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PERILHYHStìqoc thc diatrib c eÐnai h an�deixh kai an�lush mikrodom¸n thc optik c uf c, gia thnefarmog  apodotik¸n montèlwn, thn exagwg  perigrafik¸n qarakthristik¸n kai thn anapa-r�stash eikìnwn. KÔrioi �xonec thc eÐnai ta probl mata thc montelopoÐhshc kai an�lushcoptik c uf c eikìnwn se sust mata 'Orashc Upologist¸n, me èmfash sta epimèrouc probl -mata thc anÐqneushc, kat�tmhshc kai diaqwrismoÔ thc se sÔnjetec eikìnec. Ereun jhkankai proteÐnontai prohgmènec teqnikèc montelopoÐhshc kai an�lushc se par�llhlec kateu-jÔnseic: a) polukanalik� montèla stenozwnik¸n sunistws¸n kai qwrik¸n diamorf¸sewn,b) energeiakèc mèjodoi gia exagwg  qarakthristik¸n, g) metabolikèc teqnikèc apodìmhshceikìnwn kai diaqwrismoÔ twn sunistws¸n uf c. H efarmog  twn proteinìmenwn mejìdwnepideiknÔetai se dedomèna apì mia b�sh eikìnwn edafotom¸n me ap¸tero skopì thn kath-goriopoÐhsh kai thn ektÐmhsh thc biologik c poiìthtac edaf¸n kaj¸c kai se diaforetikèckathgorÐec fusik¸n eikìnwn. To anaptugmèno montèlo sunist� thn koin  b�sh prosèggishctou fainomènou thc uf c stic di�forec ekf�nseic kai efarmogèc tou. Sunolik� proteÐnetaièna oloklhrwmèno sÔsthma an�lushc kai epexergasÐac uf c pou perilamb�nei suneisforèckai kainotomÐec sta jèmata: 1) anÐqneushc, 2) exagwg c qarakthristik¸n me efarmogèc sekat�tmhsh kai taxinìmhsh uf c kai polukritiriak  kat�tmhsh eikìnwn kai 3) diaqwrismoÔuf c me aposÔnjesh eikìnwn gia kalÔterh montelopoÐhsh kai enÐsqush thc plhroforÐac u-f c. Ta genik� sumper�smata pou ex�gontai èqoun na k�noun me th fÔsh tou fainomènou,trìpouc posotikopoÐhshc kai an�lushc tou all� kai th sqèsh thc uf c me tic upìloipecdomèc eikìnwn. Par�pleura, exet�zetai h genÐkeush twn ide¸n se monodi�stata s mata giathn an�lush twn mikrodom¸n akoustik¸n shm�twn kai thn anÐqneush fwn c.
Lèxeic Kleidi�'Orash Upologist¸n, An�lush Eikìnwn, Uf  Eikìnwn, Upologistik� Montèla Uf c, A-n�lush Uf c, Kat�tmhsh Eikìnwn, Exagwg  Qarakthristik¸n, KathgoriopoÐhsh, AM-FMMontèla, Mh-grammik� Montèla, Metabolikèc Teqnikèc, Polukanalik  EpexergasÐa, Qw-rik� FÐltra, EnergeiakoÐ Telestèc, Apodiamìrfwsh, AposÔnjesh Eikìnwn, u + v MontèlaEikìnwn, Eikìnec Edafotom¸n, AnÐqneush Fwn c.





ABSTRACT

The subject of the thesis is the emergence and analysis of visual texture microstructure for
efficient modeling, descriptive feature extraction and image representation. Main objecti-
ves are the problems of image texture modeling and analysis in Computer Vision systems,
with emphasis on the subproblems of texture detection, segmentation and separation in
images. Advanced modeling and analysis method are developed in parallel directions:
a) Multiband models of narrowband components and spatial modulations, b) Energy me-
thods for texture feature extraction, c) Variational techniques of image decomposition
and texture separation. The proposed methods are applied on a database of digitized
soilsection images to quantify and evaluate the biological quality of soils and in different
types and collections of natural images. The developed model is the common ground to
approach texture in its different forms and applications. In total a complete system for
texture processing and analysis is proposed that includes contributions and advances re-
garding: a) detection, b) feature extraction applied on segmentation and classification and
multicue image segmentation, c) texture-from-structure separation through image decom-
position for texture enhancement and improved modeling. The general conclusions drawn
regard the nature of the phenomenon, ways to quantify and analyze it and the relation-
ship of texture to other image structure. In parallel, the specialization of these ideas to
one-dimensional signals is explored for the analysis of acoustic signal microstructures and
speech detection.
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Energy Operators, Demodulation, Image Decomposition, Soilsection Images, Speech De-
tection.





Prìlogoc
It’s not what you look at that matters,
it’s what you see.

Henry David ThoreauH anjr¸pinh ìrash kai ako , polÔ perissìtero apì aisjht riec leitourgÐec antÐlhyhckai allhlepÐdrashc me ton kìsmo, eÐnai ekfr�seic kai foreÐc thc anjr¸pinhc nohmosÔnhc.Mèsw thc ìrashc h an�lush twn iqn¸n tou fwtìc ston amfiblhstroeid  kai h epexergasÐaston optikì floiì odhgeÐ sthn ermhneÐa antikeimènwn, pros¸pwn kai fusik¸n skhn¸n. Mè-sw thc akoustikoÔ sust matoc, metabolèc thc pÐeshc tou aèra ermhneÔontai wc proc thnproèleush, to pl joc, thn phg    to gegonìc pou tic dhmiourgeÐ. Oi shmantikìterec de apìautèc, ofeÐlontai se talant¸seic fwnhtik¸n qord¸n kai metafèroun omilÐa   lìgo. Apote-lèsmata sÔnjetwn, par�llhlwn kai se meg�lo bajmì anexereÔnhtwn, biologik¸n, neurik¸nkai gnwsiak¸n diergasi¸n, basÐzontai se pr¸imh neurik  epexergasÐa twn erejism�twn al-l� kai proôpojètoun   energopoioÔn an¸terec nohtikèc leitourgÐec ìpwc o sqediasmìc, hektÐmhsh, h apìfash, h mn mh, h m�jhsh. 'Etsi, basizìmenoi se sÔnjeta sust mata epexer-gasÐac kai ston anjr¸pino nou apokt�me antÐlhyh tou exwterikoÔ kìsmou kai suneÐdhshthc atomikìthtac mac. Ex�llou h nohmosÔnh kai h anèlixh tou anjr¸pou sthn exeliktik alusÐda sqetÐzetai me to ìti den koit�me mìno, all� blèpoume ki ermhneÔoume, den antidr�memìno se  qouc all� katanooÔme ton anjr¸pino lìgo kai ton (ana-) par�goume.H antÐlhyh èqei na k�nei me th suneidhtopoÐhsh kai thn katanìhsh k�poiou eÐdouc ai-sjht riac plhroforÐac, gia par�deigma optik , akoustik , aptik , omilÐac, rujmoÔ k.�. Hmelèth thc optik c antÐlhyhc sugkekrimèna epikentr¸netai sthn ikanìthta ermhneÐac thcplhroforÐac optikoÔ fwtìc pou ft�nei sta m�tia. 'Etsi, oi prwtarqikèc melètec pragmato-poi jhkan apì thn pleur� thc optik c kai thc fusiologÐac xekin¸ntac apì ton arqaÐo kìsmo(Ell�da kai PersÐa), pern¸ntac sthn perÐodo thc Anagènnhshc (Leonardo Da Vinci) kaikatal gontac sth sÔgqronh epoq  me shmantikèc suneisforèc (Newton, Helmholtz kai �l-loi). 'Ena sumpèrasma pou proèkuye polÔ fusik� par' ìla aut� eÐnai ìti autì pou blèpoume,to apotèlesma thc ìrashc dhlad , eÐnai polÔ diaforetikì apì mia {met�frash} thc eikìnacpou sqhmatÐzetai ston amfiblhstroeid . De blèpoume, koin¸c, me ta m�tia all� me to nou.Oi aisj seic mèsw twn aisjht riwn shm�twn trofodotoÔn arqik� antilhptikèc   kat¸-terec diergasÐec, ìpwc h prosoq    h antÐlhyh qwrÐc episkìphsh/prosp�jeia kai telik� tican¸terec   gnwsiakèc diergasÐec tou nou. H yuqologÐa Gestalt (germanik  lèxh pou sh-maÐnei fìrma   prìtupo) tic dekaetÐec `20 kai `30 asqolhjhke kai diatÔpwse nìmouc gia thnantilhptik  org�nwsh kai thc prosoq c (Wertheimer, Kohler, Koffka). EkeÐ sunant¸ntaikai oi pr¸tec anaforèc gia stoiqei¸dh {antilhptik�} stoiqeÐa kaj¸c kai gia tic idiìthteckai tic sqèseic {sunìlwn}.Oi prosp�jeiec tou kl�dou thc teqnht c nohmosÔnhc (artificial intelligence) th dekaetÐatou `60 gia th dhmiourgÐa eufu¸n mhqan¸n, ¸jhsan jewrÐec gia prosomoÐwsh thc antÐlhyhcse sust mata anagn¸rishc omilÐac kai anagn¸rishc antikeimènwn, pros¸pwn kai skhn¸n. HdeÔterh kateÔjunsh morfopoÐhse to episthmonikì pedÐo thc ìrashc upologist¸n (computer
vision). To pedÐo sunoyÐzei tic prosp�jeiec katanìhshc twn biologik¸n mhqanism¸n ìra-
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shc, montelopoÐhshc nohtik¸n diergasi¸n kai ap¸tero stìqo th dhmiourgÐa upologist¸nme ikanìthtec teqnht c ìrashc. Mhqan¸n pou ja mporoÔsan na doÔne kai na ermhneÔsounmia optik  skhn , mhqan¸n pou ja mporoÔsan na allhlepidr�soun autìmata me ton oratìkìsmo.Me th jemelÐwsh thc upologistik c sullogistik c emfanÐzontai ta pr¸ta upologistik�montèla ìrashc th dekaetÐa tou `80 (Marr, Poggio). H leitourgÐa thc ìrashc antimetwpÐze-tai wc èna sÔsthma epexergasÐac plhroforÐac se pollapl� st�dia. O David Marr sthrÐzeith jewrÐa tou gia thn ìrash se trÐa epÐpeda an�lushc: upologistikì, algorijmikì kai epÐ-pedo an�ptuxhc kai ulikoÔ. H diadikasÐa thc ìrashc proqwr�ei apì thn 2-D eikìna stonamfiblhstroeid  sthn 3-D perigraf  tou kìsmou se trÐa st�dia: a) 2-D prwtarqikì skÐtso
(primal sketch) (exagwg  qarakthristik¸n perioq¸n) b) 21

2 -D skÐtso (uf , prosanatoli-smìc, b�joc) a), g) 3-D montèlo (optikopoÐhsh thc skhn c wc 3-D q�rth).Ta pr¸ta aut� upologistik� montèla èjesan kai touc stìqouc thc ìrashc upologist¸n.Na prosfèrei mhqanistikèc apant seic sqetik� me ti brÐsketai pou kai pwc se mia optik skhn , dhlad  to eÐdoc, th jèsh kai thn kat�stash twn antikeimènwn. Autì an�getai sthdhmiourgÐa miac sumbolik c perigraf c miac trisdi�stathc skhn c apì mÐa   perissìterecduadikèc eikìnec. Oi eikìnec eÐnai deÐgmata fwteinìthtac apì tic antanakl�seic twn fu-sik¸n antikeimènwn ìpwc apotup¸nontai se èna sÔsthma aisjht rwn. Gia mia mhqan  tosÔsthma aisjht rwn eÐnai mia yhfiak  k�mera kai ta antÐstoiqa aisjht ria s mata, oi 2-Danaparast�seic eÐnai k�poia kathgorÐa yhfiak¸n eikìnwn.H ìrash upologist¸n {genn jhke} apì th sumbol  kurÐwc tri¸n episthmonik¸n pedÐ-wn: teqnht  nohmosÔnh (upologistik  nohmosÔnh), epexergasÐa shm�twn (signal processing)(s mata dÔo   perissotèrwn metablht¸n) kai anagn¸rish protÔpwn (pattern recognition)(mhqanik  ìrash, m�jhsh). Sten� sqetizìmena eÐnai kai ta pedÐa thc rompotik c (ìrash ro-mpìt), neuroepisthm¸n (biologik  ìrash, egkefalikèc leitourgÐec), gnwsiak c yuqologÐac(antÐlhyh, montèla tou nou), thc fusik c (optik ) kai twn majhmatik¸n (gewmetrÐa, stati-stik , beltistopoÐhsh). Kaj¸c h ìrash basÐzetai stic eikìnec, epikaluptìmena   par�llhlapedÐa eÐnai kai oi di�forec epist mec twn eikìnwn, dhlad  h epexergasÐa eikìnac (image
processing), h an�lush eikìnac (image analysis), ta grafik� me upologistèc (computer
graphics) kai h apeikìnish (imaging).H an�lush kai montelopoÐhsh thc uf c eikìnwn kai epifanei¸n eÐnai èna apì ta upo-probl mata thc ìrashc upologist¸n. H lèxh uf  proèrqetai apì to r ma ufaÐnw, ìpwcakrib¸c h agglik  texture pou ofeÐletai sto latinikì r ma texere, sqetÐzetai dhlad  me thnÔfansh, ton trìpo raf c   to plèximo ufasm�twn. An�loga h optik  uf  sqetÐzetai me idiì-thtec ìpwc h analutikìthta, h periodikìthta, o prosanatolismìc, h sqetik  org�nwsh   htuqaiìthta. Pèra apì tic idiìthtec, h ènnoia thc uf c eÐnai dÔskolo na oristeÐ kai sundèetaisun jwc me ènnoiec ìpwc h {leptomèreia}, h {mikrodom }   ta {mikroprìtupa} twn eikìnwn.H diamìrfwsh twn ennoi¸n gÔrw apì to fainìmeno thc optik c uf c xekin�ne prin akìmh apìth jemelÐwsh thc upologistik c sullogistik c en¸ oi sqhmatismoÐ thc apoteloÔn kentrik�zht mata stic jewrÐec Gestalt, arqikoÔ skÐtsou kai pr¸imhc ìrashc, dhlad  melèthc twnpr¸imwn stadÐwn biologik c ìrashc.To antikeÐmeno thc paroÔsac diatrib c eÐnai h an�lush twn mikrodom¸n kai/  thcuf c eikìnwn sta plaÐsia twn jem�twn thc ìrashc upologist¸n me èmfash sta epimèroucprobl mata thc anÐqneushc, kat�tmhshc, taxinìmhshc kai exagwg c/diaqwrismoÔ thc apìtic loipèc domèc eikìnwn. Gia to skopì autì ereun jhkan kai anaptÔqjhkan montèlakai teqnikèc se treÐc par�llhlec kateujÔnseic: a) montelopoÐhsh me qr sh enìc genikoÔmajhmatikoÔ montèlou, b) exagwg  qarakthristik¸n kai perigraf  mèsw energeiak¸nmejìdwn, g) aposÔnjesh eikìnwn mèsw metabolik¸n mejìdwn.H uf  kai h leptomèreia brÐskontai pantoÔ gÔrw mac ston kìsmo pou mac perib�llei, s'aut� pou dhmiourgoÔme all� kai s' aut� pou jèloume na katano soume. An kei sth gk�ma
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afhrhmènwn all� jemeliak¸n idiot twn kai ide¸n pou sunup�rqoun kai qarakthrÐzoun thfÔsh: {qr¸ma}, {fìrma}, {omorfi�}, {kÐnhsh}, {leptomèreia}. H leptomèreia apant�tai stofusikì kìsmo wc trib , allhlepÐdrash kai traqÔthta, stic aisj seic mac (sthn ìrash, thnako , thn af , th geÔsh), sthn aisjhtik  kai sthn èkfrash mac (sth mousik , th zwgrafik ,sto Ôfoc tou lìgou), stic idèec kai ston trìpo pou antilambanìmaste ta pr�gmata wcmetablhtìthta kai diaforetikìthta.H uf , h leptomèreia eÐnai realismìc, idiaiterìthta kai telik� omorfi�!EuqaristÐecH paroÔsa doulei� pragmatopoi jhke sto Ejnikì Metsìbio PoluteqneÐo, sto ergast -rio EpikoinwnÐac Lìgou, EpexergasÐac Shm�twn kai 'Orashc Upologist¸n (CVSP) apì toFebrou�rio tou 2001 mèqri to M�io tou 2007 ìpote kai oloklhr¸jhke me th morf  thc di-daktorik c diatrib c. Me thn eukairÐa enìc kÔklou pou kleÐnei ètsi ja  jela na euqarÐstwtouc anjr¸pouc pou me upost rixan ereunhtik�, hjik� kai yuqologik� aut� ta qrìnia kaigia touc opoÐouc jewr¸ ìti eÐnai tìso shmantik  h olokl rwsh aut c thc doulei�c ìso eÐnaikai gia mèna.Ja  jela na euqarist sw katarq n ton epiblèponta kajhght  thc diatrib c mou k. Pè-tro Maragkì gia tic eukairÐec, tic dunatìthtec kai tic kateujÔnseic pou mou prosèfere. Tamaj mata tou, proptuqiak� all� kai metaptuqiak�  tan gia mèna xeqwrist� {dianohtik�}erejÐsmata kai me èferan se epaf  me gohteutik� pedÐa ìpwc h ìrash, h mh-grammikìthtakai to q�oc. H akadhmaðk  tou afosÐwsh kai h {emmon }-epimon  tou sthn poiìthta kai stadÔskola suneisèferan �mesa sthn èreuna, ta apotelèsmata kai thn parousÐash aut c dou-lei�c. H diatrib  aut  eÐnai to diadrastikì apotèlesma poll¸n sunant sewn, suzht sewnkai ide¸n. Tèloc, ektim¸ idiaÐtera tic eukairÐec pou mou èdwse na parousi�sw èna mèrocaut c thc doulei�c se meg�la diejn  sunèdria.H epaf  mou me ta mèlh thc trimeloÔc sumbouleutik c epitrop c, ton kajhght  k. Ge-¸rgio Karagi�nnh kai ton omìtimo kajhght  k. SpÔro Tzafèsta, xekin�ei apì ta pr¸taex�mhna twn proptuqiak¸n mou spoud¸n kai suneqÐzetai mèsw twn majhm�twn kai drasth-riot twn tou Tomèa Shm�twn, Elègqou kai Rompotik c tou tm matoc. Touc euqarist¸ giathn akadhmaðk  kai ereunhtik  empeirÐa pou mou metèdwsan mèsw sumboul¸n kai suzht sewn.EpÐshc na euqarist sw ta upìloipa mèlh thc eptameloÔc exetastik c epitrop c thc diatri-b c, touc kajhghtèc kk. Stèfano Kìllia kai Dhm trh Argial� kai ton lèktora k. K¸staTzafèsta apì to E.M.P., kaj¸c kai ton kajhght  k. Miq�lh Zerb�kh apì to PoluteqneÐoKr thc gia ta sqìlia kai tic parathr seic wc proc to perieqìmeno, tic idèec all� kai ticmellontikèc kateujÔnseic aut c thc doulei�c.Kat� th di�rkeia aut¸n twn qrìnwn eÐqa thn tÔqh na sunup�rxw kai na sunergast¸ mepolloÔc qarismatikoÔc kai {anoiqtoÔc} anjr¸pouc. Euqarist¸ polÔ ta paidi� thc om�dactou CVSP, touc fÐlouc: to BasÐlh Pitsik�lh, gia th suntrofikìthta, th suntrofi� ticateleÐwtec ¸rec sto ergast rio, ta par�llhla p�jh kai tic koubèntec mèsa kai èxw apì tapr�gmata, th Nat�sa SofoÔ gia thn �yogh sunergasÐa sta jèmata twn edafotom¸n, thn{koritsÐstikh} antÐlhyh twn pragm�twn pou èferne sto ergast rio kai th di�jesh na akoÔ-sei, ton I�sona Kìkkino gia th sunergasÐa mac sto jèma thc kat�tmhshc, thn afosÐwsh kaithn eurhmatikìthta sth doulei� tou, touc N�sso Katsam�nh kai Gi¸rgo Papandrèou gia to{nèo aÐma} se idèec, suzht seic, teqnik  upost rixh (kaj¸c kai gia dÔo upèroqa taxÐdia!),touc T�sso RoÔsso kai Stam�th Leukimmi�th gia to endiafèron kai ton enjousiasmì poudeÐxane na gnwrÐsoun th doulei� mou kai na moirastoÔn th diki� touc kai ton {paliì} Dh-m trh Dhmhtri�dh gia tic suzht seic p�nw se fwn  kai monodi�stata montèla diamìrfwshc.EpÐshc, euqarist¸ thn ElÐza gia th di�jesh kai th filologik  episkìphsh tmhm�twn toukeimènou.
iii



H paroÔsa didaktorik  diatrib  pragmatopoi jhke sta plaÐsia tou progr�mmatocPENED-2001, thc Genik c GrammateÐac 'Ereunac kai TeqnologÐac. Jèlw na euqarist -sw thn om�da tou Tomèa OikologÐac, Tm matoc BiologÐac tou AristoteleÐou PanepisthmÐouJessalonÐkhc gia th sunergasÐa mac sta plaÐsia tou progr�mmatoc kai thn paroq  twn de-domènwn twn edafotom¸n. IdiaÐtera de thn k. Aggèla Karamanl  gia ton exairetikì qeirismìtwn diadikastik¸n, grammateiak¸n kai oikonomik¸n zhthm�twn tou progr�mmatoc.Na euqarist sw epÐshc polloÔc kaloÔc fÐlouc apì to PoluteqneÐo, thn Aj na kai taGreben�. Me k�poiouc eÐqame drìmouc antÐjetouc, me �llouc poreÐec par�llhlec proptu-qiak�, me k�poiouc kai metaptuqiak�. Touc euqarist¸ gia thn t�xh kai thn kanonikopoÐhshsto q�oc thc kajhmerinìtht�c mou aut� ta qrìnia, kai to nìhma pou d¸sane se pr�gma-ta, eidik� autoÐ pou eÐnai akìmh {ed¸}... IdiaÐtera euqarist¸ ton Kanèllo, to Jèmh, toQ�rh, to Dhm trh kai th J�leia gia tic pollèc kai spoudaÐec koubèntec kai thn amèristhsumpar�stash!Tèloc, h diatrib  eÐnai afierwmènh stouc anjr¸pouc pou mou dÐnoun  qouc, eikìnec kaiuf . Touc euqarist¸: Th S�sa pou �ntexe èmmesa èna meg�lo mèroc apì th diadikasÐatou didaktorikoÔ (apì thn kal  kai ap' thn an�podh!) kai me prokaloÔse na xepern�w toneautì mou. Ton aderfì mou Gi�nnh (bro’) gia thn katanìhsh, thn yuqologik  upost rixh,th sumpar�stash kai thn pÐsth pou deÐqnei se mèna. Kai xeqwrist� ap' ìlouc, touc goneÐcmou Qr sto kai D mhtra pou me meg�lwsan na skèftomai {ètsi} kai na mh sumbib�zomai,pou mou èdwsan drìmouc, eleujerÐa epilog¸n kai kÐnhtra kai eÐnai pÐsw (  mprost�) mou,sthrÐzontac k�je mou prosp�jeia. Euaggelìpouloc Gi¸rgocAj na, M�ioc 2007
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Kef�laio 1Eisagwgik�H optik  uf  an kei sthn kathgorÐa twn mikrodom¸n miac eikìnac pou gia tic epist mectwn eikìnwn eÐnai h qwrik  plhroforÐa pou entopÐzetai stic mikrèc klÐmakec kai sunup�rqeime ta makroskopik� kai gewmetrik� qarakthristik� twn antikeimènwn   twn skhn¸n. AntÐ-stoiqa, stic epist mec tou  qou h mikrodom  sqetÐzetai me th metabol  se mikrèc qronikècklÐmakec. H epexergasÐa thc uf c an kei stic diergasÐec qamhloÔ epipèdou thc ìrashc kai han�lush thc sqetÐzetai me thn katanìhsh thc optik c antÐlhyhc apì biologik , gnwsiak  kaiupologistik  skopi�. Oi efarmogèc thc kalÔptoun sunaf  gnwstik� pedÐa ìpwc h ìrashupologist¸n, h anagn¸rish protÔpwn, h epexergasÐa eikìnwn   ta grafik� upologist¸n.Sto kef�laio autì epiqeireÐtai mia eisagwg  sta jèmata thc uf c eikìnwn me gn¸mona thshmasÐa tou fainomènou, ta kÐnhtra gia thn an�ptuxh enìc genikoÔ plaisÐou perigraf c all�kai ta probl mata pou sqetÐzontai me thn upologistik  antimet¸pish tou jèmatoc. 'OpoukrÐnetai skìpimo an�gontai antÐstoiqÐec se jèmata an�lushc  qwn kai fwn c.1.1 AntikeÐmeno kai skopìcH optik  plhroforÐa pou perilamb�netai stic eikìnec tou fusikoÔ kìsmou, ìpwc au-tèc anaparist¸ntai se biologik� all� kai teqnht�/upologistik� sust mata ìrashc eÐnaidomhmènh ierarqik� se pollapl� epÐpeda org�nwshc kai klÐmakec. Oi eikìnec apartÐzontaiapì domèc pou antistoiqoÔne se diaforetik� qarakthristik� thc apotupwmènhc skhn c kaiorÐzontai me b�sh thn ermhneÐa apeikìnishc. H ierarqÐa {fÔlla-dèntro-d�soc} eÐnai èna tè-toio par�deigma. Apì adromerèc se leptomerèc epÐpedo h org�nwsh sunÐstatai apì fìrmec(antikeÐmena, sq mata, perigr�mmata), oi opoÐec an�gontai se makrodomèc, sth sunèqeia seepanalambanìmena prìtupa kai telik� se mikrodomèc [105].H uf  (texture), antikeimènwn   epifanei¸n an kei sthn kathgorÐa twn mikrodom¸n miaceikìnac pou sunup�rqei me tic domèc meg�lhc klÐmakac kai ta gewmetrik� qarakthristik�thc skhn c. H fusik  (natural) uf  twn antikeimènwn eÐnai h idiìthta pou gÐnetai �mesaantilhpt  me thn aÐsjhsh thc af c kai sqetÐzetai me tic fusikèc idiìthtec twn epifanei¸nìpwc h omalìthta   h traqÔthta. H optik  uf  (visual texture) eÐnai mia antilhptik  idiìthtaperioq¸n eikìnwn. Se fusikèc eikìnec aut  mporeÐ na jewrhjeÐ to gnwsiakì antÐstoiqo thc1



Kef�laio 1. Eisagwgik�fusik c uf c kaj¸c suqn� sqetÐzetai me qarakthristik� endeiktik� tou eÐdouc, thc sÔstash,thc dom c   thc kat�stashc twn antikeimènwn. O sunhjèsteroc ìroc uf  eikìnac (image

texture) tupik� perilamb�nei dÔo kathgorÐec: uf  kai prìtupa (patterns) [24].H uf  eÐnai an�logh me antilhptikèc idiìthtec ìpwc h fwteinìthta, to qr¸ma, to b�jockai h kÐnhsh, qwrÐc na eÐnai pleon�zousa   mh sunep c se mia perigraf  enìc antikeimènou.Dhlad  o kajorismìc twn upìloipwn idiot twn tou den periorÐzei tic idiìthtec thc uf ctou. 'Ena sÔsthma ìrashc, biologikì   teqnhtì, qrhsimopoieÐ upologistik� montèla twnidiot twn aut¸n se èna eurÔtero plaÐsio an�lushc thc sÔnjethc optik c plhroforÐac giathn paragwg  sumbìlwn apì 2-D eikìnec kai thn exagwg  sumperasm�twn gia tic 3-Dskhnèc. 'Etsi to endiafèron gia thn antÐlhyh thc uf  èqei rÐzec tìso jewrhtikèc ìsokai efarmosmènec.Se epÐpedo epist mhc twn eikìnwn, h uf  antistoiqeÐ stic metabolèc thc èntashc fwtei-nìthtac stic mikrìterec klÐmakec, dhlad  me taqÔtero rujmì qwrik c metabol c   uyhlìterhsuqnìthta. Oi metabolèc autèc mporeÐ na eÐnai topikèc   mh, tuqaÐec, periodikèc   sqedìn pe-riodikèc. Par�llhla antistoiqeÐ se prìtupa pou kajorÐzoun kai prosdÐdoun th leptomèreiatwn apeikonizìmenwn skhn¸n kai antikeimènwn. H uf  mporeÐ proseggisteÐ eÐte wc idiìthtatwn perioq¸n miac eikìnac, ìpou oi perioqèc kajorÐzontai apì thn omoiogèneia touc se sqèshme th geitoni� me saf    noht� sÔnora kai perigr�mmata, eÐte wc sullog  apì stoiqei¸dhprìtupa qwrik� organwmèna se kathgorÐec. 'Opwc proanafèrjhke, se plhroforiakì epÐpedokwdikopoieÐ plhroforÐa sqetik� me th fusik  uf , th domik  poluplokìthta, tic paramor-f¸seic kai tic metabolèc twn epifanei¸n, tic idiìthtec kai th sÔstash twn ulik¸n kaj¸c kaitic fusikèc idiìthtec thc skhn c kai tou mèsou apeikìnishc.To antikeÐmeno thc paroÔsac doulei�c eÐnai èna apì ta upoprobl mata thc ìrashc upo-logist¸n, h montelopoÐhsh kai h an�lush upologistik� thc uf c eikìnwn. H an�ptuxh kaiqr sh dhlad  upologistik¸n montèlwn gia thn anapar�stash, thn perigraf  kai to qeirismìthc plhroforÐac thc uf c. Stìqoc eÐnai h an�deixh kai an�lush thc mikrodom c yhfiak¸neikìnwn gia thn efarmog  apodotik¸n montèlwn uf c, thn exagwg  perigrafik¸n qarakth-ristik¸n kai thn an�ptuxh efarmog¸n mhqanik c ìrashc kai autìmathc an�lushc eikìnwn.H montelopoÐhsh anafèretai sto sqediasmì kai thn an�ptuxh majhmatik¸n, statistik¸n  upologistik¸n montèlwn pou ja perikleÐoun gn¸sh gia thn uf  se mia qrhsimopoi simhmorf . Oi par�metroi tou montèlou kajorÐzoun tic diaforetikèc katast�seic tou fainomènou.'Ena montèlo mporeÐ na qrhsimopoihjeÐ eÐte gia metr seic apì èna sÔnolo dedomènwn (an�lushuf c) eÐte antÐstrofa gia prosomoÐwsh pijan¸n katast�sewn (sÔnjesh uf c). H an�lushkai h sÔnjesh perigraf¸n uf c kajorÐzetai ektim¸ntac kai rujmÐzontac antÐstoiqa tic timèctwn paramètrwn/metablht¸n tou montèlou. H montelopoÐhsh proôpojètei katanìhsh twnshmantik¸n qarakthristik¸n thc uf c antilhptik� all� kai majhmatik�, gegonìc pou odhgeÐsthn an�gkh orismoÔ kai kajorismoÔ tou fainomènou. Ti eÐnai kai ti den eÐnai uf  se miaeikìna kai ti rìlo paÐzoun oi di�forec par�metroi thc anapar�stashc, ìpwc gia par�deigmah klÐmaka.Prwtarqikìc stìqoc eÐnai o kajorismìc mia sunolik c je¸rhshc gia thn uf  se èna2 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 1. Eisagwgik�jewrhtikì kai upologistikì plaÐsio. Autì sumperilamb�nei to leitourgikì orismì tou fai-nomènou kaj¸c kai thn epilog    thn an�ptuxh tou kat�llhlou, perigrafikoÔ montèloupou ja anadeiknÔei thn Ôparxh   apousÐa uf c kai tic diaforetikèc ekf�nseic thc kai japerigr�fei tic idiìthtec thc. To jèma thc epilog c tou kat�llhlou montèlou èqei apasqo-l sei ekten¸c th sqeik  bibliografÐa me epimèrouc zht mata thn epilog  kat�llhlhc b�shcperigraf c, ton orismì twn sqetik¸n paramètrwn, thn ektÐmhsh touc kaj¸c kai trìpoucsÔzeuxhc   genikeÔseic montèlwn kai ide¸n apì diaforetikèc proseggÐseic.IdiaÐterh èmfash dÐnetai se epimèrouc zht mata pou apoteloÔn upoprobl mata all� kaishmantikèc sunist¸sec miac oloklhrwmènhc je¸rhshc gia thn uf :AnÐqneush uf c (texture detection): kajorismìc thc Ôparxhc kai thc {èntashc} thcan� perioqèc se mia eikìna.An�lush, exagwg  qarakthristik¸n uf c (texture feature extraction):kataskeu  dianusm�twn qarakthristik¸n gia posotikopoÐhsh kai perigraf  thc uf cse diergasÐec uyhloÔ epipèdou.Kat�tmhsh uf c (texture segmentation/segregation): omadopoÐhsh perioq¸n meomogen  uf , qwrismìc miac eikìnac se omogeneÐc perioqèc me b�sh thn uf  touc,perigr�mmata me b�sh thn uf .Kat�tmhsh eikìnwn (image segmentation): qwrismìc eikìnac se omogeneÐc perio-qèc me b�sh pollapl� krit ria/idiìthtec.Diaqwrismìc uf c - apì - dom  (texture-from-structure separation):apodìmhsh eikìnac stic sunjetikèc tic sunist¸sec (gewmetrik� qarakthristik�,makrodomèc, uf , jìruboc).Taxinìmhsh, di�krish uf c (texture classification, discrimination):omadopoÐhsh eikìnwn uf c se kathgorÐec an�loga me ta qarakthristik� touc.H anÐqneush sqetÐzetai me thn an�deixh ekeÐnwn twn qarakthristik¸n kai thn an�ptuxhmetr sewn   telest¸n pou na parèqoun endeÐxeic gia thn Ôparxh uf c se mia perioq  thceikìnac. Autì isodunameÐ me thn kataskeu  enìc {endeÐkth}, me suneqeÐc   duadikèc timèc,gia tic diaforetikèc perioqèc thc eikìnac pou ja qarakthrÐzei topik� thn èntash kai thnestÐash thc uf c. H an�lush anafèretai sth qr sh tou montèlou gia anapar�stash kaisthn an�ptuxh algorÐjmwn gia thn ektÐmhsh twn paramètrwn tou. Ta exag¸mena qarakth-ristik�   perigrafeÐc thc uf c mporoÔn na qrhsimopoihjoÔn se pio sÔnjeta probl mata kaiefarmogèc ìpwc eÐnai h kat�tmhsh kai h taxinìmhsh eikìnwn, h anagn¸rish antikeimènwn kaih exagwg  3-D gewmetrÐac. H taxinìmhsh eikìnwn uf c afor� thn omadopoÐhsh eikìnwn sekathgorÐec an�loga me to eÐdoc thc uf c touc, ìpwc autì ekfr�zetai apì dianÔsmata qara-kthristik¸n. An kai h etumologÐa tou ìrou diaqwrismìc uf c tairi�zei perissìtero me tonagglikì segregation, o ìroc ja qrhsimopoieÐtai ed¸ gia na dhl¸sei thn exagwg  thc uf c
Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή 3



Kef�laio 1. Eisagwgik�apì tic loipèc makrodomèc thc eikìnac mèsw apodìmhshc stic sunjetikèc thc sunist¸sec.H ektim¸menh me autì ton trìpo sunist¸sa uf c mporeÐ na jewrhjeÐ mia enisqumènh ekdoq thc uf c thc arqik c eikìnac.To montèlo pou qrhsimopoieÐtai gia th sunolik  je¸rhsh thc uf c apartÐzetai apì topik�stenozwnik�, qwrik� diamorfwmèna kat� pl�toc kai suqnìthta hmitonoeid  se upèrjesh.H an�lush sthrÐzetai se epexergasÐa thc eikìnac se poll�pl� kan�lia suqnot twn ìpwcaut� kajorÐzontai apì grammik� fÐltra, epilektik� wc proc th suqnìthta kai ton qwrikìprosanatolismì touc. Ta qwrik� aut� s mata diamìrfwshc, oi sunist¸sec tou montèlou,qarakthrÐzoun th mikrodom  thc eikìnac en¸ tautìqrona h epilog  qwrosuqnotik� twnperissìtero shmantik¸n odhgoÔn se jemeli¸dh domik� stoiqeÐa   prìtupa thc uf c.Gia thn prosèggish twn epimèrouc zhthm�twn se autì to koinì plaÐsio montelopoÐhshc,axiopoioÔntai teqnikèc kai ergaleÐa me kÐnhtra diaisjhtik� kai majhmatik�:a) Polukanalik� montèla stenozwnik¸n sunistws¸n kai qwrik¸n diamorf¸sewn.b) Energeiakèc mèjodoi gia exagwg  qarakthristik¸n.g) Metabolikèc mèjodoi apodìmhshc eikìnwn kai diaqwrismoÔ thc sunist¸sac uf c.To ereunhtikì plaÐsio perilamb�nei genikeumènouc mh-grammikoÔc, 2-D energeiakoÔc tele-stèc, montelopoÐhsh sÔnjetwn shm�twn/eikìnwn wc upèrjesh diamorfwmènwn hmitonoeid¸n,polukanalik  an�lush mèsw zwnoperat¸n fÐltrwn se pollaplèc suqnotikèc z¸nec, ektÐmh-sh me energeiak� krit ria twn {isqur¸n} sunistws¸n pou eÐnai perissìtero shmantikèc giathn uf , logismì metabol¸n kai mejìdouc suneqoÔc beltistopoÐhshc gia thn antÐstrofhektÐmhsh twn sunjetik¸n sustatik¸n miac eikìnac.Ta proteinìmena montèla kai mèjodoi, kaj¸c kai oi efarmogèc stic opoÐec emplèkontai,epideiknÔontai se diaforetikèc kathgorÐec eikìnwn: fusikèc, dhlad  eikìnec tou fusikoÔkìsmou, eikìnec uf c, dhlad  leptomèreiec epifanei¸n kai ulik¸n, eikastikèc, ìpwc fwto-grafÐec   pÐnakec zwgrafik c, sunjetikèc, dhlad  majhmatikèc sunart seic pou qrhsimeÔounwc didaktik� paradeÐgmata kai eikìnec mikroskopÐou, ìpwc eÐnai oi eikìnec edafotom¸n seklÐmakec thc t�xewc 10−1µm. Posotik� kai susthmatik� apotelèsmata ex�gontai apì b�-seic fusik¸n eikìnwn (Berkeley image database), eikìnec uf c (Brodatz textures) kaj¸ckai mia sullog  eikìnwn edafotom¸n me ap¸tero skopì thn an�lush, kathgoriopoÐhsh kaiektÐmhsh thc biologik c poiìthtac edaf¸n.To kÔrio tm ma thc paroÔsac èreunac èqei na k�nei me tic mikrodomèc se sust mata ei-kìnwn kai ìrashc. Se mia epimèrouc kateÔjunsh oi idèec kai ta montèla exeidikeÔontai seakoustik� s mata fwn c. Sugkekrimèna to antÐstoiqo montèlo 1-D qronik¸n diamorf¸sewnkai oi energeiakèc mèjodoi, efarmìzontai gia thn an�lush kai thn anÐqneush thc mikrodom cakoustik¸n shm�twn. H ènnoia thc mikrodom c gia tètoia, qronika metaballìmena s matatautÐzetai me idiìthtec ìpwc h sqedìn stigmiaÐa metabol  thc suqnìthtac   tou pl�touc kaimporeÐ na sundèetai me idiìthtec ìpwc to hqìqrwma   h {akoustik } uf . H upokeÐmenh4 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 1. Eisagwgik�efarmog  ed¸ eÐnai h anÐqneush fwnhtik¸n gegonìtwn (speech event detection). Sugkekri-mèna dÐnetai èmfash sthn exagwg  qarakthristik¸n pou diakrÐnoun thn parousÐa fwnhtik¸ngegonìtwn, dhlad  thn Ôparxh omilÐac se akoustik� s mata.1.2 H uf  sthn ìrash kai optik  antÐlhyh: kÐnhtra kaishmasÐaH eikìna pou sqhmatÐzetai ston amfiblhstroeid  (retinal image) analÔetai se diafore-tik� antikeÐmena, oi idiìthtec twn opoÐwn qrhsimopoioÔntai sto diaqwrismì pr¸tou-pl�noufìntou all� kai twn antikeimènwn metaxÔ touc. H optik  (visual)   amfiblhstroeidik 
(retinal) uf  prokÔptei apì tic metabolèc twn qarakthristik¸n   twn idiot twn mÐac memo-nwmènhc epif�neia, ìpwc h anaklastikìthta, to qr¸ma   o 3-D prosanatolismìc. Autèc oimetabolèc mporeÐ na ofeÐlontai sthn poluplokìthta thc dom c twn epifanei¸n, thn traqÔ-thta kai tic paramorf¸seic (aptik  (haptic) uf  [215]), tic idiìthtec ulik¸n   ousi¸n kaith sÔstash (qrwstik  (pigment) uf  [106]) kai tic fusikèc idiìthtec thc skhn c kai toumèsou apeikìnishc. Katal goun de se mia eikìna me uf  ston amfiblhstroeid    antÐstoiqase k�poio �llo teqnhtì sÔsthma apeikìnishc. Gia fusikèc eikìnec h uf  sunup�rqei meidiìthtec ìpwc to qr¸ma, th gewmetrÐa thc skhn c   thn kÐnhsh, gewmetrikèc makrodomècìpwc sq mata   perigr�mmata antikeimènwn,   enswmat¸netai se adromereÐc sqhmatismoÔcpou ofeÐlontai stic sunj kec fwtismoÔ-skÐashc kai tic omalèc metabolèc embadoÔ   ìgkoutwn antikeimènwn.Par' ìla aut� to fainìmeno diajètei mia eggen  duskolÐa orismoÔ, lìgw thc ter�stiacpoikilomorfÐac twn protÔpwn thc uf c ston kìsmo kai stic eikìnec tou, h opoÐa enisqÔetaiapì thn ex�rthsh thc uf c apì èna pl joc {upokeimenik¸n} paramètrwn ìpwc eÐnai h klÐma-ka,   h eggÔthta, dhlad  o orismìc thc qwrik c geitoni�c). Gia thn an�ptuxh twn pr¸twnsusthm�twn kai efarmog¸n mhqanik c ìrashc, qrhsimopoi jhkan euristikoÐ orismoÐ, basi-smènoi stic ek�stote efarmogèc [118], en¸ oi sÔgqronec prosp�jeiec epikentr¸nontai semajhmatikoÔc orismoÔc kai ston kajorismì eniaÐwn plaisÐwn an�lushc [314, 318, 325].H shmasÐa thc uf c gia thn optik  antÐlhyh (visual perception) kai thn ìrash uposthrÐ-zetai afenìc apì yuqofusikèc (psychophysical) endeÐxeic, dhlad  apì melètec thc anjr¸pi-nhc sumperifor�c, sqetik� me thn antÐlhyh kai to rìlo thc uf c se aut  kai afetèrou apì tic�mesec kai èmmesec efarmogèc thc se jèmata mhqanik c   biologik c ìrashc [197, 242, 287].Oi jewrÐec gia thn uf  eÐnai antiproswpeutikèc thc exèlixhc twn jewri¸n biologik c kaimhqanik c ìrashc. Autì sumbaÐnei afenìc lìgw th summetoq c thc uf c sta basik� pro-bl mata ki afetèrou lìgw tou ìti oi mèjodoi anapar�stashc kai epexergasÐac eÐnai antipro-swpeutikèc enìc upersunìlou thc bibliografÐac se jèmata pr¸imhc ìrashc. EÐnai endeiktikììti h melèth tou fainomènou thc uf c apoteleÐ èna ereunhtikì pedÐo sto opoÐo apant¸ntaidiaforetik� gnwstik� antikeÐmena ìpwc h ìrash upologist¸n, h an�lush kai epexergasÐa ei-kìnwn, h anagn¸rish protÔpwn, h yuqologÐa kai oi gnwsiakèc epist mec, oi neuroepist mec,
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Kef�laio 1. Eisagwgik�h statistik  fusik  k.�.Afenìc h epexergasÐa thc uf c an kei stic diergasÐec pou sunjètoun thn optik  antÐ-lhyh. Kaj¸c h antÐlhyh thc uf c diafèrei kat� k�poio trìpo apì th genikìterh optik antÐlhyh [24], parousi�zei èna idiaÐtero endiafèron gia thn katanìhsh twn optik¸n dierga-si¸n. 'Etsi, se èna filosofikì-jewrhtikì epÐpedo èqei shmasÐa h katanìhsh twn epimèroucdiadikasi¸n pou sumb�lloun sthn antÐlhyh thc uf c, gia thn katanìhsh twn diergasi¸nìrashc, optik c antÐlhyhc kai telik� suneÐdhshc. Oi suzht seic kai h diamìrfwsh ennoi¸nsqetik� me to fainìmeno thc uf c xekin�ne prin akìmh th jemelÐwsh thc upologistik c sullo-gistik c [105], en¸ sqhmatismoÐ   prìtupa uf c (textural patterns) eÐnai kentrik� zht matasthn yuqologÐa Gestalt [309], to prwtarqikì skÐtso (primal sketch) thc ìrashc qamhloÔepipèdou tou D. Marr [205], thn aujìrmhth ìrash (preattentive vision) tou B. Julesz [146]kai tic jewrÐec pr¸imhc ìrashc (early vision) [25,26,145,188].1.2.1 Antilhptik  org�nwsh - GestaltMelet¸ntac thn antilhptik  org�nwsh (perceptual grouping) kai thn prosoq  (atten-

tion), oi ekprìswpoi thc yuqologÐac Gestalt [150,161,309] diatÔpwsan nìmouc gia tic basi-kèc arqèc sÔmfwna me tic opoÐec memonwmèna sÔmbola   ontìthtec (tokens) omadopoioÔntaioptik�. An�mesa se autèc tic arqèc eÐnai h eggÔthta, h omoiìthta, h summetrÐa, h sunèqeia,h kleistìthta, h suggramikìthta pou apant¸ntai kai se perigrafèc   orismoÔc uf c apì tadomik� thc stoiqeÐa. H t�sh na antimetwpÐzontai stoiqeÐa me parìmoia qarakthristik� sanna an koun se èna sqedìn omogenèc sÔnolo, uponoeÐ ìti parìmoioi mhqanismoÐ omadopoÐhshcmporeÐ na emplèkontai kai sthn kat�tmhsh   to diaqwrismì uf c [24, 252]. Epiplèon, parì-moia omadopoÐhsh me aut  pou problèpetai apì tic jewrÐec Gestalt brèjhke ìti epitugq�nounanaparast�seic q¸rou/qwrik¸n suqnot twn gia thn uf  [135, 252].1.2.2 Pr¸imh ìrashH uf  emfanÐzetai wc ermhneÐa   antikeÐmeno, se èna sÔnolo apì yuqofusikèc melètecsthn prosp�jeia na anazhthjoÔn oi diergasÐec optik c epexergasÐac pou eujÔnontai gia oma-dopoÐhsh kai thn anagn¸rish antikeimènwn. O Beck upèjese kai upost rixe ìti to anjr¸pinosÔsthma ìrashc den anazht� prìtupa   sÔnjetec fìrmec uf c all� statistik� ìpwc to m -koc, o prosanatolismìc k.�. [20, 21]. BasÐzetai se topik� qarakthristik� (local features)kai analÔei ta el�qista stoiqeÐa uf c (textural elements) pou eÐnai <<upoprìtupa pou sum-baÐnoun epanalambanìmena mèsa sth sunolik  uf .>> O Julesz dièkrine ton trìpo leitourgÐacthc optik c antÐlhyhc se dÔo diaforetik� motÐba, aujìrmhth/qwrÐc prosoq  (preattentive)kai me prosoq /me sqolastik  episkìphsh (attentive), basizìmenoc se peir�mata kai pa-rathr seic sqetik� me anagn¸rish uf c apì parathrhtèc [142, 143, 146]. Proq¸rhse sthmelèth sunjetik¸n uf¸n mikroprotÔpwn [48, 147] kai to sqhmatismì upojèsewn sqetik� meta aparaÐthta antilhptik� qarakthristik� uf c, sth diatÔpwsh erwt sewn sqetik� me th sh-masÐa tou fainomènou se eikìnec me koinèc �llec idiìthtec (qr¸ma, antÐjesh, fwteinìthta)6 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 1. Eisagwgik�kai sth diamìrfwsh thc jewrÐac twn textonÐwn (textons) [143] wc ermhneÐa thc aujìrmh-thc di�krishc uf c (preattentive segregation). Ta textìnia (blobs, terminators, crossings,

color) jewr jhkan oi basikèc mon�dec thc aujìrmhthc antÐlhyhc uf c [146]. An�loga pei-r�mata gÔrw apì th di�krish uf c od ghsan epÐshc se perigrafèc me topik� qarakthristik�pou exet�sthkan wc proc thn puknìthta, th sugkèntrwsh   to mègejoc touc [25, 303, 304].Par�llhla perigrafèc me grammik� fÐltra basÐsthkan se diapist¸seic ìpwc ìti h antÐlhyhsugkekrimènwn protÔpwn exart�tai prwtÐstwc apì an�lush qwrik¸n suqnot twn kai ìti oaujìrmhtoc diaqwrismìc perioq¸n susqetÐzetai me to suqnotikì touc perieqìmeno [22,254].Par�llhlec, pr¸imec neurofusiologikèc melètec èdwsan endeÐxeic sqetik� me touc mhqa-nismoÔc antÐlhyhc uf c [146]. Ereun jhke h Ôparxh analut¸n sto optikì sÔsthma gia thnanÐqneush textonÐwn [46], en¸ diapist¸jhke ìti neurik� kÔttara ston optikì floiì sumpe-rifèrontai dektik� se optik� qarakthristik� pou kat� sÔmbash shmaÐnoun uf  [130].1.2.3 Arqikì skÐtsoSto pr¸to oloklhrwmèno upologistikì montèlo arqik c ìrashc tou Marr [205], oi jewrÐ-ec thc uf c apì thn yuqologÐa Gestalt kai th jewrÐa twn textonÐwn epekteÐnontai sto arqikì  prwtarqikì skÐtso (primal sketch). To arqikì skÐtso prot�jhke wc èna pr¸to epÐpedoeswterik c anapar�stashc thc optik c plhroforÐac me ìrouc {arqègonwn}, stoiqeiwd¸n qa-rakthristik¸n miac eikìnac (image primitives), pou sqetÐzontai me aplèc gewmetrikèc domèc,ìpwc akmèc, gwnÐec, elleÐyeic k.�. (elongated blobs, bars, edges, terminators). Aniqeutèctètoiwn qarakthristik¸n gia exagwg  qarakthristik¸n jewr jhkan ìti katalamb�noun tapr¸ta st�dia thc ìrashc qamhloÔ epipèdou [206]. To 2-D arqikì skÐtso metatrèpetai se ènaendi�meso epÐpedo sto 21
2 -D skÐtso ìpou h uf  summetèqei sthn anapar�stash epifanei¸nmèsw thc anapar�stashc twn asuneqei¸n kai topikoÔ prosanatolismoÔ.1.2.4 EfarmogècH epexergasÐa thc uf c an kei stic diergasÐec qamhloÔ epipèdou (low-level processing)thc ìrashc. H an�lush thc jewreÐtai èna apì ta upoprobl mata thc upologistik c ìrashckai ent�ssetai, eÐte �mesa, se efarmogèc sqetikèc kai prosanatolismènec sthn uf  eÐteèmmesa wc qarakthristikì enìc polukritiriakoÔ sust matoc anagn¸rishc kai ermhneÐac. Huf  summetèqei kai sta trÐa kÔria probl mata thc ìrashc upologist¸n, dhlad  kat�tmhsh,anagn¸rish kai anakataskeu  3-D dom c.Wc memonwmèno qarakthristikì, h uf  eikìnwn mporeÐ na qrhsimopoihjeÐ se èna eÔrocefarmog¸n:1. Ta qarakthristik� miac monadik c uf c mporeÐ na qrhsimopoihjoÔn gia na anagnwristeÐto ulikì, h ousÐa   h dom  miac epif�neiac, ìpwc p.q. xÔlo, �mmoc, mètallo k.�. (texture

appearance) [67,178,294].2. Oi idiaiterìthtec sta qarakthristik� enìc sunìlou eikìnwn uf c   epifanei¸n, epi-trèpoun thn taxinìmhsh touc kai thn kathgoriopoÐhsh me b�sh èna sÔnolo kanìnwn
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Kef�laio 1. Eisagwgik�
(texture classification) [47,296].3. AnÐqneush kai entopismìc akm¸n, basikì st�dio tou probl matoc pr¸tou pl�nou-fìntou (figure-ground), pou qarakthrÐzontai apì allagèc se qarakthristik� uf c[152, 304] mìno (  se sunduasmì me metabolèc se �llec idiìthtec ìpwc h èntash fw-teinìthtac, to qr¸ma   h kÐnhsh [208]).4. H di�krish/diaqwrismìc uf c (texture segregation) apoteleÐ shmantik  sunist¸sa giathn anagn¸rish antikeimènwn [291].5. Idiìthtec thc uf c se mia eikìna mporoÔn na qrhsimopoihjoÔn gia thn exagwg  sumpe-rasm�twn thc 3-D di�taxhc antikeimènwn, tou b�jouc, tou sq matoc [4, 16, 276]   touprosanatolismoÔ [184, 312] (shape, orientation from texture).6. Kat�tmhsh me b�sh thn uf  (texture segmentation) [177, 187, 232, 253] all� kai staplaÐsia sÔnjethc kat�tmhshc eikìnwn me pollapl� krit ria (multi-cue image segmen-

tation) [185, 186].Par�llhla h perigraf  kai h exagwg  qarakthristik¸n uf c, wc stoiqeÐo fusik¸n skh-n¸n, perilamb�netai se èna eÔroc efarmog¸n epexergasÐac eikìnwn kai ìrashc upologist¸nìpwc h anapar�stash, kwdikopoÐhsh kai met�dosh yhfiak¸n eikìnwn, h anaz thsh kai a-n�kthsh eikìnwn (image retrieval) me taÐriasma qarakthristik¸n [23, 50, 80, 81, 195, 267], hanagn¸rish antikeimènwn, h melèth thc kÐnhshc, h anakataskeu  3-D gewmetrÐac kai h dh-miourgÐa 3-D montèlwn apì 2-D eikìnec   pÐnakec zwgrafik c [119]. Se praktik�   emporik�sust mata h uf  eikìnwn qrhsimopoieÐtai gia thn autìmath epÐbleyh ulik¸n kai diergasi¸nse biomhqanÐec (uf�smata, qarti�, keramik�, qr¸mata k.�.), thn an�lush bioðatrik¸n eikìnwn(di�gnwsh me b�sh uf  kai qr¸ma), stic gewepist mec (poiìthta edaf¸n), thn thlepiskì-pish kai tic periballontologikèc melètec, th nanohlektronik  (anagn¸rish kai paraskeu kuklwm�twn), thn epist mh twn ulik¸n.Gia thn dhmiourgÐa realistik¸n   eikonik¸n epifanei¸n, h an�lush kai sÔnjesh uf c a-pant�tai se pedÐa ìpwc grafik� kai sqediasmìc me upologistèc [17,89,90,128,311], yhfiakèctèqnec (animation, multimedia, video art), efarmogèc eikonik c pragmatikìthtac (virtual

worlds). Sugqronec teqnikèc tou upologistik c fwtografÐac (computational photography)epexerg�zontai thn uf  gia th dhmiourgÐa, thn perigraf , thn epexergasÐa   thn tropopoÐhshyhfiak¸n eikìnwn (image abstraction, tone mapping, dynamic-range imaging) [14,75,88].H {sumpl rwsh}   antikat�stash qamènhc plhroforÐac kai h epidiìrjwsh fjarmènwn eikì-nwn, (image/texture inpainting) exart¸ntai apì tic statistikèc idiìthtec thc uf c [28, 90]en¸ prìsfatec teqnikèc uiojetoÔn u+v montèla diaqwrismoÔ thc uf c apì th gewmetrÐa thceikìnac [2, 29, 55, 91]. 'Ena par�deigma apoteleÐ h apokat�stash   an�kthsh toiqografi¸nme probl mata lìgw palaiìthtac kai fjor�c, p.q. apì arqaiologikec anaskafèc.8 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 1. Eisagwgik�1.2.5 ProseggÐseic kai montèlaH anapar�stash uf c eikìnwn mèsw epilog c twn kat�llhlwn majhmatik¸n montèlwnperigraf c an�getai sthn perigraf  twn metabol¸n twn tim¸n thc eikìnac pou gÐnontai anti-lhptèc se mikrèc klÐmakec. To plaÐsio perigraf c orÐzetai apì k�poiec genik¸c paradektècarqèc sqetik� me thn uf  [174,287]: a) H uf  eÐnai idiìthta perioq¸n se mia eikìna kai orÐze-tai topik� se qwrikèc {geitonièc}, b) orÐzetai statistik� kai perilamb�nei katanomèc gkrÐzwn  ègqrwmwn epipèdwn fwteinìthtac, g) se diaforetikèc klÐmakec   epÐpeda eukrÐneiac (resolu-

tion) kai d) o arijmìc kai to mègejoc twn epimèrouc stoiqeiwd¸n qarakthristik¸n kajorÐzeito an oi perioqèc gÐnontai antilhptèc san uf , gewmetrikèc domèc   antikeÐmena. Oi arqècautèc kajìrisan kai kateÔjunan ta kuriìtera montèla anapar�stashc kai perigraf c thcuf c eikìnwn.1.2.5.1 Statistik� montèlaJewr¸ntac ìti h optik  uf  eÐnai mia statistik  dom , h epilog  statistik¸n mejìdwnproèkuye logik� kai diaisjhtik� stic pr¸tec proseggÐseic kai montèla.Qwrik� statistik� kai katanomècTo pr¸to montèlo gia di�krish protÔpwn uf c prot�jhke apì ton B. Julesz [142] kaisthrÐqjhke se qwrik� statistik� k-t�xhc ìpou h t�xh k eÐnai megalÔterh tou 2 (higher-

order statistics). H t�xh kajorÐzei ton arijmì twn shmeÐwn thc eikìnac pou sqhmatÐzounom�dec dhlad  basikèc mon�dec gia sÔgkrish. Ex�llou, h eikasÐa ìti to anjr¸pino sÔsthmaex�gei plhroforÐa apì statistik� megalÔtera thc deÔterhc t�xhc (k ≥ 2), apotup¸jhkese mia seir� qarakthristik¸n {sunemf�nishc} (co-occurrence matrices) ìpwc h entropÐa, henèrgeia, h susqètish, h omoiogèneia [118]. Mia �llh kathgorÐa perigraf¸n perilamb�neitic ektim seic katanom¸n kai statistik¸n ìpwc ropèc (moments), perij¸ria istogr�mmata
(marginal histograms) kai apì-koinoÔ istogr�mmata (joint histograms) stic exìdouc gram-mik¸n fÐltrwn [117, 128, 186, 244, 318]. MetaxÔ �llwn, sto statistikì plaÐsio ent�qjhkandi�foroi orismoÐ, tÔpoi, megèjh kai prosanatolismoÐ textonÐwn twn opoÐwn oi katanomèc kaih suqnìthta emf�nishc prosdiorÐzontai mèsa apì diadikasÐec ekm�jhshc [178,185,294,322].TuqaÐa pedÐaH jewrÐa twn Markobian¸n tuqaÐwn pedÐwn (Markov random fields) jemeli¸jhke apìton Besag p�nw se idèec apì th statistik  mhqanik  [30, 31]. Tètoia pedÐa qarakthrÐzounprìtupa uf c mèsw thc qwrik c statistik c twn stoiqeÐwn tou peperasmènou plègmatocthc eikìnac, orÐzontac sqèseic ex�rthshc se topikèc geitonièc   klÐkec [109]. Mèswthc isodunamÐac me katanomèc Gibbs qrhsimopoi jhkan susthmatik� gia thn kataskeu diakrit¸n montèlwn uf c [66,76,104,196,310]. H statistik  je¸rhsh epitrèpei thn an�lush,mèsw thc ektÐmhshc tou sqetik� mikroÔ arijmoÔ paramètrwn apì parathr seic uf c all�kai th sÔnjesh me deigmatolhyÐa apì tic en lìgw katanomèc. Parallagèc twn arqik¸n
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Kef�laio 1. Eisagwgik�montèlwn perilamb�noun periorismoÔc wc proc th gewmetrik  mikrodom  thc uf c [266].Sthn kateÔjunsh miac enopoihmènhc kai periektik c je¸rhshc thc uf c, ereun jhkanperigrafik� (descriptive) montèla pou epekteÐnoun ta tuqaÐa pedÐa antikajist¸ntac ticklÐkec me grammik� fÐltra [324, 325]   sundu�zontac ta me anagennhtik� (generative)montèla [112�114, 320].Stoqastikèc diadikasÐec kai fr�ktalH gewmetrik  poluplokìthta thc uf c twn epifanei¸n mporeÐ na posotikopoihjeÐ analÔontacthn autoomoiìthta sth dom  thc se pollaplèc klÐmakec, h opoÐa mporeÐ na eÐnai ntetermini-stik    stoqastik . Ta majhmatik� sÔnola fr�ktal (fractal) [193] mporoÔn na apotelèsounmontèla tètoiwn diadikasi¸n gia thn an�lush thc uf c all� kai tou sq matoc antikeimènwnkai epifanei¸n. Tètoia montèla perigr�foun me mikrì arijmì paramètrwn thn traqÔthtamiac epif�neiac, thn poluplokìthta miac kampÔlhc   th statistik  katanom  enìc sunìlou.Nteterministik�, h fr�ktal di�stash [18, 235] qrhsimopoieÐtai gia metr seic uf c, ìpou oiepif�neiec jewroÔntai fr�ktal se èna periorismèno eÔroc klim�kwn [242]. Stoqastik� fr�-ktal, ìpwc oi klasmatikèc kin seic Brown (fractional Brownian motion), mia oikogèneia 1/fjorÔbwn [194] qrhsimopoioÔntai gia thn perigraf  se pollaplèc klÐmakec fusik¸n skhn¸nkai uf c epifanei¸n [151,236,277]. Oi 1/f jìruboi eÐnai stoqastikèc diadikasÐec pou monte-lopoioÔn èna pl joc fusik¸n fainomènwn. Fasmatik� metab�llontai antistrìfwc an�logamiac dÔnamhc thc suqnìthtac kai oi gr�foi touc gia disdi�statec sunart seic eÐnai fr�ktalepif�neiec. Tètoia montèla fr�ktal epifanei¸n sumfwnoÔn me ta polukanalik� montèla qw-rik¸n fÐltrwn kai yuqofusikèc melètec gia th sqèsh traqÔthtac epif�neiac, di�stashc kaiantÐlhyhc uf c [171, 236].1.2.5.2 Neurobiologikèc kai yuqofusikèc melètecH genik  arq  polukanalik c (multichannel)   poluzwnik c (multiband) an�lushc mèswfÐltrwn me epilektikìthta ston prosanatolismì kai sth suqnìthta basÐsthke se jewrÐecgia sthn par�llhlh epexergasÐa thc optik c plhroforÐac sta pr¸ta st�dia ìrashc [305].Ta montèla fÐltrwn,   energeiak� montèla, dhlad  h perigraf  thc uf c me dianÔsmataqarakthristik¸n stic exìdouc enìc sunìlou grammik¸n fÐltrwn, uposthrÐzontai apì melètecfusiologÐac kai neurofusiologÐac biologik¸n susthm�twn ìrashc kai yuqofusikèc endeÐxeicgia suqnotik  an�lush apì to optikì sÔsthma [49, 254]. H eikìna ston amfiblhstroeid diaqwrÐzetai se pollaplèc filtrarismènec ekdoqèc thc, h k�je mia apì tic opoÐec perièqeimetabolèc èntashc se èna periorismèno, stenì eÔroc suqnot twn [49, 77, 188].To sÔnolo twn apotelesm�twn peiramatik c fusiologÐac twn Hubel kai Wiesel aforoÔ-se metaxÔ �llwn ta profÐl kai tic idiìthtec twn kutt�rwn-neur¸nwn (cortical cells) stonoptikì floiì (primary visual cortex), diakrÐnontac ta se {apl�} kai {sÔnjeta}, melet¸ntactic apokrÐseic neur¸nwn se stoiqei¸dh erejÐsmata [130�133]. Ta upodektik� pedÐa (receptive

fields), h qwrik  apìkrish dhlad , twn {apl¸n} neur¸nwn (simple cells) montelopoi jhkan10 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 1. Eisagwgik�apì sunart seic bèltisthc apì koinoÔ qwrik c kai suqnotik c topojèthshc, tic sunart seic
Gabor [71, 141, 170, 191, 204, 290, 306]. O Daugman anèluse tic idiìthtec twn 2-D Gaborsunart sewn wc zwnoperat� fÐltra pou mimoÔntai thn bèltisth anapar�stash thc plhrofo-rÐac apì touc optikoÔc neur¸nec [72]. To giatÐ ta neurik� kÔttara apokrÐnontai kat� tètoiotrìpo apodìjhke apì ton Field sth bèltisth kwdikopoÐhsh twn statistik¸n twn fusik¸neikìnwn [96, 224, 225].Sqetik� me thn uf , yuqofusiologik� peir�mata metr sewn thc apìkrishc se erejÐ-smata, anèdeixan gia touc jias¸tec thc polukanalik c je¸rhshc mhqanismoÔc katanom cthc enèrgeiac se pollapl� isotropik� kan�lia [22, 25]. Apotelèsmata di�krishc me pol-lapl� fÐltra Gabor proèbleyan me kal  akrÐbeia thn anjr¸pinh apìdosh [97]. Apì thn�llh, oi uposthriktèc thc an�lushc mèsw topik¸n qarakthristik¸n se antÐstoiqa peir�-mata anagn¸risan mhqanismoÔc topik¸n aniqneut¸n diafor¸n se stoiqei¸dh qarakthristi-k� [21, 130, 144, 205, 206, 303]. Tìso h puknìthta, ìso kai o prosanatolismìc twn diafo-retik¸n domik¸n protÔpwn paÐzoun jemeli¸dh rìlo sthn antÐlhyh tou optikoÔ fainomènoukai to gegonìc uponoeÐ mia apokleistik  sqèsh an�mesa sthn uf  kai se topikèc qwrikècsuqnìthtec. Oi Julesz kai Bergen parat rhsan thn isodunamÐa sunduasmoÔ fÐltrwn kaianiqneut¸n textonÐwn kai epes manan thn anagkaiìthta pollapl¸n fÐltrwn gia kalÔterhdi�krish uf c [145, 146].1.2.5.3 Polusuqnotik  an�lush kai qwrik� fÐltraTo polukanalikì montèlo, pèra apì biologik� eÔlogo, eÐnai tautìqrona elkustikì kaieuèlikto kaj¸c epitrèpei thn anaz thsh diaforetik¸n megej¸n kai prosanatolism¸n poukuriarqoÔn domik� se mia uf , en¸ prosfèretai gia klimakwt , pollapl c eukrÐneiac an�lu-sh. Ta qarakthristik� uf c pou ex�gontai apì tic apokrÐseic enìc sunìlou fÐltrwn eÐnaisun jwc energeiakèc metr seic apì mh-grammikoÔc telestèc, statistik� gkrÐzwn tim¸n  katanomèc pijanìthtac kai èqoun megalÔterh perigrafik  ikanìthta apì statistik� montèlakai metr seic.To montèlo qrhsimopoi jhke se di�forec ekdoqèc apì to '80 kai met�, me thn Ðdia p�ntaarq  kai filosofÐa twn qwrik� kai suqnotik� epilektik¸n fÐltrwn gia thn anapar�stashkai an�lush thc uf c eikìnwn: {puramÐdec} apì qwrik� fÐltra Laplacian of Gaussians

[45], par�gwgoi   diaforèc sunart sewn Gauss [67, 139, 160, 178, 294, 295], fÐltra Gabor

[22, 35, 36, 62, 86, 87, 97, 122, 138, 243, 255, 290], fÐltra orjogwnismoÔ f�shc (quadrature

filters [158, 188, 220]), orjokanonikèc b�seic [116, 225], kumatÐdia (wavelets [56, 176, 191,

192, 244, 292]), {odhgoÔmena} (steerable) fÐltra kai puramÐdec [26, 100, 128, 237] k.�. Miasugkritik  kai bibliografik  parousÐash tètoiwn mejìdwn gia perigraf  uf c parousi�zetaisto [250].H anapar�stash thc uf c apì tic exìdouc miac sustoiqÐac fÐltrwn (filterbank), dhla-d  miac di�taxhc fÐltrwn me diaforetik  suqnotik  topojèthsh pou kalÔptoun èna eÔrocqwrik¸n suqnot twn, aposkopeÐ sthn kataskeu  perigrafik¸n dianusm�twn qarakthristi-
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Kef�laio 1. Eisagwgik�k¸n. H perigrafikìthta kai h eurwstÐa thc polukanalik c an�lushc, antistajmÐzetai apìton arijmì paramètrwn thc di�taxhc pou prèpei na rujmistoÔn kai thn auxhmènh di�stashtwn dianusm�twn sthn èxodo. Oi diaforetikèc proseggÐseic gia thn exagwg  polukanali-k¸n qarakthristik¸n kalÔptoun dÔo kathgorÐec ektim sewn: a) genikeumènwn energeiak¸nposot twn kai b) statistik� katanom¸n gkrÐzwn tim¸n   domik¸n mon�dwn.H pr¸th kathgorÐa sthrÐzetai se upologistik� montèla biologik¸n susthm�twn ìrashc.H grammikìthta tou metasqhmatismoÔ twn fÐltrwn stic apokrÐseic eÐnai anepark c gia di�kri-sh kai antÐjeth apì yuqofusikèc endeÐxeic [188]. 'Etsi, anazht jhkan mh-grammikoÐ telestècstic exìdouc twn fÐltrwn pou sundèjhkan me th mètrhsh diaforetik¸n energeiak¸n posot -twn: telestèc anìrjwshc misoÔ kai pl rouc kÔmatoc (enèrgeia [26,188] kai pl�toc [25,34]),enèrgeia zeugari¸n orjogwnismoÔ (quadrature pair energy [3, 220]) ìpwc eÐnai gia par�-deigma ta migadik� Gabor fÐltra [97, 290], perib�llousa kai f�sh thc apìkrishc migadik¸nfÐltrwn [36], telestèc empneusmènoi apì biologik� montèla gia anÐqneush stoiqeiwd¸n do-m¸n (blobs [138], bars [241])   periodikìthtac se kateujuntikèc domèc (grating cells [168])kai polufasmatik� qrwmatik� qarakthristik� [136].H deÔterh kathgorÐa perilamb�nei an�lush (all� kai sÔnjesh) apì ta statistik� twnqarakthristik¸n stic exìdouc twn fÐltrwn. Tètoia eÐnai ta topik� istogr�mmata twn apokrÐ-sewn twn grammik¸n kanali¸n [113,128,324,325]   tic puknìthtec textonÐwn pou orÐzontai mekbantopoÐhsh twn dianusm�twn mèsw omadopoÐhshc sto q¸ro twn apokrÐsewn [178,186]. Han�lush mporeÐ na perilamb�nei kai montelopoÐhsh twn katanom¸n me taÐriasma twn kat�llh-lwn sunart sewn puknìthtac-pijanìthtac, ìpwc meÐgmata apì Gaussian katanomèc [232]en¸h sÔnjesh uf c, periorismoÔc sta apì-koinoÔ statistik�, ìpwc sta perij¸ria istogr�mmata  th susqètish, twn suntelest¸n miac polukanalik c kumatidiak c anapar�stashc [244].1.2.5.4 Montèla diamìrfwshcH susqètish thc uf c me tic topikèc qwrikèc suqnìthtec kaj¸c kai to gegonìc ìti oi hle-ktroqhmikèc apokrÐseic twn kutt�rwn tou optikoÔ floioÔ metadÐdoun plhroforÐa antÐjeshcfwteinìthtac kai qwrik c f�shc [122] parakineÐ mia epiplèon ermhneÐa thc uf c: wc omal�metaballìmenec qwrikèc diamorf¸seic (spatial modulations), se epilektik� wc proc th su-qnìthta kai ton prosanatolismì kan�lia. Anaparist¸ntac thn uf  me èna tètoio montèlopollapl¸n, stenozwnik¸n sunistws¸n, oi metabolèc twn tim¸n miac eikìnac perigr�fontaista plaÐsia topik¸n diamorf¸sewn kai ta qarakthristik� thc uf c ermhneÔontai apì topikècsuqnìthtec.Oi Bovik, Clark, Geisler [34, 36] montelopoÐhsan memonwmènec sunist¸sec uf c sthnèxodo Gabor fÐltrwn wc 2-D AM-FM diamorfwmènec qwrikèc sunart seic, oi opoÐec mpo-roÔsan na apodiamorfwjoÔn se pl�toc kai f�sh apì thn apìkrish tou fÐltrou. AntÐ giath f�sh, h uf  pou topik� parousi�zei stenozwnik  (narrowband) metabol  sundèjhke apìton Bovik k.�. me topik� anaduìmenec suqnìthtec (locally emergent frequencies [37]), kaiapodiamorf¸jhke se pl�toc kai dianusma stigmiaÐa metaballìmenwn suqnot twn.12 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 1. Eisagwgik�Tètoia 1-D AM-FM montèla qrhsimopoi jhkan me epituqÐa sth montelopoÐhsh thc mh-grammikìthtac se s mata fwn c apì touc Maragos, Kaiser, Quatieri [38, 200–202]. Toanalutikì plaÐsio epekt�jhke kai sth montelopoÐhsh uf c, all� kai eikìnwn genikìtera mepollaplèc AM-FM sunist¸sec apì touc Maragos, Havlicek, Harding, Bovik k.�. [2,74,101,120, 123�127, 198, 234, 307]. SÔmfwna me to montèlo, oi sunist¸sec diamìrfwshc eÐnai mh-statik� hmitonoeid , twn opoÐwn to qwrik� metaballìmeno pl�toc montelopoieÐ tic topikècmetabolèc thc antÐjeshc, en¸ to di�nusma thc stigmiaÐa metaballìmenhc f�shc tic topik�anaduìmenec talant¸seic uf c (klÐmaka, prosanatolismìc).To prìblhma thc ektÐmhshc twn paramètrwn tou montèlou ìtan efarmìzetai se eikìnecuf c od ghse sthn anaz thsh eÔrwstwn upologistik¸n algorÐjmwn gia thn apodiamìrfwshtwn sunistws¸n kai thn exagwg  twn stigmiaÐwn shm�twn diamìrfwshc. 'Enac tètoioc aplìckai apotelesmatikìc algìrijmoc, o algìrijmoc diaqwrismoÔ enèrgeiac (ESA) prot�jhke a-pì touc Maragos, Bovik kai basÐsthke se èna mh-grammikì 2-D energeiakì telest  [198],genÐkeush tou 1-D energeiakoÔ telest  Teager-Kaiser [148, 317] pou eÐqe prohgoumènwcefarmosteÐ sthn an�lush kai apodiamìrfwsh shm�twn fwn c [201]. O telest c upologÐzeithn {enèrgeia} enìc ideatoÔ sust matoc paragwg c 2-D talant¸sewn stic opoÐec apodÐdon-tai h morf  kai oi idiìthtec thc upì an�lushc uf c.Gia thn efarmog  tou montèlou, h apomìnwsh suqnotik� twn epimèrouc stenozwni-k¸n sunistws¸n kai h apodiamìrfwsh efarmìsthke sthn èxodo sustoiqÐac Gabor fÐl-trwn [38, 124, 125], pou ektìc tou diaqwrismoÔ, omalopoioÔn ta s mata enèrgeiac kai dia-mìrfwshc. 'Etsi, to polukanalikì montèlo epekteÐnetai mèsw thc peraitèrw montelopoÐhshctwn apokrÐsewn twn fÐltrwn kai enopoieÐtai me ta montèla diamìrfwshc. H exagwg  dia-nusm�twn qarakthristik¸n thc uf c an�getai ston entopismì kai thn an�lush twn topik�kurÐarqwn diamorf¸sewn thc eikìnac apì pollapl� suqnotik� kan�lia.1.3 Ennoiologik� kai upologistik� probl mata uf cH melèth thc uf c wc optikì fainìmeno kai antilhptik  idiìthta eikìnwn mèsa apì thndiereÔnhsh twn biologik¸n mhqanism¸n ìrashc kai thn dhmiourgÐa upologistik¸n algorÐjmwnmporeÐ na jewrhjeÐ ìti epikentr¸netai se trÐa uperkathgorÐec problhm�twn: anapar�stash,ermhneÐa kai antÐlhyh thc uf c. H anapar�stash sqetÐzetai me th dhmiourgÐa perigraf¸n giathn uf  se èna sÔsthma ìrashc, h ermhneÐa me thn epexergasÐa kai thn an�lush aut¸n twnperigraf¸n h antÐlhyh me thn exagwg  sumbìlwn gia thn upokeÐmenh skhn . Oi prosp�jeiecgia thn anaz thsh enìc koinoÔ kai b�simou ennoiologikoÔ, majhmatikoÔ kai upologistikoÔplaisÐou parakinoÔntai apì thn prwtogen  duskolÐa orismoÔ tou fainomènou. Ex�llou, huf  eikìnwn anafèretai sun jwc wc mia idiìthta pou eÔkola anagnwrÐzetai all� dÔskolaorÐzetai. 'Ena tètoio upojetikì plaÐsio ja dieukìlune ton orismì, thn katanìhsh all� kaithn ermhneÐa thc uf c. Ja bohjoÔse dhlad  se erwt mata sqetik� me to ti, to pwc kaito giatÐ, antÐstoiqa, gÔrw apì thn uf  kai tic diaforetikèc ekf�nseic thc uf c sto fusikìkìsmo kai kat' epèktash, sthn anapar�stash tou mèsa apì eikìnec.
Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή 13



Kef�laio 1. Eisagwgik�Ta epimèrouc zht mata pou prokÔptoun sqetik� me thn katanìhsh kai thn apodotik ekmet�lleush thc uf c kai twn mikrodom¸n eikìnwn epafÐentai se diaforetik� gnwstik� kaiepisthmonik� antikeÐmena. Sta pedÐa thc fusik c kai thc optik c ent�ssontai jèmata ìpwcti eÐnai, pou ofeÐletai, pwc sqhmatÐzetai h fusik  uf  epifanei¸n, poiec eÐnai oi idiìthtecthc kai pwc metab�llontai autèc se sqèsh me th gewmetrÐa thc skhn c, tic sunj kec fw-tismoÔ kai thn apìstash jèashc. Gia tic gnwsiakèc epist mec ta probl mata sqetÐzontaime tic diergasÐec thc eswterik  nohtik c anapar�stashc kai thn optik  antÐlhyh thc uf c,th di�krish thc kaj¸c kai th shmasÐa thc gia to sÔnolo thc optik c antÐlhyhc. Gia par�-deigma erwt mata ìpwc se pio bajmì h plhroforÐa uf c se fusikèc skhnèc eÐnai qr simhgia kat�tmhsh   anagn¸rish antikeimènwn, me ti trìpo h uf  bohj�ei sthn omadopoÐhsh kaiprokaleÐ thn prosoq  kai pwc oi �njrwpoi qrhsimopoioÔn thn uf  gia na sumper�noun plh-roforÐa sq matoc kai b�jouc. Up�rqei susqètish an�mesa sta aisjht ria   stic nohtikècanaparast�seic optik c uf c kai af c1?Sthn an�lush kai epexergasÐa eikìnwn ta ennoiologik� probl mata sqetÐzontai me topwc emfanÐzetai h uf  stic eikìnec kai pwc antapokrÐnetai sth fusik  uf  twn epifanei¸n,poia ta fwtometrik� kai gewmetrik� qarakthristik� thc kai upì ti proôpojèseic oi meta-bolèc thc èntashc tou gkrÐzou   tou ègqrwmou f�smatoc ermhneÔontai wc uf . Tèloc giathn ìrash upologist¸n kai thn teqnht  nohmosÔnh ta probl mata èqoun na k�noun me torìlo thc uf c sth dhmiourgÐa sumbolik¸n anaparast�sewn tou 3-D kìsmou, th susthmatik upologistik  montelopoÐhsh thc idiìthtac aut c twn eikìnwn all� kai ton trìpo kai to epÐ-pedo epexergasÐac thc sthn ìrash. ArkeÐ mia gr gorh, {�nwjen} (bottom-up) prosèggishqamhloÔ epipèdou   apaiteÐtai h enswm�twsh {k�twjen} (top-down) gn¸shc?Diaisjhtik� h uf  perilamb�nei {ènnoiec} ìpwc perioqèc, katanom  tim¸n, jemeli¸dh do-mik� stoiqeÐa kai klÐmaka kai oi opoÐec kajorÐzoun poll� apì ta upologistik� probl matathc uf c. H uf  wc forèac plhroforÐac perioq c se mia eikìna sqetÐzetai me probl matakai efarmogèc ìpwc anÐqneush, di�krish, kat�tmhsh, taxinìmhsh kai anagn¸rish. Oi stati-stikèc idiìthtec thc uf c sto qwrikì plègma thc eikìnac kai upeisèrqontai se probl mataìpwc o kajorismìc twn diaforetik¸n {eid¸n} uf c, h di�krish, h sÔnjesh uf c apì para-deÐgmata, h susqètish twn mikrodom¸n me tic makrodomèc   thn adr  gewmetrÐa twn eikìnwn.O kajorismìc twn jemeliwd¸n domik¸n stoiqeÐwn, afor� sthn perigraf  twn diaforeti-k¸n kathgori¸n uf c me stoiqei¸deic qwrikèc fwtometrikèc   gewmetrikèc domèc (texture

primitives), ìpwc eÐnai ta textìnia   prwtogen  gewmetrik� stoiqeÐa. Ta probl mata pe-rilamb�noun ton orismì kai thn anÐqneush tètoiwn mikrodom¸n, thn an�ptuxh diadikasi¸nexagwg c kai mètrhshc touc all� kai th diereÔnhsh thc sqèshc sugkèntrwshc kai pl joucme thn thn klÐmaka kai th di�krish thc uf c.H sqèsh klÐmakac kai dom c brÐskontai sto epÐkentro opoiasd pote prosèggishc kaimelèthc thc uf c. O orismìc thc klÐmakac eÐnai jemeli¸dhc kaj¸c se diaforetik� epÐpe-da an�lushc antikeÐmena, sÔnola   leptomèreiec antikeimènwn gÐnontai antilhpt� wc uf .1H af  eÐnai h pr¸th aÐsjhsh pou anaptÔssetai sta èmbrua, en¸ ereun�tai h an�ptuxh thc sta brèfhkai h sqèsh me thn an�ptuxh twn upoloÐpwn aisj sewn, ìpwc thc ìrashc.14 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 1. Eisagwgik�SÔmfwna me to Gibson [105] h uf  eÐnai èna apì ta epÐpeda dom c thc optik c plhroforÐac.Prìkeitai gia tic mikrodomèc (fine structure) thc Ôlhc kai sunup�rqei mazÐ me tic makrodomèc
(coarse structure) kai ta epanalambanìmena prìtupa. Domèc pou kajorÐzontai apì kleistèckampÔlec, perigr�fontai me ìrouc ìpwc fìrmec, figoÔrec   sq mata en¸ sqhmatismoÐ meg�-lhc klÐmakac apì tètoiec domèc apoteloÔn thn org�nwsh. All�zontac klÐmakec, h met�bashapì th mia antilhptik  dom  sthn �llh akoloujeÐ tic paramètrouc, touc periorismoÔc kaithn eukrÐneia tou sust matoc ìrashc, biologikoÔ   teqnhtoÔ.H poluklimakwt  perigraf  eikìnwn eÐnai kentrik c shmasÐac gia ta probl mata thc ì-rashc, ìpou h anapar�stash thc plhroforÐac gÐnetai se pollapl� epÐpeda, me exeidikeumènhepexergasÐa kai an�lush thc plhroforÐac gia to kajèna [205]. To antÐstrofo prìblhmatou diaqwrismoÔ thc uf c apì tic makrodomèc miac eikìnac ent�ssetai sto genikìtero prì-blhma aposÔnjeshc   apodìmhshc (image decomposition), pou stoqeÔei sthn ektÐmhsh twnsunistws¸n diaforetik c fÔshc pou apartÐzoun tic fusikèc eikìnec. Tètoiec sunist¸secìpwc perigr�fontai apì montèla upèrjeshc eÐnai oi makrodomèc, h uf  kai o jìruboc kaih ektÐmhsh touc sqetÐzetai tìso me thn katanìhsh thc dom c twn eikìnwn ìso kai me thnepexergasÐa thc plhroforÐac me trìpouc prosarmosmènouc sth fÔsh thc k�je sunist¸sac.Tèloc, ìpwc h uf  eikìnwn gÐnetai antilhpt  wc h leptomèreia pou apodÐdetai se e-pif�neiec miac skhn  kai epexerg�zetai wc mikrodom  twn 2-D shm�twn-eikìnwn, an�loghleptomèreia mporeÐ na qarakthrÐzei kai �lla aisjht ria s mata. H mikrodom  se hqhtik�  akoustik� 1-D s mata, ìpwc eÐnai h fwn , èqei diaforetik  fusik  shmasÐa kai ekfr�-zei diaforetikèc idiìthtec tou  qou. Sto pareljìn apodeÐqjhke dìkimh kai epituqhmènh hje¸rhsh koin¸n plaisÐwn perigraf c kai an�lushc gia eikìnec kai  qouc, me b�sh koinècarqèc gia epexergasÐa poludi�statwn shm�twn. Tètoiec allhlepidr�seic kai proseggÐseicgia thn uf  se �llec kathgorÐec shm�twn, parousi�zoun endiafèron tìso apì thn �poyhantallag c ide¸n, ìso kai apì thn �poyh miac eniaÐac je¸rhshc gia thn antÐlhyh.1.4 Suneisforèc epigrammatik�KÔrioi �xonec thc diatrib c eÐnai ta probl mata thc montelopoÐhshc kai an�lushc opti-k c uf c eikìnwn se sust mata ìrashc upologist¸n, me èmfash sta epimèrouc probl matathc anÐqneushc, kat�tmhshc kai diaqwrismoÔ thc se sÔnjetec eikìnec. Ereun jhkan kaiproteÐnontai prohgmènec teqnikèc montelopoÐhshc kai an�lushc se par�llhlec kateujÔn-seic: a) polukanalik� montèla stenozwnik¸n sunistws¸n kai qwrik¸n diamorf¸sewn, b)energeiakèc mèjodoi gia exagwg  qarakthristik¸n, g) metabolikèc teqnikèc gia apodìmhsheikìnwn kai diaqwrismì twn sunistws¸n uf c. Oi suneisforèc pou proèkuyan kai proteÐ-nontai susthmatik� proc thn kateÔjunsh enìc exeligmènou sust matoc an�lushc uf c eÐnaiepigrammatik�:

• Polukanalik� montèla uf c AM-FM qwrik¸n diamorf¸sewn.
• Orismìc, entopismìc kai anÐqneush thc enèrgeiac uf c me b�sh tic kurÐarqec diamor-
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Kef�laio 1. Eisagwgik�f¸seic.
• Epèktash eÔrwstwn teqnik¸n apodiamìrfwshc kai ektÐmhshc paramètrwn tou montè-lou.
• Exagwg  perigrafik¸n dianusm�twn qarakthristik¸n gia an�lush uf c.
• AxiopoÐhsh thc uf c se dÔo nèa, metabolik� sq mata kat�tmhshc eikìnwn me pollapl�krit ria.
• An�ptuxh sq matoc aposÔnjeshc eikìnwn kai diaqwrismoÔ thc uf c apì tic makrodo-mèc.
• Beltiwmènh taxinìmhsh eikìnwn uf c basismènh sthn exagwg  qarakthristik¸n apìth diaqwrismènh sunist¸sa.
• Efarmog  twn mejìdwn an�lushc uf c se eikìnec edafotom¸n.Oi suneisforèc apì thn epimèrouc efarmog  twn mejìdwn kai ide¸n se jèmata an�lushcfwn c eÐnai:
• Efarmog  twn montèlwn an�lushc se pollaplèc sunist¸sec kai enèrgeiac twn mikro-dom¸n se hqhtik� s mata.
• Exagwg  qarakthristik¸n gia hqhtik� s mata kai anÐqneush fwnhtik¸n gegonìtwn seperib�llon jorÔbou.
• Algìrijmoc anÐqneushc fwn c pou parousi�zei susthmatik  beltÐwsh apènanti se ka-jierwmènouc algìrijmouc anafor�c.1.5 Di�rjrwsh keimènouSto Kef�laio 2 gÐnetai mia eisagwg  sthn ènnoia thc uf c eikìnwn, bibliografik� kaidiaisjhtik� kai orÐzetai to genikì jewrhtikì upìbajro kai ta ergaleÐa pou ja qrhsimo-poihjoÔn sth sunèqeia. Perigr�fetai to montèlo sunistws¸n diamorf¸sewn gia eikìneckai analÔontai statistik� oi energeiakoÐ telestèc wc basik� ergaleÐa entopismoÔ thc enèr-geiac mikrodom¸n kai apodiamìrfwshc. Sto Kef�laio 3 anaptÔssetai h anapar�stash thcuf c eikìnwn me domik� stoiqeÐa qwrik� s mata diamorf¸sewn kai orÐzetai h enèrgeia thc.Me b�sh thn enèrgeia diamorf¸sewn perigr�fontai nèec mèjodoi exagwg c qarakthristik¸npou basÐzontai sthn polukanalik  an�lush kai ton entopismì twn kurÐarqwn sunistws¸ndiamìrfwshc.Sto Kef�laio 4 ta qarakthristik� aut� ent�ssontai se mia metabolik  mèjodo kat�tmh-shc eikìnwn prosanatolismènh sthn uf  (texture-oriented) kai parousi�zetai èna sÔnoloapotelesm�twn se fusikèc eikìnec. Sto Kef�laio 5 proteÐnetai èna nèo metabolikì sq maapodìmhshc eikìnwn kai exet�zetai h sunèrgeia twn diadikasi¸n diaqwrismoÔ thc uf c apì16 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 1. Eisagwgik�tic makrodomèc thc eikìnac kai montelopoÐhshc thc uf c me to proteinìmeno montèlo diamìr-fwshc. Afenìc h eisagwg  tou montèlou sto sq ma bohj�ei thn aposÔnjesh, en¸ afetèrouh diaqwrismènh sunist¸sa uf c odhgeÐ se beltiwmèna qarakthristik�, ìpwc exet�zetai stoKef�laio 6, se dokimèc taxinìmhshc eikìnwn uf c me kai qwrÐc epÐbleyh.Sto Kef�laio 7 h an�lush thc uf c ent�ssetai sto plaÐsio thc genikìterhc efarmog cthc an�lushc yhfiopoihmènwn eikìnwn edafotom¸n, pou qarakthrÐzontai apì èntonh parou-sÐa uf c kai mikrodom¸n. To proteinìmeno plaÐsio montelopoÐhshc efarmìzetai se jèmataanÐqneushc, an�lushc, kat�tmhshc all� kai kathgoriopoÐhshc thc uf c twn eikìnwn. Pa-rousi�zetai mia enallaktik  mejodologÐa aposÔnjeshc eikìnwn se dÔo sunist¸sec me b�shth majhmatik  morfologÐa. Stic prokÔptousec sunist¸sec uf c kai gewmetrÐac sthrÐze-tai èna sq ma suzeugmènhc kat�tmhshc (coupled segmentation) eikìnwn. Anex�rthta all�kai sunodeutik� wc proc thn parousÐash thc upìloiphc diatrib c, to Kef�laio 8 asqoleÐ-tai me thn efarmog  antÐstoiqwn montèlwn kai mejìdwn se 1-D akoustik� s mata gia thnanÐqneush fwnhtik¸n gegonìtwn kai ton kajorismì twn orÐwn thc fwn c. Tèloc sto Ke-f�laio 9, sunoyÐzontai ta genik� sumper�smata thc diatrib c, anoiqt� ereunhtik� zht matakai mellontikèc kateujÔnseic.
�

Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή 17



Kef�laio 1. Eisagwgik�
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Kef�laio 2Optik  Uf  kai MikrodomècDiamìrfwshcH optik  uf  eÐnai h anapar�stash thc fusik c uf c epifanei¸n pou apotup¸netai seeikìnec mazÐ me loipèc idiìthtec thc skhn c, ìpwc to qr¸ma, to sq ma, h jèsh, h di�taxh, oprosanatolismìc, to b�joc, h kÐnhsh k.�. H uf  eÐnai dÔskolo na oristeÐ all� up�rqei ènaeniaÐo plaÐsio idiot twn kai perigrafik¸n gnwrism�twn pou dièpei tic perissìterec perigrafèckai montèla uf c. To endiafèron epikentr¸netai ed¸ sthn kathgorÐa energeiak¸n mejìdwnperigraf c me thn ermhneÐa thc uf c na dÐnetai mèsw topik¸n qwrik¸n diamorf¸sewn seeikìnec kai kat�llhlwn mejìdwn epexergasÐac. Perigr�fetai h polukanalik  an�lush mefÐltra Gabor kai o sqediasmìc thc sustoiqÐac fÐltrwn gia to diaqwrismì miac eikìnac sestenozwnikèc sunist¸sec. Parousi�zetai to montèlo diamorf¸sewn se pollaplèc z¸necsuqnot twn pou ja efarmosteÐ gia thn uf  kai oi energeiakoÐ telestèc apodiamìrfwshcmazÐ me mia jewrhtik , statistik  an�lush thc anamenìmenhc sumperifor�c touc.2.1 OrismoÐ, idiìthtec kai montèlaOi anaparast�seic twn epifanei¸n fusik¸n antikeimènwn se sust mata eikìnwn kai u-pologistik c ìrashc den eÐnai p�nta omoiìmorfec all� parousi�zoun metabolèc thc èntashcfwteinìthtac (intensity). Autèc oi metabolèc katal goun se sqhmatismoÔc kai prìtupa,k�poiec forèc epanalambanìmena kai se di�forec klÐmakec, pou apartÐzoun thn optik  uf   thn uf  eikìnwn. Tètoioi sqhmatismoÐ mporeÐ na eÐnai apotèlesma twn fusik¸n idiot twnthc epif�neiac ìpwc eÐnai h traqÔthta, to b�joc, to qr¸ma, h diafor� anaklastikìthtack.�. [287]. Lìgw thc apousÐac miac eniaÐac, formalistik c perigraf c gia thn uf  paratÐ-jentai sth sunèqeia k�poioi orismoÐ kai sqìlia apì th bibliografÐa se eleÔjerh met�frash:<<Oi optikèc ufèc orÐzontai wc sÔnola poll¸n mikr¸n stoiqeÐwn pou mporeÐ naeÐnai koukÐdec diafìrwn qrwm�twn   aploÐ sqhmatismoÐ.>> [Julesz & Bergen, 1983]

[146]
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Kef�laio 2. Optik  Uf  kai Mikrodomèc Diamìrfwshc<<H ermhneÐa mèsw peplegmènwn swmatidÐwn eÐnai �mesa sundedemènh me thn idèathc eukrÐneiac thc uf c thn opoÐa mporeÐ na skefteÐ k�poioc wc to mèso arijmìeikonostoiqeÐwn (pixel) gia k�je eudi�krito stoiqeÐo uf c (texture element).>>
[Ballard & Brown, 1982] [15]<<H uf  sqetÐzetai me th qwrik  katanom  twn tim¸n èntashc fwteinìthtac thceikìnac kai me ta diakrit� qarakthristik� tonikìthtac (...) trÐa qarakthristik�eÐnai krÐsima se aut  th di�krish (perioq¸n uf c apì omoiìmorfec), to mègejoctwn mikr¸n perioq¸n, ta sqetik� megèjh kai o arijmìc xeqwrist¸n diakrit¸nqarakthristik¸n tonikìthtac.>> [Haralick & Shapiro, 1992] [117]<<To an eÐnai uf    ìqi èna fainìmeno tupik� kajorÐzetai apì thn klÐmaka pa-rat rhshc. H uf  prokÔptei apì èna arijmì diaforetik¸n phg¸n. Pr¸ton, ticsugkentr¸seic poll¸n mikr¸n antikeimènwn mporoÔme na tic skeftoÔme kalÔterasan uf  (...). DeÔteron, pollèc epif�neiec qarakthrÐzontai apì organwmènoucsqhmatismoÔc pou moi�zoun me pl joc apì mikr� antikeÐmena (...).>> [Forsyth &

Ponce, 2003] [99]<<Mèsa se mia monadik  epif�neia mporeÐ na up�rqei metabol  sthn anaklasti-kìthta, sto qr¸ma   ston trisdi�stato prosanatolismì (traqÔthta epif�neiac).Autèc oi metabolèc katal goun ston amfiblhstroeid  wc mia eikìna uf c. Tè-toiec metabolèc uf c mporeÐ na eÐnai kanonikèc (...), tuqaÐec (...)   endi�mesec(...).>> [Landy, 2004] [173]Oi idiìthtec thc uf c pou apotup¸nontai se mia eikìna mporoÔn na ermhneujoÔn wc:a) fusikèc metabolèc twn idiot twn thc epif�neiac (traqÔthta, stasimìthta, gewmetrÐa,anaklastikìthta, fusik  uf , jèsh), b) metabolèc twn sunjhk¸n fwtismoÔ, apeikìnishc kaiperiballontik¸n paragìntwn, g) qhmikèc-biologikèc kai exeliktikèc diadikasÐec (sqhmatismoÐkai prìtupa se organismoÔc [289,311], qhmik  uf ). H optik  uf  ston amfiblhstroeid    sek�poio sÔsthma yhfiak c anapar�stashc den eÐnai mÐa èna proc èna apeikìnish thc fusik cuf c miac epif�neiac lìgw thc sunÔparxhc twn anwtèrw ermhnei¸n kai twn periorism¸n thcapeikìnishc.Up�rqei èna sÔnolo diaisjhtik¸n idiot twn thc uf c, ìpwc aut  gÐnetai antilhpt , pousumperilamb�nontai sta perissìtera montèla kai orismoÔc kai jewroÔntai pragmatikèc [287].SqetÐzontai me to eÐdoc kai to pl joc twn {arqègonwn}, stoiqeiwd¸n sqhmatism¸n (primi-

tives) pou apartÐzoun thn uf :
• H uf  eÐnai idiìthta perioq¸n kai orÐzetai se qwrik� plègmata twn opoÐwn to mègejockai to eÐdoc exart�tai apì ton tÔpo thc uf c   to mègejoc twn primitives.

• Proôpojètei kai sumperilamb�nei th qwrik  katanom  gkrÐzwn   ègqrwmwn tim¸n,opìte mporeÐ na oristeÐ kai na analujeÐ statistik�.20 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 2. Optik  Uf  kai Mikrodomèc Diamìrfwshc
• H uf  gÐnetai antilhpt  se diaforetikèc klÐmakec   eukrÐneia, kai o arijmìc, to mègejockai to eÐdoc twn primitives mporoÔn na oristoÔn diaforetik� gia k�je klÐmaka.
• Mia perioq  eÐnai   diajètei uf  an qarakthrÐzetai apì meg�lo arijmì primitives kaiapì thn apousÐa shmantik� kurÐarqwn makrodom¸n   metr simwn sunìlwn.Shmantik� gia thn perigraf  thc optik c uf c eÐnai ta perigrafik� gnwrÐsmata pou mporeÐna diajètei. Tètoia gnwrÐsmata, ìqi aparaÐthta anex�rthta metaxÔ touc, eÐnai h sugkèntrwsh,h omoiomorfÐa, h puknìthta, h traqÔthta, h sklhrìthta, h kanonikìthta, h grammikìthta,h èntash, h kateujuntikìthta, h kateÔjunsh, h suqnìthta, h f�sh, h periodikìthta, htuqaiìthta, h dom , h fusikìthta. Sto Sq. 2.1 faÐnontai sunjetikèc kai fwtografikècgkrÐzec eikìnec uf c, apì fusikèc epif�neiec me perissìtero   ligìtero antilhptèc idiìthtec.Sto sÔnolì touc p�ntwc eÐnai qwrik� omogeneÐc, me epanalambanìmenouc sqhmatismoÔc kaisuqn� k�poia tuqaÐa metabol , sth jèsh, sto mègejoc, ston prosanatolismì   stic st�jmectou gkrÐzou.Oi mèjodoi perigraf c kai ta montèla uf c sth bibliografÐa mporoÔn na qwristoÔn setreic meg�lec kathgorÐec, an�loga me tic genikèc arqèc touc:
• Statistikèc: Qarakthristik� kai montèla apì thn katanom  twn gkrÐzwn tim¸n se ènadidi�stato plègma.- Montèla grammik c prìbleyhc (2-D montèlo autopalindrìmhshc, sun�rthsh au-tosusqètishc) [58, 283].- Qarakthristik� pin�kwn {sunemf�nishc} (co-occurrence matrices) (entropÐa, e-nèrgeia, susqètish, antÐjesh, omoiogèneia), 2hc - t�xhc statistik� [118].- TuqaÐa pedÐa Gibbs-Markov [66,76,196,310,325].- Stoqastik� fr�ktal, statistik� autoìmoiec diadikasÐec, klasmatikèc kin seic

Brown [151,169,182,236, 240].- Topikèc katanomèc megèjouc kai sq matoc, granulometries [272,301].

• Gewmetrikèc kai domikèc: H uf  orÐzetai apì ta jemeli¸dh domik� sustatik� thc.- Textìnia [67, 146, 178, 185, 296, 321].- Nteterministik� fr�ktal, genikeumènec fr�ktal diast�seic [57, 59, 155, 242].- Diagr�mmata Voronoi [288].- Grammatik� montèla (shape, tree, array grammars) [15].
• Energeiakèc - Polukanalikèc: Suqnotik  an�lush kai anapar�stash thc uf c me pol-laplèc fasmatikèc sunist¸sec.- Qarakthristik� sthn èxodo grammik¸n fÐltrwn (katanomèc, enèrgeia, mh-grammikìthtec) [36, 110, 188, 250, 318].
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Kef�laio 2. Optik  Uf  kai Mikrodomèc Diamìrfwshc
(α) (β) (γ) (δ)

(ε) (στ) (ζ) (η)

(θ) (ι) (ια) (ιβ)

(ιγ) (ιδ) (ιε) (ιστ)Sq ma 2.1: Παραδείγματα υφής εικόνων: (α),(β) συνθετικές περιοδικές, (γ),(δ) συνθετικές τυχαίες,
(ε)-(η) φωτογραφικές ψευδοπεριοδικές (reptile, bricks, burlap, raffia), (θ)-(ιβ) φωτογραφικές τυχαίες
(water, fabric, metal, wood), (ιγ)-(ιστ) φωτογραφικές δομημένες. Οι φωτογραφικές είναι από τη
βάση VisTex, MIT Media Lab [216] και τη συλλογή Brodatz [40].- Anaparast�seic q¸rou-suqnìthtac (space-frequency)   klÐmakac-q¸rou (scale-

space) (kumatÐdia, puramÐdec, sustoiqÐec fÐltrwn) [116,128,190�192,237,243,244,292,308].- Qwrik� AM-FM montèla, topikèc diamorf¸seic [37, 122, 198].
• Metabolikèc: Orismìc thc uf c se sunarthsiakoÔc q¸rouc, elaqistopoÐhsh sunarth-siak¸n, ektÐmhsh me merikèc diaforikèc exis¸seic (MDE) [7�12, 29, 69, 108, 115, 214,227, 274, 279, 298�300].22 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 2. Optik  Uf  kai Mikrodomèc DiamìrfwshcOi sÔgqronec t�seic epidi¸koun th qr sh enopoihmènwn montèlwn kai thn enallag    thnanaz thsh isodunamÐac an�mesa stic perigrafèc, ètsi ¸ste na afomoi¸nontai ta pleonekt -mata twn diaforetik¸n proseggÐsewn kai na antimetwpÐzetai mejodik� h an�lush thc uf c.To endiafèron mac strèfetai stic energeiakèc, polukanalikèc mejìdouc gia to montèlo pouja qrhsimopoihjeÐ gia thn uf , all� kai sthn enopoÐhsh touc me metabolikèc mejìdouc ìpwcja parousiasteÐ sth sunèqeia (kef�laio 5).2.2 Polusuqnotikìc diaqwrismìcH an�lush eikìnwn se pollaplèc z¸nec qwrik¸n suqnot twn   polusuqnotik  (mul-

tifrequency) an�lush [36, 191], qrhsimopoi jhke eurèwc sta montèla arqik c ìrashc kaiepexergasÐac qamhloÔ epipèdou lìgw thc omoiìthtac me biologikèc diergasÐec, thc apodoti-kìthtac wc proc thn kwdikopoÐhsh plhroforÐac kai twn perigrafik¸n pleonekthm�twn thcanapar�stashc se pollapl� kan�lia. Fusiologikèc kai yuqofusikèc dokimèc uposthrÐzounthn Ôparxh ston optikì floiì mhqanism¸n epilektik¸n wc proc th suqnìthta [96,191]. Tè-toioi mhqanismoÐ apoteloÔn tic b�seic gia mia {arai } (sparse) teqnik  optik c kwdikopoÐhshcpou elaqistopoieÐ ton pleonasmì thc plhroforÐac [224, 225]. Upologistik� o diaqwrismìcse {kan�lia} suqnot twn apant�tai stic anaparast�seic eikìnwn puramÐdac   pollapl ceukrÐneiac (multiresolution) [128, 192] kai sthn an�lush uf c gia exagwg  katanom¸n  qarakthristik¸n (kef�laio 1) [138, 244, 250, 325].2.2.1 Qwrikèc suqnìthtecH anapar�stash miac eikìnac wc pÐnaka tim¸n èntashc fwteinìthtac orÐzei thn perigraf thc sto qwrikì pedÐo (spatial domain) kai tic metabolèc thc èntashc an�mesa se diaforetik�shmeÐa, ìpwc orÐzontai se èna diakritì plègma apì pixel. H met�bash mèsw tou metasqhma-tismoÔ Fourier sto pedÐo suqnot twn (frequency domain) dÐnei to suqnotikì perieqìmenothc eikìnac wc upèrjesh migadik¸n ekjetik¸n suntelest¸n. Me ton ìro qwrik  suqnìth-ta (spatial frequency) miac eikìnac orÐzetai o rujmìc epan�lhyhc   enallag c (cycle rate)twn metab�sewn an�mesa stic di�forec st�jmec fwteinìthtac. Ekfr�zetai sun jwc se kÔ-klouc an� eikonostoiqeÐo (cycles/pixel), kÔklouc an� moÐra optik c gwnÐac (cycles/degree  kanonikopoihmèna, sto peperasmèno diakritì plègma thc eikìnac, se kÔklouc an� eikìna
(cycles/image).'Ena hmÐtono thc morf c sin[2π(ucx + vcy)] èqei dÔo qwrikèc suqnìthtec, uc kai vc pouekfr�zoun antÐstoiqa to rujmì tal�ntwshc sthn orizìntia kai k�jeth dieÔjunsh me akti-nik  suqnìthta (radial frequency) w =

√

u2
c + v2

c kai gwnÐa metabol c θ = arctan(vc/uc).H eikìna sto Sq. 2.1 (a) eÐnai èna tètoio qwrikì hmÐtono me stajerì di�nusma qwrik¸n su-qnot twn (uc, vc). Oi periorismoÐ deigmatolhyÐac Nyquist-Shannon kajorÐzoun th mègisthfusik  suqnìthta pou mporeÐ na diajètei mia eikìna peperasmènwn diast�sewn. Sto biolo-gikì sÔsthma ìrashc h an¸terh aniqneÔsimh qwrik  suqnìthta se uyhl� epÐpeda fwtismoÔeÐnai 50 − 60 cpd, en¸ se qamhl� epÐpeda 20 − 30 cpd.
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Kef�laio 2. Optik  Uf  kai Mikrodomèc DiamìrfwshcDiaforetikèc qwrikèc suqnìthtec metafèroun diaforetik  plhroforÐa gia to perieqì-meno miac eikìnac (Sq. 2.2). Uyhlèc qwrikèc sunqìthtec parist�noun apìtomec qwrikècallagèc sthn eikìna, ìpwc akmèc,   antapokrÐnontai se plhroforÐec mikrodom c kai lepto-mèreiec. AntÐjeta, qamhlèc qwrikèc suqnìthtec parist�noun kajolik  plhroforÐa gia ticmakrodomèc, to sq ma, tic analogÐec twn antikeimènwn kai to genikì prosanatolismì.2.2.2 Grammik� fÐltra kai sunart seic GaborOi tupikèc fusikèc eikìnec uf c eÐnai eureÐac z¸nhc (wideband) upì thn ènnoia ìti toeÔroc twn suqnot twn pou kuriarqoÔn sto f�sma touc eÐnai meg�lo parousi�zontac suqno-tikì perieqìmeno se perissìterec apì mia z¸nec tou pedÐou suqnot twn. H perigraf  thcuf c se diaforetikèc perioqèc qwrik¸n suqnot twn kai opoiad pote qwro-suqnotik  an�-lush gÐnetai mèsw grammik¸n metasqhmatism¸n, fÐltrwn   kumatidÐwn [176, 244, 250]. Autìperilamb�nei probolèc se,   isodÔnama sunelÐxeic me, èna sÔnolo grammik¸n zwnoperat¸nfÐltrwn.Mia oikogèneia fÐltrwn me eunoðkèc gia thn an�lush idiìthtec eÐnai oi sunart seic Gaborpou apoteloÔn qwrik� diamorfwmèna hmÐtona apì sunart seic Gauss [35, 70, 72, 102]. TaprofÐl touc akoloujoÔn tic idiìthtec thc apìkrishc twn apl¸n kutt�rwn, miac kathgorÐacneur¸nwn, ston optikì floiì twn jhlastik¸n. Empeirikèc melètec sta profÐl twn qwrik¸nupodektik¸n pedÐwn genikeumènwn apl¸n kutt�rwn sunhgoroÔn upèr thc montelopoÐhshcapì Gabor sunart seic [65, 71, 72, 96, 170, 204, 306]. Epiplèon, ta fÐltra Gabor upìkeintaise rÔjmish thc qwrik c suqnìthtac   klÐmakac (scale), tou prosanatolismoÔ (orientation)kai tou eÔrouc (bandwidth) en¸ sth migadik  touc èkfrash ikanopoioÔn to kat¸tato ìriothc abebaiìthtac apì koinoÔ gia qwrik  kai suqnotik  topojèthsh [72].To pragmatikì kai to fantastikì mèroc tou migadikoÔ Gabor fÐltrou apoteloÔn ènazeÔgoc orjogwnismoÔ f�shc pou proseggÐzei mia analutik  sun�rthsh. H apìkrish, kano-nikopoihmènh se monadiaÐa enèrgeia (‖g‖1 = 1), eÐnai
g(x, y) = c exp

[

−(x − xc)
2

2a2
− (y − yc)

2

2b2

]

· exp [juc(x − xc) + jvc(y − yc)] (2.1)kai h apìkrish suqnìthtac pou kajorÐzei kai thn epilektikìtht� tou sto pedÐo twn suqno-t twn
G(u, v) = C exp

[

−(u − uc)
2a2

2
− (v − vc)

2b2

2

]

· exp [−jucxc − jvcyc] , (2.2)ìpou c, C eÐnai stajerèc kanonikopoÐhshc, to shmeÐo (xc, yc) prosdiorÐzei thn topojèthsh toufÐltrou qwrik�, oi tupikèc apoklÐseic thc 2-D Gaussian (a, b) kajorÐzoun to energì eÔrockai thn èktash tou fÐltrou proc tic dÔo kateujÔnseic kai to di�nusma (uc, vc) th diamìrfwshsuqnìthtac   th suqnotik  topojèthsh tou fÐltrou. 'Ena tètoio fÐltro epitrèpei suqnìthtecse eÔroc ±1/a kai ±1/b se k�je kateÔjunsh, en¸ o lìgoc λ = a/b kajorÐzei th summetrÐatou, me σ = a = b gia isotropik� fÐltra.24 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 2. Optik  Uf  kai Mikrodomèc DiamìrfwshcOi stajerèc c, C sqetÐzontai me thn {enèrgeia} tou fÐltrou, ìpwc aut  ekfr�zetai mèsaapì genikeumènec p-nìrmec, kai apodeiknÔetai ìti
c =

‖g‖p
p√

2πab/p
, C = 2πab

‖g‖p
p√

2πab/p
. (2.3)'Etsi, gia fÐltra monadiaÐac L1 enèrgeiac ‖g‖1 = 1, dhlad  monadiaÐa dc apìkrish prokÔptoun

c = 1/2πab kai C = 1. Sthn perÐptwsh thc apìkrishc monadiaÐou megÐstou dhl. ‖g‖∞ = 1oi timèc eÐnai antÐjetec. Shmei¸netai ìti oi kanonikopoi seic twn fÐltrwn sto q¸ro kaisth suqnìthta sundèontai apì tic duðkèc energeiakèc nìrmec ‖g‖p = ‖G‖q , me 1/p + 1/q =

1. Epomènwc, monadiaÐa L1 enèrgeia sto q¸ro isodunameÐ me monadiaÐo pl�toc ‖G‖∞ = 1thc apìkrishc suqnìthtac. Gia p = q = 2, h L2 enèrgeia metr�tai kai kanonikopoieÐtaitautìqrona kai sta dÔo pedÐa (je¸rhma Parseval).H omoiìthta twn Gabor apokrÐsewn sta pedÐa q¸rou kai qwrik¸n suqnot twn meta-fr�zetai se tautìqronh epexergasÐa thc plhroforÐac kai sta dÔo pedÐa. Gia èna fÐltrotopojethmèno sthn arq , o Fourier metasqhmatismìc tou eÐnai mia sun�rthsh Gauss topo-jethmènh stic suqnìthtec (uc, vc), dhlad  èna zwnoperatì fÐltro pou epitrèpei th dièleushperiorismènou eÔrouc suqnot twn stic dÔo dieujÔnseic. Ta Gabor apoteloÔne omal� kai eÔ-qrhsta zwnoperat� fÐltra, eÔkola elègxima kai ikan� na par�goun mia olìklhrh oikogèneiame parìmoia qarakthristik� metab�llontac èna mikrì sÔnolo paramètrwn.Ta monodi�stata Gabor apodeÐqthkan na elaqistopoioÔn th sqèsh abebaiìthtac se mÐadi�stash ∆x · ∆u ≥ 1/4, ìpou to ∆ ekfr�zei energì rms eÔroc [102]. EpekteÐnontac sticdÔo diast�seic [72], oi 2-D sunart seic Gabor sth migadik  touc morf  (2.1, 2.2) eÐnai oimìnec pou elaqistopoioÔn tautìqrona thn abebaiìthta
(∆x)(∆y)(∆u)(∆v) ≥ 1/16, (2.4)

∆x =
a
√

2

2
, ∆u =

1

2
√

2a
⇒ ∆x · ∆u = 1/4

∆y =
b
√

2

2
, ∆v =

1

2
√

2b
⇒ ∆y · ∆v = 1/4.H shmasÐa twn parap�nw sqèsewn eÐnai ìti ta fÐltra Gabor katafèrnoun tautìqrona nad¸soun mègisth plhroforÐa sto qwrikì kai sto fasmatikì pedÐo me thn el�qisth abebaiìth-ta. 'Etsi, ex�goun me bèltisto trìpo plhroforÐa tìso wc proc th dom  ({ti}) ìso kai procth jèsh ({pou}).Me kat�llhlouc metasqhmatismoÔc b�shc, opoiad pote eikìna mporeÐ na anaparastajeÐapì èna peperasmèno sÔnolo stoiqeiwd¸n 2-D Gabor sunart sewn kumatidÐwn [70, 73, 176,191,243]. H epèktash Gabor (expansion) anakataskeu�zei thn plhroforÐa thc eikìnac f wcèna stajmismèno grammikì sunduasmì qwrik� metatopismènwn kumatidÐwn stajeroÔ eÔrouckai grammik c apìstashc sth suqnìthta

I(x, y) =
∑

xi,yi

∑

w1j ,w2j

αijgk(x − xi, y − yi;w1j , w2j), (2.5)me xi, yi = hi, w1j , w2j = Hj, h,H = ct. Ta b�rh αij apoteloÔn to sÔnolo twn sunte-lest¸n thc epèktashc. Par�olo pou prìkeitai gia mh-orjogwnik  probol , h anakataskeu 
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Kef�laio 2. Optik  Uf  kai Mikrodomèc DiamìrfwshcmporeÐ na eÐnai akrib c, an ta fÐltra diamorf¸noun èna {stenì plaÐsio} (tight wavelet fra-

me) [176]   an oi suntelestèc ektimhjoÔn ètsi, ¸ste na antistoiqoÔn se mia pl rh anapar�-stash [19, 70]. Gia mikr  epik�luyh metaxÔ touc oi suntelestèc proseggÐzontai sten� apìtic apokrÐseic twn kumatidÐwn-fÐltrwn aik ≈ (I ∗ gk)(xi, yi) [36, 204].

Sq ma 2.2: FÐltra Gabor kai zwnoperatèc sunist¸sec. 1h seir�: arqik  eikìna (256×256)kai èxodoi tri¸n pragmatik¸n Gabor fÐltrwn se diaforetikèc klÐmakec kai prosanatoli-smoÔc. 2h seir�: epipedosÔnola (level curves) se èxi st�jmec. 3h kai 4h seir�: kroustikècapokrÐseic kai apokrÐseic suqnìthtac twn fÐltrwn se 3-D prooptikèc apeikonÐseic. Qa-rakthristik� twn tri¸n fÐltrwn (k�jeth suqnìthta uc, orizìntia suqnìthta vc, eÔrocz¸nhc): ([0, 0, 27] , [13, 7, 20] , [−15, 21, 11]).Mia tètoia anapar�stash mporeÐ na jewrhjeÐ wc mia suneq c gèfura an�mesa sta pe-dÐa q¸rou kai thc qwrik c suqnìthtac. Metab�llontac tic paramètrouc klÐmakac a, b thc
Gaussian epitugq�netai met�bash apì to èna pedÐo perigraf c sto �llo me endi�mesh thn
Gabor anapar�stash. Gia meg�lec timèc o Gabor metasqhmatismìc teÐnei oriak� sto Fourierkai sto pedÐo suqnot twn, en¸ gia polÔ mikrèc, ìpou o ìroc thc sun�rthshc Gauss meta-trèpetai se mia 2-D sun�rthsh Dèlta, o metasqhmatismìc eÐnai sthn ousÐa deigmatolhyÐa26 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 2. Optik  Uf  kai Mikrodomèc Diamìrfwshcsto qwrikì pedÐo
lim

a,b→∞
[g(x, y|a, b) ∗ I(x, y)] = F{I}(u, v), (2.6)

lim
a,b→0

[g(x, y|a, b) ∗ I(x, y)] = δ(x, y) ∗ f(x, y), (2.7)ìpou F{ · } o Fourier metasqhmatismìc thc eikìnac I(x, y) kai g(x, y|a, b) h apìkrish (2.1)me paramètrouc (a, b). Me qr sh tètoiwn puramÐdwn Gabor mporeÐ na epiteuqjeÐ pl rhcanapar�stash, perigraf , anagn¸rish, sumpÐesh kai anakataskeu  thc optik c plhroforÐac[73].H efarmog  tou migadikoÔ fÐltrou Gabor (2.1) isodunameÐ me filtr�risma me to pragmati-kì kai to fantastikì mèroc tou h(x, y) = hc(x, y)+ jhs(x, y) [34]. Ta dÔo fÐltra apoteloÔnèna zeÔgoc orjogwnismoÔ f�shc ìpou to pragmatikì èqei �rtia kai to fantastikì peritt summetrÐa wc proc ton prosanatolismì touc θ. Oi dÔo ekdoqèc thc filtrarismènhc eikìnacèqoun diafor� f�shc π/2 kat� m koc thc θ.Sto Sq. 2.2 faÐnetai h efarmog  se mia eikìna uf c tri¸n pragmatik¸n Gabor fÐltrwn sediaforetikèc qwrikèc suqnìthtec (  klÐmakec kai prosanatolismoÔc). Oi summetrikoÐ loboÐsto Fourier pedÐo twn apokrÐsewn suqnìthtac ofeÐlontai sth qrhsh tou pragmatikoÔ mèrouc,thc �rtiac dhlad  sunist¸sac twn fÐltrwn. H sun�rthsh Gauss apoteleÐ èna genikeumèno
Gabor me (uc = vc = 0) pou leitourgeÐ wc bajuperatì fÐltro omalopoÐhshc. H apìkrishtou eÐnai anagkaÐa gia thn anakataskeu  thc arqik c eikìnac apì upèrjesh twn epimèrouczwnoperat¸n sunistws¸n thc.2.2.3 SustoiqÐec Gabor fÐltrwnTa fÐltra Gabor qrhsimopoi jhkan susthmatik� gia kat�tmhsh, di�krish kai kathgo-riopoÐhsh uf c, oi par�metroÐ touc (klÐmaka, prosanatolismìc, eÔroc, qwrik  topojèth-sh) ereun jhkan kai susthmatopoi jhkan [35, 86] kai parousi�sthke h dunatìthta anaz -thshc peperasmènwn sunistws¸n uf c se aplèc eikìnec me qr sh an�logou arijmoÔ fÐl-trwn [34, 36]. Gia k�luyh ìlou tou eÔrouc twn dunat¸n qwrik¸n suqnot twn qrhsimo-poioÔntai sustoiqÐec fÐltrwn (filterbanks) aktinik c di�taxhc kai auxanìmenou an� okt�beceÔrouc me fÐltra twn opoÐwn h klÐmaka all� kai o prosanatolismìc dÐnontai apì analutikècsqèseic [37, 120, 122, 124, 250].Gia thn an�lush plhroforÐac eureÐac z¸nhc thc uf c h eikìna qwrÐzetai se apomonwmènecstenozwnikèc sunist¸sec (narrowband components) twn opoÐwn to fasmatikì perieqìmenoeÐnai periorismèno se mia mikr  perioq  suqnot twn mèsw pollapl¸n kanali¸n qwrik¸nsuqnot twn tÔpou kumatidÐwn. O diaqwrismìc gÐnetai apì èna sÔnolo fÐltrwn kat�llhlhcdom c kai di�taxhc ètsi, ¸ste na kalÔptetai epark¸c ìlo to eÔroc twn qwrik¸n suqnot twn.'Ena epiplèon pleonèkthma eÐnai o periorismìc tou jorÔbou an� z¸nh kai h omalopoÐhsh twnìpoiwn energeiak¸n metr sewn sthn èxodo twn fÐltrwn. To plaÐsio pollapl¸n fÐltrwn,par�llhlhc epexergasÐac kai exagwg c qarakthristik¸n an� z¸nh suqnot twn eÐnai gnwstìwc poluzwnik  an�lush .
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Kef�laio 2. Optik  Uf  kai Mikrodomèc DiamìrfwshcTa sun jh krit ria gia thn epilog  twn fÐltrwn thc sustoiqÐac eÐnai na eÐnai kal� en-topismèna kai topojethmèna sto qwrikì kai sto suqnotikì pedÐo, na eÐnai ìso to dunatìnstenoÔ eÔrouc z¸nhc kai sto sÔnolo touc na kalÔptoun pukn� tic shmantikèc suqnìthtecthc eikìnac. Gia to skopì autì epilègontai sun jwc 2-D Gabor fÐltra lìgw thc bèltisthcabebaiìthtac wc proc th qwrosuqnìtik  topojèthsh touc (2.5). QrhsimopoioÔntai isotro-pik� fÐltra, se diaforetikèc klÐmakec kai prosanatolismoÔc, me k�poio kanìna sÔndeshctou eÔrouc z¸nhc me thn kentrik  suqnìthta tou kajenìc. Kat� kanìna se megalÔtereckentrikèc suqnìthtec antistoiqÐzetai megalÔtero eÔroc z¸nhc.H di�taxh twn fÐltrwn eÐnai aktinik , me kentrikèc suqnìthtec se gewmetrik  prìodokai pukn  k�luyh tou fasmatikoÔ pedÐou. Me kÐnhtro kai th di�taxh twn kutt�rwn toufloioÔ [96], h qr sh okt�bwn gia to eÔroc twn kanali¸n prosfèrei beltiwmèno entopismìsto qwrikì pedÐo (metab�llontac proodeutik� th qwrik  upost rixh kai to energì eÔroctou fÐltrou). Gia k�je kan�li k oi eleÔjerec par�metroi [σk, ~wk] kajorÐzontai apì tosqediasmì thc sustoiqÐac. Gia fÐltra pou tèmnontai se lìgo n apì tic korufèc touc (n-

peak) h apìklish thc Gaussian perib�llousac eÐnai
σk =

√
−2 ln n

|~wk|
2B + 1

2B − 1
, |~wk| =

√

u2
ck + v2

ck, (2.8)ìpou B to aktinikì eÔroc (radial n-peak) se okt�bec kai |~wk| h kentrik  suqnìthta. 'E-nac tètoioc sqediasmìc (constant-Q) diathreÐ stajerì to lìgo Q = |~wk|/σk thc kentrik csuqnìthtac proc to eÔroc z¸nhc se k�je fÐltro k kai exasfalÐzei stajer , logarijmik  apì-stash an�mesa se diadoqik� fÐltra thc Ðdiac kateÔjunshc θk = arctan (vck/uck). To pl�tocthc kentrik c suqnìthta |~wk| tautÐzetai me thn klÐmaka tou fÐltrou, en¸ h kateÔjunsh thc
θk me ton prosanatolismì tou.Mia ulopoÐhsh gia 40 fÐltra se okt¸ prosanatolismoÔc kai pènte klÐmakec eÔrouc B = 1okt�ba kai tom  sto n = 1/2 thc koruf c apeikonÐzetai me th morf  twn apokrÐsewn su-qnìthtac twn fÐltrwn sto Sq. 2.3. 'Enac tètoioc sqediasmìc odhgeÐ se èna prokajorismènodiaqwrismì (partitioning) tou pedÐou twn qwrik¸n suqnot twn kai se mia prosèggish thceikìnac me ligìterec sunist¸sec ap' ì,ti h epèktash (2.5). Perissìterec leptomèreiec giaton aktinikì sqediasmì mporoÔn na brejoÔn sto [122]. H summetrik  k�luyh tou pedÐoutwn suqnot twn apì sustoiqÐa migadik¸n kai pragmatik¸n fÐltrwn, faÐnetai apì tic apo-krÐseic suqnìthtac twn fÐltrwn sto Sq. 2.4 wc prooptikèc 3-D apeikonÐseic. Ta fÐltraeÐnai kanonikopoihmèna wc proc thn L1 enèrgeia touc kai sunodeÔontai apì dÔo uyiperat�kai èna bajuperatì fÐltro gia thn olokl rwsh thc perigraf c kai thn plhrèsterh k�luyhkai anakataskeu  thc plhroforÐac. An�loga orÐzontai kai sustoiqÐec isotropik¸n fÐltrwnse grammik  di�taxh me Ðdio eÔroc z¸nhc kai apìstash an� kateÔjunsh. Oi {grammikèc} su-stoiqÐec (linear filterbanks) antimetwpÐzoun me ton Ðdio trìpo tic uyhlèc kai qamhlèc z¸necsuqnot twn, all� den exasfalÐzoun aparaÐthta thn anakataskeu  thc arqik c eikìnac apìtic epimèrouc zwnoperatèc ekdoqèc thc.Oi zwnoperatèc sunist¸sec sthn èxodo miac sustoiqÐac èqoun èmfutec tic ènnoiec thcklÐmakac kai thc kateujuntikìthtac oi opoÐec kajorÐzontai apì thn Gaussian apìklish σk28 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 2. Optik  Uf  kai Mikrodomèc Diamìrfwshc

Sq ma 2.3: Συστοιχία φίλτρων Gabor και πολυσυχνοτικός διαχωρισμός. Πάνω σειρά: χωρικά προ-
φίλ (πραγματικό μέρος κανονικοποιημένο στο [0, 1]) φίλτρων (μεσαία εικόνα) και ακτινική διάταξη
των αποκρίσεων συχνότητας. Τα 40 φίλτρα ακτινικού εύρους B = 1 οκτάβας καλύπτουν 5 κλίμακες
(δακτύλιοι) και 8 προσανατολισμούς (ακτίνες). Σε κάθε δακτύλιο τα γειτονικά φίλτρα τέμνονται
στο μισό της τιμής κορυφής τους (αριστερά εικόνα). Κάτω σειρά: Μέτρο και φάση των μιγαδικών
φίλτρων που αντιστοιχούν στη χωρική έκταση, την κλίμακα και τον προσανατολισμό τους.

Sq ma 2.4: Αποκρίσεις συχνότητας (3-Δ προοπτική απεικόνιση) συστοιχίας 2-Δ μιγαδικών (δεξιά)
και πραγματικών (αριστερά) Gabor φίλτρων (40 φίλτρα, σε 8 κλίμακες και 5 προσανατολισμούς, ένα
βαθυπερατό και δύο υψιπερατά). Η συμμετρική κάλυψη στα πραγματικά οφείλεται στη συμμετρία
του Fourier μετασχηματισμού για άρτιες συναρτήσεις.kai thn kentrik  suqnìthta twn kanali¸n ~wk. Me autì ton trìpo mia poluklimakwt  (mul-

tiscale) org�nwsh upodhl¸netai apì ta fÐltra se k�je kateÔjunsh [36,138,244], me tic pioleptomereÐc klÐmakec thc eikìnac na antistoiqoÔn stic z¸nec megalÔterwn suqnot twn kaitic pio adrèc stic z¸nec qamhl¸n suqnot twn kai mikroÔ eÔrouc.
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Kef�laio 2. Optik  Uf  kai Mikrodomèc Diamìrfwshc2.3 Montèla diamìrfwshc, energeiakoÐ telestèc kai a-podiamìrfwshOi zwnoperatèc sunist¸sec thc uf c sthn èxodo miac sustoiqÐac Gabor fÐltrwn, eÐnaieikìnec uf c topik� stenozwnikèc kat� thn ènnoia pou perigr�fetai sto [37]. Tètoiec suni-st¸sec antistoiqoÔn stic qwrikèc diamorf¸seic twn tim¸n fwteinìthtac thc eikìnac se ènastenì eÔroc suqnot twn kai mporoÔn na montelopoihjoÔn me qwrik� AM-FM s mata
f(x, y) = a(x, y) cos[φ(x, y)] , ~ω(x, y) = ∇φ(x, y), (2.9)dhlad  mh-st�sima (non-stationary) hmÐtona me diamìrfwsh pl�touc (AM) kai diamìr-fwsh suqnìthtac (FM). To qwrik� metaballìmeno pl�toc a(x, y) montelopoieÐ thn to-pik  antÐjesh (contrast) kai to qwrik� metaballìmeno di�nusma stigmiaÐwn suqnot twn

~ω(x, y) = (ω1, ω2)(x, y) perièqei plhroforÐa gia tic topik� anaduìmenec suqnìthtec. Topl�toc kai oi suqnìthtec eÐnai omal�, topik� sten c z¸nhc s mata. Tètoia montèla dia-mìrfwshc èqoun efarmosteÐ se èna pl joc problhm�twn ìrashc upologist¸n kai an�lushceikìnwn [2,37,74,120,124,125,198,234]. To prìblhma se tètoia montèla diamìrfwshc eÐnai hektÐmhsh twn 2-D shm�twn pl�touc kai suqnìthtac me upologistikoÔc algìrijmouc qamhl cpoluplokìthta kai mikroÔ sf�lmatoc ektÐmhshc. Mia prosèggish basÐzetai se diaqwrismìthc enèrgeiac tètoiwn shm�twn ìpwc thn ektim�ei ènac diaforikìc mh-grammikìc telest c.2.3.1 Monodi�statoc energeiakìc telest cO mh-grammikìc diaforikìc telest c Ψ pou prot�jhke apì ton Teager [281] kai anaptÔ-qjhke susthmatik� apì ton Kaiser [148,149] gia 1-D s mata suneqoÔc qrìnou f(t) orÐzetaiwc:
Ψ(f)(t) , [f ′(t)]2 − f(t)f ′′(t) (2.10)me f ′ = df/dt kai f ′′ = d2f/dt2. To diakritì antÐstoiqo tou eÐnai o telest c

Ψd(f)(n) , f2(n) − f(n − 1)f(n + 1) (2.11)gia s mata diakritoÔ qrìnou f(n). Oi telestèc Ψ kai Ψd qarakthrÐzontai wc energeiakoÐtelestèc upì thn ènnoia ìti entopÐzoun thn {enèrgeia} apl¸n armonik¸n talant¸sewn h-mitonik¸n shm�twn. Aut  h energeiak  posìthta eÐnai an�logh tìso tou tetrag¸nou toupl�touc ìso kai tou tetrag¸nou thc suqnìthtac thc tal�ntwshc!Oi energeiakoÐ telestèc mporoÔn na ektim soun stigmiaÐa thn perib�llousa diamorfw-mènwn shm�twn kat� pl�toc   suqnìthta [202], en¸ gia genik� AM-FM s mata thc morf c
f(t) = a(t) cos[φ(t)] h èxodoc touc eÐnai to energeiakì ginìmeno

Ψ[a(t) cos(φ(t))] ≈ a2(t)ω2(t), (2.12)ìpou ω(t) = dφ(t)/dt h stigmiaÐa gwniak  suqnìthta. H prosèggish isqÔei me mikrì sf�l-ma, ìtan tìso to pl�toc ìso kai h suqnìthta de metab�llontai polÔ gr gora   se meg�lo30 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 2. Optik  Uf  kai Mikrodomèc DiamìrfwshceÔroc se sqèsh me to fèron. Efarmìzontac, epiplèon, ton Ψ sthn par�gwgo f ′(t) prokÔpteiènac 1-D algìrijmoc apodiamìrfwshc AM-FM shm�twn pou diaqwrÐzei thn enèrgeia (2.12)se suntelestèc pl�touc kai suqnìthtac kai ektim�ei thn perib�llousa |a(t)| kai th stig-miaÐa suqnìthta ω(t) [38,200�202]. Perissìtera gia thn apodiamìrfwsh qronik¸n AM-FMshm�twn mèsw tou monodi�statou telest  parousi�zontai sto kef�laio 8.2.3.2 Energeiakìc telest c gia 2-D s mataMia epèktash tou 1-D energeiakoÔ telest  prot�jhke sto [198] se èna genikìtero plaÐ-sio poludi�statwn energeiak¸n telest¸n kai 2-D telest¸n gia eikìnec. An f(~x) èna dis-di�stato pragmatikì s ma me ~x = (x, y) ∈ R2 tìte o 2-D energeiakìc telest c orÐzetaiwc:
Ψ(f)(~x) , ||∇f(~x)||2 − f(~x)∇2f(~x), ~x = (x, y) ∈ R2, (2.13)ìpou ∇f h klÐsh (gradient) thc f , || · || h EukleÐdia L2 nìrma, kai ∇2f = ∆f = ∂2f/∂x2 +

∂2f/∂y2 h Laplacian tou f . O telest c Ψ(f) sto disdi�stato s ma f mporeÐ ex orismoÔ naekfrasteÐ wc to �jroisma dÔo monodi�statwn telest¸n stic dÔo kateujÔnseic
Ψ(f) =

(
∂f

∂x

)2

+

(
∂f

∂y

)2

− f

(

∂2f

∂x2
+

∂2f

∂y2

)

=
∑

k∈{x,y}

Ψk(f) (2.14)me Ψk(f) = f2
k −ffkk . 'Etsi, h èxodoc tou Ψ eÐnai to �jroisma twn energeiak¸n sunistws¸ntou 1-D telest  sthn orizìntia kai k�jeth dieÔjunsh. 'Ena sÔnolo idiot twn tou 2-Dtelest  Ψ mporeÐ na brejeÐ sto [198].2.3.3 Epèktash gia migadik� 2-D s mataH epèktash tou 2-D telest  gia migadik� s mata gÐnetai me b�sh èna genikeumèno telest gia dianusmatik� s mata [198]. O telest c C gia èna migadikì s ma f(~x) = (fr + jfi)(~x)orÐsthke wc:

C(f)(~x) , ||∇f(~x)||2 − Re[f∗(~x)∇2f(~x)], (2.15)ìpou to ∗ orÐzei to migadikì sumpl rwma kai fr = Re(f) kai fi = Im(f). EÔkola diapist¸-netai ìti prokÔptei
C(f) = Ψ(fr) + Ψ(fi) = Ψ[Re(f)] + Ψ[Im(f)]. (2.16)'Etsi, h efarmog  tou energeiakoÔ telest  se migadik� s mata katal gei se anex�rththan�lush tou pragmatikoÔ kai tou fantastikoÔ touc mèrouc.Endiafèron parousi�zei h sÔgkrish thc (2.16) me to apotèlesma thc apeujeÐac efarmog ctou Ψ thc sqèshc (2.13) sto migadikì s ma f(~x). Me aploÔc upologismoÔc prokÔptei

Ψ(f) = Ψ(fr + jfi) = Ψ(fr) − Ψ(fi) + j∇2[frfi]. (2.17)SugkrÐnontac thn (2.16) me thn (2.17) faÐnetai ìti C(f) 6= Re[Ψ(f)]. Epomènwc, o energeia-kìc telest c gia migadik� s mata, pou eÐnai mia pragmatik  posìthta, den eÐnai isodÔnamocme to pragmatikì mèroc thc efarmog c tou energeiakoÔ telest  sto s ma.
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Kef�laio 2. Optik  Uf  kai Mikrodomèc Diamìrfwshc2.3.4 Qwrik� AM-FM kai diaqwrismìc enèrgeiac'Estw èna pragmatikì 2-D hmitonoeidèc s ma, diamorfwmèno kat� pl�toc kai suqnìth-ta thc morf c (2.9) f(x, y) = a(x, y) cos[φ(x, y)], ìpou a(x, y) to qwrik� metaballìmenopl�toc, φ(x, y) to s ma f�shc kai
~ω(x, y) , ∇φ(x, y) = [ω1(x, y), ω2(x, y)] (2.18)to di�nusma twn stigmiaÐwn qwrik� metaballìmenwn gwniak¸n suqnot twn

ω1(x, y) ,
∂φ

∂x
(x, y) , ω2(x, y) ,

∂φ

∂y
(x, y). (2.19)To k�je s ma stigmiaÐac suqnìthtac mporeÐ na grafeÐ sth morf  ωk(x, y) = ωc,k +

ωm,kqk(x, y), k = {1, 2}, ìpou ωc,k h stajer  suqnìthta fèrontoc kai qk(~x) ∈ [−1, 1]to s ma diamìrfwshc suqnìthtac me ωm,k th mègisth apìklish tou ωk apì thn kentrik  toutim .Efarmog  tou Ψ se èna tètoio AM-FM s ma f katal gei proseggistik� sto ginìmeno
Ψ[a cos(φ)] ≈ a2||~ω||2. (2.20)To sf�lma prosèggishc eÐnai amelhtèo upì realistikèc sunj kec [198] pou jèloun tic me-tabolèc pl�touc a kai stigmiaÐwn suqnot twn ~ω na mhn eÐnai polÔ gr gorec sto q¸ro oÔtepolÔ meg�lec se timèc se sqèsh me tic fèrousec (ωc,1, ωc,2). To (2.20) eÐnai èna energeiakìginìmeno twn tetrag¸nwn tou pl�touc kai tou mètrou thc suqnìthtac. Diaqwrismìc aut cthc enèrgeiac sta dÔo s mata diamìrfwshc eÐnai efiktìc, an efarmìsoume epiplèon ton Ψsta merik� diaforik� ∂f/∂x kai ∂f/∂y tou f stic dÔo dieujÔnseic

Ψ

(
∂f

∂x

)

≈ a2ω2
1||~ω||2 , Ψ

(
∂f

∂y

)

≈ a2ω2
2 ||~ω||2. (2.21)Sundu�zontac tic (2.20),(2.21) prokÔptei o mh-grammikìc suneq c algìrijmoc diaqwri-smoÔ enèrgeiac (Continuous Energy Separation Algorithm   CESA)

√

Ψ (∂f/∂x)

Ψ(f)
≈ |ω1(x, y)| ,

√

Ψ (∂f/∂y)

Ψ(f)
≈ |ω2(x, y)|, (2.22)

Ψ (f)
√

Ψ (∂f/∂x) + Ψ (∂f/∂y)
≈ |a(x, y)|. (2.23)O 2-D CESA apoteleÐ epèktash tou 1-D algorÐjmou apodiamìrfwshc qronik� metaballì-menwn shm�twn [38, 201, 202] kai mporeÐ na ektim sei se k�je jèsh (x, y) thn perib�llousatou pl�touc kai to mètro thc stigmiaÐac suqnìthtac enìc qwrik� metaballìmenou AM-FMs matoc. Gia to prìshmo twn suqnot twn qrhsimopoioÔntai ta prìshma twn ferous¸n,dhlad  thc mèshc tim c tou s matoc se k�je dieÔjunsh. Gia eikìnec sthn èxodo summetri-koÔ zwnoperatoÔ fÐltrou to di�nusma twn ferous¸n proseggÐzetai apì to di�nusma twnkentrik¸n suqnot twn tou fÐltrou.32 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 2. Optik  Uf  kai Mikrodomèc Diamìrfwshc2.3.5 DiakritoÐ telestèc kai apodiamìrfwsh eikìnwnGia thn energeiak  an�lush kai thn apodiamìrfwsh disdi�statwn shm�twn kai sugkekri-mèna eikìnwn, oi opoÐec orÐzontai se èna 2-D peperasmèno qwrikì plègma, qrhsimopoioÔntaioi diakritèc ekdoqèc twn prohgoÔmenwn sqèsewn. H ermhneÐa (2.14) tou Ψ epitrèpei thnepèktas  tou se s mata diakritoÔ q¸rou (discrete-space) f(m,n). Antikajist¸ntac ticenergeiakèc sunist¸sec me tic exìdouc tou 1-D diakritoÔ telest  Ψd prokÔptei o 2-D dia-kritìc energeiakìc telest c
Ψd(f)(m,n) , Ψd,1(f)(m,n) + Ψd,2(f)(m,n) (2.24)

= 2f2(m,n) − f(m − 1, n)f(m + 1, n),−f(m,n − 1)f(m,n + 1)ìpou o Ψd,1 energeÐ k�jeta se ìlec tic st lec 0 ≤ m ≤ M , en¸ o Ψd,2 orizìntia seìlec tic grammèc 0 ≤ n ≤ N tou f . H èkfrash (2.24) eÐnai ìmoia me to diakritì telest pou anaptÔqjhke sto [217] gia beltÐwsh eikìnwn (image enhancement) kai anÐqneush akm¸n
(edge detection). Antikajist¸ntac ta diaforik� sto Ψ me enallaktik� 2-D sq mata qwrik¸ndiafor¸n mporoÔn na prokÔyoun diaforetik� sq mata 2-D diakrit¸n energeiak¸n telest¸n.'Estw èna diakritì AM-FM s ma sto diakritì (m,n) plègma shmeÐwn

f(m,n) = a(m,n) cos[φ(m,n)] (2.25)me k�jeth stigmiaÐa suqnìthta Ω1(m,n) , ∂φ/∂m se aktÐnia/deÐgma (radians/sample)kai orizìntia Ω2(m,n) , ∂φ/∂n me eÔroc tim¸n [−π, π] kai stajerì prìshmo gia k�je
(m,n). Upì thn proôpìjesh ìti tìso to pl�toc a ìso kai ta s mata stigmiaÐwn suqnot twneÐnai zwnoperiorismèna kai isqÔoun k�poiec realistikèc sunj kec sqetik� me to eÔroc thcmetabol c touc [198, 202], tìte

Ψd[a(m,n) cos(φ(m,n)] ≈ a2(m,n)(sin2[Ω1(m,n)] + sin2[Ω2(m,n)]). (2.26)ProseggÐzontac ta diaforik� tou f stic dÔo kateujÔnseic me summetrikèc diaforèc tri¸ndeigm�twn prokÔptei o diakritìc algìrijmoc diaqwrismoÔ enèrgeiac (Discrete Energy Sepa-

ration Algorithm   DESA) :
arcsin

(√

Ψd[f(m + 1, n) − f(m − 1, n)]

4Ψd[f(m,n)]

)

≈ |Ω1(m,n)|,(2.27)
arcsin

(√

Ψd[f(m,n + 1) − f(m,n − 1)]

4Ψd[f(m,n)]

)

≈ |Ω2(m,n)|,(2.28)
2Ψd[f(m,n)]

√

Ψd[f(m + 1, n) − f(m − 1, n)] + Ψd[f(m,n + 1) − f(m,n − 1)]
≈ |a(m,n)|.(2.29)O DESA mporeÐ na ektim sei se k�je shmeÐo thn perib�llousa kai to mètro twn stigmiaÐwnsuqnot twn tou qwrikoÔ AM-FM s matoc. O periorismìc tou eÐnai ìti 0 ≤ |Ω1|, |Ω2| ≤
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Kef�laio 2. Optik  Uf  kai Mikrodomèc Diamìrfwshc
π/2 , dhlad  ektim�ei suqnìthtec mèqri to èna tètarto thc suqnìthtac deigmatolhyÐac. Taprìshm� touc mporoÔn na brejoÔn apì ta prìshma twn antÐstoiqwn suqnot twn fèrontoc.An to AM-FM s ma èqei stajerì pl�toc A kai stajerèc suqnìthtec Ωc,1 kai Ωc,2, tìteo DESA parèqei akribeÐc ektim seic tou apìlutou pl�touc |a(m,n)| = |A| kai suqnot twn
|Ω1(m,n)| = |Ωc,1| kai |Ω2(m,n)| = |Ωc,2|.Ta pleonekt mata tou DESA gia apodiamìrfwsh twn stigmiaÐwn sunistws¸n AM-FMshm�twn eÐnai h aplìthta, h apodotikìthta, h mikr  upologistik  poluplokìthta, h exaire-tik , sqedìn stigmiaÐa, qwrik  an�lush se par�jura 3 × 3 kai h ikanìtht� tou na entopÐzeiqwrikèc domèc diamìrfwshc. Diaforetikèc proseggÐseic gia thn apodiamìrfwsh qwrik�diamorfwmènwn shm�twn kai eikìnwn basÐzontai sto metasqhmatismì Hilbert [64] kai se e-pekt�seic tou gia dÔo diast�seic [74, 127, 175], ìpwc eÐnai o poludi�statoc kateujuntikìc
Hilbert [125]. Sugkekrimèna, kataskeu�zetai h {analutik } eikìna wc migadik  epèktashtou pragmatikoÔ s matoc, me qr sh tou mètrou kai thc klÐshc thc opoÐac lamb�nontai upo-logistikèc ektim seic tou pl�touc kai tou dianÔsmatoc suqnot twn tou s matoc [126].Sth monodi�stath perÐptwsh [229], dedomènou enìc stenozwnikoÔ s matoc f(x) pou mo-ntelopoieÐtai apì mia sun�rthsh a(x) cos(ω0x + φ(x)), mia bèltisth lÔsh gia to prìblhmathc ektÐmhshc twn paramètrwn diamìrfwshc dìjhke me b�sh to Hilbert metasqhmatismì kaito analutikì s ma to opoÐo elaqistopoieÐ th mèsh tetragwnik  enèrgeia ∫ |a′(x)|2dx thc pa-rag¸gou tou pl�touc. Sto [245] èginan sugkrÐseic an�mesa stouc dÔo 1-D algorÐjmouc kaideÐqjhke ìti oi ektim seic tou ESA gia to stigmiaÐo pl�toc kai th suqnìthta tou f(x) fèrounèna sf�lma montelopoÐhshc sugkrÐsimo me autì tou Hilbert metasqhmatismoÔ. Wstìso, o
ESA èqei kalÔterh qwroqronik  an�lush kai mikrìterh poluplokìthta.2.3.6 An�lush tou energeiakoÔ telest  2-D se jìruboSthn enìthta aut  parousi�zontai k�poia jewrhtik� apotelèsmata sqetik� me thn ana-menìmenh sumperifor� twn energeiak¸n telest¸n se 2-D s mata kai eikìnec. Mia tètoiaan�lush eÐnai shmantik  gia thn katanìhsh kai thn prìbleyh twn idiot twn tou energeiakoÔtelest  se probl mata eikìnwn me jìrubo, en¸ an�logh an�lush èqei gÐnei kai gia ton 1-D
Teager-Kaiser telest  sto [38]. Se autì to plaÐsio anaptÔssontai oi basikèc statistikècidiìthtec (ropèc kat¸terhc t�xhc) thc efarmog c tou (2.13) se èna tuqaÐo 2-D s ma N(x, y)kai ex�getai mia sqèsh an�mesa sto eÔroc zwnoperatoÔ filtrarÐsmatoc kai sth mèsh tim thc exìdou tou telest .2.3.6.1 Statistik�To N(x, y) jewreÐtai ìti eÐnai statik  me thn eureÐa ènnoia (wide-sense stationary ’h

WSS), mhdenik c mèshc tim c (zero-mean) Gaussian tuqaÐa diadikasÐa, me sun�rthsh auto-34 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 2. Optik  Uf  kai Mikrodomèc Diamìrfwshcsusqètishc R(τ1, τ2) kai fasmatik  puknìthta isqÔoc (power spectral density)

Φ(~ω) =

∫R2

R(~τ)e−j~τ ·~ω d~τ , ~τ = (τ1, τ2), ~ω = (ωx, ωy) (2.30)
Φ(ωx, ωy) =

∫R2

R(τ1, τ2)e
(−jωxτ1−jωyτ2) dτ1 dτ2. (2.31)Epeid  h N(x, y) eÐnai WSS Gaussian diadikasÐa, oi merikèc par�gwgoi Nx, Nxx, Ny, Nyy,

Nxy, ìpou oi upodeÐktec dhl¸noun merik  parag¸gish proc thn antÐstoiqh metablht , eÐnaiepÐshc WSS Gaussian. Epiplèon, h Nx eÐnai statistik� anex�rthth tìso thc N ìso kai thc
Nxx kai omoÐwc h Ny eÐnai statistik� anex�rthth twn N kai Nyy [229, sel. 133]. 'Etsi, hefarmog  tou telest  (2.14) sth diadikasÐa N

Ψ(N) = (Nx)2 − NNxx + (Ny)
2 − NNyy (2.32)eÐnai to �jroisma tess�rwn anex�rthtwn diadikasi¸n. 'Estw sumbolik�

R(m,n)(τ1, τ2) =
∂kR(τ1, τ2)

∂τm
1 ∂τn

2

, k = m + n (2.33)kai ta E[·] kai Var[·] dhl¸noun statistik  anamenìmenh tim  (expectation) kai metablhtìthta
(variance). IsqÔoun ta ex c [229, sel. 319]:

Var[N ] = R(0, 0) = γ2
0 (2.34)

Var[Nx] = −R(2,0)(0, 0) = α2
1 (2.35)

Var[Ny] = −R(0,2)(0, 0) = β2
1 (2.36)

Var[Nxx] = R(4,0)(0, 0) = α2
2 (2.37)

Var[Nyy] = R(0,4)(0, 0) = β2
2 (2.38)

E[NNxx] = R(2,0)(0, 0) = −α2
1 (2.39)

E[NNyy] = R(0,2)(0, 0) = −β2
1 (2.40)

E[NxxNyy] = R(2,2)(0, 0) = γ2
1 . (2.41)Lìgw twn mhdenik¸n mèswn tim¸n Var[·] = E[(·)2] kai epeid  h N eÐnai WSS isqÔei

E[NxmNxn ] = (−1)nR(m,n)(0, τ2), n > m.Me b�sh ta parap�nw gia tic ropèc tou Ψ èqoume:
E[Ψ(N)] = E[Ψx(N)] + E[Ψy(N)]

= Var[Nx] − E[NNxx] + Var[Ny] − E[NNyy ]

= 2α2
1 + 2β2

1

(2.42)me Ψx,Ψy touc kateujuntikoÔc energeiakoÔc telestèc wc proc x kai y, antistoÐqwc. 'Etsi, hanamenìmenh tim  Ψ(N) eÐnai dÔo forèc to �jroisma metablhtìthtac twn ∂N/∂x kai ∂N/∂y.Apì thn parap�nw sqèsh prokÔptei epÐshc h ex�rthsh thc exìdou tou telest  apì to f�sma
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Kef�laio 2. Optik  Uf  kai Mikrodomèc DiamìrfwshcisqÔoc (2.31)
E[Ψ(N)] = −R(2,0)(0, τ2) − R(0,2)(τ1, 0)

=
1

π

∫R2

ω2
yΦ(ωx, ωy) dωx dωy +

1

π

∫R2

ω2
xΦ(ωx, ωy) dωx dωy

=
1

π

∫R2

|~ω|2Φ(ωx, ωy) dωx dωy

(2.43)
lìgw thc sqèshc autosusqètishc kai f�smatoc isqÔoc kai twn idiot twn parag¸gishc toumetasqhmatismoÔ Fourier. Epomènwc, h mèsh tim  tou Ψ(N) aux�netai grammik� me th fa-smatik  energeiak  metablhtìthta tou N . K�ti tètoio mporeÐ na apoteleÐ prìblhma gia polÔjorub¸dh s mata.H autosusqètish RΨ(N)(τ1, τ2) mporeÐ na brejeÐ qrhsimopoi¸ntac th fìrmoula tou Is-

serli [134] gia thn anamenìmenh tim  ginomènwn tess�rwn tuqaÐwn metablht¸n mhdenik cmèshc tim c
E[Y1Y2Y3Y4] = E[Y1Y4]E[Y1Y3] + E[Y1Y3]E[Y2Y4] + E[Y1Y2]E[Y3Y4], (2.44)ìpwc kai sto [38], me skopì ton periorismì twn rop¸n pollapl¸n suntelest¸n:

RΨ(N)(τ1, τ2) = RΨx(N)(τ1, τ2) + RΨy(N)(τ1, τ2)

+ E[Ψx(N(x + τ1, y))Ψy(N(x, y))]
︸ ︷︷ ︸

E1

+ E[Ψx(N(x, y + τ2))Ψy(N(x, y))].
︸ ︷︷ ︸

E2 (2.45)Me logismoÔc stic anamenìmenec timèc twn telest¸n to �jroisma sto deÔtero skèloc me tosumbolismì thc (2.33) katal gei:
E1 + E2 = 8α2

1β
2
1 + 2[R(1,1) + 2R(0,1)R(2,1)

+ 2R(1,0)R(1,2) + R(2,0)R(0,2) + RR(2,2)](τ1, τ2), (2.46)en¸ oi ìroi autosusqètishc
RΨx(N)(τ1, τ2) = 4α4

1 + [3(R(0,2))2 + 4R(0,1)R(0,3) + RR(0,4)](τ1, τ2), (2.47)
RΨy(N)(τ1, τ2) = 4β4

1 + [3(R(2,0))2 + 4R(1,0)R(3,0) + RR(4,0)](τ1, τ2). (2.48)To sÔnolo twn (2.45)-(2.48) dÐnei th sun�rthsh autosusqètishc RΨ(N). H anisìthta
Cauchy-Schwarz [229] kajorÐzei ìti

|R(τ1, τ2)| ≤
1

π

∫R2

Φ(ωx, ωy) dωx dωy = R(0, 0), (2.49)apì thn opoÐa prokÔptei ìti h R èqei mègisto sto 0, opìte R(1,0)(0, τ2) = 0,∀τ2

R(0,1)(τ1, 0) = 0,∀τ1 kai isqÔoun R(1,0)(0, 0) = R(1,0)(0, 0) = 0 all� kai R(1,1)(0, 0) = 0.36 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 2. Optik  Uf  kai Mikrodomèc DiamìrfwshcMe qr sh kai twn (2.34)-(2.41), h metablhtìthta tou Ψ(N) ja eÐnai
Var[Ψ(N)] =RΨ(N)(0, 0) − E2[Ψ(N)]

=[2R(2,0)R(0,2) + 3((R(0,2))2 + (R(2,0))2) + R(R(4,0) + R(0,4) + 2R(2,2))](0, 0)

=2α2
1β

2
1 + 3(α4

1 + β4
1) + γ2

0(2γ2
1 + α2

2 + β2
2) (2.50)kai ja aux�netai, ìpwc kai h anamenìmenh tim , me thn parousÐa megalÔterwn suqnot twnsto N . Gia èna 1-D s ma N , β1 = β2 = γ1 = 0 opìte oi sqèseic (2.42),(2.50) an�gontaiapeujeÐac sta 1-D antÐstoiqa touc pou anafèrontai sto [38].Tèloc, gia thn efarmog  tou ESA (2.22-2.23) apaitoÔntai oi enèrgeiec twn parag¸gwntou s matoc. 'Etsi, èqoun endiafèron ta basik� statistik� thc efarmog c tou telest  stadiaforik� Nx kai Ny. Oi anamenìmenec timèc eÐnai

E[Ψ(Nx)] = 2R(4,0)(0, 0) − R(1,1)(0, 0) + R(2,2)(0, 0) = 2α2
2 + γ2

1 ,

E[Ψ(Ny)] = 2R(0,4)(0, 0) − R(1,1)(0, 0) + R(2,2)(0, 0) = 2β2
2 + γ2

1

(2.51)kai oi metablhtìthtec
Var[Ψ(Nx)] =2α2

2γ
2
1 + 3(α4

2 + γ4
1) − α2

1(2R
(4,2) + R(2,4) + R(6,0)),

Var[Ψ(Ny)] =2β2
2γ2

1 + 3(β4
2 + γ4

1) − β2
1(2R(2,4) + R(4,2) + R(0,6)).

(2.52)2.3.6.2 Zwnoperat  enèrgeia'Estw ìti jewroÔme th Ðdia tuqaÐa diadikasÐa N h opoÐa filtr�retai apì èna grammikìzwnoperatì fÐltro thc morf c
gσ(x, y) = 2hσ(x, y) sin(ωc1x + ωc2y) (2.53)me kentrik  ωc = (ωc1, ωc2) kai apìkrish suqnìthtac

Gσ(ω1, ω2) =
1

j
[Hσ(ω1 − ωc1, ω2 − ωc2) + Hσ(ω1 + ωc1, ω2 + ωc2)] . (2.54)Jewr¸ntac H(~ω) thn apìkrish suqnìthtac tou antÐstoiqou bajuperatoÔ fÐltrou kai σ =

(σ1, σ2) mia par�metro klÐmakac pou kajorÐzei to eÔroc kai thn kentrik  suqnìthta, tìte
Hσ(~ω) =

1
√

|σ|H(~ω/σ) (2.55)An gia lìgouc aplìthtac jewrhjeÐ ìti h kroustik  h eÐnai �rtia summetrik  ètsi, ¸ste
Gσ(0, 0) = 0, oi jetikèc kai arnhtikèc sunist¸sec tou Gσ(ω) den epikalÔptontai kai tofÐltro eÐnai isotropikì, dhlad  σ1 = σ2 tìte

|Gσ(~ω)|2 = |Hσ(~ω − ~ωc)|2 + |Hσ(~ω + ~ωc)|2. (2.56)To filtrarismèno s ma ja eÐnai Nσ(x, y) = (N ∗gσ)(x, y), ìpou ∗ dhl¸nei sunèlixh. Apìth sqèsh (2.43) pou dÐnei thn anamenìmenh tim  tou telest  sth diadikasÐa N prokÔptei h
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Kef�laio 2. Optik  Uf  kai Mikrodomèc DiamìrfwshcgenÐkeush gia thn zwnoperat� filtrarismènh ekdoq  tou Ψ(Nσ(x, y))

E[Ψ(Nσ)] =
1

π

∫

|~ω|2|Gσ(~ω)|2Φ(~ω) d~ω

=
1

π

∫R2

|~ω|2
(

|Hσ(~ω − ~ωc)|2 + |Hσ(~ω + ~ωc)|2
)

Φ(~ω) d~ω

=
1

πσ

∫R2

|~ω|2( |H ((~ω − ~ωc)/σ) |2 + |H ((~ω + ~ωc)/σ) |2 )Φ(~ω) d~ω.

(2.57)
Sthn perÐptwsh idanikoÔ zwnoperatoÔ tetragwnikoÔ palmoÔ me H(~ω) = 1, |~ω| ≤ | ~ωc| h mèshtim  tou filtrarismènou s matoc eÐnai proseggistik�

E[Ψ(Nσ)] u
1

πσ

∫R2

|~ω|2Φ(~ω) d~ω =
1

σ
E[Ψ(N)]. (2.58)Genik�, kai gia mh isotropik� fÐltra me σ1/σ2 = λ,

E[Ψ(N ∗ gσ)] u
λ

σ
E[Ψ(N)], (2.59)dhlad  h anamenìmenh mèsh tim  metab�lletai grammik�, antistrìfwc an�loga me th jetik stajer� pou kajorÐzei to eÔroc tou zwnoperatoÔ filtrarÐsmatoc. MeÐwsh tou σ, dhlad periorismìc thc energ c z¸nhc tou fÐltrou aux�nei th mèsh tim  tou energeiakoÔ telest .K�ti tètoio ofeÐletai diaisjhtik� afenìc ston periorismì twn entìc z¸nhc talant¸sewn kaiafetèrou, efìson h diadikasÐa eÐnai leukìc jìruboc, sthn ex orismoÔ idiìthta tou zwnope-ratoÔ filtrarÐsmatoc na periorÐzei ton euruzwnikì jìrubo.

�
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Kef�laio 3
Enèrgeia kai An�lush Uf cH uf  perioq¸n eikìnwn analÔetai montelopoi¸ntac tic topik� stenozwnikèc metabolècfwteinìthtac wc qwrik� diamorfwmèna s mata-sunist¸sec qrhsimopoi¸ntac filtr�risma sepollaplèc z¸nec suqnot twn kai mh-grammikoÔc telestèc stigmiaÐou entopismoÔ enèrgeiac.H drasthriìthta uf c ekfr�zetai me ektÐmhsh thc enèrgeiac qwrik¸n diamorf¸sewn stickurÐarqec z¸nec suqnot twn. Parousi�zontai oi mèjodoi polukanalik c an�lushc kai an�-lushc kurÐarqwn sunistws¸n gia exagwg  qarakthristik¸n diamìrfwshc. To prìblhma thcan�lushc uf c an�getai se anÐqneush energeiak¸n ìrwn kai anapar�stash me dianÔsmataqarakthristik¸n qamhl c di�stashc all� uyhl c perigrafikìthtac.3.1 Diamorf¸seic uf cStoiqei¸deic sunist¸sec optik c uf c mporoÔn na ermhneujoÔn wc topik� omalèc dia-morf¸seic, kai, epomènwc, na montelopoihjoÔn me mh-st�sima s mata, kal� entopismèna semia sten  z¸nh qwrik¸n suqnot twn thc morf c (2.9) pou epanalamb�netai ed¸ gia anafor�

f(x, y) = a(x, y) cos[φ(x, y)] , ~ω(x, y) = ∇φ(x, y), (3.1)ìpou a(x, y) to s ma diamìrfwshc pl�touc kai φ(x, y) to s ma diamìrfwshc f�shc. Dedo-mènou enìc s matoc f , up�rqoun �peiroi trìpoi na orÐsei kaneÐc ta s mata a kai φ. Par'ìla aut� mìno sugkekrimènec ermhneÐec touc èqoun nìhma sth montelopoÐhsh eikìnwn to-pik� sten c z¸nhc (locally narrowband), ìpwc autèc pou faÐnontai sto Sq. 3.1. To pl�-toc a(x, y) montelopoieÐ thn antÐjesh fwteinìthtac kai to qwrik� metaballìmeno di�nusma
~ω(x, y) = (ω1, ω2)(x, y) perièqei plhroforÐa gia tic topik� anaduìmenec qwrikèc suqnìthtec.Tètoiec suqnìthtec metab�llontai omal� se mia sten  fasmatik  z¸nh suqnot twn [37].An kai pollèc fusikèc kathgorÐec uf c mporoÔn na montelopoihjoÔn sta plaÐsia miac
AM-FM sunist¸sac, eikìnec me 2-D dom  kai prìtupa parousi�zoun tautìqrona peris-sìterec apì mÐa sunist¸sec sto topikì f�sma touc. SÔmfwna me to {polusunistwsikì}
(multicomponent) AM-FM montèlo, mia eikìna I montelopoieÐtai wc upèrjesh topik� ste-39



Kef�laio 3. Enèrgeia kai An�lush Uf cnozwnik¸n qwrik¸n shm�twn AM-FM diamìrfwshc
I(x, y) =

K∑

k=1

ak(x, y) cos[φk(x, y)] , ~ωk(x, y) = ∇φk(x, y), (3.2)ìpou o k�je ènac apì touc K suntelestèc eÐnai èna 2-D mh-statikì hmÐtono me qwrik�metaballìmeno pl�toc ak(x, y) kai qwrik� metaballìmeno di�nusma stigmiaÐwn suqnot twn
~ωk(x, y), to opoÐo mporeÐ na analujeÐ sta dÔo epimèrouc s mata, sthn orizìntia kai k�jethdieÔjunsh thc eikìnac

(ω1k(x, y), ω2k(x, y)) =

(
∂φk

∂x
,
∂φk

∂y

)

(x, y). (3.3)Oi stigmiaÐec qwrikèc suqnìthtec sqetÐzontai me thn klÐmaka, ton prosanatolismì kai thntraqÔthta (coarseness) thc prokÔptousac uf c. 'Etsi, oi topikèc metabolèc thc uf c se miaeikìna montelopoioÔntai me peperasmèno arijmì qwrik� diamorfwmènwn shm�twn ta opoÐadiaqwrÐzontai mèsa apì zwnoperatì filtr�risma se pollaplèc z¸nec suqnot twn. Oi dia-morf¸seic autèc se pollaplèc klÐmakec antistoiqoÔn se xeqwrist� pos� fusik c enèrgeiackai kat' epèktash sumb�lloun anomoiìmorfa stic uparktèc, xeqwristèc ufèc thc eikìnac.Tètoia montèla diamìrfwshc pollapl¸n sunistws¸n prot�jhkan gia eikìnec me fragmènasf�lmata prosèggishc gÔrw apì thn omalìthta twn diamorf¸sewn [124, 125].Gia thn an�lush thc k�je sunist¸sac se sugkekrimèno zeÔgoc AM kai FM sunart se-wn [293] xeqwrÐzoun dÔo proseggÐseic. H pr¸th energeÐ apeujeÐac stic timèc thc eikìnac
fk(x, y) kai sqetÐzetai me ton 2-D energeiakì telest  (2.13) kai ton algìrijmo diaqwrismoÔenèrgeiac ESA (2.22, 2.23) pou perigr�fontai sthn enìthta 2.3. H deÔterh perilamb�neith dhmiourgÐa thc analutik c eikìnac apì k�je sunist¸sa mèsw tou poludi�statou ka-teujuntikoÔ Hilbert metasqhmatismoÔ [126]. Oi dÔo proseggÐseic eÐnai sqedìn isodÔnamec.Perissìterec leptomèreiec gia apodiamìrfwsh mèsw thc 2-D analutik c eikìnac dÐnontaista [122, 125, 127].Oi sunart seic tal�ntwshc, oi opoÐec orÐsthkan apì ton Meyer [214], gia montelopoÐhshkai diaqwrismì thc uf c apì eikìnec mporoÔn na anazhthjoÔn sto plaÐsio thc AM-FM monte-lopoÐhshc kai sthn Ôparxh diamorfwmènwn talant¸sewn èntashc fwteinìthtac kai qwrik¸nsuqnot twn. To kÐnhtro ed¸ eÐnai oi analogÐec an�mesa sta montèla diamìrfwshc kai sticmajhmatikèc jewr seic gia tic nìrmec metabol c thc uf c [214]. Mia tètoia montelopoÐhshparamènei anoiqtì ereunhtikì z thma kai pedÐo mellontik c èreunac.3.1.1 Enèrgeia sunistws¸n uf cEfarmìzontac ton 2-D energeiakì telest  se èna s ma fk(x, y) = ak(x, y) cos[φk(x, y)]pou montelopoieÐ mia sunist¸sa uf c prokÔptei to energeiakì ginìmeno

Ψ[ak cos(φk)] ≈ a2
k||∇φk||2. (3.4)40 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 3. Enèrgeia kai An�lush Uf c
(a) (b) (g) (d) (e)Sq ma 3.1: Παραδείγματα τοπικά στενοζωνικής υφής εικόνων ως αποτέλεσμα (α) εξελικτικών

διαδικασιών, (β) παραμόρφωσης της επιφάνειας, (γ) βιολογικών προτύπων και (δ),(ε) (περιοδικών)
ανθρώπινων κατασκευών.Orismìc 3.1 To ginìmeno (3.4) eÐnai h sÔzeuxh twn tetrag¸nwn tou stigmiaÐou pl�touckai tou mètrou thc suqnìthtac kai apoteleÐ thn enèrgeia diamìrfwshc sunist¸sac uf c
(texture component modulation energy).Jewr¸ntac ìti oi metabolèc tou pl�touc kai twn stigmiaÐwn suqnot twn den eÐnai polÔgr gorec sto q¸ro oÔte polÔ meg�lec se timèc se sqèsh me tic fèrousec, to parap�nwsf�lma prosèggishc gÐnetai amelhtèo [198,201,202]. O diaqwrismìc aut c thc enèrgeiac stadÔo s mata diamìrfwshc eÐnai efiktìc efarmìzontac ton ESA (2.22, 2.22). Epomènwc, miamemonwmènh, qwrik� metaballìmenh AM-FM sunist¸sa uf c qarakthrÐzetai se k�je jèshapì thn ektim¸menh perib�llousa pl�touc kai to mègejoc thc metabol c twn stigmiaÐwnsuqnot twn.3.2 Polukanalik  an�lushOi eikìnec uf c qarakthrÐzontai apì enèrgeia se mÐa h perissìterec diaforetikèc fasma-tikèc z¸nec, dhlad  prìkeitai sh genik  perÐptwsh gia s mata eureÐac z¸nhc. Wc sunèpeia,ta AM-FM montèla den efarmìzontai apeujeÐac se mia eikìna all� stic zwnoperat� fil-trarismènec ekdoqèc, k�je mÐa apì tic opoÐec perigr�fetai apì mia sunist¸sa thc morf c(3.1). Ektìc apì ton diaqwrismì twn diamorf¸sewn thc uf c kai thn an�deixh twn kurÐar-qwn topik¸n suqnot twn [37], to zwnoperatì filtr�risma aux�nei thn eurwstÐa se jìrubokai omalopoieÐ ta s mata pl�touc kai suqnìthtac.Gia thn apomìnwsh twn topik¸n sunistws¸n diamìrfwshc qrhsimopoioÔntai mhqanismoÐfiltrarÐsmatoc me epark  qwrik  kai fasmatik  topojèthsh. Mia sustoiqÐa apì grammik�,metaforik� amet�blhta zwnoperat� fÐltra kalÔptei pukn� to pedÐo suqnot twn me mìnhupìjesh ìti se k�je jèsh thc eikìnac h apìkrish tou k�je fÐltrou kuriarqeÐtai apì topolÔ mÐa AM-FM sunist¸sa. To k�je fÐltro apoteleÐ èna kan�li, en¸ o diaqwrismìc sesunist¸sec diamìrfwshc thc (3.2) den eÐnai monadikìc kai exart�tai apì th dom  kai tosqediasmì thc sustoiqÐac. Gia thn epilog  twn kentrik¸n pur nwn, pou dhmiourgoÔn thsustoiqÐa metab�llontac èna sÔnolo paramètrwn, h an�gkh gia kal  apì-koinoÔ fasmatik kai qwrik  topojèthsh odhgeÐ sth qr sh Gabor fÐltrwn (2.1, 2.2) wc bèltisth epilog .Ta fÐltra perigr�fontai analutik� sthn enìthta 2.2, en¸ o sqediasmìc thc sustoiqÐac sthn
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Kef�laio 3. Enèrgeia kai An�lush Uf cenìthta 2.2.3.Oi mejodologÐec an�lushc uf c fusik¸n eikìnwn pou sqetÐzontai me an�lush se polla-plèc z¸nec suqnot twn anaktoÔn thn plhroforÐa sthn èxodo k�je fÐltrou dhmiourg¸ntacdianÔsmata qarakthristik¸n   enallaktik� sundu�zoun tic exìdouc   prob�lloun to di�-nusma se qamhlìterh di�stash. Oi dÔo xeqwristèc proseggÐseic anafèrontai wc an�lushsunistws¸n kat� kan�lia (channelized component analysis   CCA) kai an�lush kurÐarqwnsunistws¸n (dominant component analysis   DCA) antistoÐqwc [122, 125].3.2.1 Zwnoperat  apodiamìrfwsh'Estw ìti se èna sugkekrimèno qwrikì shmeÐo h apìkrish tou fÐltrou gk(x, y), Gk(u, v)sthn eikìna I(x, y) (3.2) kuriarqeÐtai apì thn k sunist¸sa uf c Ik ètsi ¸ste se mia geitoni�gÔrw apì to shmeÐo
fk(x, y) = I(x, y) ∗ gk(x, y) ≈ Ik(x, y) ∗ gk(x, y). (3.5)MporeÐ na apodeiqjeÐ [127] upì realistikèc kai asjeneÐc sunj kec, ìpwc sto [38], ìti seaut  th geitoni�

Ψ[fk(x, y)] ≈ a2
k(x, y)|∇φk(x, y)|2|Gk[∇φk(x, y)]|2

≈ Ψ[Ik(x, y)]|Gk[∇φk(x, y)]|2.
(3.6)Gia thn apodiamìrfwsh mèsw ESA sta s mata qwrik c metabol c o energeiakìc tele-st c efarmìzetai stic apomonwmènec sunist¸sec kai stic merikèc parag¸gouc touc. Gia tas mata suqnot twn stic sqèseic (2.22) o Ψ emfanÐzetai tìso ston arijmht  ìso kai stonparonomast , opìte o ìroc |Gk[∇φk(x, y)]|2 akur¸netai lìgw diaÐreshc. 'Etsi, h efarmo-g  twn (2.22) gia thn apodiamìrfwsh miac sunist¸sac gÐnetai apeujeÐac sth zwnoperat sunist¸sa sthn èxodo tou fÐltrou

√

Ψ(∂fk/∂x)

Ψ(fk)
≈ |ωk1(x, y)| ,

√

Ψ (∂fk/∂y)

Ψ(fk)
≈ |ωk2(x, y)|. (3.7)Parìmoia je¸rhsh epekteÐnetai kai sta diakrit� isodÔnam� touc (2.28, 2.29). AntÐjeta, giathn an�kthsh tou s matoc pl�touc apì ta zwnoperat� s mata, lìgw tou ìti oi sunist¸sec

fk upìkeintai memonwmèna se diaforetik  klÐmaka kat� thn efarmog  thc sustoiqÐac, h (2.23)tropopoieÐtai me kanonikopoÐhsh wc ex c:
|Gk[(ωk1, ωk2)(x, y)]|−1 Ψ (fk)

√

Ψ(∂fk/∂x) + Ψ (∂fk/∂y)
≈ |ak(x, y)|, (3.8)ìpou oi ωk1, ωk2 èqoun upologisteÐ  dh apì thn (3.7). Ta prìshma twn stigmiaÐwn su-qnot twn (3.7) proseggÐzontai apì ta prìshma twn kentrik¸n suqnot twn twn fÐltrwn.Sugkekrimèna, gia pragmatik� fÐltra me suzug  Fourier summetrÐa, an oi kentrikèc twnfÐltrwn èqoun to Ðdio prìshmo, tìte, sgn(ωk1) = sgn(ωk2) = +1, diaforetik� sgn(ωk1) =

+1, sgn(ωk2) = −1.42 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 3. Enèrgeia kai An�lush Uf cEpomènwc, efarmìzontac ton DESA, dhlad  th diakritopoÐhsh twn sqèsewn (3.7, 3.8)stic K zwnoperatèc sunist¸sec sthn èxodo thc sustoiqÐac twn fÐltrwn, prokÔptoun oiektim seic gia tic topik� kai fasmatik� kurÐarqec sunist¸sec uf c. H k�je mÐa qara-kthrÐzetai apì qwrik� metaballìmena s mata pl�touc ak(x, y) kai stigmiaÐwn suqnot twn
ωk1(x, y), ωk2(x, y).3.2.2 Migadik  apodiamìrfwshH apìkrish tou migadikoÔ Gabor (2.1) se mia eikìna pragmatik¸n tim¸n eÐnai mia migadik eikìna fk = I ∗ gk = (I ∗ Re{gk}) + j(I ∗ Im{gk}). Se aut  thn perÐptwsh h apodiamìr-fwsh mèsw tou ESA (2.22,2.23) epekteÐnetai se s mata migadik¸n tim¸n efarmìzontac tonenergeiakì telest  gia migadik� s mata (2.16).Gia èna genikì 2-D migadikì s ma fk(x, y) = ak(x, y) exp{jφk(x, y)} h apìkrish tou te-lest  eÐnai C[f ] = Ψ[ak cos(φk)]+Ψ[ak sin(φk)]. Apì thn prosèggish (2.20), h opoÐa isqÔeime fragmèno sf�lma [198], eÔkola faÐnetai ìti Ψ[ak cos(φk)] ≈ Ψ[ak sin(φk)] ≈ a2

k‖ ~ωk‖2 kaiepomènwc,
C[ak(x, y) exp{jφk(x, y)] ≈ 2a2

k|| ~ωk||2 (3.9)pou eÐnai dÔo forèc to energeiakì ginìmeno to pragmatikoÔ s matoc. Autì sumfwneÐ kai meth diaÐsjhsh ìti èna migadikì s ma diamìrfwshc apaiteÐ dipl�sia enèrgeia gia na paraqjeÐ.Efarmìzontac ton C sta merik� diaforik� fkx, fky, odhgoÔmaste se èna sq ma apodia-mìrfwshc, ìpou oi suqnìthtec dÐnontai apì thn (2.22) me to migadikì telest  (  to mèsothc apìkrishc twn telest¸n sto pragmatikì kai fantastikì mèroc) kai to pl�toc apì miaallag  klÐmakac (scaling) thc ektÐmhshc (2.23) kat� √
2, dhlad 

|ak(x, y)| ≈ Ψ(fk)√
2
√

Ψ(fkx) + Ψ(fky)
. (3.10)Autì to sq ma, to opoÐo ja mporoÔse na onomasteÐ {migadikìc} ESA qrhsimopoieÐ ousia-stik� tic mèsec apokrÐseic twn telest¸n stic dÔo sunist¸sec kai katal gei se omalìterecektim seic twn sunart sewn diamìrfwshc.H apodiamìrfwsh tou migadikoÔ s matoc mporeÐ na gÐnei epÐshc qrhsimopoi¸ntac thnanalutik  sun�rthsh. To migadikì Gabor sunist� èna zeÔgoc tetragwnismoÔ f�shc (En.2.2.2) me f�sma orismèno sto {jetikì} hmiepÐpedo tou pedÐou suqnot twn. Autì kajist�th sun�rthsh proseggistik� analutik  [64] thc opoÐac h apìkrish se opoiad pote eÐsodo

I ∗ gk = ak exp{jφk} eÐnai epÐshc analutikì s ma. To pl�toc thc perib�llousac kai hstigmiaÐa qwrik  f�sh mporoÔn na ektimhjoÔn apì th migadik  apìkrish
ak(x, y) = |fk(x, y)|, φk(x, y) = arctan

(
Im{fk(x, y)}
Re{fk(x, y)}

)

. (3.11)Ta meionekt mata thc analutik c apodiamìrfwshc apant¸ntai sta sf�lmata apì thn pro-sèggish thc analutik c sun�rthshc all� kai sthn èmmesh an�gkh pou upeisèrqetai gia tonupologismì twn stigmiaÐwn suqnot twn.
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Kef�laio 3. Enèrgeia kai An�lush Uf c3.2.3 An�lush sunistws¸n kat� kan�liaJewr¸ntac dedomèno ek twn protèrwn ìti ta kan�lia thc sustoiqÐac qwrÐzoun thn eikìnase sunist¸sec me trìpo qwrik� kajolikì (spatially global), k�je sunist¸sa diamìrfwshcan kei se èna kan�li gia ìlo to pedÐo thc eikìnac. Sto sq ma CCA o arijmìc twn su-nistws¸n sto prokÔpton montèlo eÐnai anagkastik� Ðsoc me ton arijmì twn kanali¸n thcsustoiqÐac. Apodiamorf¸nontac tic prokÔptousec sunist¸sec gia thn olik  eikìna me dia-qwrismì enèrgeiac (3.7, 3.8), prokÔptei mia pukn  anapar�stash h opoÐa qarakthrÐzei ticisqurèc domèc thc eikìnac kai ta topik� anaduìmena qarakthristik� thc uf c. Gia k�jeeikonostoiqeÐo kataskeu�zetai èna di�nusma qarakthristik¸n di�stashc Ðshc me ton arijmìtwn sunistws¸n epÐ ton arijmì twn shm�twn diamìrfwshc.
(α) (β) (γ) (δ)

(ε) (στ) (ζ) (η)Sq ma 3.2: Αποδιαμόρφωση και ανάλυση υφής σε ζωνοπερατό κανάλι. (α) υφή ξύλου (D71)
256 × 256 [40], (β) ζωνοπερατή συνιστώσα από φίλτρο [u = 3, v = 14, B = 20], (γ) ενέργεια δια-
μόρφωσης συνιστώσας υφής (έξοδος 2-Δ ενεργειακού τελεστή), (δ) περιβάλλουσα πλάτους, (ε) ορι-
ζόντια στιγμιαία συχνότητα, (στ) Κάτακόρυφη στιγμιαία συχνότητα, (ζ) Μέτρο του διανύσματος
συχνοτήτων, (η) Προσανατολισμός διανύσματος συχνοτήτων.Sto Sq. 3.2 faÐnetai èna par�deigma an�lushc miac eikìnac fusik c uf c xÔlou se ènakan�li thc sustoiqÐac. H exagìmenh zwnoperat  sunist¸sa sto (b) emfanÐzei diamorf¸seicse sugkekrimènh klÐmaka kai prosanatolismì, oi opoÐec montelopoioÔntai apì èna mh-statikìhmitonoeidèc, en¸ h èxodoc tou 2-D energeiakoÔ telest  sto (g) ekfr�zei thn enèrgeia dia-mìrfwshc thc sunist¸sac. Me efarmog  tou DESA sto kan�li prokÔptoun ta ektim¸menas mata pl�touc (d), orizìntiac (e) kai katakìrufhc (st) stigmiaÐac qwrik c suqnìthtac.Tèloc, sto (z) faÐnetai to mètro tou dianÔsmatoc suqnot twn, h mètrhsh thc klÐmakac thcuf c kai sto (h) to di�gramma prosanatolismoÔ tou H enèrgeia diamìrfwshc posotikopoieÐthn Ôparxh kai thn metabol  thc uf c sth sugkekrimènh z¸nh suqnot twn.Apotelèsmata an�lushc kat� kan�lia parousi�zontai kai sto Sq. 3.3 gia mia eikìna meèntonec diamorf¸seic se pollaplèc klÐmakec kai prosanatolismoÔc. Oi sqhmatismoÐ uf c44 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 3. Enèrgeia kai An�lush Uf c
(α) (β) (γ) (δ)

Sq ma 3.3: Συνιστώσες AM-FM υφής και αποδιαμόρφωση. 1η σειρά: (α) υφή κυματισμών ζέβρας
I (200 × 200), (β) ενεργειακός τελεστής στην αρχική εικόνα Ψ(I), (γ) ενεργειακός τελεστής στην
αρχική με μηδενική μέση τιμή Ψ(I)−Ī, (δ) ανακατασκευασμένη εικόνα από 35 AM-FM συνιστώσες.
Από αριστερά προς τα δεξιά για τις υπόλοιπες: ζωνοπερατή συνιστώσα, περιβάλλουσα πλάτους
a(x, y), οριζόντια ω1(x, y) και κατακόρυφη ω2(x, y) στιγμιαία συχνότητα. 2η σειρά: συνιστώσα
φίλτρου [u = 16, v = 44, B = 5], 3η σειρά: συνιστώσα φίλτρου [u = 14, v = 2, B = 16], 4η σειρά:
συνιστώσα φίλτρου [u = 31, v = 35, B = 5].tou dèrmatoc thc zèbrac, kuriarqoÔn kai sto fìnto thc eikìnac me apotèlesma th duskolÐaentopismoÔ akm¸n kai diaqwrismoÔ thc figoÔrac qwrÐc entatik  episkìphsh. Sthn pr¸thseir� parousi�zetai h efarmog  tou 2-D energeiakoÔ telest  sth sunolik  eikìna eureÐacz¸nhc (b), pou leitourgeÐ san fÐltro enÐsqushc thc antÐjeshc thc eikìnac [198], all� kai hefarmog  se mia ekdoq  mhdenik c mèshc tim c thc arqik c eikìnac (g), ìpou kai emfanÐzeisqedìn bajuperatèc idiìthtec. Sto (d) parousi�zetai h anakataskeuasmènh eikìna apì thneisagwg  twn 35 AM-FM sunistws¸n sto montèlo (3.2), pou den eÐnai tèleia all� plhsi�zeise ikanopoihtikì bajmì thn arqik . Oi treic seirèc pou akoloujoÔn deÐqnoun thn an�lushkai ta s mata diamìrfwshc se trÐa diaforetik� kan�lia thc sustoiqÐac, antiproswpeutik�
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Kef�laio 3. Enèrgeia kai An�lush Uf ctwn dom¸n uf c thc eikìnac. H pr¸th kai trÐth sunist¸sa èqoun thn Ðdia klÐmaka all�diaforetikì prosanatolismì kai entopÐzoun ptuq¸seic diaforetik c kateÔjunshc sto s¸mathc zèbrac. H deÔterh èqei diaforetik  klÐmaka kai prosanatolismì kai anadeiknÔei ticsqedìn k�jetec kai pio argèc metabolèc tou fìntou. 'Opwc faÐnetai kai apì ta s matapl�touc kai suqnot twn oi treic sunist¸sec eÐnai sqedìn sumplhrwmatikèc, oriojet¸ntacpl rwc tic diaforetikèc perioqèc uf c sthn eikìna.3.2.3.1 EpexergasÐa kai omalopoÐhshGia ton periorismì twn sfalm�twn ektÐmhshc thc enèrgeiac kai thc diadikasÐac apodiamìr-fwshc kaj¸c kai gia thn epibol  k�poiac omalìthtac sta s mata pl�touc kai suqnot twnsunist�tai h efarmog  teqnik¸n meta-epexergasÐac (post-processing). Genik¸c, oi eikìnecuf c perièqoun asunèqeiec, ski�seic kai {spasÐmata} me apotèlesma na apèqoun apì to i-danikì montèlo twn topik� omoiìmorfwn diamorf¸sewn. Tètoiec idiomorfÐec emfanÐzontaiwc mh omalèc metabolèc stic perib�llousec kai stic f�seic twn apokrÐsewn fÐltrwn thcsustoiqÐac. Sta [35,36], ìpou h apìkrish pl�touc kai f�shc qrhsimopoi jhke gia kat�tmh-sh eikìnwn, bajuperat� fÐltra Gauss tupik c apìklishc perÐpou Ðshc me aut  twn Gaborkanali¸n qrhsimopoi jhkan gia omalopoÐhsh twn apokrÐsewn.Sthn perÐptwsh apodiamìrfwshc twn kanali¸n eÐnai protimìtero h omalopoÐhsh kai hdiaqeÐrish twn sfalm�twn na efarmìzetai apeujeÐac stic ektimoÔmenec AM kai FM sunart -seic. Ta sf�lmata apodiamìrfwshc ofeÐlontai sta sf�lmata proseggÐsewn tou energeiakoÔtelest , stouc lìgouc me energeiakèc posìthtec pou enÐote eÐnai polÔ mikrèc kai stic pro-seggÐseic parag¸gwn mèsw peperasmènwn diafor¸n. Gia thn pr¸th perÐptwsh ta tuqìnsf�lmata prosèggishc tou 2-D energeiakoÔ telest  èqoun mia uyiperat  kai mia bajupera-t  sunist¸sa [202, 245]. H uyiperat  afaireÐtai me efarmog  sthn èxodo tou telest  enìcbajuperatoÔ fÐltrou p.q. diwnumik�   Gauss fÐltra. Epiplèon, tuqìn arnhtikèc timèc sthnèxodo tou telest , oi opoÐec jewrhtik� den antapokrÐnontai ston orismì thc energeiak cposìthtac kai praktik� den mporoÔn na exiswjoÔn me thn kat� prosèggish tetragwnik posìthta (3.4), antikajÐstantai me k�poio topikì mèso.Gia ton periorismì twn sfalm�twn apodiamìrfwshc (3.7, 3.8) qrhsimopoieÐtai ènac sun-duasmìc apì bajuperat� fÐltra omalopoÐhshc twn ektim sewn kai statistik� (median) fÐl-tra se topik� par�jura. To bajuperatì filtr�risma antistajmÐzei ta sf�lmata prosèggi-shc tou algorÐjmou, en¸ to median endeÐknutai gia thn apom�krunsh memonwmènwn akraÐwnmetabol¸n (spikes, singularities) lìgw twn diairèsewn tou DESA. Sta paradeÐgmata twnSqt. 3.2,3.3 qrhsimopoi jhke endeiktik� diwnumikì filtr�risma ston energeiakì telest ,
Gauss fÐltra tupik c apìklishc 2 kai megèjouc 3 kai median se par�jura 3 × 3.3.2.3.2 Anakataskeu H an�kthsh thc arqik c eikìnac apì tic paramètrouc tou montèlou se k�je jèsh peri-lamb�nei anakataskeu  twn sunistws¸n (3.1) apì ta qwrik� metaballìmena s mata diamìr-46 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 3. Enèrgeia kai An�lush Uf cfwshc kai sÔnjesh thc (3.2) me upèrjesh twn epimèrouc AM-FM sunistws¸n. H duskolÐaègkeitai sto mh-kal� orismèno an�strofo prìblhma thc an�kthshc thc f�shc φk(x, y) a-pì to di�nusma stigmiaÐwn suqnot twn (ωk1, ωk2) gia k�je sunist¸sa. H anakataskeu f�shc eÐnai genikìtera èna dÔskolo prìblhma logismoÔ dianusmatik¸n pedÐwn kai gia thnmh-analutik  epÐlus  tou èqoun protajeÐ algebrikèc, metabolikèc kai arijmhtikèc mèjodoi.Gia ta AM-FM montèla ènac praktikìc all� mh-bèltistoc algìrijmoc prot�jhke sto [124].Oi K sunist¸sec f�shc anakt¸ntai qrhsimopoi¸ntac pr¸thc t�xhc Taylor seirèc gia tadiaforik� stic dÔo kateujÔnseic katal gontac sth diakrit  sqèsh
φk(m,n) =

1

2
[φk(m − 1, n) + ωk1(m − 1, n) + φk(m,n − 1) + ωk2(m,n − 1)]. (3.12)H arqikopoÐhsh thc (3.12) gÐnetai me th bo jeia deigm�twn thc f�shc thc apìkrishc toukanalioÔ k pou kat� prosèggish eÐnai isodÔnamh me th f�sh thc sunist¸sac pou kuriarqeÐsto kan�li [125]. Ta deÐgmata thc f�shc apojhkeÔontai kat� th diadikasÐa an�lushc kaigia thn apofug  di�doshc sfalm�twn ektÐmhshc, pou upeisèrqontai sta stigmiaÐa s matasuqnot twn, h diadikasÐa anakataskeu c thc f�shc mporeÐ na gÐnetai anex�rthta se perio-dik� tetr�gwna apì eikonostoiqeÐa. H f�sh arqikopoieÐtai se k�je tetr�gwno, ektim�taianex�rthta sthn pr¸th st lh kai pr¸th gramm  tou kai apì thn (3.12) anakataskeu�zetaisto eswterikì.3.3 An�lush kurÐarqwn sunistws¸nH plhroforÐa twn poludi�statwn qarakthristik¸n thc an�lushc kat� kan�lia, par� toìti akoloujeÐ pist� to montèlo diamorf¸sewn, mporeÐ na kajÐstatai peritt  kai na aux�neithn poluplokìthta thc perigraf c. H an�lush kurÐarqwn sunistws¸n (dominant compo-

nents analysis   DCA) [121, 122, 125] apoteleÐ mia enallaktik  perigraf  me dianÔsmataqarakthristik¸n qamhl c di�stashc. H mèjodoc gia mia eikìna uf c, pou montelopoieÐtaiapì to �jroisma sunistws¸n (3.2), perilamb�nei thn perigraf  kai thn ektÐmhsh twn sunar-t sewn diamìrfwshc thc isqurìterhc topik� sunist¸sac. To ektim¸meno pl�toc kurÐarqhcsunist¸sac aD(x, y)   kurÐarqo pl�toc antistoiqeÐ sthn antÐjesh thc epikratèsterhc dom cuf c, en¸ oi suqnìthtec kurÐarqhc sunist¸sac ∇φD(x, y)   kurÐarqec suqnìthtec eÐnaiektim seic twn anaduìmenwn topik� suqnot twn.Oi mh-statikèc, stigmiaÐec suqnìthtec pou kuriarqoÔn se qwrik� topik  b�sh sto f�-sma twn perissìterwn fusik¸n eikìnwn uf c onom�zontai anaduìmenec kai dÐnontai apì todi�nusma f�shc thc sunist¸sac pou eÐnai kurÐarqh se k�je shmeÐo [37]. Tètoiec suqnìthtecqarakthrÐzoun th leptomèreia, th ro  kai ton prosanatolismì twn perissìterwn fusik¸nuf¸n (topik� sunektikèc, kanonik c dom c, apotelèsmata fusik¸n diadikasi¸n exèlixhc,kokk¸deic, prosanatolismènec). Wc sunèpeia, ektim seic aut¸n twn suqnot twn fèrounplhroforÐa sqetik  me thn topik  dom  thc uf c.To sq ma DCA ex�gei tic isqurìterec topik� sunist¸sec diamìrfwshc apì to AM-FMmontèlo epilègontac mÐa se k�je jèsh an�mesa apì tic diaforetikèc z¸nec suqnot twn.
Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή 47



Kef�laio 3. Enèrgeia kai An�lush Uf cTa st�dia faÐnontai sto di�gramma tou Sq. 3.4 (apì to [125]). To sÔnjeto disdi�statos ma analÔetai apì mia sustoiqÐa zwnoperat¸n fÐltrwn gia thn fasmatik  apomìnwsh twnepimèrouc sunistws¸n me b�sh tic arqèc thc enìthtac 3.2. Oi diaforetikèc ekdoqèc sten cz¸nhc, pou jewroÔntai memonwmènec sunist¸sec tou montèlou uf c, apodiamorf¸nontaiapì tic exis¸seic diaqwrismoÔ enèrgeiac tou ESA (3.7, 3.8). Parìmoia me thn an�lush kat�kan�lia, h k�je sunist¸sa dÐnei xeqwristèc ektim seic pl�touc kai stigmiaÐwn suqnot twn.
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Sq ma 3.4: Διάγραμμα ανάλυσης κυρίαρχων συνιστωσών πλάτους από το [121]. Σειριακά ε-
πιτελείται φιλτράρισμα, αποδιαμόρφωση και επιλογή του καναλιού που μεγιστοποιεί το κριτήριο

κανονικοποιημένου πλάτους.H an�lush DCA jewreÐ ìti mia monadik  sunist¸sa kuriarqeÐ topik� sto f�sma thceikìnac. H kurÐarqh sunist¸sa uf c eÐnai mia topik� stenozwnik , omal� metaballìme-nh sun�rthsh d(x, y) = ad(x, y) exp{jφd(x, y)} h opoÐa ex�getai anakataskeu�zontac thneikìna se k�je x = (x, y) apì mia monadik  sunist¸sa tou ajroÐsmatoc (3.2)
d(x, y)={ti(x, y) : i(x, y)=arg max

k
{Γk(x, y)}, k∈ [1,K]}. (3.13)H epilog  tou kanalioÔ to opoÐo dÐnei thn ektÐmhsh gia thn kurÐarqh topik� sunist¸sabasÐzetai ston upologismì enìc metrikoÔ, tou krithrÐou epilog c kanalioÔ Γk se k�je shmeÐothc eikìnac. Oi sunart seic diamìrfwshc thc d(x, y) prokÔptoun apì thn K-se-1 an�strofhapeikìnish twn ektimoumènwn paramètrwn twn kanali¸n (ak,∇φk)(x, y) stic kurÐarqec

ad(x, y) = ai(x,y)(x, y), ~ωd(x, y) = ~ωi(x,y)(x, y) (3.14)h opoÐa eÐnai jewrhtik� isodÔnamh me thn �mesh apodiamìrfwsh thc topik� stenozwnik csunist¸sac. Oi ektim seic gia to kurÐarqo pl�toc kai kurÐarqo mètro suqnìthtac dÐnontaiètsi gia k�je shmeÐo apì to kan�li i(x, y)=arg maxk{Γk(x, y)}, ìpou k = 1 · · ·K o deÐkthctwn K fÐltrwn thc sustoiqÐac.An�loga me thn epilog  tou krithrÐou Γk(x, y) to opoÐo megistopoieÐ h sun�rthsh d,anadeiknÔontai dÔo enallaktik� DCA sq mata. To DCA pl�touc   ADCA apoteleÐ thn48 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 3. Enèrgeia kai An�lush Uf c
(α) (β) (γ) (δ)

(ε) (στ) (ζ) (η)Sq ma 3.5: Ανάλυση κυρίαρχων συνιστωσών ενέργειας (EDCA). (α) συνθετικό 2-Δ AM-FM σήμα,
(β) - (δ) πραγματική περιβάλλουσα πλάτους, οριζόντια και κατακόρυφη στιγμιαία συχνότητα,
αντιστοίχως, (ε) κυρίαρχη ενέργεια Teager (στ) - (η) κυρίαρχες συνιστώσες διαμόρφωσης πλάτους
και συχνοτήτων μέσω DCA.arqik  prosèggish [122] kai qrhsimopoieÐ to kanonikopoihmèno pl�toc thc perib�llousactwn kanali¸n

Γk(x, y) =
|ak(x, y)|

max~w |Gk(~w)| , (3.15)ìpou Gk(~w), w = (u, v) h apìkrish suqnìthtac tou fÐltrou k. MporeÐ na apokthjeÐisodÔnama qrhsimopoi¸ntac to pragmatikì gke kai to fantastikì gko mèroc thc apìkrishctou migadikoÔ fÐltrou (�rtio kai perittì fÐltro, antistoÐqwc)
Γk(x, y) =

√

(I ∗ gke)2(x, y) + (I ∗ gko)2(x, y)

max~w |Gk(~w)| . (3.16)Ta dÔo krit ria apodeiknÔontai ìti eÐnai jewrhtik� isodÔnama kai h perib�llousa thc miga-dik c apìkrishc |(I ∗ gk)(x, y)| proseggistik� eÐnai mia omalopoihmènh èkdosh tou pl�touc
|ak(x, y)| [35, 36]. H omalopoÐhsh epib�lletai apì mia sun�rthsh Gauss tupik c apìklishc
σk/

√
2, ìpou σk h apìklish gia to sugkekrimèno kan�li. Sugkekrimèna, mporeÐ na deiqjeÐìti

|(I ∗ gk)(x, y)| = cHk(x/
√

2, y/
√

2)|ak(x, y)| ≈ |ak(x, y)|, (3.17)ìpou c mia stajer� kai Hk h perib�llousa diamìrfwshc Gauss tou fÐltrou k.Sta plaÐsia thc paroÔsac diatrib c [92,163�165,268,269] anaptÔqjhke enallaktik� ènanèo sq ma DCA basismèno sthn Teager enèrgeia twn kurÐarqwn sunistws¸n to opoÐo kaikaleÐtai DCA enèrgeiac   EDCA. Sugkekrimèna, to kurÐarqo topik� kan�li epilègetai meb�sh thn èxodo tou migadikoÔ telest  (2.16) sthn apìkrish tou migadikoÔ fÐltrou
Γk(x, y) = C[(I ∗ gk)(x, y)] = Ψ[(I ∗ gke)(x, y)] + Ψ[(I ∗ gko)(x, y)]. (3.18)

Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή 49



Kef�laio 3. Enèrgeia kai An�lush Uf cAn qrhsimopoihjeÐ to �rtio   to perittì fÐltro, to krit rio an�getai sthn efarmog  tou tele-st  se pragmatik� s mata. To energeiakì krit rio katal gei se mia sunist¸sa megalÔterhcsunoq c me beltiwmèno entopismì sta ìria uf c kai antikeimènwn. Kaj¸c o energeiakìc te-lest c eunoeÐ tic uyÐsuqnec sunist¸sec, tairi�zei perissìtero gia epilektikì wc proc thnklÐmaka diaqwrismì thc uf c apì tic loipèc makrodomèc miac eikìnac (kef�laio 5).H energeiak  an�lush kurÐarqwn sunistws¸n parousi�zei pleonekt mata all� kai for-malismì se sqèsh me thn an�lush pl�touc. Sugkekrimèna, isostajmÐzei to rìlo tou pl�touckai to rìlo tou eÔrouc suqnot twn sthn epilog  twn topik� kurÐarqwn sunistws¸n, k�tito opoÐo diaisjhtik� faÐnetai pio fusikì. Ex�llou, h enèrgeia diamìrfwshc uf c, ìpwcorÐsthke prohgoÔmena, perilamb�nei tautìqrona plhroforÐa pl�touc kai susqnìthtac. E-pomènwc, mia ermhneÐa tou EDCA eÐnai ìti ex�gei tic kurÐarqec sunist¸sec thc uf c me b�shthn enèrgeia twn diamorf¸se¸n touc. Mia sunist¸sa qarakthrÐzetai kurÐarqh ìqi mìno lì-gw twn meg�lwn tim¸n diamìrfwshc perib�llousac, pou ermhneÔetai mèsw uyhl c topik cantÐjeshc all� kai lìgw twn anaduìmenwn suqnot twn pou kuriarqoÔn sto f�sma thc eikì-nac. Epiplèon, oi ektim seic tou EDCA, lìgw tou suqnotikoÔ ìrou, sullamb�noun oxeÐecmetabolèc thc uf c an�mesa se diaforetikèc perioqèc thc eikìnac kai akmèc uf c (Sq. 3.6).Kai sta dÔo sq mata oi ektim seic stic paramètrouc diamìrfwshc twn kurÐarqwn su-nistws¸n upob�llontai se prìsjeth meta-epexergasÐa kai filtr�risma gia ton periorismìsfalm�twn all� kai thn epibol  omalìthtac sta shmeÐa met�bashc apì mia kurÐarqh suni-st¸sa se �llh. To DCA mei¸nei th di�stash thc perigraf c apì ton K-di�stato q¸ro twn
Gabor apokrÐsewn (  ton 3 × K q¸ro diamorf¸sewn) sto 3 × 1 di�nusma (αd,∇φd), en¸diathreÐ ta ousiastik� gnwrÐsmata thc uf c ìpwc eÐnai h èktash, h klÐmaka kai o prosa-natolismìc. H diadikasÐa epilog c tou kurÐarqou kanalioÔ ermhneÔthke mèsw statistik canÐqneushc shm�twn sto [163], en¸ sto [164] ta qarakthristik� kurÐarqwn sunistws¸n dia-mìrfwshc qrhsimopoi jhkan se èna sq ma metabolik c kat�tmhshc eikìnwn (kef�laio 4).

(a) eikìna (b) ADCA pl�toc (g) ADCA suqnìthta
(d) EDCA enèrgeia (e) EDCA pl�toc (st) EDCA suqnìthtaSq ma 3.6: Κυρίαρχα χαρακτηριστικά DCA με το κριτήριο πλάτους (πάνω σειρά) και ενέργειας

(κάτω σειρά): κυρίαρχες συνιστώσες πλάτους, μέτρου στιγμιαίων συχνοτήτων και ενέργειας.50 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 3. Enèrgeia kai An�lush Uf c3.4 Kanonikopoihmènh apodiamìrfwsh - Gabor ESA'Ena prìblhma pou anakÔptei me thn apodiamìrfwsh mèsw tou ESA eÐnai ìti gia diakrit�dedomèna mìno proseggÐseic sta diaforik� twn shm�twn, ousi¸dh gia tic merikèc diaforÐseic,mporoÔn na eÐnai diajèsimec p.q. mèsw peperasmènwn diafor¸n. Wc apotèlesma oi proseggi-stikèc èxodoi twn energeiak¸n telest¸n o opoÐec perilamb�noun dÔo diaforikoÔc telestèc,eÐnai pijanì na ex�goun anakribeÐc ektim seic pl�touc kai suqnot twn. Mia jewrhtik� b�-simh prosèggish pou antimetwpÐzei to prìblhma prokÔptei me qr sh tou kanonikopoihmènou
2-D energeiakoÔ telest  (regularized 2-D energy operator) kai tou sqetikoÔ kanonikopoih-mènou 2-D ESA.'Opwc analÔjhke sto [278] gia anÐqneush akm¸n, oi dÔo kanonikopoihmènec lÔseic stoprìblhma ektÐmhshc thc parag¸gou oi opoÐec elaqistopoioÔn to �jroisma tou sf�lmatocprosèggishc twn dedomènwn kai thn enèrgeia thc deÔterhc parag¸gou thc proseggÐzousacsun�rthshc, eÐnai (a) parembol  me {splÐnec} (spline interpolation) kai (b) sunèlixh twndedomènwn thc eikìnac me mia sun�rthsh pou mporeÐ arket� kal� na montelopoihjeÐ apìmia Gaussian. Gia tic stenozwnikèc all� ìqi aparaÐthta bajuperatèc sunist¸sec ed¸, h
Gaussian apìkrish diamorf¸netai apì èna hmitonoeidèc me fèrousa Ðsh me th fasmatik mèsh jèsh thc sunist¸sac kai prokÔptei to Gabor fÐltro. Sto [79], h kanonikopoÐhsh me
(splines) kai Gabor tou energeiakoÔ telest  kai tou ESA sugkrÐjhkan gia 1-D s mata.Me kÐnhtro ta parap�nw prot�jhke o 2-D Gabor ESA algìrijmoc gia tautìqrono fil-tr�risma/apomìnwsh topik� zwnoperat¸n sunistws¸n uf c kai apodiamìrfwsh touc sestigmiaÐo pl�toc kai suqnìthta [92, 165]. 'Estw I(x, y) h suneq c eikìna kai f(x, y) =

I(x, y) ∗ g(x, y) h èxodoc thc apìkrishc tou Gabor fÐltrou. Efìson h sunèlixh antimetatÐ-jetai me th diafìrish o suneq c 2-D telest c sunduasmènoc me to zwnoperatì filtr�rismagÐnetai
Ψ(f) = Ψ(I ∗ g) = ‖I ∗ ∇g‖2 − (I ∗ g)(I ∗ ∇2g). (3.19)'Etsi, oi diaforikoÐ telestèc antikatast�jhkan apì parag¸gouc tou fÐltrou. O telikìcalgìrijmoc gia ton Gabor energeiakì telest  (EO) sunoyÐzetai sta akìlouja b mata:(1) BrÐskontai analutik� kai apojhkeÔontai ìlec oi aparaÐthtec diaforikèc fìrmoulec thc

Gabor sun�rthshc g(x, y) upologismènec stic jèseic (pixel) tou plègmatoc deigmato-lhyÐac (i, j) = (i∆x, j∆y). ApaitoÔntai treic diaforikèc fìrmoulec: gx, gy,∇2g.(2) Gia thn ektÐmhsh thc stigmiaÐac enèrgeiac sth jèsh (i, j) qrhsimopoieÐtai h fìrmoula(3.19) tou sunduasmènou suneqoÔc telest  kai tou Gabor filtrarÐsmatoc, ìpou giak�je ìro qrhsimopoieÐtai h diakrit  sunèlixh twn dedomènwn I[i, j] kai tou anagkaÐou
Gabor diaforikoÔ me deÐgmata sta (i, j).OmoÐwc, gia thn ektÐmhsh tou stigmiaÐou pl�touc kai thc stigmiaÐac suqnìthtac o 2-D

Gabor ESA gia thn apodiamìrfwsh tou f = I ∗ g akoloujeÐ ta ex c b mata:
Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή 51
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(st)Sq ma 3.7: Κανονικοποιημένη και διακριτή αποδιαμόρφωση του θορυβώδους AM-FM f(m, n) =

exp
(

−m
2
+n

2

4σ2

)

cos[ucm + vcn + 2 sin( π

50
m) + sin( π

30
n)], m, n = 1, .., 128. Οι παράμετροι (uc, vc) =

(−2
25

π, 6
25

π) rad/sample και σ = 0.08 αντιστοιχούν σε ένα κανάλι της συστοιχίας (ακτινικής συ-
χνότητας R = π

4
και προσανατολισμού θ = 2π

3
). Η εικόνα αποδιαμορφώνεται μέσω (i) ESA αφού

το σήμα έχει περάσει από το αντίστοιχο φίλτρο και (ii) Gabor ESA από την κρουστική απόκρι-
ση του καναλιού. (α) συνθετικό AM-FM σήμα, (β) 1-Δ προφίλ αρχικού, θορυβώδους (−10dB)
και ζωνοπερατού σήματος, (γ) φασματικό μέγεθος του I ∗ gx από πεπερασμένες διαφορές και
Fourier μετασχηματισμό (η αναμενόμενη τιμή με διακεκομμένη γραμμή), (δ),(ε),(στ) αναμενόμενη
(διακεκομμένη) και εκτιμώμενο πλάτος και συχνότητες.(1) Qr sh tou Gabor EO gia ton upologismì twn stigmiaÐwn energei¸n twn tri¸n su-nart sewn eikìnwn: Ψ(f), Ψ(fx = I ∗ gx) = ‖I ∗ ∇gx‖2 − (I ∗ gx)(I ∗ ∇2gx) kai

Ψ(fy = I ∗ gy).(2) Eisagwg  twn energei¸n sth fìrmoula tou 2-D suneqoÔc ESA.Gia tic treic enèrgeiec pou emplèkontai qrei�zontai ept� Gabor diaforikèc fìrmoulec:
gx, gy, gxx, gyy , gxy,∇2gx,∇2gy.O Gabor ESA eÐnai, epomènwc, upologistik� perissìtero apaithtikìc ap' ì,ti o algìrijmocme to diakritì EO, kaj¸c qrei�zetai ept� sunelÐxeic gia k�je Gabor thc sustoiqÐac, entoÔtoic prosfèrei eurwstÐa kai beltiwmènh epÐdosh.Gia apodotikìthta qrhsimopoieÐtai mia ulopoÐhsh tou Gabor ESA sto pedÐo twn suqno-t twn (frequency-domain) me b�sh thn exÐswsh

F
{

∂k+lg

∂xk∂yl

}

= F {g} (jωx)k(jωy)
l (3.20)pou sqetÐzei to Fourier metasqhmatismì F{·} enìc s matoc me ta diaforik� tou. 'Etsi, toupologistikì fortÐo gia tic apaitoÔmenec sunelÐxeic mei¸netai shmantik�, dedomènou ìti o52 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 3. Enèrgeia kai An�lush Uf csqediasmìc thc sustoiqÐac gÐnetai sto pedÐo twn suqnot twn, ¸ste na epitrèpei filtr�rismame pollaplasiasmì shmeÐou proc shmeÐo. Opoiosd pote suneliktikìc ìroc ulopoieÐtai apìth sqèsh
I ∗ ∂k+lg

∂xk∂yl
= F−1

{

F {I}F {g} (jωx)k(jωy)
l
} (3.21)qrhsimopoi¸ntac to proôpologismèno, koinì gia ìlouc touc ìrouc, ginìmeno F {I}F {g}.Sto Sq. 3.7 h akrib c analutik  fìrmoula eÐnai gnwst  gia to sunjetikì AM-FM sto(a), mia 1-D gramm  tou opoÐou faÐnetai sto (b). To hmitonoeidèc èqei fèrousec pou sumpÐ-ptoun me th kentrik  enìc kanalioÔ thc sustoiqÐac kai leukìc jìruboc se shmatojorubikìlìgo (SNR) Ðso me −10dB èqei prostejeÐ teqnht� sto kajarì s ma. Sto (g) parousi�zetaimia sÔgkrish an�mesa sto fasmatikì mègejoc 1) twn ∂(I ∗ g)/∂x, pou qrhsimopoieÐtai apìton ESA, ulopoihmèno me peperasmènec diaforèc kai 2) to Fourier tou (3.21) to opoÐo qrh-simopoieÐtai apì ton Gabor ESA. To deÔtero proseggÐzei polÔ kalÔtera thn anamenìmenhapìkrish. To antÐstoiqo fÐltro gx, to opoÐo filtr�rei sthn ousÐa thn eikìna I, parousi�zeimia megalÔterh z¸nh epitrept¸n suqnot twn me mikrìterh apìsbesh gia suqnìthtec ektìctou arqikoÔ eÔrouc. Oi ektim¸menec sunart seic diamìrfwshc sta (d)-(st) eÐnai perissìteroomalèc gia ton Gabor ESA, me ligìterec akraÐec timèc (spikes) kai akoloujoÔn akribèsteratic paramètrouc diamìrfwshc tou kajaroÔ s matoc.3.5 Enèrgeia diamìrfwshc kai qarakthristik� uf cO mhqanismìc entopismoÔ thc enèrgeiac twn sunistws¸n thc uf c, pou pragmatopoieÐh an�lush kurÐarqwn sunistws¸n, leitourgeÐ ston poludi�stato q¸ro qarakthristik¸n oopoÐoc apoteleÐtai apì tic apokrÐseic twn fÐltrwn gk. Oi filtrarismènec, sten c z¸nhcsunist¸sec uf c upob�llontai sth mh-grammikìthta tou 2-D energeiakoÔ telest  Ψ kaiapodiamorf¸nontai mèsw tou ESA (2.22, 2.23). Oi metr seic enèrgeiac omalopoioÔntai meèna topikì par�juro-fÐltro mèsou ìrou ha kai sugkrÐnontai shmeiak�. To fÐltro i me thmègisth mèsh Teager enèrgeia (maximum average Teager energy)

Ψmat[I(x, y)] = max
k

{(Ψ(I ∗ gk) ∗ ha)(x, y)}, (3.22)kajorÐzei thn kurÐarqh sunist¸sa uf c.Orismìc 3.2 H enèrgeia diamìrfwshc uf c (texture modulation energy) orÐzetai apì thmègisth mèsh enèrgeia diamìrfwshc twn topik� stenozwnik¸n sunistws¸n thc.H enèrgeia diamìrfwshc eÐnai èna mètro thc èntashc thc uf c kai thc qwrik c katanom cthc sta shmeÐa thc eikìnac ìpwc aut  perigr�fetai apì to montèlo AM-FM diamorf¸se-wn. MporeÐ, epomènwc, na qrhsimopoihjeÐ gia anÐqneush kai di�krish uf c qwrÐc prosoq 
(preattentively) me efarmog  tou sÔnjetou mh-grammikoÔ telest  Ψmatsthn apìkrish thcsustoiqÐac sthn eikìna. Kaj¸c oi diaforetikèc energeiakèc st�jmec antistoiqoÔn se dia-foretik� pos� diamìrfwshc pl�touc kai suqnìthtac, h enèrgeia mporeÐ na qrhsimopoihjeÐ
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Kef�laio 3. Enèrgeia kai An�lush Uf c
(a) eikìna (b) ADCA pl�toc (g) EDCA pl�toc

(d) ADCA sÔnjesh (e) EDCA sÔnjesh
(st) eikìna (z) ADCA pl�toc (h) EDCA pl�toc

(j) ADCA sÔnjesh (i) EDCA sÔnjeshSq ma 3.8: DCA πλάτους και ενέργειας: συγκρίνοντας τα εκτιμώμενα πλάτη (ανάλυση) και τις
συνιστώσες που ανακατασκευάζονται (σύνθεση) από το μοντέλο χρησιμοποιώντας τα εναλλακτικά
κριτήρια επιλογής καναλιού (3.15) και (3.18) παρατηρούμε ότι το EDCA επικεντρώνεται σε πιο
βασικές μεταβολές της υφής συνδυάζοντας πληροφορία έντασης και συχνότητας, ενώ το ADCA
ευνοεί μεταβολές της εικόνας μεγάλης κλίμακας, οι οποίες δε γίνονται εύκολα αντιληπτές ως υφή.wc qarakthristikì taxinìmhshc gia th di�krish dÔo t�xewn uf c (p.q. katwfliopoÐhsh meepÐbleyh, kef�laio 6).Par�llhla, èna sÔnolo qarakthristik¸n, to pl�toc kurÐarqhc diamìrfwshc (dominant

modulation amplitude) aD(x, y) kai to di�nusma suqnot twn kurÐarqhc diamìrfwshc (do-

minant modulation frequency vector) ~ωD(x, y) (3.14), ex�gontai apì thn ektÐmhsh twn para-mètrwn diamìrfwshc tou kurÐarqou kanalioÔ. Se k�je jèsh tou qwrikoÔ pedÐou thc eikìnach anapar�stash thc uf c gÐnetai apì to qamhl c di�stashc di�nusma kurÐarqwn diamorf¸se-wn. Ta qarakthristik� diamìrfwshc (modulation features) ta opoÐa ex�gontai anazht¸ntac54 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 3. Enèrgeia kai An�lush Uf c

(a) (b) (g)Sq ma 3.9: Ενέργεια διαμόρφωσης και ανίχνευση υφής. (α) εικόνα εδαφοτομής (768 × 567),
μέγιστη μέση Teager ενέργεια Ψmat, ως (β) 3-Δ προοπτική προβολή και (γ) υπέρθεση δέκα επιπε-
δοκαμπυλών της.tic kurÐarqec sunist¸sec uf c se pollaplèc z¸nec tou f�smatoc parèqoun topik  (perioqèc,akmèc, sÔnora) all� kai olik  plhroforÐa (omoiogèneia, fasmatikèc z¸nec) gia th dom  thcuf c kai mporoÔn na perigr�youn èna eÔroc genik¸n kathgori¸n uf c.H energeiak  aut  je¸rhsh exet�sthke se jèmata anÐqneushc kai an�lushc thc uf ckai polukritiriak c kat�tmhsh eikìnwn [268, 269], ìpou h enèrgeia diamìrfwshc mèsw toutelest  Ψmat apotèlese ènan kal� entopismèno endeÐkth twn perioq¸n kai thc èntashc thcuf c (kef�laio 7). Shmei¸netai ìti, ìpwc kai sto sq ma EDCA, ìpou o telest c Ψmat eÐnaito krit rio epilog c sunistws¸n, h enèrgeia diamìrfwshc prosfèrei beltiwmèno entopismìkai di�krish twn orÐwn diaforetik¸n perioq¸n se sqèsh me sumbatikoÔc aniqneutèc uf c  qarakthristik¸n (pl�toc   enèrgeia). EunoeÐ de kai anadeiknÔei tic sunist¸sec mikrìterhcklÐmakac (taqÔterhc tal�ntwshc), kaj¸c sunupologÐzei th suqnìthta mazÐ me to pl�tocsthn energeiak  mètrhsh.Sto Sq. 3.9 parousi�zetai h enèrgeia diamìrfwshc uf c (3.22) gia mia ploÔsia se diafo-retikèc ufèc eikìna lept c edafotom c. H mètrhsh ex�qjhke apì mia sustoiqÐa 40 fÐltrwn,me mèsouc ìrouc se geitoni� 11 × 11 shmeÐwn kai grammik  kai mh-grammik  omalopoÐhshmegèjouc 11 × 11 twn kurÐarqwn qarakthristik¸n. H enèrgeia parousi�zetai wc prooptik 
3-D apeikìnish, all� kai me th morf  dèka epipedokampul¸n thc (level curves). H Ôparxhall� kai ta epÐpeda èntashc thc uf c an� perioqèc sthn eikìna, qarakthrÐzontai apì thnenèrgeia diamìrfwshc.

�

Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή 55



Kef�laio 3. Enèrgeia kai An�lush Uf c

56 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 4Kat�tmhsh Uf cO diaqwrismìc miac eikìnac se perioqèc me omoiogen  qarakthristik�, ìpwc h gewmetrÐa,h fwteinìthta, to qr¸ma, h uf , h kÐnhsh k.�. apoteleÐ mia apì tic shmantikìterec diergasÐecìrashc qamhloÔ epipèdou. To antÐstoiqo filosofikì kai gnwsiakì prìblhma eÐnai gnwstìwc diaqwrismìc pr¸tou pl�nou-fìntou (figure-ground). H kat�tmhsh uf c perilamb�nei taanex�rthta st�dia thc exagwg c qarakthristik¸n uf c, thc epilog c   meÐwshc thc di�sta-shc touc kai enìc algorÐjmou kat�tmhshc. H exagwg  kurÐarqwn sunistws¸n diamìrfwshcmèsw polukanalik c an�lushc kai entopismoÔ thc enèrgeiac katal gei se dianÔsmata qa-rakthristik¸n qamhl c diastashc pou perigr�foun thn èntash (pl�toc), thn klÐmaka kaiton prosanatolismì (mètro kai gwnÐa tou dianÔsmatoc) thc uf c. Tètoia qarakthristik�emplèkontai kai leitourgoÔn wc kinht riec dun�meic se èna metabolikì (variational) sq makat�tmhshc uf c qwrÐc episkìphsh me stajmismènh exèlixh kampul¸n. 14.1 Kat�tmhsh me exèlixh kampul¸n kai kurÐarqec dia-mìrfwseicH kat�tmhsh eikìnwn eÐnai èna en gènei dÔskolo prìblhma thc upologistik c ìrashckaj¸c apaiteÐ se k�poio posostì thn shmasiologik  katanìhsh miac eikìnac. Genik� anafè-retai sth diadikasÐa tou qwrismoÔ miac eikìnac se mh-sunektikèc perioqèc ètsi, ¸ste k�jemia na eÐnai omogen c kai sunektik  wc proc k�poia idiìthta, ìpwc h antÐjesh, to qr¸ma, huf , h kÐnhsh, to b�joc. MporoÔn na diakrijoÔn trÐa diaforetik� st�dia se mia diadikasÐ-a kat�tmhshc 1) proepexergasÐa, 2) exagwg  qarakthristik¸n twn perioq¸n, 3) efarmog k�poiou algorÐjmou kat�tmhshc, k�je èna apì ta opoÐa ephre�zei to telikì apotèlesma.H kat�tmhsh eikìnwn uf c eÐnai èna apì ta shmantikìtera kai pio di�shma probl mataarqik c ìrashc, pou èqei antimetwpisteÐ apì diaforetikèc prooptikèc ìpwc statistik� montè-la [103,196], gewmetrikèc kai morfologikèc mejìdouc [32,266,272] kai metabolikèc teqnikècbasizìmenec sta eswterik� twn perioq¸n (region-based) [177, 231, 315, 319]   basizìmenec1H èreuna kai ta apotelèsmata pou parousi�zontai se aut  thn enìthta ent�ssontai sto plaÐsio twnergasi¸n [92,163�165] se sunergasÐa me ton I�sona Kìkkino [162].57



Kef�laio 4. Kat�tmhsh Uf csta ìria (boundary/edge-based) (p.q. [188,239], snakes, deformable models [63,153], gew-daitik� energ� perigr�mmata [51, 189, 230]).Sto region-based sen�rio kat�tmhshc ta shmeÐa thc eikìnac omadopoioÔntai se perioqècan�loga me th suggèneia twn qarakthristik¸n touc. 'Ena sÔnolo arqik¸n kampul¸n exelÐs-setai sto pedÐo thc eikìnac me odhgì èna di�nusma perigrafik¸n qarakthristik¸n, sun jwcperissìtero exeligmèna apì aplèc timèc fwteinìthtac. Oi eikìnec uf c qarakthrÐzontai apìtuqaÐa fÔsh, abebaiìthta sthn topojèthsh sunìrwn kai akm¸n, suqnotikì perieqìmeno eu-reÐac z¸nhc kai topik  qwrofasmatik  abebaiìthta. H polukanalik  an�lush kai exagwg qarakthristik¸n eÐnai sunhjismènh diadikasÐa gia thn anÐqneush euruzwnik c plhroforÐacuf c se diaforetik� kan�lia, ìpwc perigr�fhke sta kef�laia 2 kai 3. Par� ton plhroforia-kì plouralismì thc, h exagwg  qarakthristik¸n sthn èxodo miac sustoiqÐac fÐltrwn odhgeÐse dianÔsmata meg�lhc di�stashc pou katal goun se upobèltistec katatm seic.Sto sq ma kat�tmhshc me episkìphsh (supervised segmentation [231]), h bèltisth kat�-tmhsh epitugq�netai me thn epilog  twn kanali¸n pou diaqwrÐzoun kalÔtera tic diaforetikècufèc. Sto sen�rio autìmathc kat�tmhshc qwrÐc episkìphsh (unsupervised segmentation),h epilog  twn kanali¸n twn qarakthristik¸n kai h meÐwsh thc di�stashc tou dianÔsmatocpragmatopoieÐtai sun jwc me euretik� krit ria [259,260]. Sto [256] mia dianusmatik  diadika-sÐa di�qushc (vector-valued diffusion) qrhsimopoi jhke gia thn aplopoÐhsh tou dianÔsmatocqarakthristik¸n.Ta qarakthristik� diamìrfwshc, mèsw tou AM-FM montèlou, ereun jhkan se èna sq makat�tmhshc qwrÐc episkìphsh [163, 164]. H an�lush kurÐarqwn sunistws¸n (3.3) qrhsimo-poieÐtai gia thn exagwg  dianusm�twn qarakthristik¸n qamhl c di�stashc pou perikleÐounplhroforÐa megèjouc, klÐmakac kai prosanatolismoÔ, en¸ mporeÐ na ermhneujeÐ wc perigraf twn topik¸n hmitonoeid¸n shm�twn pou montelopoioÔn kalÔtera tic sunist¸sec thc uf c. Hkat�tmhsh gÐnetai me exèlixh kampul¸n (curve evolution) kai qr sh mejìdwn epipedosunì-lwn (level sets) ìpou oi kinht riec dun�meic twn kampul¸n kajorÐzontai apì èna pijanotikìkrit rio, me b�sh ta eswterik� twn perioq¸n, ìpwc sta [232, 319].Mia prìsfath prosp�jeia sÔzeuxhc metabolik¸n mejìdwn me qarakthristik� diamìrfw-shc gia kat�tmhsh uf c [251, 280] perilamb�nei èna sq ma gewdaitik¸n energ¸n perigram-m�twn (geodesic active contours). Wstìso, to metabolikì komm�ti qrhsimeÔei wc beltÐwshsta apotelèsmata kat�tmhshc enìc kajar� statistikoÔ algorÐjmou.4.2 Qarakthristik� diamìrfwshcH uf  perigr�fetai mèsw dom¸n diamìrfwshc, jewr¸ntac to sÔnolo twn qarakthristi-k¸n pou ex�getai mèsw thc an�lushc kurÐarqwn sunistws¸n. Exet�sthke tìso h arqik mèjodoc me b�sh to pl�toc   ADCA (ex. 3.15), ìso kai h enallaktik  prìtash basismènhsthn enèrgeia   EDCA (ex. 3.18) pou entopÐzei o energeiakìc telest c. Sto Sq. 4.1, faÐ-netai to sÔnolo twn DCA qarakthristik¸n uf c gia dÔo fusikèc eikìnec me perissìterecapì mÐa perioqèc diaforetik c uf c (dÔo gia thn ep�nw kai pènte gia thn k�tw). To pl�toc58 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 4. Kat�tmhsh Uf cantistoiqeÐ se plhroforÐa megèjouc kai èntashc en¸ to di�nusma kurÐarqwn suqnot twnanadeiknÔei klÐmaka kai prosanatolismì, ìpwc eÔkola parathreÐtai sto Sq. 4.5.

(a) eikìna (b) pl�toc, ad (g) suqnìthta, ωd,1 (d) suqnìthta, ωd,2Sq ma 4.1: Χαρακτηριστικά διαμόρφωσης κυρίαρχων συνιστωσών ενέργειας (EDCA). Από δεξιά
προς τα αριστερά και για τις δύο εικόνες: γκρίζα εικόνα, κυρίαρχο πλάτος, οριζόντια και κατακό-
ρυφη στιγμιαία συχνότητα.4.2.1 H epilog  kanalioÔ wc statistik  apìfashH epilog  tou kanalioÔ gia thn an�lush kurÐarqwn sunistws¸n diatup¸netai wc prì-blhma dokim¸n pollapl¸n upojèsewn (multiple hypothesis testing problem) [154]. Giaaplìthta exet�zetai to monodi�stato sen�rio, an kai h genÐkeush se dÔo diast�seic eÐnaiapl . H epilog  tou kanalioÔ an�getai se anÐqneush se jìrubo enìc hmitìnou thc suqnìth-tac tou fÐltrou kai �gnwsthc f�shc kai pl�touc. Ta diaforetik� kan�lia antimetwpÐzontaiwc xeqwristèc upojèseic kai h upìjesh pou exhgeÐ kalÔtera ta dedomèna antistoiqeÐ stokurÐarqo kan�li.'Enac prìsjetoc par�gontac eÐnai h qwrik  topojèthsh thc diadikasÐac apìfashc. U-pojètontac ìti se èna shmeÐo apaiteÐtai h apìfash gia to an èna hmÐtono sugkekrimènhcsuqnìthtac up�rqei sth geitoni� tou, elègqetai pìso kal� ta shmeÐa thc geitoni�c ika-nopoioÔn thn upìjesh. Makrin� shmeÐa montelopoioÔntai apì èna ligìtero perigrafikìmontèlo, sugkekrimèna mia diadikasÐa leukoÔ jorÔbou.'Estw h upìjesh HΩ ìti gÔrw apì èna shmeÐo x = 0, to s ma eÐnai hmitonoeidèc suqnì-thtac Ω, �gnwsthc f�shc φ, pl�touc a kai DC sunist¸sac (mèshc tim c) b. H pijanof�neia
(likelihood) tou s matoc I sto shmeÐo x ekfr�zetai wc

P (I(x); a, b, φ|HΩ) =
G(x)√
2πσ

exp− [I(x)−(a cos(Ωx+φ)+b)]2

2σ2 +
1 − G(x)√

2πσn

exp −[I(x)−C]2

2σ2
n

,ìpou G(x) = e−x2/σ2
G ènac par�gontac upologismoÔ thc topikìthtac thc diadikasÐac, σ2 hmetablhtìthta leukoÔ Gaussian jorÔbou pou parembaÐnei sto s ma kai to σG montelopoieÐthn qwrik  exasjènhsh thc ikanìthtac thc upìjeshc na exhgeÐ ta dedomèna. O deÔteroc ìroceÐnai to montèlo jorÔbou paraskhnÐou (background noise), mèshc tim c C kai metablhtìthtac

σ2
n.
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Kef�laio 4. Kat�tmhsh Uf cJètontac to σG Ðso me thn tupik  apìklish tou Gabor fÐltrou pou qrhsimopoieÐtai stoantÐstoiqo kan�li, prokÔptei mia sqèsh an�mesa sthn epilog  kanalioÔ me b�sh to pl�tockai sthn epilog  me b�sh thn pijanof�neia (likelihood). H pijanof�neia dom c s matocgÔrw apì 0 k�tw apì thn HΩ eÐnai:
P (I; a, b, φ|HΩ) =

∏

x=...−1,0,1,...

P (I(x); a, b, φ|HΩ). (4.1)LogarijmÐzontac kai lamb�nontac upìyin to gegonìc ìti h log eÐnai kurt  sun�rthsh prokÔ-ptei to akìloujo k�tw fr�gma sthn pijanof�neia ln[P (I)] =
∑

x ln[P (I(x))] twn dedomènwn:
ln[P (I)] ≥

∑

x

G(x)

{

−(I(x) − (a cos(Ωx + φ) + b))2

2σ2
− ln(2πσ)2

2

}

+
∑

x

(1 − G(x))

{

−(I(x) − C)2

2σ2
n

− ln(2πσ2
n)

2

}

.Parìti h teleutaÐa exÐswsh dÐnei èna k�tw ìrio sthn pijanof�neia, mporeÐ na qrhsimopoih-jeÐ gia thn epilog  an�mesa stic dÔo antagwnistikèc upojèseic. Mia dokim  genikeumènoulìgou pijanof�neiac (Generalized Likelihood Ratio Test   GLRT) qrhsimopoieÐtai gia tonupologismì ektim sewn mègisthc pijanof�neiac (Maximum Likelihood Estimates   MLE)twn paramètrwn a, b, φ. Megistopoi¸ntac to (4.1) wc proc ta a, b, φ prokÔptei
â =

√

(ge ∗ I)2 + (go ∗ I)2

(
∑

G(x))2 , φ̂ = arctan

(

−go ∗ I

ge ∗ I

)

, b̂ = G ∗ I, (4.2)ìpou ge, go èna zeug�ri artÐou-perittoÔ fÐltrou ge(x) = G(x) cos(Ωx), go(x) =

G(x) sin(Ωx). Jewr¸ntac th sun�rthsh diaspor�c G Ðdia me aut  tou antÐstoiqou GaborkanalioÔ, to â eÐnai to ektim¸meno pl�toc apìkrishc en¸ to b̂ ja mporoÔse na ermhneujeÐ wco mèsoc twn dedomènwn sto shmeÐo. O pr¸toc ìroc sto k�tw fr�gma apodeiknÔetai ìti eÐnaiÐsoc me â2/(2σ2/
∑

x G(x)), pou ektìc apì mia stajer� klÐmakac, eÐnai to krit rio (3.16) giathn epilog  kanalioÔ. Efìson oi upìloipoi ìroi eÐnai stajeroÐ gia ìla ta kan�lia se miasugkekrimènh klÐmaka, mporoÔn na agnohjoÔn.Qrhsimopoi¸ntac an�loga epiqeir mata kai logik , mporeÐ na upologisteÐ h pijanof�-neia thc upìjeshc H0 ìti gÔrw ìti h eikìna eÐnai tmhmatik� stajer  gÔrw apì to shmeÐo
x = 0, aporrÐptontac thn hmitonik  sunist¸sa. Gia na sugkrijeÐ ìmwc me thn upìjesh hmi-tonik¸n dedomènwn, prèpei na lhfjeÐ upìyin ìti ligìterec par�metroi qrhsimopoioÔntai giathn kataskeu  tou montèlou. Diaforetik�, èna hmÐtono mhdenikoÔ pl�touc ja mporoÔse toÐdio kal� na exhg sei ta dedomèna. Gia to lìgo autì, qrhsimopoieÐtai to krit rio Minimum

Description Length (MDL) [154], tropopoihmèno gia thn perÐptwsh
MDL(Hi) = − ln (P (I|Hi)) +

ni

2
ln

(
∑

x

G(x)

)

, (4.3)ìpou ni o arijmìc twn paramètrwn k�je upìjeshc.H efarmog  aut c thc statistik c apìfashc wc proc thn Ôparxh uf c parousi�zetai stoSq. 4.2, ìpou oi deÐktec thc uf c parousi�zontai wc gkrÐzec eikìnec. Oi leukèc perioqèc60 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 4. Kat�tmhsh Uf cantistoiqoÔn se perioqèc ìpou h upìjesh mh Ôparxhc uf c epikrateÐ, en¸ oi gkrÐzec timècantistoiqoÔn ston prosanatolismì tou Gabor fÐltrou sugkekrimènhc klÐmakac gia k�jeeikìna. Stic mikrèc klÐmakec (b),(g) oi mikrodomèc kai h leptomèreia ermhneÔontai wc uf .Stic meg�lec klÐmakec, (d), megalÔterec perioqèc qarakthrÐzontai apì uf  (p.q. oi ptuqècsth mÔth), en¸ tautìqrona perioqèc mikrìterhc klÐmakac ermhneÔontai wc stajer� s matame jìrubo.
(a) klÐmaka 1 (b) klÐmaka 2 (g) klÐmaka 3 (d) klÐmaka 4Sq ma 4.2: Αποτελέσματα δοκιμών υποθέσεων σε τέσσερις κλίμακες για την εικόνα ‘mandrill’

του σχήματος 4.4(α). Οι κλίμακες, σε άυξουσα σειρά προς τα δεξιά, συμπίπτουν με αυτές της
συστοιχίας των Gabor φίλτρων ενώ οι γκρίζες στάθμες είναι κβαντισμένες στον αριθμό των προσα-
νατολισμών και λειτουργούν ως ενδείκτες υφής. Οι λευκές τιμές αντιστοιχούν σε ομαλές περιοχές,
όπου τα δεδομένα δεν ερμηνεύονται ως υφή.

4.2.2 Statistik  anÐqneush uf c kai beltiwmèna qarakthristik�Mia pr¸th efarmog  thc statistik c anÐqneushc uf c eÐnai h beltÐwsh twn arqik¸n AM-

FM qarakthristik¸n me ton upologismì miac {m�skac} uf c/mh-uf c. Gia k�je shmeÐo thceikìnac met� thn epilog  tou kanalioÔ, upologÐzetai o lìgoc pijanof�neiac thc epikratoÔ-sac upìjeshc kai thc upìjeshc tou montèlou mh-uf c na exhgeÐ sthn Ðdia klÐmaka ta kontin�dedomèna. ShmeÐa ìpou h deÔterh upìjesh epikrateÐ mhdenÐzoun ta qarakthristik� pl�touckai suqnot twn touc. Ta beltiwmèna qarakthristik� mèsw DCA me b�sh thn enèrgeia, faÐ-nontai sta Sqt. 4.3,4.4. 'Opwc faÐnetai sth deÔterh seir� tou Sq. 4.3, h upìjesh mh-Ôparxhcuf c kuriarqeÐ sthn perÐptwsh tou stajeroÔ dapèdou, perioqèc oi opoÐec afairèjhkan apìtic arqikèc ektim seic twn kurÐarqwn AM-FM sunistws¸n. Autì dhl¸noun kai ta maÔra
pixel sto Sq. 4.3(j), pou kwdikopoieÐ touc deÐktec twn energ¸n fÐltrwn an� shmeÐo, kai pouantistoiqoÔn se perioqèc pou kathgoriopoioÔntai wc mh-uf .Ousiastik�, h efarmog  miac tètoiac {m�skac} apìfashc mporeÐ na jewrhjeÐ wc ènapr¸to st�dio statistik c kat�tmhshc kai kathgoriopoÐhshc se perioqèc uf c kai mh-uf c.An�loga me th efarmog  mporeÐ na epileqjeÐ h beltÐwsh   ìqi twn qarakthristik¸n, kaj¸cmia tètoia apìfash mporeÐ na enswmatwjeÐ ston Ðdio ton algìrijmo kat�tmhshc. Sto [92]pragmatopoi jhke mia tètoia enswm�twsh all� kai mia sÔmmixh krithrÐwn uf c kai akm¸n,an�loga me thn topik  statistik  isqÔ diaforetik¸n montèlwn.
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Kef�laio 4. Kat�tmhsh Uf c
(α) (β) (γ) (δ)

(ε) (στ) (ζ) (η)Sq ma 4.3: Χαρακτηριστικά διαμόρφωσης για την εικόνα ‘barb’ μέσω EDCA. (α)-(δ) γκρίζα ει-
κόνα, κυρίαρχο πλάτος, οριζόντια και κάθετη συχνότητα, (ε) δείκτης κυρίαρχου καναλιού ανά
σημείο (ως γκρίζα εικόνα), (στ)-(η) βελτιωμένα χαρακτηριστικά από την απόρριψη σημείων που
χαρακτηρίζονται χωρίς υφή.

(α) (β) (γ) (δ)

(ε) (στ) (ζ) (η)Sq ma 4.4: Χαρακτηριστικά διαμόρφωσης για την εικόνα ‘mandrill’ μέσω EDCA. (α)-(δ) Γκρίζα
εικόνα, κυρίαρχο πλάτος, οριζόντια και κάθετη συχνότητα, (ε) δείκτης κυρίαρχου καναλιού ανά
σημείο (ως γκρίζα εικόνα), (στ)-(η) βελτιωμένα χαρακτηριστικά από την απόρριψη σημείων που
χαρακτηρίζονται χωρίς υφή. Το πλάτος έχει υποστεί επιπλέον median φιλτράρισμα.4.3 Metabolik  kat�tmhsh me exèlixh kampul¸nOi pr¸tec region-based teqnikèc kat�tmhshc uf c [177,319] basÐsthkan se ekdoqèc tousunarthsiakoÔ Mumford-Shah [221] kat�llhla tropopoihmènec gia thn enswm�twsh polu-di�statwn qarakthristik¸n perigraf c thc uf c. Trèqousec teqnikèc kat�tmhshc qwrÐc62 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 4. Kat�tmhsh Uf cepiskìphsh [41, 129, 232, 256, 297, 315] basÐzontai sth mejodologÐa epipedosunìlwn (level

sets) [189,226,233,263], pou apoteleÐ èna komyì kai apotelesmatikì mèso epÐlushc problh-m�twn exelissìmenwn kampul¸n.H mèjodoc antagwnismoÔ perioq¸n (Region Competition   RC [319]), enopoieÐ diafo-retik� krit ria kai eis�gei mia pijanotik  je¸rhsh sth sqetik  bibliografÐa. BasÐzetaisth megistopoÐhsh thc pijanìthtac twn parathr sewn thc eikìnac I, qrhsimopoi¸ntac ènasÔnolo M perioq¸n Ri, entìc twn opoÐwn oi parathr seic akoloujoÔn upojetik� mia pa-rametrik  katanom  P (·; θi). 'Enac epiplèon ìroc gia ta m kh twn sunìrwn twn perioq¸n
Γ = {Γ1, . . . ΓM}, ìpou Γi = ∂Ri, qrhsimopoieÐtai gia na prokÔyei to sunarthsiakì

J(Γ, {θi}) =
M∑

i=1

µ

2

∫

Γi

s −
∫∫

Ri

log P (F ; θi). (4.4)Mèsw teqnik¸n logismoÔ metabol¸n prokÔptei h exèlixh twn sunìrwn twn perioq¸n, me kÐnh-sh sthn kateÔjunsh pou katat�ssei parathr seis-shmeÐa sthn perioq  pou ta montelopoieÐkalÔtera, diathr¸ntac omal� sÔnora
∂Γi

∂t
= −µκi

~Ni + log
P (F ; θi)

P (F ; θj)
~Ni, (4.5)ìpou κ h kampulìthta (curvature) kai ~Ni to k�jeto exwterikì di�nusma thc kampÔlhc (front)

Γi kai j h geitonik  perioq  pou antagwnÐzetai thn i gia tic parathr seic.Sto [232] h exèlixh twn kampul¸n sundu�sthke me ìrouc akm¸n (edge-based) kai me-jìdouc epipedosunìlwn ston algìrijmo gewdaitik¸n energ¸n perioq¸n (Geodesic Active

Regions   GAR)

∂Γi

∂t
= λ log

P (F ; θi)

P (F ; θj)
~Ni − (1 − λ)

[

g(IE)κi
~Ni + (∇g(IE) · ~Ni) ~Ni

]

, (4.6)ìpou g(·) eÐnai mia monotonik� aÔxousa sun�rthsh, Pc h pijanìthta enìc pixel na an kei seèna sÔnoro kai to λ kajorÐzei ta sqetik� b�rh twn ìrwn perioq¸n kai twn ìrwn akm¸n.O teleutaÐoc ìroc eÐnai empneusmènoc apì to montèlo gewdaitik¸n energ¸n perigramm�twn
(Geodesic Active Contours   GAC [51,156]) kai wjeÐ ta sÔnora kont� se perioqèc èntonwnakm¸n. 'Alloi algìrijmoi ìpwc oi [297, 315] mporoÔn na jewrhjoÔn thc Ðdiac fÔshc me tonarqikì RC.4.4 AM-FM antagwnismìc perioq¸nTo sq ma kat�tmhshc antagwnismoÔ perioq¸n prosarmìzetai kai h anaz thsh thc bèl-tisthc katanom c se perioqèc twn shmeÐwn thc eikìnac, gÐnetai me b�sh ta kurÐarqa qara-kthristik� diamìrfwshc (AM-FM Region Competition). H exagwg  gÐnetai me thn EDCAprosèggish (3.18) kai ton entopismì thc kurÐarqhc enèrgeiac diamìrfwshc. To di�nusmaqarakthristik¸n apoteleÐtai apì thn èntash fwteinìthtac thc eikìnac, to kurÐarqo pl�tocdiamìrfwshc, mètro kai ton prosanatolismì tou dianÔsmatoc stigmiaÐwn suqnot twn (3.14)

F = [ad, |~ωd|, ∠~ωd, I].
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Kef�laio 4. Kat�tmhsh Uf c
(a) (b) (g) (d) (e)
(st) (z) (h) (j) (i)Sq ma 4.5: Πληροφορία υφής (μέγεθος, κλίμακα, προσανατολισμός) και κατάτμηση μέσω DCA.

Πάνω σειρά: (α) υφές με διαφορετική κλίμακα, (β) - (δ) κυρίαρχο πλάτος και συχνότητες, (ε) κατά-
τμηση σε δύο περιοχές. Κάτω σειρά: (στ) υφές με διαφορετικό προσανατολισμό, (ζ)-(θ) κυρίαρχο
πλάτος, μέτρο και προσανατολισμός του διανύσματος κυρίαρχης συχνότητας, (ι) αποτέλεσμα κα-
τάτμησης.H èntash I thc eikìnac sumperilamb�netai kaj¸c exakoloujeÐ na paramènei shmantikì kri-t rio gia tic perioqèc qwrÐc uf  [256].H exèlixh kampul¸n ìpwc kajorÐzetai apì thn (4.4) ulopoieÐtai me mejìdouc epipedosu-nìlwn parìmoiac arqitektonik c me to [232]. H katanom  tou dianÔsmatoc qarakthristik¸nse k�je perioq  montelopoieÐtai, gia ta trÐa pr¸ta qarakthristik�, wc ginìmeno polumeta-blht¸n Gauss katanom¸n thc morf c

P (F ;µi,Σi) =
1

(2π)d/2|Σi|1/2
e−

1
2
(F−µi)

T Σ−1
i

(F−µi) (4.7)kai d pl joc qarakthristik¸n kai gia ton prosanatolismì wc katanom  von-Mises. H te-leutaÐa eÐnai h antÐstoiqh thc Gaussian gia dedomèna pou perièqoun kateÔjunsh.H ektÐmhsh twn paramètrwn ai = {µi,Σi} twn katanom¸n kai h katanom  twn dedo-mènwn se k�je perioq  {majaÐnetai} par�llhla me thn exèlixh twn kampul¸n (fronts), meapotèlesma èna prosarmostikì, qwrÐc episkìphsh sq ma kat�tmhshc. ParadeÐgmata mh-epiblepìmenhc kat�tmhshc gia to arqikì autì sq ma me AM-FM qarakthristik� diamìr-fwshc faÐnontai sta Sqt. 4.5,4.6. Oi kampÔlec arqikopoioÔntai me tuqaÐa topojèthsh, seproepilegmèno pl joc.Stic eikìnec 4.5(e),(k) faÐnetai to apotèlesma thc diadikasÐac stic dÔo sunjetikèc eikìnecuf c, ìpou ta kentrik� tm mata diafèroun wc proc thn klÐmaka sth mÐa kai wc proc tonprosanatolismì sthn �llh perÐptwsh. Sthn pr¸th seir� thc 4.6 (‘house’) oi st lec lìgwtou sqedìn stajeroÔ pl�touc, Sq. 4.1(b), aniqneÔontai wc xeqwrist  perioq  ìpwc kaita skali� lìgw thc èntonhc katakìrufhc kurÐarqhc suqnìthtac, Sq. 4.1(g). Parìmoiasumper�smata kai parathr seic ex�gontai kai apì tic �llec dÔo eikìnec (‘rocks’, ‘rice’).Shmei¸netai ìti shmantikì rìlo paÐzei h epilog  tou arqikoÔ arijmoÔ kampul¸n. H autìmath64 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 4. Kat�tmhsh Uf carqikopoÐhsh apoteleÐ dÔskolo prìblhma kai se k�je perÐptwsh diaforetik  epilog  odhgeÐse diaforetik  omadopoÐhsh twn shmeÐwn thc eikìnac.

Sq ma 4.6: Κατάτμηση υφής φυσικών εικόνων σε τέσσερις περιοχές ομοιόμορφων AM-FM κυρίαρ-
χων χαρακτηριστικών διαμόρφωσης.4.5 Stajmismènh exèlixh kampul¸nH exagwg  qarakthristik¸n gia kat�tmhsh mporeÐ na katasteÐ problhmatik , ìtan h upì-jesh gia thn analuìmenh kathgorÐa shm�twn den antapokrÐnetai sto pragmatikì perieqìmenothc eikìnac (p.q. ta qarakthristik� uf c sta ìria twn antikeimènwn, qarakthristik� prosa-natolismoÔ se omalèc perioqèc   èntash kai anÐqneush akm¸n se perioqèc uf c) [112, 186].Qrhsimopoi¸ntac hmitonoeideÐc oikogèneiec anagennhtik¸n montèlwn (generative models),oi diaforetikèc perioqèc qarakthrÐzontai apì èna metrikì bebaiìthtac (confidence measu-

re) wc proc tic diaforetikèc kathgorÐec perieqomènou pou qrhsimopoioÔntai gia exagwg qarakthristik¸n. To plaÐsio gia thn epilog  tou kanalioÔ (4.2.1), genikeÔetai ètsi ¸stena sumperilamb�nei kai montèla akm¸n [166] gia th exagwg  ektim sewn pijanot twn pouleitourgoÔn wc b�rh se èna tropopoihmèno metabolikì sq ma RC kat�tmhshc [92,162,165].4.5.1 Anagennhtik� montèla gia uf  kai akmècUiojetoÔme thn upìjesh ìti k�je geitoni� mia eikìnac mporeÐ na perigrafeÐ san na an keise mia apì tic t�xeic uf c, akm¸n, kai omal¸n perioq¸n, qrhsimopoi¸ntac prokajorismènaanagennhtik� montèla [112, 225, 320, 321]. Jewr¸ntac tic 3 pijanèc t�xeic Ci, i ∈ 1, 2, 3 kaithn parat rhsh (dedomèna eikìnac) O, k�je t�xh qrhsimopoieÐ èna di�nusma paramètrwn Eikai proseggÐzei tic parathr seic mèsw miac exÐswshc sÔnjeshc thc morf c O(x) ' Ii(x|Ei).H sÔnjesh (prìbleyh) gia to montèlo uf c gÔrw apì to shmeÐo x ekfr�zetai wc hmito-noeidèc suqnìthtac (klÐmakac) ω, stajer�c f�shc φ, pl�touc A kai DC tim c B:
O(x) ' IT (x| {A,φ,B}) = A cos(ωx + φ) + B, E = {A,φ,B} . (4.8)
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Kef�laio 4. Kat�tmhsh Uf cH akrÐbeia thc prìbleyhc mei¸netai me thn apom�krunsh apì to shmeÐo x je¸rhsh poueis�getai wc
P (O(x)|x,E) = G(x)P (O(x)|IT (x|E)) + (1 − G(x))c, (4.9)ìpou G(x) ènac qwrik� fjÐnwn ìroc st�jmishc pou antiproswpeÔei thn topikìthta thc dia-dikasÐac montelopoÐhshc, P (O(x)|IT (x|E)) mia Gaussian katanom  mèshc tim c IT (x) kai �-gnwsthc metablhtìthtac kai c ènac stajerìc ìroc o opoÐoc suneisfèretai apì to omoiìmorfomontèlo tou paraskhnÐou. Qrhsimopoi¸ntac èna zeÔgoc Gabor fÐltrwn orjogwnismoÔ f�-shc ge = cos(ωx)G(x) kai go = sin(ωx)G(x) sthn Ðdia suqnìthta ω, apodeÐqjhke [163, 166]ìti h ektÐmhsh pl�touc √(O ∗ ge)2 + (O ∗ go)2 sqetÐzetai me thn pijanof�neia twn parath-r sewn thc eikìnac se autì to pijanotikì montèlo (En. 4.2.1). H epilog  tou kanalioÔ meto megalÔtero pl�toc (DCA) isodunameÐ me thn epilog  tou kanalioÔ pou {exhgeÐ} kalÔterata dedomèna. H genÐkeush gia thn epilog  tou kanalioÔ me b�sh ton energeiakì telest  (E-

DCA) gÐnetai jewr¸ntac Brownian jìrubo sta dedomèna thc eikìnac, ìpote kai h ektÐmhshpl�touc gÐnetai Aω2 [166].H exÐswsh sÔnjeshc akm¸n basÐzetai sthn parat rhsh ìti oi akmèc gÐnontai antilhptècwc s mata me sumfwnÐa f�shc (phase congruency) [220], dhlad  proseggÐzontai apì miaseir� Fourier thc morf c
O(x) ' IE(x) = A

∑

k

ak cos(ω0kx + φ) + B, (4.10)ìpou IE to montèlo gia thn t�xh akm¸n kai ω0 h jemeli¸dhc suqnìthta thc seir�c. Gia
φ = π/2 kai φ = 0, bhmatikèc akmèc (step edges) kai akmèc grammèc (bar, line edges)gÐnontai antilhptèc antistoÐqwc.Qrhsimopoi¸ntac èna zeÔgoc enìc �rtiou kai enìc perittoÔ fÐltrou (he, ho) =

(G(x)
∑

k ak cos(ω0kx), G(x)
∑

k ak sin(ω0kx), katal goume se mia ektÐmhsh tou pl�toucpou sqetÐzetai me thn pijanof�neia twn parathr sewn k�tw apì to montèlo (4.10) [166].Jewr¸ntac to mègejoc tou f�smatoc tou he + jho amelhtèo gia arnhtikèc suqnìthtec,mporoÔme na jewr soume ta fÐltra apoteloÔn zeÔgoc Hilbert, ki epomènwc zeÔgoc orjo-gwnismoÔ f�shc. Tètoia fÐltra qrhsimopoioÔntai gia anÐqneush akm¸n [219, 239] mèsw thcektÐmhshc thc topik c enèrgeiac (he ∗ O)2 + (he ∗ O)2, miac posìthtac anex�rththc tou φ.'Etsi, mporeÐ na deiqjeÐ ìti h tetragwnismènh topik  enèrgeia (he ∗ I)2 + (ho ∗ I)2 metr�eitopik� thn prosarmog  tou montèlou akm¸n (4.10) sta dedomèna.Oi dÔo t�xeic montèlwn sumplhr¸nontai apì thn t�xh gia {omal�} s mata pou montelo-poioÔntai wc stajer� s mata
O(x) ' IS(x) = B. (4.11)Apì tic treic t�xeic montèlwn mporoÔn na upologistoÔn oi ek twn ustèrwn pijanìthtec

(class posterior probabilities) enìc eikonostoiqeÐou na èqei {anagennhjeÐ} apì mia apì tictreic pijanèc upojèseic, mèsw tou kanìna tou Bayes [165]. Efarmog  se fusikèc eikìnecdÐnei antilhptik� logik� apotelèsmata (Sq. 4.7). Se autèc tic eikìnec h pijanìthta akm¸n66 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 4. Kat�tmhsh Uf ceÐnai megalÔterh sta sÔnora twn antikeimènwn, en¸ h pijanìthta uf c eÐnai meiwmènh kaj¸cto montèlo akm¸n exhgeÐ kalÔtera th metabol  tou s matoc.

(a) eikìna (b) pijanìthta (uf ) (g) pijanìthta (akmèc)Sq ma 4.7: Εικόνες και εκ των υστέρων πιθανότητες (class posteriors) του μοντέλου (β) υφής και
(γ) ακμών (από το [165]).4.5.2 Pijanotikìc sunduasmìc qarakthristik¸nOi ek twn ustèrwn pijanìthtec twn t�xewn qrhsimopoioÔntai ston algìrijmo antagw-nismoÔ perioq¸n. Kaj¸c oi leptomèreiec thc mejìdou eÐnai èxw apì to antikeÐmeno thcparoÔsac diatrib c, ja parousiasteÐ ed¸ h basik  idèa parapèmpontac gia pl rh diatÔpwshkai aitiolìghsh sto [165].H idèa basÐzetai se Bayesian mejìdouc sÔmmixhc (fusion), pou sundu�zoun tic exìdoucdiaforetik¸n taxinomht¸n wc tuqaÐec metablhtèc jewr¸ntac thn koin  katanom  touc. EnsuntomÐa, jewroÔntai treic taxinomhtèc pou kajorÐzoun thn exèlixh thc kampÔlhc; ènacbasismènoc sth fwteinìthta, ènac sta qarakthristik� uf c kai ènac pou omadopoieÐ ta shmeÐase diaforetikèc t�xeic kat� m koc twn akm¸n (ìpwc o ìroc gκ ~N + (∇g · ~N) ~N sto (4.6).Gia dÔo t�xeic, dhlad  perioqèc an�mesa sthn kampÔlh i kai j kai èna sÔnolo qara-kthristik¸n F kataskeu�zontai oi lìgoi pijanof�neiac log P (F |i)

P (F |j) pou jewroÔntai tuqaÐecmetablhtèc Gaussian katanom c. Tètoioi lìgoi apof�sewn emfanÐzontai sto RC sq ma(4.6). Oi katanomèc touc posotikopoioÔn thn bebaiìthta pou sunodeÔei thn apìfash toutaxinomht  gia thn apìdosh twn dedomènwn sth mia t�xh-perioq    sthn �llh. Oi lìgoi giatouc dÔo pr¸touc taxinomhtèc eÐnai
LT = log

P (FT ; θT,i)

P (FT ; θT,j)
, LS = log

P (FS ; θS,i)

P (FS ; θS,j)
, (4.12)ìpou P (FM ; aM,i) h pijanof�neia twn qarakthristik¸n FM pou sqetÐzetai me thn t�xh M(uf -T   omal -S) katanom c P gia thn perioq  i, thc opoÐac oi par�metroi eÐnai θM,i.
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Kef�laio 4. Kat�tmhsh Uf c(a)(b)(g)(d)
Zebra Rocks Lion Tiger Buildings Sea-flowerSq ma 4.8: Αποτελέσματα κατάτμησης χρησιμοποιώντας διαφορετικά χαρακτηριστικά και μετα-

βολικά σχήματα: (α) αρχική εικόνα και κατάτμηση με (β) DCA χαρακτηριστικά και φωτεινότητα
με το αρχικό AMFM-RC σχήμα (Εν. 4.4), (γ) τα χαρακτηριστικά διάχυσης του [256], (δ) DCA
χαρακτηριστικά και το σταθμισμένο RC σχήμα (4.13).H apìfash tou k�je taxinomht  stajmÐzetai apì thn ek-twn ustèrwn pijanìthta thck�je upìjeshc; ètsi gia perioqèc uf c ta qarakthristik� uf c èqoun megalÔtero antÐktuposthn exèlixh thc kampÔlhc ap' ìti h fwteinìthta kai to antÐjeto gia omalèc perioqèc. Apìthn exÐswsh (4.6) prokÔptei ètsi to stajmismèno sq ma exèlixhc kampul¸n :

∂Γi

∂t
=




∑

c∈T,S

wc log
P (Fc;αc,i)

P (Fc;αc,j)
−wE

[

gκ ~N + (∇g · ~N) ~N
]



 ~N, (4.13)ìpou wc b�rh wE , wT , wS qrhsimopoioÔntai oi ek twn ustèrwn pijanìthtec twn upojèse-wn akm¸n, uf c kai omal¸n perioq¸n. H st�jmish me to wE den ephre�zei th diadikasÐaanÐqneushc akm¸n pou qrhsimopoieÐtai gia thn ektÐmhsh tou ∇g, kaj¸c apl� kajorÐzei thshmantikìthta thc plhroforÐac akm¸n.4.5.3 Apotelèsmata stajmismènhc kat�tmhshcTo sq ma stajmismènhc kat�tmhshc dokim�sthke se èna pl joc fusik¸n eikìnwn apì thb�sh Berkeley Segmentation Dataset [207,208]. Parousi�zontai endeiktik� ta apotelèsmatakat�tmhshc me ta DCA qarakthristik� pou anafèrjhkan sto [165] ìpou sunodeÔontai apìanalutik  posotik  apotÐmhsh se dokimèc epidìsewn (benchmark).Sta Sqt. 4.8,4.9 parousi�zontai apotelèsmata kat�tmhshc qrhsimopoi¸ntac trÐa enal-laktik� sq mata: sth deÔterh seir�, ta apotelèsmata tou metabolikoÔ sq matoc AM-FM

RC [164], ìpwc perigr�fhke sthn enìthta 4.4, qrhsimopoi¸ntac ta EDCA qarakthristik� u-f c, en¸ sthn trÐth qrhsimopoieÐtai to sÔnolo qarakthristik¸n mh-grammik c di�qushc [256]me to Ðdio metabolikì sq ma. Sthn teleutaÐa seir� faÐnontai ta apotelèsmata tou stajmi-smènou sq matoc me thn pijanotik  sÔmmixh twn qarakthristik¸n. Gia ìla ta sq mata oarijmìc twn kampul¸n epilèqjhke me episkìphsh all� ta apotelèsmata eÐnai parìmoia kaigia diaforetikì arijmì kampul¸n.68 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 4. Kat�tmhsh Uf c

Sq ma 4.9: Κατάτμηση εικόνων με DCA χαρακτηριστικά και σταθμισμένη εξέλιξη καμπυλών.Sqetik� me thn pr¸th prosèggish [164] parathroÔme ìti en¸ ta apotelèsmata eÐnai ika-nopoihtik� se eikìnec me èntonh uf  (p.q. tiger, sea-flower), se omalèc perioqèc h esfalmènhsumperifor� tou dianÔsmatoc prosanatolismoÔ odhgeÐ se mh-omal� sÔnora twn perioq¸n.Epiplèon, sthn eikìna zebra to meg�lo pl�toc thc uf c sta sÔnora thc figoÔrac {megenjÔ-nei} thn perioq  pr¸tou pl�nou, kaj¸c h antagwnistik  upìjesh tou fìntou qarakthrÐzetaiapì qarakthristik� mikroÔ pl�touc kai de mporeÐ na {exhg sei} tic parathr seic autèc.Ta qarakthristik� di�qushc [256] odhgoÔn se sugkrÐsima apotelèsmata me aut� twn
EDCA qarakthristik¸n, all� p�sqoun apì parìmoia probl mata stic omalèc perioqèc. Sepollèc eikìnec (rocks, lion, tiger Sq. 4.8), ta sÔnora twn antikeimènwn omadopoioÔntai semia xeqwrist  perioq , kaj¸c oi par�gwgoi sta sÔnora twn antikeimènwn antimetwpÐzontaiwc uf .Ta apotelèsmata tou stajmismènou sq matoc faÐnontai anephrèasta apì thn sÔgqushtwn qarakthristik¸n uf c kai akm¸n; kalÔterec katatm seic lamb�nontai, me ta ìria twnperioq¸n na entopÐzoun me akrÐbeia ta sÔnora twn antikeimènwn. H epÐdrash twn qarakthri-stik¸n prosanatolismoÔ se omalèc perioqèc periorÐzetai, lìgw tou mikrìterou b�rouc pouapodÐdetai sth upìjesh uf c ekeÐ. Shmei¸nontai kai k�poiec exairèseic, ìpwc gia par�deig-ma sthn eikìna ‘bulidings’ sto Sq. 4.8, ìpou h uf  den eÐnai arket� èntonh kai odhgeÐ seuperkat�tmhsh sto stajmismèno sq ma.Tèloc anaforik� me tic posotikèc dokimèc sth b�sh Berkeley, qrhsimopoi jhkan kaisugkrÐjhkan diaforetik� qarakthristik� all� kai sq mata kat�tmhshc wc proc tic timècmetrik¸n pou ekfr�zoun a) th sÔmptwshc anjr¸pinhc kai upologistik c kat�tmhshc, b) thnakrÐbeia twn sunìrwn twn perioq¸n kat�tmhshc. Kai gia ta dÔo, ta apotelèsmata pisto-poÐhsan tìso thn apodotikìthta twn DCA qarakthristik¸n se sqèsh me ta qarakthristik�di�qushc [256], ìso kai th qrhsimìthta tou stajmismènou sq matoc sunduasmoÔ twn qara-kthristik¸n. Tìso xeqwrist� ìso kai se sunduasmì epifèroun susthmatikèc belti¸seic thcapìdoshc. Akìmh, h epÐdosh thc basik  mejìdou AM-FM RC xepèrase aut  thc mejìdouanafor�c Normalized Cuts [208].
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Kef�laio 4. Kat�tmhsh Uf c4.5.4 Sumper�smataTa qarakthristik� kurÐarqwn diamorf¸sewn dokim�sthkan wc perigrafeÐc thc uf c miaceikìnac se èna sq ma metabolik c kat�tmhshc me antagwnismì perioq¸n. Ta pleonekt matathc mejìdou phg�zoun apì treic kurÐwc kateujÔnseic: a) ta qarakthristik� diamìrfwshcemperièqoun plhroforÐa klÐmakac, antÐjeshc kai prosanatolismoÔ thc uf c se èna di�nusmaqamhl c di�stashc, b) h ermhneÐa mèsw anagennhtik¸n montèlwn enopoieÐ thn antimet¸pishtwn diaforetik¸n kathgori¸n dedomènwn (uf , akmèc, omalèc perioqèc) kai thn exagwg pijanot twn gia tic t�xeic uf c kai akm¸n sta diaforetik� shmeÐa thc eikìnac, g) to montèloexagwg c mporeÐ na qrhsimopoihjeÐ gia na sunjèsei thn plhroforÐa uf c thc eikìnac. Hoptik  all� kai posotik  apotÐmhsh, tìso twn qarakthristik¸n ìso kai tou pijanotikoÔstajmismènou sq matoc anadeiknÔei thn ikanìthta twn mejìdwn gia kat�tmhsh fusik¸neikìnwn me uf , all� kai to dunamikì tou AM-FM montèlou gia an�lush thc uf c seefarmogèc ìrashc anwtèrou epipèdou.
�
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Kef�laio 5Sunèrgeia diaqwrismoÔ kaimontelopoÐhshc: AposÔnjesheikìnwnK�je eikìna apoteleÐ èna sÔnolo shmasiologik¸n dom¸n kai ontot twn, apì tic opoÐ-ec h k�je mia èqei th dik  thc perigraf  kai gÐnetai antilhpt  diaforetik�. H uf  eÐnaih mikrodom  pou sunup�rqei me makrodomèc ìpwc eÐnai ta antikeÐmena, ta perigr�mmata kaita sq mata touc. Ta dÔo eÐdh plhroforÐac montelopoioÔntai apì majhmatikèc sunart seicme diaforetik� qarakthristik� kai sÔmfwna me to u + v montèlo, upertÐjentai gia to sqh-matismì miac eikìnac f . H mÐa eÐnai tmhmatik� omal , me apìtomec metabolèc an�mesa seepÐpeda sqedìn stajer c fwteinìthtac kai h �llh, h uf , apì taqÔtatec metabolèc, prìtu-pa se mikrèc klÐmakec kai talant¸seic. H diadikasÐa diaqwrismoÔ uf c apì thn tmhmatik�omal  sunist¸sa kai tic makrodomèc onom�zetai aposÔnjesh   apodìmhsh eikìnwn (image

decomposition). To polukanalikì montèlo uf c kai to metabolikì plaÐsio apodìmhshc ei-kìnwn, en¸nontai se èna sq ma sunèrgeiac ìpou h mÐa diadikasÐa qrhsimopoieÐ thn �llh giabeltiwmèno diaqwrismì kai an�lush uf c.5.1 Dom , uf  kai montèlaSe fusikèc eikìnec h plhroforÐa thc uf c sunup�rqei me gewmetrikèc makrodomèc ìpwcta sÔnora twn antikeimènwn   oi akmèc   emfanÐzetai embujismènh se perissìtero adrèc do-mèc kai klÐmakec pou sqhmatÐzontai apì tic sunj kec fwtismoÔ kai skÐashc   apì metabolècomal¸n perioq¸n/ìgkou. H apodìmhsh eikìnwn [221] anafèretai sth diadikasÐa diaqwrismoÔmiac dosmènhc eikìnac se ennoiologik� kai jewrhtik� diaforetikèc sunist¸sec, kurÐwc wcproc dÔo prooptikèc 1) thn antimet¸pish problhm�twn an�lushc eikìnwn kai ìrashc (p.q.an�lush dom c kai leptomerei¸n) kai 2) th melèth twn diadikasi¸n sqhmatismoÔ protÔpwn-eikìnwn (p.q. poluepÐpedec anaparast�seic). Poll� an�strofa probl mata ìrashc mporoÔnna jewrhjoÔn eidikèc peript¸seic aposÔnjeshc: sq mata di�qushc (diffusion schemes) kai71



Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwnklÐmakac -q¸rou (scale-spaces) [107,179,212,239,286,308], teqnikèc aplopoÐhshc [221,258],kumatÐdia (wavelets)kai metasqhmatismoÐ ridgelets/curvelets [176,191,214], kai lexikopageÐcanaparast�seic se b�seic [69, 112, 178, 213, 273, 274, 296, 321] (metasqhmatismoÐ, textìnia,
primitives). Se autèc tic peript¸seic oi xeqwristèc sunist¸sec eÐnai antÐstoiqa poluepÐpe-dec puramÐdec, kanonikopoihmènec sunart seic kai residuals, metasqhmatismoÐ kai arqègonadomik� stoiqeÐa mèsw ekm�jhshc. OmoÐwc, oi perissìterec antÐstrofec diadikasÐec apoka-t�stashc ìpwc h apom�krunsh jorÔbou [6,53,108,223,258]   clutter [323] ent�ssontai stoplaÐsio diaqwrismoÔ uf c apì (makrì)dom  [214, 221, 298].Genik� ta sq mata aposÔnjeshc jewroÔn mia eikìna wc to �jroisma miac gewmetrik csunist¸sac, pou apokaleÐtai eÔstoqa cartoon kai miac sunist¸sac talant¸sewn uyhl csuqnìthtac pou perigr�fei thn uf  kai to jìrubo. Oi dÔo sunist¸sec lìgw thc diaforetik cfÔshc touc, apaitoÔn xeqwrist  epexergasÐa kai parakinoÔn mia an�lush se dÔo par�llhlakan�lia. H sunist¸sa thc uf c mporeÐ na qrhsimopoihjeÐ gia kat�tmhsh kai taxinìmhsh u-f c, an�lush epifanei¸n, ektÐmhsh sq matoc kai prosanatolismoÔ (shape/orientation from

texture), en¸ h sunist¸sa dom c gia anÐqneush akm¸n, kat�tmhsh, an�lush sq matoc kaianagn¸rish antikeimènwn. Epiplèon, h melèth tou diaqwrismoÔ èqei breÐ efarmog  se aner-qìmenec efarmogèc ìpwc o (yhfiakìc) epiqrwmatismìc [29,55,91,111] kai h upologistik  fw-tografÐa [14,75,88] kai èqei empneÔsei lÔseic se klassik� probl mata me algorÐjmouc pro-sarmosmènouc diaforetik� sta mèrh uf c kai dom c, ìpwc apokat�stash eikìnwn [12, 108],parembol , kat�tmhsh [268], an�kthsh, taxinìmhsh [9, 298], sumpÐesh [213] kai anagn¸rishpros¸pwn [61].Par�llhla, opoiod pote montèlo uf c èrqetai antimètwpo me jèmata ìpwc a) h ermhneÐamiac genik c t�xhc eikìnwn uf c, b) anÐqneush twn perioq¸n uf c se mia eikìna kai g) hapìkrish se �lla qarakthristik� kai perioqèc. Montèla pou perigr�foun thn uf  me stoi-qei¸dh swmatÐdia (p.q. diamorf¸seic, textìnia, arqègona) mporoÔn me thn Ðdia euelixÐa pouermhneÔoun èna meg�lo eÔroc protÔpwn uf c na exhg soun kai diaforetikèc domèc eikìnwn.Se autèc tic peript¸seic oi mhqanismoÐ gia montelopoÐhsh epilektik  wc proc thn uf  anazh-toÔntai se qarakthristik� ìpwc h klÐmaka, h kateÔjunsh, h tuqaiìthta   se topik� metrik�pijanìthtac Ôparxhc uf c [92, 165, 186].5.1.1 KÐnhtra kai pleonekt mataOi dÔo diadikasÐec, dhlad  h montelopoÐhsh kai h apodìmhsh eikìnwn   o diaqwrismìc thcuf c, jewroÔntai susqetismènec kai mporoÔn na topojethjoÔn upì èna koinì prÐsma. Procaut  thn kateÔjunsh, anaptÔssetai èna sq ma sunèrgeiac an�mesa stic dÔo, me kÐnhtro ticennoiologikèc omoiìthtec an�mesa ston austhr� majhmatikì orismì thc uf c se èna q¸rotalanteuìmenwn sunart sewn [214,298] kai to montèlo qwrik¸n diamorf¸sewn thc uf c sepollaplèc z¸nec suqnot twn [37, 125, 198].Sth mia kateÔjunsh sunèrgeiac, proteÐnetai èna nèo sq ma apodìmhshc, ìpou oi talan-t¸seic thc uf c perigr�fontai me to AM-FM montèlo (2.9). Se antÐjesh me ta trèqonta72 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn

(a) eikìna, f (b) cartoon, u (g) uf , v

(d) jìruboc, w = f − u − v (e) anakataskeu  uf c (st) kurÐarqh sunist¸saSq ma 5.1: Αποσύνθεση εικόνων: Η εικόνα στο (α) είναι ένα μείγμα από γεωμετρικές δομές
και πρότυπα υφής. Το u + v μοντέλο ορίζει την υπέρθεση μιας απλοποιημένης προσέγγισης της
εικόνας (῾cartoon᾿) στο (β) που αποτελείται από σχήματα περιγράμματα, αντικείμενα και φόρμες
και μια ταλαντευόμενη συνιστώσα (υφή) στο (γ). Παρατηρείστε τις αυστηρές γεωμετρικές φόρμες
(κύκλοι, σπείρες) και τα επίπεδα πλατό στο (β) καθώς και τις λεπτομέρειες μικρής κλίμακας και τα
προσανατολισμένα πρότυπα (εξπρεσιονιστικές γραμμές) στο (γ). Τα σχήματα γίνονται αντιληπτά
ως οι αφηρημένες φόρμες στην εικόνα και οι προσανατολισμένες γραμμές ως η υφή τους. “The
Starry Night”, Vincent van Gogh, 1889, (The Museum of Modern Art, New York).sq mata, ìpou h uf  lamb�netai apì th diafor� an�mesa se mia kanonikopoihmènh pro-sèggish thc arqik c eikìnac   anazhteÐtai se duadikoÔc sunarthsiakoÔc q¸rouc, prìterhplhroforÐa tou montèlou eis�getai apokleistik� se èna sunarthsiakì, h elaqistopoÐhsh touopoÐou dÐnei tautìqrona tic sunist¸sec cartoon kai uf c. Par�pleura, to tm ma thc uf capodomeÐtai peraitèrw se sunist¸sec epilektikèc wc proc tic qwrikèc touc suqnìthtec (pro-sanatolismì kai klÐmaka) kai kataskeu�zetai mia puramÐda poluklimakwt¸n (multiscale) kaipolukateujuntik¸n (multiorientation) anaparast�sewn thc uf c.Sthn antÐjeth kateÔjunsh, mìno h sunist¸sa thc eikìnac pou kat� thn apodìmhshapodÐdetai sthn uf , diathreÐtai gia an�lush (exagwg  qarakthristik¸n). H sunist¸saaut , idanik� apeleujerwmènh apì domèc meg�lhc klÐmakac, montelopoieÐtai kalÔtera apìto montèlo stenozwnik¸n uposunistws¸n (narrowband subcomponents), oi par�metroi touopoÐou mporoÔn na ektimhjoÔn kat� th f�sh apodìmhshc. 'Etsi, o diaqwrismìc prin thnan�lush mporeÐ na jewrhjeÐ èna st�dio proepexergasÐac kai enÐsqushc thc plhroforÐacuf c.5.1.2 SÔnoyh sunèrgeiacUiojeteÐtai to montèlo f = u + v gia eikìnec kai h metabolik  prosèggish elaqisto-poÐhshc enèrgeiac gia apodìmhsh, anazht¸ntac mia lÔsh se èna prìblhma olik c metabol c
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Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn
(total variation, TV) [258] me periorismoÔc. Gia to skopì autì kataskeu�zetai èna sunarth-siakì me ènan ìro pistìthtac (fidelity) kai ènan ìro pou primodoteÐ thn omoiìthta an�mesasth sunist¸sa thc uf c kai se èna �jroisma stenozwnik¸n sunistws¸n thc eikìnac. HelaqistopoÐhsh tou me metabolikèc mejìdouc odhgeÐ se èna sÔsthma Merik¸n Diaforik¸nExis¸sewn (MDE), h lÔsh tou opoÐou eÐnai to zeug�ri sunart sewn (u, v). To prìblhmamporeÐ na anaqjeÐ wc eidik  perÐptwsh miac genikìterhc apodìmhshc se K + 1 sunist¸sec
(u, v1, ...vK), ìpou to sÔsthma K + 1 exis¸sewn aplopoieÐtai, k�tw apì orismènec pro-ôpojèseic, sth u + v lÔsh me v =

∑

k vk. To grammikì �jroisma sunistws¸n dÐnetai apìthn anakataskeu  plhroforÐac apì tic apokrÐseic fÐltrwn Gabor (2.1, 2.2) se pollaplècz¸nec suqnot twn me parallagèc tou sq matoc na prokÔptoun apì th morf  aut c thcanakataskeu c.Mia prosèggish eÐnai mèsw thc epilog c ek twn protèrwn tou eÔrouc klÐmakac thc uf csthn eikìna kai h diat rhsh twn mesaÐwn kai uyhlìterwn zwnoperat¸n sunistws¸n, ìpouan kei h uf  kat� kÔrio lìgo, se sqèsh me tic qamhlìterec ìpou kuriarqoÔn oi akmèc. K�titètoio apaiteÐ k�poio mhqanismì epilog c klÐmakac [42, 108, 163]   k�poia euretik  mèjodo,prosarmosmènh gia k�je eikìna. H an�gkh gia apokleistik  gn¸sh klÐmakac parak�mptetaime thn st�jmish twn ìlwn twn zwnoperat¸n sunistws¸n me k�poio mètro thc suneisfor�ctouc sto sunolikì �jroisma uf c. To pl�toc thc perib�llousac antistoiqeÐ stic metabolèctopik� thc antÐjeshc kai epomènwc se mèsec metabolèc uf c   protÔpwn stic diaforetikècz¸nec suqnot twn. Tèloc, se mia �llh parallag , epilègontai se k�je jèsh oi sunist¸secpou kuriarqoÔn sto �jroisma me b�sh k�poio energeiakì krit rio sto q¸ro apìkrishc twnfÐltrwn. Epilègontac kai diat�ssontac ierarqik� tic sunist¸sec qrhsimopoi¸ntac an�lushkurÐarqwn (ierarqik¸n) sunistws¸n (DCA, HCA) [124,163], to �jroisma kajolik� steno-zwnik¸n sunistws¸n metatrèpetai se �jroisma topik� stenozwnik¸n fjÐnousac me to deÐkth�jroishc shmantikìthtac sthn anapar�stash.Oi stenozwnikèc sunist¸sec eÐnai migadikèc sunart seic, pou proèrqontai apì tic apo-krÐseic migadik¸n kanali¸n me pragmatikì kai fantastikì mèroc se orjog¸nia f�sh [36,72].H migadik  plhroforÐa lamb�netai upìyin genikeÔontac thn apodìmhsh se migadikèc sunar-t seic - eikìnec. Oi migadikèc eikìnec antimetwpÐzontai wc dianusmatikèc sunart seic stonpragmatikì-fantastikì q¸ro kai h apodìmhsh sta dÔo kan�lia eÐnai suzeugmènh me mh-grammikì trìpo ìpwc stic exis¸seic di�qushc dianusmatik¸n sunart sewn [285,286]. Gia tolìgo autì mia kat�llhlh epèktash thc nìrmac olik c metabol c, h migadik  TV orÐzetaisÔmfwna me to poludi�stato [33] kai to dianusmatikì [54] plaÐsio olik c metabol c.To komm�ti thc uf c pou èqei diaqwristeÐ apì thn eikìna, uponoeÐ se èna deÔtero epÐpedomia apodìmhsh stic uposunist¸sec pou orÐzontai apì to plègma twn fÐltrwn. K�je tètoiauposunist¸sa uf c montelopoieÐtai peraitèrw apì diamorf¸seic omaloÔ topik� pl�touc kaisuqnìthtac. H efarmog  to montèlou se mia dosmènh eikìna gÐnetai me thn ektÐmhsh twnparamètrwn apì to komm�ti thc uf c mìno. 'Etsi, paraplanhtik� stoiqeÐa dom c ìpwc oiakmèc aporrÐptontai, odhg¸ntac se pio susthmatik  an�lush kai eÔrwsta qarakthristik�uf c.74 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn5.2 AposÔnjesh eikìnwnH aposÔnjesh   apodìmhsh eikìnwn (image decomposition) aposkopeÐ sto diaqwrismìmiac eikìnac se sunist¸sec diaforetik c (majhmatik c, ennoiologik c, shmasiologik c) fÔ-shc. Jemeliwd¸c, to montèlo grammik c upèrjeshc problèpei ìti k�je eikìna f dÐnetai apìto �jroisma dÔo anex�rthtwn sunistws¸n
f = u + v, f, u, v : Ω ⊂ R2 → R, (5.1)ìpou to u eÐnai mia tmhmatik� omal  sun�rthsh, me epÐpeda fwteinìthtac kai apìtomec asu-nèqeiec kai to v mia talanteuìmenh sun�rthsh gr gorhc metabol c. Sto parap�nw montèlo,gnwstì wc montèlo u + v, oi dÔo sunist¸sec eÐnai upologistik� kai antilhpt� sumplhrwma-tikèc, ìpwc gia par�deigma sta Sqt. 5.1,5.2.H sunist¸sa u apokaleÐtai eÔstoqa sunist¸sa kartoÔn (cartoon component) kai eÐnaimia prosèggish thc arqik c eikìnac [221] pou perièqei gewmetrik  plhroforÐa ìpwc akmèc,perigr�mmata antikeimènwn, qarakthristik� meg�lhc klÐmakac, sq mata kai fainìmena fwti-smoÔ. Sthn tèqnh [210]{to cartoon eÐnai ènac trìpoc enÐsqushc mèsw aplopoÐhshc (amplification th-

rough simplification). Metatrèpontac se cartoon mia eikìna, den afairoÔmeleptomèreia all� epikentrwnìmaste se sugkekrimènec leptomèreiec. Me to naan�gei mia eikìna sto ousiastikì thc nìhma, o kallitèqnhc mporeÐ na enisqÔseiautì to nìhma me trìpo pou h realistik  tèqnh den mporeÐ.}H sunist¸sa v   {talant¸seic uf c}, montelopoieÐ ta qarakthristik� mikr c klÐmakac, pro-sanatolismèna prìtupa, periodikìthtec kai tuqaÐo jìrubo. H ènnoia thc klÐmakac kajorÐzeithn posìthta leptomèreiac kai th susqètish an�mesa stic dÔo sunist¸sec kai mia puramÐdaapì zeug�ria apodìmhshc mporeÐ na kataskeuasteÐ me kat�llhlo orismì thc, p.q. apì toepÐpedo omoiìthtac tou cartoon me thn arqik  eikìna [108, 213, 268, 279]. Se mia parallag tou montèlou, h uf  v diaqwrÐzetai apì th sunist¸sa jorÔbou w [8, 274] se èna montèlotri¸n sunistws¸n f = u + v + w (sta u + v montèla o jìruboc dÐnetai apì to paramènon
f − u − v).Oi kÔriec proseggÐseic gia apodìmhsh eikìnwn, dhlad  oi mèjodoi me MDE kai oi pro-bolèc se b�seic, enopoioÔntai kai antimetwpÐzontai apì koinoÔ k�tw apì to plaÐsio mejìdwnelaqistopoÐhshc enèrgeiac (energy minimization).5.2.1 Olik  metabol  kai MDETo metabolikì plaÐsio (variational paradigm) [7, 8, 11, 12, 227, 298, 299], genikeÔei tamontèla Mumford-Shah (MS) [221] kai Rudin-Osher-Fatemi (ROF) [257, 258] gia aplo-poÐhsh kai apokat�stash eikìnwn. Pollèc apì tic mh-grammikèc teqnikèc omalopoÐhshc mediat rhsh akm¸n, ìpwc h anisotropik  di�qush [239] dÐnoun proseggistik� mia sunist¸sa u.
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Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn

(a) eikìna, f (b) cartoon, u (g) uf , vSq ma 5.2: Ο πίνακας (α) είναι μια μείξη (β) γεωμετρικών δομών cartoon και (γ) προτύπων υφής.
1η σειρά: γκρίζες εικόνες, 2η σειρά: επιπεδοσύνολα (“The Kiss”, Gustav Klimt, 1908).Mia sÔnoyh tètoiwn teqnik¸n mporeÐ na brejeÐ sto [218] kai apodeiknÔetai ìti eÐnai eidikècpeript¸seic   sten� sundedemènec me to sunarthsiakì MS [221]

EMS(u,C) =

∫

Ω\C

(

‖∇u‖2 + λ(u − f)2
)

dxdy + µLen(C), (5.2)h elaqistopoÐhsh tou opoÐou dÐnei mia tmhmatik� omal  u ∈ Ω kai èna el�qisto m koc akm¸n
C. H mèjodoc elaqistopoÐhshc thc olik c metabol c (total variation (TV) minimiza-

tion) [257, 258] prot�jhke gia apokat�stash kai apojorubopoÐhsh eikìnwn. To u eÐnaimia sun�rthsh se èna q¸ro BV (Ω) fragmènhc metabol c (Bounded Variation) u ∈ BV (Ω)pou epitrèpei asunèqeiec kat� m koc kampul¸n kai epomènwc akmèc kai perigr�mmata [5]. Toparamènon (residual) v = f −u pou se aut  thn perÐptwsh antiproswpeÔei to jìrubo perio-rÐzetai na eÐnai mikrì wc proc thn EukleÐdia nìrma L2(Ω). Telik�, to cartoon upologÐzetaime elaqistopoÐhsh tou sunarthsiakoÔ
EROF

u∈BV (Ω)
(u) =

∫

Ω

‖∇u‖dxdy + λ

∫

Ω

(f − u)2dxdy, (5.3)76 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwnìpou BV (Ω) o q¸roc sunart sewn fragmènhc metabol c, λ mia jetik  par�metroc kai
||u||TV =

∫

Ω

‖∇u‖dxdy (5.4)eÐnai h BV hmi-nìrma (semi-norm) [5]   h olik  metabol  tou u. H nìrma ston BV q¸rodÐnetai isodÔnama apì th sqèsh
||u||BV = ||u||L1 + ||u||TV, (5.5)en¸ h sun�rthsh u an kei ston BV an ||u||BV < ∞. H elaqistopoÐhsh tou (5.3) antistoiqeÐsthn epÐlush enìc probl matoc beltistopoÐhshc me periorismoÔc (constrained optimization)pou an kei sthn kathgorÐa kanonikopoÐhshc antÐstrofwn problhm�twn (Tikhonov regulari-

zation [1, 284]).Sto genikì touc plaÐsio, ta perissìtera sq mata aposunjètoun mia eikìna qrhsimopoi¸n-tac perigrafèc twn diaforetik¸n sunistws¸n se xeqwristoÔc sunarthsiakoÔc q¸rouc, efo-diasmènouc me exeidikeumènec nìrmec - metrik� [167]. To prìblhma tÐjetai san èna prìblhmaelaqistopoÐhshc enìc kurtoÔ (convex) sunarthsiakoÔ [39] twn �gnwstwn sunistws¸n thcgenik c morf c
inf

(u,v)∈(U×V )(Ω)
{E(u, v) = J(u) + λF (u, v) + µL(v)} (5.6)dedomènou tou f = u+v, ìpou U, V oi sunarthsiakoÐ q¸roi gia tic dÔo sunist¸sec kai λ, µ ≤

0 rujmistikèc stajerèc. O pr¸toc ìroc J(u) eÐnai sun jwc ènac ìroc kanonikopoÐhshc mèsw
TV elaqistopoÐhshc. 'Enac deÔteroc ìroc pistìthtac (fidelity) F (u, v) = ||f − u − v||2XkajorÐzei thn akrÐbeia thc prosèggishc thc f mèsw u+v kai periorÐzei to paramènon, kai L(v)eÐnai mia nìrma pou montelopoieÐ tic metabolèc thc uf c v se k�poio q¸ro (Banach [214],

Sobolev [8, 298]   genikeumèno Hilbert [10, 11, 227]). AutoÐ oi diaforetikoÐ q¸roi gia thnuf  primodotoÔn me mikr� metrik� to v.Sto ROF (5.3), oi ìroi pistìthtac kai o periorismìc sthn uf  sumpÐptoun kaj¸c ||f −
u||L2 = ||v||L2 , kai to v eÐnai h diafor� thc eikìnac f apì to u, dhlad  EROF(u) = ||u||TV +

||f − u||L2 . O algìrijmoc ROF qrhsimopoi jhke gia na oristoÔn epÐshma oi eikìnec poumporoÔn na apoteloÔn cartoon [115].H sunist¸sa thc uf c orÐsthke apì ton Y. Meyer [214] se èna Banach q¸ro G talan-teuìmenwn sunart sewn v ètsi ¸ste
v = div(~g) = ∂xg1 + ∂yg2, (5.7)dhlad  wc h apìklish enìc dianÔsmatoc ~g = (g1, g2) me g1, g2 ∈ L∞(R2). O q¸roc G eÐnaiefodiasmènoc me th nìrma || · ||G, pou orÐzetai wc h el�qisth (infimum) L∞ nìrma tou |~g|ìlwn twn dunat¸n apodom sewn (5.7):

||v||G = inf{||~g||L∞ = ess sup
x,y∈R |~g(x, y)| : v = div(~g)}, |~g(x, y)| =

√

g2
1(x, y) + g2

2(x, y).(5.8)
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Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwnKat� mia ènnoia o q¸roc G eÐnai o duðkìc tou BV q¸rou me ˙BV ⊂ L2 ⊂ G (ìpou ˙BV oomogen c BV1) [214] kai h nìrma tou h duðk  thc || · ||TV (5.4). Oi sunart seic v ∈ G eÐnaigenikèc, periodikèc sunart seic, mhdenik c mèshc tim c pou mporoÔn na parousi�zoun talan-t¸seic meg�lou eÔrouc (pl�touc), all� mikrèc timèc tou || · ||G, gegonìc pou diapist¸netaiarijmhtik� [8] kai apodeiknÔetai jewrhtik� [115]. An h sunist¸sa v antiproswpeÔei uf  /kai jìrubo se mia eikìna, tìte mia apodìmhsh/apokat�stash mporeÐ na epiteuqjeÐ apì ènasq ma
E(u, v)

(u,v)∈BV ×G(Ω)

=

∫

Ω

‖∇u‖dxdy + λ||v||G. (5.9)Gia thn upologistik  axiopoÐhsh tou, to metrikì ||v||G proseggÐsthke praktik� apì touc
Vese kai Osher [227, 298, 299] me qr sh Sobolev norm¸n Lp

||~g||Lp =

(∫

Ω
|~g|p dxdy

)1/p

, 1 ≤ p ≤ ∞. (5.10)Gia p → ∞ h Lp nìrma proseggÐzei thn L∞ kai epomènwc to metrikì tou q¸rou G 5.8. H pro-sèggish qrhsimopoi jhke se èna sq ma apodìmhshc se treic sunist¸sec me elaqistopoÐhshtou energeiakoÔ
E(u,~g)

(u,~g)∈BV ×Lp

=

∫

Ω

‖∇u‖dxdy + λ

∫

Ω

|f − (u + div(~g))|2dxdy + µ||~g||Lp (5.11)me to paramènon f − u − v na montelopoieÐ to jìrubo w. Sto ìrio pou λ, p → ∞ toparap�nw sq ma proseggÐzei to diaqwrismì twn talant¸sewn thc uf c (5.9). Epiplèon,to di�nusma ~g pou perigr�fei th metabol  thc uf c v sthn orizìntia kai k�jeth dieÔjunshthc eikìnac apoteleÐ k�poio trìpo th ro  uf c (texture flow) pou mporeÐ na qrhsimeÔseigia peraitèrw an�lush [55, 299]. Mia eidik  perÐptwsh tou (5.11) prokÔptei gia p = 2 kai
λ = 0, isodÔnamh me thn elaqistopoÐhsh thc nìrmac ||v||2H−1 =

∫

Ω |∇(∆−1)v|2 [227,228]. S'aut  thn perÐptwsh apodeiknÔetai ìti to paramènon v = f − u, pou ekfr�zei uf    jìruboikanopoieÐ thn apaÐthsh gia mhdenik  mèsh tim .GÔrw apì thn Ðdia logik , mia �llh prosèggish sthn epÐlush tou (5.9) eÐnai me th qr shtou akriboÔc orismoÔ thc nìrmac || · ||G kai èna epiplèon ìro pistìthtac [7, 8]:
E(u, v)

(u,v)∈BV ×G

=
{

J(u) + λ||f − u − v||2L2 : ||v||G ≤ µ
}

. (5.12)H dhmiourgÐa tou telikoÔ kurtoÔ sunarthsiakoÔ perilamb�nei th sun�rthsh deÐkth (indicator

function) tou sunìlou ||v||G ≤ µ wc periorismì, ìpou h stajer� µ kajorÐzei to bajmìtalant¸sewn tou v, dhlad  mikrèc timèc epitrèpoun talant¸seic meg�lou eÔrouc sthn uf . Harijmhtik  epÐlush gÐnetai me th mèjodo epanal yewn stajeroÔ shmeÐou kai ènan algìrijmoelaqistopoÐhshc thc olik c metabol c me mh-grammik  probol  [52].O diaqwrismìc se treic sunist¸sec u+v+w me to Ðdio montèlo exet�sthke sto [8] k�twapì èna koinì prÐsma elaqistopoÐhshc kurt¸n sunarthsiak¸n thc genik c morf c (5.6),
1 ˙BV = BV/{u ∈ BV/∇u = 0}.78 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwnepilÔontac isodÔnama duðk� probl mata pou perilamb�noun duðkèc nìrmec (dual norms). Hsunist¸sa tou jorÔbou w lamb�netai sto duikì enìc q¸rou Besov me surrÐknwsh kumatidÐwn
(wavelet shrinkage) [82,83], dhlad  katwfliopoÐhsh stouc suntelestèc wavelet thc eikìnac.Me autì ton trìpo èna u + w montèlo efarmìsthke gia apojorubopoÐhsh eikìnwn uf c
(texture denoising).Tèloc, mia omadopoÐhsh twn montèlwn apodìmhshc epiqeir jhke sto [11] se sqèsh mediaforetikèc kathgorÐec uf c. Gia genik� talanteuìmena prìtupa to (TV − L2, G) (5.3,5.9), gia domhmènec to (TV−L1), mia parallag  tou ROF me L1 antÐ gia L2 periori-smì/pistìthta [223], kai gia omalèc - periodikèc   kateujuntikèc ufèc to (TV − Gabor).H teleutaÐa perÐptwsh parousi�zei idiaÐtero endiafèron kai eÐnai mia eidik  perÐptwsh TV-

Hilbert kanonikopoÐhshc [10], ìpou o ìroc pistìthtac ||f − u||X orÐzetai se k�poio Hilbertq¸ro H. H elaqistopoÐhsh tìte tou energeiakoÔ
E(u, v)

(u,v)∈BV ×H

=

∫

Ω

||∇u||dxdy + λ||v||2H (5.13)an�getai sto ROF sq ma gia H = L2 kai sto [227] gia H = H−1. H genik  nìrma ||f−u||H,upologismènh wc h probol  thc sunist¸sac v = f − u se sugkekrimèna Gabor kumatÐdia
gk, dhlad  ||f − u||H = 〈f − u, gk ∗ (f − u)〉 epitrèpei èna sq ma apodìmhshc epilektikì wcproc th suqnìthta kai thn kateÔjunsh thc uf c sthn eikìna.Se ìla ta prohgoÔmena sq mata prokÔptei to jèma thc bèltisthc epilog c twn paramè-trwn apodìmhshc λ, µ all� kai h sugkritik  kai oriak  sumperifor� twn diafìrwn mejìdwnse sqèsh me to eÔroc aut¸n twn paramètrwn. To λ sqetÐzetai me to bajmì pistìthtac thcprosèggishc f = u + v, me thn klÐmaka twn leptomerei¸n pou paramènoun sto cartoon kaienÐote me to jìrubo sthn eikìna. To µ sqetÐzetai kat� k�poio trìpo me to eÔroc twn talan-t¸sewn uf c kai thn posìthta plhroforÐac pou sumperilamb�netai sto v [8,214]. H bèltisthrÔjmish twn paramètrwn èqei ereunhjeÐ mèsw diafìrwn mejìdwn an�loga me thn efarmog ,ìpwc o shmatojorubikìc lìgoc (SNR) gia jèmata apokat�stashc [9,10,108,258], to gr�fh-ma susqètishc twn u, v gia diaqwrismì sunistws¸n [11], posotik� krit ria pistìthtac [299]kai prìterec apait seic gia thn L2 enèrgeia tou paramènontoc [7].Genik� kai me anafor� sto genikì sq ma (5.6), meg�lec timèc tou λ katal goun se mikrècnìrmec paramenìntwn kai leptomèreiec mikr c klÐmakac sto u, p.q. klÐmakec megalÔterec apì
1/λ. To µ leitourgeÐ sumplhrwmatik� wc proc to λ all� mikrìterec timèc tou exasfalÐzounmegalÔterec talant¸seic sto v. Mia logik  apaÐthsh ja  tan na epileqjoÔn λ � µ. Sh-meiwtèon ìti ta perissìtera apì ta sq mata pou èqoun anaptuqjeÐ an�gontai sto montèlo
ROF sto ìrio λ   µ → 0.5.2.2 KumatÐdia kai b�seicH apodìmhsh eikìnwn me b�sh {kumatÐdia} kai {lexik�} [69, 91, 183, 213, 214, 274] (ìpouo ìroc lexik� anafèretai se b�seic apì stoiqei¸deic domèc eikìnac pou majaÐnontai   eÐnaignwstèc ek twn protèrwn) afor� sthn anapar�stash twn diaforetik¸n sunistws¸n thc ei-
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Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwnkìnac me exeidikeumènec domèc - b�seic eikìnwn (wavelets, packets, textons). O lexikopag c
(wavelet-dictionary based) diaqwrismìc twn diaforetik¸n phg¸n plhroforÐac susthmato-poieÐtai wc èna prìblhma beltistopoÐhshc kai eÔreshc thc pio apodotik c anapar�stashc. Hapodotikìthta mporeÐ na sqetÐzetai me thn araiìthta (sparseness) [213,274], thn anexarthsÐa
(independence)   thn {ikanìthta skiagr�fhshc} (“sketchability”) [112]. H elkustikìth-ta thc perigrafik c ikanìthtac tètoiwn mejìdwn pou y�qnoun gia tic kat�llhlec b�seicstajmÐzetai apì thn an�gkh na oristoÔn apokleistik� kai ek twn protèrwn ta kat�llhlaupoy fia lexik� kaj¸c kai tic auxhmènec apait seic se upologistikì fìrto.Sto aploÔstero sen�rio, h mèjodoc apojorubopoÐhshc me  pia katwfliopoÐhsh (soft-

thresholding), afaireÐ leptomèreiec apì thn eikìna k�tw apì mia sugkekrimènh klÐmaka kaidhmiourgeÐ cartoon proseggÐseic [82]. H analogÐa me tic metabolikèc mejìdouc prokÔpteiapì to gegonìc ìti h surrÐknwsh kumatidÐwn [83] eÐnai isodÔnamh me thn TV kanonikopoÐhshkai to ROF sq ma [274,275]. H apodìmhsh me kumatÐdia [190�192] kai h elaqistopoÐhsh thcolik c metabol c antimetwpÐzontai upì èna koinì metabolikì plaÐsio sto [183] gia apokat�-stash eikìnwn, ìpou to paramènon f−u periorÐzetai se èna q¸ro ( pia-) katwfliopoihmènwnkumatidiak¸n suntelest¸n. Oi suntelestèc eÐnai to apotèlesma thc anapar�stashc se ènalexikì pou apoteleÐtai apì wavelets, wavelet bases kai wavelet packets. Sto [213] mia po-luepÐpedh (multilayered) apodìmhsh prot�jhke gia sumpÐesh, me perigrafèc twn periodik¸nprotÔpwn uf c qrhsimopoi¸ntac topikèc b�seic sunhmitìnwn kai orjokanonik� kumatÐdia giatic gewmetrikèc akmèc twn cartoon.Kumatidiak  surrÐknwsh gia BV elaqistopoÐhsh fragmènhc metabol c eÐnai kai h pro-sèggish [69] ìpou o diaqwrismìc tou cartoon apì tic talant¸seic lamb�netai epilÔontac toprìblhma beltistopoÐhshc
inf
u,v

{

λ||f − u − v||2L2 + γ||v||2H−1 + 2α||u||B1
1
(L1)

}

. (5.14)H kanonikopoÐhsh gÐnetai se èna enallaktikì, mikrìtero Besov q¸ro B1
1 ⊂ BV kai to vperiorÐzetai na èqei mikr  nìrma ston H−1, dhlad  to sq ma (5.11) gia p = 2 [227].H araiìthta thc anapar�stashc mèsw probol c se diaforetikèc b�seic èqei epÐshc qrhsi-mopoihjeÐ gia diaqwrismì perieqomènou [274]. H anapar�stash, h apodìmhsh kai h sumpÐesheikìnac antimetwpÐsthkan apì koinoÔ mèsw tou algìrijmou Basis Pursuit [60, 113] me epi-plèon TV kanonikopoÐhsh

inf
u,v

{

||Tuu||L1 + ||Tvv||L1 + λ||f − u − v||2L2 + γJ(u)
}

, (5.15)ìpou ta Tu,Tv eÐnai oi metasqhmatismoÐ b�shc gia to cartoon kai thn uf  antÐstoiqa, epi-legmènoi apì kat�llhla lexik�. Gia to gewmetrikì, omalì perieqìmeno oi metasqhmatismoÐeÐnai tètoioi ¸ste na apokalÔptoun dom  (wavelets, ridgelets, curvelets [273]) kai gia thnuf  topikèc sunart seic Gabor kai sunhmitìnwn. O jìruboc lamb�netai wc to paramènon
f − u− v. H mèjodoc, pou onom�sthke an�lush morfologik¸n sunistws¸n (morphological

components analysis), qrhsimopoi jhke gia an�kthsh qamènhc plhroforÐac kai epiqrwmati-smì [91]. O ìroc pistìthtac sto (5.15) tropopoieÐtai ¸ste na lamb�netai upìyin mìno sta80 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwnshmeÐa thc eikìnac sta opoÐa ìpou up�rqei plhroforÐa, dhlad  ||M(f − u − v)||2L2 , ìpouo pÐnakac - m�ska M kwdikopoieÐ thn apousÐa   thn parousÐa plhroforÐac. Me autì tontrìpo ta u kai v sta {qamèna} pixel anakataskeu�zetai apì ta stoiqeÐa twn b�sewn gia thnk�je sunist¸sa. EnopoieÐtai ètsi h apodìmhsh, h apojorubopoÐhsh kai o epiqrwmatismìcthc eikìnac f = u + v.Tèloc se èna majhmatikì montèlo gia to prwtarqikì skÐtso [112,113] to perieqìmeno miaceikìnac analÔetai genik� qrhsimopoi¸ntac dÔo kathgorÐec perieqomènou, th sunist¸sa poumporeÐ na skiagrafhjeÐ (parìmoia me to cartoon) kai th sumplhrwmatik  thc. H ikanìthtaskiagr�fhshc orÐzetai me b�sh to lìgo thc pijanof�neiac an�mesa se èna grammikì montèloarai c anapar�stashc, ìpwc prohgoÔmena, kai èna stoqastikì MRF montèlo. Akoloujiak�,to perieqìmeno skiagr�fhshc ex�getai anazht¸ntac th bèltisth anapar�stash (matching

pursuit) se èna lexikì apì topik� primitives, pou èqei prokÔyei met� apì ekpaÐdeush. Huf  ex�getai megistopoi¸ntac thn pijanof�neia   thn statistik  entropÐa thc perigraf cme ìrouc topik¸n istogramm�twn twn apokrÐsewn miac oikogèneiac fÐltrwn (filter pursuit,

FRAME) [324,325].5.3 u + Kv: pollaplèc sunist¸sec uf cJewreÐste mia tuqaÐa sun�rthsh-eikìna f : Ω → R, me Ω èna anoiqtì kai fragmènouposÔnolo tou R2 pou mporeÐ na grafteÐ wc grammikìc sunduasmìc dÔo sunistws¸n thcmorf c f = u + v. Aìrista orismèna to u ∈ Ω eÐnai mia tmhmatik� omal , afhrhmènhprosèggish thc eikìnac kai to v ∈ Ω mia talanteuìmenh sun�rthsh mikroÔ pl�touc. H
cartoon sunist¸sa u perièqei plhroforÐa gia th gewmetrÐa twn perioq¸n thc eikìnac, ticasunèqeiec kai thn org�nwsh twn meg�lwn dom¸n thc eikìnac, en¸ h sunist¸sa v ta prìtupathc uf c.Gia thn an�kthsh twn domik¸n sunistws¸n thc f proteÐnetai h epÐlush tou akìloujouprobl matoc elaqistopoÐhshc kurt¸n sunarthsiak¸n [39]

inf
(u,v)∈BV ×H

{E(u, v)} ,

E(u, v)
(u,v)∈BV ×H

= ||u||TV + λ||f − u − v||2L2 + µ||v −
K∑

k

tk||2L2

=

∫

Ω

‖∇u‖dxdy + λ

∫

Ω

|f − u − v|2dxdy + µ

∫

Ω

|v −
K∑

k

tk|2dxdy, (5.16)ìpou to u an kei sto q¸ro fragmènhc metabol c BV (Ω) kai to v se èna genikeumèno Hil-

bert q¸ro H(Ω). To telikì energeiakì upì elaqistopoÐhsh eÐnai thc morf c (5.6), dhlad kanonikopoÐhshc me periorismoÔc. O pr¸toc ìroc eÐnai h nìrma olik c metabol c (5.4) tou ukai o deÔteroc h pistìthta thc anakataskeu c u+v sthn arqik  eikìna f ∈ L2(Ω). O trÐtocìroc eÐnai ènac epiplèon periorismìc gia th sunist¸sa thc uf c. Ekfr�zei thn suggèneia
(proximity) tou v me mia anakataskeu  thc uf c thc eikìnac apì èna sÔnolo stenozwnik¸nsunistws¸n tk miac sun�rthshc t ∈ L2(Ω), dedomènou enìc sunìlou fÐltrwn diaforetik c
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Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwnsuqnìthtac kai prosanatolismoÔ {gk, k ∈ {1 · · ·K}} ∈ L2(Ω). H sun�rthsh t, gia thn ¸ra,ac jewrhjeÐ to apotèlesma miac grammik c t = Tf   mh-grammik c f 7→ t apeikìnishc Ω 7→Ω.'Etsi, o èxtra ìroc anagk�zei to v na eÐnai kont�, kat� thn L2 ènnoia, se mia polusuqnotik apodìmhsh tou t.H apodìmhsh tou t stic tk sunist¸sec mporeÐ na antimetwpisjeÐ eÐte wc probol  tou seèna lexikì apì K topikèc b�seic   wc polukanalikì filtr�risma apì K apokrÐseic fÐltrwn.Ta qarakthristik� twn sunistws¸n (arijmìc, qwrik  topojèthsh, rÔjmish se suqnìthta kaiprosanatolismì, eÔroc) kajorÐzontai apì tic paramètrouc thc oikogèneiac twn sunart sewn
gk. An autèc eÐnai Gabor sunart seic (2.1) diatetagmènec wc sustoiqÐa fÐltrwn kai t = f ,dhlad  T = I tìte ta tk eÐnai oi stenozwnikèc sunist¸sec tou f . K�je sunist¸sa, kaiepomènwc k�je probol  se mia b�sh, eÐnai to eswterikì ginìmeno

tk = 〈t(ξ, η), gk(ξ − x, η − y)〉 =

∫

Ω

f(ξ, η)gk(x − ξ, y − η)dξdη = (t ∗ gk)(x, y) (5.17)  isodÔnama h sunèlixh tou t me thn kroustik  apìkrish tou gk.To sunarthsiakì E(u, v) =
∫

Ω
Φ(u, v, ux, uy)dxdy elaqistopoieÐtai apì to sqetikì zeÔ-goc twn Euler-Lagrange exis¸sewn [6, 98]. Efarmìzontac fusikèc (Neumann) sunoriakècsunj kec, h gradient-descent MDE-lÔsh eÐnai

∂u

∂t
+ u = (f − v) +

1

2λ
div

( ∇u

‖∇u‖

)

, (5.18)
∂v

∂t
+ v =

λ

µ + λ
(f − u) +

µ

µ + λ

K∑

k=1

tk, (5.19)
(u, v)(x, y, 0) = (f, 0),

∂u

∂ ~N
= 0, u ∈ ∂Ω,ìpou ~N to exwterikì monadiaÐo k�jeto di�nusma sto sÔnoro ∂Ω kai κ(u) = div (∇u/‖∇u‖)h epÐpedh kampulìthta (level curvature)   h apìklish monadiaÐac klÐshc thc u = u(x, y) poudÐnetai apì thn analutik  diaforik  sqèsh

κ(u) =
uxxu2

y + uyyu
2
x − 2uxyuxuy

(u2
x + u2

y)
3/2

. (5.20)H exÐswsh (5.18) eÐnai h lÔsh pou elaqistopoieÐ to ROF montèlo (5.3). ApaleÐfontac to vapì thn (5.18), oi lÔseic mìnimhc kat�stashc (steady-state) dÐnontai se sumpag  morf  apìtic sqèseic
u = f −

K∑

k=1

tk +
µ + λ

2µλ
κ(u), (5.21)

v =
1

µ + λ

(

λ(f − u) + µ
K∑

k=1

tk

)

. (5.22)Apì autì to zeÔgoc exis¸sewn mporoÔn na gÐnoun oi ex c parathr seic: H lÔsh dÐnetaiapì mia mìno MDE, thn exÐswsh (5.21) me th deÔterh exÐswsh na dÐnei th sunist¸sa thcuf c wc èna enisqumèno kai stajmismèno paramènon. To paramènon f − ∑

k tk eÐnai mia82 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwnprosèggish thc bajuperat c sunist¸sac thc eikìnac. H cartoon sunist¸sa (5.21) mporeÐna grafeÐ proseggistik� u ≈ g0∗f +λ′κ(u), ìpou g0 mia Gaussian sun�rthsh/perib�llousa,pou ermhneÔetai wc to �jroisma twn meg�lwn metabol¸n fwteinìthtac thc eikìnac kai hkanonikopoÐhsh twn akm¸n me b�sh thn kampulìthta. H exÐswsh thc uf c (5.22) mporeÐna jewrhjeÐ wc to paramènon tou ROF, diorjwmèno apì to �jroisma twn stenozwnik¸nsunistws¸n.Oi stajerèc par�metroi λ, µ > 0 kajorÐzoun ta paramènonta thc apodìmhshc kai thcmontelopoÐhshc. Meg�la λ odhgoÔn se kalèc proseggÐseic kaj¸c u + v → f gia λ → ∞kai leptomerèsterec klÐmakec qarakthristik¸n diathroÔntai sto u. To paramènon mporeÐse k�je perÐptwsh na jewrhjeÐ wc o uyiperatìc jìruboc pou den sumperilamb�netai sto
v. An�loga, to µ {poinikopoieÐ} to sf�lma montelopoÐhshc thc uf c kai gia meg�lec timèc
µ → ∞ autì to sf�lma eÐnai sqedìn tautìshma mhdenikì kaj¸c v →∑

k tk.5.3.1 Majhmatik  an�lushPrìtash 5.1 Gia to prìblhma elaqistopoÐhshc (5.16) up�rqei mia lÔsh (û, v̂), h lÔshaut  eÐnai monadik  kai h akoloujÐa (un, vn) pou thn proseggÐzei arijmhtik� sugklÐnei sthn
(û, v̂) kaj¸c n → ∞. H apìdeixh thc prìtashc akoloujeÐ xeqwrist� gia thn Ôparxh, thmonadikìthta kai th sÔgklish.5.3.1.1 'UparxhTo diatupwmèno sunarthsiakì E(u, v) eÐnai kurtì (convex) kai sunektikì (coercive). Hkurtìthta prokÔptei apì to gegonìc ìti to prìblhma (TV kanonikopoÐhsh) kai oi periorismoÐtou eÐnai kurtèc sunart seic   diaforetik� to upì exètash sunarthsiakì eÐnai èna �jroismakurt¸n ìrwn [39]. EÐnai aplì na epibebai¸sei kaneÐc apì thn anisìthta Minkowski gia L1, L2ìti

E((1 − l)u1 + lu2, (1 − l)v1 + lv2) ≤ (1 − l)E(u1, v1) + lE(u2, v2), (5.23)
∀ (u1, v1), (u2, v2) ∈ L2 × L2, l ∈ [0, 1].Epiprìsjeta, efìson to E(u, v) eÐnai suneqèc eÐnai kai k�tw-hmisuneqèc (lower-semi con-

tinuous) sto L2 × L2. H sunektikìthta (coerciveness) eÐnai epÐshc eÔkolo na diapistw-jeÐ kaj¸c E(u, v) → +∞ gia |u, v|L2 → +∞. Sugkekrimèna, to |(u, v)|L2 = (|u|L2 +

|v|L2)1/2 → +∞ uponoeÐ eÐte ìti |u|L2 → +∞   |v|L2 → +∞   kai ta dÔo. Efìson
E(u, v) ≥ λ||f − u − v||2L2 + µ||v − ∑K

k tk||2L2 kai ta f , fk den all�zoun, ex�goume ìti
E(u, v)→+∞ kai epomènwc to E eÐnai sunektikì sto L2 × L2.5.3.1.2 MonadikìthtaTo sunarthsiakì eÐnai austhr� kurtì sto L2 × L2, ètsi mia lÔsh (û, v̂) tou (5.16) eÐnaimonadik , ektìc apì thn kateÔjunsh (u,−u). JewreÐste thn tim  tou E(û+tû, v̂−tû) gia t 6=
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Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn

(a) eikìna (b) cartoon

(d) uf  (d) uposunist¸sec uf c (leptomèreia)Sq ma 5.3: Αποσύνθεση της εικόνας (α) σε cartoon (β) και υφή (γ) με βάση το σχήμα K + 1
εξισώσεων. Στο (δ) παρουσιάζονται 4 από τις K υποσυνιστώσες της υφής για την κάτω δεξιά
λεπτομέρεια της εικόνας.

0. Qrhsimopoi¸ntac anisìthtec sto sunarthsiakì upì elaqistopoÐhsh (5.16) katal goume
E(û + tû, v̂ − tû) ≤ E(û, v̂) + (|1 + t| − 1)J(û) + |t||û|2L2 + 2|t||û|L2 |v̂ −

∑

k

tk|L2 . (5.24)Efìson to E(û, v̂) eÐnai el�qisto kai oi �lloi ìroi eÐnai p�nta jetikoÐ gia t 6= −1, tìte anto E(û + tû, v̂ − tû)  tan epÐshc el�qisto ja Ðsque h isìthta gia û = 0. Gia t = −1 kai
E(0, û + v̂) = E(û, v̂) èqoume epÐshc ìti û = 0. 'Etsi, ∀t 6= 0, (û + tû, v̂ − tû) = (û, v̂) kaioi dÔo lÔseic pou elaqistopoioÔn to E tautÐzontai.5.3.1.3 SÔgklishMia akoloujÐa elaqistopoÐhshc un pou lÔnei thn MDE (5.18) mèsw gradient descent  thn (5.21) mèsw epanal yewn stajeroÔ shmeÐou sugklÐnei sthn monadik  lÔsh (û, v̂) tou(5.16). Sth deÔterh perÐptwsh jètoume u0 = f kai kataskeu�zoume thn akoloujÐa epana-lhptik¸n lÔsewn un, n → +∞. H de akoloujÐa vn mporeÐ na ektimhjeÐ èmmesa se k�jeb ma apì thn (5.19). OrÐzoume me (un+1, vn+1) th lÔsh twn (5.21, 5.19) me vn+1 = v(un),ìpou h un dÐnetai apì thn (5.21). Efìson to E(un, vn) eÐnai mia mh-fjÐnousa akoloujÐa, pousugklÐnei sto R, katal goume apì th monadikìthta thc lÔshc ìti h (un, vn) sugklÐnei sthn
(û, v̂) gia n→+∞.84 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn5.3.2 Pollaplèc uposunist¸sec uf cJewroÔme to pio sÔnjeto, tropopoihmèno prìblhma thc apodìmhshc miac eikìnac f se
K + 1 sunist¸sec, dhlad  èna u + Kv montèlo

f = u + v, v =
K∑

k

vk, (5.25)ìpou u eÐnai h sun jhc cartoon sunist¸sa kai k�je mia apì tic vk eÐnai mia stenozwnik sunist¸sa uf c me �gnwsth topojèthsh sto fasmatikì pedÐo. Sthn ousÐa prìkeitai gia miadipl  apodìmhsh thc eikìnac, ìpou to u+v montèlo exhgeÐ th qwrik  upèrjesh kai to polu-kanalikì montèlo uf c thn apodìmhsh tou f�smatoc thc uf c. AnazhtoÔme èna diaqwrismìthc eikìnac se sunist¸sec, tètoio ¸ste to f = u+v montèlo na eÐnai h eidik  perÐptwsh gia
v =

∑

K vk. Gia to lìgo autì anadiatup¸noume to sunarthsiakì tou probl matoc (5.16)gia tic K + 1 sunist¸sec
inf

(u,{vk})
{E(u, {vk}), k ∈ {1,K}, (u, vk) ∈ (BV ×H)} ,

E(u, {vk}) = ||∇u||L1 + λ||f − u −
K∑

k

vk||2L2 + µ
K∑

k

||vk − tk||2L2 , (5.26)ìpou (u, {vk}) = (u, v1, · · · , vk) eÐnai oi K +1 �gnwstec metablhtèc. Shmei¸netai ìti giaton ìro suggèneiac sth montelopoÐhsh qrhsimopoi jhke mia nìrma dianÔsmatoc, dhlad  miasÔnjesh tetragwnismènwn norm¸n l2(k) ◦ L2(Ω)(vk − fk) [33]. Mia enallaktik  logik epilog  ja  tan mia nìrma L2(Ω) ◦ l2(k).Efarmìzontac Euler-Lagrange elaqistopoÐhsh sto parap�nw sunarthsiakì katal gou-me sto sÔnolo K + 1 exis¸sewn stajer c kat�stashc
u = (f −

K∑

k=1

vk) +
1

2λ
κ(u), (5.27)

vk =
λ

µ
(f − u −

K∑

k=1

vk) + tk, k ∈ {1,K}, (5.28)ìpou k�je vk anafèretai se mia monadik  uposunist¸sa uf c. Prosjètontac tic K memo-nwmènec exis¸seic (5.28) twn sunistws¸n thc uf c lamb�noume thn anakataskeu  tou v wcthn upèrjesh
K∑

k=1

vk =
1

µ + Kλ

(

Kλ(f − u) + µ
K∑

k=1

tk

)

. (5.29)Sqetik� me thn teleutaÐa aut  exÐswsh anakataskeu c mporoÔn na gÐnoun k�poiec endia-fèrousec parathr seic:(a) H MDE gia to u dÐnetai se kleist , analutik  morf  antikajist¸ntac thn (5.29) sthn(5.27) kai exart�tai mìno apì ta (f, u, tk), ìpwc sthn u+v perÐptwsh (5.21). UposthrÐzoumeìti h sunist¸sa thc uf c v eÐnai proseggistik� to �jroisma thc (5.29), dhlad  v ≈∑K
k=1 vk.(b) K�je memonwmènh uposunist¸sa vk, èmmesa exart¸menh apì ton orismì kai tic paramè-trouc tou t, mporeÐ na ektimhjeÐ apeujeÐac apì th lÔsh u qrhsimopoi¸ntac tic (5.29, 5.28).
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Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn(g) Oi par�metroi thc apodìmhshc λ, µ mporoÔn na susqetisjoÔn apait¸ntac v ≥ 0. AutìuponoeÐ ìti µ/λ > K, dhlad  ìti to µ prèpei na eÐnai kat� prosèggish mia t�xh megèjoucmegalÔtero apì to λ, me tupikèc timèc gia to K, ìpwc ja doÔme K ∈ {5, 40}.(d) An af soume to µ � λK, tìte h upèrjesh (5.29) gÐnetai
K∑

k=1

vk ≈
K∑

k=1

tk, µ � λK (5.30)dhlad  to v proseggÐzetai apì thn anakataskeu  tou t all� h prosèggish mporeÐ na er-mhneujeÐ kai antÐstrofa. 'Estw ìti sto u + v sq ma twn (5.21, 5.22) oi uposunist¸secmontelopoioÔntai me k�poiec apì tic apokrÐseic thc sustoiqÐac, dhlad  vk = gk ∗ v. Tìte,se k�je epan�lhyh n miac arijmhtik c lÔshc o ìroc ∑k tk mporeÐ na proseggisteÐ apì thnprobol  thc trèqousac ektÐmhshc gia thn uf  vn sto prokajorismèno sÔnolo fÐltrwn (En.2.2.3). ParathroÔme de ìti to prìblhma (5.16) ex�getai wc eidik  perÐptwsh thc genik capodìmhshc thc eikìnac se K + 1 sunist¸sec (u, v1, ...vK).5.3.3 Jewrhtikèc sugkrÐseicMe b�sh to epiqeÐrhma ìti h uf  eÐnai h talanteuìmenh sunist¸sa thc eikìnac [214],ta trèqonta sq mata apodìmhshc [7, 8, 228, 298] ìpwc diatup¸nontai apì tic exis¸seic (5.9,5.11) kai (5.12) anazhtoÔn sunart seic me sugkekrimènec idiìthtec ìpwc mikr  olik  me-tabol , meg�lec talant¸seic, periodikìthta, tuqaiìthta k.�. AntÐjeta, to u + Kv sq maorÐzei apokleistik� mia t�xh genik¸n talant¸sewn kai sugkekrimèna thn oikogèneia twndiamorfwmènwn kat� pl�toc kai suqnìthta sunart sewn a(x, y) exp iφ(x, y).H uf  montelopoieÐtai apì thn upèrjesh talant¸sewn se diaforetikèc suqnìthtec, merujmì pou metab�lletai sÔmfwna me to s ma f�shc φ(x, y) kai pl�toc omal� metaballìmenosÔmfwna me to a(x, y). Par�pleura epitugq�netai mia apodìmhsh se deÔtero epÐpedo seuposunist¸sec fasmatik� diaqwrismènec kaj¸c kai mia anapar�stash thc uf c wc proc ticsunart seic diamìrfwshc pl�touc kai suqnìthtac.Sto TV-Gabor montèlo [10, 11] pou perigr�fetai apì to prìblhma (5.13) o ìroc pistì-thtac perilamb�nei probol  thc diafor�c v = f −u se prokajorismènec Gabor sunart seic,èstw g′k. H nìrma ston Hilbert q¸ro H orÐzetai me eswterikì ginìmeno, all� gia tic an�gkecthc sÔgkrishc h diatÔpwsh thc mporeÐ na grafteÐ me suneliktikoÔc ìrouc
||f − u||H = 〈f − u, g′k ∗ (f − u)〉

= ||(f − u) ∗ (δ(t) − gk)
1/2||2L2

= ||f − u||2L2 − ||(f − u) ∗ gk||2L2

= ||v||2L2 − ||v ∗ gk||2L2 . (5.31)H posìthta eÐnai p�ntote jetik  kaj¸c mporeÐ na deiqjeÐ ìti gia kanonikopoihmèna L2 fÐltra,
‖v‖2

L2 ≥ ||v ∗ gk||2L2 . O Gabor pur nac gk eÐnai a-priori epilegmènoc me b�sh plhroforÐagia th suqnìthta   ton prosanatolismì thc tal�ntwshc thc uf c sthn eikìna. PollaploÐ86 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwnprosanatolismoÐ mporoÔn na lhfjoÔn upìyin ajroÐzontac èna sÔnolo apì probolèc se Gabor

||f − u||H = K||v||2L2 −
K∑

k

||v ∗ gk||2L2 . (5.32)Sto u + Kv sq ma mèsw stenozwnik c Gabor apodìmhshc pou anaptÔqjhke, an upojè-soume ìti t = f   (T = I) pou shmaÐnei ìti tk = gk ∗f kai proseggÐsoume tic uposunist¸secthc uf c apì tic apokrÐseic vk ≈ gk ∗ v, tìte o periorismìc sto (5.26) gÐnetai
∑

k

||vk − tk||2L2 ≈
∑

k

||(f − v) ∗ gk||2L2 =
∑

k

||u ∗ gk||2L2 . (5.33)Epomènwc, en¸ to TV-Gabor elaqistopoieÐ thn diafor� sthn L2-enèrgeia an�mesa sto vkai stic epilegmènec a-priori sunist¸sec, to proteinìmeno u + Kv mporeÐ na jewrhjeÐ otielaqistopoieÐ thn enèrgeia tou cartoon sta {kan�lia uf c}. 'Ena shmantikì pleonèkthmapou anadeiknÔetai ètsi eÐnai ìti to nèo sq ma leitourgeÐ ìpwc èna montèlo u + v + w, ìpouo paramènon jìruboc w ja elaqistopoihjeÐ mazÐ me to u sta kan�lia thc uf c, en¸ sto
TV-Gabor ja sumperilhfjeÐ pio eÔkola sto v, eidik� sthn perÐptwsh leukoÔ jorÔbou.5.3.4 Algìrijmoc kai diakritopoÐhshGia thn prosèggish thc lÔshc twn (5.21, 5.22)   (5.27, 5.28) qrhsimopoieÐtai èna a-rijmhtikì sq ma epanal yewn stajeroÔ shmeÐou (fixed point Gauss Seidel iteration), mediakritopoÐhsh parìmoia me aut  pou proteÐnetai sto [298]: peperasmènec summetrikèc dia-forèc gia tic parag¸gouc me thn trèqousa, pio prìsfath tim  u(n) na qrhsimopoieÐtai sek�je shmeÐo kai mia diakrit  ekdoq  thc kampulìthtac κ(n)(u(n), u(n+1)). Monadikìthtec
(singularities) pou prokÔptoun gia ‖∇u‖ = 0, kaj¸c kai apì ton mh-orismì thc parag¸gouthc TV nìrmac (5.4) gia u = 0 lamb�nontai upìyin sth diakrit  nìrma kanonikopoi¸ntac tomètro tou gradient [1, 108, 299] (Je(u) =

∫

Ω

√

|∇u|2 + e, me e polÔ mikr  stajer�).Leptomèreiec gia th diakritopoÐhsh kai deigmatolhyÐa twn Gabor fÐltrwn mporoÔn nabrejoÔn sta [36, 250] kai gia thn ulopoÐhsh twn diakrit¸n energeiak¸n telest¸n kai twnsqhm�twn apodiamìrfwshc sta [92, 165, 198]. Gia apotelesmatikìthta kai taqÔthta to fil-tr�risma gÐnetai sto pedÐo twn suqnot twn me qr sh FFT, ìpwc kai h ulopoÐhsh tou Gabor

ESA me qr sh thc sqèshc
F
{

∂m+`g

∂xm∂y`

}

= F {g} (jωx)m(jωy)
` (5.34)pou sqetÐzei to Fourier metasqhmatismì F{·}(ωx, ωy) thc sun�rthshc g kai tic merikèc pa-rag¸gouc t�xhc m kai `.O algìrijmoc epanalhptik� upologÐzei gia k�je jèsh (i, j) thn epìmenh tim  u(n+1) apìth diakritopoihmènh (5.21) kai thn epìmenh v(n+1) apì thn antÐstoiqh (5.22), an qrhsimopoieÐ-tai gia thn ananèwsh thc ektÐmhshc tou ajroÐsmatoc anakataskeu c ∑k t

(n)
k (5.30). Ektìcapì thn ananèwsh   mh thc tim c tou, up�rqoun enallaktikèc epilogèc kai wc proc ton trìpo
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Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwnupologismoÔ tou ajroÐsmatoc. Sugkekrimèna, èstw T o diakritìc telest c thc apeikìni-shc (grammik c   mh-grammik c) thc f sto t, tìte sto b ma (n + 1) h k�je uposunist¸saupologÐzetai apì to metasqhmatismì
t
(n+1)
k = T {gk ∗ f}   t

(n+1)
k = T {gk ∗ v(n)} (5.35)an�loga me to an epilègetai ta t

(n)
k na eÐnai proôpologismèna kai amet�blhta   na epanekti-moÔntai se k�je epan�lhyh (5.30). O upologismìc touc, kai wc apotèlesma o upologismìctou ajroÐsmatoc qrhsimopoieÐ diakritèc sunelÐxeic kai/  apodiamìrfwsh (gia thn epilog twn T ,K blèpe En. 5.4).Telik�, oi dÔo diakritèc sunist¸sec upologÐzontai se k�je b ma apì tic grammikopoih-mènec exis¸seic

u(n+1) = f −
K∑

k=1

t
(n+1)
k + 0.5

(
1

µ
+

1

λ

)

κ(n)(u(n), u(n+1)), (5.36)
v(n+1) =

1

µ + λ

(

λ(f − u(n+1)) + µ
K∑

k=1

t
(n+1)
k

)

. (5.37)Oi epanal yeic stamat�ne mìlic h mèsh metabol  stic timèc gÐnei mikrìterh apì k�poia tim 
ε, dhlad :

max







∑

i,j

(u(n+1) − u(n)),
∑

i,j

(v(n+1) − v(n))






≤ ε. (5.38)To u + Kv sq ma ulopoieÐtai an�loga, me tic K uposunist¸sec uf c na dÐnontai me diakri-topoÐhsh twn sqèsewn (5.28).5.4 Periorismìc tou montèlou kai anakataskeu  uf cH epilog  tou ajroÐsmatoc sunistws¸n stic (5.22, 5.29), dhlad  o periorismìc pou eis�-gei to montèlo gia to v, isodunameÐ me thn epilog  twn kanali¸n   twn sunistws¸n ekeÐnwnapì ton polusuqnotikì diaqwrismì thc eikìnac pou anaparistoÔn pio pist� thn uf . Plh-roforÐa uf c apant�tai se diaforetikèc klÐmakec, pou ekdhl¸netai apì thn emf�nish enìceÔrouc (mikro)dom¸n, apì primitives   textìnia dÔo shmeÐwn mèqri arg� metaballìmena,organwmèna prìtupa. To Ðdio isqÔei gia th gewmetrik  plhroforÐa ìpwc oi akmèc èntashcfwteinìthtac kai ta perigr�mmata, pou aniqneÔontai se meg�lo eÔroc apì fusikèc kai optikècklÐmakec qarakthristik¸n [179]. Epomènwc ta dÔo eÐdh plhroforÐac eikìnac sunup�rqounkai h ermhneÐa touc exart�tai apì thn klÐmaka thc perigraf c. Jewrhtik� all� kai anti-lhptik�, h an�jesh zwn¸n suqnot twn se mÐa apì tic dÔo kathgorÐec qarakthristik¸n deneÐnai profan c, diaforetik� o diaqwrismìc dom c - uf c ja lunìtan apl� sto fasmatikì pe-dÐo. Upologistik� mia tètoia an�jesh ja apaitoÔse prìterh gn¸sh   mètra thc fasmatik ckatanom c qarakthristik¸n ìpwc oi akmèc kai ta domik� stoiqeÐa thc uf c.88 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn5.4.1 Epilog  sunistws¸nSto sunarthsiakì (5.16) to �jroisma ∑ tk sthn pio akatèrgasth morf  tou eÐnai miaanakataskeu  tou t apì to sÔnolo twn apokrÐsewn twn fÐltrwn gk, ìpou o arijmìc twnsunistws¸n pou kajorÐzetai apì th sustoiqÐa eÐnai K. Me epilog  enìc uposunìlou tou
K kai miac apeikìnishc f : Ω 7→ t, mporeÐ na anakataskeuasteÐ mìno h sqetik  me thnuf  plhroforÐa thc eikìnac, na meiwjeÐ h pleon�zousa plhroforÐa kai na kajodhghjeÐh diadikasÐa apodìmhshc. Prosèggish miac eikìnac me ligìterec zwnoperatèc sunist¸secmporeÐ na gÐnei me teqnikèc elaqistopoÐhshc energeiak¸n [138] kaj¸c kai teqnikèc epilog cìpwc h an�lush prwteuous¸n sunistws¸n (principal components analysis   PCA ) [84].5.4.1.1 LeptomereÐc klÐmakec kai uyÐsuqnec z¸necH plhroforÐa thc eikìnac pou anakataskeu�zetai apì to �jroisma sunistws¸n mporeÐ naemfanÐzetai anomoiìmorfa se ìlo to eÔroc suqnot twn. Mia eÔlogh er¸thsh eÐnai an mporeÐkaneÐc na anagnwrÐsei   na aniqneÔsei thn plhroforÐa uf c kai akm¸n stic diaforetikèc z¸necsuqnot twn. Diaisjhtik� all� kai peiramatik�, h uf  sqetÐzetai me tic z¸nec mesaÐwn kaimeg�lwn suqnot twn [56] (kai epomènwc stic mikrìterec klÐmakec) kai oi shmantikèc gia thnorg�nwsh thc skhn c akmèc, pou antistoiqoÔn se exèqonta qarakthristik� (p.q. perigr�m-mata antikeimènwn) stic mesaÐec kai mikrìterec suqnìthtec (meg�lec, adromereÐc klÐmakec).Upologistik�, oi mikroakmèc   akmèc fwteinìthtac sto eswterikì perioq¸n uf c diaqwrÐ-zontai apì ta ìria twn diaforetik¸n perioq¸n (texture boundaries)   makroakmèc [118,152].Antilhptik�, sÔnola apì akmèc mikr c klÐmakac (mikroakmèc) omadopoioÔntai dÐnontac sqh-matismoÔc uf c en¸ mia mikr  klÐmaka optik c oxÔthtac (visual acuity) kajorÐzei th di�krishuf c/perigramm�twn [110]. 'Etsi, protrèpetai kaneÐc se ènan qondrikì diaqwrismì tou q¸-rou twn klim�kwn se mikrèc kai kurÐarqec gia thn uf  kai meg�lec kai shmantikèc gia ticdomèc thc eikìnac.'Estw ìti to �jroisma xanagr�fetai wc proc tic R klÐmakec kai touc P prosanatolismoÔcthc sustoiqÐac twn K = RP fÐltrwn

K∑

k=1

tk(x, y) =
σR∑

σ=σ1

θP∑

θ=θ1

tσ,θ(x, y), k = R(θ − 1) + σ, (5.39)ìpou σ, θ oi deÐktec klÐmakac kai prosanatolismoÔ. To σ proqwr�ei apì tic z¸nec qamhl¸nstic z¸nec uyhl¸n suqnot twn kai to θ apì 0 se π (rad). Autì kajist� to �jroismamia Ðshc - klÐmakac anakataskeu  apì iso-kateujuntikèc sunist¸sec. Wc proc to q¸ro twnfÐltrwn, autì isodunameÐ me ajroÐsmata apokrÐsewn rujmismèna se mÐa klÐmaka   se ènaprosanatolismì.Tètoia ajroÐsmata faÐnontai sto Sq. 5.4 gia ènan prosanatolismì, kai treic klÐmakec(meg�lh, mesaÐa, mikr ). H eikìna enìc prosanatolismoÔ (b) perilamb�nei ìlec tic klÐmakectwn fÐltrwn kai k�je klÐmaka (d), (e), (st) ìlouc touc prosanatolismoÔc thc sustoiqÐac.Mia tètoia apodìmhsh-anakataskeu  eÐnai exart¸menh apì ta sqediastik� qarakthristik�thc sustoiqÐac kai epomènwc mh-monadik .
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Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn
(a) eikìna (b) prosanatolismìc 1 (θ = 0) (g) prosanatolismìc 1 (θ = π/2)

(d) klÐmaka 2 (σ = 9) (e) klÐmaka 3 (σ = 5) (st) klÐmaka 4 (σ = 3)Sq ma 5.4: Αθροίσματα στενοζωνικών συνιστωσών της εικόνας (α), ως προς όλες τις κλίμακες για
κάθετο προσανατολισμό φίλτρων στο (β) και οριζόντιο στο (γ), και ως προς όλες τις κατευθύνσεις
για μεγάλη (δ), μεσαία (ε) και μικρή (στ) κλίμακα. Η κλίμακα καθορίζεται από την τυπική
απόκλιση σ της κοινής Gauss περιβάλλουσας των καναλιών, και ο προσανατολισμός θ από την
κοινή γωνία του διανύσματος κεντρικής συνχότητας σε μια ακτινική κατεύθυνση της συστοιχίας.
Μικρές κλίμακες αντιστοιχούν σε μεγάλες (κεντρικές) συχνότητες ταλάντωσης και σε δείγματα
από μια Gabor πυραμίδα κλίμακας - χώρου (scale-space).Sthn perÐptwsh Gabor kanali¸n (2.1), h perib�llousa kajorÐzei thn klÐmaka thc su-nist¸sac kai to ekjetikì fèron ton prosanatolismì thc. Gr�fontac gσ,θ = GσCσ,θ,ìpou Gσ = (2πσ2)−1 exp

{−(x2 + y2)/2σ2
k

} h Gaussian klÐmakac σ kai Cσ,θ =

exp {|ω|(j cos(θ)x + j sin(θ)y)} me |ω| = |ω|(σ) to migadikì ekjetikì gwnÐac θ tìte
K∑

k=1

tk =
σR∑

σ=σ1

Gσ

θP∑

θ=θ1

(Cσ,θ ∗ f) =
σR∑

σ=σ1

(Gs ∗ f)
θP∑

θ=θ1

Cσ,θ. (5.40)Se autì to {�jroisma kat� klÐmakec}, to (Gσ∗f) eÐnai h bajuperat  prosèggish thc arqi-k c eikìnac f se klÐmaka s. 'Etsi, h anakataskeu  ermhneÔetai wc èna diakritì Gaussian

scale-space [13,159,179], pou diamorf¸netai apì to �jroisma twn ferìntwn se k�je prosa-natolismoÔ. Ennoiologik� isodunameÐ me deigmatolhyÐa miac 1-D puramÐdac Gabor scale-spacekaj¸c h �jroish wc proc ton prosanatolismì oloklhr¸nei (integrates-out) th mÐa apì ticdÔo metablhtèc qwrik c suqnìthtac. Sto Sq. 5.5 parousi�zontai sto pedÐo twn suqnot -twn thc 5.4 (a) oi {z¸nec} klÐmakac pou sqhmatÐzontai apì th diamorfwmènh bajuperat perib�llousa mazÐ me tic isodÔnamec apokrÐseic twn sÔnjetwn fÐltrwn
Gσ

∑

θ

Cσ,θ =
1

2πσ2
exp

(

−x2 + y2

2σ2

)
∑

θ

exp {|ω|(j cos(θ)x + j sin(θ)y)} . (5.41)Oi sunist¸sec twn zwn¸n qamhlìterhc suqnìthtac, k�tw apì èna kat¸fli klÐmakac σT ,katapièzontai orÐzontac
K∑

k=1

tk ,
σR∑

σ=σT

(Gσ ∗ f)
θP∑

θ=θ1

Cσ,θ (5.42)90 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn

(a) (b) (g)Sq ma 5.5: (α) Μετασχηματισμός Fourier της εικόνας 5.4 (α), με τις ζωνοπερατές ζώνες ίσης
κλίμακας, που καθορίζονται από τις Gaussian περιβάλλουσες των καναλιών και (β),(γ) αποκρίσεις
των ισοδύναμων φίλτρων.me skopì thn anakataskeu  pr¸tista thc plhroforÐac uf c apì tic z¸nec uyhlìterwnsuqnot twn kai thn elaqistopoÐhsh tou rms sf�lmatoc ||v −∑K

k tk||L2 . O arijmìc twnsunistws¸n epomènwc mei¸netai se èna pollapl�sio tou arijmoÔ twn sunolik¸n prosa-natolism¸n thc sustoiqÐac. H diat rhsh enìc eÔrouc klim�kwn pou epiteleÐtai mporeÐ naparallhlisteÐ me {surrÐknwsh} sunistws¸n basismènh sthn klÐmaka. H epilog  thc adro-merèsterhc klÐmakac uf c, dhlad  to kat¸fli, mporeÐ na gÐnei me qwrik� prosarmostik�metrik� klÐmakac [23, 42, 95, 108, 163, 180]. PeriorÐzoume thn an�lush ed¸ sthn perÐptwshmiac kajolik c epilog c enìc eÔrouc p�nw apì èna euretikì kat¸fli-klÐmaka. Mia pijan epèktash ja  tan h efarmog  miac  piac katwfliopoÐhshc thc klÐmakac sto �jroisma twnsunistws¸n. Autìmath epilog  klÐmakac ja parousiasteÐ sth sunèqeia mèsw twn kurÐarqwnsunistws¸n.5.4.1.2 St�jmish plat¸nOi stenozwnikèc sunist¸sec fk = f ∗ gk eÐnai apotèlesma thc sumbol c tìso tou perie-qomènou uf c ìso kai tou loipoÔ perieqomènou thc eikìnac, dhlad  fk = u ∗ gk + v ∗ gk.SÔmfwna me to sen�rio thc stajmismènhc anakataskeu c k�je sunist¸sa kanonikopoieÐtaiapì èna qwrik� prosarmostikì metrikì pou enisqÔei topik� th suneisfor� thc uf c sto�jroisma.'Ena eÔlogo metrikì eÐnai h perib�llousa tou pl�touc thc sunist¸sac, h opoÐa eÐnai�mesa diajèsimh apì thn apodiamìrfwsh tou kanalioÔ (2.23). Pollaplasi�zontac me tokanonikopoihmèno pl�toc tou antÐstoiqou kanalioÔ to �jroisma anakataskeu c metatrèpetaise mia stajmismènh, mèsh sunist¸sa
K∑

k=1

tk ,
∑

k

αk(f ∗ gk)
∑

k αk
. (5.43)H anakataskeu  eÐnai grammik  wc proc tic epimèrouc sunist¸sec fk, dÐnei èmfash stic meg�-lec energeiak� sunist¸sec se k�je shmeÐo kai aux�nei th diaqwrisimìthta twn sunistws¸nme kontinì fasmatikì perieqìmeno. To pl�toc αk(x, y) lamb�nei meg�lec timèc stic perioqèc
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Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwnuyhl c antÐjeshc pou upodhl¸noun meg�lec talant¸seic, suntonismènec sth suqnìthta kaiton prosanatolismì thc sunist¸sac kai mikrèc stic sqetik� omalèc perioqèc. Kat� sunè-peia, h st�jmish eÔrouc prowjeÐ th sumbol  apì to talanteuìmeno komm�ti thc uf c αkvkai periorÐzei to tmhmatik� omalì αku. Wstìso, to pl�toc thc sunist¸sac mporeÐ na anta-pokrÐnetai kai se apìtomec metab�seic-akmèc kaj¸c to montèlo tic ermhneÔei wc talant¸seicmiac periìdou, oi opoÐec ìmwc apomakrÔnontai apì to v kat� thn TV kanonikopoÐhsh.Ac exet�soume thn eswterik  st�jmish gia mia stenozwnik  sunist¸sa fk = u∗gk + v ∗
gk = vk + uk, h opoÐa apoteleÐtai apì tic dÔo uposunist¸sec cartoon uk kai uf c vk sthnÐdia z¸nh k. H k�je mia mporeÐ na grafeÐ wc analutikì s ma

uk = αuke
φuk , αuk = |uk| = |u ∗ gk|, (5.44)

vk = αvkeφvk , αvk = |vk| = |v ∗ gk|. (5.45)H arqik  sunist¸sa fk, epomènwc, eÐnai to �jroisma twn dÔo analutik¸n shm�twn
fk = αuke

jφuk + αvkejφvk , (5.46)en¸ gia th stajmismènh me pl�th anakataskeu , h prokÔptousa sunist¸sa eÐnai
f̃k =

αukuk + αvkvk

αuk + αvk
=

α2
uke

jφuk + α2
vke

jφvk

αuk + αvk
. (5.47)Pollaplasi�zontac thn (5.46) dÔo forèc me ta pl�th twn uk kai vk kai antikajist¸ntacston arijmht  thc (5.47) prokÔptei mia tropopoihmènh èkfrash gia thn anakataskeuasmènhsunist¸sa

f̃k =
(αuk + αvk)fk − αvkαuk(e

jφuk + ejφvk)

αuk + αvk
=⇒ (5.48)

f̃k = fk −
αvkuk + αukvk

αuk + αvk
. (5.49)ErmhneÔontac thn parap�nw sqèsh mporoÔne na shmeiwjoÔn ta ex c: H stajmismènh suni-st¸sa eÐnai h pragmatik  meÐon to stajmismèno me antÐstrofa b�rh �jroisma twn uk, vk. Sek�je shmeÐo thc h fk tonÐzei   katapièzei gewmetrik� qarakthristik�   uf . Sugkekrimèna,e�n èna shmeÐo (x, y) an kei sto sÔnolo twn akm¸n (edge set) Ck thc sugkekrimènh z¸nhcsuqnot twn k, tìte αuk � αvk kai h exÐswsh (5.49) gÐnetai

f̃k ≈ fk − vk, ∀(x, y) ∈ Ck. (edge set) (5.50)AntÐjeta se perioqèc uf c Tk sth z¸nh k ìpou αvk � αuk h exÐswsh proseggÐzei
f̃k ≈ fk − uk, ∀(x, y) ∈ Tk. (texture) (5.51)Epomènwc, h st�jmish me ta epimèrouc pl�th apomakrÔnei eswterik� se k�je sunist¸sa thsumbol  tou cartoon sta shmeÐa uf c kai tic talant¸seic thc uf c apì shmeÐa metab�sewnkai akm¸n. To zwnoperatì cartoon tautÐzetai me tic akmèc afoÔ oi omalèc metabolèc,kurÐwc stic megalÔterec suqnìthtec, apomakrÔnontai apì ta fÐltra monadiaÐac enèrgeiac kai92 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn

(a) eikìna (b) cartoon (g) uf Sq ma 5.6: Εικόνα (λεπτομέρεια 128 × 128 pixel), cartoon και υφή από το σχήμα Vese-Osher με
(λ, µ) = (5, 0.01) (πάνω σειρά), οι φιλτραρισμένες εκδοχές τους (μεσαία) και τα πλάτη (κάτω, σε
«ανεστραμμένη» κλίμακα γκρίζου) στην τέταρτη κλίμακα (σ = 3) και στον όγδοο προσανατολισμό
(θ = −π/8) της συστοιχίας Gabor φίλτρωνmhdenik c DC. H epÐdrash thc st�jmishc pl�touc mporeÐ na parathrhjeÐ sta Sqt. 5.6,5.7,gia mia eikìna kai tic 1-D grafikèc parast�seic gia mia gramm  thc.Kat' epèktash, jewr¸ntac K stenozwnikèc sunist¸sec h anakataskeu  pou prokÔpteime apl  upèrjesh touc eÐnai

∑

k

f̃k =
∑

k

fk −
∑

k

αvkuk + αukvk

αuk + αvk

≈ f −
∑

k

αvk

αuk + αvk
uk +

αuk

αuk + αvk
vk

= f −
∑

k

1

1 + λk
uk +

λk

1 + λk
vk, λk =

αuk

αvk
, (5.52)dhlad  h upèrjesh akoloujeÐ parìmoiec proseggÐseic gia thn an�kthsh thc eikìnac pl rouceÔrouc. H qwrik� prosarmostik  par�metroc λk = λk(x, y) rujmÐzei gia k�je k se k�jeshmeÐo th sumbol  twn uk, vk sthn anakataskeu . ApoteleÐ ètsi èna posotikì mètro thcsusqètishc cartoon kai uf c se k�je z¸nh.LÐgo diaforetik� eÐnai ta pr�gmata exet�zontac thn anakataskeu  mèsw thc exÐswshc(5.43), dhlad  me st�jmish twn plat¸n twn stenozwnik¸n sunistws¸n fk se antÐjesh meth st�jmish atomik� apì ta pl�th twn uk, vk. Pr�gmati, parathr¸ntac apì thn (5.46) ìti
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(g) pl�tocSq ma 5.7: Προφίλ συναρτήσεων για μια γραμμή (84) της εικόνας στο Σχ. 5.6. (α) αποδόμηση
της f σε cartoon u και υφή v χρησιμοποιώντας το σχήμα Vese-Osher (5.11), (β) απόκριση Gabor
φίλτρου (σ = 3, θ = −π/8) στις συναρτήσεις f, u, v, (γ) αποδιαμορφωμένο πλάτος (μπλε: αρχική,
πράσινο: cartoon , κόκκινο: συνιστώσα υφής).

α2
k = α2

uk + α2
vk kai efarmìzontac thn (5.43) me tetragwnik� b�rh

K∑

k=1

tk =
∑

k

α2
kfk

∑

k α2
k

=
∑

k

(α2
uk + α2

vk)fk
∑

k α2
k

. (5.53)Eis�gontac tic stajmismènec sunist¸sec (5.49) h prosèggish gÐnetai
K∑

k=1

tk =
∑

k

(α2
uk + α2

vk)f̃k + α2
vkuk + α2

ukvk
∑

k α2
k

(5.54)
=
∑

k

(`k + µk)f̃k + µkuk + `kvk, `k =
α2

uk
∑

k α2
k

, µk =
α2

vk
∑

k α2
k

. (5.55)Epomènwc, gia k�je k h sunist¸sa pou anakataskeu�zetai eÐnai thc morf c tk(x, y) =

(`k + µk)f̃k(x, y) + µkuk(x, y) + `kvk(x, y), me ta `k, µk qwrik� prosarmostikèc stajerècpou ekfr�zoun thn {èntash} se uf    akmèc sth z¸nh k, `k + µk = α2
k/
∑

k α2
k to b�roc thck�je stenozwnik c sunist¸sac kai `k/µk = λ2

k.Tèloc, ac shmeiwjeÐ ìti h st�jmish me ta pl�th jumÐzei ton upologismì thc stigmiaÐacsuqnìthtac ωi = φ′ gia s mata f = αejφ =
∑

k fk pollapl¸n sunistws¸n
ωi =

∑

k

α2
kωik

∑

k α2
k

, (5.56)apì th mèsh tim  twn stajmismènwn me ta pl�th αk suqnot twn ωik thc k�je sunist¸sac
fk [140, 307]. Se aut  thn perÐptwsh h ektÐmhsh thc stigmiaÐac suqnìthtac eÐnai pio omal ,qwrÐc tic mh-grammikìthtec pou eis�gontai apì ton upologismì thc apì th rop  pr¸thct�xhc wc proc th suqnìthta thc anapar�stashc q¸rou-suqnìthtac [64,135]. H par�gwgocthc f�shc, dhlad  h stigmiaÐa suqnìthta, eÐnai akrib¸c Ðsh me aut  thn posìthta ìtan oisunist¸sec eÐnai summetrikèc.Se antidiastol  me thn diat rhsh twn leptìterwn klim�kwn (5.40) (fasmatik  epilo-g  sunistws¸n), h st�jmish eÔrouc enisqÔei tic sunist¸sec uf c se k�je shmeÐo eikìnac,qwrÐc thn an�gkh gia k�poio kat¸fli. EpiteleÐ mia autìmath energeiak  epilog , {kata-pièzontac} tic adÔnamec topik� talanteuìmenec sunist¸sec. Peraitèrw, ta omalopoihmè-na b�rh α2

k/
∑

k α2
k proseggÐzoun thn an�lush kurÐarqwn sunistws¸n (3.13), efìson e�n

∀(x, y) ∃k : αk(x, y) � αk′ ,∀k′ 6=k tìte h tk eÐnai h kurÐarqh sunist¸sa uf c.94 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn5.4.1.3 KurÐarqec sunist¸sec qamhlìterhc t�xhc'Estw h shmeiak  anadi�taxh twn sunistws¸n miac eikìnac ètsi ¸ste na prokÔptei miaierarqik  di�taxh sunistws¸n, sthn opoÐa aÔxhsh thc t�xhc upodhl¸nei ligìtero kurÐarqh  shmantik  sunist¸sa (En. ??). JewroÔme tìte thn anakataskeu 
K∑

k=1

tk(x, y) ,
D∑

k=1

dk(x, y), (5.57)ìpou D<K eÐnai oi perissìtero shmantikèc pr¸tec sunist¸sec sto q¸ro kurÐarqwn suni-stws¸n. H an�lush DCA efarmìzetai se autì to q¸ro ìpou oi prokÔptousec sunist¸secjewroÔntai kajolik� apomonwmènec se k�je shmeÐo mèsw thc sustoiqÐac fÐltrwn. 'Estw h
2-D dianusmatik  sun�rthsh F = [f1, · · · , fK ] ston K-di�stato q¸ro twn N × 1 apokrÐ-sewn fk, dhlad  o pÐnakac k�je st lh tou opoÐou eÐnai to di�nusma-apìkrish tou fÐltrou
k sthn eikìna f . Algebrik� h apeikìnish F 7→ FD apì ton q¸ro stenozwnik¸n sto q¸-ro kurÐarqwn, topik� stenozwnik¸n sunistws¸n dÐnetai apì mia sqèsh FD = F · W, ìpou
W = [w1, · · · ,wK ] o K × K pÐnakac metasqhmatismoÔ (transformation matrix).O metasqhmatismìc orÐzetai apì tic diatetagmènec sunist¸sec wk tou pÐnaka pou apote-loÔn sunart seic dianusmatik¸n tim¸n. K�je wk : {wk1, · · · , wkN} mporeÐ na p�rei N timècpou antistoiqoÔn se monadiaÐa dianÔsmata di�stashc K. Oi timèc tou pr¸tou, kurÐarqoudianÔsmatoc w1 orÐzontai apì th megistopoÐhsh

w1i = arg max
||w1||=1

{Γ(f̃i)w1}, ∀i ∈ [1, N ], (5.58)ìpou f̃i ta dianÔsmata-grammèc tou pÐnaka F, dhlad  F = [f1, · · · , fK ] = [f̃1, · · · , f̃N ]Tkai Γ(·) eÐnai mia sun�rthsh kìstouc pou tautÐzetai me to krit rio pou megistopoieÐtai stosÔnolo twn apokrÐsewn twn fÐltrwn (pl�toc   apìkrish tou energeiakoÔ telest , En. 3.3).H kurÐarqh sunist¸sa eÐnai tìte
d1 = [f̃1w11, · · · , f̃Nw1N ], (5.59)en¸ oi sunist¸sec an¸terhc t�xhc dÐnontai apì
dk = [f̃1wk1, · · · , f̃NwkN ], (5.60)ìpou ta wki orÐzontai apì th megistopoÐhsh sto shmeÐo i twn dedomènwn pou prokÔptounafair¸ntac ta prohgoÔmena k − 1 mègista f̂i = f̃i −

∑k−1
c=1 wT

cif̃cwci, dhlad 
wki = arg max

||wk||=1
{Γ(f̂i)w1}, f̂i = f̃i −

k−1∑

c=1

wT
cif̃cwci, ∀i ∈ [1, N ]. (5.61)An�mesa stic sunist¸sec prokÔptei autìmata mia sqèsh di�taxhc kaj¸c Γ(dk+1(x)) <

Γ(dk(x)),∀x. H di�taxh aut  eÐnai parìmoia me thn PCA probol  [84], me tic kurÐarqecsunist¸sec na eÐnai oi idiotimèc tou metasqhmatismoÔ W me idiodianÔsmata wk. En¸ tokrit rio di�taxhc eÐnai mh-grammikì, h probol  FD = F · W eÐnai grammik  se mia b�sh
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Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwnpou anaparist� bèltista ta dedomèna F wc proc thn enèrgeia thc apìkrishc touc se k�poiotelest  Γ.H di�stash tou q¸rou qarakthristik¸n twn fÐltrwn mei¸netai me th diat rhsh twnpr¸twn diatetagmènwn sunistws¸n kai thn apìrriyh twn sunistws¸n an¸terhc t�xhc. OikurÐarqec sunist¸sec qamhlìterhc t�xhc eÐnai oi perissìtero shmantikèc gia thn anapa-r�stash thc plhroforÐac sÔmfwna me thn epilog  thc sun�rthshc kìstouc Γ (to pl�tocperib�llousac   thn enèrgeia diamìrfwshc twn sunistws¸n). 'Enac trìpoc epilog c twn su-nistws¸n aut¸n eÐnai h apìrriyh twn sunistws¸n pou suneisfèroun ligìtero sth sunolik metablhtìthta   tupik  apìklish thc eikìnac f , dhlad 
K∑

k=1

tk(x, y) ,
D∑

k=1

dk(x, y), D :

{
Var{dk}
Var{f} > ε, ∀k < D

}

, (5.62)ìpou ε mia stajer� kont� sth mon�da, (p.q. ε > 0.8). Mia endiafèrousa parat rhsh eÐnaiìti qrhsimopoi¸ntac thn enèrgeia diamìrfwshc (mèsw tou energeiakoÔ telest ) gia to Γ,o arijmìc twn sunistws¸n pou suneisfèroun perissìtero sth metablhtìthta eÐnai polÔ mi-krìteroc ap' ìti me to krit rio pl�touc. Autì shmaÐnei ìti qrei�zontai ligìterec sunist¸secgia thn anapar�stash thc eikìnac kai akìmh kai sthn pr¸th, kurÐarqh sunist¸sa tou DCAh plhroforÐa pou diathreÐtai eÐnai perissìterh.Mia tètoia an�lush ierarqik¸n sunistws¸n (HCA) katal gei se mia anapar�stash meiw-mènhc di�stashc, se sqèsh me thn anapar�stash apì to sÔnolo twn stenozwnik¸n sunistw-s¸n, all� tautìqrona kalÔterhc prosèggishc kai anakataskeu c tou f se sÔgkrish me to
DCA [92,125], pou diathreÐ mìno thn kurÐarqh, pr¸th sunist¸sa d1. MÐa sÔgkrish twn dÔosqhm�twn parousi�zetai gia anakataskeu  uf c sto Sq. 5.8 (d), (st). Sto (h) parousi�ze-tai h anakataskeu  apì tic pr¸tec D sunist¸sec thc probol c sthn PCA b�sh tou q¸routwn filtrarismènwn dianusm�twn.5.4.2 Textìnia kurÐarqwn diamorf¸sewnTa domik� stoiqeÐa thc uf c, oi stoiqei¸deic sqhmatismoÐ pou sunteloÔn sto sqhma-tismì twn protÔpwn uf c kai onom�sthkan textìnia, orÐsthkan exarq c me gewmetrikoÔcìrouc (p.q. blobs, crosses, junctions, bars) [143, 146, 303, 321]. H anapar�stash mèsw twnapokrÐsewn thc sustoiqÐac kai stenozwnik¸n sunistws¸n qrhsimopoi jhke gia èna leitour-gikì orismì twn textonÐwn apì èna sÔnolo {prwtotÔpwn} apokrÐsewn [178, 186, 296]. Aut�ta prwtìtupa, apotèlesma omadopoÐhshc se t�xeic (clustering) sto q¸ro twn dianusm�twnapìkrishc, antistoiqoÔn stic kurÐarqec topikèc domèc sthn eikìna (patches).Me thn Ðdia logik , o rìloc thc omadopoÐhshc gia th dhmiourgÐa prwtotÔpwn mporeÐ naantikatastajeÐ apì tic kurÐarqec sunist¸sec (5.59, 5.60). Sugkekrimèna, ta kurÐarqa dianÔ-smata tou metasqhmatismoÔ W thc apeikìnishc FD = F·W, mporoÔn na jewrhjoÔn textìniakurÐarqwn, topik� stenozwnik¸n AM-FM sunistws¸n. Ta dianÔsmata W = [{wk}k=1···D]mporoÔn na anakthjoÔn apì tic st lec tou pÐnaka qrhsimopoi¸ntac ton yeudo-antÐstrofo
F−1 tou pÐnaka apokrÐsewn twn fÐltrwn [139] kai thn apeikìnish W=F−1 · FD.96 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή
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(a) eikìna (b) mikrèc klÐmakec (g) st�jmish plat¸n (d) qamhl c t�xhc DCA

(e) textìnia DCA (st) kurÐaqh sunist¸sa (z) textìnia PCA (h) qamhl c t�xhc PCASq ma 5.8: Επιλογή συνιστωσών και ανακατασκευή υφής από συστοιχία 40 φίλτρων (πέντε κλί-
μακες, οκτώ προσανατολισμοί). πάνω σειρά: (α) εικόνα και η ανακατασκευή (υφής) από (β) λε-
πτότερες (τρεις) κλίμακες (K = 24), (γ) στάθμιση πλατών (K = 40), (δ) κυρίαρχες συνιστώσες
χαμηλότερης τάξης (D =9). κάτω σειρά: (ε) κυρίαρχες συνιστώσες ανακατασκευασμένες ως το-
πικά φίλτρα, (στ) κυρίαρχη (ενεργειακά) συνιστώσα, (ζ) πρωτεύουσες συνιστώσες μέσω PCA ως
τοπικά φίλτρα, (η) ανακατασκευή από τις D πρώτες πρωτεύουσες συνιστώσες PCA .Ta wk eÐnai prwtìtupa filtrarismènwn sunistws¸n thc eikìnac kai h plhroforÐa poukwdikopoioÔn, dhlad  oi antÐstoiqec prwtìtupec apokrÐseic twn fÐltrwn mporoÔn na optiko-poihjoÔn me antÐstrofh probol  (back-projection) sto q¸ro twn fÐltrwn thc sustoiqÐac.An G = [{g′k}k=1···K ] eÐnai o sunduasmènoc (concatenated) pÐnakac twn apokrÐsewn, ìpou
g′k to di�nusma-apìkrish tou gk, tìte oi domèc pou antistoiqoÔn stic D kurÐarqec suni-st¸sec anakataskeu�zontai me ìrouc elaqÐstwn tetrag¸nwn apì ta pk = wk · G−1, ìpou
G−1 o yeudo-antÐstrofoc pÐnakac tou G. Sto Sq. 5.8 (e) ta anakthmèna fÐltra/domècantistoiqoÔn, kat� ierarqik  seir� shmantikìthtac, stic pr¸tec D=9 sunist¸sec pou qrh-simopoi jhkan gia thn anakataskeu  thc eikìnac sto (d).Ta textìnia thc anapar�stashc me kurÐarqec sunist¸sec, eÐnai sqedìn afhrhmènec kuma-toeideÐc domèc, oi opoÐec den antistoiqoÔn   den apeikonÐzontai optik� se eudi�krita topik� qa-rakthristik� thc eikìnac. Ta textìnia twn PCA sunistws¸n, me antÐstoiqo back-projectionfaÐnontai sto Sq. 5.8 (z) gia tic sunist¸sec pou sugkrotoÔn thn eikìna (h). Se antÐjeshme tic kurÐarqec, topik� sten c z¸nhc, sunist¸sec tou DCA oi domèc ed¸ antistoiqoÔn sticperissìtero anex�rthtec, olik� stenozwnikèc sunist¸sec. EÐnai saf¸c perissìtero domhmè-nec kai tautÐzontai eukolìtera me qarakthristik� thc eikìnac (p.q. kumat¸seic, akmèc uf c,
bars). O orismìc autìc gia ta domik� stoiqeÐa thc uf c me b�sh krÐarqec sunist¸sec mporeÐna qrhsimopoihjeÐ sth sugkrìthsh lexik¸n textonÐwn kai thn kataskeu  montèlwn uf c meb�sh th suqnìthta emf�nishc se dedomèna ekpaÐdeushc [296].
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Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn
(a) eikìna (b) kurÐarqh EDCA sunist¸sa (g) kurÐarqh ADCA sunist¸sa

(d) prwteÔousa PCA sunist¸sa (e) textìniaEDCA (st) textìniaADCA (z) textìniaPCA

(h) sustoiqÐa Gabor (j) textìniak-means (i) {kan�lia} textonÐwnSq ma 5.9: Τεξτόνια από τις αποκρίσεις των φίλτρων της συστοιχίας. (α),(β),(γ) εικόνα και
κυρίαρχες συνιστώσες, κατά ενέργεια (EDCA) και πλάτος (ADCA), (δ) πρωτεύουσα συνιστώσα
μέσω PCA , (ε),(στ),(ζ) τεξτόνια (textons) από τα κυρίαρχα διανύσματα DCA και PCA που αντι-
στοιχούν σε τοπικές δομές της εικόνας, (η) αποκρίσεις των 40 φίλτρων Gabor της συστοιχίας (δεν
συμπεριλαμβάνονται το βαθυπερατό ή τα υψιπερατά κανάλια) κατά κλίμακα και προσανατολισμό,
(θ) τεξτόνια μέσω k-means ομαδοποίησης στο χώρο των αποκρίσεων της συστοιχίας στην εικόνα
(διανύσματα απόκρισης), (ι) «κανάλια» ή απεικόνιση τεξτονίων-ανά-σημείο από την ομαδοποίηση,
όπου κάθε σημείο ανατίθεται σε μια από τις δομές του (θ).5.4.3 ParadeÐgmata kai sugkrÐseic apodìmhshcH akrÐbeia twn sqhm�twn aposÔnjeshc eikìnwn eÐnai dÔskolo na ektimhjeÐ peiramatik�,kaj¸c opoiad pote mèjodoc antimetwpÐzei ta Ðdia probl mata sqetik� me thn ektÐmhsh twnapotelesm�twn, ìpwc p.q. posotik� metrik�, koinì plaÐsio gia sugkrÐseic, rÔjmish paramè-trwn, antikeimenik� krit ria artiìthtac, dokimèc epidìsewn (benchmark evaluations) [207]k.�. Ta apotelèsmata pou anafèrontai ed¸ antistoiqoÔn sthn ulopoÐhsh tou sq matoc(5.21, 5.22) me tic proteinìmenec mejìdouc anakataskeu c thc uf c, dhlad  kajorismì tou
∑

k tk pou perigr�fontai sthn En. 5.4.1. Ta diaforetik� sq mata, an�loga me ton ìro ana-kataskeu c, ja sumbolÐzontai me (up, vp) gia to merikì (partial) �jroisma stic uyhlìterecsuqnìthtec (5.40), (uw, vw) gia th st�jmish (weighting) plat¸n (5.43) kai (ud, vd) gia tickurÐarqec (dominant) sunist¸sec (5.57). Oi sugkrÐseic parousi�zontai wc proc to sq maanafor�c Vese-Osher (VO) [298] pou orÐzetai apì thn (5.11).Mia sunjetik  eikìna, dÔskolh na apodomhjeÐ antilhptik�, parousi�zetai sto Sq. 5.10.H sunist¸sa gewmetrik c dom c (b) perièqei di�fora eÐdh akm¸n (steps, lines, ramps) [205,98 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn
(a) eikìna (b) cartoon (g) ud (d) vd (e) wd = f − ud − vd
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0.4 (st) ProfÐl (gramm  40) (z) uVO (h) vVO (j) f − uVO − vVOSq ma 5.10: Αποδόμηση συνθετικής εικόνας, που περιλαμβάνει δομές (ακμές steps, lines, ramps),
υφή (χωρική ταλάντωση chirp) και λευκό θόρυβο (20dB). (α) «καθαρή» εικόνα με υφή (u + v),
(β) cartoon αναφοράς. Οι συνιστώσες και ο παραμένων θόρυβος με χρήση (γ)-(ε) του νέου σχήμα-
τος και ανακατασκευή από τις κυρίαρχες συνιστώσες με (λ, µ) = (10, 100) και (η)-(ι) του αλγορίθ-
μου Vese-Osher της (5.11) με (λVO, µVO) = (0.75, 0.001). (στ) Προφίλ της εικόνας για μια σειρά (40)
φαίνονται για τις συνιστώσες αναφοράς (διακεκομμένες) και τις ανακτημένες συνιστώσες (μπλε
για το προτεινόμενο, κόκκινο για το VO). Οι παράμετροι των μοντέλων επιλέχθηκαν έτσι ώστε τα
δύο σχήματα να δίνουν παρόμοιες L2 νόρμες υφής, δηλ. ||vVO||L2 = ||vd||L2 . Οι τιμές των εικόνων
παρουσιάζονται σε πλήρη κλίμακα του γκρίζου για καλύτερη οπτικοποίηση.

206,238,239] kai perioqèc epÐpedhc fwteinìthtac gia aplìthta. H sunist¸sa uf c eÐnai ènaqwrikì chirp s ma stajeroÔ pl�touc me qwrik  suqnìthta pou metab�lletai apì π/80 mèqri
π/2 kai prosjetikì leukì jìrubo 20dB ¸ste h eikìna na prosomoi¸nei èna u+v+w montèlo.An exairèsei kaneÐc thn plhroforÐa wc proc to perieqìmeno thc eikìnac pou kajorÐzetaiapì thn upèrjesh twn sunjetik¸n sunistws¸n anafor�c, h eikìna (a) eÐnai dÔskolo nadiaqwristeÐ optik� se uf  kai cartoon . Gia par�deigma oi kentrikèc, meg�lhc klÐmakactalant¸seic tou chirp ja mporoÔsan na katataqjoÔn sto cartoon , en¸ oi k�jetec grammèc,oi opoÐec ex' orismoÔ an koun stic akmèc thc eikìnac ja mporoÔsan na jewrhjoÔn uf (tal�ntwsh dÔo shmeÐwn). 'Etsi, mia epiplèon ptuq  thc sÔgkrishc eÐnai na diapistwjeÐpoiec klÐmakec kai qarakthristik� ent�ssei o k�je algìrijmoc stic treic sunist¸sec (uf ,makrodom , jìrubo).H proteinìmenh apodìmhsh me anakataskeu  mèsw twn kurÐarqwn sunistws¸n ulopoi -jhke me paramètrouc (λ, µ) = (10, 100), ètsi ¸ste na diathrhjoÔn oi mikr c klÐmakac akmècgramm¸n sto (g). 'Olec oi kathgorÐec akm¸n diathroÔntai kai entopÐzontai sto cartoon mazÐme tic qamhlìsuqnec metabolèc tou chirp kai tic talant¸seic pou upertÐjentai stic k�jetecakmèc. Antilhptik�, wstìso, to kentrikì blob kai oi pr¸toi omìkentroi daktÔlioi thc uf c
chirp ermhneÔontai pio eÔkola wc tm ma thc sunist¸sac makrodom c, en¸ ta upoleÐmmata twnk�jetwn talant¸sewn {faÐnontai} sto montèlo wc akmèc mikr c klÐmakac. Oi par�metroitou algorÐjmou anafor�c VO rujmÐsthkan ètsi ¸ste na epiteuqjoÔn oi Ðdiec ||v||L2 nìrmec,
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Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn
(a) eikìna (b) up (g) ud (d) uw (e) uVO

(st) f − uROF (z) vp (h) vd (j) vw (i) vVOSq ma 5.11: Εναλλακτικοί όροι ανακατασκευής της υφής για αποδόμηση με το u + Kv σχήμα.
πάνω σειρά: cartoon συνιστώσες της εικόνας (α) με το προτεινόμενο σχήμα και εναλλακτικά
αθροίσματα ανακατασκευής

∑

k
tk στα (β)-(δ) και το σχήμα Vese-Osher στο (ε). κάτω σειρά:

παραμένον του σχήματος Rudin-Osher-Fatemi (στ) και συνιστώσες υφής των αντίστοιχων cartoon .
Το (up, vp) αντιστοιχεί στο μερικό στις ανώτερες συχνότητες (5.40), το (uw, vw) στο σταθμισμένο με
τα πλάτη (5.43) και το (ud, vd) στο άθροισμα κυρίαρχων, χαμηλότερης τάξης (5.57). Οι παράμετροι
για το u + Kv σχήμα είναι (λ, µ) = (10, 5) και για το VO (λVO, µVO) = (5, 0.1).dhlad  to Ðdio pìso plhroforÐac sto v [7]. Me to sugkekrimèno sÔnolo paramètrwn to
cartoon (z) eÐnai jolì me akmèc {r�mpec} kai grammèc diataragmènec kai perissìtero oratècsto (j). EpÐshc to proteinìmeno montèlo apodìmhshc diaqwrÐzei to jìrubo sto paramènon(e), en¸ to VO sq ma ton anameignÔei me th sunist¸sa thc uf c.Merik� apl� metrik� pou qrhsimopoi jhkan gia posotikèc sugkrÐseic eÐnai o cartoon-

to-noise shmatojorubikìc lìgoc SNR = |u − ū|2L2/|w|2L2 , kai oi EukleÐdiec nìrmec twnsunistws¸n (kanonikopoihmènec % wc proc thn anafor�) ìpwc faÐnontai endeiktik� stonPÐn. 5.1. Ta rms sf�lmata an�mesa stic sunist¸sec anafor�c kai tic ektim¸menec apì tadÔo sq mata eÐnai perÐpou mhdenik� kai gia tic treic sunist¸sec thc eikìnac.
SNR ||u||L2 ||v||L2 ||f−u −v||L2anafor� 14.96 100 100 100

u + v (VO) 12.96 96.6 100 125.7
u + Kv 17.16 98.1 100 77.5PÐnakac 5.1: Ποσοτική σύγκριση αποδόμησης για τη συνθετική εικόνα 5.10 (α).H leptomèreia apì thn eikìna ‘barb’ pou parousi�zetai sto Sq. 5.11 (a) qarakthrÐzetaiapì prosanatolismènec, uyÐsuqnec talant¸seic uf c, oi opoÐec entopÐzontai kai ent�ssontaisth sunist¸sa uf c apì ìla ta enallaktik� sq mata anakataskeu c. Wstìso, h èktashtwn upoleimm�twn dom c sto v kai uf c sto u diafèroun. H kalÔterh optik� apodìmhshepitugq�netai apì to sq ma thc merik c anakataskeu c, to opoÐo odhgeÐ se èna omalì car-

toon (b) me oxeÐec metab�seic kai kal� entopismènec akmèc kai mia talanteuìmenh, mikr c100 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwnklÐmakac uf  (z). To sq ma me anakataskeu  mèsw kurÐarqwn sunistws¸n diathreÐ k�poiecdomèc meg�lhc fwteinìthtac kai akmèc sto v en¸ to stajmismèno sq ma (d) k�poia orat�stoiqeÐa uf c. Wstìso, kai ta dÔo lamb�nontai qwrÐc thn an�gkh gia euretikèc epilogèc(ìpwc oi klÐmakec uf c) kai sumperifèrontai an¸tera se eikìnec me perissìtero sÔnjethuf  (meÐxeic suqnot twn, èntashc kai prosanatolismoÔ).5.5 Migadik  apodìmhshMia endiafèrousa epèktash eÐnai h migadik  apodìmhsh   apodìmhsh migadik¸n eikìnwn,dhlad  o f = u+v diaqwrismìc me thn arqik  eikìna na eÐnai mia sun�rthsh migadik¸n tim¸n
f : R2 → C. Parìmoiec idèec èqoun emfanisteÐ kai gia exis¸seic di�qushc me migadikoÔcsuntelestèc [107]   apokat�stash kai apodìmhsh dianusmatik¸n eikìnwn [12, 157, 286]. Sepraktikèc peript¸seic an�gkh gia migadik  apodìmhsh mporeÐ na prokÔyei an ta diajèsimadedomèna eÐnai analutik�   embujismèna se migadikì jìrubo. H eidik  perÐptwsh pou pro-kÔptei ed¸ eÐnai lìgw twn migadik¸n apokrÐsewn twn Gabor fÐltrwn pou anadeiknÔoun ticuposunist¸sec tou v. Sugkekrimèna, an tk ∈ C sto �jroisma anakataskeu c thc (5.16),k�je migadik  sunist¸sa mporeÐ na grafeÐ wc

tk ≈ t ∗ gk = Re{tk} + jIm{tk} = tkr + jtki, (5.63)ìpou Re{·} kai Im{·} sumbolÐzoun to pragmatikì kai fantastikì mèroc antÐstoiqa. An
tk ∈ R kai gk = gke + jgko h kroustik  apìkrish tou migadikoÔ Gabor (2.1), tìte h
tkr = tk ∗ gke eÐnai �rtia kai tki = tk ∗ gko h peritt  filtrarismènh sunist¸sa.H montelopoÐhsh, anakataskeu  kai apodìmhsh mporeÐ na pragmatopoihjeÐ qrhsimo-poi¸ntac memonwmèna kai anex�rthta thn �rtia   thn peritt  sunist¸sa. Kanalik� (channel-

wise) sq mata di�qushc me roèc Beltrami qrhsimopoi¸ntac migadik� Gabor wavelets qrh-simopoi jhkan gia beltÐwsh (enhancement) uf c [157]. ElleÐyei praktik¸n epiqeirhm�twnupèr twn sunistws¸n pou ex�gontai apì to �rtio   to perittì tm ma twn summetrik¸n fÐl-trwn, epilègetai gia thn plhrìthta thc je¸rhshc na sumperilhfjeÐ plhroforÐa kai apì tadÔo kan�lia. Epiprìsjeta, èna suzeugmèno sq ma epwfeleÐtai apì ta pleonekt mata twnaniqneut¸n qarakthristik¸n fÐltrwn tetragwnismoÔ f�shc (p.q. anÐqneush kai entopismìcme b�sh th f�sh   thn enèrgeia [219, 220]).Pragmatik� dedomèna f ∈ R kajorÐzoun ek twn protèrwn ìti u, v ∈ R. O periori-smìc autìc katal gei sto aploðkì apotèlesma ìti h fantastik  sunist¸sa, dhlad  h pe-ritt  sunist¸sa tou fÐltrou, de suneisfèrei stic Euler-Lagrange (5.18, 5.19) thc (5.16)gia migadik� tk. To Ðdio isqÔei kai gia apìluta fantastik� dedomèna. 'Estw t¸ra miamigadik  eikìna f ∈ C, h opoÐa jewreÐtai mia dianusmatik  sun�rthsh f ∈ R2 tètoia ¸ste
{f = fr+jfi : f = [fr, fi]}. K�je fÐltro tìte eÐnai to zeug�ri orjogwnismoÔ gk = [gke, gko],en¸ èna montèlo migadikoÔ diaqwrismoÔ ja apaitoÔse f = u+v = [ur, ui]+[vr, vi]. AnaptÔs-setai ed¸ èna sq ma suzeugmènhc apodìmhshc (coupled decomposition) ìpou o diaqwrismìcsto èna kan�li, pragmatikì   fantastikì, ephre�zei th ro  (flux) sto �llo.
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Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn5.5.1 Migadik  nìrma olik c metabol cTo prìblhma elaqistopoÐhshc (5.16) tropopoieÐtai gia dianusmatikèc sunart seic
E(u,v) = Jj(u) + λ||f − u − v||2L2 + µ||v −

K∑

k

tk||2L2 , (5.64)ìpou Jj(u) eÐnai ènac orismìc thc TV nìrmac gia migadikèc sunart seic se dianusmatik anapar�stash kai oi || · ||L2 eÐnai nìrmec se dianÔsmata (vector norms).Orismìc 5.1 Migadik  nìrma olik c metabol c (complex Total-Variation norm, CTV):Gia k�je u = ur+jui : Ω → C orÐzetai h migadik  TV nìrma gia th dianusmatik  sun�rthsh
u = [ur, ui] : Ω → R2, wc h L1 tou dianusmatikoÔ mètrou tou gradient

Jj(u) = Jj(u) ,
∫

Ω

(

‖∇ur‖2 + ‖∇ui‖2
)1/2

. (5.65)H migadik  nìrma eÐnai peristrofik� amet�blhth (rotational invariant), epitrèpei asunèqeieckai akmèc en¸ gia amig¸c pragmatik�   fantastik� dedomèna an�getai sthn apl  TV (5.4).MporeÐ na ermhneujeÐ apì th sÔnjesh genikeumènwn norm¸n Ji(u) , [L1(Ω)◦ l2(i)◦ l2(j)](u)[33], ìpou to i anafèretai sto kan�li kai to j sth qwrik  di�stash.Mia antÐstoiqh nìrma, h dianusmatik  diakrit  TV , orÐsthke gia dianusmatikèc diakritèceikìnec [54] me peperasmènec diaforèc gia ta gradient kai qrhsimopoi jhke gia apokat�stashkai apodìmhsh ègqrwmwn eikìnwn [12,261]. Enallaktik� gia th migadik  nìrma ja mporoÔsena qrhsimopoihjeÐ o orismìc thc qrwmatik c TV (color TV) gia dianusmatikèc eikìnec
Jc(u) =

(
J(ur)

2 + J(ui)
2
)1/2, dhlad  h EukleÐdia nìrma twn TV gia tic memonwmènec suni-st¸sec [33].Se èna plaÐsio Riemannian gewmetrÐac mporeÐ na deiqjeÐ ìti ex�getai apì to Ðqnoc (trace)tou pÐnaka metabol c G thc pr¸thc jemeli¸douc morf c2 (first fundamental form)

du2 =
[

dx dy
]

G




dx

dy



 , G = ∇ur∇uT
r + ∇ui∇uT

i . (5.66)To Ðqnoc tou tetragwnikoÔ pÐnaka G isoÔtai me to �jroisma twn idiotim¸n tou, dhlad 
trace[G] = ‖∇ur‖2 + ‖∇ui‖2 = λ+ + λ−, (5.67)ìpou (λ+, λ−) eÐnai h megalÔterh kai h mikrìterh idiotim  antÐstoiqa [78,261,285]. Epomènwc,

Jj(u) =

∫

Ω

√
λ+ + λ− (5.68)me tic kateujÔnseic twn idiodianusm�twn twn λ+ kai λ−, na eÐnai oi kateujÔnseic megalÔ-terhc kai mikrìterhc allag c tou u. Me orismènh mia tètoia dianusmatik  gewmetrÐa thceikìnac h Jj(u) kanonikopoieÐ to cartoon diathr¸ntac akmèc kai gwnÐec pou entopÐzontai seopoiod pote apì ta dÔo kan�lia.2H pr¸th jemeli¸dhc morf , sth diaforik  gewmetrÐa, eÐnai to eswterikì ginìmeno twn efaptìmenwndianusm�twn sthn epif�neia u(ur, ui) : R→ R2 kai kajorÐzei to arc length twn kampul¸n sthn epif�neia.102 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn5.5.2 Suzeugmènoc diaqwrismìcParathr¸ntac ìti ||f ||2L2 = ||fr||2L2 + ||fi||2L2 , h elaqistopoÐhsh tou (5.64) gÐnetai isodÔ-namh me kanonikopoÐhsh thc eikìnac me xeqwristoÔc periorismoÔc sto pragmatikì kai stomigadikì mèroc thc sun�rthshc
E(u,v) = Jj(ur, ui) + I(fr, ur, vr, tr) + I(fi, ui, vi, ti), (5.69)ìpou I(f, u, v, t) = λ||f −u− v||2L2 +µ||v−∑K

k tk||2L2 . H antÐstoiqh lÔsh prokÔptei apì ticexis¸seic Euler-Lagrange gia tèsseric anex�rthtec metablhtèc (ur, ui, vr, vi). EÐnai an�loghme tic exis¸seic apodìmhshc pragmatik¸n eikìnwn (5.18, 5.19), me èna tropopoihmèno ìrokampulìthtac, thn apìklish monadiaÐou gradient thc dianusmatik c sun�rthshc u

ur = fr−
K∑

k=1

tkr +
µ+λ

2µλ
div

( ∇ur

‖∇u‖

)

, (5.70)
‖∇u‖ =

√

|ux|2 + |uy|2 =
√

|∇ur|2 + |∇ui|2.H pragmatik  sunist¸sa uf c vr prokÔptei jètontac (ur, fr, tkr) sthn antÐstoiqh pragmatik (5.22), en¸ oi exis¸seic gia tic migadikèc sunist¸sec (ui, vi) eÐnai an�logec (antikajist¸ntactouc upodeÐktec r me i). 'Etsi, h lÔsh eÐnai èna sÔsthma tess�rwn exis¸sewn, dÔo ek twnopoÐwn eÐnai mh-grammikèc MDE, suzeugmènwn stouc ìrouc kampulìthtac kai sta ajroÐsmataanakataskeu c. H exÐswsh (5.70) eÐnai mia kanonikopoÐhsh anisotropikoÔ tÔpou, me torujmì di�qushc na kajorÐzetai isìposa apì ta gradient thc pragmatik c kai thc fantastik csunist¸sac.H anakataskeu  twn pragmatik¸n kai fantastik¸n sunistws¸n thc uf c, gia thn aploÔ-sterh perÐptwsh pou t = f , gr�fetai analutik�
∑

k

tkr = Re{
∑

k

f ∗ gk} = fr ∗
∑

k

gke − fi ∗
∑

k

gko,

∑

k

tki = Im{
∑

k

f ∗ gk} = fi ∗
∑

k

gke + fr ∗
∑

k

gko. (5.71)Gia pragmatik� dedomèna tkr = fr ∗ gke, mìno h �rtia-summetrik  apìkrish twn fÐltrwnephre�zei thn apodìmhsh, en¸ h migadik  sunist¸sa tki = fr ∗ gke eÐnai h adi�forh, peritt�-summetrik  apìkrish.Sto Sq. 5.12 migadik� dedomèna dhmiourg jhkan teqnht� me qr sh tou 2-D poludi�sta-tou Hilbert metasqhmatismoÔ [126, 127] thc arqik c eikìnac (a). To apotèlesma eÐnai miaanalutik  eikìna f + jH{f}, gia thn opoÐa to pragmatikì kai to fantastikì mèroc apote-loÔn to di�nusma fo prosanatolismìc tou opoÐou faÐnetai sto (g). Oi migadikèc sunist¸sec
u = [ur, ui] kai v = [vr, vi] anakt¸ntai me dÔo trìpouc: 1) th suzeugmènh, migadik  apodìmh-sh (5.70) (deÔterh seir�) kai 2) ton diaqwrismì se k�je kan�li xeqwrist� qrhsimopoi¸ntactic arqikèc exis¸seic (5.21, 5.22), dhlad  to �rtio Gabor fÐltro me pragmatik� dedomènaeisìdou fr (trÐth seir�) kai to perittì me fantastik� fi. Kai sta dÔo sq mata oi par�-metroi (λ, µ)  tan oi Ðdioi kai qrhsimopoi jhke h anakataskeu  me epilog  twn kurÐarqwn
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Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn
(a) fr = f (b) fi = H{f} (g) arctan(fi/fr)

(d) ur (coupled) (e) vr (coupled) (st) arctan(ui/ur)

(z) ur (h) vr − vr (j) arctan(ui/ur)Sq ma 5.12: Μιγαδική αποδόμηση (Brodatz-D97). (α),(β) Hilbert ζεύγος (f,H{f}) και (γ) προ-
σανατολισμός του αρχικού διανύσματος δεδομένων f = [f,H{f}]. (δ),(ε) πραγματικό cartoon ur

και υφή vr (συν μια προσθετική σταθερά) από το συζευγμένη μιγαδική αποδόμηση, και (στ) προ-
σανατολισμός του διανύσματος u = [ur, ui], (ζ)-(θ) «καναλικό» πραγματικό cartoon ur (με πραγ-
ματική είσοδο και άρτιο Gabor, διαφορά των πραγματικών συνιστωσών υφής vr και προσανατολι-
σμός του διανύσματος. Ο διαχωρισμός πραγματοποιήθηκε με επιλογή κυρίαρχων συνιστωσών και
(λ, µ) = (1, 0.1).sunistws¸n (5.57). Oi prosanatolismoÐ twn kanonikopoihmènwn cartoon dianusm�twn faÐ-nontai stic eikìnec (st) kai (j) antÐstoiqa. To suzeugmèno sq ma dÐnei perissìtero omal�apotelèsmata kai kalÔtero diaqwrismì thc uf c (p.q. oi daktÔlioi sthn uf  tou dèntrou).Wstìso, h sunist¸sa cartoon eÐnai ligìtero oxeÐa me {jolwmènec} perioqèc. Shmei¸netaiepÐshc ìti oi fwteinèc perioqèc sthn eikìna thc diafor�c twn pragmatik¸n sunistws¸n uf cshmatodotoÔn ton periorismì twn epipèdwn fwteinìthtac sto suzeugmèno sen�rio.5.6 SÔnoyhH euelixÐa kai h perigrafikìthta tou polukanalikoÔ montèlou uf c mèsw polusuqnoti-koÔ diaqwrismoÔ qrhsimopoi jhke se èna nèo sq ma apodìmhshc eikìnwn. To nèo u + Kvsq ma eÐnai mia prosp�jeia sthn kateÔjunsh eisagwg c prìterhc plhroforÐac montèlwn u-104 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwn

(a) f (b) u (g) v (d) uVO (e) vVOSq ma 5.13: Αποσύνθεση σε cartoon και υφή με το u + Kv σχήμα με ανακατασκευή στάθμισης
πλατών στα (β),(γ), και το Vese-Osher σχήμα στα (δ),(ε), με παραμέτρους (λ, µ) = (10, 5) ανδ
(λVO, µVO) = (5, 0.1). Η αποδόμηση έγινε σε κάθε χρωματικό κανάλι ξεχωριστά και τα αποτελέ-
σματα παρουσιάζονται ως έγχρωμες εικόνες. Οι εικόνες υφής παρουσιάζονται με την προσθήκη
σταθεράς ίσης με τη μέση τιμή του cartoon (Stanford Memorial Church (high-dynamic-range ima-
ge) [88]).

(a) akmèc{f} (b) akmèc{uw} (g) akmèc{uVO} (d) eikìna (e) akmèc{uw}Sq ma 5.14: Ανίχνευση ακμών από την αρχική εικόνα Σχ. 5.13(α) και τις συνιστώσες cartoon
Σχ. 5.13(β)(δ).

Sq ma 5.15: Αποσύνθεση σε cartoon και υφή για αποκατάσταση εικόνων (η εικόνα αριστερά είναι
τμήμα της τοιχογραφίας ‘Πότνια’ από την ανασκαφή στο Ακρωτήρι Θήρας).f c se montèla thc oikogèneiac u + v. To K tou nèou sq matoc, pou to diaqwrÐzei apìta u + v montèla, sumbolÐzei thn epiplèon apodìmhsh thc sunist¸sac thc uf c se K u-posunist¸sec all� kai thn isodunamÐa tou probl matoc me èna prìblhma ektÐmhshc K + 1sunistws¸n thc eikìnac. To nèo metabolikì sq ma basÐzetai èmmesa sthn anakataskeu thc plhsièsterhc sthn uf  plhroforÐac thc eikìnac me ìrouc kurÐwc thc sqèshc uf c kaiklÐmakac perigraf c. Ston pur na thc brÐsketai h perigraf  twn stenozwnik¸n sunistw-
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Kef�laio 5. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: AposÔnjesh eikìnwns¸n mèsw tou AM-FM montèlou, h anapar�stash mèsw kurÐarqwn diamorf¸sewn all� kaih apodiamìrfwsh touc gia thn exagwg  qwrik¸n metrik¸n èntashc thc uf c ìpwc eÐnai topl�toc diamìrfwshc. To Ðdio plaÐsio od ghse kai se mia perigraf  thc uf c me stoiqei¸-dh qwrik� domik� stoiqeÐa an�loga me tic perigrafèc textonÐwn. Tèloc, anaptÔqjhke miaepèktash tou sq matoc gia migadikèc eikìnec ìpou h montelopoÐhsh gÐnetai me migadikècsunist¸sec kai migadik� fÐltra. To sq ma mporeÐ na efarmosteÐ gia exeidikeumènh epexer-gasÐa twn sunistws¸n ìpwc gia par�deigma beltiwmènh anÐqneush akm¸n apì th sunist¸sa
u pou faÐnetai sto Sq. 5.14, apokat�stash eikìnwn pou faÐnetai sto Sq. 5.15, exagwg qarakthristik¸n kai taxinìmhsh uf c apì to v pou ja parousiastoÔn sto epìmeno kef�-laio. Epekt�seic tou montèlou, ìpwc h migadik  aposÔnjesh sumperilamb�noun to qeirismìsunart sewn dianusmatik¸n tim¸n, ìpwc eÐnai oi ègqrwmec eikìnec (Sq. 5.13).

�
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Kef�laio 6Sunèrgeia diaqwrismoÔ kaimontelopoÐhshc: Taxinìmhshuf cTa diaforetik� epÐpeda org�nwshc twn fusik¸n eikìnwn epib�lloun th diaforetik  epe-xergasÐa kai an�lush twn kathgori¸n optik¸n qarakthristik¸n pou anazhtoÔntai. H uf ja mporoÔse na jewrhjeÐ to qarakthristikì pou paramènei {afair¸ntac} apì thn eikìna ticargèc metabolèc fwteinìthtac, to qr¸ma, ta sq mata kai ta perigr�mmata twn antikeimènwn,th gewmetrÐa thc skhn c   genikìtera tic domèc meg�lhc klÐmakac. To sq ma sunèrgeiacbasÐsthke se me tètoia paradoq  ek twn protèrwn gia thn apodìmhsh, me an�jesh sthnuf  qarakthristik¸n ìpwc mikr  olik  metabol , mhdenik  mèsh tim , talant¸seic meg�lhcsuqnìthtac kai qwrik� diamorfwmèno pl�toc kai f�sh. O diaqwrismìc apì makrodomèc thceikìnac prin apì thn efarmog  tou montèlou, dhlad  thn ektÐmhsh paramètrwn, thn exagwg qarakthristik¸n kai thn an�lush, apoteleÐ èna st�dio proepexergasÐac kai beltÐwshc thcplhroforÐac uf c. H apodotikìthta twn qarakthristik¸n pou ex�gontai apì th diaqwrismè-nh sunist¸sa anadeiknÔetai se efarmogèc taxinìmhshc uf c, ìpou sugkrÐnetai to sf�lmataxinìmhshc kai h diaqwrisimìthta twn t�xewn pou epitugq�noun diaforetik� dianÔsmataqarakthristik¸n.6.1 An�lush thc sunist¸sac uf cH diadikasÐa montelopoÐhshc thc uf c ja mporoÔsame na jewr soume ìti apartÐzetaiapì dÔo diakrit� st�dia: thn epilog  tou kat�llhlou montèlou kai thn epilog  twn dedo-mènwn sta opoÐa ja efarmosteÐ. Sto pr¸to st�dio oi apait seic kai ta krit ria epilog ckajorÐzontai apì th genikìthta tou montèlou, dhlad  th dunatìthta tou na ermhneÔei ticdiaforetikèc antilhptikèc t�xeic uf c (domhmènec, stoqastikèc, periodikèc, sunjetikèc, fu-sikèc) kai th diakritik  ikanìthta tou, dhlad  thn euaisjhsÐa tou sta loip� qarakthristik�thc eikìnac. To deÔtero perilamb�nei pijanoÔc metasqhmatismoÔc kai proepexergasÐa thc107



Kef�laio 6. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: Taxinìmhsh uf carqik c eikìnac ètsi ¸ste na prosarmosteÐ stouc mhqanismoÔc an�lushc kai sto taÐriasmatou montèlou.To polusuqnotikì, stenozwnikì montèlo antapokrÐnetai se pollèc diaforetikèc oiko-gèneiec eikìnwn uf c (periodikèc, prosanatolismènec, domhmènec, stoqastikèc ufèc apokrÐ-nontai se èna   perissìtera kan�lia thc sustoiqÐac). H prosarmog  tou montèlou eÐnaiperissìtero dikaiologhmènh kai eÔrwsth ìtan gÐnetai sth sunist¸sa uf c v pou proèrqetaiapì to sq ma apodìmhshc. H talanteuìmenh sunist¸sa diathreÐ ta ousi¸dh qarakthristik�thc uf c ìpwc h klÐmaka, o prosanatolismìc, o rujmìc tal�ntwshc kai oi topik� anaduìme-nec suqnìthtec kai eÐnai apallagmènh apì prosjetikì uyiperatì jìrubo kai meg�lec domècthc eikìnac, diaforèc sta epÐpeda fwteinìthtac, apìtomec metab�seic kai talant¸seic me-g�lhc periìdou. Aut  h proepexergasÐa leitourgeÐ wc mhqanismìc epilog c thc uf c kaikatapÐeshc twn adi�forwn   asusqètistwn me thn uf  qarakthristik¸n, ìpwc eÐnai oi akmèckai trofodoteÐ to montèlo me talanteuìmenec sunart seic, mhdenik c mèshc tim c kai qamh-loÔ all� metaballìmenou pl�touc. K�ti tètoio eÐnai emfanèc kai sto Sq. 5.6 ìpou faÐnetaih apìkrish enìc grammikoÔ fÐltrou sthn arqik  eikìna kai stic sunist¸sec thc.'Ena par�deigma praktik c efarmog c thc je¸rhshc gia montelopoÐhsh met� thn apo-dìmhsh mporeÐ na brejeÐ sthn anÐqneush uf c me th bo jeia mh-grammik¸n telest¸n. HÔparxh kai ta qarakthristik� thc uf c aniqneÔontai me thn efarmog  kat�llhlwn telest¸nstic exìdouc twn fÐltrwn [110,136,168,268]. 'Enac tètoioc telest c prèpei na dÐnei apìkrishse perioqèc uf c kai na mhn apokrÐnetai se qarakthristik� pou sqetÐzontai me ta antikeÐmenakai th gewmetrÐa thc skhn c ìpwc perigr�mmata   akmèc [110, 186].6.1.1 DianÔsmata qarakthristik¸nGia na anadeiqjeÐ h axÐa kai ta apotelèsmata thc apodìmhshc sth montelopoÐhsh je-wroÔme pènte diaforetik� dianÔsmata qarakthristik¸n gia an�lush uf c. H akrÐbeia toumontèlou kajorÐzetai apì thn apotelesmatikìthta twn qarakthristik¸n me ìrouc taxinìmh-shc kai di�krishc uf c. Ta dianÔsmata basÐzontai sto polukanalikì montèlo stenozwnik¸nsunistws¸n kai ex�gontai sthn èxodo miac sustoiqÐac Gabor. H perigraf  thc uf c an�ge-tai sto q¸ro twn K apokrÐsewn twn fÐltrwn, ìpou se k�je shmeÐo thc eikìnac apodÐdetaièna sÔnolo tim¸n, apotèlesma grammikoÔ filtrarÐsmatoc kai mh-grammik¸n telest¸n   me-tasqhmatism¸n epilog c qarakthristik¸n.H exagwg  qarakthristik¸n gÐnetai tìso apì thn arqik  eikìna f ìso kai apì th suni-st¸sa uf c v met� thn apodìmhsh me to f = u+ Kv montèlo (ta dianÔsmata sumbolÐzontaime ~I{}) kai ~V{} antÐstoiqa):a) DCA (4 × 1) [92, 164]: di�nusma twn kurÐarqwn qarakthristik¸n diamìrfwshc (3.14),enisqumèno apì tic timèc fwteinìthtac (apì thn arqik  f   thn kanonikopoihmènh car-

toon eikìna u)
~VD(x, y) = [ad(v), ~ωd(v), u](x, y), (6.1.1a)
~ID(x, y) = [ad(f), ~ωd(f), f ](x, y). (6.1.1b)108 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 6. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: Taxinìmhsh uf cb) Gabor (K × 1) [3, 36, 110, 219, 220, 250, 265, 290]: enèrgeia orjogwnismoÔ twn K apo-krÐsewn twn migadik¸n fÐltrwn (2.1)
~VG(x, y) = [{(gke ∗ v)2 + (gko ∗ v)2}k=1:K ](x, y), (6.1.1a)
~IG(x, y) = [{(gke ∗ f)2 + (gko ∗ f)2}k=1:K ](x, y). (6.1.1b)g) Teager (K × 1) [269]: migadik  Teager enèrgeia (2.10), dhlad  h efarmog  tou miga-dikoÔ, mh-grammikoÔ telest  stic exìdouc twn fÐltrwn

~VT(x, y) = [{C(gk ∗ v)}k=1:K ](x, y), (6.1.1a)
~IT(x, y) = [{C(gk ∗ f)}k=1:K](x, y). (6.1.1b)d) pooled ((K+4) × 1): koinì di�nusma apì to sunduasmì twn DCA kai Gabor qarakth-ristik¸n

~VP(x, y) = [~VG, ~GD](x, y), (6.1.1a)
~IP(x, y) = [~IG, ~ID](x, y). (6.1.1b)e) pooled/PCA(M×1, M <K+4): grammik  exagwg  qarakthristik¸n apì sunduasmènodi�nusma mèsw PCA   epèktash Karhunen-Loéve (probol  se èna grammikì upoq¸romèsw krithrÐwn elaqÐstwn tetrag¸nwn) [84, 137] kai epilog  twn sunistws¸n me ticmegalÔterec idiotimèc pou suneisfèroun perissìtero sth sunolik  metablhtìthta.Ta dianÔsmata {pl rwn sunistws¸n} Gabor kai Teager eÐnai K-di�statec polukana-likèc energeiakèc metr seic apì mh-grammikoÔc telestèc sto sÔnolo twn stenozwnik¸n su-nistws¸n. Oi uposunist¸sec uf c apì to st�dio apodìmhshc mporoÔn na qrhsimopoihjoÔngia epilog  qarakthristik¸n kai meÐwsh thc di�stashc, dhlad  exagwg  apì èna uposÔnolo  grammikì sunduasmì twn sunistws¸n. To di�nusma kurÐarqwn qarakthristik¸n sunist�mia {pukn }, qamhl c di�stashc (4×1), suneq  perigraf  thc uf c [92,125,165]. ApoteleÐ-tai apì tic paramètrouc diamìrfwshc thc kurÐarqhc sunist¸sac, oi opoÐec lamb�nontai mèsw

DCA sto v   wc upoproðìn thc diadikasÐac apodìmhshc mèsw (5.28) vd = λ
µ(f − u− v) + d,me d thn kurÐarqh sunist¸sa thc eikìnac (3.13)   diaforetik� thn pr¸th sunist¸sa stoierarqik� diatetagmèno �jroisma (5.57).H an�lush mèsw kurÐarqwn sunistws¸n kai h anakataskeu  uf c mporeÐ na tejeÐ seèna austhrì majhmatikì plaÐsio, jewr¸ntac mia stajmismènh upèrjesh twn diatetagmènwnkurÐarqwn sunistws¸n dk. Ta b�rh eÐnai diakrit� deÐgmata apì mia oikogèneia sigmoeid¸nsunart sewn (sigmoid functions)

w(k) = 1/ (1 + exp{c(k−D)}) , k = 1 · · ·K, (6.1)ìpou k o deÐkthc thc sunist¸sac, to kèntro D thc sigmoeidoÔc dhl¸nei ton arijmì twnshmantik¸n sunistws¸n qamhlìterhc t�xhc kai c ≥ 0 eÐnai mia stajer� pou kajorÐzei thnklÐsh sth sunist¸sa k = D. H anakataskeu  uf c mporeÐ na grafteÐ sth genik  morf 
K∑

k

vk ,
K∑

k

w(k; c,D)dk . (6.2)
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Kef�laio 6. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: Taxinìmhsh uf cAf nontac to c ≥ 0 na metablhjeÐ dhmiourgeÐtai mia suneq c gèfura an�mesa an�mesa sthmh-orjogwnik , atel  anakataskeu  Gabor thc eikìnac ∑K
k fk gia c = 0 kai sto �jroisma

DCA qamhlìterhc t�xhc∑D
k dk gia c = +∞. Epiplèon, h epilog  thc pr¸thc mìno sunist¸-sac jètontac D = 2 isodunameÐ me thn an�lush mèsw DCA kai omoÐwc me thn anakataskeu me st�jmish plat¸n (5.43).6.2 Di�krish kai omoiìthta t�xewnO sqhmatismìc twn t�xewn uf c me ta en lìgw dianÔsmata qarakthristik¸n axiologeÐtaigia jèmata ìpwc h an�kthsh eikìnwn me b�sh thn uf  [23,80,81,195,267] kai h kathgoriopoÐ-hsh qrhsimopoi¸ntac dÔo kat�llhla posotik� krit ria, th sqetik  entropÐa kai to krit rio

Fisher. Kai gia ta dÔo jewroÔme sugkrÐseic t�xewn uf c (texture classes) an� zeÔgh, meèna   perissìtera stigmiìtupa thc t�xhc (class instance) diajèsima.'Ena pijanotikì mètro omoiìthtac eÐnai h sqetik  entropÐa (relative entropy) [80,81,84]an�mesa se dÔo sunart seic puknìthtac - pijanìthtac, pou ekfr�zetai apì thn apìstash
Kullback-Leibler

KLDi,j(θi, θj) =

∫ +∞

−∞
p(x; θi) log

p(x; θi)

p(x; θj)
dx, (6.3)ìpou oi dÔo puknìthtec eÐnai Ðdiec, me diaforetik� dianÔsmata paramètrwn θ. Oi par�metroiekfr�zontai me ektim seic mègisthc pijanof�neiac (Maximum Likelihood estimates) kai h e-laqistopoÐhsh tou (6.3) megistopoieÐ thn logarijmik  pijanof�neia (log-likelihood) p(x; θj).'Etsi, ìso mikrìterh eÐnai h KL apìstash, tìso poio ìmoia eÐnai ta statistik� twn dÔo t�-xewn (KLDi,j(θi, θj) = 0 ⇐⇒ θi = θj). Shmei¸netai ed¸ ìti KLDi,j 6= KLDj,i, dhlad to metrikì KLD posotikopoieÐ thn omoiìthta, dedomènhc thc mÐac ek twn dÔo t�xewn. Oikatanomèc jewroÔntai polumetablhtèc Gaussian Nd ∼ (µ,Σ) ston d - di�stato q¸ro qara-kthristik¸n, me mèso di�nusma (mean vector) µ kai pÐnaka summetablhtìthtac (covariance

matrix) Σ.To krit rio Fisher eÐnai èna metrikì pou basÐzetai sth diakritik  an�lush (discriminant

analysis) kai posotikopoieÐ gia dÔo t�xeic Ci kai Cj to pìso sumpageÐc eÐnai oi t�xeic (com-

pactness) kai thn apìstash an�mesa touc (inter-cluster distance), apì th grammik  probol twn d - di�statwn dedomènwn x se mia gramm  w:
FC(µi, µj) =

wTSBw

wTSWw
, w = S−1

w (µi − µj). (6.4)Oi pÐnakec SW ,SB eÐnai oi esw- kai dia- taxikoÐ pÐnakec diaspor�c (intra, inter-class scatter

matrices) antÐstoiqa [84], dhlad  o pÐnakac diaspor�c eswterik� thc t�xhc
SW =

∑

x∈Ci

(x− µi)(x − µi)
T +

∑

x∈Cj

(x− µj)(x − µj)
T , (6.5)an�logoc ston pÐnaka summetablhtìthtac twn sunduasmènwn d - di�statwn dedomènwn, kai opÐnakac diaspor�c an�mesa stic t�xeic

SB = (µi − µj)(µi − µj)
T . (6.6)110 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 6. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: Taxinìmhsh uf c
(1) ‘Bark’ (2) ‘Brick’ (3) ‘Buildings’ (4) ‘Clouds’ (5) ‘Fabric’ (6) ‘Flowers’

(7) ‘Food’ (8) ‘Grass’ (9) ‘Leaves’ (10) ‘Metal’ (11) ‘Misc’ (12) ‘Paintings’

(13) ‘Sand’ (14) ‘Stone’ (15) ‘Terrain’ (16) ‘Tile’ (17) ‘Water’ (19) ‘Wood’Sq ma 6.1: Στιγμιότυπα από τις τάξεις της υφής της βάσης VisTex [216]. Οι εικόνες είναι αντιπρο-
σωπευτικά δείγματα από τα στιγμιότυπα 128× 128 των τάξεων που έχουν σχηματιστεί εμπειρικά,
ανάλογα με τη φυσική επιφάνεια ή σκηνή που αποτυπώνουν.To krit rio basÐzetai sthn apìstash twn mèswn twn dedomènwn met� thn probol  toucse mia gramm  w se sqèsh me to �jroisma apì tic metablhtìthtec touc kai h megistopoÐhshtou dÐnei to bèltisto grammikì diaqwrist  gia tic dÔo t�xeic. 'Etsi, megalÔterec timècdhl¸noun kalÔterh diaqwrisimìthta twn dedomènwn x pou an koun sth mÐa t�xh apì aut� pouan koun sthn �llh. Epiplèon, to krit rio   mia parallag  tou, h inter-to-intra apìstashtwn t�xewn SB/SW , mporeÐ na efarmosteÐ gia apotÐmhsh twn epimèrouc qarakthristik¸n
(feature evaluation) enìc dianÔsmatoc [42, 110].6.2.1 Dokimèc epidìsewn sth b�sh VisTexTa dianÔsmata qarakthristik¸n exet�sjhkan wc proc th diaqwrisimìthta kai thn omoiì-thta pou apodÐdoun se diaforetikèc t�xeic uf c, me th bo jeia dokim¸n epidìsewn (bench-

mark evaluation) stic eikìnec anafor�c thc b�shc VisTex [216]. Prìkeitai gia èna sÔnolo
N = 167 eikìnwn diast�sewn 128× 128, pou èqoun taxinomhjeÐ qondrik�, me anjr¸pinh epÐ-bleyh se 19 t�xhc ulik¸n/skhn¸n (ìpwc p.q. xÔlo, �mmoc, mètallo) stigmiìtupa twn opoÐwnfaÐnontai sto Sq. 6.1. H apotÐmhsh thc epÐdoshc ègine me mètrhsh twn dÔo apost�sewn stadiaforetik� dianÔsmata qarakthristik¸n pou ex�gontai tìso apì thn arqik  eikìna f ìsokai apì thn ektim¸menh sunist¸sa uf c v met� apì apodìmhsh me to u + Kv sq ma.H apodìmhsh pragmatopoi jhke sto sÔnolo twn eikìnwn thc b�shc qrhsimopoi¸ntacanakataskeu  apì to �jroisma kurÐarqwn sunistws¸n (5.57), me autìmath epilog  tou arij-moÔ twn sunistws¸n mèsw thc metablhtìthtac touc (En. 5.4.1.3). H sustoiqÐa twn fÐltrwn
Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή 111



Kef�laio 6. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: Taxinìmhsh uf c
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Sq ma 6.2: Κατανομές του κριτηρίου Fisher στη βάση VisTex(167 εικόνες, 19 διαμορφωμένες κα-
τηγορίες υφής). Κάθε εικόνα θεωρήθηκε στιγμιότυπο από ξεχωριστή τάξη και όλα τα ζευγάρια
εκτιμήθηκαν ως προς τη διαχωρισιμότητα τους χρησιμοπιώντας τα πέντε διανύσματα χαρακτηριστι-
κών. Οι χαμηλές τιμές οφείλονται στην πόλωση των εκτιμήσεων ως προς τον τρόπο που ορίζονται
οι τάξεις. Οι συμπαγείς γραμμές αντιστοιχούν σε χαρακτηριστικά από την αρχική εικόνα f = u+v
και οι διακεκομμένες σε εξαγωγή από τη συνιστώσα v.(En. 2.2.3) sugkrot jhke apì 40 kan�lia, se pènte klÐmakec kai okt¸ prosanatolismoÔc kaioi par�metroi tou metabolikoÔ sq matoc diathr jhkan stajerèc (λ, µ) = (0.1, 0.01) (ètsi¸ste na epiblhjeÐ k�poia èxtra omalìthta sta cartoon ). H epilog  twn paramètrwn paÐzeishmantikì rìlo sta apotelèsmata kai thn omoiìthta   th diaqwrisimìthta twn qarakthri-stik¸n afoÔ elègqei to posì thc plhroforÐac pou {parablèpetai} apì thn uf .Arqik�, k�je eikìna jewr jhke stigmiìtupo apì mia diaforetik  t�xh kai ìla ta pijan�
N ! zeug�ria dokim�sthkan. Sto Sq. 6.2 ta diagr�mmata antistoiqoÔn stic katanomèc twntim¸n tou krithrÐou Fisher gia ta dianÔsmata qarakthristik¸n ~I{} kai ~V{} pou ex�gontai apìta f kai v antÐstoiqa. Oi katanomèc sugkritik� me touc dÔo diaforetikoÔc trìpouc exagwg ceÐnai parìmoiec, me mikrèc diaforèc stic mèsec timèc kai tupikèc apokleÐseic mikrìterec giato v ektìc apì to DCA di�nusma. Apì th skopi� twn dianusm�twn, ta DCA qarakthristik�lamb�noun tic qamhlìterec timèc, wstìso oi katanomèc eÐnai perissìtero sumpageÐc, pr�gmapou dhl¸nei sunèpeia kai eurwstÐa se sqèsh me ton tuqaÐo sqhmatismì twn t�xewn. Exet�-zontac touc trìpouc exagwg c, oi metr seic me to pooled/PCA di�nusma metatopÐzontai semegalÔterec timèc ìtan efarmìzetai sto v. Shmei¸netai wstìso ìti oi ektim seic ed¸ eÐnaipolwmènec (biased), lìgw tou ìti poll� apì ta stigmiìtupa-t�xeic eÐnai polÔ parìmoia (p.q.stigmiìtupa thc Ðdiac antilhptik c   fusik c t�xhc   tm mata apì thn Ðdia eikìna pou èqounuposteÐ klim�kwsh   peristrof ).To sÔnolo twn dedomènwn dokim¸n belti¸jhke kajorÐzontac {qeirokÐnhta} tic t�xeic u-f c apì ta pio antiproswpeutik� kai parìmoia antilhptik� stigmiìtupa twn t�xewn anafor�c,p.q. exair¸ntac me optik  epÐbleyh stigmiìtupa-monadikìthtec (singularities) twn t�xewn.Oi metr seic twn apost�sewn epanal fjhkan gia tic 19 t�xeic thc b�shc, ìpou deÐgmataex�qjhkan apì ìla ta epilegmèna stigmiìtupa thc k�je t�xhc. Sto Sq. 6.3 parousi�zontaidiagr�mmata diaspor�c (scatter plots) twn apost�sewn sto (v, f) q¸ro tim¸n, sta opoÐa112 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή
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Pooled/PCA(b) OmoiìthtaSq ma 6.3: Διαχωρισιμότητα και ομοιότητα διαφορετικών τάξεων υφής από τρία διανύσματα

χαρακτηριστικών (Gabor, DCA, Pooled/PCA) στη βάση VisTex (19 κατηγορίες, υποσύνολα των
στιγμιότυπων τους επιλέχθηκαν με επίβλεψη για την κάθε τάξη). Οι τιμές των αποστάσεων Fisher
και KL απεικονίζονται ως scatter διαγράμματα στον (v, f) χώρο. Κάθε σημείο αποτυπώνει τις τιμές
για ένα ζεύγος στιγμιότυπων από διαφορετικές τάξεις, με εξαγωγή χαρακτηριστικών από το τη
συνιστώσα v και την αρχική f . (α) κριτήριο Fisher (σημεία κάτω από τη διαγώνιο παρουσιάζουν
βελτιωμένη διαχωρισιμότητα στις μετρήσεις από την v), (β) σχετική εντροπία (σημεία πάνω από τη
διαγώνιο αντιστοιχούν σε περισσότερο πλησιέστερες τάξεις για τις μετρήσεις με την f). Σχετικές
μεταβολές των τιμών των αποστάσεων για τις 19 τάξεις, στιγμιότυπα των οποίων φαίνονται στο
Σχ. 6.1, δίνονται στους Πίνακες 6.1, 6.2.

k�je shmeÐo apotup¸nei gia èna zeug�ri stigmiìtupwn apì diaforetikèc t�xeic thn tim  giato v se sqèsh me thn tim  gia to f . H diag¸nia eujeÐa eÐnai h gramm -sÔnoro pou dhl¸neiÐdia apìdosh kai gia ta dÔo.Oi metr seic ermhneÔontai {antÐstrofa} gia ta dÔo diagr�mmata. H diaqwrisimìthta kaih diaforetikìthta eÐnai shmainìmenec apì meg�lec timèc tou krithrÐou Fisher kai mikrèc timècthc entropÐac. Sto di�gramma (a) o mikrìteroc arijmìc twn Gabor kai PCA shmeÐwn k�twapì th diag¸nio metafr�zetai se beltiwmènh diaqwrisimìthta, dhlad  mikrìterh tim  toukrithrÐou gia perissìtera zeug�ria t�xewn qrhsimopoi¸ntac th sunist¸sa uf c mìno. AntÐ-jeta sto (b), to di�nusma DCA èqei perissìtera shmeÐa p�nw apì th diag¸nio, pr�gma poushmaÐnei mikrìterh sqetik  entropÐa kai epomènwc ligìtero {kontinèc} wc proc tic katanomèctouc t�xeic sto v. Ston PÐn. 6.1 parousi�zetai h sqetik  % allag  an� kathgorÐa   t�xhuf c twn tim¸n tou krithrÐou Fisher qrhsimopoi¸ntac qarakthristik� apì thn v sunist¸sase sqèsh me thn exagwg  touc apì thn eikìna f . Ta posost� eÐnai mèsec timèc gia ìlec ticdokimèc pou perilamb�noun mia sugkekrimènh t�xh. Oi meg�lec sqetikèc allagèc pou epifè-rei to pooled/PCA kai sta dÔo krit ria ofeÐlontai afenìc sto {�plwma} thc katanom c sesqèsh me ta �lla dianÔsmata kai afetèrou sthn emfan  metatìpish thc proc megalÔterectimèc ìtan ektim�tai apì to v (Sq. 6.2).
Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή 113



Kef�laio 6. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: Taxinìmhsh uf cT�xh Fisher krit rio (sqetikì %)(ar. deigm�twn) DCA Gabor Teager pooled* PCA†
‘Bark’ (5) -30.0 -3.4 -0.97 -19.0 83
‘Brick’ (5) -15.0 4.9 1.6 -5.8 150

‘Buildings’(2) 9.0 46.0 29.0 24.0 810
‘Clouds’ (2) -4.6 -2.7 -4.6 -7.4 350
‘Fabric’ (2) -19.0 3.8 5.4 -9.5 280

‘Flowers’ (3) -27.0 6.7 -6.8 -12.0 100
Food’ (3) 7.9 -3.9 1.6 -8.8 210

‘Grass’ (2) -41.0 -5.2 -13.0 -28.0 9
‘Leaves’ (2) 3.2 - 21.0 - 18.0 -18.0 90
‘Metal’ (4) -32.0 1.7 - 4.9 -9.0 260
‘Misc’ (2) -2.5 1.1 3.7 -3.8 37

‘Paintings’(3) -35.0 15.0 15.0 17.0 240
’Sand’ (5) -7.2 13.0 19.0 13.0 51
‘Stone’ (3) -10.0 -6.7 -2.3 -6.9 100

‘Terrain’ (4) -1.9 1.5 2.8 -2.9 160
‘Tile’ (3) -16.0 23.0 9.3 2.8 230

‘Water’ (5) 5.2 8.0 3.9 9.0 190
‘Waldo’ (2) 7.0 -7.2 -11.0 -7.1 140
‘Wood’ (1) 140.0 -12.0 -11.0 18.0 -11Mèsh tim  -3.9 3.3 1.0 -2.9 180PÐnakac 6.1: Μέση σχετική αλλαγή (%) του κριτηρίου Fisher με εξαγωγή χαρακτηριστικών από

τη συνιστώσα υφής v σε σχέση με τα χαρακτηριστικά από την αρχική εικόνα f .6.3 Taxinìmhsh uf cH apodìmhsh miac eikìnac me skopì to diaqwrismì sunistws¸n katal gei se plhroforÐadÔo kanali¸n gia thn eikìna, k�nontac ètsi dunat  thn exeidikeumènh kai prosanatolismènhsto perieqìmeno diaqeÐrish kai an�lush [9, 29, 92, 186, 268]. H dom  u, gia par�deigma,mporeÐ na qrhsimopoihjeÐ gia thn anÐqneush twn idiot twn antikeimènwn meg�lhc klÐmakackai thn genik  an�lush skhn¸n en¸ h v gia thn omadopoÐhsh twn qarakthristik¸n kai twnstatistik¸n thc uf c. H sunist¸sa v thc eikìnac eÐnai beltiwmènh kai apallagmènh apì ticasunèqeiec antikeimènwn, tic argèc metab�seic thc èntashc, tic metabolèc thc skÐashc kaithc fwteinìthtac kai katallhlìterh gia peraitèrw epexergasÐa thc uf c.H sunèrgeia pou anaptÔqjhke perilamb�nei saf , basismènh sto montèlo anakataskeu thc uf c kat� th di�rkeia tou stadÐou apodìmhshc kai diaqwrismì thc uf c apì th dom prin apì th montelopoÐhsh kai thn an�lush thc. H deÔterh, {antÐstrofh} kateÔjunshepideiknÔetai se mia efarmog  taxinìmhshc uf c sthn opoÐa to sunolikì l�joc mei¸netaiex�gontac ta dianÔsmata twn qarakthristik¸n apì to v.6.3.1 Peir�mata taxinìmhshc eikìnec (Brodatz)Ta qarakthristik� pou apotim jhkan wc proc thn ikanìthta touc gia di�krish kai taÐ-riasma eikìnwn uf c èqoun koinì paronomast  to st�dio tou grammikoÔ filtrarÐsmatoc se114 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 6. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: Taxinìmhsh uf cT�xh KL-distance (sqetikì %)(ar. deigm�twn) DCA Gabor Teager pooled* PCA†
‘Bark’ (5) - 10.0 5.7 5.0 22.0 50.0
‘Brick’ (5) - 4.8 17.0 30.0 6.9 31.0

‘Buildings’(2) - 16.0 640.0 - 130.0 34.0 - 2.6
‘Clouds’ (2) - 49.0 - 310.0 - 200.0 - 29.0 - 6.0
‘Fabric’ (2) 4.7 63.0 - 20.0 47.0 5.3

‘Flowers’ (3) - 12.0 37.0 20.0 11.0 28.0
Food’ (3) - 10.0 - 19.0 - 17.0 43.0 21.0

‘Grass’ (2) - 4.0 - 150.0 47.0 26.0 57.0
‘Leaves’ (2) - 19.0 3.3 - 18.0 3.9 24.0
‘Metal’ (4) - 8.0 - 90.0 10.0 - 0.46 17.0
‘Misc’ (2) - 6.3 35.0 16.0 - 62.0 55.0

‘Paintings’(3) - 29.0 86.0 51.0 44.0 53.0
’Sand’ (5) - 8.3 69.0 4.5 - 100.0 8.6
‘Stone’ (3) - 10.0 560.0 11.0 7.4 51.0

‘Terrain’ (4) - 2.1 - 24.0 29.0 7.5 67.0
‘Tile’ (3) - 1.0 11.0 17.0 - 26.0 - 23.0

‘Water’ (5) - 19.0 68.0 - 2.4 42.0 84.0
‘Waldo’ (2) - 3.4 13.0 15.0 8.9 0.87
‘Wood’ (1) - 4.1 - 17.0 - 1.4 - 2.0 16.0Mèsh tim  - 11.0 52.0 - 7.2 4.3 28.0PÐnakac 6.2: Μέση σχετική αλλαγή (%) της σχετικής εντροπίας (KL-distance) με εξαγωγή χα-

ρακτηριστικών από τη συνιστώσα υφής v σε σχέση με τα χαρακτηριστικά από την αρχική εικόνα
f .pollaplèc z¸nec suqnot twn. Mia analutik  episkìphsh polukanalik¸n qarakthristik¸ngia jèmata taxinìmhshc uf c mporeÐ na brejeÐ sto [250].JewroÔme thn taxinìmhsh fwtografik¸n eikìnwn uf c epifanei¸n kai ulik¸n (p.q. tosÔnolo Brodatz [40]). Prìkeitai gia eikìnec qwrÐc antikeÐmena pou ja mporoÔsan, toul�-qiston optik�, na jewrhjoÔn amig¸c eikìnec uf c. Wstìso, h efarmog  enìc algorÐjmouaplopoÐhshc   apodìmhshc odhgeÐ se dÔo sunist¸sec: a) mia tmhmatik� omal  pou perigr�-fei ta prìtupa uf c meg�lhc klÐmakac, roèc uf c kai antÐjesh sthn eikìna. Aut  eÐnai hplhroforÐa dom c thc uf c (structure inside texture), se mia eidik  perÐptwsh h bajuperat sunist¸sa thc eikìnac. b) èna amig¸c mikr c - klÐmakac s ma metabol c pou perigr�fei tictalant¸seic mhdenikoÔ mèsou thc uf c. To paramènon thc u + v apodìmhshc, ìpwc sthgenik  perÐptwsh, montelopoieÐ to jìrubo.Oi tèsseric eikìnec zeugari¸n uf c Brodatz sto Sq. 6.4 megèjouc (128 × 256 pixel)qrhsimopoi jhkan gia dokimèc taxinìmhshc sto [250] mazÐ me {mwsaðk�} apì 5, 10 kai 16eÐdh uf c. 'Ena par�deigma aposÔnjeshc gia taxinìmhsh se dÔo kathgorÐec faÐnetai stoSq. 6.4 (a) (d). Autèc oi eikìnec apotèlesan ta dedomèna eisìdou sta peir�mata taxinìmhshc,sta opoÐa qrhsimopoi jhkan taxinomhtèc me epÐbleyh kai ekpaÐdeush (supervised trained

classifiers) kai omadopoÐhsh qwrÐc epÐbleyh (unsupervised clustering).
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Kef�laio 6. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: Taxinìmhsh uf c6.3.1.1 Mèjodoi taxinìmhshcStic dokimèc qwrÐc epÐbleyh ta deÐgmata ekpaÐdeushc (train samples)lamb�nontai apìdiaforetikèc perioqèc thc eikìnac apì ta deÐgmata dokim¸n (test samples), ta opoÐa parou-si�zontai sto Sq. 6.4. 'Exi parametrikoÐ kai mh-parametrikoÐ taxinomhtèc qrhsimopoi jh-kan [84, 137]: Bayes/Maximum Likelihood grammikìc (Bayes NL) kai orjogwnikìc (Bayes

NQ), kontinìterou mèsou (nearest mean, NM), 1-kontinìterou geÐtona (1-nearest neighbor,

1-NN), grammikoÔ diaqwrist  Fisher (linear discriminant, FLC), meÐgma apì (2) Gaussian

(mixture of Gaussians, MoG) kai taxinomht c me b�sh ta dianÔsmata upost rixhc (support

vector classifier, SVC). Gia mh-epiblepìmenh taxinìmhsh, epilèqjhke omadopoÐhsh mèsw toualgorÐjmou k-means me gnwstì ek twn protèrwn ton arijmì twn om�dwn-t�xewn. H ulopoÐ-hsh twn algorÐjmwn kai oi dokimèc èginan me qr sh tou pakètou logismikoÔ prtools [85].6.3.1.2 ApotÐmhsh qarakthristik¸nArqik�, ta pènte dianÔsmata qarakthristik¸n (En. 6.1.1) apotim jhkan wc proc thnapodotikìthta touc gia taxinìmhsh qrhsimopoi¸ntac thn inter-to-intra apìstash SB/SW(6.5, 6.6), me tic timèc pou anafèrontai ston PÐnaka 6.3. Meg�lec apost�seic upodhl¸nounperissìtero apodotik� qarakthristik�, anex�rthta apì thn epilog  tou taxinomht , wstìsoh mètrhsh den sqetÐzetai aparaÐthta kai me thn pragmatik  apìdosh taxinìmhshc. SugkrÐ-nontac tic timèc k�jeta se k�je st lh paÐrnoume mia èndeixh thc duskolÐac twn eikìnwn giataxinìmhsh me ta sugkekrimèna qarakthristik� (dhlad  h D5D92 eÐnai h pio sÔnjeth apìta zeug�ria kai oi Nat-5v, Nat-5v2 apì tic pent�dec). ParathroÔme ìti tètoiec endeÐxeicsumfwnoÔne kai me thn duskolÐa antilhptik c, optik c kat�tmhshc tètoiwn eikìnwn.Sqetik� me ta memonwmèna dianÔsmata qarakthristik¸n, h epÐdosh aux�netai me thn aÔ-xhsh thc di�stashc (to 43-di�stato koinì (pooled) di�nusma faÐnetai kalÔtero twn Gabor,

PCA, kai DCA dianusm�twn diast�sewn antistoÐqwc 40, 9 kai 4). To endiafèron eÐnai h aÔ-xhsh stic timèc twn apost�sewn qrhsimopoi¸ntac th ektim¸menh sunist¸sa uf c v. Se ìlata zeug�ria plhn enìc, h sqetik  metabol  eÐnai shmantik  ft�nontac se pollèc peript¸seicperissìtero apì 100% aÔxhsh (shmei¸ste ta dianÔsmata Gabor kai Teager sth {dÔskolh}perÐptwsh D5D92   tic sÔnjetec peript¸seic Nat-5v* stic pent�dec). Gia to di�nusma DCAto perissìtero shmantikì memonwmèno qarakthristikì eÐnai me sunèpeia to mègejoc thc stig-miaÐac suqnìthtac kai to ligìtero shmantikì h topik  tim  thc fwteinìthtac pou ex�getaiapì thn arqik  eikìna   to cartoon (gia ta qarakthristik� apodìmhshc ~V ).6.3.1.3 Dokimèc taxinìmhshcOi dokimèc taxinìmhshc pragmatopoi jhkan stic eikìnec anafor�c me qr sh twn qara-kthristik¸n pou ex�gontai apì thn arqik  eikìna kai th sunist¸sa uf c, ta opoÐa apì ed¸kai sto ex c ja kaloÔntai {qarakthristik� sto f} kai {qarakthristik� sto v} antÐstoiqa.H epÐdosh posotikopoi jhke gia ìlec tic mejìdouc me to mèso sf�lma taxinìmhshc (clas-

sification error) sto sen�rio me episkìphsh [137]. Gia to sf�lma omadopoÐhshc (clustering116 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 6. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: Taxinìmhsh uf c
Inter-Intra Cluster Apost�seicEikìnec * DCA Gabor Teager pooled PCA

f v f v f v f v f v

D12D17 8.68 9.35 15.3 46.0 15.6 45.2 25.3 49.3 14.9 26.1
D4D84 1.60 6.05 10.5 46.4 10.8 44.8 11.5 52.2 9.34 25.4
D5D92 1.15 1.28 3.02 37.8 2.85 39.1 3.21 38.0 2.39 20.0
D8D84 27.8 18.7 20.2 50.3 19.5 46.6 41.3 55.9 21.8 28.6
Nat-5c 7.45 9.06 18.4 28.2 19.1 28.4 20.9 29.6 15.5 19.7
Nat-5m 5.50 4.49 9.06 24.3 8.22 24.7 11.8 24.6 9.93 14.8
Nat-5v 1.80 2.63 7.64 25.3 7.34 25.5 8.36 25.7 6.18 16.1
Nat-5v2 2.90 2.33 6.42 21.3 6.67 22.0 7.76 21.4 6.42 11.6
Nat-5v3 3.28 2.83 8.43 22.6 8.55 22.1 9.71 23.8 6.83 13.9

f : arqik  eikìna, v: diaqwrismènh sunist¸sa uf c, * eikìnec [250]PÐnakac 6.3: Αποτίμηση χαρακτηριστικών για εικόνες 2 και 5 ειδών υφής (μωσαϊκά Brodatz).

(a) Brodatz, D12D17 (b) cartoon ud (g) vd, (λ, µ)=(0.1, 0.1) (d)PCA {vd}, e = 1.1%

(e) Brodatz, D4D84 (st) DCA {f}, e = 33.3% (z) vd, (λ,µ) = (100, 10) (h) DCA {vd}, e=15.4%

(j) Brodatz, D5D92 (i) DCA {f}, e = 36.4% (ia) vd, (λ, µ) = (100, 0.1) (ib) DCA {vd}, e = 19%

(ig) Brodatz, D8D84 (id) cartoon ud (ie) vd, (λ, µ) = (10, 0.01) (ist) Gabor{vd}, e = 1.2%Sq ma 6.4: Ταξινόμηση (k-means ομαδοποίηση) στις εικόνες ζευγαριών υφής Brodatz (128×256).
Η πάνω και η τελευταία σειρά αντιστοιχούν στα αποτελέσματα ελάχιστου σφάλματος από όλες
τις τιμές παραμέτρων και διανύσματα χαρακτηριστικών. Οι μεσαίες αντιστοιχούν στη μέγιστη
σχετική μείωση του σφάλματος για εξαγωγή χαρακτηριστικών από το v. Οι αποδομήσεις έγιναν
με το u + Kv σχήμα και την ανακατασκευή κυρίαρχων συνιστωσών.

error) qrhsimopoi jhke h sunolik  pijanìthta l�jouc met� apì eujugr�mmish twn om�dwn
(cluster alignment) me gn¸mona to el�qisto sf�lma.Ston PÐnaka 6.4 parousi�zontai ta mèsa sf�lmata gia tic tèsseric eikìnec tou 6.4 meqarakthristik� sto f , mazÐ me ta sf�lmata kai to posostì sqetik c metabol c (aÔxhsh  
Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή 117



Kef�laio 6. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: Taxinìmhsh uf c
(a) Nat-5c (b) t�xeic (g) pooled {vd} (d) DCA {f} (e) DCA {vd}

(st) Nat-5m (z) ud (h) vd, (100, 1) (j) PCA {f} (i) PCA {vd}

(ia) Nat-5v (ib) ud (ig) vd, (100,1) (id) pooled {f} (ie) pooled {vd}

(ist) Nat-5v3 (iz) ud (ih) vd, (100, 10−3) (ij) PCA {f} (ii) PCA {vd}Sq ma 6.5: Ταξινόμηση (k-means ομαδοποίηση) σε εικόνες με 5 τάξεις υφής (128 × 128). Οι
δύο τελευταίες στήλες αντιστοιχούν στη μέγιστη σχετική μείωση του σφάλματος για εξαγωγή
χαρακτηριστικών από το v. Οι αποδομήσεις έγιναν με το u + Kv σχήμα και ανακατασκευή
κυρίαρχων συνιστωσών με παραμέτρους (λ, µ) που φαίνονται στις εικόνες υφής.meÐwsh) qrhsimopoi¸ntac ta qarakthristik� sto v, pou lamb�nontai me u + Kv apodìmhsh.Oi par�metroi tou diaqwrismoÔ (λ, µ) elègqoun to {pèrasma} twn leptomerei¸n apì th miasunist¸sa sthn �llh kai epomènwc ephre�zoun thn apìdosh taxinìmhshc. Ta sf�lmata pouanafèrontai sth sunist¸sa v ston PÐnaka 6.4 eÐnai ta el�qista sf�lmata pou epiteÔqjhkangia k�je taxinomht  kai di�nusma qarakthristik¸n, se èna diakritì eÔroc apì timèc twnparamètrwn.Oi par�metroi λ kai µ afèjhkan enallaktik� na lamb�noun timèc apì to logarijmikìsÔnolo (l,m) ∈ {−3, 2} me (l,m) = 10 log10(λ, µ) kai −∞ na antistoiqeÐ sto 0. Gia µ = 0h apodìmhsh sumpÐptei me to sq ma ROF, en¸ gia λ = 0 me mia TV kanonikopoÐhsh meperiorismoÔc apì to montèlo thc uf c. Ta diagr�mmata sto Sq. 6.6 parousi�zoun ta mèsasf�lmata taxinìmhshc pou apartÐzontai apì th mèsh tim  twn sfalm�twn omadopoÐhshc kai118 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 6. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: Taxinìmhsh uf cTaxinìmhsh Qarakthristik�, sunist¸sec & sqetik� sf�lmata(epiblepìmenh/ DCA Gabor TeageromadopoÐhsh) {f} {v} D {f} {v} D {f} {v} D

Bayes NL 13.4 16.6 24.0 29.0 25.4 -12.7 28.6 24.9 -12.9
Bayes NQ 18.2 18.1 -0.37 36.5 27.4 -24.9 37.4 28.3 -24.5

NM 17.4 16.9 -3.09 31.9 26.8 -16.1 32.2 27.1 -15.8
1-NN 13.4 16.6 24.0 29.0 25.4 -12.7 28.6 24.9 -12.9
FLD 16.4 19.5 18.3 37.1 30.7 -17.4 40.4 31.9 -21.2
MoG 13.4 16.6 24.0 29.0 25.4 -12.7 28.6 24.9 -12.9
SVC 13.4 16.6 24.0 29.0 25.4 -12.7 28.6 24.9 -12.9mèsoi 15.1 17.3 15.8 31.7 26.6 -15.6 32.1 26.7 -16.1

k-means 18.6 11.8 - 36.6 8.76 5.17 -41.0 9.06 6.18 -31.8
f : arqik  eikìna, v: sunist¸sa uf c, D: sqetik  metabol  tou sf�lmatoc(epiblepìmenh/ pooled PCAomadopoÐhsh) {f} {v} D {f} {v} D

Bayes NL 23.5 20.3 -13.5 49.5 39.4 -20.3
Bayes NQ 26.9 21.5 -20.0 48.6 41.1 -15.5

NM 18.8 19.6 4.42 48.1 29.9 -37.8
1-NN 23.5 20.3 -13.5 49.5 39.4 -20.3
FLD 30.2 25.7 -15.0 45.5 34.4 -24.3
MoG 23.5 20.3 -13.5 49.5 39.4 -20.3
SVC 23.5 20.3 -13.5 49.5 39.4 -20.3mèsoi 24.3 21.2 -12.1 48.6 37.6 -22.7

k-means 7.11 4.24 - 40.4 7.16 4.34 -39.4PÐnakac 6.4: Σφάλματα ταξινόμησης (μέσες τιμές %) στις εικόνες με 2 κατηγορίες υφής (παρά-
μετροι (λ, µ) ελάχιστου σφάλματος για κάθε περίπτωση ταξινομητή και διανύσματος).tou mèsou sf�lmatoc twn ekpaideumènwn taxinomht¸n (oi dÔo teleutaÐec grammèc tou PÐna-ka 6.4). Parìti den diakrÐnetai fainomenik� k�poia sunep c sumperifor� pou na kajodhgeÐmia epilog  twn paramètrwn me b�sh thn apìdosh mporoÔn na gÐnoun merikèc parathr seic:Kai gia ta trÐa dianÔsmata, up�rqoun p�nta shmeÐa stic kampÔlec pou proèrqontai apì todiaqwrismènh v sunist¸sa, stic opoÐec to mèso sunolikì sf�lma eÐnai mikrìtero ap' ìti meta qarakthristik� sto f . Autì eÐnai perissìtero emfanèc an koit�xoume tic kampÔlec gia tasf�lmata thc omadopoÐhshc mìno (k�tw seir�), ìpou polloÐ diaforetikoÐ sunduasmoÐ (λ, µ)mei¸noun to sunolikì sf�lma. To qamhl c di�stashc DCA di�nusma sto v parousi�zeiel�qisto gia meg�lec timèc (100, 10), dhlad  meg�lh pistìthta sto paramènon kai to mo-ntèlo), en¸ to Gabor sthn perÐptwsh (10−3, 0) pou an�getai sto sq ma ROF. To koinìdi�nusma sto (g) elaqistopoieÐ to sf�lma stic mesaÐec timèc (0.1, 0.1), h tim  tou opoÐouapoteleÐ epÐshc thn kalÔterh mèsh apìdosh taxinìmhshc/omadopoÐhshc (14.6% sf�lma sto
v, 7% sqetik  meÐwsh). Memonwmènh epÐdosh gia diaforetikèc mejìdouc taxinìmhshc meqarakthristik� sto v, gia ta trÐa aut� zeÔgh qarakthristik¸n paramètrwn faÐnontai stonPÐnaka 6.5.
Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή 119
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m= 2Sq ma 6.6: Μέσα σφάλματα ταξινόμησης (ομαδοποίηση και ταξινόμηση με επίβλεψη) στα ζευγά-

ρια του Σχ. 6.4, χρησιμοποιώντας τρία διανύσματα χαρακτηριστικών που έχουν εξαχθεί από το
v, για διαφορετικές τιμές των παραμέτρων αποδόμησης (l, m) = 10 log10(λ, µ). Οι τιμές αυξάνον-
ται λογαριθμικά κατά 10, από 10−3 μέχρι 102 και τα διαγράμματα απεικονίζονται ως προς το λ
με κάθε υποπαράσταση να αντιστοιχεί σε άλλη τιμή του µ. Η οριζόντια (διακεκομμένη) είναι το
μέσο σφάλμα των χαρακτηριστικών στο f . κάτω σειρά: οι αντίστοιχες καμπύλες με τα σφάλματα
ομαδοποίησης μόνο.Taxinìmhsh Qarakthristik� & par�metroi (l,m) = log10(λ, µ)(epiblepìmenh/ DCA Gabor pooledomadopoÐhsh) -3,-∞ -1,-1 2,1 -3,-∞ -1,-1 2,1 -3,-∞ -1,-1 2,1

Bayes NL 24.1 21.4 16.6 25.4 33.9 44.7 27.7 20.3 39.9
Bayes NQ 27.0 22.5 26.7 27.4 43.2 51.4 31.4 26.5 51.3

NM 23.1 16.9 18.5 26.8 34.0 39.8 20.0 20.5 28.8
1-NN 24.1 21.4 16.6 25.4 33.9 44.7 27.7 20.3 39.9
FLD 31.1 23.7 25.2 30.7 43.5 50.0 36.6 36.1 50.4
MoG 24.1 21.4 16.6 25.4 33.9 44.7 27.7 20.3 39.9
SVC 24.1 21.4 16.6 25.4 33.9 44.7 27.7 20.3 39.9mèsoi 25.4 21.2 19.6 26.6 36.6 45.7 28.4 23.5 41.4

k-means 25.9 19.8 11.8 10.1 7.49 7.52 7.37 5.75 5.44PÐnakac 6.5: Σφάλματα ταξινόμησης (μέσες τιμές %) στις εικόνες με 2 κατηγορίες υφής (παρά-
μετροι (λ, µ) ελάχιστου σφάλματος για κάθε διάνυσμα).Epistrèfontac ston PÐnaka 6.4 twn bèltistwn apodìsewn gia autì to eÔroc twn para-mètrwn apodìmhshc, tonÐzontai idiaÐtera ta el�qista sf�lmata gia k�je sunist¸sa (bold),to mèso wc proc tic mejìdouc sunolikì sf�lma taxinìmhshc kai to sf�lma omadopoÐhshc.Ektìc apì to di�nusma DCA, h mèsh epÐdosh belti¸netai ex�gontac polukanalik� qarakth-ristik� apì to v, ft�nontac mia sqetik  meÐwsh tou sf�lmatoc kat� 22.7% epÐ ìlwn twnmejìdwn. Gia omadopoÐhsh mèsw k-means, ta apotelèsmata eÐnai sunep  gia ìla ta dianÔ-120 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή
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Sq ma 6.7: Σφάλματα (%) ταξινόμησης, μέση και ελάχιστη τιμή, και ομαδοποίησης στις εικόνες
Brodatz με δύο κατηγορίες υφής, για διαφορετικά διανύσματα χαρακτηριστικών από την εικόνα f
και τη συνιστώσα v.smata me kalÔterh epÐdosh to sf�lma 4.24% gia to koinì (pooled) di�nusma kai mègisthmeÐwsh 41% gia to Gabor di�nusma. H epiblepìmenh taxinìmhsh mèsw DCA, par' ìti denbelti¸jhke se k�je perÐptwsh apì thn apodìmhsh, èdwse me sunèpeia ta kalÔtera apotelè-smata (mikrìtero sf�lma) kai gia tic dÔo sunist¸sec, wc proc thn taxinìmhsh me ekpaÐdeushgia diaforetikoÔc taxinomhtèc. Ta sumper�smata aut� sunoyÐzontai sugkentrwtik� kai o-ptikopoioÔntai sto di�gramma tou Sq. 6.7.Ta paradeÐgmata sto Sq. 6.4 deÐqnoun to qarakthrismì (labeling) mèsw k-means gia k�jemia apì tic eikìnec dokim¸n. AntistoiqoÔn stic peript¸seic el�qistou sf�lmatoc (pr¸th kaiteleutaÐa seir�) kai mègisthc sqetik c meÐwsh (mesaÐec seirèc). H teleutaÐa st lh apeikonÐ-zei tic t�xeic pou prokÔptoun apì to v. ParathreÐste th beltiwmènh taxinìmhsh sth deÔterhkai eidik� sth dÔskolh trÐth perÐptwsh (D5D92) pou epitugq�netai mèsw qarakthristik¸n
DCA . AntÐstoiqec dokimèc èginan kai gia tic eikìnec me tic pènte kathgorÐec uf c (Brodatzkai VisTex deÐgmata). Ta sunolik� apotelèsmata parousÐasan qeirìterh epÐdosh gia ticsugkekrimènec mejìdouc taxinìmhshc, oi opoÐec p�ntwc belti¸jhkan apì thn an�lush sth
v sunist¸sa dÐnontac gia thn k-means omadopoÐhsh mègisth sqetik  meÐwsh tou sf�lmatockat� 15.9% sto koinì di�nusma. ParadeÐgmata thc beltÐwshc faÐnontai sto Sq. 6.5.6.4 Sumper�smataH apodìmhsh eikìnwn me to montèlo u+Kvefarmìsthke gia thn kalÔterh montelopoÐhshkai an�lush thc sunist¸sac v. Aut  h sunist¸sa, pou prokÔptei apì thn apom�krunsh twnmakrodom¸n kai twn qarakthristik¸n meg�lhc klÐmakac miac eikìna eÐnai perissìtero ka-t�llhlh gia th dhmiourgÐa perigraf¸n kai thn anapar�stash qarakthristik¸n thc uf c. Tosq ma sunèrgeiac exet�sthke proc thn {antÐjeth} kateÔjunsh kat� thn opoÐa h diadikasÐathc apodìmhshc bo jhse to st�dio thc montelopoÐhshc. Qrhsimopoi¸ntac to montèlo polu-
Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή 121



Kef�laio 6. Sunèrgeia diaqwrismoÔ kai montelopoÐhshc: Taxinìmhsh uf ckanalik c an�lushc pou emplèketai kai sthn apodìmhsh thc eikìnac exet�sthkan parallagècdianusm�twn qarakthristik¸n wc proc thn di�krish, to taÐriasma kai thn taxinìmhsh uf c.H exagwg  qarakthristik¸n me to polukanalikì montèlo apodeÐqthke apotelesmatikìterhsth sunist¸sa v, met� apì beltistopoÐhsh twn paramètrwn apodìmhshc (λ, µ), se ìlec ticpeript¸seic plhn thc epiblepìmenhc taxinìmhshc gia ta qarakthristik� kurÐarqhc diamìrfw-shc. Gia mh-epiblepìmenh omadopoÐhsh ta apotelèsmata  tan sunep  gia ìla ta dianÔsmataqarakthristik¸n, me th mègisth meÐwsh tou sf�lmatoc na ft�nei to 41%. Par�llhla, a-nadeÐqjhke kai h perigrafik  ikanìthta tou meiwmènhc di�stashc dianÔsmatoc kurÐarqwndiamorf¸sewn, to opoÐo tìso sthn arqik  eikìna ìso kai sthn ektim¸menh sunist¸sa uf cèdwse kat� polÔ ta mikrìtera sf�lmata taxinìmhshc.
�
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Kef�laio 7Efarmogèc sthn An�lushEikìnwn Edafotom¸nMia kathgorÐa eikìnwn me èntonh uf  kai parousÐa diaforetik¸n dom¸n eÐnai oi yhfia-kèc eikìnec lept¸n tom¸n ed�fouc   edafotom¸n (soilsections). H autìmath epexergasÐatètoiwn eikìnwn mporeÐ na apokalÔyei stoiqeÐa thc dom c tou ed�fouc kai na ex�gei ekti-m seic biooikologik c shmasÐac, ìpwc h gonimìthta kai oi allagèc se oikosust mata toued�fouc. Parousi�zetai ed¸ h exagwg  qarakthristik¸n, h an�lush uf c kai h kat�tmhshtètoiwn eikìnwn se omogeneÐc perioqèc, sqetikèc me thn mikromorfologÐa tou ed�fouc. Mepar�llhlh, qwrist  ekmet�lleush plhroforÐac gewmetrÐac   antÐjeshc kai uf c, parousi�-zetai èna sq ma suzeugmènhc (coupled)   apì koinoÔ kat�tmhshc (joint segmentation) giaperaitèrw ermhneÐa eikìnwn tou ed�fouc kai metr seic qarakthristik¸n. Tèloc, elègqetaih kathgoriopoÐhsh twn diaforetik¸n perioq¸n kai dom¸n tètoiwn eikìnwn me b�sh thn uf touc1.7.1 Perigraf  edafotom¸n kai an�lush ed�foucO skopìc thc mikromorfologik c an�lushc (soil micromorphology), wc kl�doc thc epi-st mhc tou ed�fouc (soil science) eÐnai h perigraf , ermhneÐa kai mètrhsh twn sustatik¸nkai twn qarakthristik¸n tou q¸matoc se mikroskopikì epÐpedo. Basik� sustatik� tou q¸-matoc eÐnai ta memonwmèna swmatÐdia (p.q. kìkkoi krust�llwn, organik� �lata, tm matafut¸n) pou mporoÔn na diakrijoÔn me to optikì mikroskìpio (coarse structures), mazÐ meth mikrom�za   mikrodom  (fine material) pou de diaqwrÐzetai se diakrit� �toma [44]. Hmelèth thc dom c tou ed�fouc afor� sto mègejoc, to sq ma, thn oxÔthta, thn antÐjesh,th suqnìthta emf�nishc kai th qwrik  topojèthsh twn prwteuìntwn swmatidÐwn kai twnken¸n (voids). Poll� apì aut� ta qarakthristik� eÐnai sun�rthsh tou prosanatolismoÔ twnsustatik¸n kai thc kateÔjunshc sthn opoÐa gÐnontai oi tomèc, kaj¸c kai thc megèjunshc1H èreuna kai ta apotelèsmata pou parousi�zontai se aut  thn enìthtac ent�ssontai sto plaÐsio twnergasi¸n [268,269] se sunergasÐa me thn Nat�sa SofoÔ.123



Kef�laio 7. Efarmogèc sthn An�lush Eikìnwn Edafotom¸npou qrhsimopoieÐtai.Oi eikìnec edafotom¸n, oi opoÐec par�gontai mèsw diadikasi¸n diakritopoÐhshc qrhsi-mopoi¸ntac sumbatikoÔc sarwtèc, k�merec   mikroskìpia polwmènou fwtìc parousi�zounmia meg�lh diaforopoÐhsh gewmetrik¸n qarakthristik¸n, protÔpwn kai sqhmatism¸n uf c.Shmantik� qarakthristik� eikìnwn pou parèqoun plhroforÐa gia thn ektÐmhsh thc poiìthtacthc dom c tou ed�fouc, perilamb�noun to sq ma swmatidÐwn kai suswmatwm�twn, eÐte 1-Dìpwc eÐnai oi akmèc   oi kampÔlec, eÐte 2-D ìpwc fwtein�   skotein� blobs (mikrèc omogeneÐcperioqèc tuqaÐou sq matoc), thn qwrik  topojèthsh kai apìstash sustatik¸n kai thn uf touc.H mèqri t¸ra autìmath an�lush eikìnwn edafotom¸n periorÐzetai se katwfliopoÐhseic,euretik�, metr seic istogramm�twn, aplèc teqnikèc yhfiak c epexergasÐac kai ektim seicfr�ktal di�stashc [43,68,246,282]. O eurÔteroc, makroprìjesmoc stìqoc aut c thc èreunaceÐnai na xeperastoÔn autèc oi teqnikèc apì sÔgqronec mejìdouc upologistik c ìrashc ìpwch an�lush uf c kai h kat�tmhsh eikìnwn, me blèyh èna sÔsthma uyhloÔ epipèdou ikanoÔ naanalÔei kai na ektim� thn gonimìthta kai thn bðooikologik  poiìthta tou ed�fouc mèsw twneikìnwn tom¸n [203]. 'Etsi, h akrib  kai qronobìra diadikasÐa thc paradosiak c bioqhmik can�lushc na automatopoihjeÐ, na enisqujeÐ kai pijanìn na sunduasteÐ me teqnikèc ìrashc.H kat�tmhsh eikìnwn brÐsketai ston pur na thc an�lushc twn eikìnwn edafotom¸n, mediadikasÐec epexergasÐac kai metr sewn na akoloujoÔn to st�dio tou diaqwrismoÔ twn pe-rioq¸n. Mia tètoia an�lush perilamb�nei ektÐmhsh thc omoiogèneiac twn perioq¸n, an�lushuf c kai kathgoriopoÐhsh me ta qarakthristik� pou èqoun exaqjeÐ kai statistik  an�lushmegej¸n ìpwc h perÐmetroc, to embadìn, o prosanatolismìc, h sugkèntrwsh, h epim kunsh,to mègejoc, h kampulìthta k.�.7.2 Uf  edafotom¸n, an�lush kai kat�tmhsh7.2.1 Morfologik  kat�tmhshApì to pl joc mejìdwn kat�tmhshc eikìnwn o morfologikìc metasqhmatismìc plhm-murismoÔ (watershed transform) èqei apodeiqjeÐ polÔ isqurìc kai apotelesmatikìc idiaÐteramèsw sÔzeuxhc me mh-grammikoÔc morfologikoÔc telestèc [32,302]. H jemeli¸dhc idèa eÐnai hakìloujh: (a) dhmiourgeÐtai h eikìna klÐshc (gradient) thc skhn c; (b) gia k�je antikeÐmenoendiafèrontoc   omogen  perioq  aniqneÔetai ènac {shmadeut c}   marker (sÔnolo shmeÐ-wn qarakthristik¸n mèsa sthn epijumht  perioq ), (g) kataskeu�zontai oi udatogrammèc
(watershed lines) pou sqetÐzontai me touc shmadeutèc.O metasqhmatismìc watershed mporeÐ na perigrafeÐ topografik� wc mia diadikasÐa {plhm-murismoÔ}, ìpou h sun�rthsh thc eikìnac jewreÐtai mia topografik  epif�neia bujismènh stonerì. Oi shmadeutèc paÐzoun to rìlo twn phg¸n plhmmurismoÔ ap' ìpou ta di�fora kÔmataarqÐzoun na sqhmatÐzoun {lÐmnec}. Sta shmeÐa ìpou diaforetik� kÔmata sunantioÔntai, èna{fr�gma} anegeÐretai gia thn apofug  thc ènwshc twn {limn¸n}. To sÔnolo twn fragm�twn124 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 7. Efarmogèc sthn An�lush Eikìnwn Edafotom¸neÐnai h gramm  watershed pou qwrÐzei thn eikìna se diaforetikèc perioqèc. Sth majhmati-k  morfologÐa to watershed èqei ulopoihjeÐ mèsw prosomoi¸sewn embÔjishc (immersion

simulations) [302] kai ierarqikèc ourèc proteraiìthtac (hierarchical queues) [32].Ektìc apì th morfologik  diadikasÐa plhmmurismoÔ, to watershed montelopoi jhke e-pÐshc me suneq  trìpo mèsw thc eikonal Merik c Diaforik c ExÐswshc (MDE) [211, 222],qrhsimopoi¸ntac idèec apì to pedÐo thc exèlixhc kampul¸n [199]. Ta kÐnhtra gia th qr -sh MDE perilamb�noun kalÔterh kai perissìtero diaisjhtik  majhmatik  montelopoÐhsh,sÔndesh me th fusik  kai kalÔterh prosèggish thc suneqoÔc gewmetrÐac tou probl matoc.Qrhsimopoi¸ntac MDE montelopoÐhsh sth diadikasÐa plhmmurismoÔ tou metasqhmatismoÔto sÔnoro k�je anaduìmenou kÔmatoc antimetwpÐzetai wc kampÔlh h opoÐa exelÐssetai meprokajorismènh taqÔthta. Sugkekrimèna to sÔnoro tou shmadeut  jewreÐtai wc mia omal ,kleist  kampÔlh ~C(p, t) ìpou to p ∈ [0, 1] parametropoieÐ thn kampÔlh kai t mia teqnht par�metroc exèlixhc. H MDE pou ulopoieÐ ton watershed plhmmurismì eÐnai
∂ ~C

∂t
=

c

A(t)‖∇I‖ · ~N, (7.1)ìpou to A(t) eÐnai 1 gia kat�tmhsh basismènh mìno sth qrwmatik  antÐjesh (contrast-based),pou anafèretai wc plhmmurismìc Ôyouc (height flooding)   A(t) = Area(~C) sthn perÐptwshkat�tmhshc me b�sh antÐjesh kai mègejoc (contrast and size), opìte kai anafèretai wcplhmmurismìc ìgkou   Ôyouc (volume flooding) [270].SÔmfwna me thn prosèggish mèsw epipedosunìlwn [226], ìpou h exelissìmenh kampÔ-lh embujÐzetai wc to mhdenikì epipedosÔnolo Γ(t) = {(x, y) : Φ(x, y, t) = 0} miac qwro-qronik c sun�rthshc megalÔterhc di�stashc Φ(x, y, t), h MDE pou dièpei thn exèlixh eÐnai
∂Φ

∂t
=

c

A(t)‖∇I(x, y)‖‖∇Φ‖. (7.2)ApotelesmatikoÐ algìrijmoi gia thn epÐlush qronik� exart¸menwn eikonal MDE eÐnai hmèjodoc epipedosunìlwn sten c z¸nhc (narrow-band level sets) kai h mèjodoc taqeÐac pro-èlashc (fast marching) [264].7.2.2 Suzeugmènh, polukritiriak  kat�tmhsh edafotom¸nMe b�sh thn apodìmhsh miac eikìnac stic dÔo sunist¸sec thc u, v kai thn an�gkh giaexeidikeumènh epexergasÐa thc k�je sunist¸sac xeqwrist� anaptÔqjhke èna sq ma polu-kritiriak c kat�tmhshc, me sÔzeuxh plhroforÐac gewmetrÐac kai uf c. Oi metabolèc thcantÐjeshc (  tou megèjouc) lamb�nontai upìyin mèsw tou u kommatioÔ kai oi talant¸seicuf c perigr�fontai apì th v sunist¸sa. H sumbol  kai h posotikopoÐhsh thc uf c gÐnetaimèsw thc diadikasÐac anÐqneushc kai mètrhshc thc mègisthc mèshc Teager enèrgeiac   enèr-geiac talant¸sewn uf c Ψmat pou orÐsthke sthn enìthta 3.5 kai dÐnetai apì thn (3.22). Meton trìpo autì sumperilamb�netai sth diadikasÐa thc metabolik c kat�tmhshc èna metrikìpou sqetÐzetai me to eÐdoc kai thn èntash thc uf c stic perioqèc thc eikìnac.
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Kef�laio 7. Efarmogèc sthn An�lush Eikìnwn Edafotom¸nH proteinìmenh diadikasÐa kat�tmhshc basÐzetai sthn exèlixh kampÔlhc pou kajorÐzei hakìloujh MDE :
∂ ~C

∂t
=

(
λ1

A(t)||∇f1||
+ λ2Ψmat(f2)

)

~N, (7.3)ìpou f1 kai f2 eÐnai metasqhmatismoÐ thc eikìnac sqetizìmenoi me thn arqik  I all� ìqiaparaÐthta Ðdioi. H taqÔthta thc kampÔlhc exart�tai apì dÔo eikonal ìrouc, oi opoÐoisqetÐzontai me k�poio krit rio beltistopoÐhshc. O pr¸toc ìroc odhgeÐ thn kampÔlh metaqÔthta pou megistopoieÐ ton plhmmurismì thc eikìnac f1 wc proc to watershed thc. OdeÔteroc ìroc antistoiqeÐ se ro  pou megistopoieÐ thn enèrgeia diamìrfwshc uf c
max

∫ ∫

R(C)
Ψmat(f) =⇒ ∂ ~C/∂t = Ψmat(f) ~N, (7.4)me apotèlesma na wjeÐ thn kampÔlh se perioqèc me èntonh parousÐa uf c. Akolouj¸ntacthn je¸rhsh epipedosunìlwn [226], h sun�rthsh embujÐzetai wc to mhdenikì epipedosÔnolomiac q¸ro-qronik c sun�rthshc Φ(x, y, t).Efìson h MDE eÐnai kajaroÔ eikonal tÔpou, hulopoÐhsh basÐzetai sth mèjodo fast marching [264] pou exasfalÐzei upologistik  taqÔthta.Me b�sh th MDE (7.3) mporoÔn na prokÔyoun diaforetik� sen�ria epilègontac ta s -mata f1 kai f2. H pio profan c epilog  eÐnai me f1 = I, f2 = I pou antistoiqeÐ se exèlixhme taqÔthta antistrìfwc an�logh thc antÐjeshc fwteinìthtac kai an�logh thc Ψmat enèr-geiac thc eikìnac. Sto prwtìtupo sen�rio f1 = u, f2 = v, h exèlixh thc kampÔlhc eÐnaiantistrìfwc an�logh thc antÐjeshc fwteinìthtac (  megèjouc) thc cartoon sunist¸sac kaian�logh thc Ψmat enèrgeiac thc sunist¸sac uf c thc eikìnac. Autì to deÔtero sen�rioparousi�zei idiaÐtero endiafèron kai uiojeteÐtai kaj¸c enopoieÐ plhroforÐa akm¸n kai uf c,sundu�zontac ta diaforetik� s mata pou prokÔptoun apì ton u+ v diaqwrismì thc eikìnac.Skìpima apofeÔgetai h anafor� wc t¸ra se k�poio sugkekrimèno sq ma diaqwrismoÔ, kaj¸cgia thn apodìmhsh mporeÐ na qrhsimopoihjeÐ eÐte to u+Kv sq ma pou èqei anaptuqjeÐ (En.5.3), eÐte opoiod pote apì ta upìloipa dokimasmèna sq mata (p.q. Rudin-Osher-Fatemi,

Vese-Osher).Mia tètoia epilog  aitiologeÐtai kalÔtera apì di�forec optikèc: (a) diaisjhtik�, gia miaapì koinoÔ kat�tmhsh, anamènetai h sunèrgeia diaforetik¸n, par�llhlwn diadikasi¸n sticmakrodomèc (gewmetrÐa) kai stic mikrodomèc (uf ) thc eikìnac, (b) upologistik� ìso kalÔte-rh eÐnai h apom�krunsh apì to proc an�lush komm�ti thc uf c, twn sunìrwn, perigramm�twnkai epÐpedwn epifanei¸n, tìso periorÐzontai oi timèc thc Ψmat pou den antistoiqoÔn se meta-bolèc uf c, all� se akmèc kai ìria perioq¸n.Sto proteinìmeno sq ma up�rqoun pollaplèc kampÔlec pou prìkeitai na exeliqjoÔn tau-tìqrona kai arqikopoioÔntai wc perigr�mmata enìc sunìlou shmadeut¸n (markers), endei-ktik¸n twn shmantik¸n  (kai) omogen¸n perioq¸n thc eikìnac pou mporeÐ, enallaktik�, naeÐnai: (i) basismènoi sthn qrwmatik  antÐjesh, antapokrinìmenoi se korufèc   koil�dec sug-kekrimènou Ôyouc (pou prokÔptoun mèsw fÐltrwn anakataskeu c thc eikìnac); (ii) korufèctou telest  Ψmat, entopÐzontac perioqèc uyhl c enèrgeiac uf c; (iii) sunduasmìc krithrÐwnantÐjeshc kai uf c kai (iv) {qeirokÐnhta} (manually) topojethmènoi me epÐbleyh se perioqèc126 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 7. Efarmogèc sthn An�lush Eikìnwn Edafotom¸n
(α) (β) (γ) (δ)

(ε) (στ) (ζ) (η)Sq ma 7.1: Πολυκλιμακωτά leveling cartoon για u + v αποδόμηση. πάνω σειρά: (α) λεπτομέρεια
εδαφοτομής (αναφορά), (β) Gauss σημαδευτής 1 (σ = 4), (γ) leveling 1 (u1), (δ) διαφορά 1 (v1 =
f − u1 + 100). κάτω σειρά: (ε) διαφορά u1 − u2, (στ) Gauss σημαδευτής 2 (σ = 12), (ζ) leveling 2
(u2), (η) διαφορά 2 (v2 = f − u2 + 100).endiafèrontoc.7.3 Diaqwrismìc uf c me levelingsSto kef�laio 5 ègine ekten c anafor� sth u+v oikogèneia montèlwn. 'Enac enallaktikìcdiaqwrismìc thc sunist¸sac uf c v apì tic makrodomèc dÐnetai mèsw aplopoÐhshc thc eikìnacapì mia kathgorÐa mh-grammik¸n, antikeimenostraf¸n fÐltrwn pou diathroÔn ta perigr�m-mata; ta levelings [268, 269], ta opoÐa basÐzontai sth qr sh morfologik¸n telest¸n [212].H aplopoÐhsh thc f gÐnetai epekteÐnontac kai sustèllontac topik� mia arqik  eikìna, tonshmadeut  (marker) M , kai periorÐzontac thn exèlixh tou se kajolikì epÐpedo me thn eikìnaanafor�c f . Pio sugkekrimèna, epanal yeic tou telest  eikìnwn λ(F |f) = (δ(F )∧f)∨ε(F ),ìpou δ(F ) kai ε(F ) eÐnai telestèc dilation kai erosion antÐstoiqa miac eikìnac F me èna mikrìdÐsko [262], dÐnoun sto ìrio to leveling thc I se sqèsh me ton M , pou sumbolÐzetai wc

Λ(M |f) = lim
k→∞

Fk, Fk = λ(Fk−1|f), F0 = M. (7.5)Ta levelings èqoun pollèc endiafèrousec idiìthtec ìpwc ìti diathroÔn tic akmèc, deneis�goun nèa el�qista   mègista perioq c kai apoteloÔn auxanìmena kai tautodÔnama (idem-

potent) fÐltra. Praktik� mporoÔn na anakataskeu�soun olìklhra antikeÐmena thc eikìnacdiathr¸ntac tic akmèc kai ta sÔnora touc. Kat� thn anakataskeu  aplopoioÔn thn arqik eikìna exaleÐfontac antikeÐmena mikrìtera apì ton shmadeut , me thn eikìna anafor�c napaÐzei to rìlo enìc kajolikoÔ periorismoÔ.Me gn¸mona tic parap�nw idiìthtec, mia enallaktik  mèjodoc gia u + v diaqwrismìmiac eikìnac prokÔptei uiojet¸ntac wc cartoon sunist¸sa to leveling thc eikìnac kai wc
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Kef�laio 7. Efarmogèc sthn An�lush Eikìnwn Edafotom¸n
(a) Image f (b) u1 = Λ(M1|f) (g) u = Λ(M2|u1) (d) u1 − u2

(e) r1 = f − u1 (st) ur = Λ(M3|r1) (z) v = r1 − ur (h) u + v
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(i) v, gramm  40Sq ma 7.2: Πολυκλιμακωτά leveling cartoon και u + v αποδόμηση. πάνω σειρά: (α) εικόνα f
(αναφορά), (β)leveling 1 (u1) με σημαδευτή f ∗g, όπου g μια Gauss απόκριση (σ1 = 5), (γ)cartoon/
leveling 2 (u2), με (σ2 = 10), (δ) διαφορά (u2 − u1). κάτω σειρά: (ε) παραμένον r1 = f1 −
u1, (στ) Leveling του r1 με Gauss σημαδευτή (σ3 = σ1/2), (ζ) υφή / παραμένον (v = r1 − ur),
(η) ανακατασκευή (v + u), (θ) προφίλ (σειρά 40) των cartoon (μάυρο: f , κόκκινο: L1, μπλε:
u = L2, πράσινο: markers M1, M2), (ι) προφίλ (σειρά 40) λεπτομερειών (κόκκινο: παραμένον r1,
μπλε: υφή v, πράσινο: marker M3).sunist¸sa uf c th diafor� tou apì aut , dhlad 

u , Λ(M |f), v , f − u. (7.6)Gia to u h epilog  tou shmadeut  M prosfèrei euelixÐa gia to telikì leveling kai mporeÐna oristeÐ mèsw an�lushc se pollaplèc klÐmakec. Sugkekrimèna kataskeu�zontai polukli-makwt� leveling cartoon ui = Λ(Mi|ui−1), i = 1, 2, 3, ..., me u0 = f apì mia akoloujÐashmadeut¸n Mi, pou lamb�nontai deigmatolhpt¸ntac mia Gaussian puramÐda (scale-space).Ta poluklimakwt� cartoon diajètoun thn idiìthta thc aitiatìthtac, kaj¸c to uj eÐnai leve-

ling tou ui gia j > i. Ta antÐstoiqa paramènonta vi = f − ui sunistoÔn mia ierarqÐa apìsunist¸sec uf c se pollaplèc klÐmakec.Enallaktik� gia thn epilog  twn shmadeut¸n exet�sthke kai h qr sh anisotropik cdi�qushc [239], ìpou se k�je b ma thc akoloujÐac o leveling shmadeut c lamb�netai apì miaekdoq  thc eikìnac me jolwmènec perioqèc all� arket� kal� diathrhmèna sÔnora, lìgw thcdiadikasÐac periorismènhc di�qushc. Sto Sq. 7.3 faÐnontai dÔo apì ta st�dia thc levelingpuramÐdac, sta opoÐa oi akmèc kai ta sÔnora twn kurÐarqwn gewmetrik¸n dom¸n thc eikìnac128 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 7. Efarmogèc sthn An�lush Eikìnwn Edafotom¸ndiathroÔntai stic cartoon sunist¸sec se diaforetikèc klÐmakec.Oi sunist¸sec thc uf c mporoÔn na beltiwjoÔn qrhsimopoi¸ntac an�logo filtr�rismakai sth diafor� r1 = f − u1. Sugkekrimèna, paÐrnontac to leveling tou r1 me marker miamikr  klÐmaka thc puramÐdac {Mr(σr) : σr < σi}, p.q. σr = 0.5σ1, krat�me to nèo paramènonwc uf  katal gontac se mia perissìtero ekleptusmènh ektÐmhsh tou v

u , Λ(M |f), v , f − u − Λ(Mr|f − u). (7.7)H dipl  aut  leveling diadikasÐa afaireÐ apì to v upìloipa dom c mikrìterhc klÐmakac apìthn klÐmaka pou krat�ei to leveling sto u komm�ti. H beltÐwsh tou kommatioÔ thc uf cmporeÐ na parathrhjeÐ sto Sq. 7.2. 'Ektoc apì Gauss shmadeutèc mporeÐ na kaneÐc naqrhsimopoi sei perissìtero exeidikeumènouc markers uf c. Mia epilog  eÐnai h èndeixh giatic perioqèc uf c pou prosfèrei h kurÐarqh enèrgeia talant¸sewn uf c.SugkrÐnontac ta leveling cartoon me ta aut� pou lamb�nontai me thn epÐlush tou probl -matoc TV elaqistopoÐhshc 5.3 mporoÔn na anaferjoÔn ta ex c: (a) Ta levelings diathroÔnta akrìtata twn perioq¸n kai den dhmiourgoÔn nèa en¸ ta TV cartoon diathroÔn thn olik mèsh tim . (b) Ta levelings diathroÔn th sqèsh metabol c metaxÔ geitonik¸n shmeÐwn en¸ ta
TV diathroÔn thn olik  metablhtìthta. (g) Ta levelings sqetÐzontai me mia elaqistopoÐhsholik c metabol c, kaj¸c gia u = Λ(M |I), eÐnai ∫∫ ||∇u|| <

∫∫ ||∇I||. (d) H parousÐa tou
marker M dÐnei sto leveling cartoon euelixÐa kai poluklimakwtèc dunatìthtec se sqèsh metic aplèc stajerèc kanonikopoÐhshc pou elègqoun thn klÐmaka tou TV cartoon.7.4 Apotelèsmata kat�tmhshc kai sugkrÐseicOi mèjodoi gia diaqwrismì, anÐqneush kai an�lush uf c mazÐ to koinì sq ma kat�tmhshcefarmìsthkan se dÔo kathgorÐec eikìnwn edafotom¸n: meg�lhc klÐmakac apì s�rwsh, an�-lushc 47 pixel/µm, ìpwc h leptomèreia tou Sq. 7.1 kai mikr c klÐmakac, apì mikroskìpiopolwmènou fwtìc se an�lush 1 pixel/µm. Sto Sq. 7.3 parousi�zetai h diadikasÐa diaqwri-smoÔ, an�lushc thc uf c kai exagwg c kurÐarqwn qarakthristik¸n thc mèsw polukanalikoÔentopismoÔ thc enèrgeiac diamìrfwshc. Sto Sq. 7.3(a) diakrÐnontai oi kurÐarqec domèc toued�fouc, organikì kai anìrgano ulikì (meg�la gkrÐza kai leuk� antikeÐmena), ken� (skoÔ-rec perioqèc) kai susswmat¸mata mikrom�zac. O diaqwrismìc se cartoon sunist¸sa u kaisunist¸sa uf c v, sta (b) kai (g) antÐstoiqa, gÐnetai me qr sh tou deutèrou epipèdou thcpuramÐdac leveling apì Gauss shmadeutèc (σ1 = 4, σ2 = 8).H kal� entopismènh mètrhsh enèrgeiac sto (g) eÐnai endeiktik  twn isqur¸n sugkentr¸-sewn kai metabol¸n thc uf c kai eÐnai mia apì tic dun�meic pou odhgoÔn tic kampÔlec thckat�tmhshc se perioqèc ìpou aut  h enèrgeia megistopoieÐtai topik�. H qwrik  an�lushthc mètrhshc eÐnai �risth energ¸ntac se èna topikì par�juro 3 × 3, en¸ h fasmatik  e-xart�tai apì to eÔroc twn fÐltrwn. Ta qarakthristik� kurÐarqwn diamorf¸sewn thc uf cex�gontai mèsw EDCA. To kurÐarqo pl�toc pou parousi�zetai sto (d) met� apì medianfiltr�risma eÐnai omoiìmorfo se perioqèc an�loghc èntashc kai antÐjeshc. Sto (e) faÐnetai
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Kef�laio 7. Efarmogèc sthn An�lush Eikìnwn Edafotom¸n
(a) (b) (g)
(d) (e) (st)Sq ma 7.3: Ανάλυση και χαρακτηριστικά υφής εδαφοτομών: (α) εικόνα εδαφοτομής (768 × 567

pixels) ψηφιοποιημένη σε 1pixel/µm (γκρίζα κλίμακα), (β) cartoon συνιστώσα U , (γ) συνιστώσα
υφής v, (δ) προοπτική 3-Δ απεικόνιση της ενέργειας διαμόρφωσης υφής Ψmat, (ε) κυρίαρχο πλάτος,
(στ) διανύσματα προσανατολισμού κυρίαρχων συχνοτήτων. Τα (δ)-(στ) έχουν εξαχθεί από τη v
συνιστώσα.o prosanatolismìc tou di�nusmatoc kurÐarqwn   topik� anaduìmenwn suqnot twn, o opoÐocanadeiknÔei thn kateÔjunsh metabol c thc f�shc twn talant¸sewn uf c sthn eikìna. 'Olecoi metr seic èqoun gÐnei sth v sunist¸sa thc eikìnac (g) met� ton leveling diaqwrismì.Met� ton monoqrwmatikì u + v diaqwrismì kai thn exagwg  twn qarakthristik¸n thcuf c, sto Sq. 7.3(a)-(d), èna kat�llhlo sÔnolo apì autìmata apokthmènouc shmadeutèc, poufaÐnetai sto Sq. 7.4(g), exelÐssetai me b�sh th MDE (7.3), ìpou f1 = u kai f2 = v. Lìgwthc polu-domik c fÔshc tètoiwn eikìnwn, ta arqik� apotelèsmata kat�tmhshc sto Sq. 7.4(d)-(e) mporoÔn na beltiwjoÔn apì mia diadikasÐa ènwshc perioq¸n (region merging) meb�sh èna metrikì omoiìthtac kai th metablhtìthta enìc periorismoÔ Fisher apìstashc. Miabeltiwmènh kat�tmhsh faÐnetai sto Sq. 7.4(st) me kalÔtera omadopoihmènec domèc (eidik�mikrom�zac) kai mikrìtero arijmì telik¸n perioq¸n.7.4.1 BeltÐwsh me sugq¸neush perioq¸nGia th beltÐwsh twn apotelesm�twn kat�tmhshc tou suzeugmènou, polukritiriakoÔ sq -matoc anaptÔqjhke mia ek twn ustèrwn diadikasÐa ènwshc perioq¸n, h opoÐa mporeÐ na e-farmosteÐ epilektik� kai proairetik�, eidik� gia thn kathgorÐa eikìnwn edafotom¸n. HdiadikasÐa prosfèrei kalÔterh omadopoÐhsh twn perioq¸n kai perissìtero ermhneÔsima apo-telèsmata. QrhsimopoieÐ dianÔsmata qarakthristik¸n pou èqoun exaqjeÐ  dh kat� th f�shthc an�lushc uf c kai ja mporoÔse na genikeujeÐ me stìqo k�poion algìrijmo kat�tmhshceikìnwn tÔpou diaqwrismoÔ-ènwshc (split & merge).H diadikasÐa sugq¸neushc perioq¸n basÐzetai ston upologismì thc apìstashc twn mè-130 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 7. Efarmogèc sthn An�lush Eikìnwn Edafotom¸n
(a) (b) (g)
(d) (e) (st)Sq ma 7.4: Κατάτμηση της εδαφοτομής του 7.3(α) με συνδυασμό κριτηρίων: (α) ενέργεια δια-

μορφώσεων υφής Ψmat(v), (β) μέτρο gradient του u (Σχ. 7.3(β) ), (γ) σημαδευτές, (δ) συζευγμένη
κατάτμηση (A(t) = 1), (ε) περιοχές κατάτμησης, (στ) βελτιωμένες περιοχές μετά από ένωση εκ
των υστέρων (region post-merging). Από το [269].

Sq ma 7.5: Βελτίωση των αποτελεσμάτων κατάτμησης με ένωση περιοχών. Το αρχικό αποτέ-
λεσμα, (αριστερή εικόνα) του συζευγμένου σχήματος, βελτιώνεται με ομαδοποίηση με βάση το
χρώμα και τις συνιστώσες γεωμετρίας και υφής (μεσαία εικόνα) Οι τελικές ομαδοποιημένες περιο-
χές κατάτμησης φαίνονται δεξιά.swn twn qarakthristik¸n an�mesa se geitonikèc perioqèc. Tètoia qarakthristik� mporeÐ naeÐnai to qr¸ma, h èntash, h antÐjesh twn sunistws¸n cartoon kai uf c kai ta qarakthristik�kurÐarqwn diamorf¸sewn (enèrgeia, pl�toc, suqnìthtec). To metrikì apìstashc an�mesase dÔo geitonikèc perioqèc R1, R2 orÐzetai me b�sh th stajmismènh EukleÐdia apìstash

DR1R2
=




∑

j

wj |µ1j − µ2j|2




1/2

, (7.8)ìpou µij h mèsh tim  tou qarakthristikoÔ j gia k�je perioq  i. Mia diaforetik  epilog  jamporoÔse na eÐnai h kanonikopoihmènh apìstash me wj = σ−1
1j .Se k�je pèrasma tou algorÐjmou h apìstash upologÐzetai gia k�je zeÔgoc geitonik¸nperioq¸n mazÐ me th mèsh tim  µij kai th metablhtìthta σ2
ij k�je perioq c i kai gia k�jeqarakthristikì j. AnazhteÐtai to zeÔgoc el�qisthc apìstashc me periorismì na ikanopoieÐtai
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Kef�laio 7. Efarmogèc sthn An�lush Eikìnwn Edafotom¸nto tropopoihmèno Fisher krit rio
F = rankk[Fj ] = rankk

[

(N1 + N2)σ
2
0j

N1σ
2
1j + N2σ

2
2j

− 1

]

> c, (7.9)ìpou to rankk[·] sumbolÐzei thn k-ost  di�taxh enìc sunìlou, Ni eÐnai o arijmìc twn shmeÐwnthc perioq c i = {1, 2}, Fj eÐnai o periorismìc gia th metablhtìthta σ2
0j tou qarakthristi-koÔ j sthn enwmènh perioq  kai c èna kat¸fli-stajer� (sun jwc tÐjetai 0). An to krit rio(7.9) ikanopoieÐtai gia to zeÔgoc el�qisthc apìstashc, oi perioqèc en¸nontai dÐnontac miauperperioq , mikr c mèshc apìstashc qarakthristik¸n kai mikr c metablhtìthtac sugkrinì-menhc me tic arqikèc. Se antÐjeth perÐptwsh, to zeÔgoc thc epìmenhc mikrìterhc apìstashelègqetai kai oÔtw kajex c.Mia stajer  el�qisth epitrepìmenh apìstash ènwshc epilègetai kat� thn arqikopoÐh-sh, qrhsimopoi¸ntac èna apì ta qamhlìtera kèntra tou istogr�mmatoc, gia na egguhjeÐ hsÔgklish thc diadikasÐac kai na apotrapeÐ h ènwsh {anomoiìmorfwn} perioq¸n. Sto (7.5)faÐnetai èna par�deigma thc diadikasÐac ènwshc gia èna apotèlesma kat�tmhshc miac eikìnac.Ta qarakthristik� pou qrhsimopoi jhkan eÐnai to qr¸ma kai h èntash twn u kai v sunistw-s¸n xeqwrist�, me kat¸fli tou krithrÐou (7.9) tim c c = 0.5 kai autìmath sÔgklish.7.4.2 SugkrÐseicTo proteinìmeno suzeugmèno sq ma kat�tmhshc dokim�sthke apènanti se aploÔsterecall� kajierwmènec mejìdouc me skopì na epideiqjeÐ h ikanìthta beltÐwshc thc kat�tmhshctou q¸rou thc eikìnac. Opoiad pote tètoia sÔgkrish parousi�zei duskolÐec kaj¸c h apodo-tikìthta thc diadikasÐac kat�tmhshc, apousÐa dedomènwn elègqou, exart�tai kurÐwc apì thnefarmog  kai den up�rqei ènac oikoumenik� bèltistoc algìrijmoc pou na mporeÐ na qrhsimo-poihjeÐ wc anafor� se k�je perÐptwsh. H èlleiyh enìc olikoÔ krithrÐou poiìthtac gia thnapotÐmhsh twn diaforetik¸n mejìdwn, par�llhla me thn apousÐa dedomènwn apì anjr¸pinhkat�tmhsh eikìnwn edafotom¸n k�nei dÔskolh thn posotik  apotÐmhsh twn apotelesm�twn.Ektìc apì apl  episkìphsh tou telikoÔ diaqwrismoÔ twn perioq¸n, wc mèsa posoti-kopoÐhshc twn apotelesm�twn kai sugkrÐsewn qrhsimopoi jhkan se aut  thn perÐptwshk�poia empeirik� krit ria poiìthtac. Epilèqjhkan ta akìlouja metrik� elaqistopoÐhshc giata opoÐa mikrìterec timèc upodhl¸noun kalÔtero apotèlesma kat�tmhshc:A. Sun�rthsh olikoÔ kìstouc (Liu Yang Global Cost) (LYGC) [181], ènac sugkerasmìc

(tradeoff) an�mesa ston periorismì thc eterogèneiac kai sth diat rhsh leptomerei¸n
F (I) =

√
N ×

N∑

i=1

e2
i

√
ARi

,ìpou N eÐnai o sunolikìc arijmìc perioq¸n, e2
i to sf�lma qr¸matoc sthn perioq 

i, pou orÐzetai wc h EukleÐdia apìstash an�mesa sthn arqik  kai sthn katatmhmènhperioq  gia k�je shmeÐo kai ARi
to embadìn (area) thc i (se pixels).132 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 7. Efarmogèc sthn An�lush Eikìnwn Edafotom¸nB. Sunarthsiakì enèrgeiac (Mumford Shah Energy functional) (MSF) [221], pou prag-matopoieÐ kat�tmhsh elaqistopoi¸ntac to oloklhrwtikì mèso qrwmatikì sf�lma, to
gradient kai to m koc perigramm�twn kampul¸n

E(u,Γ) = µ

∫ ∫

R
(u − I)2dxdy +

∫ ∫

R−Γ
‖∇u‖dxdy + ν|Γ|,ìpou u h katatmhmènh eikìna-mwsaðkì kai Γ ta sÔnora kat�tmhshc. To Γ prèpei naeÐnai ìso to dunatìn mikrìtero en¸ ta µ, ν eÐnai stajerèc.To suzeugmèno sq ma, to opoÐo ja anafèretai wc CTS (contrast-texture)   VTS

(volume-texture) sugkrÐjhke me tic ex c mejìdouc: (a) metasqhmatismìc watershed (WT),kaj¸c h mèjodoc epekteÐnei thn klassik  prosèggish perilamb�nontac plhroforÐa uf c,(b) mèjodoc diaqwrismoÔ kai ènwshc Recursive Shortest Spanning Tree (RSST) [172], mia ka-jierwmènh region-based teqnik  kat�tmhshc, (g) omadopoÐhsh k-means clustering (KM) [84].Apotelèsmata sugkritik� faÐnontai sto Sq. 7.6, en¸ ta metrik� poiìthtac faÐnontai stonPÐnaka 7.1. EÐnai fanerì ìti to suzeugmèno sq ma xepern�ei se apìdosh to klassikì water-

shed, Sq. 7.6(d), gegonìc anamenìmeno lìgw thc dipl c plhroforÐac antÐjeshc fwteinìthtackai uf c. Ta apotelèsmata tou watershed belti¸nontai sqetik� me thn kalÔterh topojèth-sh akm¸n kai ton periorismì twn sunìrwn se l�joc akmèc (lìgw thc parousÐac uf c). AnantÐ tou A(t) = 1 sth MDE (7.3) qrhsimopoihjeÐ A(t) 6= 1 kai plhmmurismìc ìgkou [270], htopojèthsh twn akm¸n eÐnai peraitèrw beltiwmènh, Sq. 7.6(b). Ta apotelèsmata twn RSSTkai k-means (akìmh kai met� apì epexergasÐa kai beltÐwsh twn apotelesm�twn thc oma-dopoÐhshc gia th dhmiourgÐa sunektik¸n perioq¸n), sta (e) kai (st) antÐstoiqa, faÐnontaiupokatatmhmèna (undersegmented) me mètria topojèthsh akm¸n, oi opoÐec sthn perÐptwshtou RSST eÐnai kai isqur� kbantismènec.Apì ton PÐnaka 7.1 faÐnetai ìti ta kalÔtera apotelèsmata me posotikoÔc ìrouc epi-teÔqjhkan apì to volume-based suzeugmèno sq ma plhmmurismoÔ me deÔtero kalÔtero toenallaktikì contrast-based. 'Ena deÔtero sÔnolo sugkrÐsewn gia thn Ðdia eikìna, an�mesasta dÔo sq mata kai to aplì watershed parousi�zetai sto Sq. 7.7 me èna diaforetikì ar-qikì sÔnolo shmadeut¸n, h epilog  tou opoÐou faÐnetai sto (a). Tèloc h ìlh diadikasÐaparousi�zetai sto Sq. 7.8 kai gia mia diaforetik  eikìna edafotom c me ìla ta endi�mesast�dia kai me to sÔnolo twn sqetik¸n sugkrÐsewn pou posotikopoioÔntai ston PÐnaka 7.2.Krit rio Mèjodoc Kat�tmhshcPoiìthtac CTS VTS WT KM RSST

YLGC 2.52 2.24 4.04 4.50 35.57
MSF 1.47 1.45 1.48 2.10 22.31PÐnakac 7.1: Ποσοτική αποτίμηση μεθόδων κατάτμησης για την εδαφοτομή 7.6(α).
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Kef�laio 7. Efarmogèc sthn An�lush Eikìnwn Edafotom¸n
(a) (b) (g)
(d) (e) (st)Sq ma 7.6: Διαφορετικές μέθοδοι κατάτμησης: (α) εδαφοτομή (έγχρωμη) του 7.3(α), (β) συ-

ζευγμένη κατάτμηση (contrast-based), (γ) συζευγμένη κατάτμηση (volume-based), (δ) κατάτμηση
watershed, (ε) κατάτμηση διαχωρισμού και ένωσης (split and merge) βασισμένη στο RSST, (στ) ο-
μαδοποίηση k-μέσων (k-means clustering). Από το [269].

(a) (b)
(g) (d)Sq ma 7.7: Κατάτμηση όπως στο σχήμα 7.4 με συνδυασμό κριτηρίων αλλά διαφορετικό σετ

σημαδευτών: (α) σημαδευτές, (β) κατάτμηση watershed, (γ) συζευγμένη κατάτμηση (contrast-
based watershed ), (δ) συζευγμένη κατάτμηση (volume-based watershed μεγέθους).Krit rio Mèjodoc Kat�tmhshcPoiìthtac CTS VTS WT KM

YLGC 0.25 0.09 0.6 7.7
MSF 3.25 3.30 3.40 3.69PÐnakac 7.2: Ποσοτική αποτίμηση μεθόδων κατάτμησης για την εδαφοτομή 7.8(α).134 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 7. Efarmogèc sthn An�lush Eikìnwn Edafotom¸n
(a) (b) (g)
(d) (e) (st)
(z) (h) (j)
(i) (ia) (ib)Sq ma 7.8: Κατάτμηση και συγκρίσεις: (α) εδαφοτομή (έγχρωμη), (β) συνιστώσα cartoon u,

(γ) συνιστώσα υφής v, (δ) Ενέργεια διαμορφώσεων υφής Ψmat(v), (ε) μέτρο gradient του u, (στ) ση-
μαδευτές, (ζ) συζευγμένη κατάτμηση (contrast-based), (η) περιοχές κατάτμησης βελτιωμένες με
συγχωνεύσεις, (θ) συζευγμένη κατάτμηση (volume-based), (ι) κατάτμηση watershed, (ια) κατά-
τμηση διαχωρισμού και ένωσης (split and merge) βασισμένη στο RSST, (ιβ) ομαδοποίηση κ-μέσων
(k-means clustering). Από το [268].7.5 KathgorÐec kai di�krish uf cH taxinìmhsh thc uf c pou apant�tai stic eikìnec twn edafotom¸n sunÐstatai sthn ka-taskeu  dianusm�twn qarakthristik¸n gia k�je qwrikì shmeÐo thc eikìnac kai sthn epilog enìc kat�llhlou taxinomht  (classifier)(p.q. k-means, Bayes, SVC) [84]. Gia na ektimhjeÐ hapotelesmatikìthta twn exagìmenwn qarakthristik¸n gia an�lush uf c anex�rthta apì thnepilog  tou taxinomht  exet�zetai h diaqwrisimìthta twn t�xewn se èna sÔnolo apì tupikèceikìnec mikroôf c ed�fouc, sÔmfwna me to krit rio Fisher (6.4). 'Opwc anafèrjhke xan� to
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Kef�laio 7. Efarmogèc sthn An�lush Eikìnwn Edafotom¸n
(Q) (F) (O1) (O2)Sq ma 7.9: Τυπικές μικροϋφές χώματος: κρύσταλλοι (quartz grains - crystals) (Q), μικρομάζα (fine

matter) (F) και οργανικό υλικό (organic matter) (O1, O2).krit rio autì posotikopoieÐ thn apìstash an�mesa stic diaforetikèc t�xeic pou kataskeu�-zei ènac taxinomht c kai to bajmì ston opoÐo autèc eÐnai sumpageÐc [84] (blèpe analutik�En. 6.1.1).Elègqontai trÐa dianÔsmata qarakthristik¸n kai h apotelesmatikìthta touc posotiko-poieÐtai apì thn tim  tou krithrÐou. Ta qarakthristik�, ìpwc kai sthn En. 6.1.1, basÐzontaisthn polukanalik  Gabor an�lush kai sthn perigraf  thc uf c ston q¸ro twn apokrÐsewntwn fÐltrwn. Se k�je shmeÐo apodÐdetai èna sÔnolo tim¸n, apotèlesma enìc telest    miacdiadikasÐac sthn èxodo thc sustoiqÐac.a) Gabor (K × 1): enèrgeia (quadrature) twn K apokrÐsewn twn migadik¸n fÐltrwn
~IG(x, y) = [{(gke ∗ f)2 + (gko ∗ f)2}k=1:K ](x, y). (7.10)b) Teager (K × 1): Teager enèrgeia tw apokrÐsewn, dhl. h efarmog  tou mh-grammikoÔtelest  stic exìdouc twn fÐltrwn

~IT(x, y) = [{C(gk ∗ f)}k=1:K](x, y). (7.11)g) EDC (3× 1): kurÐarqh enèrgeia diamìrfwshc, prosanatolismìc kurÐarqhc suqnìthtackai èntash fwteinìthtac
~ID(x, y) = [Ψmat(I),∠~ωD, f ](x, y). (7.12)To teleutaÐo di�nusma, eÐnai èna enallaktikì di�nusma qamhl c di�stashc, pou èqei exaqjeÐmèsw entopismoÔ enèrgeiac diamìrfwshc kai DCA. H mètrhsh thc enèrgeiac emperièqei ticmetr seic kurÐarqou pl�touc kai suqnìthtac.Oi tèsseric tupikèc t�xeic uf c pou faÐnontai sto Sq. 7.9 èqoun lhfjeÐ apì tic lepto-mèreiec twn katatmhmènwn edafotom¸n kai antiproswpeÔoun krÔstallouc/anìrgano ulikì

(Q), mikrom�za   susswmat¸mata adi�kritou ulikoÔ (F) kai organikì ulikì (O). Oi ka-thgorÐec epilèqjhkan wc antiproswpeutikèc twn antÐstoiqwn t�xewn tupik¸n dom¸n toued�fouc. Gia ìla ta zeÔgh upologÐsjhkan oi apost�seic Fisher pou epitugq�nontai apì tatrÐa dianÔsmata, FG, FT, FD. Ston PÐnaka 7.3 parousi�zontai oi timèc twn apost�sewn F.Oi mègistec kai el�qistec apost�seic me ta antÐstoiqa zeÔgh t�xewn an� mèjodo eÐ-nai: FG=[1.41 (Q-O1), 1.03 (Q-F)], FT=[1.56 (Q-O1), 1.10 (Q-F)], FD=[1.65 (F-O1),136 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 7. Efarmogèc sthn An�lush Eikìnwn Edafotom¸n
Gabor ~IG Teager, ~IT EDC, ~ID

Q F O1 O2 Q F O1 O2 Q F O1 O2

Q - 1.03 1.41 1.16 - 1.10 1.56 1.21 - 1.38 1.03 1.06
F - 1.08 1.33 - 1.17 1.45 - 1.65 1.01
O1 - 1.37 - 1.48 - 1.52
O2 - - -PÐnakac 7.3: Αποστάσεις Fisher για χαρακτηριστικά υφής μετά από Gabor πολυκαναλική ανάλυση,

για τα δείγματα τυπικής υφής στο σχήμα 7.9.

1.01 (F-O2)]. To di�nusma Teager energei¸n twn Gabor apokrÐsewn petuqaÐnei megalÔ-terh diaqwrisimìthta gia k�je zeÔgoc me mèsh apìstash 1.33, sugkrinìmeno me thn tupik 
Gabor enèrgeia mèshc apìstashc 1.23. To qamhl c di�stashc di�nusma kurÐarqwn qarakth-ristik¸n, to opoÐo fèrei plhroforÐa pl�touc kai suqnìthtac diamìrfwshc dÐnei th mègisthapìstash, (F-O1), kai mia mèsh tim  1.27 gia ìla ta zeÔgh.Sto mikrì deÐgma eikìnwn pou exet�sthke, o telest c Teager eÐnai perissìtero apo-dotikìc apì thn klassik  topik  enèrgeia Gabor se epÐpedo diaqwrisimìthtac twn t�xewnkai mporeÐ na qrhsimopoihjeÐ enallaktik� san energeiakìc telest c   mh-grammikìthta met�apì polukanalikì filtr�risma. H enèrgeia diamorf¸sewn uf c isorropeÐ to sugkerasmìan�mesa sth di�stash kai thn perigrafikìthta kai anadeiknÔei to gegonìc ìti ta kurÐarqaqarakthristik� diamìrfwshc mporoÔn na qrhsimopoihjoÔn gia an�lush twn katatmhmènwneikìnwn ek twn ustèrwn, me taxinìmhsh twn perioq¸n pou èqoun prokÔyei an�loga me thnuf  touc   ektÐmhsh statistik¸n megej¸n sqetik¸n me thn kathgorÐa twn diaforetik¸nperioq¸n.7.6 Sumper�smataTo plaÐsio an�lushc edafotom¸n pou anaptÔqjhke, sthrÐzetai sthn anÐqneush kai sthnan�lush protÔpwn uf c kai perilamb�nei diaqwrismì k�je eikìnac se dÔo sunist¸sec, an�-lush uf c kai suzeugmènh kat�tmhsh me plhroforÐa uf c kai gewmetrÐac. To koinì sq makat�tmhshc dÐnei perissìtero eÔloga kai kalÔtera ermhneÔsima apotelèsmata se sÔgkrishme sumbatikèc mejìdouc. H apotÐmhsh pragmatopoi jhke tìso mèsw episkìphshc twn apo-telesm�twn ìso kai me metrik� poiìthtac kat�tmhshc gia eikìnec edafotom¸n polÔplokhcdom c. H shmasÐa thc an�lushc uf c anadeiknÔetai apì thn apìdosh kai ta apotelèsma-ta thc kat�tmhshc mèsa apì to sen�rio diaqwrismoÔ thc apì th gewmetrÐa thc eikìnac, pousqetÐzetai me thn antÐjesh   to mègejoc twn makrodom¸n thc. H enèrgeia diamìrfwshc uf cbelti¸nei epÐshc th diaqwrisimìthta twn t�xewn gia kathgoriopoÐhsh, gegonìc pou mporeÐna qrhsimopoihjeÐ gia epiplèon an�lush twn perioq¸n me proôpologismèna qarakthristik�.O sunduasmìc gewmetrik¸n, statistik¸n kai metr sewn uf c stic diaforetikèc perioqècja apod¸sei qarakthristikèc idiìthtec tou ed�fouc pou mporoÔn na sumb�lloun sthn ektÐ-mhsh thc bðooikologik c tou poiìthtac. An�logec teqnikèc mporoÔn na efarmostoÔn kaise �llec ptuqèc thc epifaneiak c   upoedafik c an�lushc, ìpwc epÐshc kai se dedomèna
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Kef�laio 7. Efarmogèc sthn An�lush Eikìnwn Edafotom¸nthlepiskìpishc.
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Kef�laio 8Mikrodomèc Akoustik¸nShm�twn kai AnÐqneush Fwn cH omilÐa apoteleÐ Ðswc thn perissìtero anaptugmènh morf  anjr¸pinhc epikoinwnÐac kaiakoloÔjhse th mousik  kai tic k�je eÐdouc eikìnec. Apì thn pr¸th eisagwg  analogik¸nkumatomorf¸n se mhqanèc kai touc pr¸touc kwdikopoihtèc fwn c, ft�same sthn epoq  thcpolumorfik c, amfÐdromhc epikoinwnÐac anjr¸pou kai mhqan¸n. H an�gkh gia teqnikèc kaigenikeumèna montèla gia thn epexergasÐa optik c kai hqhtik c plhroforÐac prokÔptei apìthn Ôparxh koin¸n efarmog¸n all� kai apì thn anaz thsh ermhneÐac se parapl sia fainìme-na. Oi èreunec tou Teager [281] gÔrw apì ta mh-grammik� fainìmena kat� thn paragwg  thcfwn c kai h akìloujh mh-grammik  montelopoÐhsh thc ¸jhsan thn anaz thsh mikrodom¸ndiamìrfwshc se s mata fwn c gia jèmata epexergasÐac kai anagn¸rishc omilÐac. Parousi�-zetai ed¸ h èreuna sqetik� me thn anÐqneush tètoiwn mikrodom¸n me skopì thn anagn¸rishkai thn anÐqneush fwnhtik¸n gegonìtwn (speech event detection). Exeidikeumèna kai apote-lesmatik� qarakthristik� gia anÐqneush kai kat�tmhsh fwn c eÐnai aparaÐthta se sÔgqronasust mata epikoinwnÐac lìgou. Qrhsimopoi¸ntac idèec apì th mh-grammik  an�lush fwn c,ìpwc h parousÐa diamorf¸sewn kai h polukanalik  an�lush, proteÐnontai nèec perigrafècenèrgeiac kai fasmatikoÔ perieqomènou, antÐstoiqec me autèc pou anaptÔqjhkan gia thn a-n�lush thc uf c eikìnwn. 'Etsi, ta nèa qarakthristik� lamb�nontai mèsw diaqwrismoÔ sepollaplèc z¸nec suqnot twn kai entopismoÔ thc kurÐarqhc enèrgeiac diamìrfwshc se epÐ-pedo thc Teager-Kaiser enèrgeiac xeqwrist¸n AM-FM sunistws¸n. H apotelesmatikìthtatouc epideiknÔetai mèsa apì jewrhtik , statistik  an�lush all� kai susthmatik  apotÐmhshse dÔo sen�ria entopismoÔ fwn c kai sugkekrimèna anÐqneush sunìrwn fwn c (endpoint

detection) kai anÐqneush fwnhtik c drasthriìthtac (voice activity detection) [93,94].8.1 Fwn  se jìruboH anÐqneush Ôparxhc fwn c se akoloujÐec hqhtik¸n shm�twn mporeÐ na antimetwpi-sjeÐ eÐte �mesa wc anagn¸rish kai onomatismìc gegonìtwn (event labeling) se perib�llon139



Kef�laio 8. Mikrodomèc Akoustik¸n Shm�twn kai AnÐqneush Fwn csiwp c  (kai) jorÔbou, eÐte èmmesa wc anagn¸rish fwnhtik c drasthriìthtac (voice acti-

vity detection). O diaqwrismìc fwn c apì perib�llonta jìrubo eÐnai eidik  perÐptwsh tougenikìterou probl matoc thc kat�tmhshc fwn c kai eÐnai shmantikìc gia thn anagn¸rish,kwdikopoÐhsh, epexergasÐa kai met�dosh fwn c. Shmantik  meÐwsh epexergasÐac epitugq�-netai epilègontac mìno ta qr sima tm mata enìc hqografhmènou s matoc, en¸ ta sust mataanagn¸rishc omilÐac apaitoÔn uyhl  akrÐbeia kat� th f�sh thc dhmiourgÐac twn fwnhtik¸nprotÔpwn. H anÐqneush emplèketai sto qarakthrismì, to diaqwrismì kai thn prospèlashmeg�lwn b�sewn kai se teqnikèc enÐsqushc ìpwc h ektÐmhsh f�smatoc jorÔbou (noise spe-

ctrum estimation) [209], h apìrriyh plaisÐwn epexergasÐac (frame dropping) [248], h meÐwshjorÔbou, h akÔrwsh hqoÔc (echo cancelation), h kanonikopoÐhsh enèrgeiac kai h sumpÐeshdiasthm�twn siwp c. Stic thlepikoinwnÐec efarmìzetai gia epilektik , pragmatikoÔ qrìnou,met�dosh fwn c p�nw apì dÐktua.Oi sÔgqronec proseggÐseic epikentr¸nontai eÐte sthn an�ptuxh exeligmènwn qarakthri-stik¸n eÐte se exupnìterec kai poluplokìterec logikèc apìfashc. Prwtìtupa qarakthri-stik� gia tautopoÐhsh fwn c empnèontai apì enallaktikèc idiìthtec tou s matoc. Ektìc apìthn enèrgeia kai twn rujmì metab�sewn apì to mhdèn (zero-crossings rate), h bibliografÐaperilamb�nei <<periodikìthta>> kai jitter, eust�jeia tou pitch, qwrik  susqètish, fasmatik entropÐa, cepstral qarakthristik�, upìloipo LPC, enallaktikèc energeiakèc metr seic [316],qronik  perib�llousa isqÔoc [209], fasmatik  apìklish [248, 249] kai qronosuqnotikèc pa-ramètrouc mèsw polukanalik c an�lushc [313]. Prìsfata to statistikì plaÐsio anÐqneushcapokt� endiafèron me qr sh idiot twn twn statistik¸n thc fwn c kaj¸c kai bèltistouckanìnec lìgwn pijanof�neiac [271].8.2 EnergeiakoÐ telestèc kai poluzwnikèc diamorf¸-seicPeiramatikèc kai jewrhtikèc endeÐxeic gia thn Ôparxh diamorf¸sewn se pollaplèc klÐ-makec kat� th di�rkeia paragwg c fwn c od ghsan sthn prìtash tou AM-FM montèloudiamorf¸sewn [201]. H apodiamìrfwsh enìc pragmatikoÔ AM-FM s matoc
x(t) = a(t) cos

(∫ t

0
ω(τ)dτ

) (8.1)me qronik� metaballìmenh perib�llousa pl�touc a(t) kai s mata stigmiaÐwn suqnot twn
ω(t) mporeÐ na proseggisteÐ me qr sh tou mh-grammikoÔ diaforikoÔ energeiakoÔ telest 
Teager-Kaiser [148,281]. Gia s mata suneqoÔc qrìnou autìc o telest c eÐnai

Ψ[x(t)] ≡ [ẋ(t)]2 − x(t)ẍ(t), (8.2)ìpou ẋ(t) = dx(t)/dt. O Teager-Kaiser energeiakìc telest c Ψ entopÐzei th stigmiaÐaenèrgeia phg c pou par�gei mia tal�ntwsh. Efarmozìmenoc se èna AM-FM s ma thc morf c(8.1), o Ψ dÐnei th stigmiaÐa enèrgeia thc phg c, dhlad  thn posìthta Ψ[x(t)] ≈ a2(t)ω2(t),140 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 8. Mikrodomèc Akoustik¸n Shm�twn kai AnÐqneush Fwn cìpou to sf�lma prosèggishc eÐnai amelhtèo [201] an to stigmiaÐo pl�toc a(t) kai h stigmiaÐasuqnìthta ω(t) de metab�llontai polÔ   gr gora se sqèsh me th mèsh tim  tou ω(t).O 1-D algìrijmoc AM-FM apodiamìrfwshc [201] (energy separation algorithm), basÐze-tai ston Ψ kai ston diaqwrismì thc stigmiaÐac enèrgeiac sta s mata pl�touc kai suqnìthtac
√

Ψ[ẋ(t)]

Ψ[x(t)]
≈ ω(t) ,

Ψ[x(t)]
√

Ψ[ẋ(t)]
≈ |a(t)|. (8.3)H mejodologÐa stigmiaÐou diaqwrismoÔ thc enèrgeiac od ghse se di�forec kathgorÐec algo-rÐjmwn gia thn apodiamìrfwsh diakrit¸n AM-FM shm�twn

x[n] = x(nT ) = A[n] cos

(∫ n

0
Ω[k]dk

)

, (8.4)ìpou oi akèraioi k kai n qrhsimopoioÔntai sumbolik� apì thn olokl rwsh wc suneqeÐcmetablhtèc, A[n] = a(nT ) kai Ω[n] = Tω(nT ). Mia �mesh prosèggish eÐnai h efarmog  toudiakritoÔ Teager-Kaiser telest  Ψd[xn] ≡ x2
n−xn−1xn+1, ìpou xn = x[n], sto diakritì (8.4)kai h apìkthsh diakrit¸n energeiak¸n exis¸sewn thc morf c Ψd[xn] ≈ A2[n] sin2(Ω[n]).Aut  eÐnai h b�sh tou diakritoÔ algorÐjmou diaqwrismoÔ enèrgeiac (Discrete ESA) [201]:

arccos

(

1 − Ψd[xn − xn−1] + Ψd[xn+1 − xn]

4Ψd[xn]

)

≈ Ω[n], (8.5)
√

Ψd[xn]

sin2(Ω[n])
≈ |A[n]|. (8.6)O DESA eÐnai upologistik� aplìc kai èqei �risth, sqedìn stigmiaÐa qronik  an�lush.'Opwc kai sthn 2-D perÐptwsh, gia na efarmosteÐ h apodiamìrfwsh mèsw tou ESA seèna AM-FM s ma, apaitoÔntai diadikasÐec filtrarÐsmatoc gia thn apomìnwsh sten¸n zwn¸nsuqnot twn tou s matoc ìpou kuriarqeÐ mÐa mìno tètoia sunist¸sa. To sq ma polukana-lik c an�lushc (MDA) prot�jhke sto [38] wc trìpoc exagwg c diamorf¸sewn parousÐajorÔbou. Sumfwna me to MDA, h apodiamìrfwsh epiteleÐtai sthn èxodo miac sustoiqÐac

1-D Gabor fÐltrwn, twn opoÐwn h kroustik  apìkrish h(t) kai h apìkrish suqnìthtac H(ω)dÐnontai apì tic sqèseic
h (t) = exp (−α2t2) cos (ωct) (8.7)

H (ω) =

√
π

α

[

exp

(

−(ω − ωc)
2

4α2

)

+ exp

(

−(ω + ωc)
2

4α2

)]

, (8.8)ìpou ωc h kentrik  suqnìthta tou fÐltrou kai α to rms eÔroc tou.8.3 KÐnhtra kai anÐqneush me statistikèc upojèseicGia thn apotelesmatik  anÐqneush fwn c proôpotÐjetai h exètash tìso tou energeiakoÔepipèdou thc diègershc ìso kai tou suqnotikoÔ thc perieqomènou. O orismìc thc enèrgeiacenìc s matoc kat� ton Teager, pou tautÐzetai me thn enèrgeia pou par�getai apì thn phg tou, tairi�zei se èna tètoio plaÐsio. H Teager enèrgeia metr�ei tautìqrona kai stigmiaÐa
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Kef�laio 8. Mikrodomèc Akoustik¸n Shm�twn kai AnÐqneush Fwn cto mègejoc kai twn dÔo posot twn pou ekfr�zoun tìso th fasmatik  ìso kai th qronik plhroforÐa metabol c.Jewr¸ntac to �jroisma diamorfwmènwn hmitìnwn wc to montèlo fwn c [201], h perigraf diakritoÔ qrìnou eÐnai
s[n] =

K∑

k=1

Ak[n] cos(Ωck · n + Φk[n]), (8.9)ìpou k o deÐkthc suntonismoÔ (resonance) kai K o arijmìc twn jemeliwd¸n suntonism¸n
(formants). Ta stigmiaÐa metaballìmena s mata pl�touc Ak kai f�shc Φk (  suqnìthtac
Ωk = Ωck + ∂Φk/∂n) prìkeitai na ektimhjoÔn kai na aniqneujoÔn.'Estw ìti èna monadikì AM-FM s ma eÐnai parìn, dhlad  K = 1 me thn apomìnwsh miacz¸nhc diamìrfwshc mèsw enìc arket� stenoÔ Gabor fÐltrou. H fèrousa Ωck mporeÐ najewrhjeÐ gnwst  kai na proseggisteÐ mèsw thc kentrik c suqnìthtac tou fÐltrou. Dia-tup¸nontac to prìblhma gia aplìthta wc thn anÐqneush enìc hmitonoeidoÔc me �gnwstec,mh-tuqaÐec paramètrouc kai sqedìn statikì pl�toc kai f�sh an� par�juro an�lushc seleukì Gauss jìrubo �gnwsthc metablhtìthtac, oi dÔo statistikèc upojèseic eÐnai [154]:

H0 : X[n] = W [n],

H1 : X[n] = W [n] + A cos(Ωcn + Φ) + B,
(8.10)gia k�je par�juro m kouc N . Qrhsimopoi¸ntac ektim seic mègisthc pijanof�neiac

[Â, Φ̂, B̂, σ̂2
1 , σ̂

2
0 ] gia tic �gnwstec paramètrouc apodeiknÔetai eÔkola [94] ìti h sun�rthshlogarijmik c pijanof�neiac gia th desmeumènh sto H1 katanom  Gauss p(X|H1) eÐnai:

ln p(X|H1) ≈ N
Â2

4σ̂2
1

+
N

2σ̂2
1

(B̂2 − σ̂2
0) −

N

2
ln 2πσ̂2

1 . (8.11)Me statistik  dokim , apofasÐzetai upèr thc upìjeshc Hi pou megistopoieÐ th sun�r-thsh pijanof�neiac. Gia na lhfjeÐ upìyin o diaforetikìc arijmìc ektim¸menwn paramètrwngia tic dÔo upojèseic, qrhsimopoieÐtai to krit rio Minimum Description Length   MDL .Sugkekrimèna epilègetai h Hi pou megistopoieÐ to MDL(i) = ln p(X|Hi) − ni

2 ln N, ìpou
ni = [1, 4] h di�stash tou dianÔsmatoc paramètrwn gia i = 1, 2.H ektÐmhsh tou Ωc qrhsimopoi¸ntac èna Gaussian par�juro eÔrouc suqnìthtac σg qa-rakthrÐzetai apì k�poiec sqèseic abebaiìthtac twn mèswn di�rkeiac kai suqnìthtac [64], poukatal goun sto Ω2

c +σ2
g > 1/4N2 [94]. Qrhsimopoi¸ntac to kat¸tero ìrio abebaiìthtac me

n1 = 4 gia to MDL(1) mporeÐ na kataskeuasteÐ ènac kanìnac gia thn anÐqneush hmitonoeid¸nsunistws¸n fwn c
N

Â2

4σ̂2
1

+ ln (Ω2
c + σ2

g)
H1

≷
H0

O(B̂, σ̂2
1 , σ̂

2
0 , N), (8.12)ìpou O mia sun�rthsh statistik¸n sto par�juro an�lushc, to σg eÐnai an�logo tou eÔrouctou fÐltrou kai Â2/2σ̂2

1 o shmatojorubikìc lìgoc (SNR). Parìmoia logik  efarmìzetaiepÐshc kai gia thn anÐqneush enìc apì K hmitonoeid  me diaforetikèc fèrousec, pou an-tistoiqoÔn sta K Gabor fÐltra. Se aut  thn perÐptwsh dokim�zontai K + 1 upojèseic142 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 8. Mikrodomèc Akoustik¸n Shm�twn kai AnÐqneush Fwn cmegistopoi¸ntac to MDL krit rio en¸ èna par�juro an�lushc qarakthrÐzetai wc jìrubocan MDL(0) > MDL(i),∀i 6= 0.Apì to [38] h anamenìmenh tim  tou energeiakoÔ telest  se èna filtrarismèno AM-FMs ma se jìrubo proseggÐzetai apì th sqèsh Ψ(X[n]) ≈ A[n]2|H(Ωc)|2[(Ωc +∂Φ[n]/∂n)2 +

Γc], ìpou Ωc kai H eÐnai antÐstoiqa h kentrik  kai h apìkrish suqnìthtac tou fÐltroukai Γc mia stajer� Ðsh me th mèsh filtrarismènh isqÔ jorÔbou. Ed¸ h prosèggish dÐnei
Ψ(X[n]) ≈ A2(Ω2

c + Γc) · |H(Ωc)|2 kai logarijmÐzontac
ln Ψ(X[n]) ≈ lnA2 + ln(Ω2

c + Γc) + const. (8.13)SugkrÐnontac tic exis¸seic (8.12) kai (8.13) prokÔptei h analogÐa an�mesa stouc ìroucpl�touc kai suqnìthtac kai tic stajerèc pou basÐzontai sto mèso zwnoperatì jìrubo mèsastouc logarÐjmouc. Autèc oi omoiìthtec, par� tic proseggÐseic pou efarmìsthkan stoprìblhma, dÐnoun mia aÐsjhsh tou rìlou tou energeiakoÔ telest  kai twn ektim sewn tou
ESA gia thn epilog  tou kanalioÔ kai th diadikasÐa anÐqneushc fwn c. 'Etsi, ta kÐnhtragia qarakthristik� anÐqneushc fwn c basismèna se 1-D AM-FM diamìrf¸seic eÐnai: (a) hstatistik  ermhneÐa enìc aniqneut  katwflÐwn (8.12), o opoÐoc sugkrÐnei tautìqrona mèsecektim seic pl�touc kai suqnìthtac diataraq¸n, (b) h duðk  plhroforÐa pou lamb�netai apìton Teager-Kaiser energeiakì telest , (g) h ikanìthta tou ESA na perigr�fei diamorf¸seicakìmh kai se polÔ mikrèc klÐmakec, (d) o periorismìc tou jorÔbou pou sunep�getai miacpolukanalik c zwnoperat c diadikasÐac.8.4 Qarakthristik� diamìrfwshcOi z¸nec diamìrfwshc ex�gontai mèsw miac sustoiqÐac K Gabor fÐltrwn kai o diakri-tìc energeiakìc telest c Ψd efarmìzetai wc mh-grammik  energeiak  mètrhsh. H diadikasÐaapotup¸netai sqhmatik� sto Sq. 8.1. Gia k�je par�juro an�lushc m, lamb�nontai ana-parast�seic braqèwc qrìnou twn kurÐarqwn sunistws¸n diamìrfwshc entopÐzontac stonpoludi�stato q¸ro twn apokrÐsewn twn fÐltrwn sto s ma s, th mègisth mèsh Teager enèr-geia (mean Multiband Teager Energy)   MTE :

MTE(m) = max
1≤k≤K

1

N

N∑

n=1

Ψd[(s ∗ hk)(n)], (8.14)ìpou to ∗ sumbolÐzei sunèlixh , n eÐnai o deÐkthc deÐgmatoc me (m− 1)N + 1 ≤ n ≤ mN kai
hk h apìkrish tou k-ostoÔ fÐltrou.To fÐltro i = arg maxk(MTE) upob�lletai se apodiamìrfwsh mèsw tou DESA kai oimèsec timèc twn ektim sewn dÐnoun, an� par�juro, to kurÐarqo mèso polukanalikì stig-miaÐo pl�toc (mean multiband Instant Amplitude   MIA) kai stigmiaÐa suqnìthta (mean

Multiband Instant Frequency   MIF)

MIA(m) =
1

N

N∑

n=1

|Ai(n)|, MIF(m) =
1

N

N∑

n=1

Ωi(n). (8.15)
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τοπισμός ενέργειας διαμόρφωσης και αποδιαμόρφωση του φίλτρου με την μέγιστη μέση Teager
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λυσης είναι μήκους N δειγμάτων.
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λέγεται και αποδιαμορφώνεται το κανάλι με τη μέγιστη μέση Teager ενέργεια ή κυρίαρχη ενέργεια
διαμόρφωσης.To MTE ermhneÔetai wc h kurÐarqh enèrgeia diamìrfwshc(dominant modulation energy),pou entopÐzei apì koinoÔ plhroforÐa pl�touc kai suqnìthtac twn shm�twn fwn c.Sto Sq. 8.2 faÐnetai gia èna par�juro an�lushc enìc 1-D s matoc, fwn c sthn pro-keimènh perÐptwsh, h diadikasÐa k�luyhc tou f�smatoc apì th sustoiqÐa (25 Gabor fÐltrame rms energì eÔroc 160 Hz kai grammik’h topoj’ethsh) kai h epilog  kai apodiamìrfwshtou kurÐarqou kanalioÔ. Ta nèa qarakthristik� braqèwc qrìnou gia olìklhro to s ma,sugkrinìmena me klassikèc anaparast�seic enèrgeiac (mèso apìluto pl�toc   mAA) kaisuqnotik c metabol c (mèsoc rujmìc metab�sewn apì to mhdèn   ZR) faÐnontai sto Sq. 8.3.8.5 Entopismìc sunìrwn fwn c se jìruboTa qarakthristik� diamìrfwshc (MTE, MIA, MIF) qrhsimopoi jhkan antÐ twn sum-batik¸n mean absolute amplitude (mAA) kai zero-crossings rate (ZR) se mia klassik mèjodo anÐqneushc orÐwn fwn c (endpoint detection) me kat¸flia [247]. Apì ta pr¸ta 100144 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή
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Sq ma 8.3: Χαρακτηριστικά ανάλυσης και ανίχνευσης φωνής σε 15 ms par’ajura Hamming, με 1/2
της διάρκειας επικάλυψη, στα 16 kHz. Κυμματομορφή, κλασσικά χαρακτηριστικά (mAA, ZR) και
τα νέα χαρακτηριστικά διαμόρφωσης MTE, MIA & MIF. ΄Ολες οι παραστάσεις είναι κανονικοποιη-
μένες και ομαλοποιημένες με συνδυασμό γραμμικών και μη-γραμμικών φίλτρων (median 3 σημείων,
Hanning 3 σημείων).

ms, pou jewroÔntai ek twn protèrwn siwp    jìruboc perib�llontoc, h mèsh tim  µsif kaih tupik  apìklish σsif thc MIF upologÐzontai mazÐ me mègistec timèc gia thn enèrgeia MTEsiwp c, Smax, all� kai gia olìklhro to s ma Pmax. Kanìnec katwfli¸n kataskeu�zontaiqrhsimopoi¸ntac empeirik� b�rh κ, λ, sÔmfwna me tic sqèseic
γf = µsif + κσsif, γd = min(T1, T2), γu = 5 · γd, (8.16)
T1 = λPmax + (1 − λ)Smax , T2 = 3 · Smax. (8.17)'Enac diplìc èlegqoc thc {energeiak c} mètrhshc tou s matoc, anazht¸ntac ta akraÐa shmeÐaìpou xeperniètai èna uyhlì kat¸fli γu amèswc met� apì èna qamhlìtero γd, aniqneÔei tokÔrio, sun jwc èmfwno tm ma thc diataraq c. Ta arqik� ektim¸mena sÔnora metatopÐzontaiètsi ¸ste na sumperil�boun tuqìn isqur  fasmatik  drasthriìthta, qrhsimopoi¸ntac to γfkat¸fli metr sewn {suqnotikoÔ} perieqomènou. Gia tic ed¸ dokimèc dìjhkan sta b�rh oitimèc λ = 0.02, κ = 1. Sto Sq. 8.4 dÐnontai paradeÐgmata tou algorÐjmou me ta klassik�kai ta nèa qarakthristik� diamìrfwshc.

Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή 145



Kef�laio 8. Mikrodomèc Akoustik¸n Shm�twn kai AnÐqneush Fwn c
−1

0

1

/ s i e t e /

−30

−10

MTE (dB)

mAA (dB)

−1

0

1

/ v i e w − b e d r o o m s /

−55

−35

−15

MTE (dB) , mAA (dB)

0

2000

4000 MIF

0 0.1 0.2 0.3 0.4
0

50

100

Time (sec)

ZR

0

2000

4000

MIF

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

50

100

ZR

Time (sec)Sq ma 8.4: Παραδείγματα εντοπισμού συνόρων φωνής με κλασσικά και νέα χαρακτηριστικά σε
δύο λέξεις (πάνω σειρά) με τις κάθετες γραμμές παριστάνουν τα πραγματικά σύνορα. Ακολούθως
παρουσιάζονται τα νέα και τα συμβατικά χαρακτηριστικά και τα αποτελέσματα τους. Οι «ενερ-
γειακές» μετρήσεις (mAA,MTE) παρουσιάζονται σε dB σε κοινή παράσταση για λόγους σύγκρισης.

Κλασσικά Πολυκαναλικά Διαμόρφωσης Teager

mAA, ZR mSA, ZR MAA, MZR MTE, MIF MTE STE PTE56.1 66.6 51.5 73.5 73.1 71.6 49.5PÐnakac 8.1: Ορθή ανίχνευση ορίων φωνής (%) στη βάση NTIMITTa qarakthristik� gia anÐqneush orÐwn fwn c dokim�sthkan k�tw apì pragmatikèc sun-j kec thlefwnikoÔ jorÔbou sth b�sh NTIMIT. To egqeÐrhma  tan h anÐqneush orÐwn fr�-sewn, anex�rthta apì to eÐdoc thc endi�meshc drasthriìthtac, sugkrinìmena me ta ìriapou èqoun prokÔyei apì anjr¸pinh episkìphsh thc b�shc. OrÐsthke wc sf�lma anÐqneushcopoiad pote lanjasmènh topojèthsh twn sunìrwn �nw twn 60 ms. Posost� orj c anÐqneu-shc gia olìklhrh th b�sh (1570 fr�seic), me diaforetikoÔc sunduasmoÔc qarakthristik¸nfaÐnontai ston PÐnaka 8.1. K�je sunduasmìc perilamb�nei mia {energeiak } kai mia {suqno-tik } mètrhsh. St lec me èna mìno qarakthristikì antistoiqoÔn se apotelèsmata apì ènamìno èlegqo me kat¸flia, qwrÐc beltÐwsh twn arqik¸n ektim sewn.To mSA anafèretai sto mèso tetragwnikì pl�toc, en¸ ta MAA, MZR eÐnai polukanali-kèc parallagèc twn klassik¸n kai apoteloÔn antÐstoiqa to mègisto apì ìlec tic z¸nec mèsopl�toc kai rujmì zero-crossings sth z¸nh me th mègisth mèsh filtrarismènh perib�llousa.Tèloc, oi dÔo teleutaÐec st lec antistoiqoÔn se enallaktikèc metr seic me thn Teager enèr-geia. H PTE perigr�fetai sto [316], en¸ h STE eÐnai h mèsh èxodoc tou energeiakoÔ telest an� par�juro, qwrÐc polukanalik  an�lush. Sumperasmatik�, h apotelesmatikìthta twnnèwn qarakthristik¸n mporeÐ na apodojeÐ sta pleonekt mata tìso thc polukanalik c an�-lushc ìso kai twn diaforetik¸n metr sewn enèrgeiac diamorf¸sewn. H meÐwsh tou mèsou146 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 8. Mikrodomèc Akoustik¸n Shm�twn kai AnÐqneush Fwn csf�lmatoc anÐqneushc, se sqèsh me thn klassik  prosèggish eÐnai 38.7% qrhsimopoi¸ntacmìno to MTE kai 40.1% belti¸nontac ta apotelèsmata me to MIF.Gia thn ektÐmhsh twn apotelesm�twn anex�rthta apì ta empeirik� orismèna diast matasf�lmatoc qrhsimopoi jhke mia apl  sÔmbash gia thn paragwg  kampul¸n pou proseggÐ-zoun tic kampÔlec ROC (Receiver Operating Characteristics). Gia ta dÔo eÐdh sfalm�-twn topojèthshc tÐjetai austhr� sta 30 ms h anoq  se qamènh di�rkeia fwnhm�twn (lost-

phoneme error) kai af netai h anoq  pr¸imhc arq c   kajustèrhshc tèlouc (spoke-too-soon

error) na metab�lletai sto di�sthma 2 me 150 ms. Autì to di�sthma, kanonikopoihmèno stomègisto tou, dÐnei èna mètro pou sqetÐzetai me thn pijanìthta esfalmènou sunagermoÔ. OidÔo posìthtec den eÐnai Ðsec all� sundèontai me mia èna proc èna, monotonik� aÔxousa, �gnw-sth sun�rthsh kaj¸c aÔxhsh sthn anoq , aux�nei thn pijanìthta kat� k�poio posostì [94].Sto Sq. 8.5 faÐnontai tètoiec kampÔlec anÐqneushc - anoq c gia ta klassik� qarakthristik�,tic polukanalikèc ekdoqèc touc kai ta qarakthristik� kurÐarqwn diamorf¸sewn.
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(a) (b)Sq ma 8.5: Καμπύλες ανίχνευσης - ανοχής λάθους, (α) στην NTIMIT και (β) στην TIMIT με
προσθετικό θόρυβο (SNR=30 dB). Το χρονικό διάστημα στον οριζόντιο άξονα είναι το διάστημα
ανοχής σφάλματος ορίων των φράσεων και σχετίζεται με την πιθανότητα λανθασμένου συναγερ-
μού.8.6 AnÐqneush fwnhtik c drasthriìthtacTa sust mata anÐqneushc fwnhtik c drasthriìthtac (voice activity detection, VAD),kathgoriopoioÔn eiserqìmena par�jura enìc s matoc me b�sh exag¸mena qarakthristik� sedÔo t�xeic qondrik�: fwnhtik� kai mh-fwnhtik� gegonìta (paÔseic, siwp , jìruboc, all�kai yÐjuroi, asjen  �fwna k.�.). 'Ena tètoio sÔsthma, sqediasmèno gia akrÐbeia kai anoq se jìrubo, prot�jhke sta [248, 249] kai perilamb�nei th qr sh thc makroprìjesmhc fa-smatik c apìklishc (long-term spectral divergence, LTSD). To ektim¸meno qarakthristikìposotikopoieÐ thn apìklish thc fwn c apì ton jìrubo perib�llontoc kai eÐnai sthn ousÐa mia{energeiak } mètrhsh pou diathreÐ kai fasmatik  plhroforÐa, aut  twn isqur¸n fasmatik¸nsunistws¸n se geitonik� par�jura an�lushc. O algìrijmoc basÐzetai se prosarmozìmena
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Kef�laio 8. Mikrodomèc Akoustik¸n Shm�twn kai AnÐqneush Fwn ckat¸flia kai enhmèrwsh twn paramètrwn tou jorÔbou. To VAD me LTSD dokim�sthkeexantlhtik� kai epituqhmèna k�tw apì di�forec, pragmatikèc sunj kec jorÔbou kai sugkrÐ-jhke me prìtupa VAD [27], qrhsimopoi¸ntac koinèc mejìdouc apotÐmhshc all� kai akrÐbeiaanagn¸rishc.8.6.1 AnÐqneush enèrgeiac diamìrfwshcH apotelesmatikìthta tou MTE wc aniqneut  gegonìtwn fwn c se èna VAD sÔsthmaekmetalleÔetai prosarmìzontac ton basismèno sto LTSD algìrijmo kai all�zontac th basi-k  tou mètrhsh me thn kurÐarqh enèrgeia diamìrfwshc MTE se dÔo enallaktikèc ekfr�seicapìklishc; makr�c kai braqèac. Kat� th di�rkeia miac periìdou arqikopoÐhshc majaÐnon-tai ta qarakthristik� tou jorÔbou. Met� thn exagwg  twn qarakthristik¸n (En. 8.4) hdiafor� epipèdou se dBse sqèsh me thn antÐstoiqh mètrhsh jorÔbou sugkrÐnetai me ènaprosarmozìmeno kat¸fli γ ∈ [γ0, γ1]:
γ = γ0 + (γ1 − γ0)(E − E0)/(E1 − E0), (8.18)ìpou E h enèrgeia jorÔbou perib�llontoc, en¸ ta ìria tou diast matoc exart¸ntai apìtic enèrgeiec E0, E1 stic pio {kajarèc} kai pio jorub¸deic sunj kec thc upì exètashcb�shc, upologismènec kat� thn arqikopoÐhsh. H mètrhsh tou qarakthristikoÔ tou jorÔbouprosarmìzetai k�je for� pou siwp    paÔsh aniqneÔetai upologÐzontac topikoÔc mèsouc semia mikr  geitoni� parajÔrwn. Me ton trìpo autì lamb�nontai upìyin sunhjismènec all�realistikèc peript¸seic me mh-statikèc sunj kec jorÔbou.Gia na metrhjoÔn {apoklÐseic} enèrgeiac diamìrfwshc sto pnèuma tou LTSD qrhsimo-poioÔntai qarakthristik� basismèna sto mègejoc MTE:1. Apìklish polukanalik c Teager enèrgeiac (multiband Teager energy divergence,

MTED), h mègisth an� kan�li mèsh enèrgeia MTE, ìpwc orÐsthke prohgoÔmena sug-krinìmenh me to antÐstoiqo mègejoc MTEW gia to jìrubo
MTED(m) = 10 log10 (MTE(m)/MTEW) . (8.19)To MTED metr�ei thn apìklish thc enèrgeiac diamìrfwshc enìc frame apì thn e-nèrgeia anafor�c tou jorÔbou. Ousiastik� h diadikasÐa eÐnai Ðdia me ton algìrijmoanÐqneushc orÐwn thc En. 8.5 pou sugkrÐnei th diafor� megèjouc tou MTE.2. Makroprìjesmh apìklish polukanalik c Teager enèrgeiac (long-term multiband Te-

ager energy divergence, LTED), ìpou to MTE megistopoieÐtai se mia geitoni� 2L pa-rajÔrwn, katal gontac se mia diestalmènh kai kanonikopoihmènh wc proc ton jìruboekdoq  tou:
LTED(m) = 10 log10

(

max
l

{MTE(m + l)}/MTEW

) (8.20)me to −L ≤ l ≤ L na kajorÐzei thn t�xh thc ex�rthshc apì geitonik� frame.148 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή
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LTEDSq ma 8.6: Παραδείγματα ανίχνευσης κυρίαρχης ενέργεια διαμόρφωσης MTE για VAD και το
χαρακτηριστικό αναφοράς LTSD [248]. Τα διαστήματα δραστηριότητας ανιχνεύθηκαν παρόμοια
και με τα δύο χαρακτηριστικά, LTED και MTED.Sto Sq. 8.6 parousi�zetai èna par�deigma twn proteinìmenwn qarakthristik¸n gia VADse èna par�deigma akoloujÐac yhfÐwn apì th b�sh Aurora 3 (quiet, hands-free mic.), giapar�jura 25 ms me 10 ms metatopÐseic kai mia sustoiqÐa 25 Gabor. MazÐ faÐnetai kaito prosarmozìmeno kat¸fli pou shmatodoteÐ th fwnhtik  drasthriìthta. Diaisjhtik�, to
MTE qarakthristikì anamènetai na douleÔei kalÔtera kaj¸c megistopoieÐ th mètrhsh an�plaÐsio an�lushc tìso suqnotik� (mèsw thc polukanalik c an�lushc) ìso kai qronik� (mèswthc topik c geitoni�c). 'Etsi, exasfalÐzetai h kurÐarqh topik� qrono-fasmatik  perigraf tou s matoc.8.6.2 Apotelèsmata kai sugkrÐseicTo peiramatikì plaÐsio perilamb�nei sugkrÐseic apìdoshc anÐqneushc tou LTSD sq -matoc anafor�c kai twn basismènwn sto MTE VAD (8.19, 8.20), k�tw apì diaforetikècsunj kec jorÔbou stic b�seic Aurora 2 (70070 fr�seic) kai Aurora 3 (4914 fr�seic). HapotÐmhsh gÐnetai sÔmfwna me ta l�jh kathgoriopoÐhshc se diaforetik� SNR [27,209,248]qrhsimopoi¸ntac k�poio qarakthrismì   onomatismì anafor�c tou kajaroÔ sunìlou dedo-mènwn. Ed¸ qrhsimopoi jhke autìmath anagn¸rish fwn c (automatic speech recognition)gia kat�tmhsh kai onomatismì twn gegonìtwn fwn c kai siwp c stic b�seic. Apotelè-
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Kef�laio 8. Mikrodomèc Akoustik¸n Shm�twn kai AnÐqneush Fwn csmata uyhloÔ posostoÔ anagn¸rishc stic {kajarèc} akoloujÐec yhfÐwn kajorÐzoun to
ground truth. En suntomÐa, gia to sÔnolo Aurora 2, h ekpaÐdeush tou sust matoc gÐnetaiqrhsimopoi¸ntac 32 mixtures, 18 katast�seic kai to m kouc 39 di�nusma qarakthristik¸n
[MFCC, log E,∆,∆∆]T sto sen�rio <<clean-train>> me tic dokimèc sta kajar� dedomèna napetuqaÐnoun èna posostì 99.6% akrÐbeiac anagn¸rishc lèxewn. Gia thn Aurora 3, h ek-paÐdeush gÐnetai me 16 mixtures, 16 katast�seic kai to Ðdio di�nusma qarakthristik¸n. TouposÔnolo 1522 fr�sewn gia to <<well-matched>> sen�rio dokim¸n qrhsimopoi jhke me 93.7%akrÐbeia anagn¸rishc.Gia to VAD anafor�c LTSD qrhsimopoi jhkan oi prodiagrafèc pou anafèrontai sto[248], en¸ gia ta proteinìmenaVAD ta bèltista kat¸flia (8.18) ektim jhkan mèsw kampul¸n
ROC. Sto Sq. 8.7 parousi�zontai autèc oi kampÔlec sta pio jorub¸dh kai pio kajar�sÔnola gia ta VAD me qarakthristik� ta MTED kai LTED. Epilèqjhkan ta kat¸flia pouantistoiqoÔn sta shmeÐa twn kampul¸n el�qisthc apìstashc apì thn �nw arister  gwnÐatou idanikoÔ shmeÐou leitourgÐac. Autì od ghse sta γ0 = 24 dB, γ1 = 0.5 dB gia to MTED

VAD kai γ0 = 32 dB, γ1 = 2 dB gia to LTED sthn Aurora 2. Oi dokimèc sthn Aurora 3èginan me ta Ðdia zeÔgh katwfli¸n (γ0 = 6 dB, γ1 = 2.5 dB) kai gia ta trÐa qarakthristik�.

0 10 20 30 40 50 60 70
30

40

50

60

70

80

90

100
Aurora 2, Clean

Speech False Alarm  FAR1 (%)

S
pe

ec
h 

H
it 

R
at

e 
H

R
1 

(%
)

LTED
MTED
LTSD

0 10 20 30 40 50 60 70
30

40

50

60

70

80

90

100
Aurora 2, SNR = −5 dB

Speech False Alarm  FAR1 (%)

S
pe

ec
h 

H
it 

R
at

e 
H

R
1 

(%
)

LTED
MTED
LTSD

(a) (b)Sq ma 8.7: Καμπύλες ROC για αποτίμηση απόδοσης της ανίχνευσης φωνής στο (α) για το «κα-
θαρό» σύνολο και (β) για το πιο θορυβώδες (-5 dB) σύνολο της Aurora 2 για τα VAD βασισμένα
στο MTE. Παρουσιάζεται επίσης το σημείο λειτουργίας του LTSD-VAD.H apìdosh twn VAD ektim jhke sÔmfwna me to posostì orj¸n aniqneÔsewn fwn c
(speech hit rate, HR1), to opoÐo orÐzetai wc o lìgoc twn parajÔrwn fwn c pou èqounaniqneujeÐ wc proc to sunolikì arijmì parajÔrwn fwn c kai to posostì orj¸n aniqneÔsewnsiwp c (non-speech hit rate, HR0) orismèno antÐstoiqa gia th siwp . Sumplhrwmatik� meautèc tic posìthtec orÐzontai ta posost� lanjasmènou sunagermoÔ (false alarm rates, FAR1kai FAR0) twn apof�sewn gia fwn  kai jìrubo.Stouc PÐnakec 8.2 kai 8.3 parousi�zetai h apìdosh gia ta trÐa VAD stic b�seic anafor�c.Ta apotelèsmata antistoiqoÔn kai sta dÔo posost�, se mèsec timèc apì ìla ta dedomèna an�epÐpedo jorÔbou. Ta l�jh kathgoriopoÐhshc sumbaÐnoun kai stic dÔo kathgorÐec gegonìtwn150 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 8. Mikrodomèc Akoustik¸n Shm�twn kai AnÐqneush Fwn cPÐnakac 8.2: Ακρίβεια Ανίχνευσης, Aurora 2Qarakthristik� VADJìruboc (dB) LTSD LTED MTED
HR1 HR0 HR1 HR0 HR1 HR0

clean 95.6 66.6 89.7 72.7 88.1 67.320 89.9 80.4 83.2 83.6 79.4 78.415 90.1 75.8 80.2 83.8 77.1 78.210 90.3 70.3 77.2 83.9 73.9 78.45 89.8 63.4 71.9 79.7 75.6 68.80 89.9 67.4 74.3 81.4 75.1 72.6-5 87.1 45.5 51.0 75.0 70.7 54.4Mèsoi (%) 90.4 67.1 75.4 80.0 77.1 71.1Nìrma l�jouc (%) 34.3 31.7 36.8
HR1: speech Hit Rate, HR0: non-speech Hit RatePÐnakac 8.3: Ακρίβεια Ανίχνευσης, Aurora 3Qarakthristik� VADSunj kec JorÔbou LTSD LTED MTED

HR1 HR0 HR1 HR0 HR1 HR0

quiet 85.2 66.4 87.4 70.7 73.2 81.1
low 85.3 66.2 67.8 66.8 74.1 78
high 86.3 62.5 87.3 64.8 71.0 78.7Mèsoi (%) 85.6 65.1 87.5 67.4 79.3 72.8Nìrma l�jouc (%) 37.8 34.9 34.2

HR1: speech Hit Rate, HR0: non-speech Hit Rate(fwn c kai siwp c/jorÔbou) me apotèlesma ta posost� HR1, HR0 na jewroÔntai ÐshcbarÔthtac kai shmasÐac. Autì mporeÐ na posotikopoihjeÐ apì thn L2 nìrma twn lanjasmènwnsunagerm¸n. Gia thn kalÔterh leitourgÐa epidi¸ketai h elaqistopoi sh thc nìrmac l�jouc
(overall false alarm error norm):

‖(FAR0,FAR1)‖ =
[

(1 − HR0)2 + (1 − HR1)2
]1/2

. (8.21)Statistik� autì to metrikì ekfr�zei thn mèsh apìdosh tou aniqneut  kaj¸c eÐnai √2 forèch rms nìrma twn FAR, en¸ gewmetrik� eÐnai h mikrìterh EukleÐdia apìstash apì to idanikìshmeÐo leitourgÐac sthn ROC kampÔlh (HR=100, FAR=0) (Sq. 8.7). Sto Sq. 8.8 oi nìr-mec l�jouc parousi�zontai gia ta dÔo sÔnola dedomènwn kai ta trÐa diaforetik� VAD wcsun�rthsh thc meÐwshc tou SNR.Stic dokimèc sthn Aurora 2, ìpou ta kat¸flia epilèqjhkan kat� bèltisto trìpo oi MTEalgìrijmoi isostajmÐzoun ta dÔo posost� dÐnontac mèsa hit rates p�nw apì 70% tìso giaparousÐa ìso kai gia apousÐa fwn c. To LTED elaqistopoieÐ th nìrma l�jouc (8.21) me
7.6% sqetik  meÐwsh tou olikoÔ l�jouc ènanti tou LTSD. Apì to Sq. 8.8 (a) faÐnetai ìti o
LTED aniqneut c elaqistopoieÐ to sf�lma ektìc apì ta 20 dB SNR, ìpou kai ta trÐa qara-kthristik� akoloujoÔn an�logh pt¸sh apìdoshc k�tw apì auxanìmeno SNR. Sto sÔnolo
Aurora 3, ìpou ta kat¸flia anÐqneushc eÐnai ta Ðdia to LTED petuqaÐnei uyhlìterh apìdosh
Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή 151



Kef�laio 8. Mikrodomèc Akoustik¸n Shm�twn kai AnÐqneush Fwn c

clean  20 15 10 5 0 −5 
20

25

30

35

40

45

50

55

60

SNR (dB)

O
ve

ra
ll 

E
rr

or
 N

or
m

 (
%

)

Aurora 2

LTED
MTED
LTSD

quiet  low   high 
24

26

28

30

32

34

36

38

40

42

Noise Condition

O
ve

ra
ll 

E
rr

or
 N

or
m

 (
%

)

Aurora 3

LTED
MTED
LTSD(a) (b)Sq ma 8.8: Ολικά σφάλματα (overall false alarm error nomrs) ανίχνευσης φωνητικών γεγονότων

κάτω από διαφορετικά SNR στις βάσεις (α) Aurora 2 και (β) Aurora 3.se memonwmèna hit rate ap' ìti to LTSD kai mia sunolik  sqetik  meÐwsh sf�lmatoc 7.7%.H el�qisth nìrma l�jouc dÐnetai apì to MTED qarakthristikì me sqetik  meÐwsh kat�
9.5%, en¸ kai oi dÔo algìrijmoi pou basÐzontai sta montèla kai qarakthristik� kurÐarqwndiamorf¸sewn xepern�ne to LTSD sto sunolikì sf�lma k�tw apì ìlec tic sunj kec jorÔ-bou, ìpwc faÐnetai kai sto Sq. 8.8(b). Shmei¸netai ìti to LTED eÐnai me sunèpeia kalÔterokai sta dÔo sÔnola dokim¸n.8.7 Sumper�smataH anÐqneush fwnhtik¸n gegonìtwn proseggÐsthke mèsw thc anÐqneushc mikrodom¸n dia-mìrfwshc, entopÐzontac kai metr¸ntac kat�llhla kai se pollaplèc z¸nec thn kurÐarqhenèrgeia touc kai ex�gontac arg� metaballìmenh plhroforÐa kurÐarqou pl�touc kai suqnì-thtac. H mejodologÐa eÐnai an�logh me thn exagwg  twn kurÐarqwn sunistws¸n thc uf c se
2-D eikìnec kai thn anÐqneush twn mikrodom¸n thc. Ta qarakthristik� diamìrfwshc se 1-Ds mata diapist¸jhke ìti belti¸noun susthmatik� thn anÐqneush twn orÐwn thc fwn c sememonwmènec lèxeic   fr�seic kai mei¸noun to mèso olikì sf�lma enìc sjenaroÔ kai meg�-lhc akrÐbeiac aniqneut  fwnhtik c drasthriìthtac se meg�lec b�seic anafor�c. H epèktashaut¸n twn ide¸n gia genikeumènh anÐqneush kai an�lush akoustik¸n gegonìtwn mporeÐ nagÐnei mèsw miac susthmatik c perigraf c me ìrouc mikrodiamorf¸sewn twn diaforetik¸nkathgori¸n hqhtik¸n shm�twn.

�
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Kef�laio 9Sumper�smata kai Proekt�seic
I may not have gone where I intended

to go, but I think I have ended up

where I needed to be.

Douglas AdamsH melèth thc uf c me ìrouc AM-FM diamorf¸sewn anèdeixe thn ikanìthta tètoiwnmontèlwn na ex�goun kai na perigr�foun domèc se pollaplèc klÐmakec me efarmogèc sezht mata anapar�stashc eikìnwn kai upologistik c ìrashc. H idiìthta-qarakthristikì thcuf c eikìnwn antimetwpÐsthke sfairik� mèsa apì èna uposÔnolo problhm�twn ìpwc eÐnai hanÐqneush, h aposÔnjesh eikìnwn, h exagwg  qarakthristik¸n, h kat�tmhsh kai h taxinì-mhsh.9.1 SuneisforècTo jèma thc optik c uf c anaptÔqjhke sta di�fora epÐpeda tou me koin  b�sh to po-lukanalikì montèlo stenozwnik¸n diamorf¸sewn. Sunolik� prot�jhke èna oloklhrwmè-no sÔsthma an�lushc kai epexergasÐac uf c pou perilamb�nei suneisforèc kai kainotomÐecsta epimèrouc probl mata: 1) anÐqneushc, 2) exagwg c qarakthristik¸n me efarmogèc sekat�tmhsh-taxinìmhsh uf c kai polukritiriak  kat�tmhsh eikìnwn kai 3) diaqwrismoÔ uf cme aposÔnjesh eikìnwn gia montelopoÐhsh kai enÐsqush thc plhroforÐac.9.1.1 Enèrgeia uf c kai apodotik  ektÐmhsh paramètrwnGia thn perigraf  thc uf c axiopoi jhke kai emploutÐsthke to montèlo poluzwnik¸n,qwrik¸n AM-FM diamorf¸sewn sÔmfwna me to opoÐo oi metabolèc thc fwteinìthtac miaceikìnac perigr�fontai apì topik� stenozwnik� hmitonoeid  diamorfwmèna kat� pl�toc kaisuqnìthta. Oi sunist¸sec diaqwrÐzontai qrhsimopoi¸ntac sustoiqÐec grammik¸n fÐltrwn,an�lush se pollaplèc z¸nec suqnot twn kai mh-grammikoÔc telestèc topikoÔ entopismoÔenèrgeiac. Mia energeiak  posìthta, pou stic kurÐarqec z¸nec suqnot twn orÐzei thn enèr-geia uf c kai qrhsimopoieÐtai gia anÐqneush kai exagwg  qarakthristik¸n. Mia jewrhtik 153



Kef�laio 9. Sumper�smata kai Proekt�seican�lush tètoiwn telest¸n parousi�sthke se zwnoperatèc eikìnec me jìrubo. Exet�sthkanduo mèjodoi an�lushc me montèla diamìrfwshc, h an�lush pollapl¸n kai h an�lush kurÐar-qwn sunistws¸n (DCA). Sth deÔterh perÐptwsh prot�jhke mia nèa, enallaktik  mejodolo-gÐa entopismoÔ twn kurÐarqwn sunistws¸n thc uf c (EDCA) all� kai mia kanonikopoihmènhprosèggish sthn apodiamìrfwsh twn diakrit¸n AM-FM shm�twn me qr sh Gabor fÐltrwn
(Gabor-ESA). H ulopoÐhsh twn algorÐjmwn basÐsthke se apodotikèc, gr gorec ulopoi -seic sto pedÐo tou Fourier metasqhmatismoÔ. 'Etsi, to prìblhma thc an�lushc uf c an�getaise anÐqneush energeiak¸n ìrwn kai exagwg  dianusm�twn qarakthristik¸n (kurÐarqo pl�-toc, suqnìthta & prosanatolismìc) qamhl c di�stashc, twn opoÐwn oi upologismoÐ gÐnontaimèsw eÔrwstwn algorÐjmwn.9.1.2 Qarakthristik� diamìrfwshc gia metabolik  kat�tmhshH kat�tmhsh miac eikìnac se perioqèc me omoiogen  qarakthristik� ìpwc h gewmetrÐ-a, h fwteinìthta, to qr¸ma, h uf , h kÐnhsh k.�. eÐnai mia apì tic shmantikèc diergasÐecìrashc qamhloÔ epipèdou kai èna apì ta meg�la probl mata thc ìrashc upologist¸n. Pe-rilamb�nei ta anex�rthta st�dia thc exagwg c qarakthristik¸n, thc epilog c   meÐwshc thcdi�stashc touc kai enìc algorÐjmou kat�tmhshc. To montèlo kai ta exag¸mena dianÔsmataqarakthristik¸n, qrhsimopoi jhke wc kinht ra dÔnamh gia metabolik  kat�tmhsh uf c qw-rÐc episkìphsh me b�sh èna tropopoihmèno sq ma antagwnismoÔ perioq¸n kai gewdaitik¸nenerg¸n perioq¸n. H pijanotik  ermhneÐa thc diadikasÐac epilog c kanalioÔ-fÐltrou kat� tost�dio an�lushc kaj¸c kai h genÐkeush tou gia anÐqneush akm¸n kai uf c me qr sh anagen-nhtik¸n hmitonoeid¸n montèlwn k�nei dunat  thn ektÐmhsh pijanot twn gia tic diaforetikèckathgorÐec shm�twn se mia eikìna (uf , akmèc, omalèc perioqèc). Epiplèon epitrèpei th sÔ-zeuxh twn eterogen¸n qarakthristik¸n kai odhgeÐ se beltiwmèna apotelèsmata kat�tmhshc.Parousi�sthkan paradeÐgmata se èna pl joc fusik¸n eikìnwn me uf , sunodeuìmena apìposotik� apotelèsmata kai sugkrÐseic se mia b�sh eikìnwn anafor�c.9.1.3 Sunèrgeia metaxÔ apodìmhshc eikìnwn kai montelopoÐhshcuf cH kathgorÐa u+v montèlwn eikìnwn problèpei dÔo eÐdh plhroforÐac me th morf  anex�r-thtwn sunistws¸n pou upertÐjentai gia to sqhmatismì miac eikìnac. H mÐa eÐnai tmhmatik�omal , me apìtomec metabolèc an�mesa se epÐpeda tmhmatik� stajer c fwteinìthtac pou pe-rigr�foun tic makrodomèc kai ta gewmetrik� qarakthristik� thc eikìnac kai h �llh, h uf ,apoteleÐtai apì taqÔtatec metabolèc, prìtupa se mikrèc klÐmakec kai talant¸seic. H dia-dikasÐa diaqwrismoÔ uf c apì thn tmhmatik� omal  sunist¸sa, h aposÔnjesh   apodìmhsheikìnwn an kei sta antÐstrofh probl mata apokat�stashc   an�kthshc. Ta probl mata thcapodìmhshc eikìnwn, tou diaqwrismoÔ uf c kai thc montelopoÐhshc uf c antimetwpÐsthkanse èna plaÐsio sunèrgeiac, dhlad  mia diadrastik  sqèsh ìpou h mÐa diadikasÐa qrhsimo-poieÐ thn �llh gia beltÐwsh tìso tou diaqwrismoÔ ìso kai thc an�lushc. Sugkekrimèna,154 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 9. Sumper�smata kai Proekt�seicanaptÔqjhke kai prot�jhke èna nèo sq ma aposÔnjeshc eikìnwn thc kathgorÐac u + vbasismèno se metabolikèc mejodologÐec elaqistopoÐhshc energeiak¸n me qr sh enìc ìrouanakataskeu c thc uf c apì tic polukanalikèc sunist¸sec thc. H apodìmhsh sthrÐzetaisthn epÐlush enìc probl matoc olik c metabol c me periorismoÔc gia sqetik� me thn ana-kataskeu  thc plhroforÐac uf c apì thn eikìna. Ta pleonekt mata tou nèou sq matoc, toopoÐo sugkrÐjhke jewrhtik� kai peiramatik� me sq mata anafor�c thc bibliografÐac eÐnaia) h apokleistik  axiopoÐhsh enìc montèlou uf c, b) h upokeÐmenh ènnoia thc klÐmakac kaithc poluepÐpedhc apodìmhshc, g) h peraitèrw apodìmhsh thc uf c se èna deÔtero epÐpedose stenozwnikèc uposunist¸sec diaforetik c suqnìthtac kai prosanatolismoÔ. To pro-teinìmeno sq ma apoteleÐ ètsi èna u + Kv montèlo, me K uposunist¸sec diamorfwmènwntalant¸sewn. Sthn antÐjeth kateÔjunsh sunèrgeiac, o diaqwrismìc twn mikrodom¸n apìta qarakthristik� meg�lhc klÐmakac, prin apì thn efarmog  tou montèlou antimetwpÐsthkewc èna st�dio proepexergasÐac kai enÐsqushc thc plhroforÐac uf c. H apodotikìthta twnqarakthristik¸n pou ex�gontai apì th diaqwrismènh sunist¸sa, anadeiqjhke mèsa apì miaefarmog  taxinìmhshc uf c, ìpou sugkrÐjhke to sf�lma taxinìmhshc kai h diaqwrisimìthtatwn t�xewn diaforetik¸n dianusm�twn qarakthristik¸n, me èmfash sto proteinìmeno sÔnolotwn kurÐarqwn qarakthristik¸n diamìrfwshc.9.1.4 Efarmog  sthn an�lush edafotom¸nMia kathgorÐa eikìnwn me èntonh uf  kai parousÐa diaforetik¸n dom¸n eÐnai oi yhfiakèceikìnec lept¸n tom¸n tou ed�fouc   edafotom¸n (soilsections). H autìmath epexergasÐatètoiwn eikìnwn apokalÔptei stoiqeÐa thc sÔstashc kai thc dom c tou ed�fouc kai mporeÐ,sqetizìmenh me anjr¸pinh gn¸sh kai parathr seic, na bohj sei se ektim seic bðooikologik ckai periballontik c shmasÐac (gonimìthta, allagèc se oikosust mata k.�.). Oi anaptuqjeÐ-sec mèjodoi efarmìsthkan susthmatik� gia exagwg  qarakthristik¸n, an�lush uf c kaikat�tmhsh tètoiwn eikìnwn se omogeneÐc perioqèc, sqetikèc me thn mikromorfologÐa toued�fouc. Arqik�, me par�llhlh, qwrist  axiopoÐhsh thc kamrodom c kai thc mirkodom ctètoiwn eikìnwn, anaptÔqjhke èna genikì sq ma suzeugmènhc polukritiriak c kat�tmhshc.Prìkeitai gia èna metabolikì sq ma pou basÐzetai sthn exèlixh kampul¸n epipedosunìlwntwn opoÐwn h taqÔthta exart�tai tìso apì ta gewmetrik� qarakthristik� thc eikìnac ì-so kai apì thn aniqneuìmenh enèrgeia diamìrfwshc thc sunist¸sac uf c. Parousi�sthkanpoiotikèc kai posotikèc sugkrÐseic kat�tmhshc se epilegmèna, qarakthristik� deÐgmata thcb�shc. H an�lush twn katatmhmènwn eikìnwn mporeÐ na qrhsimopoihjeÐ gia thn kathgo-riopoÐhsh twn diaforetik¸n fusik¸n dom¸n tou ed�fouc, p.q. krÔstalloi, anìrgano kaiorganikì ulikì, me b�sh to mikrodom  thc uf c touc.9.2 Sumper�smata
• To montèlo diamorf¸sewn se pollaplèc z¸nec apoteleÐ èna genikì montèlo gia thnoptik  uf  pou odhgeÐ se perigrafik� dianÔsmata qarakthristik¸n. Autì epibebai¸-
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Kef�laio 9. Sumper�smata kai Proekt�seicjhke jewrhtik� kai praktik� se efarmogèc kat�tmhshc kai taxinìmhshc eikìnwn.
• H uf  mporeÐ na oristeÐ energeiak�, apì to pl�toc kai th suqnìthta twn kurÐarqwn zw-noperat¸n sunistws¸n thc. Aut  h enèrgeia apoteleÐ kai ènan endeÐkth gia anÐqneushthc Ôparxhc uf c se eikìnec
• H an�lush kai h exagwg  qarakthristik¸n gÐnetai apodotikìterh qrhsimopoi¸ntac thnkurÐarqh aut  energeiak  posìthta kai th mèjodo kanonikopoihmènhc apodiamìrfwshcpou parak�mptei ta probl mata diakritopoÐhshc
• Ta domik� stoiqeÐa thc uf c me b�sh to montèlo eÐnai talant¸seic me diamorfwmènapl�th kai f�seic se diaforetikèc z¸nec suqnot twn. Oi uposunist¸sec autèc diaqw-rÐzontai apì thn plhroforÐa makrodom¸n twn eikìnwn kai sunjètoun th sunist¸sathc uf c.
• Oi efarmogèc thc uf c eunooÔntai apì to diaqwrismì kai th diaforetik  epexergasÐathc plhroforÐac mikrodom c.
• Oi idèec autèc brÐskoun efarmog  kai sthn an�lush thc mikrodom c genik¸n shm�twn,ìpwc diapist¸jhke gia akoustik� s mata kai thn energeiak  anÐqneush fwnhtik cdrasthriìthtac.9.3 Mellontik  èreuna'Ena anoiqtì z thma se sqèsh me thn perigraf  kai an�lush thc uf c eÐnai h anaz thshmegalÔterhc euelixÐac sto montèlo qwrik¸n diamorf¸sewn. Autì sqetÐzetai me parametroucìpwc eÐnai h epilog  tou arijmoÔ twn sunistws¸n, o sqediasmìc thc sustoiqÐac twn fÐltrwnall� kai h prosarmostikìthta gia diaforetikèc kathgorÐec eikìnwn. Epiplèon, ta hmitonoeid montèla, par' ìti kalÔptoun pollèc kathgorÐec uf c, duskoleÔontai na antapokrijoÔn sedomhmènec   mh kateujuntikèc ufèc.H majhmatik  kai fusik  sÔndesh twn qwrik¸n diamorf¸sewn me tic sunart seic ta-l�ntwshc pou orÐsthkan apì to Meyer [214] gia montelopoÐhsh kai diaqwrismì thc uf c,eÐnai poll� uposqìmenh kaj¸c oi analogÐec an�mesa sta dÔo montèla eÐnai qarakthristikèc.Oi talant¸seic uf c, pou perigr�fontai se èna q¸ro majhmatik¸n sunart sewn me austh-rèc majhmatikèc idiìthtec, ja mporoÔsan na tautistoÔn me tic mh-statikèc talant¸seic thcèntashc fwteinìthtac kai twn topik� anaduìmenwn suqnot twn. Epiplèon, mellontikèc ka-teujÔnseic sta jèmata thc aposÔnjeshc eikìnwn perilamb�noun diaforetikoÔc periorismoÔckai montèla anakataskeu c, kalÔtero diaqwrismì thc uf c apì to jìrubo kai apodotikìterasq mata diakritopoÐhshc kai epÐlushc twn emplekìmenwn susthm�twn MDE.Proc mia eniaÐa antimet¸pish thc uf c me b�sh ta domik� thc stoiqeÐa ègine mia pr¸thprosèggish sto plaÐsio twn qwrik¸n diamorf¸sewn kai twn kurÐarqwn sunistws¸n thc.Ta jemeli¸dh stoiqeÐa   primitives thc uf c jewr jhkan oi qwrik� topik� emfanizìmenec156 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



Kef�laio 9. Sumper�smata kai Proekt�seicsunist¸sec diamìrfwshc se stenèc z¸nec suqnot twn. Tètoiec sunist¸sec entopÐzontaikai oriojetoÔn perioqèc, kalÔptoun diaforetikèc klÐmakec kai mporoÔn na orisjoÔn mèswtwn paramètrwn diamìrfwshc se èna qwrikì plègma. Mèsw thc kurÐarqhc enèrgeiac dia-morf¸sewn uf c, posotikopoieÐtai h sugkèntrwsh kai h parousÐa twn kurÐarqwn primitivesdiamìrfwshc se k�je jèsh kai kajorÐzetai an mia perioq  eÐnai   diajètei kat' autìn tontrìpo uf . Tètoia oikoumenik� primitives thc uf c mporoÔne na {majaÐnontai} apì sÔnolaeikìnwn kai na qrhsimopoihjoÔn gia anagn¸rish uf c kai antikeimènwn.Ta epimèrouc st�dia kai diadikasÐec pou exet�sthkan gia thn uf  mporoÔn na enswmatw-joÔn se èna oloklhrwmèno sÔsthma an�lushc kai proepexergasÐac uf c (texture front-end)basismèno sta montèla diamìrfwshc, to opoÐo ja trofodoteÐ efarmogèc upologistik c ì-rashc anwtèrou epipèdou (higher-level vision), ìpwc eÐnai h anagn¸rish antikeimènwn kai hanakataskeu  3-D skhn¸n.Gia thn efarmog  stic eikìnec edafotom¸n eÐnai anagkaÐa h eÔresh epiplèon trìpwn su-sqetismoÔ thc upologistik c, autìmathc an�lushc me gewlogikèc paramètrouc, biologikècparathr seic kai anjr¸pinec ektim seic. Arket� zht mata an�mesa sta pedÐa thc upologisti-k c ìrashc kai thc gewlogÐac qrei�zetai na diereunhjoÔn ìpwc poiec idiìthtec thc uf c (p.q.traqÔthta, prosanatolismìc, klÐmaka) qarakthrÐzoun tic xeqwristèc domèc tou ed�fouc ì-pwc apeikonÐzontai stic tomèc, poia exag¸mena qarakthristik� tic perigr�foun kalÔtera,poia h shmasÐa diaforetik c {puknìthtac} kai parousÐac uf c k.�. Proc aut  thn kateÔ-junsh eÐnai anagkaÐoc o qeirokÐnhtoc kajorismìc sth b�sh twn diaforetik¸n kathgori¸ndom¸n kai pijanìtata kai twn orÐwn touc se k�je eikìna memonwmèna (manual segmentation

and annotation). Autì ja epitrèyei th susthmatik  apotÐmhsh twn mejìdwn sto sÔnolotwn dedomènwn kai thn exagwg  sugkentrwtik¸n apotelesm�twn.Sto jèma thc anÐqneushc twn mikrodom¸n thc fwn c, to opoÐo exet�sthke anex�rthtase xeqwristì kef�laio, anoiqt� ereunhtik� zht mata up�rqoun sqetik� me thn epèktash twnantÐstoiqwn montèlwn eikìnwn. Ja mporoÔse kaneÐc na jewr sei gia par�deigma to diaqw-rismì thc fwn c se diaforetikèc sunist¸sec, mia apì tic opoÐec ja perilamb�nei mìno ticmikrodomèc diamìrfwshc kai ja apoteleÐ to antÐstoiqo thc uf c, me efarmogèc se jèmata a-pojorubopoÐhshc, apokat�stashc qamènhc plhroforÐac, kat�tmhshc fwn c kai anagn¸rishcomilÐac. Gia thn ¸ra, p�ntwc, den up�rqei h fusik  ermhneÐa enìc akoustikoÔ fainomènouantÐstoiqou thc optik c uf c.9.4 EpÐlogocH uf  epifanei¸n eÐnai èna apì ta optik� qarakthristik� tou fusikoÔ kìsmou pou a-naparist¸ntai mèsw sumbìlwn se biologik� sust mata ìrashc. Summetèqei tìso se ènapl joc anaparast�sewn qamhloÔ epipèdou ìso kai sta meg�la probl mata thc anagn¸rishckai anakataskeu c skhn¸n se teqnht� sust mata ìrashc. KwdikopoieÐ plhroforÐa sqetik me to eÐdoc, th sÔstash, th qwrik  topojèthsh all� kai thn proèleush   thn exèlixh twnantikeimènwn kai twn protÔpwn pou qarakthrÐzei. Kai en¸ èqei melethjeÐ me ìrouc biolo-
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Kef�laio 9. Sumper�smata kai Proekt�seicgikoÔc, yuqofusikoÔc, antilhptikoÔc kai gnwsiakoÔc kai upologistikoÔc, exakoloujeÐ naqarakthrÐzetai apì abebaiìthta sqetik� me ton orismì kai thn perigraf  tou wc èna optikìfainìmeno. To gegonìc autì apì mìno tou prosdÐdei barÔthta sthn èreuna pou sqetÐzetai methn epexergasÐa, thn an�kthsh kai thn axiopoÐhsh thc plhroforÐac uf c se eikìnec. Epiplè-on, h shmasÐa thc leptomèreiac se eikìnec aitiologeÐtai kai apì to pl joc twn efarmog¸n,stic opoÐec emplèketai �mesa   wc endi�meso st�dio h an�lush thc uf c. 'Opwc opoiad poteepist mh tou nou pou yhlafÐzei airetik� thn teqnht  nohmosÔnh, mia oloklhrwmènh upolo-gistik  prosèggish thc uf c mporeÐ na sumb�llei sthn katanìhsh twn mhqanism¸n ìrashc,antÐlhyhc, suneidhtìthtac tou eautoÔ kai suneidhtopoÐhshc tou fusikoÔ kìsmou.
�
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OrologÐa
amplitude (of) oscillation, modulation: pl�toc   eÔroc tal�ntwshc, diamìrfwshc
attentive (vision, perception): proseqtik  (ìrash, antÐlhyh), me sqolastik  episkì-phsh
benchmark (test): (dokim ) epidìsewn
bottom-up (processing): sunjetik    �nwjen (epexergasÐa)
boundaries: ìria, sÔnora
cognitive (sciences): gnwsiakèc epist mec
classification: taxinìmhsh
clustering: omadopoÐhsh
complex (cortical) cells: sÔnjeta kÔttara (neur¸nec)
component: sunist¸sa
contrast (color, intensity): antÐjesh (qr¸matoc, èntashc fwteinìthtac)
contours: perigr�mmata
curve evolution: exèlixh kampul¸n
curvature: kampulìthta
decomposition (image): aposÔnjesh, apodìmhsh (eikìnac), an�lush sta sunjetikèc thcsunist¸sec
dominant component(s): kurÐarqh(ec) sunist¸sa(ec)
diffusion (or heat) equation: exÐswsh di�qushc
fronts (evolving): kampÔlec (exelissìmenec)
early vision: pr¸imh ìrash
edges: akmèc 159



OrologÐa
emergent frequencies: emfanizìmenec   anaduìmenec suqnìthtec
feature: gn¸risma, qarakthristikì
filterbank: sustoiqÐa fÐltrwn
Geodesic Active Contours (Regions): gewdaitik� energ� perigr�mmata (perioqèc)
level sets: epipedosÔnola
likelihood: pijanof�neia
localization: entopismìc, topikopoÐhsh
low-level (processing, vision): qamhloÔ epipèdou (epexergasÐa, ìrash)
modulations: diamorf¸seic
multiband: poluzwnikì
multichannel: polukanalikì
multifrequency: polusuqnotikì
multivariate: polumetablhtì
narrowband (component): stenozwnik  (sunist¸sa)
oscillations: talant¸seic
orientation: prosanatolismìc
perception: antÐlhyh, antilhptikìthta
preattentive (processing): (epexergasÐa) qwrÐc sqolastik  episkìphsh
primal sketch: prwtarqikì skÐtso
primary visual cortex: prwteÔwn optikìc floiìc
primitives (image, texture): stoiqei¸dh (arqègona) qarakthristik� (eikìnac, uf c)
principal (component): prwteÔousa sunist¸sa
quadrature (pair) filters: fÐltra orjogwnismoÔ f�shc
(spatial) receptive fields: (qwrik�) upodektik� pedÐa
(photo)receptors: (Fwto)ôpodoqeÐc, (fwto)dèktec
region: Perioq 
Region Competition (segmentation): kat�tmhsh me Antagwnismì Perioq¸n160 Γιώργος Ευαγγελόπουλος, Διδακτορική Διατριβή



OrologÐa
residual: paramènon
retina: amfiblhstroeid c (qit¸nac)
scale (coarse, fine): klÐmaka (adromer c, leptomer c)
segmentation: kat�tmhsh
segregation: diaqwrismìc
simple (cortical) cells: apl� kÔttara (neur¸nec)
soilsection (image): (eikìna) edafotom c
striate cortex (V1, primary vis. cortex): grammwtìc floiìc
supervised (learning, segmentation, classification): epiblepìmenh (m�jhsh, kat�-tmhsh, taxinìmhsh)
textons: textìnia, basikèc mon�dec aujìrmhthc antÐlhyhc uf c
texture (visual, natural): uf  (optik , fusik )
texture (optical, haptic, retinal): uf 
top-down (processing): k�twjen (epexergasÐa)
wavelets: kumatÐdia
event detection: anÐqneush gegonìtwn endiafèrontoc
formants: jemeli¸deic suntonismoÐ (fwn c)
(speech) endpoints: sÔnora, termatik� shmeÐa (fwn c, lèxewn, fr�sewn)
resonance: suntonismìc (fwn c)
voice activity detection: anÐqneush fwnhtik c drasthriìthtac
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Biografikì ShmeÐwmaO Gi¸rgoc Euaggelìpouloc genn jhke sta Greben� to 1978 ìpou kai olokl rwse sto2o Genikì LÔkeio tic egkÔkliec spoudèc. Eis qjhke sth Sqol  Hlektrolìgwn Mhqanik¸nkai Mhqanik¸n Upologist¸n tou EjnikoÔ Metsìbiou PoluteqneÐou to 1996. To Septèm-brio tou 2001 èlabe to DÐplwma Hlektrolìgou MhqanikoÔ kai MhqanikoÔ Upologist¸nme kateÔjunsh MhqanikoÔ Epikoinwni¸n kai eidÐkeush stouc kÔklouc majhm�twn Thlepi-koinwni¸n, Shm�twn-Elègqou-Rompotik c kai DiktÔwn Epikoinwni¸n. H diplwmatik  touergasÐa  tan sto pedÐo thc An�lushc kai EpexergasÐac Shm�twn kai Fwn c me èmfash sthdi�krish fwn c, siwp c kai jorÔbou. Kat� th di�rkeia twn et¸n 2002-2007 sunèqise ticspoudèc tou wc Upoy fioc Did�ktwr thc Sqol c HMMU ston tomèa Shm�twn, Elègqoukai Rompotik c douleÔontac sthn ereunhtik  om�da CVSP sta genik� pedÐa thc An�lushcEikìnwn kai 'Orashc Upologist¸n. H diatrib  tou me tÐtlo {An�lush Uf c kai Mikrodo-m¸n Eikìnwn me Montèla Diamìrfwshc, Energeiakèc kai Metabolikèc Teqnikèc: AnÐqneush
& Diaqwrismìc}, epikentr¸jhke sth montelopoÐhsh uf c eikìnwn gia an�lush eikìnwn kaidiadikasÐec ìrashc qamhloÔ epipèdou. H Didaktorik  tou Diatrib  ent�qjhke sto ereunh-tikì prìgramma thc GGET, PENED-2001 sto pedÐo {An�lush Eikìnwn kai 'Elegqoc thcPoiìthtac Edaf¸n} en¸ par�llhla summeteÐqe merik� kai se �lla progr�mmata basik cèreunac, wc nèoc ereunht c sto prìgramma {Arqim dhc} gia thn an�ptuxh teqnik¸n epexer-gasÐac bioiatrik¸n shm�twn kai wc ereunht c gia to EPISEU sta ereunhtik� progr�mmatathc Eurwpaðk c 'Enwshc ‘HIWIRE’ kai ‘MUSCLE NoE’, se jèmata anÐqneushc fwnhtik¸ngegonìtwn kai autìmathc dhmiourgÐac peril yewn apì bÐnteo dedomèna antistoÐqwc. Ta ereu-nhtik� tou endiafèronta brÐskontai stic perioqèc thc mh-grammik c epexergasÐac shm�twn,an�lushc optik c uf c, an�lushc  qou kai eikìnac kai genikeumènh anÐqneush gegonìtwn sepolumesik� sust mata me efarmogèc sthn EpexergasÐa Eikìnwn, thn 'Orash Upologist¸n,thn EpexergasÐa Polumèswn kai ta Grafik� me Upologistèc. Apì to 2001 eÐnai mèloc touTeqnikoÔ EpimelhthrÐou Ell�dac (TEE) kai tou diejnoÔc teqnikoÔ organismoÔ IEEE. 'EqeidhmosieÔsei 16 �rjra se diejn  periodik� kai diejn  sunèdria me kritèc, en¸ eÐnai taktikìckrit c gia periodik� twn organism¸n IEEE kai OSA. (http://cvsp.cs.ntua.gr/gevag).
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