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Abstract
Evenafter decadesof research in branch prediction, branch predictors still remain imperfect,which resultsin signi�c ant

performancelossin aggressiveprocessors that support large instructionwindowsand deeppipelines.
This paper proposesa new processor architecture for handling hard-to-predict branches,the diverge-merge processor.

The goal of this paradigm is to eliminate branch mispredictions due to hard-to-predict dynamic branchesby dynamically
predicating them. To achieve this without incurr ing large hardware cost and complexity, the compiler identi� esbranches
that aresuitable for dynamicpredication calleddivergebranches. The compiler alsoselectsa control-� ow merge (or recon-
vergence) point corresponding to each diverge branch to aid dynamic predication. If a diverge branch is hard-to-predictat
run-time, the microarchitecture dynamically predicates the instructions between thediverge branch and the corresponding
merge point by �r st executing one path after the branch, thenexecuting the other path, and later merging the data-�o w
produced by the two paths using special select-uop instructions. The control-� ow merge point is selectedbasedon the
frequently-executedpaths in theprogramusingpro�le information. Therefore, the control-� ow from a diverge branch does
not have to merge (but it usually does),which allows thedynamic predication of a much larger set of branchesthan simple
hammock (if-else) branches.

Our evaluations show that a diverge-merge processor outperformsa baselinewith an aggressive branch predictor by
10.8% on average over 15 SPEC CPU2000 benchmarks, through an average reduction of 31% in pipeline � ushes due
to branch mispredictions. Furthermore, the proposedmechanism outperformsa previously-proposed dynamic predication
mechanismthat canpredicateonly simple hammock branches by 7.8%.

1. Intr oduction

State-of-the-art high performance processors employ deeppipelinesto extract instruction level parallelism (ILP) andto

support high clock frequencies. In the nearfuture, processors areexpectedto support a large number of in-� ight instruc-

tions[25, 32, 7, 4, 10] to extractboth ILP andmemory-level parallelism(MLP). The performanceimprovementprovidedby

bothpipelining andlargeinstruction windowscriti cally depends on theaccuracy of theprocessor'sbranchpredictor [31, 25,

32]. Branch predictorsstill remain imperfect, even though intensive researchin branchprediction hasbeencarried out for

decades.Hard-to-predict branches not only limit processorperformancebut alsoresultin wastedpower consumption.

When a branch misprediction is detected,a current processor�ushesall of the instructions following the branch in the

pipeline andbegins fetching from the correct program path. If the correct and the wrong paths merge, instructions on the

control-independent section of both pathswill befetched, decodedand renamedagain after the processor recoversfrom the

branch misprediction. Figure 1 shows the percentageof control-independent and control-dependent wrong-pathinstructions

out of all instructionsfetchedby theprocessor for thetwelveSPECCPU2000integerbenchmarksandthreeSPEC CPU2000

�o ating-point benchmarks.1 On average, 52% of all instructions fetchedby theevaluated processorare on the wrong path,

1This data is measured for an 8-wide, 30-stage-pipeline, 512-entry-window processor with a300-cycle memory latency. Thedetailedmachine con�gu-
ration isprovided in Section3.
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evenwith a3.3% conditional branchmisprediction rate.2 Furthermore,about 33% of all instructions(i.e.,63%of thewrong-

pathinstructions)areonthecontrol-�o w independent portion of thewrong path.Basedontheseresults,wecanconcludethat

near-future processors will spend signi�cant time fetching wrong-path instructions and a signi�cant number of wrong-path

instructionsare actually on thecontrol-� ow independent path.
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Figure 1. Percentage of contr ol­i ndepen dent and con trol­dep endent wrong­path instruction s

In order to save theuseful work doneby control-�o w independent instructionson thewrongpath, severaltechniqueshave

beenproposedto selectively �ush the pipeline [28, 29, 8, 5, 13]. Such mechanismstry to �ush only those instructions that

are control-dependent on the mispredictedbranch, thereby reducing the branch misprediction penalty. Unfortunately, the

mechanismsproposedto exploit control-�o w independencesigni�cantly increasethe complexity of the hardware [28]. For

example, they require non-trivial hardwaresupport to insert the control-dependent correct-pathinstructionsin themiddle of

the instruction streamduring misprediction recovery in orderto avoid the�ush of the control-independent instructions.Fur-

thermore,someinstructionsin the control-independentsection of thewrong pathcanbedata-dependenton results produced

by instructionsthatarecontrol-dependent onthemispredictedbranch. For correctprogramfunctionality, suchdatadependent

but control-independent instructions needto be supplied with correct source datavalues. Selective pipeline � ush therefore

requires complex hardware mechanismsto detectsuch instructions, �x their datadependencies,andre-execute them after

recovery from misprediction.

Predication is another approachto avoid the pipeline �u sh due to branch mispredictions. Predication converts control-

dependenciesinto data-dependencies[1]. With predication, theprocessor fetchesinstructionsfrombothpathsof abranch but

only commitstheresults from thecorrect path, effectively avoiding thepipeline�ush associatedwith abranchmisprediction.

However, predication requires signi�cant support (i.e., predicateregistersand predicatedinstructions) in the instruction set

architecture(ISA).Furthermore,executing thecompile-timepredicatedcodeoneasy-to-predictbranchescan oftentimeshurt

performance. This is becausetheadditional overheadof executing uselessinstructions could offset thebene�t of avoiding

2perlbmk showsonly a0.3% misprediction rate in thereducedinput set, whichmakes it anoutlier in Figure3. However, it showsasimilar percentageof
wrong-path instructionsto theother benchmarkswith thereferenceinputset. Weperform all ourexperimentswith thereduced input set to reducesimulation
time, sinceall otherbenchmarks show similarbranchmisprediction rates for thereduced andreference inputsets.
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the relatively infrequent pipeline �ushes [6, 19].

DynamicHammock Predication (DHP) [20] wasproposedto predicatehard-to-predictbranchesat run-time without ISA

support. This approach is attractive not only because it doesnot require modi�cations to the ISA, but alsobecauseit applies

predicationselectively to eachdynamic instanceof a branch, therebyavoiding the additional overheadof predicationwhen

the branch predictor is likely to be correct. However, DHP canonly predicatesimple hammock branches (simple if-else

structureswith no othercontrol �o w inside), which account for a small subset of the mispredictedbranches[20]. Our goal

in this paper is to devisea techniquethatreducesthe branchmisprediction penalty by applying dynamic predicationto more

complex control-� ow structureswithout requiring predication support in theISA and at thesametime to avoid the overhead

associatedwith compile-timepredication for easy-to-predict dynamic branches.

We propose a new microarchitecture, called the Diverge-Merge Processor. The diverge-merge processor usessome

control-� ow information provided by compiler hints. The compiler identi�es and marks suitable branches ascandidates

for dynamic predication. These branchesare calleddiverge branches. The compiler alsoselectsa control-�o w merge (or

reconvergence)point corresponding to each divergebranch. If a diverge branch is hard-to-predict at run-time (asdetermined

by a con�denceestimator), theprocessordynamically predicatesthe instructions between the diverge branch and thecorre-

sponding control-�o w merge point identi�ed by thecompiler. Dynamic predication of the diverge branch is accomplished

by �r st executing one pathafter thebranch, thenexecuting theotherpath, and later merging thedata-�ow producedby the

two paths usingspecial select-uop instructions. The control-�o w merge point is selectedbasedon the frequently-executed

pathsin theprogram usingpro�le information. Therefore, the control-�o w from a diverge branch doesnot haveto merge

(but it usually does),which allows thedynamicpredicationof amuch larger setof branches thansimple hammock branches.

Hence,a diverge-mergeprocessoravoids �u shingthe pipeline for a largesetof mispredicted branchesthrough cooperation

betweenthecompiler and the microarchitecturewithout requiring full support for predication in the ISA.

The major contributionsand bene�ts providedby the diverge-merge processor architectureare:

1. It reducesthebranch misprediction penalty by keeping thecontrol-independent instructions in the instruction window

without requiring complex hardwaresupport.

2. It usespredicationonly for the hard-to-predict dynamic instancesof statically-selectedbranches, thereby avoiding the

overheadof predication whena dynamicbranchis easy-to-predict.

3. It doesnot require full predication support in theISA, thereby making thebene�ts of predicated executionapplicable to

existing ISA'swith minimal changes.

4. Most importantly, it can dynamically predicate complex, as well as simple, control-�o w graphs. Therefore, it

makesthebene� tsof dynamic predication applicableto amuchlarger setof mispredictedbranchesthanthepreviously-

proposed dynamicpredication approaches(e.g. [20]).

Thispaper�rst explains thediverge-mergeprocessor architecture in Section2. Then, wedescribe thesimulation method-

ology and the selectionheuristicsof diverge branchesand control-�o w merge points in Section3. Section 4 evaluatesthe
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performanceof thediverge-mergeprocessoron SPEC2000 benchmarks. Section 5 comparesour work to relatedresearch in

the areasof predication,multipathexecution, and control-� ow independence.

2. TheDiverge-MergeProcessor

2.1. The Basic Idea

A diverge-mergeprocessorhandleshard-to-predict branches through cooperationbetweenthecompiler and themicroar-

chitecture. The goal of the processoris to eliminatebranch misprediction-relatedpipeline �ushes due to suitable hard-to-

predict dynamicbranchesby dynamically predicating themwithout incurring very largehardware cost andcomplexity.

The compiler identi�es conditional branches with control �o w suitable for dynamic predication as diverge branches.

Divergebranchesarebranchesafterwhich theexecution of theprogramusually reconvergesatacontrol-independent point in

thecontrol-�o w graph, apoint wecall thecontrol-�o w merge(CFM) point. In other words,divergebranchesform hammock-

shapedcontrol �o w based on frequently-executedpathsin the control-� ow graph of theprogrambut they are not necessarily

simple hammock branches which require the control-�o w graph to be hammock-shaped. The compiler also identi�es a

CFM point associatedwith thediverge branch. The diverge branchesand CFM points are conveyedto themicroarchitecture

through modi�cations in the ISA.

Whenthemicroarchitecturefetchesadivergebranch,it decideswhetheror not thebranchis hard-to-predict. If thediverge

branch is hard-to-predict, themicroarchitecture dynamically predicatesthe branch. This is accomplishedby �rst executing

one path after the branchuntil the CFM point of the branch is reached, thenexecuting the other path until the CFM point

of thebranchis reached. After theexecution of both sidesof the ”hammock,” theprocessor”merges”thedata(i.e., register

values) producedby both sidesof the hammock by inserting select-uops to ensure that instructionsdependent on the values

producedin either sideof the hammock aresupplied with thecorrectdata valueswhich depend on the correct direction of

the divergebranch.3 If the hard-to-predict divergebranch is actually mispredictedand theprocessor is alreadyat a control-

independent point, theprocessor doesnot needto �ush its pipelinesincethebranchis effectively eliminatedthrough dynamic

predication.

This section describesthedetailed implementation of thediverge-merge processor and explainsthe tradeoffs anddesign

choicesthatneedto beaddressed in designing adiverge-merge processor.

2.2. Overview

Figure 2 shows the overview of the diverge-merge processor. The shadedstructuresconstitute the additional hardware

required to support the diverge-merge processor and will be explained in this section. The uop logic insertssome uops

(enter.pred.path, enter.alternate.path and exit.pred) at the front-endto support dynamicpredication in laterpipeline stages.

Theselect-uop logic inserts uops afterdynamically-predicatedcode to ensure that thecontrol-independent instructionswil l

have correct datadependencies. A con�dence estimator is usedto decidewhetheror not to enable predication for each

3In other words,the processor�rst ”diverges” its execution to execute both control-� ow paths that stem from a hard-to-predict diverge branch. The
processor”merges” thevaluesproducedby both pathswhentheCFM point of thedivergebranch is reached.Hence thenamediverge-mergeprocessor.
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dynamicinstanceof the candidatebranches.The logic and thestorage for checkpointing theregister aliastablealso have to

be added if they are not already present in the baseline processor.4
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Figure 2. Simpli�ed diagram of a diver ge­mer ge processor showing the changes requ ired in the baseline microarchitectu re. The

diagram focuse s on the modi�ed por tions of the pipeline and it is not to scal e.

2.3. The Fetch Mechanism

Figure3 showsanexamplecontrol-�o w graph. Thebranchthat endsblock A is adivergebranch,and the�rst instruction at

block H is thecorresponding control-�o w merge(CFM) point. The solid linesare frequentlyexecuted paths,and the dashed

linesare theremaining control-�o w paths. If there wereno dashedlines, all thecontrol-�o w paths from A would reach the

CFM point, andtheCFM point would alsobetheimmediatepost-dominatorof block A. Thecompiler � ndsadivergebranch

and the corresponding CFM point considering only thefrequently executedpaths. Therefore, for many control-�o w graphs,

the selectedCFM point is muchcloserto A than the immediatepost-dominator. Frequently executedpath information can

be collectedby pro�ling or compiler heuristics. Thecompiler canmark a divergebranchand thecorresponding CFM point

with a special instructionencoding at compile time.

When the diverge-merge processor fetches a low-con� dence diverge branch, the processorenters dynamic predication

mode. In this mode, theprocessor �r st storesthecorresponding CFM point in a buffer (CFM register), and the front-end of

theprocessor insertsanenter.pred.path uop into thepipeline.Thentheprocessorcontinuesto fetchinstructionsbasedon the

outcomesof thebranchpredictoruntil it reachesthecorresponding CFM point.5 This pathis calledthepredictedpath. After

that, theprocessor goesbackto thediverge branch thatstarteddynamicpredication mode andbegins fetching from theother

path of the branch. This path is called the alternate path. Whenthe processor startsfetching from the alternatepath, the

4Theuoplogic at thefront-endandthecheckpoint mechanismof RegisterAl iasTable (RAT) arealready employed in most current processors.
5When thenextpredictedfetchaddressis theCFM point of thedivergebranch, theprocessorreachestheCFM point.
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Figure 3. Control­�o w grap h example for the dynamic pred ication mechanism: (a) sou rce code (b) contr ol­ � ow graph

front-end inserts anenter.alternate.path uop into the pipeline. The processor also fetchesinstructionson thealternatepath

basedon the outcomesof thebranchpredictor. When theprocessorreachesthe CFM point again, the front-end inserts an

exit.preduop into thepipelineandexits dynamic predicationmode. All theinstructions fetchedduring dynamicpredication

mode are dynamicallypredicated. Dynamicpredicationis explainedin Section 2.4.

For example, assume that, in Figure 3, the divergebranchin block A haslow con�d ence, andthepredicteddirectionis

not-taken. Theprocessor enters dynamicpredication modeand fetchesblock B. Thenext branch is predicted taken, so the

processor fetchesblock E. At theend of block E, the next fetchaddressis the addressof the�rst instruction in block H (the

CFM point), which means that the processor completedfetching instructions from the predictedpath. Now, the processor

goes backto thedivergebranch, and it starts fetching instructions from the otherpath of the diverge branch, which is block

C. Thebranchatblock C is predictednot-taken, andthefall-throughaddressis theaddressof the�r st instruction in block H,

sotheprocessorreachestheCFM point again. At this point the processor exits dynamicpredicationmode.

We checkpoint the global history register (GHR) of the branch predictor before entering dynamic predication mode

(GHR1) in order to useit for both the predictedand the alternatepath6, and we keepthe �nal GHR of the alternatepath

after exiting dynamic predicationmode.7 Sincethe pattern history tableof the branch predictor is updatedwhena branchis

retired, it is not pollutedby theoutcomeof wrong-pathbranches (i.e.,brancheswhosepredicatevaluesare FALSE).

2.4. Checkpointing and Select-uop Mechanismsto Support Dynamic Predication

Thediverge-mergeprocessor implementsdynamicpredication with checkpointsandaselect-uop mechanism.Threeuops

insertedatthefront-end of theprocessorareusedto support dynamic predication. Figure4 and Figure5 ill ustratethedynamic

predicationprocess. Figure 4 shows theinstruction streamfor theexample in Section 2.3.

The processorcreates acheckpoint (CP1) of the registeralias table whenthe enter.pred.pathuop entersthe renamestage.

REGMAP1 in Figure 5 shows the contentsof CP1.This uop also de�nesa predicateregister(p1) according to the condition

6Thelast bit of theGHR1, whichcorrespondsto thedivergebranch, isset for thetakenpath and reset for thenot-taken path.
7This designchoice is based onsimulation results.
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Figure 5. Register alias table (REGMAP1) before renaming block B, (REGMAP2) after renaming bloc k E, (REGMAP3) after renaming

block C, (REGMAP4) after inser ting select ­uops

of thebranchand thebranch prediction direction. If thebranch is predictedto be taken, thepredicate registervalueis the

same asthebranchcondition. If the branch is predictedto be not-taken, the predicateregistervalue is thecomplementof

the branch condition. All instructions on thepredictedpathcarry thepredicate registeridenti�cation (id) number in orderto

correctlyupdatethe architectural stateat retirement.

Theprocessorcreatesanothercheckpoint (CP2)whentheenter.alternate.pathuop enterstherenamestage. REGMAP2 in

Figure5 shows thecontentsof CP2. Then, theprocessorrestoresthe registeraliastablein CP1 into theprocessor's active

registeraliastable that is used for renaming theincoming instructions.8 It also assignsanew predicateregister (p2), which is

thecomplementof thepredicateregistervalueassignedto thepredictedpath (p1). All instructions in thealternatepathcarry

the second predicateregisterid number after therenamestage. Notethatanallocatedpredicateregister id getsdeallocated

whenthecorresponding predicatevalue is computedand broadcasted.

Restoring CP1into theactive registeraliastable at the beginning of the alternatepathensuresthat the instructions in the

8The processorcan optimize this process to useonly onecheckpoint. However, many current high performance processors already checkpoint the
register alias table at every branch instruction to support fastbranch misprediction recovery (e.g., [18, 34]). Our proposedmechanism doesnot addany
special hardwareon topof what existsin current processorsto support saving/restoring of registeralias tablecheckpoints.
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alternate path (block C) have correctdatadependencies. For example, theadd instruction in block C should source the R3

that is produced before the divergebranch (i.e. PR13) and not PR23, which is producedin block E.

Weextendtheregisteraliastablewith oneextrabit (M -modi� ed-) perentry to indicatethatthecorrespondingarchitectural

register hasbeen renamedin dynamic predicationmode. Before entering dynamicpredication mode,all M bits arecleared.

Then, every time a register is renamed, i.e. the corresponding registeraliastableentry is modi� ed, itsM bit is set.

The select-uop mechanism insertsselect-uopswhentheexit.preduop enterstherename stage. Select-uopsare similar to

the Phi-nodesin thestatic single-assignment (SSA) form [11]. A selectuop essentiallyselectsthecorrectphysical register

for agivenarchitectural registerbasedon theresolvedpredicatevalue(i.e., condition of thebranch). Theselect-uop insertion

mechanismcheckstheregister aliastable in CP2andtheactive(current) registeraliastable.If thephysicalregistersassigned

to a particular architectural registerare different in the two register aliastables,a select-uop is insertedto choosebetween

thosetwo physical registers, according to thepredicate register value. We determine thenext register that requiresa select-

uopby simply or-ing the M bits for corresponding entriesin the two registeraliastablesand thenusinga priority encoderto

producethe registernumberto index into theregisteraliastables.If thelogical-or of theM bitsof anarchitectural register in

thetwo registeraliastablesevaluatesto 1, thenaselect-uop is requiredfor thatregisterandweresettheM bits onbothentries

after creating theselect-uop. This mechanism canbe extendedto produceasmany select-uops per cycle asthenumber of

ports in theregisteraliastableallows. In this example,physical registers for R1and R3aredifferent between REGMAP2and

REGMAP3. R1 is written in both paths, and R3 is only written in block E. Therefore, two select-uopsare insertedto choose

betweenthe two different physical registersassigned to each architectural registerR1 andR3. New physical registers are

allocatedfor thedestinationsof theselect-uops. REGMAP4in Figure 5 shows the registeraliastable after the insertionand

renaming of the select-uops. The instructions in block H source the destination registersof theselect-uops. The processor

releasesall checkpointing resourcesafterinserting the select-uops.

2.5. Instr uction Execution and Retir ement

Dynamically predicatedinstructions are executed just like other instructions. Since theseinstructions depend on the

predicatevalue only for retirement purposes,they canbe executed before the predicatevalue(i.e., the diverge branch) is

resolved.Whenthe condition of thedivergebranch thatstarteddynamicpredication modeis resolved, thepredicate register

valuesof theenter.pred.pathand enter.alternate.pathuopsareproducedandbroadcastedto thestorebuffer andtheretirement

logic (reorder buffer). The instructions on the incorrect path(either thepredictedpathor the alternatepathdepending on the

correctbranchdirection) arestill executedeventhoughtheirpredicatevaluesarefalse, but they donot updatethearchitectural

stateat the retirement stage. In order to support preciseexceptions, results produced on the incorrect pathshould not be

committed. Whenaninstruction on the predicated-FALSE pathis ready to beretired(i.e., whenthepredicatevaluefor that

instruction is known to be FALSE) the processor simply freesthe physicalregisterallocatedfor that instruction.9

9Note that thisdoesnotsigni�c antly increasethecomplexity in theretirement pipeline. In acurrent out-of-orderprocessor, whenaninstruction is ready
to beretired,the processorfrees thephysical register allocated by theprevious instruction that wrote to thesamearchitectural register. This is exactly how
physical registers are freed in a diverge-merge processorfor non-predicated andpredicated-TRUE instructions. The only differenceis that a predicated-
FALSEinstruction freesthephysical register allocated by itself (sincethat physical registerwill not bepart of thearchitectural state)ratherthanthephysical
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Dynamically predicatedload instructionsarealso executedlike normal load instructions. Dynamically predicatedstore

instructions are sentto the store buffer with their predicateregister id. However, a predicatedstore instruction is not sent

further down the memory system (i.e., into the caches)until its predicateregister valueis ready. If the predicatevalueof

a store instruction is resolved and it turns out to be false, the processor drops the store request anddoes not updatethe

architectural memory statewith that request. Thedynamic predication mechanismrequiresthestorebuffer logic to checkthe

predicateregistervalue in addition to thebranchmisprediction signal beforesending a storerequestto thememory system.

The dynamicpredicationmechanism could complicatethe store-loadforwarding logic. If there are two store instructions

to the same address from both the predictedand the alternatepaths, then a subsequent load after the CFM point doesnot

know which storevalueneeds to be forwarded. Theprocessorcould insert a select-uop to choosebetweenthesetwo store

instructions. However, asa design choice to simplify the hardwarein this case,theprocessorinsteadjust waitsand delays

the executionof the loadinstruction until thepredicateregistervaluesof theolder store instructionsare broadcasted. Since

all instructions on eachpath have an associatedpredicate register id, the forwarding logic can determine that two store

instructionsareondifferent pathsif they havedifferentpredicateregisterids. Wecanonly forwardfrom: (1) anon-predicated

store to any later load, (2) from a predicatedstore whose predicateregistervalueis ready to any later load, or (3) from a

predicatedstore whosepredicateregisteris still not ready to a laterload with the same predicateregister id (i.e. on thesame

dynamicall y predicatedpath). If forwarding is not possible, theloadwaits.10

2.6. Resolution of the DivergeBranch

Sofar, we have described thediverge-mergeprocessor for thecaseswhen the processor reachestheCFM point on both

the predictedpathand thealternatepath. However, since the CFM point is determinedbasedon frequently executedpaths

insteadof usingthe immediatepost-dominator, thereare caseswhenthe processordoesnot reachthe CFM point before the

divergebranch is resolved. Table 1 summarizesthe exit cases.

Table 1. Six exit cases of dynamic predicati on mode

case predictedpath alternatepath branchprediction processoraction comparedto branchprediction
1 reachCFM reach CFM correct normal exit overheadof alternatepath(-)
2 reachCFM reach CFM mispredicted normal exit reducethe branch misprediction penalty (++)
3 reachCFM noreach correct re-direct fetch overheadof alternatepath(- -)
4 reachCFM noreach mispredicted nospecialaction reducethe branch misprediction penalty (+)
5 no reach — correct nospecialaction same
6 no reach — mispredicted �ush the pipeline same

The processor exits dynamic predication mode normally in case1 andcase 2. Both cases arecommon casesbecause

the control-� ow pathsthat lead to CFM points are frequently executed paths. In case2, dynamic predication eliminates

a pipeline �u sh due to a branch misprediction. However, in case1, the diverge-merge processor incurs the overheadof

register allocated by thepreviousinstruction thatwrote to thesamearchitectural register.
10Note that it is possible to speculatively forward thedata value from a predicatedstorewhosepredicatevalueis not ready to a later load in case(2), but

if theforwarded valueis incorrect, thisoption requiresthe re-execution of theloadand its dependents,which complicatesthehardware.
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executing instructions on the alternatepathwithout gaining any performance bene� ts comparedto the branch prediction

mechanism.Notethatthe occurrenceof case1 canbe reducedby designing bettercon�denceestimation mechanisms.

In cases3, 4, 5, and6, theprocessor resolvesthedivergebranchbeforeexiting dynamicpredication modenormally. There-

fore, when the branch is resolved dynamic predication mode ends, and the resourcesassociated with dynamic predication

mode (e.g.checkpointsandtheCFM register) are released.

In case3, the processorhas already �nished fetching thecorrectly predictedpath, and it is fetching instructions from the

wrong path(which is thealternatepathin thiscase)whenthedivergebranchis resolved. This is theworst-casescenariofor the

dynamicpredication mechanismbecausethe processorspent a signi�cant amount of time fetching wrong-pathinstructions,

whereastheprocessorcould have fetchedonly the correct-path instructionswith the normal branchprediction mechanism.

When the branch is resolved, the processordoesnot �ush the pipeline becausethe pipeline still hasinstructions from the

correctlypredictedpath,and all theinstructions in thealternatepathwill becomeNOPs(i.e.,theirpredicateswill beFALSE).

Theprocessorsimply restorestheregisteraliastablefrom thecheckpoint that wastakenattheend of thepredictedpathduring

dynamicpredication mode and starts fetching from theCFM point.

In case4, theprocessoris still fetching andexecuting instructions fromthecorrectpath(which is thealternatepathin this

case) whenthebranch is resolved. In this case,theprocessordoesnot require any specialaction other than deallocating the

dynamicpredication resources.Case4 alsoreducesthe branch misprediction penalty.

Theperformanceof cases5 and 6 is thesameasthebaselinebranchprediction mechanism.Theprocessoris still fetching

instructionsfrom the predictedpath,and it hasnot startedfetching from thealternatepath. In bothcases, the processor exits

dynamicpredication mode and releasestheassociatedresources.

If branchesother than the diverge branch aremispredicted on the predicted path or the alternatepathin dynamic pred-

ication mode, the processor �u shesthe instructions after the mispredicted branch just like in the caseof a normal branch

misprediction. For example, if either branch in block B or C in Figure 3 is mispredicted, then the processor�ushes the

instructionsyounger thanthemispredictedbranch.11

2.7. EnhancedDiverge-MergeMechanisms

2.7.1. Multiple CFM Points The basicdiverge-merge processorwe have described so far supportsonly one CFM point.

Somebrancheshaveseveral frequently executedpathsthatcould leadto more thanoneCFM point. In theenhanceddiverge-

mergeprocessor, thecompiler caninsertmore than oneCFM point for eachdivergebranch. Thehardwarestoresthepossible

CFM points into amultiple-entrycontent-addressablememory (CAM), andtheprocessorcomparesthe next fetchaddressto

the multiple possible CFM points, insteadof comparing to only one CFM point, to determinewhether or not it hasreached

a CFM point. The processor uses the �rst seenCFM point to endthe predictedpath. Then, this CFM point becomesthe

only CFM point that canendthe alternatepath. The restof the dynamic predication mechanismsdescribed for the basic

11Theregisteraliastableischeckpointedbeforeeachbranchtosimplify thebranchmispredictionrecovery, andweincludethestateof dynamicpredication
mode in thecheckpoint (i.e., theCFM register andtwo bits to indicateif theprocessor is on thepredictedpath, on thealternate path, or already donewith
dynamic predicationmode). Therefore, if thedivergebranch is still unresolved when abranchis mispredicted oneitherthepredicted or thealternatepath,we
can restart fetching in dynamic predication modefromthecorrect path of themispredictedbranch, after �u shing thepipeline andrestoring thecheckpoint.

10



diverge-mergeprocessordonot require modi�cations to support multiple CFM points.

2.7.2. Early Exit From Dynamic Predication Mode To reducethenegativeimpactonperformancedueto case3 described

in Section2.6, the processor can use simple heuristics to exit dynamic predication mode before reaching the CFM point.

Thesesimpleheuristicsareusedonly when theprocessor is onthealternatepath. Thepurposeof theseheuristicsis to predict

the caseswhen theprocessorwill actuallynot reach theCFM point on the alternatepathbefore the resolution of the diverge

branch. If the processorcanaccurately predict that the alternatepath wil l never merge (reach the CFM point), it canexit

from dynamic predicationmodeearly. After exiting thedynamic predicationmodeearly, theprocessor restoresthe statethat

wasproducedby thepredicted pathwhenit reachedtheCFM point, and it restartsexecution fromtheCFM point.12 Because

only the predictedpathis completely executed, the processordoesnot needto insertselect-uops when it restartsexecution

from the CFM point. In essence, this prediction mechanism reverts the dynamic predication mode to the baseline branch

prediction mechanism, which simply follows the predictedpathfor thedivergebranch.

Weuseasimpleheuristic to predict that theprocessorwill not reachtheCFM point on thealternatepath. If theprocessor

does not reachthe CFM point before a certainnumber of instructions (N) arefetched on the alternatepath, the processor

exits dynamic predication mode. N can be a staticthreshold setat thedesign time of theprocessor or it canbe chosen by

the compiler for eachdivergebranch. We found thatacompiler-selectedthreshold for eachdiverge branchperformsslightly

betterthanastatic threshold that is thesamefor everydivergebranch. This is becausethenumberof instructionsexecutedto

reachtheCFM point variesacrossdifferent divergebranches. Betterheuristicsthat take into account more information(such

as thepredicteddirectionsof otherbrancheson thealternatepathor the averagenumber of dynamic instructionsexecutedto

reachtheCFM point) canbedeveloped, andthesecanfurtherimprovetheperformanceof thebasicdiverge-mergeprocessor.

Investigatingsuchheuristics is a partof our future work.

2.7.3. Multiple Diverge Branches During dynamic predication mode, the basic diverge-merge processorignores other

low-con�d ence diverge branches. If the enhanced diverge-merge processor �nd s another low-con�d ence diverge branch

while it is fetching thepredictedpath of a diverge branch, it endsdynamic predication modefor the current divergebranch,

which becomesa normal predictedbranch, and re-enters dynamicpredication mode for the newly-found diverge branch. If

theprocessoris already fetching fromthealternatepath,thenit ignoresother low-con�dencedivergebranches. Wefound that

the CFM point of the divergebranchthat causedentry into dynamic predicationmode is lesslikely to be reachedif another

low-con�d ence diverge branch is encountered on the predicted path. Exiting dynamic predication due to the � rst diverge

branch and re-entering dynamic predication due to the second branchis therefore more likely to eliminatea misprediction

and improveperformance.

12In addition, the predicate valueproducedby theenter.pred.path uop(p1) is broadcastedas TRUE, assumingthat the predicted path is thecorrect path,
so that instructionsalready predicatedon thepredictedpath disregardtheir predicatevaluesafter theprocessorexitsdynamic predicationmode. Note that it
is not necessaryfor correctnessto broadcastthepredicatevalueproduced by theenter.pred.path uop rightafterexitingdynamic predicationmode. However,
if thepredicate value is not broadcastearly after exiting dynamicpredication mode, theremaybesomeperformance losscompared to thebaselinebranch
predictionmechanism because loadsafter theCFM point cannot forwardfrom storesto thesame addresswhosepredicatevaluesarenot ready.
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2.7.4. Futur e Work on Enhanced Mechanisms The performance bene�ts of theenhanced diverge-merge processor can

be further improvedvia more enhancedmechanismsthat provide better softwareand hardware support. We are planning to

implementandevaluatethefollowing mechanisms:

DivergeLoop Branches. Thediverge-mergeprocessor can distinguish betweenforwardbranchesandbackward branches

(loop branches)in order to implement thedynamicpredicationof low-con� dence loop iterations. Dynamicall y predicating

backwardbrancheswill make thebene�ts of thediverge-mergeprocessorappli cableto hard-to-predict loop branches,simi-

larly to therecently proposedwishloopinstructions, acorresponding softwareconstruct thatmakescompile-timepredication

applicable to loop branches [19]. We arecurrently investigatingcompiler algorithms to identify good diverge loop branches

andhardware mechanisms to estimatethecon�denceof loopbranches.

Dynamic Predication of Multiple Diverge Branches. Insteadof exiting dynamic predication mode for the current

divergebranch whenanotherlow-con�d encediverge branchis fetchedon thepredicted path, asin the enhancedmechanism

in Section 2.7.3, the enhanced diverge-merge processor could continue in thedynamic predicationmode by alsopredicating

the newly-found diverge branch. The predicate register values for the second diverge branch should be and-ed with the

predicateregistercorresponding to thepreviousbranch(p1). Differentpoliciescanberesearchedto enddynamic predication

mode in this case,aswell asthe maximum numberof nesteddivergebranchesthat should be allowed. Another option for

handling multiple diverge branches could beto re-evaluatetheoriginal branch prediction with additional informationwhen

another low-con�dencediverge branch is found, in order to choosewhether to exit or to continuedynamic predicationmode

for thecurrent branch.

Selective Branch Predictor Update Policy. As notedby Klauser et al. [20] for Dynamic Hammock Predication, not

updating the branch predictor countersfor the low-con�dencehammock branches eliminatesdestructive interference in the

countersand improvesperformance.However, our currentimplementationof thediverge-mergeprocessorupdatesthebranch

predictor counters for all the branchesthat retire. The performance of thediverge-merge processor canbe further improved

by optimizing thebranchpredictor updatepoli cy.

3. Methodology

3.1. Simulat ion Methodology

We usean execution-driven simulator of a processorthat implementsthe Alpha ISA. Wrong-path effectsare modeled

faithfully. A large andaggressive branch predictor is usedto avoid in�ati ng the performanceof the diverge-merge concept.

Theparametersof theprocessor we model areshown in Table2.

The experiments arerun using the 12 SPECCPU2000 integer benchmarks and3 SPEC CPU2000 �o atingpoint bench-

marks. We selected the 3 � oating point benchmarks, mesa,ammp andfma3d, asthey arethe only onesthat show at least

a 3% performance improvement with a perfect branchpredictor over the baselinebranchpredictor. The restof the SPEC

CPU2000 �o atingpoint benchmarkshave lessthan3% potential improvement with perfect branch prediction. Table3 shows

the characteristicsof thebenchmarks on thebaseline processor. All binariesarecompiled for the Alpha ISA with the-fast
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Table 2. Baseline processo r con� gurati on.
Front End Fetchesup to 3 conditionalbranchesbut fetchendsat the�r st takenbranch

I-cache: 64KB I-cache,2-way, 2-cycle latency
64KB (59-bit history, 1021-entry) perceptron branch predictor[17]

BranchPredictors 4K-entryBTB; 64-entry returnaddressstack; 64K-entry indirect targetcache
minimumbranchmisprediction penalty is 30cycles

ExecutionCore 512-entryreorderbuffer; 8-wideexecute/retire
L1 datacache: 64KB, 4-way, and2-cycle latency

On-chipCaches L2 uni� ed cache: 1MB, 8-way, 8 banks,10-cycle latency
Al l cachesuseLRU replacementandhave 64B line size

BusesandMemory 300-cycleminimummemory latency; 32memorybanks
32B-widecore-to-memorybusat 4:1 frequency ratio

ConfidenceEstimator 1KB (12-bit history)JRSestimator[16]

optimizations. A binary instrumentation tool is used to mark the diverge branchesandtheir respective CFM points. The

integerbenchmarksarerun to completion with areducedinput set[22] to reducethesimulation time. Sinceit is important to

fully exercisethe control-�o w graphs throughout the programs, we usethereducedinput set to simulate the integer bench-

marks until completion in a reasonable time. Floating point benchmarks aresimulatedfor 250 million instructions with the

reference input set after skipping theprograminitializationcode usinga SimPoint-like tool [30]. We usethetrain input data

setto collect pro�l e information from the binaries. In all theIPC(retiredInstructionsPer Cycle) performanceresults shown

in the restof the paper for thediverge-merge processor, the instructions whosepredicatevaluesare FALSE andadditional

uops insertedto support dynamicpredicationdo not contributeto the instruction count.

Table 3. The characteristi cs of the baseline processor : base IPC, total number of reti red instru cti ons (Insts), total number of retired

dynamic branches (Br.), total number of reti red mispredicted dynamic bran ches (Misp.)
bzip2 crafty eon gap gcc gzip mcf parser perlbmk twolf vortex vpr mesa ammp fma3d

BaseIPC 1.51 2.58 3.30 2.95 1.38 2.03 0.81 1.58 3.24 2.22 3.44 1.52 4.14 1.72 2.71
Insts 316M 190M 129M 404M 83M 248M 110M 255M 187M 101M 284M 75M 250M 250M 250M
Br. 32M 23M 13M 60M 16M 23M 21M 54M 28M 15M 56M 10M 20M 17M 40M

Misp. 2418K 657K 168K 334K 682K 1241K 595K 2085K 6K 525K 250K 698K 225K 136K 522K

3.2. DivergeBranchand CFM Point Selection

The diverge branch candidatesare determined basedon pro�ling the code. A branchis marked asa possible diverge

branch if it is responsiblefor at least0.1%of the total numberof mispredictionson the complete simulation.

A second pro�le run is performed to � nd the CFM points for eachdiverge branch candidate, basedon the frequently

executedpaths.We selectCFM points thatshow up on both pathsof thedivergebranch candidateasa reconvergence point

for at least20% of the dynamic instancesof the branch. In addition, the CFM points cannot be farther than 120 dynamic

instructionsfromthedivergebranch.13 If noCFM point is found to satisfytheseconstrains, thenthedivergebranchcandidate

is not markedasa divergebranch. For thebasicdiverge-mergeprocessor, only themost frequent CFM point is marked. For

the enhancedmultiple CFM-pointsmechanismin Section 2.7.1, all CFM points that satisfytherequirementsare marked.

As explained in this section, we are currently using very simple algorithms to determine the diverge branchesand their

13Thesethresholdswerechosen after considering different combinationsof alternatives.
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corresponding CFM points. An important partof our futurework is to develop pro�ling algorithmsthatcanbetterexploit the

potential of the diverge-mergeconcept.

4. Results

4.1. Characterization of MispredictedConditional Branches

In Figure 6 we classify the dynamic mispredictedconditional branchesinto threecategories: simple hammock diverge

branches (simple if andif-elsestructureswith no other control �o w inside), complex diverge branches,and other complex

branches. Thediverge-mergeprocessor candynamically predicate simple hammock diverge branches,andcomplex diverge

branches. DynamicHammock Predication [20] allowsonly simple hammock branchesto be convertedinto predicatedcode.

Theresultsshow that divergebranchesaccount for more than50% of the mispredictedbranchesin bzip2, mcf, parser, twolf,

vpr, mesaand fma3d. Simple hammock branchesby themselvesaccount for a signi� cantpercentageof mispredictionsonly

in two benchmarks: mcf (44%) and vpr (11%). On average, 57% of thebranch mispredictions aredue to divergebranches

(including simple hammock branches)whereas9% of the branch mispredictions aredue to simple hammock branches14.

Therefore, the diverge-merge processor haspotential to eliminatemore mispredictionsthanDHP. In gcc, most mispredicted

branches are other complex branches, which canbe eliminatedneitherby DHP nor by the diverge-merge processor. The

control-� ow graphsof theseother branchesare socomplicatedthat evenif the compiler considers only frequently executed

pathsit cannot identify any suitable CFM point with our current CFM point identi�cation mechanism.
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Figur e 6. Distrib ution of the mispre dict ed cond ition al bran ches

4.2. Performanceof theBasicDiverge-MergeProcessor

Figure 7 shows the performance improvement over the baselinefor DHP with a 1KB JRS con� dence estimator [16]

(DHP-jrs),DHP with a perfect con�dence estimator (DHP-perf-conf), the basic diverge-merge processor (diverge-jrs), the

basicdiverge-mergeprocessor with aperfectcon� denceestimator(diverge-perf-conf), andbaselinewith aperfectconditional

branch predictor (perfect-cbp). With a perfect con�d enceestimator, DHP has3.4%performanceimprovement potential, but

14We notethat thefraction of simple hammock branches out of all mispredictedbranchesaresimilar to what was previously reported –about 10%–by
Klauseretal. [20].
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thediverge-mergeprocessor hasa19% performanceimprovementpotential over thebaselineprocessor. As canbeexpected,

the benchmarks with the highestperformanceimprovement potential for thediverge-mergeprocessor (bzip2, parser, twolf,

and vpr) suffer from high branchmisprediction ratesand also have a higher percentageof diverge branchesover the total

mispredictedbranches. The gcc benchmark alsohasa high branch misprediction rate,but neither DHP nor Diverge-Merge

show performancepotential for thisbenchmarkdueto thecomplexity of thecontrol-�o w graphs.Even though theconditional

branch prediction accuracy of the baselineis 96.7%, the perfect branch predictor still can improve the performanceof the

baselineby 48% onaverage.
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Figu re 7. The performance of the basic diverge­mer ge processo r

With a realisticcon�dence estimator, the average IPC improvement over all benchmarks is 2.8% for DHP and 5% for

Diverge-Merge.15 Thediverge-mergeprocessor improvestheperformancesigni�cantly onparserand vpr becausemore than

30% of the pipeline �u shesdue to branch mispredictions are eliminatedwith the dynamic predication mechanism. DHP

with the realistic con�d enceestimator comesrelatively closeto theperformanceof DHPwith aperfectcon�denceestimator.

However, thereis a signi�cant difference betweenthe performance of the diverge-merge processorwith a real and perfect

con� dence estimator. One of themainreasonsfor this different behavior is that the number of instructionson the predicted

and thealternate paths is small in DHP (sinceDHP predicates only simple hammock branches),so an incorrectcon�dence

estimation doesnot signi�cantly hurt performance. However, in Diverge-Merge, an incorrect con�dence estimation could

signi�cantly hurt performance,especially if it leadsto a large predication overheadasin case3 in Table 1.

Figure8 showsthedistribution of exit casesin Table1 for thebasicdiverge-mergeprocessor. For somebenchmarks (such

as bzip2, gap, andgzip), cases1 and 2 togetheraccount for less than40% of all exits from dynamic predication mode even

thoughdivergebranchesandmergepointsareselectedbasedonfrequently executedpathsin thepro�led code. Therelatively

infrequentoccurrenceof case2, thebestcasefor Diverge-Merge,is onereason why arealisticdiverge-mergeprocessordoes
15Note that Klauseret al. [20] showed a 5.5% IPC improvement in IPC. However, their benchmarks, branch predictor, and the processormodel were

different from ours. They showedanaverageperformanceimprovementof 5.5%over SPEC95integer benchmarkswith a2K-entry hybrid (gshare+bimodal)
predictor and16-cyclemisprediction penalty. To makea fair comparison,we implementedtheir mechanismin ourmachinemodel faithfully asdescribed in
their paper. Note that thefraction of simple hammock branches out of all mispredicted branchesare similar to what waspreviously reported–about 10%–
by Klauseretal.
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not improve the performance of some benchmarks (such asbzip2 and gzip) eventhough they show potential. This problem

can be reducedwith a better compiler algorithm for identifying diverge branchesand thecorresponding CFM points. The

multiple CFM-point mechanismin Section 2.7.1 could mitigatethis problem aswell. Diverge-Merge losesperformance in

gapbecauseabout 25% of thedynamicpredicationinstancesexit with case3. Theoccurrenceof case3 canbe reducedwith

the early-exit mechanismproposedin Section 2.7.2. A bettercon�d enceestimatorwill reducetheoccurrenceof cases1, 3,

and5 becausetheprocessorwould enterdynamic predicationmodefor fewer correctlypredictedbranches.

These results show that, for higher performance, Diverge-Merge requires techniques to reduce cases1, 3, 5, and 6 in

order to increasethe occurrence of cases 2 and 4, which result in performance bene�ts. The following sectionshows the

performanceresultsof theenhanceddiverge-mergeprocessor thatis designedto reducetheperformance-degrading dynamic

predicationinstances.
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Figure 8. Distribution of exit cases for the basic diver ge­mer ge processor

4.3. The Performanceof the EnhancedDiverge-MergeProcessor

Figure9 showstheperformanceimprovement of theenhanceddiverge-mergeprocessor. Weshow the% IPCimprovement

over thebaselinefor the basic diverge-merge processor (basic-diverge)andthreevariationsof the enhanceddiverge-merge

processor after adding theenhancementsdescribedin Section 2.7cumulatively to thebasic diverge-mergeprocessor: multiple

CFM points (enhanced-mcfm), early exit policy (enhanced-mcfm-eexit), and multiple diverge branch policy (enhanced-

mcfm-eexit-mdb).

Multiple CFM points increases the performanceof the diverge-mergeprocessor in bzip2, twolf, and fma3d, becausethis

enhancement increasestheprobability of reaching a CFM point, which actually increasestheoccurrenceof case2 in these

benchmarks, asshown in Figure 10. Using the early exit policy from dynamic predication improves the performance of

especiallycrafty, gap, parser, twolf, and, mesaby reducing theoccurrenceof case3. With theearlyexit policy, thefrequency

of case3 is reducedfrom 10% to 3% on average asshown by comparing Figure 8 to Figure10. The multiple divergebranch

policy improvesperformancesigni�cantly for bzip2, parser, twolf, and vpr. Re-entering dynamic predication modefor alater

divergebranch increasestheprobability of reaching theCFM point in thesebenchmarks.
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With all the enhancementsemployed, the enhanceddiverge-merge processor providesan average 10.8% IPC improve-

mentover the baselineprocessor. Theenhanceddiverge-merge processorimprovesthe IPCby more than19% for the four

benchmarks thathave thehighest IPC improvementpotential aswasshown in Figure 7 (bzip2, parser, twolf, vpr). Further-

more, using all the threeenhancementseliminatesthe slight performancedegradation incurred by the basicdiverge-merge

mechanismin threebenchmarks (crafty, gap, fma3d). For therestof thepaper, enhanceddiverge-merge processor refersto

the diverge-mergeprocessorthatemploys all the threeenhancements (enhanced-mcfm-eexit-mdb).

Figure 11 shows the reduction in pipeline� ushesdue to branchmispredictions in the enhanceddiverge-mergeprocessor

compared to the baselineprocessor. On average, 31% of the pipeline �u shesareremoved in the enhanceddiverge-merge

processor. In bzip2, parser, twolf, vpr, mesa, and fma3d, more than 40% of thepipeline �ushesareeliminated. However,

mesadoesnot show performanceimprovement becausethenumberof control-independent instructionson the wrong pathis

relatively small, asweshowedin Figure 1.
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Figu re 9. The performance of the enhanced diver ge­mer ge processo r
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Figu re 10. Distrib uti on of exi t cases for the enhanced diverge­merge processo r

Figure12shows the overheadof dynamicpredicationon theenhanceddiverge-mergeprocessor. Eventhough theproces-
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Figur e 11. Percenta ge reduction in pipeli ne � ush es on the enhanced diver ge­mer ge processo r compared to the basel ine process or

sor hasto fetchbothpathsof eachdynamically predicatedbranch, thetotalnumberof fetchedinstructionsdecreasesfor every

benchmarkbecausethecontrol-independent instructionsarenot �u shed. Onaverage, theenhanceddiverge-mergeprocessor

reducesthenumberof fetched instructionsby 18%. However, sincethediverge-mergeprocessorexecutesinstructionsevenif

their predicate values areFALSE, theprocessorexecutesmore instructions thanthebaseline processor. Including the extra-

uops used for dynamic predication (enter.pred.path, enter.alternate.path, exit.pred) and the select-uops, the diverge-merge

processor executesan average of 9% moreinstructions thanthebaseline. Improving the con�denceestimatorcanreducethe

numberof correctly predictedbranchesthat end-up beingdynamicallypredicated,andtherefore, it canreducethe overhead

of executedinstructions.

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

N
um

be
r 

of
 F

et
ch

ed
 In

st
ru

ct
io

ns
 (

M
)

base
enhanced-diverge

bz
ip2

cr
af

ty
eo

n
ga

p
gc

c
gz

ip
m

cf
pa

rs
er

pe
rlb

m
k

tw
olf

vo
rte

x
vp

r
m

es
a

am
m

p

fm
a3

d

am
ea

n 0

100

200

300

400

500

600

N
um

be
r 

of
 E

xe
cu

te
d 

In
st

ru
ct

io
ns

 (
M

)

select-uop insts 
extra-uop insts 
executed insts

bz
ip2

cr
af

ty
eo

n
ga

p
gc

c
gz

ip
m

cf
pa

rs
er

pe
rlb

m
k

tw
olf

vo
rte

x
vp

r
m

es
a

am
m

p

fm
a3

d

am
ea

n

Figure 12. Numb er of fetc hed instruction s (the left graph) and the number of executed instruction s (the right graph) in the basel ine

(leftmost bars for each benchmark) and the enhanc ed diverge­merge processor (rightmos t bars).

4.4. Effect of Instruction Window Sizeand Pipeline Depth

Figure 13a shows the performanceof theenhanceddiverge-merge processor and DHP on threedifferent machineswith

128, 256, and512-entry instructionwindows. Thedatais theaverageof all 15evaluatedbenchmarks. Comparedto thebase-

line processor, theenhanceddiverge-mergeprocessor improvestheaverageIPC by 6.9%,9.4%, and10.8% respectively on
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a 128, 256, and512-entry window processor. The enhanceddiverge-mergeprocessor provides larger performanceimprove-

mentson processorswith larger instruction windowsbecausealargewindow can hold alargernumberof control-independent

instructionswhen thebranch is mispredictedandthepipeline is �ushedon thebaselineprocessor. Therefore, the bene�t of

the enhanceddiverge-mergeprocessor increases becausemoreuseful work canbe savedfrom being�ushed.

Figure13bshowstheperformanceof theenhanceddiverge-mergeprocessorandDHPon threedifferent 256-entry window

processors with 10, 20, and 30 pipeline stages.Comparedto the baseline processor, theenhanced diverge-mergeprocessor

improves the average IPC by 3.3%, 6.8% and 9.4% respectively on processors with 10, 20 and 30 pipeline stages.The

performance bene�t of the enhanceddiverge-merge processor increasesas the pipeline depth increases,sincethe branch

misprediction penaltyis higheronprocessors with deeperpipelines.
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Figure 13. (a) Effect of instru cti on window size and (b) Effect of pipeline depth on diverge­mer ge processo r performance

5. RelatedWork

5.1. RelatedWork on Dynamic Predication

Klauseret al. [20] proposedDynamic Hammock Predication (DHP). After the DHP processor fetchesa low con�dence

simple hammock branch(if or if-else structure with no other control �o w inside), it fetchesinstructions from both paths of

the branch. The instructions insidethehammock aredynamically predicated. After fetching from both paths,DHP inserts

conditional-move(cmov) uops to form thecorrect data-�ow dependencies. In contrast to thediverge-mergeprocessor, which

candynamicallypredicatecomplex control-�o w structures,DHPonly worksfor simpleforwardbranches,whichconstitutea

muchsmaller subsetof thecontrol-�o w graphand thebranchmispredictions.Therefore,DHPprovidessmallerperformance

improvementscompared to the diverge-merge processor aswe showed in our results.In termsof hardware cost, both DHP

and the diverge-merge processorrequire similar hardwarecomplexity to support dynamic predication. Both mechanisms

insertcmov or selectuops to the pipeline and require thepredicatedinstructions to carry thepredicateregisterid.

5.2. RelatedWork on Compile-time SoftwarePredication

Predicatedexecution hasbeenstudiedintensively to reducethebranchmisprediction penalty [24,26, 33,3] andto increase

instruction-level parallelism [1, 15]. However, in a real IA-64 implementation, predicatedexecution wasfound to provide

a small performance improvement [6]. This small performancegain is due to the overheadof compile-time predication,

which sometimesoffsetsthebene�t of reducingthepipeline�ushesdueto branchmispredictions. If abranchis predicated at
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compile-time,all thedynamic instancesof thatbranchremainpredicated, eventhoughmostof themwould li kely becorrectly

predictedby thebranchpredictor.

Recently, Kim etal. [19] proposedwishbranchesto reducetheoverheadof predicationby combining conditional branch-

ing and predication. With wish branches,thecompiler generatescode that canbe executedeither aspredicatedcode or as

code with conditional branches. At run-time, the hardware chooses betweenpredicatedexecution and conditional branch

prediction basedon the run-timebranchbehavior. Like thediverge-mergeprocessor, thewish branch mechanismalsoavoids

the overheadof predicationby using predication only for hard-to-predict branchesat run-time. However, thediverge-merge

processor overcomes the major disadvantage of wish-branches: the requirement for a predicatedISA. The wish branch

mechanismis only appli cableto ISA's that have full support for predication. In contrastto wishbranches,the diverge-merge

processor canbeapplied to any non-predicatedISA. Hence,thediverge-merge processor can be employedin a wider range

of processors. Additionally, the diverge-merge processorprovides the following bene�ts that are not possiblewith wish

branches:

1. It canpredicatecomplex control-� ow graphsevenif they include function-calls.

2. It doesn't fetch/executeALL thebasic-blocksbetween the low-con�d encebranchand thecontrol-�o w mergepoint (but

wishbrancheshave to). Diverge-mergefetches/executesonly TWO paths.

3. It allows for dynamically choosingdifferent control-�o w merge points (seeSection2.7.1), whereasa wishbranch hasa

single mergepoint that is determinedstatically.

5.3. RelatedWork on Multipat h/Dual-path Execution

Startingwith Risemanand Foster's eager execution [27] and thedual-path fetchin the IBM 360/91 [2], severalcontribu-

tionshavebeenmadein the�eld of multipathexecution. SeeUht [23] -asurvey of multipathexecution- for agoodoverview

andcomparisons.We will only review the work most relevantto the diverge-merge processor.

Any form of dual-path/multipath execution continues to fetch and execute from multiple paths even after a control-

independent point is reached (for example, dual-path execution fetches/executestwo copiesof the same instruction, if the

instruction is after a control-independentpoint). Comparedto dual-path/multipath execution, the major contribution of our

mechanismis that it exploits control-�o w independence.In other words,thediverge-mergeprocessorfetches/executesonly

onepathafterit reachesacontrol-independentpoint, whereasdual-path/multipathexecution continuesto fetch/executefrom

multiple paths. Thus, a dual-path/multipathexecution processor wastesprocessorresources by keeping multiple copies of

control-independent instructions in the processor, whereas the diverge-merge processor avoids this and allows processing

resourcesto be available for instructions thatare further in the instruction stream.As more than60% of instructions after a

mispredictedbranch arecontrol-independent(aswasshown in Figure1), theamount of work and processingresourceswasted

by dual-path/multipathexecution is very signi� cantespecially if the processor's instruction window is large. Avoiding such

wasteusingdiverge-merge processing signi�cantly improvesperformance.
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Heil and Smith [14] and Farrens et al. [12] proposed a selective dual path execution mechanism that is restricted to

low con�dence branches. The processor startsfetching from both paths of a low con�dencebranch. The following low

con� dence branch either delays dual-path execution or is ignoreduntil the �rst low con�dencebranch is resolved. Whenthe

low con�dence branch is resolved, the instructions on the mispredicted path are discarded. Thesemechanisms have fairly

high hardware cost because they increasethe bandwidth and complexity of the fetch,decode, andexecution stagesof the

pipeline to accommodateboth pathssimultaneously.

We simulatedselective dual-pathexecution on our baseline processor model andfound that it improvestheaverageIPC

by 2.6%. In contrast, the IPC improvement provided by dynamic hammock predication is 2.8% and by the diverge-merge

processor is 10.8%, aswe have shown in Section 4. Dual-path execution doesnot provide assigni�cant a performanceim-

provement asdiverge-merge because it always wasteshalf of thefetch/execution resourcesevenafter a control-independent

point. Dynamic hammock predication avoids this problemwith dual-pathexecution, but it alsodoesnot provide assigni�-

cantaperformanceimprovementasdiverge-mergebecauseit isapplicable only simplehammock branchesrather thanalarge

setof simple/complex control-� ow structures. Diverge-merge processing overcomesthe major limitationsof both dual-path

execution and dynamic hammock predication by eliminating the waste of processing resourcesafter a control-independent

point AND by dynamically predicating a largesetof mispredictedbranchesthat exist in complex control-� ow structures.

Selective Eager Execution (SEE)on the PolyPatharchitecture wasproposedby Klauser et al. [21]. PolyPathalsofetches

the most likely successorsof eachlow con�dence branch. Since it supports multiple outstanding divergent branches, it can

executealongmany differentpathsat thesametime. ThePolyPath architectureusescontext tagsto maintainpathinformation

for eachinstruction. A different tagis assignedto eachpath,so thatonly theinstructionson themispredictedpathsare�u shed

whena divergent branch is resolved. Since there is no mechanismto maintaindatadependencies,the instructionsafter the

control independent point haveto befetchedseparatelyfor eachpath, which signi�cantly increasesthecontention for pipeline

andexecution resources, evenmore sothandual-pathexecution.

In general, multipath execution requires more resources than the diverge-merge processor to keepmultiple pathsin the

instruction window, which increasestheprobabili ty of having thecorrectpath in the window when the branchis resolved,

but alsoreducesthe chance of getting a large number of control-independent instructions into the window. In contrast,a

diverge-mergeprocessorlimits the execution to only two pathsby following the branch predictor for successive branchesin

the dynamically-predicatedpaths. Furthermore, a diverge-merge processormakesmore ef�cien t useof the existingproces-

sor resourcesby time-multiplexing the two paths on the samehardware resources. Therefore, in contrast to proposals for

multipathexecution, thereis noneedto replicateor increase thebandwidth of portionsof thepipeline.

5.4. RelatedWork on Control Flow Independence

Several hardwaremechanismshave beenproposedto exploit control �o w independence [28, 29, 8, 5, 13]. Thesetech-

niquesaim to avoid �u shing the processor pipeline when the processor is known to be at a control-independent point in

the program when the branch is resolved. In contrast to the diverge-merge processor, thesemechanismsrequire complex
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hardwareto remove the control-dependent wrong-path instructions from the processorand to insert the control-dependent

correct-path instructions into the pipeline after a branch misprediction. Hardware is alsorequired to form correctdatade-

pendenciesfor the insertedcorrectpath instructions. Furthermore, control-independent instructionsthatare data-dependent

on the inserted or removed instructions have to be re-scheduled and re-executedwith the correct datadependencies. The

logic required for ensuring correct data dependencies for both control-dependent and control-independent instructions is

complicated[28]. Exploiting control-�o w independence in a traceprocessor is relatively simpler. Since traces already have

live-in and live-out registerinformation, thetraceprocessorcaneasilydetectthedata-dependent instructions in the control-

independent path [29]. However, instructions that had already beenexecuted with incorrect datadependencieswhen the

mispredictedbranchwasresolved still have to bere-executedwith thecorrectdatavalues.

Collins etal. [9] introducedDynamic ReconvergencePrediction, ahardware-basedtechniqueto identify control reconver-

gencepoints (i.e., our CFM points) without compiler support. This technique canbecombinedwith any of the mechanisms

that exploit control-�o w independence.

6. Conclusion and Futur eWork

Thispaperproposedthediverge-mergeprocessorasanarchitecturefor compiler-assisted dynamic predicatedexecution to

reducethe branchmisprediction penalty dueto hard-to-predictbranches.A diverge-merge processordynamicallypredicates

hard-to-predict instancesof statically-selecteddiverge branches. The major contribution of our paper is a mechanismthat

enables the dynamic predication of branchesthat result in complex control-�o w structur esratherthan limiting dynamic

predicationto simple hammock branches. Weshow that thisbene�t of thediverge-mergeprocessor enablesit to outperform

apreviously-proposed dynamicpredicationmechanismthatcanonly predicatesimplehammockbranchesby7.8%onaverage

for 15 SPEC CPU2000 benchmarks. Furthermore, the diverge-merge processor outperforms a baseline processorwith an

aggressivebranchpredictor by 10.8%.

Theresultspresentedin thispaperarebasedonour initial implementationof thediverge-mergeprocessor using relatively

simple compiler and hardware heuristics and algorithms. The performanceimprovement provided by the diverge-merge

processor can besigni�cantly increasedby future research aimedto improve thesetechniques.On the compiler side, better

compilation andpro�ling techniques canbedevelopedto selectdiverge branchesandthecorresponding control-�o w merge

points to maximize the bene�ts of dynamic predication. On the hardware side, better con�dence estimators are worthy

of research since they critically affect the performance bene�t of dynamic predication. Hardware mechanismsto throttle

dynamicpredicationbasedon dynamic information that becomesavailable (e.g., abandoning dynamicpredicationwhenthe

two control-�o w pathsarenot likely to merge)arealsopromisingto explore. In our futurework, weintendto investigatethese

researchareas, bothon thecompilersideandthemicroarchitectureside, to further improve thebene� tsof thediverge-merge

processor by achieving larger reductions in the branchmisprediction penalty.
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