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Abstract

Building processors with large instructionwindowshas
beenproposedasa mechanismfor overcomingthememory
wall, but �nding a feasibleand implementabledesignhas
beenan elusivegoal. Traditional processors are composed
of structuresthat do not scaleto large instructionwindows
becauseof timing andpowerconstraints. However, thebe-
haviorof programsexecutedwith largeinstructionwindows
givesrise to a natural andsimplealternativeto scaling. We
characterizethisphenomenonof executionlocalityandpro-
posea microarchitecture to exploit it to achievethebene�t
of a largeinstructionwindowprocessorwith low implemen-
tation cost. Executionlocality is the tendencyof instruc-
tions to exhibit high or low latencybasedon their depen-
denceon memoryoperations. In this paperwe proposea
decoupledmicroarchitecture that executeslow latencyin-
structionson a CacheProcessorand high latencyinstruc-
tions on a Memory Processor. We demonstrate that such
a design,using small structures and manyin-order com-
ponents,canachievethesameperformanceasmuch more
aggressiveproposalswhile minimizingdesigncomplexity.

1 Intr oduction

The most important impedimentto improving single-
threadedprocessorperformanceis the memory wall [1].
Due to improvementsin processtechnologyandmicroar-
chitecture,modernmicroprocessorsareclockedin thegiga-
hertzrangeandcanreachpeakperformancesof severalbil-
lion instructionspersecond.Unfortunately, improvements
in memorysystemshave not keptpacewith improvements
in microprocessors.As theseratesof improvementcon-
tinueto diverge,we reacha point wheresomeinstructions
canexecutein just a few cycleswhile othersmaytakehun-
dredsor even thousandsof cyclesbecausethey dependon

uncacheddata.Critical high-latency instructionscausedby
cachemissescanslow a processorwell below its peakpo-
tential.

We presentanef�cient andpracticalproposalto address
this problem. We observe that programsexhibit execution
locality. That is, instructionstend to exhibit regular be-
havior in terms of their ability to be classi�ed as either
high or low latency dependingon their dependenceon un-
cacheddata. Justascacheswereproposedto exploit data
locality, we proposea decoupledCache/Memorymicroar-
chitectureto exploit executionlocality. Onepipeline, the
out-of-orderCacheProcessor(CP),handleslow latency in-
structionsandexploits asmuchtraditionalinstruction-level
parallelism(ILP) as possible. A secondpipeline, the in-
order Memory Processor(MP), handleshigh latency 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-addressablememory(CAM). Our
decoupledapproachfully exploits theparallelismavailable
in the instructionstreamby maintainingan effective win-
dow of thousandsof in-�ight instructionswith much less
complexity thancompetingproposals.

1.1 Our Contrib ution

Rather than addressthe limitations of eachprocessor
structure,we exploit thebehavior of programswith respect
to long memorylatenciesto producea holistic approachto
building a largeinstructionwindow processor.

This analysisallows establishingan importantrelation-
shipbetweenthememoryhierarchyandthenumberof cy-
clesinstructionsmustwait for issue.Thisrelationshipgives
rise to the new conceptof executionlocality, enablingus
to build a new decoupledarchitecturethathasmany design
advantagesovera centralizedarchitecture.
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Con�g 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

Table 1. Con�gurations for quantifying the ef­
fect of memor y wall
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2 Execution limits and ExecutionLocality

Thememorywall itself is not necessarilya limitation to
the ability to exploit instruction-level parallelism. Proces-
sor characteristicsandprogramcharacteristicsplay an im-
portantrole in theeffectof thememorywall onexecution.

We quantify this effect by observingthe impactof sev-
eral memorysubsystemson a rangeof out-of-ordercores.
Out-of-orderexecutionis necessaryto evaluatethe ability
of thesecoresto hidelatenciesof independentinstructions,
usuallyloads.Theresourcesof all out-of-ordercoreseval-
uatedaresizedsuchthatstallscanonly occurdueto short-
ageof entriesin the ROB. Thus,providing the numberof
ROB entriesis enoughto describethese4-way speculative
processors.UsingSPEC2000astheworkload,six different
memorysubsystemsareevaluatedfor IPC. Table1 details
their con�gurations.In this table,memoryaccesstimesare
givenin processorclockcycles.

Figures1 and2 show the effectson IPC of usingthese
six memorysubsystems.In these�gures Sizeof Instruction
Windowis thesamesizeastheReorderBuffer.

An analysisof SpecFPbenchmarksshows thatevenfor
theslowestmemorysubsystemsit is possibleto recoverthe
lost IPC simply by scalingthe processorto supportthou-
sandsof in-�ight instructions.With anROB of 4K entries
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almostall architecturesperformsimilarly to theperfectL1
cachecon�guration.ThereasonbehindthisIPCrecoveryis
thatloadmissesarenotonthecritical pathonSpecFPwhen
enoughinstructionscanbekeptin–�ight.

For SpecINTbenchmarkstheanalysisis somewhatdif-
ferent.Theseworkloadssometimesmisbehavein two ways
thatcanput a high latency loadon thecritical path:pointer
chasingbehavior andbranchmispredictionsdependingon
uncacheddata. The latter will force a completesquashof
theinstructionsof theprocessorwith adevastatingeffecton
performance.Note that branchmispredictionsdepending
on shortlatency eventscanberecoveredfrom quickly and
thushave little impacton IPC. Figure1 shows how in this
caserecoveringIPC by usinglarge instructionwindows is
not an effective solution. Thus,different techniquesneed
to be researchedfor thesecases[2]. In any case,large-
instructionwindows are not detrimentalto integer codes.
They simply do not help as much as they do for �oating
pointworkloads.

2.1 Exploiting ExecutionLocality

Clearly, onewayto build anarchitecturecapableof over-
comingthememorywall is to produceachipwith resources
to handlethousandsof in-�ight instructions.This is anal-
ogousto the designmethodologyusedfor currentout-of-
orderchipswith respectto handlingL1 cachemiss laten-
cies. Theselatenciesarequite small. An L2 hit normally
takesaround5-20 cycles. As new technologieshave been
usedto implementchips,thecachedistancehasslowly in-
creased. To hide this new latency, the resourceson the
chip (instructionqueue,register �le, load/storequeueand
reorderbuffer) mustbeincreasedcommensuratelyto main-
tain the previous IPC rates. This approachis feasiblefor
dealingwith increasingL1 miss latencies. However, in-
creasingthe structuresmorethan1000%to supportthou-
sandsof in-�ight instructionsis totally impracticaldue to
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power and timing issues. Thus, most researchon large-
window processorshasfocusedon replacingnon-scalable
resourceswith new resourcesthat scalemuchbetterusing
a variety of techniquesrangingfrom virtualization to hi-
erarchicalimplementations,etc. Unfortunately, the design
complexity of suchapproachesis still high.

To proposeinnovative designswith reducedcomplexity
we wantedto collectmoreinformationabouttheexecution
of programs.To this end,the following instruction-centric
analysiswas performed. Using an out-of-orderarchitec-
ture with a memorylatency of 400 cycles and an unlim-
ited processorwe focusedon SpecFPandanalyzedtheav-
eragenumberof cyclesa correct–pathinstructionwaits in
the instructionqueueuntil it is issued.The results,shown
in Figure3, indicatethat thereis considerableregularity in
the issuelatencyof instructions. This regularity is highly
correlatedwith theparametersof thememorysubsystem.

Several groups/peakscan be seenin the �gure. Most
instructions(about70%) executein fewer than300 cycles
while about11%of all instructionsexecutearound400cy-
clesandabout4% executearound800cycles. This distri-
bution is highly correlatedwith thememoryaccesstypeof
loadspresentin the instructionslices. The front-endnor-
mally advancesat full speed,fetching4 instructionspercy-
cle. Thus the whole instructionslice is fetchedin a rela-
tively small numberof cycles. We can concludethat the
70% of instructionsthat executein fewer than300 cycles
are instructionsthat dependon a cachehit or are instruc-
tionswhosesourceregisterswill all becomputedin a short
amountof time. The small peakaround400 cyclescorre-
spondsto instructionsthat dependon a singlecachemiss.
Thesameappliesto thesmallpeakaround800cycleswhich
is madeof instructionsthat dependon a chainof 2 cache
misses.Theprovidednumbersaddup to 85%.Theremain-
ing 15%belongsto 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–pathinstructionsareissuedshortlyafterdecode.
Thereasonis thatlonglatency eventsareoftenonamispre-
dictedpath. After recovery, long latency loadshave been
turnedinto prefetchesandmostof correct-pathcodeends
uphaving shortissuelatency.

This phenomenoncanbe given an interestinginterpre-
tation in termsof registeravailability. Oncean instruction
enterstheinstructionwindow, its sourceregisterscanbein
1 of 4 states:1) READY, ie, with computedvalue;2) NOT
READY, dependingoncacheevents;3)NOT READY, wait-
ing for otherinstructionstowriteback;and4)NOT READY,
dependingon long-latency memoryevents.In termsof ex-
ecution,cases2 and3 havea verysimilar behavior. We are
now readyto establisha new classi�cationof instructions:
Thoseinstructionsthat have at leastonelong–latency reg-
ister (ie, in state4) areclassi�ed ashaving low execution
locality. The remaininginstructions,which will be issued
quickly, have high executionlocality. Executionlocality is
a propertythat describesinstructionsas a function of the
numberof cyclesthey wait in the queuesuntil they issue.
This distanceis called the IssueLatency. 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 shown thatdifferentexecu-
tion groupsareclearlydisjoint. This �gure alsorepresents
oneof they key propertiesof programswhich is Karkha-
nis' observationthatmanyindependentinstructionscanbe
executedundertheshadowof a load miss[3]. Largewin-
dow processors,suchasKILO-Instruction processors[2],
pro�t from this characteristicto hide the latenciesof long-
latency misses.Figure4 alsoshows thedetrimentaleffects
of mispredictionsdependingoncachemisses.Therefore,to
establisha relationshipbetweenexecutionlocality andper-
formanceit is necessaryto take into accountthecriticality
of loads.In general,loadsgetverycritical whenthey drivea
low-con�dencebranch.Thesecacheaccesseswill strongly
determineperformance[4].



3 A DecoupledKILO-Instruction Processor

It is interestingto take a secondlook at Figure 4. As
the processoradvancesexecution, the gap betweenthe
youngestandtheoldestinstructiontendsto increase.Some
events,like mispredictionsor storesthat end long-latency
slices,will reducethis gap. Two featuresprovide themost
bene�t to anarchitecturewith anunlimitedwindow:

1. The FetchUnit never stalls. Thus,high locality code
continuesto executein the presenceof several high
latency loadsandloadsthatmisscanbeexecutedearly.

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

Executionof low locality codedeservesonemorelook.
As Karkhaniset al. point out [3], mostinstructionsthatare
fetchedunderthe shadow of a missare independentof it.
Thus,Theamountof low locality codeis smallwhencom-
pared to high locality code. Most of the executionband-
width is consumedby high locality code. Nevertheless,
currentarchitectureshaveto stalleverytimethey encounter
a memoryaccess.Thus,the small amountof low locality
codepresentin theinstructionstreamcausesstallsthatsig-
ni�cantly reduceperformance.

Thefollowing guidelinescanbederivedfrom theanaly-
sisof executionlocality:

� Never Stall in Fetch: It is importantto continuefetch-
ing instructionsand executing them becausea large
partof theexecutionbandwidthwill beusedfor short
issuelatency instructions.Also, thispermitsexecuting
load operationsassoonaspossible.This is thesame
motivationbehindContinualFlow Pipelines[5].

� Large Storage is Importantbut a Large CAM is Not:
We will needto storemany non-executableinstruc-
tions during a cachemiss. However, there will be
plentyof time to executethemandthey donot require
high executionbandwidth. Thereforeit is not neces-
sary to have all of theseinstructionsin an issuable
queuebasedon CAM logic. This concepthasbeen
exploitedbeforein theWaiting InstructionBuffer [6].

� Distributed Execution: Low execution locality code
is very decoupledfrom high executionlocality code.
Thereis no needto communicatebackvaluesaslow
locality codefeedsonly low locality code.

3.1 A DecoupledKILO­Instruction Processor

Using theseinsights we will now introducethe main
contributionof thispaper:theDecoupledKILO-Instruction
Processor(D-KIP). The D-KIP is the resultof exercising
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Figure 5. 2­Level Decoupled Processor

the simplest implementationof the presentedguidelines;
we have1) two differentexecutionpoints,2) unidirectional
communicationfrom high locality to low locality codeand
3) high latency tolerancein the low locality code. The di-
rect implementationof theseideasis to useoneprocessor
for eachlocality typelinkedby anunidirectionalinstruction
buffer. This structure,shown in Figure5, complieswith all
designguidelines.

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

3.2 Implementation of a D­KIP processor

Thetwo-level D-KIP processoris basedmostlyonstruc-
turesfor which implementationsalreadyexist, allowing it
to be built reusingstandardmodulesand focusingon the
interfaces.Thusmostof thework consistsin adaptingthe
structuresto comply with the interfaces.In Section5, we
analyzeD-KIP from a designperspective.

Figure5 showsthatthemicroarchitectureconsistsof two
processors,a simple, non-issue-capableinstructionbuffer
and an addressprocessorthat handlesall memoryopera-
tions.ThesmallandfastCacheProcessorcanbeef�ciently
implementedusingtheMIPS R10000asstartingpoint [7].
It is usefulto usea register-mappedarchitecturebecauseit
is important to provide fast branchrecovery in the front-
end. Becausethis processorassumesa perfectL2 Cache
it canbe smallerthancurrentgenerationprocessors.The
MemoryProcessorcan be even simpler sinceit doesnot
requiremuchexecutionbandwidth. Thusin this studywe
havemodeledit usingasimpleFutureFile architecture[8].

We target the following executionmodel: Instructions
arefetchedby the CacheProcessor(CP).They staythere,
waitingto beexecuteduntil they areissuedto thefunctional
unitsor they aredeterminedto have long issuelatency, i.e.,
they belongto a low executionlocality slice. In this case
they aremovedfrom theCPinto aLow Locality Instruction
Buffer (LLIB) and wait until all long-latency eventsthey
dependon have �nished. Thereis one LLIB for �oating



pointandanotherLLIB for integerinstructions.
When the long-latency load completesit simply keeps

the value in the addressprocessor. When the depending
instructionsarriveattheheadof theLLIB andtheloadvalue
is available,boththeinstructionsandthevalueareinserted
into thecorrespondingMemoryProcessor(MP). Execution
cannow proceedin theMP.

TheLLIB Queuesdo not provide global issuecapabili-
ties. In addition,they usea FIFOpolicy whichgreatlysim-
pli�es theregistermanagement.

Wewill now discusssomeof themodi�cationsnecessary
to implementthedecoupledprocessor.

Aging-ROB. The CacheProcessorcontainsa ROB like
otherprocessorsbut in additionto allowing recovery from
mispredictionsandexceptions,the CP's ROB is alsoused
to determineif instructionsbelongto a low executionlocal-
ity groupor not. For this task the ROB cannotwait until
writebackbecausethis is too late.

The D-KIP proposesusing a schemeknown as the
Aging-ROB, which improves and supersedesthe pseudo-
ROB schemeintroducedin [9]. TheAging-ROB is a ROB
structurein which instructionsprogressat a constantpace.
Thisallowscheckingwhetherinstructionsareshortlatency
or not usinga timer. In generalthesizeof theROB will be
thenumberof agingcyclesmultipliedby thecommitwidth,
which in our study is 4. The Aging-ROB is implemented
asa circular FIFO with a head anda tail pointer that
is moved forward at the samespeedasdecodebut with a
constantdelay.

LLIB Insertion and Wake-up. The Aging-ROB will
forceanalysisof aninstructionafteracertainnumberof cy-
cles.This operationis calledAnalyzein our pipelineandit
determinesif theinstructionis long–latency. Therearetwo
instructiontypesthatbehave differently. Loadsarespecial
andthey areanalyzed�rst here.Whena loadarrivesat An-
alyzeit mustbedeterminedif it hasmissed;thus,theROB
timer shouldbe largeenoughthat it candetecta miss. To
detectwhethera loadhasmissedin theL2 cacheit is nec-
essaryto wait until thetagarrayhasbeenaccessedandthe
hit/missinformationreturns. This imposesa minimal size
on theROB timer. If theloadmissed,thenthis information
is recordedin a bit vectorthat identi�es long–latency reg-
isters(theLow Locality Bit Vector, LLBV). Otherwisethe
registeris markedasshortlatency. In any case,theanaly-
sisof instructionsdoesnot stall unlessthecurrentsituation
of theloadis still unknown. Whena generic(non-load)in-
structionarrivesat Analyzeit is �rst checkedwhetherit has
alreadyexecuted(this informationis storedin theROB). In
thatcasethedestinationregisteris markedasshortlatency.
Otherwisethesourcesareanalyzed.If oneof thesourcesis

long-latency thenthe instructionis alsoclassi�ed aslong-
latency andis thereforeinsertedin theLLIB. If noneof the
two situationsapplies,thenthe instructionis still in-�ight,
but will beexecutedsoon.In thiscasethearchitecturestalls
in theAnalyzestageuntil theinstructionwriteback.Therea-
sonto stall andnot continueat this point is dueto theway
checkpointswork, whichweexplainshortly. Theimpactof
thesestallsis minimal,averaging0.7%IPC loss.

As instructionssourcelong-latency registers,new regis-
tersaremarkedaslong-latency in the LLBV. It is theoret-
ically possiblethat, after a while, all registersaremarked
aslong–latency, anundesirablesituationthatwouldnot im-
prove performanceasall instructionswould be processed
by the potentially slower memoryprocessor. However, it
hasbeenmeasuredthat this doesnot happenduringsteady
state.Therearevariousreasonsfor this:

� Checkpointrecoveryrestoresthefull stateto thecache
processor. This operationsclears the LLBV com-
pletely.

� Short–latency operations,which representmore than
65%of all executedcode(seesection2.1), will rede-
�ne registersthatweremarkedaslong–latency. After
completion,thecorrespondingbit in theLLBV will be
cleared.

Long-latency loadsareexecutedin the addressproces-
sor, wherethe LSQ is located.Uponcompletion,the load
value is storedin a FIFO buffer, oneper LLIB. Eachen-
try in this FIFO is associatedto a long latency load. When
the�rst dependinginstructionis aboutto entertheMemory
Processor, andthe loadvalueis available,thevalueis �rst
insertedfrom this buffer into the FutureFile of the Mem-
ory Processorfrom wheretheoperationwill thenobtainthe
value.

Registers. Register managementis a critical issue. We
wantto keepaminimumnumberof registerswhile having a
simpleandimplementablemanagementalgorithm. TheD-
KIP architectureprovidesa solutionfor bothgoalsusinga
distributedorganizationof registersallowing for distributed
andindependentregistermanagement.

The CacheProcessordoesnot needany modi�cation.
The traditionalalgorithmof freeing registersoncethe re-
naminginstructionis analyzedcanbeusedhere.TheMem-
ory Processorusesa FutureFile architecture.It requiresa
logicalregister�le in thefront-endplustheassociatedspace
in thereservationstations.Thelow requirementsof theMP
enableit to have a very small numberof reservation sta-
tions,soregistermanagementis veryef�cient in thispartof
thearchitecture.

The only structurethat requiresmore attentionis the
LLIB since it may needto store many registers. How-
ever, the LLIB has somehelpful properties. First, this
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structureis in-order, so theorderin which registersarein-
serted/extractedis known before-hand.The LLIB register
storage(calledLLRF, Low LocalityRegisterFile) worksas
follows. During Analyzeit is determinedif a long-latency
instructionhasREADY operands.Theseoperandsarethen
insertedinto theLLRF. In theAlpha ISA, whichwe areus-
ing, therewill neverbemorethanoneREADY operandper
instruction. Thuswe needto preallocateat mostonereg-
ister per instruction. The commit width of the processor
we aremodelingis 4. This will requirean insertionrateof
4 registerspercycle in theworstcase.Thesameappliesto
theinstructionextractionrate.However, theserialFIFOna-
tureof theLLIB allows storingeachregisterin a different
bank. We modelour LLRF asa banked register �le with
8 banks. LLIB InsertionandLLIB Extractionalwaysop-
erateson a disjoint groupof 4 banks.If a valueto beread
happensto be in a bankthat is beingwritten, the reading
instructionis simplystalledfor onecycle. Thisavoidscon-
�icts in theiraccessandallowsto implementthesebanksas
single-portedstructures.Theresultis thateachbankoccu-
piesminimal areaandhasminimal size.We calculatedthat
the dataarray would be 6.6 times smallerthan a central-
izedregister�le with 4 readportsand4 write portsandthe
samenumberof entries[10]. Eachbankhasa freelist that
works independentlyof theotherbanks.Theinstructionin
theLLIB recordsthepositionof theREADY operanddur-
ing insertion.Actually, not all instructionshave a READY
register. Therearemany integerinstructionsthathaveasin-
gleoperandandthereareinstructionswith two long-latency
sources.Thesewill not requireanadditionaloperand.We
will analyzehow to exploit this propertyto further reduce
thesizeof theLLRF. A schematicshowing theLLRF and
theassociatedmachineryis shown in Figure6.

Checkpoints. The processorcan recover mispredictions
in the CacheProcessorusing the ROB structurethereor
a renamestack. In the memoryprocessor, theseevents,
althoughless likely, also occur. Recovery in the MP is
supportedby usingselective checkpointing[11]. Full state
checkpointsaretaken at speci�c pointsduring theanalyze
stagein theCP. At this point the instructionseesa register
�le composedof READY registersandsomelong-latency
registers. Taking a checkpointinvolvescopying the ready
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valuesfrom thearchitecturalregister�le (ARF) at Analyze
into a freeentryof theCheckpointingstack.In addition,all
operationsthatgeneratea long-latency registermustbein-
formedthat they shouldwritebacktheir destinationvalues
into thisentryof thestack.This implementationis aidedby
keepingasmallRAM parallelto thelong-latency bit vector
(LLBV). For eachactive bit in this vector, the RAM con-
tains the position in the LLIB of the instructionthat gen-
eratesthevalueor a pointerto a previouscheckpointfrom
which to copy thevalue.Having at leastonecheckpointin-
�ight in theLLIB beforewakeupassuresthatno inconsis-
tenciesoccur. This schemeis shown in Figure7 wherethe
smallRAM structureis referredto astheArchitectural Writ-
ers Log (AWL). Thenumberof portsof theCheckpointing
Stackis nota problemasthisstructureis not frequentlyac-
cessed.

In the LLIB paragraphit was mentionedthat Analyze
needsto wait for short latency instructionsthat have not
written backtheir values.This simpli�es checkpointman-
agementasit makessurethatall shortlatency valueshave
written into theARF whenacheckpointis taken.

3.3 Load/StoreQueues

We do not directly addressa very importantcomponent
of the microarchitecture:the load/storequeues. A large
window processorrequiresa scalablestructurecapableof
supportinghundredsof in–�ight loadsand stores. In the
D-KIP, theLSQis decoupledfrom theremainingstructures
of theprocessorandit requiresonly smallmodi�cations to
complywith thenew interfaces.Thereadercanassumethat
D-KIP integratesthe hierarchicalqueuedesignspresented
in [12] or oneof theseveralscalableLSQdesignsthathave
beenrecentlyproposed[13] [14].

TheLSQis decoupledfrom theD-KIP in thesamesense
asa DecoupledAccess-ExecuteArchitecture[15]. In the
D-KIP, theAddressProcessorneedsto interfacetheCache
ProcessorandtheMemoryProcessor. LoadandStoreports
canbeasymmetricallypartitioned– with morecapacityfor
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theCP– to supportbothcores.As wasalreadymentioned,
theaddressprocessoralsoneedsto keepaFIFO buffer, one
perLLIB, to storetheresultsof long latency loads.

3.4 Pipeline

To concludethis sectionweshow thefull pipelineof the
architecturein Figure8. Thethreepipelines(CacheProces-
sor, LLIB, Memory Processor)arechained.Most instruc-
tionsonly traversetheCP pipeline. Instructionswill enter
theLLIB whentheAnalyzestagedeterminesthat they be-
longto a low locality slice.Finally, insertioninto theMem-
ory Processorhappenswhen the oldest instruction in the
LLIB dependson a long-latency load that hascompleted.
For otherinstructionsinsertionis performedwithout addi-
tionalchecks.

4 PerformanceEvaluation

Theevaluationof theD-KIP is orientedtowardverifying
the introducedconceptof executionlocality andanalyzing
theef�ciency of thearchitectureitself.

4.1 Simulation Infrastructur e

Our simulationinfrastructureis designedto executeAl-
phabinariesandtraces.We rely on Simplescalar-3.0 [16]
for the loadingandexecutionof theseprograms.Thesim-
plescalarcycle accuratesimulatoris replacedby a KILO-
InstructionProcessorsimulatorcapableof simulatinga de-
coupledKILO-Instructionprocessor. Theworkbenchcon-
sists of all benchmarksof the SPEC2000benchmarking
suite. We simulate200million committedinstructionsse-
lectedusingtheSimPointmethodology[17].

We will be evaluatingseveral sizesfor structuresin the
architecture.Table2 summarizesarchitecturalparameters

CacheProcessor
Architecture MergedRegisterFile [7]

Fetch/Decode/AnalyzeWidth 4
BranchPredictor Perceptron[18]

ROB Timer 16cycles
ROB Capacity 64entries

ALU Units 4
IntegerMultipliers 1

FPAdders 4
FPMultipliers/Divisors 1

LLIB
Architecture FIFO Queue

Numberof Entries 2048each
Insertion/ExtractionRate 4

RegisterStorage 8 banks,256regseach(max)
Integer Memory Processor

Architecture FutureFile [8]
DecodeWidth 4

ALU Units 4
IntegerMultipliers 1

FP Memory Processor
Architecture FutureFile [8]

DecodeWidth 4
FPAdders 4

FPMultipliers/Divisors 1
Addr essProcessor

Architecture Hierarchical[12]
Load/StoreQueueSize 512entries

Numberof MemoryPorts 2 R/W ports(global)
L1 CacheSize 32KB

L1 CacheHit Latency 2 (1+1)cycles
L2 CacheHit Latency 11 (1+10)cycles

MemoryAccessLatency 400cycles

Table 2. Parameter s of the architecture

thatareinvariantthroughoutthis evaluation. Table3 sum-
marizesparametersthataregoingto beanalyzedthroughout
thepaper. Theprovidedvaluesarethedefaultsandareused
whennot speci�edotherwise.

L2 CacheSize 512KB
CPIntegerQueueSize 40

CPFPQueueSize 40
CPScheduler Out-of-Order

MP IntegerQueueSize 20
MP FPQueueSize 20

MP Scheduler In-Order

Table 3. Default values for variab le parame­
ters
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4.2 PerformanceComparison

First of all we want to test the performanceof our ar-
chitectureagainstotherexisting andexperimentalarchitec-
tures.For this testwe will useall thedefault valuesshown
in Table3. All LSQsareidenticalandhave512entries.We
will compareagainstthreearchitectures:

R10-64 An Out-of-Orderprocessorthat modelsa MIPS
R10000processor. It hasa ROB sizeof 64 entriesand40-
entry issuequeues.It is thusidenticalto thedefault Cache
Processor.

R10-256 AnotherR10000-styleprocessor, but with futur-
istic ROB andQueuesizes.TheROB herehas256entries
andthequeueshave160entries.

KILO-1024 This is an implementationof [9]. The
pseudo–ROB has64 entriesandtheSlow LaneInstruction
Queueis Out-of-Orderwith 1024entries.Theissuequeues
have72entries.

D-KIP-2048 This is the implementationdescribedhere.
It featurestwo LLIBs (integer+ FP) of 2048entrieseach.
NotethatthesequeuesareFIFOs,which allows themto be
larger thanthe SLIQ. However, aswill be shown, this has
no impactonperformance.

Figure9 shows the IPC that thesecon�gurationsyield.
The �gure shows dramaticspeed-upsachievablefrom the
two large window processors.The �oating point bench-
marks in particular achieve a considerableperformance
bene�t. The reasonis simple: Branchpredictionin these
architecturesis highly accurate.Thus,long latency instruc-
tionsarealmostnever discardedandaresimply processed
laterafterbeingreinsertedfrom the long latency buffering
system.Note that for integerbenchmarkstheperformance
of theD-KIP is lessthanthatof thetraditionalKILO proces-
sor. Thereasonis thatintegercodesfeaturea lot of chasing
pointerswhich will pro�t from an out-of-orderinstruction
buffer suchas the SLIQ [9]. Thereforeit achievesbetter
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performance.It doesso,however, at thecostof high com-
plexity andrequiresaverycomplex mechanismfor register
storage[19]. The performanceadvantageof the D-KIP in
SpecFPcomparedto theKILO stemsfrom thefactthat the
D-KIPs simpleimplementationsupportstrivially to imple-
menttwo LLIBs andtwo memoryprocessorswhich allows
it to exploit more parallelismandaddsa minimal out-of-
ordercapabilityto theLLIBs which now canprogressout-
of-order, but only with respectto eachother.

LookingatFigure2 weseethattheD-KIP-2048achieves
a SpecFPperformancesimilar to thatof theR10-768,with
thedifferencethattheD-KIP-2048processorhasnoout-of-
orderstructurelargerthan40entries.

We will analyzenow which parametersaremostimpor-
tantin thesespeed–ups.

4.3 Impact of SchedulerPoliciesand QueueSizes

In thissectionwewill evaluatetheimpactof theinstruc-
tion queuesizesand imposea more severe restrictionby
forcing thequeuesto bein-order.

We�nd that,for integerbenchmarks,theD-KIP con�gu-
rationis only sensitiveto theschedulingpolicy in theCache
Processor. Beingout-of-orderinsteadof in-orderin thispart
of the pipeline increasesthe IPC by 29%. The D-KIP is
insensitive to the con�guration of the MP. This is reason-
ableastheMP processesonly about5% of all instructions
duringintegercodes.Thespeed-upsarea signthat integer
benchmarkspro�t from theD-KIP prefetchingcapabilities,
but not from theadditionalprocessingcapacity.

An analysisof SpecFPbenchmarksshows that thereis
morepotentialhere.Figure10showstheimpactof thepro-
cessorcon�gurationson theexecutionspeedfor SpecFP. In
this �gure, INO means”In-Order”, while OOO-XXmeans
”Out-of-Order”andXX refersto thesizeof thequeue.

First, thedifferenceof in-orderexecutionversusout-of-
order executionin the CacheProcessoragainproducesa



speedupof 32%. However, in this casetherearestill per-
formanceincreasesaswe go to largerprocessors.With an
in-orderMP, thereis a 13%speed–upwhengoingfrom an
OOO CP with 20 entriesto an OOO CP with 80 entries.
In addition,aswe go to larger CP processors,the con�g-
uration of the MP also hasmore impact. Going from an
in-orderMP to an out-of-orderMP with 40 entriesin the
queuesgivesaspeed-upof 1%whentheCacheProcessoris
in-order. Thesamevariationproducesa speed-upof 6.3%
whentheCacheProcessoris out-of-orderwith 80queueen-
tries. Figure10 alsoshows that theOOO MP with 20 en-
triesachievesalmostthesameIPCastheOOOMP with 40
entries.Thus,while OOOin theMP canbe usefulfor ag-
gressive con�gurations,thenumberof entriesrequiredcan
beverysmallin general.Themostaggressivecon�guration
achievesan IPC of 2.54,up from the2.37achievedby our
baselineD-KIP in Figure9.

4.4 Impact of CacheSizes

Ournext analysisfocusesonthememorysubsystem.We
wantto seehow theD-KIP behavesunderasubsetof differ-
entsizedcaches.Smallercachesresultin highermissrates
which in thecontext of theD-KIP meansthatmoreinstruc-
tionsaregoingto beexecutedin thememoryprocessor. If
more instructionsare executedin the MP, the scheduling
policy therecouldbeof higherimportance.

Basedon the previous section we select a subsetof
con�gurations: Con�g–CacheProc/Con�g–MemProc. The
con�gurations are: INO/INO (as the worst behaving),
OOO-20/INO,OOO-80/INOand OOO-80/OOO-40. We
will modify thesizeof theL2 Cachefrom 64KB to 4MB,
maintainingall otherparameters,andanalyzethebehavior
of thearchitectureunderdifferentcachesizes.We alsoadd
the R10-256processorto show the differenceswith tradi-
tional OOO–basedprocessors.The averageIPC is shown
in Figure11andFigure12 for SpecINTandSpecFP.

Thebehavior of theD-KIP undercachevariationsin in-
teger benchmarksis quite common. Eachduplicationof
sizein theL2 cacheproducesmoreor lessalinearspeed-up
in the IPC. This is very similar to the single-coreout-of-
order processor. The interestingpropertiesof the D-KIP
do show itself in the SpecFP�gure. IPC variationsare
muchsmallerhere. The capacityof the D-KIP to process
correct-pathlong-latency instructionswithout stallsallows
it to bemorecacheinsensitive. Thedifferencebetweenus-
ing a 64KB cacheanda 2MB cacheis lessthan15%. It is
only whena4MB Cacheis addedthataconsiderablespeed-
upcanbeperceived.In any case,themaximumspeed–upis
still only about24%(INO–INO con�guration).

Fromthe�gure it seemsthattheschedulingpolicy in the
memoryprocessordoesnot have that much in�uence on
theIPC variations.Thuswe expectthatevenfor thesmall-
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estcacheof 64KB thereis still enoughexecutionlocality so
thatthecacheprocessorstill processesmostof the instruc-
tion stream.Our simulationscon�rm this hypothesis.Even
for the 64KB cache,the OOO-80/OOO-40CP still pro-
cesses67%of all committedinstructionsin thecachepro-
cessor(for SpecFP).Whena 4MB cacheis in use,thetotal
numberof high locality instructionsincreasesto 77%.This
differenceis not so large consideringthat the cachesize
differsby abouttwo ordersof magnitude.It alsoexplains
why theD-KIP con�guration is so tolerantto variationsof
thecachesize. Comparethis with thesingle-coreR10-256
con�guration. For the rangeof cachesobserved the R10-
256 con�guration seesa total speed-upof 1.55 while the
mostaggressive D-KIP con�gurationseesonly a speed–up
of 1.18. This shows the toleranceof the decoupledarchi-
tectureto differentcachesizeswhenexecutingnumerical
codes.

4.5 StorageRequirements

TheLLIB requiresanassociatedregisterbuffer thatcan
be very large. However, not all instructionsin the LLIB
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have an associatedREADY register. They canbe single-
sourceinstructionsor both sourcesmay be long latency.
If a large numberof instructionsdo not requireadditional
storageit maybepossibleto reducethesizeof theregister
storageby notallocatinga register.

Figures13and14show themaximumnumberof simul-
taneousinstructionsandregistersin theLLIB duringexecu-
tion in our D-KIP architecture.EachLLIB canaccommo-
dateup to 2048instructionsandanequalnumberof regis-
ters.

The�gures show that the realnumberof necessaryreg-
isterscanbemuchsmaller. Theworst casecorrespondsto
integer registers/instructionsduring SpecINTbenchmarks.
Many of thesebenchmarkscontainlargeandirregularload
chains. This resultsin LLIB stallsdueto �ll-ups for four
integerbenchmarks.On theotherside,noneof theSpecFP
benchmarksrequiredto �ll theLLIB. Notethatin Figure13
weareconsideringtheintegerLLIB while in Figure14only
the�oating point LLIB is beingconsidered.

Theseresultssuggestthat the LLIB can probably be
reducedconsiderablywithout signi�cantly degradingIPC.

For thecoderegionsexecuted,anLLRF with only 1000en-
trieswould have beenenough.This numberis large,how-
ever thereis only a single benchmarkthat requiredmore
than750 registers. The averagenumberis muchsmaller,
fewer than500registers.In any case,it mustnot beforgot-
tenthattheLLRF is a very regularstructurewith 8 single–
portedbanks. This makesit clear that a structuresuchas
the LLRF would not be a bottleneck,for neitherareanor
energy reasons.

5 DesignIssues

TheD-KIP processoris anattemptto provide thebene-
�ts of KILO–InstructionProcessingat moderatecost.This
sectionwill focus on designissuesand commenton the
complexity of theapproach.

The main techniquethat we have focusedon using to
reducethe complexity is decoupling[15]. While decou-
pling doesnot reducethe amountof hardware that hasto
be designed,it doeslimit the interactionbetweenthe two
modules. The idea is to maintainonly very narrow inter-
faces. Exploiting this propertyallows designergroupsto
work almostin isolation, with only little efforts to verify
cross-moduleinteractioncorrectness.

Thefollowing interfacesmustbeconsideredbetweenthe
four structures:
CP! LLIB DuringtheAnalyzestageinstructionsmaybe
sentto theLLIB asif it werea functionalunit. TheLLIB
mustsynchronizewith the CP andprovide entriesfor the
instructionandpossiblyan associatedregister. Moreover,
whenacheckpointis takenthereneedsto beapathinto the
LLIB to inform instructionsthatcreatecheckpointedregis-
tersthatthey have to writebackinto thecheckpointstack.
LLIB ! MP Whenaninstructionsliceis readyit mustbe
sentto theMP. This is simpleconsideringthat theLLIB is
a FIFO. In addition,someregistersmayneedto befetched
from theLLRF.
LSQ! MP Whenlong latency loadscompletetheir val-
uesaretemporarilystoredin a FIFO buffer. Whenthede-
pendinginstructionarrivesattheheadof theLLIB it checks
if thevalueis available. In thatcase,thevalueneedsto be
written into theFutureFile of theMP.
CHPT! CP When the architecturereturnsto a check-
point the CP's register �le has to be recovered and the
LLBV cleared.
CP! CHPT Checkpointedregistersmustbecopiedfrom
theARF in theCPto theCheckpointStackwhena Check-
point is taken.
MP! CHPT Checkpointedinstructionsmustwrite their
results into the Checkpointing Stack. Note that
MP! CHPT! CPis theonlywayback–communicationcan
happenin theD-KIP.



6 RelatedWork

Recently, therehasbeenmuchresearchconductedto de-
signmicroarchitecturesableto overcomethememorywall
by introducingtechniquesfor the ROB, register �les, in-
structionqueuesand load/storequeues. The basicdiffer-
encebetweenthesetechniquesandtheproposalintroduced
hereis that the D-KIP approachesthe memorywall prob-
lem from the point of view of the executionlocality con-
cept,while previousefforts have concentratedon individu-
ally overcomingthescalabilityproblemof complex proces-
sorstructures.

Several moderntechniquestry to improve the accuracy
of prefetchingby actually pre–executingthe programbut
without committingthe results.Assistedthreads[20] [21]
[22] rely on pre–executingfuturepartsof theprogram,se-
lectedatcompiletimeor generateddynamicallyatruntime.
RunaheadExecution[23] [24] pre–executesfuture instruc-
tionswhile anL2 cachemissis blockingtheROB.

Processorbehavior in theeventof L2 Cachemisseshas
beenstudiedin detail in [3]. Karkhaniset al. showedthat
many independentinstructionscanbefetchedandexecuted
in theshadow of a cachemiss.This observationhasfueled
thedevelopmentof microarchitecturesto supportthousands
of in–�ight instructions.

Many suggestionshave beenproposedfor overcoming
theROB sizeandmanagementproblem.Cristalet al. pro-
posevirtualizing theROB by usingasmallsequentialROB
combinedwith multicheckpointing[25] [9] [26]. Akkary
et al. have alsointroduceda checkpointingapproach[12]
which consistsin taking checkpointson low–con�dence
branches.Cherry[27] usesa singlecheckpointoutsidethe
ROB to divide theROB into two regions: a speculative re-
gion anda non–speculative region. Cherry is thenableto
earlyreleasephysicalregistersandLSQ entriesfor instruc-
tionsin thenon–speculativeROB section.

Instruction queueshave also received attention. The
Waiting Instruction Buffer (WIB) [6] is a structurethat
holdsall theinstructionsdependentona cachemissuntil it
is resolved.TheSlowLaneInstructionQueue(SLIQ) [9] is
similar in conceptto theWIB but is designedasanintegral
componentof an overall KILO–instructionmicroarchitec-
ture. Recently, Akkary et al. have proposedtheContinual
Flow Pipelines(CFP) architecture[5] in which they pro-
posetheef�cient implementationof a two–level instruction
queue.It containsaSliceDataBuffer (SDB)which is simi-
lar in conceptwith theSLIQ. As with theSLIQ, theSDBis
tightly integratedin a completemicroarchitecturedesigned
to overcomethememorywall.

RegisterManagementhasalsobeenstudiedextensively.
Several techniqueshave beendevelopedin the context of
out-of-orderprocessorswith centralizedregister storage.
Virtual Registers [28] is a techniqueto delaytheallocation

of physicalregistersuntil theissuestage.Ontheotherhand,
EarlyRelease[29] triesto releaseregisterearlierby keeping
trackof thenumberof consumers.An aggressivetechnique
consistsin combiningboth approaches.This techniqueis
known asEphemeral Registers [19]. TheCFParchitecture
[5] storeslong-livedregistersalongwith theinstructionsin
the Slice DataBuffer. Thus,eachentry in the SDB is in-
creasedwith the spaceto hold a registervalue. If the in-
structionhasnoREADY registers,thenthespaceis wasted.
TheD-KIP storeslong-livedregistersthroughanadditional
level of indirectionandis thusableto save registerstorage.

7 Conclusions

Our main conclusion is that traditional out–of–order
(OOO)executionis notacost–effectiveway to handlecode
that dependson long–latency events. We showed that this
techniqueis effective only to handlecode dependenton
cachehits,whereit providesaround30%IPCimprovement
(seeFigure10).

Studyingprogrambehavior, we observedthatover 70%
of all instructionsareexecuteda short time after they are
fetched. Making an analogywith memorysubsystemswe
describedprogramexecutionusing the conceptof execu-
tion locality. Instructionsdependingonshortlatency events
aresaid to have high executionlocality while instructions
whichdependonoff-chip memoryaccessesaresaidto have
low executionlocality.

Exploiting this idea we proposebuilding a decoupled
KILO–Instructionprocessorat moderatecost. We showed
thathigh locality instructionsarebestprocessedby anout–
of–orderCache Processorwhile low locality instructions
can be ef�ciently processedby a simple in–order Mem-
ory Processor. Our basicimplementationof the architec-
ture featuringout–of–orderqueuesin theCacheProcessor
with 40 entriesandanin–orderMemoryProcessorobtains
a speed–upfor SpecFPof 40% comparedto a futuristic
out–of-orderprocessorwith 256entriesin theissuequeues
andan88% speed–upwhencomparedto a smaller, Cache
Processor–like, out–of–orderprocessor. For SpecINTthe
gainsarelimited by theirregularbranchbehavior andby the
presenceof loadchains.In futurework we planto address
the impactof theseload chainsaswell asto investigatea
decentralizedload/storequeueorganization.

The natureof the decoupleddesignoffers the promise
for reduceddesigncomplexity. Both the CacheProcessor
andtheMemoryProcessorarebasedonwell knowndesigns
suchastheR10000[7] or theFutureFile [8]. In additionthe
Low Locality InstructionBuffer usesa FIFO architecture
with a simpleregistermanagementalgorithm.
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