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ABSTRACT

A software-basedimplementationof the imagecodecspecified
in the emerging JPEG-2000standardis discussed.The run-time
complexity and coding performanceof this implementationare
alsobriefly analyzed.

1. INTRODUCTION

Digital imageryis pervasive in ourworld today. Hence,standards
for theefficientrepresentationandinterchangeof suchinformation
areessential.JPEG2000[1] is anew imagecompressionstandard
currently being developedby the InternationalOrganizationfor
Standardization(ISO).In thispaper,wedescribeJasPer, oneof the
first implementationsof this newly emerging standard.We also
analyzethe run-timecomplexity andcodingperformanceof the
implementation.By studyingcodeexecutionprofilesfor typical
codingscenarios,we gain improved insight into how onemight
develop a fast softwareimplementation. Also, we examinethe
impactof usingfixed-point(insteadof floating-point)arithmetic
on codingperformance.

2. JPEG 2000

JPEG2000supportslossyandlosslesscompressionof single-com-
ponent(e.g.,grayscale)andmulti-component(e.g.,color)imagery.
In additionto this basiccompressionfunctionality, however, nu-
merousotherfeaturesareprovided, including: 1) progressive re-
covery of an imageby fidelity or resolution;2) region-of-interest
coding,wherebydifferentpartsof animagecanbecodedwith dif-
fering fidelity; 3) randomaccessto specificregionsof an image
withoutneedingto decodetheentirecodestream;4) aflexible file
format; and5) gooderror resilience.Due to its excellentcoding
performanceandmany attractive features,thereis avery largepo-
tentialapplicationbasefor JPEG2000.Somepossibleapplication
areasinclude:imagearchiving,webbrowsing,documentimaging,
digital photography, medicalimaging,andremotesensing.

3. JPEG-2000 CODEC

The JPEG-2000codechandlesboth lossyand losslesscompres-
sionusingthesametransform-basedframework,andborrowsheav-
ily onideasfrom[2]. Thegeneralstructureof theencoderis shown
in Figure1(a). Supposethatwe have animagewith oneor more
components.Let
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or � ���� � ����� , respectively. Theencodingprocessproceedsasfol-
lows:

1) Forward multicomponenttransform. If a componenthasun-
signedsamplevalues,thesevaluesareadjustedby subtractinga
biasof � �
	�� , beforeany further processingtakesplace. If the
imagehasthreecomponents,oneof two multicomponenttrans-
formsmay, at thediscretionof theencoder, beappliedto the im-
agedata. Sucha transformationis intendedto map imagedata
from the (commonlyused)RGB color spaceto theYCrCb color
space.In thecaseof lossycoding,the transformemployed(i.e.,
theICT [1]) is nonreversibleandreal-to-real.In thecaseof loss-
lesscoding,thetransformused(i.e.,theRCT[1]) is reversibleand
integer-to-integer.

2) Forwardwavelettransform.A wavelettransformmayoption-
ally be appliedto eachcomponent.All supportedtransformsare
basedon 1-D 2-channelfilter banks.In orderto handle2-D data,
1-D transformsareappliedseparablyin eachdimension.Symmet-
ric extensionis employedto handlefinite-lengthsignals. In the
lossycase,a nonreversiblereal-to-realwavelet transformis used
(i.e., the 9/7 transformof [3]). In the losslesscase,a reversible
integer-to-integer transformis employed(i.e., the 5/3 transform
of [4]).

3) Quantization.Thetransformcoefficientsarequantizedwith a
deadzonescalarquantizer. A differentquantizeris employedfor
thetransformcoefficientsof eachsubband.In thecaseof lossless
coding,the quantizerstepsizesareforcedto be one,so that the
quantizerindicesarenothingmorethanthetransformcoefficients
themselves.

4) Tier-1 encoder. The quantizerindicesassociatedwith each
subbandarepartitionedintofixed-sizecodeblocks(typically64 � 64).
Then,anembeddedcodestreamis producedfor eachblock inde-
pendentlyusingbit-planecoding.
Thebit-planecodingschemefunctionsasfollows. A blockof sam-
ples(i.e.,quantizerindices)is treatedasasmallimage.Then,this
smallimageis codedonebit planeatatime,startingwith themost
significantbit plane. Thereare threepassesper bit plane. The
threepassesaredefinedasfollows:

i) Significancepass.Thispassencodesthesignificanceof any
samplethathasnot yet beenfoundto besignificantandis pre-
dictedto becomesignificantduringtheprocessingof thecurrent
bit plane. If a samplebecomessignificant,its sign is alsoen-
codedin thispass.

ii) Refinementpass.Thispassencodesthenext mostsignificant
bit for any samplethat hasbeenfound significantduring the
processingof apreviousbit plane.

iii) Cleanuppass. This passencodesthe significanceof any
samplethat hasnot yet beenfound to be significantand was



predictedto remaininsignificantin the precedingsignificance
pass.If asamplebecomessignificant,its signis alsoencodedin
this pass.

The symbolsproducedby the bit-planeencoderarecodedusing
an adaptive binaryarithmeticcoder(i.e, theMQ coderemployed
in the JBIG2standard[5]). Optionally, arithmeticcodingcanbe
bypassedfor someof thesymbolsproducedduringtheprocessing
of thelessersignificantbit planes.

5) Tier-2 encoder. Thebit-planecodingpassesthatareto be in-
cludedfor eachcodeblock andthe orderof appearanceof these
passesin thefinal codestreamareencodedalongwith theactual
codingpassdata.For losslesscoding,all bit-planecodingpasses
areincludedin thecodestream.For lossycoding,only asubsetof
thecodingpassesaretypically included.

Ratecontrol is achievedthroughboththechoiceof quantizerstep
sizesandalsothe selectionof the subsetof codingpassesto in-
cludein thefinal codestream.

Thestructureof thedecoder, shown in Figure1(b),essentially
mirrorsthatof theencoder. Thedecodingprocessfunctionsmuch
like theencodingprocessrunbackwards:

1) Tier-2 decoder. The bit-planecoding passesfor the various
codeblocksareextractedfrom thecodestream.Exceptin theloss-
lesscase,not all codingpassesfor all codeblocksareguaranteed
to bepresent.

2) Tier-1 decoder. The bit-planecodingpassesfor eachof the
codeblocks is decoded,yielding the reconstructedquantizerin-
dices. In the lossy case,not all of the bit-planecoding passes
aretypically presentin thecodestream,in which casethe recon-
structedquantizerindicesarethemselvesonly approximationsto
theoriginalquantizerindices.

3) Dequantization. The quantizedtransformcoefficient values
areobtainedfrom thereconstructedquantizerindices.In thecase
of losslesscoding,the transformcoefficientsarethe sameasthe
quantizerindices.

4) Inversewavelettransform. The inversewavelet transformis
appliedto thedatafor eachcomponent(if applicable).

5) Inversemulticomponenttransform.The inversemulticompo-
nenttransformis appliedto the imagedata(if applicable).If the
samplevaluesfor acomponentareunsigned,theoriginalnominal
dynamicrangeis restoredby addinga biasof � ��	�� . In thecase
of lossycoding,a clipping operationis performedon thesample
valuesto ensurethatthey donotexceedtheirallowablerange.

4. JASPER

JasPeris a software-basedimplementationof thecodecspecified
in the emerging JPEG-2000standard. The developmentof this
softwarehadtwomotivations.First,wewantedtodevelopaJPEG-
2000implementationusingtheworkingdraft [6] asouronly refer-
ence.This wouldallow inaccuraciesandambiguitiesin thework-
ing draft to beidentifiedandcorrected.Second,by conductingin-
teroperabilitytestingwith otherJPEG-2000implementations,we
might find furtherambiguitiesin thetext of theworkingdraft, al-
lowing themto becorrected.

The designof the JasPersoftwarewasdriven by severalkey
concerns:fast executionspeed,efficient memoryusage,robust-
ness,portability, modularity, maintainability, andextensibility. Since
fixed-pointoperationsaretypically fasterthantheir floating-point

counterpartsonmostplatforms,andsomeplatformslackhardware
supportfor floating-pointoperationsaltogether, we electedto use
only fixed-pointoperationsin our software. By makingsucha
choice,we arebetterableto meetour objectivesof high portabil-
ity andfastexecutionspeed.

TheJasPersoftwareiswrittenin theCprogramminglanguage.
This languagewaschosenmainly dueto theavailability of C de-
velopmentenvironmentsfor mostof today’scomputingplatforms.
The JasPersoftwareconsistsof about20k lines of codein total.
This codeis spreadacrossseveral libraries. Thereare two exe-
cutableprograms,thefirst beingtheencoder, andthesecondbeing
thedecoder. TheJasPersoftwarecanhandleimagedatain anum-
berof popularformats(e.g.,PGM/PPM,WindowsBMP, andSun
Rasterfile).

AlthoughtheJasPersoftwareis intendedto supportall of the
functionalitydescribedin Part1 of theJPEG-2000standard,more
work is still requiredin orderto achieve this goal. In thecurrent
versionof thesoftware,therearea few missing/incompletefunc-
tionalities,mostof whichrelateto regionof interestcodingorerror
resilience.Thesemissingfunctionalitieswill beaddedin thenext
releaseof thesoftware.

5. CODE EXECUTION PROFILE

Whenimplementinga complex algorithmin software,it is often
beneficialto know which partsof thealgorithmarelikely to con-
tribute themostto total executiontime. With this asmotivation,
wehaveperformedsomebasicprofiling of ourcodecsoftware,the
resultsof whicharepresentedbelow.

For evaluationpurposes,threetestimageswereemployed,as
listed in Table1. The testsuitewaschosento includegrayscale,
color, natural,andsyntheticimagery. Two typical codingscenar-
ios wereconsidered:onelosslessandonelossy. In eachcase,we
measuredtheexecutiontimeassociatedwith eachof thebasicen-
coder/decoderoperations(i.e.,multicomponenttransform,wavelet
transform,quantization,tier-1 coding,tier-2 coding,andratecon-
trol).

Table 1. Testimages

Image Characteristics Description
target grayscale,

512 � 512,
8 bpp/component

patternsand textures
[7]

mat grayscale,
1528� 1146,
8 bpp/component

mountains[7]

announcer RGBcolor,
512 � 480,
8 bpp/component

woman

5.1. Lossless Coding

In thefirst codingscenario,thethreetestimageswereencodedin a
losslessmanner, andthentheresultingcodestreamsweredecoded.
In eachcase,theencoderanddecoderexecutionwasprofiled,lead-
ing to theresultsshown in Table2.

First, let us considerthecaseof theencoder. ExaminingTa-
ble 2(a),we seethattheencoderspendsmostof its time on tier-1
coding(typically more than50%), followed next by the wavelet
transform. In fact, thesetwo operationstogetheraccountfor the



Tier-1
Encoder

Tier-2
Encoder

� � � �

�
� �

 

�

�

�� Quantization

RateControl

Transform
Multicomponent

ForwardImage
Original

Image
Coded

Transform

Forward
Wavelet

(a)

Tier-2
Decoder

Tier-1
Decoder

�� � � � �Dequantization
Image
Coded

Inverse
Multicomponent

Transform

Image
Reconstructed

Transform

Inverse
Wavelet

(b)

Fig. 1. Structureof theJPEG-2000codec.Thestructureof the(a)encoderand(b) decoder.

vastmajority of theencoder’s executiontime (typically 85-90%).
The amountof time consumedby themulticomponenttransform
andtier-2 codingoperationsis muchlesssignificant. Examining
tier-1 codingin moredetail,we observe that for naturalimagery,
significancecodingusually requiresthe most time, followed by
the cleanupcoding, and then refinementcoding. For synthetic
imagery, however, this trend is not necessarilyobserved, asevi-
dencedby theresultsfor the target image.Thus,theexecution
time breakdown for tier-1 codingis somewhatsensitive to image
content.

Now, let us considerthe caseof the decoder. The execution
profiling resultsfor thedecoderaregivenin Table2(b). Again,we
canseethat thedecoderspendsmostof its time on tier-1 coding
(typically 50%or more),followednext by thewavelet transform.
Thesetwo operationscombinedaccountfor the vastmajority of
thedecoder’s executiontime (typically 80-85%). The multicom-
ponenttransformandtier-2 codingoperationsconsumerelatively
little time. Examiningthe tier-1 coding processin more detail,
we observe similar trendsas in the encoder. That is, for natural
imagery, significancecodingrequiresthe mosttime, followed by
cleanupcoding,andthenrefinementcoding,while thebreakdown
is lesspredictablefor syntheticimagery.

5.2. Lossy Coding

In thesecondcodingscenario,thethreetestimageswereencoded
in a lossymanner, andthen the resultingcodestreamswerede-
coded. Again, in eachcase,the encoderanddecoderexecution
wasprofiled.This led to theresultsgivenin Table3.

First, let us study the resultsfor the encoder, given in Ta-
ble 3(a). Clearly, the tier-1 codingand wavelet transformoper-
ationsrequirethe mosttime. Together, thesetwo operationsac-
count for the vast majority of the executiontime (typically 75-
85%).Themulticomponenttransform,quantization,tier-2 coding,
andratecontroloperationsrequiremuchlesstime. Lookingat the
tier-1 codingprocessin moredetail,weobservethatthemosttime
is usually requiredby cleanupcoding, followed by significance
coding,andthenrefinementcoding.

In theJasPerencoder, ratecontrol is achievedthroughthese-
lectionof thecodingpassesto includein thefinal codestream.The
quantizerstepsizesarefixed. To ensureoptimal rate-distortion
performance,the encodergeneratesall of the codingpassesdur-
ing tier-1 coding (even thoughsomecoding passesmay not be
includedin thefinal codestream).This leadsto the largeamount

Table 2. Codecexecution profile for losslesscoding (1 tile,
SNRprogressive,1 layer, 5/3 transform,5 decompositionlevels).
(a)Encoder. (b) Decoder.

(a)
% of Total ExecutionTime

Operation target mat announce r
multicomponenttransform — — 1.3
wavelettransform 36.5 24.1 31.0
tier-1 coding 53.9 62.1 53.6

significance 12.4 23.9 22.8

refinement 18.5 15.0 11.4

cleanup 19.7 19.0 17.5

tier-2 coding 1.1 1.8 1.4

(b)
% of Total ExecutionTime

Operation target mat announce r
multicomponenttransform — — 1.5
wavelettransform 35.9 25.3 34.4
tier-1 coding 47.8 56.9 48.2

significance 17.0 24.2 24.9

refinement 19.8 12.4 8.8

cleanup 10.3 19.1 12.6

tier-2 coding 2.2 1.5 1.5

of timeconsumedby tier-1 codingin theencoder. Sincequantiza-
tion takesplace,however, thetier-1 codingoverheadis notasgreat
(in absoluteterms)asin thelosslesscase.Also, differentwavelet
transformsareemployedin the lossyandlosslesscases.The9/7
wavelettransformemployedin thelossycaserequiresmorecom-
putation,helpingto contribute to the larger amountof time spent
onthewavelettransformoperationrelative to thelosslesscase.

Now, let us considerthe caseof the decoder. From the re-
sultsin Table3(b), we canseethat thewavelet transformclearly
requiresthemosttimeby far (typically 60-80%).Tier-1 codingis
thenext largesttimeconsumer,buthasmuchmoremodestrequire-
ments(typically 5-10%). Themulticomponenttransform,quanti-
zation,andtier-2 codingoperationsrequirerelatively little time.
Looking at the tier-1 codingprocessin moredetail, we observe
that, for naturalimagery, the leasttime is requiredby refinement
coding. Generallyspeaking,the execution time breakdown for
tier-1 codingdepends,to a large extent, on the particularimage
andbit rateemployed.



Table 3. Codecexecutionprofile for lossycoding(32:1compres-
sionfor grayscaleimagesand64:1compressionfor color images,
1 tile, SNR progressive, 1 layer, 9/7 transform,5 decomposition
levels). (a)Encoder. (b) Decoder.

(a)
% of TotalExecutionTime

Operation target mat announcer
multicomponenttransform — — 3.1
wavelettransform 49.1 40.0 54.8
quantization 2.3 3.2 2.2
tier-1 coding 34.5 40.9 23.6

significance 11.2 13.9 8.1

refinement 8.7 7.1 3.6

cleanup 12.6 15.9 9.5

tier-2 coding 0.1 0.1 0.1
ratecontrol 2.9 4.6 3.5

(b)
% of TotalExecutionTime

Operation target mat announcer
multicomponenttransform — — 2.6
wavelettransform 75.0 63.5 75.4
quantization 2.5 3.3 1.7
tier-1 coding 8.0 9.9 4.9

significance 3.0 3.9 0.8

refinement 3.1 0.9 0.1

cleanup 1.4 3.1 2.9

tier-2 coding 0.1 0.3 0.1

6. CODING PERFORMANCE

In this section,we briefly evaluatethe performanceof the the
JasPersoftware. To this end, we compareour implementation
to theJPEG-2000verificationmodel(VM) software(version5.2)
which is alsowritten in theC programminglanguage.In particu-
lar, we comparethecodingperformanceof thedecodersfor lossy
compression.

To begin, thethreetestimagesfrom theprevioussectionwere
encodedin a lossymanneratseveralbit rates.BoththeJasPerand
VM decoderswerethenusedto decodeeachof thesecodestreams.
Thedistortionfor eachof thereconstructedimageswasthenmea-
sured. Beforeproceedingfurther, it is importantto notethat the
VM softwareusesfloating-pointarithmetic,while theJasPersoft-
wareusesfixed-pointarithmeticexclusively. Thus,onemight ex-
pectthecodingperformanceof theJasPerdecodertobeworsethan
thatof theVM decoder. Table4 givestheresultsfor severalpairs
of testimagesandbit rates.Examiningthenumbers,we observe
thatbothdecodersyield comparableresults.Moreover, subjective
imagequality is alsocomparable.Theseresultsdemonstratethat,
providedoneis careful,it is possibleto implementthedecoderin
fixed-pointarithmeticwithout incurringa largedistortionpenalty.

7. CONCLUSIONS

JasPer,asoftware-basedimplementationof theimagecodecspeci-
fiedin theemergingJPEG-2000standardhasbeenintroduced.The
initial versionof theJasPersoftwareperformswell in termscoding
performance.By examiningcodeexecutionprofiles,we provided
somebetterinsight into wherea typical softwareimplementation
is likely to spendmostof its timeexecuting.Theseresultsdemon-
stratedthe importanceof efficient wavelet transformand tier-1

Table 4. Comparisonof decoderperformancefor lossy coding
(1 tile, SNRprogressive,1 layer, 5 decompositionlevels)

PSNR(dB)
Image CR! JasPer VM 5.2
target 64:1 23.75 23.74

32:1 28.01 27.99
16:1 34.92 34.88

mat 64:1 33.83 33.84
32:1 36.96 36.98
16:1 40.78 40.91

announcer 128:1 32.01,32.81,30.79 32.00,32.82,30.82
64:1 34.91,35.94,33.46 34.94,35.97,33.50
32:1 37.75,38.74,35.87 37.86,38.83,35.96

! compressionratio

codingengines. Also, we briefly examinedthe impactof using
fixed-point(insteadof floating-point)arithmetic.Wedemonstrated
that,providedsufficient careis taken,theuseof fixed-pointarith-
meticneednot introduceany significantpenaltyin codingperfor-
mance.

8. SOFTWARE AVAILABILITY

The JasPersoftwareis available from the web sitesof the Sig-
nal ProcessingandMultimediaGroupat theUniversityof British
Columbia(i.e.,http://sp mg.e ce. ubc.c a) andImagePower
Inc. (i.e., http://w ww.im agepower.c om). This software
hasalsobeensubmittedto the ISO for useasa referenceimple-
mentationin Part5 of theJPEG-2000standard.For moreinforma-
tion aboutJasPer, the readeris referredto thefirst author’s home
page:http://w ww.ec e.u bc .c a/˜ mdadams.
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