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DEDICATION

Mepuxol avayvidoteg ouvnbiCouv va BubiCouy tn uiTn Toug péoa oTic oehldec evoc BiBAlou
xal v anohauBdvouy To dpwua NG TUTLUEVNS Uehdvng. Molovétt autd yivetar cuvifng
oTo XU, TEéneL vo onueldoovue 6Tl anotelel ulo xafdho vouwun medln. H Swatpdt
anevBivetal oe Oheg Tic awohfioelc uag, xt autd elval x4TL Tou To E€pEL XUAd O AVAYVOOTNG.

Sothene Telde, H téyvy te avdyveorc.



EYXAPIZTIES

Oa feha vo evyaptothon Tov emPBrénovia x. Nixou Xpiotdégopo, Enixovpo Kabnynts tou
Turuatoc IIinpogopuic Tou Haveniotnuiou Inavvivey, Yo Ty ToA) xaA? cuvepyasio Tou
elyaue xatd TNV exnéovnom g Simhwuatixrc Uou epyaoctog. Ouctaotixr ftav xau 1) Borfeia
Tou %x. Kévtn Avctuayou - Iaviou, Exixovpou Kabnynt Tou turuatoc IIAnpogopixrc Tou
[averiotnuiou Iwavviveoy, Tou onolou oL cuuBouléc ftav ToAITIUES XAl TOV oTolo EUYApEL-
oT® Pabitata. Na euyoplotiow eniong, tov glho uwou Fepoyidvvn Anunteto, Sdaxtopixd
goitnty) Tou TuhRuatog ITinpogopxrc Tou Iaveriotnuiov Iwavvivey, v v Borfela mou
UoL TPoGEPepE 0TNY OAOXAPwoT TNE epyactiag wou. Ou fleha va eLyapLOTACL TS PLAES XL
ouvepydTideg Tou epyaotnplou Ayyehuxt|, Kateplva xar Evayyeila, yia o euydpioto xAiua
ouvvepyaotag xol Ta yopovueva dtaietupata. TELog, va eUYUPLOTACW TNV AYATNUEVT] UOU
EXévn v v xotavonor), Ty unouovh xaL TNV CUUTOEAOTAGY) TOU UOU TROCEPERE XATA
v Teplodo ouyypaprc Tne dtateBrc altne.
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EYPETHPIO > XHMATON

1.1 Yrépbeon d0o yaunhic avdhuong ewdvov xat tapeuforn oty ubniic avdivong
exdva. O xdxhol xal To TETRPAYOVIXLA AVATOPLETOVY TA ELXOVOGTOLYElD. XTNY
@pdomn e urépbeang, ol yauniic avéhuong ewdves evbuypauuilovtal yetadl toug
010 vPnific avdhuong mAéyuo Ta véa ewxovootolyeia tpoodiopilovtal and Toug

XOVTLVOTEPOUS YEITOVEG UE XATAAANAY ToeUBOAT. . . . . . . . . . . . . .. . ..

2.1 Movtého duaxpttol aviyveuth (a) mou delyvel T elxovoototyetla vPnifc avdhuong
ta onola ouvelogépouy (B) ota youniic avéiuons ewxovootouyeio. H ewédva z
AVTITROCOTEVEL TNV TpoyRaTix) exdva uYniig avdiveng v onola Béhouue va
exTURooLUE xaL M) Yy elvon 1 k-00T yaunhnc avdluong ewxdva. Na onueldoouvue
70 StapopeTnd Uéyebog TOU TAEYUATOS Yo TIS EXOVES Z XOL Y.« « « « o« . . .

2.2 Adypayua potfic v To poviéro mapathpnong. O nivaxag H unopel vo mepléyel
TEQLOTROYY HOL UETOTOTLON. « « « o v v v v v v i e e e e e e

2.3 Ydnhic avdiuong edvag mou delyvel Toug duueooug Yeltoveg Tou ElxovVoGTOL-
xetou 7. Ytny meplntwon auth, 1o d;; Oa tebel oto undév uévo yio exelva Ta j
étolL Gote To 2; elvon duuecog veltovag Tou z; (oxlouéva euxovootolyela).

2.4 Yuvteheotég oUVENENC TTOU YENOLULOTOLOYYTAL Yot VO AEBOUUE TNV EX TWVY TEOTERPWY
xatovour| Tne Aamhaotavic (Sevtepn mopaydyog) g ewdvag. .. oL .. L L L

2.5  ®doeig urepavdiuong oV UE Xehon TNS TEYVXHC TNg owoypaplag. . . . . . .

2.6 Keluevo. (a) — (3) Exbvec younhic avdhuone. () Avaxatacxevaouévy emdva
unirc avéivong. O apluds Tov yaunhic avdiuong exdveny Tou yenoudonotion-
xav yio Ty avaxooxevh g (e) elvan 30. . . Lo Lo Lo oL

2.7 Aloxoc. (o) — (3) Ewdvee yaunhic avdhuong. (g) AvaxataoxeuaoUévr ewdva
umific avdiueng. O aplbuds TV yauniic avdluong emovey Tou yenoiuonolhiy-
xav yia Ty avaxooxevh g (e) elvan 20, . . oL L oL Lo

2.8  Eldgurlro. (o) — (d) Ewbveg yaunhfic avdhuorne. (g) AvaxataoxeuaoUévr emdva
umific avdhuong. O aplbuds Tev Yauniig avdluorng edveny Tou YpnouLonoL-
Bnpay v Ty avaxaoxeur e () elvar 4. H avaxataoxevaouévn exdva udmhic
avdhvong éyet PSNR 2286 dB. . . . . . . .. . ... oo

2.9 H ouvdptnon xéotouc L(z,s) oe oyéon ue tov aptBud tov enavakfeny yio ty

exévo FEdpuido Tou oyfuatog 2.8. .« . . L Lo L Lo
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2.19

3.1

3.2

Avtoxivpro. (o) — (3) Ewdvec younihc avdluvone. (€) AvaxatooxeuaoUévy
ex6va uYniig avdduong. O aplude Twv yauniic avdiuong exdévwy tou yenot-
wontotifnxay yio Ty avaxaoxeu?; e (e) elvan 4. H avaxotaoxevaouévn exdva
umihc avdduong éxet PSNR 2248 dB. . . . . . . . ..o oL
H ouvdptnon x6éotouc L(z,s) oe oyéon ue tov aptbud tov enavahfeny yio ty
eoéva Avtoxivnto tou oyfuatog 2.10. . . . Lo L Lo
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vpnirc avdhuons. O aptbudc TV yaunhhc avdluong exéveny Tou YeNoULoToL-
Onpary v Ty avaxaoxeun g () elvan 4. H avaxataoxevaouévn euxdva vdmhic
avdhuong €xet PSNR 21.14dB. . . . . . . . . ..o oo
H ouvéptnomn xbéotouc L(z,s) oe oyéon ue tov aplud tov enavaridewy yo tny
ewova Bifiia tov oyfuatog 2.12. . . . oL Lo Lo
Hivaxac ophaduiateou. (o) — (8) Ewedvec yaunhic avdhuorne. (g) Avaxatooxeva-
ouévr exdva LPnhic avdiuong. O aplbuds Twy yauniic avdAuong ExOVLY Tou
yenousonotifnxay v Ty avaxaoxevy g (€) elvon 4. H avaxataoxevaouévn
edva uning avdivong éyet PSNR 23.90dB. . . . . . . ..o oo
H ouvédptnoy xéotouc L(z,s) oe oyéon ue tov aptBud tov enavakfewy yio my
eova Hivaxac opbaduiatoov tou oyfuatog 2.14. . . . . . .. .o L
Cameraman 1. (a) — (8) Ewdveg yaunhic avéivone. (€) Avaxatooxeuaouévn
exova vdniic avdduong. O aplude Twv yauniic avdiuong exdévwy tou yenot-
wontowifnxay yio Ty avaxaoxeu? e (e) elvan 4. H avaxotaoxevaouévn exéva
upniric avdduong éyet PSNR 26.39dB. . . . . . . .. .o o000
H ouvdptnon xéotouc L(z,s) oe oyéon ue tov aptBud tov enavahfeny yio my
eéva Cameraman 1 tou oyfuatog 2.16. . . . . . . ..o
Cameraman 2. (o) — (3) Ewdvec yauniic avédhvone. () Avaxataoxeuaouévn
edvo uPnhic avdiveng. O apliuds Twv yaunkic avdhluong exdveoy tou yenol-
wonouifnxay yio Ty avaxaoxeu? e (e) elvan 4. H avaxotaoxevaouévn edva
umifhc avdduong éxet PSNR23.83dB. . . . . . . . ..o
H ouvéptnon xbéotouc L(z,s) oe oyéon ue tov aplud tov enavahidewy yo tny

ewodva Cameraman 2 tou oyfuatog 2.18. . . . . . . . Lo

[ xdfe oxtdfBo tou yodeou xhlpaxag 1 apyxr] exdva ETAVAANTTIXS GUVEALD-
oetal pe Gaussian GuVIpTAGELS YLl VO TARAYOUV €va GUVOAOD amtd eLXOVES Y WEOY
xAMpaxag, onwe galvetal ota aplotepd Tou oyfiuatog. 'ettovixée Gaussian ewd-
VEC apatpodvTaL Lol vo Tapdyouy Ty Stagopd twv Gaussian exévey, oto dedid
Tou oyfuatog. Metd and xdfe oxtdfa, n Gaussian exdéva unoderyuoatornmreiton

7 ’ 7z, 7 e 7
070 Wob xa 1 Swdixaoia enavakaupdvetat. To oyfiua aviiypdenxe ané o [18]. .

H péyiotn xan ehdyiotn Tiuh ng Slopopdc Twv eOVeY Tou TeoxUnTouy and Tig

ouvehilelg, aviyveletal ouyxplvovtag éva ewcovootolyelo e Toug 26 yeltovég tou

oe plo 3 X 3 neployn yertovx @y xhipdxwy. To oyfua avarapdyinxe and to [18].

v

36
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3.8

3.9

3.10

3.11

3.12

Ttéda emhoyhc onuelwy evduagpépovtog. (a) Elvar n apyued ewéva. (B) Ou
apywéc Béoelg TV 832 onuelwy evBlapépovtog oTa UEYLoTA XaL EAGYLOTA TNG
ouvdptnone dtagopdhy Gaussian cuvdptnoewy. To onuela evdiagépovtog anelxo-
vilovtat wg dtavdouota ta omola SNAGVOUY TNV XALUAXA, TOV TROGAVITOMGUS oL
™ Béom. (v) Aol egoupubdoouue Eva xaTAPA ENEYLOTNG PWTELVOTNTIS, ATOUEVOUY
729 onuela evdagépovtoc. (8) Ta tehxd 536 onueio evdlagpépovtog mou anoug-

Vouv agol eQapUéoouUE €va XATO@AL 670 Adyo Tng xlplag xoumuhétnTag. To

oyfua éxet Angbel and to [18]. . . . . . ..o oo

O meprypagéag evog anueiov evdagépovtog dnuLovpyeltar utohoyilovtag To Ué-
TEX TWV TALAY YWY XAl TOUS TEOGAVATOAMGUOUS Yia xdbe deryuatind onuetlo tng
edvog oe ulo teployn Yoew and tn Oéon tou onuelou evdiagépovtog. O xUxhog
anewxovilel v npoPolf evéc Gaussian napafipou (apotept ewdva). Ta delyuota
QTS GTY) GUYEYELD GUYXEVTPOYOVTAL GE LoToYpduuaTa abfpollovTtag ta nepleydUevd
Toug ot 4 X 4 neployéeg, ue 1o uixog tou xdbe Béhoug va avtiotolyel 6To dbpoloua

TV xhoewv Ylpw and auth v xatelfuven uéoa oe authv TV mepoyy (dedid

ex6va). To oyfiua avarnapdyOnxe ané to [18]. . . . . . . . .. ..o

(o) = (o71) Xapaxtnerotxd onuela yia Tig YaUNAfc avdluong exdves Tov nelpa-

udtwv pag. To onuela evdiagépvtog avarapiotdvian ue BEAN mou dnAdvouy To

UETEO, TN DEOT XAL TOV TPOGAUVATOAOMO TOUC. .« o v v o v v o v o e e

Resolution Chart. (o) — (3) Ewdveg yaunhvc avéiuone. (g) Avaxatooxeva-

ouévr exdva LPnhic avdivong. O apludc Twv younhic avdAueng Exovwy Tou

yenotuonofnxay v ty avaxaoxeud e () elvon 30. . . . . Lo Lo L L L L

Kaunohy uéhnone mov delyvel v ouvdptnon xéotoug L(z,8) o oyéorn e tov

aptiud Ty enavarfheny v Ty ewdva Resolution Chart tou oyfuatog 3.6. . . .

E¢dpuito. (o) — (3) Ewxdvec yaunific avdhvone. (€) Avaxataoxevaouévn exbva
uninc avdivone. O aptBuds Tov yaunhhc avdluong exdveny Tou yenouLonolion-

xav v Ty avaxooxev e (g) elvan 4. ..o Lo Lo oo

H ouvdptnon xéotoug L(z,s) oe oyéon ue tov aptBud tov enavakfeny yio my

eévo FEdpuido Tou oyfuatog 3.8. . . L Lo Lo

Kounihn uéoou tepaywvixod o@diuatog Hetadl Tng TeayUatixic exévag LPnAng
avdiuong oL Tng extiunong g ewodvag vdnAic avdivong v Ty ewdva EEd-

puAdo Tou oyfuatog 3.8. H avaxataoxeuaouévy exdva uihning avdivong €yel

PSNR 2442 dB. . . . . . . .

Avtoxivpro. () — (8) Ewdvec younifhc avdluvonc. (€) AvUXATOUOXEVAOUEVY

edva uPniic avdivong. O apliuds Twv yauniic avdiuong exdvey tou yenol-

uomothfinxay yio thv avaxaoxeurf te (e) elvawn 4. . .o oL oL Lo L

H ouvéptnomn xbéotouc L(z,s) oe oyéon ue tov aplud tov enavaridewy yo tny

exova Autoxivpto Tov oyfuatog 3.11. . . oL oL oL Lo
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avdiuong xot Tng exTiunong e ewdvag uPniic avdluong v Ty edva Hlivaxac
Oglaluiatpov tou oyfuatog 3.17. H avaxataoxeuaouévy euxdva uhniic avéiu-
ong éyee PSNR 25.82dB. . . . . . . .. . ... oo
Iivaxida. (o) — (3) Ewdvee youniic avéiuong. () Avaxataoxeuacuévy euxéva
uhnirc avéivong. O aptude Tov yoaunhic avdiuong exdveny Tou yenoutonotion-
xav yio Ty avaxooxevh e (e) elvand. ..o oL oL
H ouvdptnon xbéotouc L(z,s) oe oyéon ue tov aptBud tov enavahidewy yio tny
eéva Ivaxida tou oyfuatog 3.20. . . . . . .o
Kounthn uéoou tepaywvixod o@dipatoq Hetadd Tng TpayUatixig euxévag LPnAng
avdhuone xat g extiunong tng ewdvag VPnAng avdiuong yia Ty exéva Ilivaxida
Tou oyfuatog 3.20. H avaxataoxevacuévn euxdva vdmihc avdiuong éxer PSNR
29.09dB. . ...

E¢dpuito. (o) — (3) Ewxdvee yaunific avdhvone. (€) Avaxataoxevaouévn exdva
vnirc avéivong. O aptBuds Tov yaunhhc avdiuong exdveny Tou yenoluonoion-
xav vl Ty avaxooxevh e (e) elvan 4. ..o oL oo o oL
H ouvdptnon x6éotouc L(z,s) oe oyéon ue tov aptBud tov enavalfeny yio ty
eéva Eédguido tou oyfjuatog 4.1, . . . Lo Lo
Kounthn uéoou tepayovixod o@dipatog HeTadd Tng TpayUatixig exévag LnAng
avdhuone xon g extiunong tng ewodvag LPnAAe avdiuone yia Ty ewxdvoa EEd-
@uAdo Tou oyfuatog 4.1. H avaxataoxevaouévy exdva uhning avdiuvong €xyel
PSNR 26.14dB. . . . . . . . . ..
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[IEPIAHWH

Muyanh Bplyxac tou Ytegdvou xou tne Ayyeiwnic. MSe, Turua ITAnpogopuxnc, Haveni-
otnuiou Ioavvivov, OxtdBeloc 2010. Tithog AwateBric: Méfodor Yrepavdhvone Ewdvac.
EnBiérnwv: Nixouv Xpiotdgopoc.

To avtxeilyevo tne napovoag epyaotac mpogpyetal and TOV TOUEN TNG UTOAOYLOTIXNC
bpooNg XL TN EMECEPYUTLAUC ELXOVAC XOL TRAYUATEVETOL TO TEOBANUL TNS LTERAVAALOTS
EXOVOC. LTOYO0S TNS UTEPAVIAUGTC EXOVag elval vo emthvoel To axdioubo TtpdAnua: do-
Bévtog evog oUVOROL EXOVELY YAUNATC AVEAUOTC, VO EXTIUTOEL UL elxdva uYnAdTERNS avd-
Avong. Autd uetall TV dAwY, Tepthaudvel xal TOV UTOAOYLOUS TV dYVWOTWY TopoUEé-
TewV UeTacy NuaTIouoU utépbeone ueTall Ty exdvwy. OL dyvwoteg tapduetpol unépheong
eVNUEPOVOVTOL ETaVaANTTIXd Uall ue TV uPnAfic avdiuong ewxova Uéow ULlag Stadixaolog
Beltiotomoinorg.

Apyixd, uehetdvron didgopeg tpooeyyioelg Tou €youy npotalel uéypl Tdpa Yo TNV eTi-
AuoT Tou mpofAfuatoc Tne urepavdiuvorg exdvac. Ilapovoidlovue uia puéhodo eCaywync
YALOXTNELOTIXAY A6 TLS YAUNATAC AVIAUONE EXOVES, Ta oTola UTopoUy va yenoluorotnioly
vl va exteléoouue pia alomotn aviiotolyia uetall Twv exdvewy. H teyviny| nou axolou-
Oolue Paoiletar otoug teptypageic SIFT yia va e€dyouue to yopaxtnelotixd autd onueta.
Ta yapaxtneiotind elvor aUeTdBANTA 0T0 YHEO XAUAXAC TNS EXOVIC XAl TNV TEPLOTREOPT)
xaL Topéyouv Ula ToA xal utépbeon TV EXOVLY yoUNAc avdiuong, axoua xal 6Tav Ta
dedouéva etob6dou nepléyouy tpochetind Bopufo.

H axpiBela otny elpeon tov dyvwotwny tapauéteny Uetaoynuatiouol urépbeone nal-
(el onuavtixd pdho otny dwadixacio Tng utepavdAvong ewdvag. Xto Seltepo UEpOC TNS
dtatpPric authc, tpotelvouue ulo UEB0B0 UTEPAVAAUGTC ELXOVIC OTOU O UTOAOYLOUOC TWY
TopauéTeny UTépleong Yivetal apyixd Ue yeHon TV YAPAXTNRLOTIXOY TOU TOPOUGLAGTNXOY
070 TPWOTO UEPOC TNG epyactag. XTn OLVEYEL, 1) exTiunon BeATLdVETAL UE TNV ¥EHOT TOU
xprtnplou urépbeone tne ueylotomoinong e auolBatag TAnpogoplac Twv dVo exdvey. H
auolPalo Thnpogopia ueyLoTonoteltar 6tay oL dJo exdveg €youv uteptelel owotd ueTaly
Touc. And Ta TELPOUOTIXG ATOTEAECUOTO, CUUTERALVOUUE OTL 1 TEOTELVOUEVT) UEDOBOC emL-
TuYYdvel yeyahitepn axplflela oty unépbeorn, adld xal 6TNY TOLOTNTA TNG EXOVAS LYNATC
avdhuong oe oyéon ue Tt Lébodo mou Paociletal anoxhelotind otoug mepLypagelc SIFT.

Téhog, mapouctdletol Ulo VEO TEYVLXT| UTEQUVAAUOTC EXOVAS UE Y poN EUPOOTWY EXTL-
untédyv. Ou nopoadootaxéc uébodol avaxataoxeurc otneilovtal otoug Ly xou Ly extiuntég
xaL emouévwe elval apxetd evalolnteg oe xpouotind B6puPBo. XLuvende, elvar avdyxn va
YenoLuonolioouue TexVIxéc mou eCahelpouy tny enidpaon uetproewy Tou Sev axolouboly

xii



10 xVplapyo UOVTELD. LTny TEOTELYOUEVY UED0B0 UTEPAVAAUGNC EXOVAC, YETOULOTOLOVUE
elpwotoug M-exTlUNTES Yot TOV UTOAOYLOUOS TOU 6pdAuaToc UeTadl Tne extiunong tng vn-
Mg avdhuong euxdvag xa xdbe yaunifc avdivone thatclou. Emniéoy, n xlplo cuvelspopd
e 1ebddou elval 0 eVpwOTOC UTOAOYLOUGS TWV TORUUETEWY ECOUSALYONS oL TOU BEATL-
otou Buatog olyxhiong Tou alyopibuou and ta dedouéva. To nepauatind anoteAéouata
emBefoatdvouy TNy anotehecuaTixoTNTo TNS LeBOSoU, XATABEXYVOVTAC TNV AVOTEROTNTA
NS EVAVTL TOV XAAoXOY XL eUpwoToy Uebddwy urepavdluong euxdvac.
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Michail, Vrigkas, Stefanos. MSc, Computer Science Department, University of Ioannina,
Greece. October, 2010. Thesis Title: Image Super-Resolution Methods. Thesis Supervi-
sor: Nikou Christophoros.

The research topic of this dissertation comes from the field of computer vision and
image processing and addresses the problem of image super-resolution. We use the term
super-resolution to describe the process of obtaining a high-resolution image from a set
of shifted, rotated, and degraded by noise low-resolution images. This procedure also
involves the estimation of the registration parameters between the images. In the method
presented here, the registration parameters between the low-resolution images are iter-
atively updated along with the high-resolution image in a iterative coordinate-descent
optimization procedure. At first, we review several approaches that have been proposed
to solve the super-resolution problem. We describe a method for extracting distinctive
invariant features from low-resolution images that can be used to perform a reliable match-
ing between the low-resolution images in the least squares sense. We follow a technique
based on the SIFT descriptors to extract those features. These features are invariant to
image scale and rotation, and provide a very good registration between the low-resolution
frames, even when the input data suffers from change in illumination or additive noise.
The accuracy of image registration plays a crucial role in super-resolution reconstruction
process. In the second part of this dissertation, we propose a method of image super-
resolution, where the computation of the registration parameters is initially performed as
described in the first part of this work. Then, the estimation of the registration param-
eters is fine tuned by the maximization of the mutual information registration criterion.
The basic idea is that the mutual information is maximized when the two images are cor-
rectly registered. The experimental results demonstrate that the proposed method yields
sub-pixel registration accuracy and better quality of the reconstructed high-resolution
image. Finally, we present our contribution to the robust super-resolution problem. The
majority of image super-resolution algorithms in the literature are based on L; and Lo
error norm and therefore they are very sensitive to impulse noise or outliers. Our method
uses robust M-estimators for computing the difference between the high-resolution esti-
mate and each low-resolution frame. The main contribution with respect to other robust
algorithms in super-resolution is that not only the high resolution image is computed
by using a robust estimator but also the regularization parameters and the optimal step
of the reconstruction method. The experimental results confirm the effectiveness of our

Xiv



method by suppressing the outliers and demonstrate the superior performance over other
robust image super-resolution algorithms.
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KEDAAAIO 1

FEISATOIH

1.1 Ewoaywyt

1.1 Ewoayoyn

Ov uébodol uTepaVAAUGTC EXOVIS YENOLULOTOLOUVTAL GTNY AVAXATAOXEVY) ULIC EXOVAS LN
Mg avdhuong, and apXeTES XATAAANAN UETATOTLOUEVES EXOVES YauNAfg avdiuong. O oxo-
To¢ elval va Behtidooupe TV ywpelxt| avdiuor Twv exévey. To mpdBinue tne avoxoto-
oxevhic TN LdMAAC avdiuong ewdvag Teoxakel apxetd evBLoQEpoy, Ulag Xal Sev elval XaAd
oplouévo Aoyw tne Umapéne npdchetou HopldPou.

Eilvar dUoxolo va oploouue axpl3dc 1o T evvoolue Ue Tov 6po PN avdiuorn otig
uefddoug uTEPAVIAUOTC EXOVAC, ULIG XUL TO ELXOVOOTOLYEL OTNY OVOXATUCXEVUCUEVT] EL-
x6vo umopovy va elval aubalpeta uixed oe oyéorn Ue TS EOVES YaunAric avdluong, ahhd
axoua 1 eova Lo dev TEPLEYEL EMTAEOV TANPOQOPLA 1) AETTOUEPLES GUYXELVOUEVY) UE TLC
YaunAic avdivone exdvec. O uébodol unepavdluone UTopoUy va ToedYouy auThY TNy
emnhéoy mAnpogopia, alrd udévo av umdpyel emxdludn 0TI EWOVES YauNnAc avdAuong.
Awopopetind, dev unopolue va anoxouicouvue xaulo yproun tAnpogoptia.

To medlo g unepavdivong €yel TEOCHATO UL EXPNXTIXY OVATTUEY GTNY EPEUVNTLXT
dpaoTNELOTNTA %ol XUPlwS, OTIC EQYUPUOYES TOU €YOUV VO XAVOUY UE TNV UVOXATOUOXELY)
utag ewovag vdmivc avdiuone. Teyvixée oav xal auth yenollorolobvtol o didpopoug
Touelc, étol GoTe va AdPouue xahUTEENC TOLOTNTOC EWXOVES antd BLYTEOGELRES, TNAEORATELS
v euxplvelag ¥ axdun xau Lotpiég euxdvee. T tapdderyua, ol uéhodou unepavdivong
eOVoC Bploxouy EQUEUOYT OE AOTROVOULXES XOL LUTELXES ELXOVES, OTRATIOTIXES EPUPUOYECS,
UETOTEOTY| ofjuatog Yo Tnheopdoelg Tunxic euxpivelag (SDTV) oe tnheopdoeic udhnifc
guxplvelac (HDTV), avayvdplon tpocdrwy xat tohhéc dhhes epapuoyéc. H avaxataoxeun
utag exdvag VPnAc avdluong and uia xoL Uévo euxdvo yauniic aviiuong €yet pehetnbet
oty BBhoypagia [37], n uéhodoc auth ovoudletar quasi-super-resolution. MéBodoL ooy



XL qUTH YeVxd, dev wog dlvouy xahfg TOLOTNTAC AVAXATACKEUAOUEVES ELXOVES OTWS AUTES
ToU AaUBdvVouUE OTAY YPNOLULOTOLOUUE OEXETES YUUNANS AVAAUOTG ELXOVEC.

Ot uébodot mou ypnoluwomololy TOAES yauniric avdiuong exdveg unobétouy OTL uTdpyEL
uxpt] (un axépona) petaténion uetall twv youniic avdiuone exévov. O oxonde elval va
QVAXATAGHEVGGOVUE ULl UYNAAG avdAUeTG EXOVOL aTd APXETES ELXOVES YAUNAAS AVAAUGTS.

p——
G—— \O o—
H £ b1
- Fany

O D 9] % Ly v —
XapnAig avaduong eikéva 1 APEUPOAT

_ _ _ H g1 0| —
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) i | Ymépbeon
MNapaydpevo UPNAKS avaiuohg
. . €1 TP

XapnAig avaluong swdva 2

Yyfua 1.1: Yrépleon dbo yaunhfic avdhuons emdvoy xor mopepohh oty uhnific avdluong et-
x6va. Ot xdxhor xau Tar TeTpaywvdxia avanaplotoly Ta ewxovostolyela. XNy @don tne unépbeong,
oL youninc avdhuong ewdves evbuypauuilovtal uetadl Toug 6o UPNAS avdAuoNg TAEYUO TA VEX
ewovootolyela tpoodloptlovtal and toug xovivdtepouc yeltoves Ue xaTdAANAY TapeUSONY.

H avaxataoxeut| exxdvag ue ypron uebddwy unepavdiuong ewxdvag neplhaufdvel ToOAd
eldn ahyoplBuwy enelepyaoctog ewdvag. Ou alydplfuot autol unopodv yovipd va talivo-
unfolv oe Tpelc xatnyopleg avdroyo Ue To 6TddLo oL yenoluonolovvToL 6Ty dtadixactia
TN LVAXOTAOXEVTC:

e Ynépleon
o IlupeuPort
o Avaxataoxeun

H unépbeon nephauPdver tov xaboploud dyvwotony tapauéteny (t.). UETATOTLON, Te-
pLotpogn) oL onolec oyetilouv Tic yaunhic avéiuone ewdvec ue v exdéva UPNAAC avd-
Avone (Bh. oyhue 1.1). H avaxataoxeuh and v dAAn ueptd arnouaxplvel to B6pufo xat
1 06hwon oTic yauniic avdhuvong exdveg xat TEAOC 1) ToEEUBOAT TopEUBAAEL TS YAUNAAC
avdhuong ewdveg TNy exdva LYnANg avdiuone. Autd ta Priuata urtopovy extong va ylvouy
uall, yio Tapddelryua n avaxaTaoxeun xat 1 tapeUfoAt| urtopolv va yivouv uall.

‘Eva ané ta Baoixdtepa mpoAfuata Tou tpoxUttouy xatd Ty Stadixacio Tng unepa-
vahuong exdvog elvol 1 e€aywyr TAnpogoplac and NS YAUNAAC avdAuonC elxdveS. LTy
TEAYUATIXOTNTA OXOTOS UaC elvol Vo BpolUue TIC dYVWOTES TUPAUETOOUS UETAOY NULATIOUOY
unépbeonc. I'a 1o Adyo autd, egapudlovtal uébodol unépheonc euxdvac Tévw oTo TEOBANUA
NG UTERAVAAUOTC ELXOVAC.

H moétnta tng avaxataoxevacUuévng exovag UPnifc avdhuong e€aptdtol and Ty axpl-
Bewa oty extiunon Twv Topauétpny Uetacynuatiopol urépbeong. Ou younifc avdiuong



edveg Oa mpénel va mepéyouy un axépota wetotonion. O Aéyog mou ouufalvel autd elvar
6TL oV oL YaunAfc avdiuong exdveg eyouv axépata UETATOTLOT UeTald Toug, ToTe Xdbe
mhatolo B meptéyel Ty (Blor TAnpogopta. XNy TeplmTwor AUTY, N AVAXATACHEVAOUEVY EL-
x6va uPnhic avdivone elval pio amhy eotiacuévny €xdoor ulag uévo youninic avdivong
edvag, 1 onola dev mapdyel uPnidtepn avdiuor.

Y1y napovoa epyaoia yenoluonolovue uehddoug eCoywyhc YapaxTnELoTIXGY onuelwy
and ula ewdva [18] xar peyiotonoinon e auoPaiac TAnpogopiac [20], [36], ov onolec o€
oLYBLALOUG UE TNY BLadtxaolo TNE UTEPAVIAUGTS ELXOVOC, L ETLTRETOLY VA OLVUXATAOKEUY-
oouvUe TNV embuunT exdva VYNAHC avdivorg.

Y10 xe@dhato 2 avaAUOVUE TO TEOPBANUA TNG UTERUVAAUGTC EXOVIG XUl TOPEYOUUE T
uabnuotixd epyoheta yior Ty entAuot] tou. o Ty extiunomn tne vdnirc avdivong ewxdvog
X0l TV TopaUETeeY UTERHeoNC Y eNoLULOTOLOUUE TEYVIXEC UEYLOTOTONOTC EX TWY UGTEPWY,
d00évtmy TV yauniic avdivone ewoévwy. H enthvon tou npoPruatoc Paciletal o oto-
yootxég uehddouc.

Y10 xe@diaio 3 mapouotdletal ula uebodog unepavdiuong euxdvac mouv Paciletal 6ToOV
eVIOTLOUO yopaxTneoTix®dy onuelmy. Ta BAuata yu' authy v Swadixaotio cuvodilovtat
ota e&hc 4:

o Evrtomoudc yapaxtneiotix®dy onuetwyv: Xto PrAua autd edyovtal Baoixd yapaxtrn-
ptotixd onuela yia xdbe ulo ewdva yaunhic avdluorne, Ta onola TpoxUnTouy amd
OUYXEXPLUEVOL XELTHPLA %o Elval AUETABANTO 0TNY XAlUaxa TNS EXOVOC %ol TNV TEPL-
GTEOYM.

o Talplaoua yopaxtneloTx®dy onuelnv: Xty @don autt, otdyog uag elval va Bpolue
uta avTLoTOlYLOT TWV YoEAXTNELOTIXOY ONUEl®Y TOU EVTIOTLOTNXAY GTO TEONYOVUEVO

P

o Extlunon yetaoynuatiouol vnépheonc: Me Bdorn tnyv avtiotolylon mou Berixaue 6to
TpoNYoUUevo Bua, Oa Teénel va eXTIUACOUUE TS dYVOOTES TAPAUETEOUC UETAOY U0
TiopoU unépbeong.

o Yrepavdhuon ewovag: Xtny teleutalo @dorn tng Sadixaociog autrg, umopolue va
epapudoovue alyopifuoug unepavdiuone ewdvac. Eyouvue #d7n extiunoel T dyvo-
OTEC MAPAUETPOUS UETAOY NUATIoHOU UTépleonc, Tou pag emTeénouy vo e€dyouue TAN-
pogopla and TIg YaUNAAS AVIAUOTC EXOVES XUl Vol EXTWURGOUUE TNV &YVwoTh uPnifc
avdAuong ewxdva.

Y10 xeqpdhato 4 npotelvetal ulo uébodog yia unepavdiuoT exdvog tou Poaoiletol oTny
xerion auoBdiag mAnpogoplag. H pébodoc autr mapdyer ToAd xalo anoteréoUdTa GTNHY
extiunon Twv tapauétpny urépbeong. 'Otay egapudlouue T TORAUETPOUS AUTEC OTO TRo-
Bhanua tng urepavdivong exdvag, To PSNR e extiunong tne udmivc avdiuong ewxdvog
elvar 1 éwg 2 dB udmidtepo and autd TV edveov VYRS avdAUCTC TOU aVaXATACXEVS-
otnxay ond dilec uebddouc.



Téhog 670 xe@dhalo 5 uehetoVUE TO TEOBANUA TNG LUTEPAVAAUGTS EXOVIC UTO TNY OXO-
mé TV elpwoTtwy exTiuntody. llpotelvouue ula véa pébodo yia unepavdiuvon ewxdvag ue
xerion elpwotwy extiunt®dy. H teyvin auth éyel apxetd ueydin allo xal Topéyel ToAY
xald anoteréouota, UTd TNV Topoucia Sedouévwy Tou dev axohoubolv To xuplapyo Uo-
vTého uroloyiopol. Tetowou eldoug dedouéva unopel vo Tpogpyovtal and GRIAUATL OTNY
elpeon TV Tapauétewy unépbeong, H6pufo, xivolueva avtixelueva mou eloépyovial oty
oxnvr, “vexpd” ewovootouyeta x.o. H teyvind auth emtuyydvel va eCakeldel tnv mopou-
ola Twv avemBountwy dedouévmy, exel Tou oL xhacoxéc Uébodol unepavdiuone ewxdvog
ATOTUYYEVOUY VO BGOOOUY LXAVOTOLNTIXG ATOTEAECUAL.



KEDAAAIO 2

FISATOH 2XTHN YIIEPANAAYEZH EIKONAY

2.1 Ewoayoyn
2.2 Optoude tou IlpoBhruatoc
2.3 Extiunon ue Meyiotonoinon ex tov Yotépwv (MAP)

2.3.1 Ex tov llpotépwv Movtéia
2.3.2 Ernihvon MAP ye Etoyatixéc Mebodouc
2.3.3 Beltiotonoinon ue Xpron e Hapaydyou

2.4 Extiunon tov Hoapauétpwv ECoudiuvong
2.5 Mneblavéc MéBodou Ynepavdivone Ewxdvoc

2.5.1 IlepBwplonoinon Ewdvoc Yninc Avdhuonc
2.5.2 Ilepfwpronoinomn Iapauétpwy Ynépheong

2.6 Ynépbeon Baoiouévn oe Xapaxtnpiotind Xnuela tne Ewdvac

2.7 Tlewpauoatxd Anoteréouota

2.1 Ewayorn

Y10 mapdyv xepdlato Tapouctdletol 1 W€a TS UTEpaVdALoTC ewovac Beloxovtag Tic Tapa-
uétpoug unépbeone ue ypron TGOV UeYLoTOTONONE TNS EX TV LVOTEPWY Thavopdvelog
(MAP) [10], [13], [5], [28]. Ltnv mapdypago 2.2 opllovue To TpbBANUa NG UTEPAVAALGNC
EXOVOC XAl TEQLYPAQOUUE TO UOVTEAO Uog. XLTNy mapdypapo 2.3 0pllouUe TOUC eXTLUNTES
UEYLOTOTONGOTNC EX TV UGTEQWY YLd TLS TapaUéTpoug unépbeong. LNy emOUEVY TapdYppo
2.4 avagepbuoaote oe Pehddoug extiunong Twv TopaUETery eCOUIALYOTC NS CUYVAETNONC
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x6otouc. 'Eneita, xdvouue pio avagopd oe Mretlavée (Bayesian) uehbdoug unepavdlu-
oTC EXXOVAC XAt TENOS, Tapouotdlovue xdmola TEpaUATIXd anoTeréouoTta Tou aiyoplfuou
TOU UAOTIOLACUUE.

2.2  Oplowoég tou IlpofAjuatog

H avaxoataoxeu| wag exdvac vdnifc avdivuong elval wa oAl woyuer uebodoloyia yia
adZnon g avdhuong Tng exovag and €vo oUvolo Bohwuévwy xol ue BopuBo yauninic
avdhuong exovwy 1 ewovooelpds. T'a va Aubel autd to mpdBinua, meénel vo avamtuyOel
€vol LOVTERO TIOU VoL YapoxTNEllel OMOXANEOTIXA TNV AVIXTNOY UL ELXOVIC.

Oewpovue TNy emtbuunti exdva vPnhvc avdivuong ueyébouc L1 Ny X Lo Ny ypauuévr o
AeZixoypaguxt| Lopwl| oav didvuoua z = (21, 22, . . ., 2n|T, 60U N = L1 N1 Ly Ny, 'Onou 10 z
AVTLTPOCKTEVEL TNV LOaVLXT| OV 1) TIC utoxelueveg TLES, oL omoleg €youy Angbel clugwva
ue to pubud mou opilel to xpithpto Nyquist. Ou mopduetpol Ly xor Ly avTinpoowrevouy
TOUC oLVTEAEOTEC LUTOdeLyUaToAblag 6T0 TapaTnEoVUEVO LOVTEAD xaTd TNV 0ptloVTia XoL
xdfetn xatevBuvor, avtiotoya. o to Aoyo autd, xdfe ntapatnpoduevn yauninic avaiuong
edva €yel uéyeoc Ny X No. 'Eotw 1 k-o0th younhhic avdiuonc exdva 1 onolo Utopet
voL Ypopel ue helixoypapued 1p6mo oC €ERC Vi = [Uk1, Uk2s > Ukm]” Ya kb =1,2--- p
xat 6mou M = NiNa. "Olo 10 6UV0AO TV TORATNROVUEV®DY EXOVLY YoUNAYS avdAuoTS TO
AVATOPLOTAUE UE TOV Tvaxa:

]T

y:[y?7y§7 7y§ :[y17y27"' 7yp,M]T

Me autdv tov 1p6T0, GheC OL TOPATNEOVUEVES TUIEC TWV ELXOVOOTOLYELWY TEQLEYOVTAL GTO
y.

Yxomdg Wog elval vo oploouue Ua xatdhhnhn oyéon uetadl g unoPabutouévng euxdvac
UPNARC avEAUGNEC XAl TV TARUTNPOVUEV®Y EXOVLY Yauniic avdivone. T'a to Adyo autd,
yenotdornoteltal €var amhd aAAd YEVIXO UOVTEAO TAQAUTARNONG OTOU Ta YoUNANS avaAuong
ewxovooTtolyelo opilovial we to otafuiouévo dfpotoua Twy xatdAAnhwy uhniic avdivong
elxovooTtolyelwy ue tpochetind B6pufo. 'Evac onuavtixde napdyovrag otov xafoploud twy
Bapdv elval 1 6éon Tou xdbe ewxovooTolyelov yaunific avdhuong oe oyéon ue To otalepd
TAEYUa elxovooToLyelwy udmiic avdluone (dnhadh, ot napduetpol unépbeonc). Eldixdtepa,
TOL TAEUTNEOVUEVA Younhic avdiuong ewovooTtolyela Tou mAalotou k oyetilovtal ue tny
exdva LPNARC avdivong clUPeVL UE TO TAPUXATW UOVTENO:

N
Yrk,m = Z Wg,m,r (Sk)zr + Nk,m (21)
r=1
yom=1,2--- Mxuk=12---,p. To Bdpoc wkm,(sk) AVILTPOOWTEVEL TNV GUVEL-

0popd Tou r-00T0U LPNANC AVIAUGTC ELXOVOGTOLYELOU GTO M-00T6 YoUNANC AVEAUGTC ToQRa-
TNeovuEvo elxovosTtotyelo Tou k-ootol mhatclou. To Sidvuoua sp = [sk1, Sk, SkK]

b

mepLéyel g K nopauétpoug unépleone yia to mhalowo k. Avdroyo Ue TNV eapuoYr, auTég



Ol TUPAUETEOL UTOPOVY VoL avamapaotoly xaboluxr (global) uetatémion xatd tic oplldviieg
xoL xataxbpupes xateufivoels, Teplotpoyt, Uetaoynuatiouols ouodtntac (affine trans-
formations) 1y onoteadrinote dhec napauétpouc xitvnone. O 6poc Mg, oty eélowon (2.1)
avTimpoowrevel Tov Tpoohetind B6puBo und tny undleor bt elvar delyupata aveldptnTo oL
axohoufolv v B xavovid xatavour, ue uéco Gpo undév xau duaxduaven op. levixd,
éva LovTéLo Tou yenowonotel Gaussian B6puo Bewpolue 6TL elval apxetd yprowwo oe Ui
TANOGEA CUGTNUATOY ATEXOVLOTS.

To uovtého mapatfipnone oty ellowon (2.1) unobétel btL ta delyupata tne ewdvag
udniic avdivong, z, tapauévouy otabepd xatd TNV ddpxela TNG AvdXTNONS and Ta Thai-
ol yauniric avdivone. 'Etol ol dwagopéc and to €va mAaloto 6To dhho yia ta Bdern Tou
uovtéhou oty elowon (2.1) npoxdntouy and v xivnon xdbe ewxovootolyeiov younifc
avdhuong oe oyéor ue to TAéyua udpninc avdivong. Tryv mohd uxen xivnon Twv ewovo-
otolyelwy elvol Tou tpoonafoVue Vo EXUETAAEUTOVUE, HOTE VO XEVOUUE ULOL EXTIUNON TNS
udniic avdivong ewxodvac. 'Eva anhd uovtého yio va xafoploouue to Bdern @divetol oTo
oyfua 2.1. Kdébe younhic avdluone exxovootouyelo (6nwe gaivetor otnyv de€id ecdva (B)
Tou oyfuatoc 2.1) hauPdvetal abpotlovtag dha ta euxovoatolyela udniic avdiuone uéoo
oe xdfe vnoydpo, Ta onola avtioTolyoly 6e autd e yauniic avdhuorne (6nwe aiveta
oty aploteph exdva (a)). Xto mopddetyuo autd, ubévo ta LiLy uhnifc avdluong euxo-
VOO TOLYELd CUVELGQEROUY OE €VOL GUYXEXPLUEVO Younhig avdiuong ewxovootolyeto. T va
AVATOPAOTAGOVUE EVALY OUOLOUOR(O avLy VEUTY|, Ta Bdpn Tou avtioTolyovy oe exelva ta Ly Loy
udmiic avdhuong exxovoototyela, Oo npénet va tefoly oe 1/(L1Ly). Ta unédroina Bden Oo
meénel vo 1eboly oe undév. Autd TO UOVTEAO TOU SLaxELTOU AVLVYEUTY TEOCGOUOLOVEL TNV
€VTaoT) ToU QuTo¢ xafde TéPTeL Tdvw ot xdfe urtoydpo Tou Yauniic avdhuong aviy veuTH.
Av ohdxAnpo To yaunifc avdiuong TAéyua xiveltol oe oyéon ue to otabepd uPniic avd-
Avone TAéyua (Snhadr, xaboluxt, cuunayfic xivnon), éva Swpopetind olvoro and UPnAic
avdiuone ewxovooTtolyela ouvela@épouy oe xdfe yauniric avdiuone euxovootolyelo. Autd
TopdYeEL Vol VEO 0UVORO YRoUULX®OY aveZdptntoy eilothoewy and Tty ellowon (2.1).

Evalhoxtxd, to povtého otny ellowon (2.1) unopel va exgpoaotel Ue Toug Gpouc 0Ad-
XANEOU TOU GUVOAOU TV YOUNAAC AVEALOTC ELXOVOCTOLYELDY WS eENC:

N
Ym = E :wm,r(s)zr + (2.2)
r=1
yio m =1,2,--- ;pM xor 670V Wy, (S) elvar 1 “oLVELGPOEE” TOU 2, GTO Y. ONOXANEO
’ 7 ’ 7 7 . T T T 7
T0 6UVONO TWV TOPUUETPWY XIVNoTNC TEPLEYETAL UECA OTO S = [S7, S5, - - ,sp] . XE apxETEC

TEPLITMOOELS AUTES 0L TapdUETEOL dEY Elva YVWOTES £X TwV TpoTépwy (a priori). Enouévec
Ti¢ Bewpolue we¢ Tuyaleg Tapauétpous, Tic onoleg BEAovue va extiuoouue wall Ty vdnirg
avaAuonC EOVAL Z.

Eivat o BoAxd vor avamopaoTAGOUUE TO UOVTENO TARUTHENENS O CUUSOAOUS TLVAXOVY.
'Evot, ypdgovtag Zdva v ellowon (2.2) npoxintel 1 nopaxdtw eglowon:

y =Wz +n (2.3)



NiLi Ni

uPnAfc avduong exdva z YAUNAAS avdAuoTC EOVaL Y

(ar) (5)

Yyfua 2.1: Movtého Siaxpltol aveyveutq (o) mou Selyvel ta ewovootoryelo udhniic avdhuong
ta onola ouvelogépouy (B) ota yaunhfic avdhuong ewovootovyein. H edva z aviinpoownelel
Y mpayuatixr exéva VYnAAC avdiuong Ty onola Béhouue Vo exTiuRCOVUE XAl 1) Y elvan 1) k-
00T yaunhhic avdiuong exova. Na onuewdoouue To dtagopetind uéyebog Tou TAEYUATOS Yia Tig

EWMOVES Z XL Y-

6mou 1o otoyelo (m,r) oto Wy elvon 10 Wy, (s) xow to n = [n1,ma, -+, par)’ . Na
ONUELOOOUUE OTL 0ol Ta oTolyela Tou n elval Selyuato aveldptnta xaL axohouboly tny
’ 7 7 7 7 ’ 2 z 7 7

(Lo xatavoun, ue peom Tuh undey xat Staxduavon oy, 1 ouvdeTtnon tuxvétnTag ThavotnTog
TOAGDY UETABANTGY TOU N dLVETAL ATo:

1 1 7
7
1 { 1 pzM: ) } (2.4)
= ———exps — — My 0 - .
(2m)*= o™ 207 25

H Swadixaotio unoBabuiocuod tng exdvag yoviehomoleltol yenotuonoldvTac lhteo yuo
H6hwon, xlvnorn xoau urodelypatioud malpvoviag Tov UEco 6po TV EXOVOCTOLYElWwY O
ouvdlaoud e Tpoohetind Gaussian H6puBo. Zavaypdgovtac Ty eliowon (2.3) npoxinTtetl
n napaxdtw eélowon:

y=Wz+n (2.5)
émou o nivaxag unoderyuatiowol W = Wi, Wy, -+ W] yia bk =1,2,--- | p avanapotd
™ 06hwon, TV xlvnon ot Ty urodeltyuatoindlo. Emouévee, yia to mhatoo k, o Wy
unopel va ypagel wg:

Wy = SBMk (2.6)
6mou S etvar o N1 Ny x N nivaxag unodetypatiouoV, By éivar o N x N nivaxag O6hwong xat
M, éwva o N x N nivaxag xivnong mou neptéyel undevixd xal docoug xat Stvel tnv Béomn xdbe
euxovootolyelou uetd v xivnon. To oyfua 2.2 delyver to Sudypauua porc tng edlowong
(2.5), T0 onolo mepLéyel TepLoaOTEPES TaPaUETEOUS ant’ 6Tl 1) e&lowon auth. To medinua
autéd unopel va Aubel e didpopoug Tpémoug. Ltny napovca epyacta Ha eCetdoouue xdmoLeg

antd AUTEC.
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Syfua 2.2: Adypapua pofic Y to wovtého mopathenons. O nivaxag H umopel va mepiéyet
TEQLOTROPT, XAl UETATOTLO).

2.3  Extiunon pe Meyiotonoinom ex tov Yotépwy (MAP)

Yy yewurd| mepintwon, embupolue va avantilouue Ula extiunon ue ueylotormolnon ex
TV votépwy (Mazimimum a Posteriori, MAP) tng ubnhfic avdhuong exévac z xoL Twy
TopauéTeny utépleons s mapdAinia, Sobéviwy Twv tapatneoeny y. Ou exTiurioels autéc
UTOPOLY VO UTOAOYLOTOUY OTWS QALVETAL TOPAXATW:

z,8 = argmax Pr(z,sly). (2.7)

Xenotuonotdvrog tov xavéva tou Bayes, 1 e€lowon (2.7) unopel evalhaxtixd va ypapet
og eéng:

P P
Z,§ = arg max r(ylz.s) T(Z’S).
Pr(y)

[apatneodue 6Tt 0 TapavouaoTric Sev elval ouVAETNOT TOL Z 1) Tou S, xat BewpdvTag OTL
Ta Z XOL S Elval OTATLOTX aveEdpTNTA, GUVETMS 0L EXTIUACELS AUTAV UTopoUV Vo YRa(poUV

OTNY TAPUXAT® LOPQN:

z,8 = argmax Pr(y|z,s)Pr(z)Pr(s). (2.8)

Z,S

Iooddvaua unopolue va eEALyLoTOTOLRGOUUE TOY apynTxd hoydpliuo tne e€lowornc (2.8).

z,§ = argmin L(z, s)

= arg min — log[Pr(y|z,s)] — log[Pr(z)] — log[Pr(s)]. (2.9)

Y16 onuelo autd Ou mpénel va oploouUE TIC EX TWV TPOTépWY TUXVOTNTES ThavoTnTaC,

e ewévoac Pr(z), twv napauétpov unépbeonc Pr(s) xat ty und ouviixn muxvétnta

whavotnta Pr(y)|(z,s). Télog, Bu oploouue ua pébodo yia Bertiotonoinor tne elloworng
(2.9) oe oyeon Ue ta z xau s.

2.3.1 Ex tov Ilpotépwyv Movtéha

To mpdéAnuo tne extiunong ™g z and 10 y elval YEVIXOC €V XAXOS 0PLOUEVO TEOBANUAL.
Auté umopel va odnynoet oe extiunioeic ue utepBohixd ueydio B6puPo av Sev To yeLpLoTOVUE
ue tov avéhoyo tpémo. Ilap’ 6ha autd wa xatdAAnin emhoyh yio 1o Pr(z) unopel va



ouaiomotioel To TeéBAnua autd. H tuyata petafinty z, axohoubel xavovixt xatavou
uEoNS TG UNdEV:
1 1
Pr(z) = W exp{ — §ZTCZ 1z} (2.10)
émou C, elvar o N x N nivaxag cvuuetaintotnrac e z. O exbetixdc 6pog otny ellowon
(2.10) o omoloc mepléyel TV GLUUETABANTOTNTA NS exxdvac unopel va avadlubel oe éva
dbpotoua amd yvoueva topdyoviag tny enduevr eélowon:

N
1 1
Pr(z) = N—exp{ - = E szid;TFz} 2.11
RNCRETEATE 2) .

i=1
émou 1o d; = [diq,di2, - ,di,N]T elvat éva dLldvuoua GUVTEAECTMOVY XoL To A UTopel va
Oewpnbel we wa “plfutctin?” mapduetpog. Xtnv epyacia Twv Hu He and Lisimachos P.
Kondi [12], avagépetal to ndc exTiudvToL autéc oL napduetpol ouahonoinone. Enouévowc,

1 e€lowon unopel va Cavaypagel otny e€ng Lopp:

1 1N N 2
Pr(z) = —(27T)%‘CZ|1/2 exp { o lzl (jzldi,j,z]) } (2.12)

To didvuopa cuvteeotdy d; yio i = 1,2, -+ | N expdlel TNV X TOVY TPOTEPWY YVOOT
oYETE UE TNV ToTxh oyéon ueTall Twy ewovootolyelwy tng z. H napduetpoc A eréyye
TIC AOUVEYELESC TWV YORAXTNELOTIXOY 6TNY Z. Av elodoouue To Yo UEAN TV eELl6OOE®Y
(2.10) xau (2.11), ta otouyelo Tou AVTLOTEOYOU TVAXA GUUUETUBANTOTNTAC UTOROUY Vo
Yeapoly 6nwe galvetal oty napaxdtwe eglowon. 'Eotw 1o (i, j)-001é otoryeio otov tivaxa

C; ! rou cuufBoiilovue oe Ci_j1 To oroto divetal amo:
2.

N
_ 1
Cl= 5 > dyidyy. (2.13)
r=1
Q¢ ouvtereotdy €youue emhéZel Tic TWéC (éva diodidotato Laplacian muprva):

1 S
dl] = 7 YLO( Z- ] ’ Z ’ (214)
’ —1/4, yw j:z; av elval duuecog yeltovag tou 2,

To oyfiua 2.3 delyvel Toug T€0OERELS QUECOUC YEITOVES TOU ELXOVOGTOLYELOV 2;. XT0O OPLO
TOU TAEYUOTOS UTOU, OL GUVTEAEGTES TPOTOTOLOUYTAL UE TETOLO TROTO €TOL OOTE AYOTEQOL

and toug Téooepelc Yeltoveg va AauPdvovtol ur’ Gdy.

2.3.2 Eniluon MAP pe Ytoyatixés Mebddoug

Yny evotnra 2.3 elyape avagephel oty und ouvbinn tuxvétnta tavétntoc tne Pr(ylz, s).
Xy napoloa @dorn Ho oploouue Ty TocHTHTA AUTH UE TNV Yop@h Tvdxwy. Aobévtog Tou
uovtélou Tapathenons oty ellowon (2.5) xat tne tuxvétntac mbavétntac Tou Boplfou
oty ellowon (2.4), 1 uto cuvBixn Tuxvétnta Thavétntac uropel va ypagel we e&hc:
Pr(y|z,s) = % exp { — L(y ~W.z)l (y - Wsz)}. (2.15)
(2m)2 o)

2
20,7
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Yy 2.3: Ydmhric avdhuong ewédvag mou delyvel Toug duueoous Yeltoveg tou euxovoatolyelou
zi. Bty neplntwon auth, To d;; Oo telel oto undév uévo yia exelva ta j €toL Gote To z; elvan

Guuecog yeltovag Tou z; (GXLGUEVE ELXOVOGTOLYELD).

Xenowonotdvtac e e€lodoeic (2.9), (2.10) ot (2.15) xor ayvodvtac Toug Gpoug Tou
TEOXUTTOUY XoL oL onolot dev elval ouvapthoelc Twv z xat s, T6te oo MAP extwroeic

UTOEOUV Vol EXPEUCTOUY UE TOV TUEAXATW TEOTO:

z,8 = argmin L(z, s)

Z,S
4 z z ! ’ 4
6mou oty Tapandve éElowon to L(z,s) divetar and:

L(z,s) = L(y ~Wez)T(y — Wez) + 1ZTC’Z_IZ. (2.16)
207 2

H ouvdptnon (2.16) ovoudletar ouvdptnon xéotouc. Oo TpéNEL VoL THY EAXLYLOTOTOLN-
OOVUE Ot OY€om UE To Z XAl S. 2Ty e&lowon auth To Yy avanoplotd To Sedouéva Log.
Auté mapéyer xatd éva ueydho Pabud apxetd evdlagépov 0cov agopd To TEOBANUL TS
Behttotonoinone. Mapatnpdvrac Ty ellowon (2.16), PAénouue 6TL dev dagoponoleltal oe
oyéon ue To s yua ddgopa Uovtéha xivnorne. Qotdco, dobévtog Tou 4TL To z elval 6Tabepd
xat dev uetafdihetal, ToTE elvar Suvatov va exterécovue ula avalitnon oe éva menepa-
ouévo aUvoho dlaxpltdv mapauétenmy xivnong étol Gote va ehaytotonotioouue tny (2.16)
oe oyéor ue to s. Enlong, n B eClowon oynuatilel ula tetpaywvixr cuvdptnon yio To z
xaL 1 onola unopel va ehaytotonoinfel edxoha we TpOC To Z av oL TapdueTpol unépheong s
dev uetaPdirovtol. Kdfe gopd ehaylotonolodue auth tny cuvdptnon x60Toug ws 1eog z
xaL s EEYWELOTA Xo eVAANEE xat auth| 1 Stadixacia o cuveyloel uéypic dtou o ahyodpLbuocg

VoL oLYXALVEL 1) Vo @Tdoouue o éva ouYxexELUEVo aplBud and enavarfpelc.
Koatd tnv dudpxeia tne Stadixaciog e BeATiotonolnong yenollonoloVue UL apyLxh

extlunon tne ewdvag udPniic avdiuorg 2°

. Auth n extiunon unopel va urtoloyloTel, Yo
ToEAdELYUd, TOREUBIAOVTOS TNV TEOTY YUUNATC AVIAUOTC EXOVI OTNY TOEATNEOUUEVT] X O-
houfia. Ye xdfe enavdhndn n tou akyoplfuou, oL mapduetpol xivrnong urtopoly va uTo-
AoytoToly ehaytotonotdvrac Ty eélowon (2.16) we mpoc to s dobévtog Gt N TEéyouoa

extiunom e udnhic avdhuone exdvac 2" = 27, 28, -+, 2%]7. Tho avalutixd, n extiunon
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e xivnong ywe n = 0,1,2,... uropel vo utohoyiotel wg e&hc:

§" = argmin L(z",s)
S

= argmin{(y — W42™)" (y — W,z2")}.

[ va mapdouue v dtadixacia tng evnuépwone yoo Ty ewdvo uPnifc avdivorng,
TEETEL VO UTOAOYIGOUUE TNV TARAY®OYO TNS CUVERTNONS XOOTOUC, OTKC AUTYH TPOXUTTEL UTd
v e&lowon (2.16), we tpoc Ty tocdtnta z. H napdywyog aut Sivetat and tov napaxdto
tiro: ]

V.L(z,8) = — (W Wz — Wery) +C, 'z (2.17)
6Tou

OL(z,8)

0z1
dL(z,s)

V.L(z,s)= | =

AL (.z,s)

dzn
Yy emavdhndn n, Tou alyoptBuou Bdlouue tic tapauétpouc xivnone otny ellowon (2.17)
étoL Gote s = §". 'Eneita, Hétoupe ty nocdtnta V,L(z,s)|s = §" lon pe 1o undév xo
AOVouUE w¢ TPog To Z AauPdvovtag TNy Topaxdtw extunon:

2" = (WL Wi +02C ' "Wy, (2.18)

s

H dwduxaota tng evnuépwone twv mopauétomy xlvnorng xat tng exovag z ouveylletal yia
n=0,1,2,... uéypt n ouvdptnon xéotouc L(z",8") va otabeponoinbel A uéypl va toyloet

T0 enbUevo xpLThplo olyxhorg |27 —

z"||/||2"|| < €, émou To € elvar éva npoxaboplouévo
xatdehL. Elval apxetd mbové n ouvdptnon (2.16) va éyet Tomxd ehdytota xat 1 dtadixacto
e Pertiotonoinong va maydeutel oe xdmoto and autd. Emouévde, elval onuavtixd va
Eexwvihoet 1 Swadixaoior Tou mepLypddaue ve TRV xalitepn (600 To duvatdy) extiunon e
z.

"‘Eva mpoxtind mpdéAnua mou umopel va mpoxUdel xatd tny ukornoinon tne elowong
(2.18), elvar autd e YeYIANS xatavdAwone xHpou xar UvAung, Aoyw Twv UeydAwy Sua-
0T86EWY ToU €Y0UY oL Tvaxec Tou yenotuonotoUue. Av xat ov wivaxeg W xar C 1 elvau
oTNV YeVxT| TeplnTwon apatol, elval apxeTd oLy v 6NV TEELN TLo XAAG VoL YETOLLOTOLOUUE
uta Stadixaolor eEAayLOTOTONONS UE YENoN TNS TAPAYOYOU TER VoL EXTEAOUUE AVTLOTROWPT
mwvéxwv oty ellowon (2.18). H mpooéyylon auth meplypdgetol 6Ny auéons ETOUEVT

EVOTNTAL.

2.3.3 Beltotonoinon pe Xpron tng IHopaydyou

LNy evotnTol auUTH, TEPLYPAQOUUE Ulal ETavaANTTIXy Stadixactio ehayloTonolnong tne na-
PAYOYOU WS TEog TNV LYNATC avdivong exodva z. Avtixabiotdvrac dhec Tic TUXVOTNTES
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mhavotnrac oty elowon (2.9) xou hauPdvovtag un’ gy tic ellodoetg (2.2) xa (2.4)

TEOXUTTEL:
1 1 = al i
Pr(y|z,8) = ——r—7 Py — 55 Z Y — Zwm,,«(s)zT : (2.19)
(27T) 2 0% 20_77 m=1 r=1

Xphowonotdvrog v eglowon (2.9) oe ouvdlaoud ue Ty und cuvbrixn TuxvotnTa Thavo-
mrog e eélowong (2.19) xoL Ty ex TV Tpotépwy tuxvotnta tbavotntac tne eélowong
(2.12), t6te oo MAP extufioeic Tov z xou s dlatundvovTat:

z,§ = argmin L(z, s)

Z,S
émou topa 1} MAP cuvdptnon x6otoug unopel vo exgpaotel wg eZhc:

2 2

1 pM N 1 N N
L(z.s) =55 Sy =D wnp(s)z | + N S digz ) (2.20)
T m=1 r=1 i=1 \ j=1

'Onwe gatvetar Eexdbapa and v e&lowon (2.20), n ouvdptnon x66ToUC XUULvETAL
uetall 8Vo tinwy Adboug. O mpdtog 6pog avagépetal kg UL Yeauuxt e&lowon opdiuatog.
To ogpdiua autd ehaylotomoleiton dtav 1o z, TpoBdAheTal UECW TOL UOVTELOU TapaTAPN O,
€10l Gdote va toLpldlel dvw ota dedouéva. H elaylotonolnon tou dpou autol oe UepLxéc
TepinTdoelc unopel vor odnynoer oe unepBoluxd peydho O6pufo yio xdmoleg eqapuoYEC,
AoYw Tng xoaxhg @uong tou aviiotpopou TpolAfuatog. O SeUTEpOg GPOC AVAPERETIL WS
TO €X TWV TPOTEPMY COAAUA TNS ELXGVAC X0l AELTOURYEL GAY OUAAOTOINGT YLoL TNV EXOVA.
Autéc o dpoc oty yewxr| Teplntwon ehaytotonoleltal dtav 1 exdva z elvar opadr. Ta
Béen xdfe ouoThoUC GTNY CUYEPTNOT XOGTOUS EMEYYOVTAL anG TNE TOGOTNTES O %o
A T mopdderypa, av 1 axpiBeid twv dedouévey elvar ugnhi (autd onuaiver 6t to o)
elvar uxpd), téTe uneploy Vel N ypauuwxt eélowor opdiuatos xabdc o deltepog dpog Telvel
o070 undév 6tay 1o A telvel oto dmelpo. Av ta dedouéva meptéyouv moAl Bépufo, toTE T
oLvdpTnoy x6oToug Ho SdoeEL UEYANUTERY) EUPUGT] GTO €X TWV TROTEQWY GOAAUL YLOL TNV
eova. Autéd yevxd, odnyel oe mo ouakéc exTiuroelc Yo Ty exdva. Emouévwe, o dpog
autéc Dewpeltal cav €vag pog TOLVAC Tou EAEYYETAUL AT TNV TAEAUETEO A, XAl AUTH TOU
xdvel elval vo Jag amodaxpVvel 6o elvat Suvatéy and Hopunhdelg Adoelc.

Ou mapduetpol xivnong evnuepdvovtal Uéow Uog Stadixaotog avalitnonc. e xdfe
enavahndn n tou alyoplBuou, HELovue va ehaylotonoticouue Ty elowon (2.20) wg tpog
s, doBévtoc tou yeyovétog 6Tl z = z". 'Etol, yernoldonoidviag uévo toug 6poug Tou
TepthauBdvouy To s xal ehaytotonoldvtag TV elowor yia xdbe évayv ané toug p dpoug
aveldpTnTa, EXTIUGVTAC Tapdhhnha TiC Topauétpoug unépheone yio To mhatowo k otny ema-
vaindn n, tpoxintel n topaxdte ellowon:

2

M N
§p = argmin Z Ykm — Z Wiemr (Sk) 2y (2.21)
Sk m=1 r=1

v k=12 p.
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[ty edayrotonoinon tne eélowong (2.21) anatteltar éva eldog avalAtnone yo o
sp. H avalfmmon auth umopel va elvar évag anidg alydplbuoc talptdouatoq xatd unidx
1 évog mo oUvletog alydplbuog unépbeone dnwe Bo dolue oe emdueva xegdhata. Xty
Tapovoa @dor €youvue LAoTooEL €va Topadootaxd ahybpliuo TalpldouaTog XaTd UTAOX,
oTov onolo Ta yaunhig avdiuong mhalola cuyxplvovtol wetall Toug xa xdbe €va and autd
ue v extiunon e vdnirc avdiuong ewodva, €tol Gote va xaboploouue Tig TapauéTEOUS
xlvnong.

[ var mdpovue TNy evnuépwaon NS TARUYDYOU YL TNV EXTIUNGCT] TN EXOVIC, TAQOY K-
yiCouue Vv ouvdptnon xdotoug (2.20) we tpog to exovootolyeto z; Yy k =1,2,--- | N.

H pepu mapdywyog divetal and:

_ O0L(z,s)
9k(2z,8) = 8—%
1 pM N 1 N N
= O-—% wm,k(s) (Z wm,r(S)Zr - ym> + X Z d@k (Z d@ij) . (222)
m=1 r=1 i=1 j=1

No onuetdoovue 6t 0 npdtoc dpoc otny elowaon (2.21) elvar to dfpotoua Twv Slapopdv
ueTady Twv dedouévwy mou €youue TeoBrédel we Tdpa Uelov To TEayUATIXd YoUNARC avd-
Auorng dedouéva. Kdbe dpoc oto dfipoloua autd mepléyel €va Bdpoc and v cuvelcpopd
TOU 2 070 YAUNMAC avdAUoNS EXOYOOTOLYELD, TO Wi, k(). O deltepoc Gpoc elvar évac
YEUUUXOS oUVBLAOUGS TV UYNATC avdiuong euxovooTolyelwy Yo xdfe k. Autd to Turua
NS TAPAYOYOU Unopel Vo utoloyloTel yia 6ha Tor UYNATAC AVAAUGTC ELXOVOGTOLYELN UECK
e dadixaotac e ouvéhine. T touc ouvteleotéc e edlowong (2.14) o xatdhinhol
ouvteheoTeg GUVEMENS alvovTal oto oyfua 2.4. Télog, 1 evnuépwon tng Adorng Ue yerion
TNe mapaydYou Yo xdfe extiunon Tou exxovootolyetlou, dobévtog 6TL oL TapdueTpol xivnong
dev uetafBdhovtal €toL Gdote s = 5", elval:

gt =z — eg(2",8") (2.23)

yiaon=0,1,2...xuk=12---,N. Evahhaxtxd, n eviuépwon autr unopel va ypaget

X0l UE TNV Lop@N:
in-‘rl — in o 5”VZL(Z, S)|z:i”,s:§”- (224)

H nopduetpoc " otic elodoelc (2.23) xou (2.24) avunpoownelel to uéyeboc tou B
UaTog 6TNY N-00TH emavdAndn. Ev yével, n napduetpog auty Ha mpénel va elval apxolviwg
uLxe?) €T0L BOTE VO ATOQEVYOUUE TNV ATOXALOY Xal apXETA UeYIAN Yo vo eCacpalileTal 1
oUyxhion oe Aoy aplfud enavaridewy. To Bértioto Briua eaopaliletal eAdyLOTOTOLD-
vTac TNy eZlowan Tou axoloulbel we tpog to e”.

L(in+1, én) _ L(in _ €nvZL(Z; S)|z:i",s=§"= §n) (2.25)

Metd and v ehaytotonolnomn npoxUnTel N tapuxdte eéloworn Yo To uéyeboc Tou Br-
uaTOC:

M N A\ Am N _ N n
0 é an:1 Tm ( 27:1 wm,r<s )Zr - ym) + % Zi:1 gi ( Z]’:1 dz’,jzj )

1 pM o 1 N -9
Ezm:f)’m"'xziﬂgi
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Yyfua 2.4: Tuvieheotéc GUVENENC TOU YpNOLULOTOLOUYTOL VLol VoL AGBOUUE THY EX TWY TPOTERMY

xatovour e Aamhaotavic (8eltepn mapaydyog) tne ewdvac.

OTOU Yy, elval 1 Tapdywyog mou TEOPAAETAL TAVK OTO UOVIEAO TV YAUNAAC avdAuong
ELXOVOGTOLYELWY Xat ddeToL and:

N

an SN an
Ym = E Win 1 (8")gr (2", 8") (2.27)
r=1
Xal 1) TOGOTNTA g;, 1 omola elval T0 oTaOULOUEVO G0pOLoUN TOVY YELTOVIXGY TWOV NS To-
paydyou, Tou aivetal 6T oyéon Tou axoloubel:

N
j=1

Mia ouvohixy) extiunom tne Swadxaoctog autric Tapéyetal otov alyoplfuo 1:

2.4 Extipnon tov Hapapétpwv EEoudiuveng

Mropolue va mapatneocovue 6TL 1) CUVAETNOT XOOTOUS TOU UVAPERUUE OTNV UTOEVOTNTA
2.3.3 elvan o ouvdptnon e€oudhuvone Tikhonov [16]. Zavaypdgouue Ty ouvdpTnon auty
UE TN UOopPT| TLVAXWY

L(z,s) = |y = Wez|* + o|Dz|)*

omov o = % H ouvdptnomn xdéotoug mou yeddaue mply €yl dUo 6pouc: 0 Tp@TOS TOU EXPEd-
Lev Ty axpiPeta Tng Morg ot oyéon ue ta dedopéva (||y — Wsz||?) xar o bpoc Tou exppdlet
Y EX TV TpoTépwY TANPopopta Tng LdMAfc avdluone exdvag (||Dz]|?). O devtepoc bpoc
auThc TNe e€lowaong meptéyel éva UPLTEPATS PIATEO %ol UE aUTOY Tov TpoTo “avoryxdlel” Ty
Aoom v yivelr mo ouahy Badlovtag évay 6po “mowvic” otic acuvéyeec. To oyetind Bdpog
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AlyépBuog 1 Enavainmtinic alydptfuoc MAP extiunong yia unepavdiuon exdvag [10].

BrAwa 1: Eexuvdue yio n = 0 ye Ty apywer extiunon tne exévag va elvan 1 2° mou tapd-
yeTal and TopeUBoAT Ue To Tp®To TAalolo yauniig aviiuong.

Brua 2: T k = 1,2,...,p, Peloxoupe ta §; olugwva ue v elioworn (2.21) dote va
mapayfolv to 8"

Brua 3: Yrnohoywlouue ty mopdywyo gx(z",8") and v ellowon (2.22) yw k =
1,2,...,N.
Bhua 4: Yrnohoyllouue to Béhtioto Brua €™ and v (2.26)
sn+1 +1

Bua 5: Oétouue z; " =z —e"g(2",8") v k=1,2,..., N nopdyovtac v z" .

Brua 6: Av ||zt — 27| /[|z"]| < € 7| éyouue @Tdoel oe éva clvoho and emavahhdeLe,
OTOUATIUE.

BAua 7: ©¢touue n =n + 1 xat emoteégouue oto Briua 2.

uetady autdy TV dVo bpwv xafopiletal and ula Tapduetpo opalomoinong a, mou 6TWS
Sel€ape xou mo mve elvar o Aoyog g ddvaung tou Boplfou o mpog TNy mapduETEo A.
X1y mo yevixy| tepintwot, 8ev €youue xaulo EX TV TEOTEPWY YVOOT) YLoL XAVEVA antd Ta
03 xal A, Utnv meplntworn auth 1 topduetpoc efoudiuvone uropel va pntd exgppaocTtel wg
ouvdptnon g LPNAfc avdhuone exévac [14]. Xuvende, Eavaypdpouue TNV oUdAOTOLNUEV
oLVdpETNoT %x60TOUC WS To dfpoloua xdbe LeywELoTHC oUNLGTMGoOS eCoudhuvone yia xdbe
uta amd T p YaunAic avdiuong euxdvec:

Liz,s) = > {llve — Wazll’ + ox(z) [Dyz[*}. (2:29)
k=1

Anadelpouye Tov Selxtn k and ™y mocdtnTa Dy tng napandve elowong xafhg D =
Dy, dnhady| to (o udnrepatd gplhtpo yenotuonoteltal yior G Tor YaunAic avdluong thalota
k=1,2,---,p. Xeautiv Ty neplntwor unopbuue vo Eavaoploouue T ouvdptnon yia xd0e
EMOVA YAUNAAC avaAUoTS

L(on(2),2,8) = |yr — Wi pz* + ox(2) || Del|*. (2.30)

vy k=1,2,---,p. Hapddinia Bétouue tic axdloubec anartioels Yo 1o oy (z): Ha npénet
va elval ouvdptnon tou HopYou xat 1 emhoyn Tou va Tapdyel Ulo xLETH GLUVAETNGT), TNV
omola 6Tay ehayloTonoloUuE va uag Slvel Tnv uPniic avdiuong edva. Ltig eElodoeLS Tou
éxouue avagephel uéypl thpa toylel 6t afz) = > v, ay(2).

Me Bdon Tic npotnobéoeic mou Géoaue yio TV TapdueTpo eZoUdALYOTE TEOXUTTEL UL
YeouuLXY ouvdptnom UETall TS au(z) xat xdfe dpou e ouvdptnone xéotouc. Telxd,
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AOVOYTAC WG TPOC TNV TUPAUETEO AUTH TEOXUTTEL 1) TARUXATW OYECT:

lye — Wegal?
IR E

i (z) (2.31)
Enlong, axohoubdvtag v v dwadixaoio tng olyxhione tov xpitnelwy 6nwg otny
epyaota [14] maipvouye:

1 > 5p||Yk - Ws7kz|l2¢max(DTD>

?k 2~ 2p G (WT W, ) + || Dz|? (2.32)

OTOU Pmax(+) elvan 1 uéyLotn Wiotyr Tou Tivaxa (tou ecwxheletar otic tapevhéoeic). Eno-
uévoe haupdvovtac ut’ 6duy xat Ty eZlowon (2.6) npoxintet:

Gmax(WE Wi 1) = dmax (B M} S"BrM;S). (2.33)

Av xdvouue uroderypatoindia matpvovtag 16V UECO 60 TWV ELXOVOGTOLYEIWY UTOPOUUE
ToAU gvxola va delouue 6Tl Loylet

1
(L1Ly)?

Ss”s = I

6mou I elvar o N X N povadiatog mivaxag. Miag xou dev ydvetar aAld ovte xaL mpootibetol
TAnpogoplo xatd TNV Sudpxeta g xivnone My, ta otolyelo Tou ivaxa autol elvol docol
xat Undevixd, ue xdfe othkn xat xdhe ypauun va neptéyel ubvo évay doco. LNy neplntwon
auTY, Loy VEL

M} M;, =1
Xenowwonowdvtag Gaussian gihtpa v 66Awor), 161e unofétouue 6TL oL cUVTEAEOTES ATd-

XELOMS XOVOVLXOTOLOUVTAL OTNY LoVAada, To omoto elval LoodUvauo ue
T
Gmax (B, Bg) = 1.

Avuxafiotdvrag Tic Tpetg autég Tedeutaleg e€loGoeLC TNV TopaxdTw eElowaon TAEOY €youUE:

1 1

max WT Ws = 77 7ov9 Pmax BTB =TT 2.34
¢ ( s,k ,k) (L1L2)2¢ ( k k?) (L1L2)2 ( )
Yuvende n aviedtnta (2.32) petofdihetar xou yivetol:
1 _ P ¢max(D'D
DB lvi — W el + D (2:)

— >
Ve o 2-— (€p/(L1L2)2)
Tdpo unopovue va oploovue to uéyefog tou Bruatog € étol HoTe:

P Pmax(D'D)
2 — (ep/(L1L2)?)

H oyéon yio tnyv onola toyvel 10 Topandvw elvat:

2 (L1L2)2
o (<L1L2>2¢m<DTD> ¥ 1) (236)
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H avieémnta (2.35) anhonoteltor xat ylvetal:
1
%;>HYk—VVwﬂH2+HDZW (2.37)

Topa éyouue 6t ||yil|* > |lyr — Wzl pag xou éyouue urobéoer T ou yaunhic
avdAuong eOVES €youy UeyahUTeERT EVERYELN 0md Tov Tpdabeto B6pufo xat enlong Loy vetl
lyxll? =~ QT—E > [|Dz||* vy wxpoic Adyoug vmoderyuatohndloc Ly = Ly = 2, ago0
€youue unoféoel 6Tl 1 exdva z €yel TOAD Alyn evépyela oTic UYnhéc ouyvdTnTES ant’ OTL
otc yaunhéc ouyvétnree xou xdbe yauniic avdluonc exoéva yi €xet 1/LiLy and tny
evépYeld NG Z Yl TMEPLITOOELS ywplc O6puBo. Xtnv mapoloa epyacio yeENoLULOTOLOUUE
Aoyo vnoderypatohndlog L1 = Ly = 2. Enouéveg yio authy tnyv emAoyi| unopolue va
oploouye TNy ToGHTNTA:

1
= =2yl (2.38)
Yk

H mopandve mocétnta ixavonotel v ouviixm tne obyxhong xou enlong divel éva cuvte-

Aeot| o
_ vk — Wzl

~ 2|lyal* - |Dz]*

(2) (2.39)

2.5 Mneliliavég MéBodot Yrepavdiuong Euxdvag

"Eyouv npotabel Sudgpopec Mrebliavég teyvixée yia unepavdluon exdvag. Oo mopouctd-
OOLUE UEPLXEC amd aUTEC OL OTOLEC AVAAOYU UE TO XELTHPLO TOU YPNOUOTOLOUY YLoL TNV
eUpEDT) TV TUPAUETPWY UTERHEGTC AVAXOUY GE BLAPOPETLXT| XaTNYOoploL.

2.5.1 IIeplBwpronoinon Ewédvag Yniis Avdiuong

H uébodoc mou éyer mpotabel otnv Pihoypapia [33] viofetel tny Mnretlavh npoéyyion
xdvovtog reptbwpelonolinon Tne dyvemotng ewdvac VPnArc avdiuong.

Me v péfodo auti|, BeAtioTonolfjouue Ty Teplitpla mhavogdvelo k¢ Tpog T Tapa-
uétpoug unépbeonc xou autd ylvetor unopel va yivel ye dVo tpdémouc. H mpdtn mpooéy-
yiom elvat vor ypnowuonotioouue tov alydptbuo avouevouevng ueylotonoinong (expectation
mazimization EM) [2]. Yto E-step extyudue v ex twv votépwy xatavour e udgmhic
avdivong ewodvac. Xto M-step ueylotonoloVue tny tedBiedn e z. H ueyiotonoinon auty
unopel var yiver ue tov ahydptbuo tov oultydv xhiloewy (scaled conjugate gradients SCG).
H dedtepn npocéyyion elvar va ueyiotonotioouue v meplliodpla mibavogpdvelo xateufetay
yenotuonoldvtag Tov alyoptbuo SCG. Ev yével, Oewpelton dtt 1 aneubelag ueyiotonoinon
elvan TayVtepn and Tov akydetbuo EM.

2.5.2 IIepbwpronoinon Hapouétpwy Ynépbeong

LNV UTOEVOTNTA QUTY ToEOUGLELOUUE UL TEYVLXT] YLOL UTEQOVAAUGT) EOVOS XaL 1) omola

xenowonotel Bayesian uefédouc meplfvplonoldtag tic dyvwoteg napauétpoug unépbeong,
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oL ornoleg oyetilovtal e TO GUVOAO TV yaunhic avdiuong dedouévwy. H dwugopd ue
v epyaotio Twv Tipping xav Bishop [33] nou napovoidotnxe tponyouuévws, elval 6Tl o€
exelvn n teplbwptonoinon yivetal tdvew oty uPnhic avdivong ewdva, “avayxdalovtdc” uog
o ulo SUGUEVY| YPNOT ULIG EX TWY TEOTEPWY XATAVOUNS YLo TNV exdva. Oloxinpdvovtog
O¢ TEOC TIS TapaUéTeoug umépheone xat oyt we Tpog Ty ewodva, 1 Uébodog auty dlvel uia
TLO PEANLOTIXY xaTavour, xatl extong UeldVel TNV Sldotaon T0T oloxhnphwuatog aehntd,
amaelpovTag To xVplo UTOAOYLOTIXG XOGTOC Tou Tpornyoluevou aiyoplfuou. Xe avtifeon
UE TO UOVTENO xiynong mou ypnoluonoteltal otny [33], edd napovoldletat éva o YeEVIXO
UOVTENO TOU ETLTEENEL AAAAYES OTOV QWTLOUG ahhd oL TNV xivnor. 'Eva mheovéxtnua tng
TpooéyyLlong authg elvat 6Tl oL anattAcelg o UvAun Uewdvovtol awclntd oe oyéon ue tnv
TponyoUuevn Uébodo, map’ dha autd elval To ypovodpa oe GYECT UE TEYVLXES UTERAVIAU-
oTc exovag Tou yenotuonototy uéhodo MAP. [N neplocdtepes mhnpogopieg oyetTixd ue Ty
u€H0B0 AUTH TAUPATEUTOUUE TOV AVAYVHOGTN oTNY avawopd [27], xafde dev Ba avagepholue
extevéoTtepa oe Uebddoug authc Tng xatnyoplag.

2.6 Yrnépbeorn Baoiouévn oe Xapaxtnpiotixd Xnuelo tng Ewxdvoag

"Eva npéfBinua mou mpoxUntel xaL avixel oto medlo g Yrnohoylotixrc ‘Opaong, elval to
TeoBAnua Tng unépbeong edvag Ue Paor XATOL YAEAXTNELOTIXE OTUELd TEVW OTNY EXOVA
auth. Anapaltnto yia v emtuyela xdbe akyopibuouv urepavdluong ewdvag elval 1 ebpeon
avtiotolywy onuelwy Petalld Ty exdvoy otny axoloubelo ecddou. To mpdfinua tng
“avtioTolylong” umopel vo dofel wg elhic: Sobévtwy dvo SiagopeTindy dpewy tne (drag
oxnvic, yia xdfe onuelo otny ula 6¢n va Beodue to avtioTolys tov otny dAAn o¢n.

Mo eupémg Stadedouévn Teyvinr yio urepavdluong exdvog elvatl Tou oyetiletal Ue To
TeoPBhnua TN ouoypaplag 3o 1 TepLocoTéPWY EXOVLY, OTWY QalveTal 6To oyfua 2.5. Ap-
Y8 oL ewxdvee elebdou eulinypauuilovtol uetalld Toug TaVK GE Ul XOLVT| ELXOVA OVAPORUC.
H gdon tne eubnypduuiong Tov exdvey, TepthauBdvel TO60 YEWUETPLXES GUVLGTHOOES 660
XL PWTOUETEIXES GUVLOTMOOES TOU €)Y OLY VO XAVOUUE UE TNY POTELVOTNTA TNG exdvag. Metd
and 1o Brua autd axohoulel to Briuc Tng ouoypaplag THV eOVLY, cLVBLALoVTAC OAEC TIC
elxOveg €L06d0u oe Ula BoTe va mpoxUdel Ula oxivn xal TNy cuvéyela epapUblouUE TOV
ahy6pLOUO TNC UTEPAVAAUOTC ELXOVOC, OE OTOLUONTOTE TEPLOYY) EVOLUPEPOVTOC.

‘Ocov agopd TNy unépbeon avagepduaote oe eninedoug TEOBOAXOUE UETACY NUATIOUOVC,
nou entong ovoudlovtar we eninedn ouoypagla (planar homography), évac yewUeTpLXoC
uetaoynuaTiouoS €xel oytd Pabuoic elevbieptac. Xtic eglodhoelc mou axovhouboly avo-
(PEPOVUE TOUC GTOLYELMBELS oUUPOoALoUoUS. Oewpolue OTL Ta oNUelo UAC AVATAPLOTOVTAL
o€ OUOYEVEIC OUVTETAYUEVES, ETOUEVWS To onuelo (z,y) avanapiotdtor we (z,y,1). O
TeOBOAXOC UETATY NUATIOUOS onuelmY elval:

!
x4 hii hiz his 1
!
Ty = |ha1 ha h23 X2
i
X3 hs1 hsa hss x3
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Eigo

Bog: moAALRALS ElcbVES

| B

Yrepavdlvon sixcévag

Yyfua 2.5: ®doeic unepavdhuone exdvag Ue yeRor TS TEYVXAC TS ouoypaplac.

f 1odUvapa x = Hx.

Y10 medlo g umoloyloTixfc bpaong elvar apxetd ouvninouévo va mpoormabodue va
EXTWUNACOUUE TIC TOPAUETEOUS EVOC YEWUETELXOU UETACYNUATLONOU, OTwS 1 opoypaplo H
UE QUTOUATO EVIOTLOUO AVTIGTOLYWV YoRAXTNELOTIXGY oNuelwy oTIC exdveg el6ddou. Ev
YEVEL, UECU O ULXL EXOVAL UTARYOUY EXATOVTAdES onueia eVOLapEpOVTOS Ta oTtola UTOPOUY
ue dLdpopoug TpodToUC Vo utoloyLoTovy [18], yenotuonotdvtog yio Tapddelyud Toug TEpL-
veageic SIFT, touc omoloug Ba mapoucidoovue avahutixd o enduevo xegdroto. Emeld?)
ToL Y OUEVL YoaxTNeLoTixd onuelo elval TOANE, AOY® TN UETOTLONS XAl TNS TEQLOTRO-
Qhc TV younhic avdiuong mhaiolmy, evdéyetal va anoppldouue xdmola and autd xabdg
dev undpyouv undpeyouv Ta avtioTolyd Toug. I o Adyw autd, axoloubel éva Brua xatd
T0 omolo Bploxouue ta onuela exelva TOU GUUPEOVOUY UE TNV OUOYEAGLA YPTOLLOTOLOVTOG
v topdderyua tov adyéptbuo RANSAC [11]. H ouvoluxr dtadixacio mou axohouBeita
golvetol otov akydplfuo tou axoloubel:

[ tepLocdTepe AETTOUEPLES OYETLXG UE TNV TEYVIXY TNE ouoYpeaglac xat Tng elpeong
YoeaxTNELoTIXdY onueiwy oe ula ewdva taparéurovue ot epyaoieg Twv D. Capel xau A.
Zisserman [11] xow David G. Lowe [18].

20



A\yépibuog 2 Autéuatn unépbeon dUo exdVOY.

Bhua 1: Yrnohoyloudc twv onuelwy evdagépovtoc yia xdfe exdva (neptypagelc SIFT).

BrAna 2: Yroloyilouue €va oUvoho onuelwy evilagépovtoc ta onolo Taptdlouy oTny Yel-
TOVL UE QUTE TNE YELTOVLAC TWV UTOAOITODY EXOVWY.

BrAna 3: Xpron aryopibou RANSAC. Eravalaufdvouue ta mapaxdto yia N delyuata.
(o) Emhéyouue 4 tuyaia avtiotorya onuela xat utoloyilouue tny ouoypapio H.
(B) YrohoyiZlouue éva ogpdhua andotaonc yia xdbe aviiotoryia.

() Yrohoyilouue tov aplfuéd onueiny exelvwy tou onugponvoldy ue tny H and ta avtiotouya
onueto Yo T omola To oAU aTOOTAOTS ELVAL UXEOTERS ATO €V XATOPAL.

BrAna 4: Eravainoloyilouue tov H and dha ta avtioTtola onuelo tov Gewpolvtal og ano-
dexTd.

A 5: Emmiéov otouyela evdlagépovtoc xabopilovtal yenoluomoldvtag Ty extiunon
tou H vy va oplooupe o neployy) avalrtnong.
Ta duo teheutala BAuata enavaroufdvovtal uéyet o opludc TwV avVTLoTOLYLGOY Vo
elvan otabepde.

2.7 Ilewpapatixd Anotehéopata

Khelvovtac 1o xepdlato autd Oa mopouoldoouue xAmoLd TELRAUOTIXG ATOTEAECUITO VLA
TNV ouumepLpopd TNe Uebodou tng umepavdAuong EdVC TOU AVAAUGAUUE TUPATEVG GTOV
ahyoelbuo 1.

Y1o TeLpdUaTd Uag €YOUUE YPTOLUOTOLAOEL EXOVES TOL TIC £youue Bolvhaoet ue Gaussian
yaunhomepatd @iltpo Tumixfc andxiiong 1 xau uéyebog mapalbipou 5 X 5 evd mapdhinia
€youv urnoPafutotel ue éva tapdyovta Ly = Ly = 2. To uéyioto mihfoc enavorideny tou
yenotuonotfooue etvar 100. Ov yoaunifc avdhuong ewoveg €youy Tuyaleg UETATOTLOELS TOU
xuuaivovtal oto ddotnua [—3,3]. T ty elpeon tov Savuoudtwy xiviong yenuotoL-
oaue €vayv anhd akydplfuo talpldouatoc xatd urhox ue péyeboc mapabipou avalitnong
[—4, 4] xou Bhua avaltnone 0.15. Ot UETPLXES TOL YPNOLUOTIOLOVUE YLoL TNV TOCOTIXOTOINON
TNC ToLdTNTOS TV UToPabutouévey exxévwy, ta enineda tou BoplBou oTic utoBabulcuéveg
EXOVES YOUNAAC AVIAUOTC X0l TNV TOLOTNTA TOV AVIXATAOXEVACUEVRDY OATOTEAEOUATWY €f-
vat 1 uéytotn Twh tou Adyou ofuatoc tpoc BépuBo (PSNR). Ou petpixéc autéc opilovio

we:
(255)2

— g2
If — gl
omou f xoL g elvol 1 TEaYUATIX XAl 1) AVOXATAOXEVACUEVT elxdVa, avTloTolywe. o Ty

dnutovpyla TV TEYVNTOV TopadelyudTowy yenowonotiooue tpoohetixé Gaussian Aeuxd
Hépupo.
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H doun ue tnv omola Ba mapovotdoovue to anoteAéouatd wog elvat n axdioudn: divovran
oL yauniic avdluong ewoveg and T onoleg fa mpoxUel To amotéheoua, TapouoldleTol
1 OVOXATAOXEVACUEVT) EOVAL LUPNATIC avdhuong, 8Uo Tivaxec Tou TEPLEYOLY TS TLUES TWY
oQahudTeY Yo ta dtaviouata xiviong (Uéorn Ty, Tumxy andxhion xoL evdtdueson )
xaw 3o mivaxeg mou meptéyouv aptBunuxd anotehéouata (Uéomn Twh, Tumxh andxhon xa
evdLdueon i) vy to PSNR, 6nwe npoéxuday and tov ahydptbuo 1. Xtoug nivaxeg autolc
Ta etpduata €youv yiver ue 30 dB xau 20 dB 06puBo, avticTouya.

Yyfua 2.6: Keluevo. (o) — (8) Ewxbvee younhic avdhvons. (€) AvaxotaoxeudoUévy exova
vinifc avdivong. O aplfuds TV yaunhic avdluorc exdvemy Tou yenouloTouinxay vy TV
avaxaoxeuh, e (g) elvon 30.

Yyfua 2.7: Aloxoc. (o) — (3) Exdveg younhic avdhuorne. (e) Avaxataoxevaouévn euxdvo uhnihc
avéivong. O apliuds tov yauniig avdiuong exévmy Tou YeNoUWOTOUINXAY YL THY AVIXAGHEVT)

e (e) elvar 20.
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O yaunirc avdiuong emodveg Twv oynudtny 2.6 xat 2.7 ndebnxav and v wotooeAda
tou Peyman Milanfar *. TV auté 1o odvolo dedouévov dev yvwpllouue Tic mparyUatixéc

exovec uPnhfic avdivone (ground truth).

Digiml
mage

Processing

Eyfua 2.8: Eédgpuito. (a) — (3) Ewdvee younihic avdhuone. (€) Avaxataoxeuaopévn exéva
vpniric avdhvone. O oaplude tov yaunific avdiuong exévmy mou yenoworoiinxay yio Ty
avaxaoxevh] ¢ (€) elvar 4. H avaxataoxevacuévn ewdva vhnific avdhuone éxer PSNR 22.86
dB.

Ou yaunAifc avdiuvone exdveg mou mapouotdlovtal ota oyfuata 2.8, 2.10, 2.12, 2.14
xat 2.16 mapdybnxav ue 66puBo 30 dB, evd ou youniic avdluong ewxdveg Tou oY RUATOS
2.18 mapdyOnxayv ue ueyaritepo H6pufo e Tdéewe Twyv 20 dB. To civolo nelpaudtony Lo

®80e ewxdva lvar 10.

'http://users.soe.ucsc.edu/ milanfar/software/sr-datasets.html
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Learning Curve for the MAP Estimator

Cost Function

L L L L L L I
0 10 20 30 40 50 60 70 80 90 100
Iteration Number

Yyfua 2.9: H ouvdptnon xéotouc L(z,s) oe oyéon ue tov aplud twv enavaliPewy yia v
ewdva Eédpuido tou oyfpatog 2.8.
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Syfua 2.10: Avtoxivyro. (o) — (3) Ewéveg younifc avdhvons. (e) Avoxataoxevaouévn exdva
vinifc avdiuong. O aplfiuds Twv yaunhic avdluorng edvemy Tou yenouorouinxay yu Ty
avaxaoxeu?, e (€) elvar 4. H avaxataoxevacuévn emdva uhnific avdhuone éxer PSNR 22.48
dB.
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Learning Curve for the MAP Estimator
351

25

Cost Function

05

0 I I I I I I I I I |
0 10 20 30 40 50 60 70 80 90 100

Iteration Number

Yyfua 2.11: H ouvdptnorn xéotoug L(z,8) o oyéorn ye tov optbud twv enavahfheny yio Ty
ewdva Avtoxivyro tou oyfuatog 2.10.

Syfuo 2.12: BifAla. (a) — (3) Ewdvec yaunhfic avdhuone. () Avaxotaoxevaouévy exova
vinifc avdhuong. O aplfiuds Twv yaunhic avdluorc edvemy Tou yenouoTouinxay vy Ty
avaxaoxeuh) e (€) elvar 4. H avaxataoxevacuévn ewmdva uvdnidc avéivone éxer PSNR 21.14
dB.
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Yyfua 2.13: H ouvdptnon xéotoug L(z,8) o oyéorn ye tov optbud twv enavahfheny yio Ty

7.5

6.5

55

Cost Function

4.5

35

Learning Curve for the MAP Estimator

1
10 20 30 40

50

60

T
70 80 90 100

Iteration Number

ewova BifAla tou oyfuatog 2.12.
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(e)

T W

Yyfua 2.14: Ilivaxac opfaduiateov. (o) — (8) Ewxdves yaunihc avéluone. () Avaxatooxeuo-
ouévn ewdva vhmihc avdiuong. O aplBuds Twv yaunhic avdiuong exévwy tou yenouysonothinxoy
v v avaxoaoxevh e (€) elvar 4. H avaxataoxevaouévn exdva vdmhic avdhuone éxet PSNR
23.90 dB.
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Learning Curve for the MAP Estimator
14r

12

101

Cost Function

N
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0 10 20 30 40 50 60 70 80 90 100

Iteration Number

Yyfua 2.15: H ouvdptnorn xéotoug L(z,8) o oyéorn ye tov optbud twv enavalipenyv yio Ty
ewdva Hivaxac opbaduiatoov tou oyfuatog 2.14.

(v)

Yyfua 2.16: Cameraman 1. (o) — (3) Ewébvec yaunhfic avéiuong. (e) Avaxataoxeuaouévn
ewdva udmihg avdiuong. O aplbude Ty yauniis avdiuong ewdveny Tou yenouworouinxay yu
Vv avaxaoxeuh, Te (e) elvan 4. H avaxoataoxevacuévn exdva uPnifc avéiuore éyet PSNR 26.39
dB.
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Learning Curve for the MAP Estimator

1.5H

Cost Function
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Iteration Number

Yyfua 2.17: H ouvdptnorn xéotoug L(z,8) o oyéorn ye tov optbud twv enavahipeny yio Ty

ewova Cameraman 1 tou oynfuatog 2.16.

(v)

Yyfua 2.18: Cameraman 2. (o) — (3) Ewébvec yaunhfic avéiuong. (e) Avoxataoxeuaouévn
ewdva udmihg avdiuong. O aplbude Ty yauniis avdiuong ewdveny Tou yenouworouinxay yu
v avaxaoxeuh, Te (e) elvan 4. H avaxoataoxevacuévn exdva uPnifc avéiuorne éyet PSNR 23.83
dB.
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Learning Curve for the MAP Estimator
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Yyfua 2.19: H ouvdptnorn xéotouc L(z,8) o oyéorn ye tov optbud twv enavahipeny yio Ty

ewova Cameraman 2 tou oyrfuatog 2.18.
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Hivoxog 2.1: Aplfuntixd anotedéouata ya Tig TapaUétpouc Unépbheang mou tapouctdlovol

ota oyfuata 2.8, 2.10, 2.12, 2.14 ot 2.16 ue uéyeboc HopiPou 30 dB.

Ebver Ypdipa s” . PHGLINVIE .
mean ‘ std ‘ median | mean ‘ std ‘ median
Eé¢dgurlo (oy. 2.8) 0.39 |0.14 0.30 0.11 | 0.06 0.22
Avtoxivyro (oy. 2.10) 0.18 | 0.19 0 0.21 | 0.33 0
BiBia (oy. 2.12) 0.15 [0.02] 011 | 043 |0.13| 0.08
Hivaxac Opbaduiatoov (oy. 2.14) | -0.10 | 0.26 | -0.02 -0.40 | 0.11 | -0.45
Cameraman 1 (oy. 2.16) -0.43 10.39 | -0.37 0.06 | 0.02 0.1

[Mivaxac 2.2: AplBuntind arotedéouata v ta PSNR nou napoveidlovtal ota oyfuata
2.8, 2.10, 2.12, 2.14 »ou 2.16 ye uéyefoc HopBou 30 dB.

) PSNR

Ewéva :
mean ‘ std ‘ median

E¢dyurio (oy. 2.8) 22.35 | 0.88 | 22.06
Avtoxivyto (oy. 2.10) 22.08 | 0.86 | 21.82
Bifrla (oy. 2.12) 20.88 | 0.59 | 20.67
Hivaxac Opbaduiatoov (oy. 2.14) | 21.41 | 0.67 | 20.78
Cameraman 1 (oy. 2.16) 25.88 | 0.39 | 25.81

[Tivaxac 2.3: AplBuntixd anoteréouata yia TLg Tapauétpoug unépheong tou nopouctdlovtal
ota oyfuota 2.8, 2.10, 2.12, 2.14 xau 2.18 ue péyeboc HoplBou 20 dB.

Eicdvar Ypdhpo s* . Ypdhpa s¥ .
mean ‘ std ‘ median | mean ‘ std ‘ median
EéGgulio (oy. 2.8) 0.09 |0.20] 001 | 003 [0.04] 0
Avtoxivpro (oy. 2.10) 0.21 |0.01 0.12 -0.27 1 0.10 -0.24
Bifrla (oy. 2.12) -0.06 | 0.23 0 -0.11 | 0.02 | -0.03
Hivaxas Opbaduiatpou (oy. 2.14) | -0.25 | 0.05 | -0.21 -0.33 | 0.09 | -0.29
Cameraman 2 (oy. 2.18) -0.54 | 0.15 | -0.62 0.15 | 0.22 | 0.37
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[Mivaxac 2.4: AplBuntind arotedéouata v T PSNR nou napovoidlovtatr ota oyruata
2.8, 2.10, 2.12, 2.14 xau 2.18 ue yéyehoc HoplBou 20 dB.

) PSNR

Ewcova -

mean ‘ std ‘ median
E¢Gpulio (o). 2.8) 2243 [ 0.41 | 22.56
Avtoxivyro (oy. 2.10) 19.31 | 0.27 | 19.37
Bifiia (oy. 2.12) 17.37 | 042 | 17.21
Hivaxag Ophaduiatpov (oy. 2.14) | 18.69 | 0.32 | 18.68
Cameraman 2 (oy. 2.18) 22.65 | 0.27 | 22.51
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KEDAAAIO 3

YTIEPANAAYYH FEIKONAY ME ANTIZTOIXIXH
> HMEION ENAIA®EPONTOX

3.1 Ewoayoyn

3.2 Aviyvevon Axpdtatwy otov Xdpeo Khluaxac
3.2.1 Aviyvevon Tomxdv Axpdtatwny

3.3 AxpBric Evtonioudg Ynuelov Evdiagéoovtog
3.3.1 E&dhewyn Andxplone Axudyv

3.4 Avdfeon Ipooavatolouol

3.5 Tomuxdc Ilepiypagéac Eudvag
3.5.1 Avoarapdotaon Ilepiypagéa SIFT

3.6 Ilepiypag?) tne Mefddou

3.7 Hewpauotxd Anoteréouota

3.1 Ewayorn

Y10 xepdhato autéd Oo eletdooupe tny unépbeon exdvwy Ue Bdon Ty aviiotolylon ya-
PUXTNELOTIXDY ONUELDY %ol TWS AUTH EVOOUATOVETAL 0T dtadixaoio tng utepavdiuong
edvoc.

H uébodog tne eaywyric Slaxpttdy otabepdy yopaxtnplotixdy onuetwy and ula eixdva
[18] unopel va yenoworownbel yia va exterécouue éva alibmioto Talptaoua UeTall Stagope-
TGOV 6wy evog aviixewévou 1 ulag oxnvric. Ta yapaxtneiotind autd elvar auetdBanta
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07O YOPO TNG XAUOXS TNG EWMOVAC XAl THY TEQLOTEOYY, XaL QailveTal 6Tl Tapéyouy ula
TOAY xahn) unépleon TV edVLY axdua xat av Ta dedouéva eLebO30U ELVOL TOEAUOPPOUEVA,
Tepéyouv mpocbeTind H6pufo 1 undpyel dlapopd CTNY QTELYVOTNHTA. XTNV EVOTATA AUTH
Oa mepLypddouue wa uéhodo e€aywync YopAXTNELOTIXGOY ONUElwY atd exova, 1) onola EyeL
ToAEC 1BLOTNTEC WoTe TNY xabioTtd xatdhhnhn Yo unépheon dlapopeTidy exdvwy Uetall
toug. Ta yopaxtnelotixd autd, onwe avagépaue elval aUeTIBANTA OTOV YOPO XAlUaxog
NG EXOVOC XAl OTNY TEQLOTEOYPY XUl UEPLXAOC AUETABANTA 0TS AAAAYES TNG PWTELVOTNTOG
xal oTny TeLodidotatn avtiindn e xduepac. XNy mpddn o apldudc TOV YAPAXTNELOTIXDY
onuelwv Tou e€dyovtol and TUTLXEC EXOVES, Elval apxeTd ueydhoc. Emniéov to yeyovic
ot o onuelo autd elvar daxpitd, uoag emtpEnel vo aviiotolyloouue éva onuelo ue %d-
ToLo dANO ue apxetd ueydin mbavotnta. Xtny cuvéyela tapouoldlovue TLg XUPLES PACELS
UTOAOYLOUOU YORAXTNELOTIXGY ONUEl®V:

o Aviyveuon axpdtatwy otov ydeo xhivaxac: To mpdto 61ddlo utohoyLiouol extelel
uta avalitnon oe dhec Tic xhlpoxeg xat tic Tonobeoiec tne ewdvac. Elvar utoloyt-
ouévo amodoTxd yenowwonoldvtac uta ocuvdptnor dtaugop®y Gaussian cuvapTRoE®Y,
v va avayvwpioer mbavd onuela evdlagépovtog, Ta onola elval auetdfAnTta oty

XAUAXO XUl TOV TPOGUVATONGUO.

e Evtomioudc onuelwy evdagépovtog: Xe xdbe urodrigia Oéor), éva Aentouepés uovtéro
Tonptdlel xdbe gopd Yo vo xafoploel v Tonobeata xou v xhipaxa. To onueto
evdlagépovtog emiéyovtal xdbe gopd ue Bdon To xpLthpo tne otabepdtnTdc TouC.

o Avdfeon npocavatohouol: 'Evac 1) nepiocdtepol mpocavatohiouol avatifeviol oe
xd0e onuelo evdagépovtoc Paolouevol otic Tomxée xateubivoelc tne xAlong tne
Topay®dYou Tng ewovac. ‘Oleg ou hettoupyleg mou Ba axohouBficouy, extelovvtol
Tvw ota dedouéva TN edvag Ta omolo €Y0oUV UETACYNUATIOTEL 68 GY€on UE TOV
TEOCAVATOALOUS, TNV xhlpoxa xal Ty tonobecia xdbe yopaxtnelotixol, emouévng
ToEEYouY 0TadEpdTNTA O UTOUC TOUS UETACY NUATLOUOUG.

o Ilepiypagéac onuelwy evdagépovtog: Ot Tomxés xAOELS TNG TAPAYEYOU TNG EXOVIS
UETPOVTOL 6TNY ETAEYUEVT XAluaxa YUpw and Tny teployh Twv onuelwy evdlapépo-
vtoc. Autéc uetaoynuatilovtal oe ulo avanapdoToon ToU ENLTRETEL TOTUXES UETUPO-
Mg 010 oYU oL AANAYES OTNV PWTELVOTNTAL.

H npocéyyion auth ovoudletar Metaoynuatioudc Xapaxtnetotixdyv AuetdfBinta otny
Khlpaxa (Scale Invariant Feature Transform, SIFT), agol uetaoynuatilet ta dedouéva
e ewovae oe otabepric xhlpaxac cuvtetayuévee ta omola oyetilovTal Ue To Tomxd yo-
QUXTLELOTLX.

M onuavtieg Wiétnta tne mpocéyyiong autig, elvar 6TL Tapdyel éva ueydio aplbud
YALOXTNELOTIXGY onuelwy Ta omola xakinTouy Ty exdva. ' v unépheon Twy edvwy,
ta onueta SIFT apywxd e€dyovtal and €va oUvolo exdvoy avagopds. H véa euxdva mpoxd-

TTEL OLYXELVOVTAC XA0E YopaxXTNELOTIXG TNC VEUC EXOVIC UE aUTd Tou €youue eCdyeL amd
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Y eova avagopds, Peloxovtag ula avtiotolyion yapuxtneloTixdy onuelwy, tou Paoile-
Tau oty Buxdeldia andotacn uetadd tov yopaxmnelotixdy autdy. ‘Onwg €youue avagépel
xat mo mewy, ot teptypageic SIFT elvar Staxpitol xau autd pog emttpénet vo Bpolue Yo éva
YAEAXTNELOTIXG T CWOTH AVTLGTOLYLOY) Tou Ue apxeTd xakf mbavétnta. Qotdco, oe uLo un
OUOAY| EXOVA, TOAG YURAXTNELOTIXE ATt TO POVTO AUTHC EVOEYETAL VoL UMY €YOLY CWOTY
avTloTolyLlon, TEOXAAGYTS ETOL CQAAUA OTIC TUIES TV TAPAUETPWY UTépbeong.

3.2 Aviyveuon Axpdtatwy otov Xopo KAipaxog

'Onwe neplypdape xal oTNY ELOAYWYT), XAVOUUE OVLYVEUCT TV ONUElWY EVOLAPEPOVTOC
YENOLULOTOOYTAS Uial OELPLAXY| TROCEYYLOT) TOU US EMLTREREL VO YPNOULOTOLACOUUE UTOTENE-
ouatixoUg alyopifuoug yia va avayveoplcouue utodhgla yapaxtnplotixd onueia, To onola
Oo eCetaotolv otn ouvéyela yia to av elvar anodextd 1 oxt. To mpdto otddlo Tng avi-
YVEUOTC TWV GNUEl®Y eViLapépovTog elvar va avayvopicouue Béoelg xat avaloyieg ol omoleg
UT0POUY ETAVIANTTIXA VO TEOGBLOPLGTOUY XdTw and dlagopeTixés Gl Tou (dlou avTixelué-
vou. H aviyvevon Béoewv mou elvol auetdBAntec otic ahAay€g XALUOXS TNS EXOVAC UTOPREL
va emteuy el exteddvrac ula avalhtnon v 6hec T mbavég XAlUAXES, YENOLUOTOLOVTOS
uta ouvey cuvdpeTnon xAUAXAC YVWOTH WS CLUVEETNOT YOEOU XAluaXaC.

Mio apxetd xadr) undbeon v Ty cuvdpetnorn ydeou xhivaxag elvar n Gaussian ou-
vaptnon. Enouévewe, n ouvdptnon ydpeou xhiuaxag plog exdvog oplletal o¢ 1 ouvdptnot,
L(z,y,0), n onola mapdyetol and tny cUVEAEN uLoc uetaBintic xhMuaxac Gaussian ouvép-
mone G(z,y,0), ye ™y ewxdva etobdou I(z,y):

L(z,y,0) = G(x,y,0) * I(z,y) (3.1)
6mou ue 1o 6VUPBoAo * evvoolue TNV TEdln TG CUVENENG XaL

]_ 2 2 2
G(z,y,0) = ——e @H¥)/207
(r.9,0) 2702
[ vor aviyvetoouue arodotixd Tig Béoelc onuelny evBLlapépovtog aTov Ydpo xAluaxag,
UTOPOVUE Vo UTOAOYICOUUE Ta axplTATA TNS SLapopdc Twv cuVEAEewY TNg ewxdvag ue 800
vertovixée Gaussian ouvaptiioelc ol omoleg dagépouv xatd éva éva otabepd mopdywvta k:

D(z,y,0) = (G(z,y,ko) — G(z,y,0)) * I(z,y)
= L(z,y, ko) — L(z,y,0). (3.2)

O Aéyoc mou yenotdonolobue auth Ty ouvdptnor elval 6Tt utohoyiletol ToAD elxoha,
xafdg mpoxintel amd ulo amhy agatpeor. Emmiéov, 7 Siagopd tng Gaussian cuvdptnong
TOPEYEL WULal APXETA XA TeooEyylon Yl TNy xavovixornounuévn Laplacian tng Gaussian
ouvdptone, o2V2GE. 'Eyel Bpebel meipauatind 6L 1 uéyotn xar 1 eAdyiotn T TN
rooétnrac 02 V2G dlvel ta mo otabepd yapuxtnpLlotind onueta oe pa exdva v ouyxploet
ue dhec mhavéc ouvapthoelc 6nwe N tapdywyoc, n Hessian, ¥ to Harris corners [11].
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H oyéon uetald tne D o tng rocétnroag 02 V2G unopet va xatavonfel and tn mopaxdte
ellowon:

— =0oV*G
o0 °
A6 v ellowon auth uropolue va dolue 61t N tocdtrta VG and Ty TpocEYYLon TeTe-
paoUEVLY dlagopdhy OG /Do, YenoLlonoldVTaS dLaQopéc YELTOVXOY XAUAXwY 010 ko xo
o:
oV3G = % ~ G(ZL‘, Y kO) — G(.CL‘, Y, U)

do ko —o

ETOUEVOC TEOXUTTEL:
G(z,y, ko) — G(z,y,0) ~ (k—1)0?V*G.

And v nopandve eglowor urtopolue va ocuunepdvouue 6Tl dtav 1) dagopd twv Gaus-
sian ouvapThoewy €yel xhluaxec mou Slagépouy xatd évav otalepd mapdyovta TéTE AUTO

EVOWUATOVETAL GTNV XUVOVLXOTONUEVY xhuaxa o2

ToU omatTeLTOL YLl TNV AUETIPANTY
Laplacian xhiuaxa. O napdyovtac (K — 1) elvor uio otafepd yioa dhec Tic xhipaxec xou
emouévewg dev emnpedlel v Béomn tov axpdtatwyv. To ogdlua mpocéyylone Telvel 6To

undév xabd¢ to k mnyalvel oto 1.

A
s = ==

(exdpevn oxtidfa)

KAipaxa
(mpdren oxtdfa)

Awgopd Gaussian eiévav

Gaussian

Yyfua 3.1: T xdbe oxtdBa tou xOpou xhlpoxac 1 apytxl exéve entavainrTixd cuvehiooeTtal Ue
Gaussian cuVORTACELS YL VA TURAYOUY €Va GUVOAO a6 EWXOVES YOEOU Xhiuaxas, onws Qalvetal
ota aptotepd Tou oyfuatoc. I'ettovixée Gaussian ewdveg aQalpodvTal Yo va Topdyouy tny Slo-
popd Twv Gaussian edvev, ota 8e€Ld Tou oyfuatog. Metd and xdfe oxtdBa, n Gaussian ewxdva

unodelyyatoinnreitat 610 Yled xou 1 Swadixacta enavarauBdvetor. To oyfjua aviypdgnxe and o
[18].

Mia anodotixh npocéyyion yia Ty xataoxev| tne D(z,y, o) gaivetar oto oyfua 3.1.
H apynt| exdva otadiaxd ouvellooetar ue Gaussian ouvapTACELS VLo VoL TARAYEL ELXOVES
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mou Slapépouy xatd ulo otabepd £ oto y®po xhiuaxag, 6nwe PAEToOVUE G0NV opLOTERY
Theupd Tou oyfuatoc. AwAéyouue vo dupéoouue xdfe oxtdfa Tou ydpou xAlpaxag oe
dvay axépato aplius diaoTnudtey s, étol Gote k = 2%, Tlpénel va nopdyouue s+3 exbveg
otnv oToiBa TwV BohwUEVEDY eEOVLY Yo xdle oxTdPa, éTolL hote 1 aviyveusT Tou TeEAXOY
axEOTATOU VoL XAAUTTEL OAN TNV oxTdPa Twv exbévey. ['ertovixés xhiuaxeg twv exdvwy
apatlpovUVTAL Yo Vo Tapdyouy T Stagopd Twv Gaussian ewdvwy, otwe gaivetar ota SeéLd
Tou oyfuatog. Mol utoroyiotel uta oxtdPa enavaderyuatoinmnrovue Ty Gaussian exova
070 ULo6 Tou apyxol ueyéboug tng xdfe gopd, matpvovtag xdbe deltepo ewxovooTolyeio
xd0e ypouunc xat xdbe otRhnC.

3.2.1 Aviyvevon Tomxdv Axpdtatwy

Pl A
=
it e

Kiipaxa

Y )
e’
o

L

Yyfua 3.2 H péyiotn xou ehdytotn uh e Slagopds TV eéVeV ToU TRoxUTTouY ond TiC
ouvelZelg, aviyveletalr cuyxplvovtag éva ewxovoatolyelo ue toug 26 yeltovég Tou oe pla 3 X 3
neploy i YeLTovx@y xhiudxwy. To oyfua avanapdybnxe ané to [18].

I va Bpotue To Tomxd uéyioto xaw ehdytoto e D(x,y, o), x80e onuelo ehéyyetol ue
TOUG OYT® YELTOVES TOU OTNY TEEYOUCI ELXOVA XAl UE TOUG EVVLA YEITOVEC TOU OTLC axpELBOS
and Tave %ol and xdtw xAluaxeg, onwe BAérmouue xat oto oyfua 3.2. To onuelo autd
emAEyeTal U6vo av elval ueyalitepo and 6Aoug Toug YELTOVES TOU 1) UxPdTERO amd AUTOUC.

"Eva apxetd onuavtixd Oéua, elvar o xaboploude tne ouyvotntoc deryuatorndloc otny
edva xol ota medla xhluoxag, n onola yeetdletal yia TNy allOTLOTY EUREDT] TV aXEOTI-
V. AucTuydg, 6Twe anodewxvieTal dev UTdpyel xdmota eEAGYLOTH anbdoTacT UETAZ) TwV
delyudtwy otny omola eviomilovTal G ToL axedTATA, LIS oL AUTE UTopoly va Bploxovtal
aubalpeta xovta Yetalld Toug. Autd unopolue vo o xatardfouue and To e&hc Tapddetyua:
fewpolue ula ewxdva uadpou @oVTou 1 omolo Tepléyel €vay dompo xUxho. Auth Oa éyet
€Vl UOVO UEYLOTO YOEou XALUaXAS EXEL OTIOU 1) XUXAXY TERLOYT TNG oUVAETNONS SlapopdY
Gaussian ouvdptnoewy tapldler ue v Béom mou Peloxetat o xUxhog 6TV apyxr exova.
[ plor opxetd emunxuuévn éaheldn, undpyouv dUo UEYLoTa XOVTd oTa dxpa Tng EAAeLdNC.
Koabd¢ o Oéoeic Twv ueylotwv tng éMhewdng elval ouveynic ouvdptnom tng ewxoévag, yia uia
EMhewhn ue ueoata emunixuvon Oa undpyel ula yetdPBaon and éva uéyloto oe dlo, ue Ta
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uéytota va Peloxovtar aubalpeta xovtd uetadl toug. Ev yével, axpdtata mou Beloxovta
apxeTd x0ovTd uetall Toug, elval aotaly) yia uixpéc dlatapayéc Tng ewovac.

3.3  Axpfiric Evtomioudc Enpeiwy Evdiagépovtog

Moéhic Bpovue éva urnodrigLo onueto evdiagépovtog, ouyxplvovtag éva ewxovootolyeio Ue
Toug veltoveg Tou, To enduevo Brua elval va exteAécouue ulo Aemtouepy| avilotolylon oTa
yeitovixd dedouéva vl Ty B€om, TV xhlpaxa xoL Tov AOYo g xUplag XUUTUAGTNTIC.
O mhnpogopleg mou e€dyouue and To Brua auTd, UAC EMLTPETOLY Vo anopplPouue xdmoLa
onuetor Tou €youv uxer| avtibeon xol emouévng elvor evatolnta oe B6puPo 7 evtonilovtat
eMTOC xoTd uixog ulag axumhc.

Mio péfodoc mou éyer avamtuybel [18] yia va xaboploouue tny tapeuBdihovoa Béor tou
ueylotou, ypnotuonotel oetpéc Taylor (uéypt Sevtepou Babuol) tne ouvdptnone xhiuaxac
Y&eou D(x,y,0), 1 onola petatorniletar €tor Gote 1 apyh Tov alévwy e vo Peloxetal

oto ornueto mou TNy unohoyilouue
D(x)=D+ —x+ -x ——X (3.3)
X

6mou 10 D %L oL Tapdywyol Tou AToTGOVTUL 0To onueto evdiwépovtog xat x = (z,y,0)"
elvar 1 andéotaon and autd to onueto. H Oéorn tou axpdtatou, x, xabopiletal nalpvovrag

TNV TAPAYOYO TNS CLVARTNONS AUTAHC WS TEog & oL BéTovtde Ty lomn ue undév:
0*D~t oD
ox? Ox’

O Hessian nivaxac xat n nopdywyoc tne D mpoceyyllovtol ypnoluomotdvTtac TiC SLopopéc

X =—

(3.4)

TV Yertovx®y onuelwyv. To mpoxintov 3 X 3 ypouuixd cvotnuo unopel vo hubel ue
ehdyloto x66t0c. Av 1 andotaocy X elvar ueyohdtepn and 0.5 oe xdfe dudotaoy, autd
onuatvel 6L To axpdTato Beloxetol x0vTtd o€ xdmoLo dAlo etxovooTolyelo. Nty teplntwon
auth) To onueto adldlel xau 1 mapeUufoly yivetol yYlpw and autd To véo onuelo. H tehuxy
anbéotaon X mpootifetal oty Teéyouca Béon Yo va tdpouue TNV eXTIUNCT TOU TEOXUTTEL
and TNV TapeUPOAT| Yio TO TOTXO axpdTATO.

H twy nou Bploxouue yia 1o axpédtato D(x) elvon ypriowun yio va aroppidouue aotadi
axpotoTa Ye younih avtifeon. Autd yivetar avtixafotdvtac Ty é€lowon (3.4) oty (3.3):

10D" .

D(X) =D+ §a—XX

3.3.1 EZdheupn Andxpiong Axudy

'‘Ocov agopd otny otalepdtnTa, dev elval apxetd va amoppintovue onuelo evdlagépovtog
ue younhr avtifeon. H ocuvdptnon diagpopdy Gaussian cuvaptioeny el UeYIAN ATOXELOT
OTLC UXUES, axdua xaL av To onueta autd Yopw and Tig axueg elval Aya xol etougveg elvat

aotaby) oe uxpéc mtocdtnTeC BoplBou.
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"Eva xaxdg oplouévo dxpotato tng ouvdptnong dagopdc Gaussian cuvapthioewy €yel
UEYAAn xUplar XaUTLAGTNTY YUpw amd TNV axur aAAd uxey xatd tnv xdbetn xatéubuvon.
Ou x0plec xoumnAdTHTES UToEOVY va uToAoYLoToUY and évay 2 X 2 Hessian mivaxa, H, tou
unohoylletal 6Tt Oéom xa Ty xhipaxa Tov onuelwy evdlagépovtoc:

DZL‘I Dwy
Dl‘y Dyy

H= (3.5)

Ot mopdywyol exTLUOVTOL TAlEYOVTAC TIC SLUQOPES TV YELTOVXADY dELYUATIXDY ONUELWY.
Ou wotég tou nivaxa H elvoar avdioyeg twv xlplwv xaurviothtwy e D. Mropolue
VoL ATOPUYOUUE TOV UTOAOYLOUS TV LWBLOTWGY, 1 omtola elval ula apxetd ypovoBopa dadi-
xaota, Uog xal evdlogepduaoTe UOVo Yo To AoYo Touc. 'Eotw Aowmdy, a 1 peyohltepn
Wotn xou B n uxpdtepn Wiotwr. Téte, unopolue vo unoloyiocouvue To dfpoloua TV
Wotiuody and to {yvog tou Hessian nivaxa H xat to yiwvéuevo and tnv opilovoa:

TT(H) = D:E:C + Dyy =a+ Ba

Det(H) = D, D,, — (Dyy)* = a3

Yy meplntwon mou 1 opiloula elval apvnTixt, oL XaUTUAGTNTES €Y0UV SLaQopeTiXd TEb-
olua, enoUévee to onuelo anoppintetal agol dev elval axpdtato. Opilovue w¢ r T0 AOYO
UeTAl) TNG UEYAAUTERNS XaL TNG UxedTERNS WLoTWWYC, OUVETKS oylel 6Tl o = 13, Tote

TEOXUTTEL:
Tr(H)?  (a+6)?*  (rB+p)?  (r+1)
DetH) o rp2 o
H rocétnra autd| eloptdtar ubvo and tov Aéyo twv Wbotudyv. H nocdtnta @ el-

Vol ehdytotn 6tav ol dVo WiloTtluég elval (oeg xar auvidvel ue pubud r. Emouévee, yio va
eAEYEOLUE AV 0 AOYOC TV XUPLWY XAUTUAOTATOY ELVAL ULXEOTEROC A0 EVOL XATOPAL T, ApXEL
va EAEYEOUUE oV LoYVEL 1) AVLEOTNTA:

Tr(H)?>  (r+1)?
Det(H) =~ 1

Y10 oyfua 3.3 gaivovtoal To anoTEAEOUATA TNS ETAOYTC TOV ONUEDY EVOLAPEPOVTOC
oe wia ewova. To onuelo evdlagépovtog anexoviCovtor wg Staviouata divovtag yia xdbe
éva and auta T Béom, Ty xAiuaxa xat tov npocavatohoud touc. H ewdva (o) Selyvet
™y apyxh eova, 1 exova (B) delyvel ta 832 onuela evdiagépovtog Yo Gha T EAdYLOTA
XL UEYLOTA TOU aVLY VEUTNXAY antd TNV cuvdpeTtnon dtagopds Gaussian ocuvapthoewy. XNy
exova (Y) Prénovue ta 729 onueior eVOLAQEPOVTOC TOL UTOUEVOUY OV ALQULPEGOUUE OUTY
mou 1 T e D(X) elvan uxpdtepn and 0.03. Téhoc n (8) delyver to anoteréouata trne
Sradixaciag tng e€dhewdng Twv onuelny evLagépovtog Tou €youv AoYo UeTAly TwV xUpLWY
XOUTUAOTATWY UeyahUtepo and 10.
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Yyfua 3.3: Btddio emhoyhc onuelwy evdlagépovtoc. (o) Elvor n apyuf ewdva. (B) Ou apyixée
Béoeic Twv 832 onuelwy evdilagépovTtog oTa UEyLoTa xaL EAGyLeTA TS oLVAETHoNG Stapopdy Gaus-
sian ouvdptnoewy. Ta onuela evdlagépovtog anewxovilovial og dlavicuato To onola SHAGYOUY
Vv xhlyaxa, Tov npocavatolopd xo 1 Béon. (v) Agod epapubooupe Eva xaTOOA EAAYLOTNG
puTevdTNTAC, arouévouy 729 onuela evdiagépovtoc. (8) Ta tehnd 536 onuela evdiagépovtoc tou
ATOUEVOLY APOU EQUAPUOGOUUE EVAL XATOPAL 6TO AOYO T1¢ xdpLag xaunuiotntag. To oyfua €yel
Anobel ané o [18].

3.4 Avdbeor Ilpocavatoiiopot

Avabétovrag éva mpocavatohioud oe xdfe yapaxtnelotixd onueio Baollouevol 6TIC TOTIXES
WBLOTNTES TNS EXOVAC, O TEPLYPAYENS TV oNUElwY eVBLapépovTog unopel va avanapaotabel
0€ OYEOT) UE TOV TPOCUVATOAOUS TOU €Y0VUE aVUDEoEL X0l ETOUEVWS UE TOV TEOTO AUTO,
va TeTUyouUe 6TabepdTNTA WS TPOS TNV TEPLOTEOYT TNE ELxdVacC.

[ v emdoyr tng Gaussian ewxdvog, L, yenouyronoloVue Ty xAluaxa Tov onuelowy
evdlapépovtog, €ToL HoTe dhol ol utohoylouol vo exterolvtal oe otalepric xluaxac xo-
tdotoorn. [ xdbe exdva L(z,y), to uétpo tne napaydyou cuuBoriletar we m(z,y),
X0l 0 TPooavVaToMUoS we B(x,y), ot ToGOTNTEC AUTEC UTOAOYILOVTAL YENOULOTOLOVTAC TS
dLapopéc TwV EovooToLyelwy:

m(z,y) = \/(L(ac +1,y) — L(z — 1,y))2 + (L(m,y +1)— L(x,y — 1))2

o (Lley+1) = Lle,y — 1)
f0(x,y) = tan (L(x+1,y)_L(x—1,y)>

Eynuotiletal €vo LoTOYPUUMO TROCAUVATOACUGDY UTO TOUC TEOCAVATOMOUOUS TG To-

PAYOYOU YUPW amd TNV TEpLoy T TV onueiwy evdlagépovtoc. To totdypauua autd TepLéyet
36 xddoug xalintovtag OA TNV TEPLOY T TEOGUVATOAGUOU Twy 360 uotpdy. Kdébe delyua
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Tou TEooTibeTal 0TO LOTOYpaUUA EYEL €Va Bdpog, Tou TROEPYETAL ATd TO UETRO TNG TUQO-
Y& you autol xal éva xuxhixd Gaussian topdOupo ue Bden, Tou onolou o o elvar 1.5 gopécg
ueyohitepo and TNy xhigaxa tou onuelou evilagpépovtoc.

OL x0pUPEC TOU LOTOYEAUUATOC AVTLOTOLYOUY GTLS XUplapyES XUTEUOUVOELS TWV TOTUXGDY
TapayOYwy. Beloxouue tnv ueyaldtepn xopuen, xau Enerta 6Aeg oL undhoineg Tou Poloxo-
vt 6710 80% authc, YpnoueonotoUvTaL Yo vo. dnutovpyHoouue éva onuelo evOLapépovToc
UE QUTHY TOV TPOCAVATOAMOUS. LUVETAC, Yia Héoelc mou €youv TohAéC xopupég (Blou ueYé-
Houg, Bo dnuLovpynBoly TOAAS yapaxTneloTixd onueta yior Ty (dta BEom xo xhluaxo adrd
StapopeTinol Tpocavatoliouol. Mévo 1o 15% twv onuelwv neplnou, éxel neplooGTEPOUC
am6 €Vay TPOCAVATOAGUOUS, WOTOGO AUTOL GUVELGQEROLUY GNUIVTIXY 0TIV 6TadepdTNTA TNS
avtiotolytong. Téhog, ula napaBolr tpocapudletal Tdve oe TEELC TWES TOU LOTOYRAUUI-
Tog, Tou elvol xovTvoTepee oe xdbe xopuyn bote va xdvouue mapeuSoln otic Héoelc Twy
X0PUYAY Yo UeYaAUTERT axplfeta.

3.5 Tonuxdg Iepiypagéag Ewxdvag

216 Priua autd Béhouue vo uToAoYIGOUUE €va TEPLYPAPED YLal TNV TOTLXT| TEPLOYT| TNG ELXO-
vog, 0 omolog va elval dlaxpttdc xat entong va elval 660 1o SUVITOY Lo AUETEBANTOC OTLC
UETABOAES, OTWC 1) AAAAYT] TNG QPWTELVOTNTAC VLo TUPAOELYUA.

Mia mpogavic mpocéyyion Oa Htav va SelyUaTOANTTACOUUE TS TOTXES EVTIAOELS TN
eOVoC YUPw améd Ta onuUelol EVOLAPEQOVTOC UE XUTAAANAN XAluaxa X0l Vo ToLpld&oVUE
QUTE YENOULOTOLOVTAC EVA XUVOVLXOTOLNUEVO GUVTEAEOTH GUGYETIONG. (26T6G0, ula amAY
OUOYETLON TAVW oTnv exdvo elval apxetd evalolntn oe alhayéc, oL onolec Umopolv va
Tpoxaiécouy hdfog avtiotolyion Tov onuelwy, OTwS Yo TAEddeLYUo Un ouunayelc Tapo-
LORPAOOELC.

3.5.1 Avanoapgdotaon Ilegiypagéa SIFT

To oyrfua 3.4 anewxovilet Tov unoloyloud €voc meplypaged onuelou xAewtol. Apyuxd,
T UETPA TV XMOE®Y NG EOVAC XL Ol TPOCAVATOAOUOL SelyuaToANTOUVTUL YURW OTd
TNV TEELOY T TOU oMuelou EVBLAPEROVTOS, YEMOLLOTOLGVTAS TNV Xhiwaxa tou onuelov ev-
dtapépovtog yia va emhéCouue to enineda e Gaussian 06Awong yia Ty exdva. o va
TETUYOLUE TNV AUETABANTOHTNTA TOU TEOCUVATOAGUOU, OL GUVIETAYUEVES TOU TEQLYPAUPEX
XL OL TPOGAVUTOALGUOL TV XAIGEWY TEPLOTEEPOVTOL WS TPOS TOV TPOGAVATOAMOUS TWY O
uelov evdlagépovrog. Ol xhloelg anewxoviCovtol ue uxpd Beddxia, 6T0 apLoTERO UEEOC TOU
oY HUaTOC.

Mio Gaussian ouvdgtnon Bdpouc pe o (oo ye to ULed Tou TAdTOUC Tou Tapabipou
Tou TepLypapéa yenoluonoteltal ylo vo avalbécouue éva Bdpoc oe xdle detyuatind onueto.
Auté amewoviletar ué éva xuxAxd tapdbhupo oto oyfua 3.4. Xxondg autol Tou Gaussian
Tapafipou elval va arnoglyouue EaQvxéc aANAYEC TOU TEPLYPAPEN O UXPEC AAAUYES TNG
O¢omnc Tou Tapabipou xat va ddoouue AyoTepn Eugact) 6TLC xAloelg exelveg Tou elvol Uaxpld
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Yyfua 3.4: O mepiypagéac evée onuelou evdiagépovtog dnuovpyeltal utoloyilovtac to uétpa
TOV TOEAYAY OV XAl TOUS TROGAVATOAGUOUS Yia xdfe detyuatind onuelo tne ewdvag ot ula ntepLoy
Yopw and 11 Oéomn tou onuelov evdiagépovrog. O xlxhog anewxovilel v npofolr evég Gaussian
rapafvpou (aplotept| eedva). To delypata autd 0T GUVEYELE GUYXEVTPOVOVTUL GE LOTOYPUUATA
afpotlovtag ta mepreyouevd Toug ot 4 X 4 meployée, Ue To uRixog Tou xdbe Béloug va avTioTolyel

oto dlpotoua Ty xhicewy Yipw and auth Ty xatevBuven uéoo oe authy TV meployy (8edLd
exéva). To oyfiua avanapdybnxe and o [18].

am6 To XEVIPO TOU TepLYpapéa, Uag xal auTég ennpedlovTal tepteodTepo and To AdOn g
urépbeonc.

O nepiypagéag Tou onuetou xhewdol arewxoviletar oto de&l uépog tou oyruatog 3.4.
Auté emtpénel wa onuavTixd uetatémon otic Béoelg v xhicewy dnutovpydvtag LoTo-
yeduuata oe uta 4 x 4 neproyn. H ewcdva detyvel oytd xotevbivoelg yia xdfe otdypauua,
Ue To unxog Tou xdbe Béhouc va aviisTolyel 6To elpog autol Tou totoypduuatoc. Mia
xhion ota aplotepd Tou oy fuatog unopel va uetatomiotel uéypl 4 Héoeig ol o’ dha auTd
Vo GLVELGQEREL 0TO (B8L0 LoTOYpauUa oTo delol TOU OYAUNTOC, ETOUEVWS TETUYALYOUUE TOV
OVTLXELUEVIXO GTOYO TOU VU ETMLTPETOVTAL UEYIAES TOTxEC UeTaTonioels Hécewy.

Enuoavtixd elvat vor ano@Uiyouue OAEC TS OPLAXES ETLPPOES, OTIOU O TEQLYPAPENS ATOTOUA,
ahhdlel 6tay éva delyua yetatoniletal aAAdlovtog LoTdypauua Xy tpocavatolous. ' autd
yenowotettal Telmhd ypauuxy mapeufoly yio vau xataveluouvue tnv T xdbe xhiong oe
YELTOVIXO0UC %xdd0ug 670 Lotdypauua. Anhady, xdbe eloodog oe éva xddo norhanhaotdleTat
ue éva Bdpog avtloTedQwS avahoyo NS andoTACNS TOU BelyUdTog and TNy XEVTpXY) T
Tou xddou.

O nepiypagéag anoteleltol and €va SLdvuoUa TOU TEQLEYEL TLC TUWIES OAWY TOVY LOTOYPAUU-
udtwy. H de&ia exxdva tou oyfuatog 3.4 aneixovilel éva 2 X 2 nivaxa otoypoupdtoyv. Ta
XAAOTEQO ATOTEAEGUOTOL ETLTUY Y AVOVTOL YENOLULOTOLOVTAC éva 4 X 4 ivaxa loToypauudtwy
8 ue xddoug to xdfe éva. Emouévwe, yia xdbe yapaxtneiotind onueto dnutovpyelital éva
4 x4 x 8 =128 dLédvuoua YupaXTNELOTIXOY.
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3.6 Ilepiypaph tng Mebbdou

Yy evétnta auth], Ha teptypddouue v egapuoy Twyv teptypagény SIFT 6to mpdBinua
NG UTERAVAAUOTIC ELXOVAC.

Yxonbe uog elvar vo Bpoldue Tic mapauéTpous uetaoynuatiouoy unépbeone (Suévuoua
uetatémone T xau mivaxac yowdv tepiotpogic R). T to Adyo autd ypnotuonolicoue
toug meptypagelc SIFT. T tny extiunon tov napauétpny uetaoynuotiouol unépheonc
eQapudoaue exTiUNoNg EAAYLOTWY TETRAYDOVOY, YA TEQLOGOTEQPES TANEOYORIES UE TNV Te-
YV QUTH TOEaEUTOUUE TOV avayveoTh oTny avagopd [34].

Apyxd, Beloxouvue i nopauétpoug uetaoynuatiouol R xar T xar xdvouue unépbeon
oTIC ebVeES Ue TN yphion Tov Teptypagény SIFT. Etny cuvéyewa eqopudlouye Tov ahyo-
etiuo unepavdhuone edvac (ahydplbuog 1) Tou napovotdoaue 6To xe@dhoo 2 xat oe xdle
enavdndn tou akyoplBuou Beloxovue T Tapauétpoug UeTaoyNUATIOUOU UTEphEaTC UE TN
xerion tov tepiypagény SIFT. Ye yevixée ypauués o ahydpliuog mou mpotelvouue ewva:

AlyébpLbuog 3 Mébodoc unepavdhuong euxdvag Bactouévn otny avtioTtolylor onueloy.

Bhua 1: Elpeon twv napauétpwy uetaoynuatiouol uépbeone (R, T).
BrAve 2: Apyuxy| unépbeon edvwy ue ypriorn meptypagény SIFT.

while Aev €yel ouyxhivel axdua.
Brua 3: Edpeon tov napauétpnyv yetaoynuatiouol unépbeonc (R, T).
Brva 4: Yrépbeon exxdvwy ue ypron neptypagéwy SIFT.
BAne 5: Extiunon tne exdvag vdhnifc avdiuonc.

3.7 Ilewpopoatixd AnoteAéopata

XNy evotnTa auty Tapouctdlouue XEToLd TELPAUATIXG ATOTEAECUATO 0RO TNV YEHOoT TOVY
reptypapény SIFT otny unepavdiuon euxdvoc. H unépheon tov emdvwy yauniic aviiuong
yivetar ulo @opd mpy TNy extéleon Tou akyoplBuou unepavdAuoNG EXOVAC XAl ETELTA OF
%40e xdbe enavdindn tou akyopibuou Beloxovtac ula avtiotolylon uetalld Twv onuelwy ev-
dtapépovtog mou mpoxUntouy oe xdbe Brua and tny extliunon Tne LPnAic avdiuong ewxdvog
oe oyéon Ue T younhic avaiuonc ewoves. H uébodoc mou axoroubnioaue toapouctdotnxe
ETLYPAUUATIXG 6TOV akydplbuo 3.

[ tor Telpduata Yog YenoLUonoltioaue TO00 TEAYUATIXd 660 xal TeYVNTE GUVOAX Oe-
Souévov. Ta teyvintd napadelyuota Snuovpyinxay ue Tuyala tepLoTEogY) 6To SLdoTNnua
[—5, 5] ot tuyata un axépata yetaténion oto didotnua [—1.5,1.5]. 'Eyovue Boldoet Tic
edveg ue Gaussian younhomepatd @lhtpo Tumixrc andxhong 1 xar uéyebog napabipou
5 x 5 evd mapdhhnha, oL exdveg €youv unofabutotel ue éva topdyovta Ly = Ly = 2. To
uéytoto mAffoc emavalfhewy Tou yenoluwonolioaue Yo TNV oUyxilon tou ahyoplBuou 3
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elvan 50. Téhog, €youue npochéoer Gaussian heuxd HopuPo otic Teyvntd nopaybeloeg ewxd-
Ve yauning avdiuvong, mou xuuaivetor and 20 dB éwg 30 dB. T'a ta mpayuatind cuvola
dedouévwy (oyfua 3.6) dev yvwpllovue Tic owotéc Nioelc (ground truth).

[ v Tocotxonolnoy g ToldTNTAC TOV LTOPuOUoUEVLY eXXOVLY, Ta enineda Tou
HopvBou otic unoPabulouéves exdveg yauUnAic avdluong xoL TNV TOLOTNTO TV oLVOUXATO-
OXEVACUEVWY UTOTEAECUITOY YENOLUOTOLOVUE TN UEYLOTN TWH TOU AOYOU ONUATOS TEOG
O6puBo (PSNR). Ou uetpixéc autéc opilovion ue:

(255)°
If — gl

orou £ xau g elvat 1 TEayUATIXT XOL 1) AVAXATACHEVAGUEYY) ELXOVAL, AVTLOTOLYOG.

PSNR = 10log;,

H uébodog auty| diver apxetd xavonointixd anoteréouata. H mowdtnta Twv avoxata-
OXEVACUEVWY EOVLY LYNAAC avdiuong elval apxetd xadt| xou tpooeyyilouy Ty mpayUo-
ey Ao Tlop’ oAn Ty %k ToLOTNTA TRV ATOTEAECUATWY OEV UTOPOUUE VA ATOQUYOUUE
TO QaLVOUEVO ToU Tinging. Autd ogelletal xatd xUpto AoYo, oTta LPNAE enineda HopvPou tou
Topouctdlouy oL yoUnAfc avdAuong EXOVES XAl TNV UEYAAT aNOXALOT, OE TEPLOTROYT XL
ueTaTOmLoN UETAEY TOVY Younhhc avdiuong exdvwy. T tny elpeon TwV YapaxTnELoTIXdY
oNUEL®Y YpNOLOTOGUUE ToY XGdLxa Tou Tapéyetal and Toug cuyypapelc [18]. H elpeon
TV onuelwy evdlagépovtog elvol ula apxetd ypryopn Sodixacta xal auTtd enLToyUVEL TOV
ahyopliud uac.

H Sout| ue tnv onola Ha tapoucidcovue ta anoteréouatd pag etvat n axéioudn: divovtat
oL younhic avdiuong euxdveg and T omoleg Oa tpoxidel To anotéleoua, yio xdbe melpaua
Topouctdletal ulor evBeTIXT oV 6TOU amEOVI{OVTAL TA YALUXTNELOTIXE onuela ou-
thc. [lapovoidletar 1 avaxataoxevaouévn ewodva Vg avdhuong xat dlo mivaxeg mou
TEQLEYOLY TIC TLUES TOV OQUAUGTOV (UEOT) TLWT oL TUTLXH AOXALOY) YLl TLS TAPAUETPOUS
unépbeonc (Uetatémion xat neptotpoy) tou tpoéxuday and tov akybdeliuo 3, yio ueyéhn
BopiBou 30 dB xau 20 dB, avtolotiya. Télog, napoucidlovtal dlo axdua Tivaxee Tou
nepléyouy optbuntixd anotehéouota (U€on TR, TUTLXT ATOXALGT Xou EVOLAUEDY) TLWT) VLo
T0 PSNR, o0 %xd0e évac mapoucidlel ta anoteréouata yio ueyehn GopdBou 30 dB xar 20 dB,
avtolotiya.

Y10 oyfua 3.5 evdewxtixd amewxovilovtol to yapaxtnelotixd onuela yia ula and T
YAUNATC avaAuong exdva TV TeELpoUdTey tou Tapovotdlovue. TTAnpogoplaxd vo avapé-
EOUUE GTL YLor TNV exeova (o) aviyvevooue 138 yapaxtnpiotxd onuela, yoo v (B) 156, yio
™y (v) 136, vy my (3) 105, yia Ty (3) 364 xar yia v (o1) 170 yopaxtneiouxd onueto.

'http://people.cs.ubc.ca/~lowe/keypoints/
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Y10 oyfua 3.6 oL yauniic avdiuong exdveg mpoéxuday and mpayuaTixd Sedouéva.
Ipoépyetar and ewxovooelpd 742 mhatolowv, 1 onola wdebnxe xouvdvtag ue tTuyaio TpoTO

Ié
TT]V xauegpa.
Learning Curve for the MAP Estimator
20751
207+

206.5-

Cost Function

2055

205 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

Iteration Number

Eyfua 3.7 Kapnoln udbnorne nou delyvel tnv ouvdptnon xbéotoug L(z, s) oe oyéorn ue tov aplbud
TV enavaripeny yia ™y exdva Resolution Chart tou oyfuotog 3.6.

47



Di:.;'::.ml
mage

]‘r-:'.rc-::.*ahin;._;

Yyfua 3.8: EZdpuiro. (a) — (3) Ewbves yoaunihic avdhuone. (€) Avaxataoxeuaouévn exdva
vinifc avdivong. O aplfuds Twv yaunhic avdluornc edvemy Tou yenouoTouinxay vy TV
avaxaoxeuh, e (g) elvon 4.
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Learning Curve for the MAP Estimator

58

5.4

52

Cost Function

4.6

4.4 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

Iteration Number

Yyfua 3.9: H ouvdptnon xéotouc L(z,8) oe oyéon ue tov aplud twv enavaliPewy v v
ewdva Eédpuido tou oyfpatog 3.8.

Mean Square Error Approach
3201

MSE

230 I I I I I I
0 5 10 15 20 25 30 35 40 45 50

Iteration Number

Yyfua 3.10: Kauniln uéoou tepaywvixot ogdhuatos Uetalld tne mporypatixhc ewévas uhnihc
avdhuong xa e extiunomng g ewdvag VPMiAc avdluong Yo ™y edva EEdguilo Tou oyfuatog
3.8. H avaxoataoxevacuévny exdva uhniric avéhuong éxet PSNR 24.42 dB.
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Yyfua 3.11: Avtoxivyro. (a) — (8) Ewdveg younhic avdhvong. (e) Avaxataoxevaouévr exdva
vinifc avdiuong. O apliuds Twv yaunhic avdluong exdvemy mou yenoworouinxay vy tnyv
avaxaoxeut, e (g) elvon 4.
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Learning Curve for the MAP Estimator

25K

Cost Function

05 I I I I I I I I I |
0 5 10 15 20 25 30 35 40 45 50

Iteration Number

Yyfua 3.12: H ouvdptnon xéotoug L(z,8) o oyéon ye tov optbud tov enavahfheny yo Ty
ewdva Avtoxivyro tou oyfuatog 3.11.

Mean Square Error Approach

MSE

5 10 15 20 25 30 35 40 45 50
Iteration Number

Yyfua 3.13: Kauntln uéoou tepaywvixod ogdhuatos Uetalld tne mporypatixic ewmdvas uhnihc
avahuong xo TNg exTiunong g ewdvag VPNATC avdiuaerg yia Ty ewdva Avtoxivyto tou oyfua-
toc 3.11. H avoaxataoxevaouévn exdva uhniic avdiuone éxet PSNR 27.30 dB.
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Syfua 3.14: BifAla. (o) — (3) Ewdvec yaunhfic avdhuone. () Avaxotaoxevaouévy exéva
vinifc avdivong. O aplfuds TV yauniic avdluornc exdvemy Tou yenouoTouinxay vy TNV
avaxaoxeut, e (g) elvon 4.

Learning Curve for the MAP Estimator
191

Cost Function

I IS = = I
w S w o ~
T T T T T

e
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0.9 I I I I I I 1 T
0 5 10 15 20 25 30 35 40 45 50

Iteration Number

Yyfua 3.15: H v ouvdptnon xbéotouc L(z,s) oe oyéon ue tov aplfud tov enavorfleny vy
v ewova BifAla Tou oyfuatog 3.14.
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Yyfua 3.16: Kayntdn uéoou tepaywvixod ogdhuatoc Letall tne mpaypatixic ewdvac uhnihic

avdiveng xal e extiunong g emovag uPniic avdhuong v Ty ewova Bifia tou oyfuatog

3.14. H avoxataoxevacuévrn emova vhninic avdivone éyer PSNR 25.87 dB.
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Eyfua 3.17: Hivaxac Opharuiatpou. (o) — (8) Ewxdvec younhic avdhuorne. (€) Avaxataoxeuo-

ouev exdva uhniic avdhuons. O apliuds oy yaunhic avdiueng emdvwy tou yenoldonolhinxay

v TNV avaxaoxeur, e (e) elvon 4.
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Learning Curve for the MAP Estimator
951

9.3
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Cost Function
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Yyfua 3.18: H v ouvdptnen xbéotouc L(z,s) oe oyéon ue tov aplud twv enavolfdeny yu
Vv exoéva Hivaxac Opbaluiatoov tou oyfuatog 3.17.

Mean Square Error Approach

270

MSE

5 10 15 20 25 30 35 40 45 50
Iteration Number

Yyfua 3.19: Kauniln uéoou tepaywvixod ogdhuatos Uetalld tne mporypatixhc ewmdvac uhnihc
avdhuong xou Tng extiunong tng ewdvag uPniic avdiuong yio Ty ewxéva Hivaxac Opbaiuiatoov
Tou oyfuatog 3.17. H avaxatacxevacsuévn eudva uPniic avdhvong éxet PSNR 25.82 dB.
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Yyfua 3.20: Mvaxida. (o) — (3) Ewxdvec yaunifhc avdhuorne. (€) Avaxataoxeuaouévn exéva
uPniic avdhvong. O aplfiude twv yaunihc avdiuong exévmy mou yenoworowinxay yio Ty
avaxaoxeut, e (g) elvon 4.
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Learning Curve for the MAP Estimator
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Yyfua 3.21: H ouvdptnorn xéotoug L(z,8) o oyéorn ye tov optbud twv enavahfPeny yio Ty
ewova Hivaxida touv oyfuatog 3.20.

Mean Square Error Approach

MSE
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Iteration Number

Syfua 3.22: Kaurniln uéoou tepaywyixod ogdhuatos Uetalld tne mporypatixhc ewdvas uhnihc
avdhuong xou Tne extiunomng g ewdvog PmAhg avdhuong Yo Ty exova Iivaxida Tou oyfuatog
3.20. H avaxoataoxevaouévny exdéva uhniic avéiuong €éxer PSNR 29.09 dB.

26



[Mivaxac 3.1: AplBuntixd anoteréouata yia TLg Tapauétpoug unépheonc tou nopouctdlovtal
ota oyfuata 3.8, 3.11, 3.14, 3.17 ot 3.20 ue uéyebog HopiPou 30 dB.

Etévor Ypdhpo 0 | Bepdhpa §Y | Xpdhua 0°

mean | std | mean ‘ std | mean ‘ std

E¢dguido (oy. 3.8) 0.20 | 0.08 | 0.19 |0.08| -0.01 |0.07
Avtoxivyro (oy. 3.11) 0.61 |0.03| 0.02 |0.01]| 0.16 |0.07
Bifria (oy. 3.14) -0.09 | 0.13 | -0.26 | 0.03 | -0.08 | 0.01
Hivaxac Ogbhaduiatpov (oy. 3.17) | 0.32 | 0.14 | -0.07 | 0.07 | 0.68 | 0.28
Iivaxida (oy. 3.20) 0.47 | 0.02 | -0.01 | 0.06 | 0.96 | 0.55
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Hivaxog 3.2 AplBunmxd anoteréouata yio 1o PSNR mou nopovoidlovtal ota oyfuata
3.8, 3.11, 3.14, 3.17 xou 3.20 pe péyehoc BoplfBou 30 dB.

) PSNR

Ewcova -
mean ‘ std ‘ median

E¢éguido (oy. 3.8) 24.34 | 0.34 | 24.31
Avtoxivyro (oy. 3.11) 26.67 | 0.41 | 26.45
BiBia (oy. 3.14) 25.22 | 0.28 | 25.00
Hivaxac Opbaduiatoov (oy. 3.17) | 2547 | 0.42 | 25.35
Iwvaxida (oy. 3.20) 28.29 | 0.27 | 28.19

ivoxog 3.3: Aplfuntixd anotedéouata ya Tig TopaUétpouc Unépheang mou tapouctdlovol
ota oyfuota 3.8, 3.11, 3.14, 3.17 xau 3.20 ue péyeboc HoplBou 20 dB.

Eiévor Ypdhpo 0 | Bepdhpa §Y | Xpdhua 6°

mean | std | mean ‘ std | mean ‘ std

E¢dguido (o). 3.8) 0.08 |0.08| 0.04 |0.03| -0.03 |0.14
Avtoxivpro (oy. 3.11) 0.58 |0.11 | 0.05 |0.09| -0.11 |0.07
Biflia (oy. 3.14) 0.61 |0.12| 0.02 |0.10| 0.36 | 0.03
Hivaxac Ogpbaiuiateov (oy. 3.17) | 0.86 | 0.16 | -0.21 | 0.09 | 0.09 | 0.02
Iiyaxida (oy. 3.20) 0.76 |0.14 | -0.25 [ 0.07| 0.80 | 0.08

[Mivaxac 3.4: AplBuntind arotedéouata v To PSNR nou napovoidlovtar ota oyfuata
3.8, 3.11, 3.14, 3.17 xou 3.20 pe uéyehog HopiPou 20 dB.

) PSNR
Ewdva :
mean ‘ std ‘ median

Eé¢dgurio (oy. 3.8) 22.39 1030 | 22.34
Avtoxivyro (oy. 3.11) 21.23 | 0.37 | 21.22
BifAia (oy. 3.14) 23.45 1 0.19 | 23.44
Hivaxag Ophaduiatpov (oy. 3.17) | 23.30 | 0.34 | 23.24
Ilwvaxida (oy. 3.20) 23.18 | 0.53 | 23.24
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KEDPAAAIO 4

YTIEPANAAYYH HIKONAY ME METESTOINOIHZH
THY AMOIBAIAY, [IAHPOD®OPIAY

4.1 Ewoayoyn
4.2 Kpithpro Ynépbeone AuoBatac ITinpogoploc
4.3 eprypapt, tne Mefddou

4.4 Iewauatixd Anoteréouota

4.1 Ewoayoyi

H unépbeon exdvac anattel Tov yetaoynuatioud ulag etxdvag o uia AN Ue TETOLO TPOTO
OOTE To avTioTolya elxovooTolyela va Bploxovtal oTiC BLeg yweIEC CUVTETAYUEVES. LTNY
evotnTa auth, Ha teprypddouue ) yerion tng apoBaiac TAnpopoplac we UETpo Yo THY URép-
feomn 800 exdvwy xal tpotelvouue évay ahyopLbuo yia urepavdiuor ewxdvag, Tou otneileTat
oty unépbeon ue yprion auoBaiac thnpogopiac. H avagopd [38] xdvel hoyo yia tnv yeron
e apolBatac TAnpogoplac oto TEdBANUL NS uTepavdALoNE exdvac. And Tic PaoixdTepeg
epyaoteg otov Touéa Tng unépbeong ue ypron auoBalac TAnpogoplag elvar autég Twv P.
Viola xou W. Wells [36] xat Maes et al. [20]. O uébodot mou otnpilovron tnv auoPoia
Thnpogopto elvat Wiattepa dtadedouévec. Mropoly va e@apuoctoly Tdvw ot dedouéva Tou
€youv alhowwlel and O6puPo, B va egapuocToly oe Tpofhiuata uépbeong TOAUTEOTIXGY
(multimodal) exdvov, dnhadh exdvwy tou éyouy Angbel ue Stapopetind unyoavioud AMdnge.
Méhiota, 1 uébodog auth Bewpeital we 1 xahvteprn uébodog yia unépbeon exdvmy.

Opioubs 4.1. 'Eotw d0o tuyaiec uetafintéc A xav B ue meplfdplec xatavouée pa(a)
xaL pp(b) xav and xowvol xatavour| pag(a,b). H apoBaia tinpogopia I(A, B), uetpd tov
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Babud eZdptnong uetall Ty Tuyatwy ueTaBAnTdY A xou B xo oplletal o¢ 1 tocdHTnTA

gla,b
14.5) = 3 S pasto s (1 )

a

Ou péfodol mou Paoilovtor otnv apoBata TAnpogopta €youv va xdvouy ue tnv ovalf-
TNOT TWV TAPUUETEOY EXELVOY TOU UEYLoTOTOLOUY TNy auolBaia tAnpogopta. H 13éa €yel
mopbel and Ty Oewpla ITAnpogoploag xat elvat éva uétpo olyxplong uetall dvo tuyalny ue-
TaPintodv. Me dhha Aoyia, autd umopel va exgpaocTtel we 1 dtagopd uetall Tne and xolvol
eviponiog H(A, B) twv tuyaiwy uetofAntdyv A xat B xat tou afpolouatoc twy neptbdplonv
evipondv H(A), H(B)

I(A,B) = H(A) + H(B) — H(A, B) (4.1)

e H(A) elvaw n evrpornia tne tuyalac yetaintic A

ZPA ) log (pa(a))

H(A,B) elvor n and xowvol eviponio tov Tuyaiwy yetaintdv A xow B

H(A,B)=—=> ) papla,b)log (pas(a,b))
b

a

II\vfog epyaoidy €youy dnuocteufel otov touéa autd. O oNUAVTIXOTERES AVHAXOUY
otoug P. Viola xav W. Wells [36] xat Maes et al. [20] evedd evdetxtixd avogépouue Tig
epyaoiec Twy J. Pluim et al. [30], Y. Chen et al. [6] ot J. Pluim et al. [29]. Xnuovtixy elvae
xat 1 epyoota tou C. Studholme [32], 6tnv onola elodyeTtal 1 €VVoLa TNS XAVOVIXOTOLNUEVNS
apoBaiac thnpogoptac, NMI(A, B) nou Siveton and tny napaxdtw eilowon:
H(A)+ H(B)

H(A,B)

H xavovixonoinuévn auotBato mhnpogoplo anotehel xaAlTERO UETEO GUYXPLONS OTAY UTO-

NMI(A,B) =

(4.2)

hoyiletal oe TepLoyéc mou emxalinTovTaL. LTNnV Tapoloa epyacta, €xel yivel yprion autrg
NS TOGOTNTAC.

[ vo tetOyoupe aUeTaBANTOTNTA 0TV eMXGAVDT TV YAUNAAC AVIAUOTS EXOVOY,
yeeralouaote éva uétpo aveldptnro and i uetaPolréc otic teptbdptes eviponiec H(A) xou
H(B), oty neptoy emxdiudne twv 8bo exbévov. [a to Adyo autd, yenoiuonofioaue éva
XAVOVIXOTOLNUEVO UETEO, TOU ELVAL 0 AOYOC TOV TEQLHGELOY EVTROTLGY TEOC TNHY ATO XOLYOU
evtponia.

Kdébe arhayy) otnyv affeBatdtnta Tng etedva xal eToUEVRS oTic Teptdplec evipomnieg, dev
Bo €yel anotéheoua otny evbuypduuion tov ewdvwy. H ueyiotonolnorn tng nocdnTog
NMI(A, B), oxonb éyel TV €Vpeo TOU UETAOYNUATIOUOY exelvou 6Tou 1 and XoLvoU
eviponio ehayloTonoleltal oe oyéon ue Tic Teptidplee.

Yrov mivaxa 4.1 tapoucidlovton uepxés Wiotnteg e auotBalag mtinpogoptac. T tny
amOOELZN QUTMV TUPATEUTOVUE TOV avayVHOTN 6TV avapopd [35].
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IMivaxac 4.1: Iddtnteg apoPBatac tAnpogoptiac.
Mr-apvnuixétnra: I(A,B) >0
AveCoptnota: I(A,B) =

(4,B)
Yuuuetplo: I(A,B) =1(B,A)
Auto-mhnpogopta:  I(A, A) = H(A)
Kdtw 6po: I(A,B) >0
Avw épro: I(A, B) < min (H(A), H(B))

< (H(A)+H(B))/2
< max (H(A),H(B))
< H(A, B)
< (H(A) + H(B))

4.2 Kputiero Yrépbeorng ApoiPatag IIAnpogoplag

Ou mohutpomixée edveg mou mapouotdlouy to (Blo avTixeluevo, avanaploToly UETPHoELS
SLULPORETIXGOY WOLOTHTWY YLot TO avTixeluevo autd. Av xaL oL eVTdoEeLS TS ELXOVAC AVTLGTOL-
Y00V o710 (8L avtixeluevo, urnopel va elvat ToA) SlapopeTinéc LeTal TV EXOVKY TOU €YUV
AnpBel pe dwagpopetind tpdmo. I'evixd, dev elval aveldptnreg napatnerioelc 6Twe ouuPaivel
OTNY TEAYUATXOTATA Yia TO (3to To avixeiuevo. Ol TwéS TV evidoewy LeTall) SLopopeTL-
XOY EXOVWY TOU aVAToELETOUY TO (8to avTixeluevo, dev elval aveldptntee TocdTNTES, AN
OTATLOTLXY GUGYETLOUEVEC UETPYOELC.

'Eotw A xou B elvar 800 ewxdvec mou oyetilovial YEOUETPXE UE TO UETAOYNUATIOUS
unépbeonc T, ue mapauétpoug o, €tol Hote Ta ewxovootolyelan p tne A ue évtaon a avti-
otowyolv ota ewxovootoryeia To(p) e B ue évtaon b. H eZdptnon petald tov a xou b
1 aANOC 1 TANpogopla Tou TEptéyel 1 ulor Ty Yoo TV dAAY, uetpdtal ue TNy auoPBaia
minpogopia I(A, B) twv uetaffintédv A = {a} xou B = {b}

a=A(p)
b= B(Ta(p))
148) = ¥ 3 pan(o, 0o, (4000 ) (4.3

6mou pagp(a,b), pa(a) xou pp(b) elvar ot and xowvol xa ot teplfidplec xatavouée Twv evtd-
oewv a xat b, avtioTtolya. Ot exTunoelg YU aUTES TIC XATAVOUES, UTopovy va Angholy and
Ta amd %oLvoU xot TEpLODELA LOTOYREUUATA TOV TUNUETOY TOU ERXAAUTTOVTAL XAl YLd TLS
dVo ewodvec. H ayéon pap(a,b) uetald tov evidoewy a xoL b xaL etouévns 1 auoBolo TAn-
pogopla I(A, B) eZoptdrat and tov uetaoynuationd unépbeone Ty, dnhadf tny unépbeon
TV exévwy. To xpitfplo unépbeorc tou Baotletar otny auoPala TAnpogopla uTtobétel TKC
oL exdveg elvat evbuypauutouéveg and tov uetaoynuatioud urépbeonc Ty Yo Tov omolo
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n auoBaio thnpogopta (A, B) elvon uéylotn

o =argmax (A, B).

Av Bewproouue 6t xal ol Yo teptBdptec xatavouéc pala) xol pp(b), elvar aveldptntec
am6 TiC Topauétpouc unépheonc a, téTe To XpLThpLo uépbeonc tng auoPalog Thnpogoplag,
eNdytotornoel Ty and xowou eviponia Hap(A, B). Av xaula and tic d0o xatavoués pa(a)
7 pp(b), dev elvar aveldptntn TV napauétewy @, 6Tou elva N teplntwon Tou N uin exdva
TepLéyeton axpBde 6Tny GAAY, TéTE TO XELThpLo LTEpheorc Tne auoPalag TAnpogoplac, ehd-
ytotornotel Ty und ouvbixn eviponia H(A|B) 1, H(BJA). Qotéc0, av xat oL 800 etxdveg
EMXOAUTITOVTAL LEPXMS, TO T0000TO NS emxdhudng Ba alrdlel 6tav oL napducstpol uTép-
feonc a petaPdihovtal xau téte o nepldpLec xatavoués pa(a) xat pp(b) xar cuvende xou
oL evtponiec aut®y, Ou e€aptdvtatl and to a. To xpithplo unépbeonc tne auolBalog TAn-
pogoplac Aaufdver ur’ v Tou To Tapandvw, enouévec N ellowon (4.1) epunveletal wc:
“H peywotonolnon g apoPatag tAnpogoplag telvel otny ueyiotonoinon 1wy 300 tpdtwy
bpwV %ol TNV ehayLoTomolinon Tou teAeutalou 6pou.”

Yndpyouv tepintdoelg mou To xpLthipLo unépbeong tne auoBalog Thnpogopiag atotuyyd-
vel.. Téroec amotuylec ouyPaivouy Aoyw tng avemapxouc ouoPaiac TAnpogoplac mou
€YOVUE YL TG EXOVES, AOYW TN AOdPelog WS¢ TEog TN oyéon Tne éviaong UeTall Twy
300 exdVoY f§ AOYW® TN aVXavVOTNTAS Vo EXTIURCOLUE 6woTd TNy auoPala TAnpogopia €&’
autlog Tou uxpoy apliuoy Twv ewcovooTtolyelwy TN exdvac.

Lo younhrc avéhuong exdvec 1 otnv Teplintwon tou 1 teployy) emxdAvdne Tov dVo
eOVOY elvol Uxpn, 1 oTaTLoTIXY oyéon UeTadl Twv dVo exdvey mpenel va eCaybel and
€var uxpd aplbud ewcovootolyelwy. XTic tepindoelc autég 1 auolBala TAnpogopta utopet
VoL Tpouotdoel Tohhd Tomxd péytota yopw and TN owoth Ao urépbeong.

Eméyouue v ula and tic exdvec nou Oo uneptefoldy va elval 1 xivolduevn ewxdva A,
an6 v onota Oa ndpouye Ta delypata s € S xou Oa petaoynuatioTel Ue éva YewUeTELXO
uetaoynuatioud T, ue mapauétpoug o, otny ewdva avapopds B. To clvolro S unopel va
TepLéyel OAa ta elxovoatolyetla tng A 1B €val uTooUVoLo AUTGY.

To and xowol wotdypauua oV evidoewy e exévac Hy(a,b) vy 1o mocootd tne
emxdiudne s € S, C S g A xau B xotaoxeudletal tonofetdvtag oe xddouc Leuydpla
evidoewy (a(s),b(Ta(s))) yio xdbe s € Sy TNy yeVxH TeplTTOOT, 0 UETAOYNUATIOUOC
T,(s) ywr T0 eovootolyelo s, dev Oo ouuninter ue éva onuelo Tou TAéYUATOS OTNY EL-
x6va B xal enouévwe, elval avayxato 1 yeron napeUoific oty exdvo avopopdc Yo va
Bpovue v T e évraonc b(Ta(s)). "Eyouv npotabel dudgopo tpémot napeuBorfc. I
Topddetyua, 1 TapeUBoAT) Tou xoVTLVOTEPOL YelTova Y TNV exdva B, dev eyyudton xalt
axplfBela, uag xat elval evalolntn oe uetatonioelc ueyahitepeg Tou evHE EcovoaToLyElOU.
‘Addec uéfodol TopeuBolic, 6nwe N tputAd-ypauuxy (trilinear) f avdtepnc tdEng, evdéye-
TOL VOl ELOAYOUY VEEC EVTIOELS TOU BEV UTOEYOLY OTNY elxdva avagopdc B. Me autdv To
Tp6TO, 0dNyoluaoTe ot anpdPBlentec alhayéc tne nepthdplac xatavouic pp.a(b) e ewxo-
Vag avapopds, Yoo uxpéc allayég Tng Tapauéteou a. TN Bihoypapia, €yel mpotabel ua
xawvoUplo uébodog mapeuBoiric mou emthlel To Tapamdve TEéBAnUL xat ovoudleTal UEELXOU
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6yxou TElmAE-ypauux tapeufoln [19], yia neplocdTepES AETTOUEPLES TUPAUTEUTOUUE TOV
AVALYVOOTY GTNY AVAPOEd AUTH.

Ou Béhtioteg napduetpol urépbeone o, unohoyilovtal and TNy UeyLoToTOlNON TNS TO-
o6tnroc I(ar). Tty ueyiotonoinon autic e toodtntac (f ehaytotonoinon e —I(a)),
yenonuonowooue Ty uébodo ehaytotonoinone SIMPLEX [17], nmou elvar evowuatouévn
oto naxéto Beltiotonoinone tne Matlab (ouvdptnon fminsearch).

4.3 Ilepiypagr tng Mebbddou

Yty evotnta auth), Ho teplypddovue Ty egapuoyr) Tne unépleonc ewdvac Ue yprion auoL-
Batac mAnpogoplac 6T0 TEOBANU NS UTEPAVAAUCTC EXOVIC.

Yxombe pog elvon vor exTiURcoUUE TIC Tapaugtpous uetaoynuatiouol unépheone (did-
vuoua petatémone T xat mivaxac yovdy neptotpogiic R). Aev éyovue howndy, napd vo
eQopUubooLUE TNV WEa Tou avantiylnxe otny TponyoluEevY EVOTNTA UEYLGTOTOLOVTOS TNV
apoBala tAnpogopia I(A, B), yw tic 8lo yaunific avdhuone edvec A xar B. Xtnv ou-
véyela, epapuélovue tov akydelbuo unepavdhuone ewxoévac (ahybdptbuoc 1), onwe autde
avartiybnxe oto xepdhloalo 2. Xe yevixég ypauués o ahyodpiuog mou tpotelvouue elval:

AlyébpLBuog 4 Mébodoc unepavdhuong exdvag Paotouévn otny auolBaia TAnpogopla.

Bhua 1: Apywxonolnon twv mopauétpwy uetaoynuatiouol unépleonc (R, T) ue yprion
reprypagény SIFT xar mpdtn extiunon e vdniic avdiuong exdvag.

Brua 2: Meyiotonoinon e apolBaiac tAnpogopioc (MI) xat edpeon TwV TUPAUETPOY UE-
Taoynuatiouol unépbeonc (R, T).

BrAna 3: Extiunon tne ewdvac udhnirc avdluonc.

BrAna 4: Emotpogt| oto Bua 2 uéyet vo ouyxilivel.

4.4 Ilepapatixd AnoteAéopota

L1y evotnto auti o TopoUcLAGOUUE TELPUUOTIXG ATOTEAECUATA OO TNV YEHOT TNS Aol
Batac mAnpogoplac oto mEdBAnue Tng utepavdiuong ewodvag, Gote vo Selfouue T duva-
téNTeg e uebddou mou mpotelvoupe. Tao mepduata mou exteléoaue, 0TéYO €YOLUV Va
ouyxplvouv tn uébodo auth ue Ty avtiotouyn uébodo mou yenowwonolel Toug TepLypapelc
SIFT (BA. xepdhato 3).

OL UETEWES TTOU YENOLLOTOLOVUE YLOL TNV TOGOTIXOTONoN TNE ToLdTNTAC TwV uToBalul-
OUEVOY EOVWY, Ta enineda Tou Hoplfou otic unofubutouéves edvec yauniic avaiuong
XAl TNV TOLOTNTU TWV UVUXATUOXEVAOUEVDY ATOTEAEGUATWY YENOLIOTOLOVUE T UEYLOTY

63



T Tou Aoyou ofjuatog tpog B6pufo (PSNR).

(255)2

PSNR = 1010g10 W

orou f xau g elvat 1 TEayUATIXT XaL 1) AVAXATACHEVACUEVY) ELXOVAL, AVTLOTOLYOC.

Ta newpduatd pag éyouv dielaylel 1600 6e TP YUATIXE, 6G0 XAl GE TEYVYNTA GUVONI Oe-
douévwy. No avagépouue OTL, Yot TNV EXTEAECT, TV TELRAUATOY Uag Bewproaue cuurtayels
UETACYNUATLOUOUS Yo TEQLOTROGY ot UeTatémior. Me Bdon Tig napatnenoelg uag, ouume-
pdvaue 6TL 1) LEBOBOC BLVEL IXAVOTOLNTIXY ATOTEAEGUOTO VLo EXOVES TIOU ELVOL TEPLOTEAUEVES
uéoa oto ddotnua [—5, 5] xau yetatontouévec oto ddotnua [—10,10]. T ueyohitepeg
Téc Tapatneroaue 6t N uéhodoc napouctdlel onuavtixd enineda GopUBou ringing. Auto
ogeihetar otov akydplfuo ehayiotonoinone SIMPLEX nou yenowuonolfooaue, o onolog ef-
vau évag alyopliuog Tomxrc ehaylotonolnong xal 1 apyLxonoinoy xabopilel onuavtixd To
ATOTENEGUAL.

"Eyouue Oohdoel Tic euxdveg pag e évo Gaussian younhonepatd GiATeo TUTLXAC onO-
xhone 1 o ueyéfoug mapabipou 5 X 5 evdd mapdhinia o exdveg €youv unoPabulotel ue
évay mapdyovia Ly = Ly = 2. Metd and doxwuég, napatnerooue 6Tl To uéyloto nAnfog
emavaAfiPewy Tou amolTelToL YLol Vo oUYXALVEL 0 ahybpliuog oe ula ixavorolntixt| Ao elvol
50. Téhog, éyel npootefel Gaussian Aeuxdc OBopuBoc otic teyvtnTd Tapaybleloes etxdveg,
eved ta metpduata €youy dieCaybel ue ddpopa ueyEhn BoplBou.

H Sour ue tnv omola Ha mapoucidoovue ta anoteAéopatd uog elval 1 axdéiovdn: di-
VOVTOL Ol YoUNANC aVEAUOTC EXOVES, TAPOUGLALETAL 1) AVOXATUOXEVACUEVT] EXOVI UYNATC
avéluong xoar 800 TIVOXES TOU TEPLEYOLY TLC TWES TWV GPIUAUETWY (Uéom Tuuh XL TUTLXY
andxhion) v Tie Tapapuétpous unépheone (Uetatdmion xou neploTEo@n) ToL TRoExUYay and
Tov ahyo6pliuo 4, v ueyéln Hopfou 30 dB xo 20 dB, avtolotiya. Téhog, tapoucidlovtol
dVo axdua mivaxes mou mepyouy aptBuntixd atotehéopata (Uéon T, TUTLXY andxALoN
xat evdtdueon twn) yia to PSNR, o xdfe évac nopouctdlel ta anotehéouata yioo Ueyédn
HopiBou 30 dB xo 20 dB, avtolotya. To alvolo telpaudtwy yio xdbe ewxdva elvar 10.

'Onwg Topatneolue and Tig XAUTUAES TOU UECOL TETEAYWVLXOU GQIAUATOC, €UXOAA
UmopoVuE va douue TNy onuavtixy Bektioon tou tapovoidlel 1 uédoboc auth oe oyéon ue
™V mponyoluevn uédodo, tou yenowonotel toug meptypageic SIFT (BA. xepdhawo 3). H
dtapopd Twv PSNR otic avaxataoxevacuéves emdves VPnATC avdAuone @Tavel xata UEoo
6po Ta 2 dB, mou elvar onuavtied Behtioon.
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mage

Processing

Yyfua 4.1: EZdgpuiro. (a) — (3) Ewbves yoaunihic avdhuone. (€) Avaxataoxeuaouévn exdva
vinifc avdhuong. O aplfiuds Twv yaunhic avdluornc edvemy Tou yenoulotouinxay vy Ty
avaxaoxeuh e (g) elvon 4.

Learning Curve for the MAP Estimator
135

13

Cost Function
o o
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T T T
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Iteration Number

Yyfua 4.2: H ouvdptnon xéotouc L(z,8) oe oyéon ue tov aplud twv enavaliPewy v v
ewdva Eédpuido tou oyfuatog 4.1.
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Mean Square Error Approach

260

MSE

140
0

‘5 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5 4‘0 4‘5 5‘0

Iteration Number
Syfua 4.3: Kauniln péoou tepaywvixold o@dluatog yetalld g mpayuatixhc emxévas uhnihc
avdhuong xa g extiunong g ewdvag VMg avdluong Yo ™y edva EEdguilo Tou oyfiuatog
4.1. H avaxataoxevaouévry eudva uhnhic avdhuong éxer PSNR 26.14 dB.

[Mivaxac 4.2: AplBuntixd anoteréouata yia TLg Tapauétpoug unépbeong tou napouctdlovtat
ota oyfuota 4.1, 4.4, 4.7, 4.10 xau 4.13 ue uéyeboc GoplBou 30 dB.

Eiévor Ypdhpa 07 | Bepdhpa §Y | Bpdhua 0°

mean ‘ std | mean ‘ std | mean ‘ std

E¢dguido (oy. 4.1) -0.12 | 0.02 | 0.41 |0.07| 0.59 |0.23
Avtoxivpro (oy. 4.4) 021 |0.12| 031 |0.21| 095 |0.07
Bifrla (oy. 4.7) 034 1020 | 031 |0.09| 0.57 |0.18
Hivaxas Ogbaduiatpov (oy. 4.10) | 0.25 | 0.13 | 0.08 |0.11 | 0.01 |0.09
Ilivaxida (oy. 4.13) 0.03 | 0.01 | -0.04 | 0.02| 0.41 |0.02
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Yyfua 4.4: Avtoxivyro. (o) — (8) Ewxdvec yoaunhic avéluone. () Avaxotaoxevaouévy exéva
vinifc avdhuong. O apliuds Twv yaunhic avdluong exdvemy mou yenowonouinxay vy tnyv
avaxaoxeut, e (g) elvon 4.

67



Learning Curve for the MAP Estimator
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Yyfua 4.5: H ouvdptnon xéotouc L(z,s) oe oyéon ue tov aplud twv enavaliPewy yia Ty

ewdva Avtoxivyro Tou oyfuatog 4.4.

Mean Square Error Approach

180

MSE

5 10 15 20 25 30 35 40 45 50
Iteration Number

Yyfua 4.6: Kaunidn péoou tepaywvixold o@dluatog yetalld g mpayuotixhc emévas uhnihc
avdhuong xoL TNg exTiunong Tng ewmodvag LPNATg avdiueng v T edva Avtoxivyto tou oyfua-
toc 4.4. H avaxataoxevaouévn exdva uhninc avdiuorng éxer PSNR 28.13 dB.
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Yyfua 4.7 Bifria. (o) - (8) Ewdvec yaunhfic avdhuone. () Avaxoataoxevaouévy etxxdva uhniic
avéiveng. O apliuds Tov yauning avdiuong exévmy Tou YeNoLWOTOUOINXAY YLd THY AVIXAGKEVT)

e (e) elvau 4.

Learning Curve for the MAP Estimator

Cost Function

0 I I I I I I I I I |
0 5 10 15 20 25 30 35 40 45 50

Iteration Number

Yyfua 4.8: H ouvdptnon xéotouc L(z,s8) oe oyéon ue tov aplud twv enavalhPewy v tny
ewova BifAla tou oyfuatog 4.7.
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Mean Square Error Approach
3001

MSE
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5 10 15 20 25 30 35 40 45 50
Iteration Number

160 I I I
0

Yyfua 4.9: Kaprldhn péoou tepaywvixold o@diuatos Uetall g mpaytatixic exdvag uhniic
avdiveng xal e extiunong g emovag uPninic avdhuong v Ty ewova Bifia tou oyfuatog
4.7. H avaxataoxevacuévr ewdva uhmihc avdhuonc éyer PSNR 26.06 dB.
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Yyfua 4.10: Hivaxac Opbaruiatpou. (o) — (8) Ewxdvec younhic avdhuorne. (€) Avaxataoxeuo-
ouev exdva uhniic avdhuons. O apliuds oy yaunhic avdiueng emdvwy tou yenoldonolhinxay
v TNV avaxaoxeur, e (e) elvon 4.
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Learning Curve for the MAP Estimator
22r
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19F
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Yyfua 4.11: H ouvdptnorn xéotoug L(z,8) o oyéorn ye tov optbud twv enavahipeny yio Ty
ewdva Hivaxac Opbaruiatpov Tou oyruatog 4.10.

Mean Square Error Approach

2801

MSE

100 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

Iteration Number

Syfua 4.12: Kaunddln uéoou tepaywyixod ogdhuatos Uetalld tne mporypatixhc ewmdvas uhnihc
avahuong xor Tng extiunong tng ewdvag uPniic avdiuong yio Ty exéva Hivaxac Opbaiuiatoov
Tou oyfuatog 4.10. H avaxatacxevacuévn eudva uPniic avdhvong éxet PSNR 27.33 dB.
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(o) 8)
() (®)

(e)

Yyfua 4.13: Ivaxida. (o) — (3) Ewxdvec yaunifhc avdhuorne. (€) Avaxataoxeuaouévn exéva

uPniic avdhvong. O aplfiude twv yaunihc avdiuong exévmy mou yenoworowinxay yio Ty
avaxaoxeut, e (g) elvon 4.
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Learning Curve for the MAP Estimator
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Yyfua 4.14: H ouvdptnorn xéotoug L(z,8) o oyéorn ye tov optbud twv enavahiPeny yio Ty
ewova Hivaxida touv oyfuatog 4.13.

Mean Square Error Approach
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Syfua 4.15: Kaurniln uéoou tepaywvixod ogdhuatos Uetalld tne mparypatixic ewdvas uhnihc
avdhuong xou Tne extiunomng g ewdvog PmAhg avdhuong Yo Ty exova Iivaxida Tou oyfuatog
4.13. H avaxoataoxeuaouévy emdva uPniic avdhuong éxet PSNR 29.80 dB.
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Hivoxog 4.3 AplBunmxd anoteréouata yio to PSNR mou nopovoidlovtal ota oyfuata
4.1, 4.4, 4.7, 4.10 o 4.13 ue yéyeboc HopiPBou 30 dB.

) PSNR

Ewcova -
mean ‘ std ‘ median

EéGgulio (oy. 4.1) 26.78 | 0.41 | 26.52
Avtoxivpro (oy. 4.4) 27.80 | 0.59 | 27.69
BiBiia (o. A.7) 25.34 | 0.42 | 25.45
Hivaxac Opbaduiatoov (oy. 4.10) | 27.01 | 0.11 | 27.06
Iiyaxida (oy. 4.13) 29.11 | 0.57 | 29.03

Mivoxog 4.4: Aplfuntixd anotedéouata ya Tig TapaUéTpouc Unépheang mou tapouctdlovol
ota oyfuota 4.1, 4.4, 4.7, 4.10 xau 4.13 ue uéyeboc GopiBou 20 dB.

Eidva Ypdhpo 0 | Bepdhpa §Y | Xpdhua 6°

mean ‘ std | mean ‘ std | mean ‘ std

E¢dguido (oy. 4.1) -0.31 | 0.05| 0.27 |0.03 ] 0.51 |0.07
Avtoxivpro (oy. 4.4) 0.35 | 0.18 | 0.39 |0.02| 0.38 |0.31
BifAia (oy. 4.7) -0.05 | 0.03 | 0.06 |0.01| 0.18 |0.21
Hivaxac Ogpbaiuiateov (oy. 4.10) | 0.39 |0.09 | 0.16 |0.06 | 0.51 | 0.16
Ilivaxida (oy. 4.13) 0.41 |0.19| -0.02 | 0.02| 0.11 |0.21

[Mivaxac 4.5 AplBuntind arotedéouata v To PSNR nou napovoidlovtar ota oyfuata
4.1, 4.4, 4.7, 4.10 »ou 4.13 ye péyefoc HopBou 20 dB.

) PSNR
Ewova :
mean ‘ std ‘ median

Eé¢dgurio (oy. 4.1) 24.83 | 0.36 | 24.85
Avtoxivpto (oy. 4.4) 21.56 | 0.19 | 21.47
Bibrla (oy. 4.7) 23.64 | 0.31 | 23.52
Hivaxag Opbhaduiatpov (oy. 4.10) | 24.59 | 0.26 | 24.64
Ilwvaxida (oy. 4.13) 24.48 | 0.27 | 24.39
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KEDAAAIO 5

YTIEPANAAYYH EIKONAY ME XPHZH
EYPOSTON EKTIMHTON

5.1 Ewoayoyn
5.2 Evpwotor Extiuntéc
5.3 Elpwotn Yrepavdiuon

5.3.1 Yrohoyioude Iapauétpou Katwgiinong
5.3.2 Extiunon tne Ydniric Avdivong Ewxdvac

5.4 Iepiypagy) Tne Mefddou

5.5 Iewpauotixd Anoteréouota

5.1 Ewoayonyn

Y1a tponyoUueva xe@dAaLlo TopoLaLIoTNXE Xl avahuinxe To TEOBANUA TS UTEPUVAAUOTC
exdvag and TNV oxomd TN eVpEoTC TWV TapAUETEWY LTépheonc. Xto xepdialo autd, Oa
Topouctdoouue Lo UEBodo Yo uTepavdAuoT) exovag eCeTALOVTOG AGUVEYELES OTIC YAUNAHC
avdivong exdveg, ol onoleg “napafidlouv” tnv undheon yio Slathipnon Twy SeSOUEVKY Al
N ywewt ocuvdgela. Ilo cuyxexpuéva, tétolou eldoug meploplouol 610 GUVOLo Bdedoug-
VOV TOV YoUNAAC avaAuoNe eovVeY TEoXahoUvTal and UeTPHoelc Tou dev axohoufoly To
xuplapyo uovtéro (outliers). Iloh\& mpofBhiuata tne Yroloyiotixfc ‘Opaong meptéyouy
T€TOLOU £ld0Ug dedouEva.

[t 10 Aoyo autd, emthéyetal 1 yprion eVpwotwy extiuntdy (robust M-estimators) npo-
capuolovtag xatdhhnha Ty dadixacta extiunong oe xdfe mhalowo yaunifc avéivuone. H
uéfodoc mou mpotelvetal oty Tapoloa epyaota, eZakelpel g “xaxéc” uetphoeic (outliers).
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[Mopouoteg ueréteg mdvew otov dto touéa €youv npotabel and toug N. El-Yamany xau P.
Papamichalis [8]. Ytnv epyaota toug egapudlouy évay elpwoTo EXTUNTH TAVW GTNY AVTL-
XEWEVIXY) CUVARETNOY TN ToEAYMYOL xol Tpocapudlouvy T dadixacta tng extiunong oe
xd0e yauninic avdivone mhaloto. H uébodoc auth eCahelgel anoxiivovta onuelo ue anote-
AeouaTind TEOTO %ol UTOREl EUXOAA VOl EQUEUOCTEL OE UTEQUVAAUGT EYYEOUWY EXOVWY UE
€VToveg AemTOUEpELS, ywele TNy avdyxn ouohomoinong. Xtnv gpyaocio twv V. Patanavijit
xau S. Jitapunkul [25] napovoidleton éva napanhiolo Loviélo UTEpavaAUGNS EXGVOC, TO
ornolo Joolletol 0 OTOYAOTIXES TEYVIXES EAAYLOTOTOLOVTAC TNV cuvdptnon xéctouc. [
TEPLOCOTEPEC AEMTOUEQPLES TOQATEUTOUUE TOV AVAYVOOTY 6Ty avagopd auth. Mio axdun
eVOLAPEQOUGA TIPOGEYYLGT, 0TO TROBANUO TNS UTERAVAAUOTS EXXOVAC TOPOUCLALETOL OTNY
epyaolo Twv Zomet et al. [39]. H teyvuer| auth, extiud tnv evdidueon tun e napayd-
YOU YLt OAES TLC YAUNATIC AVEAUOTG ELXOVES ELXOVES XOL OTT) GUVEYELX, EXTEAEL TO Brua Tng
evnuépwong yla Ty extunon tng VYNAHC avdivong euxdvoc.
Kiplog oxomdc evog elpmotou extiunty elval va:

1. Ieprypdder 0 doun mou Tatpldlel xakitepa oTa dedouéva.
2. Avayvoploel anoxhivovta dedouéva (outliers).

O xaliTtepoC eXTUNTAC ELVAL EXEIVOC TOU GUUTEPLQEPETAL XAAUTERN OTNY YELPOTEQRT, XATA-
vour YL TopaueTewxd wovtéla. Autd elvar éva xpitriplo mou unopel va yenouwworoinbel yia
VoL TORAYOUUE ULor TAELEBA EXTLUNTOV.

I v 6éoovue to Béua oe ula mo otépea Bdon, évac elpwotog exTiunthc dleubetel
10 TEABANUA TrC evpeonc TV BéATLoTwY Tapauétewy O = [, ..., 0,7, Tou uovtéhou, Yl
éva oUvoho dedouévwy X = {o, 21, ..., xg}. [ va toaptdZouue éva Lovtéro, oxonds uag
elval va Bpolue T TWWES TV TopauéTeny § Tou EAAYLOTOTOLOUY To UTONOLTOUEVO GPIANUATA
T3 (.CEZ', 92)

main Z p(rs(zs,0);04)
seS

orou o, elvar évag mapdyovtag xhluaxag xar eAéyyel To onuelo oto onolo o exTuNTAC
Oewpel tic ueTprioelc anoxiivouoeg xau p elvat o extiuntic. H ouvdptnon p ovoudletar xat
M-estimator ulac xar avtiotolyel oty extiunon tng ueylotonoinong tne mbavogdvelag
(Mazimum Likelihood). H evpwotia evéc extiunt éyel vo xdvel ue tnv euatonola tou oe
UETEHOELS OV ATOXALVOUY ATd TO EMXQEATOV UOVTENO.

5.2 Edpwotol Extiuntég

O 7o xowde exTiuntic Tou yenonuonoteital cuVHPnS elval 0 exTUNTAC EAAYLOTOY TETPA-
YOVWY Lo.

To oyfua 5.1 delyver éva mapdderyua tapldouoatog ulag eufelac oe dedouéva und Ty
nopoucta anoxiivoviwy onuetwy. H ewdva 5.1(a) mapovoidlel twe n evbela yia to talplo-
oua TV SeBOUEVKDY UE TNV Yenon ehayloTwy TeTpayGVwY arnoxAlvel and T owoTy AloT),
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p(x)
p(x)

° . ® Data ® Data
Ordinary Least Squares Robust Regression

10 I I I I L L L | 10 I I I I I ! ! |
[ 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Yyfua 5.1: Tapidlovrag pla evbela ypouus. To uovtédo yua Ty TAELOVOTNTA TV dedOUEVLY
elvaw ) evbela y(z) = 22 + 10. Yndpyer évac apludc and amoxhivovia onuela mou dev €youv
xah) ouuneptpopd oe oyéon e to povtého. (a) Talplaoua tou wovtéhou ota dedouéva ue yerion
ehaylotwy tetpaydvoy. (B) Talpiaoua tou yovtéhou ata dedouéva ue ypron Lorentzian extyunty.

uné TNV Tapousia onuelwy Tou dev axohofoly to povtéro. To talplaoua oto oyfiua 5.1(B)
elval mo eVpwoto umd TNV évvola OTL anoppinTel Ta “xaxd” onuela xal €tol avaxtd éva
xaAUTERO Talplaoua Yol TNV TAEodnpla TV Sedouévmy.

To mpdéAnua ue Ty TEOGEYYLOT TOY eEAAYIOTOY TETPAYOVLY elvol 6Tl Ta amoxhivovta
autd onueta oLuVELGPEPOUY aPXETd oTNY TeEAXY) AUor. T va avaddcouue TNy cuunepLpopd
evOc exTiunTh TpémeL var MPBouue un’ 6¢n uoc v ouvdptnon enpporic (influence func-
tion). H ouvdptnon entppotic xabopllet tny téAwon mou uia uétpnorn éyet navew otny Ao
xar opiletar we N mapdywyoc ¥, tou extunth (Y(X) = dp(x)/dz). Av Gewprioovue Lo
TOEABELYUA TOY TETPAYWOILXG EXTLUNTY TOTE Loy UeL:

p(r) =2*, W(z) =2z (5.1)

p(x)
(

L L L L L L L L L _20 L L L L L L L L L

Yyfua 5.2: (o) Tetpaywvinde extuntic p(z). (B) Suvdptnon enpporic ¥ (z).
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H ouvdptnom enipporic ¥, uetpd tny emppot| VoS aToLyelou Yol TNV TWY TNE TUEAUETEOU
extiunong. Xto mopddelypa TOU TETRPAYOLX0U EXTLUNTY 1) CUVAETNOTY ETLEEONS AUEAVETOL
Yeauuxd ywelc 6plo, Tedyu Tou SEV XATWYUROVEL TNV evpwoTtia Tou extiunt. To oyfua
5.2 mapouoldlel Tapouctdlel TOV TETRAYWYLXG EXTIUNTH XOL TNV GUVARTNOT ETLEEOTC TOV.
Yrdpyouv xdmoltor GUYXEXPIEVOL TIEpLOPLOUOL TOU €VaG EVPWOTOC EXTUUNTAC TEETEL VAL

TAnpet:
o Ilpénel va €yel gpayuévn cuvdptnon enlpporc.

o O extiuntrc neénel va elval wovadixdg. Autd onualvel 6TL 1 AVTLXELIEVLXT] CUVAETNOT)
Tou daviouatog TapauéTewy O meénel va €yel Lovadixé ehdyioto. Autd amoutel 1
oLVAETNOT P VoL ElVaL XUETY Yla TIC TopAUETEOUC 6.

[ va augcovue v evpwoTtia, évag exTiuntic meénet va elvar 660 to Suvatéy Lo
auoTNEOS oe OTL €yel Vo xdvel ue aroxiivovta onueta. To emduevo Brua elval va yenot-
UOTIOLAGOUUE TOV EXTLUNTH TWV XATATETUNUEVODY eAaylotwy tetpaydvwy (Truncated Least

Squares):
22, av|z| <o,

ple) = o, av|z| > 0o,

b(a) = 2z, av x| <o (5.2)

0, av|z| >0

p(x)
W)

YyAua 5.3: (o) Truncated Least Squares extiuntic p(z). (B) Tuvdptnon emppotc ¢(x).

Y10 oyfiua 5.3(a) anewxoviletar o Truncated Least Squares extiuntiic. Xt cuvdptnon
auTH uneloépyeTal 1 pulutoTixy tapductpoc o, mou xabopilel To onuelo exelvo tépa amd To
omolo ta dedouéva Bewpovvtal 6Tl dev axoloubolv to uovtého. To oyfua 5.3(B) delyver
TNV GUVARETNOT EMLEEONS YL TOV exTUUNTH autév. H ouvdptnon empporic elvar gpayuévn
and 10 0. O eXTWUNTAC AUTOC UELMDVEL TS ETLPPOES YLAL UEYAAN GPAAUOTAL.

[ vou auroouue TNV eupwoTia aXOUN TEPLOGOTEPO, UTOPOUUE VO YPNOLULOTOLAGOUUE
EXTIUNTES Yl TOug omoloug 7 emppor) TwY amoxiivoviwy onuelwy telvel 6to Undéy, mo
ouord anéd Tov Truncated Least Squares extiunt. "'Eva noapddetyuo tétolou extiunty elvat
o Geman-McClure extyuntic:

x 20%x
3 V@)= CERIE (5.3)
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pX)
W(x)

Yyfua 5.4: (o) Geman-McClure extuntic p(x). (B) Xuvdptnon entpporic ¥ (z).

Hapatnedvtag 1o oyfua 5.4 xou eetdlovtag TNy cuvdptnor ¢ Brénouue OTL 1) ETLEEOY
TV anoxhivovtey onuelwy telvel ato undév. Iapatnpodue 6t 1 ouvdptnon p (oyfua
5.4(a)) elvar ouveyhic xat daoprioun xou 1 ouvdptnon enpponc tne ¥ (oyhua 5.4(3)) éxel
UL apxeTd amAt) wop@r. Autd axpiBdc elval Tou xdvel Ty yerion Toug apxeTd dtadedouévn.

Eivat apxetd dloxoho va emhéel xavelc Ut ouvdetnom p yla Yevixy yprion o OAeg TiC
TEPLTTMOOELS ywplc va elval xdnwe avbaipetog. H ypron Tou xatdhinhou extiunty) e€aptdtoL
and 1o TeéBAnua. "'Eva apxetd SVoxoio onueio tou analtel apxeTy) tpocoy | elval 1 enthoy
e pubuloTtixrc tapauétpou o.

5.3 Eilpwotn Yrepavdiuvon

Xy BiBhoypagia €youv mpotabel apxetd UoVTELX Yiol TO TEOBANUA TNG AVOXATUGHEUTC
utag ewovag vdninc avdiuone. To uabnuoatid uovtého mou axoroubolue otny St
aUTH ot €yel TapovotaoTel avahuTixd oto xe@dhalo 2 elval auto Tou Qalvetol TupaXdTw:

Ye = Wiz + 1y (5.4)

omou k =1,2,...,p o aplBudc TV Yauniic avahuong exovwy, Yi xol z 1 k-00TH yaunhic
avéhuong ewova weyéhoug Ny x Ny ue M = Ny Ny xau 1 emBuuntd euxdva udmnifc avdivong
ueyébouc L1 Ny X LyNy ue N = Ly N1Ly Ny, Wy, elvar o tivaxag unodelyuatiopol yia 1o k-
00716 yaunhic avdiuong mhatolo xal Téhog ny elvan o tpocheTtinde BopuBoc. Axoloubdvrog
ETOUEVWS QUTO TO UOVTELO Topathenomng ot cuvdldlovTtag To TEOBANUL TNS UTEPAVEAU-
ONC EWOVAC UE TNY YPNOoTN TV eUpwoTwY EXTUNTOY, TpoxUTtnel 1o axdiouvbo mpdBinua
ehayloTomolnong:

pM N
z" = arg minz P <Z kazm — Y& Uk)

k=1 m=1
pM
= argmian(Ek;ak) (5.5)
7 k=1
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7 N 4 4 4

omov By, = > 1 (WrmzZm — yi) elvon 1o Sidvuouo ogoludtwy mou aviotiyoly oto k-
0016 Yaunifc avdiuong thalolo, o elval 1 TapdUETEOS TOU EXTIUNTY XoL p elval 1 GUYVAETYN O
TOU €0pWOTOU EXTLUNTY, YLo Vo ehayLtoTomolnbel:

) pM pM
T
a—ZP(Ek;Uk) =0= ) (W) ¢ (B 04) = 0. (5.6)
2= k=1
1 ‘ i 0.4
oo ."w,\ \,\‘\' ‘‘‘‘‘‘‘‘ 1
08F ~’~~‘ I‘\’ !!! ’o“"
0.7:’////// 3 \‘\ ‘r‘/‘] '!! ,l"
osp T o
X osk “‘ /‘ " . §

04} B Lo Y - .
03t R o

02r T

it S o=2| -03f N, imimg=2

AR ---Gg=4 --=G=4

Hiiig=6 Hiiig=6
T T

v
0 ; ; ; R W S ; i
-10 -8 -6 -4 -2 0

X

Yyfua 5.5: (a) Geman-McClure extuntiic p(x). (B) Zuvdptnon emppotic ¢(z). Ou ouvapthioels
arewovifovtal v Sidgpopeg TWéS TNe pubuloTnrc Tapauéteou o.

Hopofidoeic oto pabnuatxd uovtého e ellowong (5.4) odnyolv oe ueydho opdiuato
(Ex), to omola avagépovtal we outliers, xaL BAdntouv oe molu ueydho Babud ty Sodixoa-
ola g avaxataoxevic av 1 Swaduxacia g extiunong dev eadeldel TNV cuVELGPORE TTOU
€youv otny extiunon e VPNARc avdiuong ewdvac. 'Onwe galvetal xal 6to oyfua 5.5, 1
emhoYY) TS puBuLoTIXAC TaHEAUETEOL O Yo EVay eXTUUNTY €YEL TOAD UeYdATn onuacia Yo TO
YELPLOUO UETENOEWY ToU SV avTamoxplvovTtal 6To UovTELD. LTa GQIAUAT ToU CEMEPVOUY
Y WY TNS Topauéteou o avatifetal uixedtepo Bdpoc xabh To o@diua UEYAADVEL, ETOL
uetpnoelc mou dev axoroufolv to uovtélo eCadelgpovtal. Eniong, yia uxpdtepeg Tiuég Tou
o 1 ouvdpTron emtpporic @ivel To Yeryopa, avabétovtag éTol uixpdTepa Bdpn ot opdiuaTa
oL EeMePVOUY TNY TN TNE ToeaUéTeou 0. Av emAéEouUE TNV TLUT| TNS TURUUETEOU AUTAC VL
elval uxpy), n ouvelspopd an’ dha to younifc avdiuone mhalola Oo anoppelplel, odnydvrog
€10l 0 OXEC EXTWUNOELS TNS EXOVOC LPNAAC avdiuong, AOYw NS aveTopxoUc TANeOQo-
elag mou dtabétovue and T yauninic avdiuong exdves. And tny G uepld, av emAéZouue
UEYSAT TWIY YLoL TNV TAPAUETEO 0, UETEHOELS ToU SeV avTanoxplvovTal 6To Lovtého o ouveL-
OQEPOLY OTNV EXTIUNOT TNS VYNATC avdAuonc eXOVOC, EYOVTIC WS ATOTEAEGUA 1) EXTLUNOT)
Ne edvoc va TepLéyel avaxplBeic uetprioec. Xto [31] avagépetal évac TpdTOC UTONOYL-
ooy Tng mopauéTeou authc AauPdvovtoag ur’ 6y Ta utolowmdueva GQIAUATA, EVw OTNY
epyaotlo twv El-Yamany ot Papamichalis [8] axohoubeital uto Stopopetixt| mpocéyyiom
Yoo TV eXTUNOY TN TUPAUETEOU AUTHC.
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5.3.1 YmnoAloyioudg Iopapétpou Katwphimong

Ané tnv avdhuon Tou TAPOUCLACTNXE GTNV TEONYOUUEVT eVOTNTA, elval xaTavonTtd dTL elvol
anapoltnTn ulo Stadtxasto yiol Tov UTOAOYLOUS TN PLOULGTIXTC TOEAUETPOU T, TOU VO ATO-
goollel mow elvan exelva to otolyela mou Bo AauPBdvovtal un’ 6dn otoug utoloyiouols. Am
v ddixaoto aut, avatibevtol Sla@opeTixéc TWES oTNY TopdUeTeo o Yo xdfe yaunifc
avdivone thaiolo, avahoya UE TNY OUOLOTNTE TOU UE TNV EOVa LYNAHAS avdiuong.

H evdidyueon andlutn andéxdorn (Median Absolute Deviation, MAD) eivar éva uétpo

oTATIOTLXTC SlaoTopdc.
MAD = me(%ian {|7“Z(szn_l; yi) — median(r” (W,,z" " ; ym))|}

Eivar o ebpwotog extiuntic g mapauétpou o and TNy Tumxt| andxiton. o tapddelyua,
7 evdldueon andlutn andxAion elvar Eva o elpwoTO oTATIoTIXG epyaielo, Tou elval To av-
Bextind oty napoucio artoxhivoviwy dedouévwy ot oyéorn ue Ty Tumxl| andxhor. ‘Otay
YENOLUOTOLOUUE TNV TUTILXY ATOXALGT), OL ATOCTACELS Antd TNV UECT) TLUA elval TETpAYWVLXES,
€10l oe UeYydheg anoxhioelc avatifetal yeydho Bdpog xal eTOUEVRC, Ol axOXAVOUOES TLUES
emLpEed oLV TO OTOTEAEOUN. XTO XELTHELO NG EVOLAUESNC amOAUTNG amdXAloNG and Thv
GAAT), oL ATOGTAOELS TWY ATOXAYOVTWY dedouEvwy Telvouy oTn uEorn Ty,

‘Otay ta dedouéva axohouhody xavovixr xatovour, UTOpoUUE Vo YeNOULOTOLACOUUE TO
XELTAPLO TNG EVOLAUEDTS ATOAUTNG ATOXALONG VLot THY EXTIUNOY NS TUEAUETPOU XATOPALW-
ONG O UE TNV UOpYT):

o=K-MAD
6mou K elvar pia otabepd mou e€optdtar and tny xatavoun.

[ utol GUPUETELXT XATAVOUT, TO XELTHELO EVOLAUEOTC TUTIXHC amdXALONS elval 1) amo-
otaon petadl Tou TpdhTou Xat Tou dedtepou (Loodlvaua SeUTEPOL XaL TpiTou) TETaPTNUbELOL.
H nopduetpoc xatwphiwone o, 6Tav YenoLlonololue To XpLTHELo TNS EVOLGUESTC ATOAUTNC
andxhiong Yo xavovxt, xatavour Beloxetal oto 75% g Xavovixic XaTavouig Ue TUTLXY
andxion 1. "'Etor, yia dedouéva tou axohoufoly xavovixt| xatavour Tumxic anéxitong 1,
1 otafepd K emhéyeton wg 1/P1(3/4) ~ 1.4826, 6mou &~ elvan 1) aviiotpown cuvdptnon
XATAVOUNC.

H extiunon tne mapauétpou o yivetar oe xdbe Briva Tou enavahnmuxol aiyoplHuou
unepavdluone exdvac. H mo dnuogiific extiunon tne napauétpou authc [31] divetat and:

o7 =1.4826 - MAD (5.7)

yiok=1,...,pxaun=1,2,... elvar 10 TARHoc Tov enavarhdewy. 'Onou r(Wiz" 1 y,) =
(N Wimz ' — yi)? elvan 10 unoholméuevo opdhua yio To k-00T6 yaunhhe avéhuong
Thaloo.

Me Bdon v e&iowon (5.7), o unoloyioudc g pUBUETIXAC TaPAUETEPOU O Lol TOV
eVpWOTO EXTLUNTY, YIVETOUL UE VALY AUTOUATO TEOTO aRd OAES TLC YOUNANC AVEAUOTC ELXOVES.
Xpnowwonoldvtog évo UETEo ouoldTNTaC UETAly TV YoaUnhig avdiuone TAalcloy xoL Tng
extiunong e vdhmAfc avdiuong exodvag, N T g puiuioTixfc Tapauétpou utoroyileTol

81



ue TETOL0 TPOTO €T0L HOTE OTAY 1) ouoldTNTA elval uixer, dnhady| To UTOAOLTOUEVO GRIAUA
elva peydhro, 16te 10 0 UTohoylleTal WS N EVOLEUEST) TWY TWV CPIAUETOY AUTGY, €TOL
Hote vo uelwbel 1 enldpaon Twv uetpioewy Tou dev axoiouboly To UoVTELO.

5.3.2 Extlunon tns Ydning Avdivong Euwxdvog

[ vo Bpodue ) Mo oty eZlowon (5.5) yenowwonootue ™ uébodo tne mtdong e
mapay®dyou. H ouvdptnon x6otoug, Yenollonoldviog elpwoToug eXTLUNTES, Umopel va
exppootel TAéoV S e€Nc:

L(z,s) =52 Zp(ym Zwmr S)zp; 0m> + — (Zdﬂz]) (5.8)

nml

6mou s elval oL dyvwoteg mapduetpol utépbeong, oL omoleg eEXTIUGVTAUL UE TN YEHOTN TWY
neptypagéwy SIFT (BA. xepdhato 3).

[ va Bpolue TNy eVUEE®OT TNS TOEAYOYOU Yo TNV eXTUNOT NS LYNATC avdiuong
eovag, opxel va mapaywyloouue Ty cuvdptnon x6otoug (5.8) we TPOg TO EOVOaTOLYELD
zp Y k=1,2,...,N. H pepu| napdywyog divetal and:

_ 0L(z,s)
gk(za S) — a—Zk
1 N N
O% Z¢<Zer r — Ym;s Um) ’U)myk;(S) + deh’“(ZdWZJ) (59)
m=1 i=1 j=1

Yy elowon (5.9), n tapdyonyoc extiudtal and TNy ouVEETNoT ETLEEONRS YLd TO GHIAUA
uetall g unoPabulouévng edvag VPNAHc avdiuong xal TNg yauniic avdluong ewxovac.

H evnuépwon tne Aong ue ypron tne napaydyou yia xdfe extiunon tou exovooTol-
Yetou vdniric avdiuong dlvetal and:

gl = g eng (308 (5.10)

yvian=0,1,2,... xa k=1,2,..., N.

Avo onuavtixd {nthuata mou TpoxVnTouy elvar 1 extiunot TV TopauéTeey eoud-
Auvorng (ag xaL A) xot Tou yeyéhoug tou Buatoc oty e&lowon (5.10), xafde autd nailouv
onuavTX6 pdho oTny extiunon e VPNAAC avdluong exovac. Savaypdpovioag TNy cuvde-
TNoT ®x60TOUC SLVOVTIC TEPLOGOTERY) ONUAGLYL OTLS TOPAUETEOUS EEOUAAUVOTC €Y OVUE:

2

oM N N N 2
- Z p<ym - Zme(S)Zr; Um) + O‘Z (Zdi’jzj)
m=1 r=1 =1 j=1

7 S J /7 ! 7 ’ /7
6mou a = L. 3xondg pag elvon va Bpodue plar extiunom Yl ToV GUVTEAESTH o UE TNV

Yerion Twv edpwotey exTUNTOY. Axoloufdvtoag Ty (So avdiuon mou xdvaue otny §2.4
TOU XEQUAALOU 2, XATAATYOUUE GTO TORAXAT® ATOTEAEGUA YLa TNV ToPAUETEO eCOUGALYVOTC:

Zm 1P ( - Zi\]:l Wi, (8) 215 Um)
Zm LY — vazl (Z;v:1 di,jzj)Q
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yio k = 1,2,...,p. X0 onuelo autd va onuetdoouue O6TL Yoo xdfe yauniic avdivorng
Thaiolo €youue dtagopeTixy TLUY Yol TNV TUpdUETEO ECOUSALYOTS ar.

To enduevo Béua mou alilel va onuelwbel elval n emhoyy| Tou xatdiiniou Briuatog "
oty e&iowon (5.10). Emhéyovtoc éva otabfepd BAua elvon 1 atholotepn Tpocéyylon Tou
UTopOVUE Vo xdvouue. (201600, 1) eThoYY aUTH Exel Ta UetovexTAUaTd tng. Mo tétol
emhoyY| unopel va odnyfoel oe coPapéc anoxAloelg Tou UOVTEAOU TapaTHENONG %ol 1) eXT(-
unon e vdniAc avdiuong exdvag va elval yelpdtepn and TNy avauevouevn. H xatdiinin
EMLAOYY| YLoL TNV TOEAUETEO TOL Bruatog elvol auty tou axohoubrinxe otny §2.3.3 Tou xepa-
hatou 2. Egapudélovtag €vo xatdAANAo eXTLUNTH XU TOAYOUUE OTO TAQUXATG ATOTENEGUAL:

5 0 (S e )2 o)+ 3 (2 )
e = (5.12)
(,2 S 2+ X OO

OTIOU Yy XL G; OlvovTal amd Toug TUTOUC:

Zwmr )g-(2",8") (5.13)
pqed
N
j=1

avtioTolya.

HMoapatnpolue 6t oty e&lowon tou BAuatoc (5.12), extde and Ty cuvdptnon entpporic
), UTELOERYOVTOL XOL OL TWIEC TWV TORAYDYWY Yy XAl G; OL OTOLEC €Y 0LV Y01 UTOAOYLOTEL
XETOWOTOLOVTOS €UpwoTo eEXTWUNTH. Autd xdvel Tov umohoyloud Tng TWASC Tou BruaTtog
apxeTd TOAITAOXO xou evatolnto otny emhoyr) Tne puiULoTIXTC TAEAUETEOU O TOU EXTLUNTY.
[ o Aoyo autd, ubvo Y Tov utoroyLoud tou Bruatog yernoidonofjooue Tov Truncated
Least Square extiunts, o onolog xdvel Tov UTOAOYLOUO ALYOTERO TOAUTAOXO GE GYEOT) UE
TOUC GAAOUC EVPWOTOUC EXTLUNTEC.

5.4 Ilepiypapn tng MebHbdou

Yty evétnta auty), o teplypddouue TNV eQopuoYT TV EVpWOTWY EXTLUNTOY 6TO TEOBANUA
TNC UTERAVAAUGTIC ELXOVAC.

Yxomdg yog elval vo exTiuioouue TV udmiic avdiuong exdva and ahholwuéva de-
douéva yauniic avdiuvone. e xdfe mepintwon, 1 mpdtn extiunon tng vPnivc avdiuong
ewovag Bploxetal xdvovtag pla mapeuBolr oto mpdto yaunifc avdiuone mhatoto. Ol mo-
pduetpol uetaoynuatiopol utépheonc (Stdvuoua petatémone T xat mivaxoc teploTpoghc
R) apyxonotovvtal ypnotuonotdvtag toug neptypoagelc SIFT (Bh. xepdhato 3).

Na onueidoovue 611 660 agopd TNV TUEAUETPO 0 TOU EXTLUNTY|, YEYOLUIOTOLOVUE BLo-
POPETIXEC EXTIUNCELS YLOL TNV EURECT] TWV TAPUUETE®Y 0UaAoToinong and TNy exTiunon tng
Topaydyou xoL Tou BérTioTtou Bruatoc. O alydpbuoc 5 cuvodilel tepinmTind To Privata
e Swadixaotog mou axohoufficaue.
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A\ybpibuog 5 Alydplfuog unepavdhuong ewovac Ue Ypnon EVEOOTWY EXTIUNTOVY.

Brua 1: Apyuxorolnon tne mapauétpou o xat e udmifc avéluone exdvag 2° and Topey-
Bolt| ue To mp®TO Yaunifc avaiiong ThatoLo.

Brua 2: Evpeon nopauétpnv yetaoynuatiopol urépbeone (T xav R) ue yprjon nepiypo-
péwv SIFT.

while Aev éyouue @tdoel Tov yéyioto aplud emavalideny.
Brua 3: T k= 1,2,...,p utoloyilovue Tic tapauétpous eoudluvone ay(z) and
v e&lowon (5.11)
Brna 4: Extiunomn tne mapaUétpou oq ; TOU EXTIUNTY, TOU UTELGERYETAL 0TNV elowon
TOV OLYTEAESTOVY e€oudiuvong, Yo xdfe yaunifc avaidone thaiolo ue tny elowon
(5.7).
Brua 5: Extodue v nopdywyo and v ellowon (5.9).
Brua 6: Yroloyilouue to Béhtato Bua yenowonoldvtac tny eélowon (5.12).

1 ané v e€lowon (5.10).

BrAwa 7: Evnuepdvouue v udminc avdivong euxdvo 2"
Brina 8: Extiudue tny napduetpo o) YL ToV €0pwoTO EXTLUNTY TNC TARAYOYOU Xl

Tou Briuatog, yia xd0e younhic avaiiong thaloto.

5.5 Iletpapatixd Anotehéoupata

XNy evotnTa auth TaEoucLElOVUE T TELPGUOTO Xal Ta opliuntixd amoteAéouaTo TOU
unohoyloaue epapudlovtag TV Tpotetvduevy Uuéhodo yio umepavdhuon ewxoévac. No on-
UELOOOUUE OTL TAL TELRGUATO €Y 0LV eXTEAEOTEL VLot dU0 LBV DLAPOPETIXOVC EXTIUNTES, TOV
Truncated Least Squares extiunty| xat Tov Geman-McClure extiunty]. O unoloyioudc Tou
Béhtiotou Bruatog Tou akyopifuou, o xdbe nepintwor unohoylleTal ¥ pPNOLULOTOLBVTAC TOV
Truncated Least Squares extiunts. Ye Oho Tl TELOAUOTO, 1) AEYLXT) EXTIUNOT Yol TNV VYNATC
avéhuong exdva Beélnxe xdvovtog TapeuBoAt| Ue To TpdTo Yaunhic avdivorng mialoLo.

To mewpduota €youv vhononfel oe MATLAB. To olvolo dedouévwy mou €yovue yen-
owwornoifoel €yel napaybel teytntd. o vo mpocouowdoovue tnyv enldpaon tne PSE tng
XOUEPAC, OL yaunhic avdiuong exovee ouvellocovtal ue €va ocuuuetpxd Gaussian yo-
unhomepatd @ATeo TuTXiC andxitong 1 xou uéyeboc mapabipou 5 x 5. X1n cuvéyela, ot
edveg umodetyuatohnmrolvTal xatd éva napdyovia Ly = Ly = 2. Télog, oe xdbe youn-
Mg avdiuong thaiolo tpochétovue Gaussian Aeuxd H6pufo, Tou xuuaivetor and 15 dB éwg
30 dB. Emniéov, v va Tpocouoldcovue TNy mopousio UETPHoEwY Tou dev axolouboly
10 %Uplo povtého unoloyiouol, tpochéoaue StapopeTind Uovtéha Bopifou, onwe salt &
pepper 06pufBo ue tuxvotntee 0.01, 0.05 xor 0.1 xou speckle O6puPo pe Slaxuudvoeic 0.01,
0.02 »au 0.035.

O speckle 66puPog, elvar mtoAlamhaolaotinds B6puBoc mou urofBafuiler Ty nowdTnTA
utac exdvac. ‘Eotw I elval 1 ewdva otny onola ntpochétovue tov speckle B6pufo toTe:

J=1+nxI
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omou n elvat ouotduopga xataveunuévog tuyatog BépuBoc ue uéon tiun 0 xow dtaxduavon
o? xau J elvar 1 exdva Tov TpoxUnTel éxovrac mpochéccet speckle HbpuPo.

[ v mocotxonoinon g moldTnTaC TwY UToBubulouévey exdvwy, To enineda Tou
HopVBou oTic unoPabulouéves euxdvec YoUNAAS avdAUGNC XoL TNV TOLOTNTO TV LVOUXATO-
OXEVAOUEVWY ATOTEAEOUITOY YENOLIOTOLOUUE T UEYLOTN TLUH TOU AOYOU GHUATOS TEOG
O6puBo (PSNR). 255

255
PSNR = 10log,,, T
omou £ xar g elvat 1 TpayUATIXr XL 1) AVAXATACHEVACUEVT] ELXOVAL, AVTLOTOLYOC.

H dout| ue tnv onola Ha nopovcidcouue ta tetpauatind arotehéoyata elval 1 axéioudn:
v x40e olvoro Sedouévwy Slvetal €vo UTOGUYOLO TwV YAUNARC aVAAUGTC EXOVWY Xal
1 TpoxUnTouca LPNAAC avdivong exdva yia Toug dUo TUTOUS TV EUPWGTWY EXTLUNTOV.
Erniong, napovcidlovtar oL avtiotolyol nivaxeg mou mepiéyouy aplunuxd arnoteAéouata
(uéom Ty xau tumxr) andxhion) yia to PSNR tov avaxataoxevaouéveny exdvony uvhniic
avaAuonc.

Y10 oyfua 5.6 cuyxplvouue Ta ATOTEAEGUATA TOU TEOXUTTOLY ontd TNV SLadlxaclo Tng
UTEPAVIAUOTC EXOVOC UE YeYion Tou alyopifuou mou npotelvouue oto xe@dialo autd, o
oyéon ue toug alyoplfuoug Ty xegadalny 2, 3 xat 4. Xto telpaua Tou TapouctdlETal 6TO
oyfua 5.6, yenowwonoliooue €va cUVoho and técoeple teyvntd mapayfeloeg exdvec. Ot
exxévee auTéc éyouv Uetatomotel oto Sidotnua [—3,3]. Kdfe yaunhic avdlvone thaioo
€yel Moyo ofjuatoc tpde B6puPo (SNR) 30 dB. Emnhéov, oty tétaptn exdvo younifc
avdivong €youue Ttpoabéael BopuBo alatorinepou.

H ewéva 5.6(y) anewxoviler ty avaxoataoxevaouévr ewdva vdniic avdivone 6mwe
auth mapdyetor and Tov ahyoptbuo 1 to PSNR nou npoxintel elvon 20.03 dB. H ewxdva
5.6(3) Selyver tmv udmiic avdivong ewdva tou napdyetal and tov akybdewubo 3 yenouuo-
rowdvtag toug meptypageic SIFT. H euxdva mou mpoxidtet €yer PSNR 20.54 dB. H ewdva
5.6(e) mapouctdler v udmiic avdiuong exdva mou mapdyetal and tov alyopliuo 4. To
PSNR yio v ewxéva auth elvar 16.70 dB. Ou exxdvec 5.6(ot) o 5.6(2) elvar ou udgniic
aVEAUONC EXOVEC TOU TEOXUTTOUY and TOV TEoTelvduevo alydpliuo ue yperon tou Trun-
cated Least Squares xat Tou Geman-McClure extiunty, avtiotoiya. Ta avtiotorya PSNR
Tou tpoxUnTouy elvon 21.08 dB yia v ewdva 5.6(ot) xow 21.87 dB yia v edva 5.6(L).

[apoatneodue 6Tl oL xhaowxée uéhodol unepavdiuong dev moapouctdlouv xabéhou 1xa-
VOTOLNTIXE amoTEAEGUATA OTAY To dedoUéva ELGHS0U TepLéyouy o@diuata. Xuveyilouv va
UETAPEQOLY ToL opdAUaTa o€ X8be enavdhndn xat To TpoxUnToY anoTtéAeoua elval Uta Xaxng
ToldTNTAS EXTiUNOT TNS VYNAHC avdhuong exdvac. Avilbétwe, ol ugniig avdiuong euxdveg
TOL TEOXUTTOLY a6 Tov ahydpliuo 5 e€alelpouy ThAfpwe To GPIAUATA AUTA.

Y10 oyfua 5.7 tapouctdlovtal TEaoepd EVOEXTIXG YUUNAAC avdAuone Thalolo yia Tnyv
ewovooelpd Susie. To oUvolo twv TAULClOY TOU YENOLIOTOLACOUE 0T TELRAUATY UG
fray 20. Xe xdbe mhaiowo €yel mpootelel Gaussian Aeuxdg B6puBog g té<ne Twv 30 dB.
Enniéov, oe tuyala mhaiowa tou aviiotolyovy 6o 50% twv TAoleny Tou Yenoluonotolue,
€yovue tpocbéael Bopuo alatorninepou. Ta nelpduoata éyouv extereotel yio 0.01, 0.05 xat
0.10 nuxvétnreg salt & pepper HopiPou.
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Eyfua 5.6: Avaxataoxevh| tne ewévag Cameraman. (o)-(B) Xaunhfic avdhvone nhaloo. (y)
Y{nmific avdhvong ewdva pe tnv pébodo tou xegadaiou 2 (PSNR = 20.03), (8) ue yefion nept-
veagéwv SIFT (PSNR = 20.54) xau (¢) ue ypfon apoPaiac minpogoplag (PSNR = 16.70). (o7)
Extiunon exdévoc uhnific avdhuong ue yefion Truncated Least Squares extunti (PSNR = 21.08),
(0) e yefion Geman-McClure extiunts (PSNR = 21.87).
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Yyfuo 5.7: Susie. (a)-(3) Evdewctind younhfic avéluone mhalow. () Salt & pepper OépufBoc
1%. (y) Salt & pepper 66pupoc 5%. (8) Salt & pepper Hépufoc 10%.

"Eyovtac un’ 6¢myv ta amoteréopata yia To oyfua 5.8 xat tov tivaxa 5.1, té66o o Trun-
cated Least Squares extiuntfc 6co xal o Geman-McClure extiuntiic unopolv emLTuy®dS
VO OVOXOTUOXEUAOOUY TNV EOV, Tou €yel alholwbel and tnv magoucia salt & pepper
Hopvfou.

[Mivaxac 5.1: AptBunuxd anoteréouata yio Ty exéva Susie (oy. 5.8) ue didpopec Tu-
xvotntee salt & pepper Boplfou yia 1o 50% twv TAwoloy Ue TauTtéyEovn exTiUNon TV
TUPUUETEWY (v XAl €.

PSNR
Extiuntrig salt & pepper 1% | salt & pepper 5% || salt & pepper 10%
mean std mean std mean std
Truncated Least Squares | 25.82 0.82 25.75 0.43 23.59 0.30
Geman-McClure 24.42 0.47 24.39 0.37 21.45 0.48

Y10 oyfua 5.9 tapouctdlovtal T€ooepa EVOEXTIXG YAUNAAC avdAuone Thalolo yia Tnv
ewovooelpd Claire. To oVvolo twv mhalclwy Tou YenoLUOTOCUUE GTA TELRGUATE oG
frav 20. Xe xdbe mhaloto éyel npootebel Gaussian Aeuxdc H6puPoc tne Tdéne Twv 30 dB.
Enniéov, oe tuyala mhaiow Tou avtiotolyovy 6o 50% twv TAaoleny Tou Yenoluonololue,
€youue mpoohéoel HépuPo Speckle. Ta nepduata €youv exteheotel yia 0.01, 0.02 xou 0.035
dtaxuudvoeilg Tou BopfBou Speckle oe tuyala TAalowa Tng ewcovooelpdc.

[apatnedvrag to anoteréouata yia to oyfua 5.10 xar tov nivaxa 5.2, o Geman-
McClure extiuntic unopel ETTUYOC VoL AVAXATAGKEVEOEL TNV EXOVAL, TOU Eyel ohholwmbel
and Ty Tapoucia tou Hopou Speckle, Tol) xahitepa an’ 6t o Truncated Least Squares
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Truncated Least Squares Geman-McClure

(B6pupoc 10%) (B6pupoc 10%)

Yyfua 5.8: Susie. Avaxotaoxevaouéves exéves udmhic avdiuone ue Sudgopec muxvoTrTeS salt
& pepper Hoplfou v 10 50% TV Thatslov.
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Eyfua 5.9: Claire. (a)-(3) Evdewtind yaunhfic avédhvone mhalow. (B) Speckle BépuBoc 1%. (v)
Speckle H6puBoc 2%. (8) Speckle B6pupog 3.5%.

exTunthc, enedr o Geman-McClure extiuntic elvan mo elpwoTog Yo EXTIUNOELS OF Ue-
YOAEC AANOLBOELS TNC ELXOVIC.

Mivaxac 5.2: ApBunuxd arotehéouata yi v ewxdéva Claire (oy. 5.10) ue didpopec
Staxuudvoels BopiBou Speckle v to 50% twv mhaolov pe tautéypEovn exTiUno TV
TUPUUETEWY (v XAl €.

PSNR

Extiuntis Speckle 0.01 || Speckle 0.02 | Speckle 0.035

mean | std | mean | std | mean | std

Truncated Least Squares | 29.50 | 0.26 || 29.20 | 0.32 || 29.40 | 0.53
Geman-McClure 31.35 | 0.14 || 31.19 | 0.10 || 30.58 | 0.45

To oyfua 5.11 arewxovilel 4 evdewxtind yauninic avdivong thaiota, yio 800 SLa@opeTIXES
Tég Gaussian AeuxoU GopVBou, 30 dB, 20 dB xou 15 dB. H axoloubla twv yaunihic
avdivone mhalotlwy anoteheltar and 7 SlapopeTinée ewoves, ol omoleg €youv mapay el wg
elhc: mévte and T yaunAic avdivong mhalolo €youy UETATOTLOTEL XaTdAAnha 6To SldoTnua
[—=7,7], evd to unéhotma Slo mepLEyoLy UbVo TepLoTEOPY| aTo daothua [—6, 6].

H ouvurepipopd tou Geman-McClure extiunty| évavtt tou Truncated Least Squares
exTiunTh Qaivetol ontxd oto oyrua 5.12. O rivaxac 5.3 napovotdlet aplBuntixd arote-
Mouata yia T PSNR yia toug 8o extiuntéc. O Geman-McClure extiuntric gaivetat
vor xdvet ular xalUteer extiunon tne VPnAhg avdluong emdvag axduo Xal Yo UEYAAUTEQRES
Tég HoplBou. Auté ogelletal oto yeyovde 6TL o Truncated Least Squares extiuntiic elvol
apxETE EVAAMTOC OTNY TAEOLGLA GRAAUATWY, xa0OSC 1 cLUVEETNOT ETEEOTC Tou elval Ypou-
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Truncated Least Squares Geman-McClure

(B6puBoc 1%) (B6puBoc 1%)

(B6pupoc 2%) (B6pupoc 2%)

'y

(B6pupoc 3.5%) (B6pupoc 3.5%)

Yyfua 5.10: Claire. Avoxatacxevacuéves exdvee LPnihc avdluone ue Sudpopec TuxvdTnTES
HopbPBou Speckle v o 50% Twv TAoolonv.
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Yyfua 5.11: Helmet. Evdewtxd youniic avdhvene mhalowa. (a), (B) 'Eyouv mapayfel ue
Gaussian Aeuxé O6pufo 30 dB, (v), (8) ue 20 dB xou (g), (o1) ue 15 dB.
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Truncated Least Squares Geman-McClure

COMI
"G ERDINEERING TRl CATE PARTYEN BISAOR BONLLYARD

CAINEERING TR CATE PRAIYLN Bi:

(B6puBoc 20 dB

DML TE HR L IHE MUS ! ERGS &A N US BOR TS

SOV NTITING TR ot FaRiv N pISShe ponrivaen

(Bépupoc 15 dB) (B6puPoc 15 dB)

Yyfua 5.12: Helmet. Avaxotaoxevaouévec eixéves uhniic avdhuorne yio didgpopa ueyéhn Gaus-
sian OopUPou.
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uwery o avabéter ueyalitepa Bden oe ueydha opIAUATA, ETOL EVIOYUEL TNV ETLEPOT TOUG
otnv extiunon e VPNAfc avdiuong euxdvac.

Iivaxog 5.3: Apluntind arnotehéouata yia v exéva Helmet (oy. 5.12) yo Sidgopa
ueyén Gaussian GoplUfou ue TaUTOY POV EXTIUNOT TOY TUPAUETPWY (¢ XAl €.

PSNR
Extiuntg Gaussian 30 dB | Gaussian 20 dB || Gaussian 15 dB
mean std mean std mean std
Truncated Least Squares | 22.50 0.18 21.43 0.36 18.11 0.42
Geman-McClure 22.94 0.31 21.98 0.22 18.39 0.10

'Eva emmhéov Béua mou mpoxUntel 6To onuelo autd elvat 1 allohdynon g TeoTELVO-
uevne uebdbou yua unepavdivon ewdvog. H Swdixaoto auth, Pactletar otr olyxplorn ue
v uéhodo 1 onola Baciletal oe un eVp®OTO UTOAOYLOUS TOU BRUNTOC XOL TNE TOEAUETPOU
eCoudiuvone. o o Adyo autd, €youue exteréoel Ula OelRd amd TELRIUOTO UE SLopope-
TxoUg eVpWoTOUC EXTUNTES, ouyXxplvovtac Ty uefodo mou mpotelvouue (robust e, a) ue
exelvn mou dev ypnotuonotel eVpwotn extiunon Ty TapauéTeny a xut £ (no-robust e, a).

To nepduata éyouv dieCaybel yio SUo Slagopetind clvola dedouévwy, exdves Susie
xau Claire. To olvolo dedouévwy arnoteheitar and 20 yaunific avdlvone thalow, oto 50%
TV onolwy €yel npoobelel salt & pepper O6puBoc. Ta melpduata €youyv exteheoTel Yl
ruxvétntes BopfBou 5% xar 10%.

Hivoxog 5.4: Yuyxptuxd aplfunuxd aroteréouata yia to PSNR yua thv ewdva Susie ue
salt & pepper O6puBo nuxvétntac 5% yia didgopes uebbdoUC eVpwoTNE UTEpaVaAUGTC Xat
TAUTOYPOVY] EXTIUNOY TWY TUEUUETEMY Qv XA E.

Mé60odoc¢
Extiuntic no-robust ¢, o || robust ¢,
mean std mean | std
Truncated Least Squares | 18.10 0.57 25.75 | 0.43
Geman-McClure 22.10 0.55 24.39 | 0.37
Lorentzian 20.78 0.26 25.14 | 0.68

Ou mivaxeg 5.4, 5.5, 5.6 xou 5.7 nopovotdlouy Ta aptbuntixd anotehéouata yio to PSNR
TWV OVIXATAGKEVAGUEVDY ELXOVLY UYNATIC avdhuong Yo Tig didgopeg uebddoug unepavaiu-
one ewévac. 'Onwe unopolue evxoha va avthngbolue, 1 npotevouevn uéhodoc (robust ¢,
«) mapouotdlel capdc xahltepa anoteréouata, xabde 1o PSNR twv avaxataoxevaouévoy
eOvwyY UPNiric avdiuong yio Ty uébodo auth ewvol Tohd udnidTEpO Omb TIC LTONOLTES.
Ané ta apluntixd anotedéouata napatneolue 6Tt 1 uébodog no-robust €, o nopoucLdlet
YAUNAOTERA ATOTEAEOUATA O OYECT, UE TNY TROTELVOUEYT, UEDodO.
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Hivaxog 5.5: Xuyxpruxd aplunuxd aroteréouata yioa to PSNR vy v ewdva Susie ue

salt & pepper 66puBo nuxvdtnrac 10% yia didgpopec uebddouc elpwotne unepavdluong xat
TAUTOY POV EXTLUNCT TWV TAPUUETOWY (v XL €.

Mcé6odo¢
Extiuntic no-robust ¢, o | robust ¢, «
mean std mean | std
Truncated Least Squares | 15.28 0.92 23.59 | 0.30
Geman-McClure 19.52 0.38 21.45 | 0.48
Lorentzian 19.03 0.29 22.93 | 0.55

ITivaxag 5.6: Xuyxpitixd aplbuntixd arotedéopota yio o PSNR yia tny exxdva Claire ue

salt & pepper H6pufo nuxvétntac 5% yia didgopes uebbdoUC EVpwOTNE UTEpaVAAUGTC Xat
TAUTOYPOYY EXTIUNGCT TWV TOPUUETEWY Qr XOL €.

Mé6od0¢
Extiuntic no-robust ¢, o || robust ¢, o
mean std mean | std
Truncated Least Squares | 13.44 0.07 29.67 | 0.31
Geman-McClure 28.05 0.89 31.14 | 0.34
Lorentzian 19.23 0.23 31.34 | 0.15

Hivoxog 5.7 Luyxpitixd aplfunuxd aroteréopata yio to PSNR yia v ewdva Claire ue

salt & pepper H6puBo nuxvdtnrac 10% yia didgpopec uebddouc elpwotne unepavdluong xat
TAUTOY POV EXTLUNGT TWV TAPAUETOWY (v XA €.

Mé60od0o¢
Extiuntig no-robust ¢, o | robust ¢, o
mean std mean | std
Truncated Least Squares | 11.21 0.73 27.82 | 0.17
Geman-McClure 22.02 0.53 26.94 | 0.45
Lorentzian 18.79 0.32 25.77 | 0.46
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H ouvelogopd uag otny elpwotn utepavdhuon euxdvag unopel elxoha va yivel avTAnmTh
ouyplvovtag Tig dbo uebddoug no-robust €, a xau robust €, a. H uéhodog mou mpotelvouue
Behtidvel xotol ToA) TO ATOTEAEOUO XAl TOEAYEL XAAUTERNS TOLOTNTC EXOVES LYNATC avd-
Avorg.

O Truncated Least Squares extiuntfic mopouotdlel o YauUnhOTERA ANOTEAECUAUTA O
oyéorn ue Toug undlotmoug Vo extiuntéc. Amd tnv dhhn, o Lorentzian xow o Geman-
McClure extwuntic gatlvetar va tapéyouy uta ToA) xakf cuuneptpopd BeAtidvovTag apxetd
10 anoTteheoUa. MeAeTdVTAUC T TELPAUUATIXG ATOTEAEGUATA YLOL TOUS TRELS AUTOUC EXTLUNTEL,
UTOPOUUE VO GUUTEQEVOUUE TNV avayxn Yo yerforn eVpwotng exTiunong ToV TupaUuéTewy
eCoudhuvong xat Tou PruaTog UTepavaAuoTg.
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KEDAAAIO 6

EIIAOTOY

6.1 Exniloyoc

6.1 EniAoyog

Y1y mapovoa epyacia tapovsidoaue To TedPAnUa Tng unepavdiuvong exévag. H unepavd-
AuoT exdvag eoTidletol oty elpeot) Uag exovag VYniig avdivong and éva 6UVoLo ewxs-
VOV youniic avdhuonc. Xto xegdhoto 2 oploaue 10 TeOBANUL TNS UTERAVIAUOTS ELXOVIC
xal Topovcldoaue éva and Toug Paoixdtepoug alyoplfuouc Tou EMAYOUY TO GUYXEXELUEVO
npéPBAnua [10]. "Eva and ta onuavtixdtepa {ntiuota mou éyet uehetnlel, elvat n edpeon Ty
GYVOOTWY TAPUUETEOY UETACYNUATIONOV utepbeong yia Ti yaunhric avdhuong exdveg. H
uovtehomolnoyn g dyvwotng udnifc avdiuong ewxdvog elval éva Béua mou cuvavtdTol oe
oha tor mpoPhiuata extiunong napouétewy. Méow tng uovtelomolnong authc, OAn 1 ex
TOV TPOTEPWY YVOOY OYETXA UE TNV aEYLXY| EXOVI EVOWUATOVETAL OTNV TROGEYYLOY TNG
Adorg.

Y10 xepdhato 3 xdvouue AOYO Yo eCOYWYY| YURAXTNELOTIXGY oNUelnY and uld exdva
xal To Twe autd oyetilovtol Ye tnv Sadixaoctio Tng unepavdiuong exdvac. To yapaxtnet-
oTxd onuela auTd elval aUETEBANTA GTOV YOPO XALUOXIC TNG EXOVIC XL TNV TEPLOTROPT),
xal Topouotdlouy uia eLPWOTO ATEVAVTL O TAPAUOPQWUEVD dedouéva, Tou Tepléyouy 06-
evBo 1 dwagopéc oty gutevétnTa. O utoloyloude Toug elval aEXeTd ATOB0TIXOS, XAl
EMOUEVOC EXATOVTADES YopaxTneloTixd onueia unopovy va eCayfoly and ula Tumxr exdva
o€ TOA Uxpd ypovixd Sildotnua ue éva ouvniiouévo H/Y.

H uéfodoc mou mpotelvouue oto xe@dialo 4 emthlel To TEOPANUO TNS UTERAVEALOTC
edvag Beloxovtog Tig Ttapauétpoug uetaoynuatiopol unépleong ue yerorn tne auolBalog
mhnpogoplag. H 18éa elvan va yeyiotonotioouye Ty auolBaio thnpogoplo uetall Sud yaur-
Mg avdAuong exdveY Yo THY eVPECT) TOVY UETACYNUATIOU®OY utépbeonc. T nepiocdtepeg
TANPOQOplec oyeTXd Ue TNy U€BOdO aUTH, TaPATEUTOUUE TOV ovay VOOTY 0TS avapopés [36]
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xat [20]. O aiyoéptbuog 4 mou npotdhnxe ato xepdaio 4 divel xahltepa anotehéouata and
Tov aAy6ptuo 3 Tou xegalalou 3. Xuyxplvovtac Toug dVo autolc akyoplBuoug, To xépdoc
mou €youue Yoo To PSNR oty avaxataoxeuaouévn euxdvo uhniric avdluong @tdvel uéypl
To 2 dB.

"‘Eva onuavtixd Oéua v oulhtnorn xol yehhovixt| evacyohnon elvar 1 extéheon tng
ehaytotornoinone. o tnv ehayitotonoinon otov akyodpelbuo 4 yenoluonoioaue tny uébodo
SIMPLEX. O aAydpifuoc autdc elvar éva alydptbuog Tomxific ehaylotonolnong xoL enoué-
vo¢ €yel ueydhn eCdptnom and tny apylxoroinorn. Mia Ador Oo Aoy va yenoluonoticovue
évay ahyopliuo xaboluric ehayloTotolnong.

Y10 xe@dhaLo D TAPOUCLAGAUE ULa EVAAAUXTIXY TRoGEYYLoT TNE Uebddou Ttou e€etdlouye
otny StatplPn auth. Oewproaue TwS T0 GUYORO deSOUEVLY Uag TEpLEYEL “aAAoLwuéva” dedo-
uéva, dniadt) dedouéva mou dev axoloubolv To YovTéELO UTOAOYLGUOU TOU TPOTELVOLUE, XL
Yl T0 AOYO auTéd Ypnoldonolfioaue eVpwoToug exTUNTEC. O eXTlUNTES TOU YENOULOTOLY-
oaue otny epyaotio auty elvar o Truncated Least Squares xat o Geman-McClure extiuntic.
Ané Ta nepapatind anoteAéouata, cuUTEEdvaUE 6TL 0 alydplbuog Tou TeoTelvouue Unopel
vo. egopuooTel oe TohG eldn Bopifou dnwe Aeuxd mpoohetxd Gaussian H6puPo, HopuPo
alatoninepou (salt & pepper), B6puBo Speckle x.a. O mpotewvbuevoc alybptbuog oyt ubvo
Behtidver To anotéleoua, eCakelpovtac Ty enldpact mou €youy ta avembiunto dedouéva
Tdvw 6T0 anoTéAEOUA, AAAG Slvel xat xah)TERA ATOTEAEGUATO OE OYEOT) UE TOUS UTOAOLTOUG
ahyoptuoug mou ueheTRoUUE.

‘Onwe €yel yivel xatovontéd uéypl THpa, oTny Tapoloo epyaolo entxevipniixaue otny
e€hynon xar avdivorn Tov uadnuatixdy epyalelwy mou anottolvTol Yol TV eniAucn Tou
TeoBhiuatog Tng unepavdiuong ewovag. Lo Toug meplocdtepouc alyoplfuoug ananteitol
vo. xafoplotel évac aplbude and napauétpou, To onolo elval and UGVo TOu Eva GMUAVTIXG
TeéBANUa. Oewpolue 6Tl 1 xoTavénon TV pabnuatixdy Tinwy xat Tov ahyopliuwy tou
TepLypddaue, urtopoly vo 3hoouy hior oe ToAG TEOBANUTO UTEPAVIAUGTC ELXOVALC.
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BIOTPA®IKO

O Muyanh Bplyxac yevwifinxe ota Iwdvviva to 1985. Amogoltnoe to 2003 and to 30
Eviaio Avxeto Ioavvivov. Ol Baowéc onoudéc mpayuatonohfnxay oto tufua IIAnpogopt-
xc Tou [lavemotnuiou Iwavvivey, atd drou xau arogoitnoe o 2008. Tov YenteuPen tng
(SLag ypovidg éyive dextdc oto Metamtuytaxd Ipdypouuo omouddy tne dlag oyorfc. Xta
ePELVNTIXG TOU eVdLaPEpovVTa ouyXaTaréyeTal 1 Yrohoyiotixt| ‘Opaorn xat 1 Avdiuon xou

EneZepyaotia Exdvov.



