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A. ®@. Bepaanb*, 1-p TexH. HayK, npodecop,
B. A. ®exopuyk**, n1-p TexH. HayK, mpodecop

*[HCTHTYT TIPOOIEM MOJEITIOBaHHS B €HEPIeTHII

imeni I'. €. [lyxoBa HAH Ykpainu, M. Kuis,
**Kam’sHenb-11o1iIbChK I HAIliOHATLHIA YHIBEPCUTET
imeni IBana Orienka, M. Kam’ saers-IToginscpkmin

BIAHOBIEHHA CUTHANIB B CUCTEMAX
CNOCTEPEXEHHA TA KEPYBAHHA HA OCHOBI
PO3B'A3YBAHHA OBEPHEHOI 3A0AYI 3 YPISAHHAM
CNEKTPY AOPA IHTETPAIIbHOIO OMNMEPATOPA

Ipu po3B’s13yBaHHI 33724 KepyBaHH:, KOHTPOJIIO Ta AIarHOCTH-
KA Ba)XJIMBE 3HAYEHHA Ma€ JOCTOBIPHICTH PE3YNBTATIB CIIOCTEpE-
JKEeHb, SKi OTPUMYIOTHCS 33 JOTIOMOTOI0 PI3HOMAaHITHHX BHUMIpIOBa-
JBHUX TepeTBoproBauiB. [IOKpallleHHs TEXHIYHUX XapaKTEPHCTHK
TaKUX HPUIIAZIB € aKTYaJIbHOIO 33/[a4€H0, OCKIIBKM TEMITH 3POCTaHHS
BUMOT JI0 TOYHOCTI CHCTEM CIIOCTEPEKEHHS BHIIEPEDKAIOTh TEMIIH
3pPOCTaHHS TEXHIYHMX MOXIMBOCTCH, OOMEXECHHMX 4acTO HE JIMILE
ICHYIOUNMH TE€XHIKO-€KOHOMIYHAMH YMOBaMH, a i (i3MIHIMHI MOXK-
JIMBOCTSIMU BiATIOBITHUX NpPWJIANiB IS NMPAMHUX BuMiproBanb. On-
HIM i3 crIOCO0iB MiBHIIIEHHS PO3IUIHHOI 31aTHOCTI BUMiPIOBAIEHIX
MEpPEeTBOPIOBAYIB € OTPHMAHHS 3aJICKHOCTEH, IO XapaKTepu3yoTh
JIOCITIKyBaH1 IpoIecH i 00'€KTH, 3a pe3yIbTaTaMi HENPSIMUX BUMi-
PIOBaHb HUIIXOM PO3B’SA3yBaHHS 3a7adi 0OCpPHEHHS OIepaTopiB, 0
OITHCYIOTh 00'€KTH 1 CHCTEMH CIIOCTEPEIKECHHSI.

B po6oTi 3ampornoHoBaHO MinXia 0 MOOYIOBH MaTeMaTHIHHX
MOJIeNiei JIMHAMIYHAX OO0'€KTIiB i CHCTEM Ha OCHOBI BHKOPHCTaHHS
MaTeMaTHIHHUX MOJIENeH, 110 ONMCYIOTHCS B iHTerpanbHiit popmi. Po-
3IISHYTO MTHTAHHS 3aCTOCYBaHHs iHTErpaJbHUX MOJIENIeH pH po3B’si-
3yBaHHi 3a/[a4 BiTHOBJICHHs CHUTHAJIB, SIKi PEECTPYIOThCS Ha BUXOJI
BUMIPIOBAJIGHHUX IIEPETBOPIOBAYIB CHCTEMH CHOCTEPEKEHHS. 3ampo-
MOHOBAaHO HOBUH METOA, IIO Ja€ 3MOTY MiJ[BHIIUTH TOYHICTH IPH
PO3B’s13yBaHHI OOEpPHEHMX 3a/1ad, SIKi OMUCYIOTHCS IHTErpaTbHUMHU
piBHsAHHAME DpearonpMa MepIoro poay, IHUIIXOM YCIUeHHs CIIeKTpa
si7ipa IHTErpaJIbHOro orepatopa. BHKOHAHO YHCIIOBI €KCHIEPUMEHTH
[IOJI0 JTOCTI/PKEHHSI BIUIUBY MMOXUOKH OOCPHEHHS sipa iHTerpaIbHO-
TO OllepaTopa Ha TOYHICTh 1 CTIMKICTh PO3B’SI3yBaHHS IHTETPATBHUX
PIBHSIHB 3TOPTKH IEPIIOTO POIY B CIIEKTPANIBHIN 00JIacTi.

3anpornoHoBaHi B poOOTi CIOCOOM OMUCY MaTeMaTHIHHUX MoJieseit
1 aNTOPUTMIYHI Ta TPOTpaMHi 3acO0M X KOMITIOTEpHOI pearizarti 1a-
FOTh 3MOTY MIIBUIIUTH €(EKTHBHICTH PO3POOKH 1 TIPOEKTYBaHHS Ke-
POBaHHX THHAMIYHMX 00 €KTIB 1 CHCTEM 3aBISKH PO3IIMPEHHIO CIIEK-
Tpa MAaTEeMaTUYHUX OMHUCIB TMHAMIYHUX 00’ €KTIB, 1110 JTO3BOJISE OUTBII
TIOBHO 1 aJICKBATHO BiTOOpa’kaTH BIACTHBOCTI PEAIbHUX CUCTEM, a Ta-

© A. ®@. Bepnanb, B. A. ®enopuyk, 2018
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KOXX 3aCTOCOBYBATH OLIBIINY KUTBKICTH CIIOCOOIB YMCIIOBOI peasisartii
MOJICIICH, aJANTYI0UH aJITOPUTMH JI0 TICBHHUX KJIACiB 3a/1a4.

KurouoBi cinoBa: nidsuwenna pozoinvhoi 30amnocmi eumipio-
8aHb, MAMEMAMUYHA MOOenb, 3a0a4a GIOHOGIEHHA CUSHATY, Me-
moo pezynapusayii.

Beryn. BakinBoro nmpo0sieMoro TOCIiKEHHS 1 KOHTPOJIIO THHAMIY-
HUX 00'€KTIB € PO3B’sI3yBaHHsS 3a/ay IHTEPIpeTallii pe3yabTaTiB CIOCTe-
pekeHb (B TOMY YHCII BiTHOBJICHHS BXIJHUX CHUTHANIB JaTYHKIB) i 33724
inentudikarii. B ocHoBHOMY mOTi0OHI 3a/1a4i BUHUKAIOTH BHACIIOK HEJ0-
CTYITHOCTI 0€3MOCepeITHhOMY CIIOCTEPEIKCHHIO 0aratboX IPOLECIB, IO
MPOTIKAIOTh, HAPUKIIA/A, B YMOBaX BHCOKHX TEMIIEpaTyp, THCKIB 1 MIBU/I-
KOCTE#, a TAaKOXK CKJIaJHOCTI CTBOPEHHS BIAMOBIHUX MPWIAAIB IS MPSi-
MHUX BHMIpIOBaHb. [IpH 1bOMY 3aJI€XKHOCTI, IO XapaKTEePU3yITh JOCHTi-
JUKyBaHi Tmporiecu i 00'€KTH, MOYKHA OTPHMATH 3a PE3yJIbTaTaMH HETps-
MHUX BHMIpIOBaHb IIJISIXOM PO3B’S3YBaHHS 3a7adi OOCpHEHHS OIepaTopis,
1[0 OITKCYIOTh 00'€KTH 1 CHCTEMH criocTepeskeHnst [1, 2, 4-6].

3acToCyBaHHS MAaTEMAaTHYHHAX METOMIB JJIs IMiJBHINECHHS TOYHOCTI
CIIOCTEPEKEHb 00YMOBJICHO THM, III0 TEMITA 3pPOCTaHHS BUMOT JI0 TOYHOC-
Ti CHCTEM CIIOCTEPESKECHHS BUIIEPEIKAIOTH TEMITH 3POCTaHHS 1X TEXHIYHUX
MOXJIMBOCTEH, OOMEKEHHMX 4YacTO HE TUIBKM ICHYIOUUMH TEXHIKO-
€KOHOMIYHUMH YMOBaMH, a # Qi3MUHUMHU MexaMH. [Ipy iboMy HacCIiIKoM
00MEKEeHOCT] pO3JIIIBHOI 37[aTHOCTI CUCTEM CIIOCTEPEKEHHS € TPY/IHOII B
iHTeprperanii 6araTbox eKCIEePUMEHTAIBHHUX 3aICKHOCTEH, 10 OTPHUMY-
IOTHCS B TOCTIKCHHSX 1 HA BUPOOHHIITBI.

VY 3B'S13Ky 3 IIUM aKTYaJbHOIO 33/1a4€i0 € PO3pOOKa HOBHX 1 BIOCKOHA-
JICHHSI ICHYIOUMX AJITOPHUTMIB, III0 AOTh 3MOTy OyayBaTé eeKkTHBHI 00Umc-
JIFOBaJIbHI 3aCO0M OIepaTMBHOI IHTEpIpEeTAaLil 3aIeKHOCTEH, 0 CrocTepira-
IOTBCSL B XO/Ii MPOBE/ICHHS HATYPHHUX €KCIIEPUMEHTIB, JI¢ Pe3yJbTATH CIIOTBO-
PIOFOTHCSI BHACTIIOK HEIOCKOHAIOCTI 3aCO0IB CIIOCTEPEKECHHS.

ITocranoBka 3ama4i. Po3risiHeMo OIMH 3 MOKIIMBUX CIIOCOOIB IIiJI-
BHIIICHHS TOYHOCTI PO3B’I3yBaHHS 3a7a4l BiJTHOBIICHHS CUTHAIIB.

3aaua BiHOBJICHHS iCTHHHOTO cHrHATY Y(X), IO CIIOCTEPIracThes Ha
BXOJIi ipriiay, 3a Gpyskiero f(X), mo BuMipsiHa Ha #OTo BUXO/Ii 3BOMTHCS 10
PO3B’sI3yBaHHsI iHTErpaTbHOTO piBHsAHHS Opemromsma I pomy [4]:

b
KyzjK(x,s)y(s)ds:f(x),csxsd, (@)
a
ne K(X, s) — amapaTHa (QyHKIis IprIaLy.

Haii6inpinumii npakTHYHUE iHTEpeC Mae BUMAIOK, KOJIH anapatHa ¢y-
HKIiSI HE 3aJISKUTh BiA X, TOOTO sApO iHTEerpanbHOro piBHAHHS (1) € sa-
pom sroptku: K(X, S) = K(X — ). Lle mpumyiieHHs MHPOKO BHKOPHUCTOBY-
€THCS B PI3HUX (I3MYHUX 1 TEXHIYHUX MPUKIAIHAX 33/1a4aX, TaK K Maike
IIPU BCiX BUMIPIOBaHHAX MOXXKHA BUOpATH Taky 3MiHHY X, IIpU Kild QyHK-
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1Sl pO3ALIBHOI 31aTHOCTI He Oyze 3ajexary Bii X abo Oyne 3anexaTH Bij
Hei cna6o. Toxi 1i 3MiHOMO Ha BiIPi3KY JOBXUHOK 2A(X) MOXKHA 3HEXTYBa-
tn. CHcTeMH, O 3aI0BOJNBHSIOTH Iiif YMOBI, HOCATH 3arajbHy HA3BY OJ-
HOPiAHUX 200 IHBapiaHTHHX JO 3CYBY (B T€Opii aBTOMAaTHIHOTO YIPaBIIiH-
HSl BOHHM HAa3MBAIOTHCS CTalliOHAPHUMHU CHCTEMaMN).
B upomy Bumanxy piBesSHHA (1) mpuiiMae HaCTYITHUN BUTIISL
b
fK(x—s)y(s)ds:f(x),csxsd. (2)
a
Bbynemo BBaxkatu, mo suppy(s) <[a,b], supp f(x) <[c,d], me
SUpp — TNoKanpHHUK HOCIH (00NIAcTh, B3araili KaXydw, HEHYJIHOBUX 3Ha-
yeHb (QyHKMii), T06T0 Y(s)=0 mpu s¢[a,b] i f(x)=0 mpu x ¢[c,d],
TOOTO piBHAHHS (2) MOXKHA 3aIUCATH K PIBHSHHS THITYy 3TOPTKH
o0
IK(X—S)y(s)dszf(x),—ooSXSoo (3)
—00
1 BBakatu 3anmcH (2) Ta (3) piBHOTIPaBHUMH.
3BopoTHa 3amada (1) € HEKOPEKTHO IIOCTAaBICHOI, 332 BH3HAYCHHSM
Anamapa, BHACHIZIOK HecTikocTi po3B’si3ky Y(S). ToMmy Uit po3B’si3yBaHHs
piBrstHES (1) 3aCTOCOBYIOTBCSI MeTOMM peryisipu3artil. Pisaswust (2) (a6o (3))
MOKHA PO3B’s3yBaTH B TPHUHIIMII TUMH K METOJIAMH 1 3a JOTIOMOTOIO THX K€
OOYHCITIOBAIFHUX aJITOPUTMIB, IO 1 PIBHSAHHS OUIBII 3araibHOTO BATILAAY (1).
OnHak JOIUTBHIIIE OTPUMYBATH PO3B’S3KU 33 JOMIOMOTOK MOAM(DIKOBAHUX
METO/IIB 1 AITOPUTMIB, SIKI BpaxOBYIOTh crieludiky piBHsHHS (2) (ado (3)).
OcHOBHA YacTHHA. Y KIACHYHOMY METOJI PO3B’SI30K PiBHSHHS TH-
1y 3ropTKH (2) TOMAf0Th y BUMIISII 3BOPOTHOTO TiepeTBoperns @yp'e [4]:

y(s):iIY(cu)e‘i‘”S do, —0o<s<w, (4)
2z 7,
ne crextp (Dyp’e-00pa3) po3s’si3Ky:
F (o)
Y =—, 5
)= ®
MIPUYOMY
F(o)= J' f(x) e'*dx (6)
— CIIEKTp MPaBoi YaCTUHH, a )
A(w)= [ K(x)e' dx 7

—o0
— crekTp sapa. B pesymbrari, skmo mpu @— oo crektpu F(w) i A w)
HIPSMYIOTh 10 HyJIsl Y3IrOJDKEHO TaK, 1110
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F(o
jim —(2)_g (®)
o 7 (@)
i inTerpain (4) cXoAUTHCs, TO PO3B’sI30K Y(S) icHye (i € €NMHUM) i TOAAETh-

cs popmyInoro (4).
Jis po3B’si3yBaHHSA MPAaKTUYHAX 3a/1a9 BiTHOBIICHHS CHUTHANIB (op-
MyITy (4) 3pydHO 3aIlUCaTH y BUTIISL:

0

y(s)= jR(s—x)f(x)dx, (9)
ze - |
R(s)= % /1_(':) do. (10)

Taka ¢opma 3anucy 3pyusa taM, 1o GyHkits R(S) Mmoxe obuuciio-
BaTHCh 3aBYaCHO (70 TOrO, 5K BigoMo QyHkmito f(X)) 1 nuure onun pas. A
nami, wist Gyskiii f(X) MOXyTs JOCHTH MIBHAKO 3HAXOAWTHCH BiAMOBIIHI
po3B’si3kH Y(S).

Opnak, po3B’s3kH (4) 1 (9) OTpUMYIOTBCS HECTIHKMMHU BHACHTIJOK TO-
T0, 1110 BHCOKi TAPMOHIKH ¥ O3B’ 53Ky Y(S) HaA3BUYAHO CHIIBHO 3aJIeXKaTh
HAaBITh BiJI Ayxe Manux moxu6ok B f(X).

st yeyHeHHs1 BUCOKOT uyTiuBoCTi Y (@) (IpH BENHKHUX @) O MMOXHU-
6ok f(X) MOkHA BHKOpHUCTATH TMPHUHAOM ypi3aHHS CHEKTPATBHOT (QYHKIIi
F(w), sxuii nonsirae B HacTymHOMY [4, 6].

Hexait npaBa yactuna f(X) BiuMipsiHa nuie B Toukax X, = nh, mo pos-
MillleH] Ha Oci X 3 TOCTIiHKM KpokoM h, i 3HaueHHst 1i B ux Toukax € f,. B
TaKoMy BHHAJIKY, SIK CTBep/kye TeopeMa KorenbHukoBa [5], icHye onHa i
tineku ofHa dynkiis f(X), sika npuiiMae B Toukax X, 3Hauenus f, 1 sika Boso-
Jli€ TaKOKO BIACTHUBICTIO, IO 11 crieKTpasibHa (YHKLIs F(w) mepeTBoproeThest

B HYJIb TIPU | @ | > @, = 77/h , TOOTO BOHA HAJIEIKUTB IPOCTOPY Sz/h.
Omxe, sxkmo Aw) B iarepsani —z/h<w < z/h Hige He meperBo-

PIOETBCS B HYJIb, TO PIBHAHHA (2) Ma€ B Syn €AMHUI pO3B’A30K, SAKHH (110
anaorii 3 (9)—(10)) MOKHa 3amKMCcaTh y BUIIIS

d
y(s):J'K(’l)(s—x)f(x)dx, (11)

ae C
1) 1 lh e—ia)s 12
K (X):g_ﬂ-/hﬂ'(w) do (12)

€ sapom 3BopoTHOro onepatopa KU, sike, Tak ke sk i sapo oneparopa K
€ SPOM 3TOPTKH.

8
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OpnHak, sIK MoKa3ye aHaii3 [6], B THIOBHX MPaKTHYHUX BUMAIKAX Be-
JMYMHA TOXHUOKM PO3B’S3Ky B IIPOCTOPI Sz/h MOKE OYTH ZJOCHTH 3HAYHOIO.

Crilikuii epeKTUBHHNA anTOPUTM pPO3B’SI3yBaHHS PIBHSIHb 3TOPTKH
tuny (2) nae metox perynspuzarii TuxoHoBa.

[Mix perynspu3aiiiero po3s’sizky 3a TuxoHoBuM [4, 6] po3ymieTbes
noOysoBa CiMeHCcTBa 3BOPOTHUX OIEPATOPIB, SKi 3aleXaTh BiJ| JESIKOTO
YHCJIOBOTO TapaMeTpa o, SKUH HA3WBAIOTh MapaMETPOM pPETyJIsIph3allii.
Kosxuuii oneparop ciMmeiicTBa Jae po3B’s30K KOPEKTHOI 3a/adi, IpUIOMy
NPU y3TrO/PKEHOMY NPSMYBAHHIO JI0 HYJISI TapaMeTpa o i MOXUOKH y BHXi-
JHHUX JJAHUX, PO3B 30K KOPEKTHOI 3a/1aui MPsIMY€E JI0 ICTUHHOTO PO3B’S3KY
BiJITIOBiTHOT HEKOPEKTHOT 3a/1aui.

Croci6 moOysoBu peryisipusyrounx omnepatopiB B meroni A. H. Tu-
XOHOBa 0a3yeThCs Ha BapiallifHOMY NPWHIUII 1 MOJIsIrac y po3B’si3yBaHHI
3ajadi MiHIMi3amii Tak 3BaHOTO 3IIAKYBaFHOTO (PYHKIIOHATY

@, [y f]= T[Ay_f(x)]zdx+ag[y]:
B 2 (13)
o[ d _|
- J‘t-jK(x—s)y(s)ds—f(x)J dx+a Q[y].

—0 c
Crabinizyrounii ¢pyHkuionan (crabinizarop) Q[y], 3a3Buuaii, 3amucy-
€TBCS Y BUTIISII

o 2 w
o= |13 0|22 o oo ao, a9
Ie
M ()= g™, g, >0 (15)
— perynsipu3sanis 1ijsoro N-ro noI;;aKy, abo
Q[y]= [ M (@)Y (o) do, (16)
ac -
M () =|o[**, q20 (17)

— perynsipu3ais, B3arajii Kaxy4u, HeIliJIoro (-ro IMopsIKy.
B 000x BHUMagKax peryaspr30BaHUNA PO3B’ 30K € eKCTpEeMaILTio (QyH-
kmioHany (13), mo 3amucyeTbes y BUTIISL:

Y, (s):}Ra(s—x)f(x)dx, (18)
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e
Ra(s)—%of (w,a)j(':) do, (19)
Z(a),a)zA (20)

L(w)+aM (o)
— TaK 3BaHuil CTaOLmi3aiHHNI MHOKHUK,
L(o)=Re? A(w)+1Im? A(0) = i(o) A(-0)=| A(o)

Ipn « =0, ToOTO MM BiACYTHOCTI perysipu3anii Maemo: zZ(w, ) =1

F@

i pezonbBenTa (19) piBHa
o _—iws
R(s):KH)(s):i ¢

2z ¥ (o)

—00

do, (22)

. . -1
TOOTO piBHA 3BOPOTHOMY TepeTBOpeHHI0 Dyp’e Bix A (@), ne A(w) —
neperBopeHHs Dyp’e Bix sapa K.
Otxe, oniepatop Ry OTpuMyeThCs NUISIXOM OOCpHEHHS sIpa iHTerpa-
JILHOTO PIBHSTHHS 3 BUKOPUCTAHHSM CTaOLTi3yI090ro MHOKHHKA Z(®, ) .
[Ipn nmpakTuuHii peanizamii BUKIaJAEHOTO BHINE CTIHKOrO METOXIY
PO3B’sI3yBaHHS piBHSIHB 3ropTku THIy (2) (abo (3)) BUKOPHCTOBYETHCS
CyMILIEHHsI METOMIB peryisipusanil THXOHOBa 3 pO3B’SI3yBaHHAM B IPOC-
Topi Sz/h. [Ipn ubomy opmyna (19) HaOyBae BUTIIALY:

zlh —iws

R, (s) :i_f/hz(a),a)l(a))

VY Bunazky, komu K(X) i f(X) (a 3mauwts, i y(S)) mificHi, BUKOPHCTO-

do. (23)

Byroun popmyiy Eitnepa €' = cos(ws)+isin(ws) Ta BpaxoByrOuH, 110
IHTErpaly 1o @ BiJl HemapHUX (YHKIIH piBHI Hy0, popmydy (23) MoxHA
TIPUBECTH 110 BUTIISAY [4]:

1™ Rei(w)

R (s)=— ————————cos(sw)dw -
)2 T et —eo(an) .
e
Re 4 (w) = [ K (x)cos(wx)dx (25)

o

k

10
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o

ImA(w)= kK(x)sin(a)x)dx, (26)

omax = 7r/h, supp K(x) < [c,,d, ] — noxansruii Hociit dyHkuil K(X).

o

Ha touHicTs i cTiliKicTh pO3B’sI3Ky 1HTETpaILHOTO piBHIHHA (2) icTo-
THUH BIUTUB MOXYTh YAHHUTH OOYHMCIIIOBAIbHI MOXHOKM OOCpHEHHS spa,
30KpeMa, TOUHICTh OTPUMAHHS CIIEKTPAIBHOTO MOJIAHHS SIIIpa.

IcHyIOT TIEBHI pe3epBH MiABUIIEHHS TOYHOCTI PO3B’SA3KY 32 PaXyHOK
BJOCKOHAJICHHA OOYHCIIIOBAIBHOTO IIPOIECY OOEpHEHHS sAapa. 30KpeMa,
3a PaxyHOK IiIBHIIECHHS TOYHOCTI HAOIIKEHOTO OOYHCIICHHS iHTETpaiB
KOCHHYC- i CHHYC-TIepeTBOpeHb Dyp'e B CKIHUCHHHX MEXaX.

[HOMM pKepesoM MOXUOKU PO3B’A3KYy € 3aMiHa HECKIHYEHHHX MEX
CKIHUEHHUMH y popMyiax Juist o0UnCIIeHHs CeKTpy snupa. OqHak, anapa-
THa GyHkuis npuwiagy K(X, S), 3a3Bu4aif, icTOTHO BiIMiHHA BiJl HYJIS JIMILE
B JCsIKiil 00J1aCTi PO3MIIBHOT 3MaTHOCTI. [HIIMMU CITIOBaMHU, HAWOIIBII ic-
TOTHHH BHECOK MPU OOYKCIICHHI CIIEKTpa s/1pa Aal0Th 3HAYEHHS anapaTHol
(hyHKII{, 110 JTeXaTh B MeXaxX CKIHUEHHOTO iHTepBaly, TOOTO CKIaJOBUMHU
K(X), 10 s1eaTh 1mo3a iHTepBaIOM-HOCIS SApa MOKHA 3HEXTYBATH.

3BUYAilHO BUHHKA€E MHUTAHHS TPO KpHUTEpil BHOOPY TPaHULb iHTErpy-
BaHHS Cy, dx Y popmynax (25)—(26). [ns nepeBipku 4y TIHBOCTI PO3B’SI3KY 110
MOXHOOK OOEpHEHHS spa IHTErpajIbHOTO PIBHSHHS 1 GOpMyBaHHS peKOMeH-
Jaltiii o BUOOPY IpaHullb Cy, Ok HAWOLTBII e(heKTHBHUM € MPOBENCHHS 00YH-
CITIOBAJILHOTO €KCIIEPUMEHTY JIIsl KOHKPETHOT anapaTHOl (GYHKLIT Ipray.

O0uHCTIOBAILHUIT eKCIIEPUMEHT WIO0/I0 IOCT/ZKEeHHsI BILUIMBY IO-
Xu00K 00epHeHHs SIIPAa HA TOYHICTB i cTiliKicTL PO3B’AI3Ky IHTErpajabLHO-
ro piBusinas @penroabma I pony B cnexTpasibHiii o6aacti. 3agada BigHO-
BJICHHS ICTHHHOTO cHTHay Y(X), 10 CIOCTEPIracThCst Ha BXOMI TPUIIAMY, TI0
BuMipsiHiit GyHkmil f(X) Ha HOro BUXOi 3BOJUTHCS 0 PO3B’SI3yBAHHS IHTET-
panpHOTO piBHsSHHES @penromsma I poxy (1). OxHak, HaHOUTBIIMI TPAKTHY-
HHUW iHTEpeC Ma€ BHIAJIOK, KOJIH SO iHTErpaisHOro piBHAHHEA (1) € smpom
sroptku. [Ipu oMy piBHsAHHS (1) TepexoanTs y piBHIHHS (2).

Ha To4HICTB 1 CTIHKICTh pO3B’A3KY IHTETpaJbHOTO DPIBHSHHA (2) 3a
noromororo gopmyi (18), (21), (24)—(26) MOXYTh iICTOTHO BIUTMBATH IT0-
XHOKM 004MCiIeHb Nnpu OOEpHEHHI spa, 30KpeMa, TOYHICTh OTPHUMAaHHS
CIEKTPAIBHOTO IPEICTABICHHS S/Ipa.

Harapmaemo, 1o uisi nepeBipKky Yy TJIMBOCTI pO3B’s3KY piBHSIHHS (2)
JI0 TIOXHUOOK OOEpHEHHs sIpa IHTErpabHOrO PiBHAHHS 1 popMyBaHHS pe-
KOMEHJIAIi 1mo10 BHOOPY MK iHTerpyBaHHs Ck, Ok B popmymax (25)—
(26) HaitOinbII e(heKTUBHUM € MPOBEACHHS OOYUCIIOBATHHOTO EKCIICpH-
MEHTY /ISl KOHKPETHOI arnapaTHoi QyHKIIT Mpuiamy.

IIpu mpoBemeHHI OOYHCITIOBAIBHOTO CKCIICPUMEHTY OYJIO OTPUMAaHO
PO3B’SI30K IHTErPaJIbHOTO PIBHSHHS THITYy 3TOPTKH 3 SIPOM TayCOBOTO THITY

11
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METO/IOM MOJIENBHUX MPUKIAiB [4] I pi3HUX 3HAYESHb BiJTHOCHOI ITOXUOKH
3a[IaHHS SA7Apa 1 IPaBoOi YaCTHHM MPU HECKIHYEHHMX 1 BapidHOBaHWX CKiHYEH-
HHX MEXax IHTerpyBaHHsI Cx, Ok B hopMyIax uist OOUHCIICHHSI CIIEKTPY Spa.
BuxinHi aaHi, IJisl IPUKIIAAY, Taki. 3aaHO PIBHSIHHS THITY 3TrOPTKHU:
b
jK(x—s)y(s)ds:f(x),chsd. (27
a

Tounuii po3B’s130K

y(s)

~ 1-s%)?, |s|<1,
o, |s|<1

K (x) = /ﬁ id (29)

3aMiHEHO HAOJIMKCHAM SIPOM TAKOT 3K TJIaJKOCTI

K(x)= \/Ee“z , (30)

110 BignoBinae noxu6ii oneparopa &= 0,01 (&m = 0,1 %).
CiTky By37iB MO X Ta S TPUHMAEMO pPiBHOMIpDHHMH, NPHUOMY
=-14; d=14; hy=0,1 (uucno By3miB X-citku pisHe |=29), a=-1;
b =1; hs = 0,2 (uucno By3miB S-citku piBae N = 11).

[paBa yactuna f(X) 3agaHa TabIMYHO, IPH LBOMY 32 JOIOMOTOIO Te-
Heparopa BHUMAIKOBHX YHCENT 3 HOPMAIbHHM 3aKOHOM posmominy B f(X)
BHECEHI MOXUOKH 3 HYJBOBHMHU CEpPEIHIMH Ta CepeIHbOKBAAPATHIYHUMHU
sHageHHsIME O ~ 0,05-103, 0,5-102 ta 0,05, mo BimmoBigae BimHOCHIiL
MOXHUOL Oy, = 0.1, 1 Ta 10%.

[opsinok perymsipusanii  npuiiMaemo piBHEM 1. 151 KOXHOT Tpynn
MOJCNBHHX MPHUKIALIB CHOYaTKy BH3HAYAEMO ONTHMAaJbHE 3HAUYCHHS I1a-
paMeTpa Clopt CIIOCOOOM y3araJibHeHOI HEB SI3KH.

HAns  mocnmipkeHHs BIDIMBY IOXHOKM YCideHHS CIEKTpa sapa
pPO3B’S3aHO PsII MPUKIAAIB, B SKUX IHTEpBaJ-HOCIH sapa OyB TpbOX-,
YOTHPBOX- 1 II'SITUKPATHUM BiIHOCHO €(QEKTHUBHOI IIMPHHH amapaTHOL
¢ynkuii (puc. 1).

3HaueHHs BIMHOCHOI IMOXHOKHM BHM3HAYAIOCS BITHOCHO PO3B’sA3aHHS
OTIOPHOTO MPUKJIIAY, B SKOMY IHTepBas-HOCIH siipa OyB piBHMM 1000 kpa-
THOI e(h)eKTHBHOI IIUPUHU anapaTtHoi QyHKIIi, IO BigOBiae NprOIN3HO
HECKIHUYCHHHM MEXKaM IHTerpyBaHHs y dopmynax (25)—(26). Lle nae 3mo-
Ty 3BECTH J0 MiHIMyMy BIUIMB IHIINX JUKEPENT MOXHUOKHM TPH OIHII 3aje-
JKHOCTI TTOXHOKM PO3B’SI3KY BiJl OOMEXEHHS JIOBXHMHHU IHTEPBATY-HOCIS
sapa B hopMyiax Juist OOUUCIICHHS CIEKTPY sapa.

12
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K(X), 1.2

yM. 01
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Puc. 1. Toune a0po K(x) 3 eusnauenumu epanuysamu iHmepeany-Hocis,

o 8ionogioaroms unaoxkam. [l — mpvox, 0 — womupvox i V — n’amuxkpamuoeo
inmepeany-Hocis A0pa 6iOHOCHO epeKMUBHOI WUpUHY anapamHoi QyHKyii

Haragaemo, mo eQeKTHBHOIO IMHUPUHOI (DYHKIN Ha3UBAE€THCS (ML
BUMA/IKY, KO (DYHKIISI MAa€ OJAWH MaKCHUMYyM) Pi3HHIA ABOX apryMEHTIB
IpH SKUX Aeska (QyHKIiS mpuiiMae 3Ha4eHHS, 0 PiBHI MOJOBHUHI ii Mak-
CHMaJIbHOTO 3HAYEHHS.

PesynbraTti 00YMCIIOBAIBHUX €KCIHEPUMEHTIB mojaHo B TaGumumi 1, 3
SIKOi BUJIHO, 1[0 IIUISIXOM BHOOpPY MeX 00JIacTi pO3IUIBHOT 31aTHOCTI arapar-
HOT (YHKIIT MOXKHa JIOCATTH 3MEHIIICHHsI BiJHOCHOI MOXHOKH PO3B’SI3Ky TIpH
3pOCTaHHI ITOXUOKH TpaBoi YacTHHH. Lle MOsSICHIOETBCS THM, IO BHIIAKOBA
CKJIaJIOBa TIOXMOKH IIPaBOi YACTUHU 3MEHIIIYE B OTPUMAaHOMY PO3B’SI3KY KOM-
TOHECHTH MMOXHUOKH, 1110 BUKIIMKAaHI YPi3aHHAM CIICKTPY sAPa.

Tabuuns 1
Pezyromamu obuucnrosanvrux ekcnepumenmis
Moxubxa Bignocna K'paTHiCTb. iHTepBaJy- Binnocna
omepaTopa noxuoka _ | Hocis siapa BixHocHO e(be]c: noxuoka
% ’ | 3agaHHs MpPaBoi | THBHOI LIMPUHU aNapaTHOi | pPO3B’A3KY,
4yacTHHHU, Y% (yHKnii %
3 3,508-1072
0 0 4 2,434.104
5 7,465-107
3 5,440-10?
0,1 0 4 2,580-10*
S 8,327-10°7
3 5,463-1072
0,1 0,1 4 2,575-104
5 8,334-10°7

13
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[IpogoBxenHs Tadmui 1
5,739-102
1,547-10*
4,713-107
7,478-102
0,501-10*
0,844-107

Hapmaku, skimo iHtepBan [Cx, dk] oOuMCIeHHs crekTpa oOpaHuii
OUTBII BY3BKUM, HIXK 00JAaCTh PO3OITBHOI 3AATHOCTI, TO CIIOCTEPIra€TheCs
3pOCTaHHsI BIIHOCHOI ITOXMOKH PO3B’SA3KY, SIKE€ BUKIMKaHE J0JATKOBUMHU
CKIIaJIOBUMH TOXHOKH BU3HAYCHHA CreKTpa snpa. Hapemrri, mpu BuGopi
MEx 1HTerpyBaHH;1 Ck, Ok, 110 3aHaATO ONMM3BKO PO3TAIIOBaHI OJMH Bil
OJJHOTO, PO3B’30K CTa€ HecTiMkuM. lle BUKIMKAaHO THM, LIO NpU 00YHC-
JICHHI CIIEKTpa f/Ipa HE BPAXOBYIOTHCS HOr0 HEHYJIHOBI KOMIIOHEHTH, SIKi
JIeXaTh 1038 MeXaMu iHTepBaiy [Ck, di].

0,1 1

0,1 10

abwlonbhw

BucnoBok. OTxe, yCiueHHs CIIEKTPalIbHOI (YHKIII sapa 3 ypaxyBaH-
HSM 00JacTi PO3MUTBHOI 3IaTHOCTI Ja€ 3MOTY 3HAYHO CKOPOTHUTH IHTEpBA,
SIKHH BUKOPUCTOBYETHCS IS TIOLIYKY PO3B’SI3KY 1, OT)KE, 3MEHIIIUTH Yac 00-
YHCIICHb 0€3 TIOMITHOTO BIUIMBY Ha MOXHOKY BH3HAUCHHS CIICKTPY CHUTHAIY.
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RECONSTRUCTION OF SIGNALS IN MONITORING AND
CONTROL SYSTEMS BASED ON THE SOLUTION OF THE
INVERSE PROBLEM BY A TRUNCATING OF THE SPECTRUM
OF THE KERNEL OF THE INTEGRAL OPERATOR

In solving problems, control, monitoring and diagnostics, the reliability of
the results of observations obtained with use the various measuring transducers
is important. Improving the technical characteristics of such devices is an ur-

14
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gent task, as the growth rate of the requirements for the accuracy of surveil-
lance systems outstrips the growth of technical capabilities, often limited not
only by the existing technical and economic conditions, but also by the physical
capabilities of the equipment for direct measurements. One of the ways to in-
crease the resolution of measuring converters is to obtain the dependencies
characterizing the processes and objects under study, based on the results of in-
direct measurements by solving the problem of inversion of operators describ-
ing objects and observation systems.

An approach to constructing mathematical models of dynamic objects
and systems based on the use of mathematical models, described in integral
form is proposed. The questions of application of integral models for solv-
ing the problems of signal reconstruction registered at the output of meas-
uring converters of the monitoring system are considered. A new method is
proposed that makes it possible to improve the accuracy in solving inverse
problems, which are described by integral Fredholm equations of the first
kind, by truncating the spectrum of the kernel of the integral operator. Nu-
merical experiments on the effect of the inversion error of the integral ker-
nel on the accuracy and stability of the solution of integral equation of
convolution of the first kind in the spectral domain are was performed.

The proposed methods of describing mathematical models, algorithmic and
software tools for their realization on computer, allow to increase the efficiency
of development and designing of controlled dynamic objects and systems by
expanding the spectrum of mathematical descriptions of dynamic objects,
which allows more fully and adequately to display the properties of real sys-
tems, and also apply a greater number of methods of numerical realization of
models, by adapting algorithms to certain classes of tasks.

Key words: increase of resolution of measurements, mathematical
model, problem of signal reconstruction, method of regularization.

Otpumano: 17.05.2018
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3ACTOCYBAHHA METOAY PYXOMUX KNITUHHUX
ABTOMATIB 0O MOAENOBAHHA TOKOMOLUII
YEPB’AKOMOAIBEHUX OPIrAHI3MIB

O0’€eKTOM JOCIHIHKEHHSI JaHOT pOOOTH € MOJIETIOBaHHS MiJIcuCTe-
MH JIOIIOBOTO 4YepB’sIKa, sIKa Kepye HOro JIOKOMOIIi€0. B sikocTi MeTo-
Jly U1 MOJIETIOBAaHHS 00paHO METOJ PyXOMHUX KJIITHHHHX aBTOMATiB
(PKA), sikuii 3 yCIiXoM BUKOPHCTOBYETBCS JUTSI MOJICTIOBAHHS Pi3HUX
CHCTeM, Jie MaloTh Miclle 3MiHH 00°’eMy — BiJ IPYXXHHX Jedopmartii
1o pospusiB. [Ipu 1poMy cructema po30HBaeThCS Ha (DparMeHTH, 110
TIPEZICTABIIIOTECS Y BUITIIL OKPEMUX JUCKPETHUX EIEMEHTIB — aBTO-
MariB. MexaHiyHa MiJicHcTeMa BioOpakae BiIOBIHI (parMeHTH Ti-
Jla OpPraHi3My Ta MOJCIIOE CKOpOYCHHS M’si3iB. [Ipu CKOpOUCHHI TO-
MepeYHNX M s31B BiAMOBiAHI ()parMeHTH Tija 30UIBIIYIOTHCS Y JOB-
KUHI Ta CTHCKAIOTBCS, a TIPU CKOPOUEHHI MO3/I0BXKHIX HABITAKU — 3Me-
HIIYIOTHCS Y JOBKHHI Ta PO3MIHPIOIOTECS. CHTHAIOM JUTSI CKOPOUCHHS
M’s13iB € CTaH BIiJMOBITHOTO «HEPBOBOTO 3aKiHYCHHSD HEHPOHHOI M-
CHCTEMH, III0 acoLiloeThes 13 BigmoBimuum PKA. PoGoTa xiiTuHHO-
aBTOMATHOT'O aJITOPUTMY € acCMHXpOHHOI0. Lle mepenbadae TOBLIbHUIA
BUITAIKOBHI BHOip omaOoro PKA 31 Bei€i MHOYKWHH Ta BiIIOBITHY MO-
Judikariito Horo craHy Ta CTaHy HOro HaHOMIKYMX CYCiZiB 3riHO i3
npaBiiaMu B3aeMopil. IIpu MoziestoBaHHI HEHPOHHOT MiZCHCTEMH pe-
aJi30BaHO €JIeMEHTapHI aHAJOTH INTYYHHX HEHPOHIB (TIEPCENTPOHIB).
s koxxHOTO OKpemoro PKA BkazaHo KoOpAMHATH BiftaaeHUX (pa-
TMEHTIB MOJIEJTbOBAHOTO OPraHi3My, CTaHU SIKMX € BXIJHHMH CHTHA-
JIamMy JUIs BiANOBiHOTO HelipoHy. Jlyst 3a0e3mnedyeHHs: BHOOPY ONTH-
MaJIbHOTO PyXy 3aIllpONOHOBAHO EBOJIOLIMHMI aNrOpUTM Ha OCHOBI
HEHPOHHOI MIJICHCTEMH 3 BHUKOPUCTAHHAM AaHAJIOTIB elIEMEHTapHUX
MTYYHUX HeHpoHiB. OTpuMaHa KOMITIOTEpHa MOJENb, IO IMITye
4epB’sIKOMONIOHY JTokoMoniro. [IpoBenieHi OCHiDKEHHST Y Mporpam-
HOMY CEpeIOBHIL MMOKa3aJH, 10 3 JOBUIHHOTO MOYaTKOBOTO XaOTHY-
HOTO CTaHy OpraHi3M NIpsSMy€ 10 CTaHy MaKCHMAJbHO e€(EeKTHBHOTO
PyXy (MiHIMYM eHeprii Py MaKCHMAaJbHIH MIBUIKOCTI), IO 0OYMOB-
JIEHe CaMOOpraHi3alli€f0 CUTHANIB Yy XaOTUYHIH HEHPOHHII Mepesxi.

KuwouoBi cnoBa: pyxomi kiimunui agmomamu, KoMn romepHe
MOOen08anHs, TOKOMOYIs, cxema cyciocmea.

© K. II. T'a3rok, B. B. XKuxapesny, O. M. Hikitina, C. E. Octanos, 2018
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Beryn. I3 cTpiMKuM pO3BUTKOM KOMII'IOTEPHUX TEXHOJIOTIH Bce Oi-
JBIIIE MOXJIMBOCTEH 3’ SIBIIIETHCS [UIS JOCITIKCHHS MPUHIIUITIB OpraHi3a-
il Ta GyHKIIOHYBaHHS €JIEMEHTAPHUX JKUBHUX OPTaHI3MIB Ta iXHIX MiAcCH-
cteMm [1, 2]. AKTYaJIBHICTD 1 BaXIUBICTh IIMX JOCHTIHPKEHb € MOIITOBXOM
JUTS pO3yMiHHS 1H(OPMAIIHHUX MPOILECIB, IO MPOTIKAIOTh Y OLIBII BUCO-
KOOPTaHi30BaHUX iCTOT, 30KpeMa i JTFOJIWHU, Ta MPHU3BEIU 10 BUHHKHCHHS
HOBOI Hayku — Oioindopmaruku. Ha crorogHimHii neHp moOymyBaTh
MOBHY MOJICNTb HAMEHIIIOTO KHBOTO OPraHi3My MPAKTUYHO HEMOXKJIHBO,
MPOTe OMHUM i3 MUIAXIiB MPOBEACHHS NOCTIHKEHb Y IIbOMY HANpPSIMKY €
MoJieroBaHHs xuBO-moAioHux cucteM (life-like systems), o nepenGavae
CIPOIIEHHS MOZAETI Ta BUAUICHHS JIMIIEC HAWOUTBII CYTTEBUX BIACTHUBOC-
Tei 11 ckmagoBux. Ile crioHykae 10 po3risiay NpoOJieMHu He TIIbKH 3 1HXKe-
HEPHOI TOYKH 30Dy, a 1 3 MPOrpaMHOi, TOOTO CTBOPEHHS CEPEIOBHIIA MO-
JICITIOBAHHS MOBEIIHKU OJHO- Ta 0AaraTOKIITHHHUX OPTaHi3MiB JJIs TOCHi-
JOKEHHST MOXKITMBOCTI 1X JIOKOMOTIIi, TOOYZOBH ONTHMATBHOI MOJCTI PyXy
Ha OCHOBI B3a€MOJII1 MiX IXHIMH HEHpPOHAMH, IPOBENICHHS EKCIIEPUMEHTIB
1 300py MaHUX JJIS MMOAAJBIINX JOCIIIKEHb HEPBOBOI CUCTEMH [3, 4].

00’exTOM A0CTiTKeHHsT POOOTH € MOJCTIOBAHHS IMiJICUCTEMH JIOIIO-
BOTO 4epB’sika, sika Kepye HOoro JIOKoMolie. B skocti Meroxy 1uist Moje-
JFOBAaHHS 00paHO METOX pyXoMuX KiiTHHHUX aBToMatiB (PKA), skuii 3 yc-
MIXOM BHKOPUCTOBYETBCS JUISl MOJICTIOBAHHS PI3HUX CHCTEM [5], 1e MaroTh
MicIie 3MiHu 00’ eMy — BiJ] IPYKHUX Aedopmaltiii 1o po3pusis. [Ipu oMy
JIOBUTbHA CHCTeMa PO30MBAEThCS HA OKpeMi (pparMeHTH, L0 MpeCTaBiIs-
JOThCS Y BUTTIAI OKPEMHX JUCKPETHHX €IeMEHTiB — aBromariB. OcHOBHa
BIZIMIHHICTh Mi KJIACHYHUMH KJTITHHHAMH aBTOMAaTaMH Ta PYXOMHMH I10-
Jrae y BIACYTHOCTI Y OCTaHHIX MPUB’A3KU JI0 NEsIKO1 (HikCOBAHOI OTHOPI-
HOI TIPOCTOPOBOI KITITHHHOI CTPYKTYPH, HATOMICTh aBTOMAaTH MOXKYTh Haly-
BaTH JOBUIBHUX HENEPEPBHUX 3HaYE€Hb KOOPAMHAT y mpocTopi. CHiIbBHUMU
pHicamMH € Te, IO, SIK 1 U KIACHYHUX KIITHHHUX aBTOMATIB, CTaH JESKOTO
PYXOMOTro aBTOMaTa y HAaCTYIHHI MOMEHT 4acy BH3HAYa€ThCsl CTAHOM HOTo
HAMOIMKYIOTO OTOYCHHS 3Ti/THO 33/1aHOI CXEMH CyCiICTBa.

VY nocnipkeHHI 3MOEIbOBaHUHI 00 €KT MOMINEHO Ha /1Bl YaCTHHU —
MeXaHIYHy MiACHCTeMYy Ta HEUpOHHY [6, 7], 3 BUKOPHUCTAHHSIM METOIY
PKA Ta mTy4HuX HEHPOHHUX MEPEX BiAMOBITHO.

OcHoBHA yacTHHA. MexaHiyHA MifICUCTEMa BiOOpaXkae BiMOBIMHI
(hparMeHTH TiJla OpraHi3My Ta MOJEIIOE€ CKOPOUYCHHSI M SI31B: TTOTIEPEYHNX Ta
no3ioBxHiX. [Ipy ckopoyeHHI momepeyHHx M’si3iB BiAIOBIAHI (parMeHTH
TiJIa TIOBHHHI 301JIBITYBAaTHCh Y HOBXKHHI Ta CTHCKATHCh, a MPU CKOPOYCHHI
TIO3/IOBXKHIX HAaBIIAKW — 3MEHIIYBaTUCh Y JIOBXKHHI Ta po3IIHpIoBaTich. Cu-
THAJIOM JUTI CKOPOYEHHS M’SI3iB € CTaH BIATOBIIHOTO «HEPBOBOTO 3aKiHYCH-
HsD» HEHPOHHOT MiZICKCTEMH, 0 aCOLUIOEThCS 13 BianoBigHuM PKA.

Ha puc. 1 300paxkeH0 CTpYKTYypy (parMeHTy MHOKHHH KITITHHHHX aB-
TOMATIB MEXaHIYHOI MiACHCTEMH 3MOIEIFOBAaHOTO 00 ekTa. CxeMa cyciacTpa
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nepenOadae HasgBHICTH y KokHOro PKA He Ginbiie 9oTHpBOX cycimiB. Skmio
s neskoro PKA BiacyTHil xoua 6 OAWH Cyci, BiH BBa)XKA€ThCS MTOTPAHIY-
HUM (0111 Kpyru Ha puc. 1 i3 BiACYTHIMH CyCIITHIMH 3B’SI3KaMH, NOKa3aHUMHU
MYHKTHPHUMH JiiHissMK). ['Opu30HTasbHI 3B’SI3KHM 13 CycillaMH BiAIIOBIIAIOTh
TO3/I0BKHIM M’513aM, a BEPTHKaJIbHI — ITOIIEPEIHHM.

Po6oTa KIITHHHO-aBTOMaTHOTO aJTOPUTMY € acHHXpoHHOM0. Lle me-
penbadae moBiNbHUI BumaakoBuil BuOip ogHoro PKA 3i Bciel MHOXHHM
(mo3HavyeHuit YopHUM Ha puc. 1) Ta BiAMOBiAHY Moaudikamiro foro ctany
Ta CTaHy WOro HalONMKYKMX CYCiiB 3rifHO 13 mpaBuiamu B3aemomii. [Tic-
JIsl 3aBEPIICHHS B3aeMoIil BUOUpaeThes iHmmid PKA BHUIanKOBUM YHHOM
Ta MPOIIEC MTOBTOPIOETHCS.

Puc. 1. Dpacmenm mHO’CUNU KITMUHHUX ABMOMAMIE MOOETbOBAHOT CUCTEMU
ma subpanui 014 83aemodii PKA (woprozo konvopy)

[Ipu opranizaiii pyxy 9epB’sIKOIOIIOHOTO OpraHi3My BHKOPHUCTOBY-
BaBCs aHAJIOT OJHOCTOPOHHBOTO PYXY IOMIOBHX YEpB’sKiB, IO 3a0e3re-
4yeThCsl HAABHICTIO Ha MOBEPXHI TiNa crenudivyanx BopcuHok. Li Bopcu-
HKH JIETKO KOB3aIOTh NPH IEepEeMillleHH]I B OJMH OiK, HATOMICTb KOB3aHHS Y
MPOTHIICKHUI OiK YCKIIQJHIOEThCS (301bLIy€eThCst TepTs). HaltnpocTimmii
BapiaHT peaizalii Takol OHOCTOPOHHBOI JMHAMIKH — I1€ 3a00pOHa PyXY
norpannyaux PKA (Oimi konma Ha puc. 1) y HampsMKy po3TamlyBaHHSIM
JiBoro cycina (pu nepeMillieHHi OpraniaMy BIpaBo) ado HaBIaKH.

CyTh KIITHHHO-aBTOMATHHUX B3a€MOIIH MOJATAE Y BCTAHOBICHHI BiJC-
TaHel Mk BiqmoBigauMy PKA 1 BIIMBOM BiAMMOBITHUX CUTHATIB (puc. 2).

S

Puc. 2. [lpuxnaou 83acmno2o po3mautyeanHs KIimuHHUX agmomamie npu 63aemooii
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Cepis: TexHiuHi Hayku. Bunyck 17

Ha puc. 2 nmokaszaHo mpuKIIaan B3aeMHOTO po3rtamryBanHsi PKA npu
B3aemogii. Puc. 2 a) BimoOpaxae cran PKA y Bumankax abo BiICyTHOCTI
CUTHAJIIB CKOPOYECHHSI M sI31B JIJIsi BUOpaHOi KIIITHHU, a00 HaMaraHHi CKO-
potutu obuaBa M’s3u (IMO3OBXKHIN Ta monepednwuii). Puc. 2 b) Bimobpa-
kae ctad PKA y Bumanky curHaidy CKOpOUYEHHS IO3JOBXKHBOTO M’S3y, a
puc. 2 ¢), BIANIOBITHO, Y BUNIAJIKY ITOTIEPEYHOTO.

[lpu npoMy HEOOXiJHO JOTPUMYBATHUCH HPHHIUITY HECTUCHEHOCTI
(parMeHTiB TiNla MOJIETIbOBAaHUX OPTaHi3MIB, 3TiJIHO SIKOro 00’eM (parme-
HTIB NIpHU JOBUIBHHX JeOopMamlisix € He3MiHHHM. SIKIIO po3risjaTH He
TPUMIpHY, a ABOMIpHY MOJIEJb, TO MOBa iJie PO MOCTIHHICTH IO (pa-
TMEHTIB. Y HalIOMy BWIIQJIKy €JIEMEHTApHOrO NPSIMOKYTHOTO X0y
BimoOpakeHHA (h)parMeHTiB, HEOOXITHO HE TUTPKH BCTAHOBIIOBATH BiNIO-
BIIHI BifcTaHl MDK aBoMa B3aeMoxirounMu PKA, a me ii BcTaHOBIIIOBATH
BiNmoBimHI BigcTtaHi Mk miaroHansHUME PKA, ToOTO i3 cycimoMm cycima
BuOpanoro PKA (puc. 3 a)). [Ipudomy, SKII0 cycin MO3M0OBXHIN, TO Cycin
cycima — rmonepeuHuil i HaBmaku. SIKmio 1ie He nmepeadavnTy, TO HEMUHY-
4e BiIOyIeThCs MOPYIIEHHs IPHHIUITY HECTUCHEHOCTI (puc. 3 6)).

\\
OO
a) 6)
Puc. 3. Cxemamuune 306padxcenns pezynomamy PKA-63aemodii:
a) npu 30epesiceHni NPUHYUNY HeCMuCHeHHOCMI;
6) npu nopymeHHi npunyuny HecmucHeHHOCmI
IIpu MozenroBaHHI HEWPOHHOI MiJICHCTEMH PEATi30BaHO elleMEeHTapHi
AHAJIOTH LITYYHHUX HEHpoHiB (mepcentpoHis). [ koxkHoro okpemoro PKA
BKa3aHO KOOPJMHATH BiJaleHUX (hparMeHTIB MOJEIHOBAHOIO OpraHi3My,
CTaHM SIKMX € BXIIHUMHU CHTHaJaMH I BIANIOBIHOTO Herpony. [Ipn npomy
BXi/IHI 3B’SI3KH yTBOPIOIOTHCSI XaOTUYHUM YMHOM. KiNbKicTb 3B’S13KiB € (ik-
coBaHoro jurst Bcix PKA. Ha puc. 4 mokaszaHo criporiene cxemaTniHe 300pa-
JKEHHS Opraizamii HeHpoHHOI mijcucremMu. TyT, IUIsl IPOCTOTH, HAaBENEHO
JIWIIE JBA INTYYHI HEWPOHH 13 IT’SIThMa 3B’ sI3KaMH. Y HIDKHIM YacTHHI PUCYH-
Ky TIOKa3aHO XaOTHYHY T€OMETPIr0 3B’SI3KiB, a Y BEPXHI — BiIIIOBIAHY MO-
JIeTb HeHPOHiB (3HU3Y — BXi/IHI pElEeNTOpH, 3BEPXY — BHXIiIHI KEPYyIOUi CH-
rHann). OCHOBHA 3ajaya INTYYHUX HEHPOHIB, MO aHAJIOTI i3 GlOJIOTTYHUMU
HelpoHamu, — (OpMYyBaTH CHTHAJIM HA BUXO/Il, BUXOJSYH 13 HAOOPY BXiJTHHUX
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CHTHAJIB 3aJIOKHO BiJ (YHKIIii [IEPETBOPEHHS Ta CTaHy BXOJIB. Y HaIlOMy
BUIAJKY CTaH BXOJIB — II€ OJIWH 13 TPHOX BapiaHTIB B3a€EMHOTO PO3TAIIyBaH-
Hs KJIITHHHUX aBTOMATIB, TIOKa3aHUX Ha pHC. 2.

*
&*

oA
* L i i i dd L i dd

4 IHIIHx:‘

Puc. 4. Cnpowgere cxemamuune 300pasicenHs opeanizayii HellpoHHOI niocucmemu
Jis ommcy maTeMaTHYHOI MOJeNi HeHMpOHHOI MepexXi BH3HAYHNMO
¢ynkuito neperBopenss f : X — Y, mo ¢gopmye ogHE 3 TPHOX BUXIAHUX

3Ha4YeHb (0 — BIICYTHICTh CHUTHANy, | — CKOPOTHTH MO3JOBXKHIN M’s3,
2 — CKOPOTHTH TIOTIEPEUHHUN M’513), 3QJIC)KHO BiJl 3HAYCHHS CYMHU BXiTHUX
CUTHAJIB, TOMHOKEHUX Ha BaroBi KoedimieHTH. KoxkeH BXim Mae CBOIO
BIIaCHY CHHAITHYHY Bary, gKa HaJa€ BXOIY BIUIMB, HEOOXinHMI 1t (yH-
KIii cymMaTopa eneMeHTa o0poOKH:

K
0, if 0<) xw <2K/3,

i=1

K

y; =41, if 2K/3<) xw, <4K /3, 1)

i=1

K
2, if 4K /3<Y xw, <2K,
i=1

me 0< j< N, n — ximkicth PKA y MonensoBaHoMmy 00’ekTi, K — Mak-
cHMaJbHa KIIBKICTh 3B’S13KIB Ut HeiipoHiB; X (1 =0, 1, 2) — BxiaHi curHa-
mm; w; € [0,...,1]— Barosi koedillieHTH, 110 € MiPOIO CHJIH BXiJHUX 3B'SI3KIB 1
MO/IEITIOIOTh PI3HOMAaHITHI CHHANTHYHI CHITH O10JIOTiYHMX HEWPOHIB.

Baru cyTTeBOro BXoay MiJICHIIOIOTECS 1, HABIIAKH, Bara HECyTTEBOTO
BXOJ/ly MPUMYCOBO 3MEHIIYETHCS, 110 BU3HAYA€ IHTEHCHUBHICTH BXIIHOTO
curHaiy. Ciix 3ayBaXuTH, IO 3HAYCHHS BaroBUX KOEQILi€HTIB Ta HOPS-
JIOK pO3TalllyBaHHS YMOBHHUX orepaTopiB y ¢opmyui (1) Moxke 3MiHIOBa-
TUCh Ta € XapakTepucTukorw okpemoro PKA. 3aransHy Monens HeifpoHa
300pakeHo Ha puc. 5.
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2 P

Z =Y

Puc. 5. 3azanvha modenv neliponnoi mepeici

AJITOpuTM 3MiH BaroBUX KOE(IL€HTIB Ta MOPSIKY PO3TAIIyBaHHS yMO-
BHHX omeparopiB y dopmymi (1) — eBomrouiiinuii. Sk Bimomo, JOBUTBHUNA
EBOJIIOIIMHAIN aITOPUTM Tiependadyae BUIAIKOBI 3MiHH (MyTallii) TapamMeTpiB
Ta OLIHKY BIUIMBY LMX 3MiH Ha JUHAMIKY CHCTEMH 3TiJIHO BCTAHOBJICHOTO
KpHTepiro. SKImo kputepiii 3a0BONBHAETHCS, 3MIHH 3aKPIILTIOIOTHCS, B iH-
IIOMY BHINAJKYy — BIIXHIIAIOTHCS, IO € IOBHIUM aHAJIOIOM MPHPOJHOTO Bif-
60py. Kpurepiem eBomorifHOTo BigOopy, y HAIOMY BHIIAJIKY, € MiHIMi3amis
3MiH BHXIIHUX 3HAa4eHb HEHpOHIB MPH MaKCHMAaJbHIM IIBHAKOCTI PyXy
YepB’sKONOMIOHOTO  OpraHi3My. 3MIHM BHXIIHMX 3Ha4eHb HEHpOHIB

Ay = |yt = yt| BioOpakaroTh eHeprito E(y,t), sKy BUTpadae opratizm:
52
_ My _ (y) ' @)
t
Jie Mo — KoedIIieHT, 10 BiI0Opakae YMCIIOBE 3HAYCHHSI MaCH MOJIETbOBAHO-
ro 06’exrta; S(y) — nepeMillleHHsI KJITHHH Y MPOCTOPI, 10 3aIEKHUTh Bifl BU-
XiZIHOTO CUTHAJY Y, 0 BUMIPIOETHCS Y BiJHOCHHX OAMHUILIIX — MPOWICHHI
IUTAX, TOAieHnit Ha Binctans Mk PKA y crani cnokoto; t=1/n, ne | —

E

kinbkicTs PKA B3aemogiii, N — kimbkicth PKA y Moie160BaHOMY 00’ €KTI.
OueBUIHO, 10 YUM 4YacTille OyIyTh CKOPOYYBaTUCh M’SI3H, TUM Oi-
JbIIe eHeprii Oyie BUTpayaTHCsl OpraHisMoM. TakuM YMHOM, IPUPOJHIM €
NpsSIMYBaHHS 10 3MEHIICHHS €HEPreTUYHHX BHUTPAT NPH AOCSITHEHHI -
JI — MaKCHUMaJIbHO MOXKJIMBOI NIBUAKOCTI PyXY.
E(y,t) — min npu V(y,t) > max. (3)
[Tpu bOMy, OKPEMHUM acHeKTOM peajizalii AMHAMIKH OpraHi3my min
KEpyBaHHSIM TIOTOKIB HEHPOHHUX CHTHANIB, € BBEJCHHS MOHSTTS IHEPIiii-
HOCTi, TOOTO JESIKOr0 4YacoBOTO MapaMeTpy, SIKMi BHU3HA4Ya€ HIBUAKICTh
CTHCHEHHS M’SI3iB IpU MEPEKJIIOYEHH] BIAMOBIIHUX KEPYIOUHMX CHUTHAIIB.

21



MatematuyHe Ta KOMI'I,IOTepHe Mo entoBaHHA

Lleli mapameTp HO CyTi BH3HAa4a€e Ta OOMEXY€ MaKCHMAaJIbHO MOXKIHUBY
HIBUIKICTb PYXY.

[Ipu upOMy CJif BiAMITUTH, IIO ONKCAHA BHILE €JIEMEHTapHa E€BOJIO-
LiliHa crpareris e(EeKTUBHO MpaLoe NPH HEBENMKi KiTbKOCTI KIITHHHUX
aBTOMATIB, 3 SIKMX CKJIAJIA€ThCs YepPB’ IKOMOi0HMIT opraHisM. [1pu 30ibIIeH-
HI KUIBKOCTI aBTOMATIB IIOYMHAE BHHUKATH INpoOiieMa ClaOKoi 4yTJIMBOCTI
€BOJIIOLIIHOTO aJTOPUTMY BiIHOCHO BM3HAUYEHHS BIUIUBY OJIHI€l 3MiHU (My-
Tanii) HeWpOHHOI (YHKIi KIITHHHOIO aBTOMara Ha ITOBEIHKY CHCTEMH B
minomMy. BrxomoM 3 mi€i curyartii Moske OyTH OpraHi3allisi B3a€MHUX BIUTHBIB
HEWpOHHUX (YHKIIN CYCIIHIX KIITHH, Pe3yJBTaTOM SIKHX € JesKa KIaCTepH-
3a11isg, TOOTO CaMOBLIFHE YTBOPEHHS JESKMX OOlacTel (IOMEHIB), y Mekax
SKAX CYCITHI aBTOMAaTd (YHKIIOHYIOTH CXOXe (CHHXPOHHO). B3aemmwmit
BIUTUB TTependadae NesKui piBeHb AyONMIOBAaHHS BHXITHUX PEaKiiii HEHpoH-
HHUX YaCTHH JBOX CYCIJHIX B3a€MOIIFOUMX aBTOMATiB. TyT MO)KHa HaBECTH
JIeSIKY aHaJIOTIEI0 13 «3apa)KEHHSMY OJHOTO aBTOMATa iHIMM. 3 iHIIIOTO OOKY,
Il JIOMEHU HE € CTAI[IOHAPHUMH Ta MiJJAI0TCS PYyHHIBHOMY XaOTHYHOMY
BIUIMBY y BHIAJKY, SIKIIO (DYHKIIOHYBaHHS JIOMEHY HE BiJIOBIZaE €BOJIO-
HiiHoMy Kpwutepito. [Ipy 1iboMy, 4nM OinbIIe BIAXWIEHHS MaKpOIMHAMIKA
4epB’sIKOMOMIOHOTO OpraHi3My BiJl HAWOUTBII ONTUMAIBHOI, THM OLTBIITHIA
CTYIIIHD XaoTH3allii Ta pyHHYyBaHHA. TOOTO BiMOYBAEThCS MPOTHMIS TIPOIIECY
caMOOpTaHi3allii OTHOTHITHUX KJIACTEePiB KIIITHHHIX aBTOMATIB.

Juis peanizariii omrcaHOTO aNTOPUTMY BBEACHO BIATIOBITHUI iHAEKC-
HUI MacuB, SKHH MICTUTB HACTYITHI TapaMeTpH KIITHHHIX aBTOMATIB:

1) Tum KIITHHHOTO aBTOMATa (MIOTPAHMYHUIA, BHYTPIIIHIN, TOIIO);
2) xoopaunatu PKA y npocropi;
3) cTaH CHTHaNBHOTO HEHpPOHA;
4) inpexcu cycignix PKA (MexanivyHa mijicucrema);
5) inmexcu Bignanenux PKA (HeiiponHa mifcucrema);
6) mapamerpu popmyiu (1).

IIpoBeseHI JOCTIIKEHHS y IPOrPaMHOMY CEPEIOBHIII MTOKA3aJIH, 110
3 JIOBUILHOTO TMOYaTKOBOTO XaOTHYHOTO cTaHy (puc. 6), opraHiaM npsimye
JI0 CTaHy MaKCHMaJIbHO €(EeKTUBHOTO pyXy (MIHIMYM eHeprii mpu MakcH-
MaJIbHIH MIBUAKOCTI), 0 0OYMOBIJIEHE CaMOOPTaHi3alli€l0 CUTHAIIB Y Xa0-
TUYHIA HEUPOHHII Mepexi.
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Puc. 6. [louamroguii cman uepg IKonoo0ibHO20 op2auizmy
V cepedosuyi MOOenr08anHs
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JunaMiky eBomronidHOTO Tporecy it Kk itepariii 300pakeHO Ha

rpadiky (puc. 7).
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Puc. 7. Junamixa egonoyitino2o npoyecy noutyxy
ONMUMANLHUX NAPAMempie HelipOHHOT Mepedici

[Tpu npoMy cI1ijt 3ayBayKHTH, 110 ICHYE MeBHUI Ha0Ip CTIMKMX 11a0JIOHIB
KIHIIEBOI ONMTHMAJIBHOI MOBEIHKH, HAPUKIAL, PyX «Hemartoma» (puc. 8),

TIOJIOBHHHE cTUCHEHHS (puc. 9), cermeHTHe cTucHeHHs (puc. 10) Toro.

Puc. 8. Bisyanizayis pyxy muny «Hemamooa»

o 90 b S bbb

s o oo
[ 3T prettaetstey
8 Gooanesoosno
58 Saassssnssassn
® 804 shsonnosonsse
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Puc. 9. Pezyrbmam mo0ento8ants pyxy muny «noi08uHHe CrucCHeHHs»
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Puc. 10. Bizyanizayis pyxy muny «ceemenmme CIUCHEHHs»
3ayBaKMMO, 110 HaWOUIBII ONTUMAIBHUM € MEPEMIIEHHS «IIPYKH-
HOIO» — TIOBHE CKOPOYEHHS BCHOTO TijJla 3 HACTYITHHM HMOBHHM PO3TSrY-
BaHH:M (puc. 11).
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Puc. 11. Bizyanizayis pyxy muny «cezmennne CMUCHEHHs»

BucHOBKH. Y CTaTTi 3aCTOCOBAHO METOJ] PYXOMHX KIITHHHHX aBTO-
MaTiB IO MOZIETIOBAaHHS JOKOMOIIil YepB’IKOMOAIOHOTO OpraHi3My, iCTOT-
HUMH TIepeBaraMi SKOTO € MOXIIUBICTh IEPEXOAy BiJl CTATUYHOI CITKH 10
KOHIIEMIIi CyciacTBa. PO3rIsHYTI OCHOBHI IIPUHIUITHA JIOKOMOIIIi, Ha Mifc-
TaBl IKUX MOOYI0BaHA MOMEC/b. SHAWICHO NPaBUIa KIIITHHHO-aBTOMATHIX
B3a€MO/Ii} 3Ti/IHO 3 KOHLEMIIE CycincTBa. B pe3ynbraTi oTpuMaHa KOM-
M'FOTEpHA MOJIEb, 1[0 IMITY€E YePB’ IKOMO[IOHY JIOKOMOIIIFO.

HoBu3Ha 10CiKEHb MOJIATa€ B BUKOPUCTAHHI ICTOTHO HOBOTO TiJi-
X0/ly J0 MOJEIIOBaHHS JIOKOMOIii 0araTOKJIITHHHOTO OpraHi3My, SIKHA
JTOCHUTH TOYHO BiTBOPIOE MPOIIEC JIOKOMOIIIT B )KUBUX OpraHi3mMax.

Hapmani mmanyeThcst MOJICTIOBATH SIK TIPOCTI, TaK 1 OLIBII CKIaTHI Oa-
TaTOKJIITHHHI OpraHi3MH, 30MpaTy JaHi i BUBYATH iX MOBEAIHKY, eMOpio-
TeHe3, CaMOOPraHi3allilo, CaMOpPEILTIKAIii0, iX HEPBOBY CHCTEMY, M'SI30BY
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cUCTEeMy 1 T.I. 3BHYaiHO, II€ MOXJINBO TIABKH NPH OUIBII JOKIaJTHOMY
GioyorivHOMy aHaii3i mpeaMeTHoi o0iacTi 1 3 PO3BHTKOM IIPOTPamMHOT
imkenepii. [Toganpmmii pO3BUTOK amapaTHOrO 3a0e3IleueHHs! JT03BOJIHTH
MOJICTIIOBaTH Ha0araTo CKJIagHINI NPUKIAAM 1 OTPUMYBaTH HIBUAKICTH
nepeiadi CUrHaIy Ha PiBHI HEWPOHHOT MepekKi JIFOANHH.
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APPLICATION OF THE MOVABLE CELLULAR
AUTOMATA METHOD TO SIMULATION THE WORM-LIKE
ORGANISM’S LOCOMOTION

The object of the study of this work is the simulation of a rainwater
worm subsystem, which controls its locomotion. As a method for modeling,
the method of movable cellular automata (MCA) is chosen, which is success-
fully used for modeling of different systems, where there is a change of vol-
ume — from elastic deformations to ruptures. In this case, the system is di-
vided into fragments, presented in the form of separate discrete elements —
automata. The mechanical subsystem reflects the corresponding body frag-
ments and simulates muscle contractions: transverse and longitudinal. By re-
ducing transverse muscles, the corresponding body fragments should be in-
creased in length and compressed, and with the reduction of longitudinal vice
versa — decrease in length and expand. The signal for muscle contraction is
the state of the corresponding «nerve ending» of the neural subsystem, which
is associated with the corresponding MCA. The work of the cellular automa-
ton algorithm is asynchronous. This involves random selection of one MCA
from the set and an appropriate modification of its state and the state of its
nearest neighbors in accordance with the rules of interaction. In the simula-
tion of the neural subsystem, elemental analogs of artificial neurons (percep-
tron) are implemented. For each individual MCA, the coordinates of the re-
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mote fragments of the simulated organism, the states of which are the input
signals for the corresponding neuron, are indicated. To provide the optimal
motion, an evolutionary algorithm based on a neural subsystem with the use
of analogues of elementary artificial neurons is proposed. The computer
model, simulating worm-like locomotion, is obtained. The conducted studies
in the software environment showed that from an arbitrary initial chaotic
state the organism goes to the state of maximum effective motion (minimum
energy at maximum speed) due to the self-organization of signals in a chaotic
neural network.

Key words: movable cellular automata, computer simulation locomo-
tion, neighborhood scheme.

Otpumano: 23.05.2018

YK 517.946

A. Il. 'poMuk, KaH[. TEXH. HAYK

[Moxinbcbkuil epkaBHUN arpapHO-TEXHIYHUI yHIBEPCHUTET,
M. Kam’suenp-TTopinbepkuii

MATEMATUYHE MOLOENIOBAHHA KONUBHUX MNMPOLIECIB
Y KYCKOBO-OAHOPIAHOMY KITMHOBUOAHOMY
unniHAPU4YHO-KPYroBOMY NMPOCTOPI 3 NOPOXXHUHOIO

AKTyaIpHICTb Teopii KpaifoBux 3a1ad 11 IudepeHIiialbHuX pi-
BHSHb 3 YaCTHHHUMHU ITOXiTHWMH, SIKa IHTCHCHBHO PO3BHBA€THCS,
00yMOBJICHa SIK 3HAUMMICTIO Ti pe3yJbTaTiB ISl PO3BUTKY Oararbox
PO3ALIIB MaTEMATHKH, TaK | YACIEHHUMH 3aCTOCYBaHHSAMH 11 JOCST-
HEHb IIPU MaTeMaTHYHOMY MOJEIIOBAaHHI PI3HUX INPOIECIB 1 SBHII]
¢i3uKH, MexaHiKH, 010J10T11, MEAUIIMHH, €EKOHOMIKH, TEXHIKH.

JoOpe BimoMo, IO CKIIaHICTh MOCTIPKYBAaHHX KpaHOBHX 3a/1ad
CYTTEBO 3aJISXKHTPH BiJl KOSDIIiEHTIB PIBHSHb Ta TEOMETpii 00JacTi B
SIKI po3ryIsmaeThest 3aqada. Ha 1ieif yac TOCHTh JeTanbHO BHUBYEHO
BJIACTUBOCTI PO3B’SI3KiB KPafOBHX 3a/a4 JUTs JHIHHNX, KBa3UTHIHHAX
Ta MEBHUX KJaciB HEMHIHHUX PIBHSHD B OJJHO3B SI3HHUX 00JIaCTSIX.

BoarHouac 6arato BaKJIMBUX MPHUKIAAHUX 3a1a4 TCIUIO(I3UKH,
TEPMOMEXaHIKH, TEOPii MPy>KHOCTI, TEOPii ENEKTPUUHHX KT, TEOpii
KOJIMBaHb TPUBOAATH 10 KpaioBHX 3amay mis JudepeHLiaTbHuX
PiBHSHD 3 YaCTHHHHMH MOXI1THUMHU HE TUIBKU B OJHOPIIHUX 00a-
CTSIX, KOJM KOe(illiEHTH PiBHSIHD € HEMEPEPBHUMH, ajie il B KyCKO-
BO-OJTHOPITHUX Ta HEOJHOPIMHUX OOJIACTSX, KOJIH KOEQIlieHTH pi-
BHSHHS € KyCKOBO-HETIEPEPBHUMH.

VY nponoHoBaHi# poOOTI METOZOM IHTErpabHUX 1 TiOPHIHNX
iHTETpaJbHUX IEPETBOPEHb Y IOEIHAHHI 3 METOJOM TOJIOBHHX
PO3B’sI3KIB (MaTpHLb BIUIMBY Ta MaTpHLb ['piHa) 3a HalOLIbII 3a-
TaTbHUAX MPHITYIICHb NOOYA0BAaHO TOYHI aHANITHYHI pO3B’A3KH Ma-

26 © A.TI T'pomuk, 2018



Cepis: TexHiuHi Hayku. Bunyck 17

TEMATUYHUX MOJICNEH KOJMBHUX MPOIIECiB (rimepOoTiyHuX movar-
KOBO-KPalOBHUX 33/1a4 CIPSDKEHHS) B KYCKOBO-OJHODITHOMY KIIH-
HOBUJIHOMY LIMJIIHAPUYIHO-KPYTOBOMY IIPOCTOPI 3 IOPOKHHHOIO.
Opniep>kaHi po3B’SI3KM MAlOTh aJTOPUTMIYHHN XapakTep, Herle-
PEpBHO 3aeKaTh BijJ MapaMeTpiB i JaHUX 3a7adi Ta MOXYTb OyTH
BHUKOPHUCTaHI SIK B MOJAIBIINX TCOPETHYHUX JOCITIPKCHHSX, TaK 1 B
MPaKTHUIl 1HKCHEPHUX PO3PaXyHKIB pealbHUX CBOJIOIIHAX IMPO-
LeCiB, SKI MOJEMIOIOTHCA TiNepOOTIYHUMH KpaHOBUMH 3aJadyaMu
(3amavi aKyCTUKH, TIAPOJHHAMIKH, TEOPil KOJMBaHb MEXaHIYHHUX
CHCTEM), SIKi OITUCYIOThCS IIATIHAPUIHOIO CHCTEMOIO KOOPIMHAT.
KurouoBi ciioBa: mooeniosanns, xoruenutl npoyec, 2inepooii-
uHe DIGHAHHS, NOYAMKOBI Ma KpAuosi yMOGU, YMOBU CNPSNCEHHS,
iHmezpanvie nepemeopents, Mampuysi enaugy, mampuys I pina.

Beryn. KosuBHi mporiecy BifirparoTh BKIUBY POJIb Y CYYACHIH BiOpa-
LiifHI TEXHIIl, CyTTEBO BIUIMBAIOTH HA MIIHICTD 1 JOBTOBIYHICTH JeTaieit
MalllMH 1 MEXaHI3MIB NP BPaxyBaHHI MEXaHIYHUX 1 TEXHOJOTTYHHX YMOB IX
eKcILTyartanii. HalmpocTinior MaTeMaTHYHOK MOJCIUTIO TAKOTO HPOLECY €
Jo0pe 1 TaBHO BijioMe JIiHiiHe Iu(epeHIiatbHe PiBHIHHS KOJIMBaHb (XBHIIBO-
Be PiBHSHHS, piBHAHHA [’ anmambepa) rinepOoiqHOro THITY 2-TO TIOPSAKY

2
a—g—aZAsu = f(t,P),
ot
Je A; — TpuBMMIpHUI oneparop Jlamaca y BiNoOBixHIA cuCTeMi KOOp-

JMHAT (JIeKapTOBiH, MMIIHAPUYHIN, ceprUHii TOII0) TPUBUMIPHOTO €BK-
JI0BOTO TIPOCTOPY, P — TOYKa B IBOMY IPOCTOPI.

3po3yMiJIo, 110 /ISl aAeKBaTHOTO MOJISIIIOBAaHHS KOJMBHOTO ITPOIIECY
JI0 CKJIaJy MaTeMaTWYHOI MOZENi KpiM XBHJIBOBOTO DIBHSHHS HOTPiOGHO
JIOJTYYUTH 1€ TIEBHI MOYaTKOBI Ta KpaioBi yMOBH. TakiM YWHOM, MaTeMa-
TUYHOI0 MOJEJUTI0 KOJIMBHOTO TPOIECy € TimepOoiiuHa KpaiioBa 3ajada
mareMatndHOi ¢i3uku [1]. Ha meit yac qocute peTaqbHO BUBYEHO OJIHO-
BHUMIipHI, IBOBHMIpHI Ta TPUBHMIpHI TimepOoiyHi KpaioBi 3amadi mare-
MaTu4HOi (i3MKKM ONHOPITHHUX CEepeNoBHUILN. Alle y 3B’S3KYy 3 IIUPOKHUM
3aCTOCYBaHHSIM KOMIIO3UTHUX MarepianiB (HaHIPOCTIMIMHA KOMITO3UT Mae
JIBl TOUKH CHPSDKEHHS) y OyJIBHUITBI, TEXHIIIl, CYy4YaCHUX TEXHOJIOTISAX SK
MaTeMAaTHUYHI MOJIENI MEBHUX MPOIECIB BHHUKAIOTh KpaloBi 3amadi s
JudepeHIiagbHuX PiBHSAHD 3 YACTUHHUMH TOXIJHUMH PI3HUX TUIIB (eJin-
THUYHHX, NMapaboJiyHuX, TinepOoIiuHNX) HEe TLBKMA B OJHOPIAHUX oOJac-
TSX, KOJMM KOE(ILIEHTH MOJENBHUX DIBHSHb € HENepepBHUMH, alie i B
HEOJHOPITHUX Ta KYCKOBO-OAHOPITHUX CEPIOBHINAX, KOJMH KOCQIIlieHTH
PIBHSHB € KYCKOBO-HEIIEPEPBHUMH, UH, 30KpeMa, KyCKOBO-CTaTMH [2—4].

OxpiM MeToy BiloKpeMIieHHsI 3MiHHUX [1, 6] Ta iioro y3aranbHeHs [5],
OJTHAM 3 BOXJIMBHUX 1 €(PEKTMBHUX METOMIB IOCIIIKECHHS JIHIHHIX MaTeMa-
THYHUX MOJIENel (JIHIMHUX KpalloBHX 3a/1a4 MateMaTHyHol (hi3UKH) € METO.T
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IHTErpaJbHUX MEPETBOPEHB [6], KU Ta€ MOXKIMBICTH OyIyBaTH B aHANITH-
YHOMY BUTJISIII PO3B’S3KM THX UM iHIINX MaTEMAaTHIHUX MOJeliel (KpaHoBHX
3aja4) yepe3 iX IHTerpaibHe 300pa)KeHHsl y BUMAAKY OJHOPIIHHUX Cepesio-
Bull. Y TOH e yac, Uil AOCUTh LIMPOKOIO Kiacy 3afad y KyCKOBO-
OJIHOPITHUX cepefoBHIIAX e(heKTUBHIM METOOM iX JAOCIIKEHHS BUSBHBCS
METOJ TiOpUIHHUX THTErpaJIbHUX MEPETBOPEHb, SIKi IOPOKEHI BIIIOBIJHUMU
riOpuAHUME TUEPEeHIlIATBHUMY OIepaTopaMHt, KOJIM Ha KOXKHIil KOMIIOHEH-
Ti 3B’S13HOCTI KYCKOBO-OTHOPITHOTO CEPEAOBHIIA PO3IJIIIAI0THCS a00 K pi3-
Hi nudepeHiansHi onepaTopy, abo k JdepeHIiabHI ONepaTopH TOTO K
€aMoro BHUIJIAY, alie 3 pi3HUMHU HabopaMu koediuieHtis [7—-11].

VY midi cTaTTi, sIKa € JOTIYHUM MPOJOBXKEHHSM [12], MH MPOITOHYEMO
TOYHHH aHANITHYHUN PO3B’A30K y3arajJbHEHOI MaTeMaTHYHOI MOAEN KO-
JIMBHOTO MPOIECY B KyCKOBO-OAHOPITHOMY KIMHOBHUAHOMY LIMJTIHIPUIHO-
KPYTOBOMY IPOCTOpi 3 MOPOXHUHOIO, MOOYAOBaHMI METOJIOM iHTETpaib-
HUX 1 TIOpUIHNX IHTETPAIbHAUX IIEPETBOPEHb.

IMocTanoBKa 3agayi. Po3rissHemo 3a1a4y moOy10BH 00MEKEHOT0 Ha
MHOXHHI
n+1
D={(tr.p2)|t>0; rel; =l (R, 4iR;), Ry >0,
j=1

R,.q = +o0; goe(O;goO), O<@y<27; z e(—oo;+oo)}

PO3B’S3KY JHIHHUX MU(epeHITiaTbHAX PIBHIHB 3 YACTHHHUMH ITOX1THUMHA
rinepboiuHoro Ty 2-ro mopsiaky [1, 6]

%, 2 10 ) & o° o°
b el R e L Y b M TR
ot orc ror rco 0z 1)
+;(J?uj = f, (t,r,(p,z),rte; j=1Ln+1
3 ITIOYaTKOBUMHU yMOBaMI/I
| =gl(r L4y =g%(r rel;j=1n+1, (2
thzo_gj(1¢vz)y at O—Qj(,(p,Z), S j’J_’ +1,
t=
KpaoBHMH yMOBaMHU
o°u; o°u; .
=0; =0; s=0,1 j=1n+1 3)
oz° 0z°
7=—0 Z=+0
0 o°u
[al(]16_+ﬂl()ljul :go(t:(/’yz)i—n;l =0;
r ot | . 4

0 0 .10 0 .
afy <0, 4 > Oy |+ p # 0;5 = 0,1,
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OJITHUMH 3 KpalOBMX yMOB Ha TPaHsIX KIKHA [7]

ui|¢=o =gy (t.1,2); UJ|¢=¢0 =ay;(t,r,z); j=1n+1 (5)
ou; J—
uj|_ :gzj(t,r,z);—J =~y (t,r,z); j=1,n+1 (6)
o= a(p P=Q,
o
ou; -
—L :g3j(t,r,z);uj| _ =ao(tr,z); j=1,n+1], )
op =0 =9,
ou; ou; -
—L =gt =L =—e M) j=1n+1 (8)
op =0 op =94

Ta yMOBaMu crpsbkeHHst [ 12]
k 0 ok k 0 ok
|:[ajla+ﬂjl U — O’j2§+ﬁj2 U1

k k . .
Qj 8y, gjr Xy s ﬂjs — JIesIK1 CTal;

=0;j=12k=1,n, (9)

r=R,
e

Cik Ea;jﬂlkj _afjﬂ;j #0; ¢ -y >0;
ft,r.p,2)={fi(t,r,p,2), f,(t,r,0,2),..., {1 (t, 1,0, 2)};
gl(r,(/’: Z) = {gll(r,% Z); gé(ri(/’, Z),..., g#ﬂ(l’,(p, Z)}1

0°(r0.2) = {0 (1,0 2): 03 (1.9, D). 07 (10 D) ;

do(t.0,2), 9p(t7,2), @y (t,r,2); (p=1,4; j=1,n+1)
— 3a/1aHi 0OMeKeHi HeriepepBHi QyHKIIIT;
ut,r,,z) = {uy(t,r,0,2);U, (8, 1,0,2),.., Uy 4 (8, T, 0, 2)}

— IIyKaHa JIBivi HellepepBHO AudepeHiiiioBHa QYyHKIIS.
3ayBaKUMO, 110:

1) yBunaaky y; =0 piBrsuus (1) € KIACHIHMM TPUBMMIPHHM HEOHOPI/-

HUM PiBHSHHSM KOJIBaHb (XBIJILOBUM PIBHAHHSM, piBHAHHAM /I’ amamoe-
pa) IUTsl OPTOTPOITHOTO CepeIOBHUINA Y HMITIHAPHIHIN CHCTEMI KOOPAUHAT;
2) SKII0

k K _q. Kk K _ 1.k k ok . K k k
ap =0,0n =Lay, =06 =Lay =8, By =0ay =Ey, S5 =0,
ze Elk,Eg — wmoxayni FOnra ( k :1_n) , TO yMOBH crpspkeHHs (9) 36ira-

IOTBCA 3 KIITACHYHUMHU YMOBaMU i,IIeaJILHOI‘O MEXaHIYHOTO KOHTAaKTYy.
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TakuM YMHOM, TirnepOOJiYHI MMOYATKOBO-KPAMOBI 3a1adi CIIPSIKCHHS
(0)-(), (), (9); (1)), (). (9); ()-@), (7). (9); (1)), (B). (9) momna
PO3IJIISAaTH SIK y3araibHeHI MaTeMaTHYHi MOJENi KOJMBHHX MPOIIECIB Y
KYCKOBO-OJIHOPIJTHOMY KJIMHOBUJHOMY IHTiHAPUYHO-KPYTOBOMY MPOCTOPI
3 TIOPOKHUHOIO.

OcHoBHa yacTuHa. [Ipunycrimo, o po3s’s3ku 3axad (1)—(4), (5),
(9); (1)—(4), (6), (9); (1)—(4), (7). (9); (D)4, (8), (9) icuyrots i 3anani it
nrykaHi (QyHKIIT 3a7JOBOJIBHSIOT YMOBHU 3aCTOCOBHOCTI 3aIy9eHUX HIDKYE
NpsSIMUX Ta OOEPHEHMX IHTETpaNbHUX i TIOPUAHUX IHTETPAIbHUX TIEPETBO-
penn [11, 13, 14].

Busnaunmo ckinvenni npsame F ; Ta obepuene F k iHTeTpasbHi ne-
perBopennst Pyp’e 1mo10 KyToBoi 3MiHHOI ¢ € (0; ¢, ) 3a popmymamu [13]:

Po

Fin.ik [ f ((/’)} = f f ((/’)Um,ik (CD)d(/’ = foic (10)
0
Fn:llk[ mlk] Z‘glk f, |kUm|k )E f((p), (11)
Po m=0
e
Tm .
Bruir == Upi(@)=sin (ﬂm,ll(p);
Do
2m+1
Bz = % Uz (@) =sin (ﬂm,m‘/’);
o

P21 =Pnizr Una (p)= Cos(ﬁm,zw)?
B2z = Brary Unaa (@)= cos(ﬂm 22(/’)'
g0 =0, &f =1 mpm ik =11,12,21; m=1,2,3,..

1
55225, grizzl npu m=12,3,..... .

Besnocepennpo (iHTErpyBaHHSIM YaCTUHAMH) NEPEBIPSAETHCS, 10 JUIS
omneparopa F; BHKOHYETHCS OCHOBHA TOTOXHICTH IHTEIPAIBHOTO Iepe-

TBOpeHHs qudepeHiiaipHoro oneparopa Oyp’e:

d?f .
Fin.ik {_2} =Bk Fmik + P 1k =1,2, 12)
do
e
m 1 z(2m+1 df
O = (04 (0" 1 (00) s 0y = 22D 1 0) (S
Do 20, de o=a,
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df m 7 (2m+1) df m df
Oaz =l ) T ) 0 ()= (S
Plo=0 %o Plo-0 Plo=g,
Interpansunit oneparop F, ; , axui gie 3a popmynoro (10), Braci-

JIOK TOTOKHOCTI (12) TPUBUMIPHUM ITOYATKOBO-KPAHOBHM 3a1adaM CIIpsi-

werns (1)~(4), (5), (9); (1)—(4), (6), (9); (1)-(4), (7). (9); (1)—(4). (8). (9)

CTaBUTH Yy BIANOBIIHICTE 331294y TOOYIOBH OOMEXEHOTO Ha MHOKHHI
D'= {(t r2)t>0;r el z e (—o0;+0)}

PO3B’SI3Ky ABOBUMIPHUX An(epeHLliaIbHUX PIBHSIHB

azujmlik _ az i+li__vj'2m’ik +a2i u. .. +
ot? Tor? roar  y? Do | M (13)

(t,r,z),rte;jzl,n+1

2
+ZUjmik = Gjm,ik

3 MIOYaTKOBUMH YMOBaMU

OU jm ik )
ujm,ik|t:0 = g]jm,ik (r.z); ét : = Qimik (1:2), (14)
t=0
KpaiiOBUMH YMOBaMH
o°u; . o%u; .
L =0; jm. ik =0;5=0,L1 j=1n+1, (15)
oz’ oz°
Z=—0 Z=+0
d O°Upn it mik
["‘101 -+ ﬁloljulm,ik = Gomik (8, 2); ——2= =0;s=01  (16)
or rR, or .

Ta YMOBaMU CHIPAKCHHA

0 0
p p p p
K“jngfﬂjljupm,ik —(O‘jz g"'ﬂjzjupﬂ,m,ik}

e
Gjmik (L.1,2) = fiuc (LT, Z)+a;j"_2q)m,ik (trz); Vi = ar_jla(pjﬁm,ik'
Jlo ABOBHUMIipHOI MOYAaTKOBO-KpaiioBoi 3amaui crpsokerns (13)—(17)
3aCTOCYEMO IHTETpajbHEe mepeTBopeHHss ®Dyp’e Ha JekapToBii oci
(—o0;+00) mmogo 3minnOi z [14]:

=0;j=12p=1n, (17)
r:Rp

0

Flo(2)]= [ o(2f " dz=g(0).i =1, 18)

0

Fa(0)] = [ §(o ko = 0(2) @9

—00
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F{%}-MF[Quﬂz—aZ@(a)- 20

Inrerpanbhuii oneparop F , sikuit nie 3a popmyoro (18), BHacmigok
totoxkHOCTI (20) 3amaui (13)—(17) craBuTh y BIiAMOBIAHICTE 3a1a4y 1mo0y-
JIOBU OOMEKEHOTO Ha MHOXKHHI

D" = {(t,r)|t >0:re I;}

PO3B’SI3Ky OAHOBUMIPHUX AU(EPEHIIAIbHUX PIBHSHB B-TiepOOIIYHOTO THITY

%0
jm,ik 2 ~
R [0 |+ 21)
+<azzjc72 +;(J-2)Gjm'ik =éjm'ik (t.,ro);re I;; j=Ln+1
3 I0YaTKOBUMH YMOBAMH
ol .
~ ~1 ) jm,ik ~2 .
ujm'ik|t:0 =Gjni (ro); =0 (ro)relji=Ln+l, (22)
=0
KpallOBUMHU YMOBaMH
a - - Gsl] 1,m, ik
(0‘101_+ﬁ101)U1m,ik = Gom,ix (7,0); —— =0;s=01 (23)
or roR or
0 r=+o0
Ta yMOBaMI/I CHpﬂ)KeHHfI
0 - 0 -
p Y9 pp |09 pp _q
|:[aj1 ar"'ﬂjl)upm,ik (ajz ar+ﬂj2jup+l,m,ik}rR =0; (24)

i=12p=1n,
ae
2
> 10 Vini
B, =—+-—-—1
mE9re ror r
— KIacugHuH audepennianpanit onepatop beccerns.
Jlo 0IHOBUMIPHOI MOYATKOBO-KPaioBoi 3aaaui cipsokenns (21)—(24)
3aCTOCYEMO TiOpU/IHE 1HTErpajbHE NMepeTBOpeHHs TUIly Bebepa Ha mossip-

Hili oci |, 3 N TouxaMu crpsbKeHHs Moo 3MiHHOT I [11]:

+00

M(n)[f(r)]=Rj f(rV (r, A)o(r)rdr = f (4), (25)
MA[f]= [ favrne(r)da= 1), (26)

0
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n+1 Ry

M(n)[Bm,ik)tf(r)l]=—22f"<z)—kzlyf [ TV (r 2o rdr -
= R
7)
a’Ry0 of
_1_(§’1V1(R0,1)(af16—r+ﬂ1°1f]
an r=R,

Y dopmynax (25)—(27) 6epyTb yuacTh BenuuuHHM i QpyHKIIi, BUNmca-
Hi B [11],
n+l

Bmio = 2.2;0(r—R;_)O(R; 1B, +a,,,0(r-R,)B,
=1

n+1,m ik

— riOpunanii qudepenuianpauii oneparop beccems, ©(x) — onuHHYHA

¢ynkuis I'esicaiina [15].
3anumemo audepennianpHi piBHAHAS (21) Ta moyaTkoBi yMoBH (22)
y MaTpHuHiH Ppopmi

ot?

2 ] r g -
[;—2— al B,..+ qlz(cr)Jﬂlm'ik (t,r,o) Gy ik (t.1,0)
o° i
(ﬂ_z_angw * qZZ(U)JGZm,ik (t,r,o) _ Gomik (t,1,0) 9
52 T
(_ “20aBy (O_)j Upopmi (610) | [Cramic(t10) |

Uy ik (8,1, 0) [ gllm,ik(rva) —‘
Upm,ik (.1, 0) :‘ Gomik (1, 0)
Ll]n-;—l,m,ik(t,r,O')Jt:O [@,ﬁﬂ’m'ik(r,o—) (29)
Uy ik (6,1, 0) g~12m,ik(rlo-)
0| Upmi(t,r,o) Q%myik(r,o-)

0 ) =2
Uni1,m, ik (t,r,o) -0 gn+1,m,ik(r16)

e

qJ?(O') = azzjo_z +)(J-2; j=1Ln+1
InTerpanbauii onepatop M () SIKWI f1i€ 3a opmyroro (25), 300pa-
3UMO Y BUIJISIII ONIEPaTOPHOI MATPHIIi-pAIKA
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[R R,
M(n) [] - LJ‘ -V, (r, A)oyrdr J"'Vz(r,ﬂ)azrdr
R, R, (30)
Rn +00
[ Ve erdr [V, (1 Aoy rdr
R R,

1 3aCTOCYEMO 3a MPAaBUIIOM MHOXKEHHS MaTpHILb 0 3anadi (28), (29). Bua-
CIIIOK TOTOKHOCTI (27) omepxyemo 3amauy Komri ais 3Buuaiinux aude-
PEHLIATbHAX PIBHSHB 2-TO MOPSIIKY

n+1 dz ) , , )
Z(FWLJ +7] +Qj(O')JUjm'ik(t,ju’o.):

i= (31)
n+l ~ 2
*ZGJm |k(t 4, ) = 1 0Vl(RO ;L)gOm ik (t O-)
j=1 all
n+1: n+l 21
Zujm,ik (t:/110')|t=0 = Z Gjm,ik (4,0);
= = (32)

d n+1 n+l

Zujmlk(tﬂ’a)| Zé?m,ik(i,o')l
j=1

Ie
RJ
Uj ik (1.4, 0) = Iﬁjm'ik(t,r,G)Vj(r,/I)O'jrdr; i=1ln+1,
R,
~ Rl
Gjni(t.4,0) = IGjmyik(t,r,a)Vj(r,ﬂ)ajrdr, j=1n+1,
R
RJ
Gimix (A, 0) = .[ Gimix (ro)V(r,)o;rdr; j=1n+1,s=12.
R—l
[pumyctrMo, HE 3MEHIITYIOYM 3arajbHOCTI PO3B 3Ky 3aladi, II0
max{qlz(a), a (o), - q§+l(o-)}=q12(o) i mokmazemo  BCIOIM

;/J? =qf (o)~ qJ2 (o); j=1n+1 3amaua Komi (31), (32) naOyBae Burisi-
ny

27 - 2

u = a, o,R -
MK 4 A% (2,0 ik = G (8,4, 0) = laé 2V, (Rys A)Gomi (t.0), (33)
11

Ijm,ik (t,ﬂ,o‘)L gm ik (4,0); Uik (t 4, O-)

= g:ri,ik (4,0), (34)

t=0

34
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ne
- n+l | ~ n+l ~
Uik (64,0) =D Ujn i (t,4,0); Gy (t,4,0) = G (t4,0),
i=1 j=1
n+1

Inik (4.0) = @i (. 0); A*(,0)=A" +aso + 475 s=1.2.
j=1
Bimomo [11], mo equanM po3B’si3koM 3anadi (33), (34) € dyHKIisa

Uik (t,A,0) =N (t,4,0) 82 i (A, 0) + % N(t,2,0)8mi(4,0)+
(35)

t 2
= a; Ryo -

+_[N (t—r,l,a)|:Gm'ik (T,ﬂ,a)—l—glvl(Ro,l)gomyik (T,O'):|dl’,

0 11
ne ¢ynkuis Komri (po3s’si3ytoua QyHKIIis)

in(A(4,0)t
N (t,zl,o‘)z—sm( (4,0) ).
A(A,0)

OCKITBKY CyTIEPITIO3HLIST OIepaTopiB M(n) Ta M(_nl) € OJUHUYHUM

onepaTopom (M(n) ° M(’n) = M(’nl) ° M(n) = I), TO OIlepaTop M(’nl), K 00e-
pHeHuit 1o omepatopa (30), 300pa3uMo y BUIIISIII OIIEpaTOPHOI MaTPHIIi-
CTOBIILISA

T---Vl(r,/i)Q(ﬂ)dl
0

+00

_([---Vz(r,&)Q(/i)di (36)

[ Vau(r,)Q(2)d2
0

1 3aCTOCYEMO 3a TPABHIOM MHOXXEHHS MAaTpHIlb JI0 MaTpHIli-eJIeMeHTa

[Gm’ik (t,/l,o-)], e GyHKIis ﬁm’ik (t,4,0) Bu3Hauena Qopmymnoro (35).

OnepxyeMO €IMHHUN PO3B’30K OJHOBUMIPHOI rinepOoJiuHOI TOYaTKOBO-
KpaitoBoi 3amaui cripspkenns (21)—(24):
+o0
Ujmic (t.1,0) = [ N(t,2,0)95 ik (4, 0)V; (1, 2)Q(2)d A+
0

40

+§I N(tv’ilo')éﬁw,ik(ﬁ,o')Vj(l‘,/i)Q(/l)d/1+ (37)

o
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t +oo

+j j N (t—r,/l,a)ém_ik(t,/l,a)vj (r,2)Q(2)dAdz -

t +o0

alo-lROJ.J. (t=7,4,0 Ny (Rys 4) Gom ik (7.0 (r,4)Q(4)d Ad 7.
11 00

3acToCyBaBIIA TOCTIIOBHO 10 QYHKUIH Uy (,1,0) , BU3HAYEHHX

dopmynamu (37), obepreni oneparopu F ' Ta Fm i, 1 BIKOHABIIHU He-

CKJIa[IHI TIEPETBOPEHHS, OIepKyeMO (HyHKIIT
Ujitr e z) =

j E}I;(t—r,r,p,(p,a,Z—é)fp(r,p,a,f)appd§dadpdf+
0

n+l Ro @ +o0

+_Z J HEJp(t rop.a -89y (p.a,&)o,pdédadp+

p =lR,,
n+l p Py +0 (38)
2 | J J. Efs (L1, p.0.2,2-8)05 (p,a,&)o,pdédadp +
P=lR
n+1 t Ry 40
+Za¢pjj IQ (t1T:r1P1¢:fo)appfldédpdwr
p=1 0R,,
t ¢y +0
+” IWir,ik(t—fyrlf/’:a,Z—s‘)go(r,a,f)dédadr; j=1n+1,
00 -

sIKi BU3HAYAIOTh E€JIMHI PO3B’SI3KH TiNepOOJIUYHUX MMOYaTKOBO-KpaHOBUX
sanau (1)-(4), (5), (9); (1)—(4). (6), (9); (1)-(4), (7), (9); (1)—(4), (8). (9)
npu BignoBignux 3Havenusx ik (11, 12, 21, 22).

VY dopmynax (38) 3acTOCOBAaHO KOMITOHEHTH

Elk tr.pp,a,2)=— Z 'kK?:)’ik (tr.p 2V (@)U (@)
7Po m=0
Marpuili BIUBY ((GyHKIIT BILIMBY), QyHKIIT

Q;;(tr,r,pgo,ch)——z Ik mlkt nrnpt é)q)mlk(fpf) mlk( )

P m=0
Ta KOMIIOHEHTH

2
aoyRy crl R

Wi it roa,2)=- 0 E'ﬁ(t rRy, ¢ a,)

11
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panianeHOi MaTpui ['pina (pamianeHi dyskmii ['pina) BigmoBiAHUX moYa-
TKOBO-KpafoOBHX 3324 CIPSHKEHHS, J1e

—+00 +00

KK (t,r,p,z):j jN(t,/l,a)\/j(r,/z)vp(p,/l)Q(/l)cos(az)d/lda.

3ayBa:kennsi 1. AHauni3z po3B’si3kiB (38) B 3a€)KHOCTI Bijl THITY Kpa-
HOBHMX yMOB Ha IpaHsX KiMHa ¢ =0 Ta ¢ = ¢, MOBTOPIOE BiANOBITHHUN

aHaui3, mposeaeHuit B [12].
3ayBaxenus 2. YV Bunagky a,; =a,; =a, =a; >0 ¢opmym (38)
BU3HAYAIOTh CTPYKTYPH PO3B’SI3KIB PO3MISIHYTHX 3a/ad B 130TPOITHOMY

KyCKOBO-OJIHOPITHOMY KJIMHOBHHOMY LMJIIHAPUYHO-KPYTOBOMY IIPOCTOPI 3
MOPO>KHUHOIO.

3ayBaskeHHs 3. Bumamok 3MiHH ¢ B MeXaxX ¢ <@ < ¢, 3BOJHUTHCS

JI0 PO3IIISIHYTOTO HAMH 3aMiHOI0 @' =@ — ¢ (@y = 0, —¢y).

3ayBaskennsi 4. [lapametpu ), ) 1al0Th MOKIHBICTS BUILIATH i3
¢dopmy (38) po3B’A3KH KpaloBHX 33/1a4 Y BUIAAKax 3a/IaHHS Ha pajlialib-

Hili moBepxHi r = R,, kpaiioBoi ymoBu 1-ro pomy (alol =0, ,6101 = 1) , 2-TO

pony (alol =-1, ﬂlol = 0) Ta 3-T0 poxy (alol =-1, ,b’lol =h> 0) .
3ayBaskeHHs1 5. AHami3 po3B’sa3KiB (38) B 3aI€KHOCTI BiJ aHATITHY-

Horo Bupasy Gymkuiit f;(t,r,0,2), 9}(r.@,2), g(t.r,2), go(t.9.2),

@y (t,r,z), j=1,n+1, s=1,2 mnpoBOAMTHCS OE3MOCEPEIHBO i3 3arajib-

HUX CTPYKTYP.

BucHoBku. MeTo/10M iHTErpajbHUX 1 TIOPUAHUX IHTErpajbHUX Iie-
PETBOPEHB y MOEIHAHHI 3 METOZOM T'OJIOBHUX PO3B’SI3KiB ((YHKIIH BIIH-
By Ta (QyHkuid ['pina) Bmepiie noOyaoBaHO €IMHI TOYHI aHANITHYHI
PO3B’SI3KM y3arajJbHEHHX MaTeMaTHYHHX MOJENEH KOJIMBHUX IMPOLECIB Y
KyCKOBO-OZHOPiIHOMY KJIMHOBHIHOMY IMJIIHIPUIHO-KPYTOBOMY ITPOCTO-
pi 3 nopoxxHuHO0. OnepkaHi po3B’A3KM HOCSTH aITOPUTMIYHHMN Xapak-
Tep, HeTIepEepPBHO 3aJICKUThH BiJl TApaMeTPiB i JaHWUX 3a/1adi # MOXyYTh OyTH
BUKOPHCTAHI SIK B TEOPETUYHUX TOCIIKCHHAX, TaK 1 B MPAKTHUII iHKeHe-
PHHX PO3PaxyHKIB 3 BUKOPHCTAHHIM YHCEILHUX METOIIB.

Cnucok BUKOPHCTAHMX JKepeJi:

1. Tepectiok M. O. Teopis piBHsHE MaTemMaTH4HOI ¢izuxu / M. O. IlepecTiok,
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MATHEMATICAL MODELING OF OSCILLATING PROCESSES

38

IN PIECEWISE-HOMOGENEOUS WEDGE-SHAPED
CYLINDRICAL-CIRCULAR SPACE WITH A CAVITY

The theory of boundary value problems for differential equations with
partial derivatives develops intensively and its results are important for the
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development of many sections of mathematics. Its achievements are ap-
plied in the mathematical modeling of various processes and phenomenon
of physics, mechanics, biology, medicine, economics, engineering.

It is well known that the complexity of a boundary-value problem sig-
nificantly depends on the coefficients of equations and the geometry of
domain in which the problem is considered. Properties of solutions of
boundary value problems for linear, quasilinear, and some classes of non-
linear equations in single-connected domains have been studied in suffi-
cient detail.

However, many important applied problems of thermal physics, ther-
momechanics, theory of elasticity, theory of electrical circuits, theory of
vibrations lead to boundary value problems for differential equations with
partial derivatives not only in homogeneous domains when the coefficients
of the equations are continuous, but also in piecewise homogeneous and
inhomogeneous domains when the coefficients of the equations are piece-
wise continuous.

In this article the exact analytical solutions of mathematical models of
oscillating processes (hyperbolic initial-boundary problem of conjugation)
for piecewise-homogeneous wedge-shaped cylindrical-circular space with
a cavity are obtained by means of the method of integral and hybrid inte-
gral transforms, in combination with the method of main solutions (influ-
ence matrices and Green's matrices).

The obtained solutions are of algorithmic character, continuously de-
pend on the parameters and data of problem and can be used in further the-
oretical research and in practical engineering calculations of real processes
which are modeled by hyperbolic boundary-value problems that are de-
scribed by a cylindrical coordinate system (problems of acoustics, hydro-
dynamics, the theory of vibrations of mechanical systems).

Key words: modelling, oscillating, hyperbolic equation, initial and
boundary conditions, conditions of conjugation, integral transformation,
the influence matrix, Green's matrix.

Otpumano: 29.05.2018
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VIIK 531.7.08

A. C. lynHik, KaH]. TEXH. HAyK
KuiBcpkuit HanioHansHUK yHiBepcuteT iMeHi T. IlleBuenka, M. Kuis

METOAUN BUSHAYEHHA BIACTAHI MDK OB’€EKTAMU
3ACOBAMU CEHCOPHUX MEPEX

Ha cporonuimHiii 1eHb Y BCbOMY CBITi yce OUIBII MWIBHY yBary
MPUBEPTAIOTH /10 ceOe «Oe3mpoBigHi CeHCOpHi Mepexi» («Sensor
Networks», mai npocto ceHcopai Mepexi). [Torstrs «CeHcopHa Me-
Ppexay 3'SIBUIIOCS TIOPIBHIHO HENaBHO (KiTbKa POKIB TOMY) alie Ha ChO-
TOJHILTHIN JIHb € B)Ke TIOBHICTIO cTaniM TepMiHoM (Sensor Network),
II0 O3HAYa€ PO3MOJIUIEHY, TaKy, [0 CAMOOPraHi30BYETHCS, CTIHKY 10
BIIMOBH OKPEMHX EJIEMCHTIB MEPEXKy, IO CKIAJAEThCS 3 BEIMKOrO
YHClia MaJora0apUTHHX 1 JCIMICBHX HAIMiBIPOBIIHUKOBUX TMPUIIAIIB,
0 OOMIHIOIOTECS iH(OpMAIIi€ro 10 Oe3MPOBITHOMY KaHAIY 3B'SI3KY,
He 00CITyrOBYIOTBCS 1 HE BUMAraroTh CIieLiaibHOl ycTaHOBKH. KoxeH
MPHUCTPIi MOYKE MICTHTH Pi3Hi AaTYHKH (Bi3UYHHX TTApaMETpPiB cepeno-
BHIIA (PYX, CBITJIO, TEMIIEPATypa, BOJIOTICTh, THCK 1 TAK Jali), a TAKOXK
3aco0u sl IepBUHHOT 00pOOKH 1 30epiraHHs OTpuMaHuX NaHux. Ki-
JIBKICTB 00’€KTIB B Takii Mepeki TEOPETUYHO BH3HAYAETHCS JIUIIE
cheporo 3aCTOCYBaHHS 1 OFOKETOM, 1 3aBISIKA HU3BKIN ITiHI OKPEMHUX
MPUCTPOIB (TIOPSAKY JEKiTbKa JT0TapiB 1 HIDKYE) MOXKe OyTH JIyxkKe Be-
JKe (HOPSIIKY JEKiUTbKa THCSY 1 BHIe). Pi3HI MeTOIM HamararoTbes
OLIHHUTH BIJICTAaHb MK JIBOMa By3JIaMH, BAKOPUCTOBYIOUH Yac, BUMipH
Yacy TMOIIMPEHHS CUTHATY BiJ IIepeaaBada 1o MpHiiMada Tak, mob Ha
1oro ocHOBI MO)kHa OyJI0 po3paxyBaTH BIICTaHb MK IepeaaBaveM i
npuiiMadeM. Y CTaTTi NMPOBEICHO MOPIBHSUIBHUI aHalli3 METOAIB Ta
JITOPUTMIB JIOKaNi3allii 3 BUKOPUCTAHHAM HACTYITHUX KOMITOHEHTIB
CHCTeM JIOKaITi3alil: OLiHKa BiICTaHi/KyTa, OOYHCIICHHS TO3HILi Ta al-
TOpUTM JIOoKamizamil. Bubip Metomy OWIHKHM BifCTaHi MK By3JlaMH B
CHCTEMI JIOKami3alil € BOXIMBUM KOCQII[IEHTOM, KM BIUIMBAE HA
TIPOYKTUBHICTh CHCTEMH. 3a3BH4aif, 00 OIIHATH TOYHE PO3TAIIy-
BAaHHS BYy3J1a MOTPIOHO BUKOPHCTOBYBATH NPHUHAMMHI TPH OLHKH Bil-
craHi. Bu3naueno, mo st i CEHCOPHHUX Mepek, HalBaKITUBINIE —
Te, 110 CaM BY30J1 OOYKCIIIOE CBOKO BIIACHY MO3HMIIIO, TOMY JUIS [IbOTO
HEeoOXiTHO MaTé NMpUHANMHI TPH BY3/IM 3 BIIOMUMH KOOPIMHATAMH.
Hesinomuii By30:1 OLiHIOE CBilf KyT JI0 KOYKHOTO 3 TPHOX OIIOPHHX BY-
371iB, 3aCHOBAaHMI Ha IMX KyTaX 1 HAa TO3HWINSX OMOPHUX BY3MIB (SIKi
(OpMYIOTh TPHKYTHHK), OOYHCIFOE CBOIO BIIACHY MO3HIIIO, BUKOPHC-
TOBYIOYH HPOCTi TPUTOHOMETPHYHI CITiBBITHOIICHHSI.

Kiro4oBi cioBa: desnposiona cencopna mepesica, 8y301, AKip,
noxubxa, 1oxkanizayis, zigbee.

Beryn. Onniero 3 akTyainbHUX 33/1a4 € BU3HAYCHHS MICII PO3TaIlLy-
BaHHS OKpeMHX 00'eKTiB Mepexi. HeoqMiHHOI0 YMOBOIO TIpH eKCIUTyaTarlii
OyIb-KHX CHCTEM MOHITOPHHTY Ta KOHTPOIIIO € MPUB'A3Ka JaHHX, 310pa-

40 © A. C. lyanik, 2018
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HUX BCI€I0 CHUCTEMOIO JIO reorpadiqHuX KOOpAWHAT I BiJOOpasKeHHS
3ibpanoi iHdopmarii Ha KapTi i moganmemoro anamzy. Kpim Toro, Taka
Mepexa (Ha BiIMiHY BiJ TpaJuLidHMUX pagioMepex) 3a HasBHOCTI BOYIO-
BaHOI MiJICKCTEMH MO3UI[IOHYBaHHS OKPEMHUX 00'€KTIB MOXKE OYTH pO3rop-
HyTa IPAaKTUYHO /i€ 3aBrOJIHO 3 MiHIMaJILHUMU BUTpaTaMu. Lle Mmoxxe OyTu
3po0JIeHO, HANTPUKJIA[], IIJISIXOM PO3KHIaHHs 00'€KTIB MEPEXi 3 JTiTaKa.
KpiM npuB'sI3Kku OTPHEMaHUX MEpEeXkKEr0 JaHUX B Mporieci poGoTH 10 Kap-
TH MiCIIeBOCTI, iH(OpMAIlisi PO KOOPIUHATH 00'€KTIB Oynie HEOOXiqHa B TIPO-
meci (pyHKITIOHyBaHHSI camMoi Mepexki (MmoOymoBa eEeKTHBHUX 3 TOYKU 30PY
€HEeProCIOKUBAHHS AITOPUTMIB MapILIPyTH3aLlii, 30ip OTPUMaHKX JaHHX).

AHaNi3 ocTaHHIX HocaimKeHb i myOsikamii. [IluranHsIM mOCITI-
JOKeHHS 1HQOpMaNifHO-BUMIPIOBaIbHUX CHCTEM, B TOMY YHCIi 1 JOCIHIi-
JUKEHHSIM TEXHOJIOTiHl MOJIEIIOBAaHHs, YIPaBIiHHSA 1 B3a€MOJIl KOMII fO-
TEpU30BaHUX CHCTEM BUMIPIOBAHHS MEXaHIYHHX BEIUYUH, NPHCBIYICHO
pobotu cyuacHux BYeHux KsacuikoBa B. I1., Opuancekoro /. I1., Ocmo-
noBcekoro A. L., a Takox pobotu ['eepa /1., Ipsina dx., Jliepi k., Poma-
Ha I1., Cromninrca B., Xapns /1. Ta in.

BupninienHss He BHUPpIlIeHUX paHille YACTHH 3arajibHOI NpoOJeMH.
Januit minxix no GopMyBaHHS MepexKi JO3BOJSIE aaNTyBaTH CEHCOPHI Me-
PeXi 10 BUpIIIEHHS HAA3BHYAHHO ITUPOKOTO CIIEKTPY 3aBAaHb. 30KpeMa Of-
HHM 3 OCHOBHHX 3aCTOCYBaHb CEHCOPHHX MEPEX € CTBOPEHHS PI3HUX CUCTEM
MOHITOpHHTY 1 KOHTpoiro. Cnif 9ekaTd, M0 B HEeNaJeKOMy MaiOyTHHOMY
CEHCOPHI Mepexki 3aiMyTh 3HAYHO IIUPIILY HIllly cepe]] HassBHUX TEIEeKOMYHi-
KaI[ifHUX TEXHOJOTIH, SKi BUKOPHUCTOBYIOTH OE3MPOBITHII PaIio3B'sI30K.

VY 3B’513Ky 3 IMM aHaJli3 MTOUTYK METOJiB BU3HAYECHHS KOOPANHAT 00'-
€KTIB B CEHCOPHIH Mepexi cTae akTyaIbHUM 3aBIaHHSM.

Merta cratTi. [lomyk anropuTmiB JTokamizamii 06 €KTiB Ta MOXKIH-
BUX JKepen iHpopMallii nmpo reorpadivyHe Miclie po3TamryBaHHs 00'€KTiB.

Buxnan ocHoBHoro marepiamy. Pi3HI MeToqu HamararoTbCsl OLIHUTH
BIJICTAHb MK JJBOMa BY3JIAMH, BUKOPHCTOBYIOUH Yac, BUMIpH 4acy IOIIH-
PEHHs CUTHAITY BiJ| IepeaBaya JIo NpHuiiMaya Tak, o0 Ha HOro OCHOBI MOXK-
Ha OyJI0 po3paxyBaTH BiICTaHB MiX IlepeaBadeM i npuiiMadeM. Haifrpocri-
M € ToA — Time of Arrival (puc. 1, a) [1, c. 117]. B upomy Bunaaxy, Bia-
CTaHb MK JJBOMa BY3JIaMH O€3IIOCEPEIHBO TPOTIOPIIiiiHA Jacy, KO CHIHAJ
BUKOPHCTOBYETHCS, 00 MOMIMPUTHCS BiJ] OJHOTO ITyHKTY /0 iHIIoro. Bisc-
TaHb MIX BIJIIPaBHUKOM 1 IpUMadeM BU3HAYAETHCS 38 POPMYIIOLO:

d=S(t,-t),
Je Sy — HIBHJKICTh MOLIMPEHHS paaiocHrHainy (IIBHAKICTH cBiTia), t1 i
t, — wac, koynm curHan BigiciaHo i orpumano. Llel Tl OliHKM BUMarae
TOYHO CHHXPOHI30BaHMX BY3IIiB, 1 4ac, KOJM CHTHAJ 3aJIUIIAE BY30JI, Ma€E
OyTH B MaKeTi, SKuil nocwnarTs [2, ¢. 51].
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TDoA (Time Difference of Arrival) (puc. 1, 6) 3acHoBaHuii Ha Bif-
MIHHOCTI 4aciB KOJIM €JMHUI CHUTHAI BiJl OJHOTO By3ia NpUOyBa€e B TPU
a0o0 Oiunbpie By3nu abo pI3HHMIN Yacy, KOJM KUTbKAa CHTHAJIB Bl OHOTO
By3Jla HAJXOJATh B iHIIMHA By30:1. [lepinii Bunanok, Ol NOIUpeHui B
CTUILHUKOBHX 3B'SA3Kax, BUMarae TOYHO CHHXPOHI30BaHHMX BY3JiB HPHii-
Maua (B IbOMY BUTIaKy, 0a30Bi CTaHIIii).

VY npyromy BUIaKy, OUTHII TOIMPEHOMY 1 BiIIOBITHOMY JI0 6€3ApOTO-
BUX CEHCOPHHX MEPEX, BY3JIH IIOBUHHI OyTH 00J1a/1HaHi IOIaTKOBUMH ariapar-
HUMH 3aco0aMu, 3TaTHUMH 10 BiATIPaBJICHHS IBOX TUIIB CHTHAJIB OJHOYAC-
HO. Y IMX CHTHANIB TIOBHHHI OyTH Pi3HI MBUIKOCTI MOIMPEHHS, SIK pajio /
yABTpa3ByK ab0 pajio/aKyCTHYHHHN. 3a3BUYai, MepIIni CUTHAI — MakeT 0e3-
nocepenHbo, skuii i3 mBuakictio ceitia (~ 300,000 km/c), i apyruii cur-
HaJl — JESIKHUH 3BYK, depe3 Horo moBinbHinte normmpenas (~ 340 m\c) [2, c. 65].

Merton TDoOA BHKOPHUCTOBYETHCS AJIsl OOUMCIIEHHS] KOOPJHHAT 0e31-
POTOBUX CEHCOPHHX MEpEX, A€ YJIbTPa3BYKOBHH IMITyJIbC I€peaeThCs
OJTHOYACHO 3 pajiocurHajioM. B mpoMy BuNangky, By3jiIH BHPaxoBYIOTh
PI3HMIIIO Yacy MpHUOYTTs ABOX CHUTHAIIB. Bincranb Moxe Terep OyTu 00-
YHCIIeHa HACTYTHOIO (opMyIIor0:

d=(S, -S)(t, 1),
ne Sy 1 Ss— MBUAKICTh MOMIMPEHHS Pajio Ta YIFTPa3BYKOBOTO CHTHAIY,
t1 1 to — gac mpuOyYTTS panio Ta yIbTPa3BYKOBUX CHUTHAINIB, BiAIOBIIHO.

Transmiter Receiver Transmiter
o) L O o)
Radio signar
g
Distance
(a) (6)

Puc. 1. Busnauenns giocmaneii 3a 00nOMO2010 Memooig:
a) TOA — (Time of Arrival); 6) TDOA (Time Difference of Arrival)

OmiHKka NOMHUJIKHY Ha BifcTaHi, orpumani TDOA, BUMIpIOIOTbCS B ca-
HTHUMeTpax. ExCiepuMeHTH 3 yIbTpa3ByKOM, MMOKa3yIOTh TOMHIIKU TTPHO-
JU3HO ABa 200 TPH CAaHTHMETPH (MEHIII HiXK BY30I).

HesBaxkaroun Ha Oi7bII HU3BKI IOMHJIKH, Y X METOJaX € TIEeBHI He-
moiikuy. [Tepimmii — moTpeda 10JaTKOBUX anapaTHUX 3aco0iB 1100 HaICH-
JIaTv IpYTUi CUTHAJ, SIKUi 301IbIIy€e BapTicTh By3ia. JIpyruii — nianazon
JIPYTOTO CUTHAITY, SIKUH 3a3BHuail MeHIUH Mixk 3 M 1 10 M 3 OUIBIT TOTY-
JKHUMH TiepenaBadamu [3, c. 12].
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Merto/1 BU3HaY€HHS KOOPJIMHAT HA OCHOBI KyTa OTPMMAHOTO CUTHAITY
(Bin anr. Angle of Arrival, AOA), xoopanHAaTH MOOITBHUX BY3JIB po3pa-
XOBYIOTBCSI 32 3aKOHaMU ToHioMeTpii [4, ¢. 325]. 3a qomoMororw crpsMo-
BaHUX aHTEH ab0 HaOOpy aHTEH, MOOUTFHIM BY3JIOM BHMipIOIOTECS KYTH
MPUXOY CUTHAIIB BiJ CTAI[IOHAPHUX BY3JIB, 3 BiIOMHMH KOOPIWHATAMH
(puc. 2). ITo BUMIipsIHUX HANpsiMaxX OOYUCIIOETHCS KOOPJAMHATH PYXJIUBOTO
00'exty. TouHiCTh BOTO MiAXOLYy OOMEXKEeHa MOXKIMBHUMH 3aTyXaHHIMH
CUTHAIIy Ha BUMIPIOBAJIbHIH amapaTypi, Tak caMo depe3 6araTormpoMeHeBi
BiZIOOpa)XCHHS CUTHAILY, SIKI IPUXOJSTD 3 PI3HUX HANPSMIB.

Puc. 2. Angle of Arrival

ExcriepuMeHTH TOKa3yroTh, IO II€il MeTOX Ma€ MOXHOKY B KUIbKa
rpaxyciB (6m3pko 5 Ha mpaktuii g0 36) [4, c. 325]. Hemonikamu msoro
METOAY € HeOOXiIHICTh ITOJATKOBOTO OOJIaAHAHHS Ta HEOOXiTHICTH MiHi-
MaJIbHOT BiJICTaHI MK IIpHHMadaMH.

B nesikux Bunankax, iHpopMairo s OLIHKY BiAICTaHI € TUIBKU Jaib-
HICTB 3BI3KY BY3JIB. SIKIIIO By30JI OTPHMYE IAKeT JaHHX 3 1HILIOTO By3a, TO
BIJICTaHb MIXK IIMMH By3J1aMU MK HyJIEM 1 MaKCUMaJIbHOIO JAJTbHOCTI 3B'SI3KY.

Sk mpaBuII0, METOAMKH, SIKI BAKOPUCTOBYIOTH I METOJI OLIIHKH BiJIC-
TaHl He MOTPIOYIOTh TOYHOI BijcTaHi, a TuIbkK iHTepBai. 11lo6 orpumarn
TUIBKY BiICTaHb (a HE IHTEPBAT), MU MOXKEMO BHOPATH OJIHY TOUKY 3 iHTEpBa-
Ty, SIK B CepeIHIN TOYLl, HAMPHUKIa. B pOMy BHIIJIKy MaKCHMaIbHA MTOXH-
Oxa i€l oriHKK Oy/1e HaINoJIOBHHY MEHIIIA BiJl JAJTBHOCTI 3B'SI3KY.

Le#t MeTox BU3HAUEHHS BiJCTaHI Mae€ Ty IepeBary, 0 HAHIPOCTi-
i 1 3 HaliMeHIIUME BUTpaTamu. JlogaTkoBoro o0OnagHaHHSA HE MOTPiO-
HO, TaK CaMO SK 1 JOJATKOBHUX OOYHMCIIEHb, HEOOXIMHUX IS OLIHKH BiJIC-
taHi. 3 iHIIOro 00Ky, Moxubka po3mipom 50% Bia AaJIBHOCTI 3B'A3KY LIS
KOXKHOT BiZICTaHi, € HE MPUIATHOIO I OUIBIIOCTI CHCTEM JIOKasi3alril.
BizbmeMo, HampuKIaa AanbHICTh 3B'13Ky 10 100 MeTpiB. Y 11bOMy BUIAI-
Ky MOXuOKa I[-0ro MeToay Moxe OyTu 61m3bk0 50 M [4, ¢. 325].

Komu y By3na e nocuts iHpopMmarii npo Bifcrai ado KyTH MO3HILIH,
TOJIi MOXXHa BHU3HAUYUTH CBOIO BJIACHY ITO3UIIiI0, BUKOPHUCTOBYIOUH OJIVH 3
METOJIiB, IKi OyyTh PO3IIISHYTI JalIi.
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Jlekinbka METONIB MOXYTh BHKOPHCTOBYBATHCS, 1100 BHpaxyBaTH
MO3HUIit0 By3na. Taki METO BKIIOYAIOTh: TPHIATEPALlii0, MyJIbTHIATEPA-
uito, TpiaHryssnio. Bubip, sikuii MEeTo BUKOPHUCTOBYBATH, 3aJIEKHUTh Bil
KIiHIIEBOT MPOJYKTUBHOCTI CHCTEMH Jiokaiizarii. Takuii BHOIp 3aJICXKHUTH
BiJl joctynHoi iHdopMauii 1 Big oOMexeHb Ipolecopa.

Tpunarepariisi — ocHOBHUI Ta Haimpocrimmii Meron. Lleit meron
00YHNCITIOE TIO3MIII0 By3Jla NMEPETHHOM TPHOX KPYTIB, SK 300pa)KeHO Ha
pucynky 3. I1]o0 OI[iHMTH HOTO MO3MIII0, BUKOPUCTOBYIOUH TpHIIaTepa-
Iif0, BY30JI ITOBHHEH 3HATH TMOJIOXKCHHS TPHOX JOBIIKOBHX BY3IIB 1 Bijc-
TaHi 10 KOXKHOTO 3 IIMX BY3JiB. BimcTani MOXyTh OyTH OOUYNMCIICHI, BUKO-
PHUCTOBYIOUYH OJIHH 3 BHIEPO3TIITHYTUX METOIIB.

Puc. 3. Teopemuuna mooenv mpunamepayii
Koma, sxi chopMOBaHi MOJOKECHHSAM 1 BIJICTAHHIO JI0 KOXKHOI TOYKH
BHPaXKAIOTHCS 32 (HOPMYIIOIO:

()A(_Xl)zJ“(y_yl)z =df,

(R=%, ) +(9-Y,)" =d2,

5 2 ~ 2 2
(X=%5)" +(y-ys)" =ds,
ne (R,§)— mo3uuis sKy moTpiOHO 3HAiTH, (Xi, Yi) — MO3MLIA AKIPHHX
By3JiB, 0i Ta — BiACTaHb SKIPHOTO By3Jlia 10 HEBiIOMOTro By3nia. B npomy
BUIAJKY, y HAC € TPU KBaZpaTW4HI PIBHSHHS 3 JBOMa HEBIIOMHMH, SKi
MOXYTb OYTH BUPIIICHI, TEOPETUIHO.

YV mpakTHYIHOMY 3aCTOCYBAaHHI BaXKKO OIIHWTH BiICTaHi 1 TouHy iH(pOP-
MaIIi0 TIPO PO3TAIITyBaHHS OBIIKOBUX BY3JiB, 00 OOYMCIMTH KOOPIHHATH.
Sk 300pakeHO HA PUCYHKY 4 &, KOJIa He MIePETUHAIOTHCS JIUIIIC B OJHIN TOMII,
1110 TIPU3BOJIUTH JI0 HECKIHYEHHOTO HA0OPY MOMKITMBHUX DIllIeHb.
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residuals =r,+r,* 1,

(a) (6)

Puc. 4. [Ipaxmuyna modenv mpuiramepayii: a) HegionosioHicmb no3uyitl
i giocmanetl 2eHepyIomb CUCeEMY 3 HeCKIHUEHHUMU PIUEHHAMU,
6) 3QIUWKOBE 3HAUCHHS, SIK CYMA K8AOPAMIS PI3HUYD MIXC
nepeobayyganuMu i OOYUCTIEHUMU GIOCIAHAMU

Kpim Toro, K0mM MOCTYIHO OiNBIIEe TPHOX BY3JIB 3 BiJOMHMH KOOp-
IMHATAMH, MH MOXEMO BHKOPHCTATH METOJ MYJIbTHIAaTEepaLii, o6 o04n-
CITUTH TOJIOKEHHS By3ia. Toxi HEeBU3HAUYCHA CHCTEMa PiBHSHb, JI€ YHCIIO
piBHSAHB OinbIe (32 paxyHOK 30iNbIICHHS YHCIA SKIPHUX BY3JIB), Kilb-
KiCTh HEBIOMHX MOBHHHA OyTH BupimeHa. Ha pucyHky 5 300paxkeHuit
el BUMaAoK. 3a3BUYaid, y TAKHX CHCTEM HE Ma€ YHIKAIbHOTO BUPIMICHHS.

O' . v) ,O (X ¥2)
:';1" ~ e

(x, y)
(X Ys) G-

. d,
O~ C)’:l ]\'O(x,. ¥;)
Xe Y

Puc. 5. Mooenv mynvmunamepayii, 3acmocogycmucsi miibku mooi
KONU 8UKOPUCTNOBYEMBCA Olilblle HIdC mpu AKIPHI 831U

PosrnsHyBIIM n SKipHUX BY3JB 1 MOXMOKY OIIIHKH BiJICTaHi, sKa

cknanae d; =d; —e, cucreMa piBHAHb BUIVISJATUME HACTYIIHUM YHHOM:!

(R_X1)2+(y_y1)2 =df-J

~ 2 ~ 2 2
(R=%,) +(9-yy) =ds -]
e, € — 3a3BI/II{aI71 BBAKA€THCA HE3AJIC)KHA HOpMaJILHa BHUIIaIKOBA BEJIMYHHA.
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BpaxoBylour OCTaHHIO PIBHICTh, CUCTEMY PiBHSHbL MOYKHA CIIPOCTH-
TH 10 niHiieOI, AX = b, a6o:
2(x —X%,) 2(y;— )

2 2 2 2 2 2
X =X tY _yn+d1 _dn

>

<>

2(Xp1=%1)  2(Yn1 = Yn) X2 —x2+y2 —y24d2, —d?
s nminiiiHa cuctemMa Moxe OyTH po3B’s3aHa, BUKOPHUCTOBYIOUH CTa-

HIApTHI METOMM SK MiAXix HaliMeHImX KBajpaTiB. Lle Moxxe Oyt 3po0-
JICHO HACTYITHUM YHHOM:

-1
x=(ATA) " (Ab).

OcHOBHa i/1esl IbOTO METOY MOJIATae B MiHiIMi3amii CyMu KBaapaTiB

Pi3HHUII MK po3paxyHKamu (Hanmpukian, 3a mormomoroio RSSI) i obumc-

JeHi BifcTaHi (3a ouiHkamu, nojoxeHHs). Cyma BiAMiHHOCTEH BimoMa siK

3QITHINKH, SIK TIOKa3aHO HA PUCYHKY 4 0.
MareMaTH4HO 3aITUCY€THCS TaK:

(5.9) = min| S35 -* |

me  (X,y;)mosuiis omopHoro Bysma, d; — OIiHKa BiacTaHi,

R 2 . 2 . . .
\/(X -% ) +(¥-v;) —d; — BincTaHe MiXk OGUHCICHOIO TO3MIIIEIO i MO~

3UIIEI0 OTMIOPHOTO BY3JIa, IKHI € 00YUCIICHUM BiJCTaHHIO.

HeoOxinHo 00YHCINTH AEKiTbKa OIeparliil 3 IIaBalovdor KOMOK B 3a-
JIEKHOCTI BiJl METONY SIKHM BHUPAXOBYE MOJIOKEHHS, 1[0 BUKOPHCTOBYETHCS
JUTSL BUPIIIIEHHS] CHCTEMH PiBHSIHB. Y BHIIAIKy METO/y HAaMEHIIIMX KBapaTiB

n - . . .
(m + E] n?, oriepaliiii 3 MIaBayY0K KOMOI (e M — KLUTbKICTh HEBIJOMHX 1

N — KUTBKICTh PiBHSHB) HEOOXITHUX TSl BU3HAYCHHS MO3uIlii [5, c. 61].

B Mmeroni TpiaHTrysALis, BUKOPUCTOBYETHCS iH(pOpMAIlsl KyTiB 3a-
MICTh BifcTaHed. OOYUCIIEHHS TO3WIIi MOXe OyTH 3pOoOJIeHe BiImajceHO
abo By3moMm Oe3mocepenHpo. Y 000X BUMAIKAX IO3UIlS OOUHCITIOETHCS 3
BHKOPHUCTAHHSM TPUTOHOMETPii 3aKOHAM CHHYCIB i KOCHHYCIB.

VY mepiromy BUNAAKY, BiIJAJICHOTO MO3UI[IOHYBAHHS, 300pakeHO Ha
pHUCYHKY 6.a NpUHAWMHI JiBa OTMOPHI BY3JIM OL[IHIOIOTh KYT NPHOYTTSI 1 Bif-
JTAJICHO OOYMCIIIOIOTH IMOJIOKEHHsI HEBIOMOrO By3ja sSK Miclle, e JIHil
KYyTiB BiJl KO)KHOTO OIOPHOT'O BY3/1a MepeTHHaroThes. Lleit Tun TpiaHrysis-
1il B OCHOBHOMY BUKOPHUCTOBYETHCS y CTITHHUKOBHX 3B's13Kax [4, ¢. 325].

AuJie 1Sl CEHCOPHHMX MEPEeX, HaWBaXKIIMBILIE — Te, 1110 caM BY30J1 004H-
CIIIOE CBOIO BJIACHY TIO3MIIIIO, TOMY JUISI IIbOTO HEOOXIZHO MaTv NpUHANMHI
TPH BY3IIH 3 BifoMuMu KoopauHatamu (puc. 6 0). HeBinomuit By3on orinioe
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CBIH KyT JJ0 KOJKHOTO 3 TPHOX OTIOPHHUX BY3IIiB, 3aCHOBAHMI HA IIMX KyTax 1 HA
MO3UIISX OMOPHUX BY3IIB (SIKi ()OPMYIOTh TPHKYTHHUK), OOUKCITIOE CBOIO BJia-
CHY IIO3MIIiI0, BUKOPUCTOBYIOUH IPOCTI TPUTOHOMETPHYHI CITIBBIIHOILICHHS
[6, c. 238]. Lleit MeTo OAIOHMIA 1O METOLY TPUJIATEPALIii.

+N

N N,

(x0.¥y)

(0y)

(@) ®)

Puc. 6. Tpianeynayia: a) 06oma AKipHuMuy 8y3namu, 6) MpboMa SKIPHUMU 8Y3TAMU

BucnoBku. IIpoBeneHo MOpiBHUIBHUI aHAI3 METOZIB Ta aJTOPUTMIB
JIOKati3amii 3 BUKOPUCTAHHSAM HACTYITHUX KOMIIOHEHTIB CHUCTEM JIOKaNi3allii:
OIIIHKA BiJCTaHI/KyTa, OOYICIICHHS MO3MIIii Ta aJITOPUTM JIOKATI3aIlii.

Bubip MeTomy OLiHKH BiJICTaHI MiXK By3JIlaMH B CHCTEMI JIOKai3arii €
BaXIIUBUM KOEQII[iEHTOM, SIKMA BIUIMBA€ HA NPOLYKTUBHICTH CHUCTEMHU.
3a3Buyaii, 100 OLIHUTH TOYHE PO3TALIyBaHHS By3ja MOTPIOHO BUKOpHC-
TOBYBAaTH NPUHANMHI TPH OLIHKA BiICTaHi.
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METHODS OF DETERMINATION BETWEEN
OBJECTS BY SENSOR NETWORKS

To date, «wireless sensory networks» («Sensor Networksy, hereinafter re-
ferred to as sensory networks) attract more and more attention all over the
world. The concept of «Sensor Network» appeared relatively recently (several
years ago), but to date there is already a completely constant term (Sensor Net-
work), which means distributed, self-organizing, resistant to the failure of indi-
vidual elements of the network consisting of a large number small and cheap
semiconductor devices that exchange information over a wireless communica-
tion channel, are not serviced and do not require a special installation. Each de-
vice can contain various sensors of physical parameters of the medium (motion,
light, temperature, humidity, pressure, etc.), as well as means for the primary
processing and storage of the received data. The number of objects in such a
network is theoretically determined only by the scope and budget, and due to
the low price of individual devices (about a few dollars and below) can be very
large (about a few thousand and above). Different methods try to estimate the
distance between two nodes using time, measurements of the time of signal
propagation from the transmitter to the receiver so that on its basis it was possi-
ble to calculate the distance between the transmitter and the receiver. In the ar-
ticle a comparative analysis of methods and algorithms of localization using the
following components of localization systems: distance / angle estimation, po-
sition calculations and localization algorithm are carried out. Choosing a meth-
od for estimating the distance between nodes in a localization system is an im-
portant factor that affects the system's performance. Usually, to estimate the ex-
act location of the site, you must use at least three distance estimates. It is de-
termined that for sensory networks, the most important thing is that the node it-
self calculates its own position, so it is necessary for it to have at least three
knots with known coordinates. An unknown node evaluates its angle to each of
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the three reference nodes, based on these corners and at the positions of the ref-
erence nodes (which form the triangle), calculates its own position using simple
trigonometric relationships.

Key words: wireless sensor network, node, anchor, error, localization,
zigbee.
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KOJUTOKALUMOHHBIE AJITOPUTMbI
PEWEHWA YPABHEHUU BOJIbTEPPDI

HecmoTpst Ha MMPOKOE UCTIONB30BAHIE METOAA KOJIIOKAIUH IS
pCIICHUS MHTETPAIbHBIX YPaBHEHHWI C IOCTOSHHBIMHU IIpeJielaMy
MHTETPUPOBAHUA, IO CHX IOp Majlo BHUMAHHMS yJIEISIOCH pean3a-
MU JTAHHOTO METOAA NPUMEHUTENIFHO K MHTCTPATIbHBIM YPaBHEHH-
sIM C TIEpeMEHHBIMH TIpefieflaMy. B maHHO# cTaThe paccMaTpHBaroT-
csl 3a7auMl pPEIICHUs WHTETPANbHBIX ypaBHeHHH Bombrepper 1 u
2 poma. IlpubnmkeHHOE pelleHne ONpeseNnsieTcs B BUAEC KyCOYHO-
TTafKOrO IMOJMHOMA, COCTABJICHHOTO U3 NOJIMHOMOB IO y4YacTKaM
00JIacT! ONpe/eNeHus] MEePEMEHHON WMHTETPHPOBAHUS. AJTOPUTM
METOJa MpeNCTaBisieT coOOl HTepallMOHHBIN Mpolece. 3agaya CBO-
JIUTCS K PELICHUIO CHCTEM B OOLIEM ClTydae HETMHEHHBIX YPaBHEHHI
OTHOCHUTETHHO KOI((UIHNEHTOB COOTBETCTBYIOMNX MOMMHOMOB. Ha
Ka)KZIOM IIare UTepaIuy ONpeeNsieTcss aHaTUTUIECKOe BhIPasKEHHE
JUISL OYEPETHOTO TIOJIMHOMA, YTO TTO3BOJISET HANTH PEIICHHE B JIIO-
6oii TouKe 3aJaHHOTO HHTEpBaa. OCOOCHHOCTBIO KOJIOKALIHOHHOTO
alropuT™Ma i ypaBHeHMH BomibTepprl 2 popja sBiseTcss 3aMeHa
KBaJpaTypHbIMH (OPMyJIaMH HHTETPAIOB, KOTOPbIE BXOAST B CH-
CTeMy YpaBHEHHH OTHOCHTEIHHO MPHUOIMKEHHBIX 3HAUCHHH KOI(]-
¢ureHToB. Bri0op ko3 uIMeHToB KBaapaTypHbIX (HOpMyIl 3aBH-
CHUT OT TNPUHATOTO KOJMYECTBAa Y3JI0B Ha yuacTke. B pabote pac-
CMOTPEH YacTHBIN CiTydail cUCTeMBbI U TpeX y310B. [Ipu 3Tom Obuta
IpOM3BEJCHA 3aMEHa IOJBIHTETPAILHOTO BBIPAKEHUS PELIaeMOro
YpaBHEHHs! HHTEPIIOIALMOHHEIM MHOTOWIeHOM B (hopme HploToHa.
Pe3ynbTaThl pemeHns TECTOBBIX IIPUMEPOB MOATBEPXKIAIOT paboTo-
CIIOCOOHOCTh MPEJIOKEHHBIX AJITOPUTMOB U CBHUIETEIECTBYIOT O
BBICOKOM TOYHOCTH pacueToB. MeTos KOJUIOKAIMU HO3BOJISIET MOy~
YyaTh pelleHHs ypaBHeHUIl BosbTeppbl mo ydacTkaMm IPOMEXYTKa
WHTETPUPOBAHUsS, BHIOWpas WX JUIMHY ¥ IPHMEHsS Ha KOKIOM U3
HHX aIlpOKCUMUPYIOIIee BhIpaXKEHHE C HEOOJBIINM YHCIOM KOOp-

© A. A. JTsauyk, H. JI. Koctbsn, 2018
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JOUHATHBIX QyHKIWMH. J[aHHBIH METOX MOXKET OBITh HCIIOIB30BaH MIPU
HUACHTU(DUKAIIMK AUHAMHYECKIX OOBEKTOB M CHCTEM, a TaKkKe IpHU
PpelLIeHNH! 3a0a4 BOCCTAaHOBIICHUS BXOJHBIX CUTHAJIOB.

KioueBble cioBa: unmezpanvHvle ypasHeHuss Bonvmeppul,
Memoo KOMNOKAYUll, KeAOpamyphvle opmyiibl.

Bgenenne. [Ipu pemeHny MHOTHX Npo0JieM (HU3UKU U TEXHUKU BO3-
HHUKAaeT HEOOXOANMOCTh B PELICHNH OOpaTHBIX 3a/1ad JUHAMHUKH Ha OCHO-
Be NPUMEHEHUs MoJieliel B (popMe MHTETPANIbHBIX YpaBHEeHUH BosbTeppsl.
Jlia peleHns JaHHOTO KIIacca ypaBHEHMH NMPUMEHSIOTCS aHAITUTHYECKHE,
olepalMoHHbIe, KBaJpaTypHbIe, UTEpAl[IOHHbIE U Apyrue mMeronsl [1, 2].
IIpsimMoe NMprMeHEeHHe aHAUTHYECKHX M HUTEPAlMOHHBIX METOAOB pelIe-
HUSI MHTETPAIBHBIX YPAaBHEHUH MOXKET OBITh CBSI3aHO C ONpEIEICHHBIMU
TPYOHOCTSMH TIPH CO3JaHUU BBICOKONPOU3BOAMUTENBHBIX AITOPUTMOB U
CTPYKTYp CHELMaNIU3UPOBAHHBIX CPEJCTB BBIYHCIUTEIbHON TEXHUKH,
IMPEeJHA3HAYEHHBIX AJS pealu3alid WHTETPalIbHBIX MOZENEH JUHaMu4e-
ckux cucreM. OcoOSHHOCTH 3a/aud peuleHus] ypaBHEHHH BombTepps
1 pona mpuBOAAT K CyIIECTBEHHBIM OIPaHWYEHHAM BO3MOXKHOCTEH Hero-
CPEICTBEHHOTO MpPHUMEHEHHs MeToAa KeanpaTyp. Ha mpakTuke TpyaHo
BOCITOJIb30BAThCSl KBaJIpaTypHBIMH (hopMynamu, ©Oojiee TOYHBIMH, UM
(dhopmyna Tpanenuid. B cBsi3u ¢ 3THM B cilyyae HEOOXOJMMOCTH BO3MOXKEH
BBIOOpP KaKoro-mubo apyroro Metoaa. [lepcrieKTHBHBIMU B 3TOM OTHOIIE-
HUU SIBIISIOTCS alTOPUTMBI, OCHOBaHHBIE Ha UJee MEeTOAa KoJutokauu [3],
XopoIo U3BECTHO MPUMEHEHHE METO1a KOJUIOKALNY Ul PELICHUs HHTeE-
TPaJIbHBIX YPaBHEHHUI! C MOCTOSHHBIMH TpeieiaMi HHTerpupoBanus [4-8].
B sTom ciryyae 3¢ (eKTHBHOCTh METOa MOKET OKa3aThCsl HEBHICOKOH M3-
3a TOTO, YTO MPOMEXYTOK MHTErpUpoBaHus GpukcuposaH. Eciu oH okasbl-
BaeTcsi OONBIIMM, TO TOBBIIEHWE TOYHOCTH PE3yJIBTATOB JOCTUTACTCS
TOJIBKO 32 CYET YBEJNMYEHHUS KOJIMYECTBA KOOPIMHATHBHIX (0a3HCHBIX)
(hyHKIIMI, COBOKYITHOCTh KOTOPBIX ANMPOKCHMHUPYET HCKOMOE PEIICHHE.

B cinyuae ypaBHenuii Tuna BonpTepphl UMeeTCss BO3MOMXKHOCTD I1OJIY-
YaTh peleHne M0 yJ9acTKaM, BBIOMpas UX JUTMHY U MPUMEHSS Ha KaXIIOM
W3 HHUX allpOKCUMHUPYIOIIEe BBIPAKEHUE C HEOOJNBIIUM YHCIOM KOODIIH-
HaTHBIX (yHKnuMi. Llenpio paboThl SABISETCS pacCMOTPEHHE METoJa KOJl-
JIOKAllMW MPUMEHUTENBLHO K YPaBHEHUAM THa BonbTeppsl.

H3i10:keHHe OCHOBHOrO Martepuana. Pewenue ypagnenusi Bonvmep-
pot 1-20 poda. Paccmotpum ypaBHeHue Bonbteppsl 1 posa B 001ieM Bujie

jK[x,s, y(s)]ds =f (x), x e[a,b]. (1)

MeTo KOIUIOKAIUW, MPUMEHUTEIBFHO K pemicHuro ypaBHeHHs (1),
cocTouT B cienyromeM. TIpomexyTtok [@, b] pasdbusaercs Ha N y4acTkos,
Ha Ka)XXJIOM U3 KOTOPBIX MICKOMOE PEIICHHE MIPEICTABISCTCS U BUIAC PYHK-
IIUH OMPEACICHHOTO BUIA
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f/(x):CD(X,Cl,cz,.--,cm) (2)
3aBHUCSILEH OT CBOOOJHBIX MapaMeTpoB C;,i=1,m.

Pernaemoe ypaBHeHue Ha kaxaoM (K + 1)-M yuactke X, < X < X,,4,

k =1,N —1 npencrasisieTcs B BUJE

[ KIx,s,9(s)ds = £ () =y (%), X €%, X, (3)

X

riae GyHKuus y, (X) npeiacraBiseT co0oi MHTerpan
Xk
i () = [ KIxs, §(s)lds, s efa,x ], xelx Xl (4)
a
KOTOPBIA BCera MOXeT ObITh BEIYHCIICH 110 U3BECTHOMY Ha MPOMEKYTKE
a < x <X, NpHOMIKEHHOMY pemIeHuio Y(X), MONydeHHOMY IpeaBapH-
tenbHO 1uisi K — 1 mpesmiecTByromux y4dactkoB. HauanbHoe 3nauenue y(a)
HCKOMOTO PEIICHUS HAXOMUTCS KaKUM-JIIMOO BCIIOMOTaTEIBEHBIM CIIOCO00M
WM CYMTAETCS 33aHHBIM.
Hus pemrenus ypaBHeHHs (3) HCIONB3yeTCs MpencTaBieHue (2) a

CBOOOJHBIC TApaMeTphl C;, | =1,m OmpenensroTCs U3 yCIOBUsS 0Opaliie-

HUA B HYJIb HEBA30K

Xy

£(Ciu % j) = I KX, .8, D(5,€1,C50---0C) = F (X )+ ®)
Xk
roe X (j = 1, 2, ... , M) — y3Jbl, COOTBETCTBYIOIIE Pa3OUEHUIO OTpe3Ka
[Xk, X« +1] HA M gacreit (momoTpe3koB). Beipaxenue (5) mpeactaBisieT co-
00l crucTeMy M ypaBHEHHUI OTHOCUTEINBHO C1, C2, C3, ... , Cm.

Hcxomst 3 ymoOCTB BRIYMCIICHHHN, HCKOMOE PEIICHHE Ha YYaCTKE Iie-

1ecoo0pa3Ho NPeCTaBIATh B BUE MHOTOWICHA BUAA
m
yx) =X G (x), (6)
i=1
rae ¢ (x) — nuHeiiHO He3aBHCHMBIC KOOPIUHATHBIC (HKIINH.

PaccmoTprM BapraHT MeTo/1a KOJUTOKALMY, OCHOBAHHBIN Ha MPHMEHEHUU
KyCOYHO-TJIA/IKMX TIOJIMHOMOB, TIPUMEHHUTENBHO K PelIeHHIo ypaBHeHus (1).
B npomexyTke nHTerpupoBanus [a, 0] Beraenum y3net

X, j =a+(km+ j)h, j=0,m, k=0, N-1,
rae unzaexc k coorserctayer K + 1-my ydacTky (0Tpe3ky X, < X< X, ;) a
MHJIEKC | — TONOTPE3KY Xy j < X < X, j,; BHYTPH ydacTka; m>1 — Ko-

JIMYECTBO IOAOTPE3KOB; IIPHU ITOM X oy = Xy 105 Xoo = a.
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Pemenne Oynem HCKath B BHAEC KyCOYHO-TJIAJAKOTO IMOJUHOMA
¥(Xx) = P(X) COCTaBIEHHOIO MO y4acTKaM K3 TIOJIMHOMOB BH/Ia

m C, : R
Pk(x):Pk(xk’0)+zk_—'lj(x—xkv0)l, k=0, N-1. )
=
[Monaras P(x) e c[a,b], umeem B, (X o) = FB_1 (X4, M).
Bynem cuntate uzsectim sHauenue By (X, o) = Yo (Yo = Y(a)) . Torna

Ha IIepBOM y4JacTKe MpHOIKEHHOe pelieHne ypapHeHus (1) mmeer Bua

m CO R .
Py (x) = Po(xo,o)+ZT:(x_Xo,o)J- (8)
=k

IMoxcraBue (8) B perraemoe ypaBHenue (1) it (HUKCUPOBAHHBIX
3HAYCHHH X, (] =1,m), noxyunm cucremy

Xo.i

[ KO8, Po(s)ds = f(xg;), j=1m, 9)
a
KOTOpast MocCJi€ BbIYUCIICHUS UHTETPAJIOB IIPEACTABIIACT C06OI71 CUCTEMY B
o0meM ciryyae HEIMHEWHBIX YpPaBHEHHH OTHOCHTENHFHO KOA(QHUIEHTOB
Cot, --- » Com, HAXOXK/ICHHE KOTOPBIX MO3BOJISET MOTY4UTH Po(X).
HpI/I6J'II/I>K€HHOC peUICHNEC HAa BTOPOM YYAaCTKEC UILCTCA B BUAC

P (x) = Pl(xlyo)+Zc}—'lj(x—xlyo)j, (10)
= b

rae 3uaueHue P1(Xq, o) H3BECTHO M3 BBIUKMCIICHUH HA TPEIBIIYIIEM Ilare u
paBHO

m Ch - .
0,]j
PL(%0) = Po(Xom) = Po(Xo0) + D, —= | (Xom = X0,0)” -
[EL
IMocme moacranosku (10) B permacMoe ypaBHEHHUE, TPEICTABICHHOE
B Buze (3), moiyyaeM CUCTEMY ypaBHEHHI

X X

11 1,0

[ KIxyz,8,Pi(s)lds = f(xy5) = [ KIx,3,5,Py(5)]ds,

X0 a
X1‘2 Xl‘D
[ KIx,2,8,Pi($)Ids = f(x1,) = [ KIX,2,5,Py(s)]ds, (11)

m 1,0

| KD S, PLS)Ids = F(x )= [ KDxqp,S, Po(s)]ds,

X a

1,0

KOTOpast MO3BOJISET HAWTH 3HAYEHHUSA Cpq, Cpp, -++) Cpp-
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Janee momoOHBEIM 06pa3oM ONpENENOTC MOTMHOMEL P2(S), P3(S), ...,

Pn-1(S). [lnst HaxoxkeHust Ko3pQUUMEHTOB Cy 1,Cy ,---,Cx y (K=L, N -1) B

0011IEM CITydae UCIIOJNIb3YHOTCS BEIPAKEHHS

X i

.[ KX j S Re()lds = f(x ) —wi (X )

Xk 0

rIe

X X

1,0

v ) = [ KD s Ro()lds+ [ KIx 5,5, P(s)]ds +
a X0

(12)

Xk,U
Foet j K[X .S, P4 (s)]ds, k=1, N-1, j=1, m,
kal.()
Pewenue ypasnenuss Bonemeppwr 2-20 pooa. PaccMoTpeH MeTo[
KOJIJIOKALIMU IPUMEHUTENIFHO K YpaBHEHUI0 BonbsTTepps! 2-T0 pona

y(x) = f(x)+JX'K[x,s,y(s)]ds,s,x e[a,b]. (13)

YpaBuenue (13) MOXKHO TIPEICTABUTH B BUJIC
X
yo) = F00+ [ KIxs, y(s)lds +y, (x), s, xelx q,x],  (14)
X1
rre

X1

yy (X) = J K[x,s,y(s)lds, sefa,x1], Xe&(Xq, %) (15)
a

JUi1st moCTpoeHus MPUOIMKEHHOTo penieHus ypaBHeHus (13) pa3o0b-
eM kaxaeii m3 N yuacTkoB mpoMmexyTka [a, b] Ha m gacreii mmuno#M h U,
TaKuM 00pa3oM, BECh IPOMEIKYTOK MHTECTPHPOBAHUS OYAET NPEACTaBIATh
co6oii ceTky ¢ marom h, a JiHa KakIoTo yJacTka paBHa mh. Pemenue
MILEM B BHJE KyCOYHO-TTIAAKOM GyHKIMU P(X), IpeacTaBsiony coboi
CITEYIOIIIE PYT 32 IPYroM C [1aroM Mh TOJHHOMBI CTETICHH M, T.c. Ha

KaxaoM k-m yaactke P(X) sBIIsieTCst TOMTHHOMOM BH/IA

m .
R (x) = Z Cilx—(k —1)mh]', (k —=1)mh < x < kmh,
i=0 (16)
P, (kmh) = B, (kmh), k =1,N.
CornacHo Metony Kosutokamuu [7] moTpebyem, 9To0bl mpubIMKeH-
HOE pelIeHNe YAOBIETBOPSIO ypaBHEeHHIO (13) B Toukax

x=X;=jh, j=0, (N-I)m
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(Toukax xoJyutokarmu). [y 3Toro moxactaBuM BelpakeHue (16) B ypaBHe-

Hue (13) u 3amumeM ero A 3HAYEHUS X = Xj, YTO MO3BOJISIET IS KaXKI0-

ro yuyactka (K — 1)mh < X < kmh mony4ats cucremy ypaBHEeHHiA
(k=D)mh-+ih

P [(k-1)mh+ih] = ‘[ K[(k =1)mh +ih,s, P(s)]ds + f[(k —)mh +ih],

a

A7)
i=1 m.

Ecnu cucremy (17) npencrasuts B Buze (14) u 3aMEeHUTh HHTETPaIIBI
KBajZ[paTypaMy, TO MOXKHO HEpPEHTH K SBHOMY BHJY CHCTEMBl KOHEYHBIX
YpaBHEHUH OTHOCHTEJIFHO HEU3BECTHBIX KO3((HUINEHTOB C, j HAXOXKICHHUE
KOTOPBIX IIO3BOJISIET MONYyYUTh KOHKPETHOE NPHOJIMKEHHOE PEIICHUE B
(hopme KyCOUHO-TJIaIKOTO HOIMHOMA.

Paszpenss B (17) unrerpan Ha aBe 9actu cornaco (14), mveem

(k=1)mh-+ih
P [(k —1)mh +ih] = I K[(k -1)mh +ih,s, B (s)]ds +
(k-1)mh
(k=1)mh (18)
+ J K[(k =1)mh +ih,s,P(s)]ds + f[(k —1)mh +ih],
a

rae i =1, m u Qynkuus P(X) mpeacrasnser coboil pelieHne, MONTydeH-
HOE MPEABAPUTENBHO s mpeAblaymuXx K — 1 y4acTKOB Ha MPOMEXYyTKe

[0, (k — 1)mh].

Ksanparypusie GpopMyJibl, puMeHsieMbie st 3ameHsl B (18) uHTe-
rpajios, Ienecoo0pasHo BBIOMPATh, UCXOIS W3 Hamuaus M — 1-ro 3ameii-
CTBOBAHHOTO y37a HA KaXIOM K-M y4acTKe, 9TO COOTBETCTBYET TOUHOCTH
nopsaka O(h™*2). Crenyer Takxke YYUTBIBATh, YTO U3 PELICHUS CHCTEMBI
(18) ma mpenpimytnem K — 1-M y9qacTke H3BECTHO 3HAUCHHE

¢0 = Rl(k ~Dmh] = B, [(k ~mh]

Takum oOpaszom, 3ameHa B (18) mHTErpasoB KBaJapaTypHBIMH (op-
MyJaMH HPUBOAMT K CIEIYIOIIEH CHCTeME OTHOCHTENBHO MPUOIIKEHUS

3HAYCHUA Cy ; (i = 1,_m) k03(h¢punmeHToB noarHoMoB (16):

i (i), , = zm: A;K[(k ~mh +ih, (k ~)mh + jh, i (in)"cy o In +

n=0 j=0 n=0
k-1 m m
+> ApiKI(k =2)mh +ih, (I -1)mh + jh, > (ih)"e I+ (19)
I=1 j=0 n=0
+f[(k =D)mh +ih]:i =1,m,
rie Aij — kK03(hdHUINEHTH! KBapaTypHBIX (GOPMYJ, HAOOp KOTOPHIX 3aBH-

CUT OT NPUHATOI0 KOJWYECTBA y3JIOB M Ha y4acTKeE.
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Paccmorpum nonpo6Hee cucremy (19) s m = 3. [onunom (16) npu
9TOM MPUHUMAET BH]

2 3
R (x) = Cr0 + XCyyg +X°C » +XCy 3,

a 3HaueHus y3noB paBHbl X; =3(k-1)h+ih, k=1, N, i=1 3.
[IpuMEHUTENBHO K IIOJABIHTEIPAJbHOMY BBIPAXKEHUIO PELIAEMOro
YpaBHEHUsI BBE/IEM 0003HaYEeHHS

Ki(s) = K (%8, P (8), Ky =KX, x;,P (X))

3amenss K;(S) MHTEpHOISIIMOHHBIM MHOTOWIeHOM B (opme Hbro-
TOHA, UMEEM
Kii—Kio

K8 Pe() = Ky + (5= %) ==+
K, 2K, +K,
H(s = Xp)(s — %) —F——2—2 4 (20)
2h
K ;—3K., +3K, - K,
+H(5—Xg)(s = X)(5 = X, ) —=2 I'Zsh3 ML 10 L o(h?).

Wuterpupys (20) B COOTBETCTBYIOIIMX MpeAeiax, MOIydIuM IS mep-

BOT'0 Y4acCTKa
p - N - h
[ K (x5, py (5))ds = Ki'oh+(Kiyl—KiYO)E—(Kiyz—ZK,1+K,0)E+

XO
- . -~ - .h
+(Kis = 3K, +3K;; - Kivo)§+0(h5) =
= (9Ki,o +19Ki,1 —5Ki,3 + KLS)%JrO(hS),

X,

—

K(%.,s,R (s))ds = i’0-2h+(Ki’1—Ki,o)-2h+( — 24, +K;, )2+

>
S

.4km_3@2+3&l_@pyo:(&p+4@4+&2yg+o(wy

b

SK(x s, P (s ))ds_ 0 3h+( Kiyo)-%+

0

>

. -~ | 9h
+(Ki, — 2K+ Kig)- 4+( 13— 3K;, +3K, ,o)'—:
. . h
:(Kiyo+3Ki11+3Ki‘2+Ki‘3)-%+0(h5).
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[TonyueHHble BecoBble KOA(DGHUIUEHTH HE N3MEHSIIOTCS OT Y4acTKa K
y4acTKy. B wacTHOCTH, BecoBble KOX(QQHUIMEHTH mocienHeil hopMyisl

COXPAHAIOTCS Ul MHTerpasioB ot Gynkumn K| x;,s, P (s)] ¢ npexenamu

3(1-1)h, 3lh,rae I =1, k-1.

[peneOperasi OCTAaTOYHBIMU YICHAMH KBAJPaTypHBIX (HOPMYII, UMEIO-
vy nopsigox O(h®), 1 moacTapnas nostydenHsle BhIpakenus B (19) mveem

. . - - -h
Crah + G oh* + ¢ 5h° = [ 9K, o +19K,; 5K, + Klvs]zﬁt F.

- 5 h
Cah + ¢ oh® +80, sh® =[ Ky 0 + 4K, + K212J§+ F,, (21)

: > > 73h
30, 1h +96, oh? + 27¢, 5h® = [ Ky +3Kg, +3Kg, + KS,S]EJF Fs,

E =

i
k-1

D)

Az K{ 3(k—=1)h+ih, 3(1-1)h+ jh, Zsjc,’n(jh)"}~h+
1=1 j=0

n=0
+f [3( -1) h+ih]—ckyo,
, @ BBIPOKEHUS IS }Zij (@i, ] :1,_3) 3a-

rne Ao,3:A3,3— s Ag=A5=

BHUCHT OT C j.

oo|co

1 1
Jlerko BUAETE, 9TO mpH M = 1 MMeem Ay, = > A= > T.€. IPUXO-
JuM K hopMyIie Tpaneuuit, a npn m= 2 Hoy4aeM

A01* All* A2,1:_
N
Ao,z 3 A1,2 3 2,2

Jns uncnennoro pemeHust cucteMsl (21) Hanbosee MoaxonsT HWTe-
paLOHHBIC METOJIbI, @ B KAa4eCTBE HAYaJbHBIX MPHONIKEHHH s K-ro
y4acTKa MO>KHO TIPHHSTH 3HAUCHHS

Co =Pea[(k=1)mh], ¢ i =c q;, i =1,m, k=2
(o1 mepBOTO Y4acTka MOXHO Honoxuts P (x) = f(a)).

Cuctema (21) Bcera MOKeT OBITh IPUBEACHA K BUAY, HEOOXOIUMO-
My IS IPUMEHEHUS] UTEPAIIMOHHBIX METOJIOB. B "4acTHOCTH, myTeM co-
CTaBJICHUS JTMHEHWHBIX KOMOWHAIMK Tody4aeM cuctemy (22) B dopwme,
YIOOHO /T NPUMEHEHHUS METOJIa POCTON UTEPAIUH.
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1 - . . . . -
Cyy = H((gKl’O +19K; —5K , + Ky 3 - 4K, 5 16K, —

~ ~ ~ ~ ~ h 3 1
—4K, 5 + Ky +3K3; +3K5, + K3’3)-§+3F1 _EFZ +§F3),

1 . . . - - -
Cko = h—z((—45K1’0 —95K;; +25K; , —5K; 3 +32K,  +128K,, +

. N N . N h 5 1 (22)
+32Ky5 ~9Kgg - 27Ky; ~27Kgp ~9Kyg)- o~ Fy 4 2F, ——F),

1 ~ - ~ ~ ~ ~

Cps = h—s((gKL0 +19Ky; ~5K, , + Ky 5 ~16K, o — 64K, -

16K, , + 3K, o +9K4, + 9K, , + 3K, 5] h le 1g +1F)
2,2 3,0 31 3,2 3,3 48 2 1 2 2 6 37+

Uro0b1 yoenutbes B ()(HEKTHBHOCTH METOJa KOJUIOKANWHU TIPH pe-
IIeHWH ypaBHeHU Bonbrepps! 1 u 2 poma, paccMOTpUM CleayroIue Te-
CTOBBIE ITPUMEPHI.

Ipumep 1. 3agano ypasHenue Bonbrepps! 1 pona

X
I(x+s)y(s)ds =2xsinx+cosx-1, y(0)=1.
0
Crenyst paccMOTpEHHOMY METOJTy, HaleM NpUOIKEHHOE pelIeHne

T
Ha 1-m ydacTke, mpuHHMas h = 50’ m = 2 . 3Ha4eHHUs y3JIOB, pa3aelsiio-

X y4aCTKHU:

. 72.- ﬂ..
Xo,0 =0; Xl,ozﬁi Xz,o:Ev

[epBrrit yaacToK (Kak U OCTalbHBIE), pa30WBaeTCs Ha JIBE YaCTH, KO-
TOpBIE OTPAaHUYECHBI TOYKAMH KOJUTOKAIIMH:

X 0; x T X X
0,0 =Y o1 =10 %02 TM0T 4
60 30
Ha 1-M ydacTke nCKOMOE pellieHre IPeICTaBISIEM BhIPAKEHUEM
y(x) =Ry (x) =

1
=Py (X0.0) +Co1(X—Xg0) + Eco,z(x - Xo,o)z,

rie Py(Xg0) = Y(0) 1 moacTaHOBKA KOTOPOTO B HCXOMHOE YPABHEHUE MPH

X= XO,l H X= XO,Z MPUBOJUT K CUCTEME
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T
6_[0(”+s)(1+c s+1c sz)ds—2”sin”+cos” 1
.60 0177902 60 60 60
?(”+s)(1+c s+1c sz)ds—Zﬁsin”+cos” 1
£ 30 0177 p 02 30 30 30
ITocie BeraucieHus HUHTCTPAJIOB CUCTCMaAa NIPUHUMACT BUJL

0, 000120~c01l +0,000007 - Cop = —0,0000026,
0,000958-¢c,, +0,000035-c, , = -0,000036,
a ee pelIeHne Cy; = -0,008318; Cop = —0,8008757 . Torma

2
P, (x) =1-0,008318x —0,8008757 X? .

Brrunciup 3HaueHue )7(%) =P (%) =0,990339 , MOXXHO CpaBHUTH

€ro C TOYHBIM y(;[—o) =0,994517 (Ttounoe perrenue Y(X) = COSX).

IIpumep 2. YpaBuenue Bonbreppst 2 pona
y(s) s+1]

y(x)= 2+.ﬂ ) y(s)JdS

(rounoe pemenne y(x)=(x+1){/4-2In(x+1)) pemanocs Ha HHTEpBAIE
[0; 6,375] mpw h = 0,025, m = 3.

Beuy TOro, 4To AAPO PENIAEMOTO yPABHEHHS HE 3aBHCHUT OT X, CH-
crema (22) mmeet Gostee TipocToii B, JIist 3TOTO Citydast

Kyo = Koo =Kgpo =K ; Ky =Kypy =Kgy = K;;

K1,2 = Kz,z = Ks,z =Ky, K1,3 = K2,3 = K3,3 =K.
Vuursisast BemosHenue ypasaerus (13) 8 touke X = 3(k — 1)h, ierko
BUETh, uTOo F; =0, i= 13.
Takum o6paszom, cormacHo (22) st K-ro yuactka mosmydaem CHCTEMY

1
Cyp = Z(3K0 +3K; -3K, +Kj),

1
Ce s = —— (11K, + 3K, +15K, - 7Ky),
k,2 24h( 0 1 2 3)

1
Cs=——(Ky-K;-K, +Kj;),
k3 12h2( 0 1 2 3)
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rac
Xg+1 Yo
y0+ck'1h+ck'2h2+cky3h3 Xo +h+1
1o Xo +h+1 - yo+ck,lh+ck’2h2+ck,3h3 ’
K, = Yo +2¢ ;h+ 4ck'2h2 +8ck’3h3 ~ Xo +2h+1 |
Xo +2h+1 Yo + 26, ;h +4c, ,h? +8¢, 5h?
Yo +3ck’lh +90k'2h2 + 27ck'3h3 Xo +3h+1
3 Xp +3h+1 B Yo + 3610 +9¢; ,h? +27¢, 5h? '

Xo =3(k-1)h, y, =P _;(3(x-1)h).

ITomydeHnast cucremMa ypaBHEHHUH pelanach METOJOM MPOCTHIX HTeE-
panuii, a B KauecTBE€ HayaJlbHBIX HPUONMKEHHH BBIOMPANCh 3HAUYCHMS

Co=Y0=2 C1=C=C3=0mmak=1m Cki = Cy v i:l,_3 ms k> 2.

ITony4eHHbIM BUI pelIa€MON CUCTEMBI HEIIOCPEICTBEHHO UCIOJIb30-
BaJICs B KaueCTBE HUTCPAIIOHHOI'O BBIPAKCHHS U OOECIIEYII CXOIUMOCTh
nporecca. [Ipu apyrux gopMax UTepanMOHHBIX BBIPAXKCHUH MPOIECC MO-
CJIEJIOBATENILHBIX MPHOIMKCHAN MOXKET OKa3aThCsl PACXOISIIIMCS.

PesynbraThl HTEpalMOHHOTO MpoIiecca A K03 (HUITUEHTOB C1i U Cy,
npuBeneHs! B Ta0n. 1 1 Tabn. 2 cooTBeTcTBeHHO. B Tabm.3 ams psga 3Ha-
YeHWH apryMeHTa NPUBEACHBI PEe3yIbTaThl MPUOIIDKEHHOTO PEUICHUS

¥(x) , TouHOTO peueHns )_I(XJ- ) 1 omuoOKa.

Tab6muma 1
3uauenus koagpgpuyuenma Ci i
Homep nrepauun C11 C12 €13
0 0 0 0
1 1,4999595 —1,2469478 0,5978266
2 1,5000319 —0,3149309 -0,2673441
3 1,4999887 —0,3116330 0,0476275
4 1,4999968 —0,3122627 0,0625618
5 1,4999972 —0,3122876 0,0629694
6 1,4999972 —0,3122882 0,0629775
Tabmuma 2
3nauenus koappuyuenma Cyj
Homep utepanuu C2.1 C22 C23
1,4999972 —0,3122882 0,0629775
1 1,4542129 —0,2714302 0,0365664
2 1,4542105 —0,2980747 0,0635452
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IIponomkeHe TadIHIbI 2

3 1,4542117 -0,2981652 0,0551428
4 1,4542115 —0,2981493 0,0547663
5 1,4542115 -0,2981487 0,0547567
Tabiuma 3
Pesynvmamor pewenus mecmogozo npumepa 2
X, y(x) v(x,) ay(x,)
0 2,000000000 2,000000000 0

0,075 2,110769735 2,110769734 0,000000001
0,15 2,218181613 2,218181612 0,000000001
0,6 2,798853594 2,798853590 0,000000004
1,2 3,424577755 3,424577748 0,000000007
1,8 3,900713732 3,900713722 0,000000011
2,4 4,236308787 4,236308773 0,000000014
3,0 4,431543818 4,431543799 0,000000019
3,6 4,478537424 4,478537399 0,000000024
4,2 4,358961092 4,358961061 0,00000003I
4.8 4,036250689 4,036250650 0,000000039
54 3,431044869 3,431044831 0,000000038
6,0 2,302347325 2,302347800 -0,000000475

Ipumep 3. bruto B3sTO ypaBHeHHe BombTeppsr 2 poma ¢ TeM ke
TOYHBIM PEIICHHEM, UTO U B IPUMeEpE 2, HO C SIIPOM OOIIEro BUA.
T y(s x+5+2) |
y(x):x+2+j y(s) —( )ds,
o 2(

s+1) y(s)

TouHoe pemrenne Y (X)=(x+1),/4—2In(x+1). VYpaBHenne permanoch Ha

untepsaie [0; 6,375] ¢ marom h = 0,0125, m = 3 (i x >exp(2)-1~6.4
pelIeHre He CYIIECTBYET).
B Tabn. 4 mpuBeneHo pemenue Y(X), TOYHOE peuieHHe y(X) u

omuoKa Ui 3TOT0 YpaBHEHHUS.

Tabuuna 4
Pesynomamyl peuieHus mecmoeo2o npumepa 3

Xj y(x;) y(x) Ay(x;)
0 2,0000000000 2,0000000000 0

0,6 2,7988535896 2,7988535900 -4 100
1,2 3,4245777471 3,4245777478 -8 1010
1,8 3,9007137204 3,9007137217 -1,310°
2,4 4,2363087713 4,2363087731 -1,810°%
3,0 4,4315437967 4,4315437993 -2,510°
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[Ipogomkerne TadmuIs! 4

3,6 4,4785373958 4,4785373992 -3,410°
4,2 4,3589610561 4,3589610606 —4,510°
4,8 4,0362506434 4,0362506497 -6,310°
54 3,4310448204 3,4310448306 -1,01 108
6,4 2,302477494 2,3023478001 -5,07 10°®

Peskoe Bo3pacTaHue MOTPEITHOCTH BOMHM3U TOYKH X = 6,4 0OBsACHS-
€TCs TeM, YTO B 3TOHM TOYKE BCE MPOU3BOIHBIC PELICHHS OOPAIAOTCS B 00
U 711 X > 6.4 penieHus ypaBHEHHS HE CYIIECTBYET.

BruiBoabl. B pabote n3noxkeH METO KOJUTOKAIUH ISl HHTETPAJIbHBIX
ypaBHenuit Bonbreppsr 1 u 2 pona. IlpubnmkeHHoe pelieHne ypaBHEHHN
npezncTaBisiercss B (opMe KyCOYHO-TJIAJKOTO MOJMHOMA, YTO TO3BOJISIET
HaiiTh pemeHne B M000H TOYKE 33laHHOTO MHTEpBana. PesynbTaTsl pac-
YEeTOB TECTOBBIX NPHUMEPOB 1—3 MOATBEPKAAIOT PabOTOCTIOCOOHOCTD aj-
TOPUTMOB, PEAIN3YIOLUX JaHHBIA METOX. AJITOPUTM PELICHUS YPABHEHUN
BonbTreppsr | poma mpocT B peanuzaiii. AJITOPUTM KOJUIOKAI[HOHHOTO
MeToa Ul ypaBHEHHH BombTeppsl 2 poma mpemycMaTpuBaeT MCIOIB30-
BaHME KBaJIpaTypHBIX hopmyi. MakcuMalbHast abCONMIOTHAS TIOTPELTHOCTh
pe3ynbTara mpH pelieHny ypaBHeHUs BoabTeppsl 2 poja ¢ sSIpoM 001ero
Buga coctaBuna 5,07-10 8. MeTon MoeT ObITH MCIONB30BaH HpH pac-
CMOTPEHUH 33/1a4 BOCCTAHOBJICHHS BXOJHBIX BO3ACHCTBUH M MICHTU(H-
Kalliy TUHAMUYECKUX O0BEKTOB U CUCTEM.
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Despite the extensive use of the collocation method for solving integral
equations with constant integration limits, little attention has been paid so far to
the implementation of this method with respect to integral equations with vari-
able limits. In this article tasks of solving Volterra integral equations of 1 and
2 kinds were considered. An approximate solution is defined as a piecewise-
smooth polynomial composed of polynomials over sections of the domain of
definition of the variable of integration. The algorithm of the method is an itera-
tive process. The problem is reduced to solving systems in the general case of
non-linear equations with respect to the coefficients of the corresponding poly-
nomials. At each step of the iteration, an analytic expression for the next poly-
nomial is determined, which allows finding a solution at any point of the given
interval. A special feature of the collocation algorithm for Volterra equations of
the 2nd kind is the replacement of integrals by quadrature formulas, which are
comprised into the system of equations with respect to the approximate values
of the coefficients. The choice of the coefficients of quadrature formulas de-
pends on the accepted number of nodes in the section. A special case of a sys-
tem for three nodes is considered in the article. In doing so, the integrand of the
solved equation was replaced by an interpolation polynomial in the Newton
form. The results of the solution of the test cases confirm the efficiency of the
proposed algorithms and indicate the high accuracy of the calculations. The
collocation method allows to obtain solutions of the Volterra equations for the
segments of the integration interval, choosing their length and applying on each
of them an approximating expression with a small number of coordinate func-
tions. This method can be used in identifying of the dynamic objects and sys-
tems, as well as in solving problems of reduction input signals.

Keywords: Volterra integral equations, collocation method, quadra-
ture formulas.

Otpumano: 15.05.2018
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METHOD OF INVERSE OPERATOR
FOR THE RECOVER INPUT SIGNAL

There have been considered the methods of construction of the in-
verse operator for the restoration of signals in conditions of weak non-
linear dynamic and nonlinear static distortions in the registration devic-
es and transmission of continuous signals are considered. The simplest
structure of the implementation block of the inverse operator is based
on the adder, whose second inverse communication competitor in-
cludes the simulation model of the direct operator. A linear inertia-free
unit with a set transmission factor is used as regularizer.

The inverse operator, based on the output signal of an object and
its mathematical model, is able to restore the input signal of an object.

Depending on the method of construction of the inverse feed-
back, there are considered various methods of the inverse operator
construction.

It is necessary to specify that the amplitudes of input and output
signals should be agreed. Failure to meet this condition leads to the in-
verse operator accuracy loss. The regularization parameter should dif-
fer from the unit, and the accurate functioning of the structure may go
beyond the stability limits. Physical dimension of variables differ, but
the ranges of their changes in numbers should coincide.

When using a regularizer with a value above than one, the compu-
tational process may vary however there is a small amount of stability
thanks to digitalization being used as a regularization parameter.

The algorithms for the implementation of the inverse operator may
be used while improving the efficiency of the operation of energy-satu-
rated equipment, improving the resolution of surveillance systems, imp-
roving the information exchange rate in communication lines, impro-
ving the information capacity of the information registration means, etc.

The effectiveness of the offered approaches is studied on mod-
el problems implemented in the Matlab/Simulink system. There
have been made the computational experiments that demonstrated
the efficiency of the method of inverse operators for the signals
restoration in the presence of weak nonlinear dynamic and nonline-
ar static distortions in the registration devices and transmission of
continuous signals in real-time mode.

Key words: restoration of signals, nonlinear dynamic distor-
tions, stability.

Introduction. At present the application of computers in various tech-
nical devices and control systems has become the habitual phenomenon. The
special interest is represented with cases where the computing way of im-
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provement of their physical and economical properties has no alternative. Ap-
plication of analogue or digital filters for correction of dynamic characteristics
of the element in system allows to lower the technical requirements to this
element. It frequently allows not only to reduce the cost of the whole system,
but also to improve its basic technical parameters essentially. It is possible to
note as examples the inertial measuring converters or executive elements,
communication line with large attenuation etc [1-3].

There is the perfect computer equipment for solving such problems.
However, the known computer algorithms do not always provide the ef-
fective using of this equipment. This problem is not only the question how
to solve a computing problem, but mainly how to formulate it.

The majority of computing problems arising in this case may be di-
vided into two classes: the direct problems and the inverse ones. In tech-
nical systems the solution of an inverse problem usually names as recover-
ing of signal x = By. The initial data are the output signal y and mathemat-
ical model of investigated object A. The block which solves this problem
is named as the block of realisation of the inverse operator B =1/ A, and
the block, which solves a direct problem of simulation of object y = Ax, is
named as the block of realisation of direct operator A.

One of the effective methods of solving the signal recovering problem is
the inverse operator’s method. The essential feature of this method is the ex-
plicit using of the direct operator for obtaining the inverse one. As a rule, block
Ais an element of one of feedback circuits in the structure of block B [2, 3].

The concept of direct and inverse operators is especially often used in
the theory of ill posed problems solving. The solution of these problems is
characterised by instability or high sensitivity to errors of the initial data.
These problems are also called as inverse because their sense consists in
recovering the input signal of the inertial measuring device from its regis-
tered output signal. On the contrary, the direct problem of simulation of
such measuring device (or realisation of the direct operator) is correct.
This problem is characterised by insensibility toinitial data errors, that is
the rather rough measurements are allowed.

The most important advantage of the inverse operator’s method is the
technology of construction of stable computing process which realises un-
stable (complex) inverse operator on the base of explicit application of sta-
ble (simple) direct operator. Moreover, the inverse operators method allows
to organise two independent loops for adaptation the block B to the process-
es of ageing of the object A model and changing the errors quality [3].

1. Examples of application in technical systems. In control systems
the problem of maintaining the stability is solved rather good by known
classical methods with the selection of regulator parameters at realisation
of a principle of a deviation control. However, the necessity of use of the
inverse operator arises at realisation of more simple principle of specifying
influence control. It is necessary not for increasing the stability of a con-
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trol system, but contrary for decreasing its roughness. Introduction of the
inverse operator allows to solve automatically one more problem which is
paid not enough attention in the theory of automatic control. It is a prob-
lem of dimensions. And not only in sense of discrepancy in dimensions of
physical values on the input and output of controlled object, but also in the
sense of discrepancy in number of inputs and outputs of this object.

The usual combined control system from proportional and specifying
action can be represented in two variants: Fig. 1 and Fig. 2. Here X is input,
and Y is output signal of controlled object B, RB is computing model of the
inverse operator of this object, | is inverter, S is adder, R is regulator.

MZMBWRBM.HiHRH

»

y

Fig. 1. Control by input

r4§|_y.|RB|_X.|BP’u|.|_.|i|_.|RH

y
Fig. 2. Control by output

In the case when block RB is instantaneous element with unit gain
(RB = 1) the both structures Fig. 1 and Fig. 2 coincide completely.

In case when R = 0 the specifying action control is realised. In case
of switching-off of the first adder input, the second input of which is con-
nected to output of regulator, the proportional action control is realised.
The structures Fig. 1 and Fig. 2 differ only by a place of connection of
block RB. Block RB carried out some of standard functions from the block
R, for example, differentiation or integration. A case when R =1 is quite
possible, when block RB carried out all functions according to robustness
and stability balance of control.

The organisation from output is especially convenient at control of mul-
ticonnected objects. So, for example, usual carburettor engine has at least two
outputs: tachometer (crankshaft rotation speed) and flowmeter (fuel consump-
tion). Inputs are the structure of a combustible mix (ratio petrol/air) and the
ignition timing. The classical control circuit consists in control from the first
input (at RB = 1) with organisation of a feedback of the first output on the sec-
ond input. However, it is possible to organise the control from the first, or on
the second output. In the first case the dynamics of automobile control is im-
proved, and in the second case the fuel consumption decreases.
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The algorithms of realisation of the inverse operator are important
not only for increasing the efficiency of power-intensive equipment opera-
tion. Represent some other examples of their use. These are: increasing the
resolution of observation systems; increasing the speed of information
interchange in communication lines (compression of spectrum at digital
transmitting of continuous signals, multitone coding); increasing the ca-
pacity of telephone exchange by reduction of signal recognition time in
tone dialling; increasing the information capacity of information recording
devices (magnetic and thermoplastic record); for images recognition in
technical diagnostics by transients; for synthesis of band-pass filters [3].

The separate attention can be paid to full-scale "semivirtual reality’-type
simulators, where simplified (base) object plus computer plays the role of com-
plex object. On Fig. 3 the block diagram of such simulator is presented, where
U are control signals, which the person generates acting on controls, block RB
realises the inverse operator the base object mathematical model B, M is com-

u z u
RB - » B

u

\ 4
<
\ 4

Fig. 3. Simulation model

The inverse operator’s method also useful in construction of numeri-
cal algorithms for solving the various applied problems.

2. Simple numerical experiment. As simple example we can consider
the calculation of square root as inverse operation to square. This numerical
experiment demonstrates an opportunity of application of the inverse opera-
tor’s method not only to solving the problems for linear dynamic systems or
systems with weak nonlinearity usual in applications mentioned above, but
also for essentially nonlinear problems. Certainly, the known classical algo-
rithms for of a square root calculation are better in many senses, except one:
they cannot be applied to calculation of other inverse functions. There is one
more parameter, on which there may be superiority in comparison with tra-
ditional algorithms. It is balance of accuracy and speed.

The analogue prototype of our digital filter is the known circuit with
connection of the direct operator in a feedback of operational amplifier
Fig. 4, where B is the object, described by direct operator, M is mathemat-
ical (electronic) model of this object, OA is operational amplifier, OR are
operational resistors, | is inverter. The dotted line leads round blocks,
which form block RB which carries out the inverse function relative to
object. In other words, according to the object signal and its mathematical
model this block restores the input signal of object. But this structural dia-
gram cannot be converted into discreet form explicitly. That is why the
similar analogue structures received the name ‘nonalgorithmic’ [2, 3].
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Fig. 4. Structural diagram of the inverse operator

On Fig. 5 the other variant of this computing structure transformed to al-
gorithmic form is represented. Here S is adder, | is inverter, R is regularizator
(linear instantaneous element with gain r). In fact, the second adder is accumu-
lator (there is the feedback on its second input). This circuit is realized in digi-
tal computing elements, but already it cannot be realized in analogue ones.

X 5 x

—{ 8 s ﬂ —
rY :

-y X i

—{ e v e

Fig. 5. Structural diagram of the inverse operator (short loop)

In other cases, e.g. for dynamic objects (differential or integral equa-
tions) the block RB has another structure (Fig. 6) and allows both types of
realization (analogue and digital or nonalgorithmic and algorithmic). Here
the regularizator not only limits the magnitude of residual between the
output signals of object and its model, but also limits the amplification in a
loop of positive feedback by restored signal. The modification of these
structures with several regularizators also represent the practical interest.

Fig. 6. Structural scheme of the inverse operator (long loop)

67



MatematuyHe Ta KOMI'I,I'OTepHe Mo entoBaHHA

The structural diagrams Figs. 5 and 6 can be easily converted into
corresponding recurrent formula
x(i) = x(i—) +r(y(i) - M (x(i -1))), (1)
x(i)=y(@i) +r (x(@)) - M (x(i-1))), )
where y is output signal and x is input signal of computing process, M
realizes the mathematical model of direct operator, and r is regulariz-
ing parameter. In the case of square root calculation M(x) = x2, and we
have two additions and two multiplications at the iteration step. Be-
cause of the double recursion by calculated output signal the term bire-
cursive digital filter can be used to characterize such algorithms real-
ized the inverse operator’s method in application to signal recovering
problems. In mathematical literature (1) corresponds to Friedman itera-
tive regularization, and (2) corresponds to Lavrentyev algorithm re-
spectively.

r=0.1 r=0.45

2.5
2
15
1 N
05| :

r=0.5 r=0.53

amplitude

time

Fig. 7. The initial signal sinusoidental type

The graphs on Figs. 7 and 8 represent the results of restoring the
squared signal with one iteration at every time step. The initial time inter-
val was divided into 100 discretes. On Fig. 7 the initial signal x(t) was
rectangular meander with addition of normal white noise having the ampli-
tude 0.1 of initial signal. Fig. 8 corresponds to the unnoised sinusoide. In
both cases magnitude of initial signal was 4. Dotted lines correspond to
standard function sqrt(x).
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r=0.55, n=10 r=0.6, n=10
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Fig. 8. The initial signal rectangular meander with addition normal white noise

From graphs Figs. 7 and 8 we can see that parameter r has the influ-
ence on the stability of computing process. At variations of magnitude and
type of signal or characteristics of noise it is possible to choose such r,
which provides the best balance of stability and accuracy of computing pro-
cess. The instability is especially appearing in places of fast amplitude varia-
tions or sign of initial signal derivative. At change of digitalisation step the
balance of accuracy and stability of calculations on BRDF algorithm will
change, the traditional algorithm has not such property. With increasing the
quantity of digitisation units, the accuracy, naturally, grows, and for provid-
ing the stability it is necessary to change the regularizing parameter r.

Conclusion. Algorithm can be applied to solving the systems of line-
ar and nonlinear equations, including differential and integral ones. The
most positive moment is an achievement of high speed, which is very im-
portant for real time signal processing.
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METO[ OBEPHEHOI'O OMNEPATOPA
AnA BIAHOBNEHHA BXIAHOIO CUrHAIY

PosrisHyTO MeTOmM MOOYIOBH OOEpHEHOTro Omeparopa ISl BiTHOB-
JICHHSI CUTHAJIIB IIPY yMOBaX CIa0KWX HETIHIHHUX IMHAMIYHUX 1 HETiHIH-
HUX CTaTHYHUX CIIOTBOPEHb Y MPHUCTPOSX peecTpalil Ta mepenadi Herepe-
pBHuX curHaiiB. Haiimpocrimia crpykrypa Giioka peanizaiii o6epHEHOTO
orepaTopa OyIyeTbcs HAa OCHOBI HAaKOINMYYBAHOTO CyMaTopa, Yy ApYrHii
KOHTYp 00epHEHOT0 3B 53Ky SIKOTO BKJIIOYEHA iMiTalliiiHa MOAENb MPSIMOTO
ormeparopa. B sikocTi perynspusaropa BUKOPUCTAHO JiHIHHINA Oe3iHepIii-
HUI OJIOK 13 BU3HAUYCHUM KOS(illiEHTOM Iepeaadi.

OO0epHEeHMIA oriepaTop Mo BUXIJTHOMY CHTHaIy 00’€KTa i HOro MaTeMa-
THYHOI MOJIEJI BIJTHOBIIIOE BX1IHHMI CUTHANI 00’ €KTa.

B 3anexxHocTi BiA migxoxy 10 moOyJoBH 0OEpPHEHOTO 3B’SI3KY PO3IJIS-
TAIOTHCS Pi3HI METOH MOOYIOBH OOCPHEHOTO OMEepaTopa.

BaxnmuBo BIAMITHTH, IO aMIUTITYIH BXIAHOTO 1 BUXiZHOTO CHUTHAJIB I1O-
BUHHI OyTH y3ro/pKeHHi. SIKIIO 111 yMOBa HE BUKOHYEThCS TOUHICTbH OOepHe-
HOro omeparopa 3HM3UThCS. [lapametp perymsapusanii HeoOXinHO Oynae BHOU-
paTH BiIMIHHHM BiJI OJJMHHIIi, 2 TOUYHE (YHKIIIOHYBaHHS CTPYKTYPH MOXe Oy-
TH 32 MEKaMH CTidKocTi. Pi3uyuHi pO3MIPHOCTI BETMYNH MOXYTh OyTH Pi3HH-
MH, aJie Jlala30HM X 3MiH B YMCIIaX TIOBUHHI CITIBIIAIATH.

Ipu BuKOpHCTaHHI perysIpu3aTopa, 3Ha4eHHs SIKOTO OLIbIIe OJUHUIII,
00YHUCITIOBANBEHHHN TMPOIIEC MOXKE PO3XOJUTHCH, X04a 3AITUIIAETHCS HEBEIIH-
KHii 3amac CTifKOCTi 3a paxyHOK KPOKY JHCKpeTH3allii, sSIKHii BUKOPHCTO-
BYETBCS K PETYJISIPU3YIOUHA TapameTp.

AnroputMmu peanizanii 00epHEeHOT0 omepaTopa MOXKyTh OyTH BHKOPHC-
TaHi MPH MiABUIIECHHI ¢(PEKTUBHOCTI €KCIUTyaTallii eHeproHaCHYCHOTO 00-
NaJHaHHS, MiJABHIICHHS PO3JIUTBHOI 3JATHOCTI CHCTEM CHOCTEPEXCHHS,
ITiIBUIIEHHS] IIBUJIKOCTI OOMiHYy iH(popMaii B JTiHIsAX 3B’S3KY, MMiABUIICHHS
iHpopMaIIiitHOT eMHOCTI 3ac00iB peecTpalii iHdopmarlii ToIo.

EdexTHBHICTh 3aMPOMOHOBAHUX IIXO/IB JOCIIPKEHO Ha MOJICIBHHUX
3aadax, sKki peanizoBano B cuctemi Matlab/Simulink. ITposeneni o6urc-
JIOBAJIBHI EKCIIEPUMEHTH TOKazand e(eKTHBHICTh METOAy OOepHEeHHX
orepaTopiB AJs BiAHOBIEHHS CUTHATIB MPU HASBHOCTI CIaOKUX HENiHiH-
HUX TUHAMIYHUX 1 HENMiHIHHUX CTaTHYHUX CIIOTBOPEHH Y TPHCTPOSIX pe-
ecTpalii Ta nepenadi HemepepBHUX CUTHANIB B YMOBaX peajbHOIo 4acy.

Ki1ro4oBi c10Ba: ionosnenHs cuzHanis, HeniHiuHi OUHAMIYHI CNOME0-
PEeHHA, CMITIKICTG.

Otpumano: 28.05.2018
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MATEMATUYHE MOOENIOBAHHA CLIEHAPIIB
BOOOOBMIHY B CUCTEMI KAHAINY OHINMPO-AOHBAC

3anpornoHOBaHO MaTeMaTHYHE MOJIEIIOBAaHHs CIEHapiiB IpoBe-
JICHHSI BOZIOOOMIHY B cucTeMi KaHaiy JlHinpo-/lon6ac. Kanan Hamo-
BHIOETHCS JTHIIPOBCHKOI BOJOK 3 Kam’sHCBKOTO BOJOCXOBHIIA 3
METOI0 TOKpalleHHs cTaHy KpacHOmaBIIiBCHKOTO BOJOCXOBHIIA, 3
SIKOTO BOJIa MOJAETHCS Ul MUTHUX moTped M. XapkiB. CTaBUTBCS
3amada BUOOPY HaHOLTHII €KOHOMIYHO e(heKTHBHOTO BapiaHTy BOJO-
0o0MiHy TpH 3a0e31edeHHi J0OpOro eKOJIOTTYHOrO CTaHy BOIHHUX pe-
cypciB B OpinbepkoMy Ta KpacHOMaBmiBCBKOMY BOJOCXOBHILAX.
Jlnst BHOOPY CTPYKTYpH CHCTEMH YIPABIIHHS BOJXOOOMIHOM IPOIIO-
HYETBCSI METOJI CLIEHAPHOTO aHaji3y. PO3mIsHyTO minxix, B pe3yib-
TaTi peaizamii SKOro KpuTepiii eKOHOMIi BOTHHUX pecypciB HeoOXia-
HO CIpSIMYBAaTH A0 MaKCUMAaJIFHOTO 3Ha4eHHs. KpuTepiit skocTi Bo-
M PO3TIISLIAETHCS SIK OOMEXEHHSI 3TiTHO YHHHUX HOPMAaTHUBIB.

JI71s1 €KOCHCTEMHOTO OIIHIOBAHHS SIKOCTI BOJH B3/IOBXK KaHAITY
BUKOPHCTOBYIOTBCS HEHpOHHI Mepexi. CHCTeMHHil IpOCTOpPOBO-
YacoOBHH aHaJi3 SIKOCTI BOOHM 3a aHcaMOieM HEHpOHIB IepcemnT-
POHHOTO THILY JI03BOJISIE CITIBCTABIISITH 3MIiHH SIKOCTi BOAM B KaHAII
3a OKpEeMHUMH TIOKa3HMKaMH Ta IpyHaMH IMoka3HUKiB. Lle rae Mox-
JUBICTh BUSBHTH HAWOUIBII TEPCIICKTHBHI BapiaHTH MPUHHATTS
pimens. [IpomonytoThess GamaHcOBI Mojeni BOAOOOMiHy, mio 0Oa-
3yIOTbCS Ha PIBHSAHHAX JHHAMIKH Ta 30epekeHHsS Mac 3a0pyaHio-
10unx peuoBuH. COYaTKy pO3paxoBYIOTHCS MMOTOKU BOAM, a MOTIM
KOHIIEHTpaNii 3a0pyIHIOIOYHNX PEYOBHH B PE3yJIbTATi 3MilllyBaHHS.
MaremaTH4He MOJENIOBAHHS Haa€ MOMKIHMBICTh BiJICIIIKOBYBaTH
m101000B1 3MiHM TiAPOJOTIYHMUX Ta TiAPOXIMIYHHUX MOKA3HHUKIB Y
BOJZIOCXOBHIIAX IIPU DI3HUX BapiaHTax IPOBEACHHS BOJOOOMIHY,
MPOLIECH TPAHCIIOPTYBAHHS Ta MEPEMILlyBaHHs BOJHHX Mac pi3HOT
skocti B OpinscbkoMy Ta KpacHomaBmiBChKOMY BOJOCXOBHIIAX.
BapianTu crenapiiB BU3Ha4aloTh OO0y HACTaHHS 3aIIAHOBAHOTO
pe3yJIbTaTy SKOCTI BOJM Ta TPUBAJICTh BOZOOOMiHY. 3a pe3ysbTa-
TaMH CIICHapPHOTO aHaJi3y HAWOUIBII eKOHOMIYHO JOIUTEHUM 1 TIPU
[bOMY E€KOJIOTIYHO OE3MEeYHHUM € BapiaHT BUKIIFOYEHHS CIIPAIlio-
BaHHsA Ta HanoBHeHHS OpUIBLCHKOrO BOJOCXOBHINA. Y IbOMY Ba-
piaHTi TpPUBAJICTH MNPOBEICHHS BOJOOOMIHY 3MEHIIYETHCS [0

© I1. I. KoBanbuyk, B. I. Poxko, I'. A. banuxina, O. C. lemuyk, 2018
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45 nHiB, He 3IIMCHIOIOTHCS OC3MOBOPOTHI CKUIW BOJAW Ta JIMIIEC HA
5.6 % migBuIIyeThes KOPCTKiCTh y KpacHomaBmiBChKOMY BOAOC-
XOBHILI TPOTSIroM nepuux 12 ai6.

KurouoBi cnoBa: ueiiponni mepeoici, mooentoganhsa 800000Mi-
HY, NepcenmpoHHA MoOeib, IMImayilHi cyeHapii, ekocucmemHuil
nioxio, Kamezopis ma Kuac sKkoCmi 600.

Beryn. MaremaTtiuHe MOJENIOBAHHS J03BOJISIE IPOTHO3YBATH KiJlb-
KICHI Ta SIKICHI MOKA3HUKW 3MIHM CTaHy BOJHOTO CEPEJOBHUINA 3 METOIO
PO3pOOJICHHST PEKOMEHIAIIH 100 3AIMCHEHHS 3aXOJliB MOKPAIICHHS BO-
J000MiHy Ha OCHOBI aHaIIi3y BapiaHTIB cueHapii [1], 30kpema i B cucteMi
kaHaiy J{Hinpo-/{on6ac.

Kanan [{ainpo-/loHOac HAIIOBHIOETHCS THITPOBCHKOIO BOMIOFO 3 Kam’stH-
CBKOTO BOZIOCXOBHIIIA 3 METOI0 Oe3nepediiiHol momadi Boay Ha M. XapKiB Ta
TIOKpAIIeHHs eKOJIOTIYHOTO cTaHy KpacHOMaBIiBCHKOTO BOZOCXOBHIIA y Xa-
PKiBchKil obmacti. OqHaK y 3B’S3Ky 3 BIICYTHICTIO (piHAHCYBaHHA Ha BHUKO-
HaHHS IIMX 3aXOiB, BOJOOOMIH HPOBOAWTHCS pa3 Ha 2—3 pPOKH. 3a mepion
BIZICYTHOCTI TPOBEICHHS UYEproBOro BomooOMiHy y KpacHomapiiBcrKOMY
BOJIOCXOBHIIIl BiZIMIYA€ThCsI OJIM3bKA JI0 KPU30BOI CHTYAIlisl: HATIOBHEHHS BO-
JIOCXOBHIIL[A HAOIMKAETHCS IO PIBHS HOro poOOYOro CrpaloBaHHS, dKOPCT-
KICTh BOJIM TIEPEBHUIILYE HOPMATHBH IS TUTHUX MOTpeo [2, 3].

Ha ocHoBI iMiTamifHOr0 MOJIENIOBaHHS CIIEHapiiB BOZOOOMIHY HOT-
peOye nocniKeHHs K €eKOHOMIuHa e(peKTUBHICTh BapiaHTiB, Tak i 3a0e3-
MeYeHHs1 JO0OpOT0 E€KOJIOTIYHOTO CTaHy BOJHUX pecypciB B OpilbCbKOMY
Ta KpacHomaB1iBCbKOMY BOJOCXOBHINAX [4].

CraBuThcs 3a1a4a BUOOpPY HaOIIbII epeKTHBHOTO BapiaHTy BOZOOOMi-
Hy 1 HanoBHEeHHs KpacHOIaBIiBCEKOTO BOJOCXOBHINA 13 3a0€3MEeUeHHsIM Ha-
JISKHOI SIKOCTI BOAW 3TigHO MeToawk [2, 3, 5]. [ omTmMizaltii ekoJoro-
€KOHOMIYHHX OIIIHOK e(heKTHBHOCTI HEOOXiTHO MPOBECTH MaTEMaTHIHE MO-
JIETIFOBaHHS Pi3HUX CIICHAPiiB 3TiJHO 3aTBEPHKEHOTO BapiaHTy BOJOOOMIHY
[6] Ta iHIIMX MEPCTIEKTMBHUX BapiaHTIB YIPABIIHHSI TI0Ja4YeI0 BOJIH.

Metoa Monen0BaHHA cueHapiiB. InTerpoBanmii miaxin 3a exosori-
YHHUMH Ta eKOHOMiYHMMH mijisimu. [Ipu BHOOpi cuenapiiB BogooOMiHy iH-
TErpOBaHMH IMiAXiJ 32 €KOJOTIYHMMH Ta €KOHOMIYHMMH LULIMH € OIHHUM i3
HaIpsMIB peaizallii CHCTEMHOI Y3ro/DKEHOCTI yIpaBiIiHHA. B ymMoBax cramo-
TO PO3BUTKY CHCTEMHA y3TOKCHICTh YIIPABIIIHHS TIOJISITaE B TOMY, IO (DYHK-
IIOHYBaHHs CHCTEMH Iependayae OaraTOKpUTepialbHy ONTHMI3AI0 CKOHO-
MIYHUX I[iJIeH, SIKi BU3HAYAIOTHCS SIK CyMapHi IPUPOCTH Ha iHTepBai 7.

_T[Fl(X (t+1),U (t))dt,...,}Fn (X (t+1),U(t))dty > max, (1)

ne Fi,..., Fn— exoHoMiuHi KpuTepii OI[iHIOBaHHS KUIBKOCTI Ta SKOCTI
BojokopuctyBanss; X(t) ta U(t) — BiAMOBIAHO CTaHH CHCTEMH Ta yMpaB-
JIHHS B MOMEHT 1.

72



Cepis: TexHiuHi Hayku. Bunyck 17

[Ipn mpomy 6e3yMOBHO BpPaxOBYIOTH €KOJIOTiUHI I, 3amaHi sK
oOMexeHHs abo K KpHUTepii JOCATHEHHS AOOPOTO €KOJOTiYHOTO CTaHy
CUCTEMHU:

Fou (X (t+1),U (1)) <Cpa (1)

)

Fy (X (1+1),U (1)) <C, (1)
ae Fn+1, ..., Fp— exonoriuni kpurepii, Cp +1(t),...,Cp(t) — oOMexeHHs B
momenTd t € [0; T] mnst mocsrHeHHs: 106pOro abo BiMiHHOTO €KOJIOTIYHO-

0 CTaHy.

JJi eKoJIoT0-eKOHOMIYHOTO OOTPYHTYBAaHHS BapiaHTIB yIIPaBIIiHHSI
BOZOOOMIHOM pO3pOOISAIOTHCS Pi3HI CIEHApii JUHAMIKH PyXy BOTHOTO
MOTOKY Ta MOMHKpPEHHs 3a0pyaHenb. CrieHapiil OLiHIOIOTECS 32 KPUTEPIIMHU
(1, 2), onTiManbHE PIMIEHHS CTOCOBHO CHCTEMH YIPABIIHHSA BU3HAYAETH-
Csl Ha OCHOBI 6araTOKpUTEPIIIFHOI ONTHMI3aIlii, 30KpeMa 3 BUKOPHUCTAHHIM
npuHumny Ilapero.

[Tpu BUOOpi CTPYKTYpH yIpaBIiHHS BOJOOOMIHOM B CHCTEMi KaHAJy
Juinpo-Jlondac mpomoHyeThCs MiAXiA, B pe3ysbTaTi peaiisailii sSKOro
€KOHOMIYHHMI KpHTepiil (€eKOHOMIsI BOTHHX PecypciB) HEOOXITHO CIIpsIMy-
BaTH JI0 MAaKCUMAJILHOTO 3HAYEHHS:

F*—Fl(x,t)—>max, (3)
ne F* — makcumaipHi (TU1aHOBi) BUTpaTH BOTHHX pecypciB; Fi(x, t) —
TIOTOYHI BUTPATH BOJHUX PECYPCIB 3a BapiaHTaMHU.

[pu upOMy, MOKA3HUKH SIKOCTI BOAM KpacHOMaBIiBCHKOrO BOIOCXO-
BUIIIA 3AJIMIIAIOTECS B MeXKaxX JOIMYCTHMHUX (HOpPMAaTHBHHX) 3HaueHb (B
Mexxax kornentpaniit < I'JIK):

Fp (Xit) < Cy (1)
4)

F, (X, 1)<C, (1),
ae Fa(X, t),...,Fp(X, t) — exonoriuni kputepii, Ci(t),...,Cp(t) — oOMexeH-
HSI TIOKa3HUKIB SKOCTi BOJIU 3T1THO YHHHUX HOPMATHUBIB.

Heiiponni Mepesxi sik MeT01 MOJEeIIOBAHHA SKOCTi BOAH B IIPO-
neci BomooOMiny. {1 eKoJIoriuHOT OLIHKM €(pEeKTUBHOCTI MPOBEICHHS
BOJIOOOMIHY MPOIOHYETHCSI CKOCUCTEMHUH MiAXia, Mo 0a3yeThcs HA BU-
KOpHUCTaHHI HelpoHHOT Mepexi [7]. s anexBaTHOi po3poOKH HEHpOHHOT
Mepexi Ta Bizyasizalii eKoJoriqyHOI OLiHKM Ha BUOpaHOMY 00’€KTi HE0O-
XiTHO po3poOHTH KapTy-cxemMy KaHaiy JlHinmpo-/lonOac 3 HaHeceHHSM
MYHKTIB BigOOpy npob (puc. 1).
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Boposabip ma m.Xapkin

Kpacionanminchke,
BONIOCXOBHITIE

p. Opinbka

p- Opianka, micr,
1,5 km Bix rupaa

c. I'pymesaxa
nuknii 6°cd
Kpacnonasaischkoro

Opinbehie
BOJLOCXOBHINA

BOZOCXOBHIIE
Jninpoasepruig

c. Mlyasriska

c.Ayan

Puc. 1. Kapma-cxema xanany /{uinpo-/lonbac

CykymHicTh HEWPOHIB, 110 B3a€EMOJIIIOTH Ha PiBHI MIEBHOI CUCTEMH TIPH
MPUIHATTI pilieHs OyaeMo Ha3UBAaTH HEHPOHHOIO Mepexero abo aHcambiIeM
HelipoHiB. @opManbHUIT HEHPOH ABJIsIE cOO0I0 eMeMEHTapHUI MEepCenTPOH,
TOOTO CHCTEMY NPHUUHATTS PIlICHHS B OKPEeMill TOWYI, IO CKIATA€ThCA 3
KUIBKOX IIapiB, sIKI YTBOPEHI BiANOBIHO €I€MEHTaMH TPHhOX THIIIB: CEHCO-
PHHUX €JIEMEHTIB, TOOTO pelenTopiB (S-elneMeHTIB), M0 QIKCYIOTh KOHILIEHT-
paitii TiIpOXIMIYHHMX TTOKa3HHUKIB B 3a[laHill TOYIII; ACOI[IaTHBHUX €JIEMCHTIB
(A4-enemeHTiB), sIKi 3AIICHIOIOTH MOPOTOBHIA BiOip; R-eneMeHTIB NpUAHSITTS
pillieHb, 10 peaTi3yloTh iIHTErpoBaHI OLIHKH SKOCTi BOJH (YUCIIOBI, Tpadid-
Hi, JIOTIKO-JIIHIBICTHYHI) 32 PiBHAMH iepapXii (puc. 2).

JocuTh afeKBaTHOIO VIS peaisalii eKOCHCTEMHOTO MiIXOIy B CHC-
TeMi KaHally, Ha Hally AYMKY, € METOAWKa €KOJOTIYHOI OmiHKH [5], 3a
SKOK pIMECHHS NMPUIMAOTBCS B KOKHOMY HYHKTI BHUMiptoBaHb. Touku
CIIOCTEPEkEHb CKJIAIAI0Th €IIEMEHTH CUCTEMH 1 ABIAIOTHCS PopManbHUMH
HelipoHaMu (1HIUKATOpaMH), TPUHHATTS PillieHb B AKUX 3I1HCHIOETHCS Ha
OCHOBI mepcenTpoHHOi Mozeni [7]. Bukopucranus Monmeni HEMPOHHOI Me-
PEXi MoJiArae B pO3paxyHKy sSKOCTI BOJU B CHCTEMi KaHaJy J0 BOJOOOMi-
HY Ta Micjst HOro MpOBEICHHSI.

(1) (1)
(1) R R
Ry X O O P
A(Sy)
1 A(Sy) o o A(Sy
S
s 5. 0 ... 0

Puc. 2. Cxema bacetinosux eko102i4HUX OYIHOK AKOCMI 600U
3a ancambnem Heriponie nepcenmpoHH0o20 muny
OCO0IMBICTIO CHCTEMHOI MOJEI € MOKJIMBICTH ITOBHOI €KOJIOTTYHOT
OIIHKH, IO BPaxOBY€ IPOMIXHI OIIHKHA BHUXIAHWX 3HAYCHb HEHPOHHOI
Mepexi Ha BCiX piBHsX iepapxii. Takuil cMCTEMHHI POCTOPOBO-YACOBHIA
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aHaJi3 SKOCTI BOIU 3a aHCAMOJIEM HEHWPOHIB MEPCENTPOHHOTO THUILY A€
MO>KJIUBICTh BHUSIBUTH HAHOUIBIN TEPCIIEKTUBHI HANPSIMKH TMPHHHATTS Pi-
IIEHb IS TIOKPAILEHHS SIKOCTi BOJH Y BOJHHUX 00’ €KTax.

MatemaTuuHi mogeni Bonooominy. [IpononyroTbcs OanmaHcOBiI MO-
Jeni, mo 0a3yroThCsl Ha PIBHSHHI AMHAMIKK Ta 30epexeHHs Mac 3a0pyn-
HIOIOUMX PEYOBHH, NOOYJ0BaHI TAKMM YHHOM, IO CHOYATKy PO3PaxoBY-
IOThCSl TTOTOKW BOJHM, a MOTIM KOHIEHTpawii 3a0pyJHIOIYNX PEYOBHH B
pe3yneTari 3MminryBanHsa [8]. BomooOMiH y kaHaii BiIOYBa€ThCS TaKUM
YMHOM, 1[0 YacTHUHA 3a0pYyJHEHOI BOJIU BUTICHSETHCS MOTOKOM BOIH 3
Kam’sHCBKOTO BOIOCXOBHIIA.

W =w" +q! - p ,n=1,..,N, ®)
ne Wi * 1 Wi" — 06’em BomHuX pecypeiB y Bogocxouimi B (N + 1)-if i n-ii
MOMEHTH 4acy B i-if KoMipiri; §i" — BOIHI pecypcH, 10 HAIXOIAThH 3 Ka-
HaJIy Yy BOJOCXOBHIIE; Pi" — BOJHI PeCypcH, M0 BiIOHUpPalOTHCS 3 BOIIOC-
XOBHIIA, B pe3yJIbTaTi ckuay B p. Opinbka abo 3a00py B cHCTEMY KaHATY
qutst mogadi B KpacHomasiiBcbke BOJOCXOBHIIE; | — HOMEP KOMipKH.

KoH1eHTpalist pe4oBHHH B N-ii MOMEHT 4acy B i-i KOMipIIi B pe3yJib-
TaTi 3MIITyBaHHS 3HAXOUTHCS 33 (HOPMYJIIOHO:
et WU +07C - pi'S]
! Win+l
ne Wi"U;"— Boani pecypcu Wi" 3 koHuenTpamiero U;", 1110 3HaX01AThCS B i-
i xoMipiii B N-if MOMeHT 4acy; 0i"Ci" — BoaHi pecypcu (i, 110 HAAXOAATH 3
kaHaxy B OpiibChke BOJOCXOBHIIE 3 MEBHOIO KoHIeHTpamieo Ci" B i-if
KOMipui B N-ii MOMEHT 4Yacy; Pi"Si" — BoJHiI pecypcu Pi", o BiOUparoThest
3 BOJIOCXOBHIIIA, 3 KOHIIEHTpaLi€ero Si" B I-if KOMIpIIi B N-ii MOMEHT 4acy.

u

: (6)

AHaJi3 SIKOCTi BOAM NPH NpoBeAeHHi BOA00OMIHY. 3TiTHO METOIMKH
[5] mpoBommack eKoJOTiYHa OIiHKA SKOCTI BOJ y cucTeMi KaHaiy J[Himpo-
JHonbac 10 Boz0oOMiHy Ta ITicist Horo npoBeieHHs. Pe3yabTaTn aHamizy sSKo-
CTi BOJ[ JI0 MPOBECHHS BOJOOOMIHY ITOKa3yIOTh, 1[0 BOAU KaHAIY BIIHOCATH-
cs1 1o 2—4 xareropiit 2-3 kiaciB. B cucremi kaHamy sIKiCTh BOJ 3MiHIOBasIacs
BIJI «Ty’Ke TOOPUX», «IUCTHX» 3 TCHICHITIEI0 HAOMIMKEHHS 0 KaTeropii «Io-
Opux», «1ocuTh yncTix» (c. lllynpriBka) 10 «3a10BUIBHIX», «CIIa0Ko 3a0py-
JTHEHWX» BOJI 3 TCHIICHITIE€I0 HAOMIKEHHS JI0 «ITOCEPEIHIXY, «TIOMIPHO 3a0py-
naennx» (Opuibebke Ta KpacHomasmiBcbke BOOCXOBHINR) (pHC. 3).

[Ticnst mpoBeneHHsI BOMOOOMIHY y KaHalli BiIMIYa€ThCS MOKPAIICHHS
SIKOCTI BOJTH BiJI Ay>Ke T0OpuX, «aucTux» Boj (c. [llynbriBka) mo nepexia-
HHX 3a SKICTIO BiJl «IYK€ TOOPUX», «IUCTHX» JI0 «IOOPUX», «IOCHTH YHUC-
tux» BoJ (c. Opinbka) 2—3 Kareropiit 2 kjacy SKOCTI Ta «3aJI0BIJIBHUXY,
«c1abKo 3a0pyAHEHUX» BOJ 3 YXHMJIOM JI0 «IOOPHX», «IOCHTh YHCTHX)»
BOJ 4 xareropii 3 kimacy sikocti (puc. 3).
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00 80000OMIHY ma nicis 1020 NPo8edeHHs

SIKicTh BOH 32 TIOKa3HUKOM JKOPCTKOCTI 10 BOAOOOMIHY KOJIMBAJIACs Bil
3 mr-exs/Ky0.1M (c. Llynerieka) mo 18,4 mr-exs/ky0.mm (OpiibCchKe BOIOCXO-
BHIIE), 30KpeMa B KpacHomaB1iBCbKOMY BOJOCXOBHIII cTaHoBMIA 8,0-8,1, Ipn
I'IK mis mutHOrO BomocmokuBaHHsA 7,0 Mr-eks/kyO.qm. Ilicis mpoBemeHHs
BOJIOOOMIHY SIKICTh BOJIM CYTTEBO MOKpAIIIIAch Bix 3,3 10 7,5 Mr-ekB./Ky0.aM,
o He nepesuirye Hopmu ['JIK ms mutHIX otped (puc. 4).
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Puc. 4. Beruuuna scopcmrocmi 600u 00 600000MIHY ma nicjis tlo2o0 RPo8edeHHs

CueHapHuii aHaji3 BapiaHTiB BomooOminy. Imitariitna momens
CKJIAIA€TBCS 3 TBOX B3a€EMONOB’si3aHUX O1oKiB — Opinbcpkoro ta Kpac-
HOIIABJIIBCHKOT'O BOJIOCXOBHMIIIL.

PosrasinyTo nepwuii eapianm cuyenapiro npoeedeHHs 600000Miny
6i0n06ioHo 0o peznamenmy [6]. Bogooomin B OpisibCbKOMY BOJIOCXOBHIII
TpuBae 20-21 noOy i BKJIIOYA€ II’STh €TaIliB: JABOKPATHE CIPALIOBAHHS 1
HATIOBHCHHSI BOJIOCXOBHIIIA Ta BIACHE BOJOOOMIH 3 MOJANBIIAM IIEepeKa-
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YyBaHHSAM BOIM 110 KpacHOMaBIiBCHKOTO BOJOCXOBHINA. MaTemaTH4HA
MoJIeNib Bo100OMiHy y KpacHomaBmiBCbKOMY BOJOCXOBHILI BKIIOYA€E J[BA
eTany HallOBHEHHS 3 MapaJielbHUM BO103a00poM Ha M. XapKiB i eTar Jiu-
IIIe CIpAIfOBaHHS Ha MUTHI MOTpedn M. XapKoBa.

[pyeuit eapianm cuyenapito 6ionogioac (pakmuuno npogedeHomy
600000Mminy, SIKVii BKIIIOYAE Pa30Be CIIPAIfOBAHHS 1 HAOBHEHHs OpilibCh-
KOTO BOJIOCXOBHIIA, B PE3yNbTATi SKOTO KOPCTKICTH BOAW 3HIKYETHCA 3
18,8 mo 15,4 Mr-exB./ky0.0M, Ta BJIacHE €Tam BOJOOOMIHY 3 OJHOYACHUM
HATIOBHEHHSIM BOJOCXOBHIIA 3 KaHany J[Hinpo-/lonbac Ta momauero Boau
1o KpacHonaBniBcbKOro BOJOCXOBHINA MPOTIroM S0 JHIB.

Imimauiitna mooens 600000Miny 3a mpemim eapianmom UKIIOYAE
eman 6e3n060poOMHOZ0 CKUOy 600 8UCOKOT dHcopcmkocmi 3 OpinbcvKkozo
6o0ocxosuma y p. Opineka, ajpke 116 SKOHOMIYHO HEJOIUIbHI BHTPATH.
Cuenapiii 7aHOT MOJIeJi BKITFOYAE €Tall HATIOBHECHHS BOJJOCXOBHIINA Ta BJIa-
CHE eTalr BOJOOOMiHY, KW TPHBA€E 0 MOMEHTY 3HIKCHHS JKOPCTKOCTI
Boan y KpacHomaBmiBcbkOMy BOIOCXOBHII A0 7,0 Mr-eKB./Ky0.IM, 3TiTHO
moxeni — 45 ni6. XKopcerkicts Bomu y KpacHomaBIiBCbKOMY BOJTOCXOBH-
i 3HIWKYeThes 3 8,3 1o 7,0 Mr-exB/ky0.qM 3 HETPUBAIUM IIiIBHUIICHHAM
10 8,8 Mr-ekB./Ky0.qM MPOTATOM repmux 12 mib.
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Puc. 5. B3aemo3ss 130K Midic JcopcmKicmio 8600u ma 00¢s120M HANOGHEHHS
6000CX08ULY 30 BaAPIAHMAMU CYEHAPILE IMIMAYIIHUX MoOenell.
a) ona Opinbcokoeo gooocxosuwa, 6) ons Kpacnonaesniecbkozo 6o0ocxosua
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BucHoBkH. MaTemaTnuHe MOJEIIIOBAaHHS HAJae MOXIIMBICTH BiJCHij-
KOBYBATH IIOJIO00BI 3MIiHH TiJPOJIOTIYHHUX Ta TiAPOXIMIYHUX IMMOKA3HHKIB Y
BOJIOCXOBHIIAX TPH TPOBECHHI BOZOOOMIHY, MPOLIECH TPAHCIIOPTYBAHHS Ta
TepeMillyBaHHS BOIHHUX Mac pi3HOI akocTi y OpinscekoMy Ta KpacHomasmis-
CBKOMY BOJIOCXOBHWINAX. BapiaHTH clieHapiiB BH3HA4YalOTh 00y HACTaHHS
3aIUIAHOBAHOTO PE3YJIBTATY SKOCTI BOAW Ta TPHBAIIICTH BOJOOOMIHY.

3a pe3ysbTaTaMu IIEPIIOro CLEHAPII0 TIOKPAIEHHS SIKOCTi BOJIH IO YKOPC-
TKOCTI y KpacHOmMaBiBChKOMY BOIOCXOBHIII /IO TIO3HAYKH 6,2 MI-eKB/KyO0.1M
JIOCSTAEThCSI HA 56 JIeHb TIPOBE/ICHHSI BOJJOOOMIHY (3arajbHHi TepMiH CTaHO-
BUTH 77 JHIB). 3a JAPyrUM CLEHApiEM BOJOOOMIHY OPCTKICTh Boau y Kpac-
HOTaBIIIBCbKOMY BOJIOCXOBHIII TOHU3UIIACH JIO TI03HAYKK 7,0 Mr-ekB/Ky0. M
Ha 50 no0y. BiamosigHo 10 TpeTHOTo ClEHapilo, M0 BUKIIOYAE ITOTIEpPEAHIN
BOJI00OMIH Y OpiIbCHKOMY BOIOCXOBHIII, TOKA3HUK YKOPCTKOCTI 3HIKYETHCS
JI0 To3HAuKH 7,0 Mr-ekB/Ky0. M Ha 45 100y.

PesynpraTi MaTeMaTW4HOTO MOJETIOBAHHS MOKAa3ylOTh, IO B YCiX
TPHOX BapiaHTax cueHapiiB 1o KpacHomasiiBCbKOTO BOJOCXOBHINA Oyre
MOJIaBaTHCS BOJIA IMIABHUIIECHOI )KOPCTKOCTI Y HEpIli AHI HAIOBHEHHS, IIPO-
T€ Yac HAMTOBHEHHS BOJOCXOBMIIA 3aJI€KUTh BiJl IHTEHCHBHOCTI BOI000-
MiHy y OpinscpkoMy BogocxoBumi. Haiibinem TpuBammm (77 aHiB) Ta
€KOHOMIYHO 3aTpaTHUM € BapiaHT NPOBEICHHS BOJOOOMIiHYy 3TifHO 3a-
TBEP/PKEHOT0 perjaMeHTy, a/pke BiH BKIIOYA€E JIBOKpPATHE CIPAIIOBAHHS
OpiibCHKOTO BOAOCXOBHUINA Ta OE3MOBOPOTHI CKHIW BOAW 3arajlbHUM
06’emom 10 miH. Ky0. M. AJle TIpu JaHOMY CIEHapii JAOCSTaeThCs Haii-
Kpalle 3HaueHHs! IOKa3HHUKa )KOPCTKOCTI — 6,2 Mr-eKB/Ky0. M.

Haii61i1p111 €KOHOMIYHO JOLUIBHUM 1 IIPU IIbOMY €KOJIOTiYHO Oe3med-
HUM € BapiaHT BHKJIIOYEHHS CIIPAIfOBaHHS Ta HAaOBHEHHS OpiIbCHKOTO
BOJIOCXOBHINA. Y JTaHOMY BapiaHTi TPHUBAJICTH MPOBEICHHS BOJOOOMIHY
3MEHIIYEThCA 10 45 IHiB, He 3IHCHIOIOTECS OS3MOBOPOTHI CKUAM BOAM Ta
numie Ha 5,6% MiBUILYEThCS KOPCTKicTh y KpacHomaBriBcbkoMy BOJOC-
XOBHIIII MPOTATOM Tiepux 12 mib.
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THE MATHEMATICAL MODELING OF WATER EXCHANGE
SCENARIOS IN THE DNIPRO-DONBASS CHANNEL SYSTEM

The mathematical modeling of water-exchange scenarios in the Dnipro-
Donbass channel system is proposed. The channel is filled with Dnipro water
from the Kamensky reservoir in order to improve the conditions of the Kras-
nopavliv reservoir, from which the water is supplied for Kharkiv city drink-
ing needs. The task of choosing the most cost-effective variant of water ex-
change is determined, while providing a good ecological state of water re-
sources in the Orilske and Krasnopavliv reservoirs. The method of scenario
analysis is proposed for selecting the structure of the water management sys-
tem. An approach is considered, as a result of which the criterion of water re-
sources saving should be directed to the maximum value. The water quality
criterion is considered as a limitation according to the current standards.

Neural networks are used for ecosystem assessment of water quality in
the channel system. System spatial-temporal analysis of water quality by
ensemble of neurons of the perceptron type allows to compare the changes
of water quality in the channel by separate indicators and groups of indica-
tors. It gives the opportunity to find the most promising options for deci-
sion making. The balance models of water exchange, based on the equa-
tions of dynamics and preservation of the masses of pollutants, are pro-
posed. Initially, the water flows are calculated, and then the concentration
of pollutants as a result of mixing. The mathematical modeling provides
the opportunity to monitor daily changes in hydrological and hydrochemi-
cal parameters in reservoirs at different variants of water exchange, pro-
cesses of transportation and mixing of water mass of different quality in
the Orilsky and Krasnopavliv reservoirs. The scenario options are defined
the day onset of the planned result of water quality and duration of water
exchange. According to the results of the scenario analysis, the most eco-
nomically feasible and at the same time environmentally safe is the option
to exclude the drain and filling of the Orilsky reservoir. In this embodi-
ment, the duration of water exchange is reduced to 45 days, no irreversible
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discharges of water are carried out and only a 5.6% increase in rigidity in
the Krasnopavliv reservoir during the first 12 days.

Key words: neural networks, water exchange modeling, perceptron
model, simulation scenarios, ecosystem approach, category and water
quality class.

Otpumano: 28.05.2018

VIK 537.7

0. [I. Ko:xxymiko, MOJOAIHH HAYKOBUH CITiIBPOOITHHK,
I1. M. MapTuHIOK, I-p TeXH. HayK, mpodecop

HamioHanbHMii YHIBEpPCUTET BOJJHOTO TOCIIOIAPCTBA
Ta MPHUPOIOKOPUCTYBaHHS, M. PiBHe

AOCNIMXEHHA BNIUBY PO3NIUBY
3ABPY[QHIOOHYOI PEHOBMHU HA BOJIOIrONEPEHECEHHS
B 'PYHTI 3ACOBAMMU KOMITOTEPHOIO
TA MATEMATUYHOIO MOAENIOBAHHA

Komn'rorepHe Ta MaTeMaTHYHE MOJIEIIOBAHHS IIPOIECIB BOJIO-
TOIIEPEHECeHHs B IPYHTAaX 3aiiMae 4iJibHe MiCIle TP MPOEKTYBaHHI
TiAPOCTIOPY T, MOCHIIKEHHI CTIHKOCTI 3CYBOHEOE3MEUHUX TPYHTO-
BUX MAaCHUBiB, IPOTHO3yBaHHI BpokaiiHocTi Tomo. Lli 3amaui €
CKJIaJOBUMH 320€3Me4UeHHs €KOHOMIYHOI O€3IeKH AepKaBH.

Jns hopMmynmoBaHHS 3a71a4i BOJIOTOIIEPEHECEHHS B JaHI poOoTi
BHKOPHCTOBYBAJIACS. MO/IC/Ib, 10 BPAXOBY€E B3a€MOIIOB'S3aHi POLIECH
TIepEeHECEHHs BOJIOTH, TEIUIa Ta XIMIYHMX PEYOBHH. PO3MIsHYTO pi3HI
3MiHHI TapaMeTpH CEepeIOBUIIA Ta 3raJaHHX IPOIECIB, a TAKOXK OIH-
CaHO JIesIKi 3aJISKHOCTI JUTA 1X 3HaXOMKeHHs. JloCTiKeHHs faHoT Mo-
Jeni 31ifCHeHO Ha NMPHUKIIaIl ABOBUMIPHOT 3a71aui [ BUMAIKY PO3JIH-
By 3a0pyIHIOIOYO0i PEUOBHMHH Ha MOBEpXHi IpyHTY. OCOOIMBICTIO TaKol
3amadi € 3a0pyIHEHHS TPYHTY BHACIIIOK ancopOmii TBEpAUMH YacT-
KaMHM IPYHTY XIMi4HOI peHOBHHH. Y 11bOMY BHIaJIKY, Ha HaIlly TyMKY,
0COOJIMBO BaXKIJIMBUM CTA€ BPaXyBaHHsS 3MiHH MIOPHCTOCTI IPYHTY, IO
BiZI0yBa€ThCS BHACHIIOK 30UTBIICHHS 00’ €My TBEpAMX YacTOK. Takox
BIZIIrPaIOTh CBOIO POJIb 3MiHA TYCTHHHM IOPOBOI PifMHM, IO 3pOCTae
TIPH PO3YMHEHHI y Hil 3a0pyIHIOIOUMX COJIeH, Ta SIBHIE XIMIYHOTO
0CMOCY, 1110 BIUTMBAE Ha PyX PiAUHH.

[TocraBnena 3ama4ya BOJOTOMEPEHECEHHS B IPYHTI 3 BpaxyBaH-
HSM 3MIHHOI IOPUCTOCTI OyJia po3B’s3aHa YMCEIFHO METOJOM CKiH-
YEeHHHX eneMeHTiB. [Iporpamna peamizawis BiAIOBIJHAX AJITOPUTMIB
3miiicHeHa B cepenoBuili FreeFem++. 3pificHeHO YHCeNbHI eKkciie-
PHMMEHTH, B SIKUX MOPIBHSIHO PO3B’A3KH KJIACHYHOI 3a/ja4i BOJIOroIIe-
pEHECEHHS Ta ITOCTaBIICHOI 3a/avi i3 BpaxyBaHHSIM TeIIOMacoIepe-
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HECEHHs. Y JIPYroMy BHIIAJKYy B PO3IOJIJ BOJIOTH y IPYHTI CHOCTeE-
piranucs 3HauHO OibIIi Tepenagu BosiorocTi. e GibI TOYHO Bi-
JnoOpaxkae yMOBHM PO3IVIIHYTOI 3ajadi Ta IIOSICHIOETHCS BIUIMBOM
OIMCAHUX BHIIE 3MIHHUX MapaMeTpiB mpouecy. Pe3ysbpraTy yucens-
HUX EKCIICPUMEHTIB CBi4aTh MPO BAKIMBICTH BpaXyBaHHS MacoIle-
PCHECEHHs Ta OB’ SI3aHMX 13 HUM (HaKTOpiB A1 HOAIOHUX 3a71ad.

KawuoBi cinoBa: mamemamuuna mooenv, nopucme cepedo-
6Ulfe, B0020NEPEHECEHHS, MACONEPEHEeCeHHs, MemOo0 CKIHYEeHHUX
enemMenmis.

Beryn. CxiaiHicTh MOZIGIIOBaHHS IIPOLIECIB BOJIOTONEPEHECEHHS! OIS
ra€ y ToMy, 10 Ha iX nepedir BIUIMBa€e BEJIMKa KUTBKICTh iHINMX (DaKTOpiB Ta
nporieciB. Cepex HUX — TepeHEceHHS Ta AUQY3is PO3UMHEHHX PEYOBHH,
MacooOMIH MK (ha3aMu IPYHTY, TEIUIONICPEHECEHHS Ta COHSYHA aKTHBHICTB,
JMHAMIKA OTAaMiB, PO3BUTOK POCIMHHOCTI Ta Bi0Ip BOJIOTH IX KOPEHEBOIO
CHCTEMOIO, (QiNbTpariiiiHe pyHHyBaHHS MOBEPXHEBUMH Ta ITiI3¢MHIUMH BOJa-
M torio [14]. Ilpu npoMy BinOyBaeThCS 3MiHa BOJIOTOCTI Ta MapaMeTpiB II0-
PHCTOTO CepeloBHIIa, SIKi, B CBOIO YEpry, 3AIHCHIOIOTH BIUIMB Ha TepeTiueHi
nporiecd. Hampukian, HOpUCTICTh IPYHTY 3HAYHOIO MIPOIO 3aJ€XKUTH Bil
CTYTICHsI Or0 3aCOJICHOCTI Ta TMHAMIKA MacOOOMIHHMX MPOIIECiB; Ha Koedi-
1ieHT (inpTpanii YMHATH BIMB TEIUIOBHH CTaH MOPOBOI PIAMHM, 11 XiMIYHUNA
CKJIaJ Ta piBeHb BOJIOTH y IpyHTI [11]. Taki 3aJ1e)KHOCTI € CKIaIHUMH, 1 4acTO
HAaBITh HEOJJTHO3HAYHHMMH, HATIPUKJIA], SIBUIIE TicTepe3ucy [17].

MaremaTiiHe MOJICITFOBAHHSI B3a€MO3B’SI3aHHX MPOIIECIB B TE€TEPOTeH-
HHX TIOPHCTHX CEpEeOBUIAX Ha JAHHW Yac iHTCHCUBHO pO3BHBacThCs. Ha-
TIPUKIIAM, MATEMAaTA9HI MOZENI YIS JOCTIPKSHHS BKA3aHUX IPOLECIB B KOH-
TEKCTI IPOTHO3YBaHHs BpoXkaitHOCTI moOymoBaHi B [17]. ¥V poborax [12, 16]
3aIIPOIIOHOBAHO MOJEII, 1[0 ONHCYIOTH MEPeMIllleHHs BOJIOTH, BOASHOI apH
Ta TIOBITPS Y TPYHTI TP Hei3oTepMivgHUX ymoBax. Y [2], [3] mokazaHo BIDIHB
TEMITEpaTypy Ta COJETIEPEHECEHHS Ha IepeOir mporecy (GimbTpamniifiHoi KOH-
comiparii. [Iporiecu Temmo- Ta BOJIOronepeHeceHH sl y IPyHTI MiJl Yac MOKexK
po3risiayTo y [13]. Takok BUBYAETHCS BIUIMB BKA3aHHX MPOIIECIB HA Mapame-
TPH IPYHTY, HaNpPHUKIaa y [7] AOCHIIHKEHO BIUIMB TEIIOCOJICTIEPEHECEHHS Ha
3MiHy KkoedimienTa QiapTparii. ¥ poOoTi [6] mpoaHai30BaHO 3alIeKHOCTI
napameTpiB KOMITIOHEHT IPyHTY (KoedilieHTa BojloronepeHeceHHsl, koedirie-
HTa 1udy3ii IPyHTOBOI BOJIOTH, MOPUCTOCTI TOLIO) BiJ BIUIMBY BPAaXxOBaHUX
(baxTopiB. BB 111e 01HOTO 3MIHHOTO TTApaMeTpy, IyCTHHHU ITOPOBOI PiJIMHH,
posrisHyTHIA Y poOoTi [5]. KpiM TOro, BUBYAKOTBCS MPOIIECH BOJIOTOTICPEHE-
CCHHS B IHIIMX CEpPEeNOBHINAX. 30KpEMa, 3aCTOCYBaHHs iCHYIOUHMX MOENeh
BOJIOTOIIEPEHECEHHS [0 TIPOLIECIB CYIIiHHSA 3epHa OyI10 31iiicHeHO y [4].

B po6ori [6] moOynoBaHO MaTeMaTHYHy MOJIENb BOJIOTONICPEHECCHHS B
YMOBaX BIUIMBY TEXHOTCHHHX (DaKTOpIB TPH 3MIHHIA IOPHCTOCTI TPYHTY.
3MiHa MOPUCTOCTI BIMBAE HA 3MiHY HACHYEHOCTI TIOPUCTOTO CEPENIOBHILIA, 1110
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OTIOCEPEIKOBAHO BIUTMBAE 1 Ha BOJIOTICTh. OJHAK, YUCIOBUX JTOCIIIKEHD Bifl-
MOBITHUX HEJIHIMHUX KpaloBUX 3a1ad MpoBeneHo e He Oyio. Le i crano-
BUTbH METY JaHOi poOOTH. B sIKOCTI KOHKpeTH3aLil ISl YUCTIOBUX eKCIIepUMe-
HTIiB PO3IJITHEMO IBOBHMIpPHY 3a/a4y y BHUIIAIKY pPO3JIHMBY 3a0pyAHIOIOUOL
PEUYOBMHM Ha MOBEPXHI IPYHTY. 3ajaua € aKTyaJbHOIO 3 TOUYKH 30py €KOCHC-
TEeM, CUTBCHKOTO TOCTIOAAPCTBA, BOAHOTO TOCIIO/IapCTBA.

UwncenpHe PO3B’s3yBaHHS HENIHIHHOI KpaloBOI 3aadi Ui CHCTEMHU
JudepeHIiagbHuX PIBHAHb Y YaCTHMHHHX IMOXIJIHUX y JBOBUMIDHOMY BH-
MaJIKy BUMarae CKJIaJHUX OOYMCIIOBAIbHUX aJTOPUTMIB Ta 3aTpaT pecyp-
ciB EOM. 3 MeToro cripomeHHs MporpaMHoi peaitizaliii Takux 3a/1a4 4acto
BUKOPHCTOBYIOTBCSI BXKE ICHYIOUl TAKeTH NPHKJIAAHUX mporpam. [lpum
PO3B’si3yBaHHI MOCTaBlIeHO B JaHid poOOTi 3a/adi BUKOPHCTAEMO MPO-
rpamHe cepenoBuine FreeFem++, sike pearnizye po3B’s3yBaHHS KpailoBHX
3a]a4 MaTeMaTH4YHOI (Di3UKU METO/IOM CKiHYeHHHX ejeMeHTiB [10].

MaremaTuuna mMojelb. J[oCHiqMMO MOJIENb BOJIOTONIEPEHECEHHS B
oOMeskeHil TBoBUMIpHIii obmacTi Q 3 Mexero [ s BUMaaAKy 0XHOKOMIIO-
HEHTHOTO XIMIYHOTO pO34MHY. Maemo HeliHiiHYy MaTeMaTH4YHYy MOJENb,
sIKa MICTUTB HacTymHi piBHsHHSA (1)—(3):

1. PiBHSHHS BOJIOTONIEPEHECEHHS
opy ac
oc ot

ipos[ 92 Q0N
P> ot TN ot

+V-(pp (KpVy—KcVe)), X e ,t>0,

0s
(S(O-_emin)+€min)+pp (O-_gmin)a""

:V~(ppD((0'—9min)Vs+SVO'))+ 1)

2. PiBHSHHS conenepeHeceHHs

c Opy |oc c op oN
0|1-——>|==V:(D,Vc)-q,|1-——>|Vc-—,X eQ,t>0. (2)
pp 0C Jot pPp OC ot
3. PiBHSHHS KIHETUKH MacOOOMIHHOTO MPOLIECY BUIIISLY
oN —
— = feN).xeat>o 3)
VY BuIlCHABENCHUX PIBHSIHHSIX BHUKOPUCTAHI HACTYIHI MMO3HAYCHHS:
s : . _H(X’t)_gmin .
6 — 0o0’€eMHa BOJIOTICTb IPYHTY; S = —————— — (YHKI[isI HACHYCHHS
o (X, )=

(BiTHOCHA BOJIOTICTE); 0 — MOPUCTICTh IPYHTY; G, — MOPUCTICTH «CKeJle-
Ty» IPYHTY i3 TBEpAUX BOAOHEPO3UMHHHX YaCTUHOK; O ;. — 3aJMIIKOBA
(MiHIMaTBHA) BOJIOTICTB; C — KOHIIGHTpALlisl XIMIYHOT PEYOBHHH B TIOPOBIi
pimmHi; N — KOHIIEHTpAIls XiMIYHOI PEUOBHHH B TBEPJMX YaCTKax IPYHTY;
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pp — TYCTHHA [IOPOBOT pinuHY; q p =—DpVO-K, VX, + K ;VC — Bekrop
LIBUAKOCTI pyXy MopoBoi pimunn; D — xoediuient audysii rpyHTOBOI Bo-
noru; K, — Koediuient Bosoronepenecenns; K, — KoedilieHT XiMiqHOro

ocmocy; D, — koedillieHT KOHBEKTHBHOI 1udys3il; o, — IycTHHA XiMi4HOI
PEYOBHHH B TBEpiii KOMIIOHEHTI.

PiBHSHHS KiHETHKH MacOOOMIHHHX IMPOIECIB MOJAHO Y 3arajibHOMY
Burisiai (3). IcHyroTh pi3HI cocoObm KOHKpeTu3alii Iboro piBHAHHSA. B
JaHiii poOOTI BUKOPUCTAHO PIBHSHHS HEPIBHOBAXXHOI 00OPOTHOI a1cop0-
ii i JecopOiii po3YMHEHUX pevoBHH mpH i3oTepmi erpi [1, ¢. 175]:

oN

—=-n(co—-aN), 4)

ot
Ie y, — cTaja WBHAKOCTI axcopbuii Ta xecopOuii, o =1/T — koedii-
et posrnoxiny, I' =N, /oc, — koediuient I'enpi, Ny,c, — piBHOBaXHi
KOHLIEHTpAI[il pEYOBUHHU B TBEPii Ta piAKii (a3ax rpyHTy.

Koeodiuientu D, K, K¢, Ky, Dy B piBustaHsX (1), (2) B 3aransHOMy
BUIAJAKY € TeH30pamu. Hamaini npuiiMeMo, o IPYHT € i30TpOIHHM, 1 BBa-
KaTUMEMO JAaHi KoediuieHTH ckamsipHumu ¢GyHKUisiMu. Lle He 3MeHIye
3arajJbHOCTI NOJANIBIINX BHKIAIOK. B cTaTTi BUKOPHCTaHO HIDKYCHaBEIe-
Hi crmocoOM OTpUMAHHS NSSKHX 3MIHHUX XapaKTEPUCTHK CEpelOBHINA Ta
rapaMeTpiB MPOIECy BOJIOTOIIEPEHECEHHSI.

I'ycrnna noposoi pimunn p, (c,T). B sxocri 3a6pyauiorouoi pe-

YOBUHHU JUIsl JTaHOT 3a7ia4yl MPUIHSATO KOHIIEHTPOBaHMH PO3YMH Kam sSHOT
com (NaCl), amke XapakTepHCTHKH HOTO PO3YMHIB € J0OpEe BUBUCHHMHU.
30kpema, hopMyITy 3aJIEKHOCTI TYCTHHUA BOJHOTO PO3YHHY BiJ KOHIICHT-
partii coJii Ta Temreparypu T HaBeneHo B po6orTi [15]

py(c.T) ZZauc‘ it
i=1 j=1
3ayBaxuMo, 10 KOHIICHTPAI[is COJeH C y maHii (Gopmysi BUMIpIO-
€TBCS Y BIJICOTKaX BiJl MacH, a HE y KF/M3 , SIK y pewuTti ¢popmyi. 3a gono-
MOT'0I0 BU3HAa4eHb KOHLEHTpaLil Ta T'YyCTHHU OTPUMaHa HAacTymHa GpopMy-
Ja 171l Iepexo.y Bix € (Kr/M3 ) 10 Cy,
c

Coyp = —
Pp

Iopucticts o (N ). 3riguo [6], Ta BpaxoBytoun Toit (akT, 1o posr-
JSJAEMO BIUTMB JIMIIIE OJJHOTO XiMI4HOTO €JI€MEHTa, MAEMO HACTYIIHY 3a-
JIKHICTH JJIsl IOPUCTOCTI:
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oc=0,-——.
Pe

BBa)xaeMo MOPUCTICTH CKENETY IPYHTY o, Ta IyCTHHY COJi p, CTalu-
MH. B TakoMy BUIaaKy oTpuMyeMo MOXiAHY Bif mopucrocti 3a Ny BUIIIAL
oN ~
PHCTOCTI BiJl KOHIIEHTpAIIil COJIeH B TBEP/Iiil KOMIIOHEHTI IPYHTY CTAJIOKO.

oo/ - %) — TOOTO MO’KEMO BBXKATH 3aJICKHICTh TUHAMIKH 3MIHH TI0-
Cc

KoedinienTn Bosoromepenecentsi ta augysii. [cHye Bemmka Kijib-
KicTh eMIipuyHuX (GOpMyJ UId BU3HAUEHHS KOEe(]ili€HTIB BOIOTOIEpEeHE-
ceHHs Ta qudy3ii. s po3B’s3yBaHHS HaHOI 3a/1adi BUKOPHUCTAEMO, Ha-
NPUKIaf, OAHY i3 MOMIMPEHHX MoJeled, o Mae HazBy mozens BC
(Brooks — Corey model) [9]:

2+34
Ko(cT,s,0)=Ky(c,T,o)s * ,
()
2+— Kq(c,T,
D(c,T,s,0)=Dy(c,T,o)s +4,D0= o G)V/b,
ﬂ'(o-_gmin)
ne Ky(c,T,0) — xoedimient ¢inprpanii, 1 — XapaKTepUCTHYHMI Ma-

paMeTp pO3NOALILY PO3MIPY IIOp IPYHTY; ¥y — THCK IIOBITPS y IPYHTI.
Koediuient pinbrpanii K, . Koedinient dinprpanii BXoAUTE K cKIa-
JIOBa YaCTHHA 3aJIeKHOCTEH 171t KoedillieHTiB BOIIOTOTIEpEeHEeCEHHS Ta Judy3ii
TPYHTOBOI BOJIOTH. BiH 3aJIeXWTh Bill BENMMKOI KUTBKOCTI (hi3HKO-MEXaHIIHHIX
Ta XIMIYHHX (AKTOPIB, B TOMY YHCII BiJ| TEMIIEPATYpH Ta XiMIYHOTO CKJIaly
NopoBoi pianHU. Tako)k 3HAYHOIO MIPOIO BiH 3aJIeXUTh Bij KoedilieHTa Mo-
PHCTOCTI IPYHTY € — BEJMYUHH, 110 TIOB’sI3aHa 3 TIOPHCTICTIO 0 PIBHICTIO

o
e=——ro0H!.
l-o
OnHi€ro 13 HAMMPOCTIMIMX eMITIPUYHUX (GOPMYIT sl 3aJIEKHOCTI KO-
edinienrta dinprpanii Bix e € popmyna Kozeni-Kapmana

1-¢( e

KO:kol ele
- 0

ne Ky, &, — MOYaTKoBi 3HaYEHHs KoedilieHTiB (QinbTpalii Ta MOPUCTOCTI.

ITouyatkoBe 3HaueHHs KoedilieHTa ¢iTbTpamii 00UMCITIOBAIOCS 3aJICKHO
BiJl KOHIICHTpAii peYOBUHH B MOPOBiH PiMHI 3riTHO eMIipHIHOI PopMy-

mu [2] (3HaueHHS KoedilieHTiB &, i = 0,5 HaBeLeHO B [2,c. 163])

ko () = agc® +a,¢* +a,c® +a,c” +ac+a,.
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Pemra xoedimieHTiB (KoedimieHTH 0CMOCY, KOHBEKTUBHOI Au(y3ii,
TEIJIOEMHOCTI Ta iH.) BBRXKAEMO CTAJIHMHU.

IlocranoBka 3amaui. Hexail MaemMo mMacuB IpyHTy mmpuHOIO L M Ta
rmbnHO0 H M. [lpHimycTrMO, 10 TPYHTOBHI MacHB HACTLTGKU JOBTH, IO
€0 JIOBKUHOIO MOYKHA 3HEXTYBaTH 1 PO3MJISIHYTH MPO(MUIBbHY JBOBUMIPHY
3amady. BepxHs Mexa mapy rpyHTY KOHTaKTye 3 atMocdeporo. Hmkas Mexa
IPYHTY 3 MIEBHUX MPUYHH € HEPOHUKHOIO — a00 JISKUTh Ha KaM’siHill OCHO-
Bi, 200 Ha CITA0OTIPOHUKHUX TIMHHUCTHX IPpyHTaX. JIOCTiIMO IporecH BOJIo-
TONEPEHECeHHS B 3a1aHOMY MacHBi IPYHTY y BHITa[Ky PO3JIMBY Ha ITOBEPXHI
PiIvHE 3 BUCOKOIO KOHIIEHTPALIEI0 XIMIYHOT PEYOBHHH.

Ha HmxkHill Mexi I'; BCTaHOBIEGHO I'PaHMYHI yMOBH, IO BiJmOBina-

IOTh HETIPOHUKHOCTI
0s
on

Ha 6i4HMX MeXax BCTaHOBIIOEMO YMOBH CHMETPHYHOCTI, III0 Mare-
MaTHYHO aHAJIOTIYHI YMOBaM HENPOHHUKHOCTI

08 _ac el
on onl op, on

i

= =0, Xel,t>0.
r, on

Iﬂ].

=0, Xel,ul,,t>0.
r,or,

r,or,
3rigHO MOCTaBeHoi 3a7aui, Ha BEpXHiH Mexi ['; MaeMo rpaHHYHI
YMOBH TEPIIOTO POy, IO BiIAMOBIAAIOTH MOBHIM HACHYCHOCTI IPYHTY Ta
KOHIIEHTpallii cofli y mopoBill pifuHi Takii, sk i B po3nuroMy po3unHiC,
s(X,t)|r3 =1 C(X,t)|r3 =C,, X el,,0<t<t,.

[IpoTe, KoM PO3NTUTA PiHA BUIMAPYETHCS a00 BOCPETHCS IPYHTOM
(Mo3HaYMMO LieH MOMEHT 4Yacy t;) Mexa I'; CTaHe MEXEI0 KOHTaKTy 3
atMoceporo. [ 11bOro BHIIAJKYy BCTAHOBJIEHO yMOBY JlaHkBepTca st
PIBHSHHS COJICTICPEHECEHHSI Ta IPaHUYHY YMOBY APYToro pofy, LIO Bix-
NOBi/Ia€ BUMIAPOBYBAHHIO, IS PIBHAHHS BOJIOTONepeHeceHHs [8, C. 47]

e e,
-Db ﬁ(‘3“—‘9min)

=Qe, Xel, t>t,
P on Qe 3 1

r3
Je g — o0csr BUNApOBYBaHHS BOJIOTH 3 OBEPXHI IPYHTY.

MoMeHT 4acy t;, 10 AKOro po3JIHMTa PEYOBHHA 3HAXOIUTHCSA HA MO-
BEPXHI IPYHTY, BU3HAYCHO 3 HACTYNHUX MipKyBaHb. Hexaii maemo Q —
00’eM pigwHM, IO 3HAXOOUTHCS Ha TOBEpXHi. PimmHa mpocodyeTbes y
IPYHT 31 WBHUAKICTIO (,, Ta BUIIAPOBYETHCA 31 WIBUIKICTIO (g . Maemo
HACTYNIHY (OpMYITy UT BUSHAUYCHHS 3aJIUIIKY PiIHHA Ha TOBEPXHI:
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Q' =Q"™ +((p.n) -0 )- At
ne Q' — zanmimok PiIFHE Ha TOBEpXHi Ha | -My 9aCOBOMY KpoIli, At — Be-
JIMYHMHA YACOBOTO KPOKY, N — BEKTOP 30BHIIIHLOI HOpMaii 10 Mexi I';. Ta-
K€ 3Ha4YEHHS 4aCOBOT'O KPOKY i , IPH SKOMY Qi JIOCSITHE HYJIsI, TOOTO BHYEp-

THAIOTHCS TIOBEPXHEBI 3aI1acH PiZIMHY, 1 Oy/ie BIIMOBIIATH MOMEHTY Yacy t; .

[Ipu po3B’s3yBaHHI MOCTaBIEHHUX 3a/1a4 BUJIUICHO JIBa OCHOBHI BHIIa-
JIKU Ta MOPIBHSHO iX Pe3yJIbTaTH:

1. KiacnyHa 3aada BOJIOTONIEPEHECEHHS! — BPaxXOBaHi JIMIIE PIBHSIHHA
BOJIOTOIIEPEHECEHHSI Y BUTJIsIL piBHAHHS Piuapica ta 3MiHa koedirie-
HTIB BoJIOTONIepeHeceHHs Ta Au(y3ii 3rimHo (5).

2. BosoromnepeHeceHHs 13 BpaXyBaHHIM COJIEIEPEHECCHHS 3 yciMa Iepe-
JIYEHUMHU BHUIIE 3MIHHUMU ITapaMeTpaMHu.

Cnadka nocranoBka 3agayi. JJoMHOXyeMO OOHM/IBI YACTUHH PiBHSIHHSA
(1) Ha noBinbHY dyHKIiO Ve Hy, Hy = {V(X) :v(x) eWzl,v(X)L_ = 0} Ta

iHTerpyemo 1o obinacti 2. Maemo

0py &
jj - a(t: O = Opin ) + O WA Q2+

0 0o 0o ON
+g(pp (G_gmin)6:+pp (6t +a—NEJ)\/dQ=
:H(V-(ppD((a—Hmin)Vs+ch7))+V-(pp(KpVy—KCVC)))\/dQ.

Jlo TUX MOMaHKIB, IO MICTAThH OMEPATOP AUBEPIEHIIl, 3aCTOCOBYEMO
¢dhopmyny Octporpancekoro-I'aycca Ta BUKOPUCTOBYEMO BiJIIIOBI/IHI Tpa-
HUYHI yMOBH. JlMckpeTrusariro 3amadi 3miHCHIOEMO y BHIIIAI HESIBHOI
cxemu. OTpuMyeMO cna61<y HOCTaHOBKy piBasHHS (1)

o _
” p" ¢ (5 (0~ Oy ) + O A2+
+[[p S“{Gkﬂ_gk +iNk+l_Nk]de+
A At p. At

+[ Py (0 =0 )HV+ (KpVy—Kvek)-vvda-
Pp min At Pp p y c

—”(ppD((O'—Gmin )VskHl s k*lvG))-deQ =0,k =0,12..
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BuxonaBmm aHasorivHi oneparii HaJ piBHIHHAM (2), OTPIMYEMO

J'_[.g o ude+”(D Vck+1)-Vde+
pp OC At o

1 k
-N
k+1 _ —
+H[1———JVC gvdQ- HTde =0,k=0,12...
PiBHsHHS (4) AOCTAaTHBO JIUIIEC JUCKPECTU3YBATHU 32 YaCOM
N k+1 N k

_ k+1 k+1 _
v = 71(C o—-aN ),k—0,1,2...

Horo po3B’s130K HIyKaeMo iTepawiitHo y BUTIISI
k k+1

N K+1 _ N® — }/10 oAt
1- oAt

Pe3ynbTaTi 4YMCIOBUX EKCIIEPUMEHTIB Ta iX aHaini3. [Ipu npoBeneHHi

YHCIOBUX MOJIEIBHUX €KCIIEPUMEHTIB BUKOPUCTAHO TaKi 3HAYCHHS KOE-
(hirieHTIB:

—3.10%M° - M? - KT,
K, =310 erﬂof)a,DC_o.m H06a,cm_36543,

pe = 2165KT/ . At =1706a, y; = 0.1 106a"*, T = 20°C,
M

k=0,1,2...

a =0.33, 4 =3,p, =100 kI1a, 6, = 0.065.
VY TuX BUMagKax 3aaadi, KOJU 3MiHA OMKMCAHKUX BHIIE IapaMETPiB HE
BpaxOBYBAaJACs, BOHU MPUAMAIIKCS PIBHUMU HACTYITHUM 3HAYCHHSIM:

— KT - M = M
pp =100/ 5 Ky =0.013%/ o K, =0013Y/ .
2
— M
D, =0.02 40681.

Posmipu obmacti— L=1m, H=4wm. OyHkOii, 00 BU3HAYAIOTH
MOYATKOBI Ta TPAaHNUYHI YMOBH 3aj1a4i, BUOpaHi HACTYITHUM YHHOM:

S, =05,Co =87/ Ny =101/, o4 =04,Q° =0.01,

C; = Cin =8/, C; = Crpa =250/, . = 0.007,

Po3B’s130K 3aadi 3HAMICHO y mporpamHoMy cepemouini FreeFem+.
e — Ge3kormToBHE MporpaMHe 3a0e3MeUeHHS TS PO3B’I3YBaHHS KPaiOBHX
3aj1a4 i TU(EPEHIATbHUX PIBHIHb B YACTHHHUX MOXITHUX METOJIOM CKiH-
YCHHHX eNleMeHTIiB. BOHO MiCTHTE 3ac00M IUTs aHANITHYIHOTO OITHCY 00JacTel,
TPaHUYHUX YMOB, aBTOMaTHYHOTO T'€HEPYBaHHS CITOK CKIHYEHHHX EJIEMEHTIB,
PO3B’s3yBaHHS KpaWOBUX 3a1ad y CIa0Kil MOCTaHOBII Ta IMOOYIOBU IBO- Ta
TpuBUMIpHHX TpadikiB. FreeFem++ mae Bnacny C-noziOHy MOBY, IO JI03BO-
JI5i€ IPOrpaMyBaTH aJlrOPUTMH PO3B’SI3yBaHHS 3aj1ad, 30KpeMa METOIH AHC-
KpeTH3allii Ta jgineapu3artii [ 10].
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[ocraBnena 3amava po3s’sizaHa Ha 30-JI€HHOMY TPOMDKKY Hacy 3
KpPOKOM B 1 fieHb. SIK BKe CKa3aHO BHILE, Y CTaTTi MOPIBHSAHO PO3B’SA3KH
3a/1aui BOJIOTONIEPEHECEHHS ¥ ii KJIaCHYHOMY BHIAmKy (S) Ta i3 Bpaxy-
BaHHSIM MacomnepeHeceHHs: (S*). Ha puc. 1 300pakeni rpadiku 3miHH

PO3MOALITY BOJNOTH 3 4acoM (OTPUMAaHI 3a JOMOMOror0 yTHiIiTH gnuplot).
1

0.9
1 | Moeeass
0.9 ﬂ%%# ,‘3,7‘73'.7 = o8
: ﬂﬂ##a" 0.7
0.8
! 0.6
0.7 H
og L 0.5
. |
I 4
0.5 33.5
2;.5
1. Depth, m
s
0 5 10 15
20 25
Time, days 30
1.1
1
o 0.9
1+ VAVAVAVA VAV vavarel :
0.9 | 'f%%#‘é.i’aééﬁ'é; 0.7
0.8 |- [rcoeeescece 0.6
0.7 F ALES 0.5
0.6 H 0.4
0.5
0.4 33‘.‘5
%.5
1. Depth, m

0 5 10

15

20 25
Time, days 30

Puc. 1. I'paghixu po3nodiny eonoeu 3 uacom na 6iuniti mexci T, y knacuuniii 3a0a-
ui Qg (36epxy) may 3a0aui i3 6paxy6anHAM Maconepenecenns S* (3Husy)

3 puc. | BUAHO, O Yy KJIACHYHIH 33124l pO3TIHTa PEUOBHHA IIBU/IIC
MIPOCOYYEThCA y IPYHT. [ KITacHaHOI 3a/1adi KiTbKIiCTh HIB, SIKi PEYOBH-
Ha 3aTpUMyBajacs Ha MOBEPXHi IPYHTY, CTaHOBUTh t, =10, a y BUNaaKy
BpaxyBaHHS MacomepeHeceHHS — t, =13 nHiB. Takox MOMiTHO, IO Y

KJIACHYHIH 3aa4i MBUIIIE ClIaJa€ PiBEHb BOJOTH HA BEPXHINA MEXKI.
PosrsiHemo Takox mooOyaoeani y FreeFem++ rpadiku posnoainy Bosio-

TM Ha OCTaHHBOMY 4YacoBoMy kpomi t =30 it 000X 3a1ad, a TaKoX rpadik

BITHOCHOT Pi3HHUII MK HUMH, 110 O0YUCITIOETHCS Y BUIJIsI (Mpy YMOBI S # 0 )

[s*—s|
A, =—.100%.
S
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Puc. 2. Po3e’s3Ku knacuuHol 3a0a4i 601020nepeHecer s a), nocmasieHor
E
6 pobomi 3adaui Qg (6) ma ix pisnuys A, % (s)

3 puc. 2 6aunMo, 110 Yy KIIacH4Hill 3a/adi Bojora MpOCOYYETHCS Ha
BCIO [IMOMHY I'PYHTY Ta BCTaHOBIIOEThCS Ha piBHI 0,66—0,72. B Toii ke yac
MPH BpaxyBaHHI MAaCOMEPEHOCY PO3IIHTA BOJIOTa HE JI0CATAE HIKHBOI MEXI,
Jic 3HAUCHHS BOJIOTOCTI 3aJIMIIIAETHCS PIBHUM ITOYATKOBIKH yMOBI. BimHocHa
PI3HUIISL BOJIOTOCTEH K PO3B’SI3KIB IUX 3aaau gocsrae 25% OIS HIKHBOT
Mexi. Taka pi3HUIIT 3yMOBITIOETHCS HACHIEHICTIO PO3IIUTOTO PO3YHHY: KOH-
LIEHTPOBAHUI PO3YMH Ma€ OUTBIIYy TYCTHHY Ta B’S3KICTh, IO CIIOBUIHHIOE
pyx pinnaH. Takox MPUCYTHE SBUIIE XIMITHOTO OCMOCY, III0 3MYIIY€ ITOPO-
BY PIIMHH PyXaTHCS y HANPAMKY 3pOCTaHHS IPa/lieHTa KOHIEHTpAIlii, TOOTO
JI0 BepxHboi Mexi. Kpim Toro, ancopOuist coii TBEpAUMH YaCTKaMH NPH3-
BOJIMTH JI0 30UIBILIEHHS iX 00’ €My Ta 3MEHIICHHS TOPUCTOCTI IPyHTY. Bei i
(haxTopH MPHU3BOJATH JI0 CHOBUIBHEHHS HIBUIKOCTI BOJIOTOIIEPEHECCHHSL.

BucHoBKH. Y cTaTTi JOCTIIHKEHO MaTEMaTHYHy MOJIENb 3371a4i BOJIOTO-
TIEpEHECeHHs] B YMOBaX 3MiHHOI IOPUCTOCTI. PO3MIsiHYTO Nesiki, OB’ si3aHi 3
BIUIMBOM COJICTIEPEHECEHHST, 3MIHHI MTapaMeTpH TPOLIECYy BOJIOTOIIEPEHECEHHS
Ta JIesiKi, ONMCaHl B HAyKOBIH JiTeparypi, cocodu ix orpumanHs. Chopmo-
BaHO MaTEeMaTH4HY [OCTaHOBKY 3aJla4i BOTOJIONEPEHECEHHS Y BUMAJKy PO3-
JIMBY Ha TOBEPXHi PIIMHM 3 BUCOKOIO KOHIIGHTpali€ero 3a0pynHuka. [Iporpa-
MHY peaJli3allifo po3B’i3yBaHHS BiIIOBIIHOI 3a/1a4i 3/IiFICHEHO i3 3aCTOCyBaH-
M makery FreeFem++. Ilin wac mpoBeneHHsT YUCIOBUX SKCIIEPHMEHTIB [UIS
MOJICTIFHIX BUIIA/IKIB MOPIBHIOBAIMCS PO3B’3KM KIIACHYHOI 3a1avi Ta 33/1a4i
3 BpaxyBaHHSIM COJICTIEPEHECCHHsI B yMOBaX 3MIHHOI ITopHcTocTi. B pe3ynbra-
Ti BCTAHOBJICHO, IO y 3371a4i i3 BpaXyBaHHSAM COJICIIEPEHECEHHSI PyX BOJIOTH
BiZOyBaBCs MOBUIBHIIIE, 3a0py/HIOIOYA PEYOBHMHA JOBIIIE 3HAXOAWJIACS HA
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noBepxHi 1pyHTy (13 nmuiB y nopiBasHHI 3 10). BitHocHa pi3HALS po3B’sI3KiB
LHX 3a7a4 gocsrae 25% Ha rimouHi Oiblie 3 M.

[omampmi mOCHIIKEHHS 3a NAHOK TEMOK MOXYTh CTOCYBATHCS

YCKITaTHEHHS 00JIaCTi 3a[adi, 30KpeMa po3TIIsiAy i1 TPHBUMIPHOTO BHITAM-
Ky. Tako>x BapTO pO3IVISIHYTH BIUIMB TEIUIONIEPEHECCHHS.

10.

11.
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INVESTIGATING THE INFLUENCE OF SPILLED CONTAMINANT

ON SOIL MOISTURE TRANSPORT BY THE MEANS
OF COMPUTER AND MATHEMATICAL MODELLING

Computer and mathematical modelling of moisture transport processes
holds a prominent place in designing hydraulic structures, evaluating
strength of potential slide soils, modelling crop growth etc. Such problems
are among those constituting economic security of the country.

For the purpose of formulating moisture transport problem the model in-
cluding interconnected processes of moisture, heat and mass transfer has been
used in this paper. Different variable environmental and process parameters
have been considered, as well as some relations for their calculating. Investiga-
tion of the given model has been conducted for the instance of the two-
dimensional problem in the case of contaminant spillage on the soil surface.
The characteristic feature of this problem is contamination of the soil in conse-
quence of contaminant adsorption by the solid soil particles. In this case, we be-
lieve that accounting for porosity changes, which occur due to expansion of soil
particles, is highly important. Moreover, other factors are making difference,
such as variable pore solute density, which is increasing on dissolving contami-
nant salts, and the chemical osmosis, which influences soil water flow.

The set moisture transport problem including variable porosity has been
solved numerically using the finite element method. Program implementation
of the corresponding algorithms has been conducted in FreeFem++ environ-
ment. A series of numerical experiments has been done, and solutions of the
classical moisture transport problem and the one considering mass and heat
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transport have been compared. In the second case moisture distribution in the
soil is much more irregular. It reflects more accurately the setting of the prob-
lem and is explained by the impact of mentioned above variable parameters.
The results of the numerical experiments attest the importance of considering
mass transfer and accompanying factors for that kind of problems.

Key words: mathematical model, porous medium, moisture transport,
mass transfer, finite element method.
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MOJOENIOBAHHA NMPOLIECY TEMJIOMACONEPEHECEHHA
B KOMNO3UTHUX NMONIrPAPIYHUX CTPYKTYPAX

CoopMyIiboBaHO MaTeMaTH4Hy MOJENb MPOLECY KOHTYyKTHBHO-
IO HarpiBaHHsA KOMIO3UTHHX MOJIrpadidHuX CUCTEM, SKa 3BOAUTHCS
JI0 PO3B’SI3yBaHHS ITOYaTKOBO-KPaloBOI 3aj1adi JUIsl OTHOPITHOTO He-
CTalliOHAPHOT'O PIBHSHHS TEIUIONPOBIJHOCTI JUISl TBOIIAPOBOI ILIac-
THHU 3 HECUMETPUIHAMH TPAaHUIHAMHA yMoBaMH. OTpHMaHy IodaT-
KOBO-KpaifoBy 3ajady s HECTalliOHAPHOTO PIBHSIHHS TEIIIONpPO-
BIZTHOCTI pO3B’s3aHO METOJIOM 1HTETpalibHUX MepeTBopeHs Jlamnaca,
a came: METO/IOM IHTerpajbHUX NepeTBopeHb Jlamraca B aHaiTHY-
HOMY BUIJISZII OTPUMAHO TPAaHC(HOPMAHTH PO3MOALTIB TEMIIEPATypH
B CHOpsDKEHHX Miapax. TpaHc(OpMaHTH PO3MOAUTIB TeMIeparypH
NPEACTABISIIOTECS. Y BUMILIAL TiHIMHUX KOMOiHALii rinepOoIivHIX
TpUHOTOMETpUYHUX (yHKIiHA. [IpoBeneHO umcenbHI 0OpaxyHKH
CTAI[IOHAPHOI 33/1a4i TETUIOMPOBITHOCTI JUIs JIBOIIAPOBOI HECKiH-
YEHHOI TUIACTUHY I0/I0 KOHYKTUBHOTO CYIIHHS; JUIS OCII[PKEHHS
B3ATO KOMITO3HUTHI CTPYKTYpPH MOJTiMepP-KapToH 1 moiiMep-narip. Bu-
3Ha4eHO TerUI0(i3uyHI TapaMeTpy KapTOHy, Harepy i HojiypeTaHy,
IO 1a€ 3MOTY MOJIEJIOBATH IIPOLIEC KOHIYKTHBHOTO HAarpiBaHHS Ka-
pPTOHY pi3HOI TOBIIMHH HAa OCHOBI BCTaHOBJEHOTO CTaliOHapHOTO
PO3MOJIITY TeMIIepaTypu B IBOLIAPOBUX KOMIIO3UTAX THILY TOJiype-
TaH-TAMip, MOJIlypeTaH-KapTOH, BHACIIIOK YOO BHHHUKAE MOXKIIH-
BiCTb YAOCKOHAJIEHHS MTPOLECY KOHAYKTUBHOI'O Ha[’piBaHHﬂ JBOIIIa-
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POBUX ToJNrpadiuHUX MaTepialiB i MpoIecy MPHUIIPECYBaHHS IOMi-
MEpHUX IUIIBOK. BcTaHOBIIEHO, 110 Marip € KpammM TeIuioi3omsTo-
POM, HDK KapTOH, OCKIUIBKH MiJ Yac HarpiBaHHsS JBOLIAPOBOI ILIac-
THHY, BUTOTOBJICHOI 3 IIOJNiypeTaHy i Hamepy BHHUKAIOTH OLIbIIi
IPafieHTH TeMIepaTypH, HiXK IPH HarpiBaHHi ABOIIAPOBO] INIACTHHU
TaKoi X TOBIIWHH 3 MOJIiypeTaHy i KapToHy. Takox, BCTAaHOBJIEHO,
IO IIap MOJNiypeTaHy, TOBIIMHOK | MM BTPHUMYE€ IPUOIU3HO TaKy K
TEMIIepaTypy, AK 1 KapTOH UM Mamip, TOBIIMHOW 5 MM. UncenbHi po-
3paxyHKH CTAI[iOHAPHOI 3a/{adi TeIUIONPOBIJHOCTI I JBOLIAPOBOI
HECKIHUYCHHO! IUIACTUHU JO3BOJIAIOTH IIEPEBIPUTH aJEKBAaTHICTh
PO3B’SI3KIB TIOCTaBJICHOI HECTAIlIOHAPHOT 33/1a4i.

Kawuosi cnoBa: mennosa 0bpodxa, mamemamuyna mooens,
noniepagiuni cucmemu, HeCmayioOHaAPHA 3a0a¥a MePMOBOI02ONPOo-
8IOHOCMI, KOMNO3UMHI Mamepianu, mepmMoOUHAMIuHi napamempu.

Beryn. KoHBeKTHBHHMIT MIIBIA TeIia IIMPOKO 3aCTOCOBYETHCS IPH
CYIIIHHI KaMiJIIPHO-TIOPUCTUX KOJIOIMHUX TiN (IepeBO, KapTOH, MATip,
menrono3a Ta iH.). Leit cnocib cymriHHS 3aCTOCOBYETHCS MIPHU BUPOOHHIITBI
MHJIOMaTepiaiiB, 1epPEeBOCTPYKKOBUX Ta AEPEBOBOJIOKHHUCTUX IUIUT, IIIO-
Hy, MeOuiB Tomo. KoHBeKTHBHMI CIOCIO CYIIIHHS ITUPOKO BUKOPHCTOBY-
€ThCs y TomirpadiyaoMy BHpoOHHIITBI [3—6].

CraH nonirpadivHux MatepiaiiB, sIK i Oyb-KOTO BOJOTOTO MaTepi-
ay, BU3HAYA€THCS WOTO TEMIIEPAaTyporo i BOJOTICTIO. SIKiCHO BHCYyIIEHi
noJirpadiuni MaTepiany i HaniB)aOpUKaTH 3 BpaXyBaHHAM YMOB €KCILTY-
atamii MoxyTh ciyxuTi 50—100 1 6inpmie pokiB. CymiHHS momirpadiaHux
MaTepianiB i HamiBpaOpHUKaTiB Ja€ 3HAYHUN SKOHOMIUHHUHA 1 €KOJIIOTITHUH
edexr. Ane npobiema CymiHHs noJirpadiqyHuX Marepianis i HaniBhadpu-
KAaTiB TIOBHICTIO HE PO3B’s3aHa.

Tomy, noOynoBa Ta JOCITIIKEHHS] MaTEMaTUYHUX MOJENEH Mpole-
Cy TEIIOMacOIEPEHECeHHSI B KOMIIO3UTHUX MOJIrpadiuHUX CTPyKTypax
€ aKTyaJbHOIO Ta BIMIMOBIZa€ Cy4acCHUM TCHACHIIISIM HAYKOBUX JOCIIi-
JUKCHB Y ToJirpadii.

I[ocTaHoBKa MpodeMn. 3HAYHA KiJTBKICTh MOTirpadiyHUX MaTepia-
niB 1 HamiB(aOpHKAaTiB MiAJAI0ThCS CYIIIHHIO Ta TEIJIOBiH 00poOui Ha
pi3HuX eramax mnojirpadiuHoro BUpoOHMITBA. CyLIIHHS B NPHPOIHUX
yMOBax 3HAYHO 30UIBIIy€ TPHUBAJICTh TEXHOJIOTIYHOTO MPOIECY, TOMY
HEOOXiTHO 3aCTOCOBYBATH IITYYHE BUCYITYBaHHS.

[pomec cymriHHS — 1€ CKIaMHUN TEIUIO(PI3UYHUN 1 TEXHOJOTTYHHIN
nporiec [1]. OcHOBOO Teopii CyIIIHHS € 3aKOHOMIPHOCTI TIEPEHOCY Teruia i
KTHBHE CYIIiHHS), 3 TApSYUMH MTOBEPXHSAMHU (KOHTAKTHE CYIIIHHS), a TAKOXK B
Tporiecax ONPOMIHEHHS TETUIOBHUMH 1 eJIEKTPOMAarHiTHUIMU XBHJISIMH (T€PMO-
paziaiiifHe CyIIiHHS) MPH HAsBHOCTI (ha30BUX MEpeTBOPEHb. Teopis CyIIHHs
€ BKJIMBUM PO3/ILJIOM TeIUTO(I3NYHOT HAyKH PO TEIUIO- 1 MacoooMiH. [Ipote

93



MatematuyHe Ta KOMI'I,IOTepHe Mo entoBaHHA

TIPOLIEC CYIIIHHS BOJOTHX MaTepialiB € OJHOYAcHO i TEXHOJIOTTYHUM HpoIie-
COM, B SIKOMY MIHSIOTBCSI CTPYKTYPHO-MEXaHIuHi, TEXHOJIOTTYHI 1 OloXiMiuHi
BJIACTUBOCTI MartepiajiB. 3MiHA IMX BJIACTHBOCTEH OOYMOBIICHA THM, IO B
TPOLIECi CYLIiHHS BiIOYyBaeThes 3MiHa (JOpM 3B’SI3Ky BOJIOTH 3 MaTepiaioM i i
JaCTKOBE BUJIAJIEHHS IIUIIXOM BHIIApOBYBaHHA. TOMy TEOpIsl CyIIIHHS BKJIFO-
4ae B ce0e He TUTHKH PO3MIUTH TEIUIO- 1 MaCOTIEPEHECeHHS B TiJIi, aJie 1 BUSHHS
1po (opMHu 3B’SI3Ky BOJIOTH 3 BOJIOTHMH MaTepialaMu, psii OCHOBHHX PO3Iii-
7B (Pi3MKO-XIMITHOT MEXaHIKH 1 ASsIKI PO3/IIIM TeXHOJIOT1i 1 Oi0XiMil.

Ananiz momepennix myouikaniid. B cepemiai XX cropivus akangeMi-
koM O.B. JIukoBum OynM 3aKiazieHi MateMaTH4YHI OCHOBH TEOpii CYIIiHHS,
3TITHO SKUX MpOIEC CYIIHHA MaTepialy XapaKTepH3YeThCsl 3MIHOIO B daci
TPBOX OCHOBHHMX (pyHKIIi: 1) Temmeparypu (TeMneparypHa KpuBa B 3aIeK-
HOCTI BiJ 9acy), 2) BOJOTOBMICTY (BOJIOTOCTi) Marepiaiy (KpHuBa CYIIiHHA B
3aJIEKHOCTI Bil 4Yacy), 3) MIBUAKOCTI CYIIiHHS (KpHBa LIBUIKOCTI CYIIiHHS)
[1-3]. Teprimm KPOKOM ISl aHAI3Y MPOIIECY CYLIIHHS € OTPUMAHHS TeMIIe-
paTypHHUX KPHBUX B 3aJICKHOCTI Bifl 4acy, Ha OCHOBI SIKMX MO)KHA BCTAHOBUTH
OCHOBHI 3aKOHOMIpHOCTI mporiecy cymrinns [1, 3]. Hactymauii etanm — otpu-
MaHHsI KPUBOI BOJIOTOCTI CIOCTEPEKECHHS 332 THM, SIK BOHH B3a€EMO3B’S3aHO
3MIHIOIOTBCSL B Yaci 3aJIeKHO Bif MBHAKOCTI HarpiBy [l, 2]. Baximsum
€TaroM PO3BHUTKY Teopii CyImiHHSA € BcraHoBieHHs JlukoBuMm O. B. siBuia
TepMOAU(Y3ii HAIIHUIITKOBOI BOJIOTH (TEPMOBOJIOTOTIPOBITHOCT).

TicHuii 3B'SI30K 3 HPAKTHKOI € 3aMOpPYKOI BHPIIIEHHS OYAb-SAKOi
HaykoBoi npoOsiemu. [Ipn poMy meprroueproBe 3HaYSHHS Ma€ cama TeX-
HOJIOTIS TIPOLIECy, pO3p00JIcHa Ha MiJCTaBl aHAJTI3Y CKIIQAHUX BUPOOHHYIMX
cuTyaruiil. 3aBgaHHs TEXHOJIOTIT TeroBoi 00poOKM (HarpiBaHHs, CYIIiHHA)
MOJISITae B PO3POOII METOIB KepyBaHHS MPOLIECaMH, SIKi BiIOYBalOTHCS Y
Marepiaii, 3 METOI0 OTPUMaHHs F'OTOBOTO IPOAYKTY abo HamiBpabpukaTy
BHCOKOi SIKOCTi, CKOPOYECHHS TPUBAJIOCTI IPOIECY, TEPMiHIB BHITyCKY
MPOJYKIii, & TAKOX ONTHMi3alil BUTpar eHeprii. Po3pobka mMeToiB mry-
YHOTO BHUCYIITYBaHHS 1 HarpiBaHHA 0a3yeThcsA Ha TEOpii HarpiBaHH:, TEOpii
cyulriHHA 1 ¢i3uKo-XimiuHii MexaHini [4, 5].

Mera cTaTTi: JOCHIIPKSHHS MaTeMaTH4HOi MOJIeNli KOHyKTUBHOTO
HarpiBaHHA KOMIIO3HTHHUX IOJNITpadidHUX CHCTEM Ta BU3HAYEHHS TEIUIO-
(hi3nYHUX MapaMeTpiB KapTOHY, Manepy Ta MHoJiypeTaHy.

Bukiax ocHOBHOro mMatepiaiy. 3HauHa KiIbKICTh MaTepialiB, 110 BH-
KOPHCTOBYIOTECS y Tofirpadii € CKIIaJeHNMH 3 KUTBPKOX PI3HOPITHUX IIapiB
TiaMu, T00T0 KoMnosutamu [4—10]. BUTBIIICTE 3 HUX MiJIAIOTHCS CYLTIHHIO
Ta TEIUIOBil 0OpOOII Ha Pi3HKUX CTaisX MOMIrpadiqHOro BUPOOHHUITBA (Til-
porepmiuHa 00pobka — ['TO); onTuMizaliis OO MPOILECY € aKTyaIbHOO
pOOJIeMOI0 TIPOIIECY OTPUMAHHS PI3HOMAHITHOI MOJirpadiqHOi MPOITyKIIii.
HalTumoBimiMy KOMIO3UTaMy, 10 MiIAI0Thest pisHOTUIIHEM Buiam [ TO,
€: ZIesiKi BU/IM Tiariepy (KpeimoBaHumii marrip (IarepoBa OCHOBA Ta TIOKPHTTS Ha
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OCHOBI Kpeiii uM KaHi(oltto); kapTorpadiuHuii namip); kKapToHy (LapyBaTuii
KapTOH, IO CKJIAJA€THCS 3 PI3HUX MIapiB (LIEIT0II03a, IepeBHa Maca, KapToH)
[7], xapToH i3 3aXMCHOIO IUTIBKOIO); Cy4acHi MaKyBajbHI Marepianu (marmip-
JIaK, mamnip-(oIkra, mamip-moJieTmwieH Toio) [6, 9, 10]; mamiHOBaHiI BiTOUTKH
(HaHEeCeHHs MoNiMepy METOAOM PO3ILIaBY, NPHUIPECYBAHHS MOJIMEPHUX IUTi-
BOK) [6]; mariTypHi KpHIIKA (KapTOH, KIICHOBHIA IIap, MTOKPiBeIbHUI MaTepi-
ai) [3, 4]; oOkyaauHKY (TIariepoBa OCHOBA 1 mostiMepHe NokpuTTs) [11]; Kopi-
HIIl KHIDKKOBHX OJIOKIB TIPH BCTaBJICHHI KHIKKOBOTO OJIOKY B OOKIIQJHHKY
[4]; npyxapcbki ¢opmu (ToniMepHi Ta (oTononiMepHi Ipykapcbki Gpopmu Ha
OCHOBI MeTalty, TyMH Ta noiimepy) [11] Ta 6araro iHmmx.

MareMaTiuHa TOCTAaHOBKA 3a/ladi BHBYEHHS IPOLECIB TEIIOMACO-
MIEPEHECEHHS pealli3yeThCsl Ha MOJIeNI TNIACTHHYATHUX CTPYKTYP 1 37iicHe-
Ha 3TiHO 3 TEOpi€r0 HecTalioHapHOi TepMoBoIOTronpoBinHOocTI A. B. JIu-
KOBa, PO3IIIIAAETHCS Y BUIJIAI II0YaTKOBO-KpaifoBol 3a1aui Ui Temiepa-
Typu t(z,7) 3 HECHMETPHYHUMH I'PAaHUIHUMH YMOBaMH.

Omxe, PO3MIITHEMO HEOOMEXEHy IUIUTY TOBINMHOK h, 1m0 ckianga-
€ThCA 3 OBOX ImapiB (puc. 1), AKi MarOTh pi3HI TEIIOQI3UTHI MapaMeTpu
(koedilieHTH) 1 TOBIMHU Z;, Z,. IloyaTkoBa Temmeparypa IMX IIapiB
OJIHAKOBA 1 JOpiBHIOE t;. ¥ modaTKoBHil MOMEHT 4acy 7=0 ii BepxHs
noBepxHa z =h, 1m0 B3aeMoJi€ 3 OTOUYIOUUM CEPEIOBUIIEM 3T1THO 3aKO-
Hy KOHBEKTHBHOTO TEIJIOOOMiHY, MiJmaeThcs Aii Temmeparyporwo t., a
HIDKHS TIOBepXHs1 Z=0 HarpiBaeThcsl TEIUIOBUM MOTOKOM ( . Ha rpanmii
po3zily zZ=2, NPUAMAIOTHCA YMOBH iJ€aJbHOTO TEIUIOBOIO KOHTAKTY.

[oTpiObHO 3HAITH PO3MOAIN TEeMIEpaTypy B JOBUIBHIN TOYIN Z IIi€i IBO-
[IAPOBOI TUTUTH 3aJICIKHO BiJ| 4acy.

MaremaTHYHA ITOCTAHOBKA MOCTaBJICHOT 3a/a4i, 3TiTHO 3 KIIACHIHOIO
Teopiero HecrarioHapHOi TerronposigHocti JImkoBa A. B. [1, 8], Burms-
Jla€ HACTYITHUM YHHOM:

o’t; 1 ot
J -
—=——(j=12), 1
822 a] aT(J ) ()
ot,
ﬂzg-ra(tz—tc):o npu Z=h, (2)
ot
ﬂia—lz—q8+(r) npu z=0, (3)
z
tj(z,7)=t, npu =0 (4)

Ha IPaHuLi po3Mildy Z=2z; NpUMaeMO YMOBH i/1€aJbHOIO TEMIOBOIO KOH-

TakKTy:

95



MatematuyHe Ta KOMI'I,IOTepHe Mo entoBaHHA

t(z.7)=t,(z.7),

o4 (z.7) _ 0b(z1) 5)
0z 2

oz
rd
311 @
PHETT PTT
x
q
Puc. 1. Cxema nepepizy 0souiapoeoi niacmunu,
Wo KOHOYKMUBHO HA2PIBAEMbCs MENA08UM HOMOKOM

Tyr aj,A; — KoedilieHTH TeMIEpaTypONpOBiAHOCTI i TEIIONPO-

BiTHOCTI BiAMOBiMHO mapiB 1 i 2; @ — koe(illieHT TEII0O0OMiHY MiX
mrapoM 2 1 KOHTakKTYIOYHM 3 HUM 30BHIIIHIM CepeIOBHUINEM; (| — BEJH-
1, >0,
YUHA IYCTHUHHU TEIUIOBOIO IIOTOKY; S (r)= — acuUMeTpuYHa
+
0, <0,
¢dyuxmis ['eBicatina [12].

Po3B’s130Kk mocTaBneHoi KpaioBoi 3amaui (1)—(5) orpumyeTbes 3 BH-
KOPUCTaHHSM iHTerpaibHOro neperBopenHs Jlammaca [13] mo wacy 7 ;
BUKOHYIOUHM HEOOXiIHI HEepeTBOPEHHS OTPUMYEMO TpaHC(HOpMaHTH po3-
MOJIUJTIB TEMIIEPaTypH B CIPSDKEHUX [Iapax:

T (z.5)=T.Y 7.5 +T@ 2.5)= 40(2,8)_(1)1(2,5);
BB =R T )= S )

_ D, (z,
T2(z,s):——2(Z S);
¥, (s)
q shS;(z-z) )
o(z,s)= L. THETAH) L (6)— sohs,z,;
4 S

@, (z,5)= 9s,chs,z, +-%shs,z, |+ 2Kt chs,z chS;z .
1 ! - ﬂ/l 2 242 lz 2°2 /’Lz C 1“1 ChSlzl ’

®,(z,5)= ﬁ[szchsz (h—2z)+

+/1ishs2 (h- z)} + %tc [Kchslzlchs2 (z—12,)+shS;2;shS, (2-2) |;
2 2
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Dy (s) =¥y (s)=sA(s);

0, j=k, , s
Sy = i — cumBoa Kponekepa [14]; 15,2, =i [—z, =V .
1, j=k, ay

[IpoBeneHo uncenbHI 00paxyHKH CTaIliOHAPHOI 33a[adi TEIUIOIPOBII-
HOCTi JJI1 JABOLIAPOBOi HECKIHYEHHO! IUIACTHHU LIONO KOHIYKTHBHOTO
CYIIIHHS, IS JOCTiDKCHHS B3SITO KOMIIO3HTHI CTPYKTYpPH IOJIMeEp-
KapToH 1 moJimep-marip (puc. 2).

/a ¢ t; r /‘Z : T r
el |52 KapToH (2) at |52 manip (2)
21 nonimep (1) Zi nonimep (7)
TP T
q q
a o

Puc. 2. Cxema nepepizy 060uiapo6oi niacmunu, uwjo KOHOYKMUGHO Haspieacmocsi
MEenIo8UM NOMOKOM: @) NONIMEpP-KapmoH, 6) noaimep-nanip
[puitMaemo, 1m0 TMepIIuil map IIACTHHH BUTOTOBJICHUH 3 MOIiype-
tany (A1=0,026Bt/(m:C) [16, 17]), a npyrmii 3 KapToHy

(1=0,2B1/(M-:C), a~117 Br/m2-C) [1, 16, 17]) um namepy
(1=0,14B1/(M-C), « zll,?BT/(MZ-C) [1]); mmacTHA Ma€e OYaTKOBY

Temmneparypy t,= +10°C, HarpiBaeTbcs uepe3 HUKHIO TOBEPXHIO TEIJIO-

BHM TOTOKOM ¢ =1000B1/m? . Temmnepatypa O0TOUYHOUOTO CEpEJOBHUINA
tC
(z1) i xkaprony (z2): 1) z1=1 mm., 2= 9 mm. (h = 10 mm.); 2) 1= 1 MM,
z=5mm. (h=6 Mm.); 3) 1= 1 mm,, =1 mm. (h = 2 MMm.); 0BpaxyHKH
NPOBEICHO U HACTYIIHHX TOBIIMH ToONiypeTaHy (Z1) i mamepy (Z2):
1D zi=1wmm., =9 mm. (h=10 mm.); 2) 1= 1 mm., 2= 5 mm. (h = 6 Mm.);
3)zi=1mm., =1 wmm. (h=2 mm.).

Ha rpadikax, 300paxkeHux Ha puc. 3, puc. 4, JaHO PO3IOJLI CTallio-
HapHOI TeMIlepaTypH 110 TOBIIUHI MaTepiajy MiJ 4ac HarpiBaHHS IUIACTUH
(uT) pi3HOI TOBIIMHM; CIIOCTEPEKEHHS MPOBOIMIIOCH 3a TPhOMa MOBEP-
XHAMH TIACTUHA: Z = 0 — HIDKHS MOBEPXHS IUIACTHHH, Z = Z; — ITOBEPX-
Hsl pO3Iily MiX Matepianamu, Z = h — BepXHs MOBEPXHs IIACTHHH.

= +30°C. OOpaxyHKU BUKOHAHO JUIsl HACTYITHUX TOBIIWH TOJiypeTaHy
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LC |2

1.°C

21

Z

vec A2
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Puc. 3. Poznodinu memnepamypu no mogujuHi npu KOHOYKMuUGHOMY HA2PI6AHHI
080WaPosUX NAACUH (NOJLYPEMAaH-KAPMOH) MOGUJUHOTO.
a) h=10mm.; 6) h = 6 mm.; 8) h =2 um.

A

t°C [ &

220

%

t,°c /|

¥

24

Z,

220 +———

A
L°C| 212

200

180 A

160

140

120

100

80

60

200

180

160

140 4

120

100

80

60 4

I

220

200

180 +

160 +

140 4

120 +

100 +

80 4

60 4

0

2 4

6

8 10 (m) 0

1

2 3 4 5

6 (mm) 0 1

2 ?;I;VM)

Puc. 4. Po3nodinu memnepamypu no moswuri npu KOHOYKMUGHOMY HASPIGAHHI
ogouiaposux naacmun (Noaiypeman-nanip) mosuwuHoIo:

a) h=10mum.6) h =6 mm.8) h =2 um.

Sk BUHO 13 rpadikiB, MOBEIIHKA PO3MOIUTY TEMIICPATYPH JUIS TLIaC-
TUH Pi3HOI TOBUIMHU BiIpi3HS€THCA. [Ipy TOBIIUHI ITACTHHY TIOJIiypeTaH-
kapToH h = 10 mMM. mepemnan (Ipafi€HT) TeMIEpaTypH MiX BEPXHBOIO i
HIDKHBOIO MOBepXHew cknanae 83°C, mpuuoMy nepenaja TeMOepaTypH B
mapi nosiyperany — 38°C, a B kapToHHOMY 1mapi — 45°C. Ilpu ToBuuHi
mwiactuHu h = 6 MM. mepenaj (Tpagi€HT) TeMIepaTypH MK BEpXHBOIO i
HIDKHBOIO ToBepxHeto ckianae 63°C. CramioHapHa TeMIiepaTtypa Ha Bep-
XHil (BiMBHIN) MOBepXHi y Bcix Bunankax ogHakoBa — 105°C, Toxi sk Ha
HIDKHIH TIOBEPXHI 3MEHIYETHCS 31 3MEHIICHHSM TOBIIWHHU IUTACTHHHU
(nnMTH) 3a paXyHOK 3MEHIIeHHS KapToHHOTO mapy. [lomiyperan € 1oopum
TEIUI0I30JIITOPOM, 60 100pe 3aTPUMYE TEILIO, TOPIBHSIHO i3 KAPTOHOM.
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BucHoBku.

CchopMynboBaHO MaTeMaTU4YHY MOJIENb MPOILECY KOHIYKTHBHOTIO Ha-
rpiBaHHSI KOMIO3UTHUX MOJIrpadivHIX CHCTEM.

MetonoM iHTerpadbHHUX TepeTBOpeHb Jlamaca otpuMaHo TpaHchop-
MaHTH PO3MOUIIB TEMIIEPATYPH B CHPSDKEHUX LIapax.

[IpoBeneHO YKCeNbHI PO3paxXyHKH CTAIIOHAPHOT 33/1a4i TEIUIOMPOBITHOCTI
JUTSL IBOIIAPOBOT HECKIHUEHHOT IUIACTHHHU IIOJI0 KOHIYKTHBHOTO CYIIIHHSI.

Sk BUAHO i3 HaBe#eHWX TpadikiB, Mamip € KpalyM TerrI0i30JATO-

POM, HDX KapTOH, OCKUIBKHM I/l Yac HarpiBaHHS JBOIIAPOBOI IIACTHHHU,
BUTOTOBJICHO] 3 TIOJIiypeTaHy 1 Harepy BUHUKAIOTh OUIBIII TPai€HTH TEM-
MepaTypH, HiXk MPH HArpiBaHHI ABOIIAPOBOI IMJIACTHHH TAKOI K TOBIIUHH 3
noiiyperany i kaprony. lllap momiyperany, TOBIIMHOIO 1 MM BTpHMYye€
NpUOJIM3HO TaKy X TEMIIEPATYpY, K 1 KAPTOH YH Mallip, TOBUIMHOIO 5 MM.
Bimzraunmo, mo cramioHapHi rpadiku TeMIepaTypH A03BOJISIOTH IEPEBi-
PUTH aIeKBaTHICTH PO3B’S3KIB ITOCTAaBICHOI HECTAIIOHAPHOI 3aadi.
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SIMULATION OF THE PROCESS OF HEAT AND MASS
TRANSFER IN COMPOSITE POLYGRAPH STRUCTURES

A mathematical model of the conductive heating process of composite pol-
ygraphic systems is formulated, which reduces to the solution of the initial
boundary value problem for a homogeneous non-stationary thermal equation
for a two-layer plate with asymmetric boundary conditions. The obtained initial
boundary value problem for a non-stationary heat equation is solved by the
method of Laplace integral transformations, namely: the transformation of
temperature distributions in conjugate layers is obtained in the analytical form
by the method of integral transformations of Laplace. Transformants of tem-
perature distributions are represented in the form of linear combinations of hy-
perbolic trinomentric functions. Numerical calculations of the stationary heat
conduction problem for a double-layer infinite plate in relation to conductive
drying are carried out; To study the composite structures of polymer-cardboard
and polymer-paper are taken. The thermophysical parameters of cardboard, pa-
per and polyurethane have been determined, which allows to simulate the pro-
cess of conductive heating of cardboard of different thickness on the basis of
the established stationary temperature distribution in two-layer composites of
polyurethane-paper type, polyurethane-cardboard, which leads to the possibility
of improving the process of conductive heating of two-layer printing materials
and process compression of polymer films. It has been established that paper is
the best thermal insulator than cardboard, since during the heating of a two-
layer plate made of polyurethane and paper there are large temperature gradi-
ents than when heating a double-layer plate of the same thickness of polyure-
thane and cardboard. It has also been established that a layer of polyurethane
with a thickness of 1 mm holds about the same temperature as a cardboard or
paper, 5 mm thick. Numerical calculations of the stationary heat conduction
problem for a two-layer infinite plate allow us to verify the adequacy of the so-
lutions of the set nonstationary problem.

Key words: thermal processing, mathematical model, polygraphic sys-
tems, non-stationary thermal conductivity problem, composite materials,
thermodynamic parameters.
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0. M. JIuceuxuii, 1-p TeXH. HAYK
AT «2C OHA TN YKPAUHAY, r. Kues

ANHAMWYECKOE MOJOENWPOBAHUE
NPEANPUATUA HA OCHOBE CETEU MNETPU

PaccmoTtpena mpoGneMa MOIETMPOBAHUA TPEANPHATHS, Kak
CJIOKHOW TPOHM3BOJACTBEHHOU cHCTeMbl. [loka3zaHo, uTO Hambonee
aJIeKBaTHBIM I TIOCTPOCHUS OW3HEC-MOJENeH, ONMCHIBAIOIINX
(DYHKIMIOHMPOBAHNE MPEANPUSTHS, SBISETCS MMHTAIMOHHOE (IIH-
HaMHYECKOe) MOJEIUPOBAHKE, KOTOPOE PACCMATPHBAET MOJETb Kak
COBOKYIHOCTb TPABHJI, KOTOPBIE ONpPEEISIOT, B KAKOE COCTOSHNE B
OyIyieM mepeiiier MOenUpyeMblii 0OBEKT U3 HEKOTOPOro Mpen-
IIECTBYIOMIEro cocTosiHus. ONMcaHo, 4To MPouece TUHAMHIECKOrO
MOJICTTIPOBAHUS TIPEAIPHUATHSI MOXKHO BBIPA3UTh CICAYIOMNM 00pa-
30M: MPEANPHATHE CBOAUTCS K HEpapXUIECKOH MOJenH, hopMupye-
MOl M3 »SJEMEHTapHBIX (YHKIMOHAIBHBIX MoOAyJeil (Ou3Hec-
(yHKIMI), KOTOpBle OOBEIMHSIOTCS B HWH(MOPMAIIMOHHBIC MOTOKH
(6m3HEC-TIPOIIECCHI), ¥ OPTAaHU3AMOHHON CTPYKTYPBI HPEAPUATHS
(OusHec-opranmzanum). A COBOKYIMHOCTh Mopeneil OusHec-(hyHK-
Ui, Mojenell OM3HEeC-TIPOIIECCOB M MOJCTH OH3HEC-OpraHU3aIluK
NpeCTaBIseT CO00H NMUTAIMOHHYIO OM3HEC-MOJIEIb IPEIPUSITHSL.
Paccmotpens! cetn [letpy, B kauecTBe cpecTBa MOCTPOSHUS THHA-
MHYECKHX MOJIENIeH CHCTEM M MX aHalu3a, C MOMOIIBI0 KOTOPOTO
MOJKHO TOJYYHTh MH(MOPMAIIUIO O CTPYKTYpE M JUHAMHYECKOM IO~
BEJICHHUN MOJIETIMPYEMOH CHCTeMBl. DTa MH(pOpPMAaIUs HyXXHA JUIs
OLICHKH MOZICITIPYEMOM CHCTEMBI U BEIPAOOTKH MPEUIOKSHUH 10 e
YCOBEPIIEHCTBOBAHMIO, YTO TIO3BOJISIET THOKO UCIONIB30BATh JAHHBIN
MaTeMaTHYECKHHA anrmapar ajisd OTOGpa)KeHI/Iﬂ W aHaJin3a NpUYUHHO-
CJISICTBEHHBIX CBSI3€H B Pa3IMYHBIX IIPOLECCaX, NPOHCXOMAIINX B
JICKPETHBIX IWHAMHYECKMX cucteMax. IloBeseHme Takumx cHCTEM
OITHCHIBACTCSI BHITIOJTHEHUEM COOBITHHHOW MOJENH, a C MOMOIIBIO
ceru [leTpu MozmenmpyeTcst CTpyKTypa U ANHAMHUKA €€ (DyHKI[OHH-
POBaHUA. l_[pI/IBe)leHa MCTOJHMKA U DJICMECHTbI JTHHAMHUYCCKOIro MOJEC-
JIMPOBAHUS NPENpPUITHs Ha ocHOBe cetell [lerpu. OnmcaHbl BB
ceret Ilerpu m UX OCHOBHbIE cBOMCTBa. JlaHBI PEKOMEHAALUH IO
MOJIETUPOBAHUIO TIporieccoB B moTokax cereil Ilerpu. Ilokaszano,
4to ceTH [leTpu SBNAIOTCS 10CTATOYHO 3P HEKTHBHBIM

KioueBrble ciioBa: modens, npeonpusmue, OusHec-npoyeccyl,
busnec-pynkyuy, Kraccugukayus, npaguia, poau, cemu Ilempu,
KOHCMPYKIMUGHbBLE INEMEHMbl, KOHCIMPYKMUGHbIE ONO0KIL.

BBenenne. OCHOBHAs IeNb MOJECIMPOBAHHUSA 3aKIIFOYACTCS B TOM,
9TOOBI MOJENb JIOCTATOYHO XOPOIIO OTpaXkajia HCCIACIYyEeMbIH acleKT
(hyHKIIMOHMPOBaHUS cUCTeMBl. Hambonee afekBaTHBIM UISI MOJEIHPOBa-
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HUSl OU3HEC-NIEATEIBHOCTH MPEIIPUATHS, TO €CTh JJIs MOCTPOCHUS On3-
HEeC-MOJIeNiell, ONMMCHBAIINX (PYHKIIMOHUPOBAHHE TIPEATIPHUATHS, SIBISCT-
Csl UMUTAIIMOHHOE MOJIEITMPOBaHKE.

NmMuTannonHoe (IMHAMHYECKOE) MOICTUPOBAHHE — CO3JaHHE MO-
JleN, UMUTHUPYIOIIEH MOBEIEHUE TOM WM MHOW CHUCTEMBI B H3MEHSIO-
IIMXCS BO BpEMEHHM ycloBusx [1].

K momormu uMUTAIIMOHHBIX MOJIeNiel 0OpaIaroTcs B CiIydasx, Korjaa
00BEKT MOJECIMPOBAHUS HACTOJIBKO CJIOXEH, YTO aJIeKBaTHO OIMHCAThH €ro
MOBEJICHNE MaTeMaTHUYEeCKUMU YPaBHEHUSMH HEBO3MOXKHO JTHOO 3aTpy-
HUTEIbHO. MIMHUTaIIMOHHOE (IMHAMHYECKOE) MOJIICIUPOBAHIE PACCMATPH-
BaeT MOJICNTh KaK COBOKYITHOCTh MPAaBUII, KOTOPBIC OINPEICISIOT, B KaKOe
COCTOSIHUE B OyAyIEM TepeiieT MOACTHPYEMbId 00BEKT U3 HEKOTOPOTO
MPEIICCTBYIOMIETO COCTOSHUS [1].

Heas ctaThu. PaccMoTpenne npoiecca TMHAMHYECKOTO MOAEIHPO-
BaHUs NIPEANIPUATHS Ha OCHOBe cerell [letpu.

OcHoBHasi yacTb. MeTOIMKA M 3JIeMEHTbl UMUTALIMOHHOIO (JIMHA-
MHY€ECKOro) MoJeJIMPOBAHMS NpeANpusATUs. B nemom mnporece truHamuye-
ckoro MopermupoBanus npeanpusatus (Dynamic Enterprise Model) moxHO
BBIPA3UTh CIEIYIONMM 00pa3oM: MPEINpPUITHE CBOJHUTCS K UEePapXHYECKOM
Mozienu, GopMUPYEMOI U3 ANIEMEHTAPHBIX (YHKIMOHAIBHBIX MOAYJIei (On3-
Hec-(DYHKIMI), KOTOpble OOBEANHSIOTCS B MH(OPMAILIIOHHBIE TIOTOKU (OW3-
HEC-TIPOIIECCHI), U OPTraHM3aIIMOHHOM CTPYKTYPBI IpeanpusTus (On3Hec-opra-
Huzaumn) [2]. CoBOKyIHOCTh Mojenel OusHec-pyHKumiA, Moaeneil OuzHec-
TPOLIECCOB U MOJENH OW3HEC-OpraHu3alluK MPEJICTaBIsAeT COOOH MMHUTAIIM-
OHHY'0 OM3HEC-MoeNb npexnpusTust (puc. 1).

Mo aenn
MPEANPUSITHS

Monenu
yIpaBieHuUs OU3HECOM

Mopenu 6GusHec- Mopenu GusHec- Moaenu GusHec-
byHKIMI MPOIIECCOB OpraHu3auu

Puc. 1. YposHu OuHamuyeckozo Mooeauposanus npeonpusmus
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BI/I3HeC'MOIleJ'II/I COCTOAT U3 CIICAYIOINX KOMIIOHCHTOB:

e Mozeib OusHec-pyHKIMI, B COCTaB KOTOPOW BXOMST JAepeBO OH3HeEc-
(GYHKIMH, OTHOIICHHWE ONTHMHU3AINH, «HOY-Xay» B 00JaCTH COBEp-
[IEHCTBOBAHMS OM3HECa, KIIFOUEBLIE IOKA3aTEIHN AEITENHHOCTH;

e MoOJeiIbh OM3HEC-TIPOIECCOB, KOTOpPas COCTOUT M3 OCHOBHBIX OM3HEC-
MPOIIECCOB H JACTAITBHBIX OU3HEC-TIPOIIECCOB.

B ocHOBe KOHIEIIMK JAUHAMUYECKOTO MOJECIUPOBAHUS JICKHUT I10-
cTpoeHHe (MOJICIIMPOBAHUE) NPEANPUSITHS B TEPMHUHAX U METOJIAMHU CeTeH
[Terpu. [Tpu 5TOM UCTIONB3YIOTCA CAEAYIONINE TOAXOABI [2]:

® [CATETBHOCTHh TMPEINPUATHS IEIUTCS Ha BHUIABI B COOTBETCTBHUHU C
(YHKIIMOHATHHO-OPTaHU3AIMOHHON CTPYKTYPOii;

® BH[IHI JCATEIHHOCTH CBA3AaHBI IBYMS THIIAMHU KaHAJIOB: HH(POPMAIOH-
HBIM U ynpaBigomuM. [lepBeiif mepemaeT HEOOXOOMMYIO BXOIHYIO
HHPOPMALIHIO I MHULHNAIN3AIUN IeSITeIbHOCTH, a BTOPOH —IIpaBo
JIEHCTBUS (3HAK MCIIOJNIHEHUs, MPHU TMOCTYIJIEHUH KOTOPOTO Ha BXOJ
HAYMHACTCS BBIMOJIHEHHE OH3HEC-TIPOIICCCOB, COCTABJISIOIIUX CYIII-
HOCTb JIEATETHHOCTH);

® CCJIH JICATENIEHOCTh MMEET Oojiee oHON Om3Hec-pyHKIMHM B OHM3HEC-
mpoIecce, VIpaBICHUE IMEPEeXOdaMH MPOUCXOJWT TAaKUM K€ 00pa-
30M — Mepeavyeld BXOIHBIX JAHHBIX U 3HAKa KaHaJlaMH, 10 KOTOPBIM
CBSI3BIBAIOTCS OM3HEC-(QYHKIIUU B OM3HEC-TIPOIICCCHI;

e [10CJ€ BBINOJHEHUS AESITEILHOCTH U IO €€ pe3yJibTaTaM 3HaK KOMUpPY-
€TCsl B OJTMH WJIM HECKOJBKO COOTBETCTBYIOIIMX KaHAJIOB JJIS Tepesa-
9n (paKkTa OCYIIECTBICHHS ACATEIbHOCTH;

e [0CTie BBHIMTOJTHEHUS ACATEIBHOCTH U TI0 €€ pe3ysibTaTaM (WK IO COBO-
KYITHOCTH Pe3yJbTaTOB HECKOJBKUX BUJOB JACSITEILHOCTH) OMPEALIIs-
€TCsl OJTHO U TOJILKO OJTHO HOBOE HAIpaBJICHUE 3HAKA.

Jnst HTOHMMaHMS IPOLEAYPHl JUHAMHYECKOTO MOJICITUPOBAHMS TTPE-
NPUSATHS CIEAYEeT PacCMOTPETh CYIIHOCTh M CBOMCTBA 3JIEMEHTOB JIMHA-
MHYECKON MOJIENIN TPEATIPHUSTHS [2].

Mooenv 6usnec-npoyecca — 3TO ONMUCAHNE OOMIETO MTPOU3BOICTBEH-
HOTO IIpOLEcCa B TEPMUHAX KOHKPETHOM KOPIIOPAaTUBHOM cucTeMbl. Takas
MOJICTIb OIKCHIBAET OM3HEC-TPOLECCHl B OIPEACICHHOM HaNpaBJICHUH
JACATCIBHOCTH, KOTOPBIE MOTYT HOAACPKUBATHCA KOHerTHOf/'I Kopmopa-
THUBHOM CUCTEMOH M KaK 3TO MOXET OBITh OCYIECTBIEHO. B Moxenn Mox-
HO CO3/1aTh HMEpapXHI0, B pe3ysbTaTe 4ero, HampuMep, MOTOK 3aKa3oB
BHYTPH OpPraHHU3aLMH MOXET OBITh CMOJEIMPOBAH B TaK HAa3bIBAEMYIO
«OCHOBHYIO» TIPOLENLYPY, TOT/IA KaK IMOJPOOHOCTH O JJAHHOM ITIOTOKE 3aKa-
3a IPUBOASATCS B CXeMaX JAETaIbHBIX MPOLEIYD.

Mogaenp 6u3Hec-Tpoliecca UMEET CIIeIYIOIINE LeIH:

e JlaTh HAIJIAJHOE IPEICTABICHHE TOr0, KAKMM 00pa3oM KOPIOpaTHBHAS
cucreMa pabdoraet ¢ OM3HEeC-TIPOIeccaMi BEICOKOTO YPOBHSI, OCOOCHHO
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UL OIpeJeTICHHOr0 HAaIPaBJICHHS WM BUAA AESTEINEHOCTH (OCHOBHBIC
MIPOLETYPHI);

JIaTh HAIJBAHOE NPEACTaBICHHE W 3aJJ0KyMEHTHPOBaTh oOIue OM3Hec-
Tporeccsl (TIOIPOOHBIE MPOLIELYPHI), HOAICPKUBAEMBIE CHCTEMOIA;

JaTh HarjsiqHOE IPEACTAaBICHHE W 3aJ0KyMEHTHPOBATh NEPHOIUYE-
CKHe JieTalIbHble OM3HEC-TTPOLIECCHI;

JIaTh HArJIJHOE NPEICTAaBICHUE W 3aJ0KYMEHTHPOBATh MPOLEAYPHI
HAyYaJILHOTO 3aITyCKa M YCTAaHOBOYHBIE MTPOLEAYPhI, HEOOXOANMBIE IS
BHEJIPEHUSI CUCTEMBI;

3aukcupoBaTh pa3paboTKy mporecca (0COOSHHO IS JeTaNbHBIX OM3-
HEC-TIPOLIECCOB) JUTs NPHBEACHUS B JBHKCHHE ONEPalMOHHOTO pabo-
4ero mporecca,

3aJJ0KYMEHTUPOBAaTh aJMHHHCTPATUBHBIC IPOLECCHl, NPH KOTOPBIX
BO3MOXKHO TPHITHCATh BIaJelbLeB OM3HEC-IPOLECCOB B 3aBUCHMOCTH
OT pofa AeSATENBHOCTH, JOJDKHOCTH, OJTHOMOYHH, TOJDKHOCTHBIX MH-
CTPYKIIMI U TOMY OJOOHOE;

pa3paboTaTh M 33JJOKyMEHTUPOBATh IPEOOpPa3oBaHUsl KOPIOPATHBHON
CUCTEMOi1 OM3HEC-TIPOLIECCOB, CBS3AHHBIX C KOHKPETHBIM IPOEKTOM.

BI/I3HGC'Hp0H€CCBI HUMCIOT CIICAYIOIHNC XapPaKTCPHUCTUKU:

OM3HEC-TIPOLIECCHI COCTOST M3 psiia KOMIOHEHTOB (COCTOSIHUM, BUJIOB
JIeSITeNIEHOCTH M KOHTpouisi). PaboTa siBisieTcst OCHOBHOW 4acThlo OM3-
Hec-niporeccoB. CocTosHUE MPEANIECTBYET KaXkIOMY BUAY IESTENBHO-
CTH ¥ ompeaensercs UM. JleaTenbHOCTh MOXKET MPECTaBIATh CO00
ceaHc paboThl C KOPIOPATHBHOW CHUCTEMOM, OBITh MPHUKIAJHBIM HPO-
rpaMMHBIM O0€cCIiedeHHEM, KOTOpOoe HE NPHHAIICKNUT K HEel, U HeaB-
TOMAaTH3UPOBAHHYIO AEATEIBHOCTD WM BCTPOCHHBIN OM3HEC-TTPOIIECC;
OM3HEC-TIPOIIeCCHl MOJENHPYIOTCS Ha OCHOBe ceteit Iletpm m moryr
HUMETh HECKOJIBKO HEPapXUUYECKUX YPOBHEH;

JOJDKHOCTHBIC MHCTPYKIHH, TOKYMCHTBI aHAJIOTOBOT'O BBIBOJIAa U KO/IbI
YTWINAT (CEPBUCHBIX MPOTPaMM) MOTYT OBITH COOTHECEHBI C BHIaMH
JIeSITeNbHOCTH. Jl0JKHOCTHBIE HHCTPYKLUH MOTYT COJIepKaTh 0COOYIO
BCIIOMOTaTeIbHY0 HH(POPMALHIO I CeaHca B Ipefenax KOHKPETHOTo
OusHec-mporecca. B paMkax ompeneneHHOro BUJa AESITEIbHOCTH BO3-
MOYKHO COOTHECEHHE JIOKyMEHTa aHaJIOrOBOTO BBIBOJA, CO3JJAHHOTO B
paMKax JaHHOTO BUA JeATeNbHOCTH. Koabl yTHINT — 3TO OJIOKH ce-
aHCOB, KOTOpBIE MOTYT OBITh HCIIOJNB30BaHBI KaK BCIIOMOTaTEIbHBIE
CeaHCHI (CeaHC BBIBOJIA HA KPaH, pacledyaTrka Ha MPUHTEPE) IPH OCy-
IIECTBJICHUH ONPEEIICHHOTO BUA AEATEIHHOCTH;

BBIBO/I OM3HEC-TIpoliecca Ha 3KpaH B IPa()UUEecKOM BHIE MOXKET HC-
MOJIb30BATHCS KaK HHTEp(deiic BMECTO CTPYKTYpBI MEHIO;

PaOOTHHUKH U BBINOJIHAEMbIE UMY (PYHKIIMH MOTYT OBITH COOTHECEHBI C
BUAAMH JEATEILHOCTH OM3HEC-TIPOLIECCa;
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® CCBUIKHM Ha JPYToi OM3HEC-TIPOIIecC MOTYT OBITh IPUMEHEHBI K TAKOMY
KOMIIOHEHTY, KaK COCTOSIHHE, B Pe3yJbTaTe Yero MOXKET OBITh JAAaHO
orpejesieHne OM3HEC-NIPOLEcCy U3 HECKOJIBbKHX MEPEX0JI0B;

e 000N y3el KOHTPOJISI MOXKET MMETh HECKOJIBKO BBIXOAHBIX CTPEIIOK.
Kaxxnoit cTpenke MOXKET COOTBETCTBOBATH onpezeneHHoe ycnopue. C no-
MOIIBI0 TaK HA3bIBACMBIX «IIPABIJDY JTAHHBIM YCIOBHSAM MOXET OBITH
NpeJocTaBIeHo 3HaueHue. Korma On3Hec-Tpolecc BBIBOAWTCS HA DKPaH,
TIPOVCXOAUT OIICHKA 3HAUCHUS YCIIOBHS, U, €CIIH YCIOBHE HE BHIMTOIHACT-
Cs1, 9acTh IMarpaMMBbI BEIBOUTCS Ha SKpaH B 3aTEMHEHHOM BHIIC.

B 3aBucumocTH 0T Mojeu OM3HeC-(PYHKIIMKM WK YCTAHOBJICHHBIX Ia-
paMeTpoB cxema OM3HEC-TIPOIecca MOXKET OBITh CKOMITOHOBAHA THHAMUYHO.
B pesynbTare ¢ camoro Hadaima oOrast cxema OyJeT KOHKPETHO OPHUCHTHPO-
BaHa Ha OJIHY W3 ONpENENICHHBIX On3Hec-Mojeneil. PaboTa sBiseTcs 0CHOB-
HOU 9acTbI0 OM3HEC-TIPOIECCOB. BEIMETSIOT Clle My OIIre THITHI PadoT:

e pyuHas paboTa — paboTa, He CBSA3aHHAs C IPUIIOKEHUEM;

e OusHec-mporiecc — paboTa Kak MPOLECC, SBISIOIIUNACSI COCTaBHOM
TEKYILETo Mpolecca;
® CeaHc;

e [pUKJIAAHAs MHpPOrpaMMa — IMporpamma, 3amyckaeMas C IOMOIIBIO
BBI30Ba 000JIOUKH OTEpainoOHHOI CUCTEMBI,

e ympaBisomas padoTa 0003HaYaeT MOMEHT NMPHUHATHS PELICHUS B IIPO-
Iecce, MoCJIe Yero MPOIECcC MOXKET Pa3BETBISATHCA.

[pu onmcanny paboThI BEIOUPAETCS TUIT PaOOTHI, TUI YIIPABIISIOIIETO
3yeMeHTa (eciu paboTa ABJISCTCS YIpaBistoniel padboToii), kox (eciu pado-
Ta OM3HEC-TIPOLIECCOM, CEaHCOM, MPUKIIATHON IPOrpaMMOi), apryMeHT (Juist
ceaHca apryMeHT onpesiersieT Habop AeHCTBHIA MMOIb30BATENSL, KOTOPBIE EMY
paspenieHo BHINOIHATE BO BpeMsi pabOThI B IIOTOKE paboT), ONUCaHKE, KaTe-
ropusi paboT, aJMHUHUCTPATHBHO-OPTaHU3ALMOHHBII TOKYMEHT (CBS3BIBACT
THUI JOKyMEHTa C pabOTO¥), yTHINTA, BBIOOP THITA COOBITHSA: COOBITHE ITOITh-
30Bartes, BHeNTHee coObITHe (padoTa *KIeT cpadaThBaHMS BHEIIHETO TPHT-
repa), coObiTHe Talimepa (paboTa KICT HACTYIUICHHS ONPEACAEHHOIO B
BpPEMEHH), aBTOMAaTHUYECKasi COOBbITHE (ecau paboTa MOXKET ObITh BHIMIOIHEHA
6e3 BMemaTenbCTBa MoJIb30BaTens) [2].

Knaccugpuxayus 6usnec-npoyeccos. B apxuse OW3HEC-TIPOIECCOB pas-
JIMYAOT TJIaBHBIE M JICTAJIM3UPOBAHHbIE MPOLIECChI. [ TaBHbIE POIIecChl, BOC-
MPOM3BO/IS OOLIMI TOBapO- U IOKYMEHTOOOOPOT, COOTBETCTBYIOIINE KOHIIETI-
TyaJIbHOM MOJIEIIH, ONpe/IeNICHHbIE Crienuann3alyeil On3Heca U, B IPHHIIMIIE,
SBJISIFOTCS YHUKAIBGHBIMH. JleTaM3upoBaHHBIE TPOLIECCH MMEIOT 0000IIeH-
HBII XapakTep U MOTYT IIPUMEHSTHCSI BO MHOTHX CEKTOPaXx.

Mooenv busnec-gpynxyuii. Monens Om3HeC-QYHKIINH TPEICTAaBISAET CO-
00i1 (YHKIMOHATBEHYIO HEPapXUUYECKYIO IEKOMITO3HIIO OM3HEC-(YHKIHIL.
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OTHOILICHHST MEXJIy TaKUMH Ou3Hec-QyHKIMSIMH 00pa3yloT OH3Hec-mpo-
1eccsl (puc. 2).

BusHec-(QyHKIMK HUCTIONB3YIOTCS AJIsl TOCTHIKEHUS] KOHKPETHBIX Lie-

neil. B mMonenu OuzHec-(YHKIMH OHU ONHUCHIBAIOTCS TEPMHHAMH, HPH-
BBIYHBIMU 11 Ou3Heca (a HE TEpMHUHAMU KOPIOpaTHBHOW cucTeMmbl). Ha
HU3IIEM YpOBHE OHM3HEC-(DYHKIMH MOTYT BapbUPOBAThCS B 3aBHCHMOCTH
OT BapuaHTa OM3HEeC-MoJeNu. B 3TOM cirydae momo0HbIe On3Hec-QyHKIIUN
Ha3bIBAIOT BapHaHTaMu Ou3Hec-QpyHKInH [2].

busnec-npouecc

IIpomuecce! BBIOpaHbI
Monenb 6usHec-QyHKIMI (mpu sTOM
0a3upyroTcs Ha Ooee
HHU3KOM YpPOBHE
Gu3HeC-(YHKIIHIA)

/

[Ipoueccer
CKOH(HUT'YpHUPOBAHBI
(ucronp30BaIUCh
CTaTHYECKUE yCIOBHS,
YCTaHOBIICHHBIE C
OTIOpPOY Ha HUKHHUK
YpOBEHb OM3HEC-
(ynkumii)

Puc. 2. Ilpeobpazosanue busnec-ghynryuii 8 busnec-npoyeccol

HaHHLIﬁ KOMITIOHCHT MOACJIMPOBAHUA NPECAHA3HAYCH JIA JOCTHUKE-

HUS CIICIYFOIIUX IeIei:

106

MoOJIeiTb Ou3HEC-(DYHKIIMH MOYKET OBbITh UCIIOJIb30BaHa Kak MEPBbIH JIOTH-
YECKHH I1ar B IPOIECCEe MOJCUPOBaHHMs, B KOTOPOM Ha 0ase 00X Iie-
Jiel 1 Ou3HeC-(YHKINI MOXKET OBITh CO3/IaHa MOJICIIb OU3HEC-TIPOIIeCCa;
MOJIeNb OM3HEC-(QYHKIIMU MOXET MPUMCHSITHCS KaK BCIIOMOTATEIBHOEC
CPEIICTBO ISl COBETHUKOB U KOHCYJIFTAHTOB IPU MPOBEACHUH TPE3CH-
TalUii i1 PyKOBOACTBA, HA KOTOPBIX JEMOHCTPHUPYETCS MOJETHh
MPEIIPUATHS UTSL OTIPEICIICHHON OTPACIIA MPOMBIIUICHHOCTH;

MOJIeNb OM3HEC-(PYHKIIUU MOXKET CIYXKHUTH CPEICTBOM IPEICTABICHHS
OTpaciIeBOTO «HOY-Xay» B 0OJACTH COBEPIIECHCTBOBAHUS XO3SICTBEH-
HOW AEATeNbHOCTH (HapuMep, pacIIipeHre HalpaBIeHUH ONTHMHU3a-
uH On3Hec-(pyHKIMIT), TydIiel IpakTUKK BEeACHUS OM3Heca U IoKa3a-
TeJIeH ACATCILHOCTH,

MoJieNb Ou3Hec-(hyHKIIMK MOXKET OBITh UCIIONB30BaHa KaK HHCTPYMEHT
HaJIO)KEHUS HeUTpanbHOM OM3HEC-MOJIeNH, ONpeAeTICHHON B TEepMUHAX,
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MPUBBIYHBIX B OHM3HEce, B criennpruecKkoe /sl KOPIOPaTUBHOM cHCTe-
MBI PELICHHUSI.

Mopens 6u3HEC-PYHKINN MOXKET OBITh MepelaHa CICOYIOIIMMA Xa-
PaKTEPUCTUKAMHU:

e OwusHec-(QYHKIMH MOJAIOTCS KaK y3/bl B JPEBOBUIHON JHMarpaMmme, B
KOTOPOH MOJKET IepeMeIaThCs M0JIb30BaTelb;

e OusHec-(QyHKIIMH MOTYT OOBSCHATHCS TEKCTaMH, B KOTOPBIX OIMCHI-
BAaIOTCS XapaKTEPUCTUKH OTAEIbHON OM3HEC-QYyHKINY;

e ¢ Om3Hec-QYHKIHUAMH MOTYT OBITh CBSI3aHBI IOKA3aTeNH JESATEIHHO-
cti. B Ou3Hec-Mozensx mpoeKkTa KOHKPETHOMY ITOKa3aTellio AesTelb-
HOCTH MOXET OBITh IIPUITUCAHO CTAHAAPTHOE 3HAUCHHE;

e MeX1y BapuHaHTaMu OM3HeC-(QYHKIMH MOTYT CYIIECTBOBATH OTHOIIIE-
HUS ONTHMH3ALM{, YKa3bIBAIOIIME HA BO3MOXXHOCTH MOATAITHOTO
BHEJIPEHUsI JaHHBIX On3Hec-(yHKIuHA. OTHOIIEHHE ONTUMH3alUN MO-
I'yT OBITH CBA3aHBI C TEKCTaMH, C IIOMOLIBIO KOTOPBIX OIHMCBHIBAIOTCS
OpTaHU3aLOHHBIE aCIIEKThI ONITUMHU3AIMH IIPOLIECCOB;

e B Mozenu Om3Hec-(YHKINHU MPOEKTa BapUaHTHl Om3Hec-(QyHKINH 00b-
€IMHSIOTCSl C OTHOIICHUSMH ONTHMH3AIMH, MOTYT OBITH CBSI3aHBI C
(azamu BHEIPEHUS.

Knaccugpuxayua ousnec-goynxyuii. Apxu 0000IIECHHBIX On3HEeC-(QyHK-
M 71 BCEH TMPOMBIIIUIEHHOCTH TpeOyeT CHCTEMbI KIIacCH(HKAIIIH, YTOOBI
MMETh BO3MOXKHOCTB OTBICKAaTh HEOOXOAMMYIO CTPYKTYpY IpH (opMHpOBa-
HHUU pedepeHTHON Mojenu. B cucreme qHaMU4eckoro MOIETMPOBaHUSI pac-
CMaTpPHUBACTCS MEPAPXIIECKOE AepeBO OM3HEC-(DYHKIMI IS KITACCH(PHUKAIIH,
COOTBETICTBYIOLIEE CTaHAAPTHOM CTPYKType, MHCHOIb3yeMOH OpUTaHCKOH
ayAUTOPCKO-KOHCANTHHTOBOM Kommanuel Ernst&Young [2]. B pamkax stoit
CTPYKTYPBI OIIPEAEIIEHBI YETBIPE UEPAPXUUECKUX YPOBHS:

e Mera-QyHKIUH — KaXK/1as KOMIAHUSI MOXKET OBbITh KJIacCU(HUIIMPOBaHa
B COOTBETCTBHM C IIECThIO Mera-pyHKuusmu (tabn. 1). Otm mera-
GYHKIMK MMEIOT 00O0OILICHHBIN XapakTep W He TMOAYMHSIOTCS Onpejie-
JICHHOH CIICNMAIN3AINHN JICSITENbHOCTH. Y IOMSHYThIE (DYHKIIMH OXBa-
TBHIBAIOT KaK YNpaBJICHHE, TAK U MPOLIECCHI CTPATETHYECKOT0 MIIaHUPO-
BaHWS, Pa3BUTHUS U UCIIOJTHEHHUS;

e riaBHble (PyHKIMM — Kaxas Mmera-(QyHKIHUs MOXET BKJIHOYaTh He-
CKOJIbKO OCHOBHBIX (DYHKIMH. DTO O3HA4aeT, YTO UMEET MECTO (PyHK-
[MOHAJIbHAS JIeKOMIIO3uIMs. ['aBHas (yHKLUUS TecHee CBsA3aHa CO
crenuanu3anueil ousHeca, yeM mera-QyHKIusa. MIMeHHO mosTtoMmy ap-
XUB TJIaBHBIX (QYHKIHMIT OyOeT pacTd B IMpolecce YBeIU4eHHs KOJIude-
CTBa CIELMAIN3UPOBAHHBIX MozieIel Ou3Heca;

e (a3oBbIe GYHKIMK — Kaxasi 0a30Basi PyHKIMS TPEICTABISIET TIIABHBII
NPOLIECC B MPOLIECCHOM MoJienn. B COBOKYITHOCTH OHM OIIpEAeNIeHBI st
OJIHOTO BapuaHTa JOKYMEHTO00O0pOTa, KOTOPHIi OyneT npopaboTaH;
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e OusHec-(YHKIMH, ONIIMK ¥ BapuaHThl — 0a30Bble (YHKIHMH BBIpaxa-
I0TCSl 4epe3 (pOpMHUPOBaHHE ONPEJEIICHHBIX MOAYMHEHHBIX (YHKIHH.
Kpome 3TOr0, ONIUK U BapUAHTHL MOTYT OBITH ONPEAEIEHbI 00CITyKH1-
Baromell CHCTEMOI U1 3aMEHBl WM JIONOJHEHUSI OCHOBHOTO COZEp-
JKaHUs OU3HEC-TIPOIIECCOB.

B Tabn. 1 npuBenena craHmapTHas Kiaccudukanus as OM3HecC-
(hyHKIMIA B COOTBETCTBHU cO cTaHaaproM Ernst&Young.

Tabmuma 1
Cmanoapmuas knaccuguxayus busnec-ghyHKyul

Mera-¢pyHKuuu I'naBHble QyHKUMHU
1. Ilpuo6perenre HOBOrO |11. PHIHOYHBIC HCCIIEAOBAHNUS
OusHeca 12. [lepcneKTUBEL, KINEHTYpa, COOTHOIICHUS
13. Pexnama, myOiuKaIms, CBsi3b
14. TexHoJOrHUECKHUE HOBOBBEACHHUS, CHCTEMHbBIE
HCCIIeI0BaHUS
15...
2. Ucnonuenue (peanu- |21. [leroBoe IiIaHUPOBaHUE
3a1us) 22. KoHTpOJIb UCTIONHEHUS
23. JlenoBoii KOHTPOIIb (YIIPaBICHHUE)

3. [lognepxka 31. ®uHAHCOBBIN OyXTaJlTEpCKUHA yUeT

32. [InanupoBaHue ¥ KOHTPOJb (yIIpaBICHUE)
33. Ka3Hauelickoe MIaHUpOBaHUE

34. PaboTa c mepcoHaIoOM

35...

4. HoBoe uznenue u npo- |41. HoBoBBeneHue uznenus

eKT 00CITy )KUBaHHS 42. HoBoBBeneHme mpomecca
43. HoBoBBenieHNE 00CITyKUBaHUS (CITyKOBI)
44...

5. lefictBusi: (oapa3aemsroTes)

Sa Ilponaxa Sal. 3aka3 U mpeIoxKeHue

5a2. Kommepueckast 00paboTka 3aKkasza

5a3. AccurHoBanue U (PUHAHCOBAs OIIEHKA

S5a4...

5b Pazpabotka 5bl. MmxeHepHOE IPOSKTHPOBAHKE

5b2. TIpoBeneHme pa3pabOTKH

5b3. TokymeHTanus

5b4...

5c [InanupoBanue 5cl. IIpoekTupoBanue

5c¢2. [lnanupoBaHue NPOU3BOJICTBA U YIIPABICHHUE
5¢3. [lnanupoBaHue HHBEHTAPS

5¢4...

5d IpoussoacTBo 5d1. Ynpasnenue nexom

5d2. Coop maHHBIX

5d3. Peructpanust HCIIOIb30BaHHBIX MaTEepHATIOB
5d4...
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[ponomkenne TadIuUIB 1

5e [locraBka Sel. IIpuemHble SK3aMEHbI
5e2. TpaHcnOpTUPOBAHUE U YCTAaHOBKA
5e3....

5f 3akymnka 5f1. IIprnoOpereHne MaTepranoB

5f2. 3akyrnka TOBapHOH NPOLYKINH
5f3. 3akimroueHne 1OroBOpPOB Cyonoapsaaa

5f4....
6. TlocnenpopaxHas nox- |61. O6cmy>KrBaHUE KaN0O
JepKKa 62. l'apanTuiiHoe 00CITy )KUBaHHE

63. [locnerapaHTHIHBIA PpeMOHT

64. [naHupoBaHKE ¥ KOHTPOJIb CHCTEMbI OOCITYKHBAHHUSI
[Ipu BHEMIHEH KOAUPOBKE UCIIONB3YETCS UEPAPXUIHOCTh Kilaccu(u-

Kallyy, HallpuMep:

e wmera-¢pyHkuuu: 1, 2, 3,...;
e ocHoBHBIC QyHKImu: 1.1, 1.2, 1.3,...;
e 0Oazosble ¢pynkuum: 1.1.1, 1.1.2, 1.1.3;
e ¢yukuuu u Bapuantsl: 1.1.1.1, 1.1.2.1, 1.1.3.1,...

IIpasuna. JIna noctpoenus u3 6usHec-GyHKIM OU3HEC-TIPOIIECCOB
U 00beIUHEHHE IMOCIEeIHUX B paMKaxX MOJENN OW3Hec-OpraHu3aluu HC-
MOJIB3YETCS St TIPaBHJI, @ UMEHHO!

1. Ilpasuna yerocmuocmu. IlpaBuia LEIOCTHOCTH HCIOIB3YIOTCS
IUIsl TIPOBEPKU COTJIACOBAHHOCTU Mozenu. IIpuMep LeNOCTHOCTH: eciu
ecTh B Hajnu4yuu BapuaHT OusHec-QpyHkumu «[Ipsimas moctaBkay», TO OM3-
Hec-pyHKIMK «O0paboTka 3aka3a Ha npuodperenue» u «OOpadoTka 3a-
Ka3a Ha COBIT» JOJDKHBI OBITH MpeNCcTaBiIeHbl B Mojenu. [locie Toro, kak
OM3HEC-MOJIETb CO3/[aHa, MOXKHO TIPOBEPUTH €€ COTIIaCOBaHHOCTh, OLIEHH-
Basi BCe MPaBUJIa [IEJIOCTHOCTH.

2. Ilpasuna npeobpaszosanus. Monens OusHec-OYHKIIMA MOXKET OBITh
aBTOMAaTHYECKN NpeoOpa3oBaHa B MOJENb OM3HEC-TIponecca C ITOMOMIBIO
npaBuI npeodpazoBanusi. Hanpumep: ecnu BapuanT Om3Hec-QyHKImn «O0-
paboTKa 3aka3a Ha MPHOOpETEHNnEe KOHTpaKTam» ObUI ompesesieH, Heo0Xo-
IMMO BBIOpaTh Om3Hec-mporiecc «OO0paboTka KOHTPAaKTOB». Tak ke ¢ mmo-
MOIIBIO JaHHBIX IPABWJI IPEoOpa3soBaHUS MOXKHO IT0Ka3aTh HEMOCpel-
CTBEHHYIO CBSI3b MOZEH OM3HEeC-QYHKIMK ¢ MOZIEIBI0 OM3HEC-TIpoIiecca.

3. Ilpasuna xongpueypayuu. TlpaBuna KoH(QHUIypalyd HCIOJIB3YHOTCS
JUBL IPUCBOCHUA 3HAYCHUS TTapaMETpa B 3aBUCUMOCTH OT €ro HAJIMYHA B om3-
Hec-(yHKIMsX, OU3HEC-TIpoIleccaX WM KOMOWHAIMI MocneHuX B OH3Hec-
mozenu. (IIpumvep npaBmina koHGuryparuu: Ecimu ObUT OmpeeneH BapuaHT
ousHec-QyHkimn «O0paboTka 3akaza Ha mokynky B DO/ (DaexkTpoHHbIH
00MeH JaHHBIMH)», TO 3HaueHue napamerpa J0/] HacTpanBaeTcs Ha «1a»).

4. Ipasuna cmamuueckoeo pedicuma. KOHTPOIIb SIBISETCS OIHUM M3
KOMIIOHEHTOB OM3HEC-TIPOLIECCa U MCIIOIB3YETCsl Il MOJEIMPOBAHUS BapH-
anTtoB. [loxg TepMHHOM «BapWaHT» ClleyeT MOHWMAaTh YCIOBHE. YCIIOBHS

109



MatematuyHe Ta KOMI'I,IOTepHe Mo entoBaHHA

COEJIMHSIIOTCS ¢ BXOJIHBIMH CTpeJIKaMH Ha Juarpammax cereit [lerpu. B mo-
TIOJIHEHHE K TEKCTy B JarpaMMe yCJIOBHE MOXKET COJIepKaTh 3Ha4YeHHe, KO-
TOpPOE YCTaHABIMBACTCS ITyTEM HCIIONB30BaHMs NpaBwi. Eciu 3HaueHue jo-
THYeCcKOro ycioBusl «OmmO0IHO», TO B pe3ysbTaTe Takasi HEaKTHBHAS BETBb
«aepeBa» cetd Ilerpu nogaercs B 3aTeMHEHHOM Buze. [10CKONBKY 9TH Tpa-
BWJIa MOTYT OBITH OTIPEIEIIeHEI B cepeiHe MOAer On3Hec-(DyHKIMH, TO BO3-
MO>KHBIM CTaHOBHTCS TMHAMHYECKOE KOH(PUTYpHpOBaHHe OH3HEC-TIpoLIecca.

Ponu u obsazannocmu. Ponb sBusercs QyHKIHENH, KOTOpas MOXKET
OBITH pearn30BaHa TOJNBKO TEMH pabOTHHKAMH, 32 KOTOPBIMHU 3Ta (DyHK-
U 3aKpervieHa. Ponu u, ecim HEOOXOAMMO, 0OSI3aHHOCTH MOTYT OBITh
CBsI3aHBI ¢ paboTamu, OM3HEC-TPOLECCaMM, OPraHU3AIMOHHBIMH KOMIIO-
HeHTaMHu U Om3Hec-(yHKIuAMHU. C TOMOIIBIO POJIeH ompeaersieTcs, Kakuie
paboTHHUKHM (Ipynbl paOOTHUKOB) YIOJIHOMOYEHBI Ha BBINIOJIHEHHUE OTIpe-
JIeIIEHHOHN paboTHI (MJIM UMEIOT COOTBETCTBYIONTNE 00s13aHHOCTH) [2].

Paznuyator 1Ba THIIA poJel:

«Ponu no opeanuzayuonnvbiM eOuHuyam» SBIAOTCS QYHKIUAMU pa-
OGOTHHKOB, CBA3aHHBIX C OPTraHW3AIMOHHBIMH €IWHHIAMHU B CIELU(HIe-
CKOM /ISl 3aKa34MKa OpraHNU3allMOHHON TuarpaMMe (IIPOEKTHON MOJIEIH).

«Ponu 6 ousnec-pynxyusmuy ABISAIOTCA (YHKIUAMH pPabOTHHKOB,
BBITIOJIHAEMBIX B paMKax ONpPEJeNICHHBIX OM3HeC-(DYHKITHHA.

OO0s13aHHOCTb MPEACTABIIAET COOOH ONpEENeHHYI0 3a/ady, ¢ IIOMO-
IO KOTOPOH criennuuupyercst poib (TO eCTb (YHKIHS, BBHIIONHSIEMas
rpyIIoil paboOTHUKOB), HALIPUMEP:

«JlocTymHOCTD ISl PEKOMEHTAITHI;
«Heo0x0MMOCTh B KOHCYJIbTAIHI;
«Heo0xoauMocTh B HH)OPMUPOBAHUI;
«[IpuHATHE OKOHYATEIFHOTO PEIIICHUS;
«BrImonHeHMEY,

«KOHTPOJIb UCTIOTHEHIS.

C pabotoif MOTYT OBITH CBS3aHHEI HE Ooiiee mecT posel. Jns kax-
JIOW POJIM MOXHO 3a/1aTh HE O0Jiee MeCTH 00S3aHHOCTEH.

Ponm u 00s3aHHOCTH YHACIEAYIOTCS HA HIDKHUX YPOBHSX OHM3HEC-
mporeccoB. Eciu mns Ou3Hec-mpoliecca OIHa POJIb HMCIOIB3YEeTCS IS
BceX 00s3aHHOCTEH BO BCeX paboTaX, TO JOCTATOYHO CBS3ATh 3Ty POJb U
COOTBETCTBYIOIIHE OOS3aHHOCTH C JaHHBIM mporieccoM. HaciemoBanue
poJieit U 00sA3aHHOCTEH HEe MPUMCHSIETCS K OPraHU3aI[MOHHBIM KOMIIOHEH-
Tam 1 OusHec-PpyHKIHUSIM.

Mooenv bOusnec-opeanuzayuu — 3TO ONKCAHHE OPTAaHU3AMUOHHOW
CTPYKTYpPBI U CTPYKTYpBI MepcoHana opranuzaiuu. CTpyKTypa rnepcoHaia
MOJXET OBITh OIMCaHa Ha aOCTPAKTHOM YpPOBHE C MOMOIIBIO OMHCAHUS
posiell WM Ha KOHKPETHOM YPOBHE — COIOCTaBJIEHHEM PAaOOTHUKOB U
OpraHU3alMOHHBIX eAUHHII [2].
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Monenb 6u3HEC-OpraHU3aliy HMEET CIICTYFOIINE [IEITH:

® [IOJYYUThH NPEICTABICHUE O TEKyLIeH M, O BOSMOXHOCTH, Oymymen
(1eneBoit) OpraHU3alMOHHON CTPYKTYpE U 3aJOKYMEHTUPOBATh HX;

® [IONyYUTh MPEACTABICHAE 00 N3MEHEHUIX B CTPYKTYpax Moapasiene-
HUI KOMITAaHUHU B 3aBUCHMOCTH OT PACIIOJIOKEHUsI UX B 00LIeH cucTeMe
Y 33J0KYMEHTUPOBATh HX;

e cJIenaTh BO3MOXKHBIM CO3JlaHue MHTep(eiica Moyib30BaTels KOpIopa-
THUBHOU CHCTEMEI B pa3pe3e pabOTHUKOB HJIH BBIIOIHIEMBIX (YHKIHIA,
4TO 00JerdaeTcs HaJO)KCHUEM OpraHH3al[MOHHOM MOJenn Ha MOJeib
Ou3Hec-mpomecca.

MOZ[CJ'H) 6I/I3HeC-OpFaHI/I3aHI/II/I HUMECT CIICAYIONIUEC XapAKTCPUCTUKU:

e OpraHM3al[MOHHAS MOJIENb COCTOUT W3 Psijia OPraHU3AMOHHBIX KOM-
nmoHeHToB. C 3THMH OPTaHW3AIMOHHBIMA KOMITOHEHTAMH MOKHO CO-
OTHECTH UMSI, THIT ¥ TEKCT;

® MEXKy OPraHU3AIHOHHBEIMU KOMIIOHEHTAMH MOTYT OBITh YCTAHOBIICHBI
byHKIMOHANBHBIE OTHONIEHHs. K TakuM (DyHKIIHOHATIBHBIMH OTHOIIIE-
HUSMH MOKHO COOTHECTH TEKCT;

e OpraHM3al[MOHHAS MOJENb MOXET COCTOSTh M3 OJHOW MK OoJiee opra-
HU3AI[MOHHBIX CXEM, KOTOPbIE MOTYT COOTHOCHUTBCS IPYT C IPYTOM IT0-
CpPE/ICTBOM OIIpE/Ie/ICHHs] KOMIIOHEHTOB Cy0IHarpamum;

® TI0JIB30BATEIH U (DYHKIMH, BHIIONHIEMBIC HMH, MOTYT COOTHOCHTBCS C
OpPraHU3aIMOHHBIMU KOMIIOHEHTAMHU;

®  OpraHHM3aIMOHHBIC MOJEIH MOTYT OINPENCISTHCS MO (a3aM ONTHMH3A-
UM TaK, YTOOBI CO3/1aBaTh HATJISHOC MHpEACTaBiICHUE 00 dPdekTe
MPOEKTA HAIOKEHHST GH3HEC-TIPOIIECCOB HA OPTaHHM3AaIIHIO.

B ob6miem ciyvae Moaenb MPEATIPUATHS BKIIOYAET CIETYIONHe 00b-
€KTBI: OCHOBHBIE JIaHHBIE, pehepeHTHI U MOJIENIN, NPOEKTHBIE MOJIEeH [2].

[Tpexae yeM BOCTIONB30BATHCSI HEKOTOPOH ped)epeHTHON MOIETBIO U
MIOCTPOUTH Ha €€ OCHOBE JJISi KOHKPETHOTO MPEANIPHITHS MMPOSKTHYIO MO-
JIeTTb, HaJI0 CHavasa BBECTH HEKOTOPbIE OCHOBHBIE JaHHbIE (pHC. 3).

OCHOBHBIE JTaHHBIE

'

PedepenTtnas mozaeins

t v '

. IIpoekTHas monenb

Puc. 3. Céa3b medncoy ob6vekmamu MOOeIUposanust
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Bo-niepBrIx, T0oJDKHA OBITH ONpeaeneHa Bepcrs, Ha OCHOBE KOTOPOM
Oyzner co3maBaTbCs MOZAETHh. BO-BTOPBIX, KOMIIOHEHTHI, HCIIOIB3yEMbIE B
MOACIAX, NJOJIXKHBI 6]:ITI) OINPCACIICHBI KaK OCHOBHBIC JAaHHBIC. HOCHCI{HI/Ie
BKIIIOYAIOT TaKWE COCTABIIAIONINE, Kak Ou3Hec-pyHKIUHM, OH3HEC-
MPOLIECCHI U MpaBWiia. DTH OCHOBHBIC JIaHHBIE pa3MELIaloTCsl B TaK Ha3bl-
BaeMOM apXUBE, COZIEPIKALIEM KOHCTPYKTHBHBIE OJIOKH JUII MOAENeH, Ko-
TOpBIE OYAYT CO3/1aBaThCA.

3ateM co3pmaroTcst pepepeHTHBIE MOAENH, IIPEICTABIIONIHE COOOH
HCIIONIF30BaHNE OIBITA W THITOJIOTWH OPTaHU3aINi ¢ BEICOKOH 3(h(eKTHBHO-
CThIO MozenupoBaHus. Kaxnas pedepeHTHAass MOJEIb COCTOUT M3 MOJEIHU
Om3Hec-(hyHKIINIA, MOJIENTN OpTaHU3aNuI U MOJIEITH OM3HEC-TIPOIIECCOB.

OTH MOJeNH ONHMCHIBAlOT OW3HEC-QYHKINHM B OpTaHU3AINH, Hepap-
XHYECKYI0 CTPYKTYpPYy OpraHM3aluu u pabodee COCTOSHUE NEHCTBHUH, He-
00XOJMMBIX JUIS BBINOJAHEHUs Ou3Hec-(GyHKImMu. Mojenu OusHec-
(yHKIMHA 1 MOZETH OU3HEC-TIPOIECCOB peepEeHTHBIX MOJENIEH MOCTPOe-
HbI IYTEM KONHWPOBAaHUA W3 apXHBa, B KOTOPOM 3TH KOMIIOHCHTLI 6BIJ'II/I
orpeneneHsl. Jlamee co3aroTCsl MPOEKTHBIE MOJIENH, MPENCTABISIONINE
co0O0l CTPYKTYpY ONpENeICHHOW OpraHm3alud. JTH MOAETH I0J00HBI
pedepeHTHBIM MOeNsIM, 32 MCKIIOUEHHEM TOTrO, YTO OHH ITPHUBS3aHBI K
OJTHOM KOHKPETHOH OpraHu3aliy. B MpOeKTHBIX MOJEISIX MOXKHO OIpesie-
JIUTH BapHaHTHl ONM3HEC-QYHKINH, TPEACTABISIONINX Pa3InIHbIe CPEICTBA
BEITTOTHEHUSI On3Hec-pyHKIuiA. 11 9TUX BapHaHTOB MOTYT OBITH OTIpeze-
JICHBI CBSI3M ONTHMU3AINH, KOTOPEIE MIPUBOAAT ONTHMAJbHBIC ITyTH M Ka-
KUMH HY>KHO HJITH, TIEPEXO0JI OT OJHOTO CPENICTBAa pabOTHI B Ooyee onTu-
MHU3HUPOBAaHHOTO CPEJICTBA.

I/ITaK, MOJKHO CACJIaTh CICAYIOIIHUEC BbIBOJBI:

1) pedepeHTHBIE MOJAEIH COCTOAT U3 Psiia KOMIIOHEHTOB, JOCTYIHBIX B
apxuBe (Kak onpeseseHo B OnzHec-06bexte «OCHOBHBIE JTAaHHBIC));

2) TIPOEKTHBIE MOJEIH YaCTO OCHOBAHBI Ha peEePEHTHBIX MOJIEIIAX;

3) TPOEKTHBIC MOJEIH COCTOSAT M3 Psila KOMIIOHEHTOB, JIOCTYIHBIX B ap-
XUBEC (I/IJ'II/I HCIABHO BKIKOYCHHBIX WU HOJ'Iy‘IeHHI)IX C IIOMOIIIBKO pe(be-
PEHTHBIX MOJETEH);

4) pedepeHTHBIC MOIEITH MOTYT OBITh OCHOBAHBI Ha TIPOCKTHBIX MOJIEIISIX.

Cern IleTpn Kak cpeacTBO MOCTPOEHUS] AMHAMHYECKHX MOjIe-
Jaeit mpexmpusitusi. Meton moxenupoBanus «Ceru I[letpn» Obu1 paspa-
6otansl Agamom Iletpu B 60-x romax XX B. C Tex mop OH CTaJI OJHUM
M3 CaMbIX MPU3HAHHBIX CTAaHAAPTOB MOJAEIWpoBaHUs TporeccoB [3]. B
JTUHAMHYECKOM MOIEINPOBAHUHU Mpeanpuarus meton cereit [lerpu cy-
KHUT CPEJCTBOM ONKMCaHUs IMOTOKOB OW3Hec-TpoueccoB. st ocyiiecTs-
JICHUS] TAKOTO OMHCAHMS UCIOJIB3YIOTCS YEThIpe 0a30BBIX KOHCTPYKTHB-
HBIX 3JIeMeHTa (Tad. 2).

112



Cepis: TexHiuHi Hayku. Bunyck 17

MOHGHHpOBaHI/Ie IOTOKa IMpouecca 4epe3 CCTu HeTpI/I 6a31/1pyeTc51 Ha

HECKOJIbKUX NPUHIUIIAX:

JIeSITEIbHOCTh HAYMHAETCS, KOTrJja €CTh XOTA Obl OZIMH CUMBOJ PaOOTHI
BO BCEX 0OBEAMHEHHBIX COCTOSHUSAX BXOA ACATEIbHOCTH;
JIeSITEIbHOCTD MOTPEOIIsieT OIMH CUMBOJI pabOTHI IO KaXKIOMY COCTOSI-
HUSI BXOJIa M TPOM3BOAUT OJMH CHMBOJI PaOOTHI IS KaXX10ro 00beH-
HEHHOT'O COCTOSIHMS BBIXO/a;

JIEMCTBHSA YIIPaBICHHUS UMEIOT ClielMalIbHbIe BO3MOKHOCTH (Tabu. 3);
OHM MOTYT YMHOXXaTb OJMH CHMBOJ Pa0OTHI M3 COCTOSIHHS BXOJa U
IoMeNaTh UX B JBa WM OOJbIIee KOJUYECTBO COCTOSHHN BBIXOJA.
Jnst atoro crpoutcsa koHCTpykuus AND-pa3Buika;

OHU MOTYT MapLIPyTH3UpPOBaTh CHUMBOJI pabOTHI yepes3 mpolece, pas-
MeIast 3TOT CHMBOJ B OJUH U3 OOBEIMHEHHBIX COCTOSHHHM BBIXOJA,
OCHOBaHHBIX Ha OMpeAeNIEHHBIX COCTOSHUAX. DTOT COCO0 peaan3yer-
cs1 yepe3 koHcTpykimu OR-pa3Buiku;

OHM MOTYT CHHXPOHH3UpPOBaTh JEHUCTBHS, BBIIOJHEHHBIE B Iapai-
JenpHBIX marax. Jlng atoro wucnone3yercs KoHCTpykuuss AND-
COUYETAHUS.

Tabmuma 2
Koucmpyxmusnvie snemenmot cemeii Ilempu
KoncTpyKkTHBHBIH
XapakTepucTHUKa
37eMeHT

CocrostHns

CocrosiHus HecyT B cebe CUMBOJIBI pabOThI, KOTOPBIC
JIOJDKHBI I0pab0TaThCS B AEATENFHOCTH, KOTOpast
clieqyeT 3a CHMBOJIOM cocTosiHus. [Ipumep cumBona B
COCTOSTHUM — KOMMEPYECKHii 3aKa3, KOTOpbIi Oyzer
MPUHAT U oATBepkaeH. COCTOSHIE MOXKET (PUKCH-
pOBATh ONpPEAENCHHBII THI CHMBOJIA Pa0OTBHI, OH-
CaHHBIU IIPU ONIPEIENEHUN COCTOSHUS

JlelicTBust ynpaBieHus

JlelicTBus ynpaBlIeHUs OTBEUAOT 32 IIepeMelleHHe
CHMBOJIa paboTHI B HOTOKE Tporiecca. EcTh Tpu Bo3-
MOXKHOCTH:

* (X) OK — pasBuiika (Hampasnenue 1 wm 2);

* AND — pa3Buiika (nmapaiesbHblii);

* AKB — coennHeHne (CHHXpOHH3AINS)

[Ipoueccst

PyuHble vn aBTOMaTH3UPOBAHHbIC ISHCTBUS, KOTO-
pBIE MPEBPAIIAIOT CHMBOJ paOOTHI U3 COCTOSIHUS BXO-
Jla B IPYrod CUMBOJI pabOThI B COCTOSIHUH BBIXOJIa

[Hoamporueccs
Ioanpouecchl NO3BOJISIOT CTPYKTYPUPOBATH IPOLEC-
Ccbl Ha O0Jlee HU3KOM YPOBHE
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Tabiuma 3

Koncmpykmusnuie 6noku cemeti Ilempu

KoncTpykTuBHBIii 010K

XapakrepucTuka

@)
JleiictBue B

O JetictBue C

Pacnpenenenue neiicrBmii
JlesiTeNnbHOCTD pa3jiesieHa Ha JiBa Jei-
ctBusi B u C, BBINIOJHEHHBIE B yKa3aH-
HOM TIOPAJKE

AN D—pasanmiraj\@

[leiicTBue A I:> leiictBue B |deiictBre C|

AND-coennnenne

JeiicTBus1, BbINOJHEHHBbIE NApaJI-
JIeJIbHO

JlesaTenbHOCTD pa3zieieHa Ha J1Ba Ae-
creus B u C. ITocimeqoBaTenbHOCTE, B
KoTopoii BeinonHsAoTea B u C, He umeer
HHUKaKoro 3HaueHus. OgHako oba J0IxK-
HBI OBITH BBITIOJHEHBI JI0 3aBEPIICHUS
rpouecca

OR-pa3Buika

JeiictBue A

|Zlel“4CTBHe BI |I[e1“4CTBHe CI

N

CrenuaIu3upoBaHHble JeficTBUS
JlesTenbHOCTH pa3ziesieHa Ha [1Ba ajlb-
TepHATHBHBIX neiicTeus B wmu C. Ha
OCHOBE OTIPEICJIEHHOM ESITeIbHOCTH
cocrosiaust B mimm C oToOpans!
R-00bequHeHEM — SAMHBIM MECTOM
BBIX0/1a B KOHIIE IIpoliecca

o

By =

O OR-
pasBHIIKa

Urtepauus aeiicTBuii

BoinonHenue necTBUi 10MyCKaeT BbI-
MIOJIHEHHNE JIeITENHHOCTH B ouH vin
OosplIee KOIM4YecTBO pas. Yueso ure-
patuii yperyJImpyercsi Bo BpeMs oIpe-
TIEJIEHUST COCTOSIHHS
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Ha ocHoBe omnbiTa MOACINPOBaHUA MMPOUECCOB B IMMOTOKAX cereii [let-
P MOXKHO ONPEAIOKUTHL HECCKOJIBKO peKOMCHHaHHﬁZ

Ka)KIII:Jﬁ IMOTOK Ipo1ecCa HAYMHACTCA U 3aKAaHYMBACTCA TOJIBKO OJHUM

COCTOSIHHEM;

BXOJ U BBIXOJ IMOTOKA AOJIX)KHBI UMETh YCTKOC U OJJHO3HAYHOC q)Ole/I-

poBaHue;

HY)KHO HCIIOJIb30BaTh TOJBKO CTaHIAPTHBIC OJOKH. DTO TapaHTUPYET
KOppekTHBIe ceTh [leTpu, KOTOphie MOTYT OBITH pealM30BaHbBI CHCTE-

MOt YIipaBJICHUA IIOTOKAMMU;

MPOLIECC ClIeyeT OrpaHUYMBaTh MATHIO-AECATHIO Iaramu. Eciu Tpe-
OyeTcs Oolbliee KOJIMYESCTBO MIAroB, CTPOUTCS IOAIIPOIIECC.
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JlaHHBIE PEKOMEHIALUU TAK)KE OCHOBBIBAIOTCS HAa CBOMCTBAX CETH

Ierpu [4]:

® OrpaHM4eHHOCTb ceTd [leTpu — CBOMCTBO CETH, YHUCIIO METOK KOTOPOH B
JF00O TTO3UIINK CETH HE MOXKET MPEBBICUTH HEKOTOPOTo 3HaYeHus K;

e Oe3omacHOCTh ceTH IleTpn — 3TO YACTHBIN Cly4ail OrpaHNYEHHOCTH,
K=1;

® COXpaHsAEMOCTh CeTH [leTpu — 3TO MOCTOSHCTBO 3arpy3KH PeCypCOB,
koraa XA; Ni mocrosiHHa, rae Nj — 4nciio MapKepoB B i-TOW MO3HINH,
Aj — BecoBoit kK03 duIHeHT;

® TOCTIDKUMOCTH ceTH lleTpu — BO3MOMKHOCTH MEpexoa CeTH U3 OIHO-
TO 33JJaHHOTO COCTOSTHUSA (XapaKTepH3yeMOro pacipeieeHIeM METOK)
B Ipyroc;

® aKTHBHOCTH (XKHMBOCTH) ceTH lleTpm — BO3MOXXHOCTH CpaOaThIBaHUS
mo6oro mepexo/a npu (yHKIIMOHAPOBAHUN MOAETIHPYEMOT0 00BEKTa.

B ocHOBe mccnenoBaHUS MEPEeYHCICHHBIX CBOICTB JICKUT aHAIM3 J0-
CTIDKUMOCTH. MeTo/bl aHanu3a CBOUCTB ceteil [leTpu ocHOBaHBI Ha UCTIONb-
30BaHUM TpadoB MOCTIKUMBIX (TIOKPHIBAIOIINX) MAapKUPOBOK, PEUICHUN
YPaBHCHUS COCTOSIHHI CETH W BBIYMCIICHUM JTHMHCWHBIX WHBAPUAHTOB TMO3H-
Ui U mepexonoB. [IpuMeHsoTes TakKe BCIIOMOTaTeTIbHBIE METOIBI PEIyK-
I[MH, TO3BOJLIIONIME YMEHBIIUTH pa3Mep cetu [leTpu ¢ coxpaHeHHeM ee
CBOJCTB, 1 IEKOMITO3HITHH, PA3/ISIIIONIIE HCXOAHYIO CEeTh Ha MmozceTy [4].

Cetn Iletpu MoaenupyroT MIMPOKHUHA KiIacC CUCTEM, HO JUISl HEKOTO-
PBIX PacIPOCTPAHEHHBIX CIICIHATIBHBIX KIACCOB CHUCTEM YIOOHO TpHMe-
HATH ceTH [leTpu He 00IIero Bra, a HEKOTOPBIE MX MOAKIACCH HITH OoJiee
aJIeKBaTHBIC PacCMaTPHBAEMbIM CHCTeMaM [5]:

® BPEMCHHYIO CETh — TNepeXOoAbl O0JaJal0T BECOM, OTPENEIITIONIIM
MPOJOJDKUTEIBHOCTE CpadaThIBaHUs (3aICPIKKY);

®  CTOXAaCTHYECKYIO CeTh — 3aJCPKKH SBIISFOTCS CIYYaiHBIMI BETTHINHAMI,

¢ (DYHKIMOHANBHYIO CETh — 3aJICPKKU OMPEACIIIOTC KaK (QYHKITUH
HEKOTOPBIX apryMEHTOB, HAallpUMeEp, KOIMIeCTBa (HUIIEK B KaKUX-TTHO0
MO3UIUSAX, COCTOSIHUSL HEKOTOPBIX MEPEXOI0B;

® IBETHYIO CEThb — METKH MOTYT OBITh Pa3IMYHBIX THUIOB, 0003Hadae-
MBIX IIBETaMH, THII METKH MOXET OBITh UCIOJb30BAaH KaK apryMCHT B
(YHKIIMOHATHHBIX CETAX;

® UHTHOMTOPHYIO CETh — BO3MOXKHBI WHTHOWTOpPHBIEC IYTH, 3alperiaro-
e cpabaThIBaHUE MEPEXOa, €CIM BO BXOJHOM MMO3UIIMH, CBSI3aHHOM
C TIEPEeX0I0M HHTHOUTOPHOU TYTOH, HAXOTUTCS METKA,

® HEepapXUYECKYI0 CETh — COJEPKUT HE MTHOBEHHBIE MEPEXOJIbl, B KO-
TOpBIE BIIOKEHBI JPYTHE, BO3MOXKHO, TAaKXKE HEpapXUUECKHe, CETH.
CpabaTpIBaHUE TAKOTO MEPEeX0ja XapaKTepU3yeT BBHITOIHCHHUE TOIHO-
T'0 )KH3HEHHOTO IMKJIA BIIOKEHHOH CETH.
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IIpu noctpoenuu cereit IleTpu 10CTaTOUHO YaCTO UCIONIB3YIOT KOM-
MO3UIIMOHHBIA MOJXO0/, KOTOPBIM MpeArnojaraeT BO3MOKHOCTb MOCTpOe-
HUSI O0JIee CIIOKHBIX CETeH U3 MEHEE CIIOKHBIX COCTABIISIOIIMX.

3axunrouenne. Teopus cereil [letpu pa3BuBaeTcs o AByM HaIlpaBIICHU-
aMm: opManbHOMY U TpHUKIagHOMy. DopMabHast TeOpHs 3aHUMAeTCsl paspa-
0OTKOI1 CpencTB, METOIOB U TOHATHI, HEOOXOAUMBIX I IPUMEHEHHS ceTer
Iletpu. Ilpuxnansas Teopus cBa3aHa ¢ npuMeHeHueM cereil [letpu k Mone-
JMPOBAHHUIO CHCTEM W HMX aHAIM3y [5]. AHamM3 momoraer MoiayduTh HHGOp-
MalyIo O CTPYKTYPe U JUHAMUYECKOM ITOBENAECHUU MOJAEIUPYEMOH CUCTEMBL
Ota nHpOpMaIKsl Hy>KHa TSl OLIEHKH MOJIEITUPYEMOI CHCTEMBI U BEIPaOOTKA
TIPEJIOKEHHUHN 110 €€ YCOBEPIICHCTBOBAHMIO, YTO ITO3BOJISIET THOKO HCIIONIB30-
BaTh JaHHBI MaTeMaTHYeCKUH ammapar IS OTOOPa)KEHUs W aHajn3a IpH-
YMHHO-CIIE/ICTBEHHBIX CBsI3eH B pa3HOOOPa3HBIX MPOIIECCax, TPOUCXOIIIINX B
JIUCKPETHBIX AMHAMMYECKHX CHCTEMAaxX pa3nuHoi npuponsl. IloBeneHue ta-
KHX CHCTEM OIHCHIBAETCS BBIIOIHEHUEM COOBITHITHON MOZIEIH, a C TIOMOIIBIO
ceru [lerpu Mozenmpyercst CTpyKTypa M TMHAMHKa €€ (pyHKIIMOHUPOBaHHSI.

Takum obpaszom, cetu [leTpu ABIAIOTCS AOCTATOYHO MOIIHBIM HH-
CTPYMEHTOM JJI1 AMHAMHUYECKOTO MOJENUPOBAHUS MPENIpUATHS Kak
CJI0’KHOM ITPOU3BOJICTBEHHOM CUCTEMBI.
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DYNAMIC MODELING OF ENTERPRISE
ON THE BASIS OF PETRI NETS

The paper considered the problem of modeling the enterprise as a com-
plex production system. It has been demonstrated that imitational (dynamic)
modeling is the most adequate method for building business models that de-
scribe enterprise functioning. Imitational modeling considers model as a
combination of rules defining the state into which the modeled object will get
from certain preceding state. The process of dynamic enterprise modeling
can be described as a sequence of the following actions: the enterprise is
brought to hierarchical model formed by elementary functional modules
(business functions) which are combined into informational streams (busi-
ness processes) and by enterprise organizational structure (business organiza-
tion). The aggregate of business functions models, business process models
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and business organization model is the imitational business model of the en-
terprise. The Petri nets have been considered as a means to build and analyze
system dynamic models. The analysis allows eliciting information on struc-
ture and dynamic behavior of the modeled system. This information is re-
quired to assess the modeled system and generate suggestions on its im-
provement. This allows flexible usage of the above mathematical apparatus
to reflect and analyze cause-and-effect relations in different processes in dis-
crete dynamic systems. Behavior of such systems is described by the execu-
tion of the event model and Petri nets are used to model structure and dynam-
ics of its functioning. There have been described methods and elements of
enterprise dynamic modeling based on Petri nets. Types and essential fea-
tures of Petri nets are described. There has been given recommendation for
process modeling in the Petri nets streams. There has been demonstrated that
efficiency of Petri nets is significantly high.

Key words: model, enterprise, business processes, business functions,
classifications, rules, roles, Petri nets, structural component, structural block.
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TECTYBAHHA METOAY NOBYAOBU BUPOBHUYNX
®YHKUIA 31 SAMIHHUMWU KOE®ILIEHTAMU (B®3KE)

B craTTi posrismaeTses kiacuyHa BupoOHmya GyHxmis Koboa-
Hyrnaca, sika € BUpoOHIYOI0 (YHKIIEIO 31 CTaNUMH KoedimieHTa-
MH Ta BUKOPHCTOBYETHCS IS TOCIIPKEHHSI €KOHOMIYHHX CHCTEM
Oynp-sikoro macmtalby. HaBeneno ¢opmyiry KiiacuuHOiI BUPOOHU-
voi ¢ynkuii Ko66a-/{yrimaca Ta gaHo nmosicHeHHs, 1o ii mapamerpu
0, f € YaCTHHHUMH KOoe]illi€eHTaMH eTaCTUYHOCTI. AJie mpu OLTbIIT
JIETAILHOMY JOCTI/DKEHHI BHSBHJIOCS, L0 MOXIIMBO MOOYIyBaTH
BUPOOHNYY (YHKIIIO 31 3MIHHUMH KoeQillieHTaMU elaCTHYHOCTI.
Taka BUpoOHMYA QYHKIS 31 3MIHHUMH KOeQilieHTaMH J03BOJISE
OoTpUMAaTH Kpaie HabnwxkeHi gaHi. HaBeaeHno npukiany modynoBu
BUpoOHUYOi (PpyHKIIT 31 3MIHHUMH KOe]illieHTaMU Ta BUPOOHUYOL
¢dyHKii 31 cranumu koedilieHTaMH, B SKHX MOPIBHIOETHCS SKICTh
HaOmmKeHHsT BUpoOHUUoi ¢yHkiii Ko66a-/lyriaca Ta BUpoOHHUUOT
¢yHKuii 31 3MiHHUMHK KoedinieHTamu. Po3risiHyTO IpHKIIay BUPO-
6unuoi QyHKUii 31 3MiHHUMHE Koe(ilieHTaMU ISl TOCIiHKEHHS
€KOHOMIKH CLIBCBKOr0 rocnojaapcrBa Ykpainu. Ilpu mpoBenenHi
JOCTI/PKEeHb, aBTOPH BHSBMIIM, LI0 OYEBUJIHUM € HACTYITHE TBEp-
JDKCHHS: CepeJHhOKBAJpAaTHYHE BiIXWICHHS G, 3HaiineHe ajsi Ha-
OJIMOKEHHS €KCTIEPUMEHTATBHUX JaHHUX 32 JOMOMOTOI0 (DYHKILH 3i

© O. M. JluteuH, M. B. ApTiox, 2018
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3MIHHUMH KOC(IlliEHTaMH €JIACTUYHOCTI, HE MOXE OyTH OLIbIINM,
HDK CepeHbOKBAIpaTHYHE BiIXUICHHS, OTPUMaHE Ui HAOIMKY-
104nX QYHKLIH 31 cTanumu KoedilieHTaMu eacTUIHOCTI.

OCKIJIBKH BiJICITIIKOBYETHCS €(DeKTUBHICTh BUKOPHCTAHHS BUPO-
OHMYOI GyHKIIT 31 3MIHHUMH KoedillieHTaMH B JIOCIIPKEHHI €KOHO-
MIYHUX 3a]a4, BUHUKA€ HEOOXiIHICTh MPOBECTH TECTYBAHHS METOLY
o0y 10BU BUPOOHUYMX (YHKIIH 31 3MiHHIME Koedimieatamu. Cdo-
PMYJIBOBAaHO Ta JIOBEACHO TEOPEMY IIPO TECTYyBaHHS METOAY I00Y-
JIOBHM BUPOOHWYMX (YHKIIH 3i 3MiHHIME KoedinienTamn (BO3KE).
HaBoauTbes pe3ynpTaT 004YHCIIOBAIBHOTO eKCIEPUMEHTY 3 BUKOPH-
CTaHHSIM BUPOOHUYOT QYHKLIT 31 3MiHHUMH KoedillieHTaMH IS 1Tf0-
cTpauii J0BEeACHOI TeopeMH. B momanbIoMy IUIaHYEThCS IPOIOB-
JKHUTH JOCTI/UKCHHS BUKOPHCTAHHA BHUPOOHMYMX (PYHKIIH 31 3MiH-
HUMH KOe(II[iEHTAMH B IHIMX EKOHOMIYHUX CUCTEMaX.

Karouosi cnoBa: supooruua ¢ynxyia 3i cmamumu xoeghiyienma-
MU, GUPOOHUYA (DYHKYISL 3i 3MIHHUMU KoegiyicHmamu, Koe@iyicHm
enacmuynocmi, eupobruna gynrkyis Kobba-/lyenaca, memoo no6yoo-
6u supobHudLUX GyHKyiil 3i sminHumuy koepiyienmamvu BO3KE.

Beryn. [Ipu npoBeneHH] TOCTIIKEHb EKOHOMIYHUX CHCTEM Pi3HOTO
Macmtabdy Ha TPaKTUII TOBOJI YacTO BHKOPHCTOBYETHCS EKOHOMIKO-
MaTeMaTHYHE MOJCIIIOBAHHS 3a JOMOMOTOI0 BHPOOHHYMX (YHKIIHA. 30K-
peMa, TOCHTh Y)KHBaHOIO € BupoOHnya (yHkiis Kooba-/[yriaca, ockiTbKu
BOHA JIETKO MOXe€ OyTH 3acTOCOBaHa ISl aHajli3y pi3HOMaHITHHX (opm
cy0’€KTIB roCIoIapIOBaHHSI.

Knacnuna BupoOHmua dynkuist Koo6a-/lyrnaca mae Burmsiz [1]:

Y = AL“K”, (1)
ne K — ocHoBHuil Kamitan, L — pobouya cuna, A, @, f — mapamerpu.
[Mapamerpu «, f ¢ynkuii Ko66a-/lyriaca € yacTHHHUMH Koedimie-
HTaMH €JIaCTHYHOCTI:

1) gacTuHHHMI KOCOIMIEHT €TACTHYHOCTI MIPOAYKTY MO GOHIAX

oY K _ K
K:—-—:A,BL“Kﬁla—ﬂzﬂ; )
oK Y AL*K
2) enacTUYHICTh MPOJYKTY MO Mparii
Y L L
EL=a—-—=AaLHKﬁ—=a. ©))
oL Y AL“ K’

i xoedimieHTH eTacTUIHOCTI BiHOOPaXKarOTh BiJICOTOK HPUPOCTY
o0csry BUITyCKy NMPOAYKIii IpH 30UIbIIEHH] BUTpAT pecypcy Ha 1%.

Hns dynkuii Ko66a-/lyrinaca koediuientd ¢, S TOCTiHHI i He 3a-
nexars Bix obesry dakropis K, L .

AmHaJi3 octannix gocaimkenb. [Ipy OLTbII AeTaNbHOMY JOCITIIKEHHI
BUSIBAJIOCS, 1[0 MOXJIMBO NMOOYAyBaTH BUPOOHHWYY (YHKLIIO 31 3MIHHUMH
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koedilieHTaMu enacTuuHocTi. Taka (YHKIS J03BOJISIE OTPUMATH Kpallie
HaOmwKeHi gaui [2-6].

Hanpuknan, 6ysno moOynoBaHo QyHKILIi0 31 3MiHHUMH KoedilieHTa-
MU €NACTHYHOCTI y BUTIISAI:

Y (LK, Aab)=A LK) goltKb) (@)
M N

F(LK.a)=3" 3 an o (L))o (K), ©)
i=0 m=0
M N

g(LKb) =2 > b i (L) o (K). (6)
i=0 m=0

[Tpu npoBeaeHHI 0OYHCITIOBATIFHOTO EKCIIEPUMEHTY Ha OCHOBI JIaHHX
Ko66a-/Iyrinaca Oyja oTpuMaHa Taka BupooHuda ¢pyHkiis [4]:
-4
Y = 48021 | -15515+0,074L+0,06K ~2,24410 LK _ -
-4
« K 3:399-0,059L-0,43K +186610 ' LK
Hnsa bynxuii (7) cepenHboKBagpaTHYHE BiAXuieHHA o; =0,034, B
TOM 9ac, sIK 711 KIaciIHoi BupoOHn4oi GpyHkiii Ko6oa-/yrnaca
Y =1,01.107°. k%% (8)
o, =0,054 . Ile niaTBEpIKYyE, O BUPOOHMYA (BYHKILis 31 3MIHHUMHU KO€-
(himieHTaMHu €TACTUIHOCTI Kpalle HaOMKYEThCS 10 PAaKTHIHUX 3HAYCHD.
Takox Oysio moOynoBaHo BUpOOHNYY (PYHKIIIIO 31 3MIHHHUMHU Koedi-
IEHTAaMM €JIACTUYHOCTI JUIS JOCIIIKEHHSI €KOHOMIKH CLIBCBKOTO T'OCIO-
JapcTBa Ykpainu [6]:
Y7 = @29.089 | | ~23818-7,39LL+0,046K _ | ~12,302+5,69-L+0,014-K 9)

Ta BUpOOHNYY (YHKIIIFO 31 CTATMMH KoedillieHTaMu:
Yc=2,374x L 070 K% (10)

Hns byskuii (9) cepeHboKBagpaTHUHE BiAXuIeHHsS oy = 0,047, a
anst dynkuii (10) — o, = 0,057 , 0 TaKoX JOBOAUTH Kpalle HaOIIKeH-
Hs 10 PaKTUYHUX 3HAYEHb caMe BUPOOHMYOT QyHKIIT 31 3MiHHUMH Koedi-
tienramu. [ npukstaan qus. y [4—6].

OueBUTHUM € HACTYIIHE TBEPPKCHHS: CEPeAHbOKBAIPATUYHE BiIXH-
JICHHS. O , 3HAMeHe Uil HAOJIMKCHHS €KCIIEPUMEHTANIBHUX JaHUX 3a JI0-
MOMOTO!0 (DYHKIIIH 13 3MIHHUMH KOe(]illieHTaMU €JaCTHYHOCTI, HE MOXKE
OyTH OUTBIIMM, HDX CEpeIHBOKBAJIPAaTHYHE BiJXWIEHHS, OTPUMaHe IJIs
HaOmMOKyrounx (yHKIiN 31 cTamumu KoedilieHTaMu enacTU4HoCTi. s
JIOBE/ICHHS IbOTO TBEP/PKEHHS JOCTATHHO BIJAMITHTH, 110 BHIIAJIOK 3i CTa-
JUMH KOe(illieHTaMH eTaCTHIHOCTI OTPUMYETHCS 13 3aralbHOTO BUIAIIKY
quist piBHHX O BCiX IHIIMX KOeQIlI€HTIB, IO BXOAATh Y BUPa3H Ui QyHK-
uii f(L,K,a), g(L,K,b).

119



MatematuyHe Ta KOMI'I,IOTepHe Mo entoBaHHA

IMocranoBka 3agaui. OCKiIBKM BiACHiAKOBYETHCS €()EKTHBHICTH
BUKOPUCTAHHSI BUPOOHMYOI QyHKIIT 31 3SMIHHUMH Koe(illieHTaMu B J0C-
JPKeHHI €KOHOMIYHHX 3aJ]1a4, BUHHKAE HEOOXiIHICTh MPOBECTH TECTY-
BaHHS METOAY IMOOYAOBH BUPOOHWYNX (PYHKIIN 31 3SMIHHIMH Koe]iIlieH-
tamu (BO3KE).

Teopema 1. fAxmo y ¢opmymi (4) Bci kKoe]imieHTH IMOIIHOMIB
f(L,K,a), g(L,K,b) Ta koedimient 4 Binomi, To merox BO®3KE TouHO
X BiJTHOBIIIOE.
Josenenns. B MeTOI[i B®3KE st 3HaX0/1KEHHST HEBIOMHX Koedi-
o i T
MiHIMYM (QyHKIIOHaa

Q f(L,.K,.a) o) 2
-3t )

p=1 A ay. by,

uieHtiB A, a;,, b, i=0,M, m=0,N Ha npaxTuli 3py4HO 3HAXOJHUTH

SIKHH OTPUMYETBCS IIUISIXOM JIorapudMyBaHHs pyHKioHany Y (L, K,a,b) =

= A.LT KA olbKD) orpmvaemo

InY =InA+(InL)- f(L,K,a)+(InK)-g(L,K,b), (11)
3BIIKM 3HAXOAMMO HeBinomi 4, &, , bj,,1=0,M, m=0,N [4]. Ilicusa
3HAXO/DKEHHs HeBimoMux A4, aj, , D, i O M, m=0,N mnigcraBiseMo

ix y ¢yHkuio (4), OTpUMaBIIY TaKUM YWHOM KOHKPETHY (YHKIIIO BXKE 3
BIZIOMMMH KoedinieHTamMn

Y(L,K,Aab)=A. LI (- olKb) (12)
icst mporo y ¢ynkmito (12) 3 BimoMumu koeilieHTaMH ITiICTABIIIEMO
BuximHi gaHi K, L 1 3HOBY BiTHOBIIOEMO (yHKITiOHAT Y (L, K,a, b) =

=A. Lf(L'K’a) . Kg(L’K’b). B pesynbTati otprMmyemo matpwiro 3 0 (3 ypaxy-
BaHHSIM MTOXHOKH).
Teopemy noBeaeHo.

Byno npoBeneHo o0UnCIIOBaIbHAN €KCIEPUMEHT 3 JOTIOMOTOIO CH-
cTeMH KoM oTepHoi Matrematuku Mathcad, o migTBepIKye qaHy Teo-
pemy. ns BimHOBIEeHHS (YHKIIi BHKOPHCTOBYBAIM JaHi E€KOHOMi-
ku CHIA 3a 1899-1922pp., siki HaBeneHo B ctarti Ko0O6a-/lyriaca
(tabn.1) [1].

Crioyarky 3a HMMH JaHUMHU OyJi0 3HaiileHO BUPOOHHYY (QYHKIIIO 3i
3MiHHUMH KoedinieHTamu (7), micis 1bOro B L0 (yHKILIIO 3 BiJOMHMH
KoedillieHTaMy TiICTaBIIN BUXiTHI daHi 3 Tabn. 1 (poboua cuia L ta ka-
mitan K) i BiTHOBHIN (YHKIIIIO.

120



Cepis: TexHiuHi Hayku. Bunyck 17

Tabmmns 1
. ObcsAr .
Pix PoGoua cuna (L) Kaniraa (K)
BHPOOHULTBA
1899 100 100 100
1900 101 105 107
1901 112 110 114
1902 122 118 122
1903 124 123 131
1904 122 116 138
1905 143 125 149
1906 152 133 163
1907 151 138 176
1908 126 121 185
1909 155 140 198
1910 159 144 208
1911 153 145 216
1912 177 152 226
1913 184 154 236
1914 169 149 244
1915 189 154 266
1916 225 182 298
1917 227 196 335
1918 223 200 366
1919 218 193 387
1920 231 193 407
1921 179 147 417
1922 240 161 431

B pesynbraTi npoBeeHHS O0YHCIIOBAILHOTO EKCIIEPUMEHTY OTpH-
MaHO MAaTPHII0 3Ha4YeHb, HaOmmwkeHnx 10 0. Iloxmbka oOuucieHs ckiana

Bin —1,496.107° no -8,427-107" .

BucnoBknu. IlporectoBaHo MeTon MoOyZOBM BHPOOHHYMX (PYHKITiH
31 3minaUME Koedimientamu (BD3KE). loBemeHo TeopeMy mpo TOUHE
BigHOBIeHHS MeTotoM BD3KE koedimieHTiB s BupoOHUI01 PyHKIT 31
3MIHHAMH KoedirieHTamu (4).

B MOJAJIBIIIOMY IUIAHYETHCA HOCJ’[i}]I/ITI/I BUKOPUCTAaHHSA BI/Ip06HI/I‘II/IX
(byHKIIH 31 3MIHHUMH KOe(DIl[IEHTaMU B PI3HUX EKOHOMIYHHX CHCTEMaXx.
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TESTING THE METHOD OF CONSTRUCTING PRODUCTION
FUNCTIONS WITH VARIABLE COEFFICIENTS (PFVCE)

In the article we consider the classical Cobb-Douglas production func-
tion, which is a production function with constant coefficients and is used for
the study of economical systems of any scale. The formula for the classical
production function of Cobb-Douglas is given and it is explained that its pa-
rameters a, B are partial elasticity coefficients. But with a more detailed study
it turned out that it is possible to construct a production function with varia-
ble elasticity factors. Such a production function with variable coefficients al-
lows for better approximation of data. Examples are given of construction of
a production function with variable coefficients and a production function
with constant coefficients in which the quality of the approximation of the
Cobb-Douglas production function and the production function with variable
coefficients are compared. An example of a production function with varia-
ble coefficients for the study of the economy of agriculture in Ukraine is con-
sidered. In the course of the research, the authors found that the following is
evident: the mean square deviation o found for the approximation of experi-
mental data by means of functions with variable elasticity coefficients can
not be greater than the mean square deviation obtained for approximating
functions with stable elasticity coefficients.

Since the effectiveness of using the production function with variable
coefficients in the study of economic problems is monitored, it is necessary
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to test the method of constructing production functions with variable coef-
ficients. A theorem on the testing of the method for constructing produc-
tion functions with variable coefficients (PFVCE) is formulated and
proved. The result of a computational experiment using a production func-
tion with variable coefficients for illustrating the proved theorem is given.
In the future, it is planned to continue research on the use of production
functions with variable coefficients in other economic systems.

Key words: production function with constant coefficients, production
function with variable coefficients, coefficient of elasticity, production
function of Cobb-Douglas, method of constracting production functions
with variable coefficients PFVCE.
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MATEMATWYHE MOAENIOBAHHA TA AHANI3
TEPMOMPY>XXHOI NOBEAIHKW ENEKTPONPOBIAHOIO

UMNIHAOPA 3 TOHKUM ENEKTPOMPOBIAHUM NOKPUTTAM

3A IMMYNIbCHOI ENEKTPOMATIHITHOI i

ITo6ynoBaHO MaTeMaTH4Hy MOJIENb BH3HAYCHHS TEPMOHAIIPY-
JKEHOTO CTaHy JIOBIOT0 CYLIIFHOTO €JEeKTPOIPOBIIHOTO IHITIHIpA
3 TOHKHM €JIEKTPONPOBIAHUM TOKPUTTSIM Ta 3alpOINIOHOBAHO KPH-
Tepil OLIHKM HOro poOOTO3JaTHOCTI i 30epeKeHHs BIIACTHBOCTEH
KOHTAaKTHOTO 3’€JJHAHHS 3aJIeXKHO BiJ MapaMeTpiB 30BHINIHBOI He-
CTalioOHapHOI eNeKTpoMarHiTHoi aii. BubpaHo po3paxyHKOBY Mo-
JleNb 3a7adi Ui PO3TIIAAYBAHOTO EJEKTPOIIPOBIIHOTO IIIIIHIpA,
III0 CKJIAJIAETHCS 3 TPHOX €TaIliB.

Ha mepriiomy erari 3i criBBiJHOIICHs MaKcBesIa BU3HAYAETHCS
BiZIMiHHA BiJl HyJISl OCbOBAa KOMIIOHEHTa BEKTOpa HAIPY>KEHOCTI Mar-
HITHOTO TOJIsI B LIUTIHAPI 1 MOKPHTTI Ta BIATIOBIAHI 1l MUTOMI IyCTH-
HM JDKOYJICBUX TEIUIOBUAUICHD 1 MOHAEPOMOTOpHUX cuil. Ha npyro-
My erari 3 piBHSHHS TEIUIONPOBIIHOCTI 32 BiIOMUMH DKOYJIEBUMHU
TCIUIOBU/IICHHSMHU 3HAXOJITh PO3MOALT TEMIEpaTypH B IIIHAPI 1
nokpuTTi. Ha TpeTtroMy etarti 3a BiTOMUME MOHAESPOMOTOPHIMH CH-
JIaMH 1 TEMIIepaTyporo 3i CIiBBiHOLICHD IJIOCKOI OCECHMETPHYIHOT
3a/1a4i TEPMOIPYKHOCTI B MEPEMILLIEHHSIX BH3HAYAIOTHCS pajlialibHa
KOMITOHEHTa BEKTOpa IIepeMillleHb Ta pajiaibHa, KOJIOBa i O0ChOBa

© P. C. Myciit, H. b. Menbauk, 1. B. Auapycsk, O. 5. Bpomsik, JI. B. T'oniko, 2018
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KOMITOHCHTH TEH30pa JMHAMIYHHX HAaIpy>KEHb, & TaKOXK IHTCHCHB-
HOCTi CyMapHHX HaIpy>KeHb, 3yMOBJICHHUX SK /DKOYJEBHUM TEIUIOM,
TaK i MOHICPOMOTOPHHMHU CHJIAMH Y IMMIHAPI Ta mOKpurti. J{ms
po3B’si3yBaHHs c(HOPMYJILOBAaHUX ITOYaTKOBO-KPAHOBUX 3a/1ad Tep-
MOMEXaHIKH 3aIPOIIOHOBAHO METOJHKY, sIKa IPYHTYEThCS Ha alpoK-
CHUMAIlii pO3MOMLTIB BH3HAYANBHUX (PYHKIIH (0CHOBOI KOMIIOHCHTH
BEKTOpa HANpPY>KEHOCTI MarHiTHOTO HOJIS, TEMIEPATYPH 1 pamiaibHOT
KOMIIOHEHTH BEKTOpa MepeMillleHb) B LWIIHAPI 1 MOKPUTTI KBaapa-
TUYHUMH TTOJTIHOMaMH 32 paJialIbHOI0 3MiHHOI0. J[aHa MeToanKa 1a-
J1a 3MOT'Y 3BECTH BHXi/IHI II0YaTKOBO-KpaHOBi 3aa4i Ha BU3HAYaJIbHI
¢yHKLii 1o BiamoBigHMX 3a1a4 Komi 3a yacoM Ha iHTerpaibHi Xapa-
KTEpUCTHKU IMX (QyHKUIH. 3HaWAEHO pO3B’SI3KH PO3IJLITYBaHOI 3a-
Jiadi TePMOIPY>KHOCTI 3a [ii eIeKTPOMarHiTHOTrO iMITyJIbCY 1 IIpOBe-
JIEHO KOMIT TOTepHUH aHai3 IIOHASPOMOTOPHOI CHIIH, TEMITCPaTypH 1
pajiabHUX Ta KOJIOBHX HAINpYy)KeHb. Pe3ysIbTaTH aHawi3y MPOLITIOCT-
poBaHo rpadikamMu 3MiHM B Yaci BH3HAYaJbHUX (YHKLIN B PO3IIi-
JyBaHOMY IIWJTIHAPI 3 TOHKUM €JIEKTPOIIPOBITHUM MOKPHTTSIM.

KuouoBi cioBa: mamemamuuna modenb, mepMOMexaHixd,
0082ull CyYinbHUll eNeKmpPOnposiOHUll YUILIHOP, MOHKE eleKmpon-
POGIOHE NOKPUMMS, IMNYIbCHE eeKMPOMAZHImHe noje, pobomo3s-
O0amHicmb, 61ACMUEOCH] KOHMAKMHO20 3 €OHAHHA.

Beryn. EnekrponpoBifHi KOHCTPYKTHUBHI €JIEMEHTH CYyYacHHX TpH-
JajiB i MpUCTPOiB B Mporieci iX poOOTH Ta eKCIUTyaTallii 3a3Hal0Th BILIHBY
pi3HUX (Qi3WYHMX Ai — CHIOBUX, TEMIIEPATYPHUX Ta EJIEKTPOMAarHiTHUX
[1, c. 7-10]. Taki gii CTBOPIOIOTH B IIMX €NEMEHTAaX BiJMOBIAHUIA TEPMO-
HaTIpy>KEHUIA CTaH, aHaN3 SIKOTO HEOOXiTHWH Ui MPOTHO3YBAaHHS iX PO-
00TO31aTHOCTI SIK KOHCTPYKTUBHUX €IIEMEHTIB.

BaxxnuBe 3Ha4YeHHS MAalOTh €EKTPOIPOBIIHI KOHCTPYKTHBHI eJeMe-
HTHU 3 TOHKHAM EJIEKTPOTIPOBITHAM MOKPUTTsM [2, ¢. 77-83]. Take mokpwur-
TS MOJKE CTBOPIOBAaTH 3HAYHMH BIUIMB Ha XapakTep 3MiHH B 4aci i Mo Ko-
Op/iMHAaTaxX TEMIIePAaTypU 1 MEXaHIYHHX HAaNpy>KeHb B PO3IJISIyBaHHX
KOHCTPYKTUBHHX €JIEMEHTaX.

BrutiB crnoBux Ta TemrepaTypHux (akTopiB Ha KOHCTPYKTHBHI eJeMe-
HTH 3 TOHKAM HOKPHUTTSIM PO3IYISIHYTO, 30KpeMa, B poboTax [3, c. 221-232; 4,
c. 87-98]. Ilpore BIUIMB 30BHINIHIX HECTAI[IOHAPHUX EJIEKTPOMArHiTHUX MO-
niB (EMII) Ha TepMonpyHy MOBEIHKY €IEeKTPOIPOBITHUX KOHCTPYKTHBHHX
€JIEMEHTIB 3 TOHKUM EJIEKTPOIPOBITHUM MOKPHUTTSM, SKI BUKOPUCTOBYIOTHCS
B PI3HUX TPUCTPOsX [5, c. 123—147], 30kpemMa B XBIJIEBOJAX €JIEKTPOMATHIT-
HOTO BUIIPOMIHFOBAaHHS PaIi04acTOTHOTO Jiara30Hy, BUBUCHO HETOCTATHEO.

MeTo10 podoTH € MareMaTHYHE MOJEITIOBAHHS TEPMOIIPY)KHOI I10-
BEIIHKH €JIEKTPOIPOBITHOTO LWIIIHAPA 3 TOHKUM €JIEKTPOIIPOBITHIM HOK-
purtsim (ELITEIT) 3a HecTanioHapHOi elneKTpoMarHiTHOI Aii Ta i KoM fo-
TEpHHUH aHaTi3 3a [ii eneKkTpoMartiTHoro iMmyiscy (EMI).
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1. ®opmyoBanusi mpodyieMu. Po3risnaeTbcst eneKTponpoBiTHUNA
UIIHAP pafiyca R 3 TOHKUM eJIeKTPONPOBITHUM IMIIIHAPUIHUM IIOK-
putTaM ToBumHM h=R, —R, 1e R, — pagiyc Horo 30BHILIHBEOT MOBEPX-
Hi. uniHap BigHECEHUH 10 MWIIHAPHYHOI CUCTEMH KOOPIUHAT (I, ¢, Z ),
Bich 1leHTp Oz sKOI CcmiBmajae 3 HOro BiCCKO CUMETPIi.

HwumiHgp 3HaAXOOUTHCS 3a Iii ogHOpigHOTO Hectarionaproro (EMI),
3aJIaHOT0 3HAYEHHAMH OCbOBOi KOMIIOHEHTH H, BEKTOpa Hamlpy>KeHOCTi

marHiTHoro nons H ={0; 0; H,} Ha iforo noBepxHi r = R;, 1110 € Temoi-

30JIb0BAHOIO 1 BUTBHOIO BiJl 30BHINTHHOIO CHJIOBOTO HaBaHTaXKeHHS. Jlis
HecranionapHoro EMII cTBoproe B uiipi i TOHKOMY MOKPHTTI HecTarli-
OHapHI 00’€MHO PO3MOITIEHI JKepena JHKOYJIeBOoro Temia Q i moHaepo-

MotopHi cumi F ={F,;0;0} . Lli aBa (i3nuni YMHHUKK CTBOPIOIOTH B IH-

JHAPI Ta TOHKOMY MOKPUTTI HECTALlIOHAPHI IMOJIA TeMmreparypu T 1 Me-
XaHIYHUX HAaIpyKeHb, M0 ONHCYIOTHCS TEH30POM JAWHAMIYHUX HaIlpy-
JKeHb & . 3HAUEHHs TeMIeparypu T 1 HanmpyXXeHb & , 3a SIKHMH IPOBO-
muThes oriHka pobotozmataocti EL[TEIL, 3anexaTs SK Bix aMILTTyIHO-
yacToTHUX xapakrepuctuk EMIL, Tak i Bix (i3uko-MexaHIYHUX XapakTe-
PUCTHK HWTIHIPA 1 MOKPUTTS, a TAKOXK BiJ] €NEKTPOMATHITHUX, TEIUIOBHX i
MEXaHIYHUX YMOB Ha MOBEPXHI iX 3’ €JJHaHHS.

Jns Bm3HaueHHst TepMoHanpyxkeHoro crany EITEIT noOynoBano ma-
TEeMaTH4YHy MOJIENb, 5IKa BHUKOPHCTOBYE CIIiBBIJHOIICHHS TEPMOMEXaHIKA
JIBOIIAPOBOTO €JIEKTPONPOBiAHOTO IHuTiHApa [6, c. 109-120]. [puiimaeTses,
1o Ha noBepxHi 3 eauanHs 11 1 TIT 3a0e3neuyroThCsl yMOBH 1CATBHOTO SIICK-
TPOMArHITHOTO, TEIUIOBOTO 1 MEXaHIYHOTO KOHTAKTIB [7, ¢. 35-43]. 3a meBHMX

3Ha4eHb napamerpis EMII Temmeparypa T 1 KOMIIOHEHTH & j; (i=r.02)

TEH30pa G JIOCSTalOTh BEIUYMH, 3 SIKHX BIJMOBIHI IM iHTGHCUBHOCTI Ha-
. . i .
npyxens [8, ¢. 256-259] o' y uninapi Ta o y MOKpPUTTI MOXKYTh Tepe-

BUIIYBaTH MEXY IUIMHHOCTI MaTepiasliB HMIIiHAPa Jé” 9 OKPHTTS o)

BaxmmBum st ¢yskmionyBanHs EL[TEIl sk KOHCTpYKTHBHOTO
CJIEMCHTa € TaKOX 30CpEKEHHS BIACTUBOCTEH MOr0 KOHTAKTHOTO
3’eqnanns. EL{TEII BTpadae Taki BIIacCTHBOCTI 32 YMOBH, III0 MaKCHMAJbHI
3HAYCHHS IHTCHCUBHOCTCH HANpy>KCHb HA TOBEPXHI 3’€¢AHaHHI =R y

. . . 17 . .
MUIIIHAP1 O'ig YU y IOKPUTT! O+ HNEPEBUIIYIOTh MEXKY MILHOCTI O), KO-

HTAaKTHOTO 3’ €HAHHSI.

Jlnst BcTaHOBJICHHS TPaHUYHKX 3HadeHb nmapameTpiB EMII, nist sikoro
ctBoproe tepmoHanpyxeanit ctan ELITEIl motpi6HO, po3B’s3aBmm Ha
OCHOBI 3aITPONIOHOBAHOT MAaTEMAaTHYHOI MOJETI AHHAMIYHY 3a7ady TepMO-
Mmexanikn mus ELITEIL, oGuncnuTé BeTWYWHU IHTEHCHBHOCTEH HAampy-
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. i . - . .- .
JKCHb O'iH 1 0; , a TAKOXK (Tlil 1 Oj» 1IHOPIBHATH 1X 13 BIJOMHMHU 3 €KCIIC-

PUMEHTAIBHUX JTOCHTIKEHb 3HAYSHHSIMU o-él i af Ta O

2. MaTemaTn4Ha MojeJib. 32 TAKUX YMOB PO3paxyHKOBa MOJENb BHU-
3HAYEHHS TEPMOIIPYKHOI MOBEAIHKH PO3IIISYBAHOTO LIMTIHIPA CKIIaIa€ThCs
3 TpbOX eTariB [6, c. 109—111]: Ha nepiIoMy eTari 3 piBHSIHb eJIeKTPOAUHAMI-

KU BI3HAYAETHCS BEKTOpP HANPYKEHOCTI MArHITHOTO OIS HM g ITHAP1
(n=1) i mokpurti (N=2) Ta 3yMOBJEHI HUM JKOYJIEBI TEIIOBUIIJICHHS
Q(n) (n=1,2) i mOHAEPOMOTOPHI CHIN F( (n=1,2); Ha apyromy — 3
PIBHSHB TEIUTONPOBITHOCTI BH3HAYAETHCS PO3MOALT TEMIIEPATYPHOTO IO
T(M (n=1,2); Ha TpeTbOMY — 3 PIiBHSHB AHHAMIYHOI TEPMOIPYIKHOCTI 32
BIZIOMOIO TEMIIEPaTypoIO i 00'€MHUMHU CHJIAMH BHU3HAYAIOTHCS KOMITOHEHTH

BexTopa nepemimers U™ (n =1,2) Ta Tensopa Hanpyskens ") (n=1,2).

2.1. Buznauyenuss EMII. OcpoBa KOMIIOHEHTA Hgn) (r,t) BEKTOpa

H™ g mtiEApi (N =1) i moKpUTTi (N = 2) BU3HAYAETHCS 3 PIBHAHHA [9,
c. 250]

o?HM 16H " oH "
L - o, —=—=0 @
or: r or ot
3a rpaHUYHMX YMOB Ha 30BHIIIHIN MOBEpXHI I = R, muiIiHApa
2
HE (Rut) = H; (1) @

Ta YMOB 1/I€aJIbHOTO €JEKTPOMArHiTHOrO KOHTAKTy Ha MOBEpxHi r =R
3’€/IHAHHS LWIIHAPA 1 TOKPUTTS
HP(RY)  aHP (RY)

HY (RO =HP (R, — ===k, —— ==, (@)
r r

a TaKOX IMOYAaTKOBHX YMOB Hgn) (r,0)=0. Tyt o,, p, — KoediuienT
€JIEKTPOIPOBIIHOCTI Ta MarHiTHa MPOHMKJIMBICTh MaTepialliB h -ro Tijia,
k, =0,/0, .

3a 3Haiinenoro gpyHkuieo H §”) (r,t) mETOMI I'yCTHHH JUKOYJICBHX TeIl-
JNIOBUALICHD Q(n)(r,t) Ta nonepomoroproi cum F ") = {Fr(")(r,t);o; 0}

B N-My TiJTi BU3HAYAIOTHCA 32 (hopMymaMu

2
(n) 1 5HZ( ) (n) oH, (n)
Q e s R =, H, .
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2.2. BuzHaueHHs1 TeMiepaTtypHoro noJsi. Ha npyromy erami 3a 3Haii-

JCHUMH TIMTOMHMH T'yCTUHAMH JDKOYJIEBUX TEIIOBHUIIJICHD Q(n) (r.t) Bu-
3HAYAEMO PO3MOJILT TEMITepaTypu T (") (r,t) B xoxHOMY N-My (N =1,2) Tini
3 PIBHSIHHSI TEIUIONpOBinHOCTI [9, ¢. 251]

21 (n) (n) M oM
ot 1ot 1ot Q" @

or> r or x, ot A
3a KpaioBoi yMOBH TEILIOI30JIAL11 30BHIIIHBOI MOBEPXHI I' = R, numinapa
oT® (Rt
( 1 ): 0 (5)
or

Ta YMOB iI€JIbHOTO TEIUIOBOTO KOHTaKTy Ha MOBEpXHi I = R 3’eaHaHHA
IUTIHAPA 1 TOKPUTTSL.
aTW(RY) o TP (R)

TOR)=TO(R1), ek (6)

a TaKOK 3@ MMOYATKOBHX YMOB T (r,0)=0.Tyr x,, 4,

— KoeQiIieaTn
TEMIIEpPATypo- i TEIUIONPOBIHOCTI MaTepianiB n -ro tina, k, = 1,/4, .
2.3. Bu3HaueHHs] TePMOHANPY:KeHOro craHy. /lnsi BU3HAYCHHS Bif-

. . . .. n . n .. n
MIHHHUX BIX HYJISA paglaibHOL O'Sr) , a3UMYTaJIbHO1 0(57!/7) Ta OCBOBO1 O'§Z)

KOMITOHEHT TEH30pa JTMHAMIYHUX HAINpY)KCHb ¢ (r,t) B KOXHOMY N -My
T (N =1, 2 ) 32 BUXiTHy BHOMPAEMO CHCTEMY PiBHSHB TUIOCKOI OCECHUMETPH-
YHOI 3a/1a4i TEPMOMPYKHOCTI B NepeMilieHHsX. To/i pafiaabHa KOMIIOHEHTa
usn) (r,t) BekTopa mepemiuieHb B N -My Timi (N =1,2 ) BU3HAYa€eThCA 3 PiB-
HsHHA [9, ¢. 252]

o2 ! oul™ 1 S 0%

r
or? r or r? cﬁ ot?

()
1+v, oT™  (1+v,)(1-2v,) £
= —
"1-v, or E,(1-v,)

3a KpaifoBoi yMOBHU Ha 30BHIIIHIN MOBEpXHi I = R, numinapa

aul® (R 't 1 1+

i (R )+ 123 —usz)(Rl,t)=aziT(z)(Rlvt) (8)
or 1-v, R 1-v,

Ta YMOB iJI€aJIbHOTO MEXaHIYHOrO KOHTaKTy Ha MOBEpXHi I = R 3’eaHaH-
HS [IJTHIPA | TOKPATTS

0 (R=u® (R1), ©
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o uﬁ”(R,t)+ 1

(L-v)—"— Zu® (R,t) =y (14+v,) TY (R1) =
ouP(Rt) 1 2
—ke (1_v2)fa—+leu£ V(R —a, (1+v,) T® (R1) |,
r

au, " (r,0)

a TAaKoK 3a IMOYAaTKOBUX YMOB ur(n)(r,o):o, p
r

=0. Tyr

Cp = (En (1-7, )/(pn (1+7,)(1-27, )))_1/2 — IIBHAKICTE  IPYKHHUX
XBUIb PO3MMpeHHs y mmiiHapi (n=1) ta mokpurti (n=2), «,, v,,
E
nmyns FOHra MatepianiB DWTiHIpA 1 TOKPUTTSL.

, — KoedilienTn niHiiHOrO Temmosoro posmupeHHs, Ilyaccona i mo-

(n)

3a 3HAIEHOI0 KOMIIOHEHTOO u(n) (r,t) BexTopa mepemimens U

BH3HAYA€EMO KOMIIOHCHTH o- ( j=r.p,z) TeHsopa HaIpyXeHb " B

n -My TiTi 3a (1)OpMYJ'IaMI/I

|— a (n) (”) —|

(n _ Ur Ur 1 T (n)

e (1+vn)(1 2v )L( L o (1+vn) J

[ (n) 6 (n) )

(n _ 1— ur ur 1 T (n)

Too = (1+vn)(1 2 )L( Vo) v o (L) J
(n =v, ( Sr)—i—ag;)—anEnT(n). (10)

. n .
3a BIIOMHUMHU CyMapHUMHU HANIPYKCHHAMU O'( ) 3HaXO0JHUMO 1HTCHCH-

i
("

BHOCTI HalPY>XeHb O

T I R ECE BRIl e

n . n .
a 00YHMCIIEHUMH IHTEHCUBHOCTSIMU O; 1 O% ~ Ha OCHOBI 3aIIpoIlo-
32 06 ™) § ol

B N -MY TiJi, siKi Oy 1yTh

HOBaHMX BHIIIE KPUTEPiiB MpoBoauMO o1iHKY poboro3natHocti ELITEII i
BJIACTHBOCTEN Or0 KOHTAKTHOTO 3’ €THAHHS.

3. MeToauka po3B'si3yBanHsi cpopmysiboBanux 3aaa4. /s nooy-
JIOBH PO3B’SI3KIB C(OPMYJIBOBAHUX MOYATKOBO-KpaioBux 3amad (1)—(3),

(4)—(6) i (7)~(9) anpokcumMyeMO KIrOUOBi (QyHKIIT Hgn) (r.t), T(M (r.t),
ur(n) (r,t) 3a pamiagbHOIO 3MIHHOIO B N -My Tijli KBaAPATHYHUMHI MHOTO-
yinenamu [9, ¢. 253; 10, c. 61]:
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®(”)(r,t)=22:ai(n)(t)ri : (12)
i=0
(")

Koeodiuientu a; ' anpoxcumaniiiHux noninomis (12) monaemo y Bu-
il JIHIAHOT KoMOIHAaiT
n n n n (n
" (1) =alf @, (1) 2 @, (1) + aig @ (1) + 2 @ (1)
rpaHNYHUX 3HAa4eHp @ (t) mykannx ¢yHKIi# Ha mosepxHi r=R, Ta

CYMapHHX I10 OCHOBI 1 HOKmei LWITHIpa IHTErpaIbHUX XapaKTEPUCTHK

Z.[d) (r,t)r*'dr, s=1,2 (13)

n=1 r.,
KITFOYOBUX (DYHKITIH oM (r.t). PiBHsHHS Ha iHTerpaNbHi XapakTepuCTH-
kn @ (t) orpumyemo, interpyroun pisusuus (1), (4), (7) srigHo popmy-

mu (13). Toxi modaTKkOBO-KpaloBi 3aadi CTOCOBHO KJIFOUOBHX (DYHKIIIN
3BOAATHCS 10 3amad Komri Ha iHTerpajbHI XapakTepHCTHKU. Po3B’s3kn
3agad Komr oTpHMaHO 3 BUKOPHCTAHHAM iHTEralbHOIO IEPETBOPEHHS
Jlarutaca Ha BCbOMY YHCIIOBOMY IHTEPBaJIl €IEKTPOMArHiTHOI Aii 1 mpuBe-
JeHo B poborax [9, c. 253; 10, c. 62].

4. Yncaosmii aHami3 3agayi 3a il e1eKTPOMArHiTHOro imMmyJbca.
YncenbHO MPOaHaNIi30BaHO TEPMOHAMNPYKEHUH CTaH €JIEeKTPOIPOBIIHOTO
IUITIHAPA 3 TOHKAM TOKPHUTTSM 32 Jil eeKTPOMATHITHOTO IMITyITBCY, SIKUH
MaTeMaTU4HO onucyeMo ¢yHkiiero [11, c. 186—189]

H7 (1) =kHo (67 —e ), (14)
Tyr k — HopmyBanpHuil koedilieHT, H, — MakchUManbHE 3Ha4YeHHs Ha-
HpYKEHOCTI MAarHiTHOIo IMoJisl Ha HOBepxHi I =R, mwmminapa, B 1 S, —
NapamMeTpH, 1O BiANOBIIAKOTE YacaM (POHTIB HAPOCTAHHS 7, 1 CHAJaHHs
Ty, iMiyisCy. Ilincraensroqu Bupas (14) B 3arainbHi pO3B 3K 3a/1ad4i, TpH-

BeJIeHi B poOoTi [6, ¢. 115—119], oTprMaHO po3B’SI30K 33/1a4i TEPMOIIPYKHOCTI
JUTsl po3rJisiayBaHoro mumiaapa 3a aii EMI. Komn’rotepHuii aHai3 oTpuMaHo-
TO PO3B’A3KY BUKOHAHO JUTS IJTiH/Ipa, BUroToBieHoro 3i cram X18HIT, foro

MOKPUTTA — 3 Mimi. Pagiycn moepxoms R =1.10°m, R, =1.1-10 Su.
TpuBaricTs iMmysey 7; =10~ ¢ , criiBBinHOmIeH s Typu ! Tpe = 0.1,
Ha puc.1-6 mokazaHo 3MiHy B daci pamiaJbHOI KOMITOHCHTH

Fr(")(r,t) BEKTOpa TOHIEPOMOTOPHOI CHIIM i TeMIepaTypu T(n)(r,t),

. . n .
pamiaibHO1 O—gr) 1 KOJIOBOL 0‘57(0) KOMITIOHEHT TE€H30pa JUHAMIYHUX HaIIpy-

JKCHb, 3yMOBJICHUX Z[iGIO HOHI[GpOMOTOpHO.l. CHJIH 1 JPKOYJICBUM TCIUIOM I10-
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cepenuHi mapiB ocHOBH 1 mokputTs. JliHiil 1, 2 Ha pECYHKaX BiAMOBITAIOTH
3HAYEHHSAM BEIMYMH B OCHOBi npu r=5.10"M Ta NOKpUTTI TpH

— . . F(n .
r=105-10 3 M. Konupmi ocHWIALIl CKIAJHUKIB HaIpy>KEHb O-W/E ) 1
n . .. .
o-(% ), 300paxkeHi Ha puc. 4, 6, B OCHOBI 1 TOKPHUTTI B3aEMHO HAKJIATal0Th-
cs. BINMOBIAHO aMIDTITYqM OCIWJIALIN IMX CKJIAJHUKIB KOJIOBUX HAIpy-
JKeHb B OCHOBI IIEPEBUIIYIOTH TaKi kK aMIUTITYAN B MOKPUTTi. MakCUMabHi

F(n); ;Q(n)
3HAYEHHs CTHCKAIBHUX HANPYXkeHb 0, 1 0,,

OCHOBI 1 TOKPHUTTI. TakuM YHUHOM, TepMOHaHp}I)KeHI/II/I CTaH JaHOTO IWJIIHI-
pa 3a BUOpaHHX T€OMETPUYHHX [TAPaMETPIB 1 MapaMeTpiB eIeKTPOMarHiTHO-
TO IMITYJIbCY BU3HAYAETHCS SIK HANPYKEHHAMH, 3yMOBIICHUMH KOYJIEBIM
TEIIOM, TaK i HalpY>KeHHSIMH, 3yMOBJICHIMH TIOHAEPOMOTOPHOIO CHJIOKO.

OITHAKOBOTO TIOPSIKY B

‘g og M Wit g
F,-10 IH..HF 72.10 /H,,xF
4
3
2
1
0
Puc. 1. 3mina 6 waci nonoepomomophoi Puc. 2. 3mina 6 uaci
cunu Fr(n) memnepamypu 7"
o‘,’,'-IO'/H.’,Ha:—: o, 10° [H}
5
4
3
2
1
0
-1
-2
3
-4
-5
20 40 60 80 100
1, MKC
Puc. 3. 3mina 6 uaci cknaonuxie Puc. 4. 3mina 6 yaci cknaoHuxie
PAOiaNbHUX HANPYIHCEHb, 3YMOGILEHUX KONIOBUX HANPYIHCEHD, 3YMOGICHUX OIEI0

F(n)

NOHOEPOMOMOPHOL CUNU T oo

F(n)

0I€10 NOHOEPOMOMOPHOTL CUIU O,
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3 a S fepd a°
aﬁ-lO'/H;.ﬂaA= c? 10 [H,‘.HaT
12 : 2 -
oli 1.5
1
alg-- I S P S 3
: : : : : 0
-2 .5
| 1
3 15
H : H H : -2
20 40 60 80 100 20 40 60 80 100
1, uxe t, AKC
Puc. 5. 3mina 6 uaci cknaonuxis Puc. 6. 3uina 6 uaci cknaonuxie
PAadianbHUX HANPYAHCEHb, 3YMOBGILEHUX KONOBUX HANPYIICEHb, 3YMOBNIEHUX
0I€r0 02HCOYNe8020 Menia cer,(“) 0I€r0 0HCOYNe6020 mena O'(S(f,n)

BucHoBKkHM. BmiuB MiTHOTO MOKPHUTTSI HPOSBIAETHCS B 3POCTaHHI

MaKCUMAaJBHHX 3HaYCeHb BCiX BEJMYHMH MOPIBHSIHO 3 TAKMMH X 3HAYCHHS-
MH ISl aHAJIOTIYHOTO CTAJICBOTO HWIIIH/APA 0€3 MOKPHUTTS, a TAKOX y TOMY,
10 paJiabHi HAPYXEHHS, 3yMOBJICHI K TIOHASPOMOTOPHOIO CHIIOIO, TaK
1 JDKOYJICBHM TEIUIOM, Y IIMIIIHAPI 3 MOKPUTTAM CTAIOTh MPUOIU3HO BIBiUi
OUTBIIIMMU 32 KOJIOBI 1 OCHOBI HATIPY>KEHHSL.
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THE MATHEMATICAL MODELING AND ANALYSIS OF THE
THERMOELASTIC BEHAVIOR OF THE ELECTROCONDUCTIVE
CYLINDER WITH A THIN ELECTROCONDUCTIVE COATING
UNDER THE NON-STATIONARY ELECTROMAGNETIC ACTION

132

A mathematical model for determination of the thermostressed state of a
long integrate elecrtroconductive cylinder with a thin conductive coating is
constructed and the evaluation criterion for its operability and properties
preservation of contact connection depending on the parameters of the external
electromagnetic action is proposed. A calculation model of the problem for the
considered electroconductive cylinder consisting of three stages is selected. In
the first stage, from the Maxwell relations the nonzero axial component of the
magnetic field stress vector in the cylinder and in the coating and the corre-
sponding to it specific densities of the Joule heat ejections and ponderomotive
forces are determined. It the second stage, from the equation of the heat con-
ductivity taking into account the known Joule heat ejections, the temperature
distribution in the cylinder and in the coating are obtained. In the third stage,
according to the known ponderomotive forces and temperature , from the rela-
tions of the plane axisymmetric problem of thermoelasticity in displacements,
the radial component of the displacement vector and the radial, circle and axial
components of the dynamic stresses tensor, as well as the intensity of the total
stresses caused both by Joule heat and ponderomotor forces in the cylinder and
coverings are determined. For solving the formulated initial-boundary value
problems of thermomechanics, the method which is based on approximation of
distributions of the determining functions (axial components of the magnetic
field stress vector, temperature and radial component of the displacement vec-
tor) in the cylinder and in the cover by the quadratic polynomials in radial vari-
able was propozed. This method has made it possible to reduce the initial-
boundary value problems for the determining functions to the corresponding
time Cauchy problems on the integral characteristics of these functions. The so-
lutions of the considered thermoelasticity problem under the action of electro-
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magnetic impulse were obtained and the computer analysis of the ponderomo-
tive force, the temperature and the radial and circular stresses was done. The re-
sults of the analysis are illustrated by the graphs of time dependence of deter-
mining functions in the considered cylinder with a thin conductive coating.

Key words: mathematical model, thermomechanics, long integrate
electroconductive cylinder, pulsed electromagnetic field, bearing capacity,
properties of the contact connection.
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REGULARIZATION METHOD OF RESTORATION OF INPUT

SIGNALS OF NONLINEAR DYNAMIC OBJECTS THAT
DETERMINED BY INTEGRO-POWER VOLTERRA SERIES

The article offers a regularization method for solving the poly-
nomial integral Volterra equations of the first kind while solving the
problem of restoration of the input signal of a nonlinear dynamic ob-
ject determined by the integro-power Volterra series. The use of in-
tegro-power Volterra series makes it possible to simplify the primary
nonlinear mathematical models of nonlinear dynamic objects turning
them into quasi-linear ones. Polynomial Volterra equations of the
first kind are solved by introducing the additional differential regu-
larization operator. It is offered to solve the obtained integro-
differential equations using quadrature algorithms by iterative meth-
ods. This approach allows makes it possible to increase the efficiency
of the process of signals restoration on the input of nonlinear dynam-
ic objects if there is noise. The efficiency of the offered algorithm is
verified for the restoration of input signal of a nonlinear dynamic ob-
ject given in the form of a sequential connection of linear and non-
linear parts. At the same time, the linear part is represented by an in-
ertial joint, while the nonlinear is represented by polynomial depend-
ence of the second kind. There are presented the results of solving of
polynomial Volterra integral equations of the first kind in the pres-
ence of different noises on the input dependencies. Based on the de-
scribed method, in Matlab / Simulink, there are created simulation
models and software-based methods for solving inverse problems of
signal restoration on the input of nonlinear dynamic objects. The re-
sults of computational experiments demonstrated that the offered
regularization method for solving the polynomial Volterra integral
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equations of the first kind may be effectively used to restore the input
signals of nonlinear dynamical systems being described by the in-
tegro-power Volterra series.

Keywords: input signals restoration, polynomial Volterra integral
equation of the first kind, differential regularization operator, Matlab.

Introduction. When solving the problem of the input signal of nonlinear
dynamic systems restoration, as well as the problems of control, monitoring
and diagnostics, serving as examples of ill-posed problem, usually it is neces-
sary to solve the Volterra nonlinear equations of the first kind being more
complex problems. The use of regularization methods is the most common
approach to solving such ill-posed problems. A promising direction in solving
such complex problems is the use of integro-power Volterra series, simplify-
ing primary nonlinear mathematical models by transforming them into quasi-
linear ones. The use of tools of the integro-power Volterra series and regulari-
zation methods determines the need of creation of new and more effective
mathematical methods and corresponding software-based means for solving
inverse problems for nonlinear dynamic objects.

The universal mathematical model of nonlinear dynamical systems of
the black box type is the integro-power Volterra series [3]:

t tt
y(t) :_[Kl(t,s)x(s)ds+”Kz(t,sl,sz)x(sl)x(sz)dsldsz +.., )
0 00

where x(t), y(t) — is the input and output signals of the object, accord-
ingly, t — transition process time, K;(t,,---,t;) — Volterra kernel.

The solution of inverse problems leads to the polynomial integral Volter-
ra equations of the first kind (1). No effective methods and means exist to
solve this class of equations, that is why it is crucial to improve and develop
new methods for solving integral \Volterra equations of the first kind.

The purpose of this paper is to develop a method for solving the in-
verse problems of the dynamics of nonlinear objects by solving the poly-
nomial integral Volterra equations of the first kind.

Main part. It is offered to solve the problem by replacing the inte-
grals in (1) to quadrature formulas, providing many advantages simpler
implementation and high stability of computational algorithms thanks to
the regularizing properties of the quadrature step [1].

The application of this method is considered while solving the poly-
nomial Volterra integral equation of the second kind:

tt

t
Y(t) = [ Kyt s)x(8)ds + [ [ Ky (t,s,8)X(s)X(s)dsyds,.  (2)
0 00

Solving the posed problems of restoration of the signals passing
through nonlinear dynamic signals is incorrect and the application of clas-
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sical methods, with input signals with noises, fails to provide the required
accuracy solutions. It is offered to use the first kind differential regulariza-
tion operator. In such a case solving the polynomial Volterra equation is
reduced to the solving of the following equation:

tt

a—+jK (t, s)x(s)ds+”K (t,s1,5,)X(5,)X(s,)ds,ds, = y(t), (3)

where o — regularlzatlon parameter.
Having applied to (3) the trapezoid method [4] difference formula of
the first order we will obtain:

yit) = XD T ZhKl( Jx(t)+

+§hKl<ti,to>x(tO)+Zh2K2<ti,to,to>x(to>x<to>+
+%h2§(K2(tl,to, )+ Ko (6t ))x(to)x(tj)+ @

i-1i-1

+h?y Y Kz(ti'tj,'tg)x(ti)x(tg)+

j=lg=1

+%h2(K2(ti,ti,to)+ Ky (680, 8)) (o) (t) +

1,2 1
+Eh2jZ::1(K2(ti,tiy,tj)+ KZ(ti,tjy,ti))x(tj)x(ti)+Zh2K2(ti,ti',ti)x(ti)x(ti),
where i=1.n, h =t —t,_, . Let’s rewrite (4) having grouped addends for
desired x(t;):

1

y“i):%“ZKz(ti,ti,,ti)x(n)x(n){;hz(Kz(ti,ti,to)+Kz(ti,to,ti)>x(t0)+
+%h2;§1(K2(ti,ti,,tj)+ Kz(ti,tj,,ti))x(tj)+%h|<1(ti,ti)+%)x(ti)+
+iihK1(ti,tj)X(tj)+%hK1(ti,to)x(to)+%hZK2(ti]t(J’t()))((to)X(tO)Jr (5)

i-1

+;hzjz‘1(K2(tl,t0, P+ K (6.4 % ))x(to)x(tj)+

3 (1t () X(1 ) ().
j=1g=1
Let introducej: ’
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Ai:%thZ(ti'ti,’ti)l (6)

5 :%hz(Kz (ti it + Ko (.19, 8) ) X () +
g U]
1 i-1 1 [24
+Eh2;(K2 (tivti,itj )+ K2 (ti’tjy’ti))x(tj )+EhK1 (ti’ti )+F’

C :IihKl(ti,tj)x(tj)+%hK1(ti,t0)x(to)+%h2K2(ti,to,to)x(to)x(t0)+

+%h2jz_1(K2(ti’t0"tj)+ Ko (b8t )) X (to) X(t; )+ ®)
+h2§§Kz(ti,tj’,tg)x(tj)x(tg)—%x(ti)—y(ti).
j=lg=1
Then (5) considering (6)—(8) will be:
Aixi2+Bixi+Ci=0 9)

n square equations (9) are solved sequentially based on the iterative method,
the root of the previous equation is taken as the initial approximation.

Generally, we should search for the roots of a polynomial of some
kind. For the computer implementation of the algorithms for solving the
polynomial equation, it is offered to use the MATLAB — fzero. But, there
it is necessary to separate the real and complex roots that may be solved by
the roots function [2].

The essence of the roots function is that the roots of the polynomial
equation

p(x)=ax" +a,x" " +..+a,x+a,, (10)

are the numbers of the so-called companion matrix being determined for
the given polynomial (10) as follows:

e ] @& _Gna
Q & a a
-1 0 0
C=
0 -1
0 0 -1 0

Computational experiments. The effectiveness of this approach
was studied while the signal restoration that passes through the system
given in Fig. 1, where LPM is the linear part model. In this system, the
nonlinearity of the second kind is considered.
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x(1) u(t) 2 v

» LPM * u+u >

Fig. 1. Structure diagram of the nonlinear dynamic system

There have been considered the cases when the linear part is deter-
mined by different types of models inertial joint. In this case, we will have
the following model:

t tt

dx(t) + Ie’sx(t —s)ds +”e’(51+52)x(t —s)x(t—s,)ds,ds, = y(t).

0 00

The results of computational experiments are given in the figures be-
low. The input signal has the form given in Fig. 2. Simulation step in ex-
periments — 0.1. Fig. 3 demonstrates the signal based on which the input
signal is restored while applying 1% noise, Fig. 4 — restored signal, fig.
5 — the accuracy of recovery. Fig. 6 demonstrates the signal based on
which the input signal is restored while applying 10% noise, Fig. 7 — the
restored signal, Fig. 8 — the accuracy of recovery.

a

5
al |
g
33+
©
c
Q
(5] 2+ 4
<
1,
0 |
0 5 10 15 20
t, s
Fig. 2. Input signal
25 T
20 - 1
S5t 1
o
c
Q
© 101 1
>
5r 4
0 : :
0 5 10 15 20

ts
Fig. 3. Signal on the output of the nonlinear system (the case when the linear part
is determined by the inertial joint) applying 1% noise
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Fig. 4. Restored signal — accurate and approximate
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Fig. 5. The accuracy of recovery
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-5 ! L I
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t, s
Fig. 6. Signal on the output of the nonlinear system (the case when the linear
part is determined by the inertial joint) applying 10% noise
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Fig. 7. Restored signal — accurate and approximate
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Fig. 8. The accuracy of recovery

Conclusion. There has been developed the regularization method for
solving polynomial Volterra integral equations of the first kind based on
the introduction of the differential regularization operator making it possi-
ble to improve the efficiency of the process of restoring signals on the in-
put of nonlinear dynamic objects if there is noise.
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PEI'VJ'IHPVI3AL|I!7IHVII7I METOA BIAHOBJIEHHA CUTHANIB HA
BXoAl HENHIMHUX OUHAMIYHUX OB'EKTIB, LLIO 3AOAHI

140

IHTErPO-CTENEHEBUMU PAOAMU BOJIbTEPPU.

VY CTaTTi NPOMOHYETHCS PETYIIAPU3ALIIHIA METOA pO3B’sI3yBaHHs MOJIi-
HOMIaJIbHUX IHTErPaJbHUX PIBHAHD BomsTeppu [-ro poay mpu po3s’s3yBaHHI
3a7avi BiJIHOBJICHHS BXiJHOTO CHUTHAJy HENIHIHHOTO THMHAMIYHOTO 00’€KTa,
0 TOJaHMH 1HTErpo-CTeNeHeBUM psiioM Bonbreppu. 3acTocyBaHHS iHTET-
pO-CTeTIeHeBHX psAiB Bonbreppy tae 3Mory CrpOCTUTH NEPBHHHI HENiHiHHI
MaTeMaTH4YHi MOfeli HeNiHIHHUX TUHAMIYHUX 00’€KTIB MEepeTBOPUBLIM X
JI0 KBa3iliHiiiHOrO BHUIJISAy. PO3B’sI3yBaHHS MONIHOMIaIbHHUX IHTErPATbHUAX
piBHsiHBb Bonbreppu I-T0 pomy 3MiCHIOETHCS IUIIXOM BBEACHHS JOAATKOBO-
ro mudepeHniaabHOr0 perymsipu3aniiinoro onepatopa. Otpumani iHTerpo-
nubepeHIianbHi PIBHSIHHS IPOIOHYETHCS PO3B’S3yBaTH 32 J0IOMOIOK0 KBa-
NpaTypHHUX aJNTOPUTMIB MUITXOM BHKOPHCTAHHS iTepamiiiHuX meTtoniB. Ta-
KU TJIXi7 TO3BOJISE TiBUIATH ¢(DEKTUBHICTD MPOIECY BiTHOBICHHS CHT-
HaJiB Ha BXOJi HENIHIHUX AWHAMIYHHUX 00’€KTIB IPH HASBHOCTI NIyMOBHX
3aBaj. EdekTHBHICTH 3aNPOMOHOBAHOIO ANTOPUTMY, IIEPEBIPEHO LIS BiTHO-
BJICHHSI BXiZIHOTO CHT'HAly HENiHIHHOrO JMHAMIYHOTO 00 €KTY, L0 MOJaHHMIl
y BUIVISAI TOCTIOBHOTO 3’€JHAHHS JIHIMHOI Ta HemiHiifHOi wactuH. Ilpu
BOMY JIiHIf{Ha YacTHHA IMpE/ICTaBIICHA 1HEPIIHHOIO JTAHKOIO, a HeNliHIiHA —
HOJIIHOMIaJIBHOIO 3aJIEXKHICTIO IPYroro nopsiaky. IlpencraBieHo pesyabTaTu
PO3B’sI3yBaHHs TOJIIHOMIAIBHUX IHTErpabHUX piBHSHBb BonbTeppu I-ro po-
Iy TIpH HasIBHOCTI IIIyMOBHX 3aBaJl PI3HOTO XapaKTepy Y BXIIHMX 3aJIe)KHOC-
Tx. Ha OCHOBiI oOmmcaHoro Meroiy, CTBOpPeHO y cepemoBuini Matlab /
Simulink imiTauiiiHi Mozemni Ta mporpaMHi 3aco0M pO3B’s3yBaHHs OOepHE-
HUX 3a7a4 BiJHOBJIEHHS CUTHAJXIB Ha BXOJI HEMHIMHMX JUHAMIYHHX
00’ekTiB. Pe3ynpraT 00YMCIIOBAIBHUX EKCHEPUMEHTIB TMOKa3alH, II0 3a-
MIPOTIOHOBAHUI PeTyIIpU3alifHAil METO PO3B’SA3yBaHHS MOJIHOMIAIBHUX
iHTerpabHUX piBHAHD BosibTeppn I-ro pomy Moxe edexkTHBHO BHKOPHCTO-
BYBATHCH JUIS BIJIHOBJICHHS BXiJJHUX CHTHAJIB HENHIHHUX JHHAMIYHIX CHC-
TeM, SIKI OIIMCYIOTBCS IHTETPO-CTEIIEHEBUM psitoM BombTreppn.

Ki1r04oBi ¢10Ba: i0H061eHHA 6XIOHUX CUSHANIB, NOJIIHOMIAIbHE [HmMe-
epanvHe pisuanna Boavmeppu I-20 pody, oupepenyianvhuil peeyiapusa-
yitinuti onepamop, Matlab.

Otpumano: 24.05.2018
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YK 004.93'11:004.942

0. O. ®omiH, KaHA. TEX. HAYK
Opecbkuii HaliOHATFHAN TOMITEXHIYHIH yHiBepcuTeT, M. Onecca

®OPMYBAHHA NPOCTOPY AIATHOCTUYHUX O3HAK
HA OCHOBI NEPETUHIB AOEP BOJNIbTEPPA

PosrisaeThbest Kiac 3a1a4 HENPsIMOTO KOHTPOJIO 1 TiarHOCTH-
KH CKJIQJHUX HETEPEepBHUX HETIHIHHUX TUHAMIYHUX 00 €KTIB pi3-
Hoi ¢iznuHOi nmpupoaun. Lli 3agadi BigHOCATECS 10 Kiacy 3amad iH-
JNYKTUBHOTO MOJICIIIOBAHHS, CYTh SIKHUX IIOJISAITA€ B EPEXOi Bijl eM-
nipuyHoi iHdopMalii 10 MaTeMaTHYHOI MOJIENIi 3 METOIO 3100y TTs
HOBUX 3HaHb | IPUHHATTS pIlICHb B yMOBAaX 1CTOTHOI HEIIOBHOTH 1
anpiopHOT HEBU3HAYCHOCTI iHPOpMaIIii.

Mertoro poOOTH € MiABHIIEHHS AOCTOBIPHOCTI A1arHOCTUYHOL
NpoLeaypyd Ha OCHOBI (opMyBaHHS iHGOPMATUBHHUX HPOCTOPIB
O3HAK JUIsl CTBOPEHHS eDeKTHBHUX IHCTPyMEHTAJIbHUX 3ac00iB [ia-
THOCTYBaHHS 00 €KTIB Pi3HOI IIPHPOJIHL.

B po6oTi po3rismaeTbest METO MOJIETBHOI AIarHOCTUKY HETTiHIH-
HHUX JMHAMIYHUX O0'€KTiB, 3aCHOBaHMII HA ONHCI O0'€KTIB y BUIVIAIL
iHTEerpo-CTyneHeBuX psiiiB BosbTeppa, GaraToBUMIpHI sipa SKUX BU-
KOPHUCTOBYIOTBCS IIPU TOOYT0BI IIPOCTOPY MIarHOCTUYHKX O3HAK.

3anponoHoBaHO MeToj (hOpMyBaHHS NIPOCTOPY MiarHOCTHUHHX
O3HaK Ha OCHOBI siiep BonbTeppa HIIIXOM CIPSIMOBAHOTO TepeGopy
JIOBUTBHUX TIEPETHHIB SIIEp, KUK Ha BIZIMIHY BiJl ICHYFOUOTO METOY,
III0 BUKOPUCTOBYE Tsi (HOPMYBaHHS MPOCTOPY AIarHOCTHYHUX O3HAK
JIiarOHAJIBHUX TIEPETHHIB S/Iep 3MaTHUI iICTOTHO 30UTBIINTH JIOCTOBIpP-
HICTb JllarHOCTyBaHHs1. HaBeseHO TOKPOKOBHiT anroput™ GopMyBaHHS
MPOCTOPY JIArHOCTUYHUX O3HAaK, SKHH MOJISTa€ B TIOCIIIOBHOMY BH-
KOHaHHI omepauiil ineHTrdikarii o0'ekTa AiarHoCTyBaHHs, (GopMyBa-
HHsI CIMEICTBa J[iarHOCTHYHUX Mojienel 00'ekTa, o0y /08I kiacudika-
TOpa CTaHiB i BUOOPY MiICYMKOBOTO NIPOCTOPY JIIarHOCTHYHUX O3HAK.

VY 3agadi IiarHOCTYBaHHS CTaHIB TECTOBOTO HEINiHIMHOTO AM-
HAMIYHOTO 00'€KTa BUKOpUCTaHHS iH(popMamlii y BUIVISAI HEepeTH-
HiB sgep BonbeTeppa, BiAMIHHHX BiJ JiarOHaJIBHOTO, JO3BOJHIIO
301IBIIMTH JOCTOBIPHICTH iarHOCTUYHOI polueaypu Ha 24%

BcranosieHo, mo HalOLTBII MOBHY iH(OpMAIIFO IIS AlarHOCTY-
BaHHSI CTaHIB 00'€KTa JTOCIIDKEHB A€ AP0 JPYToro MOpsaKy. AHaui3
JIIarHOCTHYHOI I[IHHOCTI ()OPMYIOTBCSI HA OCHOBI (DYHKIIT JiaroHaib-
HOTO MepeTHHy szpa BoibTeppa Ipyroro mopsiaky MpoCTOPIB O3HAK
TMI0Ka3aB, I10 HAWOLIBII BHCOKOK iH()OPMATHBHICTIO BOJIOIE MOYart-
KOBa 00JIaCTh MEPETHHY, BI/IMOBIIHA MIEPIIUM TPHOM BiUTIKaM.

Kawuosi cioBa: ingopmayiiini mexunonoeii, diaenocmuka He-
nepepeHux cucmem, OiacHocmuuni mooeni, modeni Bonvmeppa,
ioenmudixayis, Knacugixayis, 00CmogipHicme Ola2HOCMYBAHHSL.

Beryn. OcranniM gacom, Bce OUTBIIAI iHTepec MpH BU3HAYCHHI Ipa-
LE3aTHOCTI CKJIaJHUX 00’ €KTIB BUKJIMKAE MEPEXill 10 OLIHKK HOro (akTH-
YHOTO TEXHIYHOro craHy. Llelf HampsiM OOYMOBJIOE€ aKTHBHHN PO3BUTOK
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3ac00iB 1 METOMIB TEXHIYHOI AiarHOCTHKH. [Ipu IbOMy BENHKHI iHTEpec
MPEACTABISIOTH 3a/1a4i HEPSAMOTrO KOHTPOJIIO 1 JIarHOCTUKH CKIIAIHUX He-
TIepEPBHIX HETIHIHHUX AUHAMIYHUX 00’ €KTiB pi3HOi (izmuHOil mpupoau. Lli
3a7avi BITHOCATBHCSA N0 KJACy 3aiay iHIYKTHBHOTO MOJEIOBaHHS, CYTb
SKUX TIONISITA€ B TEPEXOji BiJ eMmipudHOl iH(opMamii 70 MaTeMaTHJHOI
MOZIeINi 3 METO0 3100yTTsl HOBUX 3HaHb 1 MPUHHATTS PillIeHb B YMOBaXx iCTO-
THOI HEMIOBHOTH 1 allpiopHOI HEBU3HAYECHOCTI iHpOpMAITii.

BukopucTaHHS iCHYIOUMX aBTOMaTH30BAHUX CHCTEM A1arHOCTYBaHHS
(ACH) mnsa pimeHHS MOAIOHHUX 3a7ad OOMEXYETHCS MI€I0 MPOTUPITUS: 3
0oHOTO OOKY TeXHiIUHE 0OCIYrOBYBaHHSA Ha OCHOBI ITOKAa3HUKIB (haKTHIHO-
ro cTaHy 00’€KTiB BUCYBAa€ MiABHUINECHI BUMOTH 10 JOCTOBIPHOCTI PE3yiib-
TaTiB [IarHOCTYBaHHS, a 3 1HIIOTO — JIarHOCTYBaHHS B yMOBaX HEMOBHOI
anpiopHoi' iH(bopMaui'l' npo 00’ €KT AOCIIKEHHS Ta Il 3aBa]| IPH BUMIpPIO-
BaHHI HOTO MapaMeTpiB JuIs (bopMyBaHH;{ TIEPBUHHOTO OITUCY, IO 3aBaXKae
OTPHMAaHHIO BHCOKOT I[OCTOBlpHOCTl JliarHosy.

Po3B's13aHHS ILOTO MPOTUPIYYS € MEPCIEKTUBHOIO 1 aKTyaIbHOIO 3a-
Jladero, ska Moke OyTH BHpIIIeHAa MUITXOM MOOYOBH IHTETpabHUX HEMi-
HIHUX TUHAMIYHHX MOJENeH i MEeTOMIB IX mapameTrpu3amii st hopMmy-
BaHHS IH(POPMATHBHUX IarHOCTUYHUX IPOCTOPIB B yMOBaX HEMOBHOI
ampiopHoi iH(popMarrii.

MeTo10 podOTH € MiABUILEHHS JTOCTOBIPHOCTI A1arHOCTHUYHOI IMpO-
LeIypu Ha OCHOBI (pOpMyBaHHs iH(QOPMATHBHHMX HPOCTOPIB O3HAK ISt
CTBOpEHHS e(EeKTHBHUX IHCTPYMEHTAJIbHUX 3ac00iB J/iarHOCTYBaHHS
00 €KTiB pi3HOI IPUPOAH.

Orusin Jgiteparypm. IcHyI04Yli METOIMKH MOJEIBHOI IarHOCTHKH,
3aCHOBaHI Ha BHKOPHUCTaHHI JUHAMIYHHX XapaKTEPUCTUK, OOMEXYIOThCS
TUIBKY JiHIHHUME MojensiMu [1], a METOAMKY, 3aCHOBaHI Ha OOJIKY edek-
TiB HENIHIHOCTI, BUKOPHCTOBYIOTh 1H(OPMAIIO TUIBKU NP0 BIACTHBOCTI
CTaTUYHHX XapakTepucTuk [2]. PeanbHi 00'€kTH, SK IpaBHUIIO, OJHOYACHO
BOJIOJIIOTH 1 HEJIHIMHUMH 1 JMHAMIYHUMHM BIACTHBOCTSIMH.

st yHiBepcanbHOTO omicy 00’exTiB aiarHoctyBanHs (O/]) HeBimomol
CTPYKTYpH IOIIJIFHO BHKOPHUCTOBYBATH HENiHiIHI HemapaMeTpU4Hi IHUHa-
MIYHI MOJIeJIi Ha OCHOBI iHTerpocTerneHeBux panis Bomsreppa (PB) — mo-
neni Bonbreppa, TOIOBHOIO OCOOMMBICTIO SIKMX € OJHOYAcHE 1 KOMITAaKTHE
ypaxyBaHHs HeNiHIHHUX 1 quHamiuHux BraactuBocteit OK y Bursimi Oara-
TOBUMIPHUX BaroBux QyHkuiii — siiep Bonbreppa (SIB) [2, 3].

BukJjax 0CHOBHOTO MaTepiaJy.

1. Heniniuni nenapamempuyni OuHAMIuHi MOOEJL.
Psinu BonbTteppa Big 6aratbox QyHKIIOHATEHHX apryMeHTiB Xi(t),...,
Xv(t) 3acTOCOBYIOTHCS npn onnci HeJHIHHIX 6aFaTOBI/lMipHI/lX CHUCTEM:

y;(t) = ZZ Zj jw i (T T T)Hu (t-r)dz, (1)

n=lii=1 i =1g
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e Wili i (71,72,..,7,) — OaratoBumipHi Barosi QyHkuii abo sapa Bosb-
12" 'n

teppa (SIB) n-ro mopsaky 3 ii, iz,...,in BXOMIB i j-My BBIXO/IY, CHMETPHYHI
BITHOCHO 71, 22,..., Tn; U(t) — BXigHuii BmBs, a Y(t) — BiAryk o6'ekty mpu
HYJIbOBHX [TOYaTKOBHX YMOBAX.

JiarHocTHYHA TPOLEAypa B IHOMY BHIIAIKY 3BOIUTHCS 1O BU3HAYCHHS
SIB 3a maHMMH eKCHEePUMEHTY «BXi— BUXiO» [2] 1 moOymoBi Ha OCHOBI
OTPHUMAHUX SIep IiarHOCTHYHOI CHCTEMH O3HAaK, B TIPOCTOPI SIKUX OYAyeThCs
BUpILIAJIbHE (JIarHOCTUYHE) TPAaBIJIO ONTHUMAJIBHOT Kitachdikartii.

EdexTuBHicTh 3acTOCYBaHHS METOIIB PO3Mi3HABaHHA 00pa3iB Ui
JIarHOCTYBAaHHS B OCHOBHOMY 3aJICXKHUTPH BiJ iH()OPMATHBHOCTI BHKOPHC-
TOBYBAHOI CYKYITHOCTI ITapaMeTpiB.

2. Dopmyeanus npocmopy OiazHOCIMUYHUX O3HAK.

[Ipouenypa po3mizHaBaHHS CTaHIB 00'ekTa B iIHHOPMATUBHOMY TIPOC-
TOpl O3HAK BHSABISAETHCA OLIBII MPOCTHH, Tak SK oOcAr 0OpobOIroBaHOI
JiarHocTH4HOI iH(OpMaLii 3MEHIIY€eThCsl. 3MEHIIEHHSI PO3MIPHOCTI MpocC-
TOpPY O3HAaK [O3BOJISIE BUKOPHUCTOBYBATH OLTBII CKIIAJHI HEJNiHiMHI BUpi-
IIaJIbHI MPaBUIIa, IO MiABHUILYE SKICTh PO3ITI3HABAHHSI.

MaremMaTH4HO 3a/1a4a BUOOPY AIarHOCTHYHMX O3HAK (POPMYITIOETHCS B
Takui croci0. Hexaif 3a7aH0 BUXiIHE TIPOCTIp 03HAK X, po3mipHicTio P. He-
00XiTHO 3HAITH MepeTBOpeHe TPOCTip Y, eMeMEHTaMH SKOTO € (-MipHi BEKTO-
pu, npudomy < p. PopmansHO Taka 3ajada MoJsirae y BU3HaueHHi BioOpa-
skeHHsT Al X — Y, sike BUXiTHOMY TPOCTOPY X CTaBHUTH y BiNIIOBIIHICTH MIy-
kauuii npoctip Y. PimeHHs 1€l 3amadi Moxke OYyTH JOCSTHYTO DI3HUMHU
nurixaMy. OnTUMaibHE B ACSIKOMY CEHCI EpPEeTBOPEHHsI TIOYATKOBOTO MPOC-
TOpY BEKTOpIB BUMIPIOBaHb B MPOCTIP 300payKeHb MEHILOI PO3MIPHOCTI BH-
3HAYAETHCS LIIIXOM 3B)XKYBaHHS TOM UM IHIIMI CHOCIO Pi3HUX CHCTEM O3HAK
3 METOIO OL[IHKH iX 1H(OPMATUBHOCTI (KOPHCHOCTI) MPH po3Mi3HaBaHHI. Y po-
60Ti, edexTuBHICTH 00paHOro HabOPYy O3HAK OLIHIOBANIACH 32 PE3yJIbTaTaMu
pitreHHs 3ana4i knacuikaiii 00'ekTiB ek3amMeHaliiHoi BUOIPKH 3a J0TOMO-
TOI0 TTOOY/I0BAaHOT'O O/THHMM 3 JITOPUTMIB HaBYaHHS BUPILIAIBHOTO IPABHJIA.

EdexTnBHUM METOZIOM OIMUCY HENHEeWHIX 1 AMHAMIYHKUX BJIAaCTHBOCTEH
OJ] y Burmsial BeKTOpa O3HaK X € mapaMerpusaris moxeneit O/l y Burmsai
Gararopumipraux SIB. TIpu mpomy, GyHKIiSE Wi(7i,..., %) TPEICTABISIETHCS
BEKTOPOM Xk = (X1k,- . ., Xnk)'. [H(OPMATHBHI 03HAKK MOXYTh OYyTi OTpUMAaHi 3a
JOIIOMOTOI0 TTotiepeaHporo nepersopenns Tj: Cla, b] — R, (j = 1,..., n):
Xik= Ti(Wi(z,. .., %)); ae C[a, b] — mpocrip mificaux 6e3nepepBHUX BYHKIIIH,
3a/laHKX Ha BiIpi3ky [, b]; a, b — nesiki nificHi uncna. B sikocTi onepatopa T;
MOXYTb 3aCTOCOBYBATHCS] OPTOTOHAJTIbHI PO3KIIAIaHHS 1 IHTErpaibHi TIePeTBO-
proBannst BB® B BekTopu koedirieHTiB 6a3ucHNX QYHKIIH. Y HaHMIpocTimo-
My BHITJIKy oriepatop T; € omeparopoM muckpernsarii Xjx = Wi(tj,..., tj), tj = JAt,
Je At — Kpok JicKpeTH3aliii. AHaIOTT4HO (POPMY€ETHCS BEKTOP O3HAK Ha OC-
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HOBI 4YaCTOTHMX XapaKTepUCTHK: OaraToBUMIpHOI aMILTITYHO-4aCTOTHOI
A (@, @y, ..., ®) 10a30-9acTOTHOI @y (@, @5, ..., @) Xj-1= Al @, ..., @),
X2i= o @, .., @), &= jAw,j=1,2,...,n[5, 6].

3BakarouM Ha 3HAYHY OOUYMCIIOBAIBFHOI CKIAIHOCTI HMPOIEIYPH IIO-
OynoBu Mopeneii Bonmbreppa [uist GopMyBaHHS POCTOPY I1arHOCTUYHHX
03HaK BUKOPHUCTOBYBaucs BubOipku BiJUTiKiB TiaroHaNbHUX MepeTHHIB SIB
Wi(tj, ..., t) mopsiaky k = 1, 2, 3 (tj =...= tj) I3 3aBAaHbP AUCKPETHICTIO
(puc. 1). Ilpu upomy, iHpoOpMaris, sika 3HAXOIUTHCS B Toukax SIB, kotpi
HaJIe)KaTh JI0 JllarOHaJIbHUM TepeTHHaX, He OepeThCst 10 yBaru.

3HayHe 3pPOCTaHHS TPOIYKTUBHOCTI OOYMCIICHBb 1 3HIDKEHHS BapTOCTI
CY4aCcHHX OaraTosIepHIX MPOLIECOPIB B OCTaHHI YacH JO3BOJLIOTH iCTOTHO
T IBULIUTH e(beKTmachn, ACJ] Ta posumpuTH ra.ny31 38CTOCYBAHH iHpop-
MaIifHIX TEXHOJOTIH HeMpsIMOro KOHTDOITIO i TiarHOCTUKU. Y 3B'SI3KY 3 LM,
3'IBIIIETECS MOXUIMBICTH BUKOPHUCTAHHS AlarHOCTHYHOI iH(opManii, He 00-
MEKEeHOI TUTBKH JiarOHAJIbHUMU TTepeTHHAMU 1B pisHIX mOpsAKiB.

w(t,t)

t
Puc. 1. [lepemun AB 2-20 nopsaoky: 1 — diaconanvuutl, 2 — niddia2ouanvHi
Bepyuu 10 yBaru BUKJIaJICHE, 3aPOMOHOBAHO PO3BUTOK METOIY (o-

PMYBaHHS MPOCTOpPY MIarHOCTHYHUX O3HAK Ha OCHOBI snep Bompreppa

IUITXOM CHPSIMOBAHOTO TIepeOopy AOBUTBHUX MEPETHHIB SIIEP 1 TMOJISITae B

MOCTIIOBHOMY BUPIIIICHHI HACTYITHUX 3aBJIaHb:

1. Ioemmudpixayis OJ]. Mera — otpumanns iHpopmaritinoi Mmoaeni OJ] y
purisgi SIB. Etanm peanmizarii: mojadya TECTOBUX CHTHAJIB HA BXOIH
O/1; BuMip BiATYKIB HA HUX; BU3HAUCHHsS 1B Ha OCHOBI MaHWX eKcIie-
PUMCHTY «BXiJ-BHXI/I».

2. Ilobyoosa diacnocmuunoi moodeni OJf. Mera — ¢GopMyBaHHS MPOCTO-
py o3Hak X. Etanu peanizauii: mociigoBHe BU3HAYCHHs nepeTuHiB SIB
i3 3cyBoM Ha SAt, ne S =1, 2, ... — nopsiikoBuid HOMep niepeTuny S1B.

3. Iobyoosa knacughixamopa cmanie OJ]. Mera — moOynoBa cimeiicTBa
BHpIIIANEHAX MPaBWI ONTHMANBHOI Kiacudikarmii. Etamm peamizarmii:
mo0OyIOBY BUIMIATFHUX MPAaBUI — HABYAHHS; OIIHKA JOCTOBIPHOCTI
knmacudikamii — iCIIUT; ONTUMI3aMis JiarHOCTHYHOI MOJEITI.
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4. Bubip mpocropy [iarHOCTUYHHMX O3HaK. BH3HAueHHs J1arHOCTUYHOI
IIHHOCTI KOYKHOI CHCTEMH O3HAaK Xs; BUOIP ONTHMAIbHOI CHCTEMH 03-
HaK X 3TiIHO HUIOBOT (yHKIIIT — mAocToBipHOCTI Kiacudikamii O/l ek-
3aMeHalliifHOT BUOIPKH.

Jis migBUIIEHHS TOCTOBIPHOCTI Ta 3aBaJ{OCTIHKOCTI MiarHOCTUYHOI
MPOIIeTypH PO3TILAAIOTHCS AIarHOCTHYHI MOJET, 10 MOETHYIOTh B CO0i
O3HAaKH Ha OCHOBI sJjpa NEpLIOro IOPSIKY Xis Ta MepeTHHiB SIB crapmmx
TOPSIKIB Xks (X = X15 U ... U Xks). AHAJIOTIIHO PO3TIISAIAI0OTHCS HabopH 03-
Hak, sIKi 00'€IHYI0Th O3HAKM Ha OCHOBI PI3HMX CIIONy4eHb nepeTuHiB SIB
OJTHOTO MOPSIKY.

3. @opmysanua npocmopy 0iazHOCMUYHUX O3HAK HEeNIHIlIHOI OuHaMi-
yHOI cucmemu, wo 306pasicena Ha puc. 2.

u(t) W) y(z

()

Puc. 2. Cmpyxmypna cxema neniniiinoi Ounamiunoi cucmemu
3arpornoHoBaHa METOANKa (POPMYBaHHS iHPOPMATHBHOTO MPOCTOPY
O3HAK UTS JIarHOCTHYHOTO KOHTPOJIO HETiHIHHOTO AMHAMIYHOTO 00'€KTa
pO3TIIAaEThCs Ha mpuknaai cucremu (puc. 1), ne Wq(p) — niniitaunit au-
HAMIiUHUI eNeMeHT, 3 BaroBowo (QyHkiiero €%, F(y) — Oesinepuiiinuii
HeNiHifHMiT eneMeHT ¢ xapakTepucTukoro Sy*(t). Taka cucTeMa OMUCY€Th-
sl HeTHIMHNM nudepeHIlialbHIM PiBHIHHIM BUY:

dy(t
By 4y 0 -uw, @
Je @ Ta f— mnocTiiiHi koedilieHTH (apamerpy), o0 HEIOMyCTHMI JUIs

BUMIpIOBaHb.

JJis MiarHOCTHKM CTaHIB 00’€KTa BUKOPUCTOBYEThcs SIB mepiroro,
JIPYTOTO i TPEeThOro MmopsaAKy. Mojenb 00'€kTa y BUIIIAII TPHOX UJICHIB
psany BompTeppa npu HyJIbOBUX TTOYaTKOBUX YMOBAaX Ma€ BUTII:

t tt

y(t):le(rl)u(t—rl)drl+.[J.WZ(Tl,rz)u(t—rl)u(t—rz)drldrz "
0 00 3)

ttt
+[ [ [Wa(z, 75 m)ut —zy)u(t =7, u(t — 73)d rydz,d g
000
TyT U(t) i y(f) — curaam, o BUMIpIOOTECS BiOBiMHO Ha BXoi i Buxomi O/I;

—aT —aT —arT.
2 2
— e ),

w(r) =6 “"; wz(rl,rz)zﬁ(e e 7, <1y
(24
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) 2
W3 (t t t) _Z E .(Sea(rl—rz—ra) +3e—a(ri+rz+r3) _
3l 4
—4e7 (= *7) _pema(ntn) | pemaTy 7, <7, <75
HiaronanbHi nepetunu SIB npyroro Ta TpeThoro MOpPSAKY NMpH 71 =
= 1 = 13 = MAlOTh BUTJII.

W2 (t,t) _ g(e—Zat _e—ozt)l

2 ®)
W (t,t,t) = 2(5] S(e73 _ et L,
[04

Ipu mocmimxerHi iHGopMaTHBHOCTI POPMYIOTECSI Ha OCHOBI SIB miar-
HOCTHYHHX O03HAK BUKOPHCTOBYIOTHCSI aHamiTH4Hi Bupasu st B (4) i (5).

Po3rnsmaroTecs MpocTopu O3HAK, M0 (HOPMYIOTHCS Ha OCHOBI JIHC-
KPETHHX 3HAY€Hb BIATYKIB AIarHOCTHYHOTO 00'€KTa Ha IMITyJIbCHI 30ypeH-
HsI pi3HOl iHTEHCHUBHOCTI S = A7y (4 — amIutiTyna, 7, — TPUBAIICTE IMITy-
JBCY), HAOMIDKEHO PO3PaXOBYIOTHCS 32 (POPMYIIOIO:

ys(t) = swa(t) + sPwa(t, t) + sPwa(t, t, t). (6)

HaBuanpHa Ta ex3ameHalliiiHa BUOIpKHM OTpUMaHi Jyisi 00'€KTIB YOTH-
PBOX Ki1aciB (10 CTO 00'€KTIB /IS KOKHOTO KJacy), MPUIATHUX 1 HEMpUIa-
THHX 3a mapamerpamMu « i f. Ilepmmii kiac CkJIaaloTh 00’ €KTH YMOBHO
mpane3aatHi (mapaMeTpu & i ff 3MIHIOIOThCS B Mexax 5% BiJ] HOMiHAJb-
HUX 3HAYCHb iy 1 fh); Apyruil Kilac — 00'€KTH YMOBHO HeMparesJaTHi 3
napameTrpy o (mapamerp [ 3MiHIOETbCsS B Mexkax 5% [, a mapamerp
a e (-1.1on; — 1.05a0) U (1.05ah; 1.10m)); TpeTii ki1ac — 00'€KTH yMOB-
HO Herpare3/iaTHi 1o mapamerpy [ (mapaMeTp « 3MIHIOETHCS B MEKax
+5%an, a mapamerp S € (-1.15; —1.054,) w (1.0546,; 1.14)); geTtBepThii
KJIac — Herpare3IaTHi 00'eKTH 1Mo ¢ i f 0IHOYaCHO.

[IpoBeneHo mocmimpkeHHs iHGOPMATHBHOCTI CHCTEM MiarHOCTHYHIX
03HaK, sIKi (pOPMYIOTbCS Ha OCHOBI JIECATH BiJUTIKIB (3 PIBHOMIPDHUM KpO-
koM Ha inTepBadi (0, t,,]) SIB nepmoro (V1) nopsnky i neperunis SIB npy-
roro (V) i Tpetsoro (V3) mopsaxy. PesynbpraTe mociimpkeHs iHhopMaTuB-
HOCTI IPOCTOPIB 03HAK 3a3HAYEHUX CHUCTEM Y BUTJISIII JOCTOBIPHOCTI PO3-
ni3HaBaHHsI HaBeJeHi B Tabmi 1.

Tabmums 1
Jlocmogipuicmb po3ni3HasanHs YOMupbox Kiacie
O[] ons cucmem o3nax Vi, Vz, Vs
Cucrema Ieperun SIB

03HAK X0 X1 X2 X3 X4
Vi 0, 67 — - — —
Va 0,76 0,89 1,0 0,81 0,72
Vs 0,74 0,83 0,97 0,77 0,69
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Haii6inbin indopmaTiBHO0O YacTuHOIO SIB mepioro, apyroro i Tpe-
TBOTO MOPSAKY BUSBMJIACA IIOYAaTKOBa 0ONAcTh, BiNOBITHA NEPLINM
TphoM Bimmikam: st cuctemu Vi— Wi(ty), Witz), wi(ts); amst cucremu
Vo — Wa(ty, t1), Wa(tz, t2), Wo(ts, t3) 1 mms cucremu Vi — wa(t, ti, t1),
W3(t2, 1o, tz), W3(t3, 13, t3).

Ha puc. 3 npencrasneni SIB npyroro nopsinky mist Ol 1-ro i 4-ro
kinaciB. [Ipoeknis SIB npyroro mopsiaky Ha IUIOLIMHY, MapajelibHy Jia-
roHajbHOro nepepisy B npyroro nmopsaky (puc. 4) HAOYHO AEMOHCTPYE
OJM3BKICTh AlaroHaNbHUX mepeTuHiB 000x O/]. O1xe, po3mi3HaBaHHS 32
rmapaMeTpamMy, BUIUICHAM Ha OCHOBI IUX (DYHKIIH MaTuMe HHU3BKY JOC-
TOBIPHICTH. Y TOM ke Yac miafiaroHanbHi nepetnHu SIB gpyroro nopsia-
Ky mns O/l 1-ro i 4-To KiaciB iCTOTHO BiApi3HSAIOTHCS, IO CBIAYUTH MPO
BHCOKY iH(OPMATHUBHICTh ITUX XaPAKTEPUCTHUK IS TPOIECY MiaTHOCTY-
BaHHs. Hali01/1bI1 HAOYHO BiAMIHHOCTI BHIHO Ha mpoekmisx SIB apyroro
MOPS/KY Ha IUIOUIMHY, IEPIEeHIAUKYISPHY iarOHaJBbHOTO Iepepisy,
[IPEACTABICHUX HA PUC. 5.

w(tt) ogr | owp oo
0008 — 0.009 —
0008 — 0.008 —

0007 — 0007

-
i _ 0t | A
0001 Py 0001 T TN. N INGSE
LN . = s - IS
e ..... __-.ge
s es LSS TS e

0 > 0
£ 0 "o1 02 03 04 05 06 07 08 o0p Il £ 0 01 02 03 04 05 06" 07 08 oy 1

Puc. 3. /1B opyzozo nopaoxy ons O/ pisnux knacis:
1 knac — 3nisa, 4 Knac — cnpasa

w(t,t) o1 w(t,t) 001 ‘
0.009 ‘ ‘ } 0009 1
0.008 0.008
0.007 0.007
0.006 0006
0.005 0005
0.004 0.004
0.003 0.003
0.002 0.002

752
M:‘?i / ]\ﬁ\\ﬁ\ J‘ t‘l

1 rT
010203 04 0506 07 0809 1 09 08 0.

°

Puc. 4. IIpoexyis B 0py2020 nopsaoKy Ha NIOWUHY, NAPALETbHY
diazonanvroeo nepepizy AB opyeozo nopaoxy ona O/ piznux knacis:
1 knac — 3nisa, 4 Knac — cnpaesa
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w(t,t) om w(t,t) 001 .
N o /N
wel |
0007 /
wel ||
ooos || \

T
|
1

Puc. 5. [Ipoexyiss AAB Opyeo2o nopsaoKy Ha nIOWUHY, NEPREHOUKYIAPHY Ola20HAIb-
Ho20 nepepizy ona O/ pisnux knacie: 1 knac — nieopyu, 4 knac — npagopyy

Haii6inpm indopmatuBauil onuc OJ] 3 pO3rIISTHYTHX CHCTEM O3HAK
nae cucrema V. Ha ii mpuxiiazi HibK4e TeMOHCTPYIOTBCS TepeBari BUKO-
pHCTaHHS IEPETHHIB, BIAMIHHHX BiJl AiarOHAJIBHUX JJIs1 JOPMYBaHHS IIPO-
CTOpY I1arHOCTHYHHX O3HAK.

Takum 4nHOM, BUKOpPHCTaHHS METOAy (OpPMYyBaHHs IPOCTOPY Iiar-
HOCTHYHHX O3HaK Ha OCHOBI MifiiaroHaNbHUX mHepeTHHiB 1B mo3Bosste
MiABUIUTH JOCTOBIPHICTh JIarHOCTUYHOI TPOIEIYPH, a AITOPUTMHU Ha
HOro OCHOBI € e(pEeKTHBHUM 3aCO00M JUII CTBOPEHHS IHCTPYMEHTAIBHHIX
3aco0iB JllarHOCTYBaHHs 00'€KTIB Pi3HOI IPUPOIH.

BucHoBku. B po60Ti po3risiiaeTbCsi METO MOAEIBHOT IarHOCTHUKH He-
JHIMHIX TUHAMIYHAX 00 €KTIiB TIarHOCTYBAHHS, 3aCHOBAHHI Ha OITHCI 00'€K-
TIB y BHIJIII IHTErpo-CTYIEHEBHX psiiB Bonbreppa, OaratoBumipHi siapa
SIKUX BUKOPHCTOBYIOTECS IPY OOYI0BI MPOCTOPY TiarHOCTHYHUX O3HAK.

3anporoHOBaHO METOJ| (POPMYBAHHS MPOCTOPY MIarHOCTHYHHX O3HAK
Ha OCHOBI siep Bonbreppa mUIsIXoM cHpsIMOBaHOTO Tepebopy JOBLTBHHX
TIEPETUHIB sIep, SKUN Ha BIMIHY BiJl iCHyIOYOTO METO/IY, 1110 BUKOPHUCTOBYE
JliaroHaNBHI IEPETHHU SNIeP, 3MaTHHI ICTOTHO 30UTBIINTH TOCTOBIPHICTH Jia-
THOCTYBAHHSI.

VY 3amagi qiarHOCTYBaHHS CTaHIB TECTOBOTO HENiHIHHOTO JIHHAMIY-
HOro 00'ekTa BUKOpHUCTaHH: iH(opMallii y BUIIIsAL epeTHHIB siaep Bob-
Teppa, BIAMIHHMAX BiJl JiarOHAIBHOTO, JO3BOJMIO 301IBIIMTH JTOCTOBIp-
HICTb JliarHOCTHYHOT npoueaypH Ha 24%.

Bcranosneno, 1o HaiO1LIpII TOBHY iH(GOPMAIIO JJIs I1arHOCTyBaH-
Hs CTaHiB 00'€KTa JOCIIKEHb A€ SApO NPYroro MopsaKy. AHami3 jaiar-
HOCTHYHOI LIHHOCTI HPOCTOPIB O3HAK IOKa3aB, IO HaWOUIbI BHCOKOIO
iH(QOPMATHBHICTIO BOJOJi€ MOYaTKOBa OOJIACTH IEPETHHY, BiAIMOBimHA
MEepIINM TPHOM BiITIKaM.
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CONSTRUCTION OF DIAGNOSTIC SIGNS SPACE BASED
ON THE SECTIONS OF VOLTERRA KERNELS

The class of problems of indirect control and diagnostics of complex
continuous nonlinear dynamic objects of various physical nature is consid-
ered. These problems belong to the class of inductive modeling problems,
the essence of which lies in the transition from empirical information to the
mathematical model with the aim of obtaining new knowledge and deci-
sion-making under conditions of substantial incompleteness and a priori
uncertainty of information.

The purpose of the work is to increase the reliability of the diagnostic
procedure on the basis of the formation of informative feature spaces for
the creation of effective tools for diagnosing objects of different nature.

The method of model diagnostics of non-linear dynamic objects is con-
sidered, based on the description of objects in the form of Volterra integro-
power series whose multidimensional kernels are used in constructing the
space of diagnostic features.

A method is proposed for the formation of a space of diagnostic fea-
tures based on Volterra kernels by a directional search of arbitrary cross
sections of nuclei, which, unlike the existing method, which uses for the
formation of a space of diagnostic features of diagonal nuclear bonds, can
significantly increase the reliability of diagnosis.

A step-by-step algorithm for the formation of a space of diagnostic fea-
tures is presented. This algorithm consists in the sequential implementation
of identification operations of the diagnostic object, the formation of a
family of diagnostic models of the object, the construction of a state classi-
fier, and the selection of the resulting space of diagnostic features.

It is established that the second-order kernel provides the most com-
plete information for diagnosing the states of an object of research. Analy-
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sis of the diagnostic value is formed on the basis of the diagonal cross sec-
tion of the Volterra kernels of the second order of feature spaces showed
that the initial region of intersection corresponding to the first three sam-
ples has the highest informative value.

Keywords: information technologies, diagnostics of continuous sys-
tems, diagnostic models, Volterra models, identification, classification, re-
liability of diagnosis.
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CUSTOMIZABLE ADAPTIVE USER INTERFACES
IMPLEMENTATION IN CONTROL AND LEARNING
AUTOMATED SYSTEMS AS WAY OF INCREASING THEIR
RELIABILITY AND EFFICIENCY

In modern automated systems users are often facing the infor-
mation overload problem because of ever increasing volumes of in-
formation requiring treatment in short time. Working in these condi-
tions affects the system operator’s work quality and the systems’ relia-
bility. One possible approach to solving the information overload prob-
lem is to create personalized interfaces that take into account the user’s
information management particularities. System operator’s features,
which determine their preferred information representation shape and
pace, form the user’s cognitive portrait. Cognitive portrait is built as a
result of user interaction with the software diagnostic tools that are
based on the cognitive psychology methods. The effect of using per-
sonalized user interface in an automated system can be estimated by
quantifying how exactly a reduction in user response time to critical
events affects the reliability and efficiency of the system. To do this,
the formulae in the theory of reliability of complex automated systems
are used, showing the dependency between the system reliability and
critical event response time.

Key words: automated system, user interface, personalization,
interface adaptation, cognitive portrait.

Introduction. Reliability and efficiency of the modern automated
systems largely depend on operators’ manual actions. Nowadays, because
of the constant complications of automated systems operators are in a situ-
ation of information overload that affects the focus on workflow and re-
sponse time to critical events.
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To solve this problem in modern computer systems attempts have
been made to increase the effectiveness of user interaction with the work-
place interface. A variety of approaches is used: organizational, ergonomic
and more. However, they do not always give satisfactory results because
they do not take into account the individual characteristics of users, focus-
ing on some «average» user account.

Consequently, it was necessary to create system that allows you to
personalize the user interaction with the system, implements the mecha-
nism of diagnosing physiological and cognitive user characteristics to take
them into account together with the user actions peculiarities in the con-
struction of the adaptive interface.

Method. Message formal characteristics include: content, form, tem-
po and rhythm of the flow of information (intervals between individual
messages, regularity of income, etc.) [6]. Fig. 1 shows the stages of human
information processing of information from the external environment (or
by the user — from the system)

Workplace
[——
interface Reactions

Information stream

Information
perception

Reacting to
information

Reaction
planning

Information
apprehension

Writing into
memory Long-term memory

Fig. 1. Process of human perception of information from the environment

The results of experimental studies suggest that the phase of the ini-
tial situation representation holds a special place [5].

Thus, as the form of information representation is an essential factor
that provides the perception, understanding and assimilation of infor-
mation from the system, it can be seen as a way to manage the activities of
the user. It is known that, while studying the material, people treat its con-
tent, form and shape selectively [1-3].

In addition to the preferred information representation form, each us-
er possesses a number of characteristics that affect the pace and intensity
of information flow from the system to the user.

These characteristics are divided into cognitive, physiological and in-
tellectual.

151



MatematuyHe Ta KOMI'I,I'OTepHe Mo entoBaHHA

Cognitive characteristics largely determine the speed at which the us-
er is guided in the new information and switch between different types of
activities. They are field dependence, equivalence range, impulsiveness
and intellectual lability.

For each of these characteristics within cognitive psychology have
been developed appropriate diagnostic techniques, many of which are suf-
ficiently formalized to be implemented as a part of the automated charac-
teristics diagnostic subsystem.

To assess the psychophysiological state of the user often are uses op-
tions such as his attitude to risk, quality of memory and attention. In this
case, the testing impact reaction time and the responses errors should al-
low to evaluate concentration and coordination of user actions, because
these depend on personal characteristics [7].

Intelligent features include the level of 1Q and EQ (intelligence and
emotional intelligence quotient, respectively) [4]. Although the coefficient
of emotional intelligence is associated with the value of I1Q, there is no
direct relationship, namely the value of EQ determines predisposition to
creativity when working with information. This characteristic is very im-
portant for users of design and training systems.

Nowadays cognitive portraits of the automated systems users are cre-
ated based on professional psychological testing. But this method has two
major drawbacks. First, it requires the participation of a professional psy-
chologist, and the number of automated systems and their operators is
growing faster than in an equal number of professional psychologists can
be prepared. Secondly, this testing is not operational, it is a separated from
the user's work process and workplace.

Both of these drawbacks can be eliminated by introducing an auto-
matic testing subsystem into the interface adaptation system. Scheme of a
possible implementation of this subsystem is shown in Fig. 2.

= Decisive mles g Ny otar profles—|

i Profile comection- Professional
Testing results processing ooy engionl heting

h
Usarprofiles 4 Frofiles—
tprofila— |
Tests results.
Testing module Testing——
Automated worplace
Workplace signals-
User condition dat; ?

Fig. 2. Users’ characteristics’ diagnostics system
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User testing is conducted both explicitly (during performing of tests) and
in the background when on the computer workstations are monitored indica-
tors such as speed of action or response to the changing situation. In both cas-
es, user characteristics information is treated by a separate testing system
module and supplements or modifies an initial cognitive profile that is used for
further user interface management system work. This way — through modify-
ing user interface and observing the performance changes with it (which is
reflected in increasing responsiveness and reducing the number of errors when
dealing with information) can the finite number of steps of the iterative pro-
cess be taken to optimize the form of the interface for a particular user (in the
case of interfaces with automatic adjustment).

To evaluate the effect of the use of the adaptive user interface in the
automated system, we have to determine how reducing user response time
to critical events affects reliability and efficiency of the system.

Let us assume that the automated system is effective if time T, actually
spent on handling critical events does not exceed the maximum allowable time
T,. Moreover, the time T consists of the time of critical events occurrence and
time of reacting on them. Then the condition of system efficiency can be writ-
ten (T and T, are considered random values) as the probability P:

P{T,-T, >0} >a, Q)
where a is a probability with which the efficiency of the system is
guaranteed.

The values of T and T, are determined by skills and cognitive and
psychophysiological state of the staff. On the basis of (1) we have

P{T,<T,} = [F(1)dG(t)= [F(t)g(t)dt, )
0 0
where the distribution function of the random variable F(t) and G(t) are
defined as follows:
F(t)=P{T, <t};G(t)=P{T, <t}; g(t)=G'(t). 3)

Formulas (2) and (3) can be used with any laws of distribution of
random variables T, and T, taking only positive values and have a density
distribution of zero for negative values of the argument. However, these
formulas are derived based on the fact that there is no more than one criti-
cal situation during the operation or task.

In the real conditions during the task with duration t critical situation
may occur repeatedly. In this case, the performance of the automated sys-
tem for a given time of the assignment will be provided with the following
possible events: no critical situation, there is one critical situation that has
been processed in the allowable time, there were two critical situations,
each of which has also been removed in the allowable time.
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Let’s define & (i = 0, 1, ...) as the time interval between the i-th and
the (i + 1)-th event, and F;(t) = P{&; <t} — as the distribution function of
&. Let’s assume that the flow of events forms a stream with limited after-
effect (& are independent in total). Then according to the definition of sys-
tem failure by the formula of total probability the probability of the func-
tioning over time t can be written as:

eXx

o t t7x1 s=1 S
RO+ ] j Fk[t—2x]HdF (t—Zx,} (4)
k-10 o 1=1
wher e F; (t) =1-F; (t).
Here W(t) — the probability that an event that occured at some time,
will not lead in time t to irreparable situation. Let’s determine this proba-
bility. Obviously,

W (t)=P{T, >t} + jPT<u}dP{T2<u _[F ). (5)

Expression (5) is obtalned under the assumption that every event is
handled independently. It is often assumed that the flow of critical system
events forms the simplest form of flow with parameter A. In this case,

1-e™ fort>0
F(t)= ' 6
( ) {O fort<O. ©)
Substituting (6) into equation (4), we obtain the desired probability:
t— Zx

= +2xk “itf- j HW(t—Zx,de ©)

In the real condltlons, sometimes there is a situation where only
one event can be treated and the presence of two critical events in the
system leads to failure. Obviously, the appearance of some events at

S
the moment >’ x  will not result in an accident either when
1=1
S S
T, >t—> x Wwhile xg,, >t—>"x , meaning more critical events have
1=1 1=1
not appeared within time t and the allowable time T is large enough, or
S
when the next event happens before the moment t, i.e. x,,; <t->"x , but
1=1
previous event has been so far treated before allowable time T,. In other
words, in this case there is a situation
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{Ty <min(xg,;,T, )} (8)

S
In the first case, the probability of failure equals W [t ->x J in the
1=1

second case the probability of situation (8) is as follows:

W (%)= [ G(x)dF (x). ©)
0
Equations (7) and (4) take the form
_ t F;Xs_ k K k-1
SORED | BN XY o
k=19 0 s=1 s=1 s=1
t_g‘xs k-1 K
P(t)=e ‘“Zxkj I W*(XS)W[I—sz]dxl...dx
0 s=1 s=1

Result. Probability (9) is an important component in both final ex-
S
pressions. It depends on the values of T1, T2 and values of moments Z X -
1=1
The values of moments are random, the value of T, is defined by the or-
ganizational requirements and features of the workflow. The easiest way
to influence the performance efficiency of the automated systems is by
changing (decreasing) values of Ti. This value depends on the specifics of
processing information from the system by the user and the comfort level
of the working with information. Since user interacts with the information
in the s through the user interface interact, the convenience and efficiency
of the interface affects the important parameter Tj.

Discussion. Proposed approach to the personalized user interfaces
construction allows automated systems to be tailored to suit specific cogni-
tive portraits and adapt interaction with information in the system to these
features. This can increase the user’s comfort level when working with
information, reduce information overload, improve concentration and time
of reaction to critical events. As the value of user response time affects the
overall reliability and efficiency of the system, we can expect that the use
of adaptive personalized user interfaces will increase the reliability and
efficiency of automated systems.
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3ACTOCYBAHHSA HACTPOIOBAHOIO IHTEP®ENCY
KOPUCTYBAYA B ABTOMATU3OBAHUX CUCTEMAX
KOHTPOIIO TA HABYAHHA AK WWNAX 4O NIABULLIEHHA
IX HAOQINHOCTI TA E®EKTUBHOCTI

B cydacHMX aBTOMaTH30BaHHX CHCTEMax KOPHCTYBadi YacTO CTHUKAFOTHCS
3 MpoOJIEMOI0 TIepeBaHTAXKEHHS 1H(OPMAITi€r0 Yepe3 BCe 3POCTatourit 00csT
indopmarii, o notpedye 06pobky 3a oOMekeHui Jac. Pobora B imx ymoBax
BIUTHBA€ Ha pOOOTY oreparopa Ta HaJilHICTh cucTeMu. OTHUM i3 MOKITUBHX
TIXOIB /10 BUPIIIEHHS 1MpoOaemMu iHGOpMALIfHOTO TIepeBaHTaXEHHS € CTBO-
PCHHS TIEpCOHANI30BAHNX 1HTEP(EHCIB, sIKi BpaXOBYIOTH POOOTH KOpHCTyBada
3 iH(opmaniero. OcoOIMBOCTI OIepaTopa CUCTEMH, SIKi BU3HAYAIOTh il OakaHy
(opMy Ta IIBUIKICTH MOJAHHS, YTBOPIOIOTH KOTHITHBHUH TIOPTPET KOPUCTY-
Baya. KorHiTuBHHMIT TOpTpeT OyayeThes B pe3yJIbTaTi B3aEMOJIii KOPUCTyBaya 3
JIiarHOCTUYHUMH 1HCTPYMEHTaMH IIPOTPAMHOr0 3a0e3MeueHHs], 10 6a3yeThes
Ha MEeTOfIax KOTHITHBHOI rcuxonorii. EQext BuKoprcTaHHs MepcoHati30BaHo-
T'O KOPUCTYBALBKOTO iHTep(deiicy B aBTOMaTH30BaHii CHCTEMi MOYKHA OLIIHUTH,
KUTBKICHO BHM3HAYMBILH, SIK CamMe 3MEHILIECHHS 4acy BIATYKy KOPHCTyBada Ha
KPHUTHYHI MMOAIT BIUTMBAE HA HAMMIMHICTD Ta €PEKTUBHICTH cUcTeMH. J[1st 1boro
BHKOPHCTOBYIOTBCS (DPOPMYJIH B TEOpii HAMIMHOCTI CKIaJHUX aBTOMAaTH30Ba-
HHX CHCTEM, IO TIOKa3yIOTh 3AICKHICTh MDK HaiifHICTIO CHCTEMH Ta KPUTHY-
HHUM YacOM PEaKllii Ha Mo/l

KoarouoBi ciioBa: asmomamusosana cucmema, inmepgeiic kopucmy-
6aua, nepcoHanizayis, aoanmayis inmep@ericy, KOcHIMUeHUI nopmpen.

Otpumano: 22.05.2018
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dauyk Onexcanap AHATOJOBHY — KaHAWIAT TEXHIYHUX HAYK,
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BilicbK, M. JIbBiB, dedykto@ukr.net

IBanoKk Bitasjiii AHaTOJiHOBHY — KaHINUAAT TEXHIYHUX HAYK, JI0-
IeHT, noueHT kadenpu ingopmaTuku Kam’ssens-Iloginschkoro HaiioHa-
mpHOTO yHiBepcuteT iMeHi [BaHa Orienka, M. Kam’smers-Ilominbchkuid,
wivanyuk@gmail.com

KoBanabuyk IlaBjso IBaHOBHY — JOKTOp TEXHIYHHMX HAyK, mpode-
COp, TOJIOBHUI HAayKOBWI CHIBPOOITHUK [HCTUTYTY BOAHHUX NpoOieM i
meniopauii HAAH, m. Kuis, volokovalchuk@gmail.com

Koxymko Onena /IMuTpiBHa — MOJIOANIMH HAYKOBHI CIIBPOOIT-
HUK HallioHaIbHOTO YHIBEpCUTETY BOJHOTO TOCIIONAPCTBA Ta MPHUPOAOKO-
puctyBanns, M. Pisue, kozhushko_ak13@nuwm.edu.ua

Koasino SIlpocnas FOpiiioBny — xanaugatr (izuko-MaTeMaTHYHHX
HayK, JOIICHT, TOUEHT Kadeapn MaTeMaTHKU Ta (i3UKH YKpaTHChKOT aka-
nemii npykapcrtsa, M. JIbBiB, orang@gmail.com

Koctbsin Haranis JleoHiniBHa — KaHIUIAT TEXHIYHUX HAYK, JOLICHT
Kagepy aBTOMOOLTIB Ta TEXHOJIOTIT 1X eKcrutyarailii YepKachbKoro IepikaB-
HOTO TEXHOJIOTIYHOTO yHiBepcuTery, M. Uepkacu, 438knl@gmail.com

JIuceubknii IOpiii MmuxaiiyloBU4 — JOKTOp TEXHIYHHMX HayK,
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¢dopmarukn  Kam’stHerp-T10/i1bChKOT0  HAIIOHATIBHOTO  YHIBEPCUTETY  iMe-
Hi IBana Orienka, M. Kam’sirerp-Tloainecekuii, ponedilok@gmail.com
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MDKHAPOOHA HAYKOBA KOH®EPEHLLIA
«CYYACHI NPOBJIEMU MATEMATUYHOIO MOJEJIIOBAHHA,
NMPOrHO3YBAHHA TA ONMTUMI3ALII»

3 18 mo 20 xBiTHsa 2018 poky Ha 6a3i kadenpu iHpopmaTuku dizuko-
MaremMatndHoro ¢axynerery Kam’sHenb-Ilominpchkoro HamioHaIbHOTO
yHiBepcuTety iMeHi IBana Orienka nposenero VIII MixuaapogHy HayKOBY
koH(pepeHMio «Cy4yacHi npoblieMH MaTeMaTHYHOTO MOJENIOBAHHS, HPO-
THO3YBaHHS Ta oNTHMi3amii», npucesdeny 100-piudro HamionansHoi aka-
nmemii Hayk Ykpaiau ta 100-piauto Kam’saerns-Iloninbcbkoro HalioHaIh-
HOTO yHiBepcHuTeTy iMeHi IBana OrieHKka.

Opranizatopu HaykoBoro (gopymy — MiHICTEpCTBO OCBITH 1 HayKu
VYkpainu, HamionansHa akagemis Hayk Ykpaian, Kam’saens-Iloninbscekuit
HaIllOHAIFHUH yHiBepcuTeT iMeHi IBana Orienka, [HCTHTYT KibepHETHKH
imeni B. M. I'mymikoBa HAH VYkpainu, [HctutyT npoGiiem MoentoBaHHs
B enepreruii imeHi . €. [TyxoBa HAH VYkpainu, Hanionansuuii TexHiu-
HUHA yHiBepcuteT Ykpainn «KWIBCHKHH ITONITEXHIYHUH IHCTUTYT iMeHi
Iropst Cikopceroro», OKAN University (Istanbul, Turkey), Norwegian
University of Science and Technology (Gjevik, Norvay), Lublin Universi-
ty of Technology (Lublin, Poland), Tashkent State Technical University
named after Islam Karimov (Tashkent, Uzbekistan).

Indopmaniitnum croHCOpoM KOH(eEpeHIlii BHUCTYNHIa KOMIaHis
«EC EHJI TI YKPATHA, sixa 3aiimae npoBinui nosunii B Ykpaini y ramy-
31 IPOEKTYBAHHS Ta BIPOBA/UKEHHS KOPIOPATHBHUX IHTErPOBaHUX iH(DO-
pPMaIiifHUX CUCTEM, CKIIQJTHUX MEPEKEBHX 1 TEIIEKOMYHIKAI[IHUX PillIeHb.

Iporpamuuii komiteT KoH(epeHili ouomoBa — Komumos Cepriit
AmnaroniiioBuy, pektop Kam’stHenb-110/1iIbCHKOI0 HAIlIOHAIBHOTO YHIBEpPCH-
Tery imMeHi IBana OrieHka, JOKTOp iCTOPUYHHX HayK, mpodecop; beiiko IBan
BacunboBuy, TOKTOp TeXHIYHUX Hayk, npodecop (HaioHanbHUNA TeXHIYHUNA
yHiBepcuteT Ykpainn «KuiBcbkui mostiTexHIYHuiA iHCTUTYT iMeHi Iropst Ci-
KOpchKoro»); Beprnans Anaromniit denopoBud, TOKTOp TEXHIYHNUX HAYK, IPO-
thecop, wren-kopecrioaaeHT HAITH Vxpainn (IHcturyT mpobieM Momenro-
BanHs B eHepretui iM. [. €. [TyxoBa HAH Ykpainn). Opranizatiiauii koMi-
TeT npaioBaB mix kepiBaunTBoM L{up6u Bikropa Camyinosuya, kannuaara
(hi3MKO-MaTeMaTHYHUX HayK, NOIEHTa, mpodecopa kadempu iHGOPMATHKH,
Jiekana ¢izuko-maremarndaHoro daxynsrery Kam’sHerp-Iloginscbkoro Haii-
OHAJIFHOTO yHiBepcHTeTy iMeHi [BaHa OrieHka.

18 xBiTHA 00 11:30 KOH(DepeHwis po3noyana cBor poOOTy B KOHe-
PEHII-3aJIi TOJIOBHOTO KOpIrycy yHiBepcutery. KoHdepeHmito Binkpus De-
Jnopuyk Bosogumup AHaToiOBHY, JOKTOP TEXHIYHHX Hayk, mpodecop,
3aBifyBau kadeapu iHpOpMaTHKU.

Homosine «Kam’saenp-IIoginbChkuii HaIIOHANIBHUA yHIBEPCHTET
imeHi IBama OrieHka: iCTOpis Ta HayKOBa MisIIBHICTE» BHTOJNOCHB Ko-
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Her IBaH MuxaitnoBud, nokrop (isuko-mMaTeMaTH4yHUX Hayk, Hpodecop,
HPOPEKTOP 3 HAYKOBOI pOOOTH.

3 BiTaJIbHUM CIIOBOM Bij HarfionaneHOi akamemii Hayk YKpaiHu 0
YYaCHUKIB KoH(epeHLii 3BepHyBcst 3aiipaka Banepiii KocTsHTHHOBHY,
JIOKTOp (i3MKO-MaTeMaTHYHHUX Hayk, npodecop, akagemik HAH Ykpainu
(ImctutyT kibepueruku imeni B. M. I'mymikoBa HAH Ykpainwm).

Jauni koH(epeHLIIis MPOAOBXKWIa pOOOTY B PeXUMI INIEHAPHUX 3aCifaHb.

[ikaBuMHU Ta 3MICTOBHUMH, IHKOJM JUCKYCIHHUMHM, OyJIM TUICHApHI
JIOTIOBI1/i:

e IlpuHuunmu opraxizauii KepoBaHMX HATYPHUX MOJAEJIOIYHX CHC-
TeM (A. @. Bepnanp, [HcTHTYT npo0iieM MO/ENIOBaHHS B €HEPTeTHII
im. I'. €. [TlyxoBa HAH Ykpaiun);

e CyuacHi indopmauiiini TexHoJorii y miiBHIIeHH] AKOCTI HABYAHHA
(I. B. beiiko, HamionansHuii TexHiYHMI yHiBepcuTeT Ykpaian «KuiBchb-
KU ToJTiTeXHIYHAH IHCTUTYT iMeHi Iropst CikopchKoro»);

o Teopis o6unciens. PesepBu ontumizanii aaroputmis (B. K. 3ani-
paxa, [actutyT xibepHeTnku imeni B.M. I'mymkxosa HAH Ykpainn);

e Po3BHTOK MeTOAIB KOMILIEKCHOTO aHaJdi3y i Teopii 30ypeHb M
MO/ICJIIOBAHHSA HEJIHIliHMX mponeciB 3 KepyBaHHAIM, ineHTH(}ika-
nieo Ta onTuMizanicro napamerpiB (A. 1. bom6a, PiBHeHChKHI 1ep-
’KaBHUI I'yMaHITapHUIl yHIBEPCUTET);

e @opmyBaHHsl 0a3uciB B 3aJa4aX MATeMATHYHOI0 MOJEJTIOBAHHS
(B. C. AGpamuyk, BiHHMIBbKHMH Jep)kaBHUN MeNarorivyHui yHiBepCH-
TeT iMeHi Muxaiina KoiroOnHChKOT0).

Temartrka MaCHapHUX JOIOBIACH Oysia MpUCBSYCHA MPoOIeMaM Po3-
BUTKY CYYacCHOTO MAaTeMaTHYHO-KOMII'IOTEPHOTO IHCTPYMEHTapilo ISt
CTBOPEHHSI MaTeMaTHYHHUX MOJIeJel JNWHAMIYHUX CHUCTEM, Teopii oOuuc-
JIeHb, TTOOYIOBU ONTHMAJIBHOTO KepyBaHHS, ieHTH(DIKAIIT Ta onTUMizawii
napaMeTpiB MaTeMaTHYHHX MOJENed. AKTyalbHICTh IHMX Mpo0iem
OB’ sI3aHa i3 3pOCTaHHIM 3aIUTIB Cy4acHOT'O KOMIT FOTEPU30BaHOTO BUPO-
OHnnTBa I (popMyBaHHS KOHKYPEHTOCIIPOMOXKHOCTI 3 BHKOPHUCTAHHSIM
HOBITHIX 1H(OpPMaIIfHUX TEXHOJIOTIH.

19-20 xBiTHS KOH(EpEHIis MPOAOBXKMIA pOOOTY B KOpITyci (hi3uKo-
MaTeMaTHYHOTO (paKyIbTETy B PEKHMi CEKIIMHMX 3acimaHb. [IpamroBamu
4 cexmil:

1. MaremaTH4He Ta KOMII'IOTEPHE MOJETIOBAHHS Yy MPHUKJIATHUX 3a/1a-
yax. CucremMHuii aHami3 i npuiHATTS pilleHb (KepiBHUKM —
A. ®@. Bepnanp, JOKTOp TEXHIYHMX HayK, NPO(ecop, YIEeH-KOPECTIOHICHT
HATIH VYxpainy; O. €. KoBaneHko, KaHIHIAT TEXHIYHIX HAYK, IOICHT);

2. IImranasa onTuMmisanii o6umcaeHb. Moaeal0BaHHA i onmTHMIi3aisa
KepoBaHHUX mpoueciB. MeToan MoAeJIOBAaHHS Ta NMPOrHO3YBaHHS
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auHaMiYHuX npoueciB (kepiBuuku — B. K. 3amipaka, mokrop ¢i3u-
KO-MaTeMaTHYHUX HayK, mnpodecop, axamemik HAH VYkpainwm;
1. B. Beiiko, nokTop TeXHIYHUX HayK, npodecop);

3. Mpobjemu mMojae/loBaHHS i MPOrHO3yBaHHS NpoleciB i3 po3mosui-
JIeHHMH napamerpamu (kepiBHuku — A. 5. Bom0a, 1okTrop TexHiu-
HUX Hayk, npodecop; 1. M. Koner, nokrtop ¢iznko-mareMaTuaHUX
HayK, ipodecop);

4. Imdopmauiiini TexnoJorii B ocBiti (kepiBHuKH — A. M. Kyx, nok-
TOp TIEJAroTiYHUX HayK, MoueHT; A. b. AHIPYXOBCBKHUH, cTapimuii BU-
Kknagad kadenpu iHPOPMATHKN).

VYuacHuky KOH(QEepeHIi aKTUBHO i TBOPYO OOTrOBOPIOBAJIM aKTyaJbHi
npoOJIeMHn MaTeMaTUYHOTO MOJEIIOBAaHHS, IPOTHO3YBaHHS Ta ONTHUMI3arlii,
TXHIO POJIb 1 3HAYEHHS [T PO3BUTKY Cy4acHOI OCBITH, HAYKH 1 TEXHIKH.

Y poboTi koHpepeHtii Opaiay yJacTb HayKOBIIi 3 0araTboxX perioHiB Y-
painn, a takox 3 Hopgerii, [lonbmi, Typeuunan, Y36ekucrany. Bonu npen-
CTaBJIUTN TIPOBITHI HAYKOBI YCTAaHOBH Ta 3aKJIAJIN BUIIIOL OCBITH, Y SIKHX IIPO-
BOJIITHCSA IHTEHCHBHI HAyKOBI JTOCIIDKEHHS 3a TEMATHKOIO KoH(pepeHmil. 3-
oMK HuX 33 moxTopu Hayk i moHax 70 KaHAUOATIB HAYK, JOKTOPAHTH, aclli-
paHTH, MariCTPaHTH Ta CTYISHTH 3aKJIa (iB BUIIOI OCBITH YKpaiHu.

Pernament pobOoTu (AOMOBiNb HAa IUIEHAPHOMY 3acCilaHHI — JI0
30 xB., Ha cekuiitnomy — 110 10 XB.) JO3BOJHMB OIPHIIOJJHUTH OCHOBHI
pe3yabTaTd CBOIX JOCIIDKEHb JOIMOBiIa4eBl W HamgaB MOXKIUBICTH IS
JIICKYCIi Ta 00rOBOpEHHs JIOTIOBI/i y4acCHUKaM KOH(EepeHIIii.

Ha cexuilfHuX 3acilaHHsAX KpaluMy OYJI0 BU3HAHO JIOTIOBIJI KaH/ M-
JIaTiB TEXHIYHUX Hayk, noueHTiB [BaHroka B. A., Kosanenka O. €., Hou-
Bas B. L., acmipantku ['eceneBoi K. I'. (HaykoBWH KEpiBHUK — JIOKTOP
dizuko-MaTeMaTHuHUX Hayk, npodecop Kower I. M.). Im Gysno Bpyueno
MoHorpadii JOKTopa TEXHIYHUX HayK, mpodecopa, WieHa-KOPECIOH/IeHTa
HAITIH Yxpaiau Bepnans A. .

3a pesyibpraTamMu poOOTH KoH(pepeHIii omyoikoBaHo 30ipHUK «Cy-
YJacHi MpoOJIEMH MaTEeMaTHYHOTO MOJETIOBAHHS, MPOTHO3YBAHHS Ta OI-
TUMi3awii: Te3u nonosifel 8-i MixkHapoaHOT HayKoBOI KoH(pepeHIii, npu-
csiueHoi 100-piuyro HarionanbHol akanemii Hayk Ykpainu ta 100-piguio
Kawm’ssnenp-ITozinbepKoro HalioHaIbHOTO YHiBepcuTeTy imeHi IBana Ori-
cuka. — Kam’suaens-IToninscekuil: Kam’saens-IloainbchbKkuil HallioHAIb-
HUI yHiBepcuteT iMeHi [Bana Orienka, 2018. — 160 c.».

Crartti y4acHUKIB KoH(epeHLil OyayTh ormy0iikoBaHi y (axoBux 30ip-
HHMKaX HayKOBHX Ipaip «MaTemMaTniHe Ta KOMIT FoTepHe MozemoBaHHs. Ce-
pist: Pi3uko-mMaremarnyHi Haykn», «MaTemMaTniHe Ta KOMI'IOTEpHE Mojie-
moBanHA. Cepist: TexHiuHI HayKm», siki BUnaroThes Kam’ saenp-Tlominschkum
HaliOHAJIFHIM YHiBepcuTeToM iMeHi [Bana OrieHka crimbHO 3 [HCTHTYTOM
kioepretukn iMeHi B. M. I'mymkoBa HAH Ykpaian.
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Jns ydacHUKIB KoH(epeHLii Oyyo mpoBeneHo ekcKypcito 1o Hariona-
JBHOTO  ICTOpPHKO-apXiTeKTypHoro 3amoBimHuka «Kam’ sirenp-Iloainses-
KU — OJIHOTO0 3 7 dyziec YKpaiHu.

20 kBiTHa 0 14:00 BigOysmocs MiABeICHHS MiACYMKIB poOOTH Ta 3a-
kputTs KoH(pepeHuii. Hactynny xoHdepenuito «CydacHi npobiemu ma-
TEMaTHYHOTO MOJIETIOBaHHS, IPOTHO3yBaHHs Ta ONTHMI3allil» 3aruiaHoBa-
Ho npoBecty B 2020 porii.

I. B. Beiiko, TOKTOp TEXHIYHHX HayK,
mpodecop;

A. ®@. Bepnanb, JOKTOp TEXHIYHHX
HayK, npodecop, WIeH-KOPECHOHIEHT
HAIIH Yxpainw;

B. K. 3agipaka, moktop ¢isuko-mare-
MaTHYHHX Hayk, mnpodecop, akame-
mik HAH Ykpainu;

I. M. Koner, nokrop ¢i3uko-maTeMa-
TUYHUX HAYK, Ipodecop;

B. A. ®enopuyK, IOKTOp TEXHIYHHX
HayK, pogecop.
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