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ENEKTPOHHI KOMYHIKALLIT
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A.Il. Boiitep
IHctutyT sanepHux pocnimkenb HAH Ykpainu, M. Kui, Ykpaina
voiter@kinr.kiev.ua

AJTAIITUBHE YIIPABJIIHHA HA KAHAJIbHOMY PIBHI ITAKETHUX
PAJIOMEPEX 3 2KOPCTKOIO CTPATEI'I€IO
JOCTYIIY 1O PAAIOKAHAILY

IIpodaemaTuka. Po3poGiieHHS MeTomiB Ta 3aco0iB aganTHBHOIO KEPYBaHHS IPOITYCKHOIO 3JATHICTIO paaioMepek
3 KOHKYPEHTHUM JIOCTYIOM JIO pajioKaHamy.

MeTta nociimKkenHsa. BusHaueHHs BIUIMBY JTOBXWHU IaKeTiB HA e(PeKTUBHY LIBUAKICTh Mepenadi pagioMepex 3 ypaxy-
BaHHSM ITapaMeTpiB, hopMaTiB i mpoueayp (i3MIHOro i KaHAJILHOIO PiBHIB Il YaC BUKOPUCTAHHS 1IECTH MOXKIUBUX
cTpareriii amantuBHoro npotokoay MJIKH 3 xopcTkoio cTpaTerielo KOHKYPEHTHOTO OOCTYMY J0 padioKaHaly.
Metoauka peanizamii. [loctaBieHa MeTa HOCSTra€TbCsl CTBOPEHHSIM Ta aHai30M MaTeMaTUYHOI Monei e(eKTUBHOIL
IIBUIKOCTI Tepeaadi B pagiomepexki. Moaeab onucyeThbCsl PiBHSIHHSAM e(MEeKTUBHOI IIBUAKOCTI Mepeaayi, sike € (pyHK-
1i€l0 BiporimHOCTI 0e3KOHMIIKTHOI nepeaaydi anantuBHoro nporokony MAKH mns koxHoi crparerii Ta KoedilieHTa
BiIXUJIEHHSI PO3Mipy IMakKeTiB AaHuX Big ontuMmajibHoro misi LLC-npoTtokoay 3 ypaxyBaHHSIM MMOBIPHOCTI MOIIKO-
JKeHHSI TTaKeTiB 3aBajaMiy B padioKaHali.

Pe3yabTaTu nocaimkenb. 3a A0MOMOTOI0 CTBOPEHOI MaTeMaTUYHOI MOJEJi OBEIEHO, 110 3 LIECTU CTpaTerii ynpas-
JIIHHSI JOBXMHOIO MaKeTiB ISl aganTUBHUX mpoTokojiB MJKH 3 XopcTkoio cTpaTeri€lo MpakTUYHY 3HAYMMICThb
3 TOUKM 30py 30i7blIeHHST e(eKTUBHOI IIBUAKOCTI IMepeaadi 3a YMOBHU ypaxyBaHHS BIUIMBY IapaMeTpiB (hi3MUHOIO
ta LLC-piBHS MamTh Julle Ieplia, TPeTsd Ta LIocTa crparterii. s Lux cTpaTeriii 3a OTpMMaHOIO MOIEJIII0 MOXe
OyTHU pO3paxoBaHO ONTUMAJIILHUI PO3Mip HOBXMHU MAKETiB JaHUX VIS KOXXKHOTO HabOpy CUCTEMHMX IapaMeTpiB, Ta-
KMX SIK LIBUAKICTh Mepenadi, MMOBIPHICTb MOLIKOIXKEHHsI OAHOTo OiTa iHdopMallii 3aBagaMy B padioKaHali, a TaKOX
cTpykTypa nakera LLC-npoTokoiy.

BucnoBku. 3anpornoHoBaHa MaTeMaTUYHa MOJEIb € iHCTPYMEHTOM pO3paxyHKy MPOIYCKHOI 3MaTHOCTI pamgioMepexk
Ta ONTUMAJbHOIO PO3MIpy IAaKeTiB JaHUX y pa3i aJalTUBHOIO yIpaBlIiHHS KOHKYPEHTHUM JOCTYIIOM 0 paaioKaHaly
3 JKOPCTKOIO CTpaTeri€elo B yMOBax 3HAYHOTO KOJMBAHHS iHTEHCUMBHOCTI Tpadika Ta 3MiHM iHTEHCHBHOCTI 3aBaj B
pamiokaHasi.

KurouoBi cioBa: pagiomepexxi, 3aBaav, KOHKYPEHTHUI TOCTYIl, MaTeMaTU4YHa MOJEJb, afallTUBHE YIIPaBIiHHS, ITaKeT.

MaloThb KOOpIAMHYBaTHM cBoi mnepepaui. Lli mpaBuia
perjaMeHTOBaHi IMPOTOKOJIaMM YITPaBIiHHS JOCTY-
oM JI0 pafiokaHaiy [1], 3aBIaHHSIM SIKMX € 3a0e3I1e-
YUTHU MaKCUMaJIbHO €(heKTUBHY IIBUAKICTb Mepeaadi

Betyn

HeBin’eMHOI0O 4YacTMHOIO CY4YaCHUX TEJIEKO-
MYHIKaLiiHUX CUCTeM € PaJioMepexi 3 MaKeTHOM

KOMyTalli€lo. IX apxiTekTypa, MPMHLMIN TOOYIOBU
Ta (DyHKIIOHYBAaHHSI MaIOTh ABi TOJIOBHI BIIMIHHOCTI,
3YMOBJIEHI BUKOPUCTaHHSIM pafiokaHaiy. [lepiua Bin-
MiHHICTb — BOHM OiJblI Bpa3juBi 10 3aBaj Pi3HOTO
MOXOMIKEHHS Ha (Pi3MYHOMY piBHI, 1110 HAKJIaga€e 00-
MEXEHHsI Ha po3Mip JOBXUHM IMakeTiB naHux. JIpyra
BIIMIHHICTb 3yMOBJICHA TUM, 110 3a IIPUPOJOIO pai-
OKaHaJl € MOHOKaHAJIbHOIO CTPYKTYpOIO, IO TOTpe-
Oy€e MEeBHUX IIpaBWI IJIsI aOOHEHTIB, 3a SIKUMU BOHU

B yMOBax HerepeadadyBaHOI 3MiHHOCTI JIOKAJIbHOI
KOHIIEHTpallii aDOHEHTIB, a BiATaK i iHTEHCUBHOCTI
Tpadika. OCOOJMBICTIO KAaHAJIBHOIO PiBHS ITAKETHUX
pamioMepex € HOro CTpykTypa, L0 MICTUTh MPOTO-
KOJI yIIpaBIIiHHS JorivHMM KaHayjoM Logical Link
Control (LLC) i npoToKoa yrnpaBiaiHHSIM JAOCTYIIOM
no paniokaHainy Medium Access Control (MAC).
Ontumizanito eheKTUBHOI IIBUAKOCTI Iepe-
Jlayi TaKeTHUX pajioMepex 3AiMCHIOITb aganTHB-

doi: 10.20535/kpisn.2023.1-4.274795

Ilpono3unisi ana muryBaHHs miei cratri: A.I1. Boiitep, “AmanTuBHe yIpaBjiHHS Ha KaHaJIbHOMY DiBHi TaKeT-
HUX pamioMepek 3 KOPCTKOIO CTpaTeTielo JOocTymy Ao pamiokaHany”, Hayxoei eicmi KIII, Ne 1—4, c. 7—15, 2023.
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HUMM METOJaMM YMNpaBJiHHS Ha Pi3HUX PiBHSX iX
apxitekrypu [1—6]. [lpn 11bOMY BHKOPHUCTOBYIOTH
MOJIeJIi 11 KOXHOTO MPOTOKOJYy OKpeMo 6e3 Bpa-
XYBaHHSI BILJIMBY UM OOMEXEHb iHIIUX MPOTOKOJIIB.

V [7] onucano agantuBHi MAC-npotokou
30 3MIHHOIO JOBXMHOIO IIaKETiB, sIKi 3abe3meuy-
IOTh aJanTUBHE KepyBaHHsS IUBUIKICTIO Iepenadi
M MOPOIYyCKHOIO 3JATHICTIO IIAKeTHUX pamioMepex.
Ili mpoTokosn OCHOBaHi Ha THYYKOMY # >KOPCTKO-
My MPOTOKOJIaX MHOXWHHOTIO JIOCTYITy 3 KOHTPOJEM
curHaity Hecyvyoi (MJIKH), siki gonoBHeHi Mpolie-
JlypaMM KepyBaHHSI JOBXUHOIO MAaKETiB 3a NMeBHUMU
crparerissmu. st peanizauii npoueayp KepyBaHHS
aboHeHTU 32 MAC-npoToKkosaMy MaloTh PO3Pi3HSI-
TW He ABa, K y npotokosnax MJIKH, a tpu cranu
paniokaHany:

— 3alHATUIA, KOJIM JETEKTYEThCS CUTHAI HE-
Cy4oi;

— CTaH JI03BOJIy Tepejadi, KOJau CUTHaIY He-
Cyuyoi HEMa€ MPOTITOM yacy, sSIKMii He TEepPEeBUIYE
MaKCHUMaJbHOTO 4Yacy TMOLIUPEHHS palioCUTrHaTy
B MEpexi;

— BUIbHUM CTaH, KOJIM CUTHAJY HECYUOi HEMA€E
Oinblue, HiXX MaKCUMaJbHUM yac MOLIMPEHHS pai-
OCUTHAJIy B Mepexi.

V nporokojax peajiizoBaHO IIiCTb CTparteriii
KepyBaHHS JIOBXWHOIO TMaKeTiB:

1. ¥V BuUlbHOMY cTaHi aOOHEHTM MaloTh Ipa-
BO IepefaBaTU NaKeTu OuIblIoi OOBXWUHU Q- L,
a 'y CTaHi J03BOJIy Iepefayi — MakeTu CTaHIapTHOI
(onTuManbHOL 1151 (bi3MYHOIO PiBHSI) JOBXUHU L,
ne xkoediuieHt Q > 1.

2. Y BibHOMY CTaHi IepegaBaTy MakeTU 3aB-
JNOBXKU L,, a y CTaHi 10O3BOJIy Iepefaydi — MakeTu
3MEHILEHOI JOBXUHU ¢q - L, ne KoedilieHT g < 1.

3. V BibHOMY CTaHi IepenaBaTy MakeTU 3aB-
NOBXKHU Q- L,, ay craHi 403BOJY Hepenadi — nake-
TU 3aBIOBXKU ¢ - L.

4. Y BUIbHOMY CTaHi mepenaBaTy MakeTu 3aB-
JNOBXKU L,, a y CTaHi 103BOJy Iepefaydi — MakeTu
3aBOOBXKU Q- L.

5. VY BibHOMY CTaHi IepenaBaTy MakeTU 3aB-
JNOBXKM ¢ L, a'y CTaHi J03BOJY Iepefayi — NakeTu
3aBOOBXKU L.

6. Y BUIBHOMY CTaHi IlepeJaBaTU IMaKeTU 3aB-
JNOBXKM ¢ - L, a y cTaHi 103BOJIy niepenayi — NakeTu
3aBOOBXKU Q- L.

Ao pagiokaHan 3alHSATUIA, TO TPOLELYPU
aJalTUBHUX IIPOTOKOJIIB aHAJIOTIYHI TpouLesypam
BinnoBigHux mnporokonis MJAKH, To6To MOXyTb
MaTu THYYKY CTpaTeriio, Koju abOHeHTH BilkJja-
Jal0Th Mepeaavy MakeTiB Ha MEBHUM yac 3 BUMAI-
KOBUM PO3IOIIJIOM MOr0 TPUBAJIOCTi, YU KOPCTKY

cTpaTerito, Koju aOOHEHTWM 4YeKaloTb 3BiJIbHEHHS
paniokaHasy i Bipa3dy po3Mo4YMHalOTh Mepeaayy.

V 1aba. 1 HaBeaeHO PO3Mipu MaKeTiB JaHUX
JUJIS1 KOXKHOI CcTpareril.

Tabauya 1. Ctparerii 3MiHU JOBXWHU TAKETIiB

Howmep | HoBXuHa makeTiB JloBX1HA NaKeTiB g
cTparerii r TIpy nepenavi Ipu Tepeaadi i3 craHy
i3 BIJIBHOTO CTaHy JI03BOJIY Iepenayi

1 0L L

2 L, q-L,
3 0L q-L,
4 L, 0L
5 q-L, L,

6 q-L, 0L

JoBeneHo, 110 3MiHIOIOYM JOBXMHY IIaKETiB
MOXKHa 3a0e3MeuyBaTH 3011bILIeHHS TPOITYCKHOI 31aT-
HOCTI 4M po3IIMpeHHs MexXi cTifikocti MAC-11poTo-
kony [8]. OueBMaHO, 1110 Taka 3MiHAa NOBXWHU Ta-
KEeTiB JaHUX Tpu3Beae 10 3MiHM e(EeKTUBHOCTI iX
nepenadi Ha (pi3MYHOMY piBHI (3MiHIOBATUMETHCS
MMOBIpHICTh YCIIIIIHOI Iepenadi makera 3a 3aJaHol
3aBaIOCTIMKOCTI B pagiokaHaji) Ta B LLC-niporokoiti
(OGyne 3MmiHIOBAaTUCSI CHiBBIAHOLIEHHS PO3Mipy MOJs
JIAHUX Ta CJIy>K00BO1 iH(opmallil y (popmati nakeTiB).

ITocTanoBka 3amaui

MeToo poOOTM € BH3HAUYEHHS e(GEeKTUBHOI
LIBUIKOCTI Mepenadi KaHaJIbHOTO PiBHS MaKETHUX
pagioMepex IIiJ 4yac BUKOPUCTAHHS BKa3aHUX CTpa-
TeTiii 3MiHM JOBXWHMU ITaKETIiB aJalTUBHOIO XOp-
ctkoro MJIKH-nipoTtokony 3 ypaxyBaHHSIM OOMe-
KeHb (piznuHoro piBHs Ta LLC-npoTokody.

EdextuBHy mBuakicts nepeaadi C B makeTHil
pamioMepexi 3a 3agaHoi (Pi3MYHOI LIBUAKOCTI Iepe-
nagi V (6iT/c) BUBHAYMMO Y BUIJISII (DYHKIIIT:

C=VC,(Py,Cp), (1)
ne C,, — xoediuieHT edbexktuBHocti MAKH-npo-
TOKOJy C ypaxyBaHHSIM KOMIUIEKCHOTO BILIUBY
BIpOriIHOCTI YCIIIUHOL Iepeaadyi nakera P, ska
BU3HavaeTbesl npouenypamu MJIKH-nporokoiy,
Ta Koe(ilieHTa CIUIbHOI €(eKTUBHOCTI (pi3UUHOTO
piBHst Ta LLC-nipotokony C,,, SIKUil, y CBOIO Uep-
ry, 3ajJeXXUThb BiJ BipOIiIHOCTI YCIIIIHOI mepenadi
nakera P, Ha (i3uuHOMY piBHi pagiomepexi i Bil
KoedilieHTa 30iIblIEHHS JOBXMWHU ITaKETIB Ta KO-
ediuienta edextuBHocti C, npuitHaToro opmary
Kazapa.
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MaTtemMaTH4HA MOJE]b

MMOBipHicTb yCHilIHOI mepenayi i TOro 4u
iHmoro MAC-TIpOTOKOJy 3aJIeXXUTh SIK Bill mpole-
Jyp i JOBXWHU MAKETiB 1IbOTO MPOTOKOJY, TaK i Bi
iHTeHCUBHOCTI Tpadika. Bimomo 6arato MAC-mpo-
TOKOJIIB 3 PI3HUMU CTpaTeriiMu IOCTyny A0 pali-
okaHasly. HaiiOiibll 3araabHOI0 XapaKTepUCTUKOIO
CTpaTeriii € IX XKOPCTKIiCTh IIOAO0 3alHSITOrO CTa-
Hy paaiokaHaiy. Po3pi3HsIIOTh THYYKi MPOTOKOJU
MJIKH Tta xopctki nporokoin MIAKH [1]. V wiit
poboti Oyne BM3HAUEHO ONTUMAJIbHUK PO3Mip Ila-
KeTiB st xkopcTkoro mnporokoiry MIAKH 3 ypaxy-
BaHHSIM KOMIUIEKCHOTO BILIMBY (Di3MYHOro Ta Ka-
HaJbHOTO PiBHIB pajioMepexi.

IIpouenypu xopctkoro mnportokony MJIKH
nojsiraloTh y Takomy. Ilepen moyaTtkom mepepaui
a0OHEHT MOBMHEH II€PEBIPUTU HASBHICTb CUTHAILY
Hecy4ol B pajgioKaHali. K110 curHaay Hecydoi He-
Mae, TOOTO pajioKaHayl BUIBHUI, TO MakeT Tepe-
JA€eThCsl. AKIO CUTHAJI HeCcydyol HasiBHUIA, mepena-
ya BiIKJIAJA€ThbCs, i aOOHEHT IMOCTIMHO MepeBipsie
CHTHAJ HEeCydol JOKM pajioKaHal He 3BUIbHUTHCS.
SIK TITBKM pajioKaHall CTa€ BUIBHUM, HETaiiHO po3-
MOYMHAEThCS BigkjazeHa padiire mnepemada. Oue-
BUJHO, KOJIM 3a 4Yac 3ailHSATOro CTaHy palioKaHa-
JIy KUIBKICTb BiIKJIaJeHMUX Ilepegad Oyae OuIbIIOI0
3a OJIHY, TO 1i€ MPU3BEAE 10 HEMUHYYOrOo KOHMIIIKTY
MicJist 3BUIbHEHHS pafiokaHay. 3 MouyaTky rnepenadi
MNPOTSATOM iHTEpBay Bpa3MBOCTI (PiBHOTO yacy Io-
LLIMPEHHS paioCUTHATY B MEpPEXi) iHIli aOOHEHTH,
HE BiIUyBalOUM CHUTHAJIy HECY4yoli, MOXYTb MO4YaTu
BJIACHY Tiepeady, 110 TaKOX Ipu3Bele 0 Hakija-
JIaHHsI TIaKeTiB i iX B3aeMHoro pyliHyBaHHs. [TakeTu,
SIKi IOTPAITIM B KOH(JTIKT, TTepeaaloThCsl TIOBTOPHO
yepe3 BUMNAAKOBUII iHTepBaJl 4yacy.

Ha ¢isnyHoOMyYy piBHI WMOBIpPHICTh YCIIIIIHOI
rnepenadi NakeTa 3aJIeXXUTh BiJl iIHTEHCUBHOCTI TIO-
MUJIOK B pallioKaHaji Ta 3pOCTa€ 3i 3MEHILIEHHSIM
JOBXWHM TaKeTa i, BIOMOBIZHO, 3HMXKYEThCS 3 il
30inblIeHHSIM. YTiM, LLC—mpoTokos, HaBMOaKWu,
3MEHIIYE (301blIye) CBOXO €(EeKTUBHY ILIBUAKICTbH
nepenadi 3i CKOpOUEHHSIM (30LIbILIEHHSIM) JTOBXKU-
HU TIOJIS1 JAaHUX Yyepe3 HasiBHICTh (PiKCOBaHUX MOJIiB
CIy>k00Boi iH(popmaliil y ¢popMarax makerTis.

3a 3amaHoi WMOBIPHOCTI p NMOMWJIKWA Ha OJWUH
O0iT B paniokaHajli HMOBIpHICTb 0€3MOMMJIKOBOI
nepenayvi Inakera BM3HAYAETbCS HOTro JTOBXUHONO
(kinpKicTiO 0OiTiB) L=hn+c¢, Ie n — OOBXWUHA iH-
¢opmaliiiHOI YaCTUHM MaKeTa; ¢ — JOBXWHA CIIyXK-
0OBOI YaCTUHMU TakeTa (MPOTOKOJbHA HAIMIPHICTb):
})p — (1 _ p)(nw).

EdextuBHa mBuakicts nepemadi LLC-mnpo-
TOKOJIY BM3HAYAETHCS CITiBBIIHOILIEHHSM JTOBXUHU

iH(opMalliliHOT YaCTMHU TaKeTa J0 3arajbHol JOB-

n
kuHU nakera: C, = T

Toni 3 ypaxyBaHHSIM ONTUMAJbHOI  IIJIsI
LLC-niporokony AOBXWUHU iH(MOpMaLiiiHOI YacTu-
HM TaKeTa #,, sKa 3a0e3neuye MakCHUMaJlbHE 3Ha-
YeHHs1 €(eKTUBHOI IIBUAKOCTI Iepenadi ¢pizuaHOro
piBHs Ta ipoTokony LLC [8],

[mn, + (r — Del (- p)"©

C, (m) = )
P m(n, +c) ’
n+c . .
ne m= — KoedillieHT BiAXWJIEHHS JOBXUHU
+c

[

rnakera IIOAO MOro HOMiHAJIbHOIO 3HAYEHHS JUISI
LLC-npoTokoiy,

"= —cIn(1-p)- \/(c In(1 - p)’ —4cIn(1 - p)
o 21n(1 - p) ‘

OTpuUMaeEMO piBHSHHS HMOBIpHOCTI OE3KOH-
(¢aikTHOI mepemayi WIS KOPCTKOTO IIPOTOKOJIY
MJIKH, sKilo noBXuHa MakeTiB jaHux L, = n, +c.
U1t CIIpollieHHSI aHali3y 3a3BUYail MPUIYCKalOTh,
1110 TTaKeTH, SIKi HAIXOASTh JJ1s1 Tiepeaadi, Ta makeTu,
nepeaaya sSIKMX BiJKJIaJeHa yepe3 HasiBHICTb CUTHa-
Jly Hecydol abo yepe3 HEeOOXiTHICTh TMTOBTOPHOI Tie-
penavi, yTBOPIOIOTh €IMHE JXEPEIO HAAXOMKEHHS
MakeTiB 3 iHTeHCUBHIcCTIO A [9]. Yac nepenayi onHo-

L . . .
ro nakera 7T = v ITporiec 3MiHM CTaHIB MaKeTHOI

pagioMepexi OMUCYIOTh OJHOBUMIPHUM JIAHIIOIOM
MapkoBa 3 HemnepepBHUM 4yacoM. s XKOpCcTKOro
npotokoay MIAKH paniomepexa Mmoxe nepedyBaTu
B OJHOMY 3 BOCbMM cTaHiB: 1) BiibHOMY (k = 0);
2) BpaznuBocTi (k =1); 3) 6e3koH@IIIKTHOI Tepe-
Jadvi 3 BinbHOro crany (k =2); 4) 06e3KOH]IIKTHOI
mnepenavi 3i cTaHy J03BOJIy TIepenadi 3 OQHIEI0 Bim-
KJageHow mnepenauero (k =3); 5) 0e3KOHIIKTHOI
nepeaavi 3i craHy O03BOJIy Mepedadi 3 OiIblie HixX
OIHi€IO BimkimameHow Tiepemaueto (k =4); 6) KoH-
(bnikTHOI Mepenavi 3 BiIbHOTO CTaHy ; 7) KOHQJIIK-
THOI Tiepejadi 3i cTaHy 103BOJY Iepeaadi 3 OAHIEI0
BimKiIameHoMo Tepenadero (k = 6); 8) KOHGIIKTHOI
nepeaavi 3i cTaHy J03BOJIy Mepenadi 3 OiIblie HiX
OJIHI€0 BifKIaneHo nepenauvero (k = 7).

PosrnsitHeMo MMOBIpHOCTI MepexodiB MixX cTa-
HaMHu padioKaHajly 3 JOBUIBHOTIO 4acy f 3a HECKiH-
YeHHO MaJInii iHTepBai Af.

1. fxio pamiokaHan mepedysae y crtani {0},
TOOTO pajioKaHall BUIbHUIA, TO:

— 3 IMOBIpPHICTIO p,, = AAf 3a iHTepBal yacy
At 3 BXiIHOTO MOTOKY Hajiiiie HOBUUM MaKeT, SIKUM
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HeraiHo 3aliMe pajiokaHal, 1110 MPU3Bee 10 HOTo
TIEPEXOY B MOMEHT Yacy f + Af y CTaH Bpas3jinuBO-
cti {1};

— 3 IMOBIpHICTIO p, =1-AAf CTaH pajioka-
Hajly He 3MiHUTbCSI.

2. Sximo pamiokaHan nepeOyBae y crani {1},
TOOTO B iHTEpBaJli Bpa3JMBOCTI TPUBAJICTIO @, TO:

. . At .
— 3 IMOBIPHICTIO p,, = — 1HTCPBaJl Bpa3Jiu-
a

BOCTI 3aKiHUMThCI JO TOTO, IK Hamiiige xoya O iie
OJIMH MAaKeT, i pajioKaHaJl nepeie y ctaH 0e3KOH-
(ikTHOI nepenaui nakera {2};

— 3 IMOBipHiCTIO p;s = AAf Hajiiife HOBUIA
MakeT i3 BXiIHOTO IOTOKY, CTAHETbCS KOHQJIIKT
i B MOMEHT 4acy f+ At pajaiokaHaj Oyae mnepe0y-
BaTW y CTaHi nepenayi nakeTiB 3 KoOHQIiKTOM {5};

— 3 iMOBipHicTIO p, =1- [l+ xj At cTaH pa-
a

JioKaHay He 3MiHUThCS.

3. Sxiuo pamiokaHan nepeOyBae y craHi {2},
TOOTO BiIOyBa€eThbcsl Oe3KOHMJIIKTHA Iepenaya ma-
KeTa i3 BUIBHOTO CTaHy paaioKaHaly, TO:

— 3 IMOBIPHICTIO p,, = o
N
Ta 3aBEPLUUTHCS, i pamioKaHaa Tepeiae y BiabHUIA
craH {0};
— 3 IMOBIpHICTIO p,, = AAf 3a iHTepBal 4acy
At 3 BXiITHOTO MOTOKY Hajiiige HOBUI MakeT i pai-
OKaHaJI mepeine y craH 0e3kKOH(IIKTHOI Iepeaaydi
3 OJIHi€l0 BiIKJaAeHO0 Tnepeaayeto {3};

— 3 IMOBIpHICTIO p,, =1- [TL + kJ At cTaH pa-

r

nepeaaya Iake-

. . r
J10KaHaJly HE€ 3MIHUTLCA, a Tr = 7 — Yyac nepeaa-

4Yi makeTa JAaHUX i3 BUILHOTO CTaHy 3a 3HA4Ye€Hb F
i3 Tabn. 1: r= Q- L, — nas nepuioi i TpeTboi cTpa-
Terii, ¥ = q- L, — IS ’ITOI Ta LIOCTOI CTPATETiid,
r= L, — nist Apyroi Ta 4eTBepToi crpareriit, ne Q0 > 1,
g<1l.

4. dxmo pamiokaHan mepeOyBae y crtaHi {3},
TOOTO 3OIMCHIOETHCS Oe3KOH(IIIKTHA Iiepemadya
3i CTaHy JO3BOJY Ilepenadi 3 OIHIEI0 BiIKJIaIeHOIO
nepenayero, To:

. .. At .
— 3 IMOBIpHICTIO p,, = — 0e3KOH(JIiKTHa TIe-
T,

penavya makeTra 3aBepLIUTHCS, PO3MOYHETLCS Mepe-
Jadya BIAKJIAAEHOIO MakeTa i pamioKaHal Iiepeiiae
JI0 CTaHy Bpas3JuBoOCTi {1};

— 3 IMOBIPHICTIO p,, = AAf 3a IHTEpBaI 4Yacy
At i3 BXiZTHOTO MTOTOKY Haiiie HOBUI MaKeT i paji-

OKaHaJl mepeije y ctaH 0e3kOH(IIIKTHOI nepenaayvi
3 OiJIbllIe HiX OJIHIEI0 BiAKJIaleHOIO nepeaayeto {4};

1
— 3 iMOBipHicTIO P33 =1-— T + A |Af cTaH pa-
14

g

AioKaHany He 3MiHUTbCs, T, = v yac mepenayi

nakKeTa JIaHUX 3i CTaHy 103BOJIy Tepeaadi, i3 Tabu. 1:
g= 0L, — i yerBepTol 1 LIOCTOI CTpaTerii,
g=q- Ly — nns apyroi i TpeTbol cTpareriii, g= L, —
JUISL TIEPIIOT Ta IM’SITO1 CTpaTeriid.

5. Axumo pagiokaHayn riepeOyBae y cTaHi {4},
TOOTO 3HiCHIOETbCS 0e3kKOH(JIIKTHA Tepenaya
3i cTaHy /103BOJly Tepejadi 3 Oijibllie HiX OJHIEI0
BiIKJIaJIeHOIO TIepeaayelo, To:

At
— 3 IMOBIpHICTIO  Pss T 0e3KOoHGTiKTHA

g
rnepenada IakeTa 3aBEpPILUUTHCSI i PO3MOUHETHCS
ollHOYAcHa Mmepenayva BiAKJIaJAeHMX MaKeTiB, TOOTO
paliokaHas Iiepeiine y ctaH KOH(IIKTHOI mepeaaydi
naketiB {5};

— 3 iMOBipHicTIO p,, =1- A CTaH pajioKaHa-
T,
JIy HE 3MiHUThCS.
6. Sdkuo pamiokaHan nepebyBae y cTadi {5},
TOOTO 3MIMCHIOETHCSI KOH(JIIKTHA Tepeaaya MakeTiB
3 BiJIbHOTO CTaHy, TO:

— 3 IMOBIPHICTIO py, = — KOH(JIKTHa Tepe-

.
Jlaya MakeTiB 3aBEPILIUTHCS 10 TOrO, sIK Haaiiae 00-
Jail OMH TMakKeT i pagiokaHasa Tepeine y BilbHUIA
craH {0};

— 3 IMOBIPHICTIO py, = AAf 3a iHTepBasl 4acy
At i3 BXiIHOro MOTOKY Hajiliie HOBUI TakeT i pa-
JioKaHaj Tepeie y ctaH KOHIIIKTHOI mepenayi
3 OIHIEI0 BiIKJIameHoo mepemadeio {6};

— 3 IMOBIpHICTIO pgs =1- [TL + XjAt CTaH pa-

.,
JioKaHaly He 3MiHUThCS.

7. ko pamiokaHayn TepedyBa€ y craHi {6},
TOOTO 3IilICHIOETHCS KOH(JIIKTHA Tepenayda 3i cra-
Hy JI03BOJIy TIepejadi 3 OJHI€I0 Tepeaadeto, TO:

. - At .
— 3 IMOBIPHICTIO p¢, = F KOH(bIIlKTHa nepe-

g
Jaya rmakeTa 3aBepIIMTLCS i pO3MOYHEThCs Mepeaa-
ya BiIKJIaIEHOro IakeTa, TOOTO pamioKaHasl Iepeii-
Jie Y CTaH Bpas3MBOCTi {1};
— 3 IMOBIPHICTIO p,;, = AAf 3a iHTepBas yacy At
13 BXiZHOTO MOTOKY HaAdilile HOBUIA ITaKeT i pagioKka-
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HaJ nepeiine y ctaH KOHQIIIKTHOI Trepeaadi 3 Oiib-
1lIe HiX OJHI€I0 BiIKJIaaeHUMU nepeaayamu {7};

— 3 IMOBIPHICTIO pg =1-— (L + ?»J At cTaH pa-
T,
JioKaHay He 3MiHUThCS.

8. Axumo pagiokaHan repeOyBae y cTaHi {7},
TOOTO 3i CTaHy J03BOJY 3MiCHIOEThCS KOH(MIIKTHA
nepenayi rnepejgava 3 OiJibliie HiX OJHIEIO BiaKIaae-
HUMM TiepeaadamMu, TO:

. . At .
— 3 IMOBIPHICTIO p;5 = F KOHCb)'IlKTHa nepe-

4
Jaya rmakeTa 3aBepILIMTLCS i pO3MOYHEThCS Mepeaa-
ya BiIKJIAJACHUX MAKETiB, TOOTO paaioKaHas Iepeii-
Jle y CTaH repenadi MmakeTiB 3 KOHQIIKTOM {5};

— 3 IMOBIpHICTIO p,, =1— TLAI‘ CTaH pamioka-
g
Hajly He 3MiHUTbCSI.
Ha puc. 1 300paxkeHo miarpaMmy CTaHIiB pamio-
KaHajy Ta UMOBIPHOCTI Mepexo/liB Mixk HUMU.

Puc. 1. Jliarpama cTaHiB pagiokaHaly

3 niarpaMu CTaHiB pajlioKaHaJ1y MOXHa 3amu-
caTU CUCTEMY KiHIEBO-PI3HULIEBUX PiBHSIHb s
MUMOBIpPHOCTI CTaHiB paaiokaHamy:

1 1

P, (1 8) = (1= AAL) (1) 41 AP, (1) - AP, ()

r r

P (t+At)= (1 —GHJMJP] (1)
FAATR, (1) + - AP, (1) + TP (1)

14 14

R =1 a0 Lo )

r

P, (t+ A1) =[1 —[TL+7»JAI]P3(t)+XAtP2(t);

g

a1 | )

g

Ps(t+At):(1—[Ti+xJAtJlg(t)

r

+TiAtP4 (1) +1AtP(t), + TiAtP7(t);

g g

P, (t+At) =[1—(%+xJAt]};(1)+MzPS(1);

4

P (r+A1)= (1 —TLMJE (1) + 2.01P, (7).

4

IMicnst 3pilicHEHHSI HECKJIaAHUX IIePETBOPEHb
i mepexony 10 At — 0, OTpUMAaEMO CUCTEMY JIiHili-
HUX AudepeHiaJbHUX PiBHSAHb, 1O 3aJ0BOJIbHSE
po3Moia UMOBIpHOCTE! CTaHIB paaioKaHay:

DO o)+ () R 1)

r r

0P (1) :_(%ﬂ]f;(z)

ot .
+LP (t)+AR(1) +LP (1);
T 4 1 T 7

4 8

o5l :_[TLngx]]%(t)Jrsz(t);
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P Lpwyern.

4

3 YMOBM CTalLliOHAPHOCTI 3 1Ii€l CUCTEMU PiB-
HSIHb OTPMMA€EMO CHUCTEMY JIiHIMHUX ajiredpaidyHuX
PiBHSIHB, 1110 3B’SI3y€ MiX COOOI0 MMOBIPHOCTI CcTa-
HIB palioKaHaly:

MRy =%P2+TLPS;
l+x P =)\F +LP3 +LP6;
[Tiﬂjl’z—ll’l, [LWJPfKPZ;
r a 14

1 1 1 1
75 =1P; (Tr”»jps :ip“ + AP +7P7;

& 14

| 1
[F”Jpﬁ:“’“ 7B

& 4

Po3B’s13K0M 11i€i cucTeMu piBHSIHb € 3HAYEHHS
MMOBIpPHOCTE# KOXHOIO CTaHy pamioKaHaJy:

P 1 AT, +a(l+0T,)(1+1T,)
=| —+
"W TIA+AT)(A+AT) - KT T,] )

=K. P;
a(l+1T)P, AT, P, ,
= r7 N = :KP,
])1 71" K]])Z’ 3 1+}\,7"g 352

AT.)*P

4 = ( g) 2 = K4Pz;

1+7»Tg
DOTT, +a(+ 2 T)A2TA .
= = 5 2,

’ A+AT)(A+1T,)-VT,T,

_IPT,0TT, +a(l+2T)1+ 1L T))IP,
T A+AT)A+AT,) - VT, T1A+2T,) 7

bl

_WRTOTT, + a0 +0T)(+2.T)IP
DI A+ AT) M T+ T) T

i=7
ne P, :(sz)_] 3 ypaxyBaHHAM HOPMYBaHHS
i=0

i=7
P=1

i=0

BpaxoBytouu, 110 0e3koH(JIIKTHA Tepenaya
3IIACHIOETHCS, KOJIM pajioKaHal nepedyBa€e y apy-
roMy, TpeTbOMYy ab0O 4YeTBEPTOMY CTaHaX, BIpOrim-
HICTh YCHILIHOI Iepeaaydi IJIsi XKOPCTKOro IIPOTOKO-
ay MJIKH 6yae takoro:

P, =P +P+P. 3)

Ortxe, 3Baxxaroun Ha (1), (2) ta (3), epeKTUBHY
WBUAKICTh nepenavi ;i MAC-npoTokody i3 Xop-
CTKOIO CTpaTeri€lo yOpaBIiHHS OOCTYIIOM MOXHa
3anucaT y BULJISIAL

C=V(PC,, (r)+ (P, + P)Cp(2)), 4)

ne C,(r) Ta Cp(g) — 3HaueHHa dopmyau (2)
3a m = rTa m = g BIIMOBIIHO IJIs1 cTpaTerii 3 TabI. 1.

AHaJ3 YMCIOBUX Pe3y/IbTATIiB

Ha pwuc. 2 mokazaHo rpadiku 3aJIeXKHOCTI
eeKTUBHOI IIBUAKOCTI Tiepedadi, po3paxoBaHi
3a opmysoro (4) aas1 KOXHOI cTparteri IJis YOTH-
pbOX 3HAYeHb MapaMeTpiB r i g (3a 3HaueHb r = 1
Ta g= 1 amanTUBHOro ympabJliHHS Hemae). BunHo,
1O MiIBUILEHHSI MPOMYCKHOI 3JaTHOCTI (MaKCu-
MaJibHOro 3HaueHHs1 C) 3a0e3nmeuyioTh (y MOPSAKY
PiBHS TMiABUILIEHHS) TPETs, Mepilia, 1I0cTa Ta YeT-
BepTa CTpaTerii, MpUYoOMy IIeplla i TPeTs — 3a 3Ha-
YeHb IHTEHCUBHOCTI TpadikKa MEHILMX 32 MEXY CTili-
KOCTi ITPOTOKOJY 10CTyny (piBeHb Tpadik, 3a SKOTO
eeKkTBHA LIBUAKICTb Mepeaadyi Ma€ MaKCUMaJbHe
3HAYeHHs1) 0e3 aJanTUBHOIO YIpPaBJiHHS, IO 3BY-
KY€ TONMYyCTUMUM [ialla30H iHTEHCUBHOCTI Tpadika,
a I11ocTa i yeTBepTa — 3a OUIBIIMX 32 MEXY CTiil-
KOCTi 3HaueHb, 1110 PO3LIMPIOE TONMYCTUMUIA Jiarna-
30H iHTEHCHUBHOCTiI Tpadika. Maiixke He BIUIMBA€E
Ha eheKTHBHY LIBUIAKICTb IMepeaadi Apyra crpare-
rist. IT’siTa cTparerist 3arajioM 3HUXKYE €(EKTUBHY
IIBUIKICTh Mepeaavi, ajae Moxe 3a0€3MeUUTH CTIKY
po0OTy Mepexi 3a 3HaUeHb iIHTEHCUBHOCTI Tpadika,
SIKi EPeBUIIYIOTh MEXY CTIMKOCTI 0e3 agamTaliii.

Ha puc. 3 nokaszaHo rpagiku 3ajleXKHOCTi Tpo-
nyckHoi 3natHocTi C,, (MakKCMMaJIbHOTO 3HAueH-
Hs1 C) BiJ TOBXWHM MaKETiB JaHUX, SKi 1al0Th Kib-
KiCHY OILIIHKY BIUJIMBY CTpaTeriii MOCTyMy Ha 3MiHU
MNpPOITyCKHOI 3AaTHOCTi. Po3paxyHKM 3a 3agaHMX
3HaueHb CUCTEMHMX MapameTpiB 3a (4) Ta BKasaHi
rpacdikid JEMOHCTPYIOTh Take: BUKOPHUCTOBYIOUU
MHeplly CTpaTerito, MOXHa 30UIbLIMTU IPOITYCKHY
3naTHicTh 10 22,2 % 3a r=10; mpyra crpaterist
He 3a0e3neuye 30UIbIIEHHS TIPOMYCKHOI 31aTHOCTI;
TPeTsl CTpaTerisi 30UIbIIYE IIPOMYCKHY 3IaTHICThb
no 37 % 3a r=10 ta g=0,1; yeTBepTa CTpaTeTis
301JTBIIIYE TIPOITYCKHY 3AaTHICTh Jtuiie 10 5 % 3a r=1



ENEKTPOHHI KOMYHIKALLIT

13
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Puc. 3. [IponyckHa 31aTHICTD
BucHoBKH HsI JTOBXMHOIO MaKeTiB IJIsl afallTUBHUX XOPCTKUX

3amporioHoBaHa MaTeMaThUyHa MOJEIb MOXe
OyTM BUMKOPMCTAaHA B aganTUBHUX Ipotokoyax LLC
i MAC makeTHUX pagioMepek IS pO3paxXyHKYy OITTH-
MaJIbHOTO 3HAUYEeHHS JOBXMHM IMaKeTiB JaHUX 3 ypa-
XYBaHHSIM KOMILIEKCHOTO BIUIMBY (Pi3UYHOIO 1 Ka-
HaJIbHOTO PiBHIB MepeXi i3 JKOPCTKUM KOHKYPEHTHUM
JOCTYIIOM A0 palioKaHaly, a TAaKOX JJIs1 OOYMCIIeHHS
e(eKTUBHOI IIBUAKOCTI ITepefaydi JaHUX.

3a JOIOMOTo OTPUMAHOI MaTeMaTUYHOI MO-
JIeJli JOBEIeHO, 10 3 IIeCTU CTpaTeriid yrpasiliH-

npotokoiaiB MJIKH mnpakTuyHy 3HAaYMMICTh 3 TOY-
KM 30pYy 30iiblIeHHS e(DeKTUBHOI Tepeaaydi 3a yMo-
BM YypaxyBaHHSl BIUIMBY HapaMeTpiB (i3M4HOro
ta LLC-piBHS MalOTh JIKIIIE TIepliiia, TPETS Ta 1I0CTa
cTparerii. JIy1s1 nux cTpaTeriii 3a OTpUMaHOIO MOJE-
JII0O MOXe OyTM po3paxoBaHO ONTUMAJbHUII pPO3-
Mip JOBXWHHU IaKeTiB JaHUX [JisI KOKHOIo Habopy
CMCTEMHUX IMapaMeTpiB, TAKUX SIK IIBUAKICTh Mepe-
Jadi, MMOBIpHICTh MOIIKOJKEHHS OJHOro OiTa iH-
(hopmartiii 3aBagaMu B pafioKaHali, a TAKOX CTPYK-
Typa nmaketa LLC-npoTokoJy.



ENEKTPOHHI KOMYHIKALLIT 15

TMonanbui JIOCTIIXKEHHS eeKTUBHOCTI  AiOHOro posnonily Tpadika B MakeTHUX paaiome-
MAC-nporokoiB OyayTb MPOBEAEHI AJISI CaMOIIO-  peKax.
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Adaptive control at the channel level of the packet radio networks with a rigid strategy for accessing the radio channel

Background. Development of methods and means of the adaptive management control of the bandwidth radio networks with
competitive access to the radio channel.

Objective. Determination of the effect of packets length on the effective transmission speed of radio networks taking into account
the parameters, formats and procedures of the physical and channel levels when using six possible strategies of the adaptive CSMA
protocol with a rigid strategy of competitive access to the radio channel.

Methods. The goal is achieved by creating and analyzing a mathematical model of effective transmission speed in radio network.
The model is described by the equation of the effective transmission rate, which is a function of the probability of conflict-free transmission
of the adaptive CSMA protocol for rigid strategy and the deviation coefficient of the size of data packets from the optimal LLC protocol,
taking into account the probability of packet damage due to interference in the radio channel.

Results. With the help of this mathematical model, it is proved that of the six packet length management strategies for adaptive
CSMA protocols with a rigid strategy, only the first, third and sixth strategies have practical significance from the point of view of increasing
the effective transmission speed, provided that the influence of the parameters of the physical and LLC levels is taken into account. For
these strategies can be calculated according to this model the optimal size of the length of data packets for each set of system parameters,
such as the transmission speed, the probability of damaging one bit of information due to interference in the radio channel, and the
structure of the packet of the LLC protocol.

Conclusions. The proposed mathematical model is a tool for calculating the bandwidth of radio networks and the optimal size
of data packets during adaptive management of competitive access to a radio channel with a hard strategy in conditions of significant
fluctuations in traffic intensity and changes in the intensity of interference in the radio channel.

Keywords: radio networks, interference, competitive access, mathematical model, adaptive management, package.
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FINITE APPROXIMATION OF NON-COOPERATIVE 2-PERSON GAMES PLAYED
IN STAIRCASE-FUNCTION CONTINUOUS SPACES

Background. There is a known method of approximating continuous non-cooperative 2-person games, wherein an
approximate solution (an equilibrium situation) is considered acceptable if it changes minimally by changing the sam-
pling step minimally. However, the method cannot be applied straightforwardly to a 2-person game played with stair-
case-function strategies. Besides, the independence of the player’s sampling step selection should be taken into account.
Objective. The objective is to develop a method of finite approximation of 2-person games played in staircase-function
continuous spaces by taking into account that the players are likely to independently sample their pure strategy sets.
Methods. To achieve the said objective, a 2-person game, in which the players’ strategies are staircase functions of time,
is formalized. In such a game, the set of the player’s pure strategies is a continuum of staircase functions of time, and
the time is thought of as it is discrete. The conditions of sampling the set of possible values of the player’s pure strategy
are stated so that the game becomes defined on a product of staircase-function finite spaces. In general, the sampling
step is different at each player and the distribution of the sampled points (function-strategy values) is non-uniform.
Results. A method of finite approximation of 2-person games played in staircase-function continuous spaces is pre-
sented. The method consists in irregularly sampling the player’s pure strategy value set, finding the best equilibria in
“smaller” bimatrix games, each defined on a subinterval where the pure strategy value is constant, and stacking the
equilibrium situations if they are consistent. The stack of the “smaller” bimatrix game equilibria is an approximate
equilibrium in the initial staircase game. The (weak) consistency of the approximate equilibrium is studied by how
much the payoff and equilibrium situation change as the sampling density minimally increases by the three ways of the
sampling increment: only the first player’s increment, only the second player’s increment, both the players’ increment.
The consistency is decomposed into the payoff, equilibrium strategy support cardinality, equilibrium strategy sampling
density, and support probability consistency. It is practically reasonable to consider a relaxed payoff consistency.
Conclusions. The suggested method of finite approximation of staircase 2-person games consists in the independent
samplings, solving “smaller” bimatrix games in a reasonable time span, and stacking their solutions if they are con-
sistent. The finite approximation is regarded appropriate if at least the respective approximate (stacked) equilibrium is
g-payoff consistent.

Keywords: game theory; payoff functional; staircase-function strategy; bimatrix game; irregular sampling; approximate
equilibrium consistency.

Introduction best possible payoff under conditions of uncertainty

generated by actions of the other player |3, 4]. The

Non-cooperative 2-person games model pro-
cesses where two sides referred to as persons or
players struggle for optimizing the limited resources
distribution implying as real-world resources, fa-
cilities, tools, funds, energy, etc., as well as more
abstract objects whose utility is assessed as the play-
er’s payoff [1, 2]. A possible action of the player is
called its (pure) strategy used to receive closely the

strategy can be as a simple (point) action, as well
as a process consisting of an order of simple ac-
tions [1, 5, 6]. In the simplest case, the player’s pure
strategy is a short action whose duration is negligi-
ble. This negligible-duration action is represented as
just a time point. In a more complicated case, the
player’s pure strategy is a function of time [4, 7, 8],
so the player’s action is a complex process [6, 9].
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Such strategies are used in multistage optimization
[10], planning and control processes [11], schedul-
ing [12], multistage corrective action processes [13],
etc., modelled under uncertainties and influence of
other competitive factors [5, 6, 9].

Whichever the pure strategy form is, the sim-
plest 2-person game is a bimatrix game. Any bimatrix
game has an equilibrium — a finite number or con-
tinuum of equilibria, either in pure or mixed strat-
egies [1, 2]. Infinite or continuous 2-person games,
where the players’ payoff functions are meshes or
surfaces of two variables defined on finite-dimen-
sional compact Euclidean subspaces, are far more
complicated [1, 2, 7, 14]. A simple example of the
subspace is a unit square [2, 15]. Even if the sur-
faces do not have a discontinuity, the equilibrium
is not always determinable as opposed to bimatrix
games [2]. Moreover, 2-person games defined on
open (or half-open) subspaces (e. g., open square)
may not have an equilibrium at all [2, 16, 17].
Therefore, rendering a 2-person game to a bimatrix
one is a crucial task in game modelling as it allows
assuredly having a game solution (equilibrium point)
as a pair of the players’ best strategies. Without ren-
dering, a 2-person game may have an intractable
equilibrium (if any), when the equilibrium strategy
support is infinite or continuous (e. g., see the ex-
amples in [1, 7, 16, 17]).

A 2-person game, in which the player’s strategy
is a function (e. g., of time), is a far more compli-
cated case. In such games, the payoff kernel must be
a functional mapping every pair of functions (pure
strategies of the players) into a real value [7, 8,
18, 19]. A game played with such function-strategies
is rendered down to a bimatrix game only when each
of the players possesses a finite set of one’s func-
tion-strategies. Obviously, the rendering is theoret-
ically impossible if the set of the player’s strategies
is infinite.

The question of rendering an infinite game to
a finite one was studied in [14, 20]. Regardless of
antagonism of the players’ interests, it consists in
approximating the infinite game so that the approx-
imated game would not lose the properties of the
initial game. There are two fundamental conditions
in the game approximation core that allow rendering
a 2-person game with strategies as functions down
to a bimatrix game: the time sampling and finiteness
of possible values of the player’s function-strategy.

According to the first fundamental condition, a
time interval, on which the pure strategy is defined,
should be broken into a set of subintervals, on which
the strategy could be (maybe, approximately) con-

sidered constant. It can be done according to the
rules of a system to be game-modelled, where the
administrator (supervisor, manager, controller, etc.)
does always define (or constrain) the form of the
strategies players will use [1, 8, 10, 11, 13]. More-
over, any process is interpreted static on a sufficient-
ly short time span. Henceforward, the time sampling
condition is considered automatically (by default)
fulfilled. Then the function-strategy becomes stair-
case. To keep the terminology simple, the respective
game can be called staircase.

The second fundamental condition requires
that the set of possible values of the player’s func-
tion-strategy be finite. It is imposed for the natural
reason that the number of factual actions of the play-
ers (in any game) is always finite. While the players
may use strategies of whichever form they want, the
number of their actions has a natural limit (unless
the game is everlasting; but the everlasting game is
an unreal mathematical object) [5, 7, 9, 10, 12].
Thus, the set of function-strategies used in a 2-per-
son game is finite anyway. Therefore, any non-ev-
erlasting 2-person game is played as if it is a bima-
trix game. However, the size of this bimatrix game
depends on how each of the players has decided on
discretizing (i. e., finitely approximating) one’s set
of function-strategy values. It does not seem that
a player is likely to independently discretize the set
identically to the other player’s discretization.

A method of approximating continuous 2-per-
son games is known from [8, 14, 20]. It is similar to
the method for approximating continuous zero-sum
games, but the principal difference is that there may
be multiple equilibria in a 2-person game whose
payoffs (unlike in a zero-sum game) are not equiv-
alent. Theoretically, the continuous game approxi-
mation is based on sampling (discretizing) either the
players’ payoff kernels or the sets of players’ pure
strategies. Basically, this is the same as it results in
finite sets of players’ payoffs.

In general, an approximate solution is consid-
ered acceptable if it changes minimally by changing
the sampling step minimally. This is the main re-
quirement to accept an approximate solution. Ob-
viously, the independence of the player’s sampling
step selection should be taken into consideration.

Problem statement

Although it is impossible to apply the approxi-
mation method straightforwardly to a 2-person game
played with staircase-function strategies, a part of
the staircase 2-person game considered on a time
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subinterval where the players’ strategies are constant
can be directly approximated by the method. Issued
from the impossibility of solving 2-person games
played in staircase-function continuous spaces, the
objective is to develop a method of finite approx-
imation of such games by taking into account the
independence of the player’s sampling step selection
(i. e., the players are likely to independently sample
their pure strategy sets). The approximate solution
type is the Nash equilibrium. For achieving the ob-
jective, the following six tasks are to be fulfilled:

1. To formalize a non-cooperative 2-person
game, in which the players’ strategies are functions
of time.

2. To formalize a non-cooperative 2-person
game, in which the players’ strategies are staircase
functions. In such a game, the set of the player’s
pure strategies is a continuum of staircase functions
of time, and the time is thought of as it is discrete.

3. To state conditions of sampling the set of
possible values of the player’s pure strategy so that
the game be defined on a product of staircase-func-
tion finite spaces. By this, the sampling step is to be
different at each player, and the distribution of the
sampled points (function-strategy values) must not
be necessarily uniform.

4. To state conditions of the appropriate finite
approximation applicable to the non-cooperative
2-person game. This implies also the staircase-func-
tion space convergence.

5. To discuss the independence of the player’s
sampling step selection. The reconciliation of the
difference of the players’ sampling step selection on
the background of multiplicity of equilibria is to be
discussed as well. Eventually, the applicability and
significance of the finite approximation method for
the game theory is to be argued for.

6. To make an unbiased conclusion on the
contribution to the game theory field. An outlook of
how the research might be extended and advanced
is to be made as well.

A 2-person game played with strategies as
functions

Denote a pure strategy of the first and second
players by x(7) and y(f), respectively, where each of
the players uses one’s strategy during (time) interval
[#; 8] by t, > ¢,. Functions x(#) and y(7) defined al-
most everywhere on interval [#; #,] are bounded, i. e.

amin < x(t) g amax by amin < amax (1)

and

bmin < y(t) < bmax by bmin < bmax‘ (2)

Besides, the square of the function-strategy is pre-
sumed to be Lebesgue-integrable [21]. The sets of
the players’ pure strategies are

<x(t)<a

min ~X max

X={x(t),te[t;t],1,<t,:a

by amin< amax} < ]L2 [tla tz] (3)
and
Y= {y(t)’ Ie [tl; t2]7 tl < t2 : bmin < y(t) < bmax
by bmin < bmax} = I[‘2 [tl; tz]9 (4)

respectively. Each of sets (3) and (4) is a rectangular
functional space, in which every element is a
bounded function of time by (1) and (2).

The first player’s payoff in situation

{x (1), y(1)} (5)
is
K (x(t), (1)) (6)
and the second player’s payoff in situation (5) is
H(x(1), ¥(1)). (7)

Payoffs (6) and (7) are presumed to be integral
functionals [21]:

K(x(0),5(0)= [ F(x(0), v(0).0)du(r) ®)

[h5 0]

(10)
and
g(x(1), y(1),1) (11)

of x(7) and y(7) explicitly including time z. Therefore,
the continuous 2-person game

(X YLK (x (1) p (1), H (x(0), y(1))}) (12)
is defined on product

X xY cL,[t; t,]x 1Ly [#; 1,] (13)
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of rectangular functional spaces (3) and (4) of play-
ers’ pure strategies. It is worth noting that the game
continuity is defined by the continuity of spaces (3)
and (4), whereas payoff functionals (8) and (9) still
can have discontinuities. In general, each of payoff
functionals (6) and (7) may have a terminal com-
ponent like

[h: 1]

by some terminal functions [22]

T, (x(1), y(1,). 1) (16)
and
T, (x(1,), »(t,), 1) (17)

depending on only the final state of the player’s
strategy, but this case is not to be considered here.

A zero-sum game defined on product (13) [23]
is a partial case of 2-person game (12). However,
whereas the zero-sum game has an optimal solution
whose payoff is constant (whichever the number of
saddle points is), the 2-person game not being a
zero-sum game does not have an optimal solution.
It has an equilibrium point or may have multiple
equilibria, at which the players’ payoffs may induce
contradictions with respect to payoff profitability
and fairness [1, 2, 9, 24].

As it has been argued above, 2-person game
(12), in which the players’ strategies are functions
of time, in practical reality is played discretely
during time interval [7,; #,]. The time step is the
same for each of the players because it is presumed
to be established either by the rules of the system
game-modelled or by the administrator. Herein,
the influence of terminal functions (16), (17) is
presumed to be embedded into integral functionals

(8), 9).

A 2-person with  staircase-function

strategies

game

As the 2-person game is played discretely during
a time interval, then there is a number of subinter-
vals at which the player’s pure strategy is constant.

Denote this number by N, where N e N\ {1}. Al-
though the player’s pure strategy can still have a
continuum of possible values, it is now a staircase
function having only N different values. So, there
are N-1 time points at which the staircase-func-
tion strategy can change its value. These points are

~yN-1
{rm}' . » where
i
=17 <t <@ < <™V <™ =g (18)

The breaking by (18) is not necessarily to be equidis-

tant. However, points {r(“}{\j0 are the same for each
of the players. Besides, points {r""}fv

i=l

. do not change

as the 2-person game is repeated. For real practice,
surely, only a finite number of repetitions is consid-
ered (the game does not last forever).

What happens at each of those “internal”

{rm}i;l points, at which the player can “switch”

the line? To answer this question, it is sufficient to
imagine that the strategy value starts changing be-
fore exactly arriving at moment 7= 1®. But the start
should be as late as possible (that is, as close as
possible to moment 7= t?). In terms of the func-
tional analysis, this is called to be right-continuous
[21, 23]. Thus, the staircase-function strategies are
right-continuous: if the strategy value is changed at
t=1%, then

limx (2" +¢) = x(x") (19)
and

limy (9 +¢) = (=) (20)

g
for i =1, N -1, whereas

lig(};x(r(” —¢) = x () (1)
and

lim y (< &) = y (<) (22)

e—0
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for i =1, N —1. As an exception,

{jgglx(am —¢)=x (") (23)
£—0
and
limy () —e)=y(<V). @4
e—0
SO
x (V) = x(zV) (25)
and
y(,c(N*I)) — y(T(N)). (26)

As both functions x(f) and y(7) are constant
vie[r™; ") for i=1,N-1
and Vte [r“"‘”; r‘N)},

then game (12) can be thought of as it is a succes-
sion of N continuous 2-person games

<{[amin; amax]’ [bmin; bmax ]}7 {K((I,—, i)’ H (ai’
defined on rectangle

[amin 5 amax ] x [bmin 5 bmax ]

) @7)

by
ai = x(t) € [amin; amax] and Bi = y(t) € [bmin; bmax]
vie[r™" ") for i=1,N-1

and Ve[t M, (28)

where the factual first player’s payoff in situation

{a;, B;} (29)
is
K (o, B;) = A [ (04, By 1) du (1),
(TVI:T:LN——I (30)
and
K(ay,By)= S oy, By, t)du(t), (31)

[t(Nfl)”:(N)}

and the factual second player’s payoff in situation
(29) is

H(ai’ i)_ I g(OL,-, Bi’t)dli(t)
[Tu—l); )
Vi=1,N-1 (32)
and
H (o, By)= g(ay, By, 1)du(r). (33)
[T(Nfl);T(N)J

Henceforward, game (12) equivalent to the succession
of N continuous 2-person games (27) by (28)—(33)
is called staircase. A pure-strategy situation in stair-
case game (12) is a succession of N situations

{{a"’ i}}i}\il

in games (27). In staircase game (12), the set of
the player’s pure strategies is still a continuum of
staircase functions of time, but the time is discrete
according to the breaking by (18). This time-dis-
cretization property, implying constant values of the
players’ strategies on every subinterval, allows, in
addition to the succession of N continuous 2-person
games (27), decomposing staircase game (12) with
respect to the (staircase) payoff.

Theorem 1. In a pure-strategy situation (5) of
staircase game (12), represented as a succession of
N games (27), functionals (8) and (9) are re-written
as subinterval-wise sums

K(x(1),y(1)) = il((oc,, /)=

=1

(34)

= j ‘ f(aﬂ iat)d“(t)

+ S oy, By, t)du(?) (35)
[T‘N ”;r“"’]
and
H(x(t), y(’)) = ;H(an )=
=Y | glesB.n)du()
i= I:T(zfl);.[(r])
+ j g(oy, By, t)du(t), (36)
[r(N");r‘N)]
respectively.
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Proof. Time interval [#; 1, ] can be re-written as
N-1

[tl; 12] :{ |: (i~ l) (:))} |: (N—l); ’E(N>:|. (37)
i=1

Therefore, the property of countable additivity of
the Lebesgue integral can be used:

- [

[h5 6]

K(x(1),y

- J

{,\Ul [t(ifl); r(‘.))}U[rlN’l); t(N)}

i=1

 y(1), 1)du(7)
S (x(1), v (1), 1)du(7)

-1

IO

+ j F(x(2), y(2), t)du(2). (38)
I:T(Nfl);r(/\/)}
Owing to (28), x(#)=a, and y(t)=p,, so (38) is
simplified as follows:
% 1, 0000
o[ (0.0 1) du ()
[T(an;r(/v)}
=Y £ (0 By 1)dn (1)
i=1 [tu—l);tm)
+ | Floy. By, 1)du(?)
[I(Nfl);T(N):I
= iK(ai’ - (39)

1

In staircase game (12), consequently, subinter-
val-wise sum (35) holds in any pure-strategy situ-
ation (5) consisting of staircase-function strategies
x(#) and y(#). Obviously, subinterval-wise sum (36) is
proved similarly to (37) — (39). O

It is noteworthy that Theorem 1 can be proved
also by considering function (10) on a subinterval as
a function of time . Denote this function by v, ().
Then this function appears to be zero on any other
subinterval. Subsequently, function (10) is presented
as the sum of those subinterval functions:

S (x(8), (1), 1) = 2w (1),

i=1

whereupon (39) is deduced.

Theorem 1 does not provide a method of solving
the staircase game, but it hints about how the game
might be solved in an easier way. Theorem 1 provides
a fundamental decomposition of the staircase game
based on the subinterval-wise summing in (35) and
(36). This subinterval decomposition allows conside-
ring and solving each game (27) separately, whereup-
on the solutions are stitched (stacked) together.

Reasons for different and irregular sampling

Whichever game type and the number of
players are, there are two main arguments for consi-
dering different sampling steps at each of the players.
First, the players cannot agree on the sampling step
due to the cooperation is excluded. Moreover, the
players’ ranges of function-strategy values may be
not equal, i. e.

amax - amin # bmax - bmin’
so if even the sampling step length is the same, the
eventual number of the sampled points may be dif-
ferent. Second, if a player has a wider range of one’s
function-strategy values then it is likely to be sam-
pled with a greater number of points. This, however,
does not mean a denser sampling. Meanwhile, the
sampling densities can be compared only when the
players use strictly uniform sampling.

In general, the sampling density can vary be-
cause a player may tend to use greater or lesser va-
lues of one’s function-strategy more frequently. This
is a reason for a denser sampling in a neighbourhood
of those values. Thus, the sampling (at least at one of
the players) can be non-uniform (irregular). There-
fore, in a generalized approach to finite approxima-
tion of 2-person games played in staircase-function
continuous spaces, the players’ samplings (along the
pure strategy value axis) should be considered diffe-
rent and irregular. The uniform sampling will be just
a partial case.

Sampling along the pure strategy value axis

In game (27) on subinterval i, the first player
has its set [a,,,; @, ] of pure strategies, and the sec-
ond player’s pure strategy set is [b,;.; b, | Let set

[@ins e ] De sampled non-uniformly (irregularly)
with M points, M € N\ {1}:

A(M)={a"}"

= {amin’ {a(M)}:’:;l > amax} < [amin; amax] (40)
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by
and a™ =aqa (41)

i. e., the endpoints are always included into the sam-
plmg Similarly to this, let set [, ; b,..] be sampled
non-uniformly (irregularly) with J points, J € N\ {1} :

( ) {b(l)}

{bmlm {b(j)} ’ max} [bmm’ max]

@ _
a - amin

max

(42)

by
bV =b  and bV =bh

min max *

(43)

A pretty trivial case is the roughest sampling by
M =72 and J =2, when

A (2) = {a(l)’ a(2)} = {amin’ amax} (44)
and
B(2) = {b(l)’ b(2)} = {bmin! bmax}’ (45)

so only the endpoints are considered without any
consideration of internal points of the function-strat-
egy value range. It is hardly possible that either of
samplings (44) and (45) could be sufficient for an
acceptable finite approximation, but they must be
nonetheless considered for comparing them to dens-
er samplings.

If either of integers M and J is increased by 1,
a new sampling must not be of a lower density. In
other words, a l-incremented sampling must com-
ply with the previous one. This is a requirement of
the proper sampling increment.

Definition 1. Sampling

w(S+1)=po)"
= {Qminv { (5)} ) C.;max} < [len’ Cmax] (46)

by ¢ . <¢. . and S e N\{l} isaproper sampling in-
crement of sampling

¥ ()= (V1
={Cmm,{C”)}S: ,Cmax} [Conins Goax] — (47)
if
ax (A =21 <

(48)

(s+1) (s)
max ( )
s=1, 51 5 —6)

i. e. the S+ 1 points in 1-incremented sampling (46)

are selected denser than S points in sampling (47).
It is worth noting that the proper sampling
increment does not imply the sampling density in

a subrange is always increased in a l-incremented
sampling. While inequality (48) holds over the en-
tire range between ¢ . and ¢, it may not hold
between a pair of neighbouring points (see Fig. 1).

N _ 2 3 4
C.y( ! - Qmin Q k g( k C.)max - Q( k

C_amin 7\4(2) 7\.(3) 7\.(4) C.?max

Fig. 1. A 4-point sampling (top) versus a 1-incremented sampling
(bottom): although inequality (48) holds here (any
subinterval length on the bottom plot is less than (& — (@),
the right endpoint subinterval on the bottom plot has
become a little bit wider (¢, —A* > ¢ . -¢®)

With the sampling by (40)—(43), the succession
of N continuous games (27) by (28)—(33) becomes a
succession of N bimatrix M xJ games

({fa )2 (64 0 (0,0, 1, (00, ) 49

with first player’s payoff matrices

)= [k (M. T)],,

(50)
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whose elements are

kimj (M, J) - f(a(’”), b(j), t)du(t)
[t(””;t("))
for i=1, N -1 (51)
and
Ky (M, J) = f(a™, b, 1)du(t), (52)

[r‘”’”;r"v)]

and with second player’s payoff matrices

H (M, J)=[h,(M.))],, 3
whose elements are
h,, (M, J)= [T(il)”{”)g(g(m’ b, 1)du (1)
for i=1, N-1 (54)
and
Py (M, ) = g(a™, b9, t)du(r). (55)

[T(N—l);t(N)}

So, if integers M and J for game (12) by (28) are
somehow selected, the staircase game is represented
as a succession of N bimatrix M xJ games (49).
The representation implies that staircase game (12)
and the succession of ordinary (classical) continuous
2-person games (27) are equivalent.

Definition 2. The succession of N continuous
2-person games (27) by (28)-(33) sampled by (40) and
(42) is called a sampled 2-person game.

With the sampling by (40)—(43), the staircase
game becomes defined on product A(M)x B(J),
which becomes a product of staircase-function fi-
nite spaces by running through all i =1, N. Thus,
staircase game (12) becomes a finite staircase game.
It might be rendered to a bimatrix game in order to
obtain a staircase solution (herein, adjective “stair-
case” gives a hint to the type of the game, rather
than to the structure of its solution). However, there
is a much easier way to solve a finite staircase game.

Theorem 2. If game (12) on product (13) by
conditions (1)—(11) is made a staircase game as a
succession of N continuous 2-person games (27)
by (28)—(33), whereupon it is sampled by (40) and
(42), then the respective finite staircase game is al-
ways solved as a stack of successive equilibria of N
bimatrix games (49) by (50)—(55).

Proof. An equilibrium situation in the bimatrix
game always exists, either in pure or mixed strate-
gies. Denote by

P (M,J)= [p,.(”’) (M, J)]IXM
and
Q (M. J)=[q"(M.J)],

the mixed strategies of the first and second players,
respectively, in bimatrix game (49). The respective sets
of mixed strategies of the first and second players are

P={P (M, J)eR": p"™(M,J)>0,

Z (M, J _1} (56)
and
Q={Q,(M,J)eR’ :q" (M, J)=0,
qu (M, J)= } (57)
SO
P(M,J)eP, Q,(M,J)eQ,
and
{P.(M,J),Q,(M,J)} (58)

is a situation in this game, i. e. (58) is a situation on
subinterval i. Let

(B (M,0),Q; (M. 1))}

={{[ (ML) (e (ML) }}NI (59)

be a set of equilibria of N games (49) by (50)—(55).
The stack of equilibria

(Lo ()]

is a stacked strategy of the first player in the staircase
game (12). The stack of equilibria

(Q (M) ={lg (M, )] 1"

is a stacked strategy of the second player in the stair-
case game (12). Then for equilibria (59), inequalities

K, (M,J)-[Q (M, J)]

{P (M, J)}l_ (60)

(61)

P, (M,J).

i‘d klmj (

1j=1

Ma

) o™ (M, T ) (M, )

3
I
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M J . M J .
=2 22" (M, J)g"" (M, J) <22 (M. J)g”" (M, J)
m=1 j=1 m=1 j=1
x j f(a™, b9, t)du(r) x j g(a ""’,b“’,t)dp(t)
[r""’;r‘”) [Tu—l);rm)
M J M J
<2 p" (M, T)g" (M, ) =2 2 Iy (M) p™" (M, J) g (M, ])
m=1 j=1 m=1 j=1
x [ f(a™ b2, 1)du(r) =P (M,J)-H,(M,J)-[Q (M, )] =z (M, J)
I:T(Vfl);,[(rl)
v VQ,(M,J)e@ for i=T, N-1,  (64)
=3k, (M, ) p™ (M, J)g"" (M, J)
m=1 =1 P,(M,J)H,(M,J) [QN (M, J)]
* * T *
SO ) K08 0) [0 00 J—)] _ ) = 35y (M. 1) A0 (M, 7)) (M, )
VP (M, J)eP for i=1, N—1,  (62) Pl o ) L
M J
. T - W (M, g (M, J
Py (M,.J)- K, (M, J)-[Q; (M, )] 2,2 (M. 1) (M. T)
M J . a(m), b(j),t d t
=355 Ky (M0 57 (M )" (M, ) X[ﬂ,m!mg( Ju(0)
m=1 j=1
L - SN (e g9
=S P (M, ) g (M, ) lelp (M, J)
m=1 j=1 m=1 j=
« J f(a(”’), b(j)’ t)du(t) X I g(a(m), b<J)’ [)dp(l‘)
[T<,\r,|),1(,\,,} [T(Nfl);t(NlJ
M ML * P)*
<SSP (M, ) g (M, J) =222 Py (M) P (ML T ) gy (M, T)
m=1 j=1 m=1 j=1
< f(a('”),b(”,t)du(t) =P, (M,J)-H, (M, J)[Q, (M, )]
5] —zy (M, J) vQy(M.J)e@ (65

2 Ky (M, J) P (M, ) g (M, )

=P, (M, J)-K, (M, J)-[Q, (M, ])]
=v(M,J) VP, (M,J)eP (63)

and inequalities
P (M,J)-H,(M,J)-[Q MJ)]

M
m=1

):
By (M, J) p™ (M, J) g (M, J)

M\

~
I

M=

=3 " (M, J)g” (M, J)
1 j=1
< [ g(a™, b, 1)du(r)
[TU—l);tm)

3
I

hold. So, inequalities
S P(M.J) K, (M. ) [Q (M. ])] +

J>-[Q’;v (M, 0]

N-1 M J .
2.2 ki (M, ) P (M, ) g™ (M, J)
i=l m=1 j=1
M J
+2 2 Koy (M 1) P (M, T ) g™ (M, T)
m=1 j=1
N-1

X[ j ., f(a™, b, t)dp(t)j
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M J
+2. 2 o (M, J)gy" (M. J)

f(a(m), b(j), l‘)du(l‘)

f(a(’”), b, t)du(t))

ST (M) a (M)

m=1 j=1
x [ f(a™, b, 1)du(r)
I:.[(N*I);I(V)J
N-1 M J . "
=22 2k (ML) ™ (M, ) g™ (M, T)
i=l m=1 j=1
M J . ok
+ 2 2 Ky (M T) P37 (M, T )" (M, )
m=1 j=1
1

- fP.*(M,J)-K,.(M, J)-[Qi (M, J)]T
+Py (M, J)-K, (M

> (M) -

J)-[Qy (M, )]

v (M, J) (66)

and

=

-1

P (M, J)H,(M,J)-[Q(M,J])]

1

+P

-1

*

(M,J)-H, (M,

J
2y (M

1j=1

J
Z;th/
-1/ M J

(ZZW (M. )q (M, ])

m=1 j=1

J)-[Qy (M. )]

P (M, J)g? (M, J)

=

=

%Ma

i

+ (M,J)p

Ma

(m) (M J) (J)(M,J)

=1

§

2

i=

x[ ) ,')[_ m)g(a(m)’ b, t)d},t(t)j

Y (M

m=1 j=1

X[ (Nfl-)[ (N)]g(a(M), b(J), t)du(t)

(j) (M, J)

M J
S A (M. )" (M. )

g(a(m), b(j)’ t)du(t)

(ML J)H (ML) [Q (M, )]

+Py (M, J)-H, (M, J)[Q, (M, ])]

z (M, J)= (67)

< (M. )

hold as well. Therefore, inequalities (66) and (67)
along with using Theorem 1 allow concluding that
the stack of successive equilibria (59) is an equilibri-
um in game (12) by (27) sampled by (40), (42). []

It is quite clear that the solutions of the M x J
bimatrix games are independent. So these M xJ
bimatrix games can be solved in parallel, without
caring of the succession. The succession does matter
when the solutions are stacked (stitched) together to
form the staircase solution (the solution to the finite
staircase game). Once N equilibria in the (“smaller”
or “short”) bimatrix games are found, they are suc-
cessively stacked and the stack, according to Theo-
rem 2, is an equilibrium in the staircase game (12)
sampled by (40), (42).

A corollary of Theorem 2 is that any combina-
tion of the respective equilibria of the “short” bima-
trix games is an equilibrium of the sampled 2-person
game. Multiplicity of equilibria on a subinterval tied
to multiplicity of equilibria on other subintervals
leads to a sudden growth of the stacked equilibria
(the stack of the N successive equilibria). Besides,
there often happen bimatrix games with a continu-
um of equilibria (e. g., the continuum is constituted
by a linear combination of two equilibrium points).
This problem makes a fundamental difference be-
tween approximating a zero-sum staircase game and
a 2-person staircase game (which is not a zero-sum
one).
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If all N bimatrix games are solved in pure strat-
egies, then stacking the equilibria is fulfilled trivial-
ly. When there is at least an equilibrium in mixed
strategies for a subinterval, the stacking is fulfilled as
well implying that the resulting pure-mixed-strategy
equilibrium of staircase game (12) is realized succes-
sively, subinterval by subinterval, spending the same
amount of time to implement both pure strategy and
mixed strategy equilibria (e. g., see [2, 7, 9, 12, 14]).
Nevertheless, stacking up pure-strategy equilibria and
mixed-strategy equilibria of M xJ bimatrix games
(49) can be cumbersome. The best case is when every
“short” game has a single pure-strategy equilibrium.

Consistency of approximate equilibrium

In the case of the non-cooperative 2-person
game, the conditions of the appropriate finite approx-
imation are stated by using the known method of ap-
proximating isomorphic infinite 2-person non-coope-
rative games via variously sampling the players’ payoff
functions and reshaping payoff matrices into bimatrix
game [20]. The method uses uniform sampling, but
it is easy to generalize it. There are five items of the
conditions. The requirement of the smooth sampling
of the payoff kernel is inapplicable here [24].

First of all, there is an easy-to-find condition
of the finite approximation appropriateness. It is
about the equilibrium payoff change, which must
not change more by the proper sampling increment.
Inasmuch as an increment is possible from the side
of both the players, then this condition is a set of
6N inequalities:

Vi (M, J)=v] (M +1,7)

<

v (M =1,0)=v; (M, J)| for i=1, N, (68)

o (M, J)=2 (M+1,7)
<l (M =1,0)=2 (M, J)| for i=1, N, (69)
Vi (M, J)=v, (M, J +1)
<Py, (M, J -1)-v(M,J)| for i=1,N, (70)
| (M, J) =2 (M, J +1)|

<

G (M, J=1)-z (M, J) for i=1,N, (71)

|v:(M,J)—v,.*(M+1,J+1)|

<

v, (M =1,J =1)=v, (M, J)| for i=1,N, (72)

& (M, J) =2 (M +1,J +1)

<

5 (M=1,J=1)=z (M, J)| for i=1,N.(73)

Conditions (68)—(73) mean that, as the sampling
density minimally increases, either from the side
of the first or second player (or both), an equilib-
rium payoff change for both the first and second
players in an appropriate approximation should not
grow.

Definition 3. An approximate equilibrium (59)
in staircase game (12) is called payoft-{M, J}-con-
sistent if inequalities (68)—(73) hold. Stack (60) is
called first-player-payoff-{M, J}-consistent if in-
equalities (68), (70), (72) hold. Stack (61) is called
second-player-payoff-{ M, J}-consistent if inequali-
ties (69), (71), (73) hold.

The second condition is the change of the
equilibrium strategy support cardinality. Denote
the supports of the equilibrium strategies of the
players by

supp P (M, J) = {m,},\"" < {m}) (74)
by the respective support probabilities
(o (m, )" (75)
and
supp@; (M. J) = (. 1" < (i, (76)
by the respective support probabilities
fatr (v, )" an
Then 6N inequalities
U(M~+1,J)2U,(M,J) for i=1, N, (78)

U,(M,J+1)>U,(M,J) for i=T, N, (79)

UM+1,J+1)2U,(M,J) for i=1, N, (80)

W.(M+1,J)>W,(M,J) for i=1, N, (81)

W, (M, J+1)=W,(M,J) for i=1, N, (82)

W.(M+1,J+1)=W,(M,J) for i=1, N (83)

require that, by minimally increasing the sampling
density, either from the side of the first or second
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player (or both), the cardinalities of the supports not
decrease.

Definition 4. An approximate equilibrium (59)
in staircase game (12) is called weakly support-car-
dinality-{M, J}-consistent if inequalities (78)—(83)
hold. Support (74) is called weakly first-player-sup-
port-cardinality-{M, J}-consistent if inequalities
(78)—(80) hold. Support (76) is called weakly sec-
ond-player-support-cardinality-{ M, J}-consistent if
inequalities (81)—(83) hold.

Obviously, requirements (78)—(83) can be sup-
plemented (strengthened) by considering a minimal
decrement of the sampling density. Then another
6N inequalities

U,(M,J)>U,(M-1,J) for i=1,N, (84)

U, (M,J)>U,(M,J-1) for i=1, N, (85)
U (M,J)>U,(M~1,J-1) for i=1, N, (86)
W, (M, J)=W,(M-1,J) for i=1,N, (87)
W,(M,J)=W,(M,J 1) for i=1, N, (88)

W.(M,J)>W,(M-1,J 1) for i=1, N (89)
are required.

Definition 5. An approximate equilibrium (59)
in staircase game (12) is called support-cardinali-
ty-{M, J}-consistent if inequalities (78)—(89) hold.
Support (74) is called first-player-support-cardinal-
ity-{M, J}-consistent if inequalities (78)—(80) and
(84)—(86) hold. Support (76) is called second-play-
er-support-cardinality-{M, J}-consistent if inequali-
ties (81)—(83) and (87)—(89) hold.

As the sampling density minimally increases,
the maximal gap between the support indices
should not increase. Let m (M, J) and j (M, J) be
the respective support indices corresponding to in-
tegers {M, J} on a subinterval by (28). Then 6 N
inequalities

max [m
u=, U, (ML Ty 4t

(M +1,J)=m,(M+1,J)]

< max
u=1, U;(M, 7)1

[0 (M, ) -

for i=1, N,

m, (M, J)]

(90)

max |:
u=1, U,(M, J+1)-1

My (M, J +1)=m, (M, J +1)]

<ulrun¢[mu+1 (M, J)-m, (M, J)]
for i=1, N, 91)
__max
u=1, U;(M+1, J+1)-1
x[m (M +1,J+1)=m, (M +1,J +1)]
< max_ [m“l (M, J)-m,(M,J)]
for i=1, N, (92)
N %[m (M+1,7)-j,(M+1,J)]
<2 L (M )= (M, )]
for i=1, N, (93)
. ]V[{I(l}%ixm[]wn (M, J+1)-j, (M, J+1)]
€ Ry L (M. 0) =1, (M. )]
for i=1, N, (94)
_ max
w=l, Wi (M+1, J+1)-1
X[J'Wﬂ (M+1,J+1)—jW(M+1,J+1):|
<W:%[jw (M, J)-j,(M,J)]
for i=1, N (95)

are required.

Definition 6. An approximate equilibrium (59)
in staircase game (12) is called weakly sampling-den-
sity-{ M, J}-consistent if inequalities (90)—(95) hold.
Support (74) is called weakly first-player-sampling-den-
sity-{M, J}-consistent if inequalities (90)—(92) hold.
Support (76) is called weakly second-player-sam-
pling-density-{ M, J}-consistent if inequalities (93)—(95)
hold.

Similarly to strengthening the weak (by Defi-
nition 4) support cardinality to that by Definition 5,
requirements (90)—(95) can be strengthened by con-
sidering a minimal decrement of the sampling density.
Then another 6 N inequalities

ul{/nax [mlul M, J) M(M’J)J
< e[, (ML) =m, (M =1, J)]

for i=1, N, (96)
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Ly, (M. T)=m, (M. ])]
<M%[m“1 (M,J-1)=m,(M,J-1)]
for i=1, N, (97)
ul{/ni[mwl M J) (M’J):|
< _max
u=1, U;(M~1,J-1)-1
X[ (M =1, =1)=m, (M ~1,J -1)]
for i=1,N, (98)
e L (M, J) =y (M )]
f?*[f M=1,0)=j. (M =1,7)]
for i=1, N, (99)
Somax [ (M. T) =, (M. )]
<W%[NH (M, J=1)-j,(M,J-1)]
for i=1, N, (100)
wm[JWH M J) jW(M’ J)]
< max
w=l, W, (M-1,J-1)-1
X[y (M =10 =1)= j, (M =1,J = 1)]
for i=1, N (101)

are required.
Definition 7. An approximate equilibrium (59)
in staircase game (12) is called sampling-densi-
ty-{M, J}-consistent if inequalities (90)—(101) hold.
Support (74) is called first-player-sampling-densi-
ty-{M, J}-consistent if inequalities (90)—(92) and
(96)—(98) hold. Support (76) is called second-play-
er-sampling-density-{ M, J}-consistent if inequalities
(93)—(95) and (99)—(101) hold.
Denote by A, (i; m, M, J) a polyline whose ver-
tices are probabilities
{ " (M J)} -1’
and denote by A, (i; j, M, J) a polyline whose ver-
tices are probabilities
{ h* ( M, J)}

4"

Then, by minimally increasing the sampling density,
the “neighbouring” polylines should not be farther
from each other, i. e. inequalities

r[r()1;e1ﬁ(|hl(i; m, M, J)—-h (i m,M+1,J)|

<r[r(};aﬁ<|hl (ism, M =1, J) =y (i5m, M, J )

for i=1, N, (102)
r{ggﬂ/q (i;m, M, J)~h (i;m, M, J+1)|

<r[r.};alli(|/q (i m, M, J =1)=hy (ism, M, J)

for i=1, N, (103)

max|hl (i5m, M, J)=h (i;m, M +1,J +1)|

[0: 1]

<fﬁ%§|h iym, M = 1,0 =1)=h (i;m, M, J)

for i=1, N, (104)
and
r[r01;=13<|h2(i;j,M,J)—hz(i;j,M+1,J)|
<max|f (is j, M =1, J) = (5 j, M. J )|
for i=1, (105)
<max|f, (55 j, M, J =1) = by (i5 j, M. J )|
for i=1, N, (106)

max|h, (is j, M, J) = by (is j, M +1,J +1)

<maxhy (i, j, M =1,J =1)= by (is j, M, )

for i=1, N, (107)
along with
| (55 m, M, T~ by (15, m, M+ 1,0
<[t (i m, M =1, 0) by (i m, M, )|
in L,[0;1] for i=1, N, (108)
| (i m, M Y= By (i m, ML T 1)
< (5 m, M. T =)=y (35 m, M T )|
in L,[0;1] for i=1, N, (109)



IHOPOPMALLINHI TEXHONOT 1T, CACTEMHUW AHATI3 TA KEPYBAHHS 29

I (i m, M, T) =B (i m, M+ 1,0 + 1))
<[ty (i m, M =1, 0 =1) = h (i m, M, J)|

in L,[0;1] for i=1, N, (110)
and
s (i G ML T) = by (i G, M+ 1,0 )|
<[ (i g M =1,0) = by (i3 j, M, T )
in L,[0;1] for i=1, N, (111)
[ (i . ML T) =y (i3, M, T +1)]
< (5 G ML T 1) =y (i, ML T |
in L,[0;1] for i=1, N, (112)
| (i G, ML )= by (i3 4, M+ 1, +1))
< (5 4o M =1, 0 =1)=hy (i5 j, M, T
in L,[0;1] for i=1, N, (113)
are required.
Definition 8. An approximate equilibrium

(539) in staircase game (12) is called probabili-
ty-{M, J}-consistent if inequalities (102)—(113) hold.
The set of probabilities (75) of support (74) is called
first-player-probability-{ M, J}-consistent if inequal-
ities (102)—(104) and (108)—(110) hold. The set
of probabilities (77) of support (76) is called sec-
ond-player-probability-{ M, J}-consistent if inequali-
ties (105)—(107) and (111)—(113) hold.

In accordance with Definitions 3—8, a player’s
equilibrium strategy (or its support, or the support
probabilities) may be consistent while an equilibrium
strategy of the other player is not consistent. This is
done intentionally because it is not worth cancelling
the player’s equilibrium strategy consistency when
for the other player the consistency conditions do
not hold.

If inequalities (68)—(73), (78)—(83), (90)—(95),
(102)—(113) hold for some i, then bimatrix game
(49), assigned to the subinterval between 1D and 1,
has a weakly consistent approximate solution to the
corresponding continuous game (27) by (28)—(33).
On this basis, the weak consistency of an approxi-
mate solution to a staircase game (12) is formulated.

Definition 9. The stack of successive equilibria
(59) is called a weakly {M, J}-consistent approxi-
mate solution of staircase game (12) if inequalities
(68)—(73), (78)—(83), (90)—(95), (102)—(113) hold.

Stack (60) is called weakly first-player-{M, J}-con-
sistent if inequalities (68), (70), (72), (78)—(80),
(90)—(92), (102)—(104), (108)—(110) hold. Stack
(61) is called weakly second-player-{M, J}-consistent
if inequalities (69), (71), (73), (81)—(83), (93)—(95),
(105)—(107), (111)—(113) hold.

Similarly to strengthening Definitions 4 and 6,
the weak consistency can be strengthened by add-
ing the requirements with inequalities (84)—(89) and
(96)—(101).

Definition 10. The stack of successive equi-
libria (59) is called an {M, J}-consistent approxi-
mate solution of staircase game (12) if inequalities
(68)—(73) and (78)—(113) hold. Stack (60) is
called first-player-{M, J}-consistent if inequalities
(68), (70), (72), (78)—(80), (84)—(86), (90)—(92),
(96)—(98), (102)—(104), (108)—(110) hold. Stack (61)
is called second-player-{M, J}-consistent if inequali-
ties (69), (71), (73), (81)—(83), (87)—(89), (93)—(95),
(99)—(101), (105)—(107), (111)—(113) hold.

As in the case of the zero-sum game [23], the
approximate solution consistency theoretically pro-
poses a better approximation than the weak consis-
tency. The weak consistency notion by Definition 9
may be thought of as it is decomposed by Definitions 3,
4, 6, 8. Thus, the consistency notion by Definition 10 is
decomposed into Definitions 3, 5, 7, 8.

Payoff consistency relaxation

Although there are six inequalities to be checked
after solving seven bimatrix games on each subinter-
val, the payoff consistency is checked the easiest and
fastest. Even if an approximate solution is not weakly
consistent, it may be, e. g., payoff-consistent. A pay-
off-consistent solution can be sufficient to accept it
as an appropriate approximate solution [1, 2, 14, 24].
However, if a one of 6 N inequalities (68)—(73) is vi-
olated, even this type of consistency does not work.
Meanwhile, the violation may be induced by a very
small growth of the payoff change at a player (on a
subinterval). Therefore, it is useful and practically
reasonable to consider the payoff consistency adding
a relaxation to inequalities (68)—(73).

Definition 11. An approximate equilibrium (59)
in staircase game (12) is called e-payoff-{M, J}-con-
sistent if inequalities

v (M, J)=v, (M +1,J)-¢
< (M -1,0)=v] (M, J)

by some £>0 for i=1, N, (114)
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& (M, J) -2 (M +1,J) -2

<Je; (M ~1,0) -5 (M, )

by some >0 for i=1 N, (115)

v, (M, J)=v, (M, J +1)-¢
< (M, J=1)=v] (M, J)

by some >0 for i=1 N, (116)

5 (M, J)=2 (M, J +1) ¢

by some £>0 for i=1, N, (117)

Vi (M, J)=v] (M +1,J +1)-¢
< (M -1,J -1)=v] (M, J])

by some >0 for i=1 N, (118)

G (M, J)=z (M+1,J+1)-¢

e (M 1,0 1)~z (M1,

by some >0 for i=1 N (119)
hold. Stack (60) is called first-player-g-payoft-
{M, J}-consistent if inequalities (114), (116), (118)
hold. Stack (61) is called second-player-e-payoff-
{M, J}-consistent if inequalities (115), (117), (119)

hold.

To ascertain whether the stack of successive
equilibria (59) is weakly consistent or not, the seven
bunches of N bimatrix games (49) should be solved,
where the sampling density is defined by integers

(M-1,J -1}, (M-1,J}, {M,J-1}, {M,J},
(M +1,J}, {M,J+1}, {M+1,J+1}.

It is worth noting once again that the players select
their respective integers M and J independently and,
moreover, the sampling by an integer .S means that
those §'— 2 points within an open interval can be
chosen in any way, not necessarily to be uniformly
distributed through the interval. Only the require-
ment of the proper sampling increment (by Defi-
nition 1) is followed. Nevertheless, the consisten-
cy meant by some sampling density integers {M, J}
does not guarantee that both the players will select
such sampling density. Moreover, it is hard to find

a continuous 2-person game, for which a consistent
approximate equilibrium could be determined at ap-
propriately small integers M and J. However, it is
quite naturally to expect that, as they are increased
(i. e., the sampling is made denser), the approximate
equilibria (stacked equilibria) must converge to the
respective equilibrium of staircase game (12). Here,
it is quite important to use the phrase “respective
equilibrium” because the initial staircase game (12)
may have multiple staircase equilibria or a continu-
um of staircase equilibria (although adjective “stair-
case” gives a hint to the type of the game, rath-
er than to the structure of its equilibria, a player’s
strategy in a staircase equilibrium is equivalent to a
staircase function if the strategy is a stack of subin-
terval pure strategies; even when the stack has mixed
strategies on some subintervals, the eventual view of
the stacked strategy is staircase-like). Therefore, the
most appropriate (e. g., profitable for both players)
staircase equilibrium should be selected. Besides,
the approximate equilibria must become “more”
consistent, which means that more inequalities of
the bunch of inequalities (68)—(73) and (78)—(113)
must hold.

An example of 2-person game approximation

To give an example of 2-person game approxi-
mation, consider a case in which ¢ [O.In; 0.97:], the
set of pure strategies of the first player is

X ={x(r), 1 €[0.1%; 0.9n] : 4<x (1) <7}

< L, [0.17; 0.9n] (120)

and the set of pure strategies of the second player is

Y ={y(r), 1 €[0.1m 0.97] : 1.5< p (1)< 7.5}

< L, [0.1m; 0.97], (121)

where each of the players is allowed to change its
pure strategy value at time points

() = {0.0n+0.1mi}) . (122)
The players’ payoff functionals are
K (x(1), y(1))
= .f 2sin? (O.Sxt +Ej
[0.]1[; 0.91[] 8
03 Tn) ooisx
xsin (O.2yt—ﬁje du(?) (123)
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and
H(x(1), y(r))

- j 2sin> (0.25xt -
10

[O.In; 0.91‘{]

xsin’ (I.OSyt +45—nje°'°21y’du(t). (124)

So, each of the players possesses 8-subinterval
staircase function-strategies defined on interval
[0.1m; 0.97]. Hence, the 2-person staircase game is
represented as a succession of 8 2-person games (27)

({4 7], 1.5 751}, {K (a,, B,), H (o1, B;)}) (125)
by
o, =x(t)e[4;7] and B, = y(1) e[1.5 7.5]
v e[0.1ni; 0.1 + 0.1ni) for i=1,7

and Vvt [0.87; 0.97], (126)

where the factual payoff of the first player in situa-
tion (29) is

K(a;,B;)=

[0.11[; 0417[+0417[i)

2sin’ (O.Scxl.t + gj

vi=1,7 (127)

xsin’ (0.2[3,1 — I—;[] el dp (1)

and

K(OLS, Bs) =

[0.87[; 0.9n]

2sin’ (O.Socxt + gj
<sin’ (O.ZBSt - Z—’;j ey (1), (128)

and the factual payoff of the second player in situ-
ation (29) is

H(O‘i’ i)=

[0.17; 0.17+0. 17 )

xsin’ (I.OSBit + %) " d (1)

2sin’ (O.ZSait —ij
10

vi=1,7 (129)
and

H(ayg, Bg) =

[0.87:; 0A9n]

sin’ (1.05[381 + 45—n] "M dy(1).

2sin’{ 0.250,f - —
10

(130)

The first player’s payoff functional (123) on each
subinterval of set

{{[0.17; 0.1+ 0.1mi)),[0.8% 0.9q]|  (131)

1 b

is shown in Fig. 2. Compared to the second play-
er’s payoff functional (124) on each subinterval of
set (131) shown in Fig. 3, the first player’s payoff
is a slow-changing functional. On the first subin-
terval [O.In; 0.2m) it is roughly a plane. Then, as
time goes by, the first player’s payoff starts slow-
ly varying. The second player’s payoff on the first
subinterval is also a slow-varying function. As time
goes by, it starts fluctuating — the closer the end is,
the more waves it has.

The irregularity (non-uniformity) in the sam-
pling is modelled as follows:

ay" = 4+M and a" =a\" +i
M -1 M
for m=2, M -1 (132)
by a =4, a™ =7, and
B = 15,076 4 po_ B =)
J -1 J
for j=2,J-1 (133)

by b =1.5, b =7.5, where &, and &, are values of
two independent random variables distributed nor-
mally with zero mean and unit variance. The values
resulting from (132) and (133) are sorted in ascend-
ing order, whereupon they are checked whether (40)
and (42) are true. When either integer M or J is
increased by 1, samplings (40) and (42) are checked
whether they satisfy the proper sampling increment
by Definition 1, i. e. whether inequality (48) holds
for samplings (47) and (46).

Thus, 8 bimatrix games (49) with the players’
payoff matrices (50) and (53) are formed from 8§
2-person games (125), where

K,y (M, J) = 2sin’ [0.5a<m>r +Ej

8

[04115; 041n+041ni)

xsin® (0.2b(’)t - %) e gy (1)

for i=1,7, (134)
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Ky (M, J) = 2sin’ [O.Sa“”)t + Ej
" [0.87 0.95] 8 Hg (M, J)
.3 ) TR 00154 -2 (m) T
xsin’| 0.26Yt —— |e du(t) (135) = J. 2sin’] 0.25¢"™f — —
13 [0.87; 0.97] 10
and xsin? (I.OSb(”t + 4?”} " du (1), (137)
s (M, J)
., . T Although the subinterval length in (134)—(137) does
= ,[ 2sin [0'25‘1 - Ej not change, every subinterval has its “own” bimatrix
[0.17; 0.17+0.17i)

xsin’ (I.OSb(f’t + %) """ dp (1)

for i=17, (136)

game due to time variable 7 is explicitly included
into the functions under the integral. This means
that, as time goes by, the players develop their ac-
tions subinterval by subinterval.

Fig. 2. The first player’s payoff kernels (127), (128) on the 8 subintervals of set (131)
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Fig. 3. The second player’s payoff kernels (129), (130) on the 8 subintervals of set (131)

One of the trickiest problems with bimatrix
games consists in multiple equilibria. To select a
single equilibrium on each subinterval, a selection
criterion should be defined. Thus, let an equilibrium
be selected, by which the sum of the players’ payofts
is maximal. Only this equilibrium will be visualized
and discussed below.

Surely, the equilibrium solutions of these
games (and the equilibrium solution of the initial
staircase game) badly depend on the sampling. Sub-
interval-wise equilibrium strategies of the players by
the sampling for every M =3,10 and J =3,10 are
shown in Fig. 4 in an indistinguishable bunch. In
general, it is well seen that as the sampling densi-
ty changes at such a relatively wide range of small

sampling integers M and J, the player’s equilibri-
um strategy (in every subinterval game, let alone the
stacked optimal strategy on interval [0.1w; 0.9x])
badly varies. The only exception is the first, second,
and fourth subintervals, on which the equilibrium
strategies are pure and they do not change. Thus,
the first player’s equilibrium strategy on subintervals

[0.17; 0.2m), [0.27; 0.37)
is
x (1)=7 Vte[0.1x; 0.3n)
and it is

x (t)=4 vte [0.4n; 0.5m). (138)
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The single stable subinterval equilibrium strategy of and
the second player is . .
Py (M, )= (M, T) (143)

y (t)=1.5 Vvt e[0.4m;0.57). (139)

The first player’s payoff v; (M, J) (at the end of the
i-th subinterval) and the payoff cumulative sum

v (M, J):Zn:v:(M, J) by n=1,8 (140)
i=1

are scattered worse than the second player’s payoff
z; (M, J) and the payoff cumulative sum

2 (M, J):Zn:z:(M, J) by n=1,8 (141)
i=1

(Fig. 5), where
v*(M, J)=v(8)*(M, J) (142)

69~
68~
6.7
6.6/~
6.5~ —_—
641
631~
62~
61~

59
58~

57

5.6
55

54 —

are the players’ equilibrium payoffs in this staircase
game.

It is noteworthy that during the first four sub-
intervals there is a single pure strategy equilibrium in
the subinterval bimatrix game, whichever the sam-
pling is (so the above-mentioned criterion of the
payoff sum maximization is not applied here at all).
This fact is seen in Fig. 5 also as the payoffs are less
scattered by 7 €[0.1x; 0.5x]. So, all the equilibria on
half-interval [0.1z; 0.57) are in pure strategies, and
only during the second half the pure-strategy “mix-
ing” works. There appear multiple equilibria during
that half, and the payoff sum maximization criterion
is applied to select the best equilibrium point on the
subinterval (at given M and J).
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0.1z 0.21 037 0.4n 0. n

Fig. 4. An indistinguishable bunch of subinterval-wise optimal strategies of the first (left) and second (right) players by M = 3,10 and
J =3,10 (here and further below the equilibrium pure strategy is represented by thicker line, pure strategies from the mixed
equilibrium strategy support are represented by thinner lines)
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Fig. 5. An indistinguishable bunch of the first player’s payoffs (left) and second player’s payoffs (right) at the end of every subinterval
(dots) and their cumulative sum (circles) by M =3,10 and J =3, 10

As the sampling density is further increased up
to solving 20 x 20 bimatrix games, subinterval equi-
librium strategies (both pure and mixed) become
more “condensed” (Fig. 6), as well as the subin-
terval payoffs and payoffs (140)—(143) do (Fig. 7).
During the first four subintervals (the first half-inter-
val from 7 =0.1x to ¢ =0.57) there still is a single
pure strategy equilibrium in the subinterval bimatrix
game, whichever the sampling is. The first player’s
equilibrium strategies on the first and fourth subin-
tervals are immobile: they are still

x (t)=7 Vvte[0.1r; 0.2n) (144)
and (138). The single stable subinterval equilibrium
strategy of the second player is (139). So, there is
the immobile pure strategy equilibrium point on the
fourth subinterval consisting of (138) and (139). It
is remarkable that the payoff cumulative sums at the
end of the fourth subinterval are like to make a bun-
dle (compare Fig. 7 to Fig. 5 at 1 =0.5%).
Nevertheless, the first player’s equilibrium
payoffs in this staircase game appear to be badly

scattered in a really wide range. It is likely that
the growing multiplicity of equilibria influences
(for instance, there are 187 equilibria on the last
subinterval over all 64 versions of the sampling,
whereas there are just 85 equilibria by M =3, 10
and J =3,10). Although the range in Fig. 7 is
narrower than that in Fig. 5 (see the vertical line
of circles at #=0.97), the result is not satisfacto-
ry. This implies that the first player will definitely
try to sample denser. The second player seems to
do that too because the range of payoffs (143) is
pretty wide also. So, as the sampling density is
further increased up to solving 30 x 30 bimatrix
games, the condensation of subinterval equilibrium
strategies (Fig. 8) and payoffs (Fig. 9) progresses.
The first player’s equilibrium strategies on the first
and fourth subintervals are still (144) and (138),
whereas the single stable subinterval equilibrium
strategy of the second player is (139). To state it in
advance, this stable part of the staircase game does
not change at all by any sampling.
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Fig. 7. A bunch of the first player’s payoffs (left) and second player’s payoffs (right) at the end of every subinterval (dots) and their
cumulative sum (circles) by M =13,20 and J =13,20
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Fig. 8. A bunch of subinterval-wise optimal strategies of the first (left) and second (right) players by M =23,30 and J =23, 30
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Fig. 9. A bunch of the first player’s payoffs (left) and second player’s payoffs (right) at the end of every subinterval (dots) and their
cumulative sum (circles) by M =23,30 and J =23, 30
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Despite the growing multiplicity of equilibria
(there are 192 equilibria on the last subinterval over
all 64 versions of the sampling), now it is quite clear
that the approximate equilibria (stacked equilibria)
converge to the respective equilibrium of the staircase
game by (120)—(124). This is easily seen by comparing
Fig. 4, 6, 8. The convergence of payoffs is even clear-
er (Fig. 5, 7, 9). The second player’s result seems
almost satisfactory unlike that of the first player. It
is noteworthy that the bunch of the first player’s
payoffs makes a tight bundle at the end of the sixth
subinterval. This bundle is tighter than the bundle of
the second player’s payoffs at # = 0.7z (Fig. 9).

Unfortunately, the players’ equilibrium strate-
gies (stacked equilibria) at these samplings are not
even g-payoff-{ M, J}-consistent by sufficiently great
e. It is some paradoxical that the first player receives
g-consistent payoffs earlier than the second player
does. However, this happens at an inappropriately
big payoff consistency relaxation. The “paradox” is
easily explained with that the range of the first play-
er’s payoff is far narrower with respect to that of the
second player.

Will it be improved when the sampling is
denser? Solving bigger games up to 40x40 bima-
trix ones confirms the stacked equilibria conver-
gence (Fig. 10). Compared to Fig. 8, no considerable
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changes in Fig. 10 are visible. The same concerns
the payoffs (Fig. 11), where the tight bundle of the
first player’s payoffs is seen at ¢ = 0.7x. The problem
with the payoff consistency remains, though. The first
player’s subinterval equilibrium strategies are e-pay-
off-consistent on the first four subintervals by

6=0.0297|v/ (M, J) at i=14

by every
M =34,39 and J =34,39.

So, if the staircase game was defined on just interval
[0.1m; 0.57], the first player’s stacked equilibrium
strategies would be e-payoff-{M, J}-consistent.

Further increasing sampling density (thickening
the samplings) does not make sense: stacked equi-
libria do not change (compare Fig. 12 to Fig. 10)
and the payoffs remain with almost the same ranges
(compare Fig. 13 to Fig. 11). If the staircase game
was defined on just interval [0.1x; 0.5x], the first
player’s stacked equilibrium strategies would be
g-payoff-{ M, J}-consistent by

e=0016-|v/ (M, J) at i=1,4
by every
M =44,49 and J =44, 49.

75
7251 —_— —

T |

65
6.25—
5.75[~ [ ]
5.25
475 —

35

3 [ —
o L .
ol — —

Fig. 10. A bunch of subinterval-wise optimal strategies of the first (left) and second (right) players by M =33,40 and J =33, 40
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Fig. 11. A bunch of the first player’s payoffs (left) and second player’s payoffs (right) at the end of every subinterval (dots) and their

cumulative sum (circles) by M =33,40 and J =33, 40

If it was interval [0.1x; 0.6x], the first player’s stacked
equilibrium strategies would be g-payoff-{M, J}-con-
sistent by

e=02016-|v; (M, J) at i=1,5
within the same samplings. Herein, if
=0.1073-|z/ (M, J)| at i=1,5,

the approximate equilibrium in the staircase game by
(120)—(124) would be e-payoff-{M, J}-consistent.

Eventually, this example shows that it may be
very hard to find such an ¢ for which an approximate
equilibrium in the staircase game would be e-payoft-
{M, J}-consistent. The matter is the range of pay-
offs of a player’s may significantly differ from the
range of the other player’s payoffs. For instance, in
the staircase game by (120)—(124), the first player’s
payoff varies roughly between —0.5772 and 0.4894,
whereas the second player’s payoff varies roughly
between 0.0002 and 0.6408. Unlike the first play-
er’s payoff, the second player’s payoff is always
positive.

However, all the approximate equilibria in Fig. 12
are e-payoff-{ M, J}-consistent by & = 0.4888 (although
it is too big payoff consistency relaxation). Moreover,
every approximate equilibrium obtained by

M =J e {44, 45,46, 47, 48, 49}

is e-payoff-{ M, M}-consistent by & = 0.3553, whereas
every approximate equilibrium obtained by

M =J e {46, 47, 48, 49)

is e-payoff-{ M, M}-consistent by € = 0.2043, which is
relatively not that bad. Although the solution con-
vergence is apparent, the players’ equilibrium strate-
gies will not produce more consistent payoffs by fur-
ther thickening the samplings. This is an evidence of
that the solution convergence has reached its satu-
ration, and further thickening the samplings will not
improve the solution approximation nor improve the
consistency. Therefore, the approximate solution to
the 2-person staircase game by (120)—(124) can be
accepted by the independent sampling at both play-
ers with the integers between 23 and 40 (of course,
not necessarily identical).
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Fig. 12. A bunch of subinterval-wise optimal strategies of the first (left) and second (right) players by M =43,50 and J =43, 50
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Discussion of the contribution

Without considering each subinterval bimatrix
game separately, it would be intractable to straight-
forwardly solve the sampled staircase game. For
instance, by sampling the 2-person staircase game
given by (120)—(124), where each of the players
uses 8-subinterval staircase function-strategies, even
with, say, M =24 and J =23, the resulting 24% x 23%
bimatrix game (in which, e. g., the first player has
110075314176 pure strategies) cannot be solved in
a reasonable time span. Indeed, it is at least hard to
store those more than 110 billion pure strategies, let
alone processing them (in searching for equilibria).
Therefore, solving subinterval bimatrix games (which
are obviously “smaller”) separately and then stacking
(or stitching, in more understandable terms) their
solutions is a far more efficient way to obtain an ap-
proximate solution of the initial staircase game. The
applicability of this method may be limited to the
subinterval bimatrix game size defined by M and J.
For instance, the computation time has an exponen-
tially-increasing dependence on the size of the square
matrix. Solving bimatrix games, in which each of the
players has at least a few hundred pure strategies, may
be time-consuming in applications requiring fast up-
dates of the solution (when the structure of the initial
staircase game changes itself).

The (weak) consistency of an approximate
solution is a criterion of its acceptability. However,
a (weakly) consistent approximate solution may not
exist at appropriately small (tractable) M and J. So,
the consistency decomposition into parts by Defini-
tions 3—8 and particularly isolating an e-payoff con-
sistency by Definition 11 is justified and practically
applicable.

There are still many open questions, though.
First, the requirement of the proper sampling in-
crement (Definition 1) given by strict inequality (48)
may seem not enough rigorous. The matter is that it
cannot guarantee that the sampled points in a 1-in-
cremented sampling will be closer to each other (see
Fig. 1). However, the respective requirement in the
form of inequality

max (k(m) —l(s)) < m(q(ﬁl) _ C(S)) (145)

s=1, .8 s=1, 5-1

guaranteeing the mentioned property appears to be

too rigorous. Indeed, if the player follows (145), the

proper sampling increment is going to fail if there is
a pair of too close points in the previous sampling.
Second, it is not proved that limits

lim v,.*(M,J) Vi=1, N

M-, J >0

(146)

and
lim z (M,J) Vi=1,N

M—w, J >0

(147)

exist and they are equal to the respective equilibrium
values of the subinterval continuous games. Third, if
limits (146) and (147) exist, it is not proved that this
is followed by that any approximate equilibrium (59)
is e-payoff-{M, J}-consistent for any M > M, and
J>J. (M. eN\{l}, J.eN\{l}), let alone the
problem of the equilibria multiplicity. The inter-in-
fluence among the consistency decomposition parts
by Definitions 3—8 is also uncertain yet.

The question of a possible reconciliation of the
difference of the players’ sampling step selection is
indeed that hard. The players can select their sam-
plings simultaneously but identical samplings are of
small likelihood. Even if the ranges of function-strat-
egy values are identical and sampling integers M and
J are the same (i. e., M =J), implying the uniform
samplings, a player’s sampling may differ from the
other player’s sampling due to eventual inaccuracies
in selecting points. In the example of 2-person game
approximation, this has been modelled by (132) and
(133) with using normal “noise” in the point selec-
tion. However, at sufficiently great sampling integers
M and J, not necessarily equal, significant changes
in M and J are expected not to influence the ap-
proximate solution much (see Fig. 8, 10, 12, and
Fig. 9, 11, 13). Just like in the above-considered
example, the player’s equilibrium strategies converge
subinterval-wise and the resulting staircase strategy
appears to be an acceptable approximate equilibrium
strategy in the initial staircase game.

Therefore, the presented method is a significant
contribution to the 2-person game theory and its finite
approximation supplement. It allows approximately
solving 2-person games with staircase-function strate-
gies in a far simpler manner regardless of the fact that
the players may sample their sets of function-strategy
values differently [14, 20, 24]. Once the (weak) con-
sistency is confirmed (the respective approximate
solution should be at least e-payoff consistent by
Definition 11), the approximate pure-mixed-strate-
gy solution (like those ones of staircase strategies
in Fig. 8, 10, 12) can be easily implemented and
practiced [6, 7, 9, 12, 20].

Conclusion

A non-cooperative 2-person game played in
staircase-function continuous spaces is approximat-
ed to a bimatrix game by sampling the players’ pure
strategy value sets. Each set is irregularly sampled in
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its own way so that the resulting samplings may be
of different cardinalities and varying densities. While
sampled, the requirement of the proper sampling in-
crement (by Definition 1) must be followed — the
S+ 1 points in a I-incremented sampling must be
selected denser than .S points.

Owing to Theorem 2, the solution of the bi-
matrix game is obtained by stacking the solutions of
the “smaller” (“shorter”) bimatrix games, each de-
fined on a subinterval where the pure strategy value
is constant. In this research, the Nash equilibrium
has been taken as the solution type, although some
other types might be considered as well. However,
this is a matter of future research.

The stack of the “smaller” bimatrix game equi-
libria is an approximate solution to the initial stair-
case game. The (weak) consistency of the approxi-
mate solution is studied by how much the payoff and
equilibrium change as the sampling density mini-
mally increases by the three ways of the sampling
increment: only the first player’s increment, only
the second player’s increment, both the players’ in-
crement. Thus, the consistency, equivalent to the
approximate solution acceptability, is decomposed
into the payoff (Definition 3), equilibrium strategy
support cardinality (Definitions 4 and 5), equilibri-
um strategy sampling density (Definitions 6 and 7),
and support probability consistency (Definition 8).
The weak consistency itself is a relaxation to the
consistency, where the minimal decrement of the
sampling density is ignored. The suggested method
of finite approximation of staircase 2-person games
consists in the independent samplings, solving
“smaller” bimatrix games, and stacking their solu-
tions if they are consistent.

The most important part is the payoff consis-
tency. It is checked in the quickest and easiest way.
In practice, it is reasonable to consider a relaxed
payoff consistency. The relaxed payoff consistency
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B. B. PomaHtok

CKIHYEHHA AMPOKCUMALLIA BE3KOANILIMHKMX IFTOP ABOX OCIB, WO PO3IMPYIOTLCA Y HENEPEPBHUX MPOCTOPAX
CXOOMHKOBUX ®YHKLLIN

Mpobnematuka. IcHye Bigomuii cnocib anpokcumalii HenepepBHUX GeskoaniuiiHKx irop ABOX Ocib, Ae HabnuKeHW pPo3B’A30K
(cuTyauis piBHOBaru) BBaxatoTb NPUAHSATHUM, SIKLLO BiH 3MIHIOETLCS MiHIManbHO 3a MiHiManbHOI 3MiHM KPOKy AuckpeTu3auii. OgHak uen
METOA, HE MOXHa MPsSIMO 3acTOoCyBaTW [0 Fpu ABOX OCib, Lo posirpyeTbest 3i cTpaTeriaMu y popMi CxoaMHKOBUX dyHKUiA. KpiM Toro, cnig
GpaTu [0 yBaru HesanexHicTb BUGOpPY rpaBLiEeM KPOKY AUCKpeTM3aLlii.

Meta pocnigxeHHsi. MeTa nonsrae y Tomy, o6 po3pobuT MeTod CKiHYeHHOI anpokcumallii irop ABox Ocib, siki po3irpytTbest
y HenepepBHUX NPOCTOPax CXOAMHKOBUX (DYHKLiA, BGepyyun oo yBaru, WO rpasui, WMOBIPHO, AMCKPETU3YIOTb MHOXMHU CBOIX YUCTMX
cTpaTerii CaMOCTiNHO.

MeTtoauka peanisauii. [1ns gocsrHeHHs 3a3HadeHoi MeTn doopmanisyeTbCs rpa ABOX OCib, B sikil cTpaTerii rpaBLiB € CXOAVHKOBUMM
YHKLiAMK Yacy. Y Takiln rpi MHOXWHA YACTUX CTpaTerin rpaBLUs € KOHTUHYYMOM CXOAUHKOBUX (DYHKLiN Yacy, i Yac BBaXatoTb QUCKPETHUM.
YMOBM AMCKPETM3aLii MHOXUHN MOXIUBUX 3HAYEHb YNCTOI CTpaTerii rpaBLs BMKNagalTbCs Tak, Lo rpa CTae BU3HAYeHo Ha JoOyTKy
CKIHYEHHMX MPOCTOPIB CXOAUHKOBMX (PYHKLIA. 3aranom Kpok AMCKpPeTM3aLii y KOXHOro rpaBus pi3HWUMA, i po3nogin BUOIpKOBMX TOYOK
(3Ha4eHb yHKLUi-cTpaTerii) HeogHOPIOHWIA.

Pesynbratu gocnigxeHHs. lNogaHo MeToa CKiHYEHHOT anpokcumallii irop ABoX ocib, siki po3irpytoTbCs Y HENepepBHUX NPOCTOpax
CXOAMHKOBUX (PyHKLiM. MeToa nonsirae y HeperynsapHin AUCckpeTnsawii MHOXWHW 3HaYeHb YACTOT cTpaTerii rpaBLs, 3HAXO4XKEHHI HanKkpaLLmx
CuTyaLin piBHOBaru y “mMeHLwmx” 6imaTpuyHmX irpax, KoxHa 3 sikux BU3Ha4YeHa Ha nigiHTepsani, e 3HaYeHHs YUCTOT cTpaTerii € MOCTINHUM,
N yKnagaHHi LUMx piBHOBaXKHUX CUTYyaLil, SIKLLO BOHW € y3romxeHumu. Yknag piBHoBar y “MeHWwumx” 6iMaTpuyHux irpax € HabnuxeHoro
piBHOBarow y BWUXiOHIA cxogmHKOBIM rpi. JocnigxyeTbca (cnabka) y3rodkeHiCTb HabnvkeHoi piBHOBAarM TWM, HACKiNIbKM 3MiHIOETHCS
BUrpaLL Ta piBHOBaXKHa CUTYyaLlist, KON LWiNbHICTb AUCKPETM3aLii MiHiManbHO 36inbLlyeTbCst TPbOMa criocobamu: nuLle NpupicT y NepLLIOro
rpaBLsl, NvLLIe NPUPICT y APYroro rpasLs, NPUPICT B 060X rpaBLiB. Y3rogXeHicTb po3KnafacTbCsl Ha y3rogKeHiCTb BUTpaLLiB, y3rogKeHicTb
NOTYXXHOCTI CNEKTPa PIBHOBAXHOI CTpaTerii, y3rofKeHiCTb LLiNbHOCTI AUCKPETU3aLii piBHOBaXXHOT CTpaTerii Ta Y3romkeHiCTb CnekTpanbHMX
iMOBIpHOCTEN. 13 NPaKTUYHOT TOYKM 30pY AOLINBHO PO3rNsAaTN penakcoBaHy Y3rofkeHiCTb BUrpaLlis.

BucHoBkuW. 3anponoHoBaHui METOA CKIHYEHHOIT anpoKcUMaLlii CXOAUHKOBMX irop ABOX OCib nonsrae y HesanexHux uckpetusadisx,
pO3B’s3yBaHHi “MeHLWMX” GiMaTpUYHUX irop 3a NPUAHATHUIA NPOMIKOK Yacy Ta YKNafeHHi iXHiX po3B’A3KiB, SIKLLO BOHW € Y3romKEeHUMMU.
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CKiHY4eHHe HabnXeHHs1 BBaXalTb MPUAHSTHUM, SKWO MPYHANMHI BignoBigHa HabnwkeHa (yknageHa) piBHOBara € Y3romKeHor
3a g-BUrpaLlamu.

KntouyoBi cnosa: Teopisi irop; dyHKUiOHan BuUrpaLuiB; cTpareria y opmi CXoAMHKOBOI (yHKLiT; BimaTpuyHa rpa; HeperynspHa
ONCKpEeTU3aLlis; y3roKeHiCTb HabnmxeHoi piBHOBaru.

PexomennoBana Panoto Haniituua no penaxiii
(akyabTeTy NMPUKIATHOI MaTEMaTUKKN 26 rpyaHst 2022 poky
KIII im. Iropst Cikopcbkoro
IMpuiinsara go myosikanii
20 mororo 2023 poky
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REASONS AND REGULARITIES OF THE INFLUENCE OF MAGNETIC FIELDS
ON THE MECHANICAL PROPERTIES AND STRUCTURE OF DEFORMABLE METALS

Background. The strength of metals greatly limits the possibility of obtaining products by plastic deformation. The
electromagnetic nature of the processes of structure formation and plastic deformation provided the basis for the ap-
plication of additional influence of the magnetic field. A fairly large volume of research material has been accumulated
on the topic of additional influence of the magnetic field on ferro-, dia- and paramagnetic metals. The researches of
recent years have an applied nature of studying the magnetoplasticity of technical alloys. Their generalization will make
it possible to move from laboratory research to the development of equipment and technologies for combined pressure
processing of metal products in a weak magnetic field.

Objective. Generalization and analysis of the results of laboratory and theoretical studies of the additional application
of the magnetic field in the processes of mechanical testing of metals and alloys.

Methods. Literary review of materials of articles, monographs, dissertations.

Results. Reasonable use of a magnetic field for plastic deformation of metals. The explanation of the mechanism of the
influence of the magnetic field on the structural elements of metals based on the effect of magnetoplasticity has been
made. The description of changes in the mechanical properties of metals and alloys under the additional influence of
a magnetic field is given.

Conclusions. The phenomenon of magnetoplasticity has been studied for a wide range of materials such as pure me-
tals and their alloys, including industrial steels and alloys. Various types of positive effects of a magnetic field on the
mechanical properties of metals have been established: a decrease in the yield strength and deformation resistance, an
increase in strain, relaxation of internal stresses, and a decrease in dislocation density. There is also a reverse, negative
effect of the influence of a magnetic field: increased rate of hardening, embrittlement, increased creep of metals. What
will be the effect of a magnetic field on a specific metal cannot be guaranteed with high accuracy.
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Introduction the rheological properties of the processed metals.

A number of new technologies for plastic deforma-

Metals are reliable structural materials due to
their high strength and ability to be processed by
various methods. The requirements for metal pro-
ducts and the intensification of processing methods
continue to increase. The strength of metals greatly
limits the possibility of obtaining products by plas-
tic deformation. The impact of a complex of me-
chanical, electrical or magnetic energy influenced by

tion of metals have been created. Their use is es-
pecially important when processing hard-to-deform,
alloyed, precious metals and high-value alloys, where
even a small increase in the efficiency of the pro-
cessing process is of great economic importance. The
theory is developed towards a description of micro-
and nanostructural processes of plastic deformation,
atomic and electronic level interactions in metals.
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The rheological properties of crystalline mate-
rials are determined by the presence of lattice de-
fects in them, primarily dislocations. The dynamics
of their origin and movement under the influence
of external stresses determines the mechanical pro-
perties of the material. The nucleation and move-
ment of a dislocation is a process of interaction be-
tween atoms of the crystal lattice. This interaction of
atoms is carried out due to the electrons in their
outer shells by changing their structure, redistribu-
ting electrons from atom to atom or into the general
“electron gas” of the crystal. The bonding of atoms
is the result of electrostatic interaction between the
nuclei and all electrons of atoms [1].

Problem statement

Generalization and analysis of the results of
laboratory and theoretical studies of the additional
application of the magnetic field in the processes of
mechanical testing of metals and alloys. Justification
of the application of the magnetic field, explanation
of the mechanism of the influence of the magnetic
field of the structural elements of metals, description
of the change in the mechanical properties of me-
tals and alloys under the additional influence of the
magnetic field.

Presentation of the main research results

The electromagnetic nature of the processes
of structure formation and plastic deformation gave
rise to the use of additional exposure to a magnetic
field (MF). The beginning of experiments on the use
of MF can be considered the mid-twentieth centu-
ry [2—4], where changes in polymorphic transfor-
mations in metals were recorded, which served as
the basis for the creation of the first heat treatment
technologies with the external influence of MF.
A fairly large amount of research material has been
accumulated; there are review articles and mono-
graphs [5, 6, 11, 15, 18—21, 23] on the topic of
additional effects of MF on metals, alkali halide
crystals, semiconductors, fullerenes, and polymers.

The research is so numerous that a separate
work needs to be devoted to the chronology and
systematization of tested materials. However, ge-
neral conclusions can be formulated based on the
opinions of many authors. There are several bright
groups of scientists who studied various aspects of the
influence of MF: M.L. Bernstein, V.N. Pustovoit —
for heat treatment of steels [5—8]; M.A. Krivoglaz,
V.D. Sadovsky, V.M. Schastlivtsev, E.A. Fokina —
on phase transformations in steels [9, 10]; V.I. Als-

hits, E.V. Darinskaya, M.V. Koldaeva, Yu.l. Go-
lovin — on the magnetoplasticity of solids [11—15];
V.E. Gromov, S.V. Konovalov, Yu.F. Ivanov — on
strength and plastic deformation of metals [11—15].
In addition to groups of scientists, this topic is being
studied by many individual researchers, the results
of whose work are given in the following description.
Most of the works describe the experimental
results of the influence of MF on the mechanical
properties of solids. Among them, the most numer-
ous are tensile and compression tests. Changes in the
properties of many metals, both in pure form and
their alloys, including become. For example: Cu, Ag
[16, 17, 23, 28]; Al [16; 17, 21, 23, 28, 29, 33]; Ni,
Fe, Co, Ni-Co, Ti, Nb, Mo, Bi, bronze [23]; steel
[23—27]. Changes in the mechanical properties of
metals under the influence of the MF can manifest
themselves in many ways in an increase or decrease
in their values, or may not have a significant effect.
The greatest practical interest, based on its wide
distribution, is caused by studies of the deformation
of iron and its alloys. Tensile tests of technical Fe
[23—25] at a strain rate of 2-10-5 s! showed that
when a constant MF (500 Oe) is turned on, the
yield strength decreases (Fig. 1) by 30 MPa, and the
abrupt change in its value disappears (yield tooth) in
the initial period of plastic deformation, the length
of the yield plateau is reduced. In the presence of
a transverse MF, these effects are significantly less.
Longitudinal variable MF (50 Hz, 500 Oe) reduces
the value of both the lower and upper yield limits.
The same works [23—25] established that cons-
tant MF has little effect on the mechanical proper-
ties of technical iron, but noticeably changes the
characteristics of pure iron. For example, the elong-
ation increases by 1.7 times. A deformation test un-
der constant load [21] in the presence of constant
MF (860 Oe) showed that creep in the case of high
purity Fe is accelerated in MF at loads above the
yield strength, up to the ultimate strength. MF also
affects the increase in total elongation. For example,
at a load of 76 MPa, the creep rate at the second
stage is 0.9-107° s! without MF and 2.3-107 s' in
MF, respectively. At this load, pure iron samples
were destroyed in the MP after 25—100 minutes,
and without a field in more than 600 minutes. The
effect of accelerating creep with the application of a
constant MF in the case of samples made of techni-
cal Fe is observed only at loads close to the tensi-
le strength of this material. The time to failure at
c = 294 MPa in MF decreases approximately by
half. In a weak MF at an intensity of 200 Oe, the
effect of its influence on the mechanical properties
of iron has not been established. According to the
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authors of [25], the features of tension and creep
of iron in MF are due to the fact that in a cons-
tant MF of sufficient strength there are no domain
boundaries that serve as places for the accumulation
and pinning of dislocations. Therefore, domains do
not have an inhibitory effect on the process of pla-
stic deformation, in particular on the acceleration of
creep and increasing tensile elongation. The effects
are more pronounced in iron that is purer in terms
of impurities, since impurity atoms do not block dis-
locations, and the role of domain boundaries turns
out to be more significant.
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Fig. 1. Diagram of the tensile yield area of technical Fe:
a — without MF (o = 343 MPa; c_. = 274 MPa);

b — in the longitudinal MF (c. = o = 245 MPa)

Tensile tests of samples made of St3 (similar
S235) steel in constant (500—700 Oe) and alterna-
ting (50 Hz, 500—700 Oe) MF were carried out for
the first time in [26]. The directions of MF and
deformation coincided. The strain rates were 20
and 250 mm/min. Analysis of the stress-elongati-
on curves showed that in MF plastic deformation
begins and proceeds at a lower deformation stress.
Depending on the deformation rate and MF inten-
sity, the effect of reducing deformation stress lies in
the range of 5—10 %. However, the relative elonga-
tion decreased by approximately two times. In [27],

the tensile curves of St3 steel in a high-strength
MF (H = 50 kOe) were also studied. Deformation
of pre-annealed samples was carried out at room
temperature at a speed of 0.5 mm/min. Tests have
shown that in MF the maximum elongation of the
sample decreases by 20—30 %, and the hardening
increases slightly.

The presented studies motivated us to conduct
our own tests, which also yielded positive results.
When steels are stretched in a magnetic field with an
induction of 1.2 T (Fig. 2), a reduction in deforma-
tion resistance of up to 25 % is achieved. The grea-
test influence is on the deformation of high-strength
steels [35].
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Fig. 2. Tensile curves of steels: a — S235; b — 41Cr4
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In addition to ferromagnetic iron alloys, the
effect of magnetic fields on paramagnetic alloys has
been widely studied. The authors of [33] studied the
effect of a pulsed magnetic field with an induction of
up to 7 T on the tensile strength of 7055 aluminium
alloy (Fig. 3).
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Fig. 3. Tensile curves of alloy 7055 at various values of magnetic
induction

The existence of a threshold for exposure to
a magnetic field has been revealed; for this expe-
riment, this is a field with an induction of 3 T. As
long as the induction is less than the threshold value,
its effect on stretch performance is positive. As the
induction exceeds the threshold value, the influence
of the MF becomes negative. At the peak of the 3 T
induction threshold value, the tensile strength and
elongation reaches an increase of relative 8 % and
20 % compared to the values of the sample without
magnetic field treatment.

A similar experiment with similar results was
carried out in tension of titanium alloy Ti6Al4V
(TC4) |33]. Here, an induction of 3 T is also the th-
reshold value for the growth of mechanical proper-
ties and dislocation density. At an induction of 3 T,
the elongation reaches a maximum value, which in-
creases by a relative 24 % compared to the values of
the sample without treatment with a MF.

Two-phase titanium alloys, as a Ti6Al4V (TC4)
[32], actually contain magnetic elements reacting to
a magnetic field positively, which the magnetic ele-
ments include titanium and iron. They are able to
align under the influence of a magnetic field and
form aggreged structures. Magnetic particles inside
magnetic materials would be aligned with the di-
rection of an external magnetic field. This pheno-
menon is clarified by magnetic filler interactions of

magnetic particles in a presence of a magnetic field.
In the condition of zero magnetic field intensity,
magnetic particles may move randomly to other par-
ticles because of the van der Waals forces. With a
presence of a magnetic field, magnetic dipole energy
is large enough to overcome the thermal energy so
that magnetic particles tend to align with the di-
rection of the external field. After that, the aligned
particles become linear chains [30—32].

There is a fact of instability of test results for
the same materials by different authors. This indi-
cates the decisive importance of the thermal and
deformation history of the samples, i.e. their struc-
tures before testing. Also, an influential factor is the
magnetic field itself in the metal deformation zone:
its strength, direction of action relative to the axis
of the main deformations, duration of exposure. The
inconsistency of the results of using MF is still a
barrier to recognizing the effectiveness of its use and
the practical value of continuing research.

One of the physical quantities that make it pos-
sible to assume the causes and mechanism of the
influence of a magnetic field on the mechanical
properties of a solid [2] can be the energy imparted
by the magnetic field to any structural element in a
magnetic environment:

A(]m ~ p’BgB’

where i, is the Bohr magneton; B — magnetic field
induction; g — g-factor.

For weak magnetic fields with induction
B=1-2T, AU, ~10° -10"%eV. In [3] a com-
parison of magnetic energy with the energies that
determine the mechanical properties of metals
at the macroscopic level is given. The energy re-
quired to move a dislocation in steel per atom is
AU,, ~107eV, migration energy of point defects
(vacancies) — AU, 0 ~ 102%eV, elastic energy
of the grain boundary (at a misorientation angle of
3-5°) — AU, ~107 -10"eV. According to esti-
mates [1], the activation energy of overcoming the
stopper AU, ~0,1-1eV, exchange energy of dis-
location-stopper bond AU, ~ leV . These estimated
values indicate that weak MF cannot have a direct
effect on the mechanical properties of metals at the
macroscopic level. The low energy of the MF leads
to the conclusion that the effect of MF on the me-
chanical properties of solids most likely occurs at the
electronic level.

In an ideal crystal, magnetic fields can cause
ordering by dipole and magnetic moments, changes
in the electronic and phonon spectrum, as well as
phase transitions. As for point defects, although they
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themselves are rarely the cause of material failure,
an important factor is their interaction with disloca-
tions. For example, if a defect has a dipole or mag-
netic moment and elastic anisotropy, then its orien-
tation in the MF will cause a decrease in the flow
stress in some planes and an increase in others. In
metals, a change in the MF state of the electron gas
(which can be considered as a set of point stoppers
for dislocations) can affect the plastic properties due
to the effect of electron-dislocation interaction [22].
The reason for the change in the mechanical
properties of crystalline materials is associated with
the manifestation of the magnetoplasticity effect.
The magnetoplastic effect (MPE) was first discover-
ed in 1985 at the Institute of Crystallography named
after Shubnikov RAS by V.I. Alshits’ group [11].
The effect consisted of a displacement of newly in-
troduced edge dislocations in NaCl crystals placed in
a constant magnetic field with an induction of up to
1 T; a change in dislocation paths and microhard-
ness was also observed in the crystals. MPE exists for
a variety of non-magnetic and magnetic materials,
particularly in ionic, ionic-covalent, covalent, mo-
lecular and metallic solids. Almost the entire varie-
ty of observed physical patterns characterizing this
phenomenon in nonmetallic materials has found its
explanation within the framework of the concept of
spin-dependent electronic transitions in an external
MF [23]. According to this concept, MF leads to the
evolution of the spin state in the “dislocation-para-
magnetic centre (defect)” system, which causes the
lifting of the spin ban on certain electronic transi-
tions. The latter radically change the configuration of
the system, leading, in particular, to the detachment
of dislocations from point defects, which leads to a
change in the mechanical properties of the material.
The authors of [33] clearly described the me-
chanism of magnetoplasticity due to the movement
of dislocations. The start of a dislocation motion
is controlled by its release from the obstacles. This
becomes reasonable under the action of a strong
enough mechanical stress. More importantly, the
dislocation mobility is the key factor to determine
its moving characteristic. When the tensile test is
performed under a magnetic field, the influence of
the magnetic field on the dislocation, namely, the
magnetoplasticity, will take effect. Fig. 4 illustrates
the dislocation movement in one period in the pre-
sence of a magnetic field and external stress, where
the parallelogram plane represents the sliding plane
and the shadow represents the region that has slid.
The whole process can be divided into four
main steps, as per Fig. 4(a)~(d). Fig. 4(a) (step 1)
shows the initial state of dislocation. Under the con-

dition of external stress, the dislocation is free from
the obstacles and moves forward along the sliding
direction indicated by the arrow. The required cha-
racteristic time is 103~10-* s. The accurate time is
determined by the distance (L) between the adjacent
obstacles.

Step 2 is the most complicated one during the
whole process, which is displayed in Fig. 4(b), (e)
and (f). During this period, the dislocation is clo-
se to the next obstacle. The relationship between
the dislocation and obstacles are determined by L,
which is relevant to the radical pair state. When the
L is larger than L*(about 10-°m), which is the cri-
tical length to distinguish the state of the radical
pair, the moving dislocation will pass the S, T re-
sonance area where the electron spin directions are
random (Fig. 4(e)). In the presence of a magnetic
field, when the L is smaller than L*, the free elec-
trons will be stimulated between the dislocation and
obstacle (Fig. 4(b)). Two free electrons will gene-
rate some new radical pairs. The required time to
form a radical pair is 10-4~10-° s. The transitory
time implies that the free electron stimulation and
radical pair formation will be completed instanta-
neously. Under the Ag mechanism, the radical pairs
were impelled to transform from the S state to TO
by an external magnetic field. Further, the magnetic
field will influence the electron spin and induce the
atomic rearrangement, which directly results in the
spin lattice relaxation. Under this condition, the
radical pair will transit from a T0 to T+, T-state
(Fig. 4(H) [36].

The characteristic time for the atomic arrange-
ment is 10-2~10-% s. In view of the energy diffe-
rence, the S state of the radical pair implies a higher
bonding energy between the dislocation and obstacle
when compared to the arbitrary TO, T+, T-state.
Therefore, a high coverage of radical pairs in the
T state will contribute to the enhancement of the
plasticity of the material, which can be achieved in
the presence of a magnetic field. The experimental
phenomenon is referred to as the MPE. Apparent-
ly, the analysis and discussion about MPE is in the
quantum scale.

As shown in Fig. 4(c) (step 3), the dislocati-
on is hindered and stays at the obstacles. Though
the radical pair is at the T state with lower bon-
ding energy, the necessary impulsive energy is still
needed. The possible energy resource comes from
the stressor, sometimes, heat energy. The relevant
characteristic time of this period is 107 s to «. The
meaning of “w” means that if there is not enough
energy to stimulate the dislocation movement, the
dislocation will stay at the obstacles for long periods.
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Fig. 4. The schematic of the dislocation movement in the presence of a magnetic field: (a) shows surmounting the previous obstacle
and moving forward; (b) displays the motions close to the obstacles, in the cases of L > L* (e) and L < L* (f), with L being
the distance between dislocation and obstacles, and L* the critical one; (c) refers to the stay at the obstacles; (d) indicates the

surmounting the obstacles and moving forward

In Fig. 4(d), when the critical demanded ener-
gy is absorbed, the dislocation will depend from the
obstacle and move forward. The required time is
10°~10-'% s. One period of dislocation movement
will be terminated.

Compared to the characteristic time of the
four steps, it can be concluded that step 2, which
includes the electron stimulated and atomic ar-
rangement, can end up in momentary time, which
meanwhile demonstrates the high efficiency of the
magnetic field treatment. Nevertheless, the delay of
the dislocations at the obstacle in step 3 is the most
time-consuming period. It is regularly the rate-limi-
ting step when performing the tensile test.

The author of this article also made an attempt
to explain the effect of a MF on a dislocation core.
The change in the total energy of a small fragment
of an idealized Fe crystal lattice with a moving edge
dislocation has been calculated. Calculations were
performed for conditions of external influence of a
constant MF and without it. Calculations were car-
ried out using the density functional theory method

in the Kohn-Sham version using the GAUSSIAN
09 software package [37]. The movement of a dislo-
cation increases the energy of the Fe atomic system
and increases it to an even greater extent in the pres-
ence of an interstitial atom. The influence of a MF
reduces the energy of a system of atoms in various
configurations of their arrangement. The movement
of a dislocation increases the magnetic susceptibility
of a system of atoms. When a dislocation moves in a
MF, either the magnetic susceptibility of a system of
atoms decreases or the intensity of its growth decreases.
The MF has a positive effect on the uniformity of
the distribution of electrons within a system of atoms
with distortion of the crystal lattice, especially in the
presence of impurity atoms. This result may be one
of the justifications for the effect of magnetoplasticity
in ferromagnets. The greatest change occurred in the
system of pure Fe atoms. Impurity atoms reduce the
effectiveness of MF exposure.

A summary of the studied influence of the mag-
netic field on the process of deformation of metals is
presented in Table 1.
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Table 1. Results of a study of the influence of a magnetic field on metals

Researched Determined

Polymorphic transformations in metals
and other materials

Changes in the kinetics of polymorphic transformations with the release
of ferromagnetic phases, changes in the structure of the resulting phases

Mechanical properties of metals and
alloys

The phenomenon of magnetoplasticity in microscopic volumes of
material, changes in the strength and plasticity of macroscopic samples
at various stages of deformation under conditions of tensile, compression,

and creep tests have been revealed

The strength of the magnetic field, its
direction relative to the main axis of
deformation, constant or pulsed action
during processing

Exposure to weak to strong magnetic fields, constant and alternating
magnetic fields is effective. A magnetic field perpendicular to the
direction of deformation of materials has a greater influence

Dislocation structure of the material

The mechanism of magnetoplasticity based on the interaction of
moving dislocations with stoppers. Change in the energy of a system
of atoms of a dislocation core in a magnetic field

The mechanism of the effect of MF on metals
is determined by various factors and is still insuffi-
ciently studied. This is also due to the fact that there
is no simple, unambiguous connection between the
mobility of individual dislocations and macroplastic
deformation characteristics.

Research in recent years has an applied nature in
the study of magnetoplasticity of technical alloys. The
relevance of the transition to the development of equip-
ment and technologies for combined forming proces-
sing of metal products in a weak magnetic field arises.

Conclusions

a) The phenomenon of magnetoplasticity has
been studied for a wide range of materials such as
pure metals and their alloys, including industrial
steels and alloys. Prominent scientists and teams of
authors took part in the research, their works are
presented in the form of numerous articles, mono-
graphs and dissertations. All types of metals are sus-
ceptible to the influence of a magnetic field: ferro-,
para- and diamagnetic.
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b) Various types of positive effects of a magnet-
ic field on the mechanical properties of metals have
been established: a decrease in the yield strength and
deformation resistance, an increase in strain, relax-
ation of internal stresses, and a decrease in disloca-
tion density. There is also a reverse, negative effect
of the influence of a magnetic field: increased rate of
hardening, embrittlement, increased creep of metals.

¢) What will be the effect of a magnetic field on
a specific metal cannot be guaranteed with high ac-
curacy. The low energy of the magnetic field and its
effect on the microstructural, atomic and electronic
levels make it difficult to predict the behaviour of
the metal.
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NPUYMHW | BAKOHOMIPHOCTI BMMBY MATHITHMX MOMIB HA MEXAHIYHI BIACTUBOCTI | CTPYKTYPY METANIB, LLO
JE®OPMYIOTbCA

MpobnemaTuka. MiLHicTb MeTaniB cUNbHO 0OMEeXye MOXMMBOCTI OfiepXXaHHsl BUPOGIB 3 BUKOPUCTAHHAM NNacTUYHoi gedopmalii.
EnekTpomarHiTHa npupoga npoueciB CTPYKTYPOYTBOPEHHS Ta NnacTu4Hoi Aedopmalii Aana OCHOBY A 3aCTOCYBaHHS A04ATKOBOro
BMNMBY MarHiTHoro nonsi. Hakonu4eHo [ocWTb BENWKMIA 0bCar AOCHiAHMULBKOrO MaTepiany 3 TeMaTuKM A0AaTKOBOrO BMAMBY MarHiTHOroO
nons Ha epo-, Aia- Ta NnapamarHitTHi metanu. [JJocnigXeHHsa OCTaHHIX POKiB MakOTb NPUKNaAHWIA XapakTep BUBYEHHS MarHiTonnacTU4HoOCTI
TEeXHIYHMX cnnasiB. IXHE ysaranbHeHHs [03BONUTL NepenTy Bin nabopaTopHUX AOCHiMKEeHb A0 Po3pobkn obnagHaHHs Ta TeXHOMOrii
KOMBiHOBaHOT 06pobkKu TUCKOM MeTaneBux BUpobiB y cnabkomy MarHiTHoOMy Mori.

MeTta pocnigxeHHs1. Y3aranbHeHHs 1 aHani3 peaynsraTiB nabopaTopHUX i TEOPETUYHMX AOCNiAXeHb 40AAaTKOBOrO 3aCTOCyBaHHS!
MarHiTHOro norns y npouecax MexaHi4yHux BUNpobyBaHb MeTaniB Ta CrnasiB.

MeTtoauka peanisauii. JlitfepatypHuii ornsig matepianis ctatei, MoHorpadil, AucepTauiiHnx poobiT.

Pesynbratu gocnigxeHHs. O6rpyHTOBaHO 3aCTOCyBaHHS MarHiTHOro monsi Ans nnactuyHoi Aedpopmadii metaniB. BukoHaHo
NOSICHEHHS MeXaHi3My BMfMBY MarHiTHOrO MONS Ha CTPYKTYPHi eneMeHTU MeTaniB Ha OCHOBI edeKTy MarHiTonnacTu4HocTi. HaBegeHo
OnMunC 3MiHM MeXaHiYHMX BracTMBOCTEN MeTaniB i cnnaeis nig 404aTKOBMM BNSIMBOM MarHiTHOro nons.

BucHoBKuW. fAABuLLE MarHiTonnacTUYHOCTI OCNISKEHO ANS LWMPOKOro Kona martepianis, TakuX K YUCTi MeTanu Ta ix cnnasu, y ToMy
yncni NPOMUCIOBI cTani Ta cnnasu. BcTaHOBNEHO Pi3Hi BUAM NO3UTUBHOIO BMNMBY MarHiTHOro Mons Ha MexaHivyHi BnacTUBOCTI MeTanis:
3HIKEHHSI MEXi MNUHHOCTI Ta onopy Aedopmallii, 36inbLUeHHS BiGHOCHOTO NMOAOBXKEHHS, penakcauisi BHYTPILHIX HanpyXXeHb, 3HKEHHSI
WinbHocTi gucnokauin. Takox iCHye | 3BOPOTHWI, HEraTUBHUIA eheKT BNIMBY MarHiTHOro nons: 36inbLueHa LWBMAKICTb 3MiLIHEHHS, KPUXKa,
36inblUeHa NoB3y4icTb MeTanis. fAkum OGyae BNNUB MarHiTHOrO Nossi Ha KOHKPETHUI MeTarn, He MOXHa rapaHTyBaTU 3 BUCOKOK TOYHICTHO.

KntouoBi cnosa: MarHiTHe none; MarHiTonnacTUYHICTb; MeXaHiyHi BNaCTUBOCTI; HanpyXeHHs; AucrokKauis.

PexomennoBana Pamoro Haniiiiia no penaxitii
HH mexaHiko-MalInHOOYAiBHOTO iHCTUTYTY 20 nucromana 2023 poky
KIII im. Iropss CikopcbKoro
IIpuiinsara go nmyOGikarii
11 rpynusa 2023 poky
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AHAJII3 TEXHOJIOTI] BUTOTOBJIEHHS HAIIIBOABPUKATY
JUIS1 IOPOXKHUCTOI TETAJI CKJIATHOI TEOMETPUYHOI ®OPMHU
3 BUKOPVCTAHHSIM TEXHOJIOTTI TAPSTYOTO OB’€MHOTI'O IITAMITYBAHHS

IIpob6aemaruka. HuHi akTyaJlbHUMU NMUTAHHSIMU Yy BUPOOHUILITBI BUPOOIB 3 METalliB € €KOHOMIsI MaTepiasliB Ta Ipo-
IYKTUBHICTh BUPOOHMIITBA, OCKIJIbKM 1€ JOCUTH CYTTEBO BILIMBA€E Ha COOiBapTiCTb TOTOBUX BUPOOiB. OcoOIMBO 1ie
MOB’S13aHO 3 MOPOXHUCTUMU BUPOOAMU CKJIaAHOI reoMeTpuuHoi hopmu. Jlo Takux BUpoOiB HajlexaThb AeTajli abo Ha-
niBpadbpuKkaT, SIKi MalOTh TJIyXi HOPOXKHUHM Ta TOAATKOBI €JIeMEHTU B KOHCTPYKLIi y BUIJISAAL (JIaHILiB, a00 3MiHHY
TOBIIMHY CTiHKM 3a BUCOTOIO BUpoOy. Taki merai IKUpOKO PO3MOBCIOMKEHI B MallIMHOOYIyBaHHi, aBiaOyayBaHHi Ta y
BUPOOHUIITBI BUPOOIB CHelLiaJIbHOrO MPpU3HAYEHHSI, 30KpeMa y Tajly3i BUTOTOBJIEHHs OoernpuraciB. ToMy TeXHOJIOTis
BUTOTOBJICHHSI TaKuX AeTajeil MOBMHHA 3a0e3MeYnuT MacoBe BUPOOHMIITBO i MaTU €KOHOMIYHUI e(heKT.

MeTta. Po3paxyHKOBMM IIJISIXOM 3a JOIOMOIOI0 MeTtody cKiHueHHMX ejaeMeHTiB (MCE) y mporpaMHOMy cepenoBulli
DEFORM Bu3HauuTH BapiaHT IITaMIIyBaHHS, i3 3arOTOBOK Pi3HOTO JiameTpa, HaliB(padpuKaTy MOPOXHMCTOI JeTali
CKJIaIHOI TeOMeTPUYHOI (DOPMU 3 BUKOPUCTAHHSIM TEXHOJIOTi1 rapsi4oro 00’€MHOTO IITaMITyBaHHS Ta MpoaHali3yBaTU
3aMPONOHOBAHUM TEXHOJOTIUHUI TIpolieC OTpUMaHHS HalliBpaOpuKary.

Metoauka peamizamii. Bukopucropytoun MCE B mporpambHomy cepempoBuilli DEFORM npoBeneHo MoneatoBaHHS
rapssuoro 00’€MHOrO IUTaMIIyBaHHSI HamiBpaOpuKaTy [IJIs MOPOXHUCTOI AeTali CKJIaaHOI reoMeTpUYHOoi opmu i3
3aroTOBOK Pi3HOTO AiameTpa. Takum YMHOM OOpaHO BapiaHT OTpMMAaHHS HamiBaOpuKaTy i3 MiHiMaJIbHOIO KiJIbKiCTIO
MEePeXodiB i TapaHTOBAHOIO MOXJIMBICTIO peati3allii TeXHOJIOTiYHOro mpoluecy ¢popMmoyTBopeHHs. [Iyis odpaHoro Ba-
piaHTa MPOBEACHO aHaJli3 CUJIOBUX PEXUMiB (POPMOYTBOPEHHSI, HOPMAJbHUX HANpy>KeHb HAa KOHTAKTHUX IOBEPXHSIX
3aroTOBKHU 3 iHCTPYMEHTOM Ta HampyxKeHO-Ae(OpMOBAHOIO CTaHy Ae(OPMOBAHOIO METaly.

Pe3yabTaTt. 3arporoHOBaHO TEXHOJIOTiIO BUTOTOBJIEHHS HariB(paOpuKarty 1Jisi MOPOKHUCTOIL IeTalli CKJIaJHOI TeOMeTpUY-
HOI (hOpMU 3 BUKOPUCTAHHSIM TEXHOJIOTii rapsdyoro 00’€MHOro INTamIlyBaHHs. Taka TexHOJOrisi Oyae BIIpOBaIKeHa y
BUPOOHMUTBI netani «Kopnyc-nepexiqHuk», KUl BUKOPUCTOBYETHCSI B KOHCTPYKIIil MiHM Kajtiopom 120 MM. Po3paxyHko-
BuM 11uisixoM 3a gornomororo MCE B nporpamuomy cepenoBuili DEFORM BusHaueHo BapiaHT (DOpMOYTBOPEHHSI HarliB-
dabpukary wis netani «Kopmyc-nepexinHuK» 3 BUKOPUCTAHHSIM TEXHOJIOTIl TapsT40ro 00’€MHOIO IITaMITyBaHHs Ta IIPO-
BeIEHO aHaJli3 TeXHOJIOTiYHOI omnepallii (popMOyTBOpeHHs HamiBpadpukaty. BusHaueHo TemIiepaTypHuUii pesKUM IPOLECy,
TEXHOJIOTIUHI 3yCUJIIsI, MapaMeTpy HaIpykKeHO-Ae(OPMOBAHOIO CTaHy Ie(pOpMOBAaHOIO MaTepialy, PO3IMOAil HOPMATIbHUX
HarpyXeHb Ha AedopMylouoMy iHCTpyMeHTi. Pe3yibTaty mpoBeaeHOro KOMI ' I0TEPHOIO MOJIEIIOBAaHHS 1al0Th 3MOIY Bpa-
XyBaTU KOHCTPYKTMBHI OCOOJIMBOCTI Ta IifiOpaTy HeOOXiaHe TeXHOJIOriYHe 00JIaqHaHHsI A1 MacOBOIO BUPOOHUIITBA.
BucnoBkn. Po3po06s1eHO Ta 0OIpyHTOBAHO TEXHOJIOTIIO JJ1s1 CEPiliHOrO BUTOTOBJICHHS HaliBpadpuKaTy rapsiauM 00’ eM-
HUM IITaMIyBaHHSIM. Taka TeXHOJIOrisl J03BOJMIa MiABUIIUTU KOe(illiEHT BUKOPUCTAHHS MaTepially y IBa pa3u Mo-
PIBHSIHO 3 TEXHOJIOTI€I0 OTPMMAHHS AeTajli MeXaHiYHOI0 0OpOOKOI0 3 COPTOBOIO MPOKATYy.

KorouoBi ciioBa: MeTon CKiHYEHHUX €JIEMEHTIB, OOEIMpUIIAC, IITAMITyBaHHsI, Tapsiue 3BOPOTHE BUAABIIOBAHHS, 3yCUJILIS,
HanpyxXeHHs1, nedopmallii, Temreparypa, KpuTepiil pyifHyBaHHS, KOoe(illieHT BUKOPUCTaAHHSI MaTepiaiy.

Beryn HasIBHUX TEXHOJIOTiN, SIKi CIpsIMOBaHi He TiJIbKUA

Ha [IBUILEHHSI MNPOAYKTUBHOCTI BUPOOHUIITBA,

CyyacHe BUpPOOHULITBO BUPOOIB 3 METaJliB MMo- ajie i Ha e(eKTUBHE BMKOPUCTAHHS MaTepiajiB
TpeOy€e BIPOBaIKEHHSI HOBUX ab0 YIOCKOHAJEHHS Ta MPOTHO30BaHYy sIKicTb BUpoOiB. [llogo edexkTun-
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HOCTi BUKOPUCTaHHSI MaTepiajiB, CJiJ 0co0JUBO
3BEpHYTM yBary Ha OTpUMMaHHS HaliB¢aOpuKaTiB
METOJlaM1 IIJIaCTUYHOro (GopmoyTBopeHHs. Taki
TEXHOJIOTii e(EeKTUBHI y BUIOTOBJEHHI HamiBda-
OpuKaTiB ISl TIOPOXKHUCTUX AeTajell CKIaaHOI Te-
oMeTpuuHoi ¢opmu. Jlo Takux BUPOOIB HajiexaTb
neraji, abo HamiBpadpukaru, siki MalOThb DIyXi MO-
POXHUHHK Ta NOJATKOBI €JIEMEHTU B KOHCTPYKILii
y BUIIAi ¢aaHuiB, ado 3MiHHY TOBIUMHY CTiHKU
BUpoOy. Takoro kjacy aeraji IKUpOKO BUKOPUCTO-
BYIOTh Y MallIMHOOYIyBaHHI, aBiaOyayBaHHi, BUPOO-
HULTBI OOENPUIIACIB Ta B iHILIMX Tay3sX.

Huni B YkpaiHi 10CUTb aKTMBHO BiJIHOBIIOEThH-
Csl Ta pPO3BMBAETHCS BIHCHKOBO-TIPOMUCIOBUI KOMII-
JIeKC, 0coDJMBO BUPOOHUILITBO Ooenpuriacis [1].

Oco061BO 3 yci€l JiHiliKKA OO€NpUITaciB, 110 BU-
KOPUCTOBYIOTbCS, 10 KPUTUYHO HEOOXiTHUX HaJeXKaThb
i MiHOMeTHi noctpiii. OJHUM 3 TAKUX € MIHOMETHUI
6oenpunac kajniopom 120 mm [2, 3]. 3a KOHCTPYKIIi-
€10 BiH CKJIQIA€EThCSl 3 KOMILIEKTYIOUUX JeTaleid, SKi
BUTOTOBJISIIOTHCSI 3 BUKOPUCTAHHSIM Pi3HUX TEXHOJIO-
rivaux mnpoueciB. CxeMaTHUYHO KOHCTPYKIIIO MiHU
Kaiiopom 120 MM nokazaHo Ha puc. 1.

Puc. 1. KoHcTpykiiist MiHu Kamiopom 120 MM

Lo cxeMy KOHCTPYKIIil MiHM CTBOPEHO aBTOpa-
MU CTaTTi B MporpaMHoMmy cepefoBuilli SolidWorks.
MiHa cKJIaga€eThCsl 3 Kopnycy 3, sIKWii BUTOTOBJISI-
IOTb 3 BUKOPHUCTAHHSIM TEXHOJIOTil JIUTTS i3 cTaji
abo cramucroro 4yaByHy [4]. o xopmycy 3 Kpi-
MNUTbCSl CTabiIi3aTOp, 1O CKIAMAETHCS 3 TPYOKH 6
Ta xBocta 7. Kopryc 3 criopsiiKaeTbCcsi BUOYXOBOIO
pevyoBrHOIO 5. Y Kopmyc 3 BCTaHOBJIOETHCSI KOP-
Myc-MepexiiHuK 2, y SIKOMY PO3MILIyEThCS NOAAT-
KoBUI 3apsan 4 Ta migpuBHuk [. Kopmyc-miepexin-
HUK 2 103BOJISIE KOHCTPYKTUBHO PO3LUMPUTU OTBip
y KopItyci 3 1j1 OGibll 3pydHOro HOro 3aroBHEHHS
BUOYXOBOIO PEUYOBHUHOIO J.

Po3po0bienns TEXHOJIorii BHUT'OTOBJIEHHS
HanmiBaOpukary [ NOPOXKHUCTOI  JeTai
CKJIaJIHO1 reoMeTprYHOi (hopMH 3 BUKOPUCTAHHAM
TEXHOJIOTii Taps4oro 00’€MHOr0 MTAMITYBAHHS

Ecki3 gerani «Kopnyc-nepeximHuK», sIKUii BU-
TOTOBJISIIOTH i3 KOHCTPYKIIHOI ByIyieleBoi cTami 45
MiIBUILIEHOI IKOCTi 300paXkeHo Ha puc. 2.

«Kopmyc-niepexigHUK» 2 TE€XHOJIOTIYHO BUIO-
TOBJISIIOTH ab0O i3 3aCTOCYBaHHSIM JIMBAPHUX TeEX-
HoJIorii, a00 3a JOIMOMOTrOl0 MeXaHiYHOI 00poOKU
COPTOBOTO TIPOKATY.

72:05
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Q

M56x715-8h

Puc. 2. Ecki3 nerani «Kopmyc-niepexiqHuk»

OpnHak y mpoleci BUTOTOBJIEHHST HamiB(aopu-
KaTiB METOAOM JIUTTS BUHUKAE BEJIUKUMN BiICOTOK
6paky [5, 6]. 1o Toro x HamiBdabprUKaTH, OTpUMa-
Hi JUTTSIM, MalOTh HU3bKY TOYHICTh, a iX IOJAb-
1Ia MexaHiyHa oOpoOKa 3HAaYHO YCKJIAIHIOETHCS.
Tak camo 1mig yac BUTOTOBJIEHHSI BUPOOIB 3a AOIIO-
MOTIOI0 ME€XaHIYHOI 00pPOOKHU 3 CYLUIBLHOIO IPOKaTy
TparIsiETbCcsl Hee(heKTUBHE BUKOPUCTAHHSI MaTepi-
ajly Ta HU3bKa MPOMYKTUBHICTb BUPOOHUIITBA.

Tax, HanpuKJaa, Mg Yac BUTOTOBJIEHHSI 1IbOTO
BUpPOOY (puC. 2) MexaHIYHOIO OOpOOKOI0 i3 COpTO-
Boro mpokary (JACTY 4738) i3 3aroroBku miame-
TpoM 68 MM Ta 3aBIOBXKU 90 MM KoedillieHT BU-
KOPMCTaHHSI MaTepiajly cTaHOBUTUME Juiie 26,5 %,
1110 B Cy4YaCHUX YMOBAX € HEMPUIYCTUMUM.

3 morsay opraHisailii cepiiiHOro Ta MacoBOTO
BUPOOHMUIITBA BUPOOIB CHELiaIbHOIO IIPU3HAYECHHS
JOLIJIBHO Tifi Yac BUTOTOBJIEHHSI HamiB(paOpUKaTiB
3a MOXJIMBOCTI 3[iliICHIOBAaTM 1O HMX Tepexil Bif
JIMBApHUX TEXHOJIOTIi [0 TEeXHOJIOTii XOJOJHOIO
a0o rapsiyoro 00’€MHOTO IUTAMITyBaHHSIM Yy IITaM-
nax [7, 8].

e mizBUIIUTL SIKICTH Ta TOYHICTH HamiBda-
OpuUKaTiB, a TAKOX JITO3BOJUTh 3BECTU 10 MiHIMyMYy
IX HaCTymHY MeXaHiuyHy o0poOKy [10].
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ToMmy st po3po0JIeHHSI TEXHOJOTIUHOIO Mpo-
ecy BUIOTOBJIeHHs1 aetani «Kopmyc-nepeximHuk»
HEOOXiIHO PO3POOUTU OINTUMAJbHY MJISI MacOBOTO
BUPOOHMIITBA TEXHOJIOTIIO LITAaMIyBaHHS HaIliBga-
OpukaTty, sIKa IIpU LIbOMY MaTHMM€ BiIUYTHUI €KO-
HOMIYHMI e(eKT.

JIJ1st LIbOro 3aIpONOHOBAHO TEXHOJIOTiIO0 BUTO-
TOBJICHHSI HammiBadpUKaTy AJisl MIOPOKHUCTOI JeTa-
JIi CKJIaJHOI TeOMeTPpUYHOi (hOPMU 3 BUKOPUCTAH-
HSIM TE€XHOJIOTIi rapssuoro 00’€MHOTO LITAMITyBaHHS
st netani «Kopmoyc-nepeximHuk».

CyTb TexHoJOTii mossirae y BUOOpi BapiaH-
Ta KOHCTPYKIii IITaMITOBaHOIo HariBgadpukary,
KW 3a0€3MeUnuTh HE TUIbKU €(PEKTUBHICTb BUKO-
pUCTaHHSI MaTepiaay, ajie i JO3BOJUThL peajlizyBaTu
npoiuec 3a MiHiMaJlbHY KiJIBKICTb TEXHOJOTiYHUX
nepexoaiB. TakuM 4YMHOM I 4ac po3poOJeHHS
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TEXHOJIOTIi BpaXxOBYETbCS (hopMa Ta po3Mipu AeTai,
SIKy HEOOXiZHO oTpumaTu, ¢opMa Ta pO3MipU BU-
XiTHOI 3arOTOBKM, CIIOCI0 OTpUMaHHsI HamiBpadpu-
KaTy Ta pexXuMu (popMOYTBOPEHHSI.

BukopucraHHs pi3HUX CHOOCOOIB IUTaMILy-
BaHHSI TO3BOJISIE OTPUMYBATH JUISI HAILIOTO BHUPOOY
HamiB(paOpuKaTu Pi3HOI CKJIAAHOCTI, Bill TIPOCTUX
(puc. 3, a—e), N BUTOTOBJIEHHS SIKMX € THIIO-
Bi TexHoJjiorii 1o ckiaagHux (puc. 3, e), sKi 3a0e3-
MeYyloTh HAWBUIIMIA KOoedillieHT BUKOPUCTaHHS
MaTtepianay, ajge MOTpeOyloTh a00 BUTPATHUX Ha-
TYPHUX €KCIIEPMMEHTIB JJIs BiAIIpalltoBaHHsI Oara-
TOOIEpaLiiiHOTO 1ITaMIyBaHHSI (HamiBdaOpukaTu
ckJ1anHoi1 (hOpMM 3a3BUYAl IITAMITYIOTh 3a IEKilb-
Ka orepalliit), abo JOCHiIKeHHSI Pi3HUX BapiaHTiB
LITAMITyBaHHS 3a JIOMOMOTOK KOMIT IOTEPHOTO MO-
JIeJTIIOBaHHSI.
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Puc. 3. BapiaHTu KOHCTPYKIIiii IIITAMIIOBAHOTO HarmiBhabpuKary
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Ockisibku cTajib 45 HajlexXuTb A0 Marepiais,
1110 BaxKo /1e(hOpMYIOThCSl Y XOJOJHOMY CTaHi, TO
HarniB(haOprKaTy 3 1IbOro Matepiaiy 3a3BUyaii lTam-
MOYIOThCS y TapsTYOMYy, Pifllie HaIliBrapsyoMy CTaHaXx.

Tomy B HagaJi MmiJ yac po3po0aeHHS TEXHOJIOTIi
OTpUMaHHS CKJaJHOro HamiBdabpukary (puc. 3, o)
st neratti «Kopnyc-nepexiiHuK» BUKOPUCTOBYEMO
cnocid rapsyoro ITaMIlyBaHHs. 3a 1Ii€l reoMerpil
HaniBdabpukaty (puc. 3, ¢) Koedili€eHT BUKOPHU-
CTaHHs Matepiaiy craHoButume 53 %.

Komn’1oTepHe MonemoBaHHS MPOIECY Tapsuoro
00’eMHOr0  mITAaMIMyBaHHA  HamiBgaOpukary
IJs AeTadi CKJIaaHoi reoMeTpuyHoi opmu
B nporpamuoMy kKomiiekci DEFORM 2D.

Ockinbku HamiBgabpukar (puc. 3, ) Bicecume-
TPUYHU, TO 7151 IPOBEIEHHST YMCETbHUX PO3PaxyH-
KiB 3aCTOCOBYETHCSI METOJI CKiHUEHHUX €JIEMEHTIB
(MCE) y nporpamHoMy komruiekci DEFORM-2D
[9], sxmit 3abe3reuye TOCTAaTHBO BUCOKY BilIMOBIi-
HIiCTb pe3y/ibTaTiB MOIEIIOBAHHS Ta Pe3y/IbTaTiB Ha-
TYpPHUX €KCIMEPUMEHTIB 3a HE3HAUYHUX BUTPAT 4Yacy
Ha MPOBEIEHHS MOJETIOBaHHS.

ITin yac MozeItoBaHHST BUKOPHUCTOBYIOTHCSI KPUBI
aminHeHHs1 Matepiany DIN-C45[70-2000(20-1100C)],
1110 € aHaJoroM cTaJi 45.

TemnepaTypHUil iHTepBaj rapsiyoro ILITamIly-
BaHH# cTauti 45...750—1250 °C.

Mogens Matepiany — r1ractuuHa. Daxktop
TepTa 3a 3ibeneM 3aJaHO 3 TIOCTIMHOI BEJIUYU-
Hoto 0,3, KoedilliEHT KOHTAKTHOIO TEIUIOOOMIHY —
5 H/c/mMm/C (5000 Bt/(M?YK)), Kputepiii pyiHy-
BaHHs1 Normalized C&L.

O0’eM 3aroToBKM BU3HAYEHUIi 3 YMOBU CTaJlO-
cTi 00’eMy 3a AOIMOMOIOI IPOrpaMHOTro 3abe3re-
yeHHa SolidWorks i ctanoButh 163448,6 MM,

ITouatkoBa TemmepaTypa OeOPMYIOUMX iH-
CTPYMEHTIB (MyaHCOHa Ta MaTpUlli) He TMOBHMHHA
nepesuiryBatd 400 °C, MIBUIOKICTh MNEpPeMIilLIEHHS
MyaHCOHA Ma€ 3a0e3MeYuTH y Ipolieci AehopMyBaH-
HS 4yac, 3a SIKMi 3aroTOBKAa HE BCTUTHE OXOJOHYTHU
J0 MiHiManabHOI TemnepaTypu — 750 °C (Bigmosia-
HO JI0 TeMIIepaTypHOIro iHTEpBay LITaMITyBaHHSI).

OcHOBHA 3agaya MOJEJIOBAaHHS — TIOLIYK Ba-
piaHTa IITaMIyBaHHS HamiBhaOpUKaTy 3 MiHiMallb-
HOIO KiJIBKICTIO (POPMO3MiIHHUX OIepalliid.

Bapiantn mramnyBanHa HamiBgaOpukary Ta
pe3yJabTaTd  MOJeioBaHHA  (hOPMOYTBOPEHHS
HamiBadpukary mis neraii «Kopmyc-nepeximHuk»

ITin yac molIYKy ONTUMAJbHOIO BapiaHTa
IITaMITyBaHHS HarmiBgabpukary, 3a JI0MOMOIO0

MCE B nporpamHomMy komiutiekci Deform Oyno Bu-
KOHAaHO HU3KY MOIEeTIOBaHb (POPMOYTBOPEHHS 3a-
TFOTOBOK Pi3HUX JAiaMeTpiB 32 Pi3HUMU TEXHOJIOTiU-
HUMM CXeMaMU.

PesynbTaT  KOMIT'IOTEPHOTO  MOJEIIOBAHHS
nokKasajii, 10 ONTUMaJIbHUM JJIsi OTPUMaHHS MPO-
MiXHOro HaniBdaOpukaTy i Mojgaablly MeXaHiu-
HYy 00pOOKYy € cIocid rapsiuoro 3BOpOTHOIO BUAAB-
JIIOBaHHS 3 PO3Jayelo 3arOTOBKU JiaMeTpoM 48 MM
Ta 3aBA0BXKU 90,4 MM (puc. 4, a).

MMo4YaTKOBE no4aTKkoBe O4YaTKOBE

MOJIOXKEHHST NOJ0XCHHS TOJIOKEHHSI
KiH1IeBE KiHLIeBe KiHIIeBE
MOJIOXKEHHS TOJIOXKEHHST MOJIOXKEHHS
a 0 8

Puc. 4. BapianTtu mramiryBaHHsI HariBaOpukaty BUpoOy i3 3a-
TOTOBOK Pi3HOTO JiaMeTpa: @ — OTHOOIepalliiiHe IITaM-
TyBaHHS i3 3aroToBKM HiameTpoM 48190,4; 6 — omHOOTIE-
palliiiHe 1ITaMITyBaHHS i3 3arOTOBKHM JiamMeTpoM 58r61,9;
6 — IITAaMITyBaHHs MCJIsl TIONEPeIHbOro (HOpMyBaHHS
3aroToBKHU Jiamerpom 58161,9
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Takox 3a pe3yabTaTaMyd MOJEIIOBAHHS OYyJo
BCTAHOBJIEHO, 10 IIiI 4Yac BUKOPHUCTAaHHi 3aro-
TOBKM IiaMeTpoM 58 MM Ta 3aBIOBXKHU 61,9 MM
BimlTamMIyBatu HariBgaOpukar 3a NoIiOHO CXe-
MO0 HEMOXJIUBO (puc. 4, 6). Ik BUIHO 3 PUCYHKY
B HIKHIMA 4YacTuHi HamiBdaOpuKaTy croocTepira-
€TbCSI HEMOBHE 3allOBHEHHSI MTOHHOI YAaCTMHU Ha-
niBabpukaTy, aHali3 MapameTpiB HaNpyXeHOo-/e-
(hopMoOBaHOro cTaHy IpolieCy BKa3ye Ha BHUCOKY
MMOBIpHICTb pyiiHYBaHHS HamiBpaOpukaTy y Mpo-
eci aecopMyBaHHS.

Otpumatu sIKicCHMI HamiBpaOpukaT i3 3aro-
TOBKHU JiaMeTpoM 58 MM MOXJIMBO JIMLIE 3a IoIle-
peaHbOTo TpOodiaOBaHHS BUXiAHOI HUJIHAPUYHOI
3arotoBku (puc. 4, 8)

Tomy mnonpanblli AOCTIIXKEHHSI OyJIM 30cepe-
JKeHI Ha BU3HAYEHHI pallioHaJbHUX ITapaMeTpiB
Mpoliecy LITaMIyBaHHs 3a CXeMOIO puc. 4, a.

3a pesyjabraTaMu KOMIT IOTEPHOTO MOJEIO-
BaHHs OyJIO BCTAHOBJIEHO, 1110 Y pa3i MigirpiBaHHS
nyaHcoHa Tta matpuli g0 300 °C Ta IIBUAKOCTI Tie-
pemilieHHs: myaHcoHa 100 MM/c HeoOXigHUI TeM-
TepaTypHUIT iHTepBaJl ITaMITyBaHHSI BATPUMYEThCS
3a TeMIepaTypy HarpiBaHHsI 3arOTOBKM HE MeHIle
1100 °C. SIk BumHO 3 pucC. 5, a B KiHIIi IIpoLecy Ae-
(opmyBaHHs TeMIiepaTypa y MornepeyHoMy Iepepi-
3i HamiB(aOpukaTy He omyckKaeTbest Hixkue 750 °C,
3a BUHSITKOM HE3HA4YHOI 3aCTiliHOi 30HU B KYTOBilt
yacTuHi HamniBdaOpukary, 1110 He BIUIMHE Ha SIKiCTb
LITaMIIOBAaHOIO HamiBabpukary.

Bonnouyac MakcuMasibHE 3HAY€HHSI KPUTEpilo
pyiinyBanHg Normalized C&L mopisaioe 0,367
(puc. 5, 6) Ta He MepeBUIILYE TPAHUYHOTO 3HAUCHHS
[10], To6TO NecopMyBaHHS 3aroTOBKH 3a LIi€I0 CXe-
MOI0 Oylie MpOXOAUTU 0e3 pYMHYBaHHSI.

Posznonin iHTeHCHMBHOCTI nedopMalliii y more-
peyHOMY Mepepisi LITaMIIOBaHOro HamiBhabpukaTy
(puc. 5, 6) CBiZUUTDH NPO peTeSibHE MPOoMnpaloBaHHS
CTPYKTYpU BUXiAHOI 3aroToBKM. OmHAK HaiOiJIbllIe
MpPOIPALIOBAaHHS CIIOCTEPIra€ThCs Ha BHYTPILLIHIiNA
noBepxHi HamiBpabpukaty (3 00Ky nmyaHcoHa). Tyt
IHTEHCUBHICTh AedopMallili KOJIMBAETLCI B MexXKax
2...7 onuHUlIb, a Take iHTEHCUBHE AedOpMyBaHHS
MOXe€ TPU3BOIUTU JO 3HAYHOIO J0AATKOBOIrO Ha-
rpiBaHHS MyaHCOHA i KOHCTPYKIis IITaMITy IIOTpe-
OyBaTHMe JOJATKOBOTO OXOJOKEHHS MyaHCOHa.

IMutomi 3ycuiist Ha AeOPMYIOUUX TTOBEPXHSIX
MyaHCOHa Ta MaTpuli (puc. 5, ¢) He MNepeBUILY-
otb 1000 MIla, 1m0 MOXe CBiZYUTU IIPO BUCOKY
CTIMKICTh iHCTpYMEHTa y IIpolieci aedpopMyBaHH:,
MpU LIbOMY B paliaJJlbHOMy HampsIMKy Ha MOBEpPXHi
MaTpUIli HifoTh MUTOMi 3ycuiuist B Mexax 450...650
MlIla, 1o Bka3dye Ha MOXJIMBICTb BUKOPUCTAHHS
0QHOOAHIAXXKOBAHOI MaTPUIIi.
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Puc. 5. Pesynbrat  MomemioBaHHSI Tipoliecy IeOpMyBaHHS:
a — pO3MOIiJ TeMIIepaTyp; 6 — PO3MOIiJ 3HaUeHb KpUTE-
pito pyiitnyBaHHs Normalized C&L; ¢ — po3smozin iHTeH-
CUBHOCTI medopMalliil; ¢ — po3MOmiJI TUTOMUX 3YCUJIb
Ha 1eOpMyIOYMX MOBEPXHSIX iHCTPYMEHTa

MakcumajabHe TEeXHOJOTiUHE 3yCWJIIs 3a pe-
3yJIbTaTaMU MOJC/IIOBaHHS (pUC. 6) CTAHOBUTD IIPU-
6aus3Ho 1300 xH (136 Tc), TOGTO 3ampOrOHOBAHMIA
npolec Moxe OyTHM peajli3oBaHUU Ha HasIBHOMY
TEXHOJIOTIYHOMY O0JIaIHAHHI.
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¥ Load {tons-Si) KoHCTpylOBaHHSI NPUHIMIOBOI CXeMH INTAMITY
142 115 BHTOTOBJICHHA HamiB(adpukaTy 1is aeTani
«Kopnyc-nepexiaHuk»

118
st peanizaliii mpouecy ¢opMOYTBOPEHHS Ha-
niBadpukary 3a JOMOMOIOI0 Trapsiyoro 06’€MHO-
ro IITaMIlyBaHHSI OyJ0 po3po0JieHO KOHCTPYKIIitO
wramiy. [TpUMHUOMIIOBY cXeMy 1UTaMma 300pakeHo
Ha puc. 7.
st edeKTUBHOro BUIAJIEHHS BiAILITAMIIO-
BaHOro HarmiBMaOpukaTy i3 30HM LITaMITyBaHHS
y TaMmi nependadyeHo BUINTOBXyBad 22 Ta 3Hi-
May OpUTiHAJbHOI KOHCTPYKIIii, SKUI CKIada€eTbCs
' 3 MaTpHLli BEPXHBOI 4, Tp¥Maya BEPXHBOTO J, IKUU
0.000 17.2 4.5 517 g9.0 86.2 . .
Strake [mm) KPIMTUTBCS TBUHTOM 6 110 TUIMTH PYXOMOI 7.

B1

6.82

Puc. 6. I'padik 3MiHM TEXHOJIOTIYHOTO 3yCUIIISI
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Puc. 7. [lpuHuunoBa cxema IuTtamma: / — BUINTOBXyBady; 2 — MaTpuilsl; 3 — MyaHCOH; 4 — MaTpMIsl BEpXHsS; 5 — TpuMau
BEpXHiii; 6 — I'BUHT; 7 — IUIATA PyXOMa; & — IBUHT YIIOPHUIL; 9 — mauTa BepxHsi; /0 — tsra; /1 — maiiba onopHa; /2 — ruiMra
nigknagHa; I3 — myaHcoHoTpuMay; /4 — IBUHT;, [5 — oOoiiMa; /6 — omopHa IIMTa HVWXHS;, [7 — TpuUMad MaTpulii;

18 — rBuHT; 19 — mauTa HUWXKHSA, 20 — rBUHT; 2/ — omopa; 22 — BUIITOBXyBau; 23 — HamiBpabpukat; 24 — KOJOHKa
HarmpasJisioua; 25 — BTyJIKa HaIpaBJsiiouya
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BucHoBku

PesynbTaTn mocnigkeHb, OTpUMAaHi IMig 4yac
MOIIYKY ONTMMAaJIbHOTO BapiaHTa rapsiyoro Iiram-
nyBaHHs1 HaniBgaopukary s neraii «Kopmyc-ne-
pexiiHUK», CBiIYaTh MpPO Te, 11O ONTHUMAaJIbHOI
3 MOMISIAY MiHiMi3alil KiJIbKOCTi IITaMIyBaJbHUX
oriepalliii i yac BUTOTOBJIEHHSI HamiB(aOpuKariB
MOJiOHOTO TUIY € CXeMa rapsiyoro 3BOPOTHOIO BU-
JIaBJIIOBaHHS 3 po3/iayeto.

3anponoHoBaHa B po0OTi cxema IuTamIy, Io-
PIBHSIHO 3 iHIIMMU MOXJUBUMU, TO3BOJISIE TIiJ yac
BUKOPHUCTAHHS 3arOTOBKM 3 pO3MipaMu JliaMETPOM
48—90,4 MM oTpMMaTH 3alaHy TeOMETPito HamiBda-
opukary s neraii «Kopnyc-nepexiiHUK» 3a OJHY
(hopMO3MiHHY omnepalliio.

3a pesyJbTaTaMu KOMI IOTEPHOTO MOJEJIIOBAH-
Hs 3 BUKopuctaHHIM MCE 3a neBHUX MOYaTKOBUX
napamMeTpiB npoiecy (cdakrtop Tepts 3a 3ideneM —
0,3, koe(illieHT KOHTaKTHOTO TEIJI000MiHYy —
5 H/c/mMm/C, minirpiBanns inctpymenTa — 300 °C)
OyJIM BCTAHOBJIEHI iHIII HEOOXiHI /151 peatizallii mpo-
1iecy 1ITaMITyBaHHS TEXHOJIOTIUHI TTapaMeTpH, Taki sIK
rnoyaTrkoBa TeMmIlepaTypa HarpiBaHHsI BHUXiJHOI 3aro-
ToBKM — 1100 °C Ta mBUAKICTh NMepeMillieHHs TTyaH-
cona 100 MM/c, 3a AKMX Temreparypa HariBpadprKa-
TY B KiHIIi MPOLIECY HE OMYCKAETHCS HUXKUYE HUXKHBOI
rpaHuii reMnepaTtypHoro iHtepsaiy (750 °C) nis cra-
Ji 45. 3po3yMiso, 1110 3MiHA OyIb-SIKOrO IMapameTpa
MPOLECY 1LTAMITyBaHHSI TOTpeOyBaTUME J10AaTKOBOI
ONTUMI3allii iHILMX MapaMeTpiB MPOLECY.
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V. V. Pimanov, M. V. Orliuk, A. M. Honchar, S. V. Sytnyk

ANALYSIS OF THE TECHNOLOGY OF MANUFACTURING A SEMI-FINISHED PART FOR A HOLLOW PART OF A COMPLEX
GEOMETRIC FORM USING THE TECHNOLOGY OF HOT VOLUME STAMPING

Background. Today, the actual issues in the production of metal products are the saving of materials and the productivity of
production, as this has a significant impact on the cost of finished products. This especially applies to hollow products with a complex
geometric shape. Such products include parts or semi-finished products that have hollow cavities and additional elements in the design in
the form of flanges, or variable wall thickness along the height of the product. Such parts are widely distributed in mechanical engineering,
aircraft construction and in the production of special purpose products, in particular in the field of ammunition production. Therefore, the
manufacturing technology of such parts should ensure mass production and have an economic effect.

Objective. By calculation, using the finite element method (FEM) in the DEFORM software environment, determine the option of
stamping, from blanks of different diameters, a semi-finished product of a hollow part of a complex geometric shape using the technology
of hot three-dimensional stamping, and analyze the proposed technological process of obtaining a semi-finished product.

Methods. Using MSE in the DEFORM software environment, simulation of hot three-dimensional stamping of a semi-finished
product was carried out for a hollow part of a complex geometric shape made of blanks of different diameters. In this way, the option of
obtaining a semi-finished product with a minimum number of transitions and a guaranteed possibility of implementing the technological
process of mold formation was chosen. For the selected option, an analysis of the force modes of forming, normal stresses on the contact
surfaces of the workpiece with the tool, and the stress-strain state of the deformed metal was performed.

Results. A semi-finished product manufacturing technology for a hollow part of a complex geometric shape using hot three-
dimensional stamping technology is proposed. This technology will be implemented in the production of the adapter housing part, which
is used in the design of the 120 mm mine. By calculation, with the help of MSE in the DEFORM software environment, the variant of
semi-finished product molding for the “Body-adapter” part was determined using the technology of hot three-dimensional stamping, and
an analysis of the technological operation of semi-finished product molding was carried out. The temperature regime of the process,
technological efforts, parameters of the stress-strain state of the deformed material, the distribution of normal stresses on the deforming
tool are determined. The results of the conducted computer modeling make it possible to take into account the design features and select
the necessary technological equipment for mass production.

Conclusions. The technology for serial production of semi-finished products by hot volumetric stamping has been developed
and substantiated. This technology made it possible to increase the rate of material utilization by two times compared to the technology of
obtaining a part by mechanical processing from graded rolled steel.

Keywords: finite element method, ammunition, stamping, hot back extrusion, forces, stresses, strains, temperature, failure criterion,
material utilization factor
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JTOCJIJKEHHS JITHIMHOI ®YHKIIII IMIJICTAHOBKHU JTOBLILHOI PO3PSTHOCTI
Y KPUIITOTPA®IYHUX ITEPETBOPEHHAX

IIpob6aemaruka. KpunrorpadiuHi nepeTBOpeHHs 3aBXIM BUKJIMUKAIM iHTEpeC OCBIYCHOI YAaCTMHMU JIIOJACTBA i € He-
BiI’€MHOIO YaCTMHOIO Cy4yaCHMX KOMYHiKalliii. € pi3Hi KpunrorpadiuHi aaropuTMu ISl pi3HUX 3agad 3 Pi3HUMU
BuMoramu. @OyHKIiI MiICTAHOBOK € KOPUCHUMMU IS BUIAAKIB, KOJU IIBUIKICTb MEPETBOPEHb € BAXIIMBILIOI 3a
TEOPEeTUYHY CeKPeTHICTh. ATlapaTHa peajisallis TaKUX IiICTAaHOBOK € J0BOJIi IIPOCTOIO.

Meta gocraimkenns. OrjissHyTd MoJeib, KOMOiHALiliHI CXeMU IJis amapaTHOl peasisallii Ta aJlfOpUTM MPOTpaMHOIL
peaizaliii yHKii miacTaHOBKU. JLOCHiIUTH aIropuTMHU atak i Mmiadopy AOCHiIKyBaHOI (yHKILT MiACTaHOBKM.
Metoauka peanizanii. OnucaHo aaropuTMU KpUIITOrpadiyHUX IMEepeTBOPEHb Ta iX KPUITOAHAJi3 M OiEKTUBHUX
MiJICTAHOBOK, peajli30BaHUX 3a JOIIOMOTOIO PeryIIpHUX KOMOIHALIIMHUX CTPYKTYP JiHIHOI CKJIaAHOCTI. 3alporoHOBaHAa
GbyHKIIis1 3a0e3reuye IBUAKICTb MEPEeTBOPEHb JAHUX OO TiradiT Ha CEeKyHAY. YTOUYHIOEThCS aJITOPUTM (hOPMYBAHHS
€JIEMEHTIB peryJsapHUX CTPYKTYp IMiICTAaHOBKHU, 00’€MU BiIKPUTHUX Ta CEKPEeTHUX AaHUX. Po3risiHyTo hopmaTu maHMX,
METOIM iX Mepeaadi Ta amapaTHa peasisallid ogHOro 3 MeTodiB. OmucaHO BUAM aTaK Ta aJrOPUTMU MigOOpY cCXeM
€JIEMEHTIB PEeryJIsIpHOI CTPYKTYPH ITiICTAHOBKU 3 €KCIIEpUMEHTaJIbHUM OOUMCIEHHSIM KiJIbKOCTi HEOOXiTHMX OIepalliid.
Po3pobieHo mporpaMHy peajizallilo 3alpOIIOHOBAHUX aJITOPUTMIB IJIsI OOUMCICHHS Pe3yJbTaTiB.

Pe3yabTaTu nocaimkenns. OTprMaHO YKUCIIOBI pe3yJbTaTH KiJIbKOCTI KJIOUiB, 00’€My HEOOXiIHOT Iam’Ti JJig anapaTHoi
peaJtizallii Ta KiJIbKiCTb HeOOXiIHUX OIepaliil IJisd MpoBeAeHHS KPUNTOAHAJi3y AOCTIIKYyBaHOI MiACTaHOBKU.
BucnoBku. Pe3ynbTaTi mokasyioTh, 1110 3alIpOIIOHOBaHA (DyHKILiS MiACTAHOBKM Ma€ AOCTaTHIill piBeHb 3aXUCTY Bil aTak
TPbOX THUIIIB, MAIOUM MPU LOMY BEJIMKY IIBUAKICTH IIM(MPYyBaHHS Ta po3lIndpyBaHHS i HECKJIAAHI arapaTHi BUMOTH.

KorouoBi cioBa: koMOiHaLIiliHI CTPYKTYpHU; KPUIITOAHAi3; (PYHKIIII MiACTAaHOBOK; LIM(POBI aBTOMATH.

Beryn

KpunrtorpadiuHi aaropyTMu BUKOPUCTOBYBa-
JIUCSL TIPOTSITOM 0araThbOX CTOJITH IJIs 3aXUCTY Ta-
€MHMIIb Ta JOCTOBIPHOCTI AUIJIOMATUYHOTO Ta TO-
JIITUYHOTO JIMCTYBaHHSI, BiICbKOBUX KOMYHiKalliid
TOLIO. bBiNbIICTh iCTOPUYHUX KpUNTOrpadiyHUX
CXeM MOXHa pO3MIsgaaTh SK CXeMM IIU@pyBaH-
Hs1. BOHM TepeTBOPIOIOTH TMOBIIOMJIEHHSI Y KPMII-
TOrpaMy 3a JOIIOMOIOIO iHBEpCHOI oIlepallii, sKa
3aJIeXXUTh Bill ceKpeTHoro kitoyva. JlemmndpyBaHHS
BIITHOCHO IPOCTE MJISI TUX, XTO BOJIOMIE KIIOUEM
i BBaXA€EThCS HEMOXJIMBUM (200 IyXe CKIIAIHUM)
JUISL TUX, XTO HE BoJIoJli€ KitoueM. OgHaK 4acTo Ie-
pexorieHi MoBifoOMJIeHHs (haKTUYHO MOXYTb OYyTH
PEKOHCTPYMOBaHi 3 KpUOTOTpaMu KPUMNTOAHATITU-
KOM 0€e3 ToInepeIHbOro 3HaHHSI CEKPETHOIO KJIoya.

lle HasuBaioTh KpunroaHaaizoM. besneuyHa o0po0-
Ka iHdopmalii 3a gonoMoror Kpunrorpadii crae
BCe OUIbII BaXJIMBOIO.

3a yMOBM OOMEXEHOI PO3PSAHOCTI BXiTAHUX
JaHWX TporpaMHi Ta amapaTHi peajizauii MpsMuX
Ta oOepHeHuX miacraHoBoK mpocTi. IliactaHoBKU
3a0€3MeuyloTh 0IEKTMBHE BiTOOpaKeHHS i LIMPOKO
BUKOPHCTOBYIOThCSI B ajropurMmax Kpunrorpadiu-
HUX TnepeTBopeHb. OIHAK CKIAIHICTh peaizallii
MiICTAHOBOK 3arajoM MpomnopliiiHa eKCITOHEHTI Bif
KiJIbKOCTI pO3psiliiB BXiAHUX JaHUX. Tomy B ajiro-
pUTMax PO3MOBCIOKEHUX KpUNTOrpadiuHUX Iie-
PeTBOpPEeHb BUKOPUCTOBYIOThCS MiJICTAHOBKU MaJIUX
po3psifiB — 3aebiiabmoro 8- a6o 4-pospsiaHi [1],
121, [3].

OaHUM i3 MOXJMBUX HaIpsMiB CIPOLIEHHS
peautizallii MiJICTAHOBOK € BUKOPUCTAHHSI CTPYKTYP
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JIIHIAHOT CKJIAHOCTI Bill KiJIbKOCTi pO3PSiiiB BXiTHUX
JaHux. o Takux CTpyKTyp HajexaTb OJHOBUMIpPHi
Kackaau KOHCTpykTuBHUX moayiB (OKKM). Taki
CTPYKTYpU MOXYTb OyTU peajli3oBaHi SIK Mporpam-
HO, Tak i amapaTHo. Ilig yac amapatHoi peaizailii
OKKM € kKoMOiHAIMHUMU CXeMaMM, 10 PO3LIM-
PIOIOTh MOXJIMBOCTI TMiJBUILLIEHHS LBUIKOCTI Mepe-
TBOPEHB. YIIepllle CTPYKTYPU TAKOTO KJIacy pO3TJIsi-
Janvch B [4].

ITin yac amapaTHOi peajizallii KOHCTPYKTUB-
Huii Mmoayib (KM) mae nBi KOMOIHALIMHI CXEMMU.
Ilepwa 3 Hux (f)) dopmye 3HAUEHHS 3 MHOXWHU
BUXITHUX CUMBOJIIB Y Ha nmepBUHHUX Buxogax KM,
npyra (f,) dbopmye 3HaAUYE€HHS i3 MHOXWHU CTaHiB S
Ha 6okoBux Buxoaax KM.

ITpuHuMIT poOOTH MOJISITAE B TOMY, 1110 CTPYK-
Typi OKKM, sika ckiagaeTbes i3 ¥ KOHCTPYKTUBHUX
MOJIYJIiB MOJAEThCS BXiIHE 3HAYEHHS PO3PSAHICTIO
r|X|, a Ha Buxoai OpMyeThCs 3HAUCHHSI PO3PSIIHi-
crio r|Y]. 3a X =Y OKKM moxe peanizysaru riz-
CTAHOBKY Ha MHOXMHI X, = X x X x..x X (r - ).

V [5] moka3zaHo, 1o Ha HainpocTimux OKKM
(| X|=|S|=2) moxmua peamizyBatit 48 pisHMX mia-
CTAaHOBOK OyIb-sIKOI po3psiaHOCTi. Pi3Hi migcTraHOB-
KU OTPUMYIOTbCS BUOOpOM OyJieBUX (DYyHKIIH Bi
JIBOX 3MIiHHUX f,, f. Ta TIOUAaTKOBOTO 3HAYEHHS S,
sIKe HAaIXOIUTh Ha OOKoBUii BXin repiuoro KM.

VY [6] Gys10 3BepHYTO yBary Ha Te, LIO (PYHK-
LioHyBaHHS amnapatHo peajizoBaHoro OKKM To-
TOXHO (DYHKILIOHYBAaHHIO BiINOBiIHOro LU(pPO-
Boro apromata Mini 3a Oyab-SIKUX CKiHYEHHMX
MHOXMH X, Y ta S. Takuii aBTOMaT Ma€ (yHKLIO
nepexofis  f, (x,5):SxX — S, ¢ynkuilo Buxo-
niBf, (x,s): S x X > Y i mouatkosuii ctaH s, € S.
ABTOMAT peainisye BinobpaxenHs X, — Y, (r — ).
Ile no3BOJSIE BUKOPUCTOBYBATU BJACTUBOCTI LIU(D-
pOBMX aBTOMATIB UISI BU3HAYEHHS MOKJIMBOCTEH
peanizauii MiACTAaHOBOK Ha MHOXWHI X. 3TrigHO
3 [7] aBromaTHe BinoOpaxeHHs X, — Y. GiekTUBHE
TOMI i TIIBKM TOMi, KOJIM aBTOMAT HE MiCTUTh CTaHiB
3 BTpaTaMM, SIKi JOCSITAIOTHCS 3 TIOYATKOBOTO CTaHY
Sy 32 ¥ KpokiB. CTaHOM 3 BTpaTamMu Ha3UBAIOThb CTaH
§, TAKWM, U1 IKOTO iCHYIOTB X,,X, € X, Ie X, # X,
i f,(s,x)=1,(s,%,) [7]. ®akTnuHo 1e O3HAyaE,
1O 3a OyIb-fIKOTO KOHKPETHOTO S, € S. AOYipHS
dyukuis f, (s,,X) € MiICTAaHOBKOI0 Ha MHOXMHI

X | 1le € D0CTaTHBOIO YMOBOIO JUISI AnapaTHoOi a6o
nporpaMHoi peaiizawii Ha ocHoBi OKKM mincra-
HOBOK JOBUJIBHOI PO3PSIIHOCTI. fK ITOKa3aHO eKcC-
MHEepPUMEHTAJIBHO [6], peamizallis 6araTopo3psiiHUX
nincranHoBok Ha OKKM He mnorpebye 3HauYHMX
BUTpAT i Pi3BHUTHCS BEJIUKOIO IIBUAKICTIO MEPETBO-
peHb. TeopeTUYHO LIBUAKICTH (POPMYBaHHSI TAKOTO

BioOpaxkeHHsSI MOXe CKJalaTu TirabiTu Ha CeKyH-
ny. BuHukae 3anumTtaHHs, SKUM YMHOM BHUKOPHCTA-
TH 11i TIepeBaru B IIBUAKOCTI /1 KpunTorpadiyHux
MIEPEeTBOPEHb Ta OLIHUTU KPUIITOCTIMKICTh TaKMX
BUKOPHCTAHbD.

ITocTanoBka 3amaui

Hocnigut BAKOpUCTAaHHS (DYHKILiT MiICTaHOB-
KU JOBUJIBHOI PO3PSIAHOCTI, 3alIPOIIOHOBAHOI B [6],
JUIs1 KpunTorpa@iyHux nepeTBOpeHb, JOCTIANTH 3a-
XUILEHICTb BiJl Pi3HUX MOXJIMBUX aTaK Ha KJIIOY.

Busnauenns MOXKJIMBUX aJIrOpUTMIB
KpunTorpagigHux nepeTBOpeHb HA
0araTopo3psIHUX MiICTAHOBKAX

biexTtuBHEe BimoOpakeHHSI MHOXWHU BXiTHUX
MOCJIZOBHOCTEA Oymb-sIKOI JOBXMHU Y MHOXUHY
BUXIJTHUX TIOCJIIIOBHOCTEH Ti€l XX camMoi JOBXWHU
MOXHa PO3MISAaTH K KpunrtorpacdiyHe MepeTBO-
peHHsi. Anroput™m 1MGpyBaHHS JOCUTb MPOCTUN.
Mosgoto C# 6a3oBuil aJIropuT™M IKM(PYBAHHS MOXE
OyTU MOJAHUI TAKUM YMHOM:

var outputs = new List<int>();

for (inti=0;1i<r;it+)

{

outputs

Add(OutputMatrix[state][input[i]]);
state = StateMatrix[state][input[i]];

}

return outputs;

BinkputumMu naHUMU € caM aJITOPUTM, KiJlb-
KiCTb €JIEMEHTIB 7 Yy BXiIHOMY aJiaBiTi, KiJb-
KicTb m B ajdaiti craHiB — po3mipu OutputMatrix
Ta StateMatrix BiOIOBIZHO (M x n KOXHA).

KitouoBoto (cexkpeTHoro) iHgopmMmallielo B Ta-
KMX KpUIITOTpaiuHMX MEPETBOPEHHSX € (PYHKIIil
BUXO/iB Ta nepexoiB aBTomata. OKpeMoro po3risi-
Iy TIOTpeOy€e 3HAYEHHS TTOYaTKOBOTO CTaHY.

st 3a0e3redyeHHs] MaKCUMAaJIbHOI IIBUIKO-
CTi peanizalii OIEKTUBHUX BigoOpaXeHb JOLIIbHO
KiJIbKIiCTh # €JIEMEHTIB BXiJHOrO i BUXimHOTrO ajida-
BITIB IM(PPOBOro aBTomMara BUOMpATU i3 psioy CTe-
meHi gBiiku: 22, 24, 28, 216, 232 j T, p.

3a AesiKuX KOHKPETHUX m Ta K aJrOPUTM
JIeTKO  peajidyeTbcsi Ha Acembiepi. Hanpu-
Kian, 3a m = n =256, Ha npouecopax 80x86 Intel
Corporation [8] y 32-po3psitHOMY pexuMi peaiiza-
11is1 6a30BOro ajropuTMy MOXKE BUKOHYBATUCh 3 I'pa-
HUYHOIO IIBMIKICTIO — 4 KOMaHAuM Ha OailT moBi-
JIOMJIEHHSI.
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MOV CL,State

@10:

;block 1

MOV BH, inputs|esi]

MOV AL,OutputMatrix[ebx+ecx]
;block2

MOV Outputs|edi], AL

MOV CL,StateMatrix[ebx+ecx]
;block3

INC EDI

INC ESI

CMP ESI,Input_End
JB @10

JlificHo, KOMaHAM, MO3HA4YeHi y OJoKax, MO-
XKyTh BUKOHYBAaTHCh OIHOYACHO.

3a He JyXe BeJUKHMX M Ta /1 aJTOPUTM MOXKHA
peajizyBaTu aIapaTHO Ha CydYacHUX IIpOrpaMoBa-
HuUX JioriyHux iHTerpaibHux cxemax (ITJIIC). Ha-
MpUKIan, 3a m=n =256, s peanizauii KoMOiHa-
HiiHKUX cxeM onHoro KM 3HamoOutbest 8 OyeBux
(yHkuiit Bin 8 3MiHHUX, TOOTO 32 TabAMIL MOLIY-
Ky (aHri. look up table a6o LUT) IIJIIC Virtex 6
(Virtex 7) a6o Spartan 6 (Spartan 7) [9]. ¥V koH-
KpeTHux Bumnagkax KinbkKictb LUT nHa ommn KM
MOXe OyTHM 3MEHIIEHOIO I 4Yac BUKOPUCTAHHS
ChisibHOI nekomIio3uilii oyneBux (gyHkuiii [4]. Ce-
KpeTHO1o0 iH(hopMallieto € OIT-TOTIK I HajdalTy-
BanHs T1JIIC.

V wuiit poboti posriisinyTo ctpyktypu OKKM,
1110 modaHi Ha puc. 1.

Puc. 1. Ognonanpasienuit OKKM [6]

¥ 6a3zoBomy KpunTtorpagiyHOMY MepeTBOPEHHI
aNropuTMU 1KMGPYBAHHS i po3lIMGpPyBaHHS OfHA-
KoBi. PizHUILISI moJisirae Jivie B peantizalil (hyHKIIii
nepexoniB Ta BuxoniB KM. DakTU4HO KJIo4i -
pyBaHHSI Ta po3indpyBaHHs pi3Hi. B [6] mokasa-
HO, SIK Ha OoCHOBI ¢yHKUii KM mpssmMoro repeTBo-
peHHsT hopMyloThcsa (PYHKLIT BUXOMIB i MEpPexoiB

KM obGepHeHOro nepeTBOpeHHs. AiroputMu ¢hop-
MyBaHHSI (pyHKILiN o6epHeHOro KM mpocTti, To0TO
BOHU HE MOTPeOyIOTh 3HAUHUX OOCSTiB OOUMCIIEHbD.
lle He Hmae MOXJIMBOCTI BUKOPHUCTaHHSI 0a30BOrO
aJrOpuTMy IJId  KpunrTorpadiyHuUX MepeTBOPEHb
3 BIIKPUTUM KJTIOUEM.

AJITOpyUTM reHepyBaHHSI TaOJIUIli BUXOMIIB aB-
TOMaTa 3allIIaEThCsT 0e3 3MiH, MOPIBHIHO 3 [6].
AJITOpUTM TeHEepYBaHHS TabJIuIIi TTepexo/IiB (3B’ s13a-
HUI TTpOHYMEpOBaHMIA OJHOHAIpaBieHUl rpad —
e rpad, 3 OyIb-sSKOI BEpIIMHU SIKOTO MOXKHA I10-
TPamUTHU IO BCiX MOTO iHILMX BEPIIMH) CKIATAaEThCS
3 TaKMUX KPOKiB:

1. 3reHepysaru n LUISIXiB 3aBIOBXKU B OJHY
BEPLUUHY S, — NEPIIMIA CUMBOJ adaBiTy CTaHiB .5,
3aHecTu ix g0 MacuBy P. Ilig nuisixom MaTUMEMO
Ha yBa3i MOCiIOBHICTb BeplUUH Tpada, 110 BiAro-
Bijae TaOIUIII TIEPEXOIiB, sIKa TEHEPYETHCS, HAIPU-
KNz {S,, 3, 5, } -

2. JIns KOXHOTo psaka TaOauli IIepexoiiB
(BCbOro m, MOTOYHUI — i):

a) JIJ11 KOXKHOT'O CUMBOJIY BXigHOTro andasity X

(BChOTO #, MOTOUHUN — j):

i) 3reHepyBaTH JIOBUILHMIA CTaH § 3a J0MO-
MOTOIO0 TeHepaTopa TCEBIOBUITAIKOBUX
qucen;

ii) JogaTy OO BCiX LUISIXiB MacuBy P, sKi 3a-
KiHUYIOThCST Ha I (TOOTO MOTOYHUIA PSIIOK
TaOJIMLI IEPEX0oIiB, IKUI MU TEHEPYEMO)
3reHepOBaHUI CTaH S.

3. Skio macuB P He MiCTUTh Xoua O OAuH
LJISIX, TOBXKMHA YHiKaJbHMX €JIEMEHTIB SIKOro J0-
piBHIOE m, a HOro mnepiiua BeplIMHA JOPiBHIOE OC-
TaHHilA, TO MTOBEPHYTUCH 10 KPOKY 1.

ITporoHylOTbCSI Taki METOAM BCTAHOBJEHHS
MOYaTKOBOTO CTaHY:

A. Tlo BigkpuTOMYy KaHaly, pa3oM 3 1udporpa-
MOIO TIepeIaETLCST BEKTOP iHillasizalii, SKruii MiCTUTh
Oynb-sIKi BUITAAKOBI 3HA4YeHHs i3 MHOXMH X Ta S.
IIpuiimaroua cropoHa 1o (DyHKIIii CTaHIB Ta BEKTOPY
iHiliami3alii CTBOPIOE 3HAYEHHS TOYATKOBOTO CTaHY.

B. IloyaTkoBi cTaHU € YaCTUHOIO CEKPETHOTO
KJII0Ya i BOHM KOXHOTrO pa3y aBTOMAaTUYHO BUKO-
PUCTOBYIOTHCSI B KpUIITOrpaiuHUX MEPETBOPEHHSIX
i yac KOXHOTI'O CeaHCY 3B’SI3KY.

C. IloyaTKoBi CTaHU HE € YAaCTMHOIO CEeKpeT-
Horo kioya. Ilig yac KOXHOro 3amycKy AoaaTka
K@ pyBaHHSI MOYATKOBUI CTaH 31 CTOPOHM JIXKe-
pefja JaHuX BUOUPAETHCS BUITAIKOBUM UYWHOM.
JU1st mepecuaaHHs IIpuiiMady BiIIOBiIHOrO IoYaT-
KOBOTO CTaHy BMKOPHCTOBYETbCSI TOM UM iHILIMEA
KpunTtorpaiyHUii TMPOTOKOJ Ha OCHOBI acume-
TPUYHUX KpUNTOrpachiuHUX MepeTBOPEHb 3 BiIKpU-
TUM KJIIOUEM.
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D. IloyaTkoBi CTaHU HE € YACTMHOIO CEKpPEeT-
Horo kmoya. Ti 4M iHWII MOYaTKOBi CTaHW YycTa-
HOBJIIOIOTHCS JIMIIE 32 YMOBW OpraHi3zallil 3B’sI3KY.
Hapani gk noyaTrkoBi CTaHU BUKOPUCTOBYIOTHCS
MOTOYHi CTAaHU aBTOMATIB.

KinbKicHi xapakTepuCcTUKU 0a30BOT0 aJrOpUT-
MY — 1€ KiJIbKICTb KJIIOUiB Ta 00’€MM TaOIUIb (Ma-
Tpullb). KibKicTh KJIIOUIB BU3HAYAETHCS SIK 00Y-
TOK KiJIBKOCTI Pi3HMX MaTpUllb BUXOMiB, KiJTbKOCTI
Pi3HUX MaTpUllb MEPEXOiB Ta, B MeToAi B, — Kijib-
KOCTi ITOYaTKOBUX CTaHiB.

KinbKicTh pi3HUX MaTpULb BUXOAIB — L€ KiJIb-
KicTb po3MillieHb i3 n! 10 m. KinbKicTh pi3HUX Ma-
TPULb MEPEXOAIB — 1€ KUIbKICTb 3B’SI3HUX OPIEHTO-
BaHUX Tpadib.

KinbkicTb 3B’13aHUX NTPOHYMepoBaHUX rpadiB
(mocaigoBHicTh Hinx yucea A001187 [10]) obuwuc-
JIIOETHCS 32 peKypeHTHoo dopmyJoro [11]:

m-1 _ 2
Cm = Z(%J(zk - l)ckcm—k
k=1

(C, =1:C, =1). (1)

3 ypaxyBaHHSIM KiJbKOCTI MOXJMBUX ITiacTa-
HOBOK y [6] Ta (1), KiJIbKiCTh KJIIOYIiB UIsI CUJIOBOI
aTaku alpOKCUMYETBCS SIK

C,m(n!)!
(n'-m)!

m (n))!
(n'-m)!

O(n,m) < )

0O06’eMu HeoOxinHOI mam’4Ti ig Tadmuis KM
rnokaszaHo B Taou. 1.

HabavxeHi Mexi KiJIbKOCTI KJIOYiB IS €S-
KUX 3HAYeHb MapaMeTpiB KOHCTPYKTUBHUX MOIYJIiB
MokaszaHo B Tab. 2.

Ockinbku (opmyna (2) BuUMarae JIOBTIOi
apu(pMeTUKN 111 O0YMCIEHb TPAHUYHUX 3HAYeHb,
TO HaBEAEHiI 3HAUYE€HHS HUXXKHBOI OLIHKMW JEl0 3a-
HIKEeHi (MiHiMalbHa KiJIBKICTh OIT, 1100 OoIMcaTu
OTpUMaHEe JEeCSITKOBE YMKCJIO MOBroi apudMeTUKu
MiHYC OMH), a BEPXHbOI OLIHKM — IEII0 3aBUILIEHI
(MiHiMaJIbHA KUIBKICTB OIT, 11100 OIucaTh OTpUMaHe
JIeCSITKOBE YKCJIO TOBroi apu(PMETUKHN).

Tabauysa 1. O6’eM HEOOXiTHOI MaM’ATi IS JeIKMX 3HAYeHb Tabauib KM

n d, OiT m w, OiT Q, Ganit 0, Mb 0, Tb
4 2 4 2 8 0,000007868 0,000000008
8 3 8 3 48 0,000046134 0,000000045
16 4 16 4 257 0,000244617 0,000000239
256 8 256 8 131073 0,125000954 0,000122071
4096 12 4096 12 50331650 48 0,046875001

Tabauys 2. HabmkeHi MeXi KiJTIbKOCTI KJTIOYiB JUI AeSIKMX 3HAYeHb MapaMeTpiB # Ta m

n, m, Huxss ominka Hwxus ouinka, 6iT BepxHs ominka Bepxus ouinka, 6iT

4 4 38763648 25 4,38128E+15 52

4 8 4,02E+20 68 1,95E+38 128

4 16 0O(1055) 184 0(1093) 308

16 4 0O(1055) 187 0(1098) 324

16 16 0(10250) 832 0(10523) 1737

16 32 0(10603) 2006 O(101185) 3935

16 64 0(101462) 4859 0(102660) 8836

32 16 O(10577) 1917 0O(101199) 3982

32 32 0(101284) 4266 0(102677) 8891

32 64 0(103001) 9972 0(105936) 19717

64 32 0(102875) 9552 0(105968) 19825

64 64 0(106311) 20965 0(1013103) 43526

64 128 0(1014406) 47856 0(1028596) 94993

64 256 0(1033052) 109797 0(1062039) 206086

128 64 0O(1013854) 46022 0(1028670) 95239

128 | 128 0(1030043) 99803 0(1062122) 206364

128 | 256 0(1067336) 223686 0(10133939) 444935
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3akinyenns maba. 2.

n, m, HwxHs oninka HuxHst oninka, OiT BepxHs orinka BepxHst oniHka, OiT
256 16 0(1013238) 43976 0O(1013277) 44105
256 | 32 0O(1018895) 62769 0(1028799) 95666
256 | 64 0(1032638) 108422 0(1062270) 206855
256 | 128 0(1065017) 215985 0O(10134106) 445490
256 | 256 0(10139602) 463751 0(10287605) 955400

AnapartHa peaJizauis

Ha BigMiHy Big mporpamMHoi peaizanii, KOJu
oauH i Toi camuiit KM (aBromaTt Mijli) BUKOPUCTO-
BYETbCSI CKIJIbKM 3aBrOJHO pa3, B allapaTHiii pea-
Jlizalii BMKOPUCTOBYETBCS peryjsipHa amapaTHa
CTPYKTypa 3 00MexXeHOo KijbKicTio KM.

Hnsa nanawryBanHs ITJIIC cucteMoro aBToma-
TU30BAHOTrO MPOEKTYBaHHS i po3paxyHKy (CAIIP)
CTBOPIOETHCST OITOBUI IMOTIK, SIKMIA 3a3BUYail 3aIlu-
cy1oTh y (ueur-nam’ath. Lleid 6iToBuii MOTIK y Ha-
1IOMY BUIIAKY i € CEeKPETHMM KIIOo4YeM. 3 METOIO
3aXUCTy iHTEJIEKTYyaJlbHOI BJIACHOCTI OITOBi ITOTOKM
K GPYIOTh PO3LIMPEHUM CTaHAAPTOM ILIM(ppPYyBaH-
Hs1 AES [1], a B koHTposaepax 3aBaHTaxeHHs1 [TJIIC
(HampukJiang, 3a JIOMNOMOIOI iHTepdeicCy CIIIbHOI
rpynu TectiB (aHri. Joint Test Action Group abo
JTAG) [12]) GiToBMIT TIOTIK PO3IIU(PPOBYETHCS.

Cyuachi IIJIIC maoTbh 3HA4YHYy ajie CKiHYEeH-
Hy Kinbkicte LUT. Tomy y upomy pasi HEOOXiZHO
3aCTOCOBYBAaTU AOJATKOBi amapaTHi By3nu . Hexait
d — xinpkicts KM, a D — 1oBXMUHA MOBiJOMJIEHHS,
sIKe HeoOximHo 3ammdpyBatu. 3a D > d omIHOYACHO

Konrtposep
3aBAHTAXKEHHS OIT-
MOTOKY

MOXHa 3amm@pyBaTu Juile d CUMBOJIB BXigHO-
ro nosigmomyieHHs. Taky 4acTuMHY OyaemMo Ha3uBa-
T KaApoM, a BCE MOBIiIOMJIEHHSI PO3MOAUISIETHCS
Ha Kajapu. 3e0iIbIIOro OCTaHHIl Kaap Oyde He 3a-
MOBHEHMIA. 3a aHAJIOTIE0 31 CTaHAAPTAMU OJIOUHOTO
mudpyBaHHS Kaap MOXKHA JOMOBHIOBATU HYJISIMMU.
Ilicnst poswmmdpyBaHHS 3 MOBIIOMJIEHHSI BUIAJISI-
I0TbCs (SIKIIO 1Ie MOTPiOHO) OCTaHHI HYJIbOBI CHUM-
BOJIU.

DyHKIIOHATTBHY CXEeMy [UISI METOIY BCTaHOB-
JIEHHSI TIOYaTKOBOTrO cTaHy B mokaszaHo Ha puc. 2.
Ilepion TaKTOBOro CUTHaly AJIsS PEriCTpy MOTOYHOTO
cra”Hy Mae€ nBi yacTuHu. Ilo mepiiiii 3 HUX pericTp
MOTOYHOIO CTaHy BHUAAE Ha KOMOIHALIIliHYy cxemy
KM 3HaueHHs1 cTaHy, a IO IPYriii — BimOyBa€ThCst
3alliMC CTaHy Ha BUXOIi KOMOIHALII{HOI CXeMU 4depe3
MYJIbTUILIEKCOP. MynbTUILIEKCOp Y MpolLeci udpy-
BaHHS Mepela€e B PETiCTp MOTOYHOTO CTaHy 3HAUEHHS
Ha BUXOOi KOMOIHALIIifHOI CXeMM, a II0 CUTHaIy I0-
YaTKy IIUMPYBaHHS — 3 PEricTPy NOYATKOBOIO CTaHYy
B pEricTp MOTOYHOIrO CTaHy. BBaxaeThcsl, 1110 4acTo-
Ta JaHUX Ha BXOIi CXeMM MEHIIIA 3a YaCTOTY CIIpalllo-
BaHHs ogHOoro KM KomOiHaliiftHOT cXeMu.

Puc. 2. ®yHKILiOHATbHA cXeMa I METOAYy B BCTaHOBJIEHHS IMOYaTKOBOTO CTaHy

broxk ITocninoBHicTh Pericrp Perictp
BUBE/ICHHS KM < MOTOYHOTO Mynetumexcop | TOYaTKOBOrO
JaHUX P cramy cTany
A
brok
BBEJICHHS
JIaHUX
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ATakW Ha K04 y pa3i BizoMoro mmporekcTy

Hexaii y posnopsi/okeHHI KPUNITOAHATITHKA €
kpunrorpama y, €Y.

Buxopucraemo ajroputm, noaiOHUI Ha 3aMpo-
noHoBaHuii y cBiit yac IllenHoHowm [13] mist Gou-
HUX CUMETPUYHUX KPUMITOTPaiuHUX MEPETBOPEHb.

ITosHaummo, 4K i paniuie, X, MHOXWHY BCiX
TOCJTIOBHOCTEN 3aBIOBXKH 7 i3 €JIEMEHTIB BXijl-
Horo andasity, a ¥, — BuxigHoro. Asromar Mini,
noOyI0BaHMIA 3rioHO 3 [6] BUKOHYe Gi€KTUBHE BilO-
OpaxkeHHd MHOXMHM X, y MHOXUHY V. (X, > 1)).

Ha mpakTtuili BUKOPUCTOBYIOTH HE BCi IO-
ciignoBHocTi MHOXMHM X,. IlosHaummo D, € X,
MHOXWHY JOMYCTUMMX ITOCIAOBHOCTEN 3aBIOBX-
KU r i3 eJleMeHTIB BXifHOrO ajdasiry. [TozHaunmo

X . . - ;o
N, = —-. Ockinbku BinoOpaxeHHa X, — Y, Oiek-

r

TUBHE, TO icCHye MHOXMHaA E, Taka, mo N, — E,.

3a IONOMOroK MOBHOTO Iepedopy BCIiX MOXK-
JIMBUX KJIIOYiB MOXHAa BCTAHOBUTM MHOXWHY He-
JOMYCTUMUX KJTIOUiB K, pu 3a1aHOMY 3HAYEHHI 7.
bynb-sika mepexorieHa kpunrorpama y, € E. nos-
BOJISIE BimOpakyBaTW BCi KJIOYi i3 MHOXUHU K,
3a JOMOMOro aHai3y i r' = 2,...,r 3a JOCTaTHbO
BEJMKOIo 3HAYeHHSI # TCOPETUYHO MOKHA 3HAWTH
KJII04, aJjie o0csAru o0UYMCIeHb 3aHAATO BeJIUKi. Tomy
B PO3pi3i 1Ii€l aTaku 3arporoHOBaHe Kpunrtorpadiu-
He TIePEeTBOPEHHST € O0YMCITIOBAJIBHO CTIAKIM.

ATaKu Ha OCHOBI BiIOMOTO BiIKPUTOIO TEKCTY Ta
BiZIOMOr0 BiIMOBiAHOrO MWN(POTEKCTY

Y 1bOMYy BWIIAAKYy BHMKOPHUCTOBYETHCS all-
roput™ cujgoBoi ataku. OIIHIOBaHHS KiJbKOCTI
KJIIOYiB JUISI CUJIOBOI aTaku HaBeAeHO B Tabia. 2.
3rimHo 3 TabauIeIo, BXKe 3a m=n= 16 0dcsaru 00-
yuclieHb ayxXe 3HauyHi. Tomy B po3pi3i Lii€i araku
3alpoIlOHOBaHe KpumrorpagiuHe IepeTBOPEHHS
€ OOYMCIIIOBAIILHO CTIMKMM, ajie y pasi BiIOMOro
BimoOpaxeHHs x, - ¥, (x, € X,, y, €Y) 3aBxuu
MOXHa MoOynyBaTh aBTOMAT JUIsl peajlizallii TaKoro
BimoOpaxkeHHs. IlutaHHs Mojisirae B TOMy, 4u Oyne
OTpUMMAaHMIi aBTOMAT €KBiBaJICHTHUII OpUTiHAIbHO-
My. Benrke 3HaueHHS Ma€ i XxapakTep NOBIHOMJICHHS
Ta iforo mosxuHa. L0 npobiaemy po3IIsSTHYTO Hai.

ATaKd Ha OCHOBi MiiOpaHMX BiIKPHUTHX TEKCTIiB
a00 KpunrTorpam

V 3anporoHoOBaHiii KPUITOCUCTEMI aJIrTOPUT-
MU MdPYBaHHS Ta po3lndpyBaHHS 30iraroThes.
Pi3Hu1g MiXX HUMM TOJISIra€ JiMile B 3allOBHEHHi
Ta0IMIb BUXOMIB Ta nepexoaiB. ToMy araku Ha oc-

HOBI MiniOpaHuX BiIKPUTUX TEKCTIB HE OymayThb pi3-
HUTUCH BiJl aTaK HAa OCHOBI Mii0OpaHUX KPUIITOTPaM.
MoxJMBICTh IIMX aTak 3aJ€XMUTh BiJl HATOBHEHOCTI
TabJIMIb, TOOTO BU3HAUEHHSI aBTOMaTa.

ITpoGyiema Bu3HauUeHHSI aBTOMAaTa 3a pe3yJibTa-
TaMM €KCIIEPMMEHTIB HaJ HUM aKTMBHO JIOCJIIIXKY-
Bajlach i JOCTIIKYETHCS Y 3HAYHIN KiJIbKOCTI poOiT,
Hanpukian [14—17]. IIpakTU4HOIO METOI0 TaKMX
JOCTiIXKeHb € CTBOPEHHSI MiHIMaJbHO MOXJIMBUX
TECTOBHMX TOCJIiJOBHOCTEN B YMOBaX MacoOBOIO BU-
pOOHULTBA MIiKPOIPOLECOPHUX IIPUCTPOIB, IIpU
LIbOMY YacTO BUKOPMCTOBYBABCSl aBTOMAT-3pPa3oK,
KU QyHKLIOHYBaB 6e3 MoMMIoK. Baxkiusum ese-
MEHTOM TaKMX JOCTiIXKEeHb € MOXJIUBICTh BCTAHOB-
JIEHHS JUIsl aBTOMara OJHOr0 i TOro camMoro modart-
KOBOT'O CTaHYy.

OcCKiZbKY, B HALIOMY BMIIAAKY, KOXEH psi-
IOK TaOJWIli BUXOMAIB aBTOMAara € YHIKaJbHUM, TO
BCi aJlrTOpUTMU BM3HAYEHHSI aBTOMAaTa IPYHTYIOTb-
Ccs Ha il BUMO3i i BiATBOPIOIOTH TaOMUI PSIOK
3a PSIIKOM, TEepEeBIpsIIOUN iX YHIKaJIbHICTb.

Ilin yac ouiHIOBaHHSI CKJIAIHOCTI aJITOPUTMY
BU3HAUEHHSI aBTOMaTa OJHi€l0 oIlepallielo BBaxka-
TUMEMO MOJaHHSI CUMBOJIy BXigHoro ajdanity (i,
BIAIIOBIAHO, Mepexia aBToMaTa B HOBUI CTaH Ta OT-
pUMaHHSI CMMBOJY BHUXiIHOro aiadapiTy Ha BUXO-
Jnax), CKMIOAHHSI aBTOMara B IIOYATKOBMI CTaH
Ta TepeBelIeHHs aBToMaTa B 3aJaHuil cTaH (3a Ha-
SIBHOCTI MOXJIMBOCTI Takoi oreparlii).

Anroputm migbopy 1 (a,)

Akio MoOXIMBE TepeBelCHHSI aBToMara
B OyIb-SIKMIi 3aJaHUil CTaH, a TaKOX CKUIaHHS
aBToMaTa B MOYaTKOBUI CTaH, TO aBTOMaT MOXHa
BU3HAUUTHU 32 TAKUM ajroputmom [18].

1. BuzHaueHHs1 Tabnuli BuxodiB. BukoHyeTbcst
MpoXil 3a BCciMa MOXJIMBUMM CTaHaMU (BCbOTO M,
MOTOYHUIN — ;). JIJISI KOXKHOTO CTaHy BUKOHYETHCS
MNpoxin 3a BciMa MOXJIMBUMM BXoIaMu (BCbOTO 7,
iHIEKC MOTOYHOTO — j) i (DOPMYETHCSI OIUH PSIIOK
r TaOJMLI BUXOMIB: JUIST KOXKHOI iTepallii Ha BXiJ
aBTOMaTa IIOJAETHCA BIAMOBIIHUI BXIIHWUI CUM-
BOJI X; (n Olepalii s KOXKHOTO CTaHy), BUXiIHUI
CHMBOJI 3aIUCYETHCA B PANOK r 3J1iBa Hanpaso (r;),
a aBTOMAaT MEePEeBOAUTHCS Yy CTaH S, (1 omepauii ais
KOXHOTO cTaHy). OTpUMaHUil psiioK # 3aHOCUTHCS
J0 Tabnuli BUxodiB. TakuM yMHOM TabaUIIs BUXO-

JIiB BU3HAYAEThCS 3a m-2n = 2mn oIlepalliii 3 aB-
TOMATOM.

2. BusnaueHHs Tabnauui nepexoxiB. Buko-
HYETbCS TMPOXiA 3a BCiMa MOXJIMBUMU CTaHAMU
(BcbOro m, MOTOYHUU — §;). ST KOXHOTO CTaHy
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BUKOHYETHCS TPOXiJ 32 BCiMa MOXJIMBUMU BXOJa-
MU (BCHOIO #, iIHAEKC IMMOTOYHOro — j) i OpMYETHCS
OIUH psaoK r Tabauui crtaHiB. s dopmyBaHHS
KOXHOTO CTaHy 7, BUKOHYETbCS LIE OAMH IIPOXil
(TobTO M omeparliii IS KOXXHOTO CTaHy) 3a BciMa
MOXJIMBUMU BXOJaMU (BCbOIO 7, iHIEKC MOTOYHO-
ro — k) i ¢opmyeTbest psANOK TabJMII BUXOMIB 0;:
JUTST KOXKHOI iTepallii aBToMaT MePeBOIUTRCS Y CTaH
s, (n* omepauiil s KOXHOTO CTaHy), Ha BXill TO-
JAEThCS CIOYATKY X; (BUXIIHWIA CHMBOJI aBTOMaTa
irHOpyeThCs) (n? omepariii ST KOXHOTO CTaHy),
NOTIM X, (BUXiIHUN CHUMBOJ 3alUCYETHCS B ojk)
(n?* omepaniit mig KoxHoro crany). Ilicmst 1poro
¥, BU3HAYAETBCS K iHAEKC psiKa o0; y TaOIUII BU-
xoniB. TakuM 4YMHOM TaOJIMILS BUXOAIB BU3HAYAETh-
cs1 32 m-3n* =3mn® onepalliil 3 aBTOMaTOM.

baunMo, 110 19 ILOTO TUITy aBTOMaTa MOTO
MOXHA BU3HAYMTH 32 @, = 2mn +3mn’ (m+1) ome-
pauiii 3 apromaToMm. Lleii anropuT™m BianoBigae Me-
toay A. SKI1Io B KOXKHOMY psiIKY TaOJIMLI CTaHiB ycCi
CTaHW Pi3Hi, TO 3a AOMOMOIOIO 1IbOTO AJITOPUTMY
MOXHa BU3HAYMUTU aBTOMAT i MeToaom B.

Anropurm migbopy 2 (a,)

SIKIII0 MOXJIMBE CKMIAHHS aBTOMAaTa B IOYaT-
KOBMI1 CTaH, TO aBTOMAaT MOXHa BM3HAYWTU 3a Ta-
KuM ajaroputmom [19].

1. BuzHaueHHs1 mepuioro psiaka Tabaulli BU-
XoJliB. BUKOHY€ETBCS TPOXiJ 3a BCiMa MOXJIUBUMU
BXiIHUMU CUMBOJIaMU (BCbOTO 7, iHAEKC MOTOY-
Horo — j). IToroyHMit BXiIHWUI CHUMBOJ TOAAETH-
csl Ha BXif aBTOoMara (n omepalliil), BUXiJ aBToOMaTa
3aMUCYETLCI B KOMIpPKY j TIEpLIOro psiaKa Tabauii
BUXO/iB, IiCJIsI YOTO aBTOMAaT CKMUJAEThCS B Movar-
KoBuli ctaH (n omepawiii). OTpuMaHUK IIepUINi
psioK Tabulli BiMOBiAa€E MOYATKOBOMY CTaHY aB-
toMaTa. TakuM YMHOM TepIINi PSAOK TaOIULi BU-
XOJIiB BU3HAYAETHLCS 3a 2n OIlepallilil 3 aBTOMATOM.

2. Yci iHm psgaky Tabauli BUXOIIB, a TaKOX
TaOJMLSl CTaHIB 3HAXOMSTHCS 3a OMNOMOIOI0 Ipo-
XOlly 3a BCiMa MOXJMBUMHU KOMOiHaLisSIMU BXija-
HUX CUMBOJIB (Haji — LIJISIX, OCKIJIbKM KOMOiHallis
OIMCYE LILISIX MPOXOAY 3a BCiMa psiaKamMu TaOaWLi
CTaHiB) 3aBIOBXKM M — KUIbKICTb PSIAKIB TaOIMLI
craHiB. KiIbKiCTh TAaKUX IIJIIXIB — A, OCKIJIBKU JIJIST
KOXXHOTO 3 m €JIEMEHTIB LUISIXy MOXe OyTH BUKO-
pUCTAaHO # PI3HUX BXiAHUX CUMBOJIB. TTimiuissxom
LIJISIXy Ha3BeMO YacTUMHY LUISIXY Bil Horo rouvar-
Ky 10 Oynb-sikoro ejaeMeHTta uusaxy. Hanpuknan,
st uosxy {0,1,2,3} minuusxamu 6yayts {0}, {0,1},
{0,1,2} Ta {0,1,2,3}. 111 KOXHOTO MiIILIAXY BUKO-
HaTH:

a) FKIIO el MiAlUIsiX € MepluM, TO CTaH S
BBaXKaTU MOYaTKOBUM (Bigjik 3 0);

b) BuMKOHATU mpoxia Mo Mmiguuisixy (iHIeKc Io-
TOYHOTO — i). {7151 KOXXHOIO CTaHy 3 MiIISIXy OTpU-
MaTUu psioK » TabJWLli BUXOMAIB LIbOTO CTaHY TaKUM
YUHOM: BUKOHATHU MPOXid Bi MOro movaTky OO0 I10-
TOYHOrO CTaHy i (IogaTW Ha BXiI aBTOMaTa BXIimHIi
CUMBOJIM 3 YaCTUMHM Miauuisixy) (i onepauiii), micis
yOro BMKOHATM MPOXiJ 3a BCiMa MOXJIMBUMMU BXill-
HUMM CUMBOJIaMM (BCbOTO #, IHAEKC MTOTOYHOTO — j).
TToTouHuMii BXiZTHUI CUMBOJI MOJAETHCS Ha BXij aB-
ToMara (n omepaliil), BUXil aBTOMaTa 3aluCy€EThCs
B KOMIPKY #; psiiKa TabJIMLi BUXOIIB, TIC/Is YOTO aB-
TOMAaT CKMIAETHCS B ITOYATKOBUI CTaH (# omepaliiii),
i KOXKHOTO pa3y BUKOHYETBLCS IMPOXiA MO MiALLIsXY,
ajie BXe JUISl HACTYITHOIO BXiJJHOTO CUMMBOJY. K10
IJ11 Oydb-SIKOro IIAULIAXY BXe OyB ITOOyIOBaHMIA
psiiok Tabyuli BUXO[iB, TO BUKOPUCTOBYEThLCS MO-
nepeaHiii pesysabraT. IHaKiie Kaxydu, Il KOX-
HOTO MiIUIAXYy BUKOHYEThCS #(i+2) omepaniii.
JIns miAIUIsXy 3aBIOBXKH [ BUKOHYEThCS 71(i +2) n.
OcCKiJIbkM BUKOHYETBCS TPOXija 3a BCiMa Miguuisixa-
MU BCiX JOBXWH Bin 1 o m, mpuuoMy 11 KOKHOTO
HiANUISIXY MIPOXil BUKOHYETHCS OOUH i JIMILE OOWH,
TO KiJbKICTh omepauiid sl BCiX MiJUUISIXiB MOXHa

m
obuncuTy ik ny (i +2)n';
i=1
C) SIKIIIO OTPUMMAHOIO Ha Kpolli a psaka Ta-
OuM1Ii BUXOMIB 1lIe HEMA€E B TaOJMIII BUXOMdIB, TO BiH
JIOMAETHCS 10 TAOJUII BUXO/IIB;
d) BM3HAUUTK HOBUI CTaH § FK iHIEKC OTpU-
MaHOTO psifiKa 7y TaOJWIli BUXOMIIB;
€) Yy KOMipKy TaOJMIIi CTaHIiB 3 iHIEKCOM PSII-
Ka § Ta iHAEKCOM CTOBITYMKA, 1110 BiAIIOBIIa€ OCTaH-
HBOMY CUMBOJTY TTiIIIISAXY, 3aHECTH CTaH §';
f) 3aMiHWUTH 3HAYEHHS § Ha S
OTpumaHuii y pe3ybTaTi aBTOMaT MOXe OyTu
€KBiBaJIEHTHUM OpPUTiHaJly, a MOXeE ITOBHICTIO 30i-
ratucs. 3 MOy KpUIIToaHa i3y 1€ HeBaXJIMBO.
BugHo, 1o mis Lporo TUMy aBTOMaTa MOro

m
MOXHA BU3HAYUTU 33 a, =2n+ny (i+2)n' ome-

i=1

pailiii 3 aBTOMaTOM.
Aaroputm migbopy 3 (a,)

SIkiio mepeBecTH aBTOMAT B OyIb-SIKMi1 3ama-
HUIA CTaH HEMOKJIMBO, a TAKOX HEMOXJITUBO CKMHY-
TH aBTOMAT B MOYATKOBUIA CTaH, TO aJlTOPUTM BH-
3HAYCHHST aBTOMara € HaOJIIKEHUM JI0 aJITOPUTMY
MOBHOTO Tepedopy i MaTHMe BUCOKY O0UYMC/TIOBaIb-
Hy ckiaaHicth (NP-mmoBHa 3agaya).
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KinbkicTh HEOOXiZHMX omepaliiii 3rigHo 3 aj-
ropuTMaMu KJIIOUiB JUIsl JESIKWMX 3HAYeHb Iapame-
TpiB KM mnokazaHo B TabJ. 3.

Ockinbku HopMyJia BU3HAYEHHS d,, AaHAJIOTiY-
HO J0 ¢dopMynu (2), BUMarae A0Broi apumMeTuku
JUIS1 O0UYKMCJIeHb IPAaHUYHUX 3HAY€Hb, TO HABEAEHO
HETOYHE 3HAUeHHS KiJIbKOCTi orepaliii, a HUXHIO
1 BEpXHIO rpaHulllo (TaK camo SK i BUILE: MiHiMaJlb-
Ha KiJIbKiCTh OiT, 11100 onucaTu OTpUMaHEe IecsiT-
KOBE YMCJIO JOBroi apudMeTruku MiHyC OJMH i Mi-
HiMaJIbHa KiJIbKiCTh OiT, 11100 ONucaTh OTPpUMaHe

JIECSITKOBE YMCJIO IOBTOi apu(pMeTUKHU BiIMOBIAHO).

Tabauysa 3. KinbkicTe HEOOXiMHMX omepalliil 1jst mindopy
aBroMaTa 3TiIHO 3 aJIFTOpUTMaMu

n |l m a,, | Hwkus oninka | Bepxus ouinka
onepauil | a,, onepauiii a,, onepauii
4 14 232 0039) 0(1044)
4 |8 456 0(1069) 0@074)
4 |16 904 0(10126) 0(10130)
16 | 4 3232 0(1073) 0(077)
16 | 16 12832 0(10239) 0(10243)
16 | 32 | 25632 0(10455) 0(10459)
16 | 64 | 51232 0(10883) 0(10887)
32 | 16 | 50240 0(10295) 0(10299)
32 | 32 | 100416 0(10564) 0(10569)
32 | 64 | 200768 0(101099) 0(101103)
64 | 32 | 397440 0(10674) 0(10678)
64 | 64 | 794752 0@01315) 0(01319)
64 | 128 | 1589376 0(102594) 0(102598)
64 | 256 | 3178624 0(105148) 0(105153)
128 | 64 | 3162368 0(01531) 0(101535)
128 | 128 | 6324480 0(103022) 0(103027)
128 | 256 | 12648704 |  O(106002) 0(106007)
256 | 16 | 3154432 0(10465) 0(10469)
256 | 32 | 6308352 0(10893) 0O(10897)
256 | 64 | 12616192 | O(101747) 0O(101751)
256 | 128 25231872 |  O(103451) 0(103455)
256 | 256 | 50463232 | O(106856) 0(106860)

BunaHo, 110 BXe I Majqux 3HAYeHb 7 Ta M,
a 0co0aMBO TicasT m = n=16 KIIbKICTh OIepaLii
HaOyBa€ acCTPOHOMIYHOIO 3HAYEHHS, OOYMCICHHS

Cnmcok Jiitepatypu

yacy BUKOHaHHA AKUX € CKJIaIHOIO 3aJ1a4€ro i Bu-
Mara€ 3Ha4yHUX OOYMCIIIOBAIbHUX HOT}DKHOCTCIX.

BucHoBku

3anponoHoBaHa (PYHKIIiS MiACTAHOBKU MOXKeE
3aCTOCOBYBATUCh [Jis KpunrTorpa@iyHuUX mepe-
TBOPEHb i MOXe OyTM peayli3oBaHa IIPOrpaMHUM,
MporpaMHo-anapaTHUM abo amapaTHUM CIOCO-
O6oM. Haiibiyib1n DO1iIbHO 1i 3aCTOCOBYBATH Mif Yyac
LIBUAKOIO 3alliM(pPOBAHOTO MepedaBaHHs BEJIUKMUX
00’eMiB JaHMX.

3 pe3yabTaTiB 00UMCIEHb CKJIAAHOCTI MpoBe-
JIEHHS aTakK TPbOX BUIIB 0a4MMO, 1110 JTOCiIXKyBaHa
(byHKI11is1 € 3aXUIIEHOIO.

Haii6inpiiny mBUAKICTS KpunTorpadiyHuX Te-
PETBOPEHb MA€ ajJropuTM 3 BUKOPUCTAHHSIM OIle-
patii BUHATKOBO1 Au3’roHKIi (aHr1. Exclusive OR
abo XOR) Ta BMKOpUCTaHHSIM KJlO0Ya, CTBOPEHO-
ro KpUNOTOCTIKKMM TE€HepaTOpOM BUMAJAKOBUX YU-
cex [20]. OgHak KJIIOY Ma€ OyTH iHIIUM TSI KOXK-
HOT'O CeaHCy, a JOBXWHA KJIioya B OiTax IMOBMHHA
BIIIOBIIATU TOBXWHI ITOYaTKOBOT'O ITOBIZOMJIEHHS.
VY 3anponoHoBaHMX ajJrOpUTMax KJIIOY € BEJUKUM,
ajie OOMEXXEHOTO MOCTIITHOTO PO3Mipy.

Huni cnocrepira€Tbcsi CTPIMKUI  PO3BUTOK
oesninoTHux anapatiB (BITA), ski BUKOPUCTOBY-
I0Tb CMYTM Tiepefadi pi3Hoi 4acTtoTu. LIMBiIbHI
MOPUCTPOI 3a3BUYAll BUKOPUCTOBYIOTh Palio3B’sI30K,
a BilICbKOBI — CyIyTHUKOBUI 3B’s130K. IlIugpyBan-
Hsl BiAOYBAa€TbCS SIK 3a JOIMOMOIOI CUMETPUYHUX
aJITOPUTMIB 1IM(pPYyBaHHS, TaK i acMMETPUYHUX.
JU1s1 Takux OPUCTPOIB 3allPONOHOBAHUIA AJITOPUTM
MOXe CTaTW y Harodi 4yepe3 ILIBUAKICTb II€PETBO-
PEHHS i CyTTEBY KpUIITOrpadiuHy CTiMKIiCTb.

IMomanpiii gOCHIAXEHHS CTOCYIOTbCS BM3Ha-
YeHHs1 aBToMara Il 4ac METOMiB BCTAHOBJIECHHS
nouarkoBoro crany C ta D. 3rigHo 3 [20] € Bu-
Majaky, Koy BU3HaYeHHs1 aBToMata € NP-moBHOIO0
3amayelo.

Ha nepumii morysn nudepeHiiiHMA Ta JIiHii-
HUI KPUIITOAHAJi3 HaBpsil YU MaloThb e€(hEeKTUBHE
3aCTOCYBaHHSI JJISI PO3MVISIHYTUX aJlfTOPUTMIB, ajie
11e TaKOX MOXe OyTM METO aHajli3y Hajali.
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Maksym Bondarchuk, Oleksandr Teslenko

USE OF IMPLEMENTATIONS OF ARBITRARY BITNESS PERMUTATIONS FOR CRYPTOGRAPHIC TRANSFORMATIONS

Background. Cryptographic transformations have always aroused the interest of the educated part of humanity and are an integral
part of modern communications. A lot of different cryptographic algorithms exist for different tasks and requirements. Permutation functions
are useful for cases where transformation speed is more critical than theoretical secrecy. Hardware implementation of such substitutions
is quite simple.

Objective. Investigate the model and combinational circuits for hardware implementation. Investigate algorithms for permutation
functions software implementation. Investigate attack algorithms and cracking of permutation functions for cryptanalysis.

Methods. The paper reviews algorithms of cryptographic transformations and their cryptanalysis for bijective permutations
implemented by means of regular combinational structures of linear complexity. The proposed algorithms provide the rate of processing
up to gigabits per second. The paper clarifies the algorithm of formation of elements of regular structures of permutations, specifies
volumes of public and private data, reviews data formats, methods of their transfer and hardware implementation of one of the methods.
The paper reviews attack types and permutation regular structure schemes cracking algorithms with experimental calculation of necessary
operations quantity. The software implementation of the proposed algorithms for results calculation was developed.

Results. Numerical results of the number of keys, the amount of memory required for hardware implementation and the number of
required operations for cryptanalysis were obtained.

Conclusions. The results show that the proposed algorithms for cryptographic transformations have a sufficient level of protection
with a high-speed encryption and decryption.

Keywords: combinational circuits; cryptanalysis; permutation functions; finite state machines.
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KOHHIEINTYAJIBHA MOJEJIb NLP-CUCTEMU ITOLIYKY PEJIEBAHTHOI l'[_PABOBOT
HO3UIII HA MHO2KMHI CYJAOBHUX PINIEHb CYJTOUYMNHCTBA YKPAIHUA

IIpobaematuka. [1pukiagHa npobdjaemMa aBToMaTu3allii MOUIyKy peJieBaHTHUX MTPABOBUX MO3UILI HA MHOXUHI CYTOBUX
pillleHb y CYJIOUMHCTBI YKpaiHu.

AKTyaJIbHICTb JOCHIKEHHST 3yMOBJIEHa HEOOXiIHICTIO po3poOKku sikicHoi NLP-cucremMu moiyky pejieBaHTHOI, KOH-
TeKCTHO OOIPYHTOBAHOI IIpaBOBOI ITO3MUIlii HA MHOXWHI CYyIOBHUX pillleHb y CyOZOYMHCTBI YKpaiHu, SKa Ha OCHOBI
3aMUTy KOPUCTyBaya IPOAYKYE €KCHEPTHI BiMOBIiAi HAa 3alMUTaHHSI KOPUCTyBauya 3aBIASIKM 3aCTOCYBAaHHIO PO3MipKO-
BO-TIOLIYKOBOTO aJTOPUTMY Ha OCHOBI BEJIMKMX MOBHUX MOJIEJEH.

Meta pocaimxkenns. Po3poouTu ta dhopmaiizyBaTi KOHUEIT i KOHILEeNTyaibHy Monaeab NLP-cucremMu moiyky mpa-
BOBUX TO3UIIiil HA OCHOBI MIXAMCHUMIUTIHADHUX 3HAHb TEXHIYHOTO Ta (PiIocoPChKOro CrpsMyBaHHS, 10 OXOTLIIOE
OyTTS JIOAWHM, KOM IOHITi, MiAIIPUEMCTBA, YCTAHOBU Ta OpraHizallii, OpraHu Aep>KaBHOI BJIaaM, a TAKOX OOIPYHTOBYE
¢dopMyBaHHS TIPaBOBOI MO3U1Iii HA OCHOBI MHOXMWHM 3aKOHOJABYMX aKTiB Ta CYJIOBUX PillIeHb.

Metoauka peanizamii. Metonuka peanizanii NLP-cucteMn monryky KOHTEKCTHO OOIpDYHTOBAHOI MpPaBOBOI IMO3WIIiT
JIEKUTh y B3a€EMOJIii CYTHOCTEH 3aBlaHb, MOB’SI3aHUX i3 CYTOYMHCTBOM YKpaiHW, iHCTPYMEHTIB aHaiizy, 0OpoOKH,
reHepalii TeKCTy Ta HasgBHUX JOCTYIITHMX CyOOBMX DillleHb CYOJOYMHCTBA YKpaiHu Ha OCHOBI Oi3Hec-mipodinst Epikco-
Ha—IleHkepa Ta BEJIMKMX MOBHUX MOJEJIEH.

PesyabTaTi nochiimKeHns. 3anpornoHOBaHO MiXIUCUMIUTIHAPHY Mojeab KoHlenty NLP-cuctem moinyKy BupillieHHSs
npo0bsieM, 3aBIaHb i 3a/1a4 MOIIYKY CYIOBUX TOKYMEHTIB, HEOOXiTHUX /I BUHECEHHS CYJIOBUX pillleHb i/abo dhopmy-
BaHHS IPABOBOI ITO3UIil y BUIVISIAL giarpaMu BeHHa sIK MHOXWHM CYTHOCTEH Ta iX Kojabopallii, 110 iHTerpye ¢iao-
coChbKi, MpaBHUYI 1 TeXHIYHi 3HAHHSI.

®opmarnizoBaHo 6izHec-nipodinb EpikcoHa—IleHkepa koHuenTyaiabHOi Moaesni NLP-cuctemMu moiinykKy KOHTEKCTHO
OOTPYHTOBAHOI MPAaBOBOI MO3MIIIl.

dopwmaizoBaHo Mozeb Tiporecy podotn NLP-cucteMu TolryKy KOHTEKCTHO OOIPYHTOBAHOI MPaBOBOI IMO3MILIT Ha
ocHoBi MeTony RAG.

Po3pobneHo KoHuenTyanibHy Monaesb NLP-cucteMu moiryky KOHTEKCTHO OOIPYHTOBAHOI MPaBOBOI IMO3UILLiT Y CTPYK-
TYpPHOMY BUIJISIII HA OCHOBI AiarpaMy KOMITOHEHTIB i JMHAMIYHOTO MOAAHHS Ha OCHOBI JiarpaMu AisUIbHOCTI 3 OIM-
COM BHYTPIllTHbOI CTPYKTYpU KOMITOHEHTIB.

BucHoBku. BcTaHOB/IEHO HASIBHICTD psily BaXJIMBUX (DilocOPChbKUX, MPABOBUX i TEXHIYHUX MPOOJIEM Y Mpolieci mo-
LYKy IIpaBOBMX IO3MIIilAi HA MHOXMWHi CYIOBUX pillleHb. BCTaHOBJIEHO MiXIMCUUILUTIHAPHUK XapaKTep IpoOJeMu
PO3pOOKM KOHIIENTY i KOHLENTyaabHO1 Moaesi NLP-cucTteMu mourykKy KOHTEKCTHO OOIPYHTOBAHOI MPaBOBO1 MO3MIIi1
Ha MHOXWHI CyIOBUX pillleHb Ta HEOOXiJHICTh aBTOMAaTH3allil MPOLECiB IMOIIYKY MPaBOBUX TMO3ULINA IJIsI CyI0BOI
MPaKTUKH.

Ha merapiBHi ¢opmanizoBaHo KoHuent NLP-cuctemMu moiryky KOHTEKCTHO OOIPYHTOBAHOI IMPaBOBOI IO3UIIii y BU-
misiai aiarpamyu BeHHa Ta KoHuenTyaiabHy Moaeiab NLP-cucteMu Ha ocHOBiI Momu@ikoBaHoro 6izHec-mipodinsa Epik-
coHa—IleHKkepa sIK cucTeMy CYTHOCTEH Ta iX KoJlabopallilo.

Po3pobieHo koHIenTyaabHy Mojaenab NLP-cucreMu moliyky KOHTEKCTHO OOIPYHTOBAHOI MTPaBOBOI MO3UIIIT Y CTPYK-
TypHOMY BUIJISIAI HA OCHOBI AiarpaMy KOMITOHEHTIB Ta IMHAMIYHOTO MTOAAHHS Ha OCHOBI AiarpaMM HisUIbHOCTI 3 OIM-
COM BHYTPIlLIHBOI CTPYKTYPU KOMITOHEHTIB.

TMopiBHsHO yHKIIiOHANBHICTE NLP-crucTeMu 3 iHIIMMKM OCHOBHUMM HasSIBHUMU CUCTeMaMU TIOIIYKY CYyIOBUX pillleHb
B CYJOYMHCTBI Ta BCTAHOBJICHO, 110 PO3po0JicHa CUCTeMa IOHaMEeHIIIe He MTOCTYITa€EThCs 3a (PYHKIIIOHAJILHICTIO Bi-
JIOMUM CUCTEMaM i Ma€ JI0AaTKOBI MOXKJIMBOCTI JIJISI KOPUCTYBaviB.

Ilpono3uuiss aas muryBannsa mi€i crarri: [1.I1. Macnsnko, C.C. Mipko, “KonuenrtyanbHa monens NLP-cucremu
MOIIIYKY peJIeBaHTHOI MTPaBOBOI MO3M1Iii HA MHOXWHI CyIOBMX pillleHb CYIOYMHCTBA YKpainu”, Haykoei éicmi KIII,
Ne 1—-4, c. 71-85, 2023. doi: 10.20535/kpisn.2023.1-4.310302
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KmouoBi cioBa: NLP-cucrema, mpaBoBa 1o3ullisi, CyaoBe pillleHHs, MIKAWCUUIUIIHAPDHUI Miaxid, Oi3Hec-Tpodilb
Epikcona—Ilenkepa, Beauki MoBHi Mepexi (LLM), moirykoBo nomoBHeHa reHepaiist Tekcry (RAG), mourykosi cuc-

TeMU, BEKTOpPHE CXOBHUIIIE, eMOEIiHT MOIEJIi.

Betyn

IlpuknagHa mpoGieMa TIOLIYKY IPaBOBUX
MO3UILiK OyTTS JIOAMHU, TPOMAACHKMX Ta Ipode-
CiliHMX KOM IOHITI, ITiAIPUEMCTB, YCTAaHOB i opra-
Hi3aliil, a TakoX OpraHiB JIep>KaBHOI BJaJAU Ma€
MIKIMCUMIUTIHADHUI XapakTep, 110 YCKJIAJIHIOE
BUOIp MpaBOBUX IMO3UILIiI Ta 1X (h)OpMyBaHHSI Ha OC-
HOBI MHOXWHM 3aKOHOAABYMX AaKTiB Ta CYIOBUX
piiieHb. Is mpoGieMa BuUMarae MpoOBENEHHS SIK
¢dyHIaMeHTaJIbHUX, TaK i NPUKIATHUX IOCTIIKEHb
Ha OCHOBI MIKXKIMCLUMIUTIHAPDHUX 3HaHb (izocod-
CbKOTr0, MPaBHUYOIO i TEXHIYHOrO CHPSIMYBaHHSI,
11100 3a0e3MeUYnTH KOMIIEKCHUI MiAXia A0 TMOLIYyKY
i aHamizy TMpaBOBUX IMO3UIIiK, BPaXOBYIOUM IXHIO
(inocodchky, mpaBoBy Ta TeXHIUYHY CKJIAIOBY.

V wiit cTarTi aBTOpY OYIyTh CIIUPATUCh BUKJTIOU -
HO Ha 4iTko (hopmasizoBaHi (isocodchbki i TpaBoBi
napagurMyA Ta O3HA4YEHHS, OIMyOJIiKOBaHI y HayKO-
BUX TpallsiX MpaBO3HABIIIB Ta 3aKOHOJABUMX aKTax
VYkpaiHu.

ABTOpM 1Ii€i cTaTTi OYAYyTh IOCIIXKYyBaTU Ma-
TeMaTU4YHY Ta TeXHIYHY CKJIaJlOBi MPUKJIAAHOI Mpo-
0JieMH TIOLLYKY MPaBOBUX MO3UIIii HA MHOXMHI Cy-
JIOBUX pillleHb, 1110 HaKOMWYeHi B iHhopMaLiiiHuX
cucTeMax YKpaiHu i € y BUIbHOMY JOCTYTIi.

baza cynoBux pillieHb B CyTOYMHCTBI YKpaiHu,
SIKi MICTSITbCSI B €EIMHOMY PEECTPI CYJOBUX PillleHb,
MepeBUIIyE CTO MiNbHOHIB mokymeHTiB. IIs1 Gasa
MICTUTh JEKiJIbKa Pi3HOBMIB CYTOBMX JOKYMEHTIB,
TaKMX SIK pillleHHs], MOCTAHOBHU, YXBajJu, BUPOKU
TOILLO, a TAKOX Ma€ TPU PiBHI CyTOYMHCTBA — Tep-
1I1a iIHCTaHIIisI, anesIsIiisa Ta Kacallisl, IIpu oMY Ma-
IOUM IOCUThH PO3Trajly’)KeHe KaTeropitoBaHHsI CIIpaB.

CynoBe pillleHHSI — TpoLecyalbHUI JTOKY-
MEHT, MOCTAHOBJIEHUIA CyIOM ITill Yyac po3MIsiay Cy-
JIOBOI CIlpaBy Ha OyIb-sIKili CTalil Cya10BOIrO IMpolie-
cy (yxBana, pillleHHsI, BUPOK, IOCTaHOBAa, CYyl1OBUA
Haka3, oOKpeMa IyMKa cyauai Touro) [1].

Oco0auBicTIO oprasisaltiii iH(popMaLiiHUX pe-
CYpCiB CYIOUMHCTBA YKpaiHu € crieludika CTpyKTyp
opranizatii 6a3 naHux, hopmaTiB JaHUX, MPOLECIB
00poOKM naHuX, hopMaTiB 3anUTIB Ta iHTepdeiiciB
B3aeMoii 3 iH(pOopMaLiiHUMM peCypcaMu.

MoxHa KOHCTaTyBaTH, 110 B YKpaiHi ne-gak-
TO iCHY€E TIpelieleHTHE IpaBo, KOJW paHille Mpu-
WHSTI pillleHHsI MO CYJOBUX CIpaBax BiAMOBiIHO
JI0 3aKOHOJABCTBa YKpaiHU BUKOPUCTOBYIOTHCS JIs1
OPUMHSTTSL PilIEHHS 1100 BUPILLIEHHS TTOTOYHUX
cnpaB. Ha mpaxktuli paHilie NpUAHATI pillleHHS,

1110 HaOpaju 3aKOHHOI CUJIM, CYJUIi Ta iHII yYacHU-
KM CYIOUYMHCTBA BUKOPUCTOBYIOTH JUISI BUHECEHHS
pillieHb MO CBOIX MOTOYHMX CIIpaBax, a aJBOKaTU —
JUISI PO3YMiHHSI TOTO, K TPaBUJIbHO MMOOYIyBaTU
IIPaBOBY MO3UIIiI0 3aXUCTY.

OCKUJIBKM Y CYIOUYMHCTBI YKpaiHU € iHIli 3a-
LiKaBJIEHI CTOPOHM, HAINpUKJIad CJigdi, IpeacTaB-
HUKM OpraHiB BJIaaM, TNPOKypaTypu Ta iH., IS
iHopmaTH3allii Gi3HeC-MpoLeCciB AiSIILHOCTI 3alli-
KaBJIEHUX OCi0 y CYHOYMHCTBI YKpaiHM po3po0Jie-
HO CHUCTeMHU TIOLIYKY TPELeIeHTIB cepell BUPOKIB,
pillieHb, YXBaJl Ta iHILIUX JOKYMEHTIB. YTiM, HasiBHi
CUCTeMHU TIOTPeOyIOTh 3HAYHOIO 4Yacy, 1100 3amo-
BOJIBHUTU MOTPeOy KOpUCTyBauya y MOIIYKY MOTpi0-
HOTO CY/I0OBOTO IOKYMEHTa, Yyepe3 00OMeKeHY (hyHK-
LIOHAJIBHICTh TAKUX CUCTEM.

Otxe, Hapa3si akTyaJbHOIO € TIpo0ieMa po3po-
OJIeHHSI MeTOly cUcTeMHOI iHxXeHepii NLP-cucrem
MOIIYKY PEeJIEBAaHTHOI IMPaBOBOI IO3MIIii HA OCHOBI
HAyKOBO OOIPYHTOBAHOI KOHILENTYyaJlbHOI Mojei
CUCTeMHU TMOIIYKY peJieBaHTHOI, KOHTEKCTHO 00-
IPYHTOBAHOI TMPaBOBOI TMO3MIIil HA MHOXMHI Cy/O-
BUX pillleHb CYJOYMHCTBA YKpaiHU 3 BUKOPUCTAH-
HSIM cydacHUX TexHoJjoriii Data Science, BequKux
MOBHUX MoAeJlell Ta 1i iIMIUIEMEeHTALliI Ha MHOXWHI
BiIKpUTHX 0a3 JaHUX JJIsg 3a0e3MeUyeHHs] MOIIYKY
MpaBOBUX MO3MIIi HA MHOXWHI 3aKOHOJIaBUO BCTa-
HOBJIEHMX BUJiB pe3y/bTaTiB CylOUYMHCTBA YKpaiHMU.

ITocTanoBka 3amaui

MeTtoo 1BOro AOCHIAXEHHS € PpO3pO0JIeH-
Hs1 KOHLEeNTyalbHOi mMoaeai NLP-cuctem moiiyky
MpaBOBOI MO3UIIT JJISI 3aKOHO/IaBYO BCTAHOBJIEHUX
BUiB pe3yJbTaTiB CyTOYMHCTBA YKpaiHW Ha OCHO-
Bi HAYyKOBO OOTIPYHTOBAHO1 KOHLENTYalbHOI MOJEJTi
CUCTEMM TIOIIYKY peJIeBAaHTHOI, KOHTEKCTHO 00-
IPYHTOBAHOI MPaBOBOi MO3UIIii HA MHOXMWHI CyIO-
BUX pillleHb CYJOYMHCTBA YKpaiHU i3 3aCTOCYBaH-
HSIM cydacHUX TexHoJjioriii Data Science Ta BeJMKuX
MOBHHUX MOJIEJEM.

ITpeameToM 1ILOTO AOCHIIKEHSI € KOHLIETTY-
anpbHa Moxesib NLP-cucteMu mouyky pesjieBaHT-
HOI, KOHTEKCTHO OOIPYHTOBAHOI MpPaBOBOi TMO3UILii
Ha MHOXWHI CylIOBUX pillleHb CyJOYMHCTBa YKpai-
HU Ha OCHOBI Oi3Hec-mpodins Epikcona—ITenkepa
i3 3aCTOCYBaHHSM Cy4YacHMX TexHoJjoriii Data Sci-
ence Ta BeJIMKUX MOBHMX MOJEJIEi.

V uiit crarTi, Mg TePMiHOM <«KOHILIENTyalbHa
MOJIeJIb» MU PO3YMIEMO HAayKOBO OOIPYHTOBaHY



MPUKNAOHA MATEMATUKA 73

a0CTpakTHY MOJIEJb CUCTEMMU TOIIYKY peieBaHTHOI
MpaBOBOI MO3MLIil HA MHOXMHI CyIOBHMX PillleHb Cy-
JOYMHCTBA YKpaiHU, 110 BPaxXOBYE BCi HEOOXimHi
KJIaCU CYTHOCTEM MOIIyKY MPaBOBOI MO3ULLii Ta Bill-
HOIIEHHS MiXX HUMWM, HEOOXigHi ¥ JOoCTaTHI ISt
IMITJIEMEHTALlil KOHKPETHOI CUCTEMM IIOIIYKY pe-
JIEBAHTHUX MPaBOBUX IMO3ULlili BU3HAUYEHOTO KJacy.

Jedinimig monsaTs “Hopma mpaBa” Ta “nmpaBoBa
no3uilis’” B CyIOYMHCTBI YKpainu

Inxkenepist NLP-cucTeM moluryKy pejeBaHTHOI
MpaBOBOI MO3UIII MOTPEOYE YITKOTO OKPECICHHS
MNpeIMEeTHOI 00JIacTi Ta BUBHAUEHHST KJIIOUOBUX T10-
HSTh MpeaMeTa JTOCTiIKEeHHS.

OcHOBOIO 1151 OyIb-sSIKOI IPaBOBOI ITO3UILIII €
HOPMM, Ha SIKUX TPYHTYIOTbCS 3aKOHM Ta HOPMU
MOBEIiHKU JEPKaBU.

Hopma npaBa (TakoX NpaBoBa HOPMA) — 3arajib-
HOOOOB’s13K0Be, (hOpMaIbHO BU3HAUEHE MPABUJIO TO-
BeIiHKU (3pa30K, MaciluTad, eTajoH), 10 MOro BCTa-
HOBMJIA a0 CaHKIIiOHyBajla JAepxKaBa SIK peryisropa
CYCHJIBHMX BiTHOCHH, 3a0€3I1euyloun BciMa 3aXoJaMu
JIEP>KaBHOTO BIUIMBY (aX J0 MIPUMYCY), a TAKOX TakKe,
10 o(illiiHO 3aKPIIlIIOE Mipy CBOOOAM I CripaBeIn-
BOCTI BiIITIOBIAHO A0 CYCIIUIbHUX, I'PYIOBUX Ta IHIUBI-
JyaJlbHUX iHTepeciB (BOJIi) HaceJleHHsT KpaiHu [2].

IIpaBoBi MO3MIIl € KIIOYOBUM €JIEMEHTOM
Oynb-sKOro IopuaudHoro pimeHHs. IloyaTko-
BO TpaBOBi MO3UIIil (hOPMYIOThCSI Ha eTamni mnore-
PEIHBOTO PO3IJISIAY Ta MIATOTOBKM CIIpaBH, IIil 4ac
30MpaHHs Ta aHajidyBaHHSI MaTepiaiiB. OCTaTOUHO
i TTo3uLii BiZoOpaxarThCs B PillIeHHI BiAMOBiTHO-
ro oprany. Hapasi B jopuanuHiii Hayli 1Ie¢ MATaH-
Hs1 PO3TJISIIAETHCS JIMILE B MEXaX OKPeMUX rany3eit
IpaBa, ILIOJ0 KOHKPETHUX CHUTYyalili abo opraHis.
TeopeTryHoro, ocTaToyHOro opMaabHOrO BM3HA-
YEHHSI 1IbOTO T€PMiHa y BiTUYM3HSIHOMY ITPaBO3HAB-
CTBI HEMae€, Xxouya BUCJIOBJIEHO OaraTo XapakTepuc-
THMK IIPaBOBOI IIO3ULIi1l 3 Pi3HUX TOYOK 30py [3].

OTxe, cnupaloyuch Ha MOCTAaHOBKY 3aaaui,
HalaMmo BJIaCHE BU3HAYEHHs TepMiHa “mpaBoBa Mo-
3umig” — 11e HaOip MpaBOBMX HOPM Ta ITiICTaB ISt
iX 3aCTOCYBaHHsI JUISI BUpILIEHHiI CIpaBu MO CYTi
a0o X cylIoBe pillleHHSI Ha OCHOBI MpPaBOBUX HOPM
Ta MiACTaB IS 1X 3acTocyBaHH:. IIpaBoBa mo3uilist
Mae (OpMy BUCHOBKY WLIOAO 3aCTOCYBaHHsI HOPM
mpaBa, 3a3HAYEHOIO Yy CYAOBOMY DIillIEHHI.

IlpaBHMui Mopgeni JIOTIYHOTO MHCJIEHHS B
iHopmaniiiaux cucremax

3aKOHOIABCTBO € c(heporo HOpM IIpaBa Ta IpPo-
LIeCyaJbHUX TIPaBUJI, a MOPSIIOK 3aCTOCYBaHHS IIUX

HOPM IIpaBa Ta MpaBUJl MOXe OyTU (opMali3oBaHO
y TIeBHIN JIOTiYHIi MOCIiZOBHOCTI MOJEJeil, anaro-
PUTMIB 1 Oi3HeC-TIpaBUII iX 3aCTOCYBaHHSI.

s Haloro KoCiIkKeHHs BaXJIMBO Te, 1110 MO-
JIeJIi TIOriYHOro MMCJIEHHSI Y LIapyHi TpaBa I'pyHTY-
IOThCSI HA TPHOX OCHOBHMX Ilimxonax [4]:

1) mporoTunu Ta Bepcii — 30cepemKyeEThCs
Ha TOMYy, $SIK TIPUMHSATU pillleHHS Y KOHKPETHil
CIpaBi HA OCHOBI MUHYJIUX CIPaB;

2) po3Mipu Ta MpaBoBi (haKTOpU 3aCTOCOBA-
HUX CTEPEOTUITHUX IIA0JIOHIB — MiACHIIOITH abo
0CJIa0JI0I0Th ApTYMEHT CTOPOHM 1IOIO IPaBOBOTO
TBEpIKEHHST a00 KOHIICITLIi;

3) KOHKpPETHi, €K3eMILISIPHi MOSICHEHHS — €
MpPaBOBMMM KOHUEMLISIMU y TepMiHaX MOSICHEHb
HoIepeaHiX CyIiB 11040 TOro, YoMy KOHUEMILIis 3a-
CTOCOBYBaJIacs UM He 3aCTOCOBYBajacsl.

Mopesni JIOTiYHOTO MMUCJEHHS, HOOymOBaHi
Ha LIMX MiAXoaax, MOKa3yTh, SIK MOAaTU Pe3yIbTaTu
MpPaBHUYOI MisUTbHOCTI Tak, 11100 KOMIT'I0TepHa Mpo-
rpamMa Morjia OLIHUTH IX CXOXICTh i3 CIpaBolo, SKY
Tpeba BUPIIIUTH. BOHM JE€MOHCTPYIOTH CIIOCOOM,
3a SIKUMM TporpamMa Moxe IMOpiBHIOBATU MpooiemMy
3 {HIIMMU CIpaBaMy, BUOMpaTU HaMOLIbLI pelie-
BaHTHI 1 (popMmystOoBaTU OPUAMYHI apryMeHTH “3a”
“gu” MPOTU MEeBHOIO BUCHOBKY B HOBIil cripaBi [4].

Bapro 3azHauuTH, 1O XOAHA 3 LIMX CHUCTEM
He Tpalo€e 6e3mocepeIHbO i3 MPaBOBUMM TEKCTa-
MU, HaTOMIiCTb BOHU BUKOPUCTOBYIOTH (pOpMasibHi
ySBJACHHSI MpPO (DaKTU CIIpaBU Ta IOPUIMYHI KOH-
LIEMLil, CTBOPEHI BpyYHy. YTIM, Ilependavya€eThCs,
110 B MaiilOyTHbOMY peIpe3eHTallii IMpaBOBUX MO3M-
LilA MOXHa OyJe aBTOMAaTUYHO J00YBaTH i3 TEKCTiB
CYJIOBMX pillleHb 3a JOITOMOTIOI0 aHali3y MPUPOIHOI
moBHu [4].

Po3pobiieHa aBTOpaMM CTaTTi KOHLENTyaJlbHA
MOJIeJIb CUCTEMU MOLIYKY MPaBOBUX MO3ULIA IPyH-
TYETBHCS CaMe Ha TaKuX Migxodax, BKazaHux y [4].
OCHOBHOIO ifIe€l0 KOHLENTYyaJabHOI MOJEJi cucre-
MU TIOLIYKY IPaBOBUX MO3UIIIM € 3aCTOCYBaHHSI 0i3-
Hec-tipodinst Epikcona—IleHkepa Ta BETUKUX MOB-
HMX MOJeNeH A8 iMIIJIeMeHTallil CUCTeMHU MOIIYKY,
aHaJizy Ta BWIYYEHHS i3 CYJI0BUX PillleHb ITPaBOBUX
MO3MLIM Ta iX MPaBOBMX HOPM 3 IMiJICTaBaMM iX 3a-
CTOCYBaHHS IJISI TOTO, 1100 Hadaji X MOXHa OyJo
BUKOPUCTOBYBATH [IJIsI TeHepallil MpaBOBOI MO3MIIil
HOBUX MOAIOHUX CYIOBUX PillIeHb.

Peaizamis wi€i igei 3 HAayKOBOI TOYKM 30Dy IIe-
pendayae 1MocJiiJoOBHE BUPIlLIEHHS TaKUX 3aBAaHb:

— JIOCJIKEHHS MpeAMETHOI 00JacTi Ta Po3-
pobiieHHs1 KoH1enTy NLP-cucTteM BupillieHHS Ipo-
OJieM, 3aBAaHb i 3aJa4 IMOILIYKY CYIOBHUX JOKYMEH-
TiB, HEOOXiIHUX JUISI BUHECEHHSI CYJAOBUX pillleHb
Ta/ab0 (popMyBaHHSI MPABOBOI MO3MIIi;
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— PO3pO0JIEHHS HAayKOBO OOIPYHTOBAHOTO
KoHlenty wMoneni NLP-cucremMu IIOLIYKY KOH-
TEKCTHO OOIPYHTOBAHOI ITPaBOBOI ITO3MIIil B CyIO-
YMHCTBI YKpaiHu;

— pO3pO0JCHHSI  KOHLEMNTYaJbHOI  MOmei
NLP-cuctemu nouryky IpaBOBUX MO3UIIIH;
— IMIUIEMEHTallil0 KOHLEITyaJbHOI MOaeli

NLP-cuctemMu moOIIyKy NpaBOBUX MO3UIINA I BU-
3HAUEHOI0 KJacy MpaBOBUX TMO3UILIl;

— Bepu@ikallilo Ta Baligalilo KOHIENTYalIbHOI
mogaeii NLP-cuctemu noiiryky rnpaBoBUX MO3UILIIHA.

Konuent moneni NLP-cuctemu  momryky
KOHTEKCTHO OOTPYHTOBAHOI TPABOBOI MO3HMIIii
B CYJIOYMHCTBI YKpaiHu

Konuent moaeni NLP-cuctemu nouryky KOH-
TEKCTHO OOI'PYHTOBAHOI IPABOBOI MO3UIIil B CYHO-
YMHCTBI YKpaiHU DPO3POOJSITUMEMO SIK MHOXUHY
CYTHOCTEM Ta IX IHTErpOBAaHUX MiXAUCLUIUIIHAD-
HUX pecypciB. it 1bOro mMpoBeaeMO CUCTEMHUM
aHajli3 CYyTHOCTEM IIOJAaHHSI KOHLENTy MOAeIi
NLP-cuctemMu moliyKy KOHTEKCTHO OOI'PYHTOBAHOI
MpaBOBOI MO3UIIil B CYTOUYMHCTBI YKpaiHW y BUIJISI-
oi miarpamu BeHHa i gamMo BU3HAYEHHSI KOHIENTY
MoOJieJli IK CUCTeMU CYTHOCTEH i BiJHOIIEHb MixX
HuMHU [5].

Crouatky opmaiizyeMoO CKJIaJOBi diarpamu
BeHHa 3 ypaxyBaHHSIM KJ1aciB CyTHOCTEN MpeaMeT-
HO1 00J1acTi MOILIYKY CYyJOBUX JTOKYMEHTIB Ta JaMO
iX yiTke BM3HayeHHs. Ha ocHOBi pe3ysbTaTiB aHa-
JIi3y mpeaMeTHOI O0JIaCTIMOMaHHS KOHLENTY CKJa-
JAETHCS 13 TPHOX KJIACiB CYTHOCTEIA:

— Entities of judicial documents, Set D —
MHOXMWHA CYJIOBMX JOKYMEHTIB Ha BCiX CTafisIX iX
KUTTEBOTO ITUKITY;

— Entities of Instruments, Set I — MHOXMHa
iHCTPYMEHTIB TIOLIYKY, aHajidy, oOpoOKU, TpaH-
chopMyBaHHSI Ta reHepallii TeKCTy i TeCTOBUX Ja-
HUX;

— Entities of Tasks, Set T — MHOXWHa Mpo-
OJieM, 3aBAaHb i 3agay TOILIYKY CYIOBMX JOKYMEH-
TiB, TOTPIOHUX IJISI BUHECEHHSI CYIOBUX pillleHb
abo (hopMyBaHHSI MPABOBOI MO3MUIIii.

Haui (popmanisyeMo BM3HAUY€Hi KJ1acu CyTHOC-
Tel IojaHsl MpeAMETHOI 00JacTi KOHLIENTY y BHU-
rsiai giarpamu BenHa (puc. 1).

Heranizyemo momaHHsS BHU3HAUYEHUX KJaciB
CYTHOCTElN KOHULENTY Y BUMJISIAL diarpaMmu BeHHa.

1. Entities of judicial documents, Set D —
MHOXWHY CYOOBHMX JIOKYMEHTIB Ha BCIX CTamisgx iX
KATTEBOTO WMWKy BU3HAYAIOTh SIK MHOXWUHY D,
d € D ycix HasiBHUX CYIOBUX JOKYMEHTIB B CYyIO-
YMHCTBI YKpaiHu, 110 MOXYTb OyTH MpsiMO Ta/abo

OITOCEPEIKOBAHO 3aisiHi JjI1 BUHECEHHSI CYIOBOTO
pillieHHsT Yu 1St (pOpMyBaHHS MPABOBOI MO3UIIiI.

2. Entities of Instruments, Set I — MHOXKHa
TEOPETUYHMX Ta IHXKXEHEPHUX IHCTPYMEHTIB IOLLY-
Ky, aHaJlidy, oOpoOKu, TpaHC(OPMYyBaHHS 1 reHe-
palil TeKCTy i TEKCTOBUX AAHUX, 11 BU3HAYAIOTh SIK
MHOXUHY [ e i € I ycix HasiBHUX Ha PUHKY Mare-
piaJIbHUX i HEMaTepiaIbHUX CYTHOCTEM, 1110 MOXYTb
OyTu TpsIMO Ta/abo OIOCEepPEeIKOBAHO 3amisiHi ISt
00pOOKM, MOLIYKY Ta aHaji3y CyJOBUX JTOKYMEHTIB
B CYOJOYMHCTBI YKpaiHU.

3. Entities of Tasks, Set T — MHOXWHa Ipo-
OsieM, 3aBAaHb i 3aJa4 MOLIYKY CYIOBUX JOKYMEH-
TiB, HEOOXiTHMX IJIsI BUHECEHHS CYIOBUX PillleHb
abo (opMyBaHHSI IPaBOBOI MO3MILIii, 110 BUHMUKAa-
I0Tb y pe3yJibTaTi poOOTH 3alliKaBIeHUX OCi0 B Cy-
JOYMHCTBI YKpaiHu, ii BU3HAYAIOTh SIK MHOXUHY T
ne t e T ycix HassBHUX Ha pUHKY MpobJieM, 3aBIaHb
i 3amay, 110 MOXYTh MPSIMO Ta/ab0 oImocepenKoBa-
HO BMHUKATMU Mil 4ac poOOTH 3alliKaBJI€HUX CTO-
PiH Y CYAOUYMHCTBI YKpaiHM i1 JOCSATHEHHSI METHU
(byHKIIIOHYBaHHS CyIOBOI CUCTeMU YKpaiHU.

Integrated Interdisciplinary
Entities 1-3

System

Integrated Interdisciplinary
Entities 1-2

2 Entities of
Instruments, Set |

1. Entities of judicial
documents, Set D

Puc. 1. Konuenr NLP-cuctem BupilieHHs1 npobJiem, 3aBiaHb
i 3ama4 TOUIYKY CYJIOBMX JOKYMEHTIB, HEOOXITHUX TSI
BUHECEHHS CyJOBUX pillleHb Ta/abo (popMyBaHHs Tipa-
BOBOI TTO3UIIil

Ha niarpami Benna (puc. 1) mepeTMHM MHOXWH
1-2, 1-3 ta 2-3 ximaciB cyrHocteit D, I ta T yTBOPIOIOTh
IHTErpoBaHi MDKIUCUMIUTIHAPHI pecypcu  (TTiIMHO-
JKMHU CYTHOCTEH), BUJIEHI 32 O3HAKOK HAasIBHOCTI
(pyHK1IOHAIBHUX BiAHOIIIEHb MiX pecypcaMu (CyT-
HOCTSIMM) Pi3HUX TUMIB, 30kpema Set D, Set I, Set T.
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Integrated Interdisciplinary  Entities 1-2
(ITE 1-2) — ue HasiBHiI CYyTHOCTI pO3po0OKHU peaJtiza-
Lii TOLIYKY, aHajli3y, 00poOKM, TpaHC(POPMYBaHHS
i reHepauii TeKCTy 1151 POpMYBaHHS CyIOBUX TOKY-
MEHTIB Ta/ab0 MpaBOBOi MO3UILIii.

Integrated Interdisciplinary  Entities 2-3
(IIE 2-3) — e HasgBHi CYTHOCTI, 110 MOXYTbh OYyTHU
BUKOPUCTAHI 11 BUPIlLIEHHS IIPOOJIEMHU 3 IOIIYKY,
aHasizy, 00poOKM, TpaHC(OPMYBaHHS Ta reHepallil
TEKCTY B IIOJIi CYJOYMHCTBA YKpaiHu, Ta IX peCcypCcu.

Integrated Interdisciplinary  Entities 1-3
(ITE 1-3) — HasiBHi CYTHOCTi, L0 AAalOTh MOXKJIM-
BiCTh imeHTM(}IKyBaTH HasBHI MpoOJieMM Ta 3agayi
Mmia yac poOOTU 3 CYIOBUMU AOKYMEHTaMM B CYAO-
YUHCTBI YKpaiHu.

Busnauenns 1. TyT i Hapgajli iHTErpoBaHi MiX-
aucumiiiHapHi pecypeu (cytHocti) ITE 1-2, IIE
2-3 ta IIE 1-3 — 1e migMHOXWHU, 1110 (POPMYIOTHCS
Ha OCHOBI HAasIBHOCTi BJIACTMBOCTEN iHTerpallii/iH-
TepornepadeIbHOCTI MixX ejeMeHTaMu MHOXMUH D, [
ta 7, a iHTerpalisi/iHTepornepadebHICTb €JIEMEHTIB
MHOXUH D, [ ta T monsirae y 31aTHOCTI pealizyBa-
TU Kosiabopallii map cyrHocteii MHOXUH D ta I, D
ta T, Tta I

®opmanizyemo Bu3HaueHHS NLP-cucremu
MOIIYKY KOHTEKCTHO Opi€EHTOBAHOI MpPaBOBOI I1O-
3ULIiI B CYJIOUYMHCTBI YKpalHM Ha OCHOBiI KOHIIEII-
Ty NLP-cucremu BupilieHHs1 mpo0JieM, 3aBIaHb
i 3a1a4 MOLIYKY CYJIOBMX JOKYMEHTiB, HEOOXiTHUX
JUTISI BAHECEHHSI CYA0BUX pillieHb Ta/abo (popMyBaH-
HsI MpaBOBOI ITO3MIIil, HA OCHOBIi giarpamu BeHHa
(puc. 1) Ta HAsSIBHOCTI BJIaCTUBOCTEH iHTerparlii/iH-
TeporiepadbeibHOCTI MiX eJleMeHTaMU LIUX MHOXWH.

Busnauenns 2. CucteMa IOLIYKY KOHTEKCTHO
opienToBaHoi ntpaBoBoi no3uuii (CIT KOIIIT) B cy-
JIOYMHCTBI YKpaiHU Moxe OyTu (hopMaslizoBaHa SIK
MHOXXMHaA TPIiMOK €JeMEHTIB MiXIUCLUUIIiHAPHUX
pecypciB (CyTHOCTEi) i3 TpbOX MHOXUH pPeCcypciB
(CcyTHOCTEI): CYTHICTh CYIOBUX JOKYMEHTIB Ha BCiX
CTalisIX iX >XKUTTEBOTO LMKy — D; CYyTHOCTEH iH-
CTPYMEHTIB MOILIYKY, aHali3y, 00podKu, TpaHchop-
MYBaHHSI Ta reHepallii TEKCTY i TEKCTOBUX JaHUX — 1,
CyTHOCTEl mpobJieM, 3aBIaHb i 3a/1a4 MOIIYKY Cyl0-
BUX JIOKYMEHTIB, HEOOXiIHUX [IJis] BAHECEHHSI CylIO-
BUX pillieHb a00 (opMyBaHHSI IPaBOBOI ITO3MLIIT —
T Takux, 110 MalOTh CHiJIbHY BJACTUBICTh/O3HAKY,
sIKa 3abe3rnevye iHTerpauito/iHTeporiepadeybHiCTh
Mix enemeHTamMu d e D, iel, teT 1 BCTaHOB-
JIO€ BiAmoBinHOCTI Komabopauii C,,, Ta C,, MK
eJleMeHTaMM LIMX MHOXUH. TakuM 4YMHOM,

CIT KOITIl
={d,i,t,dlvd e D,Vvie I,vteT,(d,it,d)eC,,}
uld,t,i,d|vd e D,Vie I,vteT,(d,t,i,d)eC,,}, (1)

abo
CIT KOIIIT

= Cyy Y CygAcopmednc (D’ L,T,D, Gdifd)
u kopmexc(D,T,1,D,G,, )}, &

ne G, 1a G, — rpadiku/niarpaMmu/mMaTpulli Biamo-
BigHOCTe konmabopauii C,,, Ta C,py

Takum crmocobomM MU OOIPyHTOBYEMO i op-
MaslizyeMo KoHUenTyajabHe mnogaHHs cuctemu CIIT
KOIIIT B cymoyuMHCTBI YKpaiHU y BUIJISIAI OHOB-
JieHol miarpamu BeHHa 3a 1OMOMOrol HasiBHOCTI
BJIACTMBOCTi/O3HAKM BilMOBIAHOCTI, 1110 3a0e3euye
iHTerpaiito/iHTeporepadebHICTh MiX eJeMeHTaMu
deD, iel, teT 1 BCTaHOBIIOE BiINOBIIHOCTI
komabopauii C,, ta C,,, MixX eIleMEHTAMU MHOXWH
pecypciB D, Iii T niarpamu BeHHa (puc. 1).

Taka npexommosuiisi kjaciB cyTHocterd D, [
Ta T ¥ y3araJbHeHE CHUCTEMHE, MiXIWUCLUIIiHAP-
He TMOoJaHHS KoJjabopalii eJIeMEHTIB MHOXWH LIUX
cytHocTeir koHuenrty CIT KOIIIl B cymo4yuHCTBI
YKkpaiHu nae 3MOry cucTeMaTu3yBaTW HasiBHI BU-
3HayeHHS 1 opMaiidyBaTh AediHilil0 KOHLEHTY
«cuctemu CIT KOIIIT B cynounHCTBI YKpaiHu» 1K
KoJyiabopallilo CYTHOCTEH CyTOBUX JOKYMEHTIB, CyT-
HOCTell iHCTPYMEHTIB OOpOOKM i reHepalil TeKCTy
Ta CYTHOCTEeH HasiBHMI Tpo0JsieM i 3aBAaHb CylO-
YUHCTBA.

Taka nmexoMmo3uiliss i cucTeMaTu3allisg [Ta€
HaM [IuOlIe YSIBJIEHHS IpO Te, 110 TakKe KOHLEIT
cuctemu CIT KOIIIT y cynounHcTBI YKpaiHu, sKi
3aBJaHHSI BOHA BUDilllye, i BOIHOYAC MMOKA3y€e, Ha-
CKIJIbKM ILIMPOKOIO € 00JIACTh 3HAaHb, 1110 3aCTOCO-
BYETBCSI JIJIST OpraHisalil MOoIIyKy Ta aHaidy cyao-
BUX pillICHb.

Lle mae HaM MOXJIMBICTh y3araJbHUTU TTOHSIT-
1 «koHuent cuctemu CIT KOIIIT y cynmoymHCTBI
Ykpainu» Ta c(hopMyIHOBaTU BUBHAUCHHS «CUCTEMaA
CII KOIIIT y cymounHCTBI YKpaiHm».

KonnenryanbHa moaeap NLP-cucTtemMu momyky
KOHTEKCTHO OIPYHTOBAHOI NPaBOBOI MO3WILi B
CYJIOYHMHCTBI YKpaiHu Ha OCHOBI Oi3Hec-npodiio
Epikcona—Ilenkepa

dopmasnizanisg noHaTs “koHuent cucremu CIT
KOITIT” ta “cucrema CIT KOIIIT” gae MOXIUBICTh
po3poOUTH KOHLEeNTyajJbHy Moaeiab NLP-cucre-
MU TIOLIYKY KOHTEKCTHO OOIPYHTOBAHOI IpaBOBOI
no3ulii. Taka KOHIENTyajJbHa MOJIEJIb MAa€ Bpaxo-
BYBaTW MIKIMCUMIUTIHADHUIA XapaKTep IisIbHOCTI
Ta Y3rolKeHy KoJjiabopallilo BCiX KJIaciB CyTHOCTE
y MpoLeci MOIIYKY MPaBOBUX MO3MILiI HAa MHOXMHI
CYIOBHX pillIeHb CyIOYMHCTBA YKpaiHu. [Js1 1iboro
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MU 3aCTOCOBYEMO Oi3Hec-npodisib Epikcona—ITeH-
Kepa, 110 BU3HAYA€ KJIACU CYTHOCTEW: mpobyemy
MHOLIYKY IIPaBOBUX IO3Ulliii, METYy, IOTPiOHI pecyp-
CM, TIpOLIECU OOCSITHEHHS MeETU, Oi3Hec-IpaBuia,
3a SIKUMU (PYHKIIIOHYIOTb IIPOLIECH, Ta BiIHOLLIEHHS
MiX KJjlacamu cyTtHoctei (puc. 2) [3].

TakuM  4YUMHOM  KOHLEMNTyajJlbHa  MOJEJb
NLP-cucremu 1ouyky KOHTEKCTHO OOIpyHTOBAHOI
MpaBoOBOI MO3ullii Ha OCHOBI Oi3Hec-nipodiis Epikco-
Ha—ITeHkepa 103BOJIsIE BpaxyBaTy BCi MOTPiOHI Kiia-
CHU CYTHOCTEM 1 BimHOILIEHHS MiXX HUMHU Ta (popma-
JIi3yBaTH JisIbHICTD i3 TOLIYKY MPaBOBUX MO3ULIIN.

Jani, Ha OCHOBI KOHILENTYyaJbHOI MOIEJi
NLP-cucrtemMu moOLIyKy KOHTEKCTHO OOIPYHTOBa-
HOI MpaBOBOI MO3ULII MU MOXEMO IIPOEKTYBAaTHU
CTPYKTYpHE Ta AMHaMiuHe MOAaHHS KOHLENTyasb-
Hoi Mojeli NLP-cucteMu 1oliyKy KOHTEKCTHO 00-
IPYHTOBAHOI MpPaBOBOI MO3MLIil B KOHTEKCTi, O3HA-
YEHHSX i MOJEJSIX MOoAaHb 00JaCTi CUCTEM IOIIYKY

MIpaBOBUX IIO3MLII 3 ypaxyBaHHSM IHTEpECiB ycix
3alliKaBJIEHUX CTOPiH, 30KpeMa CJIiIuuX, Cy/IiB, ajl-
BOKATiB Ta iH.

Buznaunmo 3micT KOXHOTO i3 KijaciB 0i3-
Hec-Tipodins (puc. 2) y TepMiHax MOCTaHOBKM 3a-
naui imxenepii CIT KOIIIT [6].

Ilpobaema — axryalbHe NUTAHHS, IO IIO-
TpeOye BIANOBIAHUX pillleHb, OCHOBHA MOTUBALlis
pO3po0JIEeHHS CUCTEMU MOLIYKY KOHTEKCTHO 00-
IPYHTOBAHOI IIPaBOBOI MO3MIii, $Ka CIIOHYKA€E
1o (opmytoBaHHS KOHKpeTHOi MeTu. IIpobGiema
i€l poOOTM — HEOOXiMHICTb CTBOPEHHS SIKICHOI
NLP-cucrtemMu molIyKy KOHTEKCTHO OOIDPYHTOBa-
HOI MpaBOBOI IMO3ULIIl Y CyIOYMHCTBI YKpaiHu, sKa
Ou B3aeEMOJisyla 3 KOPUCTYBaueM IIiJl yac IOLIYKY
Ta aHaJli3y CyJOBUX pillleHb i HajaBajga 6 eKCrepTHi
BIAIIOBIAI Ha 3alMTaHHS KOPUCTyBaya 3a JOINOMO-
rolo po3MipKOBO-MOIIYKOBOTO aJrOpUTMy Ha OCHO-
Bi BEJIMKMX MOBHUX MOJIEJEH.

-
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Puc. 2. Yaockonanenuit 6isHec-podins Epikcona—Ilenkepa. [liarpama kiaciB y Horauii UML [6]
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Mema Bupaxae 1100ajIbHY 1iJb POOOTH, MO-
KJIMKaHY BMPILUIMTU IOCTaBjlIeHY Ipobiemy [6], —
aBTOMATHU3allisl IIPOLIECIB IIOLIYKY MHOXHWHU CYy-
JOBUX pillleHb HAa MHOXWHI CyJOBUX JTOKYMEHTIB
CyIlOUMHCTBAa YKpaiHU, HeoOXilHa i JoCTaTHsSI IJIst
(opMyBaHHS peJieBaHTHUX MPABOBUX MO3UILLIM.

Ilpouec — MHOXWHA MPOLECIB JisIbHOCTI CHC-
TeMU, YHACIIIOK SIKOI JOCSraloTb METH, YiTKO BHU-
3Ha4YeHa MOCIiZOBHICTb Hill/TiAIPOLIECiB, 1110 CIIPH-
s1€ BUKOHAHHIO TIeBHOTO 3aBaaHHs [6]. [1pouecamu
CIT KOIIIT €:

— HaJalTyBaHHS BEKTOPHOTO CXOBUILIA;

— 3aBaHTAXEHHSI CYIOBUX PillleHb;

— IIepBUHHA 00pOOKa TEKCTiB CyIOBUX PillleHb;

— OTPUMAaHHSI IPAaBOBUX HOPM 3 ITiIcCTaBaMM iX
3aCTOCYBaHHS 13 CyJOBOIO PIlLIEHHS;

— (bopmMyBaHHSI IPaBOBOI MO3UIIii 3 OTPUMAHUX
MpaBOBUX HOPM i3 IiacTaBaMM 1X 3aCTOCYBaHHSI;

— BEKTOpM3allis IIpaBOBUX MO3UILIiK Ta IX Ipa-
BOBMX HOPM i3 ITiICTaBaMM 1X 3aCTOCYBaHHS;

— HaAINOBHEHHS BEKTOPHOTO CXOBHIIIA;

— pO3rOopTaHHS CUCTEMU Ta ii 3aJIeXKHOCTENH;

— (yHKLIOHYBaHHSI Be03aCTOCYHKY;

— (bopMyBaHHS Ta aHaJli3 3aMUTy KOPUCTYBAya;

— MOLIYK peJIEeBAHTHUX MPABOBUX MO3ULIIH Ta iX
MpaBOBUX HOPM 3 ITiACTaBaMM 1X 3aCTOCYBaHHSI;

— (bopMmyBaHHS 3alUTy CTBOPEHHSI KOHTEKCT-
HO OOI'PYHTOBAHOI IIPAaBOBOI ITO3MIIIL;

— TreHepalisl KOHTeKCTHO OOIPyHTOBAHOI IIpa-
BOBOI TTO3UIIII;

— MOBEPHEHHS MPaBOBOI MO3ULIil KOPUCTYyBavy;

— OTpVMMaHHS HOBOTO 3aITUTY: YTOYHEHHS, HOBE
MUTAHHS 1 10/,

3mina cmany — MOXIIMBI 3MiHM TIEBHUX PeCyp-
CciB yHaC/IigoK pobotu mnpoueciB [6]. KoHuenrtyaib-
Ha MOJieJIb CUCTEMU HaJliuye YOTUPU 3MiHU CTaHIB.

1. Cynose pimenns. — IIpaBoBi HOpM Ta Mmija-
CTaBM iX 3acTocyBaHHs. — I[IpaBoBa mosuuig Ta ii
MpaBOBi HOPMM 3 MiACTaBaMHU iX 3aCTOCYBaHHS. —
BekTopu TekcTiB IpaBOBOI MO3Ulii ii IIPaBOBUX
HOPM Ta MiACTaBU IX 3aCTOCYBaHHS. — 30epexKeHHS
BiIMOBIZHOCTI BEKTOPiB Ta TEKCTIB IPABOBOI ITO3UIIil
1l mpaBOBMX HOPM 3 ITiICTaBaMM IX 3aCTOCYBaHHSI.

2. BekropHe cxoBullie. — 3HaiifieHi IIPaBOBOI
MO3UIIii, iX IIPaBOBi HOPMM 3 MiACTaBaMM IX 3aCTO-
cyBaHHs. — [IpoaHaiizoBaHi MpaBOBOI MO3ULLiT. —
KonTexkcT Bigmosimi. — JIomoBHEHMIT KOHTEKCT Bii-
noBini. — Binmosigh Ha 3anmuTaHHS KOPUCTyBaya.

3. Po3moBa kopuctyBaya 3 yatoM. — Cgopmy-
JIbOBaHe 3aBIaHHsI TolIyKy. — KoHTeKCT noiyky. —
30epexXeHnil KOHTEKCT IOIIYKY.

4. Pecypc — Oynb-siKi CyTHOCTI (MartepiaJibHi
Yyl HemaTepiajibHi), 110 CHOXUBAIOTHCS Ta MPOIY-

KYIOTbCSI pO3p00II0BaHOI0 cucteMoio [6]. Jlerasib-
Hillly i€epapxilo pecypciB 1Lii€i CHUCTeMU MOKa3aHO
Ha puc. 2.

Pecypcu HaliHMK4Oro piBHsI iepapxii, 0e3mo-
CepeHbO 3allisiHi y mpoluecax, TakKoX TMOAUISIOTh
3a XapakKTepoM BIUIMBY Ha Mepeoir mpoueciB Ha Taki
Tpu Kjacu [6]:

a) Buxig Oi3Hec-Ipolecy — pecypcu, SKi Ipo-
nykye CIT KOIIII, kiHueBuii pe3yabTaT ii QyHK-
LIOHYBaHHS: BIANOBiAb Ha 3alMTaHHS KOPUCTYBa-
ya, (opmaiizoBaHa MpaBoBa IO3ULis BiAMOBIAHO
IO 3aIIUTy KOPUCTYyBaya;

0) pecypc 3abe3meyeHHSI BHMKOHAHHS 0i3-
HEC-TIPOIIeCY — pPecypcH, 10 3a0e3MeuyioTh BUKO-
HaHHS TIPOLECiB, ajieé HE € KiHLEBUM pE3yJbTaTOM
poOOTH: PO3MiIPKOBO-TIOLIYKOBUI arOPUTM, KOH-
TEKCT TIOIIYKY, IOMOBHEHUI KOHTEKCT TMOIIYKY,
BEKTOpPHE I TEeKCTOBE MOAAHHS IPABOBUX ITO3ULIii
Ta IX IPaBOBUX HOPM 3 ITiICTaBaMM iX 3aCTOCYBaH-
Hs1, BEJIMKi MOBHI MojieJli, eMoenepu, peTpusep;

B) BXinm Oi3Hec-mpoliecy — MEPBUHHI pecyp-
CU BXOJly TOYATKOBUX MPOLECiB, SIKi iHiLiali3yl0Th
LIMKJT pOOOTH CUCTEMU: CYJIOBi pillIeHHS, 3aMUT KO-
pucTtyBaya, OoOMexXeHHsl i Oi3Hec-mpaBuwia IpPOBe-
JIEHHS TIOLIYKY IIPaBOBOI IMO3ULIil.

Ilodia — BUHMKAE yepe3 TIEBHi 30BHIIlIHI (ak-
TOPU UM SIK Pe3YJIbTAT B3aEMOIIi MiX IpoLecamu [6].
IToTeHUiiHUMU TIOAISIMU TIOBHOI CHUCTEMU BBaXa-
IOTh YTOUHEHHSI KOPUCTyBaya y IIpoleci (hyHKIio-
HYBaHHSI Be03aCTOCYHKY Ta [ii pO3MipKOBO-IIOIIY-
KOBOTO aJIrOPUTMY, 1110 CIIOHYKA€E MOJIEJ]b CUCTEMU
JI0 3HAXOJIKEHHS peJieBaHTHUX JOKYMEHTIB, JOIOB-
HEHHS MOIIYKOBOTO KOHTEKCTY Ta HagaHHS BimImo-
Billi KOpuCTyBauy.

biznec-npasuao — dopMmanbHi  iHCTPYKIIi,
110 PEryJol0Th, OOMEXYIOTb, BCTAHOBJIIOIOTH KOH-
TEKCT 1 MeXi (PyHKLIIOHYBaHHs MpoleciB [6]. € Taki
oizHec-npaswia CIT KOIIIT B cynouuHCTBI YKpaiHu:

— PO3MipKOBO-TIOIIYKOBUI alrOpuT™M HE BU-
KOpUCTOBYE Oublie Hixk 10 nmpaBoBUX IMO3ULIiMA Ta ix
MPaBOBMX HOPM 3 ITiACTaBaMU IX 3aCTOCYBaHHSI 3a iTe-
patiio;

— PO3MipKOBO-MOLIYKOBUIA
nam’sgtaty 20 oCTaHHIX iTepalliii;

— PO3MiIpKOBO-TIOLIYKOBUI aJITOPUTM T1OBU-
HEH MaTh KPUTHUKY abO0 CIIpOIeHEe BUKOPHMCTAHHS
MpaBOBUX IMO3UIIiN Ta IX MPaBOBUX HOPM 3 IiACTa-
BaMM 1X 3aCTOCYBaHHS /Uisi (popMyBaHHS IPaBOBOI
TO3UII|l;

— PO3MIpKOBO-TIOLIYKOBUIM  aJrOpUTM  Mae€
MoBepTaTU TMOCWJIAHHS HAa OPUTiHAJIbHI CYAOBi pi-
LLIEHHSI, SIKi BUKOPUCTOBYBaIUCS i1 (hOpMyBaHHS
MpaBOBOI MO3UILIIL;

AJITOPUTM  MAE
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— cucTeMa Ma€ moiHgopMyBaTH PO iCHYBaH-
Hsl KiJIbKOX iHTeprnpeTaliil i HajgaTu iHCTPYMEHTHU
JIJIsI 1X TIOPiBHSIHHS,

— IIpeleaeHTH MalOTh OyTU 3BaXK€Hi BiAIIOBIA-
HO J0 IXHbOI aBTOPUTETHOI LIIHHOCTI Ta aKTyasb-
HOCTi, IIPU LbOMY pillIeHHS BUIIUX CYOiB MalOThb
OinblIy Bary;

— aJrOpuTMU MaloThb OyTM HeHTpaTbHUMU
Ta BUIBHUMU Bif yIIepeIXKeHb.

Kiac «IIpouec» Ta BigHOIIEHHSI MiXK KJjaca-
MU cyTHOCTel KoHuentyaibHoi moaeni CIT KOIIIT
B CYIOYMHCTBI YKpaiHu, 110 OyB omucaHuil y 0i3-
Hec-tipodini Epikcona—Ilenkepa, Moxe OyTu T10-
JaHWid giarpamoro (puc. 3) cTaHZApTHOIO MpPOLe-
cy kiacy cucreM Retrieval-Augmented Generation
(RAG) [7]. V niteparypi TpamisitoTbCsl pi3Hi Bapi-
antu nnogaHHss RAG-npouecy [7]. Mu nponoHyemMo
BiacHe nogaHHs RAG-mpoliecy, 1110 3aCTOCOBYETh-
cs U MofenoBaHHA Kiacy «[Iporiec» KOHIENTY-
anbHo1 Mojaeni CIT KOIIIT Ha ocHOBi 6i3Hec-Tpo-
(¢ins Epikcona—ITenkepa (puc. 3).

Ha nouarkoBy ertani po6oru CII KOIIIT dop-
MYIOTbCSI MpoOJeMaTuKa 3aluTy KOpUCTyBaya, sika
CKJIaa€eThCs 3 (PUIBTPIB MOLIYKY MPaBOBUX TMO3U-

Lilf Ta TEKCTOBOTO omnucy npoodieMaruku. Onuca-
Ha mnpobseMaTuka i MeTalaHi MolyKy (popMyrOTh
3aBIaHHS IIOLIYKY Ta II0YaTKOBMIA HaOip CyTHOCTEM
JUUIS1 PO3MiPKOBO-TIOLIYKOBOTO aJirOPUTMY.

Po3MipKOBO-TIOLIYKOBUIA  alrOPUTM  CKJIaja-
€ThCS i3 IBOX €TarliB:

1. Etan HanamtyBaHHsS — L€ TPOLIEC, KO
PO3MipKOBO-TOIIYKOBUIA aJrOpUTM OOpOOJIsiE Cy-
JOBi pillIeHHS [JI iX HACTYIHOI'O BMKOPUCTAaHHS
nig yac po6otu. st 1bOro ajaropuT™ 3HAXOAUThb
B CyJIOBOMY pillleHHi MpaBOBi HOPMU Ta IIiICTaBU
IX 3aCTOCYBaHHS i Ha 1IX OCHOBI Oyay€e IpaBOBY IO-
3ULIII0 MOTPIOHOTO MOTOYHOTO CYAOBOTO PIlLIEHHS.
CdopmoBaHa mpaBoBa IMO3ULIISI CYIOBOIO PilLIEHHS
3aHOCUTBHCS 10 BEKTOPHOI 0a3u NaHux is 11 Ha-
CTYITHOTO TIOIIYKY i BUKOPUCTaHHSI.

2. Eran poboTtu anroputmy SIBjIsIE COOOIO iTe-
pauliiiHui Tpolec i3 3aBaHTaXKE€HHSI MPaBOBUX I10-
3ULIii Ta IX MPaBOBMX HOPM 3 MiACTaBaMH iXx 3a-
CTOCYBaHHSI, OLIIHIOBAaHHSI BilIOBITHOCTI MpaBOBUX
MO3UILIIM 3alIUTy KOPUCTyBaya, reHepallil BiamoBimi,
OLIIHIOBAHHSI 3reHEPOBAaHOI BiIMOBiIi Ta YTOYHEHb
JI0 3aTIUTY TTOILIYKY MPABOBUX TO3MIIIMA.
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Puc. 3. IIpouec CIT KOIIII reHepyBaHHs Ta arperaiiii mpaBOBMX MO3UIIiii Ha ocHOBI MeTony RAG
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V pesynbrari podOTU aJIrOPUTMY MAEMO OTPU-
MaTu copMOBaHYy MPABOBY I03ULIiI0 ab0 AeKijJbKa
BEpCiii MPaBOBUX MO3MULII 3 ITOSICHEHHSIMM, YOMY
Oyna cdopmMoBaHa came Taka BiAMOBiAb, 3 TOCHU-
JJAHHSIMM Ha MpaBOBi IO3MLIil Ta MpaBOBI HOPMM,
1110 Oy BUKOPUCTaHHI 1151 (pOpMyBaHHS BiIOBIIi.

HeBin’eMHOI0 YaCTMHOIO alTOPUTMY € MOXKIIU-
BICTh 3aBaHTAXXyBaTHU IIPABOBI MO3UILIii Ta iX IMPaBOBI
HOPMH 3 IIiACTaBaMU iX 3aCTOCYBaHHS 3 0a3u JaHMUX
Ha OCHOBI CEMAaHTUYHOI CXOXKOCTi TEKCTY IIPaBOBOI
no3uuii abo MpaBoOBOi HOPMU Ta OMMCOM MpobJie-
Matuku. Llporo mocsiraloTb BUKOPUCTAHHSIM IBOX
KJIIOUOBUX €JIEMEHTIB:

— eMOeIMHTY MOJENi — MEePEeTBOPEHHS TEKCTY
Ha WIIJIbHUI BEKTOP;

— BEKTOpPHOI 0a3u JaHuX — Kjacy 0a3 JaHuX,
SIKi OITMMIi30BaHi [JIs MOIIYKY JAHUX Ha OCHOBI iX
BEKTOPHOTO TTOJTaHHS.

3oeHIWHI pecypcw
Basa cygosmnx

/—E piwexs COPCP
Baza ctated Ta kogercie

Component

B Cynoswx piwess

36 EHHA

DOEME ATEYMEHTIE
Iy

orovidsd interfaces

Dopmanizamis CTPYKTYPHOTO MOJAHHA
KoHuenTyajabHoi moaeii NLP-cucremu mouryky
KOHTEKCTHO OOTPYHTOBAHOI TPABOBOI MO3MIIii
B CYJIOYMHCTBI YKpaiHu

KoHuenrtyanbHa Mopenb Tepeadavyae Taky
BiacTuBicT NLP-cucteMu, 110 TOJSITAE Y MOX-
JIMBOCTI 3aMiHM peaslizallii BHYTPIlLIHbOI CTPYKTY-
pU KOMITOHEHTIB, TpUUOMY iHTepdeiicu B3aeMOJii
KOMITOHEHTIB € HE3MiHHUMM.

CTpyKTypHE MOJAaHHSI CUCTEMU Ma€ BiIoO-
BilaTWM TIOCTaBJI€HUMM BUMOTaM Ta MaTU HeoO-
XinHi (QYHKUiOHAJIbHI BJIACTUBOCTI JUISI TOIIYKY
KOHTEKCTHO OOIPYHTOBAHOI MpaBOBOI  TMO3UILil
npouecy CIT KOIIIT renepyBaHHs Ta arpera-
il MpaBOBUX MO3Ullii Ha ocHOBI Mertony RAG
(puc. 4).
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Puc. 4. KonuenryanbHa moaenb NLP-cuctemMu mnouryky KOHTEKCTHO OOIPYHTOBAHOI MpaBoBOi Mo3uuii. Jliarpama KOMIOHEHTIB

B HoTauii UML
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KomnoneHntHa moaens NLP-cuctemu, 1o pe-
ajlidye BKaszaHi (PyHKIIl Ta MNPOUECHU, CKIAIAETHCS
3 KiJIbKOX KOMITOHEHTIB.

1. Kommonent 6a3u ganux (bJI) cymoBux moky-
MEHTIB — TIOIIYK, 30epiraHHs, (iabTpallis/oYunIieH-
Hs, BWIYYEHHS TMPAaBOBUMX HOPM i MiACTaB iX 3acTo-
CyBaHHS, (DOpMyBaHHSI IIPaBOBOI ITO3MLIii HA OCHOBI
OTpMMaHMX MPABOBUX HOPM 3 IIiICTaBaMU IX 3aCTOCY-
BaHHS, IX BEKTOpHU3allis Ta 30epesKeHHs BiIMOBIIHOCTI
MiX TEKCTaMU 1 BEKTOpaMM; BUJIyYeHHs i 30epiraHHs
KOPHMCHOI CTPYKTYpOBaHOI iH(opMallil 3 JOKYMEHTIB;
HagaHHS JOCTYIY IO 30€peKeHUX JaHMX.

2. KoMmnoHeHT ¢opmanizauii — (popMyBaHHS
MOIIIYKOBOTO BEKTOPA, BUI CYIOYMHCTBA, TUIT CIIpa-
BU, KJIIOUOBI CJI0Ba, OIMUC, II€PiOJ TOIIO.

3. KOMNOHEHT po3MipKOBO-TIOLIYKOBU aaro-
puTM — BUpilnye nBa 3aBgaHHs. Ilepiie 3aBgaHHS
MoJISITa€ 'y MiJATOTOBLI CYIOBOTO pillleHHs, TOOTO
3HAXOMKEHHSI IIPaBOBUX HOPM 3 iX ITiIcTaBaMu 3a-
CTOCYBaHHS i (pOopMyBaHHS Ha IX OCHOBI IIpaBOBOI
HO3ULii CyaIoBOro pilleHHs. dpyre 3aBmaHHS KOM-
MOHEHTA MOJISITAE Y TOMY, 11100 CTBOPUTH SIKOMOTa
MHOBHIIIly Ta TOYHIIy KOHTEKCTHO OOIPYHTOBaHY
MpaBOBY MO3UIIil0 IJIsI HAAAaHHS BiINoBimi Ha 3amu-
TaHHS KOPUCTyBaya.

4. KomnoneHt Yary (KOMIIOHEHT CYyIOBUii
ACUCTEHT) — KOMITOHEHT B3aemomnii NLP-cucremu
3 KOPUCTYBAayeM y BUIJISII YaTy B PEXUMi «3amu-
TaHHS — BiAMOBIAb».

InTepdeiicu B3aEMOii KOMIIOHEHTIB:

— Task Initialize Interface (TII) — iHTepdeiic
CTBOPEHHS 3aBJaHHS MOIUYKY KOHTEKCTY ISl Bill-
TOBIi;

— Task Execution Interface (TEI) — iHTep-
(beiic BUKOHAHHSI 3aBAaHHS TIOLIYKY KOHTEKCTY ISt
BIZMOBIi;

— Interface Judgment Storage (1JS) — inTepdeiic
HaIaHHS JOCTYIY 0 0a3u CyIOBUX JOKYMEHTIB;

— Eternal Resources Interface (ERI) — iHTep-
(eiic 3aBaHTaxK€HHSI CYJOBHUX DillIeHb Ta KOAEKCIB
13 MHOXMHU BiIKPUTHX PECYPCIiB.

Monaenb NLP-cucremu dopMaizoBaHO
Ha OCHOBiI MOBM TpadiuHoro monentoBaHHs UML,
1110 J03BoJIsiE€ (popMastizyBaTh BiJHOLLIEHHSI KOMIIO-
HEHTIB, Ta 1X BHYTPILIHIO peaji3allilo.

CrpykrypHe mnoganHss NLP-cucremu y Bu-
MISAL AiarpaMyd KOMITOHEHTIB J103BOJISIE PO3POOUTH
JguHaMiuHe nomaHHs NLP-cucremu y Burmisiai mia-
rpaMu JisiIBHOCTI 1 pO3pOOUTU aaropuT™ (PyHKIL-
onyBaHHs1 NLP-cucremu.

Ha puc. 5 3006paxeHo moaesnb NLP-cucremu
MOLIYKY KOHTEKCTHO OOI'PYHTOBAHOI IIPaBOBOI I10-
3ULIT Yy BUIJISIIL A€Tali30BaHOI AiarpamMuy AisIbHOCTI

B HoTtauii UML. KoMIIOHEHT Cya0BUX MpPELIEICHTIB
CKJIQAETHCS 3 YOTUPHOX IMiIKOMITOHEHTIB:

1) kouseep 06podKu cydosux doKymerHmie BiIIo-
Bilae 3a mepBUHY O0OPOOKY CYAOBUX TEKCTiB: BUJY-
YeHHSsI IIPAaBOBUX HOPM Ta IIiACTaB 1X 3aCTOCYBaHHSI,
BUJIyYEHHSI KOPUCHOI iH(popMmallii i3 cylmoBUX TeK-
CTiB, SIK OT HOMEpIB CTaTeil KOAEKCiB Ta ix 30epe-
JKEHHSI 0 BEKTOPHOTO CXOBHIIIA;

2) ekaadannsa caie (word embedding) — 11e 3a-
rajbHa Ha3Ba HU3KW METOAMK B OOpOOLI MPUPO.I-
Hoi MoBu (NLP), B sikux ciioBa abo ¢pa3u Bino-
OpaxaloTbCsl Y BUIJISIAI BEKTOPIiB MiMCHUX YMCEN
[8]. EmOenepom (embedder) 3a3Buyaili Ha3MBalOThb
MOJIeJIb BKJIaJaHHs CJIiB., BiH BUKOHYE TaKi (hyHK-
Lii: BEKTOPMU3YE 3alIUTHU, IIPABOBI HOPMHU M ITiICTaBU
IX 3aCTOCYBaHHS Ta IIPABOBi IMO3ULIil, IIEPETBOPIOE
iIX Ha BeKTOp. 3aBIaHHSIM eMOeIiHr-MoJesi € Te-
PETBOPEHHSI TEKCTY %, Y BEKTOP MEBHOI PO3MipHOCTI
v, € V' — mneBHMI BEKTOPHUM MPOCTIp Tak, LI00
BEKTOPH JIBOX TEKCTIB, f; Ta #, SIKi CCMAaHTUYHO CXO-
Xi, MaJl MEHIIY BiICTaHb 3(V;, ;) MiX cO0OIO Bill-
HOCHO iHIIMX BEKTOPHMX MOAAHb V, TEKCTIB d,, fAKi
CEMaHTHYHO BIZIPI3HSAIOTHCS Bil TEKCTIB 7 Ta f; [8];

3) eexmopHe cxoeuuje, 3aBJAHHSIM SKOTO €:

— 30epiraHHs BidIIOBIIHOCTI BEKTOPHOIO i TEK-
CTOBOr0 MOAAHHS MPaBOBOI MO3MLIl Ta ii IIPaBOBUX
HOpPM 3 IiIcTaBaMU 1X 3aCTOCYBaHHSI;

— OpraHizalisi CTpYKTypu 30€pexXeHHs JaHUX
JUISE IOJAJIbLIOrO IIBUAKOIO MOIIYKY peleBaHTHUX
MOJAHHSI MPABOBOI MO3HULil Ta ii MPAaBOBUX HOPM
3 IiJcTaBaMM 1X 3aCTOCYBaHHS;

— OHOBJICHHSI BEKTOPHUX Ta TEKCTOBUX Ilpa-
BOBOI ITO3UIIi1 Ta ii IIPaBOBUX HOPM 3 IiJICTaBaMU 1X
3aCTOCYBaHHSI.

4) Retriever (peTpuBep — MEXaHi3M IOIIYKY
Yy BEKTOpHiil 0a3i JaHuMX) — OCHOBHUM 3aBIaHHSIM
€ 3HAMTK peJieBaHTHI MPaBOBi MO3ULIil Ta 11 MpaBoOBi
HOPMHU 3 ITiICTaBaMM iX 3aCTOCYBaHHSI Y BEKTOPHO-
MY CXOBHILI Ha OCHOBI 3anuty. s 11bOro 3amuT
BEKTOPU3YETHCS 1 OLIIHIOETHCS CXOXICTh BEKTOPHO-
TO TOJAHHS 3alMTy Ta BEKTOPHMX TOIaBaHb IIpa-
BOBUX TO3MIIIH Ta X MPaBOBUX HOPM 3 MiJCTaBaMu
IX 3acTOCyBaHHSI Ha OCHOBI (PYHKIIil ITOAIOHOCTI.
ITicas uboro pe3yabTaTh PaHXUPYIOThCS i MOBEp-
Ta€ThCsl k TEKCTIB 3 HAlBUILIOW OLIIHKOIO [8].

3aBOaHHS TIOLIYKY Yy BEKTOPHOMY CXOBHILI
MOXHA ITOCTaBUTU TaKMM YMHOM [8]:

argmin((:ix) 8(q, u),
ne k — KUIbKICTb LIYKaHWUX peJIeBAaHTHUX JIOKY-
MEHTIB,;
U; — BEKTOpHE MOJAHHSI JOKYMEHTA;
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t, e T — KoJeKLlisi TEKCTOBUX JaHUX;

X — BeKTOpHMIA MPOCTip, SIKOMY HajlexkaTb YyCi
BEKTOPHI MONAHHSA Ui JOKYMEHTIB #, € T ;

8 — meBHa (byHKIIis BIICTaHi y BEKTOPHOMY IPO-
cTopi X, sIKa BUKOHYE poJib (DYHKIII MOMIOHOCTI MixX
BEKTOPHUMMU MONAHHIMU JOKYMEHTIB u;, € X [8];

5. KoMmmioHeHT (popMastizalii 3aBagaHHsI MOLLLY-
Ky — dopMye 3aBOaHHS JUISI PO3MipKOBO-MOIIYKO-
BOTO aJrOpMTMy Ha OCHOBi XapaKTEPUCTUK CYAO-
BOIO pIlLIEHHSI Ta 3alMTiB KOPUCTyBaya, 3i0paHMX

Ha erani B3aeMojil 3 KoMmIloHeHToM uaty. [Ticis
(opmyBaHHS 3aBIAaHHS IIePenae Moro 10 PO3MipKo-
BO-TOIIYKOBOTO aJITOPUTMY Ha BUKOHaHHs. [Ticis
3aBEPIICHHST BUKOHAHHS 3aBIAHHS KOMITOHEHT IT10-
BepTa€ OTPMMaAHUII KOHTEKCT JUIS BilMOBiAi Ha 3a-
MMUTaHHST KOPHUCTyBaya.

6. KoMITOHEHT «p0O3MipKOBO-TIOLIYKOBUIA aJir0-
pUTM», AIOTO OCHOBOIO € BUKOpucTaHHs1 Large Lan-
guage Models (LLM) BeIMKHX MOBHUX MOIEJICH.

System B[ cynoeux OOKYMEHTIE Component Yary
DENES3HTHI NpasoE . ESKTOPWEILR
noewnLyi IHAexcaLj OOKYMEHTIE ‘
: ] )
PaH#yBaHHA NpEE0EM ¥nacrep npaeosn: DOPMYESHHA NDEE0ED] [:-\ ‘ Bignosige Ha
nosMLjii - NoSALN nosAuil - ATATEH=A
PospaxyHox IHEXOOMEHHR NDIS0OEL HODM T3
DEMNEE3HTHOCT T NIOCTSE 33CTOCYEAHHA
T A
OToua=HA
ESKTORWIALA 230ATY MNepzwH=a 0Spodka goxymeHTE -IL:'TEE_?:OE::H fpa
f JEEHTEMERHA CYL0SME =
CTpuUsaHHA EanTy .—l" Ao quE-r:Ys 35ip gasmx & npoueci |
nowwryRy POSMOEM
3 )
{ A |sigfanizayA poGoTA ..anu';;:ﬂea.:f;a =HA
JaEaHTEMEHHR
MPSE0EW NOZMLA i
YTOUHEHHA NOWYKY
NPSS0EME NOZALA ) . .
PopMmaniaaUjA sanaui
TiTpaUA Ta 3HaNE . MOLWYKY KOHTEXCTY
NPES0BMEK NOSALA s T S
HOHTEXCTY ITE0EU
A T
DognysareA Sianoeial k3
) OTpusaanHa siGpaq: naHm:
anvcaHy MpanemaTaiy JapepweHHA iTepayi — FEATWTY KOPWCTYEAYE
+ ; |
OuyiHKa Bignosig=ocTi
AR ; ; - -
Eignosigi oo onMmcaHol MOBS0HEHHA KOHTEKITHD o | PE3ynsTaT SMKOHEHKA /
NpohnemaTakm OBrpyYHTOEaHOT NpaE0S0] MO il 33E0aHHA
Component Po3MipEOE0-TIOWYEOEWIA aNropuTM KomnoHeHT: Topuanidauil 3asgaHHA

Puc. 5. KonuenryanbHa momenb NLP-cuctemMu molryky KOHTEKCTHO OOIpYHTOBAaHOI MpaBOBOi Io3ulii. [liarpama misuIbHOCTI

y Hotauii UM
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Benuki MOBHI MoJiesli JOCSATIM 3HAYHOTO YCITi-
Xy, IpOTe€ BOHM MalOTh 3HA4yHi OOMEXEHHS, OCO-
0JIMBO y TpeIMETHO-CIellialbHUX ado0 HayKOMiCT-
KHMX 3aBHAHHSX, 10 BUKINKAE <«TAIOIMHALIl» ITi
yac poOOTH i3 3amuTaMM M03a iX TPEeHYyBaJIbHUMU
JaHWMK ab0 TaKuX, 110 BUMaraiTh aKTyaJbHOI iH-
(opmatii. TamouuHauis — ue ko LLM renepye
pe3yJabTaTh, sSKi € CHMHTAaKCMYHO Ta CEMaHTUYHO
NpaBWIbHUMMU, ajie He TOB’SI3aHi 3 pPealbHICTIO
Ta IPYHTYIOThCS HA XMUOHUX MPUITYLLIEHHSIX.

[ITo6 nonmonatu 1i npodjeMu, OyB CTBOPEHUN
migxig Retrieval-Augmented Generation (RAG),
SKUN TIOKpallye TOYHICTb podotu LLM, Buiyuya-
04X BiINOBiIHI (PparMeHTU HAOKYMEHTIB i3 30B-
HILIHBOI 0a3u 3HaHb 3a AOIOMOIOI0 PO3PaXYHKY
CEeMaHTUYHOI MoAiOHOCTi. I3 mocujlaHHSIM Ha 30B-
HiwHi 3HaHHS RAG edexTuBHO 3MeH1Iye npobJie-
My T'€HEepYBaHHSI HEJIOCTOBIPHOTO KOHTEHTY [7].

Po3MipKOBO-TIOLIYKOBUA aJITOPUTM € MOJYJIb-
HUM RAG, siKuii BUKOPUCTOBYE Bapiallilo MOIYJiB
JUISL TIJTAHYBaHHS Jiid 111 TeHepallil KOHTEKCTHO 00-
IPYHTOBAHOI MPaBOBOI MO3U1Iil HA OCHOBI JIOTIYHUX
MpaBWJI i BUCHOBKIB.

IlocrapyieHuit 3anuT i BUOpaHi IOKYMEHTHU
CUHTE3YIOThCS B LJIICHY MiAKa3Ky, Ha OCHOBI SIKO1
BeJIMKAa MOBHA MOjiejib Ma€ c(hOpMyJIIOBaTH BiIO-
Bigb. ['eHepallisl TEKCTy 3a JOIIOMOI'OI0 MO MOXKe
Pi3HUTHUCST 3aJIeXXHO Bill KPUTEPiiB KOHKPETHOIO
3aBJaHHS, JO03BOJISIIOUM 1d cCriMpaTucsl Ha BJacHi
napaMeTpuyHi 3HAHHS 4u OOMEXyBaTu CBOI Bin-
noBimi iHgopMali€o, 110 MICTUTbCSI B HaJaHMUX
JIOKyMeHTax. ¥ pasi mpoBelAeHHs JiajioriB Oylib-
SIKy HasBHY ICTOpil0 PO3MOB MOXHAa IHTErpyBaTU
B MMiJKa3Ky, 110 J03BOJISIE MOJENi e(peKTUBHO OpaTu
y4dacTb y 6aratoxoioBiii Aiajgorosiit B3aemogii [7].

PoGoTta po3MipKOBO-MOIIIYKOBOTO —aJrOpUTMY
iHiliai3y€eThCS KOMIIOHEHTOM (hopMastizallii 3aBaaH-
Hsl TIOLIYKY, ITCJAsI YOrO KOMITOHEHT BMKOHYE Taki
3aBIAHHS:

— TIOLLIYK peJieBaHTHOI MPaBOBOI MO3ULIil Ta ii
MpaBOBUX HOPM 3 ITiICTAaBaMHM 1X 3aCTOCYBaHHSI Bil-
MOBIAHO /10 3alIUTY KOPUCTYBaya;

— (pinpTpauis i KpuTHKa MPaBOBUX MO3MULIN
Ta IX MPaBOBUX HOPM 3 MiJICTaBaMU IX 3aCTOCYBaHHSI;

— cyMapu3allis peJieBaHTHMX IPaBOBUX MO3U-
il Ta IX IPaBOBUX HOPM 3 MiACTaBaMM IX 3aCTOCYBaH-
HSI Y KOHTEKCTHO OOI'PYHTOBaHY MPABOBY MO3UILIIIO;

— OLiHIOBaHHS c(hOpPMOBaHOI MPaBOBOI MO3U-
il — 4K 3aJ0BOJIbHSIE BOHA OMKCaHy npobJjieMaTu-
Ky TOBHICTIO;

— YTOYHEHHSI 3aIlUTy MOLIYKY peJeBaHTHUX
MpaBOBUX MO3UIIIM Ta IX MPaBOBUX HOPM 3 MiACTa-
BaMM 1X 3aCTOCYBaHHS /Il MAKPIIJIeHHs abo CIpo-

1IeHHS c(hOpMOBAHOI IIPABOBOI MO3MIIII;

— ayrMeHTallis IpaBOBUX ITO3MIIM Ta iX Ipa-
BOBMX HOPM 3 IIiICTaBaMM IX 3aCTOCYBaHHS 10O Ha-
SIBHOI MPaBOBOI MO3ULLiT JJIs1 11 YTOYHEHHSI Ta J0-
TTOBHEHHS;

— TIOBEPHEHHSI  3T€HEPOBAHOI KOHTEKCTHO
OOIpyHTOBAHOI MpaBoi MO3Ullii 3 TMOCUJIAHHIMU
Ha pecypcH, sIKi OyJv 3aisiHi 1J1s1 11 CTBOPEHHSI.

Komnonent Yara (KOMOOHEHT CYHOBMIA acHC-
TEHT) — KOMIIOHEHT B3a€EMO/il CUCTEMU 3 KOPUCTY-
BayeM, BiH € eTamoM 300py XapaKTEepUCTUK CYIO-
BOI CIIpaBuM KOpPMUCTyBauya Ta MOro mpoOJjeMaTukH,
Ha OCHOBI SIKMX Oyle CTBOPEHO 3aBHAHHS IS PO3-
MipKOBO-TIOLIYKOBOTO ajaroputMmy. Ilepenae 3i6pani
JlaHi 10 KOMITIOHeHTa (hopMatizallii y pa3i MOBHOTHU
3i0paHuX JaHUX Ta TOTOBHOCTI KopucTtyBaua. ITicis
3aBEPILICHHS] CTBOPEHHSI KOHTEKCTHO OOIPYHTOBAHOI
MpaBOBOI MO3MIIil MOBEPTAE KOPUCTYBauy pe3yJibTar
poOOTU PO3MiIPKOBO-TIOLIYKOBOTO aJITOPUTMY.

Bepudikauis KOHIENTYaJbHOT Mojei
NLP-crcTeMH MONIyKy KOHTEKCTHO OOTPYHTOBAHOT
NMPaBOBOI MO3MIIii

Po3pobiiena koHuentyaibHa wmoneib NLP-
CHCTEMH IIOILIYKY KOHTEKCTHO OOIpYHTOBAHOI Mpa-
BOBOI 1O3U1lil (hbopmMatizoBaHa y TaKOMY BUIJISI:

— JiarpamMu BeHHa, 110 CKj1ala€eTbes i3 MHO-
JKMH CYTHOCTEU CyIOBUX HJOKYMEHTIB Ha YCiX CTami-
SIX 1X XKUTTEBOro LUKy (D); CyTHOCTEW iHCTpyMEH-
TiB TIOLIYKY, aHaji3y, 00poOKu, TpaHC(HOpMyBaHHS
Ta reHepauii TeKCTy Ta TeKCToBUX maHux ([); cyr-
HOCTel Mpo0OJsieM, 3aBAaHb i 3a/1a4 MOILIYKY CyT0BUX
JOKYMEHTIB, MOTPIOHMX [IJisI BUHECEHHS CYIOBUX
pimeHb ado opMyBaHHS IPaBoBOi mo3ulii (7).

IlepeTuH LUX MHOXMH BPaXOBY€E TaKi CyTHOCTI
LMX MHOXWH, $IKi (DOPMYIOTbCS Ha OCHOBI HasiB-
HUX BJIACTUBOCTEH iHTerpailii/intepornepadeIbHOCTi
MiX eJleMeHTaMM MHOXWH MoxXe OyTu (hopmaiizo-
BaHa $IK MHOXMHA TPiHOK €J€MEHTIB MiXIUCLIM-
IUIiIHApHUX pecypciB (CYyTHOCTEM) i3 TPbOX MHOXWH
pecypciB (CyTHOCTeI1): CYTHOCTI CYOOBUX JOKY-
MEHTIB Ha BCiX CTaisiX 1X XXUTTEBOro HUKIY (D);
CYTHOCTEN IHCTPYMEHTIB TOILIYKY, aHaji3y, 00po0-
KM, TpaHC(OPMyBaHHS Ta TeHepallil TeKCTy Ta TeK-
croBux naHux ([/); cyTHocteil mpobjeMm, 3aBAaHb
i 3aJa4 MOLIYKY CYIOBUX HOKYMEHTIB, MOTPiOHUX
JUUISI BUHECEHHSI CYyIOBUX pillleHb a00 (hopMyBaHHS
npaBoBoi mo3uliii (7) Takux, 110 MalOTh CITJIbHY
BJIACTUBICTh/03HAKY, sKa 3abe3redye iHTerparlito/
iHTeponepadebHicTh MiX ejnemeHTamMu d € D,
iel, teT i BCTAaHOBJIOE BiIMOBIIHOCTI KOJabO-
pauii Cy,, Ta C,,, MiX €JIEMEHTAMM LIUX MHOXWH;
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— TOJAHHS MOAeJli CUCTeMU Yy BUTJSALL 6i3-
Hec-tipodimo EpikcoHa—IleHkepa n03BojsIE BU-
3HAUUTKM Ta BpaxyBaTW YyCi MOXJIMBI KJacu CyT-
HocTel, ¢opmasizyBaTh BCi CYTHOCTI CUCTEMM
i QopmanizyBatu mnpouecu Ta Oi3Hec-NpaBuia,
3a SIKAMM 1Ii IPOLECH B3aEMOIIOTh;

— CTPYKTYpHE TIOJAHHS CUCTEMM Yy BUIJISI-
i giarpaMy KOMIIOHEHTIB 1 AMHAMiyHE MOHAaHHS
y BUIJISIAI JliarpaMu JisUIbHOCTI BiloOpaXaloTh BHY-
TPILIHIO CTPYKTYPY KOMIOHEHTIB, 1X MOXJIMBY pea-
Jlizaltito Ta iHTepdeicu B3aeMOIl MiXX MMM KOM-
MOHEHTAaMM, 110 JAa€ MOXJMBICTb BHOPSAKYBATH
Ta CUCTEMaTU3yBaTU HE TiJbKW MPOLEC PO3POOKH,
a i eTamn ekcrulyaTalii CUCTEMM 3 METOIO 1i HACTYII-
HOTO BJOCKOHAJIEHHSI Ta Moaudikallii.

Takum 4YmHOM, MM JOBOIMMO Bepudika-
1Iil0 KOHLIENTY Ta KOHLeNnTyalbHOI Moaeiai NLP-
CHCTEMH IIOLIYKY KOHTEKCTHO OOIpYHTOBAHOI Mpa-
BOBOI IO3ULIil.

Baninanis konnentyaabHoi Mmoneni NLP-cucremu
MOUIYKY KOHTEKCTHO OOIDYHTOBAHOI HNPaBOBOI
no3uuii

Banigauito NLP-cucremu nouyky KOHTEKCTHO
OOI'PYHTOBAHOI IIPaBOBOI MO3ULIii Oy1eMO IIPOBOAM-
T MeToaoM TopiBHsIbHOro aHaiizy CIT KOIIIT
3 BIJOMMMU CHCTEMaMU IIOLIYKY CYIOBUX pillleHb
B CYJIOUMHCTBI YKpaiHU. Y TaOiulli MOKa3aHO pe-
3yJIbTaTU MOPiBHSUIBHOTO aHasli3y po3po0seHol cuc-
TEMM 3 HasIBHUMU Ha PUHKY TphOMa OCHOBHUMU
iH(OopMaLITHUMU peCypcaMu:

— €OIVHUN
piuress [9];

— 3aKoH onzaiiH [10];

— 0a3a npaBoBUX ITO3ULIIKM BepXOBHOTO cymy [11].

TTowrykoBuiA aqropuT™M BKa3ye, SIKUM YUMHOM
CUCTEMa 1IyKAa€ peJIeBaHTHI ITOKYMEHTHU BiAIOBi/I-
HO JI0 3aluTy KOpucTyBaya. AJIroputM Milllok ciiB
nepeadavae, 110 CJIoBa B JOKYMEHTI € He3aJIexKHU-
MM, 1 IYKa€ MOsIBY KOXKHOTO CJI0BA 3aUTY B TEKCTi.
TTotiM, Ha OCHOBI 3HAAEHUX CJIiB 3 3alUTY, PO3pa-
XOBYE peJIeBAHTHICTb JOKYMEHTY. [TolyK Ha OCHOBI
1IbOTO AJITOPUTMY HaJa€ KOPUCTyBauyy MOXKJIUBICTb
CKJIaCTU CKJIAQJHMI 3aMuT 3a JOMOMOIOI0 OIeparo-
piB AND, 1110 CTaBUTBCSI MK CJI0BaMM, SIKILIO OOM-
JIBa MaloThb OyTd B mokyMmeHTi, OR, 110 craBuTbhCS
MiX CJIOBaMH, SIKIIIO Xouya O OfHE CJIOBO Ma€e OyTu
B gokymeHTi, NOT, gKIIo TOKYMEHT He Ma€ MiCTU-
TH CJI0Ba, (), SKILO CJIOBa MalOTh OYTH B 3a3HaYECHil
MOCJIiIOBHOCTI i pa3om.

IIpaBoBi mo3uliii Ta MOIIYK 3a HUMM HaHa€
KOpPUCTYBauyy MOXJIMBICTb MOLIYKY CYIOBUX pi-
1IeHb 3a MPaBOBUMU IO3ULISIMA Ta HOpMaMu 3a-
cTocyBaHHS IpaBa. IIpaBoBa mo3ulliss — 1€ TEKCT,
1110 BU3HAYya€ KJjacTep Cya0BMX PillleHb, SKi Ha IO-
TOYHUII MOMEHT BUKOPUCTOBYIOTHCSI B CYJOUMHCTBI
JUIS1 OOTPYHTYBaHHSI TIPABOBOI MO3U1Lii KOHKPETHO-
0 CYyIOBOTO PillIEHHSI.

Homomora y ¢opMyBaHHI 3alUTy Haga€ Ko-
puUcTyBauy JOMOMOTY B TIOLIYKY 4Yepe3 IiaKa3Ky
YTOUHIOBAJIbHUX CJIiB, 3aKOHIB, HOPM 3aCTOCYBaHHSI
npapa, sIKi CJIill JoAaTu ab0 BUKIIOUWTHU i3 3amuTy,
11100 OTpUMATU peSIEBAHTHI TOKYMEHTH.

IEepXaBHUMA  PEECTP  CYAOBUX

Tabauusa. Mopisusiibuuit aHaniz CI1 KOIIIT 3 HasiBHUMM cUCTeMaMU MOUIYKY MPABOBOI MO3ULLIT B CyI0UMHCTBI YKpaiHU

Cucrema
) ) B CucreMa MourykKy
DyHK1iOHAIBbHICTD ) asa MpaBoBMX KOHTEKCTHO
€IPCP 3aKOH OHJIaliH MO3UILii .. ..
OOI'PYHTOBAHOI ITPaBOBOI
BEPXOBHOTIO Cy1y
TTO3MIIi]
. . . . . . CeMaHTUYHUI MOIIYK
. Mioxk ciiB Miwoxk cniB Mioxk ciiB . y
[MomrykoBuii anroputm . . . (BEKTOPHMIA TOIIIYK)
Ta MeTamaHi Ta MeTamaHi Ta MeTaJaHi .
Ta MeTajaHi
I1paBoBi no3uiiii
p 1 . CTBOPIOIOTH CTBOPIOIOTH ABTOMAaTUYHO
Ta MOLIYK 32 HUMU (KOPOTKHUIA . . .
. . . Hewmae (axibiii (axibui Ha OCHOBI reHepariii
3MICTOBHUIA TEKCT CYTi
3 mpasa 3 mpaBa TEKCTY
IOKyMEHTA)
oromora
A . Hewmae Hewmae Hewmae Tax
y ¢opMyBaHHi 3aMuUTy
BunineHHsT 3MiCTOBHOI YaCTUHU Hewmae Hewmae Hewmae Tak
[Towryk 3a ynucioBUMU
CYTHOCTSIMM (CTaTTi KOIEKCIiB, Hewmae Hemae Hewmae Tax
rpoui Ta iH.)
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BunineHHsT 3MICTOBHOI YacTWUHM HaJa€ Ko-
puUCTyBauyy MOXJIMBICTb 3HAWTU B TEKCTi BiAMOBiJb
Ha nocTaBJieHe 3anuTaHHs. OCKUIbKM 3a3BUYait Cy-
JIOBi pilIEHHS MOXYTb OYTU BEJIMKUMU TE€KCTOBUMU
(haitiamu, TO JIOTIYHO MOKa3aTU KOPUCTYBauy came
peJieBaHTHY YacTUHY JOKYMEHTY, a H€ BEChb JIOKY-
MEHT.

CyTHOCTI 3ajlaHi y 4MCJIOBOMY BUIJISIAI Haja-
I0Tb KOPMCTYBauy MOXJIMBICTb TIOLIYKY 3a YWCJIO-
BUMM CYTHOCTSIMU. YMCIIOBI CyTHOCTI BKJIIOYAIOThb
uudpu Ta X KOHTEKCT, HampukJjala, HOMEp CTaTTi
KOJIeKCy Ta ioro Ha3By. Hampukiaa, siKIo Kopuc-
TyBauy notpioHa ct. 124 KpuminaibHoro Kogekcy,
OyayTb BUJABATUCS TOKYMEHTH, B IKUX OYyJ10 3HAl-
J€HO L0 CYTHICTh, a HE HOKYMEHTHU, IO MICTSITh
ToKeHU 124, KpuMiHaJIbHUI, KOAEKC, CTATTS.

OCHOBHUM HEIOJiKOM BiIOMMX CHUCTEM IIO-
PiBHSIHO 3 PO3pOO0JIEHOIO € BiJICYTHICTb iTepaTuB-
HOI B3a€EMOIil 3 KOPUCTYBaueM Yy IIPOLIECI MOLIYKY
MpaBOBUX MO3UIIi, Pe3yJbTaTOM IIOIIYKY € YBECb
JIOKYMEHT, a He WOro pejeBaHTHA yacTMHA, BUKO-
PUCTaHHS TUIbKM JIIOJACBKOIO aHOTYBaHHSI TEKCTY.

BucHoBku

1. BctaHoBiieHO, 1O € psill BaXJIMBUX (Pino-
co(cbKuX, MPABOBUX Ta TEXHIYHUX MPOOJIEM Y MPO-
1eci MoulIyKy MOpaBOBUX I03ulliil. BcTaHOBIEHO
MIKIMCUMITIHADHUIA XapakKTep MpoOjeMu po3po0-
KM KoHuentyaibHoi mojaeni NLP-cucremu nouny-
Ky KOHTEKCTHO OOIDYHTOBAHOI MHpPaBOBOI MO3MIIil
Ha MHOXMWHI CyIOBUX pillleHb i HEOOXiIHICTb aB-
TOMAaTH3allil MPOLECIB MOLIYKY IIPaBOBUX ITO3ULIii
JIJIsI CYIOBOI IIPAKTUKM.

2. 3amponoHoBaHO KoHuent NLP-cucremu
MOLIYKY KOHTEKCTHO OOI'PYHTOBAHOI IIPaBOBOI I10-

Cnucok BUKOPUCTAHOI JiTepaTypu

3uLil y BUlJIsiAi Aiarpamu BeHHa sik HaOip cyTHOCTe
CYyJIOUMHCTBA Ta iXx Kojadopauiii. Taka neKoMIo3u-
Lisg i cucTeMaTu3alliss CyTHOCTE CyIOUYMHCTBA A€
HaM [IuOLIe YSIBJIEHHS IPO Te, 110 TaKe KOHLIEIT
CII KOIIII y cymounHCTBI YKpaiHu, SIKi 3aBOaH-
HsI BOHA BUpIilIYy€E, i BOAHOYAC MOKAa3ye, HACKUIbKU
LLIMPOKOIO € 00J1aCTh 3HAHb, 3aCTOCOBYBaHa 15l Op-
raHizailii mouryKy Ta aHaji3y CyJIOBHUX pillleHb.

3. Po3pobiieHo KOHIIETITYaJIbHY MOJICJTb
NLP-cucrtemMu molIyKy KOHTEKCTHO OOIDYHTOBa-
HOI IIpaBOBOI MO3M1Iil HA MHOXMHI CyIOBUX pillIEeHb
CYIOYMHCTBA YKpaiHM, 11O IPYHTYETHCS HA MOIHU-
(pikoBanomy OizHec-nipodisi  Epikcona—Ilenkepa
MOJJaHHSI CUCTEMU Ha METapiBHi, 110 Ja€ MOXJIU-
BICTb BpaxyBaTu i OJHO3HAYHO OINMCATU BCi KJlacu
cyTHocTel Takoi NLP-cucremu.

Po3pobiieHO auMHaMmiuHe Ta CTPYKTYpHE IIO-
JaHHS KoHuenrtyaibHoi Moaedi NLP-cucremu
MHOLIYKY KOHTEKCTHO OOIPYHTOBAHOI IIPaBOBOI
MO3ULil Yy BUIJISIAI JiarpaMy KOMITOHEHTIB Ta Jia-
rpaMu AisUIbHOCTI, 110 BigoOpaxkaroTb BHYTPILIHIO
CTPYKTYpY KOMIIOHEHTIB, iX MOXJIMBY peajizallilo
Ta iHTepdeiicu B3aeEMOMil MiXK LIMMUA KOMIIOHEHTa-
MU, 110 JA€ MOXJIMBICTb BIOPSAKYBaTU Ta CUCTE-
MaTU3yBaTW HE TUIbKM MPOLEC PO3pOOKHU, a i eTan
ekcrutyatalii NLP-cucremu 3 MeToro ii BIOCKOHa-
JIeHHS1 Ta Moauikallii.

4. TlopiBHsUIbHUI aHai3 (PYHKLIOHAJIbLHOC-
Ti KoHUenTyajlbHOI Moaeiai NLP-cuctemMu 3 oc-
HOBHMMH HAsIBHUMM CUCTEMaMM TIOIIYKY CYIOBHMX
pillieHb Y CYIOYMHCTBI IOKa3ye, 110 po3pobiieHa
NLP-cucrtema 1IOHaliMEHIIIE HE IOCTYHAEThCS
3a (PYHKULIOHAJIBHICTIO y MOPiBHSIHHI 3 BiIOMUMU
cUCTEMaMHM i Ma€ A0JAaTKOBI MOXJIMBOCTI AJIsl KO-
PUCTYBauiB 1100 aBTOMATMU3allil MPOLECIB IOLIYKY
peJieBaHTHOI MTPaBOBOI MO3UILIil.
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Pavlo Maslianko, Sergy Mirko

CONCEPTUAL MODEL OF THE NLP-SYSTEM FOR SEARCHING FOR THE RELEVANT LEGAL POSITION ON THE MULTIPLE
COURT DECISIONS OF THE JUDICIARY OF UKRAINE

Baskground. An applied problem of automating the search for relevant legal positions on a set of court decisions in the judiciary of
Ukraine. The possibility of developing a high-quality NLP system for searching for a relevant, contextually justified legal position on a set of
court decisions in the judiciary of Ukraine, which, based on the user’s request, produces expert answers to the user’s request by applying
a reasoning-search algorithm based on large language models.

Objective. To develop and formalize the concept and conceptual model of the NLP system for finding legal positions on the basis
of interdisciplinary knowledge of a technical and philosophical direction, which covers the existence of a person, community, enterprises,
institutions and organizations, state authorities, and also substantiates the formation of a legal position on the basis of a plurality. legisla-
tive acts and court decisions.

Methods. The method of implementation of the NLP system for searching for a context-based legal position lies in the interaction
of the essences of tasks related to the judiciary of Ukraine, tools for analysis, processing, text generation and available available court
decisions of the judiciary of Ukraine based on the Erikson-Penker business profile and large language models.

Results. The proposed interdisciplinary model of the concept of the NLP system of finding a solution to the problem, tasks and tasks
of searching court documents for more rendering of court decisions and/or formation of a legal position in the form of a Venn diagram as a
set of entities and their cooperation, which integrates philosophical, legal and technical knowledge. The Erikson—Penker business profile
of the conceptual model of the NLP system for searching for a context-based legal position is formalized. A formalized model of the work
process of the NLP system of searching for a context-based legal position based on the RAG method. A conceptual model of the NLP
system for searching for a context-based legal position has been developed in the form of a structural mapping based on a component
diagram and a dynamic mapping based on an activity diagram with a description of the internal structure of the components.

Conclusions. A number of important philosophical, legal and technical problems have been identified in the process of searching
for legal positions on many court decisions. The interdisciplinary nature of the problem of developing the concept and conceptual model
of the NLP system for finding a context-based legal position on a set of court decisions and the need to automate the process of finding a
legal position for judicial practice has been established. At the meta levels, the concept of the NLP system for finding context-based legal
positions on Venn diagrams and the conceptual model of the NLP system based on the modified Erikson-Penker business profile as a sys-
tem of entities and cooperation are formalized. A conceptual model of the NLP system for finding a context-based legal position has been
developed in the form of a structural mapping based on a diagram of components and a dynamic mapping based on an activity diagram
with a description of the internal structure of the components. The functionality of the NLP system was compared with other main existing
systems for searching court decisions in the judiciary and it was established that the developed system, at least, is not implemented in
terms of functionality of existing systems and has additional opportunities for users.

Keywords: NLP system, legal position, court decisions, interdisciplinary approach, Erikson—Penker profile, business language
networks (LLM), search augmented text generation (RAG), search engines, vector storage, model embedding.
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AHAJII3 BIVINBY YMOB JIOKAJIBHOT'O EJIEKTPOOCAIKEHHA
HA TOYHICTb EJIEKTPOXIMIYHOI'O 3D-IPYKY

IIpobnemMaTuka. ATUTMBHE BUPOOHUWIITBO METaJeBUX AeTajeil METONOM JIOKAJTbHOTO eJeKTPOOCAIKEHHS — HOBUI
MEePCIIEKTUBHUI HATIPSIM, 1110 Ma€ Psii YHiKaJIbHUX 0COOIUBOCTE. BUKOpUCTAaHHS €1eKTPOJIi3y 1O3BOJISIE BUTOTOBIISITU
MeTaJieBi BUpOOM 3a KiMHATHOI TeMIlepaTypy 3 BUCOKOIO TOYHICTIO 3 MaJIUMKU €HEPreTUYHUMU BUTpaTamMu. TOUHICTb
Ta WIBUIAKICTh eleKTpoxiMiyHoro 3D-apyKy nepeOyBaloTh B OOEpHEHil 3aJIeXKHOCTi, a TOMY BaXXJIMBUM € TIOLIYK
ONTUMAJIbHUX YMOB €JI€KTPOOCAIKEHHST 3 MAKCUMAJIbHOIO IIBUIKICTIO O3 MOTipllIeHHSI TOYHOCTI.

MerTa nociaimkenns. MeToro 1iei poO0oTH 0yJ10 MpoaHali3yBaTH BILIUB ITapaMeTPiB eJIeKTPOOCaIKeHHs (MixKeJIeKTPOIHA
BiJIcTaHb, €JIEKTPOMPOBIMHICTh Ta MOJISIPU30BAHICTb €JIEKTPOJIITY) Ha TOUHICTh (hOPMYBaHHSI OCaay B KOMIT IOTepHil
MOJIENIi Ta TIPOBECTH eKCIIEPUMEHTAIbHY Bepu@iKallito ONTUMaIbHUX YMOB TIijl Yac eJleKTpodopMyBaHHS pPeaibHOTO
00’eKTa i3 cyab(aTHOro eJeKTPOIIiTY MiTHEHHSI.

MeTtoauka peanizamii. [I1s1 OCSITHEHHSI LiJieid JOCTIIKEHHST OyJI0 BAUKOPUCTAHO KOMIT I0TEPHE MOJIETIOBAHHS MPOLIeCY
eJIEKTPOXiMiuHOTO ocamkeHHs B cepepoBuii COMSOL Multiphysics Ta eJleKTpoXiMiuHi BUMipIOBaHHS XapaKTepUCTUK
Ccynb(MaTHUX €JIEKTPOJIITIiB MiTHEHHSI.

Pesyabratn pocaimkenns. KoMmmm’ioTepHUM MOJIETIOBAHHSIM BCTAHOBJIEHO ONTUMAJIbHI YMOBU: BiJICTAHb MiXX KpPaeM
Karijsipa Ta TTOBepXHeIo, Ha sAKiil BimOyBa€eThbCS ocamKeHHs1, He Oibire 0,5 MM, €JIeKTPOJIiT, B IKOMY BeJIMUMHA 00ep-
HEHOTO HaXWJIy KaTOMHOI TOJISIpU3alliiHol KpWBOi CTaHOBUTH He Hikue 2000 MA/(BUcM?) Ta eleKTpOIIpOBiTHICTH
He Buuie 0,02 Cwm/c. JocaiKeHo BIUIMB CKJIany e€JeKTPOJiTy Ha OOepHEHY MOJIIPU30BAHICTh KAaTOMHOIO MpOllecy
Ta MOro eJeKTPOnpoBimHicTh. IlimiOpaHo OoNTMMaIbHUI CKiIam eiekTpomity, mo Mmictutb 200 r/m CuSO,, 60 r/i1
H,SO,, 0,2 r/n KCI Ta no6asky RUBIN T-200. B o6paHomy eeKTpoJiTi BeIMurHa OOEPHEHOrO HaXWIy KaTOmXHOI
noJsipu3aniitHoi KpuBoi craHoBUTh 2120 MA/(BYcm?). TMpoBeneHo Bepudikaliiro Mmporecy JOKaIbHOTO eJeKTPOOCa-
KEHHSI B 00paHOMY eJIEKTPOJIITI ITif Yac eJaeKTpodopMyBaHHS LUWIIHAPUYHOTO 00’€KTa miaMeTpoM 4 MM i 3aBBUILKU
100 MxM. BusHaueHo, 1110 32 MeXaMU Karijsipa poOoYoro ejJIeKTpoaa ocajkeHo He Oiblie 5 %.

BucHoBku. Pesynbrati po6OTM MOXYTh OYyTM BMKOPHMCTAHi JUISI CTBOPEHHSI CUCTEMM eJieKpoXiMiuHoro 3D-apyky.
Iloganpiui gocaimKeHHs CIil CIpsMyBaTH Ha anpoOallilo OTpMMaHMUX MapaMeTpiB JOKAJIbHOTO €JIEKTPOOCAIKEHHS B
YCTaHOBLII, sIKa Monesoe podoty 3D-nmpuHTepa, Ta BCTAHOBUTHU TOYHICTD i IIBUAKICTb IPYKY TPUBUMIPHOTO 00’€KTA.
Kniouosi ciioBa: afiuTuBHE BUPOOHUIITBO, €JIEKTPOIIPOBIIHICTb, CKJIA/ €JeKTPOJIITY, MOJSIpU3allisi, JoKaJbHE eJIeKTPO-
OCa/IKEHHSI.

Beryn

AIUTUBHA TEXHOJIOTisI BUPOOHMUTBA 3 METaly
€ OHi€0 3 HalOLIbII 3aTpedyBaHuX [1], OCKiIbKMU
MeTajly 3aJMIIAloThCsl HA MEepIIMX IMO3MILIiSIX Haki-
Oi7blI BUKOPUCTOBYBAaHMX MaTtepiajiiB y cBiTi. Bi-
JOMi METOAM aAUTUBHOIO BHUPOOHMUIITBA 3 MeETaly
BUMAaraloTb 3aCTOCYBaHHSI BUCOKOEHEPIeTUYHMX
MPUCTPOIB 151 JTOKAJBHOIO IJABAECHHS MeTaly: ce-
JIGKTUBHOTO Jia3epHOTo riaBieHHs (SLM) Ta enek-
TPOHHO-TIpoMeHeBoro TaBieHHs1 (EBM) [2-5],

a TOYHICTb AIUTUBHOIO BUPOOHMIITBA OOMEXEHA
PO3MipOM TI'paHy/J METaJeBOro IMOpPOIIKY (W1 Jia-
3epHOro abo eJeKTPOHHO-TTPOMEHEBOTrO CITiKaHHS).
Ha BinMiHy Bim HUX, €JIeKTpOXiMiYHE aJIUTUBHE BU-
pooHuuTBo (ECAM) n03BOJISIE OTPUMYBAaTU BUPO-
01 3a KiMHAaTHOI TeMIepaTypu 3 JOIMOMOIOI0 €JIeK-
TPOOCAIKEHHST METaJTy 3 eJIEKTPOIiTy [6—7].
EnekTpoxiMiuHe OCaIXEHHSI JO3BOJISIE BUKO-
pUMCTOBYBaTM HaWMEHIli YacTUHKW Marepiany —
ioHH. IHIII MeTOOAM BUKOPHMCTOBYIOTH METajeBUA
MOPOIIOK ado MPiT, SIKi MaloTh HabaraTo OUIBIII Bif
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ioHa po3Mmipu. OCHOBHUM HAMNPSIMOM AOCHTiIKEHb
€ eJIEKTPOXiMiuyHE aJUTUBHE BUPOOHULITBO 00 €EKTIB
MiKPOHHOTO Ta CyOMiKpPOHHOTO po3MipiB. 3acTocy-
BaHHS pignHHOTO croBoro Mikpockomna (FluidFM)
JI03BOJISIE BUTOTOBJISITU CTOBMM, TOJKMU, CHipali,
3’eIHYBayi Ta iHIII 00’€KTU PO3MIpPOM JIMILIE KiJIbKa
MikpomeTpiB [8—12]. TexHika Han3BMYailHO TOYHA,
OJIHaK LIBUAKICTb OCAJXKEHHSI MOBiJIbHA.

[BuamuM migxomoM misl OibLIMX 0OO0’€KTIB
€ ocamxeHHs B MeHicky [13—18]. Tyr ocamxeHHs
BiOYBA€ThCSI B HEBEJIUKOMY 00 €Mi PO3UMHY eJieK-
TPOJIITY MixX KamiJIsSIpOM i OCHOBOIO. AHOJ po3Millle-
HUI BCepeluHi Kamijisipa, a OCHOBa IOJiIpM30BaHa
katonHo. Lleit MeTon mo3Bosisie ApYyKyBaTH ILIOCKi
00’extu. 30Kpema, € MOXJIUBICTb BUPOOHUIITBA
3 Pi3HUX METaJliB, sSIKi HAHOCSIThCS Iap 3a ILIapOM.
IIBuakicTh OcamKeHHS BMILIA, HiXX 3a METOIOM
FluidFM, ockiabku 00’€M €JIeKTPOJIITy OUIbIINIA,
OIHAK LIBMUIKICTb POCTY BU3HAYAETHCS LIBUAKICTIO
nu@y3ii i0OHIB MeTajly B MEHICKY.

IIle OLIBLIOI IIBUAKOCTI OCAIKEHHS MOX-
Ha J0CSITTA, BUKOPUCTOBYIOUU €JIEKTPOOCAIKEHHS
3 BEJMKOro ob’emy enekTpoiity [14—26]. Bucoka
LIBUIKICTh OCA)KEHHSI BUMAara€e BUCOKOi KOHILIEH-
Tpallii iOHiB MeTajy, 110 POOUTb E€JIEKTPOJIT MPO-
BiITHUM, a €JeKTPUUYHE MOJIe JIETKO PO3MOAiISEThCS
HaBKOJI0 aHona. [ jmokamizaiii 061acTi ocamKeH-
HSI HA OCHOBY HAHOCSITb Macku [27] abo MiHiaTioO-
pu3yI0Th po3Mipu aHoma [28]. O0’eXTH IPYKYIOTh-
Csl IOCJIIAOBHUM OCaIXKEHHSIM METajly Iif aHOAOM,
JIOKM HAaHECEHWH 11ap He TOpKHeTbcsl aHoma. Ilicis
1IOTO aHO/JI TIePECYBAEThCS B iHIIE MOJOXEHHS a00
Bropy, i MHpolieC MOBTOPIOETHCI. Y LIbOMY CTaHi
OCa/KEHHsI TaKOX OOMEXeHe IIBUAKICTIO Iudy3il
10HIB MeTay, aje 1X KOHLEHTpAaLlisi Habarato BUILA,
HIX ITiI 9yac ocaikeHHSI B MeHicKYy. JI1sT JocSIrHeH-
Hs1 OUIBIIOT LIBUIKOCTI OCaIKEHHS 3aMiCTh MOCTIil-
HOTO 3aCTOCOBYIOTD iMITYJIbCHUM CTPYM.

ITocTanoBka 3amaui

MeTtoro 1i€ei poboTHM OyJI0O MpoaHaji3yBaTU
BIUIMB MapaMeTpiB eJeKTPOOCAJKeHHST (Mixeaek-
TPOJAHA BiJICTaHb, €JIEKTPOIIPOBIAHICTh Ta IOJSIPU-
30BaHICTh €JEKTPOJIiTY) Ha TOYHICTh (pOpMyBaHHS
ocaly B KOMII'IOTEpHIM MOAEIi Ta IPOBECTU €KC-
MEepUMEHTaIbHY BepU(iKallilo ONTUMaJIbHUX YMOB
nin yac enexkTpoOopMyBaHHSI peajbHOro 00’€eKTa
3 CcyJib(haTHOTO €JIEKTPOJIITy MiTHEHHSI.

Mertonuka INPOBEICHHA JOCTiIPKeHb

Komn’tomepue modearosannsa. Komm’'oTep-
Ha Mojenb mobynoBaHa B cepenoBuili COMSOL

Multiphysics B moaymi “Long-term growth of copper
deposits” [29]. Moaeab OoNUCYIOTh TAKUMU PiBHSIH-
HSIMM.

TToiupeHHs eJeKTPUYHOTO TO0JIs B €JIEKTPOIaAX:

Vi=0,i=oVV (1)

[MomupeHHsT eneKTpUYHOro Tmoasi B 00’emi
€JIEKTPOJIITY:

Vi=0,i=«Ve. )

JI1s1 MOBEepXHi eJIEKTPO/IiB BUKOPHUCTAHO CITPO-
IIEHI JIIHIMHI 3aJIeXKHOCTI:

3)
4

Jie i — T'YCTMHA CTPYMY; G Ta K — €JIEKTPOIIPOBIIHICT
eJIeKTpo/ia Ta €JISKTPOJIITY BiAMOBinHO; V — Hampyra
Ha KOMiplli; n — MepeHanpyra; b — KOHCTaHTa piB-
HsiHHS Tadensi; n — BeKTOp HOpMaJli, HampaBieHUI
BiJ TTOBEpXHi eJieKTpoja; ¢ — MOTeHIiaad B eJeKTPO-
JiTi; E’ — piBHOBaXXHUWI €JIEKTPOTHUI TTOTEHITia.

B moneni (puc. 1) Oyjio BUBHaU€HO, SIK BIUIU-
Ba€ Ha oOca/KeHHsI MeTany 3aBTOBIIKU 100 MKMm
Oe3nocepeHbO TTifl KaIliJIsipoM BapiloBaHHSI TaKMUX
napamMeTpiB:

1) BincTaHb MiX MOBEPXHEID OCHOBU Ta KPAaEM
Kaminsipa B Mexax 0,1—5 Mwm;

2) eJeKTPOMPOBIAHICTb €JIEKTPOIITY B Mexkax
0,01-0,5 Cm/cMm;

3) Haxua KaTOAHOI MoJIsIpU3aliiiHOl
Boi (0OEpHEHOI MOJISIPU30BAHOCTI) B
100—5000 MA/(B - cm?).

in=bn,

n:V_(P_EOa

KpH-
Mexax

24 mm

5mm

1mm

Puc. 1. Cxema KOMipKM €JIEKTPOOCAIKEHHS UIsI KOMIT I0TEPHOT
Mozeni: [ — pobounii eNeKTpon-aHo I, 2 — MeTajieBa OCHO-
Ba-KaTom; 3 — MieJIEKTPUYHMIA Karisip; 4 — eJIeKTPOJIIT
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Mamepiaau ma peaxmueu. EXcriepyMeHTaIbHY
Bepu(iKallilo pe3y/IbTaTiB KOMIT IOTEPHOTO MOJEITIO-
BaHHSI TIPOBOOM/IM i3 BUKOPMCTAaHHSIM Cepil eJieK-
TPOJIITIB MiTHEHHSI, CKJIa SIKMX HaBeIeHO y Taom. 1.
EnexTpotiti roTyBajiM 3 peakTUBIiB MapKH 4.1.a.

IMonsipuzaniiini BumiproBanHs. Ilossspu3zaniii-
Hi 3aJIEXKHOCTI OTPUMYBAJIM B YCiX JOCIIIKYBAaHUX
€JIEKTPOJIiTaX i3 3aCTOCYBaHHS TpaguLIiMHOI Tpue-
JIEKTPOAHOI KoMipku. Pobounii enexrpon — Topiiesa
yacTMHA MiJHOTO LWJIiHApa Mapku M1, 3anpecoBa-
Horo B TedioH. [1no1ia pobouoi nmosepxHi — 0,2 cm2.
JlonmomixkHMIi eJIeKTpO, — IUIaTUHOBA ITutacTuHa 1x 1
CM, €JIEKTPOJ IOPiBHSIHHS — XJIOPUACPIOHMIA Ha-
cuyeHuil. ITonsipuzaliilo MpPOBOAMIIM i3 3aCTOCYBaH-
HsM noTeHuiocTata Versastat-3-200 (Ametek).

[ToBepxHIO pOOOYOro eNeKTPOLy 3auyuILajIu,
3HEXMPIOBAJIM Ta 3aHYpIOBalv B eJeKTpoiT. Enek-
TPOJA BUTPUMYBAIM B PO3UMHi €JIEKTPOJIITy 10 BCTa-
HOBJICHHSI CTalliOHAPHOTO MOTEHLiaady, 10 He 3Mi-
HIOBaBcs BIpomoBxX 5—10 c. AHOmHI Ta KaToAHI
noJisipu3aliifHi 3aJeXXHOCTi OTpUMYyBaJM B rajbBa-
HOCTaTUYHOMY (BUTPUMYIOUM TOCTiiiHY BEJIUYMHY
CTPYMY BIIPOAOBXK S XB. JJISl BUBHAYEHHS 3HAUEHHSI
MoTeHLiany) Ta MOTeHLioAMHAMIYHOMY (3i IUBUI-
KicTio po3ropTku morteHuiany 0,5 MB/c) pexumax.
3 nosspusaliiHUX 3ajeXHOCTell BU3HAYaJIM KYT
Haxujy B obJacTi aiutssHku Taders.

EnekTponpoBiHiCTb PO3UYMHIB €JEeKTPOIITIB
BUMIpIOBIM MiX NBOMa OJIHAKOBUMM IUIATUHOBU-
MU ejekTpogaMu 1x1 cM KOXHMIA, sIKi OyJId po3Mi-
1IeHi Ha BiactaHi 1 ¢cM onuH Big ogHoro. KoHcTaH-
Ty KoMmipku BusHavanu 3a 0,2 M posumHom KCIL
Onip MiX ejekTpojaMyd BUMIpIOBaJIM B Jiala3oHi
gactoT 10'—10* I'ry i3 3acToCcyBaHHSIM ITOTEHITIOCTA-
ta Versastat-3-200 (Ametek).

Tabauys 1. Ckitaam eneKTPOJITIB AJisI BUIIPOOYBaHb

TPOOCAKEHHS MPOBOAWIM B CTAalliOHAPHOMY Ta iM-
MyJbCHOMY peXMMax Ha TOBEPXHI MiIHOI IJIaCTH-
HU BOpoaoBX 90 XB., po3paxoBylOUM Ha OCAIKEHHS
100 mxM. T'ycTHaA CTpyMy B CTalliOHAapHOMY Ta iM-
ITyJIbCHOMY PEXMMi CTaHOBMJIA 5 A/mM?, TapamMeTpu
immynbcy: TpuBaiicts 0,01 ¢, maysa 1 c.

st aHai3y ocamkKeHUX 3pa3KiB 3aCTOCOBYBa-
qmu meton 3D-npodinomerpii. [Ipodinbk nmoBepxHi
aHajli3yBaau 3 TO4YHicTIO 0,625 MKM Y TOPU30HTAJIb-
Hili momuHi Ta 0,25 MKM y BepTUKAIbHIiA.

Pe3yabraTé Ta iX 00roBOpeHHS

3ajeXXHICTh TOBIIMHU MeETajly Ha pi3Hiil Bil-
CTaHi BiI LIEHTPY aHOAa 3aJIeXXHO Bil BiACTaHI MiX
KaIliIIpoM Ta OCHOBOIO, IPOBIJTHOCTI Ta OOepHe-
HOI IIOJIIPU30BAHOCTI IMOKa3aHO Ha puc. 2. 3 pe-
3yJIbTaTiB KOMI' IOTEPHOIO MOJEIIOBAHHS BUIHO,
1110 BIUIMB IPOBiAHOCTi, 00€pHEHOI MOJSIPU30BAHO-
CTi Ta BiJICTaHi MiX KpaeM Karijsipa Ta MOBEPXHEIO,
Ha SIKili BiZOYBAa€TbCS OCAIKEHHSI, Ha KiJIbKIiCTb
MeTajly, OCaIX€HOro 3a MexXaMu Karijaspa, He Jii-
HiHuii. 100 3a0e3meunTy mepeBaKHe OCaIKEHHS
MeTajly B 00J1acTi, 0OOMeXeHill JiaMeTpoM Karijaspa
(ocamxeHHsI MeTally 3a MexXaMU KalliJisipa He Iepe-
By 15 %), ciim 3a06e3MmeuynTy BiICTaHb MixK KPaeEM
KaIiispa Ta ITOBEPXHEI0, Ha SIKili BiZOYBa€eThCs oca-
JIKeHHsI, He Oiibiie 0,5 MM, €JIEKTPOJIT, B SIKOMY
HaxWJI KaTOJHOI MOJIsSIpU3aliiiHOl KpMBOi CTAHOBUTH
He Humxue 2000 MA/(B - cMm?) Ta enekTpoIpoBi-
HicTh He Bule 0,02 Cm/cMm.

IMonsipy3aniiiHi 3aJeXHOCTi, OTpMMaHi B €JIeK-
TPOJIiTaX Pi3HOIO CKJIaAy, OJaHO Ha pUC. 3, a BU3HA-
YeHi mapaMeTpu HaBeJeHO B Ta0J1. 2. 3 JaHUX BUIHO,
10 KOHILIEHTpallisl iOHIB Mili, KUCJIOTU Ta XJIOPUIY

KaJlito Ma€ He3HAUHUI BIUIMB HA HAXUJT
MoJisipu3aliiiHol KpUBOi (3MiHA B Me-

xkax 700—800 MA/cm?/B). TTopiBHSIHO

Jokaavne eaexmpoocadxucennsa. Bepudikauito
OINTUMAJIBHUX YMOB €JIEKTPOOCAIKEHHSI MTPOBOAM-
JIK eJ1eKTPO(OPMYBAHHSIM LMJIIHAPUYHOTO 00’ €KTA.
s 1poro Oyma 3i0paHa ycTaHOBKAa, cxeMa SKOi
BiAmoBigae Komm’roTtepHiii Momeni (puc. 1). Enex-

HOMep‘ Cuso,, | H,50,, KCl, r/n Kenatwn, RUBIN 3 1IUM JIOJIaBAaHHS TIOBEPXHEBO AKTUB-
CACKTpONITY | [/ o/n : M/ 1-200 HMX PEUYOBMH, XEJaTUHY Ta J100aBKU
; ;gg PyGiH cyTT€BO 3MiHIOE HAXWJI KATOIHOI
kpuBoi. EkcnieprMeHTaIbHa TiepeBipKa

3 200 60 MOXJIMBOCTEN BIUIMBY Ha BEJIUYMHY

4 200 60 0,2 00EepHEHOr0 HaXWjy KaTOIHOI MOJsi-

5 200 60 0,2 25-50 pU3aLiiftHOI KPUBOI CKIIaLy €JIeKTPOTi-

2 mn/n A Ty MHoKaszaja, 110 HaUOLIbIIMI HaXui

6 200 60 0,2 8 mn/n G 2120 MA/cM?)/B  MOXHa — OTpUMaTh

2 mn/1 B B po3urHi No 6, 1110 MiCTUTH J0OABKY

RUBIN T-200.
AHaniz naHMX BIUIMBY CKJaay eJeKTpOJiTy
Ta €JIEKTPONPOBIAHICTb (Taba. 2) y3romKy€eThes i3 3a-
TraJIbHUMU MipKyBaHHSIMUA MPO Te, 1O 30UTbLIEHHS
KOHLIGHTpAllil eJIEKTPOJIiTy Ta KiJIbKOCTI KUCIOTH
B HbOMY MiIBMIIYE €JICKTPOIIPOBIIHICTh PO3YMHY.
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Puc. 3. Kartonmni cramioHapHi TMoasipu3aliiiHi KpuWBi IIpoliecy
€JIEKTPOOCAKEHHST Mifli 3 €JIEKTPOJITIB Pi3HOTO CKIIAmdy.
CkJ1an eIeKTpOJIiTiB HaBeAeHO B Tab. 1

Tabauys 2. Ckiany eeKTpOJITIiB 11T BUTIPOOYBaHb

[Nonsipu3zoBaHicTh Enexrtpo-

EnexTposiT | KaTomHOro mpouecy MPOBIAHICTb,

di/dE, MA/cm?/B Cm/M
780 4,94
785 4,02
830 7,46
675 7,48
775 8,69
2120 5,68

=}
BifcTaHb Big LLeHTPY, MM ?; MpogiamHicTb, CMfem

AN, —

80

OOpaHuil ckjaa enexkTpoJiiTy BepudikyBa-
M JUIST JIOKAJIbHOTO €JIEKTPOOCAIKeHHsI 00’€KTa
y ¢opwmi umningpa. O0’exT, ocamkeHuit 3a 1,5 ro-
JIUHU, TTpoaHailizyBajau Metoaom 3D-nipoditomerpii
(puc. 4).

3 orpumaHux 3D-Mozenelt enekTpoocaaKeHo-
Biacrany sia uewTpy, mm 01 " mpowixok, mm ro Metaay OyJO BU3HAUEHO yCepeaHEHUI Mpodiib
MOBEPXHi, SKUN MOPIBHSIMU 3 OUiKyBaHUM TMpodi-

o

r 10000

_a neM (puc. 5).
1000 \

100

~—

Haxwn, MpogigHicTe x 10000,
Mpomixok

0 10 20 30 40 50 60 70
CepefiHA BMCOTA 33 MeXamu Npodinto, MKkm

—4—[lonApnsoBaHictb  —=[lposigHicTb BiactaHb

Puc. 2. BriiuB napaMeTpiB eeKTpoOoCcasKeHHsI Ha PO3IO/ii TOB-
IIMHU METaly 10 MOBEPXHi: @ — HaXWI MOJISIpU3aLliitHO1 oF o
KPUBOI; 6 — €JIEKTPOIPOBIAHICTb €JIEKTPOIITY; 6 — Bil- ©°
CTaHi MiX KpaeM KalliJisipa Ta TOBEPXHEI0, Ha sKii Bil-
OyBa€TBHCSI OCAIKEHHS; ¢ — 3BE/IEHa 3aJIEXHICTh
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Puc. 4. 3D-npodinomeTpist J0KaIbHO chOPMOBAHUX OCAIIB 3aB-
ToBIIKK 100 MKM: @ — MOCTiliHMI CTpyM; 6 — iMITyJIbC-
HUI CTPyM

120

100 [

Puc. 5. I1podini nokanbHO cpopmMoBaHMX ocaiB: [/ — MOCTIHUI
CTpyM; 2 — IMIYyJIbCHUI CTPyM; 3 — OUiKyBaHUI Tpodiab

ITopiBHSIHHSI KiJIBKOCTI MeTajldy, OCaIKeHOIro
B MeKax OUiKyBaHOTO Mpodisto, i3 3arajJbHOI0 Kib-
KIiCTIO OCaJKEHOro MeTajly IoKaszajuo, 10 3a Me-
kaMu npodimo ocamkeHo 3,4 % B ymMoBax elieK-
TpoJti3y mocTiiHuM cTtpymoM Ta 5,0 % B ymoBax
€JIEKTPOJIi3y iIMIOYJbCHUM CTPYMOM. TakuM YMHOM,
3aCTOCYBaHHSI €JICKTPOJITY MimHeHHsT No 6, ckian
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G.S. Vasyliev, M.M. Kotyk

ANALYSIS OF THE INFLUENCE OF LOCAL ELECTRODEPOSITION CONDITIONS ON THE ACCURACY OF ELECTROCHEM-
ICAL 3D PRINTING

Background. Additive manufacturing of metal parts by local electrodeposition is a new promising area with several unique features.
The use of electrolysis makes it possible to manufacture metal parts at room temperature with high accuracy and low energy consumption.
The accuracy and speed of electrochemical 3D printing are inversely related, and therefore it is important to find optimal electrodeposition
conditions at maximum speed without degrading accuracy.

Objective. The purpose of this work was to analyse the influence of electrodeposition parameters (electrode distance, electrical
conductivity and electrolyte polarization) on the accuracy of metal deposit formation in a computer model and to conduct experimental
verification of optimal conditions for electroforming a real object from copper sulphate electrolyte.

Methods. To achieve the goals of the study, computer simulation of the electrochemical deposition process in the COMSOL
Multiphysics software and electrochemical measurements of the characteristics of copper sulphate electrolytes were used.

Results. Computer simulation established optimal conditions: the distance between the edge of the capillary and the surface on
which deposition occurs is not more than 0.5 mm, the electrolyte in which the inverse slope of the cathode polarization curve is not lower
than 2000 mA/(Vxcm?) and the electrical conductivity is not higher than 0.02 S/cm. The influence of the electrolyte composition on the
inverse polarization of the cathode process and its electrical conductivity was investigated. The optimal composition of the electrolyte was
selected, containing 200 g/L CuSO,, 60 g/L H,SO,, 0.2 g/L KCI and RUBIN T-200 additive. In the selected electrolyte, the value of the
inverse slope of the cathode polarization curve is 2120 mA/(Vxcm?). Verification of the process of local electrodeposition in the selected
electrolyte during the electroformation of a cylindrical object with a diameter of 4 mm and a height of 100 ym was carried out. It was de-
termined that no more than 5 % of metal was deposited outside the capillary of the working electrode.

Conclusions. The results of the work can be used to create an electrochemical 3D printing system. Further research should be
aimed at approbation of the obtained parameters of local electrodeposition in an installation that simulates the operation of a 3D printer
and establish the accuracy and speed of printing of a three-dimensional object.

Keywords: additive manufacturing, electrical conductivity, electrolyte composition, polarization, local electrodeposition.
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SINGLE-STAGE AND SIMPLE FABRICATION OF POLYETHYLENE FILMS DECORATED
WITH HALLOYSITE NANOTUBES

Background. Environmental pollution with plastic waste is a global problem that requires searching for effective and
safe ways to dispose or process secondary raw materials. The use of photocatalysts for polymer degradation is a modern
approach. Combining photocatalysts with support material to improve stability, activity, and lifetime is an important
area of research.

Objective. The aim of the work was to develop a technique for applying nanomaterials to the surface of a polyethylene
film by partially dissolving the upper layer of the polymer in a heated nanomaterial suspension, namely, aluminosilicate
halloysite nanotubes in a solvent. Cyclohexane was used as a solvent.

Methods.Thermogravimetric, optical, and dynamic mechanical analyses of synthesised samples were carried out, and
their properties were compared with reference samples of pure polyethylene and treated without the addition of nano-
material.

Results. A method of decorating PE film with halloysite nanotubes has been developed. The introduction of 2.83 % by
mass under the condition of immersing the film in a suspension of HNTSs in cyclohexane (3 % by mass) at a temperature
of 50 °C for 120 seconds was achieved. The decrease of the contact angle of the sample to 77.11° indicates the inclusion
of hydrophilic HNTs into the surface layer of PE. Optical analysis confirmed the uniform distribution of particles on
the surface of the film. The synthesized samples show a decrease in mechanical properties such as elasticity and tensile
strength due to the destructive effect of the solvent on the polymer.

Conclusions. Different conditions of application of HNTs on the surface of PE films using cyclohexane were tested.
A method allows to achieve the introduction of a maximum of 2.83 % by mass of HNT. This method confirmed the
possibility of attaching nanomaterials, namely HNTs, to the surface of the film by partially dissolving the surface layer
of the polymer. Unlike our previous study [3], where the solvent casting method was used to introduce the catalyst into
the PE film, the above approach does not require complete dissolution of the polymer and heating of the material to
high temperatures and can be applied to the processing of industrially produced PE films. The addition of functional
materials can be useful for modifying the properties of films, in particular PE. Studying the peculiarities of adding
a photocatalyst to a polymer film at ambient temperature and the technology of industrial production of a PE film
capable of decomposition can be the next stage of research.

Keywords: polymer, halloysite, nanomaterial, thermogravimetry, chemical technology

Introduction

The wide use of plastics, the difficulties of their
recycling, and the long degradation time in ambi-
ent conditions give rise of environmental pollution
on a planetary scale. Understanding this problem,
the European Commission adopted the EU Plan,
in which all plastic packaging will be recyclable by
2030 [1]. The biggest challenge is household waste,

as a mixture of different types of contaminated
plastics. One of the approaches used for processing
household plastic is mechanical recycling. There are
two types of mechanical recycling: Primary recy-
cling (processing exclusively uncontaminated plas-
tic of a single type into a product of equal quality)
and Secondary recycling. A latter is often deman-
ding on materials since preliminary sorting by type
and rejection of contaminated plastic or washing is
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necessary. Thus, recycled material costs are often
higher than pristine plastic, and the quality of the
processed material decreases with each cycle. As
an alternative, thermo-chemical recycling — is less
demanding and often acceptable for heterogencous
raw materials. The main idea is to split the polymer
into individual monomers to produce a high-quali-
ty secondary product. Quaternary recycling is used
for highly contaminated packaging, namely, waste
incineration for energy recovery. The most environ-
mentally friendly way for waste utilization is bio-
logical. Plastics can be degraded with the help of
bacteria, fungi and enzymes. The disadvantage of
biorecycling is its extremely long duration. Using
landfills for waste disposal is one of the common
methods, but it leads to soil and water contamina-
tion and occupies large areas.

Solid phase photocatalysis is a promising re-
search topic for the removal of pollutants from the
environment. Some commonly used photocatalysts
for acceleration of degradation are TiO,, ZnO,
7Zr0,, Sn0O,, CoO, In,0,, ZrO,, Cu,0 NiO etc. The
introduction of 0.1 % of TiO, in LDPE film leads to
enhanced degradation up to 18 % mass loss after UV
exposure during 300 h [2]. This work is focused on
the degradation of PE packaging through photocat-
alytic processes where oxides of Ti/Mn display the
most promising activity [3]. The mechanical mixture
of TiO, and MnOQO, in a ratio of 1:1 added to the
HDPE film in an amount of 1 % led to an increase
in the rate of degradation of the polymer. After 90 h
of UV irradiation composite film lost 21.2 % of the
mass, while the pure polymer lost only 0.5 %. The
nature of its properties explained the choice of man-
ganese dioxide. The choice of manganese dioxide
was explained by its properties as a semiconductor
widely used in catalysis, organic synthesis, and ener-
gy storage. Its distinctive feature is a narrow bandgap
of around 1-3 eV, which allows it to be an active
photocatalyst even in daylight [4]. To achieve higher
efficiency of photocatalysts, the possibility of intro-
ducing such a support as halloysite nanotubes in a
catalytic system should be studied.

Halloysite (HNT) is a natural aluminosilicate of
the kaolin group with Al : Si in the ratio 1:1, having
the chemical formula Al,Si,O,(OH),. nH,O, where
n can vary from 0 to 4. The average size depends
on the origin and ranges between 40 and 70 nm in
diameter and 200—1500 nm in length [5, 6]. Dif-
ferent methods for introducing the nanoparticles in
the polymer matrix are reported. For instance, in

situ polymerization, solvent casting method, extru-
der blending, and deposition by layer [7].

The chemical compositions and the opposite
charge of the inner and outer surfaces open up
wide possibilities in the development of HNT-based
composite materials. Namely, decorating the outer
surface of nanotubes with positively charged mole-
cules or nanoparticles and loading the inner cavity
with negatively charged molecules. The cavity can
be used as a container for loading active substances
(drugs, proteins, surfactants, corrosion inhibitors,
catalysts) and their subsequent controlled release.
Moreover, some inorganic salts may also be loaded
into the tube cavity [8]. Modifying the outer sur-
face of nanotubes can affect the stability of colloidal
solutions, improve the filler distribution in polymer
matrices [9], and develop surface area of catalysts,
preventing aggregation. Moreover, adding HNT to
the polymer leads to the improvement of the me-
chanical properties of films, influencing the flamma-
bility [10], and crystallinity of materials [11].

Problem statement

In our previous work, the solvent-casting meth-
od was used for introducing the catalyst into the PE
film [3]. This technique has shown high efficiency.
But at the same time, it includes using toxic solvents
at high temperatures during a long time (100 °C for
45 minutes). Therefore, this study aimed to find al-
ternative methods for adding nanomaterials to the
polymer film interface.

Methodology. PE film decorating technique

PE is resistant to most solvents at room tem-
perature. Only some liquids are capable of dissolving
polyethylene when heated. Cyclohexane (CHX) was
chosen as one used widely in similar works as the
most suitable for PE dissolving at relatively low tem-
peratures [12]. Cyclohexane was heated to 50 °C and
60 °C then 3 mass % of HNT was added. Mechan-
ical and ultrasound stirring was applied to achieve
a uniform distribution of particles. Rectangular PE
film samples of 12 cm?were immersed in suspension
for various time intervals (60 sec. and 120 sec.) at 50
and 60 °C (Table 1). Sample 0 was prepared without
halloysite at the same conditions for comparison.
After, the film was washed with distilled water and
dried at room temperature.
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Table 1. Film preparation conditions.

Sample name HNT / mass % Temperature / °C Immersion time / sec
0 0 50 60
1 3 50 60
2 3 50 120
3 3 60 60
Methods is shifted towards higher temperature for 14° com-

The efficiency of introducing nanoparticles
into the film, as well as HNT’s influence on PE film
properties, was examined by the following methods:
the wettability was measured using OCA 20 Data
Physics Instruments equipped with a high-resolution
CCD camera; the contact angle (0) of water in the
air was measured by the sessile drop method.

Dynamic mechanical measurements were con-
ducted using the DMA Q800 (TA Instruments).
Tensile tests were performed with a stress ramp of
1 MPa-min' at 25 °C.

Thermogravimetric analysis (Q5000 IR, TA In-
struments) under nitrogen flow with heating ramp
20 °C min™! from 25 to 600 °C was performed to
evaluate the efficiency of HNT’s introduction in the
film and thermal stability of treated samples.

Optical images were taken with Optika polariz-
ing microscope to study the uniformity of nanoma-
terial deposition on the surface.

Results and Discussion

The TG curve of pure halloysite nanotubes has
one mass loss of 14.95 mass % [13] is attributed
to the removal of the interlayer water molecules
from the HNT structure. On the other hand, Sample
0—3 showed a significant mass reduction of about
90—100 % from 400 to 520 °C as a consequence of
the PE thermal degradation.

Moreover, thermogravimetric data provided
the mass fraction of HNT in composite films. Sam-
ple II, immersed in HNT suspension in cyclohexane
at 50 °C for 120 seconds, showed the most consider-
able residual mass among all samples (Table. 1). The
calculated HNT content was equal to 2.83 mass %
corrected on water loss. Sample III immersed at
60 °C for 60 sec, showed a slightly lower HNT con-
tent of 2.74 %. PE degradation temperature (Td) was
calculated from the maximum of the DTG peaks. It
can be pointed out that Td for Sample II is shifted
towards lower temperatures 37° compared with pure
PE, while for Sample III the main degradation peak

pared with pure PE.

100
80+
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> 1 —0
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100 200 300 400 500 600
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Fig. 1. Thermogravimetric curves of treated PE composite samples

At the same time, Sample 2 showed the highest
hydrophilicity with contact angle 77.11° when Sam-
ple 0 demonstrates contact angle of 99.24° (Fig. 2).
It can be explained by the presence of hydrophil-
ic HNTs on the film’s surface. Which is in good
agreement with TGA analysis. Sample 3, in turn, re-
mains hydrophobic despite the almost equal content
of nanotubes. Possibly due to the higher treatment
temperature, nanotubes were included into a deeper
layer of a film.

Dynamic mechanical analysis (Fig. 3) showed
that samples are elastic since the strain grows lin-
early with stress. After reaching the yielding point —
deformation becomes irreversible. As a result of me-
chanical tests, it can be concluded that the duration
of treatment is of key importance. Processed for the
longest time of 120 sec Sample II, has the lowest
mechanical characteristics. An increase in elasticity
can be noted for samples treated for 60 sec. (Sam-
ple I and 3) in a Halloysite suspension, while the
strength characteristics remained almost constant
compared to reference Sample 0, prepared without
HNT’s (Table 3).
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Fig. 2. Images of droplets just after their deposition onto the surface of (¢) Sample 0, (b) Sample 1, (¢) Sample 2, (d) Sample 3

Table 2. Thermogravimetric and wetting properties of
treated samples

Sample name RM600, % Contact angle, °
0 0.18 99.24 £ 0.76
1 1.93 85.21 + 8,81
2 2.59 77.11 £ 4,71
3 2.51 89.18 + 4,03

Stress / MPa

0 2 4 6 8 10 12 14 16
Strain / %

Fig. 3. Stress vs. strain curves of treated samples

It is worth notifying the values of Elastic
Modulus, also known as Young’s modulus, as a
property of materials that measures their stiffness or
resistance to elastic deformation for the synthesized
samples, are higher than those of pristine PE. The
reinforcing effect of HNT in polymers is often ex-
plained as a result of agglomerates of nanoparticles
and the formation of the interface region between
matrix/nanoparticles, which restricts the mobility
and deformability of PE [14, 15].

Based on the analysis of optical images, we can
assert that treatment of films at a temperature of
50 °C allows us to obtain a uniform deposition of
nanomaterial on the surface while raising the tem-
perature to 60 °C leads to the formation of areas
with aggregated particles (Fig. 4).

Fig. 4. Optical images of PE films treated in HNT/cyclohexane
suspension under different conditions: (a) Sample 0, (b)
Sample 1, (¢) Sample 2, (d) Sample 3. The scale bar is
equal to 0.1 mm
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Table 3. Tensile strength properties of films

Sample name Elongation at break | Stress at break point / Elastic modulus / Yield point / %
/ % MPa MPa
PE non-treated >150 >12 80.4 11.9
0 6.68 5.60 168.9 3.48
1 14.27 5.64 135.2 5.69
2 6.45 3.74 164.8 2.44
3 16.82 4.81 103.3 5.39

Conclusions

Different conditions of application of HNTSs
on the surface of PE films using cyclohexane were
tested. A method allows to achieve the introduction
of a maximum of 2.83 wt. % of HNT. This method
confirmed the possibility of attaching nanomaterials,
namely HNTs, to the surface of the film by partially
dissolving the surface layer of the polymer. Unlike
our previous study [3], where the solvent casting
method was used to introduce the catalyst into the

PE film, the above approach does not require com-
plete dissolution of the polymer and heating of the
material to high temperatures and can be applied
to the processing of industrially produced PE films.

The addition of functional materials can be
useful for modifying the properties of films, in par-
ticular PE. Studying the peculiarities of adding a
photocatalyst to a polymer film at ambient tempera-
ture and the technology of industrial production of
a PE film capable of decomposition can be the next
stage of research.
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I.B. KoBiHuyk, I"B. Cokonbcbkuit, k. laszapa

OOHOCTALIVHE TA NMPOCTE JEKOPYBAHHSA MONIETUNEHOBKX MNIBOK FANYASUTH/MY HAHOTPYEKAMM

MpobnemaTuka. 3abpyaHeHHS HABKOMULLHLOTO CepeaoByLLa MoMiMepHNUMM Bigxogamu € rnobanbHo nNpobnemMoto, Lo BUMarae
nowyky edekTuBHMX Ta 6e3aneyHnx cnocobis yTunisauii abo nepepobku BTOPUHHOI CUPOBUHW. BrkopuctaHHsi dpoTokaTanizatopis ans
nerpagadii nonimepy € cyyacHum nigxogom. CronyyeHHs dpoTokaTanizaTopis 3 Matepianom nigknagkvu Ans nigBuLLEHHsT cTabinbHOCTI,
aKTMBHOCTI Ta TPMBAnNocCTi po6oTH € BaXIMBUM HaNPsiMOM AOCHIIXEHb.

Meta pgocnigxeHHA. MeToto po6oTu Byna po3pobka MeTofy HaHeceHHs HaHomaTtepianiB Ha noBepxHi nonietuneHosoi (ME)
NNiBKX 32 AONOMOrOK YaCTKOBOTO PO34YMHEHHS BEPXHBOIO LLAPY NoNiMepy B HArpiTin CycrneHsii HaHomaTtepiany, a caMme antoMoCuUikaTHUX
HaHoTpy6ok ranyasuTy (THT) y po34nHHKKY. B SIKOCTi pO34MHHMKa BUKOPUCTOBYBABCS LIMKIOreKcaH.

MeToauka peanisauii. [poBegeHo TepmorpaBiMETPUYHNUIA, ONTUYHMIA aHani3 Ta BUBYEHi MeXaHi4YHi BMacTUBOCTI CUHTE30BaHUX
3paskiB, NOPIBHSIHO iX BNAcTUBOCTI 3 pedhepeHTHUMM 3paskamm YncToro Ta obpobneHoro NE 6e3 nogasaHHsA MHT.

Pesynbratu gocnigxeHHsi. Po3pobneHo meTon aekopyBaHHs ME nniBkv HaHoTpy6kamu MHT. JocsarHyTo BBeaeHHs 2,83 mac. %
3a YMOBW 3aHypeHHs nniekv B cycniensito MHT y uuknorekcaHi (3 mac. %) 3a Temnepatypu 50 °C ynpogosx 120 cek. 3HWKeHHS KyTa 3pas-
Ka go 77,11° cBigunTb Npo BkItoYeHHs rigpodinbHux MHT y noBepxHeswuii wap ME. OnTu4HWMIA aHani3 niaTBepAuB pPiBHOMIPHMIA po3nogin
YaCTUHOK Ha MOBEpPXHI NNiBKW. 3adhikCOBaAHO 3HWKEHHSI MEXaHIYHUX BMACTUBOCTEW (€NacTUYHICTb Ta MILHICTb Ha po3puB), L0 Moxe ByTun
NoB’AA3aHO i3 AeCTPYKTUBHOIO Li€l0 PO3YMHHUKA Ha norimep.

BucHoBku. MpoTecToBaHO pi3Hi yMOBM HaHeceHHs1 HaHOTpybok MHT Ha noepxHto ME nniBok 3 BUKOPUCTAHHSAM LMKIOreKCaHy.
Po3pobneHo meTog, Lo 003BONsSE AOCAITM BBeAeHHS makcumyM 2,83 mac. % HT. Llen meTtoa nigTBEpAMB MOXNMBICT NPUKPINIeHHs
HaHomaTepianis, a came M'HT, 4o NnoBepxHi NNiBKKX 32 AONOMOIOK YaCTKOBOIO PO34YMHEHHS NOBEPXHEBOrO LWapy nosimepy. Ha BiaMiHy Big
Halloro nonepeaHbOro gocnimkeHHs [3], Ae AN BBeAeHHs kaTanisatopa B [E nniBky BUKOPUCTOBYBaBCS METOA NUTTA 3 PO3YMHHUKA,
BYLLEe3a3Ha4YeHWn nigxia He BMMarae NOBHOMO PO34YMHEHHS MoMiMepy Ta HarpiBaHHs MaTepiany 4O BUCOKMX TemnepaTtyp Ta Moxe 6yTu
3acTtocoBaHuin Ans obpobku npomucnoBo BurotoBrneHux [ME nniBok. [JogaBaHHSA ¢yHKLUiOHaNbHUX MaTtepianiB Moxe OyTW KOpUCHUM
ans moaudikauii BnactuBocTen nniBok, 3okpema MNE. BueByeHHs1 ocobnmBocTen nogaBaHHA dhoTokaTanisatopa 4O MorniMepHol niBku
3a TemnepaTypu HaBKOMWLIHLOIO CepenoBuLLLa Ta TEXHOMOriT NPOMUCIOBOrO BUFOTOBMEHHS 3A4aTHOIT A0 po3knagdaHHsa MNME nnisku Moxe
CTaTh HaCTYMHUM eTanoM AOCHiIXEHb.

Kntro4yoBi crnoBa: nonimep, ranyasutHi HaHOTpybku, HaHOMaTepian, TepMorpaBiMeTpis, XiMi4Ha TEXHOIOTIs.
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BILJIMB TUITY KAPBOHATY HA TPAHCIIOPTHI XAPAKTEPUCTUKHA
KEPAMIYHUX MEMBPAH HA OCHOBI SiC

IIpodaemaruka. KepaMmiuHi MeMOpaHU OCTaHHIM 4YacoM HaOyBalOThb OCOOJIMBOI yBaru uepe3 ix TepMiuHy, XiMiuHy
CTiliKiCTh, MOXJIMBICTh BUKOPMCTAHHSI B arpeCMBHMX YMOBax, a TaKOX 4epe3 iX TpuUBajauil TepMiH ciayxou. Cepen
KepaMiyHUX MeMOpaH OCOOJMBOI yBaru 3acIyroBYIOTb MeMOpaHM, 10 BUIOTOBJISIOTHCS 3 CHIILINA KapOimy depes
iX BHUCOKY MilHicTh. OOHAK HEBHUPIILIEHOIO MPOOJEeMOI0 € BHCOKA BapTiCThb TaKUX MeMOpaH Ta KOHTPOJbOBAHICThb
TMOPUCTUX XapaKTEPUCTHUK, SKi CYTTEBO BIUIMBAIOTh HA TPAHCIIOPTHI XapaKTepucTUKU. Tomy BKpail BasKJIMBUMU €
JIOCJIIKEHHS CIOCO0iB, 1110 MOXYTh JTO3BOJUTU 3MEHIIUTU TeMmIiepaTypy Bianany SiC-memMOpaH Ta KOHTPOJIOBATH iX
MHOPUCTICTD.

Meta nocihimkenns. BcraHoBIeHHSI BIUIMBY TUIy KapOoHaTy Ha (i3MKO-XiMiuHi BJIAaCTUBOCTI Ta TpPaHCHOPTHI
XapaKTepUCTUKU KepaMidHUX MeMOpaH Ha OCHOBI CHIIILIiN KapOimy.

MeToauka peajizamnii. MeTon mpecyBaHHs Ta CITIKAHHS 3 Pi3HUM CKJIaJoM KapOoHaTiB. AHaIi3 OTPUMaHUX KepaMidHUX
MeMOpaH IudpakLUiiHUM METOIOM Ta CKAaHYIOUYOIO €JIEKTPOHHOIO MiKPOCKOIII€IO.

Pesyabratu nociimkenns. [lokazaHo, 110 3a [10JaBaHHS HaTpiii KapOOHATy YTBOPIOETbCS HOBa (haza — HaTpiit
aJIlOMOCWJIIKAT, a y pasi 3aCTOCyBaHHSI aMOHiM TiZpokapOoHAaTy yTBOpPeHHsS HOBUX (a3 He BusiBieHO. MopdoJoris
CUHTE30BaHUX KepaMiYHMX MeMOpaH Ma€ 3€pHUCTY CTPYKTYpy, IO XapaKTepU3YETbCS IOpaMU pPO3MipOM Bij
13 mo 21 MKM Ta MUTOMOIO TUIOLIEI0 TOBepxHi — Bix 1,5 mo 1,9 m3/r. DochimakeHi TpaHCTIOPTHI XapaKTePUCTUKH
KepaMiuHUX MeMOpaH CBiIyaTh MpPO Te, IO 3aCTOCYBAHHS aMOHIiH TipokapOOHaTy N03BOJISIE OTPUMATH KepaMiuHy
MeMOpaHy 3 JOCTaTHbO BMCOKOIO IPOITYCKHOIO 3IaTHICTIO, SIKy MOXHa PeKOMEHIYyBaTH JIs 3aCTOCYBaHHS B 00J1acTi
MiKpo®dinbTpyBaHHSI.

BucnoBkn. AMOHII rizpokapOoHaT € OiIbII MEePCIEKTUBHOIO MOPOYTBOPIOIOUOIO JOMIIIIKOIO 10 KepaMiuYHMX MeMOpaH
Ha OCHOBI cwiiliil kap6iny. Ilomanbiii gociimKeHHsT OyAyTh 30CepelkKeHi Ha BUBUYEHHI BMIiCTy MOpPOYTBOpIOBaua Ha
TPAHCIIOPTHI Ta MeXaHiuHi BJIACTUBOCTI KepaMiuHUX MeMOpaH.

KouoBi cioBa: xepamiuHi MeMOpaHM, CWIiLii KapOim, HaTpiii KapOoHAT, aMOHIM TiZpoKapOOHAT, IOPUCTICTb,
TPAHCIIOPTHI XapaKTEePUCTUKK, BOTOOUMIIICHHS.

Betyn

OcTaHHIM YacoM 3aCcTOCyBaHHSI KepaMiuyHUX
MeMOpaH y TEeXHOJIOTisIX OUMILIEHHS BOJAU CYTTEBO
30IJIBIIYETHCS 3aBASKA HASIBHOCTI 1101 HU3KU IX
rnepesar MOPiBHSHO 3 MOJIMEPHUMU MeMOpaHaMM.
OCHOBHUMM XapaKTEPUCTUKAMU KepaMiuHUX Ma-
TepiajiB, 3 SIKUX BUTOTOBJISIOTH KepaMiuHi MeMO-
paHHI MOAYJ, €: XiMiYHa Ta TepMidyHa CTaOiIbHICTD,
30KpeMa i B arpecMBHUX CepelOBMIIAX; HU3bKa
CXWIbHICTb 10 3a0pyIHEHHS i HasBHICTb e(heKTUB-
HUX CIIOCO0iIB OUMILIEHHSI Ta pereHepallii MeMOpaH;
TpUBAJIM TEpMiH CiIyXOu; BMCOKi TpaHCIOPT-

Hi BJIACTUBOCTI; CTIMKICTb A0 KOpo3ii Tomo [1, 2].
KinpkicTh OIyO/MiKOBaHMX HAyKOBUX JOCIIIKEHb
32 OCTaHHI JBa ACCATUIITTS IIOJO TEXHOJOTIM,
MOB’I3aHUX 3 BUTOTOBJIIEHHSIM Ta 3aCTOCYBaHHSIM
KepaMiyHUX MeMOpaH, MepeKOHJIMBO CBiTYUThL PO
301JIbILIEHHS 3al1iKaBJI€HOCTI HAyKOBLIIiB i TEXHOJIOTIB
Y HEOOXiTHOCTI Ta CBOEYACHOCTI 301IbIICHHST YaCTKH!
3aCTOCYBaHHSI caMe KepaMiuyHUX MeMOpaH y MeMO-
paHHMX TexHosorisix [3]. 3aBasgKu CBOIM YyHiKajlb-
HUM BJIACTMUBOCTSIM Ke€paMiuyHi MeMOpaHU LIMPOKO
3aCTOCOBYIOTBCSI, 30KpeMa, B TIPOLIECi OYMILEHHS
MNpoMUCIOBUX CTiuHUX Bon [4]. TTepeBaru Kepamiu-
HUX MEMOpaH He 0OMEXYIOTbCSI BULLETIepeTiueHUMU
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XapaKTepUCTUKAMM, TaKOX BOHM I1030aBJieHi Takoi
BJIACTUMBOCTI, SIK HaOyXxaHHSI pO3YMHHUKOM TIifl yac
(inpTpyBaHHS, 110 MOKpally€e IX TiapaBJliuHi IO-
Ka3HUKU [5].

OpnHielo 3 mepelikoJ Ha ILUISIXy 30iUIblIeHHS
TEeMIIiB 3aCTOCYBaHHS KepaMidyHUX MeMOpaH y IIpo-
1ecax OUYMIIEHHS BOJAM Ta CTIYHMX BOJ, Ha Xallb,
3aJIMILIAETHCS 1X BUCOKA BapTiCTh. JI0 TOro X npoiiec
CHiKaHHS KepaMiuyHMX MeMOpaH BUMara€ BHCOKOI
temnepatypu (moHan 1000 °C), 1o Takox BIUIMBA€E
Ha iX BapTICTh i TPAHCIIOPTHI XapaKTEPUCTUKMU.

ITocTanoBka 3amaui

OpHUMM 3 HAWOUIBLI IIMPOKOBXMUBAHUX Ma-
TepiajliB Jisi BUTOTOBJIEHHSI KepaMiuHUX MeMOpaH
€ aJIIOMiHilil OKCUJI, HUPKOHI OKCHU, TUTAH OKCHU]I,
KpeMHiil kapOin Ta weositu. KepamiuHi memOpa-
HU 3 aJIIOMiHili OKCUAY MOPiBHSHO 3 KepaMiyHUMU
MeMOpaHaMM, 1110 BUTOTOBJIEHI 3 IHIIOI BKa3aHOI
CUPOBMHHU, € HaWIEHIeBIIMMHU 3aBISIKU BiTHOCHO
HU3bKOI BapTocTi riMHo3emy [6, 3]. LlikaBum € Te,
1110 3 BUKOPUCTAHHSIM SIK MaTrepiajliB JIJi1 BUTOTOB-
JeHHs kepaMmiyHux MmemoOpan: AlLO,, TiO,, ZrO,,
SiC, BapTicTh KepaMiuyHMX MeMOpaH 3pOCTa€ Bif
AlLLO; o SiC, ane MoOKa3HUMKU KepaMidYHUX MEMO-
paH, Taxi K TiApodiIbHICTb, MPOHUKHICTb, XiMiUHa
Ta M€XaHiYHa CTIMKICThb, MOKPAIIYIOTbCS Y 3BOPOT-
HOMY HanpsiMKy B pa3u. Kpim 11b0oro, Taka BaxjinBa
XapaKTepUCTUKA, SIK MOTEHLiad 1040 3a0pyIHEH-
HSl — Ma€ MiHiMaJibHe 3HAUYE€HHs, cepell HaBeASHUX
matepianiB, came misg SiC. KomepiliiiHO AOCTYIHI
KepaMiuHi MeMOpaHu MOXYTb IIpallOBaTU B ILIAPO-
KoMy giana3oHi pH, TemriepaTypu Ta TUCKY.

MemOpaHu, SIKi BATOTOBJIEHI 13 CUJTiLLIIA KapOiny
MaloTh HalKpallli XapaKTepUCTUKU pOOOYOTO TUCKY,
pobouoro aiana3zoHy 3actocyBaHHs pH Ta Temmepa-
TypU cepell HaBeAeHUX MaTepianiB. Hanpukian, ke-
pamiuHa memOpana ¢ipmu LiqTech, Denmark, sika
BUTOTOBJISIEThCSL 3 SiC 31aTHA BUTPUMYBATU TUCK
no 10 6ap, remmnepatypy — mo 800 °C i mpauoBaTu
B MakcuMasiibHOMY diana3zoHi pH, To6To Bin 0 no 14
(11 mopiBHSIHHY, KepamiuHa memOpana 3 AlO,
¢ipmu ItN-Nanovation, Germany, Ma€e Taki po0o-
Yyi XapaKTepuCTUKM: pobouuii Tuck — mo 0,5 6ap,
pH — Big 2 no 12, temmnepatypa — go 130 °C) [3].

MemOpanu 3 SiC 3aBasiKu CBOIM Haa3BUYaii-
HiM MIIHOCTi, XiMiYHiiA CTaOUIbHOCTI, 3HATHOCTI
CTIMIKOCTI 10 OOpOCTaHHS Ta BOJOIPOHUKHOCTI
IIMPOKO BUKOPUCTOBYIOTHCS Y Oaratbox mporiecax:
po3sijieHHs1 HapTH Ta razy, OUMILIEHHS CTIYHUX BOJ,
00pOOJIEHHST XapuoBUX IMPOAYKTIB i HAMOIB, iHTEH-
cugikanii npoueciB ¢gepmenTawii Tomo [7]. Kpim

TOTO, OITHMi3allisl IIpoLeCcy CHiKaHHS MeMOpaH
3a paxXyHOK BMKOPUCTAHHSI Pi3HUX JOMIIIOK i Bapi-
IOBaHHS CKJIa[ly KepaMidyHOI MaTpulli JO3BOJISIE YCY-
HYTHU 0CO0JIMBI HenoJlikiu MemopaH i3 SiC — BuTpa-
T Ha BUPOOHMUTBO, sIKi y Bumaaky SiC-meMOpaH
€ HaWOUIBII BUCOKMMU, HABITh OUTBIIMMM HiX ITiJ
yac BUPOOHMIITBA Ke€paMiYHMX MeMOpaH Ha OCHOBI
AlO,, TiO, a6o ZrO,, i TaKoX HU3BKUI KOHTPOJIb
y uux memopanax po3Mmipy nop B UF i NF miama-
30Hi, a OTK€ ¥ TPAHCIIOPTHUX XapaKTEPUCTUK [8].

Po3pobka memOpanu i3 SiC 3 BUKOpUCTaH-
HSIM aJIIOMiHili HiTpaTy, K CIiKalouyol JOMillKH,
nokazania [7], 1o J1oJaBaHHS OCTAaHHbOIO 3HUXYE
TeMIiepaTypy CIliKaHHs TMiIroTOBJAEHOT MeMOpaHu
MHOPIBHSIHO 31 3BUYAllHUM CHUHTE30M MeMOpaHU
i3 SiC, a oTXe 103BOJISIE 3MEHILUTUA BUTPATU Ha 1X
BUPOOHULTBO. JIo Toro xx MemOpaHa IIPOAEMOH-
CTpyBaja 4yAOBYy CTilKiCTb 10 KOpO3ii B KUCIOMY
Ta JIy)KHOMY cepenoBuiiiax npotsarom 30 nHiB 6e3
iCTOTHUX 3MiH Yy BJIACTUBOCTSIX MemOpaHu. I[Ipo-
HUKHICTb YMCTOI BOAM Kpi3b MeMOpaHU cCKJiaja-
na 2252 nm?/rom-m*6ap. BurortomieHa memOpaHa
(cepenHiit po3mip nop — 0,35 MKM) 1okasajia BU-
COKMI CTyIiHb BUIAJeHHS Kparmeib omi (99,7 %)
3 eMYJIbCil OJ1ii Ta BOMM.

Cnig 3a3HaYuTH, 10 OLIBII EKOHOMIYHMIA
cnocid BUPOOHMITBA KepaMiuHMX MeMOpaH 3 BU-
kopuctaHHsM SiC nepenbdauvae BapitoBaHHS CKJIaay
MaTpulli, a came BuUKopucTtaHHs SiC SK JOMILIKKU
JI0 OUTbLI JAeIIEBUX KOMIIOHEHTIB. Y po0OoTi [8] aB-
TOpHU MOKAa3aJIi MPOLEC BUTOTOBIEHHS YIbTpadijib-
TpyBaJbHUX MEMOpaH 3 BUKOPUCTAHHSIM XiMiUHOTO
ocamkeHHs: SiC 3 razoBoi (pa3u 3a HHU3BKOIO THUC-
Ky Ha AlLO;-Marpuillo 3a HasgBHOCTI MPEKYypCo-
pis (SiH,Cl, i C,H,/H,) 3a temmneparypu 750 °C.
Hns peryaioBaHHsS po3Mipy MOp MeMOpaHu BU-
KOPUCTOBYBAJIM  BapilOBaHHSI 4acy OCaJKE€HHS
Bin 0 no 150 xB. IlpoBeneHi mociuiad 3 po3disieH-
HS eMyJbcii (MacTuiao/Boaa) TPOAEMOHCTPYBAIIH,
IO SIK O0OPOTHE, TaK i HE3BOPOTHE 3a0pYyHHEHHS
Takol MeMOpaHu Oy/J0 3HAUHO HWXKYMM, HiX IS
YUCTOI MaTpulli 3 aloMiHill okcuay. JlocmiakeHHs
aBTOpiB [8] cBimYaTh MPO MOXJIMBICTb CTBOPIOBATU
SiC-MemOpaHU 3 HU3bKUM piBHEM (OYJIiHTY i 3 Ha-
JIAlITOBAHUMU PO3MipaMM TOp Ha BiIHOCHO Jiellie-
Bilf OCHOBI.

BaxnuBolo  XxapakTepUCTUKOIO  KepaMiuHOi
MeMOpaHU TaKOX € MPOHMKHICTb, sIKa 3aJeXWUThb,
TOJIOBHUM YMHOM, BiJl 1i TOPUCTOCTI Ta MOpdoiorii
nop, 110 3abesneyvye 1 TPAHCIOPTHi BJIACTUMBOCTI,
a orxe U edeKTUuBHICTb. BBemeHHS y ckjag Ke-
paMiuHOi MeMOpaHU IIOPOYTBOPIOIOUYOTO areHTa €
npocTuM, €(eKTUBHUM I €KOHOMIYHHUM CIIOCOOOM
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30iibeHHs i1 nopucrtocti [9]. TlopoyTBopioBaui
MOJIISIOTh HA ABa TUIIM: HEOPraHiuHi i OpraHiuHi.
HeopraniuHi mnopoyTBOpIoBayi MiCTITb HEOpPraHiuHi
coJli Ta KapOOHOBI MaTepianu, SiKi pO3KJIaJaloThCs
3a BUCOKOI TeMMepaTypu: aMOHiii, HATPill 1 KajabLii
KapOoHaTu, aMOHill OikapOoHAT, aMOHIi XJ0pui,
rpadiT i ByruibHU# nopoiok. OpraHiuyHi TOpoyTBO-
proBaui MiCTSITb: MPUPOAHI BOJOKHA Ta MOJiMEpHU
(kpoxMmajib, TMOJIICTUPOJI, TMOJiMEeTUIMETaKpuIaT
(PMMA), tupca).

V pob6ori [10] y mpoueci mpuroryBaHHsSI Ke-
paMiyHMX MaTpullb Ha OCHOBI KaoJliHy IO CKJa-
Iy MeMOpaH JojaBajyd pi3Hi KUIbKOCTI KaJbLiid
KapOoHaTy Ta HaTpiii kapbonarty (Na,CO, Big 0
no 40 mac.%, CaCO, Bin 0 no 40 mac.%). dona-
BaHHS Kajblliii KapOoHATy BUKJIMUKAIO 301IbIIEHHS
MOPUCTOCTI 1 XiMiUHO1 cTabUIbHOCTI 3pa3KiB, Jo0ja-
BaHHs HaTpill KapOoHaTy — 30iJIbLUIEHHS LIUIBHOC-
Ti mOp i 3MEHIIEHHs IX miaMmeTpa. 3pa3oK i3 BMic-
ToM CaCO, 20 mac.% nokasaB XOpOILi pe3yabTaTh
B PO3iICHHI eMyJibCiit (MacTmio/Boga) — 98 % Bin-
TOPTHEHHSI MacTWJIa 32 TPAaHCMEMOPAHHOTO THUCKY
103 xIla.

HocnimxenHs [11] neMoHCTpye e(eKTUBHICTb
BukopucranHsa CaCO, 9K MOpOyTBOPIOIOYOro areH-
Ta B KepaMiyHiii MeMOpaHi Ha OCHOBI KaoJliHy, 1ie-
OJIITY Ta KPEMHE3eMHUX KCEPOTeJeBUX KOMITO3UTIB.
BcraHoBiieHO, 1110 BMICT Kajiblliii KapOoHaTy BIUIU-
Ba€ Ha 00’€MHY YacCTKy CITOJYYEHUX MOpP Yy 3pasKy.
3pasok i3 Bmicrom 30 Mac.% 3abesredyyBaB Haii-
Oiblny 00’€MHY 4YacCTKy OJHOPIAHO CHOJYYEHUX
MiX co0ol0 Mop, 1110 CBOEIO Yeproro 3abe3nevyBaio
Hali0iJbllle 3HaUeHHs TTOTOKY repmeaty. EdekTus-
HIiCTb cenapaliiiHuX BJacTUBOCTEe MeMOpaHu OyJa
rnepeBipeHa y npolueci BUIajJeHHs HELYKPOBUX J10-
MIIIIOK Y KOKOCOBOMY COKY.

V nocnimxenHsix [12] po3poOaeHO TEXHOJIOTi 0
MNPUTOTYBaHHS MOPUCTOI KEPAMiKH, Y CKJajl SIKOi SIK
MOPOYTBOPIOBAY J10JaBaJIM aMOHil TigpoKapOOHarT.
3arajgpbHa Ta BiIKpUTa TMOPUCTICTh 3pa3KiB Kepa-
MiKW 3ajiexayia Bill KiJIbKOCTi Ta TpaHyJOMEeTpuu-
Horo ckiany NH,HCO,. 3a BapitoBaHHSIM BMICTy
NH,HCO; Bix 0 no 2,75 mac.%, Biakpura Ta 3a-
rajibHa IOPUCTICTb 3pocTaja Bin 25 10 69 % Ta Bin
32 no 73 % BianosinHoO.

TakuM 4YMHOM, 3riIHO 3 KPUTUYHUM aHali-
30M Cy4yacHOI HayKOBOI JliTepaTypu MOXHa 3po-
OUTM BHUCHOBKM, 110 AOAABAHHS Pi3HUX PEYOBUH
y MaTpULIO KepaMiuyHUX MeMOpaH MOXKE€ CYTTEBO
MOKpalIMTU 1X MEXaHiYHi, TPAHCIIOPTHi Ta ceJieK-
TMBHI XapakTepUCTUKM. Takuil miaxXiog € HayKoBO
1 MPaKTUYHO OOIPYHTOBAHMM Ta II€PCIIEKTUBHUM
3 MOTJsiAy 30iJbLIEHHSI CEerMeHTa BUKOPUCTAHHS

KepaMiuyHUX MeMOpaH y TPOMMCIOBMX Ipollecax,
110 TPYHTYIOTbCSI Ha MEMOpPaHHUX TEXHOJIOTIsX.
3okpema, JoJaBaHHS ASSIKUX JOMIIIIOK Ta IOPOYTBO-
ploBayiB Moxe OyTW BUpIlLIAJIbHUM Y CUHTE31 Kepa-
MIYHMX MeMOpaH i3 3aJaHMMM TPAHCIIOPTHUMU Xa-
paKTepUCTUKAMU.

MeTo10 CTarTi € BCTAHOBJIEHHS BIUIMBY TUIY
KapOoHaTy Ha (hi3MKO-XiMiUHi BJIaCTUBOCTI Ta TpaH-
CHOOPTHI XapaKTepUCTUKMU KepaMiuHMX MeMOpaH
Ha OCHOBI CuJIiLii Kapbiry.

MeTtoauka I0CTiIKEHHA

st oTpuMaHHS KepaMiyHUX MeMOpaH BUKO-
puctoByBaiu cuiiuit kap6in (SiC), Harpiili kap6o-
Hat (Na,CO,), amoniii rinpokapoonar (NH,HCO,),
oypy (Na,B,0,), amominiii okcun (AlL)O,), 3-amiHo-
MNPOMiJETOKCHUJIaH.

MemOpaHu OTpUMYyBaid TAKMM YMHOM: 3BaXy-
BaJIM pO3paxoBaHy KiJIbKICTb BUXiTHUX KOMITOHEHTIB
TapeTeJbHOTOIXIIepeMilllyBasiu, MiCas40ro 01aBaiu
3-aMiHOMPOMiJIETOKCUJIAH Ta 3HOBY TepeMilllyBaju;
MNPUTOTOBAHY CyMilll 3acCUNIaiv y cTajeBy npec-ghop-
My aiameTpoMm 21 MM; 3a TOIOMOTOIO PYYHOIO Til-
paBiiuHoro rnpecy 3actocoByBaiu Tuck 300 Oap
BIpoaoBX 5 xB. CrpecoBaHy MeMOpaHy MiajgaBaiu
TepMiuHiil 0OpoOLi y MydenbHill medi 3a Temrepa-
Typu 950 °C Brnpoaosx 10 rogun [13].

XapakTepu3alilo  OTpMMaHUX  KepaMiuHMX
MeMOpaHu MpOBOAWIN IUDPaKUIMHUMU METOJaMU
aHaitigy (Ultima IV, Rigaku, AnoHis) Ta ckaHy0u010
eJeKTpoHHOI Mikpockomnielo (S-4700 FE-SEM,
Hitachi, fInonist). Takox cuHTe30BaHI MemOpa-
HU JOCJiKyBaJld Ha MOPUCTICTh 32 CTaHIAPTHOIO
npoueaypotro (JICTY 2409-80) Ta BM3HAYaiIu IIO-
PUCTI XapaKTEePUCTUKKM METOIOM HU3BKOTEMIIEpa-
TypHOI ancopbOuii-gmecopouii azory (Nova 4200e,
Quantachrome®, CIIA).

TpaHCMOpPTHI  XapakKTepUCTUKU  BU3HAvyalu
Ha creliajJibHiii OpUriHaIbHIM yCcTaHOBILI, SIKa Mi-
CTWUJIa MeMOpaHOTpHUMay, MaHOMETp i Hacoc. TpaH-
CMOPTHI XapaKTEPUCTUKW BU3HAYaIM 32 TUCKOM
Ta TIMTOMOIO TIPOITYCKHOIO 3MATHICTIO BOMM.

Pe3yabTaTé Ta iX 00roBopeHHs

3a omnucaHOW BUILE METOAMKOIO OYyJ0 OTpu-
MaHO ABa 3pa3ku Kepamiynux mMemopan (KM), sxki
MaJlu CKJaj, 110 HaBeneHU B Tadu. 1. [eomerpis
MeMOpaH BM3Hayajiach npec-hopMolo, B SIKiil mpe-
CyBaJIMCh BUXiJHI KOMIIOHEHTU MeMOpaH, po3Mipu
SIKWX MiC/Is1 TIpecyBaHHS CTAaHOBWJIM 21 MM y diaMeTpi
Ta 3aBTOBIIKU 3 MM.
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Tabauus 1. Cxiiag oTpUMaHUX KepaMidyHUX MeMOpaH

3pasok KM | Bwicr SiC, % | Bwmict ALO,, % | Bmict Na,B,O,, % | Bmict Na,CO,, % |Bmictr NH HCO,, %
SNa-10 55 25 9 10 -
SNH-10 55 26 9 - 10

Ak MoxxHa 6aunTH i3 Tab. 1 3pa3ku Kepamiv-
HUX MeMOpaH BiJPi3HSUIMCH TiJIbKU TUIIOM KapOo-
HaTy, 110 BUKOPMUCTOBYBaBCs: 3pa3ok SNa-10 wmic-
TUB HaTpiii kapOboHat, 3pazok SNH-10 — amoHiit
rinpokapOoHar.

V 1abi1. 2 HaBeJigHO 3arajbHy MOPUCTICTh Ta IO~
PUCTI XapaKTEepUCTUKU (MUTOMA ILIOLIA TOBEPXHi)
OTpUMaHUX 3pa3KiB KepaMiuHUX MEMOpaH.

Tabauua 2. TlopucricTb Ta TIOPUCTI XapaKTEPUCTUKU
KepaMiyHuX MeMOpaH
3pasok | Wi, | Ton | o [Mutoma mioia
KM % |r/cm®| % |moBepxni3a BET, Mm%/t
SNa-10 | 21,91 | 1,73 | 38,14 1,85
SNH-10 | 18,31 | 1,83 | 33,76 1,57

3rigHo 3 HaBeJICHWMHU JaHWMK BOAOIIOTJIMHAH-
HS CHUHTE30BaHWX KepaMiyHMX MeMOpaH € BHCO-
KM — Ha piBHi 20 %. TakoxX MoxXHa 6aunTH, 1110 3a-
raJlbHa TTOPUCTICTh KOJMMBAa€EThes B Mexkax 30—40 %,
1IIO € IOCTATHIM TSI BUKOPUCTAHHS IIMX KepaMiqHUX
MeMOpaH gK MikpodinbTpyBanbHux. [InToma mioma
noBepxHi (Bu3HaueHa 3a BET) oaepxkaHux Kepamiu-
HUX MeMOpaH € HH3bKOIO, IO OOYMOBJICHO BHCO-

KO0 YMOBHOIO TYCTMHOIO Ta HEBUCOKOIO 3arajlbHOI0
MOPUCTICTIO K€paMiYHOTO MaTepiaay OJHOYACHO.

Ha puc. 1 momano mgudpakrorpaMm CUHTE30-
BaHUX KepaMiuHUX MeMOpaH.

AHani3 HaBeleHUX AU@paKTOrpaM CBiIYUTD,
1110 Ticias chikKaHHs KepamiyHa memOpaHa SNa-10
Mae AeNIO iHIIWI CKJIal, aHiXK BUXiTHA CyMilll: € (pazu
CUJIILIIN KapOiay, altoMiHiil OKCUIY Ta YTBOPIOETHCS
HOBa CIIOJIyKa — HaTpiil ajoMocwiIikar. Y cKiami
kepamiunoi memOpanu SNH-10 BusiBneHi uiie aBi
dasu — cuminiii KapOim Ta aJOMiHI OKCHI.

Ha puc. 2 naBeneno CEM-300pakeHHST Kepa-
miuHux MemOpaH SNa-10 ta SNH-10. Sk MoxHa
0ayuTh 3 PUCYHKa MeMOpaHM MaloTh 3€PHUCTHUI
XapakTep 3 HasiIBHUMU MOpaMU Ha iX TTOBEPXHi.

ITpoBeaeHe n1omaTKoBe MaTeMaTUYHE MOJEIO-
BaHHsI 3a JIOMIOMOIO MPOTrpaMHOro 3a0e3MeyeHHs
CEM 103B0JIMJI0 BU3BHAYUTU CEepPelHill po3Mip mop
st 3paskiB. KM (ta6s. 3). OTpumaHi 3HaueHHs
CBiuaTh Mpo Te, 110 CUHTE30BaHi KepaMiuHi MeMO-
panu SNa-10 Ta SNH-10 € MakpomopucTumu,
1110 J103BOJISIE PEKOMEHIYBaTU BUKOPMCTOBYBATH iX
TaKOX $SIK MaTpulli JJIsi BUTOTOBJAEHHSI KepaMiyHUX
MeMOpaH.
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Puc. 1. dudpakrorpamu kepamiunux memopan (/) SNa-10 ta (2) SNH-10
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Puc. 2. CEM kepamiunux mem6pan (a)SNa-10 ta (6) SNH-10

Tabauys 3. Po3mip nop kepamiunux memopan (3a CEM)

3pazok KM SNa-10 SNH-10
Posamip mmop, MKkm 13 21

PesynbTaT nmociimkeHb TPaHCHOPTHUX Xa-
PaKkTepUCTUK, a caMe TUCKY Ta IIBUIKOCTI MPOIycC-
KaHHs BOAM yepe3 MeMOpaHy, MojaHO B TaoOiu. 4.
3rigHo 3 HaBeAEHMUX AAHUX MOXHa 3pOOUTH BUCHO-
BOK, 1110 KepamiuHa MemOpaHa SNa-10 He mpomy-
CKa€ BOJY 32 MaKCUMAaJIbHOTO THCKY (6 Gap) Ha Iiit
YCTaHOBIII, 1110 MOX€E CBITYMUTU a00 IPO BiJICYTHICTh
BIIKpUTUX TIOp, ab0 mpo IX 3BYXEHHS 10 HAaHO-
po3MipiB, yepes sIKi (biIbTPYBAaHHSI MOXKJIMBO JIMIIE
3a OUIBIIMX THUCKIB.

Tabauuys 4. TpaHCIOPTHI XapaKTEPUCTUKU KepaMiuHUX

MeMOpaH
Haszea meMOpaHu SNa-10 | SNH-10
Tuck, 6ap 6 2
IIBuIKicTb MpomycKaHHsI, CM*/XB 0 396

Kepamiuna wmemOpana SNH-10 Bussise
JOCTaTHbO BMCOKY IPOMYCKHY 30aTHIiCTb, a caMe
JUCTWIbOBaHA BoJIa (PIIbTPYETHCS 3i IIBUAKICTIO
396 cM3/xB 3a THCKY 2 Oap. Takuii pe3yabTaT BKa3ye
Ha Te, 10 15 KepaMmiyHa MeMOpaHa Ma€e MiKpodiib-
TPYBaJIbHi BJIACTUBOCTI.

BucHoBku

MeTonoM mpecyBaHHsI BUTOTOBJIEHO KepaMiuHi
MeMOpaHM Ha OCHOBI CUWJILIN KapOiny i3 momaBaH-
HsIM Oypu (IJ1s1 3HMDKEHHSI TeMIIepaTypu Biamainy)
Ta pi3HOro TUMY KapOOHATIB (SIK ITOPOYTBOPIOBAYIB).
OTpUMaHO pi3Hi TUIM KepaMiuyHMX MeMOpaH, sKi
OXapakTepu30BaHO IUPAKIITHUMUA  METOdaMM
aHaJIi3y Ta CKaHYIOUOI €JIEKTPOHHOI0 MiKpPOCKOIMi-
€10. 3’sICOBaHO, 110 Y BUMAAKY IOJABaHHSI HATpii
KapOOHATy YTBOPIOEThCS HOBa (hbaza — HaATpiil amio-
MOCMJIIKaT, BOAHOYAC ITiJl Yac 3aCTOCYBaHHS aMOHii
rigpokapOoHaTy YTBOPEHHSI HOBUX (ha3 He BUSIBIICHO.
ITokazaHo, 1110 MOP(OJIOTiSI CHHTE30BaHUX KepaMiy-
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HUX MeMOpaH XapaKTepU3yeThCs 36PHUCTOIO CTPYK-
Typo1o 3 po3Mipamu mop — 13 ta 21 MKM, nmuToma
riollla MOBEPXHi € HE3HAUYHOO — Ha piBHi Bix 1,5
1m0 1,9 m3/r. locmimkeHo TPaHCTIOPTHI XapaKTepH-
CTUMKU MeMOpaH: KepaMiuHi MeMOpaHU i3 BUKOPUC-
TaHHSM HaTpiii KapOOHATy HE IIPOMYCKalOTb BOAY
3a TUCKY 6 0ap, 1110 MOXKe CBiIYUTH abo PO BimCyT-
HICTh BiIKpUTUX IOP, a00 IIpo iX 3BYXXKEHH:I, Yepe3
SgKi (inbTpyBaHHST MOXJIMBO 3a OUIbLIMX THUCKIB;
KepamiuHa MeMOpaHa, sika BUTOTOBJIEHA i3 3aCTOCY-
BaHHs aMOHIll TigpokapOOHaTy, BUSIBJISIE TOCTATHbO
BUCOKY TPOMNYCKHY 3IaTHICTb — Boma (PuIbTPYEThH-
cs1 31 wBuMIKicTio 396 cM?/xB 3a Tucky 2 Oap. lleit
pe3yabTaT XapakTepHUid i MiKpodibTpyBaJbHUX
meMOpaH. OTxe, 3rigHO 3 OTpUMaHUX AAHUX MOXKHAa

3a3HAYMTH, 1110 AMOHIi TigpoKapOOHaT € OibLI Mep-
CIIEKTUBHOIO TTOPOYTBOPIOIOYOIO MOMIIIIKOIO 10 Ke-
pamiuHuMx MeMOpaH Ha OCHOBI cuJiLlill KapOiny.

V nojanblinxX AOCHIIKEHHSIX HEOOXiZHO 10-
CJIIINTH BIJIMB BMIiCTY aMOHill KapOoHaTy Ha TpaH-
CMOPTHI Ta MeEXaHiYHi BJIACTUBOCTI KepaMiuHUX
MeMOpaH.

ITonsixa

Astopu BiasiuHi HalioHanbHOMY (poHIy mociii-
IKeHb YKpaiHu 3a (piHAHCOBY ITATPUMKY LILOTO
JOCJTIIKEHHSI, 1110 0yJI0 BUKOHAHO B MeXax MPOEK-
Ty i3 BAKOHAHHS HayKOBUX JAOCIII>KEHb i po3po0OK
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Y.M. Molchan, A.A. Zelenska, O.l. Yanushevska, T.A. Dontsova

INFLUENCE OF CARBONATE TYPE ON TRANSPORT CHARACTERISTICS OF SIC-BASED CERAMIC MEMBRANES

Background. Ceramic membranes have recently attracted particular attention due to their thermal and chemical resistance, ability

to be used in aggressive environments, and long service life. Among ceramic membranes, silicon carbide membranes deserve special
attention due to their high strength. However, the high cost of such membranes and the controllability of porous characteristics, which
significantly affect the transportation characteristics, remain an unresolved problem. Therefore, it is extremely important to investigate
ways to reduce the annealing temperature of SiC membranes and control their porosity.
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Objective. The aim of this work is to determine the effect of the type of carbonate on the physicochemical properties and transport
characteristics of ceramic membranes based on silicon carbide. The ceramic membranes were obtained by pressing, to which borax
(to reduce the annealing temperature) and carbonates (as a pore forming agent) were added.

Methods. Method of pressing and sintering with different composition of carbonates. Analysis of the obtained ceramic membranes
by the diffraction method and scanning electron microscopy.

Results. It has been shown that the addition of sodium carbonate results in the formation of a new phase, sodium aluminosilicate,
while no new phases were detected when ammonium bicarbonate was used. The morphology of the synthesized ceramic membranes has
a granular structure characterized by pores ranging in size from 13 to 21 ym and a specific surface area of 1.5-1.9 m®g. The investigated
transport characteristics of ceramic membranes indicate that the use of ammonium bicarbonate allows to obtain a ceramic membrane with
a sufficiently high throughput, which can be recommended for use in the field of microfiltration.

Conclusions. Ammonium bicarbonate is a more promising pore-forming additive for ceramic membranes based on silicon carbide.
Further research will focus on studying the effect of the defoamer content on the transport and mechanical properties of ceramic mem-
branes.

Keywords: ceramic membranes, silicon carbide, sodium carbonate, ammonium bicarbonate, porosity, transport characteristics,
water treatment.
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