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1 .0 Intr oduction

Valuelocality, a recentlydiscoveredprogramattribute,hasbeenthesubjectof muchrecentresearch[7, 8, 9,
11]. Throughtheexploitationof valuelocality, a limit whichwasonceconsideredunsurpassablein moderncom-
puting(theso-called“dataflow limit”) cannow beexceeded.Until very recently,mostwork hasproposedusing
valuelocality to acceleratetheinputportionof acomputingpipeline,or the“meansof computing”throughvalue
prediction.However,somevery recentwork tries to determineif value locality canalsoacceleratethe output
portion of a computing pipeline, or the “end of computing” through exploiting store value locality [7].

Sincetheideaof storevaluelocality is relativelynew,a brief reviewof theideais in order.Storevaluelocal-
ity is theideathata storeis writing thesamedatavalueto thememorysystemthatwaspreviouslylocatedthere
or is trivially predictable.Therefore,sincethestateof memoryis not changedby thestore(or is changedonly
trivially), it is unnecessary.Intuitively, if wecanremovethestoreatsomepoint in theprogramexecution(either
staticallyat compile time, or dynamicallyat run time) somepotentialbenefitcanbe gainedin executiontime
and/or code size.

This work focuseson characterizingsilentstores(referredto throughoutthis work asstorevaluelocality, or
SVL). A silent storeis definedasa memorystoreoperationthat doesnot changethe contentsat that location.
Becausethey do not changethe stateof memory,all silent storescanbe eliminatedwithout affectingprogram
correctness.1 A storeverify is usedto determineif a storeis silent. It consistsof up to threeoperations--aload,
compare,andpossiblestore.Beforea storecommits,thevalueat thatstore’saddressis loadedfrom memory.If
this valueis identicalto thevaluetheinstructionwill store,thestoreis squashed,or removedfrom programexe-
cution. Otherwisethe store continuesnormally and writes the new value to memory. Silent storescan be
squashedat thelevel theyareidentified--eitherdynamicallyastheyexecute,or staticallyat thelevelof codegen-
eration.It is shownin [7] that silent storesconstitute18%-64%of total programstoresin a variety of bench-
marks and can consume significant processor resources, therefore it is highly desirable to removal them.

2 .0 Moti vation for Exploiting SVL

Reducing CacheWritebacks: Most modernmicroprocessorsusewritebackcachingto improveperformance
[6]. On a cachemiss,if the line beingreplacedis dirty, it is generallycopiedinto a writebackbuffer (WB), the
demandedline is loaded,andthenthe dirty line is written backwheneverthereis sufficient cachebandwidth.
This meansthatmanymissesresultin two memoryaccesses--oneto load thedemandedline, theotherto write
backthe dirty line. If we canreducethe numberof writebacksnecessaryby havingfewer dirty lines,we will
requirelessbandwidthto thenextlayerof memoryhierarchy.Althoughmoreextensivemultiprocessorconsider-
ationsfor removingsilentstoresaregivenin [7], asabrief synopsis,wecanimaginethatreducingthenumberof
writebackscan also causefewer cachelineinvalidatesin an invalidation-basedcoherenceprotocol or fewer
updatesin anupdate-basedprotocol.It hasalsobeenshownthatexploitingcertainpropertiesof silentstores(or
stochasticallysilentstores[7]) canalsoreducetheamountof trueandfalsesharingthatoccursin multiprocessor
systems.

Reducing the Number of Writeback Buffers: As describedin the previoussection,in order to allow the
demandedmissto beservicedbeforewriting thereplacedline back,we needto buffer thedirty line in a write-
backbuffer. If we canreducethenumberof writebacks,we canalsopotentiallyreducethenumberof writeback
buffersusedin aprocessordesignto maintainacceptableperformanceandto savechipareaanddesigncomplex-
ity.

Reduction in CAM Complexity: Due to memoryconsistencymodel constraintswhich dictate the order in
which memoryoperationstakeplace[1], complexContentAddressableMemory(CAM) structuresarerequired
for fully associativelook-upsin orderto maintainprogramcorrectness.For example,considera stronglyconsis-
tent architecture,whereall memoryoperationsmustappearto occurin logical programorder.Let us examine
whatneedsto happenin anarchitecturewith storeto loadforwardingfrom theload-storequeue(LSQ). If a load
occursto a locationthathasbeenrecentlystoredto by theprogram,theprocessormusteitherforwardthestore
valuein thestorequeueor wait for thestoreto commit to memory.Supposefurtherthattherearemultiple store
operationsto the targetload’saddressin theLSQ. Theprocessormustbeableto forward from themostrecent

1.  There are some cases where multiprocessor semantics can complicate this process.



matchingentryin theLSQ(i.e. theLSQis apriority associativequeue).Wecanimaginethatthesestructurescan
requiremanyassociativeaddresslookups,andwe know thatbuilding a fastCAM is difficult dueto circuit con-
straints.If we canreducethenumberof stores,we canpotentiallyreducethesizeof thestorequeueandhence
the required number of associative lookups..

Performing Write Operations Is Comparatively Difficult: As modernprocessorsbecomewider issue,mem-
ory bandwidthis becominga problem,not only in termsof cachelatencies,but alsoin termsof havinga suffi-
cient numberof cacheports to perform the memoryoperations.It hasbeendemonstrated[6] that obtaining
multiple readports into a memorystructurecanbe obtainedthroughmanyschemes,the simplestof which is
duplicationof thememoryresource.However,performingmultiplewritesis generallymorecomplicated,requir-
ing interleavingor multiportedmemorycells.Giventhis, it shouldbeobviousthatremovingwrites(or tradinga
write for a readwith a storeverify) canincreaseperformanceor allow a reductionin complexityof thememory
system and maintain equivalent performance.

3 .0 Related Work

LepakandLipasti [7], aswell asMolina et.al. [11] introducedthenotionof silentstoresandshowedthatthey
constitutea non-trivial percentageof overall stores.Given empirical evidencethat silent storesdo exist, this
paperexploreswhy theyexistanddiscussesseveralof their primarycharacteristics.Althoughspecificoptimiza-
tions to exploit silent storesarenot directly proposedhere,we expectthat first understandingwhy they occur
will naturally lead to novel optimizations and future research.

Calderet al. [4] discussedtheconceptof a silent storein termsof hoistingloadsanddependentinstructions
aboveloop bodies.They proposeda hardwaremechanismthat extendedthe Memory DisambiguationBuffer
(MDB) by not only checkingif an instructionstoresto theaddressof thehoistedload,but alsoif thevaluehas
been changed (i.e. the store is silent).

Thenotionof storeremovalis notnewin compilerliterature(e.g.[2]). A commondataflowoptimizationis to
removedeadstores,or storesfollowed by a secondstoreto thesameaddresswithout an interveningload from
thataddress.Becausethestoredvalueis overwrittenbeforeit is used,all deadstorescanbeeliminated.Although
superficially they may seemsimilar, thereare severalimportantdistinctionsbetweendeadstoresand silent
stores.Themostobviousis thata storedoesnot haveto besilent in orderfor it to bedead.Beingdeadsimply
implies that its valueis overwrittenbeforeit is used;it makesno differenceif thenewvalueis thesameasthe
old. A seconddifferenceinvolves which store is eliminated.If two storeswrite the samevalue to the same
address,the secondstoreis silent and it is removed.On the other hand,if by overwriting a location,a store
causesanotherstoreto bedead,the first storeis removed.This meansthatsilentstorescanbe identifiedmuch
later thandeadstores.Becauseknowledgeof future instructionsis required,deadstoreidentificationis usually
limited to compilers,wheresilent storescanbe identifiedandeliminateddynamicallyin hardware.This offers
significant flexibility--a storecanbe squashedif it is silent evenonce,while requirementsfor removingdead
stores can be considered more strict.

4 .0 Source Code Analysis

4.1 Code Size/Efficiency

If we canremoveunnecessaryinstructionsfrom theprogramentirelyor cantakethemoff thecritical pathof
execution,we caneithergain someefficiency in codesize,performance,or both. In manycases,not only can
silentstoresberemovedfrom programexecution,but alsorelatedinstructionsthatareusedin thestore’sdataor
addresscomputation.Considera FORTRANcodesegmentfrom theSPECFP-95benchmarkmgrid in Figure1.
In our compiler,this statementcompilesto 107machineinstructionsandis silentover34,000times.Thusif we
couldeliminatethecomputationrequiredwhenjust this singlestaticstoreis silent,over3.6million instructions
could be removedfrom programexecution,or about2.4% of the total numberof dynamic instructions.Of
course,this assumesthatall side-effectsandexceptionsgeneratedby theremovedcodearehonoredin orderto
maintain consistent program behavior.
4.2 Stores Likely to be Silent

Giventhefrequencyandimpactof silentstores,thefirst questionto askis ‘Why do silentstoresexistat all?’.



Whatcausesa compilerto insertstoresthathaveno effecton thestateof theprocessor?Oneexplanationlies in
the natureof programgenerality.Programsareoften designedto operateon a variety of datainput sets,and
while storesmayupdatememorycontentswhenexecutedwith someinputs,theymaynotwith others[15]. Con-
sider an example from them88ksim benchmark (Figure2).

This instructioncontinuallydecrementsan arrayelementby the minimum of itself and the unsignedvalue
time_to_kill. Clearly,atsomepoint thevaluestoredin memorywill convergeto zero,andeverysubsequentstore
to that locationwill continueto storezero.In the input datasetsincludedwith SPECINT-95,this convergence
occursquickly and in over 95% of all executionsthis storeis silent. Becausethis particularpieceof codeis
heavilyexecuted,this singlestaticstoreis responsiblefor overhalf of thebenchmark’s5 million dynamicsilent
stores.

Furthermore,not only is this storefrequentlysilent,but 27%of thetime thestoresin all of the32 loop itera-
tionsaresilent.Thus,if it is knownthateveryelementin thearrayis zero,theentireloop canbeskipped.This
couldbeexploitedin a techniquesimilar to memoization[5, 12] or dynamicinstructionreuse[15], in which the
valuesof thearrayareusedto indexa tablewhoseoutcomeconditionallydeterminesif the loop shouldbeexe-
cuted.This leadsto a substantialsavings,asnot only would thesilentstoresbeskipped,but alsothecall to the
MIN function, the potentialload of time_to_kill, the subtractionof time_to_kill from m88000.time_left[i], the
loop inductionvariablecalculationsandthebackwardsbranchto thestartof theloop.By just skippingtheloop
whenall arrayelementsarezero,9.6 million fewer instructionsneedto beexecuted,or about11%of the total
dynamic instruction count.

This exampleleadsto four classificationsof dynamicsilentstoresbasedon their previousexecution(similar
to general store classifications in [7]):

SameLocation, SameValue: A staticsilentstorestoresthesamevalueto thesamelocationasthe last time it
was executed. This is the case in theeval function from theperl benchmark in Figure3.

Eachiterationthroughthis loop processesanargumentandstorestheargument’sflags in thestack-allocated
temporaryargflags. Many arguments havearg_flags equal to zero, thus the store is silent 71% of the time.

FIGURE 1. mgrid: Eliminating this expressionremoves not only a store, but also over 100
other static instructions.

FIGURE 2. m88ksim: Frequently the store in all 32 loop iterations is
silent, allowing the entire loop to be bypassed.

FIGURE 3. perl: Same Location, Same Value.

R(I1,I2,I3) = V(I1,I2,I3) - A(0)*( U(I1,I2,I3))
- A(1)*(U(I1-1,I2,I3) + U(I1+1,I2,I3) + U(I1,I2-1,I3)
+ U(I1,I2+1,I3) + U(I1,I2,I3-1) + U(I1,I2,I3+1))
- A(2)*(U(I1-1,I2-1,I3) + U(I1+1,I2-1,I3)
+ U(I1-1,I2+1,I3) + U(I1+1,I2+1,I3) + U(I1,I2-1,I3-1)
+ U(I1,I2+1,I3-1) + U(I1,I2-1,I3+1) + U(I1,I2+1,I3+1)
+ U(I1-1,I2,I3-1) + U(I1-1,I2,I3+1) + U(I1+1,I2,I3-1)
+ U(I1+1,I2,I3+1)) - A(3)*(U(I1-1,I2-1,I3-1)
+ U(I1+1,I2-1,I3-1) + U(I1-1,I2+1,I3-1)
+ U(I1+1,I2+1,I3-1) + U(I1-1,I2-1,I3+1)

for (i = 0; i < 32; i++){
m88000.time_left[i]-=MIN(m88000.time_left[i], time_to_kill);

}

for (anum = 1; anum <= maxarg; anum++) {
argflags = arg[anum].arg_flags;



Different Location, SameValue: A silentstorestoresthesamevalueto a different locationasthe last time it
wasexecuted.This situationoftenoccurswhenaninstructionis storingto anarrayindexedby a loop induction
variable,suchasthem88ksim examplejustpresentedandtheFigure4 examplefrom go. Thebottomthreestores
initialize every location in the arraysthat representthe gameboardto the samevalue (zero,or equivalently,
FALSE).Howeverthestores’addressesarederivedfrom theloop index,andthusaredifferentin eachiteration.
Often thevalueson theboardalreadycontainzero(or FALSE), so thesethreestoresaresilent86%,43%,and
77% of the time, respectively.

SameLocation, Different Value: A silentstorestoresa differentvalueto thesamelocationasthe last time it
wasexecuted.Thestoreto ltrscr in Figure4 is of this type.ltrscr is a globalvariable(thusits locationdoesnot
change),butstoresadifferentelement(andthusapotentiallydifferentvalue)of theltr2 array.If anotherinstruc-
tion updatesltr2 betweensuccessiveexecutionsof this function,thestorehasthepotentialto besilentin thefirst
loop iteration.Althoughthisstoreis silent86%of thetime,98%of thetime thatit is silentconsecutiveelements
of ltr2 are zero and the store is usually Same Location, Same Value.

Although silent storesof this categoryare generallyrare, they usually exist due to one of severalcircum-
stances.Many timesthesilentvaluewaspreviouslystoredto memoryby anotherinstruction,correspondingto
message-passingstorevaluelocality introducedby LepakandLipasti in [7]. Moreoften,SameLocation,Differ-
ent Value silent storesarecausedby compilerandarchitectureconventionsthat dictatehow stackframesare
used.Forexample,whenafunctionis invokedin acallee-saveregisterconvention,it immediatelysavesthecon-
tentsof a predefinedsetof registersonto its stackframe(althoughit doesnot necessarilyhaveto if it will not
modify thoseregistercontentsbeforeretuning).If theseregistercontentsdo not changebetweencalls from
within the samefunction,eachcalledfunction will silently storethemonto the samestackframe.Similarly, a
functionoftenstoresits caller’sframepointerandits returnaddressontoits stackframe.Becausethesevaluesdo
notchangebetweensuccessivefunctioncallsfrom thesamecaller,theytooarelikely to besilent.A final caseof
silentstoresof thiscategoryinvolvearchitecturesthatusethestackto passfunctionarguments(eitherby passing
argumentsexplicitly on thestackor by savingregistercontentsto memorybeforeusingthemto passarguments).

Considerthefabricatedcodeexamplein Figure5. Thetop partshowsmainwith threecalls to two functions:
foo_1andfoo_2.Thebottompart showsassemblycodefor eachfunction.Whenfoo_1 is called,anactivation
recordis allocatedonthestackandtheframepointer,returnaddress,andcallee-savedregistersarestoredto (and
later loadedfrom) thestackframe.Becausefoo_2is calledfrom thesamefunction(main),theactivationrecord
it allocatesoverlaysdirectly on top of theonede-allocatedby foo_1.Thusboldfacedstoresaresilent.However,
thesestaticstoreswithin foo_2 aresamelocationdifferent value(exceptfor $fp which is samelocationsame
value)becausefoo_2 waspreviouslyinvokedfrom a different locationat the samecall depth,asshownin the
initial call to foo_2(d,e,f).

Different Location, Different Value: A silent storestoresa different valueto a different locationas the last
time it wasexecuted.Examplesincludenestedloopsthatstoreasetof valuesinto anarrayin theinnerloop.The
xlsave procedurethatsavesa setof nodesonto thestackin the li benchmarkis onesuchcase(Figure6). In the
first executionof xlsave, eachiterationof theloopsetsnptr equalto thenextfunctionargument(differentvalue)

FIGURE 4. go: Differ ent Location, SameValue (last 3); Same
Location Different Value (ltrscr).

for(x = xmin; x <= xmax; ++x)
for(y = ymin; y <= ymax; ++y){

s = y*boardsize+x;
...
ltrscr -= ltr2[s];

ltr2[s] = 0;
ltr1[s] = 0;
ltrgd[s] = FALSE;

}



anddecrementsthestoreaddress(differentlocation).However,if subsequentcallsto xlsave storethesamesetof
nodes to the same starting stack address, each store instruction will be silent (as it is 48% of the time).

A store’sprobabilityof beingsilentbasedon thesecategoriesis shownin Figure7. In all of thebenchmarks,
instructionsthatconsecutivelystorethesamevaluearemorelikely to besilentthanif theywerestoringadiffer-
ent value.An importantcorollary to this graphis Figure8, which addsinstructionfrequencyinformation by
showingeachsilentstorecategory’scontributionto total silentstores.Becausestoresthathaveahigh likelihood
of beingsilentarealsoexecutedfrequently(this will beshownin Section5.2), theyrepresenta significantpor-
tion of all dynamicsilentstores.Onecould imagineusingsuchcategoriesasanaid to predictif a storewill be

FIGURE 5. Same Location, Different Value.

FIGURE 6. li: Different Location, Different Value.

void main(){
int a=1; int b=2; int c=3;
int d=4; int e=5; int f=6;
foo_2(d,e,f);
foo_1(a,b,c);
foo_2(a,b,c);

}
**** void foo_1(int x, int y, int z) ****
... allocate new stack frame ...
sw $fp,32($sp) // store old frame ptr to stack
sw $16,16($sp) // R16 is a callee-save register
sw $17,28($sp) // R17 is a callee-save register
... foo_1 function body ...
lw $fp,32($sp) // restore frame ptr
lw $31,36($sp) // load return address
lw $16,16($sp) // restore callee-save register
lw $17(28($sp) // restore callee-save register
... restore previous stack frame ...
jal $31 // return

**** void foo_2(int x, int y, int z) ****
... allocate new stack frame ...
sw $fp,32($sp) // store old frame ptr to stack
sw $16,16($sp) // R16 is a callee-save register
sw $17,28($sp) // R17 is a callee-save register
... foo_2 function body ...
lw $fp,32($sp) // restore frame ptr
lw $31,36($sp) // load return address
lw $16,16($sp) // restore callee-save register
lw $17(28($sp) // restore callee-save register
... restore previous stack frame ...
jal $31 // return

NODE ***xlsave(NODE **nptr,...){
...
for (; nptr != (NODE **) NULL; nptr = va_arg(pvar, NODE **)){

...
*--xlstack = nptr;
...



silentor not early in thepipeline(andthusif a storeverify shouldbeperformed).Sucha mechanismis not dis-
cussed here and remains an opportunity for future work.

4.3 Critical Silent Stores

Althougha silentstoredoesnot updatethecontentsof storeddata,it doesseta line’s dirty bit in a write back
cacheconfiguration.If the dirty bit would not havebeenset otherwise,this writebackcould be avoidedby
squashing the silent store.

Definition. A critical silent store is aspecificdynamicsilentstorethat,if notsquashed,will causeacacheline
to be marked as dirty and hence require a writeback.

This definition appliesfor eachlifetime of thegivencachelinein thecache(thetime betweeneachallocation
andreplacement).Eachcachelinelifetime mayhavezeroto n critical silentstores.Trivially, if therearenostores
to the line, thereareno critical silent storeseither.Similarly, if thereis evenonenon-silentstore,thereareno
critical silent stores.However,if thereare one or more silent storesto the line and no non-silentstores,the
formersetof silentstoresis definedascritical, sincefailing to squashanyof themwill resultin a writeback.Put
more simply, it is sufficient to only squashthe critical silent storesto obtain maximal writebackreduction.
Squashingnon-criticalsilentstoreshasnobenefit(in termsof writebackreduction)becausetheline will bewrit-
tenbackwhenit leavesthecacheanywaybecausea non-silentstorewrote the line during its lifetime. Further-
more,squashingnon-criticalsilentstoremissescanactuallydegradeperformancebecausewe incur theloadand
compareoverheadof a storeverify without anycompensatingreductionin writebacks.This problemis worsein
multiprocessors.A non-criticalsilentstoreis replacedwith astoreverify (read),butasubsequentnon-silentstore
to that cacheline will requirethat the line be upgradedfrom a sharedto modified state(requiringan upgrade/
invalidatebustransaction).Wecanbesurethisupgradewill in fact takeplacebecauseof thedefinitionof acrit-
ical silentstore.If thenon-criticalsilentstoresuffereda cachemissandwasnot squashed,the line would have

FIGURE 7. Probability of a store being silent as a function of store category.

FIGURE 8. Total silent store contributions as a function of store category.



beenbroughtinto the cachewith a read-with-intent-to-modifytransaction(henceobtainingthe line directly in
modifiedstate)andtheupgrademessagewould not berequired.Thussquashinga non-criticalsilentstoremiss
leadsto anadditionaladdressbustransaction--namelytheline upgradewhenanon-silentstoreto theline occurs.

Wedeterminethecritical silentstoresin thesimulatorin thefollowing way:Whena line entersthecache,we
allocatea list (calledthecandidatelist) to holdall storesto thatline duringits lifetime. Whenastoreaccessesthe
line, we addit to thecandidatelist for thatline. Whentheline leavesthecache,we checkif theline is dirty. If it
is dirty, weknowall storesto theline arenon-critical(becauseawritebackof theline occursanyway).If it is not
dirty, if any storesexist in the candidatelist, we know that all of thesestoresmusthavebeensilent, andalso
sincea writebackis not occurring,theyareall critical (by definition).We thenaccountfor thestoresproperlyin
theglobalcritical silentstoretrackingstructures,asthecurrentlifetime for theline hasended.Finally, we clear
the candidate list.

Table2 presentsthenumberof writebacksin eachSPECbenchmarkwithout silentstoresquashing(baseline
case),thepercentof thosewritebacksthatareeliminatedwhensilentstoresin all levelsof thememoryhierarchy
aresquashed,andthepercentageof silentstoresthatarecritical for threedifferentcacheconfigurations(32KB
cachewith 32B lines,8KB cachewith 32B lines,8KB cachewith 8B lines).We seethat, in somecases,selec-
tively squashingonly a fraction of all silent storescan dramaticallyreducethe total numberof writebacks
incurredby a program(for examplein vortex79%of the total writebackscanbeeliminatedby squashingonly
39%of all silentstores).We alsoseethatdecreasingthecachesizeincreasesthenumberof silentstoresthatare
critical becauselinesspendlesstime in thecachebeforebeingreplaced.This highlightsthefact thatour defini-
tion of critical storesdependsoncachelinelifetime, andcanbeinfluencedby suchfactorsascachesize,associa-
tivity, andreplacementpolicy. Sincelines are replacedmore frequently,thereis not asmuchopportunityfor
non-silentstoresto write to themandthelineshaveabetterchanceof leavingthecacheunmodified.Decreasing
theline sizealsoincreasesthenumberof critical silentstoresfor thesamereasonthatdecreasingline sizehelps
to eliminatefalsesharing.If therearefew wordspercacheline, thereis lesschancethatoneof themwill bewrit-
tento by a non-criticalsilentstore.However,it is importantto rememberthat,eventhoughdecreasingline size
andtotal cachesizemayyield a greaterpercentageof writebacksthatcanbeeliminatedby squashing,the total
number of writebacks increases as well

.
Table 1: Writebac k reduction due to critical silent stores in v arious cac he configurations.

32 KB / 32 B 8 KB / 32 B 8 KB / 8 B

SPEC95

Benchmark

Baseline
WB / instr
(x 10-3)

% WB
reducedby
squashing

%of silent
stores that
are critical

Baseline
WB / instr
(x 10-3)

% WB
reducedby
squashing

%of silent
stores that
are critical

Baseline
WB/instr
(x 10-3)

% WB
reducedby
squashing

%of silent
stores that
are critical

go 1.04 9.2% 4.5% 5.57 6.4% 6.6% 6.51 14.0% 10.3%

m88ksim 0.30 56.0% 14.0% 0.36 59.0% 15.0% 1.05 64.2% 15.4%

gcc 1.14 18.8% 13.9% 2.67 23.3% 8.9% 5.58 30.1% 17.6%

compress 11.5 58.7% 71.0% 12.8 58.4% 71.4% 33.8 75.9% 81.9%

li 1.64 0.7% 1.1% 4.13 1.3% 2.8% 13.0 1.4% 6.6%

ijpeg 1.35 19.7% 16.5% 2.99 14.5% 23.4% 9.75 20.4% 31.9%

perl 0.30 9.0% 0.3% 4.95 16.6% 8.9% 9.90 25.7% 17.6%

vortex 6.17 78.7% 38.7% 7.93 70.6% 47.1% 26.3 82.4% 49.1%

tomcatv 1.62 3.4% 0.6% 2.20 4.6% 1.5% 3.83 6.1% 2.7%

swim 6.35 10.6% 24.4% 21.0 24.8% 46.1% 22.0 20.2% 51.9%

mgrid 3.96 6.6% 77.5% 4.11 6.6% 78.9% 14.0 7.7% 89.6%

applu 4.93 6.3% 7.1% 4.99 6.6% 7.4% 19.5 30.6% 52.4%

apsi 4.50 20.9% 19.7% 5.28 23.8% 24.9% 12.5 20.6% 32.8%

wave5 13.6 14.1% 55.0% 21.7 16.9% 63.4% 48.2 16.6% 68.9%



Becauseno non-silentstorescanoccurto a line if it is to avoidbeingwritten back,thegreatestpotentialfor
writebackreductionexistswhenmultiple silentstoresoccurto thesamecacheline. In otherwords,if a segment
of codesilently storesdatathat consumesan entireline, thereis no room in that line for otherdatathat,when
storedto non-silently,cancausea writeback.Sucha caseis mostprevalentinsidea loop bodywhena storecon-
tinually incrementsits addressby a fixed offset (different locationanddifferent/samevalue).Whenthe cache
line is written back,everyblock hasbeensilently storedto andthewritebackcanbeavoided.A similar example
of this occursin compress (Figure9) whenthecl_hash functionclearseveryentry in a largehashtableresident
in contiguousmemory.Becausemanyof thehashentriesremainunused(andalreadycontainthe initialization
value -1), most of the storesare silent. Each time this occursfor every entry in a line, a writebackcan be
removed,leadingto over76,000removablewritebacksfrom squashingonly thesesilentstores(a 19%reduction
in total writebacks for this benchmark).

Anothersituationin which writebackscanberemovedoccurswhenmultiple fields of a structurearesilently
storedto atnearlythesametime.Becausestructurefieldsexhibitagreatdegreeof spatiallocality, it is likely that
thesilentstoresoccurwithin thesamecacheline andthusthewritebackcanbeeliminated.Themakesim func-
tion foundin m88ksim illustratesthis (Figure10). In manycasestheaddresspointedto by opcode andtheresults
of the tablelookup (tblptr) areidenticalto earlierinvocationsof makesim andthe storesto opcode’s fields are
silent.Additionally, becausethesizeof theIR_FIELDS structis thesameasthesimulatedline size(32B), these
stores are likely to fall within the same line, leading to over 1,000 removable writebacks if squashed.

To summarize,the issueof whetheror not a silent storeis critical dependson severalfactors,including the
temporallocality of theaddress,spatialandtemporallocality within a cacheline,cachesizeandconfiguration,
and general program behavior.

5 .0 SVL Statistics

In this sectionwe presentdatagatheredin order to provide differentiatingcharacteristicsof silent stores.
Muchof thedatais notmachinemodeldependent,butoccasionallythedetailsof thememoryhierarchyarerele-
vant. Unlessstatedotherwise,the L1-I and L1-D cachesare 32KB, 32-byte lines, and 2,4-way associative
respectively. The L2 cache is unified, 256KB, 64-byte lines, and 4-way associative.

FIGURE 9. compress: Becausethesesilent storesspan
across multiple cache lines, they are often critical.

do {
*(htab_p-16) = -1;
*(htab_p-15) = -1;
*(htab_p-14) = -1;
*(htab_p-13) = -1;
*(htab_p-12) = -1;
*(htab_p-11) = -1;
*(htab_p-10) = -1;
*(htab_p-9) = -1;
*(htab_p-8] = -1;
*(htab_p-7) = -1;
*(htab_p-6) = -1;
*(htab_p-5) = -1;
*(htab_p-4) = -1;
*(htab_p-3) = -1;
*(htab_p-2) = -1;
*(htab_p-1) = -1;
 htab_p -= 16;

} while ((i -= 16) >= 0);



5.1 Value Distribution of SVL

Giventhatsilentstoresrepresenta significantportionof total programstores,which storedvalueshavea ten-
dencyto besilent?That is, which valuesarelikely to bestoredto a memorylocationwhentheyarealreadyat
thatlocation?Foreachdynamicsilentstore,werecordedthevaluewritten,andtabulatedthenumberof timeswe
sawvalueswithin a givenrange.Figure11 plotstheresultsseparatedby floating point andintegerstoreswithin
theSPECINT-95andSPECFP-95benchmarks(x-axis is a log scale).As perhapsexpected,integerandfloating
point zerooccursvery often.Not only is zerostoredfrequentlyin mostprograms(asanexplicit valueandasa
null pointer),but uninitializedmemorylocationsoften (but not necessarily)alreadycontainthevaluezero.We
wouldexpectthis to beevenmoretruein languageswhosesemanticsmandatethatmemorybeinitialized to zero
uponallocation(suchasJava).For integervalues,frequencyquickly decreasesasthevalueincreases,until we
reachvaluesin excessof 1e6.At this point,we seethestorageof addressvalues(for thetext segment,heap,and
stack,respectively)whichalsocontributemanysilentstores.For thefloatingpoint results,weseethatthemajor-
ity of values are in excess of 1e9, most likely due to the large possible range of floating point values.
5.2 Frequency of Execution Related to SVL

Figure12examinesastore’sprobabilityof beingsilentasafunctionof howmanytimesit is dynamicallyexe-
cuted.Eachmarkeron the graphrepresentsa singlestaticstoreacrossall benchmarks(the integerfigure has
manymoredatapointsbecauseits benchmarksgenerallyhavemanymorestaticstoresthanthe floating point
benchmarks).As thegraphshows,theentirerangeof dynamicexecutioncountleadsto varyingprobabilitiesof a
silent store.Nevertheless,definite trendscan still be observed.In general,storesthat are not executedmany
timeshaveadecreasedprobabilityof beingsilent(basedonthenumerousstoresin thelower left areaof theinte-
gergraph).More importantly,manyfrequentlyexecutedstoresstill havea high tendencyto besilent(becausea
non-trivial amountof storesexist in theupperright areaof thegraphs).Becausethesestoresexecuteoftenand
aresilenta largepercentageof the time, removingthemwill eliminatea significantportionof silentstoresin a

FIGURE 10. m88ksim: Critical silent stores often occur when
stores of multiple structure fields are silent.

FIGURE 11. Unsigned values of silent stores in SPEC-95.

void makesim(unsigned int instr, struct IR_FIELDS *opcode){
register INSTAB *tblptr;
if(!(tblptr = lookupdisasm(instr & classify(instr))))

tblptr = &simdata;
opcode->op = tblptr->flgs.op;
opcode->dest = uext(instr,tblptr->op1.offset,tblptr-op1.width);
opcode->src1 = uext(instr, tblptr->op2.offset,tblptr->op2.width);
opcode->p = tblptr;
......

}



program.Thusefforts to removesilent storesshouldbe initially directedtowardstoresthatexhibit this typeof
behavior.

Figure13 presentsanalternateview of this data.It graphsthecontributionof additionalstaticsilentstores(in
orderof decreasingnumberof total dynamicsilent stores)towardthe total numberof dynamicsilent storesin
eachbenchmark.Note the log scaleon both axes.In all of the integercases,lessthan25% of all staticsilent
storescontributeover90%of thetotal silentstoresdynamicallyexecuted.Thefloatingpointbenchmarksexhibit
asimilar, thoughnotasdramatic,distribution.In certainbenchmarks(suchasmgrid andcompress), 1%of static
silentstorescontributeover70%of dynamicsilentstores.Again, this unevendistributionof silentstorecontri-
butionacrossa varietyof programsrevealsthatelimination(or at leastmodification)of evenonly a few static
stores can have a significant impact on silent store reduction.
5.3 Memory Hierar chy Related to SVL

Table2 showsthe percentageof storesthat aresilent asa function of wherethe storeoperationhits in the
memoryhierarchy.It is worthy to notethat in this data,we assumea write-allocatingcache,i.e. on a store(or
equivalently,store-verify)miss,thecachelinecontainingthedestinationstoreis broughtinto theL1 cachebefore
theactualstore(store-verify)occurs.However,thedatain Table2 showstheoriginal locationin which thestore
(store-verify)hits.Examiningthedatain Table2 leadsto someinterestinginferencesaboutthepossibleprogram
behaviorthat dictatesa silent store.It is shownthat for manycases,a storehitting in a locationdeeperin the
memoryhierarchyis morelikely to besilent.Evenfor mostof theexceptionsto theabovestatement,we found
(by a weightedcombinationof L2 andmemorystores)that the combinationof L2 andmemorystoresis more
silent thantheL1 stores(in perl andtomcatv, therearerelatively few L2 andmemoryhits, mostly dueto cold
misses, making the statistics unreliable).

Why could this phenomenonoccur?We believe a possibleexplanationis in the behaviorof compilers.
Althougha compilerhasextensiveknowledgeof thesourcecodeat compiletime, in reality, in orderfor compi-
lation to be realisticallytractable,thecompilermustlook at optimizationsandcodegenerationat a local level.

FIGURE 12. Probability of a store being silent as a function of dynamic execution count.

FIGURE 13. Total silent storesasa percentageof static silent stores(NOTE: the benchmark order in the legend
matches the order when the x-axis is at 1%).



Hence,it tendsto generatefewer silent stores(asa percentage)for local code--asevidencedby the lower L1
cachepercentages.As the locality of referencesthe compiler looks at becomesmorebroad,it cannotanalyze
them concurrentlyand thereforedoesnot do as well--evidencedby the higher L2 and memorypercentages.
However,this is not a completeexplanation,aswe’ve shownin Section5.2 thathighly silentstorescanexecute
often, and are thus likely to be resident in cache levels closer to the processor.

Theseresultscanalsobeexplainedin termsof workingsetsize.In thecaseof compress (Figure14),astream
of input datais written into a buffer (new_count), compressedinto a secondbuffer (comp_count), andfinally
decompressedinto a third (new_count). Theprocessis thenrepeated25 times,eachiterationonaslightly larger,
but mostlyunchangedinput set.Whena newiterationbegins,theinput datais written overtheold input buffer,
andbecausethetwo datasetsarevirtually identical,mostof thestoresaresilent.Howeverthesimulatedcacheis
not largeenoughfor all threebuffers,andgeneratingthesecondandthird causetheoriginal input buffer to be
ejected from the cache. Thus many of compress’s silent stores occur in deeper levels of the memory hierarchy.

Table 2: Memor y hierar chy silent store statistics.

SPEC Benchmark % of silent L1 cache hits % of silent L2 cache hits % of silent Memory hits

go 29% 41% 31%

m88ksim 63% 74% 88%

gcc 47% 41% 50%

compress 40% 86% 91%

li 18% 10% 74%

ijpeg 32% 42% 47%

perl 34% 16% 12%

vortex 54% 87% 94%

tomcatv 34% 5% 11%

swim 24% 24% 24%

mgrid 7% 11% 12%

applu 31% 62% 90%

apsi 25% 22% 42%

fpppp 15% 26% 21%

wave5 22% 17% 34%

FIGURE 14. Main loop in compress.

fill_text_buffer(count, start_char, orig_text_buffer);

for (i = 1; i <= 25; i++){

new_count=add_line(orig_text_buffer, count, i, start_char);

count=new_count;

oper=COMPRESS;

printf("The starting size is: %d\n", count);

comp_count=spec_select_action(orig_text_buffer,count,oper,comp_text_buffer);

printf("The compressed size is: %d\n", comp_count);

oper=UNCOMPRESS;

new_count=spec_select_action(comp_text_buffer,comp_count,oper,new_text_buffer);

printf("The compressed/uncompressed size is: %d\n", new_count);

compare_buffer(orig_text_buffer,count,new_text_buffer, new_count);

}



5.4 Stack/Heap SVL

Most architectureshavea distinctway of dividing memoryareasinto a stackandheapregion.We examined
whethera storewasmorelikely to be silent dependingon which portion of memoryit wasto, hopingto gain
someinsightasto whetherfunctionparametersor someother“local” variablesweremorelikely to besilentthan
heap-allocateddata.In our simulator,thestackbeginsat the largestaddressof memory,andtheheapbeginsat
the smallest.We countedstackandheapreferencesby choosingan addressthreshold(1 billion) andcounting
separatesilentstorestatisticsfor instructionsthatgeneratedeffectiveaddressesaboveandbelowthis threshold.
The results are shown in Figure15.

In general,little varianceexistsbetweenbenchmarksin how likely a storeto thestackis of beingsilent.This
suggeststhat therearespecificattributesof how the stackis usedby architecturesandcompilersthat dictate
silentstores(for example,callee-savingregistervalues,savingreturnaddresses,andparameterpassingbetween
functions).Becausethepercentof stackstoresthataresilent is nontrivial in mostof thebenchmarks(typically
between25%-50%with theexceptionof mgrid, andstronglycorrelatedto theoverallutilizationof thestackin a
givenbenchmark),it seemslikely thatmodificationsin thewaythatthecompilermanipulatesstackframescould
eliminateasubstantialnumberof silentstores.Conversely,thebenchmarksexhibithighvariability in thepercent
of heapstoresthataresilent.Sometimestherearefar morenon-silentthansilentheapstores,while othertimes
thereverseis true.Thiscanbeexplainedby thefact thatvirtually all heapaccessesareprogrammerdirected--the
compilerdoesnot transparentlymanipulateit asit doesto thestack.Thusthenotionof whethera heapstoreis
silentis largelyalgorithmic,andsovariesgreatlybetweenprograms.We alsoseefrom Figure15 thatthebreak-
downof total stackandheapstoresdiffers acrossthebenchmarks.Control-intensiveprogramswith manyfunc-
tion calls (suchas gcc) havemany stackstoresdue to their large numberof stack frame allocations,while
programsthatoperateon largeheap-allocateddatasets(suchascompress andmanyfloating point applications)
do not. Additionally, many datastructurescan be stackor heap-allocated,and the decisionof which differs
among programmers and applications.
5.5 Compiler Optimizations

Theamountof silentstorespresentcanbeaffectedby compileroptimizations.Becausecompilersdonothave
an infinite optimizationwindow, they frequentlycannotdeterminewhich instructionlast modified a particular
memorylocation.It seemsplausiblethat if the compiler is allowedto optimizemoreaggressively,it might be
ableto identify manysilentstores.Table4 showssilentstorestatisticswith SimpleScalaron binariescompiled
with gccatoptimizationof “-O0” andoptimization“-O3”. It breaksdownthereductionof total storesinto stores
thataresilentandthosethatarenot (thepercentof storessilentfor “-O3” optimizationis givenin Table1). In all
of thebenchmarksexceptli, thecompilerwasableto eliminatemorenon-silentthansilentstores.Thustheover-
all percentageof silentstoresactuallyincreasedwhenoptimizationwasenabled.Eventhoughgccmaynotapply
optimizationsasaggressivelyasothercompilers,it providesthe only methodfor compilationto SimpleScalar
PISA binaries.However,evenwith an industrialcompiler,suchasIBM’s AIX optimizingC compiler,theper-
centage of silent stores is non-trivial (in fact, it is higher overall than the results here, as seen in [7]).

Why is a compilerable to eliminatefewer storesthat aremore likely to be silent?We believethis occurs
becausemanysilentstoresarelargelyalgorithmicin nature.As we increasethecompilationoptimizationlevel,

FIGURE 15. Silent stores categorized by memory region.



we removemanyartifactsof “languageoverhead”that thecompileralreadyknowshow to analyze.Takefunc-
tion inlining asa simplehypotheticalexample--inthis case,manystores(silent andnon-silent)dueto register
savingconventions,etc. (as outlined in Section4.2) will be removed.This leavesrelatively more algorithm-
inducedstores,which the compiler is not able to analyzeaseasily,andhencethe percentageof silent stores
increases.A similar argumentmayalsobemadefor othercommonoptimizations,but we do not explorethese
optimizationsindividually in this work. Also, optimization-independentarchitecturalconsiderationsthata com-
piler adheresto (suchas callee-savingof registervalueson the stackdiscussedin Section4.2), or language
requirements (such the volatile keyword in C) may introduce additional silent stores.

In orderto staticallyremovea silentstorefrom a program,thecompilermustprovethat it is silent for every
executionunderany input dataset (asopposedto dynamicsquashing,which requiresthat a storeis silent for
only oneexecution).Although it is certainlypossibleto optimizestoresthat arenot silent all of the time (for
example,by addingastoreverify in software),thesemanticanalysisrequiredto determinewhenstoresarelikely
to besilentis probablytoogreatwithout theaidof profiling information.Furthermore,eventhoughtheoptimiza-
tion window may be increasedto includemoreinstructions,we showedin Section5.3 that enoughtime often
passesbetweentwo storessuchthat thesilentvaluehasleft thecachesandis residentin mainmemory.In this
caseit is unlikely thatevena moderatelylargerwindow will enablethecompilerto seebothstores.However,it
maybepossiblefor acompilerhavingalgorithmsconsideringstorevaluelocality to removesilentstores.Wedo
not explore any such algorithms in this work, leaving this as a topic of future investigation.

6 .0 Conclusion

Thiswork affirms thatstorevaluelocality occurswith significantfrequencyin realapplications.It revisitsthe
notionof silentstoresandthefact that,becausetheydo not changethestateof theprocessor,theycansafelybe
removedfrom programexecution.Suchremovalis desirableandis motivatedthroughpotentialmicroarchitec-
tural simplificationssuchasreducedwrite-backbuffersandsimplerCAMs. Sourcecodewasanalyzedin order
to determinecommonunderlyingcausesof silent stores.This work demonstratesthat silent storesoccurin all
levelsof programexecutionandcompileroptimization.Additionally, it showsthat frequentlyoccurringstores
arehighly likely to besilent.Thenotionof critical silentstoresis alsointroduced,followed by a descriptionon
how to identify them.Removingthesmallsubsetof silentstoresthatarecritical is sufficientfor removingall of
the avoidable cache writebacks.

As shownin severalof theexamples,thefact thatmanystoresaresilentcreatestheopportunityfor removing
a significantfraction of all the instructionsin the dynamicinstructionstream,sincemanyof thoseinstructions
aremerelycomputingtheredundantresultsbeingstoredby thesilentstores.Investigationof staticanddynamic
techniquesfor removingsuchredundantcomputationis left to futurework. In summary,this work exploresand
illuminates several aspects of store value locality and presents opportunities for further investigation.

Table 3: The eff ect of optimization on silent stores.

No optimization (-O0) Optimization (-O3)

SPEC Benchmark Silent Percent Non-silent Stores Silent Stores Non-silent Stores

(% reduction)

Silent Stores

(% reduction)

go 27% 9.2M 3.5M 4.0M (57%) 1.7M (51%)

m88ksim 42% 10.9M 7.9M 3.3M (70%) 5.6M (29%)

gcc 43% 6.7M 4.9M 4.3M (36%) 3.8M (22%)

compress 38% 6.0M 3.7M 3.5M (42%) 2.5M (32%)

li 22% 8.3M 2.5M 6.0M (28%) 1.3M (48%)

ijpeg 19% 13.0M 3.0M 4.9M (62%) 1.9M (37%)

perl 35% 5.7M 3.0M 4.7M (18%) 2.5M (17%)

vortex 48% 10.7M 9.7M 7.4M (31%) 9.0M (7%)
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