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Abstract

High-performancemicroprocessos are currently de-
signedto exploit the inherentinstructionlevel parallelism
(ILP) availablein mostapplications. Thetechniquesused
in their designand the aggressivesceduling techniques
usedto exploit this ILP tend to increasethe register re-
qguirementf the loops. If motre registers thanthoseavail-
ablein thearchitecture are required,someactions(suc as
spill codeinsertion)haveto be appliedto reducethis pres-
sure, at theexpensenf someperformancealegradation. This
degradation could be avoidedif a high—capacityregister
file were includedwithoutcausinga negativeimpacton the
cycletime of theprocessar

In this paperwe proposea two-level hierarchical regis-
ter file organizationfor VLIW architectuesthat combines
high capacityand low accesdime For the configu@ation
proposedin this paper the new organizationachievesa
speed—-umf 10-14%over a monolithic organizationwith
64 registers; it is obtainedwith a 43% (40%) reductionin
area (peakpowerdissipation). Compaedto a monolithic
file with 32 registers, the speed—ufis as mud as 38%with
justa 14%(4%) increasein area(peakpowerdissipation).

1. Intr oduction

Current high-performancemicroprocessorsise hard-
wareandsoftwaretechniqueso exploit theinstructionlevel
parallelism(ILP) availablein applications.Their architec-
ture makes useof deeppipelinesin an attemptto reduce
thecycletime andsimultaneousssueof operationsn order
to increasehe numberof instructionsexecutedper cycle.
It is expectedthat future designswill make extensve use
of bothtechniquesThereforenew processoprganizations
andcompilertechniquesarerequiredto effectively exploit
this potentialparallelism.

*This work hasbeensupportedy the Ministry of Educationof Spain
undercontractTIC 98/511andby CEPBA (EuropeanCenterfor Paral-
lelism of Barcelona).Javier Zalameds grantedby the AgenciaEspdiola
deCooperadin Internacional.

Theproperschedulingf instructionglaysacritical role
in the final performance.This schedulingis doneat run—
time in out—of—ordersuperscalaprocessorgwith the aid
of the compilerwhich performsextensive codescheduling
to facilitate the dynamicdetectionof parallelism). How-
ever, in Very Long InstructionWord (VLIW) architectures
the schedulingof instructionsis doneat compilationtime.
The staticnatureof VLIW schedulesequiresgoodcompi-
lation techniqueghat effectively exploit the ILP available
in programg4, 12, 2Q].

Loops are the main time consumingpart of numerical
programs.Softwarepipelining[5, 14] is aloop scheduling
techniquethat extractsparallelismfrom loopsby overlap-
ping operationsfrom variousconsecutie iterations. Mod-
ulo scheduling8, 22] is a classof software pipelining al-
gorithmswhich hasbeenincorporatedn mary production
compilers. In a modulo scheduledoop, the Initiation In-
terval (/1) is the numberof cycles betweenthe initiation
of successie iterations. For a loop, the lower the Il the
higherthe numberof operationsexecutedper cycle. For
example, Figure 1 shows the averagenumberof floating
point computationgerformedper cycle' for differentpro-
cessorconfigurationgsPxMy-REGZx beingthe numberof
general—-purposioating—pointfunctionalunits,y thenum-
ber of memoryports,andz the numberof registersin the
registerfile). Noticethat, in general,increasingthe num-
ber of resourcegesultsin anincreasen the performance
achieved. For eachloop andprocessoconfigurationthe Il
is boundedeitherby recurrencesn the dependencgraph
or by resourceconstraintsn thetargetarchitecture For in-
stancejncreasinghe numberof functionalunitsby agiven
amountmaynotresultin the sameincreaseof performance
becausef theloopswhicharelimited by eitherrecurrences
or by otherresources.

The drawvbackof aggressie schedulingechniquesuch
as modulo schedulingis their high register requirements

1Assumingthe experimentalworkbench(setof loops, modulosched-
uler, ...) describedn Section2.
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Figure 1. Average number of floating point computa-
tions performed per cycle for processor configuration
GPxMy-REGzrelative to GP2M2-REG32
[17] comparedo lessaggressie andlesseffective schedul-
ing techniquesin addition,the useof aggressaie processor
configurationdendsto increaseahe numberof registersre-
quiredby software pipelinedloops. For this reasonmary
proposalave focusedon minimizing the registerrequire-
mentsof moduloscheduling9, 11, 18]. However, despite
thesetechniquesmary registersarestill required. For in-
stancefor oneof theabose mentionedrocessoconfigura-
tions (GP6M32), the dashedine in Figure2 shaws the per
centagef loopsthatcanbe scheduledvith a specificnum-
ber of registersusing a register-consciousnodulo sched-
uler. Thesolidline in the samefigure shavsthe percentage
of cyclesspentin the executionof theseloops. Notice that
althoughlessthan 15% of the loopsrequiremorethan 32
registergandevenlessrequiremorethan64registers) they
representloseto 40% of the total executiontime. Other
optimizationsappliedto loops(suchasunrolling, common
subepressiorelimination,backsubstitution,.. [17]), tech-
niguesorientedtowardshiding the negative effectsof cache
misses(suchas prefetching[2] or blocking), breakingthe
datadependencegsuchasdataspeculationpr breakingthe
control dependencélow (predication,control speculation)
increasevenmoretheregisterrequirements.
Whenaloop requiresmoreregistersthanavailable,reg-
ister pressurenustbe decreasedy eitherincreasinghe I/
or by addingspill code(i.e. temporarilystoringvaluesin
memoryandfreeing,for several cycles,the registersused).
Thesetwo alternatvesdegradeperformancet the expense
of alleviating the high register demand. The evaluation
performedin [16] shaws that reducingthe executionrate
tendsto generatewvorse scheduleghan spilling variables.
New heuristicsfor registerspilling have beenproposednd
provento be very effective [28]. In ary case,the perfor
mancedegradationis still significantandcould be avoided
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Figure 2. Register requirements for GP6M2

if additionalcapacitywereprovidedin theregisterfile.

Theorganizatiorandmanagemertf theregisterfile has
beena subjectof researclin thepast.Themainideabehind
all thisresearclis to tradeoff aspectselatedto storageca-
pacity, areacycletime andpowerdissipatiorof theregister
file. The monolithicregisterfile organizationtraditionally
usedin the designof microprocessordoesnot scalewell
whentheregisterrequirementandthe numberof portsre-
quiredto accesst are high. In this paperwe presentan
alternatve designfor the registerfile of future aggressie
VLIW processorghat tries to combinehigh capacityand
high numberof portswith low accesgime. The higherca-
pacity reducesspill codeandallows the applicationof ag-
gressie softwareprefetchingechniques.

This paperis organizedas follows: Section2 presents
theframework usedto evaluatethe performancef our pro-
posal. Section3 studiesthe behavior of softwarepipelined
loopsfor differentconfigurationof the VLIW processom
which the numberof registersin the registerfile, the mem-
ory bandwidthandthelateny arevaried. Fromthis study
whichincludesthe effect of the cycle time of theprocessar
the necessityfor analternatve designof the registerfile is
foreseen.Section4 proposeshe useof a two—level hier-
archicalorganizationcycle time, areaandpeakpower dis-
sipationarethe metricsusedto comparethe proposalwith
othermonolithic registerfile organizations.Section5 de-
scribesalternatve designsproposedn the literature. Sec-
tion 6 evaluateghe proposalassumingothanidealmem-
ory system(always hits in the cache)and a real memory
ervironment. Finally, Section7 concludesthe paperand
presentsomefuturework.

2. Evaluation framework

The proposalpresentedn this paperis validatedusing
theframework describedn this section.A workbenchcom-
posedof all the loops from the PerfectClub benchmark
[1] that are suitablefor software pipelining is considered
representatie of the loopsin numericalapplications. A
total of 1258 loops, that representabout 80% of the to-
tal executiontime of the benchmarkhave beenscheduled
using HRMS (HypernodeReductionModulo Scheduling)
[18], aregisterconscioupipeliner HRMS generatesear
optimal schedulesvith minimum registerrequirementsl|f
theschedulgeneratedyy HRMS doesnotfit into theavail-
able numberof registers,an iterative processs startedin
which the registerrequirementare progressiely reduced.
This processombineghetwo techniquesnentionedabore
(i.e. increaseof the Il andtheinsertionof spill code)[28].

The evaluation framawork includesa set of statically
scheduled/LIW configurationssPxMy—REGalreadyde-
fined as follows: x is the number of general-purpose
floating—pointfunctionalunits, y is the numberof memory
ports (numberof load/storeunits) and z is the numberof



registersin theregisterfile. In all configurationsthelaten-
ciesof operationgerformedin the functionalunits are: 4
cyclesfor additionand multiplication, 17 cyclesfor divi-
sionand30 cyclesfor squareroot. All operationsarefully
pipelinedexceptfor divisionandsquareroot. In this paper
we focusour studyandexperimentakvaluationon aggres-
sive processoconfigurationsvhich could be implemented
in a nearfuture andwhich resultin a reasonablefficiency
(seeFigurel): x=6, y={2,3} andz={16,32,64,128.
Thememoryis designedarounda multi—portedmemory
system(y ports)with a L1—cacheof 32 Kb and 32 bytes
line size. The L1—cachds lockup—freeandallows up to 8
pendingmemoryaccessesHit lateng for load operations
is 2 cycles. Write operationgake one cycle to complete.
Miss lateng is assumedo bein therange4—32cycles.

Theperformancenetricsusedn theevaluationare: exe-
cutioncycles(directly obtainedrom the I/ andthenumber
of iterationsof the loops), memorytraffic (including spill
code),andexecutiontime (wheretheaccessime of thereg-
isterfile is considered).The evaluationalsocomparegshe
areaoccupiedby the registerfile organization.Aspectsre-
latedto power dissipationarebriefly consideredn this pa-
per. All figuresaregivenrelativeto abaselineconfiguration
GP6M2-REG128

In orderto estimateaccesgime, areaandpower dissipa-
tion for the differentregisterfile configurationsye usethe
modeldescribedn [23] tagetedat a CMOS processwith
a minimum drawn gatelength of 0.18m. Thesefigures
dependon the numberof registers,the numberof access
ports(which is in turn determinedoy the numberof func-
tionalunitsx andmemoryportsy), andtheclockfrequeng.
For instancefor GP6M2—REGzthe numberof portsis: 14
readports(2 for eachfunctionalunit and2 for thememaory)
and 8 write ports (one for eachfunctional unit and 2 for
the memory). Sincetheregisterfile is the main centralized
structurein aVLIW architectureit canbeassumedhatthe
cycle time of future processorsill be determinedby the
accesgime to theregisterfile. For instance;Table1 shavs
the cycle time, areaand peakpower dissipationfor the set

Powver
W (relat.)

Cycletime Area

Rey ns (relat.) AZ % 109 (relat.)

GP6M2
5.325(1.000)

128 || 1.651(1.000) 10.409(1.00)

64 || 1.451(0.879) | 2.662(0.500) | 6.030(0.58)
32 || 1.280(0.775) | 1.331(0.250) | 3.504(0.34)
16 || 1.130(0.685) | 0.666(0.125) | 2.054(0.20)

GP6M3
6.193(1.163)

128 || 1.687(1.022) 12.435(1.19)

64 || 1.479(0.896) | 3.097(0.582) | 7.222(0.69)
32 || 1.303(0.789) | 1.548(0.291) | 4.203(0.40)
16 || 1.149(0.695) | 0.774(0.145) | 2.466(0.24)

Table 1. Cycle time, area and power dissipation for
some register file configurations: absolute and relative
to a baseline configuration GP6M2-REG128

of monolithic registerfile organizationsconsideredn this
paper Cycletimeis givenin nanosecondsreais givenin
millions of A? and power is givenin watts. Also, all are
givenrelative to thebaselineconfiguration.

3. Registerrequirementsfor VLIW schedules

Theregisterrequirementsf softwarepipelinedioopsin-
creasewith the aggressienesof the processorconfigura-
tion andthe latenciesof the functional units and memory
used.Techniqueghattry to hidethelong latengy of cache
misseqlike prefetchinglalsoincreasehe registerrequire-
ments. In this sectionwe analyzethe behaior, in anideal
memorysystem,of the workload consideredn this paper
whenvaryingthe capacityof theregisterfile, the numberof
portsto memoryandthelateny of memory

3.1 Registerfile size

For aparticularVLIW architecturethenumberof regis-
tersavailablein theregisterfile mayconstrairthemaximum
performancehat software pipelinedloopsmay attain. For
aloop, if its registerrequirementsirelargerthanthe sizeof
theregisterfile, spill codeis requiredin orderto reducethis
pressureSpill codeincreasesnemorytraffic andtherefore
mayreduceperformancgincreasef the Il dueto asatura-
tion of thememoryports).

Figure3 shavsthebehaior of ourbenchmarlsetfor the
4 registerfile configurationconsidered Whenthe size of
the registerfile is increasedthe numberof cyclesneeded
to executethe loop and the memorytraffic are reduced.
This is dueto the reductionof the spill code. For instance,
configurationGP6M2—REG1@eedsl.6timesmorecycles
than GP6M2—-REG128 Similarly, GP6M2—REG1@ener
atesabout 2.3 times more memorytraffic than GP6M2—
REG128 However, the executiontime plot (Figure 3.c)
shaws a direct trade—of betweenthe registerfile sizeand
the actualperformance.This plot is obtainedby multiply-
ing the valuesin Figure 3.aby the cycle time of eachreg-
isterfile (Tablel). Noticethat GP6M2—REG128esultsin
the bestperformancen termsof numberof cycles. How-
ever, thehighaccesgime of its registerfile resultsin aclear
degradationof the executiontime. In termsof execution
time, GP6M2-REG3derformsbestin ourworkbench.
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Figure 3. Behavior for several register file configura-
tions relative to the baseline GP6M2-REG128



3.2 Memory ports

Increasinghe numberof portsto memorymakesthe ar-
chitecturemoreaggressie in termsof achievablelLP. This
clearly benefitsmemoryboundedoops(i.e. loopslimited
by the numberof memaoryports). Furthermorehaving an
additionalmemory port also gives more opportunitiesto
schedulespill operationsvhich areneededvhenthe regis-
terrequirementarehigherthantheactualregisterfile size.

Having anadditionalmemoryportdoesnot contributeto
a high increasen the accesgime of the registerfile. As
shavnin Tablel, thegapbetweerthetwo registerfile con-
figurationswith the samesize is not significant(closeto
2%). Moreover, the additionalmemoryport complicates
the designof the memory hierarchy(with anincreasein
the memorylateng, the areaandthe power consumption);
however, this aspecis not consideredn our evaluation.

Thetwo independenplotsin Figure3 shav thebehavior
for GP6M2-REGzaNnd GP6M3-REGDN the benchmark
set. Notice thataddingone memoryport reducesboth the
numberof cyclesrequiredto executethe loopsandthe ac-
tual executiontime. The memorytraffic is higherbecause
morelLP is exploited, morespill is requiredandtherefore
more pressurds put on the memoryports. However, the
differencegendto reduceastheregisterfile sizeincreases
(dueto the reductionin spill code). For instancethe addi-
tional memoryport producesa speed—umf 19%in a con-
figurationwith 16 registersand12%in aconfiguratiorwith
32registers.

In conclusionthedesigneof aVVLIW microarchitecture
would like to obtainthe IPC reportedby a configuration
with a large numberof registers(e.g. GP6Mx—REG12B8
andwith the cycle time of configurationswith a low num-
ber of registers(e.g. GP6Mx—REG1E In this paperwe
presentinalternatve designfor theregisterfile thattriesto
achieve boththings. However, beforegoinginto detail, we
analyzetheinfluenceof thememorylateng in performance
andregisterrequirements.

3.3 Memory latency

In this subsectiorwe analyzethe effect of the memory
lateng/ on register pressure. A rangeof valuesbetween
2 and 32 cyclesis considered.Although very high values
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Figure 4. Behavior for different values of memory
latency relative to the baseline GP6M2-REG128
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may seemunrealisticfor the first level of cache,they are
includedin our analysisfor the following reasons. First,
technologytrendsindicate that the gap betweenthe pro-
cessorcycle time andthe cachehit lateng will increase;
therefore consideringmemorylatenciesn therangeof 4—
8 cycles should be possiblein the nearfuture. Second,
somecurrentdesignsare proposedso that certaininstruc-
tions (e.g. floating point) bypassthe first level of cache;
in this case,obsered latenciesin the rangeof 8-16 cy-
clesarereasonableAnd third, previousresearcthasshavn
thatschedulingoadoperationswith misslateng (i.e. with
the second-leel hit lateng) may producebetterschedules
thanschedulinghemwith hit lateng [24]. Schedulindoad
operationswith their hit lateny generates valid schedule
that forcesthe processoto stall the executionof a whole
long instructionwhene&er a cachemissoccursonit. Bind-
ing prefetching(alsoknown as early prefetching)consists
in schedulindoadoperationsassumingheir cachemissla-
teng. This ensureghatdatawill alwaysbe availablewhen
needed.However this early availability increaseghe life-
time of valuesbroughtfrom memoryand,asaconsequence,
theregisterpressure.

Figure4 shaws the behaior for differentvaluesof the
memorylateng. Firstof all, noticethatsomeof theplotsdo
nothavevaluedor all thelateng values.Whenthememory
lateng increasespur softwarepipelinerfailsto find avalid
schedulefor someof the loops: the registerpressuréds so
high that the additionof spill codedoesnot effectively re-
duceit (in fact,theregisterrequirementsf thespill instruc-
tionscannotbeabsorbedy theregistersavailable). These
loopshaveto be scheduledisinganon—pipelinedgcheduler
andfor thisreasonhave notbeenconsidered.

Second,notice that the executioncycles increasewith
the memorylateng. Thisis dueto the additionalregister
pressureausedy theloadinstructionsandto theincrease
in the lateng of critical recurrencegi.e. cyclesin thede-
pendencgraphthatlimit the Il) whichincludesatleastone
memaoryoperation.

Finally, thetrade—of betweenPC andcycletimeis also
noticeablein Figure4. For small valuesof the memory
lateng (e.g. 2 or 4 cycles),the GP6M2-REG32egister
file performsbest. This conclusionis applicableto sys-
temsin which the processor/memorgapis smallanduse
schedulerghat considerhit lateny for memory instruc-
tions. For lateng valuesin the range8 to 16 cycles(e.qg.
future systemswith a high processor/memorgapor when
using schedulerghat apply binding prefetching),configu-
ration GP6M2—REG64s ableto bettertrade—of IPC and
cycle time. ConfigurationGP6M2—REG12®&ecomeinter-
estingwhenwe considereryhighvaluesof thememoryla-
teng (i.e. whenconsideringhinding prefetchingandfuture
technologieshatleadto a high processor/memorgap).



4. New registerfile organization

In the previous sectionwe concludedthat a registerfile
with ahighnumberof registersandalargenumberof access
portsis requiredin orderto effectively exploit ILP. How-
ever, the cycle time obtainedfrom the accesgime to the
registerfile easilyoffsetsthe gainsobtainedn termsof in-
structionsexecutedpercycle.

In orderto have a registerfile organizationwith alarge
numberof portsandalow access$ime, thispapelproposes
two-level hierarchicategisterfile organizationasshovnin
Figure5.a. Thefirst level, namedR1, hasa smallcapacity
but a high numberof ports (in orderto feedall the func-
tional units); this will permita designwith a smallaccess
time. The secondlevel, namedR2, hasa higher capacity
in orderto avoid the degradationthat might be causedby
the small capacityof R1, to reducethe necessityof spill
andto improve the performancehroughthe useof binding
prefetching. This level interactswith R1andwith thefirst
level of cachememory;R2is not directly accessibldy the
functionalunitssoit hasasmallnumberof ports. Thislevel
will bedesignedsoasto have asmary registersaspossible
without penalizingtheaccesdime determinedy R1

Themaindravbackof thetwo—level registerfile organi-
zationis theincreasen thelateny obseredbetweermem-
ory andfunctionalunits andthe increasan the numberof
instructionsin the program.In this organizationa memory
load operationbringsdatato R2, so that an extra number
of cyclesis requiredin orderto move datafrom R2to R1
Thesamehappensn astore operatiorwhichrequiresafirst
move from R1to R2followedby the memoryaccessThis
extra lateng increaseshe Il whenaloop hasa critical re-
currencancludingatleastonememoryoperation.

In a VLIW processqrthis movementbetweenR1 and
R2is controlledby the compiler Two new operationsare
neededo move databetweerregisterfile levels: loadRand
storeR Thecompilerinsertsa loadRaftertheoriginal load
operation Similarly, thecompilerinsertsastoreRoperation
beforethe original store operation. The compilercanalso
move databetweerlevelsin orderto spill valueswhenthe
pressuren R1is higherthanits capacity

L1 cache

L1 cache R2

1l
1]

R1
b)

a)

L1 cache
R2

R2

R1

c)

Figure 5. a) Two-level hierarchical register file; b)
and c) two alternative CCM organizations.

The explicit managemenof thesedatamovementsre-
guiresmodificationsn the algorithmusedfor registerallo-
cationandspilling. The proposedalgorithmfirst allocates
registersin R1 usingthe wands-onlystratgy with end-fit
andadjacenyg ordering[21]. If therearenot enoughregis-
tersin R, spill codebetweernR1andR2is inserted. Spill
codeis addedusing the techniquesproposedn [28] and
usingonly theloadRandstoreRinstructions.Oncethereg-
isterallocationandspill is completedor R1, thealgorithm
proceedsvith R2 In R2thealgorithmhasto fit the regis-
tersrequiredby databroughtfrom the memoryaswell as
the registersrequiredby the spill of RL Registeralloca-
tion andspilling is performedusingthe sametechniquess
for R1 Noticethatthis spill codetemporarilystoresvalues
in memory;however, the high capacityof our registerfile
organizatiorreduceghe necessityor this.

4.1 Designissues

In atwo-level hierarchicaregisterfile therearethreepa-
rameterghatinfluencethefinal performancéwithoutvary-
ing otherparametersuchasthe numberof functionalunits
and memoryports). Theseparameterare: a) numberof
registersin R1, b) numberof readandwrite portsbetween
R1andR2andc) numberof registersin R2. We assumehat
thenumberof registersin eachlevel is a power of two.

In orderto find themostappropriatevaluefor R1, 3 pos-
sibleconfigurationdave beenexplored(8, 16,and32):

e For the 8 registers configuration, there are so few
registersthat our software pipelinerfails to schedule
mary of the benchmarkoopsdueto the high number
of functionalunits availablein the architecturesvalu-
ated;althoughpossibleschedulesouldbefound,they
would have very high valuesfor the Il.

e For the 16 registers configuration, the software
pipelineris ableto scheduleall theloopsin thebench-
mark set. This thereforeis the minimum size that
shouldbeconsidered.

e For the 32 registers configuration, the software
pipelineris alsoableto scheduleall the loops. How-
ever, its accesgime is slightly higherthanthe access
time of a monolithic 32 registerfile. Moreover, even
assumingan infinite numberof ports and an unlim-
ited numberof registersin the secondevel, the per
formance(in numberof cycles)is worsethanthe per
formanceof themonolithicdesignwith 32 registers.

Therefore,16 registershave beenincludedin R1 because
this allows the scheduleof all theloopsandhasa compet-
itive cycle time comparedo the designwith 32 registers
which achieredthe bestexecutiontime with smallmemory
latenciegFigures3.c).



In orderto determinghe numberof readandwrite ports
betweenR1andR2 we have first assumedhatR1 has16
registers the numberof portsbetweerR1andR2is unlim-
ited andthat R2 hasalsoan unlimited numberof registers.
Figure6 shavs the cumulatize distribution of loopsthatre-
quire, on average,a specificnumber(e.g. a loop that re-
quires4 readportsin cycle 0, 2 in cycle 1 and0 in cycle 2
requireson average2 portspercycle). For instance 80%
of theloopsrequireanaverageof 2 loadportsatmost.Since
softwarepipelining triesto saturateall the resourceswvail-
able,it is sufficientto have asmary portsasthe maximum
averagerequiredto scheduleall the loops. In Figure®6, it
shouldbe notedthatthe schedulemnever usesmorethan2
storeportsand4 load ports.

The parameterslecidedat this point, togetherwith the
numberof functionalunits,determingheaccessimeto R1
Theupperpartof Table2 estimateshis. Thecapacityof R2
is selectedas the maximumcapacitywith an accesgime
smallerthan(or equalto) theaccess¢ime of R1 Thismeans
thatthenumberof cyclesto executeloadRandstoreRoper
ationsis onecycle. Noticethatwe couldusemoreregisters
in R2 andschedulehesemove operationswith the appro-
priatelateng. Thelower half of Table2 shavs anestimate
of the accesgime for R2with 64 and 128registers. From
thesdigures,64 registersan R2fulfills therequirementsgal-
thoughusing 128 registerswould only increasethe cycle
time by 2% but would requiremoreareaandpower). More-
over, we have experimentallyproventhatwith 64 registers,
thespill to memoryis nggligible.

In summary the two-level hierarchicalregisterfile or-
ganizationproposedn this paper(namedTWO16) hasthe
following parametersi6 registersin thefirst level R1; 64
registersin thesecondevel R2, 2 storeportsfrom R1to R2
and4 loadportsfrom R2to R1

4.2 Registerfile areaand power dissipation

In this subsectiorwe estimatethe areaand power dis-
sipationfor the registerfile configurationproposedn this
sectionandcompareit with that of a monolithic organiza-
tion. The modeldescribedn [23] is usedto computethese
figuresfor a monolithic registerfile (seeTable 1 for con-
figurationsREG16 REG32 REG64 andREG128. For the
two—level organizationwe assumehatthey arecomputed
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Figure 6. Analysis of requirements: number of read
and write ports between R1and R2

asthesumof theindividual figuresfor R1landR2

Table 2 shows the area estimatedfor configuration
TWO16. Naticethatin themonolithicorganizationthearea
of REGzs linearwith z becausall of themhave the same
numberof ports. The areaof R1in configurationTWO16
is the sameasREG16with 3 memoryports;the areaof R2
is smallerthanthe areaof REG64becausédt haslessac-
cessports. From theseareaestimationswe concludethat
TWO16 is 14% larger than REG32and 43% smallerthan
REG®64in processoconfigurationGP6M2

Regardingpowerdissipationthemodelin [23] givesthe
dissipationper accesdo theregisterfile. The peakpower
dissipations computednultiplying this valueby the maxi-
mumnumberof accessepercycle thattheregisterfile sup-
ports. Fromtheseestimationswe concludethatthe power
dissipationof TWO16is 4% greatetthan REG32and40%
lessthan REG64in processorconfigurationGP6M2 A
completeevaluationof power consumptioris necessaryn
orderto performanaccuratecomparisorof both organiza-
tions. In this evaluation,the power consumptiorof other
partsof the systemshouldbe consideredsuchasthe in-
structionanddatacachesFor instancenoticethatthetraf-
fic with the datacacheis reduced(dueto the reductionof
spill operations)and thereforeits power consumptionis,
too. However, the numberof accesse&ndtheir width) to
theinstructioncachds increasedqdueto thethehigherval-
uesof the Il andthe extra lengthof the instruction). This
evaluationis partof our currentwork.

5. Relatedregisterfile organizations

Theorganizatiorandmanagemertf theregisterfile has
beenasubjectof researclin thepast. Themainideabehind
all this researchs to strike a compromisebetweenthe pa-
rametergelatedto storagecapacity area,accesdime and
power dissipatiorof theregisterfile. As we have concluded
in Section3, the single monolithic registerfile which has
beentraditionally usedin microprocessorgloesnot scale
well when the register requirementsare high, i.e. when
usingeitheraggressie processoconfigurationsor instruc-
tion schedulingalgorithmssuchassoftwarepipelining. Re-
cently, [23] developeda taxonomyof registerarchitectures
andevaluatedt for mediaandsignalprocessorwith alarge
numberof arithmeticalunits.

| Size [ Ports ][ Cycletime Area Power
R1 [ RIW ns (relat.) A2 % 10% (relat.) W (relat.)
16 | 14/10 || 1.1489(0.695) | 0.774(0.145) | 2.818(0.270)
R2 | RIW ns (relat.) A2 % 10% (relat.) W (relat.)
64 | 6/4 || 1.0205(0.618) | 0.745(0.140) | 0.840(0.081)
128 | 6/4 || 1.17350.711) | 1.491(0.280) | 1.648(0.158)
[ TWOI16 || 1.1489(0.695) | 1519(0.285) | 3.658(0.351) |

Table 2. Access time, area and power for R1 and R2
in the two—level register file organization (absolute and
relative to the baseline configuration GP6M2-REG128




5.1 One—level (distrib uted/partitioned) registerfile
organization

Someproposaldor alternatve registerfile organizations
focuson the useof multiple registerbanksso asto reduce
thenumberof portsneededy eachregisterbank. Register
bankscanbe usedto replicatethe availableregisters:fully

replicatedasin somecurrentout—of—ordemicroprocessors

[13, 27] or partially replicatedfor VLIW processor$l15].
Ragisterbankscanalsobe usedto distribute the total num-
berof registerq 3, 10]. Thepartitionlimits theconnectvity
betweerregisterbanksandfunctionalunitsthuscreatinga
setof clusters;differenttopologiescanbe usedto connect
clusterg(globalsharedused3] or rings[10]).

Otherproposalsio not restrictthe connectyity between
the registerbanksandthe functionalunits. Banksmay be
designedvith differentcharacteristicer purposesFor in-
stance[19] proposedo reducethe numberof registersre-
quiredin the mainregisterbankby addinga secondport—
limited bank(calledthe sack)with only onereadport and
onewrite port. Eachbanktriesto capturevalueswith dif-
ferentlocality properties.

5.2 Hierar chical registerfile organization

The hierarchicalorganizationof the registerfile is not
new. In theseorganizationsot all bankscandirectly feed
the functional units and/or memory The level close to
thefunctionalunits canbe designedwith lesscapacityand
thereforesmallaccessime. Forinstancethe CRAY-1[25]
included,for the scalarfunctional units, two independent
banks(onefor addresseandanotherfor data)eachwith a
two—level organization:the lower level (closeto the func-
tionalunits)had8 registersandtheupperevel had64 regis-
tersableto do block transferswith the memory Theupper
level hadno connectiorwith thefunctionalunits; bothreg-
isterfiles were connectedo the mainmemory The upper
level wasusedby the compilerto optimizedatalocality.

In adifferentcontext, [26] proposedhehierarchicade-
signof aregisterfile. Their registerfile had1024registers
in threelevels: "close” level with 5 registers,’middle” level
with 59 registersand”distant” level with 960 registers.In
this hierarchythelateng to access givenregisterlevel is
lesswhencloserto thefunctionalunits.

In parallel with the work presentedin this paper a
caching mechanismfor the register file in dynamically
schedulegrocessortasbeenproposed7]. Theorganiza-
tion is hierarchicalandthe allocationof valuesto registers
is performedat runtime. The mechanisnis transparento
thecompilerandactsasa cachefor theregisterfile.

5.3 Local memory for spill code

A registerfile organizationorientedtowards capturing
spill codein DSPprocessorss proposedn [6]. Thesmall
(andfast)localmemorywhichis availablein someof these

processorsis usedas a holding placefor spilled values.
They calledit CCM (compilercontrolledmemory). The
CCM doesnotsharegheaddresspacawith thecachemem-
ory. Spilling to the CCM removesspill traffic from the path
to main memoryand eliminatesthe cachepollution intro-
ducedby spill operations.Their proposalwasevaluatedn

asimplemachinemodelthatissuedoneinstructionper cy-

cle. In orderto do a more realistic comparisorwith our
proposal Section6.1 evaluategheir performancewith our
machineconfigurationspur scheduleandbenchmarks.

Figure 5 shavs two possibleimplementationdor the
CCM proposal. Figure 5.b shavs an implementationin
whichthebusesconnectingR1to R2andmemoryareinde-
pendent.In this case,memoryandspill operationscanbe
scheduledn the samecycle. However, the accesgime to
theregisterfile is increasedlueto the additionalports. For
this implementationtwo configurationsare evaluatedwith
16 registersin R1: CCMind(16—6)with 4 write and?2 read
portsandCCMind(16—3)with 2 write and1 readports.

Figure5.cshavsanalternatve implementationn which
the R2 and memory are accessedhrough the samebus
(sharedbus). In this casethe numberof portsis not in-
creasedandthereforethe cycle time is not affected. How-
ever, themoduloschedulehasmoreconstraintsn orderto
schedulenemoryandspill operationdecausehey require
the sameresource.For this implementationfwo configu-
rationsareevaluated:CCMsh(16)and CCMsh(32)with 16
and32registersin R1, respectiely.

Table3 shavsthecycletime estimatedor the4 different
configurationsassumedor the CCM. We have considered
thatthe R2doesnotlimit thecycletime andis largeenough
to ensurehatall the spill traffic is keptin R2

6. Performanceevaluation

This sectionevaluateghe performancef the hierarchi-
cal registerfile organizationTWO16 and comparest with
two monolithicdesighdREG32andREG64 First, theeval-
uationis carriedoutassuminganidealmemorysystem(i.e.
alwayshit in the cache)the performanceof TWO16is also
comparedvith the performancdor two possibléamplemen-
tationsof the CCM organizatior]6]. Finally, theevaluation
is carriedoutassumingarealmemorysystem.

| [ Size | Ports [

Configuration R1 Read | Write
CCMind(16-6) || 16 20 14
CCMind(16-3)|| 16 19 12
CCMsh(32) 32 18 10
CCMsh(16) 16 18 10

Cycletime |
ns (relat.)
1.1844(0.717)
1.1580(0.701)
1.2805(0.775)
1.1304(0.685)

Table 3. Access time for a set of CCM register file
implementations.



6.1 Ideal memory system

Figure7.ashows the executioncyclesspentin theloops
for the three possibleconfigurations. Notice that TWO16
alwaysrequiresmore cyclesto executethe benchmarkset
thanREG64 Comparedo REG32 TWO16 requiresless
executioncycleswhenthelateng to memoryis higherthan
4 cycles. This is dueto the extra cycles neededo move
datato/frommemoryandthesmallcapacityof thefirst level
R1 Figure7.bshavsthatTWO16practicallyabsorbsll the
memorytraffic incurredby spill operations.

Figure 7.c shaws the relative executiontime whenthe
cycle time is factoredin. Notice that TWO16 outperforms
bothREG32andREG64configurationdor all memoryla-
tencies. For low latencieg(2 cycles) TWO16is 6% (11%)
fasterthanthe REG32(REG64 configuration.However if
the memorylateng is larger the speed—upncreases.For
instancefor 8 cyclesof lateng, TWO16 shovs a speed—up
of 18% comparedo REG32 for 32 cyclesof lateng the
speed—ujis 22%comparedo REG64

Thelow cycle time achieved by the hierarchicalconfig-
urationmalkesit very competitve even assumingsystems
with the monolithic register file and more ports with the
memorysystem.Figure 7.d—f shavs the resultswhencon-
figuration GP6M3is considered.Natice that, in termsof
relative executiontime, configurationREG32is betteronly
if the memorylateng is small (2 cycles); for higher la-
tencies, TWO16 performsslightly better(4%) thanREG64
with lessportsin the memoryhierarchy Moreover, notice
thattheschedulealwaysfindsapossiblesoftwarepipelined
scheduldor all the valuesof memorylateng (it is notable
to dosofor REG32whenthememorylateng is higherthan
8 andfor REG64whenthelateng is higherthan16.

For the four configurationsof the CCM proposalprevi-
ouslydefinedwe haverepeatedhesimulationsandtheirre-
sultsareshavn in Figure8. Theplot for memorytraffic has
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Figure 8. Behavior of some alternative implementa-
tions of CCM compared to TWO16.

beeneliminatedbecausd alwaysremainsconstanti.e. all
configurationcompletelyeliminatespill to memory). No-
ticethat,in termsof numberof executioncycles,theregister
file organizatiomproposedn this papermperformsbetterthan
thetwo CCMindconfigurationgvaluatedmuchbetterthan
CCMshwith 16 registersin R1andsimilarto CCMshwith
32registersin R1 (up to 16 cycles). In termsof execution
time, theperformanceachiezedby theproposaln thispaper
is alwayshigherandlesssensitve to cachemisslateng.

6.2 Realmemory systemand binding prefetching

In this sectionwe analyzethe behaior of the proposed
registerfile organizationn arealmemoryervironment.As
mentionedin Section2, hit lateng for load operationds
2 cyclesandmisslateny may have threepossiblevalues:
low (107s), medium(207s) andhigh (407s). Cache—miss
latenciesn cyclesarecomputedassuminghe correspond-
ing cycletimefor eachconfiguratiorof theregisterfile. For
example,Table4 shavsthe cachemisslateng in cyclesfor
the GP6M2configuration.

The evaluationbreaksdown the total numberof cycles
andexecutiontime into two componentsuseful(i.e. when
the processolis doing useful work) and stall (i.e. when
the processois blocked waiting for a cachemissto com-
plete the access).All performancdiguresin this section
arerelative to the numberof usefulcyclesof configuration
GP6M2—-REG32vith smallcache—mistateng.

The moduloschedulemusedin our experimentalframe-
work canassumeitherhit lateng to schedulenemoryload
operationsor apply binding prefetching. Schedulingwith
hit lateng minimizestheregisterpressureandtheoretically
increaseperformanceThis generateavalid schedulghat
stallsthe processowheneera cachemissoccursor when-

| | Cycletime ||  Cache—misdatency |
Configuration ns Small | Medium | High
GP6M2-REG32 1.2805 8 16 32
GP6M2—-REG64 1.4513 7 14 28
GP6M2-TVD16 1.1489 9 18 35

Table 4. Cycle time and cache—miss latencies for 32,
64 and two—level register files.
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Figure 9. Execution time when scheduling loops us-

ing hit latency or selective binding prefetching.
ever a dependeninstructionneedshe datumbroughtfrom
memory(in caseof lockup—freecaches)Binding prefetch-
ing canbeusedto toleratethelateng of thesecachemisses
[2]. Binding prefetchingconsistdn schedulingheload in-
structionsassumingcachemisslateng. Binding prefetch-
ing doesnot increasememorytraffic but increasesegister
pressureasshowvn in Section3.3. However, the higherca-
pacityof theproposed™WO16organizatiorallows usto ap-
ply aggressie prefetchingechniques.

In this paperwe usea selectve binding prefetchingap-
proach. The algorithmassumeshat thoseload operations
includedin recurrencesiswell asspill load operationsare
scheduledassuminchit lateng. All otherload operations
are scheduledassumingmisslateng. Thoseloopswhich
executea smallnumberof iterationsarealsoscheduledhs-
suminghit lateng for all their memoryload operationgin
orderto avoid long prologuesandepiloguesn the software
pipelinedcode). For instance Figure 9 compareghe per
formanceof configurationGP6M2-REG64vhenloopsin
our benchmarkset are scheduledeither assuminghit la-
teng or whenapplyingselectve binding prefetching.No-
tice that binding prefetchinggeneratescheduleghat no-
ticeablyreducetheexecutiontime (for instanceupto 40%).
With binding prefetchingthenumberof usefulcyclesis in-
creasedaindthe numberof stall cyclesreducednoticethat
stall cyclesarenot completelyeliminateddueto the misses
thatmayhapperin recurrenceandin shortloops.

Assumingthatbinding prefetchingalwaysresultsin bet-
ter scheduleswe proceedwith a comparisorof the mono-
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Figure 10. Performance evaluation for configuration
GPeM2with three different configurations for the regis-
ter file: REG32 REG64and TWO16.

lithic and two—level register organizations. Figure 10.a
shaws the executioncyclesrelative to the useful cycles of
the REG32configuration. Notice that GP6M2-REG64e-
quireslesscyclesto executethanits TWO16 counterpart.
However, the influenceof the cycle time offsetsthis result
in favor of the two—level organizationasshavn in Figure
10.h For instance, TWO16 reduceghe executiontime of
REG®64in arangeof 10-14%. Comparedo REG32 the
reductionin executiontime is asmuchas38%.

7 Conclusions

High-performancemicroprocessorsare currently de-
signedto exploit the inherentILP availablein mostappli-
cations. The techniquesusedin their designand the ag-
gressie schedulingtechniquegendto increasethe regis-
ter requirement®f the loops. If moreregistersthanthose
availablein the architecturearerequired,someactionsare
requiredto reducethis pressureat the expenseof a perfor
mancedegradation.

The monolithic register file designthat has tradition-
ally beenusedto interconnecfunctionalunits andprovide
short—termstoragedoesnot scalewell whenthe architec-
ture becomesaggressie, which is the currenttrendin the
designof high—performancenicroprocessorsCycle time,
areaand power consumptionare the factorsthat limit its
performancendusability Thesdimit thesizeof theregis-
ter file and thereforeintroducesomedegradationbecause
of the addition of spill code. This degradationcould be
avoidedif high—capacityegisterfile organizationgouldbe
includedin VLIW designs but without having a negative
impactonthecycle time, areaandpower of the processar

In this paperwe have proposeda two—level hierarchi-
cal registerfile organizationthat combineshigh capacity
andlow accesgime. For the configurationsaandworkload
evaluatedthe bestregisterfile configurationconsistsof 16
registersin the first level and 64 registersin the second
level. Thehighcapacityof theregisterorganizatiorreduces
the amountof registerspilling and thereforeits additional
memorytraffic. It alsoallows the useof more aggressie
prefetchingtechniquego hide the negative effect of high
misslatencies.The proposedrganizatiorachie/esa cycle
time 2% greatethana monolithicregisterfile configuration
with 16 registers. For one of the processorconfigurations
andworkloadevaluatedn this paperthis new organization
reduceghe executiontime by 10-14%whencomparedo
a monolithic organizationwith 64 registers;this speed—up
is obtainedwith a 43% reductionin area. Comparedo a
monolithic organizationwith 32 registers,the reductionin
executiontime is up to 38%with a 14%increasen area.

In addition, the new organizationrequiresmuch less
peakpower (40%) thana monolithic organizationwith 64
registersandslightly more(4%) than32 registers.We esti-
matethatthis smalldifferencein peakpower will resultin



lessenegy consumptiorbecausef lessmemoryaccesses
causedby spill code. However, the additionalinstruction
accessemayreducethis advantage Furtherresearchs re-
quiredto accuratelyevaluateenegy consumption.

In someway, the hierarchicalorganizationproposalin
this papercould be definedas a functional clusteringin
which one clusteris composedf the functionalunits and
a smallregisterfile with a large numberof ports. The sec-
ond clusteris composedf the memoryunits anda higher
registerfile with thelessports. We arecurrentlyextending
thisideain orderto have multiple clustersfor thefunctional
unitswith smallerregisterfiles.
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