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1. Mozesnb CHHTaKCMYHO-CEMaHTUYHOIO Y3roKeHHs iHpopMmaliii Ipo cTaHU BY3JIiB €/1eKTPOEHEPTeTUYHNX MEpPesK

Ha OCHOBI T€OPii iHTeIeKTyaJIbHUX CUCTEM Ta OE3KOH(IIKTHUX PEIIiKOBaHUX TUIIIB JaHUX

2. A model for syntactic-semantic consistency of node state information in electrical power grids based on the
theory of intelligent systems and conflict-free replicated data types

Pedepar:

1. Inceprarnist € KOMIJIEKCHUM JIOCTIi/I>KEHHSIM, IIPUCBSITYEHUM PO3POOILIi, aHai3y Ta 3aCTOCYBaHHIO KOMOiHOBaHOI
MOJeJli CMHTaKCUYHO-CEMAaHTUYHOTO y3roJpKeHHs iHpopMallii Ipo CTaHU BY3JIiB PO3NOiI€HO] iHTe/IeKTyalbHOl
esnekTpoeHepretTuyHoi Mepexi (EEM). B ocHOBI Mogeni JieXKuTh po3pobJieHa Teopisl KOTHITUBHOI anre6paiyHoi
cucremu (KAC) ta 6e3koH(iKTHO pernikoBanux TuniB gaHux (CRDT). O6'eKToM JOCTIIPKEHHS BUCTYNAIOTh
npoliecu nepejadvi, o6pooku Ta ysroaxkeHHs iHpopmarii B EEM, a npenmeTom — Mogesnb Ta iHpopMaliiizi
TEXHOJIOTII [7151 Y3TrOJ)K€HHSI JaHUX Ha OCHOBi KoMbiHOBaHOrO niaxony KAC-CRDT. ¥V po6oTi npoaHanizoBaHo
tpaHcdopmario cyvyacHux EEM y rereporeHHi KibepdisuuHi cuctemH, o NPU3BOAUTh IO €KCIIOHEHLIHHOTO POCTy

o6csriB iHpopmariii, if ceMaHTUYHOI HEY3roZPKeHOCTI Ta 36inbIeHHs iHpopmaliiiHoi eHTpoii. IcHyloui ninxony Ko



y3roIpKeHHs JaHUX MaloTh 3HaYHi 0OME>KeHHS, 110 JOBOOUTh HEOOXiAHICTh pO3pOOKU HOBOI, 6ibll €(eKTUBHO]
MoJeJIi, 3llaTHOI rapaHTyBaTH KiHLIEBY CHHTAKCUYHO-CEMAHTUYHY Y3TrOAKeHiCcTb. TeopeTuuHuil pyHIaMeHT
IOCJIiI)KEeHHS 3aKJIaZlae BBEJ€HHSI IOHSTTS BUCOKOPiBHEBUX TOIOJIOTYHUX 00'eHaHb (BTO) niis cripoiieHHs
dopmauizauii. KornitusHa anre6paiuna cucrema (KAC) npencrapieHa K popmaiiam 1711 BUCOKOPiBHEBOTO
CEMaHTUYHOTI'O Y3roJKeHHS, 10 JT03BOJISIE MOJeJII0BATH reTeporeHHi 06'ekTH, ixHi Il Ta 06MeKeHHS.
BeskoH(ikTHI pensikoBaHi Tunu ganux (CRDT) posrisnaoTbes SK HU3bKOPiBHEBUM HEOJIOKYI0UUI MeXaHi3M 1151
CHHTAKCUYHOI y3roJ)KE€HOCTi, MaTEMaTUYHi BJIACTUBOCTI SIKOTO TapaHTYIOTh IeTePMiHOBaHYy 30DKHICTb JAHMX Ha BCiX
By3Jax. [lJ1s BUpillleHHs I0CTaBI€HOTo 3aBJaHHs OOI'PYHTOBaHO KOM6iHOBaHy Moesib KAC-CRDT, mo noenHye
BHCOKOpPiBHEBE CEMaHTHUYHE Y3TOJI)KEHHS 3 HU3bKOPiBHEBUM CUHTAKCUYHUM, 320€3I1e4y0uy rapaHTii y3ropKeHOoCTi
3 MOXJIUBICTIO popmanbHOi Bepudikauii. [Ins Banipauii monesni 6yso ¢popmanizoBaHo ii B1aCTUBOCTI Ta pO3p006JIeHO
[I'ITUETAITHUI IPOTOKOJI CUHTAaKCUYHO-CEMAHTUYHOTO y3TOIPKEHHS, 110 BKJIIOYA€E Bajlifjallilo TpaeKTopii nepexomy
MDXK CTaHaMM Ta KOPEKLil0 Hey3roIKeHOCTeN. BBejleHO MeTpUKU Ha OCHOBI iHpopmauiiiHoi eHTpornii llleHHOHA AJ14
KiJIbKICHOI OLIiHKM Y3TrOJP)KEHOCTI, JOBiBIIY, 110 IIPOLeC y3romKeHHs 3a moaesuno KAC-CRDT exBiBasieHTHU
3MEHIIEHHIO 3arajlbHOi €HTPOIIii cucTeMU. 111 eKCIIEPUMEHTAIBHOTO AOCIIiIKEHHS 6yJI0 pO3PO6JIEHO [IPOrPaMHy
apxiTeKTypy Ha OCHOBi Mogeri akTopiB (Akka, Scala) Ta npoBeneHo iMiTaliliHe MOLEIOBAaHHS. Pe3yIbTaTi
nigTBepann e(PEeKTUBHICTb 3aIIPOTIOHOBAHOI MOIEJIi: JOBEIEHO 3POCTAHHSI CUHTAaKCUYHO-CEMAHTUYHO]
y3roJpyKeHOCTi, 3a(pikcoBaHO 3HMXEHHS PiBHS iHOpMaLifiHOI eHTpoii Ta NifTBepKEHO MacCIITab0BaHICTh MiAX0y.
PesynbTaTu fOCiIKEHHSI MOXYTb OYTH BUKOPHUCTAHI [1711 CTBOPEHHS OKPEMUX MOJIYJIiB Y3TOJIKEHHS JAHUX B
iCHYI0YMX CHCTEeMaX OIePAaTUBHO-IMCIIETYEPCHKOTO YIIPaBIIiHHS, IO JO3BOJIUTH MiTBUIMIUTY €(PEKTUBHICTD OL[iHKA
Ta YIPaBJIiHHSA B iHTEJIEKTYaJbLHUX MepeXkaX. 3allpOIIOHOBAHUM MTiJXi]l € AOLJIBHUM IJ151 PO3LIMPEHHS Ta ajaNTallii B
iHIIKX KJlacax CKJIa[HUX Kibep(isMUHUX CUCTEM, [I€ BUCYBAIOTbHCSI BUCOKI BUMOTY O CUHTaKCMYHO-CEMaHTHUYHOI

Y3roIKEHOCTI JaHUX.

2. This dissertation presents a comprehensive study dedicated to the development, analysis, and application of a
combined model for the syntactic-semantic consistency of information regarding the states of nodes within a
distributed intelligent power grid. The model is based on the developed theory of the Cognitive Algebraic System
(CAS) and Conflict-free Replicated Data Types (CRDTs). The object of the research comprises the processes of
information transmission, processing, and consistency within the power grid, while the subject is the model and
information technologies for data consistency based on the combined CAS-CRDT approach. The research analyzes
the transformation of modern power grids into heterogeneous cyber-physical systems, a process that leads to the
exponential growth of information volume, semantic inconsistency, and an increase in information entropy.
Existing approaches to data consistency exhibit significant limitations, substantiating the need for a new, more
effective model capable of guaranteeing eventual syntactic-semantic consistency. The theoretical foundation of
the research establishes the concept of High-level Topological Aggregations (HTAs) to simplify formalization. The
Cognitive Algebraic System (CAS) is introduced as a formalism for high-level semantic consistency, enabling the
modeling of heterogeneous objects, their actions, and constraints. Conflict-free Replicated Data Types (CRDTs) are
considered as a low-level, non-blocking mechanism for syntactic consistency, whose mathematical properties
guarantee the deterministic convergence of data across all nodes. To address the core problem, a combined CAS-
CRDT model is substantiated, integrating high-level semantic consistency with low-level syntactic consistency,
thereby providing guarantees of consistency with the capability for formal verification. To validate the model, its
properties were formalized, and a five-stage protocol for syntactic-semantic consistency was developed, which
includes the validation of state transition trajectories and the correction of inconsistencies. Metrics based on
Shannon's information entropy were introduced for the quantitative assessment of consistency, proving that the
consistency process under the CAS-CRDT model is equivalent to the reduction of the system's total information
entropy. For the experimental investigation, a software architecture based on the actor model (using Akka and
Scala) was developed, and simulation modeling was conducted. The results confirmed the effectiveness of the
proposed model, demonstrating an increase in the network's syntactic-semantic consistency, a reduction in the
level of information entropy, and the scalability of the approach. The findings of this research can be utilized to
create dedicated data consistency modules for existing operational dispatch control systems, thereby enhancing



the efficiency of evaluation and management in intelligent grids. The proposed approach is suitable for extension
and adaptation to other classes of complex cyber-physical systems that demand high levels of syntactic-semantic
data consistency.
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