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Abstract

Evenafter decadksof reseach in branch prediction, branch predictas still reman imperfectwhich resultsin sign ¢ ant
performarcelossin aggressiveprocessas that sugport large instruction windowsand deeppipelines.

This paper proposesa new processa architectue for handing hard-to-predict branches, the diverge-mermge processr.
The goal of this paradigm is to eliminae branch mispiedctions due to hard-to-predict dyramic branches by dynamically
predicaing them. To achieve this without incurring large hardware cost and complexity, the compiler identi es branches
that are suitable for dyramic predicaion calleddivergebranches The compler alsoselectsa control- ow meige (or recan-
vergene) point correspanding to each diverge branch to aid dynamic predcation. If a diverge branch is hard-to-predictat
run-time the microarchitecture dynamically predcates the instructions between the diverge branch and the correspmding
merge paint by r st executing one path after the branch, then execuing the other path, and later meging the data-ow
produced by the two paths using speéal seled-uop instructions. The control- ow merge point is selectedbasedon the
frequertly-executedpatts in the programusingpro le information Therefore, the control- ow from a diverge branch does
not have to memge (but it usually does),which allows the dynamic predicaion of a mud larger set of branchesthan simple
hammak (if-else) branches.

Our evaluations show that a diverge-meige processr outperformsa baselinewith an aggressve branch predctor by
10.8% on aveaage over 15 SPEC CPU2000 berchmarks, through an average reduction of 31% in pipeline ushes due
to branch mispredictions. Furthermoe, the proposedmedanism outperformsa previously-proposed dynamic predication
mechanismthat can predcate only simple hammak branches by 7.8%.

1. Intr oduction

State-d-the-at high pefformarce processrs enploy deeppipelinesto extractinstrudion level pamllelism (ILP) andto
support high clock frequerties. In the nearfuture, proces®rs are expectedto support a large number of in- ight instruc-
tions[25, 32, 7, 4, 10] to extractboth ILP andmemay-level pardlelism (MLP). The performarceimprovement provided by
both pipelining andlargeinstruction windows criti cally depends on the accuracy of the processadss branch predicta [31, 25,
32]. Brarch predctorsstill remainimpeifect, eventhough intersive ressarchin branchprediction hasbeencarried out for
decadks.Hard-to-predct brances not only limit processoperformarce but alsoresultin wastedpower consumption.

When a branch mispredction is detected a current processorushesall of the instructions following the brarnch in the
pipeline and begins fetching from the corect program path. If the corred and the wrong pahs merge, instructions on the
control-indeperdert sectim of both pathswill befetched decoded arnd reramedagain afterthe processr recosersfrom the
branch mispredidion. Figure 1 shavs the percernageof control-indeperdert ard cortrol-deperdert wrong-pathinstructions
out of all instrudionsfetchedby the proces®r for thetwelve SPECCPU2®O0 integer benchmaiks andthree SPEC CPU2000

o0 ating-point benchmarks.! On average 52% of all instructions fetched by the evaluate processolare on the wrong path,

1This data is measurel for an 8-wide, 30-sagepipeline, 512-ertry-windaov processor with a 300-cyck memory latency. The detail ed machine con gu-
raton is provided in Sedion 3.



evenwith a 3.3% conditiona branch misprediction rate? Furthemore, abaut 33% of all instructions(i.e., 63% of thewrong-
pathinstructions)are onthecontrol- o w indeperdent portion of thewrong path. Basedontheseresiits, we cancorclude that
nearfuture processors will spend signi cant time fetching wrong-path instructions and a signi cant numbe of wrong-path

instructionsare actually on the control- ow indepencert path
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Figure 1. Percentage of control-independent and control-dep endent wrong-path instruction s

In order to save the usefu work doneby cortrol- o w indeperert instructions on thewrong path severaltechriqueshave
beenproposedto seledively ush the pipeline [28, 29, 8, 5, 13]. Such mechanismstry to ush only those instructions that
are cortrol-deperdert on the mispredictedbrarch, therely reducing the brarnch misprediction peralty. Unfortunately, the
mechanismsproposedto exploit cortrol- o w indeperderce sign cantly increasethe complexity of the hardware [28]. For
exanple, they requre non-trivial hardvaresupport to insert the cortrol-deperert corectpathinstructionsin the middle of
the instrudion streamduring mispredction recovely in orderto avoid the ush of the cortrol-indeperment instrudions. Fur
thermore, someinstrudionsin the contrad-independentsectian of thewrong path canbe data-cependenton results produced
by instructions thatarecontrol-deperert onthe mispredctedbrarnch. For correctprogramfunctionality, such datadepencent
but contrd-independentinstructions needto be supplied with correct souce datavalues. Selectve pipeline ushtherefore
regures complex hardware mechamsmsto detectsuch instructions, x their datadeperdercies,andre-execue them after
recovery from mispradiction.

Predcation is amther apgroachto avoid the pipeline u sh due to branch mispredictions. Predication converts control-
dependenciesnto datadependercies[1]. With predicaion, theprocessr fetchesinstructions frombothpatts of abrand but
only commitsthe resuts from the corred path effectively avoiding the pipeline ush asscciatedwith abranch misprediction.
However, predication requires signi cant support (i.e., predicateregistersand pred catedinstructions) in the instruction set
architecture(ISA). Furthernore, execuing the compile-time pred catedcode on easyto-predictbranchescan oftentimeshurt

performarce. This is becausethe additional overheadof execuing uselessnstructions could offsetthe bene t of avoiding

2perlbmk shavs only a0.3% misprediction rate in thereducedinput set which makesit anoutierin Figure3. However, it shavs asimilar percentageof
wrong-math instrudionsto theother benchmarks with the refererceinputset We perfam all our experimentswith thereduced input set to reducesimulation
time, since all otherbenchmarks show similar branchmisprediction rates for thereducel andreferene input ses.



the relatively infrequent pipeline ushes|[6, 19].

DynamicHammack Predicatian (DHP) [20] wasproposedto predicatehardto-predictbranchesat run-time without 1SA
support. This approach s attractive not only because it doesnot require modi cation sto the ISA, but alsobecausét apgdies
predcation selectvely to eachdynamicinstanceof a branch thereby avoiding the additional overheadof predcationwhen
the brarch predicta is likely to be cored. However, DHP canonly predcate simple hamnock brarches (simpleif-else
structureswith no othercontral o w inside), which aaccount for a small sulset of the mispredcted branches[20]. Our goal
in this pageris to devise atecmiquethatreducesthe branch mispredidion peralty by agplying dynanic predcationto more
compex cortrol- ow structureswithout requiring predicdion support in the ISA and atthe sametime to avoid the overhead
assodatedwith compil e-time predication for easyto-predct dynamic branches.

We propose a hew microarchitedure, called the Diverge-Mege Proces®r. The diverge-merge proces®r usessome
control- ow information provided by comgiler hints. The conpiler iderti es and marks suitable brarches as cardidaes
for dynamic predcation These branctesare calleddiverge branches The conpiler alsoselectsa cortrol- o w meige (or
recawermgence)point carrespnding to ead divergebranch If adiverge branchis hard-to-predct at run-time (asdetermined
by a con denceegimator), the processormynanically predcatesthe instructions betwee the diverge branch and the corre-
sponding cortrol- o w memge point identi ed by the conpiler. Dynamic predication of the diverge branch is accanplished
by r st exeauting one path after the branch, then exeauting the other path and later meging the data- ow producedby the
two patls using special selectuop instructions. The contro- 0 w meige point is selected basedon the frequently-execued
pathsin the program usingpro le information. Therefore, the contra- o w from a diverge branch doesnot haveto memge
(but it usually does),which dlows thedynamicpredcationof amuch larger setof branches thansimpe hanmock branches.
Hence,a diverge-merge processor avoids u shingthe pipdine for alarge setof mispredictal branchesthrough cooperaion
betweenrthe conpiler and the microarchitedure without requiring full sugport for predicatian in the ISA.

The majar contributionsard bere ts provided by the diverge-mege proces®r architectureare:

1. It reducesthe branch mispredction peralty by keeping the cortrol-indepemert instructions in the instruction window
without requiring complex hardwvaresupport.

2. It usespredcationonly for the hard-to-predct dynamic instance®f statically-selectecoranches thereby avoiding the
overheadof predicaion whenadynamicbranchis easyto-predict.

3. It doesnat require full predication support in thelSA, therety making the bene ts of predicaed exeaution applicabe to
existing ISA's with minimal charges.

4. Mostimportartly, it can dynamically predicate complex, as well as simple, control- o w graphs. Therefore, it
makesthe bene ts of dynanic predicdion apgdicableto amuchlarger setof mispredictedbrandhesthanthe previously-

proposed dynamic predication approades(e.g. [20]).

Thispaper rst explainsthediverge-mergeprocessa archtecturein Section2. Then we descrile the simuation methad-

ology and the selectionheuristics of diverge branchesand cortrol- o w merge points in Section3. Sectio 4 evauatesthe



performarce of thediverge-meme processoon SPECQ000 benchmarks. Sedion 5 comparesour work to relatedreseach in

the areasof predication, multipath execttion, and control- ow indepencerce.

2. TheDiverge-MergeProcessor
2.1. TheBasic ldea

A diverge-meme processohandes had-to-predct brarches through cogperation betweenthe compiler and the microar-
chitecture. The goal of the processolis to eliminate branch misprediction-relatedpipeline ushes dueto suitable hard-to-
predct dynamicbranchesby dynanically predicating themwithout incurring very large hardware cast and conplexity.

The conmpiler iderti es conditiond branches with cortrol ow suitable for dynamic predicaion as diverge branches
Diverge branclesarebranchesafter which theexecutian of the programusually recorverges atacontrol-indeperdert point in
the cortrol- o w graph, apoint we cdl the cortrol- o w merge (CFM) point. In othe words, diverge branchesform hammodk-
shapedcontrol o w based on frequently-executedpathsin the control- ow graph of the programbut they are not necessarily
simpe hammock brarches which require the control- o w graphto be hamnock-shged The compiler also iderti es a
CFM point associatedvith the diverge branch The diverge branchesand CFM poaints are conveyedto the microarchitectue
through modi cationsin the ISA.

Whenthe microarchtecture fetchesadiverge brarch, it decideswhetheror naot the branchis hard-to-predct. If the diverge
brarch is hard-to-predct, the microarchtecture dynarmically predcatesthe branch This is accanplishedby rst executing
one path after the branchurtil the CFM paint of the brarnch is reached thenexecuing the other path until the CFM point
of the branchis reacled. After the execuion of both sidesof the "hammodk,” the processomerges”the data(i.e., register
values produced by boath sidesof the hanmack by inserting select-wps to ensue that instructions depermert on the values
producedin either side of the hammak are supplied with the correct data valueswhich deperd on the corred direction of
the diverge brarch 2 If the had-to-predct diverge brarch is adually mispredcted and the processr is alreadyat a control-
independert point, theproces®r doesnot needto ush its pipelinesincethebranchis effectively eliminaedthrough dynamic
predcation

This sectin descritesthe detailed implementation of the diverge-meige processa ard explainsthe tradedfs anddesign

choicesthatneedto be addres®d in designing a diverge-meige processa.

2.2. Overview

Figure 2 shaws the overview of the diverge-merge processa. The shaled structures constitute the addtional hardware
requred to support the divergemerge processor ard will be explained in this section. The uop logic insertssorre uops
(enterpred path, enteralternate.path ard exit.pred atthe front-endto sugport dynamic predication in later pipeline stages.
The sdlect-wop logic inserts uops after dynamically-predicded coce to ersure thatthe cortrol-independentinstrudionswil |

have correct datadepencercies A con dence estimato is usedto decidewhetheror nat to enalbe predication for each

3In other words, the processor rst "diverges” its execution to exeaute both control- ow paths that stem from a hard-to-predct diverge branch. The
proessormerges” the values produeed by bath pahswhenthe CFM point of thediverge brarch is reached. Hence the namediverge-mepge processor



dynamicinstanceof the cardidatebrandes. The logic and the storage for checkpainting theregister aliastableaso have to
be added if they are not alread) presen in the baselne processr.*
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Figure 2. Simplied diagram of a diver ge-merge processor showing the changes required in the baseline microarchitecture. The
diagram focuses on the modi ed portions of the pipeline and it is not to scale.

2.3. TheFetch Mechanism

Figure 3shavsanexamgecortrol- o w graph Thebranchtha endsblock A is adiverge branch,ard the rst instruction at
block H is the correspanding cortrol- o w merge (CFM) paint. The solid linesare frequently executel paths,and the dashed
linesare theremairing cortrol- o w paths. If there wereno dashedlines all the control- o w patls from A would read the
CFM paint, andthe CFM point would alsobe theimmediatepost-cominatorof block A. Thecompiler ndsadivergebranch
and the corresponding CFM point consideing only the frequently executedpatts. Therefore, for many contra- o w graphs,
the seleded CFM point is much closerto A thanthe immedate post-cbminata. Frequently executedpathinformation can
be collectedby proling or compiler heuristics. The compiler canmark a diverge branch ard the correspamding CFM point
with a specialinstructionencodng at comple time.

When the diverge-meme processr fetche a low-con dence diverge branch the processorentes dynamic predication
made In this mode, the processr r st storesthe corespading CFM point in a buffer (CFM register), and the front-end of
the processr inserts anenterpredpath uop into the pipeline. Thentheprocessoicortinuesto fetchinstructionsbasedon the
outcamesof the brarch predictor until it reacheshe corresponding CFM point.® This pathis calledthe pred cted path. After
that, the processa goesbackto the diverge branch that statted dynamic predicdion mode and begins fetching from the other

path of the brarnch. This pathis called the alternate path Whenthe processor startsfetching from the alterrate path, the

4Theuoplogic atthefront-end andthe chedpoint mecarism of Regiter Alias Table (RAT) arealrealy employel in most current processors.
SWhen the nextpredictedfetch addressis the CFM point of the diverge brand, the processorreachesthe CFM poirt.
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Figure 3. Control- o w grap h example for the dynamic predication mechanism: (a) source code (b) control- ow graph

front-end insets an enteralternae.path uop into the pipeline. The processa aso fetchesinstructions on the alterrate path
basedon the outcamesof the branchpredctor. When the processorreachesthe CFM point again, the front-end insets an
exit.preduop into the pipeline andexits dynanic predcationmode. All theinstructions fetched during dynamic predicaion
mode are dynamically predicded. Dynamic predcationis explainedin Sedion 2.4.

For examge, assune that, in Figure 3, the diverge branchin block A haslow con d ence andthe predicteddirectionis
not-taken The processa entes dynamic predicaion mode ard fetchesblock B. The next brandh is predcted taken sothe
proces®r fetcheshlock E. At theend of block E, the next fetchaddessis the addressof the rst instructionin block H (the
CFM poaint), which mears that the processor conpletedfetchng instrudions from the predictedpath Now, the processor
goes backto thediverge branch and it stats fetching instructions from the other pah of the diverge branch, which is block
C. Thebrarchatblock C is predcted not-taken andthefall-through addessis the address of the r st instruction in block H,
sotheprocessoreadhesthe CFM point again. At this point the procesr exits dynamic predcationmode

We checkpaint the global history register (GHR) of the branch predctor befare entering dynamic predcation mode
(GHRY) in order to useit for both the predictedand the alterrate pathf, ard we keepthe nal GHR of the alterrate path
after exiting dynamic predcationmode.” Sincethe patern history tableof the brand predctor is updatedwhena branchis

retired it is not polluted by the outcame of wrong-pathbrarches (i.e., brandheswhosepredcatevaluesare FAL SE).

2.4. Chedkpointing and Sekctuop Mechanismsto Support Dynamic Predication

The diverge-merge processr implementsdynamic predication with checkpoints anda seled-uop mechanism.Threeuops
insertedatthe front-end of theprocessomreusedto support dynamic predcation Figure4 ard Figure5ill ustratethe dynamic
predcationprocess. Figure 4 shavs theinstruction streamfor theexamge in Section 2.3,

The processocredes a checkpoint (CPL) of the registeraias tale whenthe erter.pred pathuop entersthe reramestage.

REGMAPL1 in Figure 5 shows the conterts of CP1. This uop also de nesa predicateregister(pl) accading to the condition

6Thelast bit of the GHR1, which carrespmdsto thediverge brand, is set for thetakenpath and rese for the not+taken path
"This design choice is basel on smulaion resuts.



cc = (condl)
branch cc C
A [cc = (cond1) REGMAP1 (CP1)
pranch cc C enter.pred.path pl = pred_taken? cc: lcc
B
add pr21, pr12, #1 (pl)
B add_rl, 2, #1 cc = (cond3) (1)
;C = (Eond? branch cc E (p1)
ranch cc
E lsub pr23, pr21, pr12 (pl)
alternate path E |subr3,ri, r2 branch.uncond H  (pl)
branch.uncond H REGMAP2 (CP2)
enter.alternate.path p2 = Ipl
C |addri,r3,#1
cc = (cond2) C [addpr31, pri3, #1 (p2)
branch cc G ce = (cond2) (p2)
branch cc G (p2)
H [addr4,r1,13 | exit.pred REGMAP3

select-uop prd4l =pl? pr2l: pr31
select-uop prd3 =pl? pr23: prl3
REGMAP4

H ‘ add pr24, pr41, pr43
(@ (b) (c)

Figure 4. Instru ction stream in the example of Figure 3: (a) fetched blocks (b) fetched assembly instru ctions (c) instru ctions after
register renaming

Architectural | Physical | M Architectural | Physical | M Architectural | Physical | M Architectural | Physical | M

R1 PR11 | O R1 PR21 | 1 R1 PR31 | 1 R1 PR41 | O

R2 PR12 0 R2 PR12 0 R2 PR12 0 R2 PR12 0

R3 PR13 0 R3 PR23 1 R3 PR13 0 R3 PR43 0

R4 PR14 | O R4 PR14 | O R4 PR14 | O R4 PR14 | O
REGMAP1 (CP1) REGMAP2 (CP2) REGMAP3 REGMAP4

Figure 5. Register alias table (REGMAP1) before renaming block B, (REGMAP?2) after renaming block E, (REGMAP3) after renaming
block C, (REGMAP4) after inser ting select-Uops

of the branchand the brarch prediction diredion. If the brand is predictedto be taken, the predicae registervalueis the
sane asthe branchcondition. If the branch is predictedto be not-taken, the predcateregistervaue is the conplement of
the brarnch condition. All instructions on the predictedpath carly the predicde registeriderti cation (id) numberin orderto
correctly updatethe architedural stateat retiremer.

The processocreatesarother checkpoint (CP2)whenthe enteraltenatepathuop ertersthereramestage. REGMAP2 in
Figure 5 shows the cortentsof CP2. Then the processorestoesthe registeraliastablein CP1 into the processdss adive
register aliastabe thatis used for renamring theincoming instrudions? It also assigis a new predcateregister (p2), which is
the cormplementof the predicateregistervalueassigmedto the predcted path (pl). All instructionsin the altematepathcary
the second predicateregisterid number after the reramestage. Notethatan allocatedpredcateregister id getsdeallocated

whenthe corespading predicae vaue is computedand broadaged

Restoring CP1into the active registeraliastad e at the beginning of the altematepathersuresthat the instructiorns in the

8The processorcan optimize this processto useonly one checkpoint. However, mary current high peformane processors already chedpoint the
registe alias table at every branchinstruction to suppat fastbranch mispreliction recovery (e.g., [18, 34]). Our proposedmechanism doesnot addary
spedal hardvare on top of wha existsin currert proeessorgo suppat saving/restoiing of regiser alias table chedkpoints.



aternate path (block C) have correctdatadependendes. For exanple, the add instruction in block C shaild saurce the R3
thatis produced before the diverge branch (i.e. PR13) and not PR23 which is producedin block E.

We extendtheregisteraliastalde with one extrabit (M -modi ed-) perently to indicatethatthecorespmnding architedural
register hasbee renanedin dynamic predcationmode Before ertering dynamic predicdion mode,al M bits arecleaed.
Then every time aregisteris reramaed, i.e. the corresponding register aliastalde ently is modi ed, its M bit is set.

The selectuop mecharism insertsseled-uopswhenthe exit.pred uop enterstherenane stage. Selectuopsare similar to
the Phinodesin the static single-assgnment (SSA) form [11]. A selectuop essentiallyselectsthe correct physical register
for agivenarchtectural register basedon theresdvedpredicatevalue(i.e., condition of thebranch). The seled-uop insetion
mechanismcheclstheregister aliastae in CP2andthe active (currert) registeraliastable. If the physicalregistersassigred
to a patticular architedural registerare different in the two register aliastaldes, a sele¢-uop is insertedto choosebetween
thosetwo physicalregisters, accading to the predicae register value. We deternine the next register that requiresa select-
uop by simpgy or-ing the M bits for corespading entiiesin the two registeraliastablesard thenusinga priority encaderto
producethe registernumberto index into theregister aliastables.If thelogicd-or of theM bits of anarchitecturd register in
thetwo registeraliastablesevaluaesto 1, thenaselectuop is requredfor thatregisterandwe resethe M bits onboth enties
after creatirg the seled-uop. This medarism canbe extendedto produceasmany selectuops pe cycle asthe number of
portsin the registeraliastableallows. In this exanple, physical registersfor R1ard R3 are differert betwe@ REGMAP2ard
REGMAP3. R1is writtenin both paths, and R3 is only writtenin block E. Therebre, two selectuops are insertedto choose
betweenthe two differert physical registersassigmed to each architecturd registerR1 andR3. New physical registers are
allocatedfor the destinatims of the select-uops. REGMAP4in Figure 5 shows the registeraliastale after the insertionard
renaming of the sdlect-uops. Theinstructionsin block H souce the destinatia registersof the selectuops. The processor

releasesll checkpointing resaircesafterinsertirg the selectuops.

2.5. Instruction Execution and Retir ement

Dynamicdly predicatedinstrudions are exeauted just like other instructiors. Since theseinstructions deperd on the
predcatevaue only for retirement purposes,they canbe execited before the predicatevalue (i.e., the diverge branch) is
resoled. Whenthe condition of thediverge branch that started dynamic predication modeis resolved, the predicae register
valuesof the erter.predpathand erter.alterrate.mthuopsareproducedandbroadcastedo the storebuffer andtheretirenent
logic (rearder buffer). The instructions on the incorrect path(eithe the predcted pathor the alterratepathdeperding onthe
correctbranchdirection) arestill execuedeventhoughtheir predicatevaluesarefalse, but they donat updatethearchitedural
stateat the retirerment stage. In order to sugport preciseexceptions, resuts produced on the incorrect path should not be
committed. Whenaninstruction on the predcatedFALSE pathis reads to beretired (i.e., whenthe pred catevaluefor that

instruction is known to be FAL SE) the processar simply freesthe physicalregisterallocatedfor thatinstruction.®

9Note that this does not signi ¢ artly increasethe compkxity in the retirement pipeline. In acurrent out-of-orderprocessorwhenaninstrudionis ready
to beretired, the processorfrees the physicd registe al ocated by the previous instrudion tha wrote to the samearchitectural register. This is exactly how
physial registers are freed in a diverge-meige processorfor non-pradicated and predicated-TRUE instuctions. The only differenceis that a predicated-
FAL SEinstruction frees the physial register allocaed by itsef (sincetha physicd regiserwill not be part of theardhitedural state) ratherthanthephysial



Dynamicdly predcatedload instrudions arealso executedlike normal load instructions. Dynamically predcatedstore
instructions are sentto the store buffer with their predcateregisterid. However, a predicatedstae instruction is not sent
further down the memay system (i.e., into the cactes) until its predicateregister valueis ready If the predcatevalue of
a store instruction is resolved andit turns out to be false, the processor drops the store request and does not updatethe
architecturd menory statewith thatrequed. Thedynanic predication mechanismrequiresthe store buffer logic to checkthe
predcateregister value in addition to the branchmisprediction signal before sending a storerequestto the menory system

The dynamic pred cationmechaism coud conplicatethe stare-loadforwarding logic. If there are two store instructions
to the sane address from baoth the predictedand the alterrate paths, then a subsequert load after the CFM point does not
know which storevalueneed to beforwarded The processor could insert a select-uop to choosebetweenthesetwo store
instructions. However, asa design chace to simplify the hardwvarein this case the processoinsteadjust waits ard delays
the executionof the loadinstruction until the predicateregistervaluesof the older stare instructions are broadcasted Since
all instructions on eachpath have an as®ciated predicae registerid, the forwardng logic can deternine that two store
instructionsareon different pathsif they have differentpredicateregisterids. We canonly forwardfrom: (1) anon-predcated
stae to ary later load, (2) from a predcatedstore whose predcate registervalueis realy to ary laterload, or (3) from a
predcatedstare whosepredicateregisteris still not ready to alaterload with the same predicateregisterid (i.e. onthesame

dynamicdly predcatedpath). If forwardng is not possible, theloadwaits °

2.6. Resolution of the Diverge Branch

Sofar, we have descriled the diverge-meige proces®r for the casesvhenthe processr reachesthe CFM point on both
the predcted pathard the alterrate path. However, since the CFM point is determired based on frequently executed patts
instead of usingthe immediate post-daminator, thereare casesvhenthe processordoesnat reachthe CFM point before the

divergebrarchis resohed Talbe 1 summarizesthe exit cases.

Table 1. Six exit cases of dynamic predicati on mode

case| predctedpath | altermatepath | branchpredidion | processoaction | comparedto branchpredidion
1 | reachCFM ready CFM correct norma exit overheadof alterratepath(-)
2 | reachCFM ready CFM mispredicted norma exit reduce the brand mispredction penalty (++)
3 | reachCFM noreach correct re-dired fetch overheadof alterratepath (- -)
4 | reachCFM noreach mispredicted no specialaction | reducethe branch mispredction penalty (+)
5 | noreach — comect no specialaction | same
6 | noreach — mispredicted ush the pipeline | same

The processor exits dynaric predcation mode normally in casel andcase 2. Both cases are comnon caseshecause

the control- ow pathsthat lead to CFM points are frequently execued pahs. In case2, dynamic predication eliminaes

a pipeline u sh due to a brand misprediction. However, in casel, the diverge-meme processr incurs the overheadof

registe all ocated by the previousinstriction thatwrote to the samearchitecturd register.
10Notethat it is possilie to speaulatively forward the dat value from a predicated store whosepredicate valueis not ready to a later load in case(2), but
if theforwarded valueisincored, this option requiresthe re-execution of theloadard its dependents, which compicatesthe hardware



executirg instructions on the altemate path without gaining any pefformance bene ts comparedto the brand predction
mechanism.Notethatthe occurence of case 1 canbe redwcedby designing bettercondence estimatiomn mechanisms.

In cases3, 4, 5, and6, the processa relvesthedivergebranchbefore exiting dynamicpredication mode normally. There-
fore, whenthe branchis resolved dynamic predication mode ends, ard the resoucesassodated with dynamic predicdion
mode (e.g.checkmints andthe CFM register) are released.

In case3, the processothas alread nished fetchirg the corredly predcted path, and it is fetchirg instructions from the
wrong path(which is thealternae pathin this casewhenthe diverge branchis resolved. Thisis theworst-casescerariofor the
dynamic predicatior mechanismbecaisethe processor sper a signi cant amaunt of time fetching wrong-pathinstrudions,
whereasthe processor could have fetchedonly the correct-path instrudionswith the normal branchpredction mechaism.
When the brarch is resoled, the processordoesnat ush the pipeline beausethe pipeline still hasinstructions from the
correctly predctedpath,and all theinstructions in theaternae pathwill becane NOPS(i.e., their predcateswill be FAL SE).
Theprocessosimply restaestheregisteraliastable from the checkpoint tha wastakenatthe erd of thepredctedpathduring
dynamic predication mode and starts fetching from the CFM point.

In cased, theprocessois still fetching andexectting instructions from the correctpath (which is the alterratepathin this
case) whenthebrand is resolved. In this case the processor doesnot require ary specialaction other than dedl ocating the
dynamicpredicatia resouces.Case4 alsoreducesthe branch mispredction penalty

The performanceof cases$ and 6 is the sarre asthe basdi ne branch prediction mechanism.Theprocessoiis still fetching
instructionsfrom the predcted path,and it hasnat started fetchirg from the altematepath In both casesthe procesa exits
dynamic predicatior mode ard releaseshe as®ciatedresairces

If branchesother than the diverge brandh are mispredcted on the predcted path or the alterrate pathin dynanic pred-
ication mode, the processa u shesthe instructions after the mispredcted branch just like in the caseof a normal brarch
mispredction. For examge, if either branchin block B or C in Figure 3 is mispredcted, thenthe processor ushes the

instructionsyounger thanthe mispredcted branch'?

2.7. Enhanced Diverge-Merge Mechaniams

2.7.1. Multiple CFM Points The basicdiverge-meige processome have descrbed so far supports only one CFM paint.
Samebrancheshave several frequertly executedpathsthat could leadto more thanone CFM paint. In the erhanceddiverge-
merge processorthecompiler caninsertmore than one CFM point for eachdivergebranch The hardware storesthe possible
CFM paintsinto amultiple-entrycortentaddessablenemay (CAM), andthe processoconparesthe next fetchaddressto
the multiple possble CFM points, insteadof comparing to only one CFM point, to detemine whetter or nat it hasreacled
a CFM paint. The processr uses the rst seenCFM point to endthe predictedpath. Then this CFM point beconesthe

only CFM point that canendthe altematepath The restof the dynamic predication mechanismsdescriled for the basic

U Theregigteraliastableis checkpdntedbefore eachbrarchto simplify thebrand mispradictionrecovery, andweincludethestateof dynamicpredication
mode in the checkpoint (i.e., the CFM regiser andtwo bits to indicateif the processar is on the predicted path, on the alternae pah, or already donewith
dynamic predicaionmode) Thereore, if thedivergebrand s still unresolved when abranchis mispredcted on eitherthe predicted or thealternde pah, we
can restat fetchingin dynamic predicaion modefromthecorred path of themispredctedbrand, after u shing the pipeline andrestoring the checkpoint.
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diverge-meige processodo not require modi cation sto syppat multiple CFM points.

2.7.2. Early Exit From Dynamic Predicaion Mode To reducethe negative impacton performancedueto case3 descriled
in Section2.6, the proces®r can use simple heuristics to exit dynarric predicaion mode before reachirg the CFM paint.
Thesesimple heuisticsareusedonly when the processr is onthe altematepath The purpose of these heuristicsis to predict
the casesvhen the processowill actuallynot read the CFM point on the alterrate path before the resoldion of the diverge
brarch. If the processorcanaccuately predict tha the altemate path will never merge (read the CFM paint), it canexit
from dynanic predcationmode early. After exiting the dynamic predcationmode early, the processr restoesthe statethat
wasproducedby the predided pathwhenit reactedthe CFM point, ard it regarts executian fromthe CFM point.? Becaise
only the predictedpathis completdy execued, the processordoesnat needto insertselectuops whenit restartsexecttion
from the CFM point. In esserte, this prediction medarism revertsthe dynamic predcation mode to the baselire branch

predction mechansm, which simply follows the predictedpathfor thediverge branch

We usea simple heuiistic to predct that the processomwill not reachthe CFM point on thealtematepath. If the processor
does not reachthe CFM paint before a certainnumber of instructions (N) arefetchal on the alterrate path, the processor
exits dynamic predicdion mode. N can be a staticthreslold setat the design time of the processar or it canbe chasen by
the compil er for eachdiverge branch. We found thata conpiler-selededthreshad for eachdiverge branchperforms slightly
betterthanastatic threshdd thatis the sarne for every diverge brarch. Thisis becawsethe number of instructiors exeautedto
reachthe CFM point variesacross differert diverge branches Betterheuristicsthattake into account more information (such
asthepredicteddirections of otherbranches onthealtematepathor the average numbe of dynamic instructions exeautedto
reachthe CFM point) canbe developed andthese canfurtherimprove the performanceof thebasicdiverge-merge processar

Investigating suchheuiistics is a part of our future work.

2.7.3. Multiple Diverge Branches During dynanic predication mode, the basic diverge-meige processorignores other
low-con d ene diverge brarches. If the enlanced diverge-meme proces®r nd s ancther low-con d ene diverge brarch
while it is fetching the predcted path of a diverge branch it ends dynarric predication modefor the currert diverge brarch,
which beconesa normal predictedbranch, and re-entes dynamic predicdion mode for the newly-found diverge branch If
the processois alread fetching fromthe alterratepath,thenit ignoresotherlow-con de ncediverge branches. We found that
the CFM point of the diverge branchthat causedently into dynanic predcationmode is lesslikely to be reackedif another
low-con d ene diverge brand is ercountered on the predcted path Exiting dynanic predcation due to the rst diverge
brarch and re-enteing dynamic predicatian due to the seaond branchis thereore more likely to eliminate a mispredction

and improve pelformance.

12|n addition, the predicate value produed by the enterpred.pah uop (p1) is broad@sed as TRUE, assuminghat the predicted path is the correct path,
so tha instrictionsalready predicatedon the predicted path disregardheir predicae values after the processorexits dynamic predication mode Note thatit
is not necessaryfor correctnesso broadastthepredicat value producel by the enter.pred.pah uop right after exiting dynami predicaionmode However,
if the predicake value is not broad@stealy after exiting dynamic predicaion mode theremay be someperfamance losscompare to the baseline branch
predction mechanism beause loads after the CFM point camot forwardfrom storesto the same addesswhosepredcate values are not ready.
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2.7.4. Future Work on Enhanced Mechanisms The performance bene ts of the enfaned diverge-merge processr can
be further improvedvia more enfaned mechanismsthat provide better software and hardware sugport. We are planning to
implementand evaluatethe following medarisms:;

DivergeL oop Branches. The diverge-mege proces®r can distinguish betweenforwardbranctesandbackward brarches
(loop branches)in orderto implemern the dynamic predcation of low-con derce loop iteraions. Dynamicdly predicding
backward brancheswill make the bene ts of the diverge-merge processor appli cableto hard-to-predict loop branctes,simi-
larly to therecertly proposedwishloopinstructions, acorregponding sdtwareconstruct that makesconpile-time predicdion
applicable to loop brarches [19]. We arecurrently investigating conpiler algaithms to identify good diverge loop brarches
and hardware mecharisms to estimatethe condenceof loop brarches.

Dynamic Predication of Multiple Diverge Branches Insteadof exiting dynanic predcation mode for the current
diverge brand whenanaherlow-con d encediverge branchis fetched on the predictal path asin the enhancedmechanism
in Sectin 2.7.3, the entanceal diverge-meige processr could continue in thedynanic predcationmode by alsopredicaing
the newly-found diverge branch The predicae register values for the secad diverge branch should be anded with the
predcateregistercorrespading to the previous branch (p1). Differentpoliciescanberesarchedto enddynamnic predicdion
mode in this caseaswell asthe maximum number of nesteddiverge branctesthat should be allowed. Another option for
hardling multiple diverge brarches coud beto re-evaluatethe origina brand prediction with additional informationwhen
anotherlow-condencediverge brarchis found, in order to choose whether to exit or to continue dynarric pred cationmode
for thecurrent branch

Selectve Branch Predictor Update Policy. As notedby Klauser et al. [20] for Dynamic Hammock Predcation, not
updating the branch predictor countersfor the low-condence hamnodk brarches eliminatesdestrictive interferene in the
countersard improvespeiformarce. However, our currentimplementationof thediverge-nergeprocessoupdatesthe branch
predctor counteas for all the branchesthat retire. The performanc of the diverge-meige processa canbe further improved

by optimizing the branchpredctor updatepalicy.

3. Methodology
3.1. Simulation Methodology

We usean execution-driven simulatar of a processotthat implementsthe Alpha ISA. Wrong-path effectsare modeled
faithfully. A large andaggressve brandh predicta is usedto avoid in ati ng the performarce of the diverge-meige concept.
The pamametes of the processr we modd areshown in Table2.

The expetiments arerun using the 12 SPECCPU2®0 integer berchmarks and3 SFEC CPU200 o ating point bendc-
marks. We selectd the 3 oating point berchmarks, mesa,anmp andfma3d asthey arethe only onesthat show atleag
a 3% performarce improvemen with a perfect branchpredctor over the baselinebranchpredctor. The restof the SPEC
CPU2mO0 o ating point benchmarks have lessthan3% potertia improvemen with perfed brand prediction. Table3 shavs

the chamcteristicsof the berchmarks on the baseline processor All binariesare compiled for the AlphaISA with the -fag
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Table 2. Baseline processo r con guration.
Front End Fetchesupto 3 corditional brarchesbut fetchends at the r st takenbrarch
I-cache 64KB I-cache 2-way, 2-cycle latency
64KB (59-ht history, 1021-entry) percepron brand predictor[17]
Branch Predctors 4K-entryBTB; 64-entry returnaddessstack; 64K-ertry indirecttargetcacte
minimumbrarch mispredkction peralty is 30 cycles

Exeaution Core 512entryreorcer buffer; 8-wide execute/retie
L1 datacache 64KB, 4-way, and2-cycle lateny
On-chipCachs L2 uni edcacte: 1MB, 8-way, 8 banks, 10-cycle latency

All cactesuseLRU redacementandhave 64B line size
BusesandMemory 300-cycle minimummemory lateng; 32 memorybanks
32B-widecore-to-memorybus at4:1 frequeng ratio
Confidene Estimator | 1KB (12-bit history) JRSestimatoi{16]

optimizatiors. A binary instrumentaion tool is used to mark the diverge branches and their respetive CFM points. The
integer berchmarks arerun to conpletion with areducedinput set[22] to reducethesimulation time. Sinceit is importart to
fully exercisethe control- o0 w grapls throughout the programs, we usethe reducedinput set to simuate the integer benc-
marks until completion in areasonable time. Flodaing point berchmarks are simuatedfor 250 million instructions with the
reference input set after skipping the programinitialization code usinga SimPoint-like tod [30]. We usethetraininput data
setto cdlect pro | einformation from the binaries. In all the IPC (retired Instructions Per Cycle) performancereailts shavn
in the restof the paper for the diverge-merge processor, the instructions whosepred cate values are FALSE and additional

uops insertedto support dynamic predcationdo not contributeto the instruction court.

Table 3. The characteristi cs of the baseline processor : base IPC, total number of retired instru ctions (Insts), total number of retired
dynamic branches (Br.), total number of retired mispredicted dynamic branches (Misp.)

bzip2 | crafty eon gap gce ozip mcf paser | perbbmk | twolf | vortex | wvpr mesa | ammp | fma3d
BaselPC 151 258 3.30 2.95 1.38 2.03 0.81 1.58 3.24 222 3.44 152 4.14 1.72 271
Insts 316M | 190M | 129M | 404M | 83M | 248M | 110M | 255V 187M 101M | 284M | 75M | 250M | 250M | 250M
Br. 32M 23M 13M 60M 16M 23M 21IM 54M 28M 15M 56M 10M 20M 17M 40M
Misp. 241&K | 657K | 168K | 334K | 68X | 1241K | 595K | 208K 6K 525 | 250K | 698K | 225K | 136K | 522K

3.2. DivergeBranchand CFM Point Selection

The diverge branch candidatesare detemined basedon pro ling the code. A branchis maiked asa possble diverge
brarchif it is regponsiblefor atleast0.1% of the total number of mispredictions on the complete simulatia.

A secaond prole runis peformedto nd the CFM points for eachdiverge branch canddate basedon the frequently
executedpaths. We selectCFM points that show up on bath pathsof the diverge branch canddateasa recawergenc point
for at least20% of the dynarric instancef the branch In addition, the CFM points canrot be farther than 120 dynamic
instructionsfromthedivergebranch!® If no CFM paint is found to satisfytheseconstrairs, thenthe diverge branch canddate
is not marked asa diverge brarch. For the basicdiverge-merge processaronly the mast frequent CFM point is maked For
the erharcedmultiple CFM-points mechanismin Sedion 2.7.1, all CFM points that satisfythe requrementsare marked

As explainedin this sectio, we are currently using very simple algarithms to determine the diverge branchesard their

13Thesethresholds were chasen after consideing different combinationsof altemaives.
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correspading CFM points. An importart partof our future work is to develop pro ling algarithmsthat canbetterexploit the
potertial of the diverge-merge concept.

4. Results
4.1. Characterization of Mispredicted Conditional Branches

In Figure 6 we classify the dynanic mispralicted corditional branchesinto three cateyories: simde hanmack diverge
brarches (simpe if andif-else strudureswith no other control o w inside) conplex diverge branches,ard other complex
brarches. Thediverge-merge proces®sr candynanically predicae simge hanmock diverge branches,andcompex diverge
branches. Dynamic Hammack Predicaion [20] allows only simpe hamnock branclesto be convertedinto predicatedcode.
Theresultsshav that diverge branchesaccaint for more than 50% of the mispredcted branchesin bzip2, mcf, parsertwolf,
vpr, mesaard fma3d Simple hanmack branchesby themselesaacount for asign  cantpercertageof mispredctionsonly
in two benchmarks: mcf (44%) ard vpr (11%). On average, 57% of the branch mispredictions aredue to diverge branches
(including simde hamnock brandes)whereas9% of the brarch mispradictions are due to simple hanmock branches'*.
Therrefore, the diverge-mege processa haspotential to eliminatemore mispredctionsthan DHP. In gcc most mispredcted
brarches are other conplex branches, which canbe eliminatedneitherby DHP nor by the diverge-merge processar The
control- ow graphs of theseother brandhesare so complicatedthat evenif the compiler consides only freqently execued

pathsit canrot identify any suitalle CFM point with our currert CFM paint identi cation mechaism.
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Figur e 6. Distrib ution of the mispre dict ed condition al branches

4.2. Performance of the Basic Diverge-M erge Procesor

Figure 7 shows the performance improvemen over the baselinefor DHP with a 1KB JRS con derce estimaor [16]
(DHP-jrs), DHP with a perfectcondence estimate (DHP-perf-conf), the basc diverge-meige processr (divergeirs), the
basicdiverge-meage processa with apeffectcon dene estimator(diverge-perf-conf), and baselinaewith aperfectconditional

brarch predctor (peifect-dop). With a peffectcon d enceestimate, DHP has3.4% performanceimprovemer paotential, but

14We notethat the fradion of simple hanmodk brandes out of all mispredicted branchesaresimilar to what was previously repated —abou 10%—by
Klauseretal. [20].
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the diverge-merge processr hasa 19% performanceimprovenmentpotertial over the baselineproces®r. As canbe expeded,
the berchmarks with the highestpeformanceimprovemen patential for the diverge-merge processr (bzip2, parser, twolf,
and vpr) suffer from high branchmispredction ratesard also have a higher percenageof diverge branchesover the total
mispredcted brancltes. The gcc berchmaik alsohasa high brand misgredction rate, but neither DHP nor Diverge-Merge
show performancepotertid for thisberchmarkdue to the conplexity of the cortrol- o w graphs. Even though theconditional
branch predction accuagy of the baselineis 96.7%, the perfect brandh predicta still can improve the performance of the

baselineby 48% on averac.
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Figure 7. The performance of the basic diverge-merge processo r

With a realisticcondence estimaor, the average IPC improvemert over all benchmaliks is 2.8% for DHP and 5% for
Diverge-Meige 1° Thediverge-mege processr improvesthe performarcesigni cantly on parserard vpr becausenore than
30% of the pipeline u shesdue to branch mispredictions are eliminatedwith the dynanic predication mecarism. DHP
with the realistic con d enceestimato comesrelatively close to the performane of DHP with apeifectcondenceedimator.
However, thereis a signi cant differerce betweenthe performarce of the divergemerge processomwith a real and peffect
con dene estimato. One of the mainreasonsfor this different behavior is that the number of instrudions on the predcted
and the alternae patts is small in DHP (sinceDHP predicaes only simge hanmock branches),so anincorrectcon dence
estimation doesnot signi cantly hurt peformance. However, in Diverge-Merge, an incorrect condence estimation could
signi cantly hurt pefformarce,eeciallyif it leadsto alarge predicaion overtheadasin case3 in Table 1.

Figure 8 shawvs the distribution of exit casesn Tale 1 for the basicdiverge-merge processor. For sonme berchmarks (such
as bzip2, gap andgzip), casesl ard 2 togetheraccaunt for less than 40% of all exits from dynamic predication mode even
though divergebranchesandmetge points are selededbasedon frequertly execitedpathsin thepro led code. Therelatively

infrequentoccurrence of case?, the bestcasefor Diverge-Merge, is one reason why arealisticdiverge-meige processoroes

15Note that Klauseret al. [20] shaved a 5.5% IPC improvement in IPC. However, their benchmaks, branch predictor, ard the processormodé were
different from ours. They shavedanaverageperformane@improvementof 5.5% over SPEC95intege benchmakswith a2K-entry hybrid (gshae-+bimodal)
predctor and 16-cycle mispradiction pendty. To makea fair compaison,we implemenedther mechanismin our macinemodé faithfully asdescibed in
ther pape. Note tha thefraction of simple hamnock brandes out of all mispralicted branchesare smilar to wha waspreviously reported—atout 10%—
by Klauseretal.
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not improve the performance of sorre berchmaks (sud asbzip2 ard gzip) eventhough they show patential. This problem
can be redwcedwith a better compiler algorithm for identifying diverge branchesand the comespading CFM points. The
multiple CFM-point mechanismin Sectia 2.7.1 coud mitigatethis problem aswell. Diverge-Merge losespeiformarcein
gapbecausealout 25% of the dynamic predcationinstarcesexit with case3. The occurenceof case 3 canbe reducedwith
the eaty-exit mechanismproposedin Section 2.7.2. A bettercon d enceesimatorwill reducethe occurerce of cesesl, 3,
and 5 becawsethe processomwoud enterdynarric predicationmodefor fewer correctly predctedbranctles.

These results shaw that, for higher performarce, Diverge-Merge recuires techiquesto redwce casesl, 3, 5, ard 6 in
order to increasethe occurrerce of cases 2 and 4, which resut in performarce bere ts. The following sectionshows the

performarceresultsof the enfarceddiverge-merge processa thatis desigredto rediwcethe performarce-degradng dynamic
predcationinstarces.
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Figure 8. Distribution of exit cases for the basic diver ge-merge processor

4.3. The Performance of the Enhanced Diverge-Merge Procesa

Figure 9 shawvsthe peiformanceimprovemer of the enfaneddiverge-mergeprocesa. We show the % IPCimprovement
over the baselinefor the basic diverge-meige processa (basic-dverge) andthreevaiationsof the enhanceddiverge-memge
processr after addng theenhancenertsdescriledin Sectio 2.7 cunulatively to the basc diverge-memge processa: multiple
CFM points (entarcedimcfm), early exit pdicy (erharcedmcfm-eexit), and multiple diverge brand policy (enrancel-
mcfm-eexit-mdb).

Multiple CFM points increass the performanceof the diverge-merge processr in bzip2, twolf, and fma3d, becausehis
enhancenentincreaesthe probakility of reading a CFM paint, which adually increaesthe occurenceof case2 in these
berchmarks, asshown in Figure 10. Using the early exit pdicy from dynaric predication improves the performarce of
especially crafty, gap parsertwolf, and, mesaby reducing theoccurenceof case 3. With the earlyexit policy, thefrequercy
of cae 3is reducedfrom 10% to 3% on averag asshavn by conpaiing Figure 8 to Figure 10. The multiple diverge branch
policy improves performancesign cantly for bzip2, parsertwolf, and vpr. Re-ertering dynamic predication modefor alater

diverge brarch increaseshe probability of reacting the CFM paint in thesebenchmarks.
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With all the erhancermentsemployed the erharced diverge-merge processor provides an average 10.8% IPC improve-
mentover the baselineprocessar The erhanceddiverge-memge processoimprovesthe IPC by more than 19% for the four
bernchmarks that have the higheg IPC improvement potertial aswasshaown in Figure 7 (bzip2, paiser, twolf, vpr). Further-
more, using all the three erharcenentseliminatesthe slight peformancedegradation incurred by the basicdiverge-meme
mechanismin threebendmaks (craty, gap fma3d. For therestof the paper, erhanced diverge-meige processr refersto
the diverge-merge processothatemploys all the threeenhancemerts (enrancedmcfm-eeit-mdb).

Figure 11 shows the redictionin pipeline ushesdue to branch mispredictionsin the enranceddiverge-nmerge processor
compared to the baselineprocessar On average 31% of the pipeline u shesareremoved in the entarced diverge-memge
processr. In bzip2, parser twolf, vpr, mesa, and fma3d, more than 40% of the pipdine ushesareeliminated However,
mesadoes nat show performanceimprovement becaisethe number of control-indeperdert instructionson the wrong pathis

relatively small, aswe showedin Figure 1.
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Figure 9. The performance of the enhanced diver ge-merge processo r
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Figure 10. Distrib ution of exit cases for the enhanced diverge-merge processo r

Figure 12 shavs the overheadof dynamic predication on theenhaned diverge-meige processar Eventhough the proces-
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Figur e 11. Percentage reduction in pipeline ushes on the enhanced diver ge-merge processor compared to the baseline process or

sa hasto fetchboth pahs of each dynamically predcatedbrandh, thetotal number of fetchedinstructions deceasedor every
berchmark becawsethe control-indepencert instructionsarenot u shed. Onaverage the erharceddiverge-meigeprocessor
redwcesthe number of fetchel instructions by 18%. However, sincethediverge-mege processoexecutesinstructionsevenif
their predicde values are FAL SE, the processor executesmore instructions thanthe basgli ne processarincluding the extra-
uops used for dynanic predcation (erter.predpath enterdternae.path exit.pred) and the selectuops, the diverge-mermge
processr executesan average of 9% moreinstructions thanthe baseline Improving the con denceegimatorcanreducethe

numberof corectly predcted branchresthat end-up being dynamically predcated,andtherédore, it canreducethe overhead
of executednstructions.
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Figure 12. Number of fetched instruction s (the left graph) and the number of executed instruction s (the right graph) in the baseline
(leftmost bars for each benchmark) and the enhanced diverge-merge processor (rightmost bars).

4.4. Effed of Instruction Window Size and Pipeline Depth

Figure 13a shaws the performarce of the erharced diverge-meige processr and DHP on three differert machneswith
128, 256, and512-entry instruction windows. The datais theaverage of all 15 evaluaedberchmarks. Comparedto the base-

line processorthe erharceddiverge-merge processa improvesthe averagel PC by 6.9%, 9.4%, and10.8% respetively on
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a 128, 256, and512-ently window proces®r. The enhtarceddiverge-merge processr provides larger perfformanceimprove-
mentson procesaswith largerinstruction windows becawsealargewindow can hold alargernumber of contra-indepencent
instructions when the brarch is mispredictedandthe pipeline is ushed on the baselineprocessar. Therebre, the bere t of
the erharceddiverge-merge proces®r increases becasemore usefu work canbe savedfrom being ushed.

Figure 13b showsthe pefformanceof the erharceddiverge-meige processoandDHP on threedifferent 256-ertry window
processrs with 10, 20, ard 30 pipeline stages.Conparedto the baseline processor, the enhancel diverge-merme processor
improvesthe average IPC by 3.3%, 6.8% and 9.4% respectively on processacs with 10, 20 and 30 pipeline stages. The
performarce bene t of the erharced diverge-meige procesa increasesas the pipeline depth increasessincethe brarch

mispredction penaltyis higheron processars with deeger pipdines.

25

25 base
DHP
= enhanced-diverge

pase
DHP
= enhanced-diverge

2.0 2.0+

1.5+ 1.5+

1.0+ 1.0+

Instructions per Cycle
Instructions per Cycle

0.5+ 0.5+

0.0- 0.0-

128-entry window 256-entry window 512-entry window 10-stage pipeline 20-stage pipeline 30-stage pipeline

Figure 13. (a) Effect of instru ction window size and (b) Effect of pipeline depth on diverge-merge processo r performance

5. RelatedWork
5.1. RelatedWork on Dynamic Predication

Klauseret al. [20] proposedDynamic Hammak Predcation (DHP). After the DHP processr fetchesalow con dence
simgde hammock branch(if or if- else structure with no other control o w inside), it fetchesinstructions from both patrs of
the brarch. Theinstructions insidethe hammock are dynarnically predicated After fetchirg from both paths,DHP inserts
conditional-move (cmov) uopsto form thecorred data- ow dependendes In contrast to the diverge-merge processr, which
candynamicallypredicae conplex control- o w strudures,DHP only works for simpe forwardbrandes,which constitutea
muchsmaler sulsetof the contra- o w graphand thebranchmispredctions. Therefore, DHP providessmallerperformance
improvementscompared to the diverge-meige processr aswe showed in our results.In terms of hadware cost, both DHP
and the diverge-memge processorrequire similar hardvare conplexity to support dynamic predcation Both medarisms

insertcmov or selectuopsto the pipeline ard require the predcatedinstructions to carry the predicateregisterid.
5.2. Related Work on Compile-time Software Predicaion

Predcatedexecutin hasbeenstudiedintersively to reducethe branchmispredidion pendty [24, 26, 33, 3] andto increase
instruction-level parmllelism [1, 15]. However, in ared IA-64 implemertation, predicatedexecution wasfound to provide

a small perfformance improvemert [6]. This smdl performancegain is due to the overheadof conpile-time predicatin,

which sometimesoffsetsthebere t of redwcing the pipeline ushesdueto branch mispredictions. If abranchis predicded at
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compile-time, all thedynamic instarcesof thatbranchremain predicated eventhough mostof themwould likely be correctly
predcted by the branchpredctor.

Recently, Kim etal. [19] proposedwish branchesto redicethe overheadof predicationby combining conditional brandh-
ing and predcation With wish branches,the compler geneatescode that canbe execued either aspredicatedcoce or as
code with corditional branches. At run-time, the hadware chooses betweenpredcatedexecttion ard corditional branch
predction basedon the run-time branch betavior. Like the diverge-merme processr, thewish brand mechaismalsoavoids
the overheadof pred cation by using predicatian only for hard-to-predct branchesat run-time. However, the diverge-merge
processr overcomes the major disadvantag of wish-lranches the requrement for a predcatedISA. The wish brarch
mechanismis only applicableto ISAstha have full support for predcation In cortrastto wish branctes,the diverge-memge
processr canbe apgied to any non-predcatedISA. Hence the diverge-merge processa can be employedin awider rarge
of procesas. Additionally, the divergemerge processoiprovides the following bene ts that are not possiblewith wish

branches:

1. It canpredicde conmplex control- ow graphsevenif they include function-calls

2. It doesnt fetch/execute ALL the basic-Bocks betwee the low-con d encebranchand the cortrol- o w meigepaint (but

wish brancleshave to). Diverge-mergefetchesexecutesonly TWO paths.

3. It allowsfor dynanically choosingdifferert control- o w merge points (seeSection2.7.1), whereasa wish brand hasa

sinde merge point that is detemined statically
5.3. Related Work on Multipat h/Dual-path Execution

Startingwith Risemanand Fosters eage execution [27] and the dual-pah fetchin the IBM 360/91 [2], several contribu-
tionshave beenmadein the eld of multipathexecutian. SeeUht [23] -a survey of multipathexecutian- for agood overview
and compairisons. We will only review the work mast relevantto the diverge-merge processr.

Any form of dualpathmultipath execttion cortinues to fetch and exeaute from multiple paths even after a control-
indeperdert paint is reacled (for examge, dual-path execuion fetches/executestwo copiesof the same instruction, if the
instruction is after a contra-independent point). Comparedto dual-path/rrultipath execttion, the majar contribution of our
mechanismis thatit exploits cortrol- o w independence.In other words, the diverge-merge processoffetches/eecuesonly
onepathafterit reackesacortrol-independentpoint, wherasdual-pathimultipath execution continuesto fetch/executefrom
multiple patts. Thus, a dud-path/muiti path executian proces®r wastesprocessotresouces by keepirg multiple copes of
control-indeperdert instructions in the processor wherea the diverge-meige processa avoids this and allows processing
resoucesto be availalde for instructiors thatare furtherin the instruction stream. As more than 60% of instructions after a
mispredctedbranc arecortrol-independent(aswasshown in Figure 1), theamaunt of work and processingesourceswasted
by dual-path’multipath execution is very sign cantespecidly if the processds instruction window is large. Avoiding such

wasteusing diverge-merge procesng signi cantly improvespeformance.
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Heil and Smith [14] and Farers et al. [12] proposed a seletive dual path execution mecharism that is redricted to
low condence branctes. The processr startsfetching from baoth patts of a low con dencebrarnch. The following low
con dene brand either delays dud-path exeaution or is ignored until the rst low con dencebrarchis resohed Whenthe
low con dence brarch is resohed, the instructions on the mispred cted path are discar@éd Thesemecharnisms have fairly
high hardware cost becaige they increasethe bardwidth and complexity of the fetch, decode, and execuion stagesof the
pipeline to accanmodateboth paths simultareowsly.

We simuated sel ective dual-path execution on our baseline processa modd andfound that it improvesthe averagelPC
by 2.6%. In contrag, the IPC improvemer provided by dynamic hanmaock predicatian is 2.8% ard by the diverge-memge
processr is 10.8%, aswe have shown in Sedion 4. Dual-pah executian doesnot provide assign cant a peiformarceim-
provemen asdiverge-meige becawse it always wasteshalf of thefetch/execuion resaircesevenafter a contra-indepencent
point. Dynaric hanmack predication avoids this problemwith dud-pathexecttion, but it alsodoesnat provide assigni -
cantaperformanceimprovementasdiverge-meige be@uset isapplicabde only simplehamnodk branclesratherthanalarge
setof simge/camplex control- ow structures Diverge-meige processng overconesthe mgor limitations of both dual-path
exealtion and dynamic hammak predicaion by eliminaing the waste of procesing resourcesafter a control-indepencent
point AND by dynamically predicaing a large set of mispedctedbranchesthat existin comgex cortrol- ow structures.

Selectve Eager Execution (SEE)on the PolyPath architecture wasproposedby Klauser etal. [21]. PdyPathalsofetches
the mostlikely successor®f eachlow con d ence branch. Sinceit supports multiple outstarding divergert brarches, it can
executealong mary differentpahsatthe sametime. The PolyPath architecture usesconext tagsto maintainpathinformation
for eachinstruction. A differen tagis assigredto eachpath,so thatonly the instructions on themispredctedpathsare u shed
whenadivergert branchis resolved. Sincethere is no mechaismto maintaindatadepenlencies,the instrictions after the
control indepencert point have to befetchedsepaatelyfor eachpath which sign cantly increaseshe contertion for pipeline
and execution resouces, evenmore sothandual-pathexecutian.

In geneal, multipath execuion requires more resouces than the diverge-meme processor to keepmultiple pathsin the
instruction window, which increaseshe probabtility of having the comect pah in the window whenthe branchis resolved,
but alsoreducesthe chane of getting a large number of cortrol-indeperert instructions into the window. In contrast,a
diverge-memge processoli mits the exeation to only two pathsby following the branch predctor for succasive brandhesin
the dynamically-predicatedpaths. Furthermore, a diverge-meige processomakesmore ef cient useof the existing proces-
sa resourcesby time-multiplexing the two patls on the samehardware resouces. Therefore, in contrastto proposals for

multipath execution, thereis no needto replicateor increase the bardwidth of portions of the pipeline.
5.4. RelatedWork on Control Flow Independence

Several hardvare mechanismshave beenproposedto exploit control o w indeperderce [28, 29, 8, 5, 13]. Thesetech-
niques aim to avoid u shing the proces®r pipdine whenthe processr is known to be at a control-indeperdert point in

the program when the brand is resdved In contrag to the divergemeige procesa, thesemechanismsrequire complex
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hardvareto remove the control-deperdert wrong-path instructions from the processorard to inset the control-depencent
correct-path instrudions into the pipeline after a branch misprediction. Hardware is alsorequired to form corectdatade-
perderciesfor the insertedcorect pathinstructions. Furthermore, control-independert instructions thatare datadepencent
on the inserted or removed instructions have to be re-schediled and re-exeauted with the corred datadependendes. The
logic requred for ensuing correct data deperdercies for bath control-depement and contra-independent instructions is
comglicated28]. Exploiting contrd- o w indeperdercein atrace processa is relatively simpler. Sincetraces dready have
livein and live-out registerinformation, thetraceprocessorcaneasilydetectthe datadependentinstructions in the control-
indeperdert path [29]. However, instructions that had alrealy beenexecued with incorrect data deperdercies when the
mispredcted branchwasresolved still have to bere-executedwith thecorectdatavalues

Collins etal. [9] introduced Dynarric Recorvergerce Predction, a hadware-basedecmiqueto idertify control recorver-
gercepaints (i.e., our CFM points) without compiler sugport. Thistechnique canbe combinedwith ary of the medarisms
that exploit contral- o w indeperdence.

6. Conclusion and Futur e Work

This paper proposedthe diverge-mege processomsanarchitectue for conpiler-assisted dynarric predcatedexection to
redwethe branch misprediction pendty dueto hardto-predictbrancles. A diverge-meige processordynamically predicaes
hardto-predid instarcesof staticdly-selecteddiverge branctes. The maja cortribution of our pape is a mectanismthat
enalles the dynamic predication of branchesthat resultin complex control- o w structur esratherthan limiting dynamic
predcationto simple hammock branches We shaw that thisbere t of thediverge-merge procesa erablesit to outperform
apreviously-propaosed dynamicpred cationmechanismthatcanonly predicae simple hamnockbranchesby 7.8% onaverage
for 15 SPEC CPU2000 berchmarks. Furthermore, the diverge-meige proces®r outpeiforms a basline processorwith an
aggressve branchpredicta by 10.8%.

Theresuts presetedin this paperarebasedon our initial implementationof the diverge-mege processr using relatively
simpe comgpiler and hardwvare heuistics and algarithms. The perfformanceimprovemen provided by the diverge-merge
proces®r can be signi cantly increasedy future reseach aimedto improve thesetechiques. On the conpiler side, better
complation andproling techniques canbe developedto selectdiverge brancdhesandthe corresponding control- o w memge
points to maximize the bere ts of dynamic predcation On the hardware side, better condence estmators are worthy
of reseath since they critically affect the peifformarce bere t of dynanic predcation Hardware mechaismsto throttle
dynamic predcation based on dynamic information that becanesavailable (e.g., abardoning dynamic predcationwhenthe
two control- o w pathsare nat likely to merge) arealsopromisingto explore. In our future work, we intendto investigatethese
researclarea, both onthe compiler side andthe microarchitecture side, to furtherimprove the bene ts of thediverge-memge

processr by achieving larger redictionsin the branch misprediction penalty
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