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Abstract

In this paper we discusshow the two refeence im-
plementationsof the upcomingJPEG2000image coding
standad can be parallelized for the executionon sharwed-
memorymultiprocessos. By runtimeanalysis,we identify
two major stagesin thecodingprocessof JPEG2000vhele
parallelism can be exploited. We presenttedhniquesto ex-
ploit the parallelism within thesetwo stages, and speedup
resultsobtainedon several hardware platforms. \We fo-
cuson OpenMPas well as JAVA threadsfor programming
within shailed-memongnvironments.

1. Introduction

In recentyearsthere has beena tremendousncrease
in the demandfor digital imagery Applicationsinclude
consumekelectronicgKodak's Photo-CDHDTYV, SHDTV,
Video-on-Demand,and Sega’s CD-ROM video game),
medicalimaging(digital radiograply), video-conferencing,
suneillanceapplications and scientificvisualization. The
probleminherentto ary digital imageor digital video sys-
temis thelargebandwidthrequiredfor transmissioror stor
age.

Unfortunately mary applications demand execution
timesthatarenotpossibleusingasingleserialmicroproces-
sor, which leadsto the useof high performanceomputers
for suchtasks[19] (besidethe useof DSP chips, FPGAS,
mediaprocessorsyr applicationspecificVLSI designs)In
this contet, seseral papershave beenpublisheddescribing
imagecodingongenerapurposeparallelarchitectures see
for exampleJPE(JS, 6, 8], vectorquantizatiorj13, 14], and
fractalcompressionf9, 10,11, 23].

Imageandvideocodingmethodghatusewavelettrans-
forms [22] have beensuccessfulin providing high rates
of compressiorwhile maintaininggoodimagequality and
have generatednuch interestin the scientific community
ascompetitorsto DCT basedcompressiorschemes.With
the finalization of the wavelet basedJPEG2000standard

[1, 4, 5, 2] andthe inclusion of a wavelet algorithm for
synthetic/naturahybrid codingin MPEG-4[20] thereis no
doubtleft that waveletimage compressiorhasto be con-
sideredstateof the art nowadays. Therefore,a thorough
investicationof parallelversionsof thesealgorithmsseems
mandatory

In this work, we discussthe parallelization of two
JPEG2000referenceimplementations:the JJ2000codec
(see http://jj2000.epfl.ch ) using JAVA threads
and the JasperC codec (see http://www.ece.ubc.
ca/"madams ) using OpenMP[7] (seehttp://www.
openmp.org ). Section2 is devotedto a shortintroduc-
tion to JPEG2000which highlights algorithmic properties
andimprovementsover JPEG.The following sectionsdis-
cussthe parallelizationapproachesnd presentthe corre-
spondingexperimentakesults.

2. JPEG2000

The JPEG2000image coding standardis basedon a
schemeoriginally proposedby Taubmanand known as
EBCOT (“EmbeddedBlock Codingwith OptimizedTrun-
cation”[21]). Themajordifferencebetweerpreviously pro-
posedwavelet-basedmage compressioralgorithmssuch
as EZW [18] or SPIHT [16] is that EBCOT as well as
JPEG200®@perateonindependenthon-overlappingblocks
which are codedin several bit layersto createan embed-
ded,scalablebitstream Insteadof zerotreesthe JPEG2000
schemalepend®naperblock quad-treestructuresincethe
strictly independenblock codingstrateyy precludesstruc-
turesacrosssubband®r evencode-blocks Theseindepen-
dent code-blocksare passeddown the “coding pipeline”
shavn in Fig.1 and generateseparatebitstreams. Trans-
mitting eachbit layer corresponddo a certain distortion
level. The partitioning of the available bit budgetbetween
the code-blocksand layers (“truncation points”) is deter
minedusinga sophisticateaptimizationstratey for opti-
mal rate/distortiorperformance.

The main designgoalsbehindEBCOT and JPEG2000
areversatility andflexibility which areachievedto alarge
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Figure 1. JPEG2000 coding pipeline

extentby the independenprocessingand coding of image
blocks[4], andof courseto provide a codecwith a better
rate-distortiorperformancehanthewidely usedJPEG es-
pecially at lower bitrates[17]. The default for JPEG2000
is to performa five-level wavelet decompositiorwith 7/9-
biorthogonafiltersandthensegmentthetransformedmage
into non-overlappingcode-blockf no morethan4096 co-
efficientswhich arepassedaionn the codingpipeline.

In Fig.2we comparethetime requiredfor encodingdif-
ferently sizedimagesusingfour imagecodecs:DCT-based
JPEGwavelet-base®PIHT, JasperandJJ200qJaspeand
JJ200othimplementthe JPEG200Gtandard) Note, that
JPEG,SPIHT, andJaspeareC/C++basedvhereas]J2000
is written in JAVA.
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Figure 2. Compression timings

Evidently JPEGis the by far fastestlgorithm,whereas
bothJPEG2000mplementationgsireslovest. Interestingly
thereis not muchdifferencebetweenthe C and JAVA im-
plementationgthe IBM JDK 1.1.8just-in-timecompileris
usedfor JJ2000).Fig.3 shavs a runtimeanalysisof the se-
guentialexecutionof JJ200andJasperThewavelettrans-
form part (intra-componentransform)is clearly the most
demandingartof the algorithm,followed by the encoding
stage(tier-1 coding). Fortunately both stagescan be par
allelizedwith little effort. Intrinsically sequentiapartsof
the algorithmareimageandbitstreaml/O andR/D alloca-
tion which all shaw relatively low compleity. Obviously,
high parallelizationpotentialwasoneof the designgoalsof
JPEG2000.
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Figure 3. Serial Runtime Analysis of JJ2000
and Jasper on Intel Pentium Il Xeon, 500 MHz

3. Parallel JPEG2000

Themultiprocessoarchitecturdi.e. sharednemoryand
virtual sharedmemoryMIMD) - often alsodenotedSMP
— is aninterestingalternative to multicomputerdor image
processingasksdueto the high memoryrequirementof
theseapplications. Also, the availability of comfortable
programmingervironmentsfor parallelprocessingpn such
architecturege.g. OpenMPR JAVA Threads)is an impor-
tant aspect. Finally, the excellent prize-performanceatio
of Intel-basedSMPsmakes suchsystemsvery popularfor
mary applicationsgnvolving visualdataprocessing15]. In
this section,we describea “straightforward” SMP paral-
lelizationof two JPEG2000eferenceamplementationsthe
JJ2000codecusing JAVA threadsandthe JaspelC codec
usingOpenMP

3.1. Parallelization using imagetiling

Traditional parallelizationapproache$or JPEGsuchas
[3, 6] and[8] includetiling the imageanddistributing the
tilesamongseparat€€PUs.As JPEGperformsthe DCT on
8 x 8 imageblocks, this straightforvard tile-basedparal-
lelization approachdoesnot impair imagequality because
tiles aregenerallymuchlargerthanthetransformblocks.

JPEG2000emplgys the wavelet transform for image
decorrelation.The wavelet decompositioris usuallycom-
putedon the entire image, which inhibits anng/iing com-
pressionblock artifactsthat occur at low bit rate coding.
However, in spite of the quality impact, JPEG2000also
supportsthe conceptof imagetiling for operationin low
memoryervironments. In this case the wavelettransform
is performedon eachimagetile independentlyFigure4 il-
lustratesthe subjecte imagedegradationdueto tiling. In
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Figure 4. The center part of the Lena image coded with a bitrate of 0.125 bpp, on the left using JPEG,
in the mid dle employing JPEG2000 without tiling, and on the right using JPEG2000 with atile size of

64 x 64.

figure5, we shav theimpactof parallelizingJPEG200Qs-
ing this simpleimagetiling approach:Obviously, the pro-
cessingf independenimagetilesin parallelleadsto a sig-
nificantrate-distortionossandsevereblocking artifactsas
the numberof tiles andprocessorss increased.

In this paper we do not follow this simpletiled-based
parallelizationidea but proposeto distribute the global
wavelet transform, as well as the code-blockprocessing,
amongseveral CPUs.

B 1CPU (512 x 512 tile)
25 @ 4 CPUs (256 x 256 tiles)
v 16 CPUS (128 x 128 tles)
231 4 64CPUs (6464 tiles)
» 256 CPUS (32 x 32 tiles)
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Figure 5. The impact of tile-based paralleliza-
tion on JPEG2000 image quality .

3.2. Parall€lization of JJ2000 using JAVA Threads

TheapproacHollowedin this work is to changeaslittle
aspossiblein the original JJ2000codefor parallelization.
JAVA multi-threadings employedin thewavelettransform
and encodingstage. For a multi-threadedwavelet trans-
form, different partsof the dataare assignedo different
threadsthe deterministicworkloadallows a staticload al-
location. However, synchronizationis requiredat eachde-
compositionlevel betweerverticalandhorizontalfiltering.
In the encodingstage,on the otherhand,no synchroniza-
tion is necessargueto the processingf independentode-
blocks. The load balanceproblemcausedy the different
runtime for eachcode-blockis solved by using a pool of
worker threadsand a staggereaoundrobin assignmenbf
the code-blockdo thesethreads.Whereaghe JJ2000code
alreadycontainsthe necessaryhreadinvocationcallsfor a
parallelencodingstagethetransformpartis coveredin this
work.

Fig.6 displaysthe runtime analysisof a multi-threaded
executionon a 4 processoiSMP system(a Compagsener
with Intel Pentiumll Xeonprocessorsunningat 500 MHz
which is usedfor all subsequenéxperimentsin this sec-
tion). An overall speedupf 1.75 is achiezed only. When
analyzingthe chartin moredetail, we find thatthe speedup
correspondingo the encodingstageis about3.6 whereas
the wavelet transformspeedups 1.6 at most. Therefore,
we investicatethewavelettransformpartin moredetail.

Fig.7 shavsthetimingsfor thefiltering procedureshro-
kendown into theverticalandhorizontalparts respectely.
The vertical filtering steprequiresmorethan10 timesthe
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Figure 6. Parallel Runtime Analysis of JJ2000
on SMP (four processor Compagq, Intel Pen-
tium 1l Xenon, 500 MHz)

executiontime of the horizontalcounterpart.Surprisingly
also the speedupfor the vertical filtering is significantly
lower thanthis for the horizontalcase{compareFig.8).

32500 32158

30000 [ vertical
27500 [ vert. improved
[1 horizontal
25000 23650 [Jhoriz. improved
22500
~ 20000
%]
£ 17500 17145 17209
[}
E 15000
*+ 12500
10000
7500
5000 4770

2500 h 670 295
o B

# CPUs

Figure 7. Original and impr oved filtering

This unexpectedbehaiour suggestghe existenceof a
severecache-misproblem(seealso[12] for similar effects
in an MPI implementationfor a 3-D wavelet decomposi-
tion). In fact, it turns out that when using large images
with width equalto a power-of-two and the filter length
is longerthan4 (this correspondso the 4-way associatie
cache),an entire image columnis mappedonto a single
cache-set.Consequentlyduring the executionof vertical
waveletfiltering an enormousamountof cachemissesoc-
cur. We have consideredwo approacheso improve the
cachehit rate. First, the imagewidth is forcedto be not
a power-of-two (e.g. by insertingdummy data, compare
[12]). Thistechniquedoesnot requireary modificationin

thefilter codeandresultsin the useof morecachesetsand
consequenthallows cachehits on vertically adjacentpix-
els. Second several adjacentcolumnsare filtered concur
rently within a singleprocessarWhenloadingthefirst data
pointsof animagecolumninto thecachethecorresponding
dataof adjacentolumnsaresituatedwithin thesamecache
line. Therefore computingthe productsof pixelsandfilter
coeficientsof all thesecolumnscanbe performedwithout
ary cachemisses(exceptthe initial accesswhich triggers
the cacheload). Here, a modificationof the filter codeis
required— the resultsof the different columnshave to be
buffered. The secondapproachhasturnedout to be more
effective.
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Figure 8. Speedup of filtering routines

A significantimprovementis obsenedin Fig.7—almost
factor10 is gainedby our techniquehorizontalandvertical
filtering are now almostidentical with respectto runtime.
Additionally, the speedupf theimproved verticalfiltering
routineis significantly higher (Fig.8) and now equalsthat
of horizontalfiltering. Notethatthe constrainegpeedupmf
the original filtering routineis dueto the congestiorof the
bus causedy the high numberof cachemisses.

Finally, Fig.9 shavs the runtimeanalysisof JJ2000with
theimprovedfiltering routine.We noticeanoverallspeedup
of 5.39 with respecto the original JJ200Gmplementation
(seeFig.3). Of course the superlinearityis dueto theim-
proved filtering routine. A further significantincreaseof
parallel efficiency can not be expected,since the intrin-
sically sequentialstagescontribute alreadyabout40% to
the overall executiontime andthe efficiency of the parallel
partscan hardly be improved without massvely changing
thecode,whichis notthe scopeof this work.

3.3. Parallel Jasper using OpenM P

With OpenMPwe have anothertool for programming
within shared-memorgrnvironments. Basically OpenMP
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Figure 9. Parallel Runtime Analysis of JJ2000
with impr oved filtering (Intel SMP)

andthreadshave a similar programmingflexibility andva-

riety, since the first mentionedtechniqueis basedupon

threads.OpenMPcanbe seenasa programmingnterface
generalizingthe usageof threads,hiding the pure thread
andits appliancerespectiely the synchronizatiorbetween
threadsundermacroconstructsso calledpragmas These
pragmasprovide more generalconstructsfor performing
sectionf asequentiaprogram(i.e. loops)in parallel.

When analyzingthe single coding stagesof Jasperwe
seeavery similarloaddistribution asthe JJ200Ccoder(fig-
ure 3). Zoominginto theintra-componentransformof the
Jaspecoder the partin which thewavelettransformis per
formed, we also facethe analogousproblemwith cache-
misses.This cacheproblemincreasewith the dimensions
of theimage.Thusit is very corvenientandstraightforvard
to applyasimilar parallelizatiorfor the Jaspecodecaspro-
posedn section3.2. We enhanceheverticalfiltering in the
samefashionasdonein the JJ2000coder: Filtering of ver-
tical columnsis donein a’parallel’ fashion,several neigh-
bouring image columnsare filtered concurrentlywithin a
singleprocessarAdditionally, we employ OpenMPto par
allelizetheintra-componenphasewherethewavelettrans-
formis applied,aswell asthetier-1 codingstagewherethe
independentode-blockprocessindgs done. Both stageof
the coding phasecan be parallelizedeasily and efficiently
asin theJJ200Qcase.

We have analyzedthe parallel Jaspemperformancefor
different architectures. On an Intel SMP architecture(4
SMP Intel Pentiumll Xeon runningat 500 MHz), our re-
sultsaresimilar to the JJ200Qthread-basegarallelization.
Generally the JaspelC codesaresabout20 percentof the
JJ2000computationtime. The percentagef the parallel
partswith respecto thetotal executiontimesarevery simi-
lar. We wantto give alsoresultsfor a SGI Paver Challenge
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Figure 10. Parallel Runtime Analysis of Jasper
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proved filtering
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Figure 11. Parallel Runtime Analysis of Jasper
(16384 Kpix el image, SGI): Speedup for origi-
nal and impr oved filtering with respect to the
original Jasper runtime

(20 IP25RISC processinginitsrunningat 194 MHz). The
proportionsof executiontimesdo not changesignificantly
althoughwe facevery poor computatiortimeswhencom-
paredwith thefastintel processorsunningathighfrequen-
cies.

Figure10shawstheruntimesfor theverticalwaveletfil-
tering partof the Jaspercoderon the Paver Challenge We
clearly seethe big gap betweenhorizontaland vertical fil-
tering. Applying the describedmproved verticalfiltering,
we closethis gap significantly Distributing the load of the
modifiedwaveletdecompositionmwvith theaid of OpenMPto
a numberof processorswe canincreasehe verticalfilter-
ing over all resolutionlevels by a factor of 80 (seefigure
11). Consideringthe overall runtime, including improved
filtering, aswell asparallelizingthe wavelettransformand
the code-blockprocessingwe reducethe processingime
by afactorof about5 (figure 12). We mustnote,of course,
thatour comparisongremadewith respecto theruntimes
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Figure 12. Parallel Runtime Analysis of Jasper
(16384 Kpix el image, SGI): Speedup for the
entire coding time with respect to the original
Jasper runtime

of theoriginal Jaspesource.Thisis thereasonwhy we see
thesesuperlinearspeedups.Anyhow, we think that these
figuresgive a goodfeeling of how muchthe Jasperefer

enceimplementatiorcanbeimproved, whenhaving alook

atboth,sequentiabndparalleloptimizations.

When taking the filtering optimized code as the refer
encefor our speedupneasurementsye canobsene atotal
speedupf little morethan 2 (figure 13). The valuesseen
in this chartgive the classicalspeedugdor our paralleliza-
tion, sincewe compareheparallelruntimeswith thefastest
availablesequentiatode whichis - in this case- theJasper
codewith improvedverticalfiltering. Themodifiedvertical
filtering techniqueacceleratethecodingof largeimageshy
afactorof about2.4.

Beside,we alsoparallelizethe quantizationstep,which
is only appliedin the lossy case,sincelosslesscompres-
sion doesnt usequantization. Quantizationcan be paral-
lelized easilyandvery straightforvard, sinceevery proces-
sormayhave achunkof coeficientsfrom thewavelettrans-
form which it hasto quantize. Extractingthe neededime
portionof thequantizatiorandcalculatingthe speedupvith
respecto thistime slice, we seespeedupsf approximately
3.2for performingthe quantizatiorstagein parallel.

Neverthelessthe contribution of this smallcomputation
sliceto thewholecodingtimeis too smallto shav areason-
ableperformancemprovementfor thewholeimagecoder

Applying OpenMPwithin the stagesof the mostcom-
putationaleffort, and optimizing the efficiency of vertical
filtering, we proofeda speedupof morethan5 compared
with the original Jasperreferenceimplementation. This
gain is reachedwith the aid of 10 processorsand mini-
mal implementatioreffort, meaningthat only minor parts
of the Jaspesourcecodehadto be changedo getthis per
formanceprofit.

—— OpenMP and modified filtering

speedup

Figure 13. Parallel Runtime Analysis of Jasper
(16384 Kpix el image, SGI): Speedup for the
entire coding time with respect to the filtering
optimiz ed Jasper

3.4. Theoretical versus Practical Speedup

Amdahl’s law gives an upperboundon the achiezable
parallel speedupassuminghat for concurrentsectionsin
thecodeperfectparallelismcanbeobtained.lt canbewrit-
tenas

(s+p)

(s+%)

wheres is theruntimespentin inherentlysequentiatode p
is thetime spentin codewhich canbe potentiallyexecuted
in paralleland NV is thenumberof processorsvailable.

Whenwe analyzehemeasureduntimesobtainedonthe
Intel platformfor the JaspeandJJ200Ccode,we getanex-
pectedoveralltheoreticakpeedumf 2.60 and3.19, respec-
tively, for a 4 processosystem. Our experimentalresults
shoved speedup®f 1.85and 1.75. When performingthe
improvedfiltering, thepercentagef parallelcodedecreases
obviously, andwith it alsothe possibletheoreticakpeedup.
This is the reasonfor the restrictedspeedup®f figure 13,
wherethe maximumtheoreticalspeedupvould be around
2.4for a4 processoervironment.

Weeclearly see thatthe potentialof our presentegar
allelizationsis limited. Producingbetterspeedupsvould
requirelarger partsof the codeto be runin parallel. The
way JPEG2000s designedthis could not be donewithout
massvely changingthe code.

speedup =

4. Conclusion

The runtime performanceof the upcomingJPEG2000
referenceimplementationscan be improved significantly
when operatingin parallel and exploiting the featuresof
threadsand shared-memoryWe could shaw, that all this



can be donewith minimal implementatioreffort, without

changingmajorpartsof thesourcesApplying anoptimized

vertical filtering technique we could additionally enhance
the performanceespeciallyfor largeimagedata.
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