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1. Moziesib CHHTaKCMYHO-CEMaHTUYHOIO Y3roKeHHs! iHpopmallii Ipo CTaHU BY3J1iB €J1eKTPOEHEPTETUYHUX MEPEX

Ha OCHOBI T€OPii IHTEIEKTyaJIbHUX CUCTEM Ta O€3KOH(IIKTHUX PEITIKOBAHUX TUIIIB JAHNX

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. Inceprarisi € KOMIJIEKCHUM JTOCJIiI)KEHHSIM, IIPUCBSITYEHUM PO3POOLIi, aHaIi3y Ta 3aCTOCYBAHHIO KOMOiHOBAHOI

MOJeJli CMHTaKCUYHO-CEMAHTAYHOTO y3rOIpKeHHs iH(popMallii PO CTaHU BY3JIiB PO3NOIiIEHO] iHTEIeKTyalbHOl

enekTpoeHepretuyHoi Mepexxi (EEM). B ocHOBI Mozesi 1eXXuTbh po3pobsieHa Teopist KOrHITUBHOI anre6paiuyHoi
cucremu (KAC) Ta 6e3xkoH(JIiKTHO perlikoBaHux TumiB gaHux (CRDT). O6'ekToM IOCIiIKEHHS BUCTYNAIOTh

Ipoliecu nepenaadi, 06pobku Ta ysromkeHHs iHpopmarii B EEM, a npegMeToM — Mozenb Ta iHGopMaliiliHi



TEXHOJIOTII [1J151 Y3ro/i’KeHHs JaHUX Ha OCHOBi Komb6iHOBaHOTrO nigxony KAC-CRDT. YV po6oTi npoaHanizoBaHo
TpaHcopmariio cyyacHux EEM y reteporeHHi KibepdisuuHi cuctemH, o NPU3BOAUTb IO €KCIIOHEHLINHOTO POCTy
obcsris iHpopmaliii, if ceMaHTUYHOI HEY3roIPKEHOCTI Ta 306inbIIeHHs iHpopmalifiHoi eHTpomii. IcHylodi ninxony Ko
y3ro/I)KeHHS JaHUX MalOTh 3Ha4YHi 0OMesKeHHS, 1[0 IOBOIUTb HEOOXiIHICTh PO3pOOKY HOBOI, 6ibll €(PEKTUBHO]
MOJIeJli, 3IaTHOI rapaHTyBaTH KiHLleBy CUHTAaKCUYHO-CEMAHTUYHY y3ro[KeHicTb. TeopeTnuHuil GyHIaMeHT
IOCJIiI)KEeHHS 3aKJIala€ BBEJ€HHSI IOHSTTS BUCOKOPIBHEBUX TOIOJIOTYHUX 00'efHaHb (BTO) niis cripoieHHs
dopmanizauii. KornitusHa anre6paiyna cucrema (KAC) npencrapieHa K popmailism /1711 BUCOKOPiBHEBOTO
CEMaHTUYHOTO Y3ro[IKeHHs, 10 JT03BOJISIE MO eJII0BAaTH reTeporeHHi 06'ekTH, ixHi 1l Ta 06MesKeHHS.
BeskoHikTHI penikoBaHi Tunu gaHux (CRDT) po3risnaoTbes SK HU3bKOPiBHEBUM HEOJIOKYIOUUM MEeXaHi3M JJ1s
CHHTaKCUYHOI y3rOJ)KE€HOCTi, MaTeMaTUYHi BJIaCTUBOCTI SIKOTO TapaHTYIOTh leTePMiHOBaHy 30DKHICTb JaHMX Ha BCiX
By3Jlax. [lJ1s BUpilIeHHs IOCTABJIEHOTO 3aBAaHHs1 OOIPYHTOBAHO KOMOiHOBaHy Mozesb KAC-CRDT, mo noegnye
BUCOKOPIiBHEBE CEMAHTUYHE y3TOJ)KEHHS 3 HU3bKOPIBHEBUM CMHTAaKCUYHUM, 3a0€311€4yl04M rapaHTii y3ro>KeHOCTi
3 MOXJUBiCTIO popmanbHOi Bepudikauii. s Baninauii monesni 6yso popmanizoBaHo ii B1aCTUBOCTI Ta po3p06JIeHO
II'AITUETAHUI IPOTOKOJI CUHTaKCUYHO-CEMAHTUYHOTO y3TOIPKEHHS, 110 BKJIIOYA€E Bajlifjaliilo TpaeKTopii nepexony
MiX CTaHaMU Ta KOPEKLiI0 HEeY3rOIPKEHOCTEN. BBeleHO MeTpUKM Ha OCHOBI iHpopMaliliHoi eHTponmnii [lleHHOHA A1
KiJIbKICHOI OLIiHKM Y3TOJP)KEHOCTI, JOBiBIIY, 110 TIPOLeC y3romKeHHs 3a moaesunio KAC-CRDT exBiBasieHTHU
3MEHIIEHHIO 3arajlbHOi €HTPOIlii cucTeMu. [ eKCIIepUMEHTaIbHOTO AOCiIKeHHS 6yJI0 pO3pO6JIEHO [IPOrPaMHy
apxiTeKTypy Ha oCHOBi Mogeri akTopis (Akka, Scala) Ta mpoBeneHo iMiTaliliHe MOLEIOBAaHHS. Pe3yIbTaTi
nigTBepANIN €(PEKTUBHICTD 3aIIPOIIOHOBAHOI MOZEJ: JOBEEHO 3POCTAHHS CUHTAaKCUYHO-CEMAHTUYHO]
y3roJpKeHoCTi, 3apikcoBaHO 3HMXEHHS PiBHS iHOpMaLiliHOI eHTporii Ta NifTBepKeHO MacIITab0BaHICTh MiIX0y.
PesynbTaTul JOCHiIKEHHSI MOXKYTb OYTH BUKOPUCTAHI [1711 CTBOPEHHS OKPEMUX MOJLYJIiB Y3TOJI)KEHHS JAHUX B
iCHyI0YMX CUCTEMAX ONEPATUBHO-IUCIIETYEPCHKOTO YIIPABIiHHS, O NO3BOJIUTH MiABUIIUTY €(PEKTUBHICTD OL[iHKU
Ta YIPaBJIiHHS B iHTEJIEKTYaJbHUX MepeXkaX. 3alpOIIOHOBAHUM MTiJXill € AOLIBHUM IJ151 PO3LIMPEHHS Ta afianTallii B
iHIIKX KJlacax CKJIaHUX Kibep(disMUHUX CUCTEM, [i€ BUCYBAIOTbHCSI BUCOKi BUMOIY O CUHTaKCMYHO-CEMaHTHUYHOI

Y3rOJIP)KEHOCTI HaHUX.

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 (CRDTSs) 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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