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11 HACJIOB JOKTOPCKE JUCEPTAIIMJE:

KonnenT ¢yHKIMOHATHE TPOIYKTHBHOCTH 332 MOZEJIOBAmkE MOY3IaHOCTH y AOMEHY OJpKaBarba
3aCHOBaHOM Ha €HEepruju

111 TITLE OF DOCTORAL DISSERTATION:

The Concept of Functional-Productiveness for Modelling Reliability in Energy-Based
Maintenance Domain

v MOPEI'JIEJ JOKTOPCKE JUCEPTAIIMJE:
Hagectu kparak caaprkaj ca Ha3HaKOM Opoja CTpaHHIa, M0TJIaBJba, CIMKA, CXeMa, rpaduKoHa!

JlokTopcka muceprandja je CTpyKTyupaHa y 4 TiiaBHa IOIViaBjba ca yKymHo 12 cekuuja (Mckibyuyjyhu
pedepenne u npuiore). CTpykTypa AOKTOpaTa je aara:
IHoraasme 1
1. VBox
2. HcrpakuBauky IPOTOKOIHU U METOME
Horaasmwe 2
3. HcTtpaxxuBadku pe3yaTaTH Iperiena mpojexara
4. HcrpaXuBauky pe3yiTaTH Hperiieia TNTepaType
5. MHcTpaxkuBauku pe3yJsTaTu Mperie/ia mpakce
IHoraasme 3
6. ExcrnepuMmeHTasIHO NoOJenIaBame
7. PesynraTu eKcriepUMEHTAIHOT HCTPAKUBAMHA
8. Ilpunpema nonaraka 3a o0paay y3 momoh MammHCKOT y4ema
9. Mopgenu MaluHCKOT y4ema
10. Ananusa nmoy3gaHocTu mpoueca
Horaasmse 4
11. Huckycuja
12. 3akspyuny u npaBiy Oyayher ucTpaxuBama
Pedepentne
ITpunosu
Huceprainyja je nznoxkena Ha 217 ctpanuna, a cagpxu: 12 ceknuja, 148 cnuka (3ajento ca rpaduKOHIMA),
82 tabene, 14 npunora u 145 pedepenun.

v DOCTORAL DISSERTATION OVERVIEW:
Specify a short content with an indication of the number of pages, chapters, pictures, charts:

Doctoral dissertations consists of four main chapter with 12 sections (excluding refrences and appendices).
The structure of the thesis is given as follows:
Chapter 1
1. Introduction
2. Research protocols and methods
Chapter 2
3. State-of-the-projects research results
4. State-of-the-literature research results
5. State-of-the-practice survey results
Chapter 3
6. Experimental setup
7. Experimental results and discussion
8. Machine learning data preparation




9. Machine learning models
10. Reliability analysis
Chapter 4
11. Discussion
12. Concluding remarks
References
Appendices
Disseration is presented on 217 pages, and contains: 12 sections, 148 figures (including graphs), 82 tables,
14 appendices and 145 refrences.

\4 BPEJHOBAIBE NOJEAUHHUX JAEJOBA TOKTOPCKE JUCEPTAIINJE:

HacnoB nokTopcke Te3e je jacHO W MPEIM3HO Je(PUHUCAH, CaXeT U (POPMYJIHCaH Ja 00XyBara pa3MarpaHy
MpoOJIEMaTHKY ¥ TEMY HCTPaKUBamba.
Iloraasmbe 1:

Y y600y xaHOMIaT je MPEeACTaBHO MCTPAXMBAYKU OKBHpP KPO3 MOTHBAILM]y, panroHamHOCT (ykibyuyjyhu
aKTYeIJIHO CTame 00JIacTH), UCTPAXKUBAUKU NPOOJIEM, INJbEBE HCTPAKUBAHA, KA0 M XUIIOTE3€ HCTPAKUBAIbA.
MortuBanyja 1 notpeda 3a NCTPaKUBABEM IIPEACTABIbEH je KPO3 TeMeJbe HAyYHUX JJOKa3a KOjH Ce cacToje
O]l Tperjiela CBUX JOCTYIHHMX mpojekata y EY w3 obnactu MHIyCTpHjCKOT OApKaBama, MNperiena
JTUTEpaType M eKCTpakidja JoKaza u3 mpakce. VcTpakuBaukd MpoOJieM je MpeAcTaB/beH KpO3 MPU3MY
(byHKIHOHATIHE TIPOAYKTHUBHOCTH, TJ€ j€ KaHIUIAT KOHCTPYNCAO KOHIICNT Ka0 HEJ0CTATaK ABOJIUMEH3UOHE
ojpeaHuIle GYHKIIMOHATHOCTH KOjH CE OTJIe/ia He caMo Ja I CUCTEM UCTIyHhaBa QYHKITH]Y IIUJbY HETO Ja JIn
UCIyHaBa U BPEMEHCKH [TOCTaBJbEHY OJpEAHUIly. Y3umajyhu y 003up JaHallbi TEXHOIOIIKH €KOCHCTEM,
rJie CHCTEMHU pajie y 0e30TKa3HOM PEeXHMY, KaHAWAAT je MPEIUIOKHUO KOHIENT Mapkepa (yHKIHOHATHE-
HPOJYKTUBHOCTH.

[ubeBHn ucTpaxkuBamba 00yXBaTajy HCTPAXKHMBAKE TPEHYTHOI CTama HCTPAXKHMBAYKE IIPaKkce YHyTap
mpojekara Koju ce ¢uHaHcupajy on ctpane EY, 3aTuM cucTeMaTCKW TIperjiel IMpojekata y o0JiacTu
EHEepreTCKU-3aCHOBAHOT OJ[pXKaBarba, Pa3Boj M CIIPOBOlEHEe aHKeTe KAa0 MCTPAKHUBAYKOI MHCTPYMEHTA 3a
eKCTPaKIHUjy Mojaraka XuApay4KuX MPOMEHJbUBHX U3 mpakce. OcuM Tora, TJIaBHH Wb y JOKTOpATy
npe/cTaB/ba KiIacu(pUKaIfja cTama XUIPAyIHIKOr cucTeMa u3mel)y HOpMaJHOT pajia U paja y NpUcyCcTBY
aHOMaJldja TPEACTaBJbCHHX Y3 MOoMoh Mapkepa (YHKIHOHAJIHE NPOAYKTUBHOCTH. OBU MapKepu cy
onpehern y3 momoh amaTa MaImIMHCKOT yuema. [locmenmu IUb mojapa3yMeBa ymoTpeba Mmapkepa 3a
MO/ICJIOBaE TIOY3aHOCTH CHCTEMA Kao ajara 3a ONTHMHU3AIH]y OJpKaBama.

Jedunucame XUIOTETHYKUX OKBHpa MOApa3syMeBa TECTHUpame TPaIULHOHAIHO NpuxBaheHUX XHIIOTe3a M
UCIIMTHBAbE BATUIHOCTH UCTHX. [Ipe cBera TecTHpame XHUIIOTE3€ Ja JIM CY NPOjeKTH (UHAHCHPAHU Of
crpaHe EY nocsehenu eneMeHTHMA TEXHOJIOMIKOT HAIIPETKA MIIH €AyKALMjH U CTPYKTYPAIHHM [IOIpaBKama.
3aThM, HCIIUTUBALE 1A JIM je KOHTAMULIM]ja IJIaBHHU Y3pOYHUK OTKa3a y cepr XUAPayJINUKUX CHCTEMA, U Jia
JIM TIOCTOjM KopeJanuja usmel)y norpourmbe eHepruje 1 KOHTaMUHALMje YHyTap cucTeMa Kako Ou ce ucra
KOpHUCTHJIa Kao IPOMEHJbMBa Y BUIY (pyHKIHMOHATHOT Mapkepa. IaBHa xuroresa je neduHHCcaHa Kao
»--.MoryhHocT onpeluBama crama cucrema y3umajyhu y 003up Mapkepe QpyHKIHOHAIIHE TPOIYKTHBHOCTH
Ha OCHOBY KOJUX C€ MOJKE allpOKCUMHpATH IpaBa (QyHKIMja HA OCHOBY NPEAJI0KEHOT MOJIella Koja Manupa
yJla3e y U3jase 4yak M Ha HOAaliMa KOjU HUCY YHETH y MOJeN .

Mornasmbe 2:

C 003upom Ha cBe Behy mpuCYTHOCT mpuiia3a 3aCHOBAHOT Ha JToka3uMa (Ha eHril. Evidence-Based Approach)
WCTH MPUHLMUI je KaHAUAAT KOPUCTHO Jia TIPEACTaBU MeTo/ie (IPOTOKOJIE) 32 SKCTPAKIHU]y T0Ka3a, Kako Ou
OCHTYpao TPAHCIAPEHTHOCT M MOHOBJBMBOCT pe3yiTata UCTpaKuBama. Ha cucTeMaTMyaH HauyuH je
TpaHCHapeHTHO (hOpMUPAH MPOTOKOII 3a MPErie] MpojeKaTa KOji Ce CaCTOju OJI IBE (pa3e: EKCTPaKIUje MeTa
rmoJiaTaka ¥ aHaJu3e ToJaTaka YHyTap peaan3allyje CBaKkor MpojeKTa I0je AMHAYHO, TIOMTY]j YNy HHKITy3UBHE
U eKCKIy3uBHE KpuTepujyme. EKcCTpakuuja mojgaraka H3 Mpakce MHoapasymMeBa (OPMHUpAre aHKETHOT
MHCTPYMEHTA 3a eKCTPaKIWjy MojaTaka Be3aHy 3a CTambe Ipakce OfpiKaBama Ha TEPUTOPUjU 3arajHor
bankaHa. AHKETHH HHCTPYMEHT je Bepr()MKOBaH 0]l CTpaHe UHXKEHhepa U HayYHHKa U3 00JIaCTH Ca BUCOKUM
CTENICHOM OJ/I3MBa, MPH 4YeMy Cy M[OJald He caMO KOPHUIITEHH 3a o0pajy HEro M 3a ONpaBIaBaimbe
EKCIIEPUMEHTAITHOT UCTPaXXKUBambha, YuMe ce OeHeuTH orjienajy y NpuxBaramby OIIITHX KapaKeTepUCTHUKA
cUCTEMa U MPOMEHJBHUBHX 32 ()OPMUPAHE U OIPABIAHOCT HOBUX CKCIIEPHMEHTAIHUX HCTPaXKuBama. VcTu
TPUHITNI je TPUMEEEH U 332 SKCTPAKIHU]y J0Ka3a U MOJaTaKa U3 JUTEPATypHUX U3BOPA HA TEMY CHEPreTCKH




3aCHOBAHOT OJip>kaBarba. CBH pe3yJITaTH UCTPAKHUBAKA Y IPYTOM TIOTJIABJbY Cy TPAHCIAPEHTHO U BAUIHO
MPUKa3aHU ¥ JUCKYTOBaHHU.
IlornaBibe 3:

Haxon adupmanuje na ce OyayhHOCT MHIOyCTpHjCKOT onpkaBama OKpehe ka €HepreTCKHu-3aCHOBAaHOM M
OJIP>KMBOM OJIp)KaBamby, KAHIUAAT j€ MPAKTUYHUM EKCIIEPUMEHTOM Ha MH/IYCTPUjCKOj MAlIMHK MPEACTABUO
MoJiel (YHKIMOHAIHE-NPOJYKTUBHOCTH Y3 IIOMON ajata MamMHCKOT ydema. CerMeHT XuIpayinyke
KOHTPOJIE je YyIoTpeOJbeH Ka0 OCHOBA 33 EKCIIEPUMEHT, a IPOTOK M MPUTHCAK (K0 €JIEMEHTH XHIpayIHdKe
eHepruje) cy ymnoTrpeOJbeHH 3a JAWjarHOCTUKY OWHAapHOT CTama CUcTeMa Kao ,,HOPMaIHOI'™ W ,,KBa3u-
OTKa3HOT* CTama — I/Ie € HE MOJKE jaCHO TBPJAUTH J1a j€ CUCTEM y OTKa3y aJli C€ MOJKe TBPJUTH Jia IIOKazyje
3HAKOBE Aerpajalyje U Kao TakaB Ce ,,eTHKeTHpa‘“ Kao jerpaanpad. Kannunar je TpaHCIapeHTHO NPUKa3ao
HAYHMH aKBU3UIMje U 00paje moaaraka. Miamehy ocranor, mpuka3aHu cy MOJIEIH MallTHHCKOT y4emha KOju Cy
ynoTpedJbeHn fa Ou ce M3BpIIMIA Kiacupukanmja. 3a MpopadyH yCIENTHOCT Kiacu(uKaiuje, HeypoHCKe
Mpeke Cy ce Imokasaje kao Hajoospu MoIel 3a Kiacuukamnujy OnHapHe IpoMeHJbUBE 3a ofpehuBame cTama
XHAPAYIMYKOr cucTeMa. M3 HeypoHCKUX Mpexa Cy 3aTHM y3€TH IIapaMeTpH Koju Haj0oJbe H3BOJE IpolLec
KIacH(pUKalyje U UCTH CY YHOTPeOJbeHH 32 MOJCNIOBAE MOY3IAaHOCT Kao BPEMEHCKE NIPOMEHJBHBE, NTPU
yeMy cy ojapehenn aumctpuOynuje u mpouecd HcTHX. Ha ocHOBY moOMjeHMX Ipolieca H3BPIIEHO je
MO/IETIOBabE MMOY31aHOCTH CUCTEMA U PE3yJITaTH Cy TPAHCIIAPEHTHO NPUKa3aHU.

IoraaBme 4:

[ocnenme Mornassbe je MOAE/bEHO Ha IUCKYCHjy 3a CBaKH BHJ NMPUKYIJBCHUX J0Ka3a LITO MOJpa3yMeBa
JIMCKYCHjy Ha TEMYy MCTpakHBamba HHIYCTPH]CKOT oJip>kaBama Kpo3 EY mpojekre; TUCKyCHjy Ha TOTIPUHOCE
y TIperiieay JUTepaType Ha TeMy SHEpPreTCKH-3aCHOBAHOT OJPKaBama; JUCKYCH]y Ha TPCHYTHO CTAHE Y
MPaKCH MHJYCTPHjCKOT O/IpiKaBama XUIPayInIKux cuctema. OcuM Tora, orjiaBjbe 00yXBaTa U 3aKJby4Ke U
npasie Oynyher uctpaxxupama, Kao U OpPUTHHATIAH HAYYHH JOIMPUHOCH JIUTEPATYPU.

Komucuja cmpama oa cy konmexkcm, npedmem, npooiem u ROCHMAG/bEHU UUbEEU U XUNOMEMUYKU
OKeupU jacno u KORYU3Ho nocmaebenu u ookazanu. Kanouoam je céoje koncmanmavuje u xunomemuxe
OKeupe npeocmaeuo Kpo3 NpusMy Rpakce, Jqumepamype, Cmara HAyKe Kpo3 HAyuHe npojeKkme
Qunancupane 00 cmpane EY, a 3amum u ekcnepumenmannum 00Ka3uearem npeoyoyceHux KOHyenama.
Hucepmanuja caopycu mpancnapenmne npomoxone Koju omozyhasajy nonog.sueocm ucmpaxcuearsa.
Komucuja 3akxmyuyje oa cy 00z06éopu na ucmpajrcusayka numared, Kao U CyMUpano mecmuparse
XUROMEMUYKUX OKGUPA jACHO 00pa3nodiceHu u 3aKmpyuna pazmamparea nomeplhyjy adekeamunocm u
3HAYAJHOCM NPEONIICEHUX peulerba Kako y meopuju, mako u y npaxcu. Komucuja cmampa oa
aumepamypay RHOMNRYHOCHIU 00208aPa meMamuyy oucepmayuje KAHOUOama, a 0a NPUIO3U A0EKEaANHO
ynomnymwyjy cadpcaj oucepmanuje. Ha ocnosy usnoscenoz, komucuja no3sumugHo ouyeryje cée oenose
00KmopcKe ducepmauuje.

\4 EVALUATION OF THE DOCTORAL THESIS CHAPTERS:

The doctoral thesis title is clearly and precisely defined, summarized, and formulated to cover the considered
issues and research topic.
Chapter 1:

In the introduction, the doctoral candidate sets the research context through motivation, rationality (including
the current state of the field), research problem, research goals, and research hypotheses. Motivation and the
need for research are presented through the foundations of scientific evidence, which consists of a review of
all available projects in the EU in industrial maintenance, literature review, and extraction of evidence from
practice. The research problem is presented through the prism of functional productiveness. The candidate
constructed a concept as lacking a two-dimensional determinant of functionality, reflecting whether the
system fulfils a defined function and meets the time determinant. Considering today’s technological
ecosystem, where systems must operate in a fault-free mode, the candidate proposed the concept of a
functional-productiveness.

The objectives of the thesis include a systematic review of EU projects in the field of energy-based
maintenance, research development and implementation of the survey as a research instrument for extracting
evidence of hydraulic variables from practice. In addition, the doctoral dissertation’s main goal is to conduct
machine learning classification on the state of the hydraulic system between ,,normal®“ and ,,quasi-
fault“modes presented with functional-productiveness markers. These markers are determined using machine
learning tools. The last goal involves using markers to model system reliability as a time-to-an-event to
optimize maintenance.




Defining hypothetical frameworks involves challenging accepted hypotheses and examining their validity.
First of all, testing the hypothesis of whether the projects financed by the EU are dedicated to the elements
of technological progress or education and structural repairs in the industrial maintenance domain. As such,
arguments for lack of progress are used to validate the need for an energy-based maintenance paradigm. Also,
examining whether contamination is the main cause of failure in the field of hydraulic systems and whether
there is a correlation between energy consumption and contamination within the system to use it as a variable
as a functional-productiveness marker. The thesis statement is defined as “...the ability to determine the
system’s state taking into account functional-productivity markers based on which the real function can be
approximated based on the proposed model that maps inputs to outputs given unseen data”.

Chapter 2:

Given the growing presence of the Evidence-Based practice, the candidate used the same principle to present
methods (protocols) to extract evidence to ensure transparency and replicability of research results.
Systematically, a protocol for project review was formed, consisting of two phases: extraction of metadata
and analysis of data within the implementation of each project individually, respecting inclusion and
exclusion criteria. Extraction of data from practice implies the formation of a survey instrument for the
extraction of data related to the state of maintenance practices in the West Balkan countries. Engineers and
scientists in the field verified the survey instrument. The survey response rate was relatively high, and data
was used to challenge the traditionally accepted hypothesis and justify the experimental design of the research
parameters used. The same principle was applied to extracting evidence and data from literature sources on
energy-based maintenance given proposed search syntaxes extracted from defined research questions. The
research results in the second chapter are adequately presented and elaborated, respecting transparency and
replicability.

Chapter 3:

After the affirmation that the future of industrial maintenance is turning towards energy-dedicated and
sustainable maintenance, the candidate presented a model of functional productiveness that can improve
system performance with the help of machine learning tools. The hydraulic control segment was used as the
basis for the experiment, and flow and pressure (as elements of hydraulic energy) were used to diagnose the
state of the system as a “normal” and “quasi-failure” binary state - where it cannot be clearly stated that the
system is failing. However, it can be argued that it shows signs of degradation and is labelled a “Normal”
and “Quasi-fault” state system. The candidate transparently presented the method of data acquisition and
processing. Machine learning models presented in the thesis are used for classification purposes where neural
networks showed the highest classification accuracy of binary variables to determine the state of the hydraulic
system. The predictors that contributed the most to the classification were then used to model reliability as
time constraints, thus, estimating distributions and process parameters. System reliability modelling was
performed based on the obtained processes, and the results were presented transparently.

Chapter 4:

The last chapter discusses industrial maintenance research state through EU projects, literature review and
state-of-the-practice of industrial maintenance of hydraulic systems. In addition, the chapter covers the
conclusions and directions of future research and original scientific contributions to the literature. It also
provides the main contributions to the literature and implications of energy-based maintenance as a
maintenance paradigm.

The committee considers that the context, subject matter, problem and objectives, and hypothetical
frameworks are clear and concise. The candidate presented his statements and hypothetical frameworks
through the prism of practice, literature, and state of science through research projects funded by the
EU and then experimentally proved and highlighted the benefits of the functional-productivity concept.
The dissertation contains transparent protocols that enable the replicability of research. The committee
concludes that the answers to the research questions and the summarized testing of hypothetical
frameworks are clearly explained, and the concluding remarks confirm the adequacy and significance
of the proposed solutions in theory and practice. The committee considers that the literature fully
corresponds to the topic of the candidate’s dissertation and that the contributions adequately complement
the content of the dissertation. The committee positively evaluates all parts of the doctoral dissertation
based on the above.




V1 CIIUCAK HAYYHHUX U CTPYUYHHUX PAJIOBA KOJU CY OBJAB/bEHH NJIN
IIPUXBAREHU 3A OBJAB/BUBAILE HA OCHOBY PE3YJITATA HCTPAJXKUBAIBA
Y OKBUPY PAJIA HA TOKTOPCKOJ JUCEPTAIINJIN:

TakcaTHBHO HABECTH HA3MBE PaJIOBa, T1Ie U Kaja cy o0jaBibeHH. [IpBO HaBeCTH HajMambe jeaH paj 00jaB/beH
wim npuxBaheH 3a o0jaBJbUBame y CKIany ca [lpasunuma doxkmopckux cmyouja Yuueepsumema y Hoeom
Cady xoju je TOBE3aH ca caIpikajeM JOKTOpCKe auceprandje. Y ciydajy pamoBa mnpuxBaheHux 3a
00jaBJbHBambE, TAKCATHBHO HABECTH HA3UBE PaJIOBa, rAe U Kaja he 6utu 00jaB/beHU M IPUIIOKHUTH TTOTBPILY
ypeIHIKA 4aCOIHCa O TOME.

VI LIST OF SCIENTIFIC PAPERS PUBLISHED OR ACCEPTED FOR PUBLICATION
BASED ON RESEARCH RESULTS WITHIN DOCTORAL THESIS:

List of related publications, where and when were they published. First, state at least one article published or
accepted for publication according to the University of Novi Sad Rulebook for doctoral studies related to the
content of the doctoral dissertation. If the paper is accepted for publication, list the title of the papers, where
and when they will be published, and attach the editorial confirmation of the journal according with the
acceptance.
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viI 3AK/bYYIIN OJJHOCHO PE3YJITATH HCTPA’KUBAIbA:

3akpydlld 'y JOKTOPCKOj IUCEpTaldjd yKalyjy Ha OWTHOCT €HeprHje Kao HOBOT MpEeAuKTOpa 3a
YCIIOCTaBJbakhe alpOKCHMalMje CTama CHCTEMa U3 aclleKTa JUjarHOCTHKe W mporHoctuke. OcuM Tora,
onpehuBame Mapkepa (YHKIHMOHAJIHOCTH CHCTEMa JOOMjeHMX W3 Mojella MAalIMHCKOT Yd4ema Kao
napaMeTapa Koju HajOoJbe Bpile Kiacu(UKalMjy CTamba CHCTEMa, UCTH MapKepH ce MOTY UCKOPHUCTUTH 3a
ONTHMU3ALN]y HHIYCTPHJCKOT OJ(pXKaBama. VICTpakMBame y MOTIYHOCTH NpaTH TPEHYTHE TPEHIOBE
MHJYCTPH]CKOT OJpXKaBamba, Kao Mpojekuuje Oyayhux ncrpakupama KOju Cy IIOCTaB/bEHH OJ CTpaHe, Kako
aKaJeMCKHX, TaKO W EBPOIICKHX OKBHpa KOjH C€ OClamajy Ha ESHepreTCKH 3aCHOBAaHOM M OJAPIKHBOM
OJIp>KaBamby.

Komucuja nousumueno ouermyje nauun npukaza u mymayera pe3yimama UCMpax3cueara u 3aKvyuyje
0a je 00KmopcKa oucepmayuja opuzunaiIno Hay4no oeno kanouoama Mapxa Opowrmaka.

v CONCLUSIONS - RESEARCH RESULTS:

The conclusions of the thesis indicate the importance of energy as a new predictor for establishing an
approximation of the system’s state from the aspect of diagnostics and prognosis. In addition, determining
the functional-productivity markers obtained from the machine learning model as parameters that best
classify the system’s state can be used to optimize industrial maintenance practice. The research fully follows




current industrial maintenance trends and future research projections set by academic and European
frameworks that rely on energy-dedicated and sustainable maintenance practices.

The committee positively evaluates how to present and interpret the research results and concludes that
the doctoral dissertation is an original scientific work of candidate Marko OroSnjak.

VIIIT OHEHA HAYMHA IPUKA3A U TYMAYEA PE3YJIITATA HCTPAKKUBAIbA:
EXCIumIuTHO HaBECTH IO3WTHBHY WJIM HETaTHBHY OICHYy HadyWHA TpPHKa3a M TyMauema pe3yiTara
HCTpakKWBamba.

JlokTopcka muceprandja KaHauata oOyxBaTa IMPEICTaBJbalbeé HOBE TMEPCIEeKTHBE Yy o0nacTu
WHIYCTPHjCKOT OJprKaBama, MpemioxkeHor kao OnpikaBame 3aCHOBaHO Ha eHepruju. OcuMm Tora, 3a
HCTOMMEHY ITapaJurMy NpeuIoxKeHa je HOBa TePMHUHOJIOTHja TyMauerha (yHKIIMOHATHOCTH CHCTEMa, Kao
KOHIIENT (hyHKIHOHAIHE NPOAYKTUBHOCTH. KOHIENT caM 1o ceOu BpIIM TyMauemhe OTKasza Kao IPOLeC
Jierpajanyje y KoM ce TpaHHLe OTKa3a MoJIelIaBajy Win Ha OCHOBY nopemehaja 1eMHICaHUX Of CTpaHe
cy0jekara Kao CTaTHYKE JJOK jé CHCTEM jOoUI Y OIepaTHBHOM pexumy. 3a oxpehuBame Jerpanauuja u
napaMerepa IPOMEHE CTama CHCTeMa NPEIIoKEHH Cy MapKepH (YHKIHMOHAIHE NPOIYKTHBHOCTH, I/e
UCTH MOTY Ja Cce TpaTe y MOHUTOPHUHIY CTarba M Ha Taj HayMH BpIM Bpahame y rpaHuLa 03BOJHEHUX
OJICTymamba J0K je CHCTEM Y 0€30TKa3HOM PEKUMY.

Pesynratu cy n00HjeHN CHCTEMAaTHYKUM IIPOTOKOJIMMA 3a CBaKe THITOBE TOJaTaKa IM0jeJMHAYHO, JOK je
HOTBpJa cucteMa (yHKIHOHAIHE IPONYKTUBHOCTH M3BpIICHA EKCIICPHIMEHTAIHUM JOKa3uBambeM. Ocum
TOTa, 32 MOJEJIOBambe KOHIENTa (YHKIMOHAJHE IPOXYKTHBHOCTH YHOTPEOJEEHU Cy ajlaTH MaIIHMHCKOT
ydema U3 KOjHX Cy MapKepH W3BYUCHH Ha OCHOBY MoOjIelia KOju Haj0oJbe Kilacupukyje (mpeMa nmapamerpy
HpEenU3HOCTH) cTame cucteMa. C 003UpOM Ha CBEIPHUCYTHOCT EHEPIeTCKHUX MOJIUTHKA M HCTPAXKUBAKA Y
00JacTH OAPKUBOCTH, CMATpa Ce Jia je TeMa KaHIuAaTa W3y3eTaH JOMPHUHOC Y 00JacTH WHAYCTPH]jCKOT
oJlp)KaBama.

[pernenom nokropara HUCy yTBpleHe jacHe MHAMKAIMje HAaYMI-CHOT Iuiardjata. [loctoju mpucycrBo
JIeNIoBa pajia KojH ce MoayAapajy ca HaydYHUM JOIPUHOCOM ayTopa, ajld KOjH je y CKIIOITy obaBe3e ayTopa
Jia myOJInKyje paja u3 TeMe JucepTanuje ¥ Koju je pedepeHuupan y nucepraiuju. OCUM Tora, IpucycTBO
3HAYajHOT MOy Aaparma y CMUCIY IUlarujata y3 momoh copreepa 3a nerexuujy riarujapusma iThenticate
HHj€ YKa3aHo.

Komucuja nozumueno oyemyje nauun npukasa u mymauera pe3yimada ca 3aKby4Kom 0d je 00KmopcKa
oucepmayuja OpuzUHAIHO HAYYHO 0eno kanoudama Mapka Opowmaka.

VIIT ASSESSMENT OF PRESENTATION AND INTERPRETATION OF THESIS RESULTS:
EXCIUMIIMTHO HaBECTH IO3WTHBHY WJIM HETaTHBHY OICHYy HadyWHA TpPHKa3a M TyMauema pe3yiTara
HCTpakKWBamba.

The candidate’s doctoral dissertation includes the presentation of a new perspective in the field of industrial
maintenance, proposed as the Energy-Based Maintenance (EBM) paradigm. In addition, new terminology
for interpreting system functionality thresholds has been proposed for the EBM functional-productiveness
concept (FPC). The concept interprets failure as a degradation process in which failure boundaries are set
continuously or defined as static control limits while the system is still in operational mode. To determine
the degradation and parameters of changes in the system’s state, functional productivity markers have been
proposed, where they can be monitored and used for diagnostics, repair and system return to peak
operational efficiency.

The results were obtained by systematic protocols for each data type individually, while the confirmation
of the functional productivity system was performed by experimental proof. In addition, machine learning
tools were used to model the concept of functional productivity, from which markers were extracted based
on the hypothesis space (model) that best classifies (according to the precision parameter) the system’s
state. Given the ubiquity of energy policies and research in sustainability, it is considered that the topic is
an outstanding contribution to industrial maintenance.

The examination of the doctorate did not reveal any indications of plagiarism. There is the presence of
parts of the work that coincide with the scientific contribution of the author, but which is part of the
obligation of the author to publish the work of the part of the dissertation and which is referenced in the
dissertation appropriately. In addition, the presence of a significant match in terms of plagiarism with the
help of plagiarism detection software iThenticate was not indicated.




The Commission positively evaluates the way of presenting and interpreting the results, concluding that
the doctoral dissertation is the original scientific work of candidate Marko OroSnjak.

IX KOHAYHA OIIEHA TOKTOPCKE JUCEPTAIIUJE:

ExCIuMIMTHO HaBECTH Jia JIM TUCEPTALMja jeCTe WIK HUje HAalMCaHa y CKIIaTy ca HaBeICHUM 00pa3iokKemeM,
Kao M J1a JIM OHA CaIPIKU WM HE CaapXu CBE OUTHE eneMeHTe. JaTH jacHe, Ipelu3He U KOHIU3HE OrOBOPe
Ha 3. 1 4. nuTame.

1. Jla v je nucepTanMja HaIMCcaHa y CKIaLy ca 00pa3iokKemheM HaBeICHUM Y MIpHjaBu TeMe?
Jucepmauuja je nanucana y cknady ca o0pasnodncersem HageoeHUM y npujasu.

2. Jla i qucepTanuja caap>ku cBE OUTHE eJIeMeHTe?
Jucepmauuja caopsicu cée 6umne enremenme.

3. [To ueMy je mucepralija OpUTHHAIAH TOTIPUHOC HAYIIH?

OpurHHaJHU HAay4YHH JONPHHOC JOKTOPCKE AWCEpTalyje orjiena ce Kpo3 BHIIE eleMeHata. Kao mpsu
SJIEMEHT HABOJH C€ CHCTEMATCKH Iperyiesl JUTepaType y 00JacTh oJprkaBama 3aCHOBAH Ha €HEPrHju U
OJIP>KMBOCTH KOjU JI0 caja HHje crpoBeleH. Jpyro, nmpeasor koHuenta (pyHKIHOHAIHE NPOAYKTHBHOCTH
cMarpa ce 3HauyajHAM HalpeTKOM y OJHOCY Ha JaObwiHy AeuHHIN]Y (YHKIHOHAIHOCTH HAa OCHOBY KOje
HUje Owio Moryhe U3BPIIUTH MOJENIOBAE MTOY3/1aHOCTH M ONTHMHU3ALM]H Mpolieca y 0€30TKa3HOM PEeXUMY
pana. Ilpexnaramem (yHKIMOHATIHE TPOAYKTHBHOCTH Kao JABOJMMEH3HMOHE OJIPEIHHUIIE 0TKa3a YMHOTOMeE
oMoryhaBa MMIUIEMEHTAlMjy MAIIMHCKOT yuYelkha U MOJEJIOBame MOYy3/1aHOCTH cucreMa. Excrpakiujom
Mapkepa (QyHKIHMOHAJHE NPOJYKTUBHOCTH Kao MNPEJUKTOpa Jerpajanuje CHCTeMa 3a JHjarHOCTHKY |
MIPOTHOCTUKY cMaTpa ce HajBehnM TONpHHOCOM JucepTanyje. Ynorpeda Mapkepa Kao BpeMeHCKOT jorahaja
32 MOJEJOBake NOY34aHOCTH IONPHHOCH MOOOJBLIAIY IPOLeca YCMEPEHOM Ka OApiKaBamy CHCTEMa Y
OTNITUMAITHUM TIephopMaHcaMa U CTIpevaBame Jerpaanje CucTeMa.

Komucuja je 3axwyuuna oa oucepmauuja cadpicu ceée enemenme OPUZUHATIHOZ HAYYHOZ OONPUHOCA
kanouoama Mapka Opowraxa.

4. Koju cy HegocTany nucepTanyje U KakaB je FbUXOB YTHIIA] Ha Pe3yJiTaT HCTPaKUBamba?

Kommucuja je ka0 HeTOCTaTKe, OJHOCHO OrPaHUYEH-€/a Y NCTPAXKHUBakY HICHTH(HUKOBANA KPO3 HEKOJIUKO
cyrectdja kao Moryhe BumoBe yHamnpehema. Kao mpBy cyrecTujy u yTHIaj Ha pe3yJsiTaTe HCTPAKHUBamba je
ynotpeda XRF criekrpodoromerpa. Hanme, moMeHyTa METOI yTHYE Ha TPEIU3HOCT NOOHjEHUX pe3ysTara
Mepera YecTulla Koju cy ucroj 10 ppm-oBa, IITO yTHYE HA BAJIMAHOCT pe3yjiTaTa Mepeme U JaBambe
aJIeKBaTHE [MJarHOCTHKE CTama €JIeMEHATa jep MEeTo/a HeMa JO0BOJbHY OCETJBMBOCT M IOBEPJHHBOCT 32
MOMeHyTe yecTtuiie. Kao TakBu, pe3ysraTi ce cMaTpajy JJaOWITHU U HETTOBEPJHHUBH jEp caMa METOJIa je YIIUTHA
3a eJeMEeHTapHy aHaJu3y HCIIOJl NPONMCAHOI HHMBOA BEIMYMHE decThia. YMmecto Ttora, ICP (Ha eHru.
Inductively Coupled Plasma) cuektpodoToMeTpuja ce cMaTpa aJeKBaTHHjOM 3a YECTHUIIEC UCIIOJI IIPOIHCaHe
BesimunHe. Kao npyry cyrectujy xomucuja cmarpa aa Ou npobiem OuHapHe Kiacu(uKalije Morao Ja ce
NPOLIMPH Ha BUIIEKIACU(PUKAIM]CKU TPOOJIEM KOjU YMHH BHIIIE OTKa3HUX MOJIOBA MJIM y3poka oTkaza. Kao
TakaB IpoOJieM MOXKE Jia ce M3BPIIM KiacuduKkanuja y3poka OTKa3a (JUjarHOCTHKE) WIM Jla Ce M3BPIIN
aHaiM3a BepoBaTHohe 1ojase oxpeleHor oTKa3a Kao NMpeAUKTHBHE MeToje (mporHoctuke). Kao mocnenmy
CyTecTHjy Koja O Mora yTHIIATH Ha UCXOJ HCTPaKKBamba je y3opak. C 003upoM Ja je KaHauaaT IPUMEHUO
aHAMM3y W METONy (QYHKIMOHAIHE MPOIYKTHBHOCTH W Mapkepa Koju Oymxke onpel)yjy cTame cuctema,
KOMHCH]ja cMaTpa Ja Ou MpOILIMPee ca eKCIePUMEHTATHE aHaln3e CUCTeMa Ha Y30paK ca BHIIE CHCTEMa
nMana Behu yTuIaj Ha HCXO0T UCTPaKUBarbha.

Komucuja 3axwyuyje 0a 0okmopcka oucepmauuja He caopiicu 3navajue He0oCmamyKe 0CUM HOMEHYMUX
euodoea ynanpeljerna Koju cy Ha6e0eHU y cadauirbem 00IUKY U ¢ mo2a KOMUcuja cmampa 0a oucepmauyuja
3a0080.6a6a cee ycioee 3a jasHy 000pany.

IX FINAL EVALUATION OF THE DOCTORAL DISSERTATION:

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




1. Was the dissertation written following the explanation given in the topic application?

The doctoral thesis is written following the explanation given in the application.

2. Does the dissertation contain all essential elements?

The doctoral thesis contains all essential elements.

3. What makes the dissertation an original contribution to science?

The original scientific contribution of the doctoral dissertation is reflected through several elements. The first
element is a systematic review of the literature on energy-based maintenance, which has not been conducted
so far. Secondly, the systematic evaluation of EU projects in industrial maintenance, which is the first time a
systematic review of research projects was conducted.

Thirdly, the proposal of the concept of functional-productiveness is considered significant progress
concerning the formulaic definition of the functionality based on which it was not possible to perform
reliability modelling and process optimization in fault-free mode. Proposing functional productiveness as a
two-dimensional determinant of failure significantly enables machine learning implementation and system
reliability modelling.

The extraction of functional productivity markers as predictors of degradation for diagnostic and prognostic
purposes is considered the dissertation’s greatest contribution, and such propositions were not seen in the
literature. Besides, using markers as time-to-an-event indicators for reliability modelling contributes to
process improvement aimed at maintaining the system in optimal performance and preventing system
degradation.

The committee concluded that the dissertation contains all the elements of the original scientific
contribution of candidate Marko Oro3njak.

4. What are the limitations of the dissertation, and what is their impact on the research results?

There are a few suggestions for improvement based on the limitations acknowledged by the committee that
could potentially increase the impact of the research results.

The first suggestion and impact on the research results are using an XRF spectrophotometer. Namely, the
mentioned method affects the accuracy of the obtained measurements of particles below 10 ppm, which
affects the validity of results and questions the accuracy of elemental analysis. The elemental analysis results
are questionable due to the method’s accuracy below 10 ppm. Instead, ICP (Inductively Coupled Plasma)
spectrophotometry is more appropriate for particles below the prescribed size.

As a second suggestion, the committee believes that the problem of binary classification could be extended
to a multi-classification problem that uses multiple fault modes. The classification can then be performed to
find the root cause (diagnostic) or can be used as a predictive method (prognostics). The last suggestion that
could influence the research outcome is the sample size. Given that the candidate applied the analysis and
method of functional productiveness markers that determine the system’s state, the committee believes that
the extension from experimental analysis of the system to a sample with multiple systems would have a
greater research impact.

The committee concludes that the doctoral dissertation does not contain significant limitations other than

presented suggestions for improving the doctoral dissertation. The committee concludes that the
dissertation meets all the requirements for public defence in its current form.

X HOPEJJIOT:
Ha ocHOBY HaBenieHOT, KOMHCH]a TIpeUIaxe:

a) J1a ce IOKTOPCKA AUCepTaNMja NIPUXBATH, 4 KAHIWIATY 0100pHU 010paHa;

0) Ia ce JOKTOpCKa AUCEpTalHja BpaTH KaHAUIATy Ha A0opamry (1a ce JOIMyHH OAHOCHO U3MEHH);
B) J1a c€ JIOKTOpCKa qucepTaIija oaomje.

X THE PROPOSAL:
Based on those mentioned above, the committee proposes:




a) to accept the doctoral thesis and to approve the candidate for public defence;
b) to return the doctoral thesis to the candidate (to be revised and changed);
c) to reject the doctoral thesis.

Time and place:
np Wsan bekep, penoBHu npodecop
dr Ivan Beker, full professor

b

mpeaceIHuK/chairman

np Canapa Pamor, moreHT
dr Sandra Ramos, assistant professor

b

yjad/member

np Munan Jlenuh, Banpeaau npodecop
dr Milan Deli¢, associate professor

b

wag/member

np Bemubop Kapanosuh, Banpemuan mpodecop
dr Velibor Karanovi¢, associate professor

b

yjad/member

np Llon K. IyxoBcku
dr John K. Duchowski

wag/member

np Mutap Joranosuh, peoBHu nipodecop
dr Mitar Jocanovi¢, full professor

b

MeHTOp/mentor

HAITOMEHA: Unan koMucHje KOju He eI Ja MOTHHIIE U3BEIITa] jep Ce He ClIaKe ca MULLbeheM BehrHe
YJIaHOBAa KOMHMCH]€, JIy’KaH je J1a yHece y N3BeIlTaj 00pasiiokemhe 0JHOCHO pa3iore 300T KOjUX He JKelH Ja
MOTIIMIIIE U3BELITAj U 1a UCTH MOTIIHILIE.

NOTICE: Member of the committee who does not want to sign the report due to disagreement in opinion
with the majority of the committee is obliged to write an explanation or reasons why he does not want to sign
the report and sign the separate report written.



