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1.0 Intr oduction

Valuelocality, arecentlydiscoveredrogramattribute,hasbeenthe subjectof muchrecentresearch7, 8, 9,
11]. Throughtheexploitationof valuelocality, alimit whichwasonceconsideredinsurpassabl@ moderncom-
puting (the so-called'dataflow limit”) cannow be exceededUntil very recently,mostwork hasproposedising
valuelocality to accelerat¢heinput portionof acomputingpipeline,or the“meansof computing’throughvalue
prediction.However,somevery recentwork tries to determineif valuelocality canalsoacceleratehe output
portion of a computing pipeline, or the “end of computing” through exploiting store value locality [7].

Sincetheideaof storevaluelocality is relatively new,a brief review of theideais in order.Storevaluelocal-
ity is theideathata storeis writing the samedatavalueto the memorysystemthatwaspreviouslylocatedthere
or is trivially predictable.Therefore sincethe stateof memoryis not changedoy the store(or is changednly
trivially), it is unnecessanyntuitively, if we canremovethe storeat somepointin the programexecution(either
statically at compiletime, or dynamicallyat run time) somepotentialbenefitcanbe gainedin executiontime
and/or code size.

This work focuseson characterizingsilent stores(referredto throughouthis work asstorevaluelocality, or
SVL). A silentstoreis definedasa memorystoreoperationthat doesnot changethe contentsat that location.
Becausehey do not changethe stateof memory,all silent storescanbe eliminatedwithout affectingprogram
correctness.A storeverify is usedto determinef a storeis silent. It consistsof up to threeoperations--doad,
compareandpossiblestore.Beforea storecommits,the valueat thatstore’saddresss loadedfrom memory.If
this valueis identicalto thevaluetheinstructionwill store,the storeis squashedyr removedrom programexe-
cution. Otherwisethe store continuesnormally and writes the new value to memory. Silent storescan be
squasheattheleveltheyareidentified--eitherdynamicallyastheyexecutepr staticallyatthelevel of 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 Motivation for Exploiting SVL

Reducing Cache Writebacks: Most modernmicroprocessorsisewritebackcachingto improve performance
[6]. Onacachemiss,if theline beingreplaceds dirty, it is generallycopiedinto a writebackbuffer (WB), the
demandedine is loaded,andthenthe dirty line is written backwheneverthereis sufficient cachebandwidth.
This meanghatmanymissegesultin two memoryaccesses--on® load the demandedine, the otherto write
backthe dirty line. If we canreducethe numberof writebacksnecessarypy havingfewer dirty lines, we will
requirelessbandwidthto the nextlayerof memoryhierarchy Althoughmoreextensivanultiprocessoconsider-
ationsfor removingsilentstoresaregivenin [7], asabrief synopsiswe canimaginethatreducingthe numberof
writebackscan also causefewer cachelineinvalidatesin an invalidation-basedoherenceprotocol or fewer
updatesn anupdate-basegdrotocol.lt hasalsobeenshownthatexploiting certainpropertiesof silentstores(or
stochasticallysilentstoreq7]) canalsoreducetheamountof trueandfalsesharingthatoccursin multiprocessor
systems.

Reducing the Number of Writeback Buffers: As describedin the previoussection,in orderto allow the
demandednissto be servicedbeforewriting the replacedine back,we needto buffer the dirty line in a write-

backbuffer. If we canreducethe numberof writebackswe canalsopotentiallyreducethe numberof writeback
buffersusedin a processodesignto maintainacceptabl@erformanceindto savechip areaanddesigncomplex-
ity.

Reduction in CAM Complexity: Due to memory consistencymodel constraintswhich dictate the orderin

which memoryoperationgakeplace[1], complexContentAddressabléMemory (CAM) structuresarerequired
for fully associativéook-upsin orderto maintainprogramcorrectnesg-or example considera stronglyconsis-
tentarchitecturewhereall memoryoperationamustappearto occurin logical programorder.Let us examine
whatneeddo happerin anarchitecturewith storeto loadforwardingfrom theload-storequeug(LSQ). If aload
occursto alocationthathasbeenrecentlystoredto by the program the processomusteitherforwardthe store
valuein the storequeueor wait for the storeto committo memory.Supposdurtherthattherearemultiple store
operationgo thetargetload’'s addressn the LSQ. The processomustbe ableto forward from the mostrecent

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



matchingentryin theLSQ (i.e.theLSQis a priority associativejueue) We canimaginethatthesestructurecan
requiremanyassociativeaddresgookups,andwe know thatbuilding a fast CAM s difficult dueto circuit con-
straints.If we canreducethe numberof storeswe canpotentiallyreducethe size of the storequeueandhence
the required number of associative lookups..

Performing Write Operations Is Comparatively Difficult: As modernprocessorecomewider issue,mem-
ory bandwidthis becominga problem,not only in termsof cachelatenciesput alsoin termsof havinga suffi-
cient numberof cacheportsto performthe memoryoperationslt hasbeendemonstrated6] that obtaining
multiple readportsinto a memorystructurecan be obtainedthroughmany schemesthe simplestof which is
duplicationof thememoryresourceHowever performingmultiple writesis generallynorecomplicatedrequir-
ing interleavingor multiportedmemorycells. Giventhis, it shouldbe obviousthatremovingwrites (or tradinga
write for areadwith a storeverify) canincreaseerformanceor allow areductionin complexityof the memory
system and maintain equivalent performance.

3.0 Related Work

LepakandLipasti[7], aswell asMolina et. al. [11] introducecthe notionof silentstoresandshowedhatthey
constitutea non-trivial percentagef overall stores.Given empirical evidencethat silent storesdo exist, this
paperexploreswvhy theyexistanddiscusseseverabf their primary characteristicsAlthough specificoptimiza-
tions to exploit silent storesare not directly proposechere,we expectthat first understandingvhy they occur
will naturally lead to novel optimizations and future research.

Calderet al. [4] discussedhe conceptof a silent storein termsof hoistingloadsanddependeninstructions
aboveloop bodies.They proposeda hardwaremechanisnthat extendedthe Memory DisambiguationBuffer
(MDB) by not only checkingif aninstructionstoresto the addresf the hoistedload, but alsoif the valuehas
been changed (i.e. the store is silent).

Thenotionof storeremovalis not newin compilerliterature(e.g.[2]). A commondataflowoptimizationis to
removedeadstores or storesfollowed by a secondstoreto the sameaddresswithout aninterveningload from
thataddressBecausehe storedvalueis overwrittenbeforeit is usedall deadstorescanbeeliminated Although
superficially they may seemsimilar, there are severalimportant distinctionsbetweendead storesand silent
stores.The mostobviousis thata storedoesnot haveto be silentin orderfor it to be dead.Being deadsimply
impliesthatits valueis overwrittenbeforeit is used;it makesno differenceif the newvalueis the sameasthe
old. A seconddifferenceinvolves which storeis eliminated.If two storeswrite the samevalue to the same
addressthe secondstoreis silentandit is removed.On the otherhand,if by overwriting a location, a store
causesanotherstoreto be dead, thefirst storeis removed.This meanghat silent storescanbe identified much
later thandeadstores Because&nowledgeof future instructionsis required,deadstoreidentificationis usually
limited to compilers,wheresilent storescanbe identified and eliminateddynamicallyin hardware This offers
significantflexibility--a storecanbe squashedf it is silent evenonce,while requirementgor removingdead
stores can be considered more strict.

4 .0 Source Code Analysis
4.1 Code Size/Efficiency

If we canremoveunnecessarinstructionsfrom the programentirely or cantakethemoff the critical pathof
executionwe caneithergain someefficiency in codesize, performancepr both. In manycasesnot only can
silentstoresbe removedirom programexecution putalsorelatedinstructionsthatareusedin the store’sdataor
addressomputationConsidera FORTRAN codesegmenfrom the SPECFP-9%enchmarkngrid in Figurel.
In our compiler,this statementompilesto 107 machineinstructionsandis silentover 34,000times. Thusif we
could eliminatethe computatiorrequiredwhenjust this singlestaticstoreis silent, over 3.6 million instructions
could be removedfrom programexecution,or about2.4% of the total numberof dynamicinstructions.Of
course this assumeshatall side-effectsandexceptionggeneratedy the removedcodearehonoredin orderto
maintain consistent program behavior.

4.2 Stores Likely to be Silent
Giventhefrequencyandimpactof silentstoresthefirst questionto askis ‘Why do silentstoresexistatall?’.



R(IL,12,13) = V(11,12,13) - A(0)*( U(I11,12,13))

- ACL)*(U(11-1,12,13) + U(11+1,12,13) + U(11,12-1,13)
+ W11, 1241,13) + U(11,12,13-1) + U(I11,12,13+1))
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U1, 1241, 13-1) + U(11,12-1,13+1) + U(I1,12+1,13+1)
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U(11+1,12-1,13-1) + U(11-1,12+1,13-1)

U1 1+1, 1241, 13-1) + U(11-1,12-1,13+1)

+ 4+ + + + +

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

Whatcauses compilerto insertstoresthathaveno effecton the stateof the processor®neexplanatioriesin
the natureof programgenerality.Programsare often designedto operateon a variety of datainput sets,and
while storesmayupdatememorycontentsvhenexecutedvith someinputs,they maynotwith others[15]. Con-
sider an example from the88ksim benchmark (Figurg).

for (i =0; i <32; i++){
n88000. time_left[i]-=MN(mB8000.time_left[i], time_to_kill);
}

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

This instructioncontinually decrementsn array elementby the minimum of itself and the unsignedvalue
time_to_kill. Clearly,atsomepointthevaluestoredin memorywill convergeo zero,andeverysubsequergtore
to thatlocationwill continueto storezero.In the input datasetsincludedwith SPECINT-95 this convergence
occursquickly andin over 95% of all executionsthis storeis silent. Becausethis particularpieceof codeis
heavily executedthis singlestaticstoreis responsibldor over half of the benchmark’s million dynamicsilent
stores.

Furthermorenot only is this storefrequentlysilent, but 27% of thetime the storesin all of the 32 loop itera-
tionsaresilent. Thus,if it is knownthateveryelementn the arrayis zero,the entireloop canbe skipped.This
couldbeexploitedin atechniquesimilar to memoizatior[5, 12] or dynamicinstructionreuse[15], in whichthe
valuesof the arrayareusedto index a tablewhoseoutcomeconditionallydeterminesf theloop shouldbe exe-
cuted.This leadsto a substantiakavings,asnot only would the silent storesbe skipped,but alsothe call to the
MIN function, the potentialload of time_to_kill, the subtractionof time _to_kill from m88000.time_left[i], the
loop inductionvariablecalculationsandthe backwardsranchto the startof the loop. By just skippingtheloop
whenall arrayelementsare zero,9.6 million fewer instructionsneedto be executedpr about11% of the total
dynamic instruction count.

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

Samelocation, SameValue: A staticsilentstorestoresthe samevalueto the samelocationasthelasttime it
was executed. This is the case indt@ function from theperl benchmark in Figur8.

Eachiterationthroughthis loop processean argumentandstoresthe argument'sdlagsin the stack-allocated
temporaryargflags. Many arguments hawag_flags equal to zero, thus the store is silent 71% of the time.

for (anum = 1; anum <= maxarg; anumt+) {
argflags = arg[anunj.arg _flags;

FIGURE 3. perl: Same Location, Same #lue.




Different Location, SameValue: A silentstorestoresthe samevalueto a differentlocationasthe lasttime it
wasexecutedThis situationoften occurswhenaninstructionis storingto anarrayindexedby aloop induction
variable, suchasthe m88ksim examplgust presente@ndthe Figure4 examplefrom go. Thebottomthreestores
initialize everylocationin the arraysthat representhe gameboardto the samevalue (zero, or equivalently,
FALSE). Howeverthe stores’addressearederivedfrom theloop index,andthusaredifferentin eachiteration.
Oftenthe valueson the boardalreadycontainzero (or FALSE), sothesethreestoresare silent 86%, 43%, and
77% of the time, respectively.

for(x = xmin; x <= xmax; ++x)
for(y = ymin; y <= ymax; ++y){
S = y*boardsi ze+x;

[trscr -

= 1tr2[s];
[tr2[s] = 0;
[tri[s] = 0;

ltrgd[s] = FALSE
}

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

SameLocation, Different Value: A silentstorestoresa differentvalueto the samelocationasthe lasttime it
wasexecutedThestoreto Itrscr in Figure4 is of this type.ltrscr is a global variable(thusits locationdoesnot
change)putstoresa differentelementandthusa potentiallydifferentvalue)of theltr2 array.If anotherinstruc-
tion updatedtr2 betweersuccessivexecution®f this function, the storehasthe potentialto besilentin thefirst
loop iteration.Althoughthis storeis silent86%of thetime, 98% of thetime thatit is silentconsecutiveelements
of Itr2 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-
stancesMany timesthe silent valuewas previouslystoredto memoryby anotherinstruction,correspondindgo
message-passirgjorevaluelocality introducedoy LepakandLipastiin [7]. More often, Samelocation,Differ-
ent Value silent storesare causedby compilerand architectureconventionghat dictatehow stackframesare
used Forexamplewhenafunctionis invokedin acallee-saveegisterconventionjt immediatelysaveghecon-
tentsof a predefinedsetof registersonto its stackframe (althoughit doesnot necessariijhaveto if it will not
modify thoseregistercontentsbeforeretuning).If theseregistercontentsdo not changebetweencalls from
within the samefunction, eachcalledfunctionwill silently storethemonto the samestackframe.Similarly, a
functionoftenstoresdts caller'sframepointerandits returnaddres®ntoits stackframe.Because¢hesevaluesdo
not changebetweersuccessivéunctioncallsfrom the samecaller,theytoo arelikely to besilent. A final caseof
silentstoresof this categoryinvolve architectureshatusethe stackto passunctionargumentgeitherby passing
argumentexplicitly onthestackor by savingregistercontentdo memorybeforeusingthemto passarguments).

Considerthe fabricatedcodeexamplein Figure5. Thetop partshowsmainwith threecallsto two functions:
foo_landfoo_2.Thebottompartshowsassemblycodefor eachfunction. Whenfoo_1is called,an activation
recordis allocatedon the stackandtheframepointer,returnaddressandcallee-savedegistersarestoredto (and
laterloadedfrom) the stackframe.Becausdoo_2is calledfrom the samefunction (main), the activationrecord
it allocatesoverlaysdirectly ontop of theonede-allocatedy foo_1.Thusboldfacedstoresaresilent. However,
thesestatic storeswithin foo_2 are samelocationdifferent value (exceptfor $fp which is samelocationsame
value)becausdoo_2 waspreviouslyinvokedfrom a differentlocationat the samecall depth,asshownin the
initial call to foo_2(d,e,f).

Different Location, Different Value: A silent storestoresa different valueto a differentlocationasthe last
time it wasexecutedExampledncludenestedoopsthatstorea setof valuesinto anarrayin theinnerloop. The
xIsave procedurdhat savesa setof nodesonto the stackin theli benchmarks onesuchcase(Figure6). In the
first executionof xlsave, eachiterationof theloop setsnptr equalto the nextfunctionargumen{differentvalue)



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);
}
**x% yoid foo 1(int x, int y, int z) ****
. allocate new stack frane ...
sw $fp, 32($sp) // store old frame ptr to stack
sw $16, 16(%$sp) // RL16 is a callee-save register
sw $17,28(%sp) // RL7 is a callee-save register
. foo_1 function body ...
lw $fp, 32($sp) // restore frame ptr
I'w $31,36($sp) // load return address
lw $16, 16($sp) // restore callee-save register
lw $17(28($sp) // restore callee-save register
. restore previous stack frane ...
jal $31 // return

**x% yoid foo 2(int x, int y, int z) ****
. allocate new stack frane ...
sw $fp, 32($sp) // store old frame ptr to stack
sw $16, 16($sp) // RL16 is a callee-save register
sw $17,28(%$sp) // RL7 is a callee-save register
. foo_2 function body ...
lw $fp, 32($sp) // restore frame ptr
I'w $31,36($sp) // load return address
lw $16, 16($sp) // restore call ee-save register
lw $17(28(%sp) // restore callee-save register
... restore previous stack frame ...
jal $31 // return

FIGURE 5. Same Location, Diffeent Value.

NODE ***x| save( NCDE **nptr, ... ){
for (; nptr != (NODE **) NULL; nptr = va_arg(pvar, NODE **)){

*--xlstack = nptr;

FIGURE 6. li: Different Location, Different Value.

anddecrementthe storeaddresgdifferentlocation).However if subsequentallsto xlsave storethe samesetof
nodes to the same starting stack address, each store instruction will be silent (as it is 48% of the time).

A store’sprobability of beingsilentbasedon thesecategoriess shownin Figure7. In all of the benchmarks,
instructionghatconsecutivelystorethe samevaluearemorelikely to besilentthanif theywerestoringa differ-
ent value. An importantcorollary to this graphis Figure8, which addsinstructionfrequencyinformation by
showingeachsilentstorecategory’scontributionto total silentstores Becausestoresthathavea high likelihood
of beingsilentarealsoexecutedrequently(this will be shownin Section5.2), theyrepresent significantpor-
tion of all dynamicsilentstores.Onecouldimagineusingsuchcategoriesasan aid to predictif a storewill be




silentor not earlyin the pipeline (andthusif a storeverify shouldbe performed).Sucha mechanisnis not dis-
cussed here and remains an opportunity for future work.
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FIGURE 8. Total silent store contributions as a function of stoe category
4.3 Critical Silent Stores

Althougha silentstoredoesnot updatethe contentsof storeddata,it doessetaline’s dirty bit in awrite back
cacheconfiguration.If the dirty bit would not have beenset otherwise,this writeback could be avoidedby
squashing the silent store.

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

This definition appliesfor eachlifetime of the givencachelingn the cache(the time betweereachallocation
andreplacement)Eachcachelindifetime mayhavezeroto n critical silentstoresTrivially, if thereareno stores
to theline, 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 silentstoress definedascritical, sincefailing to squashany of themwill resultin awriteback.Put
more simply, it is sufficientto only squashthe critical silent storesto obtain maximal writeback reduction.
Squashingnon-criticalsilentstoreshasno benefit(in termsof writebackreduction)becauseheline will bewrit-
tenbackwhenit leavesthe cacheanywaybecause non-silentstorewrote the line duringits lifetime. Further-
more,squashingion-criticalsilentstoremissesanactuallydegradgperformancéecausave incurtheloadand
compareoverheadf a storeverify withoutany compensatingeductionin writebacks.This problemis worsein
multiprocessorsA non-criticalsilentstoreis replacedvith a storeverify (read),buta subsequemon-silentstore
to thatcacheline will requirethatthe line be upgradedrom a sharedto modified state(requiringan upgrade/
invalidatebustransaction)We canbesurethis upgradewill in facttakeplacebecaus®f the definition of a crit-
ical silentstore.If the non-criticalsilentstoresuffereda cachemissandwasnot squashedhe line would have



beenbroughtinto the cachewith a read-with-intent-to-modifytransactionhenceobtainingthe line directly in
modified state)andthe upgrademessagevould not be required.Thussquashinga non-criticalsilent storemiss
leadsto anadditionaladdres$ustransaction--namelgheline upgradewhenanon-silentstoreto theline occurs.

We determinethecritical silentstoresin the simulatorin the following way: Whenaline entershecachewe
allocatealist (calledthe candidatdist) to hold all storego thatline duringits lifetime. Whena storeaccessethe
line, we addit to the candidatdist for thatline. Whentheline leavesthe cache we checkif theline is dirty. If it
is dirty, we know all storegto theline arenon-critical(becausawritebackof theline occursanyway).If it is not
dirty, if any storesexistin the candidatdist, we know thatall of thesestoresmusthavebeensilent, andalso
sinceawritebackis not occurring,theyareall critical (by definition). We thenaccountfor the storesproperlyin
the global critical silentstoretrackingstructuresasthe currentlifetime for the line hasended Finally, we clear
the candidate list.

Table 2 presentghe numberof writebacksin eachSPECbenchmarkwithout silent storesquashingbaseline
case)thepercentof thosewritebackshatareeliminatedwhensilentstoresn all levelsof the memoryhierarchy
aresquashedandthe percentagef silentstoresthatarecritical for threedifferent cacheconfigurationg32KB
cachewith 32B lines,8KB cachewith 32B lines, 8KB cachewith 8B lines). We seethat,in somecasesselec-
tively squashingonly a fraction of all silent storescan dramaticallyreducethe total numberof writebacks
incurredby a program(for examplein vortex 79% of the total writebackscanbe eliminatedby squashingnly
39% of all silentstores) We alsoseethatdecreasinghe cachesizeincreaseshe numberof silentstoresthatare
critical becausdines spendesstime in the cachebeforebeingreplacedThis highlightsthe fact that our defini-
tion of critical storesdepend®n cachelindifetime, andcanbeinfluencedby suchfactorsascachesize,associa-
tivity, andreplacemenpolicy. Sincelines are replacedmore frequently,thereis not as much opportunityfor
non-silentstoresto write to themandthelineshavea betterchanceof leavingthe cacheunmodified.Decreasing
theline sizealsoincreaseshe numberof critical silentstoresfor the samereasorthatdecreasindine sizehelps
to eliminatefalsesharingIf therearefew wordspercacheine, thereis lesschancahatoneof themwill bewrit-
tento by a non-criticalsilentstore.However,it is importantto remembethat, eventhoughdecreasindine size
andtotal cachesizemayyield a greatemercentagef writebacksthat canbe eliminatedby squashingthe total
number of writebacks increases as well

Table 1: Writebac k reduction due to critical silent storesinv  arious cac he configurations.

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

SPEC95 Baseline % WB %ofsilent || Baseline % WB %ofsilent || Baseline % WB % of silent
Benchmark WB /instr | reducedby | storesthat|| WB/instr | reducedy | stores that|| WB/instr reducedby | stores that

(x 10 3) squashing | are critical || (x 10 3) squashing | are critical || (x 10 3) squashing | 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% 195 30.6% 52.4%
apsi 4.50 20.9% 19.7% 5.28 23.8% 24.9% 12.5 20.6% 32.8%
waves 13.6 14.1% 55.0% 21.7 16.9% 63.4% 48.2 16.6% 68.9%
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FIGURE 9. compress: Becausethesesilent storesspan
across multiple cache lines, they aroften critical.

Becauseno non-silentstorescanoccurto aline if it is to avoid beingwritten back,the greatespotentialfor
writebackreductionexistswhenmultiple silentstoresoccurto the samecacheline. In otherwords,if asegment
of codesilently storesdatathat consumesn entireline, thereis no roomin thatline for otherdatathat, when
storedto non-silently,cancausea writeback.Sucha caseis mostprevalentinsidealoop bodywhena storecon-
tinually incrementdts addresdy a fixed offset (different location and different/samevalue). Whenthe cache
line is written back,everyblock hasbeensilently storedto andthe writebackcanbe avoided A similar example
of this occursin compress (Figure9) whenthe cl_hash function clearseveryentryin alargehashtableresident
in contiguousmemory.Becausanany of the hashentriesremainunusedand alreadycontainthe initialization
value -1), most of the storesare silent. Eachtime this occursfor every entry in a line, a writeback can be
removedJeadingto over 76,000removablenritebacksfrom squashingnly thesesilentstores(a 19%reduction
in total writebacks for this benchmark).

Anothersituationin which writebackscanbe removedoccurswhenmultiple fields of a structurearesilently
storedto atnearlythe sametime. Becausestructurefields exhibita greatdegreeof spatiallocality, it is likely that
the silent storesoccurwithin the samecacheline andthusthe writebackcanbe eliminated.The makesim func-
tion foundin m88ksimillustratesthis (Figure10). In manycaseghe addresgointedto by opcode andtheresults
of the tablelookup (tblptr) areidenticalto earlierinvocationsof makesim andthe storesto opcode’s fields are
silent. Additionally, becausehe sizeof the IR_FIELDS structis the sameasthe simulatedine size(32B), these
stores are likely to fall within the same line, leading to over 1,000 removable writebacks if squashed.

To summarizethe issueof whetheror not a silent storeis critical dependson severalfactors,including the
temporallocality of the addressspatialandtemporallocality within a cacheline cachesize and configuration,
and general program behavior.

5.0 SVL Statistics

In this sectionwe presentdatagatheredin orderto provide differentiating characteristicof silent stores.
Much of thedatais not machinemodeldependenthut occasionallythe detailsof the memoryhierarchyarerele-
vant. Unlessstatedotherwise,the L1-1 and L1-D cachesare 32KB, 32-bytelines, and 2,4-way associative
respectively. The L2 cache is unified, 256KB, 64-byte lines, and 4-way associative.




voi d nekesi nfunsigned int instr, struct IR FIELDS *opcode){
register INSTAB *thlptr;
if(I(thlptr = lookupdi sasm{instr & classify(instr))))

thiptr = &sindata;

opcode->op = thiptr->f1gs. op;
opcode->dest = uext (instr, thlptr->opl. offset, thlptr-opl. width);
opcode->srcl = uext (instr, thlptr->op2. of fset, thlptr->op2. width);
opcode->p = thlptr;

FIGURE 10. m88ksim: Critical silent stores often occur when
stores of multiple structure fields ae silent.
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FIGURE 11. Unsigned alues of silent stoes in SPEC-95.
5.1 Value Distribution of SVL

Giventhatsilentstoresrepresena significantportion of total programstoreswhich storedvalueshaveaten-
dencyto be silent?Thatis, which valuesarelikely to be storedto a memorylocationwhenthey arealreadyat
thatlocation?For eachdynamicsilentstore we recordedhevaluewritten, andtabulatedhe numberof timeswe
sawvalueswithin a givenrange Figurell plotstheresultsseparatedby floating point andintegerstoreswithin
the SPECINT-95and SPECFP-9%henchmarkgx-axisis alog scale).As perhapexpectedintegerandfloating
point zerooccursvery often.Not only is zerostoredfrequentlyin mostprogramgasan explicit valueandasa
null pointer),but uninitializedmemaorylocationsoften (but not necessarilyplreadycontainthe value zero.We
would expectthisto be evenmoretruein languagesvhosesemanticsnandatehatmemorybeinitialized to zero
uponallocation(suchasJava).For integervalues,frequencyquickly decreaseasthe valueincreasesuntil we
reachvaluesin excesf 1e6.At this point, we seethe storageof addreswalues(for thetext segmentheap,and
stack,respectivelywhich alsocontributemanysilentstores Forthefloating point results we seethatthe major-
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

Figurel2 examinesa store’sprobabilityof beingsilentasafunctionof howmanytimesit is dynamicallyexe-
cuted.Eachmarkeron the graphrepresenta single static storeacrossall benchmarkgthe integerfigure has
many more datapoints becauséts benchmarkgenerallyhavemany more static storesthanthe floating point
benchmarks)As thegraphshows theentirerangeof dynamicexecutioncountleadsto varying probabilitiesof a
silent store.Neverthelessdefinite trendscan still be observedlIn general,storesthat are not executedmany
timeshavea decreasegrobability of beingsilent(basednthenumerousstoresin thelowerleft areaof theinte-
gergraph).More importantly, manyfrequentlyexecutedstoresstill havea high tendencyto be silent(becausa
non-trivial amountof storesexistin the upperright areaof the graphs) Becausdghesestoresexecuteoften and
aresilenta largepercentag®f the time, removingthemwill eliminatea significantportion of silentstoresin a



program.Thuseffortsto removesilent storesshouldbe initially directedtowardstoresthat exhibit this type of

behavior.

Likelihood of Being Silent as a Function of Dynamic
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FIGURE 12. Probability of a store being silent as a function of dynamic execution count.
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matches the order when the x-axis is at 1%).

Figurel3 presentanalternateview of this data.lt graphsthe contributionof additionalstaticsilentstores(in
orderof decreasinqiumberof total dynamicsilent stores)towardthe total numberof dynamicsilent storesin
eachbenchmarkNote the log scaleon both axes.In all of the integercases)essthan 25% of all staticsilent
storescontributeover90% of thetotal silentstoresdynamicallyexecutedThefloating pointbenchmarkxhibit
asimilar,thoughnotasdramatic distribution.In certainbenchmarkgsuchasmgrid andcompress), 1% of static
silentstorescontributeover 70% of dynamicsilent stores.Again, this unevendistributionof silentstorecontri-
bution acrossa variety of programsrevealsthat elimination (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 percentagef storesthat are silent asa function of wherethe storeoperationhits in the
memoryhierarchy.lt is worthy to notethatin this data,we assumea write-allocatingcache,i.e. on a store(or
equivalently store-verify)miss,the cachelinecontainingthe destinatiorstoreis broughtinto the L1 cachebefore
theactualstore(store-verify)occurs.However the datain Table2 showsthe original locationin which the store
(store-verify)hits. Examiningthedatain Table2 leadsto someinterestingnferencesaboutthe possibleprogram
behaviorthat dictatesa silent store.lIt is shownthat for many casesa storehitting in a locationdeeperin the
memoryhierarchyis morelikely to besilent. Evenfor mostof the exceptiongo the abovestatementye found
(by a weightedcombinationof L2 and memorystores)that the combinationof L2 andmemorystoresis more
silentthanthe L1 stores(in perl andtomcatv, therearerelatively few L2 andmemoryhits, mostly dueto cold
misses, making the statistics unreliable).

Why could this phenomenoroccur? We believe a possibleexplanationis in the behaviorof compilers.

Althougha compilerhasextensiveknowledgeof the sourcecodeat compiletime, in reality, in orderfor compi-
lation to berealisticallytractable the compilermustlook at optimizationsandcodegeneratiorat a local level.




Hence,it tendsto generatdewer silent stores(as a percentagejor local code--asevidencedby the lower L1
cachepercentagesis the locality of referenceghe compilerlooks at becomesmore broad,it cannotanalyze
them concurrentlyand thereforedoesnot do as well--evidencedby the higher L2 and memory percentages.
However this is nota completeexplanationaswe’ve shownin Section5.2 thathighly silentstorescanexecute
often, and are thus likely to be resident in cache levels closer to the processor.

Theseresultscanalsobe explainedn termsof working setsize.In the caseof compress (Figure14), astream
of input datais written into a buffer (new_count), compressedhto a secondbuffer (comp_count), andfinally
decompresseitto athird (new_count). The processs thenrepeate®5 times,eachiterationon aslightly larger,
but mostly unchangednput set. Whena newiterationbegins theinput datais written overthe old input buffer,
andbecausehetwo datasetsarevirtually identical,mostof the storesaresilent. Howeverthe simulatedcacheis
not large enoughfor all threebuffers,andgeneratinghe secondandthird causethe original 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%
fill_text_buffer(count, start_char, orig_text_buffer);
for (i =1; i <= 25; i++){
new_count =add_Il i ne(orig_text_buffer, count, i, start_char);
count =new_count ;
oper =COVWPRESS;
printf("The starting size is: %l\n", count);
conp_count =spec_sel ect _action(orig_text_buffer, count, oper, conp_text_buffer);
printf("The conpressed size is: %\ n", conp_count);
oper =UNCOVPRESS;
new_count =spec_sel ect _acti on(conp_t ext _buffer, conp_count, oper, new_text_buffer);
printf("The conpressed/ unconpressed size is: %\ n", new count);
conpare_buffer(orig_text_buffer, count, new_ text_buffer, new count);
}
FIGURE 14. Main loop in compress.




5.4 Stack/Heap SVL

Most architecturediavea distinctway of dividing memoryareasnto a stackandheapregion.We examined
whethera storewas morelikely to be silentdependingon which portion of memoryit wasto, hopingto gain
someinsightasto whetherfunctionparametersr someother‘local” variablesveremorelikely to besilentthan
heap-allocatedata.In our simulator,the stackbeginsat the largestaddresf memory,andthe heapbeginsat
the smallest.We countedstackandheapreferencesy choosingan addresghreshold(1 billion) andcounting
separatesilent storestatisticsfor instructionsthatgenerateaffectiveaddresseaboveandbelowthis threshold.
The results are shown in Figutb.

Likelihood of Being Silent by Memory Region (SPECINT-95) Likelihood of Being Silent by Memory Region (SPECFP-95)
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FIGURE 15. Silent stores categorized by memoryeagion.

In generallittle varianceexistsbetweerbenchmarksn how likely a storeto the stackis of beingsilent. This
suggestdhat thereare specific attributesof how the stackis usedby architecturesand compilersthat dictate
silentstores(for example callee-savingegistervalues savingreturnaddressesndparametepassingoetween
functions).Becausehe percentof stackstoresthataresilentis nontrivial in mostof the benchmarkgtypically
betweer25%-50%with the exceptionof mgrid, andstronglycorrelatedo the overallutilization of the stackin a
givenbenchmark)it seemdikely thatmodificationsin theway thatthe compilermanipulatestackframescould
eliminatea substantiahumberof silentstores Converselythe benchmarkexhibit high variability in thepercent
of heapstoresthataresilent. Sometimesherearefar morenon-silentthansilentheapstoreswhile othertimes
thereversds true. This canbeexplainedby thefactthatvirtually all heapaccesseareprogrammedirected--the
compilerdoesnot transparentlymanipulateit asit doesto the stack.Thusthe notion of whethera heapstoreis
silentis largelyalgorithmic,andsovariesgreatlybetweerprogramsWe alsoseefrom Figure 15 thatthe break-
down of total stackandheapstoresdiffers acrosshe benchmarksControl-intensivgprogramswith manyfunc-
tion calls (suchas gcc) have many stack storesdue to their large numberof stackframe allocations,while
programghatoperateon largeheap-allocatedatasets(suchascompress andmanyfloating point applications)
do not. Additionally, many data structurescan be stack or heap-allocatedand the decisionof which differs
among programmers and applications.

5.5 Compiler Optimizations

Theamountof silentstorespresentanbe affectedby compileroptimizations Becauseompilersdo not have
aninfinite optimizationwindow, they frequentlycannotdeterminewhich instructionlast modified a particular
memorylocation. It seemsplausiblethatif the compileris allowedto optimize more aggressivelyit might be
ableto identify manysilent stores.Table4 showssilentstorestatisticswith SimpleScalaon binariescompiled
with gccat optimizationof “-O0” andoptimization“-O3”. It breaksdownthereductionof total storesnto stores
thataresilentandthosethatarenot (the perceniof storessilentfor “-O3” optimizationis givenin Tablel). In all
of thebenchmarkexceptli, the compilerwasableto eliminatemorenon-silentthansilentstores.Thustheover-
all percentagef silentstoresactuallyincreasedvhenoptimizationwasenabled Eventhoughgccmaynotapply
optimizationsas aggressivelhas othercompilers,it providesthe only methodfor compilationto SimpleScalar
PISA binaries.However,evenwith anindustrialcompiler,suchasIBM’s AIX optimizing C compiler,the per-
centage of silent stores is non-trivial (in fact, it is higher overall than the results here, as seen in [7]).

Why is a compilerableto eliminatefewer storesthat are more likely to be silent?We believethis occurs
becausenanysilentstoresarelargely algorithmicin nature.As we increasehe compilationoptimizationlevel,



we removemanyartifactsof “languageoverhead'thatthe compileralreadyknowshow to analyze.Takefunc-

tion inlining asa simple hypotheticalexample--inthis case many stores(silent and non-silent)dueto register
savingconventionsgtc. (asoutlinedin Section4.2) will be removed.This leavesrelatively more algorithm-
inducedstores,which the compileris not ableto analyzeas easily,and hencethe percentagef silent stores
increasesA similar argumentmay alsobe madefor othercommonoptimizations,but we do not explorethese
optimizationsindividually in this work. Also, optimization-independerarchitecturakonsiderationshata com-

piler adheredo (suchas callee-savingof registervalueson the stackdiscussedn Section4.2), or language
requirements (such the volatile keyword in C) may introduce additional silent stores.

In orderto staticallyremovea silentstorefrom a program,the compilermustprovethatit is silentfor every
executionunderany input dataset (asopposedo dynamicsquashingwhich requiresthat a storeis silent for
only one execution).Althoughit is certainly possibleto optimize storesthat are not silent all of the time (for
example py addinga storeverify in software) the semantianalysigequiredto determinevhenstoresarelikely
to besilentis probablytoo greatwithouttheaid of profiling information.Furthermoregventhoughthe optimiza-
tion window may be increasedo include moreinstructions we showedin Section5.3 thatenoughtime often
passedetweentwo storessuchthatthe silentvalue hasleft the cachesandis residentin main memory.In this
caseit is unlikely thatevena moderatelargerwindow will enablethe compilerto seebothstoresHowever,it
may be possiblefor a compilerhavingalgorithmsconsideringstorevaluelocality to removesilentstores We do
not explore any such algorithms in this work, leaving this as a topic of future 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 | Silent Stores
(% reduction) (% 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%)

6.0 Conclusion

This work affirms thatstorevaluelocality occurswith significantfrequencyin realapplicationslt revisitsthe
notion of silentstoresandthe factthat,because¢hey do not changehe stateof the processorthey cansafelybe
removedfrom programexecution.Suchremovalis desirableandis motivatedthroughpotentialmicroarchitec-
tural simplificationssuchasreducedwrite-backbuffersandsimpler CAMs. Sourcecodewasanalyzedn order
to determinecommonunderlyingcausef silent stores.This work demonstratethat silent storesoccurin all
levels of programexecutionand compileroptimization.Additionally, it showsthat frequentlyoccurringstores
arehighly likely to be silent. The notion of critical silentstoresis alsointroduced followed by a descriptionon
how to identify them.Removingthe small subsebdf silentstoresthatarecritical is sufficientfor removingall of
the avoidable cache writebacks.

As shownin severabf the examplesthe factthatmanystoresaresilentcreateshe opportunityfor removing
a significantfraction of all the instructionsin the dynamicinstructionstream,sincemany of thoseinstructions
aremerelycomputingthe redundantesultsbeingstoredby the silentstoresInvestigationof staticanddynamic
techniquedor removingsuchredundantomputationis left to future work. In summary this work exploresand
illuminates several aspects of store value locality and presents opportunities for further investigation.
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