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XuOpHUIHU MOJIEN 332 CETMEHTAINjy CHIMaKa TeHepHCaHUX IIPUMEHOM KOMIIj yTepHU30BaHE
ToMorpaduje

111 THETITLE OF DOCTORAL DISSERTATION:

A Hybrid Model for Segmentation of Images Generated by X-Ray Computed Tomography

IV HOPEIIEJ JOKTOPCKE JUCEPTALIUJE:
HasecTu kpartak caaprkaj ca Ha3HaAKOM Opoja CTpaHa, TIOTJIaBJba, CIINKA, IeMa, TpapHuKoHa U CII.

Jokropcka aucepranyja kaanunata Mapuja Lllokma je mperieqHo U jaCHO H3JIOKEHa Y OKBHPY OCaM
HOIJIaBJba!

1. Vsog
KommjyrepuzoBana Tomorpaduja y odnactu 31 aururanuzanuje
AHanu3a MeTojja 3a CerMeHTaIH]y CINKa
XuOpUAHU MOJIEN 32 CETMEHTALIM]y CHUMaKa T'eHepUCaHUX PUMEHOM KOMIIjyTepHU30BaHe
ToMorpaduje
Bepudukanuja xubpuaHor Mojaena
3aksbyulu
Jluteparypa

8. Ipwmno3u
Y yBOJHOM NOTJIABJBY j€ MPEACTaBbEHA 00IACT UCTPAKUBAIba JOKTOPCKE TUCEepTalrje, 00pas3IokKeH je
NpeJMET UCTpakKMBama, Ae(OUHUCAHU CYy Wb U XUIOTE3e UCTPakMBama, a Jar je W Kpahu mpukas
CTPYKTYpe IIOKTOpCKe aucepranmje. Jpyro moriasibe ce 0aBM NMPUHIMIIMMA pajia KOMIIjyTEpHU30BaHe
TOMOTpaduje U MPUMEHOM OBE TeXHOJOruje y obnactu 3/ Aururanusanije 1 KOOPIHHATHOT Mepema.
[pencraBibeH je 3Hayaj mpuMeHe cerMeHTtanje kon odpaxe LT cHEMaka, Ka0 U OCHOBHH HPHHIHMIH
Koju ce Tuay cerMeHrammje. [loceOHa maxma je mocBeheHa pa3nmo3WMa HacTajama apredakaTa o
BHUXO0BO] KIacH(HKALKjH. Y APYroM Jelly OBOT HOINIaBJba je AaT Mperiel] TPEHYTHOT CTama y 00JiacTH
KOMITjyTepHU30BaHE TOMOTpaduje ca acmeKTa pa3Boja M IPUMEHE pa3IMINTHX METola Koje ce OaBe
CErMEHTALM]OM M eKCTpakuujoM uHpopMmanuja ca reHepucanux LIT cHumaka. Takole cy npukasane u
MeTojie Koje ce 0aBe mpe-nporecupameM pesyirata akpusunumje ca LT cuctema, kao U MoAU(DUKAIH]OM
XapJIBEpCKe CTPYKTYpE, a CBE ca LIMJbeM PeAyKIMje HacTaHka myma u apredakara. Tpehe noriasibe je
mocBehieHO MOCTYIKY CerMEHTAIlMje U ’erOBOM 3HAuajy 3a HesIoKynaH mocrynak oopaae LT cuumaka.
[To3Haro je z1a je ekcTpakija cTpyKTypa oj 3Hauaja ca LT cHumaka kapakTepucaHa Kao BeoMa BayKHA
y obnactu unayctpujcke LT merposoruje. M3 Tor pasiora je y OBOM IMOTJIaB/bY CIPOBECHA aHAIM3a
Hajuemhe npuMmemUBaHUX MeToza cermeHTtauuje. [Ipumenom SWOT ananuze npukasaHe Cy HHUXOBE
OCHOBHE NPEIHOCTH W MaHe KOJ NpUMEHe, JIOK Cy Takolje mpelcTaBjbeHe M METOIE Koje ce OaBe
aHanmm3oM oOpaje CIuKe y OOJNACTH HWHAYCTPHjCKE METPOJIOTHje M 00JacTH MEIUIMHE, a Koje CY
NpHMEEHE Y OKBHPY OBE IOKTOPCKE AUCEpTanyje. Y YeTBPTOM MOIJIaBJbY je AeTaJbHO PHKa3aH Pa3Boj
XHOpPHAHOT MoJeJa 3a CEerMeHTalHjy CHHMaka TreHepucaHux npumeHoM LT-a, xao u pasBoj
NPOrpaMCKOr CHCTEMa KOjH je OMOryNHO HpakTHYHY NPHUMEHY Pa3BHjEeHOT XHOPHUAHOI MOAeNa KOX
cermentandje u oopane LT cHumaka. IlornaBiee caapiku IeTajbaH NpHUKa3 IPadUuKOr KOPUCHHYKOT
uHTEepdejca, Ka0 M KOPHUCHWYKHUX IaHeNa Pa3BHjeHOr mporpamckor cucrema HaspaHor [IpoCEI3/I.
Takohe cy mpexacraBibeHe (DYHKIIMjE U METOJE KOjeé C€ KOPHCTE y OKBHPY Pa3BHjEHOT MPOTPAMCKOT
cuctema. [leto mornaBspe oOyxBaTta Bepudukamnujy XxuOpuaHor monaena. Bepudukanuja je cnposeneHa
Ha TPH CTyAHje ciydaja. JIBe cTyauje cirydaja cy u3 o0JIacTi MallMHCKOT HHXKEHEPCTBa, a POKyCHpaHe
Cy Ha CerMeHramujy oOjekaTa KOjU caapke BUINE Pa3IUYMTUX MaTepujana mnpucytHux Ha LT
CHMMIMMa. 32 KOMIapaTUBHY aHAJIN3Y cy KopuihieHn KOMeplHjalHu co(TBEpH, CIICIHjaIn30BaHH 32
obpany wunayctpujckux LT chHumaka. Tpeha cryamja cinydaja je u3 obimacth OHOMEIMIIMHCKOT
WHXEHEPCTBa, Y OKBHPY Koje je XubpuaHu Mojen ymnopeheH ca jour Tpu Meroje (M3abpaHe Ha OCHOBY
aHanu3e oJrosapajyhe Hay4dHe quTEpaType) Koje ce 6aBe cermeHTanujom Meauuuackux LIT cHumaka. Y
IIECTOM MOTJIaBJby Cy JaTH 3aKJbYYIM KOjU Cy W3BEICHHM Ha OCHOBY HCTPaKMBama CIIPOBEICHHUX Yy
OKBHpPY JOKTOpCKE IUCepTalije, ca IOCeOHMM aKIEHTOM Ha Hay4yHe JIONPHHOCE OBE JOKTOPCKE
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JcepTanyje, Kao U Ha OTBapame HOBHX NpaBana HUCTpakuBama. CeIMo IOIJIaB/bE CE CacToju W3
CIHICKa HaydHEe W CTPy4YHE JUTeparype Koja je KopuiheHa y OKBHPY OBE IOKTOpPCKE Amceprarmje. Y
HOCTICIE-EM, OCMOM IIOTJIaBJbY CY AaTH IPUIIO3H.

Hucepranyja je Hanucana Ha 151 crpanu A4 domara, cagpxu 8 nornasiba, 101 cinuky, 29 tabena, 178
LUTHPAHUX JTUTEPATypHHUX U3Bopa U 9 mpuiora.

IV OVERVIEW OF DOCTORAL DISSERTATION:
Specify a short content with an indication of the number of pages, chapters, pictures, charts, etc.

The doctoral dissertation of candidate Mario Sokac is clearly and concisely presented within eight
chapters:

1. Introduction

. Computed tomography in the field of 3D digitization

. Analysis of image segmentation methods

. A hybrid model for segmentation of images generated using computed tomography
. Verification of the hybrid model

. Conclusions

. Literature

. Annexes

The introductory chapter presents the field of doctoral dissertation research, the subject of the research
is explained, the aim and the hypotheses of the research are defined, and a brief overview of the doctoral
dissertation's structure is given at the end of this chapter. The second chapter deals with the principles of
X-ray computed tomography and its application in the fields of 3D digitization and coordinate
measurement. The significance of the application of segmentation in the processing of X-ray CT images
is presented, as well as the basic principles regarding image segmentation. Special attention is paid to
the causes of artefacts occurrence and their classification. The second part of this chapter provides an
overview of the current state of computed tomography from the aspects of the development and
application of various methods that deal with segmentation and extraction of information from X-ray
CT images. Here are also presented methods that deal with the pre-processing of acquisition results
from the CT systems, as well as the analyses of modifications of the hardware structure, with the main
goal of reduction of noise and artefacts. The third chapter is devoted to the segmentation and its
significance for the entire CT scanning procedure. It is well known that the extraction of important
structures from X-ray CT images is characterized as a very important issue in the field of industrial CT
metrology. For this reason, within this chapter analysis of some of the most commonly used methods for
image segmentation were performed. SWOT analysis is used to emphasize advantages and
disadvantages of these segmentation methods, while also describing the methods for image analysis in
the field of industrial metrology and the field of medicine, which were applied within this doctoral
dissertation. The fourth chapter gives the details on the development of a hybrid model for the
segmentation of X-ray CT images. Second part of this chapter presents the developed software solution
which enabled practical application of the developed hybrid model in segmentation and processing of
X-ray CT images. This part provides a detailed overview of the graphical user interface (GUI) of the
developed software which is titled as ProSEG3D. The functions and methods used in the developed
software are also described. The fifth chapter comprises the verification of a hybrid model. The
verification was carried out using three case studies. Two case studies are from the field of mechanical
engineering, focused on the segmentation of objects that contain several different materials present on
CT images. For comparative analysis, commercial software specialized for the processing of industrial
X-ray CT images, were used. The third case study is from the field of biomedical engineering, in which
the hybrid model is compared with three other methods (selected on bases of the scientific literature
analyses) dealing with the segmentation of medical CT images. The sixth chapter provides conclusions
drawn from the research conducted in the framework of the doctoral dissertation, with a special
emphases on the scientific contributions of the doctoral dissertation, as well as the possible future
research directions. The seventh chapter consists of a list of scientific literature used in this doctoral
dissertation. In the eighth chapter annexes of this doctoral dissertation are given.

The dissertation was written on 151 pages of A4 format, containing 8 chapters, 101 images, 29 tables,
178 cited literary sources and 9 annexes.
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V  BPEJHOBAIE NOJEAUMHUX JEJOBA JOKTOPCKE JUCEPTALINJE:

IIpenmer mMcTpakMBamba JOKTOPCKE AMCEpPTALlMje je MPOUCTEKAo W3 aKTyeJHe TEHACHIMje Ja ce
YHaIIpear KBalIuTeT pesynrara 3] aururanusanuje npuMeHoM naayctpujckux LT cucrema, a ycMmepeH
je Ha yHampeheme cermeHTanpje TeHepucanmx LT cHMMaka ca OWUJBEM PEKOHCTPYKIIH]jE
JTUMEH3HOHAIHO TaYHHjUX NOBPIIMHCKIX 3 /] Mozena, ofHOCHO noOujame TaUHHjUX pe3ysTaTta Mepema.
Ja 6u ce Moria CIpoBEeCTH AMMEH3HOHAIHA Mepermha HEeKOT Jiella, HEONXOMHO je MaKJbUBO OJPEIUTH
IpaHUYHE BPEIHOCTH HWHTEH3UTeTa nukcena npucyrtHux Ha 2J1 LT cHummuMa, jep je TO KpUTHYaH
napameTap Of KOjer 3aBHCH Ta4HOCT CETMEHTALHje CIIMKE M MOCJISIMYHO TaYHOCT peKOHCTpyHcaHe 3/
NOBpUIMHE 00jeKTa. Y UIeallHOM CIlly4ajy, Tj. IIpU CKEHHPamky XOMOTCHUX o0jeKaTa KOjH ce cacToje W3
caMo jeJHOr Martepujajia, ca jacHO Je(MHHMCAaHWM rpaHHIama oOjeKTa W y3 NpPEeTHOCTaBKy Ja HeMma
npucyTBa apredaxara Ha renepucanum 2J[ [T cHuMIMa, pekoHcTpyKuMja noBpumHekor 3 /1 Mozxena
j€ pelaTHBHO jeqHOCTaBHA. MelyTHM, y mpakcu Cy TakBU HACANHH CIIy4ajeBU PETKH, jep je IojaBa
apredakara Ha 2J] LIT cHuMumma nocra yecta, OMI0 Kao TOCHenuIa OTBp/AMmaBama CHoma X-3paka,
pacunama 3pauema WM HEJIOBOJBHOr mHpojopa X-3paka Kpo3 obOjekar. OBO ce 4ecTo jaBiba Kao
pesynrar akBusuimje LT cHmMaka kox ofjekaTa KOju ce cacToje Of [Ba IUIM BHIIE MaTepHjaia
pasmuuntux ryctuHa (MMI] ox enrn. wasusa Multi-Material Component). Mako LT TtexHomorujy
KapakTepuuly oapeheHe MpeHOCTH y OHOCY Ha KJIACHYHE KOOPAMHATHE MEPHE TEXHOJIOTH]E, MEPeHE
MMII u nmasmse mpencrtaBiba u3a3zoB 3a LT cucteme, mocebHO y ciydajeBUMa Toe je MOTPeOHO
PEKOHCTpYyHCATH CBE KOMIIOHEHTe m3 Kojux ce MMII cactoju. Pa3Boj 3]1 anropurama 3a oxpehuBame
noBpmHe 32 MMI] jom Hmje nocTHrao 3amoBoJbaBajyhn HHBO. YmoTpeda jeAHHCTBEHE BPEIHOCTH
npara KoJ eprHUCaka MHTCH3UTETa IIMKCeNa M eKcTpakiuje noppmmuHa Ha 6a3u 2/ [T cunmaka Huje
norogHa 3a MMII, 300r yera je 4ecTO HEOMXOAHO MOCT-NPOLIECHPAIE PE3yJTaTa CerMEHTaLuje U
HaKHAJIHA MHTCPBEHI[Mja omeparepa.

Wmajyhu y BuIy nperxonHo, a pecrekTyjyhu MoryiHOCTH Kao U OrpaHnyYeha METO/a 32 CerMEeHTAl]jy
2] LT cuumaka Ha kojuma ce Hamaze MMII, 3a OCHOBHH IMJb HCTPAKABAMA je TIOCTABJHECH Pa3BOj
(yHKIMOHATIHOT XUOPUIHOT MoJiena ca ubeM yHanpehemwa renepucanux 2/1 LT cHumaka Ha kojuma
ce Hamaze MMI[ u bBHXOBE CcerMeHTaldje, IITO he IOCIeAWYHO IONPHHETH PEKOHCTPYKLHjH
JUMEH3UOHATHO TAaYHUjUX MOBPIIMHCKMX 3J] Monena, OIHOCHO TayHHMjUM pe3yjiTaTUMa Meperma
TEOMETPHUjCKHUX BelIWynHa. Lluip je 00yXBaTHO M NMPaKTUYHY NPUMEHY XHOPHAHOT MOJENa Y OKBHPY
onromapajyhux cTyamja ciydaja, 9nMe je OCTBapeHa W HeroBa Bepudukanuja. M3abpane crynmje
ciydaja cy, umajyhm y Buay axryenny npumery LT cucrema, ykibydnie KOHKpETHE IpHMeEpe H3
00J1aCTH MAIIMHCKOT MHXKEHEPCTBA, Ka0 U U3 00J1aCcTH OMOMETUIIMHCKOT HHKEHEPCTBA.

N CKJIagy ca MOCTaBJbEHUM IIUJbEM, I[e(bI/IHI/IcaHe Cy Xumorese:

IIpBa xunore3a — 51a je Moryhe pa3BuTH XMOpPHUIHN MOJIEIN, 3aCHOBaH Ha KOMOMHOBamy Meroza (da3u 1]
KJIacTepH3allije U pacta peruoHa, koju he omoryhuru modosbiiany cermeHraiujy reaepucanux 2J1 1T
CHMMaKa — je TOTBpjeHa Kpo3 pa3Boj XMOPHIHOT MOZEJa U HEroBy MNPaKTHYHY MPUMEHY IPEKO
paszBujeHor nporpamckor cuctema [IpoCEI'3]] y okBupy onroBapajyhux cryauja ciaydaja. [Ipumena
IpoCEI'3/] mporpaMcKor cucTeMa je MmoTBpAmia a je Moryhe u3BpmuTH moOoJbIIaHy CeTMEHTALN]Y H
reHepucame TauHujer 3J[ Mozmena ImTO je W BEPU(PUKOBAHO KpO3 JAETaJbHE EKCHEPHMEHTAIHE
JMMEH3HOHAJIHE, 3aIIPEMUHCKE U TEOMETPHjCKe aHAIH3E.

Jpyra xumore3a — ja je Moryhe pa3BUTH NpPUCTYI 32 Ae(UHHUCAmE [EHTPAa CETMEHTHPAHUX PErnoHa
HETpaBHIIHE TeOMETpPHje, 3aCHOBAaH Ha CTAHOAPIHO] JCBHjallMjd MHTCH3UTETa IUKCela — je moTBplheHa
KpO3 pa3B0j MHOBATUBHOT MpHCTyNa Koju oMoryhasa tauno jedunucame XY KOOpAMHATA MHUIIN]ATHOT
ceMeHa Koje ce Hajla3u yHyTtap »esbeHor peruona Ha 2J[ L[T cHuMumMa, a KOju je HEOnxoJaH 3a
MPUMEHY METOJIE pacTa pernoHa M aJIeKBaTHY CErMEHTalrjy. Bepudukaiuja pa3BujeHor MpucTyna je
CIpOBe/IeHa HA TPH CTyHje CIy4aja, IPH YeMy je Y CBE TPHU CTY[Hje IIOCTUTHYT MaKCHMaJIaH YIMHAK O]
100%, ogHocHO XY KOOpAWHATE Tadaka ce Hajla3e yHyTap PeTHOHA OJ MHTEpeca 3a CBe aHAIM3UpaHe
2J1 T canmMKke.

Tpeha xumnore3a — no6ospmana cermenranyja L{T cHuMaka npuMeHOM pa3BHjeHOT XUOPHIHOT MOJIEa
he omoryhutn renepucame 3JI Moxena yHampelleHe TayHOCTM — je TOTBpheHa JeTabHUM
TeOMETPHjCKMM aHaJIn3amMa T'eHepHCaHuX MOBPIIMHCKUX 3/l Mojena y OKBHPY TpH CTyaHje Cilydaja.
Mogenu cy noOujeHn ca 3HA4ajHO PEAYKOBAaHHMM/YKJIOHEHHM IIYMOM, HIITO je 3a pe3ysiTaT MMallo
pexoHcrpyncane 3J] mozene objexara Behe taunHoctu. [Ipumena I[TpoCEI'3]] nmporpamckor cucrema je
nokaszasia OoJjbe pesynrare Of KoMmepuujanHux codrBepa kox cermeHranuje MMIL y nBe crynuje




cilyyaja M3 oOJlacTd MammHcke uHayctpuje. OBO je MoTBphEeHO NMPUMEHOM CaBpEMEHHMX METoja y
OKBHpY MOJyla 3a aHauu3y CIHKe, Kao MW OAroBapajyhMM AMMEH3HOHAIHHM MepemHMa.
OproBapajyhuM aHanmm3ama mnpuMemeHHM y Tpehoj cTymmjum ciydaja je TOTBpheHO Oa IpHMeHa
IIpoCEI'3]/] mporpamckor cuctema, y nopehemy ca IpyruM Meronama u3abpaHUM Ha OCHOBY aHAJIH3E
JUTEpaType, naje TauHuje pe3yirare u 'y obmactu cermenTanuje Mmeaumackux 2J] LT cammaxka.

Oxrosapajyhu 3aKk/by4ly pealn30BaHUX HCTPAXKHUBaKkA Cy M3BEICHH Yy IIECTOM IIOIVIABJBY TOKTOPCKE
muceptanyje. Hakon kpaher ocBpra Ha peanmsanyjy Iijba W TOTBpEHE XUMOTE3E HCTPAKUBAA,
NOoCeOHO Cy KOMEHTAPHCAHU TONPHHOCH PEATH30BAHUX HCTPAXKHMBaHba, KA0 U MOTyNH MpaBLH HajbHX
HCTpaXKMBaba KOjU CY OTBOPCHH PEATH3aIijOM OBE TOKTOPCKE qucepTaluje. Pesyntatu ucrpaxupama,
y ONILUTEM CMHCILY, NPEICTaBIbajy TOMPUHOC KOJ yHanpehema AMMEH3NOHAIHE TAYHOCTH TeHEPUCAHNX
noBpinrHCKUX 3/ Mozena, kao u aHanuse pesynrara cermeHtauuje 2JI LT cHumaka Ha KojuMma ce
Hanaze MMLI. Kana je peu o moryhum mpaBumma Oyayhux ucTpaxkumBama, IIOCTOjU BHIIE ITpaBalia
HCTpaXKBaba KOjU Ce 0TBapajy pasBojeM HOBOT XUOpUAHOT Mojerna uarerpucanor y suny [IpoCEI'3]]
nporpamckor cucrema. Ilpe cBera, Tpeba IIOMEHYTH JdaJbl pPa3BOj HPOrPaMCKOI CHCTEMa Kpo3
WHTETpayjy HOBUX MeTona 3a cermeHTandjy 2/1 LT cHmMaka ca muijpeM HETrOBOT yHampehema u
noBehama mMoryhHocti npumene. [lopex Tora, TecTupame W BepU(HKanHja pa3BHjeHOT XHOPHUIHOT
MoJieNia Ha pesynTaTiMa akBusunyje ca apyrux LT cucrema je takohe y3era y 063up. I[lomro je MepHa
HECHT'YPHOCT YECTO HETO3HaTa yCIie[ BEIHKOT Opoja CIOXKEeHUX (akTopa yrhmaja (Koju MOTy OUTH y
Besu ca kanuOpamujom LT cucrema, moneniaBambeM napamerapa akBH3UIIHMje, YTHIAjeM olieparepa UTi. )
oynyha uctpaxuBama he ce Takohe dokycupatu u Ha oBy obnact. Konauno, xao jeman ox Oymyhux
nmpaBaia ce Takohe Hamehe W MOTEHIMjaHA WHTErpallfja Pa3BHjEHOT XHOPHIHOT MOJela y Jpyre
KOMepI[ijamHe copTBepe.

Kopunihena Jimreparypa oOyxBaTwia je BEJIMKHM Opoj HayyHMX M CTPYYHHMX NyOJHMKaluja Koje cy
HaBeleHe y ceAMOM mnornarby. Hajeehu Opoj murupanux myOnukaiuja je HOBUjer maTyma u3
mehyHapogaux HayyHux yacomuca ca SCI mucre. Takolje cy KOHCY/NTOBaHH M akTyelIHH Mel)yHapoaHn
NCO cramnapau u cmeprutie y oksupy BJAW/B/IE crannapna.

V_  EVALUATION OF SOME PARTS OF DOCTORAL DISSERATION:

The research subject of the doctoral dissertation was derived from the current tendency to improve the
quality of 3D digitization results using industrial computed tomography systems and is aimed at
improving the segmentation of generated 2D CT images with the purpose of reconstructing
dimensionally more accurate surface 3D models and obtaining more accurate measurement results. In
order to carry out dimensional measurements of a certain part, it is necessary to carefully determine the
threshold values of the pixel intensities from 2D CT images, as this is a critical parameter on which the
accuracy of image segmentation depends on, and consequently the accuracy of the reconstructed surface
3D model of the object. Ideally, i.e. when scanning homogeneous objects consisting of only one
material with clearly defined boundaries of the object, and assuming that there is no presence of
artefacts on generated 2D CT images, the reconstruction of the surface 3D model is relatively simple.
However, in practice such ideal cases are rare because the appearance of artefacts on 2D CT images is
quite common, whether as a result of beam hardening, radiation scattering, or the insufficient X-ray
penetration depth through the object. This often occurs as a result of the acquisition of 2D CT images in
objects consisting of two or more materials of different densities (commonly used term is Multi-
Material Component - MMC). Although CT technology has certain advantages over tactile coordinate
measurement systems, MMC measurement continues to be a challenge for modern X-ray CT systems,
especially in cases where it is necessary to reconstruct all the components from which the MMC is
composed. The development of 3D algorithms for accurate surface determination of MMC has not yet
reached a satisfactory level. The use of a unique threshold value in defining the pixel intensity and
surface extraction based on 2D CT images is not suitable for the MMC, which is why there is often need
for post-processing of segmentation results and subsequent intervention by the operator.

Bearing in mind the above, while respecting the possibilities and limitations of methods for
segmentation of 2D CT images on which MMCs are located, the main goal of the research was the
development of a functional hybrid model aimed at improving the acquired 2D CT images on which
MMCs are present and their segmentation, which will consequently contribute to the reconstruction of
dimensionally more accurate surface 3D models, and more accurate results of dimensional
measurements. The aim also included the practical application of the hybrid model within the
appropriate case studies, thus achieving its verification. Selected case studies, having in mind the




current application of the CT system, included specific examples from the field of mechanical
engineering as well as from the field of biomedical engineering.

In line with the defined goal, hypotheses are defined:

First hypothesis - that it is possible to develop a hybrid model, based on the combination of fuzzy C-
means clustering and region growing method that will enable improved segmentation of acquired X-ray
CT images - is confirmed through the development of the hybrid model and its practical application
through the developed ProSEG3D software within selected case studies. The application of the
ProSEG3D software has confirmed that it is possible to improve segmentation and reconstruct a more
accurate surface 3D model, which is also verified through detailed experimental, dimensional,
volumetric and geometrical analysis.

Second hypothesis - that it is possible to develop an approach for defining the centre of segmented
regions of irregular geometry, based on standard deviation of pixel intensity - is confirmed through the
development of an innovative approach that allows the accurate extraction of the XY coordinates of the
initial seed located within the desired region on 2D CT images, and which is necessary for the
application of the region growing method and adequate segmentation. Verification of the developed
approach was carried out for all three case studies, with all the studies achieving a maximum effect of
100%, that is, XY coordinates of the initial seed are located within the region of interest for all analyzed
2D CT images.

The third hypothesis - improved CT segmentation using a developed hybrid model will enable the
reconstruction of 3D models of improved accuracy - is confirmed by the detailed geometric analysis of
generated surface 3D models in three case studies. The 3D models were obtained with significantly
reduced/removed artefacts and noise, resulting in reconstructed 3D models of objects of higher
accuracy. The application of the ProSEG3D software showed better results than commercial software in
the MMCs segmentation in two case studies in the field of mechanical engineering. This is confirmed
by the use of modern methods in the image analysis module, as well as by appropriate dimensional
measurements. The corresponding analyzes applied in the third case study confirmed that the
application of the ProSEG3D software, compared with other methods (selected on bases of the literature
analyses), gives more accurate results in the field of segmentation of medical 2D CT images.
Appropriate conclusions of the realized research were carried out in the sixth chapter of the doctoral
dissertation. After a brief review of the achievement of the research goal and the confirmed hypothesis
of the research, scientific contributions made by the presented research were elaborated, while the
possible directions of further research opened by the realization of this doctoral dissertation were noted.
The results of the research, in general, contribute to the improvement of the dimensional accuracy of the
reconstructed surface 3D models, as well as the analysis of the segmentation results of the 2D CT
images on which the MMC is present. When it comes to possible directions for future research, there are
several research directions that are opened by the development of a new hybrid model integrated into
the form of ProSEG3D software. First of all, further development of the software through the
integration of new methods for segmentation of X-ray CT images in order to improve and increase the
possibilities of its application was mentioned. In addition, testing and verification of a developed hybrid
model on the acquisition results from other CT systems is also taken into account. Since measurement
uncertainty is often unknown due to a large number of complex factors (which may be related to
calibration of the CT system, acquisition parameters, operator influence, etc.), future research will also
focus on this area as well. Finally, as one of the future directions, the potential integration of the
developed hybrid model into other commercial software is also being imposed.

The literature used included a large number of scientific publications that are listed in Chapter 7. The
largest number of scientific publications are from a recent date and from international scientific journals
from the SCI list. Also, the current international 1SO standards and VDI/VDE guidelines have been
consulted.




VI CIIMCAK HAYYHUX U CTPYYHHUX PAJTIOBA KOJU CY OBJAB/BEHU UJIN
INPUXBAREHMU 3A OBJAB/BUBAIBE HA OCHOBY PE3YJITATA HCTPAKHNBAIbA
Y OKBUPY PAJA HA TOKTOPCKOJ JUCEPTALINJU

TakcaTHBHO HaBeCTH HA3WBE PajJiOBa, IIc W Kajda cy oOjaBibeHH. [IpBO HaBecTH HajMame jellaH paj
o0jaBseeH i npuxBaheH 3a o0jaBspuBamke y gacomucy ca [SI miucte oAHOCHO ca JrcTe MUHICTapCTBa
HAJUIOKHOT 3a HayKy Kaja Ccy y IHTamlby APYLIITBEHO-XYMaHHCTHYKE HayKe MM PagoBe KOjU MOTY
3aMeHUTH 0Baj ycioB Ao 01.jamyapa 2012. rogure. Y cirydajy pagoBa npuxBalieHHX 3a 00jaBJbHBambE,
TaKCATUBHO HaBECTH Ha3MBE PajioBa, TAe M Kaaa hie OUTH 00jaBJbeHN M IPUIIOKHUTH MOTBPIY O TOME.

VI. LIST OF SCIENTIFIC PAPERS PUBLISHED OR ACCEPTED FOR PUBLICATION
BASED ON RESEARCH RESULTS WITHIN THE WORK ON DOCTORAL
DISSERTATION

List all related publications, where and when were they published. First, state at least one article
published or accepted for publication in the journal from the ISI list, or from the list of the ministry
responsible for science when it comes to socio-humanistic sciences or works that can replace this
requirement by January 1, 2012. In the case of papers accepted for publication, specify the names of the
works, where and when they will be published, and provide a confirmation of their acceptance.

[1] Budak I., Mirkovi¢ S., Sokac M., Santosi Z., Puskar T., Vukeli¢ B.: An approach to modelling of
personalized bone grafts based on advanced technologies, International Journal of Simulation
Modelling, 2016, Vol. 15, No 4, pp. 637-648, ISSN 1726-4529 — M21

[2] Budak I., Kiralj A., Sokac M., Santosi Z., Eggbeer D., Peel S.: Computer-aided methods for
single-stage fibrous dysplasia excision and reconstruction in the zygomatico- orbital complex,
Rapid Prototyping Journal,2019, ISSN 1355-2546 — M21

[3] Mirkovi¢ S., Budak I., Pugkar T., Tadi¢ A., Sokac M., Santo$i Z., Purdevi¢ Mirkovié T.:
Application of modern Computer-Aided Technologies in the production of individual bone graft:
A case report, Vojnosanitetski pregled, 2015, Vol. 72, No 12, pp. 1126-1131, ISSN 0042-8450 —
M23

[4] Budak I., Mirkovi¢ S., Sokac M., Puskar T.: Application of advanced engineering systems in
design and fabrication of custom-made bone grafts, 1. International Scientific Conference on
Dentistry, Novi Sad: Stylos doo Novi Sad, 17-19 Maj, 2016, pp. 60-65, ISBN 978-86-7473-59 —
M31

[5] Sokac M., Santosi Z., Puskar T., Mirkovi¢ S., Sokovi¢ M., Budak I.: Application of Different
Segmentation Approaches on CB-CT Images for the Reconstruction of 3D Model of Mandible,
6. International Scientific and Expert Conference (TEAM), Keckemet: Kecskemét College,
Faculty of Mechanical Engineering and Automation, 10-11 Novembar, 2014, pp. 405-409, ISBN
978-615-5192-22-7 — M33

[6] Sokac M., Margan V., Car Z., Budak I.: Comparative analysis and evaluation of measurement
capabilities of contact and non-contact devices, 555. International Conference on Innovative
Technologies — In-Tech 2016, Prag: Faculty of Engineering, University of Rijeka, 6-8
Septembar, 2016, pp. 263-266, ISBN 1849- 0662 — M33

[7] Sokac M., Santo§i Z., Budak 1., Vukeli¢ D., Puskar T.: Improvement and development of
modern diagnostic method in dentistry using advanced 3D digitizing systems, 8. PSU-UNS
International Conference on Engineering and Technology - ICET, Novi Sad: University of Novi
Sad, Faculty of Technical Sciences, 8-10 Jun, 2017, pp. 1-4, ISBN 978-86-7892-933-5 — M33

[8] Sokac M., Santosi Z., Budak L., Car Z., Vukeli¢ D.: Combination of contact and optical 3D
digitizing methods for their application in reverse engineering, 8. International Conference on
Innovative Technologies INTECH, Ljubljana: Faculty of Mechanical Engineering, 11-13
Septembar, 2017, pp. 65-68, ISBN 0184-9069 — M33

[9] Kati¢ M., Sokac M., Budak I.: Application of computed tomography on multi-material objects,
17. International Conference on Materials: corrosion, heat treatment, materials testing and
tribology - MTECH, Zadar: Hrvatsko drus§tvo za materijale i tribologiju, 4-7 Oktobar, 2017, pp.
217-222, ISBN 2584-4334 — M33

[10]Sokac M., Budak I., Santosi Z., Kadvany K., Puskar T., Vukeli¢ P.: Emergence of new
technologies in the designing and fabrication of patient-specific removable partial dentures




(RPDs): A case study, 8. International Conference on Information Society and Technology —
ICIST, Kopaonik: Society for Information Systems and Computer Networks, 11-14 Mart, 2018,
pp. 94-99, ISBN 978-86-8552-516-2 — M33

[11] Sokac M., Miljanovi¢ D., Santosi Z., Vukeli¢ P., Budak I.: Application of 3D Technologies for
Design and Fabrication of Mandibular Implant: A Case Study, 8. Young Biomedical Engineers
and Researchers Conference - YBERC, Kosice: Faculty of Mechanical Engineering, 3-5
Oktobar, 2018, pp. 185-189, ISBN 978-80-8086-271-8 — M33

[12] Sokac M., Budak I., Mirkovié¢ S., Santosi Z., Movrin D., Puskar T.: The role of advanced 3D
technologies and additive manufacturing in designing and manufacturing of customized bone
grafts, Journal for Technology of Plasticity, 2017, Vol. 42, No 2, pp. 33-45, ISSN 0354-3870,
UDK: 621.7 - M51

[13]Sokac M., Budak L., Ralevi¢ N., Sokovi¢ M., Santodi Z.: Accuracy analysis of clustering
algorithms for segmentation of industrial CT images, Journal of Production Engineering, 2015,
Vol. 18, No 1, pp. 65-68, ISSN 1821-4932, UDK: 621 — M52

[14]Sokac M., Budak 1., Miljanovi¢ D., Santo§i Z., Vukeli¢ B.: Computer-aided modeling and
additive manufacturing fabrication of patient-specific mandibular implant, Clinician and
Technology, 2018, Vol. 48, No 4, pp. 113-117, ISSN 0301-5491 — M53

[15] Sokac M., Budak I., Ralevi¢ N., Spasi¢ A., Santosi Z., Vuéaj-Cirilovic’ V., Til V.: Primena
metode Klasterizacije C-srednjih vrednosti kod segmentacije medicinskih snimaka, 9.
International Scientific Conference "Metrology and Quality in Production Engineering and
Environmental Protection" - ETIKUM, Novi Sad: Fakultet tehni¢kih nauka, 19-20 Jun, 2015, pp.
33-36, ISBN 978-86-7892-713-3 — M63

[16] Sokac M., Budak I., Santogi Z., Spasi¢ A., Jakovljevi¢ Z.: Uloga statistickih evaluatora i njihova
primena kod analize ta¢nosti segmentiranih medicinskih snimaka , 11. International Scientific
Conference ETIKUM, Novi Sad: University of Novi Sad, Faculty of Technical Sciences, 6-8
Decembar, 2017, pp. 153-156, ISBN 978-86-6022-00-68 — M63

[17]Sokac M., Budak 1., Jakovljevié Z., Santosi Z., Vukeli¢ D.: Pregled stanja i analiza najéeiée
primenjivanih metoda za segmentaciju slike, 12. International Scientific Conference ETIKUM,
Novi Sad: Fakultet tehnikih nauka, 6-8 Decembar, 2018, pp. 81-84, ISBN 978-86-6022-123-2 —
Mé63

[18] Sokac M., Budak I., Mirkovi¢ S., Puskar T., Santo§i Z.: Metod za modelovanje kastomizovanih
kostanih graftova u stomatologiji, Tehni¢ko resenje, Korisnik: Wisil M, Novi Beograd, i Klinika
za stomatologiju Vojvodine, Novi Sad, Srbija, 2015 — M85

VII  3AK/bYYIIM OJHOCHO PE3YJITATH NHCTPAKHUBAIbBA

Pesynratu ucTpaxuBama MPEACTaBBEEHHU Cy KpO3 MPOBEpY IMOCTaBibeHE TpH xumoTese. Ilomazehu of
NpBe XUIOTE3€, Pa3BUjEH j€ HHOBATUBHM XHOPUIHU MOJEN KOjU je 3aCHOBaH Ha KOMOMHOBabYy METO/a
(asu 11 kmacrepusanyje ¥ METOJa pacTa PeruoHa, ca IU/bEM MMOOO0JbIIAHE CETMEHTAIN]¢ TeHEPUCAHIX
2]1 UT cuumaka. Pesynrar ucrpaxuBama y Be3M ca JPYroM XHUIIOTE€30M j€ Pa3BHUjeHH HWHOBATHBHU
NpUCTYTl 32 AedUHHCAE IIEHTpa CErMEHTHUPAHWX pETrHOHa HEINpaBHIHE TI'€OMETpHje, 3aCHOBaH Ha
CTaH/ApJHO] JAEBHjallMju WHTEH3WTETa IHKcena. Y OKBHPY IpoBepe Tpehe Xumorese pa3BHjeHH
XUOPUIHU MOJIEN, MHTETPHCAaH y arumukaTuBHA nporpamcku cucteM [IpoCEI3]], je kpo3 Tpm
eKCIIepUMEHTAIIHE CTYAMje Cilydaja, HOTBPANO OueKuBaHy rnodoseimany cermenranyjy 21 LT canmaka,
OJTHOCHO TeHepHcame INoBpIIMHCKHX 31 Moxmena yHampeleHe TauHOCTH. Y OCTBapeHe pe3ynraTe
HCTpaXXuBama, Tpeba HaBecTH M 0OMMHY aHAMM3y MeToja 3a cermeHTanujy [T cHuMaka 3acHOBaHy Ha
BEJIMKOM Opojy oxroBapajyhux HayqHHX JTUTEPaTypHUX U3BOPA.

Ha ocHOBY ocTBapeHHX pe3yiraTa HMCTpaKHUBama, MOXKE C€ 3aKJbYUHTH Jia Cy IOJa3HE NPETIIOCTAaBKe
HCTpakMBama MOTBpleHe, Kao U /a je MOCTAaBJbEeHH IIHJb MCTPAXHBAKHa OBE JOKTOPCKE TUCEPTaLHje Y
MOTIYHOCTH HUCIYECH: MHosamugHu XuOpuoHu mooen, y OK8Upy Kojez je uHmezpucar UHOBAMUSHU
npucmyn 3a mayno OeuHucarve XY KOOpOUHAMA UHUYUJATHOS CEMEHA 3d Ce2MeHMAYUjy Memooom
pacma pezuona, omozyhasa nocmusaree nobomwane ceemenmayuje 2/] I{T cnumaxa u KOHCEK8EHMHO
nocmu3saree eelie maunocmu pekoncmpyucanux 3/ mooena.




VIl CONCLUSIONS RELATED TO THE RESEARCH RESULTS

The research results are presented through the verification of the three hypotheses. Starting from the
first hypothesis, an innovative hybrid model has been developed, which is based on the combination of
fuzzy C-means clustering and region growing methods, with the aim of improving the segmentation of
generated 2D CT images. The research result related to the second hypothesis is a developed innovative
approach for defining the center of segmented regions of irregular geometry, based on the standard
deviation of the pixel intensity. In the framework of the third hypothesis the developed hybrid model,
integrated into the software ProSEG3D, through application within three experimental case studies
confirmed the expected improved segmentation of 2D CT images and the reconstruction of surface 3D
models of improved accuracy. The achieved research results also include comprehensive analysis of the
methods for segmentation of CT images based on a large number of appropriate scientific literary
sources.

Based on the research results, it can be concluded that the initial assumptions of the research have been
confirmed and that the goal of the research of this doctoral dissertation is completely fulfilled: An
innovative hybrid model, within which is integrated an innovative approach for accurate extraction of
XY coordinates of the initial seed for segmentation by region growing method, enables improved
segmentation of 2D CT images and consequently achieving higher accuracy of reconstructed 3D
models.

vViIII OHEHA HAYUHA ITPUKA3A U TYMAYEIHA PE3YJITATA HCTPAXKUBAIBA
ExCIIMIMTHO HABECTH MO3UTUBHY WM HETATUBHY OLICHY HAa4MHA MPHUKA3a U TyMadema pe3yaTara
UCTPaKHMBaMha.

Pesynrati nctpaxxuBarma, OCTBAPEHH Y OKBUPY OBE IOKTOPCKE AMCEPTaLHje, IPUKa3aHy Cy U TYMaueHH
Ha jacaH M CHCTEMaTH4aH HA4uH, y CKJIQJy ca KapaKTepoM NpodiieMa HCTPaXKHWBamkba M OIIIITE
npuxBahieHOM IpakcoM y 00JacTH UCTpakMBaHe MpoOieMaTHKe, INTO je W MOTBpheHO muraTHMa u3
KpPEeOUOWIHUX M aKTYeJHHX JINTEPAaTypHUX H3BOpa. Pesynratu ucTpakuBama MOTBPYYyjy MOCTaBIbEHE
XHITOTE3E, IITO je KPO3 AUCKYCHU]y Pe3yiITaTa IeTaJbHO U 00pa3IoKeHO.

Pan je mpoBepeH y codTBepy 3a nerekuyjy miarujapusma iThenticate, y bubnuorenn ®TH-a.

VIII  ASSESSMENT OF PRESENTATION AND INTERPRETATION OF THE
RESEARCH RESULTS

Explicitly indicate a positive or negative assessment of how research results are presented and

interpreted.

The research results, obtained within this doctoral dissertation, have been presented and interpreted in a
clear and systematic manner, in accordance with the nature of the research problem and the generally
accepted practice in the investigated fields, which is confirmed by citations from credible and current
literary sources. The research results confirm the defined hypotheses, which have been explained in
detail through the discussion of the results.

The work was checked in the iThenticate plagiarism detection software, at the FTN Library.

IX KOHAYHA OLEHA JOKTOPCKE JUCEPTAIIMJE:

EKCHJ’II/IHI/ITHO HaBECTH Ja JIN z[HcepTauI/Ija jeCTe 201051 HI/IjG HallMCaHa y CKJIady Ca HaBECACHUM
06pa3J’IO>K€H>€M, Kao U J1a JIM OHa CaApKHU UJIN HE CaAPKU CBC OUTHE eJIEMEHTE. I[aTI/IjaCHe, MMpeHu3He U
KOHIIU3HE OJATOBOPE HA 3. u 4. nutame:

1. [a nu je nucepranyja HamcaHa y CKJIaay ca 00pasiioxKemeM HaBeeH!M y IIpHjaBU TeMe?

Jucepranyja je HanMcaHa y cKilaqy ca 00pa3yiosKeheM HaBEJICHUM Y IIPHjaBH TEME.




IX FINAL ASSESSMENT OF THE DOCTORAL DISSERTATION:

Explicitly indicate whether the dissertation is or is not written in accordance with the above explanation,
and whether it contains or does not contain all the essential elements. Provide clear, precise and concise
answers to questions 3 and 4:

1. Has the dissertation been written in accordance with the explanation stated in the thesis topic's
application?

The dissertation is written in accordance with the explanation stated within the topic's application.

2. Ja nu mucepranuja caapku cBe OUTHE eleMeHTe?

Jucepranuja canpu cBe OMTHE elleMEHTE KapaKTepHCTHYHE 3a JOKTOPCKY IUcepTaluje y o0aacTu
TEXHUYKO TEXHOJIOIIKMX Hayka. JlepuHucaHM Ccy IpeaMeT W IiJb UCTPaKMBamba M IIOCTAaBJbEHE CY
XHIIOTE3€ UCTPAXKHMBama, KOje Cy MpoBepeHe M NoTBpleHe Ha oArosapajyhu U cucreMaTuyaH Ha4yuH, y
CKJIQJy Ca METOJOM Hay4HOr pana. JloOWjeHW pe3ynTaTH Cy afeKBaTHO IPEICTaBJbEHU U JETaJbHO
JMICKYTOBaHH, a Ha Kpajy cy W3BeIeHH oaroBapajyhm saxspyuru. Kpenubnina u akTyenHa Juteparypa
je Ha oarosapajyhn Ha4WH HaBEICHA M IUTUPAHA y TEKCTY AUCEpTAILHje.

2. Does the dissertation contain all the essential elements?

The dissertation contains all the essential elements that are characteristic for doctoral dissertations in the
field of technical - technological sciences. The object and purpose of the research are defined, and
research hypotheses have been established, which have been verified and confirmed in an appropriate
and systematic manner, in accordance with the method of scientific work. The results obtained were
adequately presented and discussed in detail, and in the end, appropriate conclusions were drawn.
Credible and current literature is appropriately listed and cited in the text of the dissertation.

3. ITo yemy je aAucepraliyja OpUrHHAIAH JOPUHOC HAYITH?

JlokTopcka aucepTanyja, y OIIITEM CMHCIY, IpecTaB/ba JONPUHOC Y 00JacTH yHanpehema TayHOCTH
cermenTanyje reHepucannx 2/ LT canmaka, ogHOCHO yHanpelhema TauHocTr 3/] MoJena reHeprcaHmx
Ha 0a3u no6ospmranux LT cHumaka. [ToMeHyTH TOIPHHOCH Cy peali30BaHH KPO3 pa3BOj OPUTHHAITHOT
XHOPUTHOT MOJieNa 3aCHOBAaHOTI Ha KoMOmHamuju merona ¢asu Ll kmacrepusanmje u pacra pernoHa.
WHoBatnBHE Mozen je (OpPMaIN30BaH y BUAY aIIMKATUBHOT INPOTPAMCKOI CHCTEMa II0]] Ha3HMBOM
IpoCEI'3/], uume je omoryheHa mpakTHYHA IPHIMEHA XHOPUIHOT MOJIETa.

IocebaH JONPHUHOC JOKTOPCKE MCEpPTAllMje Ce OTiefla Y WHOBATUBHOM IMPHUCTYIY 3a Je(HUHUCAE
[[EHTpa CETMEHTHPAHWX pErrMoHa HEMpaBWIHE TI€OMETpHje, KOjU j€ 3acCHOBAaH Ha CTaHIApIHO]
JIeBHjallMji WHTeH3UTeTa mukcena. OBaj MHOBATMBHU HpHCTyn omoryhaBa TauHo nedunucame XY
KOOp/AMHATA MHUIM]jATHOT CEMEHA KOje Ce Haja3u yHyTap »eJbeHor peruona Ha I[T cHumiuMa, a Koju
je HeomxoaH 3a npuMeHy PI” MeTozie U aileKBaTHY CerMEHTAIH]y.

Peanuzanuja Tpu cryauje ciy4aja, y OKBHPY KOjux je BepuuKoBaHa (DYHKIHMOHAIHOCT XHOPHIHOT
MOZieJla y JIB€ pa3IM4uTe HHXEHEepPCKe 001acTH (MallMHCKOM HHXXEHEPCTBY M OHOMEIMIIMHCKOM
WHKEHEPCTBY), MPEACTaBjba jOII jelaH CHeNU()UIHH TOTNPUHOC OBE AOKTOpCKe mucepranuje. OBaj
JIOTIPHHOC, 00yXBaTa JeTajbHe KOMIIApaTUBHE aHa3e npeaHocT u Henoctaraka [IpoCEI3]] cuctema
y oHOCY Ha aBa KoMmepijamHa coprBepa GOM Inspect u VGStudio Max.

OpUTHHATHAM JIOTIPHHOCHMA JUCEpTalldje CBaKkako Tpeba OOyXBaTHTH W aHAIM3y BEJIHMKOT Opoja
JUTEPaTypHUX H3BOPa, HA OCHOBY KOj€ j€ CHCTEMAaTH30BaH IIPHKA3 aKTYeIHOT CTama y 00JacTu
cermentanyje [T cHmmaka, xkao u nedunucane moryhe mpasue Oynyhux wucTpakwBama y OBOj
MIPOTIYJI3UBHO] 00JIACTH.




3. What is the dissertation’s original scientific contribution?

The doctoral dissertation, in general terms, represents a contribution in the field of accuracy
improvement for segmentation of 2D CT images, and accuracy improvement of surface 3D models
reconstructed on the basis of improved CT images. These contributions were realized through the
development of an original hybrid model based on the combination of fuzzy C-means clustering and
region growing methods. The innovative model is formalized in the form of software titled ProSEG3D,
which allowed the practical application of the hybrid model.

A special contribution to the doctoral dissertation is reflected in an innovative approach for defining the
centre of segmented regions of irregular geometry, which is based on the standard deviation of the pixel
intensity. This innovative approach enables the exact definition of the XY coordinate of the initial seed
located within the desired region on the CT images, which is necessary for the application of the region
growing method and an adequate segmentation.

The realization of three case studies, in which the functionality of the hybrid model is verified in two
different engineering areas (mechanical engineering and biomedical engineering), is another specific
contribution of this doctoral dissertation. This contribution includes a detailed comparative analysis of
the advantages and disadvantages of the ProSEG3D software compared to two commercial software
GOM Inspect and VGStudio Max.

The original contributions of the dissertation should certainly include the analysis of a large number of
literary sources, based on which the state-of-the-art in the field of segmentation of CT images is
systematically presented, as well as defined possible directions of future research in this propulsive
field.

4. Henocraiu qucepTanyje 1 lUXOB YTHIIA] HA PE3yITAT HCTPAKUBAHA

JlokTopcka ucepralyja HeMa HeJJocTaTaka Koju O OUTHHUje yTUIIAIN Ha Pe3yTaTe UCTPaXKUBaba.

4. Disadvantages of the dissertation and their impact on the research result

The doctoral dissertation has no shortcomings that would significantly influence the research results.

X HOPEMJIOTI:

Ha ocHOBY yKymHe oIleHe JycepTanyje, KOMHUCH]a MpeJlakKe:

Ha ocHoBy cBeoOyxBaTHe aHa/IM3e M YKYIHEe OlleHe JOKTOpPCcKe AucepTauuje ,, XuOpUIHU MoJes 3a
CerMeHTALUMjy CHHUMAaKa reHepUCaHUX NMPUMEHOM KOMIIjyrepu3oBaHe TomMorpaduje” kaHamaara
Mapuja lllokua, Komucuja npeniaxke HacrapHo-nHayunom Behy daxyJiTera TeXHUYKHX HAYKa U
Cenaty Yuusep3utera y HoBom Cagy na ce AOKTOpPCKa aucepTalMja NPUXBATH M Ja ce
KaHIUJIaTy 0100pHU jaBHA oa0paHa.




X PROPOSAL:

Based on the overall assessment of the dissertation, the committee proposes:

Based on the comprehensive analysis and overall assessment of the doctoral dissertation
""A Hybrid Model for Segmentation of Images Generated by X-Ray Computed Tomography"' by
candidate Mario Sokac, the Committee proposes to the Teaching and Scientific Council of the
Faculty of Technical Sciences and the Senate of the University of Novi Sad to accept the doctoral
dissertation and that a candidate can be granted a public defence.
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