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1. VBogx (eura. Introduction),

2. Teopujcke ocHoBe nctpaxknsama (eurit. Background and Theoretical Foundation),

3. MoruBarumja, XUIoTese, MMJBEBA ¥ METOJIOJIOTH]ja HCTpakuBama (enri. Motivation, Research
Hypotheses, Goals and Methodology),

4. TpenytHO cTame y obnactu (enri. State-of-the-Art),

5. Pemreme 3a MOZEIIOBamkE M ayTOMATU30BAaHO W3BpLIABAKE NMPOM3BOJHUX Ipoleca 3aCHOBAHO
Ha WHXKEmepcTBY BoheHom momenmma (enri. MD Solution for Modeling and Automatic
Execution of Production Processes),

6. AmamMza J0MeHa MOJENOBama Mpom3BomHuX mporeca (enria. Analysis of the Production
Process Modeling Domain),

7. DBUIICHHBOBCKHU je3WK 332 MOJEIOBambe mpom3BoiHux mporeca (errm. Multi-Level Production
Process Modeling Language),

8. [IlpmmeHa pemierma 3aCHOBAaHOT Ha MHKCHEPCTBY BoljeHOM Monenuma u jesuka MultiProLan
(enrs. Application of the MD Solution and MultiProLan),




9. Amnammsa u orena jesuka MultiProLan u anara 3a MojenoBame MPOM3BOIHUX poreca (eHIJL.
Evaluation of MultiProLan and Process Modeling Tool),
10. 3axspyunu u Oyayhu npasiu uctpaxkuBama (enri. Conclusions and Future Work).
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KJbYYHHM pEUMMa Ha CPIICKOM je3uKy. [IpolmpeHu pe3uMe Ha CPIICKOM je3WKy HamucaH je Ha 14
ctpana Qopmara A4. Jucepramuja takohe campxu u Ilocery (enrs. Dedication), Ilpusnama
(enrs. Acknowledgments), Caapxaj mucepranuje (erri. Contents), kao u Crincak ciuka (enr. List
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(enrs. Appendix A. Evaluation Experiment Tasks and Questionnaire) u Ilnan TpetmaHa mojaraka.

BPEJHOBAIGE INOJEJUHUX JEJOBA JOKTOPCKE JUCEPTAIINJE:

Pesyiratu uCTpakuBamba KOjH CY IPEICTABILEHN Y JOKTOPCKO] IMCEPTALMjH KaHMaTa MPUIaiajy
Hay4HOo] oOyacTi ENeKkTpoTeXHHMYKO M pauyyHapCKO HHKEHEPCTBO U YXKO] Hay4yHO] 001acTh
[TpumemeHe pauyHapcke HayKe 1 HHpOpMAaTHKa.

Yy YBOJAHOM, IIPBOM IIOTJIaBJbY, KaHAUAAT NPEACTaB/ba KpaTaK ONMC MPOU3BOAKLC U MTPYKa MPEIIC]
n3azoBa Munyctpuje 4.0 Ha Koje je OWIO MOTPeOHO ONrOBOPUTH Yy OKBHUPY CIPOBEACHOT
UCTpaXxKuBamwa. McTakHyTO je meT n3a3oBa KOjU IMPENCTaBibajy MpoOJIeM HCTpaKUBama, Kao U
OCHOBHA XHIIOTE3a W LWb HCTpakKHBama. [IPeICTaBIbEH je M KpaTak Iperjie] pelicma 3a
MO/ICTIOBAhE U U3BPIIABAKE TPOM3BOAHUX MPOLIECca KOje KaHJUIAT OMUCYje Y AUCEePTAlHj1, a KOjU
ce oJlHOCe Ha yroTpeOy NpUHIIUIIA HHKEHhEePCTBa BOhEeHOM MO/IenMMa 1 HaMeHCKHX je3uka. Crora,
TeMa HCTPaKHBama MpHIaJa JOMEHY pa3Boja codTBepa 3aCHOBAHOI Ha HHKCHEPCTBY BOHCHOM
MOJeNnMa, Kao M MOJCJOBalky M H3BpIIABaby NPOU3BOAHMX mpoueca. Kaxmumar Takohe
IpeACTaBba I[PEriie]] OYCKWBAHMX [ONPUHOCA W pe3yiTara KCTpaXHBama. lIpBO IOrIaBibe
3aBPILCHO j€ CTPYKTYPOM U KPAaTKUM OITHCOM IOIVIaB/ba JOKTOPCKE IUCEpTaLje.

Jpyro mnoriaBjbe NpeicTaB/ba TEOPHjCKE OCHOBE HCTpaKMBamka M MOYMEE Ca IperiesoM
WHAYCTPUJCKUX PEBOJYIMja, Y3 MOceOHy maxmwy ycmepeny Ha Wunyctpujy 4.0 u perneBaHTHe
KOHIIETITE ¥ TEXHOJIOTH]e KOjU CE€ jaBJbajy Y TOM JIOMEHY. 3aTHM CYy OIHMCAHU KOHIICTITH ITaHHpakbha
MIPOU3BOJIE U IMPOU3BOAHHX IpoLeca, MOCEOHO CaBPEMEHOT IJIaHUpamba MPOU3BOIHUX MpoLeca y3
noMoh padyHapa. Kaumupar y OBOM IOINIaBby WHCTHYE HHXKEEHEPCTBO 3aCHOBAaHO HA
CIIOCOOHOCTHMa U MOTYHHOCT NOBE3HBarba OBAKBOI MH)KEHEPCTBA €A IJIaHHPAHEM ITPOM3BOJTHUX
mporeca, ITo je U ypa)leHO Kpo3 MPeIUIoKEHO pelIehe MPEeICTaBbeHO y HapeIHHM IOTIaBJbHMA.
Ha kpajy npyror mormaBja MpEACTaB/EH j€ Tperiiea MapagurMe HHKEHEePCTBa BOheHOM
MOJIeTIMMA U je3HKa 32 MOJIEJIOBAE HAMEHCKHX 32 JIOMEH.

VY tpehem mornasipy ommcaHa je MOTHBAalHdja Ja c€ OArOBOpU Ha m3a3oBe y epu Uumyctpuje 4.0.
Taxolhe cy, y3 mpeacTaB/beHy OCHOBY XHUIIOTE3y HCTpaKHBamba, AS(HHUCAHE M YETUPH H3BEICHE
XHIIOTe3¢ Kako 01 Ha 00JbM HaYWH OWIIM NPECTaBJbEHH PA3HUMTH aclleKTH OCHOBHE XHIIOTE3E, a
YHjUM je MMOTBphUBameM WM ofbarmBameM Moryhe MOTBPAUTH WK OJ0AIIUTH OCHOBHY XHUITOTE3Y.
Crnenu mpeacTaBibamkbe TIABHOT IIJbAa MCTPAKHBAKA, Ka0 M KPUTUYHHX (PaKTopa ycmexa Koje je
moTpebHOo nocTrhu. Y HacTaBKy MOTJABIbA, jaCHO Cy OTIMCAHW CBH OYCKHUBAHU TEOPHU]jCKHU, pa3BOjHU,
aIUIMKATUBHU U JPYIITBEHH JOIPHHOCH M PE3YJITATH OBE JOKTOPCKE AMCEpTALje, onpaBaaBajyhn
CIIPOBEJICHO HCTPaXKMBambe OJ CTpaHe KaHauaaTa. KOMIUIETHO HCTpaKMBame CIIPOBEICHO je Ha
cHCTeMaTH4YaH HauWH, ynoTpeOoM ommrenpuxBaheHUX MPUHIIMIIA METO/Ia HAYYHOT paja y o0racti
pauynapckux Hayka (emrm. Design Science Research Methodology), ormcannx nHa kpajy Tpeher
TIOTJIaBJba JOKTOPCKE JICepTanyje.

VY 4eTBPTOM MOTJIaBJbY AOKTOPCKE AWCEPTAIHje, KaHAUAAT IIPEICTaBIba MPETye/l TPEHYTHOT CTama
y obmactu. Hajmpe je ommcaHa mpuMeHa TapaJurMe HHKEHEpPCTBA BOHEHOM MoOjeInMMa MU




HaMEHCKHX je3nKa y obiacTuma Koje oOyxBarajy mH(popMmarnmone cucreme u HMumyctpujy 4.0.
Crenu TiIaBHE CETMEHT IpeTiiesia CTama y 00JIacTH KOjU Ce OHOCH Ha MOJIEIOBAaEe POU3BOTHUX
mporeca moMohy pasHHX je3uka W mpucTyma, mocebHo y epu Mumyctpuje 4.0. Ha ocHOBY
MIPETMMUHAPHOT MCTPaXknBamba, KaHAUAAT je MPBO MAECHTU(HUKOBAO JIECET 3aXTeBa Koje Ou jenaH
JE3WK 3a MOJIEJIOBamke NMPOM3BOIHMX Mpoleca y KoHTekcty Muaycrpuje 4.0 Tpebano na ucryHH.
Crenmuduiupand 3axTeBU KopuilheHH cy 3a aHauu3y MocTojehuX jesnka 3a MOJIEIOBAbC
MIPOM3BOAHUX Ipoleca. THMe je IMoCcTaB/beH OKBHP Y KOjeM Cy CBH je3HIU aHAIM3UPAHHU HA UCTH U
CUCTEeMaTH4YaH HAYMH. 3aTHUM j€ ONHCaH CHUCTEMaTHYaH IOCTyNaK IIpeTpare JHUTeparype, Kao H
(dopmyrcaHa MUTamka Ha Koje je MOTpeOHO OJIrOBOPUTH HAKOH Iperiiesia Jimteparype. Kanmunar je
HUICHTH(UKOBAHE je3UKE Pa3BPCTA0 Y YCTUPH PA3IMUNTE KaTeropuje. Je3uIu cy neTajbHO OMUCaHU
U, 32 CBaKU OJ1 BbHX, U3BPILICHA j€ aHaJIn3a UCITYHEHOCTH MPETXOHO Ae(DHHUCAHUX JeCeT 3aXTeBa.
Ha xpajy uerBpror moriasjba, KaHAWAAT OAroBapa Ha (opMyJMcaHa HCTPaKUBAUKa MMHUTAmbA,
npuKasyje y K0joj MEpH aHAIM3UPAHU je3WIM HCIYyHaBajy Ae(HHUCAHE 3aXTEBE, HABOJM TJIaBHE
NPEeTHOCTH W HEJOCTaTKe TmocTojehnx je3uka W OTBapa AMCKycHjy o OyayhuM mpaBnuMa
UCTpaXXMBama y 00JaCTH MOJIENOBamka POU3BOIHHX Tpolieca y koHtekcty Uunycrpuje 4.0. Kako
HUje npoHal)eH HU jenaH je3uk 3a MOJEJIOBame Mpoleca KOju HCIyHmhaBa CBe Je(MHUCAHE 3aXTeBe,
onpaBJaHa je morpeda 3a KpeupameM HOBOI HAMEHCKOT je3MKa 3a MOJEJIOBAaEE MPOM3BOJHHX
npoueca. [IpencraB/beH M aHaIM3UpaH MPETJie]l JIMTepaType, MOceOHO HaBEJCHE HEeI0CTaTKe
noctojehux jesuka u Oynyhe npasiie HCTpaXkMBamba y 00IacTH MOAEJIOBakba MPOM3BOIHUX MIPOIIeca,
MOT'Y HCKOPHCTHTH MCTPAXKHUBAUH KA0 OCHOBY 3@ CBOj HCTPAXKMBAYKH PaI.

Perierse 3aCHOBaHO Ha MHIKEHEPCTBY BOHEHOM MOZEIMMA, TPEACTAB/EEHO OJ CTpaHe KaHAWAaTa,
KOje Ce CacTOj! O] HOBOT CHCTEMa M HOBOT IPHCTYIIA 32 MOACIOBAbE U H3BPIIABALE TPOU3BOTHUX
Ipolieca, OMKCAHO je y IIETOM MOrJaBiby. IIpeACTaB/beHO pelIehe 10 je MIUpPer HCTPAKUBAGA, & Y
JOKTOPCKO]j JUCEPTALMjH KaHANIATA, KA je YCMepeHa Ha MO/ISTIOBathe TPOU3BOIHUX MPOIIECa 1
ayTOMaTH30BaHO TI€HEPHCAe M3BPIIMBHX MHCTPYKLHMja M TEXHHYKe HOKyMmeHTaiwje. Kanmumar
JI€TaJbHO OIMCYje CBE KOMIIOHEHTE CHCTEMa, IIOCEOHO anar 3a MOJIC/IOBAGE [IPOM3BOIHHX MpoLeca
¥ TCHepaTtope WMHCTPYKLHMja M TEXHHYKE JOKYMEHTALMje, Ka0 W KOpPaKe y HOBOM MPHCTYILY
HEONXOAHE Kako O ce O Mojeia IPOM3BOAHOT IpoLeca HE3aBUCHOT O HPOHM3BOJHOI CHCTEMA
JIOLLIO 0 M3BPIIMBUX MHCTPYKUMja U TEXHUYKE JOKyMEHTALHje. Y3 MPEeICTAB/bEHE INJBEBE HOBOT
pelema 3aCHOBAaHOT Ha MOJENMMA, a MOCeOHO HAMEHCKOT je3MKa M alara 3a MOJCIOBame
MIPOM3BOHUX TPOLIECA, OBAKAB jeJlaH MHOBATUBAH MPUCTYI oroBapa ¢unozoduju Uumyctpuje 4.0
Y JIOTIPUHOCH pelllaBamy M3a30Ba (DIeKCHOUITHE IPOU3BOILE.

VYmorpebom jesuka Feature-Oriented Domain Analysis (FODA), kaHauaaT je y ImecToM MoriaBby
JOKTOPCKE AUCepTalyje AeTaJbHO IPEACTaBHO JIOMEH MOJENOBamka IPOM3BOIHMX IIpoleca y
koHTekeTy Mumyctpuje 4.0. /loMeH NpoW3BOIHMX IIpOLEca IMPEACTaBbEH je KPO3 MEPCIEKTHBE
oleparuja, pecypca U TOKa, a JOMEHCKO 3Hambe KaHIUIAT j€ MPUKYIHO M3 Pa3IHUNTHX HAYYHHX
panoBa, TEXHWYKE JOKyMEHTAlHWje, Pa3HUX CTy[Hja Cllydaja U KpO3 pa3roBOpe ca eKCIepTHMa U3
nomeHa. Kanmuzar je Ha cucteMaTH4aH Ha4WH MPEICTABHO MPOOIEMCKU IOMEH U KOHIIENTEe KOjH
ce KopHcTe y meMy, hopMupajyhu OCHOBY 3a KpeHpame HOBOT je3MKa KOju OW MOJAPKA0 OIHCaHe
KOHIIETITE.

['maBHa KOMITOHEHTA OMUCAHOT Pellierha 3aCHOBAHOT HAa MOJIENIMa TIpeICTaB/ba HAMEHCKH je3UK 3a
MOJIETIOBakbe¢ TPOM3BOAHMX MpOIeca, OMHCAHOI y CEJAMOM IOIJIaBJbY JOKTOPCKE IHCEepTaluje.
Kanmumar je pa3Bmo HOBM HAMEHCKH je3WK Ha3BaH BHIIIEHMBOBCKH jE3WK 3a MOZEIOBAaFE
mpon3BoHUX mporeca (enri. Multi-Level Production Process Modeling Language (MultiProLan)),
YUjH Cy MOJENH IIpolleca TOTOJAHM 3a MOTpede MUHAMHYKE OpPKECTpaIje y TPOM3BONBH M
ayTOMAaTH30BAaHOI T'CHEpHCarka W3BPIIMBHX HHCTPYKUMja M TEXHWYKE IOKyMEHTalHje. Y OBOM
TIOTJIaBJbY ONFCAHA je Hajmpe yImoTpeda HOBOT HAMEHCKOT je3HKa, KA0 U FeTOBH KOPUCHUIIA. 3aTUM
Cy TpEeACTaBJbEHM alCTpaKTHAa CHHTAaKca je3nka KpeupaHa y3 momoh jesmka Ecore, koju je neo
paamor okpyxkema Eclipse Modeling Framework (EMF), u Hu3 orpanndema pa3BujeHnx y3 momoh
jesuka Object Constraint Language (OCL). KorkpeTHa cuHTaKca U MPOTOTHII AJIAT 38 MOJEIOBAE
MPOM3BOJHHUX MpOILEca Kpeupanu ¢y y3 momoh pamuor oksupa Eclipse Sirius u npencraBibenu cy y
HACTaBKy OBOT Ioriassba. Jesuk MultiProLan ucrmymasa nmperxoHo HOpMyIHCaHHX ASCET 3aXTeBa
32 MOJICJIOBAIbE IPOM3BOAHMX TMpOIEca, IITO Ta M3/Baja OJ OCTAJMX je3WKa JIOCTYMHUX VY




JIUTEPATypH, a KOjU Cy MPUKA3aHU y JOKTOPCKO]j AUCEPTALH]H.

[pencraBibeHO pelICHE 3aCHOBAaHO HA MOJeNMMa, ca HaMeHCKHM jesukom MultiProLan kao
[JIABHOM KOMIIOHEHTOM, MPUMEICHO je Y JIBE CTYAHWje Ciydaja, OMHCAHE y OCMOM MOTIaBJbY
JOKTOpcke mucepranyje. [IpBa cTyauja ciydaja mpecTaB/ba MOJICIOBamhE MPOM3BOAHOT Mpoleca
cacTaBibama JAPBEHE KyTHje KOja MMa BHIIE Pa3IMYUTHX Bapujanuja. Y OBOj CTYIHMjU Ciydaja
KaHIUJAT UCTHYE MOTYNHOCTH HOBOT HAMEHCKOT je3HKa MPUIIHKOM MOJICJIOBaka PAa3HUX acleKara
mpou3BojHOT mporeca. Takolje, y OKBUpe OBe CTyIWje Ciydaja MPEACTABIBEHU CYy U MPHUMEpH
TeHEPHCAHNX WHCTPYKIHMja U TEXHUYKE TOKyMEHTAIje, YAME CY MPE3CHTOBAHE aKTUBHOCTH CBUX
[JIABHUX KOMIIOHCHTH TPEUIOKEHOT peliewma. Jlpyra cTyaja ciydaja TpeicTaB/ba IMMOKAa3HO
OKpYXKeH€ y K0jeM Cy cacTaBjbaHu o6jext of LEGO® konxuna. Y 0BOM OKpyskemy KopumheHu
CY Pa3jMYUTH PECYPCH 3a W3BPIIABABE MPOLECHHX KOpaka, MOMYyT HHAYCTPHjCKUX MOKPETHUX
poboTa, UCTPAKUBAYKUX TTAMETHHX poOOTa U Jbyau. Ha Taj HaYMH MpeACTaB/bEHO je U3BPIIABAC
NPOU3BOJIHKUX MpPOIEca YIOTPeOOM HOBOT pellieiha 3aCHOBAaHOT Ha MOJENUMa. Y OKBHPY OBE JIBE
CTyJHje Cllydaja, TIOKa3aHo je Jia je Moryhie HCKOPUCTHTHU MPEIIOKEHO PEIICHE U HOBU HAMEHCKH
je3uK 3a moTpebe MO/IeIOBaba M H3BPIIaBatha MPOU3BOIHUX MPOIECa Y MOHTAKHO] HHYCTPH]H.

[Topen nBe crynuje ciy4aja, KaHOMOAT je y JEBETOM IOMJIaBJbY JIOKTOPCKE JucepTaiuje
IPEICTaBHO M AHAIM3y M OLEHY HameHCKor jesuka MultiProLan u amara 3a MmopenoBame
IPOM3BOJHHUX Iporeca. Y OBOM IIOIVIABJbY OMNMCAH je EKCHEPUMEHT, y KOjeM CY YYeCTBOBAIH
MHKCHEPH MPOIIeca, HHKCHEPH CO(PTBEpa, MCTPAKHMBAYM M CTYJCHTH, a KOjH C€ CacTojao Of
TeCTHpara HAMEHCKOT je3MKa M ajaTa 3a MOJCIIOBAC MPOM3BOJHHX IMPOIECa KPO3 KPEHParbe
npuMepa MoJiesia U MOITyhaBabe YITUTHUKA. 3a/lalli KOje Cy YUECHUIIM PellaBaliil Y eKCIIEpHMEHTY,
peliema 3ajaTtaka M YIOUTHHK KOJU Cy IONYyHaBajid, NPHKa3aHH Cy y OOAATKy JOKTOPCKE
aucepraryje. YUeCHHIH Cy OLCHUBANH oapeleHe KapaKTepHCTUKE KBAJIMTETa je3uKa U anaTa, a u3
pe3yiTaTa MolmymheHrX aHkeTa Moryhe je 3ak/byuuTH ia Cy jJe3UK M ajaT YHOTPeOJbHBU Y MPAKCH.
Behuna yvecHuka Jajna je NMO3MTHBHY OIIEHY Ha CBE KapaKTEpUCTHUKE KBAaJIUTETa Koje cy Owuiie
aHaJM3MpaHe, 4YMMe je Moryhe MOTBpIOMTH TEOpHjCKe M TPAKTUYHE PEe3yJITaTe HCTPAKUBAbA
OIUCAHOT Y JOKTOPCKO]j IMCEPTALIUjH.

VY mocienmeM, AECETOM IOTTIaBJby, MPEICTaB/beHa j€ PeKaluTyIalyja OCTBapeHUX NONPHUHOCA U
pe3yliTaTa HCTpaKMBama OIMCAHUX Y NOKTOPCKO] AMCEPTALMjH, Kao M MOTBphHBame H3BEACHUX
XHIIOTe3a, a CAaMHUM TUM M OCHOBHE XuIorese. Takohe, y OBOM IOIaBjby NpEICTaBJBECH j& HU3
Oynyhux mpaBalia MCTpaKuMBarba, KOjU MOTY OWTH OCHOBA 332 HOBE HMCTPaKUBAUYKE MPOJEKTE Y
JIOMEHY MOJIeTIOBatha M U3BpIaBama npoteca y epu Uuayctpuje 4.0.

Komucuja 3axpydyje a cy mpeaMeT, MOCTaBJbeHH LUJbEBH HCTPAKUBAKA, KA0 M HCTPAKUBAUKE
XUIOTe3e MPEeNW3HO W Ha oAroBapajyhm HaumH omucaHd. KaHampaTr y CB0joj JOKTOPCKO]
JHCEepTAlMjH Ha CUCTEMaTHYaH HA4YWH MPEJCTaBJba TPEHYTHO CTame Y 00JacTH, Ha OCHOBY KOjer
Ipeiake HOBO pellermhe 3a creln(HKalrjy U TeHepHcame IPOM3BOAHMX Ipoleca. [IpemnoxkeHo
pelieme, Heroa IpUMeHa y CTyIjamMa cllydaja i OLleHa O]l CTpaHe Pa3JIMYUTHX Ipyla KOPUCHUKA,
JIETaJGHO Cy OIMCAHU y JOKTOPCKO]j AWCEpTalHjH, Kao U Oyayhn mpaBIy UCTpakWBama M pa3Boja.
CarylacHO HaBeJEHHM 3aKJby4llIMa, KOMHCHja TIO3UTHBHO OLEEHYje CBE JEJOBE JOKTOPCKE
JcepTanyje Kanauaata Mapka Bjemruire.

Vi

CIIMCAK HAYYHUX U CTPYYHUX PAJOBA KOJHU CY OBJAB/bEHHN NJIN
IMPUXBAREHHU 3A OBJAB/JbBUBAIBE HA OCHOBY PE3YJITATA HCTPA’KUBAIbA Y
OKBHPY PAJIA HA TOKTOPCKOJ JMCEPTALINJN:

TakcaTMBHO HaBeCTH Ha3WMBE pasioBa, e M Kaja cy o0jaBjbeHH. IIpBO HaBecTH HajMame jelaH paj
objaBibeH wim npuxBaheH 3a oOjaBbHBame y CKiIamy ca [lpagunuma OOKMOPCKUX cmyouja
Yuusepsumema y Hosom Cady xoju je oBe3aH ca cajpikajeM JOKTOPCKe aucepTanmje. Y ciiydajy paiosa
npuxBaheHNX 3a 00jaBJbMBaGE, TAKCATHBHO HABECTH HA3WBE paJioBa, Iie M Kaga he OMTH 00jaB/bEHU H
TIPUIIOXKUTH TIOTBPAY YPEIHUKA YACOIHCa O TOME.
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Komucuja xoHcTaTyje Aa je KaHIUAAT TOKOM HMCTPa)KMBAYKOT paja Ha JOKTOPCKUM CTyIujama
o6jaBuo 18 pajgoBa y HayyHMM HacomucuMa, MOHorpadujama u 300pHHIIMMA HAayYHUX CKYIOBA.
Mebhy TuM pamoBuUMa, YKyNmHO 7 pajioBa je yXkKe IOBE3aHO C TEMOM JOKTOPCKE JaUCepTaluje
KaHIMJaTa U pe3yiaTaTuMa KOju Cy y TOj JIOKTOPCKOj JAMCEPTAlMjU MPEJCTaB/beHH, yKIbyuyjyhu 2
pana y wmehynapoauum uacomucuma ca ISl nmucre (M2la) [1] u (M22) [2], jeman pan y
Melynaponaom vacornmcy ca ESCI mucre (M24) [3] u 4 caonmrema ¢ Mel)yHapoauux ckynosa
mrramMnanux y nemnan (M33) [4-7].
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3AK/bYUYIIU OJHOCHO PE3YJITATH HCTPAKUBAIbA:

VY IOKTOPCKOj AMCEepTaluju KaHIUIaTa MPeACTaBbeHH Cy Pe3yJITaTH OCTBAPEHH Y pady Ha pa3Bojy
METOJOJIONIKOT HPHCTyIIa cHeluduKanyje W TreHepucama MPOM3BOJHMX Ipoueca. Ha ocHoOBY
mperiena pelieBaHTHE JUTEepaType W aHaln3e MocTojehnx je3nka W MpHCTyma 3a MOIENOBAmE U
M3BpIIaBamke MPOU3BOJHUX IIporeca, MOryhe je yOuuTH Ja OCTBApEHU PEe3yNTaTH MpPEeACTaBIbajy
nckopumheme, pa3pady M CHHTE3y IMOCTOjehnX KOHIenaTa M ca3Hama, IITO je JOBEJNO IO jeIHOT
HOBOT TPUCTyNa perraBamy m3a3zoBa Muaycrpuje 4.0. IlocebHO ce M3mBaja JONPHHOC pEIIaBamby
M3a30Ba MOJENOBama IPOM3BOAHMX Tpomeca y epu Humyctpuje 4.0, y kojoj Om Momemn
MIPOM3BOHUX Tpoleca Tpebano ma Oymy crenmuuIMpaHd Tako Oa je Moryhe ayToMaTH30BaHO
M3BpIIaBame MPOIECHUX KOpaka, ajan OW MOJAeNH mporeca Tpebasio yjeqHo na Oyoy He3aBUCHH O]l
MIPOU3BOJHOT CHUCTeMa Kako Ou Omio Moryhe W3BpIIMTH WX Yy Pa3IMYUTHM IIPOU3BOJHUM
cucteMuMa. Y JAUCEpTalMju, NMPEACTaBbEHH Cy 3HA4YajHH TEOPHjCKH, Pa3BOjHH, ATUIMKATUBHHU U
JPYUITBEHH PE3YJITATH U JOTPUHOCH UCTPAKUBADA.

Teopujckn nompuHOCH W pe3yaTaTd oOyxBartajy: a) mperiien ¥ aHanm3y noctojehmx jesmka
MOJIEJIOBamka MPOM3BOIHKUX Tporieca, 0) MAeHTH(HKALK]y OCHOBHMX KOHIIETIaTa HEOIXOJHUX 32
Kpenpame HAMEHCKOT je3MKa 33 MOJEJIOBamke MPOW3BOMHMX mporeca y epu Muaycrpuje 4.0, B)




crenuuKaIyjy HOBOT IPUCTyIa 32CHOBAHOT Ha MOJIETIMMA 32 MoTpede TMHAMHUYKE ITPOM3BOIHE U
ayTOMaTH30BaHOI TEHEpHCama W3BPIIMBUX HHCTPYKLHja, T) cHenu(HKalujy METOAOJOTHje 32
ayTOMaTHu30BaHy TpaHc(opMaIijy Mojena NpOWU3BOJHHX IpOIleca HE3aBHCHUX O] MPOM3BOIHOT
cucTeMa y Mojeje NPOM3BOJHUX IIpolieca 3aBUCHE OJ] NPOM3BOAHMX CUCTEMA, U 1) IPUMEHY
MIPUHIMIIA MHXXEHEPCTBa BOEHOM MolennMa y JIOMEHY INpPOW3BOIHE, a YuUMe je omoryheHo
JEAHOCTaBHUj€ MOJEIIOBAE U U3BPIIABAEke IPOU3BOIHUX IIpoLeca.

JompuHocu U pe3yiaTaTd pas3Boja co(TBEpCKEe IOAPLIKE 3a MOJEIOBAKBE U U3BPLIABAKE
MPOM3BOJIHUX TIpolieca 00yXBaTajy: a) pa3BujeH HOBH HameHckHd je3uk MultiProLan u codteepcku
azaT 3a MOJIEJIOBAambE IMPOU3BOHUX Tpolieca, U 0) pa3BHjeHH TeHepaTOpH MHCTPYKIHUja U TEXHHIKE
JOKyMEHTaIfje 3a MoTpede ayTOMaTH30BaHOT T'€HEepHCamha W3BPIIMBUX MHCTPYKIHUja U TEXHHYKE
JOKYMEHTAIHje U3 MOJleJIa IPOM3BOIHUX IPOIIeca.

JlonprHOCH U pe3yNTATH TPUMEHE HOBOT MPUCTYIIA 3aCHOBAHOT HA MOJICJIMMa M HAMEHCKOT je3uKa
o0yxBaTajy: a) peaau3aiujy JABE CTYIHje CIy4aja y MOHTAXHO] HHIAYCTPHUjU, 0) aHAINU3Y U OICHY
HOBOT je3uKa U COMTBEPCKOT anaTa 3a MOJIEIOBAhe MPOU3BOIHUX MPOIIECa Ol CTPAHE PA3TUIUTUX
KOPHUCHHKA, ¥ B) MPE3CHTOBAIb¢ HOBOT MPAKTHYHOT HMCKYCTBa OCTBAPEHOT MPUMEHOM HOBOT
METO/IOJIOUIKOT MPHUCTYIA, COPTBEPCKOT allaTa U je3UKa 3a MOJIEJIOBALE.

JpymTBeHH NIONPUHOCH W PE3yNTaTd 0OyXBaTajy MOTYNHOCT NpHMEHEe HOBOT METOJOJIOIIKOT
NpUCTyNia ¥ CO(TBEpCKOr pelllelkha Yy pa3iMuuTHM OpraHuzanyjama, uume Ou Owmio Moryhe
YHAIPEeJANTH YIIPaBJbatbhe MPOM3BOIHMM MPOILIECHMa Ha je[laH CAaBPEMEH HauKH.

PesynTaTu HCTpaKuBama MPEICTABIbEHN Y JOKTOPCKO] IMCEPTALMjH OTBAPajy HOBA HCTPaKUBAYKa
nuTamba u Moryhie mpaBle HCTpakHBama M pa3Boja. HOBH mpaBly HCTpakMBama y IOMEHY
MOJICTIOBaha Yy IPOU3BO/ILM 00yXBaTajy Kpeupame Gamuinje je3nka 3a MOeI0Babhe MPOU3BOAHMX
polieca Ha HUBOY jEAHOT IIOCTPOjerba, KOJaOOPaTUBHUX MPOU3BOJHUX IIPOLECa HA HUBOY BHIIE
(abpuka, ka0 ¥ MPOM3BOAHUX cHUCTeMa W paaHuka y epu Uuaycrpuje 4.0. onaTHo je moTpedHO
HCTPAXXUTH MOJICIIOBAIbE KBAIUTETA IPOM3BOIBE, CUTYPHOCTH W PHU3UKA 110 pagHuke y (habpuuy,
YTPOILIKAa CHEprHje IPUIMKOM H3BpIIaBama IPOM3BOAHMX IPOLECa, M M ayTOMaTH30BAHOT
KpeHparba MO/JIeNa IPOU3BOIHHX MPOIIeca U3 Mo/esa npou3Boaa. Jlaby pa3Boj HAMEHCKOT je3UKa 1
ajara 3a MOJCIOBAaKEe MPOM3BOJHHX IpoIeca 00yXBaTa pa3Boj CHCTEMa MPEMOPYKe M3BpILIABAmA
Mozena TMPOM3BOJHOr TIpoleca y oAroBapajyhiem cucremy, HHTerpauijy ajara ca
CTaHAAPAM30BaHUM CIIOCOOHOCTAMA W MApaMeTpuMa, Kao M IPOIIHMPEeHE je3uka KOHIENTHMA 32
MOJIENIOBabE KBAJIUTETA U KOMIUICKCHH]jE capanme pecypca. HOBU TOMEHH MpHMEHe je3nka U anarta
3a MOJIENIOBamkbe MPOM3BOAHUX TMpolieca o0OyXBaTajy NPBEHCTBEHO IPUMEHY Y IMPOIECHO]
UHIYCTPUjH, OOJHOCHO KOHTHHYAIIHO] IPOU3BOMEGH, HHTETPALHjY Ca CHCTEMOM 3a ayTOMaTH30BaHy
JETEKIMjy U3BPIIaBamka MPOLECHUX KOpaka, IPUMEHY y HPOLIMPEHO] WM IIOMEIIAHO] PEATHOCTH,
Kao ¥ IPUMEHy HayKe O IOJaliMa M pyJapema Ipoleca 3a MoTpede OTKIamama HEAOCTaTaka y
MOZEIIMMa IIPOU3BOAHUX MIPOLECa.

VIII

OLIEHA HAYMHA ITPUKA3A 1 TYMAUYEA PE3YJITATA HCTPAYKUBAIbA:

ExcnmMumTHO HaBECTH TNMO3WTHBHY WJIM HETaTHBHY OLEHY HadWHA IMpPUKa3za W TyMmadema pe3yirara
HCTpPaKUBAbA.

Kanmunat je y OKBHpY IOKTOpCKE AWCEpTalMje Ha jacaH, MperiieflaH W CHUCTEMaTHYaH Ha4uH
crpoBeo: (opMynHcame TEOPUJCKHX OCHOBa HEONXOIHHX 324 OCTBApEHE HCTPAKUBAYKHX
pe3ynTaTta; aHaJW3y TPEHYTHOI CTamka y OOJNAcTH MOJENOBama M HW3BpIIABAKA ITPOU3BOJHUX
mporeca y CKIalay ¢ JOCTYITHOM JIMTEPaTypoM; (GopMupame HOBOT METOIOJOLIKOT MPHUCTYNa U
MMIUIEMEHTHPamke COPTBEPCKOT pelieha 3a MOJEIOBAkEe M M3BPIIABAE MPOU3BOAHUX IPOLECa;
MIPECTaBIbaAkbEe TEOPH)CKHUX, PAa3BOJHUX, AIJIMKATHBHUX WM IPYIITBEHWX PE3yiTaTta W JONPHHOCA;
WCKa3MBamke MPUMEHJBMBOCTH TPEJCTAB/BEHOT COMTBEPCKOT peIlemha M CTPYKTYPHPAHO
aHAJM3MPakbe MCTPAKMBAUKUX PE3YJITaTa; aHAIM3Y M OLEHY CO(TBEPCKOT peIIeHa; AUCKYCH]Y
JONpPUHOCA U TTUTaka ONTHHX 33 IPUMEHY M UACHTU(GHUKALN]Y CIMYHUX Oyayhux ncTpakuBama.




Komucuja KoHcTatyje &a je oBa JOKTOpCKa IHCEpTalfja OpPUTHHAIHO JEeJo ayTopa. TekcT
JHcepTalrje JOJATHO je MPOBepeH myTeM codTBepa 3a AeTeKIHjy miardjapuama iThenticate u Hucy
npoHal)eHe cIMYHOCTH Koje OM yka3uBajie Ha OMJIO KakBY BPCTY Iulardjapusma. Jeaune nponalene
CIIMYHOCTH OJHOCE Ce Ha 00jaBJbe€HE pPajioBe CaMOI ayTopa Yy KOayTOPCTBY C MEHTOpHUMa U
HCTpaKMBauynuMa W3 HMCTE WCTPAXKHMBAaUKe Tpyle, a y Kojuma cy Beh jaBHO NpuKazaHH JEJIOBH
pesynTarta, yrpaleHuUX y OBY HOOKTOPCKY IMcCepTaldjy, a IUTO jé M OYEeKMBAaHM 3axXTeB IIpeMa
KaHIUJATy ¥ F’eTOBOM MCTPaKMBAYKOM PaJy.

CarnacHo cBUM MPE3CHTOBAHUM YUILCHUIIAMA Y OBOM I/I3B€H1Tajy, KOMI/ICI/Ija naje IMO3UTHUBHY OLICHY
3a HA4UMH IIpUKa3a U TyMauCHmha pe3yjiTaTa HCTpaKMBamba.

IX KOHAYHA OLIEHA TOKTOPCKE JUCEPTALIUJE:
ExcnimuumTHO HaBecTH Ja JM JMcepTaldja jecTe WM HHje HalucaHa y CKJaly ca HaBeIeHHM
00pas3ioxkemeM, Kao U Jia JIM OHA CapXKU WIN He Calpku cBe OMTHe eneMeHte. JlaTu jacHe, IpelU3He U
KOHIIM3HE OJIrOBOpe Ha 3. U 4. nUTamke:

1. Jla nu je mucepTanyja HaTUCaHa y CKIIaIy ca 00pa3ioKeHEeM HABSACHUM Y MPHjaBH TeMe ?

Jucepranyja je HanMcaHa y CKIIajay ca 00pa3iokemheM HABeJICHUM Y IIPHjaBH TEME.

2. Jla mu nucepraija caipyKu CBe OMTHE eJieMeHTe?

Jucepranuja canpxu cBe OUTHE elIeMEHTE.

3. Ilo uemy je mucepraiyja OpUrMHaIaH JOMPUHOC HAYIH?

Kanmupar je y ucTpakMmBaukoM pagy K3 O0JAacTH MOAENOBama W M3BpPIIABama IPOU3BOJHUX
npoueca y nomeHy Huayctpuje 4.0, mpeacTaBbeHOM Yy JOKTOPCKO] HCEPTAlUjH, OCTBAPHO
TEOpHjCKe, pa3BOjHE, AIJIMKATHBHE M JPYIITBEHE pPE3yNTaTe KOjH IPEJCTaBJbajy OpPHTHHAJIAH
JOTIPUHOC HAyIM M UCKOPAK y OZHOCY Ha TPEHYTHO CTambe IPHKA3aHO Y AOCTYIHO] JUTEpaTypH.
Kpeupan je HOBHM METONOJOWIKM HPHCTYI U CO(TBEPCKO pellemhe Ha OCHOBY INPHHIUIA
WHXEHEePCTBA BOHEHOM MOJENUMa, KAa0 M HaMEHCKH je3uK 3a (opManHy crernupukanmjy
MPOM3BOJHUX IIpolleca ca IuJbeM yBohemwa (abpuka y mporec aurutanHe TpaHchopmaluje u
noBehama (IIEKCHOMITHOCTH TPOU3BOMKBE, unMe je moryhe onroBoputu Ha pactyhe morpebe
kynana. [Topex HOBOI METOROJOMIKOT NMPUCTYNa M HaMEHCKOT je3WKa, KPEUpaHU Cy I'eHepaTopH
WHCTPYKIIMja U TeXHUUYKE JOKYMEHTallHje, KOjU Ha ayTOMATU30BaH HAUYMH TPaHC(HOPMHUILY MOJee
MPOM3BOJHUX TIpolieca, creruduimpane NoMohy HOBOI HAMEHCKOT je3WKa, Y U3BpIIMBE
WHCTPYKIMje M TEXHUUYKY JOKYMEHTAlMjy pa3IMYATHX THNOBA. KpeupameM MeTOIOIOIIKOT
MPHUCTYTIa Y KOjeM Ce pa3[Bajajy MOJENH MPOW3BOAHUX IpOIeca HE3aBHCHUX O]l IMPOU3BOTHOT
cuCTeMa O MoJela MPOWU3BOJHUX Ipoleca 3aBUCHUX OJl NPOU3BOAHHMX CHUCTEMa, IPOjeKTaHTH
mporeca He Mopajy Ja Mocenyjy 3Hame 0 KOHKPETHOM IIPOM3BOAOM CHCTEMY U MOTY Jia MOJEIYjy
MPOM3BOJHU TIpOIleC KOju je Moryhe U3BPIHIMTH Yy pa3idydTAM [POU3BOJHIM CHCTEMA.
MeTOonoIOMKH TPHUCTYT MOTBphHEeH je KPo3 MMILUIEMEHTAI]y COPTBEPCKOT pelieka U IMPUMEHY Y
CTyIHjaMa cIlydaja, a HAMCHCKH je€3UK M COPTBEPCKH ajaTr 3a MOJAEIOBAmk-E MPOM3BOJHUX IIpoIieca
OLICHEHHU Cy OJ] CTPaHE Pa3IMYNTUX KOPUCHHUKA. Y IHCEPTALMjU CYy NPEACTABILCHH NaJbH IPaBIH
HCTpaXXnBama KOji MOTy OMTH CMEpHUIIE 3a MaJbU pa3Boj Hayke y pomeny Uumnycrpuje 4.0. Ha Taj
HauMH, KaHIUIAT j¢é OBOM JOKTOPCKOM JHCEPTAllMjOM KPEHpao OIJIMYHE OCHOBE 3a IPUMEHY
OIIITHX, HAIPEJJHUX, KPeaTHBHUX U HHOBATHBHUX MIPUCTYIA yHaNpelermy MPON3BOIHUX MpoLeca y
koHTeKCTY MHayctpuje 4.0, a moceOHO OHHMX acliekaTa KOjU ce OJHOCE Ha FHXOBO allCTPAKTHO
MOJICTIOBakE, a 3aTHM H ayTOMAaTH3alHjy IIOCTYIIaKa HHXOBOT H3BpIICHAa y KOHKPETHUM
MIPOU3BOJIHUM ITOCTPOjEHUMA H Y KOHTEKCTY KOHKPETHO MPUMEHECHUX MPOU3BOIHUX TEXHOJIOTH]A.

4. Koju cy HemocTaly AMcepTaIyje 1 KakaB je IbHXOB YTHIA] Ha Pe3yNTaT UCTPAXKUBAHA?

Z[I/ICCPTaL[I/Ija HC HOCC,Z[ij HEJOCTATKE KOjI/I OH MOrJIM HETraTUBHO Ja yTu4dy Ha BpPCIHOCT
MOCTUTHYTHUX PE3YJITATd UCTPAKHBALA.




X HNPEJJIOT:

Ha OCHOBY HaBCCHOT, KOMI/ICI/Ija IpeaJIaKe:

a) A2 ce JOKTOPCKA ANCEePTAIMja MPUXBATH, 2 KAHIAWAATY 0100pH 0A0paHA;

0) a ce IOKTOpCKa UcepTalija BpaTd KaHAUAATY Ha A0pajy (Ia ce IO0MyHH OJJHOCHO U3MEHH);

B) Jia ce IOKTOPCKA JMCEepTaImja o10uje.

Mecro u narym:

1. mp Coma Puctuh, penosau npodecop
, IPEJCEIHUK

2. np Munanun Credanosuhi, pesoBHN Tipodecop
, WIaH

3. np Cnaruria Kopauh, Banpenau npodecop
, YJIaH

4. np Usau JlykoBuh, penoBHu mpodecop
, MEHTOD

5. np Brnagumup Jumutpuecku, 1O1IEHT
, MEHTOD

HAIIOMEHA: UYnan koMmucHje KOjU HE EJIH Ja MOTIHIIEe M3BELITaj jep Ce HEe CaXe Ca MUILUBEHEM
BehrHe 4jIaHOBa KOMHUCH]e, Iy)KaH je Ja YHece Y U3BellTaj 00pas3lioKeme OJJHOCHO pa3iiore 300T KOjux He

KCJIK 1@ IMOTIIMIIE I/ISBQH.ITaj " J1a UCTH IMOTITUIIC.
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are highlighted, representing the research problem, as well as the main hypothesis and the research
goal. The candidate presented a short overview of the solution for production process modeling and
execution that is further discussed in the dissertation. In the solution, the model-driven principles
and domain-specific languages were applied. Therefore, the research topic belongs to the domain of
model-driven software development and modeling and execution of production processes. The
candidate also presented an overview of expected research contributions and results. The first
section ends with the structure and short description of the doctoral dissertation content.

The second section represents the background and theoretical foundation and begins with an
overview of industrial revolutions, with a specific focus on Industry 4.0 and its relevant concepts
and technologies. Afterward, production process planning concepts are described, especially
contemporary computer-aided production process planning. In this section, the candidate pointed
out skill-based engineering and the possibility of connecting it with production process planning,
which is demonstrated in further sections through the proposed solution. At the end of the second
section, an overview of the model-driven paradigm and domain-specific languages is presented.

In the third section, the motivation to alleviate Industry 4.0 challenges is described. Besides the
main hypothesis, the four derived hypotheses are also defined to better address different aspects of
the main hypothesis. By confirming or rejecting the derived hypotheses, the main hypothesis can be
confirmed or rejected accordingly. Afterward, the main research goal and critical success factors
that need to be achieved are outlined. Then, the expected theoretical, development, application and
socio-economic contributions and results of the doctoral dissertation are concisely described,
providing the justification for conducting the research done by the candidate. The research was
conducted in a systematic manner, by utilizing Design Science Research Methodology (DSRM),
outlined at the end of the third section of the doctoral dissertation.

In the fourth section of the doctoral dissertation, the candidate presented state-of-the-art in relevant
research fields. First, the application of the model-driven paradigm and domain-specific languages
in the fields of information systems and Industry 4.0 is presented. The following section of the
state-of-the-art is the main one and is related to modeling production processes by using various
languages and approaches, especially in the era of Industry 4.0. Based on the preliminary research,
the candidate first identified ten requirements that a language for production process modeling in
the context of Industry 4.0 should fulfill. Specified requirements were used for the analysis of
existing languages for production process modeling. Therefore, a framework was established in
which all the languages were analyzed in the same and systematic manner. Afterward, systematic
research of the literature was described and the research questions were formulated which should be
answered after the literature review. The candidate divided the identified languages into four
different categories. Languages were described in detail and, for each one of them, the analysis of
the fulfillment of the previously defined requirements was performed. At the end of the fourth
section, the candidate answered the formulated research questions, presented how much analyzed
languages fulfill the defined requirements, stated the main advantages and disadvantages of existing
languages, and discussed future research directions in the field of production process modeling in
the context of Industry 4.0. As a single language was not found for production process modeling




that fulfills all the defined requirements, the need for the creation of a novel domain-specific
language for production process modeling is justified. The literature review being presented in the
thesis, especially the stated disadvantages of existing languages and future research direction in the
field of production process modeling, can be used by researchers as a foundation for their own
research.

A model-driven solution proposed by the candidate is composed of a novel system and a novel
approach for production process modeling and execution, described in the fifth section. The
presented solution is a part of wider research efforts, in which the candidate's doctoral dissertation
focuses on modeling production processes and automatically generating executable instructions and
manufacturing documentation. The candidate described in detail all the system's components,
especially the tool for production process modeling and generators of instructions and
manufacturing documentation, as well as the steps in the novel approach necessary to transform
production process models independent of production systems into executable instructions and
manufacturing documentation. With the presented goals of the novel model-driven solution,
especially the domain-specific language and the tool for production process modeling, such an
innovative approach fits the Industry 4.0 philosophy and contributes to solving challenges of
flexible production.

By using the Feature-Oriented Domain Analysis (FODA) method, the candidate presented in detail
the domain of production process modeling in the context of Industry 4.0 in the sixth section of the
doctoral dissertation. The production process domain is presented through operational, resource and
control-flow perspectives, and the candidate gathered the domain knowledge from different
research papers, technical documentation and use cases, and by talking to domain experts. The
candidate presented the domain and related concepts in a systematic manner, forming a foundation
for the creation of a novel language that would support the presented concepts.

The main component of the proposed model-driven solution is a domain-specific language for
production process modeling, outlined in the seventh section of the doctoral dissertation. The
candidate developed a novel domain-specific language named Multi-Level Production Process
Modeling Language (MultiProLan), whose process models are suitable for dynamic production
orchestration and automatic generation of executable instructions and manufacturing
documentation. In this section, the usage of novel domain-specific language and its users were
described first. Afterward, the language's abstract syntax created by using the Ecore language,
which is a part of the Eclipse Modeling Framework (EMF), and different constraints developed by
using Object Constraint Language (OCL) were presented. The language's concrete syntax and the
tool prototype for production process modeling were created by using the Eclipse Sirius framework
and they were presented next in this section. MultiProLan fulfills the previously formulated ten
requirements for production process modeling, which distinguish it from other languages presented
in the related literature of this doctoral dissertation.

The proposed model-driven solution, with MultiProLan domain-specific language as its main
component, was applied in the two use cases, described in the eighth section of the doctoral
dissertation. The first use case demonstrates the production process modeling of wooden box
assembly that has different product variations. In this use case, the candidate pointed out the
possibilities of the novel domain-specific language during the modeling of different aspects of
production processes. In addition, examples of automatically generated instructions and
manufacturing documentation were presented in this use case, demonstrating the activities of all
main components of the proposed solution. The second use case represents a demonstration
environment in which objects from LEGO® bricks were assembled. In this environment, different
resources were used to perform process steps, such as industrial mobile robots, research-grade
smart robots and human workers. Therefore, the execution of production processes was
demonstrated by using the novel model-driven solution. These two use cases demonstrate that it is
possible to use the proposed solution and the novel domain-specific language for production
process modeling and execution in the assembly industry.




In addition to the use cases being considered, the candidate presented the evaluation of the
MultiProLan domain-specific language and tool for production process modeling in the ninth
section of the doctoral dissertation. In this section, the evaluation experiment was described, in
which process engineers, software engineers, researchers and students participated. The experiment
included testing the domain-specific language and the tool for production process modeling by
creating different examples of models and completing the questionnaire. The tasks that participants
were solving in the experiment, the solutions of the tasks and the questionnaire that the participants
completed are given in the appendix of this doctoral dissertation. Participants evaluated different
quality characteristics of the language and the tool, and based on the results from the completed
questionnaire, it was concluded that the language and the tool can be used in practice. Most
participants provided positive feedback related to all the quality characteristics that were analyzed.
Thus, the theoretical and practical results of the research presented in this doctoral dissertation have
been confirmed.

In the last, tenth section, the realized contributions and research results presented in this doctoral
dissertation were recapitulated. The candidate justified the derived hypotheses and, consequently,
the main hypothesis. Additionally, in this section, various future research directions were presented,
which may be a foundation for new research projects in the domain of modeling and execution of
processes in the era of Industry 4.0.

The committee states that the research problem, goals and hypotheses are described precisely and
concisely. The candidate presented state-of-the-art in a systematic way in the doctoral dissertation,
which was used as a basis to propose a novel solution for the production process specification and
generation. The proposed solution, its application in the use cases and the evaluation performed by
different user groups were presented in detail in the doctoral dissertation. The future research and
development directions were also presented. Based on the stated conclusions, the committee
positively evaluates all parts of the doctoral dissertation written by the candidate, Marko Vjestica.
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DOCTORAL RESEARCH:

List the related article titles, where and when they were published. First, state at least one article published
or accepted for publication in accordance with regulations for doctoral studies at University of Novi Sad
related to the content of the doctoral dissertation. In the case when articles are accepted for publication,
list the article titles, where and when they will be published and attach the journal editorial acceptance
confirmations.
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The committee states that during the research on his doctoral studies, the candidate published 18
articles in scientific journals, monographs and proceedings of scientific conferences. Among these
articles, 7 articles are related to the candidate's doctoral dissertation and the results presented in the
doctoral dissertation, including 2 articles in international journals from the ISI list (M21a) [1] and
(M22) [2], a single article in the international journal from the ESCI list (M24) [3] and 4 articles
from scientific conference proceedings (M33) [4-7].

Vi

CONCLUSIONS AND RESEARCH RESULTS:

The results achieved in developing a methodological approach to production process specification
and generation are presented in the doctoral dissertation. Based on the relevant literature review and
the analysis of existing languages and approaches for production process modeling and execution,
the committee justifies that the achieved results represent utilization, elaboration and synthesis of
existing concepts and knowledge, which led to a novel approach in alleviating Industry 4.0
challenges. One of the main contributions is alleviating challenges of modeling production
processes in the era of Industry 4.0, in which production process models should be specified in a
way that allows the automatic execution of process steps, but also, process models should be
independent of any production system, enabling production process models to be executed in
various production systems. In the dissertation, various significant theoretical, development,
application and socio-economic contributions and research results are presented.

Theoretical contributions and results include: (a) survey and analysis of existing languages for
production process modeling; (b) identification of main concepts needed to implement a domain-
specific language for production process modeling in the era of Industry 4.0; (c) specification of a
novel model-driven approach for dynamic production and automatic generation of executable
instructions; (d) specification of a methodology to automatically transform production process
models independent of production systems into production process models dependent on specific
production systems; and (e) application of model-driven principles in the production domain,
contributing to easier production process modeling and execution.

Development contributions reflect a development of the software tool for production process
modeling and execution, and include: (a) developed a novel domain-specific language MultiProLan
and a software tool for production process modeling; and (b) developed instruction and
manufacturing documentation generators for the automatic generation of executable instructions
and manufacturing documentation from production process models.

Application contributions of the novel model-driven approach and the novel domain-specific
language include: (a) two use cases in the assembly industry; (b) evaluation of the novel language
and the software tool for production process modeling by different users; and (c) presentation of a
new practical experience from applying a novel methodological approach, a software tool and a
modeling language.




Socio-economic contributions include a possibility of applying a novel methodological approach
and the proposed software tool in various organizations, improving the management of production
processes contemporarily.

Research results presented in the doctoral dissertation open new research questions and new
research and development directions. New research directions in the domain of modeling in
production include the creation of a language family for modeling production processes in a single
production facility, collaborative production processes in multiple factories, as well as production
systems and human workers in the era of Industry 4.0. Additionally, it is necessary to research the
modeling of production quality, safety aspects and risks for human workers in a factory, energy
consumption during production process execution, and automatic creation of production process
models based on product models. Further development of the domain-specific language and the tool
for production process modeling include the development of a recommendation system for
executing a production process model in the preferred production system, the integration of the tool
with standardized capabilities and parameters, as well as the extension of the language with
concepts for modeling production quality and more complex resource collaboration. New
application domains of the language and the tool for production process modeling include primarily
the application in the process industry, i.e., continuous production, the integration with a system for
automatic detection of process step execution, the application in augmented or mixed reality, as
well as the application in the domains of data science and process mining for eliminating
insufficiencies from production process models.

VI

EVALUATION OF STUDY RESULTS PRESENTATION AND INTERPRETATION:

Explicitly indicate a positive or negative assessment of study results presentation and interpretation.

In his doctoral dissertation, the candidate clearly, precisely and systematically performed:
formulation of the theoretical foundation required to achieve research results; analysis of state-of-
the-art production process modeling and execution based on the available literature; creation of a
novel methodological approach and implementation of a software tool for production process
modeling and execution; presentation of theoretical, development, application and socio-economic
results and contributions; application of the presented software tool and a structural analysis of the
research results; evaluation of the software tool; discussion on contributions and questions relevant
for the application and identification of similar future researches.

The committee finds that this doctoral dissertation is the original author's work. Text in the
dissertation was additionally checked by using the iThenticate software for plagiarism detection. No
similarities were found that would indicate any kind of plagiarism. The only similarities detected
are related to the papers published by the author in co-authorship with his mentors, as well as the
researchers of the same research group, in which parts of the results presented in this doctoral
dissertation were already published. However, is the explicit requirement to the candidate in
performing his doctoral research.

Based on the presented statements in this report, the committee gives a positive assessment of the
presentation and interpretation of the research results.

IX

FINAL ASSESSMENT OF DOCTORAL DISSERTATION:

Explicitly state if the dissertation is or is not written in accordance with the submitted dissertation
proposal, as well as does it contain all the important elements. Provide clear, precise and concise answers
to questions 3 and 4:

1. Was the dissertation written in accordance with the previously submitted dissertation proposal?

The dissertation is written in accordance with the previously submitted dissertation proposal.




2. Does the dissertation contain all the important elements?

The dissertation contains all the important elements.

3. Why does this dissertation provide original contributions to science?

In his research in the field of production process modeling and execution in the domain of Industry
4.0, presented in the doctoral dissertation, the candidate achieved theoretical, development,
application and socio-economic results that represent the original contribution to the science and a
step forward in comparison to contemporary state-of-the-art presented in the available literature. A
new methodological approach and a model-driven software tool were created, as well as a domain-
specific modeling language for the formal specification of production processes with the goal of
introducing factories into the digital transformation process and increasing production flexibility,
providing a response to the increasing needs of customers. Besides the novel methodological
approach and domain-specific language, new instruction and manufacturing documentation
generators were created, enabling the automatic transformation of production process models,
specified by using the novel domain-specific modeling language, into executable instructions and
manufacturing documentation of various types. By creating a methodological approach in which
production process models independent of any production system are separated from production
process models dependent on the specific production systems, process designers do not need to
have knowledge about the specific production system, and they can model production processes
that can be executed in different production systems. The methodological approach is approved
through the implementation of the software tool and its application in the different use cases, and
the domain-specific language and the software tool for production process modeling are evaluated
by different users. Further research directions are presented in the dissertation that can be used as
guidelines for the future development of science in the domain of Industry 4.0. That way, in his
doctoral dissertation, the candidate created an excellent foundation for the application of basic,
advanced, creative and innovative approaches that improve production processes in the context of
Industry 4.0, especially aspects related to their abstract modeling and automating procedures for
their execution in specific production systems and in the context of specifically applied production
technologies.

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

The dissertation does not have shortcomings that would negatively impact on the research results.
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a) To accept the doctoral dissertation and approve the candidate's defense;
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