two fifos andtwo registersper fifo we obtained: (a) a DF'G with
sequenceadgesof weightone, (b) a WCCG with x(WCCG) = 2, and(c) a
LCG with x(LCG) = 3, whichis morethanthe sizeof eachfifo. To satisfythe
sizeconstraintvaluesc and f arechoserfor serializationthereforewe obtain: (d)
the D FG with the extra sequencedgeof weightzerobetweeroperationsd and
C, (e)theresultingW CCG with still x(WCCG) = 2, and(f) theresultingLCG
with x(LCG) = 2, which provesthe completionof the sizesatishctionprocess.

strongsequentiatonflictscanalsobe eliminatedby introducingstrongconflicts
at the capacitylevel (in WCCG), which will force the valuesto be assignedo
differentstorageunits.

Bottleneckdor sizesatishctionareidentifiedusingthe saturation anddegree
numberof LCG, thesameway asto identify bottleneckdgor capacitysatistction
inWCCG.

Lifetime serializationof v andv is performedollowing the methodpresented
in Sectiond.3.2for stacksandSectiord.8.3for fifos ([3]).

Fromtheworst-caseonflictgraphin Figure5.12cit is obsenablethatvalues
b, c andd couldoverloada stackof sizetwo if they arestoredtogether A possible
solutionis to serializelifetimes of ¢ andd becausahey have a weak sequential
conflict. In Figure5.13c,the setof values{a, b, ¢}, {a,c, f}, and{c,d, f} can
overloada fifo of sizetwo if they are storedtogether A possiblesolutionis to
serializelifetimesof f andec.

Onceall possibilitiesfor serializationhave beenused(constraintanalysishas
detectednfeasibility asa resultof serializinglifetimes), a strongconflict in the
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worst-caseconflict graph(and not in the dataflow) canbe explicitly addedbe-
tweenthe candidatevalues. As a result, the valueswill be assignedo different
unitswhich eliminatesthe conflictin LCG. The bestcandidategor this conflict

additionare the oneswith a weakconflict in both LCG andWCCG sincethe
changefrom weakto strongconflict doesnot imply anincrementin the number
of colorsfor WCCG. Otherwise,if the conflict additionis performedbetween
valueswith no conflictin WCCG the enforcemenbf the conflict hasto be val-

idatedwith a coloring of the updatediW CCG to avoid decisionsthat will not

respecthealreadysatisfiedcapacity

In the exampleof Figure5.12for stacks,the serializationof valuesc andd
resultsin the conflict graphsof Figures5.12eand5.12f of WCCG and LCG
respectrely. This satisfieghe capacityandsize constraintof the example. Oth-
erwise theweakstackconflict (¢, d) in WCCG canbeforcedto becomestrong,
which will only take away edge(c, d) from LCG. Meanwhile,in the example
of Figure5.13for fifos, the serializationof valuesc and f resultsin the conflict
graphsof Figures5.13eand5.13f. If a strongfifo conflict is forced, only edge
(¢, f) will beeliminatedfrom LCG whichwill still leave LCG with x(LCG) = 3
andthe constraintsatisfictionwill continueto iterate.

Lifetime serializationand the conflict addition will alleviate the numberof
sequentiatonflictsandcoloringof LCG. At the endof the satishctionprocess
the extra conflicts are sentto storageallocationand assignmengfter operation
scheduling.

5.7 Experimental ResultsUsing FACTS

This sectionpresentsheexperimentafesultsobtainedwith theproposednethod.
Theaim of the setof experimentds to testthe capabilitiesof the constraintsatis-
factionapproacho find solutionsfor tight constrainesxamplesusingstacksand
fifos asstorage.

Instancesf the exampleswith one storagefile, presentedn Table4.1 were
usedandthestoragesatishctionresultsareshovnin Tabless.1and5.2for stacks
andfifos respectiely.

Following the columnwith the instancenamesthe secondcolumnof the ta-
blesshow thestorageequirementsbtainedoy theresourceonstrainegcheduler
from [75] followed by an exactstorageallocationandassignmentc,., is the ca-
pacityandg,., is thesizeof the storageunitsrequiredafterschedulingz(s) is the
CPUtimein secondspent.

The third column of both tablesshaws the resultsof applying storagecon-
straint satishction. The schedulerfrom [75] was usedto completethe partial
scheduleaesultingfrom the satisactionprocess.The tablesalsoshav the mini-
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Table5.1: Resultsfor storagdiles with stacks.
Sch.& Alloc. Capacitysatishction
DFG py|,|sF|,L,i1 || Creq ‘ req ‘ t(s) c ‘ q ‘ t(s) ‘ mobility CR
fdcty 1,18, 7 3 1034 7 12]093/952—-0.17| 9
fdctg 1 11, 8 2 (039 8 |1/0.40|290—0.02| 8
fdcty18,— 10| 2 (1021 8 |1]0.22/0.76—+0.14| 8
fft1 1,13, 4 2 1006 312]0.16]/3.17—0.03| 5
ffti1,13.4 9 2 (011 7 |2|0.53]|230—0.00] 10
ffto.1,11,— 6 2 006 4|2)|0.10|217—0.27| 6
ffto.1,11,3 13| 2 /012 9 12|0.18| 1.20—0.07 | 12
firi 16— 3 2 (001} 3|1/001|156—0.38| 3
firy 16,3 5 2 1002 5(12(030(144—1.13| 6
ifft; 1,36,— 11| 3 |182|| 6 |2]283]|13.9-0.21| 7
ifft1 1 36,26 11| 3 | 339 6 |2]7.62|13.9—~0.16| 8
iffty 1 93, 9 3 |169| 6 |2]190/6.34—051| 7
iffto 1 9314 10| 2 (271 9 ]2]3.10|6.30—+0.41| 10
iiry 19, 6 2 |0.06| 5]1/0.08]207—0.15| 5
iiry 1,94 8 2 010} 7 ]2|0.12|155—0.19| 8
loop, 111, 6 3 |005| 51]2(014|440—-1.17| 5
loop 1114 11| 2 /10141101 |142|4.00—1.07| 10
loop, ; 7 _ 9 2 |005| 711012200~ 1.33| 7
loop, 1 7 17| 1 /0121 15|1|0.22| 1.60— 0.60| 15

mumcapacities: (c(SF')) andsizesq (¢(SF)) for which our approackcouldfind
a feasiblesolution. The CPUtime in secondg(s) spentto find the solutionin-
cludingschedulingandfinal storageallocation,andtheimpactof acces®rdering
onthescheduldreedomof the operationsusingthe mobility areshown in thelast
two sub-columns.The numbersbeforeand after the arrov denotethe mobility
beforeandafterthe satishctionprocesgespectrely.

For comparisonreasonsthe last column of the tablesshowns the minimum
capacitycy obtainedoy applyingthe storagesatishctionprocesgo the examples
with random-accessgisterfiles (from Table4.4).

Tables5.1 and5.2 shav thatour approaclcandealalsowith stacksandfifos
as storageunits, togetherwith timing and resourceconstraints. By taking the
storagefile constraintsinto account,this methodis able to reducethe storage
pressurecomparedo the approactthat performsstorageallocationa posteriori.
For example for instancesfft, ; 55 andifft, ; 35 26 in Table5.1areductionfrom
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Table5.2: Resultsfor storagdiles with fifos.

Sch.& Alloc. Capacitysatishction
DFG py|,sF|,L,11 || Creq ‘ req ‘ t(s) || ¢ ‘ q ‘ t(s) ‘ mobility CR
fdcty 1,18, 6 3 1034)| 7 12|1071952—-0.14| 9
fdcta 1 11, 6 2 1039| 8 1/0.80|290—~0.05| 8
fdctys,— 10 1 (021} 8 |1]0.26|0.76—0.05| 8
fft1113, 4 3 1006 3|2|0.15(3.17—-0.33| 5
ffti1,13.4 6 3 011 6 {4]0.16| 3.10—+0.00|| 10
ffto.1,11,— 6 2 1006| 412|013|217—0.60| 6
ffto.1,11,3 10| 2 1012 9 12(0.26|2.17—0.03| 12
firi 16— 3 3 1001| 2(3|001|156—050| 3
fir 163 4 2 1002| 3/3|/0.02|1.44—0.38| 6
iffty 1,36,— 7 5 1182| 6 | 3|5.04|13.9—-0.29| 7
ifft1 1 36,26 7 4 1339 7 |2|762]13.9—~+0.18| 8
iffty 1 93, 7 4 1169|| 6 |2|3.12|6.34—0.53| 7
iffto 1 9314 8 3 |271| 8 {3]|6.51/6.34—0.40 10
iiry 19— 5 3 {006| 4 |3|0.07|207—0.22| 5
iiry 1,94 7 3 010 6 |2|0.89|159—+0.15| 8
loop; 1 11, 6 4 1005 51(12|02414.40—-1.00| 5
loop; 1,114 10| 6 | 014 9 |2|0.72| 4.00— 1.00| 10
loopy ; 7, 9 2 |005| 711|0.18|2.00—~0.60| 7
loopy 1 79 16 | 5 |0.12|| 15| 2|0.25| 2.00— 0.60| 15

11 to six stackunits is obtained.In Table5.2, for instancefft, ; 1;,— areduction
from six to four, andfor loop, ; , _ areductionfrom nineto sevenfifo unitsare
obtained.

Comparingheminimumcapacitie®btainedoy usingrandom-accesggisters
(in columncg) andby usingstacksor fifos (columnsc in tables)areductionin the
numberof storageunits hasoften beenobtained speciallyfor examplefft. This
reductioncan be usefulif the numberof bits to encodeinstructionsis critical.
Unfortunatelythisis notalwaysthecase.ln somecaseghebestresultsfoundfor
stacksor fifos werelik e having random-accessegistersas storage(stackor fifo
unitsobtainedwith only oneregister).

Comparingthe usageof stacksandfifos, the resultsin the tablesshowv a cer
tain advantageof fifos over stacks. This is dueto the fact that DSP examples
selectedlo nothave recursve characteristicavorableto stacks andadditionally
for folded casest is moreadwantageoushe usageof fifos.
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Table5.3: Resultsexploiting availableILP usingfifos.

Sch.& Alloc. Capacitysatishction
DFGsp|,1 ‘ |FU| ‘ IT || creq ‘ Greq ‘ t(s) c ‘ q ‘ t(s) ‘ mobility
fft1 11 2 21 11| 3 /016 8 |5]1.15|2.17— 0.07
firy 6 2 2 5 3 {001) 4 3|0.02|1.94—0.19
3 1 7 3 {001) 7 (3|0.70|1.94— 0.19
iiry g 2 21 11| 4 10.05(10(4]0.12| 2.22— 0.15
4 1| 17| 4 [0.04|| 174 |155|222—0.11

Similar to rotatingregisters fifos offer the chanceto reducethe initiation in-
terval andexploit the availableILP. Table5.3 shavs the resultsof capacitysatis-
factionfor examplesin which a reductionof 17 wasobtained.In eachof those
examples,value lifetimes are longerthanthe reducedinitiation interval making
it impossiblefor the respectire valuesto be storedin random-accessegistersor
stacks.
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Chapter 6

StorageFiles of Differ ent Access
Types

6.1 Intr oduction

Previouschapterslealtwith constrainsatistctionfor storagdileswith unitshav-
ing aspecificaccesgype,i.e. random-accessegisters,rotatingregisters,stacks,
or fifos. Storagdile allocationfor valueswasassumegbrior scheduling.

In this chapterall the previously presentedulesandmethodgor eachparticu-
lar storageareputtogetherto obtaina methodthat satisfieghe constraintgduring
schedulingof architecturegsontainingstoragdiles of differentaccessypes,with-
outary previousfile allocationfor values.

Storagefiles of differentaccesgypescanbe usedto exploit the valueaccess
regularity presentedn mary applicationsto reducethe total numberof storage
units (and bits for addressing)por to exploit the available ILP by reducingthe
initiation interval (whenusingrotatingregistersor fifos).

In suchstoragescope,Alogeelyin [6] presentsa techniquefor architectural
synthesisvhich exploits the regularity of valueaccessethatexistsin mary DSP
andmatrix computationsAfter schedulingof operationsthe storageassignment
procedureof Alogeely consistsof threestages. In the first stage,it is tried to
assignall valuesto queue-lile storage.Then,basedon a rejectioncriterionlike
the sizeof the queue someof the queueghatdo not meetthe minimum allowed
utilization arerejected.Thevaluesthathave beenassignedo rejectedqueueswill
be usedasinputsto thenext stagein whichthey aretriedto be assignedo stacks.
Similarly, stacksthat do not meetthe minimum allowed utilization are rejected
andthe valuesare sentto the last stagethat will assignthemto random-access
registers.

Similar to the work of Alogeely our approachfollows a predefinedanalysis
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Figure6.1: A storagearchitecturewith files of differentaccessypes.

order For every file with a specificaccesehaior a limited capacity(andsize
for stacksandfifos) is associate@ndconstitutesa constrainto satisfyduringthe
schedulingprocess.

Our approachmakesuseof two differentmethodsfor constraintsatisfction
whenunits of a specificstoragefile andaccessype areaboutto be overloaded.
Thefirst methodis accessrdering of values,ashasbeendescribedn previous
chapters.The secondmethodis spilling valuesto other storagefiles (and other
accesgypes). Bottlenecksfor storageallocationare found in both the worst-
and the best-caseonflict graphs. Bottlenecksfound in the worst-caseconflict
graphare edges andthe respectie valuesare candidateso have their accesses
orderedaccordingly Bottleneckdoundin thebest-caseonflictgrapharevertices
representingaluesthatwill be spilledto anotherstoragdile. Both methodswill
remove edgesandverticesrespectiely from the graphsuntil the upperandlower
boundsof requiredstoragearesatisfied.

This chapteris organizedasfollows. In Section6.2, the modelassumedn
this casefor the storagearchitecturas shovn. Section6.3 explainsthe proposed
constraintsatistictionapproach.Finally, in Section6.4 experimentalresultsare
presented.

6.2 StorageModel

In Figure 6.1, the assumedstoragearchitectures illustrated. It hasa random-
accesgegisterfile with capacitycy, a rotatingregisterfile with capacitycgz, a
file of stackswith capacitycs andsizeqs, and/orafile of fifos with capacitycy
andsizeqy.

It is unlikely however to have architectureswith units having four storage
files eachwith a differentaccesgype, sincetheir implementationcan become
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comple« andexpensve. From the compilerpoint of view, to exploit the storage
characteristicef thosearchitecturess alsodifficult to implement.

6.3 ProposedApproach

The goal of our approachwith this kind of storagearchitecturds to find an as-
signmentof valuesto storagefiles (pre-assignment an assignmenbf valuesto
storageunits, anda schedulehat satisfythe storage precedencejming andre-
sourceconstraints.

Constraintsatishctionandpre-assignmentf valuesare performedconsider
ing oneaccessypeatatime. Initially, all valuesareassumedo be pre-assigned
to onestoragefile (oneaccesgype). During the satistction processwhenthe
minimumrequiremenbf a particularfile is morethanthe available,somevalues
areselectedo bespilledto anotheravailablefile (henceanotheraccessype).

The criteria aboutwhich accesdype would be consideredirst take into ac-
countthe characteristicef eachparticularstorageasfollows:

e Random-accestegistersare the mostflexible storagefrom the compiler
point of view, sinceaccesgo valuesis straightforvard. However, they are
costlyin termsof controlandencoding(obsenation mainly consideredor
architecturedesign). For loop folded cases,valuesassignedo random-
accessegistershave their lifetimes upperbound(constrainedpy the initi-
ationinterval I1.

e Rotatingregistersare the most costly storageunits since their control is
more comple relatedto their baseplus offset addressingnode. For the
compiler rotating registersare as flexible asrandom-acceseegistersand
their advantages thatthey canbe usedin applicationswith a reduced/ /,
sincevaluesassignedo rotating register files do not have their lifetimes
upperboundby 1.

e Stacksarelesscostly thanrandom-accessegistersbecausef their multi-
ple registerssharingone address.Their controlis simpler, sincethe stack
pointeris updatecautomaticallyin every accessHowever, for thecompiler
stacksare not asflexible if it is assumed destructve readingof values.
Furthermorefor loopfoldedcasesyaluesassignedo stackshave alsotheir
lifetimesupperboundby 71.

e Fifosarealsolesscostlythanrandom-accesggistersbecaus®f their mul-
tiple registersandtheir simplercontrollability. They arealsolessflexible
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Figure6.2: Constraintsatishctionandschedulinglow for storagefiles of differ-
entaccesdypes.

thanrandom-accessegistersfrom the compilerpoint of view, if a destruc-
tive readingof valuesis assumed.On the other hand,valuesassignedo
fifos do not have their lifetimesupperboundby 71.

With this descriptionthe orderin which thefiles areanalyzedandtheir con-
straintsatisfieddependspecificallyontwo situationgseetheflow in Figure6.2):

e Loop folded cases.lIt is alwaysdesirableto reducethe schedulefreedom
gradually andto satisfythelessflexible storagdirst. Therefore for folded
caseshefollowing orderis consideredconstrainsatisfictionfor fifos first,
thenfor rotating registers. By this stagethe initiation interval constraint
bindsthelifetimesof theremainingvalues.After that,theprocessontinues
with stacksandfinally with random-accessgisters.

¢ Non-foldedcases.For non-foldedcasedhe advantageof rotatingregisters
is reducedsincethey becomehe sameasrandom-acces®gisters.There-
fore,thefollowing orderis consideredconstraintsatisactionfor fifos first,
thenfor stacksandfinally for registers.

The satishction approachdepictedgraphicallyin Figure 6.2, startswith an
initial pre-assignmenf values.

For folded caseshis processcheckswhetherthereare valueswith lifetimes
longerthan/I. If yes,thosevaluesarepre-assignedb fifos or rotatingregisters
(in thatorder)accordingo theavailability of thoseunits. The processlsochecks
whethervaluesareconsumednorethanonce(for stacksandfifos). Whenanini-
tial pre-assignmertannotbe performedbecausehe lack of unitswith a specific
accessype,infeasibility is reported.
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With alist of value candidatedor pre-assignmenthe satisactionalgorithm
analyseshe storagefile with a specificaccessype. The satisactionprocesss
thereforecalled,whichis depictedgraphicallyin Figure6.3.

In the satishctionprocessa lower boundis calculatedirst by coloringa best-
caseconflictgraphSCG. If thisboundis largerthanthenumberof unitsavailable
(capacity) avertex (value)is selectedrom its largestsaturatioranddegreenum-
bersin the colored SCG. The selectedvalueis thusremoved from the list of
candidates.

When the numberof available units fulfills the minimum requirementsthe
processheckgsheupperboundof storageequirementsingaworst-caseonflict
graphWCCG@G, identifiesbottlenecksn WCCG, and selectspairs of valuesto
ordertheiraccesses.

After accessrderingthe satisactionprocesscheckswhetherthereis a vari-
ation on the bounds. If the lower boundrequirementbecomegreaterthanthe
capacity a valueis selectecandremoved from thelist. Every time avalueis re-
moved, all orderingsfor the currentstoragefile arediscardedjnsertedsequence
edgesareremoved from the D FG, andthe satishctionprocesgestartswith an
updatedist of values.

The satishction processcontinuesuntil lower- and upperboundsfor the ca-
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pacity (andsizefor fifos andstacks)are satisfied. Only whenthe satishctionof
constraintss guaranteedthe valueson the list arethen pre-assignedo thefile,
andthenext file (anotheraccesdype)is analyzedor theremainingvalues.

Forloopfoldedcasesbeforethealgorithmdealswith stacksor random-access
registersthe initiation interval constraintwill bind the lifetimes of the remaining
valuesasdescribedn Section2.3.3.

For the last storagedfile analyzedjf it is not possibleto satisfyits constraints
infeasibility is reported.

After constraintsatistctionwassuccessfullyaccomplishe@ndvaluesareal-
readypre-assignedhe precedencearetransferredo corventionalscheduleand
storageassignmenphaseso completethe process.

6.4 Experimental ResultsUsing FACTS

This sectionpresentsheexperimentalesultsobtainedwith the proposednethod.
Instancef the examplespresentedn Table 4.1 were used,andthe respectie
storagesatishctionresultsareshovn in Table6.1.

Thefirst columnof Table6.1shovstheinstancenameswith theformatD FGy..
L isthelatengy. Thesecondcolumnshawstheinitiation interval 11 whichis the
minimum obtainablewith the available ILP (|FU|) showvn in the third column.
For eachstoragearchitecturehe table shavs the fifo capacities:r andsizesqgr,
therotatingregistercapacitieszr, the stackcapacitiescs andsizesqggs, andthe
random-acces®gistercapacities:y.

TheCPUtimein seconds(s) spentto find the solution(includingscheduling
andfinal storageassignment)andthe impacton the scheduléreedom(mobility
afterthe satistctionprocesspreshavn in thelasttwo columnsof thetable.

Theresourceconstrainedschedulefrom [75] wasusedto completethe pro-
cess.Storageassignmentor rotatingregistersis performedusingthe methodfor
relative locationsassignmenin [78], while for the other storagetypesa graph-
coloringbasedstorageallocationis performed.

As areferencealsotheminimumcapacitieobtainedoy applyingthe satisfic-
tion approacho storagefiles having a specificaccessype areincludedin Table
6.1 at the samerow following the instancenameor a new (|FU|,IT) setof con-
straints.Fifos andstacksareassumedo have a destructve readingandto obtain
the capacityandsizereferencesgopiesof multiply consumedraluesweregener
ated(referto Section5.2.1). Note thatfor certainvaluesof 71 no solutioncould
befoundusingstacksor random-acces®gisters.At theendof therow theinitial
mobility of operationgrior the satishctionapproachs included.

Theresultsn Table6.1aretheminimumobtainablevith FACTS makingtrade-
offs amongthedifferentconstraintgor eachfile with aspecificaccessype. Com-
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binationsof fifos, stacks,and random-acceseegisters,or rotatingand random-
accesgegistersweretested(which arethe mostlik ely to be usedtogetherin an
architecture).

As the resultsin the table shaw, it is possibleto make tradeofs amongthe
constraintof differentstoragdiles. By wealeningthe constraintgor onefile the
capacityrequirementor the otherscanbereduced.Also, with the useof fifos or
rotating registersa betteruseof the available ILP canbe madeby reducingthe
initiation interval (seetheresultsfor instancedirg andiiry).

In mary casespresentedn the table a reductionin the numberof storage
units canbe obsened whenusingfifos, stacksandrandom-accessegistersthan
whenusingonly registers. Onesuchexampleis firg with 71 = 3 for which the
numberof unitswerereducedrom six (random-acces®gisters)to e.g.four (one
fifo plusthreerandom-acceseegisters),or five (two stacksplus threerandom-
accessegisters).However, thisis notalwaysthecaseespeciallywhenconsidering
fifos andstackswith destructve reading.Tradeofs betweerrotatingandrandom-
accessegistersarestraightforvardasseerfor firg andiiry.

In conclusionour approachs ableto find solutionsfor tight constrainedex-
amplesandhaving storagdiles of differentaccessypesin thearchitecturelsing
this kind of storagereductiongn the numberof unitsandbits for addressingre
achieved,aswell asexploitationof theavailablelLP in the processoarchitecture.
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Table6.1: Resultsfor architecturesvith storagefiles of differentaccessypes.

| DFGy, | |FU| | I1 | cr | qF | crr || cs | gs

| cr || t(s) | mobility |

fft1s 1 |-]5]3[] -]5]2[5] - | 317
22| - | -1]-] 2075 030

2|4 - | -1]-1] 1075 o010

|- - ]2|2]| 3|047| 037

-] - |l3|2]|2]|o041 o043

12| - 1|2 2080 013

22| -] 2]2]|-]075 030

firg 1 |3 4|3 6 |5]2[6] - | 144
13| - -|-]3]005 o094

|- -]2|2]| 3007 038

- 4| -|-]2]|o013| 1086

- 2 -|-]|4]|o007 o069

2 (26|38 -]-]-1 - 194

23| - | -1]-] 3002 031

|- 6| -|-|2]|o005 o019

3 (17|31 -]-]-] - | 194

53 - | -1|-]2]003] 025

|- 13]-]-| 2015 019

iffts 1 [ -[713 -J7]2[7 - | 138
3|2 - | -1|-]4]|333| 258

- - |l4|3]| 4]|531 301

2|2 - | 2]2]| 5| 410 184

firg 1 47129728 - | 159
4|3 - | - || 3]/0.17] 0.19

- - |l4|2]| 6037 o041

3|2 - 3|2 2034 022

- 7-]-]2]|o070| o019

|-l 2]-]-1|6]|026 022

2 | 212415 -1-]-[ = | 222

8|4 - | -1]-]3]|o011] o011

| -1 -]-|5]|031] 017




Chapter 7

Conclusionsand Further Reseach

This thesispresentsan approachfor storageallocationandoperationscheduling
for codegenerationn embeddedgrocessoicompilers,andfor the architectural
synthesiof DSPandmultimediaapplications.DSPandmultimediaapplication
kernelscharacterizedy intensve computationaremappedntoaVLIW embed-
ded processoiarchitecture(or architectureemplatefor synthesis)which hasa
limited numberof resourcesncluding distributedand capacityconstrainedstor

agefiles.

Storagdile constraintsaretakeninto accountrom thefirst phaseof schedul-
ing while thereis enoughfreedomto reducestoragepressureConstraintanalysis
techniguesare usedto capturethe interactionamongthe precedencejming and
resourceconstraints. By constructingand coloring a worst-caseconflict graph
thatmodelsthe strongandweakconflictsbetweernvalueaccessegshebottlenecks
for storageallocationareidentified. Thesebottlenecksare subsequentlyeduced
by orderingvalue accesseaccordingly This resultsin a partial schedulethat
canbe completedby a conventionalschedulemwithout violating the storagefile
constraints.

Although the problemof spilling valuesto backgroundnemorywas not di-
rectly addressedhe proposednethodcanhelpto avoid unnecessargpill code.

The experimentalresultsin this work clearly shav the advantagef the ap-
proach:

e This approachs ableto satisfystoragefile constraintaundertight timing,
precedenceandresourceconstraints.The methodprovidesa goodbalance
betweenrsolutionquality andruntime.

¢ By takingthestoragdile constraintsnto accountthis methodis ableto re-
ducethestorageressureomparedo anapproachhatperformsscheduling
first andstorageallocationa posteriori.
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e The proposedmethodis also ableto reducethe storagepressurdor files
with low capacityat the expenseof anincreasen the amountof storage
usedin other storagefiles. This is importantfor handlingheterogeneous
storagefile architectures.Traditionalmethoddack the capability of mak-
ing tradeofs betweendifferentstoragefiles. Furthermorethis alsoshows
thatthe methodcanbe usedto do designspaceexplorationfor storagefile
architectures.

e |t is possibleto make a tradeof betweenstoragepressureandtiming con-
straints.By wealeningthelateng or theinitiation interval constraintsstor
agefile capacitiesanbe furtherreduced.

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

Thiswork hasbeenimplementedn the FACTS researchool. The FACTS tool
is usedattheEindhovenUniversityof Technologyasavehiclefor researchn code
generationand architecturalsynthesis. FACTs functionality is being integrated
in the A|RT tool setfrom AdelanteTechnologiega compalry resultedfrom the
meiging of FrontierDesignandPhilips SemiconductorsEPD),in orderto design
and programASIPswith a VLIW architecture. At Philips ResearchFACTS is
appliedin the COCOONandthe ERC (EmbeddedReconfigurableComputing)
projectsaspartof thecompilertargetedat VLIW architectures.

Currentresearctrelatedto code generationand implementedn FACTS fo-
cusen thefollowing topics:

e Thework of Bekooij [8] presentanapproachthatusesconstraintanalysis
for the assignmenof operationgo functionalunits (datarouting througha
limited connectiometwork betweerfunctionalunitsandregisterfiles).

e Forconditionalconstructionsthework of Zhaoin [82] presentsnapproach
that performsif-corversion and createsredicateghat areincludedin the
code. After if-conversion,schedulingand storageallocationis performed
consideringthe propertyof mutualexclusivity of values,i.e. becausehey
belongto exclusive conditionedbasicblocks, mutualexclusive valueswill
never coexist andcanbeassignedo the samestorage.

e Zhaoetal. in [81] presentan approachthat reduceshe needfor explicit
instructionselectionby transferringconstraintamplied by the instruction
setto virtual resourceconstraints that corventionalresourceconstrained
schedulergancopewith.
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To guaranteeompilerretagetability, thereis anecessityto defineacomplete
machinedescriptionin FACTS. The compilerretagetabilityis limited whentun-
ing theprocessoto aspecificapplication(domain),becaus@&o completemachine
descriptionis definedin theinputdescriptiorfile for FACTS.

Possibleextensionsncludethe useof the techniquegpresentedn this thesis
in a broaderschedulingscope(beyond the scopeof basicblocks). In that case,
a global constraintanalysisis necessaraswell asthe ability to make tradeofs
betweertheuseof thetechniquepresentedh thisthesisandtheinsertionof spill
code.
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