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Abstract

Therecentdevelopmentof multimediaapplicationsmadethemoneof themostpopularand
mostdemandingtypesof workloads.To meetthenew requirementsandto mapall new multime-
dia functionalityontosystemswith restrictedresourcesadramaticalneedof visualdatacompres-
sionstandardsarose.This paperdiscussestheperformancerequirementsof theMPEGstandards
andoutlinessomeapproachesto meettheserequirements.Thefocusis on thefirst representative
of thelatestgenerationvisualdatacompressionstandards- MPEG-4. Its computationalrequire-
mentsandnew architecturaldemandsareanalyzed.An innovative reconfigurable� -architectural
approachis presentedasa new conceptfor a flexible andcost-effective implementationof mul-
timediaprocessors.At the expenseof threenew instructions,the proposedmechanismsallow
instructions,entirepiecesof code,or their combinationto executein a reconfigurablemanner.
ThesethreeinstructionsareproposedasanISA extensionof asuper-scalarprocessorto illustrate
theadvantagesof thisnew concept.
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1. Intr oduction

In theworld of telecommunications,wherechannelbandwidthis thebasicrestrictionfor digital
video transmission,codingof video dataplaysa key role for reducingthe amountof information
to be transferred.The industrial impactof the new digital technologyand its growing economical
importanceurgedthedevelopmentof standardsfor digital videocompressionandoutlinedthebasic
requirementthesestandardsshouldmeet,namely- bestpossiblevisualqualityatagivenbitraterange.
To developthesenew videocompressionstandards,theMoving PicturesExpertsGroup(MPEG)was
formedunderthe patronageof ISO andIEC. The first generationvideo codingstandard,MPEG-1,
is dedicatedfor datarateson theorderof 1.5 Mbit/s andis intendedfor storingdigital audio-visual
information in a storagemediumsuchas CD-ROM. MPEG-2 extendsthe bitrate to the rangeof
over 10Mbit/s andis currentlyusedasbasiccodingstandardfor digital TV broadcastingandHigh
Definition Television (HDTV). The latestcompletevisual coding standard,MPEG-4 [1][5], does
not only enabledatatransmissionat very low bit rates(64 kbit/s). The inclusion of entirely new
functionalities(e.g.,contentbasedcoding,interactivity, combinationbetweennaturalandsynthetic
scenesandobjects)makesmostof thespecialistsrefer to MPEG-4asto a new standardgeneration
ratherthanasto thenext MPEGversion.

Digital videocompressionis mainly basedon exploiting specificpropertiesof thehumanvisual
systemandreducingtheredundancy in videodata.Thebasicprinciplesfor thelatterarespatialand
temporalredundancy reductions.



In anMPEGpicture,thebasicbuilding blockis themacroblock(MB). Themacroblockconsistsof
a 16x16arrayof luminance(grayscale)pixelsandtwo 8x8-pixel chrominance(color) blocks.These
threeblocksactuallycoverthesamepictureareato representits full-color andeach16x16luminance
block is processedasfour 8x8-pixel blocks. Thecoremethodfor visualdataencodingin all MPEG
standardsis the two-dimensionalDiscreteCosineTransform(2D DCT). It is performedover each
8x8 block andis usedasa basicapproachto reducethe spatialredundancy in a picture. Basically,
the DCT decomposesdatainto discretespatial frequencies,which can be processedin a manner,
consistentwith thepropertiesof thehumaneye.

To exploit temporalredundancy, all MPEG standardsadoptmotion compensationtechniques.
Motion compensationis aprocessof codingdifferences(motion)betweenframesin avideosequence
[6]. Thesedifferencesare estimatedas a displacementbetweenpixel areasin the current frame
(beingencoded)andapreviouslyencodedframe.Themeasurmentof thisdisplacementis themotion
vector. A process,calledmotionestimation, is performedto determinethemotion vectorsfor each
macroblock. This processincludesa searchalgorithmfor bestmatchingbetweenthe block to be
encodedandanareaof previouslyencodedframe.As acriterionfor bestblockmatching,theminimal
Sumof AbsoluteDifferences(SAD) functionis usuallyused.TheSAD sumsall absolutedifferences
betweenthecorrespondingpixels in two pixel blocks. Thebestmatchedpixel areain thereference
pictureis theonethatminimizesits SAD with thecurrentblock.

Theremainderof thepaperis organizedasfollows. Section2 briefly presentsthebasicfunction-
ality of MPEG-4andits computationalrequirements.In section3, we proposesomeapproachesto
meetthemostcrucialperformancerequirementsof theMPEGstandards.In section4 wedescribethe
conceptof a reconfigurable� -codedmachineorganization.Section5, presentssomesimulationre-
sultsin orderto illustratethebenefitsof theproposedconceptin MPEGapplications.Finally, section
6 givessomeconcludingremarks.

2. MPEG-4 - the content-basedcoding standard

MPEG-4aimsat providing descriptionof toolsandalgorithmsfor efficient storage,transmission
andmanipulationof videodatain variousmultimediaenvironments.Theapproachtakenby theEx-
pertsGrouprelieson the content-basedcoding, which, combinedwith variousnew functionalities,
makesMPEG-4radicallydifferentfrom its predecessors.Thisapproachcontributesto moreefficient
compressionandbettervisualqualityat comparablebitrates.Furthermore,content-basedrepresenta-
tion of visualdatagivestheenduseropportunitiesfor interactionwith thecontentof avisualscene.

For content-basedcoding,MPEG-4usesthe conceptof a video objectplane(VOP).VOP is an
arbitrarily shapedregion of a frame,which usually correspondsto a semanticobject in the visual
scene.A sequenceof VOPsin timedomainis referredto asaVideoObject(VO). Thismeansthatwe
canview aVOPasa ”frame” of aVO. Anotherimportantconceptin MPEG-4is thespritepanorama
image. The spritecanbe viewed asa backgroundimage,which is transmittedto the receiver only
once.Later, for eachconsecutive frameonly thecameraparametersaretransmittedandthereceiver
reconstructsthe backgroundimagebasedon the sprite. The whole video frame is reconstructed
after the moving foregroundobjectsarealsoavailablein the receiver. Eachof the video objectsis
transmittedby a separatebitstreamof arbitrary-shapedVOPs. The conceptof VOP + spriteframe
compositionin MPEG-4is sketchedin Figure1.

EachVOPin MPEG-4is definedby its shapeandtexture, whicharecodeddifferently. In MPEG-
4, shapeis usedto distinguishanobjectfrom thebackgroundandto identify thebordersof aVOP.

VOP Shape.Theshapeinformationis providedin binaryor grayscaleformat.Thebinaryformat
representstheobjectshapeasa pixel map,which hasthesamesizeastheboundingrectangularbox
of theVOP. Eachpixel from this bitmaptakesoneof two possiblevalues,which indicatewhethera



Figure1: VOP + Spriteframecompositionin MPEG-4

pixel belongsto theobjector not. Thebinaryshaperepresentationof a VOPis referredto asbinary
alphaplane. This planeis partitionedinto 16x16binary alphablocksandeachbinaryalphablock is
associatedwith themacroblock,which coversthesamepicturearea.In thegrayscaleshapeformat,
eachpixel cantakea rangeof values,which indicateits transparency. Thetransparency valuecanbe
usedfor differentshapeeffects(e.g.,blendingof two images).

VOP Texture. Textureencodingof aVOPmacroblockis performedwith respectto VOP’sshape.
Therearethreetypesof macroblocksin an arbitraryshapedVOP: macroblockscompletelylocated
insidetheVOP, macroblockscontainingVOP’sboundarypixelsandmacroblocksentirelyoutsidethe
VOP’s boundary(transparentMB). Transparentmacroblocksarediscardedandnot encodedandthe
internalmacroblocksareprocessedby conventional2D DCT. Boundarymacroblocksareproposed
with differenttechniqueslikeshapeadaptiveDCT (SA-DCT)andlow-passextrapolationpadding.

In MPEG-4,motionestimationis similarto MPEG-1/2with somemodifications.Themostimpor-
tantnew featuresin motionestimationalgorithmsfor arbitraryshapedVOPsarethespecialpadding
techniqueandtheagreementonacoordinatesystem.Thepurposeof paddingis to ensuremoreaccu-
rateblock matchingby replacingthepixelsoutsidetheboundaryof theVOP. In MPEG-4anobject
canbeanywherein avideoframe,sotheabsoluteframecoordinatesystemis usedfor referencingthe
positionandmotionof all VOPs.

Wehavediscussedscenesandobjectsof naturalvideo,whicharerefferetto asnatural scenesand
objects. MPEG-4alsopresentstheoptionto combinesyntheticscenesandobjectswith naturalones.
Thestandardtreatssyntheticobjectsasa subsetof computergraphicsandincludesfacial, bodyand
2dmeshanimationwhich will notbediscussedhere.

Computational Requirements.
Most of thealgorithmsinvolvedin MPEG-4aredata-intensive,meaningthatavery largeamount

of datais processedwith similar operations[3]. In orderto geta betterview of MPEG-4,we made
profiling experimentsanduseddatareportedin papers[3][4][7]. SinceMPEG-4encoderanddecoder
differ in therequirementsof theirworkload,wewill distinguishthemin ouranalyzis.Profilingresults
areshown in table1 and2 for theencoderandthedecoderrespectively.

kernel %
Motion Estimation 88
ShapeEncoding 7
DCT/IDCT 1
Motion Compensation 1

Table1: Profiling Resultsfor MPEG-4Encoder

kernel %
ShapeDecoding 38
IDCT 16
Padding 13
Motion Compensation 11

Table2: Profiling Resultsfor MPEG-4Decoder

The resultsshow that most of the executiontime in the MPEG-4 encoderis spentin motion
estimation. Wecansafelyclaimthatthebasiceffortsshouldbeaimedatacceleratingthiskernel.The



next mostdemandingpartof theencodingis shapeprocessing.Thepaddingprocess(lessthan1%in
theencoder),motioncompensationandIDCT takenegligible sharesof theencoderprocessorcycles,
but they becomeoneof themainkernelsin thedecoder.

The importanceof shapeprocessingis much more evident in the MPEG-4 decoder, whereit
constitutesthelargestpartof theworkload.In thedecodingprocesswecanalsoseethattheIDCT and
thepaddingalreadytake reasonablepartsof thecomputationalrequirements.Motion compensation
is oneof themostimportantprocessesin theMPEG-4decoderaswell.

Finally, we canconcludethat thecomputationaldemandsof theencoderandthedecoderpartof
MPEG-4significantlydiffer. Wealsonotethatshapeprocessingis very importantsinceit constitutes
considerablepartsof boththeencoderandthedecoderin MPEG-4.

3. Performancerequirementsof MPEG standards

The specificfunctionalitiesdescribedin MPEG standardsin mostof the casesexceedthe per-
formancecapabilitiesof the GeneralPurposeProcessors(GPP).Therefore,we obviously neednew
processors,capableto meettheserequirements.To designsuchprocessorswecanapproachtheprob-
lemsfrom differentpointsof view concerningthearchitecture, implementationor realizationof the
MPEGprocessor. For thesethreeconceptualissuesweusetheterminologydefinitionfrom [2].

Ar chitecture. Thearchitectureof any computersystemis definedto be theconceptualstructure
andfunctionalbehaviorasseenby its immediateuser. Theconceptualstructure,e.g.datastructures,
andfunctionalbehavior, e.g. DCT, of a multimediasystemis determinedby the functionalrequire-
mentsof thecorrespondingmultimediaapplication.In ourcase,consideredhereafter, thisapplication
will beany of theMPEGstandards.

Implementation. The implementationis definedto bethe logical organizationof thedataflows
andcontrolsof a computersystem. Thisorganizationmustperformthefunctionalityasrequiredfrom
architecturelevel. Thedesignermustdesignnew units,comeupwith new organizations,incorporate
acertainlevel of parallelism,utilize microcodeto controltheunits.

Realization. Therealizationis definedtobethephysicalstructureembodyingtheimplementation.
Examplesof physicalstructuresare CMOS transistorsand Field-ProgrammableGateArrays (the
discussionof theralizationissueis outof thescopeof thispaper).

Themostcrucialperformancerequirements,which have to bemetby anMPEGsystemarehigh
computationalpowerandenormousdatamemorybandwidth. Fromthearchitecturalpointof view we
candefinesomearchitecturalissuesthatwould helptheimplementationto meettheserequirements.
An architecture,entirelydedicatedfor theapplicationfield (MPEGstandards),would obviously en-
ablethe implementationof a high performancespecializedprocessor, but this is themostexpensive
solution. A lessexpensive andstill effective approachappearsto be the redefinitionof an existing
generalpurposearchitecture.

To increasethecomputationalpowerof thesystemwecandefinenew instructionsasanextension
of thegeneralpurposeInstructionSetArchitecture(ISAextension)[11][12]. We have to becareful,
however, with the numberof new instructionswe define,sincewe may not be able to encodeand
implementthemall within the fixed instructionformat. Thus,we have to analyzethe application
domainandto extractfunctionsor kernelsthatwould effectively improvesystemperformancewhen
implementedas instructions. In MPEG 1,2 and4, examplesfor suchkernelsarethe chrominance
and luminanceencoding/decodingwith the DCT/IDCT functions,andthe motion estimationalgo-
rithm with theSAD function. In MPEG-4,thenew functionalitycanbeacceleratedby definingnew
instructionsin theshapeencodingprocessor in paddingandwavelet-basedencoding.

Anotherimportantelementof anarchitectureis its basicdatastructure(datatype). If wecarefully
choosethesestructures,wecanalsoachieveperformancebenefits.While in mostGPPthedatatypes



are bits, bytesand words, in MPEG standardsthe 8x8 pixel block can be definedas a basicdata
structure.In MPEG-4thebinaryalphablock canalsobereferredto asaseparatedatatype.

To solve theproblemwith therequiredenormousdatathroughputwe canexploit two important
propertiesof thedatain MPEG,namelyits locality andreusability. Let usdefineanarchitecturewith
frame/VOPdatastorages(for MPEG1,2/4),wherethedataimmediatelyto beprocessed(frame/VOP)
will be stored.As architecturalissues,thesestorageswill be displayedto theprogrammer. Conse-
quently, a pieceof thedatais localizedin thedatastorageandfor multiple processing(reusability)
of thesedatawe needjust onedatatransferfrom themainmemory. In MPEG,however, datais not
allaysprocessedin the order it is storedin the memory. Figure2 shows the block dataoverlapin
MPEGmotionestimationalgorithms,wherewehave to accessdatablocksthataredifferentfrom the
onesin theoriginal block division of the frameor theVOP. In sucha case,the implementationof a
separate(block) addressingmodewill helpto speed-upthedatatransfersfrom datastorages.

Processed
block

Originally
set block

grid

Figure2: Block DataOverlapin MPEGMotionEstimation

Typically the MPEG standardsdo not statepreciselyall the algorithmsthat shouldbe usedto
implementthe describedfunctionality. Furthermore,the implementationsof somestandardissues
areoptional(e.g.,spriteencodingin MPEG-4)andsometimesthey cannot evencoexist with other
optionalissues.Thus,differentprofiles(with differentfunctionality)canbeimplementedwithin the
sameMPEG standard.We alsoshowed in the previous sectionthat MPEG-4encoderanddecoder
havedifferentcomputationalrequirements.Therefore,it is expensiveandnoteffective,to implement
into thearchitecturethewholestandardfunctionalityashardwiredcircuits,sincemany of theavailable
resourceswill not be utilized by a real application. To keepthe implementationof an architecture
at a reasonablecost-performanceratio, we can usethe reconfigurable approach. We propose,by
displayingmeansto maintainthereconfigurationatarchitecturallevel, to achieveahighflexibility in
tuning thesystemfor the specificapplication.The controllability of the reconfigurationprocessby
only threenew instructionsis discussedin detailin section4. Suchanarchitecturecanbeimplemented
asacustomcomputingmachine.

Custom Computing Machine. A General PurposeProcessor(GPP)augmentedwith a Field-
ProgrammableGateArray(FPGA)is referredto asa CustomComputingMachine(CCM). TheGPP
(coreprocessor)controlsthe executionand the reconfiguration,tuning the latter for specificalgo-
rithmsor for thegeneral-purposeparadigm.Suchan organizationcanachieve ordersof magnitude
improvementsin performanceoveraGPPalone,while preservingtheflexibility of theprogrammable
circuitsoverApplication-SpecificIntegratedCircuits(ASIC).

4. Reconfigurable � -architecture

This sectiondiscussesaninnovativeCustomComputingMachineorganization,introducedin [9]
and[10]. The reconfigurationof the hardwareandthe executionof the codeon the reconfigurable



hardwareis donein firmwarevia the � -microcode(anextensionof theclassicalmicrocodeto include
reconfigurationandexecutionfor residentandnon-residentmicrocode). The microcodeengineis
extendedwith mechanismsthatallow permanentandpageablereconfigurationandexecutioncodeto
coexist.

The proposedmachineorganizationis depictedin Figure 3. Instructionsare fetchedfrom the
memoryandstoredin theinstructionbuffer (I BUFFER).TheARBITER performsapartialdecoding
on the instructionsin order to determinewherethey shouldbe issued. Instructionsthat have been
implementedin fixedhardwareareissuedto thecoreprocessor(CP).Instructions,dedicatedfor the
reconfigurablepartof theprocessor, areissuedto thereconfigurableunit.

-codeρµ

MEMORY

reconfigurable unit

I_BUFFER

ARBITER DATACP

CR

GPR

CCU

Figure3: Theproposedmachineorganization

Thereconfigurableunit consistsof acustomconfiguredunit (CCU)andthe ��� -codeunit. An op-
eration,executedby thereconfigurableunit, is dividedinto two distinctphases:setandexecute. The
setphaseis responsiblefor reconfiguringtheCCU hardwareenablingtheexecutionof theoperation.
This phasemay be divided into two subphases- partial set(p-set) andcompleteset(c-set). In the
p-setphasetheCCUis partiallyconfiguredto performcommonfunctionsof anapplication(or group
of applications).Later, thec-setsub-phaseonly reconfiguresthatblocksin theCCU, which arenot
coveredin thep-setsub-phasein orderto completethefunctionalityof theCCU.For thereconfigura-
tion of theCCU, reconfigurationmicrocodeis loadedinto the ��� -codeunit andexecutedto perform
theactualreconfiguration.Theexecutephaseis responsiblefor theactualoperationexecutionon the
CCU,performedby executinga(resident)executionmicrocode. It is importantto emphasizethatboth
thesetandexecutephasesdonotspecifyacertainoperationthathasto beperformed.Instead,thep-
set, c-setandexecuteinstructionsdirectly point to the(memory)locationwherethereconfiguration
or executionmicrocodeis stored.This mechanismallows us to simply point to memoryaddresses,
insteadof specifyingnew instructionsfor theoperations.

α/αCS -ρR/P

opcode
resident/pageable

0 1

address

OPC

Figure4: Thep-set, c-set andexecute instructionformat



The instructionformatof p-set, c-setandexecuteinstructionsis givenin Figure4. Theopcode
(OPC)specifieswhich instructionto perform. TheR/P-bit specifieswherethemicrocodeis located
andhow to interpretthe addressfield, i.e., asa memoryaddress� (R/P=1)or asan addressof the
on-chipstoragein the ��� -codeunit (R/P=0),indicatedby � CS-� . Theaddressalwayspointsto the
locationof thefirst microcodeinstruction.Themicrocodeis terminatedby anendop microinstruc-
tion.

5. The �	� -codedprocessorand MPEG

Wehaveevaluatedtheproposedschemebycycleaccuratesimulationswith MPEG-2andMPEG-4
softwareencoders,usedasbenchmarkmultimediaapplications.As simulatorwe have usedthesim-
outorder from theSimpleScalarToolset.To achieve realisticresultswe have assumedtheALTERA
chip family andtheFPGAdesignsoftwareMAX+PLUS II andFPGAExpress.We have described
all implementationsin VHDL to estimatetheir total area(in termsof LUTs) andthenumberof cycles
anoperationtakes.

Cycle normalization. Sincethe cycles in a reconfigurablemachineareslower thanin a hard-
wired machine,we usea normalizationto determinethe exact numberof cycles, requiredfor the
reconfigurablepart. For example,if we assumea super-scalarmachine,clocked at 1 GHz andan
FPGA, clocked at 200MHz, the numberof cyclesa reconfigurableinstructionrequires,shouldbe
multipliedby 5 in orderto normalizethisnumberto thesuper-scalarcycles.Further, wehaveconsid-
eredfor reconfigurablecodethe following operations:Sumof AbsoluteDifferences(SAD) [8] and
Two-DimensionalDiscreteCosineTransform(2D DCT). Theseoperationshave beenchosenafter
analyzingthebenchmarksoftware.

Ar eaand speedestimates:Table3 presentstheareaandclockrequirementsfor theimplementa-
tionsof theselectedoperationson anAltera APEX20K FPGAChip. Theseimplementationsdo not
pretendto beoptimalandwereonly usedto provide uswith a realisticestimationof thenumberof
clock cyclesfor furthersimulations.

operation area clock cycles normalized
(frequency) cycles

16x16 1699LUTs 39 234
SAD (197MHz)
16x16 1482LUTs 12 69

multiply (175MHz)
32-bit 382LUTs 5 21
adder (193MHz)

2D DCT usingmultiplier & adder 282

Table3: Areaandspeedestimates

Simulation results: As it wasmentionedbefore,themostcomputationallyexpensivealgorithm,
bothin MPEG-2andMPEG-4,is themotionestimation.A basicoperationin ME isSAD, thereforeits
reconfigurableimplementationis thebiggestcontributor to theoverall performancegain.Simulation
resultsshow that we cangain up to 45% decreasein numberof clock cycles,assuminginstruction
executiondelayof 20cycles.Evenif thereconfigurableimplementationtakes234cycles(seeTable3)
to performtheinstruction,we still gainaround20%in performance.TheDCT operationcontributes
lessin theoverall performanceimprovementkeepingtheoverall speedupstablewithin 12%-13%for



theexecutionlatency range20 - 282cycles. Finally, allowing theCCU to be reconfiguredto either
theDCT or theSAD implementation,wecanachieveanoverall executiontimedecreaseof 32%.

6. Conclusionsand futur e research dir ections

In this paper, we outlinedsomeof the basicfeaturesof visual datacodingstandards,in partic-
ular MPEG-4. An analyzisof the performancerequirementsof recentmultimediaapplicationsand
somedirectionsto meetthemwerepresented.Wediscussedthereconfigurableparadigmfrom anew,
��
 architecturalpoint of view. A machineorganizationwasproposedasan immediateimplementa-
tion of thenew reconfigurableconcept.Simulationresultsshow thatsucha ����
 architecturecanbe
successfullyutilized by differentalgorithmsin MPEGstandards.

The demonstratedpotentialsof this conceptopennew researchdirections,relatedto its future
utilization by differentmultimediaapplicationsandstandards.New specializedmemoryarchitec-
turesandorganizations,incorporatedin reconfigurablesystemswill helpfor further increaseof data
throughputandmoreeffectivedataprocessing.Definingapplicationspecificdatatypeswill causethe
implementationof new instructionsanda cost-effective speed-upof thesystems.The identification
of a sufficient numberof complex functionsandtheir implementationasreconfigurablemicrocoded
engineswill developthepotentialsof thereconfigurablecomputingto make it a cost-effective alter-
native for futuremultimediaprocessing.
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