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Abstract

This paperdescribesseveral methodsor improving the
scalability of memorydisambiguatiorhardware for future
highILP processos. Asthenumberof in- ight instructions
grows with issuewidth and pipeline depth,the load/stoe
gueuegL SQ)threaterto become bottlene&in bothpower
and latency By employinglightweight approximatehash-
ing in hardware with structuescalled Bloom Iter s many
improvementgo the LSQare possible

We proposetwo typesof Itering schemesusing Bloom
Iter s: searchltering , which useshashingto reduceboth
the numberof lookupsto the LSQ and the numberof en-
triesthat mustbe seached,and state Itering , in which the
numberof entrieskeptin the LSQsis reducedby coupling
addresspredictors and Bloom lter s, permitting smaller
gueuesWe evaluatethesetechniquesfor LSQsindexed by
bothinstructionage andtheinstruction's effectiveaddress,
and for both centalized and physically partitioned LSQs.
We showthat seach Itering avoidsup to 98% of the as-
sociative LSQ seaches, providing signi cant power sav-
ingsandkeeping.SQsearchesto underonehigh-frequency
clodk cycle We also showthat with state Itering , theload
gueuecan be eliminated altogether with only minor re-
ductionsin performancefor smallinstructionwindowma-
chines.

1. Intr oduction

Computer architects have been improving the per
formance of processors by implementing deeper
pipelines[28], wider issue,andwith largerout-of-orderis-
sue windows. Thesetrends produce machinesin which
more than one hundredinstructionsmay be in- ight [16].
Recently several researchershave proposedtechniques
for scalingissuewindows to sizesof hundredsor thou-
sandsof instructions[8, 19, 22]. In all theseactualand

proposednachineshardwaremustperformdynamicmem-
ory disambiguatiorto guaranteehat a memory ordering
violation doesnot occut

For ary systemcapableof out-of-ordermemoryissue,
the memoryorderingrequirementarethreefold.First, the
hardware must checkeachissuedload to determineif an
earlier (program order) in- ight store was issuedto the
samephysicaladdressandif so,usethevalueproducedy
the store.Second eachissuedstoremustcheckto seeif a
later (programorder)loadto the samephysicaladdressvas
previously issued,andif so,take corrective action. Third,
the hardware shouldensurethatloadsandstoresreachthe
memorysystemin the orderspeci ed by the memorycon-
sisteny model.In mary processorsthe hardwarethatim-
plementsthe above requirementds called the load/store
queug(LSQ).

Onedisadwantagewith currentLSQ implementationgs
that the detectionof memoryorderingviolations requires
frequentsearchesf considerabletate In a naive LSQim-
plementationgvery in- ight memoryinstructionis stored
in theLSQ. Thus,asthe numberof instructionsn- ight in-
creasessodoesthenumberof entriesthatmustbesearched
in theLSQ to guaranteeorrectmemoryordering.Both the
accessatengy andthe powerrequirementsf LSQ searches
scalesupetlinearly with increasesn the amountof state
asthe LSQ is typically implementedusinga CAM struc-
ture[2]. Asweshaw in thenext sectionsimplyreducingthe
sizeof traditional LSQ designgfor future machinesauses
anunacceptabldropin performancewhereasotdoingso
incursunacceptablé SQ accesdatenciesand power con-
sumption.Thesetraditionalstructureghushave the poten-
tial to bea signi cant bottleneckfor future systems.

The techniqueevaluatedin this paperto mitigate these
LSQ scalability limits is approximatehardware hashing
We implementlow-overheadhashtableswith Bloom I-
ters[3], a structurein which a load or a storeaddresds
hashedto a single bit. If the bit is alreadyset, thereis a
likely, but not a certainaddressnatchwith anotherload or
store.If the bit is unsettherecannotbe an addresamatch



with anotherload or store.We useBloom lters to evalu-
atethefollowing LSQ improvements:

Seach lItering: Eachloadandstoreindexesinto alo-
cationin the Bloom lIter (BF) uponexecution.If the
indexed bit is setin the BF, a possiblematchhasoc-
curred,andthe LSQ mustbe searchedlf theindexed
bit is clear the bit is thensetin the BF, but the LSQ
neednotbesearcheddowever, all memoryoperations
muststill beallocatedn theLSQ.Thisschemeeduces
LSQ searchedy 73-98%dependingon the machine
con guration.

Partitioned seach ltering: Multiple BFs eachguard
a different bank of a banked LSQ. When a load or
storeis executed,all the BFs are indexed in paral-
lel. LSQ searche®occuronly in the bankswherethe
indexed bit in the BF is set. This policy enablesa
bankedCAM structurewhichreducedoththenumber
of LSQ searcheandthe numberof banksthatmustbe
searchedThis schemereducegshe numberof entries
thatmustbe searchedby 86%.

Load state Itering: A predictorexamineseachload
uponexecutionandpredictsif a storeto the samead-
dresss likely to be encountereduringthelifetime of
the load. If so, the load is storedin the memoryor-
deringqueueslf the predictionis otherwise theload
addresgs hashedn aload BF andis not keptin ary
memory orderingqueues When storesexecute,they
checktheloadBF, andif amatchoccursadependence
violation may have occurredand the machinemust
perform recovery. With this scheme the load queue
canbe completelyeliminated,at a costof 3% in per
formancefor smallinstructionwindow machinesFor
largewindow machineshowever, ourresultsshow that
thecurrentlyusedBF's hashfunctionscausgoo mary
unnecessanyushesandarenot aneffective solution.

With theseschemeswe showv that the arearequired
for LSQs can be reducedmaminally and, more impor-
tantly, that the power andlateng for maintainingsequen-
tial memorysemanticganbesigni cantly reducedThis,in
turn alleviatesa signi cant scalabilitybottlenecktio higher
performancerchitecturesequiringlarge LSQs.

The restof the paperis organizedasfollows: Section2
suneysrelatedwork andshavs thattechniqueproposedo
datewill causeunacceptabl@erformancdossesin future,
large-windav systemsSection3 describesaandreportsthe
performanceof the searchltering techniquesSection4,
describedoad state Itering. Conclusionsanda discussion
of futurework areprovidedin Section5.

2. Conventional Load/Store Queues

Traditionalmethodsof constructing-SQshave beenef-
fective for current-generatioprocessorsvith limited num-
ber of instructionsin ight. However, these traditional
methodsfaceseveral challengesvhenappliedto high ILP
machinesof the future with large instructionwindows. In
this sectionwe describeherangeof organization®of mem-
ory disambiguatiomardwareandthenshav experimentally
why solutionsproposedo datearepoormatchedor future
high-ILP architectures.

2.1. Historical Memory Ordering Hardware

Initially, simple sequentialmachinesexecutedone in-
structionat a time and did not require hardware for en-
forcing the correctorderingof loadsand stores.With the
adwent of speculatie, out-of-orderissuearchitecturesthe
buffering and orderingof in- ight memoryoperationsbe-
camenecessarandcommonplaceHowever, the functions
embodiedn modernLSQ structuresarethe resultof a se-
riesof innovationsmucholderasdescribedelow.

Store Buffers: In early processorsvithout cachesstores
were long-latengy operations.Store buffers were imple-

mentedo enablethe overlapof computatiorwith the com-
pletion of the stores.Early exampleswere the stunt box
in the CDC 6600 [30] and the store data buffers in the
IBM 360/91[4]. More modernarchitectureseparatedhe
functionality of the store buffers into pre-completionand
post-commibuffers. Thepre-completiorbuffers,now com-
monly calledstorequeueshold speculatiely issuedstores
that have not yet committed. Post-commitbuffers are a
memory systemoptimization that increaseswrite band-
width through write aggregation. Both types of buffers,
however, must ensurethat store forwarding occurs;when
laterloadto the sameaddresghenceforthcalledmatding)

areissuedthey receive thevalueof thestoreandnotastale
valuefrom the memorysystemBoth typesof storebuffers
mustalsoensurehattwo storeso thesameaddresgmatc-

ing stores)arewrittento memoryin programordet

Load Buffers: Load buffers were initially proposedto
temporarily hold loads while older storeswere complet-
ing, enablinglaternon-memoryoperationgo proceed?24].
Later, more aggressie out-of-order processors—suclas
IBM' sPaver4[29] andAlpha21264[1]-permittedoadsto
accesghe datacachespeculatiely, evenwith older stores
waiting to issue.The load queueshenbecamea structure
usedfor detectingdependenceiolations andwould initi-
atea pipeline ush if oneof the older storesturnedout to
matd (have the sameaddressas)the speculatie load. We
de ne a memoryoperationthat hasthe sameaddressasat
leastoneotherin- ight memoryoperationof oppositetype
in the window as a matcing addressProcessorsuchas



the Alpha 21264[27] andPower4alsousedtheload queue
to enforcethe memoryconsisteng model, preventingtwo
matchingloadsfrom issuingout of orderin casea remote
storewasissuedbetweerthem.

Aswindow sizesncreasedtheprobabilitythatmatching
memoryoperationsvould bein- ight increasedasdid the
chancethatthey would issuein the incorrectorder, result-
ing in frequentpipeline ushes. Memory dependencere-
dictors[6, 21, 15 weredevelopedto addresshis problem,
allowing loadsthatwereunlikely to matcholderstoregois-
suespeculatiely, but deferringloadsthathadoftenmatched
in- ight storesin the past.

2.2. LSQ Organization Strategies
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Figure 1. A simplied LSQ datapath

We shav a simplied datapathfor an LSQ' in Fig-
ure 1. The queuesaredividedinto CAM andRAM arrays.
Memory addressearekeptin the CAMs. The RAM array
holds storedata, load instructiontargets,and other meta-
informationfor optimizations A memoryinstructionupon
executionmust performtwo operationssearch andentry.
To searchthe LSQ, the operationsearcheshe CAM ar-
ray for matchingaddressesMatchingoperationsare emit-
ted to the orderinglogic, which determinesvhethera vi-
olation hasoccurred,or whethera value needsto be for-
warded.Therearetwo policiesfor enteringinstructiongnto
theLSQ, which aredescribedelow.

2.2.1. Age-indexedLSQs The majority of LSQ designs
have beenage indexed in which memory operationsare
physicallyordered by age.They areenterednto a speci ¢
row in the CAM andthe RAM structureshasedon anage
tag that is typically assignedat the decodeor map stage
andis associateavith every instruction.In additionto de-
termininginto which slotamemoryoperatiorshouldbeen-
tered, the agetagsare usedto determinedependencei-
olationsand forwarding of store dataaswell as ushing
the correctoperationswhen a branchis found to be mis-
predicted.Sinceage-indeed LSQsact ascircular buffers,
they mustbelogically centralizedandalsofully associatie,
sinceevery memoryoperationmay have to searchall other
operationsn theLSQ. Althoughfully associatre structures

1 Typically, separatestructuresare built for the load and storequeues
but to simplify the explanationwe illustratea singlequeue.

areexpensve in termsof lateny andpower, ageindexing
permits simpler circuitry for allocating entries,determin-
ing con icts, committingstoresn programorder, andquick
partial ushestriggeredby mis-speculations.

Related Work: Dynamically scheduledprocessorssuch
asthosedescribedby Intel [5], IBM [10], AMD [18] and
Sun[23], useage-indeed LSQs.An LSQ slotis resered
for eachmemoryinstructionat decodetime, which it lls
uponissue.To reducethe occurrenceof pipelinestallsdue
to full LSQs,the queuesizesaredesignedo hold a signi -
cantfractionof all in- ight instructiong(two-thirdsto four-
fths). For example,to supportthe 80-entryre-orderbuffer
in the Alpha 21264 ,theload andstorebuffers canhold 32
entrieseach.Similarly, on the Intel Pentium4, the maxi-
mumnumberof in- ight instructionss 128,theloadbuffer
sizeis 48, andthe storebuffer sizeis 32.

Ponomare et al. [26] proposedchnage-indeedbut sey-
mentedLSQ, in which a fully associatie LSQ is broken
into banksthroughwhich requestsare pipelined, access-
ing onebankpercycle. This stratgyy ultimately saveslittle
power or lateng, sinceall entriesmustbe searchedn the
commoncaseof no match,andanoperatiormustwait until
anumberof cyclesequalto thenumberof bankshaselapsed
to determinghattherewerenocon icts. Thisschemdends
itself to ef cient pipeliningof LSQ searchesor fasterclock
rates but not necessarihigherperformance.
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Figure 2. Address-inde xed LSQ datapath

2.2.2. Address-indexedLSQs To reducethe statethat
mustbe searchedor matchespartitioningof LSQsis de-
sirable.Address-indged LSQslogically breakthe central-
ized, fully associatie LSQ into a set-associate structure.
As shavn in Figure2, aportionof anmemaoryinstructions
addresschooseghe LSQ set,andthenonly the entriesin
thatsetaresearchedor amatch.While thisdoesreducethe
numberof entriesthataresearchedaddress-indesd orga-
nizationssuffer from two major drawbacks.First, address-
partitioned LSQs can have frequentover ows (since set
con icts arepossible)resultingin more ushesthananage-
indexedLSQ. Secondprderingandpartial ushing become
moredif cult in anaddress-indeed LSQ becausenstruc-
tionsto be ushed mayexist in differentsets.For the same
reasonjn-ordercommit of storesto memoryis alsomore
expensve.

To mitigatethecon ict problem,setscanbemadelarger,
in which casethe lateng, power, and partitioning advan-



tagesdiminish. Alternatively, the setscan be mademore
numerousin which casethe LSQ mayrequiringmorearea
thana purecentralizeddesignandthe averageutilization of

the entrieswill below. Thus,eventhoughaddress-indesd
LSQscansupportsetsresidingin separatédankswith lo-

calizedorderinglogic (enablingde-centralized. SQs),they

incur bothperformanceindcompleity penalties.

RelatedWork: A numberof proposedrimplementedie-
signshave usedaddress-indeed LSQs to facilitate parti-

tioning. The Itanium-1 microarchitectureusesa violation

detectiontable calledan ALAT [17], which is a 32-entry
2-way setassociatie structure Becauseon icts canover

o w asetin anaddress-partitionedSQ, moreentriescan
reducethe probability of con icts; the ALAT canhold 32

entries eventhougha maximumof 20 memoryinstructions
canbein- ight. The Itanium-2microarchitecturg20] im-

plementsa 32 entryfully associatie structurereducingthe
probabilityof con icts evenmore.

Both the IA-64 [13] compilerandthe Memory Con ict
Buffer paper[12] emphasizestaticdisambiguatioranalysis
to storeonly instructionswhoseaddressesitherhave atrue
dependencer cannotbe staticallydisambiguatedthusre-
ducingthe sizeof the hardware ALAT or MCB structures.
An 1A-64 studyon dependencanalysiq31], however, con-
cedesthat relying completelyon static analysisis ineffec-
tivefor programghatcannotoleratethecompile-timeanal-
ysiscost(e.g.JITs)or non-natve binariesfor which source
accesss not available,andthatstaticanalysisis muchless
effective for mary pointerintensive codes.Static analysis
canplay arole but cannotaddresd. SQ scalingissuescom-
prehensiely.

Finally, the MultiScalarprocessoproposedan address-
indexeddisambiguationablecalledthe AddressResolution
Buffer (ARB) [11]. WhenanARB entryover ows(anARB
sethastoomary memoryaddresses)heMultiScalarstages
aresquashe@ndthe processorolls back. The MultiScalar
compilerwriters focusedstronglyon minimizing the prob-
ability of con ict in the ARB, trying to reducethe number
of subsequergquashes.

2.3. Conventional LSQ Scalability

All of the previous schemegresenbneof two undesif
ablechoices:(1) high power consumptiorandlateng due
to alarge,fully associatie, age-indeedschemepr (2) in-
creasedstallsand/orrollbacksdueto LSQ over ows with
anaddress-indeedschemeln this section,we analyzethe
scalabilityof age-indeedand address-indeed schemedo
largewindows,and nd thatneitherapproactprovidessuf-
cient scalability

Experimental Infrastructur e: We simulateafuturelarge-
window, 16-wideissueout-of-orderprocessomwith a 512-
entry reorderbuffer, usingthe sim-alphasimulator[7]. Ta-

ble 1 summarizeshe microarchitecturaleaturef thetar-
getmachineTo explorearangeof in- ight instructionpres-
suresonthelLSQs,we simulatetwo 512-entrywindow con-
gurations. The rst, calledlow-ILP (LILP), is an Alpha
21264microarchitecturescaledto the parametershavn in
Table 1. The secondcalled High-ILP (HILP) is intended
to emulatea more aggressie microarchitecture—assuming
that otheremeging bottlenecksare solved—tobetterstress
theLSQsin ourexperimentsin particulatr theHILP con g-
urationassumegperfect(oracle)load-storedependencpre-
diction andbranchprediction.

Metrics: We simulated both con gurations while vary-

ing the sizesand organizationsof both age-indeed and
address-indeed LSQ organizationsto determinethe per

formancedegradationscausedby queuessmallerthanthe
instructionwindow. In theseexperimentswe optimistically
assumehatthe LSQ structuresanbe accesseth onecy-

cle,toisolatetheperformanceffectsof LSQstructurahaz-
ards.In additionto performancethe two other pertinent
metricswe measurarethetotal numberof LSQ entriesre-

quired (which translatego arearequirementjandthe total

numberof entriesassociatiely searchedponeachLSQac-
cesgwhichtranslatedo LSQ enegy consumption).

Age-indexed LSQ scalability: For, age-indeed struc-
tures, we measuredthe performancefor load and store
gueuesachwith 64, 128 and256 entries.The microarchi-
tecturehandlesa full queueby throttling the mapstageun-
til LSQ entriesare committedand available later for map-
ping.

Table 2 shows the performanceof the age-indeed
schemedor thethreesizesof LSQs.Almostno benchmark
in eithertheLILP or HILP con gurationhadmorethan128
loadsor storesin ight at ary time, thusthe performance
bene ts of increasingthe queuesizesfrom 128to 256 en-
trieseachis nggligible. Halvingthequeuesizesto 64 entries
eachcauses large 20% performancedrop for HILP, but a
mere5% performancedropfor LILP. Thisindicatesthatif
future architecturegreunableto Il theirin- ight instruc-
tion windows, thencentralizedLSQs substantiallysmaller
thanthe instructionwindow sizecanbe usedwith negligi-
ble performancéossesHowever, largerperformancéosses
will resultif the processois ableto keepits window rel-
atively full. Performancdosseswill alsoresultfrom hav-
ing centralizedLSQs, sincefuture distributed microarchi-
tectureswill beunableto access centralizedstructureef -
ciently.

Address-indexed LSQ scalability: For the address-
indexed structureswe vary the size from 128 entriesto-
tal perload andstorequeueto 512 entrieseach.We simu-
latedthe queuegpartitionedinto multiple setsrangingfrom
4 to 32 partitions.The numberof waysin eachsetranged
from 8 to 256, which is equivalentto the numberof entries



Parameter Con guration

Buffer Sizes 512-entryint, 512-entryfp issuewindow,
512-entry reorder buffer, separateload
andstorequeues;16-wideissue,16-wide
commit.

InstructionSupply 32 entry RAS, partitionedIL1 (64KB, 8
r/w ports,2-cycle hit), 32 entryIL1 TLB,
perfectand2-level branchprediction,16
wide fetch, fetchesacrossbranchesmul-
tiple branchprediction.

DataSupply Partitioned DL1 (64KB, 8 r/w ports, 3-
cyclehit), 64MSHRs,8 tamgets,2MB L2,
8-cycle hit, 60-gycle main memory 32-
entry TLBs, oraclememorydependence
predictionfor HILP and store-vait pre-
dictionwith a2048-entrytablefor LILP.

Functionalunits 512registers(int andfp), 16 int/fp units,
8 Id/stunits, pipelinedfunctionalunits.
Simulation Single Sim-pointregionsof 100M for 19

SPECCPU2000 benchmarksThe other
benchmarksn the suiteareincompatible

with our experimentalnfrastructure.

Table 1. Simulation parameter s for an 512-entry
ROB machine

LQ/SQSize Con guration
(Entries) | HILP (IPC) LILP (IPC)

64/64 1.88 0.57
128/128 2.36 0.60
256/256 2.38 0.60

Table 2. Age-indexed LSQ performance for the
LILP and HILP con gurations

searchedssociatiely uponeachaccess.

Sinceage-indeedschemesrefully associatie, thereis
only the possibility of a capacityover ow, andnot a con-
ict. In address-indeed LSQ organizationsijt is possible
for all in- ight instructionswith unknovn addresseso is-
sueandthenmapto the sameset,causingan LSQ partition
over ow eventhoughotherpartitionsmightstill have unoc-
cupiedentries.

We modeledtwo stratgies for handlingsetover ows.
The rst is a preventive stalling policy in which the map
stagestallswhenthe numberof unresohedloadsor stores
in ight issufcient to Il apartitioncompletely For exam-
ple,if eachload queuepartitioncanhold loads,andthe
fullest partition contains loads,thenthe map stage
muststall assoonasthreeadditionalunresoled loadsare
putinto ight. As loadsresole to otherbanks,more can
be permittedto passthe mapstage.The secondpolicy is a

ushing policy thatcauses pipeline ush wheneeroneof
the partitions(sets)over ows.

LQ/SQOrganization | Policy for Structual Hazads
Stalling(IPC)  Flushing(IPC)

LQ/SQ Size:128/128

32sets,8 ways 0.45 1.97
16 sets, 16 ways 0.72 1.95
8 sets,32ways 1.00 1.91
4 sets,64 ways 1.31 2.23

LQ/SQ Size:256/256

32sets, 16 ways 0.71 1.92
16 sets, 32 ways 1.02 1.90
8 sets,64 ways 1.34 2.27
4 sets,128ways 1.78 2.35

LQ/SQ Size:512/512

32sets,32ways 1.01 1.88
16 sets 64 ways 1.34 2.27
8 sets,128ways 1.80 2.33
4 sets, 256 ways 2.28 2.35

Table 3. Address-inde xed LSQ performance for
the HILP con guration with two structural hazard
policies

Table 3 shavs the performanceacrossthe address-
indexed LSQ con gurations. The stalling policy performs
uniformly worsethanthe ushing policy acrossall con gu-
rations.The numberof unresohedin- ight memoryopera-
tionsis commonlygreateithanthe numberof freespacesn
thefullest partition,andpipeline ushesdueto actualover-
o wsarefarlessfrequent.

Eventhoughpipeline ushing uponover ow worksbet-
ter, 20% dropsare commonfor all but the largestqueues
or thosewith the highestnumberof compareger access
(on the orderof 64), giving themthe sameproblemfaced
by theage-indeedapproachesAs canbe seerfrom theta-
bles,thetwo organizationhave differenttradeofs; fromthe
power point of view, lower associatie addresentry LSQs
areadwantageousut have lower performanceAddressen-
try LSQswith performancecomparabldgo ageentry LSQs
aretwice the sizeandhencerequiremorearea.

2.4. LSQ Optimization Opportunities

Current-generatioh SQs checkall memoryreferences
for forwardingor orderingviolations,sincethey areunable
to diffentiatememoryoperationghat are likely to require
specialhandlingfrom othersthatdo not. Only a fraction of
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Figure 3. Percentage of matc hing memory in-
structions

memoryoperationsnatchothersin the LSQs,however, so
treatingall memoryoperationsasworstcaseis unnecessar
ily pessimistic.

Figures3(a) and 3(b) shav the fraction of matchingin-
ight memory referencedor varying window sizeswith
the LILP and HILP con gurationsrespectiely. The frac-
tion of matchingaddresseis extremelysmallfor awindow
comparableo currentprocessorsWith an Alpha 21264-
like window of 80 instructionswith a realistic front end,
fewerthan1% of memoryinstructionamatch.For the LILP
con guration,a 512-instructionwindow sees3% matching
memoryinstructions.This rateremainsessentiallyat un-
til the 4096-instructiorwindow, at which point the match-
ing instructionsspike to nearly 8%. The HILP con gura-
tion, which hasamuchhighereffective utilization of theis-
suewindow, hasmatchinginstructionsexceeding?2%for a
512-entrywindow, which slowly grow to roughly 26% for
an8192-entrywindow.

Two resultsare notablein Figure 3(b). First, while the
matchingratesarecloseto two ordersof magnitudegreater

thancurrentarchitectureshree-quartersf theaddressem
theseenormouswindows are not matching,indicatingthe
potentialfor a four-fold reductionin the LSQ size.Second,
thegrowth in matchinginstructionsfrom 1K to 8K instruc-
tion windows is small, hinting that theremay be room for
furtherinstructionwindow growth beforethe matchingrate
increasesppreciably Of courseif the window is in nite,
thematchingratewill becloseto 100%.

Many of thesematchinginstructions however, are arti-
factsof thecompilationandmaybegoodcandidategor re-
moval. A signi cant fraction (approximately50%) of the
matchinginstructionsare stackandglobal referencesilt is
likely that more intelligent stackallocationand improved
registerallocationto remove spills and lls caneliminate
mary of thematchingstackreferences.

3. Seairch Filtering

This sectiondescribegechniquego avoid searchegor
memory instructionsthat do not match, then reducethe
LSQ power consumptionand lateng for instructionsthat
do match.The rst techniqueusesa Bloom Iter predic-
tor (BFP)to eliminateunnecessariSQ searchesor oper
ationsthat do not matchotheroperationsn the LSQ. We
thenapply BFPsto separatdSQ partitions,reducingthe
numberof partitionsthat mustbe searchedvhenthe BFP
predictsthat an LSQ searchis necessaryFinally, we dis-
cussother applicationsof BFPsto future partitionedpri-
mary memorysystems.

3.1. BFP Designfor Filtering LSQ Searches

Load & Store
Hash predictor
function tables

LSQ search
decision

Memory

address LSQ

Figure 4. BFP Search Filtering: Only memory in-
structions predicted to match must search the
LSQ; all other s are ltered.

The Bloom Filter Predictor (BFP) used for Itering
LSQ searchesnaintainsan approximateand heaily en-
codedhardware record—agproposedby Bloom [3]-of the
addresse®f all in-ight memoryinstructions(Figure 4).
Insteadof storing completeaddressesind employing as-
sociative searchedike an LSQ, a BFP hasheseachad-
dressto somelocation. In one possibleimplementation,
eachhashbucket is a single bit, which an memory in-
struction setswhen it is loadedinto the BFP and clears



whenit is removed. Every in- ight memoryaddressthat
hasbeenloadedinto the LSQ is encodednto theBFR If a
new hashedaddressnds a zero,it meanghatthe address
matcheso otherinstructionin the LSQ, sothe LSQ does
notneedto besearchedTheinstructionsetsthebit to 1 and
writesit back.If alisfoundby anaddres$iashingnto the
BFPR it meanseitherthattheinstructionmatchesanothetin
the LSQ or a hashcollision (a falsepositive hasoccurred.
In eithercasethe LSQ mustbe searchedThe BFP is fast
becauset is simply a RAM arraywith a small amountof
statefor eachhashbucket. Bloom lters wereusedby Pier
etal. [25] usedfor for earlydetectionof cachemisses.

The BFP evaluatedin this sectionusestwo Bloom |-
ters:onefor load addresseand other for storeaddresses,
eachof which hasits own hashfunctionand locations.
An issuingmemoryinstructioncomputests hashandthen
accessethe predictorof the oppositetype (e.g.loadsac-
cessthe storetableandvice versa).To detectmultiproces-
sorreadorderingviolations,anotheBloom Iter with inval-
idationaddressess alsochecledby loads.Sinceour evalu-
ationinfrastructures uniprocessobasedhe detailsof the
invalidationBloom lter areomitted.

3.1.1. DeallocatingBFP Entries A bit setby a particular
instructionshouldbeunsetwhentheinstructionretires,lest
the BFP gradually Il up andbecomeuselessBut if mul-
tiple addressesollide, unsettingthe bits when one of the
instructionsretireswill leadto incorrectexecution,since
a subsequeninstructionto the sameaddressmight avoid
searchingthe LSQ even thougha matchwas alreadyin
ight. Thereareseveralsolutionsto this problem.

Counters: One solution usesup/davn countersin each
hashlocationinsteadof singlebits. The countergrackthe
numberof instructionshashinginto a particularlocation.
Upon instructionexecutionthe counterat the indexed lo-

cationis incrementedy oneanduponcommitthe counter
is decrementedby one. The counterscan either be made
sufciently large so as not to over ow, or they can take

someothercorrectve actionusingoneof thetechniquesle-
scribedbelon whenthey over ow. Theuseof counterbased
Bloom lters waspreviously proposedy Fanetal. [9].

Flash clear: An alternatve approachto using up/down
countersijs to clearall of thebits in the predictoron branch
mispredictionsA pipeline ush guaranteeshat no mem-
ory instructionsarein ight andhenceit is safeto resetall
thebits. The ash clearingmethodhasthe advantageof re-
quiring lessareaandcompleity thanthe countersput has
thedisadwantageof increasinghefalsepositive rate.

Hybrid solution: A third approachhatmixestheprevious
two involvesfreezinga counterwhenit over ows, so that
all addresseshat hashto that set perform LSQ searches,
andtheninitiating apipeline ush (or waiting for amispre-
diction)whenthenumberof frozenhashbucketsin the BFP

grows too large. Our resultshave shavn that 3-bit coun-
tersaresufcient for mosttablelocations for bothloadand
storeBFPs.The maximumnumberof collisions,acrossary
benchmarkwith a 512-entrywindow, was41. 6-bit coun-
tersshouldthereforebeableto avoid over ows,but smaller
2- or 3-bit counterswould likely be moreef cient with this
hybrid scheme.

3.1.2. Hash Functions To maximize the benets of

searchltering, the numberof falsepositvesmustbe min-

imized. The numberof falsepositvesdepend®on the qual-
ity of the hashfunction,the methodusedfor unsettingthe
bits, and the size of the BFP tables.The BFP table must
be sizedlargerthanthe numberof in- ight memoryopera-
tions,sincetheprobabilityof afalsepositiveis proportional
to thefractionof setbitsin thetable.

Thereare two aspectghat determinethe efcacy of a
hashfunction: (1) the delaythroughthe hashfunction and
(2) the probability of a collisionin the hashtable.Sincethe
hashfunctionis serializedwith the BFP andthenthe LSQ
search(if it is needed)we exploredonly two hashfunctions
thatwerefastto computewith zeroor onelevel of logic, re-
spectvely. The rst hashfunction, ,usedowerorderbits
of theaddresso index into thehashtable,incurringzerode-
lay for hashfunction computation.The secondhashfunc-
tion, , usesproled heuristicsto generatean index us-
ing the bits in the physicaladdresghat weremostrandom
on a perbenchmarkbasis.  incurs a delay of one gate
level of logic (a 2-input XOR gate).To determine  for
eachbenchmarkwe populateda matrix by XORing each
pair of bits of the addressand addingthe resultto the ap-
propriatepositionin the matrix. We thenchosethe bits that
generatedhe mosteven numberof zerosandones,assum-
ing thatthey werethe mostrandom.

3.1.3. BFP Results Table4 presenta sensitvity analysis
of the BFPfalsepositivesfor arangeof parameterdnclud-
ing variedpredictorsizesrangingfrom oneto four timesthe
sizeof eachloadandstorequeuethetwo hashfunctions
and , ash andcounterclearing,andthe threemicroar
chitecturalcon gurationsusedtheAlpha 21264 LILP, and
HILP. The ash clearingresultsarenot applicableto HILP
becausdhey rely on branchmispredictionsandHILP as-
sumesa perfectpredictor As alowerbound,we includethe
expectednumberof falsepositivesthatwould result,given
thenumberof memoryinstructiongn ight for eachbench-
mark, assuminguniform hashfunctiong. The rate of false
positives is averagedacrossthe 19 benchmarksve used
from the SPECCPU2008uite.

Using probabilistic analysisthe numberof load (store) false posi-
tivesassuminga uniform hashfunctioncanbe estimatedas:

— ,where isthenumberof store(load) searche®c-
curringwhenthereare uniqueaddressn- ight loads(storesand
is theload (store)BFPsize.



Con guration Alpha 21264 LILP HILP

BFPSize| 32 64 128 | 128 256 512 | 128 256 512
HashType ClearingMethod

Counter 57 26 16| 84 28 20| 150 88 43
Counter 39 23 14| 57 33 20|101 6.1 42

Flash 59.9 53.3 49.2| 30.2 28.6 259 n/a

Flash 54.0 49.7 422|272 239 204 n/a
ExpectedralsePositives 28 16 10| 57 32 17| 96 53 28

Table 4. Percentage of False Positives for Various ILP Con gurations

As expected,the table shavs that the numberof false
positives decreasess the size of the BFP tablesincrease
simply becausef thereducedrobabilityof con icts. Flash
clearingincreaseshenumberof falsepositivessigni cantly
over count clearing. However, the count clearing works
quite effectively, especiallyusing the hashfunction,
shaving lessthana2%falsepositiveincreasavertheprob-
abilistic lower bound.This resultindicatesthatmoderately
sizedBFPsareableto differentiatebetweerthe majority of
matchingaddresseandthosethat have no matchin ight.
Furthermorethe lookup delay of all table sizespresented
hereinis lessthan one 8FO4 clock cycle at a 90nmtech-
nology. The power requiredto accesshe predictortables
is nggligible comparedo the associatie lookup asthe pre-
dictor tablesarecomparatiely small, directmappedRAM
structures.

3.2. Partitioned BFP Search Filtering

p=4 © BankO
= & j=
3 = L
o 2D - =
|$ § = cam arra £ data array £
(5]
o [+— O
| © o | Bankl
— B E
[} = o 2
o B D | =
s g T cam array| £ o data array £
(5]
g JE| s g
S £ ©
= = ) —
1T 1) |
< S o | Bank2
— — <3
2 ERENE =
o D =
s § {—= cam array| £ 2 data array £
(7] =}
° —= © c g
5 S ~— o
(5]
I N 3 L1
e v [ —
L o | Bank3
— 2 =y
) = E=]
o D - =
s § 1 cam array| £ data array £
(5]
© — B g
5 ~— o

Figure 5. Partitioned Search Filtering: Each LSQ
bank has a BFP associated with it (see far left)

The previous sectiondescribedhe useof BFPsto pre-
vent most non-matchingaddressedrom expensve LSQ
searchesln this section,we describea BFP organization
thatextendsthe prior schemeo reducethe costof matching

and BFP Sizes

addressearcheappreciablyA distributedBFP (or DBFP),
shawvn in Figure5, is coupledwith a physicallypartitioned
but logically centralized(in termsof orderinglogic) LSQ.
OneDBFP bankis coupledwith eachLSQ bank,andeach
DBFP bank containsonly the hashedstateof thosemem-
ory operationsn its LSQ bank. Dependingon the imple-
mentationof the LSQs andthe partitioning strategyy, some
extralogic may berequiredto achiese correctmemoryop-
erationorderingacrosghe partitions.

Memoryinstructionsarestoredin theLSQ justasin pre-
vioussectionsput anoperatioris hashednto the BFPbank
associateavith the physicalLSQ bankinto which it is en-
teredinsteadof a larger centralizedBFP asin the previ-
oussection.Beforebeinghashednto the BFP bank,how-
ever, the addresshashis computedandusedto lookupin
all DBFP banks,which areaccessedh parallel. Any bank
thatincursa BFP “hit” (the counteris non-zero)indicates
thatits LSQ bankmustbeassociatiely searchedAll banks

nding addressnatchegaisetheir matchlinesandthe cor-
rect orderingof the operationis thencomputedby the or-
deringlogic.

Dependingon the LSQ implementationthe bankingof
the LSQ may have lateny advantagesover a more physi-
cally centralizedstructure However, the power savingswill
besigni cant in alarge-windav machineif only a subsebf
thebanksmustbesearchedonsistentlyFigure6 presents
cumulativedistributionfunctionof thenumberof banksthat
aresearchean eachBFP hit for boththe HILP andLILP
con gurations,varying the numberof LSQ banksfrom 4
to 16. The cumulatve DBFP size washeld at 512 entries
for the differentbankingschemesThe resultsshow thata
DBFP canreducethe numberof entriessearchean a BFP
hit appreciablyfortheLILP con guration,60%to 80% of
theaccessesesultin thesearchingf only onebank.Forthe
HILP con guration, 80% of the searchesisefour or fewer
banks.

3.3. LSQ/BFP Organizations for Partitioned
CacheAr chitectures
In high-ILP wider issue machines,as the number of
simultaneouslyexecuting memory instructionsincreases,
both the LSQs andthe BFPswill needto be highly mul-
tiported.This sectiondiscussesrganizationghatstill usea
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Figure 6. Partitioned State Filtering for Banked LSQs and BFPs

logically centralized age-indeed LSQ, but exploits BFPs
to facilitate a disambiguationhardware organizationthat
matcheghe bandwidthof the primary memorysystem.

The port requirementon the BFPscan be trivially re-
ducedby bankingthem,usingpart of the memoryaddress
asanindex, to selectoneof the BFP banks,thatwill hold
only memoryinstructionsmappedo its bank.Bankingthe
BFPslendsitself naturallyto a partitionedprimarymemory
systemwheretheL1 datacachegL1D) arealsoaddressn-
terleaved,asshavnin Figure7a.In this organizationa por-
tion of the DBFP guardingeachphysicalLSQ bankis as-
sociatedwith eachL1D bank.Upon anaccesdo the L1D
cache jts DBFP banksgeneratea bitmaskwhich indicates
the LSQ banksthatneedto be searchedf the memoryop-
erationhits in noneof the DBFP banks(thecommoncase),
thenthe LSQ searchcanbeavoided.

Shared LSQ with Replicated BFPs Replicated BFPs and LSQs

DBFPs
iy
i

From LD/ST !

o [

DBFPs LSQs

-
c
‘ ‘ ° ‘

L1D
From LD/ST

Unit .

_.J_?;
R
I
\ |
1
-
=
H °
#:_:_%_: _%_:_: =
-
=
‘ o

1: Logic to determine cache
[ | centralized bank to access

Banked LSQ LSQ port arbitration logic

(a) ®

Figure 7. Replication of BFPs and LSQs to match
L1D band width

Evenwith distributedreplicatedBFPs,eachmemoryin-
structionmuststill be sentand allocatedin the LSQ. As

longassimultaneouslgxecutingmemoryinstructionanust
aretargetedinto differentbanksof the LSQ, no contention
occurs.However, if the LSQ is to supportparallel multi-
banked accessesgxtra circuitry must deal with buffering
andcollisions,increasingcompleity. One simple solution
to the problemis to replicatethe banlked LSQsaswell. As
with the DBFPseachreplicatedLSQ canbe coupledwith
the statically addresdnterleaved DL1 banks(Figure 7b),
thus permitting all operationsto completelocally at each
partition. This schemewill alsofacilitate high bandwidth,
low latengy commit of storesto the L1D (assumingwveak
ordering is provided). Thus, replicated LSQs provide a
compleity-effective solutionbut increasehe arearequire-
mentssigni cantly. In the next sectionwe turnto schemes
toreduce_SQ areawith thelong-termgoalbeingto reduce
areasufciently thatcompletelyreplicatedr distributedso-
lutionsbecomdeasible.

4. Load StateFiltering

Increasinginstruction window sizeslead to a corre-
spondingincreasein the numberof in- ight memoryin-
structions,making it progressiely less power and area-
efcient to enforce sequentialmemory semantics A fu-
ture processowith an 8K instructionwindow would need
to hold, on average,betweentwo and threethousandin-
ight memory operations Any two in- ight memoryin-
structionsto the sameaddresgmatchinginstructions)must
be buffered for detectionof ordering violations and for-
wardingof storevalues.However, aspreviously shovn in
Figure3, a smallfractionof theaddressem ight aretyp-
ically matching.An ideal LSQ organizationwould buffer
only in- ight matchinginstructions,permitting reductions
in theLSQ areajateng, andpower. Bufferingfeweropera-
tionsin the LSQ facilitatesef cient implementatiorof par
titioned, address-indeed schemeghat are a bettermatch
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for future communication-dominatetgchnologies.

In- ight storeaddresseandvaluesmustbe bufferedre-
gardlessof their interleaving with loads, since their val-
uesmustonly bewritten backto the memorysystemupon
commit. Theschemegpresentedh this sectionthereforeat-
temptto reduceonly the numberof loadscontainedn the
LSQs,by attemptingto buffer only matchingloads.Future
work may usetechniquesuchasthe Speculatie Version-
ing Cachg(SVC)[14] to reducethe LSQsfurtherby buffer-
ing only storesthat are matching, placing non-matching
storesin an SVC-like structure.

Figure8 shavs onepossibleschemeo reducethe loads
thatmustbesavedin theLSQ. An addressmatd predictor
(AMP) predictswhetheraloadis likely to matcha store.If
aload is predictednot to match,it is hashednto a struc-
ture calledanexclusiveBloom Iter (EBF), which contains
anapproximatehardwarehashof all in- ight loadsnotcon-
tainedin theloadqueuelf theloadis predictedo matchi,it
is placedinto theload queuewhich maybe guardedby an
inclusiveBloom lter for efcient accessingasdescribed
in the previoussection.Issuedstoreschecktheload queues
asusual,but they alsosearcithe EBFE A storehashingto a
setbit in the EBF indicateseithera falsepositive hit, or a
possiblememoryorderingviolation dueto incorrecthash-
ing into the EBF by the AMP. Sincethe two cannotbe dif-
ferentiatedthe processomusttake correctve action, pos-
sibly culminatingin apipeline ush.

In this paperwe reportonly onesimple,preliminaryde-
sign,in which theload queueis completelyeliminatedand
all loadsare hashedinto the EBF. If a load is issuedbe-
fore anolder program-ordestoreto the sameaddressev-
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eryinstructionpastthe storemustbe ushed whenthestore
nds the hashedoad in the EBF This schemethus guar
anteesorrectexecutionwithoutrequiringary memorydis-
ambiguatiorhardware,but is likely to incur severe perfor
mancepenaltiesdueto ushes causedby dependenceio-
lations, which will grow asthe window sizeis increased.
That claim is buttressedby the resultsin Table 5, which
shaw thatfor the Alpha-like con guration,the performance
lossis a mere3%, but for the HILP con guration, the av-
erageperformancepenaltyis 34%. Thatlarge performance
lossis dueto ushes causedby threefactors:false posi-
tives(EBF hashcollisionsof non-matchingaddressesjrue
dependenceiolations,anda matchingload followed by a
storeissuedn bothprogramandtemporalorder(i.e.a ush
causednaarti cial WAR hazard)SincetheEBFoccupies
two-thirdsthe areaof the original load queue this particu-
lar solutionsavestoo little areaat too greata performance
lossto be aviable solutionfor future high-ILP processors.

Two ideasthat we are currently exploring eliminate
the arti cial WAR hazard-inducedushes and the false
positive-induced ushes, respectiely. The rst ideastores
aninstructionnumberin an EBF-parallelstructure permit-
ting a storethat hits in the EBF to determinethat the load
hashedherewasactuallyolderin programorder, thusre-
quiring no correctie action.ldentifying the exactcon ict-
ing load will alsohelpreducethe costof ushesby ush-
ing only instructionsafter the con icting load (including
the load itself), insteadof all instructionsafter the match-
ing store,on a true dependenceiolation. The seconddea
involves placing a checler at the commit stage,to nd a
youngeroadthatobtainedanincorrectvaluewhich should
have comefrom an older store.Whenthat storehits in the
EBF, it marksthe checler to checkall load instructions
from the currentnewestinstruction (“Y”) in the ROB to
theinstructionimmediatelyfollowing the store(“*X”). This
checkcanbe donein parallelfor high performancegr in-
crementallyas instructionsare committed.When instruc-
tion Y commits,if no matchingload hasbeenfound, the
hit in the EBF wasa falsepositive,andno correctve action
needbetaken. This schemanayrequiremultiple storeval-
uesin the checler to be scanninghe ROB at once,andre-
quiringacentralizedROB, andsomaynotbeagoodmatch
for future,moredistributedarchitectures.

5. Conclusions

Corventional approachegor scaling memory disam-
biguationhardware for future processorsre problematic.
Fully associatie load/storequeueghat can handleall in-
ight memoryoperationswill be too slow and consumea
largeamountof powerasreordetbuffersgrow. Ontheother
hand,our analysisshavs that smallerstructuresthat ush
or stall whenthey Il, will incur signi cant performance



Benchmarks| Performancelrop(%)
Alpha HILP
164.9zip 0.0 35.5
171.swim 0.0 16.7
172.mgrid 0.0 46.2
173.applu 0.0 66.7
175.vpr 11.1 23.1
176.gcc 0.0 11.8
177.mesa 8.3 65.8
178.galgel 0.0 0.0
179.art 0.0 25.0
181.mcf 0.0 0.0
183.equak 0.0 30.5
188.ammp 0.0 25.0
189.lucas 0.0 25.0
197.parser 8.3 20.0
252.eon 25.0 58.1
253.perlbom | 125 47.6
254.gap 0.0 73.1
256.bzip2 0.0 46.1
Average 3.3 34.2

Table 5. Percentage drop in performance for Al-
pha and HILP conguration with complete LDQ
elimination

penaltiesFor example,in a512-entrywindow machinere-
ducingtheloadandstorequeuegL.SQs)from 128to 64 en-
trieseachresultsin a21%performancdoss.

Solvingthis challengeby moving from fully associatie
to setassociatie, address-indeedLSQ partitionsresultsin
a differentsetof problems.Structuralhazardsoccurmore
frequentlyunlesseachof the partitionsthemselesbecome
in-feasiblylarge.To reduceperformancdossedelor 10%,
eachof the partitionsrequired64 entries,resultingin ato-
tal LSQ size of twice the capacityof all in- ight instruc-
tions. For smallersetsizes,our resultsshav that ushing
thepipelineon anactualover ow is betterthanstallingin-
structionfetch on a potential over ow. With this scheme,
8-way partitionsshowv a best-cas@erformancdossof 19%
dueto ushing.

In this paper we proposeda rangeof schemeghat use
approximatehardware hashingwith Bloom lIters to im-
prove LSQ scalability Theseschemedall into two broad
catgyories:seach ltering, reducingthe numberof expen-
sive associatie LSQ searchesandstate Itering , in which
somememoryinstructionsareallocatedinto the LSQsand
othersareencodedn the Bloom lters.

The search Itering resultsshav that by placing a 4-
KB Bloom lIter in front of an age-indeed, centralized
gueue,73% of all memory referencescan be prevented
from searchindheLSQ,includingthe95%of all references
thatdo not actually have a matchin the LSQ. By banking
the age-indeed structureand shieldingeachbankwith its
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own Bloom lIter, a small subsetof banksare searchewn
eachmemoryaccessfor a 512-entryLSQ, only 20 entries
neededo be searchean average We alsoproposedlac-
ing Bloom Iters nearpartitionedcachebanks,preventing
a slow, centralized_SQ lookup in the commoncaseof no
con ict.

For stateltering, we coupledanaddressnatchpredictor
with aBloom lter to placeonly predicteddependenbper
ationsinto the LSQs,encodingeverythingelsein a Bloom

Iter andintiating recoverywhenamemoryoperationnds
its hashedit setin theBloom Iter . Theseschemesverein-
effective dueto bothfalsepositivesin the Bloom lter and
dependencaiispredictionsresultingin performanceirops
toolargeto justify a37%reductionin LSQ area.

Futur e Dir ections: As instructionwindows grow to thou-
sandsof instructions, hardware memory disambiguation
facesserere challengesFirst, the numberof operationsn
ight with the sameaddresswill grow. Secondcommuni-
cationdelayswill forceincreasedrchitecturapartitioning,
renderinga centralized_SQ impractical.lt is possiblethat
thesearchltering methodgshatcanbeeffective upto8K in-
structionwindows may not be effective for larger window
sizes.

We foreseesereral promising directions. First, by im-
proving both dependencé‘addresanatch”) predictorsand
Bloom Iter hashfunctions, effective state Itering may
male distributed,small LSQ partitionscoupledwith cache
partitions feasible. Second,by encodingtemporal infor-
mationinto Bloom lIters rollback on arti cial WAR haz-
ards can be avoided. Third, software can help by parti-
tioning referencesnto classegreventingfalsecon icts as
well, reducingin- ight addressnatchedy renamingstack
frames,and perhapsaven explicitly markingcommunicat-
ing store/loadpairs.

Approximatehardware hashingwith Bloom lters pro-
videsanexciting new spaceof solutionsfor scalabld_SQs.
Thesestructuregnayalso nd usein otherhigh-powverparts
of the microarchitecturesuchashighly associatie TLBs,
issuewindows, downstreamstore queues,or other struc-
turesnotyetinvented.
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