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Oneof thechallengingtasksin codegenerationfor embeddedsys-
temsis registerallocationandassignment,wherein,onedecideson
the placementandlifetimes of variablesin registers. Whenthere
are more live variablesthan registers,somevariablesneedto be
spilled to memoryand restoredlater. In this paperwe propose
a policy that minimizesthe numberof spills – which is critical
for portableembeddedsystemssinceit leadsto decreasedener-
gy consumption.We arguehowever, that scheduleswith a min-
imal numberof spills do not necessarilyhave minimum latency.
Accordingly, we proposea classof policiesthatexplore tradeoffs
betweenassignmentsleadingto scheduleswith low latency versus
thoseleadingto low energy consumption.Ourexperimentalresults
demonstratetheeffectivenessof theproposedpolicies.>@?BA 8�:�C%DFEG=�8�H C A
Embeddedprocessorcoresusedin today’sembeddedsystemsplace
heavy burdenson currentcompilertechnology. A numberof dif-
ficulties stemfrom architecturalspecializationsin embeddedpro-
cessors[8, 9]. In this paperwe focuson clustered VLIW ASIPs
which arewell suitedto increasinglypervasive (portable)embed-
ded multimedia/communicationsapplications. A clusteredASIP
hasa distributedsetof registerfiles eachconnectedto a dedicat-
ed setof functionalunits, seee.g.,Fig. 2. Suchan organization
cansignificantly reducethe area/delay/power costof storageand
communication[11], but, if notproperlyaccountedfor duringcode
generation,canresultin degradedperformance[4, 8, 9].

A numberof researchershave suggestedthat thefirst phasein
codegenerationfor suchclusteredmachinesshouldbethebinding
of operationsandvariablesto thedatapath’s clusters[4, 5, 10]. In
order to avoid penaltiesassociatedwith datatransfers,a key ob-
jective in performingclusterassignmentis to keepoperationsthat
share variableson the sameclusterwhile maximizinginstruction
level parallelism. However, sincelocal storageresourceshave fi-
nite capacitysomevariablesharingopportunitiesmay be infeasi-
ble. Indeed,whenregisterfiles fill up, variablesmay needto be
spilled to, andrecoveredfrom, memory. This not only increases
energy consumptionbut typically alsoincreaseslatency. Thefocus
of this paperis on determiningvariablereplacementpolicies,i.e.,
registerassignmentpolicies,thatavoid suchoverloadsandexplore
tradeoffs to achieve low latency andenergy consumption.

The key ideasin this papercanbe summarizedbasedon the
simpleexampleshown in Fig.1. Thefigureexhibits the stateof a
singleregisterfile (of size4) up to time t andastreamof variables
thatit needsto support,i.e.,thevariablesthatmustbein theregister
at eachstep. The streamis shown at the top of the figureandfor
simplicity containsonly onevariableperstep.At timet theregisterI
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Figure1: Replacementpolicies,spilling andprefetchingwindows.

containsM a N c N d N eO , andthevariableb mustbe loadedat time t P
1. The basicquestionis: which of the variablescurrently in the
registerfile shouldb replace,i.e.,whatcriterionshouldbeusedin
selectingthevariableto spill ?

A forward looking policy choosesto replacevariableswhose
next useis the furthestaway. Thus, for example,sinceneitherc
nor e appearin the datastreamafter time t, they aregoodcandi-
datesfor spilling. In Q 3.1weshow thatsuchapolicy minimizesthe
overall numberof variablereplacements.This in turn is equivalent
to maximizingtheaverage contiguouslifetimesof variablesin the
registerfile. Wecall suchintervalsspilling windowssincethey cor-
respondto intervalsoverwhichonecouldchooseto performaspill
to memorywithoutnecessarilydelayingtheschedule.If wechoose
to replaceeat time t P 1 thenlookingbackwenotethatits spilling
window wouldhave beenquitelong,e.g.,7 timesteps.

Alternatively, a backward looking policy might chooseto re-
placethe leastrecentlyusedvariable, i.e., the well known LRU
policy. In Q 3.2 we show that this policy generateslarge prefetch-
ing windows.Theprefetchingwindow associatedwith a new vari-
ableenteringtheregisterrepresentsa window of opportunitydur-
ing which it couldbepre-loadedinto theregisterfile. In Fig.1 the
prefetchingwindowsassociatedwith possiblereplacementchoices
areshown in gray. Thus,for example,if wechooseto replacevari-
ablec with b, aprefetchingwindow of length1 wouldbeobtained
sincec wasusedon thepreviousstep. By contrastif we choseto
replacevariablee with b a prefetchingwindow of length5 would
beobtained.Clearly, from thepointof view of maximizingthein-
terval of time availablefor prefetchingthe new variableb, e is a
betterchoiceto spill.

The overall latency of a schedulewill dependon which vari-
ablesarespilledandthesizesof boththeirspilling andprefetching
windowsaswell asthelatency of writing/readingto/frommemory.
Thusin Q 3.3we proposea family of heuristicpoliciesthatexplore
tradeoffs betweenreducingthenumberof spills(andthusmaximiz-
ing theaveragespilling windows) andachieving largeprefetching
windows. As will be discussedin the sequel,our tradeoff policy
aimsat obtainingan assignmentof a given streamof variablesto
registerfiles resultingin low overall latency andreducingtheener-
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Figure2: Illustrationof asimpledatapath.
gy consumedon spills.>VUW>YX :�Z�[.H CFEV6]\^CV:`_
Graphcoloringis a commonlyadoptedframework to performreg-
isterallocation.Theideais to determinethenumberof colors(reg-
isters)requiredto cover theinterval graphassociatedwith thelife-
timesof variables[2]. Modified forms of this algorithmareused
in the FlexCC compiler[8], the ROCKET Compiler[12] andthe
AVIV retargetablecodegenerator[4]. A versionof thegraphcolor-
ing approach,calledtheLeft EdgeAlgorithm,is agreedyalgorithm
which explicitly determinesa registerassignmentrequiringa min-
imumnumberof registers[1, 7, 8]. Specifically, it startsby sorting
thevariablesin increasingorderof birth. Then,startingfrom those
with earliestbirth, it assignsthosewith non-overlappinglifetimes
to the first register. If a sub-setof variablesstill remainsunas-
signed,a new registeris createdandtheprocessis repeatedon the
remainingvariables.Variantsof thisalgorithmhavebeenusedin a
numberof compilers,e.g.,CodeSyn[3]. Unfortunatelythismethod
doesnot exploit locality whenvariableshave non-trivial (i.e.,non-
contiguous)lifetimesin orderto reducespills for fixedsizeregister
files.

Kolson et. al., [6] proposedan optimal, though exponential
time, algorithmwhich assignsvariablesto registerssoasto mini-
mizethenumberof spills. They alsoreportaheuristicwith apoly-
nomialruntimethatgivesgoodresults.Howeveraswill beseenin
thesequelminimizationof spills neednot translateto a minimum
latency schedule.>VU a X ;VbFZ7:cC7:<dV; A H e�;�8�H C A
In Q 2 we introducenotationanddiscussthe problemsetup. In Q 3
we analyzethe forward, backward andtradeoff replacementpoli-
ciesin the context of a singlecluster. In Q 4 we discussheuristics
that exploit moredetailedinformationon the dataflow’s variables
characteristics.Webriefly discussour approachfor datapathswith
multiple clustersin Q 5. Experimentalresultsandconclusionsare
includedin Q 6 and Q 7 respectively.a X :<CF4Gf Z7gih�CV:jgkEFf ;�8�H C Alc;�89;Vb7;�8�mn; A DoDV;�89;�p�C�\qgrC2DGZ$f U

Our target architecturecon-
sistsof storage resources,functionalunits anda bus interconnect
asshown in Fig. 2. Storageresourcesareof two types:finite capac-
ity (R), high speedregisterfiles and“infinite” capacity, low speed
memoryblocks.Functionalunitsareconnectedto theregisterfiles
from which they draw their operandsandwhereinthey placetheir
results.We assumethatprimary inputsrequiredfor executionare
loadedfrom memoryinto the registerfiles usingthe finite capac-
ity bus interconnect.Similarly, primary outputsgeneratedduring
executionarestoredinto memorythroughthebus.

A dataflow is modeledby a polarDAG G s A N T t whereA is the
setof activities(operations)to beexecutedandtheedgesT arela-
beledwith dataobjectscorrespondingto the program’s variables.
The edgesrepresentboth precedenceconstraintsamongactivities
anddatatransfersthatmaybenecessaryto bringdataobjectsfrom
produceractivities to consumeractivities. Dataobjectsarefurther
partitionedinto threedisjointsetsD u PI v PO v LD corresponding

Activity
Schedule:         a1   a2   a3

                        c

Associated Data    a   t1   t1   u
Object Stream:     b    b   t2

t1 = a + b
t2 = b + c
u  = t1+t2

 

ba c
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u

a1 a2

a3

+ +

+

Figure3: Datastreamfor agivenbinding/scheduleof activities.

to: primary inputswhich are initially storedin memory, primary
outputswhich mustbe output to memory, and local dataobjects
which aregeneratedandconsumedinternallybut neednot beout-
put to memory.1 We let IDa denotethe setof input dataobjects
for an activity a w A andRDa denotea setwith the resultingdata
object.X :�CF4Ff Z$gx6989;�89Z7grZ A 8 U

As discussedin theintroduction,for clus-
teredmachinesthe binding of activities anddataobjectsto clus-
ters is a critical stepthat shouldbe performedearly on in code
generation[4, 5, 10]. In this paperwe assumethat sucha bind-
ing has beendeterminedand we are given a partial order (i.e.,
partial characterizationof the schedule)for the activities’ execu-
tion yS uzs St {0 | t | T } 1t whereSt ~ A is a setof activities to
be executedprior to thosein St � 1 � This partial orderresultsfrom
the coarse/simplifiedschedulingproblemsusedto drive the clus-
terbindingphase,thatignoresomedatapathspecifics,e.g.,register
capacitiesanddatatransfers[5].

We first considera datapathwith a singleregisterfile, i.e., sin-
gle clusteranddiscussextensionsto datapathswith multiple clus-
tersin Q 5. Also, for simplicity, we will assumethatoperandsand
resultsof activitiesaredrawn from andplacedin thesameregister
file. Supposean activity a w St is scheduledon stept. Then its
operand(s)IDa, mustbepresentin theregisterfile at time t andthe
resultRDa mustbeplacedin theregisterfile at stept P 1. Thuswe
cantranslateySinto asequenceof dataobjectsthatmustbesupport-
edby theregisterfile over time yD uos Dt {1 | t | T t whereDt ~ D
is givenby

Dt uos��
a � St

IDa t��Ys��
a � St � 1

RDa t for 1 | t | T �
Weshallassumethat {Dt { | R whereR denotesthesizeof thereg-
isterfile.

Welet Xt ~ D denotethesetof dataobjectsin theregisterfile at
time t, where {Xt { | R. In orderto ensurethatDt ~ Xt for all t, data
transfersmay needto be scheduled,possiblydelayingexecution
of theactivities in St . Given theserequirements,we canconsider
variouswaysof ‘steering’dataobjectsbetweentheregisterfile and
the memorybanksso that activities can be executedas soonas
possiblebut in theproposedorder. Considerthedataflow shown in
Fig.3, andsupposethat all operationsareboundto a singleALU
connectedto a register file. The figure shows the resultantdata
objectstreamfor thegivenpartialorderfor theactivities.

Ourproblemis to find anoptimalway to ‘steer’ dataobjectsto
andfrom memorythat will resultsin a schedulewith low latency
andenergy consumption.

1Primary inputs/outputs are associatedwith edges exiting/abutting in the
source/sinknodeof thepolarDAG.
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We shall� considervariousdataobjectreplacementpoliciespaying
specialattentionontheresultingspilling andprefetchingwindows.
All policiesareparametrizedbasedonthreesimplecontrolactions,
‘load,’ ‘replace’anddo ‘nothing.’ A loads bt actioncorrespondsto
loadinganadditionaldataobjectb w D into theregisterfile, which
is admissibleonly if thereis freespacein thefile. Thereplaces a N bt
action correspondsto replacinga dataobject a, currently in the
registerfile, with dataobjectb� For thetimebeing,weshallassume
nofurtherinformationis availableonthenatureof thedataobjects,
e.g.,PI, PO,LD, however wewill returnto this in Q 4.�%UW>Y� CV:�\^;$:<D�bGC2f H =��
Let yD u�M Dt { 1 | t | T O representaregister’sdatastream,whereDt
is thesetof dataobjectsthatneedto be in the registerfile at time
t. Our goal is to selecta sequenceof control actionsthat ensure
that Dt ~ Xt for eachtime stept. In general,control actionsare
parameterizedby pairsof setsof dataobjects s A N Bt whereA N B ~
D. Suchpairs are interpretedas replaces A N Bt i.e., the action of
replacingthe dataobjectsin A with thosein B. For exampleif
A u�M a N bO andB u�M c N d N eO thena N b wouldbereplacedwith c N d N e.
Clearlythesecorrespondto set(notnecessarilyunique)of loadand
replaceactions,e.g., M replaces a N ct�N replaces b N d t�N loads et"O . Given
thesecontrolchoicesthedynamicsof theregisterfile contentscan
bedescribedasfollows:

Admissibleaction space: weletU s Xs N Ds� 1 t denotethesetof ad-
missibleactionsat time s whentheregistercontentsareXs.
An actionUs uzs A N Bt�w U s Xs N Ds� 1 t is admissibleif it re-
sultsin anew registerstateXs� 1 satisfyingDs� 1 ~ Xs� 1 and{Xs� 1 { | R. To beadmissibleanactionUs u�s A N Bt mustbe
suchthatA ~ Xs N B � Xs u /0 N and {A { | {B { �

Systemdynamics: we let f denotethe systemdynamicscorre-
spondingto modifying the contentsof the registerbankac-
cordingto anadmissibleactionUs u�s A N Bt whichreplacesA
with B, i.e.,Xs� 1 u f s Xs N Us t�uos Xs � At$v B �

Costof an action: we assumethe cost,c s Us t , of an actionUs us A N Bt is givenby {B { thetotalnumberof dataobjectsloaded
into theregister.

Next we definetheproblemassociatedwith determiningthemini-
mumcostreplacementpolicy andasimplealgorithmicsolution.

Problem1 Givena register bankof sizeR, with initial stateX0,
that needsto supportthedatasequenceyD find a sequenceof con-
trols yU uos Us w C {0 | s | T } 1t with minimumoverall cost:

J ��s X0 N yD t�u min�
U
M T � 1

∑
s� 0

c s Us t {Xs� 1 u f s Xs N Us t�N Us w U s Xs N Ds� 1 t"O �
Algorithm 3.1(Forward Policy) Thefollowing policy is optimal
for Problem1. Starting from t u 0 with initial stateX0 proceed
forward until T } 1. At timet, giventhestateof theregisterbank
Xt , let B u Dt � 1 � Xt andselectactionsasfollows:

� if B u /0, donothing;

� elsereplaces A� N Bt where A� ~ Xt � Dt � 1 is a (not necessar-
ily unique)setof max� 0 N {Xt { P {B { } R  dataobjectswith the
largestlt s at , where lt s at is givenby

lt s at¡u min M T } 1 N min � s { a w Ds andt ¢ s | T  2O �

X0 X1 X2 X3 X4 X5 X6 X7
a a a a x c c a
y y b b b b b b£
d a b b x c b a
X0 X1 X2 X3 X4 X5 X6 X7
a a ¤ ¤ x c ¤ a
y ¤ b ¤ ¤ ¤ ¤ ¤£
d a b b x c b a

Table1: Forwardpolicy: stateevolutionandspilling windows.

Theforwardpolicy correspondsto replacingdataobjectsonlywhen
necessary, andreplacingthoseobjectswhichwill beusedthelatest
(or not usedagain)first, i.e., thosewith thelargestlt s�t � Spacepre-
cludesus from presentingour proof of optimality – it is basedon
dynamicprogrammingresults.

This policy minimizesthe numberof statechanges(cost) by
keepingdataobjectswhich are likely to be usedin the sequelin
the registerfile. As a consequenceit alsomaximizesthe average
lengthof spilling windows. Table1 exhibits thestateevolution of
the registerfile for the forward policy usingan example. The ta-
ble exhibits thedatastream yD andthestatesof theregisterfile Xt .
Considerthefirst row of dataobjectsin theregister. It showsthata,
which is neededin theregisterat time1, is replacedby x at time4.
We call this time interval its spilling windowanddenoteits length
by spillwin s a N xt2u 4 } 1 u 3. As discussedin theintroductionlarge
spilling windows correspondto availabletime to make a possible
spill of a to memorycombinedwith a load of x into the register
file. The tablebelow shows suchspilling windows usingright ar-
rows ( ¥ ) to indicatethata transactioncantake placemoving a to
x. You changedthis so you fix it!! Note that dataobjectb first
appearsin the registerat time 2 andcanbewritten to memory(if
needed)thereafter. By contrast,x is immediatelyreplacedwith c,
andhasa spilling window of length1, so thereis little leeway to
spilling x to memory, beforetime 5. We mayexpecttheschedule
to bedelayedif accessesto memoryarelengthy. Thusalthoughthe
numberof statechangesis a minimumandtheaverage sizeof the
spill windows is large,we may have somedataobjectswith very
largespill windows thatarenot fully utilized andotherswith very
small spill windows that force the delayingof the schedule.This
suggeststhat it maybe desirableto explorealternatepoliciesthat
wouldgeneratespill windows thatareconsistentlylarge.�%USa ¦ ;7=$_.\c;$:<D§bFCFf H =��
Supposeb w Dt is a dataobjectthatneedsto bein theregisterfile
at time t. If theregisteris notcurrentlyfull, wecansimplyloadthe
dataobject– in factwe couldhave prefetchedit earlier. However
if theregisteris full, a dataobjectcurrentlyin theregisterfile will
needto bereplaced.Wewill consideragreedypolicy which looks
backin timeandselectsadataobjecta� w Xt thatwasleastrecently
used, i.e.,a� w argmina M pt s at { a w Xt O wherept s at denotesthetime
thata waslastusedor is setto 0, i.e.,

pt s at�u maxM 0 N max� s { a w Ds and1 | s ¢ t  2O �
Thisbackwardlookingpolicy is summarizedbelow.

Algorithm 3.2(Backward Policy) Startingfromt u 0 with initial
stateX0 proceedforward to T } 1. At timet, giventhestateof the
registerbankXt , let B u Dt � 1 � Xt andselectactionsasfollows:

� if B u /0, donothing;

� elsereplaces A� N Bt where A� ~ Xt � Dt � 1 is a (not necessar-
ily unique)setof max� 0 N {Xt { P {B { } R  dataobjectswith the
smallestpt s at .
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X0 X1 X2 X3 X4 X5 X6 X7
a a a a x x b b
y y b b b c c a£
d a b b x c b a
X0 X1 X2 X3 X4 X5 X6 X7
a a ¤ ¤ x ¤ b b
y ¤ b b ¤ c ¤ a£
d a b b x c b a

Table2: Backwardpolicy example:stateevolutionandprefetching
windows.

Supposeadataobjecta� is replacedby b in theregisterfile at time
t, thentheprefetchingwindow is givenby prefetchwins a� N bt%u t }
pt s a� t . Thismeasuresthetime frameduringwhich thedataobject
b could have beenloadedfrom memory. Note that if b werethe
resultof anactivity at stept } 1, onewouldnot beableto prefetch
the dataobject. For the time being we ignore suchinformation
which is of courseembeddedin thedataflow. In thecasewherea
dataobjectis loadedat time t without replacementweshalldenote
its prefetchingwindow by prefetchwins /0 N bt¨u t.

Fact 3.1 Supposethe “backward policy” is usedto determinea
sequenceof controls for the register bankto supportthe data se-
quence yD given an initial conditionX0. Assumethat yD satisfies{Dt { | M for all t, and suppose(for simplicity) that R u kM for
someinteger k. Theprefetching windowassociatedwith any re-
placementof a dataobjectin theregisterfile, sayreplaces a� N bt , at
anytimet © k satisfies

prefetchwins a��N bt�u t } pt s a��tª© k } 1 �
Similarly if theregisteris notfull at timet andanobjectb is loaded
its prefetchingwindowis givenbyprefetchwins /0 N bt�u t © k } 1 �

Dueto spaceconstraintswe have not includeda proof of Fact
3.1. Its significanceis that it assuresus that the prefetchingwin-
dows associatedwith the backward policy will eventuallyalways
exceedsomeminimal size. Suchuniformity, hasadvantagesasit
ensuresall replacementswill have a reasonabletime to take place.
Thebackwardpolicy, however, hassomedrawbacksof its own. It
mayincurmany morechangesin state,andsincethecapacityof the
bus interconnectis limited it may result in increaseddelays. The
increasednumberof fetchesandspills mayincreasethelatency of
theschedulealthoughonehasconsistently‘large’ prefetchingwin-
dows in which to loaddataobjects.Table2 shows thestateevolu-
tion obtainedfor our simpleexampleusingthebackwardpolicy as
well astheassociatedprefetchingwindows. Notethatall prefetch-
ing windowsexceeds R« M t , viz., 2. Thenumberof statechangesis
5 with thebackwardpolicy while it was4 with theforwardpolicy.
As we will seein Q 6 suchcomparisonsaremoreinterestingwhen
we quantifythelatency of a schedulefor a givendatapathanduse
it asameasureto ranktheperformanceof apolicy.�%U �@¬ :�;7DGZ.C7­nbFCFf H =��®�°¯�;�89Z A =��k[.6 U�±%A Z$:<dV�³²�C A 6�EGgkb78�H C A
To find acompromisebetweenminimizingstatechanges(andthus
energy consumption)andobtaininglargeprefetchingwindows we
proposeto usepoliciesthatlook bothforwardandbackward. Sup-
posedataobjecta w Xt � Dt � 1 is acandidatefor replacementattime
t. The tradeoff policy proposedbelow takesdecisionson replace-
mentbasedon a rankingfunction rt s at that may dependon both
pt s at andlt s at aswell asvariousotheraspectsof theproblem.

Algorithm 3.3(Tradeoff Policy) Starting from t u 0 with initial
stateX0 proceedforward to T } 1. At timet, giventhestateof the
registerbankXt , let B u Dt � 1 � Xt andselectactionsasfollows:

� if B u /0, donothing;

� elsereplaces A� N Bt where A� ~ Xt � Dt � 1 is a (not necessar-
ily unique)setof max� 0 N {Xt { P {B { } R  dataobjectswith the
largestranksrt s at , where tiesarebrokenarbitrarily.

Notethatthebackwardandforwardpoliciesarearespecialcas-
eswith rankingfunctionsgivenby } pt s at andlt s at respectively. In
looking backward, it is desirableto replacedataobjectsthathave
beenin the registerfile for a long time, sincesuchreplacements
will beassociatedwith largetransactionwindows. In looking for-
ward it is desirableto retaindataobjectsthat might be reusedin
thenearfuture. We might however wantto preempttheformation
of largespill windows,particularlywhenthenumberof registersis
low. To achieve tradeoffs betweenthesetwo policieswe consider
thefollowing rankingfunctions:

rt s at¡u α s lt s atF} t t7P β s t } pt s at`t whereα N β © 0 areparame-
tersthatemphasizetheminimizationof statechangesandsizesof
prefetchingwindows respectively.´ µcZ7EG:jH 698�H =�6¶8�mV;.8·;7=�=�CFE A 8�h�CV:^DV;�89;
C24�¸jZ$=�8¶8��$bFZ
Below weproposeseveraldatatypedependenttie breakingheuris-
tics to further improve our registerassignmentpolicies. They are
basedon thecharacterizationof dataobjects,asPI, POor LD, and
thehistoryof thedataobjectin theschedule.Considerdataobjects
a N b N c andd wherea is of anydatatype, b is aPI,c is aPOandd is
a LD thatarecandidatesfor replacementat time t with samerank.
Weproposethefollowing heuristicpolicies:

1. If a will not be neededagainthenreplacea therebysaving
the extra load operationthat might have beennecessaryif
anotherdataobjectwerespilled.

2. We chooseb over d, becausereplacinga primaryinput only
incursafuturecostof aload(whenit is needed)but replacing
a localdataobjectinvolvesanadditionalstore(sothatit can
beretrievedlater)anda load(whenit is needed).

3. We choosec over d, becausea primary outputneedsto be
writtento memoryeventually, thusdoingsonow wouldincur
a total costof storeanda load.Choosingto replaced would
lead to the highercost of storeand load for the local data
objectaswell asaneventualstorefor theprimaryoutput.

4. Finally, if local dataobject,sayd, or primaryoutput,sayc,
hasbeenrecordedto memoryit never needsto be storedto
memoryagain.We might saythat thereafterthedataobject
now behaveslikeaprimaryinput. Thuswesuggestchanging
its typeto PI andapplyingtheabove rulesthereafter.

Note that theseheuristicsarenot known to be“optimal,” but they
haveastrongintuitivebasisandwork well in practice.¹Y²�f E76�89Z$:<Z$D³º�¯ ?S» DV;�89;Vb7;�8�mV6
Until now our discussionhasfocusedon a singleregisterfile. Our
approachcan however be appliedto clustereddatapathssuchas
that shown in Fig. 2. Note that, the samedataobjectmay now
be requiredin differentregisterfiles. As discussedin the sequel,
this doesnot affect our policiesin any significantway. In this new
scenariowe have m datastreamscorrespondingto m registerfiles
whichweassignusingourpoliciesasbefore.Wedo,however, need
to enforcedata-dependency constraintsacrossclusters.Specifical-
ly, we needto ensurethata dataobjectis not readfrom a register
file by a functionalunit beforeit hasbeencreatedin someother
registerfile andcopiedto its currentlocation.In suchcaseswe in-
troducestallsin theschedulethat is waiting for thecreationof the
dataobject.
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Figure 4: Representative schedulelatenciesfor varying register
sizesandload/storelatencies.
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Until herewehavediscussedpoliciesaimedatdecidingwhichdata
objectsto spill to memory, whenrequired,with a view on mini-
mizing latency. Basedon a replacementsequenceobtainedusing
the above policies, we proposeto greedily scheduletransactions
andactivities ensuringthat activities areexecutedin thespecified
order. We usea greedyschedulethatmakesthemostof spill and
prefetchwindows, andenforces,if needbe, synchronizationcon-
straintsamongstreamsassignedto differentregisterfiles,seee.g.,
Fig.2. Spaceprecludesusfrom giving adetailedaccountingof this
process.The obtainedscheduleis of coursenot necessarilyopti-
mal but certainlyexploits the locality of the stream,the spill and
prefetchwindows,andavailablebusesin agreedyfashion.

We will considerrankingpoliciesparameterizedby α w�� 0 N 1 
whereα P β u 1 N seeQ 3.3. Thusα u 1 correspondsto theforward
policy andα u 0 to thebackward policy. We have performedex-
tensive simulationson randomdatastreams,but noneis astelling
asthosefor real examples.We presenta representative streamof
dataobjectscorrespondingto the loop body of a 4th orderAven-
housfilter mappedon the datapathshown in Fig.2. Several reg-
ister file sizes,and load/storelatenciesof 1,2,3 relative to func-
tional executionareconsidered.Fig.4exhibits theoverall latency,
accountingfor tie breakingheuristics,primary input/outputtypes
of the dataobjects,for the rangeof rankingpoliciesandvarious
load/storelatencies.Themosttelling, andrecurringpatternin the
resultswe obtainedon realexamples,wasthat thebackward poli-
cy alonewasonly advantageouswhentheregisterfile wasindeed
very small,andtheload/storelatency wasalsosmall,Fact3.1sug-
gestswhy this might be the casefor larger registerfile sizesthe
forwardpolicy tendsto provide betterresults.. On theotherhand
memoryaccesseshave a first orderimpacton energy consumption
of anembeddedsystem.Rankingpoliciesbasedon bothbackward
and forward tend to be more robust to changesin the datapath’s
capacityandload/storelatencies.Fig.5 exhibits the averagespill

2

4

6

8

10

12

14

16

18

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

A
ve

ra
ge

 s
pi

ll 
w

in
do

w
 s

iz
e

Number of registers

Alpha=0
Alpha=0.2
Alpha=0.4
Alpha=0.6
Alpha=0.8
Alpha=1.0

1

2

3

4

5

6

7

8

9

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

A
ve

ra
ge

 p
re

-f
et

ch
 w

in
do

w
 s

iz
e

¿

Number of registers

Alpha=0
Alpha=0.2
Alpha=0.4
Alpha=0.6
Alpha=0.8
Alpha=1.0

Figure5: Representative averageprefetchandspill windows.

andprefetchwindows andshows the biasof the backward policy
to increasingprefetchingwindowswhile thatof theforwardpolicy
to increasingspill windows. The benefitsof thesedependon the
numberof primaryinputs/outputs,theregistersize,andthelocali-
ty in thestream.To achieve robustresultswe proposeconsidering
theparameterizedpoliciestogether, ensuringthatvarioustradeoffs
have beenexploredin attemptingto achieve a schedulewith low
latency.ÀY²�C A =.f E76�H C A 6
We discussa novel approachto the register assignmentproblem
aimedat both exploiting the locality in the streamsof datato be
supportedby theregisterfilesaswell asincurringlow delaysdueto
spills to memory. Weproposea parameterizedclassof dataobject
replacementpolicies that coversvariouscompromisesthat might
needto be madewhendetermininga minimum latency schedule
for a dataflow aswell asminimizationof spills do to energy con-
sumptionon a given datapath.Our experimentalstudieson both
syntheticdatastreams(notreported)andrealstreamsshow thatthe
policiesenableoneto explore thesecompromisesin a systematic
fashion.This work is complementaryto theproposalin [5] which
strivesto find goodjoint binding/schedulingof a dataflow to clus-
tereddatapaths,soastominimizetherequireddatatransfersamong
registerfiles.� Z�h�Z7:�Z A =�Z.6
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