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Nogam~wdbE

VYBoI Aaje MOTHBAIMjy 3a Pa3BOj ajlrophramMa 3a KOMIIPECHjy CEM3MHUUKHX Tojaraka. [Iperien cpomHe
JUTEpaType, ca HarjlackoM Ha TeXHUKama KOMIIpecuje ca T'yOMUTLIUMa Kao JOMHHAHTHOM IIPUCTYITY KOI
KOMIIpECHje CEM3MHMYKUX IojaTaka nar je y moruaBiey 2. Ommru nusaju XEBIl-a ykpatko je mat y
mornaBiby 3. JleTaJbHHjEe aHaiIM3e METOAa KOMIIpecHje Koje ce Kopucte y okBupy XEBIl-a kao u
MIpeJUIo’KeHa pellierha MPECTaBbeHa Cy y MorTaBiby 4. OBO NOTTIaBJbE MPEICTaBIba TIIABHE TOTIPHHOCE OBE
Te3e. ExcrieprMeHTarHa TIOCTaBKa je MCTAaKHYTa y MOTJIaBJby 5. Y HCTOM MOTJIABJBY 5 YKPaTKO CY OMMCAHU
OCHOBHH TMOJAalM KOju Cy KOpuIMheHH Kao TECTHH CKyHo Yy OBOM HCTpaxuBamy. Ommcane cy u
KOH(}Urypamnmje Kogeka u Mepe nepdpopMancu. Y MoriaBiby 6 W3JI0KEHE Cy aHaTU3e TOOWjeHIX pe3ynraTa.
OBo moTI1aBIbE PE3UMHUpPa KOHAYHO MOCTUTHYhE IpeIoxKEeHOT HOBOT KozieKa. Pay je 3akJbydeH y MOorIaBby
7.V oKkBUpY IUCEpTAlUje CE jOII HAJa3H U JIUTepaTypa.

The doctoral dissertation is presented on 129 pages, includes 7 chapters, 208 references, 7 tables and 21
figures. It is written in English. At the beginning of the dissertation, key documentation, abstract, and a
table of contents are provided.

The dissertation contains seven chapters:

Introduction and Motivation;

Seismic Data Compression: An Overview;
High Efficiency Video Coding in a Nutshell;
Methods and Proposed Solutions;
Experimental Setup;

Result and Performance Analyses;
Conclusion.

Nogak~wdPE

The introduction provides motivation for the development of algorithms for high bit depth seismic data
compression. A review of related literature, with an emphasis on lossy techniques as the dominant approach
to seismic data coding is given in Chapter 2. The general design of the HEVC is briefly given in Chapter 3.
More detailed analyses of the coding methods that are used within HEVC, and the proposed solutions are
introduced in Chapter 4. This chapter presents the main contributions of this thesis. The experimental setup
is highlighted in Chapter 5. In the same Chapter 5, the underlying data that has been used as a test set in this
research has been briefly described, along with a description of the codec configuration setup and
performance metrics. In Chapter 6 the analyses of the obtained results are given. This chapter summarizes
the final achievement of the proposed codec. The work is concluded in Chapter 7. The dissertation also
includes bibliography.

\Y BPEJHOBAIGE NOJEANMHUX JEJIOBA JOKTOPCKE JUCEPTALIUJE:
EVALUATION OF PARTICULAR DOCTORAL DISSERTATION PARTS:

Y o0Boj Te3W je pa3BHjeHa HOBa e(dHUKacHa MeToJa 3a KOMIIPECH]y CEM3MHUYKHX IoJaTaka.
MortuBuCcaHa CynepuopHHM nepdopMaHcaMa CTaHAaplla BHCOKOC(HKACHOT BHJCO KOIUpama




(XEBLI), m Bohena Op3uM pacTtoM oOuMa IoJaTaka MPOW3BEACHUM TOKOM CEH3MHYKHX
HCTpakWBama, OBa Te3a HCTpaxyje ekcreH3wjy XEBL| komeka 3a KOMIIpECHjy CEHM3MHUIKHUX
mojaTaka KOju TOCeAyjy aMIUIUTYACKY pe3onymujy on 32 O6ura mo mmkceny (6/m). OBaj pan
JONPHUHOCH LMJbY IpOHANaXKeHha e(QHKACHOI peIlerma 33 KOMIPECH)Y CEHM3MHUYKHX I0JaTaka
npe/sIarambeM HOBE IIeMe 32 KOMIIPECH]Y CeM3MHUKHX rofaraka y oksupy XEBI] crannapna.

[IpemmoskeHO je TIOHOBHO CacTaBJhalkbe CEM3MHUUYKHX HCeYaka y (GopMmarT KOjU OAToBapa BHICO
CHUTHaITy, Kako Om ce uckopuctmie nooutn ymorpedom XEBII mHTEp peximMa KoIOBama, MOpesn
moryhux npexnoctn XEBI] naTpa peknma (KOI0Bame HETIOKPETHE CITHKE).

CuHTakca KoJleKa OocTaja je TOTOBO HempoMemeHa. Harmacak je Ha anropuTaMCcKOM ey BHIEO
KOJIupamwa, Ma Ccy CTOra yCBOjEHHM M MOJU(HKOBAHM CaMO PAaYyHCKU ajrOPUTMH Clloja BHJEO
KoJMpama Kako OU ce 33J0BOJBHIIM 3aXTEBH 32 KOMIIPECHjOM CEM3MHUUKMX Noaaraka. Harnacak oBe
Te3e OMO je Ha alrOpUTaMCKHM IpOMEHaMa M Mo0oJblIamkuMa, a He Ha pele(MHUCABY CHHTAaKCe
CTaHJapJa.

VY T1e3m ce mommdukyjy rortoBo cBe kommoHeHTe opurumHamHor XEBIL[ komeka kako Om ce
MIPWJIATOJINO0 KOAUPAkhY CEM3MHUYKHX IT0/IaTaKa KOjU IMOCELYjy BEIHKY aMIUIMTYICKY PE30JIyLH]y:
JlarpaH>koB MYNTHIUIMKATOp KOjU C€ KOPUCTH 3a ONTUMHM3AIM]y MapaMerapa KoJupama
npuiaro)eH je HOBOj] CTaTHCTHIM TMojJaTaka, TpaHcopmaija W KBaHTH3alldja IIOHOBO CY
HMITJIEMEHTUPAHE y CKJIaly ca roBehaHUM aMIUIUTYJCKHM OIICErOM M MOJU(UKOBAaH je alanTHBHU
OMHapHM apUTMETHYKH KOJep KOjHU je KopulheH 3a euKkacHO SHTPOITH]CKO KozoBame. [Ipeaioxen
jé ¥ ONTHUMH30BaH HM300p OJIOK CTPYKType, ONTUMH30BaHA HMHTpPA MPEIUKIHja U (PIICKCHOMIHA
IIPOIIEHa BEKTOpa MOKpeTa Kako OM ce MPWIATOMMIN CTPYKTYpH CEH3MHUYKHX II0/1aTaKa.
[pemmoxxenn komek oapykaBa reHepudky XEBILI ctpykrypy u pasBujeH je mon ommrtuM XEBI]
okBupoM. [IpemmoxkeH je cnenmpwuHM AW3ajH Komeka koju, y mopehemy ca JIIE[-XP u
KOMEpUHMjaTHUM KOJICKOM 3aCHOBaHMM Ha TajacuhiMa, 3HauajHO IOOO0JbIIaBA OJHOC BPIIHOT
CUTHaJIa ¥ IIyMa U CTEeTIeHa KOMITPECH]€ 3a CeM3MMIKe ToaaTke ox 32 6/1.

Omnyka nma ce y oBoj cryauju ga mpennoct XEBII-y nomasu w3 uumbenuile aa 3J] cemsMuuku
MOJIaIli MOTY MMAaTH BHCOKO KOpEJIMCAHE MOjeIUHAYHE HCEUYKE, HAaJWK Ha BHJCO CHUTHAJ, IITO MX
yuHU 1moceObHOo moronHuM 3a npuMmeHy y XEBI] unTep pexxumy (mopen wmHTpa pexnma). Takas
MIPUCTYI, 3a TpeTupame 3J] cem3MUUKNX TojaTaka Kao HHU3a KaJpoBa y LWJbY MocTH3ama Beher
CTereHa KoMIIpecHje KopuihiemeM MPEeIUKTHBHOT KOJEKa Ca KOMIICH30BAaHkEM BEKTOpa IOKpETa
CyIMpPOTaH je MPUCTYNUMa KOJUParha HEMOKPETHHUX CJIMKA KOJU YECTO KOPUCTE JPYyre KOHKYPEHTCKE
TEXHHKE KOMIIPECHje y CpoiHOj auTepatypu. OBO je jenaH oJ IMIaBHUX JOTPUHOCA OBE TE3e€.

Crannmapau3oBaHa Bep3uja XEBI] nmpuxsaTa ymazHe nmogatke 10 16 6/ 1 yriaBHOM je pa3BHjcHa
Kako OM oJp>kajia BUCOK CTEIIeH KoMIpecuje 3a Hajuyenthe morpomaydke Buieo amumkanyje. [Tomro
cen3sMHUUKH nofamnu kopucte 1o 32 6/, XEBI ce He Moke mupekTHO mpuMeHUTH. Takohe je Beoma
B2)XKHO HE CMamUBAaTH AMHAMHWYKHM OIICEI CEM3MHUKHX IojaTaka Ipe KOMIpeEcHje, jep ce Heke
oceT/buBe MH(DOPMAITHje MOTY M3TyOUTH, U TO je€ TJIaBHU PA3JIOr 3alliTO YIOTpeda cTaHmapIu30BaHe
Bep3uje XEBI] oxn 16 6/m1 HUje AUPEKTHO NpuUMeHJbHBA. Jlakiie, y OBOj TE3U Cy CKOPO CBE OCHOBHE
KOMITOHEHTE OpPHTHHAIHOTI KoJleKa MOAM(HKOBaHE M IpPE/UIOKEeHA je HOBa LIeMa KOJupama 3a
KOMIIPECH]Y CeM3MUYKHUX T0aTaKa BEJIMKE aMILTUTYACKE pe3oyiuje y oksupy XEBI] komexka.

XEBL] xopucté XHOpUIHH MPUCTYII 3aCHOBAH Ha OJIOK IOJENHU YJIAa3HOT CHUTHaja, TAC je yaa3Ha
CIIMKa T10JIeJbeHa Ha KBaJIpaTHE OJIOKOBE KOjU CE He MPEKJIanajy, a KOju ce MOTY I0JIaTHO IOJICITUTH
Ha Mame OJIOKOBE INPOMEHJbHBE BeiwyuHe. Jlajbe, KOPUCTH WHTPAa W WHTEP NPCIAUKIIH]Y,
nBogUMeH3nOoHaNHy (2J]) nmuckpetHy kocuHycHy TpaHchopmannjy (ALUT) wu  yHubopmHO
KBaHTOBamE, K0 U KOHTEKCTYAJIHO NPHJIAro/JbUBO €HTPOIMjCKO KOAMpame Kako O ce MocTHria
edukacHa 10OUT 0] KOMIIpEcHje.

Wako mozena 6y10KoBa M CTPYKTypa OJIOKa, Ka0 W IO MPEOUKIHje YIIIaBHOM OCTajy HCTH, IpYyTH
JIEJIOBU Cy OWJIM TIOJIBPTHYTH BEJIMKMM MPOMEHaMa Kako OW 32I0BOJBHIIM ITUJbaHM yia3 oj 32 6/

KommieTna crpykTypa mojene Ha OjokoBe W mpuapykeHa cuHtakca XEBII crammapma cy
3aap)kaHd. MoOTHBaIMja je y MPEeTIOCTaBIM Ja je IaTa OJOKOBCKa CTPYKTypa Mo0po MorojaHa 3a
CEeU3MHUUKE CIIMKE, Ka0 U 3a MPHUPOIHU BUaeo (IITO je JAoKa3zaHO y Te3u). bynyhu nma Onok moxena
HUje JUPEKTHO MOBE3aHa ca MPOIIMPEHUM OINCETOM aMIUTUTYICKE PE30IIyIHje WU Ca YUEHCHUIIOM




Ja ce KOPUCTE CEM3MHYKHM IIOJalli YMECTO IPHPOIHOT BHAEO 3ammca, HHje Omio morpede 3a
MOAN(HKOBakbEM OBOT Jiefia Kojeka. MelyTuMm, u3BeieHH Cy HEKH JONAaTHH EKCIICPHUMEHTH KOjH
UMajy 3a b Ja MOKaxy repdopMaHce Kala ce yBely HeKa OrpaHHYeHa Yy HOIJIeAy BeIHYHHEe
6110Ka. OBH EKCIICPUMEHTH Cy TIOBE3aHU Ca OTPaHMYCHOM MaKCHMAaIHOM BEJIHMYHHOM OJIOKA UCIOX
CTaHAapIM30BaHOT MakcUMyMa of 64 x 64 nukcena win ca nopefiaHoM MUHHMAJTHOM BEIMYHHOM
6noka ox 4 x 4 mukcena. bynyhu ma cy te BenmumHe OyokoBa onabpaHe Kao HajIOroJHH)E
BPEIHOCTH Y CTaHIAapAy Aa O ce MOCTHUINE HajooJbe meppopMaHce 3a HAjIIMPU MOTyhu criekTap
NIPUMEHA, MMUTake IOCTAaBJEHO Y OBOj Te3W OWIIO je Ja JH Cy OBE MOJpa3yMeBaHE BPEJHOCTH
yjenHo u  HajOoJbe  pelieme Npd  KOMIPHUMOBamy CEM3MHMUKHMX IojaTtaka. Takobe,
eKCIIEPUMEHTHCAHO je ca JyOMHOM XHujepapXujcKe mojene OJOKOBa WM ca yHoTpeOom
OrpaHUYECHUX PEeXKHMMa MAPTHLH]ja, HIP. KCIICPUMEHTH CY HCKJbYUYHMIM aCUMETPHYHE (HEKBaJpaTHE)
pexnMe mapTunHje w3 pasMmarpama. [lopex Tora, mokaszaHo je ma je Moryhe CMamHUTH IOCTYITHE
Bemmunae LT Tpanchopmammje. [Tokazano ce ma oBaj Ae0 JOBOAW IO ONTHMH30BAaHOT KoAepa
60Jpe TpHITarojeHOT 3a CTPYKTYPY CEeM3MHUYKHX IOAaTaka, Ka0 M TO Ja JONPHUHOCH 3HAYajHOM
yOp3amby NPUIMKOM padyyHCKOT H3BPIIABAbA.

WHTpa v uHTEp NpenuKimja HUCY MOAN(DHUKOBAHNA Y CMUCIY ajJrOPUTAMCKUX IpoMeHa. MehyTum,
Heka npuiiarohema cy IpeUIoKeHa M Yy OBOM JIelly Kako OM ce CMambiila padyyHCKa CIOXKEHOCT
komeka. IlpemmokeH je cMameHH Opoj MHTpa pekuMma u Opoj WMHTpa pexuMma y (pHHAIHO]
onTHMH3alHjU napamerapa. Takole ce mpemiaxke ONTUMHU30BaHa NPOIIEHA BEKTOPa IIOMepaja.

Cranmapmm3oBana  XEBI[-oBa  TpaHchopmammja  3aMemeHa  je  HOBOM  e(UKacHOM
TpanchopMaImjoM, Koja moapxasa GIEKCUOWIHY BEIUYUHY OJIOKOBa y pactoHy ox 4 x 4 mo 32 x
32 mukcena. Y Te3u je mpenioxeno kopuirheme Tako3panor bun-JA1T Ha ocHOBY (akTopu3aimje
opurnnanaux JUT wmarpuma. IlpemiokeHu koeduiujeHTH TpaHChopMaiyje omabpaHH Cy Ha
HAuMH Jia TOJpKaBajy epHUKacHy NpPUMEHY Y MOrjeny padyHapcKe KOMIUIEKCHOCTH W ao0pe
nepdopmance koaupama. Ha oBaj HauMH je y AucepTalMju UMIUIEMeHTHpaHa Op3a Bepsuja LT
Tpanchopmalmje 6e3 ryouraka Koja ce MOXKE KOPUCTUTH y KOMIPECH]H CEU3MUYKHX IOJaTaKa,
HCIIOCTaBIba Ce JIa TPYXKa J00py KOMIAKIH]Y SHEPIUje U ONTUMAIIHA je Y MOriey KOMIUIEKCHOCTH.

CrannapauzoBana XEBI[-oBa kBaHTH3aIlMja 3aMEH-EHA je jeIMHCTBEHOM LIEMOM KBaHTHU3allWje ca
noBehaHuM oriceroM Tmapamerapa KBaHTu3anuje. [IpeanoxkeH je HOBM oOIlcer mapamerapa
KBaHTH3alMje U MOPEJIOKEHO je HOBO MAalMpame OJf MHTEPHE 0 CTBApHE BEJIMYMHE KOpaka
KBaHTH3alKje. [IpeUIoKEeHO peliee je NpuiarojeHo MPOIIMPEHOM OICEry aMIUIHTYICKE
pe3onyigje, U moap)kaBa (GuHHMjy KBaHTH3alMjy. Kopak KBaHTH3alMje JOBOJbAH j€ Ja MOHYIH
[IMPOK CICKTAP PA3IMYUTHX KBAIUTETA U CTEIICHA KOMIIPECH]E.

Ha kpajy, MoaudukoBaH! KOHTEKCTYaJHHU NPHUIAroAJbuBu OuHapHu aputMeTndku konep (LJABALY)
ca JIOJATHO I0jE€HOCTaBJbEHOM CTPYKTYpOM KopuiufieH je 3a eukacHO €HTPOIHUjCKO KOIUpame.
Taxole, HoBH Moze 3a JlarpaH)KoB MYJITUINTUKATOp KOpUIIheH je y ONTHMHU3alNjCKOj NEeTIbH KaKo
OM ce MNPWIAroAMO MPOIIMPEHOM OICeTy aMIUIUTyJa M IPOIIMPEHOM OICery mapamerapa
KBaHTH3aIHje (LITO j€ HEOMXOAHO ca 32-0MTHOM aMILTUTY/ICKOM PE30JIYIIHjOM).

[pemmosxeHN KOJEK MOPEN CBUX HKHErOBUX MMPOMEHA U Jajbe oapkaBa reHepniaky XEBLI cTpykTypy
u pasBujeH je mox ommutuM XEBIL] okBupoM. HaBoau ce ma 6e3 npemiokeHnx n3MeHa OpUTHHATHOT
kozaeka aupekTHa npumena XEBI[-a y meroBom craHmapau3oBaHoOM o0JMKy Huje Moryha. 36or
CBOT CITeI(pUIHOT AW3ajHA MPIIarol)eHor CTaHAapAHUM MOTPOIIAYKHAM BHAEO aIUTMKaIfjaMma, I1e
Cy M3BECHU I'yOMIM MOHOLIBMBHU, HEKE OPUTHHAJIHE KOMIIOHEHTE NpaBe BENMKY IPEIIKy Kajia ce
MPUMEHE Ha TMPOIIMPEHE aMIUTHTYACKE pesonynuje (dak u O0e3 kBaHTu3anuje). C TUM y Be3H,
noMenyre MmojuduKaluje cy yBeAeHe Jla 3aMEeHe OBe KPHUTHYHE JeJioBe KoJeka W na omoryhe
EroBy yrnoTpedy 3a CeM3MHUUKe I0/IaTKe.

[Ipema HammM ca3HamUMa, OBO j€ MPBa CTYAHja OBE BPCTE y CPOJIHOj JIUTEPATYpH KOja TOBOJH /10
00JbHX CTEINEeHA KOMIIPECH]e Y MOTJIely KOMITPECH]je CEN3MUUKHX 10/1aTaKa.

An efficient novel method for seismic data compression has been developed in this thesis.
Motivated by the superior performance of High Efficiency Video Coding (HEVC) standard, and
driven by the rapid growth in data volume produced by seismic surveys, this thesis explores a 32
bits per pixel (b/p) extension of the HEVC codec for compression of seismic data. This work




contributes to the goal of finding an efficient compression solution by proposing a novel scheme for
seismic data compression under the framework of HEVC.

It is proposed to reassemble seismic slices in a format that corresponds to video signal and benefit
from the coding gain achieved by HEVC inter mode, besides the possible advantages of the (still
image) HEVC intra mode.

Codec’s high-level syntax has remained almost unchanged. The emphasize is on video coding
techniques, and hence only core algorithms of the Video Coding Layer are adopted and modified in
order to meet seismic data compression requirements. Emphasis of this thesis was on algorithmic
changes and improvements, and not on standard’s syntax redefinition.

This thesis modify almost all components of the original HEVC codec to cater for high bit-depth
coding of seismic data: Lagrange multiplier used in optimization of the coding parameters has been
adapted to the new data statistics, core transform and quantization have been reimplemented to
handle the increased bit-depth range, and modified adaptive binary arithmetic coder has been
employed for efficient entropy coding. Optimized block selection, reduced intra prediction modes,
and flexible motion estimation are tested to adapt to the structure of seismic data. The proposed
codec maintains a generic HEVC structure, and it is developed under the general HEVC
framework. A specific codec design has been tailored which, when compared to the JPEG-XR and
commercial wavelet-based codec, significantly improves the peak-signal-to-noise-ratio (PSNR) vs.
compression ratio performance for 32 b/p seismic data.

The decision to give preference to HEVC in this study comes from the fact that 3D seismic data can
have highly correlated individual slices, resembling video signal, which makes them particularly
suitable for HEVC inter mode application (besides intra mode). Such approach, to treat 3D seismic
data as a sequence of frames in order to obtain higher compression gains by utilizing motion-
compensated predictive codec, is opposed to still image coding approaches that are frequently used
and advised to be utilized by other competing lossy compression techniques in related literature.
This is one of the main contributions of this thesis.

Moreover, the standardized version of HEVC accepts input data up to 16 b/p, and it is mainly
developed to maintain a high compression ratio for the most common consumer video applications.
Since seismic data use up to 32 b/p, the HEVC cannot be directly applied. It is also very important
not to threshold seismic data prior to compression since some sensitive information may be lost,
and this is the main reason why the use of standardized 16 b/p version of HEVC is not directly
applicable. Thus, in this thesis almost all core components of the original codec are modified to
propose a novel coding scheme for high bit-depth seismic data compression under the HEVC
framework.

HEVC uses a hybrid block-based approach, where the input image is divided into the non-
overlapping square blocks, that may be additionally divided into the smaller blocks of variable
sizes. Furthermore, it utilizes intra and inter-predictive coding, two-dimensional (2D) discrete
cosine transform (DCT) and uniform quantization, and context adaptive entropy coding in order to
achieve efficient compression gains.

While the block division and block structure, as well as the prediction part of the proposed codec
mainly remain the same, other parts were subjected to major changes in order to cater the targeted
32 b/p input.

The complete block structure and associated syntax of the HEVC standard has been kept. The
motivation is in the assumption that a given block structure is well suited for seismic images as it is
for natural video (which was proven in the thesis). Since block partitioning is not directly
associated with the extended bit-depth range, or to the fact that seismic data is used instead of
natural video, there is no need to modify this part. However, some additional experiments are
performed that aimed to show performance when some block size restrictions are introduced. These
experiments are related with a limited maximum block size below the standardized maximum of 64
X 64 pixels, or related with an increased minimum block size of 4 x 4 pixels. Since those block sizes
are chosen to be the default values in the standard to get the best performance for the widest
possible range of applications, the question asked in this thesis was whether these default values are




also the best solution when compressing seismic data. Also, it was experimented with a limited
hierarchical depth division of the residual quadtree, or to with the use of limited partition modes,
e.g., experiments excluded asymmetric partition modes from consideration. In addition, it is
possible to reduce the available transform sizes. This part has been shown to lead to optimized
encoder for seismic data structure, and lead to significant speed-up in encoding time.

Intra and inter prediction parts of the codec are not modified in terms of algorithmic changes.
However, some adaptations are proposed in this part as well in order to reduce computational
complexity of the codec. Reduced number of intra modes and number of intra modes in full rate-
distortion optimization is proposed. Also optimized motion estimation is proposed.

Standardized HEVC’s transform has been replaced with the new lifting-based transform of flexible
block sizes ranging from 4 x 4 to 32 x 32 pixels. In thesis it is proposed to use BinDCT based on
factorization of original DCT matrices. The proposed lifting coefficients are selected in a way to
support efficient implementation and good coding performance. In this way the thesis implemented
the fast lossless version of DCT transform that can be used in a seismic image compression, which
turns out to provide good energy compaction, and which is optimal in terms of simplicity.

Standardized HEVC’s quantization has been replaced with a uniform quantization scheme with an
increased quantization parameter range. New quantization parameter range is proposed, and new
mapping from internal to the real quantization step size is proposed. The proposed solution was
adapted to the extended bit dept range which supports quantizer mapping that uses a much finer
scale. The quantizer step spacing is sufficient enough to offer a wide range of different qualities and
rates.

At the end, a modified context adaptive binary arithmetic coder (CABAC) with additionally
improved throughput has been utilized for efficient entropy coding. Also, a new model for the
Lagrange multiplier has been used in the Rate-Distortion (RD) optimization loop in order to
accommodate the extended bit-depth range and to empower the extended quantization parameter
range (as necessitated by 32 bit-depth).

The proposed codec besides all of its changes still maintains a generic HEVC structure, and it is
developed under the general HEVC framework. It is stated that without the proposed changes to the
original codec direct application of HEVC in its standardized form is not possible. Due to its
specific design adapted to standard consumer video applications, where certain losses are tolerable,
some of the original components render a huge error when applied to extended bit-depth data (even
without quantization). In this regard, the aforementioned modifications have been introduced to
replace these critical codec parts and to enable its use for seismic data (high bit depth data).

To our knowledge, this is the first study of this kind in the related literature which leads to the
better compression gains in the seismic data compression area.
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VII 3AK/bYUYIIM OJHOCHO PE3YJIITATH HCTPAKUBAIbA:
CONCLUSIONS OR RESULTS OF RESEARCH:

Ca MeTOo/I0JIOIIKOT CTAHOBHINTA, Y TE3H j€ TMPEACTaB/beH HU3 HOBUX JonpuHoca. OBa Te3a je mpeacTaBuia
JIM3ajH HOBOT, NPWJIAro)eHOr KojeKa 3a IOoJaTKe BEJIMKE aMIUINTYACKe pesonynuje y okupy XEBI]
CTaHAap/a, U MpeAcTaByuiIa BpIIO J1o0pe pe3ynTare Kopuctehy ra 3a KOMIIPECHjy CEM3MHUYKHX T10/1aTaKka OJf
32 6/m. Cxopo ceu nenosu opurnHanHor XEBI] cranmapma cy MoauduKoBaHU J1a TIOAPKaBajy IPOIIHPEHI
omncer ammumuryacke pesonynuje (XEBL[ mpBoOWTHO moap:kaBa aMIDIMTYICKY pe3oiynujy no 16 0/m).
CxomHO TOMe, MpEMJIOKEHH Konek je Hagorpanwa XEBLI-a, umje cy kommoHeHTe MOAHM(HKOBaHE 3a
LMJbaHU yJa3HU curHan oj 32 0/m, kako OM mpe cBera Morao NpakTUYHO Ja ce kopucTH. He mocroju
CIMYaH pajJi Ha MOJbY KOMIPECHje CEM3MHUUYKHX MojaTaka koju kopucth XEBII Kao OCHOBHY MOCTaBKY
KOZIeKa 3a cem3aMuuke nmogarke. Takolje, Ha TPXKHUIITY HE MOCTOjH KOJEK 3a CEM3MHUKe moaatke ox 32 6/m
KOjH je WCKOPUCTHO peIyHAaHCy Mojaraka y CBe TpH JIUMEH3uje 3a MoOosblane mnephopMaHCH.
[peanoxeHu pe3ynaraTu mokasyjy nAa kojaek Beh paau 3HaTHO Oosbe oJf mocrojehux periema Koja ce
KOpHUCTE y MHIYCTPHjH, a epdopMaHce KoseKa Cy OLEHWIIM Kao U3y3eTHO 3aj0BoJbaBajyhe n reososu u3
Shell-a (ap. Jly u3 HadTHe komnanuje Shell u3 XjycToHa npy>KHO je CBOjy CTPYYHOCT y 001acTu obpaje u
MHTEpIIpeTanyje CeM3MHUYKHUX ronaraka). OBaj pan je takohe mocturao na mponahe G0JbM KOMIIPOMHC
n3mely edukacHocTM KoaMpama W PpadyHCKE CJIOXKEHOCTH, IITO j€ PEe3yJATHPAJO IPeUIOKEHUM
ONTHMHU30BaHUM KozaepoM. [lopen Tora, mpeacTaB/beHHM pajJi je HOBY METOJAY aHAJIN3Upao y OKBHPY
MOjeANHAYHNUX CTPYKTYPHHX JIeJIOBA, M PAacTaBUO caMy METOAY KOMIIpecHje IITO je Buiie Moryhe Ha
CTPYKTYpHE IENNHe, W a0 JeTaJbHy aHAJTU3y NPEUIOKECHHX pellermha W MOTCHIMjalTHIX yCKUX Tpila U
yKa3ao Ha JIeJoBe KOju OW ce MOTIIM T00O0JBIIATH Kako OU ce Jajbe pa3Buo MpeioskeHn konek. Ctora oBaj
paj mpeacTaBiba IIOYETHH HATIOP J1a Ce MPY’Ke AParoleHu YBUAN y YIIOTpedy jeAHOT JoOpO yCIOCTaBJEEHOT
IpucTyna Koampamy, kKao mTo je XEBII cranmapa, y cBpXy KOMIIpecHje CEeH3MHUYKHX MojaTtaka. Kao
CIIOpeIHU JTOTIPHHOC OBOT pana, XEBL] ce aHanmm3npa y OKBHPY CBHX HErOBUX (DYHKIMOHAJIHHX IIEIHMHA,
Tako Ja caM NPEACTaBJBCHHM pajJ MOXKE IMOCTY)KHTH Kao crmenuduyuaH mIperies Merona yrpaheHux y
cranpapa. CBe npeuloskeHe MEeTo/e Cy MaTeMaTH4KH HMCIpPaBHE M TEMEJBHO Cy TECTHpAHE ca CTBAPHUM




nomanmuMma. Pan je o6jaBsben y IEEE Access (Bomehem dwacommcy y oGmactv) ¥ BoaehwM 300pHHUIIMMA
KOoH(pepeHIHja.

From a methodological point of view, there are a number of novel contributions presented in the thesis.
This thesis presented the design of a new, custom tailored, codec for high bit-depth data under the
framework of HEVC, and reported very good results using it for the compression of 32 b/p seismic data.
Almost all parts of the original HEVC have been modified to support extended bit depth range (HEVC
originally supports bit depths up to 16 b/p). Accordingly, the proposed codec is built from HEVC, whose
components have been modified for a targeted 32 b/p input, in order to make it practically useful in the first
place. There is no similar work in the field of seismic data compression that uses the HEVC as a base codec
setting. Also, there is no codec on the market for 32 b/p seismic data that exploits redundancy in all three
dimensions for improved performance. The proposed results show that the codec already performs
significantly better than existing solutions used in the industry, and codec’s subject performance is rated by
Shell’s geologists as highly satisfactory (dr. Lu from Shell oil company from Houston provided his
expertise in the field of seismic data processing and interpretation). This work also accomplished to find
better tradeoffs between the coding efficiency and computational complexity, resulting in the proposed
optimized encoder. In addition, the presented work broke down the new method into its structural parts as
much as possible and gave a detailed analysis of the proposed solutions and of potential bottlenecks and
pointed out the parts that could be improved in order to evolve the proposed codec. Therefore, this work
represents an initial effort to provide valuable insights of using one well established coding approach, such
as HEVC, for the purpose of seismic data compression. As a side contribution of this paper, HEVC is
analyzed within all its functional units, so that the presented work itself can serve as a specific overview of
the methods incorporated into the standard. All proposed methods are mathematically sound and have been
thoroughly tested with real data. The work has been published in IEEE Access (top journal in the field) and
flagship conference proceedings.




VIII OHEHA HAYHUHA IMTPUKA3A U TYMAUYEIA PE3YJIITATA HCTPAJKKHNBAIbA:
ASSESSMENT OF THE METHODS OF DISCLOSURE AND INTERPRETATION OF
RESEARCH RESULTS

ExcrnnMuuTHO HaBECTH MO3UTHMBHY WIM HETaTHBHY OLIEHY HAadMHA NpUKa3a M TyMadewma pe3ylirara
HUCTpaXXHBamha.

Explicitly state a positive or negative assessment of the way the research results are presented and
interpreted.

Kanmunar Munom PanocaBibeBuh y NOTIIYHOCTH je U3BEO UCTpakHMBamba Koja Cy Ouia npeasulena
IUIAHOM JaTUM Yy TpWjaBH JOKTOpPCKe auceprauuje. Llenokynan npukas aucepraudje je po0po u
jacHo CTpyKTypupaH. Pesynratu cy neTajbHO M CHCTEMAaTHYHO MHTEpIpeTHpaHu u ynopeheHu ca
peneBaHTHUM MeTozama u3 obnactu. Benmku Opoj rpadguukux mpukaza omoryhasa makiie
pasyMeBame pe3yiraTa MpPEeACTaB/bEHHX y AWCEpTaluju. VI3BeneHW Cy 3aKk/bydld yTeMeJbeHH Ha
BEJIMKOM Opojy eKcHepuMeHaTa W pa3sHOBPCHHM IOJallMiMa IITO IIOKa3yje Aa KaHAWIAT Biana
MaTepHjoM U TIOCEe/Iyje BICOK HIBO 3Hama. Y CKJamy ca HaBeaeHHM, KomucHja MO3UTUBHO OIEHYje
Ha4yMH IpHKa3a U TyMauema pe3yiiraTta MCTpaKuBama. M3y3eTHO je HallOMEHYTH Ja je KaHIuat
CaMOCTAIHO aHAJIM3UPAo, NPHWIATOJHO M pPENU3ajHUPAao CBE LENHHE jeJHOr CTaHAapaa BHACO
KOJOBama KOjH je N3Y3eTHO KOMIDIEKCAH M CACTOjH CE OJ MHOTO Pa3iIMYUTHX aJlfOPHTaMa KOJOBama
MIOBE3aHUX Yy LIEIUHY.

Jucepranuja je mpoBepeHa y copTBepy 3a ACTEKIH]y Miardjapusma iThenticate, koju Huje mokaszao
3HaYyajHUja MoJyJapama ca mocrojehiom muTepaTypoMm, OCHUM ca paHHje 00ajaBJbeHHM pajoBHUMa
KaHaugaata. HakoH 1ITO ce WM3y3My paaoBH KaHIWTaTa, TMOKIamame je Mame ox 5%. Tume je
MOKa3aHo JIa je JUcepTaliija OPUTHHAIIHO ayTOPCKO JIENI0 KaHIuaaTa.

Candidate Milo§ Radosavljevi¢ completed the research that was foreseen by the plan given in his
PhD application. The overall presentation of the dissertation is well-structured and clear. The results
have been thoroughly and systematically evaluated and interpreted in comparison with the relevant
methods in the field. The large number of graphical representations makes it easier to understand the
results presented in the dissertation. Conclusions were drawn based on a large number of
experiments and diverse data, which shows that the candidate masters the field and has gained
profound knowledge in this area. In view of the above, the Committee evaluates positively the way
the results of the research are presented and interpreted. It is worth mentioning that the candidate
analyzed, adapted and redesigned independently all the units of one video coding standard, which is
extremely complex and consists of many different coding algorithms connected as a whole.

The dissertation was checked in the plagiarism detection software iThenticate, which did not show
significant matches with the existing literature, except with the previously published papers of the
candidate. After the works of the candidate are excluded, the match is less than 5%. This shows that
the dissertation is the original author's work of the candidate.

IX KOHAYHA OLHEHA JOKTOPCKE IUCEPTAIINJE:
FINAL ASSESSMENT OF THE DOCTORAL DISSERTATION:

EKCHJ‘II/IL{I/ITHO HaBECTHU JAa JIn ;[HcepTaqua jeCTe HIn HI/IjG HalmMcCaHa y CKJIaay cCa HaBCICHUM
06pa3J‘IO>KeH>€M, Kao U J1a JIM OHA CaAp>KKU WU HC CaAAPiKHU CBEC OWTHE €JIEMEHTE. I[aTI/I jaCHG, Mnpenus3He U
KOHIIU3HE OATOBOPEC HA 3. n 4. nuTame:

Explicitly state whether the dissertation was or was not written in accordance with the stated explanation,
as well as whether or not it contains all the essential elements. Give clear, precise and concise answers to
questions 3 and 4:

1. Jla 1 je qucepraiyja HamMcaHa y CKIaAy ca 00pa3iiokeheM HaBEJCHUM Y TIpHjaBu Teme?
Is the dissertation written in accordance with the reasoning given in the application form?

I[OKTOpCKa ,uHcepTauI/Ija Y HOTIIYHOCTHU je HalliMCaHa y CKJIaay ca 06pa3J’IO>KeH:€M HaBCJACHUM Y
TIPUjaBH TEME.

The doctoral dissertation is completely written in accordance with the explanation given in the
application form of the thesis.

2. Jla nu nucepTanyja caapku cBe OUTHE eJeMeHTe?
Does the dissertation contain all the essentials elements of scientific work?




Jucepranuja caupXu cBe OWTHE elleMEHTe HayJdHO-HCTPKWBAYKOT panga. Tema, calpikaj, Tperiies
JTUTEpaType, METOAOJIOTHja, IPUKa3 U TyMadewke pe3yiTara 3aI0B0JbaBajy 3aXTeBe HUBOA TOKTOPCKE
JHicepTanyje.

The dissertation contains all the essential elements of scientific research. Topic, content, literature
review, methodology, presentation and interpretation of the results meet the requirements of the
doctoral dissertation level.

. ITo wemy je mucepranyja OpurdHaiaH JONPUHOC HAyIH?
What makes a dissertation an original contribution to science?

JlokTOpCcKa TucepTalyja CaapyKi OPUTHHAIHE HaydHe TONPHHOCE Y JOMEHY KOMIIPECH]je CEU3MUYKUX
momataka/cnuka. KopumhemeM TexHHMKAa Koje cy ce Hajuemhe NpUMEHmHBANIE 3a KOMIPECH]Y
CTaHJApOHOT BHAEO CHUTHANA, y OBOj IUCEPTAllMjd je HOBHM TIPHUCTYIIOM YyHampeheH cremeH
KOMITpecHje CeM3MHUYKHX rojiaTaka. Kao moiasHa oCHOBa KOPUCTHO C€ OKBHP KOjH j€ MPEICTAaBIbEH Y
CTaHAapy 3a BHJIEO KoJoBambe. Moau(UKaIjoM MojeJMHIX JeJI0Ba CTaHAap/a, ¥ MPeJIoroM HOBHX
aJropuTamMa Koju Cy OTKJIOHHJIM HelocTaTke nocTtojehux, craHmapa Koju ce MaxoM KOPHUCTHO 3a
CTaHJapJaH BHIEO CHUTHAJ, IIOCTa0 je JOCTYHNaH 3a KOMIIPECHjy IMOoAaTaka BUCOKE aMILIUTYJCKE
pesonyuuje. M3BeneHn aaroputMu Cy TECTHPaHH JETabHO Ha PA3IMuMTHM CKYNOBHMA IOJaTaka U
BHUX0Be nepdopMaHce cy HopeheHe ca mepdopMaHcaMa TPEHYTHO DPEJICBAHTHHUX aJIOTOpUTaMa y
obnactu. OBO je NMpBU paj KOjH je KOPUCTHO OBAaKaB MPUCTYI Yy CBPXY KOMIIPECHje CEH3MUYKUX
nojaTaka.

The doctoral dissertation contains original scientific contributions in the field of seismic data/image
compression. By using the techniques most commonly used for standard video signal compression,
the compression ratio for seismic data has been improved in this dissertation by using a novel
approach. The new approach is presented in the framework of High Efficiency Video Coding
standard, which was used as a starting point. By modifying certain parts of the standard and proposing
new algorithms that overcome the shortcomings of the existing ones, the standard, which was mostly
used for the standard video signal, became available for high-bit resolution data compression. The
derived algorithms were tested in detail on different data sets and their performance was compared
with the performance of currently relevant algorithms in the field. This is the first work to use this
approach for the purpose of seismic data compression.

. Koju cy Hemocraru nucepTanyje u KakaB je IbIXOB YTUIA] HAa PE3YIITaT UCTPAKUBama?
Disadvantages of the dissertation and their impact on the research result?

Jucepraiija HeMa HEIOCTATKE KOjU yTUYY HA PE3yJITaTe UCTPAKUBAbHA.
The dissertation has no flaws that affect the research results.
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