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The JPEG-2000Still ImageCompressionStandard�

(Last Revised: 2005-12-03)

MichaelD. Adams
Dept.of ElectricalandComputerEngineering,Universityof Victoria

P. O. Box 3055STNCSC,Victoria,BC, V8W 3P6,CANADA
E-mail: mdadams@ece.uvic.ca Web: www.ece.uvic.ca/˜mdadams

Abstract—JPEG 2000,a new international standard for still imagecom-
pression,is discussedat length. A high-level intr oduction to the JPEG-2000
standard is given,followedby a detailed technicaldescription of the JPEG-
2000Part-1 codec.

Keywords—JPEG 2000,still imagecompression/coding,standards.

I . INTRODUCTION

D IGITAL IMAGERY is pervasive in our world today. Con-
sequently, standardsfor the ef�cient representationand

interchangeof digital imagesare essential. To date,someof
themostsuccessfulstill imagecompressionstandardshave re-
sultedfrom theongoingwork of theJointPhotographicExperts
Group(JPEG).This groupoperatesundertheauspicesof Joint
TechnicalCommittee1, Subcommittee29, Working Group 1
(JTC 1/SC 29/WG 1), a collaborative effort betweenthe In-
ternationalOrganizationfor Standardization(ISO) andInterna-
tional TelecommunicationUnion StandardizationSector(ITU-
T). Both the JPEG[1–3] and JPEG-LS[4–6] standardswere
born from the work of the JPEGcommittee. For the last few
years,theJPEGcommitteehasbeenworkingtowardstheestab-
lishmentof a new standardknown asJPEG2000(i.e., ISO/IEC
15444). The fruits of theselaborsarenow comingto bear, as
several partsof this multipart standardhave recentlybeenrati-
�ed includingJPEG-2000Part1 (i.e., ISO/IEC15444-1[7]).

In this paper, we provide a detailedtechnicaldescriptionof
theJPEG-2000Part-1codec,in additionto a brief overview of
theJPEG-2000standard.Thisexpositionis intendedto serveas
a reader-friendly startingpoint for thoseinterestedin learning
aboutJPEG2000. Although many detailsare includedin our
presentation,somedetailsarenecessarilyomitted. The reader
should, therefore,refer to the standard[7] beforeattempting
an implementation. The JPEG-2000codecrealizationin the
JasPersoftware[8–10] (developedby the authorof this paper)
mayalsoserve asa practicalguidefor implementors.(SeeAp-
pendixA for moreinformationaboutJasPer.) The readermay
also �nd [11–13] to be useful sourcesof information on the
JPEG-2000standard.

The remainderof this paperis structuredas follows. Sec-
tion II beginswith a overview of theJPEG-2000standard.This
is followed,in SectionIII, by adetaileddescriptionof theJPEG-
2000Part-1codec.Finally, we concludewith someclosingre-

� This documentis a revisedversionof the JPEG-2000tutorial that I wrote
whichappearedin theJPEGworkinggroupdocumentWG1N1734.Theoriginal
tutorial containednumerousinaccuracies,someof which were introducedby
changesin the evolving draft standardwhile othersweredueto typographical
errors.Hopefully, mostof theseinaccuracieshavebeencorrectedin this revised
document. In any case,this documentwill probablycontinueto evolve over
time. Subsequentversionsof this documentwill be madeavailable from my
homepage(theURL for which is providedwith my contactinformation).

marksin SectionIV. Throughoutour presentation,a basicun-
derstandingof imagecodingis assumed.

I I . JPEG 2000

The JPEG-2000standardsupportslossy and losslesscom-
pression of single-component(e.g., grayscale) and multi-
component(e.g.,color) imagery. In additionto this basiccom-
pressionfunctionality, however, numerousother featuresare
provided,including: 1) progressive recovery of an imageby �-
delity or resolution;2) regionof interestcoding,wherebydiffer-
entpartsof animagecanbecodedwith differing�delity; 3) ran-
domaccessto particularregionsof animagewithoutneedingto
decodetheentirecodestream;4) a �e xible �le formatwith pro-
visionsfor specifyingopacityinformationandimagesequences;
and5) gooderror resilience. Due to its excellentcodingper-
formanceandmany attractive features,JPEG2000hasa very
large potentialapplicationbase.Somepossibleapplicationar-
easinclude:imagearchiving, Internet,webbrowsing,document
imaging,digital photography, medicalimaging,remotesensing,
anddesktoppublishing.

A. WhyJPEG2000?

Work on theJPEG-2000standardcommencedwith aninitial
call for contributions[14] in March1997.Thepurposeof having
a new standardwastwofold. First, it would addressa number
of weaknessesin theexisting JPEGstandard.Second,it would
provideanumberof new featuresnotavailablein theJPEGstan-
dard.Theprecedingpointsled to severalkey objectivesfor the
new standard,namelythatit should:1) allow ef�cient lossyand
losslesscompressionwithin a singleuni�ed codingframework,
2) provide superiorimagequality, bothobjectively andsubjec-
tively, at low bit rates,3) supportadditionalfeaturessuchasrate
andresolutionscalability, region of interestcoding,anda more
�e xible �le format,4) avoid excessivecomputationalandmem-
ory complexity. Undoubtedly, muchof thesuccessof theorig-
inal JPEGstandardcanbe attributedto its royalty-freenature.
Consequently, considerableeffort hasbeenmadeto ensurethat
a minimally-compliantJPEG-2000codeccanbe implemented
freeof royalties1.

B. Structureof theStandard

The JPEG-2000standardis comprisedof numerousparts,
with thepartslisted in TableI beingde�ned at the time of this
writing. For convenience,we will refer to thecodecde�ned in

1Whethertheseefforts ultimatelyprove successfulremainsto be seen,how-
ever, astherearestill someunresolvedintellectualpropertyissuesat thetimeof
thiswriting.
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Part1 (i.e., [7]) of thestandardasthebaselinecodec.Thebase-
line codecis simply thecore(or minimal functionality)JPEG-
2000codingsystem.Part 2 (i.e., [15]) describesextensionsto
the baselinecodecthat are useful for certain“niche” applica-
tions,while Part 3 (i.e., [16]) de�nesextensionsfor intraframe-
style video compression.Part 5 (i.e., [17]) providestwo refer-
encesoftwareimplementationsof the Part-1 codec,andPart 4
(i.e., [18]) providesa methodologyfor testingimplementations
for compliancewith thestandard.In this paper, we will, for the
mostpart, limit our discussionto the baselinecodec.Someof
theextensionsincludedin Part 2 will alsobediscussedbrie�y .
Unlessotherwiseindicated,our exposition considersonly the
baselinesystem.

For themostpart,theJPEG-2000standardis writtenfrom the
pointof view of thedecoder. Thatis, thedecoderis de�nedquite
preciselywith many detailsbeingnormative in nature(i.e., re-
quiredfor compliance),while many partsof theencoderareless
rigidly speci�ed. Obviously, implementorsmustmake a very
cleardistinctionbetweennormative andinformative clausesin
the standard.For the purposesof our discussion,however, we
will only make suchdistinctionswhenabsolutelynecessary.

I I I . JPEG-2000 CODEC

Having brie�y introducedthe JPEG-2000standard,we are
now in a positionto begin examiningthe JPEG-2000codecin
detail. The codecis basedon wavelet/subbandcoding tech-
niques[21, 22]. It handlesboth lossy and losslesscompres-
sion using the sametransform-basedframework, andborrows
heavily on ideasfrom the embeddedblock coding with opti-
mized truncation(EBCOT) scheme[23–25]. In order to fa-
cilitate both lossy and losslesscoding in an ef�cient manner,
reversibleinteger-to-integer [26–28] andnonreversiblereal-to-
realtransformsareemployed.To codetransformdata,thecodec
makesuseof bit-planecodingtechniques.For entropy coding,
a context-basedadaptive binaryarithmeticcoder[29] is used—
morespeci�cally, theMQ coderfrom theJBIG2standard[30].
Two levelsof syntaxareemployedto representthecodedimage:
acodestreamand�le formatsyntax.Thecodestreamsyntaxis
similar in spirit to thatusedin theJPEGstandard.

The remainderof SectionIII is structuredasfollows. First,
SectionsIII-A to III-C, discussthe sourceimage model and
how animageis internallyrepresentedby thecodec.Next, Sec-
tion III-D examinesthe basicstructureof the codec. This is
followed,in SectionsIII-E to III-M by adetailedexplanationof
thecodingengineitself. Next, SectionsIII-N andIII-O explain
thesyntaxusedto representacodedimage.Finally, SectionIII-
P brie�y describessomeof theextensionsincludedin Part 2 of
thestandard.

A. SourceImageModel

Beforeexaminingtheinternalsof thecodec,it is importantto
understandthe imagemodelthat it employs. Fromthecodec's
point of view, an imageis comprisedof oneor morecompo-
nents(up to a limit of 214), asshown in Fig. 1(a).As illustrated
in Fig. 1(b), eachcomponentconsistsof a rectangulararrayof
samples.Thesamplevaluesfor eachcomponentareintegerval-
ued,andcanbeeithersignedor unsignedwith a precisionfrom

Component 1

Component 2
...

Component 0

Component N�1

(a)
Component i

...

...

...

(b)

Fig. 1. Sourceimagemodel. (a) An imagewith N components.(b) Individual
component.

1 to 38bits/sample.Thesignednessandprecisionof thesample
dataarespeci�edonaper-componentbasis.

All of thecomponentsareassociatedwith thesamespatialex-
tentin thesourceimage,but representdifferentspectralor aux-
iliary information. For example,a RGB color imagehasthree
componentswith onecomponentrepresentingeachof the red,
green,andbluecolor planes.In thesimplecaseof a grayscale
image,thereis only onecomponent,correspondingto the lu-
minanceplane. Thevariouscomponentsof an imageneednot
be sampledat the sameresolution. Consequently, the compo-
nentsthemselvescanhave differentsizes. For example,when
color imagesarerepresentedin a luminance-chrominancecolor
space,the luminanceinformationis oftenmore�nely sampled
thanthechrominancedata.

B. ReferenceGrid

Givenanimage,thecodecdescribesthegeometryof thevar-
ious componentsin termsof a rectangulargrid called the ref-
erencegrid. The referencegrid has the generalform shown
in Fig. 2. The grid is of size Xsiz � Ysiz with the origin lo-
catedat its top-left corner. Theregion with its top-left cornerat
(XOsiz;YOsiz) andbottom-rightcornerat (Xsiz� 1;Ysiz� 1)
is calledthe imagearea,andcorrespondsto thepicturedatato
berepresented.Thewidth andheightof thereferencegrid can-
not exceed232 � 1 units, imposingan upperboundon the size
of animagethatcanbehandledby thecodec.

All of the componentsare mappedonto the imageareaof
the referencegrid. Sincecomponentsneednot be sampledat
the full resolutionof the referencegrid, additionalinformation
is requiredin order to establishthis mapping. For eachcom-
ponent,we indicatethehorizontalandverticalsamplingperiod
in unitsof the referencegrid, denotedasXRsiz andYRsiz, re-
spectively. Thesetwo parametersuniquelyspecifya (rectangu-
lar) samplinggrid consistingof all pointswhosehorizontaland
verticalpositionsareintegermultiplesof XRsiz andYRsiz, re-
spectively. All suchpointsthat fall within the imagearea,con-
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TABLE I

PARTS OF THE STANDARD

Part Title Purpose Document
1 Corecodingsystem Speci®esthecore(or minimal functionality)JPEG-2000codec. [7]
2 Extensions Speci®esadditionalfunctionalitiesthatareusefulin someapplicationsbut neednot besupported

by all codecs.
[15]

3 Motion JPEG2000 Speci®esextensionsto JPEG-2000for intraframe-stylevideocompression. [16]
4 Conformancetesting Speci®estheprocedureto beemployedfor compliancetesting. [18]
5 Referencesoftware Providessamplesoftwareimplementationsof thestandardto serveasaguidefor implementors. [17]
6 Compoundimage®le format De®nesa®le formatfor compounddocuments. [19]
8 SecureJPEG2000 De®nesmechanismsfor conditional access,integrity/authentication,and intellectual property

rightsprotection.

�

9 Interactivity tools,APIsandpro-
tocols

Speci®esa client-server protocolfor ef®ciently communicatingJPEG-2000imagedataover net-
works.

�

10 3D and¯oating-pointdata Providesextensionsfor handling3D (e.g.,volumetric)and¯oating-pointdata. �

11 Wireless Provideschannelcodinganderrorprotectiontoolsfor wirelessapplications. �

12 ISObasemedia®le format De®nesacommonmedia®le formatusedby Motion JPEG2000andMPEG4. [20]
13 Entry-level JPEG2000encoder Speci®esanentry-level JPEG-2000encoder. �

� Thispartof thestandardis still underdevelopmentat thetimeof thiswriting.

(Xsiz�1,Ysiz�1)

(XOsiz,YOsiz)

Xsiz�XOsiz

Image Area

(0,0)

Xsiz

Ysiz�YOsiz

Ysiz

XOsiz

YOsiz

Fig. 2. Referencegrid.

stitute samplesof the componentin question. Thus, in terms
of its own coordinatesystem,a componentwill have the size�� Xsiz

XRsiz

�
�

� XOsiz
XRsiz

� �
�

� � Ysiz
YRsiz

�
�

� YOsiz
YRsiz

��
andits top-left sam-

ple will correspondto the point
�� XOsiz

XRsiz

�
;
� YOsiz

YRsiz

��
: Note that

the referencegrid alsoimposesa particularalignmentof sam-
plesfrom thevariouscomponentsrelative to oneanother.

From the diagram, the size of the image area is (Xsiz �
XOsiz) � (Ysiz � YOsiz). For a given image,many combina-
tions of the Xsiz, Ysiz, XOsiz, and YOsiz parameterscan be
chosento obtainan imageareawith the samesize. Thus,one
might wonderwhy the XOsiz and YOsiz parametersare not
�x ed at zerowhile the Xsiz andYsiz parametersaresetto the
sizeof the image.As it turnsout, therearesubtleimplications
to changingtheXOsizandYOsizparameters(while keepingthe
sizeof theimageareaconstant).Suchchangesaffect codecbe-
havior in severalimportantways,aswill bedescribedlater. This
behavior allows a numberof basicoperationsto be performed
more ef�ciently on codedimages,suchas cropping,horizon-
tal/vertical �ipping, and rotation by an integer multiple of 90
degrees.

C. Tiling

In somesituations,an imagemay be quite large in compar-
ison to the amountof memoryavailable to the codec. Conse-
quently, it is not alwaysfeasibleto codethe entire imageasa

T7

T0 T1 T2

T3 T4 T5

T6 T8

(XOsiz,YOsiz)

(0,0)

(XTOsiz,YTOsiz)

XTOsiz XTsiz XTsiz XTsiz

YTsiz

YTsiz

YTsiz

YTOsiz

Ysiz

Xsiz

Fig. 3. Tiling on thereferencegrid.

singleatomicunit. To solve this problem,the codecallows an
imageto be broken into smallerpieces,eachof which is inde-
pendentlycoded.Morespeci�cally, animageis partitionedinto
oneor moredisjoint rectangularregionscalledtiles. As shown
in Fig. 3, this partitioningis performedwith respectto the ref-
erencegrid by overlaying the referencegrid with a rectangu-
lar tiling grid having horizontalandvertical spacingsof XTsiz
andYTsiz, respectively. Theorigin of the tiling grid is aligned
with thepoint (XTOsiz;YTOsiz). Tiles have a nominalsizeof
XTsiz � YTsiz, but thoseborderingon the edgesof the image
areamayhave a sizewhich differs from thenominalsize. The
tilesarenumberedin rasterscanorder(startingat zero).

By mappingthepositionof eachtile from thereferencegrid
to the coordinatesystemsof the individual components,a par-
titioning of thecomponentsthemselvesis obtained.For exam-
ple, supposethata tile hasanupperleft cornerandlower right
cornerwith coordinates(tx0; ty0) and(tx1 � 1; ty1 � 1), respec-
tively. Then,in thecoordinatespaceof a particularcomponent,
the tile would have an upper left cornerand lower right cor-
nerwith coordinates(tcx0; tcy0) and(tcx1 � 1; tcy1 � 1), respec-
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tcx0 tcy0

tcx1 tcy1

(0,0)

Tile�Component Data

(       ,        )

(       �1,         �1)

Fig. 4. Tile-componentcoordinatesystem.

tively, where

(tcx0; tcy0) = (dtx0=XRsize;dty0=YRsize) (1a)

(tcx1; tcy1) = (dtx1=XRsize;dty1=YRsize) : (1b)

Theseequationscorrespondto theillustrationin Fig.4. Thepor-
tion of a componentthatcorrespondsto a singletile is referred
to asa tile-component.Althoughthe tiling grid is regularwith
respectto thereferencegrid, it is importantto notethatthegrid
may not necessarilybe regular with respectto the coordinate
systemsof thecomponents.

D. CodecStructure

The generalstructureof the codecis shown in Fig. 5 with
the form of the encodergiven by Fig. 5(a) and the decoder
given by Fig. 5(b). From thesediagrams,the key processes
associatedwith the codec can be identi�ed: 1) preprocess-
ing/postprocessing,2) intercomponenttransform,3) intracom-
ponenttransform,4) quantization/dequantization,5) tier-1 cod-
ing, 6) tier-2 coding,and7) ratecontrol. Thedecoderstructure
essentiallymirrors thatof theencoder. That is, with theexcep-
tion of rate control, thereis a one-to-onecorrespondencebe-
tweenfunctionalblocksin theencoderanddecoder. Eachfunc-
tional block in the decodereitherexactly or approximatelyin-
vertstheeffectsof its correspondingblock in theencoder. Since
tiles arecodedindependentlyof oneanother, the input image
is (conceptually, at least)processedone tile at a time. In the
sectionsthatfollow, eachof theabove processesis examinedin
moredetail.

E. Preprocessing/Postprocessing

The codecexpectsits input sampledatato have a nominal
dynamicrangethat is approximatelycenteredaboutzero. The
preprocessingstageof theencodersimply ensuresthat this ex-
pectationis met. Supposethat a particularcomponenthasP
bits/sample. The samplesmay be either signedor unsigned,
leading to a nominal dynamic rangeof [� 2P� 1;2P� 1 � 1] or
[0;2P � 1], respectively. If thesamplevaluesareunsigned,the
nominaldynamicrangeis clearlynotcenteredaboutzero.Thus,
the nominaldynamicrangeof the samplesis adjustedby sub-
tractinga biasof 2P� 1 from eachof the samplevalues. If the
samplevaluesfor acomponentaresigned,thenominaldynamic
rangeis alreadycenteredaboutzero,andno processingis re-
quired.By ensuringthatthenominaldynamicrangeis centered

aboutzero,anumberof simplifying assumptionscouldbemade
in thedesignof thecodec(e.g.,with respectto context model-
ing, numericalover�ow, etc.).

The postprocessingstageof the decoderessentiallyundoes
the effectsof preprocessingin the encoder. If the sampleval-
uesfor acomponentareunsigned,theoriginalnominaldynamic
rangeis restored.Lastly, in thecaseof lossycoding,clipping is
performedto ensurethat the samplevaluesdo not exceedthe
allowablerange.

F. IntercomponentTransform

In theencoder, thepreprocessingstageis followedby thefor-
wardintercomponenttransformstage.Here,anintercomponent
transformcan be appliedto the tile-componentdata. Sucha
transformoperatesonall of thecomponentstogether, andserves
to reducethe correlationbetweencomponents,leadingto im-
provedcodingef�ciency.

Only two intercomponenttransformsarede�ned in thebase-
line JPEG-2000codec: the irreversiblecolor transform(ICT)
andreversiblecolor transform(RCT).TheICT is nonreversible
and real-to-real in nature, while the RCT is reversible and
integer-to-integer. Both of thesetransformsessentiallymapim-
agedatafrom theRGB to YCrCb color space.The transforms
arede�ned to operateonthe�rst threecomponentsof animage,
with the assumptionthat components0, 1, and 2 correspond
to the red, green,andblue color planes. Due to the natureof
thesetransforms,the componentson which they operatemust
besampledat thesameresolution(i.e.,have thesamesize).As
a consequenceof theabove facts,theICT andRCT canonly be
employed whenthe imagebeingcodedhasat leastthreecom-
ponents,andthe�rst threecomponentsaresampledat thesame
resolution.TheICT mayonly beusedin thecaseof lossycod-
ing, while the RCT canbe usedin either the lossyor lossless
case. Even if a transformcan be legally employed, it is not
necessaryto do so. That is, the decisionto usea multicompo-
nenttransformis left at thediscretionof theencoder. After the
intercomponenttransformstagein theencoder, datafrom each
componentis treatedindependently.

TheICT isnothingmorethantheclassicRGBtoYCrCbcolor
spacetransform.Theforwardtransformis de�ned as

2

4
V0(x;y)
V1(x;y)
V2(x;y)

3

5 =

2

4
0:299 0:587 0:114

� 0:16875 � 0:33126 0:5
0:5 � 0:41869 � 0:08131

3

5

2

4
U0(x;y)
U1(x;y)
U2(x;y)

3

5 (2)

whereU0(x;y), U1(x;y), andU2(x;y) arethe input components
correspondingto the red,green,andbluecolor planes,respec-
tively, andV0(x;y), V1(x;y), andV2(x;y) aretheoutputcompo-
nentscorrespondingto the Y, Cr, andCb planes,respectively.
Theinversetransformcanbeshown to be

2

4
U0(x;y)
U1(x;y)
U2(x;y)

3

5 =

2

4
1 0 1:402
1 � 0:34413 � 0:71414
1 � 1:772 0

3

5

2

4
V0(x;y)
V1(x;y)
V2(x;y)

3

5 (3)

TheRCTis simplyareversibleinteger-to-integerapproxima-
tion to the ICT (similar to thatproposedin [28]). The forward
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Forward
Intercomponent
Transform

Forward
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Transform

Quantization
Tier�1
Encoder

Tier�2
Encoder

Coded
Image

Rate Control
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Image

(a)

Tier�2
Decoder

Tier�1
Decoder

Inverse
Intracomponent
Transform

PostprocessingDequantization
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Coded
Image

Reconstructed
Image

(b)

Fig. 5. Codecstructure.Thestructureof the(a)encoderand(b) decoder.

transformis givenby

V0(x;y) =
� 1

4 (U0(x;y) + 2U1(x;y) + U2(x;y))
�

(4a)

V1(x;y) = U2(x;y) � U1(x;y) (4b)

V2(x;y) = U0(x;y) � U1(x;y) (4c)

whereU0(x;y), U1(x;y), U2(x;y), V0(x;y), V1(x;y), andV2(x;y)
arede�ned asabove. Theinversetransformcanbeshown to be

U1(x;y) = V0(x;y) �
� 1

4 (V1(x;y) + V2(x;y))
�

(5a)

U0(x;y) = V2(x;y) + U1(x;y) (5b)

U2(x;y) = V1(x;y) + U1(x;y) (5c)

The inverseintercomponenttransformstagein the decoder
essentiallyundoesthe effects of the forward intercomponent
transformstagein theencoder. If a multicomponenttransform
wasappliedduringencoding,its inverseis appliedhere.Unless
thetransformis reversible,however, the inversionmayonly be
approximatedueto theeffectsof �nite-precisionarithmetic.

G. IntracomponentTransform

Following theintercomponenttransformstagein theencoder
is theintracomponenttransformstage.In this stage,transforms
thatoperateon individual componentscanbeapplied.Thepar-
ticular typeof operatoremployedfor thispurposeis thewavelet
transform. Throughthe applicationof the wavelet transform,
a componentis split into numerousfrequency bands(i.e., sub-
bands).Dueto thestatisticalpropertiesof thesesubbandsignals,
thetransformeddatacanusuallybecodedmoreef�ciently than
theoriginaluntransformeddata.

Both reversible integer-to-integer [26, 27,31–33] and non-
reversiblereal-to-realwavelet transformsareemployed by the
baselinecodec. The basicbuilding block for suchtransforms
is the 1-D 2-channelperfect-reconstruction(PR) uniformly-
maximally-decimated(UMD) �lter bank (FB) which has the
generalform shown in Fig. 6. Here, we focus on the lifting
realizationof theUMDFB [34,35], asit canbeusedto imple-
mentthereversibleinteger-to-integerandnonreversiblereal-to-
realwavelettransformsemployedby thebaselinecodec.In fact,

h+ h+

h+ h+

#2

#2

z

-- -- - -

-- - - -?

?

-

?

6

6

6

6

6

6

?

?

?

- -

-
?

?

-

-

� � �

� � �

s0

� � � s1

� � �

A0(z)

x[n]

A1(z)

Al � 2(z)

Al � 1(z)Ql � 2

Ql � 1

Q0

Q1

y0[n]

y1[n]

(a)
h+ h+

h+ h+

" 2

" 2

z� 1

h+-
?

- - -

6
?

- -

-- ?- - -6
?-

6

6

6

6? ?

-

-

-

6

6

-

-

� � �

� � �

� � �

� � �

+

+

+

+ �

�

�

�

A0(z)

Al � 1(z)

Al � 2(z)

A1(z)

x[n]

Ql � 1

Ql � 2

Q1

Q0

s� 1
1

s� 1
0

y0[n]

y1[n]

(b)

Fig. 6. Lifting realizationof a 1-D 2-channelPRUMDFB. (a) Analysisside.(b)
Synthesisside.

for this reason,it is likely that this realizationstrategy will be
employed by many codecimplementations.The analysisside
of theUMDFB, depictedin Fig. 6(a),is associatedwith thefor-
ward transform,while thesynthesisside,depictedin Fig. 6(b),
is associatedwith the inversetransform. In the diagram,the
f Ai(z)gl � 1

i= 0 , f Qi(x)gl � 1
i= 0 , andf sig1

i= 0 denote�lter transferfunc-
tions,quantizationoperators,and(scalar)gains,respectively. To
obtaininteger-to-integermappings,thef Qi(x)gl � 1

i= 0 areselected
suchthat they alwaysyield integer values,andthe f sig1

i= 0 are
chosenas integers. For real-to-realmappings,the f Qi(x)gl � 1

i= 0
aresimply chosenas the identity, andthe f sig1

i= 0 areselected
from the real numbers. To facilitate �ltering at signalbound-
aries,symmetricextension[36–38] is employed. Sincean im-
ageis a2-D signal,clearlyweneeda2-D UMDFB. By applying
the1-D UMDFB in both thehorizontalandverticaldirections,
a2-D UMDFB is effectively obtained.Thewavelettransformis
thencalculatedby recursively applyingthe2-D UMDFB to the
lowpasssubbandsignalobtainedat eachlevel in thedecompo-
sition.
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Fig. 7. Subbandstructure.

Supposethat a (R� 1)-level wavelet transformis to be em-
ployed. To computethe forward transform,we apply theanal-
ysis sideof the 2-D UMDFB to the tile-componentdatain an
iterative manner, resultingin a numberof subbandsignalsbe-
ing produced.Eachapplicationof theanalysissideof the2-D
UMDFB yields four subbands:1) horizontally and vertically
lowpass(LL), 2) horizontally lowpassandvertically highpass
(LH), 3) horizontallyhighpassandvertically lowpass(HL), and
4) horizontally and vertically highpass(HH). A (R� 1)-level
wavelet decompositionis associatedwith R resolutionlevels,
numberedfrom 0 to R� 1, with 0 and R� 1 corresponding
to the coarsestand �nest resolutions,respectively. Eachsub-
bandof the decompositionis identi�ed by its orientation(e.g.,
LL, LH, HL, HH) andits correspondingresolutionlevel (e.g.,
0;1; : : : ;R� 1). Theinput tile-componentsignalis consideredto
betheLLR� 1 band.At eachresolutionlevel (exceptthelowest)
the LL bandis further decomposed.For example,the LL R� 1
bandis decomposedto yield the LL R� 2, LHR� 2, HLR� 2, and
HHR� 2 bands. Then,at the next level, the LL R� 2 bandis de-
composed,andso on. This processrepeatsuntil the LL 0 band
is obtained,and resultsin the subbandstructureillustratedin
Fig. 7. In the degeneratecasewhereno transformis applied,
R= 1, andwe effectively have only onesubband(i.e., theLL0
band).

As describedabove, the wavelet decompositioncan be as-
sociatedwith dataat R differentresolutions.Supposethat the
top-left andbottom-rightsamplesof a tile-componenthave co-
ordinates(tcx0; tcy0) and(tcx1 � 1; tcy1 � 1), respectively. This
being the case,the top-left and bottom-right samplesof the
tile-componentat resolutionr have coordinates(trx0; try0) and
(trx1 � 1; try1 � 1), respectively, givenby

(trx0; try0) =
��

tcx0=2R� r� 1�
;
�
tcy0=2R� r� 1� �

(6a)

(trx1; try1) =
��

tcx1=2R� r� 1�
;
�
tcy1=2R� r� 1� �

(6b)

wherer is the particularresolutionof interest. Thus, the tile-
componentsignalat a particularresolutionhasthesize(trx1 �
trx0) � (try1 � try0).

Not only arethe coordinatesystemsof the resolutionlevels
important,but sotoo arethecoordinatesystemsfor thevarious

subbands.Supposethatwe denotethecoordinatesof theupper
left and lower right samplesin a subbandas (tbx0; tby0) and
(tbx1 � 1; tby1 � 1), respectively. Thesequantitiesarecomputed
as

(tbx0; tby0)

=

8
>>>>>><

>>>>>>:

� l
tcx0

2R� r� 1

m
;
l

tcy0
2R� r� 1

m�
for LL band

� l
tcx0

2R� r� 1 � 1
2

m
;
l

tcy0
2R� r� 1

m�
for HL band

� l
tcx0

2R� r� 1

m
;
l

tcy0
2R� r� 1 � 1

2

m�
for LH band

� l
tcx0

2R� r� 1 � 1
2

m
;
l

tcy0
2R� r� 1 � 1

2

m�
for HH band

(7a)

(tbx1; tby1)

=

8
>>>>>><

>>>>>>:
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tcx1
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m
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tcy1
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;
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tcy1
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(7b)

wherer is the resolutionlevel to which the bandbelongs,R is
thenumberof resolutionlevels,andtcx0, tcy0, tcx1, andtcy1 are
asde�ned in (1). Thus,a particularbandhasthe size(tbx1 �
tbx0) � (tby1 � tby0). From the above equations,we canalso
seethat (tbx0; tby0) = (trx0; try0) and(tbx1; tby1) = (trx1; try1)
for theLLr band,asonewould expect.(This shouldbethecase
sincetheLLr bandis equivalentto a reducedresolutionversion
of theoriginaldata.)As will beseen,thecoordinatesystemsfor
the variousresolutionsandsubbandsof a tile-componentplay
animportantrole in codecbehavior.

By examining(1), (6), and(7), we observe that the coordi-
natesof the top-left samplefor a particularsubband,denoted
(tbx0; tby0), arepartially determinedby the XOsiz andYOsiz
parametersof thereferencegrid. At eachlevel of thedecompo-
sition,theparity(i.e.,oddness/evenness)of tbx0 andtby0 affects
theoutcomeof thedownsamplingprocess(sincedownsampling
is shift variant). In this way, the XOsiz andYOsiz parameters
haveasubtle,yet important,effecton thetransformcalculation.

Having describedthe generaltransformframework, we now
describethe two speci�c wavelet transformssupportedby the
baselinecodec:the 5/3 and9/7 transforms.The 5/3 transform
is reversible,integer-to-integer, andnonlinear. This transform
wasproposedin [26], andis simplyanapproximationto alinear
wavelet transformproposedin [39]. The 5/3 transformhasan
underlying1-D UMDFB with theparameters:

l = 2; A0(z) = � 1
2(z+ 1); A1(z) = 1

4(1+ z� 1); (8)

Q0(x) = � b� xc; Q1(x) =
�
x+ 1

2

�
; s0 = s1 = 1:

The9/7 transformis nonreversibleandreal-to-real.This trans-
form, proposedin [22], is alsoemployed in theFBI �ngerprint
compressionstandard[40] (althoughthenormalizationsdiffer).
The9/7 transformhasanunderlying1-D UMDFB with thepa-
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rameters:

l = 4; A0(z) = a0(z+ 1); A1(z) = a1(1+ z� 1); (9)

A2(z) = a2(z+ 1); A3(z) = a3(1+ z� 1);

Qi(x) = x for i = 0;1;2;3;

a0 � � 1:586134; a1 � � 0:052980; a2 � 0:882911;

a3 � 0:443506; s0 � 1=1:230174; s1 = � 1=s0:

Sincethe5/3 transformis reversible,it canbeemployed for
either lossyor losslesscoding. The 9/7 transform,lacking the
reversibleproperty, canonly beusedfor lossycoding.Thenum-
berof resolutionlevelsis aparameterof eachtransform.A typi-
calvaluefor thisparameteris six (for asuf�ciently largeimage).
Theencodermaytransformall, none,or a subsetof thecompo-
nents.Thischoiceis at theencoder's discretion.

The inverseintracomponenttransformstagein the decoder
essentiallyundoesthe effects of the forward intracomponent
transformstagein the encoder. If a transformwasappliedto
a particularcomponentduringencoding,thecorrespondingin-
versetransformis appliedhere. Due to the effects of �nite-
precisionarithmetic,the inversionprocessis not guaranteedto
beexactunlessreversibletransformsareemployed.

H. Quantization/Dequantization

In theencoder, after the tile-componentdatahasbeentrans-
formed(by intercomponentand/orintracomponenttransforms),
the resulting coef�cients are quantized. Quantizationallows
greatercompressionto be achieved, by representingtransform
coef�cients with only the minimal precisionrequiredto obtain
thedesiredlevel of imagequality. Quantizationof transformco-
ef�cients is oneof the two primarysourcesof informationloss
in thecodingpath(theothersourcebeingthediscardingof cod-
ing passdataaswill bedescribedlater).

Transformcoef�cients are quantizedusing scalarquantiza-
tion with a deadzone.A differentquantizeris employedfor the
coef�cients of eachsubband,andeachquantizerhasonly one
parameter, its stepsize. Mathematically, the quantizationpro-
cessis de�ned as

V(x;y) = bjU(x;y)j =DcsgnU(x;y) (10)

where D is the quantizerstep size, U(x;y) is the input sub-
bandsignal,andV(x;y) denotestheoutputquantizerindicesfor
the subband.Sincethis equationis speci�ed in an informative
clauseof the standard,encodersneednot usethis precisefor-
mula.Thissaid,however, it is likely thatmany encoderswill, in
fact,usetheabove equation.

The baselinecodechastwo distinct modesof operation,re-
ferredto hereinasintegermodeandrealmode.In integermode,
all transformsemployed are integer-to-integer in nature(e.g.,
RCT, 5/3 WT). In real mode, real-to-realtransformsare em-
ployed(e.g.,ICT, 9/7 WT). In integermode,thequantizerstep
sizesarealways�x edatone,effectively bypassingquantization
andforcing the quantizerindicesandtransformcoef�cients to
beoneandthesame.In this case,lossycodingis still possible,
but ratecontrol is achieved by anothermechanism(to be dis-
cussedlater). In thecaseof realmode(which implieslossycod-
ing), thequantizerstepsizesarechosenin conjunctionwith rate

control.Numerousstrategiesarepossiblefor theselectionof the
quantizerstepsizes,aswill bediscussedlaterin SectionIII-L.

As onemight expect,thequantizerstepsizesusedby theen-
coderareconveyedto thedecodervia thecodestream.In pass-
ing, we notethat thestepsizesspeci�ed in thecodestreamare
relative andnot absolutequantities.That is, the quantizerstep
sizefor eachbandis speci�ed relative to thenominaldynamic
rangeof thesubbandsignal.

In thedecoder, thedequantizationstagetries to undotheef-
fectsof quantization.This process,however, is not usuallyin-
vertible, and thereforeresultsin someinformation loss. The
quantizedtransformcoef�cient valuesare obtainedfrom the
quantizerindices. Mathematically, the dequantizationprocess
is de�ned as

U(x;y) = (V(x;y) + r sgnV(x;y)) D (11)

whereD is thequantizerstepsize,r is a biasparameter, V(x;y)
are the input quantizerindicesfor the subband,andU(x;y) is
the reconstructedsubbandsignal. Although the value of r is
not normatively speci�ed in thestandard,it is likely thatmany
decoderswill usethevalueof onehalf.

I. Tier-1 Coding

After quantizationis performedin theencoder, tier-1 coding
takesplace.This is the�rst of two codingstages.Thequantizer
indicesfor eachsubbandarepartitionedinto codeblocks.Code
blocksarerectangularin shape,andtheir nominalsizeis a free
parameterof the codingprocess,subjectto certainconstraints,
mostnotably: 1) thenominalwidth andheightof a codeblock
mustbeanintegerpowerof two, and2) theproductof thenom-
inal width andheightcannotexceed4096.

Supposethat thenominalcodeblock sizeis tentatively cho-
sen to be 2xcb � 2ycb. In tier-2 coding, yet to be discussed,
codeblocksaregroupedinto what arecalledprecincts. Since
codeblocksarenotpermittedto crossprecinctboundaries,a re-
ductionin the nominalcodeblock sizemay be requiredif the
precinct size is suf�ciently small. Supposethat the nominal
codeblock sizeafterany suchadjustmentis 2xcb' � 2ycb' where
xcb' � xcbandycb' � ycb. Thesubbandis partitionedinto code
blocksby overlayingthesubbandwith arectangulargrid having
horizontalandverticalspacingsof 2xcb' and2ycb', respectively,
asshown in Fig.8. Theorigin of thisgrid is anchoredat(0;0) in
thecoordinatesystemof thesubband.A typical choicefor the
nominalcodeblocksizeis 64� 64 (i.e.,xcb= 6 andycb= 6).

Let us, again, denotethe coordinatesof the top-left sample
in a subbandas(tbx0; tby0). As explainedin SectionIII-G, the
quantity(tbx0; tby0) is partiallydeterminedby thereferencegrid
parametersXOsiz andYOsiz. In turn, thequantity(tbx0; tby0)
affectsthepositionof codeblock boundarieswithin a subband.
In this way, the XOsiz and YOsiz parametershave an impor-
tanteffecton thebehavior of thetier-1 codingprocess(i.e., they
affect thelocationof codeblockboundaries).

After a subbandhasbeenpartitionedinto codeblocks,each
of the codeblocksis independentlycoded. The codingis per-
formedusingthebit-planecoderdescribedlaterin SectionIII-J.
For eachcodeblock,anembeddedcodeis produced,comprised
of numerouscodingpasses.The outputof the tier-1 encoding
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Fig. 8. Partitioningof asubbandinto codeblocks.

processis, therefore,a collectionof codingpassesfor thevari-
ouscodeblocks.

On thedecoderside,thebit-planecodingpassesfor thevar-
ious codeblocks are input to the tier-1 decoder, thesepasses
aredecoded,andtheresultingdatais assembledinto subbands.
In this way, we obtain the reconstructedquantizerindicesfor
eachsubband. In the caseof lossy coding, the reconstructed
quantizerindicesmay only be approximationsto the quantizer
indicesoriginally availableat the encoder. This is attributable
to the fact that the codestreammay only include a subsetof
thecodingpassesgeneratedby the tier-1 encodingprocess.In
the losslesscase,the reconstructedquantizerindicesmust be
sameastheoriginal indiceson theencoderside,sinceall cod-
ing passesmustbeincludedfor losslesscoding.

J. Bit-PlaneCoding

Thetier-1 codingprocessis essentiallyoneof bit-planecod-
ing. After all of the subbandshave beenpartitionedinto code
blocks,eachof theresultingcodeblocksis independentlycoded
using a bit-planecoder. Although the bit-planecoding tech-
nique employed is similar to thoseusedin the embeddedze-
rotreewavelet (EZW) [41] andsetpartitioning in hierarchical
trees(SPIHT) [42] codecs,thereare two notabledifferences:
1) no interbanddependenciesare exploited, and 2) thereare
threecodingpassesper bit planeinsteadof two. The �rst dif-
ferencefollowsfrom thefactthateachcodeblock is completely
containedwithin asinglesubband,andcodeblocksarecodedin-
dependentlyof oneanother. By not exploiting interbanddepen-
dencies,improvederrorresiliencecanbeachieved. Thesecond
differenceis arguablylessfundamental.Usingthreepassesper
bit planeinsteadof two reducesthe amountof dataassociated
with eachcodingpass,facilitating�ner controlover rate.Also,
usinganadditionalpassperbit planeallowsbetterprioritization
of importantdata,leadingto improvedcodingef�ciency.

As notedabove,therearethreecodingpassesperbit plane.In

order, thesepassesareasfollows: 1) signi�cance,2) re�nement,
and3) cleanup.All threetypesof codingpassesscanthesam-
plesof a codeblock in the same�x ed ordershown in Fig. 10.
Thecodeblock is partitionedinto horizontalstripes,eachhav-
ing a nominalheightof four samples.If thecodeblock height
is not a multiple of four, the height of the bottom stripe will
be lessthanthis nominalvalue. As shown in the diagram,the
stripesarescannedfrom topto bottom.Within astripe,columns
arescannedfrom left to right. Within a column,samplesare
scannedfrom top to bottom.

Thebit-planeencodingprocessgeneratesasequenceof sym-
bolsfor eachcodingpass.Someor all of thesesymbolsmaybe
entropy coded. For the purposesof entropy coding,a context-
basedadaptive binary arithmeticcoderis used—morespeci�-
cally, the MQ coderfrom the JBIG2 standard[30]. For each
pass,all of the symbolsareeitherarithmeticallycodedor raw
coded(i.e., thebinarysymbolsareemittedasraw bitswith sim-
ple bit stuf�ng). Thearithmeticandraw codingprocessesboth
ensurethatcertainbit patternsnever occurin theoutput,allow-
ing suchpatternsto beusedfor errorresiliencepurposes.

Cleanuppassesalwaysemploy arithmeticcoding.In thecase
of the signi�canceandre�nementpasses,two possibilitiesex-
ist,dependingonwhetherthesocalledarithmetic-codingbypass
mode(alsoknown aslazymode)is enabled.If lazymodeis en-
abled,only the signi�canceandre�nementpassesfor the four
mostsigni�cant bit planesusearithmeticcoding,while the re-
mainingsuchpassesareraw coded.Otherwise,all signi�cance
andre�nementpassesarearithmeticallycoded.Thelazy mode
allows the computationalcomplexity of bit-planecodingto be
signi�cantly reduced,by decreasingthenumberof symbolsthat
mustbearithmeticallycoded.Thiscomes,of course,at thecost
of reducedcodingef�ciency.

As indicatedabove, codingpassdatacanbe encodedusing
oneof two schemes(i.e., arithmeticor raw coding). Consecu-
tive codingpassesthatemploy thesameencodingschemecon-
stitutewhatis known asasegment.All of thecodingpassesin a
segmentcancollectively form asinglecodewordor eachcoding
passcanform a separatecodeword. Which of theseis thecase
is determinedby the terminationmodein effect. Two termina-
tion modesaresupported:per-passterminationandper-segment
termination.In the�rst case,only thelastcodingpassof a seg-
ment is terminated. In the secondcase,all codingpassesare
terminated.Terminatingall codingpassesfacilitatesimproved
errorresilienceat theexpenseof decreasedcodingef�ciency.

Sincecontext-basedarithmeticcodingis employed,a means
for context selectionis necessary. Generallyspeaking,context
selectionis performedby examiningstateinformation for the
4-connectedor 8-connectedneighborsof a sampleasshown in
Fig. 9.

In ourexplanationof thecodingpassesthatfollows,wefocus
on theencodersideasthis facilitateseasierunderstanding.The
decoderalgorithmsfollow directly from thoseemployedon the
encoderside.

J.1 Signi�cancePass

The �rst coding passfor eachbit plane is the signi�cance
pass. This passis usedto convey signi�cance and (as neces-
sary)signinformationfor samplesthathave not yet beenfound



Copyright c
 2002–2005MichaelD. Adams 9

h0

v0

h1

v1

x

(a)

h0

v0d0

h1

d3

d1

d2 v1

x

(b)

Fig. 9. Templatesfor context selection. The (a) 4-connectedand (b) 8-
connectedneighbors.

to besigni�cant andarepredictedto becomesigni�cant during
theprocessingof thecurrentbit plane.Thesamplesin thecode
block arescannedin the ordershown previously in Fig. 10. If
a samplehasnot yet beenfound to be signi�cant, and is pre-
dicted to becomesigni�cant, the signi�cance of the sampleis
codedwith a singlebinarysymbol. If thesamplealsohappens
to be signi�cant, its sign is codedusing a single binary sym-
bol. In pseudocodeform, thesigni�cancepassis describedby
Algorithm 1.

Algorithm 1 Signi�cancepassalgorithm.
1: for eachsamplein codeblockdo
2: if samplepreviously insigni®cantand predictedto becomesigni®cantdur-

ing currentbit planethen
3: codesigni®canceof sample/* 1 binarysymbol*/
4: if samplesigni®cantthen
5: codesignof sample/* 1 binarysymbol*/
6: endif
7: endif
8: endfor

If themostsigni�cant bit planeisbeingprocessed,all samples
are predictedto remaininsigni�cant. Otherwise,a sampleis
predictedto becomesigni�cant if any 8-connectedneighborhas
alreadybeenfound to besigni�cant. As a consequenceof this
predictionpolicy, thesigni�canceandre�nementpassesfor the
mostsigni�cant bit planearealwaysemptyandnot explicitly
coded.

The symbolsgeneratedduring the signi�cance passmay or
may not be arithmeticallycoded. If arithmeticcoding is em-
ployed, the binary symbolconveying signi�cance information
is codedusingoneof ninecontexts. Theparticularcontext used
is selectedbasedonthesigni�canceof thesample's8-connected
neighborsand the orientationof the subbandwith which the
sampleis associated(e.g.,LL, LH, HL, HH). In the casethat
arithmeticcodingis used,the sign of a sampleis codedasthe
differencebetweentheactualandpredictedsign.Otherwise,the
sign is codeddirectly. Sign predictionis performedusing the
signi�canceandsigninformationfor 4-connectedneighbors.

J.2 Re�nementPass

The secondcodingpassfor eachbit planeis the re�nement
pass.Thispasssignalssubsequentbitsafterthemostsigni�cant
bit for eachsample.Thesamplesof thecodeblock arescanned
usingtheordershown earlierin Fig. 10. If a samplewasfound
to besigni�cant in apreviousbit plane,thenext mostsigni�cant
bit of thatsampleis conveyedusingasinglebinarysymbol.This
processis describedin pseudocodeform by Algorithm 2.

Likethesigni�cancepass,thesymbolsof there�nementpass
mayor maynot bearithmeticallycoded.If arithmeticcodingis

Algorithm 2 Re�nementpassalgorithm.
1: for eachsamplein codeblockdo
2: if samplefoundsigni®cantin previousbit planethen
3: codenext mostsigni®cantbit in sample/* 1 binarysymbol*/
4: endif
5: endfor

...

...

... ... ...

Fig. 10. Samplescanorderwithin acodeblock.

employed,eachre�nementsymbolis codedusingoneof three
contexts. Theparticularcontext employed is selectedbasedon
if thesecondMSB positionis beingre�ned andthesigni�cance
of 8-connectedneighbors.

J.3 CleanupPass

The third (and �nal) coding passfor eachbit plane is the
cleanuppass.This passis usedto convey signi�canceand(as
necessary)signinformationfor thosesamplesthathave not yet
beenfoundto besigni�cant andarepredictedto remaininsignif-
icantduringtheprocessingof thecurrentbit plane.

Conceptually, thecleanuppassis notmuchdifferentfrom the
signi�cance pass. The key differenceis that the cleanuppass
conveys informationaboutsamplesthatarepredictedto remain
insigni�cant, ratherthanthosethatarepredictedto becomesig-
ni�cant. Algorithmically, however, thereis oneimportantdiffer-
encebetweenthecleanupandsigni�cancepasses.In thecaseof
the cleanuppass,samplesaresometimesprocessedin groups,
ratherthanindividually aswith thesigni�cancepass.

Recall the scanpatternfor samplesin a codeblock, shown
earlierin Fig. 10. A codeblock is partitionedinto stripeswith
a nominal height of four samples. Then, stripesare scanned
from top to bottom,andthecolumnswithin astripearescanned
from left to right. For convenience,wewill referto eachcolumn
within a stripeasa verticalscan.That is, eachverticalarrow in
the diagramcorrespondsto a so calledvertical scan. As will
soonbecomeevident, thecleanuppassis bestexplainedasop-
eratingonverticalscans(andnotsimply individual samples).

Thecleanuppasssimply processeseachof theverticalscans
in order, with eachverticalscanbeingprocessedasfollows. If
theverticalscancontainsfour samples(i.e., is a full scan),sig-
ni�cance information is neededfor all of thesesamples,and
all of the samplesarepredictedto remaininsigni�cant, a spe-
cial mode,calledaggregation mode,is entered. In this mode,
thenumberof leadinginsigni�cant samplesin theverticalscan
is coded.Then,the sampleswhosesigni�canceinformationis
conveyedby aggregationareskipped,andprocessingcontinues
with the remainingsamplesof the vertical scanexactly as is
donein thesigni�cancepass.In pseudocodeform, this process
is describedby Algorithm 3.
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Algorithm 3 Cleanuppassalgorithm.
1: for eachverticalscanin codeblockdo
2: if four samplesin verticalscanand all previouslyinsigni®cantandunvisited

and nonehavesigni®cant8-connectedneighborthen
3: codenumberof leadinginsigni®cantsamplesvia aggregation
4: skipoverany samplesindicatedasinsigni®cantby aggregation
5: endif
6: while moresamplesto processin verticalscando
7: if samplepreviously insigni®cantandunvisitedthen
8: codesigni®canceof sampleif notalreadyimpliedby run/* 1 binarysymbol

*/
9: if samplesigni®cantthen
10: codesignof sample/* 1 binarysymbol*/
11: endif
12: endif
13: endwhile
14: endfor

Whenaggregation modeis entered,the four samplesof the
verticalscanareexamined.If all four samplesareinsigni�cant,
anall-insigni�cant aggregationsymbolis coded,andprocessing
of thevertical scanis complete.Otherwise,a some-signi�cant
aggregationsymbolis coded,andtwo binarysymbolsarethen
usedto codethenumberof leadinginsigni�cant samplesin the
verticalscan.

The symbolsgeneratedduring the cleanuppassare always
arithmeticallycoded.In theaggregationmode,theaggregation
symbolis codedusinga singlecontext, andthetwo symbolrun
lengthis codedusingasinglecontext with a�x eduniformprob-
ability distribution. Whenaggregation modeis not employed,
signi�canceandsign codingfunction just asin the caseof the
signi�cancepass.

K. Tier-2 Coding

In theencoder, tier-1 encodingis followedby tier-2 encoding.
The input to the tier-2 encodingprocessis the setof bit-plane
coding passesgeneratedduring tier-1 encoding. In tier-2 en-
coding,thecodingpassinformationis packagedinto dataunits
called packets, in a processreferredto as packetization. The
resultingpacketsarethenoutputto the �nal codestream.The
packetizationprocessimposesa particularorganizationon cod-
ing passdatain theoutputcodestream.Thisorganizationfacil-
itatesmany of thedesiredcodecfeaturesincludingratescalabil-
ity andprogressive recoveryby �delity or resolution.

A packet is nothing more than a collection of coding pass
data.Eachpacket is comprisedof two parts:aheaderandbody.
The headerindicateswhich codingpassesare includedin the
packet, while the body containsthe actualcodingpassdatait-
self. In the codestream,the headerandbody may appearto-
getheror separately, dependingon thecodingoptionsin effect.

Rate scalability is achieved through (quality) layers. The
codeddatafor eachtile is organizedinto L layers,numbered
from0 to L� 1,whereL � 1. Eachcodingpassis eitherassigned
to oneof theL layersor discarded.Thecodingpassescontaining
themostimportantdataareincludedin the lower layers,while
the codingpassesassociatedwith �ner detailsare includedin
higherlayers.Duringdecoding,thereconstructedimagequality
improvesincrementallywith eachsuccessivelayerprocessed.In
thecaseof lossycompression,somecodingpassesmaybedis-
carded(i.e.,not includedin any layer)in whichcaseratecontrol

mustdecidewhichpassesto includein the�nal codestream.In
the losslesscase,all codingpassesmustbe included. If multi-
ple layersareemployed(i.e.,L > 1), ratecontrolmustdecidein
which layereachcodingpassis to beincluded.Sincesomecod-
ing passesmaybediscarded,tier-2 codingis thesecondprimary
sourceof informationlossin thecodingpath.

Recall,from SectionIII-I, thateachcodingpassis associated
with aparticularcomponent,resolutionlevel, subband,andcode
block. In tier-2 coding,onepacket is generatedfor eachcom-
ponent,resolutionlevel, layer, andprecinct4-tuple. A packet
neednot containany codingpassdataat all. That is, a packet
canbeempty. Emptypacketsaresometimesnecessarysincea
packetmustbegeneratedfor everycomponent-resolution-layer-
precinctcombinationeven if the resultingpacket conveys no
new information.

As mentionedbrie�y in SectionIII-G, a precinct is essen-
tially a groupingof codeblockswithin a subband.Theprecinct
partitioningfor a particularsubbandis derivedfrom a partition-
ing of its parentLL band(i.e., the LL bandat the next higher
resolutionlevel). Eachresolutionlevel hasa nominalprecinct
size. The nominal width and height of a precinctmust be a
power of two, subjectto certainconstraints(e.g.,themaximum
width andheightareboth 215). The LL bandassociatedwith
eachresolutionlevel is divided into precincts. This is accom-
plishedby overlaying the LL bandwith a regular grid having
horizontalandvertical spacingsof 2PPx and2PPy, respectively,
asshown in Fig. 11, wherethe grid is alignedwith the origin
of the LL band's coordinatesystem. The precinctsbordering
on the edgeof the subbandmay have dimensionssmallerthan
thenominalsize. Eachof theresultingprecinctregionsis then
mappedinto its child subbands(if any) at thenext lower resolu-
tion level. This is accomplishedby usingthecoordinatetrans-
formation(u;v) = (dx=2e;dy=2e) where(x;y) and(u;v) arethe
coordinatesof a point in the LL bandand child subband,re-
spectively. Dueto themannerin which theprecinctpartitioning
is performed,precinctboundariesalwaysalign with codeblock
boundaries.Someprecinctsmay alsobe empty. Supposethe
nominalcodeblock sizeis 2xcb' � 2ycb'. This resultsnominally
in 2PPx'� xcb' � 2PPy'� ycb' groupsof codeblocks in a precinct,
where

PPx' =

(
PPx for r = 0
PPx� 1 for r > 0

(12)

PPy' =

(
PPy for r = 0
PPy� 1 for r > 0

(13)

andr is theresolutionlevel.
Sincecodingpassdatafrom differentprecinctsarecodedin

separatepackets, using smallerprecinctsreducesthe amount
of datacontainedin eachpacket. If lessdatais containedin
a packet, a bit error is likely to result in lessinformation loss
(since,to someextent,bit errorsin onepacket do not affect the
decodingof otherpackets). Thus,usinga smallerprecinctsize
leadsto improvederrorresilience,while codingef�ciency is de-
gradeddueto theincreasedoverheadof having a largernumber
of packets.

More than one ordering of packets in the code streamis
supported. Such orderingsare called progressions. There
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Fig. 11. Partitioningof a resolutioninto precincts.

are � ve builtin progressionsde�ned: 1) layer-resolution-
component-positionordering, 2) resolution-layer-component-
position ordering, 3) resolution-position-component-layeror-
dering, 4) position-component-resolution-layerordering, and
5) component-position-resolution-layerordering.Thesortorder
for thepacketsis givenby thenameof theordering,wherepo-
sition refersto precinctnumber, andthesortingkeys arelisted
from mostsigni�cant to leastsigni�cant. For example,in the
caseof the �rst orderinggiven above, packetsareordered�rst
by layer, secondby resolution,third by component,and last
by precinct. This correspondsto a progressive recovery by �-
delity scenario.The secondorderingabove is associatedwith
progressive recovery by resolution.Thethreeremainingorder-
ings aresomewhat moreesoteric.It is alsopossibleto specify
additionaluser-de�ned progressionsat theexpenseof increased
codingoverhead.

In the simplestscenario,all of the packetsfrom a particular
tile appeartogetherin the codestream.Provisionsexist, how-
ever, for interleaving packetsfrom differenttiles, allowing fur-
ther�e xibility on theorderingof data.If, for example,progres-
sive recovery of a tiled imagewasdesired,onewould probably
includeall of the packetsassociatedwith the �rst layer of the
varioustiles, followedby thosepacketsassociatedwith thesec-
ondlayer, andsoon.

In thedecoder, thetier-2decodingprocessextractsthevarious
codingpassesfrom the codestream(i.e., depacketization)and
associateseachcodingpasswith its correspondingcodeblock.
In the lossycase,not all of thecodingpassesareguaranteedto
bepresentsincesomemayhave beendiscardedby theencoder.
In the losslesscase,all of thecodingpassesmustbepresentin
thecodestream.

In thesectionsthatfollow, wedescribethepacketcodingpro-
cessin moredetail.For easeof understanding,wechooseto ex-
plain thisprocessfrom thepointof view of theencoder. Thede-
coderalgorithms,however, canbetrivially deducedfrom those

...

Fig. 12. Codeblockscanorderwithin aprecinct.

of theencoder.

K.1 Packet HeaderCoding

Thepacket headercorrespondingto a particularcomponent,
resolutionlevel, layer, andprecinct,is encodedasfollows. First,
asinglebinarysymbolis encodedto indicateif any codingpass
datais includedin thepacket (i.e., if thepacket is non-empty).
If thepacket is empty, no furtherprocessingis requiredandthe
algorithmterminates.Otherwise,we proceedto examineeach
subbandin the resolutionlevel in a �x ed order. For eachsub-
band,wevisit thecodeblocksbelongingto theprecinctof inter-
estin rasterscanorderasshown in Fig. 12. To processa single
codeblock, we begin by determiningif any new coding pass
datais to be included. If no codingpassdatahasyet beenin-
cludedfor thiscodeblock,theinclusioninformationis conveyed
via a quadtree-basedcoding procedure. Otherwise,a binary
symbol is emitted indicating the presenceor absenceof new
codingpassdatafor thecodeblock. If nonew codingpassesare
included,we proceedto the processingof the next codeblock
in the precinct. Assumingthat new codingpassdataareto be
included,we continuewith our processingof the currentcode
block. If this is the �rst time coding passdatahave beenin-
cludedfor thecodeblock,we encodethenumberof leadingin-
signi�cant bit planesfor thecodeblock usinga quadtree-based
codingalgorithm.Then,thenumberof new codingpasses,and
thelengthof thedataassociatedwith thesepassesis encoded.A
bit stuf�ng algorithmis appliedto all packet headerdatato en-
surethatcertainbit patternsnever occurin theoutput,allowing
suchpatternsto beusedfor errorresiliencepurposes.Theentire
packet headercodingprocessis summarizedby Algorithm 4.

Algorithm 4 Packet headercodingalgorithm.
1: if packetnotemptythen
2: codenon-emptypacket indicator/* 1 binarysymbol*/
3: for eachsubbandin resolutionlevel do
4: for eachcodeblock in subbandprecinctdo
5: codeinclusioninformation/* 1 binarysymbolor tagtree*/
6: if nonew codingpassesincludedthen
7: skip to next codeblock
8: endif
9: if ®rst inclusionof codeblock then
10: codenumberof leadinginsigni®cantbit planes/* tagtree*/
11: endif
12: codenumberof new codingpasses
13: codelengthincrementindicator
14: codelengthof codingpassdata
15: endfor
16: endfor
17: else
18: codeemptypacket indicator/* 1 binarysymbol*/
19: endif
20: padto byteboundary
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K.2 Packet BodyCoding

The algorithm usedto encodethe packet body is relatively
simple.Thecodeblocksareexaminedin thesameorderasin the
caseof thepacketheader. If any new passeswerespeci�edin the
correspondingpacket header, the datafor thesecodingpasses
areconcatenatedto thepacketbody. Thisprocessis summarized
by Algorithm 5.

Algorithm 5 Packet bodycodingalgorithm.
1: for eachsubbandin resolutionlevel do
2: for eachcodeblock in subbandprecinctdo
3: if (new codingpassesincludedfor codeblock) then
4: outputcodingpassdata
5: endif
6: endfor
7: endfor

L. RateControl

In theencoder, ratecontrolcanbeachievedthroughtwo dis-
tinct mechanisms:1) the choiceof quantizerstepsizes,and
2) theselectionof thesubsetof codingpassesto includein the
codestream.Whentheintegercodingmodeis used(i.e., when
only integer-to-integer transformsareemployed) only the �rst
mechanismmaybeused,sincethequantizerstepsizesmustbe
�x edat one.Whentherealcodingmodeis used,theneitheror
bothof theseratecontrolmechanismsmaybeemployed.

Whenthe �rst mechanismis employed, quantizerstepsizes
areadjustedin order to control rate. As the stepsizesare in-
creased,theratedecreases,at thecostof greaterdistortion.Al-
thoughthis rate control mechanismis conceptuallysimple, it
doeshave one potentialdrawback. Every time the quantizer
stepsizesarechanged,the quantizerindiceschange,andtier-
1 encodingmust be performedagain. Sincetier-1 coding re-
quiresa considerableamountof computation,this approachto
ratecontrolmaynotbepracticalin computationally-constrained
encoders.

Whenthe secondmechanismis used,the encodercanelect
to discardcodingpassesin order to control the rate. The en-
coderknows the contribution that eachcoding passmakes to
rate,andcanalsocalculatethe distortionreductionassociated
with eachcodingpass.Usingthis information,theencodercan
thenincludethecodingpassesin orderof decreasingdistortion
reductionperunit rateuntil thebit budgethasbeenexhausted.
Thisapproachis very �e xible in thatdifferentdistortionmetrics
canbeeasilyaccommodated(e.g.,meansquarederror, visually
weightedmeansquarederror, etc.).

For a more detailedtreatmentof rate control, the readeris
referredto [7] and[23].

M. Regionof InterestCoding

The codecallows differentregionsof an imageto be coded
with differing �delity . This feature is known as region-of-
interest(ROI) coding. In order to supportROI coding,a very
simpleyet �e xible techniqueis employedasdescribedbelow.

Whenanimageis synthesizedfrom its transformcoef�cients,
eachcoef�cient contributesonly to a speci�c region in the re-
construction.Thus,oneway to codea ROI with greater�delity
thanthe restof the imagewould be to identify the coef�cients

contributing to theROI, andthento encodesomeor all of these
coef�cients with greaterprecisionthan the others. This is, in
fact, the basicpremisebehindthe ROI coding techniqueem-
ployedin theJPEG-2000codec.

Whenanimageis to becodedwith a ROI, someof thetrans-
form coef�cients areidenti�ed asbeingmoreimportantthanthe
others.Thecoef�cients of greaterimportancearereferredto as
ROI coef�cients, while theremainingcoef�cients areknown as
backgroundcoef�cients. Noting that thereis a one-to-onecor-
respondencebetweentransformcoef�cients and quantizerin-
dices,we further de�ne the quantizerindicesfor the ROI and
backgroundcoef�cients as the ROI andbackgroundquantizer
indices,respectively. With this terminologyintroduced,we are
now in a positionto describehow ROI coding�ts into the rest
of thecodingframework.

The ROI coding functionality affects the tier-1 coding pro-
cess. In the encoder, beforethe quantizerindicesfor the vari-
oussubbandsarebit-planecoded,theROI quantizerindicesare
scaledupwardsby a power of two (i.e.,by a left bit shift). This
scalingis performedin suchawayasto ensurethatall bitsof the
ROI quantizerindiceslie in moresigni�cant bit planesthanthe
potentiallynonzerobitsof thebackgroundquantizerindices.As
aconsequence,all informationaboutROI quantizerindiceswill
besignalledbeforeinformationaboutbackgroundROI indices.
In thisway, theROI canbereconstructedatahigher�delity than
thebackground.

Beforethequantizerindicesarebit-planecoded,theencoder
examinesthe backgroundquantizerindicesfor all of the sub-
bandslookingfor theindex with thelargestmagnitude.Suppose
that this index hasits mostsigni�cant bit in bit positionN � 1.
All of the ROI indicesare thenshiftedN bits to the left, and
bit-planecodingproceedsasin thenon-ROI case.TheROI shift
valueN is includedin thecodestream.

Duringdecoding,any quantizerindex with nonzerobits lying
in bit planeN or abovecanbededucedto belongto theROI set.
After thereconstructedquantizerindicesareobtainedfrom the
bit-planedecodingprocess,all indicesin the ROI setarethen
scaleddown by a right shift of N bits. This undoestheeffect of
thescalingon theencoderside.

TheROI setcanbechosento correspondto transformcoef�-
cientsaffectingaparticularregionin animageor subsetof those
affectingtheregion. ThisROI codingtechniquehasanumberof
desirableproperties.First, theROI canhaveany arbitraryshape
andcanconsistof multiple disjoint regions.Second,thereis no
needto explicitly signaltheROI set,sinceit canbededucedby
thedecoderfrom theROI shift valueandthemagnitudeof the
quantizerindices.

For more informationon ROI coding, the readeris referred
to [43,44].

N. CodeStream

In orderto specifythecodedrepresentationof animage,two
differentlevelsof syntaxareemployedby thecodec.Thelowest
level syntaxis associatedwith what is referredto as the code
stream. The codestreamis essentiallya sequenceof tagged
recordsandtheiraccompanying data.

Thebasicbuilding blockof thecodestreamis themarkerseg-
ment. As shown in Fig. 13, a marker segmentis comprisedof
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Parameters
(if required)

16 bits 16 bits variable length

Fig. 13. Markersegmentstructure.
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Main Trailer
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Fig. 14. Codestreamstructure.

three�elds: thetype,length,andparameters�elds. Thetype(or
marker) �eld identi�es the particularkind of marker segment.
Thelength�eld speci�esthenumberof bytesin themarkerseg-
ment.Theparameters�eld providesadditionalinformationspe-
ci�c to themarker type. Not all typesof marker segmentshave
lengthandparameters�elds. Thepresence(or absence)of these
�elds is determinedby themarker segmenttype. Eachtypeof
markersegmentsignalsits own particularclassof information.

A codestreamis simply a sequenceof marker segmentsand
auxiliary data(i.e., packet data)organizedasshown in Fig. 14.
Thecodestreamconsistsof amainheader, followedby tile-part
headerandbodypairs,followedby amaintrailer. A list of some
of themoreimportantmarker segmentsis givenin TableII. Pa-
rametersspeci�ed in marker segmentsin themainheaderserve
asdefaults for the entirecodestream. Thesedefault settings,
however, may be overriddenfor a particulartile by specifying
new valuesin amarkersegmentin thetile'sheader.

All marker segments,packet headers,andpacket bodiesare
a multiple of 8 bits in length. As a consequence,all markers
arebyte-aligned,andthecodestreamitself is alwaysanintegral
numberof bytes.

O. File Format

A codestreamprovidesonly the mostbasicinformationre-
quiredto decodeanimage(i.e.,suf�cient informationto deduce
thesamplevaluesof thedecodedimage).While in somesimple
applicationsthis informationis suf�cient, in otherapplications

LBox TBox XLBox
(if required)

DBox

32 bits32 bits 64 bits variable

Fig. 15. Box structure.

additionaldatais required.To displaya decodedimage,for ex-
ample,it is oftennecessaryto know additionalcharacteristicsof
animage,suchasthecolor spaceof theimagedataandopacity
attributes.Also, in somesituations,it is bene�cial to know other
informationaboutanimage(e.g.,ownership,origin, etc.) In or-
derto allow theabovetypesof datato bespeci�ed,anadditional
level of syntaxis employedby thecodec.This level of syntaxis
referredto asthe �le format. The �le format is usedto convey
bothcodedimagedataandauxiliary informationaboutthe im-
age.Althoughthis �le formatis optional,it undoubtedlywill be
usedextensively by many applications,particularlycomputer-
basedsoftwareapplications.

The basicbuilding block of the �le format is referredto as
a box. As shown in Fig. 15, a box is nominally comprisedof
four �elds: the LBox, TBox, XLBox, and DBox �elds. The
LBox �eld speci�es the lengthof the box in bytes. The TBox
�eld indicatesthetypeof box(i.e., thenatureof theinformation
containedin the box). The XLBox �eld is an extendedlength
indicatorwhichprovidesamechanismfor specifyingthelength
of aboxwhosesizeis too largeto beencodedin thelength�eld
alone. If the LBox �eld is 1, thenthe XLBox �eld is present
andcontainsthetrue lengthof thebox. Otherwise,theXLBox
�eld is not present. The DBox �eld containsdataspeci�c to
theparticularbox type.Sometypesof boxesmaycontainother
boxesasdata. As a matterof terminology, a box that contains
otherboxesin itsDBox �eld is referredtoasasuperbox.Several
of themoreimportanttypesof boxesarelistedin TableIII.

A �le is asequenceof boxes.Sincecertaintypesof boxesare
de�ned to containothers,thereis anaturalhierarchicalstructure
to a �le. Thegeneralstructureof a �le is shown in Fig. 16. The
JPEG-2000signaturebox is always �rst, providing an indica-
tion that the byte streamis, in fact, correctly formatted. The
�le type box is always second,indicating the version of the
�le format to which thebytestreamconforms.Althoughsome
constraintsexist on the orderingof the remainingboxes,some
�e xibility is alsopermitted.The headerbox simply containsa
numberof otherboxes.Theimageheaderbox speci�esseveral
basiccharacteristicsof the image(including imagesize,num-
berof components,etc.).Thebits percomponentbox indicates
the precisionand signednessof the componentsamples.The
color speci�cationbox identi�es thecolor spaceof imagedata
(for displaypurposes)andindicateswhich componentsmapto
which typeof spectralinformation(i.e., thecorrespondencebe-
tweencomponentsandcolor/opacityplanes). Every �le must
containat leastonecontiguouscodestreambox. (Multiple con-
tiguouscodestreamboxesarepermittedin orderto facilitatethe
speci�cationof imagesequencesto supporttrivial animationef-
fects.)Eachcontiguouscodestreamboxcontainsacodestream
asdata. In this way, codedimagedatais embeddedinto a �le.
In additionto thetypesof boxesdiscussedsofar, therearealso
box typesfor specifyingthe captureanddisplayresolutionfor
animage,paletteinformation,intellectualpropertyinformation,
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TABLE II

TYPES OF MARKER SEGMENTS

Type Description
Startof codestream(SOC) Signalsthestartof acodestream.Alwaysthe®rst markersegmentin thecodestream(i.e., the®rst marker

segmentin themainheader).
Endof codestream(EOC) Signalstheendof thecodestream.Alwaysthelastmarkersegmentin thecodestream.
Startof tile-part(SOT) Indicatesthestartof a tile-partheader. Alwaysthe®rst markersegmentin a tile-partheader.
Startof data(SOD) Signaltheendof thetile-partheader. Alwaysthelastmarkersegmentin thetile-partheader. Thetile body

follows immediatelyafterthismarkersegment.
Imageandtile size(SIZ) Conveysbasicimagecharacteristics(e.g.,imagesize,numberof components,precisionof samplevalues),

andtiling parameters.Alwaysthesecondmarkersegmentin thecodestream.
Codingstyledefault (COD) Speci®escoding parameters(e.g., multicomponenttransform,wavelet/subbandtransform,tier-1/tier-2

codingparameters,etc.).
Codingstylecomponent(COC) Speci®esasubsetof codingparametersfor asinglecomponent.
Quantizationdefault (QCD) Speci®esquantizationparameters(i.e.,quantizertype,quantizerparameters).
Quantizationcomponent(QCC) Speci®esquantizationparametersfor asinglecomponent.
Regionof interest(RGN) Speci®esregion-of-interestcodingparameters.

File Type Box

Image Header Box

Color Specification Box

JP2 Header Box

...

Contiguous Code Stream Box

JPEG�2000 Signature Box

...

Fig. 16. File formatstructure.

andvendor/application-speci�cdata.
Although someof the information storedat the �le format

level is redundant(i.e., it is also speci�ed at the codestream
level), this redundancy allows trivial manipulationof �les with-
out any knowledgeof the codestreamsyntax. The �le name
extension“jp2” is to beusedto identify �les containingdatain
theJP2�le format.For moreinformationon the�le format,the
readeris referredto [45].

P. Extensions

Although the baselinecodec is quite versatile, there may
be someapplicationsthat could bene�t from additional fea-
turesnot presentin the baselinesystem. To this end, Part 2
of the standard[15] de�nes numerousextensionsto the base-
line codec. Some of these extensionsinclude the follow-
ing: 1) additionalintercomponenttransforms(e.g.,multidimen-
sionalwavelet/subbandtransforms);2) additionalintracompo-
nent transforms(e.g., subbandtransformsbasedon arbitrary
�lters anddecompositiontrees,different �lters in the horizon-
tal andvertical directions);3) overlappedwavelet transforms;
4) additionalquantizationmethodssuchastrellis codedquanti-
zation[46,47]; 5) enhancedROI support(e.g.,amechanismfor
explicitly signallingtheshapeof theROI andanarbitraryshift
value);and6) extensionsto the�le formatincludingsupportfor
additionalcolor spacesandcompounddocuments.

IV. CONCLUSIONS

In this paper, we commencedwith a high-level introduction
to the JPEG-2000standard,andproceededto studythe JPEG-
2000codecin detail.With its excellentcodingperformanceand
many attractive features,JPEG-2000will no doubt becomea
widely usedstandardin theyearsto come.

APPENDIX

I . JASPER

JasPeris a collectionof software(i.e., a library andapplica-
tion programs)for thecodingandmanipulationof images.This
softwareis written in theC programminglanguage.Of particu-
lar interesthere,theJasPersoftwareprovidesanimplementation
of theJPEG-2000Part-1codec.TheJasPersoftwarewasdevel-
opedwith the objective of providing a free JPEG-2000codec
implementationfor anyonewishingto usetheJPEG-2000stan-
dard. This softwarehasalsobeenpublishedin theJPEG-2000
Part-5 standard,asan of�cial referenceimplementationof the
JPEG-2000Part-1codec.

The JasPersoftware is available for download from the
JasPerProject home page (i.e., http://www.ece.uvic.ca/
˜mdadams/jasper ) andtheJPEGwebsite (i.e., http://www.
jpeg.org/software ). For moreinformationaboutJasPer, the
readeris referredto [8–10].
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