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Abstract

In embeddedata-dominateépplicationsa global system-
level data transferand storage exploration phaseis cru-
cial in obtainingan efficient solution. We havedeveloped
a novel formalismto describereusableblocks sud that
the essentialpart of the designexploration freedomis re-
tained. Thisformalismis the basisfor a system-leel reuse
methodolgy which allows to reuselarge parts of the de-
signasstructural VHDL and describeghe costlydataac-
cessrelatedconstructsat higherlevelsin the codehierar-
chy. Compaedto a reuseappmoac basedon fixedblodks,
consideable power and area savingscan be obtained,as
demonstatedon real-life videoand modenapplications.

1 Intr oduction

Multi-media and communicatiorsystemsare moreand

more being realizedas heterogeneousystems-on-a-chip.

An increasingpart of thesedesignsconsistsof reusedIP.
An importantresearchareais how to obtaina power effi-
cientsolutionin designshasedn reuseccomponents.

Here we target embeddediata-dominate@pplications.
This includesreal-timedata-dominatedpplicationswvhich
dealwith largeamountf comple datatypes.Thisoccurs
especiallyin real-timemulti-dimensionakignalprocessing
(RMSP)applicationsjn multi-mediaprocessingndin ad-
vancedcommunicationfront-ends,which handleindexed
array signals(usually in the context of loops). This do-
main containsmary importantapplicationdik e video cod-
ing, medicalimagearchial, multi-mediaterminals,artifi-
cial vision, speechandaudio coding,xDSL modems.and
wirelessLAN modems.

In theseapplicationdomaingpover managemerdandre-
ductionis becominga majorissue[l, 3, 5, 8]. As demon-
stratedby recentwork at Princeton[9], at IMEC [2] and
in theIRAM projectat Berkeley, the mostimportantpower
contribution in suchdata-dominatedpplicationsis dueto
the data storageand transfers,both in customhardware

and programmablerocessors Also areaand (in the pro-
grammablease)performancareheaily impactedby data
accessein the memoryhierarchy Hence,systemarchi-
tecturedesignfor data-dominatedpplicationsshouldfor a
large partbe steeredy the organizationof the global data
transferand storage. This obsenation remainsvalid in a
reusecontext, motivatingthetopic of this paper

2 Relatedwork

In the designreusecommunity a lot of effort is put
in facilitating reuseof blocksasis [13, 14]. Severalre-
searchactiities arefocusingon the specificationof reuse
baseddesigns[11, 12], targeting correctembeddingand
functional flexibility. They do not take into accountthe
costissuesof embeddingan IP block in anothercontext
thanit wasinitially intendedfor. Hierarchicalsynthesige-
searchj26, 24, 25| focusenthereuseof datapatimodules
andcontrol blocks. Optimizationof the memoryarchitec-
ture is not includedin this exploration. The flexibility of
suchreusablecomponentss alsolimited to the interfaces,
while afull explorationneedgo includethe storageorgani-
zationinternalto the block (for examplemerging an exter-
nal buffer with aninternalone).

At IMEC, we have demonstratedhat througha com-
bination of global and aggressie system-lgel data-flav
andlooptransformationsvith a heavily partitionedcustom
memoryorganizatior16], upto afactorof 9 in peakpower
consumptiorcanbe sarzed comparedo corventionalsolu-
tions for the H.263 video conferencingdecoderstandard
[7] andfor otherrealistic multi-mediakernels[10]. This
clearly substantiatethat the power bottleneckfor custom
processorsanbealleviatedto a significantextent. This can
happenwithout anareaor speedpenalty Actually, our ex-
perimentshave shavn thatalsoarea[7] andspeed6] can
benefitsignificantlyfrom ourapproactwhenthesecostsare
explicitly incorporatedn the explorationgoals. This sur
prising resultis mainly dueto the fact that the initial al-



gorithmis heavily reomganizedwhile mappingit onto the
dedicatednmemoryorganization.This reolganizationhasa
positveimpactonall costparametersTheonly realpenalty
is theincreasediesigncompleity which canbe dealtwith

by appropriatdool support.

In this paperwe will shav how the expertisegainedby
our previouswork in this targetdomaincanbe usedto ob-
tain a systematidP reusemethodologyfor data-dominated
low powerdesignsit will allow toremovebackgroundtor
age and communicationoverheadalso when an IP block
is embeddedn anothercontect thanit was originally de-
signedfor, while still avoiding the greaterpart of the re-
desigreffort. In currentdesignpractice subsystemareop-
timizedseparatelyThis stratgy leadsto agoodsolutionin
termsof designtime reductionand performancgthrough-
put) but unfortunatelyit will typically give riseto a signif-
icant buffer overheado handlethe mismatchbetweenthe
dataproducedandconsumedn thedifferentsubsystemsas
shavn on Figure 1. For datadominatedapplicationsthis
hasa severe negative impacton the power, area,and sys-
temlateng. Reusingblocksof a muchfiner granularityis
anunsatiséctorysolution,sincethis allows only for avery
partialreuseof thedesigneffort. To avoid bothamajorper
formancecost and the redesigncost, we proposeanother
system-lgel 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 rigorously applying our methodologyin practicewere
not presentedet. This paperalso presentghe designex-
plorationat reusetime in a modemapplication. The next
sectiondevelopsthe formalizedthree-layedescriptiornthat
forms the heartof our methodologyto specify reusable
data-dominatedubsystems.Section4 statesthe detailed
reuseobjectvesand mapsthemon the formal description.
We also shawv how the datatransferand storageexplo-
ration (DTSE)trade-ofs arerepresente¢h this formalism,
whichresultsin anaddedIP value. A procedurghatleads
to the desireddescriptionconcludeghatsection.Section5
summarizeshe global reusedesignflow basedon our de-
scription and identifies potential designtransferpointsin
the designflow. Also this materialis novel. Section6 and
7 demonstratehe applicability of the formalism and the
methodologyonreal-life videoandmodemapplications.

3 Formalized three-layer description

In this sectionwe will definethe threelayerswhich we
identify in a designin orderto enableour reusemethod-
ology. At the lowestlayer, we find the scalaroperations;
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Figure 1. System buffer overhead intr oduced
by monolithic reuse of 2-D IDCT.

abovethatwe describeheloopsandindexing structureand
atthetop layerwe will describeheglobalprocessontrol.

3.1 Scalarlayer

Entities at the scalarlayer are definedas scalaropera-
tions having n scalarsignalsasinput andm scalarsignals
asoutput. Referringto [19], asignalsis definedasa setof
eventse, whichis atag-valuecouple:s={elee T xV}.In
the contet of scalarsignalsin digital systems;T C R and
V C Q. A scalaroperationo C S" x S" with Sthesetof all
signals,providesa mappingof n input signalsto m output
signals.Operationarefunctionalandcausal.Furthermore,
we requirethat all outputsignalsdependon all input sig-
nals. If this would not be the case,the function needsto
be split into two or moresubfunctionsvith a subsebf the
outputs. A network of operationscanbe representedby a
hierarchicalCDFG[23].

3.2 Loop and Indexing layer

Each entity at the indexing layer is representedy a
setof indexing functions, defining multi-dimensionalop-
erationsin function of scalaroperations. An |I-dimensio-
nal signalu is definedasu = {elee T x Vkike-k} Se-
lection of a scalarsignalout of an|-dimensionakignalis
possiblewith anassociatedunctionu’ C T x VKKK
Z'x T xV mapping (t, (V1,V2, ..., Vig ky....k )> (11,---511))
ON (4, Vi ky (1p+ko(13+...))) Wheret = (11,...,1y) is theindex.
A multi-dimensionabperationis definedas (n+ m)-tuples
(Uin 1>++->Uinp Youtts- - uOUtm) SatiSfying

(41 (i i ) Ui (i finn ©)

Uloutl (Uouts; fouta (1)) 5---» u/()utm(uOUtma foutm(i)))
€0,

where

e Oisascalaroperation,



o iteratori € L ¢ Z9 where

— L istheloopscopeand
— dis thedimensionof theoperation,

e f; C Z9x Z! with | the dimensionof uj. f; is an
indexing function, mappingan iteratori to an index
for a multi-dimensionalsignal. The set of indexing
functionsis I.

Data transfer and storage issues related to multi-
dimensionakignalsandoperationsanbe effectively mod-
eledwith aclassof PolyhedraDependeng GraphgPDGS)
[20], extendedin [21] for someimportantnon-afine func-
tions.

Indexing through an indexing function mapsa multi-
dimensionakignalto a scalarsignal,calleda datastream.
An indexing layer entity is formally definedas being C
I" x O, with | the setof indexing functionsand O the set
of operationglefinedatthe scalarayer.

From this definition it follows that the transformation
andrefinemenbf the scaladayeroperationss independent
of theindexing layerentities. This propertywill be crucial
for our methodologyandhasnot beenpublishedin earlier
work.

3.3 Proces<ontrol layer

In currentcomplex data-dominatedystems-on-a-chip,
multiple datamanipulationoperationsin separatehreads
of controlareexecutingin parallel. Thedatamanipulations
insidethesethreadsaredescribedsindexing layerentities.
Thespecificatiorof theconcurrenthreadbehaior requires
aseparatdayer. However, threadghatcanbe staticallyor-
deredcanbedescribedasa singlethreadof control.

The conditionsguardingthe executionof the indexing
layer entities are describedat the processcontrol layer
Theseconditionsare definedeitherin function of parame-
ters(e.g.modesettings)r eventsexternalto the systempr
in functionof constraintsnternalto thesystem.n this cate-
gorywe alsofind system-lgel resourceonstraintandtim-
ing constraintgsynchronizationlateng, executionrate).

Referringto [18], the systemlevel canbe describedoy
a Multi-Thread Graph(MTG), which capturesall the pro-
cesscontrollevel aspectsn the MTG layer. It canalsobe
proventhatthe manipulationsnsideoneindexing layeren-
tity, encapsulateth an MTG operationnode,areindepen-
dentfrom the constructsnternalto the MTG layer.

4 Proposedreusabledescription

Ourreusemethodologyaimsatfindinganoptimaltrade-
off betweertwo objectives:

1. reusingpreviousdesignreffort asmuchaspossibleand

2. losingaslittle freedomin the datatransferandstorage
explorationaspossiblewhenreusingpartsof designs
withoutchange.

In this section,we will shav how the proposedormal-
ism canbe usedto representeusablelesignsn aform that
allows on one handto reusedesignsat levels closeto im-
plementatiorbut still synthesizabl&om astructuraMVHDL
(sVHDL) level (softandfirm IP in VSI terminology[14]),
and on the other hand, exhibits a well-targetedflexibility
to enablea sufficiently global explorationof the maindata
storageandtransfersearchspace.

The key pointin our approachs the formalizedthree-
layer descriptionin the block description,asillustratedin
figure2.

Process Control Layer

Loop and Index Layer
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Figure 2. Layered description of reusable de-
signs.

4.1 Scalarlayer: structural reuse

The scalarlayer entities describethe arithmetic, local
control, local storageand communicationimplementinga
scalaroperationo. Also data-dependerontrol constructs
(if, while, ...) aredescribedat the scalarlayer. Loopson
arraysof dataaredescribedattheindexing layer

In areusecontext, the goalis to reusethe scalaropera-
tionswithout ary change.This meanghat the designwill
betransferrecitanoptimizedsVHDL level. Typically these
designblockswill containan FSMD with a datapathand
local control and storage. Thanksto the definition of the
scalarayer, reuse‘asis” will nothave ary negative impact
onthesecondbjective.

It isimportantto notethatthescaladayerentitiesdefined
herewill typically be larger than the arithmetic building
blockslike addersand multipliers that are usedin current
designsBelow we showv aradix-4operationin VHDL. The
f padd, f psub, andf pmpy modulesimplementfloating
point addition,subtractiorandmultiplication. Theradix-4



componenasit will bereusedwill typically be very opti-
mized(not shavn here)up to the standarctell level. Opti-
mizationswill notonly beinternalto theindividual floating
point operationsput might alsoinvolve the global radix-4
component.

entity fftrd is

port (inlr, inli, in2r, in2i, in3r, in3i, indr, indi,
wir, wli, w2r, w2i, wdr, wadi: in std_logic_vector(..);
outlr, outli, out2r, out2i, out3r, out3i, out4dr, outdi

: out std_logic_vector(..));

end fftr4;

architecture nod of fftr4 is

[--]

begin

npyl: fpnpy port map (wlr, in2r, nti);

npy2: fpnpy port map (wWli, in2i, n2);

npy3: fpnpy port map (wlr, in2i, nB);

npy4: fpnpy port map (wli, in2r, m);

npy5: fpnpy port map (w2r, in3r, nb);

npy6: fpnpy port map (wW2i, in3i, n6);

npy7: fpnpy port map (w2r, in3i, nv);

npy8: fpnpy port map (wW2i, in3r, nB);

npy9: fpnpy port map (w3r, indr, nB);

npy10: fpnpy port map (w3i, indi, ml0);

npyll: fpnpy port map (w3r, indi, nll);

npyl2: fpnpy port map (wW3i, indr, nl2);

suml: fpsub port map (nmi, n2, br);

[-1]

suml9: fpsub port map (apcr, bpdr, out3r);

sunR0: fpsub port map (apci, bpdi, out3i);

end nod;

4.2 Indexing layer: behavioral reuse

At the indexing layer, the nestedloop operationson
multi-dimensionaldata streamsin the multi-mediaappli-
cation are described. Theselarge arrays are typically
storedin backgroundmemory The optimal organization
of themulti-dimensionatataflows will depencnthecon-
text in which the components reused. This meansthat,
in contrastto a scalarlayer function, no optimized and
fixed descriptionat the sVHDL level is desiredhere. In-
steadthedescriptionshouldexpresshe multi-dimensional
data-flav presenin the algorithm,favoring an algorithmic
(functional)descriptionin e.g.C or (high-level) behaioral
VHDL (bVHDL).

As asimpleexampleof anindexing layerentity, we shav
animplementatiorof the third stepin a 512 point radix-2
FFT (takenfrom the ADSL modemcontext), writtenin C:

= 0; k < 256; k++){
((k<<1) &0x1F8) | (k&0x03);
( (1 &x01) <<8) + ( (I &0x02)<<6) + ((|&0x04)<<4) +
((180x08) <<2) + (I&0x10) + ((1 &80x20) >>2) +

((1 80x40) >>4) + ( (1 &0x80)>>6) + ((|&0x100)>>8);
FFT2(out[1], out[1+64], in[l], in[l+64], W (k&0x03)<<6]);

for (k
| =
| =

FFT2 is herea scalarlayerentity. The one-dimensional
iteratoris k andl , | +64, and( k&0x03) <<6 arethe
indexing functions.

Themostimportantaspecin areusecontet is thatcode
describedht the indexing layeris abstractingenoughof the
lower-level implementatiorto heavily simplify the explo-
ration and verification (even without tool support). More-
over, the designeffort to synthesizehe modifiedbVHDL
to sVHDL and to verify the result, can be largely auto-
mated[10].

4.3 Proces<ontrol layer: behavioral reuse

Controlconstructsvhichcannotbestaticallyorderedare
outsidethescopeof theloop nestoptimizationsn [10]. For
this reasonthe processontrolflow is describedn a sepa-
ratelayer

Supposéhatin anADSL applicationthe FFT in there-
ceive pathandthe IFFT in thetransmitpatharesharingthe
radix-n hardware. The executionof the receve andtrans-
mit pathoperationsareindependenandarefunctionof dy-
namictraffic andchanneparametersThis meanghatboth
operationsare describedin separatehreads. Apart from
instantiatingboth threads,the processcontrol layer also
expresseghe resourceconstraintson the sharedhardware
units. For mostmultimediaandtelecomkernels this layer
is currentlyrelatively simplestill. Thereforenofurtherde-
tailsof how to handlecomplex procesgontrolbehaior will
begivenin this paper

4.4 Reusablecomponentdescription

A reusablalescriptiorconsistof thecombinatiorof 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 factthatwe
obtainamaximalreuseof thedesigneffort, while still guar
anteeinga nearly completeexploration of global dataand
controlflow optimizationsin the DTSE methodology The
costadvantageobtainablen this way, will beillustratedin
section6 and?.

Note that the proposeddescriptionstill providesa bit-
true executablemodel of the design. This is importantto
validatethe transformationsindto verify the integrationin
areusecontext.

4.5 Obtaining the reusable component descrip-
tion

The startingpoint canbe eithera functionalor a struc-
tural descriptionthefirst whendesigningfor reusethelat-
ter whenredesigningor reuse.The first stepis the identi-
ficationof scalarlayerentity boundariesThis stepis based
on the definition in 3.1, requiring scalarinput and output
streams. Eachscalarlayer entity is then mappedinto an
internally optimizedstructuraldescriptionwith scalardata
streaminterface.

It is importantto remarkherethatin orderto increase
even further the amountof reusein the design,an experi-
enceddesignercould decideto structurallyreuseparts of
the designthat do not belongto the scalarlayer For ex-
ample,small loops and array structurescan be integrated
in a scalarlayer entity, if the potentialloop andindexing



layer optimizationgainwould be limited. Suchdiversions
of theformalizedlayering,tradingoff explorationfreedom
for reuseof designeffort, will bebasedn thoroughknowl-
edgeof thedesignandconstitutepartof theaddedvalueof
thelP block.

In the secondstep,the boundarie®f the indexing layer
entitiesare defined. Control constructghat are not loops
belongto the processcontrol layer The reusevs. explo-
ration freedomtrade-of may legitimate however to move
someprocessontrol constructgo the scalarlayer, e.g. an
external parametesteeringa global conditionwhich does
not remove ary opportunitiesn the datatransferandstor
ageexplorationwhenmovedto the scalarayer. For exam-
ple the selectionbetweertwo differentfiltering operations,
initially implementedastwo separaténdexing layer enti-
ties calledfrom the processcontrol layer, could be written
asasingleindexing layerentitywherethecallsto thescalar
layerentitiesnow potentiallyhave anextra parameteto in-
dicatethe operatingmode.

Once the boundariesbetweenindexing and process
control layer are identified, eachindexing layer entity is
mappedinto a behaioral description,instantiatingscalar
layer entitiesandthe processcontrol layer is mappedo a
behaioral descriptionjnstantiatingndexing layerentities.

5 Overall reusemethodology

Figure3illustrateshedesignstepsstartingfrom thepro-
poseddescriptionandleadingtowardsa netlist.

Proposed layered descriptioy
(= potential IP)

embedded software

optimized
description

behavioral synthei§ interface
compilation synthesi s

SVHDL
assembly code

structural synthes(s

linked assembly

RT. part. netlist

assembly code

= potential IP)

= potential IP)

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

At reusetime, the loop andindexing layer descriptions
areusedasinputfor asystem-lgel DTSEapproacHh2, 16],
deliveringanoptimizeddatatransferandstoragesolutionin

theactualimplementatiorcontet. Thetransformedeha-
ioral descriptiorof theindexing andprocesgontrollayeris
mappedo anRT descriptiorusingexisting behaioral syn-
thesistools, instantiatingthe scalarayer entities. Interface
synthesiss usedto generateheinterfacebetweerhardware
andsoftwareblocks. After structuralsynthesisthis results
in a global netlist descriptionof the IP block or in linked
assemblycodein the softwarecase.

Dependingpntheappliedreusebusinessnodel,onecan
eitherprovide the layereddescriptionas|P block, allowing
thelP integratorto optimizethelP blockin theirdesignflow
andapplicationcontet. Alternatively, the IP provider can
performthe optimizations,providing a very cost-efective
customerspecificsolutionatareducedengineeringostfor
mary customersin this caseeithersVHDL or afull netlist
canbeproduced.

6 Demonstrationon ADSL modem

In this sectionwe discussthe datatransferand stor
ageexplorationin an AsymmetricDigital Subscribet.oop
(ADSL) modembuilt with reusablecomponentaisingthe
proposedmethodology It is not our goal to presentan
optimal topology but to demonstratahat our methodol-
ogy enablesa completeexploration of the relevant design
freedomin data-dominate@pplications. It will be shavn
that an optimal solution dependsstrongly on the interface
to the neighboringcomponentsndon the implementation
technology sincethis will changethe costratios between
large and small memories(caches),logic, and intercon-
nect. This justifiesthe presentedeusemethodology ex-
posingthe flexibility in the datatransferandstorageorga-
nizationandreusingunrelatedogic optimizations.Thefor-
malizedmodelwill beillustratedon severalcomponentsf
the ADSL application.

Figure4 shows partof an ADSL modem[15]. After the
FFTafrequeny domainequalizing(FEQ)andarotoroper
ationareappliedto copewith the physicalmediumimpair-
mentsand the senderrecever frequeng mismatch. The
filter coeficientsareupdateddynamicallyduringoperation
andarecalculatedn software.

In figure 4b, we shaw the threelayer descriptionof the
FFT-FEQ-rotorpart, which consistsof scalarlayer entities
for theradix-2 FFT andthe comple< productoperation.At
theindexing layerwe have the descriptionof the indexing
for the differentFFT-stagesmplementingan in-placebut-
terfly andfor theFEQ-andROTOR-stageThesysteniayer
aspectareimplementedn software.

With a 9-stepsradix-2 implementatiorin a .35 pm ref-
erenceASIC technologyof the FFT, the centralRAM ac-
cessesonsumearound200mW. Thisis alargepower con-
tribution comparedo the FFT arithmeticoperationsyhich
amountto around57 mW.
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Figure 4. ADSL FFT-FEQ-ROT a) block dia-
gram, b) 3-layer description.

A firstalternatve replacesheradix-2stagesvith radix-4
stagesThisis analgorithmictransformatiorattheindexing
layer, whereanew indexing layerentity for theradix-4FFT
replaceswo radix-2 stageqoptimizedradix-n modulesare
assumedo be availablein areuselibrary). Applying this
substitutionfour timesreduceshe power for the accesses
to the centralRAM to 115 mW. The arithmeticpower de-
creasewith 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(alsoincreasingheinterconnect
power),soa cleartrade-of is involved here.Anotherstrat-
egy to exploreis thereomganizationof the butterfly compu-
tationto increasedatalocality [22], makingthe usageof a
datacachemorepower efficient.

FFTlogic | storage
9*radix-2— FEQ—- ROT 57mwW 199mw
4*radix-4—radix-2— FEQ—ROT | 48mW 115mwW
4*radix-4— (radix-2,FEQ,ROT) 48mW 94mW

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

A secondalternative involvesa betterinterfacingof the
FFT componentvith the neighboringcomponentsWe ob-
sene that loop meiging can be applied betweenthe last
stageof theFFT andthe FEQandrotorblock, bypassingn-
termediatecRAM accessesPerformingthis optimizationat

reusetime transformghe indexing layer entities,while the
scalarayerentitiesremainunchangedif this optimization
would have beenidentifiedin the corventionalapproacha
full redesigrof thehardwarelP blockwould havebeennec-
essaryWith ourmethodologyit is possiblgo reusemostof
the design(at sVHDL level) while only modifying the ap-
propriateloopsandindexed sighalaccessesAnother18%
powerreductiorresultsfrom this optimizationwhich canbe
obtainedwith limited redesigreffort.

During the explorationalsothe applicabilityon reusable
software componentavas substantiated.The filter coefi-
cientsfor the adaptve FEQ are calculatedn software. In
anoptimizeddesign the coeficientupdateis synchronized
with thefilter operation avoiding a doublebuffering. If the
softwareis describedaccordingto the presentedanethodol-
ogy, i.e. with a heavily optimized(partly assemblylevel)
codeat the scalarlayer and only the loops accessinghe
indexed signalsin high-level C codeat the indexing layer.
Then,generatinghecoeficientsin thedesiredorderis only
aquestionof changingthelastloop. Thisway, thelargein-
termediatebuffer will be avoidedresultingin a significant
areasaving (in the orderof 1 mn? for a .35 pm reference
technology).

With this exampleit is shavn for a realisticdemonstra-
tor how themethodologyallows to make trade-ofs atreuse
time over the boundariesof predefinedlP componentsn
both hardware and software. Countedin numberof final
gatestheamountof reusewaswell above 90%.

7 Other demonstrators

In [27] atwo-dimensionalDCT asfoundin MPEG de-
codinghasbeenpresentedsacomponento bereused.The
indexing layerin this exampleconsistof two loopsover 1-
D IDCT operations Applying the proposedeusemethod-
ology allowedto avoid bufferingattheinterfacein mary re-
alisticconfigurationsvherecorventionalapproachewould
insertbuffers. Thetotal power andaresavingswereof the
sameorderasthe costof thedatapath.

In other experiments, larger and even more data-
dominatedsystemsave beenstudiedonwhich aglobalex-
plorationwasperformed.Theresultsindicatethatin these
casesan even larger cost gain can be expected. Aggres-
sive optimizationof a completeH.263video conferencing
decodethasshavn areductionof the peakmemorypower
consumptiorby a factor9 comparedo a corventionalim-
plementation7]. In a parallel processoimplementation
of aQSDPCM(QuadtreestructuredifferencePulseCode
Modulation)videocodecaglobalareaandpoweroptimiza-
tion stepearlyin the systemdesigncycle reducedareaand
power costsby ordersof magnitudg17]. In the context of
software developmentfor embeddedrocessorsa system
level datatransferand storageexplorationon an MPEG-2



decoderhasresultedin an averagefactorof 3.7 in power
reduction[6].

Using the proposedformalism and methodology the
sameexplorationis still possiblein a reusebasedsystem
designfor theseapplicationdomains.The proposedhree-
layer formalism hasactually beensuccessfullyappliedto
severalof thesedesignsalready

8 Conclusion

We have presentedhe formalism behinda systematic
power optimizing design-forreusemethodologyfor soft
andfirm IP blocksin data-dominatedpplications. This
methodologymakes it possibleto minimize data trans-
fer and storagerelatedpower and areawhen reusablelP
blocksareputinto anothercontect thanwhatthey werede-
signedfor, by applyinga globalexplorationof datastorage
andtransfer The extra design-forreuseeffort incurredby
the designeris minimal, whereasexperimentson realistic
driversin several applicationdomainshave shavn signifi-
cantsavzingsin powerandarea.

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