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Abstract
This paper proposes a new processorarchitecture for handling hard-to-predictbranches,the diverge-merge processor (DMP). Thegoal of

thisparadigmisto eliminatebranch mispredictionsdueto hard-to-predict dynamicbranchesbydynamically predicatingthemwithout requiring
ISA support for predicate registers and predicated instructions. To achieve this without incurring large hardware costand complexity, the
compiler providescontrol-�o w information byhintsandtheprocessor dynamicallypredicatesinstructionsonly on frequentlyexecuted program
paths. The key insight behind DMP is that most control-� ow graphs look and behave like simple hammock (if-else) structures whenonly
frequentlyexecutedpathsin the graphs are considered. Therefore,DMP candynamically predicatea much larger setof branchesthan simple
hammock branches.

Our evaluationsshow that DMP outperformsa baseline processor with an aggressive branchpredictor by 19.3% on averageover SPEC
integer 95 and 2000 benchmarks, through a reduction of 38% in pipeline� ushes due to branch mispredictions, while consuming9.0% less
energy. We alsocompare DMP with previouslyproposedpredicationanddual-path/multipathexecutionparadigmsin termsof performance,
complexity, andenergy consumption,and� nd that DMP is thehighestperformanceandalsothemost energy-ef�c ient design.

1. In tr oduction

State-of-the-arthigh performance processorsemploydeeppipelinesto extract instructionlevel parallelism (ILP) and to support high clock

frequencies.In the near future,processorsare expectedto support a large numberof in-� ight instructions [29, 41, 10, 7, 13] to extractboth

ILP and memory-level parallelism(MLP). As shown by previous research[26, 39, 40, 29, 41], theperformance improvementprovidedby both

pipelining andlargeinstructionwindows critically dependson theaccuracy of theprocessor's branchpredictor. Branchpredictorsstill remain

imperfect despitedecades of intensive researchin branch prediction. Hard-to-predictbranchesnot only limit processorperformancebut also

resultin wastedenergy consumption.

Predication hasbeen usedto avoid pipeline� ushesdue to branchmispredictionsby converting control dependenciesinto datadependen-

cies [2]. With predication,the processorfetches instructions from both pathsof a branch but commitsonly resultsfrom the correct path,

effectively avoiding the pipeline� ushassociatedwith a branchmisprediction. However, predicationhas the following problems/limitations:

1. It requiressigni�cant support (i.e. predicateregisters and predicated instructions)in the instructionsetarchitecture(ISA).

2. Statically predicatedcode incurstheperformanceoverheadof predicatedexecution regardless of whethera branch is easyto predict or

hard to predict at run-time.Theoverheadof predicatedcodeis twofolds: (i) theprocessoralwayshasto fetchinstructionsfrom bothpaths

of an if-convertedbranch, (ii) the processorcannot executepredicatedinstructionsor instructions that aredependent on themuntil the

predicatevalueis resolved, causing additional delay in execution. Previous research showed thatpredicatedexecution sometimeshurts

processorperformancedueto this overhead [9, 21].

3. A large subsetof control-� ow graphs areusually not convertedto predicatedcode becauseeither the compiler cannot if -convert (i.e.

predicate)them or theoverheadof predicatedexecution ishigh. A control-�o w graph thathasafunction call, a loop, too many exit points,

or toomanyinstructionsbetweenanentry point andanexit point areexamples[2, 31,27,9, 43, 30].

Several approacheswereproposedto solve theseproblems/limitations. Dynamic-hammock-predication [22] wasproposedto predicate

brancheswithoutISAsupport. However, dynamic-hammock-predicationcanpredicateonly simplehammockbranches(simpleif-elsestructures

� Thiswork wasdonewhile theauthorwaswith UT-Austin.
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with no nestedbranches),which account for only asmall subset of themispredicted branches[22]. Wishbranches[21] wereproposedto reduce

theoverheadof predicatedexecution. However, wishbranchesinherit thelimitationsof softwarepredication(1 and 3 above)with theexception

thatthey canbe appliedto loop branches.

Our goal in this paper is to devise a comprehensive techniquethat overcomesthe threeproblems/limitations of predicationso that more

processorscanemploypredicatedexecutionto reducethemisprediction penalty dueto hard-to-predictbranches.

We proposea new processor architecture,calledthe Diverge-Merge Processor(DMP). DMP dynamically predicates not only simplebut

also complex control-�ow graphs without requiring predicateregistersand predicatedinstructions in the ISA and without incurring large

hardware/energy cost and complexity. The key mechanismof DMP is that it dynamically predicatesinstructionsonly on frequentlyexecuted

control-� ow paths andonly if a branch is hard-to-predict at run-time. Dynamicallypredicatingonly the frequently executedpaths allows

DMP to achieve two bene� ts at the sametime: 1) the processor can reduce the overheadof predicated execution since it doesnot need

to fetch/executeall instructionsthat are control-dependenton thepredicatedbranch,2) the processorcandynamicallypredicatea large setof

control-� ow graphsbecauseacomplex control-�ow graphcanlook and behavelikeasimplehammockstructurewhenonly frequentlyexecuted

pathsare considered.

Figure 1 shows a control-�o w graph exampleto illustratethe key insightbehindDMP. In softwarepredication, if the compiler estimates

that the branch at block A is hard-to-predict,it would convert blocks B, C, D, E, F, and G to predicatedcodeand all theseblocks would be

executedtogether even thoughblocksD, F, and G arenot frequentlyexecuted at run-time[30].1 In contrast,DMPconsidersfrequentlyexecuted

pathsat run-time, soit candynamically predicate only blocksB, C, andE. To simplify thehardware,DMPusessomecontrol-� ow information

provided by the compiler. The compiler identi�es and markssuitable branchesascandidatesfor dynamic predication. Thesebranchesare

calleddiverge branches. The compiler alsoselects a control-�ow merge (or reconvergence)point corresponding to each diverge branch. In

this example, the compiler marks the branchat block A asa diverge branch and the entry of block H asa control-� ow merge (CFM) point.

Insteadof thecompiler specifyingwhichblocksarepredicated(andthusfetched), theprocessor decideswhatto fetch/predicateatrun-time. If a

divergebranchis estimatedto below-con�denceat run-time, theprocessor followsand dynamically predicatesboth pathsafterthebranchuntil

theCFM point. Theprocessor follows thebranchpredictoroutcomeson the two pathsto fetchonly thefrequently executedblocks betweena

divergebranchanda CFM point.
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 }

// block BB

// block F
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}

// block C

        if (cond3  ||  cond4){

// block G

}

 }

// block H

Dynamically predicated block

Figu re 1. Control­�o w grap h (CFG) example: (a) source code (b) CFG (c) possib le paths (hammoc ks) that can be predicated by DMP

The compilercould predicateonly blocksB, C, and E based on pro� ling [28] ratherthanpredicatingall control-dependentblocks. Unfor-

tunately, frequently executed pathschange at run-time (depending on the input datasetand program phase),andcode predicatedfor only a

1If thecompiler doesnot predicateall basic blocksbetweenA andH becauseoneof thebranchesiseasy-to-predict, then theremainingeasy-to-predict branch
is likely to becomea hard-to-predict branchafter if -conversion.Thisproblem is called mispredictionmigration [3, 38]. Therefore, thecompiler (e.g.ORC[30])
usually predicates all control-�o w dependent basic blocksinsidea region (theregion is A,B,C,D,E,F,G andH in this example.). This problem can be mitigated
with reverseif-conversion [45,4] or by incorporatingpredicateinformation into thebranchhistory register [3].
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few pathscanhurt performanceif other paths turnout to be frequently executed.In contrast,DMPdeterminesand follows frequentlyexecuted

pathsatrun-timeand therefore it can � exibly adaptitsdynamicpredication to run-timechanges(Figure1c showsthepossiblehammock-shaped

paths thatcanbepredicatedby DMP for theexample control-� ow graph). Thus,DMP candynamicallypredicate hard-to-predictinstancesof

a branchwith lessoverheadthanstatic predication and with minimal support from the compiler. Furthermore,DMP canpredicatea much

wider range of control-�ow graphsthandynamic-hammock-predication [22] becausea control-� ow graphdoesnot haveto bea simple if-else

structureto bedynamically predicated;it just needs to look likeasimple hammock whenonly frequently executed pathsareconsidered.

Ourevaluation shows thatDMP improves performance by 19.3%overa baseline processor thatusesanaggressive 64KB branch predictor,

without signi�cantly increasingmaximum power requirements.DMP reducesthe number of pipeline� ushesby 38%,which resultsin a 23%

reduction in thenumberof fetchedinstructionsanda9.0%reduction in dynamicenergy consumption.Thispaperprovidesadetaileddescription

and analysisof DMP aswell asacomparison of its performance,hardwarecomplexity, andpower/energy consumptionwith severalpreviously

publishedbranchprocessingparadigms.

2. TheDiverge-MergeConcept
2.1. TheBasic Idea

The compiler identi�es conditional branches with control �o w suitablefor dynamicpredicationasdivergebranches. A divergebranchis

a branchinstructionafterwhich the executionof theprogramusually reconverges at a control-independentpoint in the control-� ow graph, a

point wecall thecontrol-�o w merge(CFM) point. In otherwords,divergebranchesresultin hammock-shaped control � ow basedonfrequently

executed paths in the control-�o w graph of theprogrambut they are not necessarilysimplehammockbranchesthat require thecontrol-�ow

graph to behammock-shaped.Thecompileralsoidenti�es a CFM point associatedwith thedivergebranch. DivergebranchesandCFM points

areconveyed to themicroarchitecturethroughmodi� cationsin the ISA, which aredescribed in Section3.13.

Whentheprocessorfetchesa divergebranch, it estimateswhether or not the branch is hardto predictusinga branchcon�denceestimator.

If the diverge branch haslow con�dence, the processorentersdynamicpredication mode(dpred-mode). In this mode, the processorfetches

both paths afterthediverge branch and dynamically predicatesinstructions betweenthediverge branch and the CFM point. On eachpath, the

processorfollows thebranch predictor outcomesuntil it reaches the CFM point. After theprocessorreachesthe CFM point on both paths,it

exits dpred-modeand startsto fetchfrom only onepath.If thedivergebranchis actually mispredicted, thentheprocessordoesnot needto � ush

its pipelinesince instructionson bothpathsof thebrancharealready fetchedandtheinstructionsonthewrongpath will becomeNOPsthrough

dynamicpredication.

In this section,wedescribethebasicconceptsof thethreemajormechanismsto supportdiverge-mergeprocessing: instructionfetchsupport,

select-� ops,and loop branches.A detailedimplementation of DMP is described in Section3.

2.1.1. Instruction Fetch Support In dpred-mode, theprocessorfetches instructionsfrom both directions(takenandnot-taken paths) of

a divergebranch usingtwo programcounter(PC)registersand a round-robin scheme to fetch from thetwo pathsin alternatecycles.On each

path, theprocessorfollows the outcomesof thebranch predictor. Notethat theoutcomesof thebranch predictorfavor thefrequently executed

basic blocksin thecontrol �o w graph. Theprocessor usesa separateglobal branch historyregister(GHR) to predict thenext fetchaddresson

each path,andit checks whether thepredictednext fetch addressis theCFM point of thedivergebranch.2 If theprocessor reachestheCFM

point on one path, it stops fetching from thatpathandfetchesfrom only theother path. Whentheprocessor reachesthe CFM point on both

paths, it exits dpred-mode.

2When thepredictednextfetch addressis theCFM point of thedivergebranch,theprocessorconsiders that it hasreachedtheCFM point.
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2.1.2. Select-� ops InstructionsaftertheCFM point should have data dependencies on instructionsfrom only thecorrectpathof a diverge

branch. Beforethe diverge branchis executed, the processordoesnot know which path is correct. Insteadof waiting for the resolutionof

thedivergebranch, theprocessor inserts select-� ops to continue renaming/executionafterexiting dpred-mode. Select-� opsaresimilar to the

� -functions in thestatic single-assignment (SSA) form [14] in thatthey “merge” theregister values producedon both sidesof thehammock.3

Select-� opsensurethatinstructionsdependenton theregistervaluesproduced on eithersideof thehammock aresuppliedwith thecorrectdata

valuesthat dependonthecorrectdirection of thedivergebranch. After inserting select-� ops,theprocessorcancontinuefetching andrenaming

instructions. If an instructionfetchedafter theCFM point is dependent on a registerproduced on either sideof the hammock, it sources(i.e.

depends on) theoutput of a select-� op. Such an instructionwil l beexecutedafter the divergebranchis resolved. However, instructionsthat

arenot dependent on select-� ops areexecutedassoonas their sources are ready without waiting for the resolutionof the diverge branch.

Figure2 ill ustrates thedynamicpredicationprocess. Note that instructions in blocks C, B, andE, which arefetchedduring dpred-mode, are

alsoexecutedbefore the resolutionof thedivergebranch.

H

A

C

E

B

select-uop   pr43 = p1? pr13 : pr33
select-uop   pr40 = p1? pr20 : pr30

add pr21 <- pr13, #1      
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branch pr20,  G               

C
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(!p1)    
(!p1)    

(!p1)    
pr30 = (cond3)               (!p1)    

(!p1)    
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branch pr30, E                 

(b)(a) (c)

add r1 <- r3, #1 C
r0 = (cond2)
branch r0,  G

branch r0, E
r0 = (cond3)
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sub r3 <- r1, r2 
branch.uncond H

E

add r4 <- r1, r3 H

branch r0,  C
r0 = (cond1)A

Figu re 2. An example of how the instru cti on stream in Figu re 1b is dynamically predicated: (a) fetc hed blocks (b) fetch ed assemb ly

instruc tion s (c) instruction s after register renaming

 

pr20 = (cond1)            
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select�uop   pr22 = p1? pr21 : pr11
select�uop   pr23 = p1? pr20 : pr10

A add pr31 <� pr22, #1 
pr30 = (cond1)     

select�uop   pr32 = p2? pr31 : pr22
select�uop   pr33 = p2? pr30 : pr23

add pr17 <� pr32, #10B

(c)

branch A, pr10
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pr10 = (cond1)             
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(b)(a)

A
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r0 = (cond1)
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A

add r7 <�r1, #10B

(p1)
(p1)
(p1)

(p2)
(p2)
(p2)branch A, pr30     

Figu re 3. An example of how a loop­typ e diver ge branc h is dynamical ly predicated: (a) CFG (b) fetc hed assemb ly instru cti ons (c)

instruc tion s after register renaming

2.1.3. Loop Branches DMP candynamicallypredicateloop branches.The bene�t of dynamicallypredicating loop branchesusing DMP

is very similar to the bene�t of wish loops[21]. The key mechanismto predicatea loop-type diverge branch is that the processorneedsto

predicateeachloop iterationseparately. This is accomplishedby usingadifferent predicateregisterfor eachiterationand inserting select-� ops

3Select-� opshandle themerging of only registervalues.Weexplain how memoryvaluesarehandled in Section 3.10.
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aftereachiteration.Select-� opschoosebetweenlive-out registervaluesbeforeand aftertheexecution of a loopiteration,basedontheoutcome

of each dynamicinstanceof the loop branch. Instructions that are executed in later iterations and that aredependent on live-outs of previous

predicatediterations sourcethe outputs of select-� ops. Similarly, instructionsthatare fetched after the processorexits the loop andthat are

dependenton registersproducedwithin the loop sourcetheoutputsof select-� opsso that they receive thecorrect sourcevalueseven though

the loop branch may be mispredicted. The pipeline doesnot needto be �ushed if a predicatedloop is iteratedmore timesthan it should be

becausethepredicatedinstructionsin theextra loop iterations will become NOPsandthe live-outvaluesfrom thecorrectlast iterationwill be

propagatedto dependent instructions via select-� ops. Figure 3 illustratesthe dynamicpredication processof a loop-type divergebranch (The

processorentersdpred-modeafterthe �rst iterationand exits afterthethird iteration).

Thereis anegativeeffect of predicatingloops: instructionsthatsourcetheresultsof apreviousloopiteration(i.e. loop-carrieddependencies)

cannot beexecuteduntil theloop-typedivergebranch is resolvedbecause suchinstructions aredependent on select-� ops. However, we found

that the negative effect of this executiondelay is much lessthanthe bene� t of reducing pipeline� ushesdue to loop branch mispredictions.

Notethatthedynamic predicationof a loopdoesnot provideany performancebene�t if thebranchpredictoriteratesthe loop fewer timesthan

required by correct execution,or if thepredictor hasnotexited theloop by thetimethe loopbranch is resolved.

2.2. DMP vs. Other Branch Processing Paradigms

We compareDMP with � ve previously proposedmechanismsin predicationand multipath executionparadigms: dynamic-hammock-

predication [22], software predication [2, 31], wish branches [21], selective/limited dual-path execution (dual-path) [18, 15], and multi-

path/PolyPath execution(multipath) [33, 24]. First, we classify control-�o w graphs(CFGs) into � ve different categories to ill ustrate the

differencesbetweenthesemechanismsmoreclearly.

Figure 4 shows examplesof the� ve differentCFG types.Simplehammock(Figure 4a) is an if or if-el se structure that doesnot have

any nestedbranchesinsidethehammock. Nestedhammock(Figure 4b) is anif-e lse structurethathas multiple levelsof nested branches.

Frequently-hammock (Figure4c) is a CFG thatbecomes a simplehammockif we consider only frequently executedpaths. Loop (Figure4d)

is a cyclic CFG (fo r , do-while , or while structure). Non-merging control-�o w (Figure 4e) is a CFG that doesnot have a control-�ow

mergepoint evenif weconsideronly frequentlyexecutedpaths.4 Figure5 showsthefrequency of branchmispredictionsdueto eachCFGtype.

Table1 summarizes which blocksarefetched/predicatedin different processing modelsfor each CFGtype,assumingthatthebranchin block

A is hardto predict.
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Figure 4. Control­�o w grap hs: (a) simple hammo ck (b) nested hammo ck (c) freq uently­hammo ck (d) loo p (e) non­mer ging con trol �o w

Dynamic-hammock-predication canpredicateonly simplehammockswhich account for 12% of all mispredictedbranches. Simpleham-

mocks by themselvesaccount for a signi�cant percentage of mispredictions in only two benchmarks: vpr (40%) andtwolf (36%). We expect

4If thenumberof static instructionsbetween a branch and theclosestcontrol-�o w mergepoint exceedsa certain number (T), weconsider that theCFGdoes
nothaveacontrol-� ow mergepoint. T=200in our experiments.
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Table 1. Fetched instru cti ons in differen t proces sing models (after the branc h at A is estimated to be low­co n� dence) We assume that the

loopbranchin block A (Figure4d) ispredictedtaken twiceafter it is estimatedto be low-con�dence.
Processingmodel simplehammock nestedhammock frequently-hammock loop non-merging

DMP B, C, D, E, F B, C, D, G, H, I B, C, D, E, H A, A, B, C can't predicate
Dynamic-hammock-predication B, C, D, E, F can't predicate can't predicate can't predicate can't predicate
Softwarepredication B, C, D, E, F B, C, D, E, F, G, H, I usuallydon't/can' t predicate can't predicate can't predicate
Wishbranches B, C, D, E, F B, C, D, E, F, G, H, I usuallydon't/can' t predicate A, A, B, C can't predicate

path1: B, D, E, F path1: B, D, H, I path1:B, D, E, H path1: A, A, B, C path1: B ...Dual-path
path2: C, D, E, F path2: C, G, H, I path2:C, E, H path2: B, C path2: C ...

dynamic-hammock-predication will improve theperformanceof these two benchmarks.

Software predication can predicate both simple and nestedhammocks, which in total account for 16% of all mispredicted branches.

Softwarepredicationfetchesall basicblocks between an if-convertedbranch and the correspondingcontrol-� ow merge point. For example,

in the nested hammock case(Figure4b), software predication fetchesblocks B, C, D, E, F, G, H, and I, whereasDMP fetchesblocks B, C,

D, G, H, and I. Currentcompilers usually do not predicate frequently-hammocks since the overheadof predicatedcode would be too high

if theseCFGs include function calls, cyclic control-�o w, too many exit points,or too many instructions [2, 31, 43, 27, 9, 30]. Note that

hyperblockformation[28] canpredicatefrequently-hammocksat thecost of increasedcodesize,but it is not anadaptive technique because

frequently executedbasicblocks changeat run-time. Even if we assume that software predicationcan predicateall frequently-hammocks, it

could predicate up to 56%of all mispredictedbranches.

Wish branchescan predicateeven loops, which account for 10% of all mispredictedbranches,in addition to what software predication

cando. The main differencebetween wish branchesand softwarepredication is that the wish branch mechanism can selectively predicate

each dynamic instanceof a branch. With wish branches,a branchis predicatedonly if it is hardto predictat run-time,whereas with software

predication a branch is predicated for all its dynamicinstances.Thus, wish branches reducetheoverheadof softwarepredication. However,

evenwith wish branches,all basic blocksbetweenanif-convertedbranchand thecorrespondingCFM point arefetched/predicated. Therefore,

wish branchesalsohave higherperformanceoverheadfor nestedhammocksthanDMP.

Notethatsoftwarepredication (andwishbranches)caneliminateabranchmispredictiondueto abranchthatis control-dependentonanother

hard-to-predictbranch(e.g. branchatB is control-dependentonbranchatA in Figure4b), sinceit predicatesall thebasicblockswithin anested

hammock. This bene�t is not possiblewith any of theotherparadigms except multipath,but we found that it provides signi�cant performance

bene�t only in two benchmarks(3%in twolf, 2% in go).
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Selective/limited dual-path execution fetches from two pathsafter a hard-to-predict branch. The instructionson the wrong path are

selectively � ushedwhen thebranch is resolved. Dual-pathexecution is applicable to any kind of CFGbecausethecontrol-�ow doesnot have

to reconverge. Hence, dual-pathcanpotentially eliminatethe branchmispredictionpenalty for all � ve CFG types. However, the dual-path

mechanismneeds to fetcha larger numberof instructionsthanany of theothermechanisms(exceptmultipath) becauseit continuesfetching

from two paths until thehard-to-predict branchis resolved eventhough the processormayhavealready reacheda control-independent point in

theCFG.For example,in the simple hammockcase(Figure 4a),DMP fetches blocksD, E, and F only once, but dual-pathfetchesD, E, and F

twice (once for eachpath). Therefore,theoverhead of dual-pathis much higher thanthat of DMP. Detailed comparisonsof the overheadand

performanceof different processingmodels areprovidedin Section 5.

Multipath execution is a generalized form of dual-path execution in that it fetchesboth paths after every low-con�dence branch and

therefore it canexecutealongmany (morethantwo) different pathsat thesametime. This increasestheprobability of having thecorrectpathin

theprocessor's instruction window. However, only one of theoutstanding pathsis thecorrectpathandinstructionson everyother pathhave to

be� ushed.Furthermore,instructionsafteracontrol-� ow independentpoint haveto befetched/executedseparately for eachpath(like dual-path

but unlike DMP), which causesthe processingresourcesto be wastedfor instructionson all paths but one. For example, if the numberof

outstandingpathsis 8, thena multipathprocessorwastes87.5% of its fetch/execution resourcesfor wrong-path/uselessinstructionsevenafter

a control-independent point. Hence, the overheadof multipathis much higher than that of DMP. In the exampleof Table1 the behavior of

multipathis the sameasthatof dual-path becausethe example assumesthereis only one hard-to-predictbranchto simplify theexplanation.

DMP canpredicatesimple hammocks, nestedhammocks, frequently-hammocks, andloops. On average, thesefour CFG typesaccount for

66% of all branch mispredictions. Thenumber of fetchedinstructionsin DMP is lessthanor equal to other mechanismsfor all CFG types,as

shown in Table 1. Hence,weexpect DMPto eliminatebranchmispredictionsmoreef�ciently (i.e. with lessoverhead) thantheotherprocessing

paradigms.

3. Implementation of DMP
3.1. Entering Dynamic Predication Mode

The diverge-mergeprocessorentersdynamicpredicationmode(dpred-mode) if a diverge branch is estimated to below-con�denceat run-

time. Whentheprocessorentersdpred-mode, it needs to do the following:

1. The front-endstores theaddressof the CFM point associated with thedivergebranch into a buffer called CFM register. Theprocessor

alsomarks thedivergebranchasthe branch thatcausedentry into dpred-mode.

2. The front-endforks (i.e. createsa copy of) the returnaddressstack (RAS) and the GHR whenthe processor entersdpred-mode. In

dpred-mode, theprocessor accessesthe samebranchpredictortable with two differentGHRs(onefor eachpath)but only correct path

instructionsupdatethetableafterthey commit. A separateRASis neededfor eachpath.Theprocessorforkstheregisteraliastable(RAT)

when thedivergebranchis renamedsothateachpathusesaseparateRAT for registerrenaming in dpred-mode. Thishardware support is

similar to thedual-pathexecutionmechanisms[1].

3. The front-endallocatesa predicateregister for the initiated dpred-mode. An instruction fetchedin dpred-mode carries the predicate

registeridenti� er (id) with anextrabit indicating whethertheinstructionis on thetakenor thenot-takenpathof thediverge branch.

3.2. Short Hammocks

Frequently-mispredictedhammockbrancheswith few instructionsbefore theCFM pointaregoodcandidates to be alwayspredicated,even

if the con� dence on the branchprediction is high. The reasonfor this heuristic is that while the cost of mispredicting a short-hammock

branch is high (�ushing mostlycontrol-independent instructions that werefetchedafter the CFM point), thecostof dynamicpredicationof a
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short-hammock branchis low (uselessexecution of just the few instructionson the wrong-pathof the branch). Therefore, alwayspredicating

short-hammock divergebranchcandidateswith very low dynamicpredication costis a reasonable trade-off.

3.3. Multiple CFM points

DMP cansupport morethanone CFM point for a diverge branchto enable thepredication of dynamic hammocks that startfrom the same

branch but end at differentcontrol-independentpoints. Thecompiler providesmultiple CFM points. At run-time,the processorchoosesthe

CFM point reached �rst on anypathof thedivergebranch and usesit to enddpred-mode. To support multipleCFM points, theCFM registeris

extendedto hold multiple CFM-point addresses.

3.4. Return CFM points

Somefunction calls areendedby differentreturn instructions on the takenand not-takenpaths of a divergebranch. In this case,the CFM

point is the instruction executedafter the return, whoseaddress is not known at compile time becauseit depends on the callerposition. We

introduceaspecialtypeof CFM point calledreturnCFM to handle thiscase.WhenadivergebranchincludesareturnCFM, theprocessordoes

not look for aparticular CFM point addressto enddpred-mode,but for theexecutionof a returninstruction.

3.5. Exit ing Dynamic Predication Mode

DMP exitsdpred-modewheneither(1) bothpathsof adivergebranchhave reached thecorrespondingCFM point or (2) adivergebranch is

resolved. Theprocessor marks the last instructionfetchedin dpred-mode(i.e. the lastpredicatedinstruction).The last predicated instruction

triggerstheinsertionof select-� opsafterit is renamed.

DMP employs two policiesto exit dpred-mode earlyto increasethebene�t and reduce theoverhead of dynamicpredication:

1. Counter Policy: CFM points arechosen basedon frequentlyexecutedpathsdetermined throughcompile-time pro� ling. At run-time,

theprocessor mightnot reacha CFM point if thebranchpredictor predictsthata differentpathshould beexecuted. For example, in Figure 4c,

theprocessorcould fetchblocksC and F. In that case,theprocessornever reachestheCFM point and hencecontinuing dynamicpredication

is lesslikely to provide bene�t. To stop dynamic predication early (before thedivergebranch is resolved) in such cases,we usea heuristic. If

theprocessor doesnot reachthe CFM pointuntil a certain number of instructions (N) arefetchedon any of thetwo paths,it exits dpred-mode.

N canbea single global threshold or it canbechosenby thecompiler for each divergebranch. We found that a per-branch threshold provides

2.3%higher performancethana global threshold becausethe number of instructions executed to reachthe CFM point variesacross diverge

branches. After exiting dpred-mode early, theprocessor continuesto fetchfrom only thepredicteddirection of thedivergebranch.

2. Yield Policy: DMP fetchesonly two pathsat thesametime. If theprocessor encountersanother low-con� dencediverge branch during

dpred-mode,it hastwo choices: it either treats thebranchas a normal(non-diverge) branchor exits dpred-modefor theearlier diverge branch

and entersdpred-modefor thelaterbranch. Wefound that a low-con� dencedivergebranch seenonthepredictedpathof adpred-mode-causing

diverge branchusually hasa higher probability to be mispredicted than the dpred-mode-causingdiverge branch. Moreover, dynamically

predicating the later control-�o w dependentdivergebranch usuallyhaslessoverhead thanpredicating the earlier divergebranch becausethe

numberof instructionsinsidetheCFG of the later branch is smaller (sincethe laterbranchis usually a nested branchof theprevious diverge

branch). Therefore, our DMP implementationexits dpred-mode for the earlierdiverge branchand entersdpred-mode for the later diverge

branch.

3.6. Select-� op Mechanism

Select-� ops are inserted whenthe processorreaches the CFM point on both paths. Select-� opschoose datavalues that wereproduced

from thetwo pathsof a divergebranchsothat instructionsafter theCFM point receive correct datavaluesfrom select-� ops. Our select-� op
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generationmechanismis similar to Wanget al.'s [44]. However, our schemeis simpler thantheirs becauseit needsto compareonly two RATs

to generatethe select-� ops. A possibleimplementation of our schemeis explainedbelow.

Whenadivergebranch thatcausedentry into dpred-modereachestherenamingstage,theprocessorforks theRAT. The processorusestwo

different RATs, one for eachpathof thediverge branch. We extend theRAT with one extra bit (M -modi�ed-) perentry to indicatethat the

correspondingarchitectural registerhasbeenrenamedin dpred-mode. Upon enteringdpred-mode,all M bitsarecleared. Whenanarchitectural

registeris renamedin dpred-mode, its M bit is set.

When the last predicated instruction reaches the register renaming stage, the select-� op insertion logic compares the two RATs.5

If the M bit is set for an architectural register in either of the two RATs, a select-� op is inserted to choose, according to the pred-

icate register value, betweenthe two physical registers assignedto that architectural register in the two RATs. A select-� op allo-

catesa new physical register (PRn ew ) for the architecturalregister. Conceptually, the operationof a select-� op can be summarized as

PRnew =(pre dicate regist er val ue)?PR T :PR N T , wherePRT ( PRN T ) is the physical register assignedto the architecturalregis-

ter in theRAT of thetaken(not-taken)path.

A select-� op is executedwhen thepredicatevalue andtheselectedsourceoperandare ready. As a performanceoptimization, a select-� op

doesnot wait for a sourceregisterthat will not beselected. Note that the select-� op generationlogic operatesin parallel with work done in

other pipeline stagesandits implementation doesnot increasethepipelinedepthof theprocessor.

3.7. Handling Loop Branches

Loopbranchesaretreated differently from non-loop branches.Onedirectionof aloopbranchis theexit of theloopandtheotherdirectionis

onemore iteration of theloop. When theprocessorentersdpred-modefor a loop branch, only onepath (theloop iterationdirection)isexecuted

and the processorwill fetch the samestatic loop branch again. Enteringdpred-mode for a loop branch always implies the execution of one

moreloop iteration.

The processorentersdpred-modefor a loop if the loop-typedivergebranch is low con� dence.Whentheprocessor fetchesthesamestatic

loop branchagainduringdpred-mode,it exits dpred-mode and inserts select-� ops. If thebranch is predictedto iteratethe loop oncemore,the

processorentersdpred-modeagain with adifferentpredicateregisterid6, regardlessof thecon�denceof thebranchprediction. In otherwords,

oncetheprocessordynamically predicatesone iterationof the loop, it continuesto dynamicallypredicate the iterations until theloop is exited

by thebranchpredictor. Theprocessorstoresthepredicate registerids associatedwith the samestatic loop branchin a smallbuffer and these

arelaterusedwhenthe branchis resolved aswe will describein Section3.8. If thebranch is predictedto exit the loop, theprocessordoesnot

enter dpred-modeagainbut it starts to fetchfrom theexit of the loopafterinserting select-� ops.

3.8. Resolution of DivergeBranches

Whena divergebranch thatcausedentryinto dpred-mode is resolved,the processordoesthefollowing:

1. It broadcasts thepredicateregisterid of thedivergebranch with thecorrectbranchdirection(taken or not-taken). Instructionswith the

samepredicateid andthe samedirection aresaidto bepredicated-TRUE and thosewith thesame predicate id but differentdirection are

saidto bepredicated-FALSE.

2. If theprocessoris still in dpred-modefor thatpredicateregisterid, it simply exits dpred-modeandcontinuesfetchingonly from thecorrect

path asdetermined by theresolvedbranch. If theprocessorhasalreadyexited dpred-mode, it doesnotneedto takeany specialaction.In

eithercase,thepipelineis not � ushed.

5This comparison is actually performed incrementally every time a register is renamed in dpred-mode so that no extra cycles arewasted for select-� op
generation. Wesimplify theexplanation by describing it as if it happensat onceat theend of dpred-mode.

6DMP hasa limitednumber of predicate registers (32 in ourmodel). Note that theseregistersarenotarchitecturally visible.
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3. If a loop-typedivergebranchexits theloop (i.e. resolvedasnot-taken in abackwardloop), theprocessor alsobroadcaststhepredicateid's

thatwereassignedfor later loopiterationsalongwith thecorrectbranchdirectionin consecutivecycles.7 This ensuresthat theselect-� ops

aftereachlaterloop iteration choosethecorrect live-out values.

DMP � ushesits pipeline for any mispredicted branch that did not cause entry into dpred-mode, such asa mispredicted branch that was

fetched in dpred-modeand turnedout to bepredicated-TRUE.

3.9. Instruction Execution and Retirement

Dynamically predicatedinstructionsareexecuted just like otherinstructions(except for store-loadforwarding described in Section 3.10).

Since theseinstructionsdepend on thepredicate valueonly for retirementpurposes, they canbeexecutedbefore the predicatevalue (i.e. the

diverge branch) is resolved. If the predicatevalueis known to be FALSE, theprocessordoesnot needto executethe instructions or allocate

resourcesfor them. Nonetheless,all predicatedinstructions consumeretirement bandwidth. Whena predicated-FALSE instruction is ready to

be retired, theprocessor simply freesthephysicalregister(along with otherresources)allocatedfor that instructionand doesnot updatethe

architectural statewith its results.8 Thepredicate register associatedwith dpred-mode is released whenthe lastpredicatedinstruction is retired.

3.10. Load and Store Instr uctions

Dynamically predicatedload instructionsareexecutedlike normal load instructions. Dynamicallypredicatedstoreinstructionsaresent to

thestorebuffer with their predicateregisterid. However, a predicatedstoreinstructionis not sent further down the memorysystem(i.e. into

thecaches)until it is known to bepredicated-TRUE. Theprocessor dropsall predicated-FALSE store requests.Thus,DMP requiresthestore

buffer logic to check the predicate registervalue beforesendinga storerequestto thememorysystem.

DMP requiressupport in the store-loadforwarding logic. The forwarding logic should check not only the addressesbut also thepredicate

register ids. The logic canforward from: (1) a non-predicatedstoreto any later load, (2) a predicatedstore whosepredicateregistervalue

is known to beTRUE to any laterload,or (3) a predicatedstore whosepredicateregisteris not ready to a later loadwith thesamepredicate

registerid (i.e. on thesamedynamically predicatedpath).If forwarding isnot possible, theloadwaits.Note that thismechanism and structures

to support it arethesameasthestore-loadforwardingmechanismin dynamic-hammock-predication [22]. An out-of-orderexecution processor

thatimplements software predicationor wish branchesalsorequiresthe samesupport in thestore buffer and store-loadforwardinglogic.

3.11. Interrupts and Exceptions

DMP doesnot require any special support for handling interruptsor exceptions.Whenthe pipelineis �ushedbeforeservicingtheinterrupt

or exception, any speculative state,includingDMP-speci�c stateis also� ushed.Thereis no needto save andrestorepredicateregisters,unlike

softwarepredication. The processor restarts in normal mode right after the last architecturalretired instructionafter coming back from the

interrupt/exceptionservice. Exceptionsgeneratedby predicated-FALSE instructionsaresimplydropped.

3.12. HardwareComplexity Analysis

DMP increaseshardwarecomplexity comparedto current processorsbut it is an energy ef� cient designas we will show in Section 5.5.

Someof the hardware required for DMP is already present in current processors. For example,select-� opsaresimilar to CMOV operations

and complex � op generationand insertionschemesare already implementedin x86 processors.Table 2 summarizestheadditional hardware

7Notethat only onepredicate id needsto bebroadcast per cyclebecauseselect-� opsfrom a later iteration cannot anyway beexecutedbefore theselect-� ops
from thepreviousiteration areexecuted (sinceselect-� opsof thelater iterationaredependent on theselect-� opsof thepreviousiteration).

8In a current out-of-order processor, when an instruction is ready to be retired, theprocessorfreesthephysical register allocatedby the previous instruction
that wrote to thesame architectural register. This is exactly how physical registers are freedin DMP for non-predicated andpredicated-TRUE instructions. The
only differenceis thatapredicated-FALSE instruction freesthephysical register allocatedby itself (sincethat physical register will not bepartof thearchitectural
state) ratherthanthephysical registerallocated by theprevious instruction that wrote to thesamearchitectural register.
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support requiredfor DMPandtheotherprocessingmodels.DMPrequiresslightly morehardwaresupport thandynamic-hammock-predication

and dual-path but much lessthanmultipath.

Table 2. Hardware suppor t required for di fferent branch processing paradigms. (m+1) is themaximum numberof outstandingpathsin multipath.
Hardware DMP Dynamic-hammock Dual-path/Multipath Softwarepredication Wishbranches

CFM registers,+1 PC fetch bothpaths +1/mPC selectionbetweenFetchsupport
round-robin fetch in simple hammock round-robin fetch

-
branch/predicatedcode

Hardware-generated
predicate/path IDs

required required required(path IDs) - -

Branchpred.support +1 GHR, +1 RAS - +1/mGHR,+1/mRAS - -
BTB support markdivergebr./CFM markhammock br. - - mark wishbranches
Con�denceestimator required optional (performance) required - required
Decodesupport CFM point info - - predicatedinstructions predicatedinstructions
Renamesupport +1 RAT +1 RAT +1/mRAT -
Predicate registers required required - required required
Select-� opgeneration required required - optional (performance) optional (performance)
LD-ST forwarding check predicate check predicate check path IDs check predicate checkpredicate

check � ush/no �ushBranchresolution
predicate id broadcast

check � ush/no�ush check �ush/no �u sh - check�ush/no �ush

Retirement check predicate check predicate selective �ush check predicate checkpredicate

3.13. ISA Support for DivergeBranches

We present an example of how the compiler can transferdiverge branchand CFM point information to the hardware through simple

modi� cations in the ISA. Diverge branchesare distinguishedwith two bits in the ISA's branch instructionformat. The �rst bit indicates

whether or not the branchis a diverge branchandthe second bit indicateswhether or not a branchis of loop-type. If a branchis a diverge

branch, thefollowing N bits in the program codeareinterpreted asthe encoding for theassociatedCFM points. A CFM point addresscanbe

encoded asa relative addressfrom thediverge branchaddressor asanabsolute addresswithout themost signi�cant bits. SinceCFM points

arelocatedcloseto a divergebranchwe found that10bits areenough to encodeeachCFM point selectedby our compiler algorithm. The ISA

could dedicatea � xednumber of bytesto encode CFM pointsor the number of bytes canvary depending on thenumber of CFM points for

each diverge branch. We allow maximum3 CFM points perdivergebranch. To support early exit (Section3.5),thecompiler alsousesL extra

bits to encodethemaximum distancebetween a branchand its CFM point (L is a scaled4-bit value in our implementation).

4. Methodology
4.1. Simulation Methodology

We useanexecution-drivensimulatorof a processorthat implementstheAlphaISA. An aggressive, 64KB branchpredictor is usedin the

baseline processor. Theparametersof thebaselineprocessor are shown in Table3.

Table 3. Baseline processo r con� gur ation
FrontEnd 64KB, 2-way, 2-cycle I-cache; fetchesup to 3 conditionalbranchesbut fetch endsat the�rst predicted-takenbranch; 8 RAT ports

64KB (64-bit history, 1021-entry) perceptron branch predictor [20]; 4K-entry BTBBranch Predictors
64-entry return addressstack; minimum branchmispredictionpenalty is 30cycles
8-widefetch/issue/execute/retire; 512-entry reorderbuffer; 128-entry load-storequeue; 512physical registersExecutionCore
schedulingwindow is partitionedinto8 sub-windowsof 64entrieseach;4-cycle pipelinedwake-upandselection logic

On-chip Caches L1 D-cache: 64KB, 4-way, 2-cycle, 2 ld/st ports; L2 cache:1MB, 8-way, 8 banks,10-cycle, 1 port; LRU replacement and64B linesize
BusesandMemory 300-cycleminimummemorylatency;32banks;32B-widecore-to-memory busat 4:1 frequencyratio; buslatency: 40-cycle round-trip
Prefetcher Streamprefetcherwith 32streamsand16cache lineprefetchdistance(lookahead)[42]

DMP Support 2KB (12-bit history, threshold 14) enhanced JRScon�denceestimator [19, 17]; 32predicate registers; 3 CFM registers (alsoseeTable2)

We also model a lessaggressive (base2)processorto evaluate the DMP conceptin a con�guration similar to today's processors. Table 4

shows the parametersof thelessaggressive processorthataredifferentfrom thebaselineprocessor.

The experiments are run using the 12 SPEC CPU 2000 integer benchmarks and 5 SPEC 95 integer benchmarks.9 Table 5 shows the

9Gcc,vortex,andperl in SPEC 95arenot includedbecauselater versionsof thesebenchmarksareincludedin SPECCPU2000.
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Table 4. Less aggressi ve basel ine processo r (base2) con� gurati on
FrontEnd Fetchesup to 2 conditional branchesbut fetchendsat the�r st predicted-taken branch;4 RAT ports

16KB (31-bit history, 511-entry) perceptronbranch predictor [20]; 1K-entry BTBBranch Predictors
32-entry return addressstack; minimum branchmispredictionpenalty is 20cycles

ExecutionCore 4-widefetch/issue/execute/retire; 128-entry reorderbuffer; 64-entry scheduling window; 48-entry load-storequeue
128physical registers; 3-cyclepipelined wake-up andselection logic

BusesandMemory 200-cycleminimummemorylatency;buslatency:20-cycle round-trip

characteristics of thebenchmarkson thebaselineprocessor. Al l binariesarecompiled for theAlpha ISA with the-fastoptimizations.Weusea

binary instrumentation tool thatmarksdivergebranchesandtheir respectiveCFM pointsafterpro�li ng. Thebenchmarksare run to completion

with a reducedinput set[25] to reducesimulationtime. In all theIPC (retiredInstructionsPer Cycle)performanceresults shown in therest of

thepaper for DMP, instructionswhosepredicatevaluesareFALSE and select-� ops inserted to support dynamicpredicationdo not contribute

to theinstructioncount.

Table 5. Characteri stics of the benchmarks : baseline IPC, potential IPC improvementwith perfect branch prediction (PBP IPC � ), total number of

retiredinstructions(Insts),numberof static divergebranches(DivergeBr.), numberof all static branches(Al l br.), increase in codesizewith divergebranch and

CFM information (Codesize � ), base2 processor IPC (IPCbase2), potential IPC improvement with perfect branchprediction on thebase2 processor (PBPIPC

� base2). perl, comp,m88are theabbreviationsfor perlbmk, compress,and m88ksimrespectively.
gzip vpr gcc mcf crafty parser eon perl gap vortex bzip2 twolf comp go ijpeg li m88

BaseIPC 2.02 1.50 1.25 0.45 2.54 1.50 3.26 2.27 2.88 3.37 1.48 2.18 2.18 0.97 2.73 2.15 3.27
PBPIPC � 90% 229% 96% 113% 60% 137% 21% 15% 15% 16% 94% 112% 139% 227% 93% 60% 24%
Insts (M) 249 76 83 111 190 255 129 99 404 284 316 101 150 137 346 248 145

Divergebr. 84 434 1245 62 192 37 116 92 79 250 74 235 16 117 48 18 158
Al l br. (K) 1.6 4.2 29.5 1.4 5.1 3.7 4.9 9.4 4.6 13 1.4 4.7 0.6 7.7 2 1.2 1.7

Codesize � (%) 0.12 0.35 0.23 0.1 0.13 0.03 0.01 0.03 0.03 0.09 0.11 0.16 0.02 0.08 0.04 0.02 0.13

IPCbase2 1.77 1.39 0.98 0.52 1.76 1.36 2.05 1.36 2.03 1.73 1.39 1.71 1.79 0.86 2.05 1.69 2.10
PBPIPC � base2 39% 84% 46% 58% 27% 65% 9% 7% 9% 8% 46% 46% 50% 101% 37% 34% 12%

4.2. Modeling of Other Branch Processing Paradigms

4.2.1. Dynamic-Hammock-Predication Klauseret al. [22] discussedseveraldesign con�gurations for dynamic-hammock-predication.

We chosethe following designcon�gurations that provide the bestperformance: (1) Simple hammock branchesaremarked by the compiler

throughpro� ling, (2) A con�denceestimatoris used to decidewhen to predicatea simplehammock.

4.2.2. Dual-path Severaldesignchoicesfor dual-pathprocessorswere proposed [18, 15, 24, 1]. Thedual-pathprocessorwemodel fetches

instructions from two pathsof a low con� dence branchusinga round-robin scheme. To give priority to thepredictedpath (since the branch

predictor is morelikely to predicta correctdirection), the processor fetchestwice asmanyinstructions from the predicted path asfrom the

other path [1]. This is accomplishedby fetching from the other path every third cycle. The con� guration of the con� denceestimatoris

optimized to maximizethebene�t of dual-path(13-bit history, threshold4). Mostof thepreviousevaluationsof dual-path processorsincreased

the fetch/rename/executionbandwidth to support two paths. However, in our model, the baseline, dynamic-hammock-predication,dual-path,

multipath,andDMPhave thesameamount of fetch/rename/execution bandwidth in order to provide fair comparisons.

4.2.3. Mul tipath Themodeledmultipathprocessor startsfetching from both pathseverytimeit encounters a low-con� dencebranch,simi-

larly to PolyPath[24]. Themaximumnumberof outstanding paths is 8, which we found to perform best among 4, 6, 8, 16,or 32 outstanding

paths. Theprocessor fetchesinstructionsfrom each outstanding path usinga round-robin scheme.

4.2.4. Lim ited Software Predication SincetheAlpha ISA doesnot support full predication, we model limited softwarepredication10

with the following modi� cations in theDMP mechanism: (1) a diverge branch is always (i.e. statically) converted into predicatedcode and

eliminatedfrom theprogram,(2) only simpleand nested hammocksareconverted into predicatecode, (3) all basicblocks(instructions)between

10wecall it limited softwarepredication, becauseoursoftwarepredication doesnot modelcompiler's optimizationeffect on if-conversion
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a divergebranch andtheCFM point of the brancharefetched/predicated, (4) thereis no branch mispredictionbetween the diverge branchand

theCFM point since all blocksarepredicated, (5) a select-uop mechanism[44] (similarly to DMP) is employedsothat predicatedinstructions

canbe executed beforethepredicatevalueis ready.

4.2.5. WishBranches We model wish branchessimilarly to limited softwarepredicationexceptthat: (1) the processordecideswhetheror

not to predicate based on thecon�denceof branchprediction(sameasin DMP), (2) the processorcanpredicatenot only simpleand nested

hammocksbut alsoloop branches,(3) a wish branchis noteliminatedfrom theprogram.

4.3. Power Model

We incorporatedthe Wattch infrastructure[5] into our cycle-accuratesimulator. The power model is basedon 100nm technology. The

frequency weassumeis 4GHzfor thebaselineprocessor and1.5GHzfor the lessaggressiveprocessor. WeusetheaggressiveCC3clock-gating

model in Wattch: unusedunits dissipateonly 10% of their maximum power whenthey arenot accessed[5]. Al l additional structuresand

instructions required by DMParefaithfully accountedfor in thepower model: thecon� denceestimator, onemoreRAT/RAS/GHR,select-� op

generation/execution logic, additional microcode �elds to support select-� ops,additional �elds in the BTB to mark diverge branchesand to

cacheCFM points,predicateand CFM registers, andmodi�cationsto handleload-storeforwarding andinstructionretirement. Forkingof tables

and insertion of select-� opsare modeledby increasingthe dynamicaccesscountersfor every relevantstructure.

4.4. Compiler Support for DivergeBranchand CFM Point Selection

Diverge branch andCFM point candidatesare determined based on a combination of CFG analysis and pro� ling. Simple hammocks,

nested hammocks, and loops are found by the compiler usingCFG analysis. To determine frequently-hammocks, the compiler �nd s CFM

point candidates(i.e. post-dominators)considering theportionsof a program's control-�o w graphthat areexecuted during thepro�li ng run. A

branchin asuitableCFG ismarkedasapossibledivergebranch if it is responsiblefor at least0.1% of thetotal numberof mispredictionsduring

pro� ling. A CFM point candidateis selectedasaCFM point if it is reached from a divergebranch for at least30% of thedynamicinstancesof

thebranchduringthepro� ling run and if it is within 120 static instructionsfrom thedivergebranch. The thresholdsused in compilerheuristics

aredeterminedexperimentally. We usedthetrain input setsto collectpro�l ing information.

5. Results
5.1. Performanceof the Diverge-MergeProcessor

Figure 6 shows theperformance improvement of dynamic-hammock-predication,dual-path,multipath,and DMP over the baselineproces-

sor. TheaverageIPCimprovement over all benchmarks is 3.5% for dynamic-hammock-predication,4.8%for dual-path,8.8%for multipath,11

and 19.3% for DMP. DMP improvesthe IPC by morethan 20% on vpr (58%), mcf (47%), parser(26%), twolf (31%), compress (23%), and

ijpeg (25%). A signi�cant portion(more than60%) of branch mispredictions in thesebenchmarksis due to branchesthat can be dynamically

predicatedby DMP as was shown in Figure 5. Mcf shows additional performance bene�t dueto theprefetching effect causedby predicated-

FALSE instructions. In bzip2, eventhough 87% of mispredictionsaredueto frequently-hammocks, DMP improvesIPC by only 12.2% over

the baseline. Most frequently-hammocks in bzip2 have morethanone CFM point andthe run-time heuristic used by DMP to decide which

CFM point to usefor dynamicpredication (Section3.3) doesnot work well for bzip2.

Dynamic-hammock-predication providesover 10%performance improvement on vpr andtwolf becausea relatively largeportion of mis-

predictions is due to simplehammocks. The performancebene� t of dual-pathis higherthanthat of dynamic-hammock-predication but much

11Klauseret al. [22] reportedaverage5% performance improvementfor dynamic-hammock-predication, Farrenset al. [15] reported average7%performance
improvement for dual-path (with extra execution resources to support dual-path), and KlauserandGrunwald [23] reported average 9.3%performance improve-
mentfor PolyPath (multipath) with a round-robin fetch scheme. The differences betweentheir and our results are due to different branch predictors,machine
con�gurations,andbenchmarks. Ourbaselinebranch predictor is much moreaccurate than those in previouswork.
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lessthan that of DMP, even thoughdual-pathis applicable to any kind of CFG.This is due to two reasons. First, dual-pathfetches a larger

numberof instructionsfrom thewrong path comparedto dynamic-hammock-predicationand DMP, aswasshown in Table1. Figure 7 shows

theaveragenumberof fetchedwrong-pathinstructionspereachentryinto dynamic-predication/dual-pathmodein thedifferent processors.On

average,dual-pathfetches134 wrong-pathinstructions,whichis muchhigher than4 for dynamic-hammock-predication, and 20 for DMP(note

that this overheadis incurredeven if the low-con�dence branch turnsout to be correctlypredicted). Second, dual-path is applicableto one

low-con�dence branch at a time. While a dual-pathprocessor is fetching from two paths, it cannot perform dual-pathexecution for another

low-con�dence branch. However, DMP can diverge againif another low con� dencediverge branch is encounteredafter the processorhas

reachedthe CFM point of a previousdiverge branchandexited dpred-mode. For this reason, we found that dual-path cannot reduceasmany

pipeline � ushesdueto branch mispredictionsas DMP. As Figure8 shows, dual-path reducespipeline �ushesby 18%whereas DMP reduces

themby 38%.

Multipathperformsbetter thanor similarly to DMP on gzip,gcc,andgo. In thesebenchmarksmore than 40%of branch mispredictionsare

dueto non-mergingcontrol�o w thatcannot bepredicatedby DMP but canbeeliminatedby multipath.Multipath alsoperformsbetterthandual-

path execution on average becauseit is applicable to multiple outstanding low-con� dencebranches.On average,multipath reducespipeline

�ushesby 40%,similarly to DMP. However, becausemultipathhasveryhigh overhead(200wrong-pathinstructionsperlow-con� dencebranch,

asshown in Figure7), its average performanceimprovementis much lessthanthatof DMP.
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Figur e 8. % reducti on in pipeline �u shes

5.2. Comparisonswith SoftwarePredication and Wish Branches

Figure 9 shows the execution time reduction over the baselinefor limited softwarepredication12 andwish branches. Since the number

of executed instructions is different in limited software predication and wish branches,we usethe executiontime metric for performance

comparisons. Overall, limi ted softwarepredicationreducesexecution time by 3.8%,wish branchesby 6.4%,and DMP by 13.0%. In most

benchmarks, wish branchesperform better than predication becausethey can selectively enable predicatedexecution at run-time, thereby

reducing the overheadof predication. Wish branchesperformsigni�cantly better than limited software predicationon vpr, parser, and ijpeg

becausethey canbeapplied to loopbranches.
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Figur e 9. DMP vs. limited software predicati on and wish branches

Therearesomedifferences between previous results[21] and our results in the bene� t of softwarepredicationand wish branches. The

differencesaredue to thefollowing: (1) ourbaselineprocessoralready employsCMOVs whichprovide theperformancebene� t of predication

for verysmallbasicblocks,(2) ISA differences(Alphavs. IA-64), (3) in our model of softwarepredication, thereis nobene� t dueto compiler

optimizations that canbe enabled with larger basicblocks in predicatedcode, (4) since wish branchesdynamically reducethe overheadof

softwarepredication, they allow largercodeblocks to be predicated,but we could not model this effect becauseAlphaISA/compiler doesnot

support predication.

Eventhough wish branchesperformbetterthanlimitedsoftwarepredication,thereis a largeperformancedifferencebetweenwish branches

and DMP. Themain reason is thatDMP canpredicate frequently-hammocks, themajority of mispredicted branchesin many benchmarks as

shown in Figure 5. Only parser doesnot have many frequently-hammocks, sowish branchesandDMP performsimilarly for this benchmark.

12Wecall oursoftwarepredicationmodel “ limited softwarepredication” becausewedonot model compileroptimization effectsenabled via if-conversion.

15



Figure10 shows the performanceimprovementof DMP over the baselineif DMP is allowed to dynamically predicate:(1) only simple ham-

mocks, (2) simple andnested hammocks, (3) simple, nested,frequently-hammocks, and(4) simple, nested,frequently-hammocks and loops.

Thereis a largeperformanceprovidedby thepredication of frequently-hammocksasthey arethesingle largestcauseof branchmispredictions.

Hence,DMP provides largeperformanceimprovementsby enabling thepredication of awiderrangeof CFGsthan limitedsoftwarepredication

and wishbranches.
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Figure 10. DMP performance when different CFG typ es are dynamical ly predicated

5.3. Analysis of thePerformance Impact of EnhancedDMP Mechanisms

Figure 11 shows the performance improvementprovided by the enhancedmechanismsin DMP. Single-cfmsupportsonly a single CFM

point for eachdiverge branchwithout any enhancements. Single-cfm by itself provides11.4% IPCimprovement over thebaseline processor.

Multiple-cfmsupports more thanoneCFM point for each diverge branch asdescribed in Section3.3. Multiple-cfm increasestheperformance

bene�t of DMP for most benchmarks because it increasestheprobability of reaching a CFM point in dpred-modeand, hence, the likelihood

of successof dynamic predication. Mcfm-counter supports multiple CFM points andalsoadoptsthe Counter Policy (Section3.5). Counter

Policy improvesperformancesigni� cantly in twolf, compress,and go; threebenchmarksthathaveahighfraction of largefrequently-hammock

CFGs where the branch predictorsometimesdeviatesfrom the frequently executed paths. Mcfm-counter-yield alsoadopts the Yield Policy

(Section 3.5) to exit dpred-mode early, increasingthe performance bene�t of DMP to 19.3%. Yield Policy is bene�cial for vpr, mcf, twolf,

compress,andgo benchmarks.In thesebenchmarks,manydivergebranchesarecontrol-� ow dependent(i.e. nested)on otherdivergebranches,

and control-�ow dependentdivergebranchesaremore likely to be mispredicted.
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Figur e 11. Performan ce impact of enhanced DMP mechanisms
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5.4. Sensitivit y to MicroarchitectureParameters
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Figur e 12. Performan ce comparison of DMP versus other paradigms on the less aggressi ve processor

5.4.1. Evaluation on the Less Aggressive ProcessorFigure 12 (left) shows the performance bene�t for dynamic-hammock-

predication, dual-path,multipath,andDMP on thelessaggressive baselineprocessor andFigure12 (right) shows the execution time reduction

over thelessaggressivebaselinefor limitedsoftwarepredication, wishbranches,and DMP. Sincethe lessaggressiveprocessorincursasmaller

penalty for a branchmisprediction, improvedbranch handling haslessperformancepotential than in thebaselineprocessor. However, DMP

still provides7.8% IPC improvementby reducing pipeline � ushesby 30%, whereasdynamic-hammock-predication, dual-path andmultipath

improveIPC by 1.6%,1.5%, and 1.3%respectively. Limi tedsoftwarepredicationreducesexecution timeby 1.0%, wishbranchesby 2.9%, and

DMP by 5.7%.

5.4.2. Effect of a Dif ferent Branch Predictor We alsoevaluateDMP with a recently developed branch predictor, O-GEHL [36]. The

O-GEHL predictorrequiresa complex hashingmechanismto index thebranchpredictor tables,but it effectively increasestheglobal branch

history length. As Figure 13 shows, replacingthe baselineprocessor's perceptronpredictor with a morecomplex, 64KB O-GEHL branch

predictor (OGEHL-base)provides 13.8%performanceimprovement, which is smallerthan the 19.3%performance improvement providedby

implementing diverge-merge processing(perceptron-DMP). Furthermore,using DMP with an O-GEHL predictor (OGEHL-DMP) improves

theaverageIPC by 13.3%over OGEHL-baseand by 29% over our baseline processor. Hence,DMP still provideslarge performancebene� ts

whenthe baselineprocessor's branchpredictor is morecomplex andmoreaccurate.
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Figu re 13. DMP performance with differen t branc h predictor s

5.4.3. Effect of Con�dence Estimator Size Figure 14 shows the performanceof dynamic-hammock-predication, dual-path,multipath

and DMP with 512B,2KB, 4KB, and 16KB con�denceestimatorsand a perfect con�denceestimator. Our baselineemploys a 2KB enhanced
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JRScon� denceestimator[19], which has14%PVN (' accuracy) and70% SPEC (' coverage) [17].13 Evenwith a 512-byteestimator, DMP

still provides18.4% performanceimprovement.Thebene�t of dual-path/multipathincreasessigni�cantly with aperfectestimator becausedual-

path/multipathhasveryhighoverhead asshown in Figure7, andaperfectcon� denceestimatoreliminatesthe incurrenceof this largeoverhead

for correctly-predictedbranches.However, evenwith aperfectestimator, dual-path/multipathhaslesspotential thanDMP because(1) dual-path

is applicable to onelow-con� dencebranchat a time (asexplainedpreviously in Section 5.1), (2) theoverheadof dual-path/multipathis still

much higher than thatof DMP for a low-con� dencebranchbecause dual-path/multipathexecutesthe sameinstructions twice/multiple times

afteracontrol-independentpoint in theprogram.
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Figu re 14. Effect of con�d ence estim ator size on performance

5.5. Power Analysis

Figure15 (left) shows theaverage increase/reduction dueto DMP in thenumberof fetched/executed instructions,maximumpower, energy,

and energy-delayproductcomparedto thebaseline.EventhoughDMP hasto fetchinstructionsfrom bothpathsof everydynamically predicated

branch,thetotalnumberof fetchedinstructionsdecreasesby 23% becauseDMP reducespipeline�ushesandthuseliminatesthe fetchof many

wrong-pathinstructions. DMP executes1% more instructions than the baseline due to the overheadof select-� ops and predicated-FALSE

instructions.
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Figure 15. Power consu mption comp arison of DMP wi th the basel ine process or (left) and less aggressi ve baseline processo r (righ t)

Dueto theextra hardwarerequired to support DMP, maximumpower consumption increasesby 1.4%. However, becauseof the reduction

in fetched instructions, energy consumption is reduced by 9.0%. Moreover, energy-delayproduct decreasesby 22.3% becauseof both the

performanceimprovementandenergy reduction. Hence,although DMPincreaseshardwarecomplexity, it actually increasesenergy-ef� ciency

13Thesenumbers areactually lower than what waspreviouslypublished [17] becauseourbaseline branchpredictor uses adifferent algorithm andhasamuch
higher prediction accuracy than that of [17].
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by reducingpipeline� ushesdueto branchmispredictions.DMP isanenergy-ef�cient designevenin thelessaggressiveprocessorcon�guration

asFigure15 (right) shows.

Table 6. Power and energy comparison of different bran ch processing paradigms
Baseline processor Lessaggressive baseline processor

DMP dyn-ham. dual-path multipath SW-pred wish br. DMP dyn-ham. dual-path multipath SW-pred wish br.

Max power � 1.4% 1.1% 1.2% 6.5% 0.1% 0.4% 0.9% 0.8% 0.8% 4.3% 0.1% 0.4%
Energy � -9.0% -0.7% -2.2% 4.7% -1.5% -2.9% -5.6% -0.8% 1.1% 3.7% -0.1% -1.5%

Energy � Delay� -22.3% -0.9% -7.0% -4.3% -1.8% -6.1% -9.7% -0.5% 0.5% 2.2% 1.2% -2.1%

Table 6 providesa power/energy comparison of the branch processingparadigms. DMP reducesenergy consumptionandenergy-delay

product much more than other approacheswhile it increasesthe maximum power requirementsslightly more than the most relevant hard-

waretechniques (dynamic-hammock-predication anddual-path). Note thatmultipathsigni�cantly increasesbothmaximum power and energy

consumption dueto theextra hardwareto supportmany outstanding paths.

6. Related Work
6.1. Related Work on Predication

Softwarepredication hasbeenstudiedintensively to reducethebranchmisprediction penalty[27, 32, 43, 6] and to increaseinstruction-level

parallelism [2]. However, in a real IA-64 implementation,predicatedexecution was found to provide a small (2%) performance improve-

ment [9]. This small performancegain is due to the overheadand limitations of compile-time predication(describedin Section1), which

sometimes offset the bene�t of reducing the pipeline � ushesdue to branchmispredictions. Kim et al. [21] proposedwish branches to re-

ducethe overheadof softwarepredicationby combiningconditional branchingandpredication.DMP canpredicatea largersetof CFGsthan

wish branchesand it overcomesthemajordisadvantage of wish-branches:the requirementfor a predicatedISA. Klauseret al. [22] proposed

dynamic-hammock-predication for predicating only simple hammocks without support for predicated instructions in the ISA. DMP builds

on dynamic-hammock-predication, but canpredicatea much larger set of CFGs. Hence,as we showed in Section5, DMP providesbetter

performanceand betterenergy ef�ciency.

Hyperblock formation [28] predicates frequently executedbasicblocksbasedon pro�l ing data,andit canpredicatemorecomplex CFGs

thannestedhammocksby tail duplication and loop peeling. Thebene�ts of hyperblocks arethat they increasethe compiler's scope for code

optimization andinstruction scheduling (by enlarging basicblocks) in VLI W processorsand they reducebranch mispredictions [27]. Unlike

DMP, hyperblocksstill requirea predicatedISA, incur theoverheadof software predication, arenot adaptive to run-timechangesin frequently

executedcontrol �o w paths,and increasethecodesize[37].

6.2. Related Work on Dual-/Multi-path Execution

Heil and Smith [18] and Farrenset al. [15] proposedselective/limiteddualpathexecution mechanisms. As we showedin Section5, dual-

path executiondoesnot provide a performanceimprovementassigni� cantasthat of DMP becausedual-pathexecution alwayswasteshalf of

thefetch/executionresourceseven after a control-independentpoint in the program.

Selective eager execution(PolyPath) wasproposedby Klauseret al. [24] asan implementationof multipathexecution [33]. Multipath

execution requires more hardware cost andcomplexity (e.g. multiple RATs/PCs/GHRs/RASs, logic to generate/managepath IDs/tags for

multiple paths,logic to selectively � ushthe wrong paths,andmore complex store-loadforwardinglogic thatcansupport multiple outstanding

paths)thanDMPto keepmultiple pathsin theinstruction window. As wehaveshown in Section5.5,multipathexecutionsigni� cantly increases

maximumpowerand energy consumptionwithout providing as largeperformanceimprovementsasthatof DMP.
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6.3. Related Work on Contr ol Flow Independence

Several hardwaremechanismswereproposed to exploit control � ow independence[34, 35, 11, 8, 16]. These techniquesaim to avoid

�ushing the processor pipeline if the processor is known to be at a control-independent point in the programwhena mispredictedbranchis

resolved. In contrastto DMP, they requirecomplex hardware to remove the control-dependentwrong-path instructions from the processor

and to insertthecontrol-dependent correct-path instructions into thepipelineafter a branchmisprediction. Hardware is alsorequired to form

correct datadependenciesfor theinserted correctpathinstructions. Furthermore, control-independent instructionsthat aredata-dependenton

theinsertedor removedinstructionshaveto bere-scheduledand re-executedwith thecorrectdatadependenciesand aftertheprocessor� nishes

fetchingandrenamingthenew insertedinstructions. The logic requiredfor ensuringcorrectdatadependenciesfor both control-dependent and

control-independent instructionsis complicatedasRotenberg etal. pointedout [34].

Coll ins et al. [12] introduceddynamicreconvergenceprediction, a hardware-basedtechniqueto identify control reconvergencepoints (i.e.

our CFM points)without compiler support. This technique canbecombinedwith DMP (sothat CFM points are discoveredat run-timerather

thancompile-time)andany of themechanismsthatexploit control-� ow independence.

7. Conclusion and FutureWork

This paperproposedthe diverge-merge processor (DMP) asan ef�cient architecturefor compiler-assisteddynamicpredicatedexecution.

DMP dynamicallypredicateshard-to-predict instancesof statically-selected diverge branches. Themajor contributionsof the diverge-merge

processingconcept are:

1. DMP enables thedynamicpredication of branchesthat result in complex control-�o w graphsratherthanlimi ting dynamic predicationto

simplehammock branches. The key insight is thatmost control-� ow graphs look andbehave like simplehammock (if-else)structures

when only frequently executedpaths in thegraphsareconsidered. Therefore,DMP caneliminatebranch mispredictionsdueto a much

largersetof branchesthanpreviouspredication techniquessuch assoftwarepredication anddynamic hammock predication.

2. DMP concurrentlyovercomesthethreemajor limitationsof softwarepredication (describedin Section1).

3. DMP eliminatesbranch misprediction �ushes much more ef�ciently (i.e. with less instructionexecutionoverhead) than alternative

approaches,especiallydual-pathandmultipathexecution (asshown in Table1 andFigure 7).

Our resultsshow that DMP outperforms an aggressive baselineprocessor with a very large branchpredictor by 19.3%while consuming

9.0% lessenergy. Furthermore, DMP provideshigher performance andbetterenergy-ef� ciency than dynamichammock predication, dual-

path/multipathexecution, softwarepredication, andwish branches.

The proposed DMP mechanism still requiressomeISA support. A cost-ef� cient hardware mechanism to detectdiverge branches and

CFM points at run-timewould eliminate the needto change the ISA. Developingsuchmechanismsis part of our future work. The results

presentedin this paperarebasedon our initial implementationof DMP using relatively simple compiler andhardwareheuristics/algorithms.

The performanceimprovement providedby DMP can be increasedfurther by future researchaimedat improving thesetechniques. On the

compiler side,betterheuristics andpro� ling techniquescan be developed to select divergebranchesand CFM points. On thehardwareside,

better con� denceestimatorsareworthyof research sincethey critically affect theperformance bene� t of dynamicpredication.
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