isonec atc usczowc 1N 2412
Date:2005-12-03

ISO/IEC JTC 1/SC29/WG 1
(ITU-T SG 16)

Coding of Still Pictures

JBIG JPEG
Joint Bi-level Image Joint Photographic
Experts Group Experts Group
TITLE: The JPEG-2000Still Image CompressionStandard
(Last Revised: 2005-12-03)
SOURCE: MichaelD. Adams

AssistantProfessor

Dept.of ElectricalandComputerEngineering

University of Victoria

P. 0. Box 3055STN CSC,Victoria,BC, VBW 3P6,CANADA

E-mail: mdadams@ece.uvic.ca
Web: www.ece.uvic.ca/" mdadams

PROJECT: JPEG2000
STATUS:

REQUESTED ACTION: None
DISTRIB UTION: Public
Contact:

ISO/IECJITC1/SC29/WG1 Corvener—Dr. DanielT. Lee

Yahoo!Asia, SunningPlaza,Rm 2802,10 HysanAvenue Caus&ay Bay, HongKong
Yahoo!lnc, 701 First Avenue,Sunryvale, California94089,USA

Tel: +14083497051/+85228823898,Fax: +1 2538300372,E-mail: dlee@yahoo- inc.com



THIS PAGEWAS INTENTIONALLY LEFT BLANK
(TO ACCOMMODATE DUPLEX PRINTING).



Copyright ¢ 2002-2003VlichaelD. Adams

The JPEG-2000still Image CompressionStandard
(Last Revised: 2005-12-03)

MichaelD. Adams

Dept.of ElectricalandComputerEngineeringUniversity of Victoria
P. 0. Box 3055STN CSC,Victoria, BC, V8W 3P6,CANADA

E-mail: mdadams@ece.uvic.ca

Abstiact—JPEG 2000,a new international standard for still image com-
pression|s discussedat length. A high-level intr oduction to the JPEG-2000
standard is given, followed by a detailed technical description of the JPEG-
2000Part-1 codec.

Keywords—JPEG 2000,still image compression/codingstandards.

|. INTRODUCTION

IGITAL IMAGERY is penasive in our world today Con-

sequently standardgor the efcient representatiorand
interchangeof digital imagesare essential. To date, someof
the mostsuccessfustill imagecompressiorstandard$iave re-
sultedfrom the ongoingwork of the JointPhotographi&xperts
Group (JPEG).This groupoperatesinderthe auspicef Joint
Technical Committeel, Subcommittee29, Working Group 1
(JTC 1/SC 29/WG 1), a collaboratie effort betweenthe In-
ternationalOrganizationfor StandardizatioiflSO) andInterna-
tional TelecommunicatiotJnion Standardizatiorsector(ITU-
T). Both the JPEG[1-3] and JPEG-LS[4-6] standardswvere
born from the work of the JPEGcommittee. For the last few
years the JPEGcommitteehasbeenworking towardsthe estab-
lishmentof a new standardknown asJPEG2000(i.e., ISO/IEC
15444). The fruits of theselaborsare now comingto bear as
several partsof this multipart standarchave recentlybeenrati-
ed includingJPEG-200@Part 1 (i.e., ISO/IEC 15444-1]7]).

In this paper we provide a detailedtechnicaldescriptionof
the JPEG-200CPart-1 codec,in additionto a brief overview of
the JPEG-200GtandardThis expositionis intendedo sere as
a readeffriendly startingpoint for thoseinterestedn learning
aboutJPEG2000. Although mary detailsareincludedin our
presentationsomedetailsare necessarilyomitted. The reader
should, therefore,refer to the standard[7] before attempting
an implementation. The JPEG-2000codecrealizationin the
JasPesoftware [8-10] (developedby the authorof this paper)
may alsosene asa practicalguidefor implementors(SeeAp-
pendixA for moreinformationaboutJasPe) The reademay
also nd [11-13] to be useful sourcesof information on the
JPEG-200Gtandard.

The remainderof this paperis structuredas follows. Sec-
tion Il beginswith a overview of the JPEG-200GtandardThis
is followed,in Sectionlll, by adetaileddescriptiorof the JPEG-
2000Part-1 codec.Finally, we concludewith someclosingre-
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changesn the evolving draft standardwvhile otherswere dueto typographical
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time. Subsequentersionsof this documentwill be madeavailable from my
homepage(the URL for which is providedwith my contactinformation).
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marksin SectionlV. Throughoutour presentationa basicun-
derstandingf imagecodingis assumed.

1. JPEG 2000

The JPEG-2000standardsupportslossy and losslesscom-
pression of single-component(e.g., grayscale)and multi-
componen{e.g.,color) imagery In additionto this basiccom-
pressionfunctionality however, numerousother featuresare
provided,including: 1) progressie recovery of animageby -
delity or resolution;2) region of interestcoding,wherebydiffer-
entpartsof animagecanbecodedwith differing delity; 3) ran-
domaccesso particularregionsof animagewithout needingo
decodeheentirecodestream#) a e xible le formatwith pro-
visionsfor specifyingopacityinformationandimagesequences;
and5) good error resilience. Due to its excellentcoding per
formanceand mary attractve features JPEG2000hasa very
large potentialapplicationbase. Somepossibleapplicationar
easinclude:imagearchiing, Internetwebbrowsing,document
imaging,digital photograpkl, medicalimaging,remotesensing,
anddesktoppublishing.

A. WhyJPEG2000?

Work on the JPEG-200Gtandarccommencedvith aninitial
callfor contributions[14] in March1997.Thepurposeof having
a new standardvastwofold. First, it would addressa number
of weaknessem the existing JPEGstandard.Secondjt would
provideanumberof new featuresiotavailablein the JPEGstan-
dard. The precedingpointsled to severalkey objectvesfor the
new standardnamelythatit should:1) allow ef cient lossyand
losslesscompressionvithin a singleuni ed codingframework,
2) provide superiorimagequality, both objectively andsubjec-
tively, atlow bit rates 3) supportadditionalfeaturesuchasrate
andresolutionscalability region of interestcoding,anda more

exible le format,4) avoid excessie computationahndmem-
ory compleity. Undoubtedlymuchof the succes®f the orig-
inal JPEGstandardcanbe attributedto its royalty-free nature.
Consequentlyconsiderableffort hasbeenmadeto ensurethat
a minimally-compliantJPEG-200codeccan be implemented
freeof royalties.

B. Structue of the Standad

The JPEG-2000standardis comprisedof numerousparts,
with the partslistedin Tablel beingde ned at the time of this
writing. For corveniencewe will referto the codecde ned in

lWhethertheseefforts ultimately prove successfutemainsto be seen how-
ever, astherearestill someunresolhedintellectualpropertyissuesatthetime of
thiswriting.



Part1 (i.e.,[7]) of thestandardasthe baselinecodec.Thebase-
line codecis simply the core (or minimal functionality) JPEG-
2000codingsystem.Part 2 (i.e., [15]) describesxtensionsto
the baselinecodecthat are useful for certain“niche” applica-
tions,while Part 3 (i.e., [16]) de nes extensiondor intraframe-
style video compressionPart 5 (i.e., [17]) providestwo refer
encesoftwareimplementation®f the Part-1 codec,and Part 4
(i.e.,[18]) providesa methodologyfor testingimplementations
for compliancewith the standardIn this paperwe will, for the
mostpart, limit our discussiorto the baselinecodec. Someof
the extensionsncludedin Part 2 will alsobe discussedriey.
Unlessotherwiseindicated,our exposition considersonly the
baselinesystem.

For themostpart,the JPEG-200Gtandards writtenfrom the
pointof view of thedecoderThatis, thedecodeis de ned quite
preciselywith mary detailsbeingnormatve in nature(i.e., re-
quiredfor compliance)while mary partsof theencodereless
rigidly speci ed. Obviously, implementorsmustmake a very
cleardistinctionbetweennormative andinformative clausesn
the standard.For the purposesf our discussionhowever, we
will only make suchdistinctionswhenabsolutelynecessary

1. JPEG-2000 CoDEC

Having brie y introducedthe JPEG-2000standard we are
now in a positionto begin examiningthe JPEG-200Q:0decin
detail. The codecis basedon wavelet/subbandctoding tech-
nigues[21,22]. It handlesboth lossy and losslesscompres-
sion using the sametransform-baseframeavork, and borravs
heavily on ideasfrom the embeddedlock coding with opti-
mized truncation (EBCOT) scheme[23-25]. In orderto fa-
cilitate both lossy and losslesscodingin an ef cient manner
reversibleintegerto-integer [26—28] and nonreversiblereal-to-
realtransformsareemployed. To codetransformdatathecodec
malkesuseof bit-planecodingtechniques.For entrogy coding,
a context-basedadaptve binary arithmeticcoder[29] is used—
morespeci cally, the MQ coderfrom the JBIG2 standard30].
Two levelsof syntaxareemployedto representhecodedmage:
acodestreamand le formatsyntax.Thecodestreamsyntaxis
similarin spirit to thatusedin the JPEGstandard.

The remainderof Sectionlll is structuredasfollows. First,
SectionsllI-A to IlI-C, discussthe sourceimage model and
how animageis internallyrepresentetly the codec.Next, Sec-
tion 1lI-D examinesthe basic structureof the codec. This is
followed,in Sectiondll-E to llI-M by a detailedexplanationof
the codingengineitself. Next, SectiondlI-N andlll-O explain
the syntaxusedto represent.codedimage.Finally, Sectionlll-
P brie y describesomeof the extensionsncludedin Part 2 of
thestandard.

A. Soucelmage Model

Beforeexaminingtheinternalsof thecodecit is importantto
understandheimagemodelthatit emplo/s. Fromthe codecs
point of view, animageis comprisedof one or more compo-
nents(upto alimit of 214), asshawn in Fig. 1(a). As illustrated
in Fig. 1(b), eachcomponentonsistsof a rectangulaiarray of
samplesThesamplevaluesfor eachcomponenareintegerval-
ued,andcanbeeithersignedor unsignedwith a precisionfrom
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Component N

Component 2

Component 1

0

(@)

Component i

(b)

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

1 to 38 bits/sampleThesignednesandprecisionof the sample
dataarespeci edon apercomponenbasis.

All of thecomponentsrreassociatedvith thesamespatialex-
tentin the sourceimage,but representlifferentspectralor aux-
iliary information. For example,a RGB color imagehasthree
componentsvith one componentepresentingachof the red,
green,andblue color planes.In the simple caseof a grayscale
image, thereis only one componentgcorrespondingo the lu-
minanceplane. The variouscomponent®f animageneednot
be sampledat the sameresolution. Consequentlythe compo-
nentsthemseles can have differentsizes. For example,when
colorimagesarerepresenteth aluminance-chrominanceolor
space the luminanceinformationis often more nely sampled
thanthechrominancelata.

B. RefeenceGrid

Givenanimage,the codecdescribeshe geometryof the var-
ious componentsn termsof a rectangulagrid calledthe ref-
erencegrid. The referencegrid hasthe generalform shavn
in Fig. 2. The grid is of size Xsiz  Ysiz with the origin lo-
catedatits top-left corner Theregion with its top-left cornerat
(XOsiz YOsi2) andbottom-rightcornerat (Xsiz 1;Ysiz 1)
is calledtheimagearea,andcorrespondso the picture datato
berepresentedThewidth andheightof thereferencegrid can-
not exceed232 1 units, imposingan upperboundon the size
of animagethatcanbe handledby the codec.

All of the componentsare mappedonto the image areaof
the referencegrid. Sincecomponentsieednot be sampledat
the full resolutionof the referencegrid, additionalinformation
is requiredin orderto establishthis mapping. For eachcom-
ponent,we indicatethe horizontalandvertical samplingperiod
in units of the referenceyrid, denotedas XRsiz and YRsiz, re-
spectvely. Thesetwo parametersiniquelyspecifya (rectangu-
lar) samplinggrid consistingof all pointswhosehorizontaland
vertical positionsareinteger multiplesof XRsiz andYRsiz, re-
spectvely. All suchpointsthatfall within theimagearea,con-
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TABLE |
PARTS OF THE STANDARD

Part | Title Purpose Document
1 Corecodingsystem Speci®eghe core(or minimal functionality) JPEG-200@odec. [7]
2 Extensions Speci®esadditionalfunctionalitiesthatareusefulin someapplicationsbut neednot be supported [15]

by all codecs.
3 Motion JPEG2000 Speci®esxtensiongo JPEG-2000or intraframe-stylevideocompression. 16
4 Conformanceesting Speci®edhe procedurgo beemplo/edfor complianceesting. 18
5 Referencesoftware Providessamplesoftwareimplementation®f the standardo sene asa guidefor implementors. [17]
6 Compoundmage®le format De®nesa®le formatfor compounddocuments. [19]
8 SecureJPEG2000 De®nesmechanismdor conditional access,integrity/authentication,and intellectual property

rightsprotection.
9 Interactvity tools,APIsandpro- | Speci®esa client-serer protocolfor ef®ciently communicating]PEG-2000magedataover net-

tocols works.

10 3D and oating-pointdata Providesextensiongfor handling3D (e.g.,volumetric)and oating-pointdata.
11 Wireless Provideschannekodinganderrorprotectiontoolsfor wirelessapplications.
12 ISO basemedia®le format De®nesacommonmedia®le formatusedby Motion JPEG2000andMPEG4. [20]
13 Entry-level JPEG2000encoder | Speci®esanentry-level JPEG-200@ncoder

This partof the standards still underdevelopmentat thetime of this writing.

Xsiz

(0,0

YOsiz

(XOsiz,YOsiz)

Ysiz

Image Area Ysiz YOsiz

(Xsiz 1,Ysiz 1)

XOsiz Xsiz XOsiz

Fig. 2. Referencerid.

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

Xsiz XOsiz Ysiz YOsiz -
XRsiz XRsiz YRsiz \)((Fésiz acglts top-leftsam-
H i SIZ SI1Z .
ple will correspondo the point  {g=? ; vRep - Notethat

the referencegrid alsoimposesa particularalignmentof sam-
plesfrom the variouscomponentselative to oneanother
From the diagram, the size of the image areais (Xsiz

XOsiz) (Ysiz YOsiz. For agivenimage,mary combina-
tions of the Xsiz, Ysiz, XOsiz, and YOsiz parametergan be
chosento obtainanimageareawith the samesize. Thus,one
might wonderwhy the XOsiz and YOsiz parametersare not
x ed at zerowhile the Xsiz and Ysiz parametersare setto the
sizeof theimage. As it turnsout, thereare subtleimplications
to changingheXOsizandY Osizparameteréwhile keepingthe
sizeof theimageareaconstant).Suchchangesffect codecbe-
havior in severalimportantways,aswill bedescribedater. This
behaior allows a numberof basicoperationgo be performed
more ef ciently on codedimages,suchas cropping, horizon-
tal/vertical ipping, androtationby aninteger multiple of 90
degrees.

C. Tiling

In somesituations,an imagemay be quite large in compar
ison to the amountof memoryavailableto the codec. Conse-
guently it is not alwaysfeasibleto codethe entireimageasa

Xsiz

©.0) YTOsi:

(XTOsiz,YTOsiz)

(XOsiz,YOsiz) YTsiz

To

Ysiz

YTsiz

YTsiz

XTOsiz XTsiz XTsiz XTsiz

Fig. 3. Tiling onthereferencegrid.

singleatomicunit. To solve this problem,the codecallows an

imageto be brokeninto smallerpieces,eachof which is inde-
pendentlycoded.More speci cally, animageis partitionedinto

oneor moredisjointrectangularegionscalledtiles. As shavn

in Fig. 3, this partitioningis performedwith respecto the ref-

erencegrid by overlaying the referencegrid with a rectangu-
lar tiling grid having horizontalandvertical spacingsof XTsiz

andYTsiz, respectiely. Theorigin of thetiling grid is aligned
with the point (XTOsiz YTOsi2). Tiles have a nominalsize of

XTsiz YTsiz, but thoseborderingon the edgesof theimage
areamay have a sizewhich differs from the nominalsize. The
tilesarenumberedn rasterscanorder(startingat zero).

By mappingthe positionof eachtile from the referencegrid
to the coordinatesystemsof the individual componentsa par
titioning of the componentshemselesis obtained.For exam-
ple, supposehatatile hasanupperleft cornerandlower right
cornerwith coordinategtxo;tyy) and(txs 1;ty; 1), respec-
tively. Then,in the coordinatespaceof a particularcomponent,
the tile would have an upperleft cornerand lower right cor-
nerwith coordinategtcxo; tcyy) and(tcxy  1;tcy; 1), respec-



0,0

(tex, foy, )

Tile Component Data

(tex, 1,tey, 1)

Fig. 4. Tile-componentoordinatesystem.

tively, where
(tcxo; teyg) = (dixo=XRsize; dty,=YRsize) (1a)
(tcxg; teyq) = (dixg=XRsize; dty,=YRsize) : (1b)

Thesesquationgorrespondo theillustrationin Fig. 4. Thepor-
tion of acomponenthatcorrespondso a singletile is referred
to asatile-component.Althoughthetiling grid is regular with
respecto thereferencegrid, it is importantto notethatthe grid
may not necessarilybe regular with respectto the coordinate
systemsf thecomponents.

D. CodecStructue

The generalstructureof the codecis shavn 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
associatedwvith the codeccan be identi ed: 1) preprocess-
ing/postprocessing) intercomponentransform,3) intracom-
ponenttransform,4) quantization/dequantizatioB) tier-1 cod-
ing, 6) tier-2 coding,and7) ratecontrol. The decodeistructure
essentiallymirrorsthatof the encoder Thatis, with the excep-
tion of rate control, thereis a one-to-onecorrespondencbe-
tweenfunctionalblocksin theencodelanddecoderEachfunc-
tional block in the decodereither exactly or approximatelyin-
vertstheeffectsof its correspondindplockin theencoderSince
tiles are codedindependentlyof one anothey the input image
is (conceptually at least) processednetile at a time. In the
sectionghatfollow, eachof the above processess examinedin
moredetail.

E. Preprocessing/Bstpiocessing

The codecexpectsits input sampledatato have a nominal
dynamicrangethatis approximatelycenteredaboutzero. The
preprocessingtageof the encodersimply ensureghatthis ex-
pectationis met. Supposehat a particularcomponenthasP
bits/sample. The samplesmay be either signedor unsigned,
leadingto a nominal dynamicrangeof [ 2° ;2P 1 1] or
[0;2° 1], respectiely. If the samplevaluesareunsignedthe
nominaldynamicrangeis clearlynotcenteredboutzero.Thus,
the nominaldynamicrangeof the sampless adjustedby sub-
tractinga biasof 2° ! from eachof the samplevalues. If the
samplevaluesfor acomponentresignedthenominaldynamic
rangeis alreadycenteredaboutzero, and no processings re-
quired.By ensuringthatthe nominaldynamicrangeis centered
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aboutzero,anumberof simplifying assumptionsouldbe made
in the designof the codec(e.g.,with respecto context model-
ing, numericalover ow, etc.).

The postprocessingtageof the decoderessentiallyundoes
the effects of preprocessingn the encoder If the sampleval-
uesfor acomponenareunsignedtheoriginalnominaldynamic
rangeis restored Lastly, in the caseof lossycoding,clippingis
performedto ensurethat the samplevaluesdo not exceedthe
allowablerange.

F. Intercomponenfransform

In theencoderthepreprocessingtages followed by thefor-
wardintercomponentransformstage.Here,anintercomponent
transformcan be appliedto the tile-componentdata. Sucha
transformoperate®nall of thecomponentsogetherandsenes
to reducethe correlationbetweencomponents|eadingto im-
provedcodingefciency.

Only two intercomponentransformsarede ned in the base-
line JPEG-2000codec: the irreversible color transform(ICT)
andreversiblecolor transform(RCT). TheICT is nonreversible
and real-to-realin nature, while the RCT is reversible and
integerto-integer. Both of thesetransformsessentiallymapim-
agedatafrom the RGB to YCrCb color space.The transforms
arede nedto operateonthe rst threecomponentsf animage,
with the assumptiorthat componentd), 1, and 2 correspond
to the red, green,andblue color planes. Due to the natureof
thesetransformsthe componentn which they operatemust
be samplecat the sameresolution(i.e., have the samesize). As
aconsequencef theabove facts,thelCT andRCT canonly be
emplosed whenthe imagebeingcodedhasat leastthreecom-
ponentsandthe rst threecomponentaresampledcatthesame
resolution.ThelCT may only be usedin the caseof lossycod-
ing, while the RCT canbe usedin eitherthe lossyor lossless
case. Evenif a transformcan be legally employed, it is not
necessaryo do so. Thatis, the decisionto usea multicompo-
nenttransformis left at the discretionof the encoder After the
intercomponentransformstagein the encoderdatafrom each
components treatedndependently

ThelCT is nothingmorethantheclassicRGBto YCrChcolor
spacdransform.Theforwardtransformis de ned as

2 3 32 3
Vo(x;y) 0:299 0:587 0:114  Up(xy)

4vy(xy)5=4 016875 033126 05 54Ui(xy)5  (2)
Va(X:Y) 0:5 0:41869  0:08131 U(x:y)

whereUp(X;y), U1(x;y), andU»(x;y) aretheinput components
correspondindo thered, green,andblue color planes respec-
tively, andVo(x;y), Vi(X;y), andV>(x;y) arethe outputcompo-
nentscorrespondingo the Y, Cr, and Cb planes,respectiely.
Theinversetransformcanbe shovn to be

2 3 2 32 3
Uo(Xy) 1 0 1:402  Vo(xy)

4Uy(xy)5 =41 034413  0:714186 4vy(xy)5 3)
Ua(x;y) 1 1:772 0 Vo (X;Y)

TheRCTis simply areversibleintegerto-integerapproxima-
tion to the ICT (similar to that proposedn [28]). Theforward
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—>{ Preprocessing—| Intercomponent—>| Intracomponent Quantization —  gr-oder ™ Encoder |
Transform Transform
()
Coded Reconstructe
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Transform Transform
(b)
Fig.5. Codecstructure Thestructureof the (a) encodeiand(b) decoder
transformis givenby h-— - - h- : Fy‘)[n]
: 5 ? 5
Vo(xy) = 3(Uo(xiy) + 2U1(xy) + Ua(xy)  (4a) (2@ [ o | [A0][an]
Vi(xy) = Ua(xy)  Us(xy) (4b) P b ? b
Va(xy) = Uo(xy)  Ua(xy) (4c) [a@ ]| 2. | [A )] o
- - 6- .Y1n
—_ O S
whereUp(x;y), U1(Xy), U2(X;y), Vo(x;y), Vi(Xy), andVz(x;y)
arede ned asabove. Theinversetransformcanbe shavn to be (a)
Yo[n] _ + - _ .+ - - " h X[n]
. — . 1 . . % ? 1?2 .
Ui(xy) = Vo(xy) 7 (Vi(xy) + Va(xy)) (5a) 6 i 6 i 5
Uo(xy) = Va(x;y) + Us(x;y) (5b) ENEIE f)(z)| Lo ]| Aoj(':) |
Ua(xy) = Va(xy) + Us(x; 5¢c 6 : d
2(Xy) 1(Xy) 1(Xy) (5¢) |A4 1(z)||Q|2| |A1(z)|| % ‘
The inverseintercomponentransformstagein the decoder Yl I R R _ g - +hR
essentiallyundoesthe effects of the forward intercomponent
transformstagein the encoder If a multicomponentransform (b)

wasappliedduringencodingjts inverseis appliedhere.Unless
the transformis reversible,however, theinversionmay only be
approximatedueto theeffectsof nite-precisionarithmetic.

G. Intracomponentransform

Following theintercomponentransformstagein the encoder
is theintracomponentransformstage.In this stage transforms
thatoperateon individual componentganbe applied. The par
ticulartypeof operatoremployedfor this purposds thewavelet
transform. Throughthe applicationof the wavelet transform,
a componentis split into numerousrequeng bands(i.e., sub-
bands) Dueto thestatisticapropertief thesesubbandignals,
thetransformediatacanusuallybe codedmoreef ciently than
theoriginal untransformedlata.

Both reversible integerto-integer [26, 27,31-33] and non-
reversiblereal-to-realwavelet transformsare emplo/ed by the
baselinecodec. The basichuilding block for suchtransforms
is the 1-D 2-channelperfect-reconstructiofPR) uniformly-
maximally-decimatedUMD) Iter bank (FB) which hasthe
generalform shavn in Fig. 6. Here, we focus on the lifting
realizationof the UMDFB [34,35], asit canbe usedto imple-
mentthe reversibleintegerto-integerandnonreversiblereal-to-
realwavelettransformemployedby thebaselinecodec.In fact,

Fig. 6. Lifting realizationof a 1-D 2-channePRUMDEFB. (a) Analysisside. (b)
Synthesiside.

for this reason,t is likely that this realizationstratgy will be

employed by mary codecimplementations.The analysisside
of the UMDFB, depictedn Fig. 6(a),is associateavith thefor-

wardtransform,while the synthesisside,depictedin Fig. 6(b),

is associatedvith the inversetransform. In the diagram,the

fA(29-d, fQMXG. ¢, andfsgh o denotelter transferfunc-

tions,quantizatioroperatorsand(scalar)gains,respectiely. To

obtainintegerto-integer mappingsthe f Qi(x)g::Ol areselected
suchthatthey alwaysyield integer values,andthe f sgilz o are
chosenasintegers. For real-to-realmappingsthe f Qi(x)gLO1

are simply chosenasthe identity, andthefsigi1:0 areselected
from the real numbers. To facilitate Itering at signalbound-
aries,symmetricextension[36-38] is employed. Sinceanim-

ageis a2-D signal,clearlywe needa2-D UMDFB. By applying

the 1-D UMDFB in boththe horizontalandvertical directions,
a2-D UMDFB is effectively obtained . Thewavelettransformis

thencalculatecdby recursvely applyingthe 2-D UMDFB to the

lowpasssubbandsignalobtainedat eachlevel in the decompo-
sition.
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Fig. 7. Subbandstructure.

Supposehata (R 1)-level wavelettransformis to be em-
ployed. To computethe forward transform,we apply the anal-
ysis side of the 2-D UMDFB to the tile-componentatain an
iterative manney resultingin a numberof subbandsignalsbe-
ing produced.Eachapplicationof the analysisside of the 2-D
UMDFB yields four subbands:1) horizontally and vertically
lowpass(LL), 2) horizontally lowpassand vertically highpass
(LH), 3) horizontallyhighpassandvertically lowpass(HL), and
4) horizontally and vertically highpass(HH). A (R  1)-level
wavelet decompositionis associatedvith R resolutionlevels,
numberedfrom 0 to R 1, with 0 and R 1 corresponding
to the coarsestand nest resolutions respectiely. Eachsub-
bandof the decompositioris identi ed by its orientation(e.qg.,
LL, LH, HL, HH) andits correspondingesolutionlevel (e.g.,
0;1;:::;R 1). Theinputtile-componensignalis consideredo
bethelLLRr 1 band.At eachresolutionlevel (exceptthelowest)
the LL bandis further decomposed.For example,the LLR 1
bandis decomposedo yield the LLr 2, LHRr 2, HLr 2, and
HHRr 2 bands. Then, at the next level, the LLr > bandis de-
composedandso on. This procesgepeatsuntil theLL o band
is obtained,and resultsin the subbandstructureillustratedin
Fig. 7. In the degeneratecasewhereno transformis applied,
R= 1, andwe effectively have only onesubbandi.e.,theLLg
band).

As describedabove, the wavelet decompositioncan be as-
sociatedwith dataat R differentresolutions. Supposehat the
top-left andbottom-rightsamplesf atile-componentave co-
ordinateq(tcxo; teyg) and(tcx,  1;tcy; 1), respectiely. This
being the case, the top-left and bottom-right samplesof the
tile-componentt resolutionr have coordinategtrxo;tryy) and

(trxy  1;try; 1), respectiely, givenby
(trxo;tryg) =  toxo=2R "1 ; toyp=2R r 1 (6a)
(trxq;try) = toxqg=2R "1 toy,=2R 11 (6b)

wherer is the particularresolutionof interest. Thus, the tile-
componensignalat a particularresolutionhasthe size (trxy
trxo) (try; tryg).

Not only arethe coordinatesystemsof the resolutionlevels
important,but sotoo arethe coordinatesystemdor the various

Copyright ¢ 2002-2008Viichael D. Adams

subbandsSupposeghatwe denotethe coordinateof the upper
left and lower right samplesin a subbandas (tbxg; thyy) and

tbx; 1;tb 1), respectiely. Thesequantitiesarecomputed
1
as
(tbxg;tbyy)
g P t ml o m
CXo . Yo
SRt I ' oRyvr 1 for LL band
NESSRN [
CXo 1. Yo
- | RT 1m|2 t: RT 1m for HL band (7a)
fC cy 1
g |2R—)f°1 ; W’Ol i | [orLHband
T2 1 ;3 forHHband
(tbxq;tby;)
B T t L om
CXp . CY1
T for LL band
% | 2Ftl r 1 ?ﬁlr 1t m
_ICx1 1 . _toyy
_ [ oRT 1m|2 t, R T 1m for HL band (7b)
tex . 1
g I 2R—r11 ] ?ﬁ Ir T 2 m for LH band
tex: 1 . toy 1
RTI 3 5 AT 3 forHHband

wherer is the resolutionlevel to which the bandbelongs,R is
thenumberof resolutionlevels,andtcxg, tcyg, tcxy, andtcy, are
asde ned in (1). Thus,a particularbandhasthe size (tbx;
tbxp) (tby; tbyy). Fromthe abose equationswe canalso
seethat (tbxo; tbyg) = (trxo;tryg) and(tbxy;tby;) = (trxq;try,)
for theLL, band,asonewould expect.(This shouldbethe case
sincethe LL, bandis equivalentto areducedesolutionversion
of theoriginal data.)As will beseenthecoordinatesystemdor
the variousresolutionsand subbandf a tile-componentplay
animportantrole in codecbehaior.

By examining (1), (6), and(7), we obsenre that the coordi-
natesof the top-left samplefor a particularsubbanddenoted
(tbxo; thyy), are partially determinedby the XOsiz and Y Osiz
parametersf thereferencegrid. At eachlevel of thedecompo-
sition, theparity (i.e.,oddnessAennesspf thxy andtby, affects
theoutcomeof the downsamplingprocesgsincedovnsampling
is shift variant). In this way, the XOsiz and Y Osiz parameters
have a subtle yetimportant,effect onthetransformcalculation.

Having describedhe generaltransformframenork, we now
describethe two speci ¢ wavelet transformssupportedby the
baselinecodec:the 5/3 and 9/7 transforms.The 5/3 transform
is reversible,integerto-integer, and nonlinear This transform
wasproposedn [26], andis simply anapproximatiorto alinear
wavelet transformproposedn [39]. The 5/3 transformhasan
underlying1-D UMDFB with the parameters:

| =2, A2 =
Qo(X) = b xc;

1z+1); A@=31a+zY);
Qi(¥) = s=s=1

(8)

1.
x+ 3

The 9/7 transformis nonreversibleandreal-to-real. This trans-
form, proposedn [22], is alsoemployedin the FBI ngerprint
compressiorstandard40] (althoughthe normalizationgiffer).
The 9/7 transformhasanunderlying1-D UMDFB with the pa-
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rameters:

| =4, Ag(2 = ao(z+1); A2 = ai(l+zh);
Ao(2) = ax(z+ 1); Ag(d) = ag(l+z b);
Q(x)=xfori=0;1,2;3;
1:586134 a; 0:052980 a»
0:443506 50 1=1:230174 s =

(9)

ao
as

0:882911
1=5:

Sincethe 5/3 transformis reversible,it canbe employed for
eitherlossyor losslesscoding. The 9/7 transform,lacking the
reversibleproperty canonly beusedfor lossycoding. Thenum-
berof resolutionlevelsis aparameteof eachtransform.A typi-
calvaluefor thisparameteis six (for asufciently largeimage).
Theencodemaytransformall, none,or asubsebf the compo-
nents.This choiceis attheencoders discretion.

The inverseintracomponentransformstagein the decoder
essentiallyundoesthe effects of the forward intracomponent
transformstagein the encoder If a transformwasappliedto
a particularcomponenturing encoding the correspondingn-
versetransformis appliedhere. Due to the effects of nite-
precisionarithmetic,the inversionprocesss not guaranteedo
be exactunlessreversibletransformsaareemployed.

H. Quantization/Dequantization

In the encodey after the tile-componentatahasbeentrans-
formed(by intercomponenand/orintracomponentransforms),
the resulting coefcients are quantized. Quantizationallows
greatercompressiorto be achieved, by representingransform
coefcients with only the minimal precisionrequiredto obtain
thedesiredevel of imagequality. Quantizatiorof transformco-
ef cients is oneof thetwo primary sourcef informationloss
in the codingpath(theothersourcebeingthediscardingof cod-
ing passdataaswill bedescribedater).

Transformcoefcients are quantizedusing scalarquantiza-
tion with adeadzoneA differentquantizeris employedfor the
coefcients of eachsubbandandeachquantizerhasonly one
parameterits stepsize. Mathematically the quantizationpro-
cesss de nedas

V(xy) = GU(xy)j=Desgnu (x;y)

where D is the quantizerstep size, U(x;y) is the input sub-
bandsignal,andV(x;y) denotegheoutputquantizetindicesfor
the subband.Sincethis equationis speci ed in aninformatve
clauseof the standard encoderseednot usethis precisefor-
mula. This said,however, it is likely thatmary encodersill, in
fact,usetheabore equation.

The baselinecodechastwo distinct modesof operation,re-
ferredto hereinasintegermodeandrealmode.In integermode,
all transformsemployed are integerto-integer in nature(e.g.,
RCT, 5/3 WT). In real mode, real-to-realtransformsare em-
ployed(e.g.,ICT, 9/7 WT). In integer mode,the quantizerstep
sizesarealways x edatone,effectively bypassingjuantization
andforcing the quantizerindicesand transformcoefcients to
be oneandthe same.In this case Jossycodingis still possible,
but rate control is achieved by anothermechanism(to be dis-
cussedater). In the caseof realmode(whichimplieslossycod-
ing), thequantizerstepsizesarechoserin conjunctionwith rate

(10)

control. Numerousstratgjiesarepossiblefor theselectiorof the
guantizerstepsizes,aswill bediscussedaterin Sectionlll-L.

As onemight expect,the quantizerstepsizesusedby theen-
coderarecorveyedto thedecodewia the codestream.In pass-
ing, we notethatthe stepsizesspeci ed in the codestreamare
relative and not absolutequantities. Thatis, the quantizerstep
sizefor eachbandis speci ed relative to the nominaldynamic
rangeof thesubbandsignal.

In the decoderthe dequantizatiorstagetries to undothe ef-
fectsof quantization.This processhowever, is not usuallyin-
vertible, and thereforeresultsin someinformationloss. The
guantizedtransformcoefcient valuesare obtainedfrom the
guantizerindices. Mathematically the dequantizatiorprocess
isde nedas

U(xy) = (V(xy) + rsgrv(xy)) D (11)
whereD is the quantizerstepsize,r is a biasparameterV(x;y)
arethe input quantizerindicesfor the subbandandU (x;y) is
the reconstructedsubbandsignal. Although the value of r is
not normatvely speci ed in the standardit is likely thatmary
decoderswvill usethevalueof onehalf.

|. Tier-1 Coding

After quantizationis performedin the encodertier-1 coding
takesplace.Thisis the rst of two codingstagesThequantizer
indicesfor eachsubbandarepartitionedinto codeblocks.Code
blocksarerectangulain shapeandtheir nominalsizeis afree
parametenf the coding processsubjectto certainconstraints,
mostnotably: 1) the nominalwidth andheightof a codeblock
mustbeanintegerpower of two, and2) the productof thenom-
inal width andheightcannotexceed4096.

Supposehat the nominalcodeblock sizeis tentatively cho-
sento be 2X0 Y0 |n tier-2 coding, yet to be discussed,
codeblocks are groupedinto what are called precincts. Since
codeblocksarenot permittedto crossprecinctboundariesare-
ductionin the nominal codeblock size may be requiredif the
precinctsize is sufciently small. Supposethat the nominal
codeblock sizeafterany suchadjustments 2x?"  2¥%b" where
xcb'  xcbandycb' ych. Thesubbands partitionednto code
blocksby overlayingthe subbandvith arectangulagrid having
horizontalandvertical spacingof 2* and 2’| respectiely,
asshawvnin Fig. 8. Theorigin of thisgrid is anchoredt (0; 0) in
the coordinatesystemof the subband.A typical choicefor the
nominalcodeblock sizeis 64 64 (i.e.,xcb= 6 andycb= 6).

Let us, again, denotethe coordinatesof the top-left sample
in a subbands(tbxo; tby). As explainedin Sectionlll-G, the
quantity(tbxo; tby,) is partially determinedy thereferenceyrid
parameterXOsiz andYOsiz. In turn, the quantity (tbxo; tby)
affectsthe positionof codeblock boundarieswithin a subband.
In this way, the XOsiz and Y Osiz parameterdiave an impor-
tanteffectonthebehaior of thetier-1 codingprocesgi.e., they
affectthelocationof codeblock boundaries).

After a subbanchasbeenpartitionedinto codeblocks,each
of the codeblocksis independentlycoded. The codingis per
formedusingthebit-planecoderdescribedaterin Sectionlll-J.
For eachcodeblock,anembeddedodeis producedcomprised
of numerouscoding passes.The outputof the tier-1 encoding
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Fig. 8. Partitioningof a subbandnto codeblocks.

processs, thereforea collectionof codingpassegor the vari-
ouscodeblocks.

On the decoderside, the bit-planecoding passedor the var
ious codeblocks are input to the tier-1 decoder thesepasses
aredecodedandthe resultingdatais assembledhto subbands.
In this way, we obtain the reconstructedjuantizerindicesfor
eachsubband. In the caseof lossy coding, the reconstructed
guantizerindicesmay only be approximationgo the quantizer
indicesoriginally available at the encoder This is attributable
to the fact that the code streammay only include a subsetof
the coding passegeneratedy thetier-1 encodingprocess.In
the losslesscase,the reconstructedjuantizerindices must be
sameasthe original indiceson the encoderside, sinceall cod-
ing passesnustbeincludedfor losslescoding.

J. Bit-PlaneCoding

Thetier-1 codingprocesss essentiallyone of bit-planecod-
ing. After all of the subbandshave beenpartitionedinto code
blocks,eachof theresultingcodeblocksis independentlgoded
using a bit-plane coder Although the bit-plane coding tech-
nigue emplgyed is similar to thoseusedin the embeddedze-
rotreewavelet (EZW) [41] and set partitioningin hierarchical
trees(SPIHT) [42] codecs,thereare two notabledifferences:
1) no interbanddependencieare exploited, and 2) there are
threecoding passeger bit planeinsteadof two. The rst dif-
ferencefollows from thefactthateachcodeblockis completely
containedvithin asinglesubbandandcodeblocksarecodedn-
dependentiypf oneanother By not exploiting interbanddepen-
denciesjmprovederrorresiliencecanbeachiezed. The second
differenceis arguablylessfundamental Using threepasseper
bit planeinsteadof two reduceshe amountof dataassociated
with eachcodingpassfacilitating ner controlover rate. Also,
usinganadditionalpassperbit planeallows betterprioritization
of importantdata,leadingto improved codingef ciency.

As notedabove, therearethreecodingpasseperbit plane.In
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order thesepasseareasfollows: 1) signi cance,2) re nement,
and3) cleanup.All threetypesof codingpassescanthe sam-
plesof a codeblock in the same x ed ordershowvn in Fig. 10.
The codeblock is partitionedinto horizontalstripes,eachhav-
ing a nominalheightof four samples.If the codeblock height
is not a multiple of four, the heightof the bottom stripe will
be lessthanthis nominalvalue. As shavn in the diagram,the
stripesarescannedrom top to bottom. Within a stripe,columns
are scannedrom left to right. Within a column, samplesare
scannedrom top to bottom.

Thebit-planeencodingprocesgienerates sequencef sym-
bolsfor eachcodingpass.Someor all of thesesymbolsmaybe
entrofy coded. For the purposeof entrofy coding,a context-
basedadaptve binary arithmeticcoderis used—maorespeci -
cally, the MQ coderfrom the JBIG2 standard30]. For each
pass,all of the symbolsare eitherarithmeticallycodedor raw
coded(i.e.,thebinarysymbolsareemittedasraw bits with sim-
ple bit stufng). Thearithmeticandraw codingprocessedoth
ensurethatcertainbit patternanever occurin the output,allow-
ing suchpatterngo beusedfor errorresiliencepurposes.

Cleanuppasseswaysemploy arithmeticcoding.In thecase
of the signi cance andre nementpassestwo possibilitiesex-
ist, dependingnwhetherthesocalledarithmetic-codindypass
mode(alsoknown aslazy mode)is enabledlf lazy modeis en-
abled,only the signi cance andre nementpassedor the four
mostsigni cant bit planesusearithmeticcoding, while the re-
mainingsuchpassesreraw coded.Otherwise all signi cance
andre nementpassearearithmeticallycoded.Thelazy mode
allows the computationatompleity of bit-planecodingto be
signi cantly reducedbpy decreasinghe numberof symbolsthat
mustbearithmeticallycoded.This comesof course atthe cost
of reducedccodingefciency.

As indicatedabove, coding passdatacan be encodedusing
oneof two schemegi.e., arithmeticor raw coding). Consecu-
tive codingpasseshatemploy the sameencodingschemecon-
stitutewhatis known asa segment.All of thecodingpasse# a
sgymentcancollectively form asinglecodevord or eachcoding
passcanform a separateodavord. Which of theseis the case
is determinedby the terminationmodein effect. Two termina-
tion modesaresupportedperpasgerminationandperseggment
termination.In the rst casepnly thelastcodingpassof a seg-
mentis terminated. In the secondcase,all coding passesare
terminated. Terminatingall coding passegacilitatesimproved
errorresilienceatthe expenseof decreasedodingef ciency.

Sincecontet-basedarithmeticcodingis emplojed, a means
for contet selectionis necessaryGenerallyspeaking contet
selectionis performedby examining stateinformation for the
4-connectear 8-connectedeighborsof a sampleasshavn in
Fig. 9.

In our explanationof the codingpasseshatfollows, we focus
ontheencodessideasthis facilitateseasierunderstandingThe
decoderalgorithmsfollow directly from thoseemployed on the
encodeside.

J.1 Signi cancePass

The rst coding passfor eachbit planeis the signi cance
pass. This passis usedto corvey signi cance and (as neces-
sary)signinformationfor sampleghathave notyet beenfound
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Fig. 9. Templatesfor contet selection. The (a) 4-connectedand (b) 8-
connectedeighbors.

to be signi cant andarepredictedto becomesigni cant during
the processingf the currentbit plane.The samplesn the code
block are scannedn the ordershowvn previously in Fig. 10. If
a samplehasnot yet beenfound to be signi cant, andis pre-
dictedto becomesigni cant, the signi cance of the sampleis
codedwith a singlebinary symbol. If the samplealsohappens
to be signi cant, its signis codedusinga single binary sym-
bol. In pseudocodéorm, the signi cance passis describedoy
Algorithm 1.

Algorithm 1 Signi cancepassalgorithm.

1: for eachsamplein codeblockdo

2: if samplepreviously insigni®cantand predictedto becomesigni®cantdur-
ing currentbit planethen

codesigni®canceof sample/* 1 binarysymbol*/

if samplesigni®cantthen

codesignof sample/* 1 binarysymbol*/

endif

endif

endfor

N AW

If themostsigni cant bit planeis beingprocessedill samples
are predictedto remaininsigni cant. Otherwise,a sampleis
predictedo becomesigni cant if ary 8-connectedheighborhas
alreadybeenfoundto be signi cant. As a consequencef this
predictionpolicy, the signi canceandre nementpassegor the
mostsigni cant bit planeare always empty and not explicitly
coded.

The symbolsgeneratediuring the signi cance passmay or
may not be arithmeticallycoded. If arithmeticcodingis em-
ployed, the binary symbol corveying signi cance information
is codedusingoneof ninecontets. The particularcontet used
is selectedasednthesigni canceof thesamples 8-connected
neighborsand the orientationof the subbandwith which the
sampleis associatede.g.,LL, LH, HL, HH). In the casethat
arithmeticcodingis used,the sign of a sampleis codedasthe
differencebetweertheactualandpredictedsign. Otherwisethe
sign is codeddirectly. Sign predictionis performedusingthe
signi canceandsigninformationfor 4-connectecheighbors.

J.2 Re nementPass

The secondcoding passfor eachbit planeis the re nement
pass.This passsignalssubsequertits afterthe mostsigni cant
bit for eachsample.The sampleof the codeblock arescanned
usingthe ordershown earlierin Fig. 10. If asamplewasfound
to besigni cantin apreviousbit plane thenext mostsigni cant
bit of thatsamplds cornveyedusingasinglebinarysymbol. This
processs describedn pseudocodéorm by Algorithm 2.

Likethesigni cancepassthe symbolsof there nementpass
may or may not be arithmeticallycoded.If arithmeticcodingis

Algorithm 2 Re nementpassalgorithm.

: for eachsamplein codeblock do

if samplefoundsigni®cantin previousbit planethen
codenext mostsigni®cantbit in sample/* 1 binary symbol*/
endif

endfor

aRrwNhE

Fig. 10. Samplescanorderwithin acodeblock.

employed, eachre nementsymbolis codedusingoneof three
contets. The particularcontext employedis selectedbasedon
if thesecondMSB positionis beingre ned andthesigni cance
of 8-connectedheighbors.

J.3 CleanupPass

The third (and nal) coding passfor eachbit planeis the
cleanuppass. This passis usedto corvey signi cance and(as
necessaryigninformationfor thosesampleghathave not yet
beenfoundto besigni cant andarepredictedo remaininsignif-
icantduringthe processingf the currentbit plane.

Conceptuallythecleanuppasss notmuchdifferentfrom the
signi cance pass. The key differenceis that the cleanuppass
conveys informationaboutsampleghatare predictedto remain
insigni cant, ratherthanthosethatarepredictedo becomesig-
ni cant. Algorithmically, however, thereis oneimportantdiffer-
encebetweerthecleanupandsigni cancepassesln the caseof
the cleanuppass,samplesare sometimegrocessedn groups,
ratherthanindividually aswith thesigni cancepass.

Recallthe scanpatternfor samplesn a codeblock, shavn
earlierin Fig. 10. A codeblock is partitionedinto stripeswith
a nominal height of four samples. Then, stripesare scanned
from top to bottom,andthe columnswithin a stripearescanned
from left to right. For conveniencewewill referto eachcolumn
within a stripeasa verticalscan.Thatis, eachverticalarrow in
the diagramcorresponddo a so called vertical scan. As will
soonbecomeevident, the cleanuppassis bestexplainedasop-
eratingon vertical scangandnot simply individual samples).

The cleanuppasssimply processegachof the vertical scans
in order with eachvertical scanbeingprocessedasfollows. If
the vertical scancontainsfour sampleqi.e., is afull scan),sig-
ni cance informationis neededfor all of thesesamples,and
all of the samplesare predictedto remaininsigni cant, a spe-
cial mode,called aggreation mode,is entered. In this mode,
the numberof leadinginsigni cant samplesn the vertical scan
is coded. Then,the samplesvhosesigni cance informationis
conveyed by aggreationareskipped,andprocessingontinues
with the remainingsamplesof the vertical scanexactly asis
donein thesigni cancepass.In pseudocodéorm, this process
is describedy Algorithm 3.
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Algorithm 3 Cleanuppassalgorithm.

1: for eachverticalscanin codeblockdo
2: if four samplesn verticalscanand all previouslyinsigni®cantandurvisited
and nonehave signi®cant8-connectedeighborthen

3: codenumberof leadinginsigni®cantsamplessia aggregation
4: skip overary samplesndicatedasinsigni®cantby aggreation
5: endif
6
7
8

: while moresamplego processn verticalscando
. if samplepreviously insigni®cantandurvisitedthen
. codesigni®canceof samplef notalreadyimplied by run/* 1 binarysymbol
*
9: if samplesigni®cantthen
. codesignof sample* 1 binarysymbol*/
. endif
. endif
: endwhile
. endfor

When aggra@ation modeis entered the four samplesof the
vertical scanareexamined.If all four samplesareinsigni cant,
anall-insigni cant aggrejationsymbolis coded.andprocessing
of the vertical scanis complete. Otherwise ,a some-signi cant
aggreation symbolis coded,andtwo binary symbolsarethen
usedto codethe numberof leadinginsigni cant samplesn the
verticalscan.

The symbolsgeneratediuring the cleanuppassare always
arithmeticallycoded.In the aggregation mode,the aggreation
symbolis codedusinga singlecontet, andthetwo symbolrun
lengthis codedusingasinglecontext with a x eduniformprob-
ability distribution. Whenaggreation modeis not employed,
signi cance andsign codingfunctionjust asin the caseof the
signi cancepass.

K. Tier-2 Coding

In theencodertier-1 encodings followedby tier-2 encoding.
The input to the tier-2 encodingprocesss the setof bit-plane
coding passegjeneratedduring tier-1 encoding. In tier-2 en-
coding,the codingpassinformationis packagednto dataunits
called paclets, in a processreferredto as pacletization. The
resultingpacletsarethenoutputto the nal codestream.The
pacletizationprocessmposesa particularorganizationon cod-
ing passdatain the outputcodestream.This organizationfacil-
itatesmary of thedesiredcodecfeaturesncludingratescalabil-
ity andprogressie recovery by delity or resolution.

A paclet is nothing more than a collection of coding pass
data.Eachpacletis comprisedf two parts:aheaderandbody.
The headerindicateswhich coding passesreincludedin the
paclet, while the body containsthe actualcoding passdatait-
self. In the codestream,the headerand body may appeatto-
getheror separatelydependingn the codingoptionsin effect.

Rate scalability is achiered through (quality) layers. The
codeddatafor eachtile is organizedinto L layers,numbered
fromOtoL 1,whereL 1.Eachcodingpasss eitherassigned
to oneof theL layersor discardedThecodingpassesontaining
the mostimportantdataareincludedin the lower layers,while
the coding passesassociatedvith ner detailsareincludedin
higherlayers.During decodingthereconstructeémagequality
improvesincrementallywith eachsuccessie layerprocessedin
the caseof lossycompressionsomecodingpassesnay be dis-
carded(i.e.,notincludedin ary layer)in which caseratecontrol
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mustdecidewhich passeso includein the nal codestream.n
thelosslesscase all codingpassesnustbeincluded. If multi-
plelayersareemplosed(i.e.,L > 1), ratecontrolmustdecidein
whichlayereachcodingpasss to beincluded.Sincesomecod-
ing passesaybediscardedtier-2 codingis thesecondprimary
sourceof informationlossin the codingpath.

Recall,from Sectionlll-1, thateachcodingpasss associated
with aparticularcomponentresolutionlevel, subbandandcode
block. In tier-2 coding,one paclet is generatedor eachcom-
ponent,resolutionlevel, layer, and precinct4-tuple. A paclet
neednot containary codingpassdataat all. Thatis, a paclet
canbeempty Empty pacletsaresometimesiecessargincea
pacletmustbegeneratedior every component-resolution-layer
precinctcombinationeven if the resulting packet corveys no
new information.

As mentionedbrie y in Sectionlll-G, a precinctis essen-
tially a groupingof codeblockswithin a subbandTheprecinct
partitioningfor a particularsubbands derivedfrom a partition-
ing of its parentLL band(i.e., the LL bandat the next higher
resolutionlevel). Eachresolutionlevel hasa nominal precinct
size. The nominal width and height of a precinctmustbe a
power of two, subjectto certainconstraintge.g.,the maximum
width and heightare both 21%). The LL bandassociatedvith
eachresolutionlevel is divided into precincts. This is accom-
plishedby overlayingthe LL bandwith a regular grid having
horizontalandvertical spacingsof 2PP* and 2PPY, respectiely,
asshawn in Fig. 11, wherethe grid is alignedwith the origin
of the LL bands coordinatesystem. The precinctsbordering
on the edgeof the subbandnay have dimensionssmallerthan
the nominalsize. Eachof the resultingprecinctregionsis then
mappednto its child subbandgif any) atthenext lower resolu-
tion level. Thisis accomplishedy usingthe coordinatetrans-
formation(u;v) = (dx=2e; dy=2€) where(x;y) and(u;Vv) arethe
coordinatesf a point in the LL bandand child subbandje-
spectvely. Dueto themanneiin whichtheprecinctpartitioning
is performed precinctboundariesiwaysalign with codeblock
boundaries.Someprecinctsmay alsobe empty Supposehe
nominalcodeblock sizeis 2X¢0"  2¥¢b" Thjs resultsnominally

in 2PPX xcb” PPy’ ycb' groupsof codeblocksin a precinct,
where
(
PPy = PPx forr=10 (12)
PPx 1 forr>20
PPy = PPy forr=20 (13)
4 PPy 1 forr>0

andr is theresolutionlevel.

Sincecoding passdatafrom differentprecinctsare codedin
separatepaclets, using smaller precinctsreducesthe amount
of datacontainedin eachpaclet. If lessdatais containedin
a paclet, a bit erroris likely to resultin lessinformationloss
(since,to someextent, bit errorsin onepaclet do not affect the
decodingof otherpaclets). Thus,usinga smallerprecinctsize
leadsto impravederrorresiliencewhile codingef ciency is de-
gradeddueto theincreasedverheadf having alargernumber
of paclets.

More than one ordering of pacletsin the code streamis
supported. Such orderingsare called progressions. There
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Fig. 11. Partitioningof aresolutioninto precincts.

are ve huiltin progressionsde ned: 1) layerresolution-
component-positiorordering, 2) resolution-layeicomponent-
position ordering, 3) resolution-position-component-layer-
dering, 4) position-component-resolution-lay@rdering, and
5) component-position-resolution-layardering. Thesortorder
for the pacletsis given by the nameof the ordering,wherepo-
sition refersto precinctnumbey andthe sortingkeys arelisted
from mostsigni cant to leastsigni cant. For example,in the
caseof the rst orderinggiven above, pacletsare ordered rst
by layer, secondby resolution,third by component,and last
by precinct. This correspond$o a progressie recovery by -
delity scenario. The secondorderingabove is associatedvith
progressie recovery by resolution. The threeremainingorder
ings aresomavhat more esoteric. It is alsopossibleto specify
additionaluserde ned progressionattheexpenseof increased
codingoverhead.

In the simplestscenarioall of the pacletsfrom a particular
tile appeartogetherin the codestream. Provisionsexist, how-
ever, for interleaving pacletsfrom differenttiles, allowing fur-
ther e xibility ontheorderingof data.If, for example,progres-
sive recovery of atiled imagewasdesired onewould probably
includeall of the pacletsassociatedvith the rst layer of the
varioustiles, followed by thosepacletsassociateavith the sec-
ondlayer, andsoon.

In thedecoderthetier-2 decodingprocesgxtractsthevarious
coding passedrom the codestream(i.e., depacletization)and
associategachcodingpasswith its correspondingodeblock.
In thelossycase notall of the codingpassesreguaranteedo
be presensincesomemay have beendiscardedy the encoder
In thelosslesscase all of the codingpassesnustbe presentn
thecodestream.

In thesectionghatfollow, we describehepaclet codingpro-
cessn moredetail. For easeof understandingye chooseo ex-
plainthis procesgrom thepoint of view of theencoderThede-
coderalgorithms,however, canbetrivially deducedrom those
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Fig. 12. Codeblock scanorderwithin aprecinct.

of theencoder

K.1 PacketHeaderCoding

The paclet headercorrespondingo a particularcomponent,
resolutionlevel, layer, andprecinct,is encodedsfollows. First,
asinglebinarysymbolis encodedo indicateif ary codingpass
datais includedin the paclet (i.e., if the pacletis non-empty).
If the pacletis empty no furtherprocessings requiredandthe
algorithmterminates.Otherwise we proceedto examineeach
subbandn the resolutionlevel in a x ed order For eachsub-
bandwe visit thecodeblocksbelongingto theprecinctof inter
estin rasterscanorderasshavn in Fig. 12. To processa single
codeblock, we begin by determiningif ary new coding pass
datais to beincluded. If no codingpassdatahasyet beenin-
cludedfor thiscodeblock, theinclusioninformationis corveyed
via a quadtree-basedoding procedure. Otherwise,a binary
symbolis emittedindicating the presenceor absenceof new
codingpasdatafor thecodeblock. If nonew codingpassesire
included,we proceedto the processingf the next codeblock
in the precinct. Assumingthat new codingpassdataareto be
included,we continuewith our processingdf the currentcode
block. If thisis the rst time coding passdatahave beenin-
cludedfor the codeblock, we encodethe numberof leadingin-
signi cant bit planesfor the codeblock usinga quadtree-based
codingalgorithm. Then,the numberof newv codingpassesand
thelengthof thedataassociateavith thesepassess encodedA
bit stufng algorithmis appliedto all paclet headedatato en-
surethatcertainbit patternsnever occurin the output,allowing
suchpatterngo beusedfor errorresiliencepurposesTheentire
pacletheadeicodingprocesss summarizedy Algorithm 4.

Algorithm 4 Packet headeicodingalgorithm.

. if pacletnotemptythen
codenon-emptypacletindicator/* 1 binarysymbol*/
for eachsubbandn resolutionlevel do
for eachcodeblockin subbandrecinctdo
codeinclusioninformation/* 1 binarysymbolor tagtree*/
if nonew codingpassesncludedthen
skip to next codeblock
endif
if ®rstinclusionof codeblockthen
. codenumberof leadinginsigni®cantbit planes* tagtree*/
. endif
: codenumberof new codingpasses
: codelengthincrementndicator
: codelengthof codingpassdata
. endfor
: endfor
: else
: codeemptypacletindicator/* 1 binarysymbol*/
: endif
. padto byteboundary

oNIORWONE
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K.2 PacketBody Coding

The algorithm usedto encodethe paclet body is relatively
simple.Thecodeblocksareexaminedn thesameorderasin the
caseof thepacletheaderlf ary new passesverespeci edin the
correspondingpaclet headerthe datafor thesecoding passes
areconcatenatetb thepacletbody Thisprocesss summarized
by Algorithm 5.

Algorithm 5 Packet body codingalgorithm.

for eachsubbandn resolutionlevel do

for eachcodeblockin subbandrecinctdo

if (new codingpasseéncludedfor codeblock) then
outputcodingpassdata

endif

endfor

endfor

NogahrwnRE

L. RateControl

In the encoderratecontrol canbe achiered throughtwo dis-
tinct mechanisms:1) the choice of quantizerstepsizes,and
2) the selectionof the subsebf codingpasseso includein the
codestream.Whenthe integer codingmodeis used(i.e., when
only integerto-integer transformsare employed) only the rst
mechanismmay be used sincethe quantizerstepsizesmustbe
x edat one. Whenthereal codingmodeis used theneitheror
bothof theseratecontrolmechanismsnay be employed.

Whenthe rst mechanisnis employed, quantizerstepsizes
are adjustedin orderto controlrate. As the stepsizesarein-
creasedtheratedecreasest the costof greaterdistortion. Al-
thoughthis rate control mechanismis conceptuallysimple, it
doeshave one potential dravback. Every time the quantizer
stepsizesare changedthe quantizerindiceschange andtier-
1 encodingmust be performedagain. Sincetier-1 codingre-
quiresa considerablemountof computationthis approactto
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contributing to the ROI, andthento encodesomeor all of these
coefcients with greaterprecisionthanthe others. This s, in

fact, the basicpremisebehindthe ROI codingtechniqueem-
ployedin the JPEG-200@odec.

Whenanimageis to be codedwith a ROI, someof thetrans-
form coefcients areidenti ed asbeingmoreimportantthanthe
others.The coefcients of greateimportancearereferredto as
ROI coefcients, while theremainingcoefcients areknown as
backgroundcoefcients. Noting thatthereis a one-to-onecor-
respondencdetweentransformcoefcients and quantizerin-
dices,we further de ne the quantizerindicesfor the ROl and
backgroundcoefcients asthe ROl and backgroundquantizer
indices,respectrely. With this terminologyintroducedwe are
now in a positionto describehow ROI coding ts into the rest
of the codingframework.

The ROI coding functionality affects the tier-1 coding pro-
cess. In the encoder beforethe quantizerindicesfor the vari-
oussubbandsrebit-planecoded the ROI quantizerindicesare
scaledupwardsby a power of two (i.e., by aleft bit shift). This
scalingis performedn suchaway asto ensurehatall bits of the
ROI quantizerindiceslie in moresigni cant bit planesthanthe
potentiallynonzerabits of the backgroundjuantizelindices.As
aconsequenceall informationaboutROI quantizeindiceswill
be signalledbeforeinformationaboutbackgroundrOl indices.
In thisway, theROI canbereconstructedtahigher delity than
thebackground.

Beforethe quantizelindicesarebit-planecoded the encoder
examinesthe backgroundguantizerindicesfor all of the sub-
banddookingfor theindex with thelargestmagnitude Suppose
thatthis index hasits mostsigni cant bit in bit positionN 1.
All of the ROI indicesarethenshifted N bits to the left, and
bit-planecodingproceedssin thenon-ROI case. The ROI shift
valueN is includedin the codestream.

During decodingary quantizetindex with nonzerabits lying

ratecontrolmaynotbepracticalin computationally-constrained in bit planeN or above canbe deducedo belongto theROI set.

encoders.

Whenthe secondmechanismis used,the encodercanelect
to discardcoding passesn orderto control the rate. The en-
coderknows the contritution that eachcoding passmalkes to
rate, and can also calculatethe distortion reductionassociated
with eachcodingpass.Usingthis information,the encodeican
thenincludethe codingpassesn orderof decreasinglistortion
reductionper unit rate until the bit budgethasbeenexhausted.
Thisapproachs very e xible in thatdifferentdistortionmetrics
canbe easilyaccommodate@e.g.,meansquarecerror, visually
weightedmeansquarederror, etc.).

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

M. Region of InterestCoding

The codecallows differentregions of animageto be coded
with differing delity. This featureis known as region-of-
interest(ROI) coding. In orderto supportROI coding,a very
simpleyet e xible techniques employedasdescribedelow.

Whenanimageis synthesizedrom its transformcoefcients,
eachcoefcient contributesonly to a speci c region in there-
construction.Thus,oneway to codea ROI with greaterdelity
thanthe restof the imagewould be to identify the coefcients

After the reconstructedjuantizerindicesare obtainedfrom the
bit-planedecodingprocessall indicesin the ROI setarethen
scaleddown by aright shift of N bits. This undoeghe effect of
thescalingontheencodesside.

The ROI setcanbe choserto correspondo transformcoef-
cientsaffectinga particularegionin animageor subsetf those
affectingtheregion. This ROI codingtechniquéhasanumberof
desirablepropertiesFirst,the ROl canhave ary arbitraryshape
andcanconsistof multiple disjoint regions. Secondthereis no
needto explicitly signalthe ROI set,sinceit canbe deducedy
the decoderfrom the ROI shift valueandthe magnitudeof the
guantizeirindices.

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

N. CodeStream

In orderto specifythe codedrepresentationf animage,two
differentlevelsof syntaxareemplo/edby thecodec.Thelowest
level syntaxis associatedvith whatis referredto asthe code
stream. The code streamis essentiallya sequencedf tagged
recordsandtheiraccompaying data.

Thebasichbuilding block of thecodestreams themarker sey-
ment. As shavn in Fig. 13, a marker sgmentis comprisedof
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Type | Length Parameters
(if required)| (if required)
16 bits 16 bits variable lengt

Fig. 13. Marker segmentstructure.

- Main Header
[ SOC Marker Segment |

[ SIZ Marker Segment |

Other Marker Segments .
(e.g., COD, COC, QCD, QCC, RGN, etg.)

- Tile Part Header
[ SOT Marker Segment |

Other Marker Segments .
(e.g., COD, COC, QCD, QCC, RGN, etg.) :

[ SOD Marker Segment |

- Tile Part Body
[ Packet Data |

:Main Trailer
| EOC Marker Segment

Fig. 14. Codestreamstructure.

three elds: thetype,length,andparameterselds. Thetype(or
marker) eld identi es the particularkind of marker seggment.
Thelength eld speci esthenumberof bytesin themarker seg-
ment. Theparameterseld providesadditionalinformationspe-
ci ¢ tothemarlertype. Not all typesof marker sggmentshave
lengthandparameterselds. Thepresencéor absencedf these
elds is determinedy the marker sggmenttype. Eachtype of
marker sggmentsignalsits own particularclassof information.

A codestreamis simply a sequence®f marker sggmentsand
auxiliary data(i.e., paclet data)organizedasshowvn in Fig. 14.
Thecodestreamconsistf amainheaderfollowedby tile-part
headeandbodypairs,followedby amaintrailer. A list of some
of themoreimportantmarker sgmentss givenin Tablell. Pa-
rametersspeci edin marker sggmentsin the mainheadersene
asdefaultsfor the entire code stream. Thesedefault settings,
however, may be overriddenfor a particulartile by specifying
new valuesin amarker sggmentin thetile's header

All marker sggments,paclet headersand paclet bodiesare
a multiple of 8 bits in length. As a consequenceall markers
arebyte-alignedandthe codestreamitself is alwaysanintegral
numberof bytes.

O. File Format

A codestreamprovidesonly the mostbasicinformationre-
quiredto decodeanimage(i.e., sufcient informationto deduce
thesamplevaluesof thedecodedmage).While in somesimple
applicationghis informationis sufcient, in otherapplications
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LBox | TBox | XLBox DBox
(if required)
32 hits32 bits 64 bits  variable

Fig. 15. Box structure.

additionaldatais required.To displaya decodedmage,for ex-
ample,it is oftennecessaryo know additionalcharacteristicef
animage,suchasthe color spaceof theimagedataandopacity
attributes.Also, in somesituationsijt is bene cialto know other
informationaboutanimage(e.g.,ownership,origin, etc.) In or-
derto allow theabove typesof datato bespeci ed,anadditional
level of syntaxis employedby the codec.This level of syntaxis
referredto asthe le format. The le formatis usedto corvey
both codedimagedataandauxiliary informationaboutthe im-
age.Althoughthis le formatis optional,it undoubtedlywill be
usedextensvely by mary applications particularly computer
basedsoftwareapplications.

The basichuilding block of the le formatis referredto as
abox. As shavn in Fig. 15, a box is nominally comprisedof
four elds: the LBox, TBox, XLBox, and DBox elds. The
LBox eld speci esthelengthof the box in bytes. The TBox
eld indicateghetypeof box (i.e., the natureof theinformation
containedin the box). The XLBox eld is an extendedlength
indicatorwhich providesa mechanisnior specifyingthelength
of aboxwhosesizeis too largeto beencodedn thelength eld
alone. If the LBox eld is 1, thenthe XLBox eld is present
andcontainsthe true lengthof the box. Otherwise the XLBox
eld is not present. The DBox eld containsdataspeci c to
the particularbox type. Sometypesof boxesmay containother
boxesasdata. As a matterof terminology a box thatcontains
otherboxesin its DBox eld isreferredo asasuperboxSereral
of themoreimportanttypesof boxesarelistedin Tablelll.

A le isasequencef boxes. Sincecertaintypesof boxesare
de nedto containothersthereis anaturalhierarchicaktructure
toa le. Thegeneraktructureof a le isshavnin Fig. 16. The
JPEG-200Gsignaturebox is always rst, providing anindica-
tion that the byte streamis, in fact, correctly formatted. The
le type box is always second,indicating the version of the
le formatto which the byte streamconforms. Although some
constraintsxist on the orderingof the remainingboxes, some
e xibility is alsopermitted. The headetbox simply containsa
numberof otherboxes. Theimageheadebox speci esseveral
basiccharacteristic®f the image(including imagesize, num-
berof componentsetc.). The bits percomponenbox indicates
the precisionand signednes®f the componentsamples. The
color speci cationbox identi es the color spaceof imagedata
(for displaypurposespndindicateswhich componentsnapto
whichtype of spectrainformation(i.e., the correspondencee-
tweencomponentsand color/opacityplanes). Every le must
containatleastonecontiguouscodestreambox. (Multiple con-
tiguouscodestreanboxesarepermittedin orderto facilitatethe
speci cationof imagesequencew supportrivial animationef-
fects.)Eachcontiguouscodestreambox containsa codestream
asdata. In this way, codedimagedatais embeddednto a le.
In additionto the typesof boxesdiscussedofar, therearealso
box typesfor specifyingthe captureand display resolutionfor
animage paletteinformation,intellectualpropertyinformation,
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TABLE Il
TYPES OF MARKER SEGMENTS

Type Description

Startof codestreanfSOC)

Signalsthe startof acodestream Alwaysthe ®rst marker sggmentin the codestream(i.e., the®rst marker
segmentin the mainheader).

Endof codestreanfEOC) Signalsthe endof the codestream Alwaysthelastmarker sggmentin the codestream.
Startof tile-part(SOT) Indicatesthe startof atile-partheaderAlwaysthe ®rst marker sggmentin atile-partheader
Startof data(SOD) Signaltheendof thetile-partheader Alwaysthelastmarker sggmentin thetile-partheader Thetile body

followsimmediatelyafterthis marker sggment.

Imageandtile size(SIZ)

Corveysbasicimagecharacteristicée.g.,imagesize,numberof componentsprecisionof samplevalues),
andtiling parametersAlwaysthe secondnarker sggmentin the codestream.

Codingstyledefault (COD)
codingparametersgtc.).

Speci®escoding parameterge.g., multicomponentransform, wavelet/subbandransform, tier-1/tier-2

Codingstylecomponen{COC)

Speci®esa subsebf codingparameterfor a singlecomponent.

Quantizatiordefault (QCD)

Speci®egjuantizatiorparametersi.e., quantizeitype,quantizemparameters).

QuantizatiorcomponentQCC)

Speci®egjuantizatiorparameteror a singlecomponent.

Region of interestRGN)

Speci®egegion-of-interestodingparameters.

|JPEG 2000 Signature Box |

| File Type Box |

JP2 Header Box
| Image Header Box |

| Color Specification Box |

| Contiguous Code Stream Box |

Fig. 16. File formatstructure.

andvendor/application-speci data.

Although someof the information storedat the le format
level is redundant(i.e., it is also speci ed at the code stream
level), thisredundang allows trivial manipulationof les with-
out ary knowledge of the codestreamsyntax. The le name
extension“jp2” is to beusedto identify les containingdatain
theJP2 le format. For moreinformationonthe le format,the
readeiis referredto [45].

P. Extensions

Although the baselinecodecis quite versatile, there may
be some applicationsthat could bene t from additional fea-
tures not presentin the baselinesystem. To this end, Part 2
of the standard15] de nes numerousextensionsto the base-
line codec. Some of these extensionsinclude the follow-
ing: 1) additionalintercomponentransformge.g.,multidimen-
sionalwavelet/subbandransforms);2) additionalintracompo-
nent transforms(e.g., subbandtransformsbasedon arbitrary
Iters anddecompositiortrees,different Iters in the horizon-
tal and vertical directions); 3) overlappedwavelet transforms;
4) additionalquantizatiormethodssuchastrellis codedquanti-
zation[46,47]; 5) enhancedrOl support(e.g.,a mechanisnior
explicitly signallingthe shapeof the ROl andan arbitraryshift
value);and6) extensiondo the le formatincludingsupportfor

additionalcolor spacesandcompounddocuments.

IV. CONCLUSIONS

In this paper we commencedvith a high-level introduction
to the JPEG-200Gstandardand proceededo studythe JPEG-
2000codecin detail. With its excellentcodingperformancend
mary attractve features,JPEG-2000will no doubtbecomea
widely usedstandardn theyearsto come.

APPENDIX
I. JASPER

JasPers a collectionof software(i.e., alibrary andapplica-
tion programsYor the codingandmanipulationof images.This
softwareis writtenin the C programmingdanguage Of particu-
lar interesthere theJasPesoftwareprovidesanimplementation
of the JPEG-200@Part-1codec.The JasPesoftwarewasdevel-
opedwith the objective of providing a free JPEG-2000codec
implementatiorfor aryonewishingto usethe JPEG-200Gtan-
dard. This softwarehasalsobeenpublishedin the JPEG-2000
Part-5 standardasan of cial referenceémplementatiorof the
JPEG-2000Part-1codec.

The JasPersoftware is available for download from the
JasPerProject home page (i.e., http://www.ece.uvic.ca/
"mdadams/jasper ) andthe JPEGwebsite (i.e., http://www.
jpeg.org/software ). For moreinformationaboutJasPerthe
readeiis referredto [8-10].
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