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Address-Fredlemory AccessBasedon Program
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Abstract—An increasingcachelatency in next-generationpro-
cessorsncurs profound performanceimpactsin spite of advanced
out-of-order executiontechniques. One way to circumvent this
cachelatency problem is to predict load values at the onset of
pipeline executionby exploiting either the load valuelocality or the
addresscorrelation of storesand loads. In this paper, we describe
a new load value speculation mechanismbasedon the program
syntax correlation of storesand loads. We establish a Symbolic
Cache (SC), which is accessedn early pipeline stagesto achieve
a zero-cycleload. Instead of using memory addressesthe SC is
accessedby the encodingbits of baseregisterID plus the displace-
ment dir ectly from the instruction code. Performance evaluations
using SPEC95and SPEC2000integer programson SimpleScalar
simulation tools shaw that the SC achieves higher prediction ac-
curacy in comparisonwith other load value speculationmethods,
especiallywhen hardware resourcesare limited.

|. INTRODUCTION

Today's high-performancerocessompipeline permitsover-
lappinginstructionexecutionto achieze morethanonelnstruc-
tion Per Cycle (IPC) averageexecutionrate. The available
Instruction-Level Parallelism(ILP) constrainghis parallel ex-
ecutionbecausalependeninstructionsmustwait for the data
producedby the sourceinstructions. The severity, in termsof
executiondelays,dependsprimarily on the speedhatthe pro-
ducerinstructioncangeneratehe neededlata.

Memoryloadlateng presents classicapipelinebottleneck
evenwhenthedatais locatedin the rst-level cachg( ). Usu-
ally, the load datafrom is not ready until late stagesof
the pipeline while the dependentnstructionrequiresthe data
at an earlier stage. This load-to-usedelay exacerbatesn re-
centhigh-performancenicroprocessort which multi-cycle,

rst-level cachesbecomethe norm[21], [24], [23], [14], [12].
As the cachesize,clock frequeng, andcompleity of microar
chitecturecontinueto increasen next-generatiorprocessorst
is estimatedthatthe  cacheaccessesnay consumetwo to

ve cycles[2]. Thisincreasingload lateng from cacheswill
further lengthenthe load-to-usedelay andwill have profound
performancémpactsin spite of advancedout-of-orderexecu-
tion techniqued?2], [3], [18]. Simulationsusing SPEC2000
integer benchmarksunning on the out-of-orderSimpleScalar
model[4] have shavn that eachcycle reductionof the  ac-
cessdelayimprovesthe IPC by 5-10%[18].
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In Figure 1, a conceptuabut-of-orderexecutionpipelineis
partitionedinto two phaseskFirst, aninstructionis fetched de-
coded,renamedand issuedthroughthe front-endof pipeline
stages.Afterwards,the registeroperandsare readandthe in-
structionis executed(including memoryaccessyand commit-
tedthroughthe badk-endof pipelinestagesin orderto bestall-
free, a sourceinstructionmustproducethe databeforeits de-
pendentexecutions. In otherwords, a critical producey when
it is fetchedandissuedat the samecycle asits dependenin-
structions,needsto generatehe resultin the front-endof the
pipelineto avoid ary stall of its dependentsSucha dependent
stall-freememoryloadinstructionis calleda zeo-cycleload.

Fig. 1. Processopipelineanddependenstall-freepoint

Therehave beenseveralattemptdo achieveazero-gcleload
by predictingand speculatingthe load value [15], [16], [26],
[22], [25], [11], [5] or theload addresg9], [10], [6], [2] in the
front-endof the processompipeline. Both load valueandload
addresgpredictionsgenerallysuffer a low predictionaccurag.
For addresgredictions alengthycacheaccesss still required
that may delaythe load dependentgvenif the predictedioad
addresss correct.

In this paperwe exploit anew avenueto speculatiely obtain
theloadvaluein front-endstagesf the pipeline. First, we ob-
sene that store-loadandload-loadcorrelationsareestablished
in software and often displayedin the programsyntaxin the
form of a baseregisterID plus a displacementalue. There-
fore, it is reasonabléo usepartof the store/loadencodingbits
(baseregisterID + displacement}irectly to capturesuchcor-
relations. Second applicationsexhibit spatiallocality among
memoryreferences Suchlocality canalsobe obsenedin the
programsyntaxwhen nearbyloadsor storesdiffer only by a
smalldisplacementalue. Thereforejt is bene cialto establish
store/loaddependencesn a large block granularityto capture
thespatialdatareferencdocality.

The syntaxcorrelationholds whenthe contentof the base
registerremainsunchangedThis propertyexistsin variouspro-
gram constructssuchas accessinglobal andlocal variables,
saving/restoringregistersduring procedure/functiortalls, ref-
erencingdifferent recordsusing the samepointer in linked
data structures,accessingarray elementsin loop iterations
with/withoutloop unrolling, etc. We alsoobsene thatthe base
addressnay stay the sameeven whenthe baseregisteris up-
datedbetweentwo memoryreferences.This is dueto a lack
of sufcient registers,anuncertaintyof future executionpaths,
or a traversalthroughdifferentprocedureshat requiresa base
registerto be savedandrestoredeforethenext usage.
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Basedon theseobsenations,we proposea SymbolicCache
(SC) An SCis a small separatelatacachethatis accesseat
earlyfront-endstagesisingcertainencodingbits directly from
memoryinstructions. The speculatie dataretrieved from the
SCcantriggerthe executionof dependeninstructionsto avoid
ary delays.Performancevaluationsusing SimpleScalatools
and SPEC95/SPEC200iteger programsshawv that the aver
age predictionaccurag reachesover 70% using small SCs.
This accurag is generallyhigher than other dataspeculation
methods,especiallywhen hardware resourcesare limited for
constructingextra cachesandtables. The remainingpaperis
organizedasfollows. A few relatedwork on hiding cachela-
teng will begivenin thenext section.Themotivationsandim-
portantobsenationsfor the proposednethodwill bedescribed
in Section3. Thisis followedby discussion®f designandre-
latedissuedfor establishinghe SCin Section4. In Section5,
performancesvaluationsof threedataspeculatiormethodsare
given. Severaldesignparametersor the SCarealsoevaluated.
Finally, Section6 concludeghe paper

Il. RELATED WORK

The mostaggressie load valuespeculatioris to predictthe
valueattheonsef pipelineexecution.A load-valuehistoryta-
bleis establishedndaccessedsingthe ProgramCounter(PC)
of theload. This schemeallows loadsbypassingcachescom-
pletelyto achieve a zero-gcle load. A valuepredictioncanbe
successfuif thevalueis repeatedrom the previous execution
of theload[15], [16], [26], or theloadvalueis followedcertain
recurrencepatterng22]. However, the lack of a closecorrela-
tion betweerthe instructionaddressaaindthe value of the load
malesit dif cult to achieve a high predictionaccurag [15],
[16], [26], [22], [11], [5].

Anotherway to circumvent pipeline hazardscausedby the
cachelateny is to predict the load addressat the onsetof
pipelineexecutionsothata cacheaccessanstartspeculatiely
without goingthroughthe normaldecoderenameandaddress
generatiorstageq49], [10], [6], [2]. Existingaddresprediction
methodsexploit regular patternssuchas stride-basedddress
patternsandirregular but repeatedpatternssuchasaddresses
for traversinglink-baseddatastructure.However, the dif culty
remainsof predictinga signi cant portion (over 30% [2]) of
load addresseshat do not fall into thesetwo categories. In
a recentproposal dynamicdependencénks wereestablished
betweerthe instructionwhich updatesa registerto theinstruc-
tion wherethe registeris usedasthe baseregister[8]. Once
the updatedvalueis available,the dependentoad addressan
be calculatecearly andmoreaccurately However, the lengthy
cacheaccesss requiredstill, evenwith a correctaddress.

Memoryrenamingechniquegstablistdynamicdependence
correlationshbetweenstoresandloads[25]. A separatestorage
elementcalleda value le (VF) is usedto save the correlated
data. Whena memoryload instructionis fetched,an indirect
accesdo the value le basedon the PC of the load can re-
trieve the datawithout going througha lengthy cacheaccess.
Studiesshawv thatthereare mary moreloadsthatconsumehe
valuefrom thesameproducethanthoseloadswhichrepeathe
samevalue or addresdrom the previousinstanceof the same
load. Therefore,thereis a betterchanceto obtainthe correct

load value by usingmemoryrenamingthroughthe VF rather
thanbasedon the load value/addresocality. This approach,
however, requiresadditionalhardwareto establishthe correct
dependencinks amongstoresandloads. Theloadvaluecan-
not beaccuratelypredictecbeforesucha correlationhasestab-
lisheddynamically A similar ideahasbeenexploited to dy-

namicallyestablishstore-load19] andload-load[20] associa-
tions A smallsynonymle whichkeepgshecorrelateddatacan
beindirectedaccessetly the PCof theload.

Recentlyanotherearlyload addressesolutiontechniquefor
deep-pipelinednachineshasbeenproposed3]. The authors
obsenedthatthe addressefor certaintypesof memoryloads,
suchasstackaccessgonstantpr stride-baseanemoryaccess,
have regular increment/decremematterns. By tracking the
registersusedfor thistypeof load,registerupdatesanbecom-
putedat the decodestage. As a consequencehe dependent
load can startthe addresgyeneratiorand cacheaccessarlier
after the load is decoded. Although non-speculatie, this ap-
proachis limited to memoryloadswith certainaddrespatterns.
Also, thelengthycacheaccesss still required.

There have beenother attemptsto achieve fast cacheac-
cesses.The real cacheindex bit predictionbasedon the base
register contentenablegarallel addresdranslationand cache
accesq13]. Due to small offset values,the zero-g/cle load
technique[1] usesa simple carry-freeadderfor fastapproxi-
mationof the load address.To avoid speculatre addresscal-
culations,a specialcompilerdirectedregisteris addedn [7] to
save the contentof thebaseregisterfor thenext loadsothatthe
load addresanbe calculatedn the decodestage. The SAM
cachg17] useghebaseaddresandtheoffsetseparatelyo ac-
cessthe cachedirectly. Althoughall thesetechniquesachieve
fastcacheaccesstheirimpactin hiding thelong cachdateng
ondeep-pipelinednicroarchitecturess ratherlimited.

The proposedSymbolicCadche (SC) hasseveral advantages
over existing cachelateng hiding methods.First, the SC can
handleary type of loads,addrespatternspr specialusageof
baseregisters. Second,unlike addresredictionsor register
tracking,loadsthroughthe SC canbypasshe addresgenera-
tion andcacheaccessompletelyto achieve a zero-g/cle load.
This is similar to the value predictionmethod. However, in-
steadof being baseduponthe history of the load values,the
SC capturesstore/loadsyntax correlationswith higher accu-
ragy. Third, unlike the memoryrenamingtechniquewherethe
store/loadcorrelationis establisheddlynamicallyby the hard-
ware, the store/loadcorrelationis directly obtainedfrom the
instructionencodingbits to simplify the hardwarerequirement.
In addition,the SC cancapturespatiallocality amongmemory
references.

I1l. SYNTAX CORRELATION OF MEMORY REFERENCES

Thefoundationof the SymbolicCathe(SC)is basedn store-
load andload-loadcorrelationdrom the programsyntaxin the
form of abaseregister|D anda displacementalue. This sim-
ple memoryreferencesyntaxalso exhibits spatiallocality. In
this section,we will provide two programmingexamplesand
describequalitatively the existenceof suchsyntaxcorrelations
andreferencdocality in realprograms.n Figure2, the source
andtheassemblyodesof asimplefunctioncopy.disjunctfrom
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Parser of SPEC200Gregiven. This functionis invoked mary
timesto build a new copy of a disjunctlist. The secondexam-
ple bsWis extractedfrom Bzip of SPEC200(QFigure 3). This
function is alsoinvoked multiple timesto perform bit-stream
I/Os.

Fig.2. Examplel: sourceandassemblycodesof functioncopy-disjunctfrom
Parser

The store/loadsyntaxcorrelationandreferencedocality can
beobsenedin severalprogramconstructs.

Raister SaveandRestoe in ProceduesandFunctions: As
shavn in Figure 2, store/loaddependencesanbe established
perfectly with a matchingpair of the baseregister ($sp) and
displacemenfor saving and restoringregister contentswhen
thefunctioncopy.disjunctis invoked. Althoughtheinvocations
of xallocandcopy.connectos maychangehevalueof the $sp,
theoriginal valuein thecopy.disjunctis restoredhfterreturning
from thefunctioncalls.

AccesRecodsin Linked Data Structues: In the sameex-
ample, the pointers(d, d1) are usedto copy and constructa
new nodein thetargetlinked structure.Differentrecords(also
pointersin this case)n eachnodeof the old andthenew linked
structuresare accessedising pointersd, d1. In the assembly
code,the two pointersareloadedin registers$s0, $slandare
usedas the baseregistersto accesgheserecordswith small
variationsof the displacementalue. The syntaxcorrelations
andreferencdocality amongtheseaccesseareclearlydemon-
stratedn theassemblycode.

AccesdArray Variables: Similar store/loadcorrelationsare
alsoobsenredin accessingirraydatastructuresn severalstud-
ied workload. For example,intensive array accessesire ob-
senedin several functionsin Gee of SPEC2000.Nearbyref-
erencedo differentelementsof the samearraywith the same
baseaddresprovide syntaxcorrelatedstoresandloads.

AccessGlobal Variables: As shavnin Figure3, threeglobal
variables,bsBuf, bsLiveand bytesOutare accessedavhenthe
function bsWis invoked. Due to the limited registers,these
variablesare loaded/storednultiple times basedon the same
globalpointer$gp. Theacces®f globalvariablesexhibits both
thesyntaxcorrelationandthe spatiallocality.

Fig. 3. Examplell: function bsW from Bzip, (a) sourcecode;(b) assembly
code;(c) partialassemblycodefrom caller SendMTF\alues

Accesd ocal Variables: In the bsW the callee-saedregis-
ters $s0 and $s1 arefreed up for local usage<o avoid saving
parameter®f n andv from registers$a0 and $al to the local
stackandretrieving themlater for computations.However, in
functionsthatinvolve morecomplex computation@nd/ormore
temporarylocal variables,it is inevitable to increasethe lo-
cal stackaccessessingthe stackpointer $sp and/orthe frame
pointer$s8thatalsodisplaystrongsyntaxcorrelationandspa-
tial locality.

Save/ResterBaseRgyisters: Thereare evidencesthat the
syntaxcorrelationis still hold evenif thebaseregisterhasheen
updatedbetweenwo memoryaccessesThis is duemainly to
thefactthatabaseregistermaybefreedupfor otherusagesind

theoriginalbaseaddresss restoredbeforethenext memoryref-

erenceln Figure3, we alsoshav a partialassemblycodefrom

a caller SendMTF¥luesof the bsW In this caller, $s1is used
asa baseregisterbeforecalling the bsW After returningfrom

the bsW $s1continuedo be usedasabaseregister Although
$s1 hasbeenupdatedn the bsW the original baseaddresss

restoredo keepthe syntaxcorrelationalive.

IV. ESTABLISHING A SymBoOLIC CACHE

An SCis asmalldatacachewhichis addressefly theencod-
ing contentof load/storenstructions.The SC canbe accessed
onceloads/storesre fetchedout of the instructioncache. As
a result, pipeline stagesinvolving register le accessaddress
generation/translatiomndcacheaccessanbe bypassedThe
impact of pipeline performanceusing an SC is very similar
to that of usingthe VF in memoryrenamingtechniqueg25],
wherethe speculatie load datais fetchedout of the VF indi-
rectly througha store/loadcorrelationtable. In this paper we
focusontheaccurag of loaddataspeculatiorusingthe SC.We
omit discussion®f integratingthe SCinto a pipelinemicroar
chitecture.

It is essentialto properly extract the symbolic address
from the encodingbits of load/storeinstructionsto capture
the syntax correlations. A typical memory instruction con-
sistsof an opcode,a register source/destinatiorand a mem-
ory source/destination.Intuitively, we can use the memory
source/destinatioto form a 32-bit symbolicaddressasillus-
tratedin Figure4. The leastsigni cant 16 bits are extracted
from the displacemenvalue,andthe baseregisterID (5 bits)
are insertednext to the displacement. Although simple, this
approachsuffers aliasingproblemsbecausenultiple memory
addressesanbe mappedo the samesymbolicaddressin ad-
dition, this simplesymbolicaddres$ormationcreateotherac-
cessandalignmentproblems.

Fig. 4. Extractingsymbolicaddresgrom memoryinstructions

Aliasing of SymbolicAddress: With the simple address
mappingin Figure 4, a 32-bit memoryaddresds repre-
sentedby a 21-bit symbolicaddress.Therefore multiple
memoryaddressesanbeexpressedy thesamesymbolic
address.An obvious examplecan be found in stackac-
cessesor local variablesandfor saving andrestoringreg-
istersduring procedure/functiortalls. Although access-
ing a differentstackframein eachprocedurenvocation,
the samestackpointer ($sp) andframe pointer($s8 with
a smallrangeof displacemenvaluesarecommonlyused.
The contentsin the SCfor local variablesand saved reg-
istersarelikely overwrittenin the calleeproceduresand
cannotbereusedafterreturningfrom the procedures.
UnevenSCindex Distribution: It is well-known thatdis-
placemenvaluesin memoryreferencesreunevenly dis-
tributedwith ahigh percentagef "0' andafew othercon-
stants.Usinga portionof the high-orderdisplacemenbits
astheindex to the SCmaypotentiallygeneratdeavy con-
ict misses.

Word/ByteAlignment: The mostdif cult problemliesin
the differenceof the line boundarybetweena symbolic
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anda cachdines. Thisalignmentproblemis dueto the

factthatoffsetbits of acachdine arenot alwaysthesame
betweerthe symbolicandthe real addresseslt is essen-
tial to properlyalign thedatalayoutin the symboliccache
accordingto the symbolic addressto capturethe spatial

locality of memoryreferences.

A. Procedue Coloring andIndex Randomization

In orderto alleviate the stackaccessliasingproblemin dif-
ferent proceduresyarious procedurecoloring techniquescan
be constructed. A straight-forward techniqueis to maintain
a global countercalled P-color. The P-coloris incremented
whenever a procedurecall is encountered.It is decremented
after returningfrom a procedure. The P-color can be incre-
mentedcontiguouslyin nestedor recursve proceduredefore
being decremented.Stack accessedetweena caller and its
calleescan be differentiatedby the P-colorto avoid con icts
in the SC.

The P-colorcanbe concatenatewvith the symbolicaddress
for stackaccessesThewidth of the P-colorcounteris e xible.
Figure5 (a)illustratesthe symbolicaddressfteraddinga 6-bit
P-color It is importantto know thatthe P-coloris only applied
to stackaccessesvhich use $sp and $s8 asthe baseregister
Othermemoryaccessedo notaddthe P-colorto allow sharing
of globalvariablesamongdifferentprocedure®r functions.

Fig.5. (a)Adding procedurecolorto symbolicaddress(b) Index randomiza-
tionin accessinghe SC

An uneren distribution of the index bits extracteddirectly
fromthedisplacementaluehasa potentialto createheary con-
ict missesin the SC. This problemcomesfrom the fact that
high-orderdisplacemenbits areoftenall zerosandcanbedealt
with by a simplerandomizatiortechnique.Insteadof extract-
ing index bits from the symbolicaddressdirectly, randomized
index bits canbe formedby exclusive-ORingheoriginal index
bits from the displacementvith the bits from the baseregister
ID andthe P-colorasillustratedin Figure5 (b). In this exam-
ple,it is assumedhatthe SChas64 setswith 64-byteline size.
The six index bits are obtainedby exclusive-ORingnormalin-
dex bitsin position6 to 11 with the baseregister|D andpatrtial

P-colorbits startingat position16 through21.

B. Word/ByteAlignment

Oneremainingissueis the dataalignmentbetweenthe SC
andthe  datacache. The symbolicaddresswithin a cache
line,i.e. thelastfew offsetbits, maynot bethe sameasthe off-
setbitsin therealaddressin orderto exploit spatialreference
locality, the cacheline fetchedfrom  needgo berearranged
in the SCsuchthatthedatalayoutcanbealignedwith thesym-
bolic addressThebasicalignmentalgorithmworksasfollows.
Whena memoryrequestmissesthe SC, the target cacheline
is fetchedfrom the memoryhierarchyandloadedinto the SC.
Thetargetbyte/wordis placedin the SCaccordingo offsetbits
of the symbolicaddress.For example,assumeahereare eight
accesanitsin acachdine asshavn in Figure6. Thesymbolic
offset of the targetunit is 010 while the offset of the real ad-
dressis 101 In this casethetargetdatalOlis loadedinto unit

010in the SC.Theremainingunitsareloadedaccordingto the
locationof thetargetunit. Therearethustwo importantaspects
to considerfor a properdataalignment:

Fig.6. Dataalignmentin symboliccache

Granularity of Data Alignment: Dependingon memory
accesgiranularity it is concevablethatthe dataalignment
can be performedat byte, half-word, word, or double-
word level. The byte-level alignmentcan accommodate
accessedy othergranularitywith the expenseof main-
tainingmorevalid bits for the alignmentinformation.
Handling Under ow/Over ow Data:  Since the line
boundariewof the SC andthe  cachesmay be differ-
ent, only a partial line canbe lled on eachSCmiss. In
addition,thereis excessve datafrom thetarget  cache
line thatcannot t into the requestedine locationin the
SC. The simplestand mostnaturalsolutionis to only |l
apartial SCline anddroptheun tted data.Otheroptions
includefetchingtwo adjacent linesfor eachrequested
SCline, and/orto searchandplacetheoverow  data
into the correctsecondSCline.
Performancevaluationonthesedesignoptionswill begiven
in thenext section.It is importantto keepthe SCdesignsimple
sincethe primary goal of establishingthe SC is to provide a
zero-g/cleload.

V. PERFORMANCE EVALUATION

Performanceevaluations of three load value speculation
methodsare given including the last-wvalue and stride-based
value prediction (VP), the memory renaming(MR), and the
proposedsymbolic cache(SQ. Our primary focusis to com-
parethe predictionaccurag amongthesethree mechanisms.
All simulationsarecarriedout on the Sim-Savenodelof Sim-
pleScalar Twelve integer programs,Go, Li, M88k, Perl from
SPEC95andBzip, Gcce, Gzip, Mcf, Parser Twolf, Vortex, Vpr
from SPEC200Gare used. Version2.7.2.3ssbig-na-sstrix-gcc
compilerwith options: (-funroll-loops-02) is usedto generate
the binary code. For eachworkload,we skip the rst 900 mil-
lion instructionsusethe next 100 million instructionsto warm
up thecachesandtables thencollectsimulationstatisticsfrom
thenext 500 million instructions.

A. DataAlignment

We rst investigateand evaluatedifferentalignmentgranu-
larity. Tablel shavs matche®f theleast-signi canttwo bitsbe-
tweenthe symbolicandthe realaddressewith differentmem-
ory accesgranularityin the simulatedprograms.On the aver-
age87.4%,3.2%and9.4%of memoryreferencesreaccessing
word, half-word, andbyte respectrely. Mismatchef thetwo
bits for the threeaccesgranularitiesare about0%, 0.5% and
4.5%. Theword accesss alwaysalignedat theword boundary
for boththerealandthesymbolicaddresseOntheotherhand,
thewordalignmentreate$% of mismatchesor half-wordand
byteaccessesSincethewordalignmentreduce®xtravalid bits
signi cantly, we will simulateboth byte andword alignments
andshaw theirimpactonthe SCaccurag.
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TABLE |
MATCHING OF THE TWO LEAST-SIGNIFICANT ADDRESS BITS BETWEEN
REAL AND SYMBOLIC ADDRESSES FOR ACCESSING WORD, HALF-WORD
AND BYTE

With regardsto theline- Il on SC missespreliminarystud-
iesshav thattheoptionof lling theentireSCline by fetching
potentially morethanone  cachelines provides very lim-
ited bene t. Moreover, to placethe entiretarget  line into
the SCon eachmissdoesnotbene t theaccurag mucheithet
Thereforeonly the simplepartial SCline- Il by droppingary
un tted datais consideredn subsequergvaluations.

B. Sensitivityof P-color andIndex Randomization

Tablell shawsthe accurag of load valuespeculatiorusing
a 4KB SC with the word-alignmentand 0, 2, 4 P-color bits.
In generalwe obsere anaveragemprovementrom 68.8%to
70.4%by addinga 2-bit P-color A few benchmarlprograms
shav no improvementat all with the simple P-color mecha-
nism. After examining dynamicfunction calls in thesepro-
grams,we found that thereare very few nestedcalls andthe
programexecutiontendsnot to frequentlytraverseback and
forth amongmultiple procedurdevels. For instancejn Gzip,
about98% of the callsarelabeledat level 6. We alsoobsene
thatthereis no bene t in increasingthe numberof bits in the
P-color With more P-colors,more levels of procedurenvo-
cationcanbe differentiated. However, analysisof application
programgevealsthatperfectly-nestedr deeply-recursie pro-
cedureghatbene t with moreP-colorsrarelyexist. Theactual
executionpathnormallytraversesamonga few levelsof proce-
dures.Also, dueto asmall SC,the datafrom ancientancestors
is dif cult to hold anyway.

TABLE I
LOAD ACCURACY USING THE SC WITH/WITHOUT THE P-COLOR

The bene t of index randomizationis more evidentin Ta-
ble 1ll, in which the accuracieof three 4KB SC con gura-
tions are displayed. By randomizingthe index, a 4-way set-
associatie SC canachiere the accurag approachingo thatof
afully-associatve SC.Onthe otherhand,withoutthis process,
it degradesthe accurayg of the 4-way designfrom 70.4%to
64.9%.

TABLE 1lI
L OAD ACCURACY USING THE SC WITH INDEX RANDOMIZATION

Theseresultssuggesthatthe effective working setbetween
baseregisterupdatess very small. Oncethe contentof a base
registerchangestheold datain SCbasednthesamebasereg-
ister becomesstale. Becausehe original index bits arelikely
to beall zeros(Figure5), storesandloadsusingthe samebase
register may locatein very few setsevenwith index random-
izations.Giventhefactthattherandomizedi-way SCachieves
an accurag comparableo that of a fully-associatve SC, the

4 linesin eachsetareenoughto hold the working setfor each
baseegisterlD. Althoughhighersetassociatiitiesincreasehe
capacityin eachsetto hold morelines for eachbaseregister,
frequentupdatesof baseregisterswipe out the corresponding
correlateddatain the SC.

C. Comparisorof ThreeData SpeculatiorMethods

The accuracie®f threeload value speculatiormechanisms
areevaluated Both byteandword alignmentdor placingaline
in the SC areconsidered Also, index randomizationanda 2-
bit P-colorareappliedto improve the load accurag. For afair
comparisonwe simulatethe threemethodsusing comparable
hardwarewith respecto the extra storagerequiremento build
additionaltablesandcaches.

The VP schemeestablishes valuehistory tableto remem-
ber the recentvalue of eachload. For matchingthe PC of
a load, propertagsare maintainedin the value history table.
In addition,anincrementvalueis neededn eachentryto ac-
commodatea stride-basegredictor The MR schemeusesa
ValueFile (VF) to keepstore/loactorrelatedraluesfor laterac-
cessesln addition,two extratablesareneededThe Store/Load
Cache(SLQ savespointersto the VF. TheSLCis addressety
the PCsof loadsandstoreswith tagsfor matchingthe correct
PC for indirect accesseto the VF. The Store-Addresache
(SAC) alsorecordspointersto the VF. The SAC is accessed
by load/storeaddressefor establishindoad/storecorrelations.
Again,addressagsarenecessaryo make acorrectcorrelation.
The SCis simply a datacacheaddressedy the symbolicad-
dress.Thereis no extra hardwareexceptfor a smalltag array
in which eachtagalongwith afew valid bits is associatedvith
a 64-bytesymboliccachdine.

We considersix con gurationsfor accurag comparisonas
shavnin TablelV. Thehardwarerequirements representetly
the total numberof entriesin the respectie tablesandcaches.
Becauseof the additionaltag arrays,the storagerequirement
for the VP andthe MR areactuallyabout40-50%and10-15%
morethanthatof the SCin eachcon guration. Notethatin this

rst-cut estimationgxtra controllogic is notconsidered.

TABLE IV
SIX CONFIGURATIONS FOR ACCURACY COMPARISONS

Figure 7 plots the averageaccurag curves basedon the
twelve integerprogramdor thethreedataspeculatiormethods.
Generallyspeakingthe SChasthehighestaccurag, especially
with smallcon gurations. For example,morethan70% of the
loadscanobtainedcorrectvaluesfrom asmall4KB SC.These
resultsdemonstratehe existenceof store/loadsyntaxcorrela-
tions and spatiallocality that can be capturedeffectively by
small SCs. The MR scheme,on the other hand, requires8
timesof thehardwarestoragdo reachabout67%accurag. The
MR schemeerformspoorly with smallcon gurationsprimar
ily becauseof missesto the small SLC/SAC for establishing
correctstore/loaccorrelationsln addition,thecorrelationmust
be establishedeforea correctvaluecanbe obtained. The MR
schemeshavs moreimprovementwhenthe con guration size
increasesWith biggerSLC/SAC, datadependencknks canbe
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Fig. 7. Averageaccuracie®f threedataspeculatiormethods

built more preciselythanthoseapproximatedy the symbolic
addressHowever, the SCstill maintainsan edgeby capturing
thespatiallocality. Thelast/stridevaluepredictorgenerallyhas
theworstaccurag. The accurag improvementis leveling off
with largervaluehistory tables. This con rms a poor correla-
tion betweertheloadvalueandits instructionaddress.

Thebytealignmentdoesnotimprovetheaccurag much.For
a4KB SC,for instancethe byte alignmentimprovesthe aver-
ageaccurag of theword alignmentfrom 70.4%to 71.1%. As
shavn in Tablel, thereis very little or no differencebetween
byte or word alignmentfor a majority of the programs. The
two programghatbene t the byte alignmentthe mostareBzip
andGzipbecausef their high percentagef sub-wordaccesses
andmismatche®f the least-signi cant2 bits betweerrealand
symbolicaddresses.

TheSCsizeplaysaminorrolein providingaccuratéoadval-
ues.Again, thisis dueto thefactthatthe working setbetween
baseregisterupdateds very small. Sincethe randomizedSC
index is still mappedo very few setsfor eachbaseregister in-
creasinghe SCsize(i.e. the numberof sets)doesnotimprove
the capacityfor loadsusinga speci ¢ baseregister

Now consideringhethird con gurationwith a4KB SC,the
averageprediction accuraciesare 55.0%, 56.6%, 70.4% and
71.1%for the VP, the MR, andthe SC with word alignment
(SC-word) andthe SC with byte alignment(SC-byte)respec-
tively as shawvn in Figure 8. Among the twelve integer pro-
grams,M88k, Perl, and Gcc showv very good syntaxcorrela-
tions with over 80% of predictionaccuracieswhile Li, Gzip,
Twolf, Vortex, and Vpr shav reasonabl@ccuracie®ver 70%.
Go, Bzip, Mcf and Parser, on the otherhand,have pooraccu-
ragy, especiallyfor Go with anaccurag only about47%. Re-
callthatin orderto holdthe syntaxcorrelationthe baseregister
contentmustremainunchangedetweertwo correlatve mem-
ory instructions.We found out in Go, about64% of the loads
areexecutedusinga nenly updatedbaseregister Ontheother
hand,only 22% and24%respectiely for theloadsin Geccand
M88kareexecutedight aftertheir baseregistershave updated.
More detailedanalysiswith respecto the baseregisterupdates
will begivenin thenext SectionV-D.

The SC schemaloesnot performwell againstthe othertwo
schemesinderBzip andParser. In Bzip, a mainfunction full-
GtU that nds matchesof characterstrings, hasshovn good
valuelocality andgooddynamicstore/loadcorrelationsestab-
lishedby the MR schemeHowever, the SC handleshis func-
tion poorly because¢he baseaddressesf the matchingstrings
are calculatedright before loading charactersrom the two
strings.A similar behaior hasalsofoundin Parser.

Fig. 8. Accuragy of threedataspeculatiormethodsfor individual programs
(basedn con guration 3)

In Figure9, we breakdown correctandincorrectload value
speculationsisingthe SCwith respecto the baseregisterIDs.
We separatebaseregistersinto 5 groups: $v, $a, s+, Hyp
and$sp+$s8 eachrepresent0.5%,26.4%,11.3%,18.2%and
22.5%0f thetotal loads,respectiely. (Notethereis about1%

of theloadsusingotherregisters.)Theaccuraciesf the5 base
register groupsare 29%, 73%, 63%, 98%, and 94%. As ex-

pectedit is highly accuratdo accesglobalvariablesandlocal

stackframes. For otherloads,the compiler rst picks $v and
$a astemporaryregistersto hold baseaddresse$or memory
accessesThe baseaddresss often computedor loadedfrom

memoryfor anindirectaccessight beforetheloadthatresults
in an incorrectvaluesfrom the SC. The $a registers,which

shav higheraccurag, arealsousedfor passingparameter$o

calleefunctions. We obsenre that mary functionshave mem-
ory addressefointers)asparametershatarepassinghrough
the $a registers.In eachcalleefunction,the $a registersarefre-

quentlyusedasabasewithoutarny modi cation. We alsofound

in Geethatcertainmemoryaddresseare passinghroughser-

eralfunctionlevelsusingthe $a registers.Thus,memoryloads
basedon $a canpotentiallykeepthe correlationsalive through
severalfunctionlevels.

Fig. 9. Correct/ incorrectload value speculationsvith respectto different
baseregistergroups

D. AccuracyRearding BaseRgisterUpdate

The syntaxcorrelationholds whenthe contentof the base
register remainsunchangedrom the last memory reference
with the samesymbolicaddress.Figure 10 shavs the average
accurag of all theloadswith respecto the distanceto thelast
updateof thebaseregister For example thedistancéas equalto
1for aloadwhenthebaseregisterof theloadis usedfor the rst
time asa baseregisterafteranupdateto theregister Similarly,
thedistancds equalto 2 if aregisteris usedfor thesecondime
asabaseregisterfor eitherloador storeafterthe contentof the
registerhasupdated. The distancesf 20 or longerarerepre-
sentedby a singledatapoint. In generalthe accurag goesup
with the distancedueto thelocality of referencesA cold miss
is encountereavhenthe distanceis equalto 1 unlessthe latest
updatedid not changethe contentof the baseregisterfrom the
previoususeof the samebaseregister

Fig. 10. Loadaccurag anddistribution with respecto thedistanceo thelast
baseregisterupdate

A few obsenationscanbe madefrom the gure. First,when
the distanceis 3 or longer, the speculatie load datafrom the
SCis very accuratewnith anaverageaccuray about98%. This
indicatesavery strongreferencdocality basecn thesymbolic
addressesf nearbystoresandloads.

Second,insteadof all cold missesthe averageaccurayg is
36% when the distanceis equalto 1. This accurag comes
from restoringbaseregister contentbefore the load. Unfor-
tunately a signi cant portion (39%) of the loadsusea base
register at the rst time after its updates. With only 36% of
accurag, thesdoadsproduce25%inaccuratedatawith respect
to thetotal loads. Therefore the distance-loadsarethe major
factorfor the overall accurag. For example,in the two high-
accurag programsGecandM88k, only 22%and24%of loads
aredistance-with anaccurag of 46% and68%, respectiely.
On the otherhand,Go has64% of loadsaredistance-1with a
pooraccurag of 18%.
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Third, about24%of theloadshave distance®f 20 or longet
This long distancecomesmainly from accesglobal variables,
alsofrom somelocalvariableaccessesAn averageaccuray of
98.4%is obtainedfor theselong-distancdoads.

Compiler optimization techniquesmay be applied to im-
prove the syntax correlationsof stores/loads. For example,
we obsene thatparametersire sometimegpassedo the callee
throughthe caller's stackframe. Accessinghe parameterbe-
fore an updateof the frame pointer may keepthe correlation
alive. Furtherdiscussionén thisdirectionis out of the scopeof
this paper

VI. CONCLUSION

A new load dataspeculationmethod,basedon instruction
syntax correlationsof storesand loads, has beenintroduced
in this paper Insteadof establishingthe store/loadcorrela-
tion dynamicallyat runtime, the proposedmethodestablishes
a small symboliccacheto captureexisting syntaxcorrelations
and memory referencelocality. The symbolic cacheis ad-
dressedby theencodingcontentof store/loadnstructiongo en-
abledataaccessem the front-endof the processopipelineto
shortenload-to-usdateng. Performancesvaluationof SPEC
integer programshasdemonstratedhat the proposedmethod
canachieve anaccurag over 70% with a small4KB symbolic
cache With compilerhelpsto reducebaseregisterupdatesand
to betterutilize displacementalues,further improvementof
the SCaccurayg maystill bepossible.
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