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Abstract

Small �lter caches(L0 caches)can be usedto obtain
signi�cantly reducedenergy consumptionfor embedded
systems,but this bene�t comesat the costof increased
executiontimedueto frequentL0 cachemisses.TheIn-
structionRegister File (IRF) is an architectural exten-
sionfor providing improvedaccessto frequentlyoccur-
ring instructions. An optimizingcompiler can exploit
an IRF by packing an application's instructions,result-
ing in decreasedcodesize, reducedenergyconsumption
andimprovedexecutiontimeprimarily dueto a smaller
footprint in theinstructioncache. Thenature of theIRF
alsoallowstheexecutionof packedinstructionsto over-
lap with instruction fetch, thus providing a meansfor
tolerating increasedfetch latencies.Thispaperexplores
the useof an L0 cache enhancedwith an IRF to pro-
videevenfurther reducedenergy consumptionwith im-
provedexecutiontime. Theresultsindicatethat theIRF
is aneffectivemeansfor offsettingexecutiontimepenal-
tiesdueto pipelinefrontendbottlenecks. We alsoshow
that by combiningan IRF andan L0 cache, weare able
to achievereductionsin fetch energy that is greaterthan
usingeitherfeature in isolation.

KEYW ORDS: Instruction Register File, Instruction
Packing, Filter (L0) InstructionCaches

1 Intr oduction

Recentprocessordesignenhancementshave increased
demandson the instructionfetchportionof theproces-
sor pipeline. Codecompression,encryption,anda va-
riety of power-saving cachestrategiescaneachimpose
performancepenaltiesin order to obtain their bene�ts.
Thesepenaltiesareoftensigni�cant, limiting theappli-

cabilityof eachtechniquetoonly thosesystemsin which
they aredeemedcritically necessary.

Oneimportantareaof study, particularlyfor embedded
systemsis reducingthepower andenergy consumption
of instructionfetchlogic. Thisareais alsobecomingin-
creasinglyimportantfor general-purposeprocessorde-
sign aswell. It hasbeenshown that the L1 instruction
fetch logic alonecan consumenearly one third of the
total processorpower on the StrongARMSA110[19].
One simple techniquefor reducing the overall fetch
power consumptionis theuseof a small,directmapped
�lter or L0 cache[13]. TheL0 cacheis placedbeforethe
L1 instructioncachein sucha memoryhierarchy. Since
theL0 cacheis smallanddirectmapped,it canprovide
lower-power accessto instructionsat the expenseof a
highermiss rate. The L0 cachealso imposesan extra
executionpenaltyfor accessingtheL1 cache,astheL0
cachemustbe checked �rst to avoid the highercostof
accessingthe L1 cache. Previous studieshave shown
that the fetch energy savings of a 256-byteL0 cache
with 8-byteline sizeis approximately68%,but theex-
ecutiontime is increasedby approximately46%dueto
missoverhead[13].

Our prior researchin instructionpackingcanbeusedto
diminishtheseperformancepenalties.Instructionpack-
ing is a compiler/architecturaltechniquethat seeksto
improve the traditionalinstructionfetch mechanismby
placingthe frequentlyaccessedinstructionsinto an in-
structionregister �le (IRF) [11]. Several of thesein-
structionregistersare then able to be referencedby a
singlepackedmemoryinstruction.Suchpackedinstruc-
tions not only reducethe codesize of an application,
improving spatiallocality, but alsoallow for reduceden-
ergy consumption,sincethe instructioncachedoesnot
needto be accessedasfrequently. The combinationof
reducedcodesize and improved fetch accesscan also
translateinto reductionsin executiontime.



In thispaper, weexplorethepossibilityof integratingan
instructionregister �le into an architecturepossessing
a smallL0 instructioncache.Thenatureof the IRF al-
lowsfor animprovedoverlapbetweentheexecutionand
fetch of instructions,sinceeachpacked instructiones-
sentiallytranslatesinto several lower-costfetchesfrom
theIRF. While thefetchstageof thepipelineis servicing
anL0 instructioncachemiss,theprocessorcancontinue
fetchingandexecutinginstructionsfrom theIRF. In this
way, theIRF canpotentiallymaska portionof theaddi-
tional latency dueto asmallinstructioncache.Although
eachtechniqueattemptsto reduceoverall fetchenergy,
we show thattheapproachesareorthogonalandableto
becombinedfor improvedfetchenergy consumptionas
well asreducedperformancepenaltiesdueto L0 cache
misses.Webelieve thattheIRF canbesimilarly applied
to instructionencryptionand/orcodecompressiontech-
niquesthat also affect the instructionfetch rate, in an
effort to reducetheassociatedperformancepenalties.

The remainderof this paperhasthe following organi-
zation. First, we review the prior work on packingin-
structionsinto registers. Second,we describehow to
integratean instructionregister �le into a pipelinede-
signwith a smallL0 instructioncache.Third, we show
thatcombininganL0 cachewith anIRF allows for even
further reducedfetch energy consumption,as well as
diminishedexecutionoverheaddue to fetch penalties.
Fourth, we examinesomerelatedwork on improving
theenergy andexecutionef�ciency of instructionfetch.
Fifth, we outlinesomepotentialtopicsfor futurework.
Finally, wepresentourconclusionsfor thepaper.

2 Prior Work on Usingan IRF

Thework in this paperbuilds uponprior work on pack-
ing instructionsinto registers[11]. The generalidea
is to keepfrequentlyaccessedinstructionsin registers,
just asfrequentlyuseddatavaluesarekept in registers
by thecompilerthroughregisterallocation.Placingin-
structionsinto aregister�le is alogicalextensionfor ex-
ploiting two formsof locality in theinstructionreference
stream.It is well known thattypically muchof theexe-
cutiontime is spentin a smallportionof theexecutable
code.An IRF cancontaintheseactiveregionsof thepro-
gram,reducingthefrequency of accessinganinstruction
cacheto fetch instructionsandsaving power. However,
thereis anothertypeof locality thatcanalsobeexploited
with anIRF. Theuniquenumberof instructionsusedin
anapplicationis muchsmallerthanthepossiblecombi-
nationsavailablein a32-bit instructionset.We �nd that
often there is a signi�cant duplicationof instructions,
even for small executables.Lefurgy found that 1% of
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themostfrequentinstructionwordsaccountfor 30%of
programsizeacrossa varietyof SPECCINT95 bench-
marks[18]. Thisshowsthatconventionalinstructionen-
codingis lessef�cient thanit couldbe,which is a result
of maximizing functionality of the instructionformat,
while retaining�x edinstructionsizeandsimpleformats
to easedecode. An IRF provides a secondmethodto
specifyinstructions,with themostcommoninstructions
having thetightestencoding.Theseinstructionsareref-
erencedby a small index, multiplesof which caneasily
bespeci�edin a �x ed32-bit instructionformat.

We use two new terms to help differentiateinstruc-
tions in our discussionof the IRF. Instructionsrefer-
encedfrom memoryarereferredto asthememoryISA
or MISAinstructions.Likewise, instructionsreferenced
from theIRF arereferredto astheregisterISA or RISA
instructions.MISA instructionsthatreferenceRISA in-
structionsare referredto as packed instructions. Our
ISA is basedon the traditional MIPS instruction set,
speci�cally the PISA target of SimpleScalar[1]. Fig-
ure1 shows theuseof anIRF at thestartof theinstruc-
tion decodestage. It is alsopossibleto placethe IRF
at theendof instructionfetchor storepartially decoded
instructionsin theIRF shouldthedecodestagebeonthe
critical pathof theprocessorimplementation.

Figure 2 shows the specialMISA instruction format
usedto referencemultiple RISA instructionsfrom the
IRF. Theseinstructionsarecalled tightly packed since
multiple RISA instructionsare referencedby a single
MISA instruction.Up to � ve instructionsfrom the IRF
canbereferencedusingthis format.Along with theIRF
is animmediatetable(IMM), asshown in Figure1 that
containsthe32 mostcommonlyusedimmediatevalues
in theprogram.Thus,thelasttwo �elds thatcouldrefer-
enceRISA instructionscaninsteadbeusedto reference
immediatevalues. The numberof parameterizedim-
mediatevaluesusedandwhich RISA instructionswill
usethem is indicatedthroughthe useof four opcodes
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andthe1-bit S �eld. Thecompilerusesa pro�ling pass
to determinethemostfrequentlyreferencedinstructions
thatshouldbeplacedin theIRF. The31mostcommonly
usedinstructionsareplacedin the IRF. Oneinstruction
is reservedto indicateano-operation(nop) sothatfewer
than� ve RISA instructionscanbepackedtogether. Ac-
cessof theRISA nopterminatesexecutionof thepacked
MISA instructionsonoperformancepenaltyis incurred.
Thecompilerusesa secondpassto packMISA instruc-
tionsinto thetightly packedformatshown in Figure2.

In addition to tightly packed instructions,the instruc-
tion setis alsoextendedto supporta looselypacked in-
structionformat. EachstandardMIPS instruction(with
someexceptions)has5 bits madeavailable for an ad-
ditional RISA reference.This RISA instructionis exe-
cutedfollowing theoriginal MISA instruction. If there
is nomeaningfulRISA instructionthatcanbeexecuted,
thenIRF entry 0, which correspondsto a nop, is used.
Thereis no performancepenaltyif the RISA reference
is 0, sinceno instructionwill beexecutedfrom theIRF
andfetchingwill continueasnormal.While thegoalof
tightly packed instructionsis improved fetchingof fre-
quentlyexecutedinstructionstreams,thelooselypacked
formathelpsin capturingthesamecommoninstructions
when they are on infrequentlyexecutedpathsand not
surroundedby otherpackableinstructions.Loosepacks
areresponsiblefor a signi�cant portionof thecodesize
reductionwhenpro�ling anapplicationstatically.

Figure3 shows the differencesbetweenthe traditional
MIPS instructionformatsandour looselypackedMISA
extension. With R-type instructions,the shamt(shift
amount)�eld canbeusedfor a RISA referenceandthe
variousshifts can be given new function codesor op-
codes. Immediatevaluesin I-type instructionsare re-
ducedfrom 16 bits to 11 bits to make roomfor a RISA
reference. The lui (load upperimmediate)instruction
is the only I-type that is adjusteddifferently, in that it
now usesonly asingleregisterreferenceandtheremain-
ing 21 bits of the instructionfor the upperimmediate
portion. This is necessarysincewe still want a simple
methodfor creating32 bit constantsusingthe lui with

21 bits for an immediateandanotherI-type instruction
containingan 11 bit immediatevalue. J-typeinstruc-
tions aremodi�ed slightly with regardsto addressesin
orderto supportapartitioningof theIRF.

For this study, we have extendedthe IRF to support4
hardwarewindows [12], muchin thesameway that the
SPARC dataregister�le is organized[22]. This means
that insteadof usingonly 32 instructionregisters,there
are a total of 128 available physical instructionregis-
ters.Only 32of theseregistersareaccessibleatany sin-
gle point in time however, sotheremaining96 registers
canbe kept in a low-power modein which they retain
their values,but cannotbeaccessed.On a functioncall
and/orreturn,thetargetaddressuses2 bitsto distinguish
which instructionwindow we areaccessing.Thereturn
addressstackandall function call addresspointersare
updatedat link-time accordingto which window of the
IRF they will access.TheIMM for eachwindow is the
same,sincepreviousresultshaveshown that32immedi-
atevaluesaresuf�cient for parameterizingmostinstruc-
tionsthatwill exist in anIRF. Usingtwo bits to specify
the instructionwindow in an addresspointer limits the
effective addressspaceavailablefor anapplication,but
wefeel that16million instructionwordsis largeenough
for any reasonableembeddedapplication.

3 Integrating an IRF with an
L0 Instruction Cache

Thereare several intuitive ways in which an IRF and
an L0 instructioncachecan interacteffectively. First,
the overlappedfetch of packed instructionscanhelp in
alleviating the performancepenaltiesof L0 instruction
cachemissesby giving the later pipelinestagesmean-
ingful work to do while servicingthemiss.Second,the
very natureof instructionpackingfocuseson the fre-
quentaccessof instructionsvia the IRF, leadingto an
overall reductionin thenumberof instructioncacheac-
cesses.Third, the packingof instructionsreducesthe
staticcodesizeof portionsof theworking setof anap-



plication,leadingto potentiallyfeweroverall instruction
cachemisses.

Figure4 showsthepipelinediagramsfor two equivalent
instructionstreams.Bothdiagramsusea traditional� ve
stagepipelinemodel with the following stages:IF —
instructionfetch, ID — instructiondecode,EX — exe-
cute,M — memoryaccess,andWB — writeback. In
Figure4(a),anL0 instructioncacheis beingusedwith
no IRF. The�rst two instructions(Insn1andInsn2)ex-
ecutenormallywith no stallsin thepipeline. The third
instructionis amissin theL0 cache,leadingto thebub-
ble at cycle 4. The fourth instructionis unableto start
fetchinguntil cycle 5, when Insn3 has�nally �nished
fetchingandmadeit to thedecodestageof thepipeline.
Thisentiresequencetakes9 cyclesto �nish executing.

Figure4(b) shows thesameL0 instructioncachebeing
usedwith an IRF. In this stream,however, the second
andthird instructions(previously Insn2andInsn3)are
packedtogetherinto a singleMISA instruction,andthe
fourth instruction(third MISA instruction)is now at the
addressthatwill missin theL0 cache.We seethat the
packedinstructionis fetchedin cycle 2. Thepackedin-
structiondecodesits �rst RISAreference(Pack2a)in cy-
cle 3, while simultaneouslywe areableto startfetching
instruction4. Thecachemissbubblein cycle 4 is over-
lappedwith thedecodeof the secondRISA instruction
(Pack2b).After thecachemissis serviced,Insn4is now
readyto decodein cycle 5. In this way, sequencesof
instructionswith IRF referencescanalleviatestallsdue
to L0 instructioncachemisses.This stream�nishes the
sameamountof work asthe�rst streamin only 8 cycles,
1 lesscycle than the versionwithout IRF. Denserse-
quencesof instructions(with morepackedinstructions)
allow for even greatercachelatency tolerance,andcan
potentiallyalleviate a signi�cant portion of the latency
of accessingmain memoryon an L1 instructioncache
miss.

In previousstudies,it wasshown thata single32-entry
IRF can be responsiblefor approximately55% of the
non-library instructionsfetchedin an application[11].
This amountsto a signi�cant fetch energy savings due
to not having to accessthe L1 instructioncacheasfre-
quently. AlthoughtheL0 cachehasamuchlowerenergy
costperaccessthananL1 instructioncache,theIRF will
still reducetheoverall traf�c to theentirememoryhier-
archy. Fewer accessesthat reachinto thememoryhier-
archy canbe bene�cial asenergy canbe conserved by
notaccessingtheTLB or eventheL0 cachetagarray.

Instruction packing is inherently a code compression
technique,allowing someadditionalbene�ts to be ex-
tractedfrom it aswell. As instructionsarepacked to-
gether, the L0 instructioncachecanpotentiallyhandle

Figure 4. Overlapping Fetch with an IRF

largerworking setsat no additionalcost.Beingthatthe
L0 cacheis fairly small and direct mapped,the com-
pressedinstructionstreammay be extremelybene�cial
in some cases,allowing for fewer L0 cachemisses,
whichtranslatesinto performanceimprovementsandre-
ducedoverall fetchenergy consumption.

4 Experimental Evaluation

In orderto evaluatetheeffectivenessof anIRF in elimi-
nating the executionoverheadof small caches,we fo-
cusedon two main con�gurations. The �rst con�gu-
ration modelsan embeddedprocessor, and the second
modelsa moreadvancedmachinewith out-of-orderex-
ecution.Thepurposeof thesecondmodelwasto seethe
effectsthat a moreaggressive pipelinebackendhason
thesmall instructioncache.Our modelingenvironment
is anextensionof theSimpleScalarPISAtargetsupport-
ing IRF instructions[1]. Eachsimulatoris instrumented
to collect the relevant datainvolving instructioncache
and IRF accessduring programexecution. The Sim-
pleScalarcon�gurationdatafor eachof thesemodelsis
shown in Table1.

Notethat for bothof thesemodels,theL0 cacheand/or
theIRF/IMM areonly con�guredif they arebeingeval-
uated.It is alsoimportantto rememberthattheL0 cache
is notableto bebypassedin thispipelinestructure,soan
instructionthatmissesin theL0 cachebut hits in theL1
cachewill require2 cycles for fetch in the embedded
processorand3 cyclesin thehigh-endprocessor.

We selecteda subsetof theMiBenchembeddedbench-
marksuite[10] for usein eachof our experiments.The
MiBenchsuiteconsistsof six categories,eachdesigned



Table 1. Experimental Con�gurations

Parameter Embedded High-end

I-FetchQueue 4 entries 8 entries
BranchPredictor Bimodal– 128 Bimodal– 1024
BranchPenalty 3 cycles
FetchWidth 1 2
DecodeWidth 1 2
IssueStyle In order Outof order
IssueWidth 1 2
CommitWidth 1 2
RUU size 8 entries 16entries
LSQsize 8 entries

16KB 32KB
256lines 512lines

L1 D-Cache 16B line 16B line
4-wayassoc. 4-wayassoc.
1 cyclehit 2 cyclehit

16KB 32KB
256lines 512lines

L1 I-Cache 16B line 16B line
4-wayassoc. 4-wayassoc.
1 cyclehit 2 cyclehit

256B 512B
32 lines 64 lines

L0 I-Cache 8 B line 8 B line
directmapped directmapped

1 cyclehit 1 cyclehit
MemoryLatency 32cycles
IntegerALUs 1 4
IntegerMUL/DIV 1 1
MemoryPorts 1 2
FPALUs 1 4
FPMUL/DIV 1 1

4 windows
32-entryIRF (128total)IRF/IMM

32-entryImmediateTable
1 Branch/pack

to exhibit applicationcharacteristicsrepresentative of a
typical embeddedworkload in that particulardomain.
Several of thesebenchmarks(Jpeg, Ghostscript,Gsm,
Pgp,Adpcm)aresimilar benchmarksto thosefound in
the MediaBenchsuite[15] usedin the original evalua-
tion of L0 caches.Table2 shows theexactbenchmarks
thatwereusedin our evaluations.For eachbenchmark
with multiple datasets,we chosethe small inputs to
keeptherunningtimeof thesimulationsmanageable.

Optimizedcodeis generatedusing a modi�ed port of
the VPO compiler for the MIPS [4]. Eachbenchmark
is pro�led dynamicallyfor instructionfrequency counts
andinstructionpackingis performedusinga greedyal-
gorithmfor 4 partitionswherenecessary. Theactualin-
structionsavailable to the IRF are selectedby irfprof,

Table 2. MiBenc h Benc hmarks
Category Applications

Automotive Basicmath, Bitcount, Qsort, Susan
Consumer Jpeg, Lame, Tiff
Network Dijkstra, Patricia
Of�ce Ghostscript, Ispell, Rsynth, Stringsearch
Security Blow�sh, Pgp, Rijndael, Sha
Telecomm Adpcm, CRC32, FFT, Gsm

our pro�le-drivenIRF selectionandlayouttool. In pre-
vious studies[11], the library codewasremoved from
theexperimentsto providea fairerevaluationof theIRF
mechanism. In theseexperiments,library codeis not
subjectto instructionpacking,however, it is modeled
accuratelyin boththecycle timeexecutionandfetchen-
ergy calculations. The benchmarksBasicmath,Qsort,
Patricia,Stringsearch,andFFT areall dominatedby li-
brarycode,with morethan50%of eachapplicationexe-
cutingstandardC library functions.If instructionpack-
ing was performedon library code,the overall results
whenusingtheIRF shouldimprove.

Eachof thegraphsin thissectionusethefollowing con-
ventions.All resultsarenormalizedto thebaselinecase
for theparticularprocessormodel,whichusesanL1 in-
structioncachewith noL0 instructioncacheor IRF. The
label L1+IRF correspondsto addingan IRF but no L0
cache. The label L1+L0 correspondsto addingan L0
instructioncache,but no IRF, and �nally L1+L0+IRF
correspondsto the additionof an L0 instructioncache
along with an IRF. Executionresultsare measuredin
the cycles returnedfrom SimpleScalar. The fetch en-
ergy is estimatedaccordingto the following equation,
for whichtheaccuracy hasbeentunedusingresultsfrom
sim-panalyzer[20]:

Efetch = 10000£ Accessesmemory+ 100 £ AccessesL1
+ 2 £ AccessesL0 + AccessesIRF

Thesescalingfactorsareconservative andin line with
previous work regardinginstructioncaches,L0 caches,
andtheIRF. TheL0 cacherequiresslightly moreenergy
to operatethantheIRF dueto thecachetagcomparison.
TheIRF is only updatedwhentheapplicationloads,and
from thenonit needonly beavailablefor reading.Addi-
tionally, theinactive windows of theIRF canbekept in
a lower-power state,yielding a smalleroverall structure
to beaccessed(128bytes).

Figure5 showstheexecutionef�ciency of theembedded
processor. AddinganIRF to thebaselineprocessorwith
no L0 cacheyieldsonly a minor performanceimprove-
mentof 1.52%,mainlydueto thecode�tting betterinto



Figure 5. Embed ded Execution Ef�cienc y

theL1 instructioncache.An L0 cachedegradesperfor-
manceby 17.11%on average,while addinganIRF cuts
this penaltyto 8.04%.Theoverlappedfetch interaction
allows theIRF to not only obtainits initial performance
improvementdueto asmallerfootprintin theL1 instruc-
tion cache,but to alsosurpassit by reclaimingsomeof
theperformancepenaltyof theL0 instructioncache.

The fetch energy ef�ciency of the embeddedprocessor
is shown in Figure6. An L1 cachewith IRF yields an
averagefetchenergy reductionof 34.83%.TheL0 cache
obtainsreductionsof 67.07%,while addingtheIRF im-
provesthe energy reductionto 74.93%. The additional
energy savings is a bonus,sincethe IRF is alsousedto
toleratethelatency of L0 cachemisses.

Conservatively assumingthat fetchenergy accountsfor
25% of the overall processorenergy, andthat the non-
fetch energy scalesuniformly for the increasedexecu-
tion time, an L0 instructioncachereducesthe overall
energy consumptionby 4%. Adding anIRF in addition
to the L0 cacheyields an overall energy reductionof
12.7%.If thefetchenergy accountsfor onethird of the
totalprocessorenergy, asis morelikely thecasefor em-
beddedsystems,the overall energy savings with an L0
instructioncacheis approximately10.7%,while adding
anIRF increasesthesavingsto 19.3%.

The executionef�ciency of the high-endprocessoris
shown in Figure7. Thepipelinebackendof thehigh-end
processoris verydemanding,however theL1 cachesfor
this machinehave also beenmodi�ed to have a 2 cy-
cle baselinehit time sinceboth the fetchwidth andthe
cachesizeshave beenincreased. An IRF can reduce
the executioncycles by only 0.35%,however the per-
formancepenaltyof addinganL0 cacheis substantialat
35.57%.Clearly, themisspenaltyof theL0 cachecauses
greaterdeteriorationof performancewhencoupledwith

Figure 6. Embed ded Fetch Energy Ef�­
cienc y

Figure 7. High­end Execution Ef�cienc y

an aggressive pipelinebackend. This phenomenonoc-
curssincetherearefewer stallsin thepipelinebackend
that canbe overlappedwith L0 instructioncachemiss
stalls in the pipelinefrontend. The additionof an IRF
andan L0 instructioncachereducesthe overall perfor-
mancepenaltyto 21.43%,showing that an even larger
portion of the executioncyclescanbe overlappedwith
all associatedfetchmisses.

Figure8 shows the fetchenergy ef�ciency of thehigh-
endprocessor. Theadditionof an IRF to theprocessor
reducesfetch energy consumptionby 33.83%. An L0
instructioncachecanlower thefetchenergy by 79.68%
alone, or 84.57% in conjunctionwith an IRF. These
numbersare greaterthan the resultsfrom the embed-
dedsystemmodeldue to the aggressive natureof this
high-endprocessordesign.In thismodel,thenumberof
misfetchesis greatlyincreaseddueto its highly specula-
tive pipelinecon�guration,andthustheIRF andL0 can



Figure 8. High­end Fetch Energy Ef�­
cienc y

Figure 9. Embed ded Cache Access Fre­
quenc y

reducethechancesof having to accesstheL1 instruction
cacheand/ormemory.

Figure9 showsthefrequenciesatwhichvariousportions
of thememoryhierarchy areaccessedfor instructionsin
the embeddedprocessor. The numberof accessesare
shown by category and normalizedto the casewhere
only anL1 instructioncacheis in use. With just anL1
cache,thesebenchmarkscanfetchinstructionsimmedi-
ately from theL1 cache99.55%of the time, yielding a
very low 0.45%missrate.In adesignwith anL0 cache,
approximately76.67%of the instructionsfetchedhit in
the L0 cache,and an additional20.87%hit in the L1
cache.Thefrequency of having to accessmainmemory
with anL0 cacheis reducedslightly to 0.44%. TheL0
instructioncacheexperiencesa slight reductionin over-

Figure 10. High­end Cache Access Fre­
quenc y

all accessesdueto beinglessaggressive on mispredic-
tionswith cachemissesonsomebenchmarks,hencethe
total accessfrequency doesnot sum to exactly 100%.
When adding just an IRF, the frequency of L1 cache
hits is reducedto 65.05%andthe frequency of misses
is reducedto 0.38%,showing that greaterthan34% of
instructionsdo not needto accessan instructioncache
at all. Combiningan L0 instructioncachewith an IRF
yields approximately47.61%L0 cachehits, 15.9%L1
cachehits, and 0.37%L1 cachemisses. Whereasthe
L0 cacheconvertsmoreexpensive L1 cacheaccessesto
cheaperL0 cacheaccesses,theIRF is responsiblefor the
conversionof bothtypesof instructioncacheaccessesto
cheaperregister�le accesses.

Thecacheaccessfrequenciesof thehigh-endprocessor
areshown in Figure10. ThelargerL1 instructioncache
hits 99.97%of the time, missingon only 0.03%of ac-
cessesin thebaselinearchitecture.With theuseof anL0
instructioncache,thereis anL0 hit 80.50%of thetime,
an L1 hit 16.03%of the time, and an L1 miss 0.03%
of the time. Theuseof an IRF with just anL1 instruc-
tion cacheallows for the L1 cacheto hit on 66.18%of
instructionfetches,andmisson only 0.02%of fetches.
All otherfetchesarehandledby theIRF. Combiningthe
L0 instructioncachewith an IRF reducestheL0 cache
hits to 50.64%,theL1 cachehits to 12.20%,andtheL1
cachemissesto 0.02%.

Instructionpackingcanalsoreducethestaticcodesize
of anapplication.Figure11 shows thenormalizedcode
sizefor eachof thepackedexecutables.Sincewedonot
pack instructionsin library routines,we have removed
their impact on the static code size results. Overall,
however we areableto reducethe actualcompiledex-



Figure 11. Reducing Static Code Size

ecutablesizeby 15%on average.Many of thesecurity
benchmarksexperiencesigni�cant reductionsin static
codesize,sincethemajority of their codeis dominated
by similarencryptionanddecryptionroutinescomposed
of the samefundamentalinstruction building blocks.
Theseinstructionscanthenbeplacedin theIRF andref-
erencedin variouscombinationsto constructtheneces-
saryfunctionalityfor eachsimilar routine.

5 RelatedWork

Instructionanddatacachesareoftenseparatedfor per-
formancereasons,particularlywith respectto handling
thediversebehavior andrequestpatternsfor each.An-
otherapproachto reducingcacheenergy requirements
is to further subdivide the instructioncacheinto cate-
goriesbasedon executionfrequency [2, 3]. Frequently
executedsectionsof codeareplacedinto asmaller, low-
powerL-cachethatis similar in structureto theL0 cache
discussedin this paper. Thebulk of theremainingcode
is only accessiblethroughthe standardL1 instruction
cache. Code segmentsfor eachcacheare separated
in the executable,and a hardware register denotesthe
boundarybetweenaddressesthatareservicedby theL-
cacheandaddressesthat areservicedby the L1 cache.
Thesplitting of theselookupsprovidesa substantialre-
ductionin theL-cachemissrate. A 512-byteL1 cache
providesa 15.5%reductionin fetch energy, while also
obtainingasmallreductionin executiontimedueto im-
proved hit rate. However, the L-cacheschemeis lim-
itedin thatit cannoteasilyscaleto supportlongeraccess
timesfrom anL1 instructioncache.

Lee et al. proposedusing a small cachefor execut-
ing small loopswith no additionaltransfersof control
otherthantheloopbranch[16]. Instructionarenormally

fetchedfrom theL1 cache,but a shortbackwardbranch
(sbb)triggerstheloopcacheto begin �lling. If thesame
sbbis thentakenon thenext loop iteration,instructions
canbe fetchedfrom the small loop cachestructurein-
steadof the L1 cache.Whenthereis a different taken
transferof control, or the loop branchis not taken, the
loopcachereturnsto its inactivestateandresumesfetch-
ing normally from the L1 instructioncache. Sincethe
loop cacheis taglessand small (usually 8-32 instruc-
tions),thetotal fetchenergy canbereducedby approxi-
mately15%. Theloop cachewaslaterextendedto sup-
port longerloopsby addingtheability to partially store
andfetchportionsof a loop [17]. Anotherimprovement
to theloopcacheis theuseof preloadingandhybridiza-
tion [9]. Preloadingallows theloopcacheto containthe
sameinstructionsfor the life of the application,while
hybridizationrefersto a loop cachethat canoperatein
a dynamicmodeas well as preloaded.A hybrid loop
cachecan reducethe total instructionfetch energy by
60-70%.

An alternatemethod for mitigating the performance
penaltyof L0 cachesis to provide a bypassthatallows
direct readingfrom the L1 cachein somecases.It has
beenshown that with a simplepredictor, the L0 cache
performancepenaltycanbedroppedto 0.7%ona4-way
superscalarmachinewith only a small increasein fetch
energy [21]. However, L0 cachesareprimarily usedfor
reducingthe fetchenergy of embeddedsystems,which
fetchandexecutenomorethanoneinstructionpercycle.

Thezerooverheadloop buffer (ZOLB) is anotherhard-
waretechniquefor reducinginstructionfetchenergy for
small loops[7]. Themaindifferencebetweena ZOLB
anda loop cacheis thata ZOLB is explicitly loadedus-
ing specialinstructionsregardingthenumberof instruc-
tions in the loop and the numberof iterationsto exe-
cute. Similar to the loop cache,the ZOLB is limited
in size,andcanhave no other transfersof control be-
yondtheloopbranch.Additionally, informationregard-
ing thenumberof iterationsexecutedby the loop must
beknown at the time the loop is entered.Although the
primarybene�t of theZOLB is fetchenergy reduction,it
canalsoprovide small improvementsin executiontime,
sinceloop variableincrementandcompareinstructions
areno longernecessary.

6 Futur eWork

There exist many areasfor exploration in the design
of high-performance,low-powerinstructionfetchmech-
anisms. Tolerating increasedfetch latenciesis one
strengthof the IRF, however, the instructionselection
andpackingalgorithmshavenotbeentunedspeci�cally



to focuson reducingL0 cachemisses.Variousheuris-
ticscanbeusedto selectIRF candidatesin theareasof a
programwhereanL0 cachemissis likely to occur. Sim-
ilar heuristicscanbedevelopedto supportIRF packing
combinedwith otherarchitecturaltechniquesthataffect
fetchlatency.

Therearealsoseveralpopulartechniquesthatincurper-
formancepenaltiesdueto reducedspatiallocality, which
maybeableto beoffsetby theadditionof anIRF. Tech-
niquessuchasproceduralabstraction[8, 6, 5], andecho
factoring[14] seekto reducethe codesizeof an appli-
cationby replacingcommonsequencesof instructions
with calls to extractedsubroutines.However, theadded
function calls and returnscan greatly impact the spa-
tial locality of an application,in addition to requiring
moreinstructionsto executenormally. The IRF canbe
appliedsimilarly in thesecases,to reducethe impact
that thecachemissesandadditionallyexecutedinstruc-
tions have on a compressedexecutable's performance.
Tamper-proofedand encryptedexecutablesexperience
similar performancepenaltieswhen moving codeinto
privatecaches,andassuchmight alsobeableto reduce
theperformanceimpactwith theadditionof anIRF.

7 Conclusions

In thispaperwehaveevaluatedtheinteractionsbetween
asmalllow-powerL0 instructioncacheandanIRF. Our
experimentsfocusedon embeddedsystemsfor which
codesize,powerandperformancedesignconstraintsare
often very stringent. We also looked at the effects of
an IRF in offsettingsimilar performancepenaltiesdue
to an L0 cachefor a very aggressive pipelinebackend.
The useof an IRF and associatedpacked instructions
allows a portion of the fetch miss latency of an L0 in-
structioncacheto be tolerated. Additionally, both the
L0 cacheandtheIRF caninteractsuchthatthefetchen-
ergy consumptionis furtherreduced.Finally, theuseof
instructionpacking,which is a fundamentalcomponent
of the IRF microarchitecture,allows for signi�cant re-
ductionsin theoverall staticcodesizeof anapplication.
The combinationof thesethreeimprovementsin stan-
darddesigncriteriamakesanL0 cachewith anIRF very
attractive for usein embeddedsystems.

8 Acknowledgments

We thank the anonymousreviewers for their construc-
tive commentsand suggestions. This researchwas
supportedin part by NSF grantsEIA-0072043,CCR-
0208892,CCR-0312493,andCCF-0444207.

References

[1] AUSTIN, T., LARSON, E., AND ERNST, D. Sim-
pleScalar:An infrastructurefor computersystemmod-
eling. IEEEComputer35 (February2002),59–67.

[2] BELLAS, N., HAJJ, I ., POLYCHRONOPOULOS, C., AND

STAMOULIS, G. Energy andperformanceimprovements
in a microprocessordesignusinga loop cache. In Pro-
ceedingsof the1999InternationalConferenceon Com-
puterDesign(October1999),pp.378–383.

[3] BELLAS, N. E., HAJJ, I . N., AND POLYCHRONOPOU-
LOS, C. D. Using dynamiccachemanagementtech-
niquesto reduceenergy in generalpurposeprocessors.
IEEE Transactionson Very Large ScaleIntegratedSys-
tems8, 6 (2000),693–708.

[4] BENITEZ, M. E., AND DAVIDSON, J. W. A portable
globaloptimizerandlinker. In Proceedingsof theSIG-
PLAN'88conferenceonProgrammingLanguageDesign
andImplementation(1988),ACM Press,pp.329–338.

[5] COOPER, K., AND MCINTOSH, N. Enhancedcodecom-
pressionfor embeddedriscprocessors.In Proceedingsof
the ACM SIGPLANConferenceon ProgrammingLan-
guageDesignandImplementation(May 1999),pp.139–
149.

[6] DEBRAY, S. K., EVANS, W., MUTH, R., AND DESUT-
TER, B. Compilertechniquesfor codecompaction.ACM
Transactionson ProgrammingLanguages and Systems
22, 2 (March2000),378–415.

[7] EYRE, J., AND BIER, J. DSPprocessorshit the main-
stream.IEEEComputer31, 8 (August1998),51–59.

[8] FRASER, C. W., MYERS, E. W., AND WENDT, A. L.
Analyzingandcompressingassemblycode.In Proceed-
ingsof theSIGPLAN'84 Symposiumon CompilerCon-
struction(June1984),pp.117–121.

[9] GORDON-ROSS, A., COTTERELL , S., AND VAHID, F.
Tiny instruction cachesfor low power embeddedsys-
tems. Trans.on EmbeddedComputingSys.2, 4 (2003),
449–481.

[10] GUTHAUS, M. R., RINGENBERG, J. S., ERNST, D.,
AUSTIN, T. M., MUDGE, T., AND BROWN, R. B.
MiBench: A free, commerciallyrepresentative embed-
ded benchmarksuite. IEEE 4th Annual Workshopon
WorkloadCharacterization(December2001).

[11] HINES, S., GREEN, J., TYSON, G., AND WHAL-
LEY, D. Improving programef�ciency by packingin-
structionsinto registers. In Proceedingsof the 2005
ACM/IEEE International Symposiumon ComputerAr-
chitecture (2005),IEEEComputerSociety, pp.260–271.

[12] HINES, S., TYSON, G., AND WHALLEY, D. Reducing
instructionfetchcostbypackinginstructionsinto register
windows. In Proceedingsof the38thannualACM/IEEE
International Symposiumon Microarchitecture (2005),
IEEEComputerSociety.



[13] K IN, J., GUPTA , M., AND MANGIONE-SMITH, W. H.
The �lter cache:An energy ef�cient memorystructure.
In Proceedingsof the1997InternationalSymposiumon
Microarchitecture (1997),pp.184–193.

[14] LAU, J., SCHOENMACKERS, S., SHERWOOD, T., AND

CALDER, B. Reducingcodesizewith echoinstructions.
In Proceedingsof the2003InternationalConferenceon
Compilers, Architectures and Synthesisfor Embedded
Systems(2003),ACM Press,pp.84–94.

[15] LEE, C., POTKONJAK , M., AND MANGIONE-SMITH,
W. H. MediaBench:A tool for evaluatingandsynthesiz-
ing multimediaandcommunicatonssystems.In MICRO
30: Proceedingsof the 30th annual ACM/IEEE Inter-
nationalSymposiumon Microarchitecture (Washington,
DC, USA, 1997),IEEEComputerSociety, pp.330–335.

[16] LEE, L ., MOYER, B., AND ARENDS, J. Instruction
fetch energy reductionusingloop cachesfor embedded
applicationswith smalltight loops.In Proceedingsof the
InternationalSymposiumon Low PowerElectronicsand
Design(1999),pp.267–269.

[17] LEE, L ., MOYER, B., AND ARENDS, J. Low-costem-
beddedprogramloop caching— revisited. Tech.Rep.
CSE-TR-411-99,Universityof Michigan,1999.

[18] LEFURGY, C. R. Ef�cient executionof compressedpro-
grams. PhDthesis,Universityof Michigan,2000.

[19] MONTANARO, J., WITEK , R. T., ANNE, K., BLACK ,
A. J., COOPER, E. M., DOBBERPUHL , D. W., DON-
AHUE, P. M., ENO, J., HOEPPNER, G. W., KRUCK-
EMYER, D., LEE, T. H., L IN, P. C. M., MADDEN,
L ., MURRAY, D., PEARCE, M. H., SANTHANAM , S.,
SNYDER, K. J., STEPHANY, R., AND THIERAUF, S. C.
A 160-mhz,32-b, 0.5-W CMOS RISC microprocessor.
Digital Tech. J. 9, 1 (1997),49–62.

[20] SIMPLESCALAR-ARM POWER MODELING PROJECT.
http://www.eecs.umich.edu/» panalyzer.

[21] TANG, W., VEIDENBAUM , A. V., AND GUPTA , R. Ar-
chitecturaladaptationfor power and performance. In
Proceedingsof the 2001 International Conferenceon
ASIC(October2001),pp.530–534.

[22] WEAVER, D., AND GERMOND, T. TheSPARCArchi-
tectureManual, 1994.


