
IEEE SIGNAL PROCESSINGLETTERS,VOL. XX, NO. Y, MONTH 2002 1

Post-Processingof JPEG-2000Imagesto Remove
CompressionArtif acts

Aria Nosratinia,Member, IEEE

Abstract— Motivated by error concealmentapplications, this
letter proposesa method for the post-processingof JPEG-2000
compressedimagesat very low bitrates. The proposedmethod
counterintuitively employsfurther compressionto achieve image
enhancement.This approach,although not widely known, is not
entirely new: it is an adaptation of a techniqueoriginally designed
for the removal of block-transform coding artifacts. The contri-
bution of this work is to demonstrate its applicability to wavelet
coders. In its simplest form, this algorithm usesexisting system
componentswith little or no additional hardwareor software. Ex-
perimental resultsshowa distinct reductionof ringing artifacts at
very low bitrates.

I . INTRODUCTION

The work presentedin this letter is motivatedby decoder
error concealmentfor transmissionof a JPEG-2000bitstream
over a noisy channel. JPEG-2000,the recentlyadoptedim-
agecompressionstandard,combinesa strongcompressionper-
formancewith usefulandpracticalfeatures,suchasprogres-
sive transmission.In a progressive bitstream,anunrecoverable
(channel)error canrenderthe following bits unusable.Thus,
earlyterminationdueto channelerrorsmayintroducecompres-
sionartifactsat thedecoder, regardlessof thedesignatedbitrate
at the encoder. In this case,error concealmentin the form of
post-processingcanimprove thequality of thedecodedimage.

TheJPEG-2000ringingartifactsarein generalmoredif�cult
to characterizeand/orremove than the block-transformcom-
pressionartifacts. This letter presentsa methodfor reducing
JPEG-2000artifactsandthusimproving theoverall perceptual
quality of the image. The work presentedin this letter is re-
lated to the generalmethodof translation-invariantdenoising
introducedby CoifmanandDonoho[1].

In a differentapproach,Fan andCham[2] performededge
reconstructionon wavelet compressedimagesusinga model-
basedmethod. Unlike [2], the presentwork doesnot involve
edgedetection,edgereconstructionor optimization,andis con-
ceptuallyvery simple. Furthermore,this work is directedat
JPEG-2000while [2] was applied to SPIHT. The achievable
gainsin termsof PSNRarecomparable.

I I . JPEG-2000 POST PROCESSING

The basicmechanismbehindour approachcanbe demon-
stratedby comparingthewavelet transformsof differentshifts
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TABLE I
VARIANCE OF HL, LH, AND HH BANDS CALCULATED AT TWO DIFFERENT

SHIFTS FOR ORIGINAL , COM PRESSED, AND POST-PROCESSED IM AGE.

Coef�cient Variances
Original Compressed Post-processed

(0,0)shift 17.3127 0.0809 0.1574
HL (1,1)shift 17.3611 2.3456 0.3269

ratio 1.0028 28.9938 2.0769
(0,0)shift 43.1195 0.0898 1.0896

LH (1,1)shift 42.1531 19.3274 3.9434
ratio 0.9776 215.2272 3.6191

(0,0)shift 8.7825 0.0748 0.0749
HH (1,1)shift 8.8884 0.1651 0.0759

ratio 1.0121 2.2072 1.0134

of animage.Figure1 (a) is thewavelettransform1 of theorig-
inal Lennaimage(beforecompression).The high-frequency
wavelet coef�cients have beenmagni�ed by a factor of 32 to
makethemmorevisible. In Figure1 (b), theLennaimagehas
beenshifted by

���������

pixels beforetaking the wavelet trans-
form. These�gures show anintuitiveresultthat is easilycon-
�rmed by calculations:that the transformcoef�cients in these
two caseshave similar second-orderstatistics. Figure 1 (c)
shows the wavelet transformof the Lennaimagecompressed
with JPEG-2000at 0.1 bits perpixel, clearlyshowing thesup-
pressionof thehigh-frequency coef�cients becauseof compres-
sion.But thehigh frequency coef�cients reappearif we look at
thewavelet transformof theshiftedversionof thecompressed
image(Figure1 (d)).

This effect is numericallydemonstratedin TableI. We cal-
culatethe varianceof coef�cients whenthe wavelet transform
is appliedat zero shift and a non-zeroshift, and usethe ra-
tio asa measureof shift-varianceof the imagestatistics. Ta-
ble I showsthatcoef�cient variancein theoriginal imageis not
sensitive to shifts,unlike for thecompressedimage,wherethe
varianceis very shift-dependent.This phenomenonarisesbe-
causethemaximallydecimatedwavelet transformis not shift-
invariant[3]. As a result,wavelet compressionintroducescy-
clostationarityinto the image,resultingin the ringing effects
visiblearoundtheimagediscontinuities.

To reduceor remove theseartifacts,we proposeto address
thecyclostationarityintroducedinto theimageby compression.
Our objective is to constructat thedecodera versionof thede-
compressedimagewith approximatelyshift-invariantstatistics.
Onewayto generateastatisticallyshift-invariant“compressed”
imageis to performwavelet compressionat all possibleshifts

�

Throughoutthis letterweusetheDaubechies7-9biorthogonalwavelets.
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Fig. 1. (a) and(b): wavelettransformof Lennaimagewith shiftsof (0,0)and(1,1)respectively. (c) and(d) arewavelettransformsof compressedLennaimage
with shiftsof (0,0)and(1,1)respectively.

andaverage(afteradjustingfor theshift). This is of courseim-
practicalfor the simplereasonthat the decoderdoesnot have
accessto theoriginal image.However, the ideacanbeusedin
an approximatemanner:We proposeto applycompressionto
the shiftedversionsof the receivedimageandaveragethe re-
sults(Figure2). This algorithmessentiallyadoptsa methodol-
ogy proposedby Nosratinia[4] for removing block-DCTcom-
pressionartifacts. The main contribution of the presentwork
is to demonstratethat this approachis applicablebeyond the
block-DCT compressionfor which it wasoriginally proposed;
it appliesto waveletcodersaswell. To our knowledge,this is
the�rst demonstrationof apost-processorfor JPEG-2000com-
pression.

In our simulations,we usedthe Kakaduimplementationof
JPEG-2000[5]. Figure3 exhibits theeffect of post-processing
on the wavelet coef�cients, and Figure 4 shows the postpro-
cessingresultsfor oneof thetestimages.Similar resultswere
obtainedwith othertestimages.A comparisonof thevariance
of transformcoef�cients in TableI alsodemonstratesthat the

ratioof variancesin thepost-processedimageis muchcloserto
unity, comparedto thecompressedimage.

We found that thebestvisual quality2 is obtainedwhenthe
compressionratiosfor theparallelbranchesof thealgorithmare
setto thesamelevel astheoriginally compressedimage.Under
theseconditions,the perceptualquality of the post-processed
image is clearly better than the compressedimage, but the
PSNRof the post-processedimageis slightly below the com-
pressedimage(on theorderof 	�

�

�

dB). It is possibleinstead
to producepost-processinggainson theorderof 
��

�

to 
���� dB
with our methodby reducingthecompressionratio of thepar-
allel branches(comparedto the zero-shiftbranch). However,
thevisualresultsin thatcasearelesspleasing.

Thepost-processedimagesappearslightly low-passedover-
all, a perceptionthat is dueto theremoval of ringing from the
image.It is noteworthy, however, thattheimagediscontinuities

�

Perceptualtestswere performedby a group of graduatestudentsat UT-
Dallas.
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Fig. 2. Block diagramof proposedmethod.JPEGandJPEG�

�

denotetheJPEG-2000encoderanddecoder, respectively.

(a)

(b)

Fig. 3. Wavelet transformof post-processedimagewith a shift of (0,0) in (a)
and(1,1) in (b).

(edges)arenotblurredto any signi�cant degree.
A straightforwardimplementationof this techniqueis very

simpleandrequireslittle additionalhardwareor software.It is
enoughto applyJPEG-2000encodinganddecodingto various
shifts of the image. Thecomputationalcomplexity of this im-
plementationcanbe signi�cantly reducedby removing all re-
versibleoperationssuchasentropycoding(theMQ coder)[5]
andbitstreamgenerationfrom both the encoderanddecoder.
Furthermore,althoughFigure2 shows64parallelbranches(the
con�guration we usedfor our simulations),our experiments
show thatsimilar resultsareobtainedwith asfew as4 to 8 par-
allel branches.

I I I . CONCLUSION

This letterintroducesamethodfor post-processingof JPEG-
2000compressedimages.In its simplestform, this methodre-
quireslittle additionalhardwareor software:it is implemented
by applyingJPEG-2000encodinganddecodingoperationson
variousshiftsof theimage.Experimentalresultsshow thatthis
methodprovidesperceptualimprovementsin theimageatvery
low bitrates; thus, this methodcan provide a degreeof error
concealmentin progressive transmissionovernoisychannels.
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Fig. 4. CompressedLennaimage(left) andpost-processedversion(right). Themagni�ed portionsdemonstratereductionin ringingartifacts.


