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FractallmageCompression
with Region-Based~unctionality

KamelBelloulataandJanusXKonrad,SeniorMembey|IEEE

Abstract— Region-basedfunctionality offered by the MPEG-4
video compressionstandard is also appealing for still images,for
exampleto permit object-basedqueries of a still-image database.
A popular method for still-image compressionis fractal coding.
However, traditional fractal image coding usesrectangular range
and domain blocks. Although new schemeshave been proposed
that mergesmall blocksinto irr egular shapesthe merging process
does not, in general, produce semantically-meaningful regions.
We proposea new approachto fractal image coding that permits
region-basedfunctionalities; imagesare coded region by region
according to a previously-computed segmentationmap. We use
rectangularrange and domain blocks, but divide boundary blocks
into segmentsbelonging to differ ent regions. Sincethis prevents
the useof standard dissimilarity measute, we proposea new mea-
sure adaptedto segmentshape. We proposetwo approaches:one
in the spatial and onein the transform domain. While providing
additional functionality, the proposedmethodsperform similarly
to other testedmethodsin terms of PSNR but often resultin im-
agesthat are subjectively better. Due to the limited domain-block
codebooksize,the new methodsare faster than other fractal cod-
ing methodstested. The resultsare very encouragingand show
the potential of this approachfor various internet and still-image
databaseapplications.

Index Terms—Still image coding, fractal image coding, region-
basedcoding, region-basedunctionalities

I. INTRODUCTION

Region-basedunctionality hasbeenextensiely exploredin
thecontet of videosequenceandtodayis oneof themoreap-
pealingfeaturesof MPEG-4,the new video compressiorstan-
dard[1]. Although much lessexplored with respectto still
images,we believe region-basedfunctionality hasits merits
thereas well, for examplein object-basedjuerying of still-
image databases.This is especiallyappealingwhen applied
to semantically-meaningfulkegions, thatis regionsthat corre-
spondto projectionsof 3-D objects. Sincean automaticex-
tractionof semantically-meaningfukgionsis computationally
challenging,it is usually performedoff-line, prior to the en-
coding, by meansof sophisticatedCPU-intensie algorithms.
Clearly, of interestareimagecompressiomethodghatcanen-
coderegions independentlyof one anotheraccordingto pre-
computedsegmentationmaps, and subsequentlypresere in-
dependencef the encodedregions during transmission. Al-
gorithmsthat satisfy the above constraintsbelongto region-
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basedimage coding methodsthat form an alternatve to stan-
dard,block-basedoding;insteadof block-by-blocktreatment,
an imageis compresse@nd transmitted/storedegion by re-
gion. Thedecodeis capableof receving andinterpretingeach
region's data (e.g., shapeand texture) regardlessof whether
otherregionsaretransmittecor not. Suchanapproacthastwo
bene ts. First, it permitsnew functionalitiesat the recever,
suchasadwancedobject-basedjueries,selectve region trans-
mission(e.g.,mostinterestingregions rst), or objectreplace-
ment. Someof suchoperationsare possiblein a block-based
systemif imagesegmentatioris performedatthe decoderThe
adwantageof region-basedcodingis that the segmentationis
performedeitherat or prior to the encodingwherecomputing
resourcesareoftenmoreatundant. Secondlyfor a givenrate,
region-basedcoding often achieves betterimage quality than
standarccodingsinceregion boundariesisually coincidewith
intensityedgeghataredif cult to encode.

A popularmethodfor still-imagecompressiotis fractalcod-
ing. Traditionalfractalimagecodingis essentiallyblock-based
[2]; the imagedomainis decomposednto squarerangeand
domainblocks and a contractionmappingis found that best
mapsdomainblocksinto rangeblocks [3]. This contraction
mappingde nes a fractal code of the image. Similar prin-
ciple can be appliedin the spectraldomain, for example by
meansof the discretecosinetransform(DCT) appliedto each
rangeanddomainblock prior to nding the contractionmap-
ping [4], [5]. Otherhybrid schemesisingwaveletshave been
recently proposedas well [6], [7], [8], [9]. Attemptshave
alsobeenmadeto extendfractalcodingbeyonduniform square
blocksin orderto adaptthe codingto local image character
istics and consequentlyincreasecoding performance. This
hasleadto either squareor rectangulamon-uniformpartition
schemesuchasquadtred10], [11] andhorizontal-\erticalpar
titioning [12]; the usualcoarse-to- neapproachstartsfrom a
maximume-sizerangeblock and performsrecursve partition-
ing of blocksaccordingto a quality metric. In ne-to-coarse
quadtreepartitioning[13] small blocksare megedinto larger
blocks within a quadtree. Alternatively, neighboringrange
blocks can be meiged without the quadtreerestriction; right-
angledirr egularly-shaped(IS) rangeblocksresult[14], [15],
[16], [17], [18]. Althoughtherange,andconsequentlglomain
blocks,cantake onavariety of shapesthis methodcreatepar
titions basedon thresholdinga simplelocal metricandcannot,
in general,producesemantically-meaningfulegions. In this
sensethe methodis texture-adaptie ratherthenregion-based;
semantically-meaningfukgionsareneitherencodedortrans-
mittedindependentiypf eachother

In this paper we explore fractalimagecodingin the contet



of region-basedunctionality We proposetwo region-based
fractal coding schemesmplementedn spatialand transform
domains respectiely. In both approachesegionsarede ned
by a prior segmentatiormap,andarefractal-encodedhdepen-
dently of eachother A new dissimilarity measuras proposed
thatis limited to single-r@ion pixels of the rangeblock. Nu-
merousexperimentakesultsareshavn.

In Sectiondl andlll, we introducethe notationandbrie y
review fractal image coding with regularly- and irregularly-
shapedblocks. The proposedspatial-and transform-domain
region-basedfractal coding methodsare describedin Sec-
tions1V andV, respectiely. In SectionVl numerousexperi-
mentalresultsareshovn whereasn SectionVIl we draw con-
clusions.

Il. FRACTAL IMAGE CODING WITH REGULARLY-SHAPED
RANGE AND DOMAIN BLOCKS

Letl (x) beimageintensityof apixel atpositionx = (X;y),

overlapping,domainblocks covering the image. Finally, let
Iy, = fl(x):x 2rigandlg = fI(x):x 2 d;g.

For eachrangeblockr; thegoalisto nd adomainblockd;
and a contractve mappingw; thatjointly minimize a dissim-
ilarity (distortion)criterion”. The contractve af ne mapping
w; consistof threesub-mappings:

1. contraction (I ;x): usually precededby lowpassanti-
alias Itering; e.g.,K -fold contractionwith four-neighbor

: P
averaging:1 (x) (29 }1 y2 (Kx) ! (y), where isthe

rst-order neighborhoodN-E-W-S),
2. photometrictransformationto accountfor different dy-
namic rangesof pixels in the rangeand domainblocks:

(1) 2 gl + 0, wheres is a scalingfactor(gain) ando is
anoffset,

3. geometrictransformation (inversemapping: range!

domain): (x) 2 Ax + b, wherex 2 rj, Aisa2 2
matrix andb is atranslationvector(this mappingmustbe
1-to-1betweemixelsof therangeanddomainblocks).

The overall transformationw; that mapsa domain-block

pixel into therange-blochkpixel atx is:
wi(i)E (15 (0); (1)

where is the compositionoperator The above generalex-
pressioncanbe simpli ed by constrainingthe transformation
A to eightcases# rotations(0°, 90°, -90°, 18(°) and4 mirror
re ections (mid-horizontal,mid-vertical, rst diagonal,second
diagonal)[3], [19]. We denotethe setof possibletransforma-
tionsA by f pggzl. Furthermorepy expressingb; implicitly
astheindex of thedomainblock,i.e.,j in d;, we canwrite w;
asfollows:

X 2r;

wi(ld,;X)4=Si (lg; PxX)+0; x2r;p2fL:;8g

(2)
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In orderto encoderangeblock r;, a searchfor index j (do-
mainblockd, ) andfor anisometry P mustbeexecutedjointly
with thecomputatiorof photometrigparameters; ando;. This
canbe performedby minimizing the following mean-squared
error

(e ta i) = e (x) wi(la )15 €©)

j i. X2r;
wherejrij = Card(r;). While theisometry P andindex j
(equivalent to translationb) are usually found by exhaustve
searchthescalings; andoffseto; arecomputedasfollows

P

x2r‘L(|dj; ip(x)) mdj][lri(x) mri]_ (4)
I x2ri[ (Idj ’ ip(X)) mdj ]2 '
S Mgy, ; ©)

wherem,, andmg, arethe meanintensityvaluesin therange
and domainblocks, respectiely. Insteadof transmittingthe
photometricoffseto; (in additiontoj, P ands;), meanvalue
m,, of therangeblock r; canbe transmitted. This permitsa
preciserepresentationf the meanlocal intensitybut to assure
corvergenceatthedecoderwithoutaconstrainbntheintensity
scalingcoefcients [10], requiresa modi cation of the photo-
metric transformation. This can be consideredas orthogonal-
izationwith respecto the constanblocksandhasheentreated
in detailin [20].

In DCT-basednethods,rst all rangeanddomainblocksare
transformed/ia DCT: B, = DCT(l,) andRy, = DCT(lg,).
Letu = (u;v) bea2-D frequeng of aDCT coefcient andlet

P be one of the 8 isometriesdiscussedeforebut adaptedo
theDCT coefcient domain[21], [4]. Thecontractiormapping

must be rede ned as well to accountfor propertiesof the

frequeny u. Ratherthanperformingspectrasubsamplingthe
mapping canbe,for example,de ned asfollows: aK Q

K Q domainblock bdj ismappedntoaQ Q rangeblockpr‘
while retainingonly the low-frequeny partof the spectrumof
de [22]. Thelocal afne transformatiorw; is thencomputed
by minimizing the following dissimilaritymeasure

Si =

o = my,

R (u)  wi(k;u)%  (6)

u2vr,;u8o

n . . —_— l
(pri ; pdj TWi) = v
wherethe summationis performedover all frequenciesn the

DCT-transformedangeblock exceptu = 0. Above, v;, de-

notesthe setof frequenciegafter DCT) for blockr;; v;, spa-
tially coincideswith r; butits membersrediscretefrequencies
(jvr,j = Card(v,)). Theexclusionof u = 0 is dueto thefact
that usuallythe meanintensity of the rangeblock r; (equalto

Pri (0)) is transmittednsteadof the offseto;.

For the simpli ed transformation(2), the domain-blockin-
dex j, theisometry P andthe scalingfactors; arefound by
minimizing " above. Thus,to encodethe block r;, for each
combinationof j and P, thescalingfactoris computedasfol-
lows:

P
u2vy;;u60 (pdi; ip(u))pri(u)
Si= —P ;
u2v,|;u§0[ (pdj; P(u))?

and the bestcombinationof the three parameterss selected,
i.e.,theonethatgivesthelowest".
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I11. FRACTAL IMAGE CODING WITH
IRREGULARLY-SHAPED RANGE AND DOMAIN BLOCKS

The basicunit on which a typical fractal coderoperatess a
rectangulablock, whethemrangeor domain(Fig. lll(a)). In or-
derto allow operationon non-rectangularangeblocks, meig-
ing of blocksinto compositerangeblocks hasbeenproposed
in the past[23], [14]. First, oneof therangeblocksis chosen
asa seedanda suitabledomain-to-rangdlock transformation
is found. Then,four neighboringrangeblocksnearesfrom the
seedaswell asfour neighboringdomainblocksnearestromthe
domainof the seedareexamined(Fig. IlI(b)). Theseedtrans-
formis extendedo covertheseedandoneof its neighborsand
a thresholdon the dissimilarity measuredeterminesvhich ex-
tensionsare acceptable.If a particularextensionis accepted,
thetransformatiorremainsextendedandthe neighborblock is
mergedwith the seed.The processs recursvely appliedto all
neighborof the extendedseedtransformation Whenthe seed
transformatiorhasbeenenlaged as much as possiblethen a
newv seedis usedfrom the next uncodedrangeblock andthe
processs repeatedThe goalis thusto mapaslarge groupsof
contiguousdomainblocks as possibleinto groupsof contigu-
ousrangeblocks,all with the sametransformatior(Fig. I11(c)).
If thetransformatiorusedis anisometry thenthe shape®f the
rangeanddomaincompositeblocksareidentical.

Seed

4

Composite
range block

Possible
extension;

@ (b) ©
Fig. 1. lllustration of fractalimagecodingwith irregularly-shapedangeand
domainblocks[14]: (a) regular partitioning(atomicblocks),(b) addinganex-
tensionto the seedtransformation,(c) irregularly-shapedangeand domain
blocks.

To nd optimal transformationg(irregularly-shapedrange
blocks and correspondingransformationsfor a given distor
tion, an exhaustve searchof the spaceof blocks needsto
be performed. Sincethis is hardly practical, suboptimalbut
computationally-e€ient approachebave beenproposedsuch
as heuristicalgorithm[14], evolutionary algorithm[15], [16]
anddeterministicsearct17].

Note, that the describedmethodcreatesmage partitioning
during encodingand doesnot useary prior partitioning, un-
likein MPEG-4.In this respectthe methodis texture-adaptie
and not region-based. The computedirregular partitions are
not semantically-meaningfulalthough, coincidentally some
range-blockboundariesmay coincide with semantic-rgion
boundaries.

IV. REGION-BASED FRACTAL IMAGE CODING IN THE
SPATIAL DOMAIN

In atypicalfractalimagecoder(Sectionll), rangeblocksare
de ned independentlyof imagecontentand may overlap two
or moreobjects(regions)with quite differentintensitycharac-
teristics(Fig. IV-A); the searchfor a good domain-rangesor-
respondencenay be dif cult. This dif culty is also present,

s? U s?

Fig. 2. Block with two sggmentsS? andS?, belongingto differentregions,
andits decompositiorinto two blockswith de ned pixels (grey), eitherin St
orin S2, andunde nedpixelsin U (white).

althoughto a lesserdegree,in texture-adaptie fractal coding
presentedn Sectionlll. To alleviatethis problem,we propose
anew approacho fractalimagecodingthataccountdor prior
imagesegmentationso asto encoderegionsindependentlyof
eachother This allows independentransmission/storagand,
therefore decodingof individual regions,thus permittingnew
functionalities.

A. Proposedappmoacd

Sgymentatiormapassociates labelwith eachimagepoint;
same-labeboints form a region. We proposeto use square
rangeanddomainblocksasin the standardcase put to restrict
thedistortionmeasuré (3) to asubsebf pixel locationsin the
rangeblock that are associatedvith oneregion only. We call
this subseta segment;an exampleof block with two segments
is shavn in Fig. IV-A).

LetSj bethen-th sggmentin thedomainblockd; (ablock
may consistof more than 2 segments). Similarly, let S be

the m-th sggmentin the rangeblockr;. Let ﬁdj be a padded
(extrapolated)ersionof | 4, de ned asfollows:

(
lg (x) ifx28g;

B (x) =
6 (X) otherwise

(7)

wherev is a paddingvalue,typically zero,meanlocal intensity

in Sd or intensity value at the nearestpixel within Sn . We
de ne anaw distortionmeasuré asfollows:
" Ry s I (x) wh(Ry x5 (8)

JS'[? J x2S ,m‘
wherew" denotesan afne transformationfor sggmentS[™.
Note, that comparedto (3), the above distortionis evaluated
only at pixel positionswithin asinglerangeblock segmentS;" .
Clearly, whenthe shapef S" andof the contractecdomain
segmentSd do not match,an extrapolatlonof somepixelsin
thedomainblockis required hencethepadding(7). Also note,
that when the rangeand domainblocks examinedhappento
bothlie in theinterior of theregionbeingencodeds,” ande
cover thewholerangeanddomainblocks, respectwely, andthe
distortion(8) simpli es to the standardccase(3).

Similarly to thestandardractalcoding,for everyrangeblock
segmentS{" we searchfor a domainblock segmentSd anda
mappingw" thatjointly minimize". Thedomain- blockindex
j andtheisometry P arefoundby exhaustve searchwhereas
the parameters; ando; arecomputedsimilarly to (4) and(5),
respectiely, but with the summationgestrictedto S;". The
imageis reconstructeat the decoderby iterative application



of the mappingw|" restrictedto S{7. A proof of cornvergence
of this algorithmhasbeengiven by Mansouri[24] andcanbe
foundin the Appendix.

B. Choiceof seach space

The computationacompleity of encodingan imageusing
the proposedmethodis directly relatedto the size of search
spaceoverwhichthedistortion(8) is minimized;thenumberof
permissibledomainblocksplaysthe dominantrole. The most
demandingcaseis whenead segmentof every domainblock
of theimageis consideredthe domain-blockcodebooks built
from the whole image. This exhaustve procedurds theoreti-
cally optimal but extremelyinvolved computationally More-
over, it doesnotallow for independentiecodingof regions.

In orderto assureregion-by-region encoding/decodingoth
rangeanddomainblocks mustbe locatedwithin the samere-
gion R. Therefore,while minimizing the distortion (8), four
casesegardingthelocationof blocksr; andd; with respecto
theregionR mayarise:

1. r; andd; arebothinterior blocks(int/int),

2. rj andd; arebothboundaryblocks(bnd/bnd,

3. r; is aninterior block whereasd; is a boundaryblock
(int/bnd),

4. r; is a boundaryblock whereasd; is an interior block
(bnd/in{.

While in the rst casestandardfull-block searchis executed
amongregion's interior blocks (3), in the secondcaseonly
partial matchingis performedusing dissimilarity measurg8)
as both rangeand domain blocks are on region's boundary
Clearly, intensitypadding to befurtherdiscussedh SectionlV-
C,is neededvhencontracteds; doesnotfully encloseST. In
the third case,intensity extrapolation(7) of the domainblock
is always neededsincer; is aninterior block whereadd; is a
boundaryblock. Although usually a better solution than us-
ing intensitiesfrom a neighboringregion (standardractal cod-
ing), the paddingis likely to resultin sub-optimalintensities
(paddinginaccurag) as comparedwith domainblocks fully-
enclosedn aregion. In the fourth case no paddingis needed;
ri is aboundaryblockwhile d; is aninterior block. Althougha
feasiblescenariothis caserequiresa costly examinationof all
interiordomainblocksfor eachboundaryrangeblock; typically
therearemary moreinteriorthanboundaryblocks.

In the mostcomplex scenaricthat assuresegion-by-region
functionality, a 1+2+3+4searchis performed(all 4 caseson-
sidered). We expect that the third (int/bnd) and the fourth
(bnd/in} casewill contrikute little to the PSNR performance
of thecompressionBy skippingthethird casea 1+2+4search
canbe performedwith the additionalbene t of reducedcom-
plexity. Similarly, by skippingthe fourth casea 1+2+3search
canreducethe compleity by not consideringinterior domain
blocksfor eachboundaryrangeblock. By skippingbothcases,
a 1+2 searchresultsin additional computationalsavings by
mappingboundaryblocksonly amongthemselesandmapping
interior blocksontointeriorblocksonly. A schematicepresen-
tationof the 1+2 searchs shavn in Fig. IV-B.
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To evaluate the performance/compidty tradeof with re-
spectto varioussearchscenarioswe have encodedndepen-
dently the foregroundsand the backgroundsf four MPEG-
4 testimages(see SectionVI for details). We have tested
four searchscenarios:1+2+3+4,1+2+3, 1+2+4 and 1+2, all
with LPE padding(SectionlV-C), but we are presentingre-
sults only for the most (1+2+3+4) and least (1+2) comple
cases.TableV-B shavs PSNR,rate per pixel and CPU time
(for a 360MHz Ultra-5 Sun workstation)for the foregrounds
and backgroundsrespectrely, of the four testimages. Note
the reductionof computationtime by 25-51%while suffering
only 0.04-0.46dBperformancepenalty The complity and
performanceof the 1+2+3and 1+2+4 searchscenariostayed
betweerthoseof the 1+2+3+4and1+2 scenariosClearly, the
1+2searcHint/int, bnd/bnd is attractve computationallywhile
at the sametime achieres very good performance.In the re-
mainderof this papemnwe will usethe1+2 searctonly.

C. Choiceof paddingfor boundarydomainblodks

Inthel+2searchscenaridqint/int + bnd/bnd selectedor fur-
ther experimentspoundarydomainblocksneed,in generalto
be extrapolated 7). This situationariseswhenthe (contracted)
domain-blocksegmentS{,‘J1 doesnot fully enclosethe range-
block segmentS" underconsideration.

We examinetwo paddingschemeadoptedn MPEG-4:low-
passextrapolation(LPE) paddingusedin theintra-framemode
andzero-\alue (ZERO) paddingusedin theinterframemode.
In the MPEG-4 LPE padding,the unknavn pixels of the do-
mainblock (U in Fig. IV-A) are lled with theaveragevalueof
pixelswithin thesegmentsgj :

X
(9)

My =

1
;= Jsm |dj (x);

XZSQJ_

andthenarelowpass Itered. We do not performthe lowpass
Itering explicitly, but we rely on thelowpasspropertiesof the

spatial averagingexecutedwithin the contractionoperator .

The ZERO paddingwas proposedn MPEG-4for zero-mean
blocks suchasthoseresultingfrom inter-frame motion com-
pensation.We examinethis paddingmode,as a potentialal-

ternatve to the LPE padding,dueto its lower computational
compleity.

In TablelV-B thetwo rightmostcolumnscomparel PE and
ZERO paddingfor the 1+2 searchin termsof PSNR,bit rate
andCPUtime. Note thatwhile alossof performanceg0.01to
0.57dB)wasexpectedaminimalreductionin CPUtimeis abit
surprising;paddingseemdo contribute minimally to the com-
putationalcompl«ity. Sincethe LPE paddingperformsbetter
with insigni cant CPUpenalty it will beusedin theremainder
of this paper

D. Encodingof parametes

The following parametersf eachrangeblock segmentS;”
needto be encodedfor subsequentransmissionor storage:
photometricgain s; and meanintensity m,,, translationvec-
tor b (expressedn termsof the relative position of S{,‘j with
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@

(b)

Fig. 3. Schematidllustrationof the proposedegion-basedpatial-domairractal codingscheme (a) Interior rangeblocksare matchedagainstinterior domain
blocksof thesameregionandboundaryrangeblocksarepartially matched8) againstsame-rgion domainblocks. (b) Segmentsf boundaryblocksareprocessed
independentlysegmentS? is mappedonto the domainblock d; by afne transformationNil, while se\:]mentsrzi of the samerangeblock r; maybe mapped

ontoa sggmentof anotherdomainblock by adifferenttransformation.

TABLE |
PERFORMANCE COMPARISON OF REGION-BY-REGION SPATIAL-DOMAIN FRACTAL CODING IN TWO SEARCH SCENARIOS (1+2+3+4 AND 1+2) AND TWO
PADDING SCENARIOS (LPE AND ZERO). SEE TEXT FOR DETAILS.

1+2+3+4searchLPE) 1+2search(LPE) 1+2search(ZERO)
PSNR Rate CPU PSNR Rate CPU PSNR Rate CPU
[@B] [bpp] [s] [dB] [bpp] [s] [dB] [bpp] [s]
Foregrounds
Cyclamen 32.88 0.30 128 3242 0.29 62 3211 0.28 61
News 3047 0.25 108 30.10 024 56 30.00 024 55
Foreman 39.11 023 96 39.00 023 61 3886 023 61
Children 28.34 0.13 32 2792 0.3 17 27.88 0.13 16
Backgrounds
Cyclamen 40.28 0.40 208 40.07 0.40 110 3950 0.40 114
News 33.66 040 316 3338 040 205 3322 040 204
Foreman 29.40 0.40 277 29.36 0.39 208 29.35 0.38 206
Children 31.88 051 480 31.70 051 352 31.67 051 349

respecto S{7'), andaf ne transformatiomA reducedo 4 rota-
tionsand4 mirror re ections. Sinces; andm,, have,in gen-
eral, non-uniformdistributions, entropy codingusually proves
bene cial. We choseb-bit quantizationof s; and 7-bit quan-
tization of m,,, reportedin the literatureto give good perfor
mance[10], followed by Huffman coding. To ensurethatboth
the encoderandthe decoderusethe sames; andm;, values,
we quantizeboth during the minimization of the dissimilarity
measurg3), i.e., prior to eachevaluationof ". We encodethe
vectorb asarelative positionof ng with respecto S{7 using
x ed-lengthcodevords (determinedby imagesize). We use
3-bit codevordsfor the 8 possiblerotations/re ections.

The sggmentatiormapsalsoneedto be transmittedn order
thatduringthe decodingsuitablesegmentsbe cut out from the
domainblocks and mappingw" be properly applied. A dis-
cussionof the sggmentatiormapencodings beyondthescope
of this paper;the readeris referredto recentliterature (e.g.,

[25]). We note,however, that state-of-the-arlosslesamethods
allow transmissiorof typical segmentatiormaps(MPEG-4test
sequencesat about0.01-0.03bpd26] with lossyintra-frame
methodgeducingthis rateevenfurther.

V. REGION-BASED FRACTAL IMAGE CODING IN THE
TRANSFORM DOMAIN

In DCT-basedfractal coding (Sectionll), boundaryrange
blockscontainpixelsfrom two or moreobjects.Thus,similarly
to the spatial-domaircase independentdecodingof objectsis
not possible. Also, the coding quality may suffer sincepixels
ondifferentsidesof theboundarymayhave differentcharacter
istics; by applyingthe standardDCT to sucha block, spectral
propertiesof thesepixelsaremixed up makingthe searchfor a
goodrange-domairtorrespondencenreliable.In particular a
sharpintensitytransitionmay causesigni cant spectrabscilla-
tions.



A. Proposedappmoad

In orderto alleviate the above de ciencies, we proposeto
apply shape-adapte DCT (SA-DCT) [27] to eachsggment
S of the boundaryrangeand domainblocks. The basiccon-
ceptof the SA-DCT is to performvertical 1-D DCTs on the
de ned pixels rst (Fig. IV-A), andthento apply horizontal
DCTsto the vertical DCT coefcients with the samevertical
frequeng index. Fig. V-A illustratesthisidea. The nal coef-
cients of the SA-DCT arelocatedin the upperleft cornerof
eachblock. The numberof the SA-DCT coefcients is iden-
tical to the numberof de ned pixels. Sincethe shapeof each
segmentis transmittedthedecodecanperformtheinverseSA-
DCT. The mostimportantbene t of SA-DCT is its capability
to adaptto arbitrarily-shapedegions;the methodsimpli es to
thestandardDCT for rectangulasegments.

@ (b) (©

Fig.4. lllustrationof SA-DCT: (a) arbitrarily-shapedegion; (b) verticalalign-
mentfollowedby vertical1-D DCTs;(c) horizontalalignmentfollowedby hor-
izontal1-D DCTs.

Dueto its goodperformancethe SA-DCT algorithmhasbe-
comeacommontool for codingof arbitrarily-shapedmagere-
gionsand,in particulay hasbeenincorporatednto MPEG-4.
We usea variantof SA-DCT, called DC-SA-DCT [28]. It
improvesthe performancef the SA-DCT by meanof two ad-
ditional processingteps:extractionof theDC componenfrom
the sgmentS beforeperformingforward SA-DCT and DC
correctioncarriedout duringtheinverseSA-DCT.

Similarly to the spatial-domaircoding(SectionlV) we limit
the searchspaceof domainblocksto allow region-basedunc-
tionality: eithereachinteriorrangeblockis matchedagainstin-
terior domainblocksof the sameobject(standardractal/DCT
codingof Sectionll applies),or eachboundaryrangeblock is
matchedagainstdomainblocksfrom the boundaryof the same
object. We processeachsegmentof the rangeblock r; inde-
pendently First, we apply the SA-DCT to eachsegmentS["
of theblock r; (Fig. V-A) andthenwe nd parametersf the
transformatiorw™ for eachsuchsegment.

RecallthatR, andR; areDCT-transformedlocksof inten-
sitiesl andld LetPm (Fig. V-A) bethesegmentS[T after
SA-DCT. Note that the shapeof P is differentfrom that of
S dueto the executedvertical and horizontalshifts, but that
the numberof de ned pixels is unchanged.Also, let H“ (u)
be an SA-DCT coefcient in P[" atfrequeng u. To nd the
bestdomainblockd; for agivenrangeblockr;, we proposehe
following distortionmeasuren thetransformdomain:

X
= L [ (u)

pPm
Pl u2P Mm;u60

wi™ (R (u))]%; (10)

where ng is an extrapolatedn-th seggmentof the SA-DCT-
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transformediomain-blockintensity:

( .
mj (u) ifu?2 Pgi ;
\% otherwise

B (u) = (11)

Although various v valuescould be used, the to-be-padded
coefcients are at higher frequenciesand thereforea logical
choice,thatwe adopthere,is to setv to zero(ZERO padding).
Clearly, contributionsto " are only made at indices within

Vertical 1-D DCTs

Horizontal 1-D DCTs

Fig. 6. Exampleof applicationof the SA-DCT to a boundaryblock with
two segments. Note thatdueto horizontaland vertical shifts the shapeP; is
differentfrom thatof S; .

range-blockseggmentP . If at frequeng u, a coefcient in
P77 existswhile it doesnotexist in thesggmentP g of the do-
mainblock underconsiderationthena signi cant contribution
to " is made. Thus, good matchesshouldbe found between
similarly-texturedrangeand domainsegmentsthat have either
similarshapes®r little spectrabontentatrangecoefcients with
no domain-sgmentcorrespondencejtheranacceptableolu-
tion. In the casea domain—blockse_:]mentP{}i fully encloses
P/, it is likely to be acceptedf same-inde coefcients are
5|m|lar|n Pd andP™. Unfortunatelyif the sggments'shapes
or S|zesarevery dlfferent the basisfunctionsfor P” andP"
may differ substantially,despitesimilar coefcient values the
spatial-domainntensity patternamay be quite differentin both
caseghusdgyradingperformance.This ambiguity aswe will
seelater, preventsthe SA-DCT-basedmethodfrom attaining
signi cantly higherperformancehanthatof the proposedspa-
tial method(SectionlV).

B. Choiceof seach space

As shawn in Fig. V-A the searcHor parametersf thetrans-
formationw; is executedindependentiyfor eachsegmentof a
rangeblock. However, asigni cant reductionof computational
compleity is possibleif commondomain-blockpositionj (b)
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SA-DCT(r;) SA-DCT(d)

DCT(d|)

DCT(ry)
Wk

CY
Fig. 5.

SA-DCT

! SA-DCT

(b)

Schematidllustration of the proposedregion-basedransform-domairfractal coding scheme.(a) Interior rangeblocks are matchedagainstinterior

domainblocksof the sameregion andboundaryrangeblocksarepartially matched 10) againstsame-rgion domainblocks. (b) Segmentsof boundaryblocksare
processeahdependentlythesegments1 is mappecntoaseymentof thedomainblockd; byafne transformatlorw1 while thesegmentS2 of thesamerange
blockr; maybe mappedontoa sagmentof anotherdomainblock by a dlfferenttransformatlon Interior bIocksaretransformeoby DCT while boundary-block

seggmentsaretransformedisingSA-DCT.

andisometry i” areusedfor all the sggments,buts; andm;,

arecomputedndependentljor eachsegmentin orderto allow
precisematchingof textures. We have experimentedwith this
approachandwe have obsened a performancealegradationof
lessthan0.1dB while reaching20-30%reductionof the CPU
codingtime. Someresultsusingthis approachhave beenpre-
sentedby usearlier[29]. For theremainderof this paper how-
ever, we will usethe independensearchfor all sgmentsof a
rangeblock.

C. Encodingof parametes

The parameters;, m,, b, andA of eachsggmentareen-
codedexactly in the samefashionasin the spatial-domairap-
proach(SectionlV-D).

VI. EXPERIMENTAL RESULTS

We have comparedthe proposedregion-basedractal cod-
ing methodswith otheralgorithmson a setof still imagesex-
tractedfrom MPEG-4 testsequence€yclamen(SIF), Nens*
(CIF), Foreman(CIF) and Children (CIF). The segmentation
mapsusedarethoseprovided within MPEG-4exceptfor Fore-
manwhich we segmentedmanually Only theluminancecom-
ponentof eachimagewasused. Note that out of the six com-
pressiormethodscomparednly the methodsproposedn this
article permitregion-basedunctionality:

1. standardractal codingin the spatialdomain(Sectionll)
— Fractal/Spatia)

2. hybrid fractal/DCTcoding(Sectionll) — Fractal/DCT,

3. shape-adapte fractal codingin the spatialdomain(pro-
posedn SectionlV) — SA-Factal/Spatia)

4. shape-adapte hybrid fractal/SA-DCT coding in the
transformdomain(proposedn SectionV) — Fractal/SA-
DCT,

1The original MPEG-4sequencéews consistsof 4 objects(news anchors,

“MPEG-4WORLD" graphicsscreerandbackground)We have combinedhe

original backgroundwith the screemandthe graphicsinto a new background,
while leaving thetwo news anchorsastheforegroundobject.

5. evolutionaryfractalcoding[16] (Sectionlll) — Evolution-
ary,

6. JPEGcompressiostandard JPEG

Identical coding parametersvere usedin the rst four fractal
codersin all experiments,including the samequantizerand
Huffman coding of the transformationparameters.Basedon
our prior research8], we have appliedseveral improvements
to the rst four fractal coderslisted above. In orderto im-
provethecompressiomperformancall non-boundaryangeand
domain blocks (full blocks) are classi ed accordingto their
intensity variance. This classi cation permitsthe parameters
of rangeblocks from differentclassedo be processedliffer-
ently. For rangeblocks with extremely small variance,only
themeanvaluem;, is encodedwhereaghe othertransforma-
tion parametersre skipped,thusincreasingthe compression
ratio with no quality penalty[30]. Rangeblocks with small
varianceare encodedby transmittingall parametersf trans-
formationw; but the searchis executedonly amongdomain
blocks with small variance. Similarly, for rangeblocks with
large variancethe searchis performedonly on domainblocks
with largevariance Anotherimprovementhatwe have applied
is quadtregpartitioning. We have appliedquadtreepartitioning
toall rangeblocksin thestandardractalcodingmethodgFrac-
tal/Spatial and Fractal/DCT), and only to the non-boundary
(full) blocksin theshape-adapte methodqSA-Factal/Spatial
andFractal/SA-DCY). Startingwith 8 8 rangeblockswe have
dividedtheminto four 4 4 blockswheneerintensityvariance
exceededcertainthreshold[11]. The resulting rangeblocks
werealwaysmatchedagainsttwice larger domainblocks. The
block splitting basedon intensity varianceincursa small per
formancepenaltyascomparedwith the splitting basedon dis-
similarity measurée' (3) [10], but is muchmoreef cient com-
putationally

Theevolutionarycoding[16] wasperformedusingthecoder
freely availableon theinternet[31]. While the commonsetof
parameterfor all theimageswas:-e 4 -s 5 -0 7,there-
mainingparameter¢-b -r ) were: (3, 600)for Cyclamen(4,



720)for Foreman (4, 750)for News and(3, 300)for Children
WeusedtheJPEGcoderasimplementedn thexvprogram(ver-
sion3.10a).The experimentavereexecutedon a 360MHz Sun
Ultra-5 workstation.

A. Encodingof objectsover uniformbadground

High-contrastobjectsare dif cult to encodedue to sharp
intensity transitionsat objectboundaries. Sincethe available
MPEG-4 test sequencediave few high-contrastobjects, we
createdthem syntheticallyby replacingthe backgroundwith
uniform intensity We consideredwo backgroundntensities:
meanintensity of the objectand uniformly black color (dra-
matic object/backgroundransition). In both experimentsno
quadtreepartitioningwas applied. TableVI-A shaws the dis-
tortion (PSNR),bit rate and executiontimesfor all four fore-
groundobjectswith mean-intensitypackground. The PSNRis
computedover completeimagesandre ects the performance
of eachalgorithmalso within the backgroundcloseto object
boundary

It is clear from the table that the proposedshape-adapte
methodsboth in the spatial and transform domainsperform
similarly or betterthantheir non-shape-adapt counterparts
(-0.10to 1.58dBgain). In the caseof zero-valuedbackgrounds
(not shawn in the table), the improvementwas more dramatic
(0.92to 6.60dBgain). However, suchcaseof extremelyhigh
contrastusuallycharacterizesnly smallareasn animageand
thushassmallimpacton the overall gain. Note alsoa signif-
icant reductionof the CPU time for someimages(News and
Foreman). Thisis not surprisingsincethe searchspaceis re-
ducedto the int/int-bnd/bndcase,while the overheaddue to
the SA-DCT is minimal dueto 1-D DFTsappliedto relatively
smallblocks.

In comparisorwith the evolutionaryalgorithm,theproposed
methodsachieve lower PSNRfor all imagesexcept Foreman
for whichthey shav upto 3.39dBgain. Comparingo JPEGthe
newv methodshave lower PSNRfor CyclamerandNews (up to
-1.52dB)but higherfor ForemanandChildren (up to 1.80dB).
For zero-aluedbackgroundhe proposednethodsperformed,
asexpected muchbetterthanthe other4 schemesAlso, note
a signi cant reductionin codingtime for our methodsn com-
parisonto the evolutionaryalgorithm.

In orderto visually comparethe performanceof the pro-
posedalgorithmswith theirnon-shape-adapt counterpartsin
Fig. VI-A we shav theencodedmageNews Notethatall four
algorithmsdo not usequadtreepartitioning. Visually, the pro-
posedalgorithmsoutperformthe standardhon-shape-adapt
fractal methods althoughthis is not evidencedby PSNRval-
ues. Thereasorfor this is that the concentratedmprovement
aroundhe“MPEG-4WORLD” graphicss compensatetbr by
numerousmallererrorsthroughouthe objects. Therelatively
high PSNRvalues despitesigni cant distortionspresentvithin
the objects,aredueto the uniform backgroundhatis encoded
with very little distortion.

B. Encodingof completamages

To verify the performanceof the proposedalgorithmsin a
more realistic scenario,we performeda rate-distortioncom-
parisonon completeimages,i.e., with textured background.

IEEE TRANS.ON IMAGE PROCESSINGVOL. 11,NO. 4, APRIL 2002

Consideringasbefore,the Fractal/Spatialalgorithmasrepre-
sentatve of non-shape-adapt algorithms(Table VI-A), rst
we have encodedall four testimagesas complete frames
(no region-basedunctionality). Then, we have encodedthe
sameimagesregion-by-region usingthe SA-Factal/Spatialal-
gorithm. In both tests,the samequadtreepartitioning as the
onedescribedn SectionVI-A wasused. The rate-distortion
curvesare shavn in Fig. VI-B. Note that the new algorithm
performsslightly betterfor CyclamenandNews for the whole
rangeof bit rates,while it is slightly worsefor Foremanand
Children Overall, basedon PSNRvaluesi,it is fair to saythat
our new algorithmsperformsimilarly to standardractal cod-
ing algorithms. Note thatthe ratefor shapeinformationis not
accountedor in Fig. VI-B. However, aswe have mentioned
before(SectionlV-D), andashasbeenpointedout elsavhere
in the literature[27], the shapenformationrate hasngyligible
impacton the performanceincemoderncompressiomethods
canencodeobjectboundariesat therateof about0.01-0.03bpp
[26].

A visual con rmation of the above claimscanbe found in
Figs. VIl andVIl whereresultsfor encodingNews and Fore-
man at 0.72bppare shavn. We have selectedcoding param-
etersso asto assurebetterquality for the foregroundthanfor
the background.Note the muchlessdistortedareaaroundthe
“MPEG-4 WORLD” graphicsin Newsfor theregion-basedl-
gorithm,which is re ected in analmost3dB PSNRgain. The
new algorithmis slightly outperformedn PSNRby the Frac-
tal/Spatialalgorithmfor Foreman but thevisualdifferencesre
insigni cant. Recallthatthe SA-Factal/Spatialalgorithmal-
lows imagedecompositiorat the decodemith no needfor im-
ageanalysisasis demonstrate¢h Figs. VIl(c-d) andVIi(c-d).
Moreover, all thisis doneata muchlower computationatom-
plexity. While the Fractal/Spatialalgorithm needed790 and
757secondso encodeNewvsandForeman respectiely, the SA-
Fractal/Spatialalgorithmneedednly 322and328secondsAt
no, or very little, performanceenaltythe proposedalgorithms
addnew functionalityto the encodingof still imagesanddo so
atalower computationatost.

VIlI. CONCLUSION

We have introducedfractal imagecodingwith region-based
functionality While retainingsquarerangeanddomainblocks
we have modi ed the dissimilarity measurdo accountfor pix-
els belongingto oneregion only. Accordingly, we have re-
strictedthe searchfor matchingdomainblocksto the region of
interest. Consequentlythe decodercanresole a region with-
out referenceao the informationaboutotherregionsof theim-
age.This permitsinterestingoperationsat the decodersuchas
object-basedjueries selectve objecttransmissioror evenob-
ject replacement. The proposedapproachdiffers from other
region-basedfractal coding methodsproposedrecently [16],
[18] in thatit doesnot performimagesegmentationduringen-
coding but accountdfor a prior sgmentation. Sincean auto-
matic computationof semantically-meaningfulegionsis ex-
tremelydif cult, our approachpy exploiting a prior sggmen-
tation, can delegate the sggmentationto sophisticatedff-line
algorithms.As wasdemonstratedhe proposedilgorithmsper
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TABLE Il
COMPARISON OF CODING RESULTS FOR FOREGROUND OF THE FOUR TEST IMAGES WITH THE BACKGROUND SET TO MEAN INTENSITY OF THE
FOREGROUND.

Cyclamen News Foreman Children

PSNR Rate CPU PSNR Rate CPU PSNR Rate CPU PSNR Rate CPU
(@B] [bpp] [s] [dB] [bpp] [s] [dB] [bpp] [s] [dB] [bpp] [s]

Fractal/Spatial 32.40 0.32 118 30.15 0.25 108 3765 0.23 96 28.10 0.15 33
SA-Factal/Spatial 32.42 0.33 109 30.10 0.26 70 39.00 0.24 65 28.00 0.15 28
Fracta/DCT 3252 0.33 120 30.10 0.24 107 37.82 0.23 98 28.00 0.14 35
Fractal/SA-DCT 32.75 0.33 110 30.31 026 78 3940 024 70 2817 0.15 36
Evolutionary 33,53 0.33 187 31.02 0.26 140 36.01 0.24 204 2841 0.15 256
JPEG 33.94 0.33 3 3161 0.26 3 37.60 0.24 3 26,52 0.15 2

(a) Fractal/Spatial(30.15dBat 0.25bpp) (c) Fractal/DCT(30.10dBat 0.24bpp)

(b) SA-Factal/Spatial(30.10dBat 0.26bpp) (d) Fractal/SA-DCT(30.31dBat0.26bpp)

Fig. 7. Foregroundof Newstestimagewith mean-aluedbackgroundencodedusingfour fractalcodingmethods.

form similarly numericallybut often bettervisually thanstan- be easilyincorporatednto otherfractal coding schemes.For
dardfractalalgorithms.Althoughwe have comparedur meth- example, the proposedregion-basedunctionality can be ex-
odswith only threefractalcodingalgorithms,ourapproacttan tendedto quadtreg10], horizontal-ertical [12], evolutionary
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Fig. 8. Rate-distortiorperformancef region-basedractal coding(SA-Factal/Spatia) andstandardractal coding(Fractal/Spatia) for completeimages.

[15], [16], [18], triangularandquadrilatera[32] or the optimal
hierarchicalpartitioning[33] schemedy constrainingthe dis-
similarity measureandthe domain-blocksearcho a singlere-
gion. The performancéene ts of thoseschemeganbemain-
tainedwhile the functionality of the codercanbe enhanced.
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APPENDIX

The following lemma and its proof are quoted verbatim
from [24] and prove the corvergenceof the proposedSA-
Fractal/Spatialalgorithm with xed padding(zero-\alued or
mean-alued).

Lemmal: Let beanopenboundedsubsepf R? (theim-
agedomain),let ¢ be an opensubsetof R? (the re-
gion to befractal coded),andlet : LP() ! LP() , with
p 2 [1;1 ], be a mappingsuchthatk (f) (9)kir(y

Ckf gk e() ;8f;g2 LP() ,forsome0 < C < 1(thecon-
tractionmapping).Letv 2 R (the paddingvalue),andde ne
theoperatorP : LP() ! LP() (thepaddingoperator)by
P(f)(x) = f(x);8x 2 o, andequalto v otherwise. Then,
thecompositionP :LP() ! LP() isacontractiormap-

ping.

Proof: 8f ;g2 LP() ,
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(a) Fractal/Spatial(27.33dB at 0.73bpp)

(b) SA-Factal/Spatial(30.12dB at0.72bpp)

(c) SA-Factal/Spatial(32.63dB at 0.40bpp)

(d) SA-RFactal/Spatial(30.10dB at0.32bpp)

Fig. 9. TestimageNewsencodedising: (a) standard-ractal/Spatialalgorithm,and(b) proposedSA-Factal/Spatialalgorithm;andits decompositiorinto (c)
foregroundand(d) background.
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Fig. 10. TestimageForemanencodedising: (a) standard-ractal/Spatialalgorithm,and(b) proposedSA-Factal/Spatialalgorithm;andits decompositiornto
(c) foregroundand(d) background.
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