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ABSTRACT

Oneof thedifferencedetweerout-of-orderandin-ordercomputerarchitecturess thedis-
persalof operationgo functionalunits. This responsibilityis part of the transferof power
from hardware (out-of-order)to the compiler(in-order). As aresultof this shift, the hardware
supportfor operationdispersalwassimpli ed. IPF, the rst hardwareimplementatiorof an
EPICin-orderarchitectureintroducednew conceptgo furthersimplify the hardware's opera-
tion dispersal.However, they presentadditionalconstraintdo the compiler's scheduler This
thesigpresentshetemplatebundlingalgorithmto extendtheIMPACT compilerto handlethese
new constraintsAn exhaustve, systemati@xplorationoverthenewly introducedsearchspace
is employedto producea schedulghat conformsto the schedules performancexpectations

while keepingcompilationtime undercontrolvia ef cient implementation.
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CHAPTER 1

INTRODUCTION

Out-of-ordercomputerarchitectureemploy hardwareresourceso controlthe dispatchof op-
erationsto functionalunits. Many modern-dayarchitecturessuchas superscalamachines,
operateunderthis framewnork. This requiresthe hardwareto supportdynamic,neararbitrary
dispersabf operationgo functionalunitsin the presencef schedulingconcernsuchasde-
pendenceslin-orderarchitecturedik e Very Long InstructionWord (VLIW), in contrastrely
uponthecompilerto scheduleperationstaticallyfor executionin thehardware.In particular
the compiler's schedulemeedsto ensurethatthe nal codeobeys mary constraintssuchas
dependenceftenciesresourcausageegtc.; otherwise performancenay suffer, or worseyet,
resultsmay be incorrect. This, however allows the processos issuelogic to be much sim-
pler. Onevariationof in-ordermachinesthe Explicitly ParallelInstructionComputing(EPIC)
architecturegivesthe compilereven greaterresponsibilitiesand power when compiling and
schedulingcode. In oneEPIC architecturethe Intel Itanium ProcessoFamily (IPF) [1], new
conceptsare introducedto the instructionformat to simplify the dispersalof instructionsin
hardware.Unfortunatelythesesamespeci cationssigni cantly complicatethe compiler'sjob
during scheduling.This thesiswill describethe augmentationsf a compilerto handlethese

new constraints.



Figurel.1 GenericEPIC operationdispersamind-sets

EPICarchitecturegenerallyassumeneof two modelsfor dispersingpperationgrom slots
to functionalunits: (a) symmetricaland(b) restrictve. Figure 1.1(a)shawvs the symmetrical
dispersahssumptionAny slotcandispatchanoperatiorto any functionalunit eachcycle. The
bluelinesindicatehow eachslotin a six-issuemachinecanreachary functionalunit. As long
asthereis an appropriatefunctional unit available, the operationwill executeas scheduled.
Figure 1.1(b) shaws the restrictive dispersalssumption Eachslot candispersets operation
to only arestrictedsetof functionalunits, governedby a x ed mappingof slotsto functional
units. This mappingin turn restrictsthe operationghatcanscheduledn eachslot. Variations
betweerthesetwo extremesalsoexist.

IPF groupsoperationsnto bundles,eachof which containsthreeslots. Eachimplementa-
tionis capableof processingomenumberof bundlespercycle in anissuegroup.For example,
thecurrentimplementationsf IPFaredesignedo procestwo bundlespercycle, makingthem

nominallysix-issuemachinesIPF classi esthedifferenttypesof instructionsn theinstruction



setarchitecturglSA) like memoryinteger, oating point,andbranchinstructionsnto syllable
types.Whenencodingoperations|PF requiresoundlesto begeneratecccordingo templates
thatassigna syllabletypeto eachslot of the bundle. Syllabletypesin turn restrictwhat op-
erationscanbe scheduledn that slot andwhat functionalunits are reachablgrom that slot.
Finally, dispersakulesdeterminewhat functionalunit an operationendsup in the hardware
givenits instructiontype, syllable type, slot position, and precedingoperationsn the cycle.
Ratherthanrequirethatevery functionalunit bereachabldy every slot or restrictvely de ne
which functionalunits a slot is ableto disperseo, the setof functionalunits reachablenow
variesfrom slotto slotandcycle to cycle accordingto thetemplatesandsyllablesspeci ed.
Figure 1.2 demonstratelRow thesenew restrictionsin IPF complicatethe scheduless job
comparedo the genericEPIC architecture.The setof functionalunits reachabldrom each
slotis determinedy the syllablesof the template asshovn by the orangelettersanddashed
lines. Certaininstructionsdn IPF areevenmorerestrictive, allowing their executiononaneven
smallersubsetof functionalunits. The integerload instructionin slot 3, with a legal subset
of only the MO andM1 functionalunits (the dashedblue line andcircle), is usedhereasan
example.Finally, accordingo thedispersatules,thedispatchof operationgo functionalunits
in IPF is affectedby precedingoperationsn the cycle. The operationin slot zerois a oating
point load thatmay issueto MO throughM3, asindicatedby the dashedjrey line andcircle.
Thedispersarulesdictatethatit will executeonthe lowestnumberedegal M-functionalunit
currentlyavailable,MO in this case(redcircle andline). Thereforetheintegerload operation

mustdisperseo M1. If the operationin slot 1 wasalsoa oating pointload, it would have



Figurel.2IPF operationdispersamind-set

taken M1, the lowestnumberedunctionalunit out of MO throughM3 still available,leaving
no functionalunit for the integer load operationin slot 3, which is why it hasa dasheded
line instead. However, if theintegerloadwasin a slot that precededall of the oating point
load operationsno problemswould exist until the machineruns out of M-functional units.
For the genericEPIC architecture functional units are assignedo operationsin slotson a
rst-come- rst-served basis; the operationscheduledrst by the schedulingalgorithm will
have rst choice. For IPF, the functionalunit assignedo an operationdependn thosein
precedingslots,independenof the orderthe schedulingalgorithmpicks the operations.The
scheduleof EPICcompilerwould needto bechangedo adapto thesenew restrictionsof IPF
Thework for this thesisis basedon the IMPACT researcltompiler developedby the IM-
PACT researchgroupat the University of lllinois at Urbana-Champaigrlhe call stackof the
existing IMPACT compiler'sschedulers shovn underthe“old path”of Figurel.3. A schedul-

ing algorithm, cyclic or agyclic, decidesthe cycle time andslot rangefor an operationbased
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Figurel.3IMPACT schedulecall stack

on its dependencieand passeghe informationto the schedulingmanager The scheduling
managecallstheresourcenanageto determindf anappropriateslotandfunctionalunit are
available. If theansweris yes,thoseresourcesre marked astaken,andthe schedulingman-
agerupdateghe statusof the operationandthe operationdt affects. The resourcemanager
derivesits machine-speci dnformationfrom the machinedescription.The variousdutiesof
the scheduleftiming, placementresourcedescriptionandmanagemengtc.) arethusspread
outamongsspecializeccomponents.

The schedulemustconsiderall of the new factorsintroducedoy IPF (bundlestemplates,
syllables,anddispersatules)in additionto traditionalconstraintdik e dependencesndcome

up with the best-performingchedulgossible.The“new path” of Figurel.3 outlinesthe new



modeldealingwith the IPF constraints The schedulingalgorithmsarenot alteredin ary way;,
thoughtheir interfaceto the schedulingmanagerchangesslightly, allowing the compilerto
maintainits modularseparatiorof schedulingesponsibilities.The schedulingalgorithmstill
directsthe schedulingmanagemith the intendedcycle for an operation,but the scheduling
manageis now responsibldor nding a combinationof templatesanda permutatiorof oper
ationswithin thecycle suchthatall of thecycle's operationsareassignedo slotsthatallow for
simultaneousssue,giventhe speci ed constraints.The schedulingmanagesstill reliesupon
the resourcemanagertto determineif the appropriateresourcesare available. However, the
resourcemanagehasbeenenhancedsnecessaryo accommodatéhe new restrictions.The
constraintshemselesare describedn the machinedescriptionso thatthey canbe speci ed
permachinemplementatiorandbe accessetly differentpartsof the compiler
Thisthesisproposesframewnork attheschedulingnanagetevel, thetemplatebundlingal-
gorithm, for IPFinstructionschedulinghattakesthesenew constraintsnto considerationThe
machinedescriptiorandresourcenanageareaugmenteéccordinglyto supporthiseffort. In
Chapter2, the new restrictionsintroducedby IPF arede ned in detail,andthe problemsthey
causeareanalyzed Chaptel3 presentsheimplementatiorof thetemplatebundlingalgorithm
andthe associatedupportandstepsthroughthe algorithmto demonstratéow it handleshe
variousconstraint@ndavoidsthe potentialproblems.Thecompleity of thetemplatebundling
algorithmis alsoanalyzed Numericalresultsarepresented Chapte#, relatedwork in Chap-

ter5, andfuturework in Chapter6.



CHAPTER 2

BACKGROUND

This chapter rst goesover the issueanddispersalstructuresof genericePIC architectures.
The discussiorwill be basedprimarily on the featuresassumedy the IMPACT compiler It
thenintroduceghe constraintsaandfeaturesnew to IPF An in-depthanalysisthendetailsthe
constraintsand their effects uponthe scheduleand schedulingprocess. The discussionwill
focuson the Itanium 2 implementationof IPE An examplesequencef operationswill be

employedto helpconcretizehe conceptandtheinterplayamongthem.

2.1 Generic EPIC Architecture

EPICarchitecturesrein-ordermachinesmeaningthe compileris responsibldor produc-
ing a scheduleof the operationsfor the hardwareto execute. Due of this requirementthe
compilermustbe aware of the hardwareresourcesvailable. The IMPACT compilerusesa
madine description[2] to describethe capabilitiesof the target hardwareandits interaction
with the instructionsin the ISA. This sectiondescribeghe machinemodeltypically usedby
the IMPACT compiler an amalgamof the two genericEPIC operationdispersalmind-sets
presentectarlier

An EPIC architectureableto dispatchn operationsn a singlecycle is referredto asan

n-issuemachines.Figure 2.1 shavs a six-issuemachine. Eachbox represents slot for an
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Figure2.1 GenericEPICarchitecture

operation. Sinceall of the operationsareto be dispersedn the samecycle, thereis a cycle
boundary indicatedby thethick blackbar, attheendof theissue.Themachinemodelusedby
theIMPACT compilerresembleshe symmetricabperationdispersamodelfor all but the last
slot. Themachineas assumedo issueonly onebranchinstructionpercycle, andit mustbethe
lastinstruction.This is shavn by the singledashedlueline extendingfrom the setof branch
instructionsto the lastissueslot. (IPF hasdifferentrestrictionson the numberandplacement
of branchesn a cycle, which will be discussedn Section2.3.) Nonbranchinstructionsmay
be placedin arny of the slots, shavn by the multiple dashedblue lines connectingthe set of
nonbranchnstructiongo all of theslots. Therearealsominimalrestrictionsasto thefunctional
unit to which a slot candisperseThelastslot candispersdo ary functionalunit, whereaghe

remainingslotscandisperseo ary functionalunits exceptthe branchfunctionalunit. Thisis



showvn by the dashedrangelines connectinghe slotsto the functionalunits. The functional
units consumingthe operationsscheduledareindicatedby the solid redlines. GenericEPIC
architecturesrenot concerneavith the speci c functionalunit in which eachoperationends

up anddo not specifyary kind of setmapping.

2.2 Overview of IPF Restrictions

The additionalconstraintantroducedby IPF represent continualevolution of operation
dispersafor in-orderarchitecturesThedesireceffect of theserestrictionds to reducehecom-
plexity of hardwareissuelogic sothatit doesnothave to provide thenumberof pathsrequired
for all functionalunitsto bereachabldrom all slotsatall times. Themorelimited dispersabf
operationgs con gurablevia templatesandsyllableson a cycle by cycle, bundleby bundle,
andslot by slot basis.This placesadditionalburdenson the compilerandits scheduler

IPF groupsandencodests operationsn bundles eachcontainingthreeslots. Every im-
plementatiorof IPF canoperateon a certainnumberof bundlesper cycle. Both Itaniumand
Itanium 2 operateon up to two bundlesper cycle, so onecanessentiallythink of themas6-
issuemachines.IPF speci es cycle boundariedy stopbits. Stop bits can be placedat the
endof any bundleandwithin bundlesin somecases Someof the possibleplacement®f stop
bits areindicatedby the grey barsandthe actualcycle boundarystopbit by the black barin
Figure2.2. Stopbits areprescribedn the templateof eachbundle. Every bundlemustcorre-
spondto avalid templatewhich containanformationaboutthe stopbits in thatbundleandan

assignmenbf syllabletypesto slots. Figure 2.2 showvs in orangeletteringthe bundlesbeing
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Figure2.2IPF restrictionsoverview

assignedemplatesout of the setof valid templatesandthe syllablesbeing mappedinto the
slotsof the bundles.Thetemplateinformationof eachbundleis passedo the hardwarealong
with theoperationgontainedvithin it. Thesyllablesassignedo theslotsdeterminavhatissue
portscanbereachedrom thatslot,shavnin Figure2.2 by thedashedrangdines. Issueports
areanintermediatestepbetweerhow operationsaredistributedfrom the slot to thefunctional
unitsin IPF; eachoperationis assignedo theappropriatdunctionalunit throughanissueport.

It is thelowestlevel of machinemodelinginformationneededy the compiler

10



Every instructionin the ISA of IPF belongso aninstructiontype An instructioncanonly
be scheduledn a slot that containsa syllable compatiblewith its instructiontype. Certain
instructiontypesaremore e xible thanothersandarecompatiblewith morethanonesyllable
type. Thesdnstructiontypesaresaidto have asupesetsyllable Figure2.2showvsthedifferent
instructiontypesin IPF (boxesat the top with a capitalletterin blue),the setof syllablesthe
instructiontypesarecompatiblewith (lettersin bluein parenthesespnda sampleof instruc-
tions of eachtype. The blue lines from the instructiontypesto the slotsindicatethe slotsan
instructiontypecangoto in anMIl MFB templatecombination.Notice how the A-instruction
type,which hasa supersesyllable,canbe assignedo eitherthe M or I-syllable slots.

Not all Itanium 2 functional units canhandleall of the instructionsof the corresponding
instructiontype. The instructionsin Figure 2.2 arefurther separatedvithin eachinstruction
typeaccordingo the setof issueportsthatcanhandlethatparticularinstruction.For example,
integerloadinstructions(ld ) belongto the M-instructiontype andcanbe dispersedo either
the MO or M1-issueport. Dashedluelinesandcirclesindicatethe setof issueportsallowed
for the operationscheduledn the slotsfor restrictve operationslik e the integerloadinstruc-
tion scheduledn the rst slot. Giventhe slot, the syllable of the slot, the restrictionsof the
operationin the slot, andthe precedingoperationsn the cycle, dispessal rules determinethe
particularissueport thatthe operationis dispersedo, asindicatedby the solid redlines. The
factthat previous operationdirectly affect the dispersabf the currentoperationis animpor-
tantdistinctionbetweenPF andgenericEPIC architecturesThe previous schedulero w for

theIMPACT compilerwasunableto handlethis.
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Figure2.3Valid templatedor IPF

2.3 In-Depth Analysis of IPF Restrictions

This sectiondetailsthe constraintantroducedby IPF asimplementedon the Itanium 2.
The new termsintroducedin Section2.2 will be explainedherein detail. The discussionrst
focuseson the varioustemplatesandtheir formation,andthenturnstowardsthe dispersalof

operations.

2.3.1 Templates

Every bundlein IPF, eachof which containghreeslots,mustconformto atemplate.Tem-
platescontaininformationaboutthe syllablesandstopbits of the bundleandarepassedo the
hardware alongwith the operationsscheduledn the bundle. Thereare ve syllabletypesin
IPF: M, I, F, B, andL. Only certainpermutation®f syllablesareconsideredsalid templates.
The currentsetof valid templatedor IPF is shavn in Figure2.3. Thereis roomin the IPF

speci cationfor eightnew templatego bede nedin thefuture.
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Eachsyllabletakesup oneor two slotsin the bundle. The L-syllable consumeswo slots,
soonly two instructionscanbe scheduledn the MLX template. (X is a placeholderrather
thananothersyllable.) Eachsyllablemustbeassigne@ compatibleoperation.The operations
instructiontype determinests compatibility The operationassignedo the syllablecanbe a
NOP operationif thereis no operationavailable. NOP operationsn IPF do not affect the ma-
chinestateandcorrectnessf the program;however, they do consumaesourcesindaffectthe
dispersabf operationsTherefore NOP operationsn IPF needto be carefullyconsiderecnd
scheduledunlike the benignNOP operationgreviously assumedby theIMPACT compiler

Explicit stopbits denotecycle boundariesn IPF templatesrepresentetdy the thick black
barsin Figure2.3. Note thatfor every permutatiorof syllablesthatformsa valid template,a
versionexists with a stopbit at the endof the bundle. Therearealsotwo templateghatcan
have a stop bit in the middle of the bundle, speci cally MIl and MMI. They were referred
to ascompessedemplatesn [3], andthis thesiswill follow thatterminology Implicit cycle
boundariegalledsplitissuesnayalsooccuratlocationsnotindicatedoy explicit stopbits (see
Section2.4).

Intuitively, IPFmaybeviewedasaconstrainedEPICmachinevhosepathsfrominstruction
slotsto functionalunitsarerecon gurablevia templatespeci cations. Compressetemplates
and explicit stop bits even allow IPF machineso appeatike anything betweena one-issue
to a six-issuemachinein certaincycles. The compiler's schedulemow hasthe power and
responsibilityof partially recon guring the dispatchhardwarethroughtemplateselectionand

stopbit insertionsto maximizeperformanceindcodedensity
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2.3.2 Dispersal

Every instructionin the ISA of IPF belongsto aninstructiontype. Thesemajor instruc-
tion typesrepresengroupsof instructionsthat canbe assignedo the samesetof syllables.
Figure2.4 showns the six majorinstructiontypesandthe setof compatiblesyllabletypes.Cer
tain instructiontypeshave supersesyllablescompatiblewith multiple syllabletypes. The A-
instructiontypein IPF is onesuchexample,beingcompatiblewith boththe M andl-syllable
types. Within eachinstructiontype thereare also subtypes. Subtypedurther subdvide the
instructionsby differentcharacteristicssuchasinstructionswith differentoperanaypeslike
architectureegisters,immediatesandmemorylocation,or differentmemoryoperationdik e
loadsversusstores.Every instructionin the IPF ISA belongso oneandonly onesubtype All
of theinstructionsn the samesubtypeusuallyhave the samessueport constraintsa subsebf
thoseassociatewvith themajorinstructiontype! In otherwords,thesetof valid issueportsfor
aninstructionis determinedy whatinstructionsubtypeit belongsto, asshovn in Figure2.4.
Although thereare mary instructionsubtypesmary of them sharethe samecharacteristics
with regardto issueport constraints.Consequentlythey are groupedinto subtypegroupsin
the gure. Theassignmenof valid issueportsto instructionsubtypeds implementatiorspe-
ci c. Thisis how hardwareasymmetryof issueportsandfunctionalunitsis expressedn IPF
For example,memoryinstructionsbelongto the M-instructiontype. However, integer load
instructionsbelongto a subtypegroup (ii) thatcanonly disperseo the MO or M1-issueport

andinteger storesbelongto a differentsubtypegroup(iv) thatcanonly disperseo the M2 or

Thereare somesubtypesn Itanium 2 (M6, M7, M8, andM24) whereinstructionshave nonuniformissue
port constraints.

14



Figure2.4 Mappingof instructiontypesto syllabletypesandissueportson the Itanium 2

M3-issueport, whereasoating pointloadsbelongto a subtypegroup(v) thatcandispersdo
ary of theM-issueports,M0, M1, M2, or M3. NotethatL-instructiontypeinstructionsin IPF
take two issueportsperoperationeitherFOandlO or F1 andll. In theinterestof brevity, the
large setof compatibleissueportsfor A-instructiontype operationswill be denotedassimply
A.

Every operation,including eachNOP operation,is mappedfrom the syllable andslot to
a functionalunit throughanissueport. On Itanium 2 thereare 11 issueports: MO, M1, M2,
M3, 10, 11, FO, F1, BO, B1, andB2. Issueports presentan intermediatdayer betweenthe
syllablesandfunctionalunitsandis thelowestlevel of resourcenanagemerthatthecompiler
needsto model. The dispersalrules mapthe operationassignedo a syllableto issueports

accordingto thefollowing parameters(a) the slot number (b) the syllable of the slot, (c) the

15



instructionsubtypeof the operation,and (d) what hasprecededhe operationin the current
cycle. Eachimplementatiorof IPF de nesits own setof dispersafulesthatthe compilermust
take into consideratioowhenscheduling.A simpleexamplein Itanium 2 is the dispersakule
for slotswith aB-syllable. If theslotis in the rst positionof the bundlethe operationwill be
dispersedo BO, the secondpositiongoesto B1, andthe third positiongoesto B2. Viewing
the architectureasa 6-issueEPIC machinewith the slotsnumberedrom 0 to 5, anoperation
in slot 0 or 3 with a B-syllable would disperseto BO, slot 1 or 4 would go to B1, etc. A
more complicatedexamplewould be an integer storeinstruction. The instructiontype says
integer storeinstructionsmustbe in an M-syllable slot andthe subtyperestrictsthe dispersal
to eitherthe M2 or M3-issueport. Thedispersarule assignghe operationto the lowestissue
port rst, i.e. the operationwill be dispersedo M2 if possible. If both M2 and M3-issue
portsareoccupiedthentheinteger storeoperationcannotbe scheduledn this cycle without
detrimentakeffects(seesplitissuein Section2.4),evenif otherM-issueports,suchasMO0 and
M1, areavailable.Supersesyllablescomplicatethe dispersatulesbecauséehe subsebf issue
portsthatarelegal is muchlarger On Itanium 2, an A-instructiontype operationassignedo
an M-syllable slot canbe dispersedo eitherthe MO, M1, M2, or M3 issueport. However,
if thatsameinstructionis assignedo an I-syllable slot, it will thenbe dispersedo eitherthe
10, 11, MO, M1, M2, or M3 issueport. The orderis very important;the architecturewill only
disperseo a M-issueport if both I-issueportsareoccupiedby otheroperationsscheduledn

slotsbeforethecurrentone. This e xibility of dispersafor supersesyllableswasnotavailable

16



in the Itaniumimplementation.On Itanium, an A-instructiontype operationassignedo an |-
syllableslotwill disperseo eitherthelO or I1-issueportonly. Althoughthe greater e xibility
of supersesyllablescomplicateschedulingon Itanium2, it alsoenableschedulingor better
performanceand codecompactnessOur templatebundling algorithmhandlesthe additional
e xibility of Itanium2, but canbe easilyscaledbackto the Itaniummodel. Pleaseaeferto [4]
for thefull setof dispersatulesfor Itanium2.

With the introductionof dispersalrules, the symmetricalview of operationdispersalto
functionalunits by genericEPIC architecturesio longerapplies.Insteadof only makingsure
that resourcesre available, the orderin which operationsare scheduledvithin a cycle also
needsto be considerechow. For example,the extr instructionin Itanium 2 canonly be
executedvia the I0-issueport. Theinstructionshr is an I-instructiontype instructionthat
canbe executedby eitherthe IO or I1-issueport. Froma genericEPIC architectures point of
view, the orderin which thesetwo operationsarescheduledn a singlecycle doesnot matter
It assumeshatextr will be executedby the 10-issueport. As long asno otheroperationin
the cycle requiresanl-issueport, the scheduleffor the genericEPIC architecturevould have
doneits job. Thedispersakulesof IPF, on the otherhand,dictatesthat the lower numbered
issueport of the setof legalissueportswill beusedrst. This meanghatif shr is scheduled
in anearlierslotthanextr , thenasplitissue(Section2.4)will occurbeforeextr sincethe
I0-issueport would have alreadybeentaken by shr . If the orderis reversedthe operations
would run asscheduled.Becauseof thesenew constraintsthe schedulemustbe enhanced

beyondwhatis requiredfor thegenericEPIC architecture.
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2.4 Legality and Performance

If issueportsanddispersatulesarenotproperlytakeninto consideratiorby thecompiler's
schedulersplitissuemayoccurt In essencesplitissuesarecycle boundarieshatoccurwithout
anexplicit stopbit. Splitissuecanoccurdueto resouce oversubscription5]. Sinceltanium
hadonly two M-issueportsandtwo I-issueports,templatecombinationssuchasMMI MMiI
or MIl MIl would resultin split issuedueto resourceoversubscriptiorof M or I-issueports.
With the addedM-issueportsandadditional e xibility of the supersesyllable A, Itanium 2
shouldbe ableto avoid resourceoversubscriptiorunlessthe templateselectionwas poor or
the dispersakuleswereignored. However, certaintemplatesandtemplatecombinationscan
still causesplitissueon Itanium?2 [4]. A split issuealwaysoccursaftereithera BBB or MBB
bundle. Splitissuecanalsohapperaftera MIB, MFB, or MMB bundleunlessthe B-syllable
slotcontainanNOP operation Resourc@versubscriptioanalsostill occut e.g.,MIB BBB,
or MII MMI with I-instructiontype operationslling all of the I-syllable slots. Note thatin
thecaseof theMIl MMI combinationyesourceoversubscriptionvould nothapperon Itanium
2 if the last I-syllable is occupiedby an A-instruction type operation,thanksto the added
e xibility of supersesyllable operations.However, althoughsplit issuescauseperformance
lossby introducingcycle boundariesiot plannedby the compiler's schedulerthe codeis still
acceptedy the hardware and generateshe correctoutput. This raisesthe issueof legal, or

acceptablecodefor IPF.
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The following conceptsintroducedin IPF: bundles, templates,and syllables, must be
obeyedin orderfor the schedulectodeto be consideredegal andto be accepteddy the as-
semblerIf thesespeci cationsarenotobeyed,the codegeneratedby thecompilerwill notget
pasttheassemblebecausé will notrunonthehardware.Ontheotherhand keepingtrackof
how operationsaredispersedo issueportsandwhatresourcesreactuallyusedin acycleis a
performancessue.The compilergenerated¢odeshouldbe acceptedy theassembleandthe
hardwareandthe outputshouldbe correctevenif theseissuesvereignored(providedthatthe
codeis legal). However the codemay not performasthe compileranticipatedandscheduled
for.

Table2.1 presentsan exampleof operationghatwill be scheduledincludingtheinstruc-
tion type, subtypegroup, syllable type, andissueport of eachoperation. This sequencef
instructionswas concevedto demonstrat@smary of the pitfalls of schedulingwith the new
restrictionsaspossible.Assumethat noneof the memoryaddressewill ever aliaswith each
other andthat the compilerknows this. The dependenceflue) and antidependencesed)
betweenthe operationsare dravn out. As in IPF, antidependencesre allowed in the same
cycle aslong asthereadprecedeshewrite. NOP operationglisperseconsumeesourcesand
affect the dispersabf otheroperations.The variouslegal scheduleshat canbe formedout of
theseoperationsaandthe performancehatcanactuallybe expectedvhenrun on hardwarewill
be examined.

Figure 2.5 shows eight differentlegal schedule®f the operationgpresentedn Table2.1.

Every bundleis labeledwith its templateto the left, andthe explicit stopbits are shavn by
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Table2.1 Examplesetof operationgo be scheduled
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Figure2.5Eightlegal scheduleexamples
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the thick black bars. The operationsareindicatedby their operationnumberunderthe Op #
columnin Table2.1while N standgor NOP operationsThe subscriptof theNOP operations
denotetheinstructiontypeof theNOPoperation.Theinstructiontype of NOP operationgnust
be compatiblewith the syllable of the slot, just like ary normal operation. Thereare NOP
operationdor every instructiontypein IPF but the A-instructiontype. All of theseschedules
will be acceptedy the assembleandthe Itanium 2 hardware,andthe nal outputwill also
all bethe same.However, thereis substantialzariationamongsthem. The cycle countsrange
from two to threecycles,andthebundlecountsrangefrom threeto ve. Someof theschedules
usecompressetemplatesSometimeshedifferences assmallasonesyllablein thetemplate.
Thecycle countwill begin from cycle zero.

The performanceof the schedulegpresentedn Figure 2.5 is shavn in Figure2.6. The
blue letteringsabove eachoperationis the issueport the operationis dispersedo whenrun
onanltanium?2. Thereddashedinesindicatelocationswheresplit issueoccurs,incurringan
unexpectedcycle boundary The actualexecutiontimesof the variousschedulesangefrom
two to four cycles,a 100% performancespreadwhile the numberof bundlesrequiredrange
fromthreeto vebundles,a67%spread.

Judgingfrom the dependencebetweenthe operationgkeepingin mind that antidepen-
dencecanbe scheduledn the samecycle) andthe numberof slotsandfunctionalunitsin the
Itanium 2, onewould concludethatall of the instructionscanbe executedin two cycles. The
schedulesndicatedin Figures2.6(a)and(b) arescheduledor threecyclesandthey performas

scheduledFigure2.6(a)requiresanextra bundle,which could affect performancef thereare
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Figure2.6 Performancef scheduleexamples

problemsn thefront endor instructionfetch. Six of the scheduleskigures2.6(c)through(h),

try to executethe operationsn two cycles. Althoughthey areall legal schedulesacceptedy

theassembleandhardware,they do notall executein two cycles. Two of thetwo cycle sched-
ules,Figures2.6(c)and(d), actuallytake four cyclesto run dueto split issues.Figure2.6(e)
takesthreecycles.

Instr-5 is very restrictve andcanonly executeon thelO-issueport. In Figure2.6(c),Instr-2
hasalreadytaken the 10-issueport, which incursa split issuebeforelnstr-5. Instr-8 is a load
instructionand canonly executeon eitherthe MO or M1-issueport. However, both of those
issueportshave alreadybeentakenthe samecycle of Figure2.6(c)by Instr-6 andinstr-7. This

is why thereis a split issuebeforelnstr-8. ConsequentlyFigure2.6(c)actuallyrunsin four
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cycles.Figures2.6(c)and(d) schedulgheoperationsn theexactsamlocations.However, they
demonstratelifferentsplit issuesdueto thediffering templateselection.In Figure2.6(d)there
isasplitissuein thesecondoundlebeforelnstr-4. Instr-4 is alsoaloadinstruction(MO or M1-
issueport) andbothof its valid issueportshave alreadybeentakenby otheroperationgInstr-1
andInstr-2) beforeit in thecycle. Thesplitissueafterinstr-8 in Figure2.6(d)is anexampleof
resourceoversubscriptiordueto poortemplateselection. Thereareonly two I-issueportsin
Itanium?2 andthey werebothtakenin thethird bundle,thereforeheNOPoperatiorafterinstr-8
causes splitissue.Thissituationcanberesohedin two differentways: changinghetemplate
of the lastbundlefrom MIB to MFB avoids the resourceoversubscriptior(Figure 2.6(e)),or
putting an operationthathasa supersesyllablein the lastI-syllable slot soa M-issueport is
usedinstead(Instr7 in Figure 2.6(f)). This is not possiblewith an NOP operationbecause
thereis no NOP instructionthatbelongsto the A-instructiontype. The split issueafterInstr-4
in Figure 2.6(e)is the sameresourceoversubscriptiorproblem. It is resohedin Figure2.6(f)
by changinghetemplatefrom MMI to MMF.

Figure2.6(f) shavs a legal two cycle schedulewith no hiddenmistalesthatwould other
wise impactthe performance Sincethe examplecontainsnine operationsjt may be possible
to t all of theminto threebundles. Figures2.6(g) and (h) show that this is possibleusing
compressedemplates consequentlymproving codedensity The main differencebetween
themis the schedulingof Instr-2. Sincethereis no otheroperationdependentponit, Instr-2
canbe scheduleckitherin 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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constraintsntroducedby IPF thathave beenpresente@nddiscussedhereunderconsideration
whenperformingschedulingo avoid the potentialpitfalls. ChaptelB will presenthealgorithm

in detailanddemonstratéow it avoidsthe potentialproblemsshavnin this chapter
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CHAPTER 3

IMPLEMENT ATION

The purposeof thetemplatebundlingalgorithmis to extendthe IMPACT compilers scheduler
beyond genericEPIC architecturesnto onethat properly handlesall of the nev scheduling
constraintantroducedby IPF. Figure 1.3 shaws the existing scheduleframenork underthe
old pathandthework of thisthesisunderthenew path. The compilercanrevertto theold path
if it is schedulingor agenericEPICarchitectureatherthanonethatusesatemplatebundling
schemdike IPF. Thescheduleschedule®necontmol blodk atatime. A controlblockis a se-
quenceof instructionswith asingleentrypointandmultiple exits. Thecurrentschedulingalgo-
rithmsusedareavariantof the DependenceleightandSpeculatie Yield (DHASY) algorithm
[6, 7] anda modulo-schedulinggorithm[8] for agyclic andcyclic scheduling respectiely.
The new pathretainsthe modularapproachof the old path, distributing the responsibilities
betweerthe schedulingalgorithm,the schedulingnanagertheresourcananagerandthe ma-
chine description. However, certainresponsibilitieshave changedownersandthe interfaces
betweerthe variouspartsarechangedaccordingly

The machinedescriptionhasbeenenhancedo expressthe new constraintsntroducedby
IPE. Theresourcenanagers alsoenhancedo ensurehatdispersatulesarehandledcorrectly
Finally, the schedulingnanagecontainghetemplatebundlingalgorithmthatoverseesheslot

placemenbf operationsandformationof bundleswith valid templatesThetemplatebundling
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algorithmhelpstheresourcenanageadherdo thedispersaltulesby ensuringhatall previous
slotsbeforethe currentslot have beenscheduleand lled.

The interface betweenthe schedulingalgorithm andthe schedulingmanagerandthe in-
terfacebetweenthe schedulingmanagerandthe resourcemanagethave both changed.The
schedulingalgorithmis not directly altered,only its interfaceto the schedulingnanagerThe
schedulingalgorithm still determinesthe cycle for operations,but the physical placement
within the cycle, or the slot placementjs now underthe control of the schedulingmanager
In particular the schedulingalgorithmusedto specifya slot rangeto the schedulingnanager
for placemenbf the currentinstruction. The schedulingmanagerin turn, usedto passheslot
rangeto theresourcananagemspartof theresourcequeryunderthe old path. Now, sincethe
schedulingmanageicontrolsthe slot placementijt queriesonly oneslot at a time during the
resourcequery New informationto modelthelPF constraintsuchasinstructiontype,syllable
type,andtemplatesarenow alsopassedrom theschedulingnanageto theresourcenanager

Thischaptediscussetheimplementatiorof thetemplatebundlingalgorithmwith abottom-
up approachThemechanism$or describinghe machine-speci dPF constraintarecovered

rst in Section3.1. Section3.2 describeshe enhancementsf the resourcemanagerThedis-
cussionthenmovesto the schedulingmanagein Section3.3, detailingthe templatebundling
algorithm,walking throughthe algorithmwith anexample presentingananalysisof the algo-
rithm, andcoveringthe compactiomprocessFinally, somealternatemethodsandimplementa-

tion decisionsarediscussedn Section3.4.
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3.1 Machine Description Enhancements

Compilerdfor in-orderarchitecturesequireamachinedescriptiorto performpreciseschedul-
ing. A uniquedescriptionis neededor eachnew architecture.In orderto describeandim-
plementthe new schedulingrestrictionsfrom IPF in a way thatcanbe utilized andexpanded
uponif future architecturesadoptsimilar templatebundling methodologiesn their ISA, the
new schedulingestrictionsaredescribedn themachinedescription.This madesenseébecause
mary of therestrictionsarerelatedto hardwareresourcesndareimplementatiorspeci c.

The machinedescriptionsystemusedby the IMPACT compileris basedupon bit vec-
tors[2, 9]. Figure 3.1 shaws graphicallya portion of the machinedescription. The partsin
blue remainfrom the old path. Everythingin black comesfrom the new pathto describe
the IPF constraints.Every instructionin the ISA, indicatedby its opcode,is describedn the
machinedescriptiorwith theresourcesiponwhichit is legalto execute jts schedulingalterna-
tives Theschedulingalternatvescontainnot only thevalid resourcedik e slotsandfunctional
units, but alsothe executionlateng of theinstruction. The currentimplementatiorof the ma-
chinedescriptionis capableof selectvely constraininghe behaior of certaininstructionsby
specifyinga speci ¢ rangeof legal slots and functionalunits, like the examplewith branch
instructionsin Section2.1. However, it cannothandlethe conceptof the orderof operations
in a cycle affecting resourceusage lik e that stipulatedin the dispersalrules. The machine
descriptionalsodid not supportotherIPF constraintdik e bundles,templatessyllables,and

dispersatules.
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Functionalunits arethe lowestlevel of machineresourceshatthe machinedescriptionis
awareof. Sinceissueportsform the lowestlevel of machinemodelingthatconcernghe com-
piler in IPF, functionalunitsareusedto modelto issueportsin the nev machinedescription.
As shawn in Figure 3.1, the functionalunits assignedo aninstructionwill bethelegal issue
portsfor the subtypeof thatinstruction,like the onesin Figure2.4. However, this doesnot
easilyexpressthe instructions type andsubtypefor the purposedf checkingdispersarules.
Thereforea new abstractionthe issueport set is introduced.An issueport setexpresseshe
legalissueportsof aninstructionandprovidesawayto labeltheinstructionwith its instruction
subtypeandsyllabletype. In the currentimplementatiorfor Itanium 2, issueport setsconsist
of thefollowing: M2, M23, M01, M, F, 10, L, |, B, andA. Theletterscorrespondo instruction
types.If nonumberfollowstheletter, all of theissueportsassociateavith thatinstructiontype
areincluded. For example,F includesboth F-issueports, FO andF1. If numbersfollow the
letter, they represent rangeof issueports. M2 correspondso instructionsubtypeghat can
only bedispersedo the M2-issueport, suchasalloc  on Itanium 2. This would be subtype
lii underthe M-instructiontypein Figure2.4. M23 representshe subsef M2 andM3-issue
ports, lik e the instructionsubtypefor integer storeinstructions(subtypeiv). M03 containsall
M-issueports: MO, M1, M2, andM3. Theissueportsin anissueport setdo not have to be
a contiguousrangeof issueports. They happento be that way dueto the varioussubtypes
of Itanium 2. Issueport setA includesall of the issueportsassociateavith A-instructions,
i.e., all of the M andl-issueports. L representshe two combinationof two issueports, FO

andl0 or F1andl1, thatexecutea singleL-instruction. To be moregeneralandsupportfuture
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architecturegheimplementatiorallows aninstructionto requireary arbitrarynumberof issue
portsto execute.

The orderin which the issueport setsare enumeratedn the machinedescriptionis used
asthe basisfor the priority queuein the templatebundling algorithm. Intuitively, the smaller
thesetof legalissueportsthe morerestrictve the schedulingor theinstruction,consequently
the higherits schedulingpriority. The orderof issueport setspresenteckarlieris the current
priority rankingfrom highestto lowest. For instance all M2, M23, andMO1 instructionsin
the cycle shouldbe consideredeforelooking at MO3 instructions. The role of the priority
queuewill becomemoreapparentvhenthetemplatebundlingalgorithmis presentedn detail
in Section3.3.1.

As mentionedbefore,althoughlPF groupsoperationsnto bundlesand expectsto issue
somenumberof bundlesper cycle, it canstill be viewed asan n-issuemachine,n being six
in the currentimplementations.The machinedescriptionunderthe old pathof the IMPACT
compiler beinganEPICcompiler alreadyhastheconcepbf slotsde ned. Ratherthanenforce
bundlesasthe new mechanisnior operationdispersalpundlesareimplementedn top of the
existing slot description.All bundlesareassumedo consistof the samenumberof slotsand
the slotsin a cycle are distributed evenly amongstthe bundles;syllableslik e the L-syllable
typein IPFareaccommodately describinghemasusingtwo slots. The positionof syllables
andslotsin thedifferentbundlescanbe easilytranslatednto slotsin acycle. Thisworksquite
well without major changedo the machinedescriptionsetup, the only restrictionbeingthat

all bundlesmustconsistof the samenumberof slots.
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Figure 3.1 shavs how dispersakulesare modeledin the machinedescription. Dispersal
rulesareidenti ed by thefollowing parameters(a) slot number (b) syllabletype,and(c) in-
structionsubtype. Sincebundlesare implementedn top of the existing slot descriptionthe
slotnumberdor dispersafulesarestatedasif viewing Itanium?2 asasix-wideissuemachine,
with thenumberingstartingfrom zero. Theinstructionsubtypes speci ed usingtheappropri-
ateissueport set. Notice thatone of the parameterdistedin Section2.3.2for dispersarules
is missing,speci cally (d) precedingoperationsn the cycle. Insteadof enumeratingll of the
possibleprecedingoperationandtheir effects,they aretakeninto accounty acombinatiorof
aguarantedrom the schedulingnanagethatall precedingslotsin thecycle will have already
beenschedulecaindkeepingtrack of theresourceshey consumen theresourcananagerAn
arrayis formedconsistingof the bit masksof theissueportsgivenasresourceso thedispersal
rule. Theorderof thearraymustcorrespondo the ordergivenwithin the machinedescription,
which mustmatchthe speci cationsof the hardware[4]. This allows theresourcananageto
try theresource theorderstatedn thespeci cations.Therearetwo examplesn Figure3.1.
For a B-instructiontype instructionscheduledn slottwo or slot ve, thelastslot of thethree
slot bundlein IPF, it mustdisperseto the B2-issueport. For A-instructiontype instructions
scheduledn anl-syllable slot, the rangeof legal issueportsis muchlarger, consistingof all
of the I and M-issueports. The orderis very important. Itanium 2 will attemptto dispatch
the instructionto an I-issueport rst beforetrying M-issueports. The resourcemanagere-
lies on the orderbeingmaintainedn the machinedescriptionsothatit follows the hardware

speci cationscorrectly
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Syllabletypesarecurrentlyexpressedisingabytein themachinedescription By assigning
a basicsyllabletype to eachbit, up to eight basicsyllabletypescanbe accommodatedFor
example theleastsigni cant bit canbeassignedo bethe M-syllabletype. Supersesyllables,
thosecompatiblewith more than one basicsyllable type, are simply the logical OR of the
includedbasicsyllabletypes.More bits canbe usedif therearemorethaneightbasicsyllable
typesin thearchitecture.

Templatesn themachinedescriptiorkeeptrack of the syllablesthatmake up thetemplate
and their orderwithin it. The templatedescriptionalso containsinformation on legal stop
bit positions. The positionsof legal stop bits arelisted asafter a slot numberin the bundle.
In Figure 3.1, it shavs thatthe MBB templatecanonly have a stop bit after slot two of the
bundle,i.e.,theendof thebundle,whereaghe MIl templatecanhave stopbits aftereitherslot
oneor two of the bundle. The assumptionis thatall combinationsof valid stopbit positions
canbepresenin asinglebundle.In otherwords,a Mll bundlecanhave no stopbits, onestop
bit betweertheI-syllablesor atthe endof thebundle,or two stopbits.

Theissuegroupdescriptionin the machinedescriptionis responsibldor delineatingvalid
combinationsof templates.This is to preventthe split issuesmentionedn Section2.4. The
needfor this descriptionis primarily motivatedby the setof splitissueghatwill alwaysoccug
suchasthoseinvolving BBB andMBB templates.The actualimplementatiorin the machine
descriptionfor the IMPACT compiler doesnot requirethe userto explicitly list all of the

combinations Previouswork [10] enableghe userto specifythe combinationsn a cleanand
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efcient manney relying upon an optimizerto ef ciently organizeand managethe internal
representation.

A nal additionto the machinedescriptionnvolvesproducerconsumetateny modeling.
The existing machinedescriptionof the IMPACT compilerassumeghat an instructionwill
take the sameamountof time to executeregardlesof the consumer®f its results. However,
dueto hardwareimplementatiorissuessuchasoperandoypassingthis is not alwaysthe case
and Itanium 2 is no exception. Consequentlynen supporthasbeenaddedto the machine
descriptiorto modelspecialproducerconsumetatencies Everyinstructionis still givenabase
lateng. However, alist of specialproducerconsumepairsandthe extralatenciegequiredfor
thosesituationsis keptin the machinedescription. If a dependencéetweentwo operations
matchesanitem on thelist, the executiontime of the producelis lengthenedccordingly For
exampleon Itanium 2, instructionsusingthe addery like add andcmp, typically requireone
cycleto generateheresult. However, if theconsumenf theresultis amultimediainstruction,
suchaspmpy2, theresultfrom the previousinstructionwill not be availableuntil threecycles
laterdueto additionalbypasdateng.

All of this de nes the infrastructurein the machinedescriptionfor the constraintsntro-
ducedby IPFE. Thede nitions aresetup sothatthey canbe generalizedor architecturesther
thanIPF andenhancedor future architecturesThe nev enhancementsddon to the existing
machinedescriptiorframework ratherthanrede nethem,minimizingtheamountof changeo

theIMPACT compiler They alsoprovide accesgo informationfor thehigherlevel algorithms
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in the resourcemanagerndthe schedulingmanager In particular the de nition of disper

salrulesprovide hooksfor the resourcemanageto identify dispersakulesandenforcethem

properly

3.2 Resource Manager Enhancements

Underthe old path, the resourcemanagetin the IMPACT compiler's schedulettakesan
operationanda rangeof slotsfrom the schedulingnanagemand,after consultingthe resource
map, answersf resourcesxist to schedulethe operationin a slot within the given rangeat
the givencycle. Thisis shavn in Figure 3.2(a). The enhancement® the resourcemanager
primarily dealwith obeying dispersalrules. The resourcemanagerhasto know aboutthe
new IPF constraintsandterminologysuchastemplatesand syllables,but its job is to utilize
thosede nitions andto ensurehatthedispersatulesdescribedn themachinedescriptionare
followed. Figure3.2(b)shavs the procesof theresourceananageunderthe new path.

Sincethe schedulingnanagenow controlsslot placementvithin acycle, theinterfacebe-
tweentheschedulingnanageandtheresourcananageris changedccordingly Theschedul-
ing managenow givestheresourcemanageoneslotto try atatime. Informationconcerning
the IPF constraintsare alsopassedilong,suchasthe templatesof the cycle. Note thatsince
the schedulingnanageis responsibldor the templateassignmenof bundlesandthe slot po-
sition of operationsit thereforealsoensureshatthesyllabletype of theslotfrom thetemplate
assignments compatiblewith the instructiontype of the operationbeforehandingoff to the

resourcananager
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Figure3.2 Resourcananager

Theresourcananagetooksup the subtypeof the operationby looking up the correspond-
ing issueport setin the machinedescription.It alsogatherghe syllabletype of the slot using
theslotnumberandthetemplatef the cycle. Usingtheinstructionsubtype(expressedisthe
issueport set), the slot numbey andthe syllable type of the slot, the resourcemanagernds
theappropriatedispersatule from the machinedescription A dispersalule shouldexist, oth-
erwisesomethings wrongwith the combinationof slot number instructionsubtype syllable
type of the slot, andthetemplatesf thecycle.

As discussedh Section3.1,thedispersatulescontainanarrayof issueports. Theresource
managetakestheissueportsfrom thearrayoneatatime andchecksf resourcesireavailable

to schedulethe operationusing that issueport. As soonas an available oneis found, the
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resourcemanagerstops. This emulateghe left-to-right dispersakules orderingdescribedn
thespeci cations.If anissueportis notavailable,it is takenup by anoperationscheduledn a
precedingslot. It is the combinationof this orderedresourcecheckalongwith the systematic
slotschedulingn theschedulingnanagethataccountgor theeffectof operationsn preceding
slotsasdictatedby the dispersakules. Miscellaneousesourcesre otherresourceshatmust
alsobe used. It wasimplementedso thatthe properslot resourcesre marked asusedin the

resourcamap.

3.3 SchedulingManager Enhancements

The responsibilitiesof the schedulingnanagehave increasedsigni cantly, andits inter-
facehaschangedaccordingly Sincethe physicalslot placements now partof the scheduling
managertheschedulingalgorithmnow indicatesonly thedesiredcycle to the schedulingnman-
ager Correspondinglythe schedulingmanageisendsonly oneslot to the resourcemanager
ratherthana slot range. Otheradditionaldutiesof satisfyingthe new constraintantroduced
by IPF arealsopicked up by the schedulingmanagersuchastemplateassignmentskurther
more, the resourcemanagemow dependson the schedulingmanageffor certainguarantees
while schedulingto ensurethat dispersakulesare met. To satisfyall of theserequirements,
thetemplatebundlingalgorithmwasdevisedto handlethemin a systematianannewithin the

schedulingmanager
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3.3.1 Templatebundling algorithm

The templatebundling algorithmis calledto schedulean operationin somecycle. It con-
sidersonly onecycle at atime. Theremay alreadybe otheroperationsscheduledn the cycle
of interest. The algorithmwill only respondwith successf it is ableto scheduleghe new op-
erationalongwith all of the existing operationsn thatcycle. Thetemplatebundlingalgorithm
controlstheslot placemenbf operationsvithin the cycle andscheduleshemin sequentiaslot
order lowest-to-highestor left-to-right, so that the resourcemanagelis guaranteedhat the
slotsprecedingthe oneit is concernedvith arealreadyoccupied.This is importantsincethe
behaior of dispersaflulesdependsiponthe operationsn precedingslots.

The templatebundling algorithm also determineghe templatesof the bundlesin the cy-
cle. It ensureghatthe syllableof the slot from the templateis compatiblewith the operation
beingscheduledThetemplatebundlingalgorithmdoesnot considercompressetemplatesas
possibletemplatesat the time of scheduling.Thereis a compactiorphaseto be discussedn
Section3.3.2,that makesuseof thoseparticulartemplates.The reasorfor this restrictionis
that the schedulingmanageihandlesone cycle at a time, asdictatedby the schedulingalgo-
rithm, andcompressetemplatesionot t nicelywithin thismodularmodel. Theprimarygoal
of thetemplatebundling algorithmis achievzing performanceasdeterminedy thescheduling
algorithm, ratherthanreducingfrivolous NOP operations.The templatebundling algorithm
performsan exhaustve searchthroughoutthe operationdispersalcon guration space(tem-

plates,orderof operationsn acycle, etc.),soif thereis away to scheduleall of theoperations
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in the cycle without incurring hiddenpenaltiedik e split issuesjt will nd it. The algorithm
will only returnasasucces# it is ableto schedulall of the operationsn thecycle.

The templatebundling algorithmconsistsof four functions: (a) Template _bundling
(b) Handle _backtrack ,(c) NORschedule ,and(d)Syllable _schedule . Theentry
point of the algorithmis the Template _bundling function,which superviseshe progress
of the algorithm. It keepstrack of the operationgo be scheduledn the cycle and manages
the orderin which they aretried. This functionalsoensureghatthe algorithmproceedsiovn
the slots of the cycle in a left-to-right manner If it ascertainstself to be in a situationthat
leadsto failure, it calls the Handle _backtrack function. Handle _backtrack takes
careof the procesf traversingthe slotsin the backwardsmanneyright-to-left. It constantly
looks for alternatvesto the scheduleso the algorithm canreverseitself and resumeits for-
ward progress.The Template _bundling andthe Handle _backtrack functionsboth
rely uponthe othertwo functions,NOPschedule andSyllable _schedule ,to perform
certainduties. NORschedule is calledwhenan NOP operationneedsto be createdand
scheduledTherearea numberof NOP operationswvith differentattributes,speci cally differ-
entsyllabletypes,that NOPschedule goesthroughsystematicallyso thatall possibilities
areexplored.Syllable  _schedule is calledwhenanoperationbeit realor NOR is to be
scheduledn aslot. It calculateghe templateof the proposedpermutationof operationsand
veri es if ary valid templatecorrespondslt thenperformsthe resourcegqueryby passinghe

informationto the resourcemanager Therestof this sectiondescribeghe templatebundling
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algorithmin detail,startingby walking throughthealgorithm,continuingwith anexampleand

ananalysisof thealgorithm,andconcludingwith techniquedor ef cient implementation.

3.3.1.1 Templatebundling algorithm description

The schedulingalgorithmschedule®necontrolblock of the programat atime. It decides
that operationx shouldbe scheduledat cycle t in a control block. This is the information
the schedulingmanagerin particularthe templatebundling algorithm, startswith. An issue
group,g, is associateavith eachcyclet . Theremaybe otheroperationgpreviously scheduled
in g. They form thesetY. Thetemplatebundlingalgorithmdeterminesf the setof operations
Y + x canbescheduledn cyclet in arangeof slots,s1 throughs2. Thealgorithmsched-
ulesoperationsnto the slotsof the cycle oneat atime in order startingwith s1. Thisful lls
theschedulingnanages obligationto theresourcananageandhelpsit properlyobserethe
dispersalrules. The algorithm examinesthe operationsin the priority queueone at a time,
startingwith the operationwith the highestpriority. It lls a slot with an NOP operationif
no realoperationcanbe scheduledn it. Thealgorithmcalculatesandadaptshe templatef
thebundlesasit schedule®perationsnto theslots. As thealgorithmtraversesdown theslots,
it may generatea situationthat makesit impossibleto completethe schedulingof all of the
operations.At this point, the algorithmbadtradks andtries otherpermutationf the opera-
tions. If thealgorithmbacktracksut of thevalid slotrange lowerthanslotsl, thenno valid
scheduleanbefound. All restrictionspbothlPF-speci candthosegenerato schedulingsuch

astemplatevalidity, resourcaisageanddependencespustbe obeyedin the nal schedulelf
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thealgorithmis unableto do so,thenit will sayit failedandrestorethecycle, orissuegroupg.
In mostsituationss1 ands2 shouldbe the minimumandmaximumslotsof the architecture
in acycle, zeroand ve for Itanium 2. This givesthe schedulingmanagetthe full rangeof
slotsandresourcedo schedulewith. However, the rangerestrictionfeaturewasretainedfor
codereusepurposes.The compactionphaseto be detailedin Section3.3.2,needgo restrict
therangeof slotsavailablein a cycle whenschedulingvith compressetemplates.

Although the templatebundling algorithmis genericand machinenonspeci c, thereare
someassumptionsnade;the assumptiongollow IPF speci cationssincethat is the imple-
mentations primary target. The algorithmassumeshat dispersalulesfollow a left-to-right
pattern,meaningprecedingoperationsn the samecycle affect the dispersabf thoseto come.
Intragycle dependenceare allowed assuminghe compiler providesfor correctnessi.e., the
operationsare scheduledn the cycle suchthat the orderof the dependencés satis ed. Ex-
amplesinclude antidependenceand zero-g/cle dependencesFinally, NOP operationsare
assumedo alsoissueandconsumdssueports,therebyaffectingthe dispersabf usefuloper
ations. Consequentlythey have to be handledwith carein the templatebundling algorithm.
Therestof this sectionis a detaileddescriptionof thetemplatebundlingalgorithm.

The templatebundling algorithm begins with the Template _bundling function, as
showvn in Figure3.3. It startsby queryingfor anissuegroupg atcyclet in thecontrolblock,
creatingoneif noneexistsfor thatcycle. If g alreadyexists,thentherecould be otheropera-

tionsin g, which form the setY. It is possiblefor g to exist but Y to be emptybecauseassue
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. Templatebundling (op x, cyclet, earliestslot s1,latestslot s2)
. issuegroupg = Issuegrouplt] //Onceuniqueissuegroup per cycleper contol block
SetY = Instructionset(g) /[Existingopemtionsin g
. if Insufcient_resourcegY+x) then
returnFALSE
endif
. issuegroupg_backup= g
. unscheduley
. priority queueq = EnqueudgY+x) /INotenoughslotsfor remainingopemtionsor splitissue
10:i=s1
11: whilesl<=i<= s2+ 1do
12: ifjgj> s2+ 1 i orSplitissue(g) then
13: i=i 1;CONTINUE
14: endif
15: if forsomej s.t.sl<= j< i,opw= g[j] andj+ w®> i (w®= numberof slotsrequiredby w) then
16: i = j; CONTINUE
17: endif
18: if g[i] containsanoperationthen
19: opv = Handlebacktrack(x, v, t, g, i, q)

©ONOUTAWNE

20: if v= NULL then

21: CONTINUE

22: endif

23. else

24: if joj > Othen

25: take the rst operationin g asv

26: else

27: if i > s2then

28: BREAK /ISthedulesucceeded

29: endif

30: if NOP_scheduldg, t, i) then

31: i =i+ 1, CONTINUE

32: else

33: i=i 1,CONTINUE

34: endif

35: endif

36: endif

37:  whilev!= NULL do

38: if v satis esall restrictionsandSyllableschedule(vg, t, i) (if v is asupersesyllablecall Syllable schedulemultiple
timeswith v setto differentcompatiblesyllablesuntil oneworksor all fail) then

39: i = i+ v%remorev from q; BREAK

40: endif

41: v equalsthenext operationin g; v = NULL if theendof qis reached

42: endwhile

43: if v= NULL (failedto scheduleary operationjandNOP_schedule(gt, i) then

44 i=i+ 1, CONTINUE

45:;  else

46: i=i 1;CONTINUE

47.  endif

48: endwhile

49: if i < slthen

50: g= g.backup;eturnFALSE /ISthedulefailed

51: endif

52: returnTRUE

Figure3.3 Templatebundlingalgorithm
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groupsarenever deletedvhile operationsanbeunscheduleth theIMPACT compiler Empty
issuegroupsaresimply skippedover whenthe schedules committed.

The resourcecheckon line four of Figure 3.3 is a high-level resourcecheckutilizing the
subtype,or issueport sets,of the operationsn Y + x. For exampleon Itanium 2, thereis
only onel0O-issueport. Consequentlytherecannotbe morethanoneoperationin the cycle
with the [0-issueport set. OneM2 andtwo M23-issueport setoperationsalsowould not t in
thesamecycle either Issueport setsthereforeprovide a quick resourcecheckatthe beginning
of schedulinga cycle.

If the resourcecheckpassesthe currentcon guration of g is savedin g_backup in case
thealgorithmfails for otherreasonsAll of theoperationsn Y areunscheduledndall Y + x
operationsareputinto a priority queueq. The priority of anoperations basednits subtype,
the issueport set. The order of the priority was showvn in Section3.1 whenissueport sets
wereintroduced. The priority of an operationwill never changesinceit is a propertyof its
instructionsubtype.Thereforef anoperationis taken out of the priority queueandinserted
back,it will be closeto its original position. Its positioncandiffer only with respecto other
operationsvith the exactsamepriority.

The algorithminitializes the index variablei to the lowestslot allowedsl. As long as
I remainsin the rangeof valid slotsthe algorithm continues. The algorithm doesnot stop
automaticallywhenit runsout of real operationsfor the cycle. It lls the restof the slots,
up to andincluding s2, with NOP operationgo ensurethat thereare no hiddensplit issue

concernslf thealgorithmbacktracksout of the valid slotrange lower thanslots1, however,

42



thealgorithmstopsbecausé¢hatis theindicatorthatno valid schedulexistsfor the operations
Y + X.

Line 12 in Figure 3.3 perform somechecksthat tell the algorithmto backtrack. If the
numberof operationdeft in the priority queueto be scheduledqj is greaterthanthe number
of slotsleft, s2 + 1 i , thenthe remainingoperationscannot possibly t in the issue
group. The algorithm also utilizes the issuegroup speci cation in the machinedescription
(Section3.1) to checkfor split issuesdue to templatecombinations. If the combinationof
templatesn g is notlistedasvalid in themachinedescriptionTemplate _bundling begins
to backtrack.

Sinceoperationgnaytake up morethanoneslot (e.g.,L-instructionsin IPF), it is possible
for the algorithmto placetheindex i in aslotthatappearemptybut is actuallyoccupiedoy
oneof thesemultislotinstructions.This only occurswhenbacktrackingoecausehealgorithm
ensureshattheindex i isincrementeaorrectlywhenschedulingorward. Thereforeasseen
on line 15, the algorithm searchegor an operationscheduledn a prior slot to make surei
is not sitting in someoneelses slot. Thenotationg[j] meanshe contentof slotj in issue
groupg. If i isin aslotthatbelongso anoperationwin slotj , thealgorithmdecrements to
j andcontinuego backtrack.

The algorithmincrements whenit successfullyschedulesan operationor NOP opera-
tion in aslot. Theindex i is decrementednly whenthe algorithmis backtracking. Since
the algorithm startsfrom the lowest available slot, if an operationis presentin sloti of g,

gli] , thenthealgorithmmustbe backtracking.A decisionmustbe madeif somethingcan
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1: Handlebacktrackiop x, timet, issuegroupg, int i, priority queueq)
2: opz= g[i] /IGettheopemtionsin sloti of g
3: if zisaNOPoperatiorthen

4. if NOPscheduldg,t, i) then

5: i= i+ 1;returnNULL /IReplaced with new NOP with differentsyllable
6: else

7. Unschedulenddeletez;i= i 1;returnNULL

8: endif

9: else

10: if zisasupersesyllablethen

11: if Syllable scheduldgz, g,t, i) succeedsvith anothersyllabletypethen

12: i=i+ 2% returnNULL

13: endif

14:  endif

15: unschedule andenterinto q by its priority

16: v = operatiorafterzing;v = NULL if zis thelastoperationin q
17: if v= NULL then

18: if NOP_scheduldg, t, i) then

19: izi+1

20: else

21. i=i 1

22: endif

23: returnNULL /INo more opemtoins,tried to insert NOP opetion
24:  endif

25:  returnv

26: endif

Figure3.4 Handlebacktrackalgorithm

be donein the currentslot to proceedforward, or to continuebacktracking.This is doneby
the Handle _backtrack functionin Figure 3.4 (calledon line 19 in Figure 3.3). Han-
dle _backtrack eithertakescareof the situationandadjusti appropriatelyor it returnsa
new operationy, for Template _bundling to try schedulingn the currentslot.

Handle _backtrack (Figure3.4) rst obtainsthe operationz in g[i] . Sincethetem-
plate algorithmtries to schedulean operationfrom the priority queueq before Illing a slot
with a NOP operationjt meansno operationin g canbescheduledn i if z is alreadya NOP
operation However, it maybethataNOP operatiorwith adifferentsyllabletypecanbesched-
uledin i . Thisis handledby the NORPschedule function (Figure3.5). If it returnswith a

new NOP operationwith a differentsyllabletype,i is incrementedo stopthe backtracking.
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34:
35:
36:
37:

©CIINDITR®®NE

NOP_schedulgissuegroupg, timet, sloti)
opo= gfi]
if o! = NULL then
syllabletypey = Getsyllablefrom_op (0) //Getthesyllabletype

intj = Syllableto_NOP.index (y) /IGetthe NOP.index
j=j+1 /liIncrementhe NOP.index sinceit failed
else
j=0
end if

. templatep = Gettemplate(g, i)
: while j <= juax (thelastNOPinstructiontypeavailablefor thearchitecturejlo

if pislockedthen
if o! = NULL then
returnFALSE
end if
syllables= Getsyllable from_template(p, i)
opn= CreateNOP(s)
| = imax //Only onesyllableallowedif templates locked
else
syllables= NOP.index_to_syllable(j)
templatep2 = Calculatetemplate(p, s, i)
if Valid_template(p2) then
opn= CreateNOP(s) //CreateNOP basedon NOP.index
else
j=j+ 1, CONTINUE
end if
end if
if Syllableschedule(ng,t, i) then
glil = n
if pis notlockedthen
New_template(g, i, p2)
end if
returnTRUE
end if
j=j+1
end while
returnFALSE

Figure3.5NOP_schedulelgorithm
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If NORschedule fails, z is deleted,i is decrementedandthe algorithmwill continueto
backtrack.

If z is notan NOP operation,it musthave comefrom q. If z hasa supersesyllable, it
is possiblethatz canbe scheduledn the currentsloti undera differentcompatiblesyllable
type with a differenttemplate.The Syllable  _schedule function(Figure3.6)is calledto
verify this. If successfulj is incrementedy the numberof slotsrequiredby z, z° andthe
templatebundling algorithmceaseso backtrack.If z doesnot have a supersesyllableor no
othercompatiblesyllablesucceedst is unscheduledndputbackinto q. Recallthatz will go
backinto q at approximatelythe samepositionit occupiedbeforesincethe queueis ordered
by thepriority of theoperationslf thereareno operationsn q afterz (i.e.,v is notvalid), that
meansall of the operationsn q have beenexaminedandnoneareappropriatdor sloti given
the currentsituation. Consequentlyhe algorithmtriesto schedulea NOP operationin sloti .
If thatsucceedsthe algorithmproceedslf it fails, the algorithmcontinuego backtrack.If v
is valid, it is returnedout of Handle _backtrack asthenext operationto try. For all other
situationsNULL is returned.

Certainoperationave asupersesyllableastheir syllabletype. This meanghey arecom-
patiblewith morethanonesyllabletype andcanbe scheduledn all slotswith theappropriate
syllables. The templatebundling algorithmleavesthe determinatiorof templatesuntil fairly
late,eitherNOPRschedule or Syllable _schedule . Infact,thetemplatesaredetermined

by the operationsasthey are scheduled.However, this also meansthat the algorithmhasto
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1: Syllablescheduldop x, issuegroupg, timet, sloti)
2: templatep = Gettemplate(g, i)

3: if pislockedthen

4: syllabletypes= Getsyllablefrom_template(p, i)
5: if sis notcompatiblewith op x then

6: returnFALSE

7. endif

8: else

9:

syllabletypes= Getsyllablefrom_op (x)
10: templatep2 = Calculatetemplate(p, s, i)
11:  if Valid_template(p2) then

12: returnFALSE

13:  endif

14: endif

15: if Queryresourcemanage(x, g,t, i) then
16: g[i] = x

17: if pisnotlockedthen

18: New_template(g, i, p2)

19:  endif
20: returnTRUE
21: endif

22: returnFALSE

Figure3.6 Syllable schedulelgorithm

have someway to systematicallytest operationswith a supersesyllable, treatingit as hav-
ing a differentsyllabletype eachtime. Theinternalrepresentationf the machinedescription
helpsthe schedulingmanagedo this. Eachbit of the syllabletyperepresentatiois associated
with a speci c syllabletype. Therefore supersesyllablesarethe only oneswith morethan
onebit setatatime. Wheneer anoperationwith a supersesyllableis encounteredtheleast
signi cant bit of its internalsyllabletype representatiois extracted,andit is scheduledasif
it is of thatsyllabletype. If the schedulingfails or the operationis underconsideratioragain
while backtrackingthe next leastsigni cant bit of its internalrepresentatiofs extractedand
used.Thusfor eachslot, the operationis consideredncefor eachsyllabletype with which it

is compatible.For examplein IPF A-instructiontype operationdhave a supersesyllablethat
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is compatiblewith bothM- andl-syllabletypes.Assumehattheleastsigni cant bit represents
the M-syllable type andthe next bit I-syllable type. Whenan A-instructiontype operationis
rst beingscheduledit is treatedashaving anM-syllable,meaninghesyllableof theslotfrom
thetemplatemustbe M. If thisfails, eitherdueto resourceconstraintsinvalid templatetypes,
backtracking.etc., the operationis consideredagainwith the next bit, i.e., asanI-syllable.
If the operationis underconsiderationin the sameslot for the third time, therewould be no
morebits left in the internalrepresentatiomndthe algorithmwill know it hasperformedthe
exhaustve searclonthe operation.

Comingbackto line 24 in Template _bundling , g[i] doesnot alreadycontainan
operation. If thereare operationdeft to be scheduledjqj > 0, the rst operation,the one
with the highestpriority, is taken out of g andusedasv. If thereare no operationdeft to
be scheduledthe algorithm continuesby schedulingNOP operationsn the remainingslots.
This is becauseNOP operationsare assumedo issueand consumeresourcesandit is the
algorithm'sduty to ensurehatno splitissueoccurs.Sincethis potentiallycreatesundleswith
only NOP operationsemptybundlesareculledwhentheschedules nalized.

If v isvalid by line 37,this meanghereareoperationdeft to be scheduledThealgorithm
attemptgo schedulghe operationby calling Syllable  _schedule , moving onto the next
operationin the priority queueq if it is not successfulvith the currentoperation.If anoper
ationout of q hasbeenscheduledn the currentsloti , thealgorithmcontinues.Otherwise jt
attemptgo inserta NOP operationinsteadafter attemptingandfailing to scheduleghe opera-

tionsin q. If thealgorithmcannotinsertan NOP operationeither thenthe currentsituationis
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adeadend,andthe algorithmbeginsto backtrack.Finally, whenthe algorithmexits the main
while loop in Template _bundling spanninglines 11 through48 in Figure 3.3, it either
restoregheissuegroupfrom g_backup if it failedor returnsuccess.

TheNOPRschedule functiontrieseachtypeof NOP operationoncefor eachslot. It does
this by usingthe NOPindex. All of the NOP operationsareidenti ed in the machinedescrip-
tion andgivenanindex number By beingableto obtainthe index numberfrom the syllable
of theslot (line vein Figure3.5) andtrying eachindex numberonly once,NOPschedule
is guaranteedo try all of the NOP operationsavailableto the architecturewithout repeating
itself. Specialattentionneedgo be paidif thetemplateof theissuegroupis locked. This only
happengluringthe compactiorphasgSection3.3.2).If thetemplateis locked,therecanonly
beonesyllabletypefor thatslot. Therefore NOPschedule triesonly onesyllabletype. At

theend,thetemplates updatedvith thenew NOP operationunlessthetemplateis locked.

3.3.1.2 Templatebundling algorithm examplewalk-thr ough

This sectionexamineshow the algorithmbehaeswhen appliedto the examplecodese-
guencepresentedn Table2.1. For simplicity, it is assumedhatthe compilerhasdetermined
thatnoneof thememoryinstructionswill everaliaswith eachotherandthereforemaybefreely
rearrangeavith respecto eachother In reality, pointeranalysisnustprovide theinformation
regardingthedependencdsetweemmemoryinstructions.TheIMPACT compileralsoassumes
thatall memoryaccessewill hitin thecachethereforejt schedulesor the minimumlateng.

Thetargetarchitecturewill betheltanium2.
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Figure3.7 Schedulingcycle O

Judgingfrom the dependenceamongthe instructions,the schedulingalgorithm would
determinethat Instr-1, 2, 3, 4, and5 canall beissuedin the rst cycle, cycle zero. Let us
assumehatthis is alsothe orderthey will betriedin. (An actualschedulingalgorithmmay
assigndifferentschedulingorioritiesto theinstructions.)After schedulingnstr-4, theschedule
will look like Figure3.7(a). Thereasonnstr-3 is scheduledn slot zerois becaus¢éhe M2 and
M3-issueport subsets heuristicallydeterminedo be morerestrictve thanthe othersubsets;
consequentlyit is placedtowardsthe beginning of the priority queuein thetemplatebundling
algorithm.

Instr-5 requiresspecialattentionsinceit hasthe very restrictve issueport setof 10. The
earliestslotsl is 0 andthelatestslots2 is 5 for theltanium2. The highlevel resourcecheck

passesndall of the currentlyschedulednstructionsin Y, Instr1 through4, areunscheduled.

50



All instructions)Y + X, areputinto thepriority queueq, with the orderfrom highestpriority
to lowestbeing: Instr-5, 3, 1, 4, then2. Thisis shavn in Figure3.7(b). The algorithm rst
attemptsto schedulelnstr-5 into slot zero, but fails on line 11 in Syllable _schedule
(Figure 3.6) sincethereis no templatein IPF that begins with the I-syllable. The algorithm
moveson to the next instructionin the queue Instr-3, andsucceedsn schedulingt into slot
zero.Theindex i isincrementedy oneandinstr3is removedfrom q.

The currentsituationpasseshe checksonlines12,15,and18in Figure3.3solnstr-5, the
rst operationin q is againtakenasv. Instr-5 is schedulednto slot one,sincetemplatesxist
with theM-syllablein slotzeroandthel-syllablein slotone,suchasMll. Sincenotemplaten
IPFendsin theM-syllable,neitherinstr-1 nor4 canbeschedulednto slottwo. However, Instr-
2 canbe scheduledn slottwo sinceit hasthe supersesyllableA. At this time theremaining
operationsn the priority queuearelnstr-1 and4 (Figure3.7(c)). The nal scheduldor cycle

zerois shovn in Figure3.7(d).

Schedulingfor cycle oneis fairly straightforvard. Figure 3.8(a)shows the priority queue
whenschedulingnstr-9. Instr-8 endsup before6 and7 becauseéhe M0O1-issueport sethasa
higherpriority thanA, sinceA-syllable instructionsare very versatileand canbe dispatched
to any M- or I-issueport. The nal scheduldor cycle oneis shavn in Figure 3.8(b). Instr-
9 follows all the otherinstructionsbecauseno operationshouldcrossthe branch. The nal

scheduldor theexampleoperationss shovn in Figure3.9.
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Figure3.8 Schedulingcycle 1

Figure3.9 After templatebundlingalgorithm;beforecompaction
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3.3.1.3 Templatebundling algorithm analysis

Thetemplatebundlingalgorithminvolvesthefollowing searchspaces:

Syllabletype. An architecturehass numberof basicsyllabletypes; vein the caseof
IPE. Supersesyllablesarecompatiblewith somenumberof syllabletypesin s. Thetotal

numberof syllabletypes,basicplussupersetwill betermedS; six in the caseof IPF

Templatetype. A templateis a permutationof a numberof basicsyllables. The max-
imum numberof syllablesN thatform a bundleis architecturespeci c; threefor IPE
Eacharchitecturespeci esanumberof valid templatetypesT ; IPF currentlyhas10basic
templatetypes. Compressedemplatesare not part of this searchspacesincethe tem-
plate bundling algorithmdelaystheir usageuntil the compactionphase.If compressed
templatesareto beconsideredthenthe searchspacas increasedy the numberof com-
pressedemplatesavailable. However, the numberof syllablesavailablepertemplateN
will besmallerfor compressetemplatesunlesshesinglecycle approachs eliminated.

Thecompactiorphasewill bediscussedn Section3.3.2.

Issuegroups.The maximumnumberof bundlesthatcanbeissuedn onecycle, or issue
group,is representetty B andis architecturespeci c. Currentimplementation®f IPF
containup to two bundlesperissuegroup. Certaincombinationsof valid bundlescan
not be executedin the samecycle, causingsplit issue(Section2.4). Theserestrictions

arede nedin themachinedescriptionandis alow constanteferredto asl .
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Dispersarules. Thedispersaflulesaremodeledasadditionalconstraintsn theresource
mapandincur a smallincreasan thatsearchspace.The computationatomplexity of
the resourcemapis speci ¢ to the compilerandwill be referredto asR. Note that
accessingheresourcenapto schedulean operation jncurring the computatiortime of

R, is necessarevenif templatebundlingis notrequiredfor the architecture.

Valid NOP types. The numberof valid NOP typesP will be equalto or lessthanthe
numberof syllabletypess. IPF has ve NOP types,correspondingo the ve basic
syllabletypes. In otherwords, the supersesyllable A doesnot have a corresponding
NOP instruction. NOP operationsareassumedo issueaccordingto the dispersakules
andconsumeaesourcesjust asif they areavalid operationof the samesyllable. Thisis

atrait of theIPF architectureandis anadditionalconstraint.

If the architectureallows N syllablesper bundle and up to B bundlesper issuegroup,
thatmeansatotalof N B operationscanissueeachcycle. This will be referredto asas
U sinceit will be usedquite often. For the upperboundanalysis,all U operationshave a
supersesyllabletypethatis compatiblewith all s basicsyllabletypesandall permutation®of
all syllabletypescorrespondo a valid templatein T. Effectively, the numberof scheduling
possibilitiesisak permutation , Py = ﬁ wheren = sU andk = U (n = sU since
the algorithmtries all compatiblesyllable typesfor eachoperation). Although this doesnot
explicitly considerNOP operationsthe searchspaceinvolving NOP operationss lesssince

P<=s
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Figure3.10Searchspaceof thetemplatebundlingalgorithm

Figure 3.10 shaws the searchspaceof the templatebundling algorithm. The algorithm
begins at “Start; andtraversesdown the searchspaceby schedulingoneoperationat a time.
Notethatonthe rst level of thesearchspacetherearesy P, = (sU)! possibilities,notjustU.
Thisis becaus¢heupperboundanalysisassumethatall U operationdave asupersesyllable
compatiblewith all s syllabletypes.All otherlevelsareaffectedsimilarly. Whenanoperation
is scheduledit checksfor split issuesandcalls Syllable  _schedule , incurringthe com-
putationtime of | TR. Traversingthe entiresearchspacenvolvesthe following computation
compleity:

X
| TR(suPu + suPx)
k=1
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In practice thesituationis muchbetter In IPF, thereis only onesupersesyllableAwhichis
compatiblewith only two basicsyllabletypes.Consequentlynsteadf n = sU, for IPFU <=
n <= 2U. Templatede nitions would be practicallymeaningles$f all permutationsof all
syllablesarevalid, whichmeansmary permutationsrediscardedjuickly. Many permutations
arealsodiscardedueto stringentresourceequirementdjk e operationswith restrictve issue
portsetdike M2. Thealgorithmtraverseshesearctspacesuchthatsectionf it aretruncated
assoonasa problemis detectedWhenthe algorithmfails to scheduleanoperation(v online
38 of Figure3.3)andmovesto thenext operationn thepriority queuejt proceed$iorizontally
in the searchspaceat the samedepth. The searchspacethat extendsdownwardsfrom the
previous operationis effectively culled. If the algorithmis unableto schedulean operation
from the priority queueand backtracks,t is moving upwardsin the searchspaceand will
never revisit that particularbranchagain. | is alow constanfor IPF, andR is presenteven
if templatebundlingis not requiredof the architecture Again, the additionof dispersakules
to R only increasedts compleity maginally comparedo whatis alreadythere. Suggestions
for improving the templatebundling algorithmto reducecompilationtime will be coveredin
Section6.1. However, therearealsoimplementatiortechniqueghat have beenutilized that

greatlyreducethe compilationtime.

3.3.1.4 Efciency in implementation

This sectiongoesoverimplementatiortechniquedor the templatebundlingalgorithmthat

reducedthe compilationtime. Ratherthanreducethe compleity of the algorithm,which is
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reseredfor future work, theseoptimizationsdealwith compilationconcernsuchaskeeping
informationwithin the compilerup to datein an efcient manner Theseoptimizationshad
large effectson the compilationtime andarearguablymoreimportantthanreducingthe com-
plexity of thetemplatebundlingalgorithmsincethe searctspaces restrictedn mary areasy
architecturespeci cations.

In IPF, certainintragycle dependenceare permitted. Speci cally antidependenceand
certain o w dependenceareallowedto exist within asinglecycle. Theschedulingalgorithmis
awareof thedependencdsetweeroperationgandgivesanoperatiorto theschedulingnanager
only if its incoming dependenceare resohable by the cycle given. In otherwords, all of
the operationgn thesetY + x (Figure3.3) shouldhave all of their incomingdependences
resohedexceptfor intrag/cle dependenced.herefore pneimplementatioroptimizationof the
templatebundling algorithmis to begin backtrackingassoonasary dependences violated.
Sinceit is establishedhatall of thedependenceareresohable,theonly dependencehatcan
be violatedareintragycle dependenceBBy backtrackingassoonasa dependences foundto
be violated, the numberof permutationsof operationghat needto be checled is effectively
reduced.In the currentimplementationthe dependencesf an operationarechecledin line
38in Figure3.3. If schedulingv in thecurrentsloti violatessomedependencahatmeans
someotheroperationhasbeenscheduleckarlierin the cycle thatmustcomeafterv instead.
Therefore,insteadof trying other operationsremainingin the priority queue,the algorithm
exits thewhile loop online 37 in backtrackmode,decrements , andcontinuesonin the main

while loop (line 11).
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Another implementationoptimizationbasedon dependencewas found to signi cantly
decreasecompile time. When an operationis scheduledor unscheduledall of its depen-
denceanustbe updated.This could be considerablef the operationhasmary dependences.
Someexamplesinclude branchoperationswith o w dependencet all otheroperationsn
the control block and memoryoperationswith aliasdependencewith othermemoryopera-
tions. Currently operationsare scheduledand unschedule@ndits dependencespdatedin
themainwhile loop of the Template _bundling function(Figure3.3)everytime Sylla-
ble _schedule is called.If anoperationhasmary dependenceandis repeatedlyscheduled
and unscheduleggainand againasthe algorithm goesthroughthe variouspermutationof
operationdan the slots, a lot of time would be wastedon uselessvork. However, sinceit is
establishedhatthe operationsn Y + x shouldhave their dependencessohableotherthan
intragycle dependenceghe algorithm canrestrictthe dependencethat are updatedto only
thosebetweenoperationswithin Y + X instead. Consequentlythe numberof dependences
thatareupdateddecreasedramatically anddependence® operationsiotin Y + X areup-

datedall atonceattheendof theTemplate _bundling function.

3.3.2 Compaction

The purposeof the compactionphaseis to utilize the compressetemplatedo reducethe
codesize. It assumeghat the starting scheduleis as compactasit can be without using

compressedemplates. The two phaseapproachwas adoptedso that the templatebundling
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1: Compactionphase(controlblock cb)
2: suax = Architecturemaxslot ()

3: for eachissuegroupi in chdo

4: if i isthelastissuegroupthen

5 BREAK;

6: endif

7. t= Getcycle (i)

8: j = Next_non-emptyissuegroup(cb)

9 if i is notascompactscanbedueto arbitraryunschedulinghen

10: Unschedul@neoperatiorx fromi
11: Templatebundling(x,t, 0, Syax )
12: endif

13: if Not.goodfor_compressedemplateqi, j) then
14: CONTINUE;

15: endif

16: for eachcompressetemplatetypec do

17: i_backup= i

18: Lock_templateof_lastbundle(i, c)

19: Unschedul@neoperationx from i andgetslots2right beforethe stopbit in ¢
20: if Templatebundling(x,t, 0, s2)then

21: j_backup= |

22: Lock_templateof_ rst _bundle(j, c)

23: Unschedul@neoperationx from i andgetslot s1right afterthe stopbit in ¢
24 if Templatebundling(x,t, s1,Suax ) then

25: BREAK;

26: endif

27: endif

28: i = i_backup

29: j = j-backup

30: endfor

31: endfor

Figure3.11Compactioralgorithm

algorithmcanbe moregeneral. The compactioralgorithmretainsthe original scheduleger
formancesinceit doesnot changethe intendedcycle of operations.The differencein NOP
operationsvith andwithout the compactiorphases presentedn Chapter.

In IMPACT, the schedulehandlesone control block at a time. After eachcontrol block
is scheduledt goesthroughthe compactionphaseto utilize compressetemplatego reduce
codesize.Figure3.11shovstheCompaction _phase algorithm.Thecompactioralgorithm
stepsthroughthe controlblock oneissuegroupatatime. It nds thenext issuegroupin time

andseedf thereis a possibilitythatthetwo issuegroupscansharea compressetemplate.
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Thechecksperformedonline 13 of Figure3.11arearchitecturespeci c checksdependent
uponthe compressedemplatesavailable. Sincethe setof compressedemplatess probably
a smallportion of the setof valid templatesgcertaincharacteristicsnay be dervedto narrawv
down the legal caseghatwould bene cial. For example,the only compressetemplatesur-
rently availableon IPF arebasedoff of the MIl andMMI templates.One easycheckis the
numberof operationsn i andj . For IPF, if the numberof operationscurrentlyscheduledn
thetwo issuegroupsof interesttotal morethannine,thenthereis no compressetemplatethat
will reducethe numberof NOP operations Anothersituationis if eitheri orj containsthree
or fewer operationsvith syllabletypeslike B, F, or L, syllabletypesthatareincompatiblewith
the existing compressetemplates.

If the checkspassthe compactioralgorithmchangeghe appropriateéemplateof the cur-
rentissuegroupi to a compressedemplate locksit, andrescheduleshe operationswithin
theentireissuegroupusingthe Template _bundling function (Figure3.3). If it succeeds,
the compactioralgorithmattemptshe samething with thefollowing issuegroup,j . If either
rescheduldails, the algorithmtries the othercompressetemplates Note how the slot ranges
speci edfor theTemplate _bundling functioncallsarenotsimply zeroandthe maximum
slot anymore. This is to force operationgo remainon the correctside of the stopbit in the
compressedemplate. Figure 3.12 shows the nal scheduldor the exampleoperationsafter
compaction.Notice how all of the operationgemainin the cycle they wereoriginally sched-
uledfor in Figure3.9. However, thethreeNOP operationsvereremovedandthe examplenow

consistf threebundlesinsteadof four.

60



Figure3.12Scheduleaftercompaction

3.4 Implementation Alter natives

Severaldecisionsveremadeduringtheimplementatiorof thetemplatebundlingalgorithm
thathadsigni cantimpact. This sectiondiscussesomeimplementatioralternatvesthatcould
have beendoneinstead. Theserangefrom organizingthe schedulerstructuredifferently to
tweakingandtaking advantageof certainaspect®f the IPF constraints.

Ratherthankeepinghemodularapproachthenew schedulecouldhave beenanintegrated
unit instead.In particulay integratingthe schedulingalgorithmandmolding it for the IPF re-
strictionswould meangreatchangedo theimplementatiorandpossiblythe results.However,
creatingan IPF-speci c compilerwasnot theintentionof thiswork. Theideawasto addex-
tensionsto the existing IMPACT compilerso thatit canbe con gured to either compilefor
genericEPIC architecture®r IPF-like templatearchitectures Furthermorethe modularap-
proachallows easieradaptatiorto changedor future architecturesndexperimentationsvith
differentschedulingalgorithms.Integratingthe schedulingalgorithmwould have madethese
otherobjectvesmuchharderto achiere. Therehasbeenotherproposalto do this integration,

whichwill becoveredin Chapters.
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Currently the motivation for the two phaseapproachlies in delayingthe integration of
compressetemplatesOtherworks[3] bypasghis by consideringcompressetemplatesatall
timesin the scheduler The consequencesf this decisionarenot very clear As presentedn
Section3.3.2 thecompleity of thecompactiorphasealgorithmis relatively low, beingalinear
passthroughthe control block. However, the schedulecanarguablytake betteradvantageof
schedulingslackto generatébettercodeif it knows aboutcompressedemplatesat all times.
Thedecisionwasmadeto proceedvith thetwo phaseapproacHor primarily two reasons(a)
easeof implementatiorandseparatiorof concernsand(b) theIMPACT compiler'sassumption
of the schedulingnanagehandlingonecycle atatime.

Theoretically by exploiting split issuejudiciously, one can achieve bettercode density
at the expenseof codelegitimagy. However, a consciousdecisionwas madenot to do so.
Althoughadescriptiorof thehardwarebehaior whensplitissueandresourceversubscription
occursis describedn the ltanium 2 speci cation,it is by no meansa guaranteelt is, afterall,
improperbehaior andcanbe consideredh failure on the part of the compiler Furthermore,
futurearchitecturesnay not guaranteeorrectbehaior in the caseof splitissues.

The existing IMPACT compilerinfrastructure the modularschedulerand the bit-vector
basedmnachinedescriptionfor example,hadgreatin uence ontheimplementatiorof thetem-
platebundlingalgorithm.Thedescriptiongor thenew IPF constraintsvereintegratedinto the
existing machinedescription,andthe templatebundling algorithmwasimplementedso that

theschedulingalgorithmsweredisturbedaslittle aspossible However, theperformancef the
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templatebundling algorithmshouldnot be compromisedo promoteeaseof implementation.

Chapterd will presentheresultsof thetemplatebundlingalgorithm.
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CHAPTER 4

EXPERIMENT AL RESULTS

This chapterpresentghe numericaldatagatheredor this thesis. The focuswill be on how
thenew pathwith thetemplatebundlingalgorithm,SZU comparesgainsthepreviousimple-
mentationthat wasusedby the IMPACT compilef SMH SMH wasbasedon the old pathof
the compilerusingthe machinedescriptionandbundling codegivento the IMPACT research
groupby Intel. SMH alsotook atwo-phasepproachscheduling/compacting® the bundling
problem. The threemajor differencesare: (a) SMH assumeshat the templatesof the cycle
are chosenbasedon the operationdo be scheduledatherthanasthey are being scheduled,
(b) SMH canadjustthe level of compactionduring the secondphaseand ne-tune codesize
reduction,and (c) SMH usesthe Intel machinedescriptioninsteadof the one developedfor
the IMPACT compiler Certainprevious publications[11] of Itaniumresultsby the IMPACT
researclgroupwerebasedon the SMH implementation.The effect of the compactiorphase
of the new templatebundlingalgorithm,SZU, will alsobe examined.The versionwithoutthe
compactiomphasewill bereferredto asSZU-NC

The resultson the SPECint200(benchmarksuite are presentedexcluding 252.eonsince
the IMPACT compilerdid not handleC++ at the time of the experiments.All of the exper

imentsbegin from the samepoint in the IMPACT compilation process. Almost all of the
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ILP optimizations suchassuper/hyperblockormation,loop optimization,critical pathreduc-
tion, have all beenperformedalready Scheduling physicalregisterallocation,andpeephole
and machinespeci ¢ optimizationsremain. The SPECint2000numberswere generatecn
a Hewlett-Packardzx6000: two 1 GHz/3 MB L3 Itanium 2 processors§ GB RAM, Linux
2.4.2.1-gspecThetermgspecmeanghatthe operatingsystemwasenhancedo supportgen-
eralspeculationusedo recorerfrom mis-speculationPointeranalysisandmoduloscheduling
wereperformedon all of the benchmarkexcept253.perlomkihe pointeranalysisatthetime
of the experimentscould not handlethatonebenchmark.The 176.gccbenchmarkequireda
small manual x; missingmemoryaliasinginformationdueto errorsin the pointeranalysis

allowedthe scheduleto performabadreorderingof operationghathadto becorrected.

4.1 PerformanceAnalysis

Table4.1shovsthe SPECint200@erformanceesultsfor SZU,SZU-NC,andSMH. Over-
all thedifferencesn performancereslight. Thisis to beexpectedsinceall threecompilations
sharethe samestartingpoint, after mostof the ILP and performanceenhancingransforma-
tions arealreadydone,andthe sameschedulingalgorithms. Therefore the differencein per
formancecomesfrom the differentdecisionsmadewhenforming the bundlesandtemplates
andtheeffect thosedecisionhave on peepholemachinespeci ¢ optimizations.

The currentcompactioralgorithmdoesnot alterthe cycle anoperations scheduledn, so
changesn performancéetweer5ZUandSZU-NCwould only comefrom changesn instruc-

tion cachebehaior and microarchitecturdront endissuesonly. The benchmarkl86.crafty
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Table4.1 SPECIint2000esults

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.e0n X X X X X

253.perlomk| 664 669 652 0.993 1.018

254.gap | 584 571 580 1.023 1.007
255.ortex | 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 shovs good
performancamprovement. The differencesbetweenSZU and SMH are harderto quantify,
However, acloserexaminationshavedthatfor the176.gcdoenchmarkhe SZU versionspends
alot moretime in the kernelthan SMH, decreasingts performance.Wild loadsdueto mis-
speculationis the causeof this phenomenon.The newv templatebundling algorithm allows
moreaggressie promotionof operationdy nding moreopportunitieso breakdependences
andto reorderoperationscreatingmore speculatre instructions. This can sometimeshave
a detrimentaleffect if speculatie operationsfail ratherthan succeedgspeciallypotentially
exceptinginstructions(PEI) like memoryload operations.Hopefully bettermemoryanalysis

informationor heuristicswill minimizetheseeffects.
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Table4.2 Backendcomponentompilationtime

Benchmark | SZU | SZU-NC | SMH || SZU/SZU-NC | SZU/SMH
164.9zip 5 5 7 1.00 0.71
175.vpr 31 30 38 1.03 0.81
176.9cc 237 236 308 1.00 0.77
181.mcf 2 15 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.perlomk| 41 41 71 1.00 0.58

254.gap 46 45 68 1.02 0.68
255.\0ortex 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 compilationtimes presentedn Table 4.2 are the numberof minutesit takesfor the
IMPACT compilerto run from the Lcodeinternalrepresentatiothrougha seriesof SSA op-
timizationsandthroughthe scheduler nishing with the nal assemblycode(HS to HSX to
HSX_sin theIMPACT compilationprocess).

Exceptfor 181.mcf, wherethe compilationtime is very small already the compilation
timesfor the new templatebundling algorithm,SZU, are all lessthanfor SMH. This occurs
eventhoughSZU is an exhaustie searchand alwaysunschedulegll operationsn the issue
groupof thetargetcycle beforetrying to schedule Section6.1 presentgossibleextensiongo
furtherreducethe compilationtime.

As shavn by the SZU versusSZU-NC ratio, the compactionphaseof SZU doesnot sig-
ni cantly extendthe compilationtime. Again, 181.mcfis ananomalydueto its shortbaseline

compilationtime. If the compactionphaseis enhancedn the future the compilationtime of

67



Table4.3 StaticNOP operations

Benchmark | SZU | SZU-NC | SMH SZU/SZU-NC | SZU/SMH
164.9zip 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.ortex | 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

the compactionphasemay increase . However, if the compactionphaseremainsa linear pass
throughtheissuegroupsasit is now, it will mostlikely remainaninsigni cant portion of the

compilationtime.

4.3 NOP Analysis

Table4.3shavsthenumberof staticNOP operationgresenin theassemblycodeof each
compilationprocess.Sincemostof the ILP and performanceesnhancingransformationsre
alreadydone thenumberof usefuloperationss approximatelyequalacrosghethreecompila-
tions. In otherwords,thedifferencein codesizecomedrom thedifferencen NOP operations.
Althoughthe differencein staticNOP operationdetweenSZU and SMH is relatively minor,
SZU-NC presentanajor savings. This suggestghat compressedemplatesare importantto

codesizereduction.
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Figure4.1 shows the breakdevn of dynamicoperationdbetweerexplicit NOP operations,
predicatesquashedperationsanduseful operationdor eachcompilationprocessacrosshe
benchmarlsuite. Theresultsarenormalizedo the numberof dynamicoperationdor the SZU
compilation. For SZU versusSMH, thereis no clearcorrespondencketweerthe percentage
of dynamicNOP operationsaandtheoverall performancef thebenchmarkTable4.1). In fact,
for mostof the benchmarkshe numberof explicit NOP operationdbetweenSZU andSMH is
very similar. Thecompactiorphasdan SZU doescontrituteto reducingthe numberof explicit
NOP operations Again, thereis not a signi cant performancéene t in reducingthe number
of NOP operations.Only programshat have decreasegerformanceduefront-endproblems
would bene t from this reductionin codesize.

For two of the benchmarksgzip andbzip2, SMH executedsigni cantly lessNOP oper
ationsthan SZU despitea merefour percentdifferencein staticNOP operationgTable 4.3).
Althoughthe performanceof SZU wasactuallybetter(Table4.1), thisis still causefor inves-
tigation. Upon closerexamination,it becomesvident that SMH achievesbettercodecom-
pressionthan SZU in certaincases.Although the numberof cyclesrequiredfor the control
block is the samebetweenSZU and SMH, the SZU compilationaddedan extra bundle, or
threeNOP operations.The effect becomegpronouncedn the dynamicbehaior becausehe

controlblockswherethis occurredhave high executioncounts.
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CHAPTER 5

RELATED WORKS

This chaptergoesover other schedulergor the IPF architecturen the literature. The focus
will be on how the new constraintdPF introduced,suchassyllabletypesandtemplatesare
handled.Section5.1 coversthe ORC implementationan opensourcecompilerfor IPF. Sec-
tion 5.2 goesover a proposedmplementationusing integer linear programming. All other

worksaregroupedogetherin Section5.3.

5.1 ORC Implementation

The EPIC OpenResearctCompiler(ORC) publishedtheir work on resourcananagement
andtemplatebundling for the Itanium implementatiorof IPF [3]. Their implementatioruti-
lized a nite-state automaton(FSA) for machineresourcemodeling,which was extendedto
encompasghe constraintdPF introduced.The primary resultshavedthattemplategnustbe
consideredvhenschedulingor IPF,

The schedulewasseparatedhto two parts,calledthe high-level schedulerandthe micro-
level stheduler The high-level schedulethandleddutiessimilar to the schedulingalgorithm
in this thesiswhile the micro-level schedulelencompassethe schedulingmanagerthe tem-

plate bundling algorithm, the resourcemanagerandthe machinedescription. The FSA was
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function-unit-centric keepingtrack of whatissueports are being usedin the cycle. As ad-
ditional operationsare scheduledthe FSA advancesrom stateto stateaccordingto the new
issueportsbeingmarked asused. Intragycle dependencewere handledby checkingthe list
of valid templatesat the new state;at eachstatea list of valid templatess kept, basedon the
statetransitionsand operationsscheduledo reachthat state. If a valid orderis not present,
thealgorithmrevertsbackto the previous stateof the FSA. The ORCalgorithmdid nothave a
compactiomphase Ratherthe micro-level schedulekeptawindow of two cyclesfor template
selection,therebyutilizing compressedemplates. Templateselectionswvere nalized when
thewindow moveson. For cyclic schedulinghowever, the ORC algorithm nalized template
assignmentafterall of theoperationdor theloop have beenscheduledResultsfor one-gcle
templateselectionwhich would correspondo SZU-NCin this thesis,werealsopresentedn
thepaper

It is unclearhow dispersaruleswere handledin the ORC compiler In otherwords,it is
unclearhow anoperation$ assignmento a speci ¢ functionunit andhow the effect of opera-
tion orderingweremodeled.Onepossibilityis to consideithedispersaluleswhile performing
theintragycle dependenceheck,sincethe operationorderingin the cycle is considereat that
time. Dispersalrulesmay not have hadasmuchsigni cancefor the ORCimplementatiorat
thetime of the papersincedispersatulesfor the Itaniumimplementatiorweremuchsimpler
thanItanium 2. Not only did the Itanium have fewer function units to consideranda lesser

variety of groupingsof issueportsfor instructionsubtypespperationswith a supersesyllable
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hadto dispatchto anissueport of the syllabletypeof theslot,i.e. an A-instructiontype opera-
tion scheduledn anl-syllableslotwill only disperseo anl-issueportandnotanM-issueport

likein Itanium?2.

5.2 ILP-Based Instruction Scheduling

Integerlinear programmingILP) hasbeenproposedo performinstructionschedulingor
IPF[12]. It is a mathematicahndtheoreticallyoptimal schedulingechnique.However, it is
muchmorecomplex andexpensve from a compilationstandpoint. The algorithmpresented
takesatwo-phaseapproachA maco-sdedulingphaseassigneachinstructionto aninstruc-
tion groupsothatall instructionsfrom onegroupcanbe executedsimultaneouslyn a single
clock cycle. Thisis donewhile ignoringbundlingrestrictions. A bundlingphases responsible
for forming bundlesthatconformto the setof valid templatesAll of thisis donewhile repre-
sentingthe resourceandtemplateconstraintsn ILP. The work wasfurther extendedto show
how speculatiorandcyclic codemotioncanbehandled13].

This thesisutilizes a bit-vectorrepresentatiofor machineresourcesAlthoughit may not
be asmathematicallyoptimal asILP, it is easierto implement,andit caneasilyhandlemary
differentsituations,suchascyclic codemotion and software pipelining, andlarge programs
suchasthe SPEC200M®enchmarlsuite. Thetemplatebundling algorithmimplementedipon

this representatiohasalsobeenshown to beverytime ef cient.
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5.3 Other Approaches

In Section3.4, oneof the alternatvesmentioneds to integratethe schedulingalgorithm
whenperformingschedulingandtemplatedecisionsin particular this combinationshouldbe
ableto take advantageof slackin the scheduldo producemorecompactcode.Thisapproach,
integratingthe operationandcycle selectiorwith thetemplateselectionwasproposedn [14].
Theemphasisvasonimproving codedensityasmuchaspossibleby performingtemplatese-
lectionandoperatiorschedulingsimultaneouslyA recursve algorithmwasutilizedto perform
anexhaustve searchto nd theoptimalsolution. Nonoptimalheuristicswerethenintroduced
to helpcontrolcompiletime.

Althoughthe paperdoesaddressertaincasesvherea NOP operationwould exist under
the currentimplementationof the templatebundling algorithm, the resultsgatheredor this
thesissuggesthatreductionof NOP operationsloesnot directly translatanto improvementn
performancePerformancevill improve from NOP operationreductiononly if theapplication
hasinstructionfetch problems like 186.crafty Furthermorethe algorithmpresentedn [14]
only guaranteeaninimum cycle codefor a nonconstraineanachinewhile arguing that code
densityis proportionalto performanceOnrealhardware,trade-ofs will haveto bemadein an
intelligentmanneibetweerall of theoperationghatarereadyto be scheduledTheimplemen-
tationproposedy this thesisallows schedulingalgorithmsto be concevedandexperimented
separatel\ffrom the templatebundling concerns.Codedensityalsoappearso be a secondary

effecton performancebeingamajorconcerrnonly in programsexperiencingnstructioncache
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issues Othermethoddor utilizing schedulingslackto enhanceodedensitywill bediscussed

in Section6.2.
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CHAPTER 6

FUTURE WORK

The rst job of thescheduleof thecompileris to not make mistakeswhengeneratinga sched-
ule for execution. Its job is evenmoreimportantfor in-orderarchitecturesike EPIC andIPF
sincethereis nohardwaresupportfor dynamicreorderingof operationsThetemplatebundling
algorithmframework presentedn this thesisdoesthis by handlingthe variousrestrictionsin
a cohesve intelligentmanner However, thereis alwaysroom for improvement. After all, a
schedulethatdoesnot make mistakescansimply be onethatschedule$or maximumlateny
betweenall operationspne operationper cycle, or one thattakesin nite time to ponderall
possibilities. This chapterdiscusseow the templatebundling algorithm canbe improved,

focusingon compilationtime andcodedensity

6.1 Compilation Time Impr ovements

An extensionto the currenttemplatebundlingalgorithmto furtherreducecompilationtime
isto insertthenew operatiorx into theissuegroupg withoutunschedulingll of theoperations
Y currentlyscheduledn g (Figure3.3). If theinsertionis successfulthenthe runtime would
beafactorof | TR ratherthanexponential. However, asappealingasthisimprovementsounds,
furtherstudyis necessaryRegardles®f theinsertionalgorithm'simplementationit will likely

notbeanexhaustve searcHik e the currenttemplatebundlingalgorithm,sinceits startingpoint
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is constrained.Therefore,t is concevablethatthe insertionalgorithmmayfail in a situation
thatcontainsa valid scheduldaf anexhaustve searchs performed.Consequentlythe bene t
of theinsertionalgorithmneeddo be balancedagainsthe probability of failure, which would
invoke the exhaustve searchtemplatebundlingalgorithm.

An insertionalgorithmis nontrivial, dueto dispersatules,templatesandNOP operations.
The templatebundling algorithm schedulesNOP operationsn slots without real operations
becausehey consumeresourcesand consequenthaffect the dispersalof real operations.In
otherwords,in orderto inserta nen operationx into g, it musttake the placeof an existing
NOP operation. However, this replacemenwill have effectson the dispersalrulesand may
evenrequirethe changingof templateassignments.

Oneapproacho theinsertionalgorithmis to requirex to take theplaceof aNOPoperation,
n, without changingthe placemenof ary of the existing realoperationsy or the templatesof
the bundlesin g. However, this meansthe NOP operations slot musthave a syllabletype
compatiblewith x. Furthermoretheissueport currentlyconsumedy n mustalsobe whatx
would dispersdo accordingto the dispersatules. If the secondconditionis not satis ed, ary
changewill percolatedown to the succeedingperationsand possiblyalter whatissueports
they dispersdo, producingsplitissues.

Other approachesnclude limited updatesto the templateassignmentsmodi cations to
the placemenbf the existing operationsY, or a combinationof both. However, the insertion
algorithmwill thenbegin to resemblethe exhaustve searchtemplatebundling algorithmand

gainwill lessenascomplity increaseslt is my opinionthatit would be bestto implement
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the previous approachguidedby heuristicsthat dictatewhento skip the insertionalgorithm

andgo straightto the exhaustve searchalgorithminstead.The heuristicscanbe basedon the

numberof operationgalreadyscheduledn g, jYj, thesyllabletypeof x, theexistingtemplates,
etc.

Finally, moreimprovementsin compilationtime may be possibleby trimming down the
searchspaceof theexhaustve search.Thecurrentimplementatiorof thetemplatebundlingal-
gorithmis madeto be generabndadaptableMachine-speci crestrictionscould beintegrated
to constrainthe searchspace. Theremay also be other more general,nonmachinespeci c

boundsnotyetdiscovered.

6.2 NOP Operations Analysis and Impr ovements

Sincetheframework followsthe IPF de nition thatNOP operationglisperseandaffectre-
sourceconsumptiontheir presenceannotbetreatedightly. Thetemplatebundlingalgorithm
properlyhandleNOP operationdy schedulingheminto theissuegroup.However, reduction
of NOP operationswill improve codedensityandperformancen certaincases Althoughthe
resultsindicatethattheimpacton performancdrom reducingNOP operationss notdramatic
(seeSZU versusSZU-NCresultsin Chapter4), it cannotbeignored. Dueto therequirement
of forming bundleswith valid templatesandthe limited selectionof templatetypes,aguably
NOP operationswill alwaysbe presentin IPF code. Although the compactionphasedoesa

goodjob in reducingthe numberof NOP operationsit is by no meansoptimal.
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Figure6.1 OptimalNOP operationexample

Figure6.1lis amotivatingexampleillustratingthede ciency of codedensityin the current
templatebundlingandcompactioralgorithm.Figure6.1(a)is adependencgraphshawving the
operationandthedependencdsetweerthem. Sincelnstr-12 doesnothave ary otheroperation
dependentiponit, it canbescheduledn any cycle. Thecritical pathconsistof Inst-M1, M3,
andF6. Theschedulingalgorithmcurrentlyin useattemptdo scheduleanoperationrassoonas
it is ready resultingin thescheduleshavn in part(b). The schedulevith optimalcodedensity
is shawvn in Figure 6.1(c), eliminating a total of six NOP operations. The scheduledelays
Instr-12, M4, and M5 by onecycle eachfrom whenthe operationis readyto be executedto
maximizecodedensity

In orderto achieve the scheduleshowvn in part(c), the schedulehasto realizethatopera-
tions off of the critical pathnot only canbe scheduledater, but shouldbe scheduledaterto
achieve bettercodedensity Oneapproachn the currentframenork would be to enhancehe

compactiorphaseto considerschedulingslackwhile compacting.Currently the compaction
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phasedoesnot allow operationsto crosscycle boundaries. Sincethe schedulingalgorithm
tendsto pull up operationsy schedulinghemassoonasthey areready the compactiorphase
cantry to exploit slackin the scheduleby delayingcertainoperationgo enhancecodeden-
sity. Ratherthanstartthe compactionphasefrom the top of the control block, it cantake a
bottom-upapproachnstead.Whenthe compactioralgorithmis consideringcompactingwo
issuegroups,allow operationdn the precedingissuegroupwith slackin its scheduleto be
pusheddown into the later cycle. Heuristicswill be neededo judiciously selectwhich oper
ationsto delayandjudgetheir effect. Schedulingslackcanalsobe utilized to performother

optimizationsotherthanreductionof NOP operations.
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CHAPTER 7

CONCLUSION

IPF, the rst hardwareimplementationof an EPIC architecturejntroducednew conceptgo
the compiler's scheduler Thesenew conceptspundles,syllables,templatesdispersakules,
etc.,area continuationin the evolution of operationdispersain computerarchitecture When
the responsibilityof tracking operationdispersalwas transferredfrom the hardware of out-
of-orderarchitecturesik e superscalamachinego the compilerof in-orderarchitecturesik e
VLIW andgenericEPICmachinesthehardwaredispersamechanisnbecamexemptedrom
much of the decisionmaking. However, it still neededto supportsymmetrical,cross-bar
like dispersabf operationdrom slotsto functionalunits. Thesenew IPF conceptgive more
power andresponsibilityto thecompilerandsimplify theoperationdispersaln hardwareeven
further They simultaneouslyconstrainoperationdispersabway from the symmetricaimodel
assumegbreviously andgive the compilera limited ability to con gure theoperationdispersal
mechanisnasit seest.

Thisthesispresentgxtensiondo thescheduleof anEPICcompiler theIMPACT research
compiler to handlethesenew constraintsntroducedby IPF. A modularimplementationgov-
ernedby thetemplatebundlingalgorithmin theschedulingnanagertheseextensionsot only
handlethe new conceptantroducedby IPF but do soin a way thatcanbe expandedandex-

tendeduponfor futurearchitectureshouldthey employ similar constraintsThe separatiorof
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responsibilitiesalsoallow experimentationsvith differentschedulingalgorithms handlingthe
machinespeci ¢ templatebundling schedulingconcernseparatelyDespitebeingan exhaus-
tive searchthetemplatebundlingalgorithmhasprovento be ef cient, improving compilation
time from a previousimplementation.

The work doneby this thesislays the foundationfor future explorationin schedulingfor
IPF. Possibilitiesinclude performanceand compilationtime orientedresearch.It providesa
quick, solid schedulingplatformfor experimentationsvith schedulingalgorithmsandschedule
time transformations.Thereis alsostill roomfor improvementwithin the templatebundling

algorithmfor compilationtime andNOP operationreduction.

82



REFERENCES

[1] Intel Corporation Intel IA-64 Architecture Softwae Developers Manual Volumel: Ap-
plication Architecture, DocumentNumber245317-003Pecembel001.

[2] J.C. Gyllenhaal,’A machinedescriptionanguagdor compilation]; M.S. thesis,Univer-
sity of lllinois at Urbana-Champaigri,994.

[3] D.-Y. Chen,L. Liu, C. Fu, S. Yang,C. Wu, andR. Ju, “Ef cient resourcemanagement
during instruction schedulingfor the EPIC architecturé, in Proceedingsof the Inter-
national Confeenceon Parallel Architectuesand CompilationTechniques September
2003,pp. 36-45.

[4] Intel Corporation,Intel Itanium 2 ProcessorRefeenceManual for Softwae Develop-
ment DocumentNumber251110-001June2002.

[5] Intel Corporation/)ntel ItaniumProcessoiRefeenceManualfor Softwae Development
DocumentNumber245320-003Pecembe001.

[6] J.A. Fisher “Global codegeneratiorfor instruction-level parallelism:Tracescheduling-
2. Hewlett-PackardLaboratory Tech.Rep.HPL-93-43,Junel993.

[7] R. A. Bringmann,“Compiler-controlledspeculatiori, Ph.D. dissertationUniversity of
lllinois at Urbana-Champaigri,995.

[8] B. R. Rau,“Iterative moduloscheduling, InternationalJournal of Parallel Processing
vol. 24, pp. 3—64,Februaryl996.

[9] J.C. Gyllenhaal B. R. Rau,andW. W. Hwu, “HMDES version2.0 speci cation; M-
PACT, Universityof lllinois at Urbana-Champaigi,ech.Rep.IMPACT-96-03,1996.

[10] J.C. Gyllenhaal,“An ef cient framework for performingexecution-constraint-sensrg
transformationshatincreasenstruction-lerel parallelism, Ph.D.dissertationUniversity
of lllinois at Urbana-Champaigitjrbana,L, 1997.

[11] J.W. Sias,M. C. Merten,E. M. Nystrom,R. D. BarnesC. J. Shannon,).D. Matarazzo,
S.Ryo00,J.V. Olivier, andW. W. Hwu, “Itanium performancensightsfrom the IMPACT
compiler” in Hot Chips13, August2001.

83



[12] D. KastnerandS. Winkel, “ILP-basedinstructionschedulingor IA-64,” in Proceedings

of the Workshopon Languajes, Compiless and Tools for Embedde®ystem& CTES-01
vol. 36,June2001,pp. 145-154.

[13] S.Winkel, “Optimal global schedulingfor Itanium™ processofamily,” in Proceedings
of the 2nd AnnualWorkshopon Explicitly Parallel InstructionComputing(EPIC) Archi-
tectuesand CompilerTechniques November2002,pp. 58—69.

[14] S.HagaandR. Barua,“EPIC instructionschedulingbasedon optimal approache’,in
Proceedingsf the 1st Workshopon Explicitly Parallel Instruction Computing(EPIC)
Architecturesand CompilerTechniques Decembef001,pp. 23—-32.

84



