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Abstract

In this paper, we discusshow the two reference im-
plementationsof the upcomingJPEG2000image coding
standard can be parallelized for the executionon shared-
memorymultiprocessors. By runtimeanalysis,we identify
twomajorstagesin thecodingprocessof JPEG2000where
parallelismcanbeexploited. We presenttechniquesto ex-
ploit the parallelism within thesetwo stages,and speedup
resultsobtainedon several hardware platforms. We fo-
cuson OpenMPaswell asJAVA threadsfor programming
within shared-memoryenvironments.

1. Introduction

In recentyearsthere has beena tremendousincrease
in the demandfor digital imagery. Applications include
consumerelectronics(Kodak’sPhoto-CD,HDTV, SHDTV,
Video-on-Demand,and Sega’s CD-ROM video game),
medicalimaging(digital radiography), video-conferencing,
surveillanceapplications,andscientificvisualization. The
probleminherentto any digital imageor digital videosys-
temis thelargebandwidthrequiredfor transmissionor stor-
age.

Unfortunately, many applications demand execution
timesthatarenotpossibleusingasingleserialmicroproces-
sor, which leadsto theuseof high performancecomputers
for suchtasks[19] (besidethe useof DSPchips,FPGAs,
mediaprocessors,or applicationspecificVLSI designs).In
this context, severalpapershave beenpublisheddescribing
imagecodingongeneralpurposeparallelarchitectures– see
for exampleJPEG[3, 6,8], vectorquantization[13,14],and
fractalcompression[9, 10,11,23].

Imageandvideocodingmethodsthatusewavelettrans-
forms [22] have beensuccessfulin providing high rates
of compressionwhile maintaininggoodimagequality and
have generatedmuch interestin the scientific community
ascompetitorsto DCT basedcompressionschemes.With
the finalization of the wavelet basedJPEG2000standard

[1, 4, 5, 2] and the inclusion of a wavelet algorithm for
synthetic/naturalhybrid codingin MPEG-4[20] thereis no
doubt left that wavelet imagecompressionhasto be con-
sideredstateof the art nowadays. Therefore,a thorough
investigationof parallelversionsof thesealgorithmsseems
mandatory.

In this work, we discuss the parallelization of two
JPEG2000referenceimplementations:the JJ2000codec
(seehttp://jj2000.epfl.ch ) using JAVA threads
and the JasperC codec(seehttp://www.ece.ubc.
ca/˜madams ) using OpenMP[7] (seehttp://www.
openmp.org ). Section2 is devotedto a short introduc-
tion to JPEG2000which highlightsalgorithmicproperties
andimprovementsover JPEG.The following sectionsdis-
cussthe parallelizationapproachesand presentthe corre-
spondingexperimentalresults.

2. JPEG2000

The JPEG2000image coding standardis basedon a
schemeoriginally proposedby Taubmanand known as
EBCOT (“EmbeddedBlock Codingwith OptimizedTrun-
cation”[21]). Themajordifferencebetweenpreviouslypro-
posedwavelet-basedimagecompressionalgorithmssuch
as EZW [18] or SPIHT [16] is that EBCOT as well as
JPEG2000operateon independent,non-overlappingblocks
which arecodedin several bit layersto createan embed-
ded,scalablebitstream.Insteadof zerotrees,theJPEG2000
schemedependsonaper-blockquad-treestructuresincethe
strictly independentblock codingstrategy precludesstruc-
turesacrosssubbandsor evencode-blocks.Theseindepen-
dent code-blocksare passeddown the “coding pipeline”
shown in Fig.1 and generateseparatebitstreams. Trans-
mitting eachbit layer correspondsto a certaindistortion
level. Thepartitioningof the availablebit budgetbetween
the code-blocksand layers(“truncation points”) is deter-
minedusinga sophisticatedoptimizationstrategy for opti-
mal rate/distortionperformance.

The main designgoalsbehindEBCOT and JPEG2000
areversatility andflexibility which areachieved to a large
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Figure 1. JPEG2000 coding pipeline

extentby the independentprocessingandcodingof image
blocks[4], andof courseto provide a codecwith a better
rate-distortionperformancethanthewidely usedJPEG,es-
pecially at lower bitrates[17]. The default for JPEG2000
is to performa five-level wavelet decompositionwith 7/9-
biorthogonalfiltersandthensegmentthetransformedimage
into non-overlappingcode-blocksof nomorethan ������� co-
efficientswhich arepasseddown thecodingpipeline.

In Fig.2we comparethetime requiredfor encodingdif-
ferentlysizedimagesusingfour imagecodecs:DCT-based
JPEG,wavelet-basedSPIHT, Jasper, andJJ2000(Jasperand
JJ2000bothimplementtheJPEG2000standard).Note,that
JPEG,SPIHT, andJasperareC/C++basedwhereasJJ2000
is written in JAVA.
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Figure 2. Compression timings

Evidently, JPEGis theby far fastestalgorithm,whereas
bothJPEG2000implementationsareslowest.Interestingly,
thereis not muchdifferencebetweenthe C andJAVA im-
plementations(theIBM JDK 1.1.8just-in-timecompileris
usedfor JJ2000).Fig.3shows a runtimeanalysisof these-
quentialexecutionof JJ2000andJasper. Thewavelettrans-
form part (intra-componenttransform)is clearly the most
demandingpartof thealgorithm,followedby theencoding
stage(tier-1 coding). Fortunately, both stagescanbe par-
allelizedwith little effort. Intrinsically sequentialpartsof
thealgorithmareimageandbitstreamI/O andR/D alloca-
tion which all show relatively low complexity. Obviously,
highparallelizationpotentialwasoneof thedesigngoalsof
JPEG2000.

256 256 1024 1024 4096 4096 16384 16384
00

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

55000

60000

65000

2478

7890
11373

32420

44218

4550

2982

2970

2610

8437

3000

2200bitstream I/O

tier−2 coding

tier−1 coding

quantization

intra−component 
transform

inter−component 
transform

pipeline setup

image I/O

image size (Kpixel)

ru
nt

im
e 

(m
s)

Jasper

j j2000

Figure 3. Serial Runtime Anal ysis of JJ2000
and Jasper on Intel Pentium II Xeon, 500 MHz

3. Parallel JPEG2000

Themultiprocessorarchitecture(i.e. sharedmemoryand
virtual sharedmemoryMIMD) – often alsodenotedSMP
– is an interestingalternative to multicomputersfor image
processingtasksdue to the high memoryrequirementsof
theseapplications. Also, the availability of comfortable
programmingenvironmentsfor parallelprocessingon such
architectures(e.g. OpenMP, JAVA Threads)is an impor-
tant aspect. Finally, the excellentprize-performanceratio
of Intel-basedSMPsmakessuchsystemsvery popularfor
many applicationsinvolving visualdataprocessing[15]. In
this section,we describea “straightforward” SMP paral-
lelizationof two JPEG2000referenceimplementations:the
JJ2000codecusingJAVA threadsand the JasperC codec
usingOpenMP.

3.1. Parallelization using image tiling

Traditionalparallelizationapproachesfor JPEGsuchas
[3, 6] and[8] includetiling the imageanddistributing the
tilesamongseparateCPUs.As JPEGperformstheDCT on�
	��

imageblocks, this straightforward tile-basedparal-
lelization approachdoesnot impair imagequality because
tilesaregenerallymuchlargerthanthetransformblocks.

JPEG2000employs the wavelet transform for image
decorrelation.The wavelet decompositionis usuallycom-
putedon the entire image,which inhibits annoying com-
pressionblock artifacts that occur at low bit rate coding.
However, in spite of the quality impact, JPEG2000also
supportsthe conceptof imagetiling for operationin low
memoryenvironments.In this case,thewavelet transform
is performedon eachimagetile independently. Figure4 il-
lustratesthesubjective imagedegradationdueto tiling. In



(a)JPEG (b) JPEG2000 (c) JPEG2000with tiling

Figure 4. The center par t of the Lena image coded with a bitrate of �������� bpp, on the left using JPEG,
in the mid dle emplo ying JPEG2000 without tiling, and on the right using JPEG2000 with a tile size of
��� 	 ����

figure5, weshow theimpactof parallelizingJPEG2000us-
ing this simpleimagetiling approach:Obviously, the pro-
cessingof independentimagetiles in parallelleadsto asig-
nificant rate-distortionlossandsevereblockingartifactsas
thenumberof tiles andprocessorsis increased.

In this paper, we do not follow this simple tiled-based
parallelization idea but proposeto distribute the global
wavelet transform,as well as the code-blockprocessing,
amongseveralCPUs.
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Figure 5. The impact of tile-based paralleliza-
tion on JPEG2000 image quality .

3.2. Parallelization of JJ2000 using JAVA Threads

Theapproachfollowedin this work is to changeaslittle
aspossiblein the original JJ2000codefor parallelization.
JAVA multi-threadingis employedin thewavelettransform
and encodingstage. For a multi-threadedwavelet trans-
form, different partsof the dataare assignedto different
threads,the deterministicworkloadallows a staticloadal-
location. However, synchronizationis requiredat eachde-
compositionlevel betweenverticalandhorizontalfiltering.
In the encodingstage,on the otherhand,no synchroniza-
tion is necessarydueto theprocessingof independentcode-
blocks. The load balanceproblemcausedby the different
runtime for eachcode-blockis solved by using a pool of
worker threadsanda staggeredroundrobin assignmentof
thecode-blocksto thesethreads.WhereastheJJ2000code
alreadycontainsthenecessarythreadinvocationcalls for a
parallelencodingstage,thetransformpartis coveredin this
work.

Fig.6 displaysthe runtimeanalysisof a multi-threaded
executionon a 4 processorSMPsystem(a Compaqserver
with Intel PentiumII Xeonprocessorsrunningat 500MHz
which is usedfor all subsequentexperimentsin this sec-
tion). An overall speedupof ������� is achievedonly. When
analyzingthechartin moredetail,we find thatthespeedup
correspondingto the encodingstageis about ����� whereas
the wavelet transformspeedupis ����� at most. Therefore,
we investigatethewavelettransformpartin moredetail.

Fig.7showsthetimingsfor thefiltering procedures,bro-
kendown into theverticalandhorizontalparts,respectively.
The vertical filtering steprequiresmorethan ��� timesthe
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Figure 6. Parallel Runtime Anal ysis of JJ2000
on SMP (four processor Compaq, Intel Pen-
tium II Xenon, 500 MHz)

executiontime of the horizontalcounterpart.Surprisingly,
also the speedupfor the vertical filtering is significantly
lower thanthis for thehorizontalcase(compareFig.8).
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Figure 7. Original and impr oved filtering

This unexpectedbehaviour suggeststhe existenceof a
severecache-missproblem(seealso[12] for similareffects
in an MPI implementationfor a 3-D wavelet decomposi-
tion). In fact, it turns out that when using large images
with width equal to a power-of-two and the filter length
is longerthan � (this correspondsto the � -way associative
cache),an entire imagecolumn is mappedonto a single
cache-set.Consequently, during the executionof vertical
wavelet filtering an enormousamountof cachemissesoc-
cur. We have consideredtwo approachesto improve the
cachehit rate. First, the imagewidth is forced to be not
a power-of-two (e.g. by insertingdummy data,compare
[12]). This techniquedoesnot requireany modificationin

thefilter codeandresultsin theuseof morecachesetsand
consequentlyallows cachehits on vertically adjacentpix-
els. Second,several adjacentcolumnsarefiltered concur-
rentlywithin asingleprocessor. Whenloadingthefirst data
pointsof animagecolumninto thecache,thecorresponding
dataof adjacentcolumnsaresituatedwithin thesamecache
line. Therefore,computingtheproductsof pixelsandfilter
coefficientsof all thesecolumnscanbeperformedwithout
any cachemisses(except the 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 observedin Fig.7– almost
factor ��� is gainedby our technique,horizontalandvertical
filtering arenow almostidenticalwith respectto runtime.
Additionally, thespeedupof the improvedverticalfiltering
routine is significantlyhigher (Fig.8) andnow equalsthat
of horizontalfiltering. Notethattheconstrainedspeedupof
theoriginal filtering routineis dueto thecongestionof the
buscausedby thehigh numberof cachemisses.

Finally, Fig.9shows theruntimeanalysisof JJ2000with
theimprovedfiltering routine.Wenoticeanoverallspeedup
of ����� � with respectto theoriginal JJ2000implementation
(seeFig.3). Of course,the superlinearityis dueto the im-
proved filtering routine. A further significant increaseof
parallel efficiency can not be expected,since the intrin-
sically sequentialstagescontribute alreadyabout40% to
theoverall executiontime andtheefficiency of theparallel
partscanhardly be improved without massively changing
thecode,which is not thescopeof thiswork.

3.3. Parallel Jasper using OpenMP

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

andthreadshave a similar programmingflexibility andva-
riety, since the first mentionedtechniqueis basedupon
threads.OpenMPcanbe seenasa programminginterface
generalizingthe usageof threads,hiding the pure thread
andits appliance,respectively thesynchronizationbetween
threadsundermacroconstructs,so calledpragmas. These
pragmasprovide more generalconstructsfor performing
sectionsof asequentialprogram(i.e. loops)in parallel.

Whenanalyzingthe singlecodingstagesof Jasper, we
seeaverysimilar loaddistributionastheJJ2000coder(fig-
ure3). Zoominginto theintra-componenttransformof the
Jaspercoder, thepartin which thewavelettransformis per-
formed, we also facethe analogousproblemwith cache-
misses.This cacheproblemincreaseswith thedimensions
of theimage.Thusit is veryconvenientandstraightforward
to applyasimilarparallelizationfor theJaspercodecaspro-
posedin section3.2.Weenhancetheverticalfiltering in the
samefashionasdonein theJJ2000coder:Filtering of ver-
tical columnsis donein a ’parallel’ fashion,severalneigh-
bouring imagecolumnsare filtered concurrentlywithin a
singleprocessor. Additionally, we employ OpenMPto par-
allelizetheintra-componentphase,wherethewavelettrans-
form is applied,aswell asthetier-1 codingstage,wherethe
independentcode-blockprocessingis done.Both stagesof
the codingphasecanbe parallelizedeasilyandefficiently
asin theJJ2000case.

We have analyzedthe parallel Jasperperformancefor
different architectures. On an Intel SMP architecture(4
SMP Intel PentiumII Xeon runningat 500 MHz), our re-
sultsaresimilar to theJJ2000thread-basedparallelization.
Generally, theJasperC codesavesabout20 percentof the
JJ2000computationtime. The percentageof the parallel
partswith respectto thetotalexecutiontimesareverysimi-
lar. Wewantto givealsoresultsfor aSGIPowerChallenge
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Figure 11. Parallel Runtime Anal ysis of Jasper
(16384 Kpix el image, SGI): Speedup for origi-
nal and impr oved filtering with respect to the
original Jasper runtime

(20 IP25RISCprocessingunitsrunningat 194MHz). The
proportionsof executiontimesdo not changesignificantly,
althoughwe facevery poorcomputationtimeswhencom-
paredwith thefastIntelprocessors,runningathighfrequen-
cies.

Figure10showstheruntimesfor theverticalwaveletfil-
teringpartof theJaspercoderon thePower Challenge.We
clearly seethe big gap betweenhorizontalandvertical fil-
tering. Applying the describedimproved vertical filtering,
we closethis gapsignificantly. Distributing theloadof the
modifiedwaveletdecompositionwith theaidof OpenMPto
a numberof processors,we canincreasetheverticalfilter-
ing over all resolutionlevels by a factorof 80 (seefigure
11). Consideringthe overall runtime, including improved
filtering, aswell asparallelizingthewavelet transformand
the code-blockprocessing,we reducethe processingtime
by a factorof about5 (figure12). We mustnote,of course,
thatour comparisonsaremadewith respectto theruntimes
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Figure 12. Parallel Runtime Anal ysis of Jasper
(16384 Kpix el image, SGI): Speedup for the
entire coding time with respect to the original
Jasper runtime

of theoriginalJaspersource.This is thereason,why wesee
thesesuperlinearspeedups.Anyhow, we think that these
figuresgive a goodfeeling of how muchthe Jasperrefer-
enceimplementationcanbeimproved,whenhaving a look
at both,sequentialandparalleloptimizations.

When taking the filtering optimizedcodeas the refer-
encefor ourspeedupmeasurements,wecanobservea total
speedupof little morethan2 (figure 13). The valuesseen
in this chartgive the classicalspeedupfor our paralleliza-
tion, sincewecomparetheparallelruntimeswith thefastest
availablesequentialcode,which is - in thiscase- theJasper
codewith improvedverticalfiltering. Themodifiedvertical
filtering techniqueacceleratesthecodingof largeimagesby
a factorof about2.4.

Beside,we alsoparallelizethequantizationstep,which
is only appliedin the lossy case,sincelosslesscompres-
sion doesn’t usequantization. Quantizationcanbe paral-
lelizedeasilyandvery straightforward,sinceevery proces-
sormayhaveachunkof coefficientsfrom thewavelettrans-
form which it hasto quantize.Extractingthe neededtime
portionof thequantizationandcalculatingthespeedupwith
respectto this timeslice,weseespeedupsof approximately
3.2for performingthequantizationstagein parallel.

Nevertheless,thecontribution of this smallcomputation
sliceto thewholecodingtimeis toosmallto show areason-
ableperformanceimprovementfor thewholeimagecoder.

Applying OpenMPwithin the stagesof the mostcom-
putationaleffort, andoptimizing the efficiency of vertical
filtering, we proofeda speedupof more than5 compared
with the original Jasperreferenceimplementation. This
gain is reachedwith the aid of 10 processorsand mini-
mal implementationeffort, meaningthat only minor parts
of theJaspersourcecodehadto bechangedto getthis per-
formanceprofit.
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3.4. Theoretical versus Practical Speedup

Amdahl’s law gives an upperboundon the achievable
parallel speedup,assumingthat for concurrentsectionsin
thecodeperfectparallelismcanbeobtained.It canbewrit-
tenas

!#"%$�$�&�'�")(+* !-,."%/
* !-,102 /�3

where! is theruntimespentin inherentlysequentialcode,"
is thetime spentin codewhich canbepotentiallyexecuted
in paralleland 4 is thenumberof processorsavailable.

Whenweanalyzethemeasuredruntimesobtainedonthe
Intel platformfor theJasperandJJ2000code,wegetanex-
pectedoverall theoreticalspeedupof �5����� and ���6��� , respec-
tively, for a 4 processorsystem. Our experimentalresults
showed speedupsof 1.85and1.75. Whenperformingthe
improvedfiltering, thepercentageof parallelcodedecreases
obviously, andwith it alsothepossibletheoreticalspeedup.
This is the reasonfor the restrictedspeedupsof figure 13,
wherethe maximumtheoreticalspeedupwould be around
2.4for a4 processorenvironment.

Weeclearlysee,that thepotentialof our presentedpar-
allelizationsis limited. Producingbetterspeedupswould
requirelarger partsof the codeto be run in parallel. The
way JPEG2000is designed,this couldnot bedonewithout
massively changingthecode.

4. Conclusion

The runtime performanceof the upcomingJPEG2000
referenceimplementationscan be improved significantly,
when operatingin parallel and exploiting the featuresof
threadsandshared-memory. We could show, that all this



canbe donewith minimal implementationeffort, without
changingmajorpartsof thesources.Applying anoptimized
vertical filtering technique,we could additionallyenhance
theperformance,especiallyfor largeimagedata.
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