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Abstract

In embeddeddata-dominatedapplicationsa globalsystem-
level data transferand storage exploration phaseis cru-
cial in obtainingan efficient solution. We havedeveloped
a novel formalism to describereusableblocks such that
the essentialpart of the designexploration freedomis re-
tained.Thisformalismis thebasisfor a system-level reuse
methodology which allows to reuselarge parts of the de-
signasstructural VHDL anddescribesthecostlydataac-
cessrelatedconstructsat higher levelsin the codehierar-
chy. Comparedto a reuseapproach basedon fixedblocks,
considerablepowerand area savingscan be obtained,as
demonstratedon real-lifevideoandmodemapplications.

1 Intr oduction

Multi-mediaandcommunicationsystemsaremoreand
more being realizedas heterogeneoussystems-on-a-chip.
An increasingpart of thesedesignsconsistsof reusedIP.
An importantresearchareais how to obtaina power effi-
cientsolutionin designsbasedon reusedcomponents.

Herewe target embeddeddata-dominatedapplications.
This includesreal-timedata-dominatedapplicationswhich
dealwith largeamountsof complex datatypes.Thisoccurs
especiallyin real-timemulti-dimensionalsignalprocessing
(RMSP)applications,in multi-mediaprocessingandin ad-
vancedcommunicationfront-ends,which handleindexed
array signals(usually in the context of loops). This do-
maincontainsmany importantapplicationslike videocod-
ing, medicalimagearchival, multi-mediaterminals,artifi-
cial vision, speechandaudiocoding,xDSL modems,and
wirelessLAN modems.

In theseapplicationdomainspowermanagementandre-
ductionis becominga major issue[1, 3, 5, 8]. As demon-
stratedby recentwork at Princeton[9], at IMEC [2] and
in theIRAM projectatBerkeley, themostimportantpower
contribution in suchdata-dominatedapplicationsis dueto
the data storageand transfers,both in customhardware

andprogrammableprocessors.Also areaand(in the pro-
grammablecase)performanceareheavily impactedby data
accessesin the memoryhierarchy. Hence,systemarchi-
tecturedesignfor data-dominatedapplicationsshouldfor a
largepartbesteeredby theorganizationof theglobaldata
transferand storage. This observation remainsvalid in a
reusecontext, motivatingthetopicof thispaper.

2 Relatedwork

In the designreusecommunity, a lot of effort is put
in facilitating reuseof blocks as is [13, 14]. Several re-
searchactivities arefocusingon the specificationof reuse
baseddesigns[11, 12], targeting correctembeddingand
functional flexibility . They do not take into accountthe
cost issuesof embeddingan IP block in anothercontext
thanit wasinitially intendedfor. Hierarchicalsynthesisre-
search[26, 24, 25] focusesonthereuseof datapathmodules
andcontrol blocks. Optimizationof the memoryarchitec-
ture is not includedin this exploration. The flexibility of
suchreusablecomponentsis alsolimited to the interfaces,
while a full explorationneedsto includethestorageorgani-
zationinternalto theblock (for examplemerging anexter-
nalbuffer with aninternalone).

At IMEC, we have demonstratedthat througha com-
bination of global and aggressive system-level data-flow
andloop transformationswith a heavily partitionedcustom
memoryorganization[16], upto afactorof 9 in peakpower
consumptioncanbesavedcomparedto conventionalsolu-
tions for the H.263 video conferencingdecoderstandard
[7] and for other realisticmulti-mediakernels[10]. This
clearly substantiatesthat the power bottleneckfor custom
processorscanbealleviatedto asignificantextent.Thiscan
happenwithout anareaor speedpenalty. Actually, our ex-
perimentshave shown that alsoarea[7] andspeed[6] can
benefitsignificantlyfrom ourapproachwhenthesecostsare
explicitly incorporatedin the explorationgoals. This sur-
prising result is mainly due to the fact that the initial al-



gorithm is heavily reorganizedwhile mappingit onto the
dedicatedmemoryorganization.This reorganizationhasa
positiveimpactonall costparameters.Theonly realpenalty
is theincreaseddesigncomplexity which canbedealtwith
by appropriate� tool support.

In this paper, we will show how theexpertisegainedby
our previouswork in this targetdomaincanbeusedto ob-
tain a systematicIP reusemethodologyfor data-dominated
low powerdesigns.It will allow to removebackgroundstor-
ageand communicationoverheadalso when an IP block
is embeddedin anothercontext than it was originally de-
signedfor, while still avoiding the greaterpart of the re-
designeffort. In currentdesignpractice,subsystemsareop-
timizedseparately. Thisstrategy leadsto agoodsolutionin
termsof designtime reductionandperformance(through-
put) but unfortunately, it will typically give riseto a signif-
icant buffer overheadto handlethe mismatchbetweenthe
dataproducedandconsumedin thedifferentsubsystems,as
shown on Figure1. For datadominatedapplications,this
hasa severenegative impacton the power, area,andsys-
temlatency. Reusingblocksof a muchfiner granularityis
anunsatisfactorysolution,sincethis allows only for a very
partialreuseof thedesigneffort. To avoid bothamajorper-
formancecost and the redesigncost, we proposeanother
system-level IP reusemethodologyintendedfor soft and
firm IP blocks. It will remedytheidentifiedproblemswith
only a small penaltyin termsof designtime, asexplained
below.

The intuitive principlesof our methodologyhave been
publishedin [27]. For illustrative examples,we refer to
that paper. The formalism and its properties,necessary
for rigorouslyapplyingour methodologyin practicewere
not presentedyet. This paperalsopresentsthe designex-
plorationat reusetime in a modemapplication. The next
sectiondevelopstheformalizedthree-layerdescriptionthat
forms the heart of our methodologyto specify reusable
data-dominatedsubsystems.Section4 statesthe detailed
reuseobjectivesandmapsthemon the formal description.
We also show how the data transferand storageexplo-
ration(DTSE)trade-offs arerepresentedin this formalism,
which resultsin anaddedIP value. A procedurethat leads
to thedesireddescriptionconcludesthatsection.Section5
summarizestheglobal reusedesignflow basedon our de-
scription and identifiespotentialdesigntransferpoints in
thedesignflow. Also this materialis novel. Section6 and
7 demonstratethe applicability of the formalism and the
methodologyonreal-lifevideoandmodemapplications.

3 Formalized three-layer description

In this sectionwe will definethe threelayerswhich we
identify in a designin order to enableour reusemethod-
ology. At the lowest layer, we find the scalaroperations;
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Figure 1. System buff er overhead intr oduced
by monolithic reuse of 2-D IDCT.

abovethatwedescribetheloopsandindexing structureand
at thetop layerwewill describetheglobalprocesscontrol.

3.1 Scalar layer

Entities at the scalarlayer aredefinedas scalaropera-
tions having n scalarsignalsasinput andm scalarsignals
asoutput.Referringto [19], a signals is definedasa setof
eventse, whichis a tag-valuecouple:s ��� e� e � T � V �	� In
thecontext of scalarsignalsin digital systems,T 
�� and
V 
� . A scalaroperationo 
 Sn � Sm with S thesetof all
signals,providesa mappingof n input signalsto m output
signals.Operationsarefunctionalandcausal.Furthermore,
we requirethat all outputsignalsdependon all input sig-
nals. If this would not be the case,the function needsto
besplit into two or moresubfunctionswith a subsetof the
outputs. A network of operationscanbe representedby a
hierarchicalCDFG[23].

3.2 Loop and Indexing layer

Each entity at the indexing layer is representedby a
set of indexing functions,defining multi-dimensionalop-
erationsin function of scalaroperations. An l -dimensio-
nal signalu is definedasu ��� e� e � T � Vk1 � k2 ��� � ��� kl �	� Se-
lection of a scalarsignalout of an l -dimensionalsignal is
possiblewith anassociatedfunctionu��
 T � Vk1 � k2 ��� � ��� kl �� l � T � V mapping � t ��� v1 � v2 ��������� vk1 � k2 ��� � ��� kl � ��� ι1 ��������� ιl ���
on � t � vι1 � k1 � ι2 � k2 � ι3 ��� � � ��� � whereι � � ι1 ��������� ιl � is the index.
A multi-dimensionaloperationis definedas � n ! m� -tuples� uin1 ��������� uinn � uout1 ��������� uoutm � satisfying"

u�in1 # uin1 � fin1 � i ��$ ��������� u�inn # uinn � finn � i ��$ �
u�out1 � uout1 � fout1 � i ��� ��������� u�outm � uoutm � foutm � i ��� $� o �

where%
o is a scalaroperation,



%
iteratori � L 
 � d where

– L is theloopscopeand

– d is thedimensionof theoperation,%
f j 
 � d � � l j with l j the dimensionof u j . f j is an
indexing function, mappingan iterator i to an index
for a multi-dimensionalsignal. The set of indexing
functionsis I .

Data transfer and storage issues related to multi-
dimensionalsignalsandoperationscanbeeffectively mod-
eledwith aclassof PolyhedralDependency Graphs(PDGs)
[20], extendedin [21] for someimportantnon-affine func-
tions.

Indexing through an indexing function mapsa multi-
dimensionalsignalto a scalarsignal,calleda datastream.
An indexing layer entity is formally definedas being 

In � O, with I the setof indexing functionsandO the set
of operationsdefinedat thescalarlayer.

From this definition it follows that the transformation
andrefinementof thescalarlayeroperationsis independent
of the indexing layerentities.This propertywill becrucial
for our methodologyandhasnot beenpublishedin earlier
work.

3.3 Processcontrol layer

In currentcomplex data-dominatedsystems-on-a-chip,
multiple datamanipulationoperationsin separatethreads
of controlareexecutingin parallel.Thedatamanipulations
insidethesethreadsaredescribedasindexing layerentities.
Thespecificationof theconcurrentthreadbehavior requires
a separatelayer. However, threadsthatcanbestaticallyor-
dered,canbedescribedasa singlethreadof control.

The conditionsguardingthe executionof the indexing
layer entities are describedat the processcontrol layer.
Theseconditionsaredefinedeitherin functionof parame-
ters(e.g.modesettings)or eventsexternalto thesystem,or
in functionof constraintsinternalto thesystem.In thiscate-
gorywealsofind system-level resourceconstraintsandtim-
ing constraints(synchronization,latency, executionrate).

Referringto [18], the systemlevel canbe describedby
a Multi-ThreadGraph(MTG), which capturesall the pro-
cesscontrol level aspectsin theMTG layer. It canalsobe
proventhatthemanipulationsinsideoneindexing layeren-
tity, encapsulatedin anMTG operationnode,areindepen-
dentfrom theconstructsinternalto theMTG layer.

4 Proposedreusabledescription

Ourreusemethodologyaimsatfindinganoptimaltrade-
off betweentwo objectives:

1. reusingpreviousdesigneffort asmuchaspossible,and

2. losingaslittle freedomin thedatatransferandstorage
explorationaspossiblewhenreusingpartsof designs
withoutchange.

In this section,we will show how theproposedformal-
ismcanbeusedto representreusabledesignsin a form that
allows on onehandto reusedesignsat levels closeto im-
plementationbut still synthesizablefromastructuralVHDL
(sVHDL) level (soft andfirm IP in VSI terminology[14]),
and on the other hand,exhibits a well-targetedflexibility
to enablea sufficiently globalexplorationof themaindata
storageandtransfersearchspace.

The key point in our approachis the formalizedthree-
layer descriptionin the block description,as illustratedin
figure2.

Process Control Layer

Loop and Index Layer

Scalar Layer

Figure 2. Layered description of reusab le de-
signs.

4.1 Scalar layer: structural reuse

The scalarlayer entitiesdescribethe arithmetic, local
control, local storageandcommunicationimplementinga
scalaroperationo. Also data-dependentcontrolconstructs
(if, while, . . . ) aredescribedat thescalarlayer. Loopson
arraysof dataaredescribedat theindexing layer.

In a reusecontext, thegoal is to reusethescalaropera-
tionswithout any change.This meansthat thedesignwill
betransferredatanoptimizedsVHDL level. Typically these
designblockswill containan FSMD with a datapathand
local control andstorage. Thanksto the definition of the
scalarlayer, reuse“as is” will nothaveany negative impact
on thesecondobjective.

It is importanttonotethatthescalarlayerentitiesdefined
herewill typically be larger than the arithmeticbuilding
blockslike addersandmultipliers that areusedin current
designs.Below weshow aradix-4operationin VHDL. The
fpadd, fpsub, andfpmpy modulesimplementfloating
point addition,subtractionandmultiplication. Theradix-4



componentasit will bereused,will typically bevery opti-
mized(not shown here)up to thestandardcell level. Opti-
mizationswill notonly beinternalto theindividualfloating
point operations,but might alsoinvolve theglobal radix-4
component.�
entity fftr4 is
port (in1r, in1i, in2r, in2i, in3r, in3i, in4r, in4i,

w1r, w1i, w2r, w2i, w3r, w3i: in std_logic_vector(..);
out1r, out1i, out2r, out2i, out3r, out3i, out4r, out4i

: out std_logic_vector(..));
end fftr4;

architecture mod of fftr4 is
[..]
begin
mpy1: fpmpy port map (w1r, in2r, m1);
mpy2: fpmpy port map (w1i, in2i, m2);
mpy3: fpmpy port map (w1r, in2i, m3);
mpy4: fpmpy port map (w1i, in2r, m4);
mpy5: fpmpy port map (w2r, in3r, m5);
mpy6: fpmpy port map (w2i, in3i, m6);
mpy7: fpmpy port map (w2r, in3i, m7);
mpy8: fpmpy port map (w2i, in3r, m8);
mpy9: fpmpy port map (w3r, in4r, m9);
mpy10: fpmpy port map (w3i, in4i, m10);
mpy11: fpmpy port map (w3r, in4i, m11);
mpy12: fpmpy port map (w3i, in4r, m12);
sum1: fpsub port map (m1, m2, br);
[..]
sum19: fpsub port map (apcr, bpdr, out3r);
sum20: fpsub port map (apci, bpdi, out3i);
end mod;

4.2 Indexing layer: behavioral reuse

At the indexing layer, the nestedloop operationson
multi-dimensionaldatastreamsin the multi-mediaappli-
cation are described. These large arrays are typically
storedin backgroundmemory. The optimal organization
of themulti-dimensionaldataflowswill dependonthecon-
text in which the componentis reused. This meansthat,
in contrastto a scalar layer function, no optimized and
fixed descriptionat the sVHDL level is desiredhere. In-
stead,thedescriptionshouldexpressthemulti-dimensional
data-flow presentin thealgorithm,favoring analgorithmic
(functional)descriptionin e.g.C or (high-level) behavioral
VHDL (bVHDL).

Asasimpleexampleof anindexinglayerentity, weshow
an implementationof the third stepin a 512 point radix-2
FFT(takenfrom theADSL modemcontext), written in C:

for (k = 0; k < 256; k++){
l = ((k<<1)&0x1F8) | (k&0x03);
l = ((l&0x01)<<8) + ((l&0x02)<<6) + ((l&0x04)<<4) +

((l&0x08)<<2) + (l&0x10) + ((l&0x20)>>2) +
((l&0x40)>>4) + ((l&0x80)>>6) + ((l&0x100)>>8);

FFT2(out[l], out[l+64], in[l], in[l+64], W[(k&0x03)<<6]);
}

FFT2 is herea scalarlayerentity. Theone-dimensional
iterator is k andl, l+64, and(k&0x03)<<6 are the
indexing functions.

Themostimportantaspectin areusecontext is thatcode
describedat theindexing layeris abstractingenoughof the
lower-level implementationto heavily simplify the explo-
ration andverification(evenwithout tool support). More-
over, the designeffort to synthesizethe modifiedbVHDL
to sVHDL and to verify the result, can be largely auto-
mated[10].

4.3 Processcontrol layer: behavioral reuse

Controlconstructswhichcannotbestaticallyorderedare
outsidethescopeof theloopnestoptimizationsin [10]. For
this reason,theprocesscontrolflow is describedin a sepa-
ratelayer.

Supposethat in anADSL applicationtheFFT in there-
ceivepathandtheIFFT in thetransmitpatharesharingthe
radix-n hardware. The executionof the receive andtrans-
mit pathoperationsareindependentandarefunctionof dy-
namictraffic andchannelparameters.Thismeansthatboth
operationsare describedin separatethreads. Apart from
instantiatingboth threads,the processcontrol layer also
expressesthe resourceconstraintson the sharedhardware
units. For mostmultimediaandtelecomkernels,this layer
is currentlyrelatively simplestill. Therefore,no furtherde-
tailsof how tohandlecomplex processcontrolbehavior will
begivenin thispaper.

4.4 Reusablecomponentdescription

A reusabledescriptionconsistsof thecombinationof the
entitiesat the threelayers. Writing designsasa combina-
tion of constructsat differentabstractionlevels implies a
relatively limited increasein effort to designthe reusable
component.This is motivatedhowever by the fact thatwe
obtainamaximalreuseof thedesigneffort, while still guar-
anteeinga nearlycompleteexplorationof global dataand
controlflow optimizationsin theDTSEmethodology. The
costadvantageobtainablein this way, will be illustratedin
section6 and7.

Note that the proposeddescriptionstill providesa bit-
true executablemodelof the design. This is importantto
validatethetransformationsandto verify theintegrationin
a reusecontext.

4.5 Obtaining the reusablecomponent descrip-
tion

The startingpoint canbe eithera functionalor a struc-
turaldescription,thefirst whendesigningfor reuse,thelat-
ter whenredesigningfor reuse.Thefirst stepis the identi-
ficationof scalarlayerentityboundaries.Thisstepis based
on the definition in 3.1, requiringscalarinput andoutput
streams. Eachscalarlayer entity is then mappedinto an
internallyoptimizedstructuraldescriptionwith scalardata
streaminterface.

It is importantto remarkherethat in order to increase
even further the amountof reusein the design,an experi-
enceddesignercould decideto structurallyreusepartsof
the designthat do not belongto the scalarlayer. For ex-
ample,small loops andarraystructurescan be integrated
in a scalarlayer entity, if the potentialloop and indexing



layeroptimizationgainwould be limited. Suchdiversions
of theformalizedlayering,tradingoff explorationfreedom
for reuseof designeffort, will bebasedonthoroughknowl-
edgeof thedesignandconstitutespartof theaddedvalueof
theIP& block.

In thesecondstep,theboundariesof the indexing layer
entitiesaredefined. Control constructsthat arenot loops
belongto the processcontrol layer. The reusevs. explo-
ration freedomtrade-off may legitimatehowever to move
someprocesscontrolconstructsto thescalarlayer, e.g. an
externalparametersteeringa global conditionwhich does
not remove any opportunitiesin thedatatransferandstor-
ageexplorationwhenmovedto thescalarlayer. For exam-
ple theselectionbetweentwo differentfiltering operations,
initially implementedas two separateindexing layer enti-
tiescalledfrom theprocesscontrol layer, couldbewritten
asasingleindexing layerentitywherethecallsto thescalar
layerentitiesnow potentiallyhaveanextraparameterto in-
dicatetheoperatingmode.

Once the boundariesbetween indexing and process
control layer are identified, eachindexing layer entity is
mappedinto a behavioral description,instantiatingscalar
layer entitiesandthe processcontrol layer is mappedto a
behavioral description,instantiatingindexing layerentities.

5 Overall reusemethodology

Figure3 illustratesthedesignstepsstartingfrom thepro-
poseddescriptionandleadingtowardsa netlist.

optimized 
description

sVHDL
(RT, part. netlist) sVHDL

bVHDL

netlist

Proposed layered description:
(= potential IP)

(= potential IP)

DTSE

structural synthesis

assembly code

linking

linked assembly

compilation

C/C++

assembly code

custom hardware
embedded software

(= potential IP)

behavioral synthesis interface
synthesis+

Figure 3. Reuse design flo w, identifying po-
tential points of design transf er.

At reusetime, the loop andindexing layer descriptions
areusedasinput for asystem-level DTSEapproach[2, 16],
deliveringanoptimizeddatatransferandstoragesolutionin

theactualimplementationcontext. Thetransformedbehav-
ioral descriptionof theindexingandprocesscontrollayeris
mappedto anRT descriptionusingexistingbehavioral syn-
thesistools,instantiatingthescalarlayerentities.Interface
synthesisis usedtogeneratetheinterfacebetweenhardware
andsoftwareblocks. After structuralsynthesis,this results
in a global netlist descriptionof the IP block or in linked
assemblycodein thesoftwarecase.

Dependingon theappliedreusebusinessmodel,onecan
eitherprovide thelayereddescriptionasIP block,allowing
theIP integratortooptimizetheIPblockin theirdesignflow
andapplicationcontext. Alternatively, the IP provider can
performthe optimizations,providing a very cost-effective
customer-specificsolutionatareducedengineeringcostfor
many customers.In thiscaseeithersVHDL or a full netlist
canbeproduced.

6 Demonstrationon ADSL modem

In this sectionwe discussthe data transferand stor-
ageexplorationin anAsymmetricDigital SubscriberLoop
(ADSL) modembuilt with reusablecomponentsusingthe
proposedmethodology. It is not our goal to presentan
optimal topology but to demonstratethat our methodol-
ogy enablesa completeexplorationof the relevant design
freedomin data-dominatedapplications.It will be shown
that an optimal solutiondependsstronglyon the interface
to theneighboringcomponentsandon the implementation
technology, sincethis will changethe cost ratiosbetween
large and small memories(caches),logic, and intercon-
nect. This justifies the presentedreusemethodology, ex-
posingthe flexibility in thedatatransferandstorageorga-
nizationandreusingunrelatedlogic optimizations.Thefor-
malizedmodelwill beillustratedon severalcomponentsof
theADSL application.

Figure4 showspartof anADSL modem[15]. After the
FFTafrequency domainequalizing(FEQ)andarotoroper-
ationareappliedto copewith thephysicalmediumimpair-
mentsand the sender–receiver frequency mismatch. The
filter coefficientsareupdateddynamicallyduringoperation
andarecalculatedin software.

In figure4b, we show the threelayerdescriptionof the
FFT-FEQ-rotorpart,which consistsof scalarlayerentities
for theradix-2FFT andthecomplex productoperation.At
the indexing layerwe have thedescriptionof the indexing
for thedifferentFFT-stagesimplementingan in-placebut-
terflyandfor theFEQ-andROTOR-stage.Thesystemlayer
aspectsareimplementedin software.

With a 9-stepsradix-2 implementationin a .35 µm ref-
erenceASIC technologyof the FFT, the centralRAM ac-
cessesconsumearound200mW. This is a largepowercon-
tributioncomparedto theFFTarithmeticoperations,which
amountto around57mW.
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A first alternativereplacestheradix-2stageswith radix-4
stages.Thisis analgorithmictransformationattheindexing
layer, whereanew indexing layerentityfor theradix-4FFT
replacestwo radix-2stages(optimizedradix-n modulesare
assumedto be availablein a reuselibrary). Applying this
substitutionfour timesreducesthe power for the accesses
to the centralRAM to 115 mW. Thearithmeticpower de-
creaseswith 16% (seeFig. 5). In a completeexploration
of the FFT, one hasto look also at higher radix configu-
rations,giving an additionalcentralRAM and arithmetic
power gain. This gain comesat a costof extra designef-
fort andamuchlargerarea(alsoincreasingtheinterconnect
power),soa cleartrade-off is involvedhere.Anotherstrat-
egy to exploreis thereorganizationof thebutterfly compu-
tation to increasedatalocality [22], makingtheusageof a
datacachemorepowerefficient.

FFT logic storage
9*radix-2– FEQ– ROT 57 mW 199mW
4*radix-4– radix-2– FEQ– ROT 48 mW 115mW
4*radix-4– (radix-2,FEQ,ROT) 48 mW 94 mW

Figure 5. Power savings in an ADSL FFT-FEQ-
ROT resulting from DTSE exploration.

A secondalternative involvesa betterinterfacingof the
FFT componentwith theneighboringcomponents.We ob-
serve that loop merging can be appliedbetweenthe last
stageof theFFTandtheFEQandrotorblock,bypassingin-
termediateRAM accesses.Performingthis optimizationat

reusetime transformstheindexing layerentities,while the
scalarlayerentitiesremainunchanged.If this optimization
would have beenidentifiedin theconventionalapproach,a
full redesignof thehardwareIP blockwouldhavebeennec-
essary. With ourmethodology, it is possibleto reusemostof
thedesign(at sVHDL level) while only modifying theap-
propriateloopsandindexedsignalaccesses.Another18%
powerreductionresultsfrom thisoptimizationwhichcanbe
obtainedwith limited redesigneffort.

During theexplorationalsotheapplicabilityon reusable
softwarecomponentswassubstantiated.The filter coeffi-
cientsfor the adaptive FEQ arecalculatedin software. In
anoptimizeddesign,thecoefficientupdateis synchronized
with thefilter operation,avoidinga doublebuffering. If the
softwareis describedaccordingto thepresentedmethodol-
ogy, i.e. with a heavily optimized(partly assemblylevel)
codeat the scalarlayer and only the loops accessingthe
indexedsignalsin high-level C codeat the indexing layer.
Then,generatingthecoefficientsin thedesiredorderis only
aquestionof changingthelastloop. Thisway, thelargein-
termediatebuffer will be avoidedresultingin a significant
areasaving (in the orderof 1 mm2 for a .35 µm reference
technology).

With this exampleit is shown for a realisticdemonstra-
tor how themethodologyallowsto maketrade-offs at reuse
time over the boundariesof predefinedIP componentsin
both hardwareand software. Countedin numberof final
gates,theamountof reusewaswell above90%.

7 Other demonstrators

In [27] a two-dimensionalIDCT asfoundin MPEGde-
codinghasbeenpresentedasacomponenttobereused.The
indexing layerin thisexampleconsistsof two loopsover1-
D IDCT operations.Applying theproposedreusemethod-
ologyallowedto avoid bufferingat theinterfacein many re-
alisticconfigurationswhereconventionalapproacheswould
insertbuffers. Thetotal power andaresavingswereof the
sameorderasthecostof thedatapath.

In other experiments, larger and even more data-
dominatedsystemshavebeenstudiedonwhichaglobalex-
plorationwasperformed.Theresultsindicatethat in these
casesan even larger cost gain can be expected. Aggres-
sive optimizationof a completeH.263video conferencing
decoderhasshown a reductionof thepeakmemorypower
consumptionby a factor9 comparedto a conventionalim-
plementation[7]. In a parallel processorimplementation
of aQSDPCM(QuadtreeStructuredDifferencePulseCode
Modulation)videocodec,aglobalareaandpoweroptimiza-
tion stepearly in thesystemdesigncycle reducedareaand
power costsby ordersof magnitude[17]. In thecontext of
softwaredevelopmentfor embeddedprocessors,a system
level datatransferandstorageexplorationon an MPEG-2



decoderhasresultedin an averagefactorof 3.7 in power
reduction[6].

Using the proposedformalism and methodology, the
sameexploration is still possiblein a reusebasedsystem
design' for theseapplicationdomains.Theproposedthree-
layer formalism hasactuallybeensuccessfullyappliedto
severalof thesedesignsalready.

8 Conclusion

We have presentedthe formalism behinda systematic
power optimizing design-for-reusemethodologyfor soft
and firm IP blocks in data-dominatedapplications. This
methodologymakes it possibleto minimize data trans-
fer and storagerelatedpower and areawhen reusableIP
blocksareput into anothercontext thanwhatthey werede-
signedfor, by applyinga globalexplorationof datastorage
andtransfer. The extra design-for-reuseeffort incurredby
the designeris minimal, whereasexperimentson realistic
driversin several applicationdomainshave shown signifi-
cantsavingsin powerandarea.

Furtherresearchis necessaryto identify and formalize
the constraintsfrom the processcontrol layer which drive
thetasklevel parallelismexploration(asin [17]).
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