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JliIeHHs WijMX yKces B J0NOBHAJIBLHOMY KOAI i3 3HAKO3MiHHUM
HYJIeM 3aJIMIIKY JAUICHOT 0

JlonogHsanbHI KOOU 3HAKOBUX YLMUX ONEPAHOI8 8KA3YIOMbCS EOUHOK DOPMYN0I0 01l 000AMHUX |
8I0 €EMHUX YUCeN MA 0OUUCTIOIOMbCA K 3ATUUOK N0 MOOYIO, WO OOPIBHIOE KITbKOCMI 0BIUKOGUX
Habopie OONOGHANLHO2O KOOV Hucid. AHANimuuHo O0OIPYHMOBAHI OpUSIiHANbLHI cnocobu @ikcayii
NepenoBHeHHs. PO3PSOHOI CIMKU YaACMKU Npu OLIeHHI YiIuX yuceil 3 UKOPUCMAHHAM UXIOHO20
nepeHocy i O3HAKU HYIbOBO2O 3HAUEHHS YACKOB020 3AMUWIKY OUIeH020 NpU OOHOYACHOMY
OmpuUMaHHi 3HaueHHs: cmapuio2o oimy uacmu. Ilokasano, wo 3 memoro yHigikayii aneopummy
00uuUCNIeH sl OIHAPHUX 3HAYEHb YUPDPOBUX PO3PA0I8 YACKU, HYIbO8I YACMKOGI 3AMUUKU OLIeHO20
npu  GUBHAYUEHHI Yu@p Hacmxu ma OOYUCTEHHI HACMYNHO20 YACMKOB020 3ANUWUKY OLIEHO20
HeoOXiOHO nepemeopumu y KOO HYIs 6I0N0SIOHO 00 ¢opmamy 000amHo20 abo 6i0 €MHO20
08I1IK08020 KOOY 8 3aNeAHCHOCHI 8I0 3HAKY OileH020. J[logedeHa KopeKmHICmb 3aCOCY8AHHI KOOY
nepemeopenoco Hyasi Npu OOUUCAeHHI OIHAPHUX 3HAYEHb pOo3pAdi6 YACMKU MA  3ATULUKY.
Mamemamuyno niomeepoxiceno npasuno (QOpMy8aHHs 3ANUWKY V GIONO0GIOHOCMI 00 3HAKY

Oinenozo.

Kniouosi cnosa: oOonoenanvnuil Koo, HezamueHuil HYb,

nO3UMUBHUIL HYb, MOOY]b

00NOBHANLHO20 KOOY, 3AUUIOK NO MOOYTI0, HEPENOEHEHH

DOI: 10.31474/1996-1588-2023-2-37-4-14

Bcmyn

[pakTrynHa peaizamis oneparii JUICHHS IUTHX
YHCell B JOTIOBHSIIBHOMY KOJIi 38 JOIYCTHMHX 3HaYeHb
orepaHniB Iependadae KOHTPOJb IEPEIOBHEHHS
po3psiHOI ciTkH 9acTkH [ 1-3]. CrporneHHst KOHTPOJIIO
MIEPEIIOBHEHHST YAaCTKM Ta 3MEHIICHHS anapaTHUX
BUTpAT JAOCATAIOTHCS IPY BUKOPUCTaHHI CTaHIapTHUX
iHpopMmaniiHuX curHaiiB, mo QopmytoTees [4-6].
[lpn nineHHi JOpeYHO 3acTOCOBYBATH, HAIIPUKIA,
BUXIJJHAH NEPEHOC Ta O3HAKY HASBHOCTI HYJIHOBOTO
3HAYEHHS 3IUIIKY J1JICHOTO.

OcobnuBocTi  MOJaHHSA ~ ONEpaHIiB Y
JIOTIOBHSUTEHOMY KOJIi IPU3BO/ISATH 10 HETOTOXHUX JTiH
IIPY PI3HMX CIIIBBIAHOUICHHSX 3HAKIB ONEpaHIIB 3a
MIPUYMHOIO, Y TOMY YHCIi, BHMOTH HEOJHAKOBOTO
omparoBanss koxy Hyis [7-10]. nst popmyBaHHS

KOPEKTHOTO  KOAYy YacTKM HYJbOBI  3HAUCHHSA
YaCTKOBUX  3aJMIIKIB  AIJICHOTO  IPOMOHYETHCS
posrisimati  y  Qopmari MO3UTHBHOTO  abo
HETaTHBHOTO HYJIs Y BIINOBIAHOCTI JO 3HAKY

IIIEHOTO.

3azanbHa MemodOduka OineHHs yinux yucen

OOYHCIIEHHS YAaCTKHU BiJ JIJEHHS LIINX YHCEN
BU3HAYEHO CIIIBBIIHOIIEHHIM:

a=bd+c, (1)

ne a,b,c,d — 3HAKOBIi IUTI YHCHA, MO BKa3yrOTh Ha
3HAYCHHS NUJICHOTO, JUTHHHKY, 3aJUIIKy Ta YacTKH
BiAIOBIAHO.

OMHO3HAYHICTh PO3KIAJaHHSA [UICHOTO Ha

CKJIaJ0BI Ta LJIOYHCIIOBUI THII IUIEHHS
3a0€3MeUyOThCS BHKOHAHHSIM YMOB:
b#0,c<b ?2)

[Tpu nineHHi 3HaKOBUX IUTNX yrcen 3anaqa (1)
3BOJINTHCS JI0 PO3B'SI3KY PIBHSIHHA

A=B-D+C, 3)
ne A=%|4,B=+|B,D=%|D|,C=%|C| - xomn

IIJICHOTO, MUIBHUKA, YaCTKU Ta 3aJUIIKY BiIIOBIIHO,
e nMomaTHicTh (+) 1 BIiT€MHICTH (—) CKIIQIOBUX

omeparrii TijeHHs mo3HaueHo sk NA, NB, ND ,NC
Ta 3aKOJIOBAaHO HYJIEM 1 OJMHUIICIO:
0,if X >0,

NX=11ir x <o,

me X =A4,B,D,C. 3aramom, Take KOMII'IOTCpHE
300paXCHHsI 4YHCeNl BIAINIOBIZa€ TEpMiHY "TIPSIMUA
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n

kon". Ilpm mnpakTnuHOMYy pO3B'a3aHHi 3amadi (3)
3HAKOBI ONEPaHAN BiJOOPaXKAIOTHCS B AOTIOBHSIILHUX
Ko/iax.

3HaK 4acTKH, BIATIOBIIHO 0 IPaBWII anreOpH,
BU3HAYaTUMETHCS JIOTTYHUM BHPA30M

ND=NA® NB . (4)

OnHO3HAUHICTE  PO3KJIAZAaHHS  3HAKOBOTO
JIUIEHOTO  Ha  CKJIAAoBi  3a0e3redyerscs  IpH
oOMexkeHHsX (2) Ha MoxyJi umcen Ta 30epexeHHI
criBBigHOMIEHHS (1) Mi>K MOZTYJISIMU YHCEI:

[4]=18-{Dj+[c].

[Ipu nMOBIMEHUX 3HAKaX MIICHOTO 1 AUTHHHKA
KOPEeKTHE BU3HAYCHHS YACTKH 3a0e3MeUyeThCs MpH

BUKOHAHHI  HACTYITHOTO  CIIIBBITHOIICHHS  MDX
3HAKOBUMH PO3PSIaMHU YUCIIOBHUX TAHUX:
NB® ND = NC ,

0 BKa3ye Ha 3HAaK MOAAaHKY B piBHsHHI (3), 5K
pesynbrar Bing (opMmyBaHHS IOOYTKY MiJIbHUKA 1
qacTKH. BpaxoByioun (4), yTBOPIOETBCSI BUpa3 Ul

BH3HAYCHHS 3HAaKy KOPEKTHOTO KOAY 3aJIHIIKY
IIIEHOTO
NC=NB(—D(NA(—BNB)=NA. (5)

B 3amaui (1) icnye a>b-d . 3 ypaxyBaHHAM
BJIACTHBOCTEH oneparlii MHO)KEHHS HEB1/I'€MHHUX LLTHAX

YHUCed, PO3PAIHICTH YHCIIOBUX IaHUX
CITIBBITHOCUTECS 32 BHPA30M
) a > b +/ d> (6)

ne 1,0y, l; — MakcuManpHA KUIBKICTH 3HAUYIIMX
pO3psAmiB  AiMeHOTO (JOBXKHWHA MABIHKOBOTO KOIY
MOJIyJTIO JIJICHOTO), MITBHWKA i YaCTKH BiAIOBIIHO.
[Ipu BKa3aHHI MOIYJIB AUTPHUKA T4 YaCTKU (n -1 )—

po3psaaHUMHU Konamu: [, =[; =n—1, HepiHicTs (6)

[puiiMae BUIJISI
l,>22n-2. @)

3  ypaxyBaHHAM  3HAaKOBOTO  pPO3PALY
PO3psLIHICT 3MIHHUX 3aadi (3) 30LIbIIyeThCs

IBZZDZH,

ne lg, lp — pO3pSAHICTS 3HAKOBHMX YHMCIOBUX
3HAa4YEHb JUILHHAKA T4 YaCTKH BIAIIOBIIHO.

[pu omHOpimHIN maM'aTi KOMI'toTepa, IO
CKJIaZIa€ThCsl 3 KOMIPOK PO3pSIIHICTIO M OiT, OlibII
nosre ninene (7) po3TamoByeThCS B ABOX CYMIKHHX
komipkax ~ mam'sti.  Tomy  pospsmmicte [y
KOMIT'FOTEPHOTO BiZIOOpa)KCHHS 3HAKOBOTO JIJICHOTO B

3anadi (3) Bu3HavaeThCs AK [ 4 =2n.

3rizno 3 (2), 1I9  KOMIT'IOTEPHOTO
BiTOOpaXCHHST 3HAKOBOTO 3aJIMIIKY IIJICHOTO 3ajadi
(3) Bu3HAUa€ETHCS PO3PSAAHICTIO

ZC :lB =n.

BinoOpakeHHS YaCcTKH y JOMOBHSUTEHOMY KOZI1
BKa3YEThCS N-PO3PSTHUM MTOJIIHOMOM

D" (n,1)=[ND]D" (n—1,1)=

8

=(V+D)mV =VsignD+ D, ®
ae y=2" —  mapameTp  BioOpakeHHS
JIOTIOBHSATBHOTO KOy pospsymictio 7 G, (X) . —

MO3HAYEHHS TIPOLENYypPH OOYHMCICHHS B3alIHIIKy 32
monynem V xony (X), D' (n-11) - (n—1)-
PO3PSATHHUN TOTTOBHSUTEHIMA KOJ 9acTKH (3), signX =0
abo signX =1 - 3HakoBWi OiT nomaTHOrO abo
Bij’eMHOro uncina X BiamoBimHo, ND = signD .
OGmacts 3HaueHs GpyHkiii D’ (D) nmpuD >0

3rizHo 3 (8), BiANOBiae iHTEpBATY:
D' (n,1)=[0]D" (n—1,1)e[0;¥/2~1],

e [0; V/ 2-1 ] — Jiana3oH 3Ha4YeHb JABINKOBOTO KOJY B

noJi (n—],]). 3 signB(ifB > 0) = () BumnBac:
D" (n,1)=VsignD+D =D.

I[Ipn D <0 inTepBan 3MiHM 3HAUYeHb (PYHKIIT

pT (D), sriaHo 3 (8), BimoBiae inTepBany:
D' (n,1)=[1]D" (n—1,1) e[V /2;V —1],0omxe
D" (n,1)=VsignD+D =V +D.

Taxum YHUHOM, 00JIaCTb BHU3HAYEHHS N-

pospsasoi pymxuii DT (D) nopismioe:

[0:V/2-1].if D>0;
< {[—V/2;—1],if D <0. ©)

Yactka D B obOmacTti Bu3HaueHHs QyHKLIT (8)
Ha PI3HUX AUISHKAX 3MIHM YacTKU BiIoOpakaeThes
JBINKOBUMH KOJAMH PI3HOTO BHIY, 3iCTaBICHUMH
JIIOJaTHUM Ta BiJ'€MHUM YHCIIAM:

De +0dn_1dn_2...d2d],lfDE[O;V/Z—]]; (10)
—dndn,]dnfz...dzdl,l.fDE[—V/Z;—]],
Ac di - HI/I(i)pOBi po3psAan MOAYJIA YaCcTKU IIPHU

i=12,..,n—1Ln.

Taxum ymnOM, 3rinHO 3 (8-10), BimoOpaskeHHs
JIOJJATHUX 3HAa4Y€Hb YacTKH D € LiI0YMCIOBUM
JIBINKOBHMM KOJIOM
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D" (n.1)=(V+D),, =
= (V+(+0dn_1dn—2"'d2d1 ))m -

vV
= [O]dn—]dn—Z"'d2d17

ne d,_;d, >..d,d; — umbposi pospsmm momyns
JIOIaTHOI YaCTKH; [0] — 3HAKOBUH pO3pSAI JOAATHOL
gactku D >0 .

BinmoOpakeHHS BiJ €MHHX YUCIIOBHX 3HAYCHb

gacTku D B HONOBHSUIBHOMY KOpi, 3rigHO 3 (8-10), €
LIJIOYHCIIOBUM JIBIHKOBUM KOIOM:

D" (n,1)=(V+D) =(V+(-dydy_ydady)) =
=V-dyd, .dyd; = (2" - l)—dndn,,...dgd, +1=
=(LyLy_jodol))=dyd,_p.dod; + 1= (1, —d,)- 2" +
Ly —dy_y)- 2" 2 4t (L —dy)- 2"+

(1 —d;)-2" +1=d,- 2" vd, ;- 2"+
+...+Z-21 +d7~20 +1 :[ZJ%EZE+I

ne d,_;d,_,..d,d; — inBepcHi 3HaYeHHs HPPOBUX

. . . .
PO3pAa1B MOAYJIA BLL €MHO1 YaCTKH, |:dn :| — IHBCPCHC

3HAaueHHs B TO3MIi  3HAKOBOTO  DO3PSy
JOTIOBHSUTLHOTO KOIY YacTKi D' (n,1).

TakuMm 4uHOM, TIpoleaypa (POPMyBaHHS
JIOTIOBHAJIBHOTO ~ KOJAYy ~ YacTKM  BHU3HAYAETHCS
CHCTEMOIO:

[d,]d,_sd,_,..d>d,,
if Del0;V/2-1];
DY (m1)= ()

(4, |dy_1d,sdrd; +1,
if De[-V/2;-1],

n

ne d,_;d,_,..d,d; — Ginapui 3HaueHHs 1UdpPOBHUX
po3psiniB i

BU3HAYAIOTHCS PO3B'sI3K010 3a1adi (1), [dn] Ta [Z]

apaMoro Koay MoAyJsd YacTKH, sK1

— OiHapHi 3HA4YCHHA B  3HAKOBIH  MO3MUIIl

JONOBHSUIBHOT'O KOAY YaCTKH.

AineHHss dodamHux 4uces1 8 G0NOBHATLHOMY
KoOi

Ipu A4>0,B>0, 3rinno 3 (11), 3HaueHHs
MOJYJISl JOAATHOT YaCTKH 0OMEKEeHO |D| <2 TOMY
TICPETIOBHEHHSI PO3PSIIHOI CITKM YacTKH NPH JIUICHHI
JIOJIATHUX YKCEJ BU3HAYAETHCSI HEPIBHICTIO

A<B- 2",
ne A=-+|d),|4e[0;H/2—1], H=2"" - napaverp

BiTOOpaXCHHS JIOTIOBHSUTBHOTO KOAY PO3PSIHICTIO

2n 6ir, B=+|B|,|B|e[L,V/2-1].

>

[lepemoBaeHHs BifcyTHE iput A — B - 2o s

piBHO3HAYHE
24-B-2" <0,
10 BiJAIMOBINA€E MPEICTABICHHIO 3MIIIEHOTO MITHHAKA
B(n,1)-2" BIANOBIIHO 0 PO3PSATHOCTI TIOABOEHOTO
IIIEHOTO.
Taxkum yuHOM,
0,if 4, <0,
OVPP =41,if A, =0;
Lif 4, >0,

(12)

ne A, =2A—B-2", OVPP — 03HaKa [EepeIIOBHCHHS
PO3PSTHOT CITKY YaCTKH IIPH IUICHHI TOJATHUX YHCEIL.
OOuHCIeHHs 3amumuKky giteHoro A4, B

JAONOBHSUJIBHOMY KO,Hi BU3HAYA€THCA BUPA3OM

T _ T _pT Lo
A7 (2n,1)= (24" (2n,1)= B (,1)-2 )mH, (13)

ne A" (2n,1)=[NA] 4" (2n-1.1)= (H + A),,;

= HsignA+ A=A, B" (n,1)=[NB]B" (n-1,1)
:(V+B)mV:VsignB+B:B.

Bupas (13) mogaerses y BUMIIsizi:
Ay (2n,1)=(H +24" (2n,1)= BT (n,1)-2") .
- ((ZAT (2n.1)) +((2"-1)-8" (n,1)+])mV o ij
:((ZAT (Zn,]))mH +(KE(n,1)-B" (n,1)+1)mV 2" )mH = (14)

:((ZAT (2”’1)),”]{ +(m+1)mV 'an )

mH

ot ),

ne AT (2n,1)=[0]|4|(2n-1,1), B (n,I)
HOpO3psHA 71 -pO3psSAHa iHBEpCis JOIOBHSIEHOTO
KOy JiJTbHUKA!

87 (n.1) = [0)|B|(n~ 1.1)
Blg(n1)=B" (n,1)+1

— IIEPETBOPEHUH OTTOBHSIIBHIIA KO AUTHHHKA.
3rigHo 3 (14), dopMmyeTbcs MBIMKOBUI KO

3QIMIIKY JieHoro 4, Ta mepesocy FE ~22n, ae E —

BUXIJJHAH ITEPEHOC MOBHOI CyMH 3aJIUIIKY JiJICHOTO
S(2n+1,1)=24" (2n,1)+ Blg (n,1)-2" =
=24" (2n,1)+ H - B" (n,1)-2" =
—E-2"424-B-2"=E-2""+4, =
> 22" if 4, >0,E =1,
=32 if 4, =0,E=1,
<22 if 4, <0,E=0.
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Orxe,
Lif A, >0,N, =0,
E=41Lif 4,=0,N, =0; (15)
0,if A, <O,N, =1,

ne Nn 3HAKOBUH OIT JOMOBHSUIEHOTO KOIY
sanuuiky Ainenoro Al (2n,1)=[N,14L (2n—1.1).
3rimno 3 (12-15), ¢opmyBaHHS O3HaKH

NEPCIIOBHCHHA YaCTKU MPHU HiJ'IGHHi JOJAaTHHUX YHCCIT
OIMUCYETHCA BUPA3OM!

OVPP=E.
3a BigcyTHOCTI TepenoBHeHA O VPP , OiHapHi

3HAYEHHS PO3PSAIB AONATHOI YacTKH, 3rigHo 3 (3) Ta
(11), Bu3Ha4YarOTHCS PO3B'SI3KOI0 PIBHSIHHS

A=B-(d, 2" vvdy24d) )4 C.

3 ypaxyBamusm (12), 3a BimcyTHOCTI
mepertoBHeHHsT OVPP , GiHapHEe 3HAYEHHS B TO3HIIIL

3HAKOBOTO po3psay d,, NOATHOI YaCTKH IIPH JJIEHH]
JI0JIATHHX YMcesl BU3HAYaeThes d, = (.

B 3araneHOMY BHIAJKy 3Ha4eHHs Oity d,_;

BU3HAYA€ETHCA CUCTCMOIO HepiBHOCTeﬁ:

[Lif 4,_;>0;
dn—I _{O,if An—l <0’ (16)
i (]
A-B-2"2if d, = 0;
An1={ vy a7

A-B-2"1_B.2"? ifd =

[Ipu mnpencraBieHHI 3MIOICHOTO AUTHHHUKA

B(n,l)-Z”_[ y  BIANOBIZHOCTI [0 PpO3PAXHOCTI

nineHoro A (2n, 1 ) Bupa3 (17) npuiimMae BUTIISAA:

24, +B-2".if d,, = 0;
24,-B-2"if d, = 1.

n—1 —

B cucremi JONOBHSIIBHOTO KOMY 3aJMIIOK
JineHoro A,_; yTBOPIOETBCS Bi/NIOBIHO 10 CHCTEMH

BUpAa3iB

(18)

o 24 (2n, 1)+ B (n,1)-2",if d,, =0;
" 24 (2n, 1)+ Bl ()27 dy = 1.

Otxe, 3rigno 3 (16), (18), mpum ninenni
JIOJIATHUX YHCEI iCHY€E

. { i (N, =0) A (NB =0

0.if (N =D)a(vB=0), 7

e N,_; — OiHapHe 3Ha4YeHHs y 3HAKOBOMY PO3psAi
JIOTIOBHSIEHOTO Kony 3aJTUIIKY
Al (2n, 1) =[N,_ 14 (2n—1,1).

Taxum YUHOM, IIpU ,HiJ'ICHHi JOJATHHUX YHUCCI

IJIEHOTO

OiHapHe 3HAUYEHHS d,_; BHU3HAYAETHCS
CITiBBiTHOIIICHHSM:
dn_] =Nn—]®NB' (20)

ITpu 3minax ingexcis Bupasu (18-20) BkazyroTs
Ha mpaBwia (OpMyBaHHS yCiX HACTYITHHX LU(PPOBUX
PO3psIIIB 10JaTHOT YaCTKH.

KinneBe  3Ha4YeHHS  3aINIIKY
¢dopMyeTbcss Yy BIINOBIZHOCTI 10
YaCTKOBOTO 3aJIHIIKY JUICHOTO AJT (2n,] ), SIKHH,

IJIEHOTO
3HAYECHHS

3riguo 3 (5), npu N; # NA xopuryerscst:

Al (2non+1),if Ny =0;

c’(n1)=
(1) A5 (2nyn+ 0),if Ny =1,

ne T (n,1) — 1iNOYKMCIIOBUH 3aTUIIOK IIJIEHOTO TP

mimeHHi gomatHux umcen, N j - 3HAa4YeHHA Y

3HAaKOBOMY OiTi
IIIEHOTO:

JAOHNOBHSUIBHOI'O KOAY 3aJIMIIKY

A] (2n,1)=[N1A] (2n—1,1),
A] (2nn+1)= 4] (2n,1)-27",

AOT(2n,n+1):(AIT(2n,n+1)+BT(n,1))mV.

AineHns yinux Yucen e 0onoeHAIbLHOMY KOOi
npu dodamHomy OineHoMy ma gid’eMHOMY
OinbHUKy

IIpu A>0,B<0,

MOJTyJIS BiJT €MHOT YaCTKH 0OMEKEHO |D| <ot , TOMY

srigHo 3 (11), 3HaueHHs

MIEPETIOBHEHHSI PO3PSIHOI CITKH YaCTKH BU3HAYAETHCS
HEpiBHICTIO

A<|B|- 2",

e[0;H/2-1], |B|e[LV/2].
[lepemoBHEHHS BiICYTHE IPU

A+B-2" <0,
piBHO3HAYHE

24+B-2" <0,
10 BiJIMOBINAE MPEICTABICHHIO 3MIIIEHOTO MITHHAKA
B(n,] )~2” BIJIIOBITHO JTO PO3PSIHOCTI TOABOEHOTO
nineHoro, B = —|B| .

Taxkum yuHOM,
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0,if 4, <0,
OVPN =10,if 4, =0; 21
Lif 4, >0,

ne A, =2A+B-2", OVPN — 03HaKa [epeIIOBHCHHS
PO3PSIHOI CITKMA YACTKH MPH MIJICHHI IUTUX YUCEI 3a

HasIBHOCTI  JOZATHOrO  JIAEHOr0 1  Big'€eMHOro
IUIBHUKA.
OGuucrenHs 3anuiuky jginedoro A, B

JAONOBHSUJIBHOMY KO,Hi BU3HAYA€THCA BUPA3OM

Ay (2n.1)=(24" (2n1)+ BT (n1)-2") . (@2)

ne A" (2n,1)=[NA)A" (2n-1,1)=(H+A4), , =
= HsignA+ A=A, B" (n,1)=[NB]B" (n—1,1)=
=(V+B) ,=VsignB+B=2"+B=2"—|B|.

3rigno 3 (22), ¢dopmyeTbcs NBIHKOBHIT KOI
3QIMIIKY AineHoro 4, , o3Haku ZA TIpO HasBHICTH

: 2
3aIMIIKY, 110 AOPiBHIOE HyJIIO Ta nepeHocy E -2,
ne E — BUXiHMH NepeHoC MOBHOI CyMH 3aJIUIIKY
IIJIEHOTO:

S(2n+1,1)=24" (2n,1)+ B" (n,1)-2" =
= 24+(2" -[B])-2" = 27" +24-|B|-2" =
=E- 2" 124+B-2"=E- 2"+ 4, =

> 22" if A, > 0,E =1;

=32 if 4, =0,E=1,
<22 if 4, <0,E=0.

Orxe,
Lif ZA =1,
E=<1,if (N, =0)n(Z4=0); (23)
0,if (N, =1)~(ZA=0),
ne Nn 3HAKOBUH OIT JOMOBHSUIEHOTO KOIY

sanuuiky ginenoro Al (2n,1)=[N,14. (2n—1,1),

_0,if 4, #0,
Z4= {I,if A4, =0.
3rimno 3 (21-23), ¢opmyBaHHS O3HaKH

MIEPETIOBHEHHS YACTKH IPH JUICHHI IUTHX YHCEN 32
HasIBHOCTI JJOAaTHOT'O AIIEHOIO 1 BI'€MHOr0 IlJIbHUKA
OTIMCYETHCS BUPA30OM:

OVPN=E®ZA.
3a BiacytHocTi mepemnoBHeHHS ~ OVPN ,

OiHapHI 3HAUYEHHS PO3PsIIB BII'€MHOI YacTKH, 3T1THO
3 (3) ta (10), BU3HAYAIOTHCS PO3B'SI3KO0 PiBHSIHHS

A:—B~(dn 2" lyd, 2" vdy 2 4 d, .2”)+c.

3 ypaxyBamHsMm (22), 3a  BiICYTHOCTI
mepernoBHeHH (OVPN , 3HaueHHs OiTy B TO3HIIi

3HAKOBOTO po3psay «, 4YacTKW TIpH JUIEHHI ILTHX

YHCell 32 HAsIBHOCTI TOJATHOr'O JAIJE€HOrO 1 Big'€MHOro
IUIBHHAKA BU3HAYAETHCS CUCTEMOIO:

“\Lif 4, =0. (24)

n

[pwu mineHHi JOAATHOTO MIJICHOTO i BiI’€EMHOTO
IUTBHUKA, 3T1AHO 3 (11), TOMOBHSUIEHUH KO BT’ €MHOT
YACTKH BU3HAYAETHCS CHCTEMOIO BUPA3iB:

DT(n,])—{

[O]dn—ldrtj“'@;]‘l'l,if‘D‘ < 2n—1; ,
[1]0,-10,-5-0,0; + Lif D==2"", (25)

ze [(_)J , P} — OiHapHi iHBEpCHI 3HA4YCHHS B IMO3MLIi

3HAKOBOTO PO3psANy d, BiJ’€MHOI YaCTKH.

Otxe, 3rigHO 3 (24-25), mpu ALIEHH] ITHX
YHCell 32 HAsIBHOCTI TOJATHOr'O AIJIE€HOrO 1 BiA'€MHOro
IUTBHUKA iCHY€E

_|Lif (N, =0)A(NB=1);

g _{O,if(Nn =I)A(NB=1), (26)

ae N, - 3HaKoBMii OIT IOMOBHSAIBHOTO KOJY 3aJIUILKY
pinenoro Al (2n,1)=[N,14L (2n—1,1).

Takum uuHOM, 3 ypaxyBaHHAM (26), GiHapHe
3HAQUEHHA B  TO3WIII  3HAKOBOTO  pO3psmy
JIOTIOBHSUTEHOTO KOy Bil'€MHO{ YaCTKH BU3HAYAETHCS
JIOTIYHUM BHPa30M

d,=N,®NB. 27)

B 3araneHOMYy BHIAJKy 3Ha4eHHs Oity d,_;

JIOTIOBHSUTLHOTO KOJTY BiJl'€MHOT YaCTKM BH3HAYAETHCS
CHCTEMOIO HEepiBHOCTEH:

| Lif 4, ;=20
dn—I _{O,if An—l <0, (28)
ze
Ja+B-2"2ird, =0,
n—1 = n—1 n—2 - (29)
A+B-2""+B-2" " ifd, =1

[Ipu mnpencraBiieHHI 3MIMIEHOTO MiTHHHUKA
B(n,1)- 2"y Bignmosimmocti 10  pospsHOCTI
IJICHOTO A(Zn, 1 ) Bupa3 (29), 3rinHo 3 (27), npuiimae

BUTJIAN:

L _|pa-B2mira, =0
" 24, 4B 2"ifd, = 1.
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B cucremi JONOBHSUIIBHOTO KOMY 3aJIMIIOK
JineHoro A,_; yTBOPIOETBCS Bi/INIOBIHO 0 CHCTEMH

BUpAa3iB
T T Lon —0-
4= 2A,,T(2n,1)+B7;R(n,1) 2n ,.zfd,, % G0y
24T (2n,1)+ BT (n,1)-2",if d,, = 1.
3rigHo 3 (28), (30), icHye
Lif (N,_; =0)A(NB=1);
d, ;=" B 3 3D
O,Zf(Nn_I —I)A(NB —1),

ne N,_; — OiHapHe 3HAuEHHs y 3HAKOBOMY PO3psJi

JIOTIOBHSUTEHOTO Koy 3IHIIKY JIJICHOTO
T T
Ay_;(2n,1)=[N,_;14,_;(2n—1,1).
Taxkum umHOM, 3rimHO 3 (31), 3HAueHHs OiTy
d,_; JONOBHANBHOTO KOAYy BiI'€MHOI 4YacTKH
BU3HAYAETHCS JIOTTYHUM BUPa30M
dn_] = Nn_] (‘BNB

B 3aranpHOMy BUINAAKy, NpW JIUIEHHI IUTHX
YUCes 32 HASBHOCTI BiJ'€éMHOIO J1JIEHOIO 1 J0JaTHOTO
NITGHMKA JIONOBHSUIBHMHM KOJ BIJ'€MHOI YacTKHU
BH3HAYAETHCS IHBEPCHUM KOAOM BiamoBimHO 10 (11),
(25):

d

n

_]ZNn_JC‘DNB. (32)

ITpu 3minax ingexcis Bupasu (30-32) BkazyroTh
Ha mpaBwiia (JOPMyBaHHS yCiX HACTYITHHX LU(PPOBUX
PO3psIIIB BiJI'€EMHOI YAaCTKH.

KinmeBe  3HaueHHS  3aMUIIKy  UJICHOTO
¢dopMyeTbcs Yy BIANOBIAHOCTI OO0  3HAYCHHS

YaCTKOBOTO 3aJIHIIKY JUICHOTO AIT (2n,]), SIKHH,

3rigHo 3 (5), mpu N; # NA xopuryerscs:

Al (2n,n+1),if Ny =0;

cT (n,1)= T
h (2n,n+1),ifN] =1,

e cT (n,1) — winouucioBUiA 3aMIIOK AineHoro, N;

— 3HAYCHHS Y 3HAKOBOMY OiTi JOMTOBHSIIBHOTO KOy
3aJIUIIKY JIUTEHOTO

Al (2n,1)=[N14] (2n—1,1),
A} (2n,n+1)= 4] (2n,1)-27",
4y (2nn+1)= (4] (2nn+ 1)+ Bl (n.1))
mV

JlomoBHAITbHAN KOX 4YacTKH, 3rigHo 3 (11),
(opMyeTbCcS IHKPEMEHTYBAHHSM 1HBEPCHOTO KOy
YaCTKH

D7 (n.1)=[ @, 8yl + 1.

AineHns yinux yucen e 0onoeHAIbLHOMY KOOi
npu eid’emHomMy OdineHomy ma dodamHomy
OinbHUKy

Ipu A<0,B>0, srinro 3 (11), 3HAUCHHS
MOJTyJIS BiJT €MHOT YaCTKH 0OMEKEHO |D| <ot , TOMY
NCPCIIOBHCHHSA pO3pHI[H0'1' CiTKI/I YaCTKHU BU3HAYA€THCA
HEpiBHICTIO

|4 < B-2"1,

e B=+|B , B<2n_1, |A|£22”_2.

[epenoBHEHHS BiACYyTHE IPU

A+B-2"1 >0,
piBHO3HAYHE
24+B-2" >0,
10 BiJIMOBINA€E MPEICTABICHHIO 3MIIICHOTO MITHHAKA
B(n,1)-2" BioNoBiTHO IO PO3PSIHOCTI IOABOEHOIO
ninedoro, A= —|A| )
Taxkum yuHOM,
0,if 4, >0,
OVNP =10,if A, =0; (33)
Lif 4, <0,

ne A, =2A+B-2", OVNP - o3HaKa [epeIIOBHCHHS

PO3PSIHOI CITKMA YACTKH MPH MIJICHHI IUTUX YUCEI 3a
HasiBHOCTI BIJ'€MHOr0 JIJIGHOIO 1 JI0JIATHOTO
IUIBHUKA.

OGuucienHs 3anuiuky jginesoro 4, B

JAONOBHSUIIBHOMY KO,Hi BU3HAYA€THCA BUPA3OM

Ay (2n,1)=(24" (2n,1)+ B (n,1)-2") LG4

ne A" (2n,1)=[NA)A" (2n-1,1)=
=(H+A) . =Hsignd+A=H+A4=2"-|4,

B" (n,1)=[NB]B" (n-1,1)=(V +B) , =B.

3rigno 3 (34), 3 ypaxyBaHHSAM OOMEKCHHS
|A|<22"71 , (opMyeThesl IBIMKOBHH KO 3aIUILIKY
ainenoro 4, , osHaku ZA, 1po HASBHICTH 3aJIHILKY,

0 JIOPIBHIOE HYJIEBI, Ta mepeHocy F -22", ne E —

BUXIJJHAH ITEPEHOC MMOBHOI CYMH 3aJIMIIKY JIIJIEHOTO
S(2n+1,1)=24" (2n,1)+ B" (n,1)-2" =
:2(22”’1—|A|)+B-2” -
=24 24+B-2"=E-2’"+ 4, =
S22 if 4 >0,E=1,
=32 if 4, =0,E=1,
<2°"if 4, <0,E =0.
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Orxe,
Lif A, >0,N, =0,
E=<Lif 4,=0,N, =0,
0,if A, <O,N,, =1,

(33)

ne Nn — 3HAKOBHH OIT JOMOBHSIIBHOTO KOJIY
samMIIKy AineHoro A5 (2n,1) =[N, 14} (2n-1,1).
3rizio 3 (33),(35), dopmyBaHHS O3HAKH

MIEPEIIOBHEHHS YACTKH IPH JTUICHHI IUTHX YHCEN 32
HasIBHOCTI  BIA'€MHOro  JIJI€HOrO 1  JOJATHOI'O
ITBHUAKA BKA3YETHCS BUPA3OM:

OVNP=E.

3a BigcyTHOCTI nepenioBHeHHss OVNP , 6iHapHi
3HAYEHHS PO3psAiB BII'€EMHOI YacTKu, 3rigHo 3 (3) Ta
(10), BU3HAYArOTHCS PO3B'SI3KOI0 PIBHSIHHS

A =—B-(d” L R L R N L ~20)+C-

(34), 3a BiacyTHOCTI
meperoBHeHHST OVNP, 3Ha4eHHA OIiTy B MO3HIIL

3 ypaxyBaHHSM

3HAKOBOTO pO3psANy d, YacTKH TpH AUICHHI UiTHX

YHCell 3a HAIBHOCTI B1'€MHOI0 IIJIEHOTO 1 TOJATHOI'O
IUIBHAKA BU3HAYAETHCS CHCTEMOIO

{o,if 4, > 0;

D=\ 1if 4, =0.

n

(36)

3Binkm, 3rimHo 3 (33-34), 3 ypaxyBaHHAM
NB =0, BuruuBae

0,if (ZA=0)A (N, =0);
" :{I,if(ZAzl)/\(Nn =0).

3 ypaxyBaHHSAM 3HaKy JisieHoro NA =1,

G37)

NN —z4 ®N,,

ne N,{VZ — O3HaKa 3HAKOBOTO OiTy KOJAY BiT'€MHOTO
HyJIs B TIONi YacTKOBOI'O 3aJHIIKy JIICHOTO
A (2n,1),
0,if 4, # 0,
ZA — 2 n b
n {I,if A4, =0.
3 ypaxyBanusM (36-37) Ta oO3HaKH N,]lVZ ,
icHye
d,=N)M @NB. (38)

B 3aranpHOMYy BHManKy, OiHapHE 3HAYCHHS
d,,_; BU3HAYAETHCS CUCTEMOKO HEpiBHOCTEH

0,if 4, ;> 0;
Lif 4, ; <0,

dy 1= (39)

10

n—-2 . N
e {A+BZ Jif d, =0;

-1 -2 .
A+B-2""+B- 2" if d, =1.

[Ipu mnpencraBieHHI 3MIMIEHOTO MiTHHHUKA

B(n,])-Z"iI y BiANOBIZHOCTI 10 PpO3PAAHOCTI

IIIEHOTO A(Zn, 1 ) Bupa3 (39) npuiimMae BUTIISIL:

n—1 =

24,-B-2",if d, = 0;
24,+B-2"if d, = 1.

B cucremi [OMOBHSUIEHOTO KOAY 3aJWIIOK
IIIEHOTO A,,_; YTBOPIOETBCS BIAITOBIAHO 1O CUCTEMH

BUpA3iB:

_{ZAnT(Zn,J)-rBTTR(n,])-Z",ifdn =% )

" 24T (2 1)+ BT (m0)-2" i dy = 1.
3rigno 3 (38), 3 ypaxyBanusam NB = (), icHye
0,if (ZA,_; =0)A(N,_; =0);

dy_; = I,if(ZAn,] :O)A(anl :]);
Lif (Z4,_; =1)A(N,_; =0),

(41)

ne N,_; — OlHapHE 3HAYEHHS Yy 3HAKOBOMY PO3psiii
KoLy 3IHIIKY
_ T
(2n,1)=[N,_;14,_;(2n—-1,1),
0,if A,_; #0;
ZA4, =477 T
n-l {l,if 4, ;=0.

3uavenns Oity d,_;

JOIIOBHAJIBHOT'O I[iJ'IeHOl"O

AT

n—1

JOMOBHAJIBHOI'O KOOY

BiZ['CMHO.l' YaCTKW BU3HAYA€THCS BUPA3OM
N4
dn—] - Nn—] ®NB,

Z
IS N}']l\il :ZAn—] @N}’l—l
Kooy BiﬂveMHOrO HYJA B HO.]'Ii YaCTKOBOI'O 3aJIMIIKYy

— O3HaKa 3HAaKOBOTO OiTy

ninenoro AL, (2n,1).

B zaranpHOMy BHIAAKy, 3a HasSBHOCTI
BIZ'€eMHOro  IUJIEGHOTO 1  JOJATHOrO  JIUIBHHKA
JIOTIOBHSUTBHUH KOJ BiJ'€MHOI YacTKH BH3HAYAETHCS
IHBEpCHUM KooM BimmoBigHO 10 (11), (25):

d,_; =N ®NB. (42)

[Tpu 3minax ingekcisB Bupasu (40-42) BkazyroTh
Ha mpaBwia (OPMyBaHHS yCiX HACTYITHHX LHU(PPOBUX
PO3PSAIIB BiI’€MHOT YaCTKH.

KinneBe  3Ha4YeHHS  3aINIIKY
¢dopMyeTbcs Yy BINOBIZHOCTI 10

YaCTKOBOTO 3aJIHIIKY JUICHOTO AIT (Zn,l), SIKHH,

IJIEHOTO
3HAYECHHS

3rigHo 3 (5), npu N; # NA KOPUTYEThCS:

Al (2n,n+1),if NIV =1,

cT n,1)=
(1) Ay (2n,n+1),if NIV =0,
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ne ¢’ (n, 1) — IJIOYHMCIOBHMM 3aHUIIOK iJIEHOTO,

N [NZ =Z7ZA; ® N; — o3Haka 3HaKOBOro OiTy Koy
BiJ'€MHOTO HYJIS B IOJI 3QJIMIIKY JIJIEHOTO AIT (Zn,]),
ZA; — 03HaKa Npo HasABHICTh 3AIIMLIKY JiJICHOrO A;,
O JOpiBHIOE HyJeBi, N; — OiHapHe 3Ha4YeHHA Y

3HAaKOBOMY  OiTi
IIIEHOTO

JAOHNOBHSUIBHOI'O KOAY 3aJIMIIKY

A] (2n,1)=[N14] (2n—1,1),
A (2nn+1)= 4] (2n,1)-27",
4y (2nn+1)= (4] (2nn+ 1)+ Bl (n.1))
mV

JlomoBHAITPHUNA KOX 4YacTKH, 3rigHo 3 (11),
(opMyeTbCcS IHKPEMEHTYBAHHSM 1HBEPCHOTO KOy
YaCTKH

D7 (1.1)= [, 8yl + 1.

Hdinennss  uyinux  eid’eMHuUx
donosHsIIIbHOMY KOOi

qucen (5]

Ipu A<0,B<0, srinao 3 (11), 3HAUCHHS
MOJyJISl TOJATHOT YaCTKA OOMEKECHO |D| < 2"_1 , TOMy
TIEPEITOBHEHHS PO3PSTHOI CITKH YaCTKHA BU3HAYAETHCS
HepiBHICTIO:

|4|<|B|- 2",

ne |B|< 2", |4|< 222
[lepemoBaeHHs BifcyTHE iput 4 — B - s 0,
24-B-2" >0, mo

NPENCTABIEHHIO 3MILIEHOr0 JIiIbHUKA B(n,l)'Z”

piBHO3HAYHE BIJINIOBi1a€

BIJIMIOBITHO 70 PO3PSAHOCTI IOJBOEHOTO IICHOTO,
A=-|4,B=-|B.
Taxkum yrHOM,
0,if 4, > 0;
OVNN =< 1if 4, =0;
Lif 4, <0,

(43)

ne 4, =2A—B-2", OVNN — 03HaKa [EPCIIOBHCHHS

PO3pSAMHOI CITKM YacTKA TPH MOUICHHI Bill'€MHHX
quced.

OO0unciIeHHs A B

3AJIMIIKY HiJ’IGHOFO n

JAONOBHSUJIBHOMY KO,Hi BU3HAYA€THCA BUPA3OM
A7 (2n.1)= (247 (2n.1) =BT (n.1)-2") . (44)
ne A" (2n,1)=[NA]a" (2n—1,1) =
=(H+4) , =Hsignd+A=H+A4=2"-|4|,

B" (n,1)=[NB]|B" (n—1,1)= 2" ~|B|.

11

Bupas (44) nmonaerbes y BUIIISAL

Ay (2n,1)=(H + 247 (2n,1) - B" (n,1)-2")

= ((ZAT (2n, 1))mH +Blp(n,1)-2" )mH,

ne Big (n,1)
IUTBHUKA BiAMOBiAHO 110 (14).
3rigHo 3 (44,45), 3 ypaxyBaHHSIM OOMEKCHHS

— MEpPEeTBOPEHUN JONOBHSAIBHUN KOJ

|A|<22”_1 , (bopMyeThCcs IBIIKOBHI KOJ 3aIUIIKY

IineHoro A, , o3Hakm ZA, Tpo HasBHICTbH 3aIHIIKY,

n»

0 JOPiBHIOE HYJIEBi, Ta MEPeHOCY F .22 " me E —

BUXIJJHAH ITEPEHOC MOBHOI CyMH 3aJIMIIKY JIIJIEHOTO

S(2n+1,1)=24" (2n,1)+ Blg (n,1)-2"

=222 | )+ (2" - 2"+ |Bl)- 2" =
=2"424-B-2"=E-2’"+ 4, =
>2%"if 4, >0,E=1,
=32 if 4, =0,E=1,
<2°"if 4, <0,E =0.
Otxe,

Lif 4, >0,N, =0;
E={1if 4,=0,N, =0;
0,if A, <O0,N, =1,

(46)

ne N, — 3HakoBMH OiT JOMOBHAILHOTO KOy

3aJIMIIKY JIIJICHOTO:

Al (2n,1)=[N,14] (2n-1,1).
3rinno 3 (43-46), ¢opMmyBaHHS ~O3HaKH

NEPCIIOBHCHHSA YaCTKU IIPU HiJ'IeHHi BiZ['CMHI/IX YHUCCII
OIMUCYETHCA BUPA30OM!

0,if A, #0,

OVNN =E®ZA, , ne 74, ={”ij 0
s n .

3a BiacytHocti mepenoBHeHHs ~ OVNN,
OiHapHI 3HAUCHHS PO3PSIIIB JJOAATHOT YACTKH, 3T1IHO 3
(3) Ta (11), Bu3HAYarOTHCS PO3B'A3KOI0 PIBHIHHS

A=B(d,-2"" 4 vy 24d))+C.

3 ypaxyBamusMm (43), 3a BiacyTHOCTI
nepertoBaeHHsT OVNN , OiHapHE 3HAYCHHS B TO3HIIIL
3HAKOBOT'O PO3psAay d, N0JAaTHOI YACTKHU IPH JiIEHH1
BIJI'€MHHX YKCE BU3HAYACTHCS dn =0.

B zaranpHoMy Bumanky, OiHapHe 3HauYCHHS
po3psny d,,_; BU3HAYAETHCS CUCTEMOIO

0,if 4, ;> 0;
_1=1Lif 4,1 =0,
Lif 4, ; <0,

d

n
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P[]
A-B-2"2 ifd, =0,

-1 -2 .
A-B-2"1-B.2"2 ifa =1.

n—1 — (47)

[Ipu mnpencraBieHHI 3MIOICHOTO AUTHHHUKA

B(n,])-Z”_] y BIINOBIHOCTI 70 PO3PAMHOCTI

TIIEHOTO A(Zn,] ) Bupas (47) npuitMae BUTIIS:

24, +B-2".if d,, =0;
24,-B-2"ifd, =1.

n—1 —

B cucremi [OMOBHSUIEHOTO KOAY 3aJHIIOK
TUIEHOTO A, _; YTBOPIOETECS BiIMOBITHO IO CHCTEMH

BHpa3iB:
245 (2n, 1)+ BT (n,1)-2",if d,, = 0;

Ayg = 48
" 248 (2n,0)+ Blg (n.1)-2"if dy = 1. %)

3 ypaxyBaHHaM NB =1, icHye

(Naor=1); (49

ne N,_; — OlHapHE 3HAYEHHS Yy 3HAKOBOMY PO3psiii

JAONOBHSUIBHOT'O KOAY 3aJIMIIKY ﬂiHGHOFOZ
T T
AL (2n,1)=[N,_)14; (2n-1,1),

_ 0,1](‘ An71 iO,
Z4,_; _{],if 4, ;=0.

Takum  umHOM, 3HaweHHs Oity d,_;

JIOTIOBHSUIBHOTO KOJY JOJATHOI YaCTKU BU3HAYAETHCS
BHPA30M:

d, ,=NN, ®NB, (50)

ne Ny =74, ;®N,_
KOI[y BiﬂveMHOFO Hyﬂf{ B HOHi JaCTKOBOI'O 3aHI/IHIKy

— O3HaKa 3HAaKOBOTO OiTy

ninenoro AL, (2n,1).

ITpu 3minax inxekciB Bupasu (48-50) BkazyroTh
Ha mpaBwia (OPMyBaHHS yCiX HACTYITHHX LHU(PPOBUX
PO3psIIIB 1OJaTHOT YaCTKH.

KinneBe  3Ha4YeHHS  3INIIKY
¢dopMyeTbcs Yy BIINOBIZHOCTI 10

YaCTKOBOTO 3aJIMIIKY JIJIEHOTO AIT (Zn,]), SIKUH,

IIJIEHOTO
3HAYECHHS

3rigHO 3 (5), mpu N; # NA KOPHTYEThCS HACTYITHHM
YHHOM:!

Af (2non+1),if N2 =1

c’ nl)=
(1) Ay (2non+1),if NIV =0,

ne cT (n, 1) — IJIOYHMCIOBHMM 3aJUIIOK iJIEHOTO,

NINZ =Z7ZA4; ® N; — o3HaKa 3HaKOBOTrO OiTy Komy

Bil'€MHOTO HyJIsS B TIOJNi 3alHIIKy JIICHOTO

AT (2n,1), ZA; — o3HaKa TpO HasBHICTH 3aMIIKY
nineHoro A;, mo jgopisHioe Hynesi, N; — 6inapHe

3HAYCHHS Yy 3HAKOBOMY OITi JOMOBHSUTBHOTO KOJY
3aJIMIIKY JIIJICHOTO.

A} (2n,1)=[N14] (2n-1,1),

A} (2n,n+1)= 4] (2n,1)-27",

4y (2nn+1)= (4] (2n,n+ 1)+ BT (n,J))mV

BucHoeok

3ampornoHoBaHWi  (oOpMaNizoOBaHUI  OmHC
oreparii AiJIeHHs X ONEepaH/IiB, IO 0a3yeThCs Ha
BHKOPHCTAaHHI 3MIIIIEHOTO KOYBAHHS | BUKOHAHHI il
32 TIPIOPUTETHUM BHKOPUCTAHHSIM MOJYJISIPHOCTI
JIAaHWX, I1I0Ka3aB METOMAOJIOTIYHY MOBHOTY, YiTKYy

MaTeMaTH4HY MOCIIIIOBHICTH BHCHOBKIB Ta
KOPEKTHICTh OTPUMAHUX PE3yIIbTATIB.
OpwuriHanbHU METOJ KOMII'FOTEPHOT0

MOJJaHHs LUIHX 4yrcel y 1udposiit Gpopmi nependauae
KOIyBaHHsS JOJATHUX Ta BiA €MHUX MHUINX YHCEN
BiJIITOBIHO JTO OJTHAKOBOT MaTEMaTHUYHOI 3aJICKHOCTI,
¢ikcanito TEperoBHEHHsI PO3PSAHOI CITKM YacTKH
OHOYAaCHO 3  OOYMCJIEHHSM 3HAaKOBOTO PpO3pSIy.
[lepeTBOpeHHsI NMOTOYHMX KOAIB HYJIBOBHX 3HAuCHb
3JIMIIKIB JIUJIEHOTO Yy BixmoBimHocTi 10 (opmary
HETaTHBHOTO HYJISI CTBOPIOE YMOBH yHiiKalii Bupa3zy
oOunciieHHs1 OiHApHUX 3Ha4eHb IU(POBUX pPO3psAiB
YacTKM TpH OyIb-IKUX CIIIBBIJHOIICHHSIX 3HAKIB
JIUIEHOTO 1 JiMbHUKA. 3a BIJIICYTHOCTI ITEpErOBHEHHS
3HAKOBHH Ta U(POBI pO3PsIN JONOBHIIBHOTO KOy
YaCTKH OOYNCITIOIOTHCS OHAKOBO.
3HavyIIiCTh Ta IEPCIEKTHBHICTH PE3yJIbTaTiB

JIOCHI/DKEHHS, M0 TIPOBEAEHO, TIPYHTYETbCS Ha
JIOBEACHUX MaTeMaTHIHUX BiJIHOIIICHHSIX,
HECKJIaTHOCTI 3aIIpOIIOHOBAHOTO aJITOPUTMY Ollepaii
IICHHS Ta MOXIMBOCTI CTBOPCHHS BiIITOBITHHUX
KOHKYPEHTOCIIPOMOXKHHX TIPUCTPOIB AIJICHHS LINX
YHCell B JONOBHSUIBHUX KOJaX.
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DIVISION OF INTEGERS IN COMPLEMENTARY CODE WITH SIGN-CHANGING ZERO
REMAINDER
The complementary codes of the signed integer operands of the division operation are indicated by a single formula
for positive and negative numbers and are calculated as a remainder modulo the number of binary sets of the
complementary code of the number. The task of dividing integers is reduced to the operation of dividing
polynomials of complementary codes. For the mathematical description of the complementary code of integers,
the form of a shifted and modulo-truncated special code is introduced, which is adequately indicated by a
polynomial of positive and negative numbers.
The functional dependence of the definition area of the additional code and the bit rate of the corresponding
polynomial is established. In the complementary code system, an algorithm for calculating a special polynomial
fraction, invariant to the signs of the operands, is proposed. Analytically substantiated original methods of fixing
the overflow of the bit grid of the fraction when dividing integers using the output carry and the sign of the zero
value of the partial remainder of the divided while simultaneously obtaining the value of the most significant bit
of the fraction.
In order to unify the algorithm for calculating the binary values of the digital digits of the quotient, zero partial
remainders of the divisor when determining the digits of the quotient and calculating the next partial remainder of
the quotient are proposed to be converted into a code of zero according to the format of a positive or negative
binary code depending on the sign of the quotient. The correctness of the application of the transformed zero code
when calculating the binary values of the digits of the quotient and the remainder is proven. A proven algorithm
for calculating the additional code of the fraction based on the value of the polynomial of the fraction. The proposed
algorithm for calculating the correct complementary code of the remainder divided by all ratios of the signs of the
operands. The rules for the formation of the remainder in accordance with the division sign are specified and
mathematically confirmed.
Key words: complementary code, negative zero, positive zero, module of the complementary code, remainder
after the module, overflow
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Cucremu BUSIBJIEHHS MEPECKECBUX BTOPIrHEHDb Ha OCHOBI HeﬁpOHHHX MEPEIK
rJIn00KOro HaBYaHHS

Cmammio npucesueno 0210y CUCmeM GUABTICHHS MEPENCeGUX BMOPESHEHb HA OCHOBI HEUPOHHUX
Mepedic 2IubOK020 HABUAHHS ma WiAxie ix cmeopents. Ilpoeedeno 020 npedmemuoi obnacmi,
BUBHAYEHO KAACUDIKAYio KIDep3aspo3 ma KOPUCy CUCEM BUSLGLEHHSL MEPEIICeBUX GIMOPSHEHb NPU
3anobieanti OCHOBHUM munam Kibepsaepos. Poszensanymo nybniuni Habopu danux 0 cmeopeHHs
cucmem BUSABIEHHS MepedCesux 6MOPeHeHb ma eusHaueni ix xapaxmepucmuxu. [Ipoananizoearno
niOX00U 00 CMEOPEHH S CUCEM BUABLEHHSL MEPEICEBUX GIMOPSHEHb 3 BUKOPUCTIAHHAM PEKYDEHMHUX
HEUPOHHUX Mepedc, 8 MOMY YUCT, 3 BUKOPUCHAHHAM GEHMUILHOZ0 DEKYPEHMHO20 8Y3ld 8
KoMOIHayii 3 mexanizmom yeaeu. Busnaueno oCHOBHI 3a80aHHA 0151 NOOANLULUX OOCTIONCEHD.

Kniouogi cnoea: neiiponni mepeoici, cucmemu UAG1EHHA MEPEIHCEBUX 6MOPZHEND, KiDepde3neKa,

nyoniuni nabopu oanux, mexamizm yeazu

DOI: 10.31474/1996-1588-2023-2-37-15-21

Bcmyn

3 BIAKPUTTSAM IHTEpPHETY Ta HOMIUPEHHAM
IUQPOBUX TEXHOJOTIH KibepOe3neka crajia OfHIE 3
HaWBaXXJIMBIIIMX Ta HAHOLIBLI aKTyaJIbHUX MPoOeM
HaIoro yacy. B mepexi, 110 HiKOJIM HE CITUTH, BOPOTH
MOCTIHHO HIYKAarOTh IUISIXH NPOHUKHEHHS B CUCTEMH
Ta MEpexi, 37aMylOul Taposli Ta BHKOPHCTOBYIOUH
PI3HOMAHITHI aTaku JJIs OTPUMAaHHS KOH(]IIEHITIIHHOT
iHpopmamii. 3axuer Bim X 3arpo3 BuUMarae
HA/I3BUYAIHOI YBard Ta iHHOBALIHHUX PIIICHb.

OnHak, pa3oM 31 3pOCTaHHSM KUIBKOCTI 3arpo3,
pPO3BHBAIOTBCS 1 3aco0m Juig iX BUSIBICHHS Ta
3aro0iraHHs, TOMY OJHI€I0 3 HaWBaKIMBIIINX
CKJIaJIOBUX Cy4acHOi KiOepOe3nekn € CHUCTEeMH
BusiBIIeHHS MepexeBrux BropraeHs (NIDS — Network
Intrusion Detection System). Li cucremu Bimirparots
BaXJIMBY pOJb Yy CHpoOi BHUABHTH Ta BIACIATH
aHOMaJIbHy aKTHUBHICTh B Mepekax, IO MOXe
CBITYMTH ITPO MOMJIMBHH BTOPTHEHHS YU aTaKy.

3a OCTaHHE JECATWIITTS, CHCTEMH BUSBICHHS
MEPEXEBUX BTOPTHEHb 3a3HaNN 3HAYHUX
TpaHcdopManiii 3aBISIKK BIPOBAIKEHHIO TTTHOOKOTO
HaBYaHHSA Ta HeWpoHHMX Mepex. Lli iHHOBamiiHI
TEXHOJIOTIi CTalli KIIOYOBUMH IHCTPYMEHTaMH Yy
MiIBUINEHHI  C(QEKTHBHOCTI TAaKWX CHCTEM Ta
3a0e3MeueHHl  HAMIMHOTO 3aXWCTy BiJl BEIHKOL
KIJIBKOCTI 3arpo3, HaBiTh THX, IIO PO3BUBAIOTHCS 3
€KCTIOHEHIIIHHOIO IIBUJIKICTIO.

ITpn po3pobui epexTnBHUX 1 rHyuknx NIDS
JUTST HEBIIOMHX MAaHOyTHIX aTak BUHHUKAIOTh, B
OCHOBHOMY, J1Bi mnpobnemu. [lo-mepme, ckiagHO
MPaBWIBHO BHOpaTW O3HaKM 3 HaOOpy JaHWX
MepexeBoro Tpadiky sl BHSBICHHS aHOMAIii.
OsHaky, BUOpaHi JJIs1 OJHOTO KJIacy aTak, MOXKYTh He
TMIPAIIOBATH JJIs 1HIIMX KaTETrOpilf aTak yepes3 MoCTiiHi

15

3MIHM Ta €BOJIOLiI0 cueHapiiB artak. Ilo-mpyre,
HEIOCTYIHICTh MapKOBaHOro Tpadiky 3 peabHUX
Mepex st po3pobku NIDS. TlorpiOHI BemmdesHi
3yCHiIs, 00 CTBOPUTH TaKWi MapKOBaHWH HaOip
JaHUX 3 HeoOpoOieHoro MmepekeBoro Tpadiky,
310paHoTO 3a MEBHUH Iepios ad0o B peXXHUMi peaIbHOTO
yacy. Kpim Toro, mo6 30epertn KoH(}iICHIIHHICTD
BHYTPILIHBOI OpraHi3amiifHOI CTPYKTYpH Mepexi, a
TaKOXX KOH(QIACHIIWHICTE PI3HUX KOPUCTYBAdiB,
aZMIHICTPAaTOPH MEpeX Heoxoue IMOBIIOMISIOTH PO
Oynb-sIKi BTOPTHEHHS, SIKI MOIJIM CTaTHCS B IXHIX
Mepexax [1].

Meto10 pobOTH € pO3IIIsiA POl HEHPOHHUX
MepexX IIMOOKoro HaBuaHHA B cydacHux NIDS Ta
JMOKJIAHAN aHami3 MyOmivyHuX HAOOpIB JaHUX IS
TpeHYBaHHS  CHUCTEM  BUSIBICHHS  MEPEKEBHX
BTOPTHEHB IS TiBUIIEHHS TOYHOCTI Ta MIBUAKOCTI
BUSIBJIGHHS 3arpo3 Ta JIOCHIJDKEHHS TeTepilIHiX
pillICHb SIKi BUKOPUCTOBYIOTH InOoke HaB4aHHs (DL
— deep learning) st crBopennst NIDS.

Ozns10 npedmemHoi obnacmi

[Mix xibepaTakoro MOXXHa PO3YMITH OYIb-sIKi
nii, crpsiMOBaHI Ha TOpYIIEHHS KOH]igeHIitHOCTI,
LUTICHOCTI a00 MOCTYHHOCTI iH(GOPMAIIHHUX CHCTEM,
JaHux abo mepex. Jlo HUX Hajie)kaTb BUKOPHCTAaHHS
LIKJUITMBOTO TIPOTPaMHOT0 3a0e3MeUeHHs, IKITTMBUX
BeOCalTiB, aTakW 13 3aCTOCYBaHHSIM COIIAIEHOL
IKeHepii Ta iHmi MeToau.

IcHyrOTH Taki OCHOBHI BuAM Kibeprarak [2]:
aTakd 3 BHUKOPHCTaHHSIM PECypCiB, KOMIIPOMETALlis
JIOCTYIly ~KOpPHCTyBada, IOPYIIEHHS KOPEHEBOTO
JIOCTYIy, KOMIIpOMETalis BeOAOCTyIy, IIKiIUBI
aTakd, BimMoBa B oOciyroByBaHHI. Hikue Ha
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pucyHky 1 mpuBemeHO Kiacu]ikamiro OCHOBHHX
Kibep3arpos.

BTOprHeHHa.
Wkipnuee N3 (cNpo6M EToprenHs)

Pucynox 1 — Kitacudikarist kibepsarpo3
JIxepeno: ABTOPCHKHIA PUCYHOK

IMix NIDS m™oxna posymirn cucremy abo
IHCTPYMEHT, SIKUH TPAIIoE 3 MEPEKero i BIICTEXYE
Tpaik Ha TmpeaMeT Mimo3pizoi abo He3BUYAHHOL
IIK|UIMBOI aKTHBHOCTI ab0 MOpYIIeHb TMOJITHK 1
MTOBIIOMJISIE TIPO TIE aIMIHICTPATOpy 3a JOIIOMOTOIO
CHUCTEMH YTpaBIiHHS iH(OpMamliero mpo Oe3neky i
nofisimu [4]. IIpOHUKHEHHS B MEpEXy 3JIOBMUCHHUKIB
MOX€E TPHU3BECTH 10 BTPATH HOTEHIIHO Ba)KIMBOL
iHpopmamii, BHTOKy JaHMX 1 BTpaTH JOBIpU
kopuctyBadiB. 3arasiom NIDS MoxHa po3IiaWTH HA
Tpu kareropii: IDS Ha ocnoBi xocra (HIDS — Host-
Based IDS), NIDS ra ri6puana IDS.

NIDS mosxe OyTH KOPHCHOIO ISl BUSIBIICHHS 1
pearyBaHHs Ha IIepepaxoBaHi BUIU KibepaTak:

1) aTakd 3 BUKOPHUCTAHHIM PECYpCiB:
NIDS ™oke BHSBUTH aHOMaNbHY aKTHBHICTH B
Mepexi, TaKy sIK IepPeXOIJICHHs ceaHCiB abo HaaMipHY
KUTBKICTh 3aIUTIB MDK JOBIPCHUMH KJITI€EHTaAMH i
cepBepamMM, BOHA MOXKE pearyBaTH Ha Taki aTakd i

CHOBIIIATH aZMIHICTpaTOpiB po MOXKJTUBI
MTOpYIICHHS KOH(DIICHITIIHOCTI Ta IUTiICHOCTI;

2) KOMITPOMETAIlis JIOCTYITy
kopuctyBada: NIDS wMoxe BusBHTH crnpobu

HECaHKI[IOHOBAaHOT'O OCTYITy IO OOJIIKOBHX 3aIllCiB
KOPUCTYBaYiB IUIIXOM aHAN3y 3MiH y 3BHYAHHX
MOJIETISIX TOBEIIHKM KOPHUCTYBadiB Ta CIOBIIIATH
aZMIHICTpaTOPiB IPO Ii CpoOwH;

3) MOPYIICHHS KOPEHEBOTO JIOCTYIY:
NIDS Moke BHABISATH  CrIpoOWM  OTpPUMAaHHS
HECaHKI[IOHOBAHOTO JIOCTYITY /10 OOJIIKOBOTO 3aIHCy
aZMIHICTpaTOpa HUISIXOM aHaJi3y HecIpaBeIINBUX
Ii¥ B CUCTEMI Ta HAJCUJIAHHS CIIOBIIICHb,

4) Komrpomeranis Beonoctymy: NIDS
MOX€E BHSBHUTH CIIpoOW aTak Ha BeOCAWTH, Taki sIK
SQL-in'ekmii abo MiXKCaWTOBHHA CKPUOTHHT, 1
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CHOBIIIATH aAMIHICTPAaTOpiB MHpO Ii aHOMamii B
Tpadiky;

5) wkigmul  araku:  NIDS  Moxe
BUSIBUTH HAAXOPKCHHS IIKIJAJIMBOTO MPOTPAaMHOTO
3a0e3reuyeHHs [0 CHUCTEMHM Ha OCHOBI aHaji3y
CUTHATYp 1 AaHOMA&JIBHOI IOBEIIHKH, THM CaMHM
3aro0irarouy atakaM BijJ MPOrpaM, TaKHX sSK BipYCH,
YepB'sIK, TPOSHCHKI KOHI 1 IIMUTYHCHKI IPOTrpaMu;

6) BigMoBa B oOcmyroByBaHHi: NIDS
MOX€E BUSIBUTH aHOMAJIbHY aKTHBHICTB, sIKa BKa3ye Ha
aTakd BiAMOBH B OOCIYyroBYBaHHI, Taki SIK MacoBi
3anmuTH a0 TepeBaHTaKCHHS MEpeXi 1 cepBepis, i
mpuiMaTH 3aXOIW Il 3MEHIICHHS iX BIUIMBY Ha
JIOCTYIHICTh CUCTEMH.

Omxke, NIDS Moe [OMOMOITH 3armo0irTi
OararbOM THHAM KiOeparak, HaJalO4Yd pPaHHE
BUSIBJICHHS Ta CHOBIIIEHHS PO MOXIIMBI 3arpo3H, 110
JI03BOJISIE  QJIMIHICTpaTOpaM IpUHAMATH  BiIMOBIIHI
3aXO0/U ISt 3aXHUCTY iHPOpMaiiHUX CHCTEM, TaHUX 1
MEpPEX.

Ha6opu daHux 0nsi cmeopeHHsi NIDS

EdexrusHicTh CUCTEMU BUSIBIICHHS
MEpEeKEBUX BTOPTHEHb 3HAUYHOIO MipOIO 3aJICKHUTD Bijl
SIKOCTI Ta KUTBKOCTI JaHWX, SIKIi BUKOPHCTOBYIOTHCS
JUIs HaBYaHHS Ta OLIHKH CHUCTEMH. 3 PO3BUTKOM
MaIIMHHOT'O HAaBYaHHS Ta HEHPOHHUX Mepex Habopw
JIAaHUX CTaJM KJIFOUOBUM KOMIIOHEHTOM IIPH MOOYA0B1
TOYHHMX Ta HAIIHHUX CHUCTEM BHSIBJICHHS BTOPTHEHb.
OO0panuii Habip TaHWX BHKOPHCTOBYETHCS HE TIJIBKH
s HaBuaHHg Mopemi IDS, ame W s OLIHKH
edexTHBHOCTI 3anporonoBanoi IDS-moneni [5].

OCKiNTbKM Ba)KKO 30MpaTH JaHi IIpo aTakud B
pearbHOMY Yaci Oe3nocepetHbo, JOCHiTHUKH MOXKYTh
BUKOPHCTOBYBAaTH  3araJlbHOAOCTYIIHI  CTaHIApTHI
Ha0OpH JaHWX Ha OCHOBI MEpEXeBOro Tpadiky, Taki
sk DARPA 1998, KDD Cup 99, KYOTO, UNSW-
NB15, DEFCON, 105 CAIDA, CDX, NSL-KDD,
TWENTE, CSC DoS, CICIDS2017, CSE-CIC-
IDS2018, ISCX, ADFA2013, CTU-13 Tomo.

JUis monmanbmux JOCHIKeHb OOpaHo Taki
Habopu ganux: NSL-KDD, CICIDS2017 ta UNSW-

NB15. Wi Ttpm Habopm  JaHUX  IIMPOKO
BUKOPHCTOBYIOTBCSI B CYYacHHX MOJEISX, 3aBISKH
YOMy  €KCHEpHMEHTAIbHI  pe3yslbTaTH  Kparie

MTOPIBHIOIOTHCS 3 HAHCYJYaCHIIMMHI MOJCTISIMH.

Habip gpmammx NSL-KDD [12] mmpoxo
BHKOPHUCTOBYETECS B CKCIICPUMEHTAX 3 BHSBICHHS
BTOPTHEHB. BUIBIIICTh TOCIIAHUKIB BUKOPUCTOBYIOTh
Ha6ip marux NSL-KDD sk eramoHHUI HaOlp JaHUX.
NSL-KDD #He Titbku e(heKTHBHO pO3B’ S3y€ MpodIeMy
TeperCKpeTH3allii, mpuTaMaHHy Habopy nanux KDD
Cup 1999. Kareropii Habopy naHux 3po0ieHO OuIbII

30a1aHCOBaHNMHU HIISIXOM ix PO3YMHOTO
HaJIaIITyBaHHSI.

Takum  ymHOM, Mozmenp  KiacugikaTopa
Tpadhiky He 3MimeHa B Oik OiIbm  YacTo

BUKOpHCTOBYBaHUX Karteropiid. HaGip mammx NSL-
KDD Bkitouae napuansHuii HaOip (KDDTraint) Ta
tectoBuii Habip (KDDTest+). Lli Habopu mnaHmx
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(biKCyI0Th HOpMaJILHUHN Tpadik 1 YOTUPW THITM aTak:
DoS, Probe, R2L, U2R.

Tabmunst 1 — Po3nogin tuniB atak y Habopi
Jaaux NSL-KDD

Haspa arakn Yactorta
Normal 77054
DoS 53385
Probe 14077
R2L 3749
U2R 252

SAx BugHO 3 Tabnwmi 1, HAOip JaHWUX MICTUTH
MITKH JaHux Tpagiky KaTeropii HOpPMaJbHOTO
Tpagiky Ta YOTUPHOX THIIIB TpadiKy aTak BiIIOBIIHO:
DoS (araka Ha BigMoBY B oOciyroByBanHi), R2L
(HecaHKIIOHOBAaHUN JOCTYI 3 BiIIaJeHOi MAallWHH),
U2R (HecaHKIIOHOBaHMI JOCTYH [0 JIOKIBHHUX
NIpUBLIEIB  cynepkopucTyBada (root)) Ta Probe
(ciocTepexxeHHs Ta iHIN mociimkenHs). [licns Toro,
SK KOXEH Tpadik YHCENIbHO OXapaKTepH30BaHO,
OTpPHMaHO BJIaCHUH BeKTOp Tpadiky. Bevoro icHye 41
03HaKa, BKIII0Yal0un 0a30Bi O3HAKH, O3HAKH BMICTY Ta
O3HAaKM KOMyHiKamii. ¥ TecToBOMy HaOOpi € maeski
VHIKaJIbHI THIN aTaK, ajieé B HaBYAJLHOMY HaOopi ix
HEMae, TOMY MOJIENb Kpalle BimoOpaxae peanrbHy
3IATHICTH MOJCI BUSIBIIATH 3JIOBMHCHUH Tpadik Ha
OMY TECTOBOMY HaOopi [6].

Hab6ip manux CIC-IDS-2017 [13] micTuTh maHi
Mpo 3aranbHUi Tpadik arakd, came B peaTbHOMY
¢onoBoMmy Tpadiky (3BHUaiiHOMy Tpadiky) It
3aIlyCKy 3MOJIETIbOBAHOI XaKEPChKOi aTak, a TaKoX
yepe3 MOHITOp It 300py MepexxeBoro Tpadiky
nmanux. llei HaOip MaHUX OXOIUIIOE TYXKE ITUPOKUI
cnektp Ttpadiky. Hanmpuxiiam, BiH MICTHUTH TOBHY
TOTIOJIOTIO Mepexi, BKJIFOUAIOUH MOJIEMH,
OpaHaMayepy, KOMyTaTOpPH, MapLIpyTH3aTOpH, pi3HI
omepauiini cucremu (Windows, Ubuntu i Mac OS) i
pI3HOMaHITHI aTaky, WMOBIPHO, BKJIIOYAIOYH BeO-
aTaku, 370M rpyboro cmioro, DoS, DDoS, 3puuaitni
aTakl Ha TPOHUKHEHHs, CepIeBi  KpoBOTEHi
(heartbleed), 6oTHeTH, cKaHyBaHHS Mepexi [6]. Kpim
TOrO, THIN JaHWX Tpadiky aTak BiakadiOpoBaHWMit
BiJITIOBiTHO JI0 aTaK Y KOKHOMY TIePioJIi, K IIOKa3aHO
B TaONHUIIi 2, 1€ BiTOOPaXEHO PO3IIOLT Pi3HUX 3pa3KiB
aTak y Habopi AaHUX, OCKUIBKM HOPMaJbHUH ITOTIK
Oinpmmii 32 BUOiIpKy aTakyiodoro Tpadiky. Tomy st
3a0e3reueHHs] y3arajbHIOIYOl 31aTHOCTI MoOJeni
HeoOxinHe OanancyBanHs nanux. Habopu nannx CIC
-IDS2017 1 CSE-CIC-IDS2018 nepeTBOpIOIOTH AaHi
Tpaiky B YMCIOBY BEKTOpHY iH(OpMalilo IUITXOM
00poOKM  (YHKIIH, 1 XapakTepHCTHKH Tpadiky
MOXyTh nocsaratu 79 enemeHtiB. Lle Oimbmre, Hik
KiIbKicTh 03HaK NSL-KDD, 1110 703B0JISI€ HiABUIIUTH
TOYHICTh MOJICIi BUSBJICHHS 3JIOBMUCHOTO TPa(iKy.

Habip mannx UNSW-NBIS5 [14] ctBopenwuii B
nmabopatopii kibepmomirony UNSW mns cTBopeHHs
ribpuay peanbHOi CydacHOI 3BHYaiHOI JiSUTBHOCTI Ta
CHUHTETHYHO{ CYy4acHOI IOBEJIHKH.
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Cupi wmepexeBi maketm 3 HaOopy JaHHX
UNSW-NBI5 Oynu cTBOpeHi 3a JOHOMOIOIO
inctpymenty IXIA PerfectStorm B JlaGoparopii
kibeprniostironry UNSW B KanOeppi anst cTBOpeHHS
ribpumy peanbHOI Cy4acHOi 3BUYAiHOI JisSUTEHOCTI Ta
CHUHTETHYHO{ Cy4acHOI IIOBEJIHKH aTaKH.

Tabmunst 2 — Po3noain tuniB atak y Habopi
Janux CIC-IDS2017

Haspa ataku | Yacrtota Hasga Yactorta
aTaKu
SSH-Patator 5897 Web 1507
Attack and
Brute
Force
FTP-Patator 7938 Web 652
Attack and
XSS
DoS 5796 Web 21
slowloris Attack and
Sql
Injection
DoS 10293 Infiltration 36
GoldenEye
Heartbleed 11 Bot 1966
DoS 5499 PortScan 158930
Slowhttptest
DoS Hulk 231073 | DDoS 128027

Iactpyment tcpdump OyB BHKOpHCTaHHN IS
3axormenHss 100 I'b  neoOpobnenoro Tpadiky
(manpuxunan, Pcap-daiinis). Lle# Habip JaHMX MiCTHTH
JIeB'ATh THUIIB aTak, a came: Fuzzers, Analysis,
Backdoors, DoS, Exploits, Generic, Reconnaissance,
Shellcode Ta Worms [7]. Po3moain atak HaBeJieHO B
Tabmuui 3. BUKOpUCTOBYIOTBCSI IHCTPYMEHTH Argus,
Bro-IDS Ta ngBaHamuaTh anropuUTMIB, PO3POOICHUX
JUTst TeHepaiii 49 03HaK 3 MITKOIO KJacy.

Tabmunst 3 — Po3nogin tuniB atak y Habopi
Jaaux UNSW-NBI15

Ha3sBa araku Yacrora
Normal 2,218,761
Fuzzers 24,246
Analysis 2,677
Backdoors 2,329
DoS 16,353
Exploits 44,525
Generic 215,481
Reconnaissance 13,987
Shellcode 1,511
Worms 174

Inu6oke Hag4aHHs1 npu cmeopeHHi NIDS

MalmHHe HaBYaHHSI BiJlirpae BaXKIIHUBY POJIb Y
3a0e3rneueHHi  KibepOe3mekn, Halaroud MOTYXKHI
IHCTpyMEHTH sl BWSBJIEHHS 1  3amoOiraHHs
kibeparakam. OpHaK Ciix 3a3HaYUTH, IO MAILIMHHE
HaBYaHHS NOTpedye CyTTEBOi pOOOTH EKCIEpTiB
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(Hanpukian, — iHmKeHepiB-(QyHKLIOHANICTIB),  sKi
MOXYTh BHKOHATH B’KJINBE 3aBJAHHS 3 BH3HAUYCHHS
pEeNeBaHTHUX O3HAaK JIAHMX Iepel  3allyCKOM
NTOPUTMIB ITOBEpXHEBOTro HaB4aHHS. DL 6azyerscs
Ha 0araTopiBHEBOMY IPEICTaBICHHI BXITHUX NaHUX 1
MOXKE€ aBTOHOMHO BH3HAUaTH O3HAKH 3a JIOIOMOTOIO
MIEBHOTO ITPOIIECY HaBUYAHHS Ha OCHOBI IIPEICTABIICHHS
[3]. 3marmicte DL cuctem aHami3yBaTH BelIHYe3Hi
00CsTH JaHWX 1 BUSBIIATH [IPUXOBaHi aTepHA POOUTH
HOro HEBi'€eMHUM KOMIIOHEHTOM CYYacCHHX CHCTEM
Oesreky. TakuM 4YMHOM, MAIIMHHE HABYAaHHS €
(yHIaMEeHTATBHOIO YaCTHHOIO Kibep3axucry, ane DL
migHIMae 1o cepy Ha HOBHH piBeHb, 3a0e3Meuyoun
BUIIMIT piBeHb 3aXMCTY 1 peakuil Ha 3arpo3u. Tomy
HEHpOHHI MepeXi IIMOOKOro HaBYaHHS OymyTh 1
HajaJli po3MNIAfaTUCA SK OJWH 13 CydYacHHX Ta
e(eKTUBHUX METO/IB MMPOTHII1 Kibep3arpo3am.

Ha croromni B mocmimkenusx [8], [9], [10], B
SIKMX OTPHMaHi BUCOKi IIOKa3HUKN TOYHOCTI MOJENEH,
3a OCHOBY OepeThCcs PEeKypeHTHa HEeWpOHHa Mepexa
(RNN — Recurrent Neural Network) uepe3 cBoro
3ATHICTD JJO BUJIUICHHS YacOBHX XapaKTEpHCTHK 3
BXimHux paHux. llukmiuHa crpyktypa RNN moxe
30epiraty icTOpMuHy iHGOpMAII0 Ta HaJaBaTH
MOXJIMBOCTI ~ MOJIENIIOBaHHS  IOCIHiOBHOCTEH. B
MOMEHT 4acy t MepeKeBHH IIap NpuiiMae BXiIHI TaHi
Xy IOTOYHOI YacoBOi MITKM Ta NPUXOBAaHWH CTaH
ToTepeTHbOI 4acoBoi MITKH hy — 1, TOMy HOTOUHMIA
ctaH h, Moxe OyTH BU3HAY€HUH HACTYITHUM YHHOM:

he = o(Wynxe + Wyphe_y + by), €Y

e Wynx, Ta Wy, - Baru MaTpullp;

b — 3MillIeHHS;

0 — QYHKIIISI akTHBALIi.

OpmHak peKypeHTHI HEWPOHHI MEpekKi CXUIbHI

JI0 TPaiiEHTHOTO 3HNKHEHHS Ta TPaieHTHOTO BHOYXY,
TOMy ISl 3aroOiraHHs IbOMY 3a3BHYall OOMpPAIOTH
apxiTeKTypy HEWpOHHOI Mepexi THIy JOBra
kopoTkodacHa mam it (LSTM — Long Short Term
Memory) abo BeHTHIEHIH peKkypeHTHHH By301 (GRU
Gated Recurrent Unit). Otpumano
eKCIICpUMCHTANBHI pe3ynbTarty [ 11] sxi mokaszainu, mo
GRU 6inpme migxoxuts st crBopennst NIDS, Hixk
LSTM. B crpykrypi GRU, (pucyHkok 2) icHye nBa
THUIIM BY3JIiB: By30JI CKU/IaHHSA T; (reset gate) Ta By3071
yrouHeHHs z; (update gate). Bonn npamiotots pasom,
100 BU3HAYHUTH MIPOLIEC OHOBJIICHHS iH(OpMaIlii.

(%)
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Pucynok 2 — Ctpykrypa GRU [10]
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[punycrumo, mo MoTOYHKH BXIiX X;, @ HOBHH
ctaH h, depe3 vac t CKIagaeTbcs 3 JIBOX YaCTHH:
CTaHy-KaHaunara h, i MUHYJIHN cTad hy_q.

he =1 —2z)hey + Ztiit' (2)

By3onm ckumaHHS 7, IpallOE y  Mporeci
OTpUMaHHS craHy-KaHaugata. Crocid oTpuMaHHS
CTaHy-KaHIUAaTa MoMiOHUN 1Mo TpaaumiiiHoro RNN,
3a BUHSATKOM MEXaHi3My BY3IIiB.

hy = tanh(x, Wy, + Wy, (r; © he_1) + bp), (3)
ne (O no3Havae 100yToK Aamapa;
W - BaroBa mMatpuuis;
b - 3mileHHs.

Tyt r, nmomomara€ KOHTPOJIOBATH, CKLTBKH
iH(popMaii 3 MUHYJIOTO CTaHy MOXe OyTH JOAaHO 10
CTaHy-KaHIuaaTa. By30l CKUIAHHS 7, OHOBIIOETHCS
HACTYITHUM YHHOM:

1y = 0(x Wy + hey Wy, + by). (4)

BinmoBimHo m0 piBHSHHS (4) U OTpUMaHHSI
HOBOTO CTaHy h;, By30J1 YTOUHEHHS Z; BiJIIrpae poJib
Juis 30aJaHCyBaHHS NONEPEeTHBOTO CTaHy h,_q 1
IIOTOYHOTO  CTaHy-KaHmujgata h,. 2z, MOXHa
po3MIIsiAaTH  SK BY30J JUIS PO3IOALTY MHHYJIOL
iHpopmanii Ta HOBOI iHpopmarii. OHOBICHHS Z;
BiIOYBAETHCS TOAIOHO TO OHOBIICHHS 77 :

z; = 0(Xx Wy, + he_ Wy, + by). (5)

Excnepumentn [11] nokazamm, mo BiGRU Ta
BiLSTM mnpamotors edexruBHime HiX GRU Ta
LSTM mnpu cTBOpeHHI CHCTEM BUSIBIICHHSI MEPEKEBUX

BTOPTHEHB, B LEOMY BUIIAIKY obpaHa
JIBOHAIIPABIICHUN GRU. JBoHanpaBneHuit
BEHTWIbHUH  pekypeHTHHH By3on (BiGRU —
Bidirectional ~Gated Recurrent Unit) - e

BrockoHanmeHa Bepcis GRU, ska mpamroe B JBOX
. . . bad .
HanpsiMKax. BoHa mincyMoBye npsimy indopMmartito A i

3BOPOTHY  iH(oOpMaIIito h IS TIOKpALLEHHS
MOJKJITMBOCTEH BIITYYCHHS O3HAK.

R, = GRU(x,), t € [1,T],

he = GRU(x,), t € [1,T]. (6)

Bce 6inpie y mociipkeHHAX Habupae 00epTiB
BUKOPHCTaHHS PI3HOMAHITHUX MEXaHI3MIB yBarW B
Momensx NIDS. ¥V nocmimkerHi [8] 3anmpormoHOBaHO
riOpuaHy MozeNb BHSBICHHS BTOPTHEHb HA OCHOBI
BiGRU 3 mexaHi3MOM yBaru. 3acTOCOBAaHO CTEKOBHH
pospimkennii aBTokonyBansHUK (SSAE — Stacked
Sparse Autoencoder) /iss BHBUCHHS BHCOKOPIBHEBOTO
MIPEACTaBICHHS BUXITHUX NaHUX TpadiKy, a BATATHYTI
HU3BKOBUMIpPHI O3HAKH BUKOPHCTOBYBAJINCH K BX1IHI
IaHi i knacudikaropa.

PesynbraTi ekcnepuMEHTy IOKa3yloTh, IO
BukoprctanHs SSAE Ta MexaHi3My yBaru Ha OCHOBI
3pi3iB MOXXE  3HAYHO  NPUCKOPUTH  IIPOIEC
knacugikamii.  3ampormoHOBaHAa — MOJENb  MOXE
e(eKTUBHO BUSIBIISITH MEPEIKEB1 BTOPIHEHHS, TOUHICTh
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nocsirae moHan 98,68%, a piBeHb TOMIIIKOBHX TPUBOT
Hwkue 1,32%, 1mo mepeseplye momnepeaHi BiJHOCHI
Meronu. s eKCHeprMEHTIB BHUKOPHCTaHO Halip
naanx UNSW-NB15.

B poGoti [9] 3amponoHOBaHO JBOMIAPOBY
JIBOHAIPABJICHY MEpexy JIOBrOTPHUBAIOT
KOpOTKOYacHOi mam'siTi 3 MEXaHI3MOM yBarw Juis
po3pi3HEeHHs AaHuX Tpadiky, BpaXxOBYIOUYH, IO JaHi
Tpadiky 3aexars Bin 4yacy. BoHa mocsrae HalBUIIO1
TouHOCTI 99,05%, HAWBUINOI IIBUIAKOCTI BHSBICHHS
99,36% 1 maiBumoro mokasauka fl 99,154% Ha
Habopi mannx UNSW-NBI15. ¥V koxxHOMY BHDaimKy
3alpOIIOHOBaHa METOJMKA IIEPEBEpIIy€e TPaAHIiiiHI
KJacugikaropy MalIMHHOTO HaBYaHHs. OfHAK, yepes3
BHCOKY OOUYHMCIIOBAJIbHY BapTICTh CKIAHUX CTPYKTYP
DNN, BoHM Mepexi He HaBYajgHMCsi Ha IHIINX
eTaJIOHHUX Habopax nanux [DS B oMy ToCITiKCHHI.

OOuyBa TOCITIKEHHST BHKOPHUCTOBYIOTH Tak
3BaHy yBary Ha ocHOBI 3pi3iB (Slice-Based Attention).
Ha ocHoBI X momnepeaHixX IOCTiHKEHb BUSBICHO, IO
naHi mpo Tpadik 3anexars Bij yacy. [Hpopmamis mpo
Tpaik 3a KiIbKa CYMDKHHUX MOMEHTIB 4acy Iyxe
KOpPHUCHA JJIsl BU3HAYECHHsI TIOTOYHOTO THITY Tpagiky.
Tomy 3amporoHoBaHo 00'eHaTH KuTbKa ()parMeHTiB
JTaHMX TIpo Tpadik y BUIIIsAL 3pizy Tpadiky. s Toro,
mo0 3MeHIMTH O0O0ciIr oOuYMciIeHb I 4ac
ONTHUMI30BaHOTO MHOXEHHS MAaTpHUIlb, B ILBOMY
MpOLeCi  BHKOPUCTOBYETHCS  CKaJSIPHOZOOYTKOBa
yBara (dot-product attention), sika 300pakcHa Ha
PHUCYHKY 3.

B nmocmimkenni [10] mpemcraBieHa MOJICTH
BUSIBJICHHS BTOPTHEHb 3 i€PapXidYHUM MEXaHi3MOM
yBaru. Kinpka nmanmx mnpo tpadik oO0'eqHaHo B
MIEBHOMY ITOPSIJIKY, @ TAKOXK JTOCII/HPKEHO BIUIMB Pi3HOI
KIJIBKOCTI TMOTepeTHbOro Tpadiky Ha IPOAYKTHBHICTD
CHCTEMH. Byno MIPOJIEMOHCTPOBAHO, 110
3alpOIIOHOBaHA  MOJENIb  JOCATNIa  3aJI0BLITBHOL
MIPOXYKTUBHOCTI Ha Habopi manmx UNSW-NBI1S, 3
TouHicTiO ToHax 98,76%. B poboTi BHKOpHCTaHa
KOMOiHaIlisl yBaru Ha OCHOBI 3pi3iB Ta yBaru Ha OCHOBI
ocobmBocteld  (Feature-Based — Attention),  sika
30cepe/PkeHa Ha TOMY, IO He BCi (YHKIII MaroTh
OIHAKOBY  B@KJIMBICTH  JUII  TIPEICTABICHHSA
iHpopmanii mpo okpemuii Tpadik. Takum unHOM, 11100
MOBHICTIO BUBUIBHUTH TOTEHIIaN JIESIKAX O3HAK 1
3a(ikcyBaTH O3HAKH, SIKi € NIHCHO BAKIUBUMH JUIS
TIPEACTaBICHHS Tpadiky, BUKOPHCTOBY€ETHCS
MEXaHi3M yBard, o0 BU3HAYNTH, Ha SKil O3HAII CIIijT
3ocepeautucs. KpiMm Toro, MexaHi3M yBaru Ha OCHOBI
MICIIE3HaXO/DKEHHST HE MAa€ JIOJATKOBHX 00'€KTiB
IHTEpeCy 1 € PEeJICBAHTHUM JIMILE JJIsI KOXXHOTO BXOIY
B CaMOMY JDKEpelni AaHuX. TakuM 4WHOM, BiH OLIBII

MIXOINATH IS pobotu 3 BX1IHUMH
XapaKTePUCTHKAMHU.
Value(V)
I~ Weight |
matmul }<—| et
+ R e T
tanh
matmul
softmax
l________ ! Attention !
"| Weight(d) :
—» matmul

’a

Pucynok 3 — ImrocTpartist ckaysipHOJ00YTKOBOI yBaru

(8]

BucHoeku

B pamkax nocnmiypKeHHS TIPOBENEHO OIS
mpeaMeTHoi o0nacTi, BWU3HAYEHO Ta PO3IIISIHYTO
OCHOBHI Iy0J1iuHi Habopw KaHuX 1 cTBopeHHs NIDS
Ta iX XapakTeprcTHKH. [1iKkpeciieHo, o Ha ChOTOIHI
MalllMHHE HAaBYaHHS € (YyHIaMEHTAJIBHOIO YaCTHHOIO
Kibep3axucry, npu pomy DL mipilimae 110 cdepy Ha
HOBUI piBeHb, 320€311eUyI0YH BUIINI PiBEHb 3aXHUCTY
i peaknii Ha 3arpozu. Tomy moTpiOHO 1 Ha naimi
pPO3BHMBaTH HampsiM 3 BHUKOPHCTaHHSAM TJTHOOKOTO
HaBYaHHS. PO3IIITHYTO HOBITHI MIAXOM 1O CTBOPEHHS
NIDS 3 BHKOpPHCTaHHSM PEKYPEHTHHX HEHPOHHHX
Mepexx  (RNN), a  KOHKPETHO  BEHTHJIHHHA
pexypentauii  Byzonm (GRU) B komOinamii 3
MEXaHi3MOM yBarH.

B rmomambmmx  IOCHIDKEHHAX —IIIAHYETHCS
YIOCKOHAJEHHS  apxiTektypu g NIDS 3
BUKOPHCTaHHSIM PEKYpPEHTHHX HEHPOHHHX MEpEXK Ta
pPO3TIISA  MOXKIJIMBOCTI  BHUKOPHCTaHHS MEXaHI3My
yBarm. OnmHOYacHO  IUIAHYETBCS  JIOCTIJUTH
MOXJIUBICTh BUKOPHCTAHHSI aBTOKOJYBaIbHUKIB JUISA
TIOTIePETHHOT0 BIITyYESHHS 03HAK 3 HA0OPIB JaHUX JUIs
TpEeHYBaHHS.
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NETWORK INTRUSION DETECTION SYSTEMS BASED ON DEEP LEARNING NEURAL
NETWORKS

The article is devoted to an overview of network intrusion detection systems based on deep learning neural
networks and ways to create them. An overview of the subject area is carried out, the classification of cyber threats
and the usefulness of network intrusion detection systems for preventing the main types of cyber threats are
determined. Public datasets for creating network intrusion detection systems are considered and their
characteristics are determined. Approaches to creating network intrusion detection systems using deep learning
neural networks are analyzed.

Today, a variety of architectures are widely used to detect network intrusions: deep neural networks,
autoencoders, convolutional neural networks, and recurrent neural networks. In particular, the use of recurrent
neural networks, such as long short-term memory and gated recurrent unit in combination with various attention
mechanisms, is relevant. In the process of writing this article, the main tasks for further research were identified.

The purpose of this paper is to study the role of deep learning neural networks in modern network intrusion
detection systems and to analyze in detail public datasets for training networked intrusion detection systems to
improve the accuracy and speed of threat detection, as well as to study modern solutions that use deep learning to
create network intrusion detection system for real-time intrusion detection.

Keywords: neural networks, network intrusion detection systems, cybersecurity, public datasets, attention
mechanism
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Research and practical implementation of intelligent methods and models

for controlling power generation from alternative energy sources

The problem of predicting power generation from alternative energy sources in HAS was
investigated in the paper. Its relevance is caused by the inability to forecast and monitor power
generation from alternative energy sources, which always depends on numerous factors within
open-source HAS platforms. This drawback significantly limits the efficient use of clean energy
resources and makes it difficult for homeowners to become independent of external power grid. It
leaves them without the ability to make informed choices about their energy usage and appliance
scheduling. The object of the study is a process of predicting power generation for alternative
energy sources within HAS. The objective of the study is to develop a predictive model capable of
Jforecasting power generation from alternative energy sources within HAS. The constructed model
is designed to predict power generation using historical weather and power generation data. The
structure of the LSTM model involves two sequential LSTM layers, followed by fully connected
layers and two hidden fully connected layers, activated by ReLU activation function. An
experimental investigation was conducted using a dataset collected from a real HAS. The dataset
covers the period from August 9, 2022, to July 18, 2023, and includes a total of 8256 instances.
The developed LSTM model demonstrated performance with an RMSE of 287.67 watts and a
coefficient of determination (R°) of 0.74. There is a notable drop from the initial 466,15 watts to
287.67 watts after the implementation of a new predictive model, which indicates a good accuracy
enhancement of approximately 38.3%. The results obtained are based on the creation and fine-
tuning of a specialized LSTM model, which effectively predicts power generation. These findings
from the investigation suggest integration of the proposed predictive model into real HAS that
depends on alternative energy sources. Such integration has the potential to optimize energy usage
efficiency while reducing reliance on traditional power grids.

Key words: power generation, forecasting, alternative energy sources, home automation system,

long short-term memory, OpenHAB
DOI: 10.31474/1996-1588-2023-2-37-22-33

Introduction

In today’s world people are becoming
increasingly concerned about the environment and
looking for sustainable ways to produce energy.
Renewable energy sources have become a ray of hope
for a greener future.

More and more countries are realizing the
huge potential of renewable energy sources. These
sources, like solar, wind, hydro and geothermal
energy, have many benefits compared to the old-
fashioned methods that rely on fossil fuels. One of the
main reasons renewable energy is so attractive is
because it is kind to the environment. Unlike
traditional ways of making energy that create a lot of
air pollution from burning fossil fuels, renewable
sources don’t produce much or any harmful gases that
contribute to climate change. This helps to fight
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against global warming and it also means cleaner air
for everyone to breathe [1].

The incorporation of alternative energy
sources into home automation systems (HAS) has
become a significant trend that is changing how
energy is produced and used in households. By
integrating clean energy technologies as part of HAS,
two key advantages are realized: the utilization of
clean energy and the attainment of independence
from the external power grid. However, this
decentralized approach to power generation
necessitates a comprehensive strategy for effectively
predicting and monitoring the power generation
processes of these renewable sources [2].

Today, a variety of HAS platforms exists,
including popular open-source software such as Open
Home Automation Bus (OpenHAB), Home Assistant,
Domoticz, OpenMotics and HomeGenie. These
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platforms are designed to simplify home automation,
allowing homeowners to manage and monitor various
Internet of things (IoT) devices [3]. However, a
common drawback is the inability to predict and track
power generation from alternative energy sources
which depends on various factors such as weather
conditions and the time of day. This underscores the
relevance of the study.

The object of the study is the process of
predicting power generation for alternative energy
sources within HAS.

In today’s digital age, machine learning (ML)
methods have emerged as powerful tools for
predicting data across various facets of life. However,
it is important to note that the effectiveness of each
ML method is not universal and depends on the
specific characteristics of the input data and the
results of experimental analyses. This study is
dedicated to selecting and adapting an appropriate
ML method aimed at accurately predicting power
generation within HAS. The development and
integration of a predictive model into HAS will play a
crucial role in the future by enabling homeowners to
make well-informed choices about their energy usage
and creating an optimal schedule for -electric
appliances. As a result, it will promote energy
independence and maximize the utilization of clean
energy sources.

The subject of the study are ML methods
aimed at predicting power generation based on
weather forecasts. These ML methods act as a bridge
between meteorological data and energy output
prediction, facilitating an understanding of how
external environmental variables influence power
generation.

The objective of the study is to develop a
predictive model capable of forecasting power
generation from alternative energy sources within
HAS.

Problem statement

The real HAS [4] was investigated, which
integrates solar panels and wind turbines as sources
for producing clean energy. This system has
OpenHAB installed as home automation software,
which allows homeowners to control different IoT
devices and create automation rules for them.
However, a key limitation of this platform lies in its
inability to predict and monitor power generation
from alternative energy sources which depends on
various factors. This drawback highlights the
necessity for the development of a predictive model
that can provide accurate forecasts of power
generation based on weather conditions. Integrating
such a development into the real HAS would enable
to estimate the available amount of electricity for
future use and efficiently optimize the use of
electrical appliances from alternative sources, thereby
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reducing reliance on electricity from the external
power grid.

In the study [4] a novel strategy for managing
energy consumption has been developed, focusing on
an intelligent methodology. This approach comprises
two main steps: predicting power generation using
weather forecasts and optimizing electrical appliance
schedules to maximize the utilization of clean energy,
while also considering the residents’ habits. Different
types of artificial intelligence architectures, including
feedforward neural network (FNN), recurrent neural
networks (RNN) and neural networks with long short-
term memory (LSTM), were developed to predict
power generation. The FNN proved to be the most
successful, producing results with a root mean square
error (RMSE) of 466.15 watts, which is not
sufficiently accurate for predicting power generation.

Enhancing the accuracy of power generation
forecasts requires the development of a new
predictive model using advanced ML methods.

Review of the literature

Over the past few years, numerous ML
methods have been investigated. To develop a
predictive model according to the objective of the
study, it is necessary to begin by analyzing existing
solutions.

In study [5], researchers explored gated
recurrent units (GRU) and LSTM neural networks for
predicting hourly solar radiation, comparing their
performance with and without additional weather
variables. The dataset encompassed two years’ worth
of hourly solar radiation data along with
corresponding ~ weather data. The  findings
demonstrated that incorporating weather variables
and cloud cover information into both the GRU and
LSTM models led to significant improvements in
prediction accuracy. The LSTM model exhibited a
slightly lower mean absolute percentage error
(MAPE) of 23.79%, whereas the GRU model
demonstrated a MAPE of 25.67%. Notably, the GRU
model demonstrated faster learning and prediction
capabilities compared to the LSTM model. To
conclude, the study indicated that the difference in
prediction accuracy between the GRU and LSTM
models was not particularly substantial.

In the research [6] the focus lies on using
LSTM, GRU and Drop-GRU neural networks to
predict short-term power consumption. The Drop-
GRU model includes inserting a dropout layer
between consecutive GRU layers. This process
effectively reduces the complexity of the neural
network and helps prevent overfitting. The results of
the study highlight that the Drop-GRU neural
network stands out by being more efficient and
delivering better performance than both the GRU and
LSTM models. The key performance metrics such as
RMSE and mean squared error (MAE) exhibit low
values, while the coefficient of determination (R?) is
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almost perfect (near +1) in comparison to other
models.

The study described in [7] focuses on creating
a neural network model to predict short-term
household power consumption. To do this, the
researchers used data from smart meters in individual
households, which recorded the amount of electricity
used in kWh for each hour of the day. They built and
compared three types of models: LSTM, GRU and
autoregressive integrated moving average (ARIMA).
Interestingly, LSTM and GRU showed very similar
performance, with LSTM performing slightly better
according to metrics like MSE, RMSE, R?, MAE and
MAPE. An intriguing finding was that the GRU
model achieved similar accuracy with fewer training
epochs, indicating its greater efficiency in terms of
memory and training requirements. On the other
hand, the ARIMA model, which is more oriented
towards statistics, performed less accurately than both
LSTM and GRU models, which was to be expected
given that ARIMA is better suited for longer-term
forecasts rather than short-term ones.

The paper [8] investigates power consumption
prediction using three approaches: support vector
machine (SVM), multilayer perceptron (MLP) based
artificial neural network (ANN) and random forest
(RF). Data collected from a Supervisory Control and
Data Acquisition System spanning January to
December 2017, with no missing values, informs the
study. The dataset of 52417 instances encompasses
attributes like date, time, temperature, humidity, wind
speed, general diffuse flows, diffuse flows and power
consumption. Among the methods, RF emerges as the
most effective, showcasing lower errors (MAE:
0.2161, MSE: 0.0930, RMSE: 0.3049) and the
highest R? (0.9069). RF also excels in efficiency,
requiring less time for training and testing than SVM
and ANN. The study confirms RF’s prowess in
providing accurate real-time power consumption
predictions, supported by robust metrics and
prediction plots.

The study [9] aimed to improve the accuracy
of short-term wind power generation forecasts in
Turkish wind farms by comparing five regression ML
methods: RF, gradient boosting machine (GBM), k-
nearest neighbors (kNN), decision tree (DT) and
Extra Trees regression. These methods were tested
using historical wind speed and direction data
collected from January 2018 to December 2018 at 10-
minute intervals. The results highlighted the
effectiveness of RF, kNN, GBM and Extra Trees
regression in enhancing short-term wind power
predictions. Notably, the GBM-based ensemble
algorithm demonstrated the best performance with a
MAE value of 0.0277, MAPE value of 0.3310,
RMSE value of 0.0672, MSE value of 0.0045 and an
R? value of 0.9651. On the other hand, the DT
algorithm performed less satisfactorily, with a MAE
of 0.0336, MAPE of 0.3309, RMSE of 0.0884 and
MSE of 0.0078.
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The studies conducted have explored various
approaches for forecasting power generation and
consumption with a focus on enhancing accuracy.
The GRU and LSTM models have emerged as
standout performers, especially when combined with
dropout techniques [5, 6, 7]. Furthermore, other ML
methods such as RF, GBM, kNN and Extra Trees
regression have demonstrated their efficiency in
achieving precise predictions [8, 9].

The success of these methods forms the basis
for the next study, which aims to develop, compare
and select the best predictive model with the highest
level of accuracy in power generation prediction.

Materials and methods

In the field of predicting power generation, it
is crucial to carry out a series of computer
experiments and select an approach that offers the
most accurate forecasts for the investigated HAS in
work [4].

Before delving into forecasting, it is essential
to focus on analyzing and preparing the data. By
carefully studying and getting the data into the right
shape, this will contribute to the creation of a more
accurate predictive model. The first essential step is
to conduct a comprehensive data analysis.

A software described in [4] captures and stores
hourly data, including historical weather forecasts and
power generation in watts, was used. The dataset does
not contain any missing values and covers the period
from August 9, 2022, to July 18, 2023, and includes a
total of 8256 instances. Within this dataset, various
attributes are included, such as date, time,
temperature, thermal index, dew point, humidity,
precipitation, precipitation chance, precipitation type,
snow amount, snow depth, wind gust, wind speed,
wind direction, sea level pressure, cloud cover,
visibility, solar radiation, solar energy, ultraviolet
index, severe risk, weather conditions and the amount
of power generated by solar panels and wind turbines.

Figure 1 shows hourly power generation in
watts over a day, while Figure 2 displays power
generation over the entire period.
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Figure 1 — Hourly power generation throughout a day
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The dataset has been preprocessed to create
five new attributes: hour, quarter of the year, day of
the month, day of the year and day of the week.
Figure 3 depicts the correlation between various pairs
of attributes including these additional features. As
observed from the figure, attributes such as solar
radiation, ultraviolet index, solar energy, temperature,
thermal index (feels like), wind gust, wind speed, dew
point and hour show moderate correlation with power
generation while the remaining attributes exhibit only
a minimal correlation with power generation.
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Figure 3 — Correlation matrix for attribute pairs in the dataset with additional features

Given the high correlation between
temperature and the thermal index (feels like), as well
as the strong connection among solar radiation, solar
energy and the UV index, it becomes apparent that
including all of these factors as features in the
prediction model is unnecessary. The presence of
highly correlated features within a dataset can lead to
multicollinearity, which, in turn, has the potential to
disrupt the model’s stability and interpretability. To
address this, it is important to adopt a strategic
approach in feature selection, considering both
practical relevance and domain knowledge. In this
study, a set of features was chosen for the future
prediction model: temperature, dew point, wind gust,
solar radiation and hour of the day. These chosen
features exhibit good correlations with power
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generation among the available options, making them
the most suitable candidates for inclusion.

Following data analysis, the second crucial
step is data pre-processing.

The dataset comprises features of diverse data
types, highlighting the need for data normalization. In
order to address this variance and bring coherence to
the dataset, Min-max normalization was chosen as the
normalization technique, ensuring that the data is
brought onto a common scale without sacrificing

information. The Min-max normalization formula,
defined as:

X — Xmin

—X

x= (1
X max min

where x represents the actual data, xmin is the
minimum value of the dataset and xmax signifies the

maximum value, ensures that the resulting normalized
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value x remains confined within the inclusive range
of [0, 1]. By undergoing this transformation, the
predictive model can harness features that have been
rendered consistently scaled and comparable. This
enhancement enables the model to make more precise
predictions and informed decisions based on the
uniformized dataset [10].

After data pre-processing, the third important
step is to split the data. In this study, the dataset was
divided into a substantial 80% training subset and a
20% test subset, as illustrated in Figure 4. Due to the
limited size of the dataset, creating a validation subset
is not appropriate here. The primary concern is that
allocating samples for validation could significantly
reduce the already constrained training data,
impacting the robustness of the model. In this
scenario, the focus is wisely directed toward
maximizing the available training data to construct a
stronger model.

History data

v

Training (80%)

v

Testing (20%)

Figure 4 — Dataset splitting scheme

Experiments

This research paper delves into the field of
power generation forecasting by investigating seven
different approaches. They include LSTM, GRU,
GRU with Dropout, as well as RF, GBM, kNN and
Extra Trees regression. These methods were selected
based on good performance and widespread use in
previous research. Each algorithm has a unique
theoretical foundation in the context of forecasting,
consistently delivering promising results.
Additionally, some of these algorithms have
adjustable settings known as hyper-parameters, which
impact factors such as speed, adaptability, stability
and accuracy in predictions. To fine-tune these
settings and optimize algorithm performance, a
technique provided by the Python library
“GridSearchCV”, was employed. This approach aids
in identifying the optimal configuration, resulting in
heightened precision and predictive capabilities.

In this study, predictive modeling was initiated
with the first implemented model, which is LSTM. It
is a powerful RNN architecture known for its ability
to capture intricate temporal patterns in sequential
data. This versatile technology has been widely
employed in various fields, including language
modeling, machine translation and image captioning
[11]. In the context of forecasting power generation,
LSTM’s adeptness at analyzing historical time series
data makes it a valuable tool. By assimilating factors
like weather conditions and past power generation
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records, LSTM can provide precise predictions,
enhancing the optimization of energy production and
distribution systems for greater sustainability.

The constructed LSTM model is designed to
forecast power generation based on historical weather
and power data. The model consists of two sequential
LSTM layers followed by fully connected layers. The
first LSTM layer, comprising 200 units with a ReLU
activation function, takes input sequences of the
weather features. The second LSTM layer, with 100
units and a ReLU activation, refines the extracted
features. Further, the architecture includes two hidden
fully connected layers of 50 and 25 units,
respectively, also activated by ReLU. The output
layer, consisting of a single unit, aims to predict
power generation.

The ReLU activation function was chosen due
to its ability to mitigate the vanishing gradient
problem, promoting effective training. ReLU’s
property of allowing positive values and zeroing out
negatives introduces non-linearity, crucial for
capturing complex relationships in power generation
prediction [12]. This makes ReLU a good choice for
enhancing the LSTM model’s accuracy in forecasting
power generation based on historical data.

The model was trained over 100 epochs using
the Adam optimizer with a learning rate of 0.001 and
the MSE was utilized as the loss function. The
training process involved mini-batches of size 24 to
update the model's parameters efficiently.

Following LSTM, the second model
introduced is the GRU. It represents a type of RNN
architecture akin to the LSTM network. Engineered
to capture intricate temporal patterns in sequential
data, the GRU offers a simpler structure with fewer
parameters, rendering it computationally efficient and
faster to train. Its core distinction lies in its handling
of memory cell states — replacing them with a
candidate activation vector governed by reset and
update gates. This architecture permits selective
retention and incorporation of information over time,
empowering the network to discern meaningful
patterns within sequences [13].

The constructed GRU model was designed to
forecast power generation, mirroring the architecture
of the LSTM network for later performance
comparison. The GRU model, like LSTM,
incorporated a similar structure, including the number
of layers, units and activation functions. The
proposed model was trained over a specified number
of epochs using the chosen optimizer. This similarity
in architecture enabled an equitable assessment of the
two models' predictive capabilities during subsequent
stages of the experiment, fostering insightful
performance evaluation.

To address overfitting concerns, the third
model implemented is GRU with Dropout
Regularization. Dropout is a regularization technique
in neural networks aimed at preventing overfitting by
randomly deactivating a portion of the neurons during
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each training iteration. The fundamental idea behind
dropout is to simulate training a large number of
neural networks with different architectures by
temporarily removing neurons along with their
connections. This process helps to create a diverse
ensemble of networks that can work together to make
predictions. During training, dropout is applied to
hidden units in a layer with a certain probability,
effectively forcing the network to learn robust and
distributed representations of the data, as neurons
must work independently and adapt to various
contexts. This prevents co-adaptations and
overfitting, making the network more resilient and
capable of generalizing well to unseen data [14].

To enhance the performance of the GRU
model and mitigate overfitting, dropout layers were
integrated into the architecture. These dropout layers
were added after each GRU layer, employing a
dropout rate of 0.2. Rigorous experimentation
demonstrated that this particular dropout rate
delivered optimal outcomes, effectively enhancing
the model's ability to generalize and curbing
overfitting tendencies. The core architecture of the
model remained unaltered, encompassing two GRU
layers with 200 and 100 units respectively, followed
by dense layers of sizes 50, 25 and 1. The addition of
dropout layers contributed to better regularization and
improved the model's accuracy.

Transitioning to ensemble methods, the fourth
model in the research is RF. It is an ensemble
learning method widely employed for classification,
regression and predictive tasks, offering enhanced
accuracy and robustness through the integration of
multiple decision trees. The fundamental concept
revolves around constructing a "forest" of decision
trees, each trained on distinct subsets of the data and
features. The ensemble effect mitigates overfitting
and enhances generalization by aggregating the
predictions from individual trees [15].

Achieving optimal performance with RF
depends on careful hyperparameter tuning.
Hyperparameters are pre-learning settings that
significantly influence model behavior. The RF
model was constructed, employing an auto fine-
tuning approach to optimize its hyperparameters for
the precise prediction of power generation. This
strategic tuning process ensures that the algorithm
adapts to the unique characteristics of the power
generation data, ultimately enhancing its performance
and predictive accuracy.

The fifth model applied is GBM, a boosting
algorithm known for its capacity to construct
powerful predictive models by iteratively improving
model weaknesses. GBM is a powerful ML algorithm
that belongs to the ensemble learning family. The
main idea behind GBM is to sequentially combine a
set of weak learners, typically decision trees, to create
a robust predictive model. It addresses both bias and
variance trade-offs, making it highly effective for
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various applications, including power generation
forecasting [16].

The process of tuning hyperparameters in
GBM is of paramount importance to achieve optimal
model performance. Hyperparameters control various
aspects of the model’s behavior, allowing
customization for specific tasks. The GBM model
was constructed using an automated approach to
finely adjust its hyperparameters, aiming to optimize
the algorithm’s performance for predicting power
generation.

The sixth model employed is kNN, a non-
parametric algorithm that relies on the similarity of
data points to make predictions. kNN is a ML
algorithm used for classification, regression and
clustering tasks. Its main idea is to predict the label or
value of a new data point based on the majority class
or average value of its k nearest neighbors in the
feature space. The algorithm operates on the
assumption that similar data points are likely to have
similar labels or values [17].

Tuning hyperparameters is crucial to optimize
the performance of the kNN algorithm, as the choice
of hyperparameters significantly influences its
predictive accuracy and computational efficiency.
The kNN model was constructed with careful focus
on optimizing algorithm performance for precise
power generation prediction. The hyperparameters
were fine-tuned using an automated approach. This
adaptive  strategy, coupled with systematic
experimentation, ensured that the kNN model
achieved its highest predictive potential.

Lastly, the seventh model is Extra Trees,
another ensemble method similar to RF, but with
additional randomness, which can lead to improved
model diversity and performance. Extra Trees
regression is an ensemble ML algorithm that
harnesses the power of decision trees for predictive
modeling. Its fundamental principle revolves around
the aggregation of multiple unpruned decision trees,
each grown independently from the entirety of the
training dataset. Unlike traditional decision trees,
Extra Trees deliberately introduces randomness at
critical junctures, such as the selection of split points.
This randomness aims to mitigate overfitting and
enhance the diversity of the constituent trees. The
algorithm’s efficiency lies in forecasting complex
relationships has prompted its application in various
fields, including power generation forecasting [18].

Achieving optimal performance requires
careful hyperparameter tuning. Each hyperparameter
plays a pivotal role in influencing the behavior and
generalization capability of the model. The Extra
Trees model was meticulously constructed by
employing an automated process to fine-tune its
crucial hyperparameters. This approach aimed to
meticulously optimize the algorithm’s performance in
predicting power generation.
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Results

In the final phase of the study, the conclusions
derived from evaluating various power generation
predictive models are investigated. These models
were developed using a suite of tools, including:

—Python 3.10.4;

—TensorFlow and Keras
predictive model creation;

—NumPy, pandas and scikit-learn libraries for
data manipulation and analysis;

—Matplotlib library for creating visualizations.

The computations were executed on a machine
equipped with 16 GB of RAM and powered by an
Intel Xeon E3-1230 v2 3.70 GHz processor.

The study included seven different predictive
models: LSTM, GRU, GRU with Dropout
Regularization, RF, GBM, kNN and Extra Trees
regression. Each model was evaluated using a set of
metrics. Ideally, the goal was to minimize the MAE,
MAPE and RMSE. The coefficient of determination
(R?) was expected to approach values closer to 1,
indicating a strong correlation between predicted and
actual values.

libraries  for

MAE calculates the total of absolute
differences between predicted and actual values,
while MAPE offers insights into accuracy on a
relative scale. RMSE is a critical metric, measures the
standard deviation of prediction errors. Smaller
RMSE values indicate stronger model performance,
particularly when errors are squared and averaged.
Among these metrics, RMSE stands out due to its
sensitivity to larger errors after squaring and
averaging. When RMSE is minimized, it corresponds
to lower error rates in real-world applications,
emphasizing the model’s precision. Additionally, the
closeness between RMSE and MAE values highlights
consistent error magnitudes, confirming the model’s
effectiveness and wide applicability.

Table 1 presents a comprehensive breakdown
of results, featuring metrics such as MAE, MAPE,
RMSE, MSE and R? for both training and testing
datasets used in power generation forecasting. The
examination of errors within the training dataset
illustrates the model's adaptability, while errors
within the testing dataset reveal the model’s capacity
to generalize across new, unseen data. This analysis
provides valuable insights into the model’s suitability
and its potential in real-world scenarios.

Table 1 — Model performances based on the MAE, MAPE, RMSE, MSE and R?metrics

Performance Evaluation on Training Dataset Performance Evaluation on Testing Dataset
Model :lr“ffrizl(ns%
MAE | MAPE | RMSE MSE R? MAE | MAPE | RMSE MSE R?

LSTM 139.10 | 41.18 | 208.85 | 43619.40 0.87 178.56 | 56.71 | 287.67 | 82756.29 0.74 626.90

GRU 133.47 | 40.32 | 19590 | 38378.53 0.88 197.83 | 57.83 | 323.05 | 104361.24 0.71 533.29

GRU with Dropout| 179.29 | 53.14 | 256.63 | 65858.90 0.81 21097 | 65.39 | 308.07 | 94906.90 0.66 563.32
Random Forest | 156.75 | 46.81 | 227.05 | 51552.56 0.85 22494 | 68.01 | 357.19 | 127582.54 0.62 3.76
GBM 188.89 | 56.41 | 26832 | 71997.32 0.78 230.85 | 69.79 | 358.13 | 128258.29 0.62 1.62
kNN 0.00 0.00 0.00 0.00 1.00 227.53 | 68.79 | 353.00 | 124607.38 0.63 0.01
Extra Trees 15497 | 46.28 | 222.76 | 49621.88 0.85 228.78 | 69.17 | 350.25 | 122675.27 0.63 2.07

The evaluation of various predictive models
can be visualized through overlapping scatter plots,
providing insight into the relationships between
predicted and actual power generation. Additionally,
a 24-hour chart comparing forecasted and actual
power generation offers a comprehensive perspective
on model accuracy. These graphical representations
are demonstrated in Figures 5-11.

In Figure 5a, the scatter plot represents the
correlation between predicted power generation
values for the LSTM model and the corresponding
actual values from the testing dataset. The plot
includes a red linear regression line, visually
representing the relationship between predicted and
original power generation. To quantify the
correlation, Pearson’s correlation coefficient is also
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displayed within the same figure. Figure 5b extends
this analysis by presenting a 24-hour comparison
between measured and predicted power generation
using the LSTM model during the testing phase.

Continuing this pattern, the next figures
provide similar insights into the performance of
different predictive models. Each figure delves into
the respective ML technique: GRU (Fig. 6), GRU
with Dropout Regularization (Fig. 7), RF (Fig. 8),
GBM (Fig. 9), kNN (Fig. 10) and Extra Trees
regression (Fig. 11).

These graphical representations offer a clear
visual interpretation of the models’ abilities to capture
underlying patterns and trends in power generation
data, providing a valuable perspective on their
effectiveness.
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The analysis of Figures 5-11 provides valuable
insights into the performance of various predictive
models for power generation forecasting. Among
these models, the LSTM model stands out with the
highest accuracy in predicting power generation,
achieving the highest correlation coefficient of 0.83.
During the training phase, the LSTM’s predictions
closely align with the measured data, as can be seen
on the 24-hour chart (Fig 5b). However, it is worth
noting that there is a moderate spread between some
predicted and actual values, as observed in the scatter
plot (Fig. 5a).

In terms of performance, both the GRU and
GRU with Dropout Regularization models also
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demonstrate promising results, achieving correlation
coefficients of 0.81 and 0.82, respectively. These
models demonstrate similar predictive capabilities to

the LSTM, though with a slightly decreased
performance.
Conversely, the other predictive models,

including RF, GBM, kNN and Extra Trees regression,
show significantly lower accuracy in power
generation prediction. Consequently, they may not be
suitable choices for tasks involving power generation
forecasting, given their low performance when
compared to the LSTM, GRU and GRU with Dropout
Regularization models.
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Figure 5 — Scatter plot performance power generation forecasting by the LSTM (a) and a 24-hour comparison
between predicted and actual power generation (b)
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Figure 6 — Scatter plot performance power generation forecasting by the GRU (a) and a 24-hour comparison
between predicted and actual power generation (b)
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Figure 7 — Scatter plot performance power generation forecasting by the GRU with Dropout Regularization (a)
and a 24-hour comparison between predicted and actual power generation (b)
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Figure 8 — Scatter plot performance power generation forecasting by the RF (a) and a 24-hour comparison
between predicted and actual power generation (b)
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Figure 9 — Scatter plot performance power generation forecasting by the GBM (a) and a 24-hour comparison
between predicted and actual power generation (b)
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Figure 10 — Scatter plot performance power generation forecasting by the kNN (a) and a 24-hour comparison
between predicted and actual power generation (b)
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Figure 11 — Scatter plot performance power generation forecasting by the Extra Trees regression (a) and a 24-
hour comparison between predicted and actual power generation (b)
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Discussion

A comprehensive study (Table 1) compared
seven models for accurate power generation
forecasting using a real HAS [4] dataset from August
9,2022, to July 18, 2023.

Within the models that were implemented,
several stand out for their good predictive
performance in power generation forecasting. The
LSTM model outperformed others, with a
competitive MAE of 178.56, MAPE of 56.71%,
RMSE of 287.67, and R2 of 0.74. However, its
drawback is the lengthy training time of 626.90
seconds. The GRU model showed promise, achieving
a MAE of 197.83, MAPE of 57.83%, RMSE of
323.05, and R2 of 0.71, with a shorter training time
(533.29 seconds) than LSTM. The GRU model with
Dropout Regularization had slightly worse results
(MAE: 210.97, MAPE: 65.39%, RMSE: 308.07, R2:
0.66, training time: 563.32 seconds). Other methods
(RF, GBM, kNN, Extra Trees regression) performed
less impressively.

LSTM emerged as the most accurate
predictive model, offering potential integration into a
real HAS. This would provide homeowners with
precise power generation forecasts, supporting
informed decisions on energy consumption and
optimal schedules for electrical appliances,
contributing to enhanced energy independence and
reduced electricity costs.

Conclusions

The problem of predicting power generation
from alternative energy sources in HAS was
investigated in the paper. It was considered a
regression problem. The existing open-source HAS
platforms mainly concentrate on simplifying home
automation tasks and lack the ability to predict and
manage power generation which depends on various
factors such as weather conditions and the time of
day. This drawback significantly limits the efficient
use of clean energy resources and makes it difficult
for homeowners to become independent of external
power grid. To address this gap, the study suggests
selecting and adapting an appropriate ML method to
accurately forecast power generation within HAS.

The model predicts power generation using
historical weather and power data. It comprises two
LSTM layers (200 and 100 units) for processing
weather features. Two fully connected layers (50 and
25 units) are included, both activated by ReLU. The
output layer aims to predict power generation with a
single unit. An experimental investigation was
conducted using a dataset collected from a real HAS.
The study compares the accuracy of seven different
predictive models through experimental evaluation.
The results demonstrate that the LSTM model
outperforms other models with an RMSE of 287.67
and a coefficient of determination (R?) of 0.74.

The developed model provides an interface for
integration into real HAS scenarios dependent on
alternative energy sources. This interface enables the
prediction of power generation within the HAS,
facilitating optimal energy utilization and promoting
energy independence.

The scientific novelty of the obtained results
lies in the implementation and adaption of a
specialized LSTM model, which accurately forecasts
power generation using historical weather and power
data.

The practical significance of the obtained
results lies in the improvement of power generation
forecast accuracy. Comparing RMSE values, there is
a notable drop from the initial 466,15 watts to 287.67
watts after the implementation of a new predictive
model. This indicates a good accuracy enhancement
of approximately 38.3%. This improvement enables
the integration of the developed predictive model into
real HAS that depends on alternative energy sources.
Such integration has the potential to optimize energy
usage efficiency while reducing reliance on
traditional power grids.

The prospects for the further research
involve integrating the developed predictive model
into real HAS. While the LSTM model demonstrates
good predictive capabilities in power generation
forecasting, there is still room for model
enhancement. One crucial aspect to consider is the
dataset size, as a more extensive dataset could
potentially  enhance the model’s accuracy.
Furthermore, refining the architecture through
optimizations like adjusting the model’s depth and
width holds promise for improving results.
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JOCJIIKEHHS TA IPAKTUYHA PEAJIIBAILIS IHTEJIEKTYAJIBHUX METO/IB I MOJIEJIENA
KOHTPO.TIO TEHEPAIIII EJJEKTPOEHEPT1i 3 AJIbTEPHATUBHUX JIKEPEJI

Y nmanii  crarri Oyino JOCHIPKEHO TpoOjieMy TIpPOTHO3YBaHHS TeHEpalili eJeKTpoeHeprii 3
aNbTEepHATUBHUX JUKEpPET B CHUCTEMax JOMAIIHBOI aBTOMAaTH3allii. AKTyalbHICTH TNpobieMu 0O0yMoOBIEHA
HEMO>KJIMBICTIO ITPOTHO3YBATH TEHEPALIII0 EJIEKTPOSHEPTii 3 albTepHATUBHUX JDKEPEN €Heprii, siKa 3aJIeKUTh BiJ
pi3HOMaHITHHX ()aKTOpiB, B paMKax IuUIATGOpM CHUCTEM JOMAIIHbOI aBTOMATW3allii 3 BIAKPUTHM BHXIiTHUM
kozoM. Lleit Hemornik 3HAYHO OOMEXye eEeKTUBHE BUKOPHUCTAHHS EKOJIOTTYHO YHCTHUX CHEPreTHYHHMX PEeCypciB
JIOMOBJIACHHKAaMH, I1030aBIAIOYM X MOXJIIMBOCTI POOWTH  YCBiIOMJEGHMH BHOIp [I0OA0  KUIBKOCTI
SHEproCIO)XKMBaHHS Ta IUIAHYBAaTH PO3KJaJ BHUKOPHUCTAHHs eJeKkTponpuiaaiB. O0’e€KToM poOOTH € mpolec
IIPOTHO3YBAaHHS TeHepallii elIeKTPOSHEPTii 3 aIbTEPHATUBHUX JPKEPEIT B CUCTEMax JOMAIIHbOI aBTOMAaTH3allii.

Mertoro poOOTH € po3poOKa MPOrHOCTHYHOI MOJIENI, 3/1aTHOI IPOrHO3YBAaTH T'€HEPALIiI0 EIEeKTPOSHepTii 3
aNbTEepHATUBHUX JKEPEIl €HEeprii B CHCTEMI JOMAIIHbO1 aBTOMAaTH3allii.

Po3spobiiena HelipomepexeBa MOIENb IPH3HAYEHA ISl IMPOTHO3YBAHHS TeHepalii eleKTpoeHeprii,
BUKOPHCTOBYIOUYH ICTOPUYHI JIaHi PO MPOTHO3 OTOU Ta reHepallito enekrpoeneprii. Ctpykrypa mogeni LSTM
BKJIfoUae jaBa mociizoBHux mapu LSTM, 3a sSkuMH CHiZyIOTh HOBHICTIO MiJKJIIOYEHI IIapH, a TaKOX JBa
MIPUXOBaHI MOBHICTIO MiAKIIOYEH] IapH, [0 aKTUBYIOThCA (yHKIieto akTrBalii ReLU.

ExcrniepuMmenTanbHe HOCIIKEHHS TPOBOAMIOCS 3 BUKOPUCTAaHHSAM HaOOpy JaHUX, 310paHUX 3 peasbHOl
CHCTEMH JOMalIHboi aBToMaru3amii. Lleit Habip oxommoe nepiox 3 9 ceprust 2022 poky no 18 mumast 2023 poky
1 ckimazaersest 3 8256 3anmciB. Pozpobiena neripomepexesa Moaens LSTM nponeMoHCTpyBaia IpOayKTHBHICT
3 cepeaHbokBagparnyHo0 noMmikoro (RMSE), 3nauennst sikoi craHoButh 287,67 BT Ta koedimieHTOM
nerepminanii  (R?), mo gopiBaroe 0,74. B pe3ymbTaTi 4YOro CHIOCTEPITacThCA MOMITHE —3HIDKCHHS
CepeHbOKBAAPATHYHOI OMHIKH 3 466,15 BT no 287,67 Bt micis peamizamii HOBOi HelipomepexeBoi Mozeli,
IO CBIMYMTH NPO MiABHIIEHHS TOYHOCTI TNpPOTHO3yBaHHSA npubmm3Ho Ha 38,3%. Orpumani pe3ysibTaTé
JIOCHI/PKEHHST 0a3yloThCsl Ha CTBOPEHHI Ta HANAINTYBaHHI criemiaiizoBaHoi moxeni LSTM, sika edeKkTuBHO
MIPOTHO3Y€ TeHepaLito eaekTpoeneprii. Lli pe3ysibTaTti MponoHyIoTh iHTErpyBaTH 3alpONOHOBAHY MPOTHOCTHYHY
MOJIETIb y pealbHy CHCTEMY JOMAalIHbOi aBTOMAaTH3alii, sika BUKOPHCTOBYE aJbTEPHATHUBHI JPKEpesa EHeprii.
Taka iHTerpanist MOTEHIIHHO MOXKE ONTUMI3yBaTH €PEKTUBHICTH EHEPTOCIIOKUBAHHS Ta 3HU3UTH 3aJICKHICTH BiJ|
TPAIMLIHNX EIEKTPOMEPEK.

Kniouogi cnosa: zenepauin enexmpoenepeii, npozHo3y8anHsa, albmepHAmMueHi 0xcepena enepzii, cucmema
domawinboi agmomamusauii, 006za kopomxkouacrna namw’ams, OpenHAB
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Bcmyn

MoHiTopuHT, SK TOCTiifHe abo peryisipHe
CIIOCTEPEIKCHHS 32 SKUM-HeOynb 00'ekToM  abo
MPOLIECOM 3 METOI0  OIiHKH, TIOpiBHSHHS Ta
MIPOTHO3YBAHHS 3aCTOCOBYETHCS ITOBCIOJTHO, B PI3HUX
o0macTsx, K y Hay1i, Tak i B cepi ynpasninas. byab-
SIKl yTIpaBIiHCHKI iHOpMaLiliHi MPOIECH BKIIIOYAIOTh
B cebe mpomeaypu peectparii, 300py, mepenadi,

30epiranss, oOpoOkHM, Bumadi iHdopmamii Ta
MPUHHATTS pilIeHb Ha OCHOBI 3i0paHol iHpOpMaii
[1]. Taxk icHye MOHITOPHHI  HaBKOJIHWIIHHOTO

Cepe/loBHIIA 3 METOI0 HOro OXOPOHHM 1 KOHTPOIIIO
BIUIUBY TOCHOAAPCHKOI MISUIBHOCTI Ha IPUPOLY.
Crioyatky 3'IBUBCS MOHITOPHMHI B TIPYHTO3HABCTBI,
€KOJIOTii, a MOTIM BiH MOMMPHBCS 1 B iHII Taiy3i
MIPaKTHYHOI AisIbHOCTI. BemyThest criocTepexeHHs 3a
JIMHAMIKOIO CTaHy HaBKOJMIIHBOTO CEPEAOBHIIA, 00
TIpY BUSIBJICHHI HETATUBHUX 3MiH BXKUTH 3aX0IIB MO0
ix MiHIMi3anii a00 yCyHEeHHSL.

B coriosnorii MOHITOpUHT BiJCTE)Xy€e 3MiHH B
CYyCITLIBCTBI, BUBYAE COIIAIbHO-TIONITHYHI SBUIIIA, ]A€
MIPOTHO3HU. B 1cuxosorii 3acTOCOBY€EThCS ICUXOIIOT0-
MelaroriyHuii MOHITOPUHT, HOro MeTa — KOHTPOJIb
[IEaroriyHOr0 BIUIMBY Ha BCEOIYHUI PO3BUTOK
JIUTHHYU Ta TOMEPEPKECHHS HECIIPUATIMBHAX (HaKTOPIB.
Y MeouWmuHI BIICTEXKYEThCS 3arajibHUA  BIUIAB
HaBKOJIMIIHBOTO CEPEIOBHIIA HA 30POB'S JIIOANHH. Y
cthepi BUPOOHWITBA 1 TOCIONAPCTBA MOHITOPUHT
TaKo)XK BaXIUBUH. Y OyIiBHHUIITBI IIl¢ KOHTPOJb Ta
criocTepexeHHs 3a OyJiBHUIITBOM OyiBIi Ta i cTany,
CTaHy IPYHTIB i HABKOJIMIIHKOI 3a0yn0BH. [1pn ibomy
BUKOPHCTOBY€EThCS ~ CIICLliaJIbHE OOJagHAHHS, IO
JI03BOJII€ BUSBUTH MOJKJIMBI HETaTHBHI TEHIEHIIT 1

34

BXXHUTH  3axXOJiB ix
MI0YaTKOBOMY €Talli.

MOHITOpHHT  IIMPOKO
cydacHOMY Oi3Heci, 30Kpema, Ui BiJCTECKCHHS
curyanii Ha pHHKY 1 KOHKypeHmii. [ns mporo
3IIIIICHIOETHCSI CIIOCTEPE)XKEHHS 32 JisIMA KOHKYPEHTIB,
MIPOTIO3HILIEI0 MPOAYKTIB, IX PEKJIAMOIO, BIATYKH
MIOKYTILIB TIPO TOBapH ToIo [1].

Indopmaniitni TexHOMOTIl SBISAIOTE COO0IO Ti
3aco0M 1 METOAH, 3a JOIIOMOTOIO SIKUX Peajli3yloThCs
MPOIIEIypH peecTparlii, 30opy, mepenadi, 30epiraas,
00poOKu, Buadi iHopMallii Ta MPUHHSATTS pillIeHs Ha
OCHOBI 3i10panoi iHpopMmarii B pizHuX iHGOpMALIITHIX
cucremMax. 3 pO3BHTKOM iH(POPMAIIHHUX TEXHOJOTIH
HUHI TNPAaKTUYHO BCI MOHITOPMHIOBI CHCTEMH
OynmyroTecst Ha 6a3i KOMIT'IOTEpiB Ta iH(GOPMAIIHHIX
cucreM. B 1poMy pasi MOHITOPHHTOBI CHCTEMH
TpaHCHOPMYETHCSI B KOMITFOTEPHI MOHITOPHHIOBI
CHCTEMH.

Ha

moa0 BHUIIPABJICHHA

3aCTOCOBYETLCA B

IcHyroTP 1 MOHITOPHHIOBI CHUCTEMH, SIKi
CIOCTEpiraloTh 32  poOOTOI0  caMUX  MEpeK.
MOHITOPHHIOM MepeXi Ha3WBaIOTh POOOTY CHUCTEMH,
sSKa  BUKOHYE TIIOCTiifHE  CIIOCTEpEKEHHS  3a

KOMH'}OTepHOIO MCPECIKCIO Yy MOLIyKax MOBUIBHUX YK
HCECIIpaBHUX CHUCTEM Ta sKa IpUu BHUSIBIICHHI 3001B

MOBIIOMJIIE TIPO HUX 3a JIOMIOMOTOI0  3aco0iB
OTOBIMICHHS [2].
MOHITOpPHHT ~ KOMI'TOTEpHOI ~ Mepexi  1e

Oe3mepepBHUI TIPOIIEC, KW 3MIHCHIOETHCS 33 TAKUM
MPUHIUIIOM: ~ CHCHialbHI TMPOTpaMH 3  TCBHOIO
MIEPiOIMIHICTIO HAJICHIIAIOTh 3aIlUTH TPUCTPOSM Y
Mepexi. Y pa3l HEKOPEKTHOTO abo HEBIaloro
pe3yapTaTy TaKOTO 3alWTy CHUCTEMa MOHITOPUHTY
MTOCHJIA€ CUTHAN TIPO HECIPABHICTh a00 aBTOMATHIHO
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MIPOBOANTH TEBHI [Iii, perjJaMeHToBaHI MPOTOKOIOM
JUIS BAHUKHEHHS aBapiiHUX CUTYyalii.

MOHITOpHHT MOXKHA MOIUINTH Ha Pi3HI THIIH,
JI0 HAWNOIIMPEHIMMX THUITIB MOHITOPHMHTY MOXXHa
BIJHECTH TaKi SIK:

- MOHITOPHHI 00’€KTy, TpHU3HAYECHUH IS
HajaHHsA iHpopMamii, HeoOXigHOI A TMOCTiifHOTO
CIIOCTEpEXEHHs 3a CTaHOM O0’€KTa, BUSBIICHHS Ta
YCYHEHHsI Ipo0JIeM, IPUHHATTS pilllcHb;

- MOHITOPHHT TIpOLIeCY, TpPHU3HAYCHHUN JUIS
HajaHHsA iHpopMamii, HeoOXigHOI A TMOCTiifHOTO
IUTaHYBaHHS Ta aHallizy poOOTY, OIIHKH ycIIiXy abo B
IHIIOMY BWITAJIKy pealtizallii IpOeKTiB Ta HpOrpamHy,
BUSIBJICHHS Ta BHpILICHHS NpPOOJIEM 1 BHKIIHKIB,
BUKOPHCTaHHS MOJIMBOCTI 110 Mipi IX BHHUKHEHHST;

- MOHITOPMHI  pE3yJbTaTiB YW BIUIUBY,
CHpSIMOBaHMH Ha OWIHKY 3MiH, SKi BHUKJIMKaHi
IIPOEKTOM YH IPOTPAMOIO.

OcHoBo0 CHUCTEM KOMIT IOTEPHOTO
MOHITOPUHTY SIBJISIFOTECS MOHITOPHHIOBI ITPOTpamH,
SKi MaroTh 0araTo MICH, 3aJCKHO BiA THITY
MOHITOPUHTY Ta KOHTeKCTy. OJTHaK OCHOBHOIO METOIO
€ peryisapHuii 36ip iHdopmarii mpo mpomec, a motim ii
BUKOPHCTAaHHS Ul BHECEHHS MOCTIfHUX KOPHUTYBaHb
B 3QJICKHOCT] Bifl CTaHy CHCTEMH JUISl MIATPUMKH i
e(eKTUBHOI Mpare31aTHOCTI.

lMocmaHoeka 3adayi

[Mim3emunii  BUMOOYTOK BYTULIL — 3aBXKIH
OB ’S3aHUKA 3  KOMIUIEKCOM  IIKIJJIMBHX  Ta
HeOe3MeYHNX BUPOOHUYMX UYWHHHKIB, BIUIHB SKUX
3YMOBIICHHH, HacaMIiepell, TipHUYO-TEOIOTIIHIMHA
YMOBaMH, BHUKOPHUCTAHHSAM BHCOKOIPOIYKTHBHUX
MalllMH 1 MeXaHi3MiB, 3HAYHOIO IHTEHCHBHICTIO poOiT
OYHCHUX Ta MiAroroBumx poodit [4]. PerymsphicTs
BUHUKHCHHS HA/J3BUYAHHUX CHUTyaIlii Ta aBapii,

BUCOKMII  piBeHb  TpaBMaTU3My  OOyMOBIIOIOTH
HEOOXiTHICTh BUKOPHCTaHHS POTPECUBHUX MiIXO/IB
0 3a0e3reveHHs 6e3nexn TMIpaIiBHAKIB
BYIJIeA00YBHUX IIAXT.

OnHietlo 3 pO3MOBCIOKEHWX  NPHYHMH
BUHUKHEHHS aBapiit Ha ByTJ1e100yBHUX

mianprueMcTBax € BuOyxu Merany [5]. Ha pwusuk
BUHHUKHEHHS BHOYXiB MeTaHy Ha BYTUIBHHX IIaxTax
BIUIMBAe Oe3JiU SIK 30BHIIIHIX, TaK 1 BHYTPIMIHIX
yuHHUKIB. [lepmii 3HAYHOIO MIpOI0 BH3HAYAIOTHCS
BIUIMBOM  TIPUPOAHOTO  CEPEAOBHINA:  TipHUYO-
TCOJIOTIYHMUMH ~ yMOBaMH  BHAOOYTKY  BYTI,
IMOMHOI0 PO3POOKH, BIIACTUBOCTSIMU BYTULIA Ta
BMIIIYyIOYH TIOpif, TIPCBKMM THCKOM, METaHOBICTIO
POZIOBHIL, HASIBHICTIO CY(QUISIPIB Ta PAalTOBUX BHKHIIIB
MeTaHy Tomlo. 30BHIIIHI YMHHUKH MOXYTb MaTH
CyTT€BE 3HA4YEHHS s (HOPMyBaHHS OE3IEYHOTO
cTaHy BUpOOHHMYOTO cepemoBumia. Jlo BHYTpIMIHIX
YMHHHKIB Ha TIPHUYUX IINIPHEMCTBAX BIIHOCSATHCS
CTaH  BUPOOHMYOTO  OOJIAJHAHHS,  TEXHOJIOTiA
BUA00YTKY, OpraHizamisi po0it, cTaH IpoTHaBapiiHol
TOTOBHOCTI IIANIPUEMCTB, HASBHICTh Ta CTaH CHCTEM
Ta 3ac00iB KOJIEKTUBHOTO 1 1HAMBITyaIbHOTO 3aXUCTy
TIPALFOI0YMX TOLIO.
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BaxmBuM 3ax0/10M 3 NONepeKEHHsI BUOYXiB
METaHy € MOHITOPHHT CUCTEM BHOYX03aXHCTY, OJHUM
i3 OCHOBHHX €JIEMEHTIB SIKOTO € CHCTEMa KOHTPOIIIO
KOHLIEHTpALlil MeTaHy B aTMoc(epi rpHIYNX BUPOOOK
maxt. OcTaHHIM 4YacoM Ha BYTUIBHUX IIaXTax B

OCHOBHOMY BHUKOPHCTOBYIOTBCS CHCTEMH
MOHITOPUHT'Y BUOYXOHEOE3IeKH Ha OCHOBI KOMILIEKCY
aeporazoBoro  in¢opmarmiitnoro  KAIT Ta
yHidikoBaHOT TENEKOMYHIKAIIHHOT CHUCTEMU

JIICIIETYEPCHKOTO KOHTPOJIIO Ta aBTOMATH30BAHOTO
KepyBaHHS TpHUYMMHI MAIIMHAMH i TEXHOJIOTIYHUMH
komrutekcamu (YTAC).

Icnyroui CUCTEMU MOHITOPUHTY
BHOyXOHEOE3MeKH 3AIHCHIOI0TH KOHTPOJIb, Iiepenady,
30epiranss, Bugady iHdopmanii Ipo BMicT METaHy B
PYAHUKOBIH aTMocdepi Ta BHAA4y YIIPaBIAIOYOTO
CHUTHAJy Ha BIJKIIOYCHHS EJIEKTPOCHEprii, fK
OCHOBHOTO JpKepella 3amajeHHs METaHOIMOBITPSHOL
cymimi.

OcHOBHUMH 1  HalMeHII  HaIIHHAMH
eJIEMEHTaMHU CHCTEMHA MOHITOPUHTY
BHOyXxoHeOe3MekH € razoanasizaropu. CkiiasiHi yMOBH
X excruTyaranii (BUIaJKoBi y1apy, 3aJIMBaHHs BOZOIO,
Jlisl eKCTPEMAIIbHUX 3HaYeHb (DAKTOPIB TOIIO), @ TAKOXK
HECaHKI[IOHOBaHE BTpy4YaHHS B poOOTy aHalli3aTopiB
MOXYTb BIUIMBATH Ha IIpane3aaTHICTh Ta CTa0IIbHICTD
ix poboTH, a 1ie, B CBOIO Yepry, MOXe MPU3BECTH JI0
HECIIPaIlbOBYBAHHS 3aXHCHOTO BUMKHEHHS
€JIEKTPOSHEPTii, IO € OJHI€IO0 13 MPUYNH BUHHUKHCHHS
aBapiii Ha maxrtax. [Ipukinagom 1poro € amapis 3
YHUCEIIbHUMH CMEPTENbHIMH HACIIiIKaMH CIIPHYMHEHA
BHOYXOM METaHOIOBITPSIHOI CyMilll, sika Tparuacs 2
Oepesnst 2017 poky na maxti «Cremoa» I
JIeBiBBYTIIIA, [Ie, HE3BAYKAIOUN HA HASBHICTH JIOCHUTH
komToBHOI cucremu Y TAC, 3acobu BHOyX03axucTy
HE 3abe3neqnnm 3aXHCHOTO BIZKITIOUCHHS
€JIEKTPUYHOI Mepexi npu HasIBHOCTI
BHOyXOHeOe3MeyHO! KOHLIEHTpaIlil MeTaHy, 1110 CTaJIo
OJTHI€IO 13 TPUYHH BUOYXY.

BaxnuBuM  3axomoM 3 IIJBHUINCHHS
HaJiHHOCTI pOOOTH CHCTEMH MOHITOPUHIY € TPOOHI
MepeBipky 11 COpaIfoBaHHS. 3TiTHO  YHHHUX
IHCTPYKIIH MO eKCITyaTalii iCHyI0UHX CTaliOHapHUX
3ac00iB  KOHTPOJIIO BMICTY MeETaHy HEOOXiIHO
3IiICHIOBATH IIOJICHHY TIEPEBIPKY iX Mpane3aaTHOCTI
Ta MEPIOJMYHO TMEPEBIPATH IX B MIAXTHUX yMOBAax 3
BUKOPHCTaHHSIM aTECTOBAHMX Ta30BUX CyMIIIeH, II0
0o0yMOBIIIOE ~ 3HAYHI  eKCIUTyaTalliiHi  BUTpPaTH.
Bcranosneno [6], 1o moeHHa repeBipka crpaBHOCTI
amapatypy KOHTPOJIO MeETaHy Yy TOpiBHSIHHI 3i
IIOMICSYHOIO  TIEPEBIPKOIO0  JO3BOJSIE  3HU3UTH
HMmoBipHicTs BuOyxy y 300 pasiB, a 3a yMmoBH
3MEHIIEHHS TEPMiHY MK IepeBipKaMH anapaTypH 10
4 romuH HMOBIpHICTE BHOYXy 3a pik MOXe OyTH
MEHIIOIO JI0MyCTUMOTO 3HaueHHs 107 .

3Bakaloun Ha BUKJIQJICHE, aKTYaJIbHOIO
3a7a4er0 € MiABUINEHHA HAIIMHOCTI CHUCTEMH
MOHITOPUHTY BHOYX03aXHCTy IUISIXOM BITPOBaKCHHS
Cy4aCHHX iHpOpMAIIHHIX TEXHOJIOTIH Ta
KOMIT FOT€PHOI TEXHIKH.



ISSN 1996-1588 Hayxosi npayi /[onHTY Ne 2(37), 2023
Cepis “Ingopmamuxa, kibeprnemuxa
ma obuucnosanvHa mextika’”
MeTom0JIOTiYHOI0  OCHOBOIO  CHCTCMH BMICTYy METaHy B pEXHMi peaJbHOTO  4acy,
KOMIT'IOTEPHOTO ~ MOHITOPHHTY  BHOYX03aXHUCTy MIPOTHO3YBaHHs i 3MIHM B 4aci Ta aBTOMAaTHYHOTO

MOBUHHO CTaTH HACTYIIHE MOJOXEHHS: B YMOBax
MiHIMAJIbHUX BUTPAT Ha CTBOPCHHS Ta EKCILTyaTallito
CUCTEMU KOMIT FOTEPHOTO MOHITOPUHTY
BHOYXO03aXHCTy, 3a0€3MCUNTH 3HUKCHHS IMOBIPHOCTI
BHOYXY METaHy JI0 JIOITyCTUMOT'O 3HAUCHHSI.

OcHoe8Hi pe3ynibmamu AocnidxeHb

CyTTeBO T TBUIIATH HATIHHICTH
BHOYX03axXHCTy BYTUIBHHX MHIAXT MOXKHA JIMIIE 3a
YMOBH JOTIOBHEHHSI ICHYIOUMX CHCTEM MOHITOPUHTY
BHOYX03aXHCTY JIOZIATKOBOIO CHCTEMOIO
KOMII'FOTEPHOTO MOHITOPHHTY 3aCc00iB  KOHTPOITIO
BHOYXOHEOE3MEYHOCTI 3 (PYHKIIAME Oe3mepepBHOTO
CTeXKEHHS 3a Ipale3laTHICTIO 3ac00iB  KOHTPOIIO

KoHTponb craHy o6’ekra

bazoBsa
cucTema
MoHiTOpEET
CHCTEMH
BHOYX03aXHCTY

MpUMHATTA piweHb

PiBHI BTpy4aHHA

* _

OuiHka pu3ukis

Buawu BTpyYaHHA

BIJJTHOBJICHHS IPAIle3JaTHOCT] IUITXOM PETYIIIOBAaHHS
MapJIaMeHTiB 3aco0iB, a TaKOX MNPUHHSATTS pillICHb
CTOCOBHO BHJIIB Ta PIBHIB BTpPy4aHHS B pPoOOTYy
TEXHOJIOTIYHMUX CUCTEM Ha OCHOBI OIIIHKM PU3MKIB Ha
BCIX PIBHSIX YIIPABIiHHS.

daktuuHO, 1e Tnependavyae  CTBOPEHHS
JIBOPIBHEBOI CHCTEMH KOMII'IOTEPHOTO MOHITOPUHTY
BHOYXO03aXHCTy, TOOTO TOTIOBHEHHS iCHYFOUUX CHCTEM
KOMIT'IOTEPHOTO ~ MOHITOPHHTY  BHOYX03aXHUCTy
JIOJIATKOBOIO  TI1JICHCTEMOIO KOMIT IOTEPHOT0
MOHITOPUHTY 3ac00iB KOHTpPOJIIO BMICTY METaHy, Ta
CYTTEBOTO PO3MIMPEHHS (PYHKIIH CHCTEMH Ha BCiX
piBHsX. CTpyKTypa Takoi CHCTEMH KOMI IOTEpHOTO
MOHITOpUHT'Y BUOYX03aXHUCTy HaBeJleHa Ha puc. 1.

KouTponb cTany
MNepegz«z iHpopmaui
3bepiraxdHA indopmayii

OuiHka 3miH
BUIHIYSHHA PUIUKY

KoperyeaHHa

napameTpis

— Monepeg#eHHA
MpossgeHHA
NpodinaKTUEHUX
3axogie
Tepminoso
MpoTArom 3miHu

KouTtpono
=====" Nepegz«a
36epiradHA
O6pobka

Oujinka cTany
BU3HIYSHHA pUSHKY

MNonepea#eHHA
BUMKHEHHR
MNpodinakTu=Hi 3axoau
=== === TexHonorisHi
obmemenHr
BeHTUNAUIR
Aerasayin
Tepminoso
MpoTArom 3minu
MpoTRrom THHMHA

Pucynok 1 — CtpykTypa ccucteMu KOMIT FOTEpHOTO MOHITOPHUHTY BUOYX03aXHCTY
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HuHi B icHyt0uHX 3ac00aX KOHTPOIIO BMICTY
MeTaHy B OCHOBHOMY BUKOPHUCTOBYIOTh
TepMOKaTaJliTUYHUHN MEeTO/, Bukonani
JIOCITI/PKEHHS IIbOTO METO/y Ta 3aCHOBAaHMX HA HHOMY
3ac00iB KOHTPOJIIO, JO3BOJWINM ICTOTHO IMiJABUIINTH
HaJliiHICTh Ta CTaOUIBHICTE POOOTH Ta30aHaII3ATOPIB
[7,8]. Opmmak ckmagHi  yMOBHM  eKCIUTyaTaril
raszoaHaJjisaTopis MOXYTb BILIUBATU Ha
Mpare3aTHICTh Ta CTadUIbHICTH iX poboTH. Tomy,
3TiIHO YMHHUX IHCTPYKILIK 3 eKCIUTyaTaril iCHyI04nX
CTalliOHApHUX 3ac00iB KOHTPOJIO BMICTYy MeETaHy,
HEOOXiHO 3/IMCHIOBATH IIOACHHY IEPEBIPKYy iX
Mpare3laTHOCTI Ta TEpioANYHO MepeBipATH iX B
IIaXTHUX YMOBaxX 3 BUKOPHCTaHHSIM aTECTOBaHUX
ra3oBUX  CyMimed, 1o OOyMOBIIOE  3HAYHI
eKCIITyaTaliifHi BUTPaTH.

[MuranHsSM aBTOMAaTW4HOI MIarHOCTHKH CTaHy
aHaJIi3aTopiB METaHy IPUAUIEThCS 3HAYHA yBara.
BrkoHaHO TeopeTMUHMH aHANi3 Ta JOCTIJDKEHHS
METO/y BHSBIICHHS 3MIIIEHHS «HYJISD) aHAII3aTOpiB
METaHy IUIIXOM 3HIDKCHHS Halpyrd >KUBJICHHS
TEPMOTPYIIM /10 BEJMYMHHU, NPH SIKiH HE NpPOTIKaE
peakiiss OKHCJIEHHS METaHy Ta aHaji3y 3MiHH
BOJIbTAMIIEPHUX ~ XapaKTEPUCTHK TEPMOEIIEMEHTIB,
3alPOIIOHOBAHO AJITOPUTM MOHITOPUHTY 3MIIICHHS
«HYJISD» Ta BITHOBIICHHS TPAIe31aTHOCTI aHANI3aTOPIB
IUITXOM HOTO KoperyBaHH [9].

3anporoHOBaHO METO/ KOHTPOJIIO YyTIHBOCTI
NEpBUHHUX  IEPETBOPIOBAYIB Ta  KOPETYBAaHHS
MOKa3aHb aHAJI3aTOPiB METaHy, 1110 MOJISrae B aHai3i
3MiHHM BUXIJJHAX XapaKTEPUCTUKH IIEPETBOPIOBAYIB Ha
IUTBHUI BUXOJTy BUXiTHOI HATIPYTH BUMipPIOBAITEHOTO
MOCTa Ha TOPHU3OHTAJbHY 4YacTUHY  (IUIATO)
XapaKTEPUCTUKU TPH 3MiHI BEIMYMHHU CTPyMy 4Yepes
gyTuBi enementu [10].

Buxonano TEOPETUYHHUN aHaii3 Ta
JIOCHI/DKEHHST ~ METOXy  BHSBJICHHS  BHIAJKIB
3a0pyaHeHHs Ta3oaudy3iiiHuX QIIBTPIB  JaTUYMKIB
MeTaHy, IIIIXOM aHaJi3y MEepexiHUX IPOIECiB, M0
BUHMKAIOTh B JATYMKAX MIPU 3MiHI PEXKUMY KUBICHHS
TEPMOEIIEMEHTIB. 3arpornoHoBaHo ITOPUTM
BUSIBIICHHS BUTIAJIKiB 3a0pyaHeHHs [11].

Po3pobiieHO MeTo/ MiABUINICHHAS IIBAIKOIT Ta
HaJliIHHOCTI CUCTEM aBTOMaTHYHOT'O T'a30BOT'0 3aXHUCTY,
LIJISIXOM OJTHOYAaCHOTO BHKOPHCTAHHS B aHali3aTopax
METaHy JBOX [JaT4MKiB, OAWH 3 SIKUX € BHCOKO
CcTaOUILHUN ane BIJHOCHO IHEepITiHHMIA -
TEPMOKATAJITHYHUHM, a IHIWK - MayloiHepLiitHNi
ontnuHui.  OOTPYHTOBaHO  METOJ]  BHSIBICHHA
BHOYXOHEOE3MEeYHOCTI CepeaoBHIIa, SKUI MOJIIATae B
TOMy, IO 3a BIICYTHOCTI CYyTTEBHX 30YypeHb,
BUKJIMKaHUX ra30AnHaMIYHUMH SIBUIIAMH,
iHpopMmamis TPO  KOHIEHTpALil0 MeTaHy Ta
(dopmyBaHHS CUTHAILY Ha BIIKJIFOYCHHS
eNIeKTpOOOIaAHAHHS ~ 3[IHCHIOETBCS. HA  OCHOBI
BUMIpDIOBaHHS ~ KOHLEHTPALlil TEpMOKATAIITHIHUM
JMATINKOM, a MAIOIHEPIIMHNNA ONTHYHUHA JaTIHK
CITy’>KUTD JIMIIE JUTS BU3HAYECHHSI BEJIMUUHN ITPUPOCTY
KOHLIEHTpALil METaHy 3a KOPOTKHHA MPOMIXOK Yacy
IpU  Ta30[MHAMIYHUX SBUINAX. 3alpOIIOHOBAHO
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aNropuTM A peamizanii metoay [12].

[puseneni PpO3pobKH JIaI0Th 3MOry
peaii3yBaTH Ha IPAKTHIl CHCTEMY KOMII IOTEPHOTO
MOHITOPUHTY 3aco0iB KOHTPOJTIO

BHOyx0oHeOe3meyHoCcTi. OCHOBHUM €IIEMEHTOM TaKoi
CHUCTEMH € «IHTEJIEKTYaJIbHUI) aHali3aTop MeTaHy,
BHUKOHAHMH Ha 0a3i MikpokoHTposiepa ATmegas8.

3a3Buyaii gt oO0'emHAHHS — JIEKLIBKOX
NTOPUTMIB B OIHOMY KOHTpPOJIEPI 3aCTOCOBYIOTH
Meronu J1ieBoi keposaHocTi. Tak, mpu 3acTocyBaHHI
MIKpPOKOHTpoOJIEepa ATmega8 JUIS LBOI'0
BUKOPHCTOBYIOTh ~ HiJCHCTEMy  II€pepHBaHb  3a
BHYTPILIHIMH 3alIUTaMu, 110 GOPMYIOThCS BiIIIOBITHO
0 TmporpaMd poOOTH aHami3atopa MeTaHy B
aTMmocdepi ripHuuux BUpoOok. B Takomy Bumaznky Bce
IIporpaMHe 3a0e3MeUeHHs aHali3aTopa CKIATAETHCS 3
HaCTYITHUX KOMITOHEHTIB.

Hanaromxenns (moBipka) a”aiizaropa:
YCTaHOBKA HYJISI, YyTJIHBOCTI, MATOTOBKA 10 podoTH,
MOYAaTKOBI YCTAHOBKH; BHKOPHUCTAHHS IPOTPaMOI0
perictpis Ta BHKOHAaHHS MiATOTOBYMX
MIOCITIZIOBHOCTEH orepartiil 1y KaaiopyBaHHs.

OCHOBHUI  anropuT™M SBIISIE  COOOIO
HeTIepepBHUI IMKJI BUMIPIOBAaHHS BUXIAHOI HaNpyru
BUMIpPIOBAJILHOTO MOCTa, BHUBEICHHS pE3YJbTaTiB
BUMIpIOBaHHS Ha iHIWKATop, mepenady iHpopmarii
PO KOHIEHTPALII0 METaHy B CUCTEMY aBTOMAaTH4HOL
CUrHajIi3amii, HaKOMM4YeHHs iHpopMalii po MoToYHi
cepeniHi 3HaYeHHS KOHICHTpAllii MeTaHy i BEJIMYNHY iX
CepeHbOKBAAPATUYHOTO  BiIXWIICHHS, TEPiOJHYHE
3araM'ssTOBYBaHHS IIOTOYHHX CEpEeIHIX BEIUYMH,
MOPIBHSHHS ~ TOTOYHHMX  CEpelHIX BeNWYMH 31
3HAYEHHSMH IMX BEIMYMH B ITONEPEHI IIepioiu yacy,
(opMyBaHHS 3aIMTIB HA JIarHOCTUKY CTaHy OJIOKIB i
BUSIBJICHHS HECAHKIIIOHOBAHOTO BTPYYaHHS B PoOOTYy
JlaTYrKa MeTaHy abo Horo aBapiifHOTO CTaHy.

ANTOpUTM  BEKTOpY TII€pepHBaHb Bif
BHYTPILIHBOTI'O TIPUCTPOIO MIKPOKOHTPOJIEPA, 3 SIKOTO
NpUHIIOB  3alUT Ha IIEPEepUBAHHSI  OCHOBHOTO
NTOPUTMY, BHUKIHK alTOPUTMY OOpOOKHM Tmofii i
YCTaHOBKA MPIOPUTETY B 4eproBOCTi 00poOKH (B pasi
OJTHOYACHHX 3aITHTIB).

B anamizaropi Merany, noOymoBaHOMY 3
BUKOPDHCTaHHSM  CyYaCHHX  MIKPOINPOIIECOPHUX
3ac00iB 00poOku iHdopmanii, B SKOMy peasi3oBaHa
(GYHKIIST aBTOMAaTH4YHOI JIarHOCTHKHM  HYJIBOBHX
MO0Ka3aHb, YYTIMBOCTI Ta cTaHy ra3onudysiiiHoro
(GUIBTPY BIJICYTHI €IIEMEHTH JUISl PETYIJIIOBAHHS «HYJIISD)
1 yymmBOCTI aHaii3aropa. ToMy aHamizaTtop Mae /1Ba
PEeKUMHU pOOOTH: PEXKHUM HaJIaroKyBaHHS 1 podounii
pexxuM. Bcei onmepanii Hamaro/pkeHHS 1 HEepeBipKH
3MIMCHIOIOTBECS 0€3 BTpPYyYaHHS OIepaTopa 3TifHO
po3pobienoi nporpamu poOOTH aHaji3aTopa.

B pexnmi Hamaro/pkeHHS BHUHOCHHM JaT4MK
aHaji3aropa MeTaHy BCTaHOBIIIOETHCS B
MaJiorabapuTHY KaMepy, sika 32 KOMaHIO0IO 3 TUCIIICIO
aHaJi3aTropa, MoYeproBo 3al0BHIOETHCS aTMOCHEPHIM
MOBITPSIM UM AaTECTOBAHOIO Ta30BOI0 CYMILINIIO 3
BMicToM MeTany 1,0%.
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IIpn momawi 4YmMCTOrO MOBITPSI aHAi3aTOPOM
BCTaHOBJIIOIOTHCS 33/IaHi BEJMYMHU CTPyMYy 4epes
YyTJIUBI €JIEMEHTH, BH3HAYAIOTHCS Ta 3aHOCHUTHCS B
naM'sTh  aHaji3aTopa BENMYMHH HANPYyTd  Ha
€JIEMEHTaX Ta IX PI3HMII, BH3HAYAIOTHCS 3HAUYCHHS
Koe(illieHTIB MaTeMaTH4HOi MOJIeIi BOJbTaMIIEPHUX
XapaKTEPUCTUKH TEPMOCIIEMEHTIB JaTYNKa METaHy.

IIpu mopadi arecToBaHOi ra3oBOi CyMimIi 10
BUHOCHOTO JaT4MKa aHali3aTopa BU3HAYA€ThCA Ta
BCTAaHOBJIIOETHCS TTONEPEIHBO BU3HAYEHA JJIsl YUCTOTO
MOBITPST BEJIMYMHA HANpyrd Ha MOPIBHIIEHOMY
€JIEMEHTI, BH3HAUYa€ThCS HAmpyra Ha pobodoMy
€JIIEMEHTI, PO3PaXOBYETHCS UYTJIMBICTH JaTYMKa
aHaiizaropa y MB/%CH4, BcTaHOBITIOIOTHCS] TOYATKOBI
3HAUEHHS ITIapaMeTpiB NMEpBUHHUX II€PETBOPIOBAUIB,
SIKI BHMKOPHCTOBYIOTBCSI TIPH [IarHOCTHIIl CTaHy
aHajIi3aTropa Ta KoperyBaHHi Horo mokasass [9-11].

Y pobouomy pexuMi Oe3nepepBHO
BUKOHYIOTBCSI Taki omeparii:

- BUMIpIOBaHHS HalIpyTH Ha EIEMEHTaXx;

MoyaToK

- MiATPUMKA BHU3HAYEHOI NpPU PpETyJIOBaHHI
BEJIMYMHY HANPYTH Ha TOPIBHUIBHOMY €JIEMEHTI;

- BU3HAUCHHS PI3HUII HAIIPYTH HA €JIEMCHTaX;

- pO3paxyHOK Ta mepeaada iHdopmarii mpo
BMICT METaHy.

3a 30BHIIHIM 3amUTOM oOIeparopa 4u
MIepiOMYHO, BIATIOBITHO IO BU3HAYEHOTO ITPOTPAMOI0
poboTH aHaji3aTropa yacy Ta 3a yMOBH CTaOUIBHOI i
OesredHoi ra3oBoi cHTyarii B Micli KOHTPOIIO,
3IIMICHIOETHCS TIEpEBIpKa ¥ KOPEKTYyBaHHS HYJIBOBUX
MOKa3aHb aHajli3aTopa IepeBipka I KOpEeKTyBaHHS
YyTJIMBOCTI Ta TepeBipka craHy ra3onudysiiiHoro
¢ueTpa anamizatopa. [Ipm 1BOMY TOCHIZOBHO
peai3yloTbesl BIATOBINHI QJITOPUTMHU TIEPEBIpKH I
KOpEKTyBaHHs, BUKJIajeHi B [9-11]

Bnok-cxema anroputmy poOOTH aHadi3aTopy
HaBeJeHa Ha puc. 2 (HaJaro/KCHHS Ta OCHOBHHH
pexuM) Ta puc.3 (mepeBipka 1 KOpUTYBaHHS
rapamaTpiB aHaIi3aTopa).

Mopaua uuctoro

noeiTpa

!

BCTaHOBNEHHA BOMbT

amnepHMxX
XapaKTe PUCTUK

v

Nogauya aTecTroBaHol
rasosoi cyMmiwi

'

3aBepLlieHHA

nepexigHux
npotiecis

@ “

BuzHaueHHA BMIiCTY

MEeTaHy

Tak
Bmicty meTany

2 >1,3%

33XMCHE BigKN OYEHHSA
¢ enekTpoobnagHaHHa Hi
BuzHaueHHA
YyTAUMBOCTI ¥

aHanizaTopa

v

BcTaHoBNEHHA NOYAaTKOBUX

YBIMKHEHHA 3BapiHOI
CUrHanisauii

3HAYEHb QIarHOCTHYHUX
napaMeTpie aHanisaTopis

L

y

BigobpaskeHHn
BMICTY MeTaHy

Pucynok 2 — brok-cxema anroputmy poOOTH ITporpamu (HaixaroKeHHs Ta OCHOBHHUH PEXNM)
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MNepegz<a Nnoka3awo
aucneTsepy

Mepesipka
HYNbOBMX NOKa3aHb

Yn ponycrume
IMiWESHHR Hynn

.

Mepesipka
SYTAMBOCTI

T2k

Yn smiwena
wyTnmusicTs na 10%

BuKkmK nepcorany

3mileHHa
noKasakb
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Pucynoxk 3 — bnok-cxema anroputmy poOOTH mporpamu (TiepeBipka i KOpUryBaHHS I1apaMeTpiB)

Komn’rorepuuit MOHITOPUHT 3aco0iB
KOHTpOJIIO BMICTY METaHy B JIaHii CHCTeMi BKJIIOYa€e
MepeBipKy Mpane3JaTHOCTI Ta JIarHOCTHKY CTaHy
3ac00iB KOHTPOJIIO BHOYXOHEOE3NEeUHOCTi, Iepenady
Ta 30epiranns iHdopmarlii, OLiHKY 3MiH cTaHy 3ac00iB

KOHTPOJIIO,  BWU3HAYCHHS  PHU3WKY  BHHHUKHEHHSA
Ha/3BUYAaHHUX  CUTyalid, OOyMOBIICHHX LUMH
3MiHaMH, TIPUHAHATTS pIilIEeHb CTOCOBHO BHJIB

BTPYy4YaHHs B poOOTY CHCTEMH KOHTPOJIO (311HCHEHHS
MIPOTPaMHOTO KOpUT'yBaHHS pe3ynbTariB
BUMIpIOBaHHS, IONEPEPKEHHS IPO HEIOMYCTHMHUH
XapakTep 3MiH, ITOBIJOMJICHHS MpO HEOOXiJHICTh
MIPOBEJCHHS NPOQUIAKTHYHUX 3axOAiB) Ta pIBHIB
BTpYy4YaHHs (TEpPMIHOBO, 3 JI03BOJICHOIO 3aTPHMKOIO B
qac).

BazoBuii piBEeHb CHCTEMH KOMII IOTEPHOTO
MOHITOPUHTY BHOYXO03aXHCTy KpiM 3a3HaueHHX
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paninre 3amad Ta QYHKOIH (KOHTpOJb, Iepeaady,
30epiranss, Bugady iHdopmanii Ipo BMicT METaHy B
PYAHUKOBIH aTMocdepi Ta BHAAdy YIIPaBIAIOYOTO
CUTHAJLy Ha BIJIKIIIOYECHHS €JIEKTPOEHEeprii) morpedye
JIOTIOBHEHHS (DYHKIISIMH OLIIHKW PU3UKY BHHUKHEHHS
Ha/[3BUYaitHUX CHUTYyaIlii, 00yMOBIIEHHX
ra30IMHaMIYHUMH TIPOLECaMU B TIPHUYMX BHPOOKax
IIaXT, NPUHHATTS pilIeHb CTOCOBHO BHIIB Ta PiBHIB
BTpy4YaHHS B pOOOTY TEXHOJIOTTYHUX CHCTEM, CHCTEM
BEHTWIALT, Iera3allii, CHCTEeMH KOHTPOJIIO, BBEACHHS
0oOMeKeHb, TPOBEACHHS IMPOQITAKTUIHNX 3aXO0/iB
TOLIO.

BucHosok ma HanpssMoK nodanbuwux
docrnidxeHb
ITigBummTn HaJIHHICTD CHCTEM

BI/I6yXO3aXI/ICTy Byl"iJ'II)HI/IX maxT MOXXHa JHIIC 3a
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YMOBH JIOTIOBHEHHSI ICHYIOUMX CUCTEM BHOYX03aXUCTy
JIOJJaTKOBOIO TTiICHCTEMOIO KOMII'FOTEPHOT0
MOHITOPUHTY 3aC00iB KOHTPOJIIO BMICTY METaHy, siKa
3MIACHIOE Oe3MepepBHE CTSIKEHHS 32 TPaIie31aTHICTIO
3ac00iB  KOHTPONIO BMICTY METaHy B PEXHMI
peasbHOrO yYacy, NpOTHO3yBaHHA ii 3MiHM B 4Yaci Ta
aBTOMAaTHUYHE BiJHOBIICHHS IPAIE3/1aTHOCTI MUIIXOM
peryJIoBaHHs —MapilaMeHTIB  3aco0iB, a TakKoxX
3abe3neuye NPUHHATTS pIlIEHb CTOCOBHO BHJIB Ta
PiBHIB BTpy4aHHs B poOOTY TEXHOJIOTIYHUX CHCTEM Ha
OCHOBI OLIIHKH PHU3HKIB HA BCIiX PiBHSIX YIPaBIIiHHS.
BukonaHi mOCHIUKEHHS TEPMOKATAITHYHOTO
METOly KOHTPOJIIO BMICTY METaHy, Ta 3aCHOBAaHHUX Ha
HBOMY 3ac00iB KOHTpOJIIO, JO3BOJIMIA PO3POOUTH
METOIM Ta AITOPUTMU aBTOMATHYHOI MiarHOCTHKH
CTaHy aHaNI3aTOPiB METaHy B YacCTHUHI KOHTPOJIO iX
HYJIBOBHUX TIOKa3aHb, YyTJIMBOCTI, CTaHy
razoanQy3iiHux (hinpTpiB, o CTBOPIOE
nepeiyMoBU JJisl PO3POGKU Ta BIPOBAKEHHS
CUCTEMM KOMII'IOTEPHOTO MOHITOPHHTY 3aco0iB
KOHTPOJIIO BMicTy MeTaHy. OCHOBHHM €JIEMEHTOM
TAaKoi CHCTEMH € «IHTEJEKTyalbHHI» aHali3aTop

MeTaHy, BHMKOHaHMH Ha 0a3l MIKpOKOHTpoJepa
ATmega8.

BukopucranHs CydacHHMX MiKpOIPOLIECOPHUX
3ac00iB 00poOkn iH(opmanii mae MOXIMBICTE He
TUIBKM aBTOMAaTHYHO TIEPEBIPATH Mpale31aTHICTh
aHaJi3aTopiB, a 1 3MIHCHUTH KOpETYBaHHS IOKa3aHb
ra3oaHaiizaTopa NpW 3MiHI YyTJIMBOCTI, 3MIIIEHHI
HYJbOBMX I[IOKa3aHb Ta OOMEXKEHHI JIOCTYITy
METaHOMOBITPSHOI CyMilli 10 YyTJIMBUX €JIEMEHTIB.

B nmepcnekTuBi cucremMa  KOMIT IOTEPHOTO
MOHITOPUHTY BUOYX03aXHCTy TOBUHHA IHTETPyBaTUCS
B 3arajibHy JUISl IIaXTH CHCTEMY MOHITOPHUHTY YMOB
Tparli — K CHCTEMY CIIOCTEPEkKCHb, 300py, 00poOKH,
niepenadi, 30epexeHHs i anainizy iHhopmariii npo ctan
YMOB TIparli, IpOTHO3yBaHHS IXHIX 3MiH Ta pO3POOKH
OOIpYHTOBAaHMX PEKOMEHAALIN Uil  NPUHHATTA
YIPaBIiHCBKUX PIIIEHb 3 BPaxyBaHHSAM PHU3HKY Ta
COLlaJIbHO-€EKOHOMIYHHX HACIIAKIB BILIHBY
HAI3BUYANHIUX CUTYAaIlil, IIKIITMBIX Ta HEOC3MEUHUX
BUPOOHMYMX  YMHHHMKIB Ha  TpaliBHUKIB  Ta

e(eKTUBHICTH BUPOOHHIITBA.
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THEORETICAL AND METHODOLOGICAL PRINCIPLES OF COMPUTER MONITORING OF
EXPLOSION PROTECTION SYSTEMS

The areas of improvement of the explosion protection systems of coal mines through the implementation of
computer monitoring systems are considered. The following provision is adopted as the methodological basis of
such systems: in conditions of minimal costs for the creation and operation of the computer explosion protection
monitoring system, to ensure the reduction of the probability of a methane explosion to an acceptable value.

It is shown that it is possible to significantly increase the reliability of explosion protection by supplementing the
existing explosion protection systems with an additional computer monitoring system of means of explosive
control. Such a system provides automatic performance testing and diagnostics of the state of explosives control
devices, information transfer and storage, assessment of changes in the state of control devices, determination of
the risk of emergency situations caused by these changes, decision-making regarding types of intervention in the
control system.

The basic level of the computer monitoring system of explosion protection needs to be supplemented with the
functions of assessing the risk of emergency situations caused by gas-dynamic processes in the mine workings,
making decisions regarding the types and levels of intervention in the work of technological equipment, ventilation
and degassing systems, introducing restrictions and carrying out preventive measures.

The algorithm of operation of the computer monitoring system of means of explosiveness control is presented.
Key words: computer monitoring, explosion protection, methane analyzers, methods, algorithms,
microcontroller
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CreranorpadiyHi aJJropuTMu Ta CTEroaHaJIi3 Ha OCHOBI KJIaCUYHUX
MeTO/AIB i HEHPOHHUX Mepex

Cmammio npucesiueHo 027140y aneopummis i mooenell CMmEopeHHs cme20300padicenb Ha OCHOGI
KAACUYHUX Ccme2anopeapiunux memooie, a maxodc memooi@ 3 GUKOPUCTNAHHAM WMYUHO20
inmenexmy. [Ipogedeno 02510 npeomemnoi 00aacmi, GU3HAUEHO OCHOBHI MeMPUKU OJisk NOPIGHAHHSL
cmezanocpapiynux areopummie. BUKOHAHO NOPIGHANbHULL aAHANI3 300padceHb CMBOPEHUX 3d
00NOMO200 DISHUX CMe2aHoepaAQiuHuUX Memoodié Npu pPI3HOMY KOPUCHOMY HABAHMANCEHHI.
Haseoeno pezynomamu pobomu pizHux cme2oananizamopie Ha OCHO8I CIMAMUCIUYHUX MemOOI8, |
Memooig 2nuboKko2o HasuanHs. Busnaueno ocnoemi 3a60anHs 01151 NOOANLUIUX OOCTIONCEHD.

Knrouosi cnoea: cmezamozpagin, mempuku, 2eHepamuéHa 3MaAzanbHa Mmepexcd, Memoou
cmezanozpaiunozo ananizy, HelPoOHna mepesrca, cme200emeKmop, CmilKicms, noJionicmoy
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Bcmyn
B  ymoBax  mOCTIHHO  3MiHIOIOYOTOCS
iHpopMamiiHOTO  CepefoBHIa Ta  3pOCTArOvOl

norpedu y 3axucti KoHQiaeHNiHHOI iHpopmanii Bix
CTOPOHHIX OYeH Ta 3IIOBMHCHUKIB BUHHKIIN JIBi

MepeioBi  TEXHOJOTrii, 1[I0 BIAKPUBAIOTH  HOBI
MO>KJTHBOCTI B obmacri KOH(]IICHITIITHOCTI:
creraHorpadist Ta TeHEpPaTHBHO-3MarayibHi Mepexi
(manmi GAN).

MucreurBo creraHorpadii BUHUKIO B IaBHI
YacH 1 CIIy>KWJIO TIPUXOBAaHHUM 3aCO00M CITIIKYBaHHS
mig vac KOH(QIIKTIB 1 INMUTYHCTBA. 3a CTOJITTA
creraHorpadist €BOJIOIIOHYBajla BiJ| NPUXOBYBaHHS
CEKPETHUX HOBIIOMJICHb Y TEKCTaxX 1 300paKeHHsIX JI0
muppoBOro BiKy, JI¢ BOHA 3HAXOMUTh HOBI
3aCTOCYBaHHS B BEIMKOMY 00Cs31 LU(pOBOro
KOHTEHTY. 3ale)KHICTh BiJi LU(PPOBOrO 3B’SI3KYy 1
KOHQIICHIIITHOCTI JaHUX BHKIMKana IOTpedy B
e(eKTUBHHX CTEraHOrpadiyHUX METOIaX, IKI MOXYTh
e(eKTUBHO TPHUXOBYBaTH iH(OpMaNilo, YHHKAIOYH
BUSIBJICHHS.

Creranorpadiss 300paKcHb e METoJ
MIPUXOBYBaHHS IOBITOMJICHb BCEpeINHI 300paXkKeHb. Y
TOW Yac sIK iHIII METOIH, Taki SK Kpunrorpadisd,
CIIPSIMOBaHi Ha T€, i (0]8} 3a0e3MmeUnTH
KOH(}IICHITiIHICTH €caMoro TIOB1TOMJICHHS,
creraHorpagiss Mae Ha MeTi INPUXOBaTH (akKT
ICHyBaHHS BKJIaJICHOT'O TIOBITOMJICHHSI.

I'eneparnBHO-3MarajgbHi MEpeXi € PEBOJIIO-
LWifHAM TIPOPMBOM Y Taly3i IITYYHOTO IHTENEKTY Ta
MaIIMHHOTO HaBYaHHA. Taki Mepexi CKIagaroThCs 3
Tapy HEMPOHHUX MEPEXK, SIKi 3MaraloThcs MixK co00I0:
TCHEpPaToOp CTBOPIOE CHHTETUYHI J1aHi, CXOXi Ha
peasbHi, a AUCKPUMIHATOP BiIpi3HSAE CIpaBXKHI AaHi
Binm migpobneHnx. GAN TpOSBIIM  BHHATKOBY
MalCTepHICTh Y CTBOPEHHI PeasliCTHYHUX 300pakeHb,
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BIJICO Ta ayAio, PO3IIMPIOIOYN MOXKIIMBOCTI TBOPYOTO
CTBOPEHHS KOHTEHTY Ta KOMIT IOTEPHOT'O 30DY.

OnHUM i3 TPUKJIIA/IB TOEJHAHHS cTeranorpadii
Ta GAN € CTBOpEHHSI peaJiCTHYHHX 300pa)eHb i3
MIPUXOBAHOIO 1H(OPMAITi€l0, TAKOIO K TEKCT UM 1HIIE
300paxkeHHs. 3a3BU4ail Taki 300paKCHHS] Ha3WBAIOTh
CTET0300paXKCHHSIMHU.

OmiHKa SIKOCTI CTEro3o0pakeHb BKJIOYAE B
ceOe BUKOPUCTaHHS PI3HUX METPHK, SIKi BPaXOBYIOTb
pi3HI acmekTH NpuxoBaHOi iH(opMalii Ta BIUIMBY
cTeraHorpagiuHIX MPOLECIB Ha SIKICTh 300pa)KEHHS.
OOpaHHS METPUK 3QJICKUTHh BiJl KOHKPETHOTO
3aCTOCYyBaHHs cTeraHorpadii Ta BUMOT 10 SIKOCTI Ta
Oesriekn.  KomOiHamist  pi3sHMX  METPHK  4acTo
BUKOPHCTOBY€THCS JUIst OTpUMaHHS OinbI
00'€eKTHBHOI OLIHKH.

Meto10 podOTH € OrJIsi METOMIB 1 METPHUK
CTBOPEHHS Ta  MOPIBHAHHSI  CTEro300pakeHb,
BUKOPHCTaHHS 3araJbHOJIOCTYITHUX cTero-
aHaJIi3aToOpiB Ha CTEro300paKEHHSX, MOPIBHIBHUHA
aHaJI3 SKOCTI 1 CTIMKOCTI 0 BUSIBIICHHS CTBOPEHHX
cTero3o0pakeHb 3a JOIOMOTOI0 KJIIACHYHUX METO/IB
mudpoBoi  creraHorpadii  300pakeHb, a TaKOX
CTBOPEHHMX 3a JONOMOTOI0 MOJEi IITYYHOTO
iHTenexty Ha ocHOBI GAN.

Ozns10 npedmemHoi obnacmi

Creranorpadiss —me Hayka, IO BHBYAE
METOJM Ta CHOCOOM MPHXOBYBAaHHS KOH(DIICHIIHHOT
indopmarii. Ii po3BUTOK OXOIITIOE BEMMKMIA TIPOMIXKOK
icTopii, MOYMHAIOYHM BiJ BUKOPUCTAHHS HEBUANMHX
YOPHMJI Ta MIKPOTOYOK 1 3aKiHYyIOUM CyYaCHUMH
cucreMaMy BOYJIOBYBaHHS IOBiIOMJIEHb y LM(POBI
¢aiinm.

Cyuacna creraHorpadiss 3acTOCOBYETHCS B
PI3HMX Tay3sX, BKIIIOYAIOYM BBEJCHHS BOJISHHUX
3HaKiB y [udpoBi Qainm JuId  3axXUCTy BiA
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HECaHKI[IOHOBAaHOTO  KOIIIOBaHHS, BOYZOBYBaHHS
nofatkoBoi  iHQopmamii y  TeneBi3idHI  Ta
panionporpamu, IPUXOBaHy aHOTAII0 JOKyMEHTIB y
MEIWYHMX 3akidagax Ta  MapkyBanHa  JIHK-
nocmigoBHocTel y rererri [1]. Kpim Toro, mndposa
creraHorpagist BHKOPHUCTOBYETHCSI 3JI0BMHUCHUKAMH
JUIs CTBOPCHHS TPUXOBAaHMX KaHAIIB Iepenadi
KOH(ACHITIHHIX TaHUX, PO3MOBCIOXKEHHS
HETIPUITYCTUMOTO KOHTEHTY Ta HECaHKIIOHOBAHOI
mepeadi MpOMHUCIIOBOI 1 BificbkoBO1 iH(opMartii [2].

300paXKeHHsI € OJHHMM 13 HANMOIyJISPHIIINX
00'eKTiB 7151 3aCTOCYBaHHS cTeraHorpadii yepes ixHio
BEJIMKY PO3TOBCIOKEHICTD 1 00'€M TaHUX, SIKHMA MOXKE
OyTH BUKOPHCTAHHH JJIsI IPUXOBYBAHHS iH(opMarii.
Creranorpadis 300paxeHb BUKOPHUCTOBYE
PI3HOMaHITHI METOIM Ta TEXHIKH IS BOYIOBYBaHHSI
koH(ineHniHoi iHdopmanii B cami 300pakeHHS Taxk,
00 11e OyJ10 IPaKTUYHO HETIOMITHO JUTS JIIOZCH.

OnHUM i3 TIOIMPEHNX METOJIB cTeranorpadil
300paxens € LSB (Least Significant Bit) metox [3].
Le# migxig BUKOPHCTOBYE HaWMEHII BaXKIMBI OiTH
MKCEeTiB 300paskeHHsI A1 BOYTOBYBaHHSI JTOaTKOBOL
iHpopmamii 6e3 3HaUymMX 3MIH |y  BUIJIIII
300pakeHHs. Taki 3MiHH HETIOMITHI I JIOJACH TpH
3BUYafHOMY II€perIsiii 300paskeHHsI.

HonatkoBo, creranorpadist 300pakeHb MOXe
BUKOPHCTOBYBATH METOIM, SIKi aJanToBaHi [0
KOHKPETHUX 0COOIMBOCTEH rpadiunHux ¢aiiiB, Takux
sk JPEG un PNG. Hanpuxnan, ans ¢popmary JPEG
Moxe OyTH BUKOpHCTaHa cTeraHorpadis Ha OCHOBI
Koe(illieHTIB AMCKPETHOTO KOCHHYCHOT'O IEpPETBO-
penns (DCT), mo6 BOyyBaTH iHopMariito B YaCTHHI
300pa)XeHHsI, SIKi MEHILIE BIUTMBAIOTH HA HOTO SKICTh.

3actocyBanHs ~ creraHorpadii  300paskeHb
PO3IIOBCIOKYETHCS B pisHUX cdepax. Hampuknan, B
udpoBiit 00poOIi 300paxens cTeranorpadis Moxe
BUKOPHCTOBYBAaTHCS Ui BOASHUX 3HAKiB, sIKi
BKa3ylOTb Ha  aBTOPCTBO YW  aBTEHTHYHICTb
300paxxeHHs. Y MenuuHii ranmysi, BOYIOBYBaHHS
koH(pineHiHoi iHdopmarii y MeanuHi 300pakeHHS
MOXe€E JoIoMaratéd 3a0e3NednTH KOH(DIICHIIHHICTD
MaLi€HTIB.

Taki MeTomu 3acTOCOBYIOTBCSI HE JIMIIE [0
300pa)XeHsb, aje i 10 IHIIMX MyJIbTUMEIIMHNX (haiiiB,
TaKUX SIK ayJi0 Ta BiJeo, 10 A03BOJIsIE cTeranorpadii
BUSIBUTH IIMPOKHUH CIIEKTp 3aCTOCYBaHb y (P POBOMY
CBITI.

I yunwii inTenext (nani 1) B ocranni pokn
3HAYHO  PO3IIMPHB  MOXIHMBOCTI  creraHorpadii
300paXeHb, JMOJAIOYM HOBI pIiBHI CKJIQJHOCTI Ta
e(eKTUBHOCTI JI0 TIpo1ecy TIPUXOBYBaHHS
iHpopmanii [4]. Icnye xinpka Hampsmkis, me LI i
creraHorpadiss ~ 300pakeHb  B3a€EMOIIIOTH  JUIA
CTBOPEHHS OUTBII €()eKTUBHUX Ta HETIPOCTUX METO/IIB!

1) ABTOMATHYHUA BHOIp MicIsd s
BOYIOBYBaHHS: 3aCTOCYBaHHS AITOPUTMIB
MAIIMHHOIO HAaBYaHHS  JO3BOJSIE  aBTOMATHYHO

BU3HAUUTH ONTHUMAJbHI PETIOHH 300pakKeHHS I
BOynoByBaHHs iH(opMarii, Taki MOAETl MOXYTb
aHaJi3yBaTH CTPYKTYpY Ta BIACTUBOCTI IIKCENIiB,
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LIyKafouyd MICIsl, Jie MOXKHa BCTaBUTH JaHi 0e3
3HAYYIIOT0 MMOPYIICHHS Bi3yanbHOI SIKOCTI;

2) rimboke BOy10ByBaHHs iH(popMarii:
BUKOPHCTaHHS TJHOOKHX HEHPOHHUX MEpex I
CTBOPEHHS HOBHX METO/iB BOYZOBYBaHHS, SIKi MOXKYTb
YpaxoByBaTu OiIBbII CIIOKHI acIlleKTH 300pakKeHHS,
Hanpuknal, GAN MoOxyTb HOIOMaraTH CTBOPIOBATH
creraHorpagiuHi  Merogw, [0  IPUXOBYIOThH
iH(pOpMaIil0 B HENOMITHUX JICTAJISIX 300pa’kKeHb;

3) BUKODHCTaHHS  KOHTEKCTy  Ta
cemanTuku: anroputmu LI MoxyTh aHamizyBaTH
KOHTEKCT Ta CEMaHTH4YHI 3B'SI3KM Ha 300pa)keHH,
BH3HAYAIOUN MICIs, ¢ BOYAOBYBaHHS OyAe MEHII
MIOMITHHAM, HaNpHKIaJd, BpaxyBaHHS OCOOIMBOCTEH
oOmmuust  Ha  Qotorpadii MoXe  JrormoMaraTH
CTBOPIOBAaTH METOAW cTeraHorpadii, ski yHHUKaIOTbh
mux  obmacreii  gnms  30epekeHHS — Bi3yaJbHOL
HETTOMITHOCTI;

4) peakuis Ha 30BHImHI 3MmiHN: [I
MOXE HaJaBaTH MeXaHi3MH, SKi JO3BOJISIOTH
ajanTyBaTh BOyIOBYBaHHA iH(opmanii 10 3MiH y
30BHIIIHBOMY CEPEJOBHIN, HANPUKIAL, CHUCTEMa
MOX€E BUSBIIITH Pi3HI piBHI KoMIpecii 300pakeHb Ta
BHOHMpATH ONTHUMAIbHI METOMU BOYIOBYBaHHS IS
KOXKHOTO BHIIQJIKY;

5) CTIHKICTh 1O aTak: BUKOPHUCTAaHHS
I mo3BoIste PO3pOOIATH cTEraHorpadiuyHi METOIH,
SIKl € CTIMKMMH /10 CTIpoO BUSIBICHHS YM 3J1aMyBaHHS,
Ta  MOXYTh  HaBYaTHCS  aJanTyBaTHci  J0
PI3HOMAHITHMX  METOAIB  aHai3y  300pa)kKcHb,
YCKJIQJIHIOBAaTH 3aBIaHHS BUSBICHHS IPUXOBAHOL
iHpopMarii.

Otrxe, iHTerpamisi IITYYHOTO IHTENEKTY Y
creraHorpagiro  300pakeHb  BiJKpWUBa€  HOBI
MIEPCIIEKTUBH JJIsI PO3BUTKY OUThIN e(pEeKTHBHUX Ta
CTIMKMX CHCTEM TIpUXOBYBaHHsA iHQopMmamii B
mudpoBux Meniadainax. OpHak, pa3oM i3 LUM,
BUHHKAIOTh HOBI BHKJIMKH, TaKi SIK po3poOka OiIbII
MIPOTPECUBHUX  3aXONiB  OE3MEeKH, TaK 3BaHUX
cTeroaHamizaropiB, Juii  igeHTH(ikamii  crero-
300pakeHb.

Creroanaiizaropu me mporpamMu  abo
NTOPUTMH, CHEUiAIFHO NPHU3HAYEHI ISl BHUSBICHHS
abo BmIydeHHs IpuxoBaHol  iHpopmamii B
MYJIBTUMEIIHHUX (aiiax, BKIIOYA0Yd 300paKeHHs.
Ixme 3aBmamms monsrac B aHaNi3i  UQPOBOro
KOHTCHTY 3 METOIO BUSBJIICHHS CIi/TiB cTeraHorpadii.

OCHOBHI MeTOAM, $SIKI BHKOPHUCTOBYIOTHCS
CTeroaHaji3aTopaMu JUisi BHSBJICHHS IPUXOBAHOL
iHpopmanii B 300pakeHHSX:

1) aHaJi3 CTaTUCTUYHUX IapaMeTpiB:
CTETOaHATI3aTOPH MOXKYTh aHaJi3yBaTH CTATHCTHYHI
rapameTpy 300pakeHHs, TaKi K PO3IOILI ICKPABOCTi,
YaCTOTHI XapaKTepHC-THKMA Ta iHII INapameTrpw, e
aHOMAJILHOCTI y LIUX MapamMeTpax MOXYTb BKa3yBaTH
Ha HasBHICTH BOYyZOBaHOI iHpOpMAIIii;

2) nepeBipka BiAMIHHOCTEH y Oirtax:
MOPIBHIOIOTh OpWTiHAIBHE Ta 3MiHEHE 300pa)KeHH,
BU3HAYAIOUH PI3HMIIO Y 3HAYEHHSX OITiB, /1€ CyTTEBI
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BIIMIHHOCTI MOXYThb CBIAYUTH IIpO HAsBHICTb
creranorpadii;
3) aHai3 KoeQili€HTIB CTHCHEHHS:

MpUXOBYyBaHHS iH(opManii MOXyTb BIUIMBaTH Ha
CTHCHEHHSI 300paKeHHS, TOMY CTETOaHaIi3aTOpH
BUKOPHCTO-BYIOTH METOM aHali3y pI3HHII MK
OpUTiHAJBHUMHM Ta CTUCHYTHMH JaHUMH  JUIA
BUSIBJICHHSI MOXKJIMBUX CTEraHorpadiuyHuX CIifiB;

4) BUSIBIICHHS aHOMAJIBHUX II1a0JIOHIB!
CTETOAHATI3aTOPH MOXYTHb BUSIBISITH aHOMaTii B
mabsoHax abo CTPYKTypax 300pakeHHs, 110 MOXYTb
BKa3yBaTH Ha BOyJJOBaHy iH(OpMaIlifo.

5) BHUKOPHCTaHHS MAaIIMHHOTO
HaBUYaHHS: JIESIKi CTEr0aHali3aTOpy BUKOPUCTOBYIOTh
TEXHIKM MAIIMHHOTO HaBYaHHS Ui aBTOMAaTH3allii
mpolecy BUSIBIICHHS creraHorpacdii, Taki Mopemi
HaBYAIOTHCS PO3IMI3HABATH NMATEPHHU, XapaKTepHi Ul
creranorpagiuHix BOYIOBYBaHb.

CyuacHi creranorpagiusi METOIHU
HaMaraloThCs MPUCTOCYBATHCA OO BHKIHKIB, SKi
MIPEACTAaBISIOTE  CTETOAHATI3aTOPH, 3aCTOCOBYIOUH
TEXHOJIOTIi INTYYHOrO IHTEJIEKTY Ta aJalTHBHI
NTOPUTMH, IO POONATH BUSBICHHS IPUXOBAHOL
iHpopManii crIagHimmM 3aBaaHHaM. Lle mpuBoanuTH
JI0 TIOCTiHHOI eBoJronii 000X CTOPiH — PO3POOHMKIB
cTeraHorpagiuHIX METOJIIB Ta CTEr0aHai3aTopiB — y
MIOLTyKaX HOBHX TEXHOJIOTIYHHX PIllICHb Ta CTPATETiH.

B ninomy crae 3po3ymino, o 3 INIHHOM 4Yacy
Ta PO3BUTKOM IITYYHOTO IHTEJEKTy, BCe OumbIme i
OiJIbIIIe METO/IIB CTBOPEHHSI CTEr0300pakeHb, a TAKOXK
CTEroaHai3aTopiB B CBOIH OCHOBI BHKOPHCTOBYIOTbH
HEHPOHHI MEpexi.

JUts X mijei mormyIspHOCTI Ha0ya MOIeb
mryqHoro iHTenekty GAN, Mo MmiaXomuTh SK JUIs
CTBOPEHHSI CTEro300pakeHb, TaK 1 JUIs CTEroaHalizy,
OCKUTBKH MICTHTh B €00l JIBi MeEpexXi INTy4HOTO
IHTENeKTy, OAHa 3 SKUX BYNTHCA TI'EHEpYBaTH
cTero3o0pakeHHs, a iHma ineHTH(IKyBaTH ix.

I'eneparnBHO-3MarangbpHi Mepexi — I Kiac
IITyYHUX IHTENEKTYaJbHUX MOJENeH, sKi Oyim
Brepire mnpencrasieHi Smom [yndemroy Tta ioro
koneramu y 2014 poi [5]. Li Moaemni BHeCIN 3HAYHMIA
BKJIaJl y Tajdy3b MAalIMHHOTO HaBYaHHA, 30KpeMa y
TeHEpaTHBHE  MOJETIOBaHHSI. BoHM  HanmaroTh
e(EeKTUBHUH METOA MJIsi CTBOPEHHS CHHTETHYHHUX
JIaHUX, SIKI MAKCUMAaJIBHO CXOXKI1 JI0 peajbH pO3IOILTy
JTAHHX.

OcnoBHa imess GAN monsrae B TOMy, IO [
MOJIeTIb BHKOPHCTOBYE [IBI HEHpOHHI Mepexi, sKi
3HAXOJATHCSl Y KOHKYPEHTHOMY BiIHOIIECHHI OJ[HA 110
omHoi. OpmHa Mepexa, BiZOMa SK TeEHEparop,
CTapaeTbcsl CTBOPHUTH JIaHi, sIKI HalKpamie iMITYIOTbh
peanbHMil posnoxin. IHma wmepexa, BimoMa sK
JIMCKPUMIHATOp, HAMAaraeTbCsl BIAPI3HUTH CHpaBKHI
nIaHi Big cuHTeTHYHUX. L[ KOHKYpeHTHA B3a€MOJIis
MDK ~ MepeXaMH MpPU3BOIUTH JI0  BpPaKal4nx
Ppe3yNbTaTiB Yy CTBOPEHHI 300pakeHb, ay/1io, TEKCTY Ta
IHIINX TBOPYMX 00JIACTSX.

I'eneparnBHO-3MarasnbHi
posrisgat  4yepe3  Metadopy:

Mepexi
TeHepaTop

MOJXHa
e
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MaiictepHi  Qanbcudikaropy, SKi  HaMararoThCs
CTBOPUTH (aJbIIMBY BaTIOTY, TOJI SIK IUCKPUMIHATOD
BUCTYNAE SK EKCIEPT-IHCIEKTOp, L0 HaMaraeThCs
BiJIPi3HHUTH CIPABXKHI TPOIIi Bij migpodiaeHnx. OOuaBi
Mepexi MOCTIHHO MOKPAITYIOThCSI yepes
KOHKYPEHTHHH IpOIIeC, 10 BEIE M0 yIOCKOHAICHHS
iXHiX 31i0HOCTEH 3 YacoM.

Apxitektypa GAN (pucyHok 1) B 3arainbHOMY
BUTJISIII BKJIIOYAE JIBI OCHOBHI YAaCTHHH: TEHEPATOp i
JIUCKPUMIHATOP.

sample

—

ss0|

Real images

N
b

Pucynok 1 — 3aransna apxitektypa GAN [1]

Discriminator

—| Generator |——-»{ Sample

ss0|

Random input

leneparop mnpwiiMae Ha BXiJ BHIAIKOBHUI
BEKTOp z (3a3BMYail 3 PO3MOAUTYy ITyMy, TaKOTO SIK
HOPMaJIGHUH PO3IIOJNI) 1 HAMAaraeTsCsi 3reHepyBaTH
JaHi, fAKi CXOXi Ha HaBuanbHWN HaOip. DyHKIisL
BTPATH IS TCHEPAaTOpa BPaxOBYE T€, HACKLUIBKH T0Ope
3TEeHEpPOBaHI JIaHI MPOXOIATH Yepe3 MTUCKPUMIHATOP,
TOOTO H1OT0 MOXKITUBICTh BU3HAYATH, UM € 300pasKeHHS
peaTEHIM.

®dopmyia s 00YUCIICHHS BTPAT TeHepaTopa:

Gioss = —log (D(6(2))), (1)

ne D(G (Z)) — IMOBIpHICTh KiIacu(iKaIli TUCKpUMiHA-
TOPOM 3r€HEpPOBaHUX NaHHWX SIK peaibHuX, G(z) —
(GyHKIIS TeHepallii JaHuX,

Jlorapudm HMOBipHOCTI TOrO, o
JUCKPUMIHATOp BU3HAYMTH 3TEHEPOBAHI JlaHi fK
peasbHi, B3ATHI 31 3HAKOM MIiHYC, BBEICHO ISl TOTO,
o0 MakCHUMI3yBaTH 1[I0 BTpaTy Mij 4ac ONTHMIi3amii
reHeparopa. MakcuMizanlis 1iei BTpaTy BKa3ye Ha Te,
III0 TEHEePaToOp CTA€ KpaIlUM y CTBOPEHHI AAaHUX, SKi
JIMCKPHMIHATOP BBAXKA€ PEaIbHUMH.

Orxe, TonmoBHa iges (GopMmylum  BTpar
reHepaTopa TIOJsIra€ B TOMYy, IO T'€HEpaTop
HaMaraeTbcsi MakCUMIi3yBaTH HWMOBIPHICTB TOTO, IO
Horo 3reHepoBaHi naHi OyJqyTh BHM3HAHI SK peajbHi
JUCKPUMIHATOPOM, IIO HPUBOAWTH A0 MOKPALICHHS
SIKOCTi CTBOPCHHUX JAaHUX.

Huckpuminarop mnpuiiMae Ha BXig 5K
3reHepoBaHi TeHepaToOpoOM JaHi, TaK 1 peanbHi JaHi 3
HaBYAJILHOTO HA0OpPY 1 HAMAaraeTbes BIAPI3HUTH OJHE
Bif iHmoro. PyHKIis BTpaT A JUCKpUMiHATOpa
BPaxoBYy€ HOT0 3/1aTHICTh NPABHIBHO KIacu(piKyBaTH
NaHi K peasbHi X 4u 3reHepoBaHi G (z).

@opmyna s obuucneHHs (QYHKIII BTpar
JIMCKpUMiHaTOpa:

Dypss = —log(D(x)) — log (1 - (D(G(z)))), (2)
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ne D(x) — HMOBIpHICTH MpaBHJIBHOI Kiacupikami
peaJbHUX IaHUX JUCKPHMIHATOPOM.

Jlorapudm HMOBIpHOCTI MPaBUIBHOI
KJacugikani peaJbHUX TaHUX B3STHH 31 3HAKOM MiHYC
JUI TOTO, MO0 MaKCHUMi3yBaTd If0 BTpaTy IIiJ] 4ac
onTHMi3alii AWCKpUMiHATOpa. Makcumizaris 1€l
BTpPAaTH BKa3y€ Ha T€, 1110 JUCKPUMIHATOP CTAE KPAIUM
Y MpaBUILHOMY BHU3HAYECHHI PEaIbHUX JTAHHX.

B Toi1 xe uac, iHma wactuHa (yHKLIT BTpar
JMCKpUMIHATOpa BKasy€ Ha HMOBIPHICTH TOTrO, IO
JIMCKPUMIHATOp MPaBWIBHO KIAacHU(iKye 3reHepoBaHi
TeHepaToOpoM JaHi sk creHepoBasi. Jlorapudm Bix 1
MiHyC HMOBIPHICTb IIbOTO CHIEHAPiI0 TaKOX OepeThes
31 3HAKOM MiHYyC JUISl TOTO, I[00 MakCHMIi3yBaTH IO
BTpaTy TMiJ 4Yac ONTUMi3alii JUCKpHMiHATOpa.
Makcumizamiss 11i€i  BTpaTd BKa3ye Ha Te, IO
JUCKPUMIHATOp CTa€ KpalluM Yy  BHU3HA4YCHHI
3TeHEPOBAHUX JIAHUX SIK CIIPABXKHIX.

Orxe, QyHKUiS BTpaT I IUCKpUMiHATOpa
CHpsIMOBaHa Ha Te, 00 MaKCUMi3yBaTH HMOBIPHICTb
MpaBWIbHOT Kiacudikamii SK peambHHUX, TaK |1
3TeHEPOBAaHUX JIAaHMX, IO BeJe 1O IOJIIIIEeHHS HOro
3MATHOCTEH  BIAPI3HATH  CHpaBXHI  JaHI  BiX
CHUHTETHYHUX.

Hanmpuknan, s cTBOpeHHS — 300pakeHb
TeHEpaToOp TeHepye 300paKeHHS 3 BHIIAJKOBUX
IIYMOBHX BEKTOpPiB, TOAI SIK JUCKPUMIHATOP
HaBYAETBCSI  PO3PI3HATH MDK  peaJbHUMH  Ta
CTBOpPEHMMH JaHMMH. Taka cama ifges JeXHTh 1 B
OCHOBI TeHepallil CTero300pakeHb, TILTBKHA 3aMiCTh
3BUYafHUX  300pakeHb,  TEHEpaTrop  CTBOPIOE
cTero3o0pakeHHs, BOYZOBYIOUM B MOMEHT HOTO
CTBOPEHHS  NOBIIOMJICHHS, a  JUCKPUMIHATOP
HaMaraeTbecsl pO3PI3HUTH, YU € TI0laHe oMy Ha BXij
300paXXeHHs TakUM 110 MICTHTh IIPUXOBaHE
[IOB1IOMJICHHS, YH Hi.

Ili mBi Mepexi BCTymaroTh y KOHKYpPEHTHY
B3a€EMOJI0, 10 MPU3BOJUTH O  IOCTIHHOTO
YIOCKOHAJIEHHs SIKOCTI TeHepauii 1 posmi3HaBaHHS
JTAHHX.

Anzopummu cmeopeHHs1 cme20306pakeHb

Jnst cTBOpeHHS 1 MOAAJIBIIOrO IOPiBHSIHHS
cTerozo0paxkeHb 0yJ10 0OpaHO BUKOPHUCTOBYBATH TaKi
KJIACWYHI QJITOPUTMH KOJYBaHHS IIOBIJJOMJICHHS B
300pakeHHA-00kmaanHKy, Taki sk: LSB (Least
Significant Bit), DCT (Discrete Cosine Transform) i
PVD (Pixel Value Differencing).

Meron LSB (Least Significant Bit) — me
TexHika creraHorpadii, 0 BUKOPUCTOBYE HaWMEHII
Baromi Oitu (HaiiMeHII 3Hauyymii OiTH) B OiHapHOMY
IIpeACTaBIICHHI JTAaHUX ULt TIPUXOBYBaHHS
(anrm. encode) inmoi iHdopmanii 0e3 MOMITHUX 3MiH
Yy BHIJIAII OpWTiHATBHUX HaHuX [6]. OcHOBHa imes
mojsira€ B TOMY, 1100 BHECTH HEBEJIHMKI 3MiHH B
HalilMeHII Baromi OIiTH, SKI 3a3BHYaid  MEHIIE
BIUIMBAIOTH HA CIIPUHHATTS JitopMu. IIpuKitag Takoro
BOyzoByBaHHS iH(oOpMarii ToKa3aHo Ha PUCYHKY 2.

Bubip xoHKpeTHHX OITiB [UISl NIPUXOBYBaHHS
3aJICKUTH BiJl CIE()iKKA 3aCTOCOBYBAHOTO METOTY.
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/v 11011011
R = 1101101X idden Bit o
Nﬂ 11',115'_:“ ’
/. 10010111
= Hidden Bit ,
G 1001011X ¢
1 10010101
B = 1001010x< Hidden Bit ,

10010100

Pucynox 2 — IIpukinan KoayBaHHS OJHOTO ITKCEINs 3a
noromororo LSB [7]

3a3Bu4ail 0OMPaIOThCS HAWMEHII BaroMi OiTH,
sIKI BU3HAYaIOTh HAWMEHIII 3HadyIli OiTn B GiHapHOMY
MIPEACTaBICHH] MIKCENiB 300pakeHHS. Y BHIAIKY
300paxkesb RGB (Red, Green, Blue), wuacto
BUKOPHCTOBYIOTH OCTaHHIM OIT KOXXHOTO KaHaiy,
OCKUTGKM 3MIHH B HBOMY MEHIIE TIIOMITHI JUIs
mojcekoro oka. Hexaii I(x,y) 3HA4YEeHHS MiKCENs
OJTHOTO 3 KaHAIB, a bit; — i-i OIT MOBiTOMJICHHS , TOJI
¢dopmyna BOymoByBaHHS OiTiB B  HaliMEHIIMH
3HAUymMi OiT Oy[s-SKOro 3 KaHANIB IiKcens Oyze
BUTTIIIATH TaK:

[ =1 P
xy = ITJ ' it;, 3)
ne Iy, — HOBE 3HAYEHHs MIKCENs OJHOTO 3 KaHAIB
miciist BOYJOByBaHHS;
['] — dyHKUis OKpyTIIECHHS BHU3.

BaxmiBo BpaxoByBaTH, 1110 IPH HA/ITO BEIHKIN
3MiHI B HaliMEHII BaroMux OiTax MOXX€ BHHUKHYTH
MIOMITHa JIeTpajiallist sIKOCTI 300pakeHHs abo 3MiHa
TEKCTOBOTO KOHTEHTY.

Meron LSB moxe Oyt BHKOpHCTaHMH JUISt
pi3HMX HiTeH, TakuX SK MPUXOBYBaHHS iH(opMarlii,
BOJASIHUH 3HAaK, a00 HABITH aTakW Ha OE3MEKy, TOMY
BaXJIMBO  pETENbHO  BUOMpaTH  METOA  Ta
KOHTPOJIIOBAaTH  PO3MIp  BHECEHHMX 3MiH  JUIA
3a0e3reveHHsT HEeTTIOMITHOCTI.

Jns nexoxyBanHs (aHri1. decode) mpuxoBaHOi
iHpopmanii 3acTocoByroTh TOHM camuii meron LSB,
BUTSTAIOYM HaiiMeHIm Baromi Oitm 3 obmacti 1e
MIPUIyCKa€eThes, 10 iHpopMamis Oyna BOyIOBaHA.
Toni pyukuis BugoOyTTs i-TOTO OiTy 3 Iy, MiKCENHO
oyne:

bit; = Iy, mod 2.

(2)

BaxmmBo 3a3HaunTH, MO U1 €()EeKTHBHOTO
BunoOyTTs iHQopManii, OTpUMaHHS JOCTYIy [0
OpHTiHAJIBHUX JTAaHUX € KIIIOYOBHM, OCKIJIBKH TiJIBKH
Ha IXHIH OCHOBI MOXXHAa TOYHO BU3HAYHTH, SKi OITH
Oynu MoaudikoBaHi. AITOPUTM BUAOOYTTS MOJIATAE Y
300pi HAMEHIII BAarOMHX OiTiB 3 BIJIIOBITHHUX TTIKCEIiB
YM CUMBOJIB 1 iX 00'eqHanHi B GiHapHuil notik. Jami
MIPOBOANTHCS KOHBEpTalis OiHAPHOTO TOTOKY B
TEKCTOBHH abo rpadidnmii popmar, B 3aJI€KHOCTI Bif
TOoro, ska iHQopmamis Oyma mpuxoBaHa. SIKmIo
cTeraHorpagiuHuil aJropuT™M He JyKe CKIaaHui abo
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3axHIIeHNH, iHpopMmamito Moxke OyTH BiIXHOBJIEHO
JIOCUTH JIeTkKo. ToMy BaXIIMBO 3aCTOCOBYBATH
JIOJIATKOBI ~ 3aXOAM O€3MeKd JUIs  yCKJIaJHEHHS
BUAOOYTTS mpuxoBaHOi iH(popMarii 06e3 HaJIeKHOTo
KJII0Ya YH JOCTYITy JI0 OPUTIHAIBHAX JaHUX.

Meron DCT (Discrete Cosine Transform) —
JIMCKpETHE KOCHHYCHE ITEPEeTBOPEHHS B cTeranorpadii
BUKOPHCTOBY€EThCS JUIsl IPUXOBYBaHHS iH(opMmaii B
YacTOTHOMY IpocTopi 300paxenHs [8]. s mporo
300paXCHHsI PO30MBAETHCS Ha OJIOKM, 3a3BHYal
po3mipoMm 8x8 TikcemiB, i KOXKEH OJIOK ITiIHa€ThCs
MIEPECTBOPEHHIO.

F(u,v) =
= CaC® ) Y fy)

(2x + 91=)(1)u};=0 2y + Durn n
- cos 5N cos o ) 4

ne N i M — mmpuHa i BucoTa 010Ky BiAIOBIIHO,

F(u,v) — 3masennss DCT B mikcem 3
KoopauHaTaMu (U, V) Yy 4aCTOTHOMY HPOCTOPI,

f(x,y) — 3HaueHHs miKcenss B MPOCTOPI
300pakeHHS,

C(u) i C(v) — xoediieHTn, Mo 3a0e3MEUYIOTh
OPTOTrOHANBHICTh TIEPETBOPEHHSL.
Koedimientu C(u) i C(v) BU3HAYAIOTHCS:

cw =1 e =0 ©)
u) = ’
’Z/N, iHakmIe
Cw) - 0=0 ©
v) =
’Z/M, iHakmIe

DCT mneperBopio€ mpocTOpoBi IHTEHCUBHOCTI
IIIKCEJIB B YaCTOTHUI JIOMEH, MPEACTABISAIOUN X 5K
CyMy KOCHHYCHHX (YHKIIH pi3HOT 4acToTH. 3a3BH4aii,
JUIi TPUXOBYBaHHS BHKOPHUCTOBYIOTHCS HH3BKO-
gacToTHi KomnoHeHTH DCT, OCKIIBKHM BOHH MEHIIIE
ITOMITHI JIJISI JIFOJCHEKOTO 30DY.

[icns DCT nepeTBopeHHs! BHOMPAIOTHCS ACSKI
Koe(illieHTH, 3a3BHYail B JIIBOMY BEPXHBOMY KyTi
070Ky, SIKi BBaKAlOTbCA MEHII BAXJIUBUMHU JUIS
CHPUMHATTA JIIOJACBKMM OKOM. IHdopmaris s
MIPUXOBYBaHHS KOIY€EThCS B 11l BUOpaHi KOeillieHTH.
3a3BU4all, 1€ BUKOHYETHCS MIISIXOM 3aMiHM MEHII
3HaUymMx OITiB KoedilieHTiB iH(pOpMaIi€o, Ky
HEOOXiTHO TpUXOBaTH. J[Isi 3MEHIICHHS ITOMITHOCTI
BHECEHMX 3MiH, 3a3BH4Yail OOMpPAIOThCS HEBEJIHKI
3HAYEHHS ISl KOJyBaHHS, sIKi HE CYyTTEBO BIUIMBAIOTh
Ha OpWriHaJbHY IHTEHCHMBHICTH mikcemiB. [licms
BHECEHHsI 3MiH, OJI0KH Mijy1atoThest 3BopotHoMY DCT
MIEPETBOPEHHIO Il OTPUMAaHHS 300pakKeHHS 3
MIPUXOBAHOK0 iH(QOPMAITI€IO.

Meron DCT B creranorpadii mo3BoJIsIE
MIPUXOBYBaTu iH(OpMamilo B 4aCTOTHOMY HpPOCTOPI,
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mo Moxe OyTH eQeKTUBHMM [JIsi HENOMITHOTO
BOYZIOBYBaHHS IaHUX y 300pa)KCHHSL.

Hdns  BunoOyTTs mnpuxoBaHoi —iH(opmarii
CHOYaTKy 300pakeHHs po30MBaeThCs Ha OJNIOKH, a
kokeH Omok mimmaereess DCT meperBopeHHI0. 3a
JIOTIOMOTOI0  3a3/1aJIETiIb BCTAaHOBJICHOTO KJIIOYa YU
rapameTpiB, BUOMPAIOTHCA Ti K caMi KoedilieHTH, ki
BUKOPHCTOBYBAJIMCS ISl IPUXOBYBaHHS iH(pOpMAILi.
Buno0yTi 6iti 3 X KoeimieHTiB 00'€ THYIOTHCS IS
BIJJTHOBJICHHSI IIPHXOBAHO1 iH(popMmartii.

Haii 3actocoByroTscst 380poTHi omneparii DCT
MIEPETBOPEHHS U1l OTPUMAHHS OPUTIHAJILHOTO OJIOKY
TTiKCeIiB 3 BHECEHMMH IPUXOBaHMMH AaHNMHU. [Iporiec
MIOBTOPIOEThCA Ul BCiX OJIOKIB Ha 300pakeHHi, i
OTpHMaHi J1aHi 00'€IHYIOThCS U OTPUMAHHS ITOBHOL
puxoBaHoi iH(opmarii.

3acrocyBanns meroxy DCT B creranorpadii
BUMara€ BpaxyBaHHS TOro, 110 IPUXOBaHa
iHpopMmamis Moxe OyTH Bpas3iHMBOIO IO aTak, SKIIO
aTaKylouuil 3HAa€ METOJOJOTiI0 BOYIOBYBaHHS i
BOJIOJIIE KJIIOYEM Y Tapamerpamu. Tomy, Oe3mneka
METOMy  YacTo TMoB's3aHa 3  e(EeKTHBHICTIO
BUKOPDHCTaHHS KJIIOYAa JJIsl TIPUXOBYBAaHHA Ta
BUAOOYTTS iH(pOpMAIIii.

Meron PVD (Pixel Value Differencing) —
OIHMM 3 METOJIIB creraHorpadii, sk Moxe OyTH
BUKOPHCTaHWH JUIS HETOMITHOTO BOYJOBYBaHHS
iHpopmamii y  300pakeHHs, 3aCHOBAaHMH Ha
BIIMIHHOCTSIX Y 3HAYCHHSX TiKceniB [9].

s mpuxoByBaHHS iH(OpMAIIi] 32 1OITOMOT0I0
PVD 300paxeHHsT po30MBAEThCSI Ha MapH CYCiAHIX
MKCeNiB, 1 pI3HUANA MDK IXHIME 3HAUYCHHIMH
BUKOPHCTOBYETbCS ~ JUIi  BHECEHHS  IPUXOBAHOL
iHpopMarii. Hami HMPUXOBYBaHHS JaHUX
3MIMCHIOETBCSl [UIIXOM 3MIiHM 3HAUEHHS MEHII
Ba)XJIMBOTO TIKCEIsl B mapi (3a3BM4aii MEHILIOTrO 3a
a0COJIFOTHOIO 1HTEHCHUBHICTIO) B 3aJIKHOCTI Bijx OiTa
iHpopmamii, sKy mMOTpiOHO mpHUXOBaTH. 3MiHU
BUKOHYIOTHCSI Tak, 1100 BOHM OyJM MEHIIE MOMITHI
JuIs  crocTepirada, 1 UL OBOTO  MOXKe
BHUKOPHCTOBYBATHUCS Pi3HOMaHITHUH Habip IpaBwi Ta
napametpiB. KpimM Toro, BaXJMBO BpaxoBYBaTH, IO
3MiHM HE IOBMHHI OyTH BEIMKHMH, 100 YHUKHYTH
MIOMITHUX apTedakTiB Ha 300paKeHH.

Hexait I, Ta I, — cycinni mikceni, Toxi
(dopmyna 1uist BOyJOByBaHHS Oy/ie BUIUISAATH TaK:

Ly + B - sign(lypry — Ley) - 224, (7)

ne Iy, — HOBE 3HAUEHHSI MKCE,

sign — QyHKnis 3Haky (mo3Hadaerscst sk 1, 0
abo -1),

B — KOHTpOIBLOBaHMUII ITapamerp,

bit — BOynoByBanuii 6it (0 abo 1).

Hdns  BunoOyTTs mnpuxoBaHoi —iH(opmaii
BUKOPHCTOBYIOTHCS Ti X HapH CyCiIHIX MIKCeiB, sKi
Oyli BUKOPHCTaHI IIpM IIPUXOBYBaHHI. 3MiHH B
IHTEHCHBHOCTI MEHII BAXJIMBOTO IIKCEINs, AKi Oynm
BHECEHI Mi/Jl yac NPHUXOBYBAHHS, aHAII3YIOTHCS I
BiZJHOBJICHHsI OiTOBOi iH(opMarii. 3aCTOCOBYIOTBHCS
BU3HAUCHI TapaMeTpH 1 IpaBuIIa JUI BU3HAYCHHS, SKi

! —

xy =
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3MIiHM B IHTCHCHBHOCTI IIIKCENiB BKa3zylOTh Ha
HasIBHICTH MPUXOBaHoi iHdopmarii. BukopuctoByioun
K04 abo mapaMeTpH, IO BUKOPHCTOBYBAIHCS ITIPH
MIPUXOBYBaHHI, BUKOHY€ETHCS OOCpHEHUH IpoLec JUis
BUTSATHEHHs OiToBOi iH(opMmamii. Taka mpouemypa
MIOBTOPIOEThCSA ISl BCIX Map CYCiOHIX MIKCENiB Ha
300paxeHHi, 1 3i0pani Oitm o00'emHyIOTBCS JUIA
OTpUMaHHS  IIOBHOI  TNPHXOBaHOI  iH(opMarii.
Buxonsun 3 ychoro BHIIecKa3aHOTo, GopMmyia Ui
BIUTydeHHs! BOYJOBaHOTO OiTy Oyze BUIIISAATH TaK:

I, —1

bit' = round % , (8)
ne round — QyHKIIS OKPYTIICHHS.

Meronx PVD € omauMm 3 TpHKIATIB
creranorpadii, sikuii Moxxe OyTH BUKOPHCTaHUH JUIS
HETIOMiTHOTO BOY/ZOBYBaHHS iHpopMmamii y
300pakeHHS, 3aCHOBAaHWA Ha BIAMIHHOCTAX Y

3HAYEHHAX MiKcemiB. Takox el MeTo BiI3HaYaeThCs
CBOEIO MTPOCTOTOIO Ta HETTOMITHICTIO, aJI¢ BAXIJIUBHM €
¢dakT Toro, mo Oe3meka BiJ BHUSBICHHS MOXeE
3ajeXard Bix BHUOOpY IapameTpiB Ta IpaBwHIl,
BUKOPHCTOBYBAHUX JUISl BHECEHHS Ta BUIOOYTTS 3MiH.

Kpim Ttoro, Oyno BHpINIEHO  TaKOX
BUKOpPHCTaTH Il TOPIBHSHHA OAWH 3 METO/IB
udpoBoi creranorpadii 300pakens Ha ocHOBI GAN
— SteganoGAN. ABTOpH NpONOHYIOTH DIlIEHHS 3
BUKOpHCTaHHSAM 3ropTrok Ha ocHOBi DCGAN, s
OTPHMaHHSI BHCOKOEMHOI creraHorpadii 300pakeHb,
SIKY HEMOXKJIIBO BHUSIBUTH.

SteganoGAN ckiamaeTbesi 3 TPhOX MOJIYJIB
(pucynok 3): Encoder, sikuii mpuiimMae 300paskeHHS
OOKJIQIMHKX Ta TEH30p JaHUX, a00 IMOBIIOMIICHHS, i
cTBOpro€e creraHorpadiune 3o00paxenus; Decoder,
SKMH TIpuiiMae creraHorpadiuHe 300pakeHHS Ta
HAMAaraeTbCsl BiTHOBUTH TEH30p JMaHWX, 1 Critic, skwii
OILIHIOE SKICTh OOKJIAIMHKH Ta cTeraHorpadiqanx
300pakeHb. Kpim Toro, Encoder mependauae
BUKOPHCTaHHS OJHI€] 3 TPHOX PI3HHUX apXiTEKTyp Ha
BubGip: Basic, Residual abo Dence.

Data (0, W, H)

Pucynox 3 — Apxitekrypa SteganoGAN [10]

[Ilo6 omiHMTH NUPOIYKTUBHICTH CTETaHO-
rpadignoi CUCTEMY IITY4YHOTO IHTEJeKTY,
BUKOPHCTOBYETHCS METPHKA AKYpPaTHOCT] BHITy4EHHS
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cekpeTHHX paHux (Accuracy) i «OIT Ha MIiKCENb»
(BPP), mo o3nawyae mipy indopmarii, mo BUMipse
KUTBKICTh TIPUXOBaHOI iH(OpMAaIii Ha OJUHHMIIO
ikcens y 300pakenni. OnHak 3amicts MeTpuku BPP
aBTOPU BHMKOPHCTOBYIOTH OUIBII HAIiHHY METPUKY
RS-BPP, 1m0 6a3yeTbcst Ha BUKOPHUCTAHHI KOJ{yBaHHS
Pina-Conomona.

Takox BUMIPIOIOTH SIKICTH 300pakeHHS 32
JIOTIOMOTOI0 TTIKOBOT'O CITiBBIJHOIICHHSI CHT'HAJI/IIYM
(PSNR) i crpykryproi momibHocti  (SSIM).
ExcriepumenTanbHi  pe3yiabTaTH  JAEMOHCTPYIOTH
eeKTUBHICTh pI3HUX BapiaHTiB «SteganoGANy,
mpuyoMy BapiaHT Dence JI€MOHCTpye — Kparry
MIPOXYKTUBHICT  IOJO  BIJHOCHOTO  KOPHCHOTO
HaBaHTAKEHHS Ta SIKOCTI 300pa)kKeHHSI.

KpiMm Toro, y mOKYMEHTI IOCHIIKY€ETHCS
3MATHICTh ~ CHCTEMH  YHUKAaTd  IHCTPyMEHTIB
CTEraHali3y, sIKi BAKOPUCTOBYIOTBCS Ul BHSIBICHHS
NIPUXOBAaHUX  JaHUX. HaBeneni  pesynbratn
MOKa3yl0Th, IO CTBOPEHI B MOJENI IITYYHOTO
IHTEJEKTY «SteganoGAN» creranorpadiyni
300paXCHHSI BaKKO BUSBHTH, OCKUIBKA BOHH
BIAIIOBIAAIOTH MIHIMaJIbHUM BHUMOT'aM IS
KHUTTE3JATHOTO AITOPUTMY cTeraHorpadii.

Takok  OOrOBOPIOIOTBCSI  TOPIBHSHHS 3
TPaTUIITHIMI METOAaMHU cTeraHorpadii, TAKIMHA SK
HUGO Ta JSteg, migkpeciioloud IepeBarn Ta
MOTEHIiaJl 3alPOIIOHOBaHOrO Miaxoxy SteganoGAN
Ha OCHOBI IJTMOOKOTO HABYAHHS.

JlocmiKeHHST TIPE/ICTaBIIsA€ 1HHOBAIIMHUN 1
THYyYKWH miaxig g0 creranorpadii 300paxeHb, SKHA
MiATpUMY€E pi3HI po3MipH 300pakeHb 1 JOBUIBbHI
NBIMKOBI  JaHi, JOCSTal0YM BHUIIUX BiJHOCHHX
KOPHUCHUX HaBaHTA)XEHb MOPIBHIHO 3 ICHYIOUHUMH
METO/IaMH, 3aJIMIIAI0YNCH HEBHSBIICHUMH.
SteganoGAN BifKpuBa€e HOBI MOXJIMBOCTI B Tairy3i
creraHorpadii, e riauboke HaB4daHHiA Ta GAN
BIZIrpaloTh BUPIMIAIBHY POJIb Yy PO3MMUPEHHI MEX
METO/IiB IPUXOBYBAHHS JaHUX.

Mempuku oyiHroeaHHs1 cme20306paxeHnb

Jns ouiHkM creraHorpadiyHUX aJrOpUTMIB B
3arajJbHOMY BUKOPHCTOBYIOTHCS TPH METPHUKHU: 00CST
JIaHUX, KU MO>KHA MTPUXOBAaTH B 300pakeHH], TOOTO
€MHICTh, MOJIOHICTE MDK  OOKJIaAMHKOK  Ta
cTeraHorpagiuHiM 300paKeHHSIM, SKa HA3UBA€THCA
CHOTBOPEHHSIM, 1 3JaTHICTh YHHKHYTH BHSIBICHHA

IHCTpyMEHTaMH  CTETaHaNIi3y, s5Ka Ha3MBAETHCS
cekpetHicTio [11]. ¥V mpomy pozzini ommcano neski
TTOKAa3HUKH ULt OLIIHKH MIPOJyKTUBHOCTI

cTeraHorpagiuHuX alrOpPUTMIB.

Mertpuka BPP (Bits Per Pixel) — ne merpuxa,
0 BKa3zye Ha KUIBKICTH OiTiB iH(opMmamii, sKy
npunagae Ha KOXKEH IiKcelb y 300pakeHHi. Bona
Ba)KJIMBA YIS OLIIHKM PO3JIIBHOT 3JaTHOCTI Ta SIKOCTi
300pakeHb, OCKUIBKM OinmbIe OITIB Ha TKCENb
no3Boisie 30epiratu Oinbine netanel Ta iHdopmarii,
ajie MoKe BUMaraTH OLblIIe MpocTopy [uis 30epiraHus
abo mepenayi.
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®opmyna BPP 00YHCTIOETECS SK BiTHOIICHHS
oOcsry indopmanii bitsn (3a3Buuail y Oitax) 10
KIJIBKOCTI TiKCeNiB y 300paxeHHi po3mipom W - H:

BPP — bitsn ®)
T W-H
BukopucroByeTbcss Al OLIHKKM — 00cATY

iHopMmanii, SKy MOXXHA BOYAyBaTH B KOXEH ITIKCEIb
300paxxeHHsT 0€3 TOMITHHX 3MiH B sIKOCTi. OKpiM
BUMIpIOBaHHS BiZIHOCHOTO KOPHUCHOTO HAaBAaHTAXXCHHS,
HaMm TaKOX MOTPiOHO BUMIpATH SKICTh
creranorpagiuHoro 300paxeHHs. OZHUM 13 MIHPOKO
BUKOPHCTOBYBAHUX ITOKAa3HUKIB JUIS BHMIipIOBAaHHS

SIKOCTI  300paKeHHS €  IKOBE  BiAHOIICHHS
curHan/mym (PSNR).
Metpuka PSNR  (Peak  Signal-to-Noise

Ratio) — BpaxoBye BiIHOIIEHHS CHI'HAI-IIYM 1 BHUMI-
PIOE, HACKUTBKH 10Ope CIOTBOpPEHE (CTreHEepOBaHE)
300paXeHHS ~ BIJNOBIAE  OpUTiHATY. PSNR
BHpaXaeTbes y aenuoenax (dB) i moxe Oytm
IHTEpIIPETOBAaHNH TaKUM YHHOM:

—30-40 dB: nyxe xoporua sKicTb;

—20-30 dB: mpuitHATHA SKICTB;

—Menme 20 dB: HU3bKA SIKICTB.

Ypm Bume 3HadeHHs PSNR, TuMm wmenme
MIOMHJIOK BIJTHOCHO OpHTiHay 1, OTXe, SKIiCTb
CHOTBOPEHOTO 300pa)KEHHsI BBAXKAETHCS BUIIIOK0.

3a HasBHOCTI ABOX 300pakeHb X 1 Y po3mipom
W - H i xoeodinienTrom MmacimraOyBaHHS SC (st 8-
OiTHHX 300pa)XeHb OPIBHIOE 255), IKUH IpeICTaBIsIe
MakCHMQJIFHO MOXJIMBY PI3HHII0O B YHCIOBOMY

MIPEICTaBIICHHI KOXKHOTO TTKCes, PSNR
BHU3HAYA€ThCS yepes ¢$yHKIII0 CepeaHbo1
kBagparnuHoi nomuiku (MSE):
w H
1 2
MSE = mz Z(Xi,]' —Y,)" %)

i=1j=1
PSNR = 20 -log,,(sc) — 10 - log,,(MSE), (10)

Xoua PSNR 4YacTO BUKOPUCTOBYETBHCS UIS OI[IHKH
CIIOTBOPEHb, SIKi BAHUKAIOTh BHACIIIOK 3aCTOCYBaHHS
anropuTMiB creraHorpadii, BBaXkaeTbcs, 10 BiH HE €
iIeaTbHAM I TIOPIBHSAHHA pPI3HUX THUIIB TaKHX
anroputMiB. TOMy BHKOPHCTOBYETBbCS IIE OJUH
MOKAa3HUK, a caMe IHJIEKC CTPYKTypHOi momiOHOCTi
(SSIM), sxumit gomoMorae OIIHIOBATH  SKiCTh
300pakeHb.

Metpuka SSIM  (Structural  Similarity
Index) — mMpoKO BHUKOPHCTOBYEThCSA B  IHAYCTPIl
MOBJICHHS JJIsl BUMIPIOBaHHS SIKOCTI 300pa)KCHHS Ta
BiZICO. B creranorpadii it METpHUKa
BUKOPHCTOBY€EThCS JJIsI BUMIPIOBAHHS CTPYKTYPHOL
CXOXKOCTI MDK JBoMa 300paxkeHHsMH. SSIM
po3pobnennit  juis TOro, MO0  BpaxoBYBAaTH
CHPUHHATIUBICTS JIIOJCHKOTO 30pY 1O 3MiH B
KOHTPACTI, ICKPAaBOCTI Ta CTPYKTYPi 300paskeHHs, 1 BiH
YacTO BUKOPHUCTOBYETHCS JUIS  OLIHKK  SIKOCTI
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CTHCHEHHX,  OOpoONeHHX  4H
300pakeHb.

OCHOBHI KOMIIOHEHTH 1HIEKCY CTPYKTypHOI
OX10HOCTI BKJIIOYAIOTH:

1) sickpaBicth  (aHry.  luminance):
OLIHIOE,  HACKIJIbKM  300paKCHHS  SICKPaBOCTI
BIJINIOBiJa€ pCabHAM BIMIYTTSIM SICKPABOCTI B
JIIO/ICBKOMY 30pi;

2) KOHTpACT (aHIJI. contrast): BU3Hauae,
SIK 100pe KOHTpAacT BinoOpakaeThcsi Ha 300pa)KeHH1
TIOPIBHSHO 3 peaJIbHIM KOHTPACTOM;

3) CTPYKTypHa  MOAIOHICTE  (aHTIJIL
structural similarity): BuMipioe, HacKuUIbKH m00Ope
CTPYKTYPHI €JIEMEHTH, Taki SK TEeKCTypH Ta JAeTai,
BiJITBOPCHI HAa 300paXCHHI.

3a HasBHOCTI 1BOX 300paxkeHp X i Y SSIM
MOXXHa po3paxyBaTH 3a (GpopMyIioro:

Quxpy +¢1) - Qoyy +¢3)
(ug +u3 +c1) - (0f + 07 +¢2)’

CITCHCPOBAHUX

SSIMyy =

(1)

Iie [y — CepeHe 3HaueHHs X, [y — CCpeTHE 3HAUCHHS
Y, of — nucnepcisn X, of — mucnepcis Y, oy, —
xoBapianTHicts X 1Y, c1 = (kL)% ¢2 = (k,L)? — nBi
3MiHHI, B skuX k; = 0.01, k; = 0.03, L — muHaMivHmiA
Jliama30H 3HAYCHB MIKCENiB, IO MPH BUKOPHUCTaHHI 8-
6iTHOTO 300paXKEHHSI JOPiBHIOE 255.

3HavyeHHs MeTpuKH SSTM BapiloeThCst B MEXi
[-1,1], me 1 Bka3ye Ha TOBHY IACHTHYHICTH MiX
300pakeHHAMH, a -1 HaBIaKW, TOBOPUTH PO TE, IO
J1Ba 300pa)KCHHS MTOBHICTIO BiAPI3HSIOTHCA. Brcokuit
nokasHuK SSIM Bkazye Ha BHCOKY CXOXICTh MiX
300paxxeHHsIMH, TOxi sk Hu3bkuii SSIM Bkazye Ha
BIAMIHHOCTI B SIKOCTI.

lNopieHsIHHS
aneopummie

cmezaHoepaghiyHux

Jns TOpiBHSAHHS Ha TPAKTUIl OCHOBHHUX
METPUK KOXXHHUM 3 HaBEACHHX BHIIE KIACHIHUX
cTeraHorpagiuHIX aJIrTOPUTMIB, a TakoK Mozesutio 111
SteganoGAN 0yJ0 CTBOpPEHO CTEro300pa’keHHS 3
pizauM 3HadeHHsM BPP. Jlns meromie LSB, DCT,
PVD ta SteganoGAN rpaHudYHI 3HaYCHHS JOCHUTH
BENUKi, Oy/lOo BUPIIMIEHO MPOBECTH EKCIICPUMEHT 3
CTBOPEHHSIM CTETr0300pakeHb 3:

BPP €[0.01,0.1,1,15,2,2.5,3,3.5,4]. (12)

B xomi ekcrmepuMeHTy BHUSBHIIOCH, IO IS
Metonxy DCT wnHaiibinemmmM 3uadenHsM BPP e 0.1,
TOMy OyJIO BHPINICHO B3alUIIUTH I MeTom, i
MPOJOBXKHUTH CKCIICPUMEHT 3 OIUTBII  BEITHKHIMH
sHayeHHsMu  BPP  jgus  meromie  LSB, PVD,
SteganoGAN. Kpim toro, meronq LSB mokasas, 1o
npu 3poctaHHi BPP MeTox mepcTaBaB NpamioBaTH
yepe3 Opak BUIGHOTO Miclli B 300paKCHHI, aie
aNrOPUTM JOCHUTH THYYKHUH, 1 JO3BOJISIE BUKOPHCTAHHS
OUTBIIE HIXK OJHOTO HAMMEHIIOTO 3HAYYyIIOro OiTa B
300paxeHHi, TOMy
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PucyHok 4 — [TopiBHSHHS OpPUTIHAIIBHOTO 300pa)XEHHSI 13 CTEr0300paKEHHAM
Jlxepeno: ABTOPCHKHI PUCYHOK

Oyll0 TPUHHATO pIlICHHS BHUKOPUCTOBYBaTu 2
HAaMCHINNX 3HAYYIIMX OiTiB 300pa)KCHHS, IO JUIA
eKcriepeMeHTy Oylio OuIbllie HIK JOCTaTHBO JUIS
KOJ{yBaHHsI TOBIZIOMJICHHS B 300pa)KCHHSL.

Ha ©pucynky 4 HaBeneHO TOpIBHSHHS
OpHTiHAJIBHOTO 300pa’KeHHS 13 CTEro300paKEHHSIMH,
CTBOPEHHMX PpI3HMMH Merojgamu. [lepmia KoioHKa
MICTUTh B CO0Oi OpWriHaNbHI 300pa’keHHs, Jpyra —
cTero300pakeHHs 1[0 CreHEPOBaHE OTHUM 3 YOTHPHOX
BUIIECHABEACHUX AJITOPUTMIB, TPETS KOJIOHKA MICTUTh
OiHapi3oBaHy pI3HUIIO MDK OpHTriHAJIBHUM 1
cTero3o0pakeHHsIM 3a TphOMa KaHallaMHd, YeTBepTa
KOJIOHKa MICTUTh OiHapi3oBaHy pIi3HHIOIO MiX
OpHTiHAJIBHUM 1 CTEr0300paXEHHSIM B CIpOMY TOHI.
[Nepmmii psooK MICTUTH CTEro300pakeHHs, CTBOPEHE
3a pomomoroto Mmerogy DCT 3 HalWOuUIbmmM
MoxuuBuM BPP = 0.1. JIpyruii, Tpetiii 1 yeTBepTHiA
PSANOK  MICTATH  CTEr0300paXKCHHSI CTBOpEHI 3a
noromoroto  MmeroniB LSB, SteganoGAN i PVD
BiJINIOBiTHO, 3 BUKOpHCTaHHSIM BPP = 4.

Ha naBeneHomy BuIIe 300pa)keHHI B IIEPIIOMY
PAIKY MOXKHA TT00AYUTH PI3HUIII0 MK OPUTiHAIBHUM
i CcTero300paXCHHSAM CTBOPEHOI'O 3a JOITOMOTOIO
metoxy DCT, i ckazatu, mo maHe 300pa)KCHHSA €
crerozo0paxkeHHsM. [IpoTe, Bi3yasibHE HOpPIBHSHHA
CTero300pakeHHb IHIIMX METOAIB 3 OPHIiHAIBHUM
BXE HE TaKe OJHO3HayHE, TOMY CKOPHCTYEMOCH
merpukamu BPP,MSE,PSNR ta SSIM pna ix
nopiBHssHHA. Ha pucynky 5 HaBemeHo rpadikn
3anexxHocTi Metpuku MSE Bin BPP s MeroniB
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DCT, LSB, SteganoGAN ta PVD. 3 pucyHKy BHIHO
o HaBiTh npu ManoMy 3HadeHHi BPP, meroq DCT
Buae HabaraTo OUIBIITY TIOMUIIKY, B iHTepBaii MSE €
[1300,1400], nix inmi creranorpadiyni meroau. B
TOM ’K€ vac, JBa IHIN KJIACH4YHI METOAU BHUIAIOTH
NOMUIIKY GIIi3bKY j10 Hyist B inTepBani MSE € [0, 1],
Togi 5K omiHKK SteganoGAN 3HaxXO0ATHCS B IHTEpBaTi
MSE € [1300,1400].

Change of MSE with BPP
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Pucynok 5 — I'padik 3anexxHocti metpuku MSE Bin
BPP
Jlxepeno: ABTOPCHKHIA PUCYHOK

Ha pucynky 6 nHaBeneHo rpadik 3aJeHOCTI
metpuka PSNR Big BPP.
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Change of PSNR with BPP
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Pucynox 6 — I'padix 3anexxnocti merpuku PSNR Bin
BPP
Jlxepeno: ABTOPCHKUI PUCYHOK

0.0 15

3 rpadiky BHIHO, 110 IPU MaJIOMy 3HAuYCHHI
Merpukn BPP meroqu LSB i1 PVD nparote nmyxe
xopommi pesynsrar B 50-80 dB merpuku PSNR, ane
npu 30utemienHi BPP,PSNR 1ix JIBOX METOIIB
mocTynoBo 3MeHmyerbest po 40-50 dB. Meron
StaganoGAN nae crabinbHui pesynsTar B 29 dB
merpukn PSNR npu Oynp-skomy 3HaueHHi BPP.
Taxox 6aunmo, mo merox DCT HaBiTh Ipu HU3EKOMY
3HaueHHi BPP pnae noranumii pesynsrar B 10 dB
merpukun PSNR. Ha pucynky 7 HaBenmeHo rpadik
3anexxHocti metpuku SSIM Big BPP.

Change of SSIM with BPP
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Pucynox 7 — I'padix 3anexunocti metpuku SSIM Bin
BPP

Jlxepeno: ABTOPCHKUI PUCYHOK

T
15

Sk i 3 iHmmMu Metpukamu, metoau LSB 1 PVD
HAJAlOTh Kpamuid pe3yinsrarT MeTpuku SSIM,
6mm3pkuit 10 100% CTPYKTYpHOI 1IEHTHYHOCTI NpH
JTy’Ke MalluX 3Ha4eHHAX BPP, omgHak rpu 301IbIICHH]
BPP ueil pe3ynbTar NOCTYIIOBO 3MEHIIY€EThCs. B Toi
xe vac, meroq SteganoGAN nae craOuTbHO TapHUHA
pesynbrar B 87% merpuku SSIM npu Oyab-skomy
3HaueHHi BPP. Meronq DCT wHagae Hadripmmii
pe3yibTar 3 YCiX pO3DISIHYTHUX CTeraHorpadiyHux
MeToiB B 79% CTPpyKTYpHOI iIEHTHYHOCTI, HaBITh IPH
MaJKX 3aH4eHHsAX BPP.
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3aranom, BUXOJISTYH 3 Pe3yJIbTaTiB PO3PAXYHKY
METPHK JUIs KO>KHOTO 3 POBTIISTHY THX
cTeraHorpagiuHuX alropuTMiB, MOXKHA CKa3aTH, IO
Haliripme moka3aB cebe meton DCT, skwii BumaBaB
HaWripmmii 3 ycixX pe3yspTar 0 BCIM METpUKaM HaBiTh
npyd  HaliMeHmwmx 3HaueHHsx BPP € [0.01,0.1].
Haiixpame cebe nmokazamu merogo LSB Ta PVD, xoua
3a yciMa MeTpUKaMu, pu 30utbireHHi BPP, iX sKicTb
IOCTYMNOBO Najana. B Toit xke yac meroxn SteganoGAN
BUJaBaB CTaOUILHO [OOpHI pe3yibTaT 3a BCiMa
METPHKaMH, IpH Oyb-siKkoMy 3HaueHHi BPP.

BukopucmaHHsi cmezodemekmopie

Jus mopieasiaEs MetoniB LSB, DCT, PVD Ta
SteganoGAN 10 CTIHKOCTI 0 cTeroaHamizy Oyio
MPUHATO pIMICHHS BUKOPUCTATH SK CTATHCTUYHI
CTETOAHANI3aTOPU TaK 1 CTETOAHATI3aTOPU 3aCHOBaHI
HAa METOJIaX TTHOOKOTO HAaBYAHHS.

B sKoOCTi CTaTHCTHYHOTO CTErOAHANI3ATOPY
OyJio0 00paHO BHKOPHCTATH TMOMYJIIPHUHA iHCTPYMEHT
CTeTaHANi3y 3 BIOKPUTAM BUXITHAM KOZOM TIiJ
Ha3Boro StegExpose [12], skuit moeHye B co0i KibKa
ICHYIOUHX METOJIiB CTETaHaJi3y, BKIFOYAI0UH:

—RS Analysis;

— Chi Squared Attack;

—Primary Sets;

—Sample Pairs.

[IIo6 ouiHUTH eQEKTUBHICTE KOXHOTO 3
PO3TISIHYTHX CTEraHOrpadiyHIX METOJIB YHUKHCHHS
BUSIBJICHHS, OyJI0O BHMKOPHCTAHO BCi CreHepoBaHi
CTEro300pakeHHs  IIMX  METOMIB 3  DI3HUMH
3HaYeHHIMU BPP, a pe3ynbTatu OyIio IEpEeBipeHo 3a
nortoMoroto StegExpose 1 mpuBeneHo B Tabmumi 1, 1e
HA IEPEXPECTi aJrOPUTMY, 33 JOIIOMOTOIO SKOTO 0YyII0
CTBOEpHE CTEro300pakeHHs, 1 CTeroaHaiizaTopy
muppa O o3HA4ae, mO Take 300pakeHHSA 3
BimnoBiqHuM BPP Oyno posmizHaHe sK Take IO HE
MICTHTh MPHU30BaHUX JTaHWX, a nuppa 1 o3HAYae mo
300pakeHHS € CTEr0300paKeHHSIM.

HemaBni pocmimkenus [13-15] mokazamu
6araroo0irsroui pe3yapTatu y BHUSIBJICHHI
creraHorpagiuHux — 300pakeHb 32  JIOTIOMOTOIO

IMiIXO/iB HA OCHOBI INIMOOKOTO HaBYaHHA. Tomy yis
BHUBYEHHS TOTO, Y1 MOXKYTh CTE€raHorpadiuyHi MeToau
MIPOTUCTOSITH THCTPYMEHTaM CTEroaHallizy Ha OCHOBI
TIIMOOKOTO HaBYaHHS, Oy1o BHUKOPHCTaHO
3aIpOIIOHOBAH] /ISl CTeTaHali3y MOJAENI JETEKTOpiB
Ha 6a3i IHI: YeNet, XuNet Ta SrNet. Pe3ymnbrar
BukopucTanus nux mogneneit HII g creroananizy
TaKOX NpuBeneHo B Tadbmumi 1. Crix 3ayBaKUTH, 110
iHCTpyMeHTH crero-aHaiizy StegExpose Ta YeNet
Oynmu BukopucTani B pobOoti [10] it mepeBipku
CTIMKOCTI CTEro300pa’keHb /0 CTErOaHali3y, TOMY
OUiKyBaJOCh, IO  HOBI  TEpeBipKM  Mozeni
SteganoGAN  minTBepisTh ONMCaHi  PE3YJIbTATH
mepeBipku, Tofi sk iHmi XuNet Ta SrNet MOKaxXyTh
pesynbratn He ripme. KpiM Toro, BHKOpHCTaHa B
JIOCITI/PKEHHI MOJIEINb JUIS CTErOaHalizy
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Tabmunst | — BusiBiieHHs ceTero300pa)KeHb 3a JOIOMOTOI0 Pi3HUX CTEr0aHali3aTopiB

BPP Anroputm StegExpose
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1 0
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YeNet mokasana cebe sSK Taka, 1[0 HE
MiIXOMUTh JUI BUSBJICHHS TPUXOBAHWX JaHUX B
300pakeHH:X, a StegExpose sk Oyio cka3zaHo B poOOTi
[12] OLIBII NpUAATHUN IS BUSIBJICHHS
cTero3o0pakeHb 3TBOPEHHX 30 JIOTIOMOTOI0 METOIy
LSB. Mogens SrNet 1ocHTh HEMOTraHO CIpaLoBaa 3
BciMa KIaCHYHWUMH MeTojgamu creranorpadii LSB,
PVD Ta DCT, ame He 3Morjia BUSBUTH
cTerozo0apKeHHs 110 OyJIM CTBOPEHI 3a J0TIOMOTOI0
SteganoGAN. B Toif e 9ac, Sk MOXXHA TTOOAYUTH 3
pesynbrariB, Monenb XuNet BusBwia 8 i3 9
cTero3o0paxkeHb, TOOTO Maike BCl CTEro300pakeHHS
creHepoBaHi 3a jgomomoroio  SteganoGAN, 1o
MTOBHICTIO CIIPOCTOBYE HAJaHWUN aBTOPAMHU PE3yJIbTAT
CTIMKOCTI JI0 cTeroanamizy B 99%, a Takox Kake Ipo
Te, mo came Mozaenb XuNet HaiOuTbIe 3 ycix
MIXOINATH IS CTETOaHAITI3Y 300pakeHb
CTCHEPOBAaHUX 34 JIOTIOMOIOI0 CTeraHorpagidHuX
Mozeneilt Ha ocHOBI GAN.

BucHoeku

B pamkax IOCHimKCHHS TPOBEACHO OTIISL
MpeaIMETHOI 00JIacTi, BU3HAYEHO OCHOBHI MOJENi 1
aNTOPUTMU CTBOPEHHS CTEro300pakeHb, BUMIICHO 1X
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ocobmuBocrTi. [TimkpecneHo, o Ha ChOTOTHI MAITHHHE
HaBYaHHS € JIOMIHYIOYWOIO TexHouorielo B cdepi
creranorpagii 300paxens. OcoOnuBy yBary B LIbOMY
HalpamKy Ha/laHO TeHEpaTHBHO-3MarajJbHUM
Mepexxam (GAN), gust apxiTekTypa MiIXOIUTh UL
CTBOPEHHS SIKICHUX MoJesniel Juis creranopadii, Tax i
JUIs cTeroaHaiizy. PerenbHo ormanyTo apXiTekTypy i
aNTOPUTMU BUKOPUCTAHHS TPHOIX KIIACHYHUX METO/IIB
cTBOpeHHs cTero3o0paxenb: LSB, PVD ta DCT, a
TAaKOX OJMHOTO 3 METOHiB 3acHOBaHMX Ha GAN:
SteganoGAN. HaBeieHO OCHOBHI METPHKH OLIIHIOBAH-
HS CTET0300paXeHb, iX (POPMYIIH 1 3HAUCHHSI.

Pe3ynpraTi  eKcriepUMEHTIB 13  CTBOpPEHHS
cTerozo0pakeHb Ta iX cTeraHoaHali3y CBiI4aTh PO
Te, II0 MOJEJNI 3aCHOBaHI Ha INTYYHOMY IHTEJIEKTY
MaroTh OUTPIIMH MoTeHmian It creraHorpadii
300paXXeHb HDK KJIaCH4YHI QJITOPUTMH, OCKIJIBKH
MAaroTh CTa0IIbHI Pe3yIbTaTH METPUK HE3AIEKHO Bij
sradeHHs BPP. Kpim Toro, BUsiBIIEHO, 10 3a3HAaYCHA
BIIACTUBICTH CTilikocTi Momem SteganoGAN [10] mo
CTETOaHANI3y HE BIAMOBINAE MIIMCHOCTI, OCKUIBKH
monenb XuNet BusBmia 88,8% creHepoBaHHX
SteganoGAN cTero3o0paxeHb.

B rmopmambmmx  IOCHIDKEHHAX —IIIAHYETHCS
ynockoHaieHHst Mojeni StaganoGAN 3a 10moMororo
BUKOPHCTaHHS 3TOPTKOBUX HEWPOHHUX MEPEXK, HIINX
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METOJIB ONTHUMI3allil TPaJiEHTHOTO CIIYyCKY, & TaKOoX IITyYHOTO IHTEJEKTY JUIi BHU3HAYEHHsS CTIMKOCTI
BUKOPHCTaHHSI HOBITHIX CTETOIETEKTOpPIB Ha OCHOBI CTEero300pakeHb.
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STEGANOGRAPHIC ALGORITHMS AND STEGOANALYSIS BASED ON CLASSICAL METHODS
AND NEURAL NETWORKS

The article is devoted to an overview of algorithms and models for creating steganographic images based
on classical steganographic methods, as well as methods using artificial intelligence. An overview of the subject
area is given, and the main metrics for comparing steganographic algorithms are identified. A comparative analysis
of images created using different steganographic methods with different payloads is performed. The results of the
work of various stegoanalyzers based on statistical methods and deep learning methods are presented. The main
tasks for further research are identified.

The purpose of this paper is to provide an overview of algorithms and models for generating steganographic
images, a comparative analysis various steganographic techniques, and presenting results from diverse
stegoanalyzers utilizing statistical and deep learning methods.

Keywords: steganography, metrics, generative adversarial network, methods of steganographic analysis, neural
network, stegodetector, robustness, similarity
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VY3roakeHHs1 MATEMATHYHUX TA WPUINYHUX ACHEKTIB MPH
BHUKOPUCTAHHI CMAPT-KOHTPAKTIB

B cmammi posenanymo numanns npasooco cmamycy cmMapm-KoHmpaxkmie 6 Ykpaiti, 00ciiodiceHo
npobnemu ma nepewKkoou, AKi GUHUKAIOMb NPU  Y32000iCEHHI PO3YMHUX KOHMPAKMIE 3
3aKoHo00ascmeom Ykpainu. B pobomi Hagoosimvcs 0CHOBHI 8i00MOCHI NPO CMAPM-KOHMPAKMU, X
Xapaxmepucmuky ma ocooIu80Ccmi 3aCmocy8ants, 8i00y8acmvCs NOPIGHANHS CMAPM-KOHMPAKMIE
3 MPAOUYIIHUMU 002080PAMU 3 YPAXYBAHHAM Nepesds Ma HeOOIKi6 KOJHCHO20 3 HUX, NPOBOOUNbCSL
auaniz npasosoco 00ceioy KpaiH, 8 AKUX AKMUBHO GUKOPUCIOBYIOMbCA CMAPM-KOHMPAKMU mda
NPONOHYIOMbCS WNAXU SUPIUEHHS NPOOIIeM, SKI NPU YbOMY BUHUKAIOTND
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Bcmyn

Po3Burok 1M(poOBUX TEXHONOTIl CYTTEBO
3MIHIOE NPUHOWOM Ta IHCTPYMEHTH, Ha SKHX
0azyerbcs  (YHKIIOHYBaHHS (DiHAHCOBHX pPHHKIB
PO3BHHYTHX KpaiH. OfHI€I0 3 IPOPUBHUX TEXHOJIOTIH,
sIKa 3yMOBHJIa HAIIPSIMKH MOJAJIBIINX 3MiH y 0araTbox
rajy3sx, crajia OJIOKYeHH-TEXHOIIOTis.

Came 3aBAsKM BHUHHMKHEHHIO 1 IIBHAKOMY
PO3BUTKY OJIOKUCHH-TIIIATOPM BHHUK HOBHHM THI
JIOTOBOPIB — Tak 3BaHI CMapT-KOHTPAaKTH, TOOTO
«po3yMHI yroam». CMapT-KOHTPAKT - 1ie opMalibHa
yroJia, sika CTBOPEHa Yy BUTJISIII KOMITIOTEPHOTO KOy i
Moxe OyTH yKJaJeHa, 3MiHeHa abo IPUIMHEHA JIUIIe
3a JIONIOMOT0I0 KOHKPETHOI KOMITIOTEPHOI ITPOTPaMH.
Taka yroma BHKOHY€TbCS  aBTOMAaTH4YHO  Ta
Oe3repepBHO, 1 He MOTpedye ydyacTi TPeThol JOBipEeHOI
cTopoHd. BoHa Takox Moxe (yHKIIOHYBaTH B
YMOBax OBHOI HEJIOBIpH Mixk cTopoHamu.. L1i kopucHi
pUCH  CMapT-KOHTPAKTiB 3YMOBIIOIOTh HOCTiHHE
3pOCTaHHs iX NOMyJsApHOCTI. Xo04 icHye Oararo
IOpUIMYHAX  TWTaHb, I[OB’S3aHMX 31  cMapT-
KOHTpaKTaM{, MNpOTE€ BOHM BCE X TAaKU JIOCUTH
YCHINIHO  MpAaLIOTh  HAa  PI3HUX  OJIOKYEHH-
atdopmax, 30kpema Ha riatgopmi Ethereum.

CMapT-KOHTpakTH Ha OJIOKYEHH-TUIaTGOpMi
JUIS OTIepaliii B €IeKTpOESHEepreTHIli, Ha BiAMIHY Bif
TPAIUIIIfHAX KOHTPAKTIB, MAIOTh KiIbKa BaroMux
TriepeBar:

1) mBHAKI po3paxyHKH, IPOBOSTHCS HETalHO
micnst pakTy CIIO>KUBaHHS EIEKTPOEHEPTii;

2) 3pyunuii Bubip mapamerpiB Tapudikarii ta
ynpasiiHHs Tpadikom;

3) BigcyTHiCTh mpodieM 3 OOpKHHUKaMU
3aBJISIKM aBTOMATH30BaHIH CHCTEMI pO3paxyHKiB;

4) BiAMOBA BiJ| IIOCEPEHNUKIB, 1110 MIPU3BOIUTH
JI0 3HIDKEHHS [IHKM Ha eNeKkTpoeHeprito Ha 5-10%.
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Ili cMapT-KOHTpaKTH IHINIIOIOTHCS OJIHIEIO 13
CTOpiH (CHOXXMBaueM, Mepekero abo TeHEpYIUOIo
KOMITAHI€I0) 1 YKJIaJaroThCs IIICHS Y3TOKEHHsS BCiX
JeTaneil.

MoykHa HaBECTH Taki NMOTEHINHHI OYiKyBaHHSI
BiJ] BIIPOBA/KEHHSI CMapT-KOHTPAKTIB B €HEPIeTHIII:

- 3MCHIIICHHS BUTpAT 3aBISIKUA BIiJMOBI BiJ
TIOCEPETHUKIB,;

- 30UIBIICHHST THYUYKOCTi Y BUOOpi Tapudy ta
CHCTEMH OIUIATH;

- TOCWJICHHSI PO 3BHYAHHUX CHOXHBAYiB Y
TUTaHyBaHHI 00CSATIB CIIOKUBAHHS;

- MOXJIMBICTh O€3I0CEpEHbO 3aKyNOBYBaTH
EJIEKTPOEHEPTIIO BiJl BUPOOHUKIB;

- 3aXHCT YYacHHUKIB BiJ HeI0oOPOCOBICHUX
MaHIITyJISIIiH 3 TOKa3HUKaMH O0JIIKY;

- 3aXHCT  MEPEKEBHX Ta  TEHEPYIOUHX
KOMIIaHIiH Bi pH3MKYy OaHKpPYTCTBA KOMIIaHiH-
MOCTaYaIbHUKIB;

- 3aXHCT CIOXXHBadiB Bl HEZOCTOBIPHOI
iH(pOpMaii 1010 BiAKIIOUCHb.
Ha jmammii  yac  €OUHUM  MOXKIIMBHM

CepeloBHIIEM ISl TOBHOLIIHHOTO (DYyHKIIOHYBaHHS
CMapT-KOHTPAKTiB € OJOKYCHH, OCKIUIBKH BiH
Jo3Boiisie  30epiraTv ICTOpII0 BCIX TpaH3akIid Ta
3aXHMIIAE IO iICTOPIIO BiJ| «3JIOBMUCHHX» 3MiH. ToMy
CTOpOHaM, sIKi 0aXalOoTh YKJIACTH CMapT-KOHTPaKT
3aMICTh «3BHYAHHOI0» JIOTOBOpPY, MOTPiOHO oOpaTH
CepeloBHIE JUIA YKJIAJCHHS BIAMOBITHOI YrOIH.
3a3Buyail TakuMm cepenosuieM Buctymae Ethereum,
Tpoxu MeHI nomupennmu € Polkadot, Tron ta Ripple
[1]. OcranHiM dYacoM 3’SBIIINCH TaKOX HOBI
mratdopmu Side Chains i NXT. Koxken caiiguciis - e
MOBHOLIHHMN OJOKYEHH 31 CBOIMH TIpaBUIIAMH,
aNrOpUTMaMH, KOpHUCTyBa4aMH, criocobamu
OTPMMaHHSI BHHAroOpoOJH, MEXaHi3MaMH 3aXHUCTy Ta
iHmMMK  Ga3oBUMHM ckiagoBumu. OpHak ne He
aBTOHOMHa  IUIaTopMa,  OCKUIBKH  Oyab-sIKHHA
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calijyeiiH 3aBXOM TaK YW IHAKIIE IIOB'I3aHUA 3
OCHOBHUM OmokdeiiHOM. [leski caiimueiian (Side
Chains) cymicui 3 EVM (Ethereum Virtual Machine) i
MOXYTh BUKOHYBaTH KOHTpPAaKTH, pO3pOOJEHI Ui
BipryanpHoi Mammuu  Ethereum. EVM-cymicHi
caiiueitan HiATPUMYIOTb CMapT-KOHTPaKTH,
Harrcasi Ha MoBi Solidity, a TakoX Ha iHIIMX MOBax
cMmapT-koHTpakTiB EVM, 1mo o3Hadae, mo cMmapr-
KOHTpakTH, HamucaHi it Ethereum Mainnet, Takox
npamroBatuMyTh Ha EVM-cyMicHuX caiiqueiinax [2].

B cBoro wepry, NXT € Ounbir po3mmpeHoro
iatgopmoro OiokueiiHy. Bona Oyna BumymieHa B
2013 pomi 1 cmpoekroBaHa JUIS  CTBOPEHHSA
JEICHTPAI30BaHUX  JOJATKiB 1 mocmyr.  Lg
aThopMa BHKOPUCTOBYE BIIACHY KPHIITOBATIOTY
NXT i Haae MOKITHBICTD CTBOPIOBATH BJIACHI TOKCHHU
Ha OCHOBI 1ii€i OmokuyeH wmepexi. CrTilKiCTh
IaTGOpMH 3a0€3IeUyEThCS 32 PAXyHOK alTOPHUTMY
Ha ocHoBi npuHumMny Proof-of-stake (PoS). Oxpim
pOro a0 Kimo4yoBux ocobOmmBocteid NXT mokHa
BiJTHECTH HACTYIIHI:

- NXT He € KpUNTOBAIIOTOW, L€
kpuntoruiaropma 3 BOYZOBaHOIO — IMIATPUMKOIO
JIOJIATKOBO CTBOPIOBAHMX ISl Hel monmaTkiB (y ToMy
YHCIT | KPUITOBAIOT);

- NXT aBTOMaTM4HO HOBEPTAE  CyMy
TpaH3aKIii Ha3aJ Ha PaXyHOK KOPHCTYyBaya, SIKIIO HE
OyJ10 KOJTHOTO MiATBEPPKCHHS TPaH3aKIIil;

- NXT ne 30epirac ramaHenp KOpHCTyBada
Ha (i3MYHOMY HOCI{, a BHKOPHUCTOBYE TEXHOJIOTiIO
Brain Wallet;

- NXT migrpuMye poOOTy 3 TOKEHaMH, II0
JIO3BOJISIIOTH CTOPOHHBOMY pecypcy iaeHTH(iKyBaTH
iX.

BracHHKa paxyHKy NXT 06e3 BBeaeHHS KIIOUOBOL
¢bpasu [3].

Sxmo x moTpiOHO peatizyBaTH BUKOPUCTAHHS
CMapT-KOHTPAKTIB Ha PiBHI JEp>KaBHUX YCTAaHOB, TO
LIBHIIE 32 BCE MOTPIOHO Oyae CTBOpIOBAaTH HOBHHA
ONMOKYeHH, 3  OCOONMBUMH  BJIACTHBOCTSIMH,
MIPUCTOCOBAHUM JJIsl BUKOPHCTaHHS caMe CMapT-
KOHTPAKTIB ITIEBHOTO THUILy 1 SKWH Maiike HareBHO
Oyzle YacTKOBO LEHTPAJIi30BaHMM. 3a3HAYNMO, II0
imess  CTBOPEHHS  YacTKOBO  IIEHTPasli30BaHOTO
OmokueitHy Ha 0a3i MpoTokoy KoHCceHCycy PoP Oyio
posrisiHyTO Yy poboTtax [4], [5].

Konuenmist cMapT-KOHTPakTiB 3 HEPIIMMHU
HAJICKHUMHU 3TajJiIkaMid BUHUKIA y 1994 pomi, komn
kpuntorpag Ta mpaBoBumii excrept Hik Cabo
BUCIIOBUB IYMKY, IO 3aCTOCOBYIOUM E€JIEKTPOHHUM
JICIIEHTPAJII30BaHUNA PEECTP, MOKHA CTBOPIOBATH
KOHTPAKTH, SIKI BUKOHYIOTbCS aBTOMAaTHYHO. AJie Ha
MIPaKTHI I 11es1 OyJia HOBHOIIIHHO peai3oBaHa JHIIe
y 2008 porii 3aBISKU TMMOSBI TEXHOJOTii OJIOKYEHH.
3apa3 BHKOPUCTAaHHS CMapT-KOHTPAKTiB HaOyBae
CYTTEBOTO  NpakTHYHOro 3HadeHHA. OcolmmBo
BBA)XAaEMO 3a IOTpiOHE BUAUIMTH Taki cdepu ix
3aCTOCYBaHHS SIK BEJCHHS KacKaJHHX Jep>KaBHUX
peectpiB [4], [5] Ta yxiamaHHS PI3HUX Yrox LIOMO
MIPOJIAKy «3eieHoi» enexTpoeHeprii [11]. Amne mpum
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LOMY Ha NUIIXY iX BUKOPHUCTAHHsS BUHHKAe Oararo
IOpUIMYHAX THTaHb 1 mpobnem. Jleski 3 HUX €
peaJbHUMHM, 1 TOB’S3aHI B OCHOBHOMY 3 THM, IO
CMapT-KOHTPAaKTH € JOCHTb HOBHUM IHCTPYMEHTOM,
SKUA  1Ie He  3HAaHImIOB  BigoOpaXKeHHA V
3aKOHOJIABCTBAX IEPEeBaXXHOI ObIIocTi kpaiH. Jleski
iHII TPOOIEeMHU MOKHA BB)XKaTH OUTBII HaTyMaHUMH,
HDK pealbHUMH, BOHH IOSCHIOIOTHCSI HACTOPOKEHIM
CTaBJICHHSIM OUTBINOCTI JIFOJIEH 10O HOBHX TE€XHOJOTIH,
SIKl € JOCUTh CKJIQJIHUMH JUIS PO3YMIHHS 3BHYalfHOTO
TPOMAJTHHHA, 0 HE € CIEIHaliCTOM y BiIOBIIHIN
raiysi.

OcHOBHOIO MeTOIO 1€l poOOTH €: aHawi3
IOPDUIMYHMAX AacleKTiB 1 MpoOjeM, IOB’S3aHUX 3
BUKOPHCTaHHSIM CMAapT-KOHTPAKTiB; OTJISI Ta aHali3
BIJINIOBITHYX PillIeHb, NPUIHATHX IHIINMH KpaiHAMH y
LOMY ITUTAHHI; aHAJII3 MOKJIMBUX NIJISIXiB BUPIIICHHS
TaKUX Mpo0IIeM, 3 ypaxyBaHHIM JIOCBiY IHIINX KpaiH.

AXTyalIbHICTh pOOOTH 3yMOBIICHA SIK CTPIMKHM
MOUIMPEHHSIM BUKOPHCTaHHS CMapT-KOHTPAKTIB Y
PI3HHUX Tayy3siX, TaKk i IX CIIPOMOXHICTIO BHPILIMTH

IIMPOKUH CIIEKTp HarajJbHUX IIUTaHb (BEACHHA
JIlep)KaBHUX PEECTPiB, 3axXWCT B pelaepcrna,
CHpOLICHHS  p2p-TpOJaKy eJNEKTpOeHeprii  Mix

JIOMOT'OCTIO/IAPCTBAMH, TOIIO), 32 YMOBH BU3HAYCHHS
X FOPHIMYHOTO CTATYCY.

PoGora mMae HacTynHy CTPYKTYpy. Y mepuiomy
PO3Iisli MM HaJaEMO OCHOBHI BiZIOMOCTI MPO CMapT-
KOHTPaKTH, IX XapaKTCPHCTHKH Ta OCOOJIMBOCTI
3aCTOCYBaHHS. Y JAPYromMy pO3Iili MH aHAaII3yeEMO
3aKOHOJABUMI JIOCBiZ KpaiH, B SKHX aKTHBHO
BUKOPHCTOBYIOTHCSI CMAapT-KOHTPAKTH, Ta BU3HAYAEMO
po0IIeMH, SKi IIPH [IbOMY 3aJIUIIAIOTHCS BIAKPUTHMH.
Y TpethOMy pO3IUTI MH TPOTOHYEMO MUIIXH
BUPILICHHS ACSKUX 13 IUX NpoOieM. Y BHCHOBKax
BHU3HAYa€MO, YOTO HaM BAAIOCS JOCSTTH Y Iiil poboTi
Ta SIKUMH MOXYTb OyTH TOAQNbII JOCIIKEHHS 3a
LIUM HaIrpsSIMKOM.
enacmusocmi

Bu3HayeHHs1 ma OCHOBHI

CMapm-KOHmpaKmie

Konnenmist 6710K4eiiH, s5ka BUKOPUCTOBYETHCS
B KPHIITOBAIIIOTAX, Nlepe10ayac HasiBHICTh B KOXKHOMY
HOBOMY  Omomi  3HadeHHS  Trem-QyHKIii  Bixg
MOTIePeTHBOr0, TOOTO KOXKEH HACTYyNHHH OJIOK
3aJIeXKHTH BijI ycix monepennix OnokiB. Kpim Toro, 3a
paxyHOK KpHNTOTpaidyHMX BIIACTUBOCTEH Tell-
¢byHKIiI, 00YNCITIOBAIIBHO HEMOXIIUBO (3a
MPUHHATHUHN Yac) MiAPOOUTH Y1 3MIHUTH SIKUHCH OJIOK
TaKUM 9HHOM, 100 3HAYEHHS TelI-(QWyHKIII{ Bi/I IIOTO
070Ky  3alMIIWIOCH  HE3MIHHMM  (BJIaCTUBICTH
CTiMKOCTI KpunTorpadigyHoi rem-QyHKIii 10 Koi3ii
[7]). Tomy sIKIIIO 3TOBMHCHUK Oa)kae MiIMIHUTH IKYCh
iH(opMariio, o MiCTUTbCS y OJrowii 3 HOMepoM 1, 3a
YMOBH, IO BXe Oynu omyOmikoBaHi OJOKH 3
HOoMepamu 1 + 1,...,n + m, To oMy noTpiOHO Oyze
3MIHHUTH BCi 1 [l HACTYIHI OJIOKH, OCKIJTBKH 3MIHUTHCS
3HaUeHHA rem-(QyHKOii y KOXHOMY 3 HACTYHHHX
OnoKiB.  3a3HAaUMMO, IO Yy  «KJIACHYHOMY»
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JIeleHTpali3oBaHOMY OJIoKueiHi iH(opMaris mpo Bci
MPOBE/ICHI paHille omeparlii BHOCUTBCS O IEBHOTO
peecTpy, sKwid 30epiraeThCsi HE HAa  OIHOMY
LEHTPAIbHOMY CEpBEpi, a Yy KOXXHOTO aKTHBHOTO
YYacCHHKA MEPEXi, SIKOTO HA3UBAIOTh «HOZOM.

CMmapTKOHTpaKkTH, MmO (YHKIIOHYIOTh Y
OJOKYeHHI, TaKOXK € YacTUHOIO TIiei iHpopmarrii. Bee
e  poOWTh  CMapT-KOHTPAKTH  MaKCHMalbHO
iHpOpMaTUBHUMH (HANpPHKIIAL, MOKHA IMOJUBHUTHCS
iHpopMamil0 TPO BCIX BIACHUKIB HEPYXOMOCTI 3
MOMEHTy 1ii OymiBHHITBA) 1 3aXUIICHUMH BiJ
mIaxpancTBa, 3a yMOBH, IO OiJBLIICTE HOMIB €
YeCHMMH Y4YacHMKaMH (HE MOKHa 3j7amMatd abo
iApOOUTH cepBep 3 AaHUMHU, TaK K iH(OpMAaIis Ipo
YroJu Ta iX YMOBH € Yy BCiX aKTUBHHX KOPHCTYBadiB
CHCTEMH).

VY KpUNTOBATIOTHUX OJOKYEHHAX MU MOXKEMO
BU3HAYUTH CMAapT-KOHTPAKT sK JOJaTok  abo
mporpamy, o Mpaioe Ha Onokueiini. Sk mpasuio,
BiH TIpamioe sK UQpoBa yrojpa, JOTPUMAHHS SKOI
3abe3neuyeTbcs IEBHUM HabopoMm mpaswi. Lli
MpaBWJia BU3HAYCHI KOMITIOTEPHUM KOJIOM, SIKHHA
PEILTIKYETHCS Ta BUKOHYETHCS BCIMa HOJIAMH MEPEXKi.

CMapT-KOHTpakTH OJIOKYEHHY JO3BOJSIOTH
CTBOPIOBATH INPOTOKOJH, SIKi HE MOTPEOYIOTh JIOBIpH
cropin. Lle o3Hauae, MO /ABI CTOPOHU MOXYTh OpaTH
Ha cebe 3000B'I3aHHS yepe3 OJOKYEHH, HE 3HAIOUH
OJIMH OJTHOTO Ta HE JOBIPSIOYM OJMH OJHOMY. BoHm
MOXYTh OyTH BIEBHEHi, SIKIIO YMOBH HE OYIyTb
BUKOHAHI, KOHTPAKT He Oyae BHUKOHaHUH. Kpim Toro,
BUKOPHCTaHHS CMapT-KOHTPAKTIB MOXKE YCYHYTH
norpedy B TOCEPEAHMKAX, IIO 3HAYHO 3HUXKYE
orepaniini Butpatu [7].

3a3HaunMO, 1[I0 IOBHICTIO  peaii3yBaTu
KOHLIENIII0O  CMapT-KOHTPAaKTiB B  HaWIepiioMmy
OnokuelHi Bitcoin HEMOXIMBO BHACIIAOK IIEBHHUX
oOMeeHb, 3aKIafieHuX HOro po3poOHHKOM y HOTro
TeHEe3UC-0JI0K 3 Meroro Oe3rmeku. ToMmy axkTHBHUHA
po3BUTOK smart-contracts orpumanu jume B 2013
poui 3 mosBoro muppoBoi Bamot Ethereum Ta
BinosigHoro Gnoxueiiny [8]. i 3acmoBmuk Bitamiii
Bytepin po3mmpHB MOXIIMBOCTI CTBOPEHHSI CMapT-
KOHTpakTiB B cepenoBumi Ethereum, crBopuBIIH
YHIBEpCaIbHY JITICHTPAJII30BaHy OJTOKJeHH-
waThopMy 3 MOXKIIMBICTIO NMPOTpaMyBaHHS Pi3HUX
cucreM 30epiranns i 00pooku nanux. [Ipn npomy He
Oynp-sika yroga Moxke OyTH yKianeHa y Qopmi
CMapTKOHTPAKTY, a JIMIIE TaKa, YMOBH SKOI MOXKHa
oTMcaHi SIK MaTeMaTH4Hi IpaBHJIa.

CMapT-KOHTPAKT Tpamioe SIK AeTepMiHOBaHA
mporpama, IO BHUKOHY€ II€BHE 3aBJaHHS, YMOBH
BUKOHAHHS SIKOTO OIHMCaHI y [bOMY KOHTPAaKTi
CHEeUiaIbHUMH ~ MaTeMaTHYHUMH  (QyHKUiIMH — Ha
MEeBHIH MOBI TporpamMyBaHHS. 30KpeMa, CcMapT-
KOHTPAaKT 4YacTO BHUKOPHCTOBYE TaK 3BaHI yMOBHI
oneparopu "gKkmo... TO...". DopMaNbHO Kaxy4dH,
CMapT-KOHTPAKTH HE € Hi IOPUANIHIMH KOHTPaKTaMH,
Hi po3ymHuMH (cMapT). Lle mpocTo nporpaMumii Ko,
0 3alMCaHuil y po3MoJUIEHOMY  OJOKYEHH-
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CepelOBHIII 1 BHUKOHAHHSA SIKOTO AKTHBYETHCS 3a
TICBHUMH NPaBHJIaMH.

Y  wmepexi Ethereum cmapr-koHTpakTn
BiJINIOBIJTAaIOTh 32 BUKOHAHHS OJOKYCHH-oTepamid Ta
KEepyBaHHS HHMMH, KOJHM KOpHCTyBadi (azpecH)
B3a€EMOJIIIOTH OJIUH 3 OJJHOI0. byib-sika anpeca, ska He
€ CMapT-KOHTPaKTOM, Ha3MBAETHCS  30BHIIIHIM
akayHToM (Externally-Owned Account - EOA). Takum
YHHOM, CMapT-KOHTPaKTH KOHTPOJTIOIOTHCS
KoMI'toTepHUM Ko1oM, a EOA — kopuctyBauamu. Ilo
cyTi, cMapT-koHTpakTH Ethereum ckiagaroTeest 3 KoLy
KOHTpaKTy Ta ABOX IyOuiyHMX KimouiB. Ilepmmii
MyOJIIYHUA KITIOY HAla€ThCs aBTOPOM KOHTPAKTY.
IHmmit xiroY BigNOBima€ caMoMy KOHTPAKTy, 1 €
mUpoBUM  iNeHTH(]IKATOPOM, YHIKAIBHUM  JUIA
KOXKHOTO CMapT-KOHTPaKTy. AKTHBaList OyIb-SKOTO
CMapT-KOHTPAKTY MOXJIMBA JIMIIIE Yepe3 TPaH3aKIIIo B
OJOKYelHI, Py YoMy B Iiil TpaH3akimii 000B’s3KOBO
Mae OyTH NMPHUCYTHIM IU(POBUI MiJNNC, BUKOHAHUH
Ha TPHUBATHOMY KIJIIOYi, IO Bi/ANOBiJae BKAa3aHOMY Y
KOHTPaKTi BIiOKpUTOMY Kitody. CMapT-KOHTpaKT
Moxke OyTH aKkTHBOBaHW a00  BigNOBITHUM
KOpHUCTyBadeM (BIIKPUTHH KIIOY SIKOTO BKa3aHO Y
KOHTpaKTi), a00 IHIIMM CMapTKOHTPAKTOM (SKuii, B
CBOIO depry, OyJI0 aKTUBOBAHO JICTITUMHHUM
KopucTyBadeM). ToOTO mepIiM Tpurep At akTUBALii
CMapT-KOHTPAKTY 3aBKAM BUKIIHKA€E € KOPHCTYBa.

Cwmapt-konTpakti Ha Ethereum sx mpasuio
MAaroTh HACTYIIHI XapaKTePUCTHUKH.

Po3noginenicrs. CMapT-KOHTPAKTH
PEILTIKYIOThCS Ta PO3MOAUISIOTECS y BCIX HOZAxX
Mmepexi Ethereum. Lle oqHa 3 ocHOBHUX BiMiHHOCTEH
Bil THUX pilleHb, IO BHKOPUCTOBYIOTbCS Ha
LICHTPATi30BaHUX CEpBEpax.

JerepMiHOBaHICTB. CMapT-KOHTPAKTH
BHKOHYIOTh JIMINE Ti [ii, A7 SKUX BOHH OyiH
pO3pobIeHi, 1 JWIIe 32 YMOBH BHKOHAHHS BHMOT,
BU3HAUYCHUX KOHTpakToM. Kpim Toro, pesyibrar
3aBX1M OyJle OHAKOBUM HE3AJIEKHO BiJ TOTO, XTO iX
BUKOHYye. lle yHEeMOMUIMBIIIOE  MaHIIyJIIOBaHHS
KOHTPAKTOM Ta BUKJIIOUAE IIOACHKHUIT akTop» 3 HOro
BHUKOHAHH.

ABTOHOMHICTB. CMapT-KOHTPAKTH
aBTOMATU3yIOTh BUKOHAHHS BCIX BHUJIB 3aBJlaHb, SIKi
MOXYTb OyTH 3amgaHi mnporpamuHo. Tomy micus
aKTHBALil BOHM MPAIOIOTh SIK aBTOHOMHI ITPOTPaMH.
Jlo akTuBamii CMapT-KOHTPAaKT 3HAXOAUTHCA B
"0e3MisITPHOCTI" 1 HE BUKOHYE KOIHUX JTiHi.

Hesminnictb. CMapT-KOHTPaKTH HE MOXKHA
3MIHUTH TICIs HOTO pO3MillleHHs! y OJOKYelHi. Aje
Horo MokHa "BUAAIUTH" — MpaBja, JUIIE B TOMY
BHIIAJIKY, SKIIO y HBOMY IependadcHa BiaIOBiTHA
¢yHkiist  #oro  BupaneHHs.  ToMy — MOXHa
CTBEPKYBATH, 10 CMapT-KOHTPAKTH € 3aXHICHUMH
BiJl HECAHKIIOBAHOTO IOCTYIly 10 iX KOXIy, B TOMY
YHCIT 10 HOTO 3MiHU.

MosiuBicTh HaJalITyBaHHA. Xoya s
MIpOrpaMyBaHHs CMapT-KOHTPAKTIB
BUKOPHUCTOBYIOTHCS crierudivni MOBH

nporpamyBanHs (Harpukian, Solidity [10]), orpumani
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3 «KIACHYHUX» IUIIXOM CYTTEBOTO CIIPOILICHHS, iX
MOXJIMBOCTI BCE OJHO JIO3BOJISIIOTH MIMPOKHH BHOIp
HaJIaIITyBaHb JUIst CMapT-KOHTPAKTY. i
HaJIAIITYBaHHS CTOCYIOTBCS JiH, SIKi CMapT-KOHTPaKT

BHKOHY€, yMOB WOT0O AakTHUBAaIlii, yYMOB HOro
BHJAJICHHSI, YMOB BHUKIIUKY 1HIIUX CMapT-KOHTPAKTIB,
Tomo. 30Kpema, y cepemoBumli Eteriumcmapr-
KOHTPAKTH MOXHAa BUKOPHUCTOBYBATH JUISI CTBOPCHHS
0araTbOX THINB  JICIICHTPATI30BAaHUX  JIOJATKIB
(DApps).

BincyTHicTh HEOOXiAHOCTI y TpeTiil HoBipeHil
CTOpOHI Ta B3araii y A0Bipi Mk ctopoHamu. [IBi abo
OinbIIIe CTOPIH MOXYTh B3a€EMOMIATH 4epe3 cMapT-
KOHTPAKTH, HE 3HAIOUX O/IMH OJJHOTO Ta HE JOBIPSIOUH
onHa oxHiM (TOOTO B yMOBax IOBHOI HEJOBIpH),
OCKIUTBKH OJIOKYECHH-TEXHOJIOT 1S rapaHTye
HENiJIMIHHICTh BCIX oOmepamii Ta JaHWX, IO
BUKOPHCTOBYIOTHCSI B CMAapT-KOHTPAKTI.

IIposopicte.  OCKUIBKM  CMapT-KOHTPaKTH
3aCHOBaHi Ha IMyOiYHOMY OJIOKYEHHI, IXHIH BUX1THUHA
KOJI HE TUTbKU HEe3MIiHHUH, aie i TocTymHui BeiM [§].

O0'exTH CMapT-KOHTPAKTIB.

EnemenTamMu «po3yMHOT0» KOHTPAKTY €:

- CTOPOHM Yroau, M0 MaloTh HU(GPOBHH
MIJIHC, SKi MOTOKYIOTECS a00 BiJIMOBIIIOTHCS BiX
BIJMIOBIMHOCTI TOBapy abo0 IOCIYyTH BHCYHYTHM
paHilie BUMOTaM;

- TpeAMET JIOTOBOPY - ToBap abo MOCIYTH, SIKi
OyZIyTh BilIpaBiieHi B OOMiH Ha IPOIIOBI KOLITH;

- YMOBHM, TIpH JOTPUMaHHI sKUX Oyxe
MPOBEACHUI  aBTOMATWYHWA  OOMiIH  Ojaramw,
HAIPUKJIA, BIAMOBIMHICTh ITOCTABICHOTO TOBAPY
CTaHmapTaM SKOCTi, TIIOBUHHI MaTH  ITOBHHA
MaTeMaTUYHHI OIIHC;

- JIeUeHTpaii3oBaHa Iuiarpopma, B  SKIH

HAIMCAaHUN anropuT™ (TMPOrpaMHUKA KOJ) CaMoro
CMapT-KOHTPAKTY.

Bumn cMapT-KOHTPAKTIB.

3ame)kHO BiX piBHA aBTOMAaTH3allil, cMapT-
KOHTPAKTH MOXXYTh OYTH:

1) MIOBHICTIO aBTOMaTH30BaHNMU;

2) MepeBaYKHO Ha I1allepoOBOMY HOCII,
OJHAK 4YacTHHA IIyHKTIB JOTOBOPY II€pPEHECCHi B
CMapT-KOHTPAKT, HalpHKIaz, TIPOBEJICHHS
TpaH3aKIIii;

3) 3 KOIII€I0 Ha MarepoBOMY HOCII.

Hdns xpamoro  po3yMiHHS  crieruiku
(GYHKIIOHYBaHHS  Ta  BHUKOPHCTaHHS  CMapT-
KOHTPAaKTiB, TPOBEAEMO  iX  TOpIBHSAHHA  3i
CTaHAAPTHUMHU  «IAIIEPOBHMK»  JIOTOBOPAaMH,  SIKi

BHUKOPHCTOBYIOTHCSI TOBCIO/THO.

Hociit indopmarii:

- CMapT-KOHTPAaKT: KOMII'TOTEPHUI alropuT™M
Ha ru1aTdopmi OIOKUEHH;

- CTaHAApTHHUH TanepoBUil JOTOBIp: marmip.

Ha yomy rpyHTYy€eTBCSI JOKYMEHT:

- CMapT-KOHTPAKT: MPOTpaMHUI KOJI;

- CTaHAApPTHUH TalepoBUIl JOTOBIp: HOPMHU
paBa.

MoXJHBiCTh 3MIHUTH YMOBH:
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- CMapT-KOHTPAaKT: HE MO)KHa 3MIHUTH YMOBH
YMHHOTO KOHTPAKTY;

- CTaHAApPTHUH MAllepoOBHH JOTOBIp: MOXHA
nepenucary, 3MIHHTH (IOI. yrona), MHO-pi3HOMY
IHTEpIIpeTyBaTH.

CkiagHoIi B yKJIaJIaHHI KOHTPAKTY:

- CMapT-KOHTPAaKT: BHCOKa, YacTO MOTpiOeH
IIPOrpamicT;

- CTaHAApTHHUH NANepoOBUH JIOTOBIP: CEepemHs,
iHOAI IOTPiOEH IOPHCT.

BurikoHaHHS yMOB 10TOBOpY:

- CMapT-KOHTPAKT:
aBTOMAaTHUYHO yCiMa y4aCHUKaMHU;

- CTaHAApTHUH IIaniepoBUil JOTOBIP: MOXYTh
OyTH HE BUKOHaHI CTOpOHaMH, abo podoTa Moxe OyTn
3po0JIeHa HESKICHO.

3acTocyBaHHS IIOKapaHH:

- CMapT-KOHTPAKT: aBTOMaTHUIHO npu
HAaCTaHHI TEBHUX YMOB (BHKJIIOUCHO <JIFOJICHKHN
(baxTop»);

- CTaHJapTHUH ManepoBUH JIOTOBIp:
CyIIepeyKH 3a3BHYai BUPILIYIOTHCS Yepe3 Cy/.

HasBHICTh TOCEpETHAKIB:

- CMapT-KOHTPAaKT: YroAW NPOBOIATHCSA 0e3
TIOCEPETHUKIB,;

- CTaHAApPTHUH TNarepoBHH JIOTOBIP: YacTo
HeoOXizHa JomoMora IOpHCTa, HOTapiyca, ydacTb
Jiep)KaBHHUX YCTaHOB.

Baora po3paxyHkiB:

- CMapT-KOHTPAKT: 3a3BUYail — KpUIITOBAIIIOTA,
ale MOJKHAa HaJAIITyBaTH CMapT-KOHTPAKT JUIA
PO3paxyHKy «3BHYaifHUMU» (iaTHIMH BaITIOTAMH;

- CTaHAApTHUH NAarepoBHH IOTOBIp: peanbHi
rpouii.

Yac npoBenieHHs oneparii:

- CMapT-KOHTPAKT: MPAKTHYHO MUTTEBO;

- CTaHAApTHHUH IAIlepoOBHH JOTOBIp: BUMarae
4acy, 0COOJIMBO [UIsl MIKHAPOIHHUX OTEparliil.

Micue3HaxomKeHHS CTOPiH:

- CMapT-KOHTPAaKT: KOHTPakT Moxe OyTn
mianucannii 6e3 0coOMCTOi MPHUCYTHOCTI CTOPIH, SIKi
MOXYTb NepeOyBaTH B Oy Ib-SKil TOUIII CBITY;

- CTaHAApPTHUH TNarepoBHH JIOTOBIP: YacTo
HeoOxizHa ocoOucTa 3yCTpid MpeACTaBHUKIB CTOPIH.

Pusuk maxpaiicbknx onepamii:

- CMapT-KOHTPAKT: MPAaKTHYHO BUKIIIOUCHHH;

BUKOHYRTLCSA

- CTaHJIapTHHUH ManepoBUH JIOTOBIp:
HeBeuKui [6].
O6MexxeHHs1 npu  euKopucmaHHi cmapm-
KOHmMpakmie

CMapT-KOHTPaKTH CKJIQIAl0ThCS i3

KOMI'IOTEPHOTO KOAY, HammucaHoro mroauHOor. lle
MOB'SI3aHO 3 YWCIICHHUMH pPU3UKAMH, OCKUIEKH KOJ
MOTEHIIMHO MOKE€ MICTHTH IIE€BHI NOMUIIKH. B imeaini
BOHM MaroTb OyTHM HamucaHi Ta pO3TOPHYTI
JIOCBITYCHUMH  TPOTPaMIiCTaMH, OCOOJNHUBO  KOJH
Haerbes po KoH(DiAESHIIHAY iHpopMaliro abo BeIHKi
cymu rpomeii. KpiM 11p0ro, BHaCIigOK 0OMEXEHOCTI
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MOBH TIPOTpaMyBaHHs, IO BUKOPHCTOBYETHCS JUIS
HallMCaHHS  CMapT-KOHTPAKTiB,  LEHTpali30BaHi
CHCTEMH MOXYTbH 3allpOIIOHYBaTH OijiblIe PillleHb Ta
GbyHKIIH, HDK CMapT-KOHTPAKTH. OcHoBHa
BIJIMIHHICTh TIOJIITA€ B TOMY, IO CMapT-KOHTPAKTH
MpaIoTh y posnonuteHin P2P-mepexi, a He Ha
LEHTPaTi30BaHOMYy cepBepi. | OCKUIBKM BOHHM
3aCHOBaHI Ha OJOKYEHH-CHCTEMi, BOHHM 3a3BH4ail abo
He3MiHHI, a0o iX JyXxe BaXKO 3MiHMTH. byTtn
HE3MIHHUM MO)ke OyTH 100pe B OIHUX CUTYalisX, aje
Ity’Ke moraHo B iHmmx. Hanpukian, komu B 2016 porri
371aMany JELeHTPaTi30BaHy aBTOHOMHY OpTraHi3amito
(DAO) nin nazsoto The DAO, minsitionn ETH Oymn
BKpaJIeHI 4epe3 HEAOJNIIKM B KOJi CMapT-KOHTPAKTY.
OCKUIBKM ~ CMapT-KOHTpakT  OyB  HE3MIHHHUM,
PO3POOHMKHM HE MOTJIM BHIIPABUTH KOJ. 3pELITOIO IIe
npu3Besio 10 XapA-Gopky, TOOTO 10 CTBOpEHHS
anbTepHaTUBHOrO  OnokyeliHy  mis  Ethereum
(Ethereum Classic) [9]. TIpocTinre kaxy4u, B OTHOMY
OJIOKYeHHI pe3yJIbTaTH aTaku OyJI0 CKacOBaHO i IO
MOBEPHYTO 3aKOHHUM BJAacCHMKaM (L€ YacTHHA
noroyHoro Onokyeiiny FEthereum), a B iHmoOMY
pe3ysbTaTh aTaky 3aJUIIMINCG HE3MIHHHMHU (Temep
et OmokdeiiH HasuBaeThes Ethereum Classic).

BaxnmBo Big3HauMTH, 1110 TpOOJIeMa BUHUKIIA
HE Yepe3 Bpa3nuBicTh camoro OmokueiiHy Ethereum.
Haromicts 1e Oyn0 BHKIMKaHO HENPAaBUIBHOIO
peaizamiero cMapT-KOHTPAKTY.

[Ile onHe 0OMEXEHHS y BUKOPHCTaHHI cMapT-
KOHTPAKTIB MOB'I3aHE 3 1X HEBU3HAYCHUM IIPAaBOBHM
crarycoM. [IpuumHa monsrae He JWIIe B TOMY, IO
OJIOKYEHH 3HAXOIUTHCS B «Cipil MpaBoBiil 30HI» IS
O1IIBIIIOCTI KpaiH, ajie i ToMy, 110 CMapT-KOHTPAKTH HE
BiJINOBITAIOTh YWHHIA mpaBoBid 0a3i. Hampuxman,
4acTo JUIs YKJIaIaHHS KOHTPAKTIB HEOOXimHO, 100
o0umBi  CTOpoHM  OynM  HaICKHUM  YHHOM
imeHTn¢ikoBani Ta crapmi 3a 18  pokiB.
[ceBnoaHOHIMHICTB, IO 3a0e3medyeThest OJIOKIECHH-
TEXHOJIOTI€I0, y TOE€IHaHHI 3  BiJCYTHICTIO
MOCEPEIHNUKIB, HE J03BOJSIE HAJIEKHUM UYHHOM
BHKOHYBaTH I[i BUMOTH. XOdYa iCHYIOTh IMOTCHIiIHI
LUISIXY BUPIMIEHHS IBOTO MUTAHHS, IOPUINYHA CHIIA
CMapT-KOHTPAKTIB €  pEaIbHOI0  IPOOIEMOIO,
0COOJIMBO KOJIM MIETHCS MPO PO3MOALIEHI MEpexi, B

SIKMX BiZICyTHE Oynb-sKe LIEHTpaTi30BaHe
PpETyJIIOBaHHS.
HeobxioHicmb e2apaHmil cmitikocmi
6510k4eliHy 00 OCHOBHUX amak Onsl
epe2ysiroeaHHs lOPUdU'-lHOZO cmamycy
CMapm-KOHmpaKMiS

OckinbKu CMapT-KOHTPAKTH, 110
(GYHKIIOHYIOTH y  OJIOKYEHHI, MalThb  psX

ocoOnMBOCTEH, SIKI HE NMPUTaMaHHI IX «3BUYAHHHMY
aHajoram, TO TIPUPOAHO, WIO IIi BJIACTUBOCTI
BIUIMBATUMYTh 1  Ha  IOPUAMYHI  aCIICKTH
(YHKIIIOHYBaHHS CMapT-KOHTPAKTIB. Y IbOMY pO3.iJi
MH HaJaMO HEOOXiIHI yMOBH, IO BHCYBAlOTHCS JIO
ONOKYElHy, a TaKOXX BH3HAYMMO, KOJU CMapT-
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KOHTPAKT MOXX€ BB)KaTHCh 3aPEECTPOBAHUM 1 TAKUM,
110 HE MOKe OYTH BiAMIHEHUM.

OCHOBHUMH aTakaMu Ha OJIOKYEIH BBAXKAETHCS
IIBI aTakW — aTaka MmojBifHOI BuTpat: [12], [13] Ta
ataka posramyxenns [12], [14]. Boum cytTeBO
BiJIPI3HSIFOTHCS 1 32 METOIO, i 32 TEXHIKOFO BUKOHAHHS,
1 32 aHAJTITHYHUMH OL[IHKaMH IMOBIPHOCTI yCIIiXy, ajie
omHa iX puca €  CHUIBHOIO HaSBHICTb
aIbTEpPHATUBHOTO JIAHIIOXKKA JIOCTaTHBO BEJINKOL
JIOBXXHHH, SIKMH KOHKYPY€ 3 OCHOBHUM 1 MOXK€ CYyTTEBO
3MIHHUTH icTopito O0Kkueiiny. Lle o3Hauae, mo cMapT-
KOHTPAKT MO)K€ 3HMKHYTH 3 L€l icTOpii Mmicis cBOro
YKJIamaHHsS Ta/a00 micis BUKOHaHHA. [Ipu 1poMy
BEIMKOI0 TPOOJEMOI0 € Te, MO Jeski mii, sKi
BUKOHYBaB CMapT-KOHTPAKT 1 SIKi BUKOHYBAJIHCh ON-
chain, TakoXXx 3HHKHYTH 3 icropii, a Ti sKi
BUKOHYBaJMCh off-chain MOXyTh, B3araji KaKy4u, He
3MIHUTHUCH TIPH 3MiHI icTopii OOKUYeHHYy.

Hanpuknan, Ko cMapT-KOHTPAKT MEPEBOANB
SIKICTh KOIITH 3 OIHOTO KPUNTOBAJIIOTHOTO T'aMaHIs B
IHIINI, 1 IIe caMe Ta KPUNTOBANIOTA, AKa (QyHKIIOHY€
y IIbOMY K OJIOK4YelHi, TO 111 mis Oy/Je BiAMiHEHa; a
SIKIIO TIEPEBOIMIINCH OAHKOBI KOIITH, TO 3MiHa icTOpii
OJI0OKYElHy HaBIaKW HE BIUIMHE Ha TAaKy TPaH3aKIIIo.
A0o iHImMIA NpUKITan; Hexall y cMapT-KOHTPaKTi OyIo
BCTaHOBJICHO a00 3MiHEHO IIPaBO BIACHOCTI Ha ICSKUH
00’eKkT HepyxoMocTi. SKmio icTopiro OIokueitHy Oyxae
3MIHEHO, TO 1 I 3MIHM CTOCOBHO BJIACHOCTI Ha
HEPYXOMICTb TeX He 30epexKyThesl.

Crnocobu BupimeHHS Takoi mpobiemu Oymm
3anpornoHoBani Hakamorto y [13] i po3rmismamucs 3
TOTO Yacy y BEJHMYE3HIH KIJIBKOCTI Cy4acHHX pOOIT
(st 03HAHOMIICHHST MOXHA cKopucTaTuch [14], [15]
Ta 6i6siorpadieto B HuX). OCHOBHUM TaKHM CIIOCOO0M
€ OTPHMAaHHS TaK 3BaHUX «OJIOKIB IiJITBEPKEHHS,
TOOTO OYIKyBaHHS INEBHOI (iHKOJM JOCHTBH BEJIMKO])
KIJIBKOCTI OJIOKIB MiATBEPPKEHHS, sIKI Oy CTBOpEHi
ITCIIs IBOTO OJIOKY Y TOMY K CaMOMY JIaHIIIOXKKY.

3 HaBeOeHMX MNPHUKIAAIB 3pO3yMiIo, IO
IOpUIYHE 0OIpyHTYBaHHS CMapT-KOHTPAKTIB
HEMO>KJIHBe 0e3 iX 3aXHIIEHOCTI, 1 B IIepIIy Y4epry Bia
aTak Ha OJIOKYCHH, SKuii € foro cepegoBumeM. Tomy
Juts HaOyTTsI YUHHOCTI CMapT-KOHTPAKTY, aHAJIOTIYHO
JI0 BHMOTH [I0 KpPUNTOBAIIOTHUX TPaH3aKMiH,
HeoOXiZHA  TaKoX  II€BHA  KIJIBKICTH  OJIOKIB
MiATBepMKCHHA. LIS KITBKICTh CYTTEBO 3aJICKUTH Bij
CTPYKTYpH OJIOKYEHHYy Ta alropuTMy KOHCEHCYCY,
KM B HbOMY BHKOPHCTOBYeThcs. Jlami HaBememo
dbopMynm ans  BH3HAYCHHS  KUTBKOCTI  OJIOKIB
MiATBEPIXKCHHS, B 3aJICKHOCTI BiJl TUITy KOHCEHCYCY,
Ha AKOMY 0a3yeTbes OIIOKUEHH.

Hwmxue HaBemeMo aHANITHYHI BUpA3H, sKi, B
3aJIeXKHOCTI Bl aITOPUTMY KOHCEHCYCY y OJOKYeHiHi,
JIO3BOJISIIOTH HE TIJIBKM OLIHUTH IMOBIpHICTH aTakw,
IO 3MIHUTH ICTOpil0 OJOKYelHy, a ¥ BH3HAYNTH
HEOOXiMHYy KIUITBKICTb OJIOKIB MiATBEpKECHHS, ITiCIIA
BUXOJy SIKMX IMOBIPHICTb CTBOPHUTH aJIbTEPHATHBHUM
JIAHITIOXKOK OJIOKIB € HEXTYBAHO MaJIOk0.

IMOBipHICTE aTaku TSI IPOTOKOIY KOHCEHCYCY
Proof-of-Work (BpaxoByroun uac 3atpumkn) [12].
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ImoBipHicTE  3MiHM  icTOpii  OJOKYeHHY
3JI0BMHCHUKOM, Yy SIKOTO JOJII OOYHCIIOBAJIBHUX

MOTYXHOCTEH CTaHOBUTHb Py, MHicast 2z OJOKIB
T ATBEPAKESHHS JOPIBHIOE
1, if pm =i
z z—k
P(z) = Pu .
@) 1- Z P,(k)|1—-|— , IHaKIIIE,
e Pu
ae

e—aMnDH_(aMnDH)k
k!

BP,(k) = (n 1)]
K (n—l+1)!-C,ic
qac 3aTPUMKH JIopiBHIOE Dy, 1

a
p’ = 1_e_aMDH.—H= 1_e_aMDH.p .
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a
pI,‘I = e_aMDH . —H = e_aMDH . pH_

IMOBipHICTB aTaku ISt IPOTOKOIY KOHCEHCYCY
Proof-of-Stake (y cnpormeniit Mmoneni 3 oJHAM CIIOT-
JIIEpOM Ta HyJIbOBHM 4acoM 3aTpuMKH) [15].

ImoBipHicTE  3MiHM  icTOpii  OJOKYeHHY
3JI0BMHCHUKOM, Yy SKOTO JOJII OOYHCIIOBAJIBHUX

MOTYXHOCTEH CTaHOBUTHb Py, Hicast 2z OJOKIB
T ATBEPKEHHS JOPiBHIOE
P, =2L,,(z+1,z+1),
ne I.(a,a) — perymsipHa HenoBHa Oerta

(GyHKIIIS.

IMOBipHICTE aTaku ISl MPOTOKOIY KOHCEHCYCY
Proof-of-Proof ( PoOW-PoW) [16].

ImoBipHicTE  3MiHM  icTOpii  OJOKYeHHY
3IOBMHCHUKOM, Yy SKOTO JOJIS OOYHCIIOBAIEHUX
MOTYXHOCTEH CTaHOBUTH P, micias (n,k) Onokis
MIATBEP/KCHAS Y BINNOBIMHUX OJIOKYCHHAX HE
TIEPEBHUIITYE

n—1 -

ch l+io1 PRDMTH | X
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1
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Jie a; — J0JIs 3JI0BMHCHHKA y OJIOKYeWHi 2-ro
piBHS, a Dp — yac cuHXpoHi3awii Mepexi y OJ0K4eiHi
1-To piBHS.

IMOBipHICTE aTaku TSI MPOTOKOIY KOHCEHCYCY
Proof-of-Proof (PoS-PoS) [5].

Sxmo micns Buxomy Omoky Bp(B;) 'y
6nokueiini 1-ro piBus (SPB-Omokueiini) BUHNLIO HE
MeHIne 3a K 6yokiB y Gokdeitni 2-ro piBas (SIB-
OJI0K4eliHi), TO IMOBIPHICTD yCIIiXy aTaky Ha MiAMIHY

—e

sanmcy y 61oky B} He nepesuiye Bennunny
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Py =y+e w g (2 (2ek) ),

e A p Ta A; JNOBXUHM TalMCIIOTIB Yy
BimnoBigHMX  OmokueiiHax, Y € (0,1) Mexa
imoBipHOCTi migMinu Onoky y SPB-Gmokueini, z,
BiJINIOBiTHA KUTBKICTh OJIOKIB ITiATBEPIKCHHS.

3a3HaunMO, MO I IHIIUX MPOTOKOIIB
KOHCEHCYCY aHAJIOTi4HI Pe3yJIbTaTH I1e He OTPHMaHi,
1 MU CIOZIBAEMOCH OTPUMATH iX YaCTKOBO y HaIIil
TTOTANTBIIIH POOOTI.

3a HaBeICHUMH pe3yJIbTaTaMH MOKHA 3pO0UTH
Taki BUCHOBKH: BUKOPHCTAaHHS CMapT-KOHTPAKTiB, B
TOMy 49uCHi 1 1X IopuandHe O0IPYHTYBAHHS, IOBUHHO
BPaxOBYBaTH TOW (aKT, IO CMapT-KOHTPAKT MOKHA
BBa)KaTH «CTa0IIBHUM» (TOOTO TaKMM, 110 HE 3HUKHE
3 icTopii OJOKYeHHy) JnuIIe Imicis HEeBHOI KiJIbKOCTI
OJIOKIB MIATBEPPKEHHS, 10 3aJICKHUTH BiJ IPOTOKOIY
KOHCEHCYCy Ta BiJ mapamerTpiB Mepexi. 3a3Hauumo,

0  Takuid  BHCHOBOK  CTOCYETBCS  JIMIIE
JICIEHTPaJII30BaHUX OJIOKYCHHIB, a y
LEHTpalTi30BaHOMY  OJIOKYelHI  Taka  3arposa

MIPaKTHYHO BiJCYTHA. TOMy BapTo IOXyMaTH IIpO
CTBOPEHHS LEHTPATi30BaHOTO OJIOKYEHHY Ha piBHA
JiepkaBy, KA Oyne oOCIyroByBaTHCH JOBIPEHHMH

ocobamMM Ta TapaHTyBaTH CTIHKICTb  IHIIHX,
«IOUIpHIX» OJOKYCHHIB, KOXCEH 3 SIKUX MOXKE
3aITyCKAaTHUCh IIEBHOIO FOPUIUIHOIO 0co0010
(aHOoTapiycom, MarasuHoM, JIepKaBHUM

MAIIPUEMCTBOM, TOIIO) Uit OOCIyrOBYBaHHS CBOIX
cnenndiuHIX cMapT-KOHTPAKTIB.

lpaeosuli cmamyc cmapm-KOHmMpakmie y
Pi3HUX KpaiHax ma doceid ix suKkopucmaHHs

3 OpUANYHOI TOYKH 30pY, CMAapT-KOHTPAKT
npezacTasisie co000 HUGPOBY iTEpalilo IMUBUIBLHO-
MIPaBOBOi YTOJ¥, BUPAKEHY y BUTIIAAI IPOTPAMHOTO
KOy, III0 aBTOMATHYHO BIUKOHYETHCS B PO3IIOAUICHIN
Mepexi. 3a TPUHIMIIOM, CXOXKUM Ha TpaJIdIlidiHWHA
IUBLUTBHO-TIPABOBUI JIOTOBIp, CMapT-KOHTPAKT
CKIIANA€ThCSA 31 CTOPiH, MPEIMETy JIOroBOpY Ta

KIFOYOBUX YMOB. 3aKOHHA [iSUTGHICTH CMapT-
KOHTPaKTY BU3HAYAETHCS Horo 3ATHICTIO
BIAIIOBIIATH OCHOBHHM BHMOTaM LIUBUIBHO-

MIPaBOBOTO JIOTOBOPY, BKIIOYAIOYM HaMIpHU CTOPiH B
YCTaHOBIICHHI IOPHIUYHUX BiJHOCHH, SICHICTH YMOB

KOHTPAKTY Ta 3a0€e3MeueHHs MOZKJTMBOCTI
MNpUMYyCOBOTO BHUKOHAHHS. Baxxiueumn PU3UKAMHU,
MOB'SI3aHAMU 3 CMapT-KOHTPAKTaMHu, €

HEBM3HAYEHICTh IIO/I0 iX IOPUIMYHOTO CTaTYCy,

TaKOX KPHUITOBAIIOTH SIK 3aC00y OIUIATH, CKIAIHICTD
BUP@XEHHS YMOBH KOHTPAaKTy y MaTeMaTHYHOMY
aNrOpuUTMi, TOTEHIIfHA TOMMJKA Yy HpPOrpaMHOMY
KoJi Ta 3arpo3a xakepchbkux arak. 11[o6 BupimmTH mi
npobiemu Ta 3a0€3NEYUTH aJeKBaTHE IOPHIMYHE
peryJioBaHHS ~ CMapT-KOHTPAakTiB B YKpaiHi,
HEOOXIHO BHECTH 3MIHH [0 3aKOHOJABCTBA, SKi
BU3HAIOTh KPUITOBAIIOTY SIK 3acid IuiaTtexy Ta
BCTaHOBJIIOIOTb ~ CMAapT-KOHTPAaKTH K  (opMmy
LUBUIBHO-TIpaBoBO1 yroan. HeoOxinHo 3abe3meuntH,
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100 CTOPOHU JI0TOBOPY OYJHM YiTKO iJeHTH]IKOBaHI i
MATBEPAWIA CBOIO 3rogy 3 YMOBaMH JIOTOBODY,
BUKOPHCTOBYIOUM LH(POBUH ENEKTPOHHUH MiAINC.
Kpim TOTO, CMapT-KOHTPAaKT TTOBUHEH
CYIIPOBOIXKYBATHCS 000B'I3KOBUM TEKCTOBUM
JIOJIATKOM, B SIKOMy OyIyThb BHKJIAJCHI KIFOYOBI
TIOJI0KEHHS JIOTOBOPY, SIKi MAaTUMYTh IOPUINYHY CHITY
B pasi cynoBoi cynepedkn. OKpiM IbOTo, BayKINBUM
KPOKOM € TIepexil Jep)KaBHHX pEecTpiB Ha
TEXHOJIOTiI0 OJIOKYEHH 3 3aKpiIUICHHSM OPUIMIHOL
MOXJIMBOCTI aBTOMAaTHYHOTO BHECEHHsS 3MiH [0
PEeCTpiB NpH BUKOHAHHI CMapT-KOHTPAKTY.

AmHamni3zyloun IOpWAWYHUA CTaTyc cMapT-
KOHTPAKTIB y CBiTi, MOXHa 3pOOMTH BHCHOBOK, IO
HalOUIBII PO3BUHEHE NMPABOBE PETYNIOBAHHS CMapT-
koHTpakTiB y CIIA. «Xo4 po3yMHI KOHTpPaKTH
MOXYThb 3BYYaTH II0-HOBOMY, cama iXHS KOHIICIILIis
KOpIHUTKCS Yy 6a30BOMY JIOTOBipHOMY TpaBi. 3a3BHyaii
Cydl  BUHOCHTH  pIMIEHHS  IIOJO  JOTOBIPHUX
cymepedkam i 3a0e3nedye NOTPUMAaHHS YMOB, aje
9acTo 3yCTPIYaeThes U HIIUN METOM, OCOOIMBO IS
MDKHapOJHHX TpaH3akIiil 3a JOMOMOT00 pO3yMHHX
KOHTPAKTiB KOMIT'IOTEpHa TIporpama 3ade3redye
BUKOHAHHS KOHTpPakKTy, BOymoBaHoro B Kom» (3BIT
Kowmirery 3 exonomiku Cenary CILA, 2018). ¥ 2018
polli KuUTbKa INTATiB NPUHHSUIM TEpHI 3aKOHH, IO
BU3HAIOTh CMapT-KOHTPAKTH (3aKOH IITaTy Api3oHa).
Ix mpuxnan ymacmigysanu it immi. Tak, 3a 3aKoHOM
mraTy Tennecci «BHU3HAETHCS IpaBo
BHUKOPHCTOBYBATH TEXHOJIOTiI0 OJIOKYEHH Ta cMapT-
KOHTPaKTiB IiJ 4Yac IPOBEACHHS EJIEKTPOHHUX
TpaH3akKIiif». 3aKoH 3axXWIae IpaBa BIACHOCTI Ha
iH(OpMaIiio, «3aXHIIEeHY TEXHOJIOTIEI0 OJIoKUeHH. 3a
3aKOHOM  <OKOZIEH KOHTPaKT, IO CTOCY€EThCA
TpaH3aKIii, He Mo)ke OyTH 1M030aBICHUIA IOPUINIHOT
CHJIH, NIHCHOCTI YM TIO30BHOI CHJIM JIMIIE TOMY, IO
LIe KOHTPAKT MICTHTh YMOBY CMapT-KOHTPAKTY».

VY CIIIA mpaBoBHi cTaryc cMapT-KOHTPAKTiB
OyJl0 BH3HAaHO B KUIBKOX INTaTax, BKIIOYAIOYN
Apizony Ta Tennecci. Ili mTatm mnpuiHIIN
3aKOHOJIABCTBO, SIKE MIATBEPIKYE IOPUIUYHY CHITY
PO3YMHHUX KOHTPAKTiB BiAIIOBIJHO O 3aKOHOIABCTBA
hmITary.

Ha ¢enepanproMy piBHI  3akoH  TIpo
CJICKTPOHHI MiJNUCHA B TIOOANBHIN 1 HaI[lOHANBHIN
topriBii (E-SIGN Act) i YHidikoBaHuid 3aK0H PO
enekrponHi TpaH3akmii (UETA) noTeHminHO MOXYTh
TIyMa4uTHUCA SIK TaKi, 0 3aCTOCOBYIOTBCS O CMapT-
KoHTpakTiB. OOuaBa aKkTH HagalOTh OPHIMYHE
BU3HAHHS CJIEKTPOHHUM IiANMCAaM 1 3amucam, sKi
MOXYTh BKJIIOYAaTH KOJ, IO JISKHUTh B OCHOBI CMapT-
KOHTPAKTY.

Omnak y CIIA Bce me icHye OaraTo
HEBHPIMICHNX IOPUINYHUX HpoOJIeM, TOB’SA3aHHUX 13
CMapT-KOHTPaKTaMH, 30KpeMa MUTAaHHS  IOJO
IOPUCIUKINIT, 3aXHCTy CIIOKMBA4iB 1 TOTO, SIK
TPaIUIliiHI TPUHIMIINA TOTOBIPHOTO IIpaBa, TaKi sK
MIPOTIO3HLIsS, TPHUHHSATTS Ta PO3TJISA, 3aCTOCOBYIOTHCS
B KOHTEKCTI CMapT-KOHTPAKTIB.
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3arajoM 3aKOHOAABCTBO IUTATiB NPO CMapT-
KOHTPAKTH MOYKHA TTIOUINTH Ha TPHU TPYTIH.

[epma. CTBOpeHHS Ta IiSUIBHICT POOOUYMX
rpyn  abo KOMITETiB /I BHBYEHHS HpoOJeM,
MIOB'SI3aHUX 3 CMAapT-KOHTPaKTaMH, DPEryJIOETHCS B
takux mrartax sk Kamidopris, Hero-Ixepci, Heto-
Mopk, Texac i kinmbka immmx. L[i JOKyMeHTH
nepen0avyaoTh CTBOPEHHA Tpyn abo KOMITETIB, SIKi
BUBYAIOTh CMapT-KOHTPAaKTH Ta CYIMYTHI NUTAHHS.
3aBHaHHIM ITUX KOMITETIB € MiArOTOBKa 3BiTiB, fAKi
MOJAfOTHCSI 3aKOHO/IaBYMM OpraHam mraty. [lotim Ha
OCHOBI ITMX 3BITIB 3aKOHO/ABYi OpPraHW HPUIMAIOThH
pileHHs po MIPUAHATTS BIZITTOBITHOTO
3aKOHOJIaBCTBA.

Hpyra. 3akpilicHHS OCHOBHHX KOHIICIIIIii
CMapT-KOHTpPakTiB. B KigbKOX INTaTax, 30Kpema
Apxkanzaci, Mepinenni, Hesani, HL}O—ﬁopKy,
Oxnaxowmi, [liBmenniit Jlakori, Texaci ta FOti, Oymo
MIPUHHATO 3aKOHO/ABCTBO, SKE€ CTBOPIOE OCHOBY JUIS
BUKOPHCTaHHSI CMapT-KOHTPAaKTiB y cdepi TOpTiBii.
e BinOyBaeThCsA NIIAXOM IOMABAHHS BiAIOBITHUX
BH3HAYCHb JI0 KOMEPLIHHOTO (TOPTrOBOTO) KOIEKCY
KOXKHOTO IITaTy i BU3HAHHS IPaBOMIPHOCTI cMapT-
KOHTPAKTIB 3a IEBHUX YMOB.

Tpers. Beebiune Ta neranpHe 3aKpiluleHHS Y
3aKOHOJABCTBI cMapT-noroBopiB. Tyt mrar imminoiic
BUIAETHCS JIiIEpOM Ha Iio0aibHil apeni. Y 2020 pomi
TyT Oyno mnpuiHATO 3aKOH TIPO  TEXHOJIOTIIO
Onokueliny. llelf 3akoH BH3Hae MifcHICTE cMapT-
KOHTPAKTiB Ta 3allCiB Ha OCHOBI OJIOKYeHHY B
TOPrOBHX BIJHOCHHAaX. BaxinMBo 3a3HA4NTH, IO
3aKOH HE J03BOJISIE BiJMOBIISITH CMapT-KOHTPAKTY
BHU3HAHHS FOPUINYHOI TiHICHOCTI 00 BUKITFOYATH HOTO
SK JI0Ka3 y CyAl TIIbKH 3 NPUYMHU BUKOPHCTAHHS
JIAHIIO)KKa KOMI'IOTEPHUX OJIOKIB Ui CTBOpPEHHS,
30epiranas abo mepeBipkH KOHTpakTy. Kpim ToTO,
3aKOH  OOMEXYe  MOXJIMBICTh  BHKOPHUCTaHHS
OJOKYEHHY B CHUTYyaIlisiX, KOJW IHIINKA (enepanbHuit
a00 MicIieBHI HOPMATUBHUM aKT BUMArae, moo 3armmc
OyB BiZmoOpakeHU# a00 TepeAaHWil TIEBHUM YHHOM,
a00 KOJIN BUKOPUCTaHHS OJOKYEHHY MOKE 3aBaKaTH
iHmii  croponi 30epiratm  abo  OTpUMyBaTH
iHopMmaiio 3 OoK4IeiHy.

OxpiM [pOTO, BapTO 3a3HAYMTH, IO MOSBA
CMapT-KOHTPAKTIB MopoAMiIa  HOBY  XBHIIIO
IODHIMYHAX 1 PETYJISATOPHHX MIpKyBaHb SK Y
Crionyuenux Ilrarax, Tak i y Benmkiii Bpuranii.
OCKUIbKM 1i IOpUCIUKII OOpIOThCS 3 TIPaBOBUM
CTaTycoM  CMapT-KOHTPAKTiB, CTa€  BaKJIUBUM
BUBYHTH CXOXICTb 1 BIIMIHHOCTI B IXHIX migxonax. Y
il CTaTTI MU AOCIIHKYEMO TIPAaBOBUM JIaHIA(T, 1110
orouye cmapT-KoHTpakTy B CIIIA Ta BenmukoOpuranii,
MIPOJIMBAIOYH CBITJIO Ha KJIIOYOBI HOPMATHBHI PaMKH,
cynmoBi pimeHHS Ta HOBI TeHmeHImii. Ilg crartsa
crpsiMOBaHa Ha Te, MO0 3po3yMiTH BiAMiHHI
MIEPCIIEKTUBY IUX IOPUCIUKIIN, HAIaTH YSBICHHS IIPO
3MiHy IIpaBOBOTO CTaTycy CMapT-KOHTPAaKTiB i
repea0aYnTH TOTCHINIWHI HACTIAKYA JUIS KOMIAHIN 1
(Gi3ngHAEX 0Ci0 B 1HIINX IOPUCIUKITISAX.
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lpob6nemu npaeogo20 peaysiroeaHHs cMapm-
KOHmMpakmie ma nomeHuyitHi winsaxu
eupiuleHHs1 OesiKux 3 HUX

3a3HaunMO, MO0 PO3YMIHHSA  IOPUANYHHUX
mpoOieM TpH  BUKOPHUCTaHHI  CMapT-KOHTPAKTiB
BUHMKJIO He 3pa3y. Tak, Ha IOYaTKy TakK 3BaHOI
«HTEpHET-PEBOJTIONIT» BHHUKIIA JTIOKTpHHA "KOA — 1€
3aKOH",  3riAHO 3  SKOK  (DYyHKUIOHYBaHHSA
KibeprnpocTopy BU3HAYAETHCS KOMIT'FOTEPHUM KOJIOM i
He ToTpedye OPUAMYHOTO peryiioBaHHs . JlaHa
JIOKTpUHA HE BUTPUMYE KPUTHKH 3 OTJISAY Ha DAL
MIPUYVH. Io-nepme, ICHYIOTb npobieMu
TpaHcopmanii IOPUANYHUX TPABWI Yy TEXHIUHI.
IIpocti onmHO3HauHi yroam MoxHa 0Oe3 mpodieM
BUKJIACTH B MaTEMaTHYHOMY JITOPUTMI, aJIe e BasKKO
peanisyBaTH ISl CKJIQJIHUX YTOA, IO MOTPEOYIOTH
iHTEpIIpeTanii, OIiHIOBAHHS 1 MPUHHATTS PillIeHb i
yac ix BukoHaHHS. llo-mpyre, peamizamis mpaB i

BHUKOHAHHS 000B'sA3KIB, YCTaHOBJICHHX y
BIpTyaJbHOMY  CBITi, = MOTpeOye  IOPHIMYHOTO
3abe3rneueHHs |y peanbHoMy  cBiTi. Ilo-Tpere,

JIOKTpUHA "KOJI — IIe 3aK0H" mepeadadae, mo CTOPOHI
KOHTPaKTy  TNpPHUHAMAIOTh  HACHiAKA  BHKOHAHHSA
MIPOTPaMHOT0 KOJXy SIK ICTMHY B OCTaHHIM iHCTaHIIi
06e3 MOXIMBOCTI HOro 3yNHMHEHHS, Teperisiy i
BUIPABJICHHS Yy BWIAAKy HeoOximHocTi. lle €
HaOULTBIIMM  OOMEXEHHSIM 3aCTOCYBaHHS CMapT-
KOHTPaKTiB Ha Cy4acHOMY €Tali pO3BHTKY iX
TEXHOJOTIi. AJKEe TporpaMHUH KOJ MOXE He
BIJNIOBIIaTH peajbHOMY BOJICBHSBICHHIO CTOpiH,
MICTUTH TIOMWJIKH 1 HaBITh OyTH 00'€KTOM 3IIOUMHHOL
XaKepchbKOi aTaky 3 HEraTUBHUMHM HACIIJKaMU, SK Yy
HaBeJEHOMY BHIIE HpuKiaai 3 mpoekrom "DAO".
3rifiHO 3 BUCHOBKAaMH, BUKJIAICHUMH B aHAJTITHIHOMY
nocmimpkenHi LlenTpanbHoro 6aHKy €BpoONEHCHKOTO
Coro3y, IOpHIMYHA CHJIa CMapT-KOHTPAKTY 3aJICKUTh
BiJ TOro, uM Mae BiH 0a30Bi BJIACTUBOCTI LUBiILHO-
IIPaBOBOI YTO/I1, OCHOBHUMH 3 SIKHX € JIOKa31 TOTO, IO
CTOPOHHM MaJIM HaMipH BCTAaHOBUTH IIMBUJILHO-IIPABOBI
BIJTHOCHHH, 3pO3YMUIICTH YMOB  KOHTPAakTy i
MOXJIUBICTh 30BHIIIHBOTO TPHUMYCY /10 BHKOHaHHS
YMOB KOHTpakTy. Hamipym BCTaHOBHTH LMBUIBHO-
MIPaBOBI BIIHOCHHHM € KIFOUYOBOIO YMOBOIO iCHYBaHHS
Oynb-SIKOr0  JOroBOpY. MOXKJIMBICT BH3HAYUTH
HasIBHICTh HaMIpiB BCTaHOBHTH IMBIJIbHO-IIPABOBI
BIJTHOCHHH y BUIIAJIKy 31 CMapT-KOHTPAKTOM 3HAYHOIO
MIpOIO 3aJI€XHTh BiJl THUIy PO3IOIICHOI MEpexi, y
SIKIH QYHKIIOHY€E KO CMapT-KOHTPAKTY, — 00MEXEHOT
9i HeoOMexkeHOi. B oOMexeHi Mepexi QyHKITIOHY€E
0oOMeKeHa KINBKICTh YYaCHHKIB, sIKi BiIIIOBITAIOTh
IICBHUM yMOBaM, MPOXOAATh imeHTH(]IKamifo i
MepeBipKy Ta MOXYTh AOBIPATH OAWH OJHOMY. Y
BOMY BHIAAKy YYaCHHKH  CMapT-KOHTPAaKTy,
MTOTO/DKYIOUHCh Ha 1eHTH(IKAII0, MiATBEPIKYIOTh
CBOi HaMIpW BCTAaHOBHUTH LIUBUIBHI IIpaBa i 000B'SI3KH.
VY BunagKy HeoOOMEXEHOI IeeHTpai30BaHoi Mepexi
KIJIBKICTP KOHTpareHTiB He OOMEXeHa, BOHHM HE
3000B's13aHi BIINOBIAATH KOJHUM KpHUTEpisiM 1 He
MIPOXOJSITh iNeHTH(]IKAII0, YIaCHUKU IOBIPSIOTh HE
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OJIMH OZIHOMY, a caMilii TexHouIoril ()yHKIIOHYBaHHS
CMapT-KOHTPakTy. Y [bOMY BHWIIQJKy JIOBECTH
HasBHICTH ~ HaMIpiB  BCTYNIUTH y  LUBIJIbHI
MIPaBOBIJHOCHHY 3 HEBIIOMUMH KOHTPAareHTaMU MOXeE
Ooyrn nyxe ckiaagHo. llle oxmiero mpoGiemoro
iZeHTU(}IKail  HaMipiB  BCTAHOBUTH  IMBLIBHI
MIPAaBOBIJHOCHHM €  aBTOMaTHYHE  BHUKOHAHHS
KOHTPAKTy BIJIIOBIAHO 1O NPOrpaMHOrO Koay 0e3
MOXJIMBOCTI KOHTPareHTaMH OL[IHIOBATH CHUTYaIlo i
MpUiMaTH TIEBHI pileHHs. Y TpaIumiiHUX J0r0BOpax
aKTHBHA yJacTh CTOPIH y BU3HAYCHHI CBO€ET ITOBEIIHKH
1 X0y BUKOHAHHSI KOHTPAKTY € MIiATBEPKCHHIM X
BOJICBUSBJIICHHS. Y  BHUIIAAKY CMapT-KOHTPAKTY
CTOPOHU no30aBieHi MOJIJIUBOCTI TaKoro
BOJICBHSIBJICHHSI, X04a JJIsl PO3B'sI3aHHS L€l mpodiiemMu
IIpY PO3poOIIl CMapT-KOHTPAKTY MOXHA Iepe0aunTH
NIeBHI MOMEHTH, KOJHM BHKOHAaHHA KOHTPAKTy 3a
HASBHOCTI CITUTBHOI 3TOAHM CTOPIH OyJe 3yNMUHATHCS
JUIS  MOXIIMBOCTI BBEICHHS HOBHX IIapaMeTpiB
MIOJIaJIBIIIOr0 BUKOHAHHSI.

HactymHoio BayKJIMBOIO YMOBOIO I0PHUANYHOTO
ICHyBaHHSI CMapT-KOHTPAKTy, 3TiHO 3 BHCHOBKaMH
HentpansHoro 0Oanky €Bpormeiickkoro Coro3y, €
YiTKICTb 1 3p03yMiTicTh Horo ymoB. Jlumie Toi cMapT-
KOHTPAKT Ma€ IOPUINYHY CHIIY, y TIPOrPaMHOMY KOJi
SIKOTO PEaJli30BaHO YMOBH, SKHX JIHCHO XOTiITH
JIOCSITTH CTOpOHU. lle Jlerko JOCSKHO B TPOCTHX
KOHTpPAKTaxX, TaKUX SIK KyMiBJIS-IIPOJIAXK TOBapiB. Aile
B CKJIAQJHAX KOHTPAKTaX, /€ CTOPOHH HAaBMHCHO
BKJIIOYAIOTh HEOJHO3HAYHI YMOBH, IO MOTPEOYIOTH
OIIIHOYHUX CYIDKCHb 1 MPUUHATTA pillEHb i Yac
BUKOHAHHS, HaJalOTh IM TI€BHY THYYKICTh 1
MOXIIMBICTh PI3HHUX IHTEepHpeTarii, MaTeMaTH4IHO
3aikcyBaTm  BCi Il  YMOBM  CTa€  BKpai
npoOeMaTnyHUM 3aBJaHHAM. [HIIOIO TpobieMoro
BUKOHAHHS YITKOCTI YMOB CMapTKOHTPAKTy € HOro
30BHINIHE iH(opManiitHe 3abe3neuenHs. [Iporpama,
0 BUKOHYE CMAapT-KOHTPAaKT, CAaMOCTIHHO NIyKae
iHpopMmamilo y 3aJaHMX Hamepen JpKepenax i
BUKOPUCTOBY€ II JUIi BHM3HAYCHHA aITOPUTMY
BUKOHAaHHS KOHTPAKTYy. Bepuoikanis i
T ATBEPIKEHHS KOPEKTHOCTI BHUKOPHCTaHOI
porpamoro iHpopMarlii NoKIaJaeThes Ha Iporpamy, i
Yy  BHNAAKy  aBTOMaTHYHOTO  BUKOPHUCTAHHS
MIOMHJIKOBOT  iH(pOpMAIii CMapT-KOHTPaKT MOXe
MIPU3BECTH JIO HACHIJKIB, SKi HE BiINOBITAIOTH BOIII
CTOPIH YTOJH.

MoskHa BUIUINTH HACTYITHI €TalM YTBOPCHHS
CMapT-0TOBOPY:

1) ohopMITeHHST TOMOBJICHOCTI B €IICKTPOHHIN
¢dopmi, sKka Bi3yanbHO MoOXe OyTH cHpuiHSITa
CTOpOHaMH (IIPOTOKOI);

2) KOMIISALIS y IpOTpaMHUI KOJI;

3) omyOumikyBaHHsS y OnokueiiHi Ethereum a6o
HIIIH cucremi.

VY ropuIuuHii JiTepaTypi BHCIOBIIOIOTHCS
Pi3HI TOYKH 30py I10JI0 BU3HAYCHHS CMapTI0TOBOPY.

CmapT-10T0Bip — nporpamMaunii koj. Posymunii
KOHTpPAaKT — 1€ JOroBip, SKui icHye B ¢opmi
MPOTrPaMHOTO  KOAy, IO IMIUIEMEHTOBAaHO Ha
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atdopmi Blockchain, SIKUI 3abe3neuye
aBTOHOMHICTh 1 CaMOBHKOHAHHS YMOB TakKoOTrO
JIOTOBOPY Y pa3i HaCTaHHS 3a3/aJieTib BU3HAYCHUX Y
HBOMY o0OcTaBuH. [laHe poO3yMiHHS He BiZIOBizIae
HopMmam LIK Ykpaiau. J[oroBip € TOMOBICHICTIO TBOX
a0o0 OLTBIIE CTOPiH, CIIPSIMOBAHOO HA BCTAHOBIICHHS,
3MiHy 200 IPUNUHEHHS IMBUIGHUX IpaB Ta 000B’SI3KiB
(u. 1 cr. 626 LK Vkpaian). I[IpaBoumn moxe
BUMHATHCS YCHO a00 B IMCHMOBIH (€JIEKTpOHHI)
¢dopmi (ct. 205 LK Ykpainu). Bixnosigsao o 1. 3 cr.
3 3Y «IIpo elIeKTpOHHY KOMEPIIiIo», CICKTPOHHOIO
¢dbopMoOI0 TIpencTaBIeHHS iHPOPMAIli BBAXKAETHCS
JIOKyMeHTyBaHHS iH(opmanii, mo mae 3Mmory ii
BIJITBOPIOBAaTH y Bi3yanbHiM Qopmi, nmpugatHii s
CHPUHHATTA JIIOJWHOI0. BiAmoBigHo, 3a J0MOMOroo
MIPOTPaMHOT0 KOJY CTOPOHHM HE MOXKYTh CHPHUHHSTH
YMOBH, CTOCOBHO SIKHX BOHH JIOCSITJIN 3TOJIH;
CmapT-noroBip MOXe (YHKIIOHYBaTu SIK
aBTOMAaTHU30BaHa CHCTEMa, CIIPSIMOBaHA HA BUKOHAHHS
JIOTOBOPY, sSKMH OyB yKimameHuid B iHIIIN Qopmi.

CporomHi Oaratro OaHKIB, TEICKOMYHIKaIliHHUX
omeparopiB  Ta IHIUX MiANPHEMCTB  aKTUBHO
BHKOPHUCTOBYIOTh aBTOMATH30BaHI CHCTEMH  JUIS

BHKOHAHHS CBOiX JIOTOBIpHUX 3000B's13aHb. BaximBo
PO3YMITH, IO IS MO3MINS HE Iependadae po3rinsi
CMapT-IOTOBOPY  SIK  CaMOCTiHHOI  JTOTOBipHOL
KOHCTPYyKIWii;  BIH  CIyrye Jime  3aco0oM
aBTOMATHYHOTO BUKOHAHHS PAHIIIE YKIAJICHUX YTOJ.
Hamre 6aveHHs momsirae B TOMY, IO CMapT-JI0TOBIp €
MPABOYMHOM, SKHA MOXe OyTH CIpSIMOBaHHM HE

JUIIe Ha BHUKOHAHHS  ICHYIOUHMX  JOTOBIpHHX
3000B's13aHb, aJIe ¥ Ha IX CTBOPEHHS;
Cmapt-noroBopu — iHHOBauiiiHa ¢opma

KOHTPAKTIB, yKJIaJICHHS, BUKOHAHHS Ta MPHUITHHECHHS
SIKMX BiZIOYBA€ThCSI 3 BHUKOPHCTaHHSIM MEPEKEBHX
KOMIT'IOTEPHUX TPOTPaMHHUX Ta/abo MpOrpamMHO-
amapaTHUX 3aco0iB, IO MAalOTh B33a€EMO3B’SI30K 3
¢iznuaMu abo 1QpoBUMH 00’€KTaMu, 3a y4JacTio
abo 0e3 ywacTi JIOIMHM, IO BHMAarae IPOBEACHHS
CHUCTEMHHUX 1 KOMIUIEKCHHUX TPAaBOBHX IOCII/KCHb B
paMKax nuBUIEHOTO, (hiHaHCOBOTO Ta iH(OpMaLiHOTO
mpaBa. Jlama moswmiis Tnepexbadae mOTpedy Y
BHOKPEMJICHHI I1I€ OTHOTO BUAY MIPAaBOYHMHY, KPIM BXKe
repet0aYeHNX yCHOI Ta MHUCEMOBOT, — EIEKTPOHHOTO.
EnextponHoio  ¢opMor0  cMapT-IOTOBOpY  CIij
PO3YMITH €IEKTPOHHUH JOKYMEHT, B SIKOMY CTOPOHH
3aKpIIIIIOIOTHCS ICTOTHI YMOBH JIOTOBOPY 1 IKHH MOXe
OyTn BisyanbHO crpuiHATHH. OCOONMBICTIO cMapT-
JIOTOBOPY € Te, 10 BiH HaOMpae YUHHOCTI 3 MOMEHTY
KOMITUTALIT MPOrpaMHOTO KOXy 1 pO3MILIEHHS B
Ethereum a6o iHmii cucTeMi. 3BaXkaroud Ha T€, 1110
CTOPOHH JIOTOBOPY HE MAIOTh MOJIMBOCTI ITEPEBIPUTH
KOpPEeKTHICTh ~TpaHcdopmanii yMOB JOTrOBOpy B
MpOrpaMHAN  KOJ, HEOOXiTHUM € 30epexeHHS
eJIEKTPOHHOI (popMH JOTOBODPY, SIKA € OCHOBOIO JUISI
(dbopmyBaHHS Koay. SIKIO depe3 TeXHIYHI HETOIaIKH
BiIOYBa€TbCS  CHOTBOpEHHs iHQopMmamii, cMapT-
KOHTPAaKT MOXe OyTH BH3HAHMH  HEIIHCHUM.
Enextponna ¢opma cMapT-I0roBOpy MOXE CIIyTyBaTH
JIOKa30M Y CyJIOBUX CIIpaBax y BUIAJKy BHHUKHCHHS
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KOHQUTIKTIB. TakoX HE BUKIIOYAETHCS MOXKIIMBICTH
3aydeHHs (haxiBIiB IS aHaITi3y BMICTY IPOIPaMHOTO
KOZy.

Ocob6nueocmi yknadeHHsl, BUKOHaHHSs1, 3MiHU
cmapm-0ozoeopie, ki do3eoJsisiromb
euU3Ha4Yamu cMapm-0o20eip sIKk OKpemul eud
dozoeopie

YMOBH  CMapT-JOroBOpY TOBHHHI  OyTn
KOHKPETHUMU (giTKMMH, OJTHO3HAYHHUMH),
3nificHeHHUMH (00’ €KTMBHMMH),  TIPaBOMIPHUMH.
YmoBHu CMapT-/10TOBOPY MOXYTb Oytn

cthopmynpoBaHi 32 (HOPMYIIOI0 «SIKIIO..., TOMIL...». He
BCl YMOBH JIOTOBOPY MOXYTh OyTH aBTOMAaTH30BaHi.
He MOXyTh BHKOPHCTOBYBATHCSI OIIIHOYHI TEpPMiHH,
HalpHKIa «IPUAHSATHUA TEpMiH BHUKOHAHHS).
CMmapr-moroBip  icHye B Mexax uardopmu
OJI0KYEHHY, TOMY MOXKJIMBI, SIK IIPAaBUJIO, TPAHCAKIIi B
Mexax JaHoi 1ardopmu (3IMCHEHHS TpaHCAKIIH
KPHUIITOBATIOTH). YMOBH CMapT-KOHTPAaKTy MOXYTb
nepenoavyaTu 3a0e3nevyBalbHi 3000B’s13aHHS,
30KpeMa, KOJM 3TiIHO 31 CMapT-I0rOBOPOM
OJI0Ky€ThCS IIEBHA CyMa KPUIITOBAJIIOTH, TIEPEPAXYHOK
SIKOT KPEAUTOPY 3AIHCHIOETHCS JIUIIE TTiCIsT BUNHEHHS
MIeBHHUX i1 Oop>kHUKOM. Lle 0/1Ha 3 OCHOBHMX ITepeBar
cMapr-moropopy. I[IpoOiemMHMM € OTpUMaHHS i
MiATBEpKeHHS iHGOpMalii 30BHI, TOMy YMOBH IIpO
(hopc-MaxopHi 00CTaBUHU TaKOXK HE 3a3HAYAIOTHCS B
cMapT-1oroBopi. ToMy MOXJIMBHMH € JIBa BapiaHTH
odopMIIEHHSI CMapT-I0TOBOPIB: eleKTpoHHa (opma
MIOBHICTIO TpaHc(OpPMOBaHa B IPOrpaMHHUI Kox abo
JIMIIE YacTHHA EJICKTPOHHOTO JIOTOBOPY BifoOpaxeHa
B mporpaMHoMy Koai. OCKUIBKM  y3TOIDKeHi
CTOPOHAaMH YMOBH JJOMOBJIEHOCTI TPaHC(OPMYIOThCS
HajaJli B TPOrpaMHUHA  KOZA, HEOOXiIHUM €
HalpaloOBaHHs MPOTPaMiCTaMH Pa3oM 3 IOpHUCTaMHU
mra0ioHIB, TPOTOKOINIB  IMOMO OKPEMHX  BHIIB
JTIOTOBODIB.

Bukonanas  3000B’s3aHb,  IHependOadeHUX
CMapT-A0TOBOPOM, 3HIHCHIOETHCS B aBTOMATHYHOMY
mopsiaKy  IHMGPOBUX  TpaHCMICIH y  TeBHIH
MIOCHIZIOBHOCTI y pa3i HACTaHHS IEBHUX OOCTaBHH.
BukoHaHHS CcMapT-IOTOBOPY  3MiliCHIOETBCS — 0e3
y4acTi CTOpiH, Ha BiIMiHY BiJl 3BUYAi{HOTO JI0TOBOPY,
KOJIM CTOPOHY 3000B’sI13aHi BUMHATH TICBHI JIil.

3aco00M po3paxyHKiB 32 CMApPTKOHTPAKTaMH €
KkpuntoBamora. OZHUM 13 CTPUMYIOUHX (DaKTOpiB
MOUIMPEHHsT ~ CMapT-AOTOBOPIB €  BiJCYTHICTb
IIPaBOBOT'O PETYJIIOBAHHS CTAaTyCy KpPHITOBAIIOTH B
VYxpaini. Crig 3a3HauUTH, MO CMAPT-IOTOBIP MOXKE
3a0e3neunTy BHKOHAHHS JIMIIE 3000B’s3aHb Y
BIpTyaJIbHOMY CBITi, HAaIpPUKJIAJ] OO0 IPOBEACHHS
IUTATeXKIB KPUNTOBATIOTOI0. BukoHaHHA poOIT Ta
HaJIaHHS MTOCIIYT 3/1IHCHIOETHCS B peabHOMY CBITI 1 HE
MoOXe OyTH OTIOCEepEeIKOBaHO cMapT-1oroBopoM. Ciiz
3a3HAYUTH, IO TEpe] THM, SIK CMapT-IOTOoBip Oyze
BUKOHAHWH, NOTPIOHO OIUIATHTH  TPaHCAKIIHHY
KOMICIIO0.
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3 MeTOI0 PO3IMPEHHSI CPEpH 3aCTOCYBaHHS
CMapT-IIOTOBOPIB JIOWITBHO Oyio O 3abe3meuutu
moctynm jgo iHpopmamii 3 [lepkaBHOTO peectpy
peuoBHX MpaB Ha HEpyxoMe MaiHo, [lepikaBHOTO
peecTpy IOpHIMYHHX 0ci0, ¢i3uuHHX 0ci0
MiANPUEMIIB, TPOMAACHKUX ()OPMyBaHb Ta IHIINX
peecTpiB.

BincyTHS MOKIIHBICTE 3MIHUTH TOTOBIip. SIKIITO
CMapT-IOroBip ~ IOYaB  BUKOHYBaTHCS,  HOTO
HEMO>KJIMBO TIPUITUHUATH a0o 3MiHUTH. Lle 3ymoBiIeHO
TEXHOJIOTIEI0 OIIOKYCHH. 3 0THOTO OOKY, II€ € TUTFOCOM,
aJ/DKe CTOPOHA HE MOKE YXWINTHCS BiJi BUKOHAaHHS
Yrozu, a 3 iHIIOI — MiHyCOM, OCKLIBKH ITOMHJIKa abo
BIJICYTHICTh TI€BHOI YMOBH MOXE YHEMOXKIMBUTH
BHKOHAHHS JIOMOBJICHOCTEH, sKi O BigmoBimamu O
BOJICBUSIBIICHHSIM CTOpiH. B ocraHHROMYy BHDAIKy
MOXJTMBE JIMIIE YKJIaAeHHsI HOBOTO CMapT-JI0TOBOPY.

3 Meror0 po3B's3aHHSA NPOOJIEM NPABOBOTO
peryJIOBaHHS ~ CMapT-KOHTPakTiB B  YKpaiHi €
HEOOXIHICTh BHECTH 3MIiHH B 3aKOHOJABCTBO, SKi
JIO3BOJISITH ~ ypETyJIOBaTH  IPaBOBHH  CTaTyC
KPHUIITOBAIIOT 1 BU3HATH CMapT-KOHTPAKTH (OPMOIO
[UBLTHHO-TIPABOBOTO JIOTOBOPY. Heo0ximHO
nepen0aynT  0OOB'SI3KOBY  ifeHTH(]IKAII0 CTOPiH
JIOTOBOPY, MIATBEp/DKCHHS iX 3roAM 3 yMOBaMH
JIOTOBOPY ~ [UIIXOM  HAaKJAJICHHS  OU(POBOTO
eNIeKTpOHHOTrO  miamucy.  CMapT-KOHpakT — Mae
JIOTIOBHIOBATHCS] 00OB'SI3KOBUM TEKCTOBHM JI0JIaTKOM
3 BHKJIAJCHHSIM ICTOTHMX YMOB JIOTOBOpY, SIKi
MaTUMyTh IOpWAWYHE 3HAUCHHS TMIPU CYJOBOMY
posrisimi.  [loTpibHe  mepeBeneHHS — Jep)KaBHHUX
PEECTpIB Ha TEXHOJIOTiIO OJIOKYEHH 3 IOpPUANYHUM
3aKpIMJICHHSM MOXJIMBOCTI aBTOMaTHYHOTO BHECEHHS
3MiH JI0 PEECTPIB IPH BUKOHAHHI CMapTKOHTpakTy. Lle
JIO3BOJINTH HE TUNBKU 3HU3WUTH BUTPATH W IIJBUIIUTH
eeKTUBHICTh (DYHKIIIOHYBaHHS PEECTPIB, a i CYyTTEBO
3HU3UTDH PiBEHb 3JIOBXHMBAHb 13 PEECTPaMH, SIKi 4acTo
TPAIUISIOTHCS Ha IPAKTHII.

Hdns Toro, moO JOCATTH  IPaBOBOTO
PETyJIOBaHHS CMapT-KOHTPAKTIB, CTOPOHHU LUBUIEHUX
MIPAaBOBIJHOCHH, SIKI YKJIIW TaKy yroiy, NMOBHHHI
MaT{ MOXKJIMBICTh IOPHIMYHOTO 3aXHUCTY MOPYIICHHX,
HEBM3HAHUX UM CIIPHUX MpaB. | TyT BHHUKa€E psn
po6IieM, 6€3 BUPIIICHHS SKUX HEMOXIIUBO MTOBHICTIO
rapMOHI3yBaTH CMapT-KOHTPAKTH 3 ITPABOBUM II0JIEM.

Haii6inpm cyTreBMMH TpobieMaMH MOXHA
BBaYKaTH TaKi:

- BIJICYTHICTh 3aKOHOJABYMX IOKYMCHTIB Ta
aKTIB, III0 PETYJIIOIOTh B3a€MOBIIHOCHHH CTODIH, IO
B33a€EMOJIIIOTH Y CMapT-KOHTPAKTI;

- CKJIQJIHICTh aHANI3y KOAYy, KW BiIIOBigae
CMapT-KOHTPAKTY;

- CKJIQIHICTh aHaJli3y BPa3IMBOCTEH CMapT-
KOHTpPAKTy Ta OJIOKYEHHY, B IKOMY BiH (DyHKIIOHYE;

- HEBU3HAYCHICTh CTYNCHI BiAMOBINANTEHOCTI
SIK 3a TOPYIICHHS KOHTPAKTy, TaK 1 3a HEKOPEKTHE
CTBOPEHHS CMapT-KOHTPAaKTy Ta 3a HAaBMHCHE 4YH
HEHaBMHCHE HEXTYBaHHS MOXJTHBUMH
BPa3NMBOCTSAMH, 10 BHHHUKAIOTH IIPH  HOTO
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BHKOPHCTaHHI, Ta aTaKaMH Ha CMapT-KOHTPAKT UM HA
BIAITOBIAHUIN OJIOKYEHH.

Hwmxde HaBeneMo KibKa MOMJIMBHX MUISXiB
BUPILIEHHS Ta iX MOPIBHSUIbHUNA aHai3.

IloBHe nyOmioBaHHS 1HM(POBOTO  CMapT-
KOHTPAKTy BIAMOBIIHAM ITallEPOBUM JOKYMCHTOM.
SIKIO CTaBHTHM THMTAaHHS TIPO TIOBHE IOPUAWYHE
OTOTOXXHEHHS UU(GPOBUX YroA 3i 3BUYAHHUMH
«TAIePOBUMI», TO TOAI Yy BIAMOBIAHICTh KOXHIN
UQpoBiif yrozai NOTPIOHO MOCTABUTH MAlepoBY, sIKa
Oyne moBHMM aHaioroM Iwdposoi. Tyr HaiOunbIIa
pobJieMa TOJIATaE y TOMY, IO OCOOH, SIKi 32 CBOIMH
000B’sI3KaM¥l TIOBHMHHI 3aXHWIIATH TpaBa CTOPIH, IO
YKIIaJal0Th yrogy B LU(PPOBOMY BHIJINI, B3araii
KaKy4dd, HE MalTh JOCTaTHhOI KBamidikamii 3a
MIPOTPaMHAM KOZOM (SIKHH 1 € CMapT-KOHTPAKTOM)
BH3HAYWTH, SKa K HACTIPaBJi yroaa ykianeHa. To0To
JUTSL BUPIIICHHS TMATAaHHS TaKUM METOIOM HEoOXimHa
ydacTb ocobu, sKa €, B IIGBHOMY CEHCI,
TIOCEPETHUKOM» MIDXK MPOTPaMiCTOM, SIKHU TIHIIE
BiJIOBITHWI CMapT-KOHTPAKT, 1 IOPHCTOM abo
HOTapiycoM, SIKMM OyJe CTBOpIOBAaTH, IiJIHMCYBAaTH,
3aCBiIMyBaTH BiIIOBIHY NarepoBy KOIIf0.

[epeBaru: TOBHE IOPUIMYHE BPETyYJIOBaHHS
YKJIaJlaHHS KOHTPAKTY.

Henomixu:

1) B mpoMy BHUNAIKy BTPAdacThCsA cama
CYTHICTh CMapT-KOHTPAKTY, KA MOJSATAE B TOMY, IO
JUIs HOTO yKJIaJIlaHHS HE TIOTPiOeH MoCcepeTHIK;

2) Oumpml TOTO, KpiM MOCEpeIHHKA-IOpUCTa
MOTpiOEH  Ie  IOCepeAHUK-«IepeKiIagadyy 3
MIPOTPaMHOT0 KOy Ha MOBY, III0 BUKOPHCTOBYETHCS
JUTS FOPUIAYHUX JJOKYMCHTIB.

CTBOpEHHSI IOPUANYHO 3aBIPEHHUX IIAOJIOHIB.
Jns HaWOLIPII TOMMPEHUX Ta aKTyaIbHHX CMapT-
KOHTPAKTIB CTBOPIOETHCS 1X IOPUIUYHUNA aHAIIOT, 5K Y
oTepeTHLOMY BapiaHTi. AJie el aHAIOT He OJUH JUTS
KO>KHOTO OKPEMOTO KOHTPAaKTy, @ OJHMH JUIS KOXKHOTO
TUy KOHTpakTiB. ToOTO mpH YKIamaHHS TaKOTO
«TUTIOBOTO» KOHTPAKTy CTOPOHH, I'py00 KaXyuH,
OepyTh TOTOBHI MIAOIIOH 3 BIIKPUTHM KOJOM, SKUN
Ma€ IIOCh Ha 3pa3oK cepTudikary, 3aBipeHOrO
BiJINIOBiTAIGHOIO O0CO0O0F0, B IKOMY JICTaIbHO OIHCAHI
YMOBH KOHTPakTy, 1 BIOHUCYIOTh Yy HBOTO CBOI
BIMMOBiMHI  NaHi, $Ki  BIAMOBINAIOTH  IIHOMY
KOHKPETHOMY KOHTpakTy. Hampwkianm, sSKimmo MoBa
Hae Tpo KOHTPAKT Ha P2p-3aKyIiBIIO «3EJICHOD
SHEpreTUKH MiX JIOMOTOCIIOJapCTBAMH, TO CTOPOHH
y3ro{kytoTh Jmme IiHy | kBT enexTpoeneprii,
KIJIBKICTh ITOCTaBJIEHOI €Heprii Ta, MOXKIHMBO, SIKiCh
JIOJTATKOBI JIaHi, Taki sSK MPOMDKOK Yacy, MPOTATOM
SIKOTO ISl €JIEKTPOEHeprisi Mae OyTH II0CTaBJICHA,
YaCTHHHM, Ha SKi pO30HMBAEThCS OIUIaTa, HOMEpa
0aHKIBCBKMX KapTOYOK, 3 SKHUX CIIHCYFOTHCS KOIITH
JUTS OTUTATH, BIAKPUTI KITFOUI MiAIUCAHTIB KOHTPAKTY,
TOIIO.

[epeBaru: TOBHE IOPUIMYHE BPETYJIOBaHHS
VKJIaIaHHS KOHTPAKTy Ta JIOCTaTHRO BUKOHATH
IOpUINYHE JTyOJFOBAHHS THIIOBOTO KOHTPAKTy OIIMH
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pa3, a T1oTiM HeoOMeXeHy KUIBKICTh pa3iB BUKOPHCTOBYBATH 3BHYAlHI CEpBEpHI aIbTCPHATHUBH.
BHUKOPHCTOBYBATH. Takox cinif 3a3HaYNTH, IO BAXIMBHM € MUTAHHA

Henoniku: crabinmizamii 610Ky(iB), B SKOMY BUKOHY€ETHCS CMapT-

1) moTpiOHI mocepeaHNKY (ane Juie OANH pa3 KOHTpaKT, i1 0e3 3abe3nedeHHs Horo cradimizamii
Ha KOXKEH THIT KOHTPAKTY); HEMOXXJIMBO BHPIMIMTH MHTAaHHS IPO IOPUANYHY

2) SIKIIO KOHTPAKT HE € TUIIOBUM, HABITh SIKIIIO 3HAYYIIiCTh CMapT-KOHTPAKTIB.
30BCIM TPOXH BiJPI3HSETHCS BiJ THIOBOTO, TO JUIA Y  mopiBHAHHI 31  CMapT-KOHTpakTaMmH,
Horo yKJIaJaHHA TEX IOTPIOHO OJWH pa3 MIPOUTH LEHTPaTi30BaHi CepBEpH TMPOCTIilI 1 JemeBmi B
OIMCaHy BUIIE NPOLEAypY FOPHINYHOI BepHdikarii, 00CITyroByBaHHi, 1 BOHHM, SK NPABWJIO, MAIOTh BUIIY
Hy a IOTIM B)X€ MOXHA BUKOPHCTOBYBATH L€l HOBHHA epeKTUBHICT, 3 TOYKM 30py IIBUJIKOCTI Ta
TUNI KOHTpPakTiB. binpmr Toro, kpiM mocepeqHuka- MDKMEpEeKeBOi B3aeMOii (pynxmionazsHOL
IOPHCTa TOTPIOEH Ie IMOCepeaHUK-«IIepeKIagady 3 CYMICHOCTI).

MIPOTPaMHOT0 KOJy Ha MOBY, III0 BUKOPHCTOBYETHCS Homninsao nonosuuty LK Ykpainu crarreto
JUTSI FOPUINYHUX JJOKYMCHTIB. 636-1 «CMapT-10TOBIp» 3 TAKIM 3MiCTOM.

SAx Oaummo, mepmmii cmoci® €  OuLIBIT CMapT-I0TOBIp - IIe yroja, sSKa yKIATa€ThCs Y
YHiBEpCaIbHIM, aJIe IPH [IbOMY BTPayaroThCsl OCHOBHI (GopMi  EIEKTPOHHOTO JIOKyMEHTa Ta HalOyBae
epeBaru CMapT-KOHTPAKTIB (BincyTHICTH YMHHOCTI MICJIs KOMIUIALII MPOTrpaMHOTO KOAy Ta
MIOCEPETHUKIB); APYTUi cIlocid Mae Aemo oOMexeHe fioro posmimenss B Ethereum abo inHmii cucremi 3
3aCTOCYBaHHS, i€ J03BoJisi€ (TICJIsT OTPUMaHHA BUKOPHCTaHHSIM TEXHOJIOTI] OJIOKUEHHY.
ceprudikaTy Ha  CMapT-KOHTPAKT)  YKIJIAJaTH Inentndikamis cropin y cMapT-ZOroBopi
KOHTPAKTH 0e3 IMOCePe/HUKIB. BBa)KAETHCS €KBIBAJICHTHOIO BUKOPHCTaHHIO

IU(GPOBUX MIAMUCIB B CUCTEMI.
BucHoeku Hast YKJIQACHHS CMapT-/I0TOBOPY

3aCTOCOBYIOTHCS 3aTabHONPUUHATI TMPOTOKONH, 1
YMOBH TIOBHHHI OyTH KOHKPETHWMH, BHKOHYBaHUMH
Ta 3aKOHHHMH.

Skmmo mporpaMHUE KO pealtizye YMOBH, IO HE
BiJIIOBITAIOTh 3MICTY €JICKTPOHHOTO JIOKYMCHTA,
CMapT-A0roBip MoXe OyTH BU3HAHUHA HEJIHCHIM.

Buxonanas  3000B's3aHb,  IMepenOaYCHUX
CMapT-IOTOBOPOM, aBTOMaTHYHO  BiJOyBa€ThCS
[UITXOM BUKOHAHHS U(POBUX IEepeiad y BU3HAYCHIN
ITOCTIIOBHOCTI TIPY HACTAHHI 3a3HAYCHHUX B JIOTOBOPI
00CTaBHUH.

KpunroBamora € 3aKOHHHUM 3acO00M OILIATH
IIPY BUKOHAHHI CMapT-I0TOBOPIB.

Heski  OIOKYEHH-HTY31acTH  PO3IJISIAl0Th
CMapT-KOHTPAaKTH SIK DpIIIEHHs, sKe He3abapoMm
3aMiHUTh Ta aBTOMAaTH3y€ OIJBIIy YaCTHHY HAIINX
KOMEpUiHHUX Ta OIOpPOKpaTHYHHX CHCTEM. Xoda Iie
MOXIJIBA PEAIbHICTh, BOHA, [IEBHO, AajeKa B TOTO,
mo6 cratn HopMoto. CMapT-KOHTPaKTH, Oe3MepedHo,
LikaBa TeXHOJIOTis. AJe OyAydu pO3IOIiICHUMH,
JIETEpMIHOBAaHMMH, TIPO3OPUMH 1 MEBHOIO MIpOIO
HE3MIHHUMH,  BOHM  MOXYTh  OyTH  MEHII
MpUBaOINBUMH y NESIKMX cUTyamisx. PakTHIHO, BCA
KPHUTHKA CIIUPAETHCS HA TE 110, 1[0 CMAPT-KOHTPAKTH
HE € TPaBWJIBHUM pIlICHHAM JuIsi 0e3iiui peasbHuX
npobiem. HacnpaBai, IesKMM oOprasizamiisiM Kparie
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COORDINATION OF MATHEMATICAL AND LEGAL ASPECTS WHEN USING SMART
CONTRACTS

The article examines the issue of the legal status of smart contracts in Ukraine, problems and obstacles that
arise when smart contracts are harmonized with the legislation of Ukraine. Considering the reliability and
transparency of blockchain technology, which is the basis of smart contracts, their implementation at the legislative
level can significantly improve the process of interaction between the parties in conditions of complete mistrust.
Blockchain smart contracts allows to create protocols that do not require trust between the parties. This means that
two parties can make commitments through the blockchain without knowing or trusting each other. They can be
sure that if the conditions are not met, the contract will not be fulfilled. In addition, the use of smart contracts can
eliminate the need for intermediaries, which significantly reduces operational costs The work provides basic
information about smart contracts, their characteristics and features of application, compares smart contracts with
traditional contracts taking into account the advantages and disadvantages of each of them, analyzes the legal
experience of countries in which smart contracts are actively used, and proposes solutions problems that could
arise
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Buoip ontumanbHoi CAD-cucremu AJ1s1 po3po0KH i NPOEKTYBAHHS
e€HJI0NpPOoTe3iB

Memoo endonpomesysants cyenobie € 0OHUM I3 HAUKPAWUX 8APIAHMIE ONEPAMUBHO20 JIKYBAHHS
ONOpHO-pYX06020 anapamy y nayicumis. lonosna mema yiei onepayii noasieac y 3amiHi
NAmMon02iuHO 3MIHEHUX CIMPYKMYp Cy2n00a Ha Wmy4Hull eH0onpomes, Wo Mac aHamomiyHy gopmy
300p06020 cyenoba ma 3abe3neuye MONCIUGICMb BUKOHAHHIA NOGHOYIHHO20 00cs2y pyxis. /lana
poboma cnpamosana Ha eubip onmumanvnoi CAD-cucmemu 01 po3pobKu i NpoeKmy8anHs
enoonpomesig. Y pesynomami ananizy cucmem Ol HAOYHOCMI NOPIGHAHHS GUABIEHUX
ocobausocmetl, po3pobreHo nopieHAnLHY mabauyi. YV Hill 4imko 6uOHo, sAKA came cucmemd €

Hatbinb egheKmueHow came 01 NPOEKNYBAHHS eHOONPOME3IE.

Knrouoei cnoea:
MOO0eNI06aHHA

DOI: 10.31474/1996-1588-2023-2-37-67-71

RPOEKmMy6aHHs,

Bcmyn

Omepariiss eHAONPOTE3yBaHHSA € OJHHUM 3
Kpalux METO/IB JIIKyBaHHS 3aXBOPIOBAaHb OIOPHO-
pyxoBoro amapary. ['0JJOBHOIO METOI0 TPOLEIYpH €
3aMiHa ypa)KeHOro Cyriao0a Ha IITYYHUI eHI0NpPOTE3,
SIKMH Ma€e aHaToMi4Hy (opMy 370poBOro cyrioba ta
3a0e3rneuyye MOXIIMBICTh IIOBHOLIIHHOTO pyxy. Y
0araTbOX BHITJKaX [1¢ OCTAHHSI HaJlisl VIS MAIli€HTa Ha
BIZTHOBJICHHSI (D)YHKIII OIIOPHO-PYXOBOTO amapary Ta
TIPOIOBKCHHS KUTTS (HAIPUKIA, IPH OHKOJOTTIHUX
ypaxernnsx) [l1]. Jus  SKICHOTO  CTBOpEHHS
SHJIOTIPOTE3y TEPIIOUEProBUM € po3pobKa ioro 3D-
mozeni. IIIBHAKICTh Ta SKICTh TAKOTO MOJICITIOBAHHS
6e3mocepenHpo 1MoB’s13aHa 3 CAD-cucteMoro, Ha sKii
e Oyne BimOyBarucs. Tomy y naniii poGoTi came
po3rmsimaereess  anamizs  CAD-cucteM 3 MeTORO
BUSBIICHHS HaHOUTBII BHANOl came JJs 3aBJaHHS
€HJIONPOTE3yBaHHS.

AHani3 ocmaHix docnidxeHb ma nyb6nikayiu

3a CBITOBOIO CTaTHCTHKOIO, piuHa morpeda B
eHJI0NpOoTe3yBaHHI cyrio0iB ckianae Bix 500 o 1000
Ha KOXXEH MUIBHOH HaceJleHHs. Y pO3BUHEHUX KpaiHax
€pporrn 1 mudpa me Buma. [Ipore B VYkpaini
npoBogats y 10 pas3iB MeHmie omnepamid, HDK
HeoOxigHO [ 1-2]. Lle moB's3aH0 3 BiICYTHICTIO SKiCHUX
BITUM3HSIHHAX SHJIONIPOTE3iB. BaxumiBicTh
SHJIONPOTEe3yBaHHs CyrWo0iB B YKpaiHi HaOyBae
0COOIMBOro 3HA4YeHHS B KOHTEKCTI OOMOBHX HiH Ta
OTPUMaHHX NOPAaHEHb BOIHIB Ta MUPHHUX TPOMAJISH.

CAD-cucmema,
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enoonpomesyeanusa, akicmov, 3D-

CAD-cucreMn € JOCHTh TOIIMPEHUMH 1
BUKOPHCTOBYIOTECSI [UISi CTBOPEHHS PI3HOMaHITHHX
JeTaeil Ta CKIAJHUX MEXaHi3MiB, BKIIOYAIOUH
SHJIONIPOTE3H. Bonn Ha/Ial0Th IHKeHepaM-
KOHCTPYKTOpaM 3py4Hi iHCTPYMEHTH JUIsi CTBOPEHHS,
Momudikarlii, aHamizy Ta ONTHMi3amii IeTanei Ta
KOHCTPYKIIiA, IO 3MEHINYE KITBKICTh CTalliB
PO3pOOKHM Ta HOJIIIIYE SIKICTh BUPOOIB.

CAD-cucreMn 103BOJISIIOTH BUPOOJIITH TOYHI
3D-Mopeni eHIonpOoTe3iB, 3 IKUX MOYKHA BUTOTOBJIATH
MPOTOTUIM Ta 3pasku Merogamu 3D-apyky abo
¢dpezepyBanns. Kpim Toro, i cucTteMu J0O3BOJISTIOTH
MIPOBO/INTH BipTyaJIbHE TECTYyBaHHs €HIAONPOTE3IB, 110
3MEHIIYE KiJIbKICTh MOTPIOHMX (I3MYHMX TECTIB Ta
TMOJIMIIY€ IXHIO €()EeKTHBHICTB.

BpaxoByroun mmpokuii cuektp (yHKIiH, sKi
HagatoTe CAD -cuctemu, iX BHKOPUCTaHHS MOXKeE
OyTH IOCWTh CKJIQJAHUM JuIsi HOBaukiB. OpHak, 3
JIOCTaTHHOIO MPAKTHKOIO Ta IMiArOTOBKOIO, iHKEeHEPH-
KOHCTPYKTOPH MOXXYTh €()EKTUBHO BUKOPHCTOBYBATH
i IHCTPYMEHTH JUIS PO3POOKH Ta BIOCKOHAJICHHS
SHJIOTIPOTE3iB.

Mertoro naHoi poOOTH € MOPIBHUIBHUIN aHalli3
CAD-cucreMm, 0 T03BOJIUTH MOJCTIIATH (PaxXiBISIM 3
rajgy3i KOMIT IOTEPHOTI'O POTE3yBaHHs 3pOOUTH BHOIp

ONTUMATBHOT cUCTEMH ABTOMATHU30BAHOT'O
MPOEKTYBAaHHS sl  PO3POOKM 1 MPOEKTYBAHHS
SHJIOTIPOTE3iB.

AHaniz CAD-cucmem

[Ipoananizyemo Haiibinbm mommupeni CAD-
CHCTEMH Ta iX OCOOJIMBI pHCH.
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Fusion 360 e XMapHa CHUCTeMa
aBTOMAaTU30BaHOTO  IPOEKTYBaHHS,  po3poOieHa
kommaniero Autodesk [3]. Cucrema MOXe BUKOHYBaTH
OIMPOKUH CIEKTp 3aBJaHb, Takux sk 2D-ta 3D-
MOJICTIIOBaHHS, poOoTa 3 30ipKaMu, OOYHMCICHHS Ta
onrtuMizamisi. OCHOBHI OCOOJMBOCTI  BKIIIOYAIOTh
cydacHMH iHTepdelic KopucTyBaya, IOKpAaIleHi
IHCTpYMEHTH 30ipKH, aBTOHOMHHH PEXUM, JTOCTYITHY
LIHOBY IOJIITHKY, MOXJIMBOCTI cuMyrswii, 3D npyk Ta
BOyZOBaHy MiITPUMKY KOMITIOTEPHOI MiITPUMKH
BupoOHuuTBa (CAM).

Takxum unrOM, Fusion 360 HacTymHI mepeBaru:

- € MOJKJIUBICTD TIPalIOBaTH HaJl MPOCKTaMH 3
Oy1b-sIKOTO MICIIS 3 IOCTYIIOM JI0 IHTE€pHETY;

- Mae  BenMKMH  (yHKIiOHAI: Gararo
IHCTPYMEHTIB ISl BUPIILICHHS Pi3HUX 3a/1a4, TAKUX 5K
MoaemoBanHs B 2D Ta 3D, ckiagaHHs, 00YNCIICHHS Ta
OIITHUMI3allis;

- mporpamMa Mae BOYZOBaHI IHCTPYMEHTH
onTUMizalii IS 3MEHIICHHS Yacy Ha BUPIIICHHA
3aj1a4;

- IO3BOJISIE  TIPOBOJUTH  IMITallil0  Pi3HUX
IIPOLIECIB, 1110 Bi0OYBAIOTHCS B CUCTEMI;

- JI03BOJISIE ABTOMAaTU3yBaTH
CTBOPEHHS JeTaJIeH;

- mpocTuit 1
MOJICpHHH iHTepdeElic;

- HasIBHICTh PI3HOMaHITHUX TapU(HUX TUIAHIB
3 PI3HUMH MOXXJIMBOCTSIMH, B 3aJIC)KHOCTI Bijl HOTped
KOpHUCTyBaya.

Hepnomixamu Fusion 360 mpu 1ipoMmy €:

- 3aJIeXKHICTh BiJl [HTEpHETY, OCKIJIBKH MOKe
OyTH TIPOOJIEMOIO JJISl THX, XTO HE Ma€ IMOCTIIHOTO
noctyny 1o IarepHery.

- BIICYTHICTb ~ MOJIMBOCTI ~ BUKOPHCTAaHHS
nporpamu  Oe3komToBHO: Fusion 360 mpomonye
mpoOHWI Tepion, ane Tichsd HOro 3aKiHYCHHS,
KOpPHUCTYBa4 MOBUHEH KYIHTH IIANMCKY Ha IIPOrpamy.

- Oararo (QyHKOIH HporpaMH MOXYTb OYyTH
CKJIAJIHUMH JJIsl HOBAUKiB.

He migxoanTs ans neskux ramysei — Fusion
360 He € imeanbHUM pILIEHHSAM JUIA BCIX rajiyseil Ta
BUIB IU3aifHy, 30KpeMa /Il IN3aiHy eJeKTPOHHHUX
MIPUCTPOIB Ta MMPOTPAMHOT0 320€31ICUECHHS.

SolidEdge - cucrema MoieTFOBaHHS TBEPIUX Ta
MOBEPXHEBUX TLNI, pO3pobieHa KOMIIaHielo Siemens

npouecu

3py‘IHPII>i JI1  BUKOPUCTAHHSA

PLM Software [4]. Cepen ii mnepeBar MOXHa
BI[3HAYNTH  NapaMeTpUyYHE,  CHHXPOHHE  Ta
KoMOiHOBaHe cepeJIoBHINe MO/ICIIIOBaHHS,

IHCTPYMEHTH JUIsl KPECICHHSI 3T1THO 3 €BPONEHCHKIMHU
CTaHJIapPTaMH, MOKITUBICTD pO3POOIIATH JTUT1 AT Ta
oOmagHaHHsA Ui iXHBOrO BUpOOHMITBA, 3D npyk,
KiHEeMaTHYHUH aHami3 MeXaHi3MiB Ta 0i0miorexy
CTaHAAPTHUX BHPOOIB.

[epesaru SolidEdge BkirouaroTs:

- IapaMeTpuyHe, CHHXPOHHE Ta KOMOiHOBaHe
CepeIOBHILIE MOJEITIOBAHHS, SIKE JIO3BOJISIE IIBUIKO Ta
3pyYHO CTBOPIOBATU MOJIEI Oy Ib-IKO1 CKIIaTHOCTI;
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- IHCTDYMEHTH JJIsl CTBOPEHHS KpECJICHb
BIJITIOBI/THO /10 €BPOTICHCHKNX CTaH/AAPTIB;

- MOXJIMBICTD ~ PO3pOONATH  BILIMBKHA  Ta
oOaHaHHS IS iX BUTOTOBJICHHS;

- 3D-npyx;

- KIHEMaTHYHHU{ aHaIIi3 MEXaHi3MiB;

- 0i0mioTeka cTaHIapTHUX HPOIYKTIB.

Henomixu SolidEdge:

- B mopiBHsHHI 3 iHmmMu CAD-cucremamu BiH
MOXe OyTH MEHII 3pyYHHM Y BUKOPUCTaHHI;

-BIH HE Ma€ Takol TMOIMyJSPHOCTI, SK,
Hanpuknan, AutoCAD um SolidWorks, mo moxe
3MIHIOBAaTH JTUHAMIKY PUHKY pOOOYHX MiCIIb;

- BIH MOXe OyTH MCEHII MiIXOISAIINM s
PO3pOOKH JIeSIKUX THIIB MPOEKTIB, MOPIBHSIHO 3
iHmmmu CAD-cucremamu.

AutoCAD, pospoOmeHnii Ta mHOCTa4a€ETHCS
kommadieo Autodesk, € momymsipaOro cuctemoro CAD
3 HalOuTbIIMM TonmToM y cBiti [5]. Bin no3Bomse
IIPOEKTyBaTu B cepegosumiax 2D Tta 3D, cTtBoproBatu
Ta (opMaTyBaTH NPOEKTHI JOKYMEHTH Ta IHIIE.
AutoCAD He Mae KOHKpPETHOI CHpSIMOBAHOCTI Ha
MIEBHY Tajly3b IU3aiHy, TOMy BUKOPHCTOBYETHCS JUIS
po3poOku  OymiBHUITBA, MEXaHIYHOI 1HXKEHEIl,
HAyKOBO-JOCJIIIHUX TPOEKTiB Ta iHImoro. OCHOBHI
0cO0JIMBOCTI BKIIIOYAIOTh cTaHAapTHY cuctemy CAD,
THYyYKUil iHTepQelc Ta IHCTPYMEHTH, MO>IHBICTDH
CTBOPIOBATH ITPOTPaMH 3 BUKOPUCTAHHIM BOYZIOBaHNX
MoB (AutoLISP Tomo) Ta API, a Takoxx Mae BEJIUKY
KUTBKICTh JTOJTATKIB BiJI CTOPOHHIX pO3POOHHUKIB.

SOLIDWORKS — mne mnomymspHHd MakeT
MIPOTPaMHOT0  3a0€3MeUYeHHS Uil  KOMI'IOTEPHOI
npoektyBanHss (CAD), po3pobieHuii KommaHieo
Dassault Systémes[6]. BiH BUKOPHUCTOBYETHCS IS
MIPOCKTYBAaHHs,  MOJENIOBaHHS Ta  IJTOTOBKH
npoxyktiB g0 BupoOnHmnra. SOLIDWORKS
MIPOTIOHY€ IUPOKHUIL CTIeKTp (PyHKIIH Ta iIHCTPyMEHTIB
gt 2D ta 3D MOJeNntoBaHHS,  KPECJEHHS,
MOJICTIIOBaHHS, PEHJAEPUHTY, aHiMamii Ta 0araTbox

immmx. Ile mnporpamMHe 3a0e3meucHHS IIHPOKO
BHKOPHUCTOBYETHCS y  ramy3sx, TakKuX  SK
MammHOOYTyBaHHS, aBiamiiHa Ta aBTOMOOLTHHA

IIPOMHCIIOBICTh, BAPOOHUIITBO CHIOXKHBYHX TOBAPIB Ta
npomucnosuil au3aiiH. [lepesaru SOLIDWORKS:

- JOCSITHEHHSI BHCOKOI MPOXYKTUBHOCTI Ta
e(eKTUBHOCTI TPOEKTYBAaHHS 3aBASKHA DPO3IIUPEHIN
(YHKIIOHATBPHOCTI, Taki sK Bedmka OibiioTeka
CTaHAAPTHUX  CJIEMEHTIB, IIa0JOHU  IIPOEKTIB,
aBTOMaTH3allis Ipolecis i 6araTo iHIIOro;

- OIMPOKUH crieKkTp iHcTpyMeHTiB [yt 2D Ta 3D
MO/ICITIIOBaHHS Ta pe/laryBaHHsl, @ TAKOX IHCTPyMEHTIB
JUTS aHAI3Y Ta iMiTamii pi3HUX YMOB;

- 3py4HHil  iHTepdeiic Ta  MOMKIMBOCTI
HaJIAIITYBaHHS 11/l KOHKPETHI HOTpeOH KOPUCTYBadiB;

- Jerka 1iHTerpamis 3 IHIIUMH CHCTEMaMH
MIPOCKTYBAaHHSI Ta MPOTPaMHHUM 3a0e3MEeYESHHIM JUIs
YIpaBIiHHS TaHUMH ITPOCKTIB;
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- MATpUMKa pi3HUX GopMaTiB  GailiaiB  aist
IMITOpPTY Ta EKCIIOPTY.

Henonixku SOLIDWORKS:

- BHCOKA BapTICTh JIIIEH3iH Ta 00IaHAHHS 15
KOpPHUCTYBaYiB;

- morpedye 3HAYHNX pecypciB KOMI'IOTEPa, 110
MOYKE BUMAaraTi OHOBJICHHS allapaTHOI YaCcTHHH;

- 0OMEKeHI MOMKJIMBOCTI JUISi KOPHCTYBadiB
BeO-Bepcii SOLIDWORKS;

- orpedye MEeBHOTO PiBHS 3HaHb Ta HaBUYOK
JUIi BUKOPUCTaHHSA BCiX (DyHKIIH Ta MOXIIMBOCTEH
CUCTEMH;

- MOXJIMBICTh ~ BHHUKHEHHS  mpoOieM 3
CYMICHICTIO TIpH IMHIOpPTI Ta ekcrnopTi ¢aini 3
IHIIMMHU CHCTEMaMH IIPOEKTYBaHHSI.

NX € mNOTy)XHHUM IHTETPOBaHMM ITAKETOM
MIPOTPaMHOTr0 3a0e3MeUeHHs I MalInHOOY {yBaHHS,
pO3pOoOKH TPOMYKTIB 1 BHPOOHHIITBA, PO3POOIICHUI
kommaniero Siemens PLM Software [4]. Ochb Kkinbka
KIII09oBUX nepesar NX:

- Ma€ MUPOKUH Habip iHCcTpyMeHTiB g 2D i
3D MozenmoBaHHs, BKIIOYAI0YH PO3p0oOKy OBEPXOHB,
IUTACTUYHUX JETajei i IHCTPYMEHTIB JUIA TeHeparii
MoJieriel CKIIaiHuX Gopm;

- Ma€ TOTYXKHI IHCTpyMEHTH Uil aHaji3y Ta
MO/ICITIFOBAHHSI, 10 JIO3BOJISIE iH)KEHEpPaM BUKOHYBATH
TEXHIYHUH aHaJIi3 1 ONTUMI3aLilo MPOEKTIB Ha PaHHIX
eTamnax po3poOKH;

- 3a0e3redye 3pydHE KEpyBaHHS JaHWMH,
BKJIIOYaroun 30epiraHHs, oOprasizamito 1 o0OMiH
¢aiinamu 3 inmmmu cucremamu CAD;

- JIO3BOJISIE KIJIBKOM 1H)XKEHEepaM MpalfoBaTH
HAJ MPOEKTaMH OJHOYACHO, 30epirarodm BCi 3MiHU B
peaJbHOMYy dYaci 1 CIUIBHO BHKOPHUCTOBYIOYM BCi
pecypen;

- Ma€ IHCTPYMEHTH JJIsl MOJICJTIOBAHHS CUCTEM
KEpyBaHHS, EJIEKTPOHHUX 1 MEXaHIYHHX CHCTEM 3

METOI0 MiJBUINEHHS e(eKTHUBHOCTI 1 TOYHOCTI
PpO3po0KH;
- Bmouae  notyxHuii  CAM-moayns, 1m0

JIO3BOJISIE CTBOPIOBATH 1 ONTHMI30BYBAaTH TPAaEKTOPii
pizanHs, 3a0e3meuye 3py4yHuil iHTepdeiic ms
IIporpaMyBaHHs BepcTaTiB i craHkis 3 UITY;

- Ma€ IOTYXHY apXiTeKTypy, IO JI03BOJISIE
e(eKTUBHO BUKOPHUCTOBYBAaTH PECYpCH KOMII'IOTEPA,

3MEHIIYIOYH dYac, HEOOXIAHWI Ui BHKOHAHHA
3aBJIaHb.

CATIA (Computer-Aided Three-dimensional
Interactive ~ Application) - 1me  HOTYXHHUH
KOMI'IOTEpHUH IporpamMHUi HaKeT JUIsL

MIPOEKTYBaHHsI, PO3POOKM Ta BUPOOHHIITBA ITPOITYKTIiB
B pi3HMX ramy3sx npomucioBocti. CATIA ctBopeHa
¢panmys3pkol0 Kommanieto Dassault Systemes i
BUKOPHCTOBYEThCS B Tally3siX, TaKUX SK aBiallis,
aBTOMOO171€0yIyBaHHs, BHPOOHHIITBO MPOMHUCIOBOTO
yCTaTKyBaHHS Ta iHIMX [7].

Jesixi 3 ocHoBHEX ocoomuBocTeit CATIA:

69

- MIPOTIOHY€ TOBHUH HAOIp iHCTPYMEHTIB s
MojemoBaHHs B 3D, 1m0 m03BOJIsIE KOpHCTyBayam
CTBOPIOBATH AETaJIbHI MOJENI BUCOKOI SIKOCT;

- HaJla€ IHTETpOBaHe poOOYE Cepe/IOBHUIIE, SIKE
JI03BOJISIE KOPHUCTYBauaM MPALIOBAaTH 3 MOJCISIMH 3
017b111010 €(hEKTHBHICTIO 1 TOUHICTIO;

- Ma€ IOUPOKMH HaAOIp IHCTPYMEHTIB s
pI3HMX 33/1a4, TaKUX SK MOJICIIOBAHHS, KPECIICHHS,
MOHTaX, aHaJIi3, Bi3yaii3allis Ta iH.;

- Ma€ MOJJIMBOCTI CITiBIpalli, 10 {03BOJISIOTh
KOpHUCTyBayaM CIIUIBHO IPAIOBAaTH HaJl TPOEKTOM,
0OMiHIOBaTHCS JAHUMH Ta BUKOHYBATH 1HIII 3aBIaHHS
B PEXHMI peabHOI0 Yacy;

- Ma€ BEJMKY Tpymy pO3pOOHMKIB  Ta
KOpHUCTYBadiB, sKi HaJalOTh MIIHY HIATPUMKY 1
JIOTIOMOT'Y BHPIILIEHHIO ITPO0JIEM.

Autodesk Inventor € moTyXHUM NpOrpaMHUM
3a0e3rnevyeHHsIM 11 KOMI'FOTEPHOTO HPOEKTYBaHHS
(CAD), sixe BUKOPHCTOBYETBCS ISl MPOEKTYBaHHS,
MOJICTIIOBaHHSI Ta PO3POOKH IPONYKTIB Yy pi3HUX
rajy3sx, TAKAX K MallMHOOY/[yBaHHS, aePOKOCMIYHA
MIPOMHCIIOBICTh, aBTOMOO1IEHA TPOMHUCIIOBICTD.

OcnosHi ocobnmBocti Autodesk Inventor:

- HaJa€ KOMIUIEKCHI MoxiauBocti i 3D-
MO/ICITIIOBaHHS, MAJIIOBaHHS, PEHAEPUHTY Ta aHiMaIlii;

- IHCTPYMEHTH BHYTPIIIHBOTO
nporpamyBaHHsi, a00 API, 103BOJIAIOTE KOPHUCTYBaYaM
PO3LIMPIOBATH MOXKJIMBOCTI MPOTpaMH Ta a/lalTyBaTH
il 10 cBOiX MOTPEO;

- IHTYITHBHUH iHTepdeiic Ta IHCTPYMEHTH
HaBiramii J0mMOMaraloThb KOpPHCTyBayaM  IIBHJKO
HaBUUTHCS BUKOPHCTOBYBATH ITPOTPaMY;

- JIO3BOJISIE aBTOMATU3YBATH PyTHUHHI 3aBJJaHHS
Ta MPOLECH, 110 JO3BOJISIE EKOHOMHTH Yac Ta 3yCHILISL.

- MIATPUMYE HIMPOKUH CIEKTp (aiioBux
(hopmariB, O TO3BOJISIE IETKO OOMIHIOBATHCS JAHUMHU
3 IHIIUMH TIPOrpaMaMHy Ta KOPHCTYBadaMH;

- MOJICTIIOBaHHS neraneit JIO3BOJISIIOTH
BUKOHYBATH Pi3HOMaHITHI 3aBJIaHHS, TaKi K pO3po0Ka
MEXaHi3MiB Ta IH)KCHEPHUX CHCTEM;

- Hajae 3aco0M Uil PO3pOOKH  CKIATHHX
30ipOK, 3 MOXJIMBICTIO CTBOPEHHS 3MIHHHUX Ta
3aJIEKHOCTEH MK IeTasIMu;

- incrpymenTH Autodesk Inventor 103BosIsIIOTE
PO3pOOIATH Ta aHATI3yBaTH KOHCTPYKLII 3 METOIO
BU3HAUCHHS ONTHMAJILHOTO BapiaHTy.

Creo (pamime Bimommii sik Pro/Engineer) e
MOMYJSIPHUM ~ [IPOTPaMHHUM  3a0€3MeUYeHHSIM  JUIs
MIPOEKTYBAHHSI Ta PO3POOKH MPOAYKTIB, IO JO3BOJISIE
IH)KEHepaM CTBOPIOBATH CKJIa[HI AeTaii Ta 30ipku 3
BHCOKOIO TOYHICTIO Ta edekruBHicTIO [8]. Jeski 3
ocobmmBoctei Creo BKIIIOYAIOTh HACTYITHE:

- Ma€ MOXJIMBICTh CTBOPIOBAaTH MOJET B
pearJbHOMY dYaci, IO JO3BOJISIE IHXKEHEpaM Bizpasy
0a4uNTH Pe3yJIbTATH CBOET pOOOTH;

- IO3BOJISIE  IHXKEHepaMm  IpamioBaTH 3
NEeKIIbKOMA JUCHUILIIHAMK, TaKHMMHM SK MEXaHika,
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CJICKTPHKA Ta CICKTPOHiKA, W00 CTBOPIOBATH - Ma€ IHTYITUBHHMH 1 JIETKHUHA y BUKOPHUCTAHHI

1HHOBALIIHI IIPOAYKTH; inTepdeiic, IO I03BOIAEC IHKEHEPAM IIBHIKO
- Ma€ MHPOKI MOXKIMBOCTI MOJICITIOBAHHS, HABYHTHUCS TMpOrpamMi Ta BUKOHYBAaTH 3aBJaHHS

BKJTFOYAFOYH 3D-MozemoOBaHHS, MTOBEPXHEBE e(EKTHBHO.

MOJIEJIIOBAHHS; VY Bepcii Creo 7.0 peamizoBaHi peBOIOLIHHI
- iHTerpyeTbcs 3  IHIIMMH  IIPOrpaMaMi, iHHOBaIii B 00JacTAX TEHEPATHBHOTO JH3aWHY,

takumu sk Mathcad, Windchill i Arbortext, o MIPOEKTYBAHHS 0araToMoJlyJIbHUX CUCTEM,

JTO3BOJISIE IHXKCHEPAM TPAIIOBATH 3 JAaHUMH 3 Pi3HUX aJIUTUBHOrO BUPOOHMLTBA 1 cumyauii. s aHanizy

JKEpe; BCIX ONHCAaHWX CHUCTEM CKIIAZIEMO MOPIBHAIEHY
- Ma€ MOXJIMBICTh aBTOMATH3YBaTH MPOIECU Tabimo 1 .

MPOEKTYBaHHS 1 3MEHIIUTH Yac Ha MIiATOTOBKY IO

BHPOOHHUIITBA;

Tabmunst 1 — IopiBHsibHa Tabmuns cydacanx CAD—cuctem

2| o s s |8 & £
SEE| sEE. 5| E B E E
SEo | Ei:E|wE| £2 |EEd Sz
s> | 5837 3 5@ 2 &g 5
i =8 s| B 5 g g
=5 = = M Jus)
o M = an © E(
Fusion 36Q CLOUD n n i ) ) 21752 rpu [9]
Commercial
SolidEdge SHINING
3D EDITION + - + + + 65800 Tpu [10]
SOFTWARE
AutoCAD 2022 + - - - - 74 412 rpu [9]
SOLIDWORKS
Professional i i i i i 139308 rpu [9]
Hiny HeoOXigHO
NX - + + + + YTOUYHIOBATH y
BUPOOHHKA
CATIA - + + - - -
INVENTOR
Professional 2023 i ) * ) ) 91869,80 rpuf9]
Hiny HeoOXigHO
Creo - + + - - YTOYHIOBATHU Y
BUPOOHMKA
[IpoananizyBaBum pe3yibraTd TadIMII OadyMMo, IO Mae po3ITiZHaBaHH Ta TapaMeTPU3aLIiI0 IMITOPTOBaHOT
cucrema SOLIDWORKS Professional mnoBHicTIO reoMerpii, TakoX B HiIH BiACYTHI OOMEXEHHS IO
BiJITIOBiTa€ BCIM HEOOXiTHIM KPHUTEPIisiM, SIKi ITOTPiOHI KUTPKOCTI ~ KOMITOHEHTIB ~ CKJIAJHUX  KPCCICHB.
IUTSL PO3POOKH Ta IPOCKTYBAHHS CHAOIPOTE3IB. SOLIDWORKS Mae MOXIHUBICTH BHIIPOOYBaHb Ha
MIIHICTh CIPOCKTOBAHMX MOJICNCH B HaOIMKEHUX
BucHoeku pearbHUX YMOBAX Ta MPOBE/ICHHS aHaJli3y KIHEMaTHKH

Ta mporiecy nuHamiku. Professional € mpuifHATHOIO Ta
MOBHICTIO  BINOBia€  SKOCTI  (DYHKIIOHAJIBHOTO
6 HanoBHeHHs  cuctemMu. SOLIDWORKS  Takox
HAWOIIBII ONTUMANBFHOIO [UIS TPOEKTYBAaHHS Ta .
o010 A pockty npononye pimenns 3DEXPERIENCE WORKS, 1o
po3pobku eHmompotesiB € cuctema SOLIDWORKS, , A S
o . IT03BOJIsIE 00’ €MHATH (axiBIIiB, ifel, JaHi 1 pillICHHS B
060 Mae mpoxymaHuil iHTepdeiic kKopucTyBada Ta € . . . ..
IHTEpPaKTUBHOMY CEPEAOBHILI Ul CIJIBHOI poOOTH,
JIOCTaTHBO IIPOCTOI0 Ta 3PYYHOIO JJIsI ONAHyBaHHS. . . .
3a0e3neuyroun 3B'30K MiX BIpTyaJIbHUM

Bona opieHTOBaHa SIK HA KOHCTPYKTOPCBKY, TaK 1 Ha . .
) . CEpENOBUILIEM 1 pEaIbHUM CBITOM.
TEXHOJIOTIYHY MiATOTOBKY BUpoOHMIITBA. CHcTeMa

Taxum YHUHOM, npoaHani3yBaBmH pAa CUCTEM
ABTOMATHU30BaHOI'0 HPOEKTYBAHHSA BUSABJICHO, IO

Cniucok nnimepamypu

1. ANropuT™M pO3pOOKH TOKa3aHb Ta INPOTHIIOKA3aHb J0 EHIONPOTE3yBaHHS KYJBIIOBOTO cyrioba /
JlockytoB A. E., Onelinuk A. E., I'onoBaxa M. JI. Bicank opronenii, TpaBmarosorii ta mporezyBanus. 2004. Ne 3.
C. 8-12.

70



ISSN 1996-1588 Hayxosi npayi JonHTY Ne2 (37), 2023
Cepis “Inpopmamuxa, xibepnemuxa
ma 06UUCTI08ANbHA MeXHIKa ™

2. JIBOCTOpOHHE TOTalIbHE EHJONPOTE3yBaHHs KyJbIIOBHX cyriiodiB / JlockyroB O.€., Cuneryoos JI.A.,
Tomosaxa M. JI., Omiitauk O.€., K.: [lninponerpoBcbKa nep>kaBHa MenudaHa akagemist MO3 Ykpainum, 2005. 3 c.
3. Odimiitanii caiit Fusion-360. URL: https://www.autodesk.com/products/fusion-360/overview?term=1

YEAR&tab=subscription

Odiuiiinmii caiit Siemens Digital Industries Software. URL: https://www.plm.automatio.ens.com.n.siem
Odiuitiamii caiit Autodesk. URL: https://www.autodesk.com/

Odiuitianii caiit SOLIDWORKS. URL: https://www.solidworks.com

Odiuiiinnii caiit Dassault Systémes. URL: https://www.3ds.com

Odimiitanii caiit PTC. URL: https://www.ptc.com

9. [NocravansHUK JiLeH31# Ta nporpamuoro 3abe3neyenHs. URL: https://www.softkey.ua/

10. [ocravanpHuK JineH3id Ta mnporpamHoro 3abesnmeuenHs. URL: https://3ddevice.com.ua/product/
%D0%BF% D0%BE-solid-edge-shining-3d-edition-software/

S

References

1. Loskutov, A. E., Oleinyk, A. E., Holovakha, M. L. (2004), “Algorithm for the development of indications
and contraindications to endoprosthetic replacement of the culchus subglobe ” [Alhorytm rozrobky pokazan’ ta
protypokazan’ do endoprotezuvannya kul’shovoho suhloba. Visnyk ortopediyi, travmatolohiyi ta protezuvannya.]
Journal of Orthopedics, Traumatology and Prosthetics, Ne 3., pp. 8—12.

2. Loskutov, O.Y., Synichubov, D.A., Holovakha, M. L., Oliinyk, O.Y. (2005), “Bilateral total hip
arthroplasty ” [Dvostoronnye total'ne endoprotezuvannya kul’shovykh suhlobiv. K.: Dnipropetrovs’ka derzhavna
medychna akademiya MOZU], Dnipropetrovs'k State Medical Academy of the Ministry of Health of Ukraine, 31p.

3. Official  website  Fusion-360,  available  at:  https://www.autodesk.com/products/fusion-
360/overview?term=1 YEAR&tab=subscription

4. Official website Siemens Digital Industries Software, available at: https://www.plm.automatioens.com.
n.siem

5. Official website autodesk, available at: https://www.autodesk.som/

6. Official website SOLIDWORKS, available at: https://www.solidworks.com

7. Official website Dassault Systémes, available at: https://www.3ds.com

8. Official website PTC, available at: https://www.ptc.com

9. License and software provider [Postachal'nyk litsenziy ta prohramnoho zabezpechenya], available at:

https://www.softkey.ua/
10. License and software provider [Postachal'nyk litsenziy ta prohramnoho zabezpechenya], available at:
https://3ddevice.com.ua/product/%D0%BF%D0%BE-solid-edge-shining-3d-edition-software

Haoiiiuna 0o pedaxyii 28.06.2023

D. VINICHENKO, M. TTAHUNOVA, T. HOLUB
Hamionanshwmii yHiBepcureT «3aropisbka nomirextikay, AT «MOTOP CIU» m. 3anopixoks, YKpaiHa
vinichenko92dima@gmail.com, mary.tyagunova@gmail.com, golub.tv6@gmail.com
SELECTION OF THE OPTIMAL CAD SYSTEM FOR THE DEVELOPMENT AND DESUNG OF
ENDOPROSTHESES
The method of joint replacement is one of the best options for surgical treatment of the musculoskeletal system in
patients. The main purpose of this operation is to replace pathologically altered joint structures with artificial
endoprosthesis, which has an anatomical form of a healthy joint and provides the possibility of performing a full
volume of movements. In many cases, replacement of the affected joint is the last hope for the patient to restore
the full functioning of the musculoskeletal system and in some cases, for the extension of life as a whole (for
example, with cancer joints). This work is aimed at choosing the optimal CAD-system for the development and
projection of endoprostheses. The following are the following CAD-systems: Fusion 360, Solidedge, AutoCad,
SOLIDWORKS, NX, Inventor, Creo. As a result of the analysis of systems, comparative tables have been
developed to compare the identified features. It clearly which system is the most effective for the projection of
endoprostheses. The most optimal for the promotion and development of endoprostheses is the SOLIDWORKS
system, because it has a thoughtful user interface and is simple enough and easy to master. It is focused on both
design and technological preparation of production. The system has the recognition and parameterization of
imported geometry and no restrictions on the number of components of complex drawings. SOLIDWORKS has
the ability to test for the strength of designated models in approximate real test conditions and has the ability to
analyze kinematics and the dynamics process.

Keywords: projection, CAD system, endoprosthetics, quality, 3D modeling

71



ISSN 1996-1588

Hayxosi npayi [JonHTY

Ne2(37), 2023

Cepin “Ingpopmamuxa, xibepnemuxa
ma 004UCTI08AbHA MeXHIKa ™

VIK 519.65:514.182.7:004.92

O. B. ®ponos, kaHA. TEXH. HAYK, JOII.

XapKiBCHKUI HalliOHAIEHUN eKOHOMiuHMH yHiBepcuTeT iMeHi Cemena Kysnerst, M. Xapkis, Ykpaina

frolgx@gmail.com

Mopae/iloBaHHSA 30H pO3CiIOBaHHSI NMOXMOOK MOJIOKEeHHS CTOBﬁypy

OypoOBHX CBEpAJIOBHMH Ta iX Bi100OpaKeHHHA

Posensidaemvca  npobrema  GusHAuUeHHs MOYHOCHMIE  NONOJNCEHHS CBEPONOSUHU 8 NPOCMOPI.
AxmyanvHicmb 00CI0NCEHHs 3yMOBNIEHA NOUUPEHICHI0 BUKOPUCIAKHS NPOCMOPO08oL iHghopmayii,
wo 6azyemvcs HA OAHUX 2e0QI3UYHUX BUMIDIOBAHL CEEPONOSUH, OJIsl GUPIUIEHHS [HIICEHEPHUX
3a80anb. Memoio pobomu € po3pobKa KOHCMPYKMUBHOI Ma an2oOpumMivHoi Mooenell 8U3HAYeHH s
30H pO3CIIO8AHHIA NOXUOOK THKITHOMEMPUUHUX SUMIDIOBAHD, WO YIMBOPIOIOMbCA HABKONO OYPOBUX
CBEPONOBUH MA BUIHAYAIOMb IXHE NOJIONCEHHSL 8 NPOCMOPI HAOp. /] MOOenioganHs 6)6 NPUIHAMUL
Memoo cepedHbo20 Kyma, KUl 8i0ME0PIOE OLISAHKU CIO8OYPA C8ePONOGUHU MIXNC MOYKAMU BUMIDIG
JAHKAMU TAMAHOL NIHIL, WO BUBHAYAEMbCS CEPeOHIMU 3HAYCHHAMU SUMIDIOBAHb KYMI@ HANPSAMIE.
Ompumani eupasu, wo UHAYAOMb napamempu Gopmu ma NONONHCEHHS. 30H PO3CII0BANHS
cepedHbo K8aopamuyHux noXubok y ¢opmi enincoidie 0is npocmopoeoi modeni ma enincie — s
nnockoi modeni. Taxoxc byna poszensHyma cnpoujeHa mooens y ¢opmi cpep ma Kin cepedHbo
K8AOpamu4Hux noxXuooK, 0Jist AKUX 8USHAYAIOMbCA ulle napamempu paoiycig. [ani na yiti ocHosi
OMpUMAHA MOOelb JIHIUHOI IHMepnoaayii 3HaYeHb NApamMempie 30H PO3CIIOBAHHS MIJNC MOYKAMU
sumipie. Bynu eusnaueni napamempu mooeui NiHIUHOI iHmMepnoaayii, o npedcmasisioms 30HuU
po3citosanHs 6 Npocmopi y Gueisidi KoHycie, O0OmMuuHux 00 cghep pO3CIIO8AHHS 6 MOYKAX
IHKTTHOMEeMPUYHUX Q0CTiOdCceHb. Po3pobnenutl areopumm Osi KOMN 10MepHO20 MOOeT08AHHS 30H
PO3CI08AHHS HA NAAHAX, SIKULL 30TUICHIOE N0OYO08Y 30H 8 (DOPMI Kil NPOEKYitl ma OOMUYHUX 00 HUX
npamux ninii. Takooc ompumani KOHCMPYKMUSHUL MA AHATIMUYHUL 8UpPA3 0151 PO3PAXYHKY paoiyca
KOJa po3citogantsi 8 OyOb - AKil mouyi mpackmopii cmogbypa. Haeedeni npuxiadu mooenro8anHs.
30H PO3CII08AHHA NOXUOOK HABKOIO OYPOBUX C8EPOTIOBUH HA OCHOBI OAHUX PEAlbHUX OaHUX.

Kniouogi cnosa: cmoedyp ceeponosunu, iHKinoOMempuuHi 00caiodicenns, 2eoinpopmayinna

cucmema, iHMepnoaAYia, 1aMana

DOI: 10.31474/1996-1588-2023-2-37-72-79

Bcmyn

OcHOBHOIO METOIO0 MPOEKTYBaHHS,
MOHITOPUHTY Ta KOHTPOJIIO TPAEKTOPIi CBEPJIOBUHH €
BU3HAYCHHS IIPOCTOPOBOTO PO3TAIIYBAaHHS TPAEKTOPIl
CcBepAIOBMHM.  IH(popMmariss mpo  IpoCTOpoBe
pO3TallyBaHHS CBEP/UIOBHH € YK€ BAaXIHBOIO 3
TOYKH 30py il BHKOPUCTaHHSA B reoindopmaniiHux
CHCTEMaX, OCKIJIbKM BOHA IOTpiOHa Ha BCIX eramax
OCBOEHHSI POIOBHIL] KOPUCHUX KOTAJMH.

Ha erami po3Bizkm poJoBHI IIPOCTOpOBA
iH(OpMaris 1o cBepyIOBUHAM BUKOPHCTOBY€ETHCS JUIS
CTBOPEHHS ySIBHU IIPO T€OJIOTIYHY OYyZOBY TOBILI ITOPij
(po3ramryBaHHS B HaJpax HPOJYKTHUBHUX IUIACTIB,
MOKJIaiB Ta TOpiJ, CTPYKTYpHHX OCOOIMBOCTEH
POZIOBHIIIA) T 3aITaCH KOPUCHUX KOTIAJIH.

Ha eranax OyniBHMOTBA Ta eKCIUTyaTamii
POZOBHI BHMOTH JI0 TOYHOCTI Ta OIEPAaTHBHOCTI

OTPUMAaHHS MIPOCTOPOBUX IaHUX 3HAYHO
T ABAIIYIOTHCS:
- cydJacHi METOIH T€0JI0TTYHOTO

MOJICITFOBAHHS, CKJIAaJICHHS CXEM PO3POOKH POIOBHII
moTpeOyIOTh JTOCTOBIPHOi OI[IHKK IOYaTKOBUX Ta
3QJIMIIKOBUX ~ 3amaciB, JIOKaji3amii  TeoJIOTiuyHuX
CTPYKTYP, 5IKi YCKIIQAHIOIOTh BEACHHS POOIT;

72

- OypoBi CBEpIUIOBMHH, IO IIEPETUHAIOTH
3aTOIUICHI BUPOOKM ab0 BOJOHOCHI TOPHU30HTH, 1
CBEpAJIOBMHH HESIKICHOTO 3aTaMIIOHYBaHHS HAJICKaTh
0 HeOe3meyHWX 30H, MPH LBOMY I BHUPOOKH
MOXIIMBO BiJJHECTH 0 BHPOOOK 3 HEIOCTOBIPHUM
KOHTYPOM, OCKIJIbKH TIOJIO’KEHHSI TOUOK IEPEeTHHY Ta
KIHIIEBUX TOYOK CBEP/UIOBHH BH3HAYA€THCA, SIK
MIPaBUJIO, 3 IOCUTH CYTTEBUMH ITOXHOKaMH;

- BUOOOYyTOK HaTtH Ta Tazy moTpedye
HampaBjeHoro  OypiHHS, KOHTPOJIb 33  SIKHUM
BUKOPHCTOBY€E IIPOCTOPOBY iH(OpMAIS ISl IieH
OpieHTYBaHHSI OypoBOTO 00JIaJIHAHHS, HEJOMYIICHHS
MIepeTHHY HOBOI CBEPJIOBUHHM 3 BXKE ICHYIOUHMH,
TIOTIepeKEHHsT  OypWJIBHMKIB PO HOTEHIiaJbHi
mpoOyieMu, BU3HAYCHHS MICIh aBapil, BUKHIIB Ta
3aropsiHb.

OnHak BH3HAUEHHS TPAEKTOpPii CBEPATIOBHHU
HEMOXXJIMBO 3pOOMTH aOCOJIOTHO TOYHHUM 4epe3
MOXWOKM BUMIpIOBaHb 1 po3paxyHKiB. TouHicTh
MO3UIIIOHYBAaHHS TPA€EKTOPii CBEPIIOBMHM MOXKHA
MiIBUIINTH 32 JIONOMOTOI0 KOPEKIii MOMMJIOK, aie
MOBHICTIO YCYHYTH TIOMWJIKY HEMOMIJIUBO, TOMY
TPAEKTOPisl CBEP/UIOBHHM Ma€ HEBU3HAYCHICTH. [lpu
po3po01ti HaPTOBUX i Ta30BUX POMOBUII i3 MILTEHOO
CTPYKTYPOIO CBEP/UIOBHH 1 TOHKMMH IIapamu HadTH,
a TakoXX TmpH OypiHHI MOpchbkux Iwardop™m i
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PO3BaHTAXYBAJIBLHUX CBEPUIOBHH, OCOOJIMBO BAKIIHBO
KiJIbKICHO 0XapaKTepU3yBaTH HEBH3HAYCHICTh
TPAEKTOpii CBEP/UIOBHHH, 100 3MEHIINTH PH3HUK
OypiHHA. Ta WOKpPamUTH e]eKT Big po3poOKn
HagTOra30BUX pomosuir [1].

Taxum unHOM, TIpOOJIEMa MOAETIOBAHHS 30HU
PO3CIIOBaHHS ITOJIOXKEHHSI CTOBOYpa CBEPIUIOBHHH €
aKTYaJIFHOIO HayKOBOIO TIPOOJIEMOIO.

Metoo po0oTH € po3poOKa AITOPUTMY
moOyTOBH 30H PO3CIIOBAHHS MOXHOOK TMOJOXKCHHS
HaBKOJIO OypOBHX CBEpAJIOBMH Ha IUIaHaX 1 KapTax

1010 MTOJATBILIOTO BHUKOPHCTaHHS B
reoindopmaliiiHux cucTeMax.
IHkniHomepuyHi  docnioxeHHs1 ~ 6ypoeux

ceepdsioeUH ma ix noxubku

[HKTIHOMETpHYHI TOCTIKCHAS MPOBOIATH B
OKpEMHX TOYKaX TPAEKTOpii CTOBOYpY CBEpIJIOBUHH
32 JIONIOMOTOK0 IHKJIIHOMETPiB — TPHUOOPIB, IO
BUMIPIOIOTh TIapaMeTpH TPAEKTOpil 3a JIOIMOMOTOI0
Mar”iTHuX (abo TipOCKOMIYHMX) Ta TpaBiTaLifHKX
naryukis [1]. Li BUMiproBaHHS MOXKYTh IPOBOJIUTHCH
SIK B TIporieci OypiHHS CBEpAJIOBUHH, TaK 1 IICIs HoTo
3aKiHYEHHS.

ITapameTpamu TpaexTopii cToBOYypa
CBEP/UIOBUHH, 110 BUMIPIOFOTHCS npu
IHKTIHOMETPUYHUX ~ JOCHIDKCHHSIX €  BCIUYUHU

a3UMYTy o Ta 3€HITHOTO KyTa § B TOYKax TPaeKTOpii
ctoBOypa, a TakOX BiACTaHb Al MiX TOYKaMH
BUMIpIOBaHb.

I3 cBepAnOBHMHOIO TIOB’S3YIOTH  CHUCTEMY
MPSIMOKYTHHUX KOOPJIMHAT, II0 Ma€ IOYaToK B YCTi
CBEpAJIOBMHHM Ta HACTYITHI HANPSIMU OCEH:

Z — JIOHM3Y 32 HAIIPSIMOM TIPSIMOBHCHHUX JIHIH;

X — 3a MIBHIYHMM HANpsIMOM TeorpadigyHoro
ab0 MarHiTHOro MepH/iany;

y - 3a CXiIJHAM HampsMOM BiAIOBITHOT
napaielti abo IepreHIMKYIISIPHO 10 OCeH X Ta Z.

3amaua moOymOBH  TpaekTopii  CTOBOypa
CBEPUTOBUHM TOJSTae B ToMy [2], mo0 3a BimomMum

MacHBOM IHKJIIHOMETPUYHUX BHUMIpIB BH3HAUYNTH
KOOpJMHATH  BIANIOBIJHMX TOYOK B  CHCTEMi
KOOpJHMHAT, 1[0 TIOB’A3aHa 3 YCTSIM CBEPUIOBHHH,
TOOTO BHU3HAYUTH DIMOWHY Ta TOPHU3OHTAIBHI
3MIIIEHHS IO OCSIM X Ta ).
Mpoekuii (dx, dy, dz) enemeHTapHOTO

inTrepBaiy (dl) croBOypy CBEpAIOBUHH:

dx =dlcosasinb,

dy =dlsinasinf, (1)

dz =dlcos@.

[HTerpytoun i BUpasu Mo IOBXKHHI iHTEpBaILY
MOXIJIMBO OTPUMATH €JIEMEHTApHI IEepPEeMIIleHHS, aje,
OCKIJIbKY 3HaYeHHS GyHKIIH o = o(/) Ta 8 = 6(/) Bimomi
TITBKA B TOYKaX BHMIPIOBaHb, BiJOMi METOIH
OOYMCIICHHST ~ KOOpAWMHAT  TPAaeKTopii  CTOBOYypY
CBEpAJIOBUHA BHUKOPHCTOBYIOTh BCTaHOBJICHI
3aKOHOMIPHOCTI 3MiHHM 3€HITHOTO KyTa Ta a3uMyTy (iX
3MIAJPKEHI  3aJIeKHOCTI), a00 BBaXKAIOTHh BIJIOMOIO

TeoMEeTpito caMoro inTepBany [3].

OnmuuM i3 mpocTux Ta ePEeKTUBHHUX METOIIB
o0unCIIeHHS KOOpJIHMHAT TOYOK  TpaekTopii
CBEpAJIOBUHH € METOJ CepeiHboro Kkyrta [4].
Po3paxyHkoBi (opMynn KOOpAMHAT 3 ypaxyBaHHIM
MIPUIYIIEHb JJIS HOTO METOAY MAlOTh BUIJIAL:

N . 0., +6, o +a
x =1 -sin = cos =L
i 2 2
n
y:Zl,.-sin
i=2

z 6_,+6,
Z:zli 'COS%,
i—2

91'—1 + 91 Sin ai—l +ai , (2)
2 2

ne [ - noxuHa iHTEpBaNy MixK TOuKamu i-/ Ta i;

6:-1, 0; — 3eHITHI KyTH BiJIIOBIIHO B BEepXHiii Ta
HIDKHIM TOUKaX iHTEpBaIy BUMipIOBaHb;

Qi-1, 0i — Q3UMYTH B IUX TOYKAX.

HeranbHe BUBUYCHHS MTOXHOOK
IHKTIHOMETPUYHUX JOCHIDKEHh MOXHA 3HAWTH B
pobGoti [5], ne 3a3HaueHi MOXMOKM OyiaM yMOBHO
TIOJIIJICHI Ha TPH IPYIIH:

- IHCTpYMEHTAaJIbHI;

- TEXHOJIOTiYHi;

- TOXHOKH 00poOKH pe3yibTariB
BUMIpIOBaHb.

Iepmi nBi Tpymm CKIamarOTh IOXHOKH

npubopy sK 3aco0y BHUMIPIOBaHb Ta IOXHOKH
IOB’5I3aHi 3 TEXHOJIOTIEIO MPOBEICHHS BHMipIOBaHb.
Ili moxnOku BpaxoBYIOTHCS TaHUMH IIPO TOYHICTh
BUMIpIOBaHb ~ 3C€HITHMX  KyTiB Ta  a3UMYyTiB
KOHKPETHOTO IHKJIIHOMETpa Ta MONpaBKaMH [0
BUMIpsSHUX KyTiB. [Ipy mpoMy B niama3oHi Manmx
3eHITHUX KyTiB (0° - 50°) moxmOKu asuMyTiB, K
MIPaBUJIO, KOPEMIOIOTh 31 3HAYCHHSIMH 3CHITHUX KYyTiB
[4].

Tpers rpynma mnoxuOOK XapaKTepU3YETHCS
00paHMM METOIOM pPO3PaXyHKY KOOPJAMHAT TOYOK
ceepioBuHn [4, S5]. Pi3Ha TOYHICTP METOIIB
00YMOBIIIOETECS PI3HUM XapaKTEPOM «UyTIMBOCTI»
METO/IIB /10 MOXUOOK BUMIPSIHUX BEJIMYHH.

MetoguuHi  TOXWOKH, BJACTUBI  PI3HUM
METO/aM pO3paxyHKy KOOpAWHAT, MalOTh JIOCHTb
3HAYHUH PO3KUJL BiJl METOY JIO METOJY 1 3aJIeXKaTh, B
Mepury 4epry, BiJl OOpaHOTO METOMY PpO3paxyHKY
KOOpJMHAT, KPOKYy BHMIpIOBaHb 1 IapaMeTpiB
BUKPHUBJIEHHS  OCi  CBEpUIOBHHH. [ paHudYHa
(MakcuManbHa) 1 CepeAHBOKBAAPAaTHYHA ITOXHUOKH
BU3HAUCHHS KOOPJIMHATH, IO XapaKTepH3YIOTh
PO3CIIOBaHHS KOOPIMHAT TOYOK OCi CBEP/JIOBUHH (TaK
3BaHi Kosa a0o eJIICH PO3CilOBaHHS), BU3HAYAIOTHCS
3a popmyiamu [6]:

2| OF,
8 =2 2.1=19, 3)

5| OF,
=220 =m, | @)

e 5k,mk T'paHn4Ha Ta CCEPCAHbOKBAJApAaTUYHA
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IMOXUOKH BiJIOBIIHO;
F, - ¢ynkuia, 3a gxoi obuucmoersca k-ta

KOOpJHMHATA Ha i-My IHTEepBaJi,
X; - apryMEHTH, 0 BUMIPIOIOTBCS (IOBXKHHA,

a3UMYT Ta 3CHITHUH KYT).

Modeni poscitoeaHHs1 nMoxubok y moykax
euMmiproeaHb

PosrnssHeMO ~ HAaWOIMBII ~ TOBHY  MOJEIb
PO3IoIiTy TOXHMOOK y TIPOCTOpi Y BUIIISAIL ellincoina,
sKa BpaxOBY€ HEPIBHOMIPHICTb pO3CIIOBAaHHS 3a
HanpsiMam# [ 3, 5].

Jns  Bu3HAayeHHS mapaMeTpiB  enirncoina
MOXUOOK HEOOXiTHO CKIIACTH KOBapiallifHy MaTpPHIIO
MTOXMOOK KOOPANHAT TOYKHU TPAEKTOPII:

mf K xy K xz
2
nyz = ny my Kyz 2 (5)
sz sz n/lz2

ne K- — KoBapiamiifHa MaTpHIls, KA € CHMETPUIHOKO
BiTHOCHO TOJIOBHOI JiaroHaii, TOOTO, HANPHKIIA,
ny: ny;

mx, my, mz — cepeaHpokBagparnyHi nmoxuoku (CKIT)
(YHKIIIH, 110 BU3HAYAOTh KOOPIUHATH TOYKH;

Ky, Kxz, Ky: — KOpETNAIiifHi MOMEHTH BiIOBiTHIX
OIIIHFOBaHUX (DYHKIIIH.

Bupazn quist CKII koopauHAT TOUKH TPAa€EKTOPii
OTPHUMYIOTh 32 BiJOMOIO (pOpMYIT0I0 HOXNOKH (PYHKIIIT
BHUMIPSIHUX BEMYUH [4], 0 BUpaKaeThes (HOPMYIIO0
(4).

Cxmagemo Bupasu kBagpaty CKII mertony
CepenHbOro Kyra — (2).

Bbynemo matu:

Lo ,0.,+6, a_ +a,
mizzslnz i1 tCOSZ i—1 i 2
2
i=2

m; +
2

a_, +ta.
2 Y- i m; +
2

+%(Zl,.2 (cos’ Os 6 cos
i—2

0_.,+0 . ,a_ +a,
i—1 i San i—1 i m2 ))’
2 a
.0 +0 . Lo ta;
m? = sin® = —Lgin® Z=——L p?
T2 2 2

0 .,a  +a
e
2

+sin’

+

+ 1 (Z I (cos’ Ot (6)
2 & 2

6

i-1 2 aifl +ai 2

+0,
- CoS m>));
2 5 )
m? = (cos’ 640 m’ + llf sin’ 640 m).
s 2 2 2

+sin?

Bupasu  mis  KopenAmiiHUX —~ MOMECHTIB
OTPUMAEMO Ha OCHOBI HacTymHOI (opmyiH [6]

) ()

Is

k
$ 97,
X
J
- Ox; O,
ne fi, fs— Bupasu QyHKUil, MDK SIKUMH BH3HAYAETHCS
KOPEJISIIHHNI MOMCHT.
Otpumaemo:
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o +6 a  +a, a  +a,
ny :le 2 Yi-l ‘ sin i-1 L cos i-1 i m12 +
= 2 2 2
+_ﬁ:12 a171+at aifl-‘rai( 20i71+€i 2 _
2.1 sin 5 5 cos 5 my
1
: 22 Yi-l 2.
—sin” — ~m);
6, +06 0_ +06. a._ +a,
K, =Y sin—=—" cos = cos —=—L.
TS 2 2 2 8
| ®)
2 22N,
(m _Eli my);
K :isin 0.+, cos 0.+, sin T 7%
o 2 2 2
1
2 2.2
(m _Eli my).
lomoBHi  pamiycm  emincoiza  MOXHOOK

3HaWAEMO, SIK BIIACHI 3HAYCHHS MATPHII MOXHOOK, i3
XapaKTEPUCTUYHOTO PiBHSHHS TPETHOTO MOPSIKY [7]:

A =12 +LA-1,=0, )
ne:l1, I2, I - iHBapianTy piBHAHHA (9), 10 Y BUNAIKY
Marpui (5) MalOTh BUTIISL:

[N

—m? .
I =m+m; +m;

N

2 2 2
— mx ny mx sz my K)’Z .
2= 2 + 2 + 202 ( 1 0)
K » m y K zx m, sz z
m, K, K.
2
] 3= ny m y K}vz °

2

K zx K zy m,

Posp’s3aBmm  piBHsHHA (9) BimHOCHO 4,
OTPUMAEMO TPH KOpPEHi A7, A2 Ta A3, 3 SKUX MOXHA
3HAMTH rOJIOBHI pajiycH

az\/z,bZ\j_,CZ\/Z;
(11)

Jie JJIsl OUTBIIOTO KOPSHIO BUKOPUCTAHO ITO3HAYCHHS

A1, CEPETHBOTO - A2, @ UIT MEHIIIOTO - 3.
Hanpsimu ~ ronoBHux  oceit

OTPUMAEMO i3 CUCTEMU PiBHSIHB[7]

ejircoina

(m} —A)cosa+K, cos f+K _cosy=0;
K, cosa+(m; —A)cos f+K _cosy=0; (12)
K_ cosa+K_ cosf+(m:—A)cosy =0,

e A — KOpiHb XapaKTEepPUCTUYHOrO piBHSIHHA (9),
SKOMY BIANOBiZa€ HANPSMOK, IO YTBOPIOE 3
KOOPAWHATHUMH OCSIMH X, ¥, Z BIATIOBIIHO KYTH @, 3, 7.

[incraBnsroun no cuctemu (12) 3HAUCHHS
KOpEHiB A1, A2, Ta A3 OTPEMAEMO HANPSIMH TOJIOBHUX
niametpiB (au, f1, y1), (02, B2, y2) Ta (as, f3, y3), AKi €
B3a€MHO MEPICHANKYIISIPHUMH.

[Ilo6 mepeiitu nmo moOOymOBHM ernimncoina
HalMIIeMO HOTo MapaMeTpHU4Hi PiBHSHHS BiZHOCHO
TOJIOBHUX OCEH, 3a SIKi MPUHHSITI OCi X, y, Z IeKapTOBOL
IIPOCTOPOBOi CHCTEMH KOOPJIUHAT

x'=acosucosv,y =bsinucosv, z' =csinv. (13)

[lincraBnsroun TMpaBy YacTHUHY IHX (OpMyI



ISSN 1996-1588

Hayxosi npayi [JonHTY

Ne2(37), 2023

Cepin “Ingpopmamuxa, xibepnemuxa
ma 004UCTI08ATbHA MeXHIKa ™

3amict x', ), z' 1o GopMyI nepeTBOpeHH KOOPAUHAT

BIIHOCHO  JIOKQIbHOI ~ CHCTEMH  KOOpAHMHAT
CBEP/JIOBHHU:
' ' ’.
x=x+lx'+Ly' +1.z"
Y=y mx mp) tmz (14)

z=z +nx'+ny +nz,

1€ X,,V,,z, - KOOPIMHATH TOUKH OCi CBEPIUIOBUHH, B
SIKifl BU3HAYAETHCS CIIICOTT PO3CiIOBaHHS;
I, =cosa,,m; =cosf3,n =cosy, - KoehilieHTH
TIEPETBOPCHHSL.

[I{o6 crpocuTH MOJIENb, pa3oM i3 emnincoinom
MOXWOOK, IO BH3HAYAE MPOCTOPOBHUN PO3IOILT,
3aCTOCOBYIOTH cdepy moxubok [4], pamiyc sxoi

JTIOPIBHIOE
M., :qlmf-i-m)z,—i-mzz . (15)

3a aHaOTI€0 3 IPOCTOPOBOIO MOJIEILTIO, 33 IS
CIIPOLLEHHS 00YHCIICHB Ha TIPaKTHIII €
PO3TOBCIO/PKEHIMH TTOOYIOBH Ha TUIAHAX TIPHUYHAX
poOIT KiT pO3CifOBaHHS, IO 3aMiHIOIOTH CIIICH
pamiycw SKAX BH3HAYarOThCA 3a Qopmynoro (15) y
BUNAJKy SKIIO TOTPiOHO BpaxyBaTH IOXHMOKH 3a
TIIMOWHOTO, 200 32 BHPA30M:

(16)
SKIIO TOTPIOHO BpaxoOBYBAaTH TiJIbKH ITOXHOKH
TIOJIO>KEHHS Ha TUIaHi.

OtpuMaHi 3aJIe)KHOCT] JO3BOJSIIOTH OyayBaTh
30HM pO3CIIOBaHHS B TOYKaX IHKJIIHOMETPHYHUX
JIOCHI/DKEHb. 3 METOI0 OTPHMaHHS OLIHIOBAHHS
PO3MIpiB 30H Y3[I0BX BCi€l CBEpAJIOBHUHHU, PO3POOHMO
MOJIeTIb IHTEpHOALIl 3HaYeHb MapaMmeTpiB 30H MiX
TOYKaMH BUMIpiB.

_ 2 2
M, =+m; +m,,

Anzopumm nobydoeu 30H pO3Cit08aHHSI
noxuboK MosIoKeHHs1 Haekosno 6ypoeux
ceepdsiIo8UH

B poboti [6] Oyna 3ampomoHOBaHAa MOIENb
30HHM PO3CIIOBaHHS MOXWOOK Yy BHIJISII ENINTHYHUX
WTHAPIB, MO € JOTHYHUMH JIO SIIIICOi iB IIOXUOOK Y
TOYKaxX  BHMIpIOBaHb. 30Ha  PO3CIIOBaHHSI €
ITOBEPXHEIO, [0 OTHHAE CIMEHCTBO TAKWX IFIIHIPIB.
Peamizamis Takoi Momeni moTpeOye  BiTHOCHO
CKJIaJHAX PO3paxyHKIB 1 Ha NpaKTHLi MoOXe OyTH
CIpoIlIeHa 32 PaXyHOK 3aMiHHM EJIINCIB Ta EJNINCOiiB
BIJINIOBITHMMH KOJaMH Ta chepamMu, OTPUMaHUMH Ha
ocHOBI popmyi (16) Ta (15).

Orxe, 3rifHO 3 TPUHHATHM  METOJOM
PO3paxyHKy TpaeKkTopii cToBOypa CBEpUIOBHHH, KU
nepenoavae JiHIHHY IHTEPIIOJLIIO AIISTHOK CTOBOYPY
MDK ~ TOYKaMH  BHMIpiB, Oylne  NpUHHATHUM
PO3MOBCIO/KEHHST  JIHIAHOI ~ 3aJIEKHOCTI Mk
rapamMeTpamM 30H po3citoBaHHA. [lpu mpoMy Juis
MOJIaJIBIIION0 BUKOPUCTAHHS Oa’kaHO MAaTH NPHIATHY
JUIs  KOHCTPYKTHBHHX IOOYIOB Mojenb. Tomy
3yNMHUMOCH HAa MOZENI TPECTABJICHHS 30HH
PO3CIIOBaHHS B KOXKHIM TOWIll CTOBOYpY y BHUIIISAIL
chepu pamiycy (15) JUIS  TIPOCTOPOBOTO

75

MpeJICTaBICHHS, a00 BIAMIOBIAHUX Kinm pamiyciB (15)
a60 (16) — w1g npencTaBIeHHS Ha TUIaHI:

_ ' 2 2 2
’;’ - mxi +myi +mzi s

abo
_ 2 2
7 —Jmﬂ.—i—myl.. (17)
JIiHIiHO ~ IHTEpHONIOIOYM  pPajiycH  MIX

00YMCIICHUMH B KIHIIEBUX TOYKAX JIAHOK ITPOCTOPOBOL
JlaMaHOI OCi CBEpJIOBMHM OyIEeMO MaTH KOHYCH SIK
OTMHAIOYM TIOBEPXHI BIAMOBIMHUX cimed cdep.
AmnasioroM Takoi iHTepmoyAmii Ha IIOmuMHI Oyne
mo0OyIoBa CIUTPHUX 30BHINIHIX JOTHYHHUX 0 Kill
poscitoBaHHs y Toukax BHMIpiB. Ilepeiimemo mo
posrisiy ananiTHaHoi Mozeni. Ha ocHoBi Bupasis (17)
OTPHUMAEMO ITOCITIJOBHOCTI BIJIOBIAHUX PajiyciB, a Ha
OCHOBI  BHMpa3iB (2) 3HaiieMO  KOOpIMHATH
BiAmoBimHMX M 1eHTpiB cdep Ta kin. Beememo
MTO3HAYCHHS IS PAIYCIB 7i, IS UEHTPIB — Xci, Vei, Zei
(i=0..k), ne xco, yeo, zco BABHAYAFOTH KOOPIAMHATH yCTS
CBEPAJIOBUHH, Xck, Vck, Zck BIAIIOBINAIOTH PO3PaxXyHKy
KOOPJMHAT B OCTaHHIH TOYILI BUMipIOBaHb.

Haii, nuist koxxHOT apu cdep (ki) BU3HAYNMO
rapamMeTpy II€pPEeTBOPEHHsT KOOpAMHAT JO HOBOL
CHCTEMH 3 II0YaTKOM B NOTOYHIH Touti P;.

Jst npocTopoBOi MOzE Bich z HOBOT CHCTEMHU
CYMICTHMO 3 HaIpsIMOM OCi CBEPUIOBHHHU Bij
motouHoi Touku P; B cropoHy Touku Piv1. 100
OTpUMAaTH OPT OCi CBEPMIOBHHH, CKOPHUCTAEMOCH
HaCTYITHUMH BHPa3aMHU:

Xiivr =X Xy
Vit = Vi = Vi1 » (19)
Ziin =% T Zin
Hanpsimuai  xocuHycn 1i€i ocM  MaTHMYTh
BUTJIISIL
X. . V., Z..
1,0 +1 i,i+1 i+l
L = > My = > My = ) (20)
|li,i+1 |li,i+1 |li,i+1
2 2 2
ae ‘li,izl‘ = \/xi,i+1 Vi T2
B ymoBax Mmozmeni Mu BUIbHI B 0OpaHHI
HampsiMiB ~ oce X, )° B  IUIOWMHI, IO

MEpHEeHANKYISIPHOTO 110 OOpaHOro HampsiMy Ta
MIPOXOJMUTH dYepe3 Touky Pi. 3amns BH3HAUEHOCTI
puiiMEMO, HaNpHKIaL, 32 HAOPSMOK OCi x” HampsM
BiJIpi3Ka, 110 3’ €THY€E MPOEKIIiI0 YCTS CBEPJIOBUHH Ha
IO IUIONMHY 3 Toukowo P; (y Bumaaky, xomm 1

MPOEKIisSl € HEBU3HAYCHOIO BICh CBEPAJIOBHHU
30iraeThCsi 3a HANpPSAMOM 3 BICCIO z, a, OTXKC,
MIEPETBOPEHHSI ~ KOOpAMHAT Oyle  mapaienbHUM
neperecenHsM). KoopauaaTu 11p0T0 Bifpi3zka
xl +ym,
- — —_ 11 1 1
Xo,i =Xis Voi =Vis 29 =~ —- (21)
i
Hopmyroun  BexkTop  HBOrO  HampsMy,
OTPUMAEMO HaIpsMHI KOCHHYCH OCi X
X, y . Z -
0,i 0,i 0,i
A (22)

i s m; = sy = .
Ip,. | Ip,. | Ip,.
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Hampsimox opra oci )" MoXHa 3HaWTH 3a
3BUYalfHUMHU (OPMYJIaMH BEKTOPHOTO JTOOYTKY BXKe
3HANICHUX OPTIB:

L

m,; = n},ill,i - nl,il3,i7

=my ny = my N,

(23)
n, =bLm  —1l m,

Konyc, normunmii 1o cdep poscitoBaHHS
MOXHOOK B Toukax P; Ta Pi+1, Mae CBOEIO BICCIO BiKE
BU3HAUCHWH HANPSMOK TIIOTOYHOI JUISHKH  OCi
cBepUI0BHHM. Moro mapameTpuuHi piBHAHHS B HOBIif
CHCTEMI MOXHA 3alicaTH y BUTIISL

i

x' = +usina |cosv,
cosa
, r . .
y' = +using [sinv, (24)
cosa
z'=ucosa

Jie 0. — KyT HaXWIy TBIpHOI IOTUYHOTO KOHYCY.

Ie#t xyT, HOro KOCHHYC Ta CHHYC MOXJIMBO
OTpHMaTH 3 BUPA3iB:

.

o, = arctg

2

= h

cosa, = ,sing; =

E

i,i+l |li.i+l

(25)

|1
’;‘+1 i

2
\/|li, | (7;‘+1 -5 )2

Me3xi 3MiHK TapaMeTpy v € crangapTHuUMH — [0,
2], mapaMeTp u MOBHHEH 3MIHIOBATHCh B MEXax Kil
JIOTHKY KOHYca 31 cepamu, 1ei iHTepBai Moxke OyTH
OTpHMaHHUH 3 BUPa3iB:

[—rl. sing;, |l,.’ | —7sing, J (26)
[epetinemo 1o po3rasay moOyA0B Ha riaHi. B
IFOMY BHUMAIKy HANpsAMOK OCi X HOBOI CHCTEMH

OyJeMO BH3HAYaTH TOPU3OHTANBHOIO mpoekiiero i
MOTOYHOI JIaHKM JIaMaHoi oci cBepanoBuHHM. Llei
HalpsIMOK MOKe OyTH OTpUMaHHWI 3a aHaJIOTi€0 3
IIPOCTOPOBOIO CXEMOIO:

xii+1

cos Q. = ,sing, = =L (27)

‘ i, i+l

1 I ) 2 _
ae ‘li,i:l‘ =, /xh i1 TV JIOBXKUHA

TOPU30HTAIIBHOT ITPOEKIIi.

Tomi KyT MK JOTHYHAMH O  KiI
pO3CIIOBaHHS Ta HOBOIO BicClo X Moxe OyTH
BHU3HA4YECHUH SIK

i — 1

i -

o, = arctg (28)
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PiBHSHHS CHIIBHOI JOTUYHOIL KiJI i, Fi+1

!

’
’ r yz'_yl‘ ’
Y=yt ,I ,I (x"—x,) (29)
2 X
ae x, =-rsina,, y,, =t r,cosa,,

g SNy, Yy = * 141 COSQ, . (30)

Xy = ‘li,Hl

[MincraBuBmm piBHsHHES (29) 3amicte ) mpm
o0unciieHnX napaMeTpax 10 (OpMyJ TEepeTBOPEHHS
KOOpJMHAT Ha IUIONIMHI, OTPUMAEMO pIiBHSHHA
IIpsAMOT:
x=x,+x'cosp —y'sing, 1)
y=x +x'sing +y'cosg.
[Ilo6 moOymyBaTu 1Ba Bifgpi3ka NpAMHUX JIHIHA
JIOTHYHHUX JO KiJ PO3CiIOBaHHs, MOTPIOHO y BUpasu
(29) Ta (31) mpu pi3HUX 3HAYCHHSIX TOABIHHOTO 3HAKY
B (30) migcTaBuTH 3HAYCHHS X MEXaxX 3MiHM BiJI X1; 10
X2i.

Orxe, Ha OCHOBI OTPHUMaHMX 3aJICKHOCTEH
MOXHa  c(OpMYJIOBaTH  HACTYHHHH  aIrOpUTM
MoOYZOBH 30HM PO3CIIOBaHHS IOXMOOK HAaBKOJIO
CBEpAJIOBUHHM Ha IUIAHI:

- moOyayBaTH Kojia pajiyciB 7; B TOYKax
Pj(G =0,...,k);

- IS KOXKHOI i-1 TOYIll 1HKJIIHOMETPHUYHHUX

nocmimkens Big 0 go k-1:
1) o6uucnutu nosxuny npoekiii |11

>

2) mepeBipuUTH 3HAYCHHS ‘l,-,m Ha PIBHICTh

HYJIEBI, SIKIIO ‘li,m =0 mepeiTi 10 HACTYNHOI TOYIIi;

3) npu ‘l;,m >( po3paxyBaTH 3HaYECHHS COS @; Ta

sin ¢; 3a dopmynamu (27) Ta BU3HAYUTH KyT o 32
dopmyroro (25);

4) po3paxyBaTH TapaMeTpH Xii, Vi, X2i, }2i 3@
Bupazamu (30);

5) moOymyBaTé ABa Bimpi3ka MpsMUX JiHIA 3a
Bupazamu (29) Tta (31) mpm pi3HMX 3HAUCHHAX
nojBiiHOrO 3HaKy B (30) Ta Mexax 3MiHM X BiJ X1i 10
Xp;.

Ha puc. 1 300paxeHo  pesynbratu
MOJICTIIOBaHHSI 30H pO3CiIoBaHHSA N0OynOBaHI Ha
OCHOBI  JaHMX  pEAIbHUX  IHKJIIHOMETPHYHUX

nmochipkerb cBepmimoBuH HS5552 ta H 3956 maxTti
«Karmitansaay JI1 «MupHOrpansyriusy, mo Oyiam
nmoOyZoBaHI 3a 3alpOIIOHOBAHMM aITOPUTMOM. B
IH)KCHEepHI TNPaKkTUIl MOKEe BHHUKHYTH HOTpeda
MoOYZOBH 30HM PO3CIIOBAHHS IOXMOKHM Ha IIEBHOMY
TOPU30HTI (piBHi TITMOMHA CBEp/JIOBHHN).
BukonaBmm rpadiuni moOynoBu 3a po3poOieHHM
NrOpPUTMOM, pO3B’S30K Iii€i 3amadi HE BH3WBAE
YCKJIa/IHCHB.
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Pucynox 1 — Pe3ynbratin MoJienioBaHHS 30H pPO3CiIOBaHHS 1T00YI0BaHI Ha OCHOBI JaHUX peabHUX
IHKJITIHOMETPUYHMX AOCIiKeHb cBeputoBuH H5552 (a) ta
H 3956 (6) maxTtu «Kamnitaxsna» 1 «MupHOTrpanByrimus

Mo>kHa 3alponoHyBaTH, SIK KOHCTPYKTHBHUH,
TaKk  aHANTHYHUA  BapiaHT  pO3B’A3Ky.  3a
KOHCTPYKTUBHMM BapiaHTOM CIIOYaTKy METO/0M
rpadiuHoi iHTEeprnosLii 3HaXOAWThCS TOYKa Ha OCi
cToBOypy cBepaiosunn — P_126 (puc. 2), mo mae
3aaHy TIMOHNHY.

Haii, 3 wi€el Toukn OyayeThCsl MEPHSHANKYIISP
10 OyIb-SIKOi 3 TBOX BI/IITOBITHUX JOTUYHUX HA TUIAHI

i Ha MepeTHHI 3 TOTHYHOK OTPUMYEThCs Touka (P -
126), BIACTaHb Big TOYKM CTOBOypa /MO SIKOi
BU3HAYaTUME pajaiyc (7-126) ULIyKaHOro  Koia
pO3citoBaHHS. AHAIITHYHUN PO3B’SI30K IS pajiycy
3aJIeXKHTh BiJ BificTaHi X (MK BiZJOMOIO i -I0 TOYKOIO
HA TUIaHi Ta MOTPiIOHOIO TOYKOIO 0CI) JTa€ BUPa3:

(32)

p— 4 ]
¥, =r+x;sing,.
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B pobGoti Oyno po3ristHyTO 3aJIe)KHOCTI, IO
JIO3BOJISIIOTH PO3PaxXOBYBAaTH MapaMeTpy EITNTHIHUX
Ta KPYrOBHX 30H PO3CIIOBaHHS MOXHOOK ITOJIOXEHHS
TOYOK CTOBOYpY CBEpAJIOBHH Ha IIJIaHi Ta B IIPOCTOPI.
Ha wmiii ocHOBi Oyso 3ampONOHOBAHO CHPOLICHUH
aNTOPUTM JUIs NOOYZ0BH 30H Y BUIIIAAL Kit (cdep) Ta
MOTUYHUAX N0 HUX (HOTHYHUX KOHYCIB). [IpoBemeHo
KOMIT'IOTEPHE  MOJICNIOBaHHA 332  PO3pOOJIEHHM
aNropuTMOM HOOYIOBH 30H poscitoBaHHs. OTprMaHa
B poOOTI MaTemMaTW4yHa MOJENb IOOYZOBH 30H
PO3CiIOBaHHS MMOXHOOK HABKOJIO OYPOBHX CBEPAJIOBUH
€ TIPOCTOIO Ta e(h)eKTUBHOIO 3 TOUKH 30pYy il peasizamii
y TreoiHpopMamiiiaux cuctemax [8], Takux sIK,
nHanpuknan, K-MINE [9]. Anroputm, 1mo peanmizye
3a3HaueHy  MOJENb,  BH3HAYAETHCS  JIHIHHOIO
cknanHicTio — O(n).
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Pucynok 2 — [ToOyToBa KoJia po3citoBaHHs Ha 3a/1aHill TITHOMHI

Cniucok nimepamypu

1. Well Trajectory Measurement Error Based on Gyro Survey / Diao B. et. al.; 5th International
Conference on Green Energy and Sustainable Development.E3S Web Conf., 2022. vol. 358. 5 p. DOI:
https://doi.org/10.1051/e3sconf/202235801008/

2. Liu X. Quantitative recognition method for borehole trajectory models. Petrol. Explor. Develop.,
2018. Vol. 45, No. 1. P. 154-158. DOL: https://doi.org/10.1016/S1876-3804(18)30015-6
3. bmmzniok B.O., @ponos B.O. MonenmoBaHHsl TpPaeKTOPi CKPHUBJIEHHX CBEPIUIOBHH METOJOM

TeNKOINaNbHAX YT HayKOBi mpani JIOHEBKOTO HAIiOHATFHOTO TEXHIYHOTO yHiBepcutery. Cepis:
Indopmaruka, kibepHeTHKa Ta 0OUNCITIOBaIbHA TeXHiKa, [TokpoBchk, 2017. Ne2, No 25. C. 12-21.

4. Xamumenauk HO.M., ®@pono B.O. BpaxyBanus moXuOOK iHKIIHOMETPHUYHHUX JOCTIDKEHb IPH
BU3HAUCHHI MEX HeOEe3MEeYHNX 30H 3a MPOPUBAMHU BOAW Y OypOBHX CBEpUIOBHH. BicTi JIOHEIBKOTO TipHUYOTO
inctutyty, [TokpoBcbk, 2018. Nel1(42). C. 7-15. DOI: https://doi.org/10.31474/1999-981x-2018-1-7-15/

5. Diao B., Gao B., Jiang C. Contribution Rate of MWD Survey Error Sources on Well Trajectory
Measurement Error. 2019 International Conference on Oil & Gas Engineering and Geological Sciences 28-29
September 2019, Dalian, China. IOP Conference Series: Earth and Environmental Science, 2019. Vol. 384. 8 p.
DOI: https://doi.org/10.1088/1755-1315/384/1/012226

6. Liu X. Borehole trajectory uncertainty and its characterization. Petrol. Explor. Develop., 2019.
Vol.46(2). P. 407—412. DOI: https://doi.org/10.1016/S1876-3804(19)60021-2.
7. Kanentok I1., Pubunpka O., IBacuk I'. JliniliHa anreOpa Ta aHamiTHYHA reoMeTpis: HaBd. mocid. /

nepeki. Spomupa BOI‘/'ITOBI/Iqa; M-Bo OCBiTI/I 1 Haykn Ykpainu, Ham. yH-T «JIpBiB. noniTexnikay». JIbBiB: Bun-Bo
JIbBiB. momitexniky, 2019. 160 c.

8. Xiao N. GIS Algorithms: Theory and Applications for Geographic Information Science &
Technology. SAGE Publications Ltd, 2016. 336 p.
9. K-MINE: KommuiekcHi pimenss st ripaudogo0ysroi npomuciosocti. URL: https://k-mine.com/ua/

([dara 3Bepuennst 02.01.2024)

References

1. Diao, B., et al. (2022), “Well Trajectory Measurement Error Based on Gyro Survey”, 5th International
Conference on Green Energy and Sustainable Development, 358, 5 p.

78



ISSN 1996-1588 Hayxosi npayi [JonHTY Ne2(37), 2023
Cepin “Ingpopmamuxa, xibepnemuxa
ma 004UCTI08ATbHA MeXHIKa ™

2. Liu, X. (2018), “Quantitative recognition method for borehole trajectory models”, Petrol. Explor.
Develop., 45(1), pp. 154-158.
3. Bliznuk, V., Frolov, O. (2017), “Modeling of well tractories by the method of helikoidal arcs”

[Modeliuvannia traiektorii skryvlenykh sverdlovyn metodom helikoidalnykh duh], Scientific papers of Donetsk
National Technical University. Series: “Informatics, Cybernetics and Computer Science”, 2(24), pp. 12-21.

4. Khalymendyk, Y., Frolov, O. (2018), “Accounting of inclinimeter survey errors and determination of
borders of dangerous areas around drilling wells” [ Vrakhuvannia pokhybok inklinometrychnykh doslidzhen PRY
vyznachenni mezh nebezpechnykh zon za proryvamy vody u burovykh sverdlovyn], Journal of Donetsk Mining
Institute, 1(48), pp. 7-15.

5. Diao, B., Gao, B., Jiang, C. (2019), “Contribution Rate of MWD Survey Error Sources on Well
Trajectory Measurement Error”, 2019 International Conference on Oil & Gas Engineering and Geological
Sciences 28—29 September 2019, Dalian, China, 384, 8 p.

6. Liu, X. (2019), “Borehole trajectory uncertainty and its characterization” Petrol. Explor. Develop.,
46(2), pp. 407-412.
7. Kaleniuk, P., Rybytska, O., Ivasyk, H. (2019), Linear Algebra and Analytic Geometry. [Liniina alhebra

ta analitychna heometriia: navch. posib. / perekl. Yaromyra Voitovycha; M-vo osvity i nauky Ukrainy, Nats. un-t
«Lviv. politekhnika»] Basic Course, Lviv Polytechnik, 160 p.

8. Xiao, N. (2016), GIS Algorithms: Theory and Applications for Geographic Information Science &
Technology, SAGE Publications Ltd, 336 p.
9. K-MINE: End-to-end Mining Industry Software & Mining Consulting [Kompleksni rishennia dlia

hirnychodobuvnoi promyslovosti], available at: https://k-mine.com/

Haoitiwna 0o pedaxyii 13.12.2023

O. FROLOV

Simon Kuznets Kharkiv National University of Economics, Kharkiv, Ukraine

frolgx@gmail.com

DISPERSION ZONES OF BOREHOLE POSITION ERRORS AND THEIR DISPLAY

The problem of determining the accuracy of the well position in space is considered. The relevance of the study is
due to the prevalence of the use of spatial information, based on geophysical measurements of wells, to solve
engineering problems. The aim of the work is to develop constructive and analytical models for defining the
distribution zones of inclinometric measurement errors that form around boreholes and determine their position in
the underground space. The methods of calculation of wellbore trajectory points and methods of calculation of
errors of their position were analyzed in the work. For modeling, the method of the mean angle was adopted, which
reproduces the sections of the wellbore between the measurement points by the segments of the polyline, which is
determined by the average values of the angle measurements of the directions. The expressions that define the
parameters of the shape and position of the distribution zones of the mean square errors have the form of ellipsoids
for the spatial model and ellipses for the plane model are obtained. A simplified model in the form of spheres and
circles of mean square errors, for which only the parameters of radii are determined, was also considered. The
obtained expressions were used in the model of linear interpolation of the parameters values of the zones between
the measurement points. The parameters of the linear interpolation model representing the distribution zones in
space as the form of cones tangent to the spheres at the points of inclinometric researches were determined. An
algorithm for computer modeling on plans has been developed, which constructs zones in the form of circles of
projections and straight lines tangent to them. A constructive and analytical expression for calculating the radius
of the circle at any point of the trajectory is also obtained. Examples of modeling of error distribution zones around
boreholes based on real data are given.

Keywords: wellbore, inclinometric observations, geoinformation system, interpolation, polylin
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