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PerÐlhyh Proìdou Diatribăc
Sta katÿtera epÐpeda susthmĹtwn ìrashc h epexergasÐa kai anĹlush thc optikăc

plhroforÐac gÐnetai me thn anazăthsh qarakthristikÿn kai mikrodomÿn, se pollaplèc
klÐmakec. Oi epifĹneiec se fusikèc eikìnec eÐnai sunăjwc anomoiìmorfec kai parou-
siĹzoun metabolèc èntashc fwteinìthtac, se diaforetikèc klÐmakec, sqhmatÐzontac
epanalambanìmena prìtupa. H ufă eÐnai apotèlesma twn fusikÿn idiotătwn miac
epifĹneiac ìpwc eÐnai h traqÔthta, o prosanatolismìc, to bĹjoc, to qrÿma, h anĹ-
klash, exeliktikÿn diadikasiÿn ă metabolăc sunjhkÿn peribĹllontoc. H paroÔsa
èreuna stoqeÔei sthn anĹdeixh kai anĹlush mikrodomÿn thc ufăc, gia problămata
ìpwc h exagwgă qarakthristikÿn, h katĹtmhsh, h kathgoriopoÐhsh kai h sÔnjesh.
Ereunÿntai kai proteÐnontai prohgmènec teqnikèc montelopoÐhshc kai anĹlushc se
parĹllhlec kateujÔnseic: i) Mèjodoi basismènec se montèla qwrikÿn fÐltrwn kai
topikÿn diamorfÿsewn, ii) Montèla stoqastikÿn frĹktal kai klasmatikoÐ jìruboi,
kai iii) Metabolikèc kai mh-grammikèc mèjodoi diaqwrismoÔ eikìnwn se aplopoihmènec
ekdoqèc touc kai sunistÿsec ufăc. Koinìc paronomastăc eÐnai h qrăsh montèlwn
diamorfÿsewn kai oi mh-grammikèc topikèc energeiakèc metrăseic. Tètoiec teqnikèc
efarmìzontai eidikìtera gia thn anĹlush kai katĹtmhsh eikìnwn edafotomÿn, pou
qarakthrÐzontai apì polÔplokh domă. H epèktash kai h anazăthsh koinÿn montè-
lwn gia ufă kai paraplăsia fainìmena se akoustikĹ sămata, odhgeÐ se ekdoqèc twn
mejìdwn gia anÐqneush kai anĹlush mikrodomÿn fwnăc.

Lèxeic KleidiĹ: optikă ufă, mikrodomèc, diamorfÿseic, polukanalikă anĹlush,
sustoiqÐec fÐltrwn, energeiakoÐ telestèc, anÐqneush, anĹlush, katĹtmhsh, diaqw-
rismìc eikìnwn, anaparĹstash eikìnwn, mh-grammikĹ montèla, stoqastikĹ montèla,
metabolikèc teqnikèc, anĹlush edafotomÿn, anÐqneush fwnăc.

Abstract
At the higher levels of vision systems, the processing and analysis of visual in-

formation is accomplished by seeking features and structures in multiple scales.
Surfaces in natural scenes are usually non-uniform, characterized by intensity va-
riations in various scales that create repetitive patterns. Texture, is a result of
natural surface properties, like coarseness, orientation, depth, color, reflection, evo-
lutionary processes or change in environmental conditions, like shading or lighting.
This research aims at detecting and analyzing texture microstructures, for problems
like texture feature extraction, segmentation, classification and synthesis. Advanced
modeling and analysis methods are examined and proposed in parallel directions:
i) Methods based in spatial filtering and local modulation detection, ii) Stochastic
models and fractional noises and iii) Variational and non-linear methods of image
decomposition in simplified versions and texture components. The common denomi-
nator is the use of modulation modeling and non-linear local energy tracking. Such
techniques are applied for the specific task of analysis and segmentation of soil-
section images, that posses a complex structure. The extension of texture models
for analogous phenomena in acoustic signals, has led to versions of the developed
methods appropriate for detection of speech microstructures.

Keywords: visual texture, microstructures, modulations, multiband analysis, filter-
banks, energy operators, feature extraction, detection, segmentation, image decom-
position, image representation, non-linear models, variational techniques, soilsection
analysis, speech event detection.
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KefĹlaio 1

Eisagwgă

H antÐlhyh tou fusikoÔ kìsmou sthrÐzetai sthn ikanìthta tou anjrÿpinou, upo-
keimenikĹ idanikoÔ, sustămatoc aisjăsewn na ermhneÔei plhroforÐa klimakwtĹ. H
paroÔsa douleiĹ èqei na kĹnei me anazăthsh domăc kai exagwgă plhroforÐac se su-
stămata teqnhtăc antÐlhyhc, kurÐwc ìrashc, ìpou h ènnoia thc domăc se mikrèc klÐma-
kec apantĹtai wc optikă ufă (visual texture) stic disdiĹstatec yhfiakèc anaparastĹ-
seic fusikÿn skhnÿn, allĹ kai epikoinwnÐac lìgou, ìpou monodiĹstatec mh-grammikèc
qronikèc metabolèc qarakthrÐzoun th mikrodomă fwnăc (speech microstructure). Mia
oloklhrwmènh perigrafă ă ermhneÐa pou anakÔptei apì tètoia sustămata ofeÐlei na
sunupologÐzei mikrometabolèc kai qarakthristikĹ se klÐmakec kai diastĹseic pèra
apì tic fainomenikĹ eparkeÐc.

1.1 Stìqoi

Autì pou gÐnetai Ĺmesa antilhptì me thn afă se antikeÐmena kai stoiqeÐa tou
kìsmou proslambĹnetai diaforetikĹ mèsw thc ìrashc. Kai enÿ mporoÔn na gÐnoun
upojèseic wc proc to eÐdoc ă thn epifĹneia kai ta qarakthristikĹ tou oratoÔ an-
tikeimènou, to megalÔtero mèroc thc plhroforÐac ufăc gÐnetai ekmetalleÔsimo upo-
suneÐdhta, se èna eurÔtero plaÐsio anĹlushc sÔnjethc optikăc plhroforÐac (qrÿma,
sqăma, sqetikă jèsh, fwteinìthta k.l.p.). To kÔrio tmăma thc paroÔsac èreunac èqei
na kĹnei me thn anÐqneush kai anĹlush ufăc se teqnhtĹ sustămata ìrashc (artificial
vision). Se èna deÔtero mikrìtero se èktash stĹdio idèec kai mèjodoi genikeÔontai
se aisjhtăria sămata ìpwc eÐnai h fwnă ă biologikèc metrăseic, upì èna koinì prÐsma
anazăthshc mikrodomÿn kai krufăc gewmetrÐac se stoqastikĹ sămata.

Ex orismoÔ h optikă ufă eikìnwn apoteleÐ domă me qarakthristikĹ pèran twn
Ĺmesa proslambanìmenwn. Sthn ousÐa perilambĹnei mikrometabolèc pĹnw apì tic ma-
krometabolèc megejÿn ìpwc h fwteinìthta, to qrÿma ă to sqăma. Pèra apì thn
ufă, kai anexĹrthta apì ton asafă orismì thc, endiafèron upĹrqei gia mikrometabo-
lèc ìpwc diamorfÿseic, talantÿseic, frĹktal domèc, statistikă autoomoiìthta se
pollaplèc klÐmakec k.a.

Me gnÿmona thn katanìhsh kai efarmogă thc melèthc twn mikrometabolÿn polu-
diĹstatwn shmĹtwn se sustămata ìrashc, endiafèrei o orismìc thc ufăc. Na oristeÐ
h optikă ufă gia yhfiopoihmènec anaparastĹseic tou fusikoÔ kìsmou allĹ kai na
genikeujeÐ h ènnoia thc gia monodiĹstata sămata. Ja mporoÔse kaneÐc diaisjhtikĹ na
milăsei gia <Ąkoustikă>> ufă shmĹtwn ăqou ă omilÐac ìpwc qrhsimopoieÐtai perifra-
stikĹ sth mousikă h ufă ă to hqìqrwma;
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ParĹllhla allĹ kai sumplhrwmatikĹ stìqoc eÐnai h anazăthsh kai qrăsh eÔrw-
stwn montèlwn gia thn eÔresh kai thn perigrafă ufăc. To jèma thc epilogăc tou
katĹllhlou montèlou èqei apasqolăsei ektenÿc th sqeikă bibliografÐa me epimèrouc
zhtămata thn epilogă katĹllhlhc bĹshc perigrafăc, ton orismìc twn sqetikÿn pa-
ramètrwn, thn ektÐmhsh touc kajÿc kai trìpouc sÔzeuxhc ideÿn apì diaforetikèc
proseggÐseic. H efarmogă enìc katĹllhlou montèlou mporeÐ na gÐnei mìno efìson
upĹrqei ufă kai mporeÐ na aniqneujeÐ. Mia deÔterh epomènwc kateÔjunsh eÐnai h
anÐqneush tètoiwn domÿn, pou ja mporoÔsan na qarakthristoÔn ufă, me katĹllhla
ergaleÐa pou tairiĹzoun stic idiìthtec touc kai o kajorismìc twn sunjhkÿn ÿste kĹti
tètoio na eÐnai efiktì kai na èqei nìhma. Tèloc stìqoc eÐnai h anĹlush kai h exagw-
gă qarakthristikÿn gia perigrafă, mètrhsh, kathgoriopoÐhsh, diĹkrish, anagnÿrish,
katĹtmhsh ufăc k.a. mèsa apì aneptugmèna ergaleÐa kai kainotìmec mejìdouc, ka-
tĹllhlec gia th fÔsh thc plhroforÐac ufăc.

Sthn prospĹjeia na gÐnei perissìtero aptă aută h plhroforÐa, axiopoieÐtai èna
sÔnolo mh-grammikĹ kai statistikĹ ergaleÐa, ta opoÐa diaisjhtikĹ kai majhmatikĹ
tairiĹzoun se tètoiec domèc. To ereunhtikì plaÐsio perilambĹnei genikeumènouc mh-
grammikoÔc, poludiĹstatouc energeiakoÔc telestèc, montelopoÐhsh sÔnjetwn shmĹ-
twn wc upèrjesh diamorfwmènwn hmitonoeidÿn, polukanalikă anĹlush mèsw zwnope-
ratoÔ filtrarÐsmatoc se pollaplèc zÿnec xeqwristoÔ suqnotikoÔ endiafèrontoc kai
ektÐmhsh twn epimèrouc isqurÿn suntelestÿn pou apartÐzoun thn ufă. Sto perijÿrio
exetĹzontai mèjodoi sqetikèc me thn Ôparxh statistikăc autoomoiìthtac kai poso-
tikopoÐhshc frĹktal domăc, statistikă montelopoÐhsh kai ektÐmhsh me markobianèc
diadikasÐec, logismì metabolÿn kai elaqistopoÐhsh energeiakÿn.

H efarmogă twn proteinìmenwn mejìdwn gia anĹlush ufăc kai mikrodomÿn epi-
deiknÔetai se diaforetikèc kathgorÐec eikìnwn kai {aisjhtăriwn} shmĹtwn. Pèra
apì fusikèc eikìnec, h anĹlush efarmìzetai kÔria se dedomèna apì mia bĹsh eikìnwn
leptÿn edafotomÿn me apÿtero skopì thn kathgoriopoÐhsh kai ektÐmhsh thc biologi-
kăc poiìthtac edafÿn. ParĹllhla exetĹzetai h efarmogă se periballontologikèc kai
gewlogikèc eikìnec, dedomèna thlepiskìpishc (remote sensing), bioðatrikèc metrăseic
kai 2D apeikonÐseic. Apì th skopiĹ thc genÐkeushc ă mĹllon thc exeidÐkeushc se
1D dedomèna exetĹzetai h efarmogă twn mejìdwn gia anÐqneush kai anĹlush fwnăc
kajÿc kai qrono-suqnotikă anĹlush shmĹtwn.

1.2 KÐnhtra kai shmasÐa

H anĹlush ufăc wc exeidikeumèno kommĹti enìc sustămatoc teqnhtăc, upologi-
stikăc ìrashc apoteleÐ energì ereunhtikì pedÐo sto opoÐo sunantiìntai eterogenă
gnwstikĹ antikeÐmena kai diaforetikèc episthmonikèc perioqèc, ìpwc h yuqologÐa, h
neurofusiologÐa, oi gnwsiakèc epistămec, h epexergasÐa eikìnwn kai mhqanikă mĹjh-
sh, h statistikă fusikă k.a. H shmasÐa thc autìmathc antÐlhyhc thc ufăc ègkeitai
afenìc stic yuqofusikèc endeÐxeic gÔrw apì thn anjrÿpinh antÐlhyh kai afetèrou
stic Ĺmesec kai èmmesec efarmogèc se jèmata mhqanikăc ìrashc [189].

H epexergasÐa thc ufăc eÐnai Ĺrrhkta sundedemènh me thn optikă antÐlhyh (visual
perception). ’Etsi gia parĹdeigma, sqhmatismoÐ ă prìtupa ufăc (textural patterns)
eÐnai ta kentrikĹ zhtămata sthn yuqologÐa Gestalt [203],sth jewrÐa arqikăc ìrashc
(early vision theory) kai sto prwtarqikì skÐtso (primal sketch) tou Marr [129]. Apì
mia teleÐwc filosofikă pleurĹ èqei shmasÐa h katanìhsh twn epimèrouc diadikasiÿn
pou perilambĹnei h antÐlhyh thc ufăc, gia thn katanìhsh twn diergasiÿn ìrashc,
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antÐlhyhc kai suneÐdhshc. ’Ennoiec kai suzhtăseic gÔrw apì thn ufă xekinĹne akìmh
kai prin apì thn eisagwgă thc upologistikăc sullogistikăc [Gibson 1950] [63], enÿ
me thn anĹptuxh twn prÿtwn mhqanistikÿn susthmĹtwn ìrashc h ufă orÐzetai euri-
stikĹ anĹloga me tic anĹgkec [68]. Akribăc kai apodektìc orismìc thc fusikăc ufăc
epifaneiÿn kai thc optikăc ufăc den upĹrqei, me tic perissìterec prospĹjeiec na epi-
kentrÿnontai ston kajorismì enìc eniaÐou plaisÐou epexergasÐac kai anĹlushc [216].

’Ena sÔnolo yuqofusikÿn (psychophysical) meletÿn (anjrÿpinhc sumperiforĹc)
proèkuyan me kÐnhtro thn anĹgkh na ermhneujoÔn kai na anagnwristoÔn ekeÐnec oi
optikèc diergasÐec pou eujÔnontai gia thn anagnÿrish antikeimènwn kai skhnÿn me
bĹsh thn ufă kai mìno. O Beck [8] jewreÐ ìti to anjrÿpino sÔsthma ìrashc den
anazhtĹ prìtupa kai sÔnjetec fìrmec ufăc allĹ statistikĹ ìpwc to măkoc, o prosa-
natolismìc k.a. O Julesz qÿrise ton trìpo leitourgÐac thc optikăc antÐlhyhc se dÔo
diaforetikĹ motÐba (preattentive & attentive vision), basizìmenoc kÔria se peirĹmata
kai parathrăseic sqetikĹ me anagnÿrish ufăc apì parathrhtèc [85,86,89]. Proqÿrh-
se sth melèth sunjetikÿn ufÿn mikroprotÔpwn [29,90] kai th dhmiourgÐa upojèsewn
sqetikĹ me ta aparaÐthta qarakthristikĹ gia thn antÐlhyh ufăc, sth diatÔpwsh erw-
tăsewn sqetikĹ me th shmasÐa thc se eikìnec me koinĹ ta upìloipa qarakthristikĹ
(qrÿma, antÐjesh, fwteinìthta) kai sth diamìrfwsh thc jewrÐac twn textonÐwn (tex-
tons) [86] wc exăghsh thc aujìrmhthc diĹkrishc ufăc, qwrÐc sqolastikă episkìphsh.
Ta textìnia (blobs, terminators, crossings, color) jewrăjhkan oi basikèc monĹdec thc
preattentive antÐlhyhc ufăc [89]. AnĹloga peirĹmata pragmatopoiăjhkan ektìc apì
thn puknìthta ă th sugkèntrwsh, sqetikĹ me to mègejoc [10] ă thn anagnÿrish su-
nìrwn ufăc [199,200] parĹllhla me diapistÿseic ìpwc ìti h antÐlhyh sugkekrimènwn
protÔpwn exartĹtai prwtÐstwc apì anĹlush qwrikÿn suqnotătwn kai ìti o aujìrmh-
toc diaqwrismìc perioqÿn kai suqetÐzetai me to suqnotikì touc perieqìmeno [9].

ParĹllhlec endeÐxeic gia thn antÐlhyh ufăc proèrqontai kai apì prÿimec neu-
rofusiologikèc melètec [89]. ProtĹjhke h Ôparxh analutÿn sto optikì sÔsthma
gia thn anÐqneush textonÐwn [28], enÿ diapistÿjhke ìti neurikĹ kÔttara ston optikì
floiì [79] sumperifèrontai dektikĹ se optikĹ qarakthristikĹ pou katĹ sÔmbash sh-
maÐnoun ufă. O rìloc tètoiwn endeÐxewn wc proc th shmasÐa thc ufăc sthn ìrash
tonÐzetai epÐshc apì thn qrăsh aniqneutÿn stoiqeÐwdwn qarakthristikÿn miac eikìnac
(elongated blobs, bars, edges, terminators) se èna apì ta prÿta oloklhrwmèna mon-
tèla arqikăc ìrashc. To primal sketch tou Marr [129] jewrhtikĹ protĹjhke wc èna
prÿto epÐpedo eswterikăc anaparĹstashc thc optikăc plhroforÐac me ìrouc tètoiwn
stoiqeiwdÿn qarakthristikÿn (image primitives) kai fèrei polloÔc sqhmatismoÔc
ufăc na perièqoun ierarqikĹ organwmènec shmasiologikèc domèc.

Wc diergasÐa qamhloÔ epipèdou (low-level processing) tou sustămatoc ìrashc, h
anĹlush ufăc summetèqei kai sumperilambĹnetai se pollĹ apì ta pedÐa efarmogÿn
thc upologistikăc ìrashc, eÐte Ĺmesa, se efarmogèc prosanatolismènec sthn ufă eÐte
èmmesa wc tmăma enìc polu-sumbolikoÔ sustămatoc anĹlushc optikÿn anaparastĹ-
sewn. H parousÐa ufăc se mia fusikă skhnă mporeÐ na ekmetalleujeÐ enallaktikĹ:
(1) Ta qarakthristikĹ miac monadikăc ufăc mporeÐ na qrhsimopoihjoÔn gia na ana-
gnwristeÐ to ulikì ă h domă miac epifĹneiac, ìpwc p.q. to na xeqwrÐzei kaneÐc to
xÔlo apì thn Ĺmmo (texture appearance). (2) Oi idiaiterìthtec sta qarakthristi-
kĹ enìc sunìlou eikìnwn ufăc ă epifaneiÿn, epitrèpoun thn taxinìmhsh touc kai
thn kathgoriopoÐhsh me bĹsh èna sÔnolo kanìnwn (texture classification). (3) AnÐ-
qneush kai entopismìc akmÿn, basikì stĹdio tou problămatoc prÿtou plĹnou-fìntou
(figure-ground), se akmèc pou qarakthrÐzontai apì allagèc sthn ufă (se sunduasmì
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me metabolèc se Ĺllec idiìthtec miac epifĹneiac ìpwc h èntash fwteinìthtac kai to
qrÿma [131]). (4) H diĹkrish kai o diaqwrismìc ufăc (texture segregation) mporeÐ
na apoteleÐ shmantikă sunistÿsa gia thn anagnÿrish antikeimènwn. (5) Idiìthtec
thc ufăc se mia eikìna mporeÐ na qrhsimopoihjoÔn gia thn exagwgă sumperasmĹtwn
thc trisdiĹstathc diĹtaxhc antikeimènwn, tou bĹjouc, tou sqămatoc [2,6,184] (shape
from texture [63]) ă tou prosanatolismoÔ [111,206]. (6) KatĹtmhsh me bĹsh thn ufă
(texture segmentation) [165] allĹ kai sta plaÐsia sÔnjethc katĹtmhshc eikìnwn me
pollaplĹ krităria (multi-cue image segmentation) [112,113].

H anĹlush kai h sÔnjesh ufăc apantĹtai se sqediasmì kai grafikĹ me upolo-
gistèc [77, 205], yhfiakèc tèqnec kai efarmogèc eikonikăc pragmatikìthtac gia th
sÔnjesh realistikÿn epifaneiÿn. H epidiìrjwsh merikÿc katestrammènwn eikìnwn
kai h {sumplărwsh} ă antikatĹstash qamènhc plhroforÐac statistikĹ (texture in-
painting, completion, filling-ing) [1, 12, 14, 53] anaptÔqjhke prìsfata sta plaÐsia
montèlwn diaqwrismoÔ ufăc apì gewmetrÐa kai jìrubo. ParĹllhla h perigrafă kai
h exagwgă qarakthristikÿn ufăc, wc stoiqeÐo fusikÿn skhnÿn, perilambĹnetai se
èna plăjoc sÔnjetwn efarmogÿn ìrashc ìpwc h anazăthsh eikìnwn me taÐriasma
qarakthristikÿn, h thlepiskìpish (remote-sensing), oi bioðatrikèc kai oikologikèc -
periballontologikèc efarmogèc, h autìmath epÐbleyh diergasiÿn, h anagnÿrish kÐ-
nhshc kai prosÿpwn k.a.

1.2.1 ErgaleÐa

H anaparĹstash ufăc mèsw epilogăc kai kataskeuăc katĹllhlwn majhmatikÿn
montèlwn perigrafăc èqei na kĹnei me tic idiìthtec kai tic metabolèc miac eikìnac pou
gÐnontai antilhptèc ă kai metafrĹzontai wc diaforèc sthn fusikă ufă twn antÐstoi-
qwn epifaneiÿn. KĹpoiec genikÿc paradektèc arqèc sqetikĹ me thn ufă sunoyÐzontai
sta exăc [106,189]: a) H ufă eÐnai idiìthta perioqÿn se mia eikìna kai orÐzetai topikĹ
se qwrikèc geitonièc, b) orÐzetai statistikĹ kai perilambĹnei katanomèc gkrÐzwn ă
ègqrwmwn epipèdwn fwteinìthtac, g) se diaforetikèc klÐmakec ă epÐpeda eukrÐneiac
(resolution) kai d) o arijmìc kai to mègejoc twn epimèrouc stoiqeiwdÿn qarakthri-
stikÿn kajorÐzei to an oi perioqèc gÐnontai antilhptèc san ufă, gewmetrikèc domèc ă
antikeÐmena. San apotèlesma ta montèla kai ergaleÐa gia thn anaparĹstash optikăc
ufăc prosanatolÐzontai, qwrÐc ìmwc na periorÐzontai, anĹloga.

H epilogă statistikÿn mejìdwn kai ergaleÐwn anèkuye wc fusikă kai diaisjhtikă
epilogă apì polÔ nwrÐc. To prÿto genikì montèlo ufăc protĹjhke apì ton Julesz
[85] kai sthrÐqjhke se statistikĹ tĹxhc k, dhladă statistikĹ timÿn k-omĹdwn, enÿ
pollèc apì tic prÿtec proseggÐseic basÐsthkan se metrăseic kai statistikĹ, arketĹ
diadedomèna argìtera, ìpwc oi ropèc (moments), perijÿria istogrĹmmata (marginal
histograms) kai apì koinoÔ istogrĹmmata (joint histograms) twn exìdwn grammikÿn
fÐltrwn [211]. ExĹllou to anjrÿpino sÔsthma pisteÔetai ìti exĹgei plhroforÐa apì
statistikĹ me k ≥ 2 kai giĹutì to skopì qrhsimopoiăjhke mia seirĹ qarakthristikÿn
pinĹkwn {sunÔparxhc} (co-occurrence matrices) (entropÐa, enèrgeia, susqètish k.a.)
[68]. Sto statistikì plaÐsio entĹqjhkan metaxÔ Ĺllwn diĹforoi tÔpoi, megèjh kai
prosanatolismoÐ textonÐwn [112,215] kai klÐkec (cliques) tuqaÐwn pedÐwn.

O Besag [15,16] jemelÐwse th jewrÐa twn Markobianÿn tuqaÐwn pedÐwn (Markov
random fields), me idèec apì th statistikă mhqanikă. Tètoia pedÐa qarakthrÐzoun
prìtupa ufăc wc qwrikĹ exartÿmena se èna peperasmèno plègma me statistikì trì-
po kai qrhsimopoiăjhkan susthmatikĹ gia thn kataskeuă diakritÿn montèlwn ufăc
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eikìnwn [41,48,62,120,204]. H statistikĹ jeÿrhsh epitrèpei thn ektÐmhsh tou sqeti-
kĹ mikroÔ arijmoÔ paramètrwn tètoiwn pijanotikÿn montèlwn apì parathrăseic ufăc
allĹ kai th sÔnjesh eikìnwn me deigmatolhyÐa apì tic en lìgw katanomèc. DiĹforec
parallagèc twn arqikÿn montèlwn protĹjhkan eisĹgontac periorismoÔc gewmetri-
kăc domăc [176] ă sqămatoc [213]. Sto pneÔma miac enopoihmènhc kai majhmatikĹ
bĹsimhc jeÿrhshc thc ufăc, ereunăjhkan sunduasmoÐ montèlwn tuqaÐwn pedÐwn me
qarakthristikĹ stic exìdouc grammikÿn fÐltrwn [216]kai orismoÐ thc ufăc me bĹsh
ta statistikĹ tou Julesz [208] kai isodunamÐec me katanomèc Gibbs.

Teqnikèc pou basÐzontai se dianÔsmata qarakthristikÿn stic exìdouc grammikÿn
fÐltrwn, uposthrÐzontai apì melètec fusiologÐac kai neurofusiologÐac biologikÿn
susthmĹtwn ìrashc, apì yuqofusikèc endeÐxeic gia suqnotikă anĹlush katĹ thn opti-
kă antÐlhyh kai apì thn euelixÐa kai perigrafikìthta tètoiwn montèlwn. H genikă
arqă polukanalikăc ă poluzwnikăc anĹlushc mèsw fÐltrwn me epilektikìthta ston
prosanatolismì kai sthn klÐmaka qwrikÿn suqnotătwn akoloujeÐ thn parĹllhlh
epexergasÐa thc optikăc plhroforÐac sta prÿta stĹdia ìrashc [202]. H apotÔpwsh
ston amfiblhstroeidă (retinal image) aposunjètei mia eikìna se pollaplèc filtra-
rismènec ekdoqèc thc, h kĹje mia apì tic opoÐec perièqei metabolèc èntashc se èna
periorismèno, stenì eÔroc suqnotătwn [49,114]. Epiplèon ta dektikĹ pedÐa (recepti-
ve fields), h qwrikă apìkrish dhladă, twn kuttĹrwn-neurÿnwn (simple cells) ston
optikì floiì (primary visual cortex), montelopoioÔntai apì zwnoperatĹ fÐltra bèl-
tisthc qwrikăc kai suqnotikăc topojèthshc [45, 128, 192]. To sÔnolo twn apotele-
smĹtwn peiramatikăc fusiologÐac twn Hubel kai Wiesel [79,81] perigrĹfei ta profÐl
kai tic idiìthtec tètoiwn fÐltrwn, diakrÐnontac ta se aplĹ kai sÔnjeta, meletÿntac
tic apokrÐseic neurÿnwn se stoiqeiÿdh erejÐsmata. Epiplèon yuqofusiologikĹ pei-
rĹmata apìkrishc se erejÐsmata anèdeixan mhqanismoÔc katanomăc thc enèrgeiac se
pollaplĹ isotropikĹ kanĹlia [10] kai topikoÔc aniqneutèc diaforÿn se stoiqeiÿdh
qarakthristikĹ [79, 87, 129, 130]. Oi Julesz, Bergen [89] paratărhsan thn isoduna-
mÐa sunduasmoÔ fÐltrwn me aniqneutèc textonÐwn kai epesămanan thn anagkaiìthta
pollaplÿn fÐltrwn gia thn kalÔterh diĹkrish ufăc [88].

To polukanalikì montèlo eÐnai parĹllhla elkustikì kai euèlikto kajÿc epitrèpei
thn anazăthsh diaforetikÿn megejÿn kai prosanatolismÿn pou kuriarqoÔn domikĹ se
mia ufă, enÿ kalÔptei kai thn anĹgkh gia klimakwtă, pollaplăc eukrÐneiac anĹlush.
Ta qarakthristikĹ ufăc pou exĹgontai apì tic apokrÐseic twn diafìrwn fÐltrwn
eÐnai sunăjwc statistikĹ gkrÐzwn timÿn apì mh-grammikoÔc telestèc ă katanomèc
pijanìthtac kai èqoun megalÔterh perigrafikă ikanìthta apì statistikĹ montèla
kai metrăseic. To montèlo qrhsimopoiăjhke se diĹforec ekdoqèc apì to 1980 kai
metĹ, me thn Ðdia pĹnta filosofÐa twn qwrikĹ kai suqnotikĹ epilektikÿn fÐltrwn
gia thn anaparĹstash kai thn anĹlush ufăc eikìnwn p.q. puramÐdec Laplacian of
Gaussians, sunartăseic Gabor, orjokanonikèc bĹseic, wavelets, steerable pyramids
k.a. [9, 20,27,35,52,58,66,84,114,116,156,157,163,166,192,216].

H mètrhsh qarakthristikÿn ufăc gÐnetai stic exìdouc miac sustoiqÐac fÐltrwn
(filterbank) kai aposkopeÐ sthn kataskeuă dianusmĹtwn perigrafăc kai anĹlushc pe-
rioqÿn me ufă, me ìso to dunatìn pio eÔrwsto trìpo kai mikrì arijmì paramètrwn
ă diĹstashc. Oi diaforetikèc proseggÐseic gia thn exagwgă polukanalikÿn qara-
kthristikÿn perilambĹnoun eÐte upologismì genikeumènwn energeiÿn, eÐte statistikĹ
katanomÿn gkrÐzwn timÿn. Sthn prÿth perÐptwsh, akoloujÿntac pĹnta upologisti-
kĹ montèla biologikăc ìrashc, h grammikìthta tou montèlou pou epibĹlletai apì tic
apokrÐseic twn fÐltrwn eÐnai aneparkăc gia diĹkrish kai antÐjeth me yuqofusikèc
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endeÐxeic [114]. Aută h anĹgkh gia mh-grammikă epexergasÐa metĹ to filtrĹrisma odă-
ghse se telestèc anìrjwshc misoÔ [114] kai plărouc kÔmatoc [10,18] (tetragwnismìc
kai apìluth timă), enèrgeiec zeugariÿn fÐltrwn me kĹjeth diaforĹ fĹshc (quadra-
ture pair) ìpwc p.q. hmitonikĹ kai sunhmitonikĹ Gabor [58, 192], peribĹllousa kai
fĹsh thc apìkrishc migadikÿn fÐltrwn [20], telestèc me biologikèc ermhneÐec ìpwc
anÐqneush blobs [84], bars [155] ă periodikìthtac (se kateujuntikèc domèc) [100] kai
polufasmatikĹ opponent qarakthristikĹ [83]. Sth deÔterh perÐptwsh perilambĹne-
tai o qarakthrismìc perioqÿn ufăc me th boăjeia istogrammĹtwn twn exìdwn twn
fÐltrwn [77,216], me ta kèntra twn tĹxewn pou prokÔptoun apì clustering twn dianu-
smĹtwn [113] kai me statistikoÔc periorismoÔc twn suntelestÿn thc polukanalikăc
anaparĹstashc [157].

H emfĹnish thc ufăc wc makroskopikèc, topologikèc metabolèc thc epifĹneiac,
èqei epalhjeujeÐ kai peiramatikĹ [129, 199]. Tìso h puknìthta, ìso kai o prosana-
tolismìc twn diaforetikÿn domÿn-protÔpwn paÐzoun jemeliÿdh rìlo sthn antÐlhyh
ufăc. To gegonìc autì uponoeÐ mia apokleistikă sqèsh anĹmesa sthn ufă kai se
topikèc qwrikèc suqnìthtec. Epiplèon eÐnai gnwstì ìti oi hlektroqhmikèc apokrÐseic
twn kuttĹrwn tou optikoÔ floioÔ metadÐdoun plhroforÐa antÐjeshc fwteinìthtac kai
qwrikăc fĹshc. Autì prokaleÐ thn ermhneÐa thc ufăc me ìrouc omalĹ metaballì-
menwn diamorfÿsewn se epilektikĹ wc proc th suqnìthta kai ton prosanatolismì
kanĹlia [72].

’Ena prìsfato montèlo anaparĹstashc ufăc me pollaplèc sunistÿsec anĹgei tic
metabolèc miac eikìnac se èna sÔnolo topikÿn diamorfÿsewn kai se topikĹ anaduìme-
nec suqnìthtec. Oi perissìterec optikèc ufèc fusikÿn epifaneiÿn, qarakthrÐzontai
apì tètoiec topikèc suqnìthtec [21] kai mporoÔn na perigrafoÔn wc upèrjesh suni-
stwsÿn diamorfwmènwn katĹ plĹtoc kai fĹsh [123]. Prìkeitai gia topikĹ mh-statikĹ
hmÐtona, twn opoÐwn to plĹtoc kajorÐzei tic metabolèc thc antÐjeshc, enÿ to diĹnu-
sma thc stigmiaÐac metaballìmenhc fĹshc tic topikĹ anaduìmenec talantÿseic ufăc.
H montelopoÐhsh fusikÿn kai sunjetikÿn eikìnwn ufăc me tètoia AM-FM montè-
la odăghse sqedìn fusikĹ sthn anazăthsh kai dhmiourgÐa eÔrwstwn algorÐjmwn
gia thn exagwgă twn stigmiaÐwn shmĹtwn diamìrfwshc apì to sÔnolo twn sunistw-
sÿn [73, 123]. ’Enac tètoioc aplìc, apotelesmatikìc kai akribăc algìrijmoc, basÐ-
sthke se èna mh-grammikì poludiĹstato energeiakì telestă [123], genÐkeush tou 1D
energeiakoÔ telestă Teager-Kaiser [91] pou èqei efarmosteÐ me epituqÐa gia anĹlush
shmĹtwn fwnăc [125]. Gia thn apomìnwsh twn epimèrouc zwnoperatÿn sunistwsÿn h
anĹlush kai apodiamìrfwsh efarmìzetai sthn èxodo sustoiqÐac Gabor fÐltrwn [74],
pou epibĹlloun mia epiplèon omalìthta kai anoqă sto jìrubo sta energeiakĹ kai
stigmiaÐa sămata. ’Etsi h exagwgă dianusmĹtwn qarakthristikÿn ufăc anĹgetai se
anĹlush diamorfÿsewn eikìnwn, se pollaplĹ kanĹlia, katĹ thn opoÐa o mh-grammikìc
telestăc entopÐzei thn enèrgeia tou sustămatoc pou ja mporoÔse na parĹgei qwrikèc
2D talantÿseic kai oi parĹmetroi thc ufăc eÐnai ta qwrikĹ diamorfwmèna stigmiaÐa
metaballìmena sămata plĹtouc kai fĹshc.

Mia kathgorÐa montèlwn ufăc, h opoÐa entĹssetai tìso sto statistikì ìso kai
sto mh-grammikì plaÐsio eÐnai ta montèla frĹktal (fractal). Se efarmogèc ufăc, anĹ-
lushc mikrodomÿn kai sqămatoc tètoia montèla posotikopoioÔn kai perigrĹfoun me
mikrì arijmì paramètrwn thn traqÔthtac miac epifĹneiac, thn poluplokìthtac miac
kampÔlhc ă th gewmetrikă poluplokìthta kai statistikă katanomă enìc sunìlou.
NteterministikĹ, h frĹktal diĹstash (fractal dimension) [7,118,151] qrhsimopoieÐtai
katĹ kìron se metrăseic ufăc ìpou oi epifĹneiec ă ta perigrĹmmata twn antikeimènwn
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eÐnai frĹktal se mia periorismènh perioqă klimĹkwn. Mia endiafèrousa kathgorÐa
statistikÿn montèlwn, eÐnai aută twn stoqastikÿn frĹktal kai idiaÐtera mia oikogè-
neia 1/f jorÔbwn (1-over-f noises), oi klasmatikèc kinăseic Brown (fractional Brow-
nian motion ă fBm) [119]. Oi 1/f jìruboi eÐnai stoqastikèc diadikasÐec me fĹsma
isqÔoc antistrìfwc anĹlogo miac dÔnamhc thc suqnìthtac. PolÔ sunhjismènec dier-
gasÐec sth fÔsh, qrhsimopoioÔntai gia thn perigrafă plhjÿrac fusikÿn fainomènwn.
Oi fBm, èqoun qrhsimopoihjeÐ gia thn perigrafă se pollaplèc klÐmakec frĹktal ana-
parastĹsewn, fusikÿn skhnÿn kai ufăc epifaneiÿn [93, 152]. ExĹllou, ta montèla
frĹktal epifaneiÿn sumfwnoÔn me ta polukanalikĹ montèla qwrikÿn fÐltrwn kai tic
yuqofusikèc melètec gia th sqèsh traqÔthtac epifĹneiac, diĹstashc kai antÐlhyhc
ufăc [102,152].

1.3 Ufăc problămata

Ta basikĹ problămata se jèmata ìrashc, biologikăc kai upologistikăc, pou pe-
rilambĹnoun antÐlhyh, anaparĹstash kai ermhneÐa ufăc phgĹzoun apì thn arqikă
duskolÐa orismoÔ. ParĹ tic prospĹjeiec gia èna koinì ennoiologikì, majhmatikì kai
plhroforiakì plaÐsio, ekkremeÐ akìmh h diatÔpwsh enìc eurèwc apodektoÔ orismoÔ
pou ja perilambĹnei tìso ta aÐtia ìso kai tic emfanÐseic thc ufăc sth fÔsh kai kat’
epèktash se yhfiakèc eikìnec.

Ti eÐnai h fusikă ufă epifaneiÿn, poiec oi idiìthtec thc, poiec oi aitÐec thc kai
poiec oi sqèseic metaxÔ aitiÿn kai apotelèsmatoc eÐnai orismèna arqikĹ erwtămata se
epÐpedo fusikăc kai optikăc. Apì pleurĹc yuqofusikăc, pÿc gÐnetai antilhptă h ufă,
pwc diakrÐnetai kai pwc gÐnetai h eswterikă anaparĹstash thc ìpoiac plhroforÐac.
Apì thn pleurĹ thc anĹlushc eikìnwn, pwc emfanÐzetai h optikă ufă se eikìnec,
pwc oi metabolèc thc èntashc tou gkrÐzou ă tou ègqrwmou fĹsmatoc metafrĹzontai
se ufă kai poia h sqèsh thc me th fusikă ufă epifaneiÿn. Tèloc apì pleurĹc
plhroforiakÿn susthmĹtwn kai upologistikăc ìrashc, poia h epexergasÐa pou prèpei
na prosomoiÿsoun tètoia sustămata kai poioc o rìloc sthn oikoumenikă apeikìnish
kai ermhneÐa fusikÿn skhnÿn.

DiaisjhtikĹ h ufă perilambĹnei, ìpwc proanafèrjhke, tic ènnoiec perioqăc, ka-
tanomăc timÿn, klÐmakac kai jemeliwdÿn domikÿn stoiqeÐwn Gia kĹje mia apì autèc
anakÔptoun ereunhtikèc proklăseic. H Ôparxh ufăc katĹ perioqèc sqetÐzetai me ta
problămata kai tic efarmogèc thc, ìpwc anÐqneush, anĹlush, diĹkrish, kathgorio-
poÐhsh, katĹtmhsh k.a. H katanomă kai h qwrikă exĹrthsh twn gkrÐzwn timÿn ufăc,
parakinoÔn thn anazăthsh katĹllhlwn statistikÿn montèlwn gia perigrafă kai sÔn-
jesh. O rìloc thc klÐmakac eÐnai jemeliÿdhc kajÿc se diaforetikèc klÐmakec, anti-
keÐmena, sÔnola ă leptomèreiec antikeimènwn gÐnontai antilhptĹ wc ufă ă mikrodomă.
Epomènwc h sÔndesh klÐmakac, domăc kai autoomoiìthtac brÐskontai ston purăna
opoiasdăpote melèthc thc ufăc. Tèloc, sqetikĹ me to ti domeÐ tic diaforetikèc ufèc,
endiafèroun ta jemeliÿdh stoiqeÐa ă qarakthristikĹ thc (texture primitives), eÐte
autĹ eÐnai textìnia, eÐte prwtogenă gewmetrikĹ stoiqeÐa. Sugkekrimèna pèran tou na
orÐsei kai na aniqneÔsei kaneÐc tètoia domikĹ sustatikĹ, qreiĹzetai na kajorÐsei th
sqèsh sugkèntrwshc kai plăjouc me thn antÐlhyh kai thn klÐmaka thc ufăc kai na
anaptÔxei apotelesmatikoÔc trìpouc mètrhshc kai exagwgăc touc.

H ufă eÐnai sÔmfwna me to Gibson [63] èna apì ta epÐpeda domăc thc optikăc
plhroforÐac. EÐnai oi mikrodomèc ă fine structure thc Ôlhc kai sunupĹrqei mazÐ me
tic makrodomèc ă coarse structures kai ta epanalambanìmena prìtupa. Domèc pou
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kajorÐzontai apì kleistèc kampÔlec, perigrĹfontai me ìrouc ìpwc fìrmec, figoÔrec
ă sqămata enÿ sqhmatismoÐ megĹlhc klÐmakac apì tètoiec domèc apoteloÔn thn or-
gĹnwsh. AllĹzontac klÐmakec h metĹbash apì th mia domă sthn Ĺllh eÐnai sÔmfwnh
me touc periorismoÔc kai thn anĹlush tou sustămatoc optikăc antÐlhyhc, biologi-
koÔ ă teqnhtoÔ. H poluepÐpedh perigrafă eikìnwn eÐnai basikă se jèmata ìrashc
kai phgă problhmĹtwn sqetikÿn me thn exagwgă tou enìc ă perissotèrwn epipèdwn
thc anaparĹstashc kai thn diaforetikă kai exeidikeumènh epexergasÐa touc [129]. O
diaqwrismìc thc ufăc kai h anÐqneush thc, me ìrouc katĹllhlwn mikrodomÿn, apì
tic kurÐarqec domèc miac eikìnac allĹ kai apì ton stoqastikì jìrubo eÐnai pollĹ
uposqìmenec kai shmantikèc kateujÔnseic.

Tèloc h optikă ufă eÐnai kĹti Ĺmesa ă èmmesa antilhptì kai kajorÐzei th lepto-
mèreia pou apodÐdetai se mia skhnă ă epifĹneia. AnĹlogh leptomèreia prosdÐdetai
se fwnhtikĹ, hqhtikĹ ă Ĺlla aisjhtăria sămata, perigrĹfetai ìmwc me diaforetikoÔc
ìrouc kai èqei diaforetikă fusikă shmasÐa. AllhlepidrĹseic twn perigrafÿn kai twn
montèlwn kai metabĹseic apì dÔo diastĹseic se mÐa ă kai antÐstrofa èqoun apodei-
qjeÐ qrăsimec sto pareljìn, me ergaleÐo pĹnta genikeumènh n-diĹstath epexergasÐa
shmĹtwn. Tètoiec diadrastikèc proseggÐseic gia thn ufă èqoun endiafèron tìso apì
Ĺpoyh dieukìlunshc kai ideÿn, ìso kai apì Ĺpoyh miac oloklhrwmènhc jeÿrhshc thc
antÐlhyhc.

1.4 SuneisforĹ kai prìodoc

H sugkekrimènh douleiĹ, mia sÔnoyh thc opoÐac perigrĹfetai edÿ, eÐnai mia pro-
spĹjeia oloklhrwmènhc prosèggishc thc ufăc me kainotìma ergaleÐa. H suneisforĹ
ègkeitai se mia prospĹjeia orismoÔ kai perigrafăc thc ufăc sta plaÐsia stoiqeiwdÿn
mikrodomÿn. Tètoiec mikrodomèc eÐnai oi qwrikèc diamorfÿseic kai oi talantÿseic ku-
rÐwc allĹ kai ta frĹktal ă oi qwrikèc plegmatikèc exartăseic. Mia prÿth sÔndesh
aitÐac kai apotelèsmatoc gÐnetai kai proteÐnetai anÐqneush kai posotikopoÐhsh thc
drasthriìthtac thc ufăc me ìrouc enèrgeiac mikrodiamorfÿsewn. Oi klÐmakec, o ori-
smìc topikĹ anĹ perioqèc kai h Ôparxh stoiqeiwdÿn sunistwsÿn sumperilambĹnontai
sth sugkekrimènh jeÿrhsh.

H ufă eikìnwn analÔetai polukanalikĹ kai kataskeuĹzontai dianÔsmata qarakth-
ristikÿn me exagwgă twn epimèrouc sunistwsÿn thc kai exetĹzontai ta jèmata thc
anÐqneushc, anĹlushc, kathgoriopoÐhshc kai katĹtmhshc ufăc. Ereunăjhkan kai pro-
teÐnontai duo diaforetikèc mèjodoi katĹtmhshc. H mÐa exeidikeÔetai se eikìnec ufăc,
me klÐmaka, prosanatolismì kai periodikìthta qrhsimopoiÿntac ta proteinìmena dia-
nÔsmata qarakthristikÿn [55,98,99]. H deÔterh apoteleÐ mia prospĹjeia katĹtmhshc
me pollaplĹ qarakthristikĹ ìpou oi gewmetrikèc domèc kai h ufă epexergĹzontai
diaforetikĹ kai odhgoÔn thn telikă omadopoÐhsh thc eikìnac se omoiìmorfec, kai me
tic duo ènnoiec, perioqèc [177,178].

ArketĹ jèmata exetĹsjhkan allĹ brÐskontai akìmh se prwtarqikì stĹdio, twn
opoÐwn oi idèec kai kĹpoia arqikĹ apotelèsmata ja paratejoÔn gia lìgouc plhrì-
thtac kai kateujÔnseic mellontikăc èreunac. ’Etsi h montelopoÐhsh eikìnwn ufăc,
kai sugkekrimèna thc fĹshc twn sunistwsÿn thc, me th boăjeia stoqastikÿn jorÔ-
bwn kai paramètrouc autoomoiìthtac exetĹsthke se jèmata anĹlushc kai sÔnjeshc.
Ta montèla MRF eidikĹ me energeiakoÔc periorismoÔc, wc proc thn enèrgeia twn
diamorfÿsewn twn mikrodomÿn thc ufăc, ereunăjhkan wc statistikì montèlo ufăc.
Endiafèrousec kateujÔnseic orÐsthkan epÐshc sto jèma tou diaqwrismoÔ thc ufăc
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apì th gewmetrÐa twn domÿn thc eikìnac enÿ ereunĹtai to montèlo kai me epipleìn
diaqwrismì sunistwsÿn jorÔbou.

Tèloc arketĹ oloklhrwmèna apotelèsmata prokÔyane apì thn parĹllhlh efar-
mogă twn mejìdwn kai ideÿn se jèmata anĹlushc fwnăc kai anÐqneushc twn mikrodo-
mÿn thc. Ta montèla enèrgeiac twn mikrodomÿn kai anĹlushc se pollèc sunistÿsec
efarmìsthkan gia jèmata anÐqneushc fwnhtikÿn gegonìtwn se peribĹllon jorÔbou
me susthmatikă beltÐwsh apènanti se sumbatikoÔc ă polÔ petuqhmènouc algìrij-
mouc. [56, 57].

1.5 DiĹrjrwsh keimènou

Sto KefĹlaio 2 gÐnetai mia eisagwgă sthn ènnoia thc ufăc, bibliografikĹ kai
diaisjhtikĹ kai orÐzetai to genikì jewrhtikì upìbajro kai ta ergaleÐa pou ja qrh-
simopoihjoÔn sth sunèqeia. PerigrĹfetai to montèlo kai oi proteinìmenec mèjodoi
anĹlushc ufăc kai analÔontai statistikĹ oi energeiakoÐ telestèc wc basikĹ ergaleÐa.
Sto KefĹlaio 3 orÐzetai h ufă sto plaÐsio enèrgeiac diamorfÿsewn kai perigrĹfon-
tai nèec mèjodoi perigrafăc kai exagwgăc qarakthristikÿn. Sto KefĹlaio 4 parou-
siĹzetai mia mèjodoc katĹtmhshc prosanatolismènh sthn ufă (texture-oriented) me
plhjÿra apotelesmĹtwn se fusikèc kai sunjetikèc eikìnec. Sto KefĹlaio 5 parou-
siĹzetai h genikìterh efarmogă thc anĹlushc yhfiopoihmènwn eikìnwn edafotomÿn,
me èntonh ufă kai mikrodomèc, tìso se jèmata anĹlushc ìso kai se jèmata anÐqneu-
shc kai katĹtmhshc. ParousiĹzetai h prìodoc se jèmata diaqwrismoÔ thc eikìnac
se dÔo sunistÿsec, ufăc kai gewmetrÐac kai kai h sÔzeuxh touc se èna koinì plaÐsio
katĹtmhshc (coupled segmentation). To KefĹlaio 6 eÐnai afierwmèno se 1D sămata
kai sugkekrimèna se sămata fwnăc ìpou oi proteinìmenec mèjodoi exeidikeÔontai se
efarmogèc anÐqneushc gegonìtwn. H anaforĹ katalăgei sto KefĹlaio 7 me ta bămata
gia na oloklhrwjeÐ h trèqousa èreuna, anoiqtĹ ereunhtikĹ zhtămata kai mellontikèc
kateujÔnseic.

¤
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KefĹlaio 2

Optikă Ufă kai Mikrodomèc
Diamìrfwshc

H optikă ufă (visual texture) eÐnai h anaparĹstash thc fusikăc ufăc epifaneiÿn
pou apotupÿnetai se yhfiakèc eikìnec metaxÔ Ĺllwn qarakthristikÿn ìpwc eÐnai to
qrÿma, to sqăma, h jèsh, h diĹtaxh, o prosanatolismìc, to bĹjoc, h kÐnhsh k.a. ’Ena
eniaÐo plaÐsio idiotătwn kai arqÿn dièpoun touc perissìterouc orismoÔc kai qrăseic
thc ufăc, kĹpoia apì ta opoÐa ja anaptuqjoÔn edÿ. Mia ermhneÐa thc ufăc dÐnetai
mèsw topikÿn diamorfÿsewn se eikìnec, me sugkekrimènh domă kai anĹlogec mejìdouc
qeirismoÔ. AnalÔetai to montèlo diamorfÿsewn gia thn ufă kai perigrĹfontai oi
energeiakoÐ telestèc apodiamìrfwshc mazÐ me mia sÔntomh jewrhtikă anĹlush thc
anamenìmenhc sumperiforĹc touc. Tèloc gÐnetai mia sÔntomh perigrafă triÿn Ĺllwn
kajierwmènwn montèlwn perigrafăc mikrodomÿn ufăc pou ja entaqjoÔn sth sunèqeia
sto plaÐsio twn perigrafÿn me ìrouc qwrikÿn diamorfÿsewn.

2.1 OrismoÐ kai idiìthtec

Oi anaparastĹseic twn epifaneiÿn fusikÿn antikeimènwn se sustămata eikìnwn
kai upologistikăc ìrashc den eÐnai pĹnta omoiìmorfec allĹ parousiĹzoun metabolèc
thc èntashc fwteinìthtac (intensity). Autèc oi metabolèc katalăgoun se sqhmati-
smoÔc kai prìtupa, kĹpoiec forèc epanalambanìmena kai se diĹforec klÐmakec, pou
apartÐzoun thn optikă ufă. Tètoioi sqhmatismoÐ mporeÐ na eÐnai apotèlesma twn
fusikÿn idiotătwn thc epifĹneiac ìpwc eÐnai h traqÔthta, to bĹjoc, to qrÿma, h dia-
forĹ anaklastikìthtac k.a. [189]. Lìgw thc apousÐac miac eniaÐac, formalistikăc
perigrafăc gia thn ufă parajètontai sth sunèqeia idèec, orismoÐ kai sqìlia apì th
bibliografÐa se eleÔjerh metĹfrash:

<<Oi optikèc ufèc orÐzontai wc sÔnola pollÿn mikrÿn stoiqeÐwn, pou mpo-
reÐ na eÐnai koukÐdec diafìrwn qrwmĹtwn ă aploÐ sqhmatismoÐ.>> [Julesz &
Bergen, 1983] [89]

<<H ermhneÐa mèsw peplegmènwn swmatidÐwn eÐnai Ĺmesa sundedemènh me thn
idèa thc eukrÐneiac thc ufăc, thn opoÐa mporeÐ na skefteÐ kĹpoioc wc to
mèso arijmì pixel gia kĹje eudiĹkrito stoiqeÐo ufăc (texture element).>>
[Ballard & Brown, 1982] [5]
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<<H ufă sqetÐzetai me th qwrikă katanomă twn timÿn èntashc fwteinìthtac
thc eikìnac kai ta diakritĹ qarakthristikĹ tonikìthtac ... trÐa qarakthri-
stikĹ eÐnai krÐsima s’ aută th diĹkrish (perioqÿn ufăc apì omoiìmorfec),
to mègejoc twn mikrÿn perioqÿn, ta sqetikĹ megèjh kai o arijmìc xe-
qwristÿn diakritÿn qarakthristikÿn tonikìthtac.>> [Haralick & Shapiro,
1992] [67]

<<To an eÐnai ufă ă ìqi èna fainìmeno, tupikĹ kajorÐzetai apì thn klÐma-
ka paratărhshc. H ufă prokÔptei apì èna arijmì diaforetikÿn phgÿn.
Prÿton, tic sugkentrÿseic pollÿn mikrÿn antikeimènwn mporoÔme na tic
skeftoÔme kalÔtera san ufă...DeÔteron, pollèc epifĹneiec qarakthrÐzon-
tai apì organwmènouc sqhmatismoÔc pou moiĹzoun me plăjoc apì mikrĹ
antikeÐmena...>> [Forsyth & Ponce, 2003] [59]

<<Mèsa se mia monadikă epifĹneia mporeÐ na upĹrqei metabolă sthn anakla-
stikìthta, sto qrÿma ă ston trisdiĹstato prosanatolismì (traqÔthta
epifĹneiac). Autèc oi metabolèc katalăgoun ston amfiblhstroeidă se
mia eikìna ufăc. Tètoiec metabolèc ufăc mporeÐ na eÐnai kanonikèc (...),
tuqaÐec (...) ă endiĹmesec (...).>> [Landy, 2004] [105]

Oi idiìthtec thc ufăc pou apotupÿnontai se mia eikìna mporoÔn na ermhneujoÔn
wc: 1) fusikèc metabolèc twn idiotătwn thc epifĹneiac (traqÔthta, statikìthta,
gewmetrÐa, anaklastikìthta, fusikă ufă, jèsh) 2) wc metabolèc twn sunjhkÿn fw-
tismoÔ, apeikìnishc kai periballontikÿn paragìntwn 3) qhmikèc - biologikèc, exelikti-
kèc diadikasÐec [191](sqhmatismoÐ kai prìtupa se organismoÔc, zÿa kai futĹ, qhmikă
ufă). H optikă ufă, ston amfiblhstroeidă ă se kĹpoio sÔsthma yhfiakăc anaparĹ-
stashc, den eÐnai mÐa èna proc èna apeikìnish thc fusikăc ufăc miac epifĹneiac, lìgw
thc sunÔparxhc twn anwtèrwn ermhneiÿn kai twn periorismÿn thc apeikìnishc.

UpĹrqei èna sÔnolo diaisjhtikÿn idiotătwn thc ufăc, ìpwc aută gÐnetai antilh-
ptă, pou sumperilambĹnontai sta perissìtera montèla kai orismoÔc kai jewroÔntai
pragmatikèc [189]:

- H ufă eÐnai idiìthta perioqÿn, orÐzetai se qwrikĹ plègmata, twn opoÐwn to
mègejoc kai to eÐdoc exartĹtai apì ton tÔpo thc ufăc ă to mègejoc twn primi-
tives.

- Proôpojètei kai sumperilambĹnei th qwrikă katanomă gkrÐzwn ă ègqrwmwn ti-
mÿn, opìte mporeÐ na oristeÐ kai na analujeÐ statistikĹ.

- H ufă gÐnetai antilhptă se diaforetikèc klÐmakec ă eukrÐneia, kai o arijmìc, to
mègejoc kai to eÐdoc twn primitives mporoÔn na oristoÔn diaforetikĹ gia kĹje
klÐmaka.

- Mia perioqă eÐnai ă diajètei ufă an qarakthrÐzetai apì megĹlo arijmì primitives
kai apì thn apousÐa shmantikĹ kurÐarqwn makrodomÿn ă metrăsimwn sunìlwn.

H optikă ufă diajètei èna sÔnolo perigrafikÿn gnwrismĹtwn ìqi aparaÐthta anexĹr-
thta metaxÔ touc. Tètoia mporeÐ na eÐnai h sugkèntrwsh, h omoiomorfÐa, h puknìthta,
h traqÔthta, h sklhrìthta, h kanonikìthta, h grammikìthta, h èntash, h kateujunti-
kìthta, h kateÔjunsh, h suqnìthta, h fĹsh, h periodikìthta, h tuqaiìthta, h domă,
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h fusikìthta. Sto sqăma 2.1 faÐnontai teqnhtèc kai fwtografikèc eikìnec ufăc, apì
fusikèc epifĹneiec me perissìtero ă ligìtero antilhptèc idiìthtec. Sto sÔnolo touc
pĹntwc eÐnai qwrikĹ omogeneÐc, me epanalambanìmenouc sqhmatismoÔc kai suqnĹ kĹ-
poia tuqaÐa metabolă, sth jèsh, sto mègejoc, ston prosanatolismì ă stic stĹjmec
tou gkrÐzou.

(a) (b) (g) (d)

(e) (z) (h) (j)

(i) (k) (l) (m)

(n) (x) (o) (p)

Sqăma 2.1: ParadeÐgmata eikìnwn ufăc. (a)-(b):Sunjetikèc periodikèc kai (g)-(d) sun-
jetikèc tuqaiec. (e)-(j): Fwtografikèc yeudoperiodikèc (reptile, bricks, burlap, raffia), (i)-
(m): Fwtografikèc tuqaÐec (water, fabric, metal, wood), (n)-(p): Fwtografikèc domhmènec.
Oi fwtografikèc eÐnai apì th bĹsh VisTex, MIT Media Lab kai th sullogă Brodatz [23].

2.1.1 Montèla ufăc

Oi mèjodoi kai ta montèla perigrafăc ufăc sth bibliografÐa mporoÔn na qwri-
stoÔn se treic megĹlec kathgorÐec, anĹloga me tic genikèc arqèc touc:
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I. Statistikèc: QarakthristikĹ kai montèla apì thn katanomă twn gkrÐzwn timÿn
se èna didiĹstato plègma.

- Montèla grammikăc prìbleyhc (2D Autoregressive model, Autocorrela-
tion function) [33,188].

- QarakthristikĹ - statistikèc metrăseic pinĹkwn {sunÔparxhc} (co-
occurrence matrices) (entropÐa, enèrgeia, susqètish, antÐjesh, omoiogèneia),
2nd-order statistikĹ [68].

- Gibbs (Markov) TuqaÐa PedÐa [41,48,120,216].

- StoqastikĹ frĹktal, statistikĹ auto-ìmoiec diadikasÐec, fractional Brow-
nian motion [93, 101,110,152,154].

- Granulometries,topikèc katanomèc megèjouc kai sqămatoc [181,197].

II. Gewmetrikèc kai Domikèc: H ufă orÐzetai apì ta jemeliÿdh domikĹ sustatikĹ
thc.

- Textìnia (textons). [89, 108,112,214].

- NteterministikĹ frĹktal, mètrhsh genikeumènwn frĹktal diastĹsewn [31,
34,96].

- DiagrĹmmata Voronoi [190].

- GrammatikĹ Montèla (shape, tree, array grammars) [5].

III. Energeiakèc - Polukanalikèc: Suqnotikă anĹlush kai anaparĹstash thc ufăc
me pollaplèc fasmatikèc sunistÿsec.

- QarakthristikĹ sthn èxodo grammikÿn fÐltrwn (katanomèc, enèrgeia, mh-
grammikìthtec) [20, 114,163,211].

- AnaparastĹseic space-frequency, scale-space (wavelets, pyramids, filter-
banks). [66, 77,117,156,157].

- QwrikĹ AM-FM montèla, Topikèc diamorfÿseic [21,72,123].

- Gabor energeiakĹ qarakthristikĹ [65].

Oi sÔgqronec tĹseic jèloune th qrăsh enopoihmènwn montèlwn, kai thn enallagă
ă thn anazăthsh isodunamÐac anĹmesa stic perigrafèc ètsi ÿste na afomoiÿnontai
ta pleonektămata twn diaforetikÿn proseggÐsewn kai na antimetwpÐzetai mejodikĹ h
anĹlush thc ufăc.

2.2 Qwrikèc suqnìthtec kai fÐltra

H anaparĹstash eikìnwn wc pÐnakec timÿn fwteinìthtac orizei thn perigrafh thc
sto qÿro (spatial domain) kai tic metabolèc twn timÿn èntashc apì pixel se pixel se
èna diakritì plègma shmeÐwn. H metĹbash mèsw Fourier metasqhmatismoÔ sto pedÐo
suqnotătwn (frequency domain) dÐnei to suqnotikì perieqìmeno thc eikìnac mèsw
thc upèrjeshc migadikÿn ekjetikÿn suntelestÿn. Me ton ìro qwrikă suqnìthta
(spatial frequency) miac eikìnac, orÐzetai o rujmìc epanĹlhyhc ă enallagăc (cycle
rate) twn metabĹsewn anĹmesa stic diĹforec stĹjmec fwteinìthtac. ’EkfrĹzetai
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sunăjwc se kÔklouc/bajmÐda (cycles/degree ă cycles/pixel) ă kanonikopoihmèna, sto
peperasmèno diakritì plègma thc eikìnac, se kÔklouc/eikìna (cycles/image).

’Ena hmÐtono thc morfăc sin[2π(ucx + vcy)] èqei dÔo qwrikèc suqnìthtec, uc kai
vc pou ekfrĹzoun antÐstoiqa to rujmì talĹntwshc sthn orizìntia kai kĹjeth dieÔ-
junsh, me aktinikă suqnìthta (radial frequency), w =

√
u2

c + v2
c kai gwnÐa metabolăc

θ = arctan(vc/uc). H eikìna sto sqăma 2.1 (a) eÐnai èna tètoio qwrikì hmÐtono
me stajerì diĹnusma qwrikÿn suqnotătwn (uc, vc). Oi periorismoÐ deigmatolhyÐac
Nyquist-Shannon kajorÐzoun th mègisth fusikă suqnìthta pou mporeÐ na diajètei
mia eikìna peperasmènwn diastĹsewn. Sto biologikì sÔsthma ìrashc h anÿterh ani-
qneÔsimh qwrikă suqnìthta, se yhlĹ epÐpeda fwtismoÔ eÐnai 50−60 cycles per degree
enÿ se qamhlĹ epÐpeda 20− 30 cpd.

Oi perissìterec fusikèc eikìnec ufăc eÐnai eureÐac zÿnhc (wideband) upì thn
ènnoia ìti to eÔroc twn suqnotătwn, pou kuriarqoÔn sto fĹsma touc eÐnai megĹlo,
parousiĹzontac suqnotikì perieqìmeno se perissìterec apì mia zÿnec tou pedÐou
suqnotătwn. H perigrafă thc ufăc se diaforetikèc perioqèc qwrikÿn suqnotătwn
kai opoiadăpote qwro-suqnotikă (space-frequency) anĹlush gÐnetai me th boăjeia
grammikÿn zwnoperatÿn fÐltrwn [163]. Mia oikogèneia fÐltrwn me pollĹ elkustikĹ
qarakthristikĹ eÐnai ta fÐltra Gabor, pou apoteloÔn qwrikĹ diamorfwmèna hmÐtona
apì sunartăseic Gauss [19, 43, 45, 60]. H apìkrish enìc migadikoÔ Gabor fÐltrou
eÐnai:

h(x, y) = exp

[
−(x− xc)

2

2a2
− (y − yc)

2

2b2

]
· exp [juc(x− xc) + jvc(y − yc)] (2.1)

kai h apìkrish suqnìthtac, opìte kai h epilektikìthta tou stic suqnìthtec:

H(u, v) = 2πab exp

[
−(u− uc)

2a2

2
− (v − vc)

2b2

2

]
· exp [−jucxc − jvcyc] (2.2)

ìpou to (xc, yc) prosdiorÐzei thn topojèthsh tou fÐltrou qwrikĹ, (a, b) oi tupikèc
apoklÐseic thc 2D Gaussian, kajorÐzoun to energì eÔroc tou fÐltrou proc tic dÔo
kateujÔnseic kai to diĹnusma (uc, vc) kajorÐzei th diamìrfwsh suqnìthtac ă thn
suqnotikă topojèthsh tou fÐltrou. ’Ena tètoio fÐltro epitrèpei suqnìthtec se eÔroc
±1/a kai ±1/b se kĹje kateÔjunsh enÿ o lìgoc λ = a/b kajorÐzei th morfă tou, me
a = b gia isotropikă sumperiforĹ.

Oi omoiìthtec sthn apìkrish sto qÿro kai sto pedÐo suqnotătwn metafrĹzontai
se tautìqronh epexergasÐa plhroforÐac kai sta dÔo pedÐa. Gia èna fÐltro topojeth-
mèno sthn arqă, o Fourier metasqhmatismìc tou eÐnai mia gkaousðană topojethmènh
stic suqnìthtec (uc, vc), dhladă èna zwnoperatì fÐltro pou epitrèpei th dièleush
periorismènou eÔrouc suqnotătwn stic dÔo dieujÔnseic. Ta Gabor apoteloÔne omalĹ
kai eÔqrhsta zwnoperatĹ fÐltra, eÔkola elègxima kai ikanĹ na parĹgoun mia olìklhrh
oikogèneia me parìmoia qarakthristikĹ metabĹllontac èna mikrì sÔnolo paramètrwn.

Epiplèon eÐnai ta mìna pou ikanopoioÔn to katÿtero ìrio sth sqèsh abebaiìthtac
pou sundèei qwrikă kai fasmatikă plhroforÐa. Apì ton D. Gabor [60] apodeÐqjhke ìti
monodiĹstata tètoia fÐltra elaqistopoioÔn th sqèsh abebaiìthtac ∆x · ∆u ≥ 1/4,
ìpou to ∆ ekfrĹzei energì rms eÔroc. EpekteÐnontac ton orismì touc stic dÔo
diastĹseic o Daugman [45] apèdeixe ìti oi 2D Gabor sunartăseic thc morfăc 2.1,2.2
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eÐnai oi mìnec pou tautìqrona elaqistopoioÔn thn abebaiìthta stic dÔo diastĹseic:

(∆x)(∆y)(∆u)(∆v) ≥ 1/16 (2.3)

∆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 parapĹnw sqèsewn eÐnai ìti ta Gabor katafèrnoun tautìqrona na
dÿsoun mègisth plhroforÐa sto qwrikì kai sto fasmatikì pedÐo me thn elĹqisth
abebaiìthta. ’Etsi exĹgoun me bèltisto trìpo plhroforÐa tìso proc th domă ({ti})
ìso kai proc th jèsh ({pou}).

’Ena epiplèon kÐnhtro gia thn qrăsh tètoiwn fÐltrwn gia exagwgă plhroforÐac
ufăc eÐnai oi biologikèc kai fusiologikèc endeÐxeic gÔrw apì th sumperiforĹ twn
aplÿn kuttĹrwn (simple cells) [79, 80], mia kathgorÐa neurÿnwn, ston optikì floiì
twn jhlastikÿn. Empeirikèc melètec sta profÐl twn qwrikÿn dektikÿn pedÐwn (spa-
tial receptive fields) tètoiwn genikeumènwn aplÿn kuttĹrwn sunhgoroÔn sth monte-
lopoÐhsh apì Gabor sunartăseic [40,44,45,128].

Me katĹllhlouc metasqhmatismoÔc bĹshc, opoiadăpote eikìna mporeÐ na perigra-
feÐ apì èna peperasmèno sÔnolo stoiqeiwdÿn 2D Gabor sunartăsewn [43, 46, 156].
Mia tètoia anaparĹstash apoteleÐ èna koinì qwrikì-suqnotikì plaÐsio anĹlushc
optikăc plhroforÐac kai mporeÐ na ermhneujeÐ wc mia suneqăc gèfura anĹmesa sta
pedÐa qÿrou kai thc qwrikăc suqnìthtac. MetabĹllontac tic paramètrouc klÐmakac
a, b thc Gaussian epitugqĹnetai metĹbash apì to èna pedÐo perigrafăc sto Ĺllo
me endiĹmesh thn Gabor anaparĹstash. Gia megĹlec timèc o Gabor metasqhmatismìc
teÐnei oriakĹ sto Fourier kai sto pedÐo suqnotătwn, enÿ gia polÔ mikrèc, ìpou o ìroc
thc sunĹrthshc Gauss ekfulÐzetai se mia 2D sunĹrthsh dèlta, o metasqhmatismìc
eÐnai sthn ousÐa deigmatolhyÐa sto qwrikì pedÐo:

lim
a,b→∞

[h(x, y|a, b) ∗ I(x, y)] = F{I}(u, v) (2.4)

lim
a,b→0

[h(x, y|a, b) ∗ I(x, y)] = δ(x, y) ∗ I(x, y) (2.5)

ìpou I(x, y) h eikìna, F{ · } o Fourier metasqhmatismìc thc kai h(x, y|a, b) h apìkrish
tou fÐltrou (2.1). Me qrăsh miac tètoiac Gabor puramÐdac mporeÐ na epiteuqjeÐ
plărhc anaparĹstash, perigrafă, anagnÿrish, sumpÐesh kai anakataskeuă optikăc
plhroforÐac [46].

H efarmogă tou migadikoÔ fÐltrou Gabor thc (2.1), isodunameÐ me filtrĹrisma
me to pragmatikì kai to fantastikì mèroc tou h(x, y) = hc(x, y) + jhs(x, y) [18].
Ta dÔo fÐltra apoteloÔn èna zeÔgoc me kĹjeth diaforĹ fĹshc (quadrature pair),
ìpou to pragmatikì èqei Ĺrtia kai to fantastikì perittă summetrÐa wc proc ton
prosanatolismì touc θ. Oi dÔo ekdoqèc thc filtrarismènhc eikìnac èqoun diaforĹ
fĹshc π/2 katĹ măkoc thc θ.

Sto sqăma 2.2 faÐnetai h efarmogă se mia eikìna me èntonh ufă, triÿn Gabor se
diaforetikèc qwrikèc suqnìthtec (ă klÐmakec kai prosanatolismoÔc). To bajuperatì
Gauss fÐltro omalopoÐhshc sto kèntro tou pedÐou suqnotătwn apoteleÐ èna genikeu-
mèno Gabor kai h èxodoc tou eÐnai aparaÐthth gia anakataskeuă thc arqikăc eikìnac
apì tic epimèrouc zwnoperatèc sunistÿsec thc. H summetrÐa sto Fourier pedÐo twn
apokrÐsewn suqnìthtac twn fÐltrwn ofeÐletai sth qrăsh tou pragmatikoÔ mèrouc
twn migadikÿn sunartăsewn.
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Sqăma 2.2: Zwnoperatì Gabor filtrĹrisma. PĹnw seirĹ: Arqikă eikìna 256× 256 kai
èxodoi triÿn Gabor fÐltrwn, se diaforetikèc klÐmakec kai prosanatolismoÔc. DeÔterh
seirĹ: EpipedosÔnola (level curves) se 6 epÐpeda. TrÐth & tètarth seirĹ: ApokrÐseic
kroustikèc kai suqnìthtac twn Gabor fÐltrwn se prooptikèc apeikonÐseic. Qarakthri-
stikĹ twn triÿn fÐltrwn (kĹjeth suqnìthta uc, orizìntia suqnìthta vc, eÔroc zÿnhc):
{[0, 0, 27] , [13, 7, 20] , [−15, 21, 11]}.

2.2.1 SustoiqÐec Gabor fÐltrwn

Ta fÐltra Gabor, apomonwmèna ă se sustoiqÐec qrhsimopoiăjhkan susthmati-
kĹ gia katĹtmhsh, diĹkrish kai kathgoriopoÐhsh ufăc, ereunăjhkan kai susthmato-
poiăjhkan oi parĹmetroi touc (klÐmaka, prosanatolismìc, eÔroc, qwrikă topojèth-
sh) [19, 51] kai parousiĹsthke h dunatìthta anazăthshc peperasmènwn sunistwsÿn
ufăc se aplèc eikìnec me qrăsh anĹlogou arijmoÔ fÐltrwn [18,20]. Gia kĹluyh ìlou
tou eÔrouc twn dunatÿn qwrikÿn suqnotătwn, qrhsimopoioÔntai sustoiqÐec fÐltrwn
(filterbanks) aktinikăc diĹtaxhc kai auxanìmenou anĹ oktĹbec eÔrouc, me fÐltra twn
opoÐwn h klÐmaka (scale) allĹ kai o prosanatolismìc (orientation) dÐnontai apì ana-
lutikèc sqèseic [21,70,72,73,163].

Gia thn anĹlush plhroforÐac eureÐac zÿnhc thc ufăc, h eikìna qwrÐzetai se apo-
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monwmènec sunistÿsec stenoÔ eÔrouc (narrowband components), twn opoÐwn to fa-
smatikì perieqìmeno eÐnai periorismèno se mia mikră perioqă suqnotătwn, mèsw pol-
laplÿn kanaliÿn qwrikÿn suqnotătwn tÔpou wavelet. O diaqwrismìc gÐnetai apì èna
sÔnolo fÐltrwn, katĹllhlhc domăc kai diĹtaxhc ètsi ÿste na kalÔptetai eparkÿc to
diĹsthma twn qwrikÿn suqnotătwn. ’Ena epiplèon pleonèkthma eÐnai o periorismìc
tou jorÔbou anĹ zÿnh kai h omalopoÐhsh twn ìpoiwn energeiakÿn metrăsewn. To
plaÐsio pollaplÿn fÐltrwn, parĹllhlhc epexergasÐac kai exagwgăc qarakthristikÿn
anĹ zÿnh suqnotătwn eÐnai gnwstì wc poluzwnikă anĹlush (multiband analysis).

Ta sunăjh krităria gia thn epilogă twn fÐltrwn thc sustoiqÐac eÐnai na eÐnai kalĹ
entopismèna kai topojethmèna sto qwrikì kai sto suqnotikì pedÐo, na eÐnai ìso to
dunatìn stenăc zÿnhc kai sto sÔnolo na kalÔptoun puknĹ tic shmantikèc suqnìth-
tec thc eikìnac. Gia to skopì autì epilègontai sunăjwc 2D Gabor fÐltra lìgw thc
bèltisthc apìkrishc touc sta plaÐsia abebaiìthtac qÿrou-suqnìthtac (2.4). Qrh-
simopoioÔntai isotropikĹ fÐltra, se diaforetikèc klÐmakec kai prosanatolismoÔc, me
kĹpoio kanìna sÔndeshc tou eÔrouc zÿnhc me tic kentrikă suqnìthta tou kajenìc.
KatĹ kanìna se megalÔterec kentrikèc suqnìthtec antistoiqÐzetai megalÔtero eÔroc
zÿnhc.

H sunhjèsterh diĹtaxh jèlei to pedÐo twn suqnotătwn na qwrÐzetai aktinikĹ
me fÐltra auxanìmenhc klÐmakac (radial symmetry). Gia na eÐnai dunată mia plărhc
anakataskeuă thc eikìnac apì to Ĺjroisma twn epimèrouc sunistwsÿn thc, diathreÐtai
stajerìc o lìgoc thc kentrikăc suqnìthtac proc to eÔroc zÿnhc tou fÐltrou i
(constant-Q filterbanks):

Q =
wi√

a−2
i + b−2

i

, wi =
√

u2
ci + v2

ci (2.6)

prĹgma pou exasfalÐzei stajeră, logarijmikă apìstash anĹmesa se diadoqikĹ fÐltra
thc Ðdiac kateÔjunshc θi = arctan (vci/uci). H apìstash aută ekfrĹzetai se oktĹbec
ètsi ÿste fÐltra pou apèqoun mÐa oktĹba na tèmnontai akribÿc se Ôyoc misăc koru-
făc. EndeiktikĹ, gia klÐmakec 2, 4, 8, 16 kai 32 pixel, se 8 dieujÔnseic 0 ≤ θ ≤ π, me
băma π/8 kai kentrikèc suqnìthtec anĹ kateÔjunsh wi = log2 Q−0.5 log2 (a−2

i + b−2
i ),

gia apìstash 2 oktĹbec anĹmesa se geitonikĹ fÐltra (Q = 2), prokÔptei mia sustoi-
qÐa 40 fÐltrwn, aktinikăc summetrÐac me 5 fÐltra anĹ aktÐna.

’Ena tètoio sÔnolo, sto pedÐo twn suqnotătwn, faÐnetai sto sqăma 2.3 wc gkrÐza
eikìna kai wc prooptikă 3D apeikìnish. Gia lìgouc anaparĹstashc kĹje fÐltro èqei
kanonikopoihjeÐ sto mègisto eÔroc gkrÐzwn timÿn. AnĹloga orÐzontai kai sustoiqÐec
isotropikÿn fÐltrwn, me Ðdio eÔroc zÿnhc kai grammikì diaqwrismì anĹ kateÔjunsh
(linear filterbanks). Mia tètoia diĹtaxh sumperifèretai me ton Ðdio trìpo stic yhlèc
kai qamhlèc zÿnec suqnotătwn allĹ den exasfalÐzei aparaÐthta thn anakataskeuă
thc arqikăc eikìnac apì tic epimèrouc zwnoperatèc ekdoqèc thc.

2.3 Montèla diamìrfwshc, energeiakoÐ tele-
stèc kai apodiamìrfwsh

Eikìnec ufăc, topikĹ stenăc zÿnhc katĹ thn ènnoia [21] mporoÔn na montelopoih-
joÔn wc qwrikĹ AM-FM sămata

f(x, y) = a(x, y) cos[φ(x, y)] , ~ω(x, y) = ∇φ(x, y) (2.7)
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Sqăma 2.3: ApokrÐseic suqnìthtac (se gkrÐza klÐmaka fwteinìthtac kai se 3D proo-
ptikă apeikìnish) sustoiqÐac 2D Gabor fÐltrwn. UpĹrqoun 40 fÐltra se aktinikă diĹtaxh
tÔpou wavelet, se 8 aktÐnec me 5 fÐltra anĹ aktÐna, èna epiplèon sto (0, 0) kai dÔo sto
Ĺnw kai kĹtw epÐpedo suqnotătwn. H summetrÐa wc proc to aristerì hmiepÐpedo ofeÐletai
sth qrăsh pragmatikÿn fÐltrwn kai sth summetrÐa tou 2D Fourier.

dhladă mh-statikĹ (non-stationary) hmÐtona me diamìrfwsh plĹtouc (AM) kai dia-
mìrfwsh suqnìthtac (FM). To qwrikĹ metaballìmeno plĹtoc a(x, y) montelopoieÐ
thn topikă antÐjesh (contrast) kai to qwrikĹ metaballìmeno diĹnusma stigmiaÐwn
suqnotătwn ~ω(x, y) = (ω1, ω2)(x, y) perièqei plhroforÐa gia tic topikĹ anaduìmenec
suqnìthtec. To plĹtoc kai oi suqnìthtec eÐnai omalĹ, topikĹ stenăc zÿnhc, sămata.
Tètoia montèla diamìrfwshc protĹjhkan [21,70,73,74,123] kai efarmìsthkan se mia
plhjÿra problhmĹtwn ìrashc kai anĹlushc eikìnwn. Den efarmìzontai apeujeÐac
sthn eikìna eureÐac zÿnhc allĹ stic zwnoperatèc sunistÿsec thc sthn èxodo miac
sustoiqÐac Gabor fÐltrwn, pou ektìc apì ton diaqwrismì, auxĹnoun thn anoqă se
jìrubo kai epibĹlloun kĹpoia omalìthta sta sămata plĹtouc kai suqnìthtac.

2.3.1 1D energeiakìc telestăc

O mh-grammikìc diaforikìc telestăc Ψ pou anaptÔqjhke apì ton Teager [186]
kai protĹjhke susthmatikĹ apì ton Kaiser [91,92], gia 1D sămata suneqoÔc qrìnou
f(t) orÐzetai ÿc:

Ψ(f)(t) , [f ′(t)]2 − f(t)f ′′(t) (2.8)

me f ′ = df/dt kai f ′′ = d2f/dt2. To diakritì antÐstoiqo tou Ψ eÐnai o telestăc

Ψd(f)(n) , f 2(n)− f(n− 1)f(n + 1) (2.9)

gia sămata diakritoÔ qrìnou f(n). Oi Ψ kai Ψd anafèrontai wc energeiakoÐ telestèc
upì thn ènnoia ìti entopÐzoun thn enèrgeia aplÿn armonikÿn talantÿsewn hmitonikÿn
shmĹtwn. Aută h enèrgeia eÐnai anĹlogh tìso tou tetragÿnou tou plĹtouc ìso kai
tou tetragÿnou thc suqnìthtac thc talĹntwshc.

Oi energeiakoÐ telestèc mporoÔn na ektimăsoun stigmiaÐa thn peribĹllousa dia-
morfwmènwn shmĹtwn katĹ plĹtoc ă suqnìthta [126] enÿ gia genikĹ AM-FM sămata
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thc morfăc f(t) = a(t) cos[φ(t)], entopÐzoun to energeiakì ginìmeno

Ψ[a(t) cos(φ(t))] ≈ a2(t)ω2(t) (2.10)

ìpou ω(t) = dφ(t)/dt h stigmiaÐa gwniakă suqnìthta. H prosèggish isqÔei me mikrì
sfĹlma ìtan tìso to plĹtoc ìso kai h suqnìthta den metabĹllontai polÔ grăgora ă
se megĹlo eÔroc se sqèsh me to fèron. Efarmìzontac epiplèon ton Ψ sthn parĹgwgo
f ′(t) anaptÔqjhke sto [125] ènac 1D algìrijmoc apodiamìrfwshc pou diaqwrÐzei thn
enèrgeia (2.10) se suntelestèc plĹtouc kai suqnìthtac kai apodiamorfÿnei AM-FM
sămata ektimÿntac thn peribĹllousa |a(t)| kai th stigmiaÐa suqnìthta ω(t) [22,125].

2.3.2 Energeiakìc telestăc gia 2D sămata

Mia epèktash tou 1D energeiakoÔ telestă protĹjhke sto [123] se èna genikìtero
plaÐsio poludiĹstatwn energeiakÿn telestÿn kai 2D telestÿn gia eikìnec. An f(~x)
èna didiĹstato pragmatikì săma me ~x = (x, y) ∈ R2 tìte o 2D energeiakìc telestăc
orÐzetai wc:

Ψ(f)(~x) , ||∇f(~x)||2 − f(~x)∇2f(~x), ~x = (x, y) ∈ R2 (2.11)

ìpou ∇f h klÐsh (gradient) thc f , || · || h EuklÐdeia nìrma, kai ∇2f h Laplacian
tou f . O Ψ(f) mporeÐ ex orismoÔ na ekfrasteÐ wc to Ĺjroisma dÔo monodiĹstatwn
telestÿn stic dÔo dieujÔnseic dhl.:

Ψ(f) =

(
∂f

∂x

)2

+

(
∂f

∂y

)2

− f

(
∂2f

∂x2
+

∂2f

∂y2

)
=

∑

k∈{x,y}
Ψk(f) (2.12)

me Ψk(f) = f 2
k − ffkk . ’Etsi h èxodoc tou Ψ eÐnai èna Ĺjroisma twn energeiakÿn

sunistwsÿn tou 1D telestă sthn orizìntia kai kĹjeth dieÔjunsh. ’Ena sÔnolo
idiotătwn tou 2D Ψ dÐnontai sto [123].

2.3.2.1 MigadikĹ sămata

H epèktash tou 2D telestă gia migadikĹ sămata dìjhke sto [123] me bĹsh èna
genikeumèno telestă gia dianusmatikĹ sămata. O telestăc C gia èna migadikì săma
f(~x) = (fr + jfi)(~x) orÐsthke wc

C(f)(~x) , ||∇f(~x)||2 − Real[f ∗(~x)∇2f(~x)] (2.13)

ìpou ()∗ orÐzei to migadikì sumplărwma kai fr = Real(f) kai fi = Imag(f). EÔkola
diapistÿnoume ìti prokÔptei

C(f) = Ψ(fr) + Ψ(fi) = Ψ[Real(f)] + Ψ[Imag(f)] (2.14)

’Etsi anĹlush efarmogăc tou energeiakoÔ telestă se migadikĹ sămata katalăgei se
xeqwristă anĹlush tou pragmatikoÔ kai tou fantastikoÔ touc mèrouc.

Endiafèron parousiĹzei h sÔgkrish tou sumperĹsmatoc thc 2.14 me thn apeujeÐac
efarmogă tou Ψ thc sqèshc 2.11 sto migadikì săma f(~x). Me aploÔc upologismoÔc

Ψ(f) = Ψ(fr + jfi) = Ψ(fr)−Ψ(fi) + j∇2[frfi] (2.15)

SugkrÐnontac thn (2.14) me thn (2.15) faÐnetai ìti C(f) 6= Real[Ψ(f)], opìte o o ener-
geiakìc telestăc gia migadikĹ sămata, mia pragmatikă posìthta, den eÐnai isodÔnamoc
me to pragmatikì mèroc thc efarmogăc tou energeiakoÔ telestă sto săma.
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2.3.3 AM-FM sămata kai diaqwrismìc enèrgeiac

’Estw èna pragmatikì 2D hmitonoeidèc săma, diamorfwmèno katĹ plĹtoc kai su-
qnìthta, thc morfăc f(x, y) = a(x, y) cos[φ(x, y)], ìpou a(x, y) to qwrikĹ metabal-
lìmeno plĹtoc, φ(x, y) to săma fĹshc kai

~ω(x, y) , ∇φ(x, y) = [ω1(x, y), ω2(x, y)] (2.16)

to diĹnusma twn stigmiaÐwn qwrikĹ metaballìmenwn gwniakÿn suqnotătwn

ω1(x, y) , ∂φ

∂x
(x, y) , ω2(x, y) , ∂φ

∂y
(x, y). (2.17)

To kĹje săma stigmiaÐac suqnìthtac mporeÐ na grafeÐ sth morfă ωk(x, y) = ωc,k +
ωm,kqk(x, y), k = {1, 2}, ìpou ωc,k h stajeră suqnìthta fèrontoc, qk(~x) ∈ [−1, 1] to
săma diamìrfwshc suqnìthtac me ωm,k th mègisth apìklish tou ωk apì thn kentrikă
tou timă.

Efarmogă tou Ψ se èna AM-FM săma f thc morfăc (2.7) katalăgei proseggi-
stikĹ:

Ψ[a cos(φ)] ≈ a2||~ω||2 (2.18)

To sfĹlma prosèggishc eÐnai amelhtèo kĹtw apì realistikèc sunjăkec [123], pou
jèloun tic metabolèc plĹtouc a kai stigmiaÐwn suqnotătwn ~ω na mhn eÐnai polÔ gră-
gorec sto qÿro oÔte polÔ megĹlec se timèc se sqèsh me tic fèrousec (ωc,1, ωc,2). To
(2.18) eÐnai èna energeiakì ginìmeno twn tetragÿnwn tou platouc kai tou mètrou thc
suqnìthtac. Diaqwrismìc autăc thc enèrgeiac sta dÔo sămata diamìrfwshc eÐnai efi-
ktìc an efarmìsoume epiplèon ton Ψ sta merikĹ diaforikĹ tou f stic dÔo dieujÔnseic
∂f/∂x kai ∂f/∂y.

Ψ

(
∂f

∂x

)
≈ a2ω2

1||~ω||2 , Ψ

(
∂f

∂y

)
≈ a2ω2

2||~ω||2 (2.19)

SunduĹzontac tic (2.18),(2.19) prokÔptei o mh grammikìc Suneqăc Algìrijmoc
DiaqwrismoÔ Enèrgeiac (Continuous Energy Separation Algorithm ă CESA) :

√
Ψ (∂f/∂x)

Ψ(f)
≈ |ω1(x, y)| ,

√
Ψ (∂f/∂y)

Ψ(f)
≈ |ω2(x, y)| (2.20)

Ψ (f)√
Ψ (∂f/∂x) + Ψ (∂f/∂y)

≈ |a(x, y)| (2.21)

O CESA eÐnai epèktash tou 1D algorÐjmou gia apodiamìrfwsh qronikĹ metaballìme-
nwn shmĹtwn [22,125,126] kai mporeÐ na ektimăsei se kĹje jèsh (x, y) thn peribĹllou-
sa tou plĹtouc kai to mètro thc stigmiaÐac suqnìthtac enìc qwrikĹ metaballìmenou
AM-FM sămatoc. Gia to prìshmo twn suqnotătwn qrhsimopoioÔntai ta prìshma twn
ferousÿn, dhl. thc mèshc timăc tou sămatoc se kĹje dieÔjunsh. Gia eikìnec sthn
èxodo summetrikoÔ zwnoperatoÔ fÐltrou, to diĹnusma twn ferousÿn proseggÐzetai
apì to diĹnusma twn kentrikÿn suqnotătwn tou fÐltrou.
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2.3.4 DiakritoÐ telestèc kai apodiamìrfwsh eikìnwn

Gia thn energeiakă anĹlush kai thn apododiamìrfwsh didiĹstatwn shmĹtwn kai
sugkekrimèna eikìnwn, pou orÐzontai se èna 2D peperasmèno qwrikì plègma, qrhsi-
mopoioÔntai oi diakritèc ekdoqèc twn prohgoÔmenwn sqèsewn. H ermhneÐa (2.12) tou
Ψ epitrèpei thn epèktash tou se sămata diakritoÔ qÿrou (discrete-space) f(m,n).
Antikajistÿntac tic energeiakèc sunistÿsec me tic exìdouc tou 1D diakritoÔ telestă
Ψd prokÔptei o 2D diakritìc energeiakìc telestăc

Ψd(f)(m, n) , Ψd,1(f)(m, n) + Ψd,2(f)(m,n) (2.22)

= 2f 2(m,n)− f(m− 1, n)f(m + 1, n)− f(m,n− 1)f(m,n + 1)

ìpou o Ψd,1 energeÐ kĹjeta se ìlec tic stălec 0 ≤ m ≤ M enÿ o Ψd,2 orizìntia se
ìlec tic grammèc 0 ≤ n ≤ N tou f . H èkfrash (2.22) eÐnai ìmoia me ton diakritì
telestă sto [138] pou anaptÔqjhke gia beltÐwsh eikìnwn (image enhancement) kai
anÐqneush akmÿn (edge detection) . Antikajistÿntac ta diaforikĹ sto Ψ me enal-
laktikĹ 2D sqămata qwrikÿn diaforÿn mporoÔn na prokÔyoun diaforetikĹ sqămata
2D diakritÿn energeiakÿn telestÿn.

’Estw èna diakritì AM-FM săma

f(m,n) = a(m,n) cos[φ(m,n)] (2.23)

me kĹjeth stigmiaÐa suqnìthta Ω1(m,n) , ∂φ/∂m se aktÐnia/deÐgma (ra-
dians/sample) kai orizìntia Ω2(m,n) , ∂φ/∂n me eÔroc timÿn [−π, π] kai stajerì
prìshmo gia kĹje (m,n). KĹtw apì thn proôpìjesh ìti tìso to plĹtoc a ìso kai
ta sămata stigmiaÐwn suqnotătwn eÐnai zwnoperiorismèna kai isqÔoun kĹpoiec reali-
stikèc sunjăkec sqetikĹ me to èuroc thc metabolăc touc [123,126] tìte

Ψd[a(m,n) cos(φ(m,n)] ≈ a2(m,n)(sin2[Ω1(m,n)] + sin2[Ω2(m,n)]). (2.24)

ProseggÐzontac ta diaforikĹ tou f stic dÔo kateujÔnseic me summetrikèc diaforèc
triÿn deigmĹtwn prokÔptei o Diakritìc Algìrijmoc DiaqwrismoÔ Enèrgeiac (Discrete
Energy Separation Algorithm ă DESA) :

arcsin

(√
Ψd[f(m + 1, n)− f(m− 1, n)]

4Ψd[f(m,n)]

)
≈ |Ω1(m,n)|

(2.25)

arcsin

(√
Ψd[f(m,n + 1)− f(m,n− 1)]

4Ψd[f(m,n)]

)
≈ |Ω2(m,n)|

(2.26)
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)|

(2.27)

O DESA mporeÐ na ektimăsei se kĹje shmeÐo thn peribĹllousa kai to mètro twn
dÔo stigmiaÐwn suqnotătwn tou qwrikoÔ AM-FM sămatoc. O periorismìc tou eÐ-
nai ìti 0 ≤ |Ω1|, |Ω2| ≤ π/2 , dhl. ektimĹei suqnìthtec mèqri to èna tètarto thc
suqnìthtac deigmatolhyÐac. Ta prìshma touc mporoÔn na brejoÔn apì ta prìshma
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twn antÐstoiqwn suqnotătwn fèrontoc. An to AM-FM săma èqei stajerì plĹtoc
A kai stajerèc suqnìthtec Ωc,1 kai Ωc,2, tìte o DESA parèqei akribeÐc ektimă-
seic tou apìlutou plĹtouc |a(m,n)| = |A| kai suqnotătwn |Ω1(m,n)| = |Ωc,1| kai
|Ω2(m,n)| = |Ωc,2|.

Ta pleonektămata tou DESA gia apodiamìrfwsh twn stigmiaÐwn sunistwsÿn
AM-FM shmĹtwn eÐnai h aplìthta, h apodotikìthta, h mikră upologistikă poluplo-
kìthta, h exairetikă, sqedìn stigmiaÐa, qwrikă anĹlush se parĹjura 3 × 3 kai h
ikanìthta tou na entopÐzei qwrikèc domèc diamìrfwshc. Diaforetikèc proseggÐseic
gia apodiamìrfwsh qwrikĹ diamorfwmènwn shmĹtwn eÐnai me qrăsh tou metasqhmati-
smoÔ Hilbert , pou gia 1D sămata kai sămata fwnăc dÐnontai sugkrÐseic sto [158],
kai tou poludiĹstatou kateujuntikoÔ Hilbert sthn analutikă eikìna [39,75].

2.3.5 AnĹlush tou 2D telestă se jìrubo

Sthn enìthta aută parousiĹzontai kĹpoia prÿima jewrhtikĹ apotelèsmata sqe-
tikĹ me thn anamenìmenh sumperiforĹ twn energeiakÿn telestÿn se 2D sămata kai
eikìnec. AnaptÔssontai oi basikèc statistikèc idiìthtec (ropèc katÿterhc tĹxhc)
thc efarmogăc tou (2.11) se èna tuqaÐo 2D săma N(x, y) kai dÐnetai mia sqèsh anĹme-
sa sto èuroc zwnoperatoÔ filtrarÐsmatoc kai mèshc timăc tou telestă. Mia tètoia
anĹlush eÐnai shmantikă gia th sumperiforĹ tou telestă se sustămata eikìnwn me
jìrubo kai anĹlogh anĹlush èqei gÐnei gia ton 1D Teager-Kaiser telestă sto [22].

2.3.5.1 StatistikĹ

To N(x, y) upotÐjetai na eÐnai statikă me thn eureÐa ènnoia (wide-sense statio-
nary), mhdenikăc mèshc timăc (zero-mean), Gaussian tuqaÐa diadikasÐa, me sunĹrthsh
autosusqètishc R(τ1, τ2) kai fasmatikă puknìthta isqÔoc (power spectral density)

Φ(~ω) =

∫

R2

R(~τ)e−~τ ·~ω d~τ , ~τ = (τ1, τ2), ~ω = (ωx, ωy) (2.28)

Φ(ωx, ωy) =

∫

R2

R(τ1, τ2)e
(−ωxτ1−ωyτ2) dτ1 dτ2 (2.29)

Epeidă h N(x, y) einai wss Gaussian diadikasÐa, oi merikèc parĹgwgoi Nx, Nxx, Ny,
Nyy, Nxy, ìpou oi upodeÐktec dhlÿnoun merikă paragÿgish proc thn antÐstoiqh
metablhtă, eÐnai epÐshc wss Gaussian. Epiplèon, h Nx eÐnai statistikĹ anexĹrthth
tìso thc N ìso kai thc Nxx kai omoÐwc h Ny eÐnai statistikĹ anexĹrthth thc kai
Nyy [145, sel. 133]. ’Etsi h efarmogă tou telestă (2.12) sthn N

Ψ(N) = (Nx)
2 −NNxx + (Ny)

2 −NNyy (2.30)

eÐnai to Ĺjroisma tessĹrwn anexĹrthtwn diadikasiÿn. ’Estw sumbolikĹ

R(m,n)(τ1, τ2) =
∂kR(τ1, τ2)

∂τm
1 ∂τn

2

, k = m + n (2.31)
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kai ta E[·] kai Var[·] dhlÿnoun statistikă anamenìmenh timă (expectation) kai meta-
blhtìthta (variance). IsqÔoun ta exăc [145, sel. 319]

Var[N ] =R(0, 0) = γ2
0 (2.32aþ)

Var[Nx] =−R(2,0)(0, 0) = α2
1 (2.32bþ)

Var[Ny] =−R(0,2)(0, 0) = β2
1 (2.32gþ)

Var[Nxx] =R(4,0)(0, 0) = α2
2 (2.32dþ)

Var[Nyy] =R(0,4)(0, 0) = β2
2 (2.32eþ)

E[NNxx] =R(2,0)(0, 0) = −α2
1 (2.32˚þ)

E[NNyy] =R(0,2)(0, 0) = −β2
1 (2.32zþ)

E[NxxNyy] =R(2,2)(0, 0) = γ2
1 (2.32hþ)

Lìgw twn mhdenikÿn mèswn timÿn Var[·] = E[(·)2], enÿ epeidă h N eÐnai wss isqÔei
E[NxmNxn ] = (−1)nR(m,n)(0, τ2), n > m.

Me bĹsh ta parapĹnw 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

(2.33)

me Ψx, Ψy touc kateujuntikoÔc energeiakoÔc telestèc wc proc x kai y antÐstoiqa.
’Etsi h anamenìmenh timă Ψ(N) eÐnai dÔo forèc to Ĺjroisma metablhtìthtac twn
∂N/∂x kai ∂N/∂y. Apì thn parapĹnw sqèsh prokÔptei epÐshc h exĹrthsh thc exìdou
tou telestă apì to fĹsma isqÔoc (2.29)

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

(2.34)

lìgw thc sqèshc Fourier autosusqètishc kai fĹsmatoc isqÔoc kai tic idiìthtec para-
gÿgishc tou metasqhmatismoÔ. Epomènwc h mèsh timă tou Ψ(N) auxĹnetai grammikĹ
me thn fasmatikă energeiakă metablhtìthta tou N . Autì mporeÐ na apoteleÐ prìblh-
ma gia polÔ jorubÿdh sămata.

H autosusqètish RΨ(N)
(τ1, τ2) mporeÐ na brejeÐ qrhsimopoiÿntac th fìrmoula tou

Isserli gia thn anamenìmenh timă ginomènwn tessĹrwn tuqaÐwn metablhtÿn mhdenikăc
mèshc timăc [82]

E[Y1Y2Y3Y4] = E[Y1Y4]E[Y1Y3] + E[Y1Y3]E[Y2Y4] + E[Y1Y2]E[Y3Y4] (2.35)

ìpwc kai sto [22], me skopì ton periorismì twn ropÿn pollaplÿn suntelestÿn.

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

(2.36)
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Me logismoÔc stic anamenìmenec timèc twn telestÿn, to Ĺjroisma sto deÔtero mèloc,
me to sumbolismì thc (2.31) katalăgei

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) (2.37)

enÿ gia touc ìrouc autosusqètishc

RΨx(N)
(τ1, τ2) = 4α4

1 + [3(R(0,2))2 + 4R(0,1)R(0,3) + RR(0,4)](τ1, τ2) (2.38)

RΨy(N)
(τ1, τ2) = 4β4

1 + [3(R(2,0))2 + 4R(1,0)R(3,0) + RR(4,0)](τ1, τ2) (2.39)

To sÔnolo twn (2.36)-(2.39) dÐnei th sunĹrthsh autosusqètishc RΨ(N)
. Me qră-

sh thc anisìthtac Cauchy-Schwarz [145]

|R(τ1, τ2)| ≤ 1

π

∫

R2

Φ(ωx, ωy) dωx dωy = R(0, 0) (2.40)

Epomènwc 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 allĹ kai R(1,1)(0, 0) = 0. Me qrăsh kai twn
(2.32), 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(2γ
2
1 + α2

2 + β2
2)

(2.41)

kai auxĹnetai, ìpwc kai h anamenìmenh timă me thn parousÐa megalÔterwn suqnotătwn
sto N . Gia 1D săma N , β1 = β2 = γ1 = 0 opìte oi sqèseic (2.33),(2.41) anĹgontai
apeujeÐac sta 1D antÐstoiqa touc pou anafèrontai sto [22].

Parìmoia ta basikĹ statistikĹ thc efarmogăc tou telestă sta diaforikĹ Nx kai
Ny èqoun endiafèron gia thn efarmogă tou ESA. ’Etsi oi anamenìmenec timèc dÐnontai
apì

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

(2.42)

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
2γ

2
1 + 3(β4

2 + γ4
1)− β2

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

(2.43)

2.3.5.2 Zwnoperată enèrgeia

’Estw ìti jewroÔme th Ðdia tuqaÐa diadikasÐa N h opoÐa filtrĹretai apì èna
grammikì zwnoperatì fÐltro thc morfăc

gσ(x, y) = 2hσ(x, y) sin(ωc1x + ωc2y) (2.44)
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me kentrikă ωc = (ωc1, ωc2) kai apìkrish suqnìthtac

Gσ(ω1, ω2) =
1

j
[Hσ(ω1 − ωc1, ω2 − ωc2) + Hσ(ω1 + ωc1, ω2 + ωc2)] . (2.45)

Jewrÿntac H(~ω) thn apìkrish suqnìthtac tou antÐstoiqou bajuperatoÔ fÐltrou
kai σ = (σ1, σ2) mia parĹmetro klÐmakac pou kajorÐzei to eÔroc kai thn kentrikă
suqnìthta, tìte

Hσ(~ω) =
1√
|σ|H(~ω/σ) (2.46)

Gia lìgouc aplìthtac èstw ìti h kroustikă h eÐnai Ĺrtia summetrikă ètsi ÿste
Gσ(0, 0) = 0, oi jetikèc kai arnhtikèc sunistÿsec tou Gσ(ω) na mhn epikalÔptontai
kai to fÐltro na eÐnai isotropikì, dhl. σ1 = σ2. Tìte

|Gσ(~ω)|2 = |Hσ(~ω − ~ωc)|2 + |Hσ(~ω + ~ωc)|2 (2.47)

To filtrarismèno săma ja eÐnai Nσ(x, y) = (N∗gσ)(x, y), ìpou ∗ dhlÿnei sunèlixh.
Apì th sqèsh (2.34) pou dÐnei thn anamènomenh timă tou telestă sth diadikasÐa N
prokÔptei h genÐkeush gia thn zwnoperatĹ filtrarismènh ekdoqă 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

(2.48)

Sthn perÐptwsh idanikoÔ zwnoperatoÔ tetragwnikoÔ palmoÔ me H(~ω) = 1, |~ω| ≤ | ~ωc|
tìte proseggistikĹ h mèsh timă tou filtrarismènou sămatoc eÐnai

E[Ψ(Nσ)] u
1

πσ

∫

R2

|~ω|2Φ(~ω) d~ω =
1

σ
E[Ψ(N)]. (2.49)

GenikĹ, kai gia mh isotropikĹ fÐltra me σ1/σ2 = λ,

E[Ψ(N ∗ gσ)] u
λ

σ
E[Ψ(N)] (2.50)

h anamenìmenh mèsh timă metabĹlletai grammikĹ, antistrìfwc anĹloga me th jetikă
stajerĹ pou kajorÐzei to eÔroc tou zwnoperatoÔ filtrarÐsmatoc. MeÐwsh tou σ,
dhl. periorismìc thc energăc zÿnhc tou fÐltrou auxĹnei th mèsh timă tou energeia-
koÔ telestă. KĹti tètoio ofeÐletai diaisjhtikĹ afenìc ston periorismì twn entìc
zÿnhc talantÿsewn kai afetèrou, efìson h diadikasÐa eÐnai leukìc jìruboc, sthn
ex’ orismoÔ idiìthta tou zwnoperatoÔ filtrarÐsmatoc na periorÐzei ton euruzwnikì
jìrubo.
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2.4 Teqnikèc anĹlushc ufăc

Oi teqnikèc pou perigrĹfontai sÔntoma sth sunèqeia sqetÐzontai Ĺmesa me thn
anazăthsh mikrodomÿn kai thn perigrafă thc ufăc se èna tètoio epÐpedo. Kajierwmè-
na montèla ufăc pou basÐzontai se stoqastikĹ frĹktal, tuqaÐa pedÐa kai diaqwrismì
thc leptomèreiac apì thn eikìna ja entaqjoÔn sto plaÐsio thc anazăthshc kai thc
anĹlushc twn mikrodiamorfÿsewn thc ufăc.

2.4.1 StoqastikĹ frĹktal

Ta montèla frĹktal (fractal) eÐnai dhmofilă gia anĹlush ufăc giatÐ prosfèroun
trìpouc posotikopoÐhshc kai montelopoÐhshc, me mikrì arijmì paramètrwn, thc tra-
qÔthtac miac epifĹneiac. ’Ena mègejoc pou qrhsimopoieÐtai katĹ kìron se metrăseic
ufăc eÐnai h frĹktal diĹstash (fractal dimension) [7,118,150,151]. H mètrhsh thc gÐ-
netai majhmatikĹ se diĹforec klÐmakec kai posotikopoieÐ thn autoomoiìthta sto eÔroc
twn klimĹkwn [93, 96, 185]. Se pollèc kathgorÐec kurÐwc fusikÿn ufÿn, periorÐzon-
tac to eÔroc twn uparktÿn kai metrăsimwn klimĹkwn, oi epifĹneiec, ta perigrĹmmata
touc allĹ kai tuqaÐoi sqhmatismoÐ ufăc eÐnai frĹktal. H frĹktal diĹstash kampulÿn
paÐrnei timèc 1 ≤ D ≤ 2, enÿ gia epifĹneiec pou h topologikă touc diĹstash eÐnai 2,
eÐnai 2 ≤ D ≤ 3. Ektìc apì th frĹktal diĹstash ki Ĺlla megèjh èqoun qrhsimopoih-
jeÐ th diereÔnhsh twn idiotătwn thc ufăc ìpwc h {kenìthta} (lacunarity) [34,96,118],
pou aniqneÔei kai posotikopoieÐ statistikĹ deÔterhc tĹxhc frĹktal epifaneiÿn.

Oi perissìterec fusikèc epifĹneiec me ufă ă sqhmatismoÔc kai mikrodomèc den
eÐnai nteterministikèc allĹ diajètoun mia statistikă metabolă [101, 152]. Epomènwc
h montelopoÐhsh touc wc nteterministikĹ frĹktal kai h mètrhsh thc diĹstashc touc
eÐnai dÔskolh. EnallaktikĹ parousiĹzetai h montelopoÐhsh ufăc me stoqastikĹ frĹ-
ktal kai eidikĹ mia kathgorÐa 1/f jorÔbwn (1-over-f noises), tic klasmatikèc kinăseic
Brown (fractional Brownian motion) [119]. Oi 1/f jìruboi eÐnai stoqastikèc diadi-
kasÐec me fĹsma isqÔoc antistrìfwc anĹlogo miac dÔnamhc thc suqnìthtac. Gia ta
fBm o ekjèthc paÐrnei timèc apì 1 mèqri 3, kai apoteloÔn genikeumènec epektĹseic
thc kÐnhshc Brown.

Oi 2D epektĹseic twn fBm [93, 151, 152, 154] eÐnai diadikasÐec BH(x, y) pou orÐ-
zontai se èna didiĹstato qwrikì plègma kai parousiĹzoun statistikă autoomoiìthta
se pollaplèc klÐmakec, dhladă statistikĹ parìmoia sumperiforĹ anexĹrthta apì to
diĹsthma sto opoÐo aută exetĹzetai. H sumperiforĹ se diaforetikèc klÐmakec, exar-
tĹtai apì thn parĹmetro H (Hurst exponent), pou kajorÐzei pìso leptomerèc ă traqÔ
eÐnai to apotèlesma thc diadikasÐac se mikrèc perioqèc. Oi allagèc timÿn metĹ apì
qwrikă metatìpish katĹ (∆x, ∆y) kajorÐzontai tìso apì to H ìso kai apì thn Ðdia
th metatìpish kai h metablhtìthta thc diadikasÐac eÐnai

Var[BH ] = ∆BH = BH(x + ∆x, y + ∆y)−BH(x, y) ∝ (
∆x2 + ∆y2

)H
(2.51)

To 2D fĹsma isqÔoc miac tètoiac diadikasÐac exartĹtai antÐstrofa apì mia dÔnamh
tou mètrou |~ω| tou dianÔsmatoc qwrikÿn suqnotătwn ~ω = (u, v)

SH(u, v) ∝ 1/(u2 + v2)(H+1)/2 (2.52)

kai h frĹktal diĹstash thc diadikasÐac exartĹtai apì to H

D = 3−H, 0 ≤ H ≤ 1 (2.53)
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H qrăsh kai o èlegqoc enìc tètoiou montèlou ufăc gÐnetai me dÔo trìpouc. AnĹ-
lush optikăc ufăc epifaneiÿn kai mètrhsh tou suntelestă H, kai dhmiourgÐa sunje-
tikÿn eikìnwn ufăc apì tuqaÐa paragìmena fBm. H ektÐmhsh twn paramètrwn tou
montèlou kai h mètrhsh thc poluplokìthtac thc ufăc gÐnetai me gewmetrikèc mejì-
douc [96], statistikèc mejìdouc grammikăc palindrìmhshc [93] kai ektimhtèc mègisthc
pijanofĹneiac [110] kai mejìdouc majhmatikăc morfologÐac [121]. Gia sÔnjesh didiĹ-
statwn diadikasiÿn fBm (kai twn paragÿgwn touc fractional Gaussian noises ă fGn)
qrhsimopoieÐtai mia plhjÿra mejìdwn apì tic opoÐec anafèrontai endeiktikĹ oi ran-
dom midpoint displacement, random cuts, Fourier spectrum synthesis [201]. H trÐth
mèjodoc perilambĹnei dhmiourgÐa tou 2D fĹsmatoc isqÔoc miac upojetikăc diadikasÐac
pou upakoÔei sthn 2.52 kai antÐstrofo FFT metasqhmatismì gia na prokÔyei h qwri-
kĹ metaballìmenh anaparĹstash. ’Oso megalÔterh epilègetai h diĹstash (mikrì H)
thc diadikasÐac, tìso perissìtero {jrummatismènh} faÐnetai h sunjetikă epifĹneia.

Sto sqăma 2.4 faÐnetai èna parĹdeigma sÔnjeshc ufăc frĹktal diĹstashc 2.4,
sto Fourier pedÐo, me epilogă thc paramètrou H = 0.6. H diadikasÐa apeikonÐzetai
wc (a) anaparĹstash gkrÐzac eikìnac, (b) 3D prooptikă apeikìnish san fusikă skhnă
kai (g) epifĹneia pou faÐnetai katakìrufa.

(a) (b) (g)

Sqăma 2.4: SÔnjesh (a) ufăc, (b) fusikÿn topÐwn kai (g) epifaneiÿn me prosomoÐwsh
2D stoqastikÿn frĹktal (fractional Brownian motion). H sÔnjesh ègine me dhmiourgÐa
twn suntelestÿn tou 2D Fourier se qwrikì plègma 256×256 kai h frĹktal diĹstash twn
epifaneiÿn epilèqjhke D = 2.4 (H = 0.6).

2.4.2 TuqaÐa pedÐa

Ta MarkobianĹ TuqaÐa PedÐa (Markov Random Fields) kai oi isodÔnamec katano-
mèc Gibbs montelopoioÔn statistikĹ fusikèc kai teqnitèc eikìnec ufăc. BasÐzontai
sthn upìjesh ìti h stĹjmh tou gkrÐzou se kĹje shmeÐo tou qwrikoÔ plègmatoc thc
eikìnac, h opoÐa antimetwpÐzetai san stoqastikì didiĹstato pedÐo, exartĹtai mìno
apì tic timèc sta geitonikĹ tou pixel. Oi parĹmetroi autoÔ tou stoqastikoÔ, qwrikĹ
omogenoÔc pedÐou, ìpwc to sÔsthma thc geitonÐac, oi dunatèc stĹjmec fwteinìthtac
kai ta bĹrh sthn allhlepÐdrash twn swmatidÐwn-pixel kajorÐzoun thn akrÐbeia tou
montèlou [64,204].

H jewrÐa twn MRF jemeliÿjhke apì ton Besag [15, 16] me idèec apì th qwrikă
statistikă kai th statistikă mhqanikă. H isodunamÐa thc perigrafăc me ta Gibbs
TuqaÐa PedÐa ă GRF, mèsw thc èna proc èna antistoiqÐac pou jemeliÿnei to jeÿrhma
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Hammersley-Clifford, epitrèpei thn perigrafă sqhmatismÿn ufăc me ìrouc suntele-
stÿn qwrikăc exĹrthshc se èna peperasmèno plègma [41,48,54,62,120].

2.4.2.1 OrismoÐ

Gia èna tuqaÐo pedÐo X se èna tetragwnikì plègma E = {s = (i, j) ∈ Z2 : 1 ≤
i ≤ M1, 1 ≤ j ≤ M2} h timă Xs se kĹje jèsh (site) s eÐnai mia tuqaÐa metablhtă 1.
OrÐzetai mia geitoniĹ Ns me kèntro sto s me tic akìloujec idiìthtec

s 6= Ns and s ∈ Nq ⇐⇒ q ∈ Ns

H 4-pixel geitoniĹ N (1)
s perilambĹnei touc orizìntiouc kai kĹjetouc geÐtonec gÔrw

apì to s, enÿ h N (2)
s 8-pixel kalÔptei kai tic diagÿniec. Ta uposÔnola miac r-tĹxhc

geitoniĹc N (r) onomĹzontai klÐkec (cliques).
’Ena tuqaÐo pedÐo X kaleÐtai Markobianì TuqaÐo PedÐo (MRF), tĹxhc r, an 1)

P(X = x) > 0 gia kĹje x, 2) Gia kĹje jèsh s, h upì sunjăkh pijanìthta tou Xs

dedomènwn twn timÿn tou X se kĹje jèsh E \ {s} exartĹtai mìno apì tic timèc tou
X sth geitonÐa N (r)

s :

P(xs|xq, q ∈ E \ {s}) = P(xs|xq, q ∈ N (r)
s ) (2.54)

Apì th statistikă mhqanikă èna tuqaÐo pedÐo X kaleÐtai Gibbs TuqaÐo PedÐo
(GRF), an h katanomă tou akoloujeÐ thn Gibbs-Boltzmann ekjetikă katanomă

P(X = x) =
1

Z
exp[−U(x)], ∀x, (2.55)

ìpou U(x) eÐnai h enèrgeia thc pragmatopoÐhshc x tou pedÐou kai h stajerĹ kanoni-
kopoÐhshc Z onomĹzetai sunĹrthsh diaqwrismoÔ (partition function)

Z =
∑

x

exp[−U(x)]

H energeiakă posìthta mporeÐ na grafeÐ kai san Ĺjroisma sunartăsewn Vc sqeti-
zìmenwn me diaforetikèc klÐkec c, pou kaloÔntai sunartăseic dunamikoÔ (potential
functions), sth morfă

U(x) =
1

T

∑
c∈C

Vc(x)

H parĹmetroc T eÐnai anĹlogh thc apìluthc jermokrasÐac tou fusikoÔ sustămatoc
tou opoÐou h katĹstash akoloujeÐ thn anwtèrw diasporĹ. H fusikă diaÐsjhsh eÐnai
ìti gia megĹla T h katanomă eÐnai perissìtero omoiìmorfh kai pollèc pragmatopoiă-
seic eÐnai pijanèc.

Me katĹllhlh epilogă twn sunartăsewn dunamikoÔ, to basikì montèlo mporeÐ na
dÿsei wc eidikèc periptÿseic mia poikilÐa klĹsewn tuqaÐwn pedÐwn, ìpwc ta montèla
diakritÿn timÿn duadikì (binary) autologistic, pleiìtimo (multi-valued) autologistic,
diwnumikì (binomial), montèlo Poisson kai ta suneqă montèla ìpwc ta Gaussian
tuqaÐa pedÐa.

1Οι ορισμοί εδώ «μεταφέρονται» από το [122].
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2.4.2.2 Montèla ufăc

Oi parĹmetroi enìc epilegmènou MRF montèlou gia anĹlush kai sÔnjesh ufăc
eÐnai to sÔsthma geitoniĹc, o arijmìc twn diakritÿn gkrÐzwn timÿn kai ta bĹrh exĹr-
thshc sta uposÔnola tou C. ’Estw mia geitoniĹ 2hc tĹxhc (8-shmeÐa) tou xs stic
jèseic xi, i = 1...8

Ns =
x5 x1 x6

x4 xs x2

x8 x3 x7

kai U(xs) h suneisforĹ sth sunĹrthsh dunamikoÔ thc jèshc xs. KĹpoiec eidikèc
periptÿseic montèlwn diakritÿn timÿn, dÐnontai en suntomÐa me th morfă thc sunĹr-
thshc enèrgeiac touc. H epilogă twn paramètrwn αs, βi kajorÐzei thn omoiogèneia
(homogeneity) kai thn kateujuntikìthta (directionality) tou pedÐou.

Auto-logistic [15]: Duadikèc timèc Xs ∈ {0, 1}, klÐkec se ìlec tic dieujÔnseic

U(xs) = αsxs +
9∑

i=1

βixsxi (2.56)

Ising : Duadikèc timèc Xs ∈ {−1, 1}, kĹjetec kai orizìntiec klÐkec

U(xs) = αsxs +
4∑

i=1

βixsxi (2.57)

Auto-binomial [15, 41]: Diakritèc timèc Xs ∈ {0 . . .M}, klÐkec se ìlec tic dieu-
jÔnseic

U(xs) = − ln

(
M − 1

xs

)
− αsxs −

9∑
i=1

βixsxi (2.58)

Multi-level logistic [47, 48]: Diakritèc timèc Xs ∈ {0 . . . M}, klÐkec se ìlec tic
dieujÔnseic

U(xs) = αsxs +
9∑

i=1

βi[2δ(xs − xi)− 1] (2.59)

Auto-normal kai Ĺlla suneqă montèla (continuous-valued models) (p.q. Gaussian
MRFs [32]): Xs = R

U(xs) =
(xs − µs)

2σ2
+

9∑
i=1

βi
(xs − µs)(xi − µi)

2σ2
(2.60)

Gia th sÔnjesh MRF diadikasiÿn pou prosomoiÿnoun fusikèc ufèc èqoun ana-
ptuqjeÐ algìrijmoi deigmatolhyÐac katanomÿn Gibbs (2.55) . Tètoiec diadikasÐec
basÐzontai se deigmatolhyÐa Markov Chain Monde Carlo ìpwc oi algìrijmoi Me-
tropolis [134] kai Hastings [69] ă o Gibbs sampler [62], suqnĹ kai me thn prosjăkh
teqnikÿn beltistopoÐhshc ìpwc h mèjodoc simulated annealing [62]. Oi sunjeti-
kèc ufèc mporeÐ na parousiĹzoun fainìmena sugkèntrwshc (clustering), anisotropÐac
(anisotropy), fainìmena èlxhc - apÿjhshc (attraction-repulsion effects) ă diatetag-
mèna prìtupa (ordered patterns) [41,48]. Merikèc sunjetikèc ufèc qrhsimopoiÿntac
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Sqăma 2.5: Eikìnec sunjetikăc ufăc gia diaforetikĹ bĹrh klikÿn kai gkrÐzec stĹjmec me
to montèlo multi-level logistic. Ektìc apì thn prÿth, oi upìloipec èqoun 4 gkrÐzec stĹjmec
kai sunduasmoÔc suntelestÿn ÿste na prosdÐdoun sugkekrimèno prosanatolismì.

to multi-level logistic montèlo faÐnontai sto sqăma 2.5. Mèjodoi kathgoriopoÐhshc
ă katĹtmhshc ufăc me montèla MRF basÐzontai sthn ektÐmhsh twn paramètrwn thc
antÐstoiqhc GRF katanomăc [32, 36], me teqnikèc ìpwc Bayesian estimation, maxi-
mum likelihood [37], coding-maximum pseudolikelihood [16, 104], least squares [48]
k.a.

AxÐzei tèloc na anaferjoÔn dÔo parallagèc twn basikÿn montèlwn. Ta ierar-
qikĹ pedÐa (hierarchical MRFs) [48] apoteloÔn diadikasÐec se pollaplĹ epÐpeda pou
elègqoun 1) MegĹlec perioqèc thc eikìnac, 2) Ufă ă jìrubo entìc twn perioqÿn.
DÔo tautìqronec diadikasÐec ektimÿntai kai dÔo ă perissìtera sÔnola paramètrwn
upologÐzontai katĹ th diĹrkeia thc mĹjhshc. To kĹtw epÐpedo, dÐnei èna prìqeiro
qwrismì thc eikìnac se perioqèc omoiìmorfhc ufăc kai to pĹnw epÐpedo dÐnei th le-
ptomèreia anĹ perioqă. SÔnjesh tètoiwn eikìnwn me upologistikèc prosomoiÿseic
faÐnetai sto sqăma 2.6 me kĹtwtero to duadikì pedÐo thc aristerăc eikìnac. Ta GRF

Sqăma 2.6: Eikìnec sunjetikăc ufăc me poluepÐpeda tuqaÐa pedÐa kai ierarqikă domă.
To prÿto duadikì pedÐo eÐnai to epÐpedo pĹnw sto opoÐo ta diaforetikĹ MRF prosjètoun
leptomèreia kai ufă. DÔo telikĹ apotelèsmata faÐnontai stic mesaÐec eikìnec, enÿ h
teleutaÐa dexiĹ antistoiqeÐ se sÔnjesh me triadikì katÿtero epÐpedo.

me energeiakoÔc periorismoÔc (constrained MRFs) [176] eÐnai tuqaÐa pedÐa twn opoÐwn
oi katanomèc eÐnai thc morfăc

P(X = x) =
1

Z
exp[−(1− λ)U(x)− λV (x)], ∀x, (2.61)

ìpou h V (x) mia sunĹrthsh pou elègqei gewmetrikoÔc periorismoÔc sthn eikìna.
ElaqistopoÐhsh thc enèrgeiac shmaÐnei tautìqrona kai ikanopoÐhsh twn periorismÿn
pou èqoun na kĹnoun me th domă kai touc sqhmatismoÔc tou pedÐou. Tètoia pedÐa
èqoun efarmosteÐ me morfologikoÔc periorismoÔc gia montelopoÐhsh eikìnwn mèsw
thc katanomăc megejÿn twn domÿn thc.

Geÿrgioc Euaggelìpouloc - ’Ekjesh EndiĹmeshc KrÐshc 31



KefĹlaio 2. Optikă Ufă kai Mikrodomèc Diamìrfwshc

2.4.3 Diaqwrismìc ufăc

Mia prìsfath ènnoia kai pedÐo èreunac se jèmata anĹlushc eikìnwn eÐnai o dia-
qwrismìc (decomposition) mia dosmènhc eikìnac f : Ω → R se duo sunistÿsec u + v
ìpou to u kaleÐtai {kartoÔn} sunistÿsa (cartoon component), mia aplopoihmènh
tmhmatikĹ omală prosèggish kai apoteleÐtai apì sqetikĹ epÐpedec perioqèc thc eikì-
nac, stajerăc fwteinìthtac 2, me apìtomec akmèc enÿ to u kommĹti, oi sunartăseic
talĹntwshc ă {talantÿseic ufăc}, apoteleÐtai apì ufă kai jìrubo. Skopìc eÐnai o
diaqwrismìc thc ufăc apì thn arqikă eikìna gia peraitèrw epexergasÐa, anĹlush allĹ
kai mia prÿth katĹtmhsh. To montèlo èqei brei polloÔc uposthriktèc kai diĹforec
mejodologÐec proteÐnontai gia thn exagwgă twn u kai v sunistwsÿn [4,144,182,195].

Pollèc apì tic mh-grammikèc, teqnikèc omalopoÐhshc eikìnwn pou diathroÔn tic
akmèc mporoÔn na proseggÐsoun thn u sunistÿsa. AutĹ ta montèla anaparistoÔn th
u san mia sunĹrthsh fragmènhc metabolăc (bounded variation) se èna qÿro BV (Ω)
epitrèpontac asunèqeiec katĹ măkoc kampulÿn kai epomènwc akmèc kai perigrĹmmata.
H diaforĹ v := f − u montelopoieÐtai apì mia sunĹrthsh sto L2(Ω). Mia sÔno-
yh tètoiwn montèlwn mporeÐ na brejeÐ sto [139] kai apodeiknÔetai ìti eÐnai eidikèc
periptÿseic ă stenĹ sundedemènec me to sunarthsiakì Mumford-Shah [140]

EMS(u,C) =

∫

Ω\C
(|∇u|2 + λ(u− f)2)dxdy + µLen(C) (2.62)

Mia tètoia prosèggish eÐnai h teqnikă elaqistopoÐhshc thc olikăc metabolăc (to-
tal variation (TV) minimization) twn Rudin-Osher-Fatemi [168] pou upologÐzei to
{kartoÔn} me epÐlush tou akìloujou problămatoc elaqistopoÐhshc

EROF
u∈BV (Ω)

(u) =

∫

Ω

|∇u|dxdy + λ

∫

Ω

|f − u|2dxdy (2.63)

ìpou BV (Ω) o qÿroc sunartăsewn fragmènhc metablhtìthtac, λ mia jetikă parĹme-
troc kai

|u|TV =

∫

Ω

|∇u|dxdy (2.64)

eÐnai h olikă metabolă tou u.
H mèjodoc TV douleÔei kalĹ gia apojorubopoÐhsh kai omalopoÐhsh eikìnwn allĹ

de diathreÐ thn ufă gia mikrĹ λ. O Meyer [137], prìteine ton epanaprosdiorismì
tou TV problămatoc me qrăsh diaforetikÿn normÿn kai eisăgage to diaqwrismì se
u kai v, pou to v kommĹti montelopoieÐ talantÿseic stic dÔo qwrikèc dieujÔnseic
(kai pijanÿc jìrubo) kai mporeÐ na ekfrasteÐ wc v = div~g, ìpou ~g = (g1, g2) èna
dianusmatikì pedÐo

~g = − 1

2λ

( ∇u

|∇u|
)

, v =
∂g1

∂x
+

∂g2

∂y
(2.65)

Oi Vese, Osher [195, 196] proteÐnane èna nèo montèlo gia diaqwrismì eikìnwn se

2Στα κόμικς, την αόρατη τέχνη, ῾῾το «καρτούν» είναι ένας τρόπος ενίσχυσης μέσω απλοποίησης
(amplification through simplification). Μετατρέποντας σε «καρτούν» μια εικόνα, δεν αφαιρούμε
λεπτομέρεια αλλά επικεντρωνόμαστε σε συγκεκριμένες λεπτομέρειες.᾿᾿ [133].
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omală sunistÿsa kai ufă, elaqistopoiÿntac wc proc (u, g1, g2) to

EV O
u∈BV (Ω)
~g∈Lp(Ω)2

(u,~g) =

∫

Ω

|∇u|dxdy+λ

∫

Ω

|f−(u+∂xg1+∂xg2)|2dxdy+µ

∫

Ω

(
√

g2
1 + g2

2)
pdxdy

(2.66)
ìpou u ∈ BV (Ω) kai v = f − u ≈ div~g enÿ oi parĹmetroi λ, µ > 0 elègqoun th
sÔgklish kai to p ≥ 1 kajorÐzei th nìrma tou ~g. Gia p = 2 prokÔptei to montèlo [144].
Sto [195] parousiĹzontai arijmhtikĹ, epanalhptikĹ sqămata, pou proseggÐzoun tic
asjenèsterec nìrmec tou Meyer, gia thn ektÐmhsh twn Euler-Lagrange exisÿsewn-
lÔsewn thc (2.66).

(a) (b) (g)

(d) (e) (z)
Sqăma 2.7: Diaqwrismìc ufăc me u + v montèla. PĹnw seirĹ: (a) Arqikă eikìna f ,
(b) uTV sunistÿsa me elaqistopoÐhsh olikăc metabolăc (total variation minimization) twn
Rudin-Osher-Fatemi [168], gia 100 epanalăyeic me dunamikì λ, (g) vTV sunistÿsa ìpou
vTV = f − uTV sun mia stajerĹ c = 100 gia lìgouc apeikìnishc. KĹtw seirĹ: u + v
aposÔnjesh me λ = µ = 0.01 kai 100 epanalăyeic. (e),(z) uV O kai vV O sunistÿsec me to
montèlo Vese-Osher [195], (d) f − uV O sun mia stajerĹ c = 100.

Montèla diaqwrismoÔ se dÔo sunistÿsec protĹjhkan epÐshc sto [182, 183] me
qrăsh lexikÿn gia thn perigrafă thc ufăc kai sto [3] empneusmèna apì ta [137,
195]. To idanikì montèlo ja diaqÿrize mia eikìna se treÐc suntelestèc u + v + w,
ìpou h sunistÿsa u sunistÿsa kratĹei th domă kai th gewmetrÐa, h v thn ufă thc
eikìnac kai h w to jìrubo. Prìsfata metabolikĹ montèla anaptÔqjhkan gia tètoio
triplì diaqwrismì [4] ìpou h aposÔnjesh gÐnetai elaqistopoiÿntac energeiakĹ me
diaforetikèc nìrmec gia kĹje sunistÿsa, epekteÐnontac sthn ousÐa ta prohgoÔmena
montèla.

To eÔroc twn efarmogÿn tou diaqwrismoÔ thc gewmetrikăc domăc miac eikìnac
apì thn ufă thc kai idanikĹ to jìrubo, ekteÐnetai se jèmata ìpwc apojorubopoÐhsh,
omalopoÐhsh kai kanonikopoÐhsh eikìnwn, kwdikopoÐhsh, aposÔnjesh miac eikìnac
se anaparastĹseic diaforetikăc shmasiologÐac, diĹkrish kai katĹtmhsh ufăc mèsw
thc apomonwmènhc sunistÿsac thc kai sumplărwsh qamènhc ufăc ă domăc (textu-
re/structure in-painting) se sÔnjetec eikìnec [12`14]. Sto sqăma 2.7 faÐnetai h
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aposÔnjesh thc eikìnac (a), pou diajètei domă kai ufă, stic dÔo sunistÿsec me thn
TV [168] kai thn u + v [195, 196] prosèggish. H prÿth, metĹ apì 100 epanalăyeic,
jolÿnei polÔ ta perigrĹmmata twn antikeimènwn kai omalopoieÐ uperbolikĹ thn u suni-
stÿsa sto (b), enÿ h v sunistÿsa sto (g) lambĹnetai wc diaforĹ apì thn arqikă. H
mèjodoc Meyer/Vese-Osher kratĹei kalÔtera th gewmetrÐa sto u kommĹti, pou faÐne-
tai sto (e), kai sqedìn afănei mìno th leptomèreia thc ufăc sto v pou faÐnetai sthn
eikìna (z). Sugkrinìmenh me th diaforĹ f −u sto (d), faÐnetai ìti apì to v, pou èqei
lhfjeÐ tautìqrona apì th diadikasÐa elaqistopoÐshc, apousiĹzoun qarakthristikèc
domèc ă perigrĹmmata antikeimènwn.

¤
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KefĹlaio 3

Enèrgeia kai AnĹlush Ufăc

H ufă epifaneiÿn analÔetai montelopoiÿntac tic metabolèc miac eikìnac wc topi-
kèc sunistÿsec diamìrfwshc, qrhsimopoiÿntac filtrĹrisma se pollaplèc suqnìthtec
kai mh-grammikoÔc telestèc stigmiaÐou entopismoÔ enèrgeiac. H drasthriìthta ufăc
ekfrĹzetai me ektÐmhsh thc enèrgeiac qwrikÿn diamorfÿsewn stic kurÐarqec zÿnec
suqnotătwn. ParousiĹzontai oi mèjodoi polukanalikăc anĹlushc kai exagwgăc qa-
rakthristikÿn diamìrfwshc kai anĹlushc kuriarqÿn sunistwsÿn. To prìblhma thc
anĹlushc ufăc anĹgetai se anÐqneush energeiakÿn ìrwn kai perigrafă me èntona se
plhroforÐa dianÔsmata qarakthristikÿn qamhlăc diĹstashc.

3.1 Diamorfÿseic ufăc

Stoiqeiÿdeic sunistÿsec optikăc ufăc mporoÔn na ermhneujoÔn san topikĹ omalèc
diamorfÿseic, kai epomènwc mh-statikĹ sămata, kalĹ entopismèna se mia stenă zÿnh
qwrikÿn suqnotătwn, thc morfăc (2.7) pou epanalambĹnetai edÿ gia lìgouc anaforĹc

f(x, y) = a(x, y) cos[φ(x, y)] , ~ω(x, y) = ∇φ(x, y) (3.1)

ìpou a(x, y) to săma diamìrfwshc plĹtouc kai φ(x, y) to săma diamìrfwshc fĹ-
shc. Dedomènou enìc sămatoc f upĹrqoun Ĺpeiroi trìpoi na orÐsei kaneÐc ta sămata
a kai φ. Par’ ìla autĹ mìno sugkekrimènec ermhneÐec touc èqoun nìhma sth mon-
telopoÐhsh eikìnwn topikĹ stenăc zÿnhc (locally narrowband). To plĹtoc a(x, y)
montelopoieÐ thn antÐjesh fwteinìthtac (contrast) kai to qwrikĹ metaballìmeno diĹ-
nusma ~ω(x, y) = (ω1, ω2)(x, y) perièqei plhroforÐa gia tic topikĹ anaduìmenec qwrikèc
suqnìthtec [21]. Tètoiec suqnìthtec metabĹllontai omalĹ se mia stenă fasmatikă
suqnotătwn.

KatĹ sunèpeia, perioqèc miac eikìnac pou qarakthrÐzontai apì ufă montelopoioÔn-
tai wc upèrjesh qwrikÿn shmĹtwn 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 kĹje ènac apì touc K suntelestèc eÐnai èna 2D mh-statikì hmÐtono, me
qwrikĹ metaballìmeno plĹtoc ak(x, y) kai qwrikĹ metaballìmeno diĹnusma stigmiaÐwn
suqnotătwn ~ωk(x, y), to opoÐo mporeÐ na analujeÐ sta dÔo epimèrouc sămata, sthn
orizìntia kai kĹjeth dieÔjunsh thc eikìnac

(ω1k(x, y), ω2k(x, y)) =

(
∂φk

∂x
,
∂φk

∂y

)
(x, y) (3.3)
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Oi stigmiaÐec qwrikèc suqnìthtec sqetÐzontai me thn klÐmaka, ton prosanatolismì
(orientation) kai thn traqÔthta (coarseness) thc prokÔptousac ufăc. Tètoia montèla
diamìrfwshc gia thn ufă protĹjhkan sta [21,73,74] me fragmèna sfĹlmata prosèg-
gishc gÔrw apì thn omalìthta twn diamorfÿsewn kai efarmìsthkan se mia plhjÿra
problhmĹtwn anĹlushc eikìnwn kai ìrashc upologistÿn.

Oi topikèc metabolèc thc ufăc se mia eikìna montelopoioÔntai me peperasmèno
arijmì qwrikĹ diamorfwmènwn shmĹtwn ta opoÐa diaqwrÐzontai mèsa apì zwnoperatì
filtrĹrisma se pollaplèc zÿnec suqnotătwn. Oi diamorfÿseic autèc, se pollaplèc
klÐmakec, antistoiqoÔn se xeqwristĹ posĹ fusikăc enèrgeiac kai kat’ epèktash sum-
bĹlloun anomoiìmorfa stic uparktèc, xeqwristèc ufèc sthn eikìna. Gia thn anĹlush
thc kĹje sunistÿsac se sugkekrimèno zeÔgoc AM kai FM sunartăsewn [193] xeqw-
rÐzoun dÔo proseggÐseic. H prÿth, energeÐ apeujeÐac stic timèc thc eikìnac fk(x, y)
kai sqetÐzetai me ton 2D energeiakì telestă 2.11 kai ton algìrijmo diaqwrismoÔ
enèrgeiac ESA (2.20, 2.21) [123] pou perigrĹfontai sthn enìthta (2.3). H deÔte-
rh perilambĹnei th dhmiourgÐa thc analutikă eikìna apì kĹje sunistÿsa mèsw tou
poludiĹstatou kateujuntikoÔ Hilbert metasqhmatismoÔ [75]. Oi dÔo proseggÐseic eÐ-
nai sqedìn isodÔnamec. Perissìterec leptomèreiec gia apodiamìrfwsh mèsw thc 2D
analutikăc eikìnac mporoÔn na brejoÔn sta [72,74,76].

Oi sunartăseic talĹntwshc pou orÐsthkan apì to Meyer [137] gia montelopoÐh-
sh kai exagwgă thc ufăc apì mia eikìna, mporoÔn na anazhthjoÔn sto plaÐsio thc
AM-FM montelopoÐhshc, mèsw diamorfÿsewn kai thn Ôparxh talantÿsewn èntashc
kai qwrikÿn suqnotătwn. To kÐnhtro edÿ eÐnai oi analogÐec anĹmesa sta montèla
diamìrfwshc kai tic majhmatikèc jewrăseic gia tic nìrmec metabolăc thc ufăc [137].
Mia tètoia montelopoÐhsh paramènei anoiqtì ereunhtikì zăthma kai pedÐo mellontikăc
èreunac.

3.1.1 Enèrgeia sunistwsÿn ufăc

Efarmìzontac ton 2D energeiakì telestă se èna săma fk(x, y) =
ak(x, y) cos[φk(x, y)] pou montelopoieÐ mia sunistÿsa ufăc prokÔptei to energeiakì
ginìmeno

Ψ[ak cos(φk)] ≈ a2
k||∇φk||2 (3.4)

Orismìc 3.1 To ginìmeno (3.4) eÐnai h sÔzeuxh twn tetragÿnwn tou stigmiaÐou
plĹtouc kai tou mètrou thc suqnìthtac kai mporeÐ na onomasteÐ h enèrgeia diamìr-
fwshc sunistÿsac ufăc (texture component modulation energy).
Jewrÿntac ìti oi metabolèc tou plĹtouc kai twn stigmiaÐwn suqnotătwn den eÐnai
polÔ grăgorec sto qÿro oÔte polÔ megĹlec se timèc se sqèsh me tic fèrousec, to
parapĹnw sfĹlma prosèggishc gÐnetai amelhtèo [123,125,126]. O diaqwrismìc autăc
thc enèrgeiac sta dÔo sămata diamìrfwshc eÐnai efiktìc efarmìzontac ton ESA (Ex.
2.20, 2.20). Epomènwc mia memonwmènh, qwrikĹ metaballìmenh, AM-FM sunistÿsa
ufăc qarakthrÐzetai se kĹje jèsh apì thn ektimìmenh peribĹllousa plĹtouc kai to
mègejoc thc metabolăc twn stigmiaÐwn suqnotătwn.

3.2 Polukanalikă anĹlush

Oi eikìnec ufăc eÐnai sunăjwc sămata eureÐac zÿnhc, dhladă qarakthrÐzontai apì
enèrgeia se diaforetikèc fasmatikèc zÿnec. Wc sunèpeia ta AM-FM montèla den
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efarmìzontai apeujeÐac se mia eikìna allĹ stic zwnoperatĹ filtrarismènec ekdoqèc
thc [21]. diaqwrismì twn shmantikÿn diamorfÿsewn ufăc ă thn anĹdeixh twn kurÐar-
qwn topikÿn suqnotătwn [21], to zwnoperatì filtrĹrisma auxĹnei thn eurwstÐa kai
omalopoieÐ ta sămata diamìrfwshc.

Gia thn apomìnwsh twn topikÿn sunistwsÿn diamìrfwshc, qrhsimopoioÔntai mh-
qanismoÐ filtrarÐsmatoc me eparkă qwrikă kai fasmatikă topojèthsh. Mia sustoiqÐa
apì grammikĹ, metaforikĹ ametĹblhta zwnoperatĹ fÐltra kalÔptoun puknĹ to pedÐo
suqnotătwn me mình upìjesh ìti se kĹje pixel h apìkrish tou kĹje fÐltrou kuriar-
qeÐtai apì to polÔ mÐa AM-FM sunistÿsa. To kĹje fÐltro apoteleÐ èna kanĹli enÿ
o diaqwrismìc se sunistÿsec diamìrfwshc thc (3.2) den eÐnai monadikìc kai exartĹtai
apì th domă kai to sqediasmì thc sustoiqÐac. Gia thn epilogă twn kentrikÿn pură-
nwn pou dhmiourgoÔn th sustoiqÐa metabĹllontac èna sÔnolo paramètrwn, h anĹgkh
gia apì koinoÔ kală fasmatikă kai qwrikă topojèthsh epibĹllei th qrăsh Gabor
fÐltrwn (2.1, 2.2) wc bèltisth epilogă [21, 45, 74], gia ta opoÐa analutikă anaforĹ
gÐnetai sthn enìthta 2.2. O sqediasmìc thc sustoiqÐac Gabor perigrĹfetai analutikĹ
sthn enìthta 2.2.1.

H ènnoia thc qrăshc pollaplÿn zwnÿn suqnìthtac gia anĹlush ă katĹtmhsh ufăc
èqei efarmosjeÐ prohgoÔmena me epituqÐa p.q. [19`21,35,74,84,163,192]. Edÿ, eikìnec
me pollaploÔc sqhmatismoÔc ufăc filtrĹrontai apì mia sustoiqÐa K pragmatikÿn,
isotropikĹ, 2D Gabor fÐltrwn, thc morfăc

hk (x, y) = exp

[
− x2

2a2
k

− y2

2b2
k

]
cos (ukx + vky) , 1 ≤ k ≤ K

ìpou (2πak)
−1 = (2πbk)

−1 eÐnai to energì rms eÔroc zÿnhc [45] antÐstoiqa sthn
orizìntia x kai sthn katakìrufh y diĹstash tou fÐltrou k kai (uk, vk) eÐnai oi sun-
tetagmènec kentrikăc suqnìthtac sto pedÐo suqnotătwn. Oi antÐstoiqec apokrÐseic
suqnìthtac Hk eÐnai diatetagmènec aktinikĹ se diĹforouc prosanatolismoÔc kai klÐ-
makec. Mia sunăjhc epilogă eÐnai h qrăsh K = 40 fÐltrwn se 5 klÐmakec kai 8
dieujÔnseic. To ìlo sqăma anafèretai bibliografikĹ wc polukanalikă ă poluzwnikă
anĹlush (multiband analysis).

3.2.1 Zwnoperată apodiamìrfwsh

’Estw ìti se èna sugkekrimèno qwrikì shmeÐo h apìkrish tou fÐltrou hk(x, y),
Hk(u, v) sthn eikìna I(x, y) (3.2), kuriarqeÐtai apì thn k sunistÿsa ufăc fk, ètsi
ÿste se mia geitoniĹ gÔrw apì to shmeÐo

gk(x, y) = I(x, y) ∗ hk(x, y) ≈ fk(x, y) ∗ hk(x, y)

MporeÐ na apodeiqjeÐ ìti kĹtw apì realistikèc kai asjeneÐc sunjăkec, ìpwc sto [22],
ìti s’ aută th geitonÐa [76]

Ψ[gk(x, y)] ≈ a2
k(x, y)|∇φk(x, y)|2|Hk[∇φk(x, y)]|2

≈ Ψ[fk(x, y)]|Hk[∇φk(x, y)]|2. (3.5)

Gia thn apodiamìrfwsh mèsw ESA sta sămata qwrikăc metabolăc, o energeiakìc
telestăc efarmìzetai stic apomonwmènec sunistÿsec kai stic merikèc paragÿgouc
touc. Gia ta sămata suqnotătwn stic sqèseic (2.20) o Ψ emfanÐzetai tìso ston
arijmhtă ìso kai ston paronomastă, opìte o ìroc |Hk[∇φk(x, y)]|2 akurÿnetai lìgw
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diaÐreshc. ’Etsi h efarmogă twn (2.20) gia thn apodiamìrfwsh miac sunistÿsac
gÐnetai apeujeÐac sth zwnoperată sunistÿsa sthn èxodo tou fÐltrou

√
Ψ (∂gk/∂x)

Ψ(gk)
≈ |ωk1(x, y)| ,

√
Ψ (∂gk/∂y)

Ψ(gk)
≈ |ωk2(x, y)| (3.6)

Parìmoia jeÿrhsh epekteÐnetai kai sta diakritĹ isodÔnama touc (2.26, 2.27). AntÐje-
ta gia thn anĹkthsh tou sămatoc plĹtouc apì ta zwnoperatĹ sămata, lìgw tou ìti
oi sunistÿsec fk upìkeintai memonwmèna se diaforetikă klÐmaka katĹ thn efarmogă
thc sustoiqÐac, h (2.21) tropopoieÐtai me kanonikopoÐhsh wc exăc

|Hk[(ωk1, ωk2)(x, y)]|−1 Ψ (gk)√
Ψ (∂gk/∂x) + Ψ (∂gk/∂y)

≈ |ak(x, y)| (3.7)

ìpou oi ωk1, ωk2 èqoun upologisteÐ ădh apì thn (3.6). PraktikĹ aută h tropopoÐh-
sh lambĹnetai upìyin me katĹllhlh kanonikopoÐhsh twn apokrÐsewn twn fÐltrwn
katĹ to sqediamì thc sustoiqÐac. Ta prìshma twn stigmiaÐwn suqnotătwn (3.6)
proseggÐzontai apì ta prìshma twn kentrikÿn suqnotătwn twn fÐltrwn. Sug-
kekrimèna, gia pragmatikĹ fÐltra me suzugă Fourier summetrÐa, an oi kentrikèc
twn fÐltrwn èqoun to Ðdio prìshmo tìte sgn(ωk1) = sgn(ωk2) = +1, diaforetikĹ
sgn(ωk1) = +1, sgn(ωk2) = −1.

Epomènwc, efarmìzontac ton DESA, dhl. th diakritopoÐhsh twn sqèsewn (3.6,
3.7) stic K zwnoperatèc sunistÿsec, sthn èxodo thc sustoiqÐac fÐltrwn, prokÔ-
ptoun oi ektimăseic gia tic topikĹ kai fasmatikĹ kurÐarqec sunistÿsec ufăc. H kĹje
mÐa qarakthrÐzetai apì qwrikĹ metaballìmena sămata plĹtouc ak(x, y) kai stigmiaÐwn
suqnotătwn ωk1(x, y), ωk2(x, y).

3.2.2 AnĹlush sunistwsÿn katĹ kanĹlia

Oi mejodologÐec anĹlushc ufăc fusikÿn eikìnwn pou sqetÐzontai me anĹlush se
pollaplèc zÿnec suqnotătwn, anaktoÔne thn plhroforÐa sthn èxodo kĹje fÐltrou,
dhmiourgÿntac dianÔsmata qarakthristikÿn ă enallaktikĹ sunduĹzoun tic exìdouc
se mia sÔnjeth mètrhsh, gia ìlo to fĹsma suqnotătwn, me kĹpoio kritărio apìfa-
shc. Oi Havlicek, Bovik k.a. [72, 74] anafèrontai stic dÔo xeqwristèc proseggÐseic
wc anĹlush sunistwsÿn katĹ kanĹlia (Channelized Component Analysis, CCA)kai
anĹlush kurÐarqwn sunistwsÿn (Dominant Component Analysis, DCA) antÐstoiqa.

Jewrÿntac dedomèno ek twn protèrwn ìti ta kanĹlia thc sustoiqÐac qwrÐzoun
thn eikìna se sunistÿsec me trìpo qwrikĹ oikoumenikì (spatially global), kĹje su-
nistÿsa diamìrfwshc anăkei se èna kanĹli gia ìlo to pedÐo thc eikìnac. Sto sqăma
CCA o arijmìc twn sunistwsÿn sto prokÔpton montèlo eÐnai anagkastikĹ Ðsoc me
ton arijmì twn kanaliÿn thc sustoiqÐac. Apodiamorfÿnontac tic prokÔptousec su-
nistÿsec gia thn olikă eikìna, me diaqwrismì enèrgeiac (3.6, 3.7), prokÔptei mia
puknă anaparĹstash, pou qarakthrÐzei tic isqurèc domèc thc eikìnac kai ta topikĹ
anaduìmena qarakthristikĹ thc ufăc. Gia kĹje pixel kataskeuĹzetai èna diĹnusma
qarakthristikÿn, diĹstashc Ðshc me ton arijmì twn sunistwsÿn epÐ ton arijmì twn
shmĹtwn diamìrfwshc.

Sto sqăma 3.1 faÐnetai èna parĹdeigma anĹlushc miac eikìnac fusikăc ufăc xÔlou
[23] se èna kanĹli thc sustoiqÐac. H exagÿmenh zwnoperată sunistÿsa sto (b)
emfanÐzei diamorfÿseic se mia sugkekrimènh klÐmaka kai prosanatolismì, oi opoÐec
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montelopoioÔntai apì èna mh-statikì hmitonoeidèc enÿ h èxodoc tou 2D energeiakoÔ
telestă sto (g) ekfrĹzei thn enèrgeia diamìrfwshc thc sunistÿsac. Me efarmogă
tou DESA sto kanĹli prokÔptoun ta ektimÿmena sămata plĹtouc (d), orizìntiac
(e) kai katakìrufhc (z) stigmiaÐac qwrikăc suqnìthtac. Tèloc sto (h) faÐnetai to
mètro tou dianÔsmatoc suqnotătwn, mètrhsh thc klÐmakac thc ufăc kai sto (j) o
prosanatolismìc tou wc needle diĹgramma. H enèrgeia diamìrfwshc posotikopoieÐ
thn Ôparxh kai thn metabolă thc ufăc sth sugkekrimènh zÿnh suqnotătwn.

(a) (b) (g) (d)

(e) (z) (h) (j)

Sqăma 3.1: Apodiamìrfwsh kai anĹlush ufăc se zwnoperatì kanĹli. (a) Ufă xÔlou
(D71) 256×256, (b) Zwnoperată sunistÿsa apì fÐltro [u = 3, v = 14, B = 20], (g) Enèr-
geia diamìrfwshc sunistÿsac ufăc (èxodoc 2D energeiakoÔ telestă), (d) PeribĹllou-
sa plĹtouc, (e) Orizìntia stigmiaÐa suqnìthta, (z) KĹtakìrufh stigmiaÐa suqnìthta,
(h) Mètro tou dianÔsmatoc suqnotătwn, (j) Prosanatolismìc dianÔsmatoc suqnotătwn.

Apotelèsmata anĹlushc katĹ kanĹlia parousiĹzontai kai sto sqăma 3.2 gia mia
eikìna, me èntonec diamorfÿseic se pollaplèc klÐmakec kai prosanatolismoÔc. H
sqhmatismoÐ ufăc tou dèrmatoc thc zèbrac, kuriarqoÔn kai sto fìnto thc eÐkìnac me
apotèlesma th duskolÐa entopismoÔ akmÿn kai diaqwrismoÔ thc figoÔrac qwrÐc enta-
tikă episkìphsh. Sthn prÿth seirĹ parousiĹzetai h efarmogă tou 2D energeiakoÔ
telestă sth sunolikă eikìna eureÐac zÿnhc (b), pou leitourgeÐ san fÐltro enÐsqushc
tou thc antÐjeshc thc eikìnac [123], allĹ kai h efarmogă se mia ekdoqă mhdenikăc mè-
shc timăc thc arqikăc eikìnac (g), ìpou kai emfanÐzei sqedìn bajuperatèc idiìthtec.
Sto (d) parousiĹzetai h anakataskeuasmènh eikìna apì thn eisagwgă twn 35 AM-FM
sunistwsÿn sto montèlo (3.2), pou den eÐnai tèleia allĹ plhsiĹzei se ikanopoihti-
kì bajmì thn arqikă. Oi treÐc seirèc pou akoloujoÔn deÐqnoun thn anĹlush kai ta
sămata diamìrfwshc se trÐa diaforetikĹ kanĹlia thc sustoiqÐac, antiproswpeutikĹ
twn domÿn ufăc thc eikìnac. H prÿth kai trÐth sunistÿsa èqoun thn Ðdia klÐmaka
allĹ diaforetikì prosanatolismì kai entopÐzoun ptuqÿseic diaforetikăc kateÔjun-
shc sto sÿma thc zèbrac. H deÔterh èqei diaforetikă klÐmaka kai prosanatolismì
kai anadeiknÔei tic sqedìn kĹjetec kai pio argèc metabolèc tou fìntou. ’Opwc faÐ-
netai kai apì ta sămata plĹtouc kai suqnotătwn oi treÐc sunistÿsec eÐnai sqedìn
sumplhrwmatikèc, oriojetÿntac plărwc tic diaforetikèc perioqèc ufăc sthn eikìna.
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(a) (b) (g) (d)

Sqăma 3.2: Sunistÿsec AM-FM ufăc kai apodiamìrfwsh. PĹnw seirĹ: (a) Ufă kuma-
tismÿn zèbrac I (200×200), (b) Energeiakìc telestăc sthn arqikă eikìna Ψ(I), (g) Ener-
geiakìc telestăc sthn arqikă me mhdenikă mèsh timă Ψ(I) − Ī, (d) Anakataskeuasmènh
eikìna apì 35 AM-FM sunistÿsec. AristerĹ proc dexiĹ gia tic upìloipec: Zwnopera-
tă sunistÿsa, peribĹllousa plĹtouc a(x, y), orizìntia ω1(x, y) kai katakìrufh ω2(x, y)
stigmiaÐa suqnìthta. DeÔterh seirĹ: sunistÿsa fÐltrou [u = 16, v = 44, B = 5], TrÐth
seirĹ: sunistÿsa fÐltrou [u = 14, v = 2, B = 16], Tètarth seirĹ: sunistÿsa fÐltrou
[u = 31, v = 35, B = 5].
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3.2.2.1 EpexergasÐa kai omalopoÐhsh

Gia ton periorismì twn sfalmĹtwn ektÐmhshc thc enèrgeiac kai thc diadikasÐac
apodiamìrfwshc, kajÿc kai gia thn epibolă kĹpoiac omalìthtac sămata plĹtouc kai
suqnotătwn sunÐstatai h efarmogă teqnikÿn meta-epexergasÐac (post-processing).
Genikÿc oi eikìnec ufăc perièqoun asunèqeiec, skiĹseic kai {spasÐmata}, me apotè-
lesma na apèqoun apì to idanikì montèlo twn topikĹ omoiìmorfwn diamorfÿsewn.
Tètoiec idiomorfÐec emfanÐzontai wc mh omalèc metabolèc stic peribĹllousec kai stic
fĹseic twn apokrÐsewn fÐltrwn thc sustoiqÐac. Sta [19, 20] ìpou h apìkrish plĹ-
touc kai fĹshc qrhsimopoiăjhkan gia katĹtmhsh eikìnwn, bajuperatĹ fÐltra Gauss
tupikăc apìklishc perÐpou Ðshc me aută twn Gabor kanaliÿn, qrhsimopoiăjhke gia
omalopoÐhsh twn apokrÐsewn.

Sthn perÐptwsh apodiamìrfwshc twn kanaliÿn eÐnai protimìtero h omalopoÐhsh
kai h diaqeÐrish twn sfalmĹtwn na efarmìzetai apeujeÐac stic ektimoÔmenec AM kai
FM sunartăseic. Ta sfĹlmata apodiamìrfwshc ofeÐlontai sta sfĹlmata proseggÐ-
sewn tou energeiakoÔ telestă, stouc lìgouc me diakritèc, mh-grammikèc posìthtec
kai stic proseggÐseic paragÿgwn mèsw diaforÿn. Gia thn prÿth perÐptwsh, ta tu-
qìn sfĹlmata prosèggishc tou 2D energeiakoÔ telestă èqoun mia uyiperată kai mia
bajuperată sunistÿsa [126, 158]. H uyiperată afaireÐtai me efarmogă sthn èxodo
tou telestă enìc bajuperatoÔ fÐltrou p.q. diwnumikĹ ă Gauss fÐltra. Epiplèon
tuqìn arnhtikèc timèc sthn èxodo tou telestă, pou jewrhtikĹ den antapokrÐnontai
ston orismì thc energeiakăc posìthtac kai praktikĹ den mporoÔn na exiswjoÔn me
thn katĹ prosèggish tetragwnikă posìthta (3.4), antikajÐstantai me kĹpoio topikì
mèso.

Gia ton periorismì twn sfalmĹtwn apodiamìrfwshc (3.6, 3.7), qrhsimopoieÐtai
ènac sunduasmìc apì bajuperatĹ fÐltra omalopoÐhshc twn ektimăsewn kai statisti-
kÿn - median fÐltrwn se topikĹ parĹjura. To bajuperatì filtrĹrisma antistajmÐzei
ta sfĹlmata proseggÐshc tou algorÐjmou enÿ to median endeÐknutai gia thn apomĹ-
krunsh memonwmènwn akraÐwn metabolÿn (spikes, singularities) lìgw twn diairèsewn
tou DESA. Sta paradeÐgmata twn sqhmĹtwn 3.1 kai 3.2, qrhsimopoiăjhke endeiktikĹ
diwnumikì filtrĹrisma ston energeiakì telestă, Gauss fÐltra tupikăc apìklishc 2
kai megèjouc 3 kai median se parĹjura 3× 3.

3.2.2.2 Anakataskeuă

H anĹkthsh thc arqikăc eikìnac apì tic paramètrouc tou montèlou se kĹje jè-
sh, perilambĹnei anakataskeuă twn sunistwsÿn (2.7) apì ta qwrikĹ metaballìmena
sămata diamìrfwshc kai sÔnjesh thc (3.2) me upèrjesh twn epimèrouc AM-FM suni-
stwsÿn. H duskolÐa ègkeitai sto mh kalĹ orismèno anĹstrofo prìblhma thc anĹkth-
shc thc fĹshc φk(x, y) apì to diĹnusma stigmiaÐwn suqnotătwn (ωk1, ωk2) gia kĹje
sunistÿsa. H anakataskeuă fĹshc eÐnai èna genikìtera dÔskolo prìblhma logismoÔ
dianusmatikÿn pedÐwn kai gia thn mh analutikă epÐlush tou èqoun protajeÐ algebri-
kèc, metabolikèc kai arijmhtikèc mèjodoi. Gia ta AM-FM montèla mh-bèltistoc allĹ
praktikìc algìrijmoc protĹjhke sto [73].

Oi K sunistÿsec fĹshc anaktÿntai qrhsimopoiÿntac prÿthc tĹxhc Taylor seirèc
gia ta diaforikĹ stic dÔo kateujÔnseic, katalăgontac sth diakrită sqèsh

φk(m,n) =
1

2
[φk(m− 1, n) + ωk1(m− 1, n) + φk(m,n− 1) + ωk2(m,n− 1)] (3.8)
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H arqikopoÐhsh thc (3.8) gÐnetai me th boăjeia deigmĹtwn thc fĹshc thc apìkrishc
tou kanalioÔ k pou katĹ prosèggish eÐnai isodÔnamh me th fĹsh thc sunistÿsac pou
kuriarqeÐ sto kanĹli [74]. Ta deÐgmata thc fĹshc apojhkeÔontai katĹ th diadikasÐ-
a anĹlushc kai gia thn apofugă diĹdoshc sfalmĹtwn ektÐmhshc pou upeisèrqontai
sta stigmiaÐa sămata suqnotătwn, h diadikasÐa anakataskeuăc thc fĹshc mporeÐ na
gÐnetai anexĹrthta se periodikĹ block apì pixels. H fĹsh arqikopoieÐtai se kĹje
tetrĹgwno, ektimĹtai anexĹrthta sthn prÿth stălh kai prÿth grammă kai apì thn
(3.8) anakataskeuĹzetai sto eswterikì tou.

3.3 AnĹlush kurÐarqwn sunistwsÿn

H plhroforÐa twn poludiĹstatwn qarakthristikÿn thc anĹlushc katĹ kanĹlia,
parĹ to ìti ermhneÔei pistĹ to montèlo diamorfÿsewn, mporeÐ na kajÐstatai perittă
kai na auxĹnei thn poluplokìthta thc perigrafăc. H anĹlush kurÐarqwn sunistwsÿn
(dominant components analysis ă DCA) [72,74] apoteleÐ mia enallaktikă perigrafă
me dianÔsmata qarakthristikÿn qamhlăc diĹstashc. H mejodologÐa gia mia eikìna
ufăc pou montelopoieÐtai katĹ thn (3.2), ektimĹ tic sunartăseic diamìrfwshc twn
topikĹ isqurÿn sunistwsÿn anĹ jèsh. To ektimÿmeno plĹtoc kurÐarqhc sunistÿsac
aD(x, y) ă kurÐarqo plĹtoc antistoiqeÐ sthn antÐjesh thc epikratèsterhc domăc ufăc,
enÿ oi suqìthtec kurÐarqhc sunistÿsac ∇φD(x, y) ă kurÐarqec suqnìthtec eÐnai
ektimăseic twn anaduìmenwn topikĹ suqnotătwn.

Oi mh-statikèc, stigmiaÐec suqnìthtec pou kuriarqoÔn se qwrikĹ topikă bĹsh sto
fĹsma twn perissìterwn fusikÿn eikìnwn ufăc onomĹzontai anaduìmenec (emergent
frequencies) [21] kai dÐnontai apì to diĹnusma fĹshc thc sunistÿsac pou eÐnai kurÐ-
arqh se kĹje shmeÐo. Tètoiec suqnìthtec qarakthrÐzoun thn leptomèreia, th roă kai
ton prosanatolismì twn perissìterwn fusikÿn ufÿn (topikĹ sunektikèc, kanonikăc
domăc, apotelèsmata fusikÿn diadikasiÿn exèlixhc [191, 205], kokkÿdeic, prosana-
tolismènec ufèc). Wc sunèpeia oi ìpoiec ektimăseic autÿn twn suqnotătwn fèroun
plhroforÐa sqetikă me thn topikă domă thc ufăc [21].

Sqăma 3.3: DiĹgramma anĹlushc kurÐarqwn sunistwsÿn apì to [71].

To sqăma DCA exĹgei qarakthristikĹ ufăc [71, 74] katalambĹnontac tic topikĹ
isqurèc talantÿseic fwteinìthtac ìpwc perigrĹfontai apì to AM-FM montèlo kai
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epilègontac anĹmesa stic diaforetikèc zÿnec suqnotătwn. Ta stĹdia faÐnontai sto
diĹgramma tou sqămatoc 3.3 (apì to [74]). To sÔnjeto didiĹstato săma analÔetai apì
mia sustoiqÐa zwnoperatÿn fÐltrwn gia thn apomìnwsh twn epimèrouc sunistwsÿn
se qwrì-fasmatikă me bĹsh tic arqèc thc enìthtac 3.2. Oi diaforetikèc ekdoqèc
stenăc zÿnhc, pou idanikĹ antistoiqoÔn se memonwmènec sunistÿsec tou montèlou
ufăc, apodiamorfÿnontai me kĹpoion algìrijmo apodiamìrfwshc, ìpwc oi exisÿseic
diaqwrismoÔ (3.6, 3.7). AnĹloga me thn anĹlush katĹ kanĹlia, h kĹje sunistÿsa
dÐnei xeqwristèc ektimăseic plĹtouc kai stigmiaÐwn suqnotătwn.

H epilogă tou kanalioÔ, pou dÐnei thn kalÔterh ektÐmhsh gia thn kurÐarqh topikĹ
sunistÿsa, basÐzetai ston upologismì enìc metrikoÔ, tou krithrÐou epilogăc kanalioÔ
Γ se kĹje shmeÐo sto pedÐo thc eikìnac. Ektimăseic twn sunartăsewn diamìrfwshc
twn kurÐarqwn sunistwsÿn dÐnontai gia kĹje shmeÐo apì to kanĹli thc sustoiqÐac
pou megistopoieÐ to kritărio

i = arg max
1≤k≤K

{Γk} (3.9)

ìpou to k = 1...K antistoiqeÐ se èna apì ta K fÐltra thc diĹtaxhc, enÿ to antÐstoiqo
kurÐarqo plĹtoc kai kurÐarqo mètro suqnìthtac eÐnai gia ìlo to pedÐo

aD(x, y) = ai(x, y) , | ~ωD(x, y)| = |~ωi(x, y)| (3.10)

AnĹloga me thn epilogă tou krithrÐou Γ upĹrqoun dÔo enallaktikĹ DCA sqămata.
To DCA plĹtouc ă ADCA, pou apoteleÐ thn arqikă prosèggish [72], qrhsimopoieÐ
èna kritărio kanonikopoihmènou plĹtouc

Γk(x, y) =
|ak(x, y)|

max~w |Hk(~w)| (3.11)

ìpou Hk(~w), w = (u, v) h apìkrish qwrikÿn suqnotătwn tou fÐltrou k, pou isodÔ-
nama apoktĹtai qrhsimopoiÿntac tìso to pragmatikì hck ìso kai to fantastikì hsk

mèroc thc apìkrishc migadikoÔ fÐltrou (zeÔgoc me kĹjeth diaforĹ fĹshc)

Γk(x, y) =

√
(I ∗ hck)2(x, y) + (I ∗ hsk)2(x, y)

max~w |Hk(~w)| (3.12)

Ta dÔo krităria apodeiknÔontai na eÐnai jewrhtikĹ isodÔnama kai h peribĹllousa thc
migadikăc apìkrishc |(I ∗hk)(x, y)| proseggistikĹ eÐnai mia omalopoihmènh èkdosh tou
plĹtouc |ak(x, y)| [19,20]. H omalopoÐhsh epibĹlletai apì mia sunĹrthsh Gauss tupi-
kăc apìklishc σk/

√
2, ìpou σk h apìklish gia to sugkekrimèno kanĹli. Sugkekrimèna

mporeÐ na deiqjeÐ ìti

|(I ∗ hk)(x, y)| = cgk(x/
√

2, y/
√

2)|ak(x, y)| ≈ |ak(x, y)|
ìpou c mia stajerĹ kai gk o palmìc diamìrfwshc Gauss tou fÐltrou k.

EnallaktikĹ kai sta plaÐsia thc paroÔsac douleiĹc [98,99] protĹjhke èna sqăma
DCA basismèno sthn Teager enèrgeia twn kurÐarqwn sunistwsÿn to opoÐo kai kaleÐ-
tai DCA enèrgeiac ă EDCA. Sugkekrimèna to kurÐarqo topikĹ kanĹli epilègetai me
bĹsh thn mèsh èxodo tou energeiakoÔ telestă sthn pragmatikă apìkrish tou fÐltrou

Γk(x, y) = Ψ[(I ∗ hck)(x, y)] (3.13)

Kai stic dÔo proseggÐseic oi ektimăseic stic paramètrouc diamìrfwshc twn kurÐ-
arqwn sunistwsÿn, upobĹllontai se prìsjeth meta-epexergasÐa kai filtrĹrisma gia
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ton periorismì sfalmĹtwn allĹ kai thn epibolă omalìthtac sta shmeÐa metĹbashc
apì mia kurÐarqh sunistÿsa se Ĺllh. H energeiakă anĹlush kurÐarqwn sunistwsÿn
parousiĹzei pleonektămata allĹ kai formalismì se sqèsh me thn anĹlush plĹtouc.
Sugkekrimèna isostajmÐzei to rìlo tou plĹtouc kai to rìlo tou eÔrouc suqnotătwn
sthn epilogă twn topikĹ kurÐarqwn sunistwsÿn kĹti pou diaisjhtikĹ faÐnetai pio
fusikì. ExĹllou h enèrgeia diamìrfwshc ufăc, ìpwc orÐsthke prohgoÔmena, peri-
lambĹnei tautìqrona plhroforÐa plĹtouc kai susqnìthtac. Epomènwc mia ermhneÐa
tou EDCA eÐnai ìti exĹgei tic kurÐarqec sunistÿsec thc ufăc me bĹsh thn enèrgeia
twn diamorfÿsewn touc. Mia sunistÿsa qarakthrÐzetai kurÐarqh ìqi mìno lìgw
megĹlwn timÿn diamìrfwshc peribĹllousac, pou ermhneÔetai mèsw uyhloÔ contrast
topikĹ allĹ kai lìgw twn anaduìmenwn suqnotătwn pou kuriarqoÔn sto fĹsma thc
eikìnac. Epiplèon oi ektimăseic tou EDCA, lìgw tou suqnotikoÔ ìrou, sullambĹ-
noun oxeÐec metabolèc thc ufăc anĹmesa se diaforetikèc perioqèc thc eikìnac kai
akmèc ufăc.

Sto [98] apodìjhke sto DCA sqăma gia thn epilogă tou kurÐarqou kanalioÔ mia
jewrhtikă statistikă anĹlush anÐqneushc shmĹtwn mazÐ me apìfash ufăc \ mh ufăc
se kĹje shmeÐo miac eikìnac, se diaforetikèc klÐmakec. Sto [99] qarakthristikĹ ku-
rÐarqwn sunistwsÿn diamìrfwshc protĹjhkan kai qrhsimopoiăjhkan gia metabolikă
katĹtmhsh eikìnwn ufăc.

(a) (b) (g) (d)

(e) (z) (h) (j)

Sqăma 3.4: AnĹlush Kuriarqÿn Sunistwsÿn Enèrgeiac (EDCA) se èna (a) sunjetikì
2D AM-FM săma, (b) - (d) Pragmatikă peribĹllousa plĹtouc, Orizìntia kai katakì-
rufh stigmiaÐa suqnìthta antÐstoiqa, (e) KurÐarqh enèrgeia Teager (z) - (j) KurÐarqec
sunistÿsec diamìrfwshc plĹtouc kai suqnotătwn mèsw DCA.

3.4 Enèrgeia diamìrfwshc kai qarakthristikĹ
ufăc

O mhqanismìc entopismoÔ thc enèrgeiac twn sunistwsÿn thc ufăc pou pragma-
topoieÐ h anĹlush kurÐarqwn sunistwsÿn leitourgeÐ ston poludiĹstato qÿro qara-
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(a) (b) ADCA (g) EDCA

(d) (e) ADCA (z) EDCA
Sqăma 3.5: EDCA kai ADCA. (b) - (g) KurÐarqec sunistÿsec plĹtouc kai (e) - (z)
KurÐarqec sunistÿsec mètrou stigmiaÐwn suqnotătwn [98].

kthristikÿn pou apoteleÐtai apì tic apokrÐseic twn fÐltrwn hk. Oi filtrarismènec,
stenăc zÿnhc sunistÿsec ufăc upobĹllontai sth mh-grammikìthta tou 2D energeia-
koÔ telestă Ψ kai apodiamorfÿnontai mèsw tou ESA (2.20, 2.21). Oi metrăseic
enèrgeiac omalopoioÔntai apì èna topikì parĹjuro-fÐltro mèsou ìrou ha kai sug-
krÐnontai shmeiakĹ. To fÐltro i me th mègisth mèsh Teager enèrgeia (Maximum
Average Teager Energy)

Ψmat[I(x, y)] = max
k
{(Ψ(I ∗ hk) ∗ ha)(x, y)}, (3.14)

kajorÐzei thn epikratèsterh kurÐarqh sunistÿsa ufăc.

Orismìc 3.2 H mègisth mèsh enèrgeia diamìrfwshc twn topikÿn sunistwsÿn
thc ufăc (3.14) eÐnai mia argĹ metaballìmenh èndeixh thc enèrgeiac diamìrfwshc
ufăc (texture modulation energy).

H enèrgeia diamìrfwshc parèqei plhroforÐa gia thn Ôparxh ă mh, domăc ufăc se
perioqèc thc eikìnac, upì thn ènnoia kai thn perigrafă tou montèlou AM-FM diamor-
fÿsewn. MporeÐ epomènwc na qrhsimopoihjeÐ gia anÐqneush kai diĹkrish ufăc kai na
kathgoriopoiăsei diĹfora energeiakĹ epÐpeda kai epomènwc ufèc diaforetikăc fÔshc.
ParĹllhla èna sÔnolo qarakthristikÿn qamhlăc diĹstashc, to plĹtoc kurÐarqhc dia-
mìrfwshc (dominant modulation amplitude) aD(x, y) kai to diĹnusma suqnotătwn
kurÐarqhc diamìrfwshc (dominant modulation frequency vector) ~ωD(x, y), sqhma-
tÐzontai apì tic apodiamorfwmènec timèc tou kurÐarqou kanalioÔ se kĹje jèsh tou
qwrikoÔ pedÐou.

Ta qarakthristikĹ diamìrfwshc (modulation features) pou exĹgontai anazhtÿn-
tac tic kurÐarqec sunistÿsec ufăc se pollaplèc zÿnec tou fĹsmatoc, parèqoun
topikă (perioqèc, akmèc, sÔnora) ìso kai olikă plhroforÐa (omoiogèneia, fasmatikèc
zÿnec) domăc thc ufăc kai mporoÔn na perigrĹyoun èna eÔroc ufÿn. H energeiakă au-
tă prosèggish protĹjhke sta [177,178] gia anÐqneush, perigrafă, anĹlush thc ufăc
kai polukritiriakă katĹtmhsh eikìnwn, ìpou h Ψmat apotèlese èna eÔqrhsto, apote-
lesmatikì kai kalĹ entopismèno qarakthristikì anÐqneushc ufăc. ’Opwc anafèrjhke
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gia to EDCA prohgoÔmena, h Ψmat prosfèrei beltiwmènh topojèthsh shmantikÿn
gegonìtwn kai sunupologÐzei th suqnìthta kai to plĹtoc diamìrfwshc thc epikra-
toÔsac sunistÿsac.

Sto sqăma 3.6 parousiĹzetai h enèrgeia diamìrfwshc ufăc thc sqèshc (3.14) gia
mia ploÔsia se diaforetikèc ufèc eikìna leptăc edafotomăc. H mètrhsh exĹqjhke
apì mia sustoiqÐa 40 fltrwn, me mèsouc ìrouc se geitoniĹ 11× 11 pixel kai grammikă
kai mh-grammikă omalopoÐhsh 11 × 11, twn kurÐarqwn qarakthristikÿn. H enèrgeia
parousiĹzetai wc prooptikă 3D apeikìnish, allĹ kai me th morfă 10 epipedokampulÿn
thc (level curves). H Ôparxh allĹ kai ta epÐpeda èntashc thc ufăc anĹ perioqèc sthn
eikìna, qarakthrÐzontai apì thn enèrgeia diamìrfwshc.

(a) (b) (g)
Sqăma 3.6: Enèrgeia diamìrfwshc kai anÐqneush ufăc. (a) Eikìna edafotomăc (768×
567 pixels), (b) Mègisth mèsh Teager enèrgeia Ψmat, se 3D prooptikă probolă kai (g) wc
upèrjesh 10 epipedokampulÿn thc.

¤
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KatĹtmhsh Ufăc

O diaqwrismìc miac eikìnac se perioqèc me omoiogenă qarakthristikĹ, ìpwc h
gewmetrÐa, h fwteinìthta, to qrÿma, h ufă, h kÐnhsh k.a. apoteleÐ mia apì tic sh-
mantikìterec diergasÐec ìrashc qamhloÔ epipèdou. H filosofikă - gnwsiakă tou
antistoiqÐa pou eÐnai gnwstă wc diaqwrismìc prÿtou plĹnou-fìntou (figure-ground).
H katĹtmhsh ufăc perilambĹnei ta anexĹrthta stĹdia thc exagwgăc qarakthristikÿn
ufăc, thc epilogăc ă mèiwshc thc diĹstashc touc kai enìc algorÐjmou katĹtmhshc.
H exagwgă kurÐarqwn sunistwsÿn mèsw polukanalikăc anĹlushc kai entopismoÔ thc
enèrgeiac katalăgei se dianÔsmata qarakthristikÿn qamhlăc diastashc (plĹtoc, su-
qnìthtec, prosanatolismìc). Tètoia qarakthristikĹ emplèkontai kai leitourgoÔn wc
kinhtăriec dunĹmeic se metabolikĹ (variational) sqămata (a) katĹtmhshc ufăc qwrÐc
episkìphsh, (b) polukritiriakăc katĹtmhsh eikìnwn me anÐqneush ufăc. PerigrĹfetai
edÿ to prÿto sqăma, basizìmeno sta eswterikĹ twn perioqÿn, pou eÐnai perissìtero
prosanatolismèno sthn katĹtmhsh ufăc. 1

4.1 KatĹtmhsh me exèlixh kampulÿn kai kurÐ-
arqec diamìrfwseic

H katĹtmhsh eikìnwn ufăc eÐnai èna apì ta shmantikìtera kai pio diĹshma pro-
blămata arqikăc ìrashc, pou èqei antimetwpisteÐ apì diaforetikèc prooptikèc ìpwc
statistikĹ montèla [61, 120] gewmetrikèc kai morfologikèc mejìdouc [17, 176, 181]
kai metabolikèc teqnikèc basizìmenec sta eswterikĹ twn perioqÿn (region-based)
[107, 147, 209, 212] ă basizìmenec sta ìria (boundary/edge-based) (p.q. [114, 153],
snakes, deformable models [38, 94], geodesic active contours [30,115,146]).

Sto region-based senĹrio katĹtmhshc, ta pixel thc eikìnac omadopoioÔntai se
perioqèc anĹloga me th suggèneia twn qarakthristikÿn touc. ’Ena sÔnolo arqikÿn
kampulÿn exelÐssetai sto pedÐo thc eikìnac me odhgì èna diĹnusma perigrafikÿn qa-
rakthristikÿn, sunăjwc perissìtero ekleptusmènwn apì aplèc timèc fwteinìthtac.
Oi eikìnec ufăc qarakthrÐzontai apì tuqaÐa fÔsh, abebaiìthta sthn topojèthsh su-
nìrwn kai akmÿn, suqnotikì perieqìmeno eureÐac zÿnhc kai topikă qwrofasmatikă
abebaiìthta. H polukanalikă anĹlush kai exagwgă qarakthristikÿn eÐnai sunhji-
smènh diadikasÐa gia thn anÐqneush euruzwnikăc plhroforÐac ufăc se diaforetikĹ
kanĹlia, ìpwc perigrĹfhke se prohgoÔmenh enìthta. ParĹ ton plhroforiakì plou-

1Η έρευνα και τα αποτελέσματα αυτής της ενότητας ανήκουν στο πλαίσιο των [55, 98, 99] σε
συνεργασία με τον Ιάσωνα (jason) Κόκκινο.
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ralismì thc, h exagwgă qarakthristikÿn sthn èxodo miac sustoiqÐac fÐltrwn odhgeÐ
se dianÔsmata megĹlhc diĹstashc pou katalăgoun se upobèltistec katatmăseic.

Sto sqăma katĹtmhshc me episkìphsh (supervised texture segmentation [147]),
h bèltisth katĹtmhsh epitugqĹnetai me thn epilogă twn kanaliÿn pou diaqwrÐzoun
kalÔtera tic diaforetikèc ufèc. Sto senĹrio autìmathc katĹtmhshc qwrÐc episkìph-
sh (unsupervised), h epilogă twn kanaliÿn twn qarakthristikÿn kai h meÐwsh thc
diĹstashc tou dianÔsmatoc pragmatopoieÐtai sunăjwc me euristikĹ krităria [169,170].
Prìsfata mia dianusmatikă diadikasÐa diĹqushc (vector-valued diffusion) [167] qrh-
simopoiăjhke gia thn aplopoÐhsh tou dianÔsmatoc qarakthristikÿn.

Ta qarakthristikĹ diamìrfwshc, mèsw tou AM-FM montèlou, ereunăjhkan se èna
sqăma katĹtmhshc qwrÐc episkìphsh sta [98,99]. H anĹlush kurÐarqwn sunistwsÿn
(3.3) qrhsimopoieÐtai gia thn exagwgă dianusmĹtwn qarakthristikÿn qamhlăc diĹsta-
shc pou perikleÐoun plhroforÐa megèjouc, klÐmakac kai prosanatolismoÔ, enÿ mporeÐ
na ermhneujeÐ wc perigrafă twn topikÿn hmitonoeidÿn shmĹtwn pou montelopoioÔn
kalÔtera tic sunistÿsec thc ufăc. H katĹtmhsh gÐnetai me exèlixh kampulÿn (curve
evolution) kai qrăsh mejìdwn epipedosunìlwn (level sets) ìpou oi kinhtăriec dunĹmeic
twn kampulÿn kajorÐzontai apì èna pijanotikì kritărio, me bĹsh ta eswterikĹ twn
perioqÿn, ìpwc sta [148,212].

Mia prìsfath prospĹjeia sÔzeuxhc metabolikÿn mejìdwn me qarakthristikĹ dia-
mìrfwshc gia katĹtmhsh ufăc [164] perilambĹnei èna sqăma gewdaitikÿn energÿn
perigrammĹtwn (geodesic active contours), parìlo pou to metabolikì kommĹti qrhsi-
meÔei wc beltÐwsh se èna kajarĹ statistikì algìrijmo.

4.2 QarakthristikĹ diamìrfwshc

H ufă perigrĹfetai mèsw domÿn diamìrfwshc, jewrÿntac to sÔnolo twn qarakth-
ristikÿn pou exĹgetai mèsw thc anĹlushc kurÐarqwn sunistwsÿn DCA. ExetĹsthke
tìso h prwtarqikă mèjodoc me bĹsh to plĹtoc (ex. 3.11), ìso kai h enallaktikă prì-
tash basismènh sthn enèrgeia pou entopÐzei o 2D energeiakìc telestăc (ex. 3.13).
Sta sqămata 4.1, faÐnetai to sÔnolo twn qarakthristikÿn ufăc gia dÔo fusikèc ei-
kìnec me perissìterec apì mÐa perioqèc diaforetikăc ufăc (pènte kai dÔo antÐstoiqa).
To plĹtoc antistoiqeÐ se plhroforÐa megèjouc kai èntashc enÿ to diĹnusma kurÐar-
qwn suqnotătwn anadeiknÔei klÐmaka kai prosanatolismì, ìpwc eÔkola parathreÐtai
sto sqăma 4.2.

4.2.1 H epilogă kanalioÔ wc statistikă apìfash

To prìblhma thc epilogăc tou kanalioÔ gia thn anĹlush kurÐarqwn sunistwsÿn
diatupÿnetai wc test pollaplÿn upojèsewn (multiple hypothesis testing problem)
[95]. Gia aplìthta exetĹzetai to 1D senĹrio, an kai h genÐkeush se dÔo diastĹseic
eÐnai aplă. H epilogă tou kanalioÔ anĹgetai se anÐqneush se jìrubo enìc hmitìnou
thc suqnìthtac tou fÐltrou kai Ĺgnwsthc fĹsh kai plĹtouc. Ta diaforetikĹ kanĹlia
antimetwpÐzontai wc xeqwristèc upojèseic kai h upìjesh pou exhgeÐ kalÔtera ta
dedomèna antistoiqeÐ sto kurÐarqo kanĹli.

’Enac prìsjetoc parĹgontac eÐnai h qwrikă topojèthsh thc diadikasÐac apìfa-
shc. Upojètontac ìti se èna shmeÐo apaiteÐtai h apìfash gia to an èna hmÐtono
sugkekrimènhc suqnìthtac upĹrqei sth geitoniĹ tou, elègqetai pìso kalĹ ta shmeÐa
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(a) (b) (g) (d)

(e) (z) (h) (j)

Sqăma 4.1: QarakthristikĹ diamìrfwshc kurÐarqwn sunistwsÿn me bĹsh thn enèrgeia
(EDCA) stic eikìnec ‘zebra’ kai ‘house’. DexiĹ proc aristerĹ kai gia tic dÔo eikìnec:
GkrÐza eikìna, kurÐarqo plĹtoc, orizìntia kai katakìrufh stigmiaÐa suqnìthta.

(a) (b) (g) (d)

(e) (z) (h) (j)

Sqăma 4.2: PlhroforÐa ufăc (mègejoc, klÐmaka, prosanatolismìc) mèsw DCA. PĹnw
seirĹ: (a) ufèc me diaforetikă klÐmaka, (b) - (d) KurÐarqo plĹtoc kai stigmiaÐec suqnì-
thtec. KĹtw seirĹ: (e) ufèc me diaforetikì prosanatolismì, (z)-(j) KurÐarqo plĹtoc,
mètro kai prosanatolismìc tou dianÔsmatoc kurÐarqhc suqìthtac.
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thc geitoniĹc ikanopoioÔn thn upìjesh. MakrinĹ shmeÐa montelopoioÔntai apì èna
ligìtero perigrafikì montèlo, sugkekrimèna mia diadikasÐa leukoÔ jorÔbou.

’Estw h upìjesh HΩ ìti gÔrw apì èna shmeÐo x = 0, to săma eÐnai hmitonoeidèc
suqnìthtac Ω, Ĺgnwsthc fĹshc φ, plĹtouc a kai DC sunistÿsac b. H pijanìfĹneia
(likelihood) tou sămatoc I sto shmeÐo x ekfrĹzetai 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 parĹgontac upologismoÔ thc topikìthtac thc diadikasÐac,

σ2 h metablhtìthta leukoÔ Gaussian jorÔbou (WGN) pou parembaÐnei sto săma kai
to σG montelopoieÐ thn qwrikă exasjènhsh thc ikanìthtac thc upìjeshc na exhgeÐ
ta dedomèna. O deÔteroc ìroc eÐnai to background montèlo jorÔbou, mèshc timăc C
kai metablhtìthtac σ2

n.
Jètontac to σG Ðso me thn tupikă apìklish tou Gabor fÐltrou pou qrhsimopoieÐtai

sto antÐstoiqo kanĹli, prokÔptei mia sqèsh anĹmesa sthn epilogă kanalioÔ me bĹsh
to plĹtoc kai sthn epilogă me bĹsh thn pijanofĹneia (likelihood). H pijanofĹneia
domăc sămatoc gÔrw apì 0 kĹtw 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 me bĹsh to gegonìc ìti h log eÐnai kurtă sunĹrthsh prokÔptei to
akìloujo kĹtw frĹgma sthn pijanofĹneia 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 eÐnai èna kĹtw ìrio mporeÐ na qrhsimopoihjeÐ gia thn
epilogă anĹmesa stic dÔo antagwnistikèc upojèseic. ’Ena test genikeumènou lìgou
pijanofĹneiac (Generalized Likelihood Ratio Test ă GLRT) qrhsimopoieÐtai gia ton
upologismì ektimăsewn mègisthc pijanofĹneiac (Maximum Likelihood Estimates ă
MLE) twn paramètrwn a, b, φ. Megistopoiÿntac to (4.1) wc proc ta a, b, φ èqoume

â =

√
(hc ∗ I)2 + (hs ∗ I)2

(
∑

G(x))2 , φ̂ = tan−1

(
−hs ∗ I

hc ∗ I

)
, b̂ = G ∗ I (4.2)

ìpou hc, hs èna zeugĹri artÐou-perittoÔ fÐltrou (quadrature) hc(x) = G(x) cos(Ωx),
hs(x) = G(x) sin(Ωx). Me qrăsh gia thn G sunĹrthshc diasporĹc Ðdiac me aută tou
antÐstoiqou Gabor kanalioÔ, to â eÐnai to ektimÿmeno plĹtoc apìkrishc enÿ to b̂ ja
mporoÔse na ermhneujeÐ wc o mèsoc twn dedomènwn sto shmeÐo. O prÿtoc ìroc sto
kĹtw frĹgma apodeiknÔetai ìti eÐnai Ðsoc me â2/(2σ2/

∑
x G(x)), pou ektìc apì mia

stajerĹ klÐmakac, eÐnai to kritărio (3.12) gia thn epilogă enìc kanalioÔ. Efìson oi
upìloipoi ìroi eÐnai stajeroÐ gia ìla ta kanĹlia se mia sugkekrimènh klÐmaka mporoÔn
na agnohjoÔn.
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Qrhsimopoiÿntac anĹloga epiqeirămata kai logikă, mporeÐ na upologisteÐ h pija-
nofĹneia thc upìjeshc ìti h eikìna eÐnai tmhmatikĹ stajeră gÔrw apì to 0, aporrÐ-
ptontac thn hmitonikă sunistÿsa. Gia na sugkrijeÐ ìmwc me thn upìjesh hmitonikÿn
dedomènwn, prèpei na lhfjeÐ upìyin ìti ligìterec parĹmetroi qrhsimopoioÔntai gia thn
kataskeuă tou montèlou. DiaforetikĹ, èna hmÐtono mhdenikoÔ plĹtouc ja mporoÔse
to Ðdio kalĹ na exhgăsei ta dedomèna. Gia to lìgo autì, qrhsimopoieÐtai to kritărio
Minimum Description Length (MDL) [95], tropopoihmèno gia thn perÐptwsh

MDL(Hi) = − ln (P (I|Hi)) +
ni

2
ln

(∑
x

G(x)

)
(4.3)

ìpou ni o arijmìc twn paramètrwn kĹje upìjeshc.
H efarmogă autăc thc statistikăc apìfashc gia thn ufă parousiĹzetai sto sqăma

4.3, ìpou oi deÐktec thc ufăc parousiĹzontai wc gkrÐzec eikìnec. Oi leukèc perioqèc
antistoiqoÔn se perioqèc ìpou h upìjesh mh Ôparxhc ufăc epikrateÐ, enÿ oi gkrÐzec
timèc antistoiqoÔn ston prosanatolismì tou Gabor fÐltrou sugkekrimènhc klÐmakac
gia kĹje eikìna. Stic mikrèc klÐmakec (b),(g) oi mikrodomèc kai h leptomèreia ermh-
neÔontai wc ufă. Stic megĹlec klÐmakec, (d), megalÔterec perioqèc qarakthrÐzontai
apì ufă (p.q. oi ptuqèc thc mÔthc), enÿ tautìqrona perioqèc mikrìterhc klÐmakac
ermhneÔontai wc stajerĹ sămata me jìrubo.

Sqăma 4.3: Upìjesh gia Ôparxh ufăc, se klÐmaka tou gkrÐzou, se tèsseric klÐmakec
gia thn eikìna ‘mandrill’. Oi klÐmakec, se Ĺuxousa seirĹ proc ta dexiĹ, sumpÐptoun me
autèc thc sustoiqÐac twn Gabor fÐltrwn enÿ oi gkrÐzec stĹjmec ekfrĹzoun thn pijanìthta
Ôparxhc ufăc. Oi leukèc timèc antistoiqoÔn se omalèc perioqèc, ìpou ta dedomèna den
ermhneÔontai wc ufă.

Mia prÿth efarmogă thc statistikăc anÐqneushc ufăc eÐnai h beltÐwsh twn ar-
qikÿn AM-FM qarakthristikÿn me ton upologismì miac {mĹskac} ufăc/mh-ufăc.
Gia kĹje pixel, metĹ thn epilogă tou kanalioÔ, upologÐzetai o lìgoc pijanofĹneiac
thc epikratoÔsac upìjeshc kai thc upìjeshc tou montèlou mh-ufăc na exhgeÐ sthn
Ðdia klÐmaka ta kontinĹ dedomèna. ShmeÐa (pixels) ìpou h deÔterh upìjesh epikrateÐ
dèqontai timèc mhdèn gia ta qarakthristikĹ plĹtouc kai suqnotătwn touc. Ta bel-
tiwmèna qarakthristikĹ mèsw DCA me bĹsh thn enèrgeia, faÐnontai sto sqăma 4.4.
’Opwc faÐnetai sth deÔterh seirĹ (eikìna ‘barb’), h upìjesh mh-Ôparxhc ufăc kuriar-
qeÐ sthn perÐptwsh tou stajeroÔ dapèdou, perioqèc oi opoÐec afairèjhkan apì tic
arqikèc ektimăseic twn kurÐarqwn AM-FM sunistwsÿn. Autì dhlÿnoun kai ta maÔra
pixel sto 4.4(j), pou kwdikopoieÐ touc deÐktec twn energÿn fÐltrwn anĹ shmeÐo, kai
pou antistoiqoÔn se perioqèc pou kathgoriopoioÔntai wc mh-ufă.

OusiastikĹ h efarmogă miac tètoiac mĹskac apìfashc mporeÐ na jewrhjeÐ èna
prÿto stĹdio statistikăc katĹtmhshc kai kathgoriopoÐhshc se perioqèc ufăc kai
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(a) (b) (g) (d)

(e) (z) (h) (j)

Sqăma 4.4: QarakthristikĹ diamìrfwshc gia thn eikìna ‘barb’ mèsw EDCA. (a)-(d)
GkrÐza eikìna, kurÐarqo plĹtoc, orizìntia kai kĹjeth suqnìthta, (e) deÐkthc kurÐarqou
kanalioÔ anĹ shmeÐo (wc gkrÐza eikìna), (z)-(j) beltiwmèna qarakthristikĹ apì thn
apìrriyh shmeÐwn pou qarakthrÐzontai qwrÐc ufă.

(a) (b) (g) (d)

(e) (z) (h) (j)

Sqăma 4.5: QarakthristikĹ diamìrfwshc gia thn eikìna ‘mandrill’ mèsw EDCA. (a)-(d)
GkrÐza eikìna, kurÐarqo plĹtoc, orizìntia kai kĹjeth suqnìthta, (e) deÐkthc kurÐarqou
kanalioÔ anĹ shmeÐo (wc gkrÐza eikìna), (z)-(j) beltiwmèna qarakthristikĹ apì thn
apìrriyh shmeÐwn pou qarakthrÐzontai qwrÐc ufă. To plĹtoc èqei uposteÐ epiplèon
medianfiltrĹrisma.
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mh-ufăc. AnĹloga me th efarmogă mporeÐ na epileqjeÐ h beltÐwsh ă ìqi twn qara-
kthristikÿn, kajÿc mia tètoia apìfash mporeÐ na enswmatwjeÐ ston Ðdio ton algì-
rijmo katĹtmhshc. Sto [55] pragmatopoieÐtai mia tètoia enswmĹtwsh allĹ kai mia
mÐxh krithrÐwn ufăc kai akmÿn, anĹloga me statistikă isqÔ topikĹ twn diaforetikÿn
montèlwn.

4.3 Metabolikă katĹtmhsh qwrÐc episkìphsh

Oi prÿtec region-based teqnikèc katĹtmhshc ufăc [107,212] basÐsthkan se ekdo-
qèc tou sunarthsiakoÔ Mumford-Shah [140] katĹllhla tropopoihmènec gia thn en-
swmĹtwsh poludiĹstatwn qarakthristikÿn prigrafăc thc ufăc. Trèqousec teqnikèc
katĹtmhshc qwrÐc episkìphsh [24, 78, 148, 167, 194, 209] basÐzontai sth mejodologÐa
epipedosunìlwn (level sets) [115, 143, 149, 172], pou apoteleÐ èna komyì kai apotele-
smatikì mèso epÐlushc problhmĹtwn exelissìmenwn kampulÿn.

H mèjodoc antagwnismoÔ perioqÿn (Region Competition ă RC) [212], enopoieÐ
diaforetikĹ krităria kai eisĹgei mia pijanotikă jeÿrhsh sth sqetikă bibliografÐa.
BasÐzetai sth megistopoÐhsh thc pijanìthtac twn parathrăsewn thc eikìnac I, qrh-
simopoiÿntac èna sÔnolo M perioqÿn (regions) Ri, entìc twn opoÐwn oi parathrăseic
akoloujoÔn upojetikĹ mia parametrikă katanomă P (·; ai). ’Enac epiplèon ìroc gia ta
măkh twn sunìrwn twn perioqÿn Γi qrhsimopoieÐtai gia na prokÔyei to sunarthsiakì

J(Γ, {ai}) =
M∑
i=1

µ

2

∫

Γi

ds−
∫∫

Ri

log P (I; ai) (4.4)

Teqnikèc logismoÔ metabolÿn katalăgoun sthn exèlixh twn sunìrwn twn perioqÿn,
me kÐnhsh sthn kateÔjunsh pou katatĹssei parathrăseic pixel sthn perioqă pou ta
montelopoieÐ kalÔtera, diathrÿntac omalĹ sÔnora

∂Γi

∂t
= −µκ ~N + log

P (I; ai)

P (I; aj)
~N (4.5)

ìpou κ h kampulìthta (curvature) kai ~N to kĹjeto exwterikì diĹnusma thc kampÔlhc
(front) Γi kai j h geitonikă perioqă pou antagwnÐzetai thn i gia tic parathrăseic.

H katanomèc entìc twn perioqÿn mporoÔn na jewrhjoÔn polumetablhtèc Gaus-
sian, ìpou gia d plăjoc qarakthristikÿn

P (I; µi, Σi) =
1

(2π)d/2|Σi|1/2
e−

1
2
(I−µi)

T Σ−1
i (I−µi) (4.6)

H ektÐmhsh twn paramètrwn ai = µi, Σi twn katanomÿn pragmatopoieÐtai se enallagă
me thn exèlixh twn kampulÿn, me apotèlesma èna prosarmostikì, qwrÐc episkìphsh,
sqăma katĹtmhshc eikìnwn.

Sto [148] h exèlixh twn kampulÿn sunduĹsthke me ìrouc akmÿn (edge-based) kai
mejìdouc level sets, ston algìrijmo gewdaitikÿn energÿn perigrammĹtwn (Geodesic
Active Regions ă GAR)

∂Γi

∂t
= λ log

P (I; ai)

P (I; aj)
− (1− λ)

[
g(Pc)κ ~N + (∇g(Pc) · ~N) ~N

]
(4.7)
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ìpou g(·) eÐnai mia monotonikĹ aÔxousa sunĹrthsh, Pc h pijanìthta enìc pixel na
anăkei se èna sÔnoro kai to λ kajorÐzei ta sqetikĹ bĹrh twn ìrwn pou basÐzontai stic
perioqèc kai twn ìrwn akmÿn. O teleutaÐoc ìroc eÐnai empneusmènoc apì to montèlo
Geodesic Active Contours (GAC) [30, 97] kai wjeÐ ta sÔnora kontĹ se perioqèc
èntonwn akmÿn. ’Alloi algìrijmoi ìpwc oi [194,209] mporoÔn na jewrhjoÔn thc Ðdiac
fÔshc me ton arqikì RC.

4.4 AM-FM antagwnismìc perioqÿn

To sqăma katĹtmhshc Region Competition prosarmìzetai kai h anazăthsh thc
bèltisthc katanomăc twn shmeÐwn miac eikìnac ufăc, gÐnetai me bĹsh ta kurÐarqa
qarakthristikĹ diamìrfwshc. H exagwgă gÐnetai me thn EDCA mejodologÐa kai
ton entopismì thc kurÐarqhc enèrgeiac diamìrfwshc. To telikì diĹnusma qarakth-
ristikÿn apoteleÐtai apì thn èntash fwteinìthtac thc eikìnac, to kurÐarqo plĹtoc
diamìrfwshc, mètro kai ton prosanatolismì tou dianÔsmatoc stigmiaÐwn suqnotătwn.
H èntash I thc eikìnac sumperilambĹnetai kajÿc exakoloujeÐ na paramènei shmantikì
kritărio gia tic perioqèc qwrÐc ufă [167].

H exèlixh kampulÿn ìpwc kajorÐzetai apì thn ex. (4.4) ulopoieÐtai me mejìdouc
level sets, parìmoiac arqitektonikăc me to [148]. H katanomă tou dianÔsmatoc qa-
rakthristikÿn se kĹje perioqă montelopoieÐtai wc ginìmeno polumetablhtÿn Gauss
katanomÿn thc morfăc (4.6), gia tic treic prÿtec diastĹseic, kai von-Mises katano-
măc gia ton prosanatolismì. ParadeÐgmata mh-epiblepìmenhc katĹtmhshc, me tuqaÐa
topojèthsh kai proepilogă tou arijmoÔ twn arqikÿn kampulÿn (fronts) faÐnetai sta
sqămata 4.6-4.10.

Sto 4.6 faÐnetai to apotèlesma thc diadikasÐac se dÔo sunjetikèc eikìnec ufăc,
ìpou ta kentrikĹ tmămata diafèroun wc proc thn klÐmaka sth mÐa kai wc proc ton
prosanatolismì sthn Ĺllh perÐptwsh. Sth fusikă eikìna 4.7, h èntonh ufă-prìtupo
sto dèrma thc zèbrac diaqwrÐzetai apì to sqedìn omoiìmorfo fìnto. Sthn 4.8 oi stă-
lec, lìgw tou sqedìn stajeroÔ plĹtouc (sqăma 4.1(z) ) aniqneÔontai wc xeqwristă
perioqă enÿ ta skaliĹ lìgw thc èntonhc katakìrufhc kurÐarqhc suqnìthtac (sqă-
ma 4.1(j) ). Parìmoia sumperĹsmata kai parathrăseic exĹgontai kai apì ta upìloipa
sÔnola apotelesmĹtwn (4.9 & 4.10). Shmeiÿnetai ìti shmantikì rìlo paÐzei h epilogă
tou arqikoÔ arijmoÔ twn fronts. H autìmath epilogă tou apoteleÐ dÔskolo prìblhma
kai se kĹje perÐptwsh diaforetikă epilogă odhgeÐ se diaforetikă omadopoÐhsh twn
pixel thc eikìnac.

Sqăma 4.6: KatĹtmhsh gia tic eikìnec tou Sq. 4.2 (a) kai (e), se perioqèc diaforetikăc
klÐmakac kai prosanatolismoÔ.

¤
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Sqăma 4.7: KatĹtmhsh ufăc kai oi dÔo perioqèc omoiìmorfwn AM-FM kurÐarqwn qa-
rakthristikÿn diamìrfwshc.

Sqăma 4.8: KatĹtmhsh ufăc gia thn eikìna tou Sq. 4.1(e) se 4 perioqèc omoiìmorfwn
AM-FM kurÐarqwn qarakthristikÿn diamìrfwshc.

Sqăma 4.9: KatĹtmhsh ufăc se 4 perioqèc omoiìmorfwn AM-FM kurÐarqwn qarakth-
ristikÿn diamìrfwshc.
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Sqăma 4.10: KatĹtmhsh ufăc se 4 perioqèc omoiìmorfwn AM-FM kurÐarqwn qarakth-
ristikÿn diamìrfwshc.
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KefĹlaio 5

AnĹlush Edafotomÿn

Mia kathgorÐa eikìnwn me èntonh ufă kai parousÐa diaforetikÿn domÿn eÐnai oi
yhfiakèc eikìnec leptÿn tomÿn edĹfouc ă edafotomÿn (soilsections). H autìmath
epexergasÐa tètoiwn eikìnwn mporeÐ na apokalÔptei stoiqeÐa thc domăc tou edĹfouc
kai na exĹgei ektimăseic bðooikologikăc shmasÐac, ìpwc h gonimìthta kai oi allagèc
se oikosustămata tou edĹfouc. ParousiĹzetai edÿ h exagwgă qarakthristikÿn, h
anĹlush ufăc kai h katĹtmhsh tètoiwn eikìnwn se omogeneÐc perioqèc, sqetikèc me thn
mikromorfologÐa tou edĹfouc. Me parĹllhlh, qwristă ekmetĹlleush plhroforÐac
gewmetrÐac ă antÐjeshc kai ufăc, parousiĹzetai èna sqăma suzeugmènhc (coupled)
ă apì koinoÔ katĹtmhshc (joint segmentation) gia peraitèrw ermhneÐa eikìnwn tou
edĹfouc kai metrăseic qarakthristikÿn. Tèloc elègqetai h kathgoriopoÐhsh twn
diaforetikÿn perioqÿn kai domÿn tètoiwn eikìnwn me bĹsh thn ufă touc. 1

5.1 Perigrafă edafotomÿn kai anĹlush edĹ-
fouc

O skopìc thc mikromorfologikăc anĹlushc (soil micromorphology), wc klĹdoc
thc epistămhc tou edĹfouc (soil science) eÐnai h perigrafă, ermhneÐa kai mètrhsh twn
sustatikÿn kai twn qarakthristikÿn tou qÿmatoc se mikroskopikì epÐpedo. BasikĹ
sustatikĹ tou qÿmatoc eÐnai ta memonwmèna swmatÐdia (p.q. kìkkoi krustĹllwn, or-
ganikĹ Ĺlata, tmămata futÿn) pou mporoÔn na diakrijoÔn me to optikì mikroskìpio
(coarse structures), mazÐ me th mikromĹza ă mikrodomă (fine material) pou de dia-
qwrÐzetai se diakritĹ Ĺtoma [26]. H melèth thc domăc tou edĹfouc asqoleÐtai me to
mègejoc, to sqăma, thn oxÔthta, thn antÐjesh, th suqnìthta emfĹnishc kai th qwrikă
topojèthsh twn prwteuìntwn swmatidÐwn kai twn kenÿn (voids). PollĹ apì autĹ ta
qarakthristikĹ eÐnai sunĹrthsh tou prosanatolismoÔ twn sustatikÿn kai thc kateÔ-
junshc sthn opoÐa gÐnontai oi tomèc, kajÿc kai thc megèjunshc pou qrhsimopoieÐtai.

Oi eikìnec edafotomÿn, pou parĹgontai mèsw diadikasiÿn diakritopoÐhshc, qrh-
simopoiÿntac sumbatikoÔc sarwtèc, kĹmerec ă mikroskìpia polwmènou fwtìc, pa-
rousiĹzoun mia megĹlh diaforopoÐhsh gewmetrikÿn qarakthristikÿn, protÔpwn kai
sqhmatismÿn ufăc. ShmantikĹ qarakthristikĹ eikìnwn pou parèqoun plhroforÐa gia
thn ektÐmhsh thc poiìthtac thc domăc tou edĹfouc, perilambĹnoun to sqăma swmati-
dÐwn kai suswmatwmĹtwn, eÐte 1D ìpwc eÐnai oi akmèc ă oi kampÔlec, eÐte 2D ìpwc

1Η έρευνα και τα αποτελέσματα αυτής της ενότητας ανήκουν στο πλαίσιο του έργου ΠΕΝΕΔ-01,
σε συνεργασία με την Νατάσα (nat) Σοφού [177,178].
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fwteinĹ ă skoteinĹ blobs (mikrèc omogeneÐc perioqèc tuqaÐou sqămatoc), thn qwrikă
topojèthsh kai thn apìstash sustatikÿn kai thn ufă touc.

H wc tÿra anĹlush eikìnwn edafotomÿn periorÐzetai se katwfliopoÐhseic, euri-
stikĹ, metrăseic istogrammĹtwn, aplèc teqnikèc yhfiakăc epexergasÐac shmĹtwn kai
ektimăseic frĹktal diĹstashc [25,42,159,187]. O eurÔteroc, makroprìjesmoc stìqoc
autăc thc èreunac eÐnai na xeperastoÔn autèc oi teqnikèc apì sÔgqronec mejìdouc
upologistikăc ìrashc ìpwc h anĹlush ufăc kai h katĹtmhsh eikìnwn, me blèyh èna
sÔsthma uyhloÔ epipèdou ikanì na analÔei kai na ektimĹ thn gonimìthta kai thn bðooi-
kologikă poiìthta tou edĹfouc mèsw twn eikìnwn tomÿn [127]. ’Etsi h akribă kai
qronobìra diadikasÐa thc paradosiakăc bioqhmikăc anĹlushc na automatopoihjeÐ, na
enisqujeÐ kai pijanìn na sunduasteÐ me teqnikèc ìrashc.

H katĹtmhsh eÐnai o akrogwniaÐoc lÐjoc sthn anĹlush twn edafotomÿn, me dia-
dikasÐec epexergasÐac kai metrăsewn na akoloujoÔn to stĹdio tou diaqwrismoÔ twn
perioqÿn. Mia tètoia anĹlush perilambĹnei ektÐmhsh thc omoiogèneiac twn perio-
qÿn, anĹlush ufăc kai kathgoriopoÐhsh me ta qarakthristikĹ pou èqoun exaqjeÐ, kai
statistikă anĹlush megejÿn ìpwc h perÐmetroc, to embadì, o prosanatolismìc, h
sugkèntrwsh, h epimăkunsh, to mègejoc, h kampulìthta k.a.

5.2 Ufă edafotomÿn, anĹlush kai katĹtmhsh

5.2.1 Morfologikă katĹtmhsh

H katĹtmhsh eÐnai èna shmantikì allĹ en gènei dÔskolo prìblhma thc upologi-
stikăc ìrashc kajÿc apaiteÐ se kĹpoio posostì thn shmasiologikă katanìhsh thc
eikìnac. GenikĹ eÐnai h diadikasÐa tou qwrismoÔ miac eikìnac se asÔndetec perioqèc,
ètsi ÿste kĹje mia apì tic opoÐec na eÐnai omogenăc kai sunektikă wc proc kĹpoia
idiìthta, ìpwc h antÐjesh, to qrÿma, h ufă, h kÐnhsh, to bĹjoc. MporoÔn na diakri-
joÔn trÐa diaforetikĹ stĹdia dhl. (1) proepexergasÐa, (2) exagwgă qarakthristikÿn
perioqÿn, (3) efarmogă tou algorÐjmou katĹtmhshc, kĹje èna apì ta opoÐa eÐnai
shmantikì gia to telikì apotèlesma thc katĹtmhshc.

Apì to plăjoc mejìdwn katĹtmhshc o morfologikìc metasqhmatismìc plhm-
murismoÔ (watershed transform) èqei apodeiqjeÐ polÔ isqurìc kai apotelesmatikìc
idiaÐtera mèsw sÔzeuxhc me mh-grammikoÔc morfologikoÔc telestèc [17, 198]. H je-
meliÿdhc idèa eÐnai h akìloujh: (a) dhmiourgeÐtai h eikìna klÐshc (gradient) thc
skhnăc; (b) gia kĹje antikeÐmeno endiafèrontoc ă omogenă perioqă, aniqneÔetai ènac
{shmadeutăc} ă marker (sÔnolo shmeÐwn qarakthristikÿn mèsa sthn epijumhtă pe-
rioqă), (g) kataskeuĹzontai oi udatogrammèc (watershed lines) pou sqetÐzontai me
touc shmadeutèc.

O metasqhmatismìc watershed mporeÐ na perigrafeÐ topografikĹ wc mia diadikasÐa
{plhmmurismoÔ}, ìpou h sunĹrthsh thc eikìnac jewreÐtai mia topografikă epifĹneia
bujismènh sto nerì. Oi shmadeutèc paÐzoun to rìlo twn phgÿn plhmmurismoÔ, ap’
ìpou ta diĹfora kÔmata arqÐzoun na sqhmatÐzoun {lÐmnec}. Sta shmeÐa ìpou diafo-
retikĹ kÔmata sunantioÔntai, èna {frĹgma} anegeÐretai gia thn apofugă thc ènwshc
twn limnÿn. To sÔnolo twn fragmĹtwn eÐnai h grammă watershed pou qwrÐzei thn
eikìna se diaforetikèc perioqèc. Sth majhmatikă morfologÐa to watershed èqei ulo-
poihjeÐ mèsw prosomoiÿsewn embÔjishc (immersion simulations) [198] kai ierarqikèc
ourèc proteraiìthtac (hierarchical queues) [17].
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Ektìc apì th morfologikă diadikasÐa plhmmurismoÔ, to watershed montelopoiă-
jhke epÐshc me suneqă trìpo mèsw thc eikonal Merikăc Diaforikăc ExÐswshc (MDE)
[135,142], qrhsimopoiÿntac idèec apì to pedÐo thc exèlixhc kampulÿn [124]. Ta kÐnh-
tra gia th qrăsh MDE perilambĹnoun kalÔterh kai perissìtero diaisjhtikă majh-
matikă montelopoÐhsh, sÔndesh me th fusikă kai kalÔterh prosèggish thc suneqoÔc
gewmetrÐac tou problămatoc. Qrhsimopoiÿntac MDE montelopoÐhsh sth diadikasÐa
plhmmurismoÔ tou metasqhmatismoÔ to sÔnoro kĹje anadidìmenou kÔmatoc antimetw-
pÐzetai wc kampÔlh h opoÐa exelÐssetai me prokajorismènh taqÔthta. Sugkekrimè-
na to sÔnoro tou shmadeută jewreÐtai wc mia omală, kleistă kampÔlh ~C(p, t) ìpou
p ∈ [0, 1] parametropoieÐ thn kampÔlh kai t mia teqnhtă parĹmetroc exèlixhc. H MDE
pou ulopoieÐ ton watershed plhmmurismì eÐnai

∂ ~C

∂t
=

c

A(t)‖∇I‖ ·
~N (5.1)

ìpou to A(t) eÐnai 1 gia katĹtmhsh basismènh mìno sth qrwmatikă antÐjesh (contrast-

based), pou anafèretai wc plhmmurismìc Ôyouc (height flooding) ă A(t) = Area( ~C)
sthn perÐptwsh katĹtmhshc me bĹsh antÐjesh kai mègejoc (contrast and size), opìte
kai anafèretai wc plhmmurismìc ìgkou ă Ôyouc (volume flooding) [179].

SÔmfwna me thn prosèggish mèsw epipedosunìlwn [143], ìpou h exelissìmenh
kampÔlh embujÐzetai wc to mhdenikì epipedosÔnolo Γ(t) = {(x, y) : Φ(x, y, t) = 0}
miac qwro-qronikăc sunĹrthshc megalÔterhc diĹstashc Φ(x, y, t), h MDE pou dièpei
thn exèlixh eÐnai

∂Φ

∂t
=

c

A(t)‖∇I(x, y)‖‖∇Φ‖ (5.2)

ApotelesmatikoÐ algìrijmoi gia thn epÐlush qronikĹ exartÿmenwn eikonal MDE,
eÐnai h mèjodoc epipedosunìlwn stenăc zÿnhc (narrow-band level sets) kai h mèjodoc
taqeÐac proèlashc (fast marching) [173,174].

5.2.2 Diaqwrismìc gewmetrÐac kai ufăc me levelings

Sthn enìthta 2.4.3 ègine ektenăc anaforĹ sth U + V mejodologÐa diaqwrismoÔ
eikìnwn [195], ìpou mia eikìna I diaqwrÐzetai se dÔo sunistÿsec. H mia diathreÐ
plhroforÐa gewmetrÐac kai omalÿn metabolÿn ìpwc gewmetrikăc domăc, topikăc an-
tÐjeshc, akmÿn, sqămatoc ă kurÐarqwn antikeimènwn kai h Ĺllh plhroforÐa ufăc.
DiĹforec mh-grammikèc teqnikèc omalopoÐhshc eikìnwn dhmiourgoÔn {kartoÔn} pro-
seggÐseic, ìpwc to sqăma elaqistopoÐhshc olikăc metabolăc [168] ă h anisotropikă
diĹqush [153].

Wc prosèggish thc U sunistÿsac, proteÐnontai ta levelings [136], mh-grammikĹ,
antikeimenostrafă fÐltra, pou diathroÔn ta perigrĹmmata. H aplopoÐhsh miac eikìnac
I gÐnetai epekteÐnontac kai sustèllontac topikĹ mia arqikă eikìna, ton marker M , kai
periorÐzontac sunolikĹ thn exèlixh tou apì thn eikìna anaforĹc. Pio sugkekrimèna,
epanalăyeic tou telestă eikìnwn λ(F |I) = (δ(F ) ∧ I) ∨ ε(F ), ìpou δ(F ) kai ε(F )
eÐnai diadikasÐec dilation kai erosion antÐstoiqa tou F me èna mikrì dÐsko [171], dÐnoun
sto ìrio to leveling thc I se sqèsh me ton M , pou sumbolÐzetai wc

Λ(M |I) = lim
k→∞

Fk, Fk = λ(Fk−1|I), F0 = M (5.3)

Ta levelings èqoun pollèc endiafèrousec idiìthtec ìpwc ìti diathroÔn tic akmèc,
den eisĹgoun nèa elĹqista ă mègista perioqăc kai apoteloÔn aÔxonta kai tautodÔnama
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(idempotent) fÐltra. PraktikĹ mporoÔn na anakataskeuĹsoun olìklhra antikeÐmena
thc eikìnac diathrÿntac tic akmèc kai ta sÔnora touc. KatĹ thn anakataskeuă aplo-
poioÔn thn arqikă eikìna exaleÐfontac antikeÐmena mikrìtera apì ton shmadeută me
thn eikìna anaforĹc na paÐzei to rìlo enìc olikoÔ periorismoÔ.

Me gnÿmona tic parapĹnw idiìthtec, mia enallaktikă mèjodoc gia U, V diaqwrismì
miac eikìnac eÐnai uiojetÿntac wc {kartoÔn} sunistÿsa to leveling thc eikìnac kai
wc sunistÿsa ufăc th diaforĹ tou apì aută

U , Λ(M |I), V , I − U (5.4)

Gia to U h epilogă tou shmadeută M prosfèrei euelixÐa gia to telikì leveling kai
mporeÐ na oristeÐ mèsw anĹlushc se pollaplèc klÐmakec. Sugkekrimèna kataskeuĹ-
zontai poluklimakwtĹ leveling {kartoÔn} Ui = Λ(Mi|Ui−1), i = 1, 2, 3, ..., me U0 = I
apì mia akoloujÐa shmadeutÿn Mi, pou lambĹnontai deigmatolhptÿntac mia Gaussian
puramÐda (scale-space). Ta poluklimakwtĹ {kartoÔn} diajètoun thn idiìthta thc ai-
tiatìthtac, kajÿc to Uj eÐnai leveling tou Ui gia j > i. Ta antÐstoiqa upìloipa
Vi = I − Ui sunistoÔn mia ierarqÐa apì sunistÿsec ufăc se pollaplèc klÐmakec.

EnallaktikĹ gia thn epilogă twn shmadeutÿn exetĹsthke kai h qrăsh anisotropi-
kăc diĹqushc [153], ìpou se kĹje băma thc akoloujÐac o leveling marker lambĹnetai
apì mia ekdoqă thc eikìnac me jolwmènec perioqèc allĹ arketĹ diathrhmèna sÔnora,
lìgw thc diadikasÐac periorismènhc diĹqushc. Sto sqăma 5.1, faÐnontai dÔo apì ta
stĹdia thc leveling puramÐdac, ìpou oi akmèc kai ta sÔnora twn kurÐarqwn gewme-
trikÿn domÿn thc eikìnac, diathroÔntai stic {kartoÔn} sunistÿsec se diaforetikèc
klÐmakec.

SugkrÐnontac ta leveling {kartoÔn} me ta autĹ pou lambĹnontai me thn epÐlush
tou problămatoc TV elaqistopoÐhshc (2.63): (a) Ta levelings diathroÔn ta akrìtata
twn perioqÿn kai den dhmiourgoÔn nèa enÿ ta TV {kartoÔn} diathroÔn thn olikă
mèsh timă. (b) Ta levelings diathroÔn th sqèsh metabolăc metaxÔ geitonikÿn shmeÐwn
enÿ ta TV diathroÔn thn olikă metablhtìthta. (g) Ta levelings sqetÐzontai me
mia elaqistopoÐhsh olikăc metabolăc, kajÿc gia U = Λ(M |I), eÐnai

∫∫ ||∇U || <∫∫ ||∇I||. (d) H parousÐa tou marker M dÐnei sto leveling {kartoÔn} euelixÐa kai
poluklimakwtèc dunatìthtec se sqèsh me tic aplèc stajerèc kanonikopoÐhshc pou
elègqoun thn klÐmaka tou TV {kartoÔn}.

5.2.3 Suzeugmènh, polukritiriakă katĹtmhsh edafoto-
mÿn

Me diaqwrismì thc eikìnac stic dÔo sunistÿsec, U, V kai qwristă, exeidikeumènh
epexergasÐa touc prokÔptei èna isqurì sqăma polukritiriakăc katĹtmhshc, me sÔzeu-
xh plhroforÐac gewmetrÐac kai ufăc. Oi metabolèc thc antÐjeshc (ă tou megèjouc)
lambĹnontai upìyin mèsw tou U kommatioÔ kai oi talantÿseic ufăc perigrĹfontai
apì th V sunistÿsa. H sumbolă kai h posotikopoÐhsh thc ufăc gÐnetai mèsw thc
diadikasÐac anÐqneushc kai mètrhshc thc mègisthc mèshc Teager enèrgeiac ă enèrgeiac
talantÿsewn ufăc Ψmat pou orÐsthke sthn enìthta 3.4 kai dÐnetai apì thn ex.(3.14).
Me ton trìpo autì sumperilambĹnetai èna metrikì sth diadikasÐa thc metabolikăc
katĹtmhshc pou sqetÐzetai me to eÐdoc kai thn èntash thc ufăc stic perioqèc thc
eikìnac.

H proteinìmenh diadikasÐa katĹtmhshc basÐzetai sthn exèlixh kampÔlhc pou ka-
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(a) (b) (g) (d)

(e) (z) (h) (j)

Sqăma 5.1: PoluklimakwtĹ leveling {kartoÔn} kai U + V diaqwrismìc. PĹnw seirĹ:
(a) Leptomèreia edafotomăc (anaforĹ), (b) Gauss shmadeutăc 1 (σ = 4), (g) Leveling 1
(U1), (d) DiaforĹ 1 (V1 = I − U1 + 100). KĹtw seirĹ: (e) DiaforĹ U1 − U2, (z) Gauss
shmadeutăc 2 (σ = 12), (h) Leveling 2 (U2), (j) DiaforĹ 2 (V2 = I − U2 + 100).

jorÐzei h akìloujh MDE :

∂ ~C

∂t
=

(
λ1

A(t)||∇f1|| + λ2Ψmat(f2)− µ κ

)
~N (5.5)

ìpou f1 kai f2 eÐnai metasqhmatismoÐ thc eikìnac sqetizìmenoi me thn arqikă I allĹ ìqi
aparaÐthta Ðdioi. H taqÔthta thc kampÔlhc exartĹtai apì treic ìrouc: oi dÔo prÿtoi
eÐnai eikonal enÿ o trÐtoc, h taqÔthta kampulìthtac, eÐnai diaqutikìc. ’Oloi oi ìroi
sqetÐzontai me kĹpoio kritărio beltistopoÐhshc. O prÿtoc ìroc odhgeÐ thn kampÔlh
me taqÔthta pou megistopoieÐ ton plhmmurismì thc eikìnac f1 wc proc to watershed

thc. ’Estw ~C(t) kai ~C(t + ∆t) dÔo stigmiìtupa thc exelissìmenhc kampÔlhc pou
sumpÐptoun me ta epipedosÔnola thc f1 se Ôyh h kai h + ∆h antÐstoiqa. Tìte gia
ton prÿto ìro ∆h = f1(x+∆x, y +∆y)− f1(x, y) = (∇f1 · ~Ct)∆t. Diathrÿntac thn
kĹjeth taqÔthta plhmmurismoÔ stajeră λ = ∆h/∆t, o ìroc megistopoieÐtai ìtan

∂ ~C/∂t =
λ

‖∇f1‖
to opoÐo jumÐzei thn sunĹrthsh termatismoÔ akmÿn g(.) twn GAC me diaforetikă
rÐza. O deÔteroc ìroc mporeÐ na deiqjeÐ ìti antistoiqeÐ se roă pou megistopoieÐ thn
enèrgeia diamìrfwshc ufăc

max

∫ ∫

R(C)

Ψmat(f) =⇒ ∂ ~C/∂t = Ψmat(f) ~N

me apotèlesma na wjeÐ thn kampÔlh se perioqèc me èntonh {drasthriìthta} ufăc.
Akoloujÿntac thn jeÿrhsh epipedosunìlwn [143], h sunĹrthsh embujÐzetai wc

to mhdenikì epipedosÔnolo miac qÿro-qronikăc sunĹrthshc Φ(x, y, t). H MDE pou
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kajorÐzei thn exèlixh thc epÐpedo-sunĹrthshc eÐnai:

∂Φ

∂t
=

(
λ1

A(t)||∇f1|| + λ2Ψmat(f2)− µ curv(Φ)

)
||∇Φ|| (5.6)

ìpou curv(Φ) h kampulìthta twn epipedosunìlwn thc Φ.
Me bĹsh th MDE (5.5) mporoÔn na prokÔyoun diaforetikĹ senĹria metabĹllon-

tac ta sămata f1 kai f2. H pio profanăc epilogă eÐnai f1 = I, f2 = I pou antistoiqeÐ
se exèlixh me taqÔthta antistrìfwc anĹlogh thc antÐjeshc fwteinìthtac (ă megè-
jouc) thc eikìnac kai anĹlogh thc Ψmat enèrgeiac thc eikìnac. ProteÐnetai epÐshc
kai to prwtìtupo, enallaktikì senĹrio f1 = U , f = V ìpou h exèlixh kampÔlhc
eÐnai antistrìfwc anĹlogh thc antÐjeshc fwteinìthtac (ă megèjouc) thc {kartoÔn}
sunistÿsac kai anĹlogh thc Ψmat enèrgeiac thc sunistÿsac ufăc thc eikìnac. Autì
to deÔtero senĹrio parousiĹzei idiaÐtero endiafèron kai exetĹzetai perissìtero, ka-
jÿc enopoieÐ plhroforÐa akmÿn kai ufăc, sunduĹzontac ta diaforetikĹ sămata pou
prokÔptoun apì ton U + V diaqwrismì thc eikìnac.

Mia tètoia epilogă aitiologeÐtai kalÔtera apì diĹforec optikèc: (a) diaisjhti-
kĹ, gia mia apì koinoÔ katĹtmhsh, anamènetai mia sunèrgia diaforetikÿn, parĹllh-
lwn diadikasiÿn stic makrodomèc (gewmetrÐa) kai stic mikrodomèc (ufă) thc eikìnac,
(b) upologistikĹ ìso kalÔterh eÐnai h apomĹkrunsh apì to proc anĹlush kommĹti
thc ufăc, twn sunìrwn, perigrammĹtwn kai epÐpedwn epifaneiÿn, tìso periorÐzontai
oi timèc thc Ψmat pou den antistoiqoÔn se metabollèc ufăc, allĹ se akmèc kai ìria
perioqÿn.

Sto proteinìmeno sqăma upĹrqoun pollaplèc kampÔlec pou prìkeitai na exeli-
qjoÔn tautìqrona kai arqikopoioÔntai san ta perigrĹmmata enìc sunìlou shmadeu-
tÿn, endeiktikÿn twn shmantikÿn ă(kai) omogenÿn perioqÿn thc eikìnac. GenikĹ h
epilogă twn shmadeutÿn exartĹtai apì thn efarmogă kai mia poikilÐa algorÐjmwn èqei
anaptuqjei gia thn exagwgă touc. ’Etsi oi markers mporeÐ na eÐnai: (i) basismènoi
sthn qrwmatikă antÐjesh, antapokrinìmenoi se korufèc ă koilĹdec sugkekrimènou
Ôyouc (pou prokÔptoun mèsw fÐltrwn anakataskeuăc thc eikìnac); (ii) korufèc tou
telestă Ψmat, entopÐzontac perioqèc uyhlăc enèrgeiac ufăc; (iii) sunduasmìc krith-
rÐwn antÐjeshc kai ufăc kai (iv) apeujeÐac (manually) topojethmènoi me epÐbleyh
(supervised segmentation) se perioqèc endiafèrontoc.

H ulopoÐhsh tou nìmou diĹdoshc twn kampulÿn (5.6) gÐnetai me kajierwmènec
teqnikèc apì th jewrÐa epipedosunìlwn. An µ = 0, dhladă paraleÐpontac ton ìro
kampulìthtac, h MDE eÐnai kajaroÔ eikonal tÔpou kai h ulopoÐhsh basÐzetai sth
mèjodo fast marching [174], pou exasfalÐzei upologistikă taqÔthta. An µ 6= 0, h
MDE ulopoieÐtai me qrăsh thc narrowband mejìdou kai ta sÔnora twn perioqÿn
omalopoioÔntai. H qrăsh tou κ-ìrou eÐnai proairetikă.

5.3 Apotelèsmata katĹtmhshc kai sugkrÐseic

Oi mèjodoi gia diaqwrismì, anÐqneush kai anĹlush ufăc mazÐ to koinì sqăma
katĹtmhshc efarmìsthkan se dÔo kathgorÐec eikìnwn edafotomÿn: megĹlhc klÐmakac
apì sĹrwsh, anĹlushc 47 pixel/µm, ìpwc h leptomèreia tou sqămatoc 5.1 kai mikrăc
klÐmakac, apì mikroskìpio polwmènou fwtìc se anĹlush 1 pixel/µm. Sto sqăma 5.2
parousiĹzetai h diadikasÐa diaqwrismoÔ, anĹlushc thc ufăc kai exagwgăc kurÐarqwn
qarakthristikÿn thc mèsw polukanalikoÔ entopismoÔ thc enèrgeiac diamìrfwshc.
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Sto 5.2(a) diakrÐnontai oi kurÐarqec domèc tou edĹfouc, organikì kai anìrgano ulikì
(megĹla gkrÐza kai leukĹ antikeÐmena), kenĹ (skoÔrec perioqèc) kai susswmatÿmata
mikromĹzac. O diaqwrismìc se {kartoÔn} sunistÿsa U kai sunistÿsa ufăc V , sta
(b) kai (g) antÐstoiqa, gÐnetai me qrăsh tou deutèrou epipèdou thc puramÐdac leveling
apì Gauss shmadeutèc (σ1 = 4, σ2 = 8).

H kalĹ entopismènh mètrhsh enèrgeiac ufăc sto (g) eÐnai endeiktikă twn isqurÿn
sugkentrÿsewn kai metabolÿn thc ufăc kai eÐnai mia apì tic dunĹmeic pou odhgoÔn tic
kampÔlec thc katĹtmhshc se perioqèc ìpou aută h enèrgeia megistopoieÐtai topikĹ.
H qwrikă anĹlush thc mètrhshc eÐnai Ĺristh energÿntac se èna topikì parĹjuro
3 × 3, enÿ h fasmatikă exartĹtai apì to eÔroc twn fÐltrwn. Ta qarakthristikĹ
kurÐarqwn diamorfÿsewn thc ufăc, exĹgontai mèsw EDCA. To kurÐarqo plĹtoc sto
(d), metĹ apì median filtrĹrisma, eÐnai omoiìmorfo se perioqèc anĹloghc èntashc kai
antÐjeshc. Sto (e) faÐnetai o prosanatolismìc tou diĹnusmatoc kurÐarqwn ă topikĹ
anaduìmenwn suqnotătwn, pou anadeiknÔei thn kateÔjunsh metabolăc thc fĹshc twn
talantÿsewn ufăc sthn eikìna. ’Olec oi metrăseic èqoun gÐnei to V kommĹti thc
eikìnac (g) metĹ ton leveling diaqwrismì.

(a) (b) (g)

(d) (e) (z)
Sqăma 5.2: AnĹlush kai qarakthristikĹ ufăc edafotomÿn: (a) Eikìna edafotomăc
(768×567 pixels) yhfiopoihmènh se 1pixel/µm (gkrÐza klÐmaka), (b) {kartoÔn} sunistÿsa
U , (g) sunistÿsa ufăc V , (d) Prooptikă 3D apeikìnish thc enèrgeiac diamìrfwshc ufăc
Ψmat, (e) KurÐarqo plĹtoc, (z) DianÔsmata prosanatolismoÔ kurÐarqwn suqnotătwn. Ta
(d)-(z) èqoun exaqjeÐ apì th V sunistÿsa.

MetĹ ton monoqrwmatikì U +V diaqwrismì kai thn exagwgă twn qarakthristikÿn
thc ufăc, sto sqăma 5.2(a)-(d), èna katĹllhlo sÔnolo apì autìmata apokthmènouc
shmadeutèc, pou faÐnetai sto sqăma 5.3(g), exelÐssetai me bĹsh th MDE (5.6), ìpou
f1 = U kai f2 = V . Ta arqikĹ apotelèsmata katĹtmhshc, sqăma 5.3 (d)-(e), lìgw thc
polu-domikăc fÔshc autÿn twn eikìnwn, mporoÔn na beltiwjoÔn apì mia diadikasÐa
ènwshc perioqÿn (region merging) me bĹsh èna metrikì omoiìthtac kai th metablh-
tìthta enìc periorismoÔ Fisher apìstashc. Mia beltiwmènh katĹtmhsh faÐnetai sto
5.3(z) me kalÔtera omadopoihmènec domèc (eidikĹ mikromĹzac) kai mikrìtero arijmì
telikÿn perioqÿn.
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(a) (b) (g)

(d) (e) (z)
Sqăma 5.3: KatĹtmhsh thc edafotomăc tou 5.2(a) me sunduasmì krithrÐwn: (a) Enèr-
geia diamorfÿsewn ufăc Ψmat(V ), (b) Mètro gradient tou U (sqăma 5.2(b) ), (g) Shma-
deutèc, (d) Suzeugmènh katĹtmhsh (A(t) = 1), (e) Perioqèc katĹtmhshc, (z) Beltiwmènec
perioqèc metĹ apì ènwsh (region post-merging). Apì to [178].

5.3.1 BeltÐwsh me sugqÿneush perioqÿn

Gia th beltÐwsh twn apotelesmĹtwn katĹtmhshc tou suzeugmènou, polukritiria-
koÔ sqămatoc anaptÔqjhke mia diadikasÐa ek twn ustèrwn ènwshc perioqÿn, h opoÐa
mporeÐ na efarmosteÐ epilektikĹ kai proairetikĹ, eidikĹ gia thn kothgorÐa eikìnwn
edafotomÿn, gia kalÔterh omadopoÐhsh kai perissìtero ermhneÔsima apotelèsmata.
QrhsimopoieÐ dianÔsmata qarakthristikÿn pou èqoun exaqjeÐ ădh katĹ th fĹsh thc
anĹlushc ufăc kai ja mporoÔse na genikeujeÐ me stìqo kĹpoion algìrijmo katĹtmh-
shc eikìnwn tÔpou split & merge.

H diadikasÐa basÐzetai ston upologismì thc apìstashc twn mèswn twn qarakth-
ristikÿn anĹmesa se geitonikèc perioqèc. Tètoia qarakthristikĹ mporeÐ na eÐnai to
qrÿma, h èntash, h antÐjesh twn sunistwsÿn {kartoÔn} kai ufăc, kai ta qarakth-
ristikĹ kurÐarqwn diamorfÿsewn (enèrgeia, plĹtoc, suqnìthtec). To metrikì apì-
stashc anĹmesa se dÔo geitonikèc perioqèc R1, R2, orÐzetai me bĹsh th stajmismènh
EuklÐdeia apìstash:

DR1R2 =

(∑
j

wj |µ1j − µ2j|2
)1/2

(5.7)

ìpou µij h mèsh timă tou qarakthristikoÔ j gia kĹje perioqă i. Mia diaforetikă
epilogă ja mporoÔse na eÐnai h kanonikopoihmènh apìstash me wj = σ−1

1j .
Se kĹje pèrasma tou algorÐjmou h apìstash upologÐzetai gia kĹje zeÔgoc gei-

tonikÿn perioqÿn mazÐ me th mèsh timă µij kai h metablhtìthta σ2
ij kĹje perioqăc

i kai gia kĹje qarakthristikì j. AnazhteÐtai to zeÔgoc elĹqisthc apìstashc me
periorismì na ikanopoieÐtai to tropopoihmèno Fisher kritărio

F = rankk[Fj] = rankk

[
(N1 + N2)σ

2
0j

N1σ2
1j + N2σ2

2j

− 1

]
> c (5.8)
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ìpou to rankk[·] sumbolÐzei thn k-ostă diĹtaxh enìc sunìlou, Ni eÐnai o arijmìc twn
pixel thc perioqăc i = {1, 2}, Fj eÐnai o periorismìc gia th metablhtìthta σ2

0j tou
qarakthristikoÔ j sthn enwmènh perioqă kai c èna katÿfli-stajerĹ (sunăjwc tÐjetai
0). An to kritărio (5.8) ikanopoieÐtai gia to zeÔgoc elĹqisthc apìstashc, oi perio-
qèc enÿnontai dÐnontac mia nèa mikrăc mèshc apìstashc qarakthristikÿn kai mikrăc
metablhtìthtac sugkrinìmenhc me tic arqikèc. Se antÐjeth perÐptwsh to zeÔgoc thc
epìmenhc mikrìterhc apìstash elègqetai kai oÔtw kajexăc.

Mia stajeră elĹqisth epitrepìmenh apìstash ènwshc epilègetai katĹ thn arqi-
kopoÐhsh, qrhsimopoiÿntac èna apì ta qamhlìtera kèntra tou istogrĹmmatoc, gia
na egguĹtai sÔgklish thc diadikasÐac kai na apotrèpei thn ènwsh {anomoiìmorfwn}
perioqÿn. Sto sqăma (5.4) faÐnetai èna parĹdeigma thc diadikasÐac ènwshc gia mia
katĹtmhsh edafotomăc. Ta qarakthristikĹ pou qrhsimopoiăjhkan eÐnai to qrÿma,
kai h èntash twn U kai V sunistwsÿn xeqwristĹ, me to katÿfli tou krithrÐou (5.8)
c = 0.5 kai autìmath sÔgklish.

Sqăma 5.4: BeltÐwsh twn apotelesmĹtwn katĹtmhshc me ènwsh perioqÿn. To arqikì
apotèlesma, (aristeră eikìna) tou suzeugmènou sqămatoc, beltiÿnetai me omadopoÐhsh
me bĹsh to qrÿma kai tic sunistÿsec gewmetrÐac kai ufăs(mesaÐa eikìna) Oi telikèc
omadopoihmènec perioqèc katĹtmhshc faÐnontai dexiĹ.

5.3.2 SugkrÐseic

To proteinìmeno suzeugmèno sqăma katĹtmhshc dokimĹsthke apènanti se aploÔ-
sterec allĹ kajierwmènec mejìdouc, me skopì na epideiqjeÐ h ikanìthta beltÐwshc
thc katĹtmhshc tou qÿrou thc eikìnac. Tètoiec sugkrÐseic den eÐnai aplèc kajÿc to
prìblhma thc katĹtmhshc exartĹtai apì thn efarmogă kai den upĹrqei ènac oikou-
menikĹ bèltistoc algìrijmoc pou na mporeÐ na qrhsimopoihjeÐ wc anaforĹ se kĹje
perÐptwsh. H èlleiyh enìc olikoÔ krithrÐou poiìthtac gia thn apotÐmhsh twn dia-
foretikÿn mejìdwn, parĹllhla me thn apousÐa dedomènwn apì anjrÿpinh katĹtmhsh
eikìnwn edafotomÿn, kĹnei dÔskolh thn posotikă apotÐmhsh twn apotelesmĹtwn.

Wc mèso posotikopoÐhshc twn apotelesmĹtwn kai sugkrÐsewn, qrhsimopoiăjhkan
s’ aută thn perÐptwsh kĹpoia empeirikĹ krităria poiìthtac, mazÐ me aplă paratărhsh
tou telikoÔ qwrismoÔ twn perioqÿn. Epilèqjhkan ta akìlouja metrikĹ elaqistopoÐh-
shc, gia ta opoÐa mikrìterec timèc upodhlÿnoun kalÔtero apotèlesma katĹtmhshc:

A. SunĹrthsh olikoÔ kìstouc (Liu Yang Global Cost) (LYGC) [109], ènac sugke-
rasmìc (tradeoff) anĹmesa ston periorismì thc eterogèneiac kai sth diatărhsh
leptomereiÿn

F (I) =
√

N ×
N∑

i=1

e2
i√
ARi
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ìpou N eÐnai o sunolikìc arijmìc perioqÿn, e2
i to sfĹlma qrÿmatoc sthn pe-

rioqă i, pou orÐzetai wc h EukleÐdia apìstash anĹmesa sthn arqikă kai sthn
katatmhmènh gia kĹje pixel anĹ perioqă, kai ARi

to embadìn (area) thc i (se
pixels).

B. Sunarthsiakì enèrgeiac (Mumford Shah Energy functional) (MSF) [140], pou
pragmatopoieÐ katĹtmhsh elaqistopoiÿntac to oloklhrwtikì mèso qrwmatikì
sfĹlma, gradient kai măkoc perigrĹmmatoc kampÔlhc.

E(u, Γ) = µ

∫ ∫

R

(u− I)2dxdy +

∫ ∫

R−Γ

‖∇u‖dxdy + ν|Γ|

ìpou u h katatmhmènh eikìna-mwsaðkì kai Γ ta sÔnora katĹtmhshc. To Γ prèpei
na eÐnai ìso to dunatìn mikrìtero enÿ ta µ, ν eÐnai stajerèc.

To suzeugmèno sqăma, pou ja anafèretai wc CTS (contrast-texture) ă VTS
(volume-texture) sugkrÐjhke me tic exăc mejìdouc: (a) Metasqhmatismìc water-
shed (WT), kajÿc h mèjodoc epekteÐnei thn klassikă prosèggish perilambĹnontac
plhroforÐa ufăc, (b) Mèjodoc diaqwrismoÔ kai ènwshc Recursive Shortest Spanning
Tree (RSST) [103], kajierwmènh region-based teqnikă katĹtmhshc, (g) OmadopoÐhsh
k-means clustering (KM) [50].

(a) (b) (g)

(d) (e) (z)
Sqăma 5.5: Diaforetikèc mèjodoi katĹtmhshc: (a) Edafotomă (ègqrwmh) tou 5.2(a),
(b) Suzeugmènh katĹtmhsh (contrast-based), (g) Suzeugmènh katĹtmhsh (volume-based),
(d) KatĹtmhsh watershed, (e) KatĹtmhsh diaqwrismoÔ kai ènwshc (split and merge) ba-
sismènh sto RSST, (z) OmadopoÐhsh k-mèswn (k-means clustering). Apì to [178].

Apotelèsmata sugkritikĹ faÐnontai sto sqăma 5.5, enÿ ta metrikĹ poiìthtac faÐ-
nontai ston pÐnaka 5.1. EÐnai fanerì ìti to suzeugmèno sqăma xepernĹei se apì-
dosh to klassikì watershed, sqăma 5.5(d), gegonìc anamenìmeno lìgw thc diplăc
plhroforÐac antÐjeshc fwteinìthtac kai ufăc. Ta apotelèsmata tou watershed bel-
tiÿnontai wc proc thn kalÔterh topojèthsh akmÿn kai ton periorismì twn sunìrwn
se lĹjoc akmèc (lìgw thc parousÐac ufăc). An antÐ tou A(t) = 1 sth MDE (5.5)
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Kritărio Mèjodoc KatĹtmhshc
Poiìthtac 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 22.31

PÐnakac 5.1: Posotikă apotÐmhsh mejìdwn katĹtmhshc gia thn edafotomă 5.5(a).

qrhsimopoihjeÐ A(t) 6= 1 kai plhmmurismìc ìgkou [179], h topojèthsh twn akmÿn
eÐnai peraitèrw beltiwmènh, sqăma 5.5(b). Ta apotelèsmata twn RSST kai k-means
(akìmh kai metĹ apì epexergasÐa kai beltÐwsh twn apotelesmĹtwn thc omadopoÐhshc
gia th dhmiourgÐa sunektikÿn perioqÿn) sta (e) kai (z) antÐstoiqa, faÐnontai upoka-
tatmhmèna (undersegmented) me mètria topojèthsh akmÿn, oi opoÐec sthn perÐptwsh
tou RSST eÐnai kai isqurĹ kbantismènec.

Apì ton pÐnaka 5.1, ta kalÔtera apotelèsmata me posotikoÔc ìrouc epiteÔqjh-
kan apì to volume-based suzeugmèno sqăma plhmmurismoÔ, me deÔtero kalÔtero to
enallaktikì contrast-based. ’Ena deÔtero sÔnolo sugkrÐsewn gia thn Ðdia eikìna,
anĹmesa sta dÔo sqămata kai to aplì watershed parousiĹzetai sto 5.6 me èna dia-
foretikì arqikì sÔnolo shmadeutÿn h epilogă tou opoÐou faÐnetai sto (a). Tèloc h
ìlh diadikasÐa parousiĹzetai xanĹ gia mia diaforetikă eikìna edafotomăc, sto sqă-
ma 5.7, me ìla ta endiĹmesa stĹdia kai me to sÔnolo twn sqetikÿn sugkrÐsewn pou
posotikopoioÔntai ston pÐnaka 5.2.

(a) (b)

(g) (d)
Sqăma 5.6: KatĹtmhsh ìpwc sto sqăma 5.3 me sunduasmì krithrÐwn allĹ diaforetikì
set shmadeutÿn: (a) Shmadeutèc, (b) KatĹtmhsh watershed, (g) Suzeugmènh katĹtmhsh
(contrast-based watershed ), (d) Suzeugmènh katĹtmhsh (volume-based watershed megèjouc).

5.4 KathgoriopoÐhsh ufăc

H kathgoriopoÐhsh ufăc (texture classification) basÐzetai sthn kataskeuă dianu-
smĹtwn qarakthristikÿn, pou antistoiqoÔn se kĹje jèsh twn diaforetikÿn perioqÿn
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(a) (b) (g)

(d) (e) (z)

(h) (j) (i)

(k) (l) (m)
Sqăma 5.7: KatĹtmhsh kai sugkrÐseic: (a) Edafotomă (ègqrwmh), (b) Sunistÿsa {kar-
toÔn} U , (g) Sunistÿsa ufăc V , (d) Enèrgeia diamorfÿsewn ufăc Ψmat(V ), (e) Mètro
gradient tou U , (z) Shmadeutèc, (h) Suzeugmènh katĹtmhsh (contrast-based), (j) Perio-
qèc katĹtmhshc beltiwmènec me sugqwneÔseic, (i) Suzeugmènh katĹtmhsh (volume-based),
(k) KatĹtmhsh watershed, (l) KatĹtmhsh diaqwrismoÔ kai ènwshc (split and merge) ba-
sismènh sto RSST, (m) OmadopoÐhsh k-mèswn (k-means clustering). Apì to [177].

Kritărio Mèjodoc KatĹtmhshc
Poiìthtac CTS VTS WT KM

YLGC 0.25 0.09 0.6 7.7
MSF 3.25 3.30 3.40 3.69

PÐnakac 5.2: Posotikă apotÐmhsh mejìdwn katĹtmhshc gia thn edafotomă 5.7(a).
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thc eikìnac kai sthn epilogă enìc katĹllhlou kathgoriopoihtă (classifier), ìpwc
k-means, Bayes k.a. [50]. Gia na ektimhjeÐ h apotelesmatikìthta twn exagìmenwn
qarakthristikÿn gia anĹlush ufăc, me ìrouc kathgoriopoÐhshc twn epimèrouc pe-
rioqÿn, anexĹrthta apì thn epilogă tou classifier, exetĹzetai h diaqwrisimìthta twn
tĹxewn se èna sÔnolo apì tupikèc eikìnec mikroôfÿn edĹfouc. H mèjodoc basÐzetai
se èna statistikì metrikì thc ikanìthtac telestÿn ă diadikasiÿn na diakrÐnoun dÔo
tĹxeic, posotikopoiÿntac th diaqwrisimìthta twn shmeÐwn sto qÿro qarakthristi-
kÿn, sÔmfwna me to kritărio Fisher [65,100]. To kritărio Fisher eÐnai èna mètro thc
apìstashc anĹmesa stic diaforetikèc tĹxeic pou kataskeuĹzei ènac classifier [50] kai
tou bajmoÔ ston opoÐo autèc eÐnai sumpageÐc.

Opoiadăpote dÔo poludiĹstata dianÔsmata qarakthristikÿn, pou antistoiqoÔn
se dÔo diaforetikèc tĹxeic, probĹllontai grammikĹ ston 1D qÿro gia na epiteuqjeÐ
mègisth diaqwrisimìthta, sÔmfwna me to Fisher Linear Discriminant

y = ( ~µ1 − ~µ2)
T S−1~x

ìpou S o pÐnakac summetablhtìthtac (pooled covariance matrix), µ oi mèsoi twn dÔo
tĹxewn kai ~x èna diĹnusma qarakthristikÿn. H probolă megistopoieÐ to kritărio
Fisher grammikăc diĹkrishc

f =
|n1 − n2|√

σ2
1 + σ2

2

(5.9)

ìpou σi h tupikă apìklish twn probolÿn twn diasporÿn kai ni h probolă tou mèsou
~µi, gia tic dÔo tĹxeic i = {1, 2}. To f ekfrĹzei se mia posìthta thn apìstash
anĹmesa se dÔo omadopoiăseic sqetikĹ me to mègejoc touc. MegalÔterec timèc tou
krithrÐou, ekfrĹzoun kalÔterh diaqwrishmìthta gia tic upì exètash tĹxeic.

Gia skopoÔc sÔgkrishc qrhsimopoioÔntai trÐa dianÔsmata qarakthristikÿn kai h
apotelesmatikìthta touc posotikopoieÐtai apì thn timă tou f . Ta qarakthristikĹ
autĹ basÐzontai sthn polukanalikă Gabor anĹlush kai sthn perigrafă thc ufăc
ston qÿro twn apokrÐsewn twn fÐltrwn. Se kĹje pixel apodÐdetai èna sÔnolo timÿn,
apotèlesma enìc telestă ă miac diadikasÐac sthn èxodo thc sustoiqÐac.

- Enèrgeia (Gabor energy) [20, 65, 163, 175, 192], dhl. to mètro thc apìkrishc
twn quadrature fÐltrwn gia kĹje zÿnh suqnotătwn

~FG = [|(hck + jhsk) ∗ I|]k=1···K

- Teager enèrgeia twn apokrÐsewn twn Gabor fÐltrwn (Gabor Teager energy).

~FT = [Ψ(hck ∗ I)]k=1···K

- Enèrgeia diamìrfwshc Ψmat, kurÐarqoc prosanatolismìc suqnìthtac ∠~ωD kai
èntash fwteinìthtac I (Enìthta 3.4).

~FD = [Ψmat(I), ∠~ωD, I]

Ta dÔo prÿta dianÔsmata, ~FG, ~FT eÐnai diĹstashc, anĹ pixel Ðshc me ton arij-
mì twn fÐltrwn, tupikĹ K = 40, enÿ to diĹnusma {kurÐarqwn} qarakthristikÿn,
meiÿnei thn diĹstash katĹ 3/K forèc. H sÔgkrish ~FG, ~FT exuphreteÐ th sÔgkrish
tou didiĹstatou telestă Ψ me ton klassikì telestă gia diĹkrish enèrgeiac. To ~FD
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(Q) (F) (O1) (O2)
Sqăma 5.8: Tupikèc mikroôfèc qÿmatoc: KrÔstalloi (quartz grains - crystals) (Q),
MikromĹza (fine matter) (F) kai organikì ulikì (organic matter) (O1, O2).

apoteleÐ to enallaktikì diĹnusma qamhlăc diĹstashc, pou èqei exaqjeÐ mèsw, entopi-
smoÔ enèrgeiac diamìrfwshc, anĹlushc kurÐarqwn sunistwsÿn kai perilambĹnei kai
plhroforÐa èntashc fwteinìthtac.

Oi tèsseric tupikèc tĹxeic ufăc pou faÐnontai sto sqăma 5.8, èqoun lhfjeÐ
apì tic leptomèreiec twn katatmhmènwn edafotomÿn, kai antiproswpeÔoun krÔstal-
louc/anìrgano ulikì (Q), mikromĹza ă susswmatÿmata adiĹkritou ulikoÔ (F), kai
organikì ulikì (O). Oi ufèc epilèqjhkan wc antiproswpeutikèc twn antÐstoiqwn
tĹxewn tupikÿn domÿn tou edĹfouc. Gia ìla ta zeÔgh, upologÐsjhkan oi apostĹ-
seic Fisher pou epitugqĹnontai apì ta trÐa dianÔsmata, fg, ft, fd. Ston pÐnaka 5.3
parousiĹzontai oi timèc twn apostĹsewn f .

Enèrgeia Gabor ~FG Enèrgeia Teager, ~FT KurÐarqa, ~FD

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 5.3: ApostĹseic Fisher gia qarakthristikĹ ufăc metĹ apì Gabor polukana-
likă anĹlush, gia ta deÐgmata tupikăc ufăc sto sqăma 5.8.

Oi mègistec kai elĹqistec apostĹseic me ta antÐstoiqa zeÔgh tĹxewn anĹ mèjodo
eÐnai: fg=[1.41 (Q-O1), 1.03 (Q-F)], ft=[1.56 (Q-O1), 1.10 (Q-F)], fd=[1.65 (F-
O1), 1.01 (F-O2)]. To diĹnusma Teager energeiÿn twn Gabor apokrÐsewn petuqaÐnei
megalÔterh diaqwrisimìthta gia kĹje zèugoc me mèsh apìstash 1.33, sugkrinìmeno
me thn tupikă Gabor enèrgeia mèsou 1.23. To qamhlăc diĹstashc diĹnusma kurÐarqwn
qarakthristikÿn, pou fèrei plhroforÐa plĹtouc kai suqnìthtac diamìrfwshc, dÐnei
th mègisth apìstash, (F-O1) kai mia mèsh 1.27 gia ìla ta zeÔgh.

SumperasmatikĹ, o didiĹstatoc telestăc Teager, xepernĹei se apìdosh th sumba-
tikă Gabor enèrgeia, se epÐpedo diaqwrisimìthtac, gia kathgoriopoÐhsh kai mporeÐ na
qrhsimopoihjeÐ enallaktikĹ san energeiakìc telestăc ă mh-grammikìthta metĹ apì
opoiodăpote polukanalikì filtrĹrisma. H enèrgeia diamorfÿsewn ufăc, isorropeÐ to
trade-off anĹmesa se diĹstash kai apotelesmatikìthta, prĹgma pou anadeiknÔei ìti ta
anaduìmena kurÐarqa qarakthristikĹ diamìrfwshc mporoÔn na qrhsimopoihjoÔn gia
epiprìsjeth anĹlush twn katatmhmènwn eikìnwn, kathgoriopoÐhsh ufăc ă ektÐmhsh
katanomÿn sqetikĹ me ton tÔpo ă thn ufă twn diaforetikÿn perioqÿn.
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5.5 SumperĹsmata kai apotimăseic

To plaÐsio anĹlushc edafotomÿn, pou èqei anaptuqjeÐ kai sthrÐzetai sthn anÐ-
qneush kai sthn anĹlush protÔpwn ufăc, perilambĹnei diaqwrismì kĹje eikìnac se
dÔo sunistÿsec, anĹlush ufăc kai suzeugmènh katĹtmhsh me plhroforÐa ufăc kai
gewmetrÐac. To koinì sqăma katĹtmhshc dÐnei perissìtero ermhneÔsima kai logi-
kĹ apotelèsmata se sÔgkrish me kajierwmènec, sumbatikèc mejìdouc. H apotÐmhsh
pragmatopoiăjhke tìso mèsw optikăc episkìphshc ìso kai me metrikĹ poiìthtac ka-
tĹtmhshc gia eikìnec edafotomÿn polÔplokhc domăc. H shmasÐa thc anĹlushc ufăc
anadeiknÔetai apì thn apìdosh kai ta apotelèsmata thc katĹtmhshc mèsa apì to
senĹrio diaqwrismoÔ thc apì th {gewmetrÐa}, dhl. thn antÐjesh ă to mègejoc twn
makrodomÿn, thc eikìnac. H enèrgeia diamìrfwshc ufăc beltiÿnei epÐshc th diaqw-
risimìthta twn tĹxewn gia kathgoriopoÐhsh, gegonìc pou mporeÐ na qrhsimopoihjeÐ
gia prìsjeth anĹlush twn perioqÿn katĹtmhshc me proôpologismèna qarakthristi-
kĹ. O sunduasmìc gewmetrikÿn, statistikÿn kai metrăsewn ufăc stic diaforetikèc
perioqèc ja apodÿsei tic qarakthristikèc idiìthtec tou edĹfouc gia thn ektÐmhsh thc
bðooikologikăc tou poiìthtac. AnĹlogec teqnikèc mporoÔn na efarmostoÔn kai se
Ĺllec ptuqèc thc epifaneiakăc ă upoedafikăc anĹlushc, ìpwc epÐshc kai se dedomèna
thlepiskìphshc.

¤
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AnÐqneush Mikrodomÿn Fwnăc

O lìgoc apoteleÐ Ðswc thn pio prÿimh morfă anjrÿpinhc epikoinwnÐac mazÐ me
thn eikìna kai th mousikă. Apì touc prÿtouc kwdikopoihtèc fwnăc kai thn eisa-
gwgă analogikÿn kumatomorfÿn se mhqanèc mèsw diĹtrhtwn kartÿn tou Flanagan,
proseggÐzetai h epoqă thc polumorfikăc, amfÐdromhc epikoinwnÐac anjrÿpou kai mh-
qanÿn. H anĹgkh gia teqnikèc kai genikeumèna montèla gia thn epexergasÐa optikăc
kai hqhtikăc plhroforÐac prokÔptei apì thn Ôparxh koinÿn efarmogÿn allĹ kai apì
thn anazăthsh ermhneÐac se paraplăsia fainìmena. Oi èreunec tou Teager [186] gÔ-
rw apì ta mh-grammikĹ fainìmena katĹ thn paragwgă thc fwnăc kai h akìloujh
mh-grammikă montelopoÐhsh thc, ÿjhsan thn anazăthsh mikrodomÿn diamìrfwshc se
sămata fwnăc gia jèmata epexergasÐac kai anagnÿrishc omilÐac.

ParousiĹzetai edÿ h èreuna sqetikĹ me thn anÐqneush tètoiwn mikrodomÿn me sko-
pì thn anagnÿrish kai thn anÐqneush fwnhtikÿn gegonìtwn (speech event detection).
Exeidikeumèna kai apotelesmatikĹ qarakthristikĹ gia anÐqneush kai katĹtmhsh fw-
năc eÐnai aparaÐthta se sÔgqrona sustămata epikoinwnÐac lìgou. Qrhsimopoiÿntac
idèec apì th mh-grammikă anĹlush thc fwnăc, ìpwc h parousÐa diamorfÿsewn kai h
polukanalikă anĹlush, proteÐnontai nèec perigrafèc enèrgeiac kai fasmatikoÔ perie-
qomènou. Ta nèa qarakthristikĹ lambĹnontai mèsw diaqwrismoÔ se pollaplèc zÿnec
suqnotătwn kai entopismoÔ thc kurÐarqhc enèrgeiac diamìrfwshc, se epÐpedo thc
Teager-Kaiser enèrgeiac xeqwristÿn AM-FM sunistwsÿn. H apotelesmatikìthta
touc epideiknÔetai mèsa apì jewrhtikă, statistikă anĹlush allĹ kai susthmatikă
apotÐmhsh se dÔo senĹria entopismoÔ fwnăc, kai sugkekrimèna anÐqneush sunìrwn
fwnăc (endpoint detection) kai anÐqneush fwnhtikăc drasthriìthtac (voice activity
detection) [56,57].

6.1 Fwnă se jìrubo

H anÐqneush Ôparxhc fwnăc mporeÐ na antimetwpisjeÐ eÐte Ĺmesa san anagnÿrish
kai onomatismì gegonìtwn (event labeling) se peribĹllon siwpăc ă(kai) jorÔbou,
eÐte èmmesa wc anagnÿrish fwnhtikăc drasthriìthtac (voice activity detection). O
diaqwrismìc fwnăc apì peribĹllonta jìrubo eÐnai eidikă perÐptwsh tou genikìterou
problămatoc thc katĹtmhshc fwnăc kai eÐnai shmantikìc gia thn anagnÿrish, kwdi-
kopoÐhsh, epexergasÐa kai metĹdosh fwnăc. Shmantikă meÐwsh epexergasÐac epitug-
qĹnetai epilègontac mìno ta qrăsima tmămata enìc hqografhmènou sămatoc, enÿ ta
sustămata anagnÿrishc omilÐac apaitoÔn uyhlă akrÐbeia katĹ th fĹsh thc dhmiourgÐ-
ac twn fwnhtikÿn protÔpwn. H anÐqneush emplèketai sto qarakthrismì, diaqwrismì
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kai prospèlash megĹlwn bĹsewn kai se teqnikèc enÐsqushc ìpwc h ektÐmhsh fĹ-
smatoc jorÔbou (noise spectrum estimation) [132], apìrriyh {parajÔrwn} (frame
dropping) [161], meÐwsh jorÔbou, akÔrwsh hqoÔc (echo cancelation), kanonikopoÐh-
sh enèrgeiac kai sumpÐesh siwpăc. Stic thlepikoinwnÐec efarmìzetai gia epilektikă,
pragmatikoÔ qrìnou, metĹdosh fwnăc pĹnw apì dÐktua.

Oi sÔgqronec proseggÐseic epikentrÿnontai eÐte sthn anĹptuxh exeligmènwn qa-
rakthristikÿn eÐte sthn poluplokìthta thc logikăc thc apìfashc. Prwtìtupa qa-
rakthristikĹ gia labeling fwnăc empnèontai apì enallaktikèc idiìthtec tou sămatoc.
Ektìc apì thn enèrgeia kai twn rujmì metabĹsewn apì to mhdèn (zero-crossings ra-
te), h bibliografÐa perilambĹnei <<periodikìthta>> kai jitter, eustĹjeia tou pitch, qw-
rikă susqètish, fasmatikă entropÐa, cepstral qarakthristikĹ, upìloipo LPC, enal-
laktikèc energeiakèc metrăseic [210], qronikă peribĹllousa isqÔoc [132], fasmatikă
apìklish [161, 162] kai qrono-suqnotikèc paramètrouc mèsw polukanalikăc anĹlu-
shc [207]. Prìsfata to statistikì plaÐsio kerdÐzei endiafèron me idiìthtec twn
statistikÿn thc fwnăc na qrhsimopoioÔntai kajÿc kai bèltistouc kanìnec lìgwn
pijanofĹneiac [180].

6.2 EnergeiakoÐ telestèc kai poluzwnikèc dia-
morfÿseic

Peiramatikèc kai jewrhtikèc endeÐxeic gia thn Ôparxh diamorfÿsewn se pollaplèc
klÐmakec katĹ th diĹrkeia paragwgăc, odăghsan sthn prìtash tou AM-FM montèlou
diamorfÿsewn gia th fwnă [125]. Apodiamìrfwsh enìc pragmatikoÔ AM-FM sămatoc

x(t) = a(t) cos

(∫ t

0

ω(τ)dτ

)
(6.1)

me qronikĹ metaballìmenh peribĹllousa plĹtouc a(t) kai sămata stigmiaÐwn suqnotă-
twn ω(t), mporeÐ na proseggisteÐ me qrăsh tou mh-grammikoÔ diaforikoÔ energeiakoÔ
telestă Teager-Kaiser [91,186]. Gia sămata suneqoÔc qrìnou autìc o telestăc eÐnai

Ψ[x(t)] ≡ [ẋ(t)]2 − x(t)ẍ(t) (6.2)

ìpou ẋ(t) = dx(t)/dt. O Teager-Kaiser energeiakìc telestăc Ψ entopÐzei th stigmiaÐa
enèrgeia phgăc pou parĹgei mia talĹntwsh. Efarmozìmenoc se èna AM-FM săma thc
morfăc (6.1), o Ψ dÐnei th stigmiaÐa enèrgeia thc phgăc dhl. Ψ[x(t)] ≈ a2(t)ω2(t),
ìpou to sfĹlma prosèggishc eÐnai amelhtèo [125], an to stigmiaÐo plĹtoc a(t) kai h
stigmiaÐa suqnìthta ω(t) de metabĹllontai polÔ ă grăgora se sqèsh me th mèsh timă
tou ω(t).

’Ena sqăma AM-FM apodiamìrfwshc [125] (Energy separation algorithm ă ESA),
basÐzetai ston Ψ kai ston diaqwrismì thc stigmiaÐac enèrgeiac sta sămata plĹtouc
kai suqnìthtac √

Ψ[ẋ(t)]

Ψ[x(t)]
≈ ω(t) ,

Ψ[x(t)]√
Ψ[ẋ(t)]

≈ |a(t)| (6.3)

H mejodologÐa stigmiaÐou diaqwrismoÔ thc enèrgeiac odăghse se diĹforec kathgorÐec
algorÐjmwn gia thn apodiamìrfwsh diakritÿn AM-FM shmĹtwn

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

(∫ n

0

Ω[k]dk

)
(6.4)
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ìpou oi akèraioi k kai n qrhsimopoioÔntai sumbolikĹ apì thn oloklărwsh wc su-
neqeÐc metablhtèc, A[n] = a(nT ) kai Ω[n] = Tω(nT ). Mia Ĺmesh prosèggish eÐnai
h efarmogă tou diakritoÔ Teager-Kaiser telestă Ψd[xn] ≡ x2

n − xn−1xn+1, ìpou
xn = x[n], sto diakritì (6.4) kai h apìkthsh diakritÿn energeiakÿn exisÿsewn thc
morfăc Ψd[xn] ≈ A2[n] sin2(Ω[n]). Aută eÐnai h bĹsh tou diakritoÔ algorÐjmou dia-
qwrismoÔ enèrgeiac (Discrete ESA) [125]:

arccos

(
1− Ψd[xn − xn−1] + Ψd[xn+1 − xn]

4Ψd[xn]

)
≈ Ω[n] (6.5)

√
Ψd[xn]

sin2(Ω[n])
≈ |A[n]| (6.6)

O DESA eÐnai aplìc, upologistikĹ aplìc kai èqei Ĺristh, sqedìn stigmiaÐa qronikă
anĹlush.

Gia na efarmosteÐ apodiamìrfwsh mèsw tou ESA se èna AM-FM montelopoih-
mèno săma, qreiĹzontai diadikasÐec filtrarÐsmatoc kai apomìnwshc sugkekrimènwn
zwnÿn suqnotătwn. To sqăma polukanalikăc anĹlushc apodiamìrfwshc (multiband
demodulation analysis ă MDA) protĹjhke sto [22] wc trìpoc exagwgăc diamorfÿ-
sewn parousÐa jorÔbou. To MDA efarmìzetai sthn èxodo miac sustoiqÐac grammikĹ
topojethmènwn Gabor fÐltrwn [60], twn opoÐwn h 1D apìkrish h(t) kai apìkrish
suqnìthtac H(ω) eÐnai

h (t) = exp (−α2t2) cos (ωct) (6.7)

H (ω) =

√
π

α

[
exp

(
−(ω − ωc)

2

4α2

)
+ exp

(
−(ω + ωc)

2

4α2

)]
, (6.8)

ìpou ωc h kentrikă suqnìthta tou fÐltrou kai α to rms eÔroc tou.

6.3 KÐnhtra kai anÐqneush mèsw statistikÿn
upojèsewn

Apotelesmatikă anÐqneush drasthriìthtac fwnăc proôpojètei thn exètash tìso
tou energeiakoÔ epipèdou thc diègershc ìso kai tou suqnotikoÔ tou perieqomènou. O
orismìc thc enèrgeiac enìc sămatoc katĹ ton Teager, wc h enèrgeia pou parĹgetai apì
thn genetăsia phgă tou, tairiĹzei se èna tètoio plaÐsio, me thn tautìqronh, stigmiaÐa
mètrhsh tou megèjouc dÔo posotătwn pou ekfrĹzoun th diaforetikă plhroforÐa.

Jewrÿntac to Ĺjroisma diamorfwmènwn hmitìnwn wc to montèlo fwnăc [125], h
perigrafă diakritoÔ qrìnou eÐnai

s[n] =
K∑

k=1

Ak[n] cos(Ωck · n + Φk[n]) (6.9)

ìpou k o deÐkthc suntonismoÔ (resonance) kai K o arijmìc twn jemeliwdÿn suntoni-
smÿn (formants). Ta stigmiaÐa metaballìmena sămata plĹtouc Ak kai fĹshc Φk (ă
suqnìthtac Ωk = Ωck + ∂Φk/∂n) prìkeitai na ektimhjoÔn kai na aniqneujoÔn.

’Estw ìti èna monadikì AM-FM săma eÐnai parìn, dhl. K = 1, me thn apomìnwsh
miac zÿnhc diamìrfwshc mèsw enìc arketĹ stenoÔ Gabor fÐltrou. H fèrousa Ωck
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mporeÐ na jewrhjeÐ gnwstă kai na proseggisteÐ mèsw thc kentrikăc suqnìthtac tou
fÐltrou. Diatupÿnontac to prìblhma gia aplìthta wc thn anÐqneush enìc hmito-
noeidoÔc me Ĺgnwstec, mh-tuqaÐec paramètrouc kai sqedìn statikì plĹtoc kai fĹsh,
anĹ parĹjuro anĹlushc, se leukì Gauss jìrubo Ĺgnwsthc metablhtìthtac, oi dÔo
statistikèc upojèseic eÐnai [95]:

H0 : X[n] = W [n]

H1 : X[n] = W [n] + A cos(Ωcn + Φ) + B
(6.10)

gia kĹje parĹjuro măkouc N . Qrhsimopoiÿntac ektimăseic mègisthc pijanofĹneiac
[Â, Φ̂, B̂, σ̂2

1, σ̂
2
0] gia tic Ĺgnwstec paramètrouc apodeiknÔetai eÔkola [57] ìti h sunĹr-

thsh logarijmikăc pijanofĹneiac gia th desmeumènh sto H1 katanomă Gauss p(X|H1)
eÐnai:

ln p(X|H1) ≈ N
Â2

4σ̂2
1

+
N

2σ̂2
1

(B̂2 − σ̂2
0)−

N

2
ln 2πσ̂2

1 (6.11)

Me statistikă dokimă, apofasÐzetai upèr thc upìjeshc Hi pou megistopoieÐ
th sunĹrthsh pijanofĹneiac. Gia na lhfjeÐ upìyin o diaforetikìc arijmìc ekti-
mÿmenwn paramètrwn gia tic dÔo upojèseic, qrhsimopoieÐtai to kritărio Minimum
Description Length ă MDL . Sugkekrimèna epilègetai h Hi pou megistopoieÐ to
MDL(i) = ln p(X|Hi) − ni

2
ln N, ìpou ni = [1, 4] h diĹstash tou dianÔsmatoc pa-

ramètrwn gia i = 1, 2.
H ektÐmhsh tou Ωc qrhsimopoiÿntac èna Gaussian parĹjuro eÔrouc suqnìthtac σg

qarakthrÐzetai apì kĹpoiec sqèseic abebaiìthtac twn mèswn diĹrkeiac kai suqnìthtac
[39], pou katalăgoun sto Ω2

c + σ2
g > 1/4N2 [57]. Qrhsimopoiÿntac to katÿtero ìrio

abebaiìthtac me n1 = 4 gia to MDL(1), mporeÐ na kataskeuasteÐ ènac kanìnac gia
thn anÐqneush hmitonoeidÿn sunistwsÿn fwnăc

N
Â2

4σ̂2
1

+ ln (Ω2
c + σ2

g)
H1

≷
H0

O(B̂, σ̂2
1, σ̂

2
0, N) (6.12)

ìpou O mia sunĹrthsh statistikÿn sto parĹjuro anĹlushc, to σg eÐnai anĹlogo tou
eÔrouc tou fÐltrou kai Â2/2σ̂2

1 o shmatojorubikìc lìgoc (SNR). Parìmoia logikă
efarmìzetai epÐshc kai gia thn anÐqneush enìc apì K hmitonoeidă me diaforetikèc
fèrousec, pou antistoiqoÔn sta K Gabor fÐltra. Se aută thn perÐptwsh dokimĹzon-
tai K + 1 upojèseic megistopoiÿntac to MDL kritărio enÿ èna parĹjuro anĹlushc
qarakthrÐzetai wc jìruboc an MDL(0) > MDL(i),∀i 6= 0.

Apì to [22] h anamenìmenh timă tou energeiakoÔ telestă se èna filtrarismèno
AM-FM săma 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 kentrikă kai h apìkrish suqnìthtac
tou fÐltrou kai Γc mia stajerĹ Ðsh me th mèsh filtrarismènh isqÔ jorÔbou. Edÿ h
prosèggish dÐnei Ψ(X[n]) ≈ A2(Ω2

c + Γc) · |H(Ωc)|2 kai logarijmÐzontac

ln Ψ(X[n]) ≈ ln A2 + ln(Ω2
c + Γc) + const. (6.13)

SugkrÐnontac tic exisÿseic (6.12) kai (6.13), parathreÐtai h analogÐa stouc ìrouc
plĹtouc kai suqnìthtac kai stic stajerèc pou basÐzontai sto mèso zwnoperatì jìru-
bo mèsa stouc logarÐjmouc. Autèc oi omoiìthtec, parĹ tic proseggÐseic pou tèjhkan
sto prìblhma, dÐnoun mia aÐsjhsh tou rìlou tou energeiakoÔ telestă kai twn ekti-
măsewn tou ESA gia thn epilogă tou kanalioÔ kai th diadikasÐa anÐqneushc fwnăc.
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’Etsi ta kÐnhtra gia qarakthristikĹ anÐqneushc fwnăc, basismèna se diamìrfÿseic,
eÐnai: (a) h statistikă ermhneÐa enìc aniqneută katwflÐwn (6.12), pou sugkrÐnei tau-
tìqrona mèsec ektimăseic plĹtouc kai suqnìthtac diataraqÿn, (b) h duðkă plhroforÐa
pou lambĹnetai apì ton Teager-Kaiser energeiakì telestă, (g) h ikanìthta tou ESA
na perigrĹfei diamorfÿseic akìmh kai se polÔ mikrèc klÐmakec, (d) o periorismìc tou
jorÔbou pou sunepĹgetai miac polukanalikăc zwnoperatăc diadikasÐac.

6.4 QarakthristikĹ diamìrfwshc

Oi zÿnec diamìrfwshc exĹgwntai mèsw sustoiqÐac K Gabor fÐltrwn kai o dia-
kritìc enèrgeiakìc telestăc Ψd efarmìzetai wc mh-grammikă energeiakă mètrhsh. H
diadikasÐa apotupÿnetai grafikĹ sto sqăma 6.1. Gia kĹje parĹjuro anĹlushc m,
lambĹnontai anaparastĹseic braqèwc qrìnou twn kurÐarqwn sunistwsÿn diamìrfw-
shc, entopÐzontac ston polu-diĹstato qÿro twn apokrÐsewn twn fÐltrwn sto săma
s, th mègisth mèsh Teager enèrgeia (mean Multiband Teager Energy) ă MTE :

MTE(m) = max
1≤k≤K

1

N

N∑
n=1

Ψd[(s ∗ hk)(n)] (6.14)

ìpou to ∗ sumbolÐzei sunèlixh , n eÐnai o deÐkthc deÐgmatoc me (m−1)N+1 ≤ n ≤ mN
kai hk h apìkrish tou k-ostoÔ fÐltrou.
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Sqăma 6.1: Exagwgă qarakthristikÿn diamìrfwshc: Polukanalikì filtrĹrisma, ento-
pismìc enèrgeiac diamìrfwshc kai apodiamìrfwsh tou fÐltrou me thn mègisth mèsh Teager
enèrgeia tou telestă Ψ. Oi mèsec timèc thc apodiamorfwmènhc exìdou tou epilegmènou
fÐltrou dÐnei ta qarakthristikĹ mèso polukanalikì stigmiaÐo plĹtoc kai suqnìthta. Ta
parĹjura anĹlushc eÐnai măkouc N deigmĹtwn.

To fÐltro i = arg maxk(MTE) upobĹlletai se apodiamìrfwsh mèsw tou DESA
kai oi mèsec timèc twn ektimăsewn dÐnoun, anĹ parĹjuro, to kurÐarqo mèso poluka-
nalikì stigmiaÐo plĹtoc (mean multiband Instant Amplitude ă MIA) kai stigmiaÐa
suqnìthta (mean Multiband Instant Frequency ă MIF)

MIA(m) =
1

N

N∑
n=1

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

N

N∑
n=1

Ωi(n) (6.15)
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To MTE ermhneÔetai wc h kurÐarqh enèrgeia diamìrfwshc(dominant modulation
energy), pou entopÐzei apì koinoÔ plhroforÐa plĹtouc kai suqnìthtac, oi opoÐec
upĹrqoun èmfutec se sămata fwnăc.

Sto sqăma 6.2 faÐnetai gia èna parĹjuro anĹlushc enìc sămatoc, fwnăc sthn
prokeimènh perÐptwsh, h diadikasÐa sĹrwshc tou fĹsmatoc apì th sustoiqÐa (25
Gabor fÐltra, rms energì eÔroc 160 Hz) kai h epilogă kai apodiamìrfwsh tou kurÐ-
arqou. Ta nèa qarakthristikĹ braqèwc qrìnou gia olìklhro to săma, sugkrinìmena
me klassikèc anaparastĹseic enèrgeiac (mèso apìluto plĹtoc ă mAA) kai suqnoti-
kăc metabolăc (mèsoc rujmìc metabĹsewn apì to mhdèn ă ZR) faÐnontai sto sqăma
6.3.
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Sqăma 6.2: AnĹlush kai apodiamìrfwsh fwnăc anĹ kanĹli. Gia kĹje parĹjuro anĹ-
lushc, epilègetai kai apodiamorfÿnetai to kanĹli me th mègisth mèsh Teager enèrgeia ă
kurÐarqh enèrgeia diamìrfwshc.

6.5 Entopismìc sunìrwn fwnăc se jìrubo

Ta qarakthristikĹ diamìrfwshc (MTE, MIA, MIF) qrhsimopoiăjhkan antÐ twn
sumbatikÿn mean absolute amplitude (mAA) kai zero-crossings rate (ZR) se mia ka-
jierwmènh mèjodo anÐqneushc orÐwn fwnăc (endpoint detection) me katÿflia [160].
Apì ta prÿta 100 ms, pou jewroÔntai ek ton protèrwn siwpă ă jìruboc peribĹl-
lontoc, h mèsh timă µsif kai h tupikă apìklish σsif thc MIF upologÐzontai mazÐ me
mègistec timèc gia thn {enèrgeia} MTE siwpăc, Smax, allĹ kai gia olìklhro to să-
ma Pmax. Kanìnec katwfliÿn kataskeuĹzontai qrhsimopoiÿntac empeirikĹ bĹrh κ, λ,
sÔmfwna me ta

γf = µsif + κσsif, γd = min(T1, T2), γu = 5 · γd (6.16)

T1 = λPmax + (1− λ)Smax , T2 = 3 · Smax (6.17)

’Enac diplìc èlegqoc thc {energeiakăc} mètrhshc tou sămatoc, anazhtÿntac ta akraÐ-
a shmeÐa ìpou xeperniètai èna yhlì katÿfli γu, amèswc metĹ apì èna qamhlìtero γd,
aniqneÔei to kÔrio, sunăjwc èmfwno tmăma thc diataraqăc. Ta arqikĹ ektimÿmena
sÔnora metatopÐzontai ètsi ÿste na perikleÐsoun tuqìn isqură fasmatikă drasth-
riìthta, qrhsimopoiÿntac to γf katÿfli metrăsewn {suqnotikoÔ} perieqomènou. Gia
tic edÿ dokimèc dìjhkan sta bĹrh oi timèc λ = 0.02, κ = 1. Sto sqăma 6.4 dÐnontai
paradeÐgmata tou algorÐjmou me ta klassikĹ kai ta nèa qarakthristikĹ diamìrfwshc.
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Sqăma 6.3: QarakthristikĹ anĹlushc kai anÐqneushc fwnăc se 15 ms par’ajura Ham-
ming, me 1/2 thc diĹrkeiac epikĹluyh, sta 16 kHz. Kummatomorfă, klassikĹ qarakth-
ristikĹ (mAA, ZR) kai ta nèa qarakthristikĹ diamìrfwshc MTE, MIA & MIF. ’Olec oi
parastĹseic eÐnai kanonikopoihmènec kai omalopoihmènec me sunduasmì grammikÿn kai
mh-grammikÿn fÐltrwn (median 3 shmeÐwn, Hanning 3 shmeÐwn).

Ta qarakthristikĹ gia anÐqneush sunìrwn dokimĹsthkan kĹtw apì pragmatikèc
sunjăkec thlefwnikoÔ jorÔbou sth bĹsh NTIMIT. To egqeÐrhma ătan h anÐqneush
orÐwn frĹsewn, anexĹrthta apì to eÐdoc thc endiĹmeshc drasthriìthtac, sugkrinì-
mena me ta ìria pou èqoun prokÔyei apì anjrÿpinh episkìphsh thc bĹshc. OrÐsthke
wc sfĹlma anÐqneushc opoiadăpote lanjasmènh topojèthsh twn sunìrwn Ĺnw twn
60 ms. PosostĹ orjăc anÐqneushc gia olìklhrh th bĹsh (1570 frĹseic), me diafo-
retikoÔc sunduasmoÔc qarakthristikÿn faÐnontai ston pÐnaka 6.5. KĹje sunduasmìc
perilambĹnei mia {energeiakă} kai mia {suqnotikă} mètrhsh. Stălec me èna mìno qa-
rakthristikì antistoiqoÔn se apotelèsmata apì èna mìno èlegqo me katÿflia, qwrÐc
beltÐwsh twn arqikÿn ektimăsewn.

To mSA anafèretai sto mèso tetragwnikì plĹtoc, enÿ ta MAA, MZR eÐnai po-

KlassikĹ PolukanalikĹ Diamìrfwshc Teager

mAA, ZR mSA, ZR MAA, MZR MTE, MIF MTE STE PTE
56.1 66.6 51.5 73.5 73.1 71.6 49.5

PÐnakac 6.1: Orjă anÐqneush orÐwn fwnăc (%) sth bĹsh NTIMIT

Geÿrgioc Euaggelìpouloc - ’Ekjesh EndiĹmeshc KrÐshc 79



KefĹlaio 6. AnÐqneush Mikrodomÿn Fwnăc

−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)

Sqăma 6.4: ParadeÐgmata entopismoÔ sunìrwn fwnăc me klassikĹ kai nèa qarakth-
ristikĹ se dÔo lèxeic (pĹnw seirĹ) me tic kĹjetec grammèc paristĹnoun ta pragmatikĹ
sÔnora. AkoloÔjwc parousiĹzontai ta nèa kai ta sumbatikĹ qarakthristikĹ kai ta
apotelèsmata touc. Oi {energeiakèc} metrăseic (mAA,MTE) parousiĹzontai se dB se
koină parĹstash gia lìgouc sÔgkrishc.

lukanalikèc parallagèc twn klassikÿn kai apoteloÔn antÐstoiqa to mègisto apì
ìlec tic zÿnec mèso plĹtoc kai rujmì zero-crossings sth zÿnh me th mègisth mèsh
filtrarismènh peribĹllousa. Tèloc oi dÔo teleutaÐec stălec antistoiqoÔn se enal-
laktikèc metrăseic me thn Teager enèrgeia. H PTE perigrĹfetai sto [210], enÿ h
STE eÐnai h mèsh èxodoc tou energeiakoÔ telestă anĹ parĹjuro, qwrÐc polukana-
likă anĹlush. SumperasmatikĹ, h apotelesmatikìthta twn nèwn qarakthristikÿn
ofeÐletai isĹxia sta pleonektămata tìso thc polukanalikăc anĹlushc ìso kai twn
metrăsewn enèrgeiac diamorfÿsewn. H meÐwsh tou mèsou sfĹlmatoc anÐqneushc, se
sqèsh me thn klassikă prosèggish eÐnai 38.7% qrhsimopoiÿntac mìno to MTE kai
40.1% beltiÿnontac ta apotelèsmata me to MIF.

Gia thn ektÐmhsh twn apotelesmĹtwn anexĹrthta apì ta empeirikĹ orismèna dia-
stămata sfĹlmatoc, qrhsimopoiăjhke mia aplă sÔmbash gia thn paragwgă kampulÿn
pou proseggÐzoun tic kampÔlec ROC (Receiver Operating Characteristics). Gia ta
dÔo eÐdh sfalmĹtwn topojèthshc, tÐjetai austhrĹ sta 30 ms h anoqă se qamènh
diĹrkeia fwnhmĹtwn (lost-phoneme error) kai afănetai h anoqă prÿimhc arqăc ă ka-
justèrhshc tèlouc (spoke-too-soon error) na metabĹlletai sto diĹsthma 2 me 150
ms. Autì to diĹsthma, kanonikopoihmèno sto mègisto tou, dÐnei èna mètro pou sqe-
tÐzetai me thn pijanìthta esfalmènou sunagermoÔ. Oi dÔo posìthtec den eÐnai Ðsec
allĹ sundèontai, me mia èna proc èna, monotonikĹ aÔxousa, Ĺgnwsth sunĹrthsh [57],
kajÿc aÔxhsh sthn anoqă, auxĹnei thn pijanìthta katĹ kĹpoio posostì. Sto sqăma
6.5 faÐnontai tètoiec kampÔlec anÐqneushc - anoqăc gia ta klassikĹ qarakthristikĹ,
tic polukanalikèc ekdoqèc touc kai ta qarakthristikĹ diamìrfwshc.
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Sqăma 6.5: KampÔlec anÐqneushc - anoqăc lĹjouc, (a) sthn NTIMIT kai (b) sthn
TIMIT me prosjetikì jìrubo (SNR=30 dB). To qronikì diĹsthma ston orizìntio Ĺxona
eÐnai to diĹsthma anoqăc sfĹlmatoc orÐwn twn frĹsewn kai sqetÐzetai me thn pijanìthta
lanjasmènou sunagermoÔ.

6.6 AnÐqneush fwnhtikăc drasthriìthtac

Ta sustămata anÐqneushc fwnhtikăc drasthriìthtac (Voice Activity Detection ă
VAD), kathgoriopoioÔn eiserqìmena parĹjura enìc sămatoc, me bĹsh exagÿmena qa-
rakthristikĹ, qondrikĹ se dÔo tĹxeic: fwnhtikĹ kai mh-fwnhtikĹ gegonìta (paÔseic,
siwpă,jìruboc, allĹ kai yÐjuroi, asjenă Ĺfwna k.a.). ’Ena tètoio sÔsthma, sqedia-
smèno gia akrÐbeia kai anoqă se jìrubo, protĹjhke sta [161,162], kai perilambĹnei th
qrăsh thc makroprìjesmhc fasmatikăc apìklishc (Long Term Spectral Divergence
ă LTSD). O algìrijmoc basÐzetai se prosarmozìmena katÿflia kai enhmèrwsh twn
paramètrwn tou jorÔbou. To ektimÿmeno qarakthristikì posotikopoieÐ thn apìkli-
sh thc fwnăc apì ton jìrubo peribĹllontoc kai eÐnai sthn ousÐa mia {energeiakă}
mètrhsh pou diathreÐ kai fasmatikă plhroforÐa, aută twn isqurÿn fasmatikÿn suni-
stwsÿn se geitonikĹ parĹjura anĹlushc. To VAD basismèno sto LTSD dokimĹsthke
exantlhtikĹ kai epituqhmèna kĹtw apì diĹforec, pragmatikèc sunjăkec jorÔbou kai
sugkrÐjhke me prìtupa VAD [11], qrhsimopoiÿntac koinèc mejìdouc apotÐmhshc allĹ
kai akrÐbeia anagnÿrishc.

6.6.1 AnÐqneush enèrgeiac diamìrfwshc

H apotelesmatikìthta tou MTE wc aniqneută gegonìtwn fwnăc se èna VAD sÔ-
sthma gÐnetai prosarmìzontac ton basismèno sto LTSD algìrijmo kai allĹzontac to
basikì qarakthristikì tou me thn kurÐarqh enèrgeia diamìrfwshc MTE se dÔo enal-
laktikèc ekfrĹseic apìklishc; makrĹc kai braqèac. KatĹ th diĹrkeia miac periìdou
arqikopoÐhshc majaÐnontai ta qarakthristikĹ tou jorÔbou. MetĹ thn exagwgă twn
qarakthristikÿn, enìthta 6.4, h diaforĹ epipèdou se dBse sqèsh me thn antÐstoiqh
mètrhsh jorÔbou, sugkrÐnetai me èna prosarmozìmeno katÿfli γ ∈ [γ0, γ1]:

γ = γ0 + (γ1 − γ0)(E − E0)/(E1 − E0) (6.18)

ìpou E h enèrgeia jorÔbou peribĹllontoc, enÿ ta ìria tou diastămatoc exartÿntai
apì tic enèrgeiec E0, E1 stic pio {kajarèc} kai pio jorubÿdeic sunjăkec thc upì
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exètashc bĹshc, upologismènec katĹ thn arqikopoÐhsh. H mètrhsh tou qarakthri-
stikoÔ tou jorÔbou prosarmìzetai kĹje forĹ pou siwpă ă paÔsh aniqneÔetai, me
topikoÔc mèsouc se mia mikră geitoniĹ parajÔrwn. Me ton trìpo autì lambĹnontai
upìyin mh-statikèc sunjăkec jorÔbou.

Gia na metrhjoÔn {apoklÐseic} enèrgeiac diamìrfwshc, sto pnèuma tou LTSD,
qrhsimopoioÔntai qarakthristikĹ basismèna sto mègejoc MTE:

1. Apìklish Polukanalikăc Teager Enèrgeiac (Multiband Teager Energy Diver-
gence ă MTED), h mègisth anĹ kanĹli mèsh enèrgeia MTE, ìpwc orÐsthke
prohgoÔmena sugkrinìmenh me to antÐstoiqo mègejoc MTEW gia to jìrubo

MTED(m) = 10 log10 (MTE(m)/MTEW) (6.19)

To MTED metrĹei thn apìklish thc enèrgeiac diamìrfwshc enìc frame apì thn
enèrgeia anaforĹc tou jorÔbou. OusiastikĹ h diadikasÐa eÐnai Ðdia me ton al-
gìrijmo anÐqneushc orÐwn thc enìthtac 6.5, pou sugkrÐnei th diaforĹ megèjouc
tou MTE.

2. Makroprìjesmh Apìklish Polukanalikăc Teager Enèrgeiac (Long-term Multi-
band Teager Energy Divergence ă LTED), ìpou to MTE megistopoieÐtai se mia
geitoniĹ 2L parajÔrwn, katalăgontac se mia diestalmènh kai kanonikopoihmènh
wc proc ton jìrubo ekdoqă tou:

LTED(m) = 10 log10

(
max

l
{MTE(m + l)}/MTEW

)
(6.20)

me to −L ≤ l ≤ L na kajorÐzei thn tĹxh thc exĹrthshc apì geitonikĹ frame.

Sto sqăma 6.6 parousiĹzetai èna parĹdeigma twn proteinìmenwn qarakthristi-
kÿn gia VAD se èna parĹdeigma akoloujÐac yhfÐwn apì th bĹsh Aurora 3 (quiet,
hands-free mic.), gia parĹjura 25 ms me 10 ms metatopÐseic kai mia sustoiqÐa 25
Gabor. MazÐ faÐnetai kai to prosarmozìmeno katÿfli pou shmatodoteÐ th fwnhti-
kă drasthriìthta. DiaisjhtikĹ ta MTE anamènontai na douleÔoun kalÔtera, kajÿc
megistopoioÔn th mètrhsh anĹ frame tìso suqnotikĹ (mèsw thc polukanalikăc anĹ-
lushc), ìso kai qronikĹ (mèsw thc topikăc geitoniĹc). ’Etsi exasfalÐzetai h kurÐarqh
topikĹ qrono-fasmatikă perigrafă tou sămatoc.

6.6.2 Apotelèsmata kai sugkrÐseic

To peiramatikì plaÐsio perilambĹnei sugkrÐseic apìdoshc anÐqneushc tou LTSD
anaforĹc kai twn basismènwn sto MTE VADs, (6.19, 6.20), kĹtw apì diaforetikèc
sunjăkec jorÔbou stic bĹseic Aurora 2 (70070 frĹseic) kai Aurora 3 (4914 frĹseic).
H apotÐmhsh basÐzetai se lĹjh kathgoriopoÐhshc se diaforetikĹ SNR [11, 132, 161]
qrhsimopoiÿntac kĹpoio qarakthrismì ă onomatismì anaforĹc tou kajaroÔ sunìlou
dedomènwn. Edÿ qrhsimopoiăjhke autìmath anagnÿrish fwnăc gia katĹtmhsh kai
onomatismì twn gegonìtwn fwnăc kai siwpăc stic bĹseic. Apotelèsmata uyhloÔ
posostoÔ anagnÿrishc stic kajarèc akoloujÐec yhfÐwn kajorÐzei to ground truth.
En suntomÐa, gia to sÔnolo Aurora 2, h ekpaÐdeush tou sustămatoc gÐnetai qrhsi-
mopoiÿntac 32 mixtures, 18 katastĹseic kai to măkouc 39 diĹnusma qarakthristikÿn
[MFCC, log E, ∆, ∆∆]T sto senĹrio <<clean-train>> me tic dokimèc sta kajarĹ dedomèna
na petuqaÐnoun èna posostì 99.6% akrÐbeiac anagnÿrishc lèxewn. Gia thn Aurora 3,
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Sqăma 6.6: ParadeÐgmata anÐqneushc kurÐarqhc enèrgeia diamìrfwshc MTE gia VAD
kai to qarakthristikì anaforĹc LTSD [161]. Ta diastămata drasthriìthtac aniqneÔ-
jhkan parìmoia kai me ta dÔo qarakthristikĹ, LTED kai MTED.

h ekpaÐdeush gÐnetai me 16 mixtures, 16 katastĹseic kai to Ðdia qarakthristikĹ. To
uposÔnolo twn 1522 gia to <<well matched>> senĹrio dokimÿn qrhsimopoiăjhke me
93.7% akrÐbeia anagnÿrishc.

Gia to VAD anaforĹc LTSD qrhsimopoiăjhkan oi prodiagrafèc pou anafèrontai
sto [161], enÿ gia ta proteinìmena VAD ta bèltista katÿflia (6.18), ektimăjhkan
mèsw kampulÿn ROC. Sto sqăma 6.7 parousiĹzontai autèc oi kampÔlec sta pio jo-
rubÿdh kai pio kajarĹ sÔnola gia ta VAD me qarakthristikĹ ta MTED kai LTED.
Epilèqjhkan ta katÿflia pou antistoiqoÔn sta shmeÐa twn kampulÿn elĹqisthc apì-
stashc apì thn Ĺnw aristeră gwnÐa tou idanikoÔ shmeÐou leitourgÐac. Autì odăghse
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 3 èginan me ta Ðdia zeÔgh katwfliÿn
(γ0 = 6 dB, γ1 = 2.5 dB) kai gia ta trÐa qarakthristikĹ.

H apìdosh twn VAD ektimăjhke sqetikĹ me to posostì orjÿn aniqneÔsewn fw-
năc (speech Hit Rate ă HR1), pou orÐzetai wc o lìgoc twn parajÔrwn fwnăc pou
èqoun aniqneujeÐ wc proc to sunolikì arijmì parajÔrwn fwnăc kai to posostì orjÿn
aniqneÔsewn siwpăc (non-speech Hit Rate ă HR0), orismèno anĹloga gia th siwpă.
SumplhrwmatikĹ me autèc tic posìthtec orÐzontai ta posostĹ lanjasmènou sunager-
moÔ (False Alarm Rates, FAR1 kai FAR0) twn apofĹsewn gia fwnă kai jìrubo.

Stouc pÐnakec 6.2 kai 6.3 parousiĹzetai h apìdosh gia ta trÐa VAD, stic bĹ-
seic anaforĹc. Ta apotelèsmata antistoiqoÔn kai sta dÔo posostĹ, se mèsec timèc
apì ìla ta dedomèna, anĹ epÐpedo jorÔbou. Ta lĹjh kathgoriopoÐhshc sumbaÐnoun
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Sqăma 6.7: KampÔlec ROC gia apotÐmhsh apìdoshc thc anÐqneushc fwnăc sto (a) gia
to {kajarì} sÔnolo kai (b) gia to pio jorubÿdec (-5 dB) sÔnolo thc Aurora 2 gia ta VAD
basismèna sto MTE. ParousiĹzetai epÐshc to shmeÐo leitourgÐac tou LTSD-VAD.

PÐnakac 6.2: AkrÐbeia AnÐqneushc, Aurora 2

QarakthristikĹ VAD
Jìruboc (dB) LTSD LTED MTED

HR1 HR0 HR1 HR0 HR1 HR0

clean 95.6 66.6 89.7 72.7 88.1 67.3
20 89.9 80.4 83.2 83.6 79.4 78.4
15 90.1 75.8 80.2 83.8 77.1 78.2
10 90.3 70.3 77.2 83.9 73.9 78.4
5 89.8 63.4 71.9 79.7 75.6 68.8
0 89.9 67.4 74.3 81.4 75.1 72.6
-5 87.1 45.5 51.0 75.0 70.7 54.4

Mèsoi (%) 90.4 67.1 75.4 80.0 77.1 71.1
Nìrma lĹjouc (%) 34.3 31.7 36.8

HR1: speech Hit Rate, HR0: non-speech Hit Rate

PÐnakac 6.3: AkrÐbeia AnÐqneushc, Aurora 3

QarakthristikĹ VAD
Sunjăkec 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 78.7

Mèsoi (%) 85.6 65.1 87.5 67.4 79.3 72.8
Nìrma lĹjouc (%) 37.8 34.9 34.2

HR1: speech Hit Rate, HR0: non-speech Hit Rate
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kai stic dÔo kathgorÐec gegonìtwn (fwnăc kai siwpăc/jorÔbou), me apotèlesma ta
posostĹ HR1, HR0 na jewroÔntai Ðshc barÔthtac kai shmasÐac. Autì mporeÐ na
posotikopoihjeÐ apì thn L2 nìrma twn lanjasmènwn sunagermÿn. Epidiÿketai, gia
kalÔterh leitourgÐa, h elaqistopoiăsh thc nìrmac lĹjouc (overall false alarm error
norm):

‖(FAR0,FAR1)‖ =
[
(1− HR0)2 + (1− HR1)2

]1/2
(6.21)

StatistikĹ autì to metrikì ekfrĹzei thn mèsh apìdosh tou aniqneută kajÿc eÐnai
√

2
forèc h rms nìrma twn FAR, enÿ gewmetrikĹ eÐnai h mikrìterh EukleÐdia apìstash
apì to idanikì shmeÐo leitourgÐac sthn ROC kampÔlh (HR=100, FAR=0) (sqăma
6.7). Sto sqăma 6.8 oi nìrmec lĹjouc parousiĹzontai gia ta dÔo sÔnola dedomènwn
kai ta trÐa diaforetikĹ VAD wc sunĹrthsh thc meÐwshc tou SNR.
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Sqăma 6.8: OlikĹ sfĹlmata (overall false alarm error nomrs) anÐqneushc fwnhtikÿn
gegonìtwn kĹtw apì diaforetikĹ SNR stic bĹseic (a) Aurora 2 kai (b) Aurora 3.

Stic dokimèc sthn Aurora 2, ìpou ta katÿflia epilèqjhkan katĹ bèltisto trìpo,
oi MTE algìrijmoi isostajmÐzoun ta dÔo posostĹ dÐnontac mèsa hit rates pĹnw apì
70% tìso gia parousÐa ìso kai gia apousÐa fwnăc. To LTED elaqistopoieÐ th nìrma
lĹjouc (6.21), me 7.6% sqetikă meÐwsh tou olikoÔ lĹjouc ènanti sto LTSD. Apì to
sqăma 6.8(a) faÐnetai ìti o LTED aniqneutăc elaqistopoieÐ to sfĹlma, ektìc apì ta
20 dB SNR, ìpou kai ta trÐa qarakthristikĹ akoloujoÔn anĹlogh ptÿsh apìdoshc
kĹtw apì auxanìmeno SNR. Sto sÔnolo Aurora 3, ìpou ta katÿflia anÐqneushc
eÐnai ta Ðdia, to LTED petuqaÐnei uyhlìterh apìdosh se memonwmèna hit rate ap’ ìti
to LTSD kai mia sunolikă sqetikă meÐwsh sfĹlmatoc tou 7.7%. H elĹqisth nìrma
lĹjouc dÐnetai apì to MTED qarakthristikì me sqetikă meÐwsh katĹ 9.5%, enÿ
kai oi dÔo algìrijmoi pou basÐzontai sta qarakthristikĹ diamìrfwshc xepernĹne to
LTSD sto sunolikì sfĹlma kĹtw apì ìlec tic sunjăkec jorÔbou, ìpwc faÐnetai kai
sto sqăma 6.8(b). Shmeiÿnetai ìti to LTED eÐnai me sunèpeia kalÔtero kai sta dÔo
sÔnola dokimÿn.

6.7 SumperĹsmata

H anÐqneush fwnhtikÿn gegonìtwn proseggÐzetai mèsw thc anÐqneushc mikrodo-
mÿn diamìrfwshc, entopÐzontac kai metrÿntac katĹllhla kai se pollaplèc zÿnec
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thn kurÐarqh enèrgeia touc kai exĹgwntac argĹ metaballìmenh plhroforÐa kurÐar-
qou plĹtouc kai suqnìthtac. Ta qarakthristikĹ diamìrfwshc diapistÿjhkan ìti
beltiÿnoun susthmatikĹ thn anÐqneush twn orÐwn thc fwnăc se memonwmènesc lèxeic
ă frĹseic kai meiÿnoun to mèso olikì sfĹlma anÐqneushc enìc sjenaroÔ kai megĹ-
lhc akrÐbeiac aniqneută fwnhtikăc drasthriìthtac, se megĹlec bĹseic anaforĹc. H
epèktash autÿn twn ideÿn gia genikeumènh anÐqneush kai anĹlush gegonìtwn mpo-
reÐ na gÐnei mèsw miac susthmatikăc perigrafăc me ìrouc mikrodiamorfÿsewn twn
kathgoriÿn akoustikÿn shmĹtwn.

¤
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Mellontikă ’Ereuna kai
EpektĹseic

H melèth thc ufăc mèsw twn mh-grammikÿn montèlwn diamorfÿsewn èqei anadeÐxei
thn ikanìthta tètoiwn montèlwn na exĹgoun kai na perigrĹfoun domèc se pollaplèc
klÐmakec, me efarmogèc se zhtămata anaparĹstashc eikìnwn kai upologistikăc ìra-
shc. H parĹllhlh efarmogă proc thn anazăthsh parìmoiwn domÿn fwnăc, me dedo-
mèno ìti jematikĹ oi diamorfÿseic se sămata fwnăc èqoun exetasjeÐ arketĹ nwrÐtera
kai ektenèstera, odăghse sthn anĹptuxh qarakthristikÿn ikanÿn gia diaqwrismì
fwnhtikÿn gegonìtwn. KleÐnontac epiqeireÐtai edÿ mia sÔnoyh thc proìdou, kai mia
oriojèthsh twn mellontikÿn stìqwn kai proseggÐsewn sta wc tÿra anoiqtĹ problă-
mata, kurÐwc gÔrw apì thn optikă ufă allĹ kai th mikrodomă thc fwnăc.

7.1 Dedomèna, Merikă prìodoc

To montèlo poluzwnikÿn diamorfÿsewn qrhsimopoieÐtai gia thn anaparĹstash
plhroforÐac optikăc ufăc. H isqÔc tou ègkeitai sthn sthn perigrafă me èna sÔno-
lo paramètrwn diamìrfwshc pou perilambĹnoun thn topikă qrwmatikă antÐjesh kai
tic anaduìmenec qwrikèc suqnìthtec oi opoÐec eujÔnontai gia thn klÐmaka, ton pro-
sanatolismì kai thn traqÔthta thc ufăc. EntopÐzontac kai exĹgontac thn enèrgeia
twn kurÐarqwn topikÿn diamorfÿsewn, me th boăjeia mh-grammikÿn energeiakÿn te-
lestÿn kai polukanalikă anĹlush kai diaqwrÐzontac th stigmiaÐa, prokÔptoun ploÔ-
siec se plhroforÐa kai mikrèc se diĹstash perigrafèc thc ufăc miac eikìnac. Ta
qarakthristikĹ kuriarqÿn sunistwsÿn ufăc epilèqjhkan kai qrhsimopoiăjhkan gia
jèmata anĹlushc (exagwgă qarakthristikÿn [98]), katĹtmhshc (metabolikĹ sqămata
me bĹsh ta qarakthristikĹ diamìrfwshc [99]), anÐqneushc (kinhtăriec dunĹmeic se po-
lukritiriakì sqăma [177, 178]) kai kathgoriopoÐhshc (diaqwrismìc tĹxewn me mikrăc
diĹstashc dianÔsmata kai energeiakoÔc telestèc [177]).

Prìsfatec jewrÐec kai montèla gia diaqwrismì ufăc, problèpoun orismoÔc twn
diaforetikÿn sunistwsÿn se sumplhrwmatikoÔc qÿrouc sunartăsewn kai metabo-
likèc upologistikèc teqnikèc gia thn anĹkthsh touc. Mia prÿth prosèggish thc
sunistÿsac twn talantÿsewn thc ufăc ègine me th boăjeia morfologikÿn telestÿn
sunartăsewn kai puramÐdec apì aplousteumènec ekdoqèc thc eikìnac se pollaplèc
klÐmakec. H prosèggish mèsw levelings prosfèrei pleonektămata allĹ den èqei die-
reunhjeÐ akìmh to an ikanopoieÐ tic paradoqèc tou arqikoÔ u + v montèlou ă an h
sunistÿsa ufăc, pou lambĹnetai sumplhrwmatikĹ apì th diadikasÐa, anăkei sto qÿro
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sunartăsewn tou Meyer [137].

An kai den èqei dojeÐ èktash sthn paroÔsa anaforĹ, merikă prìodoc èqei epi-
teuqjeÐ kai sth montelopoÐhsh, anĹlush kai sÔnjesh stoqastikăc ufăc me qrăsh
tou montèlou AM-FM sunistwsÿn me stoqastikă (ă kai frĹktal) diamìrfwsh fĹ-
shc. Ta sămata stigmiaÐwn suqnotătwn pou prokÔptoun apì apodiamìrfwsh twn
mh-statikÿn sunistwsÿn parousiĹzoun arketĹ tuqaÐa domă. Me kÐnhtro anĹloga
fainìmena se sămata fwnăc (p.q. suristikoÔc ăqouc), h tuqaÐa fĹsh twn apodiamor-
fwmènwn shmĹtwn montelopoieÐtai wc stoqastikìc, 1/f jìruboc. H stigmiaÐa qwrikă
metabolă thc fĹshc lambĹnetai me oloklărwsh sto pedÐo thc eikìnac, h opoÐa para-
metropoieÐ kai to montèlo wc proc ton ekjèth thc metabolăc tou fĹsmatoc isqÔoc. H
mètrhsh tou ekjèth gÐnetai eÐte apeujeÐac me ektÐmhsh thc klÐshc tou logarijmikoÔ
fĹsmatoc eÐte èmmesa apì ton upologismì thc frĹktal diĹstashc thc epifĹneiac. H
ektÐmhsh kai o èlegqoc tou montèlou gÐnetai me anĹlush sunjetikăc ufăc gnwstÿn
paramètrwn kai sÔnjesh eikìnwn me tuqaÐa paragìmenh fĹsh mèsw 1/f diadikasiÿn,
kĹpoiec apì tic opoÐec eÐnai fBm.

Proc mia eniaÐa antimetÿpish thc ufăc, me bĹsh tic apaităseic kai tic diaisjhtikèc
paradoqèc tou KefalaÐou 2, ègine mia prÿth prosèggish sto plaÐsio twn qwrikÿn dia-
morfÿsewn. Ta jemeliÿdh stoiqeÐa ă primitives thc ufăc eÐnai, se èna afhrhmèno gia
thn ÿra bajmì, oi qwrikĹ topikĹ emfanizìmenec sunistÿsec diamìrfwshc se stenèc
zÿnec suqnotătwn. Tètoiec sunistÿsec entopÐzontai kai oriojetoÔn perioqèc, kalÔ-
ptoun diaforetikèc klÐmakec, kai mporoÔn na orisjoÔn me to sÔnolo twn paramètrwn
diamìrfwshc se èna qwrikì plègma. Mèsw thc kurÐarqhc enèrgeiac diamorfÿsewn
ufăc, posotikopoieÐtai h sugkèntrwsh kai h parousÐa twn kurÐarqwn primitives dia-
mìrfwshc se kĹje jèsh kai kajorÐzetai an mia perioqă eÐnai ă diajètei kat’ autìn ton
trìpo ufă.

H Ĺmesh efarmogă èqei tejeÐ se jèmata anĹlushc eikìnwn edafotomÿn gia zh-
tămata bðooikologikoÔ elègqou. H ufă tètoiwn eikìnwn, pou akìmh kai kĹtw apì
anjrÿpinh paratărhsh eÐnai dÔskolo na qarakthristeÐ kai na kathgoriopoihjeÐ, em-
plèketai se ìla ta stĹdia thc anĹlushc. Wc kurÐarqo kai shmantikì qarakthristikì,
perigrĹfetai mèsw polukanalikăc apodiamìrfwshc kai kurÐarqwn qarakthristikÿn,
odhgeÐ th diadikasÐa katĹtmhshc kai summetèqei wc kritărio gia beltÐwsh tou teli-
koÔ diaqwrismoÔ. Epiplèon brèjhke ìti mia prÿimh kathgoriopoÐhsh twn omogenÿn
perioqÿn me bĹsh thn ufă touc epiteleÐtai kalÔtera me qrăsh twn mejìdwn kai twn
qarakthristikÿn pou èqoun anaptuqjeÐ.

Pernÿntac sth mÐa diĹstash, me parìmoiec teqnikèc entopÐzontai kai analÔontai
oi mikrodomèc diamìrfwshc se sămata fwnăc kai ta exagÿmena qarakthristikĹ qrhsi-
mopoioÔntai me epituqÐa gia anÐqneush fwnhtikăc drasthriìthtac. An kai den upĹrqei
h Ĺmesh ermhneÐa tètoiwn domÿn, ìpwc gÐnetai gia thn optikă ufă, emfanÐzontai se
diaforetikèc klÐmakec kai sundèontai me thn taqèwc metaballìmenh sunistÿsa thc
akoustikăc plhroforÐac. H anÐqneush touc tautÐsthke susthmatikĹ kai se megĹlec
bĹseic anaforĹc me to diaqwrismì fwnăc kai jorÔbou. EnallaktikĹ ergaleÐa qrono-
fasmatikăc anĹlushc kai mètrhshc energeiakÿn fasmatikÿn sugkentrÿsewn èqoun
anaptuqjeÐ se prÿimo stĹdio pou den èqoun anaferjeÐ edÿ, gia thn epexergasÐa kai
thn anĹlush akìmh kai se polÔ mikrèc klÐmakec shmĹtwn pou montelopoioÔntai mè-
sw AM-FM diamorfÿsewn. ’Ena parĹdeigma efarmogăc eÐnai h anĹlush bioðatrikÿn
shmĹtwn uperhqografhmĹtwn, me sqedìn Ĺrista apotelèsmata qronikăc eukrÐneiac
anĹlushc kai perigrafăc.
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7.2 ZhtoÔmena

Se sqèsh me thn perigrafă kai anĹlush thc ufăc, èna anoiqtì zăthma eÐnai h
oloklărwsh tou montèlou kai o kajorismìc tou sunìlou twn shmantikÿn paramètrwn
tou. Tètoiec parĹmetroi mporeÐ eÐnai o arijmìc twn sunistwsÿn, o sqediasmìc thc
sustoiqÐac twn fÐltrwn kai ta perissìtero perigrafikĹ qarakthristikĹ gia jèmata
katĹtmhshc kai kathgoriopoÐhshc.

H majhmatikă kai fusikă sÔndesh twn qwrikÿn diamorfÿsewn me tic sunartăseic
talĹntwshc pou orÐsthkan apì to Meyer [137] gia montelopoÐhsh kai diaqwrismì
thc ufăc, fantĹzei endiafèrousa kajÿc oi analogÐec anĹmesa sta dÔo montèla eÐnai
qarakthristikèc. Oi talantÿseic ufăc, pou perigrĹfontai se èna sugkekrimèno qÿ-
ro sunartăsewn, ja mporoÔsan na tautÐzontai me tic mh statikèc talantÿseic thc
èntashc kai twn topikĹ anaduìmenwn suqnotătwn. Sto Ðdio pneÔma shmantikì ză-
thma paramènei o qwrismìc eikìnwn se diaforetikèc sunistÿsec, pou gia thn ÿra
perilambĹnoun thn afhrhmènh gewmetrikă, thn ufă kai to jìrubo.

Gia thn stoqastikă montelopoÐhsh thc fĹshc anakÔptoun zhtămata pou eunooÔn
thn peraitèrw èreuna sto pedÐo. Ex’ arqăc to ìlo prìblhma eÐnai asjenÿc kajori-
smèno kajÿc h montelopoÐhsh anĹgetai se ektÐmhsh mÐac mìno paramètrou. Gia thn
anakataskeuă tou sămatoc fĹshc apì ta sămata suqnotătwn den upĹrqei gia thn
ÿra bèltisth diadikasÐa. Epiplèon gia thn ektÐmhsh tou suntelestă, upeisèrqetai
abebaiìthta sth mètrhsh tou. An autì gÐnetai me ektÐmhsh klÐshc, pwc ja metrăjeÐ,
wc proc pia dieÔjunsh, poio eÐnai to diĹsthma empistosÔnhc twn dedomènwn pou ja
qrhsimopoihjoÔn k.a. An gÐnetai me mètrhsh thc frĹktal epifĹneiac to zăthma eÐnai
h perioqă klimĹkwn pou ja qrhsimopoihjeÐ, ètsi ÿste h epifĹneia na eÐnai frĹktal,
ìpwc kai ti gÐnetai sthn perÐptwsh pou to tuqaÐo săma fĹshc eÐnai men 1/f jìruboc
allĹ ìqi frĹktal.

Gia thn efarmogă se dedomèna edafotomÿn eÐnai anagkaÐa h enswmĹtwsh ìlwn
twn epimèrouc stadÐwn se èna oloklhrwmèno sÔsthma anĹlushc kai h eÔresh trìpwn
susqetismoÔ thc upologistikăc, autìmathc anĹlushc me gewlogikèc paramètrouc,
biologikèc parathrăseic kai anjrÿpinec ektimăseic. DiĹfora zhtămata anĹmesa sta
pedÐa thc ìrashc kai thc gewlogÐac qreiĹzetai na diereunhjoÔn ìpwc poiec idiìthtec
(traqÔthta, prosanatolismìc, klÐmaka) thc ufăc qarakthrÐzoun tic xeqwristèc do-
mèc tou edĹfouc ìpwc apeikonÐzontai stic tomèc, poia exagÿmena qarakthristikĹ tic
perigrĹfoun kalÔtera, poia h shmasÐa diaforetikăc {periektikìthtac} kai parousÐac
ufăc k.a. Tèloc eÐnai shmantikă h susthmatikă apotÐmhsh twn mejìdwn sto sÔnolo
twn dedomènwn kai h exagwgă sugkentrwtikÿn apotelesmĹtwn.

Sto jèma thc anÐqneushc twn domÿn thc fwnăc anoiqtĹ ereunhtikĹ zhtămata upĹr-
qoun sqetikĹ me thn epèktash twn antÐstoiqwn montèlwn eikìnwn. Ja mporoÔse ka-
neÐc na jewrăsei gia parĹdeigma to diaqwrismì thc fwnăc se diaforetikèc sunistÿsec,
mia apì tic opoÐec ja perilambĹnei mìno tic mikrodomèc diamìrfwshc kai ja apoteleÐ
to antÐstoiqo thc ufăc, me efarmogèc se jèmata apojorubopoÐhshc, apokatĹstash
qamènhc plhroforÐac, katĹtmhshc fwnăc kai anagnÿrishc omilÐac. PĹntwc, leÐpei
mèqri tÿra h fusikă ermhneÐa enìc akoustikoÔ fainomènou antÐstoiqou thc optikăc
ufăc.
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7.3 Proc to tèloc

H prospĹjeia pou ja gÐnei apì dw kai sto exăc ja epikentrwjeÐ kÔria sto kommĹti
thc ufăc, me Ĺmesh efarmogă thn oloklărwsh tou sustămatoc anĹlushc edafotomÿn,
allĹ parapleurikĹ ja aggÐxei kai tic epektĹseic sthn anĹlush thc fwnăc. Sugkekri-
mèna ja analujeÐ diexodikìtera kai ja anazhthjoÔn lÔseic se èna apì ta trèqonta
shmantikĹ problămata thc ufăc, autì tou diaqwrismoÔ apì èna poluepÐpedo montèlo
upèrjeshc sunistwsÿn, me Ĺmesec kai poikÐlec efarmogèc se jèmata anaparĹstashc
plhroforÐac, montelopoÐhshc, apokatĹstashc, epexergasÐac kai majhmatikăc peri-
grafăc. H efarmogă twn anaptussìmenwn teqnikÿn sta dedomèna edĹfouc ja olo-
klhrwjeÐ me stìqo èna anwtèrou epipèdou, oloklhrwmèno sÔsthma ìrashc (anĹlush
qamhloÔ epipèdou, exagwgă shmantikÿn qarakthristikÿn kai apìfash). Tèloc h
èreuna se jèmata fwnăc kai h qrăsh koinÿn montèlwn ja suneqisteÐ kai ja epekta-
jeÐ, me stìqo thn antimetÿpish genikìterwn jemĹtwn anÐqneushc kai thn sumbolă se
sustămata beltÐwshc kai anagnÿrishc fwnăc. EpigrammatikĹ:

7.3.1 Ufă

• Prosèggish tou diaqwrismoÔ u + v me montèla diamorfÿsewn, analutikĹ kai
upologistikĹ. Anazăthsh koinÿn arqÿn kai antimetÿpish tou problămatoc me
skopì thn exagwgă kai thn anĹlush thc sunistÿsac v twn talantÿsewn thc
ufăc, thc omalăc sunistÿsac, kai pijanìn miac sunistÿsac jorÔbou. Melèth,
perigrafă kai diĹkrish twn epimèrouc sunistwsÿn kai sugkrÐseic me gnwstĹ
metabolikĹ sqămata elaqistopoÐhshc energeiakÿn.

• Sunduasmìc 1/f diadikasiÿn (kai fBm) me montèla AM-FM gia mh-kanonikèc
ufèc, me stoqastikă montelopoÐhsh thc fĹshc. Pijană epèktash tou montè-
lou ufăc me perissìterec paramètrouc, pou na antapokrÐnontai sth frĹktal
fĹsh. Anazăthsh lÔsewn sta problămata anakataskeuăc, eÔrouc klÐmakac,
abebaiìthtac sthn ektÐmhsh k.a. Efarmosimìthta se kathgorÐec ufăc.

• Efarmogă sthn anĹlush edafotomÿn me bĹsh thn ufă

- Epilogă paramètrwn kai sÔnoyh tou montèlou.

- Oloklărwsh twn epimèrouc stadÐwn anĹlushc kai kajorismìc tou sunìlou
twn shmantikÿn metrăsewn.

- ErmhneÐa se gewlogikì kai biologikì epÐpedo kai oloklărwsh.

- Epilogă ă(kai) anĹptuxh kathgoriopoihtă (classifier) gia sunduasmì kai
exagwgă sumperasmĹtwn.

7.3.2 Fwnă

• Epèktash thc anĹlushc se genikeumèna akoustikĹ gegonìta.

• Eisagwgă twn teqnikÿn anÐqneushc kai dokimèc se sustămata anagnÿrishc.

• Pijanèc efarmogèc gia apojorubopoÐhsh, enÐsqush ă kai katĹtmhsh fwnăc.

• GenÐkeush kai peraitèrw anazăthsh koinÿn montèlwn ufăc kai fwnăc.
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7.4 EpÐlogoc

H ufă epifaneiÿn anăkei sta optikĹ qarakthristikĹ tou fusikoÔ kìsmou pou
upĹgontai se sumbolikă anaparĹstash sta biologikĹ sustămata ìrashc kai summe-
tèqoun stic perissìterec anaparastĹseic qamhloÔ epipèdou teqnhtÿn susthmĹtwn.
KrÔbei plhroforÐa sqetikĹ me to eÐdoc, th sÔstash, th qwrikă topojèthsh allĹ kai
thn proèleush ă exèlixh twn swmĹtwn kai twn protÔpwn pou qarakthrÐzei. Kai enÿ
èqei melethjeÐ apì th biologikă, thn yuqofusikă, th filosofikă, th gnwsiakă kai
th majhmatikă tou pleurĹ, exakoloujeÐ na upĹrqei abebaiìthta gÔrw apì ton orismì
kai thn perigrafă tou optikoÔ fainomènou. ’Ola autĹ prosjètoun barÔthta sthn
èreuna sqetikĹ me thn epexergasÐa plhroforÐac ufăc kĹti pou dikaiologeÐtai kai apì
to sÔnolo twn efarmogÿn thc. H ìpoia upologistikă prosèggish thc ufăc mporeÐ
na sumbĹllei se jèmata katanìhshc kai antÐlhyhc tou fusikoÔ kìsmou.

O ăqoc kai h fwnă anĹgontai epÐshc se zhtămata antÐlhyhc kai ermhneÐac tou
fusikoÔ kìsmou. O entopismìc omilÐac ă ăqwn me nìhma prohgeÐtai thc anagnÿrishc
tou lìgou, ìpwc kai h apomĹkrunsh tuqaÐwn ă anepijÔmhtwn shmĹtwn. Ja ătan
exairetikă aploÔsteush na milăsei kaneÐc gia eniaÐa jeÿrhsh mhqanistikăc antÐlhyhc.
Autì ìmwc den empodÐzei thn allhlepÐdrash kai thn èmpneush ideÿn kai montèlwn pou
mporeÐ na leitourgăsoun gia paraplăsia fainìmena kai sta dÔo pedÐa.

Kai mia diaforetikă antÐlhyh tou fusikoÔ kìsmou: H suneÐdhsh tou peribĹllontoc
gia tic nuqterÐdec gÐnetai mèsw <<sunelÐxewn ekpempìmenwn palmÿn me thn hqÿ touc,
kai h lambanìmenh plhroforÐa epitrèpei akribeÐc diakrÐseic apìstashc, megèjouc,
sqămatoc, kÐnhshc kai ufăc anĹlogec me autèc pou kĹnoume emeÐc me thn ìrash>> [141].
Oi ekpempìmenoi palmoÐ eÐnai katĹ èna posostì diamorfwmènoi sth suqnìthta kai
autì parèqei plhroforÐa ufăc kai jèshc, enÿ mia stajeră sunistÿsa kwdikopoieÐ
thn taqÔthta. O anepijÔmhtoc jìruboc filtrĹretai katĹllhla èxw apì thn hqÿ enÿ
èna sÔnolo akoustikÿn qarakthristikÿn qrhsimopoieÐtai gia diĹkrish ufăc. Enÿ oi
Ĺnjrwpoi basizìmaste sthn eikìna gia na dhmiourgăsoume to ìrama tou kìsmou, oi
nuqterÐdec basÐzontai ston ăqo.

¤
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OrologÐa

Attentive (vision, perception): Proseqtikă (ìrash, antÐlhyh), me sqolastikă
episkìphsh
Complex (cortical) Cells: SÔnjeta KÔttara (Neurÿnec)
Contrast (color, intensity): AntÐjesh (qrÿmatoc, èntashc fwteinìthtac)
Curve Evolution: Exèlixh kampulÿn
Dominant Component(s): KurÐarqh(ec) sunistÿsa(ec)
Early Vision: Arqikă ’Orash
Fronts (evolving): KampÔlec (exelissìmenec)
Emergent Frequencies: Emfanizìmenec ă anaduìmenec suqnìthtec
Filterbank: SustoiqÐa FÐltrwn
Geodesic Active Contours (Regions): GewdaitikĹ EnergĹ PerigrĹmmata
(Perioqèc)
Level Sets: EpipedosÔnola
Modulations: Diamorfÿseic
Multiband analysis: Polukanalikă ă Poluzwnikă anĹlush
Quadrature pair (filters): ZeÔgoc (fÐltrwn) me kĹjeth diaforĹ fĹshc
Preattentive (vision, perception): Aprìsekth (ìrash, antÐlhyh), qwrÐc sqola-
stikă episkìphsh
Primal Sketch: Prwtarqikì SkÐtso
Primary Visual Cortex: PrwteÔwn Optikìc Floiìc
Primitives (image,texture): Stoiqeiÿdh qarakthristikĹ (eikìnac, ufăc)
(Spatial) Receptive Fields: (QwrikĹ) DektikĹ PedÐa
Region: Perioqă
Region Competition (segmentation): KatĹtmhsh me Antagwnismì Perioqÿn
Retina: Amfiblhstroeidăc (Qitÿnac)
Simple (cortical) Cells: AplĹ KÔttara (Neurÿnec)
Textons: Textìnia, basikèc monĹdec aujìrmhthc antÐlhyhc ufăc
Texture (visual, natural): Ufă (optikă, fusikă)

Event detection: AnÐqneush gegonìtwn endiafèrontoc
Formants: Jemeliÿdeic suntonismoÐ (fwnăc)
(Speech) Endpoint detection: AnÐqneush sunìrwn (fwnăc, lèxewn, frĹsewn)
Resonance: Suntonismìc (fwnăc)
Voice Activity detection: AnÐqneush fwnhtikăc drasthriìthtac
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