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Hucepraiiss mnpucBsueHa Bepudikallili MmapajeNbHUX OporpaMm  JJis
1H(pOpMaIITHUX YIPABISIOYUX CUCTEM, IO € CKJIAJHOK Ta BAXKIMBOIO 33a/1a4e€r0 3
OaraTeMa rpoOjeMaMu Ta BUKIIUKAMHU.

B nepmoMy po3aini po3misiiaroThCesl 0COOIMBOCTI Mpolecy Bepuddikarii
napajieTbHUX TMporpaM 1HQOPMAIIMHUX YMPaBIAOUUX CcUCTeM. HaBoauThcs
CTUCTUH Oy MyOiKaiii 3a TEMOI JHMcepTallii, poOUThCS aHajli3 MPOOJIEMHUX
nuTaHb 3 Bepudikalii mNapaJeabHUX MpPOrpaM, ONUC METOIIB BepudiKamii
napajienbHUX TMporpaM 1HQOPMAIIMHUX YOPABISAIOYMX CHUCTEM: EKCIEPTU3U
POrpaMHOro 3a0e3MeUeHHs, CTaTUYHOTO aHalli3y, JHHAMIYHMX Ta (OpPMaIbHUX
MeToau Bepudikarii; HaBOASITHCSA IEepeBard Ta HEAOJIKH IUX MeTomiB. OmucaHi
HAWTIOIMPEHIIT THCTPYMEHTaldbHI 3aco0u Bepudikalii mporpam 3 MiATPUMKOIO
napajienbHux oouuciens. [IpuaiiieHo yBary, 1o Ha CbOTO{H1 HEOOX1IHICTh BUCOKOI
e(eKTUBHOCTI TMapaJeIbHOTO TMPOTPaMHOTO  3a0e3neueHHs 1H(OopMaIliiHuX
YOPaBISIOYNX CHCTEM BHMAarae CyTTEBOTO PO3IMIMPEHHS CKIaay (hakTopis, MIO
BPAaXOBYIOThCS npu bopmanbHii po3pooIIi 4acoIapamMmeTprU30BaAHUX
MYJIBTUIIAPAJICIBHUX TTporpaM iHGOpMAaIITHUX YIPABISIOUYUX CUCTEM.

AKIEHTOBAHO, 1o Bepudikaiis MYJIbTUIIAPATIETbHUX
yaconapaMeTpU30BaHUX MPOTpaM Ma€ TPU CKIIAOBI: KOMIOUIsALIMHA Bepudikailis;
JEeKOMMUIAIIMHA Bepudikamis Ta cemMaHTuuyHa Bepudikamis. Komminsmiiina
Bepu(ikalliss 3a0e3nedye MEepeBIpKYy CHHTAKCHMYHOI Ta 4YacoBOI KOPEKTHOCTI

GbopManbHOTO  CHUHTE3Y  CTPYKTYp  CEMaHTHUKO-YMCIOBOI  crnenudikaiiii,



JEKOMITIIAAINHA Bepudikaiis 3ade3nedye MepeBIpKy JIOTIYHOI €KBIBAJIEHTHOCTI
CHHTE30BaHUX MYJIbTHMApPATICIbHUX MPOTPaM Ta TEKCTIB BXIAHHMX TMOCIITOBHUX
nporpaM Ticis 3aBEpIICHHS BCIX €TaliB CHHTE3y, a CEMaHTH4YHa Bepu]ikarlis
MoJIsITae y TepeBipiri 301y OJIMHUIL BUMIPIOBaHHS (DI3UYHUX BEJIUYHH, OTPUMaHUX
Ha OCHOB1 (POPMAJBLHOTO CHUHTE3Y YacolapaMeTpPU30BaHUX MYJIbTUIAPAIEITbHUX
nporpam iHGOopMaIiHHUX YIPABISIOYNX CHCTEM Ta OJIMHUIIH BUMIPIOBAHHS BX1THUX
Ta BUXITHUX JAHUX, 10 337al0Thca KopucTtyBadyamu. C(hopMoBaHO CydacHI BUMOTH
JI0 CYTTE€BOI'O PO3IIMPEHHS CKIaay (pakToOpiB, IO BPaXOBYIOThCS MPpU (opMabHIN
po3po0Ili YacomapamMeTpU30BaHUX MYJIBTUMAPAJTICIBHUX MPoTrpaM 1HGOpMAIITHIX
YIPABISIOYNX CUCTEM.

DopMyJTIOETHCS  3a/lauya  JUCEPTALIMHOTO JOCIHIKEHHS, SIK po3poOka
iHpopMariiinoi TexHosorii Bepudikallii mapajlieIbHUX YacollapaMeTpU30BaHUX
nporpaM 1H(QOPMAIIMHUX YOPABISIOUYMX CHUCTEM 3 METOK MiABUINEHHS i
¢()EeKTUBHOCTI 3a PaxyHOK 3aCTOCYBaHHS KOMIIUIAIINHOI, JICKOMITUIAIIAHOI Ta
CEeMaHTHYHOI Bepudikallii Ha OCHOBI CEMaHTHUKO-UMCIOBUX crienudikaiii. Jms
BUPIUIEHHS MOCTAaBJIEHOI HAYKOBO-TIPUKJIAIHOI 3a]a4l BUPILIEHO PO3POOHUTH PNl
METO/IB, a caMme: MeTOJ  KOMIUIAIIHHOI  Bepudikaiii mapageabHux
qacomapaMeTPU30BaHUX MpOrpaM s iHPOPMAIIHHUX YIPABISIOYUX CHUCTEM,
METOJ JEKOMIUIAIINHOI Bepudikamii mapajgenpbHUX dYacomapaMeTPU30BaAHUX
nporpam s iHQOpMAIIHHUX YNPaBISIOUUX CUCTEM; METOJ CEMAHTHYHOI
BepuQiKalli napajgeiabHUX YacorapaMeTpU30BaHUX Mporpam Jisl 1HPOpMaLiiHUX
YIPABJISIIOYNX CUCTEM.

Y napyromy po3aijii onucaHo eTanud po3poOKH METOJy KOMMUISAIIMHOL
BepuQikanli mapaneabHUX NPOrpaMHUX 3ac0o0iB 1HPOPMALINHUX YNPaBISIOUUX
cucteM. OmmucaHl ICHYIOYI METOAM TMapajienbHoi 00poOku iHdopmamii Ta ix
CYTHICTb, MTOKa3aHO JOLJIbHICTh BUKOPUCTAHHS CYKYITHOCTI METOIB NapayieIbHOT
00poOku iH(poOpMaIIii mpu PO3pOOIl MapaaeabHOTO MPOTPAMHOTO 3a0e3TMEeUCHHS
1H(}OpMAIIHHUX YTIPABIISIOUUX CUCTEM.

Jlana 3arajbHa XapakTEpPUCTHKAa METOAY KOMIUIALINAHOT Bepudikamii

napajieJbHUX mporpaMm 1H(OpPMALIMHUX YHPABIAIOYUX CHCTEM, HPEICTaBIIEHI



OCHOBHI eTanu KOMIISTIAHOT Bepudikarrii MPOIIECiB CUHTE3Y
4yacorapaMeTpU30BaHUX  MYJbTUIApANEIbHUX  OporpaMm  1HQOpMaLiiHUX
yOpaBISIIOUMX cucTeM. HaBeneHo mpukiag KOMIUIALIIHOI BepU(iKalii CUHTE3Y
JacomapaMeTpU30BaHOI TMapayieIbHOI MporpamMu 3aaadi s UTocTparii i
3actocyBaHHsA. Jlns Bisyamizaiii pe3ynibTaTiB BHKOPUCTOBYETHCS TICTOTpamMHE
MpeacTaBlieHHS Bepudikamii po3moAlly MHOXHWHHA  YacOBHX  OMEPaToOpiB
napaienbHoi SMP-mozpeni mo d4acoBuM spycax 3 OUIBIICHD JeTali3aIfi€ero
pe3ynbTariB Bepudikauii, sike BigoOpa)xae pe3ysbTaTh MNEPEeBIPKU KOPEKTHOCTI
pO3TaITyBaHHs 4aCOBUX OMEPATOPiB 1 MHOKUHHUX YACOBUX OTIEPATOPIB HA YACOBUX
spycax JUisl 4aCOBOT1 MOJIEN 1 CTPYKTYP CEMaHTHUKO-UYHUCIOBUX CTIelM(iKaLliil.

Y TperbomMy po3aidi ONHCAHO CYTHICTh JACKOMOUISALINMHOI Bepudikaiii
JacormapamMeTpU30BaHUX MPOrPaMHUX 3ac00iB 1H(POPMAIIHHUX YHPABISIOUUX
cucteM. llounmHatoun 3 anHamizy OIHApHOTO KOAY TMOCHIZIOBHOI MpOrpamu,
MPOBOJUTECA MOr0 JCKOMIIUIALS 3 METOI BITHOBISCHHS BXiJHOTO KOIY.
OTtpuMaHuii BXigHUN KOJ MiAmaeTbes (GopMmalibHIN Bepudikalii 3a JT0MOMOTIO0
MaTeMaTUYHUX MeTO/1B. BigOyBaeTbcsd [OBENEHHS KOPEKTHOCTI MpOrpamu,
nepeBipKka BJIACTUBOCTEM O€3MeKku, aHami3 BiAMOBIIHOCTI BUMOTaM  TOIIO.
AHamnizyloud BXIIHUM KOJ MPOrpamMH, MOKHA BUSIBUTH MOJIMBI Bpa3jiuBl MICI,
nedexty abo MOMUJIKH, 1110 MOXYTh BITMBATH Ha ii Oe3MeKy Ta HaiiHICTb.

Takox y po3aiunl omucaHl eTamd IOCTaHOBKM 3ajiayul JICKOMITUIAIIHHOT
BepuQikamii yacomapaMeTpU30BaHUX  NapajieJbHUX  MPOTPAaMHUX  3ac00iB
1H(OpMAIIHHUX YIIPABIISIOUNX CHCTEM. 30KpeMa MPEeICTABICHO CTPYKTYPHY CXEMY
METOy JIeKOMIUIALINHOI Bepu@ikalii yYacornapaMeTpU30BaHUX MapajebHUX
IporpaMHuX 3aco0iB 1H(QOpPMALIWHUX YNPABISAIOUUX CUCTEM Ta JETalbHUN OIHUC
POLIETYP, K1 peai3yloTh €Tau METO/Y.

HaBeneno mpukiaau 3acTocyBaHHS METOAY JIEKOMIUIALINHOI Bepudikariii
JaconmapaMeTpU30BaHUX MapaleTbHUX MPOTpaMHUX 3aco0iB  iH(OpMaIiitHIX
YIPaBJISIOYUX CUCTEM. 341 IIbOTO CEMAHTHKY OCHOBHHUX €TarliB JEKOMITUISIIHHOT
Bepudikanli napaneiabHUX NPOrpaMHUX 3aco0iB 1HPOPMALINHUX YHPABIAIOUYHX

CUCTEM TMOSCHEHO Ha NPHKJIaAl IapaieslbHO-KOHBEEPHOI MOJENl 3ajadi, sKa



CUHTE30BaHa 3 BAKOPUCTAHHSIM METO/IY CYMIIIIEHHS HE3aJISKHHX OTepalliii 1 METOLy
KOHBEEPHOiI 00poOku iHpopMallii. 3 METOI JOCSATHEHHS HAOYHOCTI 3MICT €TariB
JEKOMITUISALIAHOT BepH(iKalil BHKIAJAETbCA Ta IOSICHIOETHCS 3a JIOIMOMOIOIO
TEKCTOBUX 1 rpadiunux crenudikaiiii o0’ €KTiB 1 a1l HaJx HUMH. 3a3HAYEHO, IO
JIOJIATKOBOIO  [EPEBAarold METOJy € 3HaTHICTh TMEpEeBIpATH  BIJMOBIIHICT
OTPUMAHOTO JEKOMIIIJILOBAHOTO BUXIAHOTO KOAY (opMalibHIM crnenudikamii Ta
BuMoram. lle mo3Bosisie mepexkoHaTHCs, 10 MporpamMa BIANOBIAAE MOCTaBICHUM
3aBAaHHAM Ta (QYHKIIOHATbHUM BuUMoram. OTXe, METOJ JACKOMITUISIIHHOI
Bepudikaiii € MOTY)KHHUM I1HCTPYMEHTOM [Jisi 3a0e3MEeYeHHs] KOPEKTHOCTI Ta
HaJiHOCTI HPOrpaMHOTO 3a0e3ledeHHs. Moro 3acTOCyBaHHA MOXKE 3HAYHO
N1JBULIUTH PIBEHB AOBIPH O MPOTrpaM Ta CUCTEM, OCOOJIMBO B yMOBaX 3pOCTaI0UO1
CKJIAJTHOCTI Ta KPUTHYHOCTI 1HHOPMAIlIMHUX TEXHOJIOT1M.

Y derBepTOMY PpO31iJii ONUCAHO METOJ CEMAHTHUYHOI BepHudikarlii
4acommapaMeTPU30BaHUX MYJIbTUMAPATICIBHUX TPOrpaM, 3MICTOBHO PO3IIISHYTI
OCHOBHI €TaId METOy CEMaHTUYHOI Bepuikallii My IbTUIapaeIbHUX POrpam Ta
onucaHo noOy 0By rpady, 110 31HCHIOETHCS 3a JOTMIOMOT0I0 3ac00iB Bi3yai3ailil
napajieTbHUX amnapaTHo-TporpaMHuX 00’ekTiB. IlpencraBiieHa KoHIleNTyajabHA
MOJIelh TEXHOJOTil BepHudikaiii gacomapaMeTpru30BaHUX MapalelbHUX Tporpam
1H(}OpMAIIHHUX YIPABISIOYNX CHCTEM Ta 3MICTOBHO OMMCAHO OCHOBHI KOMITOHEHTH
apxiTeKTypHu TexHosjorii Bepudikaiii. B Oubm geTanizoBaHOMY BUTJISI OMKCcaHa
CTPYKTypa CHHTE3alliHOro Bepudikatopy rpadiB Ta MNpPEACTaBICHO CTPYKTYpPY
CHUHTE3aIlIfHOTO BepudikaTopa TEKCTIB yaconapaMeTpU30BaHUX
MYJIBTHITApAJICIIBHIX nporpam, CUHTE3aI[IITHOTO BepudikaTopa
JaconmapaMeTpU30BaHUX MYJbTHIIAPANECTbHUX MOJENeld TMpOIeciB Ta camy
CTPYKTYpY CHHTE3aIllifHOTO Bepudikaropa TEKCTIB dYacolapaMeTpPU30BaHUX
MyJIbTUTIAPATICIBHAX TIpoTrpaM, 1o 3a0e3nedye JACKOMITUIALIHHO-CEMaHTHIHY
BepHU(]IKaIlil0 TEKCTIB CHHTE30BAHMX YACOBHX MYJbTHIApPATICIbHUX HpOrpam 3
ypaxyBaHHSM THUIIIB Ta PO3MIPHOCTEH MaHMX, CKJIaay OOYUCIIOBAJbHUX Ta
KepylouMX OmepaTopiB, 3aco0iB 0OMiIHY JaHMMHU Ta OIEpaTopiB YacoBOl

CUHXPOHI3allli MpOLECiB.



OOpaHo TOKa3HUKKA €(EKTUBHOCTI TEXHOJOTHl CEMaHTHUKO-YHUCIOBOI
Bepudikanli 1HQOpMaUIMHUX YOPABISIOYUX CHCTEM CHOPSIMOBaHI Ha OIL[IHKY
TOYHOCTI Ta HaAliHOCTI pe3ynbrariB  Bepudikamii. OIliHKa MOKa3HUKIB
e(hEeKTUBHOCTI pO3pOOICHOT TEXHOJIOTIT MPOBOAUIACH T10 IIIJIOMY PSIAY MPAKTHIYHUX
NpUKIaAHUX 3a1a4. J[o HUX MO’KHA BiJIHECTU: MeTOJ ['ayca A pillleHHS CUCTEM
JHIAHUX PIBHAHD BEJIMKOI PO3MIPHOCTI, alTOPUTM aJAlTUBHOTO 3TIIAJKyBaHHS 1
EKCTPAIOJIALIi TPAEKTOPII, AITOPUTM ITIJIEPO3MO/ALTY, TOIIIO.

CykymnHICTh OTpPUMaHUX Yy JHCepTalii HOBHX HAayKOBHX pE3yJbTarTiB,
MO3UTHBHA OIlIHKA iXHBOI JTOCTOBIPHOCTI, HAYKOBOi Ta MPAKTHUYHOI 3HAYYIIOCTI
JAI0Th 3MOTY BBa)XXaTh C(OPMYIJIbOBAHY HAYKOBY 3aJlayy pPO3POOKM TEXHOJOTIi
BepuQiKkanli napajJeJbHUX YacoNapaMeTpU30BaHUX NporpaM 1H(QOpMaLIHHUX
YIPaBJISIOYMX CUCTEM 3 METOIO ITiJIBUIIICHHS €¢()eKTUBHOCTI Bepudikarlii 3a paxyHOK
3aCTOCYBaHHSI KOMIUISALINHOI, TEKOMIUISIINHOI Ta ceMaHTU4YHOI Bepudikalii Ha
OCHOB1 CEMaHTUKO-YHCIIOBUX crienn(ikaliiif, — po3B's13aHOI0, a TIOCTABIICHY METY —
JOCSITHYTOIO.

Knwuoei cnosa: mexnonocisa eepughixayii, memoou eepucgpixayii, napanenvHi
00UUCTIOBANILHI  cUcmeMU, — 4aconapamempu3osami — NapaieivHi  npozpamu,
MYTbMUNAPANENIbHL pocpamu, po3noodileHi cucmemu, eepuhixayisi napanieivHux
npozpam, IHGOpMAayitiHi  YyNpasnawodi cucmemu, KOMRILAYIUHA eepughikayis,
OeKoMninayiuna eepugpixayis, cemanmuuna eepuikayis, Memoou CemaHmuKo-
yucnosux cneyudirayii, memoou QopmanbHo20 cunmesy, 4aconapamempu3zosand

Mmooens anzopummy I ayca.



ABSTRACT

Moroz O. Yu. Information technology for verification of parallel time-
parameterized programs of information control systems. — Qualification
scholarly paper: a manuscript.

The dissertation submitted for obtaining the Doctor of Philosophy degree in
Information Technology: Speciality 122 — Computer science. V. N Karazin Kharkiv
National University, Ministry of Education and Science of Ukraine, Kharkiv, 2023.

The dissertation is devoted to the development and verification of parallel
programs for information management systems, which is a complex and important
task with many problems and challenges.

The first chapter examines the features of the process of verification of
parallel programs of information management systems. It provides a brief overview
of publications on the topic of the dissertation, analyzes problematic issues in the
verification of parallel programs, describes methods of verification of parallel
programs of information management systems: software expertise, static analysis,
dynamic and formal verification methods; the advantages and disadvantages of these
methods is given. The most common tools for verifying programs with parallel
computing support are described. Attention is focused on the fact that today the need
for high efficiency of parallel software of information management systems requires
a significant expansion of the composition of factors that are taken into account
during the formal development of time-parameterized multi-parallel programs of
information management systems.

It is emphasized that the verification of multi-parallel time-parameterized
programs has three components: compilation verification; decompilation
verification and semantic verification. Compilation verification provides checking
the syntactic and temporal correctness of the formal synthesis of semantic-numerical
specification structures. Decompilation verification provides checking the logical
equivalence of synthesized multiparallel programs and input sequential program

texts after completion of all stages of synthesis. And semantic verification consists



in verifying the coincidence of the units of measurement of physical quantities
obtained on based on the formal synthesis of time-parameterized multi-parallel
information management systems programs and units of measurement of input and
output data specified by users. Modern requirements for a significant expansion of
the composition of factors taken into account during the formal development of time-
parameterized multi-parallel information management systems programs have been
formed.

The task of the dissertation research is formulated as the development of
information technology for the verification of parallel time-parameterized programs
of information management systems with the aim of increasing its efficiency due to
the application of compilation, decompilation and semantic verification based on
semantic-numerical specifications. To solve the scientific and applied problem, it
was decided to develop a number of methods, namely: the method of compilation
verification of parallel time-parameterized programs for information management
systems; method of decompilation verification of parallel time-parameterized
programs for information management systems; method of semantic verification of
parallel time-parameterized programs for information management systems.

The second chapter describes the stages of development of the method of
compilation verification of parallel software tools of information control systems. It
describes the existing methods of parallel information processing and their essence,
shows the expediency of using a set of methods of parallel information processing
in the development of parallel information management systems software.

The general characteristics of the method of compilation verification of
parallel programs of information management systems are given, the main stages of
compilation verification of the synthesis processes of time-parameterized
multiparallel programs of information control systems are presented. An example of
compilation verification of the synthesis of a time-parameterized parallel program
of the problem is given to illustrate its application.

It is used a histogram representation of the verification of the distribution of

multiple time operators of the parallel SMP model on time tiers with greater detail



of the verification results to visualize the results, which displays the results of
checking the correctness of the location of time operators and multiple time
operators on time tiers for the time model and structures of semantic-numerical
specifications.

The third chapter describes the essence of decompilation verification of
time-parameterized software tools of information management systems. Starting
with the analysis of the binary code of the C-program, it is decompiled in order to
restore the input code. The received input code is subjected to formal verification
using mathematical methods. Proving the correctness of the program, checking the
security properties, analyzing compliance with the requirements, etc. takes place.
Analyzing the program's input code can reveal possible vulnerabilities, defects, or
errors that could affect its security and reliability.

The chapter also describes the stages of setting the task of decompilation
verification of time-parameterized parallel software tools of information
management systems. In particular, it presents the structural scheme of the method
of decompilation verification of time-parameterized parallel software tools of
information management systems and a detailed description of the procedures that
implement the stages of the method.

In chapter, there are examples of the application of the method of
decompilation verification of time-parameterized parallel software tools of
information management systems. For this purpose, the semantics of the main stages
of decompilation verification of parallel software tools of information management
systems are explained on the example of a parallel-conveyor model of the problem,
which is synthesized using the method of combining independent operations and the
method of conveyor information processing. In order to achieve clarity, the content
of the stages of decompilation verification is explained with the help of text and
graphic specifications of objects and actions on them. It is noted that an additional
advantage of the method is the ability to check the compliance of the received
decompiled source code with the formal specification and requirements. This allows

to make sure that the program meets the tasks and functional requirements.



Therefore, the decompilation verification method is a powerful tool for ensuring the
correctness and reliability of software. Its application can significantly increase the
level of trust in programs and systems, especially in conditions of increasing
complexity and criticality of information technologies.

The fourth chapter describes the method of semantic verification of time-
parameterized multiparallel programs, reviews the main stages of the method of
semantic verification of multiparallel programs meaningfully, and describes the
construction of the graph, which is carried out using means of visualization of
parallel hardware and software objects. It presents the conceptual model of the
verification technology of time-parameterized parallel information management
systems programs and describes the main components of the verification technology
architecture meaningfully. The structure of the synthesis verifier of graphs is
described in more detail. Also, the chapter presents the structure of the synthesis
verifier of texts of time-parameterized multiparallel programs, and the synthesis
verifier of time-parameterized multiparallel process models, and the structure of the
synthesis verifier of texts of time-parameterized multiparallel programs, which
provides decompilation-semantic verification of texts of synthesized temporal
multiparallel programs, taking into account the types and dimensions of data,
composition of computing and control operators, means of data exchange and
operators of time synchronization of processes.

To solve the task, it is chosen the indicators of the effectiveness of the
technology of semantic-numerical verification of information management systems,
aimed at assessing the accuracy and reliability of the verification results. The
evaluation of the efficiency indicators of the developed technology was carried out
on a number of practical applied problems. These include: the Gaussian method for
solving systems of linear equations of large dimensions, the algorithm of adaptive
smoothing and extrapolation of the trajectory, the algorithm of target distribution,
etc.

The set of new scientific results obtained in the dissertation, a positive

assessment of their reliability, scientific and practical significance make it possible



to consider the formulated scientific task of developing a technology for the
verification of parallel time-parameterized programs of information management
systems in order to increase the effectiveness of verification due to the application
of compilation, decompilation and semantic verification based on semantic of
numerical specifications, is solved, and the set goal is achieved.

Keywords: verification technology, verification methods, parallel computing
systems, time-parameterized multi-parallel programs, distributed systems,
verification of parallel programs, information management systems, compilation
verification; decompilation verification, semantic verification, methods of structures
of semantic-numerical specifications, methods of formal synthesis, time-

parameterized model of the Gaussian algorithm.



