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Identification of Sources of Uncertainty in the Evaluation of Software Systems Quality

Abstract:

Today, software systems play a pivotal role in various aspects of life, with increasing complexity and
diversity. However, along with this comes a growing number of challenges related to the quality and
reliability of these systems. The need for assessing the quality of software products requires adherence to
high accuracy and reliability through vatious methodological approaches. One of the main problems in
this context is the insufficient substantiation of theoretical and methodological approaches in determining
sources of uncertainty. This problem requires a comprehensive approach and systematization to address
the tasks of evaluating the quality of modern software systems considering uncertainty. Significant
contributions to the theoretical and practical aspects of development regarding the generalization and
systematization of sources of uncertainty in the development and operation of modern software systems
have been made by scholars such as C. Areces, R. Fervari, A. Saravia, F. Velazquez-Quesada, M. Bougeret,
A. Pessoa, M. Poss, N. Boukhelifa, C. Johnson, K. Potter, L. Clarté, B. Loureiro, F. Krzakala, L.
Zdeborova, D. Tsapetis, M. Shields, D. Giovanis, A. Olivier, et al. The study object is methodological
approaches to determining sources of uncertainty. The study’s purpose is to generalize the
systematization of sources of uncertainty in the development and operation of modern software systems.
To achieve the purpose, the following tasks are set and solved in the article: on a comprehensive level,
the main sources of uncertainty in software systems are analyzed, such as changes in requirements, design
flaws, unforeseen operating conditions, and other factors; a comprehensive model for optimizing the
problem of formalizing uncertainty in software requirements is developed based on the application of
machine learning methods and data analysis. In the process of this comprehensive research, methods of
analysis, synthesis, generalization, and comparison are used. The author concludes that as a result of using
methods’ combination in the proposed development, it provides a more efficient and objective approach
to managing the uncertainty of software requirements, compared to some existing approaches. This
allows you to increase the reliability, quality, and efficiency of the developed software product.

Keywords: software system quality, mathematical framework, uncertainty optimization, formalization of
sources of uncertainty, identification of sources of uncertainty, critical sources of uncertainty.
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BusHauenHA A’KepeA HEBU3HAYEHOCTI IIPH OIIiHII AKOCTi IPOrPaAMHHUX CHCTEM

Anoramia:

Huni nporpamsi cucreMu BIAITPAIOTE KAFOYOBY POAb y OaraTbOX acCIEKTax JKUTTA, 3POCTae IXHA
CKAQAHICTB Ta pisHOMaHITHICTE. OAHAK, Pa30M 13 IIMM 30IABIIYETHCA 1 YHUCAO BHKAUKIB, ITOB’fA3aHHUX 3
AKICTIO Ta HaAlffHicTIO mux cucreM. HeoOxiAHICTP B OIiHIN AKOCTI IPOrPAMHUX IIPOAYKTIB BHMAra€
AOTPHUMAHHA BHCOKOI TOYHOCTI Ta AOCTOBIPHOCTI 32 AOTIOMOTOXO PI3HOMAHITHHX METOAOAOTTIHHX
mAXOAIB. OAHIEIO 3 OCHOBHHX IIPOOAEM Y I[bOMY KOHTEKCTI € HEAOCTATHA OOIPYHTOBAHICTD TEOPETHKO-
METOAMYHUX ITIAXOAIB y BU3HAYCHHI AKepeA HeBu3HadeHOCTI. Lg mpobaema morpedye KOMITAEKCHOTO
ITAXOAY Ta CHCTEMATH3AILI AAA BHUPIIIICHHA 3aBAAHB OLIHKH AKOCTI CyYaCHHX IIPOTPAMHHX CHCTCM 3
ypaxyBaHHAM HeBH3Ha4eHOCTL. CyTTeBHUII BHECOK Y PO3POOKY TEOPETHYHUX H IPAKTUYHHUX ACIIEKTIB,
IIIOAO Y3araAbHEHHSA CHCTEMATH3ALIT AJKEPEA HEBH3HAYEHOCTI IIPH PO3POOLI Ta €KCIIAYATALl Cy9acHNX
IIPOrpaMHHUX CHCTEM BHecAH Taki BueHi, fk: C. Areces, R. Fervari, A. Saravia, F. Velazquez-Quesada, M.
Bougeret, A. Pessoa, M. Poss, N. Boukhelifa, C. Johnson, K. Potter, L. Clarté, B. Loureiro, F. Krzakala,
L. Zdeborova, D. Tsapetis, M. Shields, D. Giovanis, A. Olivier et al. O0’ekToM AOCAIAKEHHA €
METOAOAOIIYHI ITAXOAU AO BHU3HAYCHHS AKEPEA HEBH3HAYECHOCTL. MeToro Iriel crarti € y3araApHEHHS
CHCTEMATH3AIII AJKepEA HEBU3HAYCHOCTI IIPH PO3PODOIIi Ta EKCITAYATAL] CYIACHHUX IIPOrPAMHIX CHCTCM.
A peaaisamii Merm B crarri IOCTaBA€HI 1 BupimreHi Taki 3aBaanba: Ha kxommaexcHOMy piBHI
IIPOAHAAI30BAHO OCHOBHI AJKEPEAd HEBU3HAYCHOCTI B IIPOTPAMHHUX CHCTEMAX, Taki, K 3MIHH y BUMOTIaX,
HEAOAIKM B IIPOCKTYBAaHHI, HellepeADadyBaHi YMOBH €KCIAyaTalii Ta iHIm pakropy; pospobacHa
KOMITACKCHA MOAEAD OIITUMi3aIlil mpobAeMu (popmaaizariii HEBU3HAYEHOCT! y BUMOTAX AO IIPOIPAMHOIO
3abe3rregeHHA Ha 0431 3aCTOCYBAHHA METOAIB MAIIIMHHOI'O HABYAHHA Ta aHAAI3y AaHUX. B mporteci AaHOrO
KOMIIACKCHOTO AOCAIA’KCHHSA BUKOPHUCTAHO METOAH AHAAI3Y, CHHTE3Y, Y3aTaABHCHHSA, ITOPIBHAHHA. ABTOP
IIPUXOAUTH AO BHICHOBKY IO B PE3YABTATI BUKOPHCTAHHSA KOMOIHAIN METOAIB y 3aIIPpOIIOHOBAHIN
po3pooii 3abesredye OIABII eEKTUBHHHE Ta OO’€KTHBHHI INAXIA AO YIPABAIHHA HEBH3HAYCHICTIO
BHMOI' AO IIPOIPAMHOIO 3a0€3IIeYEHHs, IOPIBHAHO 3 ACAKUMH iCHYIOYHMH IAxoaamu. Lle Ao3Boasie
ITABUIIUTH HAAIRHICTD, AKICTH Ta €PEKTHBHICTD PO3POOAIOBAHOTO IIPOTPAMHOTO IIPOAYKTY.

KarogoBi cAOBa: AKICTP IPOIPAMHUX CHCTEM, MATEMATHYHUN AIIaPaT, OITHUMI3AIlA HEBU3HAYEHOCTI,
dopmanizamis AKEpEeA HEBU3HAYCHOCTI, IACHTH@IKAINA AKEPEA HEBU3HAYCHOCTI, KPHTHYHI AXKEpEAad

HEBU3HAYEHOCTI.

/-—_—\____./

Bceryn

B cygacHOMY CBiTi IIpOrpaMHi CHCTEMU CTAIOTH BCE OIABIIT CKAAAHHMU Ta PI3HOMAHITHHM,
BIAITPAIOYH KAIOYOBY POAb y Oaratpox cdepax Harmoro xkurta. OAHAK, PasoM 13 3pOCTAaHHAM
IXHBOI CKAQAHOCTI, 3’IBASIFOTBCA HOBI BUKAMKH, ITOB A3aHI 3 IX AKICTIO T4 HAAIMHICTIO. 30KpeMa
BPAXOBYIOYH CY9aCHI OCOOAHMBOCTI Ta BHMOIM, fAKI BKA3yIOTbCA B PISHHUX IPOPIABHHUX
cranaaprax sxocti (ISO 9126, ISO/IEC 25010, IEEE 730 rta im.), xoTpi B CBOIO 4epry
OXOIIAIOIOTH PIZHOCTOPOHHI ACIIEKTH MEXaHI3MIB OINHIOBAHHI fIKOCTI IPOIPAMHUX CHCTEM
OKpEME MiCIIe 3aCAYITOBYIOTH IINTAHHA, IO IIOB’f3aHI 13 BHPIMICHHAM (PYHAAMEHTAABHIX
IIPOOAEM B CIIEKTPI KOMITAGKCHOIO AOCAIAKEHHS METOAMYHHX ITIAXOAIB BH3HAYEHHSA AKEPEA
HEBH3HAYEHOCTL. AaHa TEHACHIIIA ITOB’A3aHA 13 THM, IIIO B CY9ACHHUX CTAHAAPTAX 13 PEIYAIOBAHHSA
IINTAHB, IIIOAO OIIHKH AKOCTI IIPOTPAMHIX CHCTEM BUMATA€ThCA AOTPUMAHHA BHCOKOI TOYHOCTI
Ta AOCTOBIpHOCTL. OO’€KTOM AOCAIAKEHHA € METOAOAOITYHI IIAXOAH AO BU3HAYCHHSA AKEPEA

HeBU3HAYEHOCTL. MeToro miel CTaTTl € y3araAbHEHHS CHCTEMATH3ALIl AJKEPEA HEBH3HAYCHOCTI
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IIPH PO3POOIIL Ta EKCIAyATALll Cy9aCHHX IIPOrPaMHHUX CHCTeM. AAfA peaaisarii MeTH B CTaTT

ITOCTaBACHI 1 BUPIITIEH] TaKl 3aBAAHHSA:

—  Ha KOMIIAEKCHOMY PiBHi IIPOaHAAI30BAHO OCHOBHI A’KEPEAa HEBU3HAYEHOCT] B IIPOIPAMHIX
CHCTEMAX, TaKi, Ik 3MIHI y BUMOTAX, HEAOAIKH B IIPOCKTYBAHHI, HeIlepeAOaUyBaHI YMOBH
excrAyararii Ta inmm dakropu;

—  pO3pOOAEHA KOMIIAGKCHA MOAEAB OITHMI3aIlii IpobAemu popmaAizariii HeBUSHAYEHOCTI
BHIMOIaX AO IIPOIPAMHOrO 3a0€3IECYeHHA Ha 0a3l 3aCTOCYBAHHA METOAIB MAIIITHHOIO
HABYAHHSA T2 AaHAAI3Y AAHHX.

B mporieci AaHOrO KOMIIAEKCHOTO AOCAIAKEHHS BHKOPHCTAHO METOAHM aHAAI3Y, CHHTE3Y,
y3araAbHEHHS, ITOPIBHAHHA.

OmpanpoBano Haykosi poootu C. Areces, R. Fervari, A. Saravia ta F. Velazquez-Quesada
(2023) mpoaHaAi30BaHO AOIIKy Ha OCHOBI HEBU3HAYEHOCTI B IIporieci 3aificHeHHs Alf; D. Behera
(2023) PpO3TAAHYTO AaABTEPHATHBHI METOAOAOTIl AAA  PO3B’A3aHHA 3aAa9  AIHIFHOTO
IIPOrpaMyBaHHA 3 €IiCTeMIYHOIO HeBu3HaveHicTIO; M. Bougeret, A. Pessoa ta M. Poss (2023)
PO3LAfHYTO 3aAadl POOYCTHOIO IAAHYBAHHA 3 OOMEKEHOIO HEBH3HAYEHICTIO AAfl OAHIET
maruan; N. Boukhelifa, C. Johnson ta K. Potter (2023) A0cAlAKEHO BI3yaAi3ariiro Ta HPUHHATTA
pillleHb IIpH IIPOEKTyBaHHI B ymoBax HeBusHadenocti; V. Cappelli, S. Cerreia-Vioglio, F.
Maccheroni, M. Marinacci ta S. Minardi (2020) po3rasHyTO AMKEpEAa HEBU3HAYCHOCTI Ta
ocobAnBOCTI PopMyBaHHA CYO'€KTUBHUX IiH Ipu po3podui nporpamuux cucrem; L. Clarté, B.
Loureiro, F. Krzakala, & L. Zdeborova, (2023) posrafHyra TEOpETHYHA XapaKTEpPUCTHA
HEBH3HAYEHOCTI B BUCOKO-BUMIPHIN AlHIFHIN Kaacuddikarii; J. Dorn, S. Apel ta N. Siegmund
(Dorn et al., 2023). pO3rAfHYTO OCOOAHMBOCTI YyIIPaBAIHHA HEBH3HAYCHICTIO Y BHMIpax
IIPOAYKTHBHOCTI KOH(IrypoBanux nporpamunx cucrem; A. Drozhkin (2022) npoanaaizoBaro
CydJacHI IIAXOAH AO OIUHKH fAKOCTI IIPOTPAMHHUX IIPOAYKTIB B yMOBax HeBH3HadeHOCTI; D.
Tsapetis, M. Shields, D. Giovanis, A. Olivier irrmi (2023) posrasuayro UQpy v4.1: 6i6aioTeky
A kBaHTH(IKAII HeBH3HaYeHOCTI 3 Bukopucranaam Python; X. Zhang, Z. Li Ta 1 (2023)
PO3IAfHYTO OCOOAHBOCTI BHOOPY 1H(POPMATHBHUX AAHHUX 3 YPAXYBAHHAM HEBU3HAYCHOCTI AAS
6araTOMOAAABHOTO BHABACHHA 00 €KTiB; J. Zhao, Y. Wang Ta inmi (2023) AOCAIAKEHO BIIAHB
Bi3yaaisarii HeBHM3HA4YeHOCTI Ha HaAllHICTE MOAeal; M. Liao, D. Shen Ta P. Lv (2023).
PO3IAHYTO EAMHY MOAEAD HEBU3HAYEHOCTI AAHHX Ta HEBU3HAYEHOCT] B3AEMO3B fI3KIB AAHUX; T4
1HIII.

HesBaxkarounm Ha CyTT€Bl HAIPAIIOBAHHA BYCHHX 3AAHINAIOTBCA  HEAOCTATHBO
OOI'PYHTOBAHHUMH TEOPETUKO-METOANYHI IAXOAU BU3HAYEHHSA AJKEPEA HEBU3SHAYEHOCTI. Takum
YHHOM, KOMIIAGKCHHN PO3ILAfA IHAHATOI TEMATHYHOI CIPAMOBAHOCTI € HEOOXIAHIM B
BUPIIIIEHH] 3aBAAHD 13 OIIHKH AKOCTI CYYACHUX IIPOTPAMHHUX CUCTEM 13 BPAXYBAHHAM BUPIIIICHHSA
32029 B MEKAaX TEMATUKH BH3HAYCHHA AMKEPEA HEBU3HAYCHOCTI BHU3HAYCHHA AXKEPEA

HEBU3HAYEHOCTI.
PesyabpTatn

MareMaTUYHHUN aITapaT Ta METOAOAOTiIYHI 0COOAMBOCTI KAacHuikamii Avkepea

HEBU3HAYEHOCTI
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B ominmi fiKkocTi KOMITIOTEPHHX HIPOIPAMHHX CHCTEM BEAHMKE 3HAYEHHA BIABOAUTBHCA
IIPABUABHOMY BH3HAYECHHIO IX KIABKICHHX XapakTepucTuk. Lle crae xarodoBum erarrom, sk y
IIpoIIeCci PO3POOKH, TaK 1 y MIATPHMII Ta HOKPAIIEHH] IPOrpaMHOro 3abesmedeHua. Meroau
OIIHIOBAHHSA IHUX XaPAKTEPUCTUK BIAIIPAIOTH BAXKAUBY POAB Y 3a0€3II€UEHHI AKOCTI IIPOAYKTY T2
BU3HAYEHHI HOIO BIAIIOBIAHOCTI BHMOIaM KOpHCTyBaduiB. [liAHiMaroum AaHy crpAMOBaHICTD
3a3HAYNMO, IO HA TEXHIYHO-IPAKTHIHOMY PIBHI — OIlIHKA AKOCTI IPOIPAMHHX CHCTEM €
AOCHTDb CKAAAHUM 3aBAAHHAM, OCKIABKM BOHA YACTO IIOB’f3aHA 3 HeBu3HadeHicTio. Hasith
HAHOIABIII AOCKOHAAl METOAM TECTYBAHHS Ta AHAAI3Y HE MOXKYTb IIOBHICTIO BHKAIOYHTH
MOKAHBICTb IIOMHAOK YH HECIIPaBHOCTEH y mporpamMHOMYy KOAl. Hartomictes monarTA
HEBU3HAYEHOCTL y KOHTEKCTI OLIHKM AKOCTI IIPOIPAMHUX CHCTEM OXOIAIOE PI3HOMAHITHI
ACIIEKTH, BKAIOYAIOYN HEIIEPEAOAYyBAHICTD IIOBEAIHKM IIPOIPAaMH B PI3HHX yMOBax
EKCITAyATAIlil, CKAQAHICTD AHAAI3Y BEAMKHX OOCAIIB AAHHX, 4 TAKOK HEIIOBHOTY creruiKariiii ta
BUMOTL' AO CHCTEMH.

3BaKarouM Ha BUINE BIAMIYCHE B MEKAX CHCTEMATH3AIll AKepeAa HEBHU3HAYCHOCTI IIPU
OLIHII AKOCTI KOMITFOTEPHUX IPOIPAMHHUX CHCTEM AOLIABHO BIAMITHTH HACTYIIHI (DakTOpiaAbHI
HIEPIIOIPUYNHI AJKEPEA:

e Heoanosnauni Bumorn: YacTo BUMOTH AO IIPOrPaMHOTO 3a0€3IeYeHHA (POPMYAIOIOTHCA
HEOAHO3HAYHO, 2400 HeroBHICTIO. Lle Moke CTBOpIOBATH HEBHU3HAYECHICTH B TOMY, fK
OIIIHIOBATH BIAITOBIAHICT IIPOIPAMH ITUM BIMOTAM;

e DPusuk 3miH Bumor: Bumorm A0 mporpamMHOro 3a0e3IE€YeHHS MOXKYThb 3MIHIOBATHCA
IIPOTATOM PO3POOKH, 200 ITICAA BUITYCKY HPOAYKTY. LI 3MiHM MOXKyTh BIAMBATH Ha AKICTDH
IIPOTPAMU T4 BUMATATH IIEPEOINHKH ii XapaKTePUCTHUK;

e HeouikyBani 3oBHimHI BrAuBx: 30BHIIIHI (QakTopu Taki, AK 3MIHH B IHQPACTPYKTYPI,
KOHKYPEHTHHH THCK, 20O HOBI peryafi, MOXyTb BIAHBATA Ha AKICTh IIPOIPAMHOIO
320€3I1€YCHHA, CTBOPIOIOYH HEBU3HAYCHICTD B OIHII HOTO XapaKTEPUCTHK;

e [lomuaku B po3poOui ta BunipoOyBauHi: HeaoAlku y mporieci po3poOku Ta BUIIPOOYBaHHSA
MOKYTh IIPH3BOAHTH AO ITOABH ITOMHAOK Ta HEBIPHOTrO (DYHKIIOHYBAHHA ITIPOIPAMHOIO
320€3IICYCHHS, 110 YCKAAAHFOE OLIHKY HOTO SKOCTI;

e Bapiamia y BuxkopucrauHi: PeaAbHe BHKOPHCTaHHS IIPOIPAMHOIO 3a0€3IIEUEHHA MOKE
BIAPISHATHCSA BiA OYIKYBAHB PO3POOHHKIB, IO IPHU3BOAUTH AO HEBU3HAYEHOCTI B OINIHIII

HOT0 e(pEeKTUBHOCTI Ta AKOCTI;

e Heaonaikm y TectryBamni: He iAeaApHICTD TeCTyBaHHA MOKE IIPU3BOAHUTH AO IIPOITYCKY
ACAKHX Ae(DEKTIB, 200 HEAOCTATHBOIO OLIHIOBAHHSA AKOCTI IIPOrPAMHOTO 320€3II€YCHH.
Biamitimo, 1110 HaBEAEH] IIPUYHNHE MOKYTh CTBOPIOBATH HECTAOIABHICTD 1 HEBU3HAYEHICTD

y mporieci po3poOKM, TECTYBAHHA Ta BHKOPHCTAHHA ITPOIPAMHOIO HPOAYKTY. IX BaKAHBO

BPAXOBYBATH IIPU IIAAHYBAHHI, pO3pOOIN Ta OLIHIN AKOCTI IPOIPAMHOIO 3a0E3IICYCHHA AAA

3a0€3IeYeHHA HAMBUIIIOTO PIBHA 3aA0BOACHHA KOPUCTYBA4iB 1 BUKOHAHHSA Ol3HEC-IIOTPED.
3BaKAIOYN HAa HABEACHI IIPOOAEMH, PO3POOHUKU IIPOIPAMHOIO 3a0€3IICUCHHS ITOBHHHI

YVAOCKOHAAIOBATH CBOI IAXOAH AO YIIPABAIHHSA IPOEKTAMH Ta KOHTPOAFO AKOCTI.

Posrasaaroun ImMAXOAHM, fIKI MOKYTh AOIIOMOTITH 3MEHIIHTH HEBH3HAYCHICTH Yy IIpOIieci

PO3POOKH Ta OLIHKK AKOCTI IIPOIPAMHOTO 3a0E3IIEIECHHS BAPTO BIAMITHTH, IO AOCHUTH BArOME

MicITe Ma€ BIABOAUTHCS HYITKIA ITOCTAHOBII BUMOT 1 KOMYHIKAITIA.
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3BajKarouM Ha IIe B NPAKTHYHINA peaAisariii Ba’KAHMBO BCTAHOBUTH UiTKI Ta OAHO3HAYHI
BHMOTH AO IIPOIPAMHOIO IIPOAYKTY IIle Ha IIOYATKy IpoekTy. HatomicTe y BIAIIOBIAHOCTI AO
(Dorn et al., 2023) xomyHiKamif MUK pO3pOOHHKAMH, KAIEHTAMH Ta iHINNMH 3aIlKaBACHHMU
CTOPOHAMHU IIOBHHHA OyTH e(EKTHBHOIO Ta CHCTeMaTndHOIO. AaHuil ImAxiA moTpedye
BpPaxyBaHHf T'HYYKOCTI Ta aAQITHBHICTB: 3BAKAIOYM HA PH3UK 3MIH BHMOI, KOMaHAHU
PO3POOHHUKIB ITOBUHHI IIPAIIOBATH § THYIKOMY CEPEAOBHIII, IKE AO3BOAAE IIIBUAKO PEAryBaTH
Ha 3MIHH Ta aAAIITYBATH IPOAYKT IA HOBI BUMOIH.

V' KoMIiAekcl IIpakTUYHOI peaAisariii OLIHIOBAHHA AKOCTI IIPOIPAMHHX CHCTEM BHMATac
IIOCTIHHOrO (POPMYBAHHA BHMOI AO TECTYBaHHA 1 KOHTPOAIO AKOCTi: IliABuImeHHA AKOCTI
IIPOTPAMHOIO  320€3IEUCHHA MOKE OYTH AOCATHYTO IIASXOM BAOCKOHAACHHS IIPOLIECIB
TECTYBAHHA T4 KOHTPOAIO AKOCTL. BiAMiTHIMO, ITIO aBTOMATH30BAaHE TECTYBAHHA, BUKOPHCTAHHSA
TECTOBUX CKPHIITIB Ta IHIINI METOAM Ha IIPAKTHII 3aCTOCOBYIOTBCA 13 IIAIO BHABACHHSA
PISHOMAHITHHX IIOMHAOK HA PAHHIX €TalraX pO3pOOKM.

Takok Ha BCIX eramax PO3POOKH IIPOIPAMHOrO 3a0€3IICYCHHA BArOME MICIIE Mac
BIABOAUTHCA CTpaTerii ympaBAiHHA pusukamm: Lle BrArodae iAeHTHOIKAIIIO ITOTEHINHHMX
3arpo3 AAfl IIPOEKTY, X OLIHKY T4 ITAAHYBAHHSA 3aXOAIB AAfl IX 3aITOOIraHHA, 200 3MECHIIICHHA
HACAIAKIB.

BiantoBiauo (Areces et al., 2023) AAst BUKAIOYEHHS HEBU3HAYEHOCTI HEOOXIAHO 3a0e311ednT
MexaHi3MH iH(OPMATHBHOIO HAAXOAKEHHA (PIAOEKIB BIA KOpuCTyBadiB: [ TOCTIFHII 3BOPOTHHE
3B’30K BIA KOPHCTYBA4IB AOIIOMArac BHABASATH IIPOOAEMH Ta HEAOAIKH IIPOIPAMHOIO
320€3IEYCHHS, 1110 AO3BOASE IIIBUAKO BHOCHTHU BHIIPABACHHS Ta ITOKPAIIICHHS.

BpaxoByrounm AaHI IIAXOAM Ha KOMIIAGKCHOMY piBHI (DOPMYIOTBCA 3aCAAH, IIOAO
ITOCTIHHOTO BAOCKOHAAEHHS ITPOIIECIB, AKI ITOB’A3aHI 13 BU3HAYCHHAM AKEPEA HEBU3HAYEHOCTI
IIPH OIIHIII AKOCTI IIPOIPAMHHUX CHCTEM.

B mMexax KOMIIAEKCHOTO PO3TAfAY BH3HAYECHHAM AKEPEA HEBHU3HAYEHOCTI PO3TAAHEMO
OIABIII AETAABHO AaCIIEKTHI 3aCAAH ITOCTIHHOIO BAOCKOHAACHHSA IIPOIECIB OINHKH SAKOCTI
IIPOTPAMHUX CHCTEM, fKi ITOB A32H] 3 BUSHAYECHHAM AKEPEA HEBU3HAYCHOCTI, 2 CAME:

e  amaai3 iaeHTH@IKALIT AJKEpEA HEBU3HAYEHOCTI;
®  OIIHKY BIIAHBY Ha AKICTb.

Amnanis iaerTndikamii Axxepes HeBusHadeHOCTL: [leprium kpokoM € aHaAl3 iaeHTH IKALIT
MOKAUBHX AKEPEA HEBH3HAYEHOCT! B IIPOIleCi OINUHKH AKOCTI IporpamHmuxX cucrem. Ha
IIPAKTUIIl PEAAI3aIliA AAHOIO ACIIEKTY MOKE BKAFOYATH aHAAI3 BHMOT, 3MIH BHMOT, PU3HKH,
HEAOAIKM B TeCTyBaHHI Ta iHIm (pakTopH, fKI MOMKYTb BIAHBATH Ha AKICTb IIPOIPAMHOTO
IIPOAYKTY.

Ha ysaraapaHeHoMy piBHI 3B’A30K MATEMATHYHOIO aHAAI3y AKEPEA HEBH3HAYEHOCTI 3
OLIIHKOIO AKOCTI IIPOIPAMHUX CHCTEM ITOAATA€ Y TOMY, IO IACHTU(IKALIA Ta YIPABAIHHSA [IIMI
AKEPEAAMHU AO3BOASIE KPAIlle PO3YMITH Ta IIPOTHO3YBATH AKICTH IIPOIPAMHOIO 3a0€3IICYCHH.
Orminka fAKOCTI IPOrpaMHHX CHCTEM BKAIOYAa€ B cebe PpAA IapaMeTpiB Takux, fK
PYHKITIOHAABHICTD, HAAIHHICTD, IIPOAYKTUBHICTD, 3PYYHICTD BUKOPUCTAHHA Ta 1HIII. AKepeaa
HEBU3HAYEHOCTI MOKYThb BIIAMBATH Ha Il ITAPAMETPH, TOMY IX aHAAI3 AOIIOMAra€ ITOKPAITIUTH
3araAbHY AIKICTB IIPOTPAMHOTO IIPOAYKTY.

KommaekcHa METOAOAOTIA, AKA ITOEAHYE MATEMATHYHUH aHAAI3 AKEPEA HEBU3HAYEHOCTI 3

OIIHKOIO fIKOCTI IIPOIPAMHUX CHCTEM Ma€ BKAIOYATH B cebe MeXaHi3Mm iAeHTH]IKAII AKepeA
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HesusHaueHOCTL. 3riAHO (Bebera, 2023) B 3araAbHOMY BHITAAKY aHAAI3 MOMKAHBHX AMKEPEA
HEBU3HAYEHOCTI B IIPOIIEC] PO3POOKH Ta €KCIIAYATALIL IIPOTPAMHOTO IIPOAYKTY, MOKE BKAIOYATH
aHAAI3 BIMOT, PH3HKIB, HEAOAIKIB y TECTyBaHHI Ta iHIMNX (DakTopiB. 3BayKAIOYN HA BAKAUBICTD
MATEMATHYHOTO  ITAXOAY, PO3TASHEMO  MOACAB  MeXaHi3my iAeHTHIKAIIl — AKEpeA
HEBH3HAYEHOCTI 3 BUKOPUCTAHHAM (DOPMYA Ta OIIEPATOPIB.

Ha neprmromy erarri BUKOHYETBCA aHAAI3 BUMOT. MaTeMaTHYIHO 3a3HAYEHUI IIPOIIEC MOMKHA
ormcata HACTYITHUM dnHOM. Hexail R — MHOXHHA BCIX BHMOT AO IIPOIPAMHOTO IIPOAYKTY.
ToAl MOKHA BU3HAYUTH AKEPEAd HEBHU3HAYCHOCTI, AK BUMOTH, fIKi € HCOAHO3HAYHHUMH, A00
HEIOBHIMH 3TiAHO dopmyan (1):

Ureq = {ri € eri}: O
Ac:
7j — HEOAHO3HA4YHa, 400 HEITOBHA BHMOTA.

V BiattoBiaHOCTI AO (Zhao et al., 2023) oniHka Ta aHAAI3 BUMOT AO IIPOTPAMHOTO IIPOAYKTY
MOK€E AOITOMOTTH BUSBHUTH ITOTCHITINHI HEBU3HAYCHOCTI, TAKI, K HCOAHO3HAYHICTH BUMOT, 460
HEIIOBHOTA OITHCY.

Ha aApyromy erami BHKOHYETBCA aHAAI3 PHU3NKIB, AKHH OXOIIAIOE IIPOIEC BH3HAYCHHA
IIOTCHIIIWHUX PHU3UKIB, AKI MOXKyTh BHHHUKHYTH INA Yac PO3poOKH, a0O B eKCIIAyaTariii
IIPOrPaAMHOTO IIPOAYKTY. AaHII IPOIIEC MOKE BKAIOYATH PH3UKH 3MIH BUMOT, TEXHIYHI PU3UKH,
PH3HKH 3B’3aHI 3 PECYypPCAMHU Ta 1HII BUAX PU3UKIB. MaTeMaTHYHO 3a3HAYCHMUI ITPOIIEC MOYKHA
OIHCATH HACTYHHHM YHHOM. Hexail R — MHOMXHHA BCIX MOMKAMBHX PH3HKIB, IO MOXKYTb
BIIAMHYTH Ha AKICTb IIPOTPAMHOTO IIPOAYKTY. TOAI MOKHA BU3HAYHTH AKEPEAd HEBU3HAYEHOCTI,
AK PU3UKH, AKI MAIOTh 3HAYHUIN BIIAUB Ha AKICTH (2):

Ureq = {z; € R|z;}, @)
Ac:
Z; — PHU3HUKOM, AKUI BIIAUBAE HA AKICTD.

Ha tperpomy erari BUKOHYETBCA PeaAi3allid aHAAI3Y ICTOPHYHHX AAHUX: B AAHHI aHAAI3
BXOAUTD PO3LAfIA ICTOPUYHHUX AAHHUX 3 IIOIEPEAHIX IIPOEKTIB, 200 IMOAIOHUX IIPOTrPAMHIX
IIPOAYKTIB AASl BHABACHHSA THUIIOBHX AKepeA HeBuaHadeHOCTL. ITiA 9ac aHaAI3y ICTOpHYHHX
sauux 3riavo (Boukbelifa et al., 2023) moxHA BHKOPHCTOBYBATU CTATHCTUYHI ITOKA3HUKH AAf
BIABACHHA THIIOBUX AKepeA HeBusHadeHocti. Hampukaaa, Upjse — MHOXHIHA Axepea
HEBU3HAYEHOCTI, IO BHABACHI IIA YaCc IIOIEPEAHIX IIPOEKTIB, TO MOMKHA OOYHUCAHTH
HMOBIPHICTD IIOABU KOKHOT'O AKEPEeAd HEBU3HAYEHOCTI Y BIATIOBIAHOCTI AO (3):

P( Upie) = 2088, 3)
Ac:
N — KIABKICTD IIPOEKTIB.

Ha wgerBeprOomy eralni BHKOHYETbCA EKCIIEPTHA OIHKA, peaaisariia KoTpol mepeabadae
BIAIIOBIAHE 3aAVYEHHA CKCIEPTIB Y TaAy3l PO3POOKH IIPOrPAMHOIO 3a0E3IEUCHHA AAf
BUABACHHSA IOTEHITIHHIX AKEPEA HEBU3HAYEHOCT], HA AKI MOKE BIIAMBATH iX AOCBIA Ta 3HAHHA.
B ysaraapaeHOMY BUIaAKy y BIAIOBIAHOCTI AO (Bongeret et al., 2023) excrieprHa OIiHKa MOKE Oy TH
BHKOHAHA 32 AOIIOMOTOIO €KCIIEPTHHX 3HAHb Ta AOCBIAY. Hexail E' — MHOKHHA BCIX €KCIIEPTHHIX
OIIIHOK AKEPEA HEBH3HAYEHOCTI. TOAl MOKHA BH3HAYUTH CEPEAHIO EKCIEPTHY OIUHKY AAA

KOKHOTO Axkepeaa (4):



AC:
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Upyp = 52—, (4)

M — KIABKICTh €KCIIEPTHHX OITIHOK.

B mexax amaAisy AaHUX, fKI OTPUMYIOTH B HAaCAIAOK 3actocyBaHHA popmya (1—4) Ta

BHU3HAYCHHA 3araAbHOI HMOBIPHOCTI BHHHKHECHHA AXKEPEA HEBU3HAYEHOCTI MOJKHA

BUKOPHCTOBYBATH PIi3HI OIEpaTOpH Taki, K AOTIYHI OIEPATOPH, OIEPATOPH ITOPIBHAHHA,

apudmernyHi omeparopu Tormo. Hampukaaa, AAf BH3HAYEHHA 3araAbHOI HMOBIPHOCTI

BUHUKHCHHA AJKEPEA HEBH3HAYEHOCTI MOKHA BUKOPHUCTOBYBATH (hOopMyAy (5):

AC:

P(Utotal) = P(Ureq) + P(Urisk) + P(Uhist) + P(Uexp)r ©)

P(Utotar) — 3araabHa AMOBIPHICTD BUHUKHEHHSA AJKEPEA HEBH3HAYEHOCTI.

Ha mpaxruri Buire HaBeACHUI MATEMATHYHHIH aHAAI3 AJKEPEA HEBU3HAYEHOCT] 3 OIIHKOIO

AKOCTI IIPOIPAMHHX CHCTEM AO3BOASE 3AIICHFOBATH OIABIIT O0'€KTHBHY Ta CHCTEMATHYHY OLIHKY

ITOTEHIIHHIX PU3NKIB, AKI MOKYTh BUHUKHYTHU IIA 9aC PO3POOKH Ta €KCIIAYATALIil IIPOrPaMHOIO

poAykTy. HaBeaemo mepeparu 3amporioHOBaHOIO AXOAY:

Panne BuABACHHA pU3HKiB: AHAAI3 AJKEPEA HEBU3HAYCHOCTI MOKE OyTH IPOBEACHMIN Ha
PAaHHIX eTaax IIPOEKTY, HaBITh IIEPEA ITIOYATKOM PO3POOKH IIPOrPaMHOrO IIPOAYKTY. Lle
AO3BOAfIE PO3POOHMKAM T4 MEHEAKEPAM 3 PU3NKAMHU BHABUTH IIOTCHIIIHI IIpoOAEMHU Ta
IIPUITHATH 3aXOAH ITIOAO IX YIIPAaBAIHHA ITIE AO TOTO, IK BOHH CTAaHYTh KPUTHIHIMIT,
OO’exTuBHA OIIHKA pU3HKIB: BHKOpHCTAHHA MATEMATUYHIX METOAIB AO3BOASIE OO’ €KTUBHO
OIIHIOBATH HMOBIPHICTP BHHUKHEHHA PI3HHUX AKEPEA HEBH3HAYCHOCTI Ta X BIIAUB Ha
AKICT IIPOrPAMHOrO HPOAYKTY. Lle Aomomarae yHHKHYTH CyO'€KTHBHHX OLIHOK Ta
320€3IEIUTH OIABIII TOYHE IIPUIHATTA PIIIICHB;

[Tokparenss mAaHyBaHHA IIPOEKTY: Pe3yAbTaTn aHaAI3y AKEpEeA HEBH3HAYECHOCTI MOKYTh
OyTH BHKOPHCTaHI AAfl IIOKPAIICHHA IIAAHYBAaHHA IpoekTy. Hampukaaa, BuABAeH! pu3HKH
MOJKYTb OyTH BPaxOBaHi IIpy po3poO1l rpadiky IIPOEKTY Ta PO3IOAIAL pecypciB;
Minimizaria BuTpar Ta 30iABIICHHA edeKTUBHOCTL: PaHHE BHABACHHA Ta YIPaBAIHHA
AKEPEAAMI HEBHU3HAYEHOCTI AO3BOAAE VHHKHYTH HEIIEPEADAYEHUX BHUTPAT 1 3aTPHMOK Y
pospodii. Lle aormomarae 30iABIIHTH €PEKTHBHICTD IIPOEKTY Ta 3HU3UTH HOIO 3araAbHI
BUTPATH.

3abesriedeHHA BHCOKOI fAKOCTI IIPOAYKTY: AHAAI3 AMKEpPEA HEBH3HAYCHOCTI AOIIOMATAE
BUSBATH Ta VIPABAATH pPH3UKAMH, fAKI MOKYTh HETATHBHO BIAHHYTH Ha SAKICTB
IIPOIPAMHOIO IPOAYKTY. lLle A03BOAf€ 3a0e3mednTH BHCOKY SAKICTB IIPOIPAMHOIO
320€3IICYCHHA Ta 3aA0BOACHHSA ITOTPEO KOPUCTYBAUIB.

Orxe, MATEMATHIHUI aHAAI3 AJKEPEA HEBH3HAYEHOCT! HA IIPAKTHUII AOITOMATA€ IABUAIIIATH

epeKTHBHICTD Ta AKICTH PO3POOKU IIPOIPAMHUX CHCTEM, 3MEHIIHTH PH3UKM Ta 320€3IIeUnTH

yCHiU_[HC SaBCpH_ICHH}I HpOCKTy.

Posrasuemo mertopoAorivHI 0coOAmBOCTI Kaacuikamii AxKepeA HEBU3HAYEHOCTI 32

BIIAMBOM Ha fAKICTb. Burrie 3a3Havena kaacuiKaris 3BOAUTHCA AO PO3IIOAIAY IACHTH(DIKOBAHIX

AKEPEA HEBH3HAYCHOCTI HA KATEropil B 3aAEKHOCTI BIA IX IOTEHINIHOIO BIAMBY Ha Pi3HI

ACIIEKTHU AKOCTI IIPOIrPaMHOro 3a0e3redeHHA. B Aany kaacndikariiro BIAIIOBIAHO BXOAATB:
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®  KPHUTHYHI AJKEpEAQ HEBU3HAYEHOCTI;
®  CyTTEBI AJKEpeAd HEBU3HAYCHOCTI;
®  MIHOPHI AJKEPEAa HEBU3HAYCHOCTI;
®  HEBU3HAYCHOCTL, IIOB’f3aHI 3 30BHIIITHIMHE (DAKTOPAMU.
3rizao (Clarté et al., 2023) AO KPUTHYHUX AKEPEA HEBU3HAYEHOCTI BIAHOCATH AKEpPEAa
HEBHU3HAYEHOCTI, AKi MAIOTh HANOIABIIMN IIOTEHIINHHUI BIIAMB HA KAIOYOBI ACHEKTH SKOCTI
IIPOTPAMHOIO IIPOAYKT TakKi, fAK HaAlFHICTB, Oe3reka, abO IpoAykruBHICTb. Hampukaaa,
IIOMUAKH B KPUTUYHHX AATOPHTMAX, 400 HEBIAIIOBIAHICTH OCHOBHUM (DYHKI[OHAABHUM
BMOraM. MaTeMaTH9IHO KIABKICTh KPUTHYHIX AKEPEA HEBU3HAYEHOCTI MOKHA PO3PAXyBATH Y
BiAIOBIAHOCTI A0 popmyan (6):
|Ucriticatl = Xuev 6(w) - B(w) ©)
A€:
6 (u) — dynxuin, axa noseprae 1, AKIIO, AKepeAo U € KpuTHIHNM, i 0 B {HIITOMY BUITaAKY,
B (1) — koedimienT BrAnBy Axepera U Ha AKICTb ITPOTPAMHOTO 320€31IEIEHH,
U — muOx1H2 BCIX IACHTH(DIKOBAHIX AKEPEA HEBU3HAYEHOCT],
UcriticaqiCU — MHOXMHA KPUTHYHIX AJKEPEA HEBU3HAYECHOCTI.
3rinmo  (Mena, 2020) AO  CYTTEBHX AKEPEA HEBH3HAYECHOCTI BIAHOCATH AMKEpeEAa
HEBU3HAYECHOCTI, AKI MOKYTh BIIAUBATH Ha AKICTb IIPOIPAMHOIO IIPOAYKTY, AA€ HE HACTIABKI
KPUTHYHI, fAK KPHUTHYHI AsepeAa HeBH3HadeHOCT. Harmpmkaas, HEBIAITOBIAHICTD A€AKHX
HeOOOB’A3KOBUX (DYHKIIH, 200 MOXAHBI 3MIHH B 1HTepdelici kopucryBada. MaTeMaTHIHO
KIABKICTD CYTTEBHX AKEPEA HEBH3HAYECHOCTI MOMKHA PO3PAXyBATU y BIAITOBIAHOCTI AO hOpMyAH
(7):
|USignificant| = ZuEU s(u) - Y(u) (7
A€:
s(u) — dynxuis, sxa noseprae 1, AKImo, Axkepero U € cyrreBumM, i 0 B iHIITOMY BUIT2AKY,
y(u) — KoeIMIEHT BIAUBY AXKEpeAa U Ha AKICTb IPOIPAMHOIO 320€3II€YEHHA 13 BPAXyBAHHAM
BIIAUBY CYTTEBHX AJKEPEA HEBU3HAYCHOCTI.
3riznao  (Tsapetis et al, 2023) AO MIHOPHHX AKEPEA HEBH3HAYECHOCTI BIAHOCATD
HEBH3HAYEHOCTI, IKI MAIOTh HE3HAYHHUI BIIAUB Ha AKICTH IIPOIPAMHOTO IIPOAYKTY 1 MOXKYTH OyTH
A€TKO BHIIPaBACHI, 200 mpoirHoposani. Harrprukaaa, HeBEAUKI IOMUAKH B TEKCTI AOKYMEHTALII,
20O HEBEAHKI 3MIHHM B 30BHIIIHBOMY BHTAAAL Iporpamu. MarteMaTH9HO KIABKICTD MIHOPHHUX
AJKEPEA HEBU3HAYEHOCTI MOKHA PO3PAXYBATH Y BIAITOBIAHOCTI AO bopmyan (8):
|Uptinor| = Xuey m() - a(w) ©®)
AC:
m(u) — dpynkuis, sxa moseprac 1, AKIIO, AJKepeAo U € MiHOPHEM, i 0 B iHIITOMY BHITAAKY,
a(u) — koedirienT BIAMBY AKepeAa U HA AKICTH TPOTPAMHOTO 320€3TIEYEHHS i3 BPAXYBAHHAM
BIIAHBY MIHOPHUX AKEPEA HEBU3HAYEHOCTI.
3riauo (Cappelli et al., 2020) AO HEBUSHAYECHOCTEH, AKI ITOB’A3aH] 3 30BHIIIHIMU (PAKTOPAMHU
BIAHOCATB AJKEPEAa HEBU3HAYEHOCTI, Kl BHHHKAIOTH Y€PE3 30BHIIIIHI BIIAUBH, TaKi K 3MIHHU B
IH@paCTPYKTypl, KOHKYPEHTHUI THCK, 400 HOBI peryasmil. LI dakropu MOKyTs BIIAHBATH Ha

AKICTh IIPOTPAMHOTIO 3a0€3IICYCHHA, aA€ IX BAKKO KOHTPOAIOBATH. MaTeMATHYHO KIABKICTH
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AKEPEA HEBH3HAYCHOCTEH, AKl IIOB’A3aHI 3 30BHIMIHIMU (DAKTOPAMH MO)KHA PO3PAxXyBaTH Y
BiATOBIAHOCTI AO opmyAn (9):
|Ugxternail = Xueu z(w) - 6(w) ©)

Ag:
z(u) — dymnxis, sxa moeprae 1, AKIIO, AJKePEAO U BIAHOCHTBCA AO AKEPEA HEBUZHAYEHOCT,
AKl BHHHKAFOTD Yepe3 30BHINTHI BIAUBH, 1 () B IHIIIOMY BHITIAAKY,
z(u) — KOeIIIEHT BIIAUBY AXKepeAa U Ha AKICTb IPOrPAMHOrO 3a0€3II€YCHHS 13 BPAXyBAHHAM
BIIAMBY A’KEPEA HEBU3HAYEHOCTI, Ikl BUHUKAIOTH Y€PEe3 30BHIIITHI BITAUBH.

B pesyabrari yszaraabHeny OpMyAy B MeEkaxX BpaxyBaHHA Kaacudikalii Axepea

HEBU3HAYEHOCTI 32 BIIAMBOM Ha AKICTb MOKHA IIPEACTABUTH y BUTAAA Bupasy (10):

Q = (IUCriticall(yl ) + |U5ignificant|(y2 ) + |UMinor|(y3) + IUExternall(y4 )) (10)
A
Y1, Y2, Y3, Y4 — KOCIMIEHTH BaKAUBOCTI AASl KPHTUYHHUX, CYTTEBHUX, MIHOPHHX AMKEPEA
HEBH3HAYEHOCTI T2 30BHIIIHIX (DaKTOPIB.
Bume maBeaena dopmyaa (10) A03BOAfl€ BpaxyBaTH BArOMICTh KOMKHOTO BHAY AMKEPEA
HEBH3HAYEHOCTI, 4 TAKOK BPAXOBYBATH X KIABKICTB, IIIO MOXKE OyTH KOPHCHUM IIPH OLIHIN

BIIAMBY HA AKICTb IIPOTPAMHOTO ITPOAYKTY.

Omrrumisania npo6aemu popmaasisarii HEBU3HAYEHOCTI Y BUMOTIaX AO IIPOIPAMHOIO
3a0e3neyeHHA

OAHIM i3 HOBITHIX MATEMATHYHHX PIIICHB, AKE MOKHA 3AIIPOIIOHYBATH AAfA OITHMI3arlii
mpobaemMu  (popmaaisarii HEBH3HAYEHOCTI y BHMOIaxX AO IIPOIPAMHOIO 3a0€3IIEYCHHSA, €
3aCTOCYBAHHSA METOAIB MAIIIMHHOIO HaBYAHHA Ta aHAAI3y AaHuxX. Ha ocHOBI BeAHKHX 0OCATIB
AAQHUX IIPO IIOIEPEAH] IIPOEKTH IIPOTrPAMHOIO 3a0€3IEYCHHA MOKHA PO3POOUTH MOACAD, fAKA
IIPOTHO3Y€ HIMOBIPHICTh BUKOHAHHSA KOKHOI BUMOTH Ha OCHOBI 1i XapaKTEPUCTHK Ta KOHTEKCTY.
TaKwif MAXIA AO3BOAAE ABTOMATU3YBATH IIPOLIEC BU3HAYCHHA HEBU3HAYCHOCTI T pOOHTH OIABIIT
TOYHI IIPOrHO3U. TaKoK MOKAHBO 3aCTOCYBAHHA METOAIB OITHMI3AIli TAKUX, AK T€HETHYHI
AATOPUTMH YU METOAU OITHMI3aIil 33 AOITOMOIOIO IITYYHUX HEHPOHHUX MEPEK, AAA IIOIIYKY
OIITHMAABHOI'O PO3IOAIAY PECYPCIB Ta CTPATErii KePYyBAHHA HEBH3HAYCHICTIO B IIPOIPAMHOMY
3abesmedenni. Taxi IAXOAHM AO3BOAAIOTH IOKPAINNTH AKICTH Ta €(EKTHBHICTH IIPOIECIB
PO3POOKK IIPOIrPAMHOIO 3a0€3IIEYCHHSA, 3MEHIIYIOYN BIIAUB HEBHU3HAYCHOCTI HA KIHIIEBUI
pe3yABTAT.

IIpeacraBuMoO BHIIE BKa3aHE Y BUTASIAL MOAEAL IIPOTHO3YBAaHHA HMOBIPHOCTI BUKOHAHHS

KOKHOI BUMOTH Ha OCHOBI if XapaKTepHUCTHK Ta KOHTeKCTy. Hexari

V = {94,9,, ..., 9, } — MHO)KHHA BUMOT AO IIPOrPaMHOTO 3a6€31IEYEHHS, A€ N KIABKICTD
BHIMOT;

X = {xi1, Xi2, ) Xim, } — MHOKHHA XapakTepUCTUK (03HAK) BUMoOru U, A€ M — KiABKICTH
XaPAKTEPUCTHK;

Y; — LiAbOBa 3MiHHA, fIKA BIAOOpaKa€ HMOBIPHICTD BUKOHAHHS BUMOTH ;.
TOAl MOAEAb TPOTHO3YBaHHA MOKe OyTH BusHaveHa, sk ymkmia f:X — [0,1], sxka

IIPU3HAYAE KOKHIFM BHMO31 HMOBIPHICTh BUKOHAHHA. MeTOIO € HaBYaHHA MOAEAI Ha OCHOBI
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tpenyBasbuux Aanux D = {(X1y1), (X2¥2), .., XyYn), }, ae N, KiAbKicts IpuKA2AiB Y
TPEHYBAABHOMY HAOOPI.

Ha mowarky mporecy mu 301paAu AaHI PO BUMOIH, BKAIOYAIOYH IX XaPAKTEPUCTUKU Ta
KOHTEKCT, AKI MOKYTh BIIAMBATH Ha iX BHKOHAHHS, a4 CAME CKAAAHICTH, TEPMIHH BHKOHAHHS,
IIPIOPHUTET, KPHTUYHICTh TOIIO. TaKoK 3aCTOCYBAAM HABEACHI BHIIE KAACH(IKAIIIO AXKEPEA
HeBusHaveHOCT, T2 popmyan (1-10).

3asagua moadrae y mimiMisanil dysxmil Brpat L MK IPOrHO30BaHUME HMOBIPHOCTAMH 1
cupasxuivu 3HageHaamu (11):

L =35 L(y, f(X) (11)
Ac:
L nmoske Oytu pisHEMI (DYHKIIAME BTPAT TAKUMH, SIK CEPEAHBOKBAAPATIYIHA IIOMUAKA AAS 3aAQ4
perpecii, 800 Kpoc-eHTPOIIA AAT 3aAa9 KAACH(DIKAILi.

Ha mMeToAmaHOMY piBHI AAfl HABYAHHSA BHIIE HABEACHOI MOAEAIL y BiAttoBiAHOCTI AO (Gray ef
al., 2023) 3acTocyBasm:
®  TIPAAIEHTHHH CIYCK;

e meroan orrrumizari: Adam Ta RMSprop;
®  AATOPHTMH MAIIMHHOIO HABYAHHSA TaKi, AK 'AMOOK] HEHPOHHI MEPEKi, IPaAl€HTHI AepeBa

BHITAAKOBOTO AICY TOIIIO.

Bumme 3azmaueHi METOAM AO3BOAAIOTH HABYUTH MOACGAb Ha TPEHYBAABHHX AAHUX 1
BUKOPHUCTOBYBATH 1i AAfl IIPOTHO3YBaHHA MMOBIPHOCTEH BHKOHAHHA BHMOI' Y PEaABHHUX
IIPOEKTAX IIPOIPAMHOTIO 320€3IICUCHHS.

Pospobadrodn crucremMy mpOrHo3yBaHHA HMOBIPHOCTI BUKOHAHHA BHMOT BIAMITHMO, IO
AdHA cHCTeMa Oa3yeTbCd Ha METOAAX MAIIMHHOIO HABYAHHA 1 BHUKOPHUCTOBYETBHCA AAA
IIPOTHO3YBAHHA HMOBIPHOCTI BUKOHAHHSA KO’KHOI BUMOTH Ha OCHOBI ii Xapakrepuctuk. OCHOBHA
iAefl IOAAra€ B TOMY, IIOO Ha OCHOBI CTATHCTHYHOIO AHAAI3y IIOIEPEAHIX IIPOCKTIB
IIPOTPAMHOIO 320€3IIEUCHHA ITOOYAYBATH MOACAB, fAKA 3AATHA IIEpeADAaYaTH HMOBIPHICTD
BUKOHAHHS BUMOII Ha OCHOBI iH(opMarti mIpo Hef.

Ha nporpamuomy piBHi AAfl po3po0ku 1€l cuctemu 3riAHO 3 (Cappelli et al., 2020) AOLIABHO
BUKOPHUCTOBYBATU CIIEIiaAi30BaHl OiOAIOTEKHM MarmmmHHOrO HaB4yaHHA Taki, AK TensorFlow Ta
Scikit-learn, siki B ITOBHIN Mipl 3a0€311€4YIOTH IIOOYAOBY T4 HABYAHHSA MOACAL

[Ticas HABYAHHA MOACAD MOKE OYTH BHKOPHCTAHA AAfl IIPOIHO3YBAHHA HMOBIPHOCTI
BHKOHAHHS BUMOIY B PEAABHHX IIPOEKTAX IIPOTPAMHOIO 3a0€3IICUCHHS.

V' BianmosianOCTi A0 (Droghkin, 2022), AOIIABHO ITEPEADAYINTH, AOAATKOBE 3aCTOCYBAHHSA
MOAYABHOI CHCTEMH, fKA BHKOPHCTOBYE METOAM ONITHMI3aIil AAfl IIOINYKYy ONTHMAABHOTO
pO3IOAIAY  BaroBux KOCMIIIEHTIB MDK BHMOraMH 3 METOIO  MiHIMi3amii 3araAbHOL
HeBU3HAYEHOCTL. MartematudHo, 11e Moke OyTH cpOpPMyABOBAHO, fIK 3aAa4a OIITHMI3arii, Ae
METOIO € MiHimizaris 3araapHOi HeBms3HadeHOCTI U, sika OOYMCAIOETBCHA, AK CyMa BAarOBHX
KoeIITieHTIB.

B merax mpaktmyHO! peaaisamii IIPOEKTHOTO PIIIEHHA y BIAIIOBIAHOCTI AO (Areces et al.,
2023) AOLUABHO IEPEADAYUTH MOMKAUBICTD 3aCTOCYBAHHA AATOPHTMIB OIITHMI3AIli: 30KpeMa
FEHETUIHHX aATOPUTMIB, METOAIB OIITHMI3aIIi] 32 AOITOMOIOFO IIITYYHIX HEHPOHHHIX MEPEK, 400

METOAIB OITTHMI3aIlli Ha OCHOBI IPAAI€HTIB, AAA ITOIIYKY OITHMAABHOIO PO3IOAIAY BaroBUX

10
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koedimieHTiB. B Hamomy BHIaaky AAA  po3poOkm 1€l cucreMn OYAO  BHpIIIEHO
BHKOPHCTOBYBATH CIIeIiaAizoBani 6i0AioTexkn omrumizari: SciPy ta CVXPY), saki 3abesnequan
PeaAi3aIiio aATOPUTMIB OIITHMI3AIIil Ta IOIIYKY HAMKPAIIIOrO PO3IIOAIAY BArOBUX KOeDIrieHTIB
(Pucyrox 7). B pe3yAbTaTI IIOAAABIIION IIPAKTUYHOL IIPOIPAMHO-PO3POOHUIIBKOI peaAisarrii BUIIe
3a3HAYCHI  PIIICHHA 13 PO3POOKKM KOMIIAGKCHOI CHCTEMH OVAM IHTEIpOBAaHI Pa3soM AAf
320€3IICYCHHA KPAIIOrO VIIPABAIHHA HEBU3HAYEHICTIO BHMOI T4 IIABHIIECHHSA AKOCTI IIPOLIECY
PO3POOKH IIPOTPAMHOIO 3a0€3IIEICHHS.

B pesyaprari po3pobaeHnii koA mnporpamuoro pirnenuas (Pucyrox 1) Busnagae (QyHKIIIO
OOYHCACHHA 3araAbHOI HEBH3HAYCHOCTI, fKa OOYHCAIOE CyMy BaroBUX KOE(IIIEHTIB.
[TouaTkoBUIT PO3IOAIA BaroBUX KOeIIIE€HTIB BCTAHOBAIOETbCA Ha piBHI 0.5 AAA KOMKHOTO
koedimieHra. B Mexax BupIIIeHHA 33Aa9 OHTHMI3aIil BCTAHOBAIOIOTBCA OOMEKCHHSA AAA
BaroBHUX KOeiIi€HTIB (B HAIIIOMY BHITAAKY IIOCTABHAACH YMOBA, IIIO iX CyMa IIOBUHHA OyTH pIBHA
1). ITicas 9oro OYAO BHKOPHCTAHO METOA MiHiIMi3arii AASl ITOIIYKY OITHMAABHOIO PO3IIOAIAY
BaroBux koedimientis. I B pesyAbTaTi OIITHMAABHHE PO3IIOAIA BaroBux KoediIieHTiB
BUBOAHTECA Ha €KpaH. B Mexax mOOyAOBH CHCTEMH, AASL CTBOPEHHA KOMIIAGKCHOTIO ITIAXOAY AO
VIIPaBAIHHA HEBH3HAYCHICTIO BHMOI y IIPOLIECI PO3POOKH IIPOIPAMHOIO 3a0E3IICYECHHA OYAH
IIOEAHAH] BHIIE 3aIPOIIOHOBAHI CHUCTEMHI PIIIEHHA (IIOEAHAHO CHCTEMY ITPOTHO3YBAHHS
HMOBIPHOCTI BUKOHAHHSA BUMOT Ta CHCTEMY OIITHMI3allil PO3IIOAIAY BaroBUX KoedimmieHTiB). AAd
AAHOTO 00’eAHAHHSA Y BIATTOBIAHOCTI AO (Liao, 2023) Gyaa 3acTOCOBAHA CTPATETiA BUKOPUCTAHHSA
IIPOTHO30BAHOI HMOBIPHOCTI, IIOAO BHKOHAHHfA BHMOI AAf BH3HAYEHHA IX BArOBHX
koedimieHTIB y CHCTEMI OmTHMIi3amii, IO AO3BOAMAO B  KIHIIEBOMY BHITAAKY 320€3IICUNTH
PeaAi3aIliio KOMIIAGKCHOIO INAXOAY AO VIIPaBAIHHA HEBU3HAYEHICTIO BHMOI Y IIPOIECI
PO3POOKH IIPOTPAMHOIO 3a0E3IICICHHS.

Biamitnmo, 1m0 mpm  po3poOI  3a0€3MEYMAM  HABYAHHA MOAECAI IIPOTHO3YBAHHSA

HAMOBIPHOCTEI BUKOHAHHSA BUMOI Ha OCHOBI HAOOPIB TPEHYBAABHHUX AAHUX, 4 CAME!
e  Quality Assessment Dataset (QAD);

e Bug Prediction Dataset (BPD) — ma0ip Aanux Aas mepeAOadYeHHA BUHHKHEHHA IIOMIAOK

Ta OIIHKHU AKOCTI IIPOTPaM;

e Code Quality Benchmark (CQB) — cranaaprauIii HaOIp AAHUX AAA TOPIBHAHHSA Ta OLIHKH

AKOCTI IIPOIPAMHOTI'O KOAY.

3azHaveni TpeHyBaapHI HaOOpH Oyao B3Ato 13: GitHub T1a UCI Machine Learning
Repository.

[Ticas HaBIaHHA MOAEAI BUKOHYETHCA IIPOTHO3YBAHHSA HMOBIPHOCTI BUKOHAHHSA BUMOT AAf
TecTOBOro HabOpy AaruX. [ToTiM 3acTOCOBy€eTHCA (DyHKIIIA UNCertainty, Aka OOYMCAIOE 3araAbHY
HEBU3HAYCHICTh 3 VPaXyBAHHAM BArOBHUX KOEMIIIEHTIB, ITOMHOMKEHHUX Ha IIPOrHO30BaHi
HAMOBIPHOCTI BUKOHAHHA BHMOI. Y BIAIOBIAHOCTI AO (Boukhelifa et al., 2023) ana toro mo6
3HAWTH OITHMAABHUN PO3IOAIA BaroBux KOeMIIIEHTIB 3 ypaxyBaHHAM IIi€l 3araAbHOL
HEBH3HAYEHOCTI OYAO 3aCTOCOBAHO METOA MiHIMi3aILii.

B mexax po3poOKH BHKOPHCTOBYBAAUCH ACKIABKA IOIYASPHHUX 0i0AIOTEK AAA poOOTH 3

MAIITMHHEAM HABYAHHAM T2 320€3IeYeHHs ONITUMI3ALIL, a came:
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e Oibaiorexka Pandas: Oyaa 3acrocoBaHa AAd OOPOOKH Ta aHAAI3Y AAHHX, AKA AO3BOAHAA
3PYYHO 3aBAHTAXKYBATH, OOPOOAATH Ta MAHIIIYAIOBATH AQHHMH, IO 3a0€3IIEYHNAO
edexTuBHY pOOOTY 3 HAOOPAMH AAHUX;

e 0OibaioTeka Scikit-learn: 3acTocyBasacs aaf MarmmHHOTO HaB4daHHA B Python, mo micturs
OaraTo peaAl3aliii aATOPHUTMIB MAIIMHHOIO HABYAHHA Ta IHCTPYMEHTIB AAA OLIHKH
MOACACH, IIIO POOHTH ACTKUM CTBOPEHHS, HABYAHHSA Ta OLIHIOBAHHI MOACACH.

e 0ibaioTeka SciPy: 3acTocyBasacs AAf 3a0€3II€YECHHA HAYKOBUX OOYMCACHB TakK, K AaHA
6ibAloTexa y BiamoBiaHOCTI A0 (Tsapetis et al., 2023) mictute Garato IHCTPYMEHTIB AAA
omrTHMi3aIli, AIHIHHOI aAreOpH, IHTErPYyBaHHA Ta IHINNX MATEMATHYHHX OOYHCACHB. B
MexKax AaHOI OIOAIOTEKHM 3aCTOCOBYBaBCA METOA «minimize 3 SciPy», mo A03BOAAAO
3HAXOAUTH OITUMI3AIIHHIHA MIHIMYM (DYHKIII.

BiamitaMO, IO B Mekax pO3pOOKH BHOIp crTpaTerii yIpaBAIHHA HEBH3HAYEHICTIO OyB
3AIFICHEHMI 32 AOIIOMOIOIO TEOPii IPUIAHATTA PIllIeHb (AAHA MATEMATHYIHA TEOPI AOCAIAKYE

IIPOIIECH IIPUHHATTA PIIIIEHb B YMOBaX HEBU3HAYEHOCT] Ta PH3HUKY).

Awnckycia

3anporoHOBaHUI B CTATTI MexaHi3M IAeHTH@IKAI AKEpeA HEBU3HAYEHOCTI B
KOMITAEKCHIN METOAOAOTI AAfl OIIHKK AKOCTI IIPOIPAMHUX CHCTEM BIAPIZHAETHCA BiA ITIAXOAIB,
Akl onmcani B upart (Hazderzai & Khattab, 2019) tum, 1o 3aBAAKH OO 3aCTOCYBAHHIO BAAETHCSA
PETEABHO CHCTEMATHU3YBATH BCl MOKAHMBI AKEpeAa HEBU3HAYEHOCTI, IO MOKYTh BUHUKHYTH B
IIpoIIeci PO3POOKHU Ta EKCIIAYATALLT IIPOTPAMHOTO 3a0€3IICYCHHH.

Ommcani B crarTi pIIEHHSA MOKHA IOPIBHATH 3 PISHHMH ITAXOAAMH AO YIPaBAIHHA
HEBU3HAYECHICTIO BUMOT y IIPOIPAMHOMY 3a0e3Iled4eHHI. J3O0KpeMa IIOPIBHIOIOYH 13 IIPAIICIO
(Avreces et al., 2023) Ae IPOIOHYIOTBCA 3aCTOCOBYBATU TPAAULIIHI METOAU O€3 BHKOPHCTAHHSA
MAIIIMHHOIO HaBYaHHA, 200 omrmmizarii. B Takux mAXOAAX HEBH3HAYEHICTH BUMOT 3a3BHYAN
KEPYEThCA 32 AOIOMOIOIO PYYHOrO aHaAl3y Ta ekcueprHux oniHok. llopiBHAHO 3 1M,
3aIIPOIIOHOBAHI B HAIMNI CTATi PIIIEHHA IIPOIIOHYIOTH PEAAI30OBYBATH aBTOMATH3OBAHUN Ta
OiAbIT OO’€KTHBHMI IIAXIA AO VIPaBAIHHA HEBH3HAYCHICTIO 332 AOIIOMOIOIO METOAIB
MAIIIMHHOTO HABYAHHSA T4 OIITUMI3arii. AAHHI ITAXIA 32 CBOIM CIIPAMYBAHHAM YaCTKOBO CXOKUM
13 mAXOAaMH, AKi BUCBITAeHH] B 11part (Bebera, 2023) npote pimeHHs, AKi HaBEACH] B Til mpari
MOJKYTb BHKOPHUCTOBYBATH AHIINE MOAEAI MAIINHHOIO HABYAHHA AAfl IIPOTHO3YBAHHSA
HAMOBIPHOCTI BHUKOHAHHA BHMOI 0O€3 IIOAAABINOl OnTHMI3arfii. Y MOpIBHAHHI 3 TAKUMHU
pIIIICHHAMH, OIMCAHA B HAIMNA POOOTI CHCTEMAa AOAAE€ CACMEHT OIITHMI3arlii, IO AO3BOASE
ABTOMATUYHO KEPYBATH BATOBUMH KOC(IIIIEHTAME AAfl KPAIIIOTO YIIPABAIHHA HEBU3HAYCHICTIO.

[NopiBHIOIOYN ITIAXOAH, IO OA3YIOTHCA BUKAIOYHO HA OIITUMI3AIli BAPTO 3a3HAYHUTH, IIIO
pirrenss, Axi omucani B npami (Galli et al., 2023) BUKOPHCTOBYIOTh AHIIIE METOAH OIITHMi3ariii
AAfl PO3IIOAIAY PECypCiB Ta KEpyBaHHA HEBHU3HAYCHICTIO. TOAl, fAK OIHCaHa CHCTEMA
BUKOPUCTOBYE KOMOIHAILIO METOAIB MAIIMHHOTO HABYAHHS Ta OIITHMI3AIli, IO MOXe
IIPU3BECTH AO OIABIII TOYHOIO T2 e(PEKTHBHOIO YIIPABAIHHA HEBU3HAYCHICTIO.

BukopucraHHs 3aIIpOIIOHOBAHHX B POOOTI METOAIB MAIIMHHOIO HABYAHHA AAA
IIPOTHO3YBaHHA WMOBIPHOCTI BHKOHAHHS BHMOI' T4 METOAIB ONTHMI3AIl AAA 3HAXOAKEHHA
OITUMAABHOIO PO3IIOAIAY BaroBUX KOE(IIIEHTIB B PO3POOACHIN CHCTEMI BIAPISHAETBCA BiA

ACAKUX ICHYFOUHX PIIIEHDb § HACTYITHUX ACITEKTAX:
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KomOinaris MeToAIB: ¥V 3aIIpOITIOHOBAHIN PO3POOII BHKOPHCTOBYETHCA KOMOIHALIIA METOAIB
MAIITITHHOTO HABYAHHSA T2 OIITHMI3aIli AAf KEpYBaHHA HEBH3HAYEHICTIO BUMOT. [ e o3Hauae,
IO CHCTEMA BHUKOPHCTOBYE, AK IIPOTHO3HM, KOTPI OTPHMAaHI 3 MOAEACH MAIIIHHHOIO
HABYAHHA TAK 1 OIITUMI3OBaHI BaroBi KOEMIIIEHTH AAfl KPAIIOro YIIPaBAIHHA
HEBU3HAYECHICTIO;

Peaaizarniss KOHKpETHUX AATOPUTMIB: Y AAHOMY BHIIAAKY, AASl IIPOIHO3YBAHHA HMOBIPHOCTI
BHUKOHAHHA BUMOTI BHKOpHCTOBYeThCA aaroputm RandomForestClassifier. Lleft aaropurm
AOOpE Ipalroe 3 PI3HUMH THIIAMH AAHHX Ta MAalOThb BHCOKY TOYHICTH IIPOIHO3YBAHHA.
Tako AAA omTHMI3aIli BHUKOPUCTOBYETbCA OlOAloTeka SciPy, Aka mictuTh pi3HOMAHITHI
AATOPUTMHI ONTHMI3aIll TaKi, AK METOA MIHIMI3aIlii, IO AO3BOAfIE 3HAXOAUTH ONTHMAABHI
PO3IIOAIAH BaroBUX KOeiIieHTIB;

Biapnr rayuxmi miaxia: BukopucraHHA METOAIB MAIIMHHOIO HaBYAHHA AO3BOAAE MOAEAI
AAAIITYBATHCA AO HOBHX AAQHUX Ta 3MIHIOBATHCA BIAIIOBIAHO AO 3MIHH YMOB, IO POOUTH
CHCTEMY OIABII THYYIKOIO Ta €(DEKTHBHOIO Y PI3HHUX CLIEHAPIAX;

OO’exrTuBHICTD: BHKOpHCTAHHA aATOPHTMIB MAIIMHHOIO HABYAHHA Ta OITHMI3aIli
AO3BOAfIE CHCTEMI IIPAIFOBATY HA OCHOBI OO’€KTHBHUX AQAHHX Ta AATOPHUTMIB YHUKHYBIIIN
CyO’€KTHBHOCTI Ta IIOMHAOK, fKi ITOB’A3aHI 3 PYIHHM aHAAI30M, 400 IPHHHATTAM PIIICHb
EKCIIEPTOM.

Omxe, BUKOPUCTAHHA KOMOIHAI METOAIB MAINIMHHOIO HABYAHHA Ta OIITHAMI3arii i3

3aCTOCYBaHHAM (DOpMaAisarii HEBU3HAYEHOCTI y BUMOIaX AO IIPOIPAMHOIO 3a0€3IIEUCHHA Ha

0a3l 3aCTOCYBAaHHA METOAIB MAIIIMHHOIO HABYAHHA Ta AHAAI3y AAHUX y 3aIIPOIIOHOBAHII

03pO0ITl AO3BOASIE CTBOPUTH OIABIT edEKTHBHY Ta OO'€KTHBHY CHCTEM TIPABAIHHA
y y yy

HEBU3HAYCHICTIO BUMOT.

Bucuosxu

Mexanism iaeHTHDIKAIIT AMKEPEA HEBH3HAYEHOCTI AOIOMAra€ 3PO3YMITH, 3 AKHMUI
dakTopamMu MOKE CTHKHYTHCA KOMaHAQ PO3POOKH IIA Yac peaaisarii IporpamMHOro
mpoAykTy. Lle Aae MOKAMBICTD INATOTYBATHCA AO HHX, PO3POOUTH CTpaTeri yrrpaBAiHHA
pU3HKAMH Ta HEBH3HAYCHICTIO 1 3a0e3HednTH OIABII BHCOKY AKICTB IIPOTPAMHOTO
3a0e3IeYCHHS.

Mexanizm iaeHTH(IKALI] AKEPEA HEBU3HAYEHOCTI B KOMIIACKCHIN METOAOAOTI B3aEMOAIE 3
IHIITIMI €TAIIaMH OLIHKH AKOCTI IPOIPAMHOIO 3a0€3IIEYECHHA TAKUIMH AK AHAAI3 PHU3HKIB,
TECTYBaHHA Ta MOHITOpHHI sfKocTl. lle A03BOAfe 3a0e3IE€YUTH KOMIIAGKCHHH Ta
30aAQHCOBAHMI IAXIA AO YIIPABAIHHS HEBH3HAYCHICTIO.

Bukopucranus koMOlHAII METOAIB MAIIMHHOIO HaBYAaHHA Ta OITHMI3arii 3
dopMaAI3aIIE€I0 HEBU3HAYEHOCTI § BHMOIAX AO IIPOIPAMHOIO 3a0e3ledeHHA Ha 0asl
METOAIB MAIITMHHOIO HABYAHHA T4 aHAAI3Y AAHHX y 3aIIPOIIOHOBAHIH PO3POOII AO3BOASE
CTBOPUTH OIABII €(PEKTUBHY Ta OO’€KTUBHY CHCTEMY YIIPABAIHHA HEBU3HAYCHICTIO BUMOT ¥
IIOPIBHAHHI 3 ACAKHMH ICHYIOYHMH ITAXOAaMH. [lepImr 3a Bce, BUKOPHUCTAHHA METOAIB
MAIIIMHHOTO HABYaHHA AO3BOAAE IIOOYAYBATH MOACAb IIPOTHO3YBaHHA HMOBIPHOCTI

BHUKOHAHHA BIMOI' Ha OCHOBI iX XapaKTEPHCTHK, II[0 AOIIOMAra€ BH3HAYHTU HMOBIPHICTD
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YCIIIHOCTI BUKOHAHHA KOKHOI BumorH. Lle A03BOAsie oTpruMyBaTH O0'€KTHBHI IIPOrHO3H

Ta MIABHIIYE HAAIHHICTD CHCTEMU.

Apyroro KAIOYOBOIO CKAGAOBOIO € BHKOPHCTAHHA OIITHMI3AIIAHUX METOAIB AAS
3HAXOAKEHHA OITHMAABHOTO PO3IIOAIAY BaroBUX KOEIIIEHTIB, IO AO3BOAAE KEPYBATH
HEBH3HAYCHICTIO BHMOT Ta MAKCHMI3yBaTH AKICTD pirrens. Llefl maxia 3a0esnedye edpexruBHe
PO3IIOAIACHHA PECypCiB Ta 3a0€3II€Yye€ ONTHMAABHHUII PE3YABTAT B YMOBAX HEBH3HAYCHOCTI.
TperiM acIeKTOM € BHKOPHCTaHHS aHAAI3Y AQHUX Ta METOAIB MAIITMHHOIO HABYAHHA AAS
iAeHTHdIKAIIT A’KEpEA HEBU3HAYEHOCTI BUMOI' AO IIPOTPAMHOTO 3a0€3IIEUCHHS, IO AO3BOAAE
3a3AAAETIAb BUSHAYUTH ITOTCHITIHI PU3UKH Ta IPUHHATH BIAITOBIAHI 3aXOAH AAA IX YITPaBAIHHA.
B pesyabrati BuKoprucTaHHA KOMOIHAILT X METOAIB Y 3aIIPOIIOHOBAHIN pO3po0IIi 3a0e3euye
Oiapmr edeKTUBHUI Ta OO’€KTHBHHN INAXIA AO VIIPaBAIHHA HEBHU3HAYCHICTIO BHMOT AO
IIPOTPAMHOIO 3a0E3IICYCHHA, IOPIBHAHO 3 ACAKHMH ICHyrOuMMH Imiaxoaamu. Lle aossoase

IIABHIIITH HAAINHICTB, AKICTD Ta €(DEKTUBHICTD PO3POOAIOBAHOTO IIPOIrPAMHOIO IIPOAYKTY.

KondaikT inTepecis
ABTOp 324BAfIE, 10 KOHMAIKTY IHTEpECIB HEMAE.
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Appendix

pandas pd
sklearn.model_selection train_test_split
sklearn. ensemble RandomForestClassifier

scipy.optimize minimize
data = pd.read_csv(
X_train, X_test, y_train, y_test = train_test_split{data.drop(

model = RandomForestClassifier()
model. fit({X_train, y_train)

predicted_probabilities = model.predict_proba{X_test)[:, 11

(weights):

total _uncertainty {weights * predicted_probabilities)

total_uncertainty

initial_weights = [ 1 * len{predicted_probabilities)

constraints = ({ : . g weights: sum{weights) - 13})

result = minimize{uncertainty, initial_weights, constraints=constraints)

optimal_weights = result.x

Pucynox 1. @parMeHT KOAY CHCTEMH, ITIO OITHMI3ye
3apagy popmaAisarii HEBUSHAYECHOCT] ¥ BUMOTAX AO
LIPOTPAMHOTO 320€31eIeHH
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