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Kupuniox T. Il. CuHTe3 BIAMOBOCTIHKHUX 3BOPOTHHUX JIOTTYHUX MPUCTPOIB
MEeTOJaMU ITY4YHOro iHTelaekTy. — KBamidikaliiiHa HaykoBa Tpallsd Ha IpaBax
PYKOTHCY.

Hucepramisi Ha 3700yTTS HAYKOBOTO CTyIEHs JOoKTopa (Qimocodii 3a
crietianpHIcTIO 121 — «IHXKeHepis nporpamMHoro 3abe3nedeHHs» — UepHiBebKUA
HalloHanpHUH yHiBepcuTeT iMeH1 FOpis @enpkoBuua, Yepnisii, 2026.

HucepramiitHa poOOTa MNPUCBSIYEHA BUPIMICHHIO HAyKOBO-NPUKIAIHOT
3a/1a4l MiABUIICHHS €EKTUBHOCTI aBTOMATU30BAHOIO MTPOEKTYBAHHS 3BOPOTHUX
Ta KBAaHTOBUX JIOTIYHUX CXEM 3 BUKOPHUCTAHHSIM METOJIB IITYYHOTO IHTEJICKTY,
30KpeMa po3poOIll 1HPOPMAIIMHOI TEXHOJOTIl i CTPYKTYPHOTO CHHTE3Y
BIIMOBOCTIMKHMX TPHUCTPOIB, AKI XapaKTEPU3YIOTHCS MIHIMAIBHOIO KBAaHTOBOIO
BAPTICTIO Ta 3/IaTHICTIO 10 30€pexKEHHS MApHOCTI CUTHAJIIB Ha 0a31 y3araabHEHUX
BeHTWiB ®Dpenkina. TakoK BUBUEHO Ta BJOCKOHAJIEHO MOJEII €BOJIOLINHOIO
MOIIYKY, $IKl 3aBISKH BUKOPUCTAHHIO O0'€KTHO-OPIEHTOBAHOTO MPECTABIICHHS
XpOMOCOM Ta aJanTUBHUX OMEPaTOPIB MYyTailii € OCHOBHUM AaJITOPUTMIYHUM
IHCTPYMEHTOM TIpM TEHepallli ONTUMaJbHOI TOMOJOTIi CXEMU BEJIHMKOI
PO3MIPHOCTI.

Pesynbratt poOOTH € WIAIPYHTAM JUIsl TMOJANBIIUX TEOPETUYHUX 1
MPAaKTUYHUX HAYKOBHX PO3POOOK Yy Tally3l aBTOMAaTH3alii MNpPOEKTYBaHHS
KBAaHTOBUX OOYMCIIIOBAYIB Ta KPUITOrPaPpIYHUX CUCTEM Ha iX OCHOBI.

Juceprairisi CKJIaMa€ThCs 31 BCTYMY, YOTUPHOX PO3MILIIB, BUCHOBKIB,
nepeiky BHUKOPUCTAaHUX JDKEpesl Ta JAOoJaTKiB. Y BCTymi OOIpYyHTOBAHO
aKTyaJbHICTh TEMH JOCIHIKEHHS, CPOPMYIHOBAHO METY, 3aBJAaHHS, MPEAMET,
00’€KT Ta METOAM JOCHIJKEHHs, BKa3aHO HAYKOBY HOBHU3HY, TEOPETUYHE Ta
NpaKTHYHE 3HAYCHHS OTPUMAHUX pe3yibTaTiB, IMOJAHO Ta MPOAHATIZ0BAHO
3B’S130K POOOTH 3 HAYKOBUMH TeMaMH. 3a3Hau€HO OCOOMCTHI BHECOK 3700yBaua,
a TaKoXX HaBEJACHO BIJIOMOCTI TIpo ampoOailito Ta MyOdiKamii OCHOBHHMX

pe3yJbTatiB aucepTalii. OnucaHo CTPYKTYpy Ta 00CsT AucepTariiiHoi poOoTH.



IMepummii po3aij MICTUThH KJIFOYOBI BIJOMOCTI 3 T€Opii 3BOPOTHOI JIOTIKH,
OTKC OCHOBHHUX HANpPsIMiB JOCTIIKCHD Ta 3aBJAHHS, SSIKUMU 3aiMa€ThCs CydacHa
1HXKEHEPisl KBAHTOBHUX 3BOPOTHUX cXeM. TyT MPOBENECHO OTJIsij] Ta OMUC ICHYIOUMX
MIIXOMIB  JO CHHTE3Y (JeTepMiHOBaHI aJIrOPUTMH, KJIAaCHYHI E€BOJIIOIINHI
CTparterii), BUSIBICHO 1XHI OOMEXEHHs, MOB's13aH1 3 €KCIIOHEHILIIMHUM 3POCTaHHSIM
00UYHCITIOBANILHOI CKJIQJHOCTI. PO3risiHyTO Ta mpoaHali3oBaHO 0a30Bi JIOTIYHI
enemenTn: BeHTWIl Deitamana, Toddoim, sKi € OCHOBOIWO s MOOYyI0BU
eHeproe(peKTUBHUX  OOYMCIIOBaYiB, Ta 1X OCOOJMBOCTI B  KOHTEKCTI
BiIMOBOCTIMKOCTI. OKpeMo omnucaHo mepeBary BeHTwiIs Dpeakina uepes Horo
YHIKQJIbHY TOMOJIOTIIO SIKa 3a0e3neuye ePekT 30epe’KEeHHs MAPHOCTI CUTHAIIB.
3niiicHeHO KJ1acu(diKallilo Ta OTJIsA] METO/IIB OJIHIET 3 BAYKJIMBUX TEXHIK IITYYHOTO
IHTEJIEKTy — ©€BOJIOLUIMHUX OOYUCIEHb, Ta OOIPYHTOBAHO JOIIIBHICTh
BUKOPUCTAHHA T€HETHYHUX aJTOPUTMIB I BUPILIEHHS OaraTOKpUTeplaIbHUX
ONTUMIZAIIMHUX 33729 CHHTE3Y.

Y apyromy po3aijii cucteMaTH30BaHO TEOPETHYHI 3acajy MPOEKTYBaHHS
3BOPOTHHX CXEM Ta MPOBEICHO KIacH(iKaIito JOTTYHUX BEHTUJIIIB, BiI KIITACUIHHUX
OlHApHMX /10 KBAaHTOBUX BEHTWIIB. PO3riIsHYyTO MaTpuyHe mNpeacTaBICHHS
JIOTIYHUX €JIEMEHTIB, 10 J03BOJWJIO (opMasizyBaTh MNPOLECH MEPETBOPEHHS
iHdopmalii 'y BEKTOpHOMY mpocTopi cTaHiB. I[IpoaHanizoBaHo yMOBH
(yHKILIOHATBHOI TMOBHOTH J/JI1 YHIBEPCAIbHUX O0a3uCIB, IO € HEOOXITHOIO
YMOBOIO JIJIsl CHHTE3Y JAOBUIBHOI OyieBoi GyHKIi. Bu3HaueHo kitouoB1 KpUTEpii
SAKOCTI CHHTE€30BaHMUX pIllIEHb: KBAHTOBY BapTICTh, IITMOUHY CXEMU Ta anapaTrHy
ckianHicT. OkpeMy yBary NpHUAUICHO MpoOJieMl HaJIMIIKOBOCTI BUXOMIB Ta
MUATAaHHSAM B1JIMOBOCTIMKOCTI, 30KpeMa MeTo/1aM 30epeKeHHS MapHOCTI CUTHAJIIB
JUTsT  3a0€3MeUeHHsT HAJIWHOCTI OOYHCIICHb. 3MIMCHEHO OTJIAN ICHYIOYHUX
METAaeBPUCTUYHUX IMAXOMIB JO CHHTE3Yy, TaKMX SK METOJl CHMYJIbOBAHOTO
BiJIMIAJTy, aJTOPUTMH MYpPAITUHUX KOJIOHIN Ta KJIACHUYHI T'€HETUYH1 aJITOPUTMH.

BusiBieHo iXHiI CHOUIBHI HENOJIKM: CXWIBHICTH JI0 TepeadacHoi 301KHOCTI,



3aCTpsATaHHsS B JIOKAJLHUX €KCTpEMyMaX Ta HU3bKY €(PEKTUBHICTH MpU POOOTI 3i
CXEeMaMHU BEJIMKOI pO3MipHOCTI.

OcHOBHI pe3yJibTaTH AAHOTO PO3JAUTY MOXKHA MIJACYMyBaTH HACTYITHUM
YUHOM:

— (popmasti3oBaHO MaTeMaTUYHHI anapat 3BOPOTHOT JOTIKU IS TOAATBIION
aBTOMAaTHU3allli CUHTE3Y;

— OOrpyHTOBaHO BHOIp METPHK ONTHUMI3alli, sKI BpPaXxOBYIOTh SK
MIHIMI3allii0 PECYpPCiB, TaK 1 BUMOTH /10 BIIMOBOCTINKOCTI;

— Ha OCHOBI MOPIBHSJIBHOTO aHAJi3y JOBEICHO HEOOXIAHICTH PO3POOKH
BJIOCKOHAJICHOTO TEHETHYHOTO METOJy, 3JaTHOTO TIOJ0JIaTH OOMEKCHHS
ICHYIOYMX aHAJIOT1B.

Tpetiit po3agint npucBsvueHuit po3poOlll Ta MporpamMHid peamizalii
BJIOCKOHAJICHOTO T€HETUYHOTO METOJIy CTPYKTYPHOTO CHHTE3y 3BOPOTHUX CXEM.
Oco0nMBy yBary NOpHUILICHO PO3LIMPEHHIO 0a3d LUIIXOM CHHTE3y HOBHUX
pEKOH(DIrypOBaHMX MPUCTPOIB HAa OCHOBI Y3arajlbHEHOTro BEeHTWIsSI PpenKiHa.
BuxopucTtanHs Takux BEHTUJIIB JO3BOJISIE CTBOPIOBATH CXEMH 3 BHYTPILIHBOIO
amapaTHOI BIJMOBOCTIMKICTIO, 3aBJSKA 30€pEKCHHIO MapHOCTI CUTHAIIIB MIX
BXOJIaMH Ta BUXOJAMH, 1[0 € CHJIBHOIO CTOPOHOIO 3allpOMOHOBAHOTO MiAXOIY.
JleTaqibHO OMHCAHO 3aNPOINOHOBAHY MOAMQIKAIIO aJITOPUTMY, SKa, HAa BIAMIHY
Bl KJIACUYHUX MIJXOMIB, BUKOPUCTOBYE 00'€KTHO-OPIEHTOBAHY MOJEIIb
MpeJCTaBIeHHsT XpoMocoM. lle 103BONMIO TepelTHu BiJl «CIIMOI» ONTHUMI3allli
01TOBHX MACHBIB JI0 ONlepyBaHHs (PYHKIIOHATbHUMH 00'€KTaMU BEHTHIIIB 1 CXEM 3
BU3HAYECHUMH BJIACTHBOCTSMH, IO CYTTEBO 3MEHIIYE MPOCTIP MOIIYKY PIIICHb.
Po3po6iieno Ta oOrpyHTOBaHO KOMIUIEKCHHMH orepaTop 0araTOKOMIOHEHTHOI
MyTaIlii, SKui IHTeTPY€ TPU TUIU CTPYKTYPHHUX 3MIH: JOJaBaHHS, BUIAICHHS, Ta
Moaudikallis mapamMeTpiB Ta 3abe3nedye OanaHC MiXK JOCTIIKEHHSIM MPOCTOPY
pillIeHb Ta eKCIUTyaTalll€l0 3HaWIeHUX ONTHUMyMiB. JlJis BHpilIeHHsS MpoOjIemMu
MapHIpyTHu3allii CUTrHajiB BIPOBAIHKEHO MEXaHI3M JIWHAMIYHOI IMEePEeCTAaHOBKU

BUXIJIHUX JIIHIM, IO J03BOJISIE aNTOPUTMY €(PEKTUBHO BUXOJUTHU 3 JIOKAIBHHUX
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ekcTpeMyMiB. OkpeMy yBary nIpHaUIeHO IPOrpaMHiil peanizaiiii Meroay. Onucano
apXITEKTYpy po3p0oOJIEHOTO MPOrPaMHOTO KOMILUIEKCY MOBOI0 C#, sKuit 3111CHIOE
MOBHUM IMKJI CUHTE3Yy. PeanizoBaHO MOJyJib aBTOMATHYHOI TPAHCIALIL CXEM Y
dopmar OpenQASM, mio 3abe3neymwsio NOpsIMy CYMICHICTh 13 KBaHTOBUM
dperimBoprom IBM Qiskit myis Bepudikaii pe3ynbrartis.

OcHOBHI pe3yJbTaTH AAHOTO PO3JAUTY MOXKHA MIJACYMYyBaTH HACTYITHUM
YUHOM:

— 3alpONOHOBAHO PO3IIMPEHUN O0a3uc Ha OCHOBI PEKOHPITypOBaHUX
y3arajibHeHUX BeHTWIIB DpejkiHa, 1m0 3a0e3neuye anapaTHy BiIMOBOCTIMKICTb
CHUHTE30BaHHUX CXEM;

— po3po0JeHO BIOCKOHAJIEHUH TI'€HETUYHUN METOJA 13 BUKOPHUCTAaHHSIM
00'€eKTHO-OPIEHTOBAHOT MOJIEIIl XPOMOCOMU;

— peani3oBaHO aJanTUBHI EBOJIIOLINHI OmepaTopu JUisl ONTHUMI3aLii
TOTIOJIOTII Ta MapIIpyTH3allii 3BOPOTHUX CXEM;

— CTBOPEHO AaBTOMAaTH30BaHy CHCTEMY CHHTE3Y 3BOPOTHUX MPHUCTPOIB,
IHTErpoBaHy 3 Cy4YaCHUMH 3aC00aMU KBAHTOBOT'O MOJIETTIOBAHHS.

Y dJerBeprOoOMy poO3AiJi HaBEIECHO pe3yJbTaTH EKCIEPHUMEHTAIbHUX
JOCIIDKEHb Ta TMPAaKTHYHOI amnpoOamii  po3po0JIEeHOro MaTeMaTUyHOro 1
IporpaMHOro 3abe3neueHHs. 3A1MCHEHO CHMHTE3 eTaJJOHHUX TECTOBHX Ha0OpiB
3BOPOTHUX (PYHKI[IH Pi3HOI PO3MIPHOCTI Ta MPOBEACHO MOPIBHAJIBHUNA aHami3
OTPUMAHUX CXEM 3 pe3yibTaTaMH POOOTH BIIOMHUX aHAIOTIB. CTaTUCTUYHUM
aHai3 MIATBEPAMB, IO 3alPOTIOHOBAHUN BIOCKOHAJECHUN TEHETHYHUU METOJ
JI03BOJISIE 3MEHILIUTHA KBAHTOBY BapTICTh CXEM IIPU 30€peKEHH1 TPUIHHATHOTO Yacy
redepaiii. OcoOnuBy yBary MpUAIJICHO MPAKTUYHOMY  3aCTOCYBaHHIO
po3po0bieHoi TexHomorii. OnmMucaHo mpolec CHHTE3Y BIIMOBOCTIMKOTO 3BOPOTHOTO
noTokoBoro mudparopa Ha 0a3i pekoHpirypoBanux enemeHTiB RRG2 ta RRG3
Ta WOro Tmojajiblly amapaTHy peam3aiito Ha ©06a3i FPGA cimelictBa

Altera Cyclone IV. Jlna Bepudikaiiii OpoekTy 3aCTOCOBAHO METO]I BUYEPITHOTO



TECTYBaHHS, SIKUM TIATBEPJUB TMOBHY (YHKI[IOHAJIbHY €KBIBaJCHTHICTh
CHUHTE30BaHOI CXeMH BUXIIHIN crienmdikaii.

OcHOBHI pe3yJibTaTH AAHOTO PO3JAUTY MOXKHA MIJACYMyBaTH HACTYITHUM
YUHOM:

— eKCIEPUMEHTAIBHO MATBEPKEHO €(DEKTHUBHICTH PO3POOIECHOTO METOLY
Ha CTaHJIApTHUX HA0OpaxX TECTOBUX (PYHKIIIH;

— 3AIMCHEHO YCHINIHYy amapaTHy IMIUIEMEHTAIll0 CHHTE30BaHOTO
KpUINTOTrpaiuHOro MpUCTPOIO 3 MIATBEP/KEHOK BIAMOBOCTIUKICTIO, TOCSATHYTO
BHCOKHX MOKA3HUKIB MMBUJKOIT (MakcUMallbHa yacToTa F,,, = 310 MI'n);

— JOBEJEHO MNPUAATHICTH PO3pPOOJCHUX 3acO0IB JJisi aBTOMATH30BAHOIO
IPOEKTYBAHHS BUCOKOTPOIYKTUBHUX KOMIIOHEHTIB CUCTEM Ha KPUCTAI.

Y BHCHOBKAX I1iJICYMOBaHO OCHOBH1 TEOPETHYHI Ta MPAKTUYHI PE3YIbTaTU
JUCEPTALIITHOTO AOCIIIPKEHHS, SIK1 B CYKYITHOCTI1 BUPIIITYIOTh aKTYaJIbHY HAyKOBO-
NpUKJIaJAHY  3aJadyy  MIJIBUIIEHHS  €(PEeKTUBHOCTI  CHHTE3Y  3BOPOTHHX
B1JIMOBOCTINKHX JIOTTYHUX MPUCTPOIB.

VY moparkax moJaHO HAyKOBI MyOJiKalli, B SKHX BiJIOOpa’k€HO OCHOBHI
pe3yibTaTd poOOTH, BIAOMOCTI TPO ampoOaIifo — akTh MpO BIPOBAHKCHHS
pe3yabTaTiB  JOCHIIKEHHS, JICTUHTM KIIOYOBUX MOJIYJIB PO3pPOOJIEHOTO
IporpaMHOro 3a0e3MedeHHs, MPUKIaA CHUHTE30BaHUX CcXeM Yy Qopmarti
OpenQASM Tta ¢pparmentu Verilog-xkony ais FPGA.

Teopernune 3HayeHHs. Pe3ynpTaTé TEOPETHUHUX AOCITIKEHb, a CaMe
po3pobiieHa MaTeMaTUYHa MOJENb CTPYKTYPHOTO CHHTE3y, PO3IIMPEHHM Oa3uc
pekoH(pirypoBanux BeHTWIIB Dpenkina Ta MOAU(DIKOBAHUN T€HETUYHUI METOJ 3
00’ €KTHO-OPIEHTOBAHOKD XPOMOCOMOIO, TOTJIMOIIOIOTh TEOPII0 MPOEKTYBAHHS
KBAaHTOBUX OOYHMCITIOBaYiB. BOHM MOXYTh BHKOPUCTOBYBATHCS JIS TIOMAIBIITUX
HAyKOBUX JIOCHIPKEHb Yy Taiy3l aBTOMaTH3alli MPOEKTYBaHHSA, a TaKOX Y
HaBYaAJIbHUX Kypcax Kadeap mporpaMHoro 3abe3neueHHs: KOMIT I0TEPHUX CUCTEM

Ta KOMITIOTEPHUX CHUCTeM Ta Mepex UepHIBEIbKOro HallOHAJIBHOTO



yHiBepcuteTy iMeHi lOpis denpkoBuva, MOB'A3aHUX 3 TEOPIEIO AITOPUTMIB,
apXITEKTYPOIO KOMIT IOTEPHUX CHCTEM Ta KBAHTOBUMHU OOUYMCIICHHSIMU.

IIpakTnuHe 3HayeHHsi. Po3poOnenuii y aucepramiiiHii  poOOTI
IPOrPAMHUI KOMIUIEKC aBTOMAaTU30BaHOTO CUHTE3Y, MOJIYJIb TPAHCIAIIT CXEM Y
dopmar OpenQASM ta peamizoBanuii Ha FPGA BiZMOBOCTIHKHIT 3BOPOTHUI
mudparop Ha 0a3l y3araJbHEHHX BEHTWIIB DpenkiHa MOXYTh B IMOJATBIIIOMY
BUKOPUCTOBYBATHCS JIJIS1 CTBOPEHHS €HEPTroe(heKTUBHUX KOMITOHEHTIB CHCTEM Ha
Kpuctaii. 3anponoHoBaHi miaxoau Ao iHTerpauii 3 IBM Qiskit no3BosstoTh
Bepu(DIKyBaTH CKJIAJHI KBAHTOB1 aJITOPUTMHU.

Kurouosi CJI0Ba: ONTHUMI3aLlis, IporpamMHe 3a0e3MeyeHHs,
POJIYKTUBHICTh, 1H(OpMaIiiiHa cucreMa/iHpopMalliiftHi TEXHOIOT1l, MOJEb,
BIIMOBOCTINKICTb, ~aBTOMAaTH3allis, MOJICTIOBaHHS, TE€HETUYHUHN aJITOPUTM,
IITBH/TKA €BOJTIOLTIS, MalTuHHE HaBYaHHS, IHTENIeKTyaIbHa CUCTEMA,

MyTaIlisi apameTpiB, IITYYHUHN 1HTEIIEKT, aJITOPUTM.

ABSTRACT

Kyrylyuk T. Synthesis of fault-tolerant reversible logic devices using artificial
intelligence methods. — Qualification scientific work as a manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 121 — “Software
Engineering” — Yuriy Fedkovych Chernivtsi National University, Chernivtsi, 2026.

The dissertation is devoted to solving the scientific and applied problem of
increasing the efficiency of automated design of reversible and quantum logic circuits
using artificial intelligence methods, in particular, the development of information
technology for the structural synthesis of fault-tolerant devices, which are
characterized by minimal quantum cost and the ability to preserve signal parity based
on generalized Fredkin gates. Evolutionary search models have also been studied and
improved, which, thanks to the use of object-oriented representation of chromosomes
and adaptive mutation operators, are the main algorithmic tool in generating the

optimal topology of a high-dimensional circuit.
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The results of the work are the basis for further theoretical and practical
scientific developments in the field of automation of the design of quantum computers
and cryptographic systems based on them.

The dissertation consists of an introduction, four sections, conclusions, a list of
sources used and appendices. The introduction substantiates the relevance of the
research topic, formulates the goal, objectives, subject, object and methods of the
research, indicates the scientific novelty, theoretical and practical significance of the
results obtained, presents and analyzes the connection of the work with scientific
topics. The personal contribution of the applicant is indicated, and information about
the testing and publication of the main results of the dissertation is provided. The
structure and scope of the dissertation work are described.

The first chapter contains key information on the theory of reversible logic, a
description of the main areas of research and the tasks that modern quantum reversible
circuit engineering deals with. Here, a review and description of existing approaches
to synthesis (deterministic algorithms, classical evolutionary strategies) are conducted,
their limitations associated with the exponential growth of computational complexity
are identified. The basic logical elements are considered and analyzed: Feynman and
Toffoli gates, which are the basis for building energy-efficient computers, and their
features in the context of fault tolerance. The advantage of the Fredkin gate due to its
unique topology that provides the effect of preserving signal parity is separately
described. The methods of one of the important techniques of artificial intelligence -
evolutionary computing - are classified and reviewed, and the feasibility of using
genetic algorithms for solving multi-criteria optimization problems of synthesis is
substantiated.

In the second chapter, the theoretical principles of designing reversible circuits
are systematized and a classification of logic gates is carried out, from classical binary
to quantum gates. The matrix representation of logic elements is considered, which
allowed formalizing the processes of information transformation in the vector space of

states. The conditions of functional completeness for universal bases, which is a
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necessary condition for the synthesis of an arbitrary Boolean function, are analyzed.
The key criteria for the quality of synthesized solutions are determined: quantum cost,
circuit depth, and hardware complexity. Special attention is paid to the problem of
output redundancy and fault tolerance issues, in particular, methods for preserving
signal parity to ensure the reliability of calculations. A review of existing metaheuristic
approaches to synthesis, such as the simulated annealing method, ant colony
algorithms, and classical genetic algorithms, is carried out. Their common
shortcomings are identified: a tendency to premature convergence, getting stuck in
local extrema, and low efficiency when working with high-dimensional circuits.

The main results of this section can be summarized as follows:

— the mathematical apparatus of reversible logic is formalized for further
automation of synthesis;

— the choice of optimization metrics is justified, which take into account both
resource minimization and fault tolerance requirements;

— based on a comparative analysis, the need to develop an improved genetic
method capable of overcoming the limitations of existing analogues is proven.

The third chapter is devoted to the development and software implementation
of an improved genetic method for structural synthesis of reversible circuits. Particular
attention is paid to expanding the base by synthesizing new reconfigurable devices
based on the generalized Fredkin gate. The use of such gates allows creating circuits
with internal hardware fault tolerance, due to the preservation of signal parity between
inputs and outputs, which is a strong point of the proposed approach. The proposed
modification of the algorithm 1s described in detail, which, unlike classical approaches,
uses an object-oriented model of chromosome representation. This allowed us to move
from "blind" optimization of bit arrays to operating on functional objects of gates and
circuits with defined properties, which significantly reduces the solution search space.
A complex multicomponent mutation operator has been developed and substantiated,
which integrates three types of structural changes: addition, deletion, and modification

of parameters and provides a balance between exploring the solution space and
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exploiting the found optima. To solve the signal routing problem, a mechanism for
dynamic permutation of output lines has been introduced, which allows the algorithm
to effectively exit local extrema. Special attention is paid to the software
implementation of the method. The architecture of the developed software complex in
C#, which performs a full synthesis cycle, is described. A module for automatic
translation of schemes into the OpenQASM format has been implemented, which
provided direct compatibility with the IBM Qiskit quantum framework for verifying
results.

The main results of this section can be summarized as follows:

— an extended basis based on reconfigured generalized Fredkin gates has been
proposed, which provides hardware fault tolerance of synthesized schemes;

— an improved genetic method has been developed using an object-oriented
chromosome model,;

— adaptive evolutionary operators are implemented to optimize the topology and
routing of reversible circuits;

— an automated system for the synthesis of reversible devices is created, integrated
with modern quantum modeling tools.

The fourth chapter presents the results of experimental research and practical
testing of the developed mathematical and software. The synthesis of reference test
sets of reversible functions of various dimensions is carried out and a comparative
analysis of the obtained circuits with the results of the work of known analogues is
carried out. Statistical analysis confirmed that the proposed improved genetic method
allows to reduce the quantum cost of circuits while maintaining an acceptable
generation time. Special attention is paid to the practical application of the developed
technology. The process of synthesizing a fault-tolerant reversible stream encoder
based on reconfigurable elements RRG2 and RRG3 and its subsequent hardware
implementation based on the FPGA of the Altera Cyclone IV family is described. The
exhaustive testing method was used to verify the project, which confirmed the full

functional equivalence of the synthesized circuit to the original specification.
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The main results of this section can be summarized as follows:

— the effectiveness of the developed method was experimentally confirmed on
standard sets of test functions;

— a successful hardware implementation of a synthesized cryptographic device
with confirmed fault tolerance was carried out, high performance indicators were
achieved (maximum frequency F,,,,~310 MHz);

— the suitability of the developed tools for automated design of high-
performance components of systems on a crystal was proven.

The conclusions summarize the main theoretical and practical results of the
dissertation research, which together solve the current scientific and applied problem
of increasing the efficiency of synthesis of reversible fault-tolerant logic devices.

The appendices contain scientific publications that reflect the main results of
the work, information on testing - acts on the implementation of the research results,
listings of key modules of the developed software, examples of synthesized circuits in
OpenQASM format and fragments of Verilog code for FPGA.

Theoretical significance. The results of theoretical research, namely the
developed mathematical model of structural synthesis, the extended basis of
reconfigurable Fredkin gates and the modified genetic method with an object-oriented
chromosome, deepen the theory of quantum computer design. They can be used for
further scientific research in the field of design automation, as well as in training
courses of the departments of computer systems software and computer systems and
networks of Yuriy Fedkovych Chernivtsi National University related to the theory of
algorithms, architecture of computer systems and quantum computing.

Practical significance. The software complex of automated synthesis developed
in the dissertation work, the module for translating schemes into the OpenQASM
format and the fault-tolerant reversible encoder based on generalized Fredkin gates
implemented on FPGA can be further used to create energy-efficient components of
systems-on-Chip. The proposed approaches to integration with IBM Qiskit allow for
the verification of complex quantum algorithms.
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oanux Scopus:

2. Deibuk V., Dovhaniuk O., Kyryliuk T. The Extended Fredkin Gates with
Reconfiguration in NCT Basis. Lecture Notes on Data Engineering and
Communications Technologies. 2023. Vol. 181 : Advances in Computer Science
for Engineering and Education VI : ICCSEEA 2023 (Warsaw, Poland, 17-19
March 2023). Warsaw, P. 95-105. URL: https://doi.org/10.1007/978-3-031-
36118-0_9. (Scopus)

Buecok aBtopiB [leliOyk B. — HaykoBe KepiBHUIITBO, KOHIIETITyalbHa MepeBipKa,

pELeH3yBaHHs Ta peAaryBaHHs pykonucy; JloBrantok O. — HalMCaHHS PyKOIUCY,
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https://doi.org/10.32620/reks.2024.4.10
https://doi.org/10.1007/978-3-031-36118-0_9
https://doi.org/10.1007/978-3-031-36118-0_9

NIPOBEJICHHS EKCIIEPUMEHTIB Ta aHaji3 pe3ynbrariB, Kupumok T. — mpoBecHHS
EKCIIEPUMEHTIB, MIEPEBIpKa pe3yabTaTiB Ta JOOMPALIOBAHHS PYKOIIHUCY

. Dovhaniuk O., Kyryliuk T., Deibuk V. Reversible Fault-Tolerant Encryption
Using Extended Fredkin Gate with Reconfiguration. Advances in
Transdisciplinary Engineering. 2025. Vol. 65 : Artificial Intelligence, Medical
Engineering and Education : AIMEE 2024 (Huangshi, China, 26—27 Oct. 2024).
Huangshi, P. 69—-76. DOI: https://doi.org/10.3233/atde250113. (Scopus).

Buecok aBtopiB: JloBrantok O. — npoBeneHHs ekcniepumenTiB; Kupuiawok T. —
OCHOBHE HAIlMCaHHS PYKOIMUCY, BepuQIKallisi eKCIEePUMEHTIB, MiArOTOBKa

npe3eHTauii; Jeli0yk B. — pelieH3yBaHHS pyKOIHCY Ta HAYKOBE KEPIBHULITBO.

HayxkoBi npaui, siki 3acBiTuyOTh anpodanio MatepiajiB Aucepraiii;

. Kyryliuk T., Deibuk V., Kyryliuk S. Synthesis of reversible circuits by genetic
algorithm with multicomponent mutation. [rpopmayitini mexnonocii ma
KOMN 'tomepHe MOOeNt08ar sl . MaTepialii MI’KHAp. HayK.-pakT. KoHP. (M. [BaHO-

®pankiBcbK, 6—8 nur. 2023 p.). [Bano-®pankisebk, 2023. C. 150-151.

Buecok aBtopiB: Kupuiaok T. — mpoBeieHHS EKCIIEPUMEHTIB, PO3POOJICHHS
aNropuTMy, MIJrOTOBKAa OCHOBHOro pykomnucy; Jeitbyk B. — Haykose
KEepIBHUUTBO, JoomnpauoBaHHs pykonucy; Kupumok C. — mnpoBeaeHHS

€KCIIEpUMEHTIB, (PiKcallisi eKCIEPUMEHTAIBHUX PE3YJIbTATIB
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