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Abstract

Inherentwithin comple instructionsetarchitectuessud
as x86 are inefciencies that do not exist in a simplerISAs.
Modernx86implementationslecodénstructionsinto oneor
more micro-opertionsin order to deal with the compleity
of theISA. Sincethesemicro-opemtionsare notvisibleto the
compiler the streamof micro-opetionscan containredun-
danciesevenin statically optimizedx86 code Wthin a pro-
cessorimplementationhowever, barriers at the ISAlevel do
not apply, and theseredundanciezan be remaoved by opti-
mizingthe micro-opeition stream.

In thispaperweexploretheopportunitiedo optimizecode
at the micro-opemtion granularity. e executethesemicro-
opemationoptimizationsisingtherePLayFramevorkasa mi-
croarchitectural substate Using a simplesetof sevenopti-
mizations,including two that aggressivelyand speculatively
attemptto remore redundantoad instructions,we examine
theeffectsof dynamicoptimizationof micro-opeitionsusing
atrace-drivensimulationervironment.

Simulation reveals that across a sampling of
SPECint2000 and real x86 applications,rePLayis able to
reduce micro-opeition count by 21% and, in particular,
load micro-opeition countby 22%. Thesereductionscor-
respondio a boostin observednstruction-lesel parallelism
on an 8-wide optimizing rePLay processorby 17% over a
non-optimizingcon guration.

1 Intr oduction

Compl instruction set architecturegresentsigni cant

design challengesfor high-performanceimplementations.

Variable-lengthinstructionformatsand high-granularityin-

structionscomplicatethe decodingand executionprocesses.

In orderto dealwith ISA compleities, currentimplemen-

tations decodeinstructionsinto simpler micro-operations.

Thesemicro-operationsare essentiallycontrol words that
traversethe processorpipeline and perform an equivalent
amountof processindo theinstructionsof asimplelSA.

As comple instructionsare individually decodedinto
constituentmicro-operations,an opportunity is createdto
globally optimizetheir constituenmicro-operationsFor ex-
ample,a basicblock’'s micro-operationspptimizedasa unit,
can be more efcient than micro-operationggeneratedne
instructionat a time. For simplerISAs, suchasPaverPC,
SRARC, and MIPS, this type of optimizationis performed
during compilation,asthe emittedcodeis effectively at the
samelevel asthe micro-operation®f a complex ISA. This
optimizationopportunitythusexistswith comple< ISAs, even
whenbasicblocks are statically optimized. Leveragingthis
opportunity of course requiresraisingthe architecturabktate
boundarieso thebasicblocklevel. Thatis, architecturaktate
is only guaranteedo correspondatbasicblock boundaries.

The x86 instructionsetarchitecturen particularcanben-
et from optimizationsat the micro-operationlevel. The
x86 ISA providesonly afew 32-bitregistersfor storingtem-
poraryvalueswhich constrain®ptimizationatcompiletime.
The ISA's two-addressinstruction format, along with the
high-granularityof somecommoninstructions alsoincrease
the opportunity for micro-operationoptimization. Further
more, non-uniforminstruction semantics such as opcodes
thatrequiresspeci ¢ sourceregisters(e.g.,the x86 DIV in-
struction) limit acompiler'sability to ef ciently allocatereg-
isters. Optimizationat the micro-operatiorievel partially al-
leviatestheseproblemshecaus¢heregisterassignmenis not
restrictedo thearchitecturalegisterspace.

In this paperwe evaluatethe potentialof performingopti-
mizationson regionsof x86 micro-operationswherethere-
gionsarelargerthanbasicblocks. UsingtherePLayFrame-
work asour microarchitecturasubstrateyve evaluatea pro-
cessorarchitecturethat performsmicro-operatiornoptimiza-
tion on atomicdynamicinstructiontracesor frames rePLay
containshardwaresupportfor performingoptimizations(via
an optimization engine)and hardware supportfor specula-
tion recovery (enablingspeculatre optimization). The op-
timizer performssimple optimizationson eachframe, such
as deadcode elimination, reassociationand store forward-
ing. We studythe effect of optimizationusingtrace-drven



simulationon both SPECint2000benchmarksindcommer
cial x86 applications. On averageacrossthis spectrumof
applications,we obsere that optimizationwith rePLayre-
ducesmicro-operatiorcountby 21%and,in particular load
micro-operationcountby 22%. Thesereductionsboostthe
instruction-level parallelismof adeeply-pipelined@-wideop-
timizing rePLay processory 17% over a non-optimizing
con gurationacrosgheapplications.

In this paper we provide two majorcontributionsoverthe
previouswork on rePLay[4, 13]. First, we evaluatethe im-
pactof micro-operation-legel optimizationin the context of
the x86 ISA. Previous work examinedhardware-basedly-
namicoptimizationof Alphainstructions.This distinctionis
important: the granularityof the x86 instructionsetandits
limited registersetcreateinef ciencies thatare more preva-
lent thanin binariesof simpler ISAs. The full benet of
x86 optimizationrequiresdealingwith memory dependen-
cies,andwe describeour schemeor speculatiely optimiz-
ing aroundthem. We presentour evaluationon continuous
traceq(i.e.,includingDLL callsandsystenmcode)of SPECint
benchmarksindrealapplications.

Secondwe describethe high-level microarchitecturef a
programmabl@ptimizationenginedatapathtthatcanbe used
to perform micro-operationoptimizations. The compleity
of the optimization datapathand the optimization software
is reducedby utilizing three propertiesof frames: (1) they
are atomic, (2) they embodya single control path, and (3)
theregisterrenamingprocesgendershe framesinto a form
amenableo optimizationsby guaranteeinghat eachopera-
tion writesto a uniquephysicalregister

The remainderof the paperis organizedasfollows. The
next sectionprovidesanoverview of therePLaymicroarchi-
tecturalsubstrate Section3 containsexamplesof the micro-
operationoptimizationsthat we evaluatein this paper Sec-
tion 4 introduceghe primitive operationsandstructureof the
optimizationdatapathThe experimentainfrastructures de-
scribedin Section5, and experimentalresultsare presented
in Section6. Section7 containsrelatedwork. Section8 pro-
videsconclusions.

2 TherePLayMicr oarchitecture

In this sectionwe provide an overview of the rePLay
Framevork, which is designedto facilitate aggressie dy-
namic optimization with low overhead. To this end, the
frameawork consistof ve key components(1) aframecon-
structorfor creatingcandidateptimizationregions,(2) apro-
grammablesnginefor optimizing theseregions, (3) a frame
cachefor storingtheseregionson-chip,(4) a componenfor
sequencingpetweerregions,and(5) a mechanisnio recover
architecturalstatewhen speculatie optimizationsprove in-
correct. Thesecomponentareintegratedinto a processos
fetchandexecutionengine asshovnin Figurel.

A centralconceptof rePLayis the conceptof the atomic
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Figure 1. The rePLay mechanism coupled to a
processor architecture .

region, or frame A frameis similar to a tracein a trace-
schedulingcompiler [5] or a blodk in the Block-Structured
ISA [8, 11]. All control dependenciesvithin a frame are
removed, ensuringthat all instructionswithin the frame are
mutuallycontrolindependentln particular eitherall instruc-
tionsin a frame commit their results,or noneof them do.

This atomicity simpli es the optimization algorithmsused
andallows high-bandwidthinstructionfetch. To remaove con-

trol ow, rePLays frame constructorcorverts dynamically
biasedbranchesinto assertionsthen memges sequencesf

constituenbasicblocksinto frames.Using framesasan op-

timization entity is of particularimportancebecauserecise
architecturalstateneedonly be maintainedat frame bound-
aries thusallowing the optimizermoreleavayin performing
optimizations.We demonstratehis in Section3 with an ex-

ample.

An assertiorwhoseconditionis not true triggersa hard-
warerecovery eventthatrolls backarchitecturaktateto the
beginningof theframe. A rollbackmechanisnof this typeis
alreadypresenin mostmodernprocessor$o supportout-of-
order, speculatie execution. This restorationcapabilityim-
pliesthatary stategeneratediuringframeexecutionmustbe
buffered until all assertionswithin the frame have executed
successfully(not red). Onceall assertionaithin a frame
have beenchecled andall micro-operationdiave beenexe-
cuted,statechangegeneratedvithin the framecanbe com-
mitted. This atomicity enableghe optimizerto make specu-
lative optimizationssafely with the speculatie assumptions
enforcedby assertions.

With this generaldesign,frame constructioncanbe done
in hardwareor by the compilerasa speci cationof the ISA.
All of our currentwork hasfocusedon hardware-level frame
constructionput this propertyis notinherentto rePLay

3 Micr o-operation Optimization

Processorghat implementcomplex ISAs like x86 typ-
ically decodeeachinstructioninto simpli ed, x ed-format
micro-operationsAs instructionsaredecodedndependently



; instructions

unoptimized micro-operations

intra-block optimization

inter-block optimization

frame-level optimization

PUSHEBP 01 SS:[ESP-04H] EBP 01 SS:ESR04H] EBP 01 SSESR04H] EBP 01 SS:ESP04H] EBP
02 ESP ESP-04H ; incorporatednto 04"
PUSHEBX 03 SS:[ESP 04H] EBX 03" SS:ESP08H] EBX 03 SS:ESR08H] EBX 03 SS:ESR08H] EBX
04 ESP  ESP-04H 04' ESP ESP-08H 04 ESP ESP-08H ; incorporatednto 16'
MOV ECX,[ESP+0CH] 05 ECX [ESP+0CH] 05 ECX [ESP+0CH] 05 ECX [ESP+0CH] 05 ECX [ESP+04H]
MOV EBX,[ESP+10H] 06 EBX  [ESP+ 10H] 06 EBX [ESP+10H] 06 EBX [ESP+10H] 06' ETO [ESP+08H]
XOR EAX,EAX 07 EAX,ags O 07 EAX,ags O 07 EAX,ags O 07 EAX,ags O
MOV EDX,ECX 08 EDX ECX ; reassociatedhenremoved
OR EDX,EBX 09 EDX,ags EDX EBX 09' EDX,ags ECX EBX 09 EDX,ags ECX EBX 09 EDX,ags ECX ETO
JZ 15H Block2 10 if (ags =0)jump Block2 10 if (ags=0)jump Block2 10" if (ags 0)exit 10" assertags =0
; jumpis typically taken
Block2:
POP EBX 11 ESP ESP+04H ; incorporatednto 16'
12 EBX  SS:[ESP 04H] 12' EBX SS:[ESP] 12 EBX SS:[ESP] ; forwardedfrom 03
POP EBP 13 ESP ESP+ 04H ; incorporatednto 16'
14 EBP  SS:[ESP 04H] 14' EBP  SS:[ESP+ 04H] ; forwardedfrom 01
RET 15 ET2 SS:ESP] 15' ET2 SS:[ESP+08H] 15 ET2 SS:[ESP+08H] 15" ET2 SS:ESP]
16 ESP  ESP+ 04H 16' ESP ESP+O0CH 16 ESP ESP+O0CH 16' ESP ESP+04H
17 jump (ET2) 17  jump (ET2) 17  jump (ET2) 17  jump (ET2)

Figure 2. Impact of optimization scope on a procedure from crafty. The prime notation denotes changes
to sour ces and/or results relative to the previous level of optimization.

from one anothey the resulting micro-operationstreamcan
containinef ciencies. For example,an instructions micro-
operationsnight calculateanintermediatevaluealreadycal-
culatedin a previousinstructions micro-operationsThe ob-
jective of this paperis to identify andremove suchinef cien-
ciesautomaticallyandto quantifytheresultingbene tto per
formance. To illustrate the optimizationopportunitiesmore
clearly, we now examinethe impactof optimizationsbased
onthescopen whichthey areapplied,usingacodeexample.

The benet of optimizing micro-operationsdepends
stronglyon the scopeof the optimizations.Simplelocal opti-
mizations suchaseliminationof NOPs,canbeperformedoe-
fore lling into atracecache.Thegranularityof x86 instruc-
tionspreventsa compilerfrom fully optimizingcode,leaving
roomfor intra-blodk optimizationsacrosdnstructionswithin
a basicblock. Consideringseveralblockscreatesnter-block
opportunitiesascontrolentersonly atthe rst block, ensur
ing thatearly blockshave beenexecutedbeforelater blocks.
Finally, additional optimizationsbecomefeasiblewhen the
possibility of early exit is eliminatedby treatinga sequence
of blocksatomically In this case frame-level optimizations
canassumehatsubsequertlocksarealwaysexecuted.

In this section,we describethe optimizationsperformed
by the rePLay optimization engineand illustrate their im-
pact as a function of scopethroughthe use of a running
example,shavn in Figure2. In Section4, we describethe
hardwareprimitivesnecessaryo supporttheseoptimizations
and describethe structureof the rePLayoptimizerin more
detail. The two basicblocksin the running example form
partof alargerframefrom crafty, a chess-playingodefrom
SPECIint2000.The rst columnshaws x86 instructions and
the secondcolumn shons micro-operations. The remain-
ing columnsillustratethe bene ts of optimizationon micro-
operations.

3.1 Intra-block optimization

The third column of Figure 2 illustrates optimization
within a basicblock. Within the rst block, the stackup-
datesdueto thetwo PUSHinstructionscanbe memedinto a
singleupdate Recallthatall optimizationsareperformedus-
ing renamedegisters. First, reassociatiorreplaceshe uses
of the resultof micro-operation02 with usesof the live-in
ESPregister The offsetin 03' andthe immediatevalue
in 04" incorporatethe subtractiorperformedby 02. As the
result producedby 02 is no longerused,andis not a live-
out value of the block, dead code elimination removesthe
micro-operation. The sameoptimizationseliminate micro-
operation08, which the compiler usesto avoid a second
load of the valuein ECX alongthe non-talen path follow-
ing 10. A three-operandhstruction (OR EDX,ECX,EBX)
senesthesamepurposebut noneis availablein thex86 ISA.
Themicro-operatiorformatdoessupporthreeoperandsand
the two micro-operationsare combinedinto 09' by the op-
timizations. The secondbasicblock alsoallows intra-block
optimizationof stackmanipulations.

3.2 Inter-block optimization

The fourth column in Figure 2 illustrates optimization
when a single entry point is assumedas is typically the
casein a tracecache. Multiple exits—afterthe rst basic
blockin the gure, for example—arestill possible.Store for-
warding associateshe load in micro-operationl4 with the
storein 01. As theresultof 14 is live-outin EBP, andthe
valuestoredby 01 is live-in in the sameregister, theloadis
eliminated. In contrast,storeforwardingdoesnot occurfor
EBX, which is modi ed by the rst block andmustbe cor-
rectshouldcontrolexit at micro-operatiorl0' . Theneedto
maintainall live-outregistersfrom the rst block thuslim-
its inter-block optimization. Someinter-block bene ts can
be obtainedwith a compilerthroughtechniquessuchastail



duplicationbut instructionsetslik e thex86 malke thesetech-
niqueslesseffective.

3.3 Frame-level optimization

The conceptof an atomicframerestrictsthe modelcom-
monly usedin atracecacheby requiringa uniqueexit point.
This restrictioneliminatesthe needto maintainproperarchi-
tecturallive-outvaluesfor intermediatexits. Effectively, the
entireframecanbe optimizedasabasicblock.

Therightmostcolumnin the exampleshows optimization
of the blocks as a rePLayframe. Micro-operation10' is
changedto an assertion,which allows no exit. Stackup-
datesin the two blocks are memged into a single update.
Storeforwardingeliminatesl?2, andtemporaryregisterETO
is substitutedor theinterveninguseof registerEBX in 06'
and09' . Overall, seven of the seventeenmicro-operations
areremoved,includingtwo of the veloads.

Whenthis fragmentis optimizedin the context of alarger
frame,the resultsareeven moreimpressie. Typically, code
from theprocedures call site precedesindfollowstheblocks
shawn, allowing the parametefoadsin 05 and06 to bere-
moved. Theload of thereturnaddressn micro-operatiorl5
is alsoeliminated,andthe stackupdatein 16 is foldedinto
an updateoutsideof the procedure.Finally, constantpropa-
gationfrom the call siteidenti es thereturnjumpin 17 asa
constantargetandremovesit, asthetargetblockis included
in the frame. In somecasesconstantpropagationcanalso
eliminatemicro-operatior07, which placesthe procedures
returnvalueinto EAX. Theoptimizationghusreducetheen-
tire procedureo two storesanda singlecheck(09 and10)
consistingof an ALU operationandan assertion.While not
all codesequenceare so amenableo optimization,the ex-
amplehighlightsthedegreeto which codegeneratedor com-
plex ISAs can be optimized by dynamichardware mecha-
nismssuchasrePLay

3.4 Additional optimizations

Several rePLayoptimizationswere not mentionedin the
context of our running example. Commonsubepression
elimination senes primarily to remove redundantloads,
which often appearwhen x86 loops are unrolled within a
frame.Valueassertionoptimizationcombineghetypical x86
sequencef a ag-generatingnstructionsuchasCMP (com-
paretwo operandsY¥ollowed by a conditionalbranchinto a
singlemicro-operation.

Storeforwardingandredundantoad eliminationarealso
allowed to occurspeculatiely within frames. Considerthe
casan whichaloadfollowsastoreto thesameaddresgsame
register and offset), but is separatedy one or more stores
with differentaddresgegisters. Only whenthesestoresdo
not aliasto the store-loadpair canthe storedvalue be for-
wardedto the load. We recordaliasingeventsduring exe-
cution and passthis informationto the optimizer If thein-
terveningstoresdid not aliasduring execution,the optimizer

speculateshat they never alias,andremovesthe load. The
interveningstoresaremarked asunsafestores A similar op-
timization is performedwhenredundantoadsare separated
by storesthatmayalias.

When an unsafestore executes,its addresds compared
againstall othermemorytransactiongbothloadsandstores)
prior to it in the frame. If an unsafestore con icts with
ary othertransactionthe frame is abortedand the original
instructionsare executedinstead. No optimizationremoves
storesthusall unsafestoresexecutewhenaframeis fetched.
In practice,loadsremoved speculatiely almostnever cause
framesto abort,but represena substantiafractionof loadsin
adynamicmicro-operatiorstreamasdiscussedh Section6.

4 Optimizer Design

In this section,we provide somedetailson the designof
therePLayoptimizerdatapathMost prior work on optimizer
designhasfocusedon identifying the potentialof hardware-
basedoptimizations. Little hasbeendoneon specifyingthe
designof a hardware optimizer or its interfaceto the opti-
mizationsoftware. Here,we provide a high-level description
of the typesof hardware primitivesthatan optimizershould
supportin orderto facilitatelow-lateng optimization.

In our previouswork [4], we demonstratethatapipelined
frame optimizerwith a lateng of 1K-10K cyclescouldrea-
sonablymatchthelatengy andthroughputequirementsor a
rePLaysystem.

In orderto achieve suchlow lateng, the optimizerhard-
waremustprovide usefulprimitivesthatarecentralto awide
rangeof codeoptimizationalgorithms.In particular thehard-
ware optimizer should provide three classesof primitives:
(2) It shouldprovide the ability to quickly retrieve oneof an
instruction’s parentinstructions(we usethe terminstruction
in this sectionas a more generalform of micro-opeition),
andto retrieveaninstructionschildren. Thatis, theoptimizer
shouldsupportquick traversalof a frame's data ow graph.
(2) Thehardwareneedgo supporigeneraleld extractionand
bit manipulatioroperationsfor exampleto isolateaninstruc-
tion'sopcodeeld. Suchprimitivesareusefulfor testingand
modifying variousbits within instructions.(3) The hardware
shouldsupportthe ability to addandremoveinstructionsin a
frame.

To facilitatethe optimizerdesign,we rst renderframes
into a form where eachoperationwrites to a renamedreg-
ister Thatis, a physical destinationis written only once
within aframe.No write-afterwrite or write-afterreadregis-
ternamingcon icts exist in aframe.In this form, aninstruc-
tion's physicalsourceregisternumbersuniquelyidentify the
instructionss parents.It shouldbe notedthata framewhose
instructionregisteroperands$ave beenrenamedoy the pro-
cessolis alreadyin this form, exceptfor the occasionateuse
of aphysicalregisterwithin aframe.

Figure 3 shavs the major componentof the optimizer
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Figure 3. The rePLay Optimiz er.

An unoptimizedframeis addedto the optimizer's optimiza-
tion buffer. Eachinstructionin the frame hasits destination
registerremappeduchthataninstructionplacedin location

m of thebufferwill write physicalregisterm. With this prop-

erty, given an instruction, retrieving the parentinstruction
that producedits SourceA,for example,is a trivial lookup.

This remappingalso alleviatesary reusesof physicalregis-

ters. Dependingon the physicalregister allocationstratey

of theprocessarthis Remappinganbeamodi cation of the

physicalregisterassignmentioneby the RegisterAlias Table
(RAT) prior to execution. In the worst case the Remapping
procesds the sameasthe registerrenamingprocessgxcept
thatit neednotoperateatthe samehigh bandwidth.A remap-
ping bandwidthof oneor two instructionspercycleis likely

to besufcient.

OnceRemappedaframeresidesn theoptimizationbuffer
until the optimizationprocesds complete.If aframearrives
while anotheris being optimized, the arriving frame must
be buffered or dropped. Alternatively, the optimizercanbe
pipelinedto permitoptimizationof framesconcurrently (We
model a variable optimizationlateng of 10 cycles per in-
structionin a pipelinedoptimizer Simulationresultsshav
thata pipelinedepthof 3 is sufcient to sustainthe through-
out of our rePLaymodel.) The OptBufferindex is usedto
selectan instructionto readout of the buffer. Due to the
Remappingolicy, readingthe buffer atindex m providesthe
micro-operatiorthatgeneratephysicalregisterm.

Theformatof the optimizationinstruction(or in this case,
micro-operation)is provided in Figure4. The Remapping
processprovides eachinstructionwith new sourcephysical
registersand a new destination. Instructionsthat producea

Physical
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Arch Arch
Opcode Dest Reg SrcA Reg
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uop valid Is Live Out 'lIs Live In

Immediates

Figure 4. The optimiz er's micr o-operation for-
mat.

live-outvalue, or usea live-in, are marked explicitly. This
explicit renamingof internal valueswithin a frame canfa-
cilitate high-speednstructionrenamingwhen the frame is
fetched[15, 16]. Whenthe frameis fetched,only the in-
structionsthat requirelive-in valuesneedto readthe RAT,
andonly thoseinstructionghatproducedive-outsneedto up-
datethe RAT. Physicalregisterassignmentor valuesinternal
to theframecanthenbedonewithout atablelookup.

Many optimizationalgorithmsrequiretraversingthougha
data ow graphin orderto identify optimizationopportunities.
To supportthis processwithout requiringthe software com-
ponentof the optimizerto build and maintainthe data ow

o w graphfor every naw frame,the optimizerhardwaresup-
portstraversalvia the logic in the shadedegion of the Fig-

ure 3. The ParentLogic and Next Child Logic enablethe

optimizerto move from aninstructionto its parentsor chil-

dren.Moving from aninstructionto the parentthatproduced
its SourceBinput, for example,is trivial. The SourceBphys-
ical sourceregister numberis the producers index. Mov-

ing from an instructionto its childrenis trickier, asan in-

struction can have mary children. This operationrequires
maintaininga hardwareDependeng List structurethatasso-
ciatesaninstructionwith its children. This structureenables
the Next Child Logic to iterateover the list of children,en-

abling optimizationsthat requirevisiting all children of an

operation.Also, thetraversallogic canincrementanddecre-
mentthe OptBufferindex to supportsimpleiterationsthrough
aframe's micro-operations.

Bit manipulationsnd eld extractionsareprovidedby the
simple optimizationdatapathwhich containsan ALU anda
load/storgport to the optimizationmemory This hardwareis
usefulfor recalculatingimmediatevaluesfor the reassocia-
tion optimization,or for comparingoaseregistersandoffsets
for memoryoptimizationssuchasstoreforwarding. Thesoft-
ware portion of the optimizeritself residesin the optimiza-
tion memoryandis activatedby the arrival of a new frame.
In Figure 3, we shav only one currentinstruction register
for simplicity. Implementationsnay have severalinstruction
registersthat are directly accessibléy the datapathfor ex-
ampleto accesdotha micro-operatiorandoneof its parents
simultaneously

The third set of primitive operations is that of
adding/remwing instructionsfrom the optimization buffer.
To removeaninstruction theinstructionis simply markedin-
valid andtheinstructionis removedfrom its parents'lists in
theDependeng List structure Adding aninstructionis more
involved (andlessfrequentlyneeded)the new instructionis



written into a spareinstructionslot at the end of the frame,
andthe parents'dependeng lists areupdated.By construc-
tion, theinstructionsof aframeareexplicitly in renamedorm
and can be arbitrarily reordered—arinstructioncan appear
beforeits parents.But this end-of-framensertioncannotbe
donewhen memoryoperationsare involved becausenem-
ory orderingmustbe presered. The optimizeris therefore
prohibitedfrom insertingnew loadsandstores(in particular
thosemicro-operationshataffect memoryordering).
Reschedulingr repositioningcodeis accomplishedh the
nal stageusingthe CleanuplLogic. During the optimization
process,a position eld encodedwith the micro-operation
is usedto identify the micro-operations nal positionin the
completedrame. By default, the frameremainsin the order
it appearsn the buffer. However the optimizationalgorithms
canusetheposition eld to adjusttheframe's scheduleThe
CleanuplLogic canuseassociatie lookupsto readthe frame
out of the OptimizationBuffer in the speci ed order At this
point, ary invalidatednstructionsaredeletedrom theframe.

5 Experimental Setup

In this section we describehe experimentaketupusedto
evaluateour mechanisnfor dynamicoptimizationof micro-
operationsFirst, we describeghetrace-drvensimulationen-
vironment. Secondwe describethe experimentalworkload
set. Finally, we presentand motivate our baselingprocessor
architecture.

5.1 Simulation Environment

Our simulationervironmentis trace-drven with limited
wrong-pathsupport(wrong-pathbehaior is only modeled
on assertingrames).The ervironmentconsistsof four com-
ponents:the Micro-operationinjector, Timing Model, State
Veri er, andtherePLayEngine,asshovnin Figure5.

5.1.1 Micr 0-Op Injector

TheMicro-Op Injectorconsistof atracereadeywhichreads
x86 trace les, andanx86-to-rePLaymicro-operatiortrans-
lator.

The tracereaderreadsand disassemblethe raw instruc-
tion datafrom ahardware-generatettace le. Thetrace les
weregeneratean a Windows NT-basedplatform,andwere
providedby AdvancedMicro Devices.Eachtracerecordcon-
tainsinstructiondata, register statechangesmemorytrans-
actions,and interrupt information for eachx86 instruction
throughouta spanof executionof anapplication.Eachtrace
represents particular“hot spot! Thatis, it is the dynamic
traceof a codeseggmentthat ultimately accountsfor a large
amountof executiontime.

The secondstageof the Micro-Op Injector is the transla-
tor. Therole of thetranslatoris to corvertthe disassembled
x86 instructionsinto our processos native micro-operation
format. We referto this internalformat asthe rePLayISA.

Micro-Op Injector

o | [ |
State x86 -> rePLay
Verifier Translator
‘ ——
Timing Model
"""""" ~1 Frame |
> Cache Cache
-
rePLay Engine
Optimization Decode
Engine
f Execute
Frame
Constructor Retire
4 I
L I

Figure 5. Simulation Environment

Sincex86 micro-operationand x86-to-micro-operatiore-
code o ws of realimplementationsre kept proprietary we
modeledour ISA to be closeto agenericRISCISA. Ourde-
code o ws arefairly ef cient, andin theendwe attainanav-
eragemicro-operation-to-x8énstructionratio of 1.4, which
is closeto our estimatef whatis achieved on real x86 im-
plementations.

While the useof trace-driven simulationcanbe criticized
for its lack of wrong-patheffects, our tracesallow usto in-
cludetheeffectsof interrupts systencalls,anddynamically-
linkedlibraries.We usetheinformationcontainedn thetrace
to validateour executionervironmentandto handleveryrare
x86 instructionsthat might otherwiserequiresubstantiakf-
fort to implement(for example, modi ers of sggmentde-
scriptors,call gates,etc. On suchinstructions,we ush the
processopipeline). Suchlong- ow instructionsaccountfor
avery small portion of the dynamicinstructionstream(less
than0.05%on thetraceswe evaluate).

5.1.2 Timing Model

The Timing Model containsmodelsof the cachesmemory
system branchpredictorsandpipeline,andis usedto deter
minethe numberof cyclesneededo executethe sequencef
continuousamicro-operationprovidedby the Injector. When
simulating a standardprocessor(without rePLay features),
the micro-operatiorstreamcomesdirectly from the Injector.
With rePLayfeaturesenabledthe micro-operationgpossibly
in optimizedform) for a particularsequencef x86 instruc-
tionscanalsocomedirectly from theframecache.

The con guration of the timing modelis parameterized,
andfor the experimentgrovidedin this paper we have cho-
senan 8-wide pipeline whosespeci ¢ con guration is de-
scribedin Section5.3



5.1.3 StateVerier

In orderto verify that the optimizationsthat are performed
on the micro-operationstreamare valid, we employ a state
veri er. This checleris usedto ensurehatthe statetransfor
mations(architecturategisterstateandmemory)madeby an
optimizedframeareequivalentto thoseof theactual,unmod-
i ed instructionstream. The checler is valuablefor testing
thevalidity of our micro-operatiordecodermandoptimizet

In orderto properly verify the executionof our micro-
operationsthe stateveri er' sjob is two-fold. First, eachx86
instructionthatis emittedfrom thetracecarriesregisterstate
changesand ary memorytransactionsassociatedvith that
instruction. Additionally, thereis a memoryaddressand a
memorydata eld associatedvith eachload andstore. The
loaddatais usedby theveri er to performtheloadoperations
while the storedatais usedsolelyto verify the storesthatare
performedby our micro-operations After eachx86 instruc-
tion is decodedcandexecutedtheresultingstateis compared
to thetrace.

Thesecondole of thestateveri er is to validatethefunc-
tionality of the optimizer Thisrole is essentialn preventing
awsin theoptimizationalgorithms.Eachframeis executed
usingthearchitecturabtateandmemorystatewhentheframe
is fetched.The memorystateconsistsof two maps,aninitial
memorymapanda nal memorymap.Both mapsaregener
atedby rst executingthecorrespondin@riginalinstructions
from the trace. Sinceall loadswithin a frame are a subset
of thoseloadsthat would be performedby the original in-
structionstream,we committo the initial mapthe rst load
andstoretransactiongrom eachlive memorylocationin the
trace.All storetransactionsn thetracearecommittedto the
nal mapwhich is usedto comparethe memorystateat the
frameboundary The frameis consideredralid only if exe-
cutionsatis estheserequirements(1) all loadscanbefound
in the initial memorymap, (2) all memorystateaffectedby
the traceis equivalently affectedby the frame at the frame
boundaryand(3) all architecturaregisterstateis equivalent
attheframeboundary

5.1.4 rePLayEngine

The last major componenin the simulationervironmentis
the rePLayEngine. Retiredinstructionsfrom the processor
pipeline o w into the frame constructoywhich dynamically
synthesizedong regions of codeinto atomicframes. Opti-
mizationsare thenappliedto theseframesby the optimiza-
tion enginebeforethey are depositednto the frame cache.
We modelthe optimizationengineabstractlyin this study—
eachframeis optimizedwith a variablelateng of 10 cycles
per instruction,andthe optimizeris pipelined. Simulations
shawv thata pipelinedepthof 3 is sufcient to obtainthere-
sultswe report.

5.2 Benchmarks

Our selectionof benchmarkswas driven primarily by
availability. AMD graciouslyprovided a setof traces,from

Typeof | Totalx86 | Numberof

Name App. Insts. Traces
bzip2 | SPECint| 50M 1
gzip | SPECint| 50M 1
crafty | SPECint| 50M 1
eon| SPECint| 50M 1
parser| SPECint| 50M 1
twolf | SPECint| 50M 1
vortex | SPECint| 50M 1
Access| Business| 200M 2
Dream\Waver | Content | 200M 2
Excel | Business| 300M 3
LotusNotes| Business| 200M 2
PhotoShop| Content | 200M 2
PaverPoint| Business| 300M 3
Soundmrge | Content | 300M 3

Table 1. Experimental Workload

which we selectedhe applicationsetlistedin Table1l. The
setconsistof 7 SPECin2000benchmarksind? desktopap-
plications(all of whichwereexecutedaspartof theWinstone
benchmarlsuite). Someof theapplicationsave examineactu-
ally consistof multiple trace les, eachrepresenting differ-

entportion of executionof the application. The tableabove
indicatesthe numberof x86 instructionsand the numberof

differenttracesa particulartestapplicationconstitutes.

5.3 ProcessorCon gurations

We evaluateseveral con gurations basedon a common
processompipeline. The pipeline is an 8-wide fetch, issue,
retire pipeline (the width refersto micro-operations). The
pipeline models 15 cycles betweenthe fetch of a branch
andthe earliestpossiblepoint of its execution. Becausahe
pipelineis deep,we modela speculatie wakeup/scheduling
thatoccasionallyrequiresinstructionsto be rescheduledf a
resultis not readywhen expected(appliesprimarily to de-
pendentoperationson datacachemisses). The scheduling
window is 512 micro-operations.The variouspropertiesof
theprocessoappeatn Table2.

Themajorexperimentghatwe reportin thefollowing sec-
tion are basedon a rePLayprocessorcon guration consist-
ing of aframecachethatcanstorel6k micro-operationgap-
proximatelyequivalentto a 64kB ICache)anda8kB ICache.
Whenfetching from the ICache,the maximumrate through
the x86 decoderis four x86 instructionsper cycle. There-
PLay frame constructorcreatesframesbetween8 and 256
original micro-operations.

In someexperimentswe also compareto a TraceCache
con guration (16k micro-op Trace Cache/8kBICache)in
whichthe Il unit continuouslycreategraceswit