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Mopenupame mpornaraiyje CBEeTIOCTH KpO3 OYHA TKHBA
Modelling Light Propagation in Ocular Tissues

HPEIVIEJ MACTEP PAJIA
OVERVIEW OF MASTER THESIS

Macrep pan ,,Moenupame mponaraiyje CBeTIIOCTH Kpo3 OYHA TKHBA™ je HAIKCcaH Ha 65
CTpaHa | caJp>ku 6 ToriIaBiba, 6 Tabena, 25 ciauka u 32 pedepeHiie HaBeIeHe Y CIUCKY
mutepatype. Ocum [IpearoBopa, canpxaj paaa yuHe cneaeha nornasma: 1. Jbyacko oko;
2. OcHoBe enexktpomaraerusma; 3. Marematuuku mojen; 4. Ilpexugnu ['anepkuHOB
METO]l KOHAUHUX eneMeHaTta; 5. Hymepuuku pesynrat u 6. 3akJbydak.

Pan je moceBehen Mopenmupamy TkuBa poxmade. Llwb pama je ma ce momohy
oarosapajyher MmareMaTH4KOT MOJiela U HyMEpUUYKUX CUMYJallja TeHepUIlle BUPTYEIHN
OCT cHHMaK W yTBpJE YCJIOBH TI0J] KOjUMa Ce jaBJba 3amyheme poxmade. Y TOM IUJbY
Cy Hajlpe aHaJW3UpaHU aHATOMHja JbYACKOT OKa H OCHOBHE jeJHAYMHE
eJIEKTPOMarHeTH3Ma, a Ha OCHOBY HHX je (OpMyNHcaH MaTeMaTH4KH Mozen. JlerabHo
je aHanM3upaH MPEeKuAHU [ alepKruHOB METOJ KOHAUYHUX eJIeMEHaTa, KOjH je TOTOM
NPUMCHCH Ha pemiaBamkbe MaKCBEIOBUX jenHaunHa. Hymepuuka mpormenypa je
TECTHpaHa y TOrJeAy CTaOMITHOCTH W KOHBEPreHIWje W MpUKazaHu cy pesynrtatu 2D
HyMEpUYKE CUMYJIAIje MAaTEMAaTHIKOT MOJIENIa TPOCTUPAA CBETIIOCTH KPO3 POKIHATY.




JloOujenu pe3ynratu mokasyjy Aa ce 3amyheme poxkmbaue MOXKe MPUITUCATH HEjeTHAKO)]
BEJIMYMHH MOMPEYHUX MPECceKa KOJareHuX BiaKaHa.

Master thesis “Modelling Light Propagation in Ocular Tissues” is written on 65 pages
and contains 6 Chapters, 25 Figures and 32 references. Apart from Preface, the contents
of Master thesis is the following: 1 Human Eye; 2 Foundations of Electromagnetism; 3
Mathematical Model; 4 Discontinuous Galerkin Finite Element Method; 5 Numerical
Results and 6 Conclusion.

Thesis deals with the modelling of corneal tissue. Aim of the thesis is to generate virtual
OCT (Optical Coherence Tomography) scan using an appropriate mathematical model
and numerical simulations, and further locate conditions that lead to clouding of the
human cornea. To that end, anatomy of human eye and basic equations of
electromagnetism are analyzed as a basis for the mathematical model. Discontinuous
Galerkin finite element method is studied in detail, and applied for the solution of
Maxwell‘s equations. Numerical procedure is tested for stability and convergence. At the
end, results of 2D numerical simulation of the model of light propagation in corneal
tissue are presented.

The results obtained in the thesis show that clouding of the corneal tissue can be
attributed to non-uniform cross-sectional size of collagen fibers.
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BPEITHOBAIGE ITOJEIMHUX AEJIOBA MACTEP PAJIA
EVALUATION OF THE INDIVIDUAL PARTS OF MASTER THESIS

[Tocnenmux JeueHHWja HEWHBA3HMBHE METOJE CHUMama Cy JOINpPUHENe OTKpUBABY
CTPYKTYp€ TKHBA W JTUjarHO3H M JIeUewy OosecTH. Y opTaIMOJIOTHjH je TToceOHO Hamuia
NpUMeHy onTudka koxepeHTHa Tomorpaduja (OCT). OBaj macrep pan je mocsehen
MOJIeTTUpamky TKUBa poxmade. L{uib pana je ga ce momohy oarosapajyher MaTeMaTHIKOT
MoJieTla ¥ HyMepHYKHX cumynanuja reHepuine BuptyenHn OCT cHumak u yTBpAe
YCIJIOBH TIOJT KOjMa C€ jaBJba 3aMyheme pOKmbade.

Macrtep pan ,,Mopenupame Mpomnaranyje CBETJIOCTH KpO3 OYHAa TKUBA~ cagpku 6
IIOTJIaBJbA.

VY mpBOM MOINIaBJbY Cy M3JI0KEHE OCHOBE aHATOMHje JbYJICKOT OKa M JaT je KpaTak U
uHpopMaTHBaH npuka3 ocHoBHuUX TroBa OCT.

Jpyro mnornaBsbe cagpXku OCHOBe MakcBenoBe eyekTpomarseTHe teopuje. Ocum
OCHOBHOT 00JIMka MakCBeJIOBUX jeTHAauMHA, TOKa3aHa je HHXOBa CTPYKTypa y BHUIY
CUCTEeMa 3aKOHa OJ[pKama, IITO je OJ 3Hayaja 3a u300p HyMepuukor meroaa. Takobe je
JIaT | TperJie]] KapaKTePUCTHYHUX JOMMyHCKHUX YCIOBA — MIOYETHHUX, TPAHUYHUX M YCIIOBA
Ha ™ebhydasaum mnoBpmuma. [locebaH OCBpPT je AaT Ha TPOCTHpamE Tajgaca y
AQHM30TPOITHUM CpeHHAMA.

Tpehe mormaBme je mocBeheHo ¢GopMmynHcarky MaTeMaTUYKOT Mojena, Ae(GUHUCAIY
HETIO3HATHX BEJIIMYHMHA, U CBOhemy mpoliieMa Ha JIBe TUMEH3H]E.

300r 3Hayaja 3a HEJNOKYIHY aHalu3y npoliemMa, 4eTBPTO IMOTjaBibe JeTajbHO oOpalyje
npeKuIHA ["aepKuHOB METO/] KOHAYHHX eeMeHata. Hajupe je mat ocBpT Ha CTPYKTYpY
Mpexa. 3aTUM je NMpHUKa3zaH MpeKUIHU [‘aJepKMHOB METOJ ca OCHOBHUM €JIEMEHTHMA:
MIPOCTOPHOM JTUCKPETH3AIMjOoM Koja mpobisieM cBoau Ha Benuku cuctem OJ1J; n3bopom
HyMmepudkor (Quykca Koju 00e30elyje KOHBEpPreHIHj)y HYMEPUUYKOT TOCTYIIKa,
BPEMEHCKOM WHTETparujoM nomohy ekcrummiutHe Pynre-Kyra merone. M3noxenn cy u
OCHOBHH €JIEMEHTH HEr0BE TEOPHjCKE BaIUAALH]E.

[Tero mornmaBibe je mocBeheHo HymepwukuM pesynraTuma pana. Jlata je Hajupe
dopmynanuja auckpetHor ["anepkuHOBOT MeTona 3a MakcBeJIOBe jelHAUYMHE. 3aTHM je




M3BPIIEHO TECTUPAE HyMEpHUYKE MpOIeNype Koje YKJbydyje aHalu3y CTaOWIHOCTH U
KOHBEpreHuuje msabpaHor mnoctymka. Haj3aa, W3BpIICHO je HyMEpUYKO pelIaBame
MakcBenoBUX je/JHaYMHA KOje YMHE MaTeMaTHYKHd MOJIEN, Ha oaroBapajyheM IOMeHy.
AHanu3upaHa Cy JBa Cliy4aja: y TPBOM Cy IONPEYHH IPECeld KOJIAreHWX BllaKaHa
KPY)KHOT OOJIMKa M jelIHAKMX MPEeYHHKA, a y JPYroM Cy KPYXKHOT OOJHMKa aju
Pa3IMYUTHX NpeYHUKa. HyMepHuko pelieme jacHO ToKasyje na jaunHa eNCKTPHYHOT
noJba TOOMjeHOT pacejaBarmbeM MMa 3HadyajHE BapHjaldje y JOMEHY KaJa Cy MONpeYHH
npecel KOJAareHHX BIaKaHAa HEjeHAKH, INTO yKasyje Ha Moryhum y3pok 3amyhema
pOXEbaye.

V 3akibyuKy je maT mperiiesl H3I0KEHOT MaTeprjaia U JOOMjeHHX pe3yJiTara, a yKa3aHo
je u Ha Moryhe naspe mpaBIiie pa3Boja Mojela u yHanpelhema HyMEepUIKOT MOCTYIIKA.

In the past few decades, the non-invasive medical imaging techniques made significant
contribution to the revealing of internal structure of tissues and diagnosis and treatment
of diseases. In ophtalmology, Optical Coherence Tomography (OCT) found broad
applications. This Master thesis is concerned with modelling of corneal tissue. Its aim is
to generate virtual OCT scan by means of an appropriate mathematical model and
numerical simulations, and identify conditions that lead to clouding of the human cornea.

Master thesis “Modelling Light Propagation in Ocular Tissues” contains 6 Chapters.

In Chapter 1, basics of the human eye anatomy is exposed, and short but informative
review of basic types of OCT"s is given.

Chapter 2 contains the foundations of Maxwell‘s electromagnetic theory. Besides basic
form of Maxwell‘s equations, they are also presented in the form of conservation laws
which is of fundamental importance for the choice of numerical procedure. Typical
initial, boundary and interface conditions are reviewed. Particular attention is devoted to
wave propagation in anisotropic medium.

In Chapter 3, the mathematical model is proposed, unknown fields are identified, and the
problem is reduced to soft sources scattered field fomulation in 2D.

Because of its importance to the overall analysis of the problem, separate Chapter
(Chapter 4) is devoted to detailed exposition of discontinuous Galerkin finite element
method. At first, a brief overview of common concepts on meshes is given. After that,
basic structure of discontinuous Galerkin method is presented: space discretization which
leads to a large system of ODEs; choice of numerical flux which is important for stability
of the numerical scheme; temporal integration using explicit Runge-Kutta scheme. Also,
the basic elements of theoretical validation of the method are exposed.

Chapter 5 contains numerical results of the thesis. Discontinuous Galerkin method for
Maxwell‘s equations is firstly formulated. Numerical procedure is tested for stability and
convergence. Finally, Maxwell‘s equations of the model are solved numerically on
appropriate domain. Two cases are analyzed. In the first case, it is assumed that collagen
fibers have circular cross-sections with equal diameters, while in the second case
collagen fibers have circular cross-sections with unequal diameters. Numerical solution
clearly shows that intensity of the scattered electric field has significant variations when
collagen fibers have unequal diameters, which points to the possible cause of clouding of
the human cornea.

In the Conclusion, it is given a brief recapitulation of the contents and of the reusults.
Possible further developments of the model and improvements of numerical procedure
are also indicated.




VI

3AK/bYUYIU OJHOCHO PE3YJITATU UCTPAKUBAIBA
CONCLUSIONS I.E. RESULTS OF THE RESEARCH

VY paxy je mpHKazaH MOJEN MPOCTHpama CBETIOCTH Y OYHOM TKHBY M H3BpIICHA je
EroBa HyMepHuKa cuMyianuja. Mojen je 3acHoBaH Ha MakCBeIOBHM jeHaunHaMa 3a
aHN30TPOIHY CPEIUHY, a 32 HyMEPHYKO PElIaBamke jeHaYMHA je KOpUIIheH MpeKuIHA
['anepknHOB METOA KOHAYHUX eJleMeHaTa. [ JlaBHM JONPHHOCH paja Ce cacroje y
(dbopMupamy HOBOT MOZEa TKMBA POXKIbade ca KOJAreHUM BIIAKHMMA U (OpMyJHCamby
aJIeKBaTHOT HYMEpPHUYKOT TOCTYIKa Koju je omoryhmo mnobmjame BupTryenHor OCR
CHUMKa. Pe3ynratn HyMepuukux cuMyJjanuja ykaszaiu cy Ha Moryhum y3pok 3amyhema
pOKEbade ycliesl IPOMEHe BEJIMYMHE MONIPEYHOT IpeceKa KOJIareHnX BJIaKaHa.

In this thesis a model of light propagation in oculat tissues is presented and numerically
solved. The model is based upon Maxwell‘s equations in anisotropic medium, while
discountinuous Galerkin finite element method is used for its numerical solution. Main
new results of the thesis are formulation of the new model for corneal tissue with
collagen fibres, and development of adequate numerical procedure which enabled
generating of virtual OCT scan. Numerical results indicated that alteration of cross-
sectional diameter of collagen fiber could be the cause of clouding of the human cornea.

VII KOHAYHA OIIEHA MACTEP PAJIA
FINAL EVALUATION OF MASTER THESIS
Mactep panx je y motnyHocTH ypaheH y ckiamy ca omodpeHoM TeMoM. Pax je mperiieqHo
HalMCaH W CaJIp)KU CBE HEONXOJHE elieMeHTe. [JIaBHM pe3yiaTaTd Cy jacHO
dbopMyIHCcaHy.
Master thesis is written in accordance with thesis proposal. The thesis is overall well-
written and contains all the necessary elements. Principal results are clearly formulated.
VIII IPEJJIOT

PROPOSAL OF THE COMMITTEE

Ha ocHoBy ykymue omene, Komucuja mpemmaxe na ce wmacrep pax Moaeaupame
nponaraiyje CBeTJIOCTH KPO3 O0YHA TKHUBA MPUXBATH, a KaHAUIATKUBU CyHUHMIH
Cakuh o106pu ogdOpaHa.

In accordance with the overall evaluation of the thesis, Committee proposes acceptance
of the Master thesis Modelling Light Propagation in Ocular Tissues, and to permit the
candidate Suncica Saki¢ public defense of the thesis.
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Novi Sad, 24 August 2020

np HWBana BojnoBuh, moment
IIM®, HoBu Can, npeaceiHuk

1np Mapko HenesbkoB, pefioBHU Tpodecop
IIM®, Hoeu Can, unan

[NOTIIMCHU YJIIAHOBA KOMUCHIE
SIGNATURES OF COMMITTEE MEMBERS

dr Adérito Aratjo, Baapeaau ipodecop,
VYuusepsuretr y Koumbpu (IToptyran),
YJIaH-MEHTOP

ap Cp6osbyo Cumuh, peoBHu npodecop
IIM®, Hoeu Can, 41aH-MEHTOD




