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Abstract

Small Iter cades(LO caces)can be usedto obtain
signi cantly reducedenegy consumptiorior embedded
systemshut this bene t comesat the costof increased
executiontimedueto frequent_0 cache misses.Theln-
struction Register File (IRF) is an architectural exten-
sionfor providing improvedaccesgo frequentlyoccur
ring instructions. An optimizing compiler can exploit
an IRF by padking an application’s instructions,result-
ing in deceasedcodesize reducecenegy consumption
andimprovedexecutiontime primarily dueto a smaller
footprintin theinstructioncache Thenature of the IRF
alsoallowsthe executionof padedinstructionsto over
lap with instruction fetch, thus providing a meansfor
toleratingincreasedetc latencies.Thispaperexplores
the useof an LO cache enhancedwith an IRF to pro-
vide evenfurther reducedenegy consumptiorwith im-
provedexecutiontime Theresultsindicatethatthe IRF
is an effectivemeandor offsettingexecutiontime penal-
tiesdueto pipelinefrontendbottlene&s. We also show
thatby combiningan IRF andan LO cache weare able
to achievereductiondn fetch enegythatis greaterthan
usingeitherfeatur in isolation.

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

1 Intr oduction

Recentprocessoidesignenhancementbave increased
demandson the instructionfetch portion of the proces-
sor pipeline. Codecompressiongncryption,anda va-
riety of powversaving cachestratgiescaneachimpose
performancepenaltiesin orderto obtaintheir bene ts.
Thesepenaltiesare often signi cant, limiting the appli-
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cability of eachtechniqueo only thosesystemsn which
they aredeemectritically necessary

Oneimportantareaof study particularlyfor embedded
systemsds reducingthe power andenegy consumption
of instructionfetchlogic. Thisareais alsobecomingn-
creasinglyimportantfor general-purposprocessode-
signaswell. It hasbeenshavn thatthe L1 instruction
fetch logic alone can consumenearly one third of the
total processopower on the StrongARM SA110[19].
One simple techniquefor reducingthe overall fetch
power consumptioris the useof a small,directmapped
Iter orLO cachg13]. TheLO cacheis placedbeforethe
L1 instructioncachein sucha memoryhierarcly. Since
the LO cacheis smallanddirectmappedjt canprovide
lower-power accesdo instructionsat the expenseof a
highermissrate. The LO cachealsoimposesan extra
executionpenaltyfor accessinghe L1 cacheastheLO
cachemustbe checled rst to avoid the highercostof
accessinghe L1 cache. Previous studieshave shavn
that the fetch enegy savings of a 256-byteL.O cache
with 8-byteline sizeis approximately68%, but the ex-
ecutiontime is increasecdy approximately16% dueto
missoverhead13].

Our prior researchn instructionpackingcanbe usedto
diminishtheseperformanceenaltiesInstructionpack-
ing is a compiler/architecturatechniquethat seeksto
improve the traditionalinstructionfetch mechanisnby
placingthe frequentlyaccessedhstructionsinto anin-
structionregister le (IRF) [11]. Several of thesein-
structionregistersare then able to be referencecdby a
singlepadked memoryinstruction.Suchpackedinstruc-
tions not only reducethe code size of an application,
improving spatiallocality, but alsoallow for reduceden-
ergy consumptionsincethe instructioncachedoesnot
needto be accesseasfrequently The combinationof
reducedcodesize and improved fetch accesscan also
translatanto reductionsn executiontime.



In this paperwe explorethepossibilityof integratingan
instructionregister le into an architecturepossessing
asmallLO instructioncache.The natureof the IRF al-
lows for animprovedoverlapbetweertheexecutionand
fetch of instructions,sinceeachpacled instructiones-
sentiallytranslatesnto several lower-costfetchesfrom
thelRF. While thefetchstageof thepipelineis servicing
anLO instructioncachemiss,the processocancontinue
fetchingandexecutinginstructionsfrom the IRF. In this
way, the IRF canpotentiallymaska portionof the addi-
tionallateng dueto asmallinstructioncache Although
eachtechniqueattemptsto reduceoverall fetch enegy,
we show thatthe approacheareorthogonalkandableto
be combinedfor improvedfetchenegy consumptioras
well asreducedperformancepenaltiesdueto LO cache
missesWe believe thatthe IRF canbesimilarly applied
to instructionencryptionand/orcodecompressiorech-
niguesthat also affect the instructionfetch rate, in an
effort to reducethe associategerformanceenalties.

The remainderof this paperhasthe following organi-
zation. First, we review the prior work on packingin-

structionsinto registers. Second,we describehow to

integrate an instructionregister le into a pipeline de-
signwith a smallLO instructioncache.Third, we shav

thatcombininganLO cachewith anIRF allows for even
further reducedfetch enegy consumption,as well as
diminishedexecution overheaddue to fetch penalties.
Fourth, we examine somerelatedwork on improving

the enegy andexecutionef ciency of instructionfetch.
Fifth, we outline somepotentialtopicsfor future work.

Finally, we presenbur conclusiondor the paper

2 Prior Work on Usingan IRF

Thework in this paperbuilds uponprior work on pack-
ing instructionsinto registers[11]. The generalidea
is to keepfrequentlyaccessedhstructionsin registers,
just asfrequentlyuseddatavaluesare keptin registers
by the compilerthroughregisterallocation. Placingin-
structiondgnto aregister le is alogical extensionfor ex-
ploiting two formsof locality in theinstructionreference
stream.lt is well known thattypically muchof the exe-
cutiontime is spentin a smallportion of the executable
code.An IRF cancontaintheseactive regionsof thepro-
gram,reducingthefrequeng of accessingninstruction
cacheto fetchinstructionsandsaving power. However,
thereis anothettypeof locality thatcanalsobeexploited
with anIRF. The uniquenumberof instructionsusedin
anapplicationis muchsmallerthanthe possiblecombi-
nationsavailablein a 32-bitinstructionset.We nd that
often thereis a signi cant duplicationof instructions,
even for small executables.Lefurgy found that 1% of
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Figure 1. Decoding a Packed Instruction
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Figure 2. Packed Instruction Format

the mostfrequentinstructionwordsaccountor 30% of

programsize acrossa variety of SPECCINT95 bench-
marks[18]. Thisshavsthatcorventionalinstructionen-
codingis lessef cient thanit couldbe,whichis aresult
of maximizing functionality of the instructionformat,
while retaining x edinstructionsizeandsimpleformats
to easedecode. An IRF provides a secondmethodto

specifyinstructionswith themostcommoninstructions
having thetightestencoding.Thesenstructionsareref-

erencedy a smallindex, multiplesof which caneasily
bespeci edin a x ed32-bitinstructionformat.

We use two new termsto help differentiateinstruc-
tions in our discussionof the IRF. Instructionsrefer
encedfrom memoryarereferredto asthe memoryISA
or MISAinstructions.Lik ewise, instructionsreferenced
from the IRF arereferredto astheregister|SA or RISA
instructions.MISA instructionsthatreferenceRISA in-
structionsare referredto as paded instructions. Our
ISA is basedon the traditional MIPS instruction set,
speci cally the PISA tamget of SimpleScalafl]. Fig-
ure 1 shawvs the useof anIRF at the startof theinstruc-
tion decodestage. It is also possibleto placethe IRF
attheendof instructionfetch or storepartially decoded
instructionsn thelRF shouldthedecodestagebeonthe
critical pathof the processoimplementation.

Figure 2 shaws the special MISA instruction format
usedto referencemultiple RISA instructionsfrom the
IRF. Theseinstructionsare calledtightly paded since
multiple RISA instructionsare referencedby a single
MISA instruction.Up to ve instructionsfrom the IRF
canbereferencedisingthis format. Along with the IRF
is animmediatetable(IMM), asshavn in Figurel that
containsthe 32 mostcommonlyusedimmediatevalues
in theprogram.Thus,thelasttwo elds thatcouldrefer
enceRISA instructionscaninsteadbe usedto reference
immediatevalues. The numberof parameterizedm-
mediatevaluesusedand which RISA instructionswill
usethemis indicatedthroughthe useof four opcodes
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andthe1-bit S eld. Thecompilerusesapro ling pass
to determinghemostfrequentlyreferencednstructions
thatshouldbeplacedin thelRF. The31 mostcommonly
usedinstructionsareplacedin the IRF. Oneinstruction
is reseredto indicateano-operatior{nop) sothatfewer

than ve RISA instructionscanbe pacledtogether Ac-

cesf theRISA nopterminatesxecutionof the pacled
MISA instructionsono performancgenaltyis incurred.
The compilerusesa secondpassto packMISA instruc-
tionsinto thetightly packedformatshavn in Figure?2.

In additionto tightly pacled instructions,the instruc-
tion setis alsoextendedto supportalooselypaded in-
structionformat. EachstandardVIPS instruction(with
someexceptions)has5 bits madeavailable for an ad-
ditional RISA reference.This RISA instructionis exe-
cutedfollowing the original MISA instruction. If there
is no meaningfulRISA instructionthatcanbe executed,
thenIRF entry 0, which correspondso a nop, is used.
Thereis no performancepenaltyif the RISA reference
is 0, sinceno instructionwill be executedfrom the IRF
andfetchingwill continueasnormal. While the goal of
tightly pacled instructionsis improved fetching of fre-
guentlyexecutednstructionstreamsthelooselypacled
formathelpsin capturingthe samecommoninstructions
whenthey are on infrequently executedpathsand not
surroundedy otherpackablenstructions.Loosepacks
areresponsibldor a signi cant portion of the codesize
reductionwhenpro ling anapplicationstatically

Figure 3 shaws the differencesbetweenthe traditional
MIPS instructionformatsandour looselypacled MISA
extension. With R-type instructions,the shamt(shift
amount) eld canbe usedfor a RISA referenceandthe
various shifts 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 thatis adjusteddifferently in that it
now usesonly asingleregisterreferenceandtheremain-
ing 21 bits of the instructionfor the upperimmediate
portion. This is necessargincewe still wanta simple
methodfor creating32 bit constantausingthe lui with

Jump Format

(b) Loosely Packed MIPS Instruction Formats

Format Modi cations

21 bits for animmediateand anotherl-type instruction
containingan 11 bit immediatevalue. J-typeinstruc-
tions aremodi ed slightly with regardsto addressem
orderto supporta partitioningof the IRF.

For this study we have extendedthe IRF to support4

hardwarewindows [12], muchin the sameway thatthe

SFARC dataregister le is organized[22]. This means
thatinsteadof usingonly 32 instructionregisters,there
are a total of 128 available physical instructionregis-

ters.Only 32 of theseregistersareaccessiblatary sin-

gle pointin time however, sotheremaining96 registers
canbe keptin a low-power modein which they retain
their values,but cannotbe accessedOn a function call

and/omreturn thetargetaddressise2 bitsto distinguish
whichinstructionwindow we areaccessingThereturn
addressstackandall function call addresgointersare
updatedat link-time accordingto which window of the

IRF they will accessThelMM for eachwindow is the

samesincepreviousresultshave shovn that32immedi-

atevaluesaresufcient for parameterizingnostinstruc-
tionsthatwill existin anIRF. Usingtwo bits to specify
theinstructionwindow in an addresgointerlimits the

effective addresspaceavailablefor anapplication,but

we feelthat16 million instructionwordsis largeenough
for ary reasonablembeddedpplication.

3 Integrating an IRF with an
LO Instruction Cache

There are several intuitive ways in which an IRF and
an LO instructioncachecan interacteffectively. First,
the overlappedfetch of pacled instructionscanhelpin
alleviating the performancepenaltiesof LO instruction
cachemissesby giving the later pipeline stagesmean-
ingful work to do while servicingthe miss. Secondthe
very natureof instruction packing focuseson the fre-
guentaccesf instructionsvia the IRF, leadingto an
overall reductionin the numberof instructioncacheac-
cesses.Third, the packingof instructionsreducesthe
staticcodesize of portionsof the working setof anap-



plication,leadingto potentiallyfewer overallinstruction
cachemisses.

Figure4 shaws the pipelinediagramdor two equivalent
instructionstreamsBoth diagramauseatraditional ve
stagepipeline modelwith the following stages:IF —
instructionfetch, ID — instructiondecode EX — exe-
cute,M — memoryaccessand WB — writeback. In
Figure4(a),an L0 instructioncacheis beingusedwith
no IRF. The rst two instructions(InsnlandInsn2)ex-
ecutenormally with no stallsin the pipeline. Thethird
instructionis amissin the LO cache)eadingto the bub-
ble at cycle 4. The fourth instructionis unableto start
fetching until cycle 5, whenInsn3has nally nished
fetchingandmadeit to the decodestageof the pipeline.
This entiresequenceakes9 cyclesto nish executing.

Figure4(b) showvs the sameL0 instructioncachebeing
usedwith an IRF. In this stream,however, the second
andthird instructions(previously Insn2 andInsn3) are
pacledtogetherinto a singleMISA instruction,andthe

fourthinstruction(third MISA instruction)is now atthe

addresghatwill missin the LO cache.We seethatthe
pacledinstructionis fetchedin cycle 2. Thepacledin-

structiondecodedts rst RISAreferencéPack2a)n cy-

cle 3, while simultaneouslyve areableto startfetching
instruction4. The cachemissbubblein cycle 4 is over-

lappedwith the decodeof the secondRISA instruction
(Pack2b).After the cachemissis servicednsn4is now

readyto decodein cycle 5. In this way, sequencesf

instructionswith IRF referencesanalleviate stallsdue
to LO instructioncachemisses.This stream nishes the
sameamountof work asthe rst streamin only 8 cycles,
1 lesscycle than the versionwithout IRF. Denserse-
guence®f instructions(with morepaclked instructions)
allow for even greatercachelateny toleranceandcan
potentially alleviate a signi cant portion of the lateny

of accessingnain memoryon an L1 instructioncache
miss.

In previous studies,it wasshowvn thata single 32-entry
IRF can be responsiblgfor approximately55% of the
non-library instructionsfetchedin an application[11].
This amountsto a signi cant fetch enegy savings due
to not having to accesghe L1 instructioncacheasfre-
guently AlthoughtheLO cachehasamuchlowerenegy
costperaccesshananlLl instructioncachethelRF will
still reducethe overalltrafc to theentirememoryhier
arcly. Fewer accessethatreachinto the memoryhier
arcly canbe bene cial asenegy canbe consered by
notaccessinghe TLB or eventheLO cachetagarray

Instruction packing is inherently a code compression
technique,allowing someadditionalbene ts to be ex-
tractedfrom it aswell. As instructionsare pacled to-
gether the LO instructioncachecan potentially handle

Cycle 11234 /5|6 |7 /|89
Insn1 IF [ID |[EX | M |WB

Insn2 IF |ID |[EX | M |WB

Insn3

ID [EX | M |WB
ID |[EX | M |WB

Insn4

(a) LO Cache Miss at Insn3

Cycle 1123 |/4 |56 7|89

Insnl IF | ID |EX | M |WB |
Pack2a IF,, EX, | M, WB, ]
Pack2b EX, | M, |WB, ]
Insn4 D |EX | M |WB| |

(b) LO Cache Miss at Insn4 with IRF

Figure 4. Overlapping Fetch with an IRF

largerworking setsat no additionalcost. Beingthatthe

LO cacheis fairly small and direct mapped,the com-

pressednstructionstreammay be extremelybene cial

in some cases,allowing for fewer LO cachemisses,
whichtranslateénto performancémprovementsandre-

ducedoverall fetchenegy consumption.

4 Experimental Evaluation

In orderto evaluatethe effectivenesof anIRF in elimi-
nating the executionoverheadof small cacheswe fo-
cusedon two main con gurations. The rst con gu-
ration modelsan embeddedrocessqrand the second
modelsa moreadwancedmachinewith out-of-orderex-
ecution.Thepurposeof thesecondnodelwasto seethe
effectsthata more aggressie pipeline baclendhason
the smallinstructioncache.Our modelingervironment
is anextensionof the SimpleScalaPISAtametsupport-
ing IRF instructiong1]. Eachsimulatoris instrumented
to collect the relevant datainvolving instructioncache
and IRF accessduring programexecution. The Sim-
pleScalarcon guration datafor eachof thesemodelsis
shavn in Tablel.

Notethatfor both of thesemodels,the LO cacheand/or
thelRF/IMM areonly con guredif they arebeingeval-
uated.It is alsoimportantto remembethatthelO cache
is notableto bebypassedh this pipelinestructuresoan
instructionthatmissesn theLO cachebut hitsin theL1
cachewill require2 cyclesfor fetchin the embedded
processoand3 cyclesin thehigh-endprocessar

We selecteda subsebf the MiBenchembeddedench-
mark suite[10] for usein eachof our experiments.The
MiBench suiteconsistf six cateyories,eachdesigned



Table 1. Experimental Con gurations

Parameter Embedded High-end
I-FetchQueue 4 entries 8 entries
BranchPredictor | Bimodal—128 | Bimodal—1024
BranchPenalty 3cycles
FetchWidth 1 2
DecodeWidth 1 2
IssueStyle In order Outof order
IssueWidth 1 2
CommitWidth 1 2
RUU size 8 entries 16 entries
LSQsize 8 entries
16 KB 32KB
256lines 512lines
L1 D-Cache 16 B line 16 B line
4-way assoc. 4-way assoc.
1 cycle hit 2 cyclehit
16 KB 32KB
256lines 512lines
L1 I-Cache 16 B line 16 B line
4-way assoc. 4-way assoc.
1 cycle hit 2 cyclehit
256B 512B
32lines 64lines
LO I-Cache 8B line 8B line
directmapped | directmapped
1 cycle hit 1 cycle hit
MemoryLatengy 32cycles
IntegerALUs 1 4
Integer MUL/DIV 1 1
MemoryPorts 1 2
FPALUs 1 4
FPMUL/DIV 1 1
4 windows
32-entrylRF (128total)
IRF/IMM 32-entrylmmediateTable
1 Branch/pack

to exhibit applicationcharacteristicsepresentatie of a
typical embeddedwvorkload in that particulardomain.
Several of thesebenchmarkqJpeay, Ghostscript,Gsm,
Pgp,Adpcm) are similar benchmarkgo thosefound in
the MediaBenchsuite [15] usedin the original evalua-
tion of LO caches.Table2 shows the exactbenchmarks
thatwereusedin our evaluations.For eachbenchmark
with multiple data sets,we chosethe small inputs to
keeptherunningtime of the simulationsmanageable.

Optimized codeis generatedising a modi ed port of
the VPO compiler for the MIPS [4]. Eachbenchmark
is pro led dynamicallyfor instructionfrequeng counts
andinstructionpackingis performedusinga greedyal-
gorithmfor 4 partitionswherenecessaryThe actualin-
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
theexperimentgo provide afairerevaluationof the IRF
mechanism. In theseexperiments library codeis not
subjectto instruction packing, however, it is modeled
accuratelyin boththecycle time executionandfetchen-
emgy calculations. The benchmark€Basicmath,Qsort,
Patricia, Stringsearchand FFT areall dominatedy li-

brarycode with morethan50%of eachapplicationexe-
cuting standardC library functions.If instructionpack-
ing was performedon library code, the overall results
whenusingthe IRF shouldimprove.

Eachof thegraphsn this sectionusethefollowing con-
ventions.All resultsarenormalizedto the baselinecase
for the particularprocessomodel,which usesanL1 in-

structioncachewith no L0 instructioncacheor IRF. The
label L1+IRF corresponds$o addingan IRF but no LO

cache. The label L1+LO corresponddo addingan LO

instructioncache,but no IRF, and nally L1+LO+IRF

correspondgo the additionof an LO instructioncache
along with an IRF. Executionresultsare measuredn

the cyclesreturnedfrom SimpleScalar The fetch en-
emgy is estimatedaccordingto the following equation,
for whichtheaccurag hasbeentunedusingresultsfrom

sim-panalyzef20]:

10000£ Accessesiemory+ 100£ Accessegq
+ 2£ Accessegg + ACCesseRE

Efetch =

Thesescalingfactorsare conserative andin line with
previous work regardinginstructioncaches] 0 caches,
andthelRF. TheLO cacherequiresslightly moreenegy
to operatehanthe IRF dueto thecachetagcomparison.
ThelRF is only updatedvhentheapplicationloads,and
from thenonit needonly beavailablefor reading.Addi-
tionally, theinactive windows of the IRF canbe keptin
alower-power state yielding a smalleroverall structure
to beaccessel28bytes).

Figure5 shavstheexecutionef ciency of theembedded
processarAdding anIRF to the baselingprocessowith
no LO cacheyields only a minor performanceémprove-
mentof 1.52%,mainly dueto thecode tting betterinto
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Figure 5. Embedded Execution Efcienc y

theL1 instructioncache.An LO cachedegradesperfor
manceby 17.11%on average while addinganIRF cuts
this penaltyto 8.04%. The overlappedetchinteraction
allows the IRF to not only obtainits initial performance
improvementdueto asmallerfootprintin thelL1 instruc-
tion cache but to alsosurpasst by reclaimingsomeof
the performanceenaltyof the LO instructioncache.

Thefetch enegy ef ciency of the embeddedgrocessor
is shavn in Figure6. An L1 cachewith IRF yieldsan
averagefetchenepgy reductionof 34.83%.TheL0 cache
obtainsreductionsof 67.07% while addingthe IRF im-
provesthe enegy reductionto 74.93%. The additional
enegy savingsis a bonus,sincethe IRF is alsousedto
toleratethelateny of LO cachemisses.

Consenratively assuminghatfetch enegy accountdor
25% of the overall processoenegy, andthatthe non-
fetch enegy scalesuniformly for the increasedexecu-
tion time, an LO instruction cachereducesthe overall
enegy consumptiorby 4%. Adding an IRF in addition
to the LO cacheyields an overall enegy reductionof
12.7%.If thefetchenegy accountdor onethird of the
total processoeneny, asis morelik ely thecasefor em-
beddedsystemsthe overall enegy savings with anLO
instructioncacheis approximatelyl0.7%,while adding
anIRF increaseshe savingsto 19.3%.

The executionefciency of the high-endprocessoris
shavnin Figure?. Thepipelinebaclendof thehigh-end
processors very demandinghoweverthelL1 cachedor
this machinehave also beenmodi ed to have a 2 cy-
cle baselinehit time sinceboth the fetch width andthe
cachesizeshave beenincreased. An IRF canreduce
the executioncycles by only 0.35%, however the per
formancepenaltyof addinganL0 caches substantiaht
35.57%.Clearly, themisspenaltyof theLO cachecauses
greaterdeterioratiorof performancevhencoupledwith
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an aggressie pipelinebaclend. This phenomenoroc-
curssincetherearefewer stallsin the pipelinebaclend
that can be overlappedwith LO instructioncachemiss
stallsin the pipeline frontend. The additionof an IRF
andan LO instructioncachereduceghe overall perfor
mancepenaltyto 21.43%,shaving that an even larger
portion of the executioncyclescanbe overlappedwith
all associatedetchmisses.

Figure 8 shows the fetch enegy ef ciency of the high-
endprocessar The additionof an IRF to the processor
reducesfetch enegy consumptiorby 33.83%. An LO
instructioncachecanlower the fetchenegy by 79.68%
alone, or 84.57%in conjunctionwith an IRF. These
numbersare greaterthan the resultsfrom the embed-
ded systemmodel dueto the aggressie natureof this
high-endprocessodesign.In this model,the numberof
misfetchess greatlyincreasedlueto its highly specula-
tive pipelinecon guration,andthusthe|RF andLO0 can



\l L1+IRF  [JL1+L0 [ L1+LO+IRF

100%
90%
80%
70%

60%
50%
40% -
30%

20% 1 IH
10% 1§ {1
0%

Estimated Fetch Energy (%)

Sha:_J

Pap =1
CRC32 f

Susan :.l |
Lame:
Tiff2bw f
Rijndael
FFT |
Adpcm g |
Gsm |

Blowfish [me—
\
\
I I
Average |

Basicmath |
BitcountA.J | |
Qsort
Jreg
Dijkstra g
Ghostsc t:_;_;_;i
Stringsearch

Figure 8. High-end Fetch Energy Ef-
ciency

L1+LO+IRF
L1+LO+IRF

g3 Eo
nk ‘. LO hits  [JL1 hits  [ML1 misses 7
100% === S5
b
90%+
R 80%-
T 70%q
c
O 60%-
&
50%+
o
L 40%1
]
$ 30%+
]
é 20%+
10%-
0%+ B H H H H H
@ N & e S @
& RS & & o@é\ &
& O &£ IS &
) (9(\ X oS &ée 5

Figure 9. Embedded Cache Access Fre-
guency

reducethechance®f having to accesshel1 instruction
cacheand/ormemory

Figure9 shavsthefrequenciesitwhichvariousportions
of thememoryhierarcly areaccesseébr instructionsn
the embeddedrocessar The numberof accessesre
shovn by catggory and normalizedto the casewhere
only anL1 instructioncacheis in use. With justanL1
cachethesebenchmarksanfetchinstructionammedi-
atelyfrom the L1 cache99.55%o0f thetime, yielding a
very low 0.45%missrate.In adesignwith anL0 cache,
approximately76.67%of theinstructionsfetchedhit in
the LO cache,and an additional 20.87%hit in the L1
cache.Thefrequeng of having to accessnainmemory
with anLO cacheis reducedslightly to 0.44%. The LO
instructioncacheexperiences slight reductionin over-
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Figure 10. High-end Cache Access Fre-
quency

all accessedueto beinglessaggressie on mispredic-
tionswith cachemisseson somebenchmarkshencethe

total accesdrequeny doesnot sumto exactly 100%.
When addingjust an IRF, the frequeng of L1 cache
hits is reducedto 65.05%andthe frequeny of misses
is reducedto 0.38%,shaving that greaterthan 34% of

instructionsdo not needto accessan instructioncache
atall. CombininganLO instructioncachewith anIRF

yields approximately47.61%L0 cachehits, 15.9%L1

cachehits, and 0.37%L1 cachemisses. Whereasthe

LO cachecornvertsmoreexpensve L1 cacheaccesseto

cheapet 0 cacheaccessedhelRF is responsibléor the

conversionof bothtypesof instructioncacheaccesset®

cheaperegister le accesses.

The cacheaccesdrequencieof the high-endprocessor
areshavn in Figure10. ThelargerL1 instructioncache
hits 99.97%o0f the time, missingon only 0.03%of ac-
cessein thebaselinearchitecture With theuseof anLO
instructioncache thereis anL0 hit 80.50%of thetime,
an L1 hit 16.03%o0f the time, andan L1 miss0.03%
of thetime. The useof anIRF with justanL1l instruc-
tion cacheallows for the L1 cacheto hit on 66.18%o0f
instructionfetches,andmisson only 0.02%of fetches.
All otherfetchesarehandledby theIRF. Combiningthe
LO instructioncachewith an IRF reduceshe LO cache
hitsto 50.64%,the L1 cachehitsto 12.20%,andthe L1
cachemissego 0.02%.

Instructionpackingcanalsoreducethe staticcodesize
of anapplication.Figure11 shawvs the normalizedcode
sizefor eachof the pacledexecutablesSincewe do not
packinstructionsin library routines,we have removed
their impact on the static code size results. Overall,
however we are ableto reducethe actualcompiledex-
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Figure 11. Reducing Static Code Size

ecutablesizeby 15% on average.Many of the security
benchmarksexperiencesigni cant reductionsin static
codesize,sincethe majority of their codeis dominated
by similarencryptionanddecryptionroutinescomposed
of the samefundamentalinstruction building blocks.
Thesenstructionscanthenbeplacedin the IRF andref-
erencedn variouscombinationgo constructthe neces-
saryfunctionalityfor eachsimilar routine.

5 RelatedWork

Instructionand datacachesare often separatedor per
formancereasonsparticularlywith respecto handling
the diversebehaior andrequestpatterndor each. An-
otherapproachto reducingcacheenegy requirements
is to further subdvide the instructioncacheinto cate-
goriesbasedon executionfrequeng [2, 3]. Frequently
executedsectionof codeareplacedinto asmaller low-
power L-cachethatis similarin structureto theL0 cache
discussedn this paper The bulk of theremainingcode
is only accessiblghroughthe standardL1 instruction
cache. Code sgmentsfor eachcacheare separated
in the executable,and a hardware register denotesthe
boundarybetweeraddressethatareservicedby the L-
cacheandaddressethat areservicedby the L1 cache.
The splitting of theselookupsprovidesa substantiate-
ductionin the L-cachemissrate. A 512-bytelL. 1 cache
providesa 15.5%reductionin fetch enegy, while also
obtaininga smallreductionin executiontime dueto im-
proved hit rate. However, the L-cacheschemeis lim-
itedin thatit cannoteasilyscaleto supporiongeraccess
timesfrom anL1 instructioncache.

Lee et al. proposedusing a small cachefor execut-
ing small loops with no additionaltransfersof control
otherthantheloop branch16]. Instructionarenormally

fetchedfrom theL1 cache put a shortbackwardbranch
(sbb)triggerstheloop cacheto begin lling. If thesame
sbhis thentakenon the next loop iteration,instructions
canbe fetchedfrom the small loop cachestructurein-
steadof the L1 cache. Whenthereis a differenttaken
transferof control, or the loop branchis not taken, the
loopcacheeturngoits inactive stateandresumedetch-
ing normally from the L1 instructioncache. Sincethe
loop cacheis taglessand small (usually 8-32 instruc-
tions), thetotal fetchenegy canbereducedy approxi-
mately15%. The loop cachewaslater extendedto sup-
portlongerloopsby addingthe ability to partially store
andfetchportionsof aloop [17]. Anotherimprovement
to theloop cacheis theuseof preloadingandhybridiza-
tion [9]. Preloadingallows theloop cacheto containthe
sameinstructionsfor the life of the application,while
hybridizationrefersto a loop cachethat canoperatein
a dynamicmodeaswell aspreloaded. A hybrid loop
cachecanreducethe total instructionfetch enegy by
60-70%.

An alternatemethod for mitigating the performance
penaltyof LO cachess to provide a bypassthat allows
directreadingfrom the L1 cachein somecases.It has
beenshowvn that with a simple predictor the LO cache
performanceenaltycanbedroppedo 0.7%ona4-way
superscalamachinewith only a smallincreasean fetch
enegy [21]. However, LO cachesareprimarily usedfor
reducingthe fetch enegy of embeddedystemswhich
fetchandexecutenomorethanoneinstructionpercycle.

The zerooverheadoop buffer (ZOLB) is anothethard-
waretechniqueor reducinginstructionfetchenegy for

smallloops[7]. The maindifferencebetweena ZOLB

andaloop cacheis thata ZOLB is explicitly loadedus-
ing specialinstructiongregardingthe numberof instruc-
tions in the loop and the numberof iterationsto exe-

cute. Similar to the loop cache,the ZOLB is limited

in size,and can have no othertransfersof control be-
yondtheloop branch.Additionally, informationregard-
ing the numberof iterationsexecutedby the loop must
be known at thetime the loop is entered.Although the
primarybene t of theZOLB is fetchenegy reductionjt

canalsoprovide smallimprovementsn executiontime,

sinceloop variableincrementand comparenstructions
arenolongernecessary

6 FutureWork

There exist mary areasfor exploration in the design
of high-performancdpw-powerinstructionfetchmech-
anisms. Tolerating increasedfetch latenciesis one
strengthof the IRF, however, the instruction selection
andpackingalgorithmshave notbeentunedspeci cally



to focuson reducingLO cachemisses.Variousheuris-
ticscanbeusedto seleciRF candidatein theareaof a
programwhereanL0 cachemissis likely to occur Sim-
ilar heuristicscanbe developedto supportlRF packing
combinedwith otherarchitecturatechniqueshataffect
fetchlateng.

Therearealsoseveralpopulartechniqueghatincur per
formancepenaltieslueto reducedspatiallocality, which
maybeableto be offsetby theadditionof anIRF. Tech-
niquessuchasprocedurabbstractiorf8, 6, 5], andecho
factoring[14] seekto reducethe codesizeof an appli-
cation by replacingcommonsequencesf instructions
with callsto extractedsubroutinesHowever, the added
function calls and returnscan greatly impact the spa-
tial locality of an application,in additionto requiring
moreinstructionsto executenormally. The IRF canbe
appliedsimilarly in thesecases,to reducethe impact
thatthe cachemissesandadditionallyexecutednstruc-
tions have on a compresse@xecutables performance.
Tamperproofed and encryptedexecutablesexperience
similar performancepenaltieswhen maoving codeinto
privatecachesandassuchmight alsobe ableto reduce
the performancempactwith theadditionof anIRF.

7 Conclusions

In this papemwe have evaluatedheinteractiondbetween
asmalllow-power LO instructioncacheandanIRF. Our
experimentsfocusedon embeddedsystemsfor which
codesize,powerandperformancealesignconstraintare
often very stringent. We also looked at the effects of
an IRF in offsetting similar performancepenaltiesdue
to anLO cachefor a very aggressie pipelinebaclend.
The useof an IRF and associategacked instructions
allows a portion of the fetch misslateng of anLO in-
structioncacheto be tolerated. Additionally, both the
LO cacheandtheIRF caninteractsuchthatthefetchen-
ergy consumptioris furtherreduced Finally, the useof
instructionpacking,which is afundamentatomponent
of the IRF microarchitectureallows for signi cant re-
ductionsin the overall staticcodesizeof anapplication.
The combinationof thesethreeimprovementsin stan-
darddesigncriteriamakesanL0 cachewith anIRF very
attractive for usein embeddedystems.
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