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Abstract

To continueto improveprocessoiperformancemicroar-
chitectsseelto increasetheeffectiveinstructionlevel paral-
lelism (ILP) that canbe exploitedin applications.A funda-
mentallimit to improving ILP is data dependenceamong
instructions.If datadependenciformationis availableat
run-time there are manyusesto improve ILP. Prior pub-
lishedexampledgncludedecoupledranc executionarchi-
tecturesandcritical instructiondetection.

In this paper we describean efficienthardware meda-
nismto dynamicallytrack thedatadependencehainsofthe
instructionsin thepipeline Thisinformationis availableon
a cycle-by-cycléasisto the microenginefor optimizingits
performanceWe thenusethis designin a new value-based
branch predictiondesignusingAvailableRegisterValueln-
formation(ARVI). Fromthe useof datadependencefor-
mation, the ARVI branch predictor has better prediction
accuracy over a comparbly sizedhybrid branch predic-
tor. With ARVI usedas the second-lgel branch predictor
theimprovedpredictionaccuracyresultsin a 12.6%perfor-
manceimprovemenbn avelage acrossthe SPEC95nteger
bendhmarksuite

1 Introduction

Much of the effort expendedby microprocessoarchi-
tectsin the last decadehas beencenteredon exploiting
the inherentinstruction-level parallelism (ILP) of serial
programs. Examplesinclude dynamic branchprediction,
speculationput-of-ordersuperscalaexecution,and paral-
lel memoryaccessHowever, ILP performancegainshave
slowedconsiderabhasthesetechniquehave becomecom-
monplacein 4- and 6-way issueprocessorsA numberof
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programproperties,ncluding control dependencesnem-
ory requirementsand datadependenceghreatento limit
further gains. The latter haslong beencited in limit stud-
ies, suchasthe well-known studyby Wall [34], asthein-
herentprogramcharacteristithatfundamentallylimits ILP
gains. Valueprediction[22], thougha promisingapproach
for alleviating datadependencbarriers hasyetto yield the
cost-performancgainsnecessaryor widespreaccommer
cial adoption.For thesereasonsthe alleviation of datade-
pendencesandthe exploitation of datadependencénfor-
mation,remainkey microarchitecturathallenges.

Compilershave long performedstatic datadependence
analysisfor codeoptimizations.Suchinformationcouldbe
invaluableto microarchitectdor mary purposesyYet, such
staticinformationis both unwieldly to passvia instruction
fieldsandpotentiallylessprecisehanthedynamicdatade-
pendencénformationthatcouldbegleanedatruntime.

In thispaperwe presenticcurateandefficienthardware-
basedmechanismdor cycle-by-g/cle tracking of datade-
pendenceamongall in-flight instructionsin a dynamicsu-
perscalamicroprocessor We proposeschemesappropri-
ate for centralizedphysicalregister files (asin the Mips
R10000[35] and Alpha 21264[19] microprocessors).A
four-way fetch/issue/commiprocessowith 80 in-flight in-
structionsand 72 physical integer registersrequires730
bytesof RAM with eight read and four write ports and
modestcontrol logic for datadependencdracking. This
complity comparedavorably with that of otheron-chip
RAM/CAM structurege.g.,branchpredictorsput-of-order
issue queues)that are purely usedfor performancepur-
poses.

We enumeratesomeof the mary applicationsfor such
on-line datadependencénformation. Theseinclude dy-
namicschedulingselectve valueprediction[6], criticality
measuresindtheir application[11, 29, 30], anddecoupled
architecture$3, 33] to namea few. We theninvestigaten
depthhow dynamicdatadependencmformationcanbeex-
ploitedto provide anothemdimensiorfor branchprediction.
Our approachgalled ARVI, basests predictionon partial



registervaluesalongthe datadependencehainleadingup

to the branch. This is a subtle, but importantdifference
from approachethatusethe branchregistervaluesdirectly
asthey arerarely available (andthus,for instancemustbe
predicted). We discusshow the correlationbetweensuch
registervalueinformationandthe branchoutcomecanfor

somebrancheshe strongerthan either history or pathin-

formation. A two-level predictorusing ARVI at the sec-
ond level achieresa 12.6% overall IPC improvementfor

the SPEC95nteger benchmarksas comparedo the state-
of-the-arttwo-level predictor[26] proposedor the Alpha
EVS.

Therestof this paperis organizedasfollows. The hard-
waremechanisnfor datadependenctackingis described
in Section?2, andpotentialapplicationsarereviewedin Sec-
tion 3. A novel branchpredictionschemgARVI) basedn
the datadependenceformationis presentedn Section4.
Our methodologyis detailedin Section5, while resultsof
usingan ARVI predictoron a setof integerbenchmarkss
presentedn Section6. Otherrelatedwork is discussedn
Section7, andwe concludein Section8.

2 Dynamic data dependencetracking

Data dependencanalysisis a fundamentaltechnique
employedin compilersto maintainthe correctnessf code
whenperformingoptimizationtransformationsA datade-
pendencehain shavs orderingrelationshipbetweera se-
quenceof instructionsthat mustbe presered. A datade-
pendencehainis definedrelativeto a particularinstruction.
Eachinstructionhasits own datadependencehain,though
differentchainsmaysharecommoninstructions.In thefol-
lowing sectionswe describethe Data Dependencélable
(DDT), a hardware methodfor incrementallymaintaining
thedatadependencehainsfor the setof instructionsin the
processopipeline.

2.1 DDT operation

The DDT is implementedasa RAM. The depthof the
RAM is onerow for eachphysicalregister The width of
arow is onebit perinstructionthat canbe in flight in the
pipeline, thus, eachinstruction occupiesa columnin the
DDT RAM. For clarity, we will referto datain the row
of the DDT RAM asa DDT registerentry or simply asa
registerentry. Also, we referto theinstructioninformation
occupying acolumnin theRAM asaDDT instructionentry
or asaninstructionentry,

The operationof the DDT is bestdescribedwith an ex-
ample,shown in Figure1. In this figure,the DDT RAM
is orientedat 90 degrees,i.e., rows of the RAM areshovn
asverticalandcolumnsareshovn ashorizontal.Let usas-
sumethe currentstateas shavn in the top table with the

instructionsenteredinto the DDT shown attheright. The
physicalregisternumbersareshovn atthetop. Entrieswith
an’x’ indicatethatthebit is setandthephysicalregisterde-
pendsonthatinstruction.For example,physicalregisterp5
is datadependenbn bothinstructionsl and2. Registerp5
is alsotrivially datadependenbnits own instruction(3), so
thatentryis markedaswell.

The lower table details the actions when a new in-
structionis added. The instructionis an add of registers
p4 and p7 with the result depositedinto p8. Since p8
is the target register we needto setthe appropriatebits
in register entry for p8. The instruction is allotted the
next empty instructionentry in the table, instruction en-
try 6. The bit at instruction entry 6, register entry 8 is
setbecauseevery registeris datadependentuponthe in-
structionthat updatesit. Thenregister entriesassociated
with the sourceregisters,p4 andp7, are OR'd andthere-
sultis AND’d with the valid bit vectorto limit the result
only to settingsfrom active instructionscurrently in the
pipeline. The resultis thenwritten to the register8 entry:
DDT([Target] = (DDT[Src1] OR DDT[Src2]) AND Valid-
Vector. The entryfor physicalregisterp8 now containsthe
datadependencehainconsistingof instructionsl, 2, 5, and
6. Instructionentriesareallocatedn circular FIFO fashion
usingheadandstail pointers.For eachinstruction,accesgo
theDDT occursafterregisterrenamehasassigneghysical
registers.Oncethe physicalregistersareknown, two simul-
taneouseadsof thesourceregisterentriesareperformedn
onecycle andthe resultis written to the destinatiorregis-
ter'sentryin the seconctycle.

Whenaninstructioncommitsit mustbe eliminatedfrom
all dependencehains becauseits register value is now
readyfor immediateuse. An instructionis removed from
the DDT by clearingits associatedit in the valid vectot
Sinceall readsfrom the DDT areconditionedby the valid
vector, clearingavalid bit immediatelyremovestheassoci-
atedinstructionfrom henceforthbeingincludedin ary de-
pendencehains. Additionally, the tail pointerto the DDT
circular buffer is incrementedo free the instructionentry
for reuse. However, before a new instruction reusesan
instructionentry, all bits in the instruction entry mustbe
cleared.

A branchmispredictionrequiresa rollback of the DDT
information to its stateprior to the mispredictedbranch.
Sincethe structureof the DDT is similar to the Reorder
Buffer (ROB), thisrollbackis achiezedin anidenticalfash-
ion. Justasin the ROB a pointeris decrementedo point
to the instructionbeforethe mis-speculatedhstructionso,
too, is thepointerin the DDT.

In this papermwe only considerdatadependenceisvolv-
ing integerregisters. The numberof bitsin the DDT is the
numberof ROB entriestimesthe numberof physicalreg-
isters. The Alpha 21264has80 ROB entriesand 72 phys-
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Figure 1. DDT update example

ical registers;thus, the DDT would contain5760 bits, or
730 bytes. In an architecturethat fetchesfour instructions
percycle,theDDT RAM requireseightreadportsandfour
write ports. The valid vectorcanbe implementedasa set
of JK flip-flops with oneflip-flop per ROB entry, eachof
which canbe setandresetby therenameandcommitlogic,
respectiely. TheAlpha21264wouldrequire80 bitsfor the
valid vectot

3 Applications of on-line data dependence
tracking

Thereare mary potentialapplicationsof online, cycle-
by-cycle, datadependenceacking. Someexamples:

e Dynamic scheduling: Instructionissuepriority canbe
partially basedon datadependenc@roperties. One
possibilityis to assignpriority to loadspartially based
on the length of their dependencehains. It is anin-
crementahdditionto thebasicDDT designto trackthe
numberof datadependeninstructiongrailing particu-
larinstructions By addinga smallcounterto eachrow
in the DDT, this informationcanbe updatedfor each
instructionsimultaneouslyn a cycle-by-g/cle basis.

e Instruction fetchingin SMT processors: In anSMT
processar instructions are fetched from the high-

est priority threadsaccordingto some criteria. In
Tullsen's ICOUNT policy [32], for example, prior-
ity is given to thosethreadsthat have the fewestin-
structionsin the front-endandissuequeues. Part of
the rationaleis that suchthreadsshouldbe rewarded
for makingforward progress.Perthreaddatadepen-
dencechaininformation, e.g., the averagelength of
eachchain, can potentially provide a more accurate
measuref thelikelihoodof aparticularthreadmaking
forwardprogressn thenearfuture. Theabove counter
mechanisntanbe usedto calculatethesevalueson a
perthreadbasisusingperthreadDDTSs.

e Selected value prediction: In value prediction, the
relatively high cost of a mispredictionand the rela-
tively low predictionaccurag (in general)makes it
imperativethatit beappliedwisely. Calderetal.[6] re-
strict value predictionto instructionswhoseearly res-
olution canhave significantimpacton overall perfor
mance. Their heuristicselectsas critical instructions
thosewhich have a long datadependencehainwait-
ing ontheir outcome.However, no mechanisnior de-
terminingthis lengthis described.Using the mecha-
nismdescribedabove, thoseinstructionsthatexceeda
thresholdcountmay be selectedor valueprediction.



e Dynamic branch decoupled architectures: In these
designsthe string of instructionscomprisingthe de-
pendencechain to a branchin a loop are sgyre-
gatedandexecutedn a parallelbranchexecutionunit
(BEX). Sincethe setof instructionsn thedependence
chainis fewer thanthe full setof instructionsin the
loop, the BEX unit will run aheadof the mainexecu-
tion unitandprecomputdranchoutcomesothat,ide-
ally, the mainloop will never mispredictthe outcome
of thebranch.In the DDT table,the datadependence
chainis immediatelyavailable.

e Optimizationsdriven by parallelism metrics: Bahar
and Manne[2] proposegating off pipelineresources
basedon recentIPC performancein order to save
power. Similarly, Folegnani[12] dynamicallyadapts
thesizeof theissuequeueaccordingo parallelismes-
timatesderivedfrom the ReorderBuffer. Dependence
chaininformation can potentially provide a more ac-
curate parallelismestimateto guide theseand other
parallelism-basedptimizations.

e Improving the accuracy of criticality measures:
Load criticality was originally investigatedoy Srini-
vasanand Lebeck[29, 30] in orderto improve load
performanceOtherresearchersncludingBodik [11],
have proposedtechniquedfor identifying critical in-
structions.Cycle-by-g/cle dependencehaininforma-
tion can potentially improve the accurag of critical
instruction detection. For instance,Bodik’s random
samplingapproachmay unintentionallymiss critical
sequencesData dependencénformation can poten-
tially provide moredirected ratherthanrandom sam-
pling to increasecritical instructiondetection.

e Dynamic branch prediction: History andpath-based
branchpredictioncan be augmentedvith a predictor
thatcorrelatesheregistervaluesof instructionsalong
the datadependencehain leading up to the branch.
This is a subtle, but important, differencefrom ap-
proacheghat use the branchregister valuesdirectly
andtherebyachieve limited improvements.

In the next section, we describea branch prediction
mechanisnthatusesanaugmentedDT designto quickly
selectthe minimum setof registersin the datadependence
chainuponwhich the branchoutcomedependsand uses
partialregistervaluesto make the prediction.

4 TheARVI branch predictor

A branchinstructionmakesa decisionbasedon the re-
lationshipbetweernwo values.Thetwo valuesmay beval-
uesin registersor onemay bein aregisterandthe othera

constant.For a given pathto the branch,if all the register
valuesinvolvedin its resolutionhave identicalvaluesasin
a prior occurrencehenthe outcomewill be the same. If
one candeterminethe essentialvaluesin the datadepen-
dencechainthat determinethe final valuesat the branch,
andthosevalueshave occurredin the past,then the out-
comeof the branchwill be known. This methodis value-
basedbranchpredictionandis the essentialdeabehindthe
ARVI predictor

Uponfetchinga branchinstruction,a predictionmustbe
madebasedon the availableinformationat thattime. Ide-
ally, if the valuesof the branchregistersareavailable(i.e.,
committed)then a table look up canprovide the outcome
of the branchthe lasttime thosesamevalueswerepresent.
In practice,the branchregistervaluesare rarely available
at the time of the prediction. However, if valuesare avail-
ablefor registersalongthe dependencehainthatleadsup
to thebranch thenthe predictorcanusethesevaluesto in-
dex into atableandrecallhow the branchbeharedthelast
time underthe samecircumstanceslf the registersetand
valueinformationis precise thenthe branchmustbehae
identicallyandthe predictioncanbe madewith certainty

Prior work hasshown thatthe pathleadingto a branch
providesimportantinformation with which to classifyin-
stance®f a branch.Behavior of a branchwithin a particu-
lar class(path)generallyexhibits consistenbehaior thata
two bit saturatingcounterquickly learns.Insteadof relying
solelyonbranchhistoryor ahashof branchPCaddresset
identify the particularpath, ARVI includesthe datadepen-
dentregistersetaspart of the signatureandusesa hashof
the registeridentifiersandthe PC asanindex into a table.
The valuesin eachof the registersin the setare likewise
hashedogetherandusedasatagto disambiguatdetween
occurrencesf the samepathbut having differentvaluesin
theregisters.A distinguishingieatureof the ARVI designis
thatit usesboth path-andvalue-basedhformationto clas-
sify branchinstances.

Loops presentan additional challengein creating a
unigue path signature. In a heavily pipelinedsuperscalar
processo(20+stagesand200+instructionsn flight simul-
taneously)thedatadependencehaincanspanmary itera-
tionsof aloop. In suchcircumstanceghe datadependent
registersetmaybethe samein eachiterationandmake the
path information ambiguous. A simple techniqueto dis-
ambiguatébetweeriterations— withoutactuallyidentifying
loopconstructs-isto includedistancenformationbetween
the instanceof the register setwhosevaluesare usedand
the branchinstruction. The ARVI designrecordsaspartof
atag the maximumnumberof instructionsspannedy the
dependencehain.



4.1 ARVI implementation details

ARVI usesthe DDT to extract the setof registerscor-
respondingdo instructionsalongthe datadependencehain
leadingupto thebranch.A tablelook upindexedby acom-
binationof the branchPC andthe valuesin theregisterset
returnsinformation describingpastbranchbehaior. Tag
checksensurethat the entry correspondgo a prior, simi-
lar occurrenceof the branch. If the tagsmatch,thenthe
prior outcomeis usedasthe prediction. Since ARVI re-
quiresthe physicalregistermappingsregisterrenamemust
occurearly in the pipeline. RISC instructionsetarchitec-
tureswith highly regularinstructionencodinggpermit this
earlyregisterrenameat fetchtime. However, early rename
requiresadditionalphysicalregistersbecausenoremapped
instructionscanbein flight in the pipeline.

Thedetailsto generate predictionin the ARVI predic-
tor arelisted in Table 1 andtheir stagingis shavn in Fig-
ure 2. To make a prediction, the datadependencehain
for the branchregisteris readfrom the DDT. This vectoris
fedto afilter calledthe Register SetExtractor (RSE)which
forms the setof active registersthat generatethe value(s)
beingcomparedn the branch. From the PC andvaluesin
the register set, the index into the Brandh Value Informa-
tion Table (BVIT) is generated.The BVIT holdstagsand
informationregardingprior branchoccurrencesTheread
of the BVIT returnsonetagbasedon the sumof theregis-
ter identifiers,a secondtag basedon the lengthof the data
dependencehain, a performancecounterto aid in setre-
placementandthe prediction.

Table 1. ARVI access details
Step Action
1. ReadthedatadependencehainfromtheDDT for thebranch
2. Generatagheregistersetfrom thedependencehain(RSE)
3. In parallel,generateheindex andtag
a.FormaBVIT index from the XOR hashof registervalues
b. Formasumof theregistersetidentifiers
4. Index theBVIT, comparetheID anddepthtags,returna predictio

Fourway setassociatiity in the BVIT helpsminimize
the thrashingthat often occursin direct-mappeduffers.
A 3-bit performancecounterbasedon Heil's design[17]
tracksthe effectivenessof eachentry andis usedto select
which entryto replacewhenanew entryis added.

If all the valuesof the requiredregistersin the depen-
dencechainareavailableat the time of the predictionthen
the input statepreciselydefinesthe outcomeand we call
this instanceof the brancha calculatedbranch. If avalue
is not availableat the time of the predictionthenby neces-
sity the datadependencehain hasvaluesthat dependon
outstandindoad instructionsandthe currentmachinestate
doesnot preciselydefinethe branchoutcome.We call this
type of branchaload branch.

We estimatethatthe ARVI predictorrequiressix cycles

to malke a prediction. The breakdevn of the lateng for
eachactionis shavn in Figure2. Thelong lateng for the
ARVI predictornecessitatea fastonecycle first level pre-
dictorto make aninitial predictionthatthe ARVI predictor
may overridewhenits predictionis available.In additionto
providing a fastinitial prediction,the smallfirst level pre-
dictor actsto filter easily predictedoranchesvhich results
in dedicatingARVI resourceso difficult branches.

4.2 Selectingthebranchregister set fromtheDDT

Thesetof registersthatgeneratehevaluefor thebranch
comparisorare availablein the datadependencehainfor
the branchinstructions operandregisters. The DDT has
this information, but a complementaryircuit, the RSE, is
neededo extractit efficiently.

Theoperationof the RSEis shavn in Figure3. Theleft
handtableis theDDT in the samestateasin theprior DDT
exampleof Figurel. The RSEtableon the right hasthe
sameidentical dimensionsasthe DDT but eachlocation
contains2 bits insteadof one. Whenan instructionis in-
sertedinto the DDT (in stage2, afterthe dependencehain
informationis readin stagel), the sourceand destination
registersfor the instructionare marked in the correspond-
ing entry in the RSE. A sourceregisteris marked in the
exampleasSbut is encodedas01. ThetargetregisterT is
encodedas10. Becausdhe ARVI predictortreatsload in-
structionsasterminationpointsin the chain,we do not set
thesourceandtargetregistersfor loads(markedwith '*' in
thefigurefor this discussion).

Whena brancharrives (instruction7), we readthe ap-
propriateregister entriesfrom the DDT for the branchs
operandregisters(only p8in the example). The marksin-
dicatingthe datadependencehainform a bit vectorthatis
usedasenablego activate instructionentriesin the RSE.
If the branchinstructionhastwo sourceoperandshenthe
bit vectorfor theenabless the OR of thetwo DDT entries.
Eachregisterentry in the RSE (the vertical dimensionof
the RSEin the figure) is spanneddy two bit-lines to sup-
portthethreeencodings{Unused="11",Souce="10’, Tar-
get='01'}. We createthe registersetby prechaging these
bit-linesandthenenablingthe RSEinstructionentrieswith
the DDT datadependencehainbit vector Any element
in the RSEthatis setto 'S’ in the selectedrows will dis-
chage the low order bit-line (bit[0]). Similarly, ary ele-
mentsetto'T" will dischagethehighorderbit-line (bit[1]).
The resulting2-bit valueis consolidatedo a singlebit via
the function result = bit[1]&bit[0]. Theresultis "1’ if
andonly if oneof the selectednstructionsusesthe regis-
ter asa sourceandnoneuseit asa target. This function
removesregistersfrom the chain whosevaluesare calcu-
lated by otherinstructionsin the chain. Suchregistersare
redundantln our example,thefinal setof registersis {p1,
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p3}. Noticethatp4 andp? areeliminatedsincetheir values
aredeterminedrom pl andp3. Theregisterplisincluded
becausavith ARVI loadsareterminatorsof the DD chain.
The registerp3 is in the setbecausats valueis currently
available(thus,theinstructionthatsetp3 hasbeencommit-
tedandremovedfrom the ROB andDDT).

4.3 Formingtheindex intothe BVIT

The index into the BVIT is the XOR of the low order
N bits of the valuesin the registersspecifiedby the RSE
registersetbit vector For our study we configurethe BVIT
tableas2K entrieswith 4-way setassociatiity, thus,N =
11 bits. To avoid additionalregisterfile ports,a shadev set
of theregistersis keptbut only the low order11 bits of the
value,asis shovnin Figure4(a). A shadev registerfile for
an Alpha 21264 with 72 physicalinteger registerswould
require792bits. Updatego theregisterfile alsoupdateour
duplicatesetonecyclelater As shawvnin Figureda,thelow
orderbits of thebranchaddressandthe 11-bit valuesof the
shadav registersselectedy the RSEregistersetbit vector
are XOR'd to form the BVIT index. A microarchitecture
with R physicalregistersrequires(11 x R) XOR gatesin

atree(log, R) deep.
4.4 Formingtheregister set tag

Differentiatingpathsto a branchcanimprove prediction
accurag [24]. ARVI usegthesetof registersfrom the RSE
asa path differentiator Sincea full concatenatiorof the
registerIDs is impractical we have discoveredthatasimple
3-bit sumof thelow orderlogical branchiDs is sufiicient.

The tag formationis shavn in Figure4(b). Thelogical
branchIDs are usedbecausehe physicalregister assign-
mentsare likely to vary betweenoccurrences.Thus, we
keepa shadaev tableof theregistermaptableandupdateit
wheneveraregisteris allocated We needonly storethelow
order3 bits of thelogical registerID in the shadev mapta-
ble andstructureit asavectorof 96 bits (assuminghe ISA
definesasetof 32 logicalregisters).Thesummatioris lim-
ited to awidth of 3 bits. Sincetheresultis usedasatagto
verify a hit in ARVI, this additiontree canhave a multiple
cycle lateny and be pipelined. The tag calculationmust
completewithin thetime for the XOR treehashplustheac-
cesstime to the BVIT table. The pipelinetiming is shovn
in Figure?2.
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45 Forming the DD chain depth key

Tight loopscanexperiencadenticalpathsto abranchon
successie iterations. We find it is importantto differenti-
atetheseoccurrenceshowever, becausdhe logical setof
registersinvolvedareidenticalin eachiteration,we needan
additionaltag. In experimentingwith variousmetrics,we
foundthata simplebut usefulchoiceis the maximumnum-
ber of instructionsspannedy the dependencehain. We
maintaina 5-bit valuefor this distance This distances cal-
culatedby subtractingthe indicesfor the headpointerand
the furthestinstructionbackin the dependencehain. De-
tectingthe furthestinstructionrequiresdetectingthe lead-
ing’l’ in the DDT bit vectorfor the particularDDT regis-
ter entry, while consideringthatthe DDT buffer may have
wrappedaroundthe endof the RAM. This problemis sim-
ilar to thatin [5] and can be solved with two priority en-
coders:onefor the a non-wrappingchainand anotherfor
the casewherethe chaindoeswrap aroundthe end of the
RAM. Thetiming to generatehisinformationis notcritical

andcanbepipelined(seeFigure?2).

5 Methodology

Our evaluationmethodologyusesSimplescalaf4] for
thePISAinstructionset. Table2 liststhemicroarchitectural
parametersnd Table 3 lists the benchmarksuite. We se-
lectedthe SPEC95ntegerbenchmarkdecaus¢heirbranch
behaior hasbeenextensiely studiedwhich permitscom-
parisongo be madeacrossstudies.

The purposeof the branchpredictoris to improve the
IPC performanceof the microprocessorSincethe branch
penaltyfor a mispredictedbranchis directly relatedto the
lengthof the processopipeline(fetchthroughexecute) we
compareaesultsfor threedifferentpipelinedepths:20-,40-,
and60-gycle pipelines.Thesedepthavereselectedecause
20-¢gyclesmatchedntel’s Pentiumd design[13] andhigher
clock rateswill likely continueto increasethe numberof
stagesn futuredesignd16, 2§].

Table 2. Architectural parameter s

Fetchqueue 4 entries

Fetch,decodewidth 4 instructions

ROB entries 256

Load/Storequeueentrie$32

Integer units 4 ALUs, 1 mult/div

Floatingpoint units 4 ALUs, 1 mult/div

InstructionTLB 64 (16 x 4-way) 8K pages30 cycle miss
DataTLB 128(32 x 4-way) 8K pages30 cycle miss
L1 l-cache 64KB, 4-way, 32Bline, {2,4,6}* cycles
L1 D-cache 64 KB, 4-way, 32Bline, {2,4,6}* cycles
L2 unified 512KB, 4-way, 64Bline, {12, 18, 24}* cycleg
Memorylateny {60, 80, 100}* cyclesinitial

* latenciesdependon pipelinelength

We have extendedthe basesimulatorto supporttwo lev-
elsof branchprediction.In all configurationsthefirst level
of branchpredictionis a hybrid predictorbasedon the Al-
pha EV8 branchpredictordesigncalled 2Bc-gslew [26].
Therearethreepredictortablesandonetablethat controls
which table providesthe prediction. Eachtableis 1 KB in
sizefor atotal of 4 KB for thelevel onepredictorandmod-
eledashaving singlecycle accessFuturetechnologyesti-
matesfrom [18] suggesthat modestsize predictorRAMs
will berequiredfor singlecycle accessimes.

Table 3. SPEC95 Integ er Benc hmarks

Benchmark| Dataset | Inst. Window
gcc ref 200M-300M
compress ref 3000M-3100M
go ref 900M-1000M
ijpeg ref 700M-800M
li ref 400M-500M
m88ksim ref 150M-250M
perl ref 700M-800M
vortex ref 2400M-2500M




TheLevel-2 predictoris modeledashaving amulticycle
accesdime andis eithera larger versionof the basehy-
brid predictor(8 KB for eachof the four RAMs for atotal
of 32 KB) or a comparablysizedARVI predictor(32 KB
includingthedependenctiackinghardware). Upondetect-
ing a branch thefirst-level predictorreturnsanimmediate
predictionto directthefetchunit. A numberof cycleslater
(thenumberdependingon the Level-2 predictorin use)the
resultfrom thelargerLevel-2 predictoris ready If the sec-
ondpredictionagreesith thefirst theninstructionfetching
continuesuninterruptedin thehybrid L2, if thetwo predic-
tionsdiffer thenthelevel 2 predictionis used.For the ARVI
predictor sincethe L1 hybrid is usedto filter easily pre-
dictedhighly biasedbranchesa confidenceestimator{14]
indicateswvhetherthe branchis moredifficult to predictand
that the ARVI predictorshouldbe used. We explore the
performancdor pipelinelatenciesof 20, 40,and60 cycles
(stages)Theaccessatenciedor thecachesandmainmem-
ory shawvn in Table?2 vary with pipelinelength. Thevalues
chosenare motivatedby the resultson future technology
trendsin [1].

In the ARVI designwe assumegheBVIT RAM (32KB
4-way) accesgequires2, 4, and 6 cyclesfor eachof the
pipelinelengths,respectiely. We usethe BVIT RAM la-
teng astheaccesgime for thelargerbasehybrid predictor
sincethe structureis similar to a 4-way RAM. Thus,in our
model,thebaselind_evel-2 hybrid predictoris significantly
fastethanARVI. Theaccesdatenciesarelistedin Table4.

Table 4. Predictor access latencies
Predictor Size Accesdtime (cycles)
(bytes) | 20-g/cle | 40-gcle | 60-g/cle
Level-1hybrid | 4KB 1 1 1
Level-2hybrid | 32KB 2 4 6
Level-2 ARVI 32KB 6 12 18

We simulatefour configurations. The baselineconfig-
uration usesthe hybrid predictor 2Bc-gslew both for the
Level-1 and for the Level-2 predictors. The other three
configurationsisethe same2Bc-gslew predictorasthefast
Level-1 predictorbut usethe ARVI predictorfor the larger
Level-2 predictor

ThebaseARVI configurations thecurrentvalueconfig-
urationwhich makespredictionsasdescribedn Section4.
We alsoattemptto increasehe distancebetweena branch
anda dependentoad. The purposeis to increasethe per
centageof calculatebrancheswhich are easierto predict
aswe shaw in the next section. We simulatemoving load
instructionshackasfaraspossiblewhile respectingll data
dependencesWe aggressiely compareaddressest run-
time to disambiguatenemoryreferenceswhich is an op-
timization a compiler can often not perform. We call this
versionload badk. As a boundon performancewe also
simulatea perfectvalueconfiguratiorthatuseshetruereg-
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Figure 5. Breakdown of calculate and load
branc hes and prediction accurac y for each

istervaluesevenif they would not be availableat thetime
of the prediction.

6 Results

Figure5(a) shows the fraction of load branchesn each
applicationusingcurrentvalue Theremainingfractionare
calculatebranches.The large fraction of load branches-
branchesvhosedependencehain requiresvaluesnot yet
available due to pendingloads— is dueto the factthata
large numberof SPEC95integer programbranchesare of
the type load-evaluate-bandh. Increasingpipeline depth
increaseghe numberof instructionsin flight, which in-
creaseghe probability that the branchdependencehain
terminatesn a non-committedoad. Thus,a smallnumber
of calculatebranched®ecomdoadbranchesvith increasing
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pipelinedepthasindicatedby theslightincreasen theload
branchpercentage.

Figure 5(b) comparesthe prediction rates of the two
classes. In general,load branchesare more difficult to
predict, particularlythoseloadswhosevaluesare not con-
sistentwhenrepeatedlyencountered Developingmethods
thatmoveloadsbackin orderto corvertaloadbranchinto a
calculatecbranch suchaswe modelwith load bad, should
helpimprovetheoverall predictionaccurag.

Figure 6 compareghe predictionaccurag of the two-
level hybrid andthe two-level ARVI predictors(usingcur-
rent value load badk, and perfectvalue information) for
differentpipelinedepths. The figuresat the right compare
theIPC for thevarioustwo level predictorconfigurations.

Thefirst obsenationis that ARVI achieresa consider
able boostin prediction accurayg, even with the current
value scheme. For the 20-stagepipeline, nearperfectac-
curag is achieredwith m88ksimcomparedo 95% for the
corventionalhybrid. The resultis a 75% improvementin
IPC.Non-trivial predictionaccurag improvementsarealso
realizedfor compess(93%for ARVI versus90.5%for the
hybrid) andli (95.5%to 93%). Compessachievesroughly
a 8% IPC gain with ARVI andli achieses16% improve-
ment. Overall,a 12.6%IPC improvementis achiezed with
currentvaluefor a 20-stagepipeline.

The resultfor m88ksimhighlightsthe specialcapability
of ARVI. Theimprovementis dueto a singlebranchin the
routinelookupdisasmThe code(showvn in Figure7) takes
akey andfindsthecorrespondingpcodenformation. The
opcodes foundby hashingnto anarrayandtraversingthe
associatedinked list. Manualinspectionrevealsthat the
contentsof the hashtable do not vary, so the numberof
iterationsto traversethe linked list is fully definedby the
valueof thekey. With thevaluesof theregistersetthatgen-
eratethe valuefor key known whenthe branchis fetched,
ARVI is ableto malke perfectpredictionson whento exit
thewhile loop. Thewhile loop iterationcountis embodied
in thedependencehaindepthtag. In contrastthe history-
basedhybrid predictorhasdifficulty in predictingthe exit
becausehe conditionis not strongly correlatedwith his-
tory.

With the exceptionof ijpeg, the load badk schemeonly
slightly increasegredictoraccurag, astherearefew op-
portunitiesfor moving loadsa sufficient distanceto corvert
the branchto a calculatebranch. The resultsfor perfect
value show the potentialfor ARVI whenall load branches
are essentiallytreatedas calculatebranches.Recall from
Figure 5 that the predictionaccurag for ARVI is much
higherfor calculatebrancheghanfor load branches.The
impact is most pronouncedfor go and ijpeg which have
particularly poor load branchmispredictrates. The result-
ing 25.1%increasdn IPC for the 20-stagepipeline shovs
thepotentialfor ARVI if moreaggressie on-lineload badk

INSTAB *lookupdisasm(UINT key)

{
INSTAB *ptr = hashtab[key % HASHVAL];

while (ptr = NULL &&/ptr—>opcode != key )
ptr = ptr—>next;

Figure 7. m88ksim value-based branc h instance

schemeganbeimplemented.

Increasing the pipeline depth increasesthe mis-
speculationpenalty which improves ARVI' s relative per
formance. For a 60-stagepipeline, ARVI achievesa 7%
IPCimprovementfor go, 16%for compess 18%for li, and
80% for m88ksim The overall IPC improvementof 15.6%
demonstratethe potentialfor the useof datadependence
information coupledwith registervaluesto reducebranch
predictionpenaltiedn future processors.

7 Reated work

In [15, 20], limited datadependenc@nformationis used
to reducethe wakeuptime of the issuequeue.In [15], for
eachinstructionin theissuequeue a matrix tracksonly the
instructionammediatelydependentiponit. In [20], astan-
dardissuequeueis bacled by a large buffer whereinstruc-
tions waiting on a load miss are stored. In both designs,
only dependencenformationto the next instructionin the
chainis used.Thedesignin [20] doesconstruciongerde-
pendencechains,but it doesso over multiple clock cycles
by following onestepin thechaineachcycle.

In contrast,our designmaintainsthe full datadepen-
dencechain cycle-by-gscle at register rename. This pro-
vides the dependencénformation earlier in the pipeline
which is requiredfor branchprediction. A subtle,but im-
portantdifferenceis thatour designconstructshe datade-
pendencehainsfor all instructionsasthey arerenamedand
doesnotrequireanassociatie searcho detectdependences
incrementally

Predicatiorto convertIF clausesnto conditionallyexe-
cutedstatementassupportedy Intel’'sIA64 processocan
resultin falsedependencésetweerusesof alogical regis-
teralongmutually exclusive paths.A hardwaremechanism
is proposedn [7] to track datadependencelsetweerpred-
icatesandreveal predicateghatarein factdisjointandcan
beexecutedn parallel.

A predicatedbranch (a branch within a predicated
clause)hasanimplied datadependeng with the predicate
registerguardingthe branch. If the value of the predicate
register is resohed to false then all branchespredicated
uponthatconditioncanbe squashedandtrivially predicted
asnottaken). ThePredicateEnhancedPrediction(PEP)ar
chitectureproposedn [27] recordsthe predicateregisterin



orderto performalook up of its valueaspartof thebranch
prediction. For aninstructionsetthat supportgredication,
the DDT would includethe predicateregisterasanexplicit
datadependence.

Most currentdynamicbranchpredictorsusesomecom-
binationof the branchaddresspathinformation[24], and
the local/global history [26, 36] of branchoutcomesto
make the prediction. Despitemary attemptsto improve
predictormechanismandeliminatealiasing[9, 21, 23, 25,
31], only smallincrementaimprovementshave beenreal-
izedwith theseapproachesThereis still alargenumberof
dynamicbrancheghataremispredictedg.g.,for go. Cur
rentbranchpredictordesignsappeato bereachinghelimit
relative to thetype of inputinformationprovided|[8].

Relatedapproacheshat include additionalinformation
into the branchprediction processinvolve correlatingthe
actualbranchregistervalueswith the branchoutcome[14]
using a corventionalvalue predictor The authorsof the
studyacknavledgethatthe accurag of valuepredictionis
low. ARVI attemptgo predictvaluesbasedon the current
statealong the datadependencehain. If the generating
valuesarepresenthenARVI' s predictionsarenearperfect.
Heil [17] proposedanotherapproactthat correlateson the
differencesetweerbranchsourceoperandralues.We con-
siderthis approachan applicationusing a limited amount
of datadependencenformation. The DDT circuit provides
ARVI with morecompletedatadependencaformation.

Branch decoupledarchitectures[3, 10, 33] execute
branch-relatedhstructionson a branchprocessoandfeed
the control flow resultto the main processar By execut-
ing the few instructionsleadingto brancheson a seperate
engine,outcomescanbe computedbeforethe mainthread
encountershe branch thus,eliminatingpredictionof these
branchesll together In [10], instructiontaggingby the
compilerwasproposedo selecthedatadependencehains
for branches. The dynamicdesignin [33] separatedhe
branchexecutionstreamat run-timebut a hardwaredesign
to discover the datadependencehain was not proposed.
Our DDT designcould be employedto selectthe setof in-
structionsto runin the separatdranchengine.

8 Conclusions

Muchof thework in microarchitectureesearcthasbeen
to improve the effective ILP thatthe processocanexploit.
Data dependencénformation infers the true ILP of a se-
quenceof instructions. In this paper we presenta practi-
cal hardwaredesign the DDT, for maintainingprecisedata
dependenceformation betweerthe in-flight instructions.
Practicalaccesso accuratelependencdatasuggestsnary
possibleusesfrom instructionschedulingo instructionfil-
tering.

We demonstrateone application of the DDT in the

branchpredictorARVI. ARVI makespredictionshasedon
valuesin registersin thedependencehain. This highly se-
lective useof informationleverageghe key featureof data
dependencenformation: only informationdirectly related
to the outcomeof thebranchis usedin the predictiontable.
The improved predictionaccurag resultsin IPC improve-
mentsof 12.6%in a20-stageipelineand15.6%in alonger
60-stagepipeline. In futurework, we planto explore other
usesof thedatadependenctackinghardwareandto refine
its design.
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