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Abstract

Therecentdevelopmentof multimediaapplicationsmadethemoneof the mostpopularand
mostdemandingypesof workloads.To meetthe new requirementsndto mapall nev multime-
diafunctionality ontosystemswith restrictedresources dramaticaheedof visualdatacompres-
sionstandardsirose.This paperdiscusseshe performanceequirement®f the MPEG standards
andoutlinessomeapproache meettheserequirementsThefocusis on thefirst representate
of thelatestgeneratiorvisual datacompressiorstandards MPEG-4. Its computationalequire-
mentsandnew architecturademandsreanalyzed An innovative reconfigurables-architectural
approachs presentedisa new conceptfor a flexible and cost-efective implementatiorof mul-
timediaprocessors.At the expenseof threenew instructions,the proposedmechanismsllow
instructions,entire piecesof code,or their combinationto executein a reconfigurableananner
Thesethreeinstructionsareproposedsan|SA extensionof a superscalarprocessoto illustrate
theadwantage®f this newv concept.

Keywords: MPEG-4,content-basedncoding,datalocality andreusability ISA extension,
reconfigurablg:-architecturemicrocodedengines

1. Intr oduction

In the world of telecommunicationsyherechannelbandwidthis the basicrestrictionfor digital
video transmissiongcoding of video dataplays a key role for reducingthe amountof information
to be transferred. The industrialimpactof the new digital technologyandits growing economical
importanceurgedthe developmentof standardgor digital video compressiorandoutlinedthe basic
requirementhesestandardshouldmeet,namely- bestpossiblevisualquality atagivenbitraterange.
To developthesenew videocompressiostandardsthe Moving PicturesExpertsGroup(MPEG)was
formedunderthe patronageof ISO andIEC. The first generatiorvideo coding standard MPEG-1,
is dedicatedor datarateson the orderof 1.5 Mbit/s andis intendedfor storingdigital audio-visual
informationin a storagemediumsuchas CD-ROM. MPEG-2 extendsthe bitrate to the rangeof
over 10Mbit/s andis currently usedasbasiccodingstandardor digital TV broadcastingagndHigh
Definition Television (HDTV). The latestcompletevisual coding standard MPEG-4[1][5], does
not only enabledatatransmissiorat very low bit rates(64 kbit/s). The inclusion of entirely new
functionalities(e.g.,contentbasedcoding, interactvity, combinationbetweennaturaland synthetic
scenesandobjects)makes mostof the specialistseferto MPEG-4asto a new standardyeneration
ratherthanasto the next MPEGversion.

Digital video compressiors mainly basedon exploiting specificpropertiesof the humanvisual
systemandreducingthe redundang in videodata. The basicprinciplesfor the latter arespatialand
temporalredundang reductions.



In anMPEG picture,thebasicbuilding blockis themacroblocKMB). Themacroblockconsistof
a l6x16arrayof luminance(grayscalepixelsandtwo 8x8-pixel chrominancégcolor) blocks. These
threeblocksactuallycoverthe samepictureareato represenits full-color andeachl6x16luminance
blockis processedsfour 8x8-pixel blocks. The coremethodfor visualdataencodingin all MPEG
standardss the two-dimensionaDiscreteCosineTransform(2D DCT). It is performedover each
8x8 block andis usedasa basicapproacho reducethe spatialredundang in a picture. Basically
the DCT decomposeslatainto discretespatialfrequencieswhich can be processedn a manney
consistentvith the propertiesof the humaneye.

To exploit temporalredundang, all MPEG standardsadopt motion compensatiortechniques.
Motion compensatiois a proces®f codingdifferencegmotion) betweerframesin avideosequence
[6]. Thesedifferencesare estimatedas a displacemenbetweenpixel areasin the currentframe
(beingencodedpnda previously encodedrame. The measurmenof this displacemenis the motion
vector. A processgcalledmotionestimation is performedto determinethe motion vectorsfor each
macroblock. This processncludesa searchalgorithm for bestmatchingbetweenthe block to be
encodedndanareaof previouslyencodedrame.As acriterionfor bestblock matching theminimal
Sumof AbsoluteDifference{SAD) functionis usuallyused.The SAD sumsall absolutedifferences
betweenthe correspondingixelsin two pixel blocks. The bestmatchedpixel areain the reference
pictureis the onethatminimizesits SAD with the currentblock.

Theremainderof the paperis organizedasfollows. Section2 briefly presentshe basicfunction-
ality of MPEG-4andits computationatequirementsin section3, we proposesomeapproache$o
meetthemostcrucialperformanceequirementsf the MPEG standardsln sectiord we describethe
conceptof a reconfigurable.-codedmachineorganization.Section5, presentsomesimulationre-
sultsin orderto illustratethe benefitsof the proposedoncepin MPEG applications Finally, section
6 givessomeconcludingremarks.

2. MPEG-4 - the content-basedcoding standard

MPEG-4aimsat providing descriptionof tools andalgorithmsfor efficient storagefransmission
andmanipulationof videodatain variousmultimediaervironments.The approachaken by the Ex-
pertsGrouprelieson the content-basedoding which, combinedwith variousnew functionalities,
makesMPEG-4radically differentfrom its predecessord.his approactcontributesto moreefficient
compressiomndbettervisual quality at comparabléditrates.Furthermorecontent-basecepresenta-
tion of visual datagivesthe enduseropportunitiesor interactionwith the contentof avisualscene.

For content-basedoding, MPEG-4 usesthe conceptof a video objectplane(VOP).VOP is an
arbitrarily shapedregion of a frame, which usually correspond$o a semanticobjectin the visual
scene A sequencef VOPsin time domainis referredto asa VideoObject(VO). This meanghatwe
canview aVOPasa"frame” of aVO. Anotherimportantconcepin MPEG-4is the sprite panorama
image. The sprite canbe viewed asa backgroundmage,which is transmittedto the recever only
once. Later, for eachconsecutie frameonly the camergparametersretransmittedandthe recever
reconstructghe backgroundimage basedon the sprite. The whole video frame is reconstructed
after the moving foregroundobjectsare also availablein the recever. Eachof the video objectsis
transmittedby a separatéitstreamof arbitrary-shaped/OPs. The conceptof VOP + spriteframe
compositionn MPEG-4is sketchedn Figurel.

EachVOPin MPEG-4is definedby its shapeandtexture, which arecodeddifferently In MPEG-
4, shapds usedto distinguishanobjectfrom the backgroundandto identify thebordersof aVOR

VOP Shape.Theshapeanformationis providedin binaryor grayscaldormat. Thebinaryformat
representshe objectshapeasa pixel map,which hasthe samesizeasthe boundingrectangulabox
of the VOR Eachpixel from this bitmaptakesoneof two possiblevalues,which indicatewhethera



Figurel: VOP + Spriteframecompositiorin MPEG-4

pixel belongsto the objector not. The binary shaperepresentationf a VOP s referredto asbinary
alphaplane This planeis partitionedinto 16x16binary alphablodksandeachbinaryalphablockis
associateavith the macroblock which coversthe samepicturearea.In the grayscaleshapeformat,
eachpixel cantake arangeof valueswhichindicateits transpareng Thetransparengvaluecanbe
usedfor differentshapeeffects(e.g.,blendingf two images).

VOP Texture. Textureencodingof aVOP macroblocks performedwith respecto VOP’s shape.
Therearethreetypesof macroblocksn an arbitrary shapedvOP: macroblockscompletelylocated
insidethe VOR macroblocksontainingv OP’s boundarypixelsandmacroblocksentirelyoutsidethe
VOP’s boundary(transpareMB). Transpareninacroblocksarediscardedandnot encodedandthe
internalmacroblocksare processedby corventional2D DCT. Boundarymacroblocksare proposed
with differenttechniquedik e shapeadaptve DCT (SA-DCT) andlow-passextrapolationpadding.

In MPEG-4,motionestimations similarto MPEG-1/2with somemodifications.Themostimpor-
tantnew featuresn motion estimationalgorithmsfor arbitraryshapedvOPsarethe specialpadding
techniqueandtheagreementbn a coordinatesystem.Thepurposeof paddingis to ensuremoreaccu-
rateblock matchingby replacingthe pixels outsidethe boundaryof the VOPR In MPEG-4an object
canbearnywherein avideoframe,sotheabsoluteframecoorinatesystenis usedfor referencinghe
positionandmotionof all VOPs.

We have discussedcenesndobjectsof naturalvideo,which arerefferetto asnatural scenesand
objects MPEG-4alsopresentshe optionto combinesyntheticscenesndobjectswith naturalones.
The standardreatssyntheticobjectsasa subsetf computergraphicsandincludesfacial, bodyand
2d meshanimationwhich will notbediscussedhere.

Computational Requirements.

Most of thealgorithmsinvolvedin MPEG-4aredata-intensie, meaningthata very largeamount
of datais processeavith similar operationd3]. In orderto geta betterview of MPEG-4,we made
profiling experimentsaanduseddatareportedn paperg3][4][7]. SinceMPEG-4encodeianddecoder
differ in therequirement®f theirworkload,wewill distinguishthemin ouranalyzis.Profilingresults
areshavn in table1 and2 for theencoderndthe decoderespectrely.

kernel % kernel %
Motion Estimation 88 ShapeDecoding 38
ShapeEncoding 7 IDCT 16
DCT/IDCT 1 Padding 13
Motion Compensation 1 Motion Compensation 11

Tablel: Profiling Resultfor MPEG-4Encoder Table2: Profiling Resultfor MPEG-4Decoder

The resultsshov that most of the executiontime in the MPEG-4 encoderis spentin motion
estimation We cansafelyclaimthatthe basicefforts shouldbe aimedat acceleratinghis kernel. The



next mostdemandingartof theencodings shapeprocessingThe paddingprocesglessthan1%in
theencoder)motioncompensatiomndIDCT take negligible sharesof theencodelprocessocycles,
but they becomeoneof the mainkernelsin thedecoder

The importanceof shapeprocessings much more evident in the MPEG-4 decoder where it
constituteghelargestpartof theworkload. In thedecodingorocessve canalsoseethattheIDCT and
the paddingalreadytake reasonablgartsof the computationalequirementsMotion compensation
is oneof themostimportantprocesses the MPEG-4decodeliaswell.

Finally, we canconcludethatthe computationailemandof the encoderandthe decoderpart of
MPEG-4significantlydiffer. We alsonotethatshapeprocessings veryimportantsinceit constitutes
considerablgartsof boththeencodeandthe decodeiin MPEG-4.

3. Performancerequirementsof MPEG standards

The specificfunctionalitiesdescribedn MPEG standardsn mostof the casesexceedthe per
formancecapabilitiesof the GeneralPurposeProcessor$§GPP).Therefore we obviously neednew
processors;apablego meettheserequirementsTo designsuchprocessorsve canapproachheprob-
lemsfrom differentpointsof view concerningthe architecture, implementatioror realizationof the
MPEG processarfor thesethreeconceptuaissuesve usetheterminologydefinitionfrom [2].

Ar chitecture. Thearchitectureof any computersystemis definedto be the conceptuaktructure
andfunctionalbehavioras seenby its immediateuser. The conceptuastructure e.g.datastructures,
andfunctionalbehaior, e.g. DCT, of a multimediasystemis determinedoy the functionalrequire-
mentsof the correspondingnultimediaapplication.In our case consideredhereafterthisapplication
will beary of the MPEG standards.

Implementation. The implementatioris definedto be the logical organizationof the dataflows
andcontrols of a computersystem This organizatiormustperformthefunctionalityasrequiredfrom
architecturdevel. Thedesignemustdesignnew units,comeup with new organizationsincorporate
acertainlevel of parallelism,utilize microcodeto controlthe units.

Realization. Therealizationis definedto bethephysicalstructureembodyingheimplementation
Examplesof physicalstructuresare CMOS transistorsand Field-Programmablé&ate Arrays (the
discussiorof theralizationissueis out of the scopeof this paper).

The mostcrucial performanceequirementswhich have to be metby an MPEG systemarehigh
computationapowerandenormousiatamemorybandwidth Fromthearchitecturapointof view we
candefinesomearchitecturaissueghatwould helptheimplementatiorto meettheserequirements.
An architecturegntirely dedicatedor the applicationfield (MPEG standards)would obviously en-
abletheimplementatiorof a high performancespecializedorocessqrbut this is the mostexpensve
solution. A lessexpensve andstill effective approachappeardo be the redefinitionof an existing
generalpurposearchitecture.

To increaseghecomputationapower of the systemwe candefinenew instructionsasanextension
of the generalpurposelnstructionSetArchitecture(ISAextension)[11][12]. We have to be careful,
however, with the numberof new instructionswe define,sincewe may not be ableto encodeand
implementthem all within the fixed instructionformat. Thus, we have to analyzethe application
domainandto extractfunctionsor kernelsthatwould effectively improve systemperformancevhen
implementedasinstructions. In MPEG 1,2 and 4, examplesfor suchkernelsarethe chrominance
andluminanceencoding/decodingvith the DCT/IDCT functions,and the motion estimationalgo-
rithm with the SAD function. In MPEG-4,the new functionality canbe acceleratedby definingnew
instructiondn the shapeencodingprocessr in paddingandwavelet-basea@ncoding.

Anotherimportantelemenbf anarchitecturas its basicdatastructure (datatype). If we carefully
choosehesestructuresyve canalsoachieve performancéenefits While in mostGPPthe datatypes



are bits, bytesand words, in MPEG standardghe 8x8 pixel block can be definedas a basicdata
structure.ln MPEG-4thebinary alphablodk canalsobereferredto asa separatelatatype.

To solve the problemwith the requiredenormousdatathroughputwe canexploit two important
propertieof thedatain MPEG, namelyits locality andreusability Let usdefineanarchitecturewith
frame/MOP datastoragegfor MPEGL1,2/4) wherethedataimmediatelyto be processedframe/VOP)
will be stored. As architecturaissuesthesestoragewill be displayedto the programmer Conse-
guently a pieceof the datais localizedin the datastorageandfor multiple processindreusability)
of thesedatawe needjust onedatatransferfrom the main memory In MPEG, however, datais not
allays processedn the orderit is storedin the memory Figure 2 shaws the block dataoverlapin
MPEG motionestimationalgorithms,wherewe have to accesslatablocksthataredifferentfrom the
onesin the original block division of the frameor the VOP In sucha casetheimplementatiorof a
separatéblock) addressingnodewill helpto speed-uphe datatransferdrom datastorages.

Originally

set block
grid

1 Processed
S block
Figure2: Block Data Overlapin MPEG Motion Estimation

Typically the MPEG standardslo not statepreciselyall the algorithmsthat shouldbe usedto
implementthe describedfunctionality. Furthermore the implementation®f somestandardssues
areoptional(e.g.,spriteencodingin MPEG-4)andsometimeghey cannot even coexist with other
optionalissues.Thus,differentprofiles (with differentfunctionality) canbe implementedwithin the
sameMPEG standard.We alsoshavedin the previous sectionthat MPEG-4 encoderand decoder
have differentcomputationatequirementsThereforejt is expensve andnot effective, to implement
into thearchitectureghewholestandardunctionalityashardwiredcircuits,sincemary of theavailable
resourcewill not be utilized by a real application. To keepthe implementatiorof an architecture
at a reasonableost-performanceatio, we can usethe reconfiguable approach. We propose,by
displayingmeando maintainthereconfiguratiorat architecturalevel, to achieve a high flexibility in
tuning the systemfor the specificapplication. The controllability of the reconfiguratiorprocessoy
only threenew instructionds discusseth detailin sectiond. Suchanarchitecture&eanbeimplemented
asacustomcomputingmadine.

Custom Computing Machine. A Geneal PurposeProcessor(GPP)augmentedvith a Field-
Programmablé&ateArray(FPGA)is referredto asa CustomComputingMachinglCCM). The GPP
(core processorontrolsthe executionand the reconfigurationtuning the latter for specificalgo-
rithms or for the general-purposparadigm. Suchan organizationcanachiese ordersof magnitude
improvementsn performanceveraGPPalone while preservingheflexibility of theprogrammable
circuitsover Application-SpecifidntegratedCircuits (ASIC).

4. Reconfigurableu-architecture

This sectiondiscusseaninnovative CustomComputingMachineorganizationjntroducedn [9]
and[10]. The reconfiguratiorof the hardware andthe executionof the codeon the reconfigurable



hardwareis donein firmwarevia the p-microcode(anextensionof the classicaimicrocodeto include
reconfigurationand executionfor residentand non-resideninicrocode). The microcodeengineis
extendedwith mechanismshatallow permanenandpageableeconfiguratiorandexecutioncodeto
Coexist.

The proposedmachineorganizationis depictedin Figure 3. Instructionsare fetchedfrom the
memoryandstoredin theinstructionbuffer (I_BUFFER).The ARBITER performsapartialdecoding
on the instructionsin orderto determinewherethey shouldbe issued. Instructionsthat have been
implementedn fixed hardwareareissuedto the core processofCP). Instructions,dedicatedor the
reconfigurableartof the processqrareissuedo thereconfiguable unit.

MEMORY
| BUFFER
CP = ARBITER = DATA
// ______________ | |
S |
| |
| i pu-code <— CCU | |
I |
CR . reconfigurable unit J
GPR =

Figure3: Theproposednadine organization

Thereconfigurablaunit consistof a customconfiguredunit (CCU) andthe pu-codeunit. An op-
eration,executedby thereconfigurableunit, is dividedinto two distinctphasessetandexecute The
setphases responsibldor reconfiguringhe CCU hardwareenablingthe executionof the operation.
This phasemay be divided into two subphases partial set(p-sef) andcompleteset(c-se). In the
p-setphasehe CCUi s partially configuredo performcommonfunctionsof anapplication(or group
of applications).Later, the c-setsub-phasenly reconfigureghatblocksin the CCU, which arenot
coveredin the p-setsub-phasén orderto completehefunctionality of the CCU. For thereconfigura
tion of the CCU, reconfiguratiormicrocodeis loadedinto the pu-codeunit andexecutedio perform
theactualreconfigurationThe executephasds responsibldor the actualoperationexecutionon the
CCU, performedby executinga (resident)executionmicrocode It isimportantto emphasizé¢hatboth
thesetandexecutephaseslo not specifya certainoperatiorthathasto be performed.Insteadthe p-
set c-setandexecuteinstructionsdirectly pointto the (memory)locationwherethe reconfiguration
or executionmicrocodeis stored. This mechanismallows us to simply pointto memoryaddresses,
insteadof specifyingnew instructionsfor the operations.

| opc | RiP | pCS - ala
opcode address
resident/pageable
0 1

Figure4: Thep-set, c-set and execute instructionformat



Theinstructionformat of p-set c-setandexecuteinstructionsis givenin Figure4. The opcode
(OPC)specifieswhich instructionto perform. The R/P-bit specifiesvherethe microcodeis located
andhow to interpretthe addresdield, i.e., asa memoryaddressy (R/P=1)or asan addresf the
on-chipstoragen the pu-codeunit (R/P=0),indicatedby pCS+x. The addressalwayspointsto the
locationof thefirst microcodeinstruction. The microcodeis terminatedoy an end.op microinstruc-
tion.

5. The pu-codedprocessorand MPEG

We have evaluatedheproposedcheméy cycle accuratesimulationsvith MPEG-2andMPEG-4
softwareencodersusedasbenchmarkmultimediaapplications.As simulatorwe have usedthe sim-
outorder from the SimpleScalaifoolset. To achieve realisticresultswe have assumedhe ALTERA
chip family andthe FPGA designsoftware MAX+PLUS Il andFPGA Express.We have described
all implementationgn VHDL to estimateheirtotal area(in termsof LUTSs) andthenumberof cycles
anoperationakes.

Cycle normalization. Sincethe cyclesin a reconfigurablanachineare slower thanin a hard-
wired machine,we usea normalizationto determinethe exact numberof cycles, requiredfor the
reconfigurablepart. For example,if we assumea superscalarmachine,clocked at 1 GHz andan
FPGA, clocked at 200MHz, the numberof cycles a reconfigurablanstructionrequires,shouldbe
multiplied by 5 in orderto normalizethis numberto the superscalarcycles. Further we have consid-
eredfor reconfigurablecodethe following operations:Sumof AbsoluteDifferenceqdSAD) [8] and
Two-DimensionalDiscreteCosineTransform(2D DCT). Theseoperationshave beenchosenafter
analyzingthe benchmarlsoftware.

Areaand speedestimates: Table3 presentsheareaandclock requirements$or theimplementa-
tions of the selectedbperationson an Altera APEX20K FPGA Chip. Theseimplementationslo not
pretendto be optimalandwereonly usedto provide uswith arealisticestimationof the numberof
clock cyclesfor furthersimulations.

operation area clock cycles | normalized
(frequeny) cycles
16x16 | 1699LUTs 39 234
SAD (197 MHz)
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,the mostcomputationallyexpensve algorithm,
bothin MPEG-2andMPEG-4,is themotionestimation A basicoperationn ME is SAD, thereforats
reconfigurablemplementations the biggestcontributor to the overall performanceayain. Simulation
resultsshav thatwe cangain up to 45% decreasen numberof clock cycles,assumingnstruction
executiondelayof 20 cycles.Evenif thereconfigurablémplementationakes234cycles(sedable3)
to performtheinstruction,we still gainaround20%in performanceThe DCT operationcontributes
lessin theoverall performancemprovementkeepingthe overall speedugstablewithin 12%-13%for



the executionlatengy range20 - 282 cycles. Finally, allowing the CCU to be reconfiguredo either
the DCT or the SAD implementationye canachiesze anoverall executiontime decreasef 32%.

6. Conclusionsand futur ereseach dir ections

In this paper we outlined someof the basicfeaturesof visual datacoding standardsin partic-
ular MPEG-4. An analyzisof the performanceequirement®of recentmultimediaapplicationsand
somedirectionsto meetthemwerepresentedWe discussedhereconfigurablgaradigmfrom a new,
p—architecturapoint of view. A machineorganizationwasproposedasanimmediateimplementa-
tion of the new reconfigurableeoncept.Simulationresultsshowv thatsucha pu—architecturecanbe
successfullytilized by differentalgorithmsin MPEG standards.

The demonstrategbotentialsof this conceptopennew researchdirections,relatedto its future
utilization by differentmultimediaapplicationsand standards.New specializedmemoryarchitec-
turesandorganizationsjncorporatedn reconfigurablesystemswill helpfor furtherincreaseof data
throughputandmoreeffective dataprocessingDefiningapplicationspecificdatatypeswill causehe
implementatiorof new instructionsanda cost-efective speed-upf the systems.The identification
of a sufficient numberof complex functionsandtheirimplementatiorasreconfigurablanicrocoded
engineswill developthe potentialsof the reconfigurablecomputingto make it a cost-efective alter
native for future multimediaprocessing.
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