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Abstract
High-performancemicroprocessors are currently de-

signedto exploit the inherent instructionlevel parallelism
(ILP) availablein mostapplications.Thetechniquesused
in their designand the aggressivescheduling techniques
usedto exploit this ILP tend to increasethe register re-
quirementsof the loops. If more registers thanthoseavail-
ablein thearchitectureare required,someactions(such as
spill codeinsertion)haveto beappliedto reducethis pres-
sure, at theexpenseof someperformancedegradation.This
degradation could be avoidedif a high–capacityregister
file were includedwithoutcausinga negativeimpacton the
cycletimeof theprocessor.

In this paperweproposea two-level hierarchical regis-
ter file organizationfor VLIW architecturesthat combines
high capacityand low accesstime. For the configuration
proposedin this paper, the new organizationachievesa
speed–upof 10–14%over a monolithicorganizationwith
64 registers; it is obtainedwith a 43%(40%)reductionin
area (peakpowerdissipation). Compared to a monolithic
file with 32 registers, thespeed–upis asmuch as38%with
justa 14%(4%) increasein area(peakpowerdissipation).

1. Intr oduction
Current high-performancemicroprocessorsuse hard-

wareandsoftwaretechniquesto exploit theinstructionlevel
parallelism(ILP) availablein applications.Their architec-
ture makes useof deeppipelinesin an attemptto reduce
thecycletimeandsimultaneousissueof operationsin order
to increasethe numberof instructionsexecutedper cycle.
It is expectedthat future designswill make extensive use
of bothtechniques.Therefore,new processororganizations
andcompilertechniquesarerequiredto effectively exploit
thispotentialparallelism.
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Theproperschedulingof instructionsplaysacritical role
in the final performance.This schedulingis doneat run–
time in out–of–ordersuperscalarprocessors(with the aid
of thecompilerwhich performsextensive codescheduling
to facilitate the dynamicdetectionof parallelism). How-
ever, in Very Long InstructionWord (VLIW) architectures
theschedulingof instructionsis doneat compilationtime.
Thestaticnatureof VLIW schedulesrequiresgoodcompi-
lation techniquesthat effectively exploit the ILP available
in programs[4, 12, 20].

Loops are the main time consumingpart of numerical
programs.Softwarepipelining[5, 14] is a loop scheduling
techniquethat extractsparallelismfrom loopsby overlap-
ping operationsfrom variousconsecutive iterations.Mod-
ulo scheduling[8, 22] is a classof softwarepipelining al-
gorithmswhich hasbeenincorporatedin many production
compilers. In a moduloscheduledloop, the Initiation In-
terval (II ) is the numberof cycles betweenthe initiation
of successive iterations. For a loop, the lower the II the
higher the numberof operationsexecutedper cycle. For
example,Figure 1 shows the averagenumberof floating
point computationsperformedpercycle1 for differentpro-
cessorconfigurationsGPxMy-REGz(x beingthenumberof
general–purposefloating–pointfunctionalunits,y thenum-
ber of memoryports,andz the numberof registersin the
registerfile). Notice that, in general,increasingthe num-
ber of resourcesresultsin an increasein the performance
achieved.For eachloop andprocessorconfiguration,theII
is boundedeitherby recurrencesin the dependencegraph
or by resourceconstraintsin thetargetarchitecture.For in-
stance,increasingthenumberof functionalunitsby agiven
amountmaynot resultin thesameincreaseof performance
becauseof theloopswhicharelimited by eitherrecurrences
or by otherresources.

Thedrawbackof aggressive schedulingtechniquessuch
as modulo schedulingis their high register requirements

1Assumingthe experimentalworkbench(setof loops,modulosched-
uler, ...) describedin Section2.
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Figure 1. Average number of floating point computa-
tions performed per cycle for processor configuration
GPxMy-REGz, relative to GP2M2-REG32.

[17] comparedto lessaggressiveandlesseffectiveschedul-
ing techniques.In addition,theuseof aggressiveprocessor
configurationstendsto increasethenumberof registersre-
quiredby softwarepipelinedloops. For this reason,many
proposalshave focusedon minimizing theregisterrequire-
mentsof moduloscheduling[9, 11, 18]. However, despite
thesetechniques,many registersarestill required. For in-
stance,for oneof theabovementionedprocessorconfigura-
tions(GP6M2), thedashedline in Figure2 shows theper-
centageof loopsthatcanbescheduledwith aspecificnum-
ber of registersusinga register–consciousmodulosched-
uler. Thesolid line in thesamefigureshowsthepercentage
of cyclesspentin theexecutionof theseloops. Noticethat
althoughlessthan15% of the loopsrequiremorethan32
registers(andevenlessrequiremorethan64registers),they
representcloseto 40% of the total executiontime. Other
optimizationsappliedto loops(suchasunrolling,common
subexpressionelimination,backsubstitution,... [17]), tech-
niquesorientedtowardshidingthenegativeeffectsof cache
misses(suchasprefetching[2] or blocking), breakingthe
datadependences(suchasdataspeculation)or breakingthe
controldependenceflow (predication,control speculation)
increaseevenmoretheregisterrequirements.

Whena loop requiresmoreregistersthanavailable,reg-
isterpressuremustbedecreasedby eitherincreasingtheII
or by addingspill code(i.e. temporarilystoringvaluesin
memoryandfreeing,for severalcycles,theregistersused).
Thesetwo alternativesdegradeperformanceat theexpense
of alleviating the high register demand. The evaluation
performedin [16] shows that reducingthe executionrate
tendsto generateworseschedulesthan spilling variables.
New heuristicsfor registerspilling havebeenproposedand
proven to be very effective [28]. In any case,the perfor-
mancedegradationis still significantandcouldbeavoided
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Figure 2. Register requirements for GP6M2.

if additionalcapacitywereprovidedin theregisterfile.
Theorganizationandmanagementof theregisterfile has

beenasubjectof researchin thepast.Themainideabehind
all this researchis to tradeoff aspectsrelatedto storageca-
pacity, area,cycletimeandpowerdissipationof theregister
file. The monolithic registerfile organizationtraditionally
usedin the designof microprocessorsdoesnot scalewell
whentheregisterrequirementsandthenumberof portsre-
quired to accessit are high. In this paperwe presentan
alternative designfor the registerfile of future aggressive
VLIW processorsthat tries to combinehigh capacityand
high numberof portswith low accesstime. Thehigherca-
pacity reducesspill codeandallows theapplicationof ag-
gressivesoftwareprefetchingtechniques.

This paperis organizedas follows: Section2 presents
theframework usedto evaluatetheperformanceof ourpro-
posal.Section3 studiesthebehavior of softwarepipelined
loopsfor differentconfigurationsof theVLIW processorin
which thenumberof registersin theregisterfile, themem-
ory bandwidthandthelatency arevaried. Fromthis study,
which includestheeffectof thecycle timeof theprocessor,
thenecessityfor analternative designof theregisterfile is
foreseen.Section4 proposesthe useof a two–level hier-
archicalorganization;cycle time,areaandpeakpower dis-
sipationarethemetricsusedto comparetheproposalwith
othermonolithic registerfile organizations.Section5 de-
scribesalternative designsproposedin the literature. Sec-
tion 6 evaluatestheproposal,assumingbothanidealmem-
ory system(always hits in the cache)anda real memory
environment. Finally, Section7 concludesthe paperand
presentssomefuturework.

2. Evaluation framework

The proposalpresentedin this paperis validatedusing
theframeworkdescribedin thissection.A workbenchcom-
posedof all the loops from the PerfectClub benchmark
[1] that are suitablefor softwarepipelining is considered
representative of the loops in numericalapplications. A
total of 1258 loops, that representabout80% of the to-
tal executiontime of the benchmarkhave beenscheduled
usingHRMS (HypernodeReductionModulo Scheduling)
[18], aregister–consciouspipeliner. HRMSgeneratesnear–
optimalscheduleswith minimumregisterrequirements.If
theschedulegeneratedby HRMSdoesnotfit into theavail-
ablenumberof registers,an iterative processis startedin
which the registerrequirementsareprogressively reduced.
Thisprocesscombinesthetwo techniquesmentionedabove
(i.e. increaseof theII andtheinsertionof spill code)[28].

The evaluation framework includesa set of statically
scheduledVLIW configurationsGPxMy–REGzalreadyde-
fined as follows: x is the number of general–purpose
floating–pointfunctionalunits,y is thenumberof memory
ports (numberof load/storeunits) andz is the numberof



registersin theregisterfile. In all configurations,thelaten-
ciesof operationsperformedin the functionalunits are: 4
cycles for additionand multiplication, 17 cycles for divi-
sionand30 cyclesfor squareroot. All operationsarefully
pipelinedexceptfor divisionandsquareroot. In this paper,
we focusour studyandexperimentalevaluationon aggres-
sive processorconfigurationswhich couldbe implemented
in a nearfutureandwhich resultin a reasonableefficiency
(seeFigure1): x=6, y= � 2,3� andz= � 16,32,64,128� .

Thememoryis designedaroundamulti–portedmemory
system(y ports)with a L1–cacheof 32 Kb and 32 bytes
line size. TheL1–cacheis lockup–freeandallows up to 8
pendingmemoryaccesses.Hit latency for loadoperations
is 2 cycles. Write operationstake onecycle to complete.
Miss latency is assumedto bein therange4–32cycles.

Theperformancemetricsusedin theevaluationare:exe-
cutioncycles(directlyobtainedfrom theII andthenumber
of iterationsof the loops),memorytraffic (including spill
code),andexecutiontime(wheretheaccesstimeof thereg-
ister file is considered).The evaluationalsocomparesthe
areaoccupiedby theregisterfile organization.Aspectsre-
latedto power dissipationarebriefly consideredin this pa-
per. All figuresaregivenrelativeto abaselineconfiguration
GP6M2–REG128.

In orderto estimateaccesstime,areaandpowerdissipa-
tion for thedifferentregisterfile configurations,we usethe
modeldescribedin [23] targetedat a CMOS processwith
a minimum drawn gatelength of 0.18� m. Thesefigures
dependon the numberof registers,the numberof access
ports(which is in turn determinedby the numberof func-
tionalunitsx andmemoryportsy), andtheclockfrequency.
For instance,for GP6M2–REGz, thenumberof portsis: 14
readports(2 for eachfunctionalunit and2 for thememory)
and 8 write ports (one for eachfunctionalunit and 2 for
thememory).Sincetheregisterfile is themaincentralized
structurein aVLIW architecture,it canbeassumedthatthe
cycle time of future processorswill be determinedby the
accesstime to theregisterfile. For instance,Table1 shows
thecycle time, areaandpeakpower dissipationfor theset

Cycletime Area Power
Reg ��� (relat.) ��� ������� (relat.) � (relat.)

GP6M2
128 1.651(1.000) 5.325(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
128 1.687(1.022) 6.193(1.163) 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 organizationsconsideredin this
paper. Cycletime is givenin nanoseconds,areais givenin
millions of �! and power is given in watts. Also, all are
givenrelative to thebaselineconfiguration.

3. Registerrequirementsfor VLIW schedules

Theregisterrequirementsof softwarepipelinedloopsin-
creasewith the aggressivenessof the processorconfigura-
tion andthe latenciesof the functionalunits andmemory
used.Techniquesthat try to hidethelong latency of cache
misses(like prefetching)alsoincreasetheregisterrequire-
ments.In this sectionwe analyzethebehavior, in an ideal
memorysystem,of the workloadconsideredin this paper
whenvaryingthecapacityof theregisterfile, thenumberof
portsto memoryandthelatency of memory.

3.1. Registerfile size

For aparticularVLIW architecture,thenumberof regis-
tersavailablein theregisterfile mayconstrainthemaximum
performancethatsoftwarepipelinedloopsmayattain. For
a loop, if its registerrequirementsarelargerthanthesizeof
theregisterfile, spill codeis requiredin orderto reducethis
pressure.Spill codeincreasesmemorytraffic andtherefore
mayreduceperformance(increaseof theII dueto asatura-
tion of thememoryports).

Figure3 showsthebehavior of ourbenchmarksetfor the
4 registerfile configurationsconsidered.Whenthesizeof
the registerfile is increased,the numberof cyclesneeded
to executethe loop and the memory traffic are reduced.
This is dueto thereductionof thespill code.For instance,
configurationGP6M2–REG16needs1.6timesmorecycles
thanGP6M2–REG128. Similarly, GP6M2–REG16gener-
atesabout2.3 times more memory traffic than GP6M2–
REG128. However, the executiontime plot (Figure 3.c)
shows a direct trade–off betweenthe registerfile sizeand
theactualperformance.This plot is obtainedby multiply-
ing thevaluesin Figure3.aby the cycle time of eachreg-
isterfile (Table1). NoticethatGP6M2–REG128resultsin
the bestperformancein termsof numberof cycles. How-
ever, thehighaccesstimeof its registerfile resultsin aclear
degradationof the executiontime. In termsof execution
time,GP6M2–REG32performsbestin ourworkbench.
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Figure 3. Behavior for several register file configura-
tions relative to the baseline GP6M2–REG128.



3.2. Memory ports

Increasingthenumberof portsto memorymakesthear-
chitecturemoreaggressive in termsof achievableILP. This
clearlybenefitsmemoryboundedloops(i.e. loopslimited
by the numberof memoryports). Furthermore,having an
additionalmemoryport also gives more opportunitiesto
schedulespill operationswhich areneededwhentheregis-
ter requirementsarehigherthantheactualregisterfile size.

Having anadditionalmemoryportdoesnotcontributeto
a high increasein the accesstime of the registerfile. As
shown in Table1, thegapbetweenthetwo registerfile con-
figurationswith the samesize is not significant(closeto
2%). Moreover, the additionalmemoryport complicates
the designof the memoryhierarchy(with an increasein
thememorylatency, theareaandthepower consumption);
however, thisaspectis notconsideredin ourevaluation.

Thetwo independentplotsin Figure3 show thebehavior
for GP6M2–REGzand GP6M3–REGzon the benchmark
set. Notice that addingonememoryport reducesboth the
numberof cyclesrequiredto executethe loopsandtheac-
tual executiontime. Thememorytraffic is higherbecause
moreILP is exploited,morespill is requiredandtherefore
morepressureis put on the memoryports. However, the
differencestendto reduceastheregisterfile sizeincreases
(dueto thereductionin spill code).For instance,theaddi-
tional memoryport producesa speed–upof 19%in a con-
figurationwith 16registersand12%in aconfigurationwith
32registers.

In conclusion,thedesignerof aVLIW microarchitecture
would like to obtain the IPC reportedby a configuration
with a large numberof registers(e.g. GP6Mx–REG128)
andwith thecycle time of configurationswith a low num-
ber of registers(e.g. GP6Mx–REG16). In this paperwe
presentanalternativedesignfor theregisterfile thattriesto
achieve boththings. However, beforegoinginto detail,we
analyzetheinfluenceof thememorylatency in performance
andregisterrequirements.

3.3. Memory latency

In this subsectionwe analyzethe effect of the memory
latency on register pressure. A rangeof valuesbetween
2 and32 cyclesis considered.Although very high values

 2 $  4 %  8 & 16 ' 32 $
Memory Latency 

1.0

1.5

2.0

R
el

at
iv

e 
ex

e.
 c

yc
le

s

(

a))

GP6M2-REG128

GP6M2-REG64

GP6M2-REG32

GP6M2-REG16

 2 $  4 %  8 & 16 ' 32 $
Memory Latency 

0.8

1.0

1.2

1.4

1.6

R
el

at
iv

e 
ex

e.
 ti

m
e

(

c)*
 2 $  4 %  8 & 16 ' 32 $
Memory Latency 

1.0

1.5

2.0

2.5

R
el

at
iv

e 
m

em
. t

ra
ffi

c

b)
+

Figure 4. Behavior for different values of memory
latency relative to the baseline GP6M2–REG128.

may seemunrealisticfor the first level of cache,they are
includedin our analysisfor the following reasons.First,
technologytrendsindicate that the gap betweenthe pro-
cessorcycle time and the cachehit latency will increase;
therefore,consideringmemorylatenciesin therangeof 4–
8 cycles shouldbe possiblein the near future. Second,
somecurrentdesignsareproposedso that certaininstruc-
tions (e.g. floating point) bypassthe first level of cache;
in this case,observed latenciesin the rangeof 8–16 cy-
clesarereasonable.And third, previousresearchhasshown
thatschedulingloadoperationswith misslatency (i.e. with
thesecond–level hit latency) mayproducebetterschedules
thanschedulingthemwith hit latency [24]. Schedulingload
operationswith their hit latency generatesa valid schedule
that forcesthe processorto stall the executionof a whole
long instructionwhenevera cachemissoccurson it. Bind-
ing prefetching(alsoknown asearly prefetching)consists
in schedulingloadoperationsassumingtheir cachemissla-
tency. Thisensuresthatdatawill alwaysbeavailablewhen
needed.However this early availability increasesthe life-
timeof valuesbroughtfrommemoryand,asaconsequence,
theregisterpressure.

Figure4 shows the behavior for differentvaluesof the
memorylatency. Firstof all, noticethatsomeof theplotsdo
nothavevaluesfor all thelatency values.Whenthememory
latency increases,oursoftwarepipelinerfails to find avalid
schedulefor someof the loops: the registerpressureis so
high that theadditionof spill codedoesnot effectively re-
duceit (in fact,theregisterrequirementsof thespill instruc-
tionscannotbeabsorbedby theregistersavailable).These
loopshaveto bescheduledusinganon–pipelinedscheduler
andfor this reason,havenotbeenconsidered.

Second,notice that the executioncycles increasewith
the memorylatency. This is dueto the additionalregister
pressurecausedby theloadinstructionsandto theincrease
in the latency of critical recurrences(i.e. cyclesin the de-
pendencegraphthatlimit theII ) whichincludesat leastone
memoryoperation.

Finally, thetrade–off betweenIPCandcycletime is also
noticeablein Figure 4. For small valuesof the memory
latency (e.g. 2 or 4 cycles), the GP6M2–REG32register
file performsbest. This conclusionis applicableto sys-
temsin which the processor/memorygapis small anduse
schedulersthat considerhit latency for memory instruc-
tions. For latency valuesin the range8 to 16 cycles(e.g.
futuresystemswith a high processor/memorygapor when
usingschedulersthat apply binding prefetching),configu-
ration GP6M2–REG64is able to bettertrade–off IPC and
cycle time. ConfigurationGP6M2–REG128becomeinter-
estingwhenweconsiderveryhighvaluesof thememoryla-
tency (i.e. whenconsideringbindingprefetchingandfuture
technologiesthatleadto a highprocessor/memorygap).



4. Newregisterfile organization
In theprevioussectionwe concludedthata registerfile

with ahighnumberof registersandalargenumberof access
ports is requiredin order to effectively exploit ILP. How-
ever, the cycle time obtainedfrom the accesstime to the
registerfile easilyoffsetsthegainsobtainedin termsof in-
structionsexecutedpercycle.

In orderto have a registerfile organizationwith a large
numberof portsandalow accesstime,thispaperproposesa
two-level hierarchicalregisterfile organization,asshown in
Figure5.a. Thefirst level, namedR1, hasa smallcapacity
but a high numberof ports (in order to feedall the func-
tional units); this will permit a designwith a small access
time. The secondlevel, namedR2, hasa highercapacity
in orderto avoid the degradationthat might be causedby
the small capacityof R1, to reducethe necessityof spill
andto improvetheperformancethroughtheuseof binding
prefetching.This level interactswith R1andwith thefirst
level of cachememory;R2 is not directly accessibleby the
functionalunitssoit hasasmallnumberof ports.This level
will bedesignedsoasto haveasmany registersaspossible
withoutpenalizingtheaccesstimedeterminedby R1.

Themaindrawbackof thetwo–level registerfile organi-
zationis theincreasein thelatency observedbetweenmem-
ory andfunctionalunitsandthe increasein thenumberof
instructionsin theprogram.In thisorganization,a memory
load operationbringsdatato R2, so that an extra number
of cyclesis requiredin orderto move datafrom R2 to R1.
Thesamehappensin astoreoperationwhichrequiresafirst
move from R1 to R2 followedby thememoryaccess.This
extra latency increasesthe II whena loop hasa critical re-
currenceincludingat leastonememoryoperation.

In a VLIW processor, this movementbetweenR1 and
R2 is controlledby the compiler. Two new operationsare
neededto movedatabetweenregisterfile levels: loadRand
storeR. Thecompilerinsertsa loadRaftertheoriginal load
operation.Similarly, thecompilerinsertsastoreRoperation
beforethe original store operation.The compilercanalso
move databetweenlevels in orderto spill valueswhenthe
pressurein R1 is higherthanits capacity.

R1

L1 cache R2

R1

L1 cache

R2

a) b)

R1

L1 cache

R2

c)

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

The explicit managementof thesedatamovementsre-
quiresmodificationsin thealgorithmusedfor registerallo-
cationandspilling. The proposedalgorithmfirst allocates
registersin R1 using the wands-onlystrategy with end-fit
andadjacency ordering[21]. If therearenot enoughregis-
tersin R1, spill codebetweenR1andR2 is inserted.Spill
codeis addedusing the techniquesproposedin [28] and
usingonly the loadRandstoreRinstructions.Oncethereg-
isterallocationandspill is completedfor R1, thealgorithm
proceedswith R2. In R2 thealgorithmhasto fit the regis-
tersrequiredby databroughtfrom the memoryaswell as
the registersrequiredby the spill of R1. Registeralloca-
tion andspilling is performedusingthesametechniquesas
for R1. Noticethatthis spill codetemporarilystoresvalues
in memory;however, the high capacityof our registerfile
organizationreducesthenecessityfor this.

4.1. Designissues

In a two-level hierarchicalregisterfile therearethreepa-
rametersthatinfluencethefinal performance(withoutvary-
ing otherparameterssuchasthenumberof functionalunits
andmemoryports). Theseparametersare: a) numberof
registersin R1, b) numberof readandwrite portsbetween
R1andR2andc) numberof registersin R2. Weassumethat
thenumberof registersin eachlevel is a powerof two.

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

, For the 8 registers configuration, there are so few
registersthat our softwarepipeliner fails to schedule
many of thebenchmarkloopsdueto thehigh number
of functionalunitsavailablein thearchitectureevalu-
ated;althoughpossibleschedulescouldbefound,they
wouldhaveveryhighvaluesfor theII .

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

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

Therefore,16 registershave beenincludedin R1 because
this allows thescheduleof all the loopsandhasa compet-
itive cycle time comparedto the designwith 32 registers
whichachievedthebestexecutiontimewith smallmemory
latencies(Figures3.c).



In orderto determinethenumberof readandwrite ports
betweenR1andR2, we have first assumedthat R1has16
registers,thenumberof portsbetweenR1andR2 is unlim-
ited andthatR2hasalsoanunlimitednumberof registers.
Figure6 shows thecumulativedistributionof loopsthatre-
quire, on average,a specificnumber(e.g. a loop that re-
quires4 readportsin cycle 0, 2 in cycle 1 and0 in cycle 2
requires,on average,2 portspercycle). For instance,80%
of theloopsrequireanaverageof 2 loadportsatmost.Since
softwarepipelining tries to saturateall theresourcesavail-
able,it is sufficient to have asmany portsasthemaximum
averagerequiredto scheduleall the loops. In Figure6, it
shouldbe notedthat theschedulernever usesmorethan2
storeportsand4 loadports.

The parametersdecidedat this point, togetherwith the
numberof functionalunits,determinetheaccesstimeto R1.
Theupperpartof Table2 estimatesthis. Thecapacityof R2
is selectedas the maximumcapacitywith an accesstime
smallerthan(or equalto) theaccesstimeof R1. Thismeans
thatthenumberof cyclesto executeloadRandstoreRoper-
ationsis onecycle. Noticethatwecouldusemoreregisters
in R2andschedulethesemove operationswith the appro-
priatelatency. Thelower half of Table2 showsanestimate
of theaccesstime for R2with 64 and128registers.From
thesefigures,64registersin R2fulfills therequirements(al-
thoughusing 128 registerswould only increasethe cycle
timeby 2%but wouldrequiremoreareaandpower). More-
over, we haveexperimentallyproventhatwith 64 registers,
thespill to memoryis negligible.

In summary, the two-level hierarchicalregister file or-
ganizationproposedin this paper(namedTWO16) hasthe
following parameters:16 registersin thefirst level R1; 64
registersin thesecondlevel R2; 2 storeportsfrom R1to R2;
and4 loadportsfrom R2to R1.

4.2. Registerfile areaand power dissipation

In this subsectionwe estimatethe areaandpower dis-
sipationfor the registerfile configurationproposedin this
sectionandcompareit with that of a monolithicorganiza-
tion. Themodeldescribedin [23] is usedto computethese
figuresfor a monolithic registerfile (seeTable1 for con-
figurationsREG16, REG32, REG64, andREG128). For the
two–level organization,we assumethat they arecomputed
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Figure 6. Analysis of requirements: number of read
and write ports between R1and R2.

asthesumof theindividualfiguresfor R1andR2.
Table 2 shows the area estimatedfor configuration

TWO16. Noticethatin themonolithicorganization,thearea
of REGzis linearwith z becauseall of themhave thesame
numberof ports. The areaof R1 in configurationTWO16
is thesameasREG16with 3 memoryports;theareaof R2
is smallerthan the areaof REG64becauseit haslessac-
cessports. From theseareaestimations,we concludethat
TWO16 is 14% larger thanREG32and43% smallerthan
REG64in processorconfigurationGP6M2.

Regardingpowerdissipation,themodelin [23] givesthe
dissipationperaccessto the registerfile. The peakpower
dissipationis computedmultiplying thisvalueby themaxi-
mumnumberof accessespercyclethattheregisterfile sup-
ports. Fromtheseestimations,we concludethat thepower
dissipationof TWO16 is 4% greaterthanREG32and40%
less than REG64 in processorconfigurationGP6M2. A
completeevaluationof power consumptionis necessaryin
orderto performanaccuratecomparisonof bothorganiza-
tions. In this evaluation,the power consumptionof other
partsof the systemshouldbe considered,suchas the in-
structionanddatacaches.For instance,noticethatthetraf-
fic with the datacacheis reduced(dueto the reductionof
spill operations)and thereforeits power consumptionis,
too. However, thenumberof accesses(andtheir width) to
theinstructioncacheis increased(dueto thethehigherval-
uesof the II andthe extra lengthof the instruction). This
evaluationis partof our currentwork.

5. Relatedregisterfile organizations

Theorganizationandmanagementof theregisterfile has
beenasubjectof researchin thepast.Themainideabehind
all this researchis to strike a compromisebetweenthepa-
rametersrelatedto storagecapacity, area,accesstime and
powerdissipationof theregisterfile. As wehaveconcluded
in Section3, the singlemonolithic registerfile which has
beentraditionally usedin microprocessorsdoesnot scale
well when the register requirementsare high, i.e. when
usingeitheraggressive processorconfigurationsor instruc-
tion schedulingalgorithmssuchassoftwarepipelining.Re-
cently, [23] developeda taxonomyof registerarchitectures
andevaluatedit for mediaandsignalprocessorswith alarge
numberof arithmeticalunits.

Size Ports Cycle time Ar ea Power

R1 R/W ��� (relat.) � � �0��� � (relat.) � (relat.)
16 14/10 1.1489(0.695) 0.774(0.145) 2.818(0.270)

R2 R/W ��� (relat.) � � �0��� � (relat.) � (relat.)
64 6/4 1.0205(0.618) 0.745(0.140) 0.840(0.081)

128 6/4 1.1735(0.711) 1.491(0.280) 1.648(0.158)

TWO16 1.1489(0.695) 1.519(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 (distributed/partitioned) registerfile
organization

Someproposalsfor alternativeregisterfile organizations
focuson theuseof multiple registerbankssoasto reduce
thenumberof portsneededby eachregisterbank.Register
bankscanbeusedto replicatetheavailableregisters:fully
replicatedasin somecurrentout–of–ordermicroprocessors
[13, 27] or partially replicatedfor VLIW processors[15].
Registerbankscanalsobeusedto distributethetotal num-
berof registers[3, 10]. Thepartitionlimits theconnectivity
betweenregisterbanksandfunctionalunits thuscreatinga
setof clusters;differenttopologiescanbeusedto connect
clusters(globalsharedbuses[3] or rings[10]).

Otherproposalsdo not restricttheconnectivity between
the registerbanksandthe functionalunits. Banksmay be
designedwith differentcharacteristicsor purposes.For in-
stance,[19] proposedto reducethenumberof registersre-
quiredin the main registerbankby addinga secondport–
limited bank(calledthesack)with only onereadport and
onewrite port. Eachbanktries to capturevalueswith dif-
ferentlocality properties.

5.2. Hierar chical registerfile organization

The hierarchicalorganizationof the registerfile is not
new. In theseorganizationsnot all bankscandirectly feed
the functional units and/or memory. The level close to
thefunctionalunitscanbedesignedwith lesscapacityand
therefore,smallaccesstime. For instance,theCRAY–1[25]
included,for the scalarfunctionalunits, two independent
banks(onefor addressesandanotherfor data)eachwith a
two–level organization:the lower level (closeto the func-
tionalunits)had8 registersandtheupperlevelhad64regis-
tersableto do block transferswith thememory. Theupper
level hadno connectionwith thefunctionalunits;bothreg-
isterfiles wereconnectedto the mainmemory. Theupper
level wasusedby thecompilerto optimizedatalocality.

In a differentcontext, [26] proposedthehierarchicalde-
signof a registerfile. Their registerfile had1024registers
in threelevels: ”close” level with 5 registers,”middle” level
with 59 registersand”distant” level with 960 registers.In
this hierarchy, thelatency to accessa givenregisterlevel is
lesswhencloserto thefunctionalunits.

In parallel with the work presentedin this paper, a
caching mechanismfor the register file in dynamically
scheduledprocessorshasbeenproposed[7]. Theorganiza-
tion is hierarchicalandtheallocationof valuesto registers
is performedat runtime. The mechanismis transparentto
thecompilerandactsasa cachefor theregisterfile.

5.3. Local memory for spill code

A register file organizationorientedtowardscapturing
spill codein DSPprocessorsis proposedin [6]. Thesmall
(andfast)localmemory, whichis availablein someof these

processors,is usedas a holding placefor spilled values.
They called it CCM (compiler–controlledmemory). The
CCM doesnotsharetheaddressspacewith thecachemem-
ory. Spilling to theCCM removesspill traffic from thepath
to main memoryandeliminatesthe cachepollution intro-
ducedby spill operations.Their proposalwasevaluatedin
a simplemachinemodelthat issuedoneinstructionpercy-
cle. In order to do a more realistic comparisonwith our
proposal,Section6.1 evaluatestheir performancewith our
machineconfigurations,our schedulerandbenchmarks.

Figure 5 shows two possibleimplementationsfor the
CCM proposal. Figure 5.b shows an implementationin
whichthebusesconnectingR1to R2andmemoryareinde-
pendent.In this case,memoryandspill operationscanbe
scheduledin the samecycle. However, the accesstime to
theregisterfile is increaseddueto theadditionalports.For
this implementation,two configurationsareevaluatedwith
16 registersin R1: CCMind(16–6)with 4 write and2 read
portsandCCMind(16–3)with 2 write and1 readports.

Figure5.cshowsanalternativeimplementationin which
the R2 and memory are accessedthrough the samebus
(sharedbus). In this casethe numberof ports is not in-
creasedandthereforethecycle time is not affected. How-
ever, themoduloschedulerhasmoreconstraintsin orderto
schedulememoryandspill operationsbecausethey require
the sameresource.For this implementation,two configu-
rationsareevaluated:CCMsh(16)andCCMsh(32)with 16
and32 registersin R1, respectively.

Table3 showsthecycletimeestimatedfor the4 different
configurationsassumedfor theCCM. We have considered
thattheR2doesnot limit thecycletimeandis largeenough
to ensurethatall thespill traffic is keptin R2.

6. Performanceevaluation

This sectionevaluatestheperformanceof thehierarchi-
cal registerfile organizationTWO16 andcomparesit with
two monolithicdesignsREG32andREG64. First, theeval-
uationis carriedoutassuminganidealmemorysystem(i.e.
alwayshit in thecache);theperformanceof TWO16 is also
comparedwith theperformancefor two possibleimplemen-
tationsof theCCM organization[6]. Finally, theevaluation
is carriedoutassuminga realmemorysystem.

Size Ports Cycle time

Configuration R1 Read Write ��� (relat.)
CCMind(16–6) 16 20 14 1.1844(0.717)
CCMind(16–3) 16 19 12 1.1580(0.701)
CCMsh(32) 32 18 10 1.2805(0.775)
CCMsh(16) 16 18 10 1.1304(0.685)

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



6.1. Ideal memory system

Figure7.ashows theexecutioncyclesspentin theloops
for the threepossibleconfigurations.Notice that TWO16
alwaysrequiresmorecyclesto executethe benchmarkset
thanREG64. Comparedto REG32, TWO16 requiresless
executioncycleswhenthelatency to memoryis higherthan
4 cycles. This is due to the extra cyclesneededto move
datato/frommemoryandthesmallcapacityof thefirst level
R1. Figure7.bshowsthatTWO16practicallyabsorbsall the
memorytraffic incurredby spill operations.

Figure 7.c shows the relative executiontime when the
cycle time is factoredin. Notice that TWO16 outperforms
bothREG32andREG64configurationsfor all memoryla-
tencies.For low latencies(2 cycles)TWO16 is 6% (11%)
fasterthantheREG32(REG64) configuration.However if
the memorylatency is larger the speed–upincreases.For
instance,for 8 cyclesof latency, TWO16showsa speed–up
of 18% comparedto REG32; for 32 cyclesof latency the
speed–upis 22%comparedto REG64.

The low cycle time achievedby thehierarchicalconfig-
urationmakes it very competitive even assumingsystems
with the monolithic register file and more ports with the
memorysystem.Figure7.d–f shows theresultswhencon-
figurationGP6M3 is considered.Notice that, in termsof
relativeexecutiontime,configurationREG32is betteronly
if the memory latency is small (2 cycles); for higher la-
tencies,TWO16performsslightly better(4%) thanREG64
with lessportsin thememoryhierarchy. Moreover, notice
thatthescheduleralwaysfindsapossiblesoftwarepipelined
schedulefor all thevaluesof memorylatency (it is notable
to dosofor REG32whenthememorylatency is higherthan
8 andfor REG64whenthelatency is higherthan16.

For the four configurationsof theCCM proposalprevi-
ouslydefined,wehaverepeatedthesimulationsandtheirre-
sultsareshown in Figure8. Theplot for memorytraffic has

 2 1  4 2  8 3 16 4 32 1
Memory Latency

1.0

1.5

2.0

R
el

at
iv

e 
ex

e.
 c

yc
le

s

5

a) 6

GP6My-REG64 GP6My-REG32GP6M2-TWO16

 2 1  4 2  8 3 16 4 32 1
Memory Latency

0.8

1.0

1.2

1.4

1.6

R
el

at
iv

e 
ex

e.
 ti

m
e

c) 6
 2 1  4 2  8 3 16 4 32 1
Memory Latency

1.0

1.5

2.0

2.5

R
el

at
iv

e 
m

em
. t

ra
ffi

c

b)
7

 2  4  8 3 16 4 32 

Memory Latency

1.0

1.5

2.0

R
el

at
iv

e 
ex

e.
 c

yc
le

s

5

d) 6
 2  4  8 3 16 4 32 

Memory Latency

0.8

1.0

1.2

1.4

1.6

R
el

at
iv

e 
ex

e.
 ti

m
e

f) 6
 2  4  8 3 16 4 32 

Memory Latency

1.0

1.5

2.0

2.5

R
el

at
iv

e 
m

em
. t

ra
ffi

c

e)8
Figure 7. Behavior of GP6M2–REG32/64(first row),
GP6M3–REG32/64(second row) and GP6M2–TWO16, all
of them relative to GP6M2–REG128.
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Figure 8. Behavior of some alternative implementa-
tions of CCM compared to TWO16.

beeneliminatedbecauseit alwaysremainsconstant(i.e. all
configurationscompletelyeliminatespill to memory).No-
ticethat,in termsof numberof executioncycles,theregister
file organizationproposedin thispaperperformsbetterthan
thetwo CCMindconfigurationsevaluated,muchbetterthan
CCMshwith 16 registersin R1andsimilar to CCMshwith
32 registersin R1 (up to 16 cycles). In termsof execution
time,theperformanceachievedby theproposalin thispaper
is alwayshigherandlesssensitive to cachemisslatency.

6.2. Realmemory systemand binding prefetching

In this sectionwe analyzethebehavior of theproposed
registerfile organizationin a realmemoryenvironment.As
mentionedin Section2, hit latency for load operationsis
2 cyclesandmisslatency may have threepossiblevalues:
low (10 <>= ), medium(20 <?= ) andhigh(40 <>= ). Cache–miss
latenciesin cyclesarecomputedassumingthecorrespond-
ing cycletimefor eachconfigurationof theregisterfile. For
example,Table4 showsthecachemisslatency in cyclesfor
theGP6M2configuration.

The evaluationbreaksdown the total numberof cycles
andexecutiontime into two components:useful(i.e. when
the processoris doing useful work) and stall (i.e. when
the processoris blockedwaiting for a cachemissto com-
plete the access).All performancefiguresin this section
arerelative to thenumberof usefulcyclesof configuration
GP6M2–REG32with smallcache–misslatency.

The moduloschedulerusedin our experimentalframe-
workcanassumeeitherhit latency toschedulememoryload
operationsor apply binding prefetching. Schedulingwith
hit latency minimizestheregisterpressureandtheoretically
increasesperformance.Thisgeneratesavalid schedulethat
stallstheprocessorwhenevera cachemissoccursor when-

Cycle time Cache–misslatency

Configuration �@� Small Medium High
GP6M2–REG32 1.2805 8 16 32
GP6M2–REG64 1.4513 7 14 28
GP6M2–TWO16 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.

evera dependentinstructionneedsthedatumbroughtfrom
memory(in caseof lockup–freecaches).Bindingprefetch-
ing canbeusedto toleratethelatency of thesecachemisses
[2]. Bindingprefetchingconsistsin schedulingthe load in-
structionsassumingcachemisslatency. Binding prefetch-
ing doesnot increasememorytraffic but increasesregister
pressure,asshown in Section3.3. However, thehigherca-
pacityof theproposedTWO16organizationallowsusto ap-
ply aggressiveprefetchingtechniques.

In this paperwe usea selective bindingprefetchingap-
proach. The algorithmassumesthat thoseloadoperations
includedin recurrencesaswell asspill loadoperationsare
scheduledassuminghit latency. All other load operations
arescheduledassumingmiss latency. Thoseloopswhich
executea smallnumberof iterationsarealsoscheduledas-
suminghit latency for all their memoryloadoperations(in
orderto avoid longprologuesandepiloguesin thesoftware
pipelinedcode). For instance,Figure9 comparesthe per-
formanceof configurationGP6M2-REG64when loops in
our benchmarkset are scheduledeither assuminghit la-
tency or whenapplyingselective bindingprefetching.No-
tice that binding prefetchinggeneratesschedulesthat no-
ticeablyreducetheexecutiontime(for instance,upto40%).
With bindingprefetching,thenumberof usefulcyclesis in-
creasedandthenumberof stall cyclesreduced;noticethat
stall cyclesarenotcompletelyeliminateddueto themisses
thatmayhappenin recurrencesandin shortloops.

Assumingthatbindingprefetchingalwaysresultsin bet-
ter schedules,we proceedwith a comparisonof themono-
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Figure 10. Performance evaluation for configuration
GP6M2with three different configurations for the regis-
ter file: REG32, REG64and TWO16.

lithic and two–level register organizations. Figure 10.a
shows the executioncyclesrelative to the usefulcyclesof
theREG32configuration.Notice that GP6M2–REG64re-
quireslesscycles to executethan its TWO16 counterpart.
However, the influenceof thecycle time offsetsthis result
in favor of the two–level organization,asshown in Figure
10.b. For instance,TWO16 reducesthe executiontime of
REG64in a rangeof 10–14%. Comparedto 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-
gressive schedulingtechniquestend to increasethe regis-
ter requirementsof the loops. If moreregistersthanthose
availablein thearchitecturearerequired,someactionsare
requiredto reducethis pressure,at theexpenseof a perfor-
mancedegradation.

The monolithic register file designthat has tradition-
ally beenusedto interconnectfunctionalunitsandprovide
short–termstoragedoesnot scalewell whenthe architec-
ture becomesaggressive, which is the currenttrendin the
designof high–performancemicroprocessors.Cycle time,
areaand power consumptionare the factorsthat limit its
performanceandusability. Theselimit thesizeof theregis-
ter file and thereforeintroducesomedegradationbecause
of the addition of spill code. This degradationcould be
avoidedif high–capacityregisterfile organizationscouldbe
includedin VLIW designs,but without having a negative
impacton thecycle time,areaandpowerof theprocessor.

In this paperwe have proposeda two–level hierarchi-
cal register file organizationthat combineshigh capacity
andlow accesstime. For theconfigurationsandworkload
evaluated,thebestregisterfile configurationconsistsof 16
registersin the first level and 64 registersin the second
level. Thehighcapacityof theregisterorganizationreduces
the amountof registerspilling andthereforeits additional
memorytraffic. It alsoallows the useof moreaggressive
prefetchingtechniquesto hide the negative effect of high
misslatencies.Theproposedorganizationachievesa cycle
time2%greaterthanamonolithicregisterfile configuration
with 16 registers. For oneof the processorconfigurations
andworkloadevaluatedin thispaper, thisnew organization
reducesthe executiontime by 10–14%whencomparedto
a monolithicorganizationwith 64 registers;this speed–up
is obtainedwith a 43% reductionin area. Comparedto a
monolithicorganizationwith 32 registers,the reductionin
executiontime is up to 38%with a14%increasein area.

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



lessenergy consumptionbecauseof lessmemoryaccesses
causedby spill code. However, the additionalinstruction
accessesmayreducethisadvantage.Furtherresearchis re-
quiredto accuratelyevaluateenergy consumption.

In someway, the hierarchicalorganizationproposalin
this papercould be definedas a functional clusteringin
which oneclusteris composedof the functionalunits and
a small registerfile with a largenumberof ports. Thesec-
ondclusteris composedof thememoryunitsanda higher
registerfile with thelessports. We arecurrentlyextending
this ideain orderto havemultipleclustersfor thefunctional
unitswith smallerregisterfiles.
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