A DecoupledKILO—-Instruction Processor

Miquel Periag”?, Adrian Cristal?, RubenGonzle?, DanielA. JiméneZ andMateoValerd”?

YDepartament' Arquitecturade ComputadorsiniversitatPolitecnicade Catalurya
f mpericas,adrian,gonzalez, mag@ac.upc.edu

’BarcelonaSupercomputingenter

Abstract

Building processas with large instructionwindowshas
beenproposedasa medanismfor overcomingthe memory
wall, but nding a feasibleand implementablelesignhas
beenan elusivegoal. Traditional processos are composed
of structuresthat do not scaleto large instructionwindows
becausef timing and powerconstaints. Howerer, the be-
haviorof programsexecutedvith large instructionwindows
givesriseto a natural andsimplealternativeto scaling We
characterizethis phenomenonof executionlocality andpro-
posea microarchitecture to exploit it to achievethebene t
ofalargeinstructionwindowprocessomwith lowimplemen-
tation cost. Executionlocality is the tendencyof instruc-
tionsto exhibit high or low latencybasedon their depen-
denceon memoryopefations. In this paperwe proposea
decouplednmicroarchitecture that executedow latencyin-
structionson a CacheProcessorand high latencyinstruc-
tions on a Memory Processar We demonstate that suc
a design,using small structules and many in-order com-
ponentscan achieve the sameperformanceas mud more
aggressiveproposalswhile minimizingdesigncompleity.

1 Intr oduction

The most importantimpedimentto improving single-
threadedprocessomperformances the memorywall [1].
Due to improvementsin processtechnologyand microar
chitecturemodernmicroprocessorareclockedin thegiga-
hertzrangeandcanreachpeakperformancesf severalbil-
lion instructionsper second.Unfortunately improvements
in memorysystemshave not kept pacewith improvements
in microprocessors.As theseratesof improvementcon-
tinueto diverge,we reacha point wheresomeinstructions
canexecutein justafew cycleswhile othersmaytake hun-
dredsor eventhousand®f cyclesbecausehey dependon
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uncachedlata.Critical high-lateng instructionscausedy
cachemissescanslow a processomwell below its peakpo-
tential.

We presentanef cient andpracticalproposako address
this problem. We obsene that programsexhibit execution
locality. Thatis, instructionstendto exhibit regular be-
havior in terms of their ability to be classi ed as either
high or low lateny dependingon their dependencen un-
cacheddata. Justascachesvere proposedo exploit data
locality, we proposea decoupledCache/Memorymicroar
chitectureto exploit executionlocality. One pipeline,the
out-of-orderCacheProcesso(CP),handledow lateng in-
structionsandexploits asmuchtraditionalinstruction-level
parallelism(ILP) as possible. A secondpipeline, the in-
order Memory Processoi(MP), handleshigh lateng in-
structionsand enablesmemory-level parallelism (MLP).
The two pipelinesare connectedby a simple queuethat
givesthe effect of a large instructionwindow without the
needfor a large content-addressablaemory(CAM). Our
decoupledapproacHully exploits the parallelismavailable
in the instructionstreamby maintainingan effective win-
dow of thousandf in- ight instructionswith muchless
compleity thancompetingproposals.

1.1 Our Contrib ution

Ratherthan addressthe limitations of each processor
structure we exploit the behavior of programawith respect
to long memorylatenciego producea holistic approacto
building alargeinstructionwindow processar

This analysisallows establishingan importantrelation-
ship betweerthe memoryhierarchyandthe numberof cy-
clesinstructionamustwait for issue.Thisrelationshipgives
rise to the new conceptof executionlocality, enablingus
to build anew decoupledarchitecturghathasmary design
adwantage®ver a centralizedarchitecture.



Cong L1 L1 L2 L2 memory
access| size | access| size access
time time time
L1-2 2 1 - - -
L2-11 2 32KB 11 1 -
L2-21 2 32KB 21 1 -
MEM-100 2 32KB 11 512KB 100
MEM-400 2 32KB 11 512KB 400
MEM-1000 2 32KB 11 512KB 1000
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Figure 1. Effects of memory subsystem on
SpecINT

2 Executionlimits and Execution Locality

The memorywall itself is not necessarilya limitation to
the ability to exploit instruction-level parallelism. Proces-
sor characteristicend programcharacteristicplay anim-
portantrole in the effect of thememorywall on execution.

We quantify this effect by observingthe impactof ses-
eral memorysubsystem®n a rangeof out-of-ordercores.
Out-of-orderexecutionis necessaryo evaluatethe ability
of thesecoresto hide latenciesof independeninstructions,
usuallyloads. Theresource®f all out-of-ordercoreseval-
uatedaresizedsuchthatstallscanonly occurdueto short-
ageof entriesin the ROB. Thus, providing the numberof
ROB entriesis enoughto describethesed-way speculatie
processorsUsing SPEC200@stheworkload,six different
memorysubsystemare evaluatedfor IPC. Table 1 details
their con gurations.In thistable,memoryaccesgimesare
givenin processoclock cycles.

Figuresl and2 shaw the effectson IPC of usingthese
six memorysubsystemsdn these gures Sizeof Instruction
Windowis the samesizeasthe ReordeBuffer.

An analysisof SpecFPbenchmarkshaws thatevenfor
theslovestmemorysubsystemt is possibleto recoverthe
lost IPC simply by scalingthe processoto supportthou-
sandsof in- ight instructions.With an ROB of 4K entries
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Figure 2. Effects of memory subsystem on
SpecFP

almostall architectureperformsimilarly to the perfectL1
cachecon guration. ThereasorbehindthisIPCrecoveryis
thatloadmissesarenotonthecritical pathon SpecFRvhen
enoughinstructionscanbekeptin— ight.

For SpecINTbenchmarkghe analysisis somavhat dif-
ferent. Theseworkloadssometimesnisbeh&ein two ways
thatcanputahigh lateng load on the critical path: pointer
chasingbehaior and branchmispredictionsdependingon
uncachedlata. The latter will force a completesquashof
theinstructionsof theprocessowith a devastatingeffecton
performance. Note that branchmispredictionsdepending
on shortlateng eventscanbe recoveredfrom quickly and
thushave little impacton IPC. Figure 1 shavs how in this
caserecovering IPC by usinglarge instructionwindows is
not an effective solution. Thus, differenttechniqueseed
to be researchedor thesecases[2]. In ary case,large-
instructionwindows are not detrimentalto integer codes.
They simply do not help as much asthey do for oating
pointworkloads.

2.1 Exploiting Execution Locality

Clearly, onewayto build anarchitecturecapableof over-
comingthememorywall is to produceachipwith resources
to handlethousand®f in- ight instructions. This is anal-
ogousto the designmethodologyusedfor currentout-of-
order chipswith respectto handlingL1 cachemisslaten-
cies. Theselatenciesare quite small. An L2 hit normally
takesaround5-20 cycles. As new technologieshave been
usedto implementchips,the cachedistancehasslowly in-
creased. To hide this new lateng, the resourceson the
chip (instructionqueue register le, load/storequeueand
reorderbuffer) mustbeincreasedommensurateljo main-
tain the previous IPC rates. This approachs feasiblefor
dealingwith increasingL1 miss latencies. However, in-
creasingthe structuresmore than 1000%to supportthou-
sandsof in- ight instructionsis totally impracticaldue to
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power and timing issues. Thus, most researchon large-
window processordiasfocusedon replacingnon-scalable
resourcewith new resourceghat scalemuch betterusing
a variety of techniquesangingfrom virtualizationto hi-
erarchicalimplementationsetc. Unfortunately the design
compleity of suchapproachess still high.

To proposeinnovative designswith reducedcomplexity
we wantedto collectmoreinformationaboutthe execution
of programs.To this end, the following instruction-centric
analysiswas performed. Using an out-of-orderarchitec-
ture with a memorylateng of 400 cycles and an unlim-
ited processoxve focusedon SpecFPandanalyzedhe av-
eragenumberof cyclesa correct—pathinstructionwaits in
theinstructionqueueuntil it is issued. The results,shavn
in Figure 3, indicatethatthereis considerableegularity in
the issuelatencyof instructions. This regularity is highly
correlatedwvith the parametersf thememorysubsystem.

Several groups/peakgan be seenin the gure. Most
instructions(about70%) executein fewer than 300 cycles
while about11% of all instructionsexecutearound400 cy-
clesandabout4% executearound800 cycles. This distri-
butionis highly correlatedwith the memoryaccesgsype of
loadspresentin the instructionslices. The front-endnor-
mally advancesat full speedfetching4 instructiongpercy-
cle. Thusthe whole instructionslice is fetchedin a rela-
tively small numberof cycles. We can concludethat the
70% of instructionsthat executein fewer than 300 cycles
areinstructionsthat dependon a cachehit or are instruc-
tionswhosesourceregisterswill all be computedn ashort
amountof time. The small peakaround400 cyclescorre-
spondsto instructionsthat dependon a single cachemiss.
Thesameappliesto thesmallpeakaround300cycleswhich
is madeof instructionsthat dependon a chain of 2 cache
misses.Theprovidednumbersaddupto 85%. Theremain-
ing 15%belonggto instructionswhereit is not clearif they
dependon 1 or 2 misses,or are instructionsthat depend
on morethan2 misses.For SpecINTapplications almost
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all correct—patlinstructionsareissuedshortlyafterdecode.
Thereasornis thatlong lateng eventsareoftenonamispre-
dicted path. After recovery, long lateng loadshave been
turnedinto prefetchesand mostof correct-pathcodeends
up having shortissuelateng.

This phenomenortanbe given an interestinginterpre-
tationin termsof registeravailability. Onceaninstruction
entergtheinstructionwindow, its sourceregisterscanbein
1 of 4 states:1) READY, ie, with computedvalue;2) NOT
READY, dependingncacheevents;3) NOT READY, wait-
ing for otherinstructiongo writeback;and4) NOT READY,
dependingon long-lateny memoryevents. In termsof ex-
ecution,case® and3 have avery similar behaior. We are
now readyto establisha new classi cation of instructions:
Thoseinstructionsthat have at leastonelong-lateng reg-
ister (ie, in state4) areclassi ed as having low execution
locality. Theremaininginstructions,which will be issued
quickly, have high executionlocality. Executionlocality is
a propertythat describesnstructionsas a function of the
numberof cyclesthey wait in the queuesuntil they issue.
This distanceis calledthe IssuelLatency In general,in-
structionsdependingon cachemisseswill have low execu-
tion locality while instructionsthat dependonly on cache
hits will have high executionlocality. This conceptis ex-
empli ed in Figure4 whereit is shovn thatdifferentexecu-
tion groupsareclearly disjoint. This gure alsorepresents
one of they key propertiesof programswhich is Karkha-
nis' obsenationthatmanyindependeninstructionscanbe
executedunderthe shadowof a load miss[3]. Largewin-
dow processorssuchasKILO-Instruction processorg$2],
prot from this characteristi¢o hide the latenciesof long-
lateny misses.Figure4 alsoshows the detrimentalkeffects
of mispredictionglependingn cachemisses.Thereforefo
establisha relationshipbetweerexecutionlocality andper
formanceit is necessaryo take into accountthe criticality
of loads.In generaljoadsgetverycritical whenthey drivea
low-con dencebranch.Thesecacheaccessewiill strongly
determineperformance4].



3 A DecoupledKILO-Instruction Processor

It is interestingto take a secondlook at Figure4. As
the processoradwancesexecution, the gap betweenthe
youngestndtheoldestinstructiontendsto increase Some
events,like mispredictionsor storesthat endlong-lateny
slices,will reducethis gap. Two featuregprovide the most
bene t to anarchitecturevith anunlimitedwindow:

1. The FetchUnit never stalls. Thus, high locality code
continuesto executein the presenceof several high
lateng/ loadsandloadsthatmisscanbeexecutecearly.

2. Low locality instructionscan be executedin parallel
with recentlyfetchedhigh locality instructions.

Executionof low locality codedeseresonemorelook.
As Karkhanisetal. point out[3], mostinstructionsthatare
fetchedunderthe shadav of a missareindependentf it.
Thus, Theamountof low locality codeis smallwhencom-
pared to high locality code Most of the executionband-
width is consumedby high locality code. Nevertheless,
currentarchitecturesiave to stall everytime they encounter
a memoryaccess.Thus, the small amountof low locality
codepresenin theinstructionstreamcausestallsthat sig-
ni cantly reduceperformance.

Thefollowing guidelinescanbe derivedfrom the analy-
sisof executionlocality:

Never Stallin Fetdh: It is importantto continuefetch-
ing instructionsand executing them becausea large
partof the executionbandwidthwill be usedfor short
issuelateng instructions.Also, this permitsexecuting
load operationsaassoonaspossible.Thisisthesame
motivationbehindContinualFlow Pipelineq5].

Large Storage is Importantbut a Large CAM is Not

We will needto store mary non-eecutableinstruc-
tions during a cachemiss. However, therewill be
plentyof time to executethemandthey do notrequire
high executionbandwidth. Thereforeit is not neces-
sary to have all of theseinstructionsin an issuable
gueuebasedon CAM logic. This concepthasbeen
exploitedbeforein the Waiting InstructionBuffer [6].

Distributed Execution Low executionlocality code
is very decoupledrom high executionlocality code.
Thereis no needto communicateback valuesaslow
locality codefeedsonly low locality code.

3.1 A DecoupledKILO-Instruction Processor
Using theseinsights we will now introducethe main

contribution of this paper:the DecoupledKILO-Instruction
Processor(D-KIP). The D-KIP is the resultof exercising
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Figure 5. 2-Level Decoupled Processor

the simplestimplementationof the presentedjuidelines;
we have 1) two differentexecutionpoints,2) unidirectional
communicatiorfrom high locality to low locality codeand
3) high lateng tolerancein the low locality code. The di-
rectimplementatiorof theseideasis to useone processor
for eachlocality typelinkedby anunidirectionainstruction
buffer. This structure shavn in Figure5, complieswith all
designguidelines.

We will now describethe detailsof this microarchitec-
turebeforeanalyzingits performanceindcompleity char
acteristics.

3.2 Implementation of a D-KIP processor

Thetwo-level D-KIP processois basednostlyonstruc-
turesfor which implementationslreadyexist, allowing it
to be built reusingstandardnodulesand focusingon the
interfaces. Thusmostof the work consistsin adaptingthe
structurego comply with the interfaces.In Section5, we
analyzeD-KIP from a designperspectie.

Figure5 shavsthatthemicroarchitectureonsistof two
processorsa simple, non-issue-capablmstruction buffer
and an addresgprocessothat handlesall memory opera-
tions. ThesmallandfastCacheProcessorcanbeef ciently
implementedisingthe MIPS R10000as startingpoint [7].
It is usefulto usea registermappedarchitecturebecausét
is importantto provide fastbranchrecovery in the front-
end. Becausehis processolassumes perfectL2 Cache
it canbe smallerthan currentgenerationprocessors.The
Memory Processorcan be even simpler sinceit doesnot
requiremuchexecutionbandwidth. Thusin this studywe
have modeledt usinga simpleFutureFile architecturd8].

We target the following executionmodel: Instructions
arefetchedby the CacheProcesso(CP). They staythere,
waitingto beexecuteduntil they areissuedo thefunctional
unitsor they aredeterminedo have longissuelateng, i.e.,
they belongto a low executionlocality slice. In this case
they aremovedfrom the CPinto aLow Locality Instruction
Buffer (LLIB) andwait until all long-lateny eventsthey
dependon have nished. Thereis oneLLIB for oating



pointandanothetLLIB for integerinstructions.

Whenthe long-lateng load completesit simply keeps
the value in the addressprocessar When the depending
instructionsarriveattheheadof theLLIB andtheloadvalue
is available,boththeinstructionsandthe valueareinserted
into the correspondind/lemory Processo(MP). Execution
cannow proceedn the MP.

The LLIB Queuedo not provide globalissuecapabili-
ties. In addition,they usea FIFO policy which greatlysim-
pli es theregistermanagement.

Wewill now discussomeof themodi cationsnecessary
to implementthedecoupledgrocessar

Aging-ROB. The CacheProcessorcontainsa ROB like
otherprocessordut in additionto allowing recovery from
mispredictionsand exceptions,the CP's ROB is alsoused
to determindf instructionsbelongto alow executionlocal-
ity groupor not. For this taskthe ROB cannotwait until
writebackbecausghisis too late.

The D-KIP proposesusing a schemeknown as the
Aging-FOB, which improves and supersedeshe pseudo-
ROB schemaentroducedin [9]. The Aging-ROB is a ROB
structurein which instructionsprogressat a constantpace.
This allows checkingwhetherinstructionsareshortlateng
or notusingatimer. In generakthe sizeof the ROB will be
thenumberof agingcyclesmultiplied by thecommitwidth,
which in our studyis 4. The Aging-ROB is implemented
asa circular FIFO with a head andatail pointerthat
is moved forward at the samespeedas decodebut with a
constantlelay

LLIB Insertion and Wake-up. The Aging-ROB will

forceanalysiof aninstructionaftera certainnumberof cy-

cles. This operationis calledAnalyzein our pipelineandit

determinesf theinstructionis long—lateng. Therearetwo
instructiontypesthatbehave differently Loadsarespecial
andthey areanalyzedrst here.Whenaloadarrivesat An-
alyzeit mustbe determinedf it hasmissed;thus,the ROB
timer shouldbe large enoughthatit candetecta miss. To
detectwhethera load hasmissedin the L2 cacheit is nec-
essanyto wait until thetagarrayhasbeenaccessedndthe
hit/missinformationreturns. This imposesa minimal size
onthe ROB timer. If theload missedthenthis information
is recordedn a bit vectorthatidenti es long—lateny reg-
isters(the Low Locality Bit Vector LLBV). Otherwisethe
registeris marked asshortlateng. In any casethe analy-
sisof instructionsdoesnot stall unlessthe currentsituation
of theloadis still unknowvn. Whena generic(non-load)in-

structionarrivesat Analyzeit is rst checledwhetherit has
alreadyexecuted(this informationis storedin the ROB). In

thatcasethe destinatiorregisteris markedasshortlateng.

Otherwisethe sourcesareanalyzedlf oneof the sourcess

long-lateng thenthe instructionis alsoclassi ed aslong-
latengy andis thereforeinsertedn the LLIB. If noneof the
two situationsapplies,thentheinstructionis still in- ight,
but will beexecutedsoon.In this casethearchitecturestalls
in theAnalyzestageuntil theinstructionwriteback.Therea-
sonto stall andnot continueat this point is dueto the way
checkpointavork, which we explain shortly Theimpactof
thesestallsis minimal, averaging0.7%IPC loss.

As instructionssourcelong-lateng registers,new regis-
tersaremarked aslong-lateng in the LLBV. It is theoret-
ically possiblethat, after a while, all registersare marked
aslong-lateng, anundesirablesituationthatwould notim-
prove performanceas all instructionswould be processed
by the potentially slower memoryprocessar However, it
hasbeenmeasuredhatthis doesnot happerduring steady
state.Therearevariousreasondor this:

Checkpointecoveryrestoreghefull statetothecache
processar This operationsclearsthe LLBV com-
pletely.

Short-lateng operationswhich represenmore than
65% of all executedcode(seesection2.1), will rede-
ne registersthatweremarkedaslong—lateng. After
completion thecorrespondingpit in theLLBV will be
cleared.

Long-lateny loadsare executedin the addresgproces-
sor, wherethe LSQ is located. Upon completion,the load
valueis storedin a FIFO buffer, oneper LLIB. Eachen-
try in this FIFO is associatedo a long lateng load. When
the rst dependingnstructionis aboutto enterthe Memory
Processgrandtheload valueis available,the valueis rst
insertedfrom this buffer into the FutureFile of the Mem-
ory Processofrom wherethe operatiorwill thenobtainthe
value.

Registers. Register managemenis a critical issue. We
wantto keepa minimumnumberof registerswhile having a
simpleandimplementablenanagemenalgorithm. The D-
KIP architectureprovidesa solutionfor both goalsusinga
distributedorganizatiorof registersallowing for distributed
andindependentegistermanagement.

The CacheProcessoidoesnot needary modi cation.
The traditional algorithm of freeingregistersoncethe re-
naminginstructionis analyzeccanbeusedhere. The Mem-
ory Processousesa FutureFile architecture.lt requiresa
logicalregister le in thefront-endplustheassociatedpace
in theresenationstations.Thelow requirement®f the MP
enableit to have a very small numberof resenation sta-
tions,soregistermanagemeris very ef cient in this partof
thearchitecture.

The only structurethat requiresmore attentionis the
LLIB sinceit may needto store mary registers. How-
ever, the LLIB has some helpful properties. First, this
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structureis in-order, sothe orderin which registersarein-
serted/gtractedis known before-hand.The LLIB register
storaggcalledLLRF, Low Locality RegisterFile) worksas
follows. During Analyzeit is determinedf along-lateng
instructionhasREADY operandsTheseoperandsarethen
insertednto the LLRF. In the AlphaISA, whichwe areus-
ing, therewill neverbemorethanoneREADY operandoer
instruction. Thuswe needto preallocateat mostone reg-
ister per instruction. The commit width of the processor
we aremodelingis 4. Thiswill requireaninsertionrateof
4 registerspercycle in theworstcase.The sameappliesto
theinstructionextractionrate.However, theserialFIFO na-
ture of the LLIB allows storingeachregisterin a different
bank. We modelour LLRF asa banked register le with
8 banks. LLIB InsertionandLLIB Extractionalways op-
erateson a disjoint groupof 4 banks. If avalueto beread
happendo be in a bankthatis beingwritten, the reading
instructionis simply stalledfor onecycle. Thisavoidscon-
icts in theiraccesandallowsto implementthesebanksas
single-portedstructures.Theresultis thateachbankoccu-
piesminimal areaandhasminimal size.We calculatedhat
the dataarray would be 6.6 times smallerthan a central-
izedregister le with 4 readportsand4 write portsandthe
samenumberof entries[10]. Eachbankhasa freelist that
worksindependentlyf the otherbanks. Theinstructionin
theLLIB recordsthe positionof the READY operanddur-
ing insertion. Actually, not all instructionshave a READY
register Therearemary integerinstructionghathave asin-
gleoperandandthereareinstructionswith two long-lateny
sources.Thesewill not requirean additionaloperand.We
will analyzehow to exploit this propertyto furtherreduce
thesizeof the LLRF. A schematicshaving the LLRF and
theassociatednachineryis shavn in Figure6.

Checkpoints. The processorcan recover mispredictions
in the CacheProcessowusing the ROB structurethere or
a renamestack. In the memory processartheseevents,
althoughlesslikely, also occur Recovery in the MP is
supportedy usingselectve checkpointing11]. Full state
checkpointsaretaken at speci ¢ pointsduringthe analyze
stagein the CP At this point the instructionseesa register
le composedf READY registersand somelong-latengy
registers. Taking a checkpointinvolves copying the ready
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Figure 7. Schematic of checkpoints

valuesfrom the architecturaregister le (ARF) at Analyze
into afreeentryof the Checkpointingstack.In addition,all
operationghatgeneratea long-lateng registermustbein-
formedthatthey shouldwritebacktheir destinationvalues
into this entryof the stack. Thisimplementations aidedby
keepingasmallRAM parallelto thelong-lateng bit vector
(LLBV). For eachactive bit in this vector the RAM con-
tainsthe positionin the LLIB of the instructionthat gen-
erateshe valueor a pointerto a previous checkpointfrom
whichto copy thevalue.Having atleastonecheckpoinin-
ight in theLLIB beforewakeupassureghatno inconsis-
tenciesoccut This schemds shavn in Figure7 wherethe
smallRAM structurds referredo astheArchitectural Writ-
ers Log (AWL). The numberof portsof the Checkpointing
Stackis nota problemasthis structureis not frequentlyac-
cessed.

In the LLIB paragrapht was mentionedthat Analyze
needsto wait for shortlateng instructionsthat have not
written backtheir values. This simpli es checkpointman-
agementsit makessurethatall shortlateny valueshave
written into the ARF whena checkpoints taken.

3.3 Load/Store Queues

We do not directly addressa very importantcomponent
of the microarchitecture:the load/storequeues. A large
window processorequiresa scalablestructurecapableof
supportinghundredsof in—ight loadsand stores. In the
D-KIP, theLSQ is decoupledrom theremainingstructures
of the processoandit requiresonly smallmodi cationsto
complywith thenew interfaces.Thereadercanassumehat
D-KIP integratesthe hierarchicalgueuedesignspresented
in [12] or oneof theseveralscalabld_SQ designghathave
beenrecentlyproposed13] [14].

TheLSQis decoupledrom theD-KIP in thesamesense
as a DecoupledAccess-ErcuteArchitecture[15]. In the
D-KIP, the AddressProcessoneeddo interfacethe Cache
Processoandthe Memory ProcessorLoadandStoreports
canbeasymmetricallypartitioned— with morecapacityfor
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the CP—to supportboth cores.As wasalreadymentioned,
theaddresprocessonlsoneedgo keepa FIFO buffer, one
perLLIB, to storetheresultsof long lateng loads.

3.4 Pipeline

To concludethis sectionwe shov thefull pipelineof the
architecturen Figure8. Thethreepipelines(CacheProces-
sor, LLIB, Memory Processorgare chained. Most instruc-
tions only traversethe CP pipeline. Instructionswill enter
the LLIB whenthe Analyzestagedetermineghatthey be-
longto alow locality slice. Finally, insertioninto the Mem-
ory Processohappenswhen the oldestinstructionin the
LLIB dependon a long-lateny load that hascompleted.
For otherinstructionsinsertionis performedwithout addi-
tional checks.

4 PerformanceEvaluation

Theevaluationof theD-KIP is orientedtowardverifying
theintroducedconceptof executionlocality andanalyzing
theef ciency of thearchitecturetself.

4.1 Simulation Infrastructur e

Our simulationinfrastructurds designedo executeAl-
phabinariesandtraces. We rely on Simplescalai3.0 [16]
for theloadingandexecutionof theseprograms.The sim-
plescalarcycle accuratesimulatoris replacedby a KILO-
InstructionProcessosimulatorcapableof simulatinga de-
coupledKILO-Instruction processar The workbenchcon-
sists of all benchmarksof the SPEC2000benchmarking
suite. We simulate200 million committedinstructionsse-
lectedusingthe SimPointmethodology{17].

We will be evaluatingseveralsizesfor structuresn the
architecture.Table 2 summarizesarchitecturalparameters

CacheProcessor

Architecture

MergedRegisterFile [7]
Fetch/Decode/AnalyZé/idth 4

BranchPredictor Perceptronl8]
ROB Timer 16 cycles
ROB Capacity 64 entries
ALU Units 4
IntegerMultipliers 1
FP Adders 4
FP Multipliers/Divisors 1
LLIB
Architecture FIFO Queue
Numberof Entries 2048each
Insertion/ExtractiorRate 4

RegisterStorage

Integer Memory Processor

Architecture FutureFile [8]

DecodeWidth 4
ALU Units 4
IntegerMultipliers 1

FP Memory Processor

Architecture FutureFile [8]

8 banks,256regseach(max)

Decodewidth 4
FP Adders 4
FP Multipliers/Divisors 1
| Addr essProcessor

Architecture Hierarchical12]

Load/StoreQueueSize 512entries
Numberof MemoryPorts 2 R/W ports(global)
L1 CacheSize 32KB
L1 CacheHit Lateny 2 (1+1)cycles
L2 CacheHit Lateny 11 (1+10)cycles
Memory Access_ateng 400cycles

Table 2. Parameter s of the architecture

thatareinvariantthroughoutthis evaluation. Table 3 sum-
marizegparameterthataregoingto beanalyzedhroughout
thepaper Theprovidedvaluesarethedefaultsandareused
whennotspeci ed otherwise.

L2 CacheSize 512KB
CPlIntegerQueueSize 40
CPFPQueusSize 40
CP Scheduler Out-of-Order
MP Integer QueueSize 20
MP FP QueueSize 20
MP Scheduler In-Order

Table 3. Default values for variable parame-
ters
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Figure 9. Performance of the D-KIP compared
to baselines and a traditional KILO processor

4.2 PerformanceComparison

First of all we want to testthe performanceof our ar
chitectureagainstotherexisting andexperimentalarchitec-
tures. For this testwe will useall the default valuesshavn
in Table3. All LSQsareidenticalandhave 512entries.We
will compareagainsthreearchitectures:

R10-64 An Out-of-Orderprocessothat modelsa MIPS
R10000processarlt hasa ROB sizeof 64 entriesand40-
entryissuequeueslt is thusidenticalto the default Cache
Processor

R10-256 AnotherR10000-stylgorocessatbut with futur-
istic ROB andQueuesizes. The ROB herehas256 entries
andthe queuesave 160entries.

KILO-1024 This is an implementationof [9]. The

pseudo—®B has64 entriesandthe Slow Lanelnstruction

Queusds Out-of-Orderwith 1024entries.Theissuequeues
have 72 entries.

D-KIP-2048 This is the implementationdescribechere.
It featurestwo LLIBs (integer + FP) of 2048entrieseach.
NotethatthesequeuesareFIFOs,which allows themto be
largerthanthe SLIQ. However, aswill be shown, this has
noimpacton performance.

Figure 9 shows the IPC thatthesecon gurationsyield.
The gure shaws dramaticspeed-up®chiezable from the
two large window processors.The oating point bench-
marks in particular achiese a considerableperformance
bene t. The reasonis simple: Branchpredictionin these
architecturess highly accurateThus,long lateng instruc-
tions are almostnever discardedand are simply processed
later after beingreinsertedrom the long lateng buffering
system.Note thatfor integerbenchmarkshe performance
of theD-KIP is lessthanthatof thetraditionalKILO proces-
sor. Thereasons thatintegercodedeaturea lot of chasing
pointerswhich will prot from an out-of-orderinstruction
buffer suchasthe SLIQ [9]. Thereforeit achievesbetter

MP INO ===
MP O00-20 oesssse
3 MP O00-40 mmmmmm ||

25

15 -

Average IPC

0.5 -

INO 000-20 000-40 000-60 000-80
Configuration of Cache Processor

Figure 10. Impact of Scheduling Policy and
Queue Sizes in SpecFP

performancelt doesso, however, at the costof high com-
plexity andrequiresavery complex mechanisnfor register
storag€e]19]. The performanceadvantageof the D-KIP in
SpecFRcomparedo the KILO stemsfrom the factthatthe
D-KIPs simpleimplementatiorsupportgrivially to imple-
menttwo LLIBs andtwo memoryprocessorsvhich allows
it to exploit more parallelismand addsa minimal out-of-
ordercapabilityto the LLIBs which now canprogressout-
of-order, but only with respecto eachother

LookingatFigure2 we seethatthe D-KIP-2048achieves
a SpecFPperformancesimilar to that of the R10-768,with
thedifferencethatthe D-KIP-2048processohasno out-of-
orderstructurdargerthan40 entries.

We will analyzenow which parametersiremostimpor-
tantin thesespeed—ups.

4.3 Impact of SchedulerPoliciesand QueueSizes

In this sectionwe will evaluatetheimpactof theinstruc-
tion queuesizesand imposea more severe restriction by
forcingthequeuedo bein-order

We nd that,for integerbenchmarksheD-KIP con gu-
rationis only sensitve to theschedulingpolicy in theCache
ProcessorBeingout-of-ordetinsteadf in-orderin this part
of the pipeline increaseghe IPC by 29%. The D-KIP is
insensitve to the con guration of the MP. This is reason-
ableasthe MP processesnly about5% of all instructions
duringintegercodes.The speed-upsirea signthatinteger
benchmarkgro t from the D-KIP prefetchingcapabilities,
but not from the additionalprocessingapacity

An analysisof SpecFPbenchmarkshaows thatthereis
morepotentialhere.Figure10 shovs theimpactof the pro-
cessorcon gurationson theexecutionspeedor SpecFPIn
this gure, INO means’In-Order”, while OOO-XXmeans
"Out-of-Order”and XX refersto the sizeof the queue.

First, the differenceof in-orderexecutionversusout-of-
order executionin the CacheProcessomlagainproducesa



speedumf 32%. However, in this casetherearestill per

formanceincreasesaswe go to larger processorsWith an
in-orderMP, thereis a 13% speed—upvhengoing from an
OO0O CP with 20 entriesto an OOO CP with 80 entries.
In addition,aswe go to larger CP processorsthe con g-

uration of the MP also hasmoreimpact. Going from an
in-order MP to an out-of-orderMP with 40 entriesin the
gueuegivesaspeed-upf 1% whenthe CacheProcessois
in-order The samevariationproducesa speed-upf 6.3%
whenthe CacheProcessois out-of-ordemwith 80 queueen-
tries. Figure 10 alsoshaws thatthe OOO MP with 20 en-
triesachievesalmostthe samelPC asthe OOOMP with 40
entries. Thus,while OOQ in the MP canbe usefulfor ag-
gressve con gurations,the numberof entriesrequiredcan
beverysmallin general Themostaggressie con guration
achievesan|PC of 2.54,up from the 2.37 achieved by our
baselineD-KIP in Figure9.

4.4 Impact of CacheSizes

Ournext analysifocusesonthememorysubsystemwe
wantto seehow the D-KIP behaesunderasubsetf differ-
entsizedcaches Smallercachegesultin highermissrates
whichin the contet of the D-KIP meanghatmoreinstruc-
tionsaregoingto be executedin the memoryprocessarlf
more instructionsare executedin the MP, the scheduling
policy therecould be of higherimportance.

Basedon the previous sectionwe selecta subsetof
con gurations: Con g—CadcePod/Con g—-MemPpoc. The
con gurations are: INO/INO (as the worst behaing),
O0O0-20/INO,000-80/INO and OO0-80/000-40. We
will modify the sizeof the L2 Cachefrom 64KB to 4MB,
maintainingall otherparametersandanalyzethe behaior
of thearchitecturaunderdifferentcachesizes.We alsoadd
the R10-256processotto shav the differenceswith tradi-
tional OOO-basegrocessors.The averagelPC is shavn
in Figure1l1andFigurel2 for SpecINTandSpecFP

Thebehaior of the D-KIP undercachevariationsin in-
teger benchmarkds quite common. Eachduplication of
sizein theL2 cacheproducesnoreor lessalinearspeed-up
in the IPC. This is very similar to the single-coreout-of-
order processar The interestingpropertiesof the D-KIP
do shaw itself in the SpecFP gure. |PC variationsare
muchsmallerhere. The capacityof the D-KIP to process
correct-patHong-lateny instructionswithout stalls allows
it to bemorecacheinsensitve. The differencebetweerus-
ing a 64KB cacheanda 2MB cacheis lessthan15%. It is
only whena4MB Caches addedhataconsiderablepeed-
up canbeperceved. In ary casethe maximumspeed-ujis
still only about24% (INO—INO con guration).

Fromthe gure it seemghattheschedulingpolicy in the
memory processordoesnot have that much in uence on
theIPC variations.Thuswe expectthatevenfor the small-
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Figure 12. Impact of L2 Cache Size on SpecFP

estcacheof 64KB thereis still enoughexecutionlocality so
thatthe cacheprocessostill processemostof the instruc-
tion stream.Our simulationscon rm this hypothesisEven
for the 64KB cache,the OO0-80/000-40CP still pro-
cesse$7% of all committedinstructionsin the cachepro-
cessol(for SpecFP)Whena 4MB cacheis in use,thetotal
numberof high locality instructionsgncreases$o 77%. This
differenceis not so large consideringthat the cachesize
differs by abouttwo ordersof magnitude. It alsoexplains
why the D-KIP con gurationis sotolerantto variationsof
the cachesize. Comparethis with the single-coreR10-256
con guration. For the rangeof cachesobsered the R10-
256 con guration seesa total speed-upof 1.55 while the
mostaggressie D-KIP con guration seesonly a speed—-up
of 1.18. This shaws the toleranceof the decoupledarchi-
tectureto different cachesizeswhen executingnumerical
codes.

4.5 StorageRequirements

TheLLIB requiresanassociatedegisterbuffer thatcan
be very large. However, not all instructionsin the LLIB



T T T T T T T T T T T T
2250 Max Registers mmmm |
Max Instructions e

2000

1750

1500

1250

1000

Number of Elements

750

500

250

bzip2
crafty
eon
gap
gee
ozip
mcf
parser
perlbmk
twolf
vortex
vpr

Figure 13. Maximum number of register s and
instructions in the LLIB for SpecINT

1750

T T T T
Max Registers mmmmm
Max Instructions e

1500

1250

1000

750

Number of Elements

500

250

0

ammp
applu
apsi

art
equake
facerec
fma3d
galgel
lucas
mesa
mgrid
sixtrack
swim

wupwise

Figure 14. Maximum number of register s and
instructions in the LLIB for SpecFP

have an associatedREADY register They canbe single-
sourceinstructionsor both sourcesmay be long lateng.
If alarge numberof instructionsdo not requireadditional
storaget may be possibleto reducethe size of the register
storageby notallocatinga register

Figures13 and14 shov themaximumnumberof simul-
taneousnstructionsandregistersn theLLIB duringexecu-
tion in our D-KIP architecture.EachLLIB canaccommo-
dateup to 2048instructionsandan equalnumberof regis-
ters.

The gures shaw thatthe realnumberof necessaryeg-
isterscanbe muchsmaller Theworst casecorresponds$o

integer registers/instructionsluring SpecINTbenchmarks.

Many of thesebenchmarkgontainlarge andirregularload
chains. This resultsin LLIB stallsdueto ll-ups for four
integerbenchmarksOn the otherside,noneof the SpecFP
benchmarksequiredto Il theLLIB. Notethatin Figurel3
weareconsideringheintegerLLIB while in Figurel4only
the oating pointLLIB is beingconsidered.
Theseresults suggestthat the LLIB can probably be
reducedconsiderablywithout signi cantly degradingIPC.

For the coderegionsexecutedan LLRF with only 1000en-
trieswould have beenenough.This numberis large, how-
ever thereis only a single benchmarkthat requiredmore
than 750 registers. The averagenumberis much smaller
fewerthan500registers.In ary casejt mustnot beforgot-
tenthatthe LLRF is a very regularstructurewith 8 single—
portedbanks. This makesit clearthata structuresuchas
the LLRF would not be a bottleneck,for neitherareanor
enepgy reasons.

5 Designissues

The D-KIP processors anattemptto provide the bene-
ts of KILO-InstructionProcessingit moderatecost. This
sectionwill focuson designissuesand commenton the
compleity of theapproach.

The main techniguethat we have focusedon usingto
reducethe compleity is decoupling[15]. While decou-
pling doesnot reducethe amountof hardware that hasto
be designedjt doeslimit the interactionbetweenthe two
modules. The ideais to maintainonly very narrow inter-
faces. Exploiting this propertyallows designergroupsto
work almostin isolation, with only little efforts to verify
cross-modulénteractioncorrectness.

Thefollowing interfacesnustbeconsideredbetweerthe
four structures:

CP! LLIB Duringthe Analyzestagenstructionsnaybe
sentto the LLIB asif it werea functionalunit. TheLLIB
must synchronizewith the CP and provide entriesfor the
instructionand possiblyan associatedegister Moreover,
whena checkpoinis takenthereneedgo be a pathinto the
LLIB to inform instructionsthatcreatecheckpointedegis-
tersthatthey have to writebackinto the checkpointstack.
LLIB! MP Whenaninstructionsliceis readyit mustbe
sentto the MP. This is simpleconsideringhatthe LLIB is
aFIFO. In addition,someregistersmay needto be fetched
from the LLRF.

LSQ! MP Whenlong lateny loadscompletetheir val-
uesaretemporarilystoredin a FIFO buffer. Whenthe de-
pendinginstructionarrivesattheheadof theLLIB it checks
if the valueis available. In thatcase the valueneedgo be
writteninto the FutureFile of the MP.

CHPT! CP When the architecturereturnsto a check-
point the CP's register le hasto be recovered and the
LLBV cleared.

CP! CHPT Checkpointedaegistersmustbecopiedfrom
the ARF in the CPto the CheckpointStackwhena Check-
pointis taken.

MP! CHPT Checkpointednstructionsmustwrite their
results into the Checkpointing Stack. Note that
MP! CHPT!' CPistheonlywayback—communicatiooan
happerin the D-KIP.



6 RelatedWork

Recentlytherehasbeenmuchresearcltonductedo de-
signmicroarchitecturegbleto overcomethe memorywall
by introducingtechniquedor the ROB, register les, in-
structionqueuesand load/storequeues. The basicdiffer-
encebetweerthesetechniquesndthe proposaintroduced
hereis that the D-KIP approacheshe memorywall prob-
lem from the point of view of the executionlocality con-
cept,while previous efforts have concentratean individu-
ally overcomingthe scalabilityproblemof complex proces-
sorstructures.

Several moderntechniquesry to improve the accurag
of prefetchingby actually pre—eecutingthe programbut
without committingthe results. Assistedhreads[20] [21]
[22] rely on pre—eecutingfuture partsof the program,se-
lectedatcompiletime or generatedlynamicallyatruntime.
RunaheadExecution23] [24] pre—eecutedutureinstruc-
tionswhile anL2 cachemissis blockingthe ROB.

Processobehaior in the eventof L2 Cachemisseshas
beenstudiedin detailin [3]. Karkhanisetal. shovedthat
mary independeninstructionscanbe fetchedandexecuted
in the shadav of a cachemiss. This obsenationhasfueled
thedevelopmenbf microarchitectureto supporthousands
of in—ight instructions.

Many suggestiondave beenproposedor overcoming
the ROB sizeandmanagemerproblem. Cristaletal. pro-
posevirtualizing the ROB by usinga smallsequentiaROB
combinedwith multicheckpointing[25] [9] [26]. Akkary
etal. have alsointroduceda checkpointingapproactH12]
which consistsin taking checkpointson low—con dence
branchesCherry[27] usesa singlecheckpointoutsidethe
ROB to divide the ROB into two regions: a speculatie re-
gion anda non—speculatie region. Cherryis thenableto
earlyreleasephysicalregistersandLSQ entriesfor instruc-
tionsin thenon—speculatie ROB section.

Instruction queueshave also receved attention. The
Waiting Instruction Buffer (WIB) [6] is a structurethat
holdsall theinstructionsdependenbn a cachemissuntil it
is resohed. The SlowLanelnstructionQueug(SLIQ) [9] is
similarin conceptto the WIB but is designedasanintegral
componenbf an overall KILO—instruction microarchitec-
ture. Recently Akkary et al. have proposedhe Continual
Flow Pipelines(CFP) architecture[5] in which they pro-
posetheef cient implementatiorof atwo—levelinstruction
gueue It containsa Slice DataBuffer (SDB)whichis simi-
lar in conceptwith the SLIQ. As with the SLIQ, the SDBIis
tightly integratedin a completemicroarchitecturelesigned
to overcomethememorywall.

ReyisterManagemenhasalsobeenstudiedextensiely.
Several techniqueshave beendevelopedin the context of
out-of-order processorswith centralizedregister storage.
Virtual Registers [28] is atechniqueto delaythe allocation

of physicalregistersuntil theissuestage Ontheotherhand,
Early Releas¢?9] triesto releaseegisterearlierby keeping
trackof thenumberof consumersAn aggressietechnique
consistsin combiningboth approachesThis techniqueis
known asEphemeal Ragisters [19]. The CFParchitecture
[5] storedong-livedregistersalongwith theinstructionsin
the Slice DataBuffer. Thus,eachentryin the SDB is in-
creasedvith the spaceto hold a registervalue. If thein-
structionhasno READY registersthenthespacds wasted.
TheD-KIP storedong-livedregistersthroughanadditional
level of indirectionandis thusableto save registerstorage.

7 Conclusions

Our main conclusionis that traditional out—of—order
(O0O0)executionis nota cost—efectiveway to handlecode
thatdependon long—lateng events. We shoved that this
techniqueis effective only to handle code dependenbn
cachehits, whereit providesaround30%IPC improvement
(seeFigurel0).

Studyingprogrambehaior, we obsenedthatover 70%
of all instructionsare executeda shorttime after they are
fetched. Making an analogywith memorysubsystemsve
describedprogramexecutionusing the conceptof execu-
tion locality. Instructionsdependingn shortlateng events
are saidto have high executionlocality while instructions
whichdependn off-chip memoryaccessearesaidto have
low executionlocality.

Exploiting this idea we proposebuilding a decoupled
KILO-Instructionprocessort moderatecost. We shoved
thathigh locality instructionsarebestprocessetby anout—
of—order Cache Processorwhile low locality instructions
can be efciently processedy a simple in—order Mem-
ory Processor Our basicimplementatiorof the architec-
ture featuringout—of—ordemueuesn the CacheProcessor
with 40 entriesandanin—orderMemory Processobbtains
a speed—upfor SpecFPof 40% comparedto a futuristic
out—of-ordemprocessowith 256 entriesin theissuequeues
andan 88% speed—upvhencomparedo a smaller Cache
Processeflike, out—of—ordemrocessar For SpecINTthe
gainsarelimited by theirregularbranchbehaior andby the
presencef loadchains.In future work we planto address
the impactof theseload chainsaswell asto investigatea
decentralizedbad/storequeueorganization.

The natureof the decoupleddesignoffers the promise
for reduceddesigncompleity. Both the CacheProcessor
andtheMemoryProcessoarebasednwell knowvn designs
suchastheR10000[7] or theFutureFile [8]. In additionthe
Low Locality InstructionBuffer usesa FIFO architecture
with a simpleregistermanagemerslgorithm.
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