TTOAYTEXNEIO KPHTHZ
FENIKO TMHMA

NMPOrPAMMA METANTYXIAKQN ZIMOYAQN
EOAPMOZMENEZ EMIZTHMEZ KAI TEXNOAOI'IA

AINAQMATIKH AIATPIBH METANTYXIAKOY AINAQMATOZ EIAIKEYZHZ
KATEYOYNZH : <kEQAPMOZMENA KAI YIIOAOTIZTIKA MAGHMATIKA»

MIA AIEYPYMENH MEOOAOZ TAYTIZHZ EIKONQN

KQNZTANTINOZ 2NMANAKH2

EruBAenwy : Enik. KaBnyntig Ep. MaBouvdakng

XANIA, 2014




H Sotpif3ny auth e€etdotnxe emtuyode and tnyv napoxdte Tewekr Enitpony
o Emu. Kodnyntr) Eppavouih Madouddn
o Ap. K. Mapidc Epeuv. B Ivotitoito ITinpogopurc-ITE
o Ap. I'. Notoag Aéxtopag Tatpixrc Xyoihc avemotnuiov Kertng

n omola opiotnxe xatd tn 366,/9-10-2013 cuvedpiaon tne Luyxhrrou Iloauteyveiov Kerne.



Contents

Conclusions| . . . . . . . . oL e



List of Figures

(1 Joint Histograms| . . . . . . . . . ..o 2
[2 Test Functions for optimization| . . . . . . . . . . . ... ... ... .. .. 4
[3 Rosenbuck’s function experiments| . . . . . . . ... ..o 5
[4 Ackley’s function experiments| . . . . . . ... ..o 6
[>  Experiments of minimizing f(z,y) = zyexp(—z —y7)| . . . .. ... ... .. 7
6 Mutual Information vs Radiansl . . . . . . . . .. ... . oL 8
[7 Mutual Information vs translation along x axis{. . . . . . ... ... ... ... 8
(8 Mutual Information vs translation along y axis{. . . . . . ... ... ... ... 9
[9 Synthetic Experiment: Image Registration of Airport| . . . . . . . . . ... .. 10
(10 Synthetic Experiment: Image Registration of Lena’s pictures| . . . . . . . . .. 11
(1T Image Registration of T1 and T2 scans| . . . . . . . ... ... ... ... ... 12
(12 Mountainous Area Image Registration] . . . .. .. ... ... .. ... .... 13
(13 Landscape multi-modal image Registration| . . . . . .. ... ... .. ... .. 14
(14 Landscape image registration| . . . . . . . . ... ... ... L. 15
(15  Nearest Neighbour approximation| . . . . . . . ... .. ... ... .. ..... 16
(16  Bilinear Interpolation approximation| . . . . . . .. ... ... ... ... ... 17
(17 PVl approximation| . . . . . . . . . . . . ... 18
18  Mutual information vs iterationl . . . . . . . . .. . ... ... 19
20 Successtul MRT1-to-Angiogram Registration| . . . . . . . .. .. .. ... ... 28
21 Diagrams of MRT'1-to-Angiogram Registration| . . . . . . . . . ... ... ... 29
[22  Successtul Landscape Registration|. . . . . . . ... ... ... ... ... ... 30
23 Diagrams of Landscape Registration| . . . . . ... .. ... ... .. ..... 31
24 Successtul Multi-modal Registration|. . . . . . ... ... ... ... ... ... 32
[25  Diagrams of Multi-Modal Registration| . . . . . .. ... ... ... ... ... 33
[26  Successtul C'T-to-MRT'1 Registration| . . . . . .. ... ... ... ... .... 34
[27  Diagrams of CT-to-MRT'1 Registration| . . . . . . ... ... . ... ... ... 35
28 New Successful Multi-modal Registration| . . . . . . ... ... ... ... ... 36
[29  Diagrams of Multi-Modal Registration| . . . . . .. ... ... ... ... ... 37
[30  Successful Landscape Registration|. . . . . . . . . . ... ... ... ...... 38
[31  Diagrams of Landscape Registration| . . . . . . .. . . ... ... ....... 39




[32  Successtul MRPD-to-MRT'1 Registration| . . . . .. ... ... ... ... ... 40
[33  Diagrams of MRPD-to-MRT'1 Registrationl . . . . . ... ... ... ... ... 41
[34  Successtul MRPD-to-MR 12 Registrationl . . . . . ... ... ... ... .... 42
[35  Diagrams of MRPD-to-MRT2 Registration| . . . . . ... .. ... ... .... 43
[36  Successtul MRT1-to-MRT2 Registrationf . . . ... ... ... ... ...... 44
[37  Diagrams of MRT1-to-MRT?2 Registration| . . . . . ... ... .. ... .... 45
[38  Successtul Registration of Mountainous Areal . . . . . . . ... ... ... ... 46
[39  Diagrams of Mountainous Area Registration| . . . . . . . ... ... ... ... 47
[40  Successtul Registration of Lung Areal . . . . . . .. ... ... ... ... ... 48
[41  Diagrams of MRT1-to-MRT2 Registration| . . . . . ... ... ... ... ... 49
[42  Failed Registration ot Landscape area. . . . . . . . ... ... ... ... ... 50
[43  Failed Registration of mountainous areaj . . . . . . . . . ... ... ... ... 51




ITepiindn

Ye aut) TN StelP) Tapouctdletan 1) egapuoyT| plag uedos0u TANTIONG EXOVKY BACIOUEVT GTNV
ueytoTtonoinon g apoBatag Thnpogopiag. 1o ouyxexpéva Yo neprypapet 1 uédodog Tou Maes
yioo TadTIoN EmdVLY xan Yo emonuovioly tor TpoAuatd vhomoinoric Tne. XTnv cuvéyeta Yo
TOEOVCLAOTEL Lol ETEXTUOT QUTAS TNEG HEVYOBO0U.

AvouTtixdtepa TR, THUTION ovoudleTal 1) Sldcio UETACY NUATIOUOV EVOC GUVOLOU BEBOUEVHV
o€ €va dAho oOvoho. Ta dedopéva autd unopel vo etvon pwTtoypapieg, SEdOPEVA TROERYOUEVH ATt
SLapopeTixéc TNyE, ypovéc otiyuéc i/ xou ocuvihixes gwtiopol. H tadtion emdvov egapudleton
OE QPXETOUC TOUEI OTWE UTOAOYIOTIXY| OQUOT), LTEIXES ATEXOVIOELS XU AVAAUCT] EIXOVOY ATO
dopugbdeouc. Trdpyouv TOAAES uEY0dOL Yior TNV TAOTION EXOVWY Xt OL BACIXES TOUG XATNYOplEg

elvan ot e€NG:
e Feature-based
e Intensity-based

Yy mpon xatrnyopla 1 toadTion yivetan BACEL YopuXTNEOTIXGOY TWV EXOVWY, To oTolo UTopel
v efvon ouyxexpuéva onuelo 1) yeauués Pdoel Twv onolwy Beloxouv Ty avtictoyla petald tov
CLVOAWY TWV YORUXTNELOTIXWOY TV 000 exovewy. O uédodol tng deltepnc xatnyopioc, otny
omolo avixel 1 pédodog Tou Maes, TowTiCouv OAOXANPEES EXOVES 1 UTOEIXOVEG CUYXEIVOVTOS Ta
“wotiBa’ TV EVIACEWY UECK PETEIXMY CUCYETIONG. ME AUTES T HEYOBOUS O UETACYNUATILOS O
omolo¢ PETUTEETEL TNV UETUBUANOUEYY] EXOVAL OTNY EXOVAL avapopds efvon auTdg Yot Tov omolo o
CUCYETIOUOC METOEY TwV 600 exévwy peylotomote(ton. Ot pyédodol tne meodtng xatrnyoplag stvan
YerYopeS, oAAd Telvouv va elvor TEPLOGOTEPO EEELBIXEVUEVES, EVE) OL TEWTES EIVOL YEVIXEUUEVES
TEPLEoOTERO axpIBElc, aAAd AdYw Tou OTL e€etdlouv TI ewdVeS pixel mpog pixel, telvouv va ebvor
mo apyéc. Autdg ebvan 0 Adyog Yl Tov omolo yiveTow 1 MEAETN TNG TAUTIONG TWV EXOVWLY, 1)
omolo Topauével xat ovolay €va dhuto TEOBANUL.

H pedodog tou Maes ypnowwonolel ¢ uetpwr) cucyétiong v auolBaia mAnpogopia. I'o tnv
xatavonon e auoiBalag Thnpogoplag, yeetdleton va xatavoniel o dpog evipomia. Evtpomia
elvor €val oTaTIoTING PEyedog, OTwS 1) UEoT TWr o 1) StooxduaveT), 1 omtola Oelyvel Toco “tuyaid
elvo pior Tuyodar petaBAnTr. Meydn evipomio UTOONAMYVEL UEYIAT TUYALOTNTA, EVE AVTIGTROYNS

wxer] evipotio Selyver wixer tuyondtnTa. H evrponio plag tuyalag petaBintrc opileton we e&hc:

H(X) ==Y px(z)log, px () (1)

reX
Oupolwe optleton xan evrpomia yia neptocdTepeg amd wio petoAntéc. o 800 yetaBAntée, 1 xowr)

xou 1 uto ouvixn evtponio opilovton avtioToryo we e€ng:

H(X,Y)==> Y p(x,y)log,p(z,y) (2)

reX ycy



H(Y[X)==> > p(x,y)log, p(y|z) (3)

zeX yey
H mpddytn Setyvel tny tuyondtnta Twv 600 uetofAntav pall, eve 1 dedtepn delyvel méco Tuyola

etvan 1) LeToBAnTy) T, 6edouévng tne yvwong tne X. H apoBaio mhnpogopia opiletoun w¢ e€nig:

I(X,Y)=H(X)+H(Y) - H(X,Y) (4)

O Maes Vewpel tic 800 exoveg, ye ovopa F v petofarhouevn ewodvo xow Rty exdvo ava-
popdc, e BVO TuYaieg UETABANTES Xou TIC TWES TV EMOVWY oTa didpopa pixels Tic TIES TwY
veTaBAnTeV autev. o Tov utoloyioud g auoBaiog TAnpogoplag, yeeldleTon 1 YVOON TwV
XUTUVOUOY TwV “Tuyaiwy’ PETUBANTOY, 1 omolo amoXTdTUL PUE TNV XATACKEUT| EVOS X000 LOTO-
Yeduuotoc h(f(s),r(T's), émou f(s) n tun g LeToBoAhOUeVnS exbvoc oTo pixel s xau 7(T's) 1
T TN exovag avagopds oto pixel Ts. O yetaoynuoationdc Twv cuvtetayuéveny Pr tou pixel

s oTic ouvteyUévee Pr tou pixel T's ebvan o axdhovdoc:
VR (PR—Cr)=Vr-R-(Pr—Cp)+1 (5)

onou Cr,Cr Ol GUVTETAYUEVES TV XEVIPWY TWV exovwy R, I avtiototya, Vr, Vg o 2 X 2
mivoxeg peyeoug Tov pixel Twv edvwy R, F' avtiotorya, R o 2 X 2 nivaxog teplotpoghc xan t =
(tz,t,) 0 BLévuopo yetotomione. O ouvteteyuévee tou T's unopel vo ufy ebvor oxéponot apridyol.
[N tov unohoytopd tou 7(T's) unopolue vo TNV Tpoceyyicouye, eite Bdoel Tou TANCLECTEROU
yeltova, To onolo duwe UTopel Vo TEOXAAETEL AMOTOUES HETUBOAES OTOV LUTOAOYIOUO TNG apoiBalog
TANpooplug GTay YeToXvElTOL 1) EOVAL, EITE UEGW OLypauixt| TaReUBONS, 1 oTtolar OUWS ELGAYEL
VEEC EVTAOELC OTO LGTOYPOUMA OL OTIOlEC xovoViXd eV UTdpyoLy. TTdpYOUV TEELS TEOTOL Yol TNV

XUTUOXEVT) TOU XOWOU LGTROYEAUUUITOS.

e II\noiéotepou Ieitovar: H ) 7(T's) eivon ton pe tnv tus tou mhnotéotepoupixel. Auth
1 oTpaTNY elvon 1 amholoTaTn Xt 1) AtydTEpo axpl3ric oe eninedo subpixel.

o Tovypopuxr) (oe 2D Brypopuxn) Hopepforr: Ewdyer vée tipée oty emdva avapopdc,
0dNYOVTOC oE anpoPBAenTte ahhoryéc otV xotovour| pr(T).

o Torypopuuxt| (og 2D drypapuny|) Partial Volume Distribution: H cuuBolf tne twwic f(s)

070 X0Wd 1oTOYpoUUa Sopotpdletar oToug oxTk (Téooeplc atic 2D) mhnoiéotepoug yeito-

VEC.

O xatavouéc unoroytlovton v e€nc:

h(f.r)
Zz’EF,jER h(i, j)

v(f) = prr(f.r) (7)

reR

prR(f,7) =

7



pr(r) =Y prr(f,7) (8)

feF
Bdoel twv mapandve xotovouy, utoloyiletou 1 agoBola TAnpogopla twv edvwy. T tny
e0peoT) Tou PEATIOTOU PETACY NUATIONOU, YenoyloToeiton 1 uedodog tou Powell v onola Beloxel
oxpoTaTo plag cuvdpTNoMG, YenotonowwvTag Ty uédodo tou Brent. O akyopriuog tou Powell
av xou Peloxet oaxpdtota, ToAd miovov autd vo etvan Tomxd. Hallet peydho Podud n poper| tne
ouvdptnone. Av 1 cuvdptnon €yet Ayo Tomxd axpdTaT T’]/xoa elvon apxeTd OpoAt|, TOTE elvan
duvaToV va Beedel oyeTnd ebxola Ywplc va ypetaoTel vor PEEOUUE TO XATIAANAO 0Py IO OYUE-
fo xan Tor xaTdAAN o opyxd Bravoouata xatevduvong. Xtny aviidetn teplntwon), Yo meeEnel vo
yiver ToAD mpocex T ETLAOYT| TOL dEy 00 ONUEiOU %ol TWV dEYIX®Y BlavuopdTwy xatebuvong
TeoxeWEVouU va Bpolue To ohixd axpotato. To mpdBinuo autd eugavietor oty pédodo Tou
Maes. H popgr| tng ouvdptnorc og (Sn)\a&f] 1 ootBado Tc)\npoq)opia) eCopTdTAL A6 TIC EXOVES
TEOC TAUTION. LTV TEPIMTWOT) TOU Ol ELXOVES Elvol dEXETE XaUANG TOLOTNTOG Xoi OV eUpaviCouy
OUUPETEIEC OTO YWPO Toug, TOTE 1 apolBaior Thnpogopla (UTO TNV Lop@H CUVAETNONS UE dploud
Tov petaoynuatioud T) etvon apxetd opolh e oyetind Ayo oxpdtata ondte divatan vo Bpedet
€0XOAA XOU YT YOQO O BEATIOTOC UETACYNUATIOUOC. LTNY TEQITTOOT OUMS TOU 1) ELXOVAL BEV EYEL
X1} avéhuoT e ToAMEG cuuueTplee, TOTE 1) auotBala TAnpogopia Tapouctdlel TOMAG oxedTUTA
OTOTE YEELdleTal TOAD XUAH| ETLAOYY| TOL 0OYIXOU UETACY NUATIOULOU XAl TWV ARYIXOY DIVUOUATWY
xorevduvang yio va Bpedel o (ohxd) BérTioTog uetooynuatiués. Mdhiota oe optouéva netpdua-
0, 0 BENTIOTOC PETACYNUATHLOC PETEVETE TNV EXGVAL TEPLGOOTERO amd G0 elvor Buvortdy (Yo
Topadelyua 1 UeTofolhopevn ewdva didoTaong 128 x 128, yeewlbtay va petoavniel xatd 140
pixels yio vor Toupld€el Ye TNy Eixova owcxcpopo’o;). Ly Bertiwuévn pédodo ouveyileton vo yon-
owonotelton 1 opoBaior TAnpogopia, amhd alhdlel o TpoTog avalTNomg.
H 8¢ etvan vau ypnowwomoindet pla uédodog, 1 omola eyyudton TNy eVpeon Tou BEATIOTOU UETATY T
HoTlopol, ywele Ty mdavotnTo var Yivel avalTnon oe Ympo OTKS 6To Tapamdve Topddetyyo. O
ahybpLipog Tou egoapuéoinxe yior Ty elpean Tou (0Aixd) BéRTIoTOL PETooy NUATIONOU Efvon Evog
YeveTog olyopriuog. O yevetixol ahydprduot etvan piar xotnyopla pedddwy avalAtnong Adoe-
Vv o€ €V Y WEOo oL oTtofol UolVToL TNV dLadixacior TG YuUoTE EMAOYTS OTwe TNV BlTiTWoE
o Kdépohoc AagfBivoc. ‘Onwe otnv @ion ta droua tou TAnduouol evog eldoug SLacTaURMYOVTAL
METAEY) TOUG X0l OL ATOYOVOL £YOLY TA YORAXTNPIOTIXG TGV YOVEMY TOUG X0l ETBLOVOUY Tol dToud
UE T XOUADTEQOL YAUPOXTNELGTIXG, ETOL XL €06 DLUGTAUPMVOVTOL XATOLES antd TI UTOPHPLES (XaTd
TEOTIUNGOT Ot XUAVTERES, YwWPElC Vo omoxAelouue EVIEADS TS AMydTepo xahég) hioelg evog TAndu-
OUOU xal ETBLOVOLY AUTEC UE TA XUADTEQO YUPAUXTNELOTIXY, HTOL AUTES Yol TIC OToleg 1) oquotBado
TAnpogopio peytotonoieiton. ‘Etol xou €8¢ yenowonoeitan évag yevetxdg ahyodpriuog ya va
Beole évay mAnduoud o omolog Yo teptéyetl wio Aoon 1 omolo Yo etvan 1) BéATioTn. AvaluTtindtepa
€Vag YEVETINOG ahyoprduog €yel Ta e€hg BridarTo:

function G.A(obj_fun,m_rate,c_rate)
Old_Population < Initialize()



while true do
Selected_Members = Selection(Old_Population)
New_Population < Crossbreed(Selected_Members, c_rate)
New_Population < Mutate(New_Population, m_rate)
if criteria met then
break
end if
Old_Population <— New_Population
end while
return best from New_Population

end function

To xprtripLo Teppatiopol elvon dLdpopa:
e H elpeon Bértiotne’ Aone 1 onola ixavorotel xdmola xpitrptor peyiotou/ehayiotou
o Ilencpoouévoc apriudc yYeEvvewy
o Xepoxivntn enifBiedn
® YUVOLACUOE TWV TUPUTAVE

Yy epyoaoia auth) YeNoWoTolUnXe we xPLTARLO TEPUATIONOU O TETEPAUOUEVOS aRLIUOS YEVVEMY.
[Fevind, ot yevetixol ahydprduol, UeTd amd TOMAES YEVVEES xa XS av efvon 0 ywpog avalATnong
N¢ AJoNG OYETIXS TEPLOPLOUEVOG, TOTE Elvan duvaTov va Bpedet o (ohxd) BEATIOTOC PETUOY NUATL-
uog. To Baoixd mpdPAnua etvar 61t ebvan ypovodpog edind ot TEPIGGOTEPES DLUOTATELS Xo HTY
1 oLVdETNOY Tou VENOUUE VoL UEYIGTOTO|GOUUE elvon uTohoyioTnd axp3|. Enlone onuavtixd
e6lo yia TNy emtuyio Tou yeveTol alyopiduou mailouv o pulude patdhhalng xan 1 TiavoTn-
Ta SloTadpwong. ‘Oco peyorltepn miavoTnTo Bl TUEWONG, TOCO TLo E0XOAX VEOL aTOYOVOL
TOEAYOVTOL, EV® 0 pLIUOS PETEAAENS Blapopomoet Tepantépey Tov TANIUOUS amoTeénovTag Tt
NV TEP(MTWoT Vo x0AHoEL 0 alybpriuog o ToTixd axpdTaTo xan vor Topoueiver exel. Edud
otnyv apolPala TAnpogopia 6mou eivar Toh) mlavoy vo uTdEyEL Evag PEYEAOS aptiuOg TOTXMY
oxEOTATWY, Yenotwonotinxe ueydioc pulude uetddroing. Téhog, yonowono|dnxe n uédodog
elitism, n onola uetd ) Snutovpyio plag véag yevide utodipuwy Aoewy, cuyxpeivel Ty BEATIoT
AOGT| TNG TEONYOUUEVNG YEVIAG HE QUTH) TNG VEUC YEVIAS Xou av 1) TemTr elvon xaAUTEEN amd T
OcUTEQT), TOTE ELCEPYETAL OTNY VEX YEVL avohholm Ty, aviixahotdvToag pla odrigler Abon Tne
VEUC YEVVIAC (ouw’]ﬁwg ™y Xs(ptom). To mepdpoto TG TAUTIONG EMOVELY LTHREAY ETLTUYY),
OAAGL YEEWOTNXE PEYTAOG apriudg emavahfbewy yio va yiver autd. ‘Etot, n pédodog amodet-
XVOETAL YPHOWT), OTOY UTdpyEL avryxn yiot UYmAng moldtnToag anotehéouata, ywpelc va umdpyet

TEPLOPIOUOS 0T0 LATNUO YPOVOU/*HOTOUC EXTEREDTC.



Abstract

Image Registration is the process of transforming sets of data acquired at different time-points,
sensors and viewpoints into a single coordinate system. It is widely used in computer vision,
medical imaging and satellite image analysis. Although it has been a central research topic in
computer vision and medical image analysis for a long time, there are still unresolved issues
and success rates seem to be data-dependent. There are many categories of methods that are
able to align images, but usually they are either specialized and accurate for specific types of
data or more generic but slower with a possibility of stumbling upon pitfalls. In this work, we
describe our implementation and results on Maes’ method By using three different variants
of mutual information (used as the similarity measure), we present indicative results from
different imaging domains and discuss the drawbacks/pitfalls of the method especially with
regard to initial transformation selection and the initial direction vectors. The results are quite
accurate with translation and rotation when dealing with images of good quality. However,
the choice of a starting point and the initial direction vectors proved to be two critical factors
for the success of the method, since different starting point or/and different initial direction
vectors may lead to different “optimal” alignment registration results between the images. In
order to solve this problem, we propose an extension of this method by enhancing its global

optimization scheme by means of stochastic optimization.



Key words: Image Registration, Mutual Information, Genetic Algorithms.

Introduction

The alignment or registration of multi-modal images is an important procedure in many fields
e.g medical imaging. For example, when it comes to medical imaging, the images of an object
that are acquired from different modes show different things. Therefore, in order to have a
good knowledge of the patient’s condition, we need to have the images’ alignment which is
achieved by many registration methods. The major categories of image registration methods
are two: the the feature-based methods and intensity-based methods. The first category
includes methods that use the features (points, lines or contours ) of the images to find
the correspondence between the feature sets of them. The correspondence is the geometric
transformation of the selected features of the first image to those of the second. The major
advantage of the feature-based methods is that they are fast, since they do not use the whole
images to in order to align them. Their disadvantage is the difficulty to find proper features
for extraction especially when it comes to bad resolution or multi-modal images. On the
other hand, the intensity-based methods use correlation metrics to compare image intensity
patterns. Their disadvantage is the need to use the whole image or at least a sub image, which
makes them slow. Unlike the feature-based, they tend to perform better when the images are
of poor quality or multi-modal.

In this paper, an optimized method based on Maes’ registration method is presented along
with the results. Specifically, in the next section the next section the Maes’ method of
registration is presented and explained. After the explanation of the method, the experiments
are studied in the third section and discuss the disadvantages of the method. In the fourth
section, a new method is proposed for image registration and is compared with Maes’ one.

Finally, the fifth section is the section with conclusions and new approaches are discussed.

Maes’ Method

Introduction

Maes’ method [1] is an intensity-based method. The idea is that two images that are perfectly
aligned have maximum mutual information, while the images that cannot be aligned at all,
have none. Finally images that are partially aligned have some mutual information |4]. The

goal is to find the transformation that gives the maximum mutual information.



(a) Join Histogram before Reg- (b) Join Histogram after Regis-

istration tration

Figure 1: Joint Histograms

Mutual information

The first question is: What is mutual information. In order to become more familiar with
the concept of mutual information, first, we must understand what entropy is. Entropy is a
statistic measure that shows the randomness of a random variable, i.e how chaotic is a random

variable. Given a random variable X, its entropy is:

==Y px(x)log, px(z) 9)

rzeX
A high entropy indicates grater randomness. When there are more than one random variables,

we define joint entropy and conditional entropy respectively:

=D pla,y)logp(z,y) (10)

rzeX yey

HY|X) ==Y p(x,y)log, p(y|z) (11)

zeX yey

Mutual Information is calculated using the following formula:

I(X,Y)=H(X)+ H(Y) - H(X,Y)

The two images to be registered F (Floating image) and R (Reference image) are two random
variables whose values are the pixel intensities. In order to calculate the images’ mutual
information, a joint histogram h(f,r) is constructed, where f(s) the intensity of F at pixel with
coordinates s and r(Ts) the intensity of R at pixel with coordinates T's

where T the transformation operator. The transformation of pixel coordinates Pg of floating

image F to pixel coordinates Pr of reference image R is:

VR-(PR—Cr)=Vr-R-(Pr—Cp)+1 (12)

2



where, Vg, Vg the 2 x 2 matrix that represents the pixel size of the images, R the 2 x 2 rotation
matrix, ¢ = (¢,,t,) the translation vector and Cr, Cr the centers of the images. The problem
is that the coordinates of T's are not integers and therefore Ts lies in the subpixel space. For

the solution of this problem, Maes proposed three interpolation strategies, as shown below:

e Nearest Neighbour: The value r(Ts) is equal to the value of the pixel nearest to it. This

strategy doesn’t provide good subpixel accuracy

e Trilinear (in 2D bilinear) Interpolation: It introduces new values in reference image,

leading to unpredictable changes in the distribution pg(r).

e Trilinear (in 2D bilinear) Partial Volume Distribution: The contribution of f(s) to the

joint histogram is distributed to the eight (in 2D four) nearest neighbours.

The construction of the joint histogram we can calculate the marginal and the joint entropy

as we see in the following equations:

h(f.r)

i€cFjeR h(Z,j)

prr(f,1) = 5 (13)

pr(f) = ZPF,R(fa r) (14)

reR

pr(r) =Y pra(f.r) (15)

feF
With these equations, the calculation of the marginal and joint entropy and therefore mutual
information can be done. The optimal transformation is found using the multidimensional
method of Powell for search of minima/maxima, which uses the one dimensional method of

Brent [2]. In the next section a few experiments are demonstrated.

Problem with Powell’s method

While Powell’s method finds an extremum, it is often a local one. Powell’s method requires
an initial point from which it will start tracking the extremum and initial direction vectors in
order to look for it in the direction that is respective for each variable. Different initial point
and direction vectors will probably lead to different extremum. Below we have two examples
of function minimization using Powell’s method. In the first figure we have the Rosenbrock

function, whose form is

N-1

) = S [bwinn — )% + (2 — a)?,

i=1



and the global minimum is at (z,y) = (a,a) where f(z,y) = 0, and in the second figure we

have the Ackley’s function whose form is
f(z,y) = —aexp (—b 0.5(x% + y2)) — exp(0.5(cos(cx) + cos(cy))) +a+e

and the minimum is at (z,y) = (0,0) where f(z,y) =0
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(b) Ackley’s function for a=20, b=0.2, c=27

Figure 2: Test Functions for optimization



These functions are known test functions for optimization. Using Powell’s method for opti-

mization, we have the results below.

Initial Function Ualue iz BA.9897781
p2 iz (A.442764252424240, . 0.174651 846287635

and fret is B.356257766485214 after 13 iterations
NMiLeéote &vo MANKTPO YLO CUVEXELO. . .

(a) Initial point:(0.01,0.01), Initial Direction vectors: (1,0),(0,1),

local minimum

Initial Function Ualue iz 6.58080000

p2 iz {BA.696665167888533,8.4733108589790344 >

and fret iz B.10648836175468? after 1?7 iterations
Mieote £vo NARKTPO YLO CUVERELD. - -

(b) Initial point:(0.5,0.5), Initial Direction vectors: (1,0),(0,1),
local minimum
Initial Function Walue i=s 6.L,000HA

p2 iz <1.00000080ABNAAAA . 1 . ARRBERARBBAAAAA »
and fret iz B.09000AA0OAAAAADA after 135 iterations

NMieéote &vn NATNKTPOD YLD CUUENELD. . -

(c) Initial point:(0.5,0.5), Initial Direction vectors: (0,1),(1,0),

Global minimum

Figure 3: Rosenbuck’s function experiments



Initial Function Walue is 3.625385
p2 is (A.76847826242446%.8.768476951122284>
and fret is 3.5744519223378361 after 3 iterations

MMLeéote Evo NATKTPO YLD OUVEXELO. . . o

(a) Initial point:(1,1), Initial Direction vectors: (1,0),(0,1), local

minimum

Initial Function Ualue is 4.253654
p2 iz <—H0.900000000BEHE147 .0 . 08800ARBBBBEGEEAE >

and fret iz @A.0000BEAABREE423 after 3 iterations
MLEoTE £vn NMANKTPOD YLO ODUVEXELOD. . .

(b) Initial point:(0.5,0.5), Initial Direction vectors: (1,0),(0,1),

Global minimum

Initial Function Ualue is 3.625385
p2 iz (0.0000ABANAZZ3YE0.0. 000RNUANAAL6AG6 2 >

and fret is

8.08088888A716217 after 4

Micote £vo NATKTPOD YLO OUVEXELO.

iterations

Another more simple example is this. Let f(z,y) = ryexp(—a2* —
z,y € [~10,10] is this:

(c) Imitial point:(1,1), Initial Direction vectors: (10,0),(0,10),

Global minimum

Figure 4: Ackley’s function experiments
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1 1 1

<——, —) = ——. Powell’s method was used in ordered to see how well it responds to
V2 V2 2e

changes in initial point. In the first and the second experiment the initial point was (0,0) and

(0, 1) respectively and the initial direction vectors are (0, 1), (1,0). In the third experiment

the intitial point is the same as that of the second experiment but the initial direction vectors

are (1,0), (0,1) Below we see the results of Powell’s method.

Initial Function Ualue iz @.000868A

p2 iz (-A.7AYE38462162018.0.2688373Y6117786)

and fret iz —@.1045%18486125946 after 3 iterations
Press any key to continue . .

(a) Initial point:(0,0), Initial Direction vectors: (0,1),(1,0)

Initial Function Ualue iz ©.000106008
[p2 iz (-B.787237362861633.0.7086964710038365 )

and fret iz —B@.1839397168259438 after 2 iterations
Press any key to continue . .

(b) Initial point:(0.1,0.1), Initial Direction vectors: (0,1),(1,0)

Initial Function Ualue iz @.00A108
p2 iz (A.786976491883H0365,.-A.787237362861633>
and fret iz -B.183939718259438 after 2 iterations

Press any key to continue .

(¢) Initial point:(0.1,0.1), Initial Direction vectors: (1,0),(0,1)

Figure 5: Experiments of minimizing f(z,y) = zy exp(—z* — y?)

In the first experiment the result was a local minimum, but a slight change of the initial
point in the second experiment leads to the location of the global one. Finally, in the third
experiment the reverse of the initial direction vectors leads to the location of the other global
minimum. The choice of good initial point and direction vectors becomes a dilemma as the

dimension of the function increases and the function is not regular.

Application of Maes’ Method and Experiments

In the previous section the problem of Powell’s method was discussed. Here the same problem
will be viewed as Powell’s optimization method is used in Maes’ method. First, the form of
the Maes’ mutual information as function will be studied and the simplest way to do it is
to see how the mutual information between an image and a rotated/ translated version of
the former changes as the angle/translation changes. Below we have three graphs of Mutual

information vs rotation, translation in x and y axis respectively.



Mutual information vs Radians
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Figure 7: Mutual Information vs translation along x axis



Mutual information vs xtranslation

Mutual Information

Figure 8: Mutual Information vs translation along y axis

The graphs show that, no matter which interpolation method is used, mutual information
as a function tends to have many local maxima, therefore the initial point and direction
vectors must be carefully chosen. In this section the results of a few indicatice experiments
are presented, in order to have a clearer sight of the pitfalls Maes’ method stumbles on.
The first three figures show successful image registration.(The first one is from this site:
http://www.robots.ox.ac.uk/~cvrg/trinity2002/seb/results.html)


http://www.robots.ox.ac.uk/~cvrg/trinity2002/seb/results.html

(a) Original Image of Airport (b) Target Image of Airport

(¢) Transformed original image (d) Comparison of (b) and (c)

Figure 9: Synthetic Experiment: Image Registration of Airport



(a) Original picture of Lena (b) Rotated and Translated

(c) Transformed original image (d) Evaluation of registration

Figure 10: Synthetic Experiment: Image Registration of Lena’s pictures
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(c) Transformed MRT1 (d) Comparison of (b) and (c)

Figure 11: Image Registration of T1 and T2 scans
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Now we show pairs of images for which the method of Maes didn’t produce good results.

(c) Failed Registration (d) Comparison of (b) and (c)

Figure 12: Mountainous Area Image Registration
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(c) Failed registration (d) Comparison of (b) and (c)

Figure 13: Landscape multi-modal image Registration
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(a) Floating Image (b) Reference Image

(c) Failed registration (d) Comparison of (b) and (c)

Figure 14: Landscape image registration
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In all the experiments above the initial transform was the identity transform, i.e
10
Ts=Rs+t, R= <0 1) . t=10,0]"

and the initial direction vectors were the unit vectors in each parameter direction. The
method seems to give better results, when we are dealing with images that have relatively
simple patterns, that can be segmented into dissimilar smaller areas and without many sym-
metries. Images of bad quality, with very complex patterns tend to be a difficult case for
Maes” method. The reason is that in the successful experimetns, Maes’ mutual information
tends to have relatively few maxima, therefore the initial transform and the direction vec-
tors don’t play such an important role as in the case of the other examples. The images
of mountain areas and the first Lanscape have many complex patterns and there are many
symmetries in the first landscape. That means that we can have many maxima and the choice
of a wrong initial transform and direction vectors, tend to give very bad results. In order to
understand this better, the graphs showing the steps of the algorithms below are presented.
The graphs are based on registration of the first failing example of Maes’ method, using the

three strategies proposed by Maes.

0,924

0,9235 + &

0,923 »

0,9225

0,922

0,9215

0,921

0,9205

0,92 ¥

00,9195 T T T T 1

* 5eriesl

Figure 15: Nearest Neighbour approximation
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Figure 16: Bilinear Interpolation approximation
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Figure 17: PVI approximation

In the graphs above, we see the plots of Mutual Information vs iteration for each mentioned

strategy. The initial transform and the initial direction vectors are the same parameters that

were used in previous experiments. As we see, Mutual Information barely increased, indicating

that the final transform matrix is barely different from the initial transform matrix. After all,

powell’s method finds a local extremum, which may not coincide with a global one. In the

next graph we see the mutual information computed the extended method in every iteration.
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Figure 18: Mutual information vs iteration

As we see, the algorithm won’t stop at a local extremum and will search for the global one

until the termination criteria are met. The correct transform is
(Angle, X, Y) = (0.518,138, —52.6)

and the following images are the results of the registration.
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(a)

(c) Transformed Source Image  (d) Difference Image of (c) and (b)

In the next section, the extended method is presented, explaining how it bypasses the restric-

tions of Maes’ method.

Extended Method

As we’ve seen in the previous section, Maes’ method has some limitations regarding its ability
to cope with images of bad quality or with complex patterns or/and symmetries. In this new
approach, Maes’ mutual information as a similarity measure is kept. The search is done with

a different way, though.

Genetic Algorithm

Genetic algorithms is a heuristic search that emulates natural selection. In natural
selection it is stated that, given a population of a species, its members reproduce, passing their

characteristics to their descendants. Along with breeding, there is also a chance of mutation,
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which leads to new characteristics, either better or worse. The better characteristics tend to
become dominant in the population and the bad ones gradually disappear.

In genetic algorithm, a population of candidate ”solutions” is evolved to better solutions. We
start with an initial random population, of which each candidate solution has a mutating
set of properties. In every iteration, a few selected candidates of the current population
create a new population, called generation, of which every member’s fitness is evaluated.
The fitness is the value of the objective function of the optimization problem (here is the
mutual information). The more fit members tend to be more often selected from the current
population (without totally excluding candidates of poor fitness)and their genome is modified
though recombination and mutation. Thus a new generation is created that is used in the
next iteration to form another one. The algorithm terminates when the termination criteria

are satisfied. More analytically, the general form of a genetic algorithm is this:

function G.A(obj_fun,m_rate,c_rate)

Old_Population < Initialize()

while true do
Selected_Members = Selection(Old_Population)
New_Population < Crossbreed(Selected_Members, c_rate)
New_Population < Mutate(New_Population, m_rate)
if criteria met then

break

end if
Old_Population <— New_Population

end while

return best from New_Population

end function

The arguments of the algorithm obj_fun, m_rate, c_rate are the objective function (in our
case the mutual information), the mutation rate and the crossover rate respectively. The
crossover rate is a parameter that shows how big is the possibility for the current population
members to mix their characteristics to produce new candidate solutions. The higher the rate,
the greater the variety of the new solutions. The mutation rate is a parameter that shows
how easily the candidate solutions mutate. Its job is to prevent the algorithm from getting to
a local extremum without any possibility of finding a better solution. Especially in problems
where the objective function has many extrema, a high mutation rate is needed.

The termination criteria of the algorithm are the following:
e Maximum number of generations is reached
e Manual inspection

e The highest ranking solution’s fitness is reaching or has reached a plateau such that any
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further search is pointless since no better results can be produced

e A combination of the above

Selection

Selection is the process through which a fraction of candidate solutions’ population is chosen
for reproduction in order to create a new population of candidate solutions. In biology,
natural selection tends to favour those that are fit to survive, giving them the advantage to
survive and have more offsprings. Depending on the environmental conditions, the fitness of
an organism can increase or decrease. There is also the fact that even the organisms with
poor fitness may have good genes. That means that candidates with fairly good fitness are
favoured without (totally) excluding the ones with poor fitness. The selection, as it is done
in nature, is simulated in genetic algorithms. The procedure is to select the a number of
candidates for reproduction whose majority (most probably) has good fitness, with a small

minority having a poorer one. A few selected methods for selection are presented below.

Truncation Selection

Truncation Selection [11] is the simplest and probably the crudest method. The idea is to
order the population with respect to fitness in ascending order and take a portion p of the
fittest candidates. These candidates will reproduce 1/p times. This method totally excludes
the candidates with poor fitness (even those that might have good genes). Because of its

crudeness, it’s not often used in practice.

Tournament Selection

Tournament Selection [9,/10] runs several ”tournaments” among k random individuals of the
current population, the winner of each one is to reproduce. The number k of the random
individuals is crucial for the selection pressure. The larger the k, the smaller the chance for

a weak individual to be chosen. The pseudo-code is this:

function TS(population,k,p)
constetants <— random k from population
choose best with probability p
choose second best with probability p(1 — p)
choose third best with probability p(1 — p)?

and so on

end function
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The method’s advantages are its simplicity, ability to work on parallel architectures and the

adaptable selection pressure.

Fitness Proportionate Selection

Fitness Proportionate Selection [§] is another method of choosing candidates for reproduction.

fi

Each candidate i has a fitness value f;. Therefore its probability of selection is p; = Z—N 1
j=1

where N is the population size. This selection process looks like a roulette in a casino where
each candidate is given a portion of the wheel according to its fitness, with the fittest ones
having the bigger portions. By "turning the wheel” there is a small chance to choose a less
fit solution and eliminate a good one, which isn’t necessarily bad, because a less fit solution

may still have good genes, therefore making it more preferable than the truncation method.

Stochastic universal sampling

Stochastic universal sampling [12] is an advanced form of fitness proportionate selection that
is able to deal with bias and minimal spread. Instead of choosing candidates for production by
using repeated random sampling, like fitness proportionate selection does, stochastic universal
sampling uses a single random value to sample the candidates by choosing them at evenly
spaced intervals, therefore, giving the weaker candidates a chance to be chosen and reduce the
unfairness between weak and strong candidates that exists in fitness proportionate selection.
The pseudo-code for the method is this:

function SUS(population,N)
F < TOTAL FITNESS
N < NUMBER OF OFFSPRING TO KEEP
P < DISTANCE BETWEEN THE POINTERS (F/N)
Pointers < vector(N);
fori=0— N—-1do
Pointers[i] < Start +i* P
end for
return newPopulation(population,Pointers)
end function
function NEWPOPULATION(Population,Points)
Chosen <« ||
140
for P in Points do
while FITNESS suM OF POPULATION[1 1] < P do
v+ +
end while
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Appernd(Population|i], Chosen)
end for
return Chosen

end function

Crossover

Crossover is the process through which candidate solutions with (possibly) good fitness com-
bine their ”"genomes” so that new candidate solutions are produced with presumably better
fitness. In biology, when two parents reproduce, the offsprings have a genome which is a
combination of that of their parents. In genetic algorithms, crossover is an exchange in genes

between the candidate solutions. Here are a few characteristic methods of Crossover.

One point crossover

The candidates’ genome is spliced in two sub-genomes on one point which is the same for
them. Then one part of the first candidate is exchanged for the respective one of the other.
A generalization of this method is k-point crossover, where the genomes are split using k
points where the first respective part are swapped, the second remain unchanged, the third

are swapped, etc.

Cut and splice

The genomes are spliced at a separate point in every candidate. Then an exchange leads to
different length.

Uniform Crossover and Half Uniform Crossover

These methods create new candidates from existing ones by swapping the latters’ genome
in gene level. That means that the parents contribute the gene and not whole segments of
their genome. The bits of the parents are compared between them and then swapped with
a fixed probability (usually 0.5). In half uniform crossover, only half of the different bits are
swapped.

Mutation

Mutation is the key to evolution through which organisms can have a benefit over other
competitors or go extinct. The same idea is applied in genetic algorithms. After every re-
production that gives a new generation, a series of mutations occur and the genome of the
candidate solutions is altered. The reason for this is that there might be a probability that

the best candidate of the new generation is (only) locally the best solution to our optimization
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problem. Mutation provides further diversification, which prevents stumbling upon locally
best solutions by allowing the exploration of further solutions. Without mutation, the mem-
bers of the population eventually would become too similar and the process of evolution would
be stagnant. Since there are many genome types, there are many mutation methods, each
corresponding to specific genome type(s).

Bit string mutation

The mutation in this method is done by flipping random bits of the string. The probability

1
of mutation of a bit is 7 where 1 is the length of the bit vector.

Flip Bit

In this method, the bits of the string are flipped, e.g 0110100 becomes 1001011.

Boundary

If the genome is integer or float, then the gene is replaced by the upper or the lower boundary
value of it.

Non-Uniform

Used only for integer and float types of genes, this method ensures that, as the number of
generation increases, the probability of mutation will converge to 0. This method boosts
the diversity of candidates in the early stages of the genetic algorithm in order to prevent
stagnation and as the number of generation increases the algorithm converges to (possibly)

the global extremum.

Uniform

The gene is replaced by a uniform random number that is selected between its lower and
upper boundary value.

Gaussian

With this method a new Gaussian distributed random value is added to a gene. If the sum is
within the boundary values of the gene, then the gene retains its new value, or else the new

value is clipped.

Elitism

Elitism is a variant of the general process of new population construction. There is always

a chance that the new population’s best candidate may be worse than the best candidate
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of the previous population, therefore it may be useful to retain the best candidate of the
previous generation unchanged in the new one. The idea is compare the previous and the
new best candidate. If the new is better than the previous, then the previous best candidate is
discarded. If the opposite happens, then the new best is remains in the population replacing
one of the existing candidates (commonly the worst). In this way, the previous best candidate
may pass into the next generation unchanged without the need to evolve further, which may
help us in preventing the descend from a (possibly) global extremum to local one. This variant

is applied in the extended method.

Experiments

In this section we shall see the results of the experiments when we use the extended method,
along with evaluations of the extended method in comparison with ITK’s methods (first
method uses Normalised Mutual Information with One Plus One evolutionary optimizer while
the second uses Mates’ Mutual information with regular step gradient descent optimizer) by
using Feature Similarity Index [5], Structural Similarity Index [6] and the later’s variant,
Complex Wavelet Structural Similarity Index [7]. For the experiments, the mutation rate,
the crossover rate, the number of generations and the population size were set at 0.85, 0.95,
20000, 100 respectively. The images are chosen so that there is diversity in photometric condi-
tions, modality, with the goal of pushing the image registration methods to their limits. The
following table shows the evaluation of the extended method. The maximum value for each
evaluation of the indices above is 1. The higher the evaluation is, the grater the similarity

between the images. The images came from the following image databases:

http://www.insight-journal.org/rire/

http://vision.ece.ucsb.edu/registration/satellite/testimag/index.htm

http://www.physionet.org/physiobank/database/images/

http://www.radiologyinfo.org/en/photocat/gallery2.cfm?pg=angioct
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http://vision.ece.ucsb.edu/registration/satellite/testimag/index.htm
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Evaluations

Images Method FeatSIM | SSIM | CWSSIM
Extendend | 0.7324 0.4075 | 0.3444
MRT1—Angiogram NMI 0.6685 0.2756 | 0.3703

MatesMI 0.7115 0.2807 | 0.3329

Extendend | 0.8483 0.7071 | 0.7218
b040—b042 NMI 0.6748 0.1369 | 0.4452
MatesMI 0.6742 0.1352 | 0.4583

Extendend | 0.7985 0.6322 | 0.8535
casitas®4—casitas86 NMI 0.6294 0.1179 | 0.5190
MatesMI 0.5896 0.1058 | 0.4210

Extendend | 0.7543 0.6516 | 0.7930
CT—MRT1 NMI 0.7316 0.6333 | 0.7940
MatesMI | 0.7339 0.6354 | 0.7916

Extendend | 0.8130 0.6181 | 0.8330
gibralt84—gibralt86 NMI 0.8319 0.6903 | 0.8333
MatesMI 0.6441 0.1779 | 0.5315

Extendend | 0.8683 0.7755 | 0.9905
monol—mono3 NMI 0.5742 0.3317 | 0.2554
MatesMI 0.5721 0.2953 | 0.2619

Extendend | 0.8674 0.8229 | 0.8630
mrpd—mrtl NMI 0.8642 0.8152 | 0.8593
MatesMI 0.8624 0.8134 | 0.8594

Extendend | 0.8017 0.5793 | 0.7401
mrpd—mrt2 NMI 0.7953 0.5542 | 0.7394
MatesMI 0.7956 0.5545 | 0.7397

Extendend | 0.7707 0.5372 | 0.6068
mrtl—mrt2 NMI 0.7633 0.5068 | 0.6032
MatesMI 0.7625 0.5113 | 0.6036

Extendend | 0.8406 0.7870 | 0.9572
mtnl—mtn3 NMI 0.5714 0.0729 | 0.5676
MatesMI 0.5745 0.0630 | 0.5285

Extendend | 0.8122 0.4639 | 0.9657
inner—synthetic inner | NMI 0.8073 0.4847 | 0.9337
MatesMI | 0.5600 0.0781 | 0.4995

Table 1: Evaluation of registration technincs
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Here the results of registration experiments using the extended method are presented. In each
figure, the subfigure (a) is the Floating image, (b) the Reference image, (c) is the Transformed
Floating image using the optimal transform that is found using the extended method and (d)
is the comparison of subfigures (b) and (c). Each figure of registered image pair is followed by
a figure of diagrams showing the search of the optimal transformation by the extended and

the two methods of ITK mentioned above.

(a) Floating Image

(c) Successful Registration (d) Comparison between (b) and (c)

Figure 20: Successful MRT1-to-Angiogram Registration
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Figure 21: Diagrams of MRT1-to-Angiogram Registration
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(a)

(c) Successful Registration (d) Comparison between (b) and (c)

Figure 22: Successful Landscape Registration
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Figure 23: Diagrams of Landscape Registration
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(b) Reference Image

(¢) Successful Registration (d) Comparison between (b) and (c)

Figure 24: Successful Multi-modal Registration
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(a) Floating Image (b) Reference Image

(c) Successful Registration (d) Comparison between (b) and (c)

Figure 26: Successful CT-to-MRT1 Registration
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Figure 27: Diagrams of CT-to-MRT1 Registration
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(¢) Successful Registration (d) Comparison between (b) and (c)

Figure 28: New Successful Multi-modal Registration
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(c) Successful Registration (d) Comparison between (b) and (c)

Figure 30: Successful Landscape Registration
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(a) Floating Image (b) Reference Image

(c) Successful Registered Original Image (d) Comparison between (b) and (c)

Figure 32: Successful MRPD-to-MRT1 Registration
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Figure 33: Diagrams of MRPD-to-MRT1 Registration

41



(a) Floating Image (b) Reference Image

(c) Successful Registration (d) Comparison between (b) and (c)

Figure 34: Successful MRPD-to-MRT2 Registration
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(b) Reference Image

(c) Successful Registration (d) Comparison between (b) and (c)

Figure 36: Successful MRT1-to-MRT2 Registration
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Figure 37: Diagrams of MRT1-to-MRT?2 Registration
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(c) Successful Registration (d) Comparison between (b) and (c)

Figure 38: Successful Registration of Mountainous Area
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Figure 39: Diagrams of Mountainous Area Registration
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(c) Successful Registration (d) Comparison between (b) and (c)

Figure 40: Successful Registration of Lung Area
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Figure 41: Diagrams of MRT1-to-MRT?2 Registration

Now the failed registrations that were computed by ITK are presented
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(c) Failed use of NMI (d) Failed use of Mates MI

Figure 42: Failed Registration of Landscape area
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(c) Failed use of NMI (d) Failed use of Mates MI

Figure 43: Failed Registration of mountainous area
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In the table it is obvious that the ITK methods perform very well in the case of medical
images. But when it comes to other cases such as more complex multi-modal image registra-
tion(42)), at least one of the ITK methods fails to register properly the floating image to the
reference. That is especially true for the I'TK method that uses Mates’ mutual information
being optimized by means of Regular Step Gradient Descent, which fails in every case except
for the medical images, , . From the diagrams that correspond to that
method, it is obvious that the method using Mattes” mutual information is, just like Maes’
registration method, prone to stumble upon local minima, therefore failure of registration is
quite easy to happen. The second method of ITK that uses Normalized Mutual Information
being optimized by One-Plus-One evolutionary algorithm deals better with the problem of lo-
cal minima than the first ITK method, but even this method fails. The extended method can
overcome the problem of local minima at the cost of time spent for the search and detection
of the (most possibly) optimal transformation of the floating image that leads to registration.
Genetic algorithms can be time consuming especially in the case of a costly (in terms of time)
function that we want to optimize. In order to understand how consuming a genetic algo-
rithm can be, a table with time it took each method to register images in a few representative

experiments example is presented.

Experiments\Method | Mattes | NMI | Extended
physio 162 2264 | 63361
MRT1—Angiogram | 81 3808 | 103120
b040—b042 19 6724 | 155847
casitas84—casitas86 | 59 7347 | 196511
CT—MRT1 11 1779 | 43651
gibralt84—gibralt86 | 14 8598 | 223714
monol—mono3 4 1566 | 28183
MRPD—MRT1 3 1501 | 44379
MRPD—MRT?2 2 1546 | 48011
MRT1—-+MRT2 2 1809 | 44596
mtnl—mtn3 20 3985 | 109978

Table 2: Table with durations of experiments using [TK and the extended method

As we see from the table, the ITK method that uses the Mattes’ Mutual Information optimized
using Regular Step Gradient descent, seems very fast but it succeeds only in the medical
imaging. The reason of the quick termination is the detection of a minimum (local or global).
The ITK method that uses Normalized Mutual Information being optimized by means of
One Plus One Evolutionary algorithm, tends to perform much better than the other ITK
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method (despite being significantly slower), even in a few cases non-medical images, but even
that method fails. Finally, the extended method tends to be extremely time consuming even
in the case of small images. The reason for that is the great cost of the evaluation of the
mutual information. Yet, despite its great cost in time, the extended method manages to
register successfully every pair of images in the experiments above. In order to do so, a high
probability of crossover and mutation was used, due to the fact that the function of mutual
information has many local minima (also the elitist variant and the proportionate selection
method were used). That means that given time, the extended method will find a solution
(albeit not the best one but one close to it. After all, genetic algorithms don’t guarantee that
the global optimum will be found). Therefore, it can be used in applications where robustness

is required and time is not an issue, such as medical image registration.
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Conclusions

In this thesis, an extended method of image registration was presented. The solution of the
local-optima problem that was used is genetic algorithms. The diagrams and the figures show
a considerate improvement in cases where not only Maes’ method, but also ITK Methods
don’t reigster successfully the images. As it is stated above, genetic algorithms can be time
consuming as it is shown in the table. Despite that, the robustness of the method can
make it appealing for those who prefer quality over performance. Of course, there is room
for improvement of the method. The next step is to decrease the duration of the optimal
transformation search, which can be done either by parallelization of the method or using

other methods of reducing the cost of function evaluation such as fitness approximation.
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Appendices
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Code of Maes’ Method

In this section, the code is presented along with comments in order to understand its function.

#include<stdio.h>
#include<stdlib.h>

#include<time.h>
#include ”nrutil.h”
#include "nr.h”
//#include<omp .h>
#include<math.h>

/xsize of Floating and Reference imagesx/
#define F_M 512
#define F_N 512
#define R_M 512
#define R_N 512

int step=1;

#define NUM_THREADS 4
#define NUM_START 1
#define NUM_END 10

#define PI 3.141592653589793

unsigned char **F,*xxR;
//float sum;

struct point{
double x,y;

s

void readImages () ;

float roundf (float x);

float NN_approx(float arg|]);

float bilinear_approx(float arg]|]) ;
float pvi_approx(float arg]|]) ;
float fun2(float arg|]) ;

float fun3(float arg|]) ;

float fun4(float arg|]);

int main(){
float p[2],**xi,t0l=0.000000000001,fret=0,p2[3],x[3],temp[2500][3],res,1;
int n=-1,iter=100,i,j,k,n2=3,n1=2;
double hx=50.0/400.0, hy=50.0/400.0, hangle=2%PI /400,init;

time_t now,now2;

double seconds=0;
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FILE* f;

/«Read the images from text files %/

readImages () ;

//omp_set_num_threads (NUM_THREADS) ;

/+xInitialization of direction vectorsx/

xi=(float**)malloc (n2*sizeof (floatx));

for (i=0;i<n2;i++){
xi[i]=(float*)malloc(n2«sizeof (float));

/«Set values of direction vectorsx/
for (i=0;i<n2;i++){
for (j=0;j<n2; j++){
xi[1][j]=0;

}
x1[0][1]=x1[1][0]=x1 [2][2] = 1;

/«xInitial transformation matrixx/

p2[0]=0;
p2[1]=0;
p2[2]=0;

printf (" Initial Function Value is %f\n” ,pvi_approx(p2));

powell (p2,xi,n2,tol,&iter ,&fret,pvi_approx);
res=fret;

x[0]=p2[0];
x[1]=p2[1];
x[2]=p2[2];

printf ("%lf\n” ,hx);
f=fopen ("myfile.txt” ,”w”);
for (init=-50.0;init <=50.0; init+=hx){
printf ("%lf\n” ,init);
p2[2]=init;
if (init==0.0){
printf (”i am zero\n”);
}
p2[0]=0;
p2[1]=0;
fprintf (£,”%f %f %f\n” ,NN_approx(p2),bilinear_approx (p2),pvi-approx(p2));

fclose (£f);
printf (" p2 is (%17.15f,%17.15f,%17.15f)\n and fret is %17.15f after %d iterations\n+

7 ox[0] ,x[1] ,x[2],res,iter);
system(” PAUSE”) ;
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return 0;

/*Return rounded integer value of a float numberx/
float roundf (float x)({
return floor (x + 0.5);

/*Rosenbrock 's Test function that shows the problem of Powell's methodsx/
float fun2(float arg|]){
return 100x%(arg[l] —arg[0]*arg[0]) *(arg[l] —arg[0]*arg[0])+(arg[0] —1)*(arg[0] —1);

/#*Test function that shows the problem of Powell's methodsx/
float fun3(float arg|]){
return arg[0]xarg[l]*xexp(—arg[0]xarg[0] —arg[l]*xarg[1l]);

/xAckley's Test function that shows the problem of Powell's methodx/
float fun4(float arg|]) {
return —20%exp(—0.2xsqrt (0.5%(arg[0]*arg[0]+arg|[l]xarg[l])))—exp(0.5%(cos(2xPIxarg|[0])+<«
cos (2«PIxarg[1l])))+20+exp (1) ;

/*Function readImages () reads the contents of images that are
stored in txt files myFile3.txt (which is the Floating image)
and myFile4.txt (which is the reference image) and stores

them in the dynamic matrices F and R respectivelyx/

void readImages () {
unsigned int i,j,x=1,y=1;
FILE #f1,%f£2,%£3;

//Floating image
F=(unsigned char+x*)malloc (F_Mxsizeof (unsigned charx));

//Reference Image
R=(unsigned char+x*)malloc (R_Mxsizeof (unsigned charx));

//Memory Allocation
for (i=0;i<F_M;i++){
F[i]=(unsigned chars*)malloc(F_Nxsizeof (unsigned char));

R[i]=(unsigned charx)malloc(R_N*sizeof (unsigned char));

)
77).

)

fi=fopen ("myFile3.txt” ,”r”
f2=fopen ("myFile4.txt” ,”r
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/*Calculation
approximation.

prone to give

if (£1==NULL || £2=NULL ){
printf (" probleml\n”);

return ;
i=j=0;

//Read File for Floating Image
while (! feof (£1)){
fscanf (£f1,”%uc” ,&F[i][]j])
jt++;
i (j=F_N){
i=0;
i+

}

fclose (f1);

i=j=0;

//Read File for Reference Image
while (! feof (£2)){
fscanf (£2,”%uc” &R[i][]]) ;
j++s
if (j=R_N){
3=0;
i++;

}

fclose (£2);

The variables are:

*/

arg []: the parameters of the transformation operator

input:
output:

Mutual information
res: the joint histogram
Pr[i]: probability of intensity i in Reference
Pf[i]: probability of intensity i in Floating image
HEf

)

Hrf: joint entropy

cF, cR: centers of Floating and Reference image respectively

TFpoint: transformed coordinates of point in Floating image

float NN_approx(float arg|]) {

unsigned int i,j,x=1,y=1,xb,yb;

float a,e,f,Pr[256],Pf[256],Hf=0,Hr=0,Hrf=0;

float res[256][256];

of Mutual Information using Nearest Neighbour
It is a crude way to calculate Mutual Information,

a false image of the similarity of the Images

Hr: marginal entropy of Floating and Reference image respectively




float sum=0;
struct point TFpoint ,6cR,cF;
a=arg[0];//Rotation in radians

e=arg[l];//Translation in x axis

f=arg[2];//Translation in y axis

//Initialize joint histogram and probability function
for (i=0;1<256;i++){
for (j=0;j <256;j++){
zes 3]l jl=0;

}
Pr[i]=0;
Pf [i]=0;

//Find centres of Images
if (R_M%2==1){
cR.y=ceil ((double) (R_M)/2);

}

else{
cR.y=R_M/2;

}

if (R_NR2==1){
cR.x=ceil ((double) (R_N)/2);

}

else{
cR.x=R_N/2;

}

if (F_M¥2==1){
cF.y=ceil ((double) (F_M)/2);

}

else{
cF.y=F_M/2;

}

if (F_N%2==1){
cF.x=ceil ((double) (F_N)/2);

}

else{
cF.x=F_N/2;

}

/*Making of the joint histgramx/
for (i=0;i<F_N;i=i+step){
for (j=0;j<F_M; j=j+step){

/xTransform the coordinates of the Floating image
parameters a,e,f and the centers of the imagesx/
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TFpoint.x=cos(a)#*(i+l—cF.x)— sin(a)#*(j+l—cF.y)+cR.x—1+e;
TFpoint.y=sin (a)*(i+l—cF.x)+ cos(a)*(j+l—cF.y)+cR.y—1+f;

/*Check only poits of Floating image that when they are transformed in space

they are inside the space of the Reference Imagex/

if (TFpoint.x>=0 && TFpoint.x<R_N && TFpoint.y>=0 && TFpoint.y<R_M){
y=(unsigned int)F[j][i];

/*First case: The transformed coordinates of the Floating image'ss pixel
are integersx/
if (floor (TFpoint.x) =—TFpoint.x && floor (TFpoint.y) =—TFpoint.y){

x=R [(unsigned int)TFpoint.y|[(unsigned int)TFpoint.x];

res[x][y]=res[x][y]+1;

/*Second case: The transformed coordinate x of the Floating image's pixel
is integerx/
else if(floor (TFpoint.x) =TFpoint.x){

if (floor (TFpoint.y)<0){

x=R[(unsigned int)ceil (TFpoint.y)]|[(unsigned int)TFpoint.x];
res[x][y]=res[x][y]+1;
}

else if(ceil (TFpoint.y)>=R_M){

x=R [(unsigned int)floor (TFpoint.y)][(unsigned int)TFpoint.x];
res[x][y]=res[x][y]+1;
}

else if (fabs(floor (TFpoint.y)—TFpoint.y)<fabs(ceil (TFpoint.y)—TFpoint.y<«>
1A
x=R [(unsigned int)floor (TFpoint.y)][(unsigned int)TFpoint.x];

res [x][y]=res[x][y]+1;

}
else{
x=R [(unsigned int)ceil (TFpoint.y)]|[(unsigned int)TFpoint.x];

res[x][y]=res[x][y]+1;

/*Third case: The transformed coordinate y of the Floating image's pixel
is integerx/
else if(floor (TFpoint.y) =TFpoint.y){

if (floor (TFpoint.x)<0){

x=R[(unsigned int)TFpoint.y|[(unsigned int)ceil (TFpoint.x)];
res [x][y]=res [x][y]+1;
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else if(ceil (TFpoint.x)>=R_N){

x=R [(unsigned int)TFpoint.y]|[(unsigned int) floor (TFpoint.x)];
res [x] [y]=res [x][y]+1;

}

else if (fabs(floor (TFpoint.x)—TFpoint.x)<fabs(ceil (TFpoint.x)—TFpoint.x¢
1A
x=R [(unsigned int)TFpoint.y|[(unsigned int)floor (TFpoint.x)];
res[x][y]=res[x][y]+1;

}

else {
x=R [(unsigned int)TFpoint.y]|[(unsigned int)ceil (TFpoint.x) ];
res[x][y]=res[x][y]+1;

}

/*Fourth case: The transformed coordinates of the Floating image's pixel
aren't integersx/
else{

if (floor (TFpoint.x)<0){

xb=1;

}

else if(ceil (TFpoint.x)>=R_N){
xb=0;

}

else if (fabs(floor (TFpoint.x)—TFpoint.x)<fabs(ceil (TFpoint.x)—TFpoint.x¢>
1A
xb=0;

}

else{
xb=1;

}

if (floor (TFpoint.y)<0){

yb=1;

}

else if(ceil (TFpoint.y)>=R_M){
yb=0;

}

else if (fabs(floor (TFpoint.y)—TFpoint.y)<fabs(ceil (TFpoint.y)—TFpoint.y+<>
A
yb=0;

}

else {
yb=1;

}

if (xb==0 && yb==0){
x=R [(unsigned int)floor (TFpoint.y)][(unsigned int)floor (TFpoint.x)¢+>
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Is

res[x][y]=res[x][y]+1;

}
else if (xb==1 && yb==0){
x=R [(unsigned int)floor (TFpoint.y)][(unsigned int)ceil (TFpoint.x)];

res[x][y]=res[x][y]+1;
}
else if (xb==0 && yb==1){
x=R [(unsigned int)ceil (TFpoint.y)][(unsigned int)floor (TFpoint.x)];

res[x][y]=res[x][y]+1;

if (xb==1 && yb==1){
x=R [(unsigned int)ceil (TFpoint.y)]|[(unsigned int)ceil (TFpoint.x) |;

res[x][yl=res [x][y]+1;

if (x<0 || x>255){
printf ("x is %d\n” ,x);
return O0;

if (y<0 || y>255){
printf ("y is %d\n”,y):
return 0;

for (i=0;i<256;i++){
for (j=0;j<256;j++)
sumt=res [i][]];

/*Normalization of joint histogram so that the sum of its values is equal to 1x/
for (i=0;i<256;i++){
for (j=0;j<256;j++)
res[i][j]=res[i][j]/sum;

/*Calculation of probabilitiess/
for (1=0;1<256;i++){
for (j=0;3<256;j++){
Pf [i]l+=res[i][j];
Pr[jl+=res[i][]];
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/*Calculation of marginal and joint entropy*/
for (i=0;1<256;i++){
if (Pr[i]>0){
Hr+=Pr [i]*xlog(Pr[i]) /log(2.0);
}
if (P£[i]>0)
Hf+=Pf [i]*xlog (P£f[i]) /log(2.0);
for (j=0;j<256;j++){
if (res[1][3]>0){
Hrf+=-res[i][j]*xlog(zres[i][]j])/log(2.0);

/*Calculation of mutual informationx/
sum=Hr+4Hf —Hrf ;

return —sum;

/*Calculation of Mutual information using bilinear interpolation approximation.
It is more accurate than Nearest Neighbour approximation, but tends ti introduce
in subpixel level new intensities that don't exist in the image. It is less
prone to give a false image of the similarity of the Images

The variables are:
input :
arg []: the parameters of the transformation operator
output:
Mutual information
res: the joint histogram
Pr[i]: probability of intensity i in Reference image
Pf[i]: probability of intensity i in Floating image
Hf , Hr: marginal entropy of Floating and Reference image respectively
Hrf: joint entropy
cF, cR: centers of Floating and Reference image respectively
TFpoint: transformed coordinates of point in Floating image
*/
float bilinear_approx(float arg(]){
unsigned int i,j,x=1,y=1;

float a,e,f,Pr[256],Pf[256] ,Hf=0,Hr=0,Hrf=0,q,1;
float res[256][256];

float sum=0;

struct point TFpoint ,cR,cF;
FILE xf1 ,xf2,%x£f3;

a=arg[0];//Rotation in radians
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e=arg[l];//Translation on x axis

f=arg[2];//Translation on y axis

/*Initialize joint histogram and probabilitiesx*/
for (i=0;i<256;i++){
for (j=0;j<256;j++){
res[i][j]=0;

//Find the center of each image
if (R_M%QZZ,,>{
cR.y=ceil ((double) (R_M)/2);

}

else{
cR.y=R_M/2;

}

if (R_NR2==1){
cR.x=ceil ((double) (R_N)/2);

}

else{
cR.x=R_N/2;

}

if (F_M%2==1){
cF.y=ceil ((double) (F_M)/2);

}

else{
cF.y=F_M/2;

}

if (F_N%2==1){
cF.x=ceil ((double) (F_N)/2);

}

else {
cF.x=F_N/2;

}

/*Setting the values of the joint histogramx/
for (i=0;i<F_N;i=i+step){
for (j=0;j<F_M;j=j+step){

/xTransform the coordinates of the Floating image using the
parameters a,e,f and the centers of the imagesx/
TFpoint.x=cos(a)#*(i+l—cF.x)— sin(a)#*(j+l—cF.y)+cR.x—1+e;
TFpoint.y=sin (a)*(i+l—cF.x)+ cos(a)*(j+l—cF.y)+cR.y—1+f;

/*Check only poits of Floating image that when they are transformed in space
they are inside the space of the Reference Imagex/
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if (TFpoint.x>=0 && TFpoint.x<R_N && TFpoint.y>=0 && TFpoint.y<R_M){
y=(unsigned int)F[j][i];
q=r=0;

/*First case: The transformed coordinates of the Floating image'ss pixel
are integerssx/
if (floor (TFpoint.x) =—TFpoint.x && floor (TFpoint.y) =—TFpoint.y){

x=R [(unsigned int)TFpoint.y|[(unsigned int)TFpoint.x];

res[x][y]=res[x][y]+1;

/*Second case: The transformed coordinate x of the Floating image's pixel
is integerx/
else if(floor (TFpoint.x) =—TFpoint.x){

if (floor (TFpoint .y)>=0){
g=R [(unsigned int)floor (TFpoint.y)|[(unsigned int)TFpoint.x];

if ((unsigned int)ceil (TFpoint.y)<R_M){
r=R[(unsigned int)ceil (TFpoint.y)][(unsigned int)TFpoint.x];

}
x=roundf (q*(ceil (TFpoint.y)—TFpoint.y)+r*(TFpoint.y—floor (TFpoint.y)) )<+

res[x][y]=res[x][y]+1;

/*Third case: The transformed coordinate y of the Floating image's pixel
is integerx/
else if(floor (TFpoint.y) =TFpoint.y){

if (floor (TFpoint.x)>=0){
g=R [(unsigned int)TFpoint.y]|[(unsigned int)floor (TFpoint.x)];

if ((unsigned int)ceil (TFpoint.x)<R_N){
r=R[(unsigned int)TFpoint.y|[(unsigned int)ceil (TFpoint.x)];

x=roundf (q*(ceil (TFpoint.y)—TFpoint.y)+r*(TFpoint.y—floor (TFpoint.y)));
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res[x][yl=res [x][y]+1;

/*Fourth case: The transformed coordinates of the Floating image's pixel
aren't integersx/
else{

x=0;

if (floor (TFpoint.y)>=0 && floor (TFpoint.x)>=0){
g=R[(unsigned int)floor (TFpoint.y)][(unsigned int)floor (TFpoint.x)¢+>

IE

if (floor (TFpoint.y)>=0 && ceil (TFpoint.x)<R_N){
r=R[(unsigned int)floor (TFpoint.y)][(unsigned int)ceil (TFpoint.x)];

}

x+=(ceil (TFpoint.y)—TFpoint.y)x(ceil (TFpoint.x)—TFpoint.x)xq+(ceil (+
TFpoint.y)—TFpoint.y)*(TFpoint.x—floor (TFpoint.x))x*r

g=r=0;

if (floor (TFpoint.x)>0 && ceil (TFpoint.y)<R_M){
g=R[(unsigned int)ceil (TFpoint.y)|[(unsigned int)floor (TFpoint.x)];

if (ceil (TFpoint.y)<R_M && ceil (TFpoint.x)<R_N){
r=R[(unsigned int)ceil (TFpoint.y)][(unsigned int)ceil (TFpoint.x) ];

}

x+=(TFpoint .y—floor (TFpoint.y))*(ceil (TFpoint.x)—TFpoint.x)*q+(TFpoint .+
y—floor (TFpoint.y))*(TFpoint.x—floor (TFpoint.x))x*r

x=roundf (x) ;

res[x][yl=res [x][y]+1;

if (x<0 || x>255){
printf ("x is %d\n” ,x);
return 0;

if (y<0 || y>255){
printf ("y is %d\n”.y);

return 0;
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for (i=0;i<256;i++){
for (j=0;j<256;j++)
sumt=res [i][]];

/*Normalization of joint histogram so tha the sum of its values is equal

for (i=0;i<256;i++){
for (j=0;j<256;j++)
res[i][j]=res[i][j]/sum;

/*Calculating marginal probabilitiesx/
for (1=0;1<256;i++){
for (j=0;j<256;j++){
Pf [i]+=res[i][]];
Pr[jl+=res[i][]j];

/*Calculcating marginal and joint entropy*/
for (i=0;1<256;i++){
if (Pr[i]>0){
Hr+=Pr [i]*xlog(Pr[i]) /log(2.0);
}
if (P£[i]>0)
Hf+=Pf [i]xlog (Pf[i]) /log (2.0);
for (j=0;3 <256;j++){
if (res[1][3]>0){
Hrit=res[i][j]*log(res[i][j])/log (2.0);

//Calculation of mutual information;
sum=Hr+4+Hf —Hrf ;

return —sum;

/*Calculation of Mutual information using pvi approximation.

Instead of calculating the interpolated intemnsity in subpixel level,
it distributes the contribution of the 4 nearest (8 in 3D) pixels to
them.

The variables are:
input:
arg []: the parameters of the transformation operator
output:
Mutual information
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res: the joint histogram

Pr[i]: probability of intensity i in Reference image
Pf[i]: probability of intensity i in Floating image
Hf , Hr: marginal entropy of Floating and Reference image respectively

Hrf: joint entropy
cF, cR: centers of Floating and Reference image respectively
TFpoint: transformed coordinates of point in Floating image
*/
float pvi_approx(float arg|]){

unsigned int i,j,x=1,y=1;

float a,e,f,Pr[256],Pf[256],Hf=0,Hr=0,Hrf=0;
float res[256][256];
float sum=0;

struct point TFpoint ,6cR,cF;
FILE *f1 xf2 x£3;

a=arg [0];//Rotation in radians

e=arg|[l];//Translation on x axis
f=arg[2];//Translation on y axis

//Initialization of joint histogram and marginal probabilities
for (i=0;i<256;i++){
for (j=0;3 <256;j++){
res[i][j]=0;

*Calculating the centre of each imagesx
g
if (R_MY%2==1){
cR.y=ceil ((double) (R_M)/2);
}
else{
cR.y=R_M/2;

if (R_NYR2==1){

cR.x=ceil ((double) (R_N)/2);
}
else{

cR.x=R_N/2;

if (F_M72==1){
cF.y=ceil ((double) (F_M)/2);

}
else{
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cF.y=F_M/2;

if (F_N%2==1){

cF.x=ceil ((double) (F_N)/2);
}
else{

cF.x=F_N/2;

/*Setting the joint histogramsx/
for (1=0;i<F_N;i=i+step){
for (j=0;j<F_M; j=j+step){

/xTransform the coordinates of the Floating image using the
parameters a,e,f and the centers of the imagesx/
TFpoint.x=cos(a)*(i+l—cF.x)— sin(a)*(j+l—cF.y)+cR.x—1+e;
TFpoint.y=sin (a)*(i+l—cF.x)+ cos(a)*(j+l—cF.y)+cR.y—1+f;

/*Check only poits of Floating image that when they are transformed in space
they are inside the space of the Reference Imagex*/
if (TFpoint.x>=0 && TFpoint.x<R_N && TFpoint.y>=0 && TFpoint.y<R_M){
y=(unsigned int)F[j][i];
/*First case: The transformed coordinates of the Floating image'ss pixel

are integerssx/
if (floor (TFpoint.x) =—TFpoint.x && floor (TFpoint.y) =—TFpoint.y){

x=R[(unsigned int)TFpoint.y|[(unsigned int)TFpoint.x];

res[x][y]=res[x][y]+1;

/*Second case: The transformed coordinate x of the Floating image's pixel
is integerx/

else if(floor (TFpoint.x) =—TFpoint .x){

if (floor (TFpoint.y)>=0){
x=R [(unsigned int)floor (TFpoint.y)][(unsigned int)TFpoint.x];

res[x][y]=res[x][y]+(ceil (TFpoint.y)—TFpoint.y);

if ((unsigned int)ceil (TFpoint.y)<R_M){
x=R [(unsigned int)ceil (TFpoint.y)]|[(unsigned int)TFpoint.x];

res[x][y]=res[x][y]+(TFpoint.y—floor (TFpoint.y));
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/*Third case: The transformed coordinate y of the Floating image's pixel
is integerx/
else if(floor (TFpoint.y) =—TFpoint.y){

if (floor (TFpoint.x)>=0){
x=R [(unsigned int)TFpoint.y|[(unsigned int)floor (TFpoint.x)];

res [x]|[y]=res[x][y]+(ceil (TFpoint.x)—TFpoint.x);

if ((unsigned int)ceil (TFpoint.x)<R_N){
x=R[(unsigned int)TFpoint.y|[(unsigned int)ceil (TFpoint.x)];

res[x][y]=res[x][y]+(TFpoint.x—floor (TFpoint.x));

/*Fourth case: The transformed coordinates of the Floating image's pixel

aren't integersx/
else{

if (floor (TFpoint.y)>=0 && floor (TFpoint.x)>=0){
x=R [(unsigned int)floor (TFpoint.y)]|[(unsigned int)floor (TFpoint.x)«

I

res[x|[y]=res[x][y]+(ceil (TFpoint.y)—TFpoint.y)*(ceil (TFpoint.x)—<«
TFpoint.x);

if (floor (TFpoint.y)>=0 && ceil (TFpoint.x)<R_N){
x=R [(unsigned int)floor (TFpoint.y)][(unsigned int)ceil (TFpoint.x)];

x|[y]+(ceil (TFpoint.y)—TFpoint.y)*(TFpoint.x—floor (+
)

res[x][y]=res|
TFpoint.x)

if (floor (TFpoint.x)>0 && ceil (TFpoint.y)<R_M){
x=R [(unsigned int)ceil (TFpoint.y)]|[(unsigned int)floor (TFpoint.x)|;
res[x][y]=res[x][y]+(TFpoint.y—floor (TFpoint.y))*(ceil (TFpoint.x)—¢>
TFpoint.x);
if (ceil (TFpoint.y)<R_M && ceil (TFpoint.x)<R_N){
x=R [(unsigned int)ceil (TFpoint.y)]|[(unsigned int)ceil (TFpoint.x) |;

res[x][y]=res[x][y]+(TFpoint.x—floor (TFpoint.x))*(TFpoint.y—floor (+
TFpoint.y));

if (x<0 || x>255){
printf ("x is %d\n” .x);
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return 0;

if (y<0 || y>255){
printf ("y is %d\n”,y);
return 0;

for (1=0;1<256;i++){
for (j=0;j<256;j++)
sumt=res [i][]];

//Normalizing the joint histogram so that the sum of its values is equal to 1
for (1=0;1<256;i++){
for (j=0;j<256;j++)
res[i][j]=res[i][]]/sum;

//Calculating marginal probabilities
for (i=0;i <256;i++){
for (j=0;j<256;j++){
Pf[i]+=res[i][]];
Pr[jl+=res[i][]];

/*Calculating marginal and joint entropyx*/
for (i=0;i<256;i++){
if (Pr[i]>0){
Hr+=Pr [i]*xlog(Pr[i]) /log(2.0);
}
if (P£[1]>0)
Hf+=Pf [i]xlog (Pf[i]) /log(2.0);
for (=053 <256;3++){
if(res[i][j]>0){
Hrf+=-res[i][j]xlog(zres[i][]j])/log(2.0);

//Calculation of mutual information
sum=Hr+4Hf —Hrf ;

return —sum;
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Code of Extended Method

Now we have the extended method’s code. The genetic algorithm is a slightly modified

example created by Dennis Cormier and Sita Raghavan.

include <cstdlib>
include <iostream>
include <iomanip>
include <fstream>
include <iomanip>
include <cmath>

include <ctime>

FHRFRF I F

include <cstring>

using namespace std;

/!

// Change any of these parameters to match your needs
/]

#define F_M 256

#define F_N 256

#define R_M 256

#define R_N 256

#define PI 3.14159265

unsigned char *xF,xx*xR;
//float sum;

struct point{
double x,y;

T

float roundf (float x){
return floor(x + 0.5);

}

int step=1;

# define POPSIZE 100

# define MAXGENS 4000

# define NVARS 3

# define PXOVER 0.6

# define PMUTATION 0.95

// Each GENOTYPE is a member of the population, with
// gene: a string of variables,

// fitness: the fitness

// upper: the variable upper bounds,

// lower: the variable lower bounds,

// rfitness: the relative fitmess,

// cfitness: the cumulative fitness.

struct genotype

{

float gene [NVARS]|;
float fitness;
float upper [NVARS];
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float lower [NVARS];
float rfitness;
float cfitness;

s

struct genotype population|[POPSIZE+1];
struct genotype newpopulation[POPSIZE+1];

void crossover ( );

void elitist ( );

void evaluate ( );

void initialize ( string file_in_name );
void keep_the_best ( );

int main ( );

void mutate ( );

void r8_swap ( float *, float x );
float randval ( float, float );
void report ( int generation );
void selector ( );

void timestamp ( );

void Xover ( int, int );

void readImages () ;

float NN_approx(float arg|]);

float bilinear_approx(float arg|]) ;
float pvi_approx(float arg|]) ;

[ ] o o KK o KK R S KK R SR K o o K E K R KR R R K R K K K o KR o KR R R K R K KR R Kk kR ko k80
int main ( )

[ R R R K K K K K K K oK oK K oK K KKK KKK KRR R R R K R R R R R K K K K K SR K KKK KKK KKK R R R Rk ok ok ok ok ok 8 0
// Purpose:

// MAIN supervises the genetic algorithm.

// Discussion:

// Each generation involves selecting the best

// members , performing crossover & mutation and then

// evaluating the resulting population, until the terminating
// condition is satisfied

//

// This is a simple genetic algorithm implementation where the
// evaluation function takes positive values only and the

// fitness of an individual is the same as the value of the

// objective function.

// Modified:
// 29 December 2007

// Parameters:

// MAXGENS is the maximum number of generations.
//

// NVARS is the number of problem variables.

//

// PMUTATION is the probability of mutation.
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// POPSIZE is the population size.

// PXOVER is the probability of crossover.

/!

int generation;

int ij

readImages () ;

timestamp ( );

float p[3];
p[0]=—0.01923;
p[1]=9.3212;
p[2]=17.2945;
cout<<”this is "<<fun6(p);
cout << "\n”;

cout << ”"SIMPLE_GA:\n”;

cout << ” CH+ version\n”;
cout << "\n”;
cout << ” A simple example of a genetic algorithm.\n”;

cout << "\n”;
cout << ” Generation Best Average Standard \n”;
cout << ” number value fitness deviation \n”;
cout << "\n”;

initialize ( ”"simple_ga_input.txt” );
evaluate ( );
keep_the_best () ;

for ( genmeration = (; generation < MAXGENS; generationt+ )
{

selector ( );

crossover ( );

mutate ( );

report ( generation );

evaluate ( );

elitist ( );

cout << "\n”;
cout << "\n”;
cout << ”"Simulation completed.\n”;

cout << "\n”;
cout << ”"Best member:\n”;
cout << ”"\n”;

for ( i = 0; i < NVARS; it++ )
cout << "var(” << i << 7) =7 << population[POPSIZE].gene[i] << ”"\n”;
cout << "\n”;

cout << 7\n”;
cout << "Best fitness = ” << population|[POPSIZE].fitness << ”\n”;

//

// Terminate.
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//
cout << "\n”;
cout << ”"SIMPLE_GA:\n”;

cout << ” Normal end of execution.\n”;

cout << ”"\n”;
timestamp ( );
system(” PAUSE”) ;
return 0;
}
[ ] 5 o ko ok o o K K KKK oK SR o o o KRR oK R S o KRR SK R R R R R E KKK K SR R KK KKK SR R o K R KK KRR R Rk ok ok k80
void readImages ()
unsigned int i,j,x=1,y=1;
FILE *xf1 ,xf2 ,x£f3;

/xF_M=134;
F_N=175;
R_M=134;
R_N=175;%/

F=(unsigned charxx)malloc (F_Mxsizeof (unsigned charx));
R=(unsigned charxx)malloc(R_Mxsizeof (unsigned charx));

for (i=0;i<F_M;i++){
F[i]=(unsigned chars*)malloc(F_Nxsizeof (unsigned char));

R[i]=(unsigned charx)malloc(R_N*sizeof (unsigned char));

fi=fopen ("myFile3.txt” ,”r”);
f2=fopen ("myFile4.txt” " r”
//£3=fopen (" myPoints.txt”,”a+");

if (£1=—NULL || £2=—NULL ){
printf (" probleml\n”);
return ;
}
i=j=0;
//printf (" problem\n”);
while (! feof (£1)){
fscanf (£1,”%uc” ,&F[i][]j]);
j++;
if (j=F_N){
3=0;
it++;

}

fclose (£f1);

i=j=0;
while (! feof (£2)){
fscanf (£2,”%uc” &R[i][]j]) ;
Jj++
i (j=R_n) {
3=0;
it
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}

fclose (£2);

/*Calculation of Mutual Information using Nearest Neighbour
approximation. It is a crude way to calculate Mutual Information,

prone to give a false image of the similarity of the Images

The variables are:
input :
arg []: the parameters of the transformation operator
output:
Mutual information
res: the joint histogram
Pr[i]: probability of intensity i in Reference image
Pf[i]: probability of intensity i in Floating image
Hf , Hr: marginal entropy of Floating and Reference image respectively
Hrf: joint entropy
cF, cR: centers of Floating and Reference image respectively
TFpoint: transformed coordinates of point in Floating image

*/

float NN_approx(float arg|]){
unsigned int i,j,x=1,y=1,xb,yb;

float a,e,f,Pr[256],Pf[256],Hf=0,Hr=0,Hrf=0;
float res[256][256];
float sum=0;

struct point TFpoint,cR,cF;
a=arg [0];//Rotation in radians

e=arg|[l];//Translation in x axis
f=arg[2];// Translation in y axis

//Initialize joint histogram and probability function
for (1=0;1<256;i++){
for (3=0;3 <256;j++){
res[1][j]=0;

//Find centres of Images
if (R_MY2==1){
cR.y=ceil ((double) (R_M)/2);
}
else{
cR.y=R_M/2;

if (R_NY%2==1){
cR.x=ceil ((double) (R_N)/2);
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}

else{
cR.x=R_N/2;

if (F_MV2==1){
cF.y=ceil ((double) (F_M)/2);

}

else{
cF.y=F_M/2;

}

if (F_N%QZZ,,>{

cF.x=ceil ((double) (F_N)/2);
}
else{

cF.x=F_N/2;

/*Making of the joint histgramsx/
for (1=0;i<F_N;i=i4step){
for (j=0;j<F_M; j=j+step){

/+xTransform the coordinates of the Floating image using the
parameters a,e,f and the centers of the images*/
TFpoint.x=cos (a)*(i+l—cF.x)— sin(a)*(j+l—cF.y)+cR.x—1+e;
TFpoint.y=sin (a)*(i+l—cF.x)+ cos(a)*(j+l—cF.y)+cR.y—1+f;

/*Check only poits of Floating image that when they are transformed in space

they are inside the space of the Reference Imagex/

if (TFpoint.x>=0 && TFpoint.x<R_N && TFpoint.y>=0 && TFpoint.y<R_M){
y=(unsigned int)F[j][i];

/*First case: The transformed coordinates of the Floating image'ss pixel
are integersx/
if (floor (TFpoint.x) =—TFpoint.x && floor (TFpoint.y) =—TFpoint.y){

x=R [(unsigned int)TFpoint.y|[(unsigned int)TFpoint.x];
res [x][y]=res[x][y]+1;
/*Second case: The transformed coordinate x of the Floating image's pixel
is integerx/
else if(floor (TFpoint.x) =—TFpoint.x){
if (floor (TFpoint.y)<0){
x=R [(unsigned int)ceil (TFpoint.y)][(unsigned int)TFpoint.x];

res[x][yl=res [x][y]+1;

}

else if(ceil (TFpoint.y)>=R_M){
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x=R [(unsigned int)floor (TFpoint.y)]|[(unsigned int)TFpoint.x];
res[x][y]=res[x][y]+1;

}

else if (fabs(floor (TFpoint.y)—TFpoint.y)<fabs(ceil (TFpoint.y)—TFpoint.y+
A
x=R [(unsigned int)floor (TFpoint.y)][(unsigned int)TFpoint.x];
res[x][y]=res[x][y]+1;

}

else {
x=R [(unsigned int)ceil (TFpoint.y)][(unsigned int)TFpoint.x];
res[x][y]=res[x][y]+1;

}

/*Third case: The transformed coordinate y of the Floating image's pixel
is integerx/
else if(floor (TFpoint.y) =TFpoint.y){

if (floor (TFpoint.x)<0){

x=R [(unsigned int)TFpoint.y|[(unsigned int)ceil (TFpoint.x) |;
res[x][y]=res[x][y]+1;

}

else if(ceil (TFpoint.x)>=R_N){

x=R[(unsigned int)TFpoint.y]|[(unsigned int)floor (TFpoint.x)];
res[x][y]=res[x][y]+1;

}

else if(fabs(floor (TFpoint.x)—TFpoint.x)<fabs(ceil (TFpoint.x)—TFpoint.x<«>
A
x=R [(unsigned int)TFpoint.y]|[(unsigned int)floor (TFpoint.x)];
res[x][y]=res[x][y]+1;

}

else{

x=R [(unsigned int)TFpoint.y]|[(unsigned int)ceil (TFpoint.x) |;

res[x][y]=res[x][y]+1;

/*Fourth case: The transformed coordinates of the Floating image's pixel
aren't integersx/
else{
if (floor (TFpoint.x)<0){
xb=1;
}

else if(ceil (TFpoint.x)>=R_N){

xb=0
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else if(fabs(floor (TFpoint.x)—TFpoint.x)<fabs(ceil (TFpoint.x)—TFpoint.x+

A
xb=0;
}
else {
xb=1;
}

if (floor (TFpoint.y)<0){

yb=1;

}

else if(ceil (TFpoint.y)>=R_M){
yb=0;

}

else if (fabs(floor (TFpoint.y)—TFpoint.y)<fabs(ceil (TFpoint.y)—TFpoint.y<«>
A
yb=0;

}

else {
yb=1;

}

if (xb==0 && yb==0){
x=R [(unsigned int)floor (TFpoint.y)]|[(unsigned int)floor (TFpoint.x)«

I

res[x][y]=res[x][y]+1;

}
else if (xb==1 && yb==0){
x=R [(unsigned int)floor (TFpoint.y)]|[(unsigned int)ceil (TFpoint.x)|;

res[x][y]=res[x][y]+1;

}

else if (xb==0 && yb==1){
x=R [(unsigned int)ceil (TFpoint.y)][(unsigned int)floor (TFpoint.x)];
res[x][y]=res[x][y]+1;

if (xb==1 && yb==1){

x=R [(unsigned int)ceil (TFpoint.y)][(unsigned int)ceil (TFpoint.x)];

res [x][yl=res [x][y]+1;

if (x<0 || x>255){
printf ("x is %d\n” .x);

return 0;
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if (y<0 || y>255){
printf ("y is %d\n”,y);
return 0;

for (i=0;i<256;i++){
for (j=0;j<256;3j++)
sumt=res [i][]];

/*Normalization of joint histogram so that the sum of its values is equal to 1x/
for (1=0;1<256;i++){
for (j=0;j<256;j++)
res[i][j]=res[i][]]/sum;

/+*Calculation of probabilitiesx/
for (i=0;i<256;i++){
for (j=0;3j<256;j++){
Pf [i]+=res[i][j];
Pr[jl+=res[i][j];

/*Calculation of marginal and joint entropyx/
for (i=0;1<256;i++){
if (Pr[i]>0){
Hr+=Pr[i]xlog(Pr[i]) /log(2.0);
}
if (P£[i]>0)
Hf+=Pf [i]xlog (Pf[i]) /log(2.0);
for (j=0;§ <256;j++){
if (res[1]]3]>0){
Hrfferes[i][j]+log (res[i][3])/log (2.0);

/+*Calculation of mutual informationx/
sum=Hr+Hf —Hrf ;

return —sum;

/*Calculation of Mutual information using bilinear interpolation approximation.
It is more accurate than Nearest Neighbour approximation, but tends ti introduce
in subpixel level new intensities that don't exist in the image. It is less

prone to give a false image of the similarity of the Images
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The variables are:
input:
arg [|]: the parameters of the transformation operator
output:
Mutual information
res: the joint histogram
Pr[i]: probability of intensity i in Reference image
Pf[i]: probability of intensity i in Floating image
Hf , Hr: marginal entropy of Floating and Reference image respectively
Hrf: joint entropy
cF, cR: centers of Floating and Reference image respectively
TFpoint: transformed coordinates of point in Floating image
e
float bilinear_approx(float arg|]){

unsigned int i,j,x=1,y=1;

float a,e,f,Pr[256],Pf[256],Hf=0,Hr=0,Hrf=0,q,r;
float res[256][256];
float sum=0;

struct point TFpoint ,6cR,cF;
FILE *f1 %xf2 x£3;

a=arg[0];//Rotation in radians

e=arg|[l];//Translation on x axis
f=arg[2];// Translation on y axis

/*Initialize joint histogram and probabilitiesx/
for (1=0;1<256;i++){
for (j=0;j<256;j++){
res[i][j]=0;

//Find the center of each image
if (R_MY2==1){

cR.y=ceil ((double) (R_M)/2);
}
else{

cR.y=R_M/2;

if (R_N72==1){
cR.x=ceil ((double) (R_N)/2);

}

else{
cR.x=R_N/2;
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if (F_MV2==1){

cF.y=ceil ((double) (F_M)/2);
}
else{

cF.y=F_M/2;

if (F_N%2==1){

cF.x=ceil ((double) (F_N)/2);
}
else{

cF.x=F_N/2;

/*Setting the values of the joint histogramx/
for (1=0;i<F_N;i=i+step){
for (j=0;j<F_M;j=j+step){

/xTransform the coordinates of the Floating image using the
parameters a,e,f and the centers of the imagesx/
TFpoint.x=cos (a)*(i+l—cF.x)— sin(a)*(j+l—cF.y)+cR.x—1+e;
TFpoint.y=sin (a)*(i+l—cF.x)+ cos(a)*(j+l—cF.y)+cR.y—1+f;

/*Check only poits of Floating image that when they are transformed in space
they are inside the space of the Reference Imagex/
if (TFpoint.x>=0 && TFpoint.x<R_N && TFpoint.y>=0 && TFpoint.y<R_M){
y=(unsigned int)F[j][i];
q=r=0;

/*First case: The transformed coordinates of the Floating image'ss pixel
are integersx/
if (floor (TFpoint.x) =—TFpoint.x && floor (TFpoint.y) =—TFpoint.y){

x=R [(unsigned int)TFpoint.y|[(unsigned int)TFpoint.x];

res[x][y]=res[x][y]+1;

/*Second case: The transformed coordinate x of the Floating image's pixel
is integerx/
else if(floor (TFpoint.x) =TFpoint.x){

if (floor (TFpoint.y)>=0){
g=R[(unsigned int)floor (TFpoint.y)][(unsigned int)TFpoint.x];

if ((unsigned int)ceil (TFpoint.y)<R_M){
r=R[(unsigned int)ceil (TFpoint.y)][(unsigned int)TFpoint.x];
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}

x=roundf (q*(ceil (TFpoint.y)—TFpoint.y)+r*(TFpoint.y—floor (TFpoint.y)) )<+

res[x][y]=res[x][y]+1;

/*Third case: The transformed coordinate y of the Floating image's pixel
is integerx/
else if(floor (TFpoint.y) =TFpoint.y){

if (floor (TFpoint.x)>=0){
g=R[(unsigned int)TFpoint.y|[(unsigned int)floor (TFpoint.x)|;

if ((unsigned int)ceil (TFpoint.x)<R_N){
r=R[(unsigned int)TFpoint.y]|[(unsigned int)ceil (TFpoint.x) |;

x=roundf (q*(ceil (TFpoint.y)—TFpoint.y)+r*(TFpoint.y—floor (TFpoint.y)));
res[x][y]=res[x][y]+1;

/*Fourth case: The transformed coordinates of the Floating image's pixel
aren't integersx/
else{

x=0;

if (floor (TFpoint.y)>=0 && floor (TFpoint.x)>=0){
g=R [(unsigned int)floor (TFpoint.y)|[(unsigned int)floor (TFpoint.x)<+

I

if (floor (TFpoint.y)>=0 && ceil (TFpoint.x)<R_N){
r=R[(unsigned int)floor (TFpoint.y)]|[(unsigned int)ceil (TFpoint.x)|;

}

x+=(ceil (TFpoint.y)—TFpoint.y)*(ceil (TFpoint.x)—TFpoint.x)*q+(ceil (+
TFpoint.y)—TFpoint.y)*(TFpoint.x—floor (TFpoint.x))*r;

q=r=0;

if (floor (TFpoint.x)>0 && ceil (TFpoint.y)<R_M){
g=R [(unsigned int)ceil (TFpoint.y)|[(unsigned int)floor (TFpoint.x)];
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if (ceil (TFpoint.y)<R_M && ceil (TFpoint.x)<R_N){
r=R[(unsigned int)ceil (TFpoint.y)]|[(unsigned int)ceil (TFpoint.x) |;

}

x+=(TFpoint.y—floor (TFpoint.y))*(ceil (TFpoint.x)—TFpoint.x)*q+(TFpoint.+>
y—floor (TFpoint.y))*(TFpoint.x—floor (TFpoint.x))x*r

x=roundf (x) ;

res[x][y]=res[x][y]+1;

if (x<0 || x>255){
printf ("x is %d\n” ,x);
return 0;

if (y<0 || y>255){
printf ("y is %d\n”.,y);
return 0;

for (1=0;1<256;i++){
for (j=0;3<256;j++)
sumt=res [i][j];

/*Normalization of joint histogram so tha the sum of its values is equal to 1x/

for (1=0;1<256;i++){
for (j=0;j<256;3j++)
res[i][j]=res[i][]]/sum;

/+*Calculating marginal probabilitiesx/
for (1=0;1<256;i++){
for (j=0;j<256;j++){
Pf [i]l4+=res[i][j];
Pr[jl+=res[i][]j];

/*Calculcating marginal and joint entropyx*/
for (1=0;1<256;i++){
if (Pr[i]>0){
Hr+=Pr [i]xlog(Pr[i]) /log(2.0);
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if (P£[i]>0)
Hf+=Pf [i]xlog (Pf[i]) /log(2.0);
for (j=0;j<256;j++){
if(res[i][]j]>0){
Hrf+=-res[i][j]xlog(res[i][j])/log(2.0);

//Calculation of mutual information;
sum=Hr+Hf —Hrf ;

return —sum;

/*Calculation of Mutual information using pvi approximation.

Instead of calculating the interpolated intensity in subpixel 1level,
it distributes the contribution of the 4 nearest (8 in 3D) pixels to
them.

The variables are:
input :
arg []: the parameters of the transformation operator
output:
Mutual information
res: the joint histogram
Pr[i]: probability of intensity i in Reference image
Pf[i]: probability of intensity i in Floating image
Hf , Hr: marginal entropy of Floating and Reference image respectively
Hrf: joint entropy
cF, cR: centers of Floating and Reference image respectively
TFpoint: transformed coordinates of point in Floating image
*/
float pvi_approx(float arg]|]) {
unsigned int i,j,x=1,y=1;

float a,e,f,Pr[256],Pf[256],Hf=0,Hr=0,Hrf=0;
float res[256][256];

float sum=0;

struct point TFpoint ,cR,cF;
FILE *xf1 ,xf2 %x£3;

a=arg[0];//Rotation in radians
e=arg|[l];//Translation on x axis

f=arg[2];//Translation on y axis

//Initialization of joint histogram and marginal probabilities
for (i=0;i<256;i++){
for (j=0;j<256;j++){
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res[i][j]=0;

/*Calculating the centre of each imagex/
if (R_MYR2==1){
cR.y=ceil ((double) (R_M)/2);

}

else{
cR.y=R_M/2;

}

if (R_N72==1){
cR.x=ceil ((double) (R_N)/2);

}

else{
cR.x=R_N/2;

}

if (F_M%2==1){
cF.y=ceil ((double) (F_M)/2);

}

else{
cF.y=F_M/2;

}

if (F_N%2==1){
cF.x=ceil ((double) (F_N)/2);

}

else{
cF.x=F_N/2;

}

/*Setting the joint histogramsx/
for (1=0;i<F_N;i=i+step){
for (j=0;j<F_M; j=j+step){

/xTransform the coordinates of the Floating image using the
parameters a,e,f and the centers of the imagesx/
TFpoint.x=cos(a)*(i+l—cF.x)— sin(a)*(j+l—cF.y)+cR.x—1+e;
TFpoint.y=sin (a)*(i+l—cF.x)+ cos(a)*(j+l—cF.y)+cR.y—1+f;

/*Check only poits of Floating image that when they are transformed in space

they are inside the space of the Reference Imagesx/

if (TFpoint.x>=0 && TFpoint.x<R_N && TFpoint.y>=0 && TFpoint.y<R_M){
y=(unsigned int)F[j][i];

/*First case: The transformed coordinates of the Floating image'ss pixel
are integerss/
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if (floor (TFpoint.x) =—TFpoint.x && floor (TFpoint.y) =—TFpoint.y){

x=R [(unsigned int)TFpoint.y|[(unsigned int)TFpoint.x];

res [x][y]=res[x][y]+1;

/*Second case: The transformed coordinate x of the Floating image's pixel
is integerx/
else if(floor (TFpoint.x) =—TFpoint.x){

if (floor (TFpoint .y)>=0){
x=R[(unsigned int)floor (TFpoint.y)]|[(unsigned int)TFpoint.x];

res|[x][y]=res[x][y]+(ceil (TFpoint.y)—TFpoint.y);

if ((unsigned int)ceil (TFpoint.y)<R_M){
x=R [(unsigned int)ceil (TFpoint.y)]|[(unsigned int)TFpoint.x];

res x| [y]=res[x][y]+(TFpoint.y—floor (TFpoint.y));

}

/*Third case: The transformed coordinate y of the Floating image's pixel
is integerx/
else if(floor (TFpoint.y) =TFpoint.y){

if (floor (TFpoint .x)>=0){
x=R [(unsigned int)TFpoint.y]|[(unsigned int)floor (TFpoint.x)];

res[x][y]=res[x][y]+(ceil (TFpoint.x)—TFpoint.x);
if ((unsigned int)ceil (TFpoint.x)<R_N){
x=R [(unsigned int)TFpoint.y]|[(unsigned int)ceil (TFpoint.x) |;

res [x][y]=res[x][y]+(TFpoint.x—floor (TFpoint.x));

/*Fourth case: The transformed coordinates of the Floating image's pixel
aren't integersx/

else{

if (floor (TFpoint.y)>=0 && floor (TFpoint.x)>=0){
x=R [(unsigned int)floor (TFpoint.y)][(unsigned int)floor (TFpoint.x)¢+>

IE

res[x][y]=res[x][y]+(ceil (TFpoint.y)—TFpoint.y)*(ceil (TFpoint.x)—<¢>
TFpoint.x);
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if (floor (TFpoint.y)>=0 && ceil (TFpoint.x)<R_N){

x=R[(unsigned int)floor (TFpoint.y)]|[(unsigned int)ceil (TFpoint.x)|;

res[x][y]=res[x][y]+(ceil (TFpoint.y)—TFpoint

x
TFpoint.x));

if (floor (TFpoint.x)>0 && ceil (TFpoint.y)<R_M){
x=R [(unsigned int)ceil (TFpoint.y)]|[(unsigned

res|[x][y]=res[x][y]+(TFpoint.y—floor (TFpoint
TFpoint.x);
if (ceil (TFpoint.y)<R_M && ceil (TFpoint.x)<R_N){

x=R [(unsigned int)ceil (TFpoint.y)][(unsigned

res[x][y]=res[x][y]+(TFpoint.x—floor (TFpoint
TFpoint.y));

}
}
}
if (x<0 || x>255){
printf ("x is %d\n” ,x);
return O0;
}
if (y<0 || y>255){
printf ("y is %d\n”,y);
return 0;
}

for (1=0;i<256;i++){
for (j=0;3j<256;j++)
sumt=res [i][]];

.y)*(TFpoint .x—floor («

int) floor (TFpoint .x) |;

.y))*(ceil (TFpoint.x)—<¢

int) ceil (TFpoint.x) |;

.x) ) *(TFpoint.y—floor (+

//Normalizing the joint histogram so that the sum of its values is equal to 1

for (i=0;1<256;i++){
for (j=0;j<256;j++)
res[i][j]=res[i][j]/sum;

//Calculating marginal probabilities
for (1=0;1<256;i++){

39




for (3=0;j <256;++){
Pf [i]4+=res[i][]];
Pr[jl+=res[i][]];

/*Calculating marginal and joint entropyx*/
for (1=0;1<256;i++){
if (Pr[i]>0){
Hr+=Pr [i]xlog(Pr[i]) /log(2.0);
}
if (P£[i]>0)
Hf+:+Pf[i]*log(Pf[i])/log(Q.O);
for (3j=0;j<256;j++){
if(res[i][j]>0){
Hrf+=res[i]|[j]*log(res[i][j])/log(2.0);

//Calculation of mutual information
sum=Hr+Hf —Hrf ;

return —sum;

void crossover ( )
[ /] 3 sk sk st ok sk sk sk ook ok sk ok sk sk ok sk sk ok sk ok sk sk sk ok sk o ok sk sk ok R R sk sk ok R s sk ok sk R S ok ok ok o Rk ok sk ok R sk ok ok ok ok sk ok ok K Rk ok sk ok ok sk ok ok ok 8 0
// Purpose:
// CROSSOVER selects two parents for the single point crossover.
// Modified:
// 29 December 2007
// Local parameters:
// Local, int FIRST, is a count of the number of members chosen.
int mem;
int one;
int first = 0;
float x;
for ( mem = 0; mem < POPSIZE; +{mem )
{
x = ( rand ( ) % 1000 ) / 1000.0;
if ( x < PXOVER )

{

++first;
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if ( first % 2 =0 )

{

Xover ( one, mem );

}

else

{

one — memnm,

}

return ;
}
[ K K K K K K K oK K K K KRR KKK KRR R R R R R R R R o K K K K K K K KKK KKK K KRR R KRR Rk ok ok ok ok ok 8 0
void elitist ( )
[ K K K o K K K K K K KK KKK KKK KRR R R K K K o o o o o o oK 5K oK oK oK SR K KKK KK KKK KR KRR R ok ok ok ok ok 8 0
// Purpose:

// ELITIST stores the best member of the previous generation.

// Discussion:

// The best member of the previous generation is stored as
// the last in the array. If the best member of the current
// generation is worse then the best member of the previous
// generation, the latter one would replace the worst member
// of the current population.

// Modified:
// 29 December 2007

// Local parameters:

// Local, float BEST, the best fitness value.
//
// Local, float WORST, the worst fitness value.

int 1i;

float best;
int best_mem;
float worst;

int worst_mem;

best = population [0].fitness;

worst = population[0].fitness;
for ( i = 0; i < POPSIZE — 1; ++i )

if ( population[i].fitness > population[i+1].fitness )

if ( best <= population[i].fitness )

{
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best = population[i].fitness;

best_mem = i;

if ( population[i+1].fitness <= worst )

{
worst = population[i+1].fitness;

worst_mem = i + 1;

else

if ( population[i].fitness <= worst )

{
worst = population[i].fitness;

worst_mem = i;

if ( best <= population[i+1].fitness )

{
best = population[i+1].fitness;
best_mem = i + 1;

//

// If the best individual from the new population is better than
// the best individual from the previous population, then

// copy the best from the new population; else replace the

// worst individual from the current population with the

// best one from the previous generation

if ( best >= population|[POPSIZE].fitness )

{

for ( i = 0; i < NVARS; it++ )

population [POPSIZE]. gene[i] = population|[best_mem].gene[i];

}

population [POPSIZE|. fitness = population|[best_mem|.fitness;

}

else

{
for ( i = 0; i < NVARS; i++ )
population|[worst_mem].gene[i] = population [POPSIZE]. gene[1i];

}

population|[worst_mem].fitness = population[POPSIZE].fitness;

return;

}

void evaluate ( )
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//****************************************************************************80

/1l
/1l

}

Purpose:
EVALUATE implements the user—defined valuation function
Discussion:

Each time this is changed, the code has to be recompiled.
The current function is: x[1]"2—x[1]xx[2]+x[3]

Modified:

29 December 2007

int member;

int i;
float x[NVARS+1];
float p[NVARS];

for ( member = 0; member < POPSIZE; member++ )

{

}

for ( i = 0; i < NVARS; it++ )

x[i+1] =p[i]=population[member].gene[i];
}
//population [member].fitness = ( x[1] = x[1] ) — ( x[1] = x[2] ) + x[3];

population [member|. fitness = fun6(p);

return;

//****************************************************************************80

void initialize ( string file_in_name )

//****************************************************************************80

Purpose:
INITIALIZE initializes the genes within the variables bounds.
Discussion:
It also initializes (to zero) all fitness values for each
member of the population. It reads upper and lower bounds
of each variable from the input file "gadata.txt'. It
randomly generates values between these bounds for each
gene of each genotype in the population. The format of

the input file " gadata.txt' is

varl_lower_bound varl_upper bound

var2_lower_bound var2_upper bound
Modified:

29 December 2007
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ifstream file_in;
int ij;

int j;

float lbound;
float ubound;

file_in.open ( file_in_name.c_str ( ) );

if ( !file_in )
{
cout << "\n”;
cout << ”Initialize — Fatal error!\n”;
cout << ” Cannot open the input file!\n”;
exit (1 );
}
//
// Initialize variables within the bounds
//
for (i = 0; i < NVARS; it++ )
{
file_in >> lbound >> ubound;

for ( j = 0; j < POPSIZE; j++ )

population[j].fitness = 0;

population|[j]|.rfitness = 0;

population[j].cfitness = 0;

population[j].lower[i] = lbound;

population[j].upper[i]= ubound;

population|[j].gene[i] = randval ( population[j].lower[i],

population[j].upper[i] );

file_in.close ( );
return;
}
] R K K K K K K K K oK K K K KKK KKK KRR R R R R R R R R o R K K K K K K KKK KKK KRR R R KRR Rk ok ok ok ok ok 8 0
void keep_the_best ( )
%% K K K o o K K K K K K KKK KKK KRR R R K 3 o o o o o 5K oK o oK oK oK oK KKK KK KKK KR R R R R ok ok ok ok ok k 8 0
// Purpose:
// KEEP_THE_BEST keeps track of the best member of the population.

// Discussion:

// Note that the last entry in the array Population holds a
// copy of the best individual.

// Modified:
// 29 December 2007

// Local parameters:
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/1l

// Local, int CUR_BEST, the index of the best individual.

/!

int cur_best;
int mem;

int ij
cur_best = 0;

for ( mem = 0; mem < POPSIZE; memt+ )

{

if ( population|mem]|.fitness > population|[POPSIZE].fitness )

{

cur_best = mem;
population [POPSIZE|.fitness = population|[mem].fitness;

}
//

// Once the best member in the population is found, copy the genes.
/!

for ( i = 0; i < NVARS; i++ )
population [POPSIZE|.gene[i]| = population|[cur_best]|.gene[i];

return ;
}
[ ] o o ok ok o o o K KRR ok o o o ok o KK KR ok o o o o KK SR R R o o SRR SRR R o o o K KKK R SR S o K K KRR Rk ok ok ko k80
void mutate ( )
[ R R R R K oK K K K K oK oK oK oK K SRR KKK K KRR R R R SR R R o o K K K K K SR SR KKK KKK KKK R R R Rk ok ok ok ok ok 8 0
// Purpose:
// MUTATE performs a random uniform mutation.
// Discussion:

// A variable selected for mutation is replaced by a random value

// between the lower and upper bounds of this variable.
// Modified:

// 29 December 2007

float hbound;
int i;

int j;

float lbound;
float x;

for ( i = 0; i < POPSIZE; it++ )

{

for ( j = 0; j < NVARS; j++ )

{
x = rand ( ) % 1000 / 1000.0;

95




/1l

// Find the bounds on the variable to be mutated

/!

if ( x < PMUTATION )

{

lbound = population[i].lower[j];
hbound = population[i].upper[j];
population[i].gene[j] = randval ( lbound, hbound );
}
}
}
return ;

}

[ ] 3 sk o ko o o o K KKK R o o o o KRR SR o oK SR S R KK oK oK oK SR SR R R K oK K oK SR R R K KK KR S R ok K K KRR R R ok ok ok k8 0
void r8_swap ( float xx, float *y )

[ ] 5 ko ko ko o o KKKk ok o ok o ok KK KR ok ok ok ok ok o KK K ok o ok ok KKK R ok R R KK KRk Rk K KRR Rk ok ok ok % % 80
// Purpose:

// R8_SWAP swaps two R8's.

// Modified:

// 29 December 2007

float temp;
temp = *X;
*X = XY
*y = temp;
return ;
}
[ %% Kk ko o o K oK oK K K KKK KKK KRR R R R R o o o o o o o oK o o o o o KK KK KKK KRR R R R R R ok ok ok ok k 8 0
float randval ( float low, float high )
[ ] 5 o ko o o ok K K KKK R SR o o o KK KR SR R S K R R KR K R R R R K KKK K R SR R R KK KKK SR o o R KK KRR R Rk ok ok k8 0)
// Purpose:
// RANDVAL generates a random value within bounds.

// Modified:

// 29 December 2007

float val;

val = ( ( float ) ( rand() % 1000 ) / 1000.0 )
* ( high — low ) + low;

return ( val );
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[ ko ok ok K Kok o ok o o R K Kk ok ok ok ok o KK Rk ok ok K KRR R R R R KR kR R R R R R kR kR ko % % 80
void report ( int generation )

[ ] 3 5 o Kok o s o R KKK R S o o o KK SRR SR R S K S R KR oK oK R R R R E KKK R SR R K KK KRR S R o R K KRR R R ok ok ok x 8 0
// Purpose:

// REPORT reports progress of the simulation.

// Modified:

// 29 December 2007

// Local parameters:

// Local, float avg, the average population fitness.
//
// Local, best_val, the best population fitness.
//
// Local, float square_sum, square of sum for std calc.
//
// Local, float stddev, standard deviation of population fitness.
//
oca oat sum, the tota opulation fitness.
1L 1, fl , th 1 populati fi
ocal, oat sum_square, sum of squares for s calc.
IL; 1, fl q f sq f td 1

float avg;

float best_val;
int ij

float square_sum;
float stddev;
float sum;

float sum_square;

sum = 0.0;

sum_square = 0.0;
for (i = 0; i < POPSIZE; it+ )

sum = sum + population[i].fitness;

sum_square = sum_square + population[i].fitness * population[i].fitness;

avg = sum / ( float ) POPSIZE;

square_sum = avg * avg *x POPSIZE;

stddev = sqrt ( ( sum_square — square_sum ) / ( POPSIZE — 1 ) );
best_val = population |[POPSIZE].fitness;

cout << 7 7 << setw(8) << generation
<< 7 ” << best_val
<< 77 KL avg
<< 7 7 << stddev << ” ”<< population |[POPSIZE|.gene[0]<<” 7 << population[POPSIZE].<+>

gene[l]<< 7 7’<< population[POPSIZE].gene[2] <<"\n”;

return ;
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[ ko ok ok K Kok o ok o o R K Kk ok ok ok ok o KK Rk ok ok K KRR R R R R KR kR R R R R R kR kR ko % % 80
void selector ( )

[ R R R R K oK oK oK oK oK oK oK oK K R SRR KKK K KRR R R R R SR R o R K K K K K SR SR KKK KKK KKK R R R Rk ok ok ok ok ok 8 0
// Purpose:

// SELECTOR is the selection function.

// Discussion:

// Standard proportional selection for
// maximization problems incorporating elitist model — makes
// sure that the best member survives

// Modified:

// 29 December 2007

int 1i;
int j;
int mem;
float p;
float sum = 0;
//
// Find total fitness of the population
//
for ( mem = 0; mem < POPSIZE; memt+ )
{
sum = sum + population|[mem].fitness;
}
//

// Calculate the relative fitmess.

//

for ( mem = 0; mem < POPSIZE; memt+ )

{

population [mem].rfitness = population|mem].fitness / sum;

}

population [0].cfitness = population[0].rfitness;

//

// Calculate the cumulative fitness.

//

for ( mem = 1; mem < POPSIZE; memt+ )

{

population[mem].cfitness = population|[mem—1].cfitness +
population[mem].rfitness;

}
//

// Select survivors using cumulative fitness.

for (i = 0; i < POPSIZE; it+ )

p = rand() % 1000 / 1000.0;
if (p < population[0].cfitness)

newpopulation[i] = population[0];
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else

{

for ( j = 0; j < POPSIZE; j+i+ )

{

if ( p>= population[j].cfitness && p < population[j+1].cfitness )

{

newpopulation[i] = population[j+1];

}
/!

// Once a new population is created, copy it back

//

for (i = 0; i < POPSIZE; it++ )

{

population[i] = newpopulation[i];

return ;
}
[ K K K K K K K K K K SR KKK KKK KRR KRR K K R o 3 o o 3 5K 5K oK K oK K K KKK KKK KRR R KRR Rk ok ok ok ok ok 8 0
void timestamp ( )
[ ] o o ok ok o o o K KRR R o o o ok o K KR oK o o o o KR SRR o o o SRR KR R o o K KKK R S R K R K KRR Rk ok ok ko k80
// Purpose:
// TIMESTAMP prints the current YMDHMS date as a time stamp.
// Example:

// May 31 2001 09:45:54 AM

// Modified:

// 04 October 2003
//

// Author:

//

// John Burkardt

// Parameters:

// None

# define TIME_SIZE 40
static char time_buffer [TIME_SIZE |;
const struct tm *tm;
size_t 1len;

time_t now;

now = time ( NULL );
tm = localtime ( &mnow );

len = strftime ( time_buffer, TIME_SIZE, "%d %B %Y %L:%M:%S %p”, tm );
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cout << time_buffer << ”"\n”;

return;
# undef TIME_SIZE

}

[ %% K K o o K K oK oK K K KKK KKK KRR R R R 3 o o o o o o o o o o o o S KKK KK KK KRR R R R R R ok ok ok k8 0)
void Xover ( int ome, int two )

[ ] 5 o ko ok o o K K KKK oK SR o o o KRR oK R S o KRR SK R R R R R E KKK K SR R KK KKK SR R o K R KK KRR R Rk ok ok k80
// Purpose:

// X0OVER performs crossover of the two selected parents.

// Modified:

// 29 December 2007

// Local parameters:

// Local, int point, the crossover point.

int 1ij
int point;

//

// Select the crossover point.

//

if (1 < NVARS )

{

if ( NVARS =— 2 )

{

point = 1;

}

else

{
point = ( rand ( ) % ( NVARS — 1 ) ) + 1;

for (1 = 0; i < point; it++ )

r8_swap ( &population|[one].gene[i], &population|[two].gene[i] );
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