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ABSTRACT

Oneof thedifferencesbetweenout-of-orderandin-ordercomputerarchitecturesis thedis-

persalof operationsto functionalunits. This responsibilityis part of the transferof power

from hardware(out-of-order)to thecompiler(in-order).As a resultof this shift, thehardware

supportfor operationdispersalwassimpli�ed. IPF, the �rst hardware implementationof an

EPICin-orderarchitecture,introducednew conceptsto furthersimplify thehardware's opera-

tion dispersal.However, they presentadditionalconstraintsto thecompiler's scheduler. This

thesispresentsthetemplatebundlingalgorithmtoextendtheIMPACT compilertohandlethese

new constraints.An exhaustive,systematicexplorationoverthenewly introducedsearchspace

is employedto producea schedulethatconformsto thescheduler's performanceexpectations

while keepingcompilationtimeundercontrolvia ef�cient implementation.
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CHAPTER 1

INTRODUCTION

Out-of-ordercomputerarchitecturesemploy hardwareresourcesto controlthedispatchof op-

erationsto functionalunits. Many modern-dayarchitectures,suchassuperscalarmachines,

operateunderthis framework. This requiresthehardwareto supportdynamic,near-arbitrary

dispersalof operationsto functionalunits in thepresenceof schedulingconcernssuchasde-

pendences.In-orderarchitectureslike Very Long InstructionWord (VLIW), in contrast,rely

uponthecompilerto scheduleoperationsstaticallyfor executionin thehardware.In particular,

the compiler's schedulerneedsto ensurethat the �nal codeobeys many constraints,suchas

dependences,latencies,resourceusage,etc.;otherwise,performancemaysuffer, or worseyet,

resultsmay be incorrect. This, however allows the processor's issuelogic to be muchsim-

pler. Onevariationof in-ordermachines,theExplicitly ParallelInstructionComputing(EPIC)

architecture,givesthe compilereven greaterresponsibilitiesandpower whencompiling and

schedulingcode.In oneEPICarchitecture,theIntel ItaniumProcessorFamily (IPF) [1], new

conceptsare introducedto the instructionformat to simplify the dispersalof instructionsin

hardware.Unfortunately, thesesamespeci�cationssigni�cantly complicatethecompiler's job

duringscheduling.This thesiswill describetheaugmentationsof a compilerto handlethese

new constraints.
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Figure1.1GenericEPICoperationdispersalmind-sets

EPICarchitecturesgenerallyassumeoneof twomodelsfor dispersingoperationsfromslots

to functionalunits: (a) symmetricaland(b) restrictive. Figure1.1(a)shows the symmetrical

dispersalassumption.Any slotcandispatchanoperationto any functionalunit eachcycle. The

bluelinesindicatehow eachslot in asix-issuemachinecanreachany functionalunit. As long

as thereis an appropriatefunctionalunit available, the operationwill executeasscheduled.

Figure1.1(b)shows the restrictive dispersalassumption.Eachslot candisperseits operation

to only a restrictedsetof functionalunits,governedby a �x edmappingof slotsto functional

units. This mappingin turn restrictstheoperationsthatcanscheduledin eachslot. Variations

betweenthesetwo extremesalsoexist.

IPF groupsoperationsinto bundles,eachof which containsthreeslots.Eachimplementa-

tion is capableof processingsomenumberof bundlespercyclein anissuegroup.For example,

thecurrentimplementationsof IPFaredesignedto processtwo bundlespercycle,makingthem

nominallysix-issuemachines.IPFclassi�esthedifferenttypesof instructionsin theinstruction

2



setarchitecture(ISA) likememory, integer, �oating point,andbranchinstructionsinto syllable

types.Whenencodingoperations,IPFrequiresbundlesto begeneratedaccordingto templates

thatassigna syllabletype to eachslot of the bundle. Syllabletypesin turn restrictwhatop-

erationscanbe scheduledin that slot andwhat functionalunits arereachablefrom that slot.

Finally, dispersalrulesdeterminewhat functionalunit an operationendsup in the hardware

given its instructiontype, syllabletype, slot position,andprecedingoperationsin the cycle.

Ratherthanrequirethatevery functionalunit bereachableby everyslot or restrictively de�ne

which functionalunits a slot is ableto disperseto, the setof functionalunits reachablenow

variesfrom slot to slot andcycle to cycleaccordingto thetemplatesandsyllablesspeci�ed.

Figure1.2 demonstrateshow thesenew restrictionsin IPF complicatethescheduler's job

comparedto the genericEPIC architecture.The setof functionalunits reachablefrom each

slot is determinedby thesyllablesof thetemplate,asshown by theorangelettersanddashed

lines.Certaininstructionsin IPFareevenmorerestrictive,allowing theirexecutiononaneven

smallersubsetof functionalunits. The integer load instructionin slot 3, with a legal subset

of only the M0 andM1 functionalunits (the dashedblue line andcircle), is usedhereasan

example.Finally, accordingto thedispersalrules,thedispatchof operationsto functionalunits

in IPF is affectedby precedingoperationsin thecycle. Theoperationin slot zerois a �oating

point load thatmay issueto M0 throughM3, asindicatedby thedashedgrey line andcircle.

Thedispersalrulesdictatethat it will executeon thelowestnumberedlegal M-functionalunit

currentlyavailable,M0 in this case(redcircle andline). Therefore,theintegerloadoperation

mustdisperseto M1. If the operationin slot 1 wasalsoa �oating point load, it would have

3
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Figure1.2IPF operationdispersalmind-set

takenM1, the lowestnumberedfunctionalunit out of M0 throughM3 still available,leaving

no functionalunit for the integer load operationin slot 3, which is why it hasa dashedred

line instead.However, if the integer loadwasin a slot thatprecededall of the �oating point

load operations,no problemswould exist until the machineruns out of M-functional units.

For the genericEPIC architecture,functional units are assignedto operationsin slots on a

�rst-come-�rst-served basis; the operationscheduled�rst by the schedulingalgorithm will

have �rst choice. For IPF, the functionalunit assignedto an operationdependson thosein

precedingslots,independentof theordertheschedulingalgorithmpicks theoperations.The

schedulerof EPICcompilerwouldneedto bechangedto adaptto thesenew restrictionsof IPF.

Thework for this thesisis basedon theIMPACT researchcompiler, developedby theIM-

PACT researchgroupat theUniversityof Illinois at Urbana-Champaign.Thecall stackof the

existingIMPACT compiler'sscheduleris shown underthe“old path”of Figure1.3.A schedul-

ing algorithm,cyclic or acyclic, decidesthecycle time andslot rangefor an operationbased

4
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Figure1.3IMPACT schedulercall stack

on its dependenciesandpassesthe information to the schedulingmanager. The scheduling

managercallstheresourcemanagerto determineif anappropriateslot andfunctionalunit are

available. If theansweris yes,thoseresourcesaremarkedastaken,andtheschedulingman-

agerupdatesthe statusof the operationandthe operationsit affects. The resourcemanager

derivesits machine-speci�cinformationfrom themachinedescription.Thevariousdutiesof

thescheduler(timing, placement,resourcedescriptionandmanagement,etc.) arethusspread

outamongstspecializedcomponents.

Theschedulermustconsiderall of thenew factorsintroducedby IPF (bundles,templates,

syllables,anddispersalrules)in additionto traditionalconstraintslikedependencesandcome

up with thebest-performingschedulepossible.The“new path” of Figure1.3outlinesthenew
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modeldealingwith theIPF constraints.Theschedulingalgorithmsarenot alteredin any way,

thoughtheir interfaceto the schedulingmanagerchangesslightly, allowing the compiler to

maintainits modularseparationof schedulingresponsibilities.Theschedulingalgorithmstill

directsthe schedulingmanagerwith the intendedcycle for an operation,but the scheduling

manageris now responsiblefor �nding a combinationof templatesandapermutationof oper-

ationswithin thecyclesuchthatall of thecycle'soperationsareassignedto slotsthatallow for

simultaneousissue,given thespeci�ed constraints.Theschedulingmanagerstill reliesupon

the resourcemanagerto determineif the appropriateresourcesare available. However, the

resourcemanagerhasbeenenhancedasnecessaryto accommodatethenew restrictions.The

constraintsthemselvesaredescribedin themachinedescriptionso that they canbe speci�ed

permachineimplementationandbeaccessedby differentpartsof thecompiler.

Thisthesisproposesaframeworkattheschedulingmanagerlevel, thetemplatebundlingal-

gorithm, for IPFinstructionschedulingthattakesthesenew constraintsinto consideration.The

machinedescriptionandresourcemanagerareaugmentedaccordinglyto supportthiseffort. In

Chapter2, thenew restrictionsintroducedby IPF arede�ned in detail,andtheproblemsthey

causeareanalyzed.Chapter3 presentstheimplementationof thetemplatebundlingalgorithm

andtheassociatedsupportandstepsthroughthealgorithmto demonstratehow it handlesthe

variousconstraintsandavoidsthepotentialproblems.Thecomplexity of thetemplatebundling

algorithmis alsoanalyzed.Numericalresultsarepresentedin Chapter4, relatedwork in Chap-

ter5, andfuturework in Chapter6.

6



CHAPTER 2

BACKGROUND

This chapter�rst goesover the issueanddispersalstructuresof genericEPIC architectures.

Thediscussionwill bebasedprimarily on the featuresassumedby the IMPACT compiler. It

thenintroducestheconstraintsandfeaturesnew to IPF. An in-depthanalysisthendetailsthe

constraintsandtheir effectsuponthe scheduleandschedulingprocess.The discussionwill

focuson the Itanium 2 implementationof IPF. An examplesequenceof operationswill be

employedto helpconcretizetheconceptsandtheinterplayamongthem.

2.1 GenericEPIC Ar chitecture

EPICarchitecturesarein-ordermachines,meaningthecompileris responsiblefor produc-

ing a scheduleof the operationsfor the hardware to execute. Due of this requirement,the

compilermustbe awareof the hardwareresourcesavailable. The IMPACT compilerusesa

machinedescription[2] to describethe capabilitiesof the target hardwareandits interaction

with the instructionsin the ISA. This sectiondescribesthe machinemodeltypically usedby

the IMPACT compiler, an amalgamof the two genericEPIC operationdispersalmind-sets

presentedearlier.

An EPIC architectureable to dispatchn operationsin a singlecycle is referredto asan

n-issuemachines.Figure2.1 shows a six-issuemachine. Eachbox representsa slot for an

7
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Figure2.1GenericEPICarchitecture

operation.Sinceall of the operationsareto be dispersedin the samecycle, thereis a cycle

boundary, indicatedby thethick blackbar, at theendof theissue.Themachinemodelusedby

theIMPACT compilerresemblesthesymmetricaloperationdispersalmodelfor all but thelast

slot. Themachineis assumedto issueonly onebranchinstructionpercycle,andit mustbethe

last instruction.This is shown by thesingledashedblueline extendingfrom thesetof branch

instructionsto the last issueslot. (IPF hasdifferentrestrictionson thenumberandplacement

of branchesin a cycle, which will bediscussedin Section2.3.) Nonbranchinstructionsmay

be placedin any of the slots,shown by the multiple dashedblue lines connectingthe setof

nonbranchinstructionstoall of theslots.Therearealsominimalrestrictionsasto thefunctional

unit to which a slot candisperse.Thelastslot candisperseto any functionalunit, whereasthe

remainingslotscandisperseto any functionalunitsexceptthebranchfunctionalunit. This is

8



shown by thedashedorangelinesconnectingtheslotsto the functionalunits. Thefunctional

unitsconsumingtheoperationsscheduledareindicatedby thesolid red lines. GenericEPIC

architecturesarenot concernedwith thespeci�c functionalunit in which eachoperationends

up anddo notspecifyany kind of setmapping.

2.2 Overview of IPF Restrictions

The additionalconstraintsintroducedby IPF representa continualevolution of operation

dispersalfor in-orderarchitectures.Thedesiredeffectof theserestrictionsis to reducethecom-

plexity of hardwareissuelogic sothatit doesnothave to provide thenumberof pathsrequired

for all functionalunitsto bereachablefrom all slotsatall times.Themorelimited dispersalof

operationsis con�gurablevia templatesandsyllableson a cycle by cycle, bundleby bundle,

andslotby slot basis.Thisplacesadditionalburdenson thecompilerandits scheduler.

IPF groupsandencodesits operationsin bundles, eachcontainingthreeslots. Every im-

plementationof IPF canoperateon a certainnumberof bundlespercycle. Both Itaniumand

Itanium 2 operateon up to two bundlesper cycle, so onecanessentiallythink of themas6-

issuemachines.IPF speci�es cycle boundariesby stopbits. Stopbits canbe placedat the

endof any bundleandwithin bundlesin somecases.Someof thepossibleplacementsof stop

bits areindicatedby thegrey barsandthe actualcycle boundarystopbit by the blackbar in

Figure2.2. Stopbits areprescribedin thetemplateof eachbundle.Every bundlemustcorre-

spondto avalid template,whichcontainsinformationaboutthestopbits in thatbundleandan

assignmentof syllabletypesto slots. Figure2.2 shows in orangeletteringthe bundlesbeing

9
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Figure2.2IPF restrictionsoverview

assignedtemplatesout of the setof valid templatesandthe syllablesbeingmappedinto the

slotsof thebundles.Thetemplateinformationof eachbundleis passedto thehardwarealong

with theoperationscontainedwithin it. Thesyllablesassignedto theslotsdeterminewhatissue

portscanbereachedfrom thatslot,shown in Figure2.2by thedashedorangelines. Issueports

areanintermediatestepbetweenhow operationsaredistributedfrom theslot to thefunctional

unitsin IPF;eachoperationis assignedto theappropriatefunctionalunit throughanissueport.

It is thelowestlevel of machinemodelinginformationneededby thecompiler.
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Every instructionin theISA of IPF belongsto aninstructiontype. An instructioncanonly

be scheduledin a slot that containsa syllablecompatiblewith its instructiontype. Certain

instructiontypesaremore�e xible thanothersandarecompatiblewith morethanonesyllable

type.Theseinstructiontypesaresaidto haveasupersetsyllable. Figure2.2showsthedifferent

instructiontypesin IPF (boxesat thetop with a capitalletter in blue), thesetof syllablesthe

instructiontypesarecompatiblewith (lettersin bluein parentheses),anda sampleof instruc-

tionsof eachtype. Theblue lines from the instructiontypesto theslotsindicatetheslotsan

instructiontypecango to in anMII MFB templatecombination.Noticehow theA-instruction

type,which hasa supersetsyllable,canbeassignedto eithertheM or I-syllableslots.

Not all Itanium 2 functionalunits canhandleall of the instructionsof the corresponding

instructiontype. The instructionsin Figure2.2 arefurther separatedwithin eachinstruction

typeaccordingto thesetof issueportsthatcanhandlethatparticularinstruction.For example,

integer load instructions(ld ) belongto theM-instructiontypeandcanbedispersedto either

theM0 or M1-issueport. Dashedbluelinesandcirclesindicatethesetof issueportsallowed

for theoperationscheduledin theslotsfor restrictiveoperations,like theinteger loadinstruc-

tion scheduledin the �rst slot. Given the slot, the syllableof the slot, the restrictionsof the

operationin theslot, andtheprecedingoperationsin thecycle, dispersal rulesdeterminethe

particularissueport that theoperationis dispersedto, asindicatedby thesolid redlines. The

fact thatpreviousoperationsdirectly affect thedispersalof thecurrentoperationis an impor-

tantdistinctionbetweenIPF andgenericEPICarchitectures.Thepreviousscheduler�o w for

theIMPACT compilerwasunableto handlethis.
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Figure2.3Valid templatesfor IPF

2.3 In-Depth Analysisof IPF Restrictions

This sectiondetailsthe constraintsintroducedby IPF as implementedon the Itanium 2.

Thenew termsintroducedin Section2.2will beexplainedherein detail. Thediscussion�rst

focuseson thevarioustemplatesandtheir formation,andthenturnstowardsthedispersalof

operations.

2.3.1 Templates

Everybundlein IPF, eachof which containsthreeslots,mustconformto a template.Tem-

platescontaininformationaboutthesyllablesandstopbitsof thebundleandarepassedto the

hardwarealongwith the operationsscheduledin the bundle. Thereare� ve syllabletypesin

IPF: M, I, F, B, andL. Only certainpermutationsof syllablesareconsideredvalid templates.

The currentsetof valid templatesfor IPF is shown in Figure2.3. Thereis room in the IPF

speci�cationfor eightnew templatesto bede�ned in thefuture.
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Eachsyllabletakesup oneor two slotsin thebundle. TheL-syllableconsumestwo slots,

so only two instructionscanbe scheduledin the MLX template. (X is a placeholderrather

thananothersyllable.)Eachsyllablemustbeassignedacompatibleoperation.Theoperation's

instructiontypedeterminesits compatibility. The operationassignedto the syllablecanbe a

NOPoperationif thereis no operationavailable.NOPoperationsin IPF do not affect thema-

chinestateandcorrectnessof theprogram;however, they doconsumeresourcesandaffect the

dispersalof operations.Therefore,NOPoperationsin IPF needto becarefullyconsideredand

scheduled,unlike thebenignNOPoperationspreviouslyassumedby theIMPACT compiler.

Explicit stopbits denotecycle boundariesin IPF templates,representedby thethick black

barsin Figure2.3. Notethat for every permutationof syllablesthat formsa valid template,a

versionexistswith a stopbit at the endof thebundle. Therearealsotwo templatesthat can

have a stopbit in the middle of the bundle, speci�cally MII andMMI. They were referred

to ascompressedtemplatesin [3], andthis thesiswill follow that terminology. Implicit cycle

boundariescalledsplit issuesmayalsooccurat locationsnot indicatedby explicit stopbits(see

Section2.4).

Intuitively, IPFmaybeviewedasaconstrainedEPICmachinewhosepathsfrom instruction

slotsto functionalunitsarerecon�gurablevia templatespeci�cations.Compressedtemplates

andexplicit stopbits even allow IPF machinesto appearlike anything betweena one-issue

to a six-issuemachinein certaincycles. The compiler's schedulernow hasthe power and

responsibilityof partially recon�guring thedispatchhardwarethroughtemplateselectionand

stopbit insertionsto maximizeperformanceandcodedensity.
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2.3.2 Dispersal

Every instructionin the ISA of IPF belongsto an instructiontype. Thesemajor instruc-

tion typesrepresentgroupsof instructionsthat canbe assignedto the samesetof syllables.

Figure2.4shows thesix majorinstructiontypesandthesetof compatiblesyllabletypes.Cer-

tain instructiontypeshave supersetsyllablescompatiblewith multiple syllabletypes.TheA-

instructiontype in IPF is onesuchexample,beingcompatiblewith both theM andI-syllable

types. Within eachinstructiontype therearealsosubtypes.Subtypesfurther subdivide the

instructionsby differentcharacteristics,suchasinstructionswith differentoperandtypeslike

architectureregisters,immediates,andmemorylocation,or differentmemoryoperationslike

loadsversusstores.Every instructionin theIPF ISA belongsto oneandonly onesubtype.All

of theinstructionsin thesamesubtypeusuallyhavethesameissueportconstraints,asubsetof

thoseassociatedwith themajorinstructiontype.1 In otherwords,thesetof valid issueportsfor

aninstructionis determinedby whatinstructionsubtypeit belongsto, asshown in Figure2.4.

Although therearemany instructionsubtypes,many of themsharethe samecharacteristics

with regardto issueport constraints.Consequently, they aregroupedinto subtypegroupsin

the �gure. Theassignmentof valid issueportsto instructionsubtypesis implementationspe-

ci�c. This is how hardwareasymmetryof issueportsandfunctionalunits is expressedin IPF.

For example,memoryinstructionsbelongto the M-instructiontype. However, integer load

instructionsbelongto a subtypegroup(ii ) that canonly disperseto theM0 or M1-issueport

andintegerstoresbelongto a differentsubtypegroup(iv) thatcanonly disperseto theM2 or

1Therearesomesubtypesin Itanium 2 (M6, M7, M8, andM24) whereinstructionshave nonuniformissue
port constraints.
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Figure2.4Mappingof instructiontypesto syllabletypesandissueportson theItanium2

M3-issueport,whereas�oating point loadsbelongto a subtypegroup(v) thatcandisperseto

any of theM-issueports,M0, M1, M2, or M3. NotethatL-instructiontypeinstructionsin IPF

take two issueportsperoperation,eitherF0 andI0 or F1 andI1. In theinterestof brevity, the

largesetof compatibleissueportsfor A-instructiontypeoperationswill bedenotedassimply

A.

Every operation,including eachNOP operation,is mappedfrom the syllableandslot to

a functionalunit throughan issueport. On Itanium2 thereare11 issueports: M0, M1, M2,

M3, I0, I1, F0, F1, B0, B1, andB2. Issueportspresentan intermediatelayer betweenthe

syllablesandfunctionalunitsandis thelowestlevel of resourcemanagementthatthecompiler

needsto model. The dispersalrulesmapthe operationassignedto a syllable to issueports

accordingto thefollowing parameters:(a) theslot number, (b) thesyllableof theslot, (c) the
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instructionsubtypeof the operation,and(d) what hasprecededthe operationin the current

cycle. Eachimplementationof IPFde�nesits own setof dispersalrulesthatthecompilermust

take into considerationwhenscheduling.A simpleexamplein Itanium2 is thedispersalrule

for slotswith a B-syllable.If theslot is in the�rst positionof thebundletheoperationwill be

dispersedto B0, the secondpositiongoesto B1, andthe third positiongoesto B2. Viewing

thearchitectureasa 6-issueEPICmachinewith theslotsnumberedfrom 0 to 5, anoperation

in slot 0 or 3 with a B-syllable would disperseto B0, slot 1 or 4 would go to B1, etc. A

morecomplicatedexamplewould be an integer storeinstruction. The instructiontype says

integerstoreinstructionsmustbe in anM-syllableslot andthesubtyperestrictsthedispersal

to eithertheM2 or M3-issueport. Thedispersalrule assignstheoperationto thelowestissue

port �rst, i.e. the operationwill be dispersedto M2 if possible. If both M2 andM3-issue

portsareoccupied,thenthe integerstoreoperationcannotbescheduledin this cycle without

detrimentaleffects(seesplit issuein Section2.4),evenif otherM-issueports,suchasM0 and

M1, areavailable.Supersetsyllablescomplicatethedispersalrulesbecausethesubsetof issue

portsthatarelegal is muchlarger. On Itanium2, anA-instructiontypeoperationassignedto

an M-syllable slot canbe dispersedto either the M0, M1, M2, or M3 issueport. However,

if thatsameinstructionis assignedto an I-syllableslot, it will thenbedispersedto eitherthe

I0, I1, M0, M1, M2, or M3 issueport. Theorderis very important;thearchitecturewill only

disperseto a M-issueport if both I-issueportsareoccupiedby otheroperationsscheduledin

slotsbeforethecurrentone.This �e xibility of dispersalfor supersetsyllableswasnotavailable
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in theItaniumimplementation.On Itanium,anA-instructiontypeoperationassignedto anI-

syllableslot will disperseto eithertheI0 or I1-issueport only. Althoughthegreater�e xibility

of supersetsyllablescomplicatesschedulingon Itanium2, it alsoenablesschedulingfor better

performanceandcodecompactness.Our templatebundlingalgorithmhandlestheadditional

�e xibility of Itanium2, but canbeeasilyscaledbackto theItaniummodel.Pleasereferto [4]

for thefull setof dispersalrulesfor Itanium2.

With the introductionof dispersalrules, the symmetricalview of operationdispersalto

functionalunitsby genericEPICarchitecturesno longerapplies.Insteadof only makingsure

that resourcesareavailable,the order in which operationsarescheduledwithin a cycle also

needsto be considerednow. For example,the extr instructionin Itanium 2 can only be

executedvia the I0-issueport. The instructionshr is an I-instruction type instructionthat

canbeexecutedby eithertheI0 or I1-issueport. Froma genericEPICarchitecture's point of

view, theorderin which thesetwo operationsarescheduledin a singlecycle doesnot matter.

It assumesthatextr will beexecutedby the I0-issueport. As long asno otheroperationin

thecycle requiresanI-issueport, theschedulerfor thegenericEPICarchitecturewould have

doneits job. The dispersalrulesof IPF, on the otherhand,dictatesthat the lower numbered

issueport of thesetof legal issueportswill beused�rst. This meansthat if shr is scheduled

in anearlierslot thanextr , thena split issue(Section2.4)will occurbeforeextr sincethe

I0-issueport would have alreadybeentakenby shr . If theorderis reversed,the operations

would run asscheduled.Becauseof thesenew constraints,the schedulermustbe enhanced

beyondwhatis requiredfor thegenericEPICarchitecture.
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2.4 Legality and Performance

If issueportsanddispersalrulesarenotproperlytakeninto considerationby thecompiler's

scheduler, split issuemayoccur. In essence,split issuesarecycleboundariesthatoccurwithout

anexplicit stopbit. Split issuecanoccurdueto resourceoversubscription[5]. SinceItanium

hadonly two M-issueportsandtwo I-issueports,templatecombinationssuchasMMI MMI

or MII MII would resultin split issuedueto resourceoversubscriptionof M or I-issueports.

With the addedM-issueportsandadditional�e xibility of the supersetsyllableA, Itanium 2

shouldbe able to avoid resourceoversubscriptionunlessthe templateselectionwaspoor or

the dispersalruleswereignored. However, certaintemplatesandtemplatecombinationscan

still causesplit issueon Itanium2 [4]. A split issuealwaysoccursaftereithera BBB or MBB

bundle. Split issuecanalsohappenaftera MIB, MFB, or MMB bundleunlesstheB-syllable

slotcontainsanNOPoperation.Resourceoversubscriptioncanalsostill occur, e.g.,MIB BBB,

or MII MMI with I-instructiontype operations�lling all of the I-syllable slots. Note that in

thecaseof theMII MMI combination,resourceoversubscriptionwouldnothappenonItanium

2 if the last I-syllable is occupiedby an A-instruction type operation,thanksto the added

�e xibility of supersetsyllableoperations.However, althoughsplit issuescauseperformance

lossby introducingcycle boundariesnot plannedby thecompiler's scheduler, thecodeis still

acceptedby the hardwareandgeneratesthe correctoutput. This raisesthe issueof legal, or

acceptable,codefor IPF.
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The following conceptsintroducedin IPF: bundles, templates,and syllables,must be

obeyed in orderfor the scheduledcodeto be consideredlegal andto be acceptedby the as-

sembler. If thesespeci�cationsarenotobeyed,thecodegeneratedby thecompilerwill notget

pasttheassemblerbecauseit will not runonthehardware.Ontheotherhand,keepingtrackof

how operationsaredispersedto issueportsandwhatresourcesareactuallyusedin acycle is a

performanceissue.Thecompilergeneratedcodeshouldbeacceptedby theassemblerandthe

hardwareandtheoutputshouldbecorrectevenif theseissueswereignored(providedthatthe

codeis legal). However thecodemaynot performasthecompileranticipatedandscheduled

for.

Table2.1 presentsanexampleof operationsthatwill bescheduled,including the instruc-

tion type, subtypegroup,syllable type, and issueport of eachoperation. This sequenceof

instructionswasconceivedto demonstrateasmany of thepitfalls of schedulingwith thenew

restrictionsaspossible.Assumethatnoneof thememoryaddresseswill ever aliaswith each

other, andthat the compilerknows this. The dependences(blue) andantidependences(red)

betweenthe operationsaredrawn out. As in IPF, antidependencesareallowed in the same

cycleaslongasthereadprecedesthewrite. NOPoperationsdisperse,consumeresources,and

affect thedispersalof otheroperations.Thevariouslegal schedulesthatcanbeformedout of

theseoperationsandtheperformancethatcanactuallybeexpectedwhenrunonhardwarewill

beexamined.

Figure2.5 shows eight differentlegal schedulesof the operationspresentedin Table2.1.

Every bundleis labeledwith its templateto the left, andthe explicit stopbits areshown by
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Table2.1Examplesetof operationsto bescheduled
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Figure2.5Eight legalscheduleexamples
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the thick black bars. Theoperationsareindicatedby their operationnumberundertheOp #

columnin Table2.1while N standsfor NOPoperations.Thesubscriptsof theNOPoperations

denotetheinstructiontypeof theNOPoperation.Theinstructiontypeof NOPoperationsmust

be compatiblewith the syllableof the slot, just like any normaloperation. ThereareNOP

operationsfor every instructiontype in IPF but theA-instructiontype. All of theseschedules

will be acceptedby the assemblerandthe Itanium 2 hardware,andthe �nal outputwill also

all bethesame.However, thereis substantialvariationamongstthem.Thecycle countsrange

from two to threecycles,andthebundlecountsrangefrom threeto � ve. Someof theschedules

usecompressedtemplates.Sometimesthedifferenceis assmallasonesyllablein thetemplate.

Thecyclecountwill begin from cyclezero.

The performanceof the schedulespresentedin Figure 2.5 is shown in Figure2.6. The

blue letteringsabove eachoperationis the issueport the operationis dispersedto whenrun

on anItanium2. Thereddashedlinesindicatelocationswheresplit issueoccurs,incurringan

unexpectedcycle boundary. The actualexecutiontimesof the variousschedulesrangefrom

two to four cycles,a 100%performancespread,while the numberof bundlesrequiredrange

from threeto � vebundles,a67%spread.

Judgingfrom the dependencesbetweenthe operations(keepingin mind that antidepen-

dencecanbescheduledin thesamecycle) andthenumberof slotsandfunctionalunits in the

Itanium2, onewould concludethatall of theinstructionscanbeexecutedin two cycles. The

schedulesindicatedin Figures2.6(a)and(b) arescheduledfor threecyclesandthey performas

scheduled.Figure2.6(a)requiresanextrabundle,which couldaffect performanceif thereare
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Figure2.6Performanceof scheduleexamples

problemsin thefront endor instructionfetch.Six of theschedules,Figures2.6(c)through(h),

try to executetheoperationsin two cycles.Althoughthey areall legal schedules,acceptedby

theassemblerandhardware,they donotall executein two cycles.Two of thetwo cyclesched-

ules,Figures2.6(c)and(d), actuallytake four cyclesto run dueto split issues.Figure2.6(e)

takesthreecycles.

Instr-5 is veryrestrictiveandcanonly executeontheI0-issueport. In Figure2.6(c),Instr-2

hasalreadytaken the I0-issueport, which incursa split issuebeforeInstr-5. Instr-8 is a load

instructionandcanonly executeon eitherthe M0 or M1-issueport. However, both of those

issueportshavealreadybeentakenthesamecycleof Figure2.6(c)by Instr-6 andInstr-7. This

is why thereis a split issuebeforeInstr-8. Consequently, Figure2.6(c)actuallyrunsin four
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cycles.Figures2.6(c)and(d) scheduletheoperationsin theexactsamlocations.However, they

demonstratedifferentsplit issuesdueto thediffering templateselection.In Figure2.6(d)there

is asplit issuein thesecondbundlebeforeInstr-4. Instr-4 is alsoa loadinstruction(M0 or M1-

issueport)andbothof its valid issueportshavealreadybeentakenby otheroperations(Instr-1

andInstr-2) beforeit in thecycle. Thesplit issueafterInstr-8 in Figure2.6(d)is anexampleof

resourceoversubscriptiondueto poor templateselection.Thereareonly two I-issueportsin

Itanium2andthey werebothtakenin thethirdbundle,thereforetheNOPoperationafterInstr-8

causesasplit issue.Thissituationcanberesolvedin two differentways:changingthetemplate

of the lastbundlefrom MIB to MFB avoids theresourceoversubscription(Figure2.6(e)),or

puttinganoperationthathasa supersetsyllablein the last I-syllableslot soa M-issueport is

usedinstead(Instr-7 in Figure2.6(f)). This is not possiblewith an NOP operationbecause

thereis no NOPinstructionthatbelongsto theA-instructiontype. Thesplit issueafterInstr-4

in Figure2.6(e)is thesameresourceoversubscriptionproblem.It is resolvedin Figure2.6(f)

by changingthetemplatefrom MMI to MMF.

Figure2.6(f) shows a legal two cycle schedulewith no hiddenmistakesthatwould other-

wise impacttheperformance.Sincetheexamplecontainsnineoperations,it maybepossible

to �t all of theminto threebundles. Figures2.6(g) and(h) show that this is possibleusing

compressedtemplates,consequentlyimproving codedensity. The main differencebetween

themis theschedulingof Instr-2. Sincethereis no otheroperationdependentuponit, Instr-2

canbe scheduledeitherin cycle zeroor cycle one. Figure2.6(h) is the scheduleour current

implementationof the templatebundling algorithmwould generate.It takesall of the new
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constraintsintroducedby IPF thathavebeenpresentedanddiscussedhereunderconsideration

whenperformingschedulingto avoid thepotentialpitfalls. Chapter3 will presentthealgorithm

in detailanddemonstratehow it avoidsthepotentialproblemsshown in thischapter.

24



CHAPTER 3

IMPLEMENT ATION

Thepurposeof thetemplatebundlingalgorithmis to extendtheIMPACT compiler'sscheduler

beyond genericEPIC architecturesinto one that properlyhandlesall of the new scheduling

constraintsintroducedby IPF. Figure1.3 shows the existing schedulerframework underthe

old pathandthework of this thesisunderthenew path.Thecompilercanrevert to theold path

if it is schedulingfor agenericEPICarchitectureratherthanonethatusesa templatebundling

schemelike IPF. Theschedulerschedulesonecontrol block at a time. A controlblock is a se-

quenceof instructionswith asingleentrypointandmultipleexits. Thecurrentschedulingalgo-

rithmsusedareavariantof theDependenceHeightandSpeculativeYield (DHASY) algorithm

[6, 7] anda modulo-schedulingalgorithm[8] for acyclic andcyclic scheduling,respectively.

The new path retainsthe modularapproachof the old path,distributing the responsibilities

betweentheschedulingalgorithm,theschedulingmanager, theresourcemanager, andthema-

chinedescription. However, certainresponsibilitieshave changedownersandthe interfaces

betweenthevariouspartsarechangedaccordingly.

Themachinedescriptionhasbeenenhancedto expressthenew constraintsintroducedby

IPF. Theresourcemanageris alsoenhancedto ensurethatdispersalrulesarehandledcorrectly.

Finally, theschedulingmanagercontainsthetemplatebundlingalgorithmthatoverseestheslot

placementof operationsandformationof bundleswith valid templates.Thetemplatebundling
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algorithmhelpstheresourcemanageradhereto thedispersalrulesby ensuringthatall previous

slotsbeforethecurrentslot havebeenscheduledand�lled.

The interfacebetweenthe schedulingalgorithmandthe schedulingmanagerandthe in-

terfacebetweenthe schedulingmanagerandthe resourcemanagerhave both changed.The

schedulingalgorithmis not directly altered,only its interfaceto theschedulingmanager. The

schedulingalgorithm still determinesthe cycle for operations,but the physical placement

within the cycle, or the slot placement,is now underthe control of the schedulingmanager.

In particular, theschedulingalgorithmusedto specifya slot rangeto theschedulingmanager

for placementof thecurrentinstruction.Theschedulingmanager, in turn,usedto passtheslot

rangeto theresourcemanageraspartof theresourcequeryundertheold path.Now, sincethe

schedulingmanagercontrolsthe slot placement,it queriesonly oneslot at a time during the

resourcequery. New informationto modeltheIPFconstraintssuchasinstructiontype,syllable

type,andtemplates,arenow alsopassedfrom theschedulingmanagerto theresourcemanager.

Thischapterdiscussestheimplementationof thetemplatebundlingalgorithmwith abottom-

upapproach.Themechanismsfor describingthemachine-speci�cIPFconstraintsarecovered

�rst in Section3.1. Section3.2describestheenhancementsof theresourcemanager. Thedis-

cussionthenmovesto theschedulingmanagerin Section3.3,detailingthetemplatebundling

algorithm,walking throughthealgorithmwith anexample,presentingananalysisof thealgo-

rithm, andcoveringthecompactionprocess.Finally, somealternatemethodsandimplementa-

tion decisionsarediscussedin Section3.4.
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3.1 Machine Description Enhancements

Compilersfor in-orderarchitecturesrequireamachinedescriptiontoperformpreciseschedul-

ing. A uniquedescriptionis neededfor eachnew architecture.In orderto describeandim-

plementthenew schedulingrestrictionsfrom IPF in a way thatcanbeutilized andexpanded

uponif future architecturesadoptsimilar templatebundling methodologiesin their ISA, the

new schedulingrestrictionsaredescribedin themachinedescription.Thismadesensebecause

many of therestrictionsarerelatedto hardwareresourcesandareimplementationspeci�c.

The machinedescriptionsystemusedby the IMPACT compiler is basedupon bit vec-

tors [2, 9]. Figure3.1 shows graphicallya portion of the machinedescription.The partsin

blue remainfrom the old path. Everything in black comesfrom the new path to describe

the IPF constraints.Every instructionin the ISA, indicatedby its opcode,is describedin the

machinedescriptionwith theresourcesuponwhichit is legalto execute,its schedulingalterna-

tives. Theschedulingalternativescontainnotonly thevalid resourceslikeslotsandfunctional

units,but alsotheexecutionlatency of theinstruction.Thecurrentimplementationof thema-

chinedescriptionis capableof selectively constrainingthebehavior of certaininstructionsby

specifyinga speci�c rangeof legal slotsand functionalunits, like the examplewith branch

instructionsin Section2.1. However, it cannothandlethe conceptof theorderof operations

in a cycle affecting resourceusage,like that stipulatedin the dispersalrules. The machine

descriptionalsodid not supportother IPF constraintslike bundles,templates,syllables,and

dispersalrules.
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Functionalunitsarethe lowestlevel of machineresourcesthat themachinedescriptionis

awareof. Sinceissueportsform thelowestlevel of machinemodelingthatconcernsthecom-

piler in IPF, functionalunitsareusedto modelto issueportsin thenew machinedescription.

As shown in Figure3.1, the functionalunitsassignedto an instructionwill be the legal issue

portsfor the subtypeof that instruction,like the onesin Figure2.4. However, this doesnot

easilyexpressthe instruction's typeandsubtypefor thepurposedof checkingdispersalrules.

Thereforea new abstraction,the issueport set, is introduced.An issueport setexpressesthe

legalissueportsof aninstructionandprovidesawayto labeltheinstructionwith its instruction

subtypeandsyllabletype. In thecurrentimplementationfor Itanium2, issueport setsconsist

of thefollowing: M2, M23, M01, M, F, I0, L, I, B, andA. Theletterscorrespondto instruction

types.If nonumberfollowstheletter, all of theissueportsassociatedwith thatinstructiontype

areincluded. For example,F includesboth F-issueports,F0 andF1. If numbersfollow the

letter, they representa rangeof issueports. M2 correspondsto instructionsubtypesthat can

only bedispersedto theM2-issueport, suchasalloc on Itanium2. This would besubtype

iii undertheM-instructiontypein Figure2.4. M23 representsthesubsetof M2 andM3-issue

ports,like the instructionsubtypefor integerstoreinstructions(subtypeiv). M03 containsall

M-issueports: M0, M1, M2, andM3. The issueportsin an issueport setdo not have to be

a contiguousrangeof issueports. They happento be that way due to the varioussubtypes

of Itanium 2. Issueport setA includesall of the issueportsassociatedwith A-instructions,

i.e., all of the M andI-issueports. L representsthe two combinationsof two issueports,F0

andI0 or F1andI1, thatexecuteasingleL-instruction.To bemoregeneralandsupportfuture
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architectures,theimplementationallowsaninstructionto requireany arbitrarynumberof issue

portsto execute.

The orderin which the issueport setsareenumeratedin the machinedescriptionis used

asthebasisfor thepriority queuein the templatebundlingalgorithm. Intuitively, thesmaller

thesetof legal issueportsthemorerestrictive theschedulingfor theinstruction,consequently

thehigherits schedulingpriority. Theorderof issueport setspresentedearlieris thecurrent

priority rankingfrom highestto lowest. For instance,all M2, M23, andM01 instructionsin

the cycle shouldbe consideredbeforelooking at M03 instructions. The role of the priority

queuewill becomemoreapparentwhenthetemplatebundlingalgorithmis presentedin detail

in Section3.3.1.

As mentionedbefore,althoughIPF groupsoperationsinto bundlesandexpectsto issue

somenumberof bundlesper cycle, it canstill be viewed asan n-issuemachine,n beingsix

in the currentimplementations.The machinedescriptionunderthe old pathof the IMPACT

compiler, beinganEPICcompiler, alreadyhastheconceptof slotsde�ned. Ratherthanenforce

bundlesasthenew mechanismfor operationdispersal,bundlesareimplementedon top of the

existing slot description.All bundlesareassumedto consistof thesamenumberof slotsand

the slots in a cycle aredistributedevenly amongstthe bundles;syllableslike the L-syllable

typein IPFareaccommodatedby describingthemasusingtwo slots.Thepositionof syllables

andslotsin thedifferentbundlescanbeeasilytranslatedinto slotsin acycle. Thisworksquite

well without major changesto themachinedescriptionsetup, the only restrictionbeingthat

all bundlesmustconsistof thesamenumberof slots.
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Figure3.1 shows how dispersalrulesaremodeledin the machinedescription.Dispersal

rulesareidenti�ed by thefollowing parameters:(a) slot number, (b) syllabletype,and(c) in-

structionsubtype.Sincebundlesareimplementedon top of theexisting slot description,the

slotnumbersfor dispersalrulesarestatedasif viewing Itanium2 asasix-wideissuemachine,

with thenumberingstartingfrom zero.Theinstructionsubtypeis speci�edusingtheappropri-

ateissueport set. Notice thatoneof theparameterslisted in Section2.3.2for dispersalrules

is missing,speci�cally (d) precedingoperationsin thecycle. Insteadof enumeratingall of the

possibleprecedingoperationsandtheireffects,they aretakeninto accountby acombinationof

aguaranteefrom theschedulingmanagerthatall precedingslotsin thecyclewill havealready

beenscheduledandkeepingtrackof theresourcesthey consumein theresourcemanager. An

arrayis formedconsistingof thebit masksof theissueportsgivenasresourcesto thedispersal

rule. Theorderof thearraymustcorrespondto theordergivenwithin themachinedescription,

which mustmatchthespeci�cationsof thehardware[4]. This allows theresourcemanagerto

try theresourcesin theorderstatedin thespeci�cations.Therearetwo examplesin Figure3.1.

For a B-instructiontypeinstructionscheduledin slot two or slot � ve, thelastslot of thethree

slot bundlein IPF, it mustdisperseto the B2-issueport. For A-instructiontype instructions

scheduledin an I-syllableslot, the rangeof legal issueportsis muchlarger, consistingof all

of the I andM-issueports. The order is very important. Itanium 2 will attemptto dispatch

the instructionto an I-issueport �rst beforetrying M-issueports. The resourcemanagerre-

lies on theorderbeingmaintainedin themachinedescriptionso that it follows thehardware

speci�cationscorrectly.
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Syllabletypesarecurrentlyexpressedusingabytein themachinedescription.By assigning

a basicsyllabletype to eachbit, up to eight basicsyllabletypescanbe accommodated.For

example,theleastsigni�cant bit canbeassignedto betheM-syllabletype.Supersetsyllables,

thosecompatiblewith more than one basicsyllable type, are simply the logical OR of the

includedbasicsyllabletypes.Morebits canbeusedif therearemorethaneightbasicsyllable

typesin thearchitecture.

Templatesin themachinedescriptionkeeptrackof thesyllablesthatmakeup thetemplate

and their order within it. The templatedescriptionalso containsinformation on legal stop

bit positions. The positionsof legal stopbits arelisted asafter a slot numberin the bundle.

In Figure3.1, it shows that the MBB templatecanonly have a stopbit after slot two of the

bundle,i.e., theendof thebundle,whereastheMII templatecanhavestopbitsaftereitherslot

oneor two of thebundle. Theassumptionis thatall combinationsof valid stopbit positions

canbepresentin a singlebundle.In otherwords,aMII bundlecanhavenostopbits,onestop

bit betweentheI-syllablesor at theendof thebundle,or two stopbits.

Theissuegroupdescriptionin themachinedescriptionis responsiblefor delineatingvalid

combinationsof templates.This is to prevent the split issuesmentionedin Section2.4. The

needfor thisdescriptionis primarily motivatedby thesetof split issuesthatwill alwaysoccur,

suchasthoseinvolving BBB andMBB templates.Theactualimplementationin themachine

descriptionfor the IMPACT compiler doesnot require the user to explicitly list all of the

combinations.Previouswork [10] enablestheuserto specifythecombinationsin a cleanand
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ef�cient manner, relying upon an optimizer to ef�ciently organizeand managethe internal

representation.

A �nal additionto themachinedescriptioninvolvesproducer-consumerlatency modeling.

The existing machinedescriptionof the IMPACT compilerassumesthat an instructionwill

take thesameamountof time to executeregardlessof theconsumersof its results.However,

dueto hardwareimplementationissuessuchasoperandbypassing,this is not alwaysthecase

and Itanium 2 is no exception. Consequently, new supporthasbeenaddedto the machine

descriptiontomodelspecialproducer-consumerlatencies.Everyinstructionis still givenabase

latency. However, a list of specialproducer-consumerpairsandtheextra latenciesrequiredfor

thosesituationsis kept in the machinedescription. If a dependencebetweentwo operations

matchesanitem on thelist, theexecutiontime of theproduceris lengthenedaccordingly. For

exampleon Itanium 2, instructionsusingtheadder, like add andcmp, typically requireone

cycle to generatetheresult.However, if theconsumerof theresultis amultimediainstruction,

suchaspmpy2, theresultfrom thepreviousinstructionwill not beavailableuntil threecycles

laterdueto additionalbypasslatency.

All of this de�nes the infrastructurein the machinedescriptionfor the constraintsintro-

ducedby IPF. Thede�nitions aresetup sothatthey canbegeneralizedfor architecturesother

thanIPF andenhancedfor futurearchitectures.Thenew enhancementsaddon to theexisting

machinedescriptionframework ratherthanrede�nethem,minimizingtheamountof changeto

theIMPACT compiler. They alsoprovideaccessto informationfor thehigherlevel algorithms
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in the resourcemanagerandthe schedulingmanager. In particular, the de�nition of disper-

sal rulesprovide hooksfor theresourcemanagerto identify dispersalrulesandenforcethem

properly.

3.2 ResourceManager Enhancements

Under the old path, the resourcemanagerin the IMPACT compiler's schedulertakesan

operationanda rangeof slotsfrom theschedulingmanagerand,afterconsultingtheresource

map,answersif resourcesexist to schedulethe operationin a slot within the given rangeat

the givencycle. This is shown in Figure3.2(a). The enhancementsto the resourcemanager

primarily deal with obeying dispersalrules. The resourcemanagerhasto know aboutthe

new IPF constraintsandterminologysuchastemplatesandsyllables,but its job is to utilize

thosede�nitions andto ensurethatthedispersalrulesdescribedin themachinedescriptionare

followed.Figure3.2(b)shows theprocessof theresourcemanagerunderthenew path.

Sincetheschedulingmanagernow controlsslotplacementwithin acycle, theinterfacebe-

tweentheschedulingmanagerandtheresourcemanageris changedaccordingly. Theschedul-

ing managernow givestheresourcemanageroneslot to try at a time. Informationconcerning

the IPF constraintsarealsopassedalong,suchasthe templatesof thecycle. Note thatsince

theschedulingmanageris responsiblefor thetemplateassignmentof bundlesandtheslot po-

sitionof operations,it thereforealsoensuresthatthesyllabletypeof theslot from thetemplate

assignmentis compatiblewith the instructiontypeof theoperationbeforehandingoff to the

resourcemanager.
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Figure3.2Resourcemanager

Theresourcemanagerlooksup thesubtypeof theoperationby lookingup thecorrespond-

ing issueport setin themachinedescription.It alsogathersthesyllabletypeof theslot using

theslotnumberandthetemplatesof thecycle. Usingtheinstructionsubtype(expressedasthe

issueport set), the slot number, andthe syllabletype of the slot, the resourcemanager�nds

theappropriatedispersalrule from themachinedescription.A dispersalruleshouldexist, oth-

erwisesomethingis wrongwith thecombinationof slot number, instructionsubtype,syllable

typeof theslot,andthetemplatesof thecycle.

As discussedin Section3.1,thedispersalrulescontainanarrayof issueports.Theresource

managertakestheissueportsfrom thearrayoneata timeandchecksif resourcesareavailable

to schedulethe operationusing that issueport. As soonas an available one is found, the
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resourcemanagerstops. This emulatesthe left-to-right dispersalrulesorderingdescribedin

thespeci�cations.If anissueport is notavailable,it is takenupby anoperationscheduledin a

precedingslot. It is thecombinationof this orderedresourcecheckalongwith thesystematic

slotschedulingin theschedulingmanagerthataccountsfor theeffectof operationsin preceding

slotsasdictatedby thedispersalrules. Miscellaneousresourcesareotherresourcesthatmust

alsobeused.It wasimplementedso that theproperslot resourcesaremarkedasusedin the

resourcemap.

3.3 SchedulingManager Enhancements

The responsibilitiesof theschedulingmanagerhave increasedsigni�cantly, andits inter-

facehaschangedaccordingly. Sincethephysicalslot placementis now partof thescheduling

manager, theschedulingalgorithmnow indicatesonly thedesiredcycleto theschedulingman-

ager. Correspondingly, the schedulingmanagersendsonly oneslot to the resourcemanager

ratherthana slot range. Otheradditionaldutiesof satisfyingthe new constraintsintroduced

by IPF arealsopickedup by theschedulingmanager, suchastemplateassignments.Further-

more, the resourcemanagernow dependson the schedulingmanagerfor certainguarantees

while schedulingto ensurethat dispersalrulesaremet. To satisfyall of theserequirements,

thetemplatebundlingalgorithmwasdevisedto handlethemin asystematicmannerwithin the

schedulingmanager.
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3.3.1 Templatebundling algorithm

Thetemplatebundlingalgorithmis calledto scheduleanoperationin somecycle. It con-

sidersonly onecycle at a time. Theremayalreadybeotheroperationsscheduledin thecycle

of interest.Thealgorithmwill only respondwith successif it is ableto schedulethenew op-

erationalongwith all of theexistingoperationsin thatcycle. Thetemplatebundlingalgorithm

controlstheslotplacementof operationswithin thecycleandschedulesthemin sequentialslot

order, lowest-to-highest,or left-to-right, so that the resourcemanageris guaranteedthat the

slotsprecedingtheoneit is concernedwith arealreadyoccupied.This is importantsincethe

behavior of dispersalrulesdependsupontheoperationsin precedingslots.

The templatebundling algorithmalsodeterminesthe templatesof the bundlesin the cy-

cle. It ensuresthat thesyllableof theslot from the templateis compatiblewith theoperation

beingscheduled.Thetemplatebundlingalgorithmdoesnotconsidercompressedtemplatesas

possibletemplatesat thetime of scheduling.Thereis a compactionphase,to bediscussedin

Section3.3.2,that makesuseof thoseparticulartemplates.The reasonfor this restrictionis

that the schedulingmanagerhandlesonecycle at a time, asdictatedby the schedulingalgo-

rithm,andcompressedtemplatesdonot �t nicelywithin thismodularmodel.Theprimarygoal

of thetemplatebundlingalgorithmis achieving performance,asdeterminedby thescheduling

algorithm,ratherthanreducingfrivolousNOP operations.The templatebundling algorithm

performsan exhaustive searchthroughoutthe operationdispersalcon�guration space(tem-

plates,orderof operationsin acycle,etc.),soif thereis away to scheduleall of theoperations
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in thecycle without incurringhiddenpenaltieslike split issues,it will �nd it. The algorithm

will only returnasasuccessif it is ableto scheduleall of theoperationsin thecycle.

The templatebundlingalgorithmconsistsof four functions: (a) Template bundling ,

(b) Handle backtrack , (c) NOPschedule , and(d) Syllable schedule . Theentry

point of thealgorithmis theTemplate bundling function,which supervisestheprogress

of the algorithm. It keepstrack of the operationsto be scheduledin the cycle andmanages

theorderin which they aretried. This functionalsoensuresthatthealgorithmproceedsdown

the slotsof the cycle in a left-to-right manner. If it ascertainsitself to be in a situationthat

leadsto failure, it calls the Handle backtrack function. Handle backtrack takes

careof theprocessof traversingtheslotsin thebackwardsmanner, right-to-left. It constantly

looks for alternativesto the scheduleso the algorithmcanreverseitself andresumeits for-

ward progress.The Template bundling andthe Handle backtrack functionsboth

rely upontheothertwo functions,NOPschedule andSyllable schedule , to perform

certainduties. NOPschedule is calledwhenan NOP operationneedsto be createdand

scheduled.Therearea numberof NOPoperationswith differentattributes,speci�cally differ-

ent syllabletypes,that NOPschedule goesthroughsystematicallyso that all possibilities

areexplored.Syllable schedule is calledwhenanoperation,beit realor NOP, is to be

scheduledin a slot. It calculatesthe templateof theproposedpermutationof operationsand

veri�es if any valid templatecorresponds.It thenperformstheresourcequeryby passingthe

informationto theresourcemanager. Therestof this sectiondescribesthetemplatebundling
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algorithmin detail,startingby walkingthroughthealgorithm,continuingwith anexampleand

ananalysisof thealgorithm,andconcludingwith techniquesfor ef�cient implementation.

3.3.1.1 Templatebundling algorithm description

Theschedulingalgorithmschedulesonecontrolblock of theprogramat a time. It decides

that operationx shouldbe scheduledat cycle t in a control block. This is the information

the schedulingmanager, in particularthe templatebundling algorithm,startswith. An issue

group,g, is associatedwith eachcycle t . Theremaybeotheroperationspreviouslyscheduled

in g. They form thesetY. Thetemplatebundlingalgorithmdeterminesif thesetof operations

Y + x canbescheduledin cycle t in a rangeof slots,s1 throughs2 . Thealgorithmsched-

ulesoperationsinto theslotsof thecycle oneat a time in order, startingwith s1 . This ful�lls

theschedulingmanager'sobligationto theresourcemanagerandhelpsit properlyobserve the

dispersalrules. The algorithmexaminesthe operationsin the priority queueoneat a time,

startingwith the operationwith the highestpriority. It �lls a slot with an NOP operationif

no realoperationcanbescheduledin it. Thealgorithmcalculatesandadaptsthetemplatesof

thebundlesasit schedulesoperationsinto theslots.As thealgorithmtraversesdown theslots,

it may generatea situationthat makesit impossibleto completethe schedulingof all of the

operations.At this point, thealgorithmbacktracksandtriesotherpermutationsof theopera-

tions. If thealgorithmbacktracksout of thevalid slot range,lower thanslot s1 , thenno valid

schedulecanbefound.All restrictions,bothIPF-speci�candthosegeneralto scheduling,such

astemplatevalidity, resourceusage,anddependences,mustbeobeyedin the�nal schedule.If
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thealgorithmis unableto doso,thenit will sayit failedandrestorethecycle,or issuegroupg.

In mostsituations,s1 ands2 shouldbetheminimumandmaximumslotsof thearchitecture

in a cycle, zeroand� ve for Itanium 2. This givesthe schedulingmanagerthe full rangeof

slotsandresourcesto schedulewith. However, the rangerestrictionfeaturewasretainedfor

codereusepurposes.Thecompactionphase,to bedetailedin Section3.3.2,needsto restrict

therangeof slotsavailablein acyclewhenschedulingwith compressedtemplates.

Although the templatebundling algorithmis genericandmachinenonspeci�c, thereare

someassumptionsmade;the assumptionsfollow IPF speci�cationssincethat is the imple-

mentation's primary target. The algorithmassumesthat dispersalrulesfollow a left-to-right

pattern,meaningprecedingoperationsin thesamecycle affect thedispersalof thoseto come.

Intracycle dependencesareallowed assumingthe compilerprovidesfor correctness;i.e., the

operationsarescheduledin the cycle suchthat the orderof the dependenceis satis�ed. Ex-

amplesinclude antidependencesand zero-cycle dependences.Finally, NOP operationsare

assumedto alsoissueandconsumeissueports,therebyaffectingthedispersalof usefuloper-

ations. Consequently, they have to be handledwith carein the templatebundling algorithm.

Therestof this sectionis adetaileddescriptionof thetemplatebundlingalgorithm.

The templatebundling algorithm begins with the Template bundling function, as

shown in Figure3.3. It startsby queryingfor anissuegroupg at cycle t in thecontrolblock,

creatingoneif noneexistsfor thatcycle. If g alreadyexists,thentherecouldbeotheropera-

tions in g, which form thesetY. It is possiblefor g to exist but Y to beemptybecauseissue
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1: Templatebundling(opx, cycle t, earliestslot s1,latestslot s2)
2: issuegroupg = Issuegroup[t] //Onceuniqueissuegrouppercyclepercontrol block
3: SetY = Instructionset(g) //Existingoperationsin g
4: if Insuf�cient resources(Y+x) then
5: returnFALSE
6: end if
7: issuegroupg backup= g
8: unscheduleY
9: priority queueq = Enqueue(Y+x) //Notenoughslotsfor remainingoperationsor split issue
10: i = s1
11: while s1< = i < = s2+ 1 do
12: if jqj > s2+ 1 � i or Split issue(g) then
13: i = i � 1; CONTINUE
14: end if
15: if for somej s.t. s1< = j < i, opw = g[j] andj + w0 > i (w0 = numberof slotsrequiredby w) then
16: i = j; CONTINUE
17: end if
18: if g[i] containsanoperationthen
19: opv = Handlebacktrack(x, v, t, g, i, q)
20: if v = NULL then
21: CONTINUE
22: end if
23: else
24: if jqj > 0 then
25: take the�rst operationin q asv
26: else
27: if i > s2then
28: BREAK //Schedulesucceeded
29: end if
30: if NOP schedule(g, t, i) then
31: i = i + 1; CONTINUE
32: else
33: i = i � 1; CONTINUE
34: end if
35: end if
36: end if
37: while v ! = NULL do
38: if v satis�esall restrictionsandSyllableschedule(v,g, t, i) (if v is asupersetsyllablecall Syllable schedulemultiple

timeswith v setto differentcompatiblesyllablesuntil oneworksor all fail) then
39: i = i + v0; remove v from q; BREAK
40: end if
41: v equalsthenext operationin q; v = NULL if theendof q is reached
42: endwhile
43: if v = NULL (failedto scheduleany operation)andNOP schedule(g,t, i) then
44: i = i + 1; CONTINUE
45: else
46: i = i � 1; CONTINUE
47: end if
48: endwhile
49: if i < s1then
50: g = g backup;returnFALSE //Schedulefailed
51: end if
52: returnTRUE

Figure3.3Templatebundlingalgorithm
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groupsareneverdeletedwhile operationscanbeunscheduledin theIMPACT compiler. Empty

issuegroupsaresimplyskippedoverwhenthescheduleis committed.

The resourcecheckon line four of Figure3.3 is a high-level resourcecheckutilizing the

subtype,or issueport sets,of the operationsin Y + x. For exampleon Itanium 2, thereis

only oneI0-issueport. Consequently, therecannotbe morethanoneoperationin the cycle

with theI0-issueport set.OneM2 andtwo M23-issueport setoperationsalsowouldnot �t in

thesamecycleeither. Issueport setsthereforeprovideaquick resourcecheckat thebeginning

of schedulinga cycle.

If theresourcecheckpasses,thecurrentcon�gurationof g is savedin g backup in case

thealgorithmfails for otherreasons.All of theoperationsin Y areunscheduledandall Y + x

operationsareput into a priority queueq. Thepriority of anoperationis basedon its subtype,

the issueport set. The orderof the priority wasshown in Section3.1 when issueport sets

wereintroduced.The priority of an operationwill never change,sinceit is a propertyof its

instructionsubtype.Therefore,if anoperationis takenout of thepriority queueandinserted

back,it will becloseto its original position. Its positioncandiffer only with respectto other

operationswith theexactsamepriority.

The algorithminitializes the index variablei to the lowestslot allowed s1 . As long as

i remainsin the rangeof valid slots the algorithmcontinues. The algorithmdoesnot stop

automaticallywhen it runsout of real operationsfor the cycle. It �lls the restof the slots,

up to and including s2 , with NOP operationsto ensurethat thereareno hiddensplit issue

concerns.If thealgorithmbacktracksout of thevalid slot range,lower thanslot s1 , however,
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thealgorithmstopsbecausethatis theindicatorthatnovalid scheduleexistsfor theoperations

Y + x.

Line 12 in Figure 3.3 perform somechecksthat tell the algorithm to backtrack. If the

numberof operationsleft in thepriority queueto bescheduledjqj is greaterthanthenumber

of slots left, s2 + 1 � i , thenthe remainingoperationscannot possibly�t in the issue

group. The algorithm also utilizes the issuegroupspeci�cation in the machinedescription

(Section3.1) to checkfor split issuesdue to templatecombinations.If the combinationof

templatesin g is not listedasvalid in themachinedescription,Template bundling begins

to backtrack.

Sinceoperationsmaytakeup morethanoneslot (e.g.,L-instructionsin IPF), it is possible

for thealgorithmto placethe index i in a slot thatappearsemptybut is actuallyoccupiedby

oneof thesemultislot instructions.Thisonly occurswhenbacktrackingbecausethealgorithm

ensuresthattheindex i is incrementedcorrectlywhenschedulingforward.Therefore,asseen

on line 15, the algorithmsearchesfor an operationscheduledin a prior slot to make surei

is not sitting in someoneelse's slot. Thenotationg[j] meansthecontentof slot j in issue

groupg. If i is in aslot thatbelongsto anoperationwin slot j , thealgorithmdecrementsi to

j andcontinuesto backtrack.

The algorithmincrementsi whenit successfullyschedulesan operationor NOP opera-

tion in a slot. The index i is decrementedonly whenthe algorithmis backtracking.Since

the algorithmstartsfrom the lowestavailableslot, if an operationis presentin slot i of g,

g[i] , thenthe algorithmmustbe backtracking.A decisionmustbe madeif somethingcan
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1: Handlebacktrack(op x, time t, issuegroupg, int i, priority queueq)
2: opz = g[i] //Gettheoperationsin slot i of g
3: if z is aNOPoperationthen
4: if NOP schedule(g, t, i) then
5: i = i + 1; returnNULL //Replacedz with new NOPwith differentsyllable
6: else
7: Unscheduleanddeletez; i = i � 1; returnNULL
8: end if
9: else
10: if z is asupersetsyllablethen
11: if Syllable schedule(z, g, t, i) succeedswith anothersyllabletypethen
12: i = i + z0; returnNULL
13: end if
14: end if
15: unschedulez andenterinto q by its priority
16: v = operationafterz in q; v = NULL if z is thelastoperationin q
17: if v = NULL then
18: if NOP schedule(g, t, i) then
19: i = i + 1
20: else
21: i = i � 1
22: end if
23: returnNULL //Nomoreoperatoins,tried to insertNOPoperation
24: end if
25: returnv
26: end if

Figure3.4Handlebacktrackalgorithm

be donein the currentslot to proceedforward,or to continuebacktracking.This is doneby

the Handle backtrack function in Figure 3.4 (called on line 19 in Figure 3.3). Han-

dle backtrack eithertakescareof thesituationandadjusti appropriately, or it returnsa

new operation,v, for Template bundling to try schedulingin thecurrentslot.

Handle backtrack (Figure3.4) �rst obtainstheoperationz in g[i] . Sincethetem-

platealgorithmtries to schedulean operationfrom the priority queueq before�lling a slot

with a NOPoperation,it meansno operationin q canbescheduledin i if z is alreadya NOP

operation.However, it maybethataNOPoperationwith adifferentsyllabletypecanbesched-

uled in i . This is handledby theNOPschedule function (Figure3.5). If it returnswith a

new NOPoperationwith a differentsyllabletype, i is incrementedto stopthebacktracking.
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1: NOP schedule(issuegroupg, time t, slot i)
2: opo = g[i]
3: if o ! = NULL then
4: syllabletypey = Get syllable from op (o) //Getthesyllabletype
5: int j = Syllable to NOP index (y) //GettheNOP index
6: j = j + 1 //IncrementtheNOP index sinceit failed
7: else
8: j = 0
9: end if

10: templatep = Get template(g, i)
11: while j < = jMAX (thelastNOPinstructiontypeavailablefor thearchitecture)do
12: if p is lockedthen
13: if o ! = NULL then
14: returnFALSE
15: end if
16: syllables= Get syllable from template(p, i)
17: opn = CreateNOP(s)
18: j = jMAX //Onlyonesyllableallowedif templateis locked
19: else
20: syllables= NOP index to syllable(j)
21: templatep2= Calculatetemplate(p, s, i)
22: if Valid template(p2) then
23: opn = CreateNOP(s) //CreateNOPbasedonNOP index
24: else
25: j = j + 1; CONTINUE
26: end if
27: end if
28: if Syllableschedule(n,g, t, i) then
29: g[i] = n
30: if p is not lockedthen
31: New template(g, i, p2)
32: end if
33: returnTRUE
34: end if
35: j = j + 1
36: endwhile
37: returnFALSE

Figure3.5NOP schedulealgorithm
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If NOPschedule fails, z is deleted,i is decremented,andthe algorithmwill continueto

backtrack.

If z is not an NOP operation,it musthave comefrom q. If z hasa supersetsyllable, it

is possiblethatz canbescheduledin thecurrentslot i undera differentcompatiblesyllable

typewith a differenttemplate.TheSyllable schedule function(Figure3.6) is calledto

verify this. If successful,i is incrementedby thenumberof slotsrequiredby z, z 0, andthe

templatebundlingalgorithmceasesto backtrack.If z doesnot have a supersetsyllableor no

othercompatiblesyllablesucceeds,it is unscheduledandputbackinto q. Recallthatz will go

backinto q at approximatelythesamepositionit occupiedbeforesincethequeueis ordered

by thepriority of theoperations.If therearenooperationsin q afterz (i.e.,v is notvalid), that

meansall of theoperationsin q havebeenexaminedandnoneareappropriatefor slot i given

thecurrentsituation.Consequentlythealgorithmtriesto schedulea NOPoperationin slot i .

If thatsucceeds,thealgorithmproceeds.If it fails, thealgorithmcontinuesto backtrack.If v

is valid, it is returnedout of Handle backtrack asthenext operationto try. For all other

situations,NULL is returned.

Certainoperationshaveasupersetsyllableastheirsyllabletype.Thismeansthey arecom-

patiblewith morethanonesyllabletypeandcanbescheduledin all slotswith theappropriate

syllables.The templatebundlingalgorithmleavesthedeterminationof templatesuntil fairly

late,eitherNOPschedule or Syllable schedule . In fact,thetemplatesaredetermined

by the operationsasthey arescheduled.However, this alsomeansthat the algorithmhasto
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1: Syllableschedule(op x, issuegroupg, time t, slot i)
2: templatep = Get template(g, i)
3: if p is lockedthen
4: syllabletypes= Get syllable from template(p, i)
5: if s is not compatiblewith opx then
6: returnFALSE
7: end if
8: else
9: syllabletypes= Get syllable from op (x)

10: templatep2= Calculatetemplate(p, s, i)
11: if !Valid template(p2) then
12: returnFALSE
13: end if
14: end if
15: if Query resourcemanager(x, g, t, i) then
16: g[i] = x
17: if p is not lockedthen
18: New template(g, i, p2)
19: end if
20: returnTRUE
21: end if
22: returnFALSE

Figure3.6Syllableschedulealgorithm

have someway to systematicallytestoperationswith a supersetsyllable, treatingit ashav-

ing a differentsyllabletypeeachtime. Theinternalrepresentationof themachinedescription

helpstheschedulingmanagerdo this. Eachbit of thesyllabletyperepresentationis associated

with a speci�c syllabletype. Therefore,supersetsyllablesarethe only oneswith morethan

onebit setat a time. Whenever anoperationwith a supersetsyllableis encountered,theleast

signi�cant bit of its internalsyllabletyperepresentationis extracted,andit is scheduledasif

it is of thatsyllabletype. If theschedulingfails or theoperationis underconsiderationagain

while backtracking,thenext leastsigni�cant bit of its internalrepresentationis extractedand

used.Thusfor eachslot, theoperationis consideredoncefor eachsyllabletypewith which it

is compatible.For examplein IPF, A-instructiontypeoperationshave a supersetsyllablethat
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is compatiblewith bothM- andI-syllabletypes.Assumethattheleastsigni�cant bit represents

theM-syllable typeandthenext bit I-syllable type. WhenanA-instructiontypeoperationis

�rst beingscheduled,it is treatedashaving anM-syllable,meaningthesyllableof theslot from

thetemplatemustbeM. If this fails,eitherdueto resourceconstraints,invalid templatetypes,

backtracking,etc., the operationis consideredagainwith the next bit, i.e., asan I-syllable.

If the operationis underconsiderationin the sameslot for the third time, therewould be no

morebits left in the internalrepresentationandthealgorithmwill know it hasperformedthe

exhaustivesearchon theoperation.

Coming back to line 24 in Template bundling , g[i] doesnot alreadycontainan

operation. If thereareoperationsleft to be scheduled,jqj > 0, the �rst operation,the one

with the highestpriority, is taken out of q andusedasv. If thereareno operationsleft to

be scheduled,the algorithmcontinuesby schedulingNOP operationsin the remainingslots.

This is becauseNOP operationsare assumedto issueandconsumeresources,and it is the

algorithm'sduty to ensurethatnosplit issueoccurs.Sincethispotentiallycreatesbundleswith

only NOPoperations,emptybundlesareculledwhenthescheduleis �nalized.

If v is valid by line 37, thismeansthereareoperationsleft to bescheduled.Thealgorithm

attemptsto scheduletheoperationby calling Syllable schedule , moving on to thenext

operationin thepriority queueq if it is not successfulwith thecurrentoperation.If anoper-

ationout of q hasbeenscheduledin thecurrentslot i , thealgorithmcontinues.Otherwise,it

attemptsto inserta NOPoperationinsteadafterattemptingandfailing to scheduletheopera-

tionsin q. If thealgorithmcannotinsertanNOPoperationeither, thenthecurrentsituationis
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a deadend,andthealgorithmbeginsto backtrack.Finally, whenthealgorithmexits themain

while loop in Template bundling spanninglines 11 through48 in Figure3.3, it either

restorestheissuegroupfrom g backup if it failedor returnsuccess.

TheNOPschedule functiontrieseachtypeof NOPoperationoncefor eachslot. It does

this by usingtheNOPindex. All of theNOPoperationsareidenti�ed in themachinedescrip-

tion andgivenan index number. By beingableto obtainthe index numberfrom thesyllable

of theslot (line � ve in Figure3.5)andtrying eachindex numberonly once,NOPschedule

is guaranteedto try all of the NOP operationsavailableto the architecturewithout repeating

itself. Specialattentionneedsto bepaidif thetemplateof theissuegroupis locked.Thisonly

happensduringthecompactionphase(Section3.3.2).If thetemplateis locked,therecanonly

beonesyllabletypefor thatslot. Therefore,NOPschedule triesonly onesyllabletype. At

theend,thetemplateis updatedwith thenew NOPoperationunlessthetemplateis locked.

3.3.1.2 Templatebundling algorithm examplewalk-thr ough

This sectionexamineshow the algorithmbehaveswhenappliedto the examplecodese-

quencepresentedin Table2.1. For simplicity, it is assumedthat thecompilerhasdetermined

thatnoneof thememoryinstructionswill everaliaswith eachotherandthereforemaybefreely

rearrangedwith respectto eachother. In reality, pointeranalysismustprovide theinformation

regardingthedependencesbetweenmemoryinstructions.TheIMPACT compileralsoassumes

thatall memoryaccesseswill hit in thecache;therefore,it schedulesfor theminimumlatency.

Thetargetarchitecturewill betheItanium2.
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Figure3.7Schedulingcycle0

Judgingfrom the dependencesamongthe instructions,the schedulingalgorithm would

determinethat Instr-1, 2, 3, 4, and5 canall be issuedin the �rst cycle, cycle zero. Let us

assumethat this is alsothe orderthey will be tried in. (An actualschedulingalgorithmmay

assigndifferentschedulingprioritiesto theinstructions.)After schedulingInstr-4, theschedule

will look likeFigure3.7(a).ThereasonInstr-3 is scheduledin slot zerois becausetheM2 and

M3-issueport subsetis heuristicallydeterminedto bemorerestrictive thantheothersubsets;

consequently, it is placedtowardsthebeginningof thepriority queuein thetemplatebundling

algorithm.

Instr-5 requiresspecialattentionsinceit hasthe very restrictive issueport setof I0. The

earliestslot s1 is 0 andthelatestslot s2 is 5 for theItanium2. Thehigh level resourcecheck

passesandall of thecurrentlyscheduledinstructionsin Y, Instr-1 through4, areunscheduled.
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All instructions,Y + x, areput into thepriority queueq, with theorderfrom highestpriority

to lowestbeing: Instr-5, 3, 1, 4, then2. This is shown in Figure3.7(b). The algorithm�rst

attemptsto scheduleInstr-5 into slot zero, but fails on line 11 in Syllable schedule

(Figure3.6) sincethereis no templatein IPF that begins with the I-syllable. The algorithm

moveson to thenext instructionin thequeue,Instr-3, andsucceedsin schedulingit into slot

zero.Theindex i is incrementedby oneandInstr-3 is removedfrom q.

Thecurrentsituationpassesthecheckson lines12,15,and18 in Figure3.3soInstr-5, the

�rst operationin q is againtakenasv. Instr-5 is scheduledinto slot one,sincetemplatesexist

with theM-syllablein slotzeroandtheI-syllablein slotone,suchasMII. Sincenotemplatein

IPFendsin theM-syllable,neitherInstr-1 nor4 canbescheduledinto slot two. However, Instr-

2 canbescheduledin slot two sinceit hasthesupersetsyllableA. At this time theremaining

operationsin thepriority queueareInstr-1 and4 (Figure3.7(c)). The�nal schedulefor cycle

zerois shown in Figure3.7(d).

Schedulingfor cycle oneis fairly straightforward. Figure3.8(a)shows thepriority queue

whenschedulingInstr-9. Instr-8 endsup before6 and7 becausetheM01-issueport sethasa

higherpriority thanA, sinceA-syllable instructionsarevery versatileandcanbe dispatched

to any M- or I-issueport. The �nal schedulefor cycle oneis shown in Figure3.8(b). Instr-

9 follows all the other instructionsbecauseno operationshouldcrossthe branch. The �nal

schedulefor theexampleoperationsis shown in Figure3.9.
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3.3.1.3 Templatebundling algorithm analysis

Thetemplatebundlingalgorithminvolvesthefollowing searchspaces:

� Syllabletype. An architecturehass numberof basicsyllabletypes;� ve in thecaseof

IPF. Supersetsyllablesarecompatiblewith somenumberof syllabletypesin s. Thetotal

numberof syllabletypes,basicplussuperset,will betermedS; six in thecaseof IPF.

� Templatetype. A templateis a permutationof a numberof basicsyllables. The max-

imum numberof syllablesN that form a bundleis architecturespeci�c; threefor IPF.

Eacharchitecturespeci�esanumberof valid templatetypesT; IPFcurrentlyhas10basic

templatetypes. Compressedtemplatesarenot part of this searchspacesincethe tem-

platebundlingalgorithmdelaystheir usageuntil thecompactionphase.If compressed

templatesareto beconsidered,thenthesearchspaceis increasedby thenumberof com-

pressedtemplatesavailable.However, thenumberof syllablesavailablepertemplateN

will besmallerfor compressedtemplates,unlessthesinglecycleapproachis eliminated.

Thecompactionphasewill bediscussedin Section3.3.2.

� Issuegroups.Themaximumnumberof bundlesthatcanbeissuedin onecycle,or issue

group,is representedby B andis architecturespeci�c. Currentimplementationsof IPF

containup to two bundlesper issuegroup. Certaincombinationsof valid bundlescan

not be executedin the samecycle, causingsplit issue(Section2.4). Theserestrictions

arede�ned in themachinedescriptionandis a low constantreferredto asI .
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� Dispersalrules.Thedispersalrulesaremodeledasadditionalconstraintsin theresource

mapandincur a small increasein that searchspace.The computationalcomplexity of

the resourcemap is speci�c to the compiler and will be referredto as R. Note that

accessingtheresourcemapto scheduleanoperation,incurringthecomputationtime of

R, is necessary, evenif templatebundlingis not requiredfor thearchitecture.

� Valid NOP types. The numberof valid NOP typesP will be equalto or lessthanthe

numberof syllable typess. IPF has� ve NOP types,correspondingto the � ve basic

syllable types. In otherwords, the supersetsyllableA doesnot have a corresponding

NOPinstruction.NOPoperationsareassumedto issueaccordingto thedispersalrules

andconsumeresources,just asif they area valid operationof thesamesyllable.This is

a trait of theIPF architectureandis anadditionalconstraint.

If the architectureallows N syllablesper bundle and up to B bundlesper issuegroup,

that meansa total of N � B operationscanissueeachcycle. This will be referredto asas

U sinceit will be usedquite often. For the upperboundanalysis,all U operationshave a

supersetsyllabletypethatis compatiblewith all s basicsyllabletypesandall permutationsof

all syllabletypescorrespondto a valid templatein T. Effectively, the numberof scheduling

possibilitiesis a k � perm utation , nPk = n!
(n� k)! , wheren = sU andk = U (n = sU since

the algorithmtries all compatiblesyllabletypesfor eachoperation).Although this doesnot

explicitly considerNOP operations,the searchspaceinvolving NOP operationsis lesssince

P < = s.
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Figure3.10Searchspaceof thetemplatebundlingalgorithm

Figure 3.10 shows the searchspaceof the templatebundling algorithm. The algorithm

beginsat “Start,” andtraversesdown thesearchspaceby schedulingoneoperationat a time.

Notethaton the�rst level of thesearchspace,therearesUP1 = (sU)! possibilities,not justU.

This is becausetheupperboundanalysisassumesthatall U operationshaveasupersetsyllable

compatiblewith all s syllabletypes.All otherlevelsareaffectedsimilarly. Whenanoperation

is scheduled,it checksfor split issuesandcallsSyllable schedule , incurring thecom-

putationtime of I TR. Traversingtheentiresearchspaceinvolvesthefollowing computation

complexity:

I TR(sUPU +
UX

k=1
sUPk)
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In practice,thesituationis muchbetter. In IPF, thereis only onesupersetsyllableAwhichis

compatiblewith only twobasicsyllabletypes.Consequently, insteadof n = sU, for IPFU < =

n < = 2U. Templatede�nitions would be practicallymeaninglessif all permutationsof all

syllablesarevalid,whichmeansmany permutationsarediscardedquickly. Many permutations

arealsodiscardeddueto stringentresourcerequirements,likeoperationswith restrictive issue

portsetslikeM2. Thealgorithmtraversesthesearchspacesuchthatsectionsof it aretruncated

assoonasaproblemis detected.Whenthealgorithmfails to scheduleanoperation(v on line

38of Figure3.3)andmovesto thenext operationin thepriority queue,it proceedshorizontally

in the searchspaceat the samedepth. The searchspacethat extendsdownwardsfrom the

previous operationis effectively culled. If the algorithmis unableto schedulean operation

from the priority queueand backtracks,it is moving upwardsin the searchspaceand will

never revisit that particularbranchagain. I is a low constantfor IPF, andR is presenteven

if templatebundling is not requiredof thearchitecture.Again, theadditionof dispersalrules

to R only increasesits complexity marginally comparedto what is alreadythere.Suggestions

for improving the templatebundlingalgorithmto reducecompilationtime will becoveredin

Section6.1. However, therearealso implementationtechniquesthat have beenutilized that

greatlyreducethecompilationtime.

3.3.1.4 Ef�ciency in implementation

Thissectiongoesover implementationtechniquesfor thetemplatebundlingalgorithmthat

reducedthe compilationtime. Ratherthanreducethe complexity of the algorithm,which is
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reservedfor futurework, theseoptimizationsdealwith compilationconcernssuchaskeeping

informationwithin the compilerup to datein an ef�cient manner. Theseoptimizationshad

largeeffectson thecompilationtime andarearguablymoreimportantthanreducingthecom-

plexity of thetemplatebundlingalgorithmsincethesearchspaceis restrictedin many areasby

architecturespeci�cations.

In IPF, certain intracycle dependencesare permitted. Speci�cally antidependencesand

certain�o w dependencesareallowedtoexist within asinglecycle. Theschedulingalgorithmis

awareof thedependencesbetweenoperationsandgivesanoperationto theschedulingmanager

only if its incoming dependencesare resolvableby the cycle given. In other words, all of

the operationsin the setY + x (Figure3.3) shouldhave all of their incomingdependences

resolvedexceptfor intracycledependences.Therefore,oneimplementationoptimizationof the

templatebundlingalgorithmis to begin backtrackingassoonasany dependenceis violated.

Sinceit is establishedthatall of thedependencesareresolvable,theonly dependencesthatcan

beviolatedareintracycle dependences.By backtrackingassoonasa dependenceis foundto

be violated,the numberof permutationsof operationsthat needto be checked is effectively

reduced.In thecurrentimplementation,thedependencesof an operationarechecked in line

38 in Figure3.3. If schedulingv in thecurrentslot i violatessomedependence,thatmeans

someotheroperationhasbeenscheduledearlier in the cycle that mustcomeafter v instead.

Therefore,insteadof trying otheroperationsremainingin the priority queue,the algorithm

exits thewhile loopon line 37 in backtrackmode,decrementsi , andcontinueson in themain

while loop (line 11).
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Another implementationoptimizationbasedon dependenceswas found to signi�cantly

decreasecompile time. When an operationis scheduledor unscheduled,all of its depen-

dencesmustbe updated.This couldbeconsiderableif theoperationhasmany dependences.

Someexamplesincludebranchoperationswith �o w dependencesto all otheroperationsin

the control block andmemoryoperationswith aliasdependenceswith othermemoryopera-

tions. Currently, operationsarescheduledandunscheduledand its dependencesupdatedin

themainwhile loopof theTemplate bundling function(Figure3.3)every timeSylla-

ble schedule is called.If anoperationhasmany dependencesandis repeatedlyscheduled

andunscheduledagainandagainasthe algorithmgoesthroughthe variouspermutationsof

operationsin the slots,a lot of time would be wastedon uselesswork. However, sinceit is

establishedthattheoperationsin Y + x shouldhave their dependencesresolvableotherthan

intracycle dependences,the algorithmcanrestrict the dependencesthat areupdatedto only

thosebetweenoperationswithin Y + x instead.Consequently, the numberof dependences

thatareupdateddecreasesdramatically, anddependencesto operationsnot in Y + x areup-

datedall at onceat theendof theTemplate bundling function.

3.3.2 Compaction

Thepurposeof thecompactionphaseis to utilize thecompressedtemplatesto reducethe

codesize. It assumesthat the startingscheduleis as compactas it can be without using

compressedtemplates.The two phaseapproachwasadoptedso that the templatebundling
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1: Compactionphase(controlblockcb)
2: sMAX = Architecturemax slot ()
3: for eachissuegroupi in cbdo
4: if i is thelastissuegroupthen
5: BREAK;
6: end if
7: t = Get cycle (i)
8: j = Next non-emptyissuegroup(cb)
9: if i is not ascompactascanbedueto arbitraryunschedulingthen
10: Unscheduleoneoperationx from i
11: Templatebundling(x,t, 0, sMAX )
12: end if
13: if Not good for compressedtemplates(i, j) then
14: CONTINUE;
15: end if
16: for eachcompressedtemplatetypec do
17: i backup= i
18: Lock templateof last bundle(i, c)
19: Unscheduleoneoperationx from i andgetslots2right beforethestopbit in c
20: if Templatebundling(x,t, 0, s2)then
21: j backup= j
22: Lock templateof �rst bundle(j, c)
23: Unscheduleoneoperationx from i andgetslot s1right afterthestopbit in c
24: if Templatebundling(x,t, s1,sMAX ) then
25: BREAK;
26: end if
27: end if
28: i = i backup
29: j = j backup
30: end for
31: end for

Figure3.11Compactionalgorithm

algorithmcanbemoregeneral.Thecompactionalgorithmretainstheoriginal scheduledper-

formancesinceit doesnot changethe intendedcycle of operations.The differencein NOP

operationswith andwithout thecompactionphaseis presentedin Chapter4.

In IMPACT, the schedulerhandlesonecontrol block at a time. After eachcontrol block

is scheduledit goesthroughthe compactionphaseto utilize compressedtemplatesto reduce

codesize.Figure3.11showstheCompaction phase algorithm.Thecompactionalgorithm

stepsthroughthecontrolblock oneissuegroupat a time. It �nds thenext issuegroupin time

andseesif thereis apossibilitythatthetwo issuegroupscanshareacompressedtemplate.
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Thechecksperformedon line 13 of Figure3.11arearchitecturespeci�c checksdependent

uponthe compressedtemplatesavailable. Sincethe setof compressedtemplatesis probably

a smallportionof thesetof valid templates,certaincharacteristicsmaybederivedto narrow

down the legal casesthatwould bene�cial. For example,theonly compressedtemplatescur-

rently availableon IPF arebasedoff of the MII andMMI templates.Oneeasycheckis the

numberof operationsin i andj . For IPF, if thenumberof operationscurrentlyscheduledin

thetwo issuegroupsof interesttotalmorethannine,thenthereis nocompressedtemplatethat

will reducethenumberof NOPoperations.Anothersituationis if eitheri or j containsthree

or feweroperationswith syllabletypeslikeB, F, or L, syllabletypesthatareincompatiblewith

theexistingcompressedtemplates.

If thecheckspass,thecompactionalgorithmchangestheappropriatetemplateof thecur-

rent issuegroupi to a compressedtemplate,locks it, andreschedulesthe operationswithin

theentireissuegroupusingtheTemplate bundling function(Figure3.3). If it succeeds,

thecompactionalgorithmattemptsthesamething with thefollowing issuegroup,j . If either

reschedulefails, thealgorithmtriestheothercompressedtemplates.Notehow theslot ranges

speci�edfor theTemplate bundling functioncallsarenotsimplyzeroandthemaximum

slot anymore. This is to force operationsto remainon the correctsideof the stopbit in the

compressedtemplate.Figure3.12shows the �nal schedulefor the exampleoperationsafter

compaction.Noticehow all of theoperationsremainin thecycle they wereoriginally sched-

uledfor in Figure3.9.However, thethreeNOPoperationswereremovedandtheexamplenow

consistsof threebundlesinsteadof four.
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Figure3.12Scheduleaftercompaction

3.4 Implementation Alter natives

Severaldecisionsweremadeduringtheimplementationof thetemplatebundlingalgorithm

thathadsigni�cant impact.Thissectiondiscussessomeimplementationalternativesthatcould

have beendoneinstead. Theserangefrom organizingthe schedulerstructuredifferently to

tweakingandtakingadvantageof certainaspectsof theIPF constraints.

Ratherthankeepingthemodularapproach,thenew schedulercouldhavebeenanintegrated

unit instead.In particular, integratingtheschedulingalgorithmandmolding it for theIPF re-

strictionswouldmeangreatchangesto theimplementationandpossiblytheresults.However,

creatinganIPF-speci�c compilerwasnot the intentionof this work. Theideawasto addex-

tensionsto the existing IMPACT compilerso that it canbe con�gured to eithercompilefor

genericEPIC architecturesor IPF-like templatearchitectures.Furthermore,the modularap-

proachallows easieradaptationto changesfor futurearchitecturesandexperimentationswith

differentschedulingalgorithms.Integratingtheschedulingalgorithmwould have madethese

otherobjectivesmuchharderto achieve. Therehasbeenotherproposalto do this integration,

whichwill becoveredin Chapter5.
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Currently, the motivation for the two phaseapproachlies in delayingthe integrationof

compressedtemplates.Otherworks[3] bypassthisby consideringcompressedtemplatesatall

timesin thescheduler. Theconsequencesof this decisionarenot very clear. As presentedin

Section3.3.2,thecomplexity of thecompactionphasealgorithmis relatively low, beingalinear

passthroughthecontrolblock. However, theschedulercanarguablytake betteradvantageof

schedulingslackto generatebettercodeif it knows aboutcompressedtemplatesat all times.

Thedecisionwasmadeto proceedwith thetwo phaseapproachfor primarily two reasons:(a)

easeof implementationandseparationof concernsand(b) theIMPACT compiler'sassumption

of theschedulingmanagerhandlingonecycleata time.

Theoretically, by exploiting split issuejudiciously, one can achieve bettercodedensity

at the expenseof codelegitimacy. However, a consciousdecisionwas madenot to do so.

Althoughadescriptionof thehardwarebehavior whensplit issueandresourceoversubscription

occursis describedin theItanium2 speci�cation,it is by no meansaguarantee.It is, afterall,

improperbehavior andcanbe considereda failure on the partof the compiler. Furthermore,

futurearchitecturesmaynotguaranteecorrectbehavior in thecaseof split issues.

The existing IMPACT compiler infrastructure,the modularschedulerand the bit-vector

basedmachinedescriptionfor example,hadgreatin�uence on theimplementationof thetem-

platebundlingalgorithm.Thedescriptionsfor thenew IPFconstraintswereintegratedinto the

existing machinedescription,andthe templatebundling algorithmwas implementedso that

theschedulingalgorithmsweredisturbedaslittle aspossible.However, theperformanceof the
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templatebundlingalgorithmshouldnot becompromisedto promoteeaseof implementation.

Chapter4 will presenttheresultsof thetemplatebundlingalgorithm.
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CHAPTER 4

EXPERIMENT AL RESULTS

This chapterpresentsthe numericaldatagatheredfor this thesis. The focuswill be on how

thenew pathwith thetemplatebundlingalgorithm,SZU, comparesagainstthepreviousimple-

mentationthatwasusedby the IMPACT compiler, SMH. SMH wasbasedon theold pathof

thecompilerusingthemachinedescriptionandbundlingcodegivento theIMPACT research

groupby Intel. SMH alsotooka two-phaseapproach(scheduling/compacting)to thebundling

problem. The threemajor differencesare: (a) SMH assumesthat the templatesof the cycle

arechosenbasedon the operationsto be scheduledratherthanasthey arebeingscheduled,

(b) SMH canadjustthe level of compactionduring thesecondphaseand�ne-tune codesize

reduction,and(c) SMH usesthe Intel machinedescriptioninsteadof the onedevelopedfor

the IMPACT compiler. Certainpreviouspublications[11] of Itaniumresultsby the IMPACT

researchgroupwerebasedon theSMH implementation.Theeffect of thecompactionphase

of thenew templatebundlingalgorithm,SZU,will alsobeexamined.Theversionwithout the

compactionphasewill bereferredto asSZU-NC.

The resultson the SPECint2000benchmarksuitearepresented,excluding 252.eonsince

the IMPACT compilerdid not handleC++ at the time of the experiments.All of the exper-

imentsbegin from the samepoint in the IMPACT compilationprocess. Almost all of the
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ILP optimizations,suchassuper/hyperblockformation,loopoptimization,critical pathreduc-

tion, have all beenperformedalready. Scheduling,physicalregisterallocation,andpeephole

and machinespeci�c optimizationsremain. The SPECint2000numberswere generatedon

a Hewlett-Packardzx6000: two 1 GHz/3 MB L3 Itanium 2 processors,8 GB RAM, Linux

2.4.2.1-gspec.Thetermgspecmeansthattheoperatingsystemwasenhancedto supportgen-

eralspeculation,usedto recoverfrommis-speculation.Pointeranalysisandmoduloscheduling

wereperformedon all of thebenchmarksexcept253.perlbmk;thepointeranalysisat thetime

of theexperimentscouldnot handlethatonebenchmark.The176.gccbenchmarkrequireda

small manual�x; missingmemoryaliasinginformationdueto errorsin the pointeranalysis

allowedtheschedulerto performa badreorderingof operationsthathadto becorrected.

4.1 PerformanceAnalysis

Table4.1showstheSPECint2000performanceresultsfor SZU,SZU-NC,andSMH.Over-

all thedifferencesin performanceareslight. This is to beexpectedsinceall threecompilations

sharethe samestartingpoint, after mostof the ILP andperformanceenhancingtransforma-

tionsarealreadydone,andthesameschedulingalgorithms.Therefore,thedifferencein per-

formancecomesfrom the differentdecisionsmadewhenforming the bundlesandtemplates

andtheeffect thosedecisionhaveon peephole,machinespeci�c optimizations.

Thecurrentcompactionalgorithmdoesnot alter thecycle anoperationis scheduledin, so

changesin performancebetweenSZUandSZU-NCwouldonly comefrom changesin instruc-

tion cachebehavior andmicroarchitecturefront end issuesonly. The benchmark186.crafty
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Table4.1SPECint2000results

Benchmark SZU SZU-NC SMH SZU/SZU-NC SZU/SMH
164.gzip 754 754 728 1.000 1.036
175.vpr 680 677 664 1.004 1.024
176.gcc 775 769 822 1.008 0.943
181.mcf 337 340 337 0.991 1.000

186.crafty 713 679 687 1.050 1.038
197.parser 550 551 550 0.998 1.000
252.eon X X X X X

253.perlbmk 664 669 652 0.993 1.018
254.gap 584 571 580 1.023 1.007

255.vortex 1181 1180 1187 1.001 0.995
256.bzip2 714 688 710 1.038 1.006
300.twolf 898 886 904 1.014 0.993

GEOMEAN 684.4 677.1 680.9 1.011 1.005

is known to suffer from instructioncacheissues,andthe SZU to SZU-NC ratio shows good

performanceimprovement. The differencesbetweenSZU andSMH areharderto quantify.

However, acloserexaminationshowedthatfor the176.gccbenchmarktheSZUversionspends

a lot moretime in thekernelthanSMH, decreasingits performance.Wild loadsdueto mis-

speculationis the causeof this phenomenon.The new templatebundling algorithmallows

moreaggressivepromotionof operationsby �nding moreopportunitiesto breakdependences

and to reorderoperations,creatingmorespeculative instructions. This cansometimeshave

a detrimentaleffect if speculative operationsfail ratherthan succeed,especiallypotentially

exceptinginstructions(PEI) like memoryloadoperations.Hopefully bettermemoryanalysis

informationor heuristicswill minimizetheseeffects.
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Table4.2Backendcomponentcompilationtime

Benchmark SZU SZU-NC SMH SZU/SZU-NC SZU/SMH
164.gzip 5 5 7 1.00 0.71
175.vpr 31 30 38 1.03 0.81
176.gcc 237 236 308 1.00 0.77
181.mcf 2 1.5 2 1.33 1.00

186.crafty 53 52 65 1.02 0.82
197.parser 12 12 15 1.00 0.80
252.eon X X X X X

253.perlbmk 41 41 71 1.00 0.58
254.gap 46 45 68 1.02 0.68

255.vortex 61 60 94 1.02 0.65
256.bzip2 5 5 7 1.00 0.71
300.twolf 274 277 283 0.99 0.97

4.2 Compilation Time Analysis

The compilationtimespresentedin Table4.2 are the numberof minutesit takesfor the

IMPACT compilerto run from theLcodeinternalrepresentationthrougha seriesof SSAop-

timizationsandthroughthescheduler, �nishing with the �nal assemblycode(HS to HSX to

HSX s in theIMPACT compilationprocess).

Except for 181.mcf,wherethe compilationtime is very small already, the compilation

timesfor the new templatebundling algorithm,SZU, areall lessthanfor SMH. This occurs

even thoughSZU is an exhaustive searchandalwaysunschedulesall operationsin the issue

groupof thetargetcyclebeforetrying to schedule.Section6.1presentspossibleextensionsto

furtherreducethecompilationtime.

As shown by the SZU versusSZU-NC ratio, the compactionphaseof SZU doesnot sig-

ni�cantly extendthecompilationtime. Again,181.mcfis ananomalydueto its shortbaseline

compilationtime. If the compactionphaseis enhancedin the future the compilationtime of
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Table4.3StaticNOPoperations

Benchmark SZU SZU-NC SMH SZU/SZU-NC SZU/SMH
164.gzip 3992 5849 3839 0.68 1.04
175.vpr 17525 22137 17341 0.79 1.01
176.gcc 190916 268709 186712 0.71 1.02
181.mcf 986 1547 970 0.64 1.02

186.crafty 17881 26883 17185 0.67 1.04
197.parser 12474 17034 12023 0.73 1.04
252.eon X X X X X

253.perlbmk 92732 148601 91202 0.62 1.02
254.gap 89918 127836 87926 0.70 1.02

255.vortex 60623 75320 59703 0.80 1.02
256.bzip2 3494 4708 3359 0.74 1.04
300.twolf 29461 42511 29035 0.69 1.01

thecompactionphasemay increase.However, if thecompactionphaseremainsa linearpass

throughtheissuegroupsasit is now, it will mostlikely remainaninsigni�cant portionof the

compilationtime.

4.3 NOP Analysis

Table4.3showsthenumberof staticNOPoperationspresentin theassemblycodeof each

compilationprocess.Sincemostof the ILP andperformanceenhancingtransformationsare

alreadydone,thenumberof usefuloperationsis approximatelyequalacrossthethreecompila-

tions. In otherwords,thedifferencein codesizecomesfrom thedifferencein NOPoperations.

Althoughthedifferencein staticNOPoperationsbetweenSZU andSMH is relatively minor,

SZU-NC presentsmajor savings. This suggeststhat compressedtemplatesare importantto

codesizereduction.

68



Figure4.1shows thebreakdown of dynamicoperationsbetweenexplicit NOPoperations,

predicatesquashedoperations,andusefuloperationsfor eachcompilationprocessacrossthe

benchmarksuite.Theresultsarenormalizedto thenumberof dynamicoperationsfor theSZU

compilation.For SZU versusSMH, thereis no clearcorrespondencebetweenthepercentage

of dynamicNOPoperationsandtheoverallperformanceof thebenchmark(Table4.1). In fact,

for mostof thebenchmarksthenumberof explicit NOPoperationsbetweenSZU andSMH is

verysimilar. Thecompactionphasein SZUdoescontributeto reducingthenumberof explicit

NOPoperations.Again, thereis not a signi�cant performancebene�t in reducingthenumber

of NOPoperations.Only programsthathave decreasedperformanceduefront-endproblems

wouldbene�t from this reductionin codesize.

For two of the benchmarks,gzip andbzip2, SMH executedsigni�cantly lessNOP oper-

ationsthanSZU despitea merefour percentdifferencein staticNOP operations(Table4.3).

Althoughtheperformanceof SZU wasactuallybetter(Table4.1), this is still causefor inves-

tigation. Upon closerexamination,it becomesevident that SMH achievesbettercodecom-

pressionthanSZU in certaincases.Although the numberof cyclesrequiredfor the control

block is the samebetweenSZU andSMH, the SZU compilationaddedan extra bundle,or

threeNOP operations.Theeffect becomespronouncedin the dynamicbehavior becausethe

controlblockswherethisoccurredhavehighexecutioncounts.
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CHAPTER 5

RELATED WORKS

This chaptergoesover otherschedulersfor the IPF architecturein the literature. The focus

will beon how the new constraintsIPF introduced,suchassyllabletypesandtemplates,are

handled.Section5.1 coverstheORCimplementation,anopensourcecompilerfor IPF. Sec-

tion 5.2 goesover a proposedimplementationusing integer linear programming. All other

worksaregroupedtogetherin Section5.3.

5.1 ORC Implementation

TheEPICOpenResearchCompiler(ORC)publishedtheir work on resourcemanagement

andtemplatebundling for the Itanium implementationof IPF [3]. Their implementationuti-

lized a �nite-state automaton(FSA) for machineresourcemodeling,which wasextendedto

encompasstheconstraintsIPF introduced.Theprimaryresultshowedthat templatesmustbe

consideredwhenschedulingfor IPF.

Theschedulerwasseparatedinto two parts,calledthehigh-level schedulerandthemicro-

level scheduler. The high-level schedulerhandleddutiessimilar to the schedulingalgorithm

in this thesiswhile themicro-level schedulerencompassedtheschedulingmanager, the tem-

platebundling algorithm,the resourcemanager, andthe machinedescription.The FSA was
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function-unit-centric,keepingtrack of what issueportsarebeingusedin the cycle. As ad-

ditional operationsarescheduled,theFSA advancesfrom stateto stateaccordingto the new

issueportsbeingmarked asused. Intracycle dependenceswerehandledby checkingthe list

of valid templatesat thenew state;at eachstatea list of valid templatesis kept,basedon the

statetransitionsandoperationsscheduledto reachthat state. If a valid order is not present,

thealgorithmrevertsbackto thepreviousstateof theFSA.TheORCalgorithmdid nothavea

compactionphase.Rather, themicro-level schedulerkeptawindow of two cyclesfor template

selection,therebyutilizing compressedtemplates.Templateselectionswere �nalized when

thewindow moveson. For cyclic schedulinghowever, theORCalgorithm�nalized template

assignmentsafterall of theoperationsfor theloophavebeenscheduled.Resultsfor one-cycle

templateselection,which would correspondto SZU-NCin this thesis,werealsopresentedin

thepaper.

It is unclearhow dispersalruleswerehandledin theORCcompiler. In otherwords,it is

unclearhow anoperation's assignmentto a speci�c functionunit andhow theeffect of opera-

tion orderingweremodeled.Onepossibilityis to considerthedispersalruleswhile performing

theintracycledependencecheck,sincetheoperationorderingin thecycle is consideredat that

time. Dispersalrulesmaynot have hadasmuchsigni�cancefor theORCimplementationat

thetime of thepapersincedispersalrulesfor theItaniumimplementationweremuchsimpler

thanItanium 2. Not only did the Itanium have fewer function units to consideranda lesser

varietyof groupingsof issueportsfor instructionsubtypes,operationswith asupersetsyllable
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hadto dispatchto anissueportof thesyllabletypeof theslot, i.e. anA-instructiontypeopera-

tion scheduledin anI-syllableslotwill only disperseto anI-issueportandnotanM-issueport

like in Itanium2.

5.2 ILP-Based Instruction Scheduling

Integerlinearprogramming(ILP) hasbeenproposedto performinstructionschedulingfor

IPF [12]. It is a mathematicalandtheoreticallyoptimalschedulingtechnique.However, it is

muchmorecomplex andexpensive from a compilationstandpoint.The algorithmpresented

takesa two-phaseapproach.A macro-schedulingphaseassignseachinstructionto aninstruc-

tion groupso thatall instructionsfrom onegroupcanbeexecutedsimultaneouslyin a single

clockcycle. This is donewhile ignoringbundlingrestrictions.A bundlingphaseis responsible

for forming bundlesthatconformto thesetof valid templates.All of this is donewhile repre-

sentingtheresourceandtemplateconstraintsin ILP. Thework wasfurtherextendedto show

how speculationandcyclic codemotioncanbehandled[13].

This thesisutilizesa bit-vectorrepresentationfor machineresources.Althoughit maynot

beasmathematicallyoptimalasILP, it is easierto implement,andit caneasilyhandlemany

differentsituations,suchascyclic codemotion andsoftwarepipelining, andlarge programs

suchastheSPEC2000benchmarksuite.Thetemplatebundlingalgorithmimplementedupon

this representationhasalsobeenshown to bevery timeef�cient.
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5.3 Other Approaches

In Section3.4, oneof the alternativesmentionedis to integratethe schedulingalgorithm

whenperformingschedulingandtemplatedecisions.In particular, this combinationshouldbe

ableto takeadvantageof slackin thescheduleto producemorecompactcode.Thisapproach,

integratingtheoperationandcycleselectionwith thetemplateselection,wasproposedin [14].

Theemphasiswason improving codedensityasmuchaspossibleby performingtemplatese-

lectionandoperationschedulingsimultaneously. A recursivealgorithmwasutilizedto perform

anexhaustivesearchto �nd theoptimalsolution.Nonoptimalheuristicswerethenintroduced

to helpcontrolcompiletime.

Although the paperdoesaddresscertaincaseswherea NOP operationwould exist under

the currentimplementationof the templatebundling algorithm, the resultsgatheredfor this

thesissuggestthatreductionof NOPoperationsdoesnotdirectly translateinto improvementin

performance.Performancewill improvefrom NOPoperationreductiononly if theapplication

hasinstructionfetch problems,like 186.crafty. Furthermore,the algorithmpresentedin [14]

only guaranteedminimum cycle codefor a nonconstrainedmachinewhile arguing that code

densityis proportionalto performance.Onrealhardware,trade-offs will haveto bemadein an

intelligentmannerbetweenall of theoperationsthatarereadyto bescheduled.Theimplemen-

tationproposedby this thesisallows schedulingalgorithmsto beconceivedandexperimented

separatelyfrom thetemplatebundlingconcerns.Codedensityalsoappearsto bea secondary

effectonperformance,beingamajorconcernonly in programsexperiencinginstructioncache
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issues.Othermethodsfor utilizing schedulingslackto enhancecodedensitywill bediscussed

in Section6.2.
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CHAPTER 6

FUTURE WORK

The�rst job of theschedulerof thecompileris to notmakemistakeswhengeneratingasched-

ule for execution.Its job is evenmoreimportantfor in-orderarchitectureslike EPICandIPF

sincethereis nohardwaresupportfor dynamicreorderingof operations.Thetemplatebundling

algorithmframework presentedin this thesisdoesthis by handlingthevariousrestrictionsin

a cohesive intelligent manner. However, thereis alwaysroom for improvement.After all, a

schedulerthatdoesnot makemistakescansimplybeonethatschedulesfor maximumlatency

betweenall operations,oneoperationper cycle, or onethat takesin�nite time to ponderall

possibilities. This chapterdiscusseshow the templatebundling algorithmcanbe improved,

focusingon compilationtime andcodedensity.

6.1 Compilation Time Impr ovements

An extensionto thecurrenttemplatebundlingalgorithmto furtherreducecompilationtime

is to insertthenew operationx into theissuegroupg withoutunschedulingall of theoperations

Y currentlyscheduledin g (Figure3.3). If theinsertionis successful,thentherun time would

beafactorof I TR ratherthanexponential.However, asappealingasthis improvementsounds,

furtherstudyis necessary. Regardlessof theinsertionalgorithm'simplementation,it will likely

notbeanexhaustivesearchlikethecurrenttemplatebundlingalgorithm,sinceits startingpoint
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is constrained.Therefore,it is conceivablethat the insertionalgorithmmayfail in a situation

thatcontainsa valid scheduleif anexhaustive searchis performed.Consequently, thebene�t

of theinsertionalgorithmneedsto bebalancedagainsttheprobabilityof failure,which would

invoke theexhaustivesearchtemplatebundlingalgorithm.

An insertionalgorithmis nontrivial, dueto dispersalrules,templates,andNOPoperations.

The templatebundling algorithmschedulesNOP operationsin slotswithout real operations

becausethey consumeresourcesandconsequentlyaffect the dispersalof real operations.In

otherwords,in orderto inserta new operationx into g, it musttake theplaceof anexisting

NOP operation.However, this replacementwill have effectson the dispersalrulesandmay

evenrequirethechangingof templateassignments.

Oneapproachto theinsertionalgorithmis to requirex to taketheplaceof aNOPoperation,

n, without changingtheplacementof any of theexisting realoperationsY or thetemplatesof

the bundlesin g. However, this meansthe NOP operation's slot musthave a syllable type

compatiblewith x. Furthermore,theissueport currentlyconsumedby n mustalsobewhatx

would disperseto accordingto thedispersalrules.If thesecondconditionis not satis�ed,any

changewill percolatedown to the succeedingoperationsandpossiblyalter what issueports

they disperseto, producingsplit issues.

Other approachesinclude limited updatesto the templateassignments,modi�cations to

theplacementof theexisting operationsY, or a combinationof both. However, the insertion

algorithmwill thenbegin to resembletheexhaustive searchtemplatebundlingalgorithmand

gainwill lessenascomplexity increases.It is my opinion that it would bebestto implement
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the previous approach,guidedby heuristicsthat dictatewhento skip the insertionalgorithm

andgo straightto theexhaustivesearchalgorithminstead.Theheuristicscanbebasedon the

numberof operationsalreadyscheduledin g, jYj, thesyllabletypeof x, theexistingtemplates,

etc.

Finally, moreimprovementsin compilationtime may be possibleby trimming down the

searchspaceof theexhaustivesearch.Thecurrentimplementationof thetemplatebundlingal-

gorithmis madeto begeneralandadaptable.Machine-speci�crestrictionscouldbeintegrated

to constrainthe searchspace. Theremay also be othermore general,nonmachinespeci�c

boundsnotyet discovered.

6.2 NOP OperationsAnalysisand Impr ovements

Sincetheframework followstheIPFde�nition thatNOPoperationsdisperseandaffect re-

sourceconsumption,theirpresencecannotbetreatedlightly. Thetemplatebundlingalgorithm

properlyhandlesNOPoperationsby schedulingtheminto theissuegroup.However, reduction

of NOPoperationswill improvecodedensityandperformancein certaincases.Althoughthe

resultsindicatethattheimpacton performancefrom reducingNOPoperationsis notdramatic

(seeSZU versusSZU-NCresultsin Chapter4), it cannotbe ignored.Dueto therequirement

of forming bundleswith valid templatesandthe limited selectionof templatetypes,arguably

NOP operationswill alwaysbe presentin IPF code. Although the compactionphasedoesa

goodjob in reducingthenumberof NOPoperations,it is by no meansoptimal.
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Figure6.1OptimalNOPoperationexample

Figure6.1is amotivatingexampleillustratingthede�ciency of codedensityin thecurrent

templatebundlingandcompactionalgorithm.Figure6.1(a)is adependencegraphshowing the

operationsandthedependencesbetweenthem.SinceInstr-I2 doesnothaveany otheroperation

dependentuponit, it canbescheduledin any cycle. Thecritical pathconsistsof Instr-M1, M3,

andF6. Theschedulingalgorithmcurrentlyin useattemptsto scheduleanoperationassoonas

it is ready, resultingin thescheduleshown in part(b). Theschedulewith optimalcodedensity

is shown in Figure6.1(c), eliminatinga total of six NOP operations.The schedulerdelays

Instr-I2, M4, andM5 by onecycle eachfrom whenthe operationis readyto be executedto

maximizecodedensity.

In orderto achieve thescheduleshown in part (c), theschedulerhasto realizethatopera-

tionsoff of thecritical pathnot only canbescheduledlater, but shouldbescheduledlater to

achieve bettercodedensity. Oneapproachin thecurrentframework would beto enhancethe

compactionphaseto considerschedulingslackwhile compacting.Currently, thecompaction
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phasedoesnot allow operationsto crosscycle boundaries.Sincethe schedulingalgorithm

tendsto pull upoperationsby schedulingthemassoonasthey areready, thecompactionphase

cantry to exploit slack in the scheduleby delayingcertainoperationsto enhancecodeden-

sity. Ratherthanstart the compactionphasefrom the top of the control block, it cantake a

bottom-upapproachinstead.Whenthecompactionalgorithmis consideringcompactingtwo

issuegroups,allow operationsin the precedingissuegroupwith slack in its scheduleto be

pusheddown into the latercycle. Heuristicswill beneededto judiciouslyselectwhich oper-

ationsto delayandjudgetheir effect. Schedulingslackcanalsobe utilized to performother

optimizationsotherthanreductionof NOPoperations.
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CHAPTER 7

CONCLUSION

IPF, the �rst hardware implementationof an EPIC architecture,introducednew conceptsto

the compiler's scheduler. Thesenew concepts,bundles,syllables,templates,dispersalrules,

etc.,area continuationin theevolution of operationdispersalin computerarchitecture.When

the responsibilityof trackingoperationdispersalwas transferredfrom the hardware of out-

of-orderarchitectureslike superscalarmachinesto thecompilerof in-orderarchitectureslike

VLIW andgenericEPICmachines,thehardwaredispersalmechanismbecameexemptedfrom

much of the decisionmaking. However, it still neededto supportsymmetrical,cross-bar-

like dispersalof operationsfrom slotsto functionalunits. Thesenew IPF conceptsgive more

powerandresponsibilityto thecompilerandsimplify theoperationdispersalin hardwareeven

further. They simultaneouslyconstrainoperationdispersalaway from thesymmetricalmodel

assumedpreviouslyandgivethecompilera limited ability to con�gure theoperationdispersal

mechanismasit sees�t.

This thesispresentsextensionsto theschedulerof anEPICcompiler, theIMPACT research

compiler, to handlethesenew constraintsintroducedby IPF. A modularimplementation,gov-

ernedby thetemplatebundlingalgorithmin theschedulingmanager, theseextensionsnotonly

handlethenew conceptsintroducedby IPF but do so in a way that canbeexpandedandex-

tendeduponfor futurearchitecturesshouldthey employ similar constraints.Theseparationof
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responsibilitiesalsoallow experimentationswith differentschedulingalgorithms,handlingthe

machinespeci�c templatebundlingschedulingconcernsseparately. Despitebeinganexhaus-

tivesearch,thetemplatebundlingalgorithmhasprovento beef�cient, improving compilation

time from apreviousimplementation.

The work doneby this thesislays the foundationfor future explorationin schedulingfor

IPF. Possibilitiesincludeperformanceandcompilationtime orientedresearch.It providesa

quick,solidschedulingplatformfor experimentationswith schedulingalgorithmsandschedule

time transformations.Thereis alsostill roomfor improvementwithin the templatebundling

algorithmfor compilationtimeandNOPoperationreduction.
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