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Address-FreeMemoryAccessBasedon Program
SyntaxCorrelationof LoadsandStores

Lu Peng,Jih-KwonPeir, QianrongMa, andKonradLai

Abstract—An increasingcachelatency in next-generationpro-
cessorsincurs profound performanceimpacts in spiteof advanced
out-of-order execution techniques. One way to circumvent this
cache latency problem is to predict load values at the onset of
pipelineexecutionby exploiting either the loadvaluelocality or the
addresscorrelation of storesand loads. In this paper, we describe
a new load value speculation mechanismbasedon the program
syntax correlation of stores and loads. We establish a Symbolic
Cache (SC), which is accessedin early pipeline stagesto achieve
a zero-cycle load. Instead of using memory addresses,the SC is
accessedby the encodingbits of baseregisterID plus the displace-
ment dir ectly fr om the instruction code.Performanceevaluations
using SPEC95and SPEC2000integer programson SimpleScalar
simulation tools show that the SC achieveshigher prediction ac-
curacy in comparisonwith other load value speculationmethods,
especiallywhenhardwareresourcesare limited.

I . INTRODUCTION

Today's high-performanceprocessorpipelinepermitsover-
lappinginstructionexecutionto achievemorethanoneInstruc-
tion Per Cycle (IPC) averageexecution rate. The available
Instruction-Level Parallelism(ILP) constrainsthis parallelex-
ecutionbecausedependentinstructionsmustwait for the data
producedby the sourceinstructions.The severity, in termsof
executiondelays,dependsprimarily on thespeedthat thepro-
ducerinstructioncangeneratetheneededdata.

Memoryloadlatency presentsaclassicalpipelinebottleneck
evenwhenthedatais locatedin the�rst-level cache(

���
). Usu-

ally, the load data from
���

is not ready until late stagesof
the pipelinewhile the dependentinstructionrequiresthe data
at an earlier stage. This load-to-usedelay exacerbatesin re-
centhigh-performancemicroprocessorsin which multi-cycle,
�rst-level cachesbecomethenorm[21], [24], [23], [14], [12].
As thecachesize,clock frequency, andcomplexity of microar-
chitecturecontinueto increasein next-generationprocessors,it
is estimatedthat the

� �
cacheaccessesmay consumetwo to

� ve cycles[2]. This increasingload latency from cacheswill
further lengthenthe load-to-usedelayandwill have profound
performanceimpactsin spiteof advancedout-of-orderexecu-
tion techniques[2], [3], [18]. Simulationsusing SPEC2000
integer benchmarksrunningon the out-of-orderSimpleScalar
model[4] have shown that eachcycle reductionof the

���
ac-

cessdelayimprovestheIPCby 5–10%[18].
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In Figure1, a conceptualout-of-orderexecutionpipelineis
partitionedinto two phases.First,aninstructionis fetched,de-
coded,renamed,and issuedthroughthe front-endof pipeline
stages.Afterwards,the registeroperandsarereadandthe in-
structionis executed(including memoryaccess)andcommit-
tedthroughtheback-endof pipelinestages.In orderto bestall-
free, a sourceinstructionmustproducethe databeforeits de-
pendentexecutions.In otherwords,a critical producer, when
it is fetchedandissuedat the samecycle as its dependentin-
structions,needsto generatethe result in the front-endof the
pipelineto avoid any stall of its dependents.Sucha dependent
stall-freememoryloadinstructionis calledazero-cycleload.

Fig. 1. Processorpipelineanddependentstall-freepoint

Therehavebeenseveralattemptsto achieveazero-cycleload
by predictingandspeculatingthe load value [15], [16], [26],
[22], [25], [11], [5] or theloadaddress[9], [10], [6], [2] in the
front-endof the processorpipeline. Both load valueandload
addresspredictionsgenerallysuffer a low predictionaccuracy.
For addresspredictions,a lengthycacheaccessis still required
that may delaythe load dependentseven if the predictedload
addressis correct.

In thispaper, weexploit anew avenueto speculativelyobtain
theloadvaluein front-endstagesof thepipeline.First,we ob-
serve thatstore-loadandload-loadcorrelationsareestablished
in softwareandoften displayedin the programsyntaxin the
form of a baseregister ID plus a displacementvalue. There-
fore, it is reasonableto usepartof thestore/loadencodingbits
(baseregisterID + displacement)directly to capturesuchcor-
relations. Second,applicationsexhibit spatiallocality among
memoryreferences.Suchlocality canalsobe observed in the
programsyntaxwhennearbyloadsor storesdiffer only by a
smalldisplacementvalue.Therefore,it is bene�cial to establish
store/loaddependenceson a largeblock granularityto capture
thespatialdatareferencelocality.

The syntaxcorrelationholds when the contentof the base
registerremainsunchanged.Thispropertyexistsin variouspro-
gramconstructssuchasaccessingglobal and local variables,
saving/restoringregistersduring procedure/functioncalls, ref-
erencingdifferent recordsusing the samepointer in linked
data structures,accessingarray elementsin loop iterations
with/without loop unrolling,etc. We alsoobserve thatthebase
addressmay staythe sameeven whenthe baseregister is up-
datedbetweentwo memoryreferences.This is due to a lack
of suf�cient registers,anuncertaintyof futureexecutionpaths,
or a traversalthroughdifferentproceduresthat requiresa base
registerto besavedandrestoredbeforethenext usage.
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Basedon theseobservations,we proposea SymbolicCache
(SC). An SC is a small separatedatacachethat is accessedat
earlyfront-endstagesusingcertainencodingbits directly from
memoryinstructions. The speculative dataretrieved from the
SCcantriggertheexecutionof dependentinstructionsto avoid
any delays.PerformanceevaluationsusingSimpleScalartools
andSPEC95/SPEC2000integer programsshow that the aver-
age prediction accuracy reachesover 70% using small SCs.
This accuracy is generallyhigher than other dataspeculation
methods,especiallywhen hardware resourcesare limited for
constructingextra cachesandtables. The remainingpaperis
organizedasfollows. A few relatedwork on hiding cachela-
tency will begivenin thenext section.Themotivationsandim-
portantobservationsfor theproposedmethodwill bedescribed
in Section3. This is followedby discussionsof designandre-
latedissuesfor establishingtheSCin Section4. In Section5,
performanceevaluationsof threedataspeculationmethodsare
given.Severaldesignparametersfor theSCarealsoevaluated.
Finally, Section6 concludesthepaper.

I I . RELATED WORK

Themostaggressive loadvaluespeculationis to predictthe
valueattheonsetof pipelineexecution.A load-valuehistoryta-
ble is establishedandaccessedusingtheProgramCounter(PC)
of the load. This schemeallows loadsbypassingcachescom-
pletely to achieve a zero-cycle load. A valuepredictioncanbe
successfulif thevalueis repeatedfrom thepreviousexecution
of theload[15], [16], [26], or theloadvalueis followedcertain
recurrencepatterns[22]. However, the lack of a closecorrela-
tion betweenthe instructionaddressandthe valueof the load
makes it dif�cult to achieve a high predictionaccuracy [15],
[16], [26], [22], [11], [5].

Anotherway to circumvent pipelinehazardscausedby the
cachelatency is to predict the load addressat the onsetof
pipelineexecutionsothatacacheaccesscanstartspeculatively
withoutgoingthroughthenormaldecode,rename,andaddress
generationstages[9], [10], [6], [2]. Existingaddressprediction
methodsexploit regular patternssuchasstride-basedaddress
patterns,andirregularbut repeatedpatternssuchasaddresses
for traversinglink-baseddatastructure.However, thedif�culty
remainsof predictinga signi�cant portion (over 30% [2]) of
load addressesthat do not fall into thesetwo categories. In
a recentproposal,dynamicdependencelinks wereestablished
betweentheinstructionwhich updatesa registerto theinstruc-
tion wherethe register is usedas the baseregister [8]. Once
theupdatedvalueis available,thedependentload addresscan
becalculatedearlyandmoreaccurately. However, thelengthy
cacheaccessis requiredstill, evenwith acorrectaddress.

Memoryrenamingtechniquesestablishdynamicdependence
correlationsbetweenstoresandloads[25]. A separatestorage
elementcalleda value�le (VF) is usedto save the correlated
data. Whena memoryload instructionis fetched,an indirect
accessto the value �le basedon the PC of the load can re-
trieve the datawithout going througha lengthycacheaccess.
Studiesshow that therearemany moreloadsthatconsumethe
valuefrom thesameproducerthanthoseloadswhichrepeatthe
samevalueor addressfrom the previous instanceof the same
load. Therefore,thereis a betterchanceto obtainthe correct

load valueby usingmemoryrenamingthroughthe VF rather
thanbasedon the load value/addresslocality. This approach,
however, requiresadditionalhardwareto establishthe correct
dependencelinks amongstoresandloads.Theloadvaluecan-
notbeaccuratelypredictedbeforesucha correlationhasestab-
lisheddynamically. A similar ideahasbeenexploited to dy-
namicallyestablishstore-load[19] andload-load[20] associa-
tions. A smallsynonym�le whichkeepsthecorrelateddatacan
beindirectedaccessedby thePCof theload.

Recently, anotherearlyloadaddressresolutiontechniquefor
deep-pipelinedmachineshasbeenproposed[3]. The authors
observedthat theaddressesfor certaintypesof memoryloads,
suchasstackaccess,constant,or stride-basedmemoryaccess,
have regular increment/decrementpatterns. By tracking the
registersusedfor this typeof load,registerupdatescanbecom-
putedat the decodestage. As a consequence,the dependent
load canstart the addressgenerationandcacheaccessearlier
after the load is decoded.Although non-speculative, this ap-
proachis limited to memoryloadswith certainaddresspatterns.
Also, thelengthycacheaccessis still required.

There have beenother attemptsto achieve fast cacheac-
cesses.The real cacheindex bit predictionbasedon the base
registercontentenablesparalleladdresstranslationandcache
access[13]. Due to small offset values,the zero-cycle load
technique[1] usesa simplecarry-freeadderfor fastapproxi-
mationof the load address.To avoid speculative addresscal-
culations,a specialcompiler-directedregisteris addedin [7] to
savethecontentof thebaseregisterfor thenext loadsothatthe
loadaddresscanbe calculatedin thedecodestage.The SAM
cache[17] usesthebaseaddressandtheoffsetseparatelyto ac-
cessthecachedirectly. Althoughall thesetechniquesachieve
fastcacheaccess,their impactin hiding thelong cachelatency
ondeep-pipelinedmicroarchitecturesis ratherlimited.

The proposedSymbolicCache (SC)hasseveral advantages
over existing cachelatency hiding methods.First, the SC can
handleany typeof loads,addresspatterns,or specialusagesof
baseregisters. Second,unlike addresspredictionsor register
tracking,loadsthroughtheSCcanbypasstheaddressgenera-
tion andcacheaccesscompletelyto achieve a zero-cycle load.
This is similar to the valuepredictionmethod. However, in-
steadof being basedupon the history of the load values,the
SC capturesstore/loadsyntaxcorrelationswith higher accu-
racy. Third, unlike thememoryrenamingtechnique,wherethe
store/loadcorrelationis establisheddynamicallyby the hard-
ware, the store/loadcorrelationis directly obtainedfrom the
instructionencodingbits to simplify thehardwarerequirement.
In addition,theSCcancapturespatiallocality amongmemory
references.

I I I . SYNTAX CORRELATION OF MEMORY REFERENCES

Thefoundationof theSymbolicCache(SC)is basedonstore-
loadandload-loadcorrelationsfrom theprogramsyntaxin the
form of a baseregisterID anda displacementvalue.This sim-
ple memoryreferencesyntaxalsoexhibits spatiallocality. In
this section,we will provide two programmingexamplesand
describequalitatively theexistenceof suchsyntaxcorrelations
andreferencelocality in realprograms.In Figure2, thesource
andtheassemblycodesof asimplefunctioncopydisjunctfrom
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Parserof SPEC2000aregiven. This functionis invokedmany
timesto build a new copy of a disjunctlist. Thesecondexam-
ple bsWis extractedfrom Bzipof SPEC2000(Figure3). This
function is also invoked multiple times to performbit-stream
I/Os.

Fig. 2. ExampleI: sourceandassemblycodesof functioncopy disjunctfrom
Parser

The store/loadsyntaxcorrelationandreferencelocality can
beobservedin severalprogramconstructs.

RegisterSaveandRestore in ProceduresandFunctions: As
shown in Figure2, store/loaddependencescanbe established
perfectly with a matchingpair of the baseregister ($sp) and
displacementfor saving and restoringregister contentswhen
thefunctioncopydisjunctis invoked.Althoughtheinvocations
of xallocandcopyconnectorsmaychangethevalueof the$sp,
theoriginalvaluein thecopydisjunctis restoredafterreturning
from thefunctioncalls.

AccessRecords in LinkedData Structures: In thesameex-
ample, the pointers(d, d1) are usedto copy and constructa
new nodein thetarget linkedstructure.Differentrecords(also
pointersin thiscase)in eachnodeof theold andthenew linked
structuresareaccessedusingpointersd, d1. In the assembly
code,the two pointersareloadedin registers$s0,$s1andare
usedas the baseregistersto accesstheserecordswith small
variationsof the displacementvalue. The syntaxcorrelations
andreferencelocality amongtheseaccessesareclearlydemon-
stratedin theassemblycode.

AccessArray Variables: Similar store/loadcorrelationsare
alsoobservedin accessingarraydatastructuresin severalstud-
ied workload. For example, intensive array accessesare ob-
served in several functionsin Gcc of SPEC2000.Nearbyref-
erencesto differentelementsof the samearraywith the same
baseaddressprovidesyntaxcorrelatedstoresandloads.

AccessGlobalVariables: As shown in Figure3, threeglobal
variables,bsBuff, bsLiveandbytesOutareaccessedwhenthe
function bsWis invoked. Due to the limited registers,these
variablesare loaded/storedmultiple timesbasedon the same
globalpointer$gp. Theaccessof globalvariablesexhibitsboth
thesyntaxcorrelationandthespatiallocality.

Fig. 3. ExampleII: functionbsW from Bzip, (a) sourcecode;(b) assembly
code;(c) partialassemblycodefrom callerSendMTFValues

AccessLocal Variables: In thebsW, thecallee-savedregis-
ters$s0 and$s1 arefreedup for local usagesto avoid saving
parametersof n andv from registers$a0 and$a1 to the local
stackandretrieving themlater for computations.However, in
functionsthatinvolvemorecomplex computationsand/ormore
temporarylocal variables,it is inevitable to increasethe lo-
cal stackaccessesusingthestackpointer$spand/ortheframe
pointer$s8thatalsodisplaystrongsyntaxcorrelationsandspa-
tial locality.

Save/Restore BaseRegisters: Thereareevidencesthat the
syntaxcorrelationis still holdevenif thebaseregisterhasbeen
updatedbetweentwo memoryaccesses.This is duemainly to
thefactthatabaseregistermaybefreedupfor otherusagesand

theoriginalbaseaddressis restoredbeforethenext memoryref-
erence.In Figure3, wealsoshow apartialassemblycodefrom
a callerSendMTFValuesof thebsW. In this caller, $s1 is used
asa baseregisterbeforecalling thebsW. After returningfrom
thebsW, $s1continuesto beusedasa baseregister. Although
$s1 hasbeenupdatedin the bsW, the original baseaddressis
restoredto keepthesyntaxcorrelationalive.

IV. ESTABLISHING A SYMBOLIC CACHE

An SCis asmalldatacachewhichis addressedby theencod-
ing contentof load/storeinstructions.TheSCcanbeaccessed
onceloads/storesarefetchedout of the instructioncache.As
a result,pipelinestagesinvolving register �le access,address
generation/translation,andcacheaccesscanbebypassed.The
impact of pipeline performanceusing an SC is very similar
to that of usingthe VF in memoryrenamingtechniques[25],
wherethe speculative load datais fetchedout of the VF indi-
rectly througha store/loadcorrelationtable. In this paper, we
focusontheaccuracy of loaddataspeculationusingtheSC.We
omit discussionsof integratingtheSCinto 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 registersource/destination,and a mem-
ory source/destination.Intuitively, we can use the memory
source/destinationto form a 32-bit symbolicaddressas illus-
tratedin Figure4. The leastsigni�cant 16 bits are extracted
from the displacementvalue,andthe baseregisterID (5 bits)
are insertednext to the displacement.Although simple, this
approachsuffers aliasingproblemsbecausemultiple memory
addressescanbemappedto thesamesymbolicaddress.In ad-
dition, thissimplesymbolicaddressformationcreatesotherac-
cessandalignmentproblems.

Fig. 4. Extractingsymbolicaddressfrom memoryinstructions

� Aliasing of SymbolicAddress: With the simpleaddress
mappingin Figure4, a 32-bit memoryaddressis repre-
sentedby a 21-bit symbolicaddress.Therefore,multiple
memoryaddressescanbeexpressedby thesamesymbolic
address.An obvious examplecanbe found in stackac-
cessesfor local variablesandfor saving andrestoringreg-
istersduring procedure/functioncalls. Although access-
ing a differentstackframein eachprocedureinvocation,
thesamestackpointer($sp) andframepointer($s8) with
a small rangeof displacementvaluesarecommonlyused.
Thecontentsin theSC for local variablesandsavedreg-
istersare likely overwritten in the calleeproceduresand
cannotbereusedafterreturningfrom theprocedures.� UnevenSCIndex Distribution: It is well-known thatdis-
placementvaluesin memoryreferencesareunevenlydis-
tributedwith ahighpercentageof `0' andafew othercon-
stants.Usingaportionof thehigh-orderdisplacementbits
astheindex to theSCmaypotentiallygenerateheavy con-
�ict misses.� Word/ByteAlignment: Themostdif�cult problemlies in
the differenceof the line boundarybetweena symbolic
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anda
���

cachelines.Thisalignmentproblemis dueto the
factthatoffsetbits of acacheline arenotalwaysthesame
betweenthesymbolicandthe realaddresses.It is essen-
tial to properlyalign thedatalayoutin thesymboliccache
accordingto the symbolic addressto capturethe spatial
locality of memoryreferences.

A. ProcedureColoringandIndex Randomization

In orderto alleviatethestackaccessaliasingproblemin dif-
ferent procedures,variousprocedurecoloring techniquescan
be constructed. A straight-forward techniqueis to maintain
a global countercalled P-color. The P-color is incremented
whenever a procedurecall is encountered.It is decremented
after returningfrom a procedure. The P-color can be incre-
mentedcontiguouslyin nestedor recursive proceduresbefore
being decremented.Stackaccessesbetweena caller and its
calleescanbe differentiatedby the P-color to avoid con�icts
in theSC.

The P-colorcanbe concatenatedwith thesymbolicaddress
for stackaccesses.Thewidth of theP-colorcounteris �e xible.
Figure5 (a) illustratesthesymbolicaddressafteraddinga6-bit
P-color. It is importantto know thattheP-coloris only applied
to stackaccesseswhich use$sp and$s8 as the baseregister.
OthermemoryaccessesdonotaddtheP-colorto allow sharing
of globalvariablesamongdifferentproceduresor functions.

Fig. 5. (a)Addingprocedurecolor to symbolicaddress;(b) Index randomiza-
tion in accessingtheSC

An uneven distribution of the index bits extracteddirectly
from thedisplacementvaluehasapotentialto createheavy con-
�ict missesin the SC.This problemcomesfrom the fact that
high-orderdisplacementbitsareoftenall zerosandcanbedealt
with by a simplerandomizationtechnique.Insteadof extract-
ing index bits from thesymbolicaddressdirectly, randomized
index bits canbeformedby exclusive-ORingtheoriginal index
bits from thedisplacementwith thebits from thebaseregister
ID andtheP-colorasillustratedin Figure5 (b). In this exam-
ple, it is assumedthattheSChas64setswith 64-byteline size.
Thesix index bits areobtainedby exclusive-ORingnormalin-
dex bits in position6 to 11with thebaseregisterID andpartial
P-colorbits startingatposition16 through21.

B. Word/ByteAlignment

Oneremainingissueis the dataalignmentbetweenthe SC
andthe

���
datacache. The symbolicaddresswithin a cache

line, i.e. thelastfew offsetbits,maynotbethesameastheoff-
setbits in therealaddress.In orderto exploit spatialreference
locality, thecacheline fetchedfrom

���
needsto berearranged

in theSCsuchthatthedatalayoutcanbealignedwith thesym-
bolic address.Thebasicalignmentalgorithmworksasfollows.
Whena memoryrequestmissesthe SC, the target cacheline
is fetchedfrom thememoryhierarchyandloadedinto theSC.
Thetargetbyte/wordis placedin theSCaccordingto offsetbits
of the symbolicaddress.For example,assumethereareeight
accessunitsin acacheline asshown in Figure6. Thesymbolic
offset of the target unit is 010 while the offset of the real ad-
dressis 101. In this case,thetargetdata101is loadedinto unit

010in theSC.Theremainingunitsareloadedaccordingto the
locationof thetargetunit. Therearethustwo importantaspects
to considerfor aproperdataalignment:

Fig. 6. Dataalignmentin symboliccache

� Granularity of Data Alignment: Dependingon memory
accessgranularity, it is conceivablethatthedataalignment
can be performedat byte, half-word, word, or double-
word level. The byte-level alignmentcan accommodate
accessesby other granularitywith the expenseof main-
tainingmorevalid bits for thealignmentinformation.� Handling Under�ow/Over�ow Data: Since the line
boundariesof the SC and the

���
cachesmay be differ-

ent, only a partial line canbe �lled on eachSC miss. In
addition,thereis excessive datafrom the target

� �
cache

line that cannot�t into the requestedline locationin the
SC.The simplestandmostnaturalsolutionis to only �ll
a partialSCline anddroptheun�tted data.Otheroptions
includefetchingtwo adjacent

� �
lines for eachrequested

SC line, and/orto searchandplacethe over�ow
� �

data
into thecorrectsecondSCline.

Performanceevaluationonthesedesignoptionswill begiven
in thenext section.It is importantto keeptheSCdesignsimple
sincethe primary goal of establishingthe SC is to provide a
zero-cycle load.

V. PERFORMANCE EVALUATION

Performanceevaluations of three load value speculation
methodsare given including the last-value and stride-based
value prediction (VP), the memory renaming(MR), and the
proposedsymboliccache(SC). Our primary focus is to com-
parethe predictionaccuracy amongthesethreemechanisms.
All simulationsarecarriedout on theSim-Savemodelof Sim-
pleScalar. Twelve integer programs,Go, Li, M88k, Perl from
SPEC95andBzip, Gcc,Gzip, Mcf, Parser, Twolf, Vortex, Vpr
from SPEC2000areused. Version2.7.2.3ssbig-na-sstrix-gcc
compilerwith options:(-funroll-loops-O2) is usedto generate
thebinarycode.For eachworkload,we skip the �rst 900mil-
lion instructions,usethenext 100million instructionsto warm
up thecachesandtables,thencollectsimulationstatisticsfrom
thenext 500million instructions.

A. DataAlignment

We �rst investigateandevaluatedifferentalignmentgranu-
larity. TableI showsmatchesof theleast-signi�canttwo bitsbe-
tweenthesymbolicandtherealaddresseswith differentmem-
ory accessgranularityin thesimulatedprograms.On theaver-
age,87.4%,3.2%and9.4%of memoryreferencesareaccessing
word,half-word,andbyterespectively. Mismatchesof thetwo
bits for the threeaccessgranularitiesareabout0%, 0.5%and
4.5%.Thewordaccessis alwaysalignedat thewordboundary
for boththerealandthesymbolicaddresses.Ontheotherhand,
thewordalignmentcreates5%of mismatchesfor half-wordand
byteaccesses.Sincethewordalignmentreducesextravalid bits
signi�cantly, we will simulateboth byte andword alignments
andshow their impacton theSCaccuracy.
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TABLE I
MATCHING OF THE TWO LEAST-SIGNIFICANT ADDRESS BITS BETWEEN

REAL AND SYMBOLIC ADDRESSES FOR ACCESSING WORD, HALF-WORD

AND BYTE

With regardsto the line-�ll on SCmisses,preliminarystud-
iesshow thattheoptionof �lling theentireSCline by fetching
potentially more than one

� �
cachelines provides very lim-

ited bene�t. Moreover, to placethe entire target
� �

line into
theSConeachmissdoesnot bene�t theaccuracy mucheither.
Therefore,only thesimplepartialSCline-�ll by droppingany
un�tted datais consideredin subsequentevaluations.

B. Sensitivityof P-color andIndex Randomization

TableII shows theaccuracy of loadvaluespeculationusing
a 4KB SC with the word-alignmentand 0, 2, 4 P-color bits.
In general,we observeanaverageimprovementfrom 68.8%to
70.4%by addinga 2-bit P-color. A few benchmarkprograms
show no improvementat all with the simple P-color mecha-
nism. After examining dynamic function calls in thesepro-
grams,we found that therearevery few nestedcalls and the
programexecutiontendsnot to frequently traverseback and
forth amongmultiple procedurelevels. For instance,in Gzip,
about98%of thecallsarelabeledat level 6. We alsoobserve
that thereis no bene�t in increasingthe numberof bits in the
P-color. With more P-colors,more levels of procedureinvo-
cationcanbe differentiated.However, analysisof application
programsrevealsthatperfectly-nestedor deeply-recursivepro-
ceduresthatbene�t with moreP-colorsrarelyexist. Theactual
executionpathnormallytraversesamonga few levelsof proce-
dures.Also, dueto a smallSC,thedatafrom ancientancestors
is dif�cult to holdanyway.

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

The bene�t of index randomizationis more evident in Ta-
ble III, in which the accuraciesof three4KB SC con�gura-
tions are displayed. By randomizingthe index, a 4-way set-
associative SCcanachieve theaccuracy approachingto thatof
a fully-associativeSC.On theotherhand,without this process,
it degradesthe accuracy of the 4-way designfrom 70.4%to
64.9%.

TABLE III
LOAD ACCURACY USING THE SC WITH INDEX RANDOMIZATION

Theseresultssuggestthat theeffective working setbetween
baseregisterupdatesis very small. Oncethecontentof a base
registerchanges,theold datain SCbasedonthesamebasereg-
ister becomesstale. Becausethe original index bits arelikely
to beall zeros(Figure5), storesandloadsusingthesamebase
registermay locatein very few setseven with index random-
izations.Giventhefactthattherandomized4-waySCachieves
an accuracy comparableto that of a fully-associative SC, the

4 lines in eachsetareenoughto hold theworking setfor each
baseregisterID. Althoughhighersetassociativitiesincreasethe
capacityin eachset to hold morelines for eachbaseregister,
frequentupdatesof baseregisterswipe out the corresponding
correlateddatain theSC.

C. Comparisonof ThreeDataSpeculationMethods

The accuraciesof threeload valuespeculationmechanisms
areevaluated.Bothbyteandwordalignmentsfor placingaline
in theSCareconsidered.Also, index randomizationsanda 2-
bit P-colorareappliedto improve theloadaccuracy. For a fair
comparison,we simulatethe threemethodsusingcomparable
hardwarewith respectto theextra storagerequirementto build
additionaltablesandcaches.

The VP schemeestablishesa valuehistory tableto remem-
ber the recentvalue of eachload. For matchingthe PC of
a load, propertagsare maintainedin the value history table.
In addition,an incrementvalueis neededin eachentry to ac-
commodatea stride-basedpredictor. The MR schemeusesa
ValueFile (VF) to keepstore/loadcorrelatedvaluesfor laterac-
cesses.In addition,two extratablesareneeded.TheStore/Load
Cache(SLC) savespointersto theVF. TheSLCis addressedby
thePCsof loadsandstoreswith tagsfor matchingthecorrect
PC for indirect accessesto the VF. The Store-AddressCache
(SAC) also recordspointersto the VF. The SAC is accessed
by load/storeaddressesfor establishingload/storecorrelations.
Again,addresstagsarenecessaryto makeacorrectcorrelation.
The SC is simply a datacacheaddressedby the symbolicad-
dress.Thereis no extra hardwareexceptfor a small tagarray
in whicheachtagalongwith a few valid bits is associatedwith
a64-bytesymboliccacheline.

We considersix con�gurationsfor accuracy comparisonsas
shown in TableIV. Thehardwarerequirementis representedby
the total numberof entriesin therespective tablesandcaches.
Becauseof the additionaltag arrays,the storagerequirement
for theVP andtheMR areactuallyabout40-50%and10-15%
morethanthatof theSCin eachcon�guration.Notethatin this
�rst-cut estimation,extracontrollogic is notconsidered.

TABLE IV
SIX CONFIGURATIONS FOR ACCURACY COMPARISONS

Figure 7 plots the averageaccuracy curves basedon the
twelveintegerprogramsfor thethreedataspeculationmethods.
Generallyspeaking,theSChasthehighestaccuracy, especially
with smallcon�gurations.For example,morethan70%of the
loadscanobtainedcorrectvaluesfrom a small4KB SC.These
resultsdemonstratethe existenceof store/loadsyntaxcorrela-
tions and spatial locality that can be capturedeffectively by
small SCs. The MR scheme,on the other hand, requires8
timesof thehardwarestorageto reachabout67%accuracy. The
MR schemeperformspoorly with smallcon�gurationsprimar-
ily becauseof missesto the small SLC/SAC for establishing
correctstore/loadcorrelations.In addition,thecorrelationmust
beestablishedbeforea correctvaluecanbeobtained.TheMR
schemeshows moreimprovementwhenthecon�guration size
increases.With biggerSLC/SAC, datadependencelinks canbe
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Fig. 7. Averageaccuraciesof threedataspeculationmethods

built morepreciselythanthoseapproximatedby the symbolic
address.However, theSCstill maintainsanedgeby capturing
thespatiallocality. Thelast/stridevaluepredictorgenerallyhas
theworstaccuracy. The accuracy improvementis leveling off
with largervaluehistory tables.This con�rms a poor correla-
tion betweentheloadvalueandits instructionaddress.

Thebytealignmentdoesnotimprovetheaccuracy much.For
a 4KB SC,for instance,thebytealignmentimprovestheaver-
ageaccuracy of theword alignmentfrom 70.4%to 71.1%.As
shown in TableI, thereis very little or no differencebetween
byte or word alignmentfor a majority of the programs. The
two programsthatbene�t thebytealignmentthemostareBzip
andGzipbecauseof theirhighpercentageof sub-wordaccesses
andmismatchesof theleast-signi�cant2 bits betweenrealand
symbolicaddresses.

TheSCsizeplaysaminorrolein providingaccurateloadval-
ues.Again, this is dueto thefact that theworking setbetween
baseregisterupdatesis very small. Sincethe randomizedSC
index is still mappedto very few setsfor eachbaseregister, in-
creasingtheSCsize(i.e. thenumberof sets)doesnot improve
thecapacityfor loadsusingaspeci�c baseregister.

Now consideringthethird con�gurationwith a 4KB SC,the
averagepredictionaccuraciesare 55.0%, 56.6%, 70.4% and
71.1%for the VP, the MR, and the SC with word alignment
(SC-word) andthe SC with byte alignment(SC-byte)respec-
tively as shown in Figure 8. Among the twelve integer pro-
grams,M88k, Perl, and Gcc show very good syntaxcorrela-
tions with over 80% of predictionaccuracies,while Li, Gzip,
Twolf, Vortex, andVpr show reasonableaccuraciesover 70%.
Go, Bzip,Mcf andParser, on the otherhand,have poor accu-
racy, especiallyfor Go with anaccuracy only about47%. Re-
call thatin orderto holdthesyntaxcorrelation,thebaseregister
contentmustremainunchangedbetweentwo correlativemem-
ory instructions.We foundout in Go, about64%of the loads
areexecutedusinga newly updatedbaseregister. On theother
hand,only 22%and24%respectively for theloadsin Gccand
M88kareexecutedright aftertheirbaseregistershaveupdated.
Moredetailedanalysiswith respectto thebaseregisterupdates
will begivenin thenext SectionV-D.

TheSCschemedoesnot performwell againsttheothertwo
schemesunderBzipandParser. In Bzip, a main function full-
GtU that �nds matchesof characterstrings,hasshown good
valuelocality andgooddynamicstore/loadcorrelationsestab-
lishedby theMR scheme.However, theSChandlesthis func-
tion poorly becausethebaseaddressesof thematchingstrings
are calculatedright before loading charactersfrom the two
strings.A similarbehavior hasalsofoundin Parser.

Fig. 8. Accuracy of threedataspeculationmethodsfor individual programs
(basedoncon�guration3)

In Figure9, we breakdown correctandincorrectloadvalue
speculationsusingtheSCwith respectto thebaseregisterIDs.
We separatebaseregistersinto 5 groups: $v, $a, $s+$t, $gp
and$sp+$s8, eachrepresents20.5%,26.4%,11.3%,18.2%and
22.5%of thetotal loads,respectively. (Notethereis about1%

of theloadsusingotherregisters.)Theaccuraciesof the5 base
registergroupsare29%, 73%, 63%, 98%, and 94%. As ex-
pected,it is highly accurateto accessglobalvariablesandlocal
stackframes. For other loads,the compiler �rst picks $v and
$a as temporaryregistersto hold baseaddressesfor memory
accesses.The baseaddressis often computedor loadedfrom
memoryfor anindirectaccessright beforetheloadthatresults
in an incorrectvaluesfrom the SC. The $a registers,which
show higheraccuracy, arealsousedfor passingparametersto
calleefunctions. We observe that many functionshave mem-
ory addresses(pointers)asparametersthatarepassingthrough
the$a registers.In eachcalleefunction,the$a registersarefre-
quentlyusedasabasewithoutany modi�cation. Wealsofound
in Gccthatcertainmemoryaddressesarepassingthroughsev-
eralfunctionlevelsusingthe$a registers.Thus,memoryloads
basedon $a canpotentiallykeepthecorrelationsalive through
severalfunctionlevels.

Fig. 9. Correct/ incorrectload valuespeculationswith respectto different
baseregistergroups

D. AccuracyRegardingBaseRegisterUpdate

The syntaxcorrelationholds when the contentof the base
register remainsunchangedfrom the last memory reference
with thesamesymbolicaddress.Figure10 shows theaverage
accuracy of all theloadswith respectto thedistanceto thelast
updateof thebaseregister. For example,thedistanceis equalto
1 for aloadwhenthebaseregisterof theloadisusedfor the�rst
timeasabaseregisterafteranupdateto theregister. Similarly,
thedistanceis equalto 2 if a registeris usedfor thesecondtime
asabaseregisterfor eitherloador storeafterthecontentof the
registerhasupdated.The distancesof 20 or longerarerepre-
sentedby a singledatapoint. In general,theaccuracy goesup
with thedistancedueto thelocality of references.A cold miss
is encounteredwhenthedistanceis equalto 1 unlessthe latest
updatedid not changethecontentof thebaseregisterfrom the
previoususeof thesamebaseregister.

Fig. 10. Loadaccuracy anddistribution with respectto thedistanceto thelast
baseregisterupdate

A few observationscanbemadefrom the�gure. First,when
the distanceis 3 or longer, the speculative load datafrom the
SCis very accuratewith anaverageaccuracy about98%. This
indicatesaverystrongreferencelocality basedonthesymbolic
addressesof nearbystoresandloads.

Second,insteadof all cold misses,the averageaccuracy is
36% when the distanceis equal to 1. This accuracy 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
accuracy, theseloadsproduce25%inaccuratedatawith respect
to thetotal loads.Therefore,thedistance-1loadsarethemajor
factorfor the overall accuracy. For example,in the two high-
accuracy programs,GccandM88k,only 22%and24%of loads
aredistance-1with anaccuracy of 46%and68%,respectively.
On theotherhand,Go has64% of loadsaredistance-1with a
pooraccuracy of 18%.



A TESTFORIEEETRAN.CLS—[RUNNING ENHANCED CLASS V1.5] 7

Third, about24%of theloadshavedistancesof 20or longer.
This long distancecomesmainly from accessglobalvariables,
alsofrom somelocalvariableaccesses.An averageaccuracy of
98.4%is obtainedfor theselong-distanceloads.

Compiler optimization techniquesmay be applied to im-
prove the syntax correlationsof stores/loads. For example,
we observe thatparametersaresometimespassedto thecallee
throughthecaller's stackframe.Accessingtheparametersbe-
fore an updateof the framepointermay keepthe correlation
alive. Furtherdiscussionsin thisdirectionis outof thescopeof
this paper.

VI . CONCLUSION

A new load dataspeculationmethod,basedon instruction
syntax correlationsof storesand loads, hasbeenintroduced
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/loadinstructionsto en-
abledataaccessesin thefront-endof theprocessorpipelineto
shortenload-to-uselatency. Performanceevaluationof SPEC
integer programshasdemonstratedthat the proposedmethod
canachieve anaccuracy over 70%with a small4KB symbolic
cache.With compilerhelpsto reducebaseregisterupdatesand
to betterutilize displacementvalues,further improvementof
theSCaccuracy maystill bepossible.
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