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ABSTRACT

A software-basedmplementationof the image codecspecified
in the emeging JPEG-200Gstandards discussed.The run-time
complity and coding performanceof this implementationare
alsobriefly analyzed.

1. INTRODUCTION

Digital imageryis penasive in ourworld today Hence standards
for theefficientrepresentatioandinterchangef suchinformation
areessential JPEG2000[1] is anew imagecompressiostandard
currently being developedby the InternationalOrganizationfor
StandardizatiodSO). In this paperwe describelasPeroneof the
first implementation®f this nevly emeging standard. We also
analyzethe run-time compleity and coding performanceof the
implementation.By studyingcodeexecutionprofilesfor typical
coding scenarioswe gain improved insightinto how one might
develop a fast softwareimplementation. Also, we examinethe
impactof usingfixed-point(insteadof floating-point)arithmetic
on codingperformance.

2. JPEG 2000

JPEG2000supportdossyandlosslessompressionf single-com-
ponente.g.,grayscalepndmulti-componente.g.,color)imagery
In additionto this basiccompressiorfunctionality, however, nu-
merousotherfeaturesare provided, including: 1) progressie re-
covery of animageby fidelity or resolution;2) region-of-interest
coding,wherebydifferentpartsof animagecanbe codedwith dif-
fering fidelity; 3) randomaccesdo specificregions of animage
withoutneedingio decodeheentirecodestream) aflexible file
format; and5) gooderrorresilience.Dueto its excellentcoding
performancendmary attractve featuresthereis averylarge po-
tentialapplicationbasefor JPEG2000. Somepossibleapplication
areadnclude:imagearchving, webbrowsing,documentmaging,
digital photographymedicalimaging,andremotesensing.

3. JPEG-2000 CODEC

The JPEG-200@:odechandlesboth lossy andlosslesscompres-
sionusingthesameransform-baseftamevork, andborrovs heav-
ily onideadrom [2]. Thegeneraktructureof theencodeis shovn
in Figure1(a). Supposehatwe have animagewith oneor more
componentsLet P denotehenumberof bits persamplefor apar
ticular componentThe samplevaluesmay be eithersignedor un-
signedJeadingto anominaldynamicrangeof [—-27~" 27~ —1]
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or[0, 2" — 1], respectiely. Theencodingorocesgproceedssfol-
lows:

1) Forward multicomponentransform. If a componenhasun-
sighedsamplevalues,thesevaluesare adjustedby subtractinga
biasof 277!, beforeary further processingakesplace. If the
image hasthreecomponentspne of two multicomponentrans-
formsmay; atthe discretionof the encoderbe appliedto theim-
agedata. Sucha transformationis intendedto mapimagedata
from the (commonlyused)RGB color spaceto the YCrCb color
space.In the caseof lossycoding, the transformemployed(i.e.,
thelCT [1]) is nonreversibleandreal-to-real.In the caseof loss-
lesscoding,thetransformused(i.e.,theRCT [1]) is reversibleand
integerto-integer

2) Forward wavelettransform.A wavelettransformmay option-
ally be appliedto eachcomponent.All supportedransformsare
basedon 1-D 2-channefilter banks.In orderto handle2-D data,
1-D transformsareappliedseparablyn 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
integerto-integer transformis employed(i.e., the 5/3 transform
of [4]).

3) Quantization.Thetransformcoeficientsarequantizedwith a
deadzonescalarquantizer A differentquantizeris employedfor
thetransformcoeficientsof eachsubbandln the caseof lossless
coding, the quantizerstepsizesare forcedto be one, so thatthe
guantizelindicesarenothingmorethanthe transformcoeficients
themseles.

4) Tier-1 encoder The quantizerindicesassociatedvith each
subbandirepartitionednto fixed-sizecodeblocks(typically 64x 64).
Then,anembeddedaodestreamis producedor eachblock inde-
pendentlyusingbit-planecoding.
Thebit-planecodingschemédunctionsasfollows. A block of sam-
ples(i.e., quantizeiindices)is treatedasa smallimage.Then,this
smallimageis codedonebit planeatatime, startingwith the most
significantbit plane. Thereare three passeper bit plane. The
threepassesredefinedasfollows:

i) Significancepass.This passencodeghe significanceof ary
samplethathasnot yet beenfoundto be significantandis pre-
dictedto becomesignificantduringthe processingf thecurrent
bit plane. If a samplebecomessignificant,its signis alsoen-
codedin thispass.

i) Refinememass.Thispassencodeshenext mostsignificant
bit for ary samplethat hasbeenfound significantduring the
processingf apreviousbit plane.

iiiy Cleanuppass. This passencodeghe significanceof ary
samplethat hasnot yet beenfound to be significantand was



predictedto remaininsignificantin the precedingsignificance
pass.If asamplebecomesignificant,its signis alsoencodedn
this pass.

The symbolsproducedby the bit-planeencoderare codedusing

an adaptve binary arithmeticcoder(i.e, the MQ coderemployed
in the JBIG2 standard5]). Optionally arithmeticcodingcanbe

bypassedor someof the symbolsproducedduringtheprocessing
of thelessersignificantbit planes.

5) Tier-2 encoder The bit-planecodingpasseshatareto bein-
cludedfor eachcodeblock andthe orderof appearancef these
passesn the final codestreamare encodedalongwith the actual
codingpassdata. For losslesscoding, all bit-planecodingpasses
areincludedin the codestream For lossycoding,only a subsebf
thecodingpassesretypically included.

Ratecontrolis achiezedthroughboththe choiceof quantizerstep
sizesand alsothe selectionof the subsetof codingpassego in-
cludein thefinal codestream.

Thestructureof thedecodershavn in Figurel(b),essentially
mirrorsthatof theencoder Thedecodingprocesdunctionsmuch
like theencodingprocessun backwards:

1) Tier-2 decoder The bit-planecoding passedor the various
codeblocksareextractedfrom thecodestream Exceptin theloss-
lesscasenotall codingpassedor all codeblocksareguaranteed
to bepresent.

2) Tier-1 decoder The bit-plane coding passedor eachof the
codeblocksis decodedyielding the reconstructedjuantizerin-
dices. In the lossy case,not all of the bit-plane coding passes
aretypically presenin the codestream jn which casethe recon-
structedquantizerindicesarethemselesonly approximationgo
theoriginal quantizeiindices.

3) Dequantization. The quantizedtransformcoeficient values
areobtainedfrom thereconstructeduantizerindices. In the case
of losslesscoding, the transformcoeficientsarethe sameasthe
guantizetindices.

4) Inversewavelettransform. The inversewavelet transformis
appliedto the datafor eachcomponen(if applicable).

5) Inversemulticomponentransform. The inversemulticompo-
nenttransformis appliedto the imagedata(if applicable).If the
samplevaluesfor acomponenareunsignedtheoriginalnominal
dynamicrangeis restorecby addinga biasof 271, In the case
of lossycoding, a clipping operationis performedon the sample
valuesto ensurehatthey do notexceedtheir allowablerange.

4. JASPER

JasPeis a software-base@mplementatiorof the codecspecified
in the emeging JPEG-2000Gstandard. The developmentof this
softwarehadtwo motivations.First,wewantedto developa JPEG-
2000implementatiorusingtheworkingdraft[6] asouronly refer

ence.This would allow inaccuraciesndambiguitiesn thework-

ing draftto beidentifiedandcorrected Secondpy conductingn-

teroperabilitytestingwith other JPEG-2000mplementationswe
might find furtherambiguitiesin the text of theworking draft, al-

lowing themto becorrected.

The designof the JasPesoftwarewasdriven by severalkey
concerns:fast executionspeed efficient memoryusage robust-
nessportability, modularity maintainabilityandextensibility. Since
fixed-pointoperationsaretypically fasterthantheir floating-point

counterpartenmostplatforms,andsomeplatformslack hardware
supportfor floating-pointoperationsltogetherwe electedto use
only fixed-pointoperationsin our software. By making sucha

choice,we arebetterableto meetour objectvesof high portabil-

ity andfastexecutionspeed.

TheJasPesoftwares writtenin theC programmindanguage.
This languagevaschosermainly dueto the availability of C de-
velopmenenvironmentgor mostof today’s computingplatforms.
The JasPersoftwareconsistsof about20k lines of codein total.
This codeis spreadacrossseveral libraries. Thereare two exe-
cutableprogramsthefirst beingtheencoderandthesecondeing
thedecoderTheJasPesoftwarecanhandleimagedatain anum-
berof popularformats(e.g.,PGM/PPM,Windows BMP, andSun
Rasterfile).

Althoughthe JasPesoftwareis intendedto supportall of the
functionalitydescribedn Part 1 of the JPEG-200Gtandardmore
work is still requiredin orderto achieve this goal. In the current
versionof the software therearea few missing/incompletéunc-
tionalities,mostof whichrelateto region of interestcodingor error
resilience.Thesemissingfunctionalitieswill beaddedn the next
releaseof thesoftware.

5. CODE EXECUTION PROFILE

Whenimplementinga comple algorithmin software,it is often
beneficialto know which partsof the algorithmarelikely to con-
tribute the mostto total executiontime. With this as motivation,
we have performedsomebasicprofiling of our codecsoftware the
resultsof which arepresentedbelow.

For evaluationpurposesthreetestimageswereemployed as
listedin Tablel. Thetestsuitewaschosernto includegrayscale,
color, natural,andsyntheticimagery Two typical codingscenar
ios wereconsideredonelosslessandonelossy In eachcasewe
measuredhe executiontime associateavith eachof the basicen-
coder/decodavperationgi.e.,multicomponentransformwavelet
transform quantizationtier-1 coding,tier-2 coding,andratecon-
trol).

Table 1. Testimages

Image Characteristics Description
target grayscale, patternsand textures
512x512, [7]
8 bpp/component
mat grayscale, mountaing7]
1528x 1146,
8 bpp/component
announcer RGBcolor, woman
512x 480,
8 bpp/component

5.1. LosslessCaoding

In thefirst codingscenariothethreetestimagesvereencodedn a
losslessnannerandthentheresultingcodestreamsveredecoded.
In eachcasetheencodeanddecodeexecutionwasprofiled,lead-
ing to theresultsshovnin Table2.

First, let us considerthe caseof the encoder ExaminingTa-
ble 2(a), we seethatthe encoderspendanostof its time on tier-1
coding (typically more than 50%), followed next by the wavelet
transform. In fact, thesetwo operationgogetheraccountfor the
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Fig. 1. Structureof the JPEG-200@odec.The structureof the (a) encoderand(b) decoder

vastmajority of the encoders executiontime (typically 85-90%).
The amountof time consumedy the multicomponentransform
andtier-2 codingoperationss muchlesssignificant. Examining
tier-1 codingin moredetail, we obsene that for naturalimagery
significancecoding usually requiresthe mosttime, followed by
the cleanupcoding, and then refinementcoding. For synthetic
imagery however, this trendis not necessarilyobsered, as evi-
dencedvy theresultsfor thetarget  image.Thus,theexecution
time breakdavn for tier-1 codingis someavhatsensitve to image
content.

Now, let us considerthe caseof the decoder The execution
profiling resultsfor thedecodemregivenin Table2(b). Again,we
canseethatthe decoderspendamostof its time on tier-1 coding
(typically 50% or more),followed next by the wavelettransform.
Thesetwo operationscombinedaccountfor the vastmajority of
the decoders executiontime (typically 80-85%). The multicom-
ponenttransformandtier-2 codingoperationsonsumerelatively
little time. Examiningthe tier-1 coding processin more detail,
we obsene similar trendsasin the encoder Thatis, for natural
imagery significancecoding requiresthe mosttime, followed by
cleanupcoding,andthenrefinementoding,while the breakdavn
is lesspredictabldor syntheticimagery

5.2. Lossy Coding

In thesecondcodingscenariothethreetestimageswereencoded
in a lossy manner andthenthe resultingcode streamswere de-
coded. Again, in eachcase,the encoderand decoderexecution
wasprofiled. This led to theresultsgivenin Table3.

First, let us study the resultsfor the encoder given in Ta-
ble 3(a). Clearly, thetier1 codingand wavelet transformoper
ationsrequirethe mosttime. Together thesetwo operationsac-
countfor the vast majority of the executiontime (typically 75-
85%). Themulticomponentransform guantizationtier-2 coding,
andratecontrol operationgequiremuchlesstime. Looking atthe
tier-1 codingprocessn moredetail, we obsenethatthe mosttime
is usually requiredby cleanupcoding, followed by significance
coding,andthenrefinementoding.

In theJasPeencodefratecontrolis achievedthroughthe se-
lectionof thecodingpassesoincludein thefinal codestream.The
quantizerstepsizesarefixed. To ensureoptimal rate-distortion
performancethe encodergeneratesll of the coding passeslur-
ing tier-1 coding (even though somecoding passesnay not be
includedin thefinal codestream).This leadsto the large amount

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

@)
% of Total ExecutionTime

Operation target mat | announce r
multicomponentransform — — 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 185 15.0 11.4

cleanup 19.7 19.0 17.5
tier-2 coding 11 1.8 14

(b) __
% of Total ExecutionTime

Operation target mat | announce r
multicomponentransform — — 15
wavelettransform 35.9 25.3 34.4
tier-1 coding 47.8 56.9 48.2

significance 17.0 242 24.9

refinement 19.8 12.4 8.8

cleanup 10.3 19.1 12.6
tier-2 coding 2.2 15 15

of time consumedy tier-1 codingin the encoder Sincequantiza-
tion takesplace however, thetier-1 codingoverheads notasgreat
(in absoluteerms)asin thelosslessase.Also, differentwavelet
transformsareemployedin thelossyandlosslessases.The 9/7
wavelettransformemployedn the lossycaserequiresmorecom-
putation,helpingto contritute to the larger amountof time spent
onthewavelettransformoperatiorrelative to thelosslessase.

Now, let us considerthe caseof the decoder From the re-
sultsin Table3(b), we canseethat the wavelettransformclearly
requireshemosttime by far (typically 60-80%).Tier-1 codingis
thenext largesttime consumerbuthasmuchmoremodestrequire-
ments(typically 5-10%). The multicomponentransform,quanti-
zation,andtier-2 coding operationgequirerelatively little time.
Looking at the tier-1 coding processn more detail, we obsene
that, for naturalimagery the leasttime is requiredby refinement
coding. Generallyspeaking,the executiontime breakdavn for
tier-1 codingdependsto a large extent, on the particularimage
andbit rateemployed.



Table 3. Codecexecutionprofile for lossycoding(32:1compres-
sionfor grayscaléemagesand64:1compressioffior colorimages,
1 tile, SNR progressie, 1 layer, 9/7 transform,5 decomposition
levels). (a) Encoder (b) Decoder

Table 4. Comparisonof decoderperformanceor lossy coding
(1tile, SNRprogressie, 1 layer, 5 decompositiotevels)

PSNR(dB)
(a) Image CR! JasPer VM 5.2
% of TotalExecutionTime target 64:1 23.75 23.74
Operation target mat | announcer 32:1 28.01 27.99
multicomponentransform — — 3.1 16:1 34.92 34.88
wavelettransform 49.1 40.0 54.8 mat 64:1 33.83 33.84
guantization 23 3.2 2.2 32:1 36.96 36.98
tier-1 coding 34.5 40.9 23.6 16:1 40.78 40.91
significance 11.2 13.9 8.1 announcer 128:1 | 32.01,32.81,30.79 32.00,32.82,30.87
refinement 8.7 7.1 3.6 64:1 | 34.91,35.94,33.46 34.94,35.97,33.5(
cleanup 126 15.9 9.5 32:1 | 37.75,38.74,35.87 37.86,38.83,35.96
tier-2 coding 0.1 0.1 0.1 T compressiomatio
ratecontrol 2.9 4.6 3.5
(b) _ codingengines. Also, we briefly examinedthe impactof using
_ % of Total ExecutionTime fixed-point(insteacbf floating-pointjarithmetic.We demonstrated
2ﬂletir2(t)lr?1?)onentransform target mat anno;rgcer that, provided sufficient careis taken the useof fixed-pointarith-
wavelettransform 750 635 754 m:ﬂggeednotmtroduceaw significantpenaltyin codingperfor
guantization 25 3.3 1.7 '
tier-1 coding 8.0 9.9 4.9
significance 3.0 3.9 0.8 8. SOFTWARE AVAILABILITY
refinement 3.1 0.9 0.1
cleanup 1.4 3.1 2.9 The JasPeisoftwareis available from the web sitesof the Sig-
tier-2 coding 0.1 0.3 0.1 nal ProcessingindMultimedia Groupat the University of British

6. CODING PERFORMANCE

In this section,we briefly evaluatethe performanceof the the
JasPersoftware. To this end, we compareour implementation
to the JPEG-2000erificationmodel (VM) software(version5.2)
which is alsowrittenin the C programminganguage In particu-
lar, we comparethe codingperformancef the decoderdor lossy
compression.

To bagin, thethreetestimagesrom the previoussectionwere
encodedn alossymannermat severalbit rates.Boththe JasPeand
VM decodersverethenusedo decodesachof thesecodestreams.
Thedistortionfor eachof thereconstructeémageswvasthenmea-
sured. Before proceedindurther; it is importantto note that the
VM softwareusedloating-pointarithmetic,while the JasPesoft-
wareusedfixed-pointarithmeticexclusively. Thus,onemight ex-
pectthecodingperformancef theJasPedecodeto beworsethan
thatof the VM decoderTable4 givestheresultsfor severalpairs
of testimagesandbit rates. Examiningthe numberswe obsene
thatbothdecoderyield comparableesults.Moreover, subjectve
imagequality is alsocomparableTheseresultsdemonstrat¢hat,
providedoneis careful,it is possibleto implementthe decodeiin
fixed-pointarithmeticwithoutincurringa large distortionpenalty

7. CONCLUSIONS

JasPerasoftware-baseiinplementatiorof theimagecodecspeci-
fiedin theemeging JPEG-200Gtandardhasbeenintroduced.The
initial versionof theJJasPesoftwareperformswell in termscoding
performanceBy examiningcodeexecutionprofiles,we provided
somebetterinsightinto wherea typical softwareimplementation
is likely to spendmostof its time executing.Theseresultsdemon-
stratedthe importanceof efficient wavelet transformand tier-1

Columbia(i.e.,http://sp  mge ce. ubc.c a) andimagePowner
Inc. (i.e., http://w  ww.imagepower.c om). This software
hasalsobeensubmittedto the ISO for useas a referencemple-
mentatiorin Part5 of the JPEG-2006&tandard For moreinforma-
tion aboutJasPerthe readeris referredto the first authors home
page:http://w  ww.ece.u bc.c a/ mdadams.
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