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Abstract

Thespan cacheis ahardware-softvaredesignfor anew
kind of enegy-efficient microprocessodatacachewhich
hastwo key features.Thefirst is direct addressing which
allows software to accesscachedata without the hard-
ware performinga cachetag check. Thesetag-uncheckd
loadsandstoressave theenegy of performingatagcheck
whenthe compilercanguaranteen acceswill beto the
sameline asan earlieraccess.The secondkey featureis
softwarecontrolledliine size. Thisletsthecompilerspecify
how muchdatato fetch on a miss,allowing greatercache

utilization andreducingmemorybandwidthrequirements.

Two possiblehardwareimplementationof software con-
trolled line sizearesketchedanddiscussed.

1 Intr oduction

Cachingis one of the mosteffective techniquedor in-
creasingperformancanddecreasingnegy consumption.
But ary givenhardwareimplementatiorof a cachehasto
balanceout mary different,oftenincompatible usagepat-
terns.In this workshoppaper we presenbngoingwork to
developanew hardware-softvareinterfacefor datacaches
that allows software greatercontrol over cacheoperation
to reduceenegy consumptiorandincreaseperformance.

Onecomponenbf thespancacheinterfaceis direct ad-
dressing which allows softwareto accessachedatawith-
outthehardwareperforminga cachetagcheck. Thesetag-
unchecked loads and stores save the enegy of perform-
ing atagcheckwhenthecompilercanguarante@naccess
will be to the sameline as an earlier access. When the
compiler hasthe information, the tag checkcan be elim-
inated. But directaddressingyracefully degradesto con-
ventionaltag-checkd accessesvhenthe compilercannot
eliminatethetag check,or in the presencef interruptsor
cacheinvalidations. Initial experimentswith a Java com-
piler for SPECjvm98code shaw that 13—34%of all data
cachegagcheckscanbeeliminated saving 6-17%o0f cache
accesenepgy and1-3.5%of total processoenepgy overa
baselindow-powerprocessodesign.With bettercompiler

analysiswve expectto improvetheseresults.

Software controlled line size lets the software specify
the cacheline size for eachaccess. Becausedirect ad-
dressingeliminatesmary tag checks,it reducesthe rel-
ative penalty of introducing a more sophisticatedcache
searctschemdor caseswvheretag checkscannotbe elim-
inated. Direct addressindnelpsenablesoftwarecontrolled
line size. Software-controlledcacheline size will allow
the compilerto make betteruseof the cache.If the com-
piler knows the applicationonly needsoneword, only one
wordis fetched andonly thatword andits tagresidein the
cache.In a corventionalcache,every word accessrings
in anentireline. Greatercacheutilization meandncreased
hit ratesfor a givencachesize,or it canmeanmaintaining
agivenhit ratewhile reducingcachearea.

Increasinghit ratesreducespower consumptionsince
missemeedto go off chip which consumes lot of power.
Decreasinghe cacheareahasmary beneficialeffectsin-
cluding cost reduction, and counteractingthe effects of
technologyscalingwhich limits the size of cachethatcan
be accessedn a fixed numberof processorclock cycles
[1]. It alsoreducescacheleakagecurrentfor a given hit
rate,andreducegotal memoryacces&negy.

The spancachedesigntakesinto accountthe fragility
of compileranalysisandensureshatthe hardwarecanact
asabackup.For instancepnepieceof codemayreference
anin-cachedataitem usingdirect addressingbut another
pieceof codecanstill usea corventionalvirtual address
to find the samedataitem in the cache.Anothernice fea-
tureis thata hardwareimplementatiorcanchoseto ignore
directaddressindeaturesaltogether

We focus on data accessesince instruction caches,
while they dissipateconsiderableesnegy, have very reg-
ular accespatternsandareonly accessedia the program
counter Hencethey are amenableto software-irvisible
micro-architecturatechniquesfor power reduction,e.g.,
[16, 17, 15].

We first review the designof a low-power cache.Then
we explain cachegaggedwith content-addressabfeem-
ory. In section3 we discussdirect addressingthe pro-
cesswhich allows usto avoid tag checks,andwe present
athoroughevaluationof the designin the next section.In
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Figurel: Theorganizationof a set-associate RAM-tag cache.
On every accessgdatais readout of every way, thoughthe data
from at mostoneway is used. This extra work needlesslycon-
sumespower.
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section5 we describesoftware control of cacheline size,
andsketchtwo possibleimplementation®f softwarecon-
trolled line size,oneusingjust (S)RAM, the otherusinga
content-addressableemory

2 Currentcachedesign

An enegy-efficient cache design needsto find the
propercacheassociatiity. Standarcdcacheshold dataand
tag informationin the RAM of a cacheline. The hard-
warefindsthe databasedon the virtual addressreadsthe
dataandcheckshetagagainsthevaluestoredin theline.
Thetagfor avirtually indexedcachewhichis commonin
enegy-efiicient designssincethey do not accesshe TLB
on a primary cachehit) consistsof the upperbits of the
virtual addressand an addressspaceidentifier, which is
uniqueto a procesgwhile noneof our techniquesely on
having a virtually indexed cache we will assumeonefor
simplicity of exposition). An n-way associatie cachedoes
n tag checksin parallel. It alsodoesn datareadsin par
allel, throwing out the value of all but one of them. This
designis shavn in Figure1. While associatiity is good
for performanceandfor loweringmissrates theredundant
work it requireshasa high enepgy cost.

Direct-mappedcacheshave lower hit enegy because
they only readonetag andone dataword. But they have
muchlarger missratesdueto conflicts. Sincethe enegy
miss penaltyis large, they have larger total memoryac-
cessnegy [21]. Way-predictingcachesanprovide asso-
ciativity at lower hit enegy by only checkingoneway in
ann-way setassociatie cache put incur enegy anddelay
penaltiedo accessheway-predictiortableonway hitsand
additionalenegy andperformanceenaltiesf predictions
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Figure 2: The organizationof a highly-associatie CAM-tag
cache. The tag bits arebroadcasto the CAM, andif thereis a
hit, the word is readout. The tag checkis a high percentagef
theenengy cost,but the overall enegy costis roughly equivalent
to atwo-way setassociatie cache andthe missrateis lower.

areincorrect[10Q].

Cachesare also often split into subbankswhich are
smaller replicatedcacheswhich handle certain address
ranges.Banknumbersaredirectmappedusingthe appro-
priatevirtual addresshits. For a 16KB cachewith 1 KB
subbanksbhits eleven throughnine are the subbanknum-
ber.

An alternatve to RAM-tag caches, chosenby the
StrongARMdesignerg6] andotherenegy-consciousle-
signs[2] is to storethe tagsin content-addressablaem-
ory (CAM). Herethe tagis broadcasto the cachelines,
andonly the line that matcheshasits datareadout. The
enegy consumptionof a 32-way CAM-tag searchis ap-
proximatelythe sameasa 2-way setassociatie RAM-tag
search21, 2]. CAM-tag cachesareoften subbanlkd,and
one bank of the designis shovn in Figure 2. Although
CAM-tag cachegeducemissratesandhencetotal access
enegy, they expendrelatively greaterenegy in tagchecks.

The tag check for CAM-tag cachesis expensve be-
causethe tag is broadcastto the CAM in order to find
the properline for the data. If we could shortcutthat
process—itthe softwarecouldtell the hardwarewhatline
to read, ratherthan providing a virtual addressas a key
to the content-addressableemory—thenwe would save
significantamountsf enegy. For our HSpicesimulations
of our CAM taggedcache,the tag checkconsumed3%
of cacheenengy for stores,and 54% of cacheenegy for
loads,for a 16 KB cachewith 1KB subbanks.The prob-
lemis how to let softwaredirectly accessachdineswith-
out compromisingnter-procesgrotectionandwhile pre-
servingcorrectoperationn thefaceof cachereplacements
or othercachecoherenceactions.



3 Directaddressing

In orderto eliminatethe tag checkanddatasearchof a
CAM-tag cachewe wantto changeheprocessomterface
fromissuingvirtual addresset usingsomethinghattells
the hardwareexactly what cacheline hasthe neededlata.
We believe this is bestexpressedsthe contentsof anon-
cacheregister

In ourproposediesignwe augmenthecachestatewith
eightregisterscalleddirectaddresg¢DA) registers.We ar-
rived at the numbereight experimentally Theseregisters
containenoughinformationto specifythebankandway in
theline usedin thataccessThe exactwidth anddatalay-
out of the registeris implementatiordependenandnever
madevisible to software. In a tag-uncheckd accessthe
CPUspecifiesa DA registernumberandthehardwareuses
the register’s contentswith the offset from the virtual ad-
dress.Sincethe hardwareis unconstrainedh thelayoutof
the DA registersthey canbeimplementecefficiently using
thenaturallayoutof theintermediatebit vectorsgenerated
for regularcacheaccesseslhe DA registersarephysically
distributedaroundthe cachdayoutwith eachindividual bit
field held closeto the portion of the cachethatrequiresit.
In essencehe DA registersmemoizetheresultsof acache
lookupusinglatchesplacealongsidethe variouscachead-
dressand control signals. We expect minimal additional
delayto muxin a DA signalversusaregularcacheaccess
signal.

Table 1 shows the instructionsneededby the CPU to
usethe DA registersfor directaddressingf thecache(we
shav only word accessedyut half-word andbyteaccesses
arehandledanalogously)Oneflavor of memoryoperation
doesits memoryoperationandwritesa directaddresseg-
ister, the otherdoesits memoryoperationusingthe direct
addressegister

Thereshouldbe no performancempactfrom usingdi-
rectaddressing Direct addressings an optimizationand
evenallows a null implementatiorwhereall directaddress
registerinformationis simply ignored.

3.1 An exampleof directcacheaddressing

As a concreteexample,considerthe codein Figure 3,
commonat C function entry, anda transformatiorof that
codewhich usesdirectaddressing.

The direct addresseaperationsuseda0 which is set
up by the swl da instruction. This allows the compiler
to usetheswda instructionsto eliminatecachetagchecks
on up to 7 stores(the remainderof the cacheline started
by the store)without addingadditionalinstructions. Our
compilerkeepghestack32-bytealigned whichallowsthis
transformation.

a d Code New Code

sub $sp, 64 sub $sp, 64

sw $ra, 60(S$sp) swl da $ra, 60($sp), $dao
sw $fp, 56($sp) swda $fp, 56($sp), $daol
sw $s0, 52($sp) swda $s0, 52($sp), $dao

Figure3: Codecommonat C functionentry, andthe samecode
transformedo usedirectaddressegisters.

3.1.1 Alignment assumptions

Alignment informationis neededor the compilerto use
DA registerseffectively. The compiler controlsthe stack
pointerand so canensureit is alwaysalignedto a cache
boundary Small automaticvariablesare never allocated
acrossline boundariesallowing referencego local vari-
ablesandspill codeto profit from useof the DA registers.

For heap-allocatedlata,therearetwo optionsdepend-
ing on the sourcelanguage For languageshat featureau-
tomatic memoryreclamationsuchas Jasa, we can mod-
ify the systemallocatorto follow somealignmentpolicy.
All memorycomesfrom the systemallocator sowe have
globalguaranteesn the alignmentof data.

For languagedike C, static compile-time analysisis
moredifficult andin our schemewe rely on profile infor-
mationto get predictionsof expectedalignment. Where
we expectto seedataaligned,the compilergenerateswo
copiesof the codeandchoosedbetweenthemwith a run-
time alignmenttest. If the testsucceedsye executean
optimizedversionthat usesthe alignmentinformationto
eliminatetagchecks If thetestfails, we executethevanilla
compiledversion.

This type of optimizationis most profitablein loops
whereit canbehoistedout of theloop bodyandfoldedinto
the checksnormally donefor loop unrolling. Unrolling is
donefor both performancegain, andfor tag-accessglimi-
nation.Onedisadwantageof usingloop unrolling to obtain
alignmentinformationis thattoo muchunrolling canin-
creasd-cachepressurgl14].

3.2 Coherence

The DA registersmustbe kept coherentwith the state
of the cache. The coherencectionsfor line replacement
and for external intervention (e.g., for DMA or cache-
coherencen a bus-basedystem)are the same. On ary
eviction, we performanassociatie searchof the DA regis-
tersto seeif arny arepointingto thevictim line. If so,wein-
validatethe DA register, preservinghe inclusionproperty
betweerthelL1 cacheandthe DA registers.This allows us
to usethe L1 cacheasafilter for snoopingnvalidationsto



| Instruction | Explanation |

Loador storeword, loaddirectaddressThesenstructionsactlik e regu-
lar loadsandstores put they alsosetthe directaddressegisterda with
da the location of the referencedine. We use MIPS asthe basisof our
instructionencoding,so the offset for this instructionis 13 bits signed
insteadof the regular 16 bit offset sincethereare 3 bits usedasa da
specifier

Load or store word, using direct address. Cachedatafrom the line
pointedto by da, usingtheline offsetbitsof rs + of f is transferred
to registerrt (or the contentsof r t is storedinto theline specifiedby
da). If da is invalid, the instructionactslike (| | w) W da, accessing
memoryandsettingthe da register

Flush direct addresgegistersspecifiedby the bitmask (which is little
endian).This clearsthe valid bit on the specifieddirectaddressegister
This instructionis usedat the endof function callsandby the operating
systemwhenthe DA registerlifetime hasended.

(I'|s)ywda rt, off(rs),

(I'ls)ywda rt, off(rs), da

daf | ush mask

Tablel: A tableof instructionsfor manipulatingdirectaddressegisters

the DA registers. We only searchthe DA registersif the
snoopcausegneviction.

Searchinghe DA registersconsumesomeadditional
enegy on eachevict, but it is only a smalladditionto the
total costof the replacementvhich mightinvolve fetching
aline from DRAM. We canreducehecostof searchindhe
DA registersby usinga consenrative schemehatconsiders
fewer bits of the addressat the cost of someadditional
spuriousinvalidations.

3.3 Operating system maintenance of inter-
proces9rotection

A similar issueis how the operatingsystemmaintains
DA registersstatewhenaprocesss descheduledVe have
two choicesfor maintenancef the DA registers.Thefirst
is for the OS to save andrestoretheir value. We briefly
discusghereasongor notdoingthis.

To save andrestorethe DA registers,the OS could not
simply sare the bit patternsstoredin the registers. The
bit patternsn the registersaredirectcacheaddresseand
they pointto linesin the cache.Whenthe OSreschedules
theprocesghe contentof thecacheareunknown, andun-
likely to bethesameaswhenthe processvaslastrunning.
ThepreviousDA registerstateis thereforenotusefulto the
processandindeedmight pointto linesthe processasno
right to access.

In orderfor the OS to save and restorethe DA regis-
ters, it would alsohave to recreatehe part of the stateof
the cacheexpectedby the processaboutto run. In order
to do thatit needsthe virtual addresghe processusedto
setup the DA registers. This is not storedanywhere. We

don’t wantit in the DA registeritself sincethatmakesthe
hardwaremorecomplicated.An awkward solutionwould
have the compileroutputa tabletelling the operatingsys-
temfor every programpoint what DA registersarein use
with whatvirtual addressMaintenancef this tableis too
complicatedto justify, andthe instructioncostto access
it would be hundredsof timesthe costof an invalidation
basedscheme.

The secondoptionis for the OSto explicitly invalidate
all of the DA registersin betweerprocessontexts. Thisis
theoptionwe choose.The OSinvalidatesany DA register
beforeit usesthem(of coursethe OSis freeto usethereg-
istersfor its own code),andinvalidatesall of thembefore
the next usercontext is run. This enforcesinter-process
protectionbecausevalid entriesare never communicated
betweerprotectiondomains.

With thisinvalidation-basedchemea procesghatwas
descheduledvhile it was usingthe DA registerswill be
rescheduledy the OS with all of its DA registersinval-
idated. Whenit tries to usea DA register, it will cause
a regular tag-checkto be performedusingthe full virtual
addressand setthe DA registerto a valid value. Being
descheduleadnly meansthe processwill incur a full tag
checkcostoncefor eachDA registerit wasusing; direct
addressingracefullydegradedo standardagchecking.

3.4 Separatecompilation units

Most compilersanalyzeonefunctionat atime,andDA
registersarelik e hiddenparametersit would requireinter-
procedurabnalysisfor a functionto know thate.g.,a DA
registerpointedto someglobally visible data. We do not



implementinter-proceduralanalysis,so our compilerjust
invalidatesall DA registersusedin a givenfunctionatthat
function’sreturn.DA registersthatarelive acrosunction
callsarein dangerof beinginvalidated(makingtheir next
useatag-checkdoperation)jf they areusedby thecalled
function.

We have not obsenedthis to be a big problembecause
function calls in tight loops are rare sincethey are also
badfor performance Sowe currentlynaiely allocateDA
registersfrom zeroto seven. If interferencdrom function
callsbecomesnissueijt is possibleghatsomesimpleallo-
cationpolicy, like non-leafproceduresllocatingfrom zero
to seven,andleafproceduresllocatingfrom sevento zero,
will avoid mostproblemsfrom functioncall invalidations.

4 Statusand resultsfor directaddressing

We have implementedthe compiler support for tag
check elimination in FLEX, a Java bytecode-to-natie
compiler developedat MIT [7]. FLEX takes Java byte
codesand producesa MIPS-like assemblylanguagethat
hassupportfor directaddressing.We modifiedthe GNU
gasassembleto acceptthis assemblylanguage and we
generateMIPS-like binarieswhich run in our simulation
system.Thenumberdn this sectioncomefrom a standard
MIPS ISA simulatorwith cachemodel, modifiedto per
form sanity checkson our direct addressingnstructions
(sothate.g.,thevirtual addressvasalwaysin theline ref-
erencedy the DA register). We arecurrentlyimplement-
ing improved versionsof thesealgorithmsin the SUIF C
compilerfrom Stanford[8].

We analyzedusercodeto find accesse$o objectsthat
dominateotheraccessesndtransformedhe subordinate
accessefo usetag-uncheckdaccessesAccessA domi-
natesaccessB if andonly if every executionpaththatin-
cludesB includesA asa predecessor We modified the
heapallocatorto not split objectsover cachelines, sothe
compilerknew thatif anobjectwassmallerthanaline, all
referenceso it wereto the samecacheline.

Ourimplementatiorfor userdatawaslimited. We only
includeda single direct addresgegister andwe only al-
lowed that registerto be live within a single basicblock.
We plana moreaggressie implementation.

Oneadwancedfeatureof the Java implementationwas
our transformatiorof spill code.We modifiedthe standard
MIPS calling corventionfor C to packcallee-saedregis-
terswith thereturnaddressandframepointeronthe stack.
By packingthemonto a line, we canusuallyusea single
directaddressegisterfor the sase andrestore.

Somedatafor the reductionin tag checksis shavn in
Table2. All benchmarksvererun usingthe mediumsized

input (size 10) from the Java context structure. This size
allowsthebenchmarkso entertheir steadystate put limits
simulationtime.

Thesenumbersaresurprisinglyhigh giventhatwe only
usedonedirectaddressegisterwhichis only live in asin-
gle basicblock. Spill codeaccountsfor a large portion
of the sarzings. Our preliminary C implementationonly
transformsuserreferencesignoring spill referencesand
we areseeingaround50%tag checkreductionusingeight
DA registerson Mediabenchapplications.

To getthereductionin cachepower, we useour model
of alow pawercacheandprocessarOurfigurescomefrom
a SyCHOSyssimulation [13], which usesa transition-
sensitve detailedstructuralmodel. Thetagsearchs 57pJ,
out of atotal 106pJfor loads(54%),and133pJfor stores
(43%). This is a highly optimized CAM-tag cachewith
1KB subbankssegmentedword lines, andlow-swing bit-
lines. Saving additionalenegy over this optimizedbase-
line is difficult.

The reductionin total processoiplus cacheenepy is
very sensitve to the detailsof the processormesign,and
somavhat sensitve to the benchmark. We shov an es-
timate basedon the averageenegy consumptionspent
checkingthe datacachetags. This estimatecamefrom
detailed,transitionsensitve simulationsof our processor
model executingMediabenchand SPECint95[12]. The
variation from benchmarkto benchmarkwas reasonably
small, so anaggreatefigure of enegy consumedy data
cachetagcheckss reasonable[12] measurethis average
enegy consumedht 10%. Our tagcheckeliminationsaves
partof that 10%. The controllogic for directaddressing,
andthe decodeenegy for the extra instructionswill con-
sumeextraenegy, andwe do notmodelthateffect.

Ourreductionin tagchecksyieldsa 6-17%reductionin
datacacheenegy, andanoverall sasingsof 1-3.5%for the
entire system. The enepgy saving is highly dependentn
the processormnd cacheimplementation.For example,in
ourinitial systemdesignthe cachehad2 KB subbankste-
sultingin alargeroverallsaving of 3—8.5%(anddatacache
enegy savings from 13.7-34.6%).But the smaller1 KB
subbankwe chosefor our baselinereducedotal acces®n-
ergy, atthe costof anincreasean cachearea.

Thesenitial resultsareencouragingandwe believe the
moreaggressie compileranalysisschemesve aredevel-
opingcanreduceenegy further. But perhapsnoreimpor-
tantthanthe raw enegy savingsis theideathateliminat-
ing tag checkscanopenthe doorto morecomplicatedag
searctschemessincetagchecksneednotbeperformedon
everyreference.



Benchmark inst Tag checkseliminated cacheenemy | Processort cache

count Id st | Id +st reduction | enemy reduction
Compress 47582324| 28.1%(2410368)| 46.5%(2105908)| 34.6% 17.0% 3.5%
db 338223648 14.8%(9277168)| 26.9%(9224657)| 19.1% 9.4% 1.9%
Jess 105221820| 13.8%(2310078)| 24.7%(2553688)| 18.0% 8.8% 1.8%
Jack 671905543| 10.2%(12755070)| 20.09%(14073950)| 13.7% 6.7% 1.4%

Table 2: SPECjvm98programswith the percentagéand count) of tag checkseliminatedusing a single direct address
register, live in asinglebasicblock. The higherstorenumbersaredueto the aggressie transformatiorof spill code. We
presenenegy savingsrelative to justthe datacache andthe entireinstructionanddatacacheandprocessosystem.
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Figure4: On top is a conventional cachestructurewith fixed
placetagsandfixed offset and length data. Below it is a span
cachestructurewith variably placed,word-lengthtagsandvari-
ablelengthdata. In bothfigures,the tagareais shadedthe data
areais clear The maximumlengthof datain the spancacheis
constrainedy aparticularimplementation.

5 Controlling line sizein a spancache

The goal of the spancacheis to make betteruseof the
cache—eitheby increasinchit ratesfor agivencachesize
or by maintaininga given hit rate while shrinking cache
area. The fixed size and alignmentof traditional cache
lines conflictswith the memoryaccesoatternsof appli-
cations,preventingsoftwarefrom fully utilizing the cache
area.By giving softwarecontrolovertheline sizeonaper
accesdasis the softwarecanmoreeffectively managehe
hardware.

Traditionalcachesnove datain linesof fixedoffsetand
length. The spancachegeneralizeghis notion of lines
into spans.A spanis somenumberof wordsat someoff-
set. Software cancontrol the spanparametersvhenit has
knowledgeenoughto do so. Figure4 shovs a comparison
betweena traditional cachestructure,andthe spancache.
The challengefor the compileris finding enoughinforma-
tion aboutreferenceso make the software control worth-

while. The challengefor the hardwareis a circuit design
thatis fastandallows this flexibility .

The spancacheusesmorehardwaresupportto give the
compilertheability to determinghe sizeandplacemenbf
datain thecache Hardwaretagschemesresimplefor two
reasons—thait caseshouldhappenin asinglecycle,and
thetagsarechecledon every accessWe wantto maintain
singlecycle hits for performancebut if tagsnolongerhave
to be checled on every accessthat alleviatessomeof the
needto keeptag schemesrery simple. Fixing the offset
and length of cachelines makesthemfastto accessand
easyto implement,but it wastesa lot of cachearea,asthe
measuremenis Table3 show.

Table 3 shows a story familiar to computerarchitects.
Someprogramslikei j peg, streanthroughdatawith unit
strideandhencecompletelyusecachelines. Theseappli-
cationsbenefitfrom long cacheines sincelong lines help
the applicationexploit spatiallocality. Applicationswith
morecomplicateddatastructuresandmorechaoticaccess
patterndike gcc andnB8ksi mshav amorebimodalbe-
havior with mary lineshaving only oneword accessedind
mary lineshaving all eightwordsaccessedThis datawas
collectedon a CAM-tag cachewith 1KB subbanks32-
way setassociatiity anda FIFO replacemenpolicy. The
StrongARM primary cachealso hasa FIFO replacement
policy.

We proposeallowing softwareto specifyboththeloca-
tion of eachaccessndalsothesizeandshapeof theregion
of memorybeingaccessedwithin somehardwarelimita-
tions of course). We will presentthe software interface,
thenexaminetwo possiblehardwareimplementations.

5.1 Software interface to a spancache

No changesare necessaryor software to usea span
cache. Rggular loadsand storesdefault to cachelines of
traditionalsizeandalignment(which is 32 bytes,32-byte
alignedin our design). Direct addressregisterscan be
usedwith this default size and alignmentinformation as
well. Spancachedglistinguishthemselesby allowing soft-
wareto specifythe offsetandlengthof thememoryregion



Benchmark 1-4 5-8 1 8

words | words | word | words
pegwit.enc | 96.5% | 3.5% | 82.2% | 2.6%
gcc 51.7% | 48.3% | 16.9% | 33.3%
m88ksim 69.8% | 30.2% | 61.1% | 23.0%
ijpeg 16.8% | 83.2% | 6.9% | 74.0%

Table3: SPECINT 95 and Mediabenchprogramssimu-
latedwith a 16 KB, 32 byteline primary datacache.For

every line evicted, the table shavs the percentag®f lines
thathadlessthanhalf aline accesse{l—4words),andthe
percentagehat had more than half a line accessed5-8
words). We also presentthe percentagef lines that had
only 1 word or all wordsaccesse@stheseareimportant
specialcases.Datastreamingapplicationdik e ijpeg tend
to fully utilize cachdineswhile complicatedntegercodes
look more bimodalwith mary lines fully usedand mary

lineswith only oneword used.

fetchedon a missfor a particularaccess.The maximum
lengthof a spanis 64 bytesin our design.

Eachreferencefor a spancachecan specify a virtual
addressdirect addresgegister and shape. The shapeis
the shapeof the spanto befetchedif thisaccessnisses.t
consistsof an offset from the virtual addressspecifiedin
theinstruction,andalength.

The standardnon-DA) load and storeinstructionsac-
cessthe 32 byte, 32-byte-alignedcacheline on which the
referencenccurred providing the samebehavior asa con-
ventionalcachescheme.

5.1.1 Cacheline shapeencoding

Specifyinga spanrequiresonebyte. We have a maximum
line length of 16 words (64 bytes). The minimum line
lengthis a word, sowe require4 bits for alengthfield(1-
16). For full generality we requirea 4-bit negative offset
(-15-0)which specifiesvheretheline is supposedo start
relative to the currentword. So an offsetof -2 meanghis
wordisthethirdin theline. Thisencodingallowsanaccess
to beanywherein a spanof up to 16 words.

We are currently investigating several alternatve
schemedor encodingthis informationin the instruction
stream. The most promisingapproachis to usevariable
lengthinstructions,as thesehave a numberof additional
adwantagesn a low power setting. Instructionfetch con-
sumesa lot of processopower, andsomeinstructionsare
morepopularandeasietto encodeghanothers soavariable
lengthencodingik e the 16-bit, 32-bit,and48-bit instruc-
tionsin theIBM 360architecturecansignificantlyreduce
staticcodesizeandinstructioncachebandwidthwhile eas-
ing the additionof new instructionforms.

Sincethe shapéanformationis only neededn a missit
would alsobepossibleto setit up in advanceif we wished
to restrictoursehesto a fixed-lengthinstructionset. For
instance an additionalinstructioncould setthe shapein-
formationfor referencewia a given DA register We need
moreinformation abouthow theseaddressingptionsin-
teractbeforewe canknow whatwould be the bestencod-

ing.

5.1.2 Usingthe spancache

Assumingthatwe simply tack the offsetandlengthinfor-
mation onto the memoryaccessdnstruction, Table 4 is a
codeexamplein C shaving how thisinterfacecanbeused.

Thecodeexampleshonvsthe commoninterplayof word
orientedandarrayorienteddata. The global structcontrol
hasa frequentlyusedresultfield, and someinfrequently
usederrorfields. Accesseso theresultfield areperformed
specifyingan offset of 0 wordsanda refill line sizeof 1
word. Accesseso thedataarrayspecifyarefill of thefetch
addressaindthe next 15 words (16 wordstotal). Sincethe
accesdo data[i+1] occursbeforethe accesgo datali], a
misson data[i+1] startsits missrefill at oneword before
its addresdo includedatali].

Theloopis unrolledto maintainalignmentinformation.
Thereare still checksbetweenunrolled instancesof the
loop sotheredoesnot have to be anadditionalfix-up pass
for any remainingiterations.Notice thatthe lastaccesgo
Ali+1] is accessinghenext line, andsocannotuse$dal,
it mustusea regularload.

In a corventionalcache this loop would execute80 tag
checkson the dat a array Our versionexecuteslO tag
checksonit, assumingt wascachealignedon entryto the
function,if not, 11 checksareperformed.

ctl->resul t getsregisterallocatedthoughif there
wereotherpointerwritesin theloop it would belikely that
alias analysiswould fail and it would not be registeral-
located. If the compilercould not registerallocatect | -
>r esul t , wewouldstill beableto eliminatethewrite tag
checkin the read-modify-writethat happenn eachloop
iteration,cuttingthetag checkcountfor thatfield in half.

In a corventionalcache this loop would fetch five 32-
byte lines from the dataarray and one 32-byteline from
the control structure.Using a spancache this codewould
fetch three 64-byte spansfrom the dataarray and a one
word spanfrom the control structure.

We assumehatthe backingstorefor the miss(DRAM
in ourdesign)will only transferthewordsneededor apar
ticular access.Thus spancachesot only increasecache
utilization, they also reducememorybandwidthrequire-
ments.A corventionalcachecoulduseperword dirty bits
to reducebandwidthonwrite-backsput thespancachecan
alsoreducefetchbandwidth.



C codederived from gsmin Mediabench

struct control {
int error_code[2];

int result;
i
voi d sanpl e(struct control* ctl, int* data) {
ctl->result = O;
for(int i =0; i < 39; ++i) {
ctl->result += data[i] * -134 + data[i+1] * -374;
}
Machine codeequivalent using a spancache
_sanpl e:
li $t3, 0 # ctl->result =0
add $t8, $al, 4 * 39 # t8 == | oop bound
_for_I|oop:
Iw da $t0, 4(%al), $dal,-1, 15 #
mul t $t2, $t0, -374 # t2 = data[i+1] * -374
[wda  $tO0, 0(%$al), $dal, 0, 15 #
mul t $t1, $t0, -134 # t1 = data[i] * -134
add $t3, $t3, $t1 #
add $t3, $t3, $t2 # ctl->result +=t1 + t2
add $al, 4 # o+
bge $al, $t8, _exit # |l oop test
[wda  $tO0, 8(%al), $dal,-1, 15 #
mul t $t2, $t0, -374 # t2 = data[i+1] * -374
lwda  $tO0, 4($al), $dal, 0, 15 #
nmul t $t1, $t0, -134 # t1 = data[i] * -134
..another 5 copies of the body are unroll ed.
[ w $t0, 32(%al), -1, 15 #
mul t $t2, $t0, -374 # t2 = data[i+1] * -374
lwda  $t0, 28(%al), $dal, 0, 15 #
nmul t $t1, $t0, -134 # t1 = data[i] * -134
add $t3, $t3, $t1 #
add $t3, $t3, $t2 # ctl->result +=t1 + t2
add $al, 4 # o+
bl t $al, $t8, _for_loop # | oop test
_exit:
sw $t3, 8(%a0), 0, 1 # update ctl->result

Table4: C codeandits assemblyunrolledandoptimizedby handto usea spancache.Thel wl da afterthe _f or _| oop:
labelloadsdirectaddressegister$dal, whichis usedby thel wda afterthemul t instruction. Thel wda accesss tag-
unchecled. Thethird field of the accesss the offset,andthelastis thelength. Sothefirst| wl da instructionspecifiesa
line thatstartsoneword before4( $al) (i.e.,at0( $al) ) andis 16 wordslong.

In the next two sectionswe presentprototypedesigns head but hassinglecycle tag-checkdloads.Both designs

for a spancache. The first designis basedon a RAM enabledirect-addressedccessewith accesenegy com-
block, which reducesmplementatiorareabut hassignif- parableto aplain scratch-padRAM.

icantoverheadon tag-checlkdaccess.The seconddesign

is basedbna CAM block, which addsadditionalareaover- We have notyetdonecircuit designfor eitherdirectad-

dressingor flexible line size hardware, but we have done
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Figure 5: A spancacheimplementationin RAM. Eachword
hasa bit indicatingif it is atag. All tagsin a setaresearched
associatiely in parallel,thoughthesearcteircuitry is only shavn
for oneword. Thehighbits of theaddressieedto matchthe high
partof thetag, the middle bits pick the set,andthelow bits need
to berangechecledto seeif this offsetis containedn this span.
Sincedatais storedin word chunks thelasttwo bitsarenotused.
Finally, the cachehasto mux out the correctword. The range
checkandmux male this cachemorechallengingo build thana
traditionalcache.

initial feasibility studiesto ensurethat both featuresare
compatiblewith our currentlow-power cachdayout.

5.2 A RAM-basedspancache

Our first designfor the spancache shawvn in Figure5,
holds both tagsanddatain the sameRAM. The RAM is
brokeninto setsof 16 wordseachof which hasabit indicat-
ing if it is tag (thet-bits in thefigure). Thetagsdivide the
setinto spansof potentially differentlength. Every word
following atag(occupying a cell ata higheraddressjs the
dataassociatedvith thetag. The datastopsat the next tag
or atthe endof aline. All possibilitiesfrom oneline of
60-bytesto 8 linesof 4-bytewordsaresupported.

Figure5 alsoshavs how anaddresss looked upin the
spancache(the circuitry for only 1 word is shavn, but
thereis parallelcircuitry for all 16 words). Themiddlebits
of theaddresgick a set,justasin a directmappedcache.
Oncethe setis chosentwo operationshappenin parallel.
The upper18 bits of the addressare matchedagainstthe
upperl8 bits of thetag. In parallel,thelow offsetbits are
rangechecledwith thebaseof thetagandthelengthwhich
is determinedy finding the next sett-bit or theendof the
set. Thesechecksareonly enabledf the t-bit is setfor a
givencell, andchecksfor all membersf thesethapperin
parallel.

Onedisadantageof the RAM implementationis thatif
the tag checksucceedswe thenhave to mux out the cor-

Status bits

tag (26)| | da|
data (32)
data (32 .
tag (26)| |dal

data (32) |off

)
=

o
=

|high tag (26)| offset (4)[xx|

Virtual address

Figure6: Part of onesubbankof a spancacheimplementation
using CAMs. Eachword hasa bit indicatingif it is a tag. Bits

5..2 of the addressare matchedagainstthe offsetfield (bits 1..0

areignoredsincedatais storedword aligned), while bits 31..6
arematchedagainsthetagfield. Thetagfield is matchedf thet

bit is set,otherwisethe offsetis matched.Thisis indictedby the
shadingn thefigure.

rectword for the CPU. This requiresfinding the offset of
the givenvirtual addresdrom thetag value,andhencean
additionalcycle of lateng for cachehits. Like a corven-
tional cache,the RAM implementatiomeedstwo cycles
for awrite (onecycle for tag check,followed by the data
write).

We keepa rotating pointerwithin the sets,andreplace
spansn FIFO order We thereforeneedto be carefulabout
maximumspanconflicts. Sinceassociatiity is only pro-
videdwhenwe have smallspansusingthemaximumspan
sizeeffectively makesthe cachedirectmapped.

5.3 A CAM-basedspancache

The RAM-approachto building a spancachesufers
from large overhead®ntag-checkdaccessesWe areex-
perimentingwith a CAM-baseddesignthat usesa fully-
associatie searchto locatea word with a cacheline. Our
designis shavn in figure 6.

There are mary similarities betweenthe RAM and
CAM implementations. Any word canbe a tag or a data
item. Thereis a high part of the tag, anda low part, but
the partitioningis different,andboth partsgetsearchedn
parallel,allowing singlecycle reads If thet bit is set,then
the cell matches26 bits of the virtual addressagainstthe
tag,otherwiseit matchest bits againsthe offset.

If aword is atag, it broadcaststs hit signaldown to
subsequendatawords. The hit signalbroadcasthainis
stoppedy thenext settagbit. The dataword andsthetag
hit signalwith its local offsetmatchandon a hit the data
is readout. Sincethe matchlogic is local to the word, we
have singlecycle readsandwrites.



While we need comparatorsfor the tag and offset
checks, every tag must have at leastone word of data,
so eachpair of words cansharea single comparatar We
requireat most N/2 comparatorfor N words. We are
still working on layoutdesignsput estimatearounda 20%
overall cacheareaoverheadversusa corventionalcache
for thisdesign.

Froma softwareperspectie, spansanbeat ary offset,
anddonothaveto benaturallyaligned(e.g.,a2-word span
doesnot have to be 2-word aligned). This allows the com-
piler to usea spanwhenit cannot establisithe alignment
of a dataitem. But the hardware needsto keeptagsfor
naturallyaligneddata,andsomight split a singlesoftware
spaninto multiple hardware spans.All of the datais still
accessible.

5.3.1 Directaddressing

We leveragethe CAM structurefor directaddressingdo re-
move the needfor CAM banksto have a separataddress
decoder The DA registerpointsto the subbankwhereit is
in use. We storethe DA registernumberin the tag offset
field. Soa direct-addressedccessdoesa 3-bit associa-
tive searchon the DA registernumber and usesthe 5-bit
associatie searchon the offset. A directaddresedccess
doesnotperform26-bitassociatie searctontheuppertag.
Whena DA registeris invalidated,its numberis broadcast
to the subbankwhereit is in usesoit canbeinvalidated.
Sincedirectaddressingisesa smallassociatie search,
datawordsaccessedrom a direct addresgegisterdo not
needto bephysicallyadjacentThis allowsthehardwareto
breaksoftwarespansnto naturallyalignedpieceswithout
breakingsoftwares view of non-alignedspans.

5.3.2 Incompatible, overlapping spans

Oneproblemfor the spancacheis incompatible overlap-
ping spans.If we have aoneword spanataddres®x104,
andwe bring in a two word spanat addresx108, what
happens?The dataat 0x104is in dangerof beingin two
differentplacesin the cache,andhaving differentvalues.
Referringto databy differentshapeswvould only tendto
happerwhencompileranalysidailed,sowe do not expect
it to bethe commoncase But it mustbe dealtwith.

We have a simple, correctsolution,andwe presentan
optimizationfor the default case. On a miss, in parallel
with sendingthe miss addresgo the DRAM (or second
level cache),we searchthe primary cachefor every word
in the new span. Any cleanmatchesareinvalidated,and
ary dirty matchesarereadout andputin thewrite buffer.
Theentriesin the write buffer, asalways,aremergedwith
theincomingdata.ln this way dirty datafrom theold span
is preseredin thenew span.
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While the lateng of a missshouldgive us enoughcy-
clesfor aword by word searchthemechanisnis unsatisfy-
ing sincewe expectconflictsto besorare.An optimization
for naturallyalignedspands thatby usingdon't carebits,
asingleprobewill determindf thereis any datacontained
in thenew spanalreadyin thecache Sincethedefaultload
andstoreshapas a 32-bytealignedblock, we cantell with
a single probeif thereis no conflict. Only if the datais
alreadyresidentdo we needto go word by word.

6 Relatedwork

Therehasbeensomerelatedwork on techniquego re-
move datacachetag checks.The ARM6 processoavoids
tag checksfor sequentiahccesseo the samecacheline
whenusingload multiple, and storemultiple instructions.
Theseinstructionsonly needto checkthetagsfor thefirst
registerreador written, but aretypically only usedfor pro-
cedurecall/return. Our modelallows significantly greater
flexibility .

Marny architecturegllow somdimited form of software
control of the cache. For instancethe MIPS [11] hasa
cachecontrolinstructionwhich allows softwareto marka
line asinvalid. Oftenthe useof thesefacilitiesis not en-
couragede.g.,the MIPS cachecontrolinstructionis privi-
leged.

Software controlledcachesare not a new ideathough
what parametersoftware hascontrol over variesconsid-
erably Oneearly, extremeform of software controlwas
in [3] wherethe cacherefill engineis implementedn soft-
ware,but herethe large software overheadwashiddenby
usingverylongcachdineswhichareapoormatchto mary
applications.

Onestrainof software-controlleccachesllow software
to partitionthe cacheinto differentregions,oftenusingal-
readyexisting hardwarefor set-associatity. Thereconfig-
urablecacheproject[18], andthe column-cachg5] both
exploit this technique. A more limited form of this par
tition is the StrongARM SA-11005 mini-cache[20] de-
signedfor datawith only spatiallocality. The spancache
is orthogonalto thesetechniquesbut we areinvestigating
how DA registerscanbe usedto control replacemenpol-
icy.

Virtual lines [19] fetchesdatain large blocks from
memory to hide accesslateng, but only moves small
piecesinto the primary cacheas needed. This technique
relieson excessbhandwidthto fetch long lines from main
memory andwould causesxcessnegy dissipatiorfor ac-
cessesvith little spatiallocality.

Oneexampleof a specializedcachedesignis the vec-
tor datacacheof the Cray SV1 system[9], which em-
ploys singleword lines. Vectorapplicationsusingstrided



or scatter/gatheaccessebave limited spatiallocality, and
the singleword cachedesignhelpshold moredatato cap-
ture ary temporallocality. The spancachein contrastcan
supportsingleword lines but alsoallows increasedapac-
ity for dataregionsthathave significantspatiallocality by

reducingtheamountof tagstorage.

Several systemssupport boot time configuration of
cacheline sizeover a limited setof values(e.g.,32 or 64
bytelines). Theline sizeis usuallyfixed at systemdesign
time andcannotbevariedby software.

6.1 Application level alternatives to the span
cache

Thereare a variety of applicationlevel techniqueso
compressuser data structures. One surnwey [4] suggests
several alternatves of varying levels of programmerdif-
ficulty. Onecommonweaknes®f theseapproachess that
if accespatternchangeduringthecourseof computation,
thensoftwarereorganizationcannot expressbothkinds of
locality. The spancachecanadaptto differentaccesgpat-
ternsfor the samedata.

Onetechniqueis to augmentmalloc with anotherar
gumenttaking a pointer likely to be accessedvhen the
pointerbeingallocatedis accessedThis canrequiresig-
nificantprogramunderstandingln generalthesesolutions
aredifficult to automatdor pointerbasedtodessincecom-
piler analysisoften fails, andthe transformatiorrequires
whole programknowledge.

7 Summary

We have presenteddirect addressedcachesas a
hardware-softvarecachedesignthatallows low power op-
eration. Softwaregiveshintsto the hardware,basedn its
understandin@f the programs accesgatternsthatallow
thehardwareto avoid poweringup andsearchinghe CAM
tags. Evenwith simple compileranalysis,14—35%of tag
checkscanbeeliminated.

We have presentednitial ideasfor a spancache,that
would increasethe effective capacityof a cacheby allow-
ing software control over cacheline sizeindividually for
eachaccessThe additionaldelayandenegy overheadf
locatinga dataword in the spancachecanbe avoided by
usingdirectaddressingWe areworking on moreefficient
hardwareimplementationsf thespancacheandonacom-
pleteevaluation.
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