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Abstract

This paper presentsparallel algorithmsfor MPEG video compressionby using the PVM
library. Becauseof the huge amountof computation,a sequentialsoftware encoderis slow at the
codingof reasonablysizedimages(e.g.0.1-0.3framesper second)In orderto speedup the process,
we developedwo kinds of parallelalgorithm, which run on a clusterof workstationsconnectedo the
network. The first method encodes slices in parallel, while the secmwwhcodesquallysizedGroups
Of Pictures(GOP)in parallel. The communicationbetweenthe machineds facilitated by the PVM
packageThereferencesequentiablgorithmcanencodea SIF sizedsequenceat 0.2 framesper second
ona SUN Sparc2 usingthe GOP patternof IBBP. The slice level parallelizationcantakethis rate up
to nearly0.7 framesper secondwith the useof 6 Sparc2s connected/ia Ethernet.The degradatiorof
the performanceis a consequencef the low bandwidth of the network and the relatively high
communicatioractivity. The GOP level parallelizationprovidesan encodingrate of nearly 1.0 frame
per secondat the sameconditions.In this case,the communicatioris reducedsignificantly, however,
the load balancingmay be slightly worse if the size of the GOP is large (N=10). Our parallel
algorithmsare entirely portableand producebitstreamsfully conformingthe MPEG-1 standard.The
methodscan be appliedto MPEG-2 encodingas well. The systemperforms nearly as well as the
parallelBerkeleyencodelby usingthe secondalgorithm.However,it producesa video streamof better
guality because the encoding is done correctly.

Keywords: MPEG,; video compressionPVM; load balancing;parallel algorithm; messagepassing
parallel system

1. Introduction

The MPEG video compressionalgorithm is the basis of many current and future
communicationgnd multimediaapplicationssuchas Video CD, CD-I with full motion (MPEG-1[1])
or digital television,Video On Demand(VOD) and Digital Video Disc (DVD) (MPEG-2[2]). The
MPEG standardsiescribea syntaxfor the dataand specifythe decodingsteps,however,they do not
specify the encoder.Although MPEG encodershave beenrealizedin hardware[3], a more flexible
approachis to usesoftwareencoding.This solution hasthe advantagehat in the designphaseof the
encoderchangegsanbe easilymadeandevaluatedandthatin the productionphaseof the encodera
modification requiresa softwareupdateratherthan a redesignof the hardware. Furthermorea pure
softwareencodercan performa more sophisticatedmagesequencenalysisin orderto maximizethe
guality of thevideomaterialat a givenbit-rate. This is especiallyimportantat low bit-rates,suchasin
the caseof Video CD (1.15Mbits/s). However,a sequentiakoftwareencodelis slow at the coding of
reasonablysizedimages(e.g.imagesin Sourcelnput Format/SIF/, 352x288o0r 352x240pixels) even
if a powerful workstation is used.
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This is because the MPEG videompressiomequiresa hugeamountof computationln particularthe
DiscreteCosineTransform(DCT), the Motion Estimation(ME) and Motion CompensatiorfMC) are
computationallyintensive.For instance pur speed-optimizedequentiablgorithmencodes SIF sized
sequence at 0.2 framper second on a SUN Sparc 2 if the whole set of algorithms is used.

The encodingratecanbe increasedy usinga distributedparallelsystem.In our casethisis a
cluster of workstationsconnectedto the network. The communicationbetweenthe machinesis
facilitated by the Parallel Virtual Machine (PVM) library [4], which has becomea widely used
program packagefor managingtasks and communication between processorsin a distributed
computing environment.Unfortunately, even if we use powerful machines,the systemmight not
achievereal time processingencoding25-30framesper secondbecauseeveralfactorsmay degrade
the performancé. Especiallythe bandwidthof the network and the /O communicationsmpose a
critical burden. Since image sequences are generally read from computer files, either from tlisklocal
or from the Network File System(NFS), the disk transfertime of a frameforms an upperboundaryto
the encodingrate. The fluctuation of the load on the network and on the machinesalso influencesthe
performanceof the system.In fact, real-time encodingis not always required, off-line processings
satisfactoryfor many applications(e.g. CD, VOD), but it shouldalso be donewithin a reasonable
amountof time. Taking everythinginto account,a goodload balancingstrategyis essentialwhile the
communicatioroverheadhumberof communicatiorstart-ups,amountof datatransferred)shouldbe
kept as low as possible.

Anotherway for implementinga parallel systemis to usea supercomputecontainingmany processor
nodes.In this case,even "faster than real-time" performancecan be achievedas reportedin [6].
However, an application written for a specific multiprocessor system is usually less portable.

We implementedwo kinds of algorithmfor MPEG encodingon the aforementionegarallel
system. Theyprovidedifferentlevelsof parallelismthefirst oneprocesses picturein parallel(spatial
parallelization),while the secondone processegqually sizedgroupsof picturesin parallel (temporal
parallelization).We will comparethe performanceof our algorithmswith that of the public domain
parallel Berkeleyencoder{5]. It usesa similar level of parallelizationas our secondmethod,but the
size of the groupsmay vary. Althoughit ensuresan excellentload balancing,it shouldbe notedthat
correct encodings not alwayspossible aninequalitymay existbetweerthe encoderanddecoderAs a
consequencehe quality of the decodedvideois usuallyworsethanthat of producedby its reference
sequential encoder. This is not the case with our parallel algorithms.

The developedalgorithmsare entirely portableand producebitstreamsfully conforming the
MPEG-1standardThe methodscanbe appliedto MPEG-2encodingaswell. The softwarerequiresa
PVM versionof 3.3.x. The input imageformatis raw YUV. The currentversionhasthe limitation of
producinga variable bit-rate (seeSection2) streamonly. It is advantageou# the workstationsare
mountedto the NFS. Exceptfor the Berkeleyencoderwe do not know aboutany otherpublic domain
parallel MPEG implementation.The mentionedreal-time software encoderis essentiallya modified
version of the Berkeley one.

The organizationof this paperis asfollows: Section2 givesan overviewof the MPEG video
compressionSection3 describedts time-consumingoperations,and it discussedhe parallelization
possibilities,emphasisinghe dependencies the coding algorithm. Section4 presentshe developed
algorithms,while Section5 containsthe results.In Section6 we discusssomeoptimizationissuesand
our future work. The conclusion can be found in Section 7.

" An image is called frame if it contains all the lines. In contrast with this, a field contains only the even or the
odd lines. Interleaving two fields of the opposite parity results in a frame.

” Throughout this paper performance degradation will mean if the speedup does not change, or even it gets
worse by increasing the number of computing resources.
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2. Overview of the MPEG video compression algorithm

An imageis describedby threecomponentsa luminance(Y) andtwo chrominancgU andV)
imageplanes MPEG-1andmostof the modesin MPEG-2usethe so called4:2:0 colour spacewhich
meangthat the numberof U andV sampleds half of the numberof Y samplesn both the horizontal
and vertical directions.A frameis divided into non-overlappingareascalled macroblocks(MB). A
macroblock contains a block of 16x16 pixels in the Y plane and a block of 8x8 ipikeiththe U and
V planes. The Y content is broken up to 4 blocks of 8x8 pixels (Figure 1).

yo|vi]| 8|lu 8| v

16 Macroblock
v2 | v3 8 8

16

Figure 1. Components of the macroblock

MPEG videoworks well on naturalimagesequence#hich containhigh spatialandtemporal
redundanciesSpatial redundancymeansthat the picture elements(pixels) are similar to eachother
within a certain areaon a frame. This is utilized by a kind of frequencytransform called two-
dimensionaDCT, which is appliedto the 8x8 blocksof eachmacroblock resultingin 64 coefficients
per block. A small numberof themis significantly larger than the others,the energyof a block is
usually concentratedn the low frequencydomain.After quantizationa block canbe representedby a
few coefficients(e.g.6...9), achievinga good compressiorin this way. This compressiors improved
further by assigningvariable LengthCodes(VLC) to specialsymbolscreatedrom the coefficients.A
macroblockcodedin sucha way is calledintra, sinceit usesinformation only from itself. It canbe
reconstructed by the inverse procedure.

Temporal redundancy refets the similarity amonga certainnumberof consecutivdrames.It
makespossiblethattheimagescanbe predictedfrom eachother. An image,from which the prediction
is made,is calledreferenceframe. The predictionis enhancedy motion compensationwhich is the
useof motioninformationat the differentialencodingIn MPEG video the motion informationis found
by block-basednotionestimationby usingthe luminancecomponenbf the imagelt works on all the
macroblocksasfollows: The Y contentof a macroblockon the currentframeis shifted over a search
window on the referenceframe, and a similar areaof 16x16 pixels is searchedor (Figure 2). The
similarity is evaluatedoy meansof a cost function at certain positions.Where the function hasthe
minimum, that place is consideredthe best match. The relative translation of the macroblockis
described by a motion vector. A set of motion vectors for an image is oadigoh vector field

Search window Motion vector Macroblock to be shifted

Vector rangé i

Reference frame Current frame

Figure 2. Block based motion estimation in MPEG video

If the bestmatchis goodenough,the correspondingixels are subtractedrom eachother,that is to
say, the actualmacroblockis motion compensatedn MPEG they are called predictiveaswell. Since
sucha macroblockstill showssomespatialredundancythe aforementionedCT codingis appliedto
the 8x8 blocks in it.
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A decoderreconstructa predictivemacroblockby usingthe correspondingeferenceareaaccessety
the motion vector. However,in caseof no good matchthe macroblockis codedasintra becauset is
likely to produce less bits.

Basedon the abovementionedmethods MPEG video definesthreepicturetypes,namelyl, P
and B pictures. Figure 3 shows the relationships among them. | framega@dedframes theyare
encodedvithout referenceo otherframesby utilizing only the spatialredundancyConsequentlythey
consistof intra codedmacroblocksonly. P framesare predictedframes they are predictedfrom the
previousl or P frameby usingmotioncompensatiorB or bi-directionally codedframesare predicted
from the previous and the next | or P frame. In this latter casenttion vectorsaresearchedor each
macroblock,one on the previousreference(past prediction) and the other on the next one (future
prediction). The quality of the matchingdetermineswhetherthe predictionis madefrom the pastor
from the future or from both of them. In tHétter casethe correspondingeferenceareasareaveraged.
If thereis no goodmatchat all, the macroblockis codedasintra. As a consequencd? andB pictures
may contain intra and predictive coded macroblocks. The lesibehindthe useof B picturesis that
someareasmay not be found correctlyon eitherof referencedecausabjectscancovereachother,or
scenechangecanhappenaswell. Sincea B frameusesfuture prediction,its future referencehasto be
transmitted before that frame. B pictures are never used as reference.

yaaNWaN2 7 NWaNlZ

| B B P B B P

O\ 1 2 /IS\ 4 5 /IG

Figure 3. Picture types with dependencies in MPEG video

The abovementionedcodingalgorithmis usedin MPEG-1.MPEG-2is far morecomplicatedasfar as

the predictionis concernedbut the basicideasarethe same We shouldalsoemphasighat Figure 3 is

only a typical imagepatternin MPEG. In fact, therecanbe any numberof P andB picturesbetween

the reference ones. Moreover, their isseptional,a sequencenay consistof | picturesonly. | pictures

provide accesgointswheredecodingcanstart. A fastrandomaccessanbe facilitated by the useof

many | pictures. However, their compressiorratio is the least, typically 6...9. P pictures can be
compressetetter,usuallyby a factorof 12...20.B picturesprovidethe highestcompressiontypically

25...50. The overall compression ratio is between 20 and 30 in case of applications used in practice. All
the valuesrefer to high quality codingandare dependenbn the imagecontent.The more complexan

image is, the more bits are needed to represent it.

Becausef the characteristic®f the encodingalgorithm (different picturetypes,VLC) andthe
usually varying image content, the output bit-rate is fluctuating. However, most communication
channelsrequire a constantbit-rate (CBR) application, thus, the output of the encoderhasto be
buffered. Similar buffer is locatedat the input of the decoder.In order to preventthe buffers from
over/underflow, the number of bits produced twalse controlled(ratecontrol). This is usuallydoneby
changingthe quantizationfactor on macroblockor on slice level. However,a variablebit-rate (VBR)
streamhavingthe samemeanbit-rate usuallyhasa betterquality. In this casea constanijuantization
stepsize is used throughout the sequence for each picture type.

An MPEG video stream has a layered structure. On thth&spis the Sequencé&ayer, whose
headercontainsgeneralparametergor the sequencée.g.frame dimensionsframerate, bit-rate, etc.).
The sequenceonsistof someGroupsof Pictures(GOP)indicatingthe secondayer. A GOP always
startswith an| or B frameandendswith an| or P frame.For instance Figure 3 canbe considereca
GOP. They offer random access in the sequence and facilitate the editability.
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The next layer is the Picture Layer. A picture is divided into slices (Slice Layer) consisting of
consecutivemacroblocks.A slice is exactly a horizontal row of macroblocksin MPEG-2, while
MPEG-1allowsgreaterflexibility for their positionandsize.Figure4 showsa possibledivision. They
areusedfor re-synchronizationn the decoderif the bitstreamis erroredduring transmissionThe last
two layers are th&acroblock Layernd theBlock Layer

Slice 1 in*lG pixels (luminance plane)
Slice 2 | Slice3
Slice 4
Slice 5
Slice 6 | Slice 7

Figure 4. A possible division of a frame into slices (only in MPEG-1)

The MPEG-1encodingis essentiallyusedfor optical recordingof digital video at a bit-rate of
1.15 Mbits/s. In order to achievea good quality, MPEG-1 startswith imagesin SIF. A SIF image
satisfies the 4:2:0 format, having a size of 352x288 (or 352x240) pixels for the Y component and a size
of 176x144 (or 176x120) pixels for the U and V components.

3. Paralldization of the encoding process

3.1 Computationally intensive oper ations

As it was mentionedin the introduction, someparts of the encodingprocessrequire a huge
amountof computation.Therefore,it was essentialto write an efficient, speedoptimized sequential
code,on which the parallelimplementationcould be based.We developedt ourselveswithout using
any public domain software exceptfor the DCT and its inverse (IDCT) routines. Its execution
performancss not far from that of the Berkeleyencodemwhich is the fastestportablepublic domain
implementation.

The DCT is one of the most computationallyintensive operations.Even using a very fast
implementatiorike [7], the numberof multiplicationsis over 450,000andthe numberof additionsis
over1,200,000f it is appliedto a SIF image.The motion estimationrequiresevenmore calculations,
the computationakcomplexity is determinedby the size of the searchwindow, i.e. the motion vector
range(seeFigure 2). Evaluatingall the possiblepositions(full search)is a wasteof time, althoughit
alwaysfinds the bestmatch,the numberof bits producedfor that macroblockis likely to be the least.
However,the numberof operationds over 200 millions on a SIF frameif the vectorrangeis 16. We
usea sort of three-levelhierarchicalsearchalgorithms,which aims at finding the motion vectorson
imageplanesof differentresolutionsThe searchstartson a low resolutionimage, theesultsareinitial
displacementsn a higherresolutionlevel. The vectorsarerefinedin eachstepat the reductionof the
size of the searchwindow. The numberof operationds reducedby a factor of 50 aboutin this way,
and the method provides a reliable vector field.

The motion compensatiormoesnot have so much contributionto the encodingtime, but it shouldbe
consideredssignificantbecause¢he MB decision(how to codea given macroblock)is usuallycarried
out by calculating MB variances.

Using the abovementionedalgorithms,our sequentiakencodelis capableof coding SIF sized
imagesat a rate of 0.2 framesper secondon a SUN Sparc2 workstation.The GOP patternis IBBP,
the motionvectorrangeis 32 in eachdirectionin this case.The encodingtimesare 2, 4, 6secondgor
I, P, B picturesrespectivelyexcludingthe I/O overheadFigure 5 illustratesthe contributionof the
main coding steps to the encoding time of a P picture.
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Figure 5. Time contribution of the coding tasks in a P frame
(Note: DCT-IDCT involves quantization and dequantization)

3.2 Dependenciesin the coding algorithm

Becausef the largenumbe of calculationsijt is advisableto do the encodingin parallel. The
layered syntax offers several possibilities, but we should allow for some difficulties. The finest
parallelism can be achievedon block level, since all the blocks are transformedand quantized
independently.The macroblocklevel suggestsa possibility to find the motion vectorsfor a frame
independentlyHowever, both levels of parallelismwould be too fine for sucha distributedparallel
systemlike our platform, both of them would involve an extremelyheavy communication.They are
goodfor a multiprocessohardwarededicatedor video signal processingor they may be well-suited
for a vectorcomputer.

The next level of parallel processings offered by the slice layer. Slicesare always encoded
independenthof eachother. Our first algorithmis basedon this fact. However,we will showthatthe
computation/communicatiogets too low over a certain number of machines,although the load
balancingremainsgood. A self-explainingidea would be to encodeframesin parallel. The parallel
Berkeleyencodelis essentiallypasedon this method the machinesncodea certainamountof images
accordingto their power. It ensuresan excellentload balancing, but the coding may be done
incorrectly. Figure 6 shows the problem, assuming that pictures 0-6 are assigrezbssoP 1, while
pictures7-12 areassignedo processoP2.P1 canstartencodingthefirst framebecausat is anintra.
However,P2 cannotencoddrame?7 (B) becauset usesits referencegframe 6 andframe9) at motion
compensationAs we mentioned,the decoderreconstructshe P and B pictures by meansof their
reference(sandmotion vectorfield(s). However,only decodedeferencesre availableat the decoding
side. As a consequencehe prediction should be done from decodedframesas well, otherwisean
inequality occursbetweenthe encoderand decoder.This resultsin a decodedP or B frame of worse
guality. In addition,this erroris propagatedip to the next| picturebecausehe consecutiveP pictures
are predicted from each other. Thus, in order to encode frame 7, we should have frame 6 é@hahframe
decodedorm. Therefore P2 shouldwait until P1finisheswith frame6, which destroysthe parallelism
almost completely.

P1 P2

Figure 6. The problem of encoding frames in parallel
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The currentversionof the parallel Berkeleyencoder(1.5b) alwaysusesoriginal referenceframesfor
motion compensationThe author claims that the degradationis negligible, and the use of a finer
guantizationcanhide the differencesIn our opinion a degradatiorof 2..3dB is significant,andaswe
stated in the introduction, the production of high quality video is of our primary importance.

In fact, the motion estimationcan be doneindependentiyof the other coding tasks,thus, P2
could find the vectorfields for the P and B frames,and continuethe processingvhenit is possible.
Unfortunately,it would makethe schedulingfairly complicatedandthereis no guarantedor a proper
synchronizationAn other problemis thatframe6 is readby P1 and P2 aswell, which increasegshe
communicationHowever,noneof the problemsemergeif everyrun of framesstartswith an| frame
andendswith a P frame. This makesa group of framesindependentrom the others.In this way, the
requirementgor a Group Of Picturesare satisfied(seeSection2), therefore we will call it GOP level
parallelization.Our secondalgorithmis basedon this method.Unfortunately,thereare problemswith
this kind of parallelismaswell. In orderto ensuregood quality at low bit-rate coding, the distance
betweentwo | framesshouldbe large enough typically 10...15.This meansa large datasize, which
resultsin worseload balancingthanthe frame parallelization.We will showthat usingsmallerGOPs
like IBBP, not only provides good load balancing, but good parallel performance as well.

4. Description of the developed algorithms
4.1 Theparallel model

In both cases the configurati isa master-slavenodelasshownin Figure7. The slavesreside
on different machinesthere may be one slave on the masterhost. The masterreadsthe raw images
from a file, and it writes the compressed data (bitstream) into an other file. Sirsystidreis prepared
for MPEG-1 encoding,it is alwaysrequiredto transformthe framesinto 4:2:0 format. A hardware
video digitizer usually outputsthe signalin 4:2:2 format, and our imagesequencdiles arealsoin this
format. 4:2:2 meanghateveryline containschrominancesamplesbut the numberof U andV samples
is half of the numberof Y samplesper line. Consequentlya vertical chromadecimationis needed,
which is doneby the mastemrocessExceptfor this one,all the othercomputatioris performedby the
slaves.The mastercontrols the slaves,providing the load balancingin this way. It distributesraw
imagedatawith somecontrolinfo amongthem.The slavesdo the encoding,and sendbackthe results
to themaster githervia the TCP (TransmissiorControl Protocol)and UDP (User DatagramProtocol)
sockets or via NFS. They do not communicate with each other.

Raw images / Input parameters

MPEG bitstrean

SLAVE 1 SLAVE2 | .. SLAVE N

MASTER

Raw image data + control info
Compressed data

Figure 7. The parallel configuration

The usercancontactonly the masterby enteringseveralcodingparameterssuchasthe GOP pattern,
the motion vector range,the numberof slavesto be started,the quality of the video, etc. In our case
every GOP containsexactly one | picture. After some successfulinitialization stepsthe encoding
begins. At the end of the processingthe slaves provide the master with their computation+
communication and idle times in order to evaluate the performance of the system.
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4.2 Thedicelevel algorithm

In this case,the parallelizationis done within a frame (spatial parallelization). The load
balancingcanbe dynamicon GOPlevel, but it is alwaysstaticwithin a GOP.We apply the following
definitions accordingto Figure 8. A slice consistsof any numberof horizontal macroblockrows. A
segmentconsistsof a slice and the associatedextra areasaboveand/or below the slice if this slice
comesirom an| or P picture. Theseextraareasare neededor motion estimation/compensatioince
B pictures are never used as reference, in those cases no extra areas are required.

- ,S",Ce,,l,, L Segment 1

- Slice2--o

- Slice 3 Segment

Ceiesd (Mo%)étrﬁa}/gé?gr range)

Figure 8. lllustration of slices and segments (4 slaves in the configuration)

A frame containsas manyslicesasthe numberof slavesin the configuration.This providesthe least
communication start-ups per frame. Segmentsare assignedto the slaves according to their
instantaneoupower. The fastera certainslave,the larger the slice it processesThe slavespoweris
determinedy a testprocedureThe distributionof theworkloadis constanbetweenwo tests,a given
slaveprocessethe sameamountof MB rows in the sameposition.A testcanhappemat any | frame.
During a testthe actuall picture is multicastamongthe slaves,and eachof themencodest entirely.
The results are sent back accompaniedby the encodingtimes. Using thesetimes the mastercan
estimatethe slavesperformancelt shouldbe notedthat frequenttestsimprovethe load balancing but
increasethe computationaload as well. In the normal mode of operationeachslave sendsback its
encodedslice, which may not arrive in the right order. In sucha situation the masterstoresthem
temporary butit putsthemin the MPEG file assoonas possible.The communications alwaysdone
via the TCP and UDP sockets, the machines do not have to be mounted to the NFS.

A consequencef this methodis that somepartsof the predictedpicturesmay not be encoded
correctly. The extra areas on the reference frames shoultedswodedinddecodedn orderto make
the predictioncorrectly. They canbe processedff the actualsegmentomesfrom anl frame,but they
cannotif it derivesfrom a P frame. Only the first P frame following an | frame can be encoded
correctly sureenough.All the other predictedframesreferencedy this P picture will containslices
encodedncorrectlyif thereare motion vectorspointing to the unprocesse@éxtra areas.For instance,
assumethe following sequencelBBPBBPIBBP...Exceptfor the first P frame, a slice in any other
predictedframesup to the next| picture cannotusedecodedextra areasbecausehey are presentat
otherslaves.Of coursea givenslavecould acquiretheseareasin decodedorm, butit would introduce
a heavy communicationbetweenthe slaves.Incorrect encodingoccurs only if thereis a vertical
movementloseto a segmentatiotine. In additionthe more slavesare in the configuration,the more
extra areaswe have. Fortunately, live video sequencesalways contain much more horizontal
displacementshan vertical ones,which preventsthe video materialfrom quality degradationin this
case. However, we did a little test in order to examine the quality if a stestical movementappens
in a scene. The details can be found in Section 5.
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4.3 The GOP level algorithm

This method processesGroups Of Pictures in parallel (temporal parallelization). The
scheduling's much simplerthanin the previouscase eventhe load balancingis dynamicthroughout
the sequencelt works in a round-robinfashion as follows: Having N slaves,the first N GOPsare
assignedo themin turn. Beforeencodingthe lastframein a GOP,the slavesignalsa requestowards
the masterfor newwork. If thereare no more GOPsleft, the mastershutsdown the just freed slave.
After serving the slave the masterpreparesthe next GOP for sending.While the raw GOPsare
distributedvia the UDP and TCP socketsthe encodenesareput in separatdiles by the slavesit is
assumedhat the machinesn the configurationare mountedto the NFS. At the end of the processing
the mastertries to concatenatehe encodedgroups.If thereis no NFS, the user should transferthe
results to one place and combine them itself. The preparationwork for a GOP (reading, UV
decimating) canakea significanttime, especiallyif theframesarereadfrom the NFS. A slaverequest
may arrive whenthe masterworks, thus, the caller cannotbe servedimmediately.Sincethat slaveis
still working, it is likely to stay in idle state for a shorter period as if it signalled after finishing.

5. Testsand results
5.1 Performance test
Two kinds of standardmeasurethe speed-upand the efficiency were usedto evaluatethe

performanceof the parallel systemwith the presentedalgorithms.In our casethey are defined as
follows:

i i [ .- for M hine:
time for sequentialencoding efficiency= speed-up for M machine

speed-up =
P P time for parallel encoding M

We usedSUN Sparc2s connectedvia Ethernetfor doing experimentsAlthough the machineswere
identical, their load varied in time. Therefore, the encoding times (for sequamdigérallelcaseshlso
fluctuatedin time. The presentedesultsare averagedrom severalmeasurement®uring the teststhe
masterand one slave processwere running on the samehost, while the other slaveswere on different
hosts.This ensured betterutilization of the systemasif all the slaveshadbeentotally separatedrom
the master.In everycase 200 SIF frameswereencodedat a motion vectorrangeof 32. Two kinds of
GOP patternwereused:IBBP (N=4) andIBBPBBPBBP(N=10). The imageswere alwaysreadfrom
the NFS. In the caseof slice level parallelizationthe numberof testframesvaried betweenl and4,
dependingon theload of the system.The referencesequentiaencodingratesare0.2 framesper second
(N=4) and 0.18 frames per second (N=10).

Figure9 indicatesthe speed-upasa function of the numberof machinesfor both algorithmsif
the IBBP patternis used.As we can see,the speed-upgoesin saturationquite quickly if slicesare
encodedn parallel. It turns out that this level of parallelismis too fine for sucha distributedsystem
with the appliedmachinesand network.On the onehand,the low bandwidthof the network shouldbe
responsibldor the performancedegradationUsually the transferrate is not morethan 100 Kbytes/s.
On the otherhand,the communicatioractivity getshigherincreasingthe numberof slaves sincethis
latter is equato the numberof communicatiorstart-upsper frame. Furthermorethe amountof datato
be transferreds higherthanit shouldbe, becausdhe extraareasare alwaysoverlappedon an| or P
frame,thus,they are senttwice. The speed-ups 3.3 with 6 slavesachievingan encodingrate of 0.66
frames per second. However, BOPlevel parallelismshowsan almostlinear speed-upn the denoted
#machinesnterval. The communicatioroverheads reducedsignificantly by initiating a transfermuch
lesstimes.Moreover,all imagedatais sentonly once.The resultedspeed-ugs 4.7 with 6 machines,
corresponding to eate of 0.94framespersecondAs it is shownin Figure 10, the systemworks much
more efficiently in this case.
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Figure 9. Speed-up vs. #machines (GOP=IBBP) Figure 10. Efficiency vs. #machines (GOP=IBBP)

In order to estimatethe computation/communiciain, Figure 11 showsthe slaves'average
computation+communication and idle times. The first tiwesarehandlediogetherbecausea process
considersa transferfinishedif datahasbeenpassedo the local daemonA local daemonis runningon
each host, and its duty is to catch the messages coming to the procgkstBost.As a consequence,
this communicationtime is far lessthanthe real one. The real communicatiortime is characterized
better by the slaves'idle time, assuminggood scheduling(i.e. slight data contentiononly). As it is
shown,theidle time getscomparabléo the computatiortime if the slice parallelizationis appliedwith
5 or 6 machines(Figure 11/a). The computation/communicatiois about2 in thesecases,that is
extremelylow. However,usingthe GOP parallelization the averagddle time is not only muchsmaller
(by 60-70%), but it is almost constant in the examined #machines interval as well (Figure 11/b).

1000 —&@—Comp.+ 1000 —&@—Comp.+
900 comm. 900 comm.
800 —l—dle 800 ——dle

700
600
500
400
300
200
100

Times [sec]
Times [sec]

#machines #machines

11/a Slice parallelization 11/b GOP parallelization
Figure 11. Average computation+communication and idle times of slaves vs. #machines (GOP=IBBP)

Despite the performancedegradationof the slice-level algorithm, its load balancing control was
working well, the differencesin computationtimes were within 10%. Unfortunately, an exact
segmentatioms hardly possiblebecausehe numberof MB rowsis 18 (or 15) on a SIF image,andthis
wasfoundtoo few in caseof morethan3 or 4 machinesWe experiencedh betterload balancingwith
larger sized images, but it could not hide the problem of intensive communication.

The next experimentsvere carriedout at a larger GOP size (N=10). While a shorterpattern
canbe suitablefor an applicationrequiring fast randomaccesge.g. digital video recorder),a longer
onemay be appropriatefor a low/middle bit-rate application(e.g. standarddigital television).For fast
comparisorwe denotedthe previousspeed-upss well in Figure 12. The speed-upbecomesslightly
better at the slice parallelization because the number of predicted isanigdser, which involvesmore
computation.However, it becomesslightly worse in the other case (Figure 13) becausethe load
balancingdegradeglueto the larger datasize. Of courseencodingthousandsf pictureswill surely
improve the performancebecausethe relative differencesin the computationtimes will be less.
Unfortunately,it is expectedhat usingplenty of machinesthe performancewill getworsealsoat the
GOPlevel parallelizationbecausehe masterwill not be ableto servethe slavesin time. The speed-up
will go in saturation, and finally, it will fall down if the number of machines is increased unlimited.
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Figure 12. Speed-up vs. #machines (Slice level) Figure 13. Speed-up vs. #machines (GOP level)

Finally, it is worth comparing the performance of the parallel Berkeley enweattethat of our

one using the GOP level algorithm. Also, the parallel Berkeleyimplementsthe coding schemeon a

master-slavenodel. The schedulingis basedon the Pool of Tasksparadigm,a slaveis kept busy by

assigningmorework at the beginningandlesswork at the end of the processingo it. It providesan

excellentload balancingat the expenseof incorrectencoding.Figure 14 showsthe curves.The GOP
patternof IBBP wasusedfor the comparisonAll the other encodersettingswere the sameas before
exceptfor the motion estimation.Since the Berkeley encoderdoesnot supporthierarchicalsearch
methodswe useda full searchwith a maximumdisplacemenof 8, providing approximatelythe same
sequentialreferencetime. As we can see,thereis a very slight difference betweenthe curves.Our

algorithm works well preserving the quality of the video material.
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Figure 14. Speed-up vs. #machines (GOP level and Berkeley at GOP=IBBP)
5.2 Quality test for dice paralléization

As it wasmentionedn Section4, the slice parallelizationintroducesa problem.Somepartsof
the predictedframesare encodedincorrectly if vertical motion is presentcloseto the segmentation
borders.In orderto examinea really bad case,we encodeda specialtest sequenceontainingheavy
verticalmovementWe used6 slavesandthe following GOP patternsiIBBP and IPPP.In thefirst set
only the B pictures were encodedincorrectly, while in the secondcasean error propagationwas
introducedas well. The decodedvideo was evaluatedusing the Signalto Noise Ratio comparedt to
that of the correctly encoded signal. The degradation was within 0.05 dB at B pictures #mzhieéss
dB at P pictures. These extreme cases guarantee that the quality will be preserved in normal situations.

5.3 Conclusion of thetests

We can concludethe followings from the abovetests: The slice parallelizationprovides a
reasonablespeed-ugf no morethan3 or 4 machinesare used.If the sequenceontainsonly a few
frames,andthe useof larger GOPsis necessarythis algorithmis more optimal thanthe otherone.In
any othercasethe GOP parallelizationis proposedgspeciallyif the GOP consistsof a few frames.If
the use of larger GOPs is inevitable, the good load balancing can be ensured by encoding more frames.
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6. Discussion

One of the main boundsfor the systemperformancewas the high acquisitiontime of the
frames.In our experimentghe imageswere alwaysreadfrom the networkfile system.The size of a
framein SIF is 150,000Kbytesabout. The original frameswere larger by 30% becausef the 4:2:2
format. We could not achieve a reading rate of higher than 2 frames per second, thaheresnwsrk
speedwas 400 Kbytes/sin the bestcase!Consequentlyye can havethe fastestworkstationsin the
world, we will not be able to achievean encodingrate of higher than 2 frames per second.A
conventional local disk does not solve the problem either, since it usually has an average transfer rate of
1 Mbyte/s.In orderto get theframesfrom the mediain real-time,it is essentiato usemultiple disks.
Besidehaving a high-speedmedia, it is importantto usea high-speedhetwork like FDDI or ATM
becausdransferringraw imagesmeansa high traffic load on the communicationchannel.The slice
parallelization will probably work better on such a system.

At theslice parallelizationthe following possibility may be offered: everyframe could be sent
to eachslaveby a multicastcommandA slavewould getan additionalcontrolinfo on the numberof
MB rows to be processedas well as the position of the first row. In this way, the number of
communicatiorstart-upss reducedo 1 perframe.Moreover,thereare no additionalareasto be sent
twice. We tried this method, but the system worked mueise. The averagddle time at the slaveside
increasedy 50-100%.The explanatiomrmight be the following: Whenmulticastinga messagedatais
routed through thdaemonsAt everydaemorit is copiedout andpassedo the correspondingprocess.
The routing takes more time than sending the messages directly to all the processes.

Our future work will be basedon improving the GOP level parallelizationfurther. This not only
involves developingbetterschedulingmethodsput it is intendedto adda highly sophisticatedit-rate
control algorithm as well.

7. Conclusion

In this paper we presented two kirafgarallelalgorithmfor the MPEG video compressiorby
usingthe PVM library. Encodingslicesin parallelintroducedtoo much communicationcomparedo
the computationThe speed-upvas 3.3 with 6 Sparc2sonthe Ethernet.The GOPlevel parallelization
worked much better, achieving a speed-up of 4.7 with 6 macHihealgorithmsareentirely portable,
they only requirean installedPVM versionof 3.3.x. The currentsystemproducesan MPEG-1video
stream, but the methods can be applied in the MPEG-2 encoding as well.

This work was performedwith the supportof TEMPUSJEP 3815 and of the EuropeanCommunity
through the COPERNICUS 1463 ATMIN project.
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