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Abstract

For dynamic optimization systems,successis limited
by two difficult problemsarising from instructionreorder-
ing. Following optimizationwithin and acrossbasicblock
boundaries,both the ordering of exceptionsand the ob-
servedprocessorregister contentsat eath exceptionpoint
mustbe consistentwith the original code While compiles
traditionally utilize global data-flowanalysisto determine
which registers require preservation this analysisis often
infeasiblein dynamicoptimizationsystemslueto bothstrict
time/spaceonstaintsandincompletecodediscovery.

This paper presentsan approach called PreciseSpecu-
lation that addressegheseproblems. The proposedmed-
anismis a componenbf our visionfor Run-timeOptimiza-
tion ARditecture, or ROAR,to supportaggressivedynamic
optimizationof programs.lt utilizesa hardware medanism
to automaticallyrecover the preciseregister stateswhena
defered exceptionis reported,utilizing the original unop-
timizedcodeto performall recovery e observethat Pre-
cise Speculatiorenablesa dynamicoptimizationsystento
achieve a large performancegain over aggressivelyopti-
mizedbasecode while preservingpreciseexceptions.For
an 8-issueEPIC processarthe dynamicoptimizerachieves
betweer3.6% and 57% speeduppver a full-strengthopti-
mizingcompilerthat employsprofile-guidedoptimization.

1 Intr oduction

Effective codeoptimizationandschedulingequiresreg-
ister livenessinformation at all control-flowv instructions.
Instructions cannot be safely hoisted above conditional
branchesif their destinationregistersare live along the
taken pathfrom the branchUnfortunately the costof per
forming data-flav analysigo determindivenessatrun-time
is often greatand canbe exacerbatedy the useexception
handlingmechanismgo supporttrappingand recovery of
unexpectedr errorconditions.Someprogramsequirepre-

ciseexceptionswhereboththe orderingof exceptionsand
the processoiand memorystateat the time of the excep-
tion mustbe presered. The additionalcontrol flow arcs
thatmustbeconsideredor the preserationof theseprecise
exceptionsrenderrun-timedata-flav analysisprohibitively
expensve.

In orderto alleviate someof the restrictvenessof sup-
porting preciseexceptionsover the whole program,com-
pilers often place restrictionson what an exception han-
dler canexpectaboutthe region it protects. For example,
the compilermay limit reorderingof PEIsto within a sin-
gle protectionregion. This assumptionrequiresthe pro-
grammerto specify separaterotectionregionsaroundall
orderdependenpotentially exceptinginstructions(PEls),
but alsoallows for more aggressie optimizationof larger
regions.If arun-timeoptimizeris notfreeto make suchas-
sumptionsit is forcedto maintainpreciseexceptions.Opti-
mizerswhich reorderinstructionsmusttake precautiongo
presere orderingandcontet atall PEIs. This cansererely
limit theaggressienesof the optimizationsperformedbe-
causealargenumberof instructionsn thedynamicinstruc-
tion streamcan except, including loads, stores,and float-
pointarithmetic.

Considerthe code sequenceén Figure 1a. A compiler
with a view of an entire function may be ableto perform
data-flav analysisto determinethe livenessof registers
alongbranchingcontrolflow paths.For example,r 7 is the
only registerlive out of branchl . Compilersmay alsoreg-
isterallocateacrossexceptionpathsallowing registersto be
live into exceptionhandlers,suchasr 4 out of excepting
load C. Becaus@f spaceandtime constraintspost-linkop-
timizersgenerallycannotperformdetaileddata-flav analy-
sis andthereforecannotdeterminewhich registersarelive
out suchpaths. Figure 1b depictsthe live-outsetsfor the
sameregion of codewhen data-flav analysisis only per
formedonthetrace.Becauset is notknown whetherr 5 is
live-outalongtheexceptionarcfrom loadD, theredefinition
of r 5 in add E cannotbe moved above load D. Likewise,
addE cannotbe moved below branchG becausét may be



Original Code Original Live—Out Trace Code Assumed Live—-Out

A: branch ——— None A: branch ———— orig(r4,r2,r3,r5,r6,r7)
B: r4 = B: r4 =

C load r2 =— r4 C load r2 =———— r4,0rig(r2,r3,r5,r6,r7)
Do load r3 =—» 4,12 D load r83 =—— 4,r2,0rig(r3,r51r6,r7)
E: r5=r3+1 E: r5=r3+1

F:r6 =r2 + 4 F: r6 =r2 + 4

G branch ———— r4,r6 G branch ——————— r4,r2,r3,r5,r6,0rig(r7)
H r7 =r4 +r5 H r7 =r4 +r5

I: branch ——— r7 I: branch ————— r4,r2,r3,r5r6,r7

(a)

(b)

Figure 1. Live-out variables with respect to branc hes and potentiall y excepting instructions.

live-outalongthe branchstaken path. EssentiallyaddE is
pinnedbetweeroadD andbranchG.

This paperpresenta nev modelfor speculationcalled
Precise Speculation that automaticallyusesshadov reg-
istersto speculatiely perform operationswhile allowing
quick restorationof precisestateat the point of ary taken
branchor exception. Since precisearchitecturalstateis
maintainedat every non-speculatie branchand PEI, this
modelimprovesupon mechanismsvhereentiretracesare
speculated. Ratherthan losing all performedwork upon
exit from the trace, the proposedmethodpreseresall of
the non-speculatie computatiorthathasbeenperformed.

The relationshipof PreciseSpeculationwith previous
methodf speculations describedn Section2, andacom-
pleteexplanationof this new methodis givenin Section3.
Schedulingesultsenabledy theproposednethodarepre-
sentedor multiple benchmarks$n Section5.

2 RelatedWork

A numberof speculatiotechnique$ave beenproposed
to ensurecorrect exception handling and instruction re-
ordering. Hardware out-of-ordermechanismsnaintainthe
appearancef sequentiakxecutionby internally buffering
speculatie changedo architecturalstateat aninstruction,
or evenwhole trace,granularity In addition,a numberof
compilertechniquedave alsobeenproposedhatallow the
compilerto aggressiely reorderinstructionsby utilizing ar-
chitecturalfeaturesto temporarilydeferexceptions.While
someaccuratelypresere preciseexceptions,othersmay
not presere exceptionorderingor may drop someexcep-
tions completely Clearly the compiler hasan advantage
over a dynamicoptimizer becausdts optimization phase
canperformanalysis,generatecode,andallocateregisters
for boththe applicationandthe exceptionhandlers.

2.1 Hardware SpeculationMechanisms

Someout-of-orderexecutionprocessorgresereprecise
exceptionsby deferringthe commitsof speculatre instruc-
tions. Memory and register modificationsare bufferedin

their programorderinto a retirementstructurecalleda re-
order buffer [21]. Instructionsin the buffer arenot allowed
to affect stateuntil all older instructionshave completed
and committed. Checkpoint-repaimechanismg$12] have
alsobeenproposedo periodicallypresere state.At check-
points, copiesof the registerfile are made,while between
checkpointslists of change$o memoryarerecorded Upon
anexception,theregisterfile copiesareusedto restorethe
previousregisterstatewhile thelists of memorychangesre
usedto undoeachmemorychange.The sizeof thereorder
buffer and differencelists limits the amountand distance
of reorderingthat cantake placewhenusingthesemecha-
nisms.

Transmeta Crusoe processors[6], Trace Proces-
sors[19], andIBM’ s Binary-TranslationOptimizedArchi-
tecture(BOA) [10] employ methodsby which entiretraces
are speculated committing the resultsof the tracesonly
upontheir successfutompletion. Any speculatiorfailure
within a traceforcesrecovery backto the beginning of the
trace,andre-executionin the original code. This technique
requiresthat all registerwrites occurto a shadav register
file thatonly commitsits valuesinto the architecturategis-
terfile uponsuccessfutompletionof thetrace.Lik ewise,a
gatedstorebuffer [23] preventsstoresfrom beingcommit-
tedto memoryuntil theendof thetrace.

The FrameCache[17] usesessentiallythe sametrace
speculatiortechniqueasthe Crusoeprocessorshut reduces
the numberof traceside exits by corverting unlikely side
exits into assertd18]. An asseris aninstructionthattrig-
gersatracespeculatiorfailurewhenits computeccondition
is false.Whenanunlikely sideexit is taken (asserfailure),
the speculatie stateis thrown away andexecutionresumes
at the beginning in unoptimizedcode. Use of assertsn-
creaseshe size of anatomicallyexecutingunit from a ba-
sic block to an entiretrace,wherebyreducingthe load on
the branchpredictorandincreasingthe scopeof dynamic
optimization.However, whenanassertatein thetracetrig-
gersall of theresultsof thespeculatedracemustbethrown
away andexecutionrestartedNot eventhe successfullyex-
ecutedportionscanberetained.



2.2 Compiler-Controlled Speculation Mecha-
nisms

Early Very Long InstructionWord (VLIW) architecture
work revealedthat preservingpreciseexceptionsseverely
limited theaggressienesf optimizationthatcouldbe ap-
plied at compiletime. Multifflow Computers TRACE ar-
chitecture[7] utilized non-exceptingforms of certainin-
structionspftencalledsilentinstructionsto allow for code
movemeniabove brancheandotherexceptinginstructions.
When theseinstructionswould except, a garbagevalue
would be written into the resultregister This phory result
would sometimegausdutureinvalid computationandex-
ceptionsput clearlytheseexceptionswould not be precise.
This form of compilercontrolledspeculatioris sometimes
referredto as generl speculation[4]. In suchcompiler
controlled speculatre mechanismsJive register analysis
can be performedto locate architecturalregistersthat can
hold the speculatie values.

Boosting is another compilercontrolled mechanisms
thatis ableto speculaterbitraryinstructions[22]. In this
model,eachspeculatedhstructionis taggedwith theproper
execution path to its home block. If the home block is
reachedalong the specifiedpath, the speculatie results
commit, otherwisethey are cleared. This mechanisnre-
quireshits in theinstructionopcodeto representlirections
of a conditionalbranchalongthe properpathto its home
block. If aboostednstructioncausesin exceptionthe pro-
gram counter(PC) is written into the instructions result
register andthe exceptionis delayeduntil the speculation
is resohed. The PC valueis propagatedhroughthe re-
maining boostedinstructionsinto their resultregisters. If
the path storedin the original instructionmatchesthe ac-
tual executedpath andthe incoming operandis taggedas
excepting,a speculate@xceptionhasoccurred.In orderto
beprecisetheprogramcounteiis usedto find the offending
instruction,andall subsequentyoostednstructionsarere-
executednon-speculatiely. This ensureghat recoserable
exceptionssuchaspagefaults,arecorrectlyhandled.This
systemrequiresboth a shadev registerfile and a shadev
storebuffer to hold the boostedresults.

Sentinelscheduling is a compiler techniquedesigned
to allow boostingof instructionsabove a guardingbranch
while accuratelydetectingandreportingall exceptiong15].
Instructionsthatareboostedabove a brancharemarked as
speculatie. Whenaspeculatedhstructioncausesnexcep-
tion, the destinatiorregisteris marked ashaving excepted,
but no exceptionis reported.Theprogramcounterof theex-
ceptinginstructionis insteadstoredin theregister whichis
propagatedhroughsubsequenspeculatie instructions,as
with Boosting.Speculatednstructionsarerequiredto have
a check or non-speculatie consumerinstructionin their
original locationto detectandreportthe exception. When
anon-speculatedr checkinstructionreadsaninput regis-

ter marked asexcepting,the exceptionis reportedwith the
programcounterthatis locatedin the sourceregister How-

ever, whenmultiple inputregistersaremarkedwith except-
ing results,the exceptionpropagateds arbitrary thusnot

preservingpreciseexceptionordering. The sentinelmodel
alsorequiregheuseof extrarecoverycodeto correctspecu-
lation failuresdueto recoverablefaults. No extra hardware
is requiredto supportthis model otherthanthe excepting
bits on the registers,and the supportfor propagatingthe
programcounterthrough speculatie instructions. Inline

recovery [1] utilizes sentinelschedulingbut allows for re-

executionof code betweenthe speculatednstructionand
thecheckto sene astherecovery code.

The Boostingand Sentinelspeculationmodelsare not
idealfor run-timeoptimization.Boostingrequiresextra op-
codebits to representhe valid path, a featurethat is not
presentin most architectures. Sentinelspeculationdoes
not presere preciseexceptionsandwould requirerigorous
data-flav capabilitiesfor finding free registersin which to
storespeculatedalues.Finally, bothmodelsrequirerecov-
ery code,inline or explicit, to re-executethe instructionsin
orderto servicerecoverablefaults. In post-linkreoptimiza-
tion systemsrecovery codemaybedifficult orincorvenient
to generateSince thesesystemsave accesso theoriginal
codewhichis in pre-optimizatiorprogramorder, the origi-
nal codecanbeuseddirectly for recovery.

The DAISY dynamictranslationsystem[20] utilizes a
speculatiormechanismsimilar to sentinelspeculation.In
this system,extra registersare available to the translation
systemthatarenot utilized by the native application.Spec-
ulative resultscan be written into theseregisterswithout
affecting committedprogramstate. Then, the valuescan
be copiedfrom the extra registersto architectedregisters
inside the instructions homeblock. Like sentinelspecu-
lation, an exceptinginstructionwrites its programcounter
value into the result register and the value is then propa-
gatedthroughother speculatednstructions. When an ex-
ceptionis reportedhroughanon-speculatieinstruction,an
exceptionto the DAISY systemis triggered whichinitiates
the procesf finding the offendinginstructionin the orig-
inal code. Finding this instructionis necessarypecausets
programcountervalue mustbe reportedto the application
exceptionhandlerto ensurepreciseexceptionhandling.

Translation®f originalcodeto DAISY architectureode
occurson a page-by-pagdasis,which providesa unique
methodfor finding the original instruction. The systemlo-
catesthetranslatednstructionsfor pageentry pointsin the
original architecturghrougha directmappingto alocation
in thetranslateccode. Therefore correspondencketween
the original and translatedentry points can be achiesed
througha simple calculation. When an exceptionoccurs
in the translatedcode, a backward pathto an entry point
throughthe translatedcodeis found and recorded. This



pathis thenusedto tracethroughthe original codeto find

the offending pre-translationinstruction. While this sys-
tem correctly reportsthe programcounterof the except-
ing instruction,DAISY requiressignificantoverheado lo-

catethe paths. Furthermore DAISY mustalsobe ableto

re-shufle significantportions of translatedpages. When
a pageis translatedthe known entry points are placedat

theirmappedocationswithin the page while otherinstruc-
tions are placedwhere corvenient. However, asnew en-
try points are found through subsequengéxecution, their

mappedocationsmay be occupiedwith otherinstructions
whichmustbemovedin orderto correctlytranslatehenew

entrypoints.

Repair mechanisntechniqueshave beenproposedfor
performing optimization while preservingpreciseexcep-
tionsin dynamictranslator§14] [9]. In thesemethodsjust
enoughprocessosstateis maintainedto allow repaircode
to be generatedvhenan unexpectedevent, suchasan ex-
ception,occurs.Thisrepaircodeis executedo restorepre-
cisestatebeforecontroltransferso any exceptionhandler
However, dueto the overheadof the generatiorof this re-
pair code,suchunexpectedeventsmustbe very infrequent
to preventa negativeimpacton performance.

2.3 Other Dynamic Optimization Systems

The Dynamodynamicoptimizationsystemis designed
to transparenthoptimizea native applicationasit executes
ontheprocessof2]. Thissystendoesnotcurrentlyemploy
aspeculatiomechanismbut ratherturnsoff ary optimiza-
tion that might violate preciseexceptionswhen they are
required. In Dynamo,instructionsareinitially interpreted
while theinstructionsareprofiled. Fragmentsor tracesare
formedalongthe frequentlyexecutedpathsand then opti-
mized. Sinceeachfragmentis constructecsa collectionof
basicblocks,thestart,end,andall sideexits of thefragment
have consistenarchitecturaktatewith their counterpartén
theoriginal program.Furthermorein orderto presere pre-
ciseexceptionsarchitecturaktatefor all PEIsmustalsobe
consistenwith their original counterparts.Becausemary
typesof optimizationsperformedon the fragmentsnayre-
move instructionsor move themwith respecto PEls,they
canonly be performedwhenthe userindicatesthat precise
exceptionsareunnecessarfor theapplication.Futurework
in Dynamoincludesthe useof optimizedcodedehugging
techniquesduring fragmentconstructionin an attemptto
allow for thereconstructiorof the precisecontext from ary
pointwithin the optimizedfragmentg24]. Traceoptimiza-
tionswithin Dynamowould likely benefitfrom a hardware
mechanisnthat assistedn presenration of preciseexcep-
tions.

In a similar way, hardware mechanismg$16] have been
proposedo performtransparenprofiling andtraceforma-
tion in a memory-baseaodecache. Without performing

data-flav analysishardwaresystemscannotutilize sentinel
speculatiorto allow reschedulingdf instructions. Thus,in
orderto maintainpreciseexceptionsnoinstructionreorder
ing canbe performed.For morepowerful optimizationsto
be performeda moreflexible speculatiormodelis needed.

3 PreciseSpeculation

For greaterrun-time optimizereffectivenessit is desir
ableto aggressiely optimize acrossPElsthatareunlikely
to except,while maintainingamechanisnfor restoringpre-
cise exceptionstatewhenan exceptionactuallyoccurs. In
mostapplications exceptionsaretruly exceptionalevents.
While theseapplicationscontaina large numberof PEIs,
mary applicationsnever actually except. Other applica-
tions may useexceptionhandlingasa corvenientmethod
for executingcontrolflow changesandsoanumberof po-
tentially exceptinginstructionsmay exceptsomevhat fre-
guently Whenoptimizing codein the presencef PElsit is
desirabldo optimizeacrosghePElsthatareunlikely to ex-
ceptattheexpenseof recoverytime from theexception.For
PElsthataremorelikely to exceptit is insteadprofitableto
presere quick recovery.

3.1 SentinelSpeculation- Accurate but Impr ecise
Exception Reporting

As describedn Section2, SentinelSpeculatiorallows
potentiallyexceptinginstructionsandtheirdependentto be
movedabove conditionalbranchesandpredicatedefinesin
thecodeschedulavhile reportingonly theappropriatenon-
spuriousexceptions.Considettheoriginal codeasshavnin
Figure2a. In orderto hide someof the lateng of load in-
structionsC andD, theschedulemovesthemearlier in this
caseabove branchA, making C and D speculatie instruc-
tions. Figure 2b depictsthe resultof the codemovement.
LoadsC and D have beencorvertedinto speculatedoads,
asdenotedby the S flag prior to theopcode.In the Sentinel
Speculatiormodel,theseinstructionsdo notreporttheir ex-
ceptionimmediately but ratherrecordthe exceptioncondi-
tion in their resultregisters. Generally a non-speculatie
checkinstructionis placedin theoriginallocationof thein-
structionsto signalthe actualexception. In orderto limit
the codesizeexpansionjmplicit checkscanbe used.With
implicit checks,a non-speculatie consumptiorof a regis-
ter marked asexceptingwill signalthe exception. For ex-
ample,addoperationsE andF utilize the load resultsnon-
speculatiely, andwill signalthe exceptions.

Sinceary exceptioncausedy C andD will bereported
only whentheir resultsare usedby E andF, an exception
will bereportedf andonly if onewould have beenreported
in the original program. Despitethis fact, the newv code
in Figure 2b violatestwo preciseexceptionrequirements.
First, shouldbothloadsexcept,it will reportD beforeC be-



A branch C <s>load r2 =
B: r4 = D: <s> load r3 =
C load r2 = A: branch

D load r3 = B: r4 =

E. r5=r3+1 E r5=r3+1
F:r6 =r2 + 4 F:r6 =r2 + 4
G branch G branch

H r7 =r4 +1r15 H r7 =r4 +r5
I: branch I: branch

(@ (b)

T IOTMMQQO®m>0O0N

: <s>load r2 =

: <s>load r3 =
branch C: <s>load r2 =
r4 = D: <s>load r3 =

. check r2 G : <s> branch

: check r3 A : branch
r5=r3+1 B: r4 =
ré =r2 + 4 E: r5=r3+1
branch F: r6=r2+4
r7=r4 +1r5 H: r7 =r4 +1r5
branch I : branch

© (d)

Figure 2. Code motion using Sentinel speculation and Precise speculation.

causethe orderingof the usesdoesnot matchthat of the

original loads.We will referto thisasthe orderingrequire-
mentof preciseexceptionreporting. Explicit checkscould

beinsertedasshowvn in Figure2c,to preserethedetection
orderof exceptionsat the costof expandedcodesize. Ob-

viously, a schemehat preseresthe orderof exceptionre-

porting without explicit checksis desirable.Our proposed
new modelis onesuchscheme.

Second,n Figure 2b, shouldonly C except,the excep-
tion will not be known until the first useof r 2 at F, by
whichtime E will have changedhevalueof r 5. However,
in theoriginal code theregisterwrite of r 5 shouldnothave
occurredbeforeC's exceptionis reported. This canpoten-
tially causea problemwith anexceptionhandlerif the old
contentsof r 5 is neededduring exceptionhandling. We
will referto thisrequiremenasthe livenessequiremenbf
preciseexceptionhandling. This termreflectsthe fact that
someregisterscanbe usedbeforebeingredefinedn anex-
ceptionhandler

In orderto accuratelyconformto this requirementvith-
out specialhardwaresupport,the optimizermustconstruct
a completecontrolflow graphincludingthe exceptionhan-
dler codeandperformglobal live registeranalysis,a form
of global dataflow analysis.Unfortunately mostproposed
post-linkoptimizationmechanismeitherdo nothave guar
anteedaccesso the entire control flow graphdueto in-
completeinstructiondiscovery or cannotafford to perform
globaldataflow analysisdueto limited time/spacéudgets
for their operation.As aresult,very little reorderingcould
safely take placeacrossPEls and branchesjnhibiting al-
mostall profitablecodemotion.

3.2 Overview of ProposedModel

To enableaggressie reschedulingand other dynamic
optimizations, a nev speculationmodel, called Precise
Speculationis proposedo minimizetherestrictionsplaced
uponthe codereorderingactiities performedby the opti-
mizer. The codereorderingactvities coveredby the Pre-
cise Speculationrmodel include standardcontrol and data
speculatioracrossPEls (thoughdataspeculationis left for

Optimized
Trace

Original
Trace

Exception

Control Flow
—_—

Speculative
Code Motion
Corresponding
Register Commits

Exception
Handlers

Figure 3. Precise Speculation concept.

afuturework), aswell asspeculatie relocationof PElsand
brancheswhile completelypreservingpreciseexceptions.
This new speculatiormodelis designedsothatit could be
utilizedby hardware-onlyrun-timeoptimizers aswell asby
software-onlysystemdik e Dynamo[2] andsoftware-driven
hardware coprocessopptimizers[5] wherecompletedata
flow informationis usually eithertoo costly or infeasible
to derive. Precisespeculatioradherego boththe ordering
and the livenessrequirementgor maintainingpreciseex-
ceptions.

UnderthePrecisespeculatiormodel,PEIsandbranches
are for all practical purposesidentical. Both PEls and
branchescan changecontrol flow to the point of a non-
sequentialinstruction (branchego their branchtarget and
exceptionsto the exceptionhandler). The only difference
is thatPElIsaregenerallyassumedo branchmuchlessfre-
qguently thusareimplicitly predictedasnot-talken. Branch-
ing Instructions(Bls) will beusedin referencedo the setof
all PElsandbranches.

Figure 3 depictsa high-level example of how Precise



Spec.| Spec. Non-Spec. |Non-Spec|
swvalid| | Read | Write Read Write
0 R-Speg W-Spec| R-Spec W-Both

svalid=1

R-Speg W-Spec| R-Spec W-Both
1 svalid=0 svalid=0

non-spec=spgc

Table 1. Actions for register file accesses.

Speculationworks. Considerthe original traceof instruc-
tions shovn on theright side of the figure, which consists
of a setof potentiallyexceptingloadsandseveral otherar-
bitrary instructions. In the example,the schedulemoves
instructionsA, B, andC up above load X asshavn by A",
B, andC in the optimizedtraceon the left side of the
figure. However, thesespeculatie instructionsmustnotde-
stroy thecontentf registersthatmaybelive out of branch
X. Theproposednechanisnprovidesaseparatspeculatie
registerfile. Speculatie instructionswrite their resultsinto
the speculatie registerfile. At the propertime, the specu-
lative resultsmustthenbe committedinto their properdes-
tinationswithin the architecturategisters.Thisis shovn in
theoptimizedtraceasregistercommitinstructionsA, B, and
C. Non-speculatieinstructions pntheotherhand write di-
rectlyinto their architecturabestinatiorregisters.

With precisespeculationnon-speculatie Bls sere as
checksfor speculatie instructions. For example,in Fig-
ure 3, non-speculatie load X is the Bl that senesasthe
checkfor A’ , B’ ,andC . Whenaninstructionactingasan
implicit checkdetectsary speculatiorexceptionsthe con-
tentsof the speculatie registerfile is discarded. This re-
movesthe effectsof all the speculatie instructionswhose
resultshave not beencommitted. In Figure 3, the resultof
A ,B ,andC will bediscardedvhenary of themcauses
anexceptionthatis detectedy X. This ensureghatall live
registersareproperlyprotectedagainstary changesy the
speculatieinstructions A transitionto original codeis then
forced. In Figure 3, the transitionto original codecorre-
spondgo the transitionof the executionfrom X ontheleft
handsideto X on theright handside. Sincethe resultsof
A ,B ,andC areall excludedfromthearchitecturategis-
terfile, theoriginal codecancorrectlyexecutein their orig-
inal order Then,exceptionsarereproducedn their proper
order It shouldbe notedthatthe orderingof storesis never
changedandthatstoresarenever speculated.

3.3 Speculatve RegisterFile

PreciseSpeculationrequiresa specialregister file and
worksin tandemwith atraceoptimizationsystemto allow
exceptionrecovery. Conceptually eachregister contains
a speculatre half and non-speculatie half as well as bit
(svalid) that specifiesvhetheror not the speculatie half is
valid. The effectsof accessetn theregisterfile areshovn
in Tablel. Non-speculatie writesalwayswrite bothhalves

of the register and clear svalid. Speculatie instructions
write only the speculatre half and setsvalid. All reads
from a registerreadfrom the speculatie half. However,

non-speculatie readsadditionally clearthe svalid bit and,

if svalid is set, commit the outstandingspeculatie value
by copying the speculatie half to the non-speculatie half.

Speculatie readsleave the svalid bit unchanged.Explicit

commit instructionsare no-opscomposedof the sources
readyfor committing. The registerfile canbe restoredto

anon-speculatie stateby copying the non-speculatie half

into the speculatie half for eachregisterwith a setsvalid

bit.

When building the optimizedtracefor the codecache,
someBIs may be speculatedndsomemay be left unspec-
ulated. Speculatie Bls exceptsilently, meaningthat they
flaganexceptionbut otherwisedonothing.Non-speculatie
Bls exceptif eithertheinstructionitself causesnexception
or if aprecedingspeculatie Bl silently excepted.Whena
non-speculatie Bl excepts,it restoreshe registerfile to a
non-speculatie stateas specifiedabove andtransferscon-
trol to a pointjustbeforeits counterpartnstructionin orig-
inal code. Themappingbetweerthe optimizedandoriginal
codeis known atall non-speculatie Bls andis describedn
Sectiond. Oncebackin the original code,executioncon-
tinuesat a point prior to ary of the speculatednstructions,
in effectexecutinginline recovery code.If the exceptionin
the optimizedcodeis recoverable,suchasa deferredpage
fault,it will beservicedn theoriginal code.After returning
from the exceptionhandler executioncontinuesnormally
andwill eventuallytransitionbackto optimizedcodeat an
entrypoint.

Basic blocks should be viewed as regions betweenall
Bls insteadof just branchesPreciseSpeculatiorallows all
instructions(including Bls themseles)to be safelyspecu-
latedupinto anotheibasicblock. Thespeculatiorof aBl al-
lows the computationapartandexceptingpartto complete
earlyandallows the basicblock above andbelow the Bl to
be megedinto one,largerblock. The commitfor a Bl can
safelyandimplicitly occuratthefirst non-speculatieuseof
the destination or if noneexists, anywherein the new ba-
sic block usingan explicit commit. In this manney Precise
Speculatiorcanprovide greaterfreedomin codemotion by
enlaging basicblocks.

3.4 Branch Speculation

The codein Figure 2b, while not sufficient to allow pre-
ciseexceptionhandlingfor sentinelspeculationis perfectly
valid in precisespeculation.In thefigure, A, C, andD are
all Bls. ShouldeitherC or D silently except,A will restore
theregisterfile andbranchto just beforeits counterparin
original code.AssumingbranchA in original codedoesnot
take (it couldhave beenaguardingbranchto make surethat
CandDdonotloadfrom NULL), theloadswill thenbere-



executedandtheexceptionhandledasif theoptimizedcode
never existed. Previously, it was notedthat branchesand
PElsareconsideredn anidenticalmanner This meanghat
brancheganalsobespeculatedinderthismodel. Figure2d
shaws an extensionof the examplein Figure 2b wherea
branch,alongwith the loadsC and D is speculated.The
speculatedbranchG silently exceptsif its branchcondition
is true. This meansthatif the branchshouldbe taken, the
next non-speculatie Bl, branchA, actsthe sameasif one
of thespeculatedoadshadexcepted By speculatedbranch
G, thebasicblock hasbeenfurtherincreasedn size.
Theability to speculatdoranchess presentedo provide
insightinto the natureof precisespeculationHowever, this
featureis not taken advantageof for the experiments.

3.5 Combining Sentineland PreciseSpeculation

As discussegbreviously, PEls(exceptfor stores)canbe
preciselyspeculate@bove othernon-speculatie PEIs. The
non-speculatiePEIsseneastheexceptioncheckof all out-
standingprecisespeculatie instructions,forcing a branch
backto original code. Backin original code,executionre-
sumeshon-speculatielyin original programorder This ex-
ecutionguaranteethe properorderingandregistercontext
of exceptions.

While instructionsthat actually exceptcanbe included
andoptimizedwithin atrace,caremustbetakenin choos-
ing how far to speculaténstructionsthat normally do not
except.Whenaninstructionis precisespeculatedo anear
lier locationwithin a trace,it may exceptmore oftenif it
is moved beforea guardingbranch. This exceptionwould
forceanearlyexit from the optimizedtraceatthe next non-
speculatie PEI, whentheguardingbranchwould have nor-
mally protectedit. It is beneficial,however, to precisely
speculatenstructionsabove brancheghatarehighly likely
to fall through.Becauséhesebranchesrenotlik ely to exit
out of thetrace,they arealsonot likely to be animportant
guardinstructionfor the PEI. Thereforeprecisespeculation
above brancheswith a strongfall throughbiaswill limit
likelihoodof a prematureexit.

Much of the benefitfrom compilergeneratedsentinel
speculationis thatloadscanbe moved up above guarding
branches. Sincethe loadsare silent, the exceptionis de-
ferreduntil a sentinelis reachedvhich triggersthereal ex-
ception.In the sameway, a run-timeoptimizercould make
potentiallyexceptingoperationdothsentinelandprecisely
speculatie by insertingan explicit sentinelfor theinstruc-
tion. As long asthis sentinelis itself never speculatedspu-
riousreturnsto unoptimizeccodecanbeavoided. However,
sincethe goal of this work is to demonstraté¢he costsand
benefitsof our nev modelof speculationwe did not allow
our optimizerto performadditionalsentinelspeculation.

Compilergenerated control-speculatie instructions
must have an eventual sentinelto prevent the loss of an

exception. Sincethesesentinelspeculatednstructionsare
silent, a dynamic optimizeris free to preciselyspeculate
them,evenabove branchesvith agoodchanceof taking.

3.6 Implementation Considerations

Although eachregisterfile entryin the precisespecula-
tion modelis conceptuallyorganizedas a two-portion en-
tity, mostof the compleity canbe confinedto the retire-
mentstageof the processopipeline.In animplementation,
one cansimply have the speculatie portion of the register
file entriesin the coredatapath. Thustheregisterfile in the
coredatapathwill be referredto asthe speculatie regis-
ter file, which is identicalin designto the registersusedin
traditionalarchitectures An additionalarchitecturakegis-
ter file with an svalid bit for eachentryis providedin the
instructionretirementstageof the processopipeline.

All instructions speculatie or non-speculatie, write to
thespeculatie registerfile. As non-speculatieinstructions
areretired,they alsowrite into thearchitecturafile. Onthe
otherhand,speculatie instructionsarenotallowedto write
into the architecturdfile whenthey retire. They simply set
the svalid bit of their destinationregisterentry. Thus, at
ary pointin time, the svalid bits markall the entrieswhose
speculatire and architecturalportionsdiffer. The valuein
the architecturefile is the potentiallylive value beingpro-
tectedfor preciseexception.

As a non-speculatie instructionretires, it alsodeposits
its input register valuesinto the architecturalregistersif
thesevalues were producedby speculatie instructions.
This effectively advancesthe contentsof the architecture
registerfile asthelegitimacy of the speculatie instructions
are confirmedby their non-speculatie dependentnstruc-
tions. The svalid bits can be usedto avoid unnecessary
copying of identicalvaluesfrom the speculatie registerfile
to thearchitecturategisterfile. Additionally, bufferingcan
beusedo eliminatetheneedo increasehenumberof ports
tothearchitecturdile. Sincethespeculatieinstructionsare
notallowedto write to thearchitecturdile, the bufferedup-
dateswill eventuallyfind idle portsinto thefile.

Whena speculatie exceptionis sighaledby a check,ei-
ther implicit or explicit, the speculatie registerfile is re-
pairedwith the contentsof the architecturefile beforethe
executionis redirectedo the original code. This erasesll
the speculatie instructionresultsand presere all poten-
tially liveregisters.

4 Mapping of Optimized to Original Code

In orderto ensurepreciseexceptions,the original ad-
dressof the exceptinginstruction must be reportedto its
handler In mary systems,the handlercomparesthe in-
structionaddresgo the handlers coveragerangeto deter
mine if it coversthe particularexception. In our proposed
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D: <s> load r3 - 0x10 A: br r4==5 to 0x40

\
\II 1
\

C. <s>load r2 1

X: check 0x10 -

A br r4!=5 to 0x14 Ox38 H r7 =r1r4 +r5

B: rd4 = Ox3C l: br r7>0 to 0x80
E: r5=r3+1 0x40 B: r4 =

F: r6=r2+ 4 0x44 C. load r2 =
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H r7 =r4 +r5 Ox4CE r5 =r3 + 1
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Z: junp 0x40 0x54 G br r6>0 0x38

(a) Explicit speculation check instruction

Hot execution path used during trace formation: ABCDEF G H
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Extracted and Optimized Code Original Code

D <s> load r3 = 0x10 A br r4==5 to 0x40

C <s>load r2 = /(

A br r41=5 to 0x14 =~

B: r4 = Ox38 H r7 =r4 +r5

E: r5=r3+1 Ox3C1l: br r7>0 to 0x80

F:r6 =r2+ 4 0x40 B: r4 =

G br r6<=0 to 0x58 O0x44 C. load r2 =

H r7 =r4 +r5 0x48 D: load r3 =

I: br r7>0 to 0x80 Ox4CE r5=r3 + 1

Z: junmp 0x40 Ox50 F: r6 =r2 + 4
0x54 G br r6>0 0x38

(b) Implicit speculation check via non—speculated PEI

Figure 4. Explicit and implicit
check instructions.

speculation

system the original addresof the exceptinginstructionis
alsoneededo begin inline speculatiorrecovery backin the
original code.

Figure 4(a) depictsa region of codethat hasbeenopti-
mizedin a dynamicoptimizer Theright side of the figure
depictsthe original coderegion, andtheleft depictsthe op-
timizedcodewhereloadsC andD have beenspeculatednd
reordered Usingthe precisespeculatiormodel,an explicit
checkinstruction X hasbeeninsertedto direct execution
backto theoriginal codealongthe dashedine whenanex-
ceptionis detected.An explicit checkinstructioncontains
an addresgo its correspondindocation backin the origi-
nal code.Whenanexplicit checkis inserted gxecutioncan
immediatelytransitionto the original codewithout delay
but incursthe costof addingextrainstructionsinto the code
stream.

Figure4(b) depictsthe sameregion of codethistime us-
ing animplicit, precisespeculatiorcheck.In this mode,all
potentiallyexceptingandbranchinginstructionsalsosene
aschecks.However, thesenstructionsdo not containinfor-
mationasto their locationin original code.Anothermech-

anismmustbe utilized to obtaintheaddress.

A numberof solutionshave beenproposedo locatethe
original address. As previously described DAISY walks
backwardin theoptimizedcodetrackingthepathto anentry
pointwherethe original locationis known. Othermethods
have includedinsertingmarkersinto the codestreamprior
to eachPEI with the correspondingriginal address.This
techniqueis essentiallyequivalentto insertingan explicit
checkprior to eachPEIl. Finally, a tablelocatedoutsideof
theoptimizedinstructionstreancouldholdthecorrespond-
ing addressefor eachPEl.

Our solutionis a hybrid schemehatallows theinsertion
of checksasaddressnarkerswhenexplicit checkingis de-
sired or when an exceptionis likely while relying upona
tablefor thebulk of themarkers. Thisway we gaintheflex-
ibility of adirecttransferto original codewhile minimizing
theincreasen codesize.

Specifically atableof original programaddressess cre-
atedfor eachoptimizedtrace,whereeachnon-speculatie
PEI or branchin the code utilizes an entry Instructions
that cannotexcept do not sene as checksand therefore
do not needentriesin the table. Likewise, speculatedn-
structionscannotbranchanddo not needentries while any
explicit checkinstructionsalreadycontainthe original ad-
dressanddo not needentries. The challengeto ary table-
basedmethodis finding the correctlocationin the table.
In our method,we linearly allocateentriesfor the poten-
tially branchinginstructionsin the traceandusea counter
to maintainthe correctoffsetinto thetable. Oneadditional
consideratioris thememorylocationof thetable. Sincethe
tableis unlikely to befrequentlyaccessedt shouldbeposi-
tionedsuchthatit doesnotinterferewith normalinstruction
cachingoperations.

At the startof a trace,the offsetmustbe setto the start
of the traces table. To performthis initialization, a spe-
cial instructionis insertedat the beginningof eachtrace,as
shavn asi nitializer Y in Figure5. During execu-
tion of thetrace,the counteris incrementedor eachPEl or
branchthatis encounteredWhenan exceptionis detected
at a branchinginstruction,the counterwill containthe ap-
propriateindex into the table. The processodiscardsary
speculatie valuesandtransferscontrol to the targetin the
tablepointedto by the offset.

Sincebranchesannormally changecontrol flow, there
mustbeaprecedencbetweerits responsibilityasanexcep-
tion checkanda conditionalbranch. Semanticallybranch
instructionscomputetheir conditionsprior to checkingfor
exceptions.Shouldbothabranchconditionevaluateto true
and an exceptionalso be flagged,the branchwill simply
follow its target. This is valid becauseeffectively, codeis
only movedupward. Therearetwo caseghatillustratethis
point. In thefirst case the branchforcesan exit from the
tracebackto original code. In the secondcase the branch
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0x10 A: br r4==5 to 0x40

Ox38 H r7 =r4 +r5
><0x3C I: br r7>0 to 0x80
0x40 B: r4 =
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_ Y:initialize to table
5 - C <s>load r2 =
€ - X check 0x10
2 0 A br r4!=5to 0x14 —ly
>- B r4 =
E 1 D loadr3=—— "1
o - Er5=r3+1 2
2 - F r6=r2+4 /
F 2 & br r6<=0 to 0x58

- H r7=r4 +1r5

|

br r7>0 to 0x80

- Z: junp to 0x40

\ 0x44 C. load r2

0x48 D: load r3
OX4CE r5 =713
0x50 F:

ré =r2
0x54 G br r6>0

o+ + 111
w b

Hot execution path used during trace formation: ABCDEFGH I

Figure 5. Hybrid approach to obtaining the original program address.

transferscontrol to anotherrace,or possiblyto within the
currenttraceservingastheloop backbranch.In bothcases,
the speculatie instructionthat flaggedthe exceptioncame
from the branchs fall-throughtarget and would not have
beenreachedf executingin original order This meanghat
theflaggedexceptioncanbe safelyignored.

Computingthe condition of a branchand following its
exit targetfirst ratherthancheckingfor anexceptionpermits
two things. First, a taken branchnever hasto accesshe
tableto getto theoriginal codebecaus¢hetargetis encoded
in the instruction. Second the table offset for the branch
cancontainthe fall throughtarget of the branchinsteadof
the addressf the branchitself, as shovn in branch A
in Figure5. This preventsthe branchfrom having to re-
executeshouldit seeanexceptionflagged.

However, PEIsmustexecutefirst, and checkfor an ex-
ceptionsecond. Upon detectingan exceptioncausedby a
precedingspeculatie instructionor causedby the PEI it-
self, execution control must transferto the original code
just prior to executionof the PEI. For example,shoulda
non-speculatie load in the optimized codeexcept,| oad
Din Figureb, the exceptionmustbe suppresseih thetrace
andre-executionof theinstructionmustbeperformedn the
original code.This ensureshattheprogramcountethasthe
correctvalueat the exceptionandensureghatall specula-
tive statehasbeendiscarded.

5 Experimental Analysis

To evaluatethe potentialbenefitfrom PreciseSpecula-
tion for run-time optimization, programhot spots[16] of
several SPECbenchmarksvere examined. Thesebench-
markswere compiled using the IMPACT compiler[3] to
generateaggressiely-optimizedsuperblockcode[11] for
the IMPACT EPIC architecturd1]. Theseprogramswere
emulatedandthe Hot SpotDetectorand TraceGeneration
Unit weresimulatedo extractsetsof tracesmakingup pro-
gramhot spots[16].

Benchmarks | Num.|Instfrom|Hot Spot| Static| PEIs|
Insts| Selected Tracel Ops| and

Traces Setg Brs

099.go 329M 42M 7/13685 5066
124.m88ksim| 80M 56M 3| 3578 1395
129.compresy 29M 12M 5| 3787| 1286
130.1i 122M 63M 9| 4701 2191
132.ijpey 1.20B| 704M 68(45093/17156
134.perlJmblel 2B 1.37B 8| 5035 2672
134.periScrbl 2B 842M 4| 5618 2923
181.mcf 509M 441M 9| 4716| 1714
183.equak 2B| 1.26B 9| 2940 852
197.parser |184M 78M 32| 9414 4127

Table 2. Benchmark summary.

The benchmarksusedfor the experimentsare listed in
Table2. Hot spotsweredetectedusingthe methodin [16].
Each hot spot consistsof a set of traces,and we chose
to only re-scheduleand optimize hot spotscontainingat
leastonetracethat executesmorethan40,000instructions
throughthe courseof the program.The numberof instruc-
tionsemulateds shown for eachbenchmarkaswell asthe
total dynamicnumberof instructionsspentwithin the se-
lectedhot spots.

With the exceptionof onerun of perl, tracesweregen-
eratedwith the sameinput usedby the static compilerto
generatdts profile information. This makesthe compar
ison more challengingfor the runtime optimizer Results
presentedor the benchmarlparserconsistonly of the dic-
tionary readportion of its run while perl andequale were
limited to 2 Billion instructions.

Eachbenchmarkwas first compiledto an internalrep-
resentation,inlined, aggressiely optimized, and sched-
uledfor aneightissuelMPACT EPIC processowith three
branchthreememory threefloat-point,andfive arithmetic
units. Staticcompilationwasguidedby training profile in-
formation. Separatdrom the benchmarksa subsetof the
standardC library wasalsocompiled,with the aid of pro-
file information for generalusageof the library and with



inlining within thelibrary itself. Insteadof completingthe
compilationprocesgo a binary, the benchmarksindthe C
library wereleft in IMPACT’s IR (intermediataepresenta-
tion). The compiledIR wasthenemulatedhot spotswere
detectedandtraceswereformed. Oncedetectedthetraces
themseleswereemulated At the endof theemulation se-
lectedtracesalongwith their actualpost-detectiorprofiles
werestoredfor subsequergxperimentaphases.
Performanceesultsfor the tracesfor eachbenchmark
arepresentedndanalyzedor thefollowing four models:

1. Original: No changesnadeto theoriginal codesched-
ule. This modelsenesasa baselinefor performance
evaluation.

2. Steduled Reschedulingppliedwhich preserespre-
cise exceptionsand limits early trace exits. As de-
scribedin Section3, ary reorderingof non-speculatie
instructionswith respectto non-speculatie PEls re-
quiresthat the moved instructionbe preciselyspecu-
lated. For our experiments,all commitsare explicit
and thereforeaddedfor every speculatednstruction.
Note thatthe speculatiorsemanticsequirerestricting
eachcommitto thehomeblock of the PEIit commits.
Finally, to limit earlytraceexits, speculatiordoesnot
proceedabove unbiasedorancheswhich, for our ex-
perimentsjs ary tracebranchwhosetaken threshold
is morethan20%.

3. Bestscheduled Exceptionsandearlytraceexits areas-
sumedhotto occur Theresultis alossof bothprecise
exceptionsandcorrectbehaior ontakenbrancheslg-
noring the potentialfor an early traceexit cancause
the corruptionof valueslive-outof atraceexit andthe
schedulegproducedare likely invalid. However, this
is not a significantproblemsincetheseresultsareto
sene only asa performanceaupperbound. By remov-
ing thesetwo restrictions,no speculationoverheads
requiredto re-orderPElsor instructionsand PEls,no
commitsareaddedandinstructionscanbe speculated
highersincetraceexit weightsarenot considered.

4. Optimized Simple, exception-safeoptimizationsare
performed,followed by the sameschedulingprocess
usedfor the scheduledmodel. Optimizationsarelim-
ited to local copy and constantpropagation,redun-
dang elimination and instruction rescheduling,all
previously proposedor tracecacheg8] [13].

Figure 6 shaws the speedupresultsfor the Stheduled,
Optimized and BestSheduledcases The Original is used
as a baseline. Speedupon the tracesrange from 3.6%
for ijpeg to about57% for perl (Jumble) The average
speedufor rescheduledodeboundto all of theconstraints
of the Sheduledmodelis about22%. The speedupesults

from a variety of factors. During the tracegeneratiorpro-
cesstracesareformedacrosdunctionsbothinternalto the
benchmarkand throughthe included C library functions.
This tracepartial inlining greatlyimprovesschedulingop-
tions. This is especiallytrue with regardto the C library
functionsbecause profile for the functionfor the specific
benchmarkdid not exist at staticcompilationtime. Addi-

tionally, theinlining is partial (i.e. it containsonly the ac-
tively traversedportionof the function)allowing codeto be
inlined acrossfunctionsnot statically inlined dueto code
sizelimitations. Sincepermanenstateis not changedby
preciselyspeculatednstructionsuntil their matchingcom-
mit is encounteredpur modeleffectively allows the “viola-

tion” of registerdive outof abranch.An instructioncanbe
speculatedabore a PEI knowing that, shouldthe PEI exit

thetrace machinestatewill remainconsistent.

The combinationof partial inlining, separatelibrary
code,andthe naturalspecializatiorduringthe dynamicop-
timization processcan causean individual trace profile to
deviate from the aggreateprofile usedduring staticcom-
pilation. This is especiallytrue whenthe benchmarknput
differsfrom the one usedfor the profile for staticcompila-
tion, asis the casefor perl (Jumble)in Figure6. Perlwas
statically optimizedusing an averageprofile of the scrab-
ble and primesinputs. The resultslabeledperl_jm arefor
a run using a differentinput namedjumble while the re-
sultslabeledperl_scrarethosefor arunusingscrabble For
all threecasesscheduled,Optimized,and BestScteduled
reschedulinghows a larger speedupvhenthe differentin-
put(jumble)wasused.This providesevidencethatachange
in input canyield greaterpotentialfor re-optimization.

Anotherimportantpoint to extractfrom Figure6 is the
performancegap betweenthe Best Stheduledand Sched-
uled cases.Part of the reasorfor the gapis thatthe sched-
uler hasmorefreedomto performupward codemotionbe-
causdt doesnot limit operationsrom passinganunbiased
branch. Additional freedomcomesfrom the factthat pre-
cisespeculatiorequireghespeculatiorof aPEImustcross
at leastone other PEI or it cannotbe moved without the
addition of an explicit check. To avoid insertingof such
checks,in the Stheduledcasewe requirethat flow depen-
dencesmustallow for an operationto move at leastinto
anotherbasicblock for it to be movedat all. Speculation
itself aggravatesthis becausehe basicblock sizesgrow as
morespeculatioris performedincreasinghe distanceover
whichaPEIwill haveto berelocated.

The otherreasonfor the performancedifferenceis the
consumptiorof resourcedy theexplicit commitsaddedor
every preciselyspeculatie instruction. This effectis some-
what exaggeratedsince,in orderto estimatea worst-case
costof the commits, we usedonly single source,explicit
commits. Explicit commitstendto clump togethersince
they cannotmove outsideof the basicblock in which they
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Figure 6. Speedup of traces under various scheduling constraints.
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Figure 7. Fractional increase in code size due to commits and table offset instructions.

are placed. The fraction of opsthat are commitsfor the
scheduledmodelcanbe seenin Figure7. Anywherefrom
3%to 16% of all statictraceinstructionsarecommits.The
Reduceaolumnis thenumberof commitswhentakingad-
vantageof implicit commitsandtwo sourceexplicit com-
mits. Thisreducegheincreasdo betweernl% and8%.

The Table Offsetsbar shawvs a count of the numberof
opsthat mustbe addedto keepthe offsetinto original PC
tableconsistentOnemustoccurarethe beginning of each
traceandonefor ajoin atary loop-backbranchinternalto
atrace.

6 Conclusion

ThePreciseSpeculatiormechanisnallows dynamicop-
timization systemsto performaggressie codereordering
andspeculatiorwhile ensuringthatexceptionsaretakenin
their properorder It further maintainsa low-costrecovery
mechanisnio presenpreciseregisterstatewhenadeferred
speculatreexceptionis finally reported. Thesamerecovery
mechanismelso eliminatesthe needfor costly global live
register analysisduring global code motion. Theseprob-

lemshave traditionallylimited the effectivenessanduseful-
nessof dynamicoptimizationsystemsPreciseSpeculation
solvestheseproblemswith a modestamountof hardware
overheadthatis mostly confinedto the retirementstageof

theprocessopipeline.

We obsenethatsupportedy PreciseSpeculationa dy-
namicoptimizationsystemcanachieve alargeperformance
gain over an aggressiely optimizedbasecodewhile pre-
serving preciseexceptions. For an 8-issueEPIC proces-
sor, thedynamicoptimizerachiezesbetweer8.6%and57%
speedupover a full-strengthoptimizing compiler that em-
ploys profile-guidedoptimization. All the obsened perfor
mancebenefitsof the dynamicoptimizerarederived from
large andaccuratelyformed optimizationwindows formed
for eachphaseof the programexecution. Without Precise
Speculationyery little speedup would be possiblesince
optimizationandcodereorderingwould be confinedwithin
instructionsequencebetweerbranchesandpotentiallyex-
ceptinginstructions.In aggressiely optimizedcode,there
is virtually no opportunityfor performancémprovementn
thesdimited instructionsequences.



Futurework involves detailedstudiesof dynamicopti-
mizationandschedulingechniqueshattake full advantage
of PreciseSpeculation,detailed characterizatiorof each
type of performanceopportunity and extendingthe model
to supportdynamicoptimizationof operatingsystemcode.
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