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\4 BPEJHOBAIGLE IOJEAMHUX JEJIOBA TOKTOPCKE JUCEPTALIUJE:

Hucepraimja capXu CBE €IEMEHTE MpomucaHe BakehmMm mnpomucuma. J[eBeT moriaBiba JOTHYKU CY
pacniopehena u 106po cTpykTypupana. [IpBa Tpu moriassba MOCTaBIbajy MPOOIEM UCTPAKUBAKHA, TEOPHUjCKE
OCHOBeE W cTame y oOmactu. Ilornmasira 4—7 mpencraBibajy NMPEANIOKEHH NPHCTYI, HETOBE MaTeMaTHIKe
OCHOBEe M HWMIUIeMeHTanujy. [lormaBpe 8 mpencraBipa eBalyalmjy, a morjiaBjbe 9 cymupa 3akibydke,
JIOTIPHHOCE U MPaBIie JaJbUX HCTPAXKUBaKa. cTpaKUBame je CIPOBEICHO M0 METOA0IOTHjH HCTPAXKHUBAbHA
y Hayim o nm3ajHy (Design Science Research Methodology — DSRM) y Bapujantu [Tedepca u capagnmka, a
npecnukaBame kopaka DSRM Ha mojeaune aenoBe aucepTalyje je eKCIUTUIIUTHO HaBeeHO.

[TpBo nornassbe yBOAM KOHTEKCT UCTPaXKHMBaAba, IPEMET UCTPAKUBaAA, OTPEOy 3a UCTPAKUBAEM,
MJbEBE, IPUMEEHE METOJIe M MOI'YRHOCT NpUMEHe OYeKMBaHUX pe3yiTaTta. Kanannar no3unnonupa
HCTPaXUBamkE Y OKBUPY COPTBEPCKOT HIKemepcTBa BoljeHor monennma (Model-Driven Software
Engineering — MDSE), y KOMe ce MOJIeNIH TPETUPajy Kao MpUMapHU apTedakTH pa3Boja, a U3BPIIHBE
aIUIMKAIMje U3BOJE CE U3 BbUX TpaHCPOopMalrjamMa, IpH YeMy e 3a IeHepUcame Kojia KOPHUCTe
TpaHcdopmaruje moxena y Tekct (M2T). Kipyunu npaktuanu npobieM je nocreneHo ysohewse MDSE y
nocrojehe codhTBepcke MpojekTe, MpH KOjeM pydHe H3MEHE y KOy Mopajy OUTH odyBaHe u3Mel)y mukmyca
TeHepHCcama Ko/a, 0e3 HaMeTama HOBE apXUTEKType npojekry. API-6a3upanu reneparopu (ABG)

WJIeHTU( MKOBAHU Cy Kao CPEJICTBO Koje TakaB npenaszak omoryhaga. [Tomro epukacHocT ABG-a nupexTHo
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3aBHICH O] HUBOA arcTpakiyje merosor API-ja, a kako cy paHuja UCTpakMBama Mokasaia Ja je pa3Boj
reaepatopa ca TakBuM ABG-oBUMa 3HaTHO criopHju Hero ca oOpahuBaunma mabnona, GopMyIucaH je
cienehn b ncrpaxuBama: e UHUCATH IPUCTYI U IPOjEKTOBAaTH MMIUICMEHTALN]y 3a MOJIyayTOMaTCKO
OTKpHBambE TOHABJbajyNHNX HANOMa Y KOy KOjU Cy JoOpH KaHIUIATH 33 TeHEpHCcame KOAa, Kao 1 3a
HoiryayTomarcko kpenpame API-ja nepuHucanor y tepMuanMa Tux nauoma. Ilotpeda 3a ncrpaxnBameM
00pazinoxkeHa je YNHEHUIIOM J1a y JTUTepaTypH HeA0CTaje CKaaOIHa, MOTIYHO clienupuIrpana
UMIUIEMEHTalKja pyAapemha niMoMa KoJia, Kao ¥ OWI0 KakaB paj KOju ce THYe ayToMaTu3aluje pasBoja
ABG-oBa. Ha ocHOBY u3HeTOT, hopMymucaHe cy ommra xunore3a X0 u u3seneHe xunoreze X1-X4.
[Tormnagibe ce 3aBpIIaBa MPETIEIOM CTPYKTYPE AMCEPTAIIH]e.

Jlpyro moriiaBibe NpeiCTaBba TEOPUJCKE OCHOBE JIBEjy 00JIacTH HA KojuMa rouusa gonpunoc: MDSE u
pyaapemwa uanoma koga. MDSE je mosunmonupat y onHocy Ha cpoane meroae (MBSE, MDSD, MDA) u
o0jamImeHN Cy HBeroBH KJbYYHH KOHIIENTH KOjU c€ KOPHUCTE Y HACTaBKY JucepTalje. PasmuauTi HaunHU 3a
TeHEepHCamke KOJa Cy ACTAJbHO aHAIM3UPAHW, Ka0 M MEXAHM3MH 32 HHTETPAIHjy PYYHO IMCAHOT H
reHepucaHor koja. Mauomu cy aeduHHCaHM Kao Malld, YecTo NMoHaBjbajyhu (parMeHTH Koaa ca jelHOM
CEMaHTHYKOM YJIOTOM, KOjH MOTY Caap aTH METalpOMEHJbHUBE M KOjH OATOBAPajy YECTO MOHABJbAHUM
HoACTabIMMa CHHTAKCHHUX cTabaya. Y HAaCTaBKy ce AETaJbHO JUCKYTYje 3aIITO Cy IIOTOJHM Kao OCHOBA 3a
npommperne ABG-0Ba 1 3aIITo cy adTepHaTHBHE TEXHUKE (JeTEKIHja KJIOHOBa, pyaapeme API-ja, pynapeme
YeCTHX MOJCTabalia) Mame MMOICCHE 3a IOCTABJhCHU b, [10T1aBIbe je jaCHO HAaMMUCaHO, 1000 WIyCTPOBAHO
(ocaMm cnmka) U Mpy’Ka MOjMOBHHU amapat Koju je moTpedaH 3a HapeaHa MoTIaBsba.

Tpehe mormasiee nmaje mperyen CpPoOAHMX HCTpaxuBama: KopucTu on ABG-oBa, mM3a30BH HHXOBE
ynotpebe, pyaapeme HauoMa U3 Kojaa u ayroMmatmsanuja pazsoja MDSE amata. Kannunar mokasyje kako
ABG-oBu omoryhaBajy neomeran MDSD pa3BojHu mpolec, ociamajyhum ce Ha paHHje HCKYCTBO Yy
WHJYCTPHjU CBOje HCTpakuBadke rpyme. [Ipuctyn Anamannca n CaToHa, KOjH 3aKJbydyje IpoOaOHIHCTHIKY
rpamaruky cyncrutryimje cradana (PTSG) u3 nmporpamckor kojaa, HICHTH()HUKOBAH je Kao HajcaBpeMcHH]a
TeXHHKa pyJlapeha HANOMa, a IOKYMEHTOBaH je U HEI0CTaTaK ONuca y JIUTepaTypH Kako npuMeHuTH Type-
Based MCMC na oBaj gomeH. PagoBu o ayromarmsanuju passoja MDSE anara (mereknuja KIOHOBa 3a
n3Bohewme QVT madnona u DSL-oBa, yueme npaBmia npeBohema mo npumepy, LSTM Mpeke u BeukH
JE3MUKH MOJIEINN), aHATTM3UPaHN Cy U NTOKa3aHo je Ja HUjeJaH oJ BHUX He pa3MaTpa ayToMaTH3alyjy pa3Boja
ABG-oBa. [TpeaHocT pa3yMJbHBUX M JIAKO N3MEHUBHX IpaMaTHKA CYIICTUTYIHje cTabaia HaJ HEYpPOHCKUM
MOJeNnMa ,,JipHe KyTHje yOempbiBo je apryMeHToBaHa. [Ipernen mureparype je akTyenaH, pelieBaHTaH U
KPUTHUYKH BPEIHOBAH M jaCHO YTBplyje ncTpakMBauku ja3 KOjuUM ce qucepTanyja OaB.

YeTBpTO TOTIIABJbE NPENCTaB/ba LEHTPATHA METONOJOMKN aonpuHoc nuceprammje: SAGED (Semi-
automatic API-based Generators Development), HOBu IpuCTyT 3a moJiyayToMaTcku pa3Boj API-6a3zupannx
reHeparopa. [Ipuctymn ce cactoju oz aBe da3e n yeTupu Kopaka: ¢asza 1, OTKpuUBame KOHIENaTa, 00yXxBaTa
kopak S1 (3akjpyuuBame HIMOMa KoJa) U Kopak S2 (kKypupame), a pasa 2, npommpeme ABG-a, o0yxBaTta
kopak S3 (renepucame API merona) u kopak S4 (muxoBy unrerpauujy y ABG). M3060p HemapameTrapcke
BajecoBe PTSG metone, anpokcumupane npuiarohenum Type-Based MCMC, nobpo je MOTUBHCAH: ped je
0 HEHAATTIEJaHOM y4uehy KOje He 3aXTeBa aHOTHPaH KO, METO/a je 3aCHOBAaHA Ha CTATHCTUYIKOM MOJCIY H
CTOTa 3aKJbydyje 3HauajHHje UIUOME OJ METO/a 3aCHOBAHMX HCKJbYUMBO Ha yYECTAIOCTH, a 3aKJbYUCHU
(hparMeHTH HY>KHO TIONITYjy TpaMaTHKy je3uka. Kanaungar netajbHO pasMaTrpa MpeayciioBe U OTpaHUYeHa
pasBujeHe MeTone (YIa3HH KOJ Mopa IIOKa3MBaTH IIOHABJbAE, CHHTAKCHA HCIPABHOCT HAMOMAa HE
HoApa3syMeBa HErOBY MOTIYHOCT, a 3aK/byUeHHM HANOMH TeXe na Oyay IUIMUTKH) W U3 BHUX H3BOIU
HEOIXOJHOCT KOpaka Kypupama, Yy KOMe KOPUCHHK IIperiiesia, craja 1 Mema uanome. [lornasibe Takohe
cnemmdupa meT 3axTeBa Koje pesynryjyhm ABG wmopa ga 3agoBosbu  (TpellM3HA  CeNEKIHja,
MHKPEMEHTATHE U3MEHE, 0UyBamhe CHHTAKCHE MCIPABHOCTH, pa3/iBajak-¢ PYYHO MHCAHUX W T'CHEpHCaHHX
API MeTona u cBeoOyxBaTHa MOIPIIKA 32 U3MEHY KOJia) M 00jammaBa Kako ce ¢uiekcuomwina ABG ocHoBa
npouMpyje reHepucanuM Meronama. [Ipuctyn je neduHMCaH HE3aBUCHO OJ KOHKPETHOT IPOrpaMCcKOT
jesuka u ABG-a.

Ilero mornasske Jaje MaTeMaTHIKE OCHOBE METO/E 3aKJbyUHBAbha M CAAPKU INIaBHU HAYYHH JIOTIPHHOC
naucepTanuje y oBoj obnactu. [Tosazehn o1 KOHTEKCTHO CI000AHUX IrpaMaTrKa M lbUXOBE MPOOAOUITUCTHY Ke
BapujaHTe, KaHAWIAT yBOAW TpaMaTHKe cyncturyimje crabama u PTSG, umju ¢parmeHTH Koaupajy
HEJTOKAJTHH KOHTEKCT U YMj1 HETEPMUHAIHU JHCTOBU IPUPOJHO NIPEACTaBIbajy METAIPOMEHIBUBE, U CBOIU
npoOieM MmpoHaNaxema nanoma Ha yaewe PTSG koja mpomupyje mo3HaTy rpaMaTuky U JoOpo objamrmasa
Kopmyc 3a o0yuaBame. O0jammeHo je bajecoBo 3akspyunBame ca JJMpUXII€0BUM MPOIIECOM Kao alpUOPHOM
pacmojienioM Hajg (parMeHTHMa, 3ajefHo ca 0a3HoM pacmogenoM. Ilomto ce amocrepuopHa pacnojena He




MOJKE€ TaYHO M3padyHATH, OHA Ce ampoKcuMupa I'mOCOBUM y30pKHBadeM, KOjH 3a CBAKH YBOP OIyUyje Aa
JIK je KopeH HoBoT gparMmenTa. [TomTo 'mOCOB y30pKkuBad koju oOpalyje 4Bop 1Mo 4BOp HHUje CKATAOWIIaH Ha
Benuke 0aze xona, kanauaaT npeysuma Type-Based MCMC Jluanra u capagHuka (KapakTepUCTHYaH IO
TOME IIITO YBOPOBE UCTOT TUTIA TPyNHIIE y OJOK M 3ajeTHO UX aXypHupa) U JeTajbHO ra TyMaun u paspalyje
3a JIOMEH pyAapema uauoma koja. KibydHn opuriHaaIHH ZOTPHHOC j€ TI0jeAHOCTAaBIbEHE Koje oMoryhasa
Jla ce 4yBa caMo AENMMHUYHA HHPOpPMalrja 0 OKPYKEeHYy YBOpa YMECTO LEJIOT BEKTOpa MpoMeHa Opojada,
yuUMe Cc€ 3HAa4ajHO CMamyjy Bolheme eBuieHuMje W yTpomak memopuje. IlormaBibe ce 3aBpluaBa
npenoOpagoM MapcUpaHUX CHHTAKCHHUX cTabana (OMHapu3aiyja, IOBE3UBAamE 3aBUCHUX KOHCTPYKIHMja U
¢ukcupame n3abpaHNX BpCTa YBOPOBa Ka0 KOpPEHA WIM HE-KOPEHa), MMe Ce 3aKJbydHBame yCMepaBa Ka
unomuMa koje ABG ocHoBa Moxe fa npuxsatd. CBU anroputMu cy GopmaiHo JedUHUCAHH, 00jalibeH
Ha IpaTehuM npuMepuMa U WIYyCTPOBaHH, a U3JIarame jeé PUTOPO3HO U MPEIHU3HO.

Iecro mornassse onucyje RoseLib, ABG oTBopeHor kona 3a jesuk C# pa3BujeH y paHUjIM
UCTpaXUBamkbUMa TpyIie Kao cioj u3Haa Roslyn Syntax Tree API-ja, koju y nucepranuju ciryxu kao ABG
ocHoBa. [Tornarspe o0jammaBa MexaHu3Me oOmiIacka u kommnosunuje, je3uk CSPath 3a Bese cienpuBocTy,
uHCIUpHucaH je3ukoMm XPath n ummiueMenTHpan MeTajesukoM textX, U mpoBepe HHTErpUTeTa paau
OTKpHBama PyYyHHX U3MEHA n3Mel)y aBa nuKiyca reHepucama. [lornassbe 320KpyXKyje mpumep remeparopa
Koju ce ociama Ha CSPath u nmpoBepe naTerpuTera. Omuc je MoTIyH, TEX HIYKH NpEIi3aH U T0OBOJbaH 3a
pasymeBame kako RoseLib 3asoBospaBa 3axTeBe GopMyIIncaHe y 4eTBPTOM IOTJIABIbY .

Cenmo mornasbe mpencraBiba umiuieMenTanujy npucryna SAGED 3a nporpamcku jesuk C#. Kopaxk S1
peanusyjy IIpenobpahuBau, koju mpumnpema yiaszHe aaroteke, u MHpepeHep, KOju je3HIKH HE3aBHCHO
je3Tpo 3aKJbYy4HBamka NPOIIUpYje moapinkoM 3a C# 3acHoBaHO Ha Roslyn-y. Jesrpo 3akibydnBama 1eTajbHO
je omMcaHO 3ajeqHO ca alropuTMoM oOydaBama. Kopak S2 moapkaBajy Busyamuzatop, kKoju mpukasyje
npoHaljeHe uAroMe, IUXOBY YUECTaJIOCT U Be3e y Koy, U PykoBanar, koju omoryhasa cniajame uauoma y3
OouyBame CHHTaKCHe mcrpaBHocTH. Pazy 2 peanmmsyje TpaHchopmarop ca cBOjoM 0a30M 3Hama, KOjU U3
u3abpaHOT HIMOMAa TeHepulle nekiapanujy u Teno APl merome m nomaje je y mapuujaiHy Kiacy
oxaroBapajyher kommosepa, unMe je 00e30eheHo 3aXTeBaHO pa3/Bajarbe PyYHO MHCAHUX M TeHEpHCAaHUX
Mmetona. [TokazaHo je na Tako mponrpeH RoseLib 3amoBosbaBa cBUX TET 3aXTeBa U3 YETBPTOT MOTJIaBha. Ha
Kpajy IOIJIaBJba MPEICTaB/bEHH Cy alaTH 3a KopucHHKe: poxartak 3a Visual Studio Code, Busyanusarop
uanoMa | anar 3a mepeme StatEval xoju ce xopuctu y eanmyanuju. Mmmiementanumja je yckiaheHa ca
HOPUCTYIIOM OMHUCAHUM Y YETBPTOM TOTIIaBJbY, lbEHE KOMIIOHEHTE OKPUBEHE Cy jJSAMHUYHUM TECTOBUMA, a
pasBujeHn coTBep MOCTYIAH je y PENoO3UTOPHjyMHMa OTBOPEHOT KoJa, mTo 00e30elyje MoHOBJEUBOCT
UCTPaXKUBAMA.

OcMo norIaBJbe eBaynpa MPUCTYI KPO3 TPU UCTPAKHMBAYKA MUTAKkA: [1a JH (a3a OTKpUBamba KOHIEnaTa
MPOU3BOIM peneBaHTHE uanome konaa (RQ1), na im je ta ¢asa ckamabwrna (RQ2) u na nmu cy API merone
u3Benene npucrynoM SAGED eduxacHuje 3a ymorpeOy on mocrojehux API metoma ABG-a (RQ3).
KpanTuratMpHa eBaidyandja Mepwiia je¢ MPEHU3HOCT, HOKPHUBEHOCT, MPOCCYHY IyKUHY HWAHOMA H
ckanmabmrHOCT Ha yeTpHaecT C# mpojekara BenmuauHe o] 0ko 4,5 xusbaze a0 npexo 600 xubana TuHuja Koja,
o0jenumennx y jaBHo noctynad Mendeley Data ckyn. ¥ npoceky je 40% 3axsbydeHnx nanoma nposaleHo
y TECT KOpITyCUMa, UAMOMH Cy obOjacHmnu 39% dYBOpOBa TeCcT KopIlyca, a Bpeme oOydaBama pacio je
JMHEapHO ca BeTUYMHOM 0ase koja. KBanuTaruBHaA eBanyaiuja ca CTIOJbHOM BAIMIAIMjOM MOTBPIAMIA je
PEJIeBaHTHOCT 3aKJbYYCHHUX HINOMA Y3 OrpaHU4eH OOUM PyUYHOT Kypupamba. YoueHa OrpaHuueha METOE CY
IeTajbHO HaBeneHa. EBamyanuja e mkacHOCTH MoKa3ana je 1a je 3a pa3oj ucror MDSE anaTa npomupeHoM
Bepaujom Onbimnoreke RoseLib nammcano 24% mame nuHMja kona y3 oko 20% kpahe Bpeme pasBoja, a
nopeleme ca paHHjIM MHIYCTPHjCKUM HCTPaXUBAEkEM TpyIe MOKa3alo je y mpoceky 15,5 macmpam 20
YJoBEeK-4acoBa MO TreHeparopy. CBa TpHW HCTpaXKMBadka INHTama MOTBPAHO CYy OATOBOPEHA, YHME Cy
notBphene xunoreze X1-X4 u, nocpenno, X0, a mpeTHe BATUIHOCTH HICHTH(UKOBAHE Cy 3ajelHO ca
MepaMa 3a BHXOBO ajpecupare. EBanyanuja je MeTo10JI01IKH yTeMe/beHa, cBeoOyxBaTHa U oaroBapajyhe
OCMHUIIJbEHA 32 MPOBEPY MOCTaBJbEHUX XUIOTE3A.

3aBpIIHO MOTJIABJhE CyMHpa pe3yJiTaTe, TPYyIHIIe JOTPHHOCE TUCEePTAIlHje HA METOIOJIOIIKE, TEXHIIKE
U eMIIMPUjCKE U Jaje TabelapHU Mperiiea MOTBPJC CBAKE XUIIOTE3€ 3ajeHO Ca MECTOM y IUCEpTalUjH Ha
KOjeM Ce Hajlaze JoKa3u. PasmarpaHe Cy MMIUTMKALHMje 32 MCTPOKUBAKE M MPAaKCy W Ha3HAUCHH INPaBIU
JlaJbeT pas3Boja. 3akbydIl Cy jacHO OOpa3lioxeHW, yckiajeHH ca MpelCcTaBJbeHUM pe3yiTaTuMma, a
MPEATIOKEHN MPABIU NAJbUX UCTPAKUBAKA CY PEATHH U J0OPO yTeMeJbeHH.

Cnucak nutepatype (120 pedepenim) je peraeBaHTaH 3a TeMy AUCEpTaluje ¥ o0yxBara KIacHYHE U
caBpeMeHe u3Bope u3 odractd MDSE u MammmHCKOT yuema Hajl I3BOPHUM KOJIOM, YKJbY4YjyhHl U HajHOBH]E
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PaI0BE O BEIIUKUM JE3MIKUM MOeauMa. [IpoIupeHn pe3suMe Ha CPIICKOM je3UKY BEPHO OJpakaBa Caipikaj
JIcepTaIyje.

VI CHHUCAK HAYYHHUX U CTPYUHHUX PAJOBA KOJU CY OBJAB/bEHH NJIN
INPUXBAREHHU 3A OBJAB/JbBUBAILE HA OCHOBY PE3YJITATA HCTPAYXKUBAIbBA Y
OKBHUPY PAJIA HA TOKTOPCKOJ JMCEPTALINJIN:

TakcaTMBHO HaBECTH Ha3WBE paloBa, Iyie W Kama cy oOjaBibeHH. [IpBO HaBecTH HajMame jefaH paj
o0jaBspeH wiH npuxBaheH 3a 00jaBJpUBaKk€ y cKiIany ca [Ipasunuma 00Kkmopckux cmyouja Yuusepsumema
y Hosom Cady xoju je noBe3aH ca capxajeM JOKTOpCcKe qucepranuje. Y ciydajy pajgoBa npuxpalieHUX 3a
o0jaBJpHBa-€, TAKCATHBHO HABECTH HA3MBE PAIOBa, TAE U Kaja he OuTu 00jaBsbeHHN M PUIOKHUTH TIOTBPIY
YpEIHHUKa 4acomuca O TOME.

Pan y Bpxynckom melhynapoanom yaconucy (M21):

1. Todorovié, N., Luki¢, A., Todorovi¢, N., Dragas, B., Milosavljevié, G.: Automating the development of
API-based generators using code idioms mining. Software and Systems Modeling, 25(1), 2026, pp. 81108,
(o6jaBsbeHo omnaju 6. 6. 2025), https://doi.org/10.1007/s10270-025-01296-z

Pan y ncraknyrom mehynapoasnom yacomucy (M22):
1. Dragas, B., Todorovi¢, N., Rajaci¢, T., Milosavljevi¢, G., Vukovic, 7.: A Novel Approach to Integration
of Manual Changes in Generated Code: SeamlessMDD. Journal of Web Engineering, 24(4), 2025, pp. 499—
528. https://doi.org/10.13052/jwe1540-9589.2442

Caonmrema ca Mel)yHapoauux ckynoBa mramnana y ueannu (M33):

1. Dragas, B., Todorovi¢, N., Rajaci¢, T., Milosavljevi¢, G.: SeamlessMDD: Framework for Seamless
Integration of Generated and Hand-Written Code. In: Web Engineering, ICWE 2024, Lecture Notes in
Computer Science, vol. 14629, Springer, 2024, pp. 163—177. https://doi.org/10.1007/978-3-031-62362-2

2. Todorovié, N., Dragas, B., Milosavljevi¢, G.: Supporting Integrative Code Generation with Traceability
Links and Code Fragment Integrity Checks. In: Trajanovic, M., Filipovic, N., Zdravkovic, M. (eds.)
Disruptive Information Technologies for a Smart Society, ICIST 2023, Lecture Notes in Networks and
Systems, vol. 872, Springer, 2024, pp. 490-501. https://doi.org/10.1007/978-3-031-50755-7_46

3. Todorovié, N., Luki¢, A., Zoranovi¢, B., Vaderna, R., Vukovi¢, Z., Stoja, S.: RoseLib: A Library for
Simplifying .NET Compiler Platform Usage. In: ICIST 2018 Proceedings, Vol. 1, 2018, pp. 216-221. ISBN
978-86-85525-22-3

ITopen naBenenux, pax xangugara Henama TomopoBuha o6jaBibeH y yacomucy Software and Systems
Modeling, 6uo je m3abpaH W mpe3eHTOBaH y journal-first mporpamy Ha TpecTHXHOj KoHepeHmuju: 28th
International Conference on Model Driven Engineering Languages and Systems (MODELS 2025), Grand
Rapids, MI, USA, October 5-10,2025: https://conf.researchr.org/details/models-2025/models-2025-journal-
first/8/Automating-the-Development-of-API-Based-Generators-Using-Code-Idioms-Mining

VII 3AK/bYUYIIN OJHOCHO PE3YJITATH HCTPAYXKNBAIbA:

JloxTopcka aucepranuja 6aBu ce ayToMaTu3anujom paspoja API-0azupannx reHeparopa Koja paju Jakier
yBohema COpTBEPCKOT HHXKEHEPCTBa BO)EHOT MOIEINMA Y KHBOTHH ITHKITYC HOCTOjehnX codTBEepCcKHx
npojekata. VcrpaxuBame je CTPYKTypHUpPaHO IpeMa METOOJIOTHjH MCTpaKMBamka y HaylM O JIU3ajHy U
pesyJaToBao je ciuenehuM 3akibydnMa U pe3yTaTuMa:

MeTo0JIOIIKH Pe3yJITaTH

1. Jedunucan je SAGED, HoBH npucTyT 3a moJryayToMaTcku pa3soj ABG-oBa koju ce cactoju ox aBe (ase
(oTkpuBame KoHIenara u npoumpere ABG-a) u yetupu Kopaka, 3aje/THO ca 3aXTeBUMa Koje pe3ynTyjyhu
ABG mopa na 3amoBosbu. [Ipema ca3zHamy KOMHUCHjE, HUjEIHO paHHUje HUCTpPOKHUBAIKE HHje ce OaBHIIO
ayTomarusanujoM passoja ABG-oBa HuTH ynotpeOoM uauoma Koja y Ty CBpPXY.

2. CucrtemaTn30BaHa je TuTepaTypa O 3aKJbyuuBamy HAoMa kKojaa. Jucepranuja netabHo 00janimaBa Kako
ce meroaa Type-Based MCMC mnpakTudHO NpUMElYje Ha pylapemhe WiInoMa KoJia, y3 M0jeTHOCTABIbCHE
JIeQHUHUIMje THIIa YBOPA KOje 3HAYajHO CMambyje YTPOIIaK MEMOpH]E.

TexHUYKH pe3yJTaTn

1. Pa3BujeHO je je3sMUKH HE3aBUCHO je3rpo 3aKJbydHBama OTBOPEHOT KOZa, MPOIMHpPEHO 3a jesuk CH# u
MHTETPUCAHO y Pa3BOjHO OKPYXEHe, a Moka3aHo je 1a RoseLib 3am0BosbaBa cBe MOCTaB/bEHE 3aXTEBE KAO0



https://conf.researchr.org/details/models-2025/models-2025-journal-first/8/Automating-the-Development-of-API-Based-Generators-Using-Code-Idioms-Mining
https://conf.researchr.org/details/models-2025/models-2025-journal-first/8/Automating-the-Development-of-API-Based-Generators-Using-Code-Idioms-Mining

ABG ocHOBa K0ja ce MOXXE ayTOMaTH30BaHO mpommupuBaté HOBMM APl wmeromama. Ycmemna
HUMIUIEMEHTAI1ja CHCTeMa KOHCTPYKTHBHO NOTBphyje xunoredy X3.

EMnupujcku pe3yaraTu

1. KBanruTaTuBHa eBajyalyja Ha YETPHASCT MMPOjeKaTa pa3IM4nuTe BEJIUMIMHE MOKa3aa je Ja je y MpoceKy
40% 3akjpydeHUX WAHOMa MpoHal)eHO y TecT KopIlycuMma, Ja UIuoMu oOjammaBajy 39% uBopoBa TecT
KOpIyca U ia BpeMe o0yuaBama pacTe JINHEapHO ca BEIMYMHOM 0asze Koja, 4ynMe cy MoTBpheHe Xumorese
X1 u X2.

2. KBanuratuBHa eBalyanuja ca CIIOJBHOM BalHJallMjoOM IIOKa3ajia je Ja KypHpame 3aXxTeBa OrpaHHYeH
Harop, 1a je camo 12% uaeHTHQHUKOBAHUX WJIMOMA 3aXTEeBAIO Oyare M3MEHE U Jja Cy WCKYCHH CIIOJbHU
nporpaMepH Mperno3Halld CEMaHTHKY HIHOMa 0e3 KOHTeKCcTa. YOoueHa orpaHnyetha MeToie JOKYMEHTOBaHa
Cy Kao IpaBIH Jajber paja.

3. Epanyarmja eukacHOCTH ToKa3ana je na je npormmpenu ABG 3axTeBao 24% mame IMHMja KOJa B OKO
20% mame BpeMeHa pa3Boja HETO OCHOBHH, a y Hopelemy ca paHWjuM HMHIYCTPHjCKMM HCKYyCTBOM 15,5
Hacnpam 20 4OBeK-4acoBa [0 T'eHepaTopy, YuMe je morphena xunoresa X4.

V3ere 3ajenHo, notBphene xunorese X1-X4 u ycremHa UMIUIEMEHTaUja cUCTEMa MOTBPhyjy ommTy
xurnoresy X0: moryhe je kpeupartu peleme 3a ayromaruzanyjy passoja API-0asupanux renepaTtopa Koaa
NpUIaro)eHux TEXHMIKOM JJOMEHyY 3a/1aToM 0a30M Koja. J{ucepraruja Tako nokasyje J1a ce ynorpedssuBoCT
ABG-oBa 6utHO moBehaBa kama ce muxoB APl nedurmme y TepMmHHMa KOHIENaTa BHIIET HUBOA
U3BEJCHUX M3 HANOMA rocTojeher kona.

VIII OILEHA HAYMNHA IMPUKA3A U TYMAYEIA PE3YJITATA HCTPA’KKUBAIbA:
EKCIUIMIIMTHO HAaBECTH MO3UTHMBHY WIM HEraTMBHY OLEHY HauMHa IIpUKa3a U TyMadewa pe3ylirara
HUCTPaKHUBamA.

Jokropcka auceprauja ypal)eHa je CHCTEMaTH4YHO, y3 MNPUMEHY DUIOPO3HOT HAay4YHOr MPHCTYIA.
HcrpaxuBauku npobiieM, XUMOTe3e, IIBEBH M METOJ/E jaCHO Cy (OpMyJIMCaHW y YBOJHOM IIOIJIaBJbY, a
Hape/lHa IOTJIaBJba ClIeJe JIOTHYaH TOK OJl TEOPUjCKHX OCHOBA ¥ CTama y 00JIacTH, IpeKo AedUHUCambA
IPHUCTYIIa U FHErOBUX MAaTEeMaTHYKUX OCHOBA, O MMIUICMEHTALlje W eBalyaryje. MareMaTuuku armapart
METOJe 3aKJbyUMBamba M3I0XKEH je MPeur3Ho, y3 GopMaiHe nepuHULKje, anroputMe U npatehe mpumMepe
KOjU 3aXTEBHY TEMY UYHWHE INPHUCTYIAYHOM. APXUTEKTypa M HMMILUIEMEHTAllMja WIyCTpOBaHE CY jaCHUM
JIUjarpaMiMa M IIpIMepuMa KoJia, a pe3yJITaTH HCTPaXUBamka MPEICTaBbeHN Cy HyMEepHUIKH, TabeTapHo U
rpadM4Ky 1 00jEKTHBHO CY MPOTYMa4yeHH, Y3 OTBOPEHO HABO)CHE YOUCHNX OrpaHuYeHha METOAE. 3aKJbyUln
NpEICTaBJbajy KOHLUU3HY M KOXEPEHTHY CHHTE3y pe3yiNTaTa W HEHNOCPEAHO Cy MOTKPCIUbCHH H3HETHM
JIOKa3uMa, IITO NOTBPhyje Aa Cy XHMIIOTe3e KPUTUUKH NMPOBEPEHE U J1a Cy LIMJbEBH JMCEPTAllUje OCTBAPEHH.
Pang kannmnara y TMOTHyHOCTH OAroBapa JeHHHCAHO] TEMH M HACIOBY, Kako IO OOMMY, Tako W TIO
METOIOJIOTHjH, A PE3yJITaTH NPYIKajy COMUIHY OCHOBY 3a laJba HCTPAXKMBamba y 0BOj oOnacTu. Juceprauuja
je mpoBepeHa y coTBepy 3a AeTeKuujy miarujapusma il henticate.

Ha OCHOBY HAaBCACHOT, KOMI/ICI/Ija NMO3UTHBHO oueH,yje Ha4YMH IpUKasa MU TyMaudCwa pe3yjiTaTta
HCTpaKMBamba.

IX KOHAYHA OIEHA JOKTOPCKE JUCEPTAIIHUJE:
ExcriumuTHO HaBeCTH Aa JIKM JHUCEpTallija jecTe WIM HHje HallMCaHa y CKIagy ca HaBeJCHUM
00pa3noxemeM, Kao 1 J1a I OHA CaJp>kKy WIN He CaJp>Ki CBe OWTHe eleMeHTe. JlaTh jacHe, penn3He u
KOHIM3HE onaroBope Ha 3. u 4. nurame. HaBecTn HyMepuuke MOJATKE O pe3yJITaTEMa IIPOBEpe
OpUTHMHAJTHOCTH pajia M JaTH TeKCTYyaTHO 00pa3Iokeme.

1. la u je nucepralyja HalMCaHa y CKJIay ca 00pa3sioKemheM HaBeJIeHUM Y NpHjaBH TeMe?
JlokTopcka AncepTanuja je HANMKUCaHa y CKJIAAY ca 00pa3iioikem-eM HaBeIEHUM Y NPHjaBH TEMe.

2. Jla i qucepTaIyja caapiku CBe OWTHE eleMenTe?
Jucepranuja caap:xu cBe OUTHE ejieMeHTe.

3. ITo wemy je nucepTanuja OpUrHHAIAH JOTIPUHOC HAYIU?
Jokropcka nuceprauuja Henana Tomoposuha mpencraBiba OpuUTrMHaJIaH HAy4YHH JONPUHOC y IPECEKY
co(TBEepCKOT MHKEHEPCTBA BOEHOT MOJENNMAa M MAIIMHCKOT y4uema HaJl HPOTPaMCKUM KojaoM. HbeHu
OPUTHHAIIHH AOMPHUHOCH CY:




* SAGED: HOBH mpHCTYTI 32 MOJTyayTOMAaTCKu pa3Boj API-0a3upanux rerepaTopa, He3aBHCaH O] je3uKa H
ABG-a, xoju 3aKJbydyje HANOME KOJa M3 HelabeaupaHOT M3BOPHOT KOJIa, TOAPKABa HIXOBO KypHpame U
ayromarmsyje kpeupame APl metona ABG-a. Ayromatuzanuja passoja ABG-oBa momohy nanoma kojaa 1o
cajla HUje oOpaljiBaHa y auTeparypu.

* JlerasbHO oGjammbeme U npuinarohaBame MmeTone Type-Based MCMC nomeHy pynapema uauoma Koja,
YKJbY4yjyhH I0jeIHOCTABIb CHhe S MHUIIH]E TUIIA YBOPA KOje 3HAYAjHO CMarbyje YTPOIIaKk MEMOPHje U YUHHU
METOAy IPUMCHJBMBOM Ha 0a3e KOoa O]l BUILIC CTOTHHA XUJbala JTUHH]A.

+ JesmukH HE3aBHCHO je3rpo 3aKJby4YMBamk-a OTBOPEHOT KO/, IPOIIUPHUBO HAa HPOM3BOJEHE HPOTPAMCKE
je3WKe, y TIOTIYHOCTH UMIDIEMEHTHPaHO 3a je3uk C#, ca 00e3ebeljeHnM MexaHu3MoM npoinuprBama ABG
ocHoBe TeHepucanuM API MeToama i amatuma 3a KOpHCHUKE.

* Emmupujcku pesynrtatu: pedepeHTHE BPEAHOCTH METpHKAa 3aK/byuHBama Ha YETPHAeCT MpojeKara,
00jaBJbeHE 3ajeJIHO ca jaBHUM CKYTIOM IOJlaTaka, JI0Ka3 JIMHeapHe CKaJaOWIHOCTH, CIOJbHA BaJWAaIvja
PEIIEBaHTHOCTH 3aKJbyUCHHX HAMOMA U okasuBam e Aa API Mmerone ussenene npucrynom SAGED cMmamyjy
o0uM kona 3a 24% u Bpeme pa3Boja 3a oko 20%.

OBHU pe3yNTaTH TNPEJCTaBJbajy HAYYHH IONPHHOC y INPHMEHH Hemapamerapckux bajecoBmx meroma Ha
U3BOPHHU KOJ M y ayroMaru3auyju pa3Boja MDSE anara, ka0 ¥ JONPHUHOC OJ] HPaKTHYHE BPEAHOCTH 3a
yBohewe MDSE y mnocrojehe, 3pene codTBepcke NpojekTe, y BUAY UMIUIEMEHTHPAHUX anara OTBOPEHOT
KOJIa.

4. Koju cy HefocTany IUcepTalnje U KakaB je lbIXOB YTHIQ] HAa Pe3yJITaT UCTPOKHUBAba?
Komucuja Huje younsa HegocTaTke AucepTalyje Koju OM yTHIIAJIM HA pe3yJiTaTe HCTPAKNBamba.

5. OGpaznoxeme pe3ysTara IpOBEpPe OPUTMHATHOCTHU pajia (HyMEPHIKH U HAPATUBHO):

IIpoBepa OpUTHHATHOCTH TOKTOPCKE AMcCepTanuje crpoBeneHa je cogreepom iThenticate y OombOnmorenu
dakynTera TeXHHIKHX Hayka. [IpoBepeH je TekcT ox 24912 peuwn, oTkpuBeHo je 200 noknanama u3 43
u3BOpa | yTBpheH je uHgeKkc camgHocTh o1 62%. On Tora 53% (13652 peun) noTmde o paga KaHIHIATa
o0jasseeHor y yaconmcy Software and Systems Modeling (Todorovié u capaguumy, 2026) n 4% (1143 peun)
on pana kanaunara ca koHpepeniuje (Todorovi¢ u capamauiy, 2024) xoju ce Tude 6udmmoteke RoseLib.
O0a pama ymWHE WHTErpaiHe NenoBe aucepTanuje. IIpeocrammx 5% pacmopehero je Ha 41 m3Bop ca
MOjeIMHAYHUM TpeKIanameM ucron 1% ¥ OJHOCH ce Ha CTaHAapIHy TepMHuHOIOTH)y obnactu (Model-
Driven Software Engineering, code generation, Model-to-Text Tpancdopmarnmje) u ommre popmynanmje. Ha
OCHOBY HM3HETE aHaJu3e, KOMHCHja 3aKJbydyje /a je MOJHETa JTOKTOPCKa IHUCEpTalja OPUTHHAIHO 110
kanauaara Henana Tonoposuha.




X  OPELIOT:

Ha ocHOBy HaBezieHOT, KOMHCH]a IPEUTaXeE:

2) /1a ce JOKTOPCKA JucepTaAnMja NPUXBATH, 2 KAHAMIATY 0100pHu 0a0paHa;
0) Ia ce JOKTOPCKa JAUCepTalMja BpaTH KaHI|AaTy Ha gopamry (1a ce JOIyHH OJHOCHO U3MEHH);
B) Jia ce IOKTOPCKa qucepTalija oaouje.

Mecto u natym: Hosu Can, 14.09.2026.
1. np Urop [lejanosuh, pen. npod.

, TIPEJICe THUK

2. np Cnahan Babaporuh, pea. npod.

, WIaH

3. np Hemama Munoriesuh, noneHT

, WIaH

4. np XKeswko Bykopuh, noreHT

, WIaH

5. np N'opnana MusocasseBuh, pen. mpod.

, MCHTOD

HAITIOMEHA: Unan koMucHje KOjH He KeJH Jia MOTIHIIE 3BEIITa] jep ce He CIake ca MULIbemheM BehuHe
YJ1aHOBa KOMHUCH]€E, TYXKaH je J1a YHece Y M3BEeIITaj 00pa3nokeme OJHOCHO pas3iiore 300T KOjuxX He Kelu Ja
MOTIMILE U3BELITAj U J1a KCTH MOTITHIIIE.
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IV OVERVIEW OF THE DOCTORAL DISSERTATION:
Provide a brief overview indicating the number of pages, chapters, figures, diagrams, graphs, etc.

The doctoral dissertation of Nenad Todorovi¢ is written in English and presented in BS format. It comprises
149 pages, of which 104 are numbered pages. The main text is organized into nine chapters across 92 pages.
Following the main text are a bibliography with 120 references (pages 93—104) and the candidate's biography.
The dissertation includes 35 figures, 3 tables, and 3 algorithms. The front matter comprises the title page,
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The dissertation's chapters are:
. Introduction
. Theoretical Foundations
. Background and Related Work
. Overview of SAGED
. Code Idiom Inference
. RoseLib
. Application of SAGED
. Evaluation
. Conclusions
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\4 EVALUATION OF INDIVIDUAL DISSERTATION CHAPTERS:

The dissertation adheres to all prescribed regulations. Its nine chapters are logically arranged and well-
structured. The first three chapters establish the research problem, theoretical foundations, and state of the
art. Chapters 4—7 detail the proposed approach, its mathematical foundations, and implementation. Chapter
8 presents the evaluation, while Chapter 9 summarizes the conclusions, contributions, and future research
directions. The research followed the Design Science Research Methodology (DSRM) variant by Peffers et
al., with an explicit mapping of DSRM steps to the dissertation's sections.

The first chapter introduces the research context, subject, motivation, objectives, methods, and potential
applications of the expected results. The candidate positions the research within Model-Driven Software
Engineering (MDSE), where models are primary development artifacts from which executable applications
are derived via transformations, specifically model-to-text (M2T) transformations for code generation. A key
challenge is the gradual integration of MDSE into existing software projects, requiring the preservation of
manual code changes across code-generation cycles without imposing new architectural constraints. API-
based generators (ABGs) are identified as the mechanism that makes such transitions possible. However,
since ABG efficiency depends on API abstraction levels, and prior research indicates slower generator
development with ABGs compared to template engines, the following objective was formulated: to define
an approach and design an implementation for the semi-automatic discovery of recurring code idioms suitable
for code generation, and for the semi-automatic creation of an API defined by these idioms. The research is
justified by the fact that literature lacks a scalable, fully specified code idiom mining implementation and
any work on automating ABG development. Based on this, general hypothesis HO and derived hypotheses
H1-H4 are formulated. The chapter concludes with an outline of the dissertation's structure.
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The second chapter lays the theoretical foundations of the two fields the dissertation builds upon: MDSE
and code idiom mining. MDSE is positioned with respect to related methods (MBSE, MDSD, MDA). The
key concepts of MDSE used in the remainder of the dissertation are explained. Various code generation
approaches and mechanisms for integrating handwritten and generated code are analyzed in detail. Idioms
are defined as small, frequently recurring code fragments with a single semantic role, potentially containing
metavariables, and corresponding to frequently repeated subtrees in syntax trees. The chapter then thoroughly
discusses why idioms are suitable for extending ABGs and why alternative techniques (clone detection, API
mining, frequent subtree mining) are less appropriate for the stated objective. The chapter is clearly written,
well-illustrated (eight figures), and provides the conceptual apparatus necessary for subsequent chapters.

The third chapter reviews related research: the benefits of ABGs, the challenges of their use, code idiom
mining, and the automation of MDSE tool development. Drawing on his research group's prior industrial
experience, the candidate demonstrates how ABGs facilitate a seamless MDSD workflow. The approach by
Allamanis and Sutton, which infers a probabilistic tree substitution grammar (PTSG) from program code, is
identified as the state-of-the-art idiom mining technique, and the absence in the literature of a description for
applying Type-Based MCMC to this domain is documented. Work on automating MDSE tool development
(clone detection for deriving QVT templates and DSLs, by-example learning of translation rules, LSTM
networks, and large language models) is analyzed, revealing that none address ABG development
automation. The advantage of comprehensible and easily modifiable tree substitution grammars over black-
box neural models is convincingly argued. The literature review is up to date, relevant, and critically
evaluated, and clearly establishes the research gap addressed by the dissertation.

The fourth chapter presents the dissertation's central methodological contribution: SAGED (Semi-
automatic API-based Generators Development), a novel approach for the semi-automatic development of
API-based generators. The approach comprises two phases and four steps: Phase 1, Concept Discovery,
includes step S1 (code idiom inference) and step S2 (curation), while Phase 2, ABG Extension, includes step
S3 (generation of API methods) and step S4 (their integration into the ABG). The choice of the non-
parametric Bayesian PTSG method, approximated by an adapted Type-Based MCMC, is well-motivated: it
is unsupervised learning requiring no annotated code, based on a statistical model that infers more meaningful
idioms than purely frequency-based methods, and the inferred fragments inherently respect the language's
grammar. The candidate discusses in detail the preconditions and limitations of the developed method (input
code must exhibit repetitiveness, syntactic correctness of an idiom does not imply its completeness, and
inferred idioms tend to be shallow), from which the necessity of the curation step (where the user reviews,
joins, and modifies idioms) is derived.

The chapter also specifies five requirements for the resulting ABG (precise selection, incremental
changes, preservation of syntactic correctness, separation of handwritten and generated API methods, and
comprehensive support for code modification) and explains how a flexible ABG basis is extended with
generated methods. The approach is defined independently of any specific programming language and ABG.

The fifth chapter provides the mathematical foundations of the inference method and contains the
dissertation's main scientific contribution in this area. Starting with context-free grammars and their
probabilistic variant, the candidate introduces tree substitution grammars and PTSGs, whose fragments
encode non-local context and whose non-terminal leaves naturally represent metavariables. The idiom-
finding problem is reduced to learning a PTSG that extends a known grammar and explains the training
corpus well. Bayesian inference with a Dirichlet process prior over fragments is explained, along with the
base distribution and the Gibbs sampler that approximates the intractable posterior by sampling, for each
node, whether the node is the root of a new fragment. Since a node-by-node Gibbs sampler does not scale to
large codebases, the candidate adopts Type-Based MCMC by Liang et al., which groups nodes of the same
type into a block and updates them jointly, and interprets and elaborates it in detail for the domain of code
idiom mining. The key original contribution is a simplification that allows only partial information about a
node's surroundings to be stored instead of the entire vector of count changes, significantly reducing
bookkeeping and memory consumption. The chapter concludes with the preprocessing of parsed syntax trees
(binarization, linking of dependent constructs, and fixing of selected node kinds as roots or non-roots), which
guides the inference toward idioms acceptable by an ABG basis. All algorithms are formally defined,
explained with running examples, illustrated, and presented rigorously and precisely.

The sixth chapter describes RoseLib, an open-source ABG for C# developed in the group's earlier
research as a layer above the Roslyn Syntax Tree API, serving as the ABG basis in this dissertation. The
chapter explains its traversal and composition mechanisms, the CSPath language for traceability links




(inspired by XPath and implemented with the textX meta-language), and integrity checks for detecting
manual changes between two generation cycles. An example of a generator relying on CSPath and integrity
checks rounds off the chapter. The description is complete, technically precise, and sufficient for
understanding how RoseLib satisfies the requirements formulated in Chapter 4.

The seventh chapter presents the implementation of the SAGED approach for the C# programming
language. Step S1 is realized by the Preprocessor, which prepares input files, and the Inferencer, which
extends the language-independent inference core with Roslyn-based C# support. The inference core is
described in detail along with the training algorithm. Step S2 is supported by the Visualizer, which displays
found idioms, their frequency, and their links in the code, and the Handler, which allows idioms to be joined
while preserving syntactic correctness. Phase 2 is realized by the Transformer with its Knowledge Base,
which generates the declaration and body of an API method from a selected idiom and adds it to a partial
class of the corresponding composer, thereby ensuring the required separation of handwritten and generated
methods. It is demonstrated that RoseLib, extended in this manner, satisfies all five requirements from
Chapter 4. At the end of the chapter, end-user tools are presented: a Visual Studio Code extension, the idiom
Visualizer, and the StatEval measurement tool used in the evaluation. The implementation is consistent with
the approach described in Chapter 4, its components are covered by unit tests, and the developed software is
available in open-source repositories, ensuring research reproducibility.

The eighth chapter evaluates the approach through three research questions: whether the Concept
Discovery phase produces relevant code idioms (RQ1), whether that phase is scalable (RQ2), and whether
the API methods derived with the SAGED approach are more efficient to use than existing ABG API methods
(RQ3). The quantitative evaluation measured precision, coverage, average idiom length, and scalability on
fourteen C# projects ranging from approximately 4.5 thousand to over 600 thousand lines of code, combined
into a publicly available Mendeley Data dataset. On average, 40% of the inferred idioms were found in the
test corpora, the idioms explained 39% of the test-corpus nodes, and training time grew linearly with
codebase size. The qualitative evaluation with external validation confirmed the relevance of the inferred
idioms with a limited amount of manual curation. The observed limitations of the method are described in
detail. The efficiency evaluation showed that developing the same MDSE tool with the extended version of
the RoseLib library required 24% fewer lines of code and about 20% less development time, while a
comparison with the group's earlier industrial research showed an average of 15.5 versus 20 person-hours
per generator. All three research questions were answered affirmatively, thereby confirming hypotheses H1-
H4 and, indirectly, HO. Threats to validity were identified along with measures taken to address them. The
evaluation is methodologically sound, comprehensive, and appropriately designed to test the stated
hypotheses.

The final chapter summarizes the results, categorizes the dissertation's contributions into methodological,
technical, and empirical ones, and provides a tabular overview of each hypothesis's validation, including
where the evidence is presented in the dissertation. Implications for research and practice are discussed, and
directions for future development are outlined. The conclusions are clearly explained and consistent with the
presented results, and the proposed future research directions are realistic and well-founded.

The bibliography (120 references) is relevant to the dissertation's topic, encompassing classical and
contemporary sources from MDSE and machine learning on source code, including recent work on large
language models. The extended summary in Serbian faithfully reflects the dissertation's content.

VI  LIST OF SCIENTIFIC AND PROFESSIONAL MANUSCRIPTS PUBLISHED OR
ACCEPTED FOR PUBLICATION, WHICH ARE BASED ON THE RESULTS OF THE
DOCTORAL RESEARCH:

List the titles of the manuscripts, where and when they were published. First list at least one manuscript
published or accepted for publication in accordance with the Rules of Doctoral Studies of the University of
Novi Sad which is related to the content of the doctoral dissertation. In the case of manuscripts accepted for
publication, list their titles, where and when they will be published, and enclose the confirmation of the
journal editor thereof.

Paper in a leading international journal (M21):
1. Todorovié, N., Luki¢, A., Todorovi¢, N., Dragas, B., Milosavljevi¢, G.: Automating the development of
API-based generators using code idioms mining. Software and Systems Modeling, 25(1), 2026, pp. 81-108
(published online 6 June 2025), https://doi.org/10.1007/s10270-025-01296-z




Paper in an outstanding international journal (M22):
1. Dragas, B., Todorovié, N., Rajaci¢, T., Milosavljevi¢, G., Vukovié, 7.: A Novel Approach to Integration
of Manual Changes in Generated Code: SeamlessMDD. Journal of Web Engineering, 24(4), 2025, pp. 499—
528. https://doi.org/10.13052/jwel1540-9589.2442

Papers presented at international conferences and published in full in proceedings (M33):

1. Dragas, B., Todorovi¢, N., Rajaci¢, T., Milosavljevi¢, G.: SeamlessMDD: Framework for Seamless
Integration of Generated and Hand-Written Code. In: Web Engineering, ICWE 2024, Lecture Notes in
Computer Science, vol. 14629, Springer, 2024, pp. 163—177. https://doi.org/10.1007/978-3-031-62362-2

2. Todorovié, N., Dragas, B., Milosavljevi¢, G.: Supporting Integrative Code Generation with Traceability
Links and Code Fragment Integrity Checks. In: Trajanovic, M., Filipovic, N., Zdravkovic, M. (eds.)
Disruptive Information Technologies for a Smart Society, ICIST 2023, Lecture Notes in Networks and
Systems, vol. 872, Springer, 2024, pp. 490-501. https://doi.org/10.1007/978-3-031-50755-7_46

3. Todorovié, N., Luki¢, A., Zoranovi¢, B., Vaderna, R., Vukovi¢, Z., Stoja, S.: RoseLib: A Library for
Simplifying .NET Compiler Platform Usage. In: ICIST 2018 Proceedings, Vol. 1, 2018, pp. 216-221. ISBN
978-86-85525-22-3

In addition to the above, the paper by the candidate Nenad Todorovi¢ published in Software and Systems
Modeling was selected for presentation, and presented in the journal-first programme at the prestigious 28th
International Conference on Model Driven Engineering Languages and Systems (MODELS 2025), Grand
Rapids, MI, USA, October 5-10, 2025: https://conf.researchr.org/details/models-2025/models-2025-journal-
first/8/Automating-the-Development-of-API-Based-Generators-Using-Code-Idioms-Mining

VI CONCLUSIONS AND RESEARCH RESULTS:

The doctoral dissertation addresses the automation of API-based code generator development to facilitate the
integration of Model-Driven Software Engineering into existing software project lifecycles. The research,
structured according to the Design Science Research Methodology, yielded the following conclusions and
results:

Methodological results

1. A novel approach SAGED was defined for the semi-automatic development of ABGs. SAGED comprises
two phases (Concept Discovery and ABG Extension) and four steps, along with the requirements for the
resulting ABG. To the best of the Committee's knowledge, no prior research has addressed the automation
of ABG development or the use of code idioms for this purpose.

2. The literature on code idiom inference was systematized. The dissertation provides detailed explanation
of how to practically apply the Type-Based MCMC method to code idiom mining, including a simplified
definition of a node type that significantly reduces memory consumption.

Technical Results

1. A language-independent, open-source inference core was developed, extended for the C# language, and
integrated into a development environment. It was demonstrated that RoseLib satisfies all stated requirements
as an ABG basis capable of automatic extension with new API methods. The successful implementation of
this system constructively confirms hypothesis H3.

Empirical results

1. The quantitative evaluation across fourteen projects of varying sizes showed that, on average, 40% of the
inferred idioms were found in the test corpora. These idioms explained 39% of the test-corpus nodes, and
training time grew linearly with codebase size, thereby confirming hypotheses H1 and H2.

2. The qualitative evaluation with external validation indicated that curation required limited effort, only 12%
of identified idioms needed minor modifications, and experienced external developers recognized idiom
semantics without context. The method's observed limitations are documented as directions for future work.

3. The efficiency evaluation demonstrated that the extended ABG required 24% fewer lines of code and
approximately 20% less development time than the basic version. Compared to earlier industrial experience,
it required 15.5 person-hours per generator versus 20, confirming hypothesis H4.

Taken together, the confirmed hypotheses H1-H4 and the successful system implementation confirm the
general hypothesis HO: it is possible to create a solution for automating the development of API-based code
generators tailored to the technical domain specified by a given codebase. The dissertation thus demonstrates
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that the usability of ABGs is substantially increased when their API is defined in terms of higher-level
concepts derived from existing code idioms.

VIIIT EVALUATION OF THE METHOD OF PRESENTATION AND INTERPRETATION OF
RESEARCH RESULTS:
Explicitly state a positive or negative evaluation of the method of presentation and interpretation of the
research results.

The doctoral dissertation has been prepared systematically, applying a rigorous scientific approach. The
research problem, hypotheses, objectives, and methods are clearly formulated in the introductory chapter.
The subsequent chapters progress logically from theoretical foundations and the state of the art, through the
definition of the approach and its mathematical foundations, to implementation and evaluation. The
mathematical apparatus of the inference method is presented precisely, with formal definitions, algorithms,
and running examples that make a demanding topic accessible. The architecture and implementation are
illustrated with clear diagrams and code examples. Research results are presented in numerical, tabular, and
graphical form and interpreted objectively, with the observed limitations of the method reported openly. The
conclusions represent a concise and coherent synthesis of the results, directly supported by the presented
evidence, confirming that the hypotheses were critically examined and the dissertation's objectives achieved.
The candidate's work fully corresponds to the defined topic and title, both in scope and methodology, and
the results provide a solid basis for further research in this field. The dissertation was checked using
iThenticate plagiarism detection software.

Based on the above, the Committee evaluates the manner of presentation and interpretation of the research
results positively.

IX FINAL EVALUATION OF DOCTORAL DISSERTATION:
Explicitly state whether the dissertation was or was not written in accordance with the stated rationale, and
whether it does or does not contain all the important elements. Give clear, precise and concise answers to
questions 3 and 4. Provide numerical data on the results of the originality check of the work and give a
textual explanation.

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

The doctoral dissertation has been written in accordance with the rationale stated in the topic
application.

2. Does the dissertation contain all the important elements?
The dissertation contains all the essential elements.

3. Why does this dissertation provide original contributions to science?
The doctoral dissertation of Nenad Todorovic¢ represents an original scientific contribution at the intersection
of Model-Driven Software Engineering and machine learning on program code. Its original contributions
are:

* SAGED: a novel approach for the semi-automatic development of API-based generators, independent of
language and ABG, which infers code idioms from unlabelled source code, supports their curation and
automates the creation of ABG API methods. The automation of ABG development by means of code idioms
has not previously been addressed in the literature.

* A detailed explanation and adaptation of the Type-Based MCMC method to the domain of code idiom
mining, including a simplification of the definition of a node type that significantly reduces memory
consumption and makes the method applicable to codebases of several hundred thousand lines.

* A language-independent, open-source inference core that can be extended to any programming language,
fully implemented for C#, with a mechanism for extending the ABG basis with generated API methods and
tools for end users.

» Empirical results: reference values of the inference metrics on fourteen projects, published together with a
public dataset, evidence of linear scalability, external validation of the relevance of the inferred idioms, and
a demonstration that API methods derived with the SAGED approach reduce the amount of code by 24%
and the development time by about 20%.

These results represent a scientific contribution to the application of non-parametric Bayesian methods to
source code and to the automation of MDSE tool development, as well as a contribution of practical value
for the introduction of MDSE into existing, mature software projects, in the form of the implemented open-
source tools.




4. What are the shortcomings of the dissertation and what is their impact on the research results?
The Committee has not identified any shortcomings of the dissertation that would affect the research
results.

5. Explanation of the results of the originality check of the work (numerically and narratively):

The originality check of the doctoral dissertation was conducted using iThenticate software at the Library of
the Faculty of Technical Sciences. A text of 24912 words was checked, revealing 200 matches from 43
sources, and the reported similarity index is 62%. Of this, 53% (13652 words) originates from the candidate's
paper published in Software and Systems Modeling journal (Todorovi¢ et al., 2026), and 4% (1143 words)
from the candidate's conference paper on the RoseLib library (Todorovié et al., 2024). Both papers form an
integral part of the dissertation. The remaining 5% is distributed across 41 sources with individual overlaps
below 1%, and relates to standard terminology of the field (Model-Driven Software Engineering, code
generation, Model-to-Text transformations) and general phrasing. Based on this analysis, the Committee
concludes that the submitted doctoral dissertation is the original work of the candidate Nenad Todorovié.

X PROPOSAL:

Based on the indicated information, the committee proposes:

a) to accept the doctoral dissertation and approve the candidate's defense;
b) to return the doctoral dissertation to the candidate for revision (to be supplemented or amended);
¢) to reject the doctoral dissertation.

Place and date: Novi Sad, 14.09.2026.
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NOTE: A committee member who does not want to sign the report because they disagree with the majority
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