AHOTALIIA

Kypinvrko /[.J[. Mopem Ta METOAM MAIIMHHOIO HABYAHHS /IS BHSIBJICHHS Ta
YCYHEHHS aHTHUIIaTEPHIB B TPOTPpaMHUX KOMITOHEHTaX. — KBaidikaliiiHa HayKoBa rpars
Ha MpaBax PyKOTMHCY.

Hucepramiss Ha 3700yTTS HAyKOBOTO CTymeHs jJokTopa ¢umocodii 3a
cnemianpHicTIO 122 — Komn'torepHi Hayku. — HamionansHuit yHiBepcuteT «Onecbka
nomitexHikay, MOH VYkpainu, Oneca, 2026.

Y Berymi mokazaHa aKTyalbHICTh BHUPIMICHHS 3aJad  aBTOMATHU30BAHOTO
BUSBJICHHSI TIOTPEOM B pedaKTOPUHTY 00’ €KTHO-OPIEHTOBAHOIO MPOTPAMHOI0 KOIYy B
Cy4acHUX MpOrpamMHux cuctemax. [ligkpecieHo HeJ0MIKKN HAIBHUX MOJieNiel 1 METOI1B
BUSBJICHHS pe(haKTOPUHT-MOKIMBOCTEHN, 30KpeMa IMiIX0/11B Ha OCHOBI «3araxiB» KOy,
IPOrpaMHUX METPHUK 1 METOJIIB MAIIMHHOTO HABYaHHS, SKi HE BPaXOBYIOTh KOHTEKCT
IIPOEKTY, B3aEMO3AJICKHICTh O3HAK Ta 3allyMIICHICTh JaHUX. Bu3Ha4YeHO 00’€KT,
npeaMeT, MeTy, 3ajadyl Ta METOIW JOCIHIDKEHHS; HaBEICHO HAyKOBY HOBHU3HY Ta
NPaKTUYHE 3HAYEHHS OTPUMAHUX pPE3yJIbTaTiB; BHUCBITIEHO OCOOUCTUH BHECOK
3100yBaya.

Y nepmomy po3aiji gucepTaiiiiHoi poOOTH BUKOHAHO CHUCTEMHHH OIJISIA
npoOIeMaTHKY BUSBIICHHS Ta YCYHCHHS aHTUIIATEPHIB y MPOTPAMHUX KOMITOHEHTAaX SIK
KIIFOUOBOTO UYWHHUKA 3HIDKCHHS BHYTPIIIHBOI SKOCTI Ta YCKIAIHEHHS EBOJIOIIT
MIPOMUCIIOBUX MporpaMHux cucteM. l[lokazano, sik 3pocTaHHs MaciITabiB 1 CKJIAJIHOCTI
POrPaMHOTO 3a0€3MeUeHHs MPU3BOIUTH 10 HAKOMUYEHHS JAe(EKTIB MPOEKTYBAHHS Ta
3B’S130K aHTHUIIATEPHIB 3 JICTPAJAIlI€I0 MATPUMYBAHOCTI, YCKIaJHEHHAM Mo Iudikarriit Ta
N1JBULIEHHSM BapTOCTI pO3BUTKY. Ha 1iii ocHOBI c(hOpMyJIbOBaHO MOCTAHOBKY 3aj]1ayl
aBTOMATHUYHOT'O BUSBIICHHS Ta YCYHEHHS aHTUIIATEPHIB 1 OKPECICHO MICIIE TAKUX PIIICHb
y CY4acHOMY iHXXEHEPHOMY IPOIIECi.

Jlanmi HaBeneHO Kiacu@iKallil0 AHTUIATEPHIB 1 TMOKa3aHO, IO iX MPOSIBU HE
3BOJATHCS JO OJHOTO THUIy CHTHAJIB: Yy3arajJbHEHO CTPYKTYpHI, CEMaHTHYHI Ta
€BOJIIOI[IMHI (1ICTOPUYHI) O3HAKH, a TAKOX MIJAKPECIECHO MYJIbTUMOJANbHICTh MPOSBIB 1

OB’ sI3aHy 3 ITUM MPoOIIeMy HeBH3Ha4YeHOCTI. [1icis boro mpoaHamtiz0BaHO TPaJAMITIHI
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migxoau (METPUKH, TpaBuiIa, JETEKTOPH), a TAKOXK OKPEMO PO3TISHYTO CTPYKTYpHI 1
TekcToBl/LLM-0opieHTOBaHI Mi1X0/1H, 13 (POKYCOM Ha iX CHJIbHI CTOPOHU Ta OOMEXEHHS 3
HOTJISITY MPAKTUYHOTO 3aCTOCYBAHHS.

OkpeMo Oynu mpoaHaTi30BaHI Cy4yacHI MIJXOAM Ha 0a3l MAaIIMHHOTO Ta
MIMOMHHOTO HAaBYaHHS: OMHMCAHO KJIACHMYHI MOJIEIl Ha METPUKAX 1 MITKax «3amaxiBy
Komy, rpadoBi Ta pempe3eHTAIlliHI MOJENl TOJaHHA KOoay, TiOpuIHI pINICHHS Ta
uncertainty-aware MIJIXO0Jd, a TAKOXX HANpPsIMU, 1€ I MiIXOId BUKOPUCTOBYETHCS IS
HIATPUMKHU PePaKTOPUHTY Ta poOOTH 3 TyOIiKaTaMu KOAY.

AHamiz po6iT B 007aCTi aBTOMAaTUYHOTO YCYHEHHS aHTHUIIATEPHIB IMOKAa3aB, IO
ICHYI0Y1 MOJIeNi, K MPaBWIIO, CIHPAIOTHCS HA OAMH THUIl O3HAK Ta HE BIJOOpa)XaroTh
0araTOBUMIPHY MpPUPOAY AHTUIATEPHIB, LI0 CHPUYMHSE XHOHI CHpALlOBaHHS a0o
nporycku. J{Jist mojoanHs bOTo HEAO0JIIKY OyJia 3anponoHoBaHa 6araropiBHEBa MOJIETh
Ha T10pugHOMY rpadoBOMY MOAAHHI KOAY 3 00’ €IHAHHIM CTPYKTYPHUX, CEMAHTUYHUX 1
CBOTIOLIIMHUX O3HAK B €JMHOMY IPOCTOPI.

[Mopanpmmii aHami3 ICHYIOYMX CHCTEM BUSIBICHHS AHTHUIATEPHIB IOKa3aB, IO
JIETEKLIs] aHTUIATEpHIB HA PIBHI METOIY/KJIacy HE BUSBIIAE€ KOMIIOHEHTHI/CUCTEMHI
aHTUMATEpPHU Ta HE BPAxXOBYE JMHAMIKY SKOCTI MDK penizamu. JJis yCyHEHHS IbOTO
HEJIOJIIKY OyJI0 3alpOTOHOBAHOTO OaraTopiBHEBE IMOJAHHS Ta aHAJI3 13 ypaxXyBaHHSIM
3B’S3KIB MK PIBHSAMH, a TaKOXX METOJ KOMIIO3HIlli «MIHIMAJIbHO 1HBA3UBHHUX)
MOCITITOBHOCTEH peakTOPUHTIB, IO BPaXOBY€E MPUUMHHO-HACIIIKOBI 3aJIEKHOCT1 3MiH.

AHaJi3 CyyaCHUX MIAXOJIB BHUSBJICHHS AaHTUIATEPHIB I[I0Ka3aB, IO BOHU
pPO3BUBAIOTHCA PO3PI3HEHO, TOMY MOXKYTh JaBaTH CYNEpPEWINBI BUCHOBKH Ta
pexomenaitii. bymo mokaszaHo, 0 MEPCIEKTUBHUM € BUKOPUCTAHHS T1I0pHIHUX MTO/IaHb,
K1 IHTETPYIOTh O3HAaKHU B €IMHHMM BEKTOp. Y AKOCTI TAKOro pIlIeHHs, B poOOTI Oyio
3anmponoHoBaHe yHi(iKoBaHE TIOpUAHE TMOJAHHS SK CIUIBHY OCHOBY 1 JIJISi JNETEKIl
aAHTHUIIATEPHIB, 1 I ONITUMI3AIli] TUIaHIB peaKkTOpUHTY.

[Tomanpmnii aHami3 METOJIB BUSBICHHS AHTHIIATEPHIB TOKa3aB, MO iX poOoTa
0a3yeTbCs Ha TPUNYIICHHI, IO BCl TUIHM aHTHNATEPHIB BIJIOMI 3a3Jajierifb, IO HE
BIJIMOBIJIA€ CyYacHIM MpPaKkTUIl po3poOKH mporpaMmHoro 3adesneuveHHsa. Kpim Toro,

OUIBIIICTh METOJIB HE HAJa€ KajJlOpOBAHOI OLIHKM HEBU3HAYEHOCTI MPOTHO3IB, ILIO
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IIJIBUIIY€ PU3HMK arpeCUBHUX a00, HABITAKH, HAJTO 00EPEKHUX pilieHb. s momoaaHHs
JAHUX HEJIOJNIKIB, Y poOOTI MPOIMOHYETHCS BBeIeHHs open-set/low-confidence pexxumy B
MOJIeJIi BHSIBJICHHS AHTUIIATEPHIB Ta SBHOTO MOJICTIOBAHHS HEBU3HAYECHOCTI MPHU
pexkoMeHaaIli peakTopuHTiB.

AHani3 MNpakTUKA BIPOBA/KEHHS IHCTPYMEHTIB BHSBJICHHS aHTUIIATEPHIB
MOKa3aB, 1110 iX pPe3yJIbTaTH MOraHoO IHTETPOBaHI B poOOTY KOMaH/I Ta Cy4acH1 MIPAKTUKH
Oe3repepBHOI 1HTerpallli Ta J1ocTaBieHHs. /{15 momonaHHs 1IbOT0 HEAOJIKY, B poOOTi OyB
3alpONIOHOBAHMIM  MOJYJIb  pEKOMEHJaulli pepakTOPUHIIB, METOJ  KOMIIO3MIII]
MOCTIIOBHOCTEH 3MIH Ta MOJEIh CTAaTHCTHYHOTO KOHTPOJIO MPOIECIB, IO J03BOJISE
(dbopMani3oBaHO OLIHIOBAaTH PE3YJIbTATUBHICTh BTPYUYaHb 1 3HUKYBATH PU3UK XUOHUX
pilIEHb.

3a pesyiabTaTaMd MNPOBEIEHOTO aHajizy c(OpMyJbOBAHO METYy Ta 3aBIaHHS
JOCIKEHb.

Y napyromy po3aiji gucepTaiiiiHoi poOOTH YTOYHEHO ITOCTAHOBKY 3ajadi
aBTOMATHUYHOT'O BUSIBJICHHS AHTUIATEPHIB 3 YPaXyBaHHIM iX MYJIbTUMOJIATBHOI IPUPOAH
(CTpyKTypa, ceMaHTHKa, METPUKH, €BOJIIOIIs1), 0AaraTOpPiBHEBOTO KOHTEKCTY («METOJ —
KOMIIOHEHT — TPOEKT») Ta moTpedu open-set/low-confidence pexumy 3 SBHUM
ypaxyBaHHSM HeBH3HaueHOCTi. OOIpyHTOBaHO OOMEKECHHSI MPABUJI Ta METPUK 1 OJHO-
MOJAJTbHUX ITIIX0/TIB Ha 0a31 MAIIMHHOTO HAaBYaHHS Ta CPOPMYITHOBAHO BUMOTH JI0 HOBOT
Mozeni  (MEepeHOCHMICTh, I1HKPEMEHTANbHICTh JJisi Oe3MepepBHOI IHTerparii Ta
JTOCTABJICHHS).

3anponoHoBaHo Ti0puaHe rpadore moganHs koay y Burisiai Code Property Graph
3 JIOJATKOBUMH CEMaHTHYHMMH 3B’SI3KaMU Ta 4-KaHaJIbHUMH O3HAaKaMH BY3IIiB
(CTpYKTypHi, CEMaHTH4HI €MOENJWHTH, METPHUYHI, E€BOJIIOLIIHI), BKIIOYHO 3
HOpMaJTi3aIli€ro Ha PiBHI IPOEKTY Ta IHKPEMEHTAIbHUM OHOBIICHHSM.

Po3pobieno OGaraTtopiBHEBY MOJACIb — Ha JIOKAJbHOMY pPIiBHI TOEJIHAHO
nocnigoBHicHu erkoep i rereporeHHy GNN nazg miarpagom CPG 31 3B’ s13k0M span-to-
node ta fusion; Ha piBHI KOMIIOHEHTa BUKOHAHO arperario JOKaTbHUX JECKPUITOPIB; Ha
IPOEKTHOMY PiBHI OOYJ0BaHO rpad B3a€MOli KOMIIOHEHTIB 1 3aCTOCOBAHO «message

passing», a (piHambHE MOJaHHSI OTPUMAHO Yepe3 lepapXiuHy yBary.
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JIist  OpuiHATTS  pillleHb BUKOPUCTAaHO MYJIBTUMITKOBY Kiacudikaiio 3
OL[IHIOBAHHSIM HEBU3HAYEHOCTI (EHTpOIis/eHepris, emicTeMIYHa HEBU3HAYEHICThb) Ta
MEXaHI3MOM CEJIEKTHBHOTO TependaueHHss abo BiAMOBH; (HOpMaIi3oBaHO BiIMOBIAHI
dbyukiii BrpaT. Takoxk oOnMcaHO KOHBEEP 3aCTOCYBaHHS MOJEN B 1HAYCTplaJbHUX
ymoBax (y ToMmy wuyumchi, jus pull request), 3aco0u iHTepHpeTOBaHOCTI Ta
eKCIIEpPUMEHTAIbHY MEePEeBIPKY Ha MyJILTUMOBHOMY KOPITYCl 3 TIOPIBHSIHHIM 3 0a30BUMHU
Ta a0JIAIMHIMHY BapiaHTaMHU.

TakuMm 4rMHOM, c(HOPMYJIHOBAHO MEPIIMA MYHKT HAYKOBOI HOBHU3HM: gnepuie
3aMpONOHOBAHO OaraTopiBHEBY MOJI€Th BUSBICHHS aHTUIIATEPHIB HA OCHOBI TOPUTHOTO
rpada, mo yHi(pIKye CHHTAKCH4YHI JepeBa, rpadu MOTOKY KepyBaHHS 1 rpadu
3aJIeKHOCTe y rpad BIACTUBOCTEH KOAY, 3 JIOJATKOBUMH CEMaHTUYHUMH Ta
€BOJIIOLIMHUMHU O3HaKaMHu. 3alpONOHOBAaHAa MOJENb JO03BOJSE BUSIBISTH THUIOBI 1
HETUIIOBl AHTUIIATEPHH, MpPAIOBAaTH 3 0AraTOMOBHUMHU MPOTPAMHUMH NPOEKTAMH 1
3a0e3mevyBaT CyMICHICTD 13 TIpoliecaMu Oe3mepepBHOT iHTEerpallii Ta JOCTaBICHHS.

B Ttperbomy po3aiai nucepraniitHoi poOOTH 3alponoOHOBaHI MOJEINI Ta METOIU
peKoMeHalli, NIaHyBaHHS Ta MPOLECHOr0 OLIHIOBAaHHS pe(PaKkTOPHUHTIB JUIsl YCYHEHHS
aHTHUIATEPHIB.

i1 0e3me4HOro, Npo30poro aBTOMAaTU30BAHOI0 YCYHEHH AyOJIikaTiB Koay i3
NPOrHO30BaHMM BIUIMBOM HAa Mpouec OyB 3alpOIOHOBAHUNA METOJ PEKOMEHaLli
pedakTopuHriB Yepe3 0araToIIIbOBY OINTHUMI3AIlil0 3 OI[IHKOK HEBHU3HAYCHOCTI,
Creliali30BaHUi Ha YCYHEHH1 AyOJiKaTiB KOy

Ines mMeTonmy mossirae B TOMy, IO A7l KOXKHOI TpynH TyOJiKaTiB pO3TsSAa€ThCs
KUJIbKa MOXJIMBUX pedakTopuHriB. KoxkeH BapiaHT OLIHIOETHCS OJHOYACHO 3a TPhOMa
OUIIMA  — BHroAa, TPYIOMICTKICTh, CIl-pu3uK, NOpuyoMy pa3oM 13 TPOrHO30M
oOumncoeThess HeBU3HAUeHICTh. [ami uepes OararouinboBy (Ilapeto) omTumizairiro
BIJIOMPAIOTHCS HaKpallll KOMIIPOMICHI PIIIEHHS, a 32 BUCOKOT HEBU3HAYEHOCTI CUCTEMA
nepexoauth y low-confidence/open-set pexum 1 MOXKe yTpUMAaTUCS BiJ peKOMEHIAIII].

Po6oTa 3anponoHOBaHOr0 METOY CKJIAJIA€ThCS 3 HACTYITHUX KPOKIB:

1)  BUABIEHHS KJIOHIB — (POPMYIOTHCS TPYNH TyOJiKaTiB KOAY (KIOH-KJIACH) Yy

IPOEKTI;
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2) reHepais gl — I8 KOXKHOI TPYNHM 3aJa€ThCsl HAOIp KaHIMJIATHHUX
pedakropunris + Bapiant «No refactoringy;

3) riOpunHe mnomaHHs — Ju8  (QparMeHTiB  KIOHIB Oyayerecs CPG
(AST/CFG/PDG) Ta (hikcy€eTbCsi KOHTEKCT KOMITIOHEHTIB;

4)  oOYHCIIEHHS 03HAaK — OOYUCIIOIOTHCS CTPYKTYPHI, CEMAaHTUYH1, METPUYHI Ta
EBOJTIOIIIHI 03HAKH, SIK1 arpeTyIOThCSA Ha PIBHI TPYIU KIOHIB;

5)  nporHo3 e(ekTiB — I KOXKHOI Mapu «rpymna—mish OILHIOITHCS BUTOJIA,
TpyaoMicTKiCTb 1 CI-pu3uk;

6)  HEBH3HAYCHICTh — Yepe3 HWMOBIPHICHY MOJEIb OTPUMYIOTHCA TUCIIEPCis
(eHTpomis) Ta KaniOpoBaHa BIIEBHEHICTh IPOTHO31B;

7)  low-confidence @¢inbTp — KaHAWMAATH 3 BHUCOKOK HEBU3HAYEHICTIO
BIJICIKAIOThCS a00 TIEPEBOATHLCS B PYUHUM meperisiy (open-set);

8)  mapeTo-Bi10Ip — cepen pemTy OyayroThesa [lapero-onTuManbHi pillieHHS 3a
(BUTOA, TPYAOMICTKICTh, PU3UK);

9) pamxkyBaHHsS 31 wmTpadoM — MAPETO-MHOXKUHA BIOPSAIKOBYETHCA 3
ypaxyBaHHSM IMOJITUKU MPOEKTY Ta MITpady 3a HEBU3HAYEHICTB;

10) BuXiI/yTpUMaHHS — OBEPTAETHCS MPIOPUTU30BAHUH CIIMCOK PEKOMEH AL
a00 PIIICHHS KyTPUMATHUCS», SKIIIO OE3MEYHUX BapiaHTIB HEMAE.

ExcnepumMeHTanbHe JOCTIIKEHHS T0Ka3aJlo, 110 3alMpOoNOHOBaHUI METO/1 TOKa3aB
BUCOKY SIKICTb BUOOpy Tumy pedaktopunry (Accuracy = 0,80 ta Flmacro = 0,76), a
TaKOX BHUCOKY sIKicTh mpioputuszauli (NDCG@5S = 0,76 1 U@5 = 0,62) To6TO MeTon
dbopmye OibIn KOpuCHi top-k pekoMeHaltii Ta maTpuMye «00epexHY» MOBEIIHKY Yepe3
B1JICIKAHHSI HEBIICBHEHUX PIIlICHb.

Takum ywHOM, CQOpPMYITHOBAHO JPYrMii MNYHKT HAYKOBOI HOBHU3HH:
YOOCKOHAIeHO METOJ peKOMeHIallii peakTOpUHTIB Yepe3 0araToiijib0By ONMTUMI3aIIII0
3 OI[IHKOI0O HEBU3HAYEHOCTI, CIELIai30BaHUl Ha YCyHEHH1 JyOJKaTiB KoO.y.
Buxopuctanas meromy 3abe3nedye Oe3meyHe, MPO30pE ABTOMATHU30BAHE YCYHEHHS
nyOmiKaTiB KOAY 13 MPOTHO30BAHUM BIUTMBOM Ha MPOIIEC.

Jisa MakcuMizanii 04iKyBaHOI KOPHMCTI Bil MOCIII0BHOCTI peaKTOPHUHTIIB 32

YyMOB oOMe:xeHb iHTepdeiicHUX 3MiH i OraKery Oe3mepepBHOI iHTerpamii Ta
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JAO0CTaBJIeHHsI, OYB 3aIPOINIOHOBAHUN METOJ KOMITO3UIll «MIHIMAJIBHO 1HBa3HBHUX)
MOCTIIOBHOCTEN pe(paKTOPUHTIB HAa OCHOBI MPUYMHHO-HACIIKOBOTO BHUBEJCHHS 3
1CTOpIi pENO3UTOPIIO.

Ines pobotu Meromy Tmoyisirae B TOMY, L0 BiH OyJye Y3rO/KEHHMH IUIaH
pedakTtopunriB 13 HabOpy KaHIUIATIB Tak, I00 MaKCHUMI3yBaTH OYIKyBaHUM
(KOHCepBAaTHBHUM) TPUPICT SKOCTI Ta OJHOYACHO OOMEXHTH 1HBA3UBHICTh 1 PHU3UK:
BPaXOBYIOThCS OI0/IKETH 3MiH, CyMICHICTb KpOKiB, BIUTHB Ha API, a Takoxx CI/CD-pu3uxk.
HeBusnaueHicTh MPOTHO31B BUKOPUCTOBYETHCS JIJIsE «00E€pEKHOr0» BHOOPY — MepeBara
HAJA€THCA JIsIM 13 HAMIHHUM e()eKTOM, a HeOe3eUHI/HeBIICBHEH] BapiaHTH BIJICIKAIOTHCS
a00 NMPUBOJATH 10 YTPUMAHHS B1Jl PEKOMEHIaIlii.

Po6oTa 3anponoHOBaHOr0 METOY CKJIAJA€THCS 3 HACTYITHUX KPOKIB:

1)  30ip kauaUAaTIB Y peaKTOPUHTH 3 IXHIMH OI[IHKaMH 1 ME€TaJIaHMH BILUTHBY;

2)  ONHUC MOTOYHOTO CTaHY KOMIIOHEHTIB YEpe3 METPUKHU SAKOCT1, AHTUIIATEPHHU,
esosrroriiiai Ta CI/CD moka3HuKH;

3)  omiHKa OYIKYBaHOI'O BHECKa y MOKpAIICHHS 3 ypaxXyBaHHSIM KOHTEKCTY
KOMITOHEHTA,;

4)  Kopekiis epexTy 3a HEBU3HAYEHICTIO (Mepexia BiJl TOYKOBOI OI[IHKH IO
HUKHBOT IOBIPYOT MEX1);

5)  dopmymoBaHHS ~0araTomiIbOBOI  3ajadi  IUIaHyBaHHS (MaKCHMi3aIlis
KOPHUCHOCTI MPHU MIHIMi3aIlli IHBA3UBHOCTI/PU3HUKY Ta TOTPUMAaHHI OIO/IKETIB);

6)  HakJIaJaHHA OOMEXEHHsI CYMICHOCTI Ta MOPAJIKY 1 IHBapIaHTH KOPEKTHOCTI;

7)  TONIyK HAaWKpamioi JOIMYCTUMOI MOCHITIOBHOCTI Yepe3 eBPUCTHYHUN TMOITYK
13 BIZICIKQaHHSIM T1JIOK 3a OO/ KETaMU Ta PU3UKOM;

8)  ¢dopmyBaHHs IIaHy a00 yTpUMaHHS Bl pEeKOMEHAAIll, SKIIO Oe3MeYHOro
pIIIICHHST B MEXKaX 0OMEXEHb HE ICHYE.

Pesynpratu ekcriepuMeHTaIbHOTO JOCIIKEHHS TTOKa3aiH, 10 3allpOIIOHOBAHUN
MeTo[ 3a0e3neunB cepennii mpupict sikocTti 0,084, mpu cepenniit inBasuHOCTI 0,036 Ta
CEepeHiif 3MiH1 YacTKU HeBnanux 36ipok —0,004.

TakuMm 4MHOM, CPOpPMYJIHOBAHO TPeTil IMYHKT HAYKOBOI HOBM3HHU: gnepuie

3aMpONOHOBAHO METOJ] KOMIIO3MIlI «MIHIMAJIbHO 1HBA3WBHUX» MOCIIJOBHOCTEH
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pedaKkTOPUHTIB HA OCHOBI MPUYMHHO-HACIIKOBOTO BUBEICHHS 3 1CTOPIi PEMO3UTOPIIO.
BukopucTanHg METOAY 103BOJISIE MAKCHMI3yBaTH OUiKyBaHy KOPHUCTh 32 yMOB OOMEKEHb
iHTepelicHux 3MiH 1 Or0KeTy 6e3nepepBHOI IHTErpallii Ta JOCTaBICHHS.

Jiis1 3MeHIIeHHsI XUOHUX TPUBOI Ta 3a0e3NeYeHHs] KEPOBAHOI0 3BOPOTHOIO
3B’AI3KY [JIsi Oe3lepepBHOI IHTerpamii Ta J0CTABJIEHHSI B IPOLECi NMPOBeIEHHS
pedakTopuHriB, Oyja 3ampollOHOBaHA MOJIEIb  OIIHIOBAaHHSI  ©(EKTHBHOCTI
pedakTOpuHTIB Ha OCHOB1 CTATUCTUYHOTO KOHTPOJIIO MPOIIECIB 13 aTPUOYITIEI0 BIUTUBY.

3anpornoHoBaHa MOJIEb pO3TJIsAiae pe(haKTOPUHT HE SIK PA30BY «IOJIIIO J10/TICIISD,
a SIK IHTEPBEHIIII0 Y 4aCOBOMY IMPOIIECi PO3POOKHU, TOMY €(DEeKTUBHICTH 3MIH OI[IHIOETHCS
Ha OCHOBI1 CTaTUCTUYHOTO KOHTpOJ IO mipotieciB (SPC) Ha yacoBUX psigax METPUK.

[i kirowoBa iges nonsrae B Tomy, mo6 y CI/DevOps-yMoBax BifIpi3HATH pealbHHid,
CTIMKUH edeKT pedhaKTOPUHTY BiJ MPUPOJIHUX KOJHMBAHb, IIIyMY Ta CyHyTHIX 3MiH ((did,
TECTIB, 3ajJekKHOCTEeH), 1 QopManizoBaHO PpOOUTH OAMH 13 TPHOX BHCHOBKIB:
«TOKPAIIEHHS», «IOTIPIICHH» a00 «HEIOCTATHHO JOKA31B» 13 KOHTPOJIHOBAHUM PIBHEM
XHUOHHUX CUTHAIIB.

Y pobori ue peanizyerbcad SK JBOKOHTYPHHM MOHITOPHHI: OJHOYAacHO
BIJICTEXKYIOTHCSI METPUKH SIKOCT1 Koty Ta mpotiecHi CI-MeTpuku, mokazHUKH MOTIEPETHbO
yHI(IKYIOTBCS 32 HAIIPSIMOM «O1JIbIIIE = Kpallle», HOPMYIOThCS Ta arperyoThcs poOacTHO,
a U1 PpANIB 13 3AJICKHOCTAMH  3aCTOCOBYETHCS  YCYHEHHS  aBTOKOPEIAIi
(«prewhiteningy), o0 3MeHIIUTH XUOHI TPUBOTH. J[asli MOMEHT 1HTEpBEHIIIT (PIKCYEThCH,
1 Ha mnocrtiHTepBeHuiitHoMy Biapi3ky SPC-meromamu (EWMA/CUSUM Tta ix
y3araJbHEHHSIMHU) JTETEKTYIOThCS MaJi, ajie CTiiKi 3CyBH BITHOCHO 0a30BOTO PEKUMY 3
Me)KaMH, HaJalllTOBAaHUMHU TIiJ 3aJaHUi PiBEHb PHU3UKY; 32 MOTPEOH €PeKT JOJaATKOBO
aTpUOYTY€EThCS 3 YpaxyBaHHSIM KoBapiar (Hampukiaja, churn/3aMiHu TeCTiB), MICIs YOTO
dbopMyeThCS MJICYMKOBHI BEPIUKT 1 3BOPOTHUM 3B’SI30K /I HAIAIITYBAHHS MOJITUK
BIJI00pY «Oe3MmeuHux» peakTOPUHTIB Y HACTYITHUX ITEpaIisX.

ExkcnepuMmeHTanbHe  OCHIDKEHHS ~ MOJENl  MNOKa3ajio, 1[0  HaWOUIbII
pe3yabTaTUBHUM JUIsl BUSIBIIEHHS 3CyBIB y MeTpukax Cl-ctabinbHOCTI € miaxin Ha 0asi
CUSUM: mnopiBusiHo 3 EWMA wuyacTtka XHOHUX TpHUBOI 3MEHIIyeTbcs Ha 16,7%,

YYyTIUBICTh 3pocTae Ha 9,7%, IMOBIpHICTb JeTeKIIi 30uIbIIyeThCs Ha 3,2%, a cepeaHiil
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yac 70 CUTHaIIy ckopodyerhbes Ha 32,1%, ToOTO HebaxkaHi 3CyBU (PIKCYIOTBCS CYTTEBO
mBuame. Bonnowac  Bapiant EWMA 3 OyTrcrpen-mexxamMu  J€MOHCTpPYE
KOHCEPBATHBHIIY TMOBEIIHKY — XHMOHI TPUBOTH TaKOXX 3MEHIIYIOThCS Ha 16,7%, ane
I[IHOIO HEBEJIUKOro MaJiHHA 4yTIMBOCTI Ha 2,8% Ta iMoBipHOCTI aerexmii Ha 2,1% 1
HE3HAYHOTO 30UIbIICHHS Yacy 110 curHany (+3,6%).

Takum uywHOM, Cc()OPMYIBOBAaHO YeTBEPTHHl NMYHKT HAYKOBOI HOBHM3HU:
VOOCKOHAIeHO MOJIeNIb  OIlIHIOBaHHS €(EeKTUBHOCTI pedaKTOPUHTIB Ha OCHOBI
CTaTUCTUYHOIO KOHTPOJIIO MPOIECIB 13 aTpuOyli€r0 BIUIMBY. BukopuctanHs mojeni
3a0e3mnedye JO0Ka30Bi PIMICHHS «IOKPAIICHHS, TOTIPIIEHHS, 3MIH HE BHUSBICHO» 3
3aJlaHMM DPIBHEM JOBIpH, 3MEHIIYE XUOHI TPUBOTM Ta HAaJAa€ KEPOBAHMM 3BOPOTHUMI
3B’SI30K /11 O€3MepEePBHOI IHTETpallii Ta JIOCTABJICHHS.

B d4erBepromy po3giii aucepraiiiiHoi poOOTH NPOBENEHO JTOCHIIKEHHS
IHTErPOBAHOTO IHCTPYMEHTAJILHOTO 3aC00Y.

PeanizoBano Ta omucaHo IHTETPOBAHMM IHCTPYMEHTAIbHUM 3aCi0 J11 HACKPI3HOTO
KepyBaHHs aHTunarepHamu (end-to-end pipeline):

— noOynoBa riopuanoro noaanus koay (CPG + cemantuuni em6egaunaru + VCS-
O3HAKH);

— BUSIBJICHHS aHTUTIATEPHIB;

— reseparilisi/0aratokpurepiaibHe paHKyBaHHs pedakropunris ([lapeto + HukHI
JIOBIpYl MEXI 3 ypaxXyBaHHSIM HEBU3HAYEHOCTI);

— IUITAHYBaHHA MIHIMaJIbHO 1HBA3MBHOI MOCHIJOBHOCTI 3 OO KETaMu/pU3UK-
OOMEKCHHSIMU;

— SPC-omintoBanns epexkry (EWMA/CUSUM);

— (opMyBaHHA 1HXEHEpHHUX apTe(dakTIB I BIATBOPIOBAHOCTI 1 TPACOBAHOCTI,
BKJIFOYHO 3 MEXaHI3MOM YTPUMAaHHS 38 HU3bKOT BIEBHEHOCTI.

ExcniepumenTanbHe AOCHIDKEHHS TpoBeneHo Ha 7 Java-mpoektax (JUnit5,
Commons Lang, Guava, Spring Boot, Elasticsearch, Hadoop, Jenkins) y dikcoBanux
pemi3HUX 3pi3ax 13 KOHTPOJIHOBAHUM CEpPENOBUINEM 1 TMOpIBHAHHIM 3 baseline-
nigxoaamu. OTpumano y3araibHeHui end-to-end edekt: cepenne 3menmenns Technical

Debt Index (TDI) na 16,4%, npupict Maintainability Index (MI) y cepeaapomy Ha 15,66,
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samkenHs Cognitive Complexity (CC) na 12,1% Ta 3menmenss Clone density Ha 32,0%.
VY3romkeHictb IPOrHO30BaHOTO Ta (aktuyHoro edexriB € Bucokoro (R* = 0,91;
po36ixHOCTI «Expected vs Actualy y mexxax mpubnusso Bix —1,6 mo +0,3%).

VY nopiBHsIHHI 3 6a30BUMH 3ac00aMU IHTETPOBaHA CUCTEMa Ja€ OLIBITNN CYKYyTHUN
edexT (I KIAaCUYHMX aHali3aTOpiB MOKpalleHHs OJM3bKI 10 HYJIS, JJIS YaCTKOBHUX
PEKOMEHIaTOPIB — MOMITHO HUXY1 32 IHTETPOBaH1), a TAKOXK 3a0e3Meuy€e MOBHUN ITUKIT
«BUSBJICHHS — TUTaH pe(aKTOPUHTIB — MATBEPKCHHS €DEKTY».

TakyM 4MHOM, OTPUMAaHI PE3YyJIbTATHU MMIATBEPKYIOTh KOPEKTHICTD 1 €()EKTUBHICTD
TEXHIYHUX PIIICHbB, 3aIIPOIIOHOBAHUX Y JUCEPTAIIHIN pOOOTI.

Po3pobisieni B poOOTI Mozeni Ta METOAM, a TaKOX IHCTPyMEHTaIbHUU 3aciod
oTpuMaB BIpoBajpkeHHs y AisuibHOcTI HBIT «Kape» Tta 3Halinumm BigoOpaxxeHHS y
HAaBYAJIbHOMY IIpOIleCl Ta HayKOBO-JOCTITHUIBKIA isyibHOCTI  HartioHambHOTO
yHiBepcuteTy «OJechKa MOMITEeXHIKa.

Knrwouosi cnosa: kKoMIm'lOTepHI HAyKd, MAllMHHE HABYaHHS, 1HTEJICKTYalbHUN
aHasi3 JaHWX, MOJEJl Ta METOJIU aHali3y JAHHMX, aHaNI3 CKIATHUX CTPYKTYp JaHUX,
rpadoBi Ta CTPYKTYpHI MOJIEJi, OLIHIOBAaHHS HEBU3HAYEHOCTI, MPUUHATTS PIlICHb B

yMOBaxX HEBHU3HAYCHOCTI.
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ABSTRACT

Kurinko D.D. Machine Learning Models and Methods for Detecting and
Eliminating Anti-patterns in Software Components. — Qualification scientific work in the
form of manuscript.

Thesis for the PhD degree in specialty 122 Computer science. — Odessa Polytechnic
National University, Ministry of Education and Science of Ukraine, Odesa, 2026.

The introduction highlights the relevance of solving problems related to the
automated detection of the need for refactoring object-oriented software code in modern
software systems. It highlights the shortcomings of existing models and methods for
identifying refactoring opportunities, in particular approaches based on code "smells,"
software metrics, and machine learning methods that do not take into account the context
of the project, the interdependence of features, and data noise. The object, subject,
purpose, tasks, and methods of the study are defined; the scientific novelty and practical
significance of the results obtained are presented; the personal contribution of the
applicant is highlighted.

The first chapter of the dissertation provides a systematic review of the issues of
identifying and eliminating anti-patterns in software components as a key factor in
reducing internal quality and complicating the evolution of industrial software systems.
It shows how the growth in the scale and complexity of software leads to the accumulation
of design defects, and anti-patterns are associated with degradation of maintainability,
complication of modifications, and increased development costs. On this basis, the task
of automatic detection and elimination of anti-patterns is formulated, and the place of
such solutions in the modern engineering process is outlined.

Next, a classification of anti-patterns is presented and it is shown that their
manifestations are not limited to one type of signal: structural, semantic, and evolutionary
(historical) features are generalized, and the multimodality of manifestations and the
associated problem of uncertainty are emphasized. After that, traditional approaches

(metrics, rules, detectors) are analyzed, and structural and text/LLM-oriented approaches
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are considered separately, with a focus on their strengths and limitations from the point
of view of practical application.

Modern approaches based on machine and deep learning were analyzed separately:
classic models based on metrics and smell tags, graph and representation models of code
representation, hybrid solutions and uncertainty-aware approaches, as well as areas where
these approaches are used to support refactoring and working with code duplicates were
described.

An analysis of works in the field of automatic anti-pattern removal showed that
existing models tend to rely on a single type of feature and do not reflect the
multidimensional nature of anti-patterns, which causes false positives or false negatives.

To overcome this shortcoming, a multi-level model based on a hybrid graph
representation of code was proposed, combining structural, semantic, and evolutionary
features in a single space.

Further analysis of existing anti-pattern detection systems showed that detection at
the method/class level does not detect component/system anti-patterns and does not take
into account the dynamics of quality between releases.

To address this shortcoming, a multi-level representation and analysis was
proposed, taking into account the relationships between levels, as well as a method of
composing "minimally invasive" refactoring sequences that considers the cause-and-
effect relationships of changes.

An analysis of current approaches to identifying anti-patterns has shown that they
are developing in isolation, which can lead to conflicting conclusions and
recommendations. It has been shown that the use of hybrid representations that integrate
features into a single vector is promising.

As such a solution, the paper proposed a unified hybrid representation as a common
basis for both anti-pattern detection and refactoring plan optimization.

Further analysis of anti-pattern detection methods showed that their work is based
on the assumption that all types of anti-patterns are known in advance, which does not

correspond to modern software development practices. In addition, most methods do not
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provide a calibrated assessment of prediction uncertainty, which increases the risk of
aggressive or, conversely, overly cautious decisions.

To overcome these shortcomings, the paper proposes the introduction of an open-
set/low-confidence mode in anti-pattern detection models and explicit modeling of
uncertainty when recommending refactorings.

An analysis of the practice of implementing anti-pattern detection tools has shown
that their results are poorly integrated into the work of teams and modern practices of
continuous integration and delivery.

To overcome this shortcoming, the paper proposes a refactoring recommendation
module, a method for composing sequences of changes, and a statistical process control
model that allows for formalized evaluation of the effectiveness of interventions and
reduces the risk of wrong decisions.

Based on the results of the analysis, the research goals and objectives were
formulated.

The second chapter of the dissertation clarifies the task of automatic detection of
anti-patterns, taking into account their multimodal nature (structure, semantics, metrics,
evolution), multi-level context (method — component — project), and the need for an open-
set/low-confidence mode with explicit consideration of uncertainty. The limitations of
rules/metrics and single-modal approaches based on machine learning are justified, and
requirements for a new model (portability, incrementality for continuous integration and
delivery) are formulated.

A hybrid graph representation of code in the form of a Code Property Graph with
additional semantic links and 4-channel node features (structural, semantic embeddings,
metric, evolutionary) is proposed, including normalization at the project level and
incremental updating.

A multi-level model has been developed: at the local level, a sequential encoder
and a heterogeneous GNN over a CPG subgraph with span-to-node and fusion
connections are combined; at the component level, local descriptors are aggregated; at
the project level, a component interaction graph is constructed and message passing is

applied, and the final representation is obtained through hierarchical attention.
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For decision-making, multi-label classification with uncertainty estimation
(entropy/energy, epistemic uncertainty) and a selective prediction/rejection mechanism
are used; the corresponding loss functions are formalized. The application pipeline in
industrial conditions (including for pull requests), interpretability tools, and experimental
verification on a multilingual corpus with comparison to baseline and ablation variants
are also described.

Thus, the first point of scientific novelty is formulated: for the first time, a
multilevel model for detecting anti-patterns based on a hybrid graph is proposed, which
unifies syntactic trees, control flow graphs, and dependency graphs into a code property
graph, with additional semantic and evolutionary features. The proposed model allows
detecting typical and atypical anti-patterns, working with multilingual software projects,
and ensuring compatibility with continuous integration and delivery processes.

The third section of the dissertation proposes models and methods for
recommending, planning, and process-based evaluation of refactorings to eliminate anti-
patterns.

For safe, transparent, automated elimination of code duplicates with a
predictable impact on the process, a method for recommending refactorings through
multi-objective optimization with uncertainty assessment, specialized in eliminating code
duplicates, was proposed.

The idea behind the method is that several possible refactorings are considered for
each group of duplicates. Each option is evaluated simultaneously according to three
objectives—benefit, labor intensity, and CI risk — and uncertainty is calculated along with
the forecast. Next, the best compromise solutions are selected through multi-objective
(Pareto) optimization, and in case of high uncertainty, the system switches to low-
confidence/open-set mode and may refrain from making a recommendation.

The proposed method consists of the following steps:

1)  clone detection — groups of code duplicates (clone classes) are formed in the
project;

2)  action generation — for each group, a set of candidate refactorings + the "No

refactoring" option is specified.
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3)  hybrid representation — a CPG (AST/CFG/PDG) is constructed for clone

fragments and the context of components is fixed;

4) feature calculation — structural, semantic, metric, and evolutionary features
are calculated and aggregated at the clone group level;

5)  effect prediction — for each "group—action" pair, the benefit, labor intensity,
and CI risk are evaluated;

6)  uncertainty — dispersion (entropy) and calibrated confidence of predictions
are obtained through a probabilistic model;

7)  low-confidence filter — candidates with high uncertainty are cut off or
transferred to manual review (open-set);

8)  Pareto selection — Pareto-optimal solutions are constructed among the rest
based on (benefit, labor intensity, risk);

9)  Ranking with penalty — the Pareto set is sorted taking into account the project
policy and the penalty for uncertainty;

10) exit/hold — a prioritized list of recommendations or a "hold" decision is
returned if there are no safe options.

Experimental research has shown that the proposed method demonstrated high
quality of refactoring type selection (Accuracy=0.80 and F1macro=0.76), as well as high
quality of prioritization (NDCG@5=0.76 and U@5=0.62), i.e., the method generates
more useful top-k recommendations and supports "cautious" behavior by cutting off
uncertain decisions.

Thus, the second point of scientific novelty is formulated: the refactoring
recommendation method has been improved through multi-objective optimization with
uncertainty estimation, specialized in eliminating code duplicates. The use of the method
ensures safe, transparent, automated elimination of code duplicates with a predictable
impact on the process.

To maximize the expected benefits of a sequence of refactorings under the
constraints of interface changes and the budget for continuous integration and
delivery, a method was proposed for composing "minimally invasive" sequences of

refactorings based on causal inference from repository history.
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The idea behind the method is that it builds a coordinated refactoring plan from a
set of candidates in order to maximize the expected (conservative) quality gain while
limiting invasiveness and risk: change budgets, compatibility of steps, impact on the API,
and CI/CD risk are taken into account. The uncertainty of forecasts is used for "cautious"
selection—preference is given to actions with a reliable effect, while dangerous/uncertain
options are cut off or lead to refraining from a recommendation.

The proposed method consists of the following steps:

1)  collecting refactoring candidates with their assessments and impact
metadata;

2)  describing the current state of components through quality metrics, anti-
patterns, evolutionary and CI/CD indicators;

3)  assessing the expected contribution to improvement, taking into account the
context of the component;

4)  correcting the effect for uncertainty (moving from a point estimate to a lower
confidence limit);

5)  formulation of a multi-objective planning task (maximizing utility while
minimizing invasiveness/risk and adhering to budgets);

6)  imposing compatibility and order constraints and correctness invariants;

7)  searching for the best acceptable sequence through heuristic search with
pruning branches by budget and risk.

8)  forming a plan or refraining from making a recommendation if there is no
safe solution within the constraints.

The results of the experimental study showed that the proposed method provided
an average quality increase of 0.084, with an average invasiveness of 0.036 and an
average change in the proportion of failed builds of —0.004.

Thus, the third point of scientific novelty is formulated: for the first time, a
method for composing "minimally invasive" refactoring sequences based on causal
inference from the repository history is proposed. Using this method allows maximizing
the expected benefit under the constraints of interface changes and the budget for

continuous integration and delivery.
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To reduce false alarms and ensure controlled feedback for continuous
integration and delivery during refactoring, a model for evaluating the effectiveness
of refactoring based on statistical process control with attribution of impact has been
proposed.

The proposed model considers refactoring not as a one-time "before/after" event,
but as an intervention in the development process over time, so the effectiveness of
changes is assessed based on statistical process control (SPC) on time series metrics.

Its key idea 1s to distinguish, in CI/DevOps conditions, the real, sustainable effect
of refactoring from natural fluctuations, noise, and accompanying changes (features, tests,
dependencies), and formally draw one of three conclusions: improvement, deterioration,
or insufficient evidence with a controlled level of false signals.

In practice, this is implemented as dual-loop monitoring: code quality metrics and
CI process metrics are tracked simultaneously, indicators are pre-unified according to the
principle "more = better," normalized and aggregated robustly, and for series with
dependencies, autocorrelation removal (prewhitening) is applied to reduce false alarms.
Next, the moment of intervention is recorded, and in the post-intervention segment, SPC
methods (EWMA/CUSUM and their generalizations) detect small but persistent shifts
relative to the baseline mode with limits set for a given risk level; if necessary, the effect
is additionally attributed taking into account covariates (e.g., churn/test changes), after
which a final verdict and feedback are formed to adjust the policies for selecting "safe"
refactorings in subsequent iterations.

An experimental study of the model showed that the most effective approach for
detecting shifts in CI stability metrics is the CUSUM-based approach: compared to
EWMA, the false alarm rate decreases by 16.7%, sensitivity increases by 9.7%, the
probability of detection increases by 3.2%, and the average time to signal is reduced by
32.1%, meaning that unwanted shifts are detected significantly faster. At the same time,
the EWMA variant with bootstrap limits demonstrates more conservative behavior—false
alarms also decrease by 16.7%, but at the cost of a slight drop in sensitivity by 2.8% and
detection probability by 2.1% and a slight increase in time to signal (+3.6%).
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Thus, the fourth point of scientific novelty is formulated: the model for evaluating

the effectiveness of refactorings based on statistical process control with attribution of
influence has been improved. The use of the model provides evidence-based decisions of
"improvement, deterioration, no changes detected" with a given level of confidence,
reduces false alarms, and provides manageable feedback for continuous integration and
delivery.

The fourth section of the dissertation examines an integrated tool.

An integrated tool for end-to-end pipeline management of anti-patterns has been
implemented and described:

— construction of a hybrid code representation (CPG + semantic embeddings +
VCS features);

— detection of anti-patterns;

— generation/multi-criteria ranking of refactorings (Pareto + lower confidence
limits taking into account uncertainty);

— planning of a minimally invasive sequence with budgets/risk constraints;

— SPC effect evaluation (EWMA/CUSUM);

— formation of engineering artifacts for reproducibility and traceability, including
a mechanism for retention at low confidence.

The experimental study was conducted on 7 Java projects (JUnit5, Commons Lang,
Guava, Spring Boot, Elasticsearch, Hadoop, Jenkins) in fixed release slices with a
controlled environment and comparison with baseline approaches. A generalized end-to-
end effect was obtained: an average decrease in the Technical Debt Index (TDI) by
16.4%, an increase in the Maintainability Index (MI) by an average of +5.66, a decrease
in Cognitive Complexity (CC) by 12.1%, and a decrease in Clone density by 32.0%. The
consistency between the predicted and actual effects is high (R? = 0.91; "Expected vs
Actual" discrepancies range from approximately —1.6 to +0.3%).

Compared to basic tools, the integrated system provides a greater cumulative effect
(for classic analyzers, the improvements are close to zero, for partial recommenders, they
are significantly lower than for integrated ones) and also provides a complete cycle of

"detection — refactoring plan — confirmation of effect."
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Thus, the obtained results confirm the correctness and effectiveness of the technical
solutions proposed in the dissertation.

The models and methods developed in the work, as well as the tool, have been
implemented in the activities of NVP "Kare" and are reflected in the educational process
and research activities of the National University "Odessa Polytechnic".

Keywords: computer science, machine learning, intelligent data analysis, models
and methods of data analysis, analysis of complex data structures, graph-based and

structural models, uncertainty estimation, decision-making under uncertainty.
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