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Abstract[0ThisOpaper DintroducesJalInovel Dadaptivell
techniquelfor [imagel¢ompression.[Thelidealisbasedlon[]
adaptivel] rather [ than(d fixed[ transforms for O imagel]
compression.[1OnelkuchtlassbfCalgorithmsChas beenl]
previouslybasedldnneur al [ietwor ksI{NN).[Comparisons]
arelpresentedlinCorder (tolshowlthelsuperiority[of(thel
proposediechniquelbver INNLCar chitectures.[dt{s[$hown
that[theJproposedtechniquelresultsCinChigher Cimagel™
qualityor [@Lgiven[dompressi onltati olihanléxisting[INNC]
imagellcompr essionClschemes. I t0i sCal sol0shownthat
trainingofthe[JproposedCar chitectur eli sCsignificantly[
faster (thanthat CbfCNN-basedtechniquesCandthat[the[
number [of Tear ning[par ameter sfislsmal | . [(Thi sfallowsthed
codingCprocesstolincludeCadaptationbf (the[dearning[
parameter s,[thus,[tompr essi on[tloeshot[tlependConthe
sel ectionCoftheltrainingCsetCasinCNNLEtructures.(0rheld
over all (technique, CincludingCisomeCadditional [ ossless[]
codingCsteps, [ sCicompar ed o[ UPEGLin[ter msCof (twoll
measur es, hamely, IPSNRfor [algi ven[tompr essiondatio, ]
andCtomputational Ccompl exity. [ICertainCadvantages bf(]
theJproposedtechniquelbver DPEG, CincludingChigher O
PSN\RIifor (hi ghldompr essi on(rlati os, [ar elpresented. 1
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1.0ntroduction]

|

Today, a1 growingd number( of (0 industrial 0 andd
commercial [applicationsfequi reléfficient[dompressi onlof [
still magesior [$toragelanddransmi ssionfover[channels.[]
Despitelthelexistencelbf [(imageltompression[standards]
suchCasLIPEGLandthel turrently[tlevel oped LIPEG2000,
further [Study [of [&ffi cient[imagel¢ompressi on[Schemeslils[]
needed.ExistingCstandardsCarelmostly ChasedConfixed D
transforms.0Someladaptability(isCintroducedCinCimulti-
resolutionl] algorithmsd includingd wavelet-based[
approaches] such as] JPEG2000.00 Oneld branchd of
investigati onsthat[ise[adapti veliechni queshasCévolvedd
withfhelinvol vement[of (heural (hetworks{NN) linfimagel]
compression[l1]-[8].[Advantageslof INN [dver JPEGinay [l

includeltobustnessCLinder Choisy[eonditions,CandCsimplel
decoding.[Neverthel ess,[tompressionCusingCNN [suffers]
fromseveral (drawbacks, [ ncludingCs owtompression, [
highCtomputati onal Ctompl exity, Cmoderateltompression]
ratioJ(CR),0andOmoreover, Othelreconstructedlimageld
qualitydisOtraining-datalldependent. 0 Priordtechniques]
included single-structurel] and(] parallel-structurel] NN
architectures.[Parall el -structuresifesul tinthi gher[decoded]
imagelualitythansingle-structuresforCallgiven[ICR, [
however, theyhavelhigherGodingfi melfequirementsiduel]
toltheldtilization(of hultipleMNs.0D

ThisOpaperOintroducesdal different0approachtod
adaptivel] imagel] compression] that(] overcomes] the[d
aforementionedCproblems. I nCparti cul ar, Cthe[proposed
architecturelconsi sts_of Cal cascadelof (s mpl eCadaptivell
linearCunits. 00T he[ s milarity ChetweentheproposedCandd
parallel-NNOmplementationsCisthat[image-bl ocksCmay [l
belencodediby[differentCpartsCof (thelarchitecture. O tHsO
possible,J if 0 oned desires] to[] model (J theJ proposed
architecturelas[alsingl elmulti stage N with(alsingl elbode]
at[éachChiddenayer.[T hen,[anfimage-bl ock s &éncodedd
usingConlya subset[of [thelstages. [T herefore, [theltotal (I
number [of earni ngCparameterslisismall,[andCeésti mation]
of (theldearningCparametersiisCtonsiderablyfasterthan[]
thatOof ONNOtechniques.OdTheseOtwolqualitiesdallow
trainingOtoObepartdof Ocoding.OO0AsOaldresult,(O0thed
architecturelisflormedbasedonihelimageliobbeléncoded,
andidodinglisotdependentOn(itrainingldata.[]

Thelproposedfechni quel@daptstoihelimageldontentd
and(dal cul ates[al et [of [fransforms{ithat [dodelthelimagelin[]
alblock-manner (s milar[to[JPEG. [T ransformssuchCas]
DCT [@ndhiwvavel etshaveeenprevious y[lisedfor image’
recognitionCandcharacterization.[JWavel etsThavedan(]
advantagelJover[]DCT OdueJtotheirCmulti-resol ution]
properties.[INeverthel ess, [fheselfransformsl@relfixed[and]
notformedCbasedCbnthe[imageltontent.[The[adaptivell
naturelof the[proposedCal gorithmallowsCextraction[of [
informati oniromOmagelbl ocksihroughiheltal cul ation
of 0 sub-optimald transforms and theird associated
coefficients.[]



ThisOpaperdisCorganizeddasIf ol lows.[0Section20]
presents] someld backgroundd of(] existingll imageld
compression] techniques.[ Sectiond 30 introduces] the[]
proposedUadaptivearchitecture. [IResultsinOsectionJ40
comparelfhelperformancesof fhelproposediinethod,@ndC]
NN (techni quesCandIPEGLI nCtermsof Ccomputational [
complexity Cand[Peak[0Signal (to[Noise[Ratio.[Finally,[
section(B[dl osesiwithiSomeldoncludingrfemarks. [
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2.[Backgroundl
0

ThisCsectionCpresentsCalsort[tescription[of [imagel]
compressi ontechniques, 0 ncludingCthe[UPEG tandard]
andNN [@rchitectures.[]
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2.1MhelJPEGI[standard(]

O

JPEG[11],[12]0is0 al standard that[] has] been(]
extensively[used(forCimany[YyearsCtueltolitsC&mplicity,]
andgenerally0good] performanceldfordavarietyof (]
applications.(0Recently, Jalwavel et-based Jextension[lof (I
JPEG, Mamel y[JPEG2000([11.3], [islBecoming@standard. [

Althoughliherel@relSeveral [descriptionsiof the[JPEGL]
algorithmOinOtheOliterature,Jincludingd the[d standard
documentationCitsel f,Calshortdescription[i sCpresented]
here[fortompleteness.[Tr he[DPEGencodingCalgorithm
consi stslof [fhelfol | owinglsteps: [

o[1 Theldmagelis[$plitlintoBCk[Bhon-overlappingd
blocks.

o[1 Thelltwo-dimensional ODCT LisCcal culatedford
each(Block.O

o[1 ThedDCTOcoefficientsOforOeachUblockOare
orderedlin0adzigzagdmanner.JAsOaldresult,O
coefficientsldorrespondingfolower [frequencies]
areldrdered(first.(]

o[1 ThelDCT [Coefficients@rellinearlylquantized.[

o[1 Special[EttentionlisldivenfoltheID Cléomponent]
valueslof CeachCblock CwhichCaredifferentiallyd
encoded.[]

o[1 Insignificantl¢oefficientslarelignored{setlequal (I
tolZzero).O)

o[1 Sincelnot[all IDCT OcoefficientsHareClused, Call
delimiter[dsCusedtollndicatethelJlendCof (thed
requiredidoefficient[Sequencelih(@aml ock. I

o[1 Runlengthldodinglisuisedfolcompressithelliarge]
number [6f [GonsecutivelZzerolal ues.[]

o[1 HuffmanCorCarithmeti c[todingO sCusedCasanl]
additional Tbosslessldompressionistep.

O

DecodinglnLIPEGsheteverselprocessiof ([¢oding

aslitlisldescribed@bove.[

Althoughiheltorelof (thelproposediechniquelisiof ]

adaptivelhatureCandCtoul dCbelbetterCtomparedtol NN
architectures,[it{islinftsiéveral | [Structurelmorelsi milar o
JPEGI[as(itwill eldescribediter. Mt[danbelportrayed@s]
alJPEG-likelal gorithmDwvith[anladaptive-basedlinstead(of (]
alfix-basedfransformidore.[
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2.2[MIN[for imageldompr ession[]

U

NN-basedi mageldcompressi on[JarchitecturesIhavell
been(lisedlinf@heliterature]11]-[ 8], but[¢onsi derationhas]
beengivenmostlyCtothelimagelquality Daspect[of [
compressi onffior [@given[CR.[Ontheldther (hand, fraining]
speedhasnotObeenCextensi vel yOstudi edCdueitoCthed
inherently(] slow[J trainingl) process’] of 0 mostdd NN
architectures.[T hi siiecessitates(that frai ni nglisperformed
onlJimages] otherJ than[J the[d ones] to[J be[J encoded.]
Neverthel ess,[investigatorsChave3hown$pecial [interest
in[heldevel opment[of INN Hechni quesibecauselof (omel]
advantagesl] of NN overother[Jimageld compression(]
techniques] such(] asJ JPEG, ] whichO includeld simple[
decodingCandrobustnessCItolInoise1[9].CTwollmajor]
categoriesCbf (NN-based‘tompressionCschemesarelthel]
single-structurel] NN[O andd paralel-structurel] NNO
architectures.1SomeJbackgroundJonOaldsingleTandal]
parallel CstructurelNN CschemeslispresentedlinCsections]
2.1[@nd2.2[respectively.O
U
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2.2.1[3ingleMN-basedimageldompr ession]
a

Onel] of 0 thed firstO approachesd toJ NN-based[
compressionlis[presentedin[Cottrel | C&t[al (] 1], Cwherel@]
single-structurel NN Capproach sCdntroducedforsmall [
images.[Another[8i ngle-structurelapproach{al onghwvitha]
parallel INN [@pproach) [isfintroducedliin(Carratolét[@l [[2].00
ThelImagelisisplitlintolIblocksH B;, &1, 2,0..,LI} of O
size[IM XM [pi xel s.[T helpi xel Wal uesCnCéachblock Care
rearranged(folformAM*Tength(pattern[TZ{ Cy ;, [T, ;, (11
L[Cy2;} ,WherelfI=0, 2,00, DC; istheli"[@ ement(of thel]
j"'pattern). MtslGommonipracti cefomormalizethelinput ]
patternsCusi ngCtheltransformationP; C= (G (=G B0
mMg;)/o¢vhereling[@nd(d[@re, [espectively, fhelaveragel]
and(standardldeviation[of [C;. [PatternsP; [&rellised [inthel]
trai ni ng[phaselof fheN[@sbothihputsiandldutputs.[Thed
NN C¢onsi stsCof [hree[layers input/hidden/output} Cwith
number [6f ModesVI?, [H, W2, fespectively.O

ThelNN[actslaslaéoder/decoder. [T heldoder[donsists]
of fhelinput-to-hiddenayerWei ghtslv; { i Z1,... M?@End0
k0, ...,H} ,"andEheltlecoder [tonsi stslof (Bhelhidden-to-
outputUayer[Wwei ghtsCWi , { KGEIL, ... HGAnd OG-, ....,O0
M?} .0nCBheldefinitions(above, [V, , [epresentsithelivei ght ]
fromihei"[inputhodefohe k" (hi dden[hode, And0, ]
representslthelwei ghtfromtheX" i ddenModefofhei™
outputCInode.0CompressionisOachievedddueJtoOthed
transformationlof(patternsiP;, [throughlthely; [Wei ghts, by [l



setting@helhumber[of (hi dden[hodesH$mal | er Thanihel]
inputCpatternCengthCM?{H<M?).CT helodingCproduct ]
associ ated(folthelj" (pattern(P; [isthehi dden(Tayer Butput(]
Oj[F{ Ol,j,@z,j,DDD,mH,j} D’he@et[ﬂ Oj,mq-,csq-} [ﬁogetherD
withOwei ghtsDka msOsufficient[for CreconstructingCland
approximationdC;Jof OtheDorigi nal CpatternCIC;0inCthel
decodingphase.[Consideringiheldverhead{mg;,0} [duel
to(thelnormalizati onCfunction[f, (theICRCachi eved i ST
M?:(H+2).T heleéncoding/decodingprocesses arelshownL]
in[Figures1(a)@nd(b), respectively.[
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Figurel1.[3ingl eeural Metwork @rchitecturelith(@singlelStaged
forimageldompressi on({g) Trainingphasel(b) Mecodingphase.C]
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2.2.2[Par allel NN-basedimageldompr essiond
O
Recently,[0 ald parallel0 NNO structured has[d been[]
introduced(]3].(Four (hetworks NET , (k(F[1,2,3,4} Dvith(

U
U
U

differentfhumber [of (hi dden[hodes{4,[8,[12,[@and[16) (arel]
used.[EachINN [is{frai ned(si milarlyfofheNNin$ection
2.1.[Thelgoal istb@chievelCREZ(8:1.00
Theldodinglprocedureldonsi stslof fwolphases. Inthe[
firstCphase, [each[patternlisLassociated o[ NET,.O0ths
assumed(ihatthearger Ehelhumber [of [hidden[hodesLof (]
thelNN Eﬂo@vhich@ﬁbattgnﬁs@ssi Agned, (Ehel$maller[iheld
associatederror (g =[(P, 3P (P, 3 P)) ' [hetweenlthel]
original [P;[andLesti matedpatterns ;. [Onlthelother (hand,
allargeChumberCof ChiddenChodesCresultsCinClow[ICR.[0
Initially,[patternsiarelass gned@oNNs$ofhatthe[ CRISO
asldl osel@sipossi bl elfbthelpredefinedival ue8:1. 00
ThelSecond(phaselisan(iterativelprocedure.[Atléachl]
successi veliteration,fhelgoal (isfoieducelihelfotal (érror(]
E°ZX e’ WithoutGhangingThelCR. (L et[de’ ([ befhel@rror(]
reductionCcausedduetolreassi gningCpatternP; CfromO
NET,.Oto0ONET,.;.0ThenOthedgoal disachieved by
reassi gningLalpairLof [patterns. [Pattern[P;, Lis[feassigned
fromCNET, [Xo[NET,+1nif[(thelreassignmentCicausesial]
maximum(error(decrease(def, x, G- px(de’ ), Bnd patternC]
P;,[iseassignedfromMET 0N ET .,if thisiesul tsihlall
minimumCerror ncreaseEdqzz,kzD:Dﬁkr(dqz,k_l) .Oterationsd

continue@sibng@slthelerror E*decreases.]

ThisOparallel DarchitecturehastheOadvantageJof [
providing[Chetter (i magequal ity (for CallgivenCICRthan[
previousiinethods]}4] -[ 7] inermsof [érror [E2, [incl uding ]
both(singlelandiparallel [Structuresipresentedin[Carratolet]
a"[2].0Furthermore, OcodingDisTfaster OthanCpreviousr]
parallel Oarchitectures.C1Nevertheless,OtrainingOisOstill O
significantly (8l owlduefoliheluiselof Cmulti plelhetworks.[]
Moreover,[theltotal ChumberCof (el ghtsCis[arge.[T hus,[
trainingléannotbelpart[of Theldodingprocess, [dtherwise, [
it cannot] bel] performed in(J real-time.[] Thus,d the
compressionChuality CdependsCbntheltrainingCdataand]
their(Similarity fofhelfestimages.
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3.[Proposed(@daptiveldgorithmil

0

ThisOsectionOintroducestanOimaged compression[]
methodbased[dn@ ¢cascadeldf ddaptivedransforms.[Thell
proposednethodléxhibits@fastfrai ni ngphaselivhichliis[]
includedinCtheClencodingOprocess. T hus, it Cachieves
independenceJof Othe[trai ningCdatal lwhichCImakesOit[
appropriatefor[general [imagel¢ompressionlapplications.]
ThelencodingCandCdecodingOphasesof [theJproposed™
techniquel@reldepictedinFigures2@nd3respectively.[A L
detail edldescripti onldf [@achBl ockispresentedifiext. [
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3.1[Encodinglpr ocess(]
0

I n[2hi sC$ection, @heldetail stabout[eachbl ockdnthed

encodingphaselof [Fi gurell@relpresented.]

d

I magelSplittinglintol ocks. [ThelimagelikSplitintoBX B0
non-overlappinglimagebl ocks. T hisiprocess{issimilarfo]

Figurel3.[DecodingPhaseldf Thelproposed@rchitectured

theldnelpresented(inSection(2.2,[@ndlt(istheSamelasthel]
onellised(iNCJPEG. Differentimagebl ock [si zesl¢oul dbel]
considered.[1argerprocessinghlocks touldprovidelall
smallerOnumber Oof CitransformCicoeffi ci entsCbut Dwoul dOI
increaselthelbverheaddueltoltheChumber[of Fransform
wei ghts[that[heedtolbel$tored.[Block[&ize[ Bk [Bvas]
foundiblbelappropriateforthefestediimages.]



Block[fheans((DC)éxtractedfromleéach Bl ock: [$incelthe]
mean{D CLval ue) Cof Ceachbl ock[, ClenotedCasimg;, [isO
expectedioldontai n[ASi gnificant@mount [of [information, ]
it0sCextractedCandtreated[{ coded) Cseparatel yChsCitd s
describedlihthelnext[processingbl ock.[

O

Differential Ctoding/quantization[of Cmean[Values: [T hed
meanval ues are[expected o[ beltelatively[similar[in(
consecutivelbl ocks,[thustheylareldifferentiallyléncoded: ]
theldii fferencelof [tonsecutivelineanal uesling, , 3l [is]
linearly[uanti zed. 0T heChumber Cof Chuanti zation[devel sCI
canbelVariabl elbasedOnthelexpectedidompressi onlratio.[]
O

Conversion[of [flemainder Bl ockslihto[patter ns. [Thelhon-
overlappingBX[BblocksareldonvertedintolpatternsiC; =1

[C.;,[Cy;, L. . [C\2;] [Bsldlescri bed in(Section(2.2. [$incelthel]
bl ock OmeanCval ueld sCextracted (fromCeachCblock, (thel]
remainder[patternsiareldefined(@s:

O
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Theltransformi@nd(coefficientléstimatorsiof [thelproposed]
adaptiveliechniquelvill (belteferred@olasluinits.(Patterns(]
P, [arelised@s[inputs/desi red-outputsinorder [{olirainfhe
firstlnit. I

0

Weightslandlcoefficientslestimation: [T his{isithel¢corelof ]
thelproposed@ gorithm.[dnléssence, [itOsCanlalternativel
forCthe[DCT OwhichO sCtheCheartCof CUPEG. T hisCstep
invol ves[theJsi multaneouslestimationJof Ctransforms
(weights)[@ndthelassoci ated(doefficients.[]

Thel coefficient estimated] from thed firstO unit™
correspondingfothelji" [patternlisldenoted(@sO; ,, KE0.0
Thelfirstdnit’ sléstimatediwei ghtivectorlisldenoted@s(l
0

W\ E W1, (W, 0. W2, ], [KED,TD 20O
O
ThelVector[W [Hefinesthe k" transform.CAccordingly, ]
element[W;  [is(heli"Wei ght (&ssoci atedfoihe k" winit. ]
TheOcoefficientdO; ; HandCitheliwei ghtOvector OW, Darel)
requiredlihfheldecodinglprocess. Il

Thelfirstnit’ slérror[patternsiareldenoted(asl
0

6.150e 1,06, 1,00 [By2; 1] (M )0
O

They(areldefinedlas theldiifferencelbetween(theloriginal [
P;[@nd(esti mated(patternsP;attheldutput(of thelfi rstunit,
afterCtrai ninglisCtomplete. (T he[ElementLs, ; [ s(theli™0
el ementof fhelj"@rror (Pattern @t minit K. [f ThelSet[Gf [@rror[]
patternsiatfheldutput(of [WnitKisdefi ned@s(R [fhenlonly
alSubset[of [theselérror [patternsiisiisedasinput/output o]
trainthelhext[unit.CThi s[&subset[mi[tonsi stsCof(Berrord
patterns(é’y, JIE1, .., [$ WhoselSquarelSumlisTarger fhan(]
alspecifiedhreshol diQ: R [, [& [Ry, [68 >[Q}.0

Again,thelsecondlCunit’ sCcoefficients, [tlenoted[as[O; o,
and(ihelWei ght[Wector (W ,Larel$tored[folbelLisedinthe]

decodinglprocess. T
Similarly,the[$econdCnit’ sCérrorCpatterns, (&, arel]
definedCasliheldifferencelbetweentthelactual (&, (andthel]

estimatedlérror[patternsie; , at(BhelSecondlLinit’ stoutput. ]
Only & subsetlof (thelhewlerror[patternsis, ,lis uised&sl]
input/desired-output] tod trainC] the[d thirdd unit.C0 The
procedurelof [@dding/trai ni nglunitslisiepeatedfor[aslong
as[fhe[CRIdloeshot[éxceedalspecificlliarget. [T herelisan(]
additional [dverhead(per bl ockindicati ngfiow tany [WinitsC]
encodelthat bl ock. Ttlsliimportantfolhotelthat [$incelonly O
alSubset(of [érror[patternsirai nsléachuinit, fhelhumber[of (]
coefficientsJO; \Cper OunitCkUisCivariable. T hisUall ows
assi gnment[of [image-blocksiwitharger[éstimationlérror]
tolmoreltnits,WhilelkeepinglthelSamelCR.O
ThelthresholdCQLs(basedConthelfirst[unit’ sCérrord
patternslg, ; andthelCR.MorelSpecifically,
g
g

M2

1
Q=a W; var(e, ;) | CR A

O
O
Theljlustifi cation(for [Ihelhreshol dldefiniti onlin[égquation]
(4)OisDasOfollows.OA Osmall Othreshol dOindi catesdand
expectationfor@small [¢odinglérror.First, Thelthreshol dCI
Qlisproportional [fofheldesi red[CR{assumingthat there]
i sCholadditional (osslessCeodingCprocess).[A Csmal | CCRO
promisesalsmall CeodingCérror,[therefore, [thelthreshol d
can(belgetTow.Becond,Thelfhreshol dlis(proportional (o]
averagelvariancel{AV) [of Thelerror(patternsbetweenthel]
original Candthelencodedlimages {usingConlythefirst[]
unit).[ThelAV [{content[of ThelSquarebracket[in[égquation]
(4))sa0similarity” ineasurelbetweenlthelérror [patterns.]
AlBmallCAV [ ndicatesthat[(thelerrorCpatternsCmay [held
relativel yOsimil ar (throughout Ctheld mage-bl ocks. A sall
result,[the[additi onal CadaptivellinitsCareléxpected@olbell
ablefoproducel@$mall [¢odinglérror, Thusthelfhreshol d
canlbelsetTow.TFinally,[parameter [@ls[al¢onstantWhich(]
was(Set fixed@ndlequal b(1.2({fbr @ | [éxperiments.O]

Theladvantagellof Othe(JadaptivetechniqueJover[]
parallel (NN CarchitecturesCis that[theltotal Chumber[Cof [
wei ghts[ sk gnificantlysmaller Owhil el theChumber Cof O
coefficients,dasCcomparedtoChiddenChodeoutputs, [i s
variable.[Furthermore,fhelfrai ning{ meldequirementsiare]
lowlduelibtheldinits Mowdomputational [dompl exity.[Thell
agorithmOconvergesinO4-50iterati onsOby Orepeatedly O
applyingihelSet(of [équations: 1T

O

O,k EFW,(T; ' TIW, W, [ [TIIIIIIIS) O

O

W\ B0, [T, 1, [0 [IIIIIIIIE) ]
0



wherelT; ([isléqual fo®;if R=[1, [E@ndE, , [Btherwise.0]
Equation(5)[givestheluinit’ sLoptimumCtoefficients(
O; «OgivenOthelDunit’ sCOwei ghts. 0T hisCi sCtheCresul tCof O
mi nimi zi ngCtheCsumOof CsquarellerrorsCi(SSE) Chetweend
input@ndoutput[patternsil
O

SSEKBE (T kB, [T; (20T, ", 10 7)) 0
jmm
0

wherelT; ,[=F00; Wy, Ofor CunitCkOwithCrespect [(to00, .
Similarly,C&quation[{6)[givesihellinit’ sLoptimumilinit’ sC]
wei ghtsCgi ven(ihel¢oefficients[O; ,.[T his[sihetesul tLof (]
mini mizingCBSE; (Wi thCrespect[toDW,.. [T he[tonditions[]
fromQvhi chlequations((5) [@nd{6) (@relderivedlarelshown[
next:[]

0
ISSE, ISSE,
=[0), (AN M~ = OIIIIIE) ]
0

Sincelonlyfhelfransformive ghtsiW [andthelassociated]
coefficients[O, \[arelneeded(in(theldecodinglprocess, [it[is]
imperativelfblobtainfthelopti mumiSet W, [, «} forleach]
transform.[T hel@l gorithmbased[onléquati onsl(5)@nd({6)
directly@temptslio(fi ndlSubopti mumval uesfor BothW, [
and(®; ..[T helwei ghtsland(Goeffi cientslesti mationbl ock 5[]

shownlihFigure4.0]
O
7wy, _ WoD,0] Q
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O

Figure4.Wei ghtsianddoeffi ci entsléstimati onbl ock

O

O

Weight[iuantization: CAfter[adaptation, Ihelvei ghtsCared
linearlyCuanti zedCusi ng[R56 uanti zationCevel sC{onel]
bytelpervei ght) for el ghtal ueslinthelinterval - 1,(1] .00
Before[d quantization,d thel transformd weightsd are[
normalized(Solthatfhelmaxi muml@bsol utelal ueléqual i1
as[shownl(ih(ihelfol lowingléquation: ]

O
WkBFNVkmmaix(l\Ni,kl) ([TITITITITITITITIIO) O

O

Consecutively,fheldorrespondi ngléoefficientslarelscal ed]
in[order(ibleavefhelproduct[®; W [Unchanged

O

Oy = O LIax([Wi, ) [0
0
Adaptivelestimation[bf CtoefficientChuanti zationCsteps/O
CoefficientOguanti zation: OThelcoefficientsOestimated
fromitheliterati velprocedurelof [@quati ons(5) [@ndL(6),[and
rescal edldinClequati on[(10) Jare[dinearlyOquanti zed. AN

important[] observationOisthat,[]sincellthe(dalgorithm
estimatesthe[™ best” Ocoefficients/wei ghtsCpai rJatCany (1
givenistagelk, fheldoefficientslare, ihldeneral ,imorellikel y[1
toOobtai Ol ower [absol utellval uesasthellnumber Cof [
transformsincreases (higherOkOval ues).OThus, Oit0isO
expected] that[l thered will(J bed al relatively( high(l
concentration(af [doefficientlral ueslaround 0. Tt ikldesired]
toluselBslessCguantization evel sCaspossible[ithout [
significantlyd increasingd the[] quantization error.[]
Dependingloniheldesiredlimagelquality, fheldoefficients]
canlbelguanti zedisingnorelorliessilievel s.dnlthi siivork, (]
32[guanti zationlevel sC{5Cbits) CarelconsideredCas thell
maxi mummumber [of (level s.[M oreover, [duanti zation(dan(]
beperformedCivith(thelperspective thatCanCadditional O
| ossless{¢odinglStepivill bellised.[T hus, [¢oefficientsiare
quantized(as:(]

- L H‘HIIIIIIII,I:-)IIWI— ||j|'1||S|C|é:T|C:||—||u NI ) O
-qum— T T T T P EA R ]
Il i i (s it

0

Parameter[AfiakesVal uesigreater[orequal (o1, [and[its]
usedioltefinelthelguantizationfevel s.CA OargelAaluell
will (forcelthelfuantized[eoefficients O, , ™" tolassumel]
smal | wal ues. [T hi slisel pful ihfhel@rithmeti cldodi nglstep]
of (theltoefficients[presentedChext,becauselit[places &[]
significantChumber Cof Ccoeffi cientCval uesCaroundCizero. [
Since[arithmeticOcodingdisObasedConOthesymbols [
probabilityCof Coccurrence, Chigher Ccompressiontanbel]
achievedlif [dertai n[¢oefficientWal uesiarelmmorelprobable.[]
ThelAVal uelisléstimated(lising[@nadaptivelinechanism. ]
M orelSpecifically,[parameter(Alisladapted@s(iol lows: [

a

D]]]]]Irl]lwﬁ)At‘l, (i [BSE{ A=A} < [SSE{A=1} (T
MIIIIA'ZR O 0 0 (I 2) O
(I - ) AT, T BSE{ A=A} S [$SE{ A=1} [
andIl )
O

rﬂml/Z,HT[{]SSE{A=A‘}>€|$E{A=1}} [ANDD

(I = IIIIITIIISSE] A=A < e[ SSE{ A=1} } [T 3) [
(I Btherwisel

D \

0
wherelihelhotati on[SSE{ A=x} Uefinesthelérror asin{7) ]
butJO;  HandOW  Harellsubsti tuted Dby Cthei r Dquanti zed
versionsforCACECx.[(Parameter Celli sCalsmal | Chumber O
indicati ngthelpercentagelof [@dditi onal [quanti zationlérror]
that [adj ustment [of (parameter [A[is[@l | owedfolintroduce’
overfhel¢aselWhere[AF[1. [Parameter Cilisthelearningd
parameter Cat[terationt. [0 nthi sCvork, Celivas el ected
equal f[0.01,@nd 5= 0.1.0

It0Oshoul dCal soO0belmentionedOthat CequationC(11)
resultsCinCaCmaxi mumCbf(B10evels.[TheB2"evel [is[]
dedi catedibltheDl ockdelimiter.(]
O
ArithmeticCtodingfor [blockmean Oval ues. (0T he[basic
arithmeticleodingl$chemelisilisedfor lossl essl¢odinglof [
thelquanti zedmeanldifferencesling, ,[Aimg;.0]




Arithmetictoding(for Ckoefficients: CIT he[coefficients
extractedifromOeachbl ock OarellplacedCinClorder Cand
separated@romthelhext Bl ock [Goefficientsibyaldelimiter
(thel32"Winusedlevel [of EhelGuanti zation(Scheme). [Thel
basi carithmeti cClcodi ngCischemelTi sClused Cf or [l ossl ess[d
codinglof fhel¢oefficient[$tream. [T hel$ymbol [histogram]
can(beléstimated(dlobal ly[for(small,[andIbcal | yfor Targel
images.r]

AslmentionedCearlier,[thelhature[bf [thelalgorithm
and(theladditi onal [@dapti velduanti zation(level [éstimation[]
allowOaDlargednumberOof DcoefficientCval uesdtobed
concentratedCaround(the[DVal ue.[T hisChel psCarithmetic
codinglblperform(significantlbss essidompression.]

d

3.2[Mecodinglpr ocessl]
U

Eachlimagelbl ockis tlecodedisingltheteverselof [
theCencodingCprocessasIshown(linCFigure[13.00M ored
specificaly,fheloperationslperformedbythelhighlighted
bl ock [of (i gurelBlisldescribedhext [And[shownnmore]
detail ihFigure[.00

TheSetfO, (W}, [donsideringlal | [initsk, [slused(ib]
encodelthat[bl ock.EFormAnstance,EﬂheDIirstmnitqbroducesD

anlestimatelof EtbattemsDPjEE(Dj,lWlT@nd%eBecongmmtD

anUestimatelJof CitheCIfirstCunit’ sCerror CpatternsUe; ; (=[]
0;,W,".[T heltlecoded bl ock s bbtai nedEromsumming]
of [l thoselesti matesiandthelbl ock@veragelig;. I

—>
Wy,[0,
—>
WZ![(DZ
t
O
Figure3.Detail edidecodingl ock [k highlightedBl ock
(ihlFigure3).O0
d
t
3.3[Mransfor mlhter pretation]
0

ThisOsectionOprovidesOdanOinterpretationd of Otheld
estimatedtransformsCandCpresentsCsi milarities[between]
thelproposedimhethod, NN [fechniquesiandJPEG.[]

Figure[16(a) (shows[the[T* Baboon” [image.[Figures]
6(a)-(e) (present[somelof Mhelransformsfoundisi nglthel]
proposedCalgorithm.0nCorder tolprovidela meaningful O
spatial Uinterpretation, OtheOweightCvectorsUhavelbeend
converteddnto[Bx[BL&ize[Inatrices,CandCpresentedbs]
surfaces.[dt[shoul dChelmenti oned(that [similarly, COPEGO
uses180x080DCT OtransformsIthatd could al so[1be[d
representedasidifferentSurfaces.[]

Forlihstance, [Figurel®(b) (presentsithelfirstfransform

(kF01).Otleanbelbbservedihat (it tepresentsial surfacel
with[@n[orientedsl ope. T hisdransformlislappropriatefor
edgeslwith(hat(orientation.The@ gorithmfoundthat thisC]
isithe[lbest” fransformlin(order folapproxi matefheBX B
bl ockslised[fiolfrai n(Eheli rstnit. LA [Mocal (leconstructed
imagellcomponentJbaseddonOthedfirstOtransformisOd
presentedlin(IFi gurel¥(b).[T hislsihelocationlidentified
bythelsmall [SquarelinFigurel®(a). [T helzoomedldriginal
imagelsquarellisCpresentedin[Figure[17(a).(0tCcanCbeld
observed(that[therelisCanCedgel{dashedine) Candthis]
transformipartial ly@ttemptslib@pproxi matelit.[]

OoOoOooooo

O

Figurel. ((a) BaboonHmage, @nd((b),(c),(d),(€) 0
Somelof %eﬁ@.:lted[ﬂansformsﬂ

Figurel?.[(a) [ZoomedIbcati onlinthelimage, [(b)
correspondingl@pproximationlduefbthefirstfransform.Od



Similarly,0Figure18(a) Oshowsatextural Cimage.[
Figures®(b) @ndL{c) (presentfwoldf fhelfransformsfloundd
using(d the proposed algorithm.O For( instance,d the
transformOpresenteddinOFigure18(b) Owasthe[1* best” [
transformFoundbythel&l gorithm.[T hisfsCanCexpected
result[Si ncelfhelfextural [imageldonsi stslof (@l mostertical (I
lines.O

O
O
o o
o o
o o
O
U O
Oo
0o
() O
0 1
[] Figure:({a) Texturelimage, @nd{b),(c) Twolof fhel]
u resultedfransforms.]
]

InCgeneral ,[Thelproposediiechnique, LIPEG, @ndINNCI
techni quesChavel somethinglinCcommon. T hey[Al | Cuse™
transforms and associated] coefficientsd tol] get] and
approximated versiond of I the( original dimage.d Thed
transformOusedinOJPEGOi slfixedd(DCT), OwhileCithed
proposedCtechni queCandCNN techni questuseladaptivell
transforms{{oneldan(thi nk[af TheN [hHi ddenmodeloutputs
aslthe[Icoefficients’ [@ndfhelwei ghtslémanati ngfrom(the
hiddenofheloutputlayer [@sthedtransformsiveights”).[
AsmentionedCearlier, OINNOarchitecturesCneeddto0bel
trai nedWithmagesother [Thanihelonesolbeléncoded.]
Thus, @thoughltheliransformslarefloundusi ng@adaptivell
process,[theyCarelKtill (fixed[in(thetestCbhase[{actual [
compressionlphase).

O
O
4.[Experimental [Mesultsl]
O

T hisOsecti onCpresentsCiresul tsCwhichCcompareCtheld
proposedCmethodCvithCNN-basedCimethodsCandIPEG. O
TheleomparisonsiwvithINN [dolhotLincl udel@nadditional O
losslessCIstep.d0TheyOareldpresented]todillustratelthed

advantages(of thelproposedfechni que, @ndibljustifywhy [
it0isOalbetter OchoicelforObeingCuseddinCJPEG-liked
agorithmsfthanIN.O

O

O

4.1[ComparisonsiwithMNI[@r chitecturesl]
0

ThisOsectionOpresentsCIcompari sonsCbetweenthed
single-structure] andd parallel-structurel] architectures]
presentedCi n[kection[2, CAndthe[proposedimethod,[in
termsUof OPeak JSignal CtoONoise[RatioJ(PSNR) Dand[]
computational Ccompl exity. [T hese[CcomparisonsCdolhot (]
includelanyIbssl essldompressi onldomponents. [ThelCRk
definedasthelhumber [of [pixel s[{bytes)[in(theloriginal O
imagelover[theotal Chumber [of Leoefficients{orhidden(
nodeld outputs) [ assumingthat [ each coefficientd was
quantizedlisi ng256Tkevel sifonelbyte).[]

O

4.1.1[Compar isonslihfer ms[of[PSNRO
O

Table[1[comparesihelsingle-structurelINN Candtheld
proposedCimethod i nCtermsCof IPSNRCfor CAdifferentd
images.[IT he[single-structureCNN i sChothCtrainedCand
testedConthelsamelimageltolavoi d tependencelbf (the[]
resultston(irai ningldata. (A Ithough(Thi slislimpractical (forJ
real [applicati onsiduelfolhi ghirai ningfi melfequirements,
itlisCliseful Mor[eompari sonCpurposes. (Evenlinihisitase, [
Tabled10showsthat(the[proposedCar chitecturellgives
higher[PSNR{or(al | festedimagesiandfor threeldifferentd
CRs[(4:1,8:1,016:1).0

ad
O
O|Lenald BaboonO Pepper s GirlO
[ |Singled Singled Singled Singled

CRIl StructurelCascade|Structure[@Tascade|StructurelTascade| StructureTascade]

16:1| 29.200 31.80 21.600 21.80 28.80] 31.7(] 28.90] 30.3[

8:10] 31.90] 35.80) 22.900 23.40) 31.90 35.10) 31.80 34.1[]

4:10) 35.500 38.90) 25.100 25.90 34.900 37.40) 35.00) 38.20

Tablel1.[Compari sonBetween(singl elstructure@ndproposed
architecturesihfermsiaf [PSNR.O
a
g
Thelparallel-structurel@rchitecturelfiesultedih[PSNR]
=[B3.8dB{for(CR=[8:1)for* Peppers’ CWhenltrained
with? Lena’ ,[and[33.0dB livhen(drainedWwitht Baboon” .[]
ThePSNR{or [Thelproposediiechni quelis35.1dB Hor fhed
sameICR.[Moreover,the[dependencelbf (the[parallel-
structureN [Onthelfrai ningldatalbecomesidpparent.]
Anlexampl elfhat[presentsialvi sual [dompari son(of the[
compressi onCresul tssCshownCnCFigure®. [Figure®(a)
presentsCalportionCof theloriginal Cimage.[Figures®(b),
9(c) @nd9(d)presentthelSamelporti onlof Theldompressed(]
imagellising, (fespectively,[thelproposedCalgorithm,theld
singlel] NN architecturel] and[J the[d parallel O structured
architecture.[0T heldcompressi on(ratioJused(Owas[110:1.1
AlthoughO the[d blockage[T effect] is apparentl inC al ]



compressedlimages, thelproposed(@l gorithmipresentsithell
best (i sual [fesul tiéspecial ly[@roundlédges. [

d ([T O T T ) O
]

Figure[9.Images: [(8)[ariginal,[{(b) [dompressedWwith(]
proposedi@ gorithm, [{c) [dompressediwith(singlelStructure[]
NN, @nd[{d)[dompressediwith[parall el [StructureN. I

0
t
t
4.1.2[Compar isonslih(fer msiaf [domputational [
complexity
0

Generally, NN echni quesleéxcludelfrai ningfromihed
encodingCprocess.[(Network(s)Careltrai nedCwithCmages]
otherthan[theJonesCtobelJencoded. CIT hisOsubsectiond
comparesithelparall el -structure@ndihelproposedimethod]
inO terms of O required] operations.[] AsC] mentioned
previously, thelproposedinethodlincl udesrai ninglinthed
encodinglprocess.

Theltotal ChumberCof ChiddenChodesCinCthelparallel O
architecturelis40.Infhelassignmentprocess, @l | (patterns]
haveliblbelpresented(ib@ | fourmetworks. T hisequiresia’]
total [of [40[nodes) Ck[B4{patternlsi ze) k[4096[(bl ocks) k[
2[(30ayer INNs) 21 10°nultipli cati onsand (40X B4
4096[1=[110.5-10°Cadditionsfor Jal5512x (512 image. ]
Additionally, [iherel#re B [#0k (B4 X 40963 [B1.5-10™"
operationsrequiredIforCthelJcal cul ationClof CitheClerror (]
patterns.[Hence, [@lfotal [0f [63-10° bperations@refequired]
forlencoding. T hisihumber[doesihot(includelfheliterativell
optimization(al gorithmwhichliklal solpart(0f ([@éncoding.

Onlihelotherand, Thellumber[of [Operationsfior thed

cascadelJarchitecturelli sCvari abl e(duetotheCladaptivell
naturelof theltechnique. (T heChumber Cof DterationsCper
unitisiSetfo4.MthasHoundihatfor[Lena” [{size[3125k0
512),[and{or[CRLOf [B: 1[ihelfhumber [of Cnultiplications]
andCadditi onsCvere[113-10°"and[13-10°respectively, For [
presentingihelpatternsiolthelarchitecture.[FFurthermore, [
thereCwere119.5-10°" operationsrequiredFfortheCerror[]
pattern(dal cul ati on. [Hence, [@fotal [0f [45.5- 10°[@perations]
werelriequiredfor (@ncoding.[Similarlyfor[[Baboon” [{size[]
512X[512), [@fotal [6f (53.2- 10°dperati onsiveretequired]
for(] encoding.0 Therefore,d athoughll the[l proposed
a gorithmlincludesiraininglintheléncodingCprocess,[it[]
reguires’] fewerd operationsld than] theld parallel 1 NN

technique.O
O

O

0

4.2[ComparisonswithJPEGT

This[BectionCpresentsCtompari sonCresul tsChetweend
thed complete[] proposed algorithmJ and] JPEG.0 Thed
comparisonspresentedbetweenThelproposediechniquel
andCNN [fechniquesldidChot[tonsi der[incorporatinglany ]
| ossl essldompressionldomponent(ih(their[process.

g

4.2.1[Compar isonslih(ier msiof PSNR O

Figured 1000 compares] JPEGO and] the[d proposedC
a gorithmOfor(theT* Baboon” 0 mageCandfor Cdifferent ]
compressiondratios.01t0 can] bed concluded that (O theld
proposedtechniquelprovidesthigher (PSNRthan[IJPEGO
forOhighOcompressionOratios.0The[JPSNROdifferencel™
increasesiwi thifheldompressionlretio. [

Image:Baboon
23.5 T T T

23

N N
N = N N
= B N B

Peak[SignalfioMoiseRatio{dB)

N
e
w”

N
o

Compression[fatio D

Figure10.[Comparisoniof [proposed@ gorithm@ndlIPEGO
forfhe@Baboon” [imaged

O

Figure11[depictsCanother[tompari sonC&xample.d0nC
thisCéxampl e, Ehewol@ gorithmsare[tomparedfor the[]
textureliimagelof [Figurel8(a).O



Image:Baboon
T

Peak[SignalfoNoiseRatiol{(dB)

Compression(fatio

Figure[11.[Comparisonlaf[proposed(d gorithmlandlJPEG
fortheltexturelimagel

d

InOFigure111,O0the0superioritylof Othellproposed
techni quelisimore@pparent. [T helflexturelimageldannotbel]
significantly[éompressediivhil elnai ntai ni nghighPSNR. [
Thelimagelistichlininformation[$i ncelit[¢ontai nsthoth™
significantChighCandowfrequency Ccomponents. 0T held
adaptiveliechniquelproducessignificantlyhigherTPSNRO
than(ihelfixeddransformbased LJPEG. Fromiheltesul ts[]
presentedinCFi gure(1110itCcanCbelJobservedCthat (thed
proposedliechniquelisiaround2-3[dB hetter Than[JPEG.O
Again,[higher[@ompressionlatiostesultlinlarger PSN R
differencesBetween(thefivolfechniques.(]

d

4.2.2[Compar isonslih(fer msiaf domputational [
complexity
0

Sinced quantizationd and(] lossless[] codingd areld
componentsLof (hoth[LIPEG@nd@helproposedlal gorithm,
the[computational Lcompl exity [of (theliwoliechniqueslis
comparedlihfermsiof fhelassoci atedfransforms{DCT us.[]
adaptive). I

Thellumber[of [inulti pli cati onsequi redfor [Thelfwo-
dimensional IDCT Oof Dand80x[80blockdusingOfastd
implementationlof (the[D CT [iis(584]10] . (Forinstance, (&[]
51251 2limage{4096I ocks) ivoul dequirel@fotal [of (1
2.4-10°0perations.[]

Thelproposediechni queliequires@Variablefhumber
of Loperations.[A nLéstimatelof (Thelhumber [of [bperations]
requiredisprovided(in(ihislsection.[Eachl ock Mequires]
approximatel yC64CmultiplicationsCand[64CadditionsforJ
equation(5),altotal Cof (1128 JoperationsforCalisinglel]
transformation. [ 1t0) @l sold requiresd approximatel y[1 6501
multiplications and 650 additions,[] all total 0 of 0 13001
operationsdforequationd (6).C0Moreover,ditOrequires]
approximatel yC64multiplicationsCand64Cadditionsfor
thelérrorlal cul ation, [ATotal [of (128[bperations.[Finaly,d
thereare(11280operationsIrequireddforOeveryOerrord
cal cul ationof (theCadapti veluanti zationCstep. [Overall, [

therelik@libtal [6f [@pproximatel yIN T X IT X [([R56#[QI T
128)CoperationstequiredperCblock,vherelNTCisthe[
averagelhumber[of (ransformati onsper (bl ock, A T fisihel]
number of O iterations per unit(l for cal culation of (I
coefficientsCandOweights,Dand0QI T OthednumberOof [
iterationsrequired i nCitheCadaptivellestimati onCof Cithe[d
coefficient[quanti zationTevel s.[f forlinstance T &6, 1T 0
=[4,[And[OI T F5, Thelhumber[of [operationslisléqual (fo]
21504per bl ock. [T hislilslapproximatel y[37fi meslsl owerd
thanlJPEG' sléquival entléomponent.[On(Theldther Thand,
with{J todaysJ computational (J power [ the(J actual (1 time[]
requirementsCarel reasonabl e.[ForCinstance, Cal 11.5GHz
Pentium(4[computer fequiresiaroundBSecondsiibl¢ode@]
512XB12(imagelfor(ar30: 1idompressionlratio. [

U
0

S5.[CONCLUSIONS

U

Thislpaperproposesiamovel fadaptiveld gorithmfor
imagel] compression.[] Theld major[] advantagel] of [ this(]
a gorithm(isEhat it fequiresiasmal | lhumber [of [Erai ning [
parametersCandChaslal fast[trainingCphaseltompareltol]
other[adaptivelfechni quesiSsuchlasineural (networks{NN).[
Therefore, [frai ningldanbelihcorporatediintolfheléncoding
process.00ThelproposedOarchitecturelexhibitsfsmallerd
codingCérrorthanCprevioussinglelstructurelandparallel (]
structurelJNNOarchitectures.C1IM oreover,[0althoughthed
trai ningCphaseli sCincludedlinCtheCencodingCprocess, [t
exhibitsfasterDencodingOthanOparallel OstructureONN O
techniques. [

TheOoverall OprocessOof OthedproposedUal gorithm(d
exhibits[s milaritiestothe[JPEGA gorithm.[Thelinajor]
differencesarelthelsubstitutionCof (DCT CithCadaptivel
transforms, CandtheCadaptivelestimati on[of Ctoefficient[
quantizationCevel .M he[proposedtechni queroduces]
higherd PSNRO thand JPEG,O especiallyd ford high
compressionltatios.CAIthoughthelproposedCmethodCis]
more] computationallyl complexd thanO JPEGO theld
compressi onlti melrequiredlikieasonable.]

U
U
U
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