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Abstact—

A fastschemefor wavelet-domaininterpolation of lostimageblocksin wire-
lessimage transmission is presentedin this paper. The algorithm is de-
signedto be compatible with the wavelet-basedJPEG2000image compres-
sion standard. In the transmission of block-codedimages,fading in wire-
lesschannelsand congestionin packet-switchednetworks can causeentire
blocksto belost. Instead of using commonretransmissionquery protocols,
we reconstructthe lost block in the wavelet-domain using the correlation

betweenthe lost block and its neighbors. The algorithm first usesa simple
methodto determinethe presencer absenceof edgesn the lostblock. This

is followed by an interpolation schemedesignedio minimize the blockiness
effect,while presewing the edgesor texturein the interior of the block. The
interpolation schememinimizesthe square of the error betweenthe border

coefficientsof the lost block and thoseof its neighbors, at eachtransform

scale. The performance of the algorithm on standard test images,its low
computational overheadat the decoder and its performancevis-a-visother
reconstructionschemesis discussed.

|. INTRODUCTION

In commonoperationof the JPEG200Gtill imagecompression
standard1], theencodetiles theimageinto blocksof n x n (n
beinga power of 2) pixels,calculatesa 2-D DWT, quantizeghe
transformcoeficientsand encodeghemusing arithmeticcod-
ing. In commonwirelessscenariosthe imageis transmitted
overthewirelesschanneblock by block. Dueto severefading,
entireimageblockscanbe lost. In [2] the authorsreportthat
averagepaclet lossratein a wirelesservironmentis 3.6%and
occursin a burstyfashion.

Errorresilientchannetodingschemese.g.,ForwardError Cor-
rection)useReedSolomoncodesor convolutional codesto re-
constructhelost portionof the bitstream sacrificingsomeuse-
ful bandwidthin the process.This method,which is designed
for afixedbit errorrate (BER), cannotcompletelypreventloss
of datawhenthe BER is unknawn, asin mostpracticalcases.

The commontechniquego recover the lost block are grouped
under Automatic RetransmissiorQuery Protocols(ARQ). As
notedin [3], ARQ lowersdatatransmissiomatesandcanfurther
increasahenetwork congestiorwhich canaggraatethe paclet
loss. Instead,we show thatit is possibleto satisactorily re-
constructhelost blocksby usingthe availableinformationsur
roundingthem.! Thebasicideais to first automaticallyclassify
theblockwith respecto thepresencer absencef anedge and

thento interpolatethe missingblock from its 8-neighborhood.

1Thelocationof lostdata,.e, lostimageblocks,is knovn in commorwireless
scenarios.

We testthe proposedschemewith avarietyof imagesandsimu-
latedblock losses.We shaow thata reconstructiorof acceptable
visualquality andhigh PSNRIis obtainedat a considerablyow
computationatost.

Il. PREVIOUS RELATED WORK

Purelydecodebasecerrorconcealmenin baseline]lPEGcoded
imageshasbeendemonstrateih the imagedomainandin the

DCT domain. Thoughwavelet-domainrmethodsto reconstruct
entire lost blocks have not yet beenreported,various studies
have successfullyusedthe wavelet frameawork for texture syn-

thesis[4], reconstructiorof edgeswhich are distortedduring

compression5], andenhancememf edgeswhich areblurred

duringinterpolation[6].2

In [7] theauthorsprovide a survey of commonlyusederrorcon-
trol andconcealmenmethodsn imagetransmissionlmagedo-
mainmethodsuseinterpolationasin [8], or separateeconstruc-
tion methoddor structureandtextureasin [9]. Mosttransform
basedmethods notably thosedescribedor MPEG-2video in
[10] andearlierfor DCT-JPEGimagesn [8], assume smooth-
nessconstrainion theimageintensity Thesemethodslefinean
objectfunction which measureshe variationat the borderbe-
tweenthelostblock andits neighborsandthenproceedo mini-
mizethis objectfunction. Thework in [11] describes different
DCT basednterpolationschemewvhich usesonly 8 borderpix-
elsto reconstructhe 64 lost DCT coeficients. Theideaof [8],
whichexploitsinterblockcorrelationandminimizesthesquared
error betweenthe lost block andits neighborsformsthe start-
ing point of the presenivork. Thenovelty of our methodis that
it first classifieghe lost blocksas“edgy” and“non-edgy”,and
thenselectvely appliesthelinearleastsquaresnterpolationon
variousscaleof the DWT. No sideinformationabouttheimage
is assumedn this study®

2D. DonohoandR. De\bre arecurrentlyworking on aninterpolationscheme
basednwaveletsaswell (C. Schvartz, personatommunication).

3The layeredcodingapproachof JPEG2000describedn [12], providesthe
benefitsof SNR scalabilityandunequalerror protection. Hence,importantin-
formation,like theDC valueof ablock, is assembleihto high-priority (uaran-
teed)paclets,while theenhancementformationis assembleéhto low-priority
paclets. Rohusttransmissiorof guaranteegacletsis achieed by allocationof
more errorcorrectionbits and moretransmitterpower, ascomparedo the en-
hancemenpaclets. We assumehereforethatthe DC valueis availableto us,
whenalostblock s to bereconstructedlf this assumptions droppedthe DC
estimationrmethodin [13] couldbeused.



DC HO

H1
Vo DO

H2

V1 D1

v2 D2

Fig.1. PyramidOrderingof WaveletCoeficients.H = Horizontal,V = Vertical,
D = Diagonal.Level 0 = singletonvalue,Level 1 =2 x 2 array Level 2 =
4 x 4 array Shadedareasindicatehigh coeficients, causeddy a vertical
edgethroughtheright half of the block

Vi level V1 level V1 level Vi level
of lost block of lost block of lost black of lost black

Fig. 2. Possiblecasesvherevertical edgeis detected.Shadedareasindicate
coeficientsgreatetthanT1.

I1l. THE PROPOSED ALGORITHM

Oncethe missingblock hasbeendetected the reconstruction
of lost blocks includesthe following steps: 1. Classify lost
blocksinto “edgy” and“non-edgy’ 2. Reconstrucedgyblocks
from selectededgyblocksin the 8-neighborhooéndnon-edgy

blocks from selectednon-edgyblocksin the 8-neighborhood.

We now proceedo describeeachoneof thesecomponentsin
the following explanationandthe results,we have used8 x 8
tiles, thoughthe methodis easily extendablefor 16 x 16 and
largertiles.

A. Blodk classification

JPEG200Guccessiely appliethewavelettransfornmto decom-
poseeach8 x 8 (n x n in general}ile into a pyramidof horizon-
tal, verticalanddiagonaldetails,asshavn in Fig. 1. (See[14],
[15] for implementatiordetails). The magnitudeof a wavelet
coeficient specifieshoth the amountof changeaswell asthe
spatiallocationat which the said changeoccurs. Of the avail-
ablescalesshovn in Fig. 1, level O is too coarsewhile level
2 coeficientsrepresenvery localizeddetailsandmay evenap-
pearnoisy. Hencewe chooseevel 1 coeficientsto determine
thepresencer absencef anedge.Uponcomparinghelevel 1
coeficientswith a thresholdT1 (determinedafter testingwith
a numberof images),we can ascertainwhetherthe edge, if
presentjs horizontal,vertical or diagonal. A verticaledgecan
occurin one of the 4 differentways shawvn in Fig.2. Similar
caseccurfor horizontalanddiagonaledges.If thelost block
fails to passary of these4 tests,the algorithmdecidesthat it
doesnot containanedge.This is a simpleandcomputationally
efficienttechnique.

B. Thereconstructioomethod

The main assumption®f the reconstructioralgorithmare: 1.
The type of detail (horizontal,vertical, diagonal)beingrecon-

structeddetermineswhich of the neighboringblocks are used
for reconstruction?. Theabove propagatiorof detailsdoesnot
crossanedge.

Differingfrom [8], wheretheauthorsalwaysinterpolatethelost
DCT coeficients from the entire 4-neighborhoodpur algo-
rithm selectswhich blocks amongthe 8-neighborhoodvill be
usedfor interpolationbasedon the classificatiorof Sectionlll-
A. Thisreduceghecomputationatostandin generaimproves
thereconstructiomquality (seebelow).

B.1 Reconstructiomf edgyblocks

To clarify the explanation,let us consideran examplewherea
perfectly vertical edgeis detected. This meansthat the verti-
cal detailsin the top andbottomneighborsneedto be usedfor
interpolation. The horizontaland diagonaldetailsare, by our
assumptionnggligible, and neednot be interpolated.On each
level, thematrix of lost coeficientsis givenby X = mT + nB
(X = unknaowvn, T' = top, B = bottom). The smoothnesson-
straintto find m andn is thatwe mustminimize the squareof
theerroratthetopandbottomborders Forlevel V0, whichcon-
sistsof only onecoeficient, this simply meansn = n = 0.5.
Level V1 hasfour coeficientssothat
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We find 1, andz12 while minimizing the squarecerror at the
top border e wesohe | Y1 | = m | U | 4 n by
T12 t12 b12
. P 2 T11
while minimizinge; = || X; — Ty ||” whereX; = x
12
andT}, = [ t1 ]
ta2

Thenwe find z5; andz2» while minimizing the squarederror

at the bottom border i.e we sole | “?! | = m to1 n
Z22 t22
n { Z;; ] while minimizing e, = || Xy — B; ||> where X, =
Z21 b1
,andB; = )
[ Z22 ] ¢ [ b1a ]

For 8 x 8 tiling, thefinestlevelis V2, whichis a4 x 4 arrayof
coeficients.If weused4 x 4 matriceswe would have anunder
specifiedsystemof 4 equationsaand2 unknavns.Hence thein-
terpolationis splitinto two partsasshavnin Fig. 3. Thus,to re-
constructevel V2, we have to solve 8 equationdy themethod
shavn above. Pairing alternatecoeficientson the border and
successie coeficientsin the interior is expectedto spreadout
theerrorintroducedecausef thismodification.It is important
to notethat, no morethan?2 simultaneougquationsare solved
at ary given stageof the algorithm. An actualreconstruction
exampleusingthis methodis shavn in Fig. 4.

B.2 Reconstructiomf non-edgyblocks

In the simplestpossiblecasewe needto interpolateall typesof
detailsfrom all neighborsof the lost block. The methodfor in-
terpolatinghorizontalandverticaldetailsis exactly asexplained
above for edgyblocks. The DO level will againbethe average
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Fig. 3. Reconstructiorof Vertical Level 2. Similarly shadedareasindicate
coeficientsgroupedogetherto solve a matrix equationof theform AX =
B. Note,from theright handsidefigure,thatthetop andbottomblocksare
notusedto reconstructheinnercoeficients.
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Fig. 4. Reconstructiomf a perfectverticaledge.Thisis a24 x 24 tile of the
Barbaramagemagnified4 times.

of the DO levels of the 4 diagonalneighbors.To fill upthe D1
level, alost D1 coeficientis madeequalto theclosestvailable
D1 coeficientchoserfrom thediagonaheighborhoodThe D2
level isfilled in the sameway.

In caseanedgeoccursin the neighborhooaf thelostnon-edgy

block, thenthe block containingthatedgeis removedfrom the
interpolationprocesgo preventthe unpleasanedgemigration
effect.

If higher computationalevels are acceptednon-edgyblocks

Simulated_oss

Fig.5. Reconstructionf Lenawith PSNR=32.422dh Thebottomrow shavs
details(hairandshoulder)f thisimageandthecomparisorof ourtechnique
(2ndand4th) with theoneby Hemamietal. (1stand3rd).
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Fig. 6. Reconstructiomf Goldhill with PSNR= 31.684db

sothata bursty pacletlossduringtransmissioris scatterednto
apseudorandorossin theimagedomain. Thereforeconsecu-

couldalsobe addressedsingwaveletsbasedexture synthesis  tjye imageblocksarerarelylost andthe reconstructiorscheme

algorithms.

B.3 Extensiorto largertiles andadvancedeconstruction

The compressiomperformancef JPEG2000ncreasesvith the

tile size.For largertiles sizeg(e.g64 x 64), thewaveletsubbands

are larger, and consistof a numberof codeblocks. To repair
the high-frequeng subbandén this situation,we would exploit
correlationbetweeradjacenttodeblocksinsteadof correlation
betweenadjacentiles. Hence,the lost codeblockswill bere-
constructedby the abore method,from available neighboring
codeblocksn the samesubband. Similarly, if highercompu-
tational costsare permitted,cross-banaorrelationmethodsas
thosein [16], [17] canbeincorporatednto our framework.

IV. EXPERIMENTAL RESULTS

Sincewe have no control over the fading channel thereis no
prior information aboutthe relative locationsand numberof
blocksthatcanbelostin the processWe notethatbeforetrans-
missionof the 8 x 8 blocks,a pacletizationschemds applied

canusetheneighborhooaf thelostblock for reconstructionA

samplepacletizationschememay befoundin [2]. Figs. 5 and
6 show the resultsobtainedafter reconstructiorof 272 x 272

sub-images.The default irreversible Daubechiediorthogonal
9/7 filter, asspecifiedn the JPEG200Gtandardhasbeenused
in all examples.In Fig. 5 we alsoseedetailsof theimageand
the comparisorof our algorithmwith thatof [8]. Our method
shaws a bettercontinuationof the structuresacrosghe missing
block.

Fig. 7 demonstratethe behaior of the PSNRwith worsening
lossesand also shavs how the executiontime increases.We

notethatthe PSNRremainssatishctory(above 30 db) evenfor

losseaupto15%andthe CPUtime requiredto repairthislossis

only about80ms.

V. CONCLUSION

An algorithmfor thereconstructiorof lost blocksin JPEG2000
compatibledecodingschemesvaspresentedWhile preserving
smoothnessonstraintasin [8] and[10], thealgorithmuseshe
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Fig. 7. PSNR(rounddots)behaior for randomblock loss. Executiontimes
(squaredots)weremeasurean a SunUltra 10 MachinerunningSunOS5.

wavelet framework to provide a betterreconstructiorof edges
in the interior of the lost block. The schemeselectsthe edge
orientation,and appliesa linear leastsquaregroblemto that
orientationon all transformscales.

Theinterpolationis obtainedat a very low computationatom-
plexity. Indeed,the mostcomplex part of the algorithmis the
solutionof AX = B, whereA is atmosta2 x 2 matrix. Due
to its fastreconstructiorcapability its applicability towardsre-
constructiorof MPEG videoframesshouldbeinvestigated.

The methodfails to reconstructmagefeatureswvhich arecom-
pletely obliteratedduring transmissionand, at present,is not
uniformly satisfctory for all diagonaledges. Slantingedges
whichdeviateslightly from thehorizontalandverticaldirections
arereconstructegroperly But, thealgorithmhasno specificso-
lution for perfect+45° diagonaledgesandsuchedgesarenot
satishctorily reconstructeat this low computationatomple-

ity.
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