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A. A. AB/IYJVIAEB, acc. kadenps! "Briciias matemaTtuka',
TalKeHTCKUI HHCTUTYT UHXKCHEPOB UPPUTallUK U MEXaHU3aLUU
CEIBCKOTO XO3sMCTBa, TamKkeHT

O EAMHCTBEHHOCTHU PEHIEHUMSA 3AJIAYN TUITA ®PAHKJIA
JJIA YPABHEHU A SJIVIMITTUKO-I' TITIEPBOJIMYECKOI'O
THUIIA BTOPOI'O POJA

OnmHOM W3 TJaBHBIX 3aJady TWAPO M Ta30BOM JUHAMHKH SIBISETCS pa3paboTka
MaTeMaTHYeCKUX MOJENCH CTAallOHApHBIX IPOLECCOB, ONUCHIBAEMBIX YPaBHEHUSIMH
CMEIIaHHOTO THIIA.

B  nmanHOli  paboTe  uW3ydaeTrcs 3ajaya  ONPEACNICHUS  TCYCHUS  BHYTPH
IUIOCKOIIApaJUICJIbHOTO CHMMETPHYHOTo comuia JlaBans 3amaHHOM (opMbl (mpsiMas 3amada
Teopun comia JlaBans), T.e. JUI1  ypaBHEHHs, T/A€ JIMHUS BBIPDOXKACHHS SBISETCS
xapakTepucTukoi. bubmumorp.: 8 Ha3B.

KroueBble cioBa: 3ajauy THIPO M Ia30BOM JMHAMUKH; coruio JlaBaisi; ypaBHEHUS
CMELIaHHOTO THIIA; YPAaBHEHUS SILTMIITHKO-THIIEPOOJINYECKOTO TUIIA.

ITocTanoBka mpodsaemMbl. biarogapsi HOBBIM NMPUIIOKEHUSIM YpaBHEHUIN
CMEIIaHHOTO THIIAa TEOpPHS KpaeBbIX 3a4ad  IOJYy4YWJIa HOBBIM HMITYJbC
paszButus. OcoOEHHO BaXXKHYIO pOJIb B TNPUIOKEHUAX 3aHUMAIOT KpaeBble
3aJa4yl IS DJUTMIITUKO-TUIIEPOONINYEeCKUX ypaBHEHUH (Hampumep, [1 — 4]).
3anaua OpaHKIISL U €€ aHAJIOTH JJI CMEIIAHHBIX AJUTUITHKO-TUIIEPOOTNYECKUX
YPaBHEHUH, a TakXe JIOKAJbHbIE M HEJOKAJIbHbIE KpaeBble 3aJauM I
YpaBHEHHS CMEIIAHHOTO THIIAa BTOPOrO pOAAa Majio Hu3yudeHbl. JlokazaTh
OJHO3HAYHYIO Pa3pelIMMOCTh TAKUX KPaeBbIX 3a7ad AJs YpaBHEHHsI BTOPOIO
pona He Bcerna ymaércs. B nmanHoOi paboTe BHepBble M3y4yalOTCS TEUEHUS
BHYTPU IIJIOCKONApaJuUIEIbHOTO CHMMETPUYHOro coruta JlaBams 3amaHHON
dopmbl, T.e. aHanor 3agaun PpaHkis ¢ KpaeBbIM ycioBueM [lyankape s
YPaBHEHHSI DJUIMNITHKO-TUIEPOOINYECKOT0 THIIa BTOPOTO poja, TAE JUHHS
BBIPOXKJICHUS TOXKE SBISIETCS] XapaKTEPUCTHKOM.

Ananu3 jgureparypbl. B [1] nokazaHa ogHO3HauHas pa3pemIuMOCTb
3ajauyn TpUKOMHM M TOKa3aHO €€ NMPUMEHEHHE K pPEeUIeHHIO MPSMOM 3ajaduu
teopun corvia JlaBansa. B [2] monydeHO pellleHHE HENOKaJIbHOM KpaeBOM
3aJa4 I8 YPaBHEHHUS DJIUIMIITHYECKOTO THma BToporo poxa. B [3]
paccMoTtpena 3anaya Ilyankape-Tpukomu ajis ypaBHEHHUsI CMEUIAHHOTO THIa
BTOpOro pona. B pabore [4] mokazana ogHO3HAYHAsl PA3pPEIIMMOCTh 3aJ1a4H
JUIs YpaBHEHHUsI TPEThEro MOpsJiIKa CMEIIAHHOIrO THIa BTOPOro pozaa, B [5]
JI0Ka3aHa OJHO3HAyHasi pa3pelMMOCTh HEJIOKaJIbHOM KpaeBoW 3ajauul ¢
KOHOPMaJIbHOM MPOU3BOAHOM [JIsi YpaBHEHMS] CMEIIAHHOTO JIUTUITHUKO-

© A.A. Abnynnaes, 2019
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runepOonuueckoro Tuma. B paborax [6 — 8] mpHBEIEeHBI HEKOTOPHIE
NPUIOKEHUE YPAaBHEHHI CMEIIAHHOTO THUTIA TEOPUH KPACBBIX 3a/1ad.

Heas crarbm — [0Ka3aThb €IWHCTBEHHOCTb pEIICHUS 3aJadyd THUIMa
@paHKIId U1 YpaBHEHUS SIUTUITHKO-TUIIEPOOIMYECKOTO THIIa BTOPOTO POJA.

Paccmotpum obnacte D, u3o0paxeHHyo Ha pucyHke, rae AC u BC —
xapakTepucTuku ypaBHeHus (1), a I' — cnpsamiusemas JKopmaHoBa KpuBas,
O®.U. Opanksip  mOKazaia, dYTO A O0ECIEUEeHHUs CYLIECTBOBAHUS U
€IMHCTBEHHOCTH B 00JacT D pemieHus u(x,y) ypaBHEHUS

& , o

axz +ay_2= 09 (1)

Signy| y|m

mpu — 1 < m < — 2 y)Xe HeIOCTaTOYHO MOAYUHHUTHh (PYHKIUIO U(X,)) KpaeBbIM
YCIIOBHASIM

”| r=(s), ”| ac=VY(x),

a CIIeJlyeT, CBEpPX TOro, Ha OTpe3ke AB JMHHUM TMepexoja BMECTO OOBIYHOTO
TpeOOBaHUS HENPEPBIBHOCTU u, (x, + O) =u, (x, - O) BBECTH

npeanonoxenue (ycinosue pazpblBHOCTH DpaHKIs)

Ou(x,+0) B ou(x,~0)

¢

Puc. O6nacte D pemenns u(x,y) ypasHenus (1)
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Oror pesynbrar 0000maeM s 3HAYCHHMA me(— 2; —1) npu4YEM

CAMHCTBCHHOCTBh JOKa3bIBA€CM TCM K€ MCTOAOM, a CYH_IGCTBOBaHI/Ie peLHeHI/IH C
IIOMOIIBIO TpEJCTaBlIeHUs] 0000LIeHHOro pemieHus [2 — 4] kmacca Ry

ypaBHeHus (1) mst 3HaueHnii —2 <m < —1.

Teopema eIUHCTBEHHOCTH.
JlokaxkeM  TeopeMy  €IMHCTBEHHOCTH B  Kjacce  (QYHKIUH,
YIOBJIETBOPSIIOIINUX YCIOBUSIM:

1) u(x,y)e C(2)(DJr ) D_);

2) UHTETpAJIbI

B
ju(x,O) u,(x,0)dx, ” (y"u? + ui Ydxdy ,
A Dt

m-2

B
[[ipymul —udldxdy, (=) > u’du
D~ C
CYILIECTBYIOT, a K HHTErpajiaM

[Ju(rmu, +u,ydedy, [[ul(=y)"u,, —u,,1dxdy
D* D~

MO>KHO MPUMEHUTH popmyny ['puna;

m

3) (~y)2u*(B)=0.

Iomoxum

oy oy

[Tokaxxem IpenBapUTENBbHO, YTO €CIU U(X,y) €CTh pPEIICHUE ypaBHEHUS
(1), obpammaromieecs: B HyJIb Ha Xxapaktepuctuke 4C, TO

8u(x, + O) 6u(x, — O) = v(x).

1
[Cov(x)dx > 0. )

0

B camowm nene, st obmactu D HMYKHEH MOJIYIIIIOCKOCTH CIIPaBeTMBO
paBeHcTBO (—1<m<-2)
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0= ”u [(=y)"u,, - u,, ldxdy =
o

= [ [ul(=y)"u.dx+u,dy]+ [[[u; = (= y)"u? Jdxdy.

AC BA D
Ortcrona, yuuThiBasi, 4To u| o= 0, momyuum

1

B
[bev()x == [[lu] = (= y)"ulddxdy = [ul(= y)"u,dx+u,dy].  (3)
0 D~ c

Ha xapakrepuctuke CB umeeM dx = (— y)? dy . Torna

B

Iu[(_ J’)m u dx+ uydy]z ]’i(_ y)%u(uxdx + uydy) =

m

(- y)2 udu =

A —=

nuim, B cuiy (3),

B B 2
Iu[(_ y)" u dx + uydy]: Zj(— y) 2 utdu<0. (4)
C c

[ToxaxkeM, 4TO TIEpPBBIM HMHTETpa] B MpaBOWd YacTH paBeHCTBa (3) HE
MOJIOKUTENEeH. J[Is1 3Toro mepeiiieM B IUTOCKOCTh XapaKTePUCTHUECKUX
KOOpJAWHAT

2 mt2 2 m+2
&—x—m+2(—y) 2, n—x+m+2(—y) 2 .
HNmeem
[l = yyuhixay =2 [[(= )2 uu,dean 5)
D~ AAB'C'

B runep6onuueckoii momynnockoct ypaBHenue (1) npuaumaet Bup 5]

o’u B (814 auj

=0, (6)
okon m—&\on On
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U3 (6) umeem
Uglt, = u? — nT_&”nuén . (7)

[MoxcraBus (7) B (5), moxyanm

ﬂ[ui—(—y)’"ui]dxdy=—2[m:2j"”2{ ([ (= &)me2u2dedn -
X

A4AB'C'

2(m+1)
L [[(n=&)me2 unuéndﬁdn:l

B sige

WM, UHTETPUPYS 10 YaCTAM MOCIIEIHUI UHTErpaj, UMeeM

[ ()" sy = 2(mm+2)(m12]”’” [[(n-8m2uldean<0. (®)
D MB'C'

VYuuteiBas (4) u (8), u3 (3) momyqyaem (2).

Teneps HETPYIHO JOKa3aTh TEOpEeMYy €IMHCTBEHHOCTH. [lycTh u(x,y) —
pemeHue ypaBHeHus (1), paBHOe HYNIO Ha KpUBOM /' M Ha XapaKTEPUCTHUKE
AC. Torma

0= J.J.u (V"u, +u,,)dxdy = —J.J.(ymuf + ui Ydxdy — Jl' T(x)v(x)dx —
D~ Dt 0

- Iu[y’”ux cos(nx) +u, cos(ny)]ds
r

M TaK KakK I/l|F =0 , TO MOJTy4YUM

1
”(ymui +ui)dxdy+jr(x)v(x)dx =0. 9)
D* 0

[Tockonbky u = 0 Ha xapakrepuctuke AC, To umeeT MecTo (2), a Tormaa

u3 (9) nerko 3akmovaem, 4to u = 0 B D+(y > O). B cuny eamHCTBEHHOCTH
pemenus 3amaun Komm mns ypaBHenus (1) [2] momywaem, uyto u = 0 B
D™ ( y< 0).

Takxum ob6pazom, u = 0 B D, 94TO U TpeOOBATIOCH TOKA3AaTh.

BblBOIlbI: Taxum 06p330M, B CTAaTbC MMOJTYUYCHBI HOBBIC MATCMATHYCCKUC
PE3YIbTAThI, COCTOAIINC B JOKA3aTCIbCTBC CAMHCTBCHHOCTH PCIICHUS 3alavun

9
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tuna OpaHkis ¢ KpaeBbIM ycioBueM [lyaHkape i ypaBHEHMsI DIIIIMITHKO-
TUNEepOOIMYECKOro THUIIA BTOPOTO poja, KOTOPOE HUCHOJb3YyeTcs s
MOJIETTUPOBAHUS CTallMOHAPHBIX IIPOLIECCOB TEYECHHUSI BHYTpU
IJIOCKONApaUIeIbHOTO CUMMETPUYHOro coruta JlaBans 3amaHHOM (OPMBL.
[lonydeHHbI pe3yabTaT MOXKET HCIOJIB30BaThsi M INPU MOAEIUPOBAHUU
JPYTUX ra30BbIX U THAPOJINHAMHYECKUX IPOLECCOB.
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YK 517.956.6

IIpo eaunicth pimenHs 3agadyi Tuny @PpaHkiasa Ada8 PiBHIHHA eJLTINTiKO-
rinep6ojiuHoro Tumy apyroro poay / AdoaymnaeB A.A. // Bicaux HTY "XIII". Cepis:
Inpopmaruka Ta mogemoBanus. — Xapkis: HTY "XIII". —2019. — Ne 13 (1338). - C. 5 —12.

OpnHi€lo 3 TOJOBHHMX 3ajad TiApo 1 ra3oBOi JUHAMIKM € pO3poOKa MaTeMaTHYHHUX
MoJIeJIel CTaliOHapHUX MPOLECiB, SKi ONMUCYIOTHCS PIBHSAHHSIMHM 3MIILIAHOTO THITY.

VY naHiit poOOTi BUBYAETHCS 3aJa4a BU3HAYEHHs Tedii BCEpequHI IIOCKOIapaleIbHOTO
cuMeTpuyHoro coruia JlaBans 3amanoi ¢opmu (npsimMa 3amava teopii coruta JlaBas), To0TO
JUISL pIBHSIHHS, /1€ JIIHISI BUPOJUKEHHS € XapakTepucTukoro. bidmiorp.: 8 Hazs.

KuarouoBi c1oBa: 3aadi riipo i ra3oBoi AMHAMIKH; coIuIo JlaBas; piBHSHHS 3MIIIAHOTO
THUITY; PIBHSAHHS €JUTINTIKO-TIepOOIiTHOTO THITY.

YAK 517.956.6

O eIMHCTBEHHOCTH pellleHUs 3aJa4d THNa DpaHKIAA AJA YPaBHeHHUS LIMITHKO-
THNep00JIMYecKOro THMa BTOporo poaa / AoayanaeB A.A. // Bectauxk HTY "XIIN".
Cepusi: Undopmatrka n MmonenupoBanue. — Xapbkos: HTY "XITHN". — 2019. — Ne 13 (1338). —
C.5 -12.

OpHO¥l W3 THaBHBIX 3aJa4 THUAPO M Ta30BOM JUHAMUKH SIBISCTCA pa3padoTKa
MaTEMAaTHYCCKUX MOJICNICH  CTallMOHAPHBIX MPOIIECCOB, OIMMCHIBAEMBIX  YPABHCHHSIMHU
CMEUIaHHOTO THIIA.

B  nmanHoli  paboTe  M3ydaercss 3ajada  ONpPENEJCHUS  TEUYEHUs  BHYTPH
TUTOCKOTIApaJIIEIEHOTO CHMMETPHYHOTO cornra JlaBans 3amaHHON ¢opMmbl (mpsMmas 3amada
Teopun corua JlaBams), T.e. UIA  ypaBHEHHs, TIC JHHHUS BBIPOKACHUS SABISACTCA
xXapakTepucTukou. bubmmorp.: 8 Ha3s.

KnrwueBble c1oBa: 3a7aun TUAPO M ra3oBOM JWHAMUKH; coruio JlaBans; ypaBHEHUS
CMEIIaHHOTO TUTIA; YPABHEHHS JJUIUIITHKO-TUIIEPOOTNIECKOTO THIIA.

UDC 517.956.6

On the uniqueness of the solution of a Frankl-type problem for an equation of the
elliptic-hyperbolic type of the second kind / Abdullaev AA. // Herald of the National
Technical University "KhPI". Series of "Informatics and Modeling". — Kharkov: NTU "KhPI".
—2019. — Ne.13 (1338).—P. 5 —12.

One of the main tasks of hydro and gas dynamics is the development of mathematical
models of stationary processes described by equations of mixed type.

In this paper, we study the problem of determining the flow inside a plane-parallel
symmetric Laval nozzle of a given shape (the direct problem of the theory of a Laval nozzle),
i.e. for the equation, where the line of degeneration is characteristic. Refs.: 8 titles.

Keywords: hydro and gas dynamics problems; Laval nozzle; equations of mixed type;
equations of elliptic-hyperbolic type.
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YIK.591.6 DOI: 10.20998/2411-0558.2019.13.02

M. ATAMHUP3AEB, xaun. ¢us.-Mat. Hayk, gou. TUMMCX, TamkeHT,
H. IOJUJJAIIIEB, xaup. ¢u3.-Mar. Hayk, gou. TUMMCX, TamkeHT

YUCJEHHOE MOJAEJTAPOBAHUE TPEXMEPHBIX
TYPBYJIEHTHBIX CTPYU PEAT'UPYIOIIUX I'A30B

B npanmHOif paboTe mnpUBOAATCS MOTU(GUIMPOBAHHBIE MOIETH U BBIYUCICHHS
TypOyeHTHOH 3 PEKTHUBHON BI3KOCTU, METOJ PacyeTa U HEKOTOPHIC YHCICHHBIC PE3yIbTATHI
UCCIICIOBAaHHS TPEXMEPHBIX TYPOYJICHTHBIX CTPYH pPEarupyrolux Ta30B, HCTCKAIONIMX U3
COIUIAa MPSAMOYTOJILHOW (POPMBI U PACIIPOCTPAHSIOIIUXCS B 3aTOIUICHHOM (CITyTHOM) IOTOKE
BO3ayXa npu nud¢y3nonHoM ropernn. M. 4. bubnuorp.: 18 Ha3B.

KiroueBble ciaoBa: TypOyJICHTHBIC CTPYH; BSI3KOCTh, COIUIO; PCArUpPYIOIIUE Ta3bl;
3¢ dhexTUBHAS BI3KOCTb.

ITocranoBka mpoOiaemMbl uM aHanu3 JurTeparypbl. OCHOBHBIM
WHCTPYMEHTOM WCCIIEI0BAHUS ra3o0lMHAMMKH, TeriomaccooOMeHa
TypOYyJIEHTHBIX CTPYWHBIX TEUYEHHI MHOTOKOMIIOHEHTHBIX Ta30BBIX CMecei
ABIIIETCS MAareMarH4ecKoe MOJEIUPOBAaHUE, KOTOpPOE€ B OTIMYHE OT
($U3UUEeCcKOro SKCIEpUMEHTa HEpeaKO 3KOHOMHUYECKH 3(PQeKTHBHEE U YacTo
ABJISIETCS E€AMHCTBEHHO BO3MOXKHBIM METOJIOM HccienoBaHuil. B oOmem
cllyuae MOJICIMPOBaHHE TYpPOYJICHTHBIX CTPYMHBIX TEUEHUH pearupyromnmx
ra30BbIX CMECel OCHOBAHO Ha OOIIECHPUHSATON CUCTEME CBSI3aHHBIX YpaBHCHHMA
B YAaCTHBIX IIPOM3BOAHBIX, BBIPAXKAIOIIMX 3aKOHBl COXPAaHEHHUS Macchl,
MMIYNbCa, YHEPTUU U BetiecTsa [ 1 —4].

B paborax [5 - 10] mnpuBeneHsl, B OCHOBHOM, pE3yJIbTaThl
SKCIIEPUMEHTAIBHBIX M TEOPETUKO-YMCIEHHBIX pPAacyeToB, IOCBSAIIEHHBIX
VCCJIEZIOBAHUSAM MCTEUEHMSI BO3/1YyXa, BHITEKAIOLIETO U3 COILIA IPSIMOYTOJIBHON
(b opMBI.

B Toxe Bpems, mpobieMa MaTeMaTHMYECKOTO  MOJCIUPOBAHUS
TPEXMEPHBIX CTPYWHBIX TEUECHHH pearupyrolmx Ta30BbIX CMecell 0
HACTOSIILIETO BPEMEHU OCTAETCS B MEXAHUKE OJIHOM M3 CaMbIX CIOXHBIX [11 —
18]. CnoXxHOCTh paccMaTpuBaeMoOl MPOOJIEMBI CBsI3aHa, C OJHOW CTOPOHBI, C
HE3aBEPUICHHOCTHIO TEOPUU TYpOYIEHTHOCTH, a C JAPYroH, crenupuaecKuMu
0COOEHHOCTAMU TypOyIEHTHBIX TEUEHUHN MPU HATMUYUU XUMUYECKUX PEaKIIU.

I_[e.m,}o paﬁ()Tbl ABIACTCA YHUCIICHHOE HCCICAOBAHHUEC HCTCUCHUS
TPEXMEPHOU TypOYJICHTHON CTPYH Ta30B U3 COILIA MPSIMOYTOJIbHON (DOPMBL.

IMocranoBka  3agaum. Paccmorpum  pearupyromyro  CTpylo,
BBITEKAIONIYIO M3 COIUIa MPSMOYTOJbHOM (hOPMBI U PacIpOCTPaHSAIONIYIOCS B
CIyTHOM (3aTOIUIEHHOM) IIOTOKE BO3AyXa. B KkauecTBe Havasia KOOpAMHAT
JIEKapTOBOW CHCTEMBI BBIOEpPEM IIEHTP HAYaJbHOTO CEYCHHS CTpyd: och OX

© M. Artamupsses, H. FOnmames, 2019
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HampasjieHa BAOJb CcTpyd, a ocu OY u OZ mnapamienbHbl CTOPOHAM COILIa,
pasmepoMm 2a u 2b cooTBeTCTBeHHO. lIpenmmonoxum, dYTO TEUCHHE
CUMMETPUYHO OTHOCUTENbHO ocu OX u miockocreir YOX, ZOX, kotopsbie
00pa3yloT IpaHULbl OOJIACTH MHTETPUPOBAHMS UM MO3BOJSIOT paccMarpuBaTh
TOJIBKO OJTHY YETBEPTh MPSIMOYTOJIbHOU CTPYH.

Takoe TedeHHe OMUCHIBACTCS CIEAYIONIECH MmapadoIu30BaHHON CHCTEMOM
ypaBHenutii [1, 3,4, 9, 10]:

opu N 1 dpv N opw _
ox L oy 0z

Ou 1 ov ow OoP 1 0 ou) O ou
PU—+PV——+pW——=—+— —| U— [+—| h— |, (2)
ox L oy oz ox L oy\ ov) oz\' oz

oLy, ow P 4 Of O +§( @j_
™o e v 3ol a) e\l

()
_zg( 6_w) 12( 6_wj
H— |t n—
3Loy\ é&z) Léz\ oy

(4)

0 (1)

-

OH oH oH 1 o oH 1 a[ 6Hj
pU—+py—+pw—=—S——|pU— [+ —— | L— |+
ox Loy 0z L Pr. oy\ Oy

1 1 0 ou
H e | | e — |+
Pr, )| L* Oy oy
0z H 0z) 0Oz H oz) I*0z " oy
4 1 |1 of ov a( awj
Hoo-— || W [t ww— | |-
3 Pr, )| L° 0Oy oy ) oz oz

_13(2 Vé‘_W}lﬁ y +1£( W@j_lﬁ 2w )
o3 &) 1"y 1M 123" )
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oC _1aC__aC 166?? 1 of aC

puU——+py———+pw— +t——|u—= | (6)
& Loy & IS Oy ay Scp éz| oz
2 2 2 N
uw+v+w .
H:cp+—+2cikl., (7)
2 P
N
H=pT) —. (8)
Z,
st BeruncieHus: 3GGEeKTUBHON TypOYJICHTHOW BSI3KOCTH HCIIONIB3yeM
MoAM(pULIIPOBAHHYIO anreOpanvyecKyro MOJEIb, YYUTBIBAIOIIYIO
MOJICKYJISIPHBIA TIEPEHOC, TPEXMEPHOCTh U TEMIIEPATypPHYIO HEOJHOPOIHOCTD

CTPYH B BUJIE

2 2 2 a
w=p, +apl’ [%J +(%j +(%j [%J , 9)

a TakXke TOAKIIOYCHHE YpaBHEHUs KHUHETHMUYECKOW U  JIMCCUIALNU
KHHETUYECKOW JHEPTruu TYpOYIECHTHOCTH ISl BBIYUCICHHUS TYypOyICHTHOM
Bsi3KoCTH ("k—e" MOnenh), UMEIOIIEro CIEAYIONTNI BUI:

ok ok o [ur 6kJ+ 0 (ur ok

Ok
P P P oo, o) \o, &

Pu@+pvﬁ+pw@:i(ﬁ@j+a(w 68} +GG- Cng) (11)

j+G pE, (10)

a Ly ' oz Poy\o, &) o\, éz

2 2 2
ou o C,.pk
|| == +(—”J , Wy =——. (12)
Loy oz €

B ypaBuenmsix (1) — (12) u, v, w — cocTaBIsIfOITHE CKOPOCTHU 1O OCSIM X,
v, z; k, € — KuHEeTHYECKast SHEPTHs TYpOYJICHTHOCTHU U €€ JUCCUTIAINY; p, P,
T — mJI0THOCTD, IaBJICHHE U TeMIlepaTypa cMecu; R — yHuBepcallbHas ra3zoBas
nocrosiHHasi; Pry, Sc; — TypOynentHoe umcio Ilpanarns u Ilmunra; p —
Ko3pPUIueHT nUHAMHYECKOH 3(P()EKTUBHON TypOyJIEHTHOW BS3KOCTH; C, —
TEIIOEMKOCTh CMECH MPU MOCTOSSHHOM JIaBJICHUMU; C;, k; * — KOHLUEHTpALU |
TerioTa o0pa3oBaHUsl i-i KOMIOHEHTHI; N — YHCIIO KOMIIOHEHTOB CMECH; & —
sMmHpUYecKass mocTosHHas Kapmana;, o — TmMoOKaszarenb, YYUTHIBAIOIIUI

Tac
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TEMIIEPATYPHYIO HEOAHOPOAHOCTb CTpyH; W, = const-T 0:64. ] — nmma nyru

nepememuBanus; C;, C,, Cu, o, G, — SMOUPUYECKHE KOHCTAHTHI "k—e"
Monenu TypOyneHTHocTH. Cuctema ypaBHeHuu (1) — (12) mpuBenena B
0e3pa3MepHOM BHUE, BEIOpaB B Ka4eCTBE MacliTada JUIMH BEIHUYUHY — b, IS
CKOPOCTEif — U2, TTOTHOCTH — P2, JABICHHS — Paliy”, TIONHAS SHTAIBIAS U
TemnoTa 0Opa3OBAHMS -l KOMIOHEHTBI — U°, S(MEKTHBHOMN TypOYICHTHO!M
BSI3KOCTH — b pzuzz, TEIUTIOEMKOCTH TIPU TOCTOSTHHOM naBieHuu — (R/M),
Temreparypsl — us>/(R/M|), MONEKyISPHBIX BECOB — M|, KHMHETHUYECKOi
SHEPTHH TYpOYJEHTHOCTH U €€ JUCCHUIAITU COOTBETCTBEHHO — u22 u u23/b, a
Takke Oe3pasMepHOE BXOIHOE CEUEHHE CoIla B KBagpaTHYK OO0JACTh C
OMOIIbI0 hopMynbel y = y/ L.

VYpaBHeHue KoHIleHTpanuu (6) HamucaHo B (opMme KOHCEpBAaTUBHOM
¢yukuun [11Baba-3enp0BHYa OTHOCHUTEIBHO MAcCCOBOM KOHIIGHTPAITUH i-BIX
KOMITOHEHTOB, IO3BOJISIONIEE CBECTH YMCIO yYpaBHEHUH C MCTOUYHHUKAMHU 10
OJTHOTO JUISl YEThIpeX KOMIIOHEHTHOH cmecu. [Ipenrmonaraercs, 4To peaxius
MPOTEKAaeT B 30HE COMNPUKOCHOBEHHUS TOPIOUEr0 C OKHUCIUTENEM, T.C.
paccMarpuBaercs Au(Qy3noHHOE TOpPEHUE.

@yukuust C Ha cpese comula paBHa 1, a B 30He Bo3ayxa 0.
JIyist maHHOW MOCTAHOBKH, cucTeMbl ypaBHeHu# (1) — (9) wmm (1) — (8),
(10) — (12) MOkHO pemIaTh C MOMOIIBIO CIEAYIOMNX Oe3pa3MEpPHBIX KPaeBbIX

YCIIOBU:
[. x=0:
1)0Sy£1,0£z£1;u=1,v=0,w=0,H=H2,P=P,E=1,
(k=k2, 8=82).
2)1<y<y+w,1<Z<Z+w;u:u1,v=0,W=O,H=H1,P:P,E:I,
(k=k,e=¢).
II. x>0:
z=0;0<y<y,.; w=0, g=0,
1) oz (13)
(f:u7v7H7C’(k78))'
of =
2)y=0,0<z<z ;v=0,—=0, | f=uwH,C, (k)|

Z_>Z+OO’ y_)erooﬂ u=u1,v=0,W=0,H=H1,P=PI,F=O,
(k=k,e=¢)).

3)

16



BicHuk HauyioHanbHO20 mexHiyHo20 yHiesepcumemy "XI1I", 2019, Ne 13 (1338)
ISSN 2079-0031 (Print) ISSN 2411-0558 (Online)

3aech HWKHUMH  uHAckcamm 1", "2" wm  "+oo"  OTMEUCHBI,
COOTBETCTBEHHO, O0€3pa3MepHBIC BETMYNHBI OKUCITUTEIS M TOPIOUETO Ha CTPYeE,
a TaKk)Ke B OCCKOHCUHOCTH.

Cucrema ypaBaenuit (1) — (9) wyacTuuHo mapaboin30BaHa, MOITOMY HX
smunTrdeckue d(P(EKThl MPOSBISIOTCS Yepe3 ToJe JMJaBICHUS U UX
AJUIMNTUYECKUE CBOMCTBA, CBA3aHHBIE C IMOJEM JIBUKEHHUS, COXPAHSIOTCS [2,
3]. Ilpu wucredeHUH MJO3BYKOBOM CBOOOIHOM CTpyW uepe3  COIUIOo
MPSIMOYTOJIBHOTO CEUCHHUSI B CpEeIy, TPAIUEHTOM JaBJICHHUS B TPOJOIHHOM
HATPABICHUH U MAJIBIMH U3MEHEHUSIMH €T0 B MOMEPEYHOM MIOCKOCTH MOXKHO
npeHeopedb, 4YTO UHOTAA JAET BOZMOKHOCTH MTPOBEICHUS PACUETOB, 3aJaHHBIX
nasneHueM [1 —3].

Meton penieHMsi U pe3yJbTaThl BHIYHCJINTEIbHBIX IKCIIEPUMEHTOB.
JUis  4KUCIEHHOrO HHTETPUPOBAaHUS CHUCTEMBbl YpaBHEHUH C KpaeBbIMHU
ycinoBusimu  (13)  wWcmons3yeM  TPOCTPAHCTBEHHYIO  JIBYXCJIOMHYIO
JECATUTOUYEUHYIO KOHEYHO-PAa3HOCTHYIO CXEMY IIEPEMEHHBIX HalpaBiIeHUH [6]
C TOYHOCTHIO 710 mopsiaka O(Ax, Ayz, Azz).

BonpmMHCTBO pelieHnit TpeXMEepHBIX MapadOIM30BaHHBIX YpaBHEHU,
MOJy4YEHO COIIACHO METOAY C CErperupoBaHUEM, THPEUIOKEHHOTO B
nponenype SIMPLE [2], u B HECKOJIBKO OTIMYHOW (OPMYIHPOBKE, KOTOpas
TaKkKe MPUBOAMT K ypaBHEeHHIO [lyaccona st oOHOBIeHUS AaBineHus [1].

B nmannoit pabore mnpuBoguTcs S(GGEKTUBHBI METON, MOJO0OHKIMA
SIMPLE c¢ mnpsmbiM MeromoM pemaercsi ypaBHeHue Ilyaccona st
OTpeNieNIeHUs] TIONPaBKM K  CKOPOCTAM. SIkoObl JIMIIHEE ypaBHEHHE
HEPa3pbIBHOCTH UCIONB3YETCs AJIs pacueTa AucbanaHca mMacchl. B onnyne ot
pabot [2, 3] mompaBKHM HPUBOIATCS MO TPEM COCTABISIOMIMM CKOPOCTSIM;
HallJICHHbIE PEIICHUs U, V, W B HOBOIM UTEpallMU BBIPAXKAIOTCS KaK PacUeTHbHIE
(u 0o Vo wp) Y TUTIOC TTOIIPABOYHBIE (uc, v, wc) B BUJIE

u=u,+u,., V=V, tV.,  wW=w,+w,. (14)

[TormpaBoYHBIE CKOPOCTHU OMPEICISAIOTCS W3 YpaBHEHUS HEPAa3PHIBHOCTH
BBEJICHUEM TMoTeHuuana Q,

o 0 0

u 9 c 9 c 15
Pite ox Loy P oz (15)
KOTOPBIN SBIISIETCA perieHneM ypaBHeHus [lyaccona
2 2 2
8Q+6Q+8Q:Qp’ (16)

a2 Loy* oz’

rae (J, — MICTOYHUKOBBIN YJICH.
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PazHocTtHOe ypaBHeHue (16) MOXHO 3amucarh Ais morteHnuana O B
KaX/J0H TOYKE CETKH IIONepeK IOTOKAa B IUIOCKOCTH MO i (Hymepanus
i-ceueHuit mo ocu Ox, j — mo Oy, k — mo Oz) u WUCHOIB30BaTh
TPEXIMAroHaJbHYI0 CHCTEMY YpaBHEHHUI MpU CIEAYIOIUX OO0OCHOBAaHHBIX
JOMYIICHUSIX

1) 0i1;x=0, Qijk1=0 — o3Ha4aeT, 4TO TMONPABKH K CKOPOCTH B
wiockocT (i—1) m B ceueHuu (k—1), B KOTOPOM BBITIONHSETCS COXPaHEHUE
MAacchl, yKe MMOJIy4EHBI.

2) Oi+1,k=0, Qij,+1=0 — o3Ha4aeT, yTO MONPABKH K CKOPOCTU OymyT
paBHBI HYIIO, KaK U B IJIOCKoCTH (i+ 1), Tak u B ceuenuu (k+1). Tem cambim
JOCTUTACTCS] UX CXOIUMOCTD B 3TOM IUNIOCKOCTH U B CEYCHUH COOTBETCTBEHHO.

HapamuBanue pacueTHO#l oOimacTv (pacluiupeHUe TPaHHUIbl CTPYH) IO
ocu Oz u Oy npOBOAWIOCH IO YCIOBUIO:

r}1]a]3<|Fl/k —F,|>0, tne F’={u, H}, a 0 — maioe 4ucio.

Ecmu 3TO yCliOBHE BBITIONHSACTCS, TO KOJIWYECTBO PACYETHBIX TOUYEK
YBCINYUBACTCA HA OJHY TOYKY.

I[Ipu  HemzobapuueckoM  ciydae, Kpome  cooTHomieHus  (14)
NPENON0KUM, YTO MCTHHHOE [ABJIEHHE BBIpa)KaeTcd Kak pacdeTHoe P, u
TUTIOC TIOTIPABOYHOE, T.€. B BUJIC

P=P,+BP, (17)

rae B — koadduuueHT penakcamu.

Jlanee mpeniaraemblii METOJ UMEET B CBOCH OCHOBE, MOJIOOHO Kak U B
opuruHaibHOM mnoaxoae Ilarankapa u Cnongunra [2, 3], 4TO NOMpPaBKU K
CKOPOCTH OTPECISIIOTCS TOTpPaBKaMU K JIaBJICHUIO B COOTBETCTBUU C OYCHB
NpUOMIKEHHBIM YPaBHCHHEM JBUKCHHS, HO MBI HCIIOJIB3YeM HX IO BCEM
YpaBHEHUSM JBWIKEHUS, B KOTOPBIX MPOJIOJHHBIC KOHBEKTHBHBIC YJICHBI
YpaBHOBENICHBI WICHAMH C JaBleHUEM. J[MCKpeTH3upysl JIeBbIE YacTU ITHX

YPaBHEHHI C Y4ETOM IMPENNOI0KEHUs, YTO B IUIOCKOCTH (i — 1) mOMpaBKH K
CKOPOCTH paBHbI 0, MOTyYUM
Ax OP, Ax OP, Ax OP,
u, =———"=, v, =———5, w, =———5. (18)
pu Ox Lpu 0y pu Oz

VY4uThIBas, YTO MOMpaBiICHHbIE CKOPOCTH (14) MOMKHBI yIOBIETBOPSTH
YPaBHEHHMIO HEpa3pbIBHOCTH, MOIYy4UM ypaBHeHHE IlyaccoHa OTHOCHTENBHO
P., 1 ero MOXXHO JIeTKO pemarb B Ka)XJIOM CEYCHHH, €CJIM BBECTH HEKOTOPHIE
000CHOBaHHBIE TIPEIONIOKEHHS MoA00HbkIe 1) u 2). B aToM ciyuae anroputm
pacyera momO0OEH BBHIIICONMMCAHHOMY, JIMIIb C TOW pasHUIEW YTO MOCIe
HaXO0XJeHUs! P, BBIUUCIIAIOTCS UCTUHHOE 3HAYEHUE AABJICHUS M MONPABOYHBIE
ckopocTH 1o popmynam (14).
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N3 npoduneir kuHEeMarndeckoro KodpduuueHta TypOYJIEHTHOM
BSI3KOCTH, MPUBEACHHBIX B PAa3HbIX CEYEHUAX CTpyr mo ocsim OY u OZ
(puc. 1), BUIHO, YTO MaKCHUMAlIbHOE €ro 3HA4eHHE HaOomaercs BO (QpoHTe
IUIAMEHHU, TJe TeMmIepaTypa HUMEeT MakCUMyM, U 3TO, B CBOIO OYEpe[b,
IPUBOIUT K €ro Bo3zpacranuto. |, =0, o =0, rae cymecrByer sapo CTpyH,

3HAYCHHE KHHEMAaTUYEeCKOro Kod((UIMEeHTa BS3KOCTH pPaBHO HYIIO, a C
yAaJIeHuEeM OT cpe3a CoIljia MaKCUMaJIbHOE 3HAYEHHE €T0 MePEMEIIAeTCsl K OCU
CTPYH U U3MeHeHHe BA0JIb oceil OY u OZ nmOCTENeHHO CIIIaKUBAETCs.

107,
0,54

0
Puc. 1, a. I3MeHeHne KNHEMAaTUUECKOM BA3KOCTH P Pa3HbIX areOpandecKux
MoJesX Koa(pduimenta TypOyIEeHTHOCTH 110 OCH

107,
0,5+

0
Puc. 1, b. I3MeHeHHEe KMHEMATHUECKOHN BA3KOCTH IIPH Pa3HbIX ajire0pandecKux
MoJensix kodddurenta TypOyIeHTHOCTH 110 OCH Z

Bo3spacranune temneparypsl Tommba ot 700 K go 1200 K npuBogut k
yBeIMYeHUI0 UnHbl quddy3nonHoro dakena or Ly/2b = 24 no 26,5 npu
temmneparype okuciurens 300 K, u 6onee narperom okucnurene (77 = 500 K,
T, = 1200 K) 6e3pa3mepnas ninuHa dakena J0XoauT 10 27,5.

Ha puc. 2 u3o0paxeHbl OceBOE M3MEHEHHUE IMPOIOJIBHONW CKOPOCTH H
MOTOKa WMITYJIbCa BIOJL OCH 3aTOIUICHHOTO auddy3noHHOro (akena mnpu
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Pa3HBIX MCXOAHBIX 3HAUCHMSX TEMIIEPaTypbl TOpIOYel CTPYH M OKHCIUTEISA
(—.——-T,=70K; — — — T, =900 K; -7, =1200K; _ . _ —
T, =1200 K, 77 = 500 K). Cyast no oceBoMy M3MEHEHHUIO 3TUX MapaMeTPOB
MOXHO CKa3aTh, YTO WX IOBEICHHE MPAaBUIBHO OTpaykaeT (hU3HKY SIBICHUS,
T.€. YBEIMUYCHHE MCXOTHOTO 3HAYECHUS TEMIIEPaTyphl IPUBOAUT K MEIICHHOMY
yOBIBaHUIO OCEBOW CKOPOCTH IOTOKa uMmynbca. [lpm  HeOombImx
Temrneparypax roprodeit ctpyu (72< 900 K) Ha ¢ppoHTe niuamenu temmeparypa
He npesbimaer 1750 K.

|
=he

g
=)

0,51

0 1:0 2:0 30 x
Puc. 2. OceBoe n3ameHeHHne NpoA0IBHON
CKOPOCTH U IIOTOKA HUMITYJIbCA.

— T2:700 K, —— T2:900 K,
— -1=1200K; — . — - ;=500 K

Puc. 3. CpaBHeHHUE pe3yabTaTOB B
pamkax anredpanyeckoi u "k—"
MOJENU TypOyJIEHTHOCTH

Ha puc. 3 npuBenensl cpaBHeHUs1 npoduiiei MpoJ0IbHON CKOPOCTH IO
ocu OY B pa3HbIX CEUEHUAX B MPOAOJBHOM HANpaBICHUM, B paMKax
anreOpanyeckoil u "k—€" wmomenu TypOynenTHocTH. HesHaumTenbHO
OTJINYAIONIUECS Pe3ylbTaTbl ObUIM TOMYYEHbl NMPH HAYaJbHBIX 3HAYEHUSX
KUHETHYECKON SHEpruu TypOyIeHTHOCTH, cocTapistomeld 1% oT ucxomHou
CKOPOCTH MOIU(MUIIMPOBAHHBIX HIMIUPHYECKUX KOHCTAaHT "k—&" wMopenn
typoyneratanoctu C; = 1,3 u C; = 1,5 Bmecro C; = 1,4 u C, = 1,92.

BeiBonbl. Ha ocHOBe pa3paboTaHHOTO METO/a, MCCIEIOBAHO BIUSHUE
COOTHOIIICHUSI TEMIEPaTyphl TOPIOYEH CTPYH M OKHCIUTENS, a TakKe
rpaJiueHTa JaBieHWs Ha KoHpurypamwio nuddy3monHoro dakena.
Jl0CTOBEPHOCTh TONYYEHHBIX PE3YJbTaTOB OOOCHOBBIBAETCS CPAaBHEHHEM C
IKCIIEPUMEHTAJIBLHBIMH Pab0TaMu IPYTUX aBTOPOB.
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YJIK.591.6

YuceslbHe MO/EJIOBAHHS TPUBUMIPHHX TYpOYJEHTHHX CTPYMeHiB
pearyiouux rasis / Aramipzaes M., FOagames H. // Bichux HTY "XIII". Cepis:
I[ndopmaruka ta monemroBanusa. — Xapkis: HTY "XIII". — 2019. — Ne 13 (1338). —
C.13-24.

Y naniii poGoTi HaBOAATHCS MoOauGiKOBaHI Mojemi s OOYHCICHHS
TypOyneHTHOI eQeKTHBHOI B'SI3KOCTI, METOA PO3PaXyHKy Ta JesKi YHCeNbHi
pe3yabTaTH JOCHIKECHHS TPUBHUMIPHUX TypOYJICHTHHX CTPYMEHIB TrasiB, IO
CTIKaIOTh 3 COILIA MPSMOKYTHOI ()OPMH 1 TIOIIMPIOIOTHCS B 3aTOIJICHOMY (CIIyTHOMY)
NOTOL NOBITPA NpH Iudy3iiHoMy ropinHi. [n.: 4. Bibmiorp.: 18 Ha3B.

KurouoBi cjoBa: TypOyJIeHTHI TIOTOKH; B'I3KICTh; COILIO; Ta3iB, IO PEaryroTh,
e(eKTUBHA B'S3KICTh.

YIK.591.6

YucjeHHOe  MOIeIUPOBAHUE  TpPeXMEPHBIX  TYPOYJIEHTHBIX  CTpYil
pearnpyrommx razos / Aramup3aes M., IOanames H. // Bectaux HTY "XIIN".
Cepus: Undopmatuka u moaenupoBanue. — XappkoB: HTY "XITN". — 2019. — Ne 13
(1338). - C. 13 -24.

B nanHoli paboTe npuBOASTCS MOAU(PHULINPOBAHHBIE MOAETH IJISi BHIYUCICHUS
TypOyneHTHON 3((PEeKTUBHON BSI3KOCTH, METOJ pacuera M HEKOTOPbIE YHCICHHBIE
Pe3y/IbTaThl UCCIIEAOBAHUS TPEXMEPHBIX TYPOYJIEHTHBIX CTPYH pearupyrolux ra3os,
UCTEKAIOUIUX U3 COIUIa MPAMOYTOJbHOM (DOpPMBI M PpPacCHpOCTPAHSIOIUXCS B
3aTOMJICHHOM (CIyTHOM) TOTOKE BO3AyXa NpH Iuddy3noHHOM ropeHun. Mi.: 4.
bubmuorp.: 18 Ha3s.

KiroueBbie ciioBa: TypOyJeHTHBIE CTPYH; BA3KOCTb; COIUIO; pearupyrolue
rassl; 3 peKkTuBHAs BASKOCTD.

UDC.591.6

Numerical simulation of three-dimensional turbulent jets of reacting gases
/ Atamirzaev M., Yuldashev N. // Herald of the National Technical University
"KhPI". Series of "Informatics and Modeling". — Kharkov: NTU "KhPI". — 2019. —
Ne.13 (1338). —P. 13 —24.

This paper presents modified models for calculating turbulent effective
viscosity, a calculation method and some numerical results of a study of three-
dimensional turbulent jets of reacting gases flowing from a rectangular nozzle and
propagating in a submerged (co-current) air flow during diffusion combustion. Figs.:
4. Refs.: 18 titles.

Keywords: turbulent jets; viscosity; nozzle; reacting gases; effective viscosity.
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YK 661.53:681.51 DOI: 10.20998/2411-0558.2019.13.03

A. K. BABIYEHKO, xann. Texs. Hayk, npod., HTY "XTII",

M. O. IIOJYCTOB, n-p TexH. HayK, 3aB. kad., HTY "XIII",

A. 0. KPABYEHKQO, acn., HTY "XIII",

10. A. BABIYEHKO, xaun. TexH. Hayk, foiu., YkplY3T, Xapkis

®OPMYBAHHS IH®OPMALIIITHOTO MACUBY
LJIEHTU®IKATOPA AJIAITUBHOI CHCTEMU YIPABJITHHS
BJOKY KOHJEHCAIIII BAPOBHUIITBA AMIAKY 3A
HEBU3HAYEHOCTEM

CtBopeHa anropuTMmiuHa ©0a3a s ¢GopMyBaHHSA  iHQOpPMAIITHOTO  MacHBY
ineHTH(iKaTOpa ANAaNTUBHOI CHCTEMH YIPaBIiHHS OJOKY BTOPMHHOI KOHIEHcamii
BUPOOHMITBA aMmiaky, sika 3a0e3nedye BiJOKpEMJICHHS IEpEeXiJHUX PEKUMIB B YMOBax
HEBHM3HAUCHOCTEl Ta J03BOJSIE BUKOHATH 3anady iaeHTHQIKamii MpoueciB TerwiooOMiHy
HECTAI[IOHAPHUX CTATUYHHUX TEXHOJIOTIYHUX 00’€KTiB bOro Oyioky. [i.: 1. bibmiorp.: 8 Ha3B.

Karouosi caoBa: anropurmiyna 06asa; iHpopmauiiiHuii maccus; ineHTH]IKaTOp;
aJlaNTHBHA CUCTEMa YIIPABIiHHS, BUPOOHUIITBO aMiaKy; HEBU3HAYCHOCTI.

IHoctanoBka mpodiaemu. CydyacHi BHPOOHMIITBA aMiaKy CTaHOBIISTh
co00I0  CKJIaHI  BEJIWKOTOHHAXXHI EHEPrOTEXHOJIOTIYHI  KOMIUIEKCH 1
XapaKTepU3yIOThCS IIUPOKUM 3aCTOCYBaHHSAM arapariB 3 MOBITPSIHUM i
BOJITHUM OXOJIOJDKEHHSIM. Take amaparypHe opOpMIICHHS MpHUTaMaHHE 1 JUIs
OHOTO 3 OCHOBHHMX OJIOKIB BIJJIUICHHS CHHTE3y, a camMe BTOPHUHHOI
KOHJICHCAIl, J0 CKJIaay SKOTO BXOATh KOHJICHCAIliifHA KOJOHA 1 JBa
BUNIAPHUKU JUISL OXONOMKEHHsS IupKyssmiiiHoro razy (LII'). BpaxoByroun
BEJIMKOTOHHAXXHICTh ~ BHUPOOHHWIITBA aMmiaKky Ta ICHYKYE amaparypHe
odopmileHHsI OJIOKY BTOPHMHHOI KOHJEHCAIlii, 3MiHa TTOKa3HUKIB 30BHIIIHHOTO
CepeloBHIlla 3YMOBJIIOE HE TUIBKM IapaMeTpUyHy HEBU3HAYEHICTh Y
¢dyHKIIOHYBaHHI 00’€KTY, ajie 1 MPU3BOJUTH 10 CYTTEBUX €KOHOMIYHHX BTpar
BHACIIIJIOK ICHYIOUMX Yy BHUPOOHMYMX YMOBax KOJHMBaHb TeMIEpaTypu
oxonomxeHHs LI" 3 —8°C no 4°C. IlinBuiieHHs X 1€l Temneparypy HaBiTh Ha
1°C npu3BOaUTH 0 3HWKEHHS €HProeeKTUBHOCTI BUPOOHHUIITBA BHACIIIOK
301IbIIEHHS PIYHUX BUTPAT MPUPOTHOTO Ta3y y J0JaTKOBUN MApOBHIA KOTEN Ha
307,3 tuc. am° [1]. ToMy MiHIMI3aLis TEMIIEPATYPHOTO PEKIMY OXOIOHKCHHS
HI" y Gmoui BTOpWMHHOI KOHJEHcalii 3a paxyHOK CTBOPEHHS KOMII IOTE€pPHO-
IHTETPOBAHMX TEXHOJOTIH YINPaBIiHHSA CTAHOBHTH aKTyaJdbHY MpOOIEMy Y
3araJlbHOMY IPOIEC] MiIBUIIEHHS eHeProe(PEeKTUBHOCTI BUPOOHHIITBA aMiaKy.

AHaJi3 Jiteparypu. 3riiHo JiTeparypHHUX jxkepen [2 — 4] cTBOpeHHs
TaKoOi KOMIT IOTEPHO-IHTETPOBAHOI TEXHOJOTii B YMOBaX HEBH3HAYCHOCTEH

© A K. ba6iuenko, M.O. Iloxgycros, 51.0. Kapuenko, FO.A. babuuenko, 2019
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BHUMAarae 3aCTOCOBYBaHHS aJallTUBHOI CHUCTEMH, OCHOBHUM E€JIEMEHTOM SIKOI €
1meHTH(dIKaTOp, B IKOMY 3HAXOAUTHCS MaTeMaTUYHa MOJIENb, 110 O€3MepepBHO
YTOYHIOETBCS 3a TOTOYHOIO iH(OpMAL€I0 MpO CTaH 00’€KTa, 30KpeMa,
KOHJICHCAIliiHOT KoJIoHH. PoOoTa mporo amaparty BigOyBa€eTbCs B yMOBax
CE30HHUX Ta JO00OBHX 3MIH TEIUIOBOTO HaBaHTakeHHs. OCTaHHE 3YMOBIIOE
napaMeTprUuHy HEBU3HAYEHICTh OCHOBHOTO MapaMeTpa 3B’sI3Ky MaTeMaTuyHOi
MOZET BHILIENEpeNiYeHuX amapariB, a came KoedillieHTa Teruionepenadi
BHACIIIJIOK YTBOPEHHS JOJATKOBOTO KOHICHCAIIMHOTO TepMidHOTO ormopy [1].
UwncenbHa OIlIHKA I[i€l HEBU3HAUYEHOCTI /ISl TAaKUX JIHIMHHUX 3a MmapameTpaMu
TEXHOJIOTIYHUX 00’ €KTIB HAWYaCTiIlle BUKOHYETHCS 13 3aCTOCYBaHHSIM METOIY
CTOXaCTHYHOI anpokcumariii [5, 6]. OxHak e mporec yCKIaJHIOEThCS IBOMa
o0cTaBUHAMU.

[lepmia moB’si3aHa 3 HEOOXITHICTIO OOYMCIICHHS TEIUIOBUX IMOTOKIB [7],
[0 YCKJIATHIOETHCSI, HEBU3HAYCHICTIO SIK BEJIMYMHHM KOHIICHTpAIl aMiaky y
LI, tak 1 Temmeparypu LII' Ha BXomi TpPyOHOTO WPOCTOPY KOJIOHH,
BUMIPIOBaHHS SKHX Ha IIPOMHUCIOBOMY arperari He mnepeadadeHo
TEXHOJIOTIYHUM pertaMeHTOM. [Ipu [bOMYy anropuT™M pO3paxyHKy IIHX
HEBM3HAYCHOCTECH 3a TAKWX YMOB TMPAKTUYHO BIJACYTHIM Yy NEPIOTUIHUX
BUJJAaHHSIX.

Hlpyra oOcraBuHa OOYMOBJIGHa CYTTEBOIO 1HEPIIHHICTIO 00’€KTa
BHACIIIJIOK 3HAYHOI METaJOEMHOCTI KOHACHCAIIHHOT Koo (rmoHaxn 10 T), mo
3a MEBHUX YMOB YHEMOXJIMBIIIOE aJamlTallilo rapamerpa 10 Horo AiliCHOro
3Ha4YeHHs. 3a TakuX OOCTaBMH BUKOHAHHS 1feHTH]IKAIil HecTalioHAPHHUX
CTaTUYHUX TEXHOJOTIYHUX 00’ €KTIB, 30KpeMa KOHJCHCAIIHOI KOJIOHH, 3
METOI0 YHMCENbHOI OIIHKHM Koe]illieHTa Terulonepenayi BUMarae CTBOPEHHS
AJTOPUTMIYHOI 0a3| JJIsl BITOKPEMIICHHS TIEPEX1THUX PEKUMIB.

Meta crarTi — CTBOpPEHHA aIropuTMiuyHOI 0a3u  QopmyBaHHS
iH(pOpMaLIHHOTO MacuBY ileHTH}IKaTopa KOHIEHCALIHOI KOJOHU OJIOKY
BTOPHUHHOI KOHJ/ICHCAIlll BUPOOHMIITBA aMiaKy B yMOBaX HEBH3HAUYCHOCTEH.

IIpomucsioBa iHgopmaniiiHa cucrema 300py eKCIepUMEHTAJIbHHX
AaHuX. 301p eKCIepUMEHTAIbHUX JaHUX MO0 peaJbHUX TapaMeTpiB
eKcruTyatanii 6J0Ky BTOPHHHOI KOHJCHCALlli IIPOMHUCIIOBOTO arperary CUHTE3y
cepii AM-1360 3niiicHIOBaBCSI 3a JOIOMOTO 3ac00iB MIKPOMPOIIECOPHOTO
iHpopmaniiiHo-kepytoyoro komiuiekcy TDC-3000 ¢ipmu "Honeywell", Tta
YaCTKOBO J1abOpaTOpHUX aHalli3iB. Y3arajbHEHa cXeMa OJIOKYy BTOPHHHOI
KOHJIGHCAIlli 3 OCHOBHMMH TOYKaMH KOHTPOJIO MapaMeTpiB  3TiTHO
TEXHOJIOTIYHOTO PEIIaMEHTY HaBeJeHa Ha puc. 1.

Bin6ip npo0 anst maboparopHux aHai3iB JUIsl BU3HAa4YeHHs ckiamy LT
(amiak, aproH, MeTaH, a30T, BOJICHb) HAa BXOAl Ta BHXOJl KOHJEHCAIlIMHOI
KOJIOHH 3IiHCHIOBAaBCS OAMH pa3 3a 3MiHy. ToMy yactora 300py ycixX iHIIMX
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JAHMX TI0 TapameTpam poOoTH 60Ky BTOPUHHOI KOHIEHCALIT CKITa/1aia TaKoxX
OJIMH pa3 3a 3MiHY.

.7 Lok
mepbuHHe ! U
KoHeHCaul bigcnesHs
CUHTE3Y

T [fpodykuiiHug

aMiak
|/(M?ﬂ-f(aﬂw .

—AXY2 — B
| ®
Koiericamop) @ 10 \IJ

AXY1 C i ATK
; i

[ podyxuioHud

Puc. 1. Texuomoriyna cxema 070Ky BTOPHHHOI KOHJIEHCAITil 3 OCHOBHIUMH TOYKAMHU
KOHTPOJTIO MapaMeTPiB 3a IOMOMOTo0 iH(opMaiiHo-kepyrouoro komruiekcy TDC-
3000: LIK — nupkynsmiitauii kommpecop; KH — konaencariiina konona; BIT1, BII2 —
Burapaukn; AXVY1, AXY2 — abcopbmiitHo-xonoauibHi yeranoBkr; ATK —
TypOOKOMITpecOpHUH XonoamibauN arperat; EJIB — enexkTpoaBuryH.

IIpu 1poMy aHamizu mnependadeHi LEXOBOIO JlabopaTopiero, sKi
BUKOHYBAJIHCH 3a AomomMoroir xpomarorpada "L[Ber-102", a BMiCT amiaky y
HI" BU3HauaBCs aHATITUYHO 32 CTaHJAPTHOIO METOIUKOIO [8].

AuaropurmiyHa 0a3a ¢opmyBaHHA iHGopMamiiHOTO MaccUBY
inenTtudikaropa. B mpomeci po3pobku anroput™my OynM BHKOPHCTaHI
PIBHSHHS MaTeMaTHMYHOTO OMUCY KOHJEHCAIIHOT KOJOHH, II0 BUKJIAICHO B
poboti [1]. Anroput™M MICTHTH ABa IMKJIM 30DkHOCTI. [lepmmii dopmye
peKUMH, L0 3a0e3MeuyloTh 30DKHICTh TEIUIOBHMX MOTOKIB 3a paxyHOK
TEIJIOOOMIHY y CemapalliiHiii 4acTHHI 3a paxyHOK Teriooominy wmix LT,
mapom pigkoro amiaky ta ABC 3 Metoro Bu3HaueHHs Temmeparypu LI Ha
BXOIl TPYOHOTO MPOCTOPY KOHACHCAIIHHOI KOJoHM. Jpyruii UK 3a0e3neuye
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ocTtatouHe (GOpMYBaHHS OaHMX NPO BXiAHI 1 BUXIIHI 3MiHHI 00’€KTa 3a
YMOBHOi1 30DKHOCTI TEIUIOBUX IIOTOKIB 3 OOKy TpPYOHOTO 1 MIXTPYOHOTO
MPOCTOPY TEIUIOOOMIHHOI YacCTUHU KOHACHCAIIWHOT KonoHH. [lpu mpomy
aJITOPUTM BKJIFOYAE TaKl OCHOBHI (DYHKIIIOHAJIbHI OJIOKH.

bnox 1. Bukiuk 3aga4i 10 pilieHHS yepe3 BU3HAYEHUH MPOMIKOK Yacy
a0o Mo KOMaH/Ii omeparopa.

bnox 2. Binkpurrs ¢aitny FORM, sikuii 06cayroBye nany 3aaady.

bnoxk 3. Tlignporpama untanas HeoOxiaHOI iHGopMartii ¢aitny DANI, ne
30epiraeTscst iH(pOpMaLis MPO BXIiAHI 1 BUXIIHI 3MIHHI Ta KOHCTPYKTHBHI
XapaKTEPUCTHKH 00’€KTa, SKI OTpUMaHi BiJ 1H(POPMAIIHHO-KEPYHOUOTO
komruiekca TDC-3000.

broku 4 i 5. 3aBgaHHS T1OYAaTKOBOTO HAOJNMKEHHS TeMIIepaTypu

®%P = @?P 3a BU3HAYCHHSM TEIUIOBUX MOTOKIB @D pc~ (BT) Ta @) (BT)
Bif ABC no mapy piakoro amiaky ta LI" 3a piBHAHHSAMU:

C C\.
D pc =M 4pcCapc(®4pc —OFp); (1)
, C C
D@ypc =Pyrp +Pp; (2)

C  _asC ~C C _@B c.C
Dyirp =M yrpChrp (Op —Opp) + Mgr™ +

3)
+ My C (07, — O,
o =G§r¢; 4)
C
a 0,771
C NH3 ™

G =Vapc—— (5)

IOO—CZNH3

ae D pc, cDg, cDAC/[TP — KUIBKICTh TEIJIOTH Bingane 4ABC, BUlIapOBYBaHHS 3a
paxyHOK Tema000MiHy y mapi piakoro amiaky Ta migirpis HI'; Cypc, CAGITPa
C)i — cepenHi TermiuoeMHOCTI BianoBigHo ABC, ra3oBoi dasu L{I" Ta pigkoro
amiaky y moroui LII" 3 Bunapuuka, x/x/(xr °C); M 4pc, M AC/ITP , M g, MSEP,

Gg — MacoBi BUTpaTH BiAnoBigHO ABC, BunapeHoro amiaky B motomi LI
pinkoro amiaky B moroili L' Ta BumapeHoro amiaky 3a paxyHOK TEIJIOOOMiHY
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y LIapi piakoro amiaky, kr/c; V, pc — 00’emHa Butpara ABC, M/ @ﬁBC,

G)%p, @?P — temmeparypa BianoBigHo ABC Ha Bxomi kojonu, L[I" Ha BxOmi
TPpyOHOTO MPOCTOPY TEII00OMIHHMKA KOJIOHW Ta [I[" Ha BUXOII BHUMIAPHUKIB,

°C; a]?/H3 — KOHIIeHTpaIlisg amiaky B noroii L' Ha Buxoxai komonu, % 00.; €

— TEIUI0Ta NMapOyTBOPEHHS amiaky, kJ[x/Kr.
brox 6. Ominka moxuOku yMOBH 30DKHOCTI O; Ta mepexia y pasi ii
BUKOHAHHS JI0 PYrOro LUKITY.

broku 7 i 8. BusHaueHHsI TEIUIOBUX MOTOKIB 3 OOKY TPYOHOTO @]]51‘) (B1)

1 MDKTpYOHOTO @A[f[TP (BT) mpocropy TemnooOMiHHMKA KOHACHCAIIHHOT
KOJIOHU 32 (hopmyrnamu:

Dy, = MppCrp(OF, —0%,) + My (iff i) ; (6)

K _ 24T I K B K
Diyrp =M yrpChirp (Oyrp = Oyrp) + M e Fyyrp +

(7
K K\l @K B
+ (M —0,5M ¢ ) (Oyrp — Opyrp )

r r - . K K c
ne My, M, — Burpara rasosoi ¢asu LI, kr/c; Mg, My, My —
BUTpAaTH BIAMOBITHO CKOHICHCOBAHOTO amiaky, PIJKOrO aMiaKy Ha BXOIl
MDKTPYOHOTO 1 TPYOHOTO TMPOCTOPY TEIJIOOOMIHHHKA, KI/C; iﬁ( , )?{
EHTaJIBITIS BIMOBITHO Mapy Ta PIAKOrO aMmiaKy Ha BXOZl Ta BUXOII TPYOHOTO
npoctopy  Temnooominuuka, kJlx/xr; Cy, Cymp, Cr» — cepeni
TEIIOEMHOCTI BIATIOBIAHO PIJIKOTO aMiaKy y MIXTPYOHOMY NMPOCTOpi, Fa30BUX
da3z LI" mixtpydHOTO 1 TpyOHOTO TMpocTOopy Termtooominauka, kJHx/(kr °C);
ry7p — TEIUIoTa KOHZAEHcauil amiaky, kJDx/kr; @ffp, @ﬁTP, ®f\3ﬁp -
temrieparypa L' BigmoBimHO Ha BHUXOAI TPYOHOTO MPOCTOPY, HA BXOHI Ta
BUXOJII MIDKTPYOHOTO IPOCTOPY TerI000MiHHUKa, °C.

brok 9. Oninka moxuOku yMOBH 301KHOCTI Oy, Y pa3l BUKOHAHHS SIKOi
3IIHCHIOETHCS TIepexia 10 PO3paxyHKy Koe(ilieHTIB Teruionepeaadi.

brok 10. BukoHaHHST pOo3paxyHKIB TETUIOBOTO MOTOKY @, koedimieHTIB
Temonepenadi 3a (opMmylaMu NPUHHATUMHU IIpU HPOEKTyBaHHI K, Ta

niiicHoro koediunienta Ky [1]:

1
Ky = ; )
" / +R}T+%
A yrrp Ozp
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Kz = (7 ; 9
E FA® cp )
Cprp = 1a3A8<p(WMTP)O’56 (d308) """ (10)
arp = AWrp)"® (d )7, (11)
ne arpp, Qurp — KoedilieHTH TerwloBignadi 3 OOKy TpyOHOro Ta

MiXTpyGHOTO IpocTopy, Br/(M °C); R;' — xoedillieHT TepMiuHOTO OTOpY 32
npoextom, M-°C/Br; A®cp — cepenHs pisHund Ttemmeparyp, °C; F -
moBepXHs Terutonepenaui, M Wrp, Wygp — BaroBa mBuakicts LIy
TPYGHOMY Ta MIXKTPYGHOMY IIPOCTOpPi HA OXMHHIIO MOBEPXHi, Kr/(M C); €p —
NONPAaBOYHUI KOeQILI€HT Ha KyT araku; dgy, dsop — BHYTpIIIHIA Ta
30BHIIIHIA AlaMeTp TEIUIOOOMIHHUX TPYO, M; A — KOE(]IIli€HT, 10 BPaXOBYyE
terutodiznani Bnactuocti LI

bnox 11. ®opmyBanHs MaccuBy motouHux maHux STAB crabinmbHmMX
3HaYeHb BeNUYUH 00’ekTa mono Pypc, P, Ky 1 Kgp 1 apykyBaHHA

pe3ynbTariB.

bnok 12. 3akputts daitny FORM Ta Buxin i3 3agadi.

Po3pobrnena cTpykrypa anroputMmy 103BoJsie chopMyBaTH CTaOUIbHUIN
iHopMaIliiHul MacuB MOTOYHUX JIAHUX Ta BIAOKPEMHTH MEPEXiTHI PEKUMH.
e 3ale3meuye  MOXJIMBICTb  pO3PaxyHKy  JilicHOro  koedilieHTa
TeIIonepeiadi, a OTXKE 1 KOHJEHCAIIMHOTO TEPMIYHOTO OIOpY, BEIMYMHA
SKOTO B TOAANbIIOMY Mae OyTH BHU3HAY€Ha 3  BHUKOPHCTAHHSIM
3arajlbHOBIJIOMOTO QJITOPUTMY CTOXAaCTHYHOI ampOKCHMAIlil 3a OTpUMaHHM
MAaCHBOM CKCIIEPUMEHTAIbHUX JaHUX. AJTOPUTM peai3oBaHUN B MaKeTl
MATLAB 1 ampo0GoBaHuii Ha [aHMX TPOMHCIIOBOI €KCIuTyarallii OJoKy
BTOPUHHOI KOHJeHcalii arperaty cuHTe3y amiaky (CeBepomoHEbKOro
00’equanug "A3or".

BucHoBku. 3a pe3ynbraramMu JOCHTIPKEHb CTBOPEHA alTopuTMidHa 0a3a
s (opmyBaHHS iH(GOpPMALIHHOTO MacuBy ileHTH]iKaropa aJanTUBHOI
CHUCTEMH YIIpaBJIiHHA OJOKY BTOPUHHOT KOH/ICHCAIlll BAPOOHUIITBA aMiaKy, sika
3a0e3mneuye BiIOKPEMIICHHS MIEPEXiAHUX PEKUMIB B YMOBaX HEBU3HAUEHOCTEH.
Lle no3BONIsIE B MOANIBIIOMY 3IIHCHUTH TapaMETPUYHY OIIHKY OCHOBHOTO
napameTrpa 3B’S3Ky MaTeMaTHMYHUX Mojelei, a came KoedilieHTa
TerIonepeadi, TOOTO BUKOHATH 3a/1avy ileHTH]iKallii mpoIieciB TermioooMiny
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HECTalllOHAPHUX CTAaTMYHUX TEXHOJOTIYHUX OO0’€KTIB OJOKYy BTOPHUHHOI
KOHIeHcarll.

Anroput™ ¢opmyBaHHs iH()OpPMAIIITHOTO MacuBy peali3oBaHO B MaKeTi
MATLAB 1 anpoOoBaHO TUIAXOM IMITalliHHOTO  MOJCIIOBAaHHS  3a
EKCTIIEpUMEHTAIbHUMU JIaHUMH TIPOMHCIIOBOT eKCILTyarTallii Airounx B YKpaiHi
arperariB cuHTe3y amiaky cepii AM-1360.
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YK 661.53:681.51

®opmyBaHHs iHdopmaniiiHoro macuBy ineHtudikaTopa aganTHBHOI CHCTEMH
ynpaBJiiHHs 0JIOKY KOHIeHcallii BHPOOHHMUITBA amiaky 3a HeBH3HA4YeHocTeil /
baoiuenko A.K., llogycroB M.O., KpaBuenko 51.0., badiuenko 10.A. // Bichuk HTY
"XIII". Cepist: Inpopmarrka Ta moxmemoBanns. — Xapkis: HTY "XTIII". — 2019. — Ne 13
(1338). - C.25 —33.

CrBopena anroputmiuHa 0aza g QopmyBaHHs — iHpopMamiiHOrOo  MacuBy
ineHTH(iKaTOpa ANaNTUBHOI CHCTEMH YIPaBIiHHS OJOKY BTOPMHHOI KOHJIEHcamii
BUPOOHMITBA aMiaky, sika 3a0e3nedye BiJOKpEMJICHHS IEpPEeXiJHUX PEKUMIB B YMOBax
HEBM3HAUCHOCTEl Ta J03BOJSIE BUKOHATH 3ahady iaeHTHQIKamii MpomeciB TerwiooOMiHy
HECTAI[IOHAPHUX CTATHYHUX TEXHOJOTIYHHUX 00’ €KTiB 1boro OstoKy. [1.: 1. Bibmiorp.: 8 Ha3B.

KuarouoBi ciioBa: anroputmiuyHa 06a3za; iHpopMaliiHUN MaccuB; iIeHTH(IKATOD;
aJlaNTHBHA CUCTEMa YITPABIiHHS, BUPOOHUIITBO aMiaKy; HEBU3HAYCHOCTI.

YIK 661.53: 681.51

®opmupoBanne HHPOPMAIMOHHOIO MaccHBa WAeHTH(HKATOpPa AJANTHBHOMH
cHCTeMBbl  ymnpaBieHHsi 0JIOKa KOHIeHCAMM TPOM3BOACTBA aMMHMaKa MpH
HeompenejaeHHOcTssx / badnyenxko A.K., IlogycroB M.A., Kpasuenko .0,
Baouuenko F0.A. / Becruuk HTY "XIIN". Cepus: Mudpopmatnka u MoIelUpOBaHHE. —
Xappkos: HTY "XTIN". —2019. — Ne 13 (1338). — C. 25 —33.

Co3nanHa anropuTMudeckas 0aza i GopMUpOBaHUS WHOOPMAIMOHHOTO MacCHBa
uneHTH(UKaTOpa afaNTHBHOW CHCTEMBI YNPABICHUs OJIOKa BTOPHYHON KOHACHCAIMH
NPOM3BOJCTBA aMMHAaKa, KOTOpas oOecledmBacT OTIACICHHE IEPEXOJHBIX PEKHMOB B
YCIOBHUSIX HEONPEAEICHHOCTH U IO3BOJISIET BBIMONHUTD 33/1a4y HACHTU(HKALUHN IPOLECCOB
TEIJI000MEHa HECTALMOHAPHBIX CTAaTHYECKHX TEXHOJIOTHYECKHX OOBEKTOB 3TOro OJoOKa.
Won.: 1. bubnuorp.: 8 Ha3B.

KnatoueBble  cioBa:  anroputmuyeckas — 0a3a;  MHQOpMAaLMOHHBIA  Maccus;
uneHTnUKAaToOp,  aJalTHUBHAs  CHCTEMa  YNpPaBJCHUS;  NPOU3BOJACTBO  aMMHAKa;
HEOIPEENIEHHOCTb.

UDC 661.53: 681.51

Formation of the information array of the identifier of the adaptive control system
of the ammonia production condensation unit with uncertainties / Babichenko A.K.,
Podustov M.O., Kravchenko Y.O., Babichenko Y.A. // Herald of the National Technical
University "KhPI". Series of "Informatics and Modeling". — Kharkov: NTU "KhPI". — 2019. —
Ne.13 (1338). —P. 25 —33.

The created algorithmic base for the formation of an information array identifier of the
adaptive control system of the block of secondary condensation of ammonia production,
which provides for the separation of transient modes in conditions of uncertainty and allows
you to perform the task of identifying heat transfer processes of non-stationary static
technological objects of this block. Figs.: 1. Refs.: 8 titles.

Keywords: algorithmic base; information array; identifier; adaptive control system;
ammonia production; uncertainties.
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YK 532.546: 519.6 DOI: 10.20998/2411-0558.2019.13.04

C. 0. TYCEHH3AJIE, AzepOaiKaHCKHII l'ocynapcrBeHHbIN
VYuusepcuter Hedtu u [Ipombinuiennocty, r. baky,

U. K. T’A/TUMOB, Azep0aiimxanckuii ['ocynapcTBeHHBI Y HUBEPCUTET
Hedtu u Ilpombiniennocty, r. baky

OB OJITHOM MOJIEJIA HECTAIIMOHAPHOI'O TEYEHUS
CJIABOCXKUMAEMOM JKHUJIKOCTU B TPYBOIIPOBO/IE

PaccmaTpuBaeTcs npolecc HeCTAMOHAPHOTO TEYEHUS! CIIa00C)KNMAEMOH JKHIKOCTH 10
TpyOONpPOBOYy, ONMUCHIBAEMBI JBYMEPHOW MOJAENBI0O B BHAC HEIWHEHHOW CHCTEMBI
muddepeHInaTbHBIX YPaBHEHUIA B YaCTHBIX MMPON3BOAHBIX. IIpoBOaHTCS OCpeIHEHE MOACTH
IO TIOTIEPEYHOMY CEUCHHIO TPYOOIIpOBOIa U IpeiaracTcs 3aBUCHMOCTh HATIPSHKCHAS TPCHUS
Ha CTEHKE TPyOOIPOBOAA OT CKOPOCTH TeUeHHs. B paMKkaxX MOIy4eHHOW MOJIETH ITOCTaBJICHA
oOparHas 3a7aya MO OTPEACICHUIO CKOPOCTH TEYEHHUS Ha CTeHKE TpyOompoBopga. I[loctpoen
JMCKPETHBIIl aHaJlor IOCTAaBJICHHOM 3alaud M NPEUIOKEH CHOco0 ee pacuieluieHHs Ha
MPOCTHIC PA3HOCTHBIC 33a7]a4d OTHOCHUTEIIFHO MPHOIMKCHHBIX 3HAYCHUN UCKOMBIX ()YHKITHHA.
Bubnuorp.: 14 Ha3s.

KroueBsie cioBa: TpyOONIpOBO; ABYMEPHAsS MOJIC)Ib; HAIPSDKEHHE TPEHUS HA CTEHKE
TpyOOIpoBO/a; pa3HOCTHAs 3aja4ya; oOpaTHas 3aJaya.

IMocTanoBka Mpo6JieMbl U aHAJTU3 JIUTEPaTypbl. B HacTosIIee BpeMs
TpyOOIIPOBOIHBIN TPAHCIIOPT sBIsIeTCA Hanbosee d(PGHEKTUBHBIM CPEICTBOM
TPaHCIIOPTUPOBKHU pa3HOOOpa3HbIX KHUAKOCTEN (BOZBI, HedTH,
HedprenpoayktoB W aAp.). OOBYHO B TPaKTHKE MPOEKTHPOBAHUS
TPYOOIIPOBOJIOB HCIIOJIB3YETCSl TOMYIIEHUE, COTJIACHO KOTOPOMY JIBHIKEHUE
KUAKOCTEH paccMaTpuUBaeTcs Kak CTalMOHApHOE M HCXOIsi M3 D3TOTo
JOTIYIICHUS, OIPEACSIOT PACUYCTHYIO MPOIMYCKHYIO CIIOCOOHOCTh, PEKUM
paboThl HACOCOB M JApYyrue mapaMmerpbl MmoToka. OJHAKO, Kak MOKa3bIBaeT
MPAKTUKa TPYOOIPOBOIHOTO TPAHCIOPTA KHUAKOCTEH, MYyCK WM OCTaHOBKA
TpyOOIpOBOJa, BKJIIOYEHHE WM OTKIIOUEHHUE TMepeKayuBaIolIeil CTaHLINM,
HAYaJ0 WM MpeKpameHue oTdopa KXUAKOCTU U JPYTHE TEXHOJIOTUYECKUE
orepanuy MPUBOJAT K BO3HUKHOBEHHUIO B TPYyOONpPOBOJAE HECTALMOHAPHOTO
MOTOKA KUAKOCTeH. [Ipu 3TOM A7s McciemoBaHUST HECTAIMOHAPHOTO MOTOKA
KUAKOCTEH B TpyOONpOBOJAX  HCIOJB3YIOT  OJAHOMEPHYIO  MOJENb
CI1a00CKUMAEMOM JKUIKOCTH B BUIE CHUCTEMBI JIMHENHBIX
muddepeHINaTbHBIX YPAaBHEHUNW B YAaCTHBIX IPOU3BOJIHBIX OTHOCHUTEIBHO
CKOpOCTH TeueHHs W aaBieHus [l — 3]. DTU ypaBHEHHS BBIPAXKAIOT 3aKOHbI
COXPaHEHHSI MAaCChl U M3MEHEHUSI KOJTMYECTBA JIBIKCHUS JKUKOCTH, TEKYIIEH
B TpyOompoBoze. [Ipu BeIBOJIE 3TUX YpaBHEHHM MpeAroiaraeTcs BHITOTHEHUE
YCIIOBUSL TPUIUMAHWS HA CTEHKEe TpyoOompoBoga. OgHaKo HEOOXOIUMO

© C.O. I'yceitnzane, UK. 'agumos, 2019
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OTMETHTb, YTO TIPOBEJCHHbIE MHOTOYMCICHHBIE SKCIIEPUMEHTAIbHBIE U
YHUCICHHBIC  WCCIICMOBAHUS  CBHICTENBCTBYIOT O HAJIWYUHM  yCIOBHS
CKONIBXKECHUSI Ha TBepAOH crTeHke TpybompoBoga [4 — 6]. OObuHO
paccMaTpMBalOTCSI TPU  MOJENM TPAaHUYHBIX  YCIOBMA HA  CTEHKE
TpyOONpPOBOJIOB: NpPUJIMIIAHUE, NPOCKAIb3bIBaHUE IO 3akoHy HaBbe
NPOCKAIb3bIBAHKE C MPEebHBIM HanpspkeHrneM. OHaKo MPH UCCIIeOBaHUN
TEUYEHUS JKUAKOCTEH B  TpyOOmpoBOAAax TMPAKTUUYECKH  HEBO3MOXKHO
OIIpEJIETINTh, KaKoe M3 3THX TPAHUYHBIX YCJIOBHIl peanu3yercs Ha CTCHKE
TpyOomnpoBoOa.

B cBa3M Cc 3TMM Ui TPaKTHKH TPYOONPOBOMHOTO TPAaHCIOPTA
KHUJIKOCTeH Ba)XKHOE 3HAYEHHWE MMEIOT TUAPOJUHAMUYECKHE HCCIIEIOBAHMS
HECTAllMOHAPHBIX TTOTOKOB B TPYOONpOBOJAaxX MPH HEW3BECTHOM TI'PAaHUYHOM
YCJIOBUHM Ha CTEHKE TPYOOIpOBOIA.

IlocTaHoBKa 3aJa4M. ITycTp paccmaTpuBaeTcs npouece
HECTAIIMOHAPHOTO  TEYEHHUS CIabOC)KMMAaeMOW  BS3KOH  JKUIKOCTH B
TOPU3OHTAILHO PACIIOJIOKEHHOM TPYyOONpPOBOJE C JKECTKUMH CTEHKaMH.
[Ipennonaraercs, uto ock (z HampaBlieHa BOJb OCH TPYOOIPOBOIA U MOTOK
HarpaBjeH BAOJb ocH TpyOompoBoja. CuuTas TEUYeHHE CIa00CKUMAEMOU
BSI3KOH JKUJIKOCTH OCECUMMETPUYHBIM, TTOJIHYIO CUCTEMY AU(dEepeHIIHATHEHBIX

ypaBHEHUH, OMUCHIBAIOIIUX JTAHHOE T€YEHUE MOYKHO MPEACTaBUTH B BUIE [3,
71:

dv, 10 o*v., dp op ) OV
= — () p—=-—, —+ —==0, 1
Po dt ror (rr) H oz> 0z ot Po¢ 0z M
P, Loy, Doy, )
op or o

O<r<R, O<z<l, 0<t<T,

rae v, — KOMIIOHEHT CKOPOCTH TEUYEHHs S>KUAKOCTH, HaIpaBICHHbIA

napajulelIbHO OCH TpyOoIpoBoja; P — naBieHue; p, = const — IUIOTHOCTb

KUJIKOCTH; I — JMHAMHYECKash BSA3KOCTh IKHAKOCTH; C — CKOPOCTh

pacnpocTpaHeHus 3ByKa B )KHJIKOCTH; [, R — [UTMHA U paanyc TpydbompoBoaa,
ov, ov,

= +v, —*=. IIpeanonaraercs, 4ro
ot Oz

OCTAJIbHBIC KOMIIOHCHTBI CKOPOCTH — Vv, U V(p PaBHBI HYJIIO.

V4 vZ

e ov
Mar

— HanpsHKEHUE TPEHUs;

W3 cucremsl (1) cnenyer, uto v, siBigercs (QyHKUUEH EPEMEHHBIX 7,
Z W t,aJaBlCHUE p HE 3aBUCHUT OT IEPEMEHHBIX I U @, T.C.

v, =v,(r,z,t), p=p(zt).
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[IpoBonum mponenypy ocpenHenus ypaBHeHuit cuctemsl (1). C aToit
[eNbl0 00€ YacTH KaXJOro YpaBHEHHs YMHOXXHUM Ha 27r W pe3yibTar
MIPOMHTETPUPYEM HA OTPE3KE [O,R] M0 MEPEMEHHON 7, OJJTHOBPEMEHHO JEs

Ha TUIOIIAIb [OIEPEYHOr0 cedeHust Tpybomposoaa nR* . B pesymbrare Gymem
UMETh

du 2 *u op p » Ou
—=—1,t———, —+p,c-—=0, 3
Po d R u@zz oz ot Po 0z ®)
R
rjae u(z,t):2nJ-er(r,z,t)dr/ mR? — CpemHsAs CKOPOCTh II0 CCYEHHMIO
0

TpyOOIIpOBOJa, T, — HANPsDKCHUE TPEHUS Ha CTEHKE TPyOOoIpoBoa.

N3BecTHO, YTO 7151 YCTAaHOBJICHUS 3aBUCUMOCTH HAMPSKEHUS] TPEHUS Ha
CTEHKE TpyOoNpoBoJa OT MapaMeTpPOB TEUEHHUs TMOJb3YIOTCS THIOTE30H
KBa3UCTALIMOHAPHOCTH, T.€. MPEIIOIAaraeTcs, 4YTO HaMpsSHKEHUE TPEHUs,
YCTaHOBJIEHHOE JJIsl CTAI[MOHAPHOTO TEYCHHUSI

2
u

1, =2 P 4)
8

coxpansiercs W g HectauuoHapHeix [1 — 3], rme A — koaddunueHt

THJIPABINYECKOr0 CONPOTHBIIEHUS. JlaHHas popMyna HpUMEHsSeTcs, Kak JUls
TypOyJIEHTHOTO peXHuMa TEYeHHs, TaK U JIAMHHAPHOTO, pa3jiuyue
3aKJIIOYAETCsl JIMIIb B 3HA4YEHUAX KOd(p(UIMEHTAa THIAPaBIMYECKOrO
compotuBieHus. Heo0xoauMo oTMeTuTh, uTo opmyny (4), a Takxke sIBHOE
BBIp@)KEHUE I KO3(PPUIMEHTa TUAPABINYECKOIO CONPOTUBIEHUS MOXKHO
000CHOBaTh TOJIKO JIMIIb JUIsl CTAIMOHAPHOTO JIAMHHAPHOTO MOTOKAa Ha
OCHOBE OJHOMEpPHOW MOJENM TEYEHHUS HEC)KUMAEMOH IKUAKOCTH IO
TpyOONpPOBOJY INpPH HCIOJB30BAaHUM TPAHUYHOTO YCIOBUS NPUIMIAHUS Ha
cTeHKe TpyoOomnpoBoga. Popmyny (4) UIs JTaMHUHAPHOTO TEYCHUS BS3KOU
KHUJIKOCTH IIPU YCJIOBUM TNPWIMNAHHUS HA CTEHKE TPyOONpOBOAA MOXKHO
3anucaTh B BUE [ 8]

T, = —4—uu . (5)
R
OdeBHUIHO, YTO HCIONIb30BaHUE Gopmynsl (4) (wiu (5)) Ui OMHCaHUS
HANpPSDKEHUs TPEHUS Ha CTEHKE TpyOONpoBOja MPHU YCIOBUM HE MPUIUTAHUS
HenpaBoMepHO. J[Is1 yCTaHOBICHHS 3aBUCHMOCTH HAIPSOKCHHS] TPEHUS Ha
CTEHKE TpyOOIpoBOJa OT MapaMeTPOB MOTOKA MPH YCIOBUM HE MPUIUTAHUS
MCIIOJIb3YyEeM MOJIX01, IPEANIOKEeHHBIN B [§]. B pe3ynprare monydnm
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4 4
T, = ~ 2Ry +—Mvz|,,=R .
R R
IIpeanonoxumM, YTO CKOPOCTb TEYEHHUs HKHUIKOCTH Ha CTEHKE

TpyOompoBoaa vZ|,,=R 3aBUCUT TOJBKO OT mnepeMeHHou ¢. O003HauuB

f@O)=v,

+_r » CUCTEMY ypaBHeHHH (3) 3amuiieM B BUJE

2
ou o __ 8“2u+ 8”2 f(t)+ﬂa_g‘_ia_p,
ot 0z PoR poR po 0z= Py Oz
(6)
op » Ou
—+poc” —=0.
o P %

[Iycth cocTosiHME TOTOKA JXKUAKOCTH B TPYOOIPOBOAEC B HAYAbHBIN
MOMEHT BpeMeHH ¢ =( HM3BECTHO, T.€. IJIsl CUCTEMbI ypaBHEHUH (6) U3BECTHBI
cleyIolIe HaydajbHbIE YCIOBUS

u(z,0)=0¢(2), (7)
p(z,0)=y(z). (8)

[Ipennonarasi, 4To Ha JI€BOM KOHIIE TPYyOOIpOBOAa OOeCIeYnBaETCs
nojavya >KMJIKOCTH B TpyOOmpoBOJI, KpaeBoe ycioBue Mpu z=0 MOXHO
MPEJICTaBUTh B BUJIE

u(0,£) = wy (t). 9)

A KpaeBoe ycJIOBHE Ha IIPaBOM KOHIIE TpyOompoBoja z =/ HpeacTaBuM
B BUJIE

u(l,t)=w(t) . (10)

Opnako BBHJIY TOro, 4To Kpome GyHKUuH u(z,t) u  p(z,t)
HEW3BECTHBIM SBJIICTCS Takke GyHKums f(¢), JUIsl KOPPEKTHON MOCTAaHOBKH

3amauu, moMumo ycaoBui (7) — (10), HeoOXoauMo 3a1aBaTh JOMOJHUTEIHHOE
YCJIOBHC. HyCTB JOIMOJIHUTCIIbHOC YCJIOBUEC 3aJaHO B BU/IC

p(0,)=06(). (11)

Takum 00pa3om, 3a/1aua 3akiIt04aeTcs B onpeaenceHun GyHKIund u(z,t),
p(z,t) u f(t), yIOBIETBOPSAIOIINX CUCTEME yYpaBHEeHUH (6) U ycnoBusm (7) —

(11). IocTaBnenHas 3aga4a OTHOCUTCS K KIIACCY OOpATHBIX 3a/1a4, CBSI3aHHBIX
C BOCCTAQHOBJICHMEM 3aBHUCHUMOCTH TIPaBbIX dYacTell mNapaboiauyecKux
ypaBHEeHUH OT BpeMeHU [9 — 11]. [TocTaHOBKM U YMCIIEHHBIE METO/IbI PELIEHUS
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O6paTHBIX 3aaa4 IO BOCCTAHOBJICHUIO 3aBUCUMOCTH IIPABBIX gacTei
napaboIMYeCKUX YPaBHEHHH OT BpeMEHU paccMoTpeHbl B [10 — 14].

Henbo craTtbu sBIsETCS pa3paboTKa HOBOTO YHCICHHOTO METOAa
pemenus 3amaun (6) — (11), OCHOBaHHOTO Ha TIOCTPOCHUH IUCKPETHOTO
aHaJiora 3TON 3a/ayil U PACIICIUICHWH €€ Ha MPOCThIe PAa3HOCTHBIC 3aJa4u
OTHOCHTEJIBHO MPHOIMKCHHBIX 3HAYEHUI HEN3BECTHBIX (DYHKITHIA.

Metona pemenns. [Toctpoum muckpetHsiii ananor 3amgayuu (6) — (11). C

JTOW LENBI0 CHAudajga AMCKPETU3MpYEeM 3aJady [0 BpeMeHu f. BaeneMm
PaBHOMEPHYIO pa3HOCTHYIO CceTKy B o0nacti 0 <7 <7 10 nepeMeHHOil ¢

ou(z,t) " op(z,t)

ot ot

B YPaBHEHHUsX cuCTeMbl (6) mpu f;, j=1,m IHCKPETU3MPYEM Da3HOCTHIO

— — T
o, :{tj =JjAt, j= O,m} c maroM At = . [TpousBognbie

"Ha33.I["
ou(z)| _ulat)ulztn)  apz
o 1 At Y

I/ICHOHB3ySI SIBHO-HCABHBIC CXCMbI IJId allIPpOKCHUMAIUU OIICPaTOPOB
ypaBHEHUH (6), 3aMHIIIEeM WX B CICIYIONIEM BUJIC

N P(Z»tj)_l?(z’tj—l)
At '

t=t .
J

J(5)— i , j ,
u'(2) Au (Z)+ufl(z)d”d(z):— 8M2 u (2)+
t z poR
8_“fj +£M_LM
poR*" py dZ py dz

u’(2)=(2), p’(2)=v(2),
rae uj(Z) zM(Zal‘j) s pj(Z) ~ p(Zalj)a fj ~ f(tj) .
113 BTOpPOro ypaBHEHHs TIOCIEAHEH crcTeMbl HaiineM p’ (z)

y4

p’(2)=p"(2)-poc’A : (12)

U TOJy4EHHOE BBIPAXEHUE IIOJCTaBMM B IIEPBOEC YPAaBHEHUE CHUCTEMBL. B
pe3yabTaTe OyaeM uMeTh
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M+uﬁl(z)ﬂ(z) =—ou’(z)+

At d
m d2uj(z) 1 Zd j—l(z) ) (13)
+(—+c2At)—2——p—+Gf/,
Po z P dz
8
e o= Mz .
PoR
A KpaeBbie ycioBus 11 ypaBHeHUs (13) mpuHUMAIOT B

u’ (0)=wy, (14)
u (I)=wf, (15)

e wy) =w(?;), w/ =w,(¢;).

OueBugHo, uto ycioBus (14) u (15) HeqOCTaTOYHBI TSI OMIPEACTICHUS
JBYX HeM3BeCTHBIX — u’(x) u f7, u3 ypaBuenus (13). 3amuuiemM ypaBHeHHE
(12) mpu z=0
tduj(O)

yA

p’(0)=p7(0)-poc’A

Orcrona, yuntbiBas kpaeBoe yciioBue (11), moayyum AOMOTHUTENBHOE
ycioBue 115 ypaBHeHH (13)
du’(0) o/ -0/

- , 16
dz poCc At (16)

rie 6/ =0(t,).

Tenepp momydennyto 3amauy (12) — (16) guckperuswpyem IO
nepeMeHHoi z . C 3TOH 1e/IbI0 BBEJIEM PABHOMEPHYIO PA3HOCTHYIO CETKY IO

MEPEeMEHHON z B 00JIacTH [O <z<l ]

®, ={z, =iAz, i=0,n, Az=1/n}.

JuckperHsiii ananor 3azauu (12) — (16) Ha ceTke ®, HpPEACTaBUM B
BUJIE
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J Jj-1 J J J J J

Sy ul —ul . ul,, —2u! +ul

L t+u) e =—ou/ +(—Pl +PA) =T TR S L_
At Az Po Az

J=_ il .
_i bi Pi-y +ij,
Po Az

J J
j_ il 20 U U
pl =p/ —poc At ——,

ui —uj 0/ —o/!
=_ > ,
Az poc At
J — )
un _Wl >
J — )
Uy =wp»

rae uf 2u(z;,t;), pl=p(z,t;).
[Moy4eHHYIO CUCTEMY Pa3HOCTHBIX YPaBHEHUHN IPeoOpasyeM K BUILY

au! |\ —du! +bul, = MAz(p!™ — p/ N py — AU/ - AtAZPof

i+l

(17)

i=ln-1,

_ j _gil
uj =uf + 22029 (18)
poc At
—g (19)
W (20)
' -1 2 ”;j_”z]—l 1,

pijzpij _pOC AtT’l:Lna J:L 2,...,7’)’1, (21)
u =d(z), pl=v(z), i=0n, (22)

rue a; = AtAzuij_1 +At(p/p, + AL, b, = At(n/p, +c*AY),
d, =a, +b, +Az* + AtAz’G .
PaznocTtHas 3amava (17) — (22) mpencraBisieT co00ii cucTeMy TUHEHHBIX

anreOpandecKuX ypaBHEHH, B KOTOPOW B KAYeCTBE HEM3BECTHBIX BBICTYIIAIOT
npuOIKeHHBIE 3HA4YeHHs] UCKOMBIX (GyHkumid u(z,t), p(z,t) u f(t) BO
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BHYTPEHHHX Y3/1aX DPa3HOCTHOW CeTKH ®, x®,, T.e. ui, p/, [/, i=Ln,
j=Lm.

OpHaKko OYEeBHJIHO, YTO NPU KaXJIOM (PUKCHPOBAaHHOM 3HAYEHUHU J,
j=L2,...,m pasnocthyo 3amady (17) — (22) MOXHO pacIICTIUTh Ha JBE
pasHOCTHBIE 3amaun: nepBas 3anada (17) — (20) oTHOCUTENBHO TIEPEMEHHBIX

u!, f’, i=1,n—1 u Bropas 3agaya (21) OTHOCHTENBHO NEPEMEHHBIX p;,

i=Ln. IIpuyem ompenenuB pelIeHHE NEPBOM 3alayu, PELICHUE BTOPOU
3a/1a4¥ MOKHO HAWTH MO IBHOU (hopMyIie.

Tenepr mpeanosiokuM, 4To pemieHue cucteMbl ypaBHeHui (17) — (20)
Opd  KaXAOM (UKCUPOBAHHOM 3HaueHun j, j=1,2,...,m MOXHO
IIPEJICTaBUTh B BUJIE

ul/ :ai”i{l_’_Bi’ i=12,..,n, (23)

rae o, B; — HEW3BECTHbIE MOKa KOX()(OHMUIMUEHTHI. 3aluIIeM aHaJOTHYHOE

BBIDQKCHUE I U},
A J
Uiy = gt + By -

IMoxcraBnss BelpaxkeHwe ais u/,, B ypaBHeHue (17), momxydum

CIICAYIOIINE HEJIMHEHHbIE YpaBHEHHS JUIsl ONpeaeieHus Kod(pQPHUINEHTOB

o;, B;:

a.
o =—->W 24
©di—boyy, .
. Az’uj™ = Mrz(p{™ - pl)/ s
B =, + A P, MOy )
di —biOLHl di —biOLHl di _biaiJrl

i=n—-1,n-2,..,1.

VYpaBuenus (24), (25) npencraBiasioT co00i HEMMHEHHBIE PAa3HOCTHBIE
yYpaBHEHHsI TEpPBOro Mopsaka. JIs pemeHus 3THMX ypaBHEHHH HE0OXOAUMO
3aJjaBaTh HadajbHbIE 3HA4eHUS KOA(PQUIMEHTOB o, ;. OTH HayalbHbIE

3HAUYCHMUsI HAXOJUM M3 TPeOOBaHMsI IKBHBAJICHTHOCTH mMpeacTaBieHus (23)
npu i=n,T.e. u) =o,ul,+p,, ycaosumo (20)

a,=0,
B, =w. (26)
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Takum 00pa3om, onpenenus o, , OCTaIbHbIE 3HAYEHUS! KO3()(HUILIMEHTOB
o;,, i=n-1,n-2,...,1 nocaenoBaTeabHO MOXHO HaiiTu no Gopmyie (24).

C nenblo pasfencHus NEpeMEHHBIX B HEIMHEHHOM ypaBHEHUU I f3;,
MpeACTaBUM €ro B Bujie [ 14]

B, =& +n,f/, i=n-1,n-2,..1, (27)

rae &;, 1, — HEU3BECTHBIC IEPEMEHHBIE.

[ToncraBuB cootHomenue (27) B ypaBHeHue (25), Oy/ieM UMETh

; b, b. .
A+, f = ! it ! af+
éz T]zf di —biO(,H_l al+1 di —biOLM T]l+1f‘
LAl = Ae(p! ™ - p[ ) py | AiAZo i
d; —b0;, d; —b;o;,

NI

e b AZul-Midx(pT - pl)py |,
l d;—bo,;, i d;—bo,,

; b, AtAZ*c
+f ;- : i~ =0.
/ {nl d; —bo; M d; —biomj

CootHomenue (27) Takxke NOACTaBUM B (26) &, + 1, f S = w/ .

W3 nocnenHux COOTHOUIEHUH MOIYYUM CIEAYIOLUE Pa3HOCTHBIE 3a/1a4u
JUIs OTIPEJIEJIEHUS BCIIOMOTaTelbHbIX IEPEMEHHBIX &, M;:

e b Ao =plDIe

" d;-bo, o d; = b, ,
(28)

i=n-1,n-2,..,1,
g, =w. (29)
2
ot~ AATO 0 p-Ln-2...1. (30)
d;—bo;y, d;—bo,,

0, =0. (31)
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Paznoctueie 3amaum (28), (29) u (30), (31) mpencraBnsroT coboit
JVHENHBbIE Pa3HOCTHBIE 3aJaud MepBoro mnopsaka. Pemienus stux 3axadu
MOYHO 3amucarh B siBHOM Buje. C 3Toil nenbio ypaBHeHHe (28) 3amuiieM B
BUJIE

& =58tV
b. Az*u!™ - AtAz Y.
rac s; =—2*t ) yi= ad (p ~ P ) Po .
d;,—bo,;y, d; —bo;y,

IToncraBus crofa Belpaxkenue i &,

Ein1 =8i18in T Vst
OyIeM UMeTh
& == 5181182 TS Vi t V-

Janee, mnoAcTaBisAd B IOCIEOHEE YPAaBHEHHE BBIPAXKCHUS UL
§i+2> Gir3ssGp1 > IOTYTHM

n—1
Si gHSk_" ZJ’kHS +Yi, i=n-1,n-2,..,1.

k=i k=i+l e=i
k<n-1

AHaJIOTUYHO ompeenseTcss pemennue paznoctHoi 3anaun (30), (31)

nan + z kas +v;, i=n—-1,n-2,..1,

k=i+1 e=i
k<n-l1

AtAz*

rne  v,=————

d; —bo,
VuntsiBas npencrasienue (27) i koadduuuento f;, pelieHue

cucteMbl ypaBHenuit (17) — (20) npu kaxaoM (GUKCHPOBAHHOM 3HAYEHUU | ,
j=L2,...,m MOXHO NPEICTaBUTh B BHUJIC PEKYPPCHTHOTO COOTHOIICHUS

ul/ :aiui];l+§i+1]ifj, i=12,..,n. (33)

B nocnennem cooTHomennn npuHUMast i =1 u yuurtbiBas ycinoBus (18),
(19), 6ymem nmeThb

5 Az(0) -0/

Wo — 2 =oywy +& +nf7.
poc At
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OTciona MOXHO ONpeNeNIuTh NPUOIMKEHHOE 3HAYCHHE HCKOMOM

dynkuun f(7) mpu t=t,, T.e. f7

_wi(l-0y) =& —Az(8/ —07) /pycPAr
Uil

1 (34)

Takum 00pa3oM, BBIYUCIUTENbHBIA AITOPUTM PpEIICHUS PAa3HOCTHOM
3amaun (17) — (22) no onpenenenuto v, p/, i=0,n u [’ npu xaxaom
¢uKcupoBaHHOM 3HaueHMH j=1,2,...,m, OCHOBaH Ha pEIICHUU [BYX
JUHEHWHBIX Pa3HOCTHBIX 3amad mepBoro mopsaka (28), (29) u (30), (31)
OTHOCHUTEJIBHO BCIIOMOTATENIbHBIX NMEPEMEHHBIX &;, M;; ompexeneHun f7 u3
(34); ucnons3oBanuu npenacrasieHus (33) win u] W, HAKOHEI, OMPEIEICHUS
p! wu3(21).

OueBUIHO, YTO IS NPUMEHUMOCTH HPEAJIOKEHHOTO BBIUYUCIUTEIBHOTO

aJIropuTMa HGOGXOZ[I/IMO BBITTOJIHCHHUC YCIIOBUA

n—l1 k—

1
n, = zkaSe +v, #0,
k=2

e=1

b; AtAZ*
i , vl.:#, a>0, b>0, d >a+b,
d; =boy, d;=bo,

O<a;,<l,i=ln-1.

rae s; =

HecnoxHpli aHaIU3 MOKAa3bIBAET, YTO

0<s, = b = b <1,v,>0,i=1n-1.
d,—bo,, (d, —a-b)+a+1-0;)b

CrnenoBarenbHO, 1, He OOpalaeTcs B HyJb U BBINOJIHAETCS YCIOBHUE

n, >0.

BeiBoabl. [lpennoxeHsl HOBasi MareMaThyeckass MOJENb Ipoliecca
HECTaIlMOHAPHOTO TEUCHHUS CIA00C)KUMAEMOU JKHUIKOCTH IO TPYOOIPOBOIY
HpI/I HCU3BCCTHOM FpaHI/I‘-IHOM yCHOBI/II/I Ha CTCHKC pr6onp0130z[a U METOJ €€
YUCIEHHOW peanm3auuu. [IpeaiokeHHBI MOAXO0J TO3BOJISIET HAWTH
pacnpez[eneHmI CKOpOCTI/I TCUCHHUA XKXHUIAKOCTU U HAaBJICHUSA B pr6onp0130;[e
MPU KaXJOM JUCKPETHOM 3HAYE€HUH BPEMEHHON MEPEMEHHOM.
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VK 532.546: 519.6

IIpo ogHy Moaenb HecTalliOHAPHOI Tedil cJ1adocTHCIUBOI PiTUHU B TPYOONIPOBOIi /
I'yceiinzane C.0., TI'agimoB LK. // Bicamk HTY "XIII". Cepis: Indopmarnka Ta
MoaemoBaHHs. — Xapki: HTY "XTII". —2019. — Ne 13 (1338). — C. 34 —47.

PosrasimaeTbess  mpouec  HecTalioHapHOT  Tewil  ciaboCTHCIMBOI  piiMHM IO
TpyOOIIpOBOAY, IO ONHMCYEThCS ABOBHMIPHOI MOJEIUIIO y BUIJIAJAL HENIHIHHOI cucreMu
JudepeHiatbHUX PIBHAHB Yy YaCTHHHHUX MOXIMHHUX. [IpOBOIUTHCS OcpeqHEHHE MOoJeni 3a
MONEPEYHHUM TIepepizoM TpyOOIpOBOAY 1 IPOIIOHYETHCS 3aJI€KHICTh HAIPYT'H TEPTS HA CTIHII
TpyOOIpoBOAy BiJ MIBHAKOCTI Tewil. B pamkax oTrpumaHoi MoJeni NOCTaBlIe€Ha 3BOPOTHA
3aJjaya o BU3HAYEHHIO MIBUAKOCTI Tedil Ha cTiHui Tpyoonposoxny. [loOynoBanuii TucKpeTHUHA
aHaJIOT TIOCTAaBJICHOI 3a/1adi i 3ampoTOHOBaHUH CTIOCIO ii po3IIeryIeHHsT Ha TPOCTi Pi3HUIIEBI
3a/1a4i o010 HabMMKeHNX 3HAYeHb MyKaHuX QyHKIiH. biomiorp.: 14 Ha3s.

KurouoBi caoBa: TpyOompoBia; IBOBUMIpHA MOJEb; HAmpyra TepTsA Ha CTIHII
TpyOOIPOBOTy; PI3HHIIEBA 3a/1a4ya; 3BOPOTHA 3a/1a4a.

YK 532.546: 519.6

OO0 oaHOii MOAeNM HECTAIMOHAPHOIO Te4YeHHs CJaa00CKUMAaeMON KUAKOCTH B
TpyOonposone / I'yceitnzane C.O., I'agmmo M.K. // Bectnux HTY "XIIN". Cepus:
Wndopmarnka n moaenuposanue. — Xappkos: HTY "XITN". — 2019. — Ne 13 (1338). — C. 34
—47.

PaccmaTpuBaeTcs npolece HeCTaMOHAPHOTO TEYEHUS! CIIa00CKUMAEMOH JKHIIKOCTH 1O
TpyOONpPOBOYy, ONMHUCHIBAEMBIH JBYMEPHOW MOJAENBI0O B BHAC HEIWHEHHOW CHCTEMBI
g depeHInaTbHBIX YPaBHEHHIA B YaCTHBIX MMPON3BOAHBIX. IIpoBOaHTCS yepenHeHHEe MOACTH
TI0 TIOTIEPEYHOMY CEUCHHIO TPYOOIIpOBOIa U IpeiaracTcs 3aBUCHMOCTh HATIPSHKCHUS TPCHUS
Ha CTEHKE TPYOOIPOBOAA OT CKOPOCTH TeUeHHs. B paMKkax MOIy4eHHOW MOJIETH ITOCTaBJIEeHA
oOparHas 3a7aya MO OTPEACICHUIO CKOPOCTH TEYEHHUS Ha CTeHKE TpyOompoBopma. I[loctpoen
JIUCKPETHBIN aHaJoOT ITOCTABICHHOW 3aJadd M TPEIIONKEH CHoco0 ee pacIieruieHus Ha
HPOCTBIE PAa3HOCTHBIC 33/1a4H OTHOCHTENHHO MPUOIMKCHHBIX 3HAYEHUH MCKOMBIX (DYHKLMIL.
Bubnuorp.: 14 Ha3s.

KroueBsie cioBa: TpyOoONIpoOBOI; ABYMEPHAsS MOJIC)Ib; HAIPSDKEHUE TPEHUS HA CTEHKE
TpyOOIpoBO/a; pa3HOCTHAs 3aja4ya; oOpaTHas 3a1aya.

UDC 532.546: 519.6

About one model of non-stationary flows of a weakly compressible liquid in a
pipeline / Huseynzade C.0., Gadimov LK. // Herald of the National Technical University
"KhPI". Series of "Informatics and Modeling". — Kharkov: NTU "KhPI". — 2019. — Ne.13
(1338). —P.34 —47.

The process of unsteady flow of a weakly compressible fluid through a pipeline,
described by a two-dimensional model in the form of a nonlinear system of partial differential
equations, is considered. The model is averaged over the cross section of the pipeline and the
dependence of the friction stress on the pipe wall on the flow velocity is proposed. Within the
framework of the model obtained, the inverse problem was posed to determine the flow
velocity on the pipeline wall. A discrete analogue of the problem is constructed and a method
for its splitting into simple difference problems with respect to the approximate values of the
unknown functions is proposed. Refs.: 14 titles.

Keywords: pipeline; two-dimensional model; friction stress on the pipe wall;
difference problem; inverse problem.
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YAK:519.711.3 DOI: 10.20998/2411-0558.2019.13.05
A. X. TOHHPOB, PhD., TepMme3ckuii rocy1apcTBEHHbIH YHHBEPCHTET,
Tepmes,

X. @. XOJITYPAEB, acc., TallIkeHTCKHUI1 MHCTUTYT UH>KEHEPOB
UPPUTraLiU U MEXAHU3ALUH CEIbCKOTO X034MCTBa, TalIKeHT

O INPOBJIEME 'MJIPOJMHAMUYECKON
YCTOMYUBOCTH

B crarhy ¢ HCMOJIB30BAHUEM METO/IAa MaJIbIX BO3MYILCHHU ITOJIy4eHbl MATEMATHYECKHE
MOJIEJI TUAPOIUHAMUAYICCKOM YCTOHUMBOCTH JIJIsl OTHO(A3HBIX TOTOKOB. J{JIsl anmpoKcuManuit
YPaBHCHHI yCTOWYMBOCTH MPUMEHSCTCS CIEKTPaIbHO-CETOYHBIN MeTon. OH 00bEeIUHSICT B
ceOc BBICOKYIO TOYHOCTh CIIEKTPAJIBHBIX METOJAa HEPABHOMEPHBIX CETOK H MO3BOJISCT
ONpENeNUTh Cpa3y BCe COOCTBEHHBIC 3HAUCHHs paccMaTpuBacMmoil mpoOmemsr. Mi: 1.
Ta6mx.: 1. bubnuorp.: 11 Ha3B.

KuaroueBble cJIOBa: THIPOAMHAMUYCCKAST YCTOWIHBOCTD, METOJ[ MAJIBIX BO3MYILCHHIA,

anmnpoKCUMalusi ypaBHEHUH  yCTOMYMBOCTH;  CIEKTPaIbHO-CETOYHBIA METON; METON
HEpaBHOMEPHBIX CETOK.

ITocTtanoBka mpoOJjieMbl M aHAJW3 JUTepaTypbl. MaremaTuueckue

MOJIENIM, XapaKTEPU3YIOIINUE [BU)KEHUE BA3KOW HEC)KMMAeMOW JKUAKOCTH,
onuceiBatoTcs ypaBHeHussMu HaBbe-Crokca [1 — 3]:

ou  ou ou op 1 (% 62
—+ +3—= +
& ox 8y  dx Re 8x2 2

b

68 88 03 op 1 88 68

+9 =Py 722,02 (1)
8t 6x oy oy Rel| ox? 8y

w9,

ox Oy

rae U, 3 — npojoJibHas ¥ MonepeyHasi KOMIIOHEHThl CKOPOCTH HEC)KUMAEMOi
KHUIKOCTH; p— paBineHue, Re=pUL/p — uucna PeiiHonmpaca; p —
IUIOTHOCTB; L — BSI3KOCTb >KMAKOCTH; U M L — XapakTepHble MaclITaObl
CKOPOCTH M JUIMHBI COOTBETCTBEHHO.

Jnist uccnenoBaHusl yCTOMUMBOCTH pemieHust cuctemsl (1) mpeacraBum,
Kak OOBIYHO, MPOJOJBHYIO KOMIIOHEHTY CKOPOCTHM U JaBJICHHE B BUJE
CYNEPIIO3UIUH  OCHOBHOIO JIAMUHAPHOIO  TEYEHMUS U(y) U MaJoro
BO3MYLIECHUSA:

© A.X.Toitmposa, X.®. Xonarypaes, 2019
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u(x, ,t)=U(y)+a(x, y,1),

9(x, y,1)=8(x, ,1), 2)

p(x,v,1)= P(x,y)+ P(x, »,0).

Cucremy (1) 3anuceiBaeM ¢ y4yeToMm (2) M, OCTaBisii B IMOJTYYEHHBIX
YPaBHEHUSX TOJBKO WIEHBI MEPBOTO MOPSAKA MaJOCTH IO BO3MYILEHUSM,

HUMEECM
~ ~ 2
a—quUa—u+\9d—U+a—P+@=L d U+AL7,
ot ox dy ox o Rel dy?
o U@+6—P+@=LA§, (3)

+
ot ox 0Oy Oy Re

L0 o, A=02/0x2+d 210 y2.

ox Oy
Ecnu y4uThIBaTh, 4TO OCHOBHOE TEYCHHE CaMO IO ceOe yIOBIETBOPSET

ypaBHeHussM HaBbe-Crokca, T.€.
op_1d*U oP_,

TO cucTema (3) NpUHUMAET BUJ
ou ou ~dU _ 6_p+LAL7’

— 4+ U —+3—=-
dy ox Re

ot ox
@+U@=—@+LA§, 4)
ot ox 0y Re
ou + 9 _ 0. (5)
ox Oy
BBoauM GyHKIHIO TOKA T BO3MYIIAIOMIETO TBUKCHUS B BUJIC
i(kx—ot) (6)

P(x, y,t)=y(y)-e :

— KOMIUIEKCHas aMIUIMTyAa BO3MYIIEHHH; k& —

e y(y) =y, +iy;
BCIICCTBCHHAsA BCJIIMYMHA, CBsJA3aHHAas C I[JIPIHOfI f — BOJIHBI BO3MYH_IGHI/I}I

cooTHomeHueM ¢ =2m/k. BenuunHa ® — KOMIUIEKCHAs, ® = ®, +i®,;, T
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®, — KpyroBas 4acToTa OTHEIBHOrO KosiebaHus, a o, — Kodduruent

HapacCTaHud, T.C. BCIIMYHMHA, MO3BOJAOMIAA CYIUTb, HAPACTACT WJIM 3aTyXacT
kosiebanue. Ecmm o, <0, To KonebGaHMe 3aTyXaeT M JaMUHApHOE TEYECHHE

YCTOMYMBO, €ciau ke ; >0, TO HMeeT MecTO HEeyCTOWYuBOCTb. Kpome

BCIIMYHUH k u ® HGHCCOOGPaBHO BBCCTH TAKXC HX OTHOIICHUC
A=o /k=A, +ik;. Bemuuuna A IpeACTaBIsieT Cco0O0H  CKOpOCTh

p
pacnpocTpaHeHHsl BOJIH B HampaBieHuu x ((a3oBas CKOpPOCTb), a A; OIATh
SBJISIETCS BEIMYMHOMN, MO3BOJISIIONICH CYIUTh O 3aTyXaHUU WIM BO3PACTaHUU
KoJie0aHusl.

AMmmtyga W()) BO3MYILAIOLIErO JABMKEHUS NPUHATA 3aBHUCALIEH
TOJIbKO OT MEPEMEHHOW ) MOTOMY, YTO OCHOBHOE TEUEHHUE TaKkKe 3aBHUCUT
TOJBKO OT y . [l pyHKIIMU ToKa (6) nMeeM

~_ oY _ L ieen g OF
Uu=——-= e ,
& v'(») o
TEM CaMbIM MHTETPUPYETCsl ypaBHEHHUE HEPA3PhIBHOCTH (5), a U3 CUCTEMBI (4)
nojay4yaeM InpoOiieMy Ha COOCTBEHHblE 3HaueHHMs 1 ypaBHeHus Oppa —
3ommepdensaa 1, 4 — 8]:

1 d*Uu
—Dy—| (UM)-A)D+ =0, 7
R DV Um->n) i U (7)
T]o < T] < nl s
dvy dvy
wng)=——o)=0, wln)=——(n,)=0 (8)
dan dan
C OTHOPOIHBIMH KpPaeBbIMH YCIOBHSMH, KOTOPBIE O3HA4YalOT TpeOOBaHUS
2
HETPOHUIIAEMOCTH u MIPUITUITAHUS. 3nech D= % —k? —
n
muddepennmanbablii  oneparop; U(n) — mpoduib CKOPOCTH OCHOBHOTO

TEYEHMs; 1| — KOOPANWHATA, HalpaBJIECHHAs TONEPEK OCHOBHOIO TEUEHUs; k —
BOJIHOBOE 4HMCII0; Re — umcio PeiiHonpaca; w(n) — aMIumTyasl QyHKIHA
TOKa JUIi BO3MYIIEHUH; A=A, +il;, — COOCTBEHHBIE 3HAYECHUs 3aJauu, IJIE

A, — (azoBas CKOPOCTb BOJHOBOIO BO3MYILEHUS; A, — KOIPPHUIHUEHT

7

Hapactanus. Ecimm A, >0, To TeueHue HeycroiuuBo, eciu A; <0, TO OHO

ycroitunBo. Eciu e A; =0, To kose6aHus HEUTPaTIbHO YCTOWYMBBI.
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B paborax [1, 4 — 8] ucciaenoBaHue METOIbI HAXOXKACHUS COOCTBEHHBIX
3HaueHni st ypaBHeHus: Oppa-3ommepdenbna. B pabore [2] uccnenoBan
3pdexTBHBI MeTox pemeHus ypaBHeHuss Oppa-3ommepdenbaa. A B
paborax [3, 9 — 11] co3manbl MaTeMaTHYECKHE MOJACIH 3aJad O
TUAPOIMHAMUYECKOW  YCTOWYMBOCTH  OJHO(A3HBIX  MOTOKOB. OmHAKO
CYILIECTBYIOIINE METObl YHCICHHOIO MOJAETUPOBAHUSA TUIPOIMHAMHYECKOMN
YCTOHYHBOCTH BEChbMa TPYAOEMKH, YTO TpeOyeT pa3paboTKH HOBBIX METOJIOB
JUISL KCCTIeIOBAaHUS TUAPOAMHAMHUKHN M YCTOWYHBOCTH.

Heap craTbM — H3JI0KUTH HOBBIA CHEKTPAIBHO-CETOUYHBIA METOJ
(CCM) - »sddexTuBHBI MaTEeMaTHYECKUM ammapar JUisi YHUCIECHHOTO
MOJICTTUPOBAHUSL  MPOOIEMBbI  TUAPOAMHAMHYECKON  ycToWumBoctH. OH
o0beauHsIeT B ce0e BBICOKYI0O TOYHOCTh CHEKTPAJbHBIX METOJIOB C
SKOHOMUYHOCTBhIO METOJa HEPAaBHOMEPHBIX CETOK U IO3BOJISIET ONpPEACIIUTDH
cpa3y Bce COOCTBEHHBIEC 3HAUCHUS 3aJa4U.

CCM mnpenHa3HayeH IJIsi MOJCIUPOBAHMS YpaBHEHHS YCTOWYMBOCTH
oqHO(A3HBIX TUAPOJUHAMHYECKHX CHCTEM, ONHCBIBAEMbIX NHpOOIEeMON Ha
coocrBennble 3HaueHuss (7) — (8). VHTepBam WHTErpUpOBaHUSA [no,n,]

p3306BeM Ha CCTKY U IIOJIYUYUM N Pa3IMYHBIX 3JICMCHTOB!
[nOanl]a [nlﬂnZ]a 0o [n‘/’njﬂ]’ 0o [nN—lanN]-

Huddepennmanpaoe ypaBHeHue (7) Ha KaXKJIOM M3 JTHX DSJIEMEHTOB
MMPUHHUMACT BHU/]

Dy, —ikRA(U,;(m-2)D-U;()y,; =0, j=1,2, ..., N. (9

Kpaesble ycnoBus (8) 3alIUCBIBAIOTCS B TOUKAX My U My -
d d
\Ifl(no)= ;J_l (no)=0, \I’N(nN)= 4.4 (nN)=0- (10)
n dn

Bo BHyTpeHHHX y3/aX CeTKHM HOTpe0yeM HENpepbIBHOCTh PEIICHMS
ypaBHeHHs (9) 1 ero MpoU3BOIHBIX 0 3-TO MOpSIIKa:

v, )=v0,), 1=01,2,3; j=1,2,.,N-1, (1)

IZie ¢ yKa3blBaeT NOPAJOK IPOU3BOAHOM.

Jlna npencrasnenus peweHus ypasHeHu# (9) — (11) B Buge psza 1o
noniHoMaM  YeOblieBa [EpBOrO  poja KaxAblil  sneMeHT  [N;,1;,]
oroOpaxkaem Ha untepsai [—1, 1]. ITocae saToro npeobpa3zoBanus ypaBHEHUS
(9) mpuHUMAIOT BUJ
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_ 2 . ' N _
Ly, ={D*~ik,;Re,[(U (o)) ~A)D, ~U"( )]}y, =0, (12)
j=1,2,..,N,
rac
2 l. l.
D, =d—2—kj., k; ==Lk, Re;=-LRe.
dy; 2 2

N3 ycnoswuii (10), (11) umeem

d
vi-)=0, Yoo,
'y

B ED =Hhw D,
t=0,1,2, 3 j=1,2, .., N—1, (13)
Wy (+1) =0, d"’—N(+1)=0,
dy

uepes [; =m; —n,,; obo3HaYeHA JUIMHA j -TO BJICMEHTa CCTKH.

[Tpubmxennoe pemenue 3anayuu (12) — (13) Ha KakXI0M U3 DIEMEHTOB
CCTKHU HUIIIEM B BU/IC

pj '
v, =Y, (),
n=0

A _
U, (y))=3p0,(0)). (14)
n=0
yl=cos(n-lp;), 1=0,1,2, .., p;; j=1,2, ., N,

rae Tn(y) — noauHoMbl YeObllieBa MepBOro poja, yl] — WX Y3IBL, & p; —

KOJMYCCTBO ITOJIMHOMOB, HUCIOJB3YCMbIX IJId alIlIpOKCUMaAlMU PCHICHHSA Ha
J -M DIIEMEHTE.

[oncrasnsas psaasl (14) B ypaBHenue (12), morpeOyeM, yTOOBI JieBast
yacTh (12) Ha KaXIOM W3 DJIEMEHTOB CETKH ObllIa OPTOTOHAJIILHON K TIEPBBIM
(pj—4)-M nonuzomam Yebbiiesa:

(Lw,.1,)=0, n=0,1,..p,~4, j=1,2, ., N, (15)
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+1
rae (f,g)= j f(x) g(x)(l—xz)_l/ 2dx — CKaTpHOE MPOM3BENCHHE HA OTPE3KE

-1
[-1,1].

Kpome Toro, eme morpebyem, 4ToObl psin 1mo moauHoMaMm YeOblieBa
(14) TouHO yTOBIETBOPSUT KPAECBHIM YCJOBUSM H YCJIOBUSM HEMPEPHIBHOCTH

(13). C yueTom creayromumx cBoicTE moiuHoMoB Yebbnmesa 7, (+1) = (+1)"

u T,(+1) = (+1)"" 2n? 5t YCIJIOBUS 3aITUCHIBAIOTCS B BUJIE:

g d pj . Pj+l .
S1ya) =0, Szl =0, Ya)= S 1yl
n=0 n=0 =0 =0
Pitl
L L et
] n=0 lj+1 n=0
; pj 1
2 Za T, (+1)= Z i+ T, (-1),
[ n=0 1]+1 n=0
1P e
3 zan n -3 a£j+1)7—;1 (_1), ] = 1, 2, 3, ...,N—l R
] n=0 j+1 n=0
PN PN
>a¥ =0, Yn’al" =0 (16)
n=0 n=0

Takum oOpa3oM, Ansi ONpeaesIeHUs m=N( pj+1) HeusBecTHbIX

a’) n=0,1,2,..,p,;j=1,2,3,..,N nmeem E=N(pj+1) yYpaBHEHHIA.

OTuMH ypaBHeHUsMH ciyxat N(p;—3) ypaBHeHuit oproroHambHOCTH (15),

4(N —1) ycrnoBuil HEMPEPHIBHOCTH W YETHIPE TPAHUYHBIX yclIoBus u3 (16).
[Tony4yeHHyO cuCTEMY YI00HO 3amKcaTh B MATPHYHOM BHJIE:

(A-AB)X =0, (17)

r€ KOMIUIEKCHbIE MaTtpullbl 4 W B  uMeT O0JI0YHO-THaroHAIbHYIO

(@)

CTPYKTYpY CHELUAIBLHOIO BUJA, @ BEKTOP X COAEPKUT KOdPPULUEHTH! a,”’ B

pa3lioKEeHUU (14), T.C.

_ N) (N N
(ao,al,.. agl,aé),alo,.. a%,.. aé) 1(),.. ())
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XapakTtepHass ocoOeHHOCTh cuctembl (17) B Tom, uyto Marpuma B
BBIPOXKJEHA (TIOCKOJIbKY yciioBUs (16) He 3aBUCAT OT A) U comepxkut 4N
HYJIEBBIX CTPOK, Iie N — YUCIIO 3JIEMEHTOB CETKHU.

CpaBHeHHMe CHEKTPaJbHOI0O MeTO0Ja M CHEeKTPAJbHO-CETOYHOIO
merona. PaccmoTum mocTpoeHue anreOpandeckoro mnpeoOpa3oBaHUs IS
MaTpUYHBIX ypaBHEHMH yctoiuuBoctu (17). JlaHHasg cuctema ¢ MOMOIIBIO
HEBBIPOXKJICHHOT'O JINHEHHOT0 npeoOpazoBanust () CBOIUTCA K BUIY

(40-2BQ)0'x)=0. (18)

[Tocne npumeHeHus npeoOpazoBaHuss () YHUCIO CTPOK U CTOJIOIOB
KOMIUIEKCHBIX MaTtpull 4 u B ymensmiercas Ha 4N, rne N — uucio
sneMeHTOB. OTHOLIEHHE OOIIEro YUCIO YpaBHEHUH 7 K YUCIY OCTAaBIIUXCS
m=4N ypaBHEHHUH COCTaBISET

m
g==". (19)
m—4N

Takum o0pazom, B pe3yibTare pa3OueHHs] HHTEpBaja MHTETPUPOBAHUS
Ha 3JIEMEHTBI, Pa3MEPHOCTb KaXKJJON U3 KOMIUIEKCHBIX MaTpHIL (BEIIECTBEHHAS
¥ MHUMas 9acTh) A U B B UCXOJHOW anreOpanyecKoil cucTeMe yMEHbBIIASTCS

B ¢° pa3. CHIKEHHE Pa3MEePHOCTH 0COOEHHO 3aMETHO TIPU HEOONIBIIIOM YHCIIE
MOJIMHOMOB Ha KaXIOM W3 DJJEMEHTOB. JleMCTBUTEIBHO, KOJHUYECTBO
MOJIMHOMOB Ha j -M 3JIEMEHTE PAaBHO p i +1 ( j=1,2,3,.,N ) Torma oOriee

KOJIMYECTBO TMOJMHOMOB M COOTBETCTBEHHO aireOpanvyeckux ypaBHEHUI
paBHO

N
mZZ(pj+1).
=1

3ameTuM, YTO p; HE AOKHO OBITH MEHbIIE, Y€M TOPSAOK CTapuIeH
npou3BOAHON U depenHumansHoro ypasuenus, t.e. p;, 24. Ilpn p, =4,

Hanpumep, A Bcex j, m =5N, g =5. D10 03HaYaeT, 4YTO YUCIO YpaBHEHUI

B CUCTEME YMEHBIIACTCS B 5 pa3, a pasMEPHOCTH KaXKJIOM U3 KOMIUICKCHBIX
Marpull A u B —B 25 pas.

W3 ocraBmmxcs ypaBHEHHMH TmoJy4aercss aireOpaumveckas cucrema
CYIIECTBEHHO MEHBUIEH Pa3MEPHOCTH:

(T-AW)Y =0, (20)
Y= Q*I;, x= (af‘), - a1(17)1’ af‘), - a;)z, . af;N), - a;]]\il)) :

rne W — B oOuieM citydae HEBBIPOXKICHHAs KBapaTHasi MaTPULIA.
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Ymuoxas (20) cnea Ha Matpury W', momydaem
(D-AE)Y =0, D=TW"". 21)

CoOcTBeHHBIE 3HA4YeHHUS CHUCTeMbl (21) Moryr OBITh HalIEeHBI
CTaHJapTHBIMU MeTOoAaMU. B nanHOM paboTe OHU OMpenessioTCsl ¢ TOMOIIbIO
OR -anropuTMa.

s pemenust cuctemsl Buaa (21) oqun mar QR -anroputma Tpedyer

20._3
Z: —
( 3 )z

apupMeTHueckux omnepauuid. B Tabmuie cpaBHEHBI CIEKTPAIbHBIA METO.
(CM)' 1 CCM 110 uncity apudMeTHaecKux onepauuii Z .

Tabnuna

Cpasuenue MetonoB CM u CCM no uncity apuMeTHIECKHX orneparui

CM CCM
m Z N Z
5 6 1 6
10 1440 2 53
20 27306 4 426
30 117173 6 1440
40 311040 8 3414
50 648906 10 6666
60 1170773 12 27306
70 1916640 14 70986
80 2926507 16 146346
90 4240373 18 262026
100 5898240 20 426666

OddextuBHOCTE CCM, TIpHBENEHHOTO B Ta0nuile, HanboJee HAIISIIHO
WUTIOCTPUPYETCST HAa  PHCYHKe, TIe 4epe3 Z  OO0O3HAueHO  YHUCIIO
apu(pMETHYECKUX OTEepaIHA.
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Puc. Kpusas 1 — CCM, xpusas 2 — CM.
[Ipu 3ToMm BbIcOKast TouHOoCTh CCM coxpaHnsercs.

BouiBoabl. IlpemyioxkeH HOBBIM CHEKTPaJIbHO-CETOYHBIA METOA ISt
HCCIIEA0BAaHNS TUAPOAUHAMUYECKON YCTOMYMBOCTHU. BBINOIHEHO CpaBHEHUE
CCM u CM mno uyuciny apuMETHYECKHX OIepaldid TMpH PEIICHUH
CTaHJApTHOW TMpoONieMbl Ha COOCTBEHHBIC 3HAUEHUS C KOMIUIEKCHOM
Marpuueii. [lokazaHo, YTO CHEKTPaJbHO-CETOYHBIM METOJ SKOHOMHUYEH U
UMEET BBICOKYIO TOYHOCTh IMPHU PEIICHUU MPOOIEMBI THAPOTUHAMHYECKON
YCTOMYUBOCTH.
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YK 519.711.3

IIpo mpobsemy rinpoamnamiunoi criiikocti / ToiiipoB A.X., XoarypaeB X.®. //
Bicauk HTY "XIII". Cepis: [npopmaTrka Ta MoaemtoBanns. — Xapkis: HTY "XIII". — 2019. —
Ne 13 (1338). — C. 48 — 59.

VY crarTi 3 BUKOPHCTaHHSIM METOJNy MalIMX 30ypeHb OTpHMaHi MaTeMaTH4YHI MoJei
TIAPOJMHAMIYHOT CTIHKOCTI i ofgHOo(da3HuX NOTOKIB. Jlisg anmpokcumanuii piBHSIHB
CTIHKOCTI 3aCTOCOBYETHCSI CHEKTPAJIbHO-CITKOBMH MeTox. Bin o0'emHye B €001 BHCOKY
TOYHICTh CIEKTPAILHUX METOJY HEpPIBHOMIPHHMX CITOK 1 JJO3BOJISIE BH3HAUWTH BiJpazy BCi
BJIaCHI 3HaUCHHS po3MIsiHYyTOI Tpobnemu. Ii.: 1. Tadun.: 1. bibmiorp.: 11 Ha3s.

Karouosi cjoBa: rigpoauHamiyHa CTIHKICTB; METOA MasMX 30ypeHb; alnpOKCHMAanus
PIBHSIHB CTIHKOCTI; CTIEKTPaIbHO-CITKOBUH METOJ; METOJ HEPIBHOMIPHHX CITOK.

YAK 519.711.3

O npobaeme ruapoanHamuyeckoii yeroiiunsoctu / Toiimpos A.X., Xoarypaes X.®D.
// Bectauk HTY "XIIN". Cepust: Undopmarnka u MogenupoBanue. — XapbkoB: HTY "XITN".
—2019. —Ne 13 (1338). — C. 48 — 59.

B cratbu ¢ Hcnonb3oBaHUEM METOJa MalbIX BO3MYLIECHHI MOJy4YeHbl MaTeMaTHUYECKHE
MOJIETTH THAPOAMHAMHYIECKON YCTOWIUBOCTH I OAHO(MA3HBIX TOTOKOB. JIJIsT anmpoKcuManui
YpaBHEHHH yCTOWYMBOCTH TIPUMEHSETCS CIEKTPaIbHO-CeTOYHBIN MeTon. OH 00BEeIUHICT B
cebe BBICOKYI0O TOYHOCTh CIIEKTPAJBHBIX METOJa HEPABHOMEPHBIX CETOK W MO3BOJIIET
ONpENeNUTh Cpa3y BCe COOCTBEHHBIC 3HAUCHHs paccMaTpuBacMmoil mpoOmemsr. Mi: 1.
Ta6mx.: 1. bubnuorp.: 11 Ha3s.

KarwueBble ci10Ba: THAPOAMHAMUYECKAS YCTOMYMBOCTH; METOJl MaJIbIX BO3MYILIECHHI;
anmnpoKCUMalusi ypaBHEHUH  yCTOMYMBOCTH;  CHIEKTPaIbHO-CETOYHBIA METON; METO[
HEPABHOMEPHBIX CETOK.

UDC 519.711.3

On the problem of hydrodynamic stability / Toyirov A.Kh., Kholturaev Kh.F. //
Herald of the National Technical University "KhPI". Series of "Informatics and Modeling". —
Kharkov: NTU "KhPI". — 2019. — Ne.13 (1338). — P. 48 — 59.

Mathematical models of hydrodynamic stability for single-phase flows are obtained in
papers using the small perturbation method. The spectral-grid method is used to approximate
the stability equations. It combines the high accuracy of the spectral method of non-uniform
grids and allows you to immediately determine all the eigenvalues of the problem under
consideration. Figs.: 1. Tabl.: 1. Refs.: 11 titles.
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ITPOI'PAMMHAS KOMIIOHEHTA JIJI51 TIOACKA PEIIEHUIA
CUCTEMbI YPABHEHUU B YACTHBIX ITPOU3BOJHbBIX B
I'TY METOJOM I'PYIIIIOBOI'O YYETA APT'YMEHTOB

B reomerpuueckoit Teopun ynpasnenus (I'TY) monmenu oOBEKTOB yIpaBieHUs,
ONMCHIBaEMBIE CHCTEMaMH HETMHEWHBIX OOBIKHOBEHHBIX IU((epeHIINaIbHbIX YpaBHEHHMH,
MpeoOpa3OBHIBAIOTCS B DKBHBAJICHTHBIC JIMHEHHBIE MoJenn B ¢opme BpyHOBckoro. 3atem ¢
MOMOIIBIO JIMHEHHBIX MOJEJIEH ONpeneNsIioT ONTHMANbHBIE 3aKOHBI YIIPABICHUS JTNHEHHBIMA
00BEKTaMH, a IIOTOM C IMOMOINBIO CIIEIHAJIBHBIX MPEOOpa3OBaHUN TEPEHOCAT STH 3aKOHBI
YIOpaBIeHUS Ha MOJENN HWCXOAHBIX HENWHEHHBIX OOBEeKkTOB. [y ompeneneHus (QyHKIHIA
npeoOpazoBanust (PDII), cBA3BIBAIONIMX MEPEMCHHBIC JHHEHHBIX M HEIWHCWHBIX MOJIEIeH
HEOOXOUMO pemarh CUCTeMbl AU((HEepPeHIUATBHBIX YPABHCHUI B YaCTHBIX MPOU3BOIHBIX.
ITockosbKy YHUBEpCABHBIX METOAOB PEIICHUSI TAKMX CUCTEM YpaBHEHUU HET, TO MPEJIOKEH
Meton noucka PII Ha ocHoBe MHoropsiaHoro anroputMa MI'YA. TlpoBepka npeioxkKeHHOTo
METOJa MPH pEIICHUM psifa 3aaad ¢ nomomipio ['TY moarBepauna ero paboToCmOCOOHOCTS.
Wn.: 1. bubmuorp.: 14 Ha3B.

KiroueBble ciaoBa: reoMeTpuieckas TEOPHUS YIPABICHUS; MHOTOPSIIHBINA alrOPUTM
MI'VA; ¢yakums mpeoOpasoBaHus; cucteMa TudGhepeHINaTbHBIX ypaBHEHUH B YaCTHBIX
TIPOM3BOTHBIX.

IloctaHoBka mnpoOjieMbl W aHAJM3 JHUTepParypbl. MHOropsiaHbIE
QIrOpUTMBl  METOAA TIpPYNIOBOTO  ydeTra apryMEeHTOB OTHOCATCA K
OMOMHCIIMPOBAaHHBIM AJITOPUTMaM, TO €CTh K aJrOpPUTMaM, OCHOBaHHBIM Ha
UAESIX DBOJIOLUUMM M CaMOOPraHM3allUM >KUBBIX OpPraHU3MOB, U YCIEIIHO
OPUMEHSAIOTCS JUI1  PEUICHMs pPA3IMYHBIX 3aJad B MHOIOMEPHBIX U
MHOT'03KCTPEMAJIBHBIX MPOCTPAHCTBAX B YCIOBHAX CYIIECTBEHHON allpUOPHOI
HeonpeneneHHoct [1 — 6]. Anroputmbr MI'VA wucnonb3yroTcs Kak st
CHHTE3a pa3HOOOpa3HBIX MaTeMaTWYecKHMX MOJAETeH, Tak W JUIsl IOHCKa
IIPUEMIIEMBIX DPEIICHUM C MOMOULIBIO YXXE€ HMMEIOIIUXCS CIOXKHBIX MOZAEIEH,
HampuMmep, Koraa OOBEKT WJIM  TPOLECC  ONUCHIBACTCS  CHCTEMOMU
I QepeHIMaIbHbIX YPaBHEHU B YaCTHBIX MPOM3BOAHBIX. OnHA U3 Takux
3a/1a4 BO3HUKAET B I'€OMETPUYECKON Teopuu ympasieHus [7 — 11], xoropas
NO3BOJISIET MOJENM OOBEKTOB YIPABIEHUS, OIUCBIBAEMbIE CHCTEMaMHU
HEJIMHEWHBIX OOBIKHOBEHHBIX Qg QepeHInaIbHbIX YpaBHEHUH,
npeoOpa3oBbIBaTh B SKBUBAJICHTHBIE JIMHEWHbIE MoAend B  (opme
bpyHoBckoro. 3areM ¢ TIOMOIIBIO JIMHEHHBIX MOJENIEH U  XOPOIIO

© B.J. Amutpuenko, A.FO. 3akoBopoTHsiid, C.1O. Jleonos, JI.M. ['naBues, 2019
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pa3paboTaHHON TEOpPHH YIPABICHUS JIMHEHHBIMU OOBEKTAaMH OIPEEIsATh
ONTUMAJIbHBIE 3aKOHBl YIpaBIEHUs JUHEWHbBIMH OOBEKTaMH, a IIOTOM C
IOMOIIBIO  CIIEUUANBHBIX TMPeoO0pa3oBaHUN MEPEHOCUTh 3TH  3aKOHBI
yIpaBJICHUS] HA MOJIEJIN MCXOJHBIX HEJIMHEHHBIX 00beKTOB. [l onpeneneHus
¢byHKIMI peoOpazoBaHMs, CBA3BIBAIONINX MEPEMEHHbIC JTUHEHHON Monenu B
(dopme BpyHOBCKOTO € NEPEMEHHBIMH HCXOAHOTO HEIMHEWHOro OOBEKTa,
HEOOXOIMMO peliaTh CUCTeMbl auddepeHInanbHbIX YpaBHEHUH B YaCTHBIX
IPOM3BOJHBIX TP OTPAHUYEHUAX B BHJE TUPPEpEeHIMATbHBIX HEPAaBEHCTB
[7]. Pemenue 5TOif cucTeMbl ypaBHEHHH B OOIIEM cllydyae HeE SBISETCA
TpuBUANbHOU 3amadeid. [Ipu 3TOM, CIOXKHOCTH €€ PELICHHS CYIIECTBEHHO
3aBUCUT OT CIOXHOCTH TMpaBbIX yacTed anddepeHIuanbHbIX ypaBHEHUH,
OTIMCHIBAIONIUX MCXOMHBIN HEIMHEWHBIN 00beKT ympasienus [7, 12 — 13]. B
CBA3U C OTUM aBTOpbI, ucnoubsyomue ['TY, crpemsarcs onucarb MCXOMHBIN
00BeKT TakuM 0Opa3oM, YTOOBl TmpaBble YacTu AU EepEeHITNATEHBIX
YPaBHEHUH coOAepajli MHUHMMAJIBbHOE YHCIIO OJHOWIEHOB — OIMH WM JIBa
OZJHOYJIEHA, U TOJIBKO IIOTOM MOJIeNIb IIPeoOpa30BbIBAETCS K JIMHEHHON (opme
bpynosckoro.

Kak mpaBuino, B 3TOM ciydae yrnaeTcss ONpPEAensaTb (QyHKIUU
npeoOpazoBanust (PII) kak GyHKOUMHM OOHOM  TMEPEeMEHHOH  IyTeM
IIOCIIEIOBATEIbHOTO  MCKJIIOYeHUss U3 obmero  BelpaxkeHus — @Il
T'(x,, x5,...,X,) Bcex apryMeHToB kpome omnoro [9, 10]. Eciu xe mpaBble

4acTH  OOBIKHOBEHHBIX  JU(QepeHIMaTbHBIX  YPaBHEHUH  HCXOIHOTO
HEJIMHEHHOTO O0O0BEeKTa cojepkaT Ooyiee NBYX OJHOYWICHOB, TO TIPOIECC
onpenenenust OI1 ycnoxusiercs. B pabore [14] mpenioxken aBroMaTH4eCcKUit
nepebop DIl ¢ moMoIIpo CHeUuaTu3uPOBAHHON HEHPOHHOW CETH, KOTOpas
ucronb3yercs 1uis onpenencHus OII.

OpnHako HEOOXOMMMOCTh MOJCTUPOBAHHUS HEHPOHHON CETH IOBBIIIACT
TPYIOEMKOCTb MOUCKA PELIEHUs U, KPOME TOTO, HAKJIA/IbIBAET OMPECICHHBIC
OTpaHMYEHUsl HAa MaTreMaTHYecKhe Mojaeau oO0beKTOB ympaieHus. [lostomy
UCIIOJIb3yeM JIPYrod MOAXOJ K PEIICHUIO0 CHUCTEMbl YpAaBHEHHI B YaCTHBIX
MPOU3BOJIHBIX — MHOTOPSIAHBIN anroput™ MI'VYA.

Leablo cTaTby sABIseTCA pa3paboTka MHOTOpsAHOTO anroputma MI'VA
JUIsE Toucka (QYyHKUMNA TpeoOpa3oBaHUs, CBS3BIBAIOIIUX MEPEMEHHbIE B
JIMHEVHBIX U HEJIMHENHBIX MOJIEIISIX TEOMETPUUYECKON TEOPUU YIIPABICHUS.

Paccmorpum  mHoropsiaubiii - anroputm MI'YVA  Ha mipumepe  ero
npuMeHeHus B ['TVY.

Kak wu3BectHo, uwmcino onpenensembix @II 3aBucur oT 4yucna
yIpaBlieHUH B UCXOAHOM 00BekTe [7 — 9]. B xauecTBe mpumepa paccMOTpUM
00BEKT C IBYMS yIIPaBICHUIMHU:
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dx,
o =anx =4
dt
a Ap1X3Xs + Ayy +Ax3Xy +Ax Xy +ArsXy +AysX] T Ay X) = &5,
dx, N
— =y X; HA3pXy = Q35
31X3 T dzpXy 35
dt
dx, _ . (D
a Ay X4 T AgX3 + A3 Xy X TU =8y TUS
dxs X6 .
=ds51Xy) tds; — = &5,
dt X3
dxg .
=g X tAgXyX3 + X7 = g
dt
dx .
— =87 tUy,
dt
TIE Xi, Xp,...,X; — TEPEMEHHBIE OOBEKTA YNPABIEHMS; ), Ay ,-.., gy —

MOCTOSIHHBIE KO PUIMEHTHI.
C cucremoii ypaBHeHu# (1) CBA3aHBI BEKTOPHBIE MOJIS:

g 0 0
25 0 0
Jo 0 0
X(x)=| g | h=| 1|, Y,=/ 0| 2)
8s 0 0
&6 0 0
g;=0 0 1

TAC X =X, Xy, ..., Xq.
[IpoBepka MHBOIIOTUBHOCTH PACTIPEICTICHUIA:

MO :Span{YlaYZ}a Ml :Span{Yla Y29 LXYD LXYZ}a
M3 =span{¥,, L, Y,, L}Y,}, My =span{¥,, L\Y,, [}Y,},
M;l’ Mgz

nokaszaja, 4YTo cucreMa ypaBHeHHH (1) Moxer ObITh mpeoOpazoBaHa K
nuHerHoMYy Buy B (hopme bpyHoBCKOTO:!
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%:ZlJrl’ i=1,2,3,5,6;

t (3)
—:ul, _:u27

dt dt

rae span{Y,,Y,} — nuHeliHas oGonouka BekrtopoB Y, 1 Y,; LY, LY, —
pou3BOJHbIE JIM COOTBETCTBYIOIIMX BEKTOPOB BJOJb BEKTOpHOro moms X ;
LY, I3Y, — npou3BojHkie JIu BTOPOro MOPSAIKA COOTBETCTBEHHO BEKTOPOB
Y,, Y, Bnonb BekTopHOTO nons X .

s cucrembl  ypaBHeHW#H  (3)  CymIeCTBYIOT  mpeoOpa3oBaHHs
zy=T(x)=T,(x, x3,...,x;) n zs=T,(x)=1T,(x;,x5,...,X;), C IOMOLIBIO

KOTOpBIX, BbIIONHAS auddepenuupoBanue ¢ynkuuii 7, (x), k=1,2 Baomns

BextopHoro monst X, = X +u, ¥, +u,Y, , MmoxHo onpenenuts z,, p=2,7:

B ) L) = L0+ Ly T30 i, Ly, T (0 @

%=Z3 = Ly, (Lx Ty (%)) = L (T,(x)) + 1 Ly, (LT (x))+ )
+uy Ly, (LxT;(x));

%% = Ly, (IX T3 (%)) = L () + 1y Ly (KT (x)) + ©
+u, Ly (LT (x));

% =ty = Ly, (EXT;(x)) = Ly (1, () +1; Ly, (LT, (x)) + o
+, Ly, (LT, (x));

% = zg = Ly Ty (x) = Ly Ty (x) +uy Ly T, (x) + u, Ly, T (x); (8)

e — Ly (Lo () = e (100 40 Ly (BT () + ©)
+uy Ly, (LyT,(x));

% =1ty = Ly (L Ty(x)) = Ly (Ty(x)) + 1y Ly (EX T (x)) + (10)

+uyLy, (LXT,(x));
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rne Ly T (x), LyT(x), LyT,(x), Ly,T;(x), k=1,2 — npoussoxusic Jlu
¢yukuuit 7, (x) Boap BektopHelx momei X,, X, ¥, ¥,; L} — KparHble
npousBoaHble JIu Bnosas BektopHorononias G (G=X,Y,,Y,), m=2,3.

N3 cucremsl ypaBHeHudd B (opme bpyHoBckoro (3) ciemyer, uTo
NIEPEMEHHBIE Z|, Z,, Z3, Zs U Zg HE 3aBUCAT OT YIPABICHUN u; U u, . Mcxons

U3 3TOrO, CIeAyeT 4TO B BhIpaxeHusx (4) — (6), (8), (9) xosddunuenTs npu
YIPABICHUSIX U, U U, PABHBI HYIIO:

Ly Ti(x) = Ly, T\(x) = Ly (Lx T,(x)) = Ly, (Lx T)(x)) =

11
= Ly, (I T(x)) = Ly, (Ix T,(x)) = 0; (1)
Lyl Tz(x)zLyz Tz(x)zLyl(LX T, (x)) = (12
:LYZ(LX T,(x)) = 0. )

[Tpu 3ToM KO3)PUIHEHTBI IPU YIPABIEHHUAX U, U U, B ypaBHEHUsX (7)
1 (10) HE paBHBI HYIIIO:

Ly, (L3XT1(X))=< L LY, >¢0,
(13)
Ly (LT (x )):<8T1 LY >¢o,
ox
LY (LXTz(x)) < Ly Y >¢0,
ox
oT. 19
Ly, (LxTy(x)) = <82 LY. >¢0.
Cootnomenust (11) — (14) B xommakTHO# ¢opme omuckBaoT 10

mudQepeHIaIbHbBIX YpPaBHEHHH B YaCTHBIX IPOM3BOAHBIX U  YETHIpE
T pepeHINaIbHbIX HEPABEHCTBA, C TOMOIIBI0 KOTOPBIX MOXHO OIPEIEIUTh

¢ynkuun npeodpaszoBanus 1;(x) u I,(x). Otu QyHkuuu B oOIIeM ciydae
MOTYT 3aBUCETh OT CEMHM KOMIIOHEHT BEKTOpa X = (X|, X5,..., X7).

OmnsbiT mpumenenust I'TY mokaspiBaer, yTo (QPyHKIUH TpeoOpa3oBaHUs
0OBIYHO UMEIOT IPOCTOM BUJI, HAIIPUMED:

T(x)=xg, i=12; (15)
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T.(x)=xg +Xg5, =12 (16)
k —
T(x)=Y x,, i=12, (17)
=1
rae xgl,xgz,...,xgkeM:{xl,xz,...,xn , 21,828 =1n,

g1 %8y #..., % g, M — MHOXECTBO IEPEMEHHBIX HCXOIHOIO HEJIMHEHHOTO

o0beKTa.
Tenepp nosicauM (QyHKIIMOHUPOBAHWUE MHOTOPsITHOTO anroputma MI'YA
(puc.) mpu noucke ¢yHKiuM npeoOpazoBanus 7,(x) Uil OOHOM U3 ABYX

kiaetok bpynosckoro [7 — 10]. Ha pucynke B Grnokax 1 u 2 Hcmonb3yroTcs
o0o3HaueHus A u b.

A: B Hauasie paboThI aJITOpUTMA!

3agaHue [ HoMepa KJIEeTKM bpyHOBCKoro. 3ajjanue MCXOAHBIX JaHHBIX IS
onpeaenenus @Il nna i-i knetku bpyHOBckoro. 3agaHue HadaabHOTO
MHOECTBa apryMeHTOB M = {x|, X2, ..., X,} JJIA i-1 KICTKH.

B nmpormecce paboTel anroputMa — HCKIIOYEHHE apryMEHTOB U3
MHO>KecTBa M. 3alanre HOBOM KJIETKH BpyHOBCKOr0O M UCXOJHBIX TaHHBIX IS
Hee.

b: ®opmuposanue ®II (yacTHBIX ONMHUCAHMIA) C TIOMOIILIO COOTHOIICHHA
(15) — (17) maOTOpsiAHOTO anroputmMa MI'VA.

[Touck ®II T.(x) ans KOHKpETHOH KieTKH BpyHOBCKOro HauMHAETCs C
Haubonee mpocThix GyHkmmii Buma (15). Ilpu sTom 3amaercs ucxomHOE
MHOkecTBO M Bo3MOXKHBIX aprymeHToB DII. ITepebop aprymenToB B 6moke 1
MOKET OCYIIECTBIATHCA B JIIOOOM MOPSAKE, AJIS ONPEACICHHOCTH MOJIOXKUM,
YTO apryMEHTHI IPOBEPSIOTCS B CIEAYIOILEM MOPSAKE X, X,,..., X, BHadaie

s neppod @Il 7,(x)=x;, CBA3bIBAIOILEH IIEPEMEHHBIC JIMHEHHONH H

HEJIMHEMHON MOJIEJIEH [IJIs IEPBOU KJIETKH BpyHOBCKOTO.

B Gnoke 2 dopmupyrorcs yactHeie onucanus (16), (17) Ha BTOpOM H
MOCIIEAYIONMUX psiiax celeknuu. Ha mepBoM psay CeleKlIrd ONHOUICHHBIE
YacTHBIC onrcaHus u3 Ojoka 1 uepes 0s1ok 2 mepenarorcs B 670K 3.
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[Mockonwky onpenensiercss @I1 7;, To ¢ moMompo O0Ka 3 anropuTMa
dbopmMupyroTcs U mpoBepstoTcst cooTHomeHus (11). Ecau He Bce COOTHOIICHHS
Buza (11) BbIMONHAIOTCA, TO 3TO o3Ha4aeT, 4ro Tekymwas PII 7;(x)=x, He
SIBIIIETCSL ICKOMBIM perieHueM. [1loatomy ¢ moMoribio 0iioka 8 ompenensercs,

YTO TEKYUIMH aprymMeHT x; (B oOweM ciydae apryMeHt x;, j=1,n npu

NPOBEPKE OIHOWICHHBIX (yHKIMi 1npeodpasosanust Tj; ( jzl,_n)) TTOJIKEH

OBITH UCKJTIOUCH M3 MHOKecTBa M B Omoke 1 anropurma. C momompio 6oka 9
npoBepsieTcsl yclioBue okoHyaHus nepedopa Bcex DII mpu moucke GyHKIIUU
T,. TlockoibKy aHaJM3UPYeTCs TOJIBKO TIepBas BO3MOXKHAsA (QYHKLUSA
npeoOpa3oBaHus 1) IEPBOM KJIeTKH bpyHOBCKOTO, CUTHAIN C BBhIXOAA OJI0Ka 9
MOCTyIaeT Ha BXoA Onoka 2, rae BbIOMpaeTcsl cleayromas BO3MOXHAs
byHKIIMA peodpa3oBaHus s MEepBOi KieTku bpyHoBckoro, a 3arem 010K 3
BBIOJIHSICT TpBepKy cootHomeHui (11) u t.a. Ecau B Gioke 9 ompenensercs,
yTo mpoBepeHbl Bce PII mis maHHOM KieTKM BpyHOBCKOro, TO C MOMOIIBIO
omoka 10 anropurma Beinaetcs uadopmanus, uro @I s JaHHON KIIETKH He
HaiieHa (6;10k 10) u anropuT™ mpekpariaet cBor padoty (6mok 11).

Ecnu ¢ momompto O110ka 4 ycTaHaBiuBaeTcs, 4To cooTHornenus (11) ms
NnepBOi  KJIETKHM bBpyHOBCKOrO BBINOJHEHBI, TO 3aTeM MPOBEPSIOTCS
HepaBeHcTBa (13) B Onoke 5. Ecnm xots Ob1 omHO U3 cooTHomieHui (13) He
BBIMOJHSETCS, TO 3TO O3Hayaer, yTo Tekymas DIl He saBIseTCSs HMCKOMBIM
pemrenneM. CooTBeTCTBYIOIIasi HHGOpMAIHsI C BbIXoJa OJoKa 6 momaercss Ha
BXObI OJIOKOB 8 W 9, (PyHKIIMOHMPOBAHHE KOTOPHIX OMUCAHO BhIme. Ecim
HepaBeHcTBa (13) BBIMONMHSAIOTCA, TO ONOK 6 BBAaeT WHOOPMAIUIO O
HarinenHoi @I, maHHBIE 0 KOTOPOH MOCTYIMAIOT B OJIOK 7 C BhIXona Ojoka 2.
3areM alropuTM IpekpamaeT cBoro padory (61ok 11). 3nas @I 7;(x) =z, ¢
noMoImipi0  cootHomenud  (4) — (7) myreM  TMOCIEIOBATEIHHOTO
muddepeHIMpPOBaHMsT BIOJIb BEKTOPHOTO Mojisi X MOXKHO ONpEeAeNuTh U
HEPEMEHHBIE Z,, Z3 U Z,.

[Tocne atoro moxer ObiTh onpeneneHa PII 7,(x) nias BTOPOH KIETKH

bpynosckoro. [[ns onpenenenust atoit @I1 He0OXOAMMO M3MEHUTH MCXOTHBIC
naHHble B Onokax 1 u 2, a B Gokax 3 u 4 MCIOIb30BaTh BMECTO YPaBHEHUI
(11) cootnomenus (12), aHanoru4yHo — B OOKax 5 U 6 BMECTO HEPABEHCTB
(13) mpoBepsTH BhINONHEHUE HEPABEHCTB (14).

Ortor amroputM Tmoucka DIl g1 0O0BEKTOB C JBYyMs KaHalaMu
yIpaBJIeHUs] MOXXHO OOOOLIUTh M Ha CiIydail OOBEKTOB YNpaBICHUH ¢ m
KaHaJlaM{d YIpaBJICHUH, KOrjla HEeoOXOauMo ompenensatb He nBe, a m DII:

T (x), i=1,m. B atom cimy4ae s kaxaoi QyHknuu npeodbpasoBanus OynyT
noJiydeHsl cBou cooTHomenus Buna (11), (12) u aepaBenctra Buna (13), (14),
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KOoTOpble OymyT wucmonb3oBarthes st moucka DI is Bcex KIETOK
BpyHOBCKOTO aHAJOTHYHO TOMY, KaK HCIIONB30BAIMCH cooTHomeHus (11) —
(14) mpu noucke pyukuuit 7;(x) u 7,(x).

Ecnu muoropsinnabiit anroputM MI'VA ¢ moMonpi0 COOTHOIIEHU BUa
(15) — (17) ve mo3BoJIAET MOMYYUTH (PYHKIIUIO MPEeoOpa3oBaHUs, a MpPaBbIC
4acTd OOBIKHOBEHHBIX JU(QepeHINaIbHbBIX YpaBHEHHH, OMMCHIBAIOIINE
UCXOMHBIH OOBEKT YIpaBJIEHUS, COMAEPXKAT BBIPAXKECHUS, OTIWYHBIE OT
OJTHOYJICHOB TOJIMHOMOB, TO BbIpakeHuss (15) — (17) nmomxHBI OBITH
CKOPPEKTHPOBAHBI C YIETOM 3TOW JOMOIHUTEIBHON HHPOPMALIUH.

BeiBonbl. Ha ocHOBe anamm3a wMeroma ompenencHus (QyHKIHMA
npeoOpa3oBaHMs, CBS3BIBAIOIIMX MEPEMEHHbIC JHMHEWHBIX M HEJIWHEHHBIX
moneneit B I'TY, myrem pemeHus: cucremsl auddepeHInaibHbIX YPaBHEHHH B
YAaCTHBIX IPOU3BOIHBIX MpPH OrPaHUYEHUSX B BHIE IU(PepeHIINaTbHBIX
HEPaBEHCTB, MOXKHO CJI€JIaTh BBIBOJ, YTO PELIEHHE 3TOM CUCTEMbl ypaBHEHHMH
B 001IeM ciryyae He SIBJIIeTCS TPUBHAJIBHOM 3aja4deil. B HacTosee Bpems 3Ta
cUCTeMa YpaBHEHHMM pemaercs TOJIBKO B TOM Cilydae, KOIZla CHUCTeMa
OOBIKHOBEHHBIX JTU(PEepeHIINATBHBIX YPAaBHEHUH HMCXOTHOTO HEITUHEHHOTO
00bEKTa YIpPaBIECHUS CONEPKUT B CBOMX IMPaBbIX YacTAX IOYTH BCEX
muddepeHIMaIbHbIX YpaBHEHHH He Oojiee OHOro — AByX onHowiIeHOB. [Ipu
YBEJIMYEHUHN CIOXKHOCTH MpaBbIX YacTed Iu(@epeHIMaIbHbIX YpaBHEHHI
MOAETH MCXOOHOTO OOBEKTa M3BECTHBIM METOA  MOCIEIOBATEILHOTO
UCKIIIOYEHUS MEPEMEHHBIX U3 (QYHKLUI mpeoOpa3oBaHMs, Kak MPaBUIIO, HE
pabotaet. B cBsi3u ¢ 3TUM HeoOXoauMa pa3paboTKa HOBBIX METOAOB PEIICHUS
CHCTEMBbl YpaBHEHHMI B YaCTHBIX NPOU3BOAHBIX. B KauecTBe Takoro meroaa
IpEUIaracTcsl  MHOTOPSIAHBIA  QITOPUTM  METOJA  IPYNIOBOIO  y4era
apryMEHTOB, OCHOBaHHBIH Ha Iepedope BO3MOXKHBIX PELIEHUH CHCTEMBI
YPaBHEHUH B YaCTHBIX NPOU3BOJAHBIX C IMOMOLIbIO COOTHOWIEHUH Buaa (15) —
(17). IIpoBepka HOBOTO METONA PEIICHHS CHCTEM YPaBHEHHUU B YaCTHBIX
IIPOM3BOAHBIX NIpU HUCHoiab3XoBaHUU ['TY miusa pemieHus pasiauyHbIX 3a1a4
YIPaBJICHHS TOATBEPANIIA €T0 padOTOCTIOCOOHOCTD.

Ecnu mpaBble yacTd OOBIKHOBEHHBIX AH((epeHInanbHbIX ypaBHEHHUH
UCXOIHOTO HEIMHEMHOro OObEKTa YIPABIECHUS COJIEp’KaT OJHOUIEHBI,
OTJIMYHBIE OT OJHOWICHOB IOJIMHOMOB, HAlpUMep, BUIA: X, /X;; X;/X;x;,

x; /(x; +x,), 1/)cj, X FXe, U OTA, THe X, X, x €M, i, j,k=1n,

i#j#k, To ucxomHoe MHOXecTBO M ={x;,X,,...,X,} JOIKHO OBITh

PacLIMPEHo 3a cyeT 3TUX OHOWICHOB
*

M ={x, Xy, s X, X; /X, %/ X 0, X /(X + X ),...} 1 BbIpakenns (15) —

(17) nomkHBI OBITh CKOPPEKTUPOBAaHBI C YYETOM JIOTIOJHUTEIILHOU
nHpopmaruu.
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YK 004.9

IIporpaMHa KOMNOHEHTA /I MOLIYKY pillleHb CUCTeMH PiBHAAHb B YACTHHHHUX NOXiJIHHX B
I'TY metronom rpynosoro BpaxyBaHHsi aprymeHTiB / JImutpienko B./l., 3akoBoporHuii O.1O.,
JleonoB C.1O., 'naBueB JI.M. // Bicuuk HTY "XTIII". Cepis: Iudopmarrka ta MoaentoBanHs. — XapKiB:
HTY "XIII". —2019. — Ne 13 (1338). - C. 61 —73.

VYV reomerpuuniit Teopii ympaBminas (I'TY) moxeni 006'€KTiB ympaBiiHHS, sIKI OINHCYHOTHCS
CHCTEMaMH HENIHIMHUX 3BHYAHHHUX [U(EPCHIaIbHUX PIBHAHb, INEPETBOPIOIOTHCS B EKBIBaJIEHTHI
niniiiHi Momemi B ¢opmi BbpyHoBcekoro. IloTiM 3a momomoroio IiHIMHUX Mojened BH3HAYaIOThH
ONTHMaJbHI 3aKOHHM KepyBaHHS JHHIHHMMHM O0'eKTaMH, a IIOTIM 3a JONOMOTOI0 CHEiadbHUX
MEPETBOPECHb IEPEHOCATh IIi 3aKOHHM YNPAaBIiHHA Ha MOJENI BUXIJIHUX HETiHIHHHX 00'exTiB. s
Bu3HaueHHs1 QyHKuiii neperBopennst (PII), mo moB'sI3yl0Th 3MiHHI JIHIHHUX 1 HeNiHIKHUX Moaeseit
HEOOXIZHO BHpILIyBaTH CHCTeMH IH(GEpEeHIaNbHUX pIBHSIHb Yy YAaCTHHHHX HOXiAHUX. OCKiIbKH
YHIBEpCaJIbHUX METOAIB BUPILIEHHS TAKHX CUCTEM PiBHSHb HEMa€, TO 3alPONOHOBAHUH METOJ IOIIYKY
@II na ocHoBi 6aratopsiaHoro aaroputmy MI'BA. IlepeBipka 3alpornoHOBaHOTO METOLY TIPH BUPIIICHH]
psiny 3aBaaHb 3a foromororo I'TY miarBepauia iforo npanespatHicts. In.: 1. Bibmiorp.: 14 Hass.

KonrouoBi cioBa: reoMeTprdHa Teopist ynpaBiiHHS; OaraTopsaHuil anroput™M MI'BA; dynkmis
[ePETBOPEHHS; CHCTEeMa Iu(epeHIialbHUX PIBHSIHD B YACTUHHUX ITOXiJHHUX.

YK 004.9

IIporpaMMHasi KOMIIOHEHTa [Jifl IIOMCKA PpeLICHUH CHCTeMbl YPaBHEHHH B YaCTHBIX
npouspoanbix B I'TY wMmerogom rpymmoBoro yuera aprymeHToB / J[Imurpuenko B.J,,
3axoBopotHbIii A.1O., Jleonos C.10., I'maBues .M. // Bectauk HTY "XIIN". Cepus: Uupopmarnka
u MojenupoBanue. — XapskoB: HTY "XITN". —2019. — Ne 13 (1338). — C. 61 —73.

B reomerpuueckoii Teopun ynpasnenus (I'TY) mMonenu o0bEeKTOB yHpaBieHHs, OINHMCHIBAEMbIE
CHCTEMaMH HENIMHEHHBIX OOBIKHOBEHHBIX AN(dEpeHINANbHbIX YPAaBHEHUH, NMPeoOpa3oBbIBAIOTCA B
SKBUBAJICHTHBIC JIMHEHHbBIe Monenu B ¢opme BpyHOBckoro. 3areM ¢ MOMOILIbIO JIMHEHHBIX MOJeNeit
OTIPENENAIOT ONTHMAbHBIE 3aKOHBI YMPABICHUsS JHHEHHBIMM OOBEKTAMH, a MOTOM C IOMOIIBIO
CIIEIMABHBIX IPe00pa30BaHU IEPEHOCAT ITH 3aKOHBI YIPABICHHS Ha MOJIETH MCXOMHBIX HEJTMHEHHBIX
o0bekToB. [iist onpenenenus Gynkiuid npeodpasoBanus (PII), CBI3BIBAIOINX NTEPEMEHHBIE THHEHHBIX
W HEIWHEHHBIX Mojenedl HeoOXOoAUMO pemaTh CHCTeMbl MU (epeHINANbHBIX YPaBHEHH B YaCTHBIX
npou3BoHbIX. [IoCKOJIBKY yHUBEpCalbHBIX METOJOB PpEIICHHS TAaKUX CUCTEM YpaBHEHUI HET, TO
npeanoxeH Meron momcka @Il Ha ocHOBe MHOropsgHoro amroputMa MIYA. IIpoepka
MPEUIOKEHHOT0  MeToJa IpU peleHuH pspa 3agad ¢ nomowmeto I'TY  moareBepamna  ero
paborocrnoco6HOCTh. Uin.: 1. bubnuorp.: 14 Ha3s.

KnioueBble ciioBa: reoMeTpuueckas TeOpus yHpaBlICHHS; MHOTOPSAHBIN anroputM MIVA;
(yHKIMSA Mpeobpa3oBaHus; cucTeMa AU(QepeHIHaIbHBIX YPaBHEHIH B YACTHBIX IIPOM3BOAHBIX.

UDK 004.9

Software component for finding solutions to a system of partial differential equations in
GTU by the method of group accounting of arguments / Dmitrienko V.D., Zakovorotny A.Y.,
Leonov S.Yu., Hlavchev D.M. // Herald of the National Technical University "KhPI". Series of
"Informatics and Modeling". — Kharkov: NTU "KhPI". — 2019. — Ne.13 (1338). — P. 61 —73.

In geometric control theory (GTU), models of control objects described by systems of nonlinear
ordinary differential equations are converted into equivalent linear models in the Brunovsky form. Then,
using linear models, they determine the optimal laws of control of linear objects, and then using special
transformations transfer these control laws to models of the original nonlinear objects. To determine the
transformation functions (FPs) connecting the variables of linear and nonlinear models, it is necessary to
solve systems of differential equations in partial derivatives. Since there are no universal methods for
solving such systems of equations, a method for searching for a phase transition based on the multi-row
GMDH algorithm is proposed. Verification of the proposed method in solving a number of problems
with the help of gas turbines confirmed its efficiency. Figs.: 1. Refs.: 14 titles.

Keywords: geometric control theory; pseudostratified GMDH algorithm; conversion function;
system of partial differential equations
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UDC 681.5.015.52 DOI: 10.20998/2411-0558.2019.13.07

V. I. LOMOVOY, master, National University "Odessa Maritime
Academy", Odessa,

V. D. PAVLENKO, Doct. Sci, Prof., Odessa National Polytechnical
University, Odessa

IDENTIFICATION NONLINEAR DYNAMIC SYSTEMS BASED
ON VOLTERRA POLYNOMIALS WITH USING
POLYHARMONIC TEST SIGNALS

The method is proposed for constructing the Volterra approximation model of the
nonlinear dynamical systems in the frequency domain using of the test polyharmonic signals
of various amplitudes. The computational identification method is based on the use of the
regularized least squares method and the choice of the optimal step size on amplitude of test
signals. The accuracy and computational stability of identification method in the form of
multidimensional amplitude-frequency and phase-frequency characteristics are investigated.
The method improves an accuracy and stability of the identification procedure. Figs.: 2. Refs.:
18 titles.

Keywords: nonlinear dynamic systems; Volterra approximation model; phase-
frequency characteristics; polyharmonic test signals; regularized least squares method.

Introduction. Methods of mathematical modeling and experiment are
the main tools for research of complex nonlinear dynamic systems (NDS) [1].
For the description of NDS, which are considered as a "black box", integro-
power series are often used — Volterra models [2 — 6]. In this case, the
nonlinear and dynamic properties of the system are completely characterized
by a sequence of multidimensional weight functions — Volterra kernels.

Commonly, the Volterra series are replaced by a polynomial, with only
taking several first terms of series into consideration. Nonlinear dynamical
system identification in a form of Volterra series consists in the determination
of n-dimensional weighting functions w,(ti,...,T,) in time domain [6, 7] or it’s
Fourier transforms W,(jo,,...,j®,) — n-dimensional transfer functions in
frequency domain [6, 8 — 13] on the input-output data of the NDS.

The scope of models in the form of integro-power series is limited to a
weakly non-linear mode of operation, that is, the work of the NDS at small
amplitudes of input signals or small non-linearity. To describe a substantially
nonlinear system, Volterra integro-power polynomials are used. The theorem
proved by M. Frechet justifies the possibility of such an approximation.
However, the theorem does not give constructive algorithms for constructing
Volterra polynomials from the input-output data [14].

The aim of this work is a theoretical substantiation and research of the

© Lomovoy V.I., Pavlenko V.D., 2019
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method of constructing the approximation model of the NDS in the form of the
Volterra polynomials in frequency domain with using the test polyharmonic
signals.

Identification of nonlinear system in frequency domain consists in
determination of absolute value and phase of multidimensional transfer
function at given frequencies — multidimensional amplitude-frequency (AFC)
[W,(jou,...,jo,)| and phase-frequency characteristics (PFC) argl,(jwy,...,jo,),
which are defined by formulas:

|VVn(j(D15 ...,j(D”)|:\/[RG(VV,l(j(Dl,...,j(Dn))]z +[Im(VK1(/0)1a--~aj0),1))]2 ’ (1)

arg, (jo,,..., jo,)=arctg . —=, (2)
: Re[VVn(Jml""’.]O‘)n)]
where Re and Im — accordingly real and imaginary parts of a complex function
of n variables respectively.

The method of identification the Volterra approximation model. A
method of constructing approximation Volterra model of the nonlinear
dynamical systems (NDS) is developing [14]. Method of the identification is
based on the approximation of the response )(f) system at an arbitrary
deterministic signal x(¢) in the form of integral power of the polynomial
Volterra N-th order (N-order approximation model):

N N ®©
j}JN(t) :zj}n(t) ZZJ
n=l n=l OtirZeS

Twn(rl,...,rn)ﬁx(t—T[)dri. (3)
0 i=1

The statement which proof is given in [14] is true.
Statement 1. Let the input test signals NDS are fed alternately a;x(z),
ax(t), ,..., apx(?); a1, aa, ..., a; — distinct real numbers satisfying the condition
a; ‘ <1 for Vj=1, 2, ..., L; then

N
;N[ajx(t)] = zj}n[ajx(t)] =
n=1

N o @ " N (4)
= Za;j jwn(tl,...,tn)Hx(t—ri)dri = Zafﬁn(t).
n=l OtiZzeso i=l1 n=1

The partial components in the approximation model 7,(?) are found

using the least square method. This makes it possible to obtain such evaluation
in which the sum of squared deviations of responses identified the nonlinear
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dynamical system »{a;x(1)] on the model Vyla;x()] response is minimal, i.e.,

NDS provides a minimum criterion

2
L L N
=2 Max0]-Fylax@]f = Z(y,- )= a}5, @j —min, (5)

= = n=1
where y;(®)=Ma;x()]. Minimization of the criterion (5) is reduced to solving the

system of normal equations of Gauss, which in vector-matrix form can be
written as

A'Ay =A"Y, (6)
where A" — transposed matrix,
a a - a »1(?) yi(1)
A= a, 6122 aév , §= Y, () , §= )72(0 .
a az az\/ v (®) Py ()
From (6) we obtain
y=(A"A)'A'Y. (7

In (7), matrix operations, we obtain
— -1 r

L 2 L 3 L N+1 L ]
+
2a;  pa; D 2.a;,(0)
»(®) j=1 j=1 j=1 j=1
* L 3 L 4 L N+2 L 2
PO ey ey e Da) | a0 C®)
=1 =1 =l =1
ool 1L S -
N+1 N+2 2N N
da;t Yait e Ya D.a; v, ()
= = P B = ]

The Tikhonov regularization method based on the variational method of
constructing a regularizing operator is used to obtain the error-resistant to
solving a system of linear algebraic equations (SLAE) (6) [15]. This method is
to determine an approximative solution vector that minimizes a certain smooth
functionality. The only vector satisfying the minimum condition of the
smoothing functional is determined on the basis of the SLAE solution

(A'A+a)y,=A"Yy, 9)
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where | — the unit matrix, and o is a parameter of regularization.

When implementing this algorithm, the regularization parameter o is
chosen quite small (from the analysis of the available information about the
error of the input data and the error of calculations). The value of the
regularization parameter o is determined by matching, that is, multiple
calculations y_, for different values o

Using test polyharmonic signals in identification procedure. For
identification in the frequency domain the test polyharmonic signals are used.
We prove:

Statement 2. If test polyharmonic signal is used in form

n

AZcos((okl)— Z( Jout +e7j‘”"t), (10)

k 1

then the n-th partial component of the response of test system can be written in
the form:

An E(n/2) n

=P INe

m=0 kllkl

xcos((—Zcokl + kaljt+aran(—jmkl,...,—jookm,jookm+l,...,jcokn )],
1=0

( ‘](Dkl ,...,_](ka,](l)karl ,...,](Dkn) X

(11)
I=m+1

where E() — function used to obtain the of integer part of the value [11].
The partial components for n = 1, 2 and 3 are the form, respectively

» (t)=A| W, (jo)|cos(wt +argh?, (jo)), (12)

y,(t)= EX Z|W(]mk,](ok)|cos((mk +o, )+
by k=

+argl, (jo, .o, )+ (13)

2
+ A7 Z| Wy (=jo,,, jo, )|COS((_031{l +o, )+

Ky oky=1

+argl,(—jo, ,0, )),
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A3
y3(t) i |W3 JO ]wkz,]wk3)| cos(((ok +oy, +o )+
ey ey ey =1

+argls(joy, , joy, , jog, )+

L34
4 Z|W3( ]mklajmkzajmk3)| COS((— 0y, + @y, + 00 )+
y Jeg K3 =1 (14)

34°

T Z| Wi (—joy, :_j(’)kzajwk3)| coS((— 0oy, — @y, + O )+
ey ey ey =1

+argWs (—joy ,—joy, , o))

The component with frequency ®;+...+w®, is extracted from the
response to test signal (10)

A" |\W, (jo,..., jo,) ]| cos[(®, +...+ o)t +argl, (jo,,..., jo,)]. (15)

Certain limitations should be imposed while choosing of frequences
polyharmonic test signals in the process determine multidimensional AFC and
PFC [11].

The technique and hardware—software tools of radio frequency
communication channel identification. Experimental research of an Ultra
High Frequency range communication channel (CC) for the purpose of
identification of its multifrequency performances, characterizing nonlinear and
dynamic properties of the channel are fulfilled [16, 17]. The Volterra model in
the form of the second order polynomial is used. Thus physical channel
properties are characterized by transfer functions of W) (jo) and W, (joi, jo,) —
by the Fourier—-images of weighting functions w; (¢) andéw, (¢4, £).

Implementation of identification method on the IBM PC computer basis
has been carried out using the developed software in C++ language with the
usage of such classes as CWaveRecorder, CWavePlayer, CWaveReader,
CWaveWriter which allow to provide rather convenient interacting with
MMAPI Windows. The software allows automating the process of the test
signals forming with the given parameters (amplitudes and frequencies). Also
this software allows transmitting and receiving signals through an output and
input section of computer soundcard, to produce segmentation of a file with
the responses to the fragments, corresponding to the communication channel
responses being researched on test polyharmonic effects with different
amplitudes.
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In experimental research two identical S.P.RADIO A/S, T&T VHF-radio
stations (a range of operational frequencies 146—174 MHz) and IBM PC with
Creative SBLive! sound cards were used. Sequentially AFC of the first and
second orders were defined. The method of identification with an order of
approximation N = 4 was applied. Structure charts of identification procedure
— determinations of the n—order AFC of CC are presented accordingly on
figure 1. The general scheme of a hardware—software complex of the
communication channel identification, based on the data of input—output type
experiment is presented in fig. 1.

Computer

Polyharmonic signals forming,
processing, and transmitting/receiving
control software

A 4

| MATLAB |

Sound card Sound card

A

| Communication
channel

Fig. 1. The general scheme of the experiment

The communication channel received responses to the test signals,
compose a group of the signals, which amount is equal to the used order of
approximation N (N = 4). In each following group the signals frequency
increases by magnitude of chosen step. To define the beginning of each
received response we have used a cross—correlation.

Maximum allowed amplitude in described experiment with use of sound
card was 0,2V (defined experimentally). The used range of frequencies was
defined by the sound card pass band, and frequencies of the test signals has
been chosen from this range, taking into account restrictions specified above.
Such parameters were chose for the experiment: start frequency — 200 Hz;
final frequency — 1600 Hz; a frequency change step — 27 Hz; to define AFC of
the second order determination, an offset on frequency w, — ®; was equal 25,
50 and 100 Hz.
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The weighed sum is formed from received signals—responses of each
group. As a result we get partial components of response of the
communication channel y(¢) and y(¢). For each partial component of response
a Fourier transform (the FFT is used) is calculated, and from received spectra
only an informative harmonics (which amplitudes represents values of
required characteristics of the first and second orders AFC) are taken. The first
order AFC |, (jo)| is received by extracting the harmonics with frequency ®
from the spectrum of the partial response of the CC y,(¢). The second order
AFC |W,(jo,, jo,)| we received extracting the harmonics with summary
frequency ®; + ®; from the spectrum of the partial response of the
communication channel y,(?) to the test signal A-cos(®;-¢) + A-cos(w;-?).

The results are received after digital data processing of the experiments
for the first and second orders. AFC | (jo)| and |W, (joi, jwy)| after
procedure of smoothing based on the wavelet transform [18] are presented in
fig. 2.

25 3 ] —
~. D ——
/™ 3 —
20 AR pe—
SN
» I /TN
= 15 -
= ! l
£ i
10 I
2 —— =
0
500 1000
Frequency (Hz)

Fig. 2. AFC of the first order after smoothing —1, the second order AFC after
smoothing at: AQ =25 Hz—-2; AQ=50Hz-3; AQ=100 Hz-4

Conclusion. The method for building the Volterra approximation model
of the nonlinear dynamical system with using of the test polyharmonic signals
of various amplitudes is proposed. The computing identification method is
based on the use of the regularized least squares method. The accuracy and
computational stability of identification method in the form of
multidimensional amplitude-frequency and phase-frequency characteristics are
investigated. The method improves an accuracy and stability of the
identification procedure.

The results of the identification of the NDS based on the approximation
model in the form of a Volterra polynomial using test polyharmonic signals are
significantly affected by measurement errors. The computational algorithm
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that implements such method of identification is reduced to solving a system
of linear algebraic equations (SLAE) for each fixed point in time t on the
simulation interval. The method of regularization of ill-posed Tikhonov
problems, based on the variational method of constructing a regularizing
operator, is used to obtain the solutions of the SLAE, that are tolerant towards
the measurement’s errors. To improve the computational stability of the
identification method, a noise reduction (smoothing) procedure was applied to
the obtained estimates of the characteristics of the AFC and PFC based on the
wavelet transform.

The technique of experimental research of continuous communication
channel of the telecommunication system is developed for the identification of
its characteristics regarding to the nonlinear and dynamic properties on the
basis of the Volterra models in the frequency domain. The technique is based
on application of the approximating model for identification of the nonlinear
dynamic system using to the input polyharmonic signals of different
amplitudes.

The hardware-software tools are developed implementing the technique
of identification and they are applied to create an information model of the
communication channel in the form of the first and second orders AFC on the
basis of the data of input—output type experiment with the usage of the test
harmonic and biharmonic signals.

The received results of research show essential nonlinearity of the
communication channel that leads to distortions of the signals in a radio
section, reduces an important parameters of the telecommunication system:
accuracy of the reproduction signals, channel bandwidth, noise immunity.
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The method is proposed for constructing the Volterra approximation model of the
nonlinear dynamical systems in the frequency domain using of the test polyharmonic signals
of various amplitudes. The computational identification method is based on the use of the
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JOCIIDKEHHSA HEPEXTTHUX ITPOIECIB YITPABJITHHA
TEMIIEPATYPOIO FII[POKAPBOHA:I‘HOi CYCHEH3II
BUPOBHUITBA KAJTBIIMHOBAHOI CON

[Ipu nocnipkeHi nepexiHUX MPOLECIB yIPaBIiHHSI TEMIIEPaTypoIO TiApoKapOOHAaTHOT
CyCIleH311 BUPOOHWIITBA KAJIBIIMHOBAHOI COJM 3a aMiadHUM CIOocoOOM 3MIiHOIO BHUTpAT
XOJIOMHOT BOAM Oyllo OTpMMaHO oNTHManbHi mapamerpu I[IIJ[-perymsTopa 3a MeTOIOM
IHTETpaNIbHUX KPUTEPiiB OIIHKKA SKOCTi. JIJIS OIIIHKM BUKOPHCTAHO CIMEWCTBO BKa3aHHX
KpUTEPIiB B 3aJIEKHOCTI BiJl CTYINEHIO MOXWOKHU. Ile naso MOXIHMBICTh 3MIHIOBATH BUTPATH
XOJIOIHOT BOJY, HE BIUIMBAIOYHM HA ONTHMAJIBHI MapaMeTpH TEMIIEpaTypu TiapokapOoHAaTHOL
cycnensii. lin.: 2. bi6miorp.: 10 Ha3B.

KarouoBi ciaoBa: mepexigHi npouecH; riipokapOOHaTHa CYCIEH3isi; BHPOOHHIITBO
KanbIHOBaHO1 coau; [11J]-perynsitop; iHTerpabHUN KPUTEPIH.

IMocTanoBka mnpoOseMu. ['0JIOBHOIO METOI YIPABIIHHSA KOXKHOTO
BUPOOHMIITBA € OTPUMAHHS SKICHOTO KIHIICBOTO MPOJYKTH MPU MiHIMAIBHUX
EHEepPreTUYHUX Ta MaTepiajbHHUX 3aTpaTax. 3HAuHI TPYJHOIIl MPH YIpaBIiHHI
nporiecaMy BUPOOHHUIITBA KaJIbIIMHOBAHOI coM 3a amiagHuM criocobom (BKC)
3aBJAIOTh HEKOHTPOJIbOBAHI 3MIHM 3HAa4eHb MapaMETpiB TEXHOJIOTIYHUX
MpoIeciB, SKI BUKJIWKaHI CTAapiHHAM  OOJagHaHHS, HECTaOlIbHICTIO
XapaKTEePUCTHK CUPOBUHM TOIIO. OTpuUMaHHS TiApOKapOOHATHOI CYCHEH3ii
(I'C) € omauM 13 OCHOBHUX Ta MOCHUTH cKiagHuM mporiecom y BKC, Tomy mio
BiJ IIbOTO TPOIIECY 3ICKHUTh (DYHKI[IOHYBaHHS IHIIMX MPOIECIB Ta TEXHIKO-
ekoHOMIuHI Tmoka3Huku podotn BKC B mimomy. OgHuUM 13 TOJOBHHX
napameTpiB npouecy orpumants I'C e ii Temnepatypa (Bia bOro mapamerpy
sanmexuTh skictb ['C). OntumaneHe ympaBiaiHHa —Temneparyporo ['C
3a0e3MmeuyeThCsl 3MiHOIO BUTPATH X0JI0AHOT Bou [1].

Jst ontuMizarntii yrpasiinHs TemiiepaTypoto I'C HeoOXiTHO TPOBOIUTH
PO3PaxXyHOK ONTUMAIBHUX MapaMeTPiB HACTPOIOBAHb PETYIATOPIB, MPU SKUX
cucrteMa, Oyaydd B JIOCTaTHIM Mipi CTIWKOIO, 3aJIOBOJIBHSIE TPUHHATAM
NOKa3HUKaMM SIKOCTI TMepexifHOro mpouecy. Bix AKoCTi HamamTyBaHHS
perymusTopa 3aleKuTh €()EeKTUBHICTh (DYHKIIIOHYBAHHS CHCTEMH YIIPABIIHHS.
Bubip ontumansHUX NapameTpiB HaJalITYBaHHS PETYISATOPIB € OJHUM 3
HaWO1IBII BAXKJIMBUX 1 CKJIQHUX €TAITiB MPOSKTYBAHHS CHUCTEMH YIIPaBIIiHHS.
[Ipn 1pOMy ONTHMATBFHUMHU HAJAMITYBAHHSMHU IOOOTO THUITY PETYIATOPIB
HA3WBAIOTHCS HAJAIITYBAaHHS, K1 BIAMOBIIAIOTh MIHIMyMY (200 MakcCuMymy)
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SIKOTO-HEOY/Tb TTOKa3HUKA SKOCTI [2 — 4].

Ananiz giteparypu. BubGip mwoboro Tumy peryasTropa abo
HEOOXIZIHOTO 3aKOHY YIpPAaBIiHHSA JUIsI KOHKPETHOro mpouecy (00’eKTy)
VOpaBIiHHS — 3aBJaHHsA HE 3 TpocTuxX. Ha mei BuOIp BIUMBAaE KuTbKa
YMHHUKIB: BHJ TIepegaBaibHOi (yHKUii mporecy; abo sKmo 0O0'€exT 3
3alli3HEHHSIM, TO BIUIUB pOOWUTH BIAHOIIEHHS 3arajlbHOTO 3aIli3HIOBAaHHS
o0'exTa 70 MOCTiiHOI yacy Tomro. Bubip Tumy peryasTopa TakoX 3aJeXKHTh
B1JI BUMOT JIO SIKOCTI pOOOTH CHCTEMH YIIPaBJIIHHSA, III0 MPOEKTY€EThCS [2 — 4].

bauseko 90 — 95% perynsTopiB, IO 3HAXOAAThCA B JIAHMM 4ac B
ekcrutyaraiii, BukopuctoBytoTh I1IJ[ — 3akon ympasminnas. [1IJ] — perymsarop
BIZTHOCUTBCS 10 HAMOLIBII MOMUPEHOTO TUMY perynaropiB. [IpuunHamu Takoi
BHCOKOI TOIMYJIPHOCTI € TMPOCTOTa MOOYIOBH, SICHICTh (DYHKIIIOHYBaHHS,
NPUIATHICTh [JIS BUPIMIEHHS OUTHIIOCTI MPAaKTHYHUX 3aBAaHb Ta HU3bKa
BapTicTh. Bukopucranns IIIJ[ — 3akony ympamiaas B BKC Beme 10
MiBUIIICHHS SKOCTI TOTOBOI MpoAyKiii [3, 4].

Meta crarti. JlocmipkeHHS TepexiTHUX TIPOLECIB  YHPaBIIHHSA
TEMITEpaTypor0 TiAPOKapOOHATHOI CyCneH31i BHUPOOHMIITBA KaJIbIIMHOBAHOI
COOM 3MIHOIO BHUTpPAT XOJNOMHOI BOAM JJIsi OTPUMAHHS ONTUMAIBHHUX
napametpiB [IIJ[-perymaropa 3a MeTOmOM IHTETpaIbHUX KPUTEPIiB OIIHKH
SIKOCTI.

Marepiaau Ta pe3yJbTaTH aHadizy. Meroa iHTErpaJlbHHX KpPUTEPIiB
OIIHKK SIKOCTI € Yy3araJbHEHUMH METOJIOM, IO JI03BOJISIE 3a IEPEXiTHOI0
JUHAMIYHOIO CKJIAJJOBOIO TIOMMJIKM CHCTEMHU JOCHIKYBaTH XapakTep
NPOTIKaHHS MEePexXiTHOro mpouecy (CTymiHb HOro KOJUBAIBHOCTI, KOS(DIIIEHT
3racaHHs, ONTHUMAaJIbHI MapaMeTpu perynsartopa). s BUKOPUCTaHHS METONY
IHTETrpaJbHUX KPUTEPIiB OI[IHKK SKOCTI HEOOXIJHO Ha MONEepPeAHbOMY eTarli
OTpUMATH  TIOYaTKOBI 3HaueHHs i1 mapametrpiB  [IIJI-perynsropa.
HaiinpocrimmM  cmocoboM  OTpUMaHHS TakuX HaJaIITyBaHb € METOA
He3aTyxaluyux KoimBaHb 3irnepa-Hikomnbca [4 — 7].

Anroput™m mnovatrkoBoro HanawmrtyBaHHs IIIJ[-perynstopa MmeTomom
3irnepa-Hikonbca BKIIFO9ae HaCTyIHI KpOKH [7]:

Kpox 1. Koediuientn nocunenns [11/I-perynstopa Ky BcTaHOBIIOIOTHCS
PIBHUMU HYJTIO.

Kpox 2. Tlicns 1poro TMoCTYNOBO 30UIBLIYEMO —MPOMOPIIHUN
koe(dimienT mocunenHs Ky A0 TuUX mip, JAOKKM B KOHTYpl YIpaBJIiHHS
PO3MOYHYTHCS ABTOKOJIMBAHHS 3 KOE(II[IEHTOM aBTOKOJIMBATLHOTO MMOCUICHHS
Kan III-perynstopa.

Kpox 3. Hami 3MIACHIOETBCS ~ peecTparlis Koe]iIlieHTiB
aprokonuBanbHOro mnocuiieHHs: K Il -perynstopa, ne Kag = Kpg 3a
NepioJIoM KOJIMBaHb Pax,
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[Mapamerpu IIl/I-perynaropa € ONTUMaJbHUMH, SKIIO BOHH OOpaHi
TaKUM YHMHOM, IIIO OIIHKA iX SIKOCTI mpHiiMae ekcTpeManbHe 3HadeHHs. [1[06
OIliHKA SIKOCTI MaJia pealbHUi CEHC, BOHA MMOBUHHA SIBIISITU COOOIO YHCIIO, SIKE
3aBXIM TO3UTHBHE a00 NOPiBHIOE HYMO. ToJi HalKpanuMu ONTHMAaTbHUMH
napamerpamu III/I-perynstopa OynyTh Ti, B SIKMX ISl OLlIHKA SKOCTI Mae
MiHIMaJlbHE 3HadYeHHs [4 — 10].

Jns 3HaxomkeHHs ontuMmanbHuX mapamerpi [II[[-perymsropa Oyimo
BUKOPHUCTAHO CIMEMCTBO 3BOKCHHUX IHTETPAIbHUX KPUTEPIiB OIIHKU SIKOCTI B
3aJICKHOCTI BiJ] CTyTEHIO TOXUOKH (J):

J = min [ de(o)|" dt, (1)

ne T — BepXHs MeXa IHTETpYBaHHS, ¢ — 4ac 3a sIKUH 3MIHIOETHCS TEMIIepaTypa
I'C, mo BUMIpIOETBCS B CEKyHMAX; e(f) — MoXuOKa; k — onTUMajabHI 3HAYCHHS
cryninsg noxubku s [TIJ]-perynsaropa Big 0.1, 0.2, 0.3,..., 10 4.

BiamoBimHO A0 ciMelcTBa 3BaKEHUX IHTETPAIBHUX KPUTEPIiB OIIHKH
sakocti Oynmo orpumano mapamerpu IIIJI-perynstopa Ta moOynoBaHi KpHBi
nepexigHoro nporecy 3minu temneparypu I'C 3a wacom (puc. 1), ne ¢ — vac,
0 BUMIPIOETBCSI B CEKyHHIax, a I — TemmepaTrypa y rpanycax lLlemsciro.
[To3navyennst Ha puc. | BIAMOBIIAIOTH CTAHAAPTHOMY BUTIISIAY MAKETy MPOTrpam
MATLAB.
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Puc. 1. [lepexigni mpolecu BiAMOBITHO 0 IHTETPaIbHUX KPUTEPIiB

Jl1st HAOYHOCTI Ta PO3YMIHHS, K CTYIIHb MOXUOKH Y JaHOMY BUIAAKY
BIUIMBa€ Ha onTuMaibHi mnapamerpu [IIJ[-perymsaropy mocmiKyBaHOTO
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npotiecy, Oy moOyaoBaHi MOBEPXHI MEPEXiTHUX MPOLIECIB B 3AIEKHOCTI Bif
cryneHto noxudku (k) (puc. 2), ne ¢ — 4ac, 1o BUMIPIOETHCS B CEKyHAaX, T —
Temreparypa y rpagycax lLlenbciro, a TakoXX Ha pPHCYHKY BiZoOpakeHO
napameTp k, SIKMA TIOKa3ye ONTHMAaJIbHI 3HAYEHHsI CTYICHIO MOXHOKH IS
[IJI-perynaropa, HaJamITyBaHHS SKOTO 3aCTOCOBYBAIMCS JUIS JTOCIIIKEHHS
HAIIIOTO MPOIIECY.

Puc. 2. [loBepxHs nepexigHUX MPOIECiB

BucHoBok. Po3po06iieH0 MoJenb Mporecy YIpaBliHHS TEMIIEPaTypOIo
rigpokap6onaTHoi cycrieH3ii BKC 3a yacom mpu 3MeHIIIEHHI BUTPAT XOJIOIHOT
BoJM. J71 IbOTO OTPUMAHO IMOMEPe/IHI MapaMeTpy YIPaBIiHHA, K NOYaTKOBI
YMOBH JIsl BUKOPUCTAHHS CIMEMCTBA IHTETPAIbHUX KPUTEPIiB Ta pO3paxoBaHO
ontumaneHi mapamerpu I1I/I-perynstopa. B pe3ynbprari MmoaemtoBanHs Oyio
OTPUMAHO CIMEHCTBO MEPEXiTHUX MPOIECiB Ta 3p0OJEHO BHCHOBOK, IO 3a
YMOB 3MEHIICHHS BUTPAT XOJIOAHOI BOJH, YIPABIIHHS TEMIIEPaTypOIO
rigpokaboHaTHOI CyCIIeH31i € ONTUMaTbHUM TSl 3a70BUTbHOT poboTn BKC Ta
BHCOKOT SIKOCT1 KaJIbIIMHOBAHOI COJIH.
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YK 681.511.4:661.333(075)

HocaimxeHnst nepexigHux npoiecis ynpaBJiiHHS TeMIepaTyporo
rigzpokap6oHaTHOI cycmeH3ii BHpPOOHHITBA KajdbuumHOBaHoi coaum / booyx A.O.,
T'epman E.€., Boaoruncoka O.0., IlepeBep3eBa A.M. // Bicuuk HTY "XIII". Cepis:
Indopmaruka Ta mogenroBans. — Xapkis: HTY "XIII". —2019. — Ne 13 (1338). — C. 86 —92.

[Ipu nocnipkeHi nepexiHUX MPOLECIB yIPaBIiHHS TEMIIEpaTypoIo TiApoKapOOHaTHOT
cycrieH3ii BHPOOHMIITBA KAJBIMHOBAHOI COMU 3a aMiayHUM CIOCOOOM 3MIHOK BHTpPAT
XOJIONHOT BoxM Oysio OTpMMaHO onrthuMaibHi mnapamerpu III/[-perynsitopa 3a MeTomoM
IHTErpaJbHUX KpUTEpiiB OLIHKM sKOCTi. [ OLIHKM BHKOPHUCTAHO CIMEHCTBO BKa3aHUX
KPHUTEpPIiB B 3aJIC)KHOCTI BiJ CTyNeHIO MoxuOku. Lle nano MOXIHMBICTH 3MIHIOBATH BHUTPATH
XOJIOMHOT BOJH, HE BIUIMBAIOYHM HA ONTHMAJIbHI MapaMeTpH TEeMIIEpaTypu IiapokapOoHATHOT
cycriensii. [nn.: 2. Bibmiorp.: 10 Ha3B.

KurouoBi ciaoBa: mepeximHi MpoLEcH; TiIpoKapOOHATHA CYCIEH3is; BUPOOHUIITBO
KanbpImHOBaHO1 conu; ITIJ]-perynsarop; iHTErpaTbHAA KPUTEPIi.

YK 681.511.4:661.333(075)

Hccaenosanue TepexoHbIX MPOLEeCcCOB yHpaBJ/IeHHUSA TeMIepaTypoi
THAPOKAPOOHATHON CyCIIeH3WH NPOHM3BOACTBA KAJLIUMHUPOBAHHON coabl / Bo0yx A.A.,
I'epman 3.E., Boaorunckas A.A., IlepesepzeBa A.M. // Bectauxk HTY "XIIN". Cepus:
Wndopmarnka n moaenuposanue. — Xappkos: HTY "XITN". — 2019. — Ne 13 (1338). — C. 86
-92.

IIpn  wmccnenoBaHMM — MEPEXOAHBIX — IPOLECCOB  YHPABJICHHS  TEMIEpaTypou
THIPOKapOOHATHOW CYCHEH3MH INPOU3BOJCTBA KAJIBIMHUPOBAHHON COMABI 10 aMMHAYHOMY
Croco0y M3MEHEHHEM pacXofa XOJIOJHON BOIBI OBUIM ITOJyYEHBI ONTHUMAIbHBIE MapaMeTphl
TN I-perynsitopa MO METOAY HHTETPAIbHBIX KPUTEPUEB OLEHKH KadecTBa. JlJIs OLIEHKH
HCIIONIb30BAaHO CEMEHMCTBO yKa3aHHBIX KPUTEPHEB B 3aBUCHMOCTH OT CTEHNECHU IOTPELIHOCTH.
OT0 mano BO3MOXHOCTb HM3MEHSITh PAacxXo] XOJOAHOW BOJBI, HE BIHSSA HAa ONTHMAJbHBIC
napaMeTpsl TEMIIEpaTypbl ruapokapOoHaTHON cycnieHsun. Wi.: 2. bubanorp.: 10 Ha3B.

KaoueBble cjioBa: 1epexoJHbIE IPOLECCH; T'MAPOKAapOOHATHAs  CYCIECH3HS;
MPOU3BOJCTBO KalbLIUHUPOBAHHOU cofbl; [T /-perynsatop; UHTErpaabHbIil KpuTepuil.

UDC 681.511.4:661.333(075)

Study transition temperature control processes hydrocarbonate suspension soda
ash / Bobukh A.O., German E.E., Bolotynska O.0., Pereverzeva A.M. // Herald of the
National Technical University "KhPI". Series of "Informatics and Modeling". — Kharkov:
NTU "KhPI". —2019. — Ne.13 (1338). — P. 86 —92.

In the study of transient temperature control hydrocarbonate suspension soda ash
production method for changing the ammonia flow rate of cold water optimum PID controller
parameters according to the method of integral quality criteria for evaluation was obtained.
For evaluation, a family of specified criteria was used depending on the degree of error. This
made it possible to change the flow rate of cold water without affecting the optimal
temperature parameters of the hydrocarbonate suspension. Figs.: 2. Refs.: 10 titles.

Keywords: transients; hydrocarbonate suspension; soda ash production; PID controller;
integral criterion.
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YK 004.932:519.652 DOI: 10.20998/2411-0558.2019.13.09
B. B. MOPO3, xauj. TexH. Hayk, pod., OHY imeni I.I. Meunukona,
Oneca,

M. A. IIBAH/IT, 6axkanaBp, OHY imeni I.I. MeunuxkoBa, Oneca

JOCJIIKEHHSA PYXY TA TIOBEJAIHKHU IABOPATOPHUX
TBAPUH METOJAMM JETEKTYBAHHS I TPEKIHI'Y
OB’EKTIB

3anpornoHOBaHO METOJl JAETEKTYBaHHS 1 BIJICTEXKEHHS pyXy O00’€KTy Ha OCHOBI
MOETHAHHS TPUHIUIY BimHIMaHHSA (OHY 3 MeTonaMu oOpoOku 300paxenb. Ha mpuxmami
JOCITIKEHHS TIOBEIIHKA JTA00OPATOPHUX TBAPUH PO3POOICHUI BiIOBIIHUN aTOPUTM, TaK K
ICHYIOYl aJITOpPUTMHU HE Ial0Th NPUHHATHUX pe3ynbTariB. HaBeneHo pe3yiabTatd poOOTH
QIrOpUTMy Ta BHUKOHAHWW TOPIBHSUIBHMHA  aHai3  pe3yJbTaTiB  OOYHCITIOBAIBHOTO
EKCIIEPUMEHTY 3 BiJOMHMH aJTOPUTMaMH TPEKIHTY 1 aHaNi3y pyxy. PO3rISIHYyTO MOXKIUBICTH
po3mmpeHHst cepu 3aCTOCYBaHHS alrOpUTMy Juis Oumbinoi  KimbkocTi 00’ekriB. Lim.: 7.
BiGumiorp.: 9 Hass.

Kao4oBi ciioBa: ayropuTMu TpeKiHTYy; aHajl3 pyxy; NPHHIMI BilHIMaHHA (OHY;
MeTo1 00poOKH 300pakeHb.

IlocTaHoBKa Mpo0JieMH Ta aHAJI3 OCTaHHIX AocaigxKeHb. Mae Mmicie
TECTOBA YCTAaHOBKA, IO SBJISIE COOOIO SIMMK 13 16 oTBOpamu, siKi 3poOJieHi
PIBHOMIPHO 10 IUIOIIMHI OCHOBM YCTaHOBKHM. B cepeanHi YyCTaHOBKH
pyXaeTbcs €AMHUN 00'€KT TpeKiHTY — JabopaTropHa Muma. Ham ycraHoBKOIO
BEPTUKAJIBHO PO3TAIIOBaHA Kamepa, KyT OIVIAY SIKOI 3BEpXY OXOIUTIOE BCIO
ycTaHoBKY. BinOyBaeTbces (ikcariist Ha Bifeo pyxiB TBapuHu. Ha orpuManomy
Bijeo Tpeba BIACTEKHUTH HACTYNHI TapamMeTpH, W10 TMOB'3aHi 13
TOPU30HTAIILHOIO PYXOBOIO aKTUBHICTIO MUIII, a CaMe:

— ABTOMATHYHO BH3HAYUTH OO0’€KT TpPEKIHry (MHIIy) Ta IIEHTp
ycTaHOBKH (00macTh Mixk 16 oTBOpamn);

— BIJCTEXYBATH TPAEKTOPIIO PYyXy MHUIII 11O YCTAHOBII;

— (¢ikCcyBaTH MOMEHTH, KOJM MHIIA 3aXOJUTh Yy IEHTP 1 BUXOIUTH 3
HBOT0;

— CKIJIbKHM Yacy MHIIIA POBEJIa y LIEHTPI YCTAaHOBKH 1 103a ii IEeHTpOM.

BrpomoBx ocraHHIX ABOX JCCATHIITH 3a/adi  BIACTEXKEHHS PyXy
00'eKTiB HaOyJIM MIUPOKOTO 3aCTOCYBaHHS B PI3HUX cepax HAYKH, TEXHIKH 1
MOBCSK/IEHH1, BHACIIAOK 4Oro Oysio po3po0JieHO JeKiIbKa pi3HUX Miaxomis [1
— 8] mo ix po3B’s3aHHA. Po3ristHEMO miAXoau, sIKi 3aCHOBaHI Ha aJlrOpPUTMax
6e3 nonepeaHboi 00pOOKH 300paKEHb.

1. Tpekinr o6'ekTa 3a kompopoM. Ha mepriomy kaapi oOupaeTbes IeBHA
o0macTe 13 OJHOPIAHUM 3a0apBJICHHAM 1 TIOTIM, TIOCTYNOBO, BOHAa

© B.B. Mopo3, M.A. IlIsanzg, 2019
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BIJIIIYKYEThCSI Ha KOXKHOMY HACTYITHOMY KaJpi 3a CBOIMH KOJBOPOBUMHU
xapaktepuctukamu. Lle¥ miaxia JoBoJII MPOCTHHM Ta MAa€ CYTTEBUU HEIONIK —
iHpopMalist Tpo KONIp YyTIMBAa [0 YMOB OCBITIEHHA 1 Oyne moraHo
MIpaIIOBaTH KOJIA 3a/IHIM ()OH MaJIO BIPI3HIETHCS Bl KOJIHOPY 00’ €KTA.

2. IuTepakTHBHMM  TpeKiHT. AJTCOPUTM  JIOCHKYE 1  BHBYAE
XapakTepUCTUKH O0’€KTa miag dYac Horo BiAcTekeHHs. OIHUM 3 TaKUX
anroputMiB € CAM (Continuously Adaptive Meanshift — anropurm
HENEePEepBHOr0 aJANTUBHOTO 3CYBY CEPEAHBOIO 3HAUEHHS), L0 SIBISIE COOOI0
momudikamito anropurMy Meanshift. CrouaTky BuaingeTscsi 007acTb
1HTEepecy, Ky TpeOa BiJCTEKUTH, Ha HIM OOMPAIOTHCS MEKIJIbKa TOYOK 3a
KOJIbOPOBOIO TiCTOTPaMoIO Ta 32 HUIMU OOYHCIIOETHCS HEHTPOi. SKII0 00’ €KT
TPEKIHTY TIOCYHYBCS, a 32 HUM 1 00J1aCTh 1HTEpeCy 13 TOUYKaMH, TO, BIIMOBITHO,
3MIHIOETBCS 1 HEHTPOia. PyX IIeHTpoiny BKa3ye Ha HaAmpsM, B IKOMY 3CYHYBCS
00’ekr.  MomudikoBanuit  anroputMm CAM  n103BOJIIE  JTOJATKOBO
MacimTadyBaTu 00J1aCTh TPEKIHTY Ta BU3HAYATH OPI€HTAIII0 00’ €KTA.

3. TpekiHnr Ha OCHOBI JAETEKTYBaHHS TOYOK 3a JOIOMOTOI0 ONEPaTopiB
BU3HAYEHHS KYTiB. BU3HAUMTH OKpeMy TOYKY Ha 300pa)K€HHI 1HOII MOXe
OyTH JOCTaTHHO CKJIAJAHO, TOMY KYT PO3IJISAA€TbCA SK OKPEMHUN BHUIAI0K
ToukH. Jlms iX TMOIIyKy MOXKHA BHKOPHUCTOBYBATH pI3HI METOIH, K,
Harnpukiaz, oneparop Xappica (Harris corner detector) abo meTekTop KyTiB
[i-Tomarmi (Shi-Tomasi corner detector).

4. TpekiHr Ha OCHOBI TOUKOBUX ocobimBocTei — Feature-based tracking.
WneThes po BiICTE)KEHHS iHAMBIAyalbHHX TOYKOBMX OCcOGIMBOCTEi. Moro
nepeBara B TOMY, IO He Tpeda BIJUIYKyBaTH TOYKOBI OCOOJIMBOCTI Ha
KOKHOMY KaJIpi, JOCTATHHO BU3HAUUTH X JIUIIIEC OJUH pa3 i Aajli BiICTEIKYBATH
iX Ha HACTYIMHOMY KaJpi, 10 MiABUIIYE €(EeKTUBHICTh JaHOTO Miaximy. Komm
BU3HAYAIOTHCA TOYKOBI OCOOJIMBOCTI, TO pa3oM 13 HUMH OOYHCIIOIOTHCS
BEKTOPHY MEPEMIIICHb 1 TAKUM YHHOM TOKA3YETHCSA PYX KIFOYOBUX TOYOK MIXK
JIBOMA TOCITIOBHUMU Kajpamu. [IpukiagaMu anropuTMiB MOMIYKY TOUYKOBHUX
ocobmmBocteit € Bigomi anmroputmu SIFT (Scale-Invariant Features), SURF
(Speeded Up Robust Features), KAZE (Ha3Ba BiJ SIMOHCHKOTO CIIOBA, SKE
O3Haya€ BITEP 1 MOCHIAETHCS HA TOTIK MOBITPs,, KEPOBAHOTO HEIIHIWHUMH
mpolecaMy Ha BETUKHUX MacITabax).

5. Tpekinr Ha OCHOBI OOYHCIIEHHS ONTHYHOTO TOTOKY. B maHOMy
MiXOA1 3aCTOCOBYETHCS OIiHKAa BUauMoro pyxy. Cepen IIMPOKOro Koja
METOJIB OITIHKK pyxy HaiOiaem BimomuM € meton Jlykaca-Kennene (Lucas-
Kanade method). B manomy Meroni Ha moTouyHOMY Kaapi OepeTbcsi OJOK
mikcemB po3mipy 3 x 3 13 HEHTPOM B OCOONMMBUX Toukax. JIJIsi KOXXKHOTO
TaKoro OJIOKYy BHUKOHYETHCS TOIIYK B HOTO OKOJI Ha IMONEPEIHBOMY Kaipi
HaO1IbII 6JIM3BKOTO OJIOKY 32 33/1aHOI0 METPHUKOI0. BekTop Mik X 1ieHTpaMu
Oyzie BBaXKaTHUCS BEKTOPOM 3CYBY/pyXy. Lls omepartis BUKOHYEThCS IS yCiX
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TOYKOBUX OCOOJMBOCTEH 1 TaKk OTPUMYIOTh YCi BEKTOPH PyXy. Y METOHI X
®dapuaedeka (Farneback algorithm) momyk B OKoJi BHKOPHUCTOBYETHCS 3a
JIOTIOMOTOI0 KBaJPaTHMYHOI MOJIHOMIiaNbHOI ampokcumarii. 3aBasSku TecTam
OyJ0 BCTaHOBJICHO, IO JKOJAEH 3 ICHYIOUMX IIJAXOMIB MPU TPIMOMY
3aCTOCYBaHHI HE JJa€ MPUHHATHUX Pe3yJIbTATIB ISl IOCTABICHOI 3a1a4i. Tomy
HEOoOXiTHa pPO3poOKa HOBUX IMMAXOMIB Ta aJTOPUTMIB [UJII PO3BsI3aHHSA
MOCTaBJICHOT 3a/aui.

Hisue cTarTi € CTBOpPEHHS aNropuTMy, IO OylAe MaTh HEBUCOKY
0OUHUCITIOBAJIbHY CKJIAJHICTD 1 BUCOKY SIKICTh I€TEKTYBaHHS 1 TPEKIHT'Y 00’ €KTa
Ta MOXe O0a3yBaTHUCS Ha OJHOMY 3 TI€pepaxOBaHUX IMMAXOAiB abo Oyme
MO€EHYBATH B COO1 €JIEMEHTH JCKIIBKOX.

MaremaTuyHa Moaeab. BpaxoByroun BKa3zaHi BHUINE IEepeBard Ta
HEJOJIKM OKPEMO B3STHUX TIIXOMIB TPEKIHTY 3alpONOHOBAHO OKPEMHM
QITOPUTM JUIsl BUPIIMIEHHS T[MOCTAaHOBIEHOI 3amadi. BiH ckimamaeTscs 3
NEKUJIBKOX €TalliB.

Ha mnepmiomy erami aHami3yeThcsl 300pa)KCHHsI TECTOBOI YCTaHOBKHU
(puc. 1) 6e3 ob'ekty Tpekinry. Hamami anroputm mparroBaTuMe i3 YOPHO-
OutuMu  300pakeHHSMU. 300paXCHHsI yCTAaHOBKH Tpeda MONEPETHBO
MEePETBOPUTH HA 300pakeHHsI Y BIJITIHKaX ciporo (grayscale).

Puc. 1. 300pakeHHs1 TECTOBOI YCTaHOBKH
a — opuTiHaNbHE KOJIBOPOBE, 0€3 00'€KTY TPEKIHTy Ha HhOMY; O — IEPETBOPEHE Ha
grayscale-300pakeHHs

Ha opurinanbHOMY 300pakeHHI MOXYTh OyTH IIYMH, IO 3aJIAIIAIOTHCS
HaBiTh TICIII TEpPeTBOpeHHS Horo B grayscale, i1 sIKi MOXYTh 3aBakaTu
nonaneiiomy aHamizy. Il[o6 ix mo30yrucs, 3acTocyeMo ABOMIpHHM (UIBTP
l'aycca BUCOKHX 4acToT
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P
e 2 (1)

1

216G
ne X — sapo mepeTBopeHHs 1o oci OX ; Y — sapo mepeTBOpeHHs MO 0ci
OY ; 6 — cTangapTHe BiAXuWiIeHHs po3noniny ["aycca.
3acTocoByBaNMCA siipa MEPETBOPEHHS y BUIVISAL KBaJpaTHUX MaTPHILb.
Hamnpuknan, ssagpo nepetrBopeHHst X 3 po3Mipamu 3 x 3 Mae BUTIIA

G(X,Y)=

2

-1 0 1
X=/-1 0 1],
-1 0 1

a SO TIEPETBOPEHHS Y 3 po3Mmipamu 5 X 5 Mae BUTIIAA:
-2 -2 -2 -2 =2
-1 -1 -1 -1 -1
Y={0 0 O 0 O
1 1 1 1 1
2 2 2 2 2

Pesymprar aii ¢insrpa ['ayca mokazano Ha puc. 2.

(a)

Puc. 2. Ipuknan xii ¢pinerpa Faycca

a — moyaTkoBe grayscale-300paxxeHHs; 6 —iciist BUKopuctanHs ginbrpa [ayca i3
saapom 19 x 19 .

Ha npyromy etami BU3HA4a€eThCs IEHTP YCTAHOBKH, SIKMU SIBIIsI€ COOOIO
MPOCTIp TOMIX KPYrOBHMH OTBOpPaMH Ha JHI, 3a JOIOMOTOI0 aJrOpUTMa
netektyBanHs kin Xora (CHT — Circle Hough Transform) [3]. Lle#t anroputm
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€ MomudikoBaHoo Bepcieto meperBopeHHss Xora (Hough Transform) i
3aCTOCOBYETBCS JUISl JICTEKTYBAaHHS KT Ha 300paXEHHAX 3 HEIOCTATHHOIO
gKicTio.  JIng 1mporo 3aMiHIOETBbCS PIBHSHHS KpHUBOI y 3BHYAHOMY

nepeTBOpeHH1 Xora. B sBHIA gopmi BOHO MOke OyTH 3aqaHO SIK PIBHSHHS

KoJIa (x—xo)2 +(y—yo)2 =r.

3aBISKM [BOMY alTOPUTMY MH BH3HA4a€EMO YyCi KOJa BKIIOYHO 3
NOJOKEHHAM iX 1eHTpiB. OCKUIbKM HEHTPU YCiX KiJl BH3HAY€HI, TO JIETKO
3HAWTH Ti KoJia, 0 (pakTUIHO GOPMYIOTh KYyTH IIEHTPY YCTaHOBKHU. [[Js1 11b0TO
OepyThbcs Y€l eKCTpeMalibHI KOOPJMHATH LEHTPIB K1 1 3 HUX (QOPMYIOThCS
KYTOB1 TOUKH JJIsl KBajpary, IO € IeHTpoM ycTaHOBKH. LI mani OymyTh B
MOJANBIIOMY BUKOPUCTAHI IS BIJACTEKCHHS TUX MOMEHTIB, KON OO0’ €KT
3aXOIUTh B IIGHTP YW TOKHIAE HOro, a TaKoX JUIA MiJpaxyHKy dacy
3HAXO/UKEHHS B IIEHTPI 1 103a HOro MexxaMu. Takox Iie Ja€ 3MOTY Bi3yaJIbHO
MO3HAYUTH Ha 300pakeHH1 MeXI1 IeHTpy. Hrxde HaBeneHuit pe3ynbprar poooTu
3a moTpiOHUMU MapaMeTpamu (puc. 3).

Puc. 3. Ilpuknax aii anropurmy Xora
a — 3HalieHi Kpyru (Mo3HaYeHi MypIypHUM) Ta X UEHTPU (YOPHI TOUKH);
6 — aBTOMaTUYHO BU3HAYECHHH IIEHTP YCTAaHOBKH

st 6e3mocepesHLOTO JETEKTYBaHHS 1 TPEKIHTY caMoro 00’ €KTy (MUIII)
BUKOHYETHCSI TIOCIHIJIOBHE 3YUTYBaHHS KaJapiB Bifeo. KokeH Kamp Takox
NEPETBOPIOETECS  HAa 300pakeHHsT TUIMy grayscale. Jlo HBOTO Takox
3aCTOCOBYEThCS HU3bKOYacTOTHUH (inbTp [aycca (puc. 4).

Hani mpoBoauThcsi omeparis BinmHiMaHHS ¢ony [1] (puc. 5), a came
pPO3PaxOBYEThCS a0CONMIOTHA PI3HUI MK JBOMAa 300pOKEHHSIMU — MiXK
grayscale-300pakeHHsIM yCTaHOBKHM O€3 MHIII Ta YeproBUM grayscale-kampom
BiJI€O:

d =

L)

b,.,j - f,~,,-

)i: )n’j: )m) (2)
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ne d; ; — CJIEMCHT HOBOIO 300pakeHHsI, 1110, BJIACHE, SBJISIE COOOI0 PI3HUILIO

300paxenp;, b, 1

i i BIJIMOBIHO €IEMEHTH 300pakeHHS MMOPOXKHBOI

YCTAHOBKH Ta Kajpy 3 Bifeo; i =1,n; j=1,m — BIAMOBIAHO MIMPUHA 1 BUCOTA
KaJipy (CHiBMaal0Th 13 300paKEHHSM MOPOKHBOI YCTAHOBKH).

Puc. 4. O0po0Oka kaapy
a — Kajp 3 BiJco; 6 — KaJp Bijieo, MepeBeIcHU y grayscale pa3oM i3 BUKOPHCTaHHIM
¢inperpa [ayca

Puc. 5. Pesynbrar pizHuili 3a1H60T0 (HOHY Ta KalIpy Biieo

[Ticns 1poro 3acTOCOBYETHCS OiHApi3allisi 32 TOPOTOBUM 3HAYEHHSM [3]

(puc. 6).
VY pa3i, sgkmo B OiHapHOMY 300pa’keHHI 3HAXOAWUTHCSA OuTbIIE OFHIET

obnacTi, sika € o0pa3oM 00’e€kTa, TO HJs 1i OYHUINCHHS 3aCTOCOBYETHCS
omepartis aunaramii [5].
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Puc. 6. binapue 300pakeHHs, OTpUMaHe B HACHIIOK BUKOPUCTaHHS PIIBTPY 3
MMOPOTOBUM 3HaueHHAM threshold = 120

Ha nactymHomy eTami BU3HA4YalOThbCs KOOpAMHATH 00’€kTa. OCKITKH
00JIacTh TPEKIHTY — MUIIA, 00acTb Oyae mocTiitHo 3MmiHIOBatH (hopmy. Tomy
JUTSL CTIPOIICHHS 3a7a4i 3 BUSHAYEHHs KOOPAMHAT OyaeM OpaTw 1EeHTpOoin BCiel
o6macti. Moro MoxHa mopaxyBard 3a OIOMOTO0 MOMEHTIB OiHAPHOTO
300pakeHHs [9]

M, =ZinyjI(x,y).
x oy

SIkmo mionry no3HauuTu Ik M, , TOAl LEHTpoin OyneMo oOuuciIoBaTH
SIK

oyl Mo Mo
{x,y} Moo’Moo

TakuM YMHOM OTPUMYIOTHCSI NPHONM3HI KOOPAMHATH PO3TALTYBaHHS
Muti Ha momi. OCKiIbKYA HaM BXKE BiJIOMI MEXI IIEHTPY YCTaHOBKH, TO Haaai
MH MOXEMO 3a JIOMOMOIOI0 TIEPEBIPKM KOOPAMHAT MEX IEHTPAIbHOTO
KBa/IpaTy Ta IMOJOXKEHHS MUIII CIIAKYyBaTH 3a il HampsMKaMU PyXy, paxyBaTH
KUIBKICTh TEPETHHIB LEHTPY 1 (pikcyBaTH, CKUIbKH yacy Oylno MpOBEICHO B
HBOMY 1 11032 HOTO MEKaMHU.

Pesyabrat podoru aaroputmy. Omnucanuil Buie ajaroputm OyB
pearizoBaHMil 3 BHKOPUCTAHHSAM O10JIOTEKHM MPOrpaM KOMIT FOTEPHOTO 30py
OpenCV. Ha puc. 7 mokazaHuii pe3yasrar poOOTH HpOrpaMu JJsi OJHOTO
Kazpy Bizmeo. [Iporpama mjisi KOXKHOTO Kaapy OOYUCITIOE TIOJIOKEHHS MHIII B
TECTOBIi yCTaHOBLI 1 BHBOAWUTH 1ii KoopAuHaTH. LleHTp KoopauHAT
3HAXOJUTHCA Yy BEPXHHOMY JIIBOMY KYTi 300pakK€HHs, YEPBOHUM KOJIHOPOM
NO3HA4YeH1 KOHTYpU MMIII, BU3HA4YEHI I1Ie Ha erami OiHapizauii 3a JOOMOTOI0
oneparopy Kenni (Canny edge detector).
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Puc. 7. Bizyanizauis ¢piHadpHOTO pe3ynbTaTy
@ — 9ePBOHUM KOJIOM TTO3HAY€HE YMOBHE MOJIOKEHHS 00’ €KTY TPEKIHTY;
6 — Mo3Ha4YeHi NPUOJIN3HI KOHTYPH 00’ €KTY

Ha BigMiHy Bii IHIIMX ONMCAHMX paHIlIe AITOPUTMIB TPEKIHTY, IO
BTpauajdud OO0 €KT TpekiHry abo B3araji HE MOIMH Horo 3adikcyBarw,
3aMpOIIOHOBAHMI aNTOpUTM 3a0e3redye CTaliabHE BIACTEKEHHS MHUIIIL.
OCKUTbKM Ha KOXXHOMY KaJpi BiZIeO MM 3HAEMO ii MOJOKEHHS 1 HaM BigoMa
4acToTa KaJpiB y BiJICO, MH JIETKO MOXEMO peaii3yBaTH MiIpaxyHOK dYacy,
BITPOJIOBIK SIKOTO MHUIIIA 3HAXOIMIIACS B IIEHTPI TECTOBOTO TIOJIA 1 11032 HUM.

IepcnekTHBM NOAAJBIIMX [JOCTIIKeHb. AJTOPUTM TPEKIHTY Ha
OCHOBI PI3HUIIl 300pakeHb JO3BOJISIE JOBOJI TOYHO ACTEKTYBaTH OO €KT 1
BIZICTIAKOBYBaTu ioro pyx. lle mae 3Mory 3HaXOQUTH KOHTYpH MOTPiOHOTO
00’eKTy B Kaapi 1 BUKOHYBaTH IMOAAJIbININN aHami3. [[aHUN anropuTtM Moxke
OyTH 3aCTOCOBaHMH JUIS BIACTIIKOBYBaHHS PyXy 1 IHIIMX THUIIB 00 €KTIB.
Hanani muranyeTbest Mogudikaliis 1is0ro airopuTMy JJIsI HOTO 3aCTOCYBaHHS Y
BUNIAJIKaX 30UIbLICHHA KUIBKOCTI OO0’€KTIB TPEKIHTYy Ta 3a YMOBH IX
YaCTKOBOT'O MEPEKPUTTSL.

BucHoBku. B ganili po0GoTi mpoaHani3oBaHi I1CHYIOYI aJTOPUTMH
JETEKTYBaHHS 1 TPEKIHTY, 3alpoONOHOBAaHUN 1  peai30BaHMH aJTOPUTM
JIETEKTYyBaHHS 1 TPEKIHTY J1abopaTropHOi MuIli. TecToBi pe3ynbTaTé MOKa3aiu
CTIKYy pOOOTYy aJropuTMy B TIOPIBHSHHI 3 ICHYIOUHMH. AJITOPHUTM Mae
cTabiTbHy pOOOTY 32 YMOBH, SIKIIO 3aJHIH (DOH CHILHO KOHTPACTYE 13 CaMUM
00’ekToM TpekiHTy. Slkmo 1 ymoBa He Oyne BHKOHaHa, TpH CIpoOi
BiZIIIBTPYBaTH PI3HUIIIO 300paXKEHb 32 TOPOTOBUM 3HAYECHHSM, PE3YJIbTaToOM
MOJKE€ CTaTH MOBHICTIO Oi71€ a00 YOpHE 300payKeHHS, OCKIIBKA MOIYIh PI3HUIII
B piBHsAHHI (2) Oyne MeHIIMi 3a moporoBe 3Hau4eHHs. Tomy el aaropurm
ampiopi morpelye MEBHUX TEXHIYHUX YMOB JUIsI MOTO BUKOPHUCTAHHS, ajie IIe
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KOMIICHCY€EThCSI CTalOIIbHICTIO pOOOTH, 0COOIMBO Ha 00’€KTax, 10 MOCTIHHO
3MIHIOIOTH CBOIO (hOpMY.

Cnucok jgiteparypu:

1. Prateek Joshi. OpenCV By Example / Joshi Prateek, Escriva David Millan, Godoy Vinicius
// Birmingham, Packt Publishing Ltd. — 2016. — P. 164-174, 189-215.

2. Amar Mitiche J K. Aggarwal Computer Vision Analysis of Image Motion by Variational
Methods / J.K. Amar Mitiche // Springer International Publishing, Switzerland. — 2014. —
P. 143-175.

3. Mark Nixon. Feature Extraction & Image Processing for Computer Vision / Nixon Mark,
Aguado Alberto // Third edition. — London, Elsevier Ltd. — 2012. — P. 93-101, 124-130, 250-
255.

4. Ruizhe Wang. Capturing Dynamic Textured Surfaces of Moving Targets / Wang Ruizhe,
Wei Lingyu, Vouga Etienne, Huang Qixing, Ceylan Duygu, Medioni Gerard, Li Hao // Toyota
Technological Institute at Chicago, Adobe Research. — 2016. — 22 p.

5. Lowe D.G. Object recognition from local scale-invariant features / D.G. Lowe
// International Conference on Computer Vision. — ICCV. — 1999. — Vol. 2. — P. 1150-1157.

6. Belongie S. Shape Matching and Object RecognitionUsing Shape Contexts / S. Belongie,
J. Malik, J. Puzicha // IEEE Transactions on Pattern Analysis and Machinelntelligence. —
April 2002. — 14 p.

7. Pramod Sharma. Ram Nevatia Unsupervised Incremental Learning for Improved Object
Detection in a Video / Sharma Pramod, Huang Chang // University of Southern California,
Los Angeles. — CA2NEC Labs. — Cupertino, CA —2012. — 8 p.

8. Borovicka Jaroslav. Circle Detection Using Hough Transforms / Jaroslav Borovicka
// Documentation. — Available at: pinus@centrum.cz, jb2383@bris.ac.uk — 28 p.

9. Zhang Y. Pathological Brain Detection based on wavelet entropy and Hu moment invariants
/'Y. Zhang // Bio-Medical Materials and Engineering. — 2015. — 26. — P. 1283-1290.

References

1. Joshi, P., Escrivd, D.M., and Godoy, V. (2016), "OpenCV By Example", Packt Publishing
Ltd., Birmingham, pp. 164-174, 189-215.

2. Mitiche, A., and Aggarwal, J.K. (2014), "Computer Vision Analysis of Image Motion by
Variational Methods", Springer International Publishing, Switzerland, pp. 143-175.

3. Nixon, M., and Aguado, A. (2012), Feature Extraction & Image Processing for Computer
Vision. Third edition, Elsevier Ltd., London, pp. 93-101, 124-130, 250-255.

4. Wang, R., Wei, L., Vouga, E., Huang, Q., Ceylan, D., Medioni, G. and Li, H. (2016),
Capturing Dynamic Textured Surfaces of Moving Targets, Adobe Research, Toyota
Technological Institute at Chicago, 22 p.

5. Lowe, D.G. (1999), "Object recognition from local scale-invariant features", International
Conference on Computer Vision, ICCV, Vol. 2, pp. 1150-1157.

6. Belongie, S., Malik, J. and Puzicha, J. (2002), "Shape Matching and Object
RecognitionUsing Shape Contexts", IEEE Transactions on Pattern Analysis and
Machinelntelligence, 14 p.

7. Sharma, P., Huang, C. and Nevatia, R. (2012), "Unsupervised Incremental Learning for
Improved Object Detection in a Video", IEEE Conference on Computer Vision and Pattern
Recognition, 8 p.

8. Borovicka, J. "Circle Detection Using Hough Transforms', available at:
https://www.borovicka.org/files/research/bristol/hough-report.pdf.

101



BicHuk HauyioHanbHO20 mexHiyHo20 yHiesepcumemy "XI1I", 2019, Ne 13 (1338)
ISSN 2079-0031 (Print) ISSN 2411-0558 (Online)

9. Zhang, Y. (2015), "Pathological Brain Detection based on wavelet entropy and Hu moment
invariants", Bio-Medical Materials and Engineering, No. 26, pp. 1283-1290.

Cmammio npeocmasug 0-p mexw. nayk, npogp. OHY imeni LI. Meunuxosa
Tynuenxo FO.A.

Haoitwna (received) 03.05.2019

Moroz Volodymyr, PhD in Applied Mathematics, Professor
Odessa I.I. Mechnikov National University

Str. Dvoryans’ka, 2, Odesa, Ukraine, 65072

tel./phone: (+380) 67-484-6975, e-mail v.moroz@onu.edu.ua

Shvandt Maxim, bakakavr

Odessa L.I. Mechnikov National University

Str. Dvoryans’ka, 2, Odesa, Ukraine, 65072

tel./phone: (+380) 48-723-5254, e-mail maxim.shvandt@gmail.com

102



BicHuk HauyioHanbHO20 mexHiyHo20 yHiesepcumemy "XI1I", 2019, Ne 13 (1338)
ISSN 2079-0031 (Print) ISSN 2411-0558 (Online)

YK 004.932:519.652

HocaimzkeHHs1 pyXy Ta MNOBeQiHKH J1afOpaTOpPHUX TBapuH MeETOAaMH
JleTeKTYBaHHs i TpekiHry 06’ektiB / Mopo3 B.B., llIBanar M.A. // Bicauk HTY "XIII".
Cepis: ITndopmaTuka ta MomenroBanHsa. — Xapkis: HTY "XIII". — 2019. — Ne 13 (1338). —
C.93 -103.

3anpornoHoOBaHO METOJA JIETEKTYBAaHHS 1 BIJICTEKEHHS pyXy OO’€KTY Ha OCHOBI
NOEHAHHS NIPUHLIMIY BiIHIMaHHA (OHY 3 MeTojamMu 0OpoOku 300paxkeHb. Ha mpuxmani
JIOCJIIJPKEHHS TIOBEIIHKH JJaOOpaTOPHUX TBAPUH PO3POOJICHUH BIAMOBITHUI alrOPUTM, TaK K
ICHyIOUl JITOpUTMH HE AAlOTh NPUHHATHUX pe3ynbrariB. HaBeneHo pesyibratu podboTH
QITOPUTMY Ta BHUKOHAHMHM TOPIBHSUIBHMM — aHaNi3  pe3yJbTaTiB  OOYHMCIIOBAJIBHOTO
EKCIIEPUMEHTY 3 BiJOMHMH aJTOPUTMaMH TPEKIHTY 1 aHaNi3y pyxy. PO3rIsIHYyTO MOXKIUBICTh
po3mmpeHHs chepu 3aCTOCYBaHHS QJITOPUTMY I OiNbIIoOi  KUTbKOCTI 00’ekTiB. Dm.: 7.
Bibmiorp.: 9 Ha3s.

KiarouoBi cjoBa: aqropuTMu TpPEKiHTY; aHami3 pyxy; MPUHIUN BigHIMaHHS (OHY;
METOJI 0OPOOKH 300paKeHb.

YK 004.932:519.652

HcciienoBanue NBUKEHUS] W TOBEIEHHN J1a00PATOPHBIX KHBOTHBIX MeTOAaAMH
JeTeKTHPOBAHHUS W TPeKHHra odnbexkToB / Mopo3 B.B., llIsanar M.A. // Bectnuk HTY
"XTIN". Cepusi: Uudopmaruka u moxenupoBanue. — Xapbkos: HTY "XITN". — 2019. — Ne 13
(1338). —C. 93 —103.

[IpemmoskeH MeTOn AETEKTUPOBAHHUSA M OTCIICKMBAHUS IBIKCHHSA OOBEKTa HA OCHOBE
coUYeTaHHs TPUHIIMIIA BRIYUTAaHUE (OHA ¢ MeTomaMu oOpaboTku m3oOpaxeHuit. Ha mpumepe
WCCIICIOBAaHUS TMOBEACHHUSA J1a0OPATOPHBIX JKMBOTHBIX pa3paboTaH COOTBETCTBYIOMININ
QITOPUTM, TaK KaK CYIISCTBYIOIIWE aJTrOPUTMBI HE MAlOT MNPHUEMIIEMBIX pE3yJIbTaTOB.
IIpuBeneHbl pe3yabTaThl PaOOTHI ANTOPUTMA U  BBIOJHCH CPABHUTCIBHBIN aHAIN3
Pe3yJIbTaTOB BBIUMCIUTEIBHOIO JKCICPUMEHTA C W3BECTHBIMH QITOPUTMAMH TPEKUHTa H
aHalu3a JBIKCHHS. PacCMOTpeHa BO3MOKHOCTh PACIIUPEHUS Cephbl MPUMEHCHHS aIrOPUTMA
JUTsL OOJIBIIETO KoJInyecTBa 00bekToB. Mi.: 7. Bubauorp.: 9 Ha3s.

KiroueBble CJIOBa: arOPUTMBI TPCKHHTA, aHAJH3 JBMXKCHHS, MPHHLIUI BBIYUTAHUS
(hona; MeTOABI 00PA0OTKH N300PAKCHHUI.

UDC 004.932:519.652

Study of movement and behavior of laboratory animals by methods of object
detection and tracking / Moroz V.V., Schwandt M.A. // Herald of the National Technical
University "KhPI". Series of "Informatics and Modeling". — Kharkov: NTU "KhPI". — 2019. —
Ne.13 (1338).—P. 93 —103.

The method of detecting and tracking the motion of an object based on a combination
of the principle of subtraction of the background with the methods of image processing is
proposed. An example of a study of the behavior of laboratory animals developed an
appropriate algorithm, since existing algorithms do not provide acceptable results. The results
of the algorithm are presented and a comparative analysis of the results of a computational
experiment with known algorithms of tracking and motion analysis is performed. The
possibility of expanding the scope of the algorithm for a larger number of objects is
considered.. Figs.: 7. Refs.: 9 titles.

Keywords: algorithms of tracking; motion analysis; principle of subtraction of the
background; image processing.
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1. ®. IIOBXAH, xaun. TexH. HayK, nou., JIBH3 "Yxropoacbkuii
HalllOHANbHUH yHiBepcuTeT"

3AJIAYA 3AT'AJIBHOI OITHKH CKJAJTHOCTI
MAKCHUMAJIBHOT'O TIOBYIOBAHOI'O JIOTTYHOI'O
JAEPEBA KJIACU®PIKAIIIL

PoGora mpucBsdeHa mpoOsieMaM Teopii po3Mi3HABaHHSA IUCKPETHUX O0‘€KTiB, SIKi
OB ‘sI3aHi 3 3arajbHOIO OIIHKOIO CKJIAQIHOCTI Pe3yJbTYIOUOTO JIOTIYHOTO JIepeBa Kiacudikaiii.
JlaeTbcst 3araiibHa OITIHKA CKIAAHOCTI OTPpUMaHUX Tpad-CXeMHHUX MOJENeH Yy BHIJIII
JIOTIYHUX JiepeB. BuBeIeHi YMCIIOBI OMIHKU B TIEPCIIEKTHBI T03BOJISIOTH PO3POOUTH €EeKTHBHI
MOJIEJl cXeM MiHiMi3auii JIoriYHuX AepeB Kiacudikaii, a 0TKe OTpUMaTh MiHIMaIbHY GopMy
CUCTEMH PO3IMi3HABAHHSA AUCKPETHUX 00 ‘€KkTiB. OTpUMaHi pe3ylbTaTH MPUHIUIIOBO BaXIIUBI B
3a/avax, sKi MMOB‘s3aHi 3 JIOTIYHUMU JaepeBaMu kiacudikamii. PoboTa akTyanbpHa Ais BCIX
METOJIB po3mi3HaBaHHA 0Opa3iB B SKHX OTpuMaHa (QYHKIiS kiacudikamii moxe Oyrn
Ipe/ICTaBIeHa Y BUIJISI JioriuHOro JiepeBa. bibmiorp.: 11 Ha3s.

KuouoBi ciaoBa: posmizHaBaHHS 00pa3iB; JIOTiYHE AepeBO; Tpad-cXeMHi MOJei;
OIliHKa CKJIaTHOCTI; PyHKIIis Kiacudikariii.

Beryn. Sk Bigomo 3 poOit [1, 2], noBumbHy moOyqoBaHy CHCTEMY
po3Mi3HaBaHHs Y BUTVIAAL JAepeBa kiacudikaiii MoxHa 3anucatu abo B JIHO,
a6o B KH® ¢opmi. Tak nepeBo po3mizHaBaHHA, SKE SIBISE COOOIO TEBHE
npaBuio kiacudikarii, MOXXKHa TPEICTaBUTH 3a JIOMOMOTOI0 BIAMOBIIHOI
aoriuHoi ¢yHkuii. OTxe BaXIMBUMU NpoOieMamMu TpU TMOOYIOBI CHUCTEM
pO3Mi3HaBaHHs TAaKOTO THUMY — OymIyTh 3aJa4i CHUHTE3y JIOTTYHMX (PYHKIIII, K1
€KBIBAJICHTHI JIaHOMY JIepeBYy pO3Ii3HAaBaHH:, OLIHKA iX CKIAJHOCTI, 3a7aya
MiHIMi3aIlii OTPUMaHOTO JIepeBa.

JlaHe mociiKeHHS € JOTIYHUM TPOIOBKEHHSM LHUKIY poOiT [3 — 6] B
SKUX THIMAIOTHCS MPUHIIMIIOBI MMUTAHHS OB s3aH1 3 JIOTIYHUMH JI€PEBaMHU
kinacudikanii (B JaHOMY BUNAJKY IiJ JIOTIYHHX JEPEBOM OyneMoO po3yMiTh
nesike rpad-cxeMHE MPENCTAaBICHHS PE3YIbTYIOU0l CXeMH pO3pi3HaBaHHS
o0pa3iB), K MUTaHHS MiHIMI3aIlli JOTIYHUX JIEpeB, AOCTIIKEHHS CTIMKOCTI
IIOJI0 TEPECTAHOBKU SPYCIB, OIIIHKH CKJIQJHOCTI HAMOUIBIIOTO JepeBa,
3arajJbHUM anroOpuTM MOOYIOBH CAMOTO CKJIAJHOTO JIOTIYHOTO JaepeBa. TyT
JTOCITIDKYETBCS  CKIAAHICTh rpad-CXeMHHX Mojened (JIOTIYHUX JepeB
knacugikamii), SKi KOHCTPYIOIOTBCS B TIpoLeCi HaBYaHHS CHUCTEMHU
po3mi3HaBaHHs (JorivyHe AepeBo kiacudikariii GpakTuIHO MpeacTaBisie coO0r0
3reHepoBaHy (YHKIIO po3mi3HaBaHHs). {7 1bOTO OLIHIOETHCS CKIIATHICTH
JepeBa, SIKe BUKOPHCTOBYETHCS B CXEMi pPO3Taly)KEHOTO BHOOPY O3HAK JUISI
pO3IMi3HaBaHHS JUCKPETHUX HAOOPiB (00 €KTIB).

AHaJi3 JiTepaTypHuX JaHUX Ta TMOCTAHOBKA mpoodjemu. Jlane

© L.B. IloBxan, 2019
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JOCTI/DKEHHS € TPSIMUM TPOJOBXKEHHSAM pobotu [7] B sKid posmisaanacs
cxema (MeToa) moOymoBH CaMOTO CKJIQJHOTO JepeBa Kiacu@ikalli B 3agadax
po3mizHaBaHHA 00pasiB Ta poboTH [3] MPUCBIYCHIM OIIHIN CKIATHOCTI
HaWO1IBIIIOT0 MOXKIIMBOTO JIOTIYHOTO JIepeBa.

B npuBeneHiii ominii ckiagHocTi 3 [7]:

K1K2...Km_
K\K,..K, > K Km1iKms2- Ky

KnKpi1--Ky
<K

(1)

B JaHii poOOTI PO3MISHEMO BHIAJOK KOJIM B IEPIIOMY CIiBBiTHOIICHHI
BUKOHYEThCS CTpOTa HepiBHicTh, TOOTO K K,..K, | <KXnK¥Xm g&n
3ayBakuMo, L0 TYT Ta B HojanblmioMy K, — KUIbKICTb BEpUIMH (MITOK,
byHKIIH) HA i-My spyci, a m — 0e3mocepenHbo spyc 3imomy [7] ne
BUKOHYETHCS cIiBBigHOMEHHS (1).

Ha mouarky, Oynemo mpurryckary, 1o 3adikcoBaHa Jesika CHCTeMa O3HaK
B.P,.,P, (OSP <k -1), (i-1,2,..,n) Ta gedxka cucrema CHMBOJIB

no

0y,0,,...,0,,. bynemo Takox paxyBaru, 1o osHaku P,P,,..,.P -

BIIOPSAKOBaHI (HAIPHUKJIA B TAKOMY HOPSIZIKY, B SIKOMY BOHH 3aIllMCaHi TYT).
Bynemo po3rsimat BCi peryssipHi JIOT14HI JIepeBa, TOOTO Taki y SKUX B
BEpUIMHAX i-TO Spycy CTOiTh 0o3Hak P, (1<i<n), a B BepmmHax (n+1)-ro

apycy crostb cumBonn O, 0,,..., O,_; — 3HaueHHs QyHKUIH f,(F,...,P)).
Hexait 3agane perymspae nepeo D . Yepes |D| MMO3HAYMMO KiTBKICTh

BCIX PI3HMX MITOK, SIKI OTPUMYIOTBCS B PE3y/IbTaTl MPOIECY PO3CTaHOBKH

MITOK Ha zepeBi D . O4eBHIHO, IO |D| JOPIBHIOE KiIBKOCTI BepunH D [6].
3ajaua ToJsATaE B TOMY, IO Cepell BCIX PETYISIPHUX JIepeB D 3HAWTH Take
JIEPEBO, IS SIKOTO BEIMYMHA |D| Oyne HaiOiIbIIO. MakcuMaabHEe JEPeBO

MO3Ha4YUMO uepe3 D

max
MHOXHMHY BCIX BEpIIMH, SIKI CTOSITh B sipycax 3 HOMepamH i, Jie
[ <i<s, (1£]<s<n)0ynemo HazuBatu monocor. [lomocy, sika ckiagaeTbes

3 spyciB 3 HOMepamu i, [ <i<s, MO3HAYUMO dYepe3 DAf. Yepes |Df

IMO3HAYMMO KUJIBKICTh BC1X PI3HHUX MK c00010 MITOK, SK1 CTOSATH B ITIOJIOC1 DS .

Jloriune nepeBO pO3Mi3HABaHHS, SKE SIBISE COOOIO TEBHE IPABHIIO
knacudikaiii, MOXKHa TPEACTaBUTH 3a JIOTIOMOTOI0 BIJIMOBIAHOI  JIOT1Y4HOI
¢byskIii. OT)e BaXXIMBOIO MPOOJIEMOI0 TIPH MOOYI0BI CXEMH PO3Ii3HABAHHS
(BIAMOBITHOTO JIOTIYHOTO JepeBa) Takoro THUMY Oyme mpobiemMa CHHTE3Y
noriyHoi (yHKINi, sKa €KBIBaJICHTHA JaHOMY JEpEeBY pO3Mi3HaBaHHA. 3i
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301IBIIEHHSIM YHCIa apTyMEHTIB JIOTIYHOI (YHKLIT (pe3ylbTyIouoro Jepena)
IIBUJKO 3POCTA€ CKIAIHICTh OJHOTO 3 €TamiB CHUHTE3Y (YHKIII — eTamy
MiHiMi3arii [8, 9].

Buxomom 3 maHoOro moOJIOKEHHST MOKe OyTH HE 3HaxXO/DKEHHS ii
MiHIManbHOI (GOpMH, a MPEACTABICHHS Yy BHUIVIAAI JCKOMIO3MILII (yHKIIN
(BigmoBimgHUX JepeB). BaxkiamBuMm TiepeBaraMu  METOIy JepeBa IS
MiHiMi3alil JoriuHuX QYHKUIT (pe3yNbTYIOUMX CXeM Kiacudikalii) € Te, 1mo 3
JIEPEBOM JIOCUTH MTPOCTO MPAITIOBATH MPHU BEIMKIHM KIJTbKOCTI apryMeHTiB [10].

Meta poOotu Ta 3agavi aociailzkeHHsi. OTKe 3BaKalOUM Ha BUIIE
CKa3aHe METOIO JJaHOIO POOOTH Oy/ie OTPUMAaHHSI 3araJIbHOI OIIHKH CKJIaJHOCTI
OTPUMaHUX rpad-CXeMHHX Mojeneil y BUrisai joriunux nepeB. Came 1e
JIO3BOJIUTh pO3poOUTH €hEeKTUBHUKM METOJ MiHIMI3aIlli JIOTIYHHX JepeB, a
OTXe OTPUMATH B NEPCHEKTHBI HAWOLIbII MiHIMAJIbHY Ta €PEeKTHBHY (OpMY
pe3yabTYIOYOi  CXEMH  pO3Mi3HABaHHS, IO  JIO3BOJUTh  CKOHOMHTH
npolecopHuil yac Ha ii poOOTy Ta onepaTUBHY MaM‘STh 1uid 30epiranns. s
JIOCSITHEHH METH OYJIH MOCTaBIICHI TaKi 3aBIaHHS:

e Jlokazatu 0coOJAMBOCTI mpeacTaBieHHS (YHKLIH pO3Mi3HABAHHA Yy
BUTJISIHI JIOTIYHUX JIEPEB.

e Jlochmiguti mOOyMOBaHE B pOOOTI peryisipHe JOTidHE ACpeBO Ta
BU3HAYHTH SIPYC 3JIOMY JAaHOI CTPYKTYPH.

e [IpencTaBuTH YHCIOBI OIIHKYU Ta 3araJIbHYy CXEMY OI[IHKU CKJIATHOCTI
JIOCITIJIKEHOTO JIOTIYHOTO JIepeBa

OcHoBHa yacTuHA. Po3misHyBImIM B criiBBiAmeHH (1) BUagok Ko B
neprii CUACTHHI BUKOHYETBCS cTpora HEPIBHICTb, TOOTO

KK,.K, <K Ko g Kmt | KKn | mpuxommmo 10 1BOX MOXKITHBHX BapiaHTis:

KnKm1---Ky _ Kin1Kmi2--Ky
<K K ,

a) K\K,..K
(2)

6) K1K2 K ) > KKme+1~~~Kn _KKn1+lKn1+2~~~Kn
RV N—_— .

3ayBakuMoO, 1O TYT 1 gaimi K; — KiJAbKICTh BepIIMH (MITOK, (DyHKIIIIT) Ha
i -My spyci.

Bemmuuna K KmEmeKn _ g Kmor KoKy MIPEICTABIISIE COOOK0 KUTBKICTh
BCiX QyHKuid Burny f, (P, ,P ., P ), sKl ICTOTHO 3ajeXaThb Bl O3HAKU

m+l>°*
P .

m

Ha mepmomy erami mociipkeHHs pO3TITHEMO BHMANOK (2, a). B npomy
BUNIAJIKy B m-My Spycl MOXHA pO3MICTUTH TaKHUM YMHOM (QYyHKIIi
f, (PP, .,.,P), mo BoHU OyIyThb ICTOTHO 3ajJeXaTH Bl O3HaKu P ,

OpUYOMy B PI3HUX BEpIIMHAX a Ta b m-ro Apycy OyayTh CTOSTH pi3Hi
106



BicHuk HauyioHanbHO20 mexHiyHo20 yHiesepcumemy "XI1I", 2019, Ne 13 (1338)
ISSN 2079-0031 (Print) ISSN 2411-0558 (Online)

¢yukuii f, ta f,.Po3ramyBaBmy TibKM 110 BKa3aHUM YMHOM (yHKuii f, B

m -My spyci, oTpruMaemo jesike aepeso D .
Posmisinemo B upomy nepesi nosnocu (D°)! ta (D°)™. B pobori [6]

n+l *
Oy7o MoKa3aHo, 1o TpH MoOyaoBi AepeBa D°, MHOXKHHA MITOK, SIKi CTOSITh B
nonocax (D)) ta (D°)"! me meperunaroThes Mik coboro. Kpim Toro, B

n+l

nonoci (D)) B pi3HUX BepIIMHAX CTOATH Pi3Hi MITKU. BUHMKae MUTaHHS, 4u
MoxHa B aepeBi D° B (m +1)-My spyci po3miTuTH Bei QyHKII, SKi 3a1eKaTh

BiJ O3HaK P ,...,P (TOOTO — CTaBUTbCA NHUTAHHA, YA MOXKHA HE MIHSAIOYU

+1o0
BUIIIEBKA3aHOT OCHOBHOI BIIACTUBOCTI JIepeBa D, nobutHcs e Toro, 1o ou
B (m+1)-my apyci nepesa D° crosnm Bci QyHKIII, 5IKi 3a7€KaTh Bijl 03HAK
P .,...P).

m+12°°
Hpyre 3 6a30Bux crniBBigHOMmEHb (1) BKa3zye Ha Te, [0 MOYKHA TOOUTHCS
TiZIbKM 110 BKA3aHOi KOHCTPyKIii aepesa D° .
JilicHo 3 HbOTO BUAHO, IO B (m+1)-My spyci aepea D 3aBxau
3HaliyThCs Taki AB1 Pi3HI BepIIMHU a Ta b, mo f, = f,. Sxwmo B (m +1)-my

spyci nepesa D’ ne BxomuTh neska Gynkuis (P, ,;,..., P,), TOli 3aMiHUBIIM

+oe
B BepIIUHI a (QyHKLIO f, Ha @, MOXKHA JOOUTHCS TOTO, IO ¢ Oyae BXOIUTH
B (m+1)-it apyc mepesa D°. 3ayBaxkuMmo, IO TIpH HbOMY Hifki (QyHKIi 3
(m+1)-ro spycy HE BXOASTh Ta OCHOBHA BJIACTHBICTbH JIOTIYHOTO JepeBa HE
MIHSIETBCS.

3ayBa)KUMO TaKOX, IO TTiJT OCHOBHOIO BJIACTHUBICTIO JepeBa D° Oynemo
pO3yMiTH Te, IO B m -My Apyci gepea D’ B yciX BepIIMHAX CTOATh pi3Hi

GyHKITIT.
[TocmiioBHO BHUKOHYIOYM BHINEBKAa3aHI BCTaBKM HEBUCTAYAIOUUX
byukmiit @ B (m+1)-it spyc, MoxkHA noOUTHCS 1Ie TOrO, MO B (m +1)-My

apyci nmepesa D°, GyayTh cTosTH BCi (yHKIII, fKi 3amexarbh Bif O03HaK
P

> s P. .5 ..., P,. OTxe MU MOXeMO TI00yyBaTu Take aepeBo D, 1mo:

m+l1

1) MuOXMHA MiTOK, siki crosTh B momocax (D°)) Ta (D)’

HE
NEPEeTHHAIOTHCS MIXK COOOIO.

2) B pi3Hux BepmMHax MoJIOCH (Do)in CTOATH Pi3HI MITKH.

1 .
" NpEeNCTaBisioTh CO00I0 BCi

dyHK1ii, sIKi 3anexars Big aprymeHTis P, P, P

m+1°>" m+2,°2 " n

3) Mirtkn, ski crosts B momoci (D°)
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v v . . . *

3acTOCOBYIOUM JI0 AEpeBa D° Takmit camMuii miaxin, mo i 10 nepesa D
3 po6oTH [6], MOXKHA TTOKa3aTH, 1110 aepeBo D’ € MakcUManbHUM AepeBoM. I1pu
JIOBEICHHI MaKCUMaJIbHOCTI JIepeBa D’ enwHa HEBeIHKA PI3HUII TOJSTAE B

s * *
TOMY, 110 JiepeBo D po30OuBaeThbcs Ha mojocu (D )in Tta (D )fﬁl, a 1epeBo

m+l1

D" tpeba posbusari ma (D°)! ta (D)™
[limpaxyemo Temep BETUYHHY ‘DO‘. Buxoasun 3 BuIllECKa3aHOTO,

3aIuIIEMO ‘DO‘:‘(DO); ‘Jr‘(DO)'"Jrl :

n+l

m—1 5

(D)), [ =1+ K, + K * Ky + ot K ¥ Ky * ¥ K

m+1 lK
‘(D )n+1 — m+ n.
3BiI[CI/I MOXHa OTpUMAaTu HACTYITHE!
m—1
‘DO‘ =1+ ZI<11(2 * kK +KKm+le+2*---*Kn (3)
j .

J+l
PozmsiHEMO Tenep BUmanok (2, 0).

B mpomy Bumamky MakcuMmaneHe gaepeBo D Oymemo OymyBatu
HACTYITHUM YHWHOM. B m-My spyci po3MICTUMO B DI3HMX BEpUIMHAX pi3HI
GyHKii, AKi 3anexarp Big o3Hak P, P ., .., P, . OCTaHHE MOXJIUBE 3aBISKU

m+1°" m+2,°

CIIBBIHOIICHHIO (2, 0), MU MOXEMO B m-My sIpycl aepeBa D po3MiCTUTH BCl
¢yukuii Burnsny f,(P,,, P, .. F,), AKi ICTOTHO 3anexkarb Bix o3HaKu P, .

Bynemo paxyBaru, 1o B nepeBi D Take po3MminieHHs Bxke icHye. Tomi 3aBasiku
OCTaHHBOMY pO3MillleHHIO B (m +1)-My sipyci nepeBa D OyayTh MpUCYTHI BCi
byHKIil, sKi 3amexarb Big O3HAK P ..P.,..,P. []lilicHo, Hexail

m+1°~" m+2,*

O(B,15Bp40,-»F,) — noBinbHA QyHKIIs, ska 3anexars Bix B, P, ., ... F,.

m+1°" m+2,°

Bisbmemo 1wme omny dyukuio  y(P,,F,,, ....F,), BIIMIHHY BiI .
[ToGynyemo nacrynuy ¢yukuivo f(B,,P,,, ..., F,):

JO,B, 0B ) = O(Bpi1s By o By

4)
f(]a m+12 m+2 ) \V( +1» m+2 P)
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Orxe

Tyr (1< <K, —1). OueBunHo, mo f Oyae ICTOTHO 3aJEXHOI0 B P, .

f Oyne BXomuTtu B m-i sipyc nepena D . 3Bigcn ta 3 (4) moxHA 3poOUTH

BUCHOBOK, 1110 ¢ Oyrne Bxoautu (m + 1)-if spyc nepesa D.

JIepeB

Po3i6‘emo nepeBo D Ha jBi YacTHMHH (D) , Ta (D)n+1 3 noOynoBu

a D BHILIMBAIOTH HACTYIIHI BIACTUBOCTI:
1) B pisuux Bepumnax nonocu (D) | cTOSTH pisHi MiTKH.

2) MHOXMHA MITOK, sKi cTosTh B Tomocax (D) , Tta (D),
MEePETUHAIOTHCS MK COOO0I0.
3) Bci MiTKH, K1 CTOSITH B TIOJIOCI (D) BUYEPNAIOTh BC1 QYHKITIT, SIK1

Pty P

m+1s 2t

n+l >

3ajie’Karh BiJ O3HaK P,

BukopucToBytour TiJIbKM L0 MPHUBEAEHI BIACTHUBOCTI Ta 3aCTOCOBYIOUH

. . . . *
T1 caMi CyI)KEHH4, 110 1 MPY I0BEICHHI MaKCUMaJIbHOTO JiepeBa D [6], merko

MEPEKOHATHCS, IO JIEPEBO D € MaKCHMalbHUM nepeBom. Ilizpaxyemo

BCIIMYUHY

. Buxoasum 3 BuIiecka3aHUX BJIACTUBOCTEHN JAepeBa D MOJKHA

3aluCaTu HACTYITHEC:

pospaxynky |D,,,

D|=|D),..|+|Dyr

m—2
=1+K +K K, +.+KK,.K, =1+Y KK, .K,,

J=1

D)),

KmeH Ky

‘(D)n+1

D KKK
OTtxe, Oynemo MaTu ‘(D)‘ =1+ ZKle...Kj + K tmBmit-Ba
j=1
Pestomytoun Bce BHILleCKa3zaHE, MOXKHA MPHUBECTH (GOPMYIU JUIs

m—1
|Dmax|:1+ZK1K2...Kj, (5)
Jj=1
akmo — K, K,..K,,_; = KKK,
m—1
|Dmax|:1+zK1K2...Kj -|—KKm+1---Kn’ (6)
j=1
SIKITO - I<11<2.-.I<m_1 < KKn1Km+1~..Kn ; KIKZ---Km_le > KKm+1"'Kn :
Kle"'Km—l SKKm'“Kn —KKm+1"'Kn ,
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m=2
|Dmax| =1+ ZKIKZ-"KJ' + K KmKms1--Ky ’ 7
Jj=1
SAKIIO0 - KIKZ"'Km—l < KKW'K” 5 K1K2...Km > KK”’*"”K*‘ 5
KK, K. | > Kk g Fnrke
Mokmagemo K, =K, =..=K, =K >2.

[Tokaxxemo, 110 B IbOMY BHUITaJIKy BUKOHYETHCS CITIBBITHOIICHHS (2. a).

3ayBa)kUMO, IO B LIbOMY BHIAJAKy Oyae IIKaBUTH TiJIbKH BHIAJOK KOJIU

_ n—(m-1)

KK, .K, <Kfv®f — ro6ro K" <K* (BUMAOK,  KOJH
K™ = K" 6yp posrisnyTnii panimre).

_ n—(m-1) .
3 HaBeIEHOIO BHIIE BUIUIMBAE, 1m0 mpu K™ L« gk MOXKJIMBI JBa
BapiaHTH:

a)j <o,

(3)
6)j>8.

1
3ayBaXXUMO, TyT O TaKe YMCIIO0, 1[0 BUKOHYETbCS K ® <n< K. Tobro
O mpexacTapisie cOO0I0 SIPyC 3JI0OMY JIOTTUHOTO JIEPEBa SKE PO3IIIAIAETHCS

K®<n<8, (j=n—-K%).

V BunanKy BUKOHaHHS (8, a), Ta 3Ba)Kal0YH Ha BU3HAYCHHS SPYCY 37I0MY
[7] 6ynemo MaTu HacTyIHE:

KKy K, =K =K = KK+,
KK, . .K, =K"™"")=g=K°
K, K, ,.K =K"=g""D_got 9)
3 BinHOMICHHS (9) BUTUIHBAE:
KKm-Kn _ g Kni1-Ky :KK'S _KKB*1 :KK'S (I_KKS*LKB)z

1

s e  —
KKTED

8 1
>K5 (1--). 10
) ( K) (10)
3 (9) Ta (8) Oymemo mMaTu HACTyIIHE:

K, K

mle

K, = KX < g K0 2 gk % . (11
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Tak sx K =22, TO i:I—K_lél—i.
K K K

Omxe 3 (10) ta (11) 6Gyzemo maru K “n-5n — gKmi-Kn > K,..K

VY Bunaaxky BukoHaHHS (8, 0), Ta 3BakKaroud Ha BUSHAYCHHS SIPYCY 3JIOMY
[7] 6ynemo MaTu HacTyIHE:

m—1*

_gmlZ k! :KK8+j—(5+1)

m—1 —

K.\K,..K
KK, .K,=K""D=g" = g%
K, K, ,.K=K™=K"")=g® (12)
3 (12) BuminBae HacTyMIHE:
K Km-Kn _ g Kps1-Ky :KK5” _KK'S (KK'S(K—I) 1. (13)
3 (12), (8, 6) Ta Toro, mo 8>0 ta j < K°(K —1) Gyzemo Maru
K K, K, =KX 00 < gK gt ¢ gk KM KDt (g

Anenpn K 22 1a §20, KKED _1> g K&,

JiiicHo,
KKS(K—I) :KK‘S(K—I) (1- 1 )> 1 > KKE’(K—l)(l_i) >
K& KK K
> kKoK=l prwen L gkt (15)
K K
3 (13), (14), (15) oTpMaeMo HACTYITHE:
KK _ g Km-Kn > g KK (16)
Otxe, Oyno mokazaHo, mo y BunaikyK, =K, =..=K, =K =22 Ta
KK,..K, <K " 3apxnu sukonyerscs cnissignomenns (16).
3Bizacu, 3 BigHomIeHHS (6) Ta [6] oTpMMaeMO HACTymHI (GOPMYIH IS
pospaxyHky |D_. | yBunanky K, =K, =..=K =K >2:
S
KK +1 _1
D |=—, 17
D[ == (17)

SIKIIIO n:K8+6,
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K8+j—8+1 .
|l)max|:I<I<—l1"_I<KlS > (18)

axkmo n=K°+ j ta j<3,

S,
KK +j—8 5
Do ==~ +K*5, (19)
axmo n=K°+j ta KX(K-1)> j>38.
VY Bunagky K, =K, =...= K, = K =2 orpumaemo:
D e =22 —1, sxmo n=2°+3,

(20)
204 j-5-1 , H2%71
=27 420 —1

max | ’

12
skmo n=2%+j Ta j<§.

|Dmax| = 228+j_8 -1+ 228 >
axmo n=2"+j 1a2>j>38.
Buxonsuu 3 popmyin (17), (18), (19) MmoxkHa 3anponoHyBaTH HACTYITHUN

npu K, =K, =..=K, =K =>2.

max

Croci0 po3paxyHKy |D

Cnovyarky 3HaxXOAUMO Take 4HcIo O, Mo K ® << K%' IMicns OTO

sHaxomuMo j =n—K°. TloTim, B 3aiexHOCTI Bin BUIaakis j=§8, j<& Ta

j >0, pO3paxyHOK |D
(19).

BucnoBku Ha ocnoBi ¢opmyn (20) MokHa po3paxyBaTé Ta NPUBECTH
BIJIMOBI1/IH1 BUOIPKOBI 3HaYeHHA d Ta |D

MPOBOAMUTHCS BiAMOBiAHO 3a Gopmynamu (17), (18),

max

max | *

1. (n=5,d=63,|D,.|=19),
2. (n=10,d=2047, D, |=271),
3. (n=15,d=065535, |D,_,. |=4349),
4. (n =20, d=2097151, |D,, |=131071).
3ayBaxkumo, TyTr K, =K, =..=K, =K =2, d mno3Hauae KiJIbKiCTh

BCIX BEPIIMH PETYISPHOTO JepeBa D TpH BiAMOBITHOMY 71 .
OTxe cepell OCHOBHHUX PE3y/bTaTiB pOOOTH MOXKHA BUJIUIUTH HACTYITHE:
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® T[I0Ka3aHi OCOOJMBOCTI MpeincTaBleHHS (YHKIINH po3Mi3HABaHHA Yy
BUTJISIHI JIOTIYHHUX JEpeB, MIPUUOMY CTPYKTypa JepeBa B OUIBIIOCTI BHUITAKIB
HE € OPTHUMAJIBHOI 1 JO03BOJISIE HACTYMHUW eTam MiHIMi3amii (CKJIaJHICTh
Pe3yaBTYIOUOTO IepeBa € HaOLIbIIO a00 HAOIMKAETHCS 10 HEl).

® JIOCIiDKEHE pEryJisipHE JIOTIYHE NEPEeBO Ta BH3HAYCHO SIPYC 3JI0MY
JAaHOT CTPYKTYpPH, IO JTO3BOJISIE€ OLIHHWTH PIBEHb CKJIAJHOCTI Ta MOXKJIUBICTH
MiHIMi3aIlil 1aHOTO JIepeBa.

® [IpEACTaBJICHI YUCIIOBI OIIIHKY Ta 3arajibHa CXeMa OIIHKUA CKJIaJHOCTI
JOCTIKEHOTO PEryJIsIPHOTO JIOTIYHOTO JepeBa.

BuBeneni uwncioBI OIHKM Ta 3arajjbHa CXeMa OIIHKH CKJIaIHOCTL
JOTIYHOTO JepeBa JAaHOTO JOCHIPKEHHS B TMEPCIEKTHBI JO3BOJSIIOTH
po3pobutn edeKTUBHI MOJIEII CXeM MiHIMI3aIli JOTIYHUX JAepeB Kiacudikarii,
a OT)K€ OTPUMATH MiHIMAIbHY (OPMY CHCTEMHU PO3Mi3HABAHHS TUCKPETHHUX
o0‘ektiB. OTpuMaHi pe3ylbTaTH TNPUHIMIIOBO BAXJIMBI B 3amadax, sKi
MOB‘sI3aH1 3 JIOTIYHUMU JepeBaMu kiacudikamii. Pobora akTyanbHa IS BCiX
METOJIIB pO3Mi3HaBaHHsA OOpa3iB B SKWX OTpuUMaHa (QYHKIA Kiacudikari
MOJKe OyTH TIpe/ICTaBlIeHa y BUIJISAI JIOTIYHOTO JepeBa Kiacudikarii.
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YK 004.8: 004.89: 519.7

3amaya 3araibHOl OLIHKH CKJIaJHOCTIi MAKCHMAJIbHOr0 Mo0Yy/I0BAHOTO JIOTIYHOIO
nepeBa kiaacugikamii / Iosxan L®. // Bicauk HTY "XIII". Cepis: Indopmaruka Ta
MoaemoBaHHs. — Xapkis: HTY "XTII". — 2019. — Ne 13 (1338). - C. 104 —115.

Pobora mpucesiuena npobiemaMm Teopii poO3Mi3HABaHHS IUCKPETHUX 00 °€KTIiB, sKi
OB ‘sI3aHi 3 3araJIbHOI0 OLIHKOIO CKJIQ[IHOCTI PE3YJIbTYIOUOT0 JIOTIHHOTO AepeBa Kiacu(ikarii.
JaeTbcst 3araipHa OLIHKA CKJIAJHOCTI OTPUMaHUX TIpad-CXeMHHUX MOAEIeH Yy BHUIIILAL
JOTIYHUX AepeB. BuBeeHI YNCIIOBI OLIHKY B MEPCIEKTUBI JO3BOJISIIOTH PO3POOUTH epeKTUBHI
MOJIEJi cXeM MiHiMmi3auii JIoriYHuX AepeB Kiacudikaii, a 0TKe OTpUMaTh MiHIMalbHY GopMmy
CHCTEMH PO3Ii3HABaHHS TUCKPETHUX 00 ‘€kTiB. OTpHMaHi pe3yJbTaTH MPUHIHIIOBO BaXXJIHBI B
3a/1a4ax, sKi MOB‘s3aHi 3 JOTiYHMMH JepeBamH kiacudikarii. Pobora akTyampHa IS BCiX
METOJIIB pO3Mi3HaBaHHSI 00pa3iB B SKUX OTpMMaHa (QYHKINS Kiacudikamii Moxe OyTh
MpelICTaBJIeHa Y BUTIIAAL JorigHOTO NiepeBa. bibmiorp.: 11 Ha3B.

KuarouoBi cioBa: po3mizHaBaHHs 00pa3iB; JOTiYHE IepeBo; Tpad-CXeMHI MOJIENi;

OIL[IHKA CKJIAJIHOCTI.

YK 004.8: 004.89: 519.7

3agaya oOmeldl OHEeHKH CJHO0KHOCTHM MAKCHMMAJIBHOIO0 CHHTE3HMPOBAHOIO
Jornyeckoro gepesa kiaaccupukanuu / Iosxan U.®. // Bectnux HTY "XIIN". Cepus:
Wndopmarnka n monenupoBanue. — Xappkos: HTY "XTIN". — 2019. — Ne 13 (1338). — C. 104
—115.

PaboTta mocBsmeHa mpobieMaM TEOPHM pACMO3HABAHUS JUCKPETHBIX OOBEKTOB,
KOTOpPBIE CBSI3aHBI C OOMIEH OIEHKOH CIO0XXHOCTH PEe3yJIbTHPYIOMETO JOTHYECKOTO JepeBa
kinaccupukanun. JlaeTcs o0mas OmeHKa CIOXHOCTH ITOYYEeHHBIX Tpad-CXeMHBIX MOJENeH B
BUJE JIOTHYECKUX JEPEBbEB. BBIBEACHBI UYNCIIOBBIE OIICGHKH B TMEPCIEKTHBE IT03BOJISIOT
pazpabotath OPQPEKTUBHBIE MOJEIA CXeM MHUHHUMH3AIUU  JIOTHUECKHX  JIEPEBHEB
KJIaccH(UKAIIH, a CIIEAOBATESIFHO MOIYIHTh MUHAMAIBHYIO (POPMY CHCTEMBI PACcIIO3HABAHUS
JIUCKPETHBIX 00BeKTOB. [lomydeHHBIC pe3ynbTaThl NPUHIMIIHAIGHO BAXKHBI B 3aJadvax,
KOTOpBIC CBS3aHBI C JIOTMYECKUMH JepeBbsMH Kilaccudukanuu. Padora akryanpHa i Beex
METOJIOB pacHo3HaBaHUs 00pa3oB B KOTOPBIX IOJydeHHass (DYHKLUS KIACCU(PHUKALMH MOXET
OBITB Ipe/ICTaBIICHA B BHJIE JJOTHYECKOTo JiepeBa. bubmmorp.: 11 Haszs.

KaroueBble ci1oBa: pacno3HaBaHuE 00pa3oB; JIOTHUECKOE JEPEBO; Ipad-CXeMHbIC
MOJIEIIH; OLIEHKA CJIOXHOCTH.

UDC 004.8: 004.89: 519.7

The problem of the overall complexity evaluation of the maximum logical
classification tree / Povhan LF. // Herald of the National Technical University "KhPI". Series
of "Informatics and Modeling". — Kharkov: NTU "KhPI". — 2019. — Ne 13 (1338). — P. 104 —
115.

The work is devoted to the problems of the theory of recognition of discrete objects,
which are associated with a general assessment of the complexity of the resulting logical
classification tree. A general estimation of the complexity of the obtained graph-circuit models
in the form of logical trees is given. Numerical estimates in the long term allow us to develop
effective models of schemes for minimization of logical classification trees, and therefore to
obtain the minimum form of the system of recognition of discrete objects. The results obtained
are fundamentally important in problems that are related to logical classification trees. The
work is relevant for all methods of pattern recognition in which the resulting classification
function can be represented as a logical tree. Refs.: 11 titles.

Keywords: methods of pattern recognition; logical tree; graph-circuit models;
estimation of complexity.
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YIK 004.932.2 DOI: 10.20998/2411-0558.2019.13.11

P. B. CIPAK, 3106yB., CHY im. B. [lans, CeBepooHEIBK,

I. C. CKAPI'A-BAHJ/[YPOBA, n-p TexH. HaykK, npod., 3aB.kad., CHY
iM. B. lans, CeBepoiOHEIIBK,

JI. O. II1YMOBA, xaun. texH. Hayk, CHY im. B. [lans, CeBepomoHenbk

OCOBJIMBOCTI PEAJIIBALII TEXHOJIOI'TI OBPOBKH
JNAHUX JUISI PO3INI3BHABAHHSI )KECTIB

Po3rnsHyTO OCHOBHI €TamM BUPIMICHHS 3a/adi MallMHHOTO PO3IMi3HABaHHS JKECTiB
PyK, OTpHMaHMX 3 BeOKamepu. 3aBIaHHS IOJIATAlI0 B OTPUMAHHI IPOCTOi, TOYHOI Ta
pecypcoeeKTHBHOI CHCTEMH Bi3yallbHOTO pO3Mi3HaBaHHA. B xomi po6oTu Oynu BH3HAYCHI
OCHOBHI €TaI IiJrOTOBKH Ta 00POOKH JaHUX, MPOBEACHI CKCIIEPUMEHTH 31 3MIHOK 3HAYCHB
rineprnapamerpiB, MOPSJKOM IPOXOPKEHHS Ta KUIBKICTIO IIapiB 3rOpTKOBOI HEWPOHHOI
Mepexi. B pesynpTaTi 3acTOCYBaHHS IPOIIOHOBAHOI TEXHOJIOTIi OTPUMAHO TOYHICTh
posmizHaBaHHS 98.46% 31 3HauenHaMm QyHkuii BTpatu 0.02. IlepeBaroro cuctemu € ii HU3bKa
oOuuCIIIOBalIbHA CKJIATHICTh HAa e€Tami pPO3IMi3HaBaHHS, IO JO03BOJSE B PEAbHOMY dYaci
KiacudikyBaTu kectd pyk. [n.: 2. bibmiorp.: 12 Ha3s.

KurouoBi ciioBa: mani; po3mi3HaBaHHS, JKECT; 3TOPTKOBA HEHpOHHA Mepexa; QYHKITT
BTpaTH; 0OYNCIIOBAJIbHA CKJIATHICTb.

IlocranoBka mpo6jemu. OCTaHHI ACCATHIITTS, PO3MI3HABAHHS JKECTIB
pYK Ul peamizaiii JIIOAMHO-MAIIMHHOI B3aEMOii € CQeporo aKTUBHHUX
JOCII/DKEHD Taly3i KOMITIOTEPHOTO 30py Ta MallMHHOTO HaBYaHHS. 3aavero
JOCTI/IKEHb € CTBOPEHHSI CUCTEM, 3/IaTHUX 11€HTH(]IKYBATH KECTH JIIOIUHH Ta
BUKOPHUCTOBYBATH iX sl mepenadi iHGopmarliii abo KepyBaHHS MPUCTPOSMH.
3acTocyBaHHS IIi€l TEXHOJIOTii Mae Jyxe BeNMKHHA ToTeHuian. Yepes
3YATYBaHHS JAHUX IMPO JKECTH MOKJIMBE MAHIMYITIOBaHHS 00'€KTaMu B
CepeNoBHINI BipTyalbHOI peanbHOCTI. CTBOPEHHS CHUCTEMH, SKa PO3IMi3HAE
MOBY K€CTIB, 3[IaTHE HAJaTH JOMOMOTY JIFO/ISM 3 BaJaMu cIyXy. PazoMm 3 Tuwm,
Ha ChOTOJIHI, MUTaHHA B3a€EMOJIIi Yepe3 )KEeCTU BCe I1le HE BUPIIICHE 1 BUMarae
[MOJAJIBIINX MOCIIDKEHDL 1 BIOCKOHAIEHDL. Po3mi3HABaHHS KECTIB IIOB'sI3aHE 3
BEJIMKOIO KITBKICTIO PI3HOMAaHITHHX MPOOJeM, SKi BUHHKAIOTh KOXKHOTO a3y,
KOJIM HEOOX1JTHO pO3Mi3HaTH 00'€KT, HAMPUKIIAA, IPU 3MiHI YMOB OCBITJICHHSI,
HEOoHOpiAHOCTI Gony Ta iH. [liIXin, 10 BUKOPUCTOBYETHCS ISl PO3B'A3aHHS
npoOJeMH pO3Mi3HABaHHS JKECTIB, TOJSATAaE Yy BHUSABJICHHI TMIKCEIiB Ha
300pakeHHI, SIKi CKIIaIal0Th PYKY, BUTATYBaHHI O3HAK 3 IIUX 1I€HTU(]IKOBAHUX
MiKCeiB 1Jis Kiacudikaiii 1 BUKOPUCTaHHS IUX (QYHKIIN I pO3Ii3HABaHHS
KOHKPETHHUX MOCIHIJOBHOCTEN *ecTiB. OfHaK, MeTa pO3Mi3HaBaHHS MOJISTaE He
TUTBKM B TOMY, OO0 3HAWTHU IIhOBE 300paKEHHS B peallbHOMY daci i
BIZIOKpEMHUTH #OTo BiA (OHY, a i mMpoaHaii3yBaTH AWHAMIYHI NPOCTOPOBO-
YaCOBl XapaKTEPUCTHUKH, BIJCTSKYIOUM TOYATOK 1 KiHEUb KIacH(iKOBAHOTO
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KECTY B MOTOIII KaJpiB.

AHaJI3 ocTaHHIX J0CHiTKeHb i myOJikamii. 3aye)xHo BiJ maxomdiB i
el 3aBOaHHS PO3MI3HABAHHS JKECTIB BUPIIIYIOTHCS PI3HUMH METONAMH.
OmauM 3 HaAWOUIBII TOMYITSIPHUX 1 €(EeKTMBHUX METOMIB PO3Ii3HABAHHS
kKecTiB pyk € 3ropTkoBi HelipoHHi Mepexi (CNN). CNN BHKOPHCTOBYETHCS
JUTSL BUITYYCHHS, JIJIsl CEerMEeHTaIlli 300pakeHs [ 1], pos3mizHaBaHHS il JTIOIMHH,
3 ypaxyBaHHSIM IMPOCTOPOBUX 1 YaCOBUX OcOOMMBOCTEH [2]. 3HauHuil ycmix
nocsrHyTo Pigou et al. [3], sxi BukopuctoBytoun CNN i Microsoft Kinect
CTBOPMJIM CHCTEMYy pO3Ii3HAaBaHHS ITaNiiChKOi MOBH KecTiB. Bonu
JTOCITIDKYBAJIU I'SITh PI3HUX apXITEKTYp TIIMOOKOTO HABYAHHS 1 MPUUALILIH IO
BUCHOBKY, III0 JBOHANpsIMHAa IOBTOPIOBAHICTh 1 YacoBa 3rOPTKa MOXYThb
3HAYHO TIOKpAIIMTH KJIacW4Hy Kiacudikarito sxectiB. Bheda et al. [4]
peanizyBanu MeroA Kiacugikamii 300pakeHb s aMEPUKAHCHKOI MOBH
xKecTiB, oTpumaBmu 82,5% touHocTi Ha andaBiTHHX Xectax 1 97% Ha
mudpax. [ligxomm [0 BupilIeHHS 3a4adi  PO3MI3HABAHHS JKECTIB PYK
BIJIPI3HSIOTHCS OAMH BiJl OTHOTO HA PI3HUX CTAAIsIX — MOYMHAIOYH Bij CIOCOOY
OTPUMaHHS JaHUX 1 3aKiHUytourd BUOOpOM Kiacudikaropa. J[aHi MoxyTh OyTH
OTpPUMaHI 4epe3 CheliajbHO OOJaJHaHI PyKaBUYKH, Yepe3 3aKpIIUICHHS Ha
pyli [aTyuKiB, Yepe3 3BUYANHI Kamepu ab0 KamepH IIHOWHU IPOCTOPY.
3aJIe’)KHO BiJl CITOCOOY OTPUMAHHS TaHUX, TPOBOAMTHCS iX CerMeHTarlis. Butsr
O3HaK MOXE TPOBOAUTHCS Ha OCHOBI OOYMCIIEHB TICTOrpaMHM OPiEHTOBAHUX
rpanmientiB, Principal Component Analysis (PCA), SIFT ab6o HelipoHHUX
mepex. Knacudikaropom moxe Buctynaru Support Vector Machine, meton
Random Forest, anroput™m k-HaitOmmxdux CyciiB, HEHpOHHA MepeXxa Ta iH.
3ropTkoBa HEWpPOHHA Mepeka, Ha OCHOBI SIKOT peasli3oBaHUi IMpeaCTaBICHUN
METOJl PO3Mi3HaBaHHA KECTIB PyK, Ma€ HU3KY Iepenar. [lepmr 3a Bce, 1mapu
3TOPTKH B TaKiii Mepexi 37aTHi OynyBaTu iepapxiuHi ysABJICHHS 1 CAaMOCTIHHO
BUJIUTATH O3HAKHW y BXigHuX AaHux. CNN moka3zana Halkpalll pe3yabTaTd Ipu
poOoTi 3 po3mi3HaBaHHAM 300pa)KeHb 1 Bi€0, 3HAYHO BHUIEPEDKAIOYM 1HIII
METOAM MalIMHHOTO HaBYaHHSI.

Hine crarTi — peanizanis CUCTEMHU pO3Mi3HABAHHSA KECTIB PyK Ha
OCHOBI 3ropTkoBoi HepoHHOT Mepexi (CNN) Ta ocobmuBocTi 11 peanizarii.

OcHoBHA yacTHHA. TexXHOJNOTrisI PO3Mi3HABAHHS JKECTIB CKIAJAETHCS 3
IIECTH €TaIlB: OTPUMaHHS HAOOPY NaHMX; 301IbIICHHS HAOOPY (1Sl BUMAIKiB
BUKOPUCTAHHS BJIACHOTO Bifeo Ta/abo 300pakeHb); MOMEpPEIHs ITiATOTOBKA
JNaHWUX; BHUTAT O3HAK; HaBYaHHSA Kiacudikatopa 1, Oe3mocepeaHbo,
pO3IMi3HABAHHS KECTIB.

Eman 1. OrpuManHs HaOOPiB BUXITHUX JTaHUX.
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Jns poboTH 3 KecTaMH pyK 3a3BUYail MOXKJIa BUKOPHUCTOBYBAaTH JBa
nigxonu: (OpMyBaHHS BIACHOTO HaOOpy ab0 BUKOPHCTAHHS BiIKPUTHUX
HabopiB nanux. Haitbinbm Bizomum BigkputuMm Habopom € LSA64 [5].

Eman 2. 30UIb1IEeHHS TaHNUX.

OCKUIbKM HaBYAaHHS MEPEXi 1 TECTYBaHHS IMPOBOIMIIUCS Ha BIACHOMY
HaboOpi TaHMX, IO MICTATH 300pakeHHsI, OTPUMaHi 3 BeO-KaMepH, 10 310paHux
naHux Oyna 3acTocoBaHa omneparlis 30ibpIieHHs nanux (data augmentation).

JonatkoBi 300pa)kK€HHS TEHEPYIOThCS NULIXOM MAaHIMYJIAIIA 3 BXKe
HasiBHUMHM  300paXCHHSAMH, 1 OXOIUIIOIOTH omeparmii MacuraOyBaHHS,
3pyIIeHHs, AeopMallifo i TOBOPOTH MijJ pi3HUMH KyTamu. KpiM 301/IbIIeHHS
HaOopy JaHMX JUIsi HAaBYAHHSI, 116 POOUTH MEPEXY CTIHKOIO IO CIIOTBOPEHB Y
BXITHUX JaHWX Ha CTafii pO3IMi3HAaBaHHs], a TAKOX JIOJIATKOBO JOIOMAarae
00poTHCA 3 IEpEeHaBYaHHSM.

Eman 3. IlinroToBka Ta monepenHs oOpooka JaHUX.

[onepenus o6poOka MaHUX MICTUTH OYMILEHHS JAaHUX, 3MIHY KOJipHOI
MOJIEJIi, CETMEHTAIIi0 Ta BUIUICHHS KOHTYPY (pO3Mi3HaBaHHSA KpaiB).

Puc. 1. ITinroroBka 300paxxenns nius CNN: (a) mouaTtkoBe 300paskeHHS,
(b) cermenTaris 3a KOJIbOPOM WIKipH, (C) BUAIEHHS KOHTYpiB 3a Canny

[lepen mouaTkOM TIPOLIECY CETMEHTaIlii, HEOOXiTHO OYHUCTHUTH
300paskeHHs BiJ HM(POBOTo MIyMY 1 3HU3UTH 3aiiBy Aeramizanito. /s mporo,
JI0 KOYKHOTO 300pa’KeHHS 3 Ha00py JaHUX OyJI0 3aCTOCOBAHO (UIBTP PO3SMUTTS
3a ['ayccom (Gaussian Blur) [6]

X2+y2

1 2
G(x,y)= e |
(x,») e

Jie X — BIJICTaHb 1O OCl abcIuc, y — BiACTaHb MO OC1 OPJIMHAT, G — CTaHJapTHE
BigXuieHHs1 po3nofiny ['aycca. B3aeMHuil BIUIMB TIKCENiB BU3HAYAETHCS SIK
o0epHEHO MpOMOpIliiHE KBaApary BiACTaHI MK HUMHU. CTYIIHb PO3MHTTS
3aJIeKUTH BiJl MapaMeTpa CTaHIapTHOTO BiIXUIICHHS.
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[Totim 300pakeHHsT TepeBoAAThCs 3 KouipHOi Mozeni RGB B ¢opmar
HSV, ockinbku 3aBAsku TOMY, IO XpoMaTH4Ha iH(opmaris 30epiracTbcsi B
HbOMY B OKpEMOMY KaHalli, CTa€ JIETIIEe OpIEHTYBaTHCA NpPU CETMEHTalii Ha
konip mKipu. Takok mpu BukopuctaHHi HSV 3HMXKyeTbcs mpobOiema 3
MIHJIMBUM OCBITICHHSIM.

CerMeHrarisi mojsrae y BioKpemJieHHI pyku Bia ¢ony. Ilepmr 3a Bce,
JUI LbOTO Ha 300paKeHHI BHIUISETHCS Y BIANOBITHOMY Jiama3oHi o0J1acTh
KOJIbOPY MIKipH. TakuM YMHOM BigfasieThes 3aAHii QoH, 1 momanbpia podora
BE/IEThCSI TUIBKU 3 PYKOIO. 300pa’keHHsSI IMEpPETBOPUTHCS B OIHOKAHAJIbHE
M1BTOHOBE /17151 3MEHIIEHHS 00YHCITIOBAIbHUX BUTPAT.

OCTaHHBOIO TPOIEAYPOIO MiJrOTOBKM OylI0 pO3IMi3HaBaHHS KpaiB.
Po3mizHaBaHHS KpaiB € BaXJIMBHM MOMEHTOM B pO3Mi3HaBaHHI 00pa3is,
BU3HAUAIOUM TpaHUII0 MDK o0'ekramu abo Mix oO'ektom 1 ¢onom. [lo
BUJIJICHOTO €JIEMEHTY 3aCTOCOBYETHCS JETEKTOp kpaiB Canny [7].

PoGora nerextopa Canny CK1aa€Tbes 3 HACTYIHUX KPOKIB:

1. 3rmamkyBaHHS  300pa)K€HHSI LUIAXOM 3aCTOCYBaHHSA JI0 HBOTO
po3rsiHyTOro BUlle ¢inbTpa ['ayccoBa po3MUTTSL.

2. B3arts rpamieHTa 300pa)KeHHsS, MICIS YOro Ha MaKCUMaJIbHHUX
3HAYEHHSAX II03HAYAIOThCs Mexi. I IIbOrO0 BUKOPHCTOBYETHCS OIEPATOP
Cobemns [8], mo obuuncroe 3HaYSHHS TrpaieHTa sckpaBocTi. Oneparop Cobens
BUKOPHCTOBY€E JIBa KBAJPaTHUX fAJpa 3TOPTKH, SKI OILIHIOIOTH TPaji€HT B
TOPU30HTAILHOMY 1 BEpTUKAJIbHOMY HanpsiMkax. [Ticist mpoXomkeHHs 3TrOpTKU
HaMpsIMOK I'PaieHTa OOYHCIIOETHCSA SIK:

® = arctan| — |,
G

X

ne Gy 1 Gy — 3HaueHHs AJI NepIIoi NOX1JHOI BIANOBIJHO B TOPU30HTAIBHOMY 1
BEPTUKAIILHOMY TOJIOKECHHSX.

3. IIpunaymenns HemakciMymoB. KpasiMyu BH3HAIOTHCS TIKCEN, B SKUX
JOCSITAETHCS JIOKAJTbHUI MAaKCUMYM TPaIi€HTa B HAIIPSIMKY BEKTOpa Tpajli€HTa.
3HaueHHS KOJKHOTO TIKCENsi HEeBH3HAHOTO MAaKCHMYMOM BCTaHOBIIOETHCS B
HYIb. B pe3ynbrari BUXOIUTH TOHKA JIiHIS KOHTYPY.

4. TongiitHa moporosa ¢inmbrpamis. s OLIHKM TOTO, YW AIMCHO Mae
MicIle Kpaii B KOHKPETHIN TOYIll 300pakeHHsI, BUKOPUCTOBYIOTHCS JIBa TTOPOTa.
Sxuro 3HaueHHS TIKCENs BIAHOCHUTHCS BHINE TOpPOra, TO Kpalh BU3HAETHCS
IOCTOBIpHUM. [Hakmie BigkumaeTbes. [IpOMIKHHM MIKCEISM MPUCBOIOETHCS
Cepe/IHE 3HAYCHHS.

5. I'icrep3ic (Hysteresis), ToOTO 3B's13yBaHHs KpaiB B KOHTYpH. [likcenpb
BUIIIE TIOPOTrOBOro 3HaueHHs T € kpaiioBuM mikceneM. [likceni, siKi MEXYIOTh
3 KpalloBUM TiKceJeM, 1 TpH I[bOMY MaloTh 3HA4YCHHs BUIIE, HDK T, Takox
BIZTHOCSATBCS JI0 TPYIU KPaiOBUX MIKCEITiB.
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B pesynbrari BUKOHaHHS JaHOTO €Tary OTPUMYEThcs Habip 300pa)eHs,
TOTOBUX JUIsl 3aBaHTaKEHHsI 10 HEHPOHHOI Mepexi. Pe3ynbTyroue 300pakeHHs,
HiATOTOBJICHE /10 PO3IMi3HABAaHHS, IPEICTaBlIeHE Ha puc. 1 ¢).

Eman 4. Butar o3nHak.

Ha BigmiHy Big IHIIMX METOMIB MAIIMHHOTO HAaBYaHHS, 3TOPTKOBA
HEMpOHHAa MepeXka He BHMMarae py4Hoi po3poOku Habopy o3Hak. O3Haku
BUTATYIOTBCS MEPEXKEI0 CaMOCTIHHO B 3ropTalbHUX Mapax. Po3poGnena
Mepe)ka Ma€e TPH 3rOpTKOBHX mIapu 3 GyHKIli€ero akTuBalii ReLU, 3a koxxHuM 3
SKHX pO3TAIIOBYeThCs Imap maxpooling (puc. 2). YMoBHO, cTBopeHy CNN
MOXKHA PO3JAUIATHA Ha JIBl YaCTHUHU: a) TPU OJOKH 3rOpTKOBUX 1 subsampling
IapiB, SIKI YEPTYIOTHCS OJUH 3 OJHUM 1 (POPMYIOTH BXiIHUH BEKTOP O3HAK IS
HaBYaHHS; 0) TPU MOBHO3B'SI3HUX MIApH. 3TOPTKOBI 1mapu, GopmyroTs 16, 32 1
64 KapTH O3HAK, 3aCTOCOBYIOYH sJIpa 3ropTKH po3mipoM 3x3. Kaptu o3Hak
MpOXOIsITh dYepe3 mapu subsampling 3 max-pooling 2x2, koxkeH pa3s
3MEHIIYIOYH PO3MIPHICTh JJAaHUX BJIBIYi.

[
=
—
=]
I}

vy

Input Convolutional MaxPool Convolutional ~ MaxPool Convolutional MaxPool Flatten Dense Softmax

—
Puc. 2. ApxiTekTypa HEHpPOHHOI Mepexi

Butar o3Hak 3A1MCHIOETBCS HUISIXOM OIepalii 3ropTKd KBaJpaTHOIO
MaTpPUICI0 3 HEMapHOK PO3MIPHICTIO. Marpuils, sKa Ha3UBAEThCA SIPOM
3ropTKH ab0 (IIBTPOM, KOB3a€ MO 300paKCHHIO, BHUKOHYIOYH ITOKPOKOBE
ckasipHe nepeTBopeHHs. Ha Buxomi € feature maps, KiTbKICTh SKHX 3aJI€KUTh
BiJl yncia 3acTocoByBaHUX (iabTpiB. KoxkeH (umbTp siBisie cob0i0 cHCTEMY
MOUTFOBAHUX Bar 1 MPU3HAUYEHUH IJIs TOMIYKY 1 BUIJICHHS O3HAK 32 TICBHUM
11a0JIOHOM.

3ropTKa NpeAcTaBieHa SIK

m—1m-1

I-1
Conv((oxy)l.j =0 ZZwab X Vira) j+b) |
a=0b=0

Je ® — SIAPO 3TOPTKU PO3MIpY mXm, Y — BXOAU 3 IMOMEPEIHBOr0 MIapy, G —
(byHKITIS aKTUBAIlli HEHPOHIB.
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3a KO)KHUM 3TOPTKOBHM IIIApOM CIiJy€ MIap max-pool, Mo 3MeHuye
PO3MIpHICTh KapTH O3HAaK, MPOXOASYM TI0 300paXEHHIO 1 TTOKPOKOBO
BUOMpAIOUN 3 PEIENTUBHOTO TOJNA PO3MIpOM 2X2 MaKCHMajbHE 3HAuCHHS.
Kpim 3HMKEHHS pO3MIPHOCTI B JIBa pa3y 1 3MEHIIIEHHS KIJTLKOCTI ITapaMeTpPiB B
HEHpOHHOT Mepexi, max-pooling poOuTh 3HaWEHI O3HAKU OULTBLI SICKPABO
BUPQXCHUMH, a Mepeka CTa€ OUIbII IHBApIaHTHOK /O MICII€3HAXOMKEHHS
o0'ekTa Ha KapTi O3HAK, J0 3pylIeHb 1 MOBOpOTiB. Buxim max-pool Oyme
obumciroBaBcs uepes Gpopmyiny:

1+1 1
Y= osl‘gr{l? o J<w Xt %),
ne H, W— po3mip BikHa cyOucKpeTH3artii, x — BUX1/IHI J1aHi.

Eman 5. Hapuanus knacudikaropa.

YactHa Mepexi, 1m0 Oe3rmocepelHhO BHUKOHYE —Kiacuikarliro,
cKiIagaeThes 3 mapy flatten, KoykeH By30I1 SIKOTO BiJIIOBIJIA€ OHOMY 3HAYEHHIO
3 BEKTOpa O3HAaK, 1 JIBOX MOBHO3B's3HUX mapiB dense. OcTaHHIA map €
BUXIIHUM 1 peanidye ¢ynkuito softmax. Jlami 3 ocTaHHBOro mIApy
cyomickperizamii HaaxomsaTh Ha map Flatten, meperBoproounch y HHOMY B
OIHOBUMIpHUI BekTOop. OOYKMCICHHS 3HAUY€Hb HEHPOHIB Ul TOBHO3B'SI3HOTO
mapy BiOyBa€eThes 3a GopMyIIor0:

m
I _ I -1, 41
X = sziJ’k +b;,
k=0

ne w,ld — Bara BiJ k-ro HeiipoHa mapy / — 1 10 i-ro HelpoHy MOTOYHOTO MIApy

[; b — 3MilIIeHHS TOTOYHOTO II1apYy; y,l;l — BXIJIH1 JJaHi 3 MOMEPEeIHBOTO IIapy.

OcranHill map Mepexi 3 KUIbKICTIO BHUXOJIB IO JOPIBHIOE KUTBKOCTI
KaTeropii mo po3mi3HalThCA, peaidye QyHKIIi0 akTuBarli softmax. Softmax
NPUBIIACHIOE 3HAUEHHS, TMPEICTaBICHE HEBII'E€MHUM [IHCHUM YHUCIIOM,
KO)KHOMY KJacy, BigoOpakarouu HMOBIpHICTH mpuHaiexHocTi. Cyma BCiX
BUXIJIHUX CHUTHATIB JIOPIBHIOE ONWHUI. 3HAUEHHS BUXITHOTO CUTHANY i-TO
HEWpOHa BIJMOBIJIa€ WMOBIPHOCTI TOTO, IO MpaBUJbHA BIANOBIAL € 1.
3Ha4YeHHS i-TO BUXOIY B Softmax BU3HA4a€eThCs 3a (hOPMYIIOIO:

e 1
Sl' = —-
e’
1€
Eman 6. Po3mnizHaBaHHs.

Ha erani po3mizHaBaHHsS HaBUEHa HEHPOHHA Mepeka depe3 BeO-kamepy
B PEXXHUMI PEIbHOTO Yacy po3ITi3HAE KJIac OJCP>KyBaHOTO Ha BX1J JKECTY.
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OyHKII€IO aKTHBALlii BCIOIM, KpPIM OCTAaHHBOTO IIApy, BHCTYIaja
Rectified Linear Unit (ReLU)

f(x)=max(0,x).

ReLU 3nayHO mepeBepinye iHIN (QyHKIT B CTIHKOCTI A0 3aracaHHs
rpajiieHTa, a MBHAKICTh HaBYaHHS 3T1IHO [9] B MOPIBHSAHHI 3 TiNepOOTiYHUM
TaHTEHCOM IIBU/IIIIC B IIICTh Pa3iB.

Jnst perynspu3arniii Mojelni B MEpPEXi JBidi 3aCTOCOBYBajacs TEXHIKa
dropout [10] 3 xoedinierTom 0.25. Dropout momnsirae B Tomy, 00 Ha KOXKHY
€MoXy 3 33/IaHOI0 BIPOT1IHICTIO p BUKJIFOYATH HEUPOHU 3 MEPEXKI, B PE3yJIbTaTi
4Oro BiH noBepTae 3HaueHHs 0.

VY sxocti GyHKITIT BTpar Oy/ia BUKOPUCTAaHA KaTeropiitHa KpoCc-eHTPOITist
— po3paxoBaHa Jiorapu(dMidHa BTpara JJisi JEKUIbKOX MPEACTaBICHUX KIACIB.
Kpoc-enTporrist Mix po3noAiIamMu p 1 ¢ BUBHAYAETHCS HACTYITHUM YHHOM:

H(p,q)=H(p)+Dy, (p|q),

ne H(p) — earponis p, Dk (pllg) — po36ixHicTs Kynbaka-Jleitbnepa [11] mis g
3 p (BIIHOCHA SHTPOMIS p A0 q).

SIkio mporHo30BaHi 3HAYCHHSI MOJIEN1 JOPIBHIOIOTH ¢, TOJI SIK CIIPaBXHI
3HAYEHHS JIOPIBHIOIOTH p, TO KareropiiHa IepexpecHa eHTporis Oyxae
BUTIISAIATH TaK:

H(y,9) ==Y y;logd, =—ylog §—(1- y)log(1- ).

VY gxocti Merony onTtuMiszamii BukopucrtaHo Adam (adaptive moment
estimation) [12]. Adam BHKOPHUCTOBY€E SIK CE€pEeIHI 3HAYCHHsS T'paai€HTa, TaK i
JOpyruil IMIOYIbC Tpaji€HTa, M0 3aBaka€ IHOMy 3acTpSAITH B MiCLEBUX
MinimyMmax. Jlami iige ¢popmyna, B sIKid m, OOYUCITIOE TIEPIIUNA IMITYIIbC, & V; —
KBaJIpar:

m, =Bm, +(1-B)g,,

v, =By +(1_B2)gt2’

ne B — koedilieHT sl 3MEHIICHHS KOB3HOTO CEPEeIHLOTO TpajdieHTa, 3, €
KOC(IIIEHTOM JJIsi 3MEHIIEHHS KOB3HOTO CEPEIHbOTrO TIUIONI Tpaji€HTa.
[lepepaxyHOK mapaMeTpiB BUKOHYETHCS 32 POPMYIIOI0

Wp :Wp71 ——mp,

nee= 10 BBOJUTKCS JUTsI 3a1100ITaHHS MOMJIMBOTO JIIJICHHS HA HYJb.
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Pe3yibTaTH eKcriepuMeHTY.

Habip ckmangascs 3 7200 306paxens po3mipom 120 x 120, o6'eqHaHuX B
yMOBHI Kareropii "one", "two", "zero", "palm", "fist", "letter SH" mo 1200
3pa3KiB KOXeH. JlJs ToNIeTIeHHsT Tpolenyp HaBYyaHHA Ta OOpOOKH
BUKOpHCTOBYBaBca Oinmii ¢on. [lani Oynu 3i0paHi y 4HOTHpBHOX OCI0 mpu
MITYYHOMY PO3CISTHOMY CBITJII.

ExcniepuMeHTanbHi JOCHiKEHHS Oyau TpOBEACHI Ha KOMITIOTEpl 3
nporecopom Intel Core 13-7100, 8 I'6 oneparusHoi mam'sati, NVIDIA GeForce
GTX 1060. IIporpamHe 3abe3rnedyeHHs HANKWCAaHO MOBOIO MPOTPAMYyBAaHHS
Python. bynu Buxopucrtani 6i0miorekn kaapiB Tensorflow 1 Keras, ski
BUKOPHCTOBYIOTH Oi0miorekn numpy, scikit-learn, OpenCV. B skocri
HaBYJIHPHOTO HA0Opy OyJIO CTBOPEHO BIIacHY 0a3y 300pakeHb PyYHOTO JKECTY.
3iioMKa pyKU MPOBOAMIACS 3 PI3HUX KYTiB OIVISY.

[Ipouec sk oTpuMaHHS HaHMX, TaK 1 PO3Mi3HABaHHS IPOBOIUBCS 3a
JIOTIOMOT010 BeO-KaMepu Ha BijcTaHi Om3bko 1 MeTpa.

Becw Habip nanux OyB po3AUICHHI Ha HaBYAJIBLHUN — HA SIKOMY BJIaCHE 1
NPOXOANJIO HABYaHHS, BaJiNAliiHUA — NpPU3HAUYECHUH 7SI KOHTPOIIO XOIY
HaBYaHHS, 1 TECTOBUM — MPU3HAUYCHUN JJIs1 TIEPEBIPKU BXKE HABYCHOI MEPEXKI.
Posnoxin HaGopy nanux Ha migMHOxuHH ckiagaB 70, 10 1 20 BigcoTkiB
BIJIIIOBITHO.

HaBuanus HeiiponHoi Mepexi TpuBano 50 emox. 3a OmHy emoxy
00poOmsTiCs BCl MIIMHOKHHY JTaHUX afanTariii Ta Baiigarmii. Jlnsa nmepeBipku
SIKOCT1 BUKOPHCTOBYBAJIaCsi METPHUKA accuracy, L0 IMOKa3ye CIiBBiAHOIICHHS
KUIBKOCTI TIPaBWJIBHO TEepen0adeHuX 3HAa4Y€Hb 1O BCI€T KITBKOCTI BUIAAHUX
Mepexer0 MPOPOKYBaHb.

DyHKIIEI0 BTpAT BUCTYMaJla KaTeropiajabHa MepexpecHa CHTPOIIis, sSKa
BUpPaxoOByBaJla JIOrapu(MiuHy BTpaTy Ha KUIbKa MpeCTaBICHHUX KiaciB. B
pe3ynbTari HaBYaHHS Mepexi Oyna OTpUMaHa TOYHICTH HAa TECTOBOMY
niaMHOKUHI B 98.46%, a 3naueHHs (yHKuii Brpar ckiaano — 0.02.

BucnoBku. MeToro mpoekTy Oyla0 CTBOPEHHS MPOCTOi, JEHIeBOi 1
PECYPCHOMICTKOI CHCTEMHU pO3Ii3HaBaHHsS JKecTiB pyk. byma pospoOnena i
HaBYCHa MOJEIb 3TOPTKOBOT HEHPOHHOI MEpeXi, 37aTHa 3 BHCOKOIO
HMOBIpPHICTIO pPO3Mi3HaBaTH B BIJCONOTOLI INICTh TECTOBHX  JKECTIB.
Po3pobnena wmomenp ©Oarato B 4YOMYy JOTPUMYETHCS TPHUHIMIIB, SKi
3aCTOCOBYIOTHCSI TIPU BHUKOPUCTAHHI 3TOPTKOBOI HEWPOHHOI Mepexi sK
kinacudikaropa sxectiB. [Ipu HE0OXiAHOCTI, MEpeXy MOXKHA HABYMTH Ha
Ol KiTBKOCTI KecTiB. IlepeBaroro 3ampornoHOBaHOi CUCTEMU € i1 HU3bKa
oOumCIIIOBaIbHA CKJIQJHICTh HA €Talll pO3IMi3HAaBaHHS, IO JIO3BOJSE B
peasbHOMYy 4Yaci kimacugikyBaTH skecTH pyk. Cepen HENONIKIB MOXKHA
BIJI3HAUUTH, 1[0 MOJIENIb HE TpaIfioe J0Ope Ha HEOAHOPITHOMY, 3MIHIOBAHOMY
¢doHi, OKpIM TOro, *ECTU PyK JIOACH, sSKI He Opanu ydacTb y CTBOPEHHI

124



BicHuk HauyioHanbHO20 mexHiyHo20 yHiesepcumemy "XI1I", 2019, Ne 13 (1338)
ISSN 2079-0031 (Print) ISSN 2411-0558 (Online)

HabOpy NaHNX, BU3HAIOThCS ripiie. Po3pobieHa Moaesb 6araro B 40My CIifye
npuHiunaM, HeoOximauMm mis CNN sk kimacugikaropa KecCTiB. Ii Tounicts
pO3Mi3HAaBaHHA 3 BIIACHUM Ha0opoM gaHux ckiuamae 98.46%, xoua € il meski
HEOJIIKH, 3rajaHi BUIIIE.

B Maii0yTHROMY TUTAHYETHCS 30UTBIIUTH KiTbKICTh BUIIB JKECTIB, JOAATH
nepioauyHui OJIOK JUIsl pO3ITi3HAaBaHHS OUTBIN CKIAIHUX JkecTiB. [manyeTbes
TaKOXX PO3pOOUTH 3ac00M OOPOTHOM 3 reTepOreHHUM (HOHOM.
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YK 004.932.2

OcodauBocTi peasizanii TexHoJ0rii 00pOOKH TaHUX VI PO3Mi3HABAHHS KeCTiB /
Cipax P.B., Ckapra-banayposa I.C., lllymoBa JI.O. // Bicamk HTY "XIII". Cepis:
Inpopmartuka Ta MmonmemtoBanHsa. — XapkiB: HTY "XIII". — 2019. — Ne 13 (1338). — C. 117 —
127.

Po3riissHyTO OCHOBHI €Tamy BUPINICHHSA 3aJa4i MAIIMHHOTO PO3IMi3HABAHHS JKCCTIB
PyK, OTpHMaHUX 3 BeOKamepu. 3aBIaHHs IOJIATali0 B OTPUMAHHI IPOCTOi, TOYHOI Ta
pecypcoeeKTHBHOI CHCTEMH Bi3yallbHOTO PO3Mi3HABaHHA. B xomi po6otu Oynu BH3HAYCHI
OCHOBHI €TaIy IiJrOTOBKH Ta 00pPOOKH JaHUX, MPOBEACHI CKCIIEPUMEHTH 31 3MIHOK 3HAYCHb
rineprnapamerpiB, MOPSJKOM IPOXO/PKEHHS Ta KUIBKICTIO IIapiB 3rOpTKOBOI HEWPOHHOT
Mepexi. B pesympTaTi 3acTOCyBaHHS TIPOMOHOBAHOI TEXHOJIOTii OTPUMAHO TOYHICTh
posmizHaBaHHA 98.46%, 31 3HaueHHsAM ¢yHKii BrpaTu 0.02. IlepeBaroro cucremu € ii HU3bKa
oOumnCIIOBalIbHA CKJIATHICTh HAa e€Tami pPO3IMi3HaBaHHS, IO JO03BOJSE B PEAbHOMY dYaci
KiacuQikyBaTH kectd pyk. [n.: 2. bibmiorp.: 12 Ha3B.

KuouoBi ciaoBa: 1aHi, pO3Mi3HABAHHS, JKECT, 3TOPTKOBAa HEWPOHHA MeEpexa;
00YHCITIOBAJIbHA CKIIAMIHICTD.

YAK 004.932.2

Oco0eHHOCTH peaM3allUM TEXHOJOruM 00pPadOTKH JAHHBIX JJIsSl PAaCNO3HABAHMUS
skectoB / Cupsik P.B., Ckapra-Banayposa U.C., Illymosa JI.O. / Bectaux HTY "XIIN".
Cepusi: Undopmatrka n MmojenupoBanue. — Xapbkos: HTY "XITN". — 2019. — Ne 13 (1338). —
C. 117 —127.

PaccMOTpeHBI OCHOBHBIC ATAIBl PEHICHUS 33/1a4H MAITMHHOTO PACIIO3HABAHHUS JKECTOB
PYK, TONyY4eHHBIX C BeOKaMmephl. 3ajada COCTOSUIa B TONYyYCHHH IIPOCTOW, TOYHOUW W
pecypcodhPEeKTHBHON CHCTEMBI BHU3YaJIbHOTO paclio3HaBaHus. B xoxe paboTel ObuH
OTIpeieIeHBl OCHOBHBIE ATAITBI TIOATOTOBKH M 00paOOTKM JaHHBIX, IPOBEICHBI SKCTIEPHMEHTHI
C M3MEHEHHNEM 3HAUYCeHUI THUIepIapaMeTpoB, IOPIIKOM MPOXOKICHNS M KOJIMIECTBOM CIIOEB
CBEPTOYHOM HEWPOHHOHN ceTH. B pesynbrare NpuUMEeHEHHs] NpeNIaraéMoil TEXHOJOTUU
MOJy4YeHAa TOYHOCTh pacro3HaBanus 98.46%, co 3Hauenuem ¢ynkium mnorepu 0.02.
IIpeumyiiecTBOM CHCTEMBI SIBJISIETCSI €€ HH3Kas BBIYHMCIUTENIbHAs CIOXKHOCTh Ha JTare
pACIIO3HABAHMS, YTO MO3BOJIICT KIACCH(DHUIMPOBATH JKECTHl PYK B peajbHOM BpeMenu. M. 2.
Bubnuorp.: 12 Ha3s.

KuiroueBble cji0oBa: J1aHHBIE; PACIIO3HABAHUE; JKECT, CBEPTOYHAs HEHpPOHHAs CETh;
BBIYUCITUTEIIHHAS CII0KHOCTb.

UDC 004.932.2

Special Considerations for the Implementation of Data Processing Technique for
Gesture Recognition / Siriak R.V., Skarga-Bandurova L.S., Shumova L.O. // Herald of the
National Technical University "KhPI". Series of "Informatics and Modeling". — Kharkov:
NTU "KhPI". —2019. — Ne 13 (1338). - P. 117 —127.

The main stages of solving the problem of machine recognition of hand gestures received
from a webcam are considered. The task was to obtain a simple, accurate, and resource-
efficient visual recognition technique. The main stages of data preparation and processing
were determined; experiments were carried out with different values of hyperparameters, the
order, and the number of layers of a convolutional neural network. As a result, we obtained the
recognition accuracy of 98.46% with a loss function value of 0.02. This technique has a low
computational complexity at the recognition stage and makes it possible to classify hand
gestures in real time. Figs.: 2. Refs.: 12 titles.

Keywords: data; recognition; gesture; convolutional neural network; computational
complexity.
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YIK 621.3.078.3 DOI: 10.20998/2411-0558.2019.13.12

B. C. CY3/[AJIb, n-p TeXH. HayK, CT. Hay4. cOTp., UHCTUTYT
CUUMHTWIISALMOHHBIX MaTepuanoB HAH Vkpaunsl, Xappkos,
H. H. TABPOBCKHHM, xann. Texs. Hayk, UHCTHTYT

CLUUMHTWIIAMOHHBIX MaTepuaioB HAH Vkpaunsi, Xapbkos

NHBAPUAHTHBIE 110 BBIXOAY CUCTEMBbI YIIPABJIEHUS
BBIPAIIUBAHUEM HIEJTOYHOT'AJIONIHBIX
MOHOKPUCTAJIJIOB

Ha ocHOBEe HEOOXOIUMBIX M JOCTATOYHBIX YCJIOBHI MHBAPHAHTHOCTH IO BBIXOIY JUIS
JMHEHHBIX CTAIMOHAPHBIX TUHAMUYECKUAX CHCTEM K MPOU3BOJIEHBIM BHEITHHM BO3MYILCHHUSIM
MPOBE/ICH aHAJUTUYCCKUN CHHTE3 CUCTEMBI YIIPABIICHUS TUAMETPOM KpucTainia. J{iis JaHHOro
00BEKTa YIPABICHHS TOJIYYCHO BCE MHOXECTBO SKBHUBAJICHTHBIX PEHICHUH I PETyJISTOPOB,
obecreunBaroNNX HHBAPHUAHTHOCTh cucTeMbl. Mi.: 1. bubmuorp.: 8 Ha3s.

KioueBble cj10Ba: WHBAPUAHTHBIE 1O BBIXOAY CHCTEMbI YIPABJICHHS; POU3BOILHOC
BHEIIIHEE BO3MYIIIEHHE; YIIPaBICHHE TUAMETPOM KPUCTAILIA.

IlocranoBka mnpo0JjieMbl. AHaIN3 COBPEMEHHOIO COCTOSAHMSI U
TEHJECHUMNA aBTOMAaTU3allMM IPOLIECCOB BBIPAIIUBAHUS IIEIOYHOTATIOUIHBIX
MOHOKPHCTAJJIOB TTOKA3bIBAET, YTO OCHOBHOW MPOOJIEMOM, CTOSIIEH Tepen
pa3paboTYMKaMH CHUCTEM YIPABJICHHUS POCTOBBIMU YCTAHOBKAMHU, SIBIISETCS
noBbllIeHHEe  A(PQPEKTUBHOCTH  YIPABJIEHHUS C Y4YETOM  XapaKTepPHBIX
ocoOeHHOCTeH 00BeKTa YIpaBJICHHUS.

[IenoyHoranonaHbIe MOHOKPHCTAJLIBI BBIPAINBAIOT B
MPOMBILIUIEHHOCTH W3 paciyaBa wMeroaoM Yoxpansckoro [1—4] Ha
YCTaHOBKAaX, B KOTOPBIX JMJI OLEHKH JHaMeTpa pacTyIlero Kpucrauia
MPUMEHSIOT METOJ M3MEpPEHHMs MaJICHUs YpPOBHS paciiiaBa B PE3yJIbTaTe
OBICTPOrO JHUCKPETHOTO TMOAbEMAa KpHUCTalsla M3 paciulaBa Ha Majylo
BenuuuHy [S5]. B mpomecce pocta MOHOKpHUCTala B TUTJIE aBTOMAaTUYECKU
MOJJIEPKUBAIOT TIOCTOSTHHBIA YPOBEHb paciljiaBa, MOJMUTHIBAs €ro UCXOJAHBIM
ceIpbeM, JlnamMeTpoM pacTylIero KpucTauia ynpaBIsiiOT, U3MEHSS TEIJIOBbIC
YCIIOBUS BhIpAIIMBAHMUSL.

B mOpOMBINUIEHHBIX  YCIOBUSX TMPOLECC BBHIpANIUBAHUS  OOBIYHO
IPOXOJUT B YCIOBHUSX 3HAUUTEIbHBIX BHEIIHMX BO3MYILEHUH, 4TO
3HAQUUTENIbHO  YXYJIIAaeT  KAaueCTBO  MOJY4Ya€MbIX  MOHOKPHCTAJLJIOB.
HcTOYHUKOM BO3MYILEHUMN SIBISIFOTCS: paboTa CHIIOBBIX YCTaHOBOK, BHOpaIus
YCTAaHOBOK JIJIsl BBIPAUIMBAHMS, KOTOpPAsl BBI3BIBAECTCS BpAIICHUEM THIJS C
pacIuiaBoM U NPHUBOIUT K KoJjeOaHWAM MOBEPXHOCTU paciuiaBa, u T.a. s
TaKUX I[POILIECCOB IEIECOO00Pa3HO HCMOIb30BaTh CHUCTEMbBl YIIPABICHUS,
oOnanaronue HWHBApUAHTHBIMH  CBOWCTBaMH, B  KOTOPBIX  KauyecTBO

© B.C. Cyznans, U.U. TaBpoBckuit, 2019
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(YHKIIMOHUPOBAHUS HE 3aBUCUT OT BO3MYULICHUH [6].

B mueliHONM IOCcTaHOBKE B HaumOosiee OOIIEM BHIE 3alada CUHTE3a
MHBapUAHTON CHCTEMBI TIO BBIXOAY pemieHa B [7]. OgHako B 3TOM paboTe He
HaliIcHO BCE MHOXECTBO SKBUBAJICHTHBIX pEIICHUN [UIsl PEryJsTOpOB,
o0ecreynBaoIUX HWHBAPUAHTHOCTh CHUCTEMBI, YTO BO MHOTI'OM OCJIOXHSET
pelIeHre 3a7a4 UCUEpIIbIBAOIIEr0 aHaINu3a YCTOMUYMBOCTH CUCTEMBI B LIEJIOM,
KayecTBa MEPEXOIHBIX IMPOIECCOB Ha BBIXOAE CHUCTEMbI, BO3MOXXHOCTb
KOH(HUTYpay CUCTEMBI 0€3 MMOTepH KauecTBa U T.J.

Ananu3 Jgureparypbl. B [8] mnpemnoxxeH HOBBIM moaxon IS
AHAJTMTUYECKOTO CHHTE3a MHBAPHAHTHBIX cucTeM. [1ycTh HEKOTOpast TuHEeHHas
HEMpepbIBHAS CTAallMOHApHAsT MOJIEIb MOPSAKA # OMUCBHIBAETCS CHCTEMOMU
ypaBHEHUH B MPOCTPAHCTBE COCTOSHUM

X =Ax+Bu+Sw, x(¢,))=x,, (1)
y=0Cx, (2)
u=Kx, 3)

! :
rne x € R" — Bektop cocrosHus cucremsl, a u € R, y(t)e R", we R’

ABJIIFOTCA BCKTOpAaMHM BXO/ld, BbIX0Ja U BO3BMYUICHUA B CUCTCME. Peaﬂﬂ3aumo
B mpoctpaHcTtBe coctosHuiE (1), (2) 0003HaUMM YETBEPKOW MaTpHII
(A, B,C, D) COOTBETCTBYIOIIIMX pPa3MepoB, Mmarpuma K — peryssrop.
KoMmoHeHTHI BekTopa W MPHHAIIEKAT KIIACCY MPOU3BOJIBHBIX HETPEPHIBHBIX
GyHKINH.

[To onpeneneHn0, MHBAPUAHTHOCTh BBIXO/IA ) CHCTEMBI 10 OTHOIICHHIO
K IPOU3BOJILHOMY BO3MYHICHUIO W CBA3BIBACTCS C BBIIIOJIHCHUCM TOXKIACCTBA

F'(p)=C(pl, - 45)'S=0, 4)

rae AZ = A+ BK . 3necey F yw (p)— nepenatodHasi MaTpuIa OT BO3MYILCHHUS K

BBIXONy, p — THiepeMeHHass mpeobOpasoBanus Jlamumaca. [lpu pemenun
MPAKTUYECKUX 3a/ad HauOONbLINI HMHTEepeC MpEeJCTaBIIeT 3ajada CHHTE3a
perynstopa, 00eCIeYnBaIONIEr0 CIPaBEUIMBOCTh TOXIecTBa (4) B ciydae,
xorma npu K =0 oHO He BbImonHseTcss. HemocpeacTBeHHO HCIOIb30BaTh
TOXIECTBO (4) I pemieHus B OOIIEeM BUJIE ATOM 3aaaud 3aTPYIHUTEIHHO
BCJIC/ICTBUE OIlepanuu oOpamienuss matpuilsl. B [8] Ha ocHOBe pemieHus
MaTPUYHBIX ypaBHEHUN METOJIOM KaHOHHM3alMU HailIeHbl HEoOXOAUMBIE U
JIOCTaTOYHBIE YCJIOBUSI, BBIMIOJHEHUE KOTOPBIX TAPAHTUPYET CHPABEAJIUBOCTD
TOXIEeCTBa (4) MpU PEIICHUH 3a]a4ll CHHTE3A.

MeTo KaHOHW3ALMKM MATPHIl IS PEIICHUS MaTPUYHBIX ypaBHEHUH,
OCHOBaHHBIM Ha 3KBUBAJICHTHBIX MPEOOpPa3OBaHUAX MATPHI], MPEAJIOKEH B
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pabore [9]. Kanonuzanueit HeKoTOpol MaTpHIlsl M pa3mepa m X n W paHra r

o 1 L asL
HA3bIBACTCS PA3JIOKCHHUE 3TOM MaTpHIIBI HA YeTBepky mMatpun M. , M

r,m? m—r,m?>

 r R asrR
M,,, M, ylOBIETBOPSIONIMX PABEHCTBY:

n,r?

ME —r — I 0,
_ r,m M MR MR — r r,n—r ,
[ n,r n,n—r 0 0

ME
m-r.m m-r,r m-r,n—r

rne M, — neBblit KaHOHM3aTOp MaTpulpl M; M = — mpaBblii KAHOHU3ATOP

TrL . .
matpunsl M; M, . = — 51eBblii MaTpUYHBIH NEIUTENb HYNS MaTpULbl M,
TR
n,n—r
MaTpula pa3Mepa ¥ X r .
[Ipy pemieHMM MaTPUYHBIX ypPAaBHEHHH METOJOM KaHOHHU3AIMH

— TpaBblif MATPUYHBINA JEIUTENb HYIA MaTpuusl M; [, — eauHU4HAas

UCIIOJIb3YEeTCsl TOHSTUE CBOAHOTO KaHOHW3aTopa M , BBIYHMCIAEMOro IO
~ ~p o~
dopmyne M =M"M".

M3BecTHO  HECKONIBKO  aJIropuTMOB  (OPMUPOBAHMS ~ MAaTPUUYHBIX
nenmureneid Hyns [6 — 10]. Haubomee mpocThIM ¥ HAINISAIHBIM SIBIISETCS,
BUJIUMO, TaK Ha3blBa€MbIi "IUIAaHMIETHBIN"  cmocod  ¢GopMHUpOBaHUS
MaTpUYHBIX Aenureneit Hyas. CyTh Ipoleaypbl 3aKI0YAETCS B CISAYIOMIEM.

1. Ucxonnas matpuuia M AOMOJHSETCS CI€BA M CHU3Y €IWHHUYHBIMHU
MaTpullaMu B BHjIe "TutaHIera':

2. llpumensierca onepamuu [aycca ko Bcemy 'muanmery" s
npeoOpa3oBaHus CTPOK W CTONONOB. VCMONB3ylOTCS Takue 3JIeMEHTapHbBIE
npeoOpa3oBaHus, YTO YKa3aHHasl BbIIIE KOHCTPYKIIMS PUBOJUTCS K BUY:

M* I. 0
Mm" 0 0
Al

3. MarpuyHblii 00K, CTOSIINNA HAMPOTHUB HYJIEBBIX CTPOK MaTpHIlBl M,

_L o
Oyner JeBbIM nenuteneM Hyns M, matpuiel M. biok, Haxoasmuics moa
HYJEBBIMH CTONOIAaMu MaTpullbl M, OyaeT COOTBETCTBOBATH IIPABOMY

—R
Jnenutento Hyna M, marpuiisl M.
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Ecnu B pe3ynbrare 37€MEHTApHBIX MPEOOPa30OBaHHUA HE IMOJYUUTCS HH
OJHON HYJEBOM CTPOKH, TO ATO TOBOPUT O TOM, YTO y MaTpuubl M He
CYILIECTBYET JIEBOTO JAENUTENS HYJs. ECiM HE MOMydnuTCsS HU OJHOTO HYJIEBOTO
CTOJIOIA, TO 3TO TOBOPUT O TOM, YTO Y MATPUIIBI M HET MpPaBBIX JEIUTEIICH
HYJIS.

B [8] nmokasbiBaercs cieayoonias Teopema.

Teopema. Cucrema (1) — (3) mpu 3amanHbix marpunax 4, B, C u S
00J1aJTaeT WHBAPUAHTHOCTHIO K TIPOM3BOJIBHBIM BHEIIHUM BO3MYIICHUSIM B
CMBICTIC BBIMIOJIHEHUS TOXaecTBa (4) Torma ©W TOJBKO TOraa, KoOTna

—r L
BbInoaHseTcs ycaosue C m S =0, B KOTOpOM MaTpulia T MaKCUMaJIbHOTO
CTOJIOIIOBOTO PaHTa, yIOBJIECTBOPSET YCIOBUIO
—r L L?L —R
CnBCmnAC n=0, (5)
U CHCTEMa 3aMKHYTa JIFOOBIM PEryasTOPOM U3 MHOXKECTBA

—L — L R —L

(K}, =-K,C'n AC"xk,+C"x B y+1C'rn , (6)
—r - —R
re K, =C n B, K, =(C m), 1 Yy —MaTpulbl 3aJJaHHBIX Pa3MEpPOB.
B [4] npuBeneH anroput™, MO3BOJSAIOLIMI BBIYUCINTE MaTpULly T NpU
CHHTE3€ yIPaBICHHUS.

Aneopumm:
1. ITpoBepsieTcst ycnoBue

——L —R
CB CAC =0. (7)
Eciin 510 yc10BUE BBINTONHACTCS, TO NPUHAMACTCS T = 1(\_,pnic)-
2. Ecnin ycnoBue (7) He BBINOJIHACTCS, TO ONpEAEIseTcs MaTpula T, o
BBIPAKECHHIO
n, = CB*CAC
Ecmn m, =0, TOo cucrtema He 00iazaeT MHBApUAHTHOCTBIO, aJITOPUTM

ocTaHaBlIMBaeTca. B mpoTUBHOM ciiydae npoBepsieTcst yciaoBue (5) npu m =7, .

3. Ecu ycnoBue (5) Ha mpeApiayieM mare He BBITOJHAETCS, TO Iar i
YBEJIUYMBACTCS HA €AUHULLY U ONIPEACIIACTCS MATpULA i-U UTEpaLuU

—L L—L R

T, :ERTCHB ERTCHAER
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Eciu w; =0, To cucrema He 00J1ala€T MHBApPUAHTHOCTBIO, AJITOPUTM
ocTaHaBlIMBaeTca. B mpoTUBHOM ciiydae nmpoBepsieTcst yciaoBue (5) npu m =7, .

4. ANTOPUTM OCTaHABJIMBACTCSA HA K -M IIare Mpy MepBOM BBIMOJIHEHUH
ycnoBus (5). Marpuna © MakCUMaJIbHOTO paHra UMEET 3HaUCHUE T, .

Takum  oOpa3zom, TpeIOKEHHBIH B [8] amropurM cuHTE3a
WHBApUAHTHOTO yrpaBiieHus cuctemon (1) — (3) cBoauTCS K UTEPAITMOHHOMY
MPOLECCY OMpEeNeIeHHUs] MaTpULlbl T MaKCHUMaJbHOTO CTOJOLIOBOTO paHra,
YAOBJIETBOPSIOIIEH YCIOBHIO (5).

Heap crarbu — aHAIUTUYECKUN CHUHTE3 HMHBAPUAHTHOM CHCTEMBI
YIIpaBJICHU 71 BEIPAIIUBAHNIS MOHOKPHUCTAJLIOB.

CuHTe3 ynpasJjieHUs.

MopnenupoBanue TpoIecca BBIPAIIMBAHUS KaK OOBEKTa YIpaBICHUS
(OY) npoBomuioch  Ha  NpuUMEpe  MOJyYEHHS  aKTHBUPOBAHHBIX
moHokpuctaiioB NaJ(Tl) mmamerpom 250 mm. Ilpomecc BbIpammBaHus
paccmarpuBaiicss kak AByMepHbId LTI-00bekT ympaBieHuss ¢ JIByMs
BXOJHBIMH BEJIMYMHAMHA — TEMIlepaTypa JoHHOro I1d uW Temmeparypa
O0KOBOTO HarpeBateiast 1b W JByMS BBIXOJAMH — JUAaMETp Kpuctauia Ds u
Temneparypa paciiaBa Ip. Jawseie s uneHtudukanmu OY  ObuH
MOJIyueHbl B peaJbHOM  MaciuTabe BpeMEHH IpH
MOHOKpPHUCTaJIJIa HAa OJTHOM U3 3TaIloOB POCTA.

Matpuiet 4, B, C 00beKTa ynpaBieHUS UMEIOT CICTYIOIINE 3HAUYCHUS:

BbIpallluBaHUN

0 —1.5483 0 0
|1 -54529 0 0
oo 0 -04322]
0 0 05 -3.1241
-0.5019 2.1419
| 02637 55727 fo0o 4000
| 02915 -0.3939 | {0 0000 2}'
1.6988  -0.8284

Monens OV ycroifuuBa, MOJHOCTBIO yIIpaBisieMa U HaOIro1aema.

Kanonusanus

MaTpHIl] TPOBOJIUIIACH

"mwra”HmeTHeIM"  cIOCOOOM.

[IpaBelii nenurens Hyns Matpuisl C
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S O o =

—1
Hust matpunet CB  neBeiii  genurtens uyast CB =0. Ilostomy

—L _ —R

CB CAC =0, 1.c. ycnosue (6) bimonusiercs. CeioBaTenbHO T = 1(,_,uic)

T.e. T=1,.
OnpenenuM MHOXKECTBO HMHBAapUAHTHBIX peryisrtopoB mo (6) [11].
BorunciseM cBogHbIe KaHOHU3aTOpBI MaTpull K, u K, .

“10.1754 —0.272

1=
~ 01 0O
1 0 0O

R

- {0.0855 0.5754}

—L
—R
B Beipaxkenuu (6) matpunia C © B paBHa HYJIO, a MaTpuUIla

=L o1 00
Cn = ,
0 0 0 1

IIOOTOMY MHOXXECTBO HHBApPUAHTHBIX PETYIATOPOB I PacCMaTpUBAEMOIO
OY onpenensiercs: BbIpaKEeHUEM

K}, =

0.0855 0 0.2877 0 0100
+y , (8)

0.1754 0 -0.01360 O 0 0 0 1
Ecnu BeIOpaTh MaTpuily
B 0 0.500
"7 -0890 0.042)
TO TEpPEXOAHAasl XapaKTEpUCTHKA 3aMKHYTOW cuUcTeMbl N0 KaHany Id — Ds
OyzeT uMeTh CIeAYIOMMi BU (PUC.)
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amnnutyaa

cek*0.01

Puc. ITepexonHas XapaKTEPUCTHKA 3aMKHYTOM CUCTEMEI 10 Kanany 1d — Ds

CrenoBaTenbHO  3aMKHYTas  CHCTEMA  YIpPaBJICHUS  JUAMETPOM
MOHOKPHUCTaJUIa yCTOWYMBA. JIIUTENBHOCTH NIEPEXOAHOrO IIpoLecca He
npeBbimaer 10 ceKyH, 4TO B TOJHOW MEpPE yIOBIETBOPSET TPEOOBAHUSAM K
Ka4veCTBY yIpaBJICHU A1 pacCMaTpUBaeMOro IIporecca BeIpallliBaHUsL.

BouiBoabl. /[ JMHEWHON CTallMOHAPHOW JIMHAMUYECKOW CHCTEMBbI
YIPABJICHUS MPOLIECCOM BhIpAIIUBAHUS HIEJIOYHOTAJIOUIHBIX MOHOKPUCTAJIIOB
CHHTE3MPOBAaHA CHCTEMa YIPABJICHHS JHUAMETPOM KpHCTaIa, WHBApUAHTHAS
MO0 BBIXOAY K IPOU3BOJIBHBIM BHEUIHUM BO3MYILIEHHUSM. J[J KOHKPETHOIrO
MpoIriecca BhIPAIMBAHUS HAWJIEHO BCE MHOXXECTBO PETYJIATOPOB, PEIIAFOIINX
3Ty 3aJa4dy (BbIpakeHHUE 8).
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InBapianTHi 100  BUXOJAY  CHCTEMHM  YNPAaBJiHHS  BHPOUIYBAaHHIM
Jys:kHorajgoreHoBux MoHokpuctaji / Cysmaas B.C., TaBpoBchkuii L.I. / Bichuk HTY
"XTII". Cepis: Indpopmaruka Tta MomemoBaHHsA. — XapkiB: HTY "XIII". — 2019. — Ne 13
(1338). —C. 128 —136.

Ha ocHOBi HEOOXiZHMX 1 JOCTaTHIX yMOB IHBapiaHTHOCTI IO BHUXOAY VISl JIIHIHHHX
CTAalliOHAPHHUX JHWHAMIYHUX CHUCTEM JO JOBUIBHUX 30BHIIIHIX 30ypeHb NPOBEICHO
AQHATITUYHUHA CHHTE3 CHCTEMH YIpaBIiHHA JAiaMeTpoM Kpuctana. Jns naHoro o0'ekra
YIPAaBJIHHS OTPUMAHO BCi 03114 eKBIBaJIGHTHUX PILIECHB JUISL PETYIATOPIB, 110 3a0e3M1e4y0Th
iHBapiaHTHicTh cucteMH. ln.: 1. Bibmiorp.: 11 Ha3s.

Kuro4oBi cjioBa: iHBapiaHTHI MO0 BUXOY CHCTEMH YIPABIIiHHS; TOBiTbHE 30BHIIIHE
00ypeHHS; yIpaBIiHHS AiaMeTPOM KpHCTaa.

YK 621.3.078.3

HWuBapnanTHble 1O  BBIXOAY CHCTeMbl  YNpaBJeHHs  BbIpallUBaHHEM
IeJTOYHOTATONAHBIX MOHOKpucTauioB / Cy3gans B.C., TaBpoBckmii U.U. / BectHuk
HTY "XIIN". Cepus: Uudopmaruka u MogenupoBanue. — Xappkos: HTY "XIIN". — 2019. —
Ne 13 (1338). - C. 128 —136.

Ha ocHoBe HEOOXOANMBIX M JTOCTATOYHBIX YCJIOBUI MHBApUAHTHOCTH IO BBIXOIY JUIA
JMHENHBIX CTALMOHAPHBIX JUHAMUYECKUX CUCTEM K NMPOU3BOJBHBIM BHELUTHHM BO3MYILIECHUSIM
MPOBE/EH aHATUTUYECKUN CUHTE3 CUCTEMBI YIPaBJICHHUs JUaMeTPOM Kpucraa. s naHHoro
00BEeKTa yNpaBJIeHHS IOJIyYCHO BCE MHOKECTBO SKBHBAJICHTHBIX PEIICHUI IS PETYNISITOPOB,
obecreunBaroMX NHBAPHAHTHOCTD cucTeMbl. Wi.: 1. bubauorp.: 11 Ha3B.

KiroueBble cj10Ba: MHBapUAHTHBIC 1O BBIXOAY CHUCTEMBI YIPaBJICHHS; IPOU3BOIBHOC
BHEIITHEE BO3MYIIECHNE; YIIPaBJICHUE THAMETPOM KPUCTaIIIA.

UDC 621.3.078.3

Invariant on output control systems for the growth of alkali halide single crystals /
Suzdal V.S., Tavrovsky L.I. // Herald of the National Technical University "KhPI". Series of
"Informatics and Modeling". — Kharkov: NTU "KhPI". — 2019. — Ne.13 (1338). — P. 128 -
136.

On the basis of necessary and sufficient conditions of output invariance for linear
stationary dynamic systems to arbitrary external perturbations, an analytical synthesis of the
crystal diameter control system was carried out. For the given control object, the entire set of
equivalent solutions for regulators is obtained, ensuring the invariance of the system. Figs.: 1.
Refs.: 11 titles.

Keywords: invariant of output control systems; arbitrary external perturbations; crystal
diameter control.

136



BicHuk HauyioHanbHO20 mexHiyHo20 yHiesepcumemy "XI1I", 2019, Ne 13 (1338)
ISSN 2079-0031 (Print) ISSN 2411-0558 (Online)

UDC 303.732 DOI: 10.20998/2411-0558.2019.13.13

V. I. TIKHONOYV, dr. of tech. sciences, professor "ONAT", Odessa,
0. V. TYKHONOVA, teacher "ONAT", Odessa

THE MATH MODELING COGNITIVE ISSUES OF GENERAL
SYSTEM THEORY

The paper focuses researches on general system theory. Related publications surveyed.
Cognitive aspects of system math modeling studied. The issues of ‘state-space’ and ’space-
structure’ discussed for a model of open system. The role of observer and ‘dark matter’
formalism determined in system analysis. Figs.: 2. Refs.: 28 titles.

Keywords: general system theory; math modeling; cognitive aspects; space-structure;
dark matter.

Introduction. The problem statement.

Modeling ability is an important philosophical category in our
understanding both biological structures and artificial ’smart machines’.
Diverse living matter entities (cells, organisms or their communities)
apparently inherit and develop their own models of the world in the form of
instincts, acquired reflexes or intellect. Through natural selection, these
models as a form of individual or collective intelligence obtain clear
motivation to survive in a volatile environment. Any model of a system is
actually embodied either in fine proteins or in physical matter. The higher
intelligence of a certain system substance, the more complicated fine matter
organization. In developed living organisms, fine structures are bound with
peripheral and central nervous system. The artificial intelligent systems are
driven by microprocessors connected with sensors and actuators.

The great variety of biological individuals and intelligent technical
devices determines a huge number of models. In fact, any science, language,
or parts of it are models in our human world. The nature of models in
biological objects and systems still remains a mystery in many ways.
However, advances in artificial intelligence help understand some of the
general principles in fine biological matter construction. In this regard, math
modelling methods in general systems theory (GST) are of high interest as
particular instrument of mental activity. The classical approach often treats a
system as a set of co-related elements (e.g. "A whole composed of
relationships among the members", [1]). Also other specific variations of this
view are known.

In this work, we primarily treat a "system" as a cognitive model of a
material object, i.e. somebodies subjective vision on a real object in terms of
co-related parts of the whole which are distinguished by the subject. Besides,
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our focus set on a system math model of related experiment.

Experimental physics, as well as fundamental researches in math logic,
pose new challenges to specialists and philosophers. Our understanding of
material world models requires new rethinking upon their rigor and
legitimacy. In particular, we speak about fundamental categories of "space"
and "time". Among physicists, relativity and uncertainty of object's models
have already been established [2, 3]. Now, the role of subject-observer in math
model of an experiment is an actual issue. Near a century ago, K.F. Godel
proved incompleteness of any formal theory or math model [4], as well as
confusion of the so-called ‘naive sets theory’ of G. Cantor [5, 6].

In parallel, J. Neumann formulated his multilevel sets theory ([7]) along
with based on it math theory of quantum mechanics in terms of operators in
generalized Hilbert space [8]. In recent decades, much attention of physicists
is being paid to a relatively new phenomenon of "dark matter", which is hardly
detected but seriously influences observed processes [9].

The practice shows, that academic courses on general system theory are
not always in trend of cutting edge experimental or theoretical physics. The
present work pretends to rethink the role of subject-observer and dark matter
in system analysis and modeling. On this premise, some cognitive principles
of systems' math modeling introduced, as well as a simple case of enhanced
tensor approach for an abstract system.

1. Related publications survey.

In 1963, the book of the American mathematician G. Kron "Diakoptics"
was published, which sets out original methods for the study of complex
systems of different nature in parts [10]. Based on the decomposition of a
complex system, topological models are built — graphs of the original system.
Kron introduced the concept of space-structure. Such a space is described by a
fully-connected graph of a network whose nodes are separate parts of the
system (subnets). The matrix of such a graph contains in diagonal cells
descriptions of individual subsystems. The off-diagonal elements describe the
connections between the parts of the whole. For any subsystem, an analysis is
carried out separately and a solution is sought. The overall solution is obtained
by articulating the resulting partial solutions for all the subsystems.

The Kron’s method is convenient for direct calculations on computers.
This approach is also interesting because Kron first proposed a non-standard
tensor analysis of electrical machines and networks, which can be used to
study complex systems in other realms. Of course, the diakoptics does not
provide general solution for various problems; therefore, each given case
requires particular consideration.

The fundamental work on general systems theory is the book of
L. Bertalanffy ([11], 1969). In the introduction, the author writes: "Systems
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theory ... is preeminently a mathematical field, offering partly novel and
highly sophisticated techniques, closely linked with computer science, and
essentially determined by the requirement to cope with a new sort of problem
that has been appearing". The author focuses three basic math sections of
GST: set theory, graph theory, network theory (p. 21). He further emphasizes
the importance of such areas of mathematics as information theory, automata,
game theory, decision making and queuing theories.

Finally, Bertalanffy identifies the least formalized part of the GST —
verbal models, i.e. models in terms of professional languages (pp. 22-23). He
says: "A verbal model is better than no model at all or a model which, because
it can be formulated mathematically, is forcibly imposed upon and falsifies
reality. Theories of enormous influence such as psychoanalysis were un-
mathematical or, like the theory of selection, their impact far exceeded
mathematical constructions which came only later and cover only partial
aspects and a small fraction of empirical data. Mathematics essentially means
the existence of an algorithm which is much more precise than that of ordinary
language. History of science attests that expression in ordinary language often
preceded mathematical formulation, i.e., invention of an algorithm".

Bertalanffy underscored the structural/functional hierarchy in our vision
the world: "A similar hierarchy is found both in "structures" and in
"functions". In the last resort, structure (i.e., order of parts) and function (order
of processes) may be the very same thing: in the physical world matter
dissolves into a play of energies, and in the biological world structures are the
expression of a flow of processes. At present, the system of physical laws
relates mainly to the realm between atoms and molecules (and their
summation in macrophysics), which obviously is a slice of a much broader
spectrum. Laws of organization and organizational forces are insufficiently
known in the subatomic and the super-molecular realms. There are inroads
into both the subatomic world (high energy physics) and the super-molecular
(physics of high molecular compounds); but these are apparently at the
beginnings. This is shown, on the one hand, by the present confusion of
elementary particles, on the other, by the present lack of physical
understanding of structures seen under the electron microscope and the lack of
a "grammar" of the genetic code". Chapter 6 of [11] focuses the openness of a
system model as a key GST-concept, along with the "bio-creatures-to-
automata" correspondence in terms of system entropy. There are also
discussed the issues of social and history system modeling, as well as system
models in psychology and psychiatry.

One of the founders of the modern formalized theory of dynamical
systems is the Hungarian mathematician R. Kalman ("Topics in mathematical
system theory", 1969, [12], part 1 — "Theory of Automatic Control", and part 4
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— "Algebraic Theory of Linear Systems"). The second part of the book
(P. Falb) considers the basics of the optimal control theory based on
Pontryagin maximum principle. The third part (Arbib) studies the automata
theory. The algebraic linear analysis is primarily focused on integral and
discrete Laplace transformations, Fourier harmonic analysis, etc. The algebraic
structure of linear systems allows establishing relationships between the
models of pulsed and continuous systems, as well as the theory of automata.

The Kalman’s approach to dynamic system modeling aims describing
the flow of causal relationships from the past to the future. Based on the
"modules theory", the linear stationary systems considered with the discrete
time and a finite number of input/outputs (aka "black box"). One of the well-
known models of that type is the Kalman’s filter to predict dynamic object
behavior. In contrast to Kalman’s continuous time in dynamic system study,
the section "Automata theory" by Arbib uses system states transition in
discrete time dots with no fixed time-metric. Such an approach is truly fruitful
to logical system study. Though, the complexity of Kalman's formalism
prevents easy understanding of dynamic systems theory by undergraduates.

A fundamental academia work on GST is "Theory of hierarchical
multilevel systems" (M.D. Mesarovi¢, D. Macko, Y. Takahara, 1970, [13]).
This book targets production/economical applications (e.g. planning,
operational management, accounting etc.). With respect to general aspects of
system modeling, of great interest is multi-level hierarchy approach to
complex systems study and system math modeling. In fact, the idea of world
hierarchical order originate in deep antiquity (the ancient teachings of India,
Egypt, Greece and Rome, etc.)

The works by J.Gigch from University of California ([14], 1978) laid a
bridge between the general theory of systems as a new scientific discipline and
system approach to practical tasks. Application sphere of these ideas embraces
decision making in administrative-state apparatus and organizations. The goal
setting, planning and optimization are key aspects in this work. The notion of a
‘system’ is introduced as a set of parts or components that are interconnected
organizationally. The Gigch’s works benefit study of system theory cognitive
problems (e.g. optimization math task) on a qualitative and verbal level,
avoiding cumbersome formalisms. This attracts a wide range of students and
specialists, including the humanitarian sphere.

The chapter 8 of the first Gigch’s book [14] ("Quantitative definition and
measurement”) introduces ‘measurement through a hierarchy of nested
models’. Chapter 9 ("Measurement Problems and Social Sciences") uses the
methodology of fuzzy sets to formalize GST models.

A known propagandist of Kalman’s dynamical systems theory is J.Casti
(Univ. of New York). His dedication to "Connectivity, complexity, and
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catastrophe in large-scale systems" ([15], 1979) is: "To Rudolf Kalman, who
transformed systems theory from a mystical art into a mathematical
discipline". Casti noted: "One of the most pervasive and least well-defined
concepts in modern intellectual thought is the notion of a system. One of the
primary goals of this monograph is to provide a basis for common discussion
of system-theoretic issues by presenting numerous examples of system
problems from many disciplines and showing how they all may be described
and analyzed by means of a rather small number of abstract paradigms".

The core Casti’s idea is representation the system framework as a graph,
which echoes the principles of Kron's diakoptics. In this case, a new concept
of geometric space arises, the dimension of which is determined by the
number of vertices of the graph. Also, the problem of the system complexity
and its quantification is discussed. The concept of static and dynamic
complexity of system behavior in time is introduced. Besides, the complexity
of object management discussed in the context of its computational
operability. An important role underscored to the qualitative (structural) and
quantitative (algebraic) system framework.

The notable contribution to GST made E. Nappelbaum by Russian
translations of Kalman, Feynman, Mesarovic and other known scientists in
system analysis. Nappelbaum is also a co-author of "System Analysis-1979"
journal ([16], 1980). In his preface to the second edition of the math theory of
systems by R. Kalman [11], he wrote the following (for correct citation we
also bring original text in Fig. 1). "From my point of view, the systems
approach is based on cognition that any task is not something objective,
existing regardless of who wants to solve it, but in some sense equally reflects
as objective properties of reality, within which this task is attempted to be

solved, and the attitude to this reality of the one who sets such a task...".

C Moeit TOuKe 3peHHs, CHCTEMHBIN MOAXOA 3MXKAETCA Ha OCO3HAHHH
TOTO, Y4TO BCAKadA 3alada He ABRIsAeTcA YeM-TO OOBEKTHBHEIM, CYIIECTBYIO-
LIMM HE3aBHCHUMO OT TOTO, KTO €€ XO4eT pelllaTh, 4 B KAKOM-TO CMBbICHe
B PaBHO CTeMmeHW oOTpaxaeT Kak OOBeKTHBHEIE cBOMCTBA peanbHOCTH,
B paMKax KOTOpOH 3Ty 3amayy NHITAIOTCA pelliaTh, TaK M OTHOLIEHHe
K 3TOH peanbHOCTH TOro, KTO TaKylo 3ajady CTaBUT. MHBIMH ciloBaMu,
BCAKAsS PeANbHOCThL JaeT MOYBY AMA MOCTAHOBKH LIENOTO pAlia Pa3TMYHBIX,
BO3MOXHO HECOBMECTHMBIX, 3 3a4acTyl0 M NPAMO ITPOTHBOIIOIOXHEIX 3a-
a4, ¥ NO3TOMY BECbMa BaXXHO HE TOJILKO KOPPEKTHO MOCTABHTH 3a1ady,
HO M OTHETJIMBO OCO3HaTb, MOYEMY HMEHHO 3TOH 3a1adye Mbl OTOaeM Mpel-
NOYTEHHE B HAIlleM B3aMMOMEHCTBHH C peanbHOCThI0. CHCTEMHBIN aHATH3
M OpYrHe MeTonbl 3TOM Xe KaTeropuM M IO/IKHBL [IOMOYb OCO3HATh,
KakMe Xe M3 3a7ay, KOTOpble B JAHHOM pPeanbHOCTH MOXHO IOCTABUTH
W PEUIMTh, COOTBETCTBYIOT Xe/JIaHHAM H BO3MOXHOCTAM CyObeKTa, HaMepe-
BalOLIETOCS H3MEHHTD 3TY PEAJIBHOCTb, U MO3BOIHUTL NPeoGpa3oBaTh HECH-
CreMaTH3HPOBAHHBIE [IPEACTABIEHUSA O PEallbHOCTH B TTOCTAHOBKY 3a/1a4H,
MOCTYTTHYIO ISt PAllHOHAIBHOTO pelieHus GopMaTbHBIMH METOMAMH.

Fig.1. Original Russian text of the cited fragment
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"... In other words, any reality gives rise to the formulation of a number
of different, possibly incompatible, and often directly opposing tasks, and
therefore it is very important not only to set the task correctly, but also to
clearly understand why it is this task that we prefer in our interaction with by
reality. Systems analysis and other methods of this category should help to
realize which of the tasks that in this reality can be set and solved correspond
to the desires and possibilities of the subject intending to change this reality
and allow unsystematic representations of the reality in the formulation of the
problem, available for a rational solution by formal methods. And at the same
time, the mathematical theory of systems, to which the book offered to you is
devoted, is engaged in clarifying the properties of the formal description
(models) of reality, which allow us to set problems and solve them. It is this
close attention to the relationship between the subject of observation and its
object that systems theory differs from ordinary mathematics, and this is
where the center of its specific research lies".

The book "System analysis and design" (A. Dennis et al, [17], 2012)
encourages GST-learning students not just to read about, but understand
related issues, with a focus on the 'Unified modeling language' (UML-2) and
"Software development lifecycle" (SDLC) as proper instruments for object-
oriented analysis and design. Also, emphasized the visual-form interpretation
throughout of the discussed issues to help students better understand the major
elements and their relationships of the subject. Hereby, no specific math tools
are discussed.

In [18] (2014) there are considered electrical, mechanical and hydraulic
systems, along with their transfer functions estimation in MATLAB
SIMULINK. The functional state-space aspects discussed with respect to
differential equation in math models. The publication [19] (2014) discusses the
state-space representation of a system in terms of tensors. It is reasoned, that
tensor approach is directly applicable in concurrent linearly coupled dynamical
systems for case study of distributed signal processing in cyber physical
systems.

The work "Generic Framework for Simulation of Cognitive Systems"
([20], 2014) presents a model of a cognitive system based on communicating
agent’s population. There 1is underscored the importance of the
environmental structure, in which a system evolves and learns, as well as the
learning capacities of individual agents. The agent-based model shows that
boundaries might be seen as a product of agent’s communication in a given
environment.

The work [21] (2016) presents the adaptation of Kron’s tensor analysis
of network for the electromagnetic compatibility design and analysis. The
idea is, firstly decompose a complex system onto the sub-systems related to
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each other in graph view. Secondly, to map the system graph onto an abstract
geometrical space, where the graph edge’s weights play the role of
independent (orthogonal) axes. The author claims that Kron’s tensor model
of electro-magnetic circuits based on space-structure geometrical approach
were applicable to many other complex objects study.

The publication [22] (2017) exhibits the multilayer tensor factorization
method with respect to recommender systems applications in E-commerce and
entertainment industries. Tensors are understood as multi-dimensional arrays.
The streaming tensor factorization method is considered in [23] (2018) for
processing of high-volume and multi-way temporal data in Internet networks,
recommender systems and image analysis. The paper presents the Bayesian
robust streaming tensor factorization model to identify sparse outliers,
automatically determining the underlying tensor rank and fitting the low-rank
structure. The model is implemented in MATLAB. This approach is applied to
complete streaming tensors in synthetic data, dynamic magnetic resonance
imaging (MRI), video sequences and Internet traffic data.

S. Moura ([24], (2018) seeks to write non-trivial ordinary differential
equations (ODE) for energy system. Once sustainable ODE properly defined,
the system dynamics analyzed in terms of ‘state-space’ canonical template.
Discussed transition from nonlinear object description to a linear systems of
ODE.

The publication [25] (2018) calculates the many-body dynamics of
polar-tonic states supported by an optical cavity, which is filled with organic
molecules. Optical, vibration, and radioactive processes are treated on an equal
footing, employing the algorithm of time-dependent matrix states. Also there
analyzed single- and many-molecule cases to show the role of collective
motion of molecular nuclei and dark states in determining the polar-ton
dynamics and photon emission.

The work published by F. Schroder et al from Cambridge University
[26] (2019) presents the tensor network simulation approach for multi-
environmental open quantum dynamics via machine learning and
entanglement renormalization. The authors stated that simulation of open
quantum dynamics is a critical tool for understanding the non-classical
properties of matter towards their functionalized presentation in future
devices. However, this task is challenging due to strong non-Markovian
coupling of environmental molecular vibrations to the electronic system
degrees of freedom. For this purpose, an advanced computational strategy has
been presented to allow tensor network methods computing the non
perturbative, real-time dynamics of molecules. There exhibited an "ab-initio"
machine learning and entanglement analysis to provide real-time insight of
dissipative photo physics.
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2. Discussion on publication survey. Objectives

The survey of GST-researches indicates an obvious need in further
developing of general systems theory as an academic discipline addressed to a
wide range of applications from physics to humanitarian and social sciences.
Now, diversity of methods in system analysis is exhibited. Engineering
designers often construct highly abstract math models that weakly
understandable even for specialists. Researchers on economics, sociology and
other realms prefer less formalized methods of system analysis, more easily
accepted by undergraduates.

Maybe the number one issue in system analysis is how to understand the
"system" as a key formal term. Today, the multilevel hierarchy of a system
vision increasingly prevails among the GST-specialists meaning that any
stratum of a system can be uniformly presented on common principles but
filled in with specific content. Also the concept of system model openness is
more and more popular in contrast to the commonly known assumption of a
"closed physical system". Of course, the axiom of a "closed system" is
sometimes relevant to given task; however, with more comprehensive
analysis, one sooner or later challenges the possibility of building the so-called
closed system. An example of term confusion by "closed system" is known
paradox about the "Universe thermal death” which allegedly follows from the
thermodynamics’ second law (aka ‘entropy of any closed system invariably
increases’). Yet, this paradox may be obviously resolved through the openness
declaration of any system, which eliminates any logical statement about the
"whole Universe" itself (except, perhaps, recognition the fact it actually exists
but never completely seen). Remember the Bible commandment "Do not
mention the name of your Lord in vain". Thus, the observable world around is
only a finite open part of an infinite Universe, and for this visible part, the
thermodynamics second law is not valid. It turns out that an open system can
reduce its entropy by interacting with the rest of the world (which is what is
actually happening). Apparently, this insight of an ‘open system’ is fruitful to
other systems and models study (biological, economic, social etc.). Thus,
"black box" as a popular dynamic system model is disputable under the
doctrine of system model openness.

Another key aspect of GST-methodology is formalization the notion
"state-space" of system, as well as the "spatial" and "time" categories mutual
correspondence. In this respect, some questions of interest arise. First, are
spatial and time coordinates crucially different or they can be joint to a
uniformed ‘space-time’ framework? Second, what about the spatial and time
coordinates dimensionality? Third, is time-argument as reversible as all the
spatial coordinates are? Again, is a straight unidirectional arrow an adequate
geometric model of time-axis? Our conventional world’s spatial image is the
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notorious three-dimensional Cartesian space. In theoretical physics, also
known more complicated forms of real matter existence, e.g. four-dimensional
Minkowski space-time (with real Cartesian coordinates and imaginary time
axis, [27], 1908). Minkowski space-time is a pseudo-Euclidean (or complex
stratified) Euclidean space. Later on, new models of the physical world
appeared (1921, T. Kaluza, 5-dimensional model; 1990s, E. Witten et al, 11-
dimensional model). In 1996 the famous book issued "The nature of space and
time" (S. Hawking and R. Penrose [28]). Herein Hawking uses the term
"Universe" meaning "all that is in nature" with no boundaries; next he
concludes that Universe is closed. Also he made a cautious assumption of
possibly looped time, but himself abandoned this idea a little bit later. With
respect to coauthor’s cognitive discussion around this book, the Penrose’s
theses about the quantum-wave model of gravity and tensor description of
physical world, undoubtedly are significant steps on further generalization of
previously known scalar and vector field models. Unlike his coauthor, Penrose
prefers talking about the ‘open universe‘, and later on uses the term "our
Universe". Notably, that both coauthors do not argue the issues of physical
space dimensionality beyond the four-dimensional Minkowski space-time.

Regarding the mathematical state-space of an arbitrary physical or
humanitarian system the specialists primarily appeal to objective
characteristics and do not underscore specific nature of modelling object in the
context of somebody's subjective motivation. In this sense, position of
Nappelbaum in [16] concerning the principal role of a subject-observer is of
particular interest to our discussion. Besides, some recent researches in
physics indicate increasing interest in the so-called ‘Dark matter’
phenomenon. A coherent idea was expressed in [26] regarding the "Dark
states" in the tensor model of a technical system. However, the concepts of
dark matter and dark states are less reflected in humanitarian system
researches.

The present work objective: substantiation cognitive principles of math
modeling physical objects, based on the open system architecture with subject-
observer and dark matter formalisms.

3. Model as a subject’s point of view on the object of study

Known literature on general system theory (GST) commonly treats
"system" as a set of elements of a whole related to each other. Such insight of
system needs two remarks: a) system is a closed and single-level framework
(no outside interfaces declared, and all the elements are peer-to-peer
members); b) neither ‘subject-observer’ nor "dark-states" explicitly posed
among the system elements. Consider above remarks in detail.
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Openness and system hierarchy

Is the system hierarchy inner property of a real object, or it is just our
perception of it? The answer to this question seems not really actual but more
important to simplify our mental image of a system complexity. The
hierarchical model presentation of a great object allows the use of simple
operational tools to handle subsystems at different levels. Recall the ancient
teachings of Hermeticism philosophy (Tabula smardgdina): "What is below is
like what is above. And what is above is similar to what is below. And this
must be known in order to gain knowledge of the most wonderful One".

Apparently, the openness and multilevel system's hierarchy are rather
mutually bound characteristics of our insight a large object, then its inherent
property. Next, we distinguish the "openness in breadth" (i.e. up the hierarchy)
and "openness in depth" (i.e. down the hierarchy). An arbitrary subsystem
layer we assume as "zero-rank" stratum. In accordance with multilevel set
theory by Neumann (i.e. von Neumann classes) introduce the following
system model architecture. The up/down hierarchy subsystems layers (in
comparison to predetermined zero-rank level) we'll define as positive/negative
rank system strata. The "n-rank subsystem" integrates "n-rank elements". Each
"n-rank element" may turn to "n—1-rank subsystem".

Therefore, each subsystem or element of rank » is potentially open up
and down in a system model hierarchy. In other words, any model of a system
looks a "multi-slice cake" in the intermediate range between the observed
microcosm and the macrocosm. Everything else but this "cake" remains
beyond our perception and modeling, while new experiments extend the scope
and horizons of our observations. Yet, anyone can solely observe a
vanishingly small part of the whole infinite World. The multilevel hierarchical
approach is applicable not solely to pure physical objects, but more in general
for many other ones (informational, biological, social, economic etc.). The
paradigm of open system hierarchy leads to the principal dualism in system
architecture, i.e. each subsystem should have not one, but at least two types of
presentations: a) subsystem opened "in depth" as a framework built on the set
of inner elements and outer interface points; b) subsystem opened "in breadth"
as a point of the overlying hierarchy level; this point potentially has a "hidden"
inner structure.

The role of subject-observer

The inclusion observer into a system model inevitably makes it
subjective, which can be perceived as its flaw. One can understand an
inquisitive researcher who intuitively aims building an accurate object’s model
independent of a particular point of view. This is somehow possible in middle
rank stratum observations between the microcosm and macrocosm with
respect to our tools. Instead, elementary particles as objects of interest in
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quantum mechanics, inevitably change their behavior forced by the subject’s
observation instruments. Therefore, one cannot know the "real behavior" of
tiny particles. In a quantum-physical experiment, we solely observe some
results of our instrumental intervention into the physical matter. This means
that a smart model of a system must necessarily include a "subject" as an
actual participant in the process of experimental research and modeling. It also
follows that any model of such a physical system is nothing more than subject-
specific formalization of a particular experiment (or a typical experiment, if it
can be repeated under identical conditions). Each such experiment (and, hence,
its "system model") pursues a well-defined goal, solves a limited circle of
problems, beyond which it loses its relevance.

4. Spatial-temporal system states

In theoretical physics, a model of a four-dimensional pseudo-Euclidean
space-time of three real Cartesian axes and one imaginary time axis (with
Minkowski metric) is often considered. Also there are known models with
greater dimensions (e.g. 10-dimensional space in string theory).

In engineering applications are used the so-called abstract
multidimensional spaces (e.g. N-dimensional Euclidean space). Functional
analysis widely explores infinite-dimensional spaces (e.g. Hilbert space). In
our opinion, everything that concerns the questions of infinity requires more
discussion towards logical correctness and expediency under the modern
quantum insight of matter.

How many measurements (coordinate axes) are necessary and/or
sufficient to describe both static and dynamic states of an arbitrary system?
After all, it is constructively impossible to build models with an infinite
number of dimensions. Maybe we should abandon the "infinite-dimensional
spaces" in general in the theory of mathematical modeling? What is the
essence of the concept of "time"? Is time objectively existing entity? Is time
continuous, unidirectional and one-dimensional matter? A reasoned response
to each of these questions may require considerable efforts. Without claiming
the ultimate completeness, we will formulate some postulates and principles to
introduce a system math model in terms of tensor study of complex systems in
parts.

Time category in system models

Apparently, any observation or measurement requires finite time.
Therefore, the concept of the "instantaneous" state of the system at the "point"
of time ¢ we will try to avoid in our math models of systems (considering it
only as a theoretical idealization). The time category we will treat mostly as
topological coordinates (i.e. discrete consecutive observation intervals, not
necessarily of the same magnitude). So, instead of real time, we will simply
describe system transitions from one state to another. Time itself next
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understood as tags of consequent system states (such a time model is used, for
example, in Markov chains). Unlike known models with one-dimensional
time, we consider time hierarchy nested intervals of various scales. A system
model as an abstract math image of a physical experiment we will consider
time as a closed chain of events in which the end time point coincides with
initial point by all the controlled factors. This means that, up to unrecorded
parameters, the time in a system model will be considered cyclically closed
and reversible, i.e. peer the other "purely spatial" coordinates. As an instant
static state of system S, we will treat system's averaged state on a discrete
observation interval of minimal scale.

State-space of system model

Suppose system S an object observed by N sensors each having own
freedom. If all the sensors’ readings are pair-wise independent, then the set of
object’s states maps onto a certain volume of an abstract N-dimensional space
V' with orthogonal axes (N-dimensional parallelepiped in N-dimensional
Euclidean space).

Such a model is often used in applied researches. Though, once sensors
readings bound, the non-orthogonal Euclidean space U shall be applied, which
defined by the so-called Riemann metric tensor R (square positive Hermitian
matrix of dimension NxN). The geometrical meaning of Riemann tensor R is
the scalar product of basis vectors (as a formal description of the relationship
between all N sensors). If sensor properties and relationships change in time,
the so-called local Euclidean space can be used as a tensor function of a
"point" (where a "point" understood as different temporal/spatial position of
the object).

Is there any fundamental restriction on the number of independent (or at
least partially independent) sensors when observing a complex object? Most
likely not, therefore we assume that a system S may have a state space of any
finite dimension N, depending on the nature of experiment. The states of the
system will also be considered discrete points (each of which symbolizes a
local uncertainty domain in the state-space), since nothing can be precisely
measured. In addition, the fact that the system is in a particular state will also
not be considered obvious, but only expected with some probability. The
dynamic properties of a system with a similar model are described by
unconditional probabilities of states, as well as by conditional probabilities of
transition from one state to another. The simplest model of this kind is the
scalar function of probability distribution for various object states. This model
is valid if none previous states impact future ones.

The model of such a system is one-dimensional array (aka "vector-
string") of M probabilities (M is the number of discrete states in the
N-dimensional state-space). In a more complicated (but nonetheless, fairly
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simple) case, the probability of system state transition depends only on its
current state (the so-called Markov discrete random process or a Markov
chain). The Markov chain can be described by a square transition matrix H of
size¢ MxM. The diagonal cells of matrix H contain unconditional states'
probabilities; the off-diagonal elements determine conditional probabilities of
state transitions. If H is a positive symmetric matrix, it satisfies the Riemann
metric tensor. If the object’s dynamic properties gradually evolve over a larger
time scale, the model of system S is a looped sequent time-chain (i.e. discrete
topological circle) of space-tensors. This space-tensor may be of different rank
and complexity. The simplest case is zero-rank tensor presentation (scalar
function of discrete time). The deeper probability dependence of system state
transitions, the more complex dynamic model of the system looks. More
advanced is the first-rank tensor view (vector-function of discrete time). If
Markov dynamic system considered, then second-rank tensor applicable (i.e.
matrix of states transitions as a function of discrete time).

In the second approximation, the conditional transition to each state
depends on two previous states. So, the third-rank tensor shall be used for such
a non-Markov process modeling (i.e. MxMxM-dimensional table of
conditional probabilities for state transitions as a function of discrete time).

Consider the mentioned above multidimensional looped chain in a
dynamic system model. The looped time-chain is discrete topological circle
which ideal image is continuous geometrical circle. When multilevel-time is
used (of nested time-circles of different scales), then geometrical image of
such time presentation evolves to multidimensional torus. The fact is known
from general topology, that torus is a unique closed manifold, where
ubiquitously continuous vector (or tensor) field can be defined. This property
of torus is important for tensor modeling of dynamic objects with
multidimensional looped time.

Above approach with some variations, remains popular and acceptable
for system modeling in certain tasks. Though, it neither provides the system
hierarchical architecture nor subject-observer’s important role in physical
system modeling. An abstract N-dimensional space of object-states model is
formed by subject’s instruments of observation, as if they did not impact the
object observed. These instruments and related state-space look as the
"Absolute" towards an object of study (e.g. space is empty if no objects
detected). Such vision is challenging in microcosm study, while sensors
roughly impact tiny things. For a broader scope of general system theory, the
model of passive observation of objects needs enhancement.

5. Space-structure as a generalized system model
Considered above state-space of a physical system (denote it @) assumes
to be a priory and stable, wherein a system instant state looks like an abstract
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"dot", and system behavior in time as a phase-loop of trajectory in @. In
Kron’s tensor analysis, as well as some other works followed him, a
fundamentally new category (aka "space-structure") was developed in the
theory of math models. Some distinctive features of the "space-structure" in
contrast to common "phase state-space" of a physical system are discussed
further on. In fact, the "space-structure" concept formalizes the current
perception the ’objects of interest’ by a "subject-observer". Herewith, the
following cognitive categories emerge: S — '"subject-observer" which
understood as a class of possibly multiple observers; X — class "objects of
interest" with respect to given observer; W — class of "dark matter" entities
around observer. Relationships among S, X, W in time spot f denote R, and

present as a graph in Fig. 2. This graph reflects a single stratum of some rank
in a multilayer hierarchy of a system model. Each of the three classes S, X, W
may include one or more elements, related to each other.

Compare to conventional system models with "state-space" formalism
built on the objects of class X, the graph in Fig.2 includes two additional
categories (i.e. class S of subject-observers and class W of dark matter
entities). While "state-space" records typically emerge by sensor readings, the
only quantitative data supposed in "space-structure" observations are on-pair
relations estimation among the members of specified three classes (S, X and
w).

On this premise, the "space-structure" appears as mapping relationships
R, onto an abstract geometrical form. An instant geometric image of "space-
structure" might be a set of vectors (rapper), where each vector corresponds to
an object from classes S, X and W.

Fig. 2. Relationships among subject, object and dark-matter

Any given set of real vectors J can be determined in diverse forms, e.g.
an algebraic array of vector modules along with the matrix of correspondent
angles among them; matrix H of scalar product [FxV]; matrix V' of normal
coordinates in an orthonormal Euclidian basis; matrix of normal coordinates in
non-orthogonal Euclidian basis; matrix of either covariant or contra-variant
tensor components in non-orthogonal Euclidian basis with known metric).
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All these forms of vector-rapper presentations are equivalent, and
therefore, can be obtained from each other with some reservations. So, a
geometric rapper view of a "space-structure" can be taken from the weighted
graph of relationships among the classes S, X and W. Detail consideration of
these issues will be the subject of our next publications.

Conclusion

Despite significant advances in system analysis realm, the general
systems theory is far from complete as an academic discipline. The difficulties
in general theory of systems design are due, among other things, to a wide
range of applied system researches — from quantum physics to economics and
the humanities. In present work, another attempt is made to further formalize
the general theory of systems based on key principles of modern physics and
mathematical logic, such as openness and multilevel hierarchy of system
architecture, the uncertainty of object’s state observations and measurements,
relativity concept. The paper also focuses the cognitive aspects of such
metaphysical categories as ‘temporal and spatial structure’ with respect to real
world object modeling. In particular is underscored the so called ’space-
structure’ framework in tensor presentation of experimental data, as well as
the principal role of subject-observer in an open system model. In addition to
subject-observer, the dark matter formalism has been introduced as extra
member of system tensor model.
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KorniTuBHi mpo6/jeMu MaTeMaTHYHOT0 MO/IeJTIOBAHHS Y 3arajbHiil Teopii
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PoGoTa mpucBsUeHa MOCHIDKEHHAM Y 3araibHii Teopii cmcteMm. HaBemeno
OTJISAT TeMAaTHYHUX IyOsikariii. JochmipkeHO KOTHITHBHI acIeKTH MaTeMaTHIHOTO
MOJIENIIOBAaHHS CHCTeM. Po3rmsHyTo muTaHHS "mpocTopy-cTaHiB" Ta "mpocTopy-
CTPYKTypH" Y TEH30pHIM MOIei BITKpUTOi cucTeMu. Bu3zHadueHo poJib criocTepiraya i
MexaHi3M popmaizaiii "TemHoi MaTepii" y cuctemHoMy aHami3i. Ir.: 2. biGmiorp.: 28
HAa3B.
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— 154.

Pabora mocesiiena uccrnenoBaHusIM 1O oO0IIedl Teopun cucteM. llpuBeneH
0o030p TemaTmueckux myOnmkarmii. lccrmemoBaHbl  KOTHUTHMBHBIE — aCTIEKTHI
MaTeMaTUYeCKOr0 MOJIETUPOBAHMS CUCTEM. PaccMOTpeHBI BOIPOCH "MpocTpaHCTBa-
COCTOSIHMH" 1 "MPOCTpaHCTBA-CTPYKTYPHI" B TEH30PHONH MOJEIH OTKPBITON CHCTEMBI.
OrmpeneneHa poib HAOMIOAATENST W MEXaHU3M (opMmanu3anuu "TeMHOW MaTepun' B
cucteMHOM aHanmze. Mi.: 2. bubmumorp.: 28 Ha3B.
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O. U. IITUPAEBA, xaun. TexH. Hayk, go1l., KasHUTY um. K. Carnaesa,
Anmartel, Kazaxcran

T. H. CAMUT'YJIHH, noxtopanTt, KasHUTY um. K. Carnaena,
Anmarsl, Ka3zaxcran

PA3BPABOTKA UCKYCCTBEHHOM UMMYHHOM CUCTEMBI
YIIPABJIEHUSI MHOT'OMEPHBIM OBFBEKTOM
HE®TEI'A30BOM OTPACJIA

B naHHOW paboTe mNpeACTaBICHBI PE3yJbTaThl NMPUMEHEHHs Smart-TeXHOJIOTHH K
CHHTE3Y CJIOKHBIX CHCTEM YIpaBlcHUS He(Tera3oBoi oTpaciu. B wacTHOCTH, paccMOTpeHa
MHOTOMepHass MHorocBsizHass (MIMO) cuctema ympaBJIeHHs TPOIECCOM TEPErOHKH rasa
Yyepe3 MUCTH/ULILMOHHYIO KOJIOHHY C DPEryJsiTOpOM, HACTPOSGHHBIM Ha OCHOBE aJIrOpHTMa
kimonansHOU cenekiun CLONALG wuckyccTBeHHBIX UMMYHHBIX cucteM (AIS). TIpuBenenst
pe3yJIbTaThl CPAaBHUTEIBHOIO aHAJIM3a MPHUMEHEHUS! PETYISITOPOB, HACTPOCHHBIX HA OCHOBE
apyrux SMART-texHonoruii: reserudeckuit anroputm (GA), ainroputrM ONTHMH3ALUH
MeToA0M KoJoHuu MypaBses (ACO). Win.: 2. Ta6un.: 1. Bubnuorp.: 10 Ha3B.

KaroueBsie ciioBa: renernueckuii anroput™ (GA); meron kononnu mypasbes (ACO);
UCKYCCTBEHHBbIE MMMYHHbIE crcTeMbl (AIS); anropurm xinonansHo# cenexiun (CLONALG).

IMocTanoBKa mpod/eMbl U aHATU3 JuTepaTyphl. [Ipobiema cuHTe3a
YIIPaBIECHUI MHOT'OMEPHBIMH MHOT'OCBSI3HBIMU TEXHOJIOTUYECKUMU
nporeccaMu B He(TErasoBoil OTpaciu SBISETCS AaKTyaJbHOW 3anadeil.
[lepcrieKTUBHBIM ~ HampaBlieHMEM Mpu mOpoekTupoBanun MIMO-cuctem
SABISICTCS TMpPUMEHEHHE OHOMHCIIMPHPOBAHHBIX aJTOPUTMOB, 3(PPEKTUBHO
HCITOJIB3YIOUIUXCS IIPU PEHIEHUU ONTUMHU3AaLMOHHBIX 3a4a4.

B Hacrosimee Bpems 0ONbIIOE KOJIMYECTBO IMYONUKAIMHA IOCBSIIEHO
peanu3alMy  HAaXOXKACHUS  ONTHUMAJbHBIX  3HAYEHUH  HA  OCHOBE
OMOMHCTIMPUPOBAHHBIX AJITOPUTMOB sl ogHoMepHBIX (SISO) cuctem [1].
[[Inpoxko WMCHONB3YIOTCS TeHeTH4YeCKue anropuTt™bl (GA), anrOpUTMBI
kononun MypaBbeB (ACO), anroputmel pos yactul] (PSO), uckyccTBeHHbIE
uMMmyHHBIE cuctembl (AIS) [2 — 4]. PaccmarpuBaemple alropuTMbl UMEIOT
CJICAYIOIINE OTIMYUTENIbHBIE OCOOCHHOCTH: BBICOKAs TOYHOCTH BBIUMCIICHUH,
OBICTpO/ICHiCTBHE, BO3MOXXHOCTH pPa0OThl aJIrOPUTMOB TMPH OTCYTCTBUHU
HOJHOTHI HH(opMau 00 0OBEKTE yIpaBIeCHUSI.

Hanpumep, B wuccienoBanusix [2] paccmarpuBaeTcsi NPUMEHEHUE
aIropuT™Ma KOJIOHUN MYypaBbeB JUIsl ONTUMHU3ALMU PACIOJIOKEHUS MPOBOAKU
ANIEKTPOOOOPYNOBaHUS B 3[AHUSX, YTO IO3BOJIIET COKPATUTh 3aTpaTbl Ha
MOHTaX 3JIEKTPOOOOPYIOBaHUS, KOHTPOJMPOBATh MaJACHUE HANPSDKEHUS U
SKOHOMHTH (PMHAHCOBBIE 3aTPAThl IPU CTPOUTEIHCTBE.

© O.U. upsera, T.1. Camurynun, 2019
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B crarbe [3] mnpencraBieHa MHTEIUIEKTyallbHas CHCTEMa  JUIS
ONTUMM3AIMK TIpoliecca OOCTYKUBAaHUS Ta30TypOMHHBIX YCTAaHOBOK IpHU
IIOMOIII TE€HETUYECKUX alIropuTMOB. MccienoBaH mpolecc TEXHUYECKOTO
obcmyxkuBaHusi razoBoi  TypOowHml  Siemens SGT600. PaspaGoran
ONTHMANBHBIA TUTAH OOCTYKMBaHHUS YCTAHOBKH, ITO3BOJISIONIMIA COKPATUTh
BpeMsl MPOCTOs1 000PYAOBaHUs, YTO CHUYKAET YpOBeHb 00X 3arpar Ha 80%.

'uGpumHbIe aNTOPUTMBI, BKIIIOYAIOIINE B C€0sl HECKOJIBKO TEXHOJOTHUH,
MO3BOJISIOT MOY4YuTh Oosiee 3dexkTuBHBIC pe3ynbraThl. Hampumep, B Takux
paborax, KaK (4] paccMaTpuBarOTCA BOIIPOCHI YIIPABJICHUS
npon3BoACTBeHHbIME JIMHUSAMU Ha ocHOBe ACO u GA. Pa3paGoTraH HOBBIH
NOAXON JUIA  ONTHUMH3AIMU  TapajulebHOW  COOpKM  MPONYKIUU U
SKCIIEPUMEHTHI JJOKAa3bIBAIOT, UTO MPUMEHEHHUE MPEIJI0KEHHOI0 ajropuma Ha
ocHoBe ACO u GA no3BossieT HaXoAUuTh 0oJiee KaueCTBEHHBIE PEILICHUS.

AnroputmMbl  Smart-TEXHOJIOTUA B HACTOAIIEE BpPEMS  IIMPOKO
UCTIONIB3YIOTCA JUIsl CHHTE3a THUIIOBBIX PeryasTopoB. B pabdore [5] uccnenoBano
BIIMSIHUE aJrOpuTMa pOsl YacTHI] Ha ontuMmuzanuio napamerpoB [T]I-
perynsTopa B CUCTEME aBTOMAaTHUYECKOTO perynupoBanus HampspkeHus (AVR).
[IpousBeneH CpaBHUTENBHBIN aHAIN3 C HACTPOWKOW CHUCTEMBI MPU MOMOIIU
GA. Pesynprarel nokazanu, 4ro cuctemMa AVR, onTumMu3upoBaHHas IpU
oMot PSO o0magaeT Oosbleli CTaOMILHOCTRIO M HAIEKHOCTBIO.

Oco0blii HTEpeC MPEACTABISAIOT AITOPUTMBI HACTPOHKU PETYISATOPOB
Ha OCHOBE HCKYCCTBEHHBIX HMMMYHBIX CHCTeM. B wyacTHOCTH, airoputm
kioHanpHOUM cenekuuun (CLONALGQG), npuMeHeHHe KOTOpOro Ui peLIeHUs
3a/a4 ONTHUMM3AIMA U HACTPOUKH perymsiTopoB Aaét Oonee 3pdexkTuBHBIC
pesynbrarel, ueM ACO u GA. B crarbe [6] pe3ynbTaTbl MOJEIUPOBAHMS
MOKA3bIBAIOT, YTO QJITOPUTM HMMYHHOW cHCTeMbl i Hactpouku [T]I-
pEryisTopa HIMEET BBICOKYIO TOUHOCTD PELICHUS U CKOPOCTh CXOJUMOCTH.

Bce BbllienepeurcieHHble  aITOPUTMBbl  MPEJICTABISIIOT HMHTEpEC B
KaueCTBE pa3BUTHUsI HMX Ha KJIACC MHOTOMEPHBIX MHOTOCBSI3HBIX CHCTEM
yIpaBJeHHs, B TOM YHCIIe yIpaBlIeHUEe ImpoleccaMu HedTera3oBoil orpaciu

[7].

Hear crarbu. [0 H30IMPOBAHHBIX TMOACHUCTEM MHOTOMEPHOM
MHOTOCBSI3HOM CHCTEMBI YIPaBICHHS MPOIECCOM HEe(TEra3oBOH OTPaCiIu —
NEpPEeroHKH  Tra3a uepe3  JUCTWUISIHOHHYIO  KOJIOHHY, HEO0OXOIUMO
CUHTC3HUPOBATL PCTYIIATOP HA OCHOBC 6I/IOI/IHCHI/IpI/IpOBaHHBIX AJITOpUTMOB C
LENbI0 TOCTHKEHHUS KeJTaeMO TUHAMUKH.

Cunre3 MIMO-cucrembl yIpaBJeHHs Ha OCHOBe
OMOMHCIIUPHPOBAHHBIX AJTOPHTMOB.

B kauectBe 00BEKTa ympaBieHUs: HE(TEra3oBOl OTpaciud pacCMOTPUM
IPOIIECC OYUCTKU ra3a B JAUCTWUIIIMOHHON KOJOHHE. J{MCTWIUIALMOHHBIE
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KOJIOHHBI COCTOSIT M3 HECKOJBKHUX KOMIIOHEHTOB [7], KaKIbli M3 KOTOPBIX
UCIIONB3yeTCs MJI1 TepeJayd TeIJIOBOM OJHEPruM WM Ui YBEJIUYEHUS
MaccornepeHoca. ba3oBas  AMCHWIISAIMOHHAS  KOJOHHA  COCTOMT — W3:
BEPTUKAJILHOTO ammapara, COAEpXAallero TapeiKd WU IUIUThI, KOTOpPbIE
OpeAHa3HauYeHbl Il YCWJIGHHS Tpolecca paslefeHHs KOMIIOHEHTOB;
peboitiepa (KoTia i MOBTOPHOTO HArpeBa) UIsi OOCCIEYECHHS TEIUTOBOM
SHEPTUU C LEIbI0 JTOCTHKEHHUS HEOOXOIMMOIO HCIapeHus B HIDKHEH yacTu
KOJIOHHBI; KOHJIEHCATOpa Ui OXJIaXJACHUS M KOHJIEHCAI[MH Iapa U3 BepxHel
YacTU KOJIOHHBI; pe(pIeKCHON eMKOCTH (COOpPHHKA OPOIICHUS KOJOHHBI) JUIS
yAepKaHUs KOHACHCUPOBAHHOTO Iapa, C LEeNbI0 BO3BpaTa KUJIKOCTU 00paTHO
13 BEPXHEH YacCTU KOJIOHHBI.

BonbmHCTBO crcTeM KOHTPOJIS Ipolecca AUCTUIIIALNN, KaK OOBIYHBIX,
TaK U COBPEMEHHBIX IPENOIaraioT, YT0 KOJOHHA paboTaeT MpHu MOCTOSHHOM
naBineHud. DnyKTyallus JaBlIeHUs JielaeT KOHTposb Oojiee THOKUM U
o0ecneynBaroT ero paborocnocodbnocts. Ctpykrypa L-V (L —cKOpoCTh MOTOKA
KUAKOCTH, V — CKOpOCTh IOTOKa TIapa) MOXET paccMaTpuBaThCs Kak
CTaHJapTHasl CTPYKTypa VIpaBICHHUS s JUCTWLISIUM C  JBOWHBIM
KOHTPOJIEM cOCTaBa. B TakoW ympaBisIONIe CTPYKTYpE CKOPOCTh IMOTOKA
KUAKOCTU L U CKOPOCTH MOTOKA Mapa V SBISIOTCS YIPABISIOMIMMU BXOIAMHU.
3amauya peryasTopa COCTOMT B TOM, YTOOBI MOJJAEPKHUBATh >KEIaeMble
KOHIIGHTPAIUU IIPOAYKTOB Y 5,7 p Ha BBIXOJIE arperara.

JluHeapu3oBaHHAsT MOJENb OOBEKTAa YIPABICHUS C YMEHBIICHHBIM
MOPSIZIKOM MOXET OBITh MPEACTaBICHA CUCTEMOW C JIBYMSI BXOJAMH U ABYMS
BBIXOJIAMU:

b 1 0.0042  -0.0062(L

S — . 1
xg| 1+1.9588s|-0.0052 0.0072 |V M

[ToctanoBka 3amaun (opmynmupyercs claeayrmmuMm oOpasoMm. Ha
OCHOBaHWU WCXOAHON Monmenn oObekTa ynopaeineHus (1) HeoOxomumo
pa3zpaboTtarb Smart-TeXHOJOTHIO [UIsl CHUCTEMBbl YIpPaBIEHUS MPOLECCOM
OYNCTKM Ta3a B JUCTWUIALIMOHHOW KOJOHHE. B YacTHOCTH, paccuuTaTh
onTuMaiibHble mapameTpsl [IW/[-perynsitopa ¢ NpUMEHEHHUEM alaropuTMa
KJIOHAJIBHOM CEJEKIMM HCKYCCTBEHHOM HMMYHHOM CHCTEMBI C LEJbIO
MUHUMU3ALUN KBaIPaTUYHOTO UHTETPAILHOTO KPUTEPHsI KadeCcTBa.

Ha puc. 1 nmpeacraBneHa cxemMa MOJCIHPOBAHHS — CHCTEMBI
aBTOMAaTHYECKOTO ympaBiieHus Ha 0Oaze amroputMa CLONALG mis
MHOTOCBSI3HOTO IIpoliecca o4ucTkM raza B cpeae MATLAB. broku
Decoupling-Gain sSBiSIOTCS 3JIEMEHTaMU Pa3BsA3bIBAIOIICTO KOHTpoyuiepa. [Ipu
MOJTHOM Pa3Bsi3Ke MHOTOMEpPHASI CUCTEMa Pa3JIeseTcsl TaKUM 00pa3oM, 4TOObI
B crcTeMe 0oJIbIe He OBII0 MePEeKPECTHRIX B3aUMOICHCTBUH.
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1.9588s+1

Step AIS-PID Controller Transfer Fen Scope
-0.0062
1.9588s+1

g\

Decoupling-Gain Transfer Fcn1

-0.0052

»
1.9588s+1
K- Transfer Fcn2

Decoupling-Gain1

F ) Pits) - 0.0072 o
Z 1.9588s+1 =
Step1 AIS-PID Controller1

Transfer Fcn3

Scope1

Puc. 1. Cxema MOJCINPOBAHUA CIIOKHOM CHUCTEMbI yHpaBJICHUA ITPOLICCCOM
MEPETOHKU I'a3a 4€pe3 JUCTUUIAINOHHYIO KOJIOHHY

3amaya paszmeneHus CHCTeMbl Oblla perieHa aBTopaMu B padote [8].
Takass cucrema NpeaACTaBEICTCA B BUAC  HCCKOJBKUX  HC3aBUCHUMBIX
MOJICUCTEM, KOTOPbIE MOTYT YMHPAaBISATHCS C MOMOIIBIO OJHOMEPHBIX METOJIOB
" YIIPaBJICHUC ITPOU3BOAUTCS 110 IBYM HC3aBHUCHUMbIM KOHTYpaM.

Anroputm CLONALG nactpoiiku [T ]l-perynstopoB npeacraBieH Ha
puc. 2.

MHnumanmsaumus

! N

APUHHOCTb

.

Cenekyma

v

KnoHuposaHve > MoNYyNALMOHHbBIN LUUKA

v

MyTauma

v

Bbi6op /yyLLero KaoHa

Puc. 2. Anroput™m kinoHaneHO# cenekiuu cunresa [IU][-perynstopoB noacuctem
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KonnenryaneHoil ocHoBoli npumeHeHus airoputmMa CLONALG s
TEXHOJIOTMYHCKUX CHCTEM SIBJISIETCSl TEOpUsl HMMMYHHBIX CHCTEM C
MeXaHM3MaMH MMMYHHOTO OTBETa OpraHM3Ma Ha BTOP)KEHHE YY)KEPOIHOTO
anTureHa. [Ipy 3TOM MPOUCXOIUT pacro3HaBaHHWE AHTHUTEIAMHM OpTraHH3Ma
0o0pa30B AaHTUTCHOB. B KOHTEKCT€ TOCTAHOBKHM 3aJaddl Uil CHCTEMbI
ynpasieaus (1), o06o00mEénHas ¢opma aHTUTENT COOTBETCTBYET BEKTOPY
apryMEHTOB, H MPEJCTaBIseT cCOO0 HaOOp pelieHnid MOCTaBICHHOM 3a/1auu; B
Ka4eCTBE aHTUTECHOB MCIOJIb3YETCSl KpUTEPHUH KadecTna [6].

B amroputme CLONALG (puc. 2), Ha »3Tane HWHULHAAIUA3AIUU
MIPOBOJIUTCS T€HEPUPOBAHHME CIIYy4alHBIM 00pa30oM HadyaJbHOTO MHOXECTBA
BO3MOXXHBIX pPEUICHUH 3aJa4dd, YIOBJIECTBOPSIOLUIMX KPUTEPHIO KauyecTBa.
CrenyromuM MaroM ajaroputMa UAET BHIOOP PEIICHHH (aHTUTEN) C JIyYIIeH
appunHOCTHIO. B MMMyHONOrMH, adduHHOCTE O3HAUAET CHIly CBSI3BIBAHUS
MEXJy aHTUTEJIOM U aHTUTeHOM. [Ipu pa3BUTHUM TEOPUU HUMMYHHBIX CHUCTEM
Ha 3aJ1a4¥l ONTHMAJIBHOTO YIPaBJICHHUS CUCTEMaMH, JaHHAs Mepa ONpeAeseT,
HACKOJIBKO COOTBETCTBYET pEUICHHE 3HAYCHHUSIM KPUTEpUs KauecTBa U YeM
MEHBILIE PACCTOSIHME MEXAy BEKTOpaMHu, TeMm Bbimie adduuHocTs. [lis
MOJYyYEeHHUs  pe3ynbraroB  ucnodb3oBaHus  anroputmMa  CLONALG
HCII0JIB30BAJIOCh €BKIIMJ0BO paccTosiHue [6].

Crnenytonye mard ajJropuTMa peaau3yroT MNpoUeaypbl KJIOHUPOBAHMS
perieHuit ¢ BbICOKOH appUHHOCTBIO, MyTallMM U BHIOOP pEIICHUI ¢ BBICOKOM
aUHHOCTHIO U3 MOMYJIANY H3MEHEHHBIX KIIOHOB.

st o6ocHoBanus 3¢ pextuBHOCTH NpuMeHenus anroputMa CLONALG
npoBeA€H  CpPaBHUTENbHBIA  aHajiM3  Pe3ylbTaToB  MOJEIHPOBAHUS
U30JIUPOBAHHBIX TMOJCUCTEM YIPABICHUS MHOTOMEPHOM MHOTOCBSI3HOU
CUCTEMBI YIIPaBJIEHUS MPOIECCOM MEPEroHKU Taza 4epe3 JUCTHIUISLHOHHYIO
KOJIOHHY C PETyIATOpaMH, HACTPOCHHBIMH Ha OCHOBE Smart-TeXHOJIOTHH:

— Ha OCHOBE T€HETUYECKOro ajropurma [9];

— Ha OCHOBE aJropuTMa ONTHMHU3AIMH METOJOM KOJIOHHHM MYpaBbEB
[10].

B Xxome cpaBHeHMS pe3ylbTaTOB NPUMEHEHHS alrOpPUTMOB ObLTH
MOJIYYCHBI CIICTYIONINE OIIEHKH KauyecTBa (TabiuIia).

W3 maHHBIX TaOMUIBI BUIHO, YTO JYYIIIME OIICHKU KaueCTBa TaKue, Kak
BpeMsl peryjMpoBaHus, epeperyIupoBaHie U KojaeOaTeIbHOCTh, MOTYYEeHbI B
xone mnpuMeHeHus anroputMa CLONALG. OtoT anroputM ycrymnaer
anroputMam GA 1 ACO TOJIBKO TIO BEJIMYHWHE YCTAHOBUBIIEHCS OIIMOKH.
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Tabnuua
CpaBHUTENBHBIN aHA3U3 OMOMHCIIMPUPOBAHHBIX AJITOPUTMOB
Pesynbrats Komnonent GA | ACO | CLONALG
MOJICJIUPOBAHUSL:

1 — ny4muii pe3ynstar; | Bpems perynupoBaHus 1 1

2 — cpenuuii pe3ynsTat; | [lepeperynupoBanue 2 1 1

3 — xymumii pesynasrar | Koje6arenbHOCTh 2 1 1
YcranoBuBIIascs ) 1 3
ommoOKa

BoiBoabl. B pesynbrare mpoaenaHHoON pabOTHI MOTyYEHBI PE3yJIBTAThI
npuMeHeHHus anroputMoB SMART-texHonoruii st pemieHus  3ajady
ONTUMAJIBHOTO YNPABJICHUS CIOKHBIMU CHUCTEMaMH He(TerasoBOil OTpaciH.
Pe3ynbpTarel MOAENMPOBAHUS C HCIIOJIB30BAHUEM Pa3IMYHBIX aJITOPUTMOB
SMART-TexHONIOTHII TO3BOJSIOT CAENaTh BbIBOA 00 3(PdeKTUBHOCTH
ucnoap3zoBanus anroputMa CLONALG ncKycCTBEHHBIX MMMYHHBIX CHCTEM.
B nepcnexTuBe niuaHupyeTcs MOJIyYUTh Pe3yabTaThl IPUMEHEHUS aJITOPUTMOB
UCKYCCTBEHHBIX ~MMMYHHBIX CHUCTEM JUIS  peajM3aluu  IpPOLERYpbI
pa3Bs3biBanuss MIMO-cucreM.

Pabora Bemonnena no rpaunty KH MOH PK no Tteme: "Pa3zpaGotka
KOTHUTHBHON Smart-TeXHOJIOTUH JUIsl MHTEJJIEKTYalIbHBIX CUCTEM YIPaBICHUS
CJIO)KHBIMH OOBEKTaMH Ha OCHOBE ITOAXOJI0OB MCKYCCTBEHHOTO WHTEJUIEKTa'"
Ne AP05130018 (2018-2020 rr.).
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YK 681.5

Po3po6ka mTy4yHOi iMYHHOI cHCTeMH YNpaBJiiHHS 0araToBUMIpHHUM 00'€KTOM
Hadrorazosoi raaysi / llupsiea O.L., Camiryain T.I. / Bicauk HTY "XIII". Cepis:
Inpopmartuka Ta MmonmemtoBanHsa. — XapkiB: HTY "XIII". — 2019. — Ne 13 (1338). — C. 155 —
163.

VY nasiii poOOTI HpenCTaBiIeH] pe3yIbTaTh 3aCTOCYBaHHsI Smart-TeXHOJIOTiH 1O CHHTE3y
CKJIQJIHUX CHCTEM YNpaBiliHHs Hadrora3oBoi ramysi. 30Kkpema, po3IJISIHYyTO OaraToBHMipHa
6araro3s'szHa (MIMO) cucrema ynpasiliHHS IIPOLIECOM NIEPErOHKHU a3y 4epe3 TUCTHIISIIHHY
KOJIOHY 3 PpEryJIsiTOpOM, HAacTPOEHUM Ha OCHOBI alrOPUTMY KIJIOHAJIBHOTO —CEJEKLil
CLONALG mryynnx imyHHux cucrem (AIS). HaBeneHo pe3ynbraTu NOPIBHSUIBHOTO aHAJI3Y
3aCTOCYBAHHS PETYyJATOpIB, HaJAIITOBAaHMX Ha OCHOBI iHmmMX SMART-TexHOMOTIi:
reHetnyHui anroput™ (GA), aropuT™ onrtuMizamii MetogoM kosoHii mypax (ACO). Im.: 2.
Ta6m.: 1. bibmiorp.: 10 Ha3B.

KuroueBble cioBa: reHerndeckuii anroput™ (GA); meton kononuu mypasbeB (ACO);
HCKYCCTBEHHBIE UMMYHHBIE cucTeMbl (AlS); anroputm knoHanmsHO# cenexkuyn (CLONALG).

YK 681.5

Pa3pa6oTka HCKYCCTBeHHOl HMMYHHOH CHCTeMbl YNPaBJeHHS MHOIOMEPHBIM
o0bexTOoM Hedrerazopoii orpacau / lllupsesa O.U., Camurynun T.U. // Bectauk HTY
"XITN". Cepusi: Undopmaruka u Mmonenuposanue. — Xappkos: HTY "XITIN". — 2019. — Ne 13
(1338). —C. 155 —163.

B manHo# paboTe mpeacTaBIeHbl pE3yIbTAaThl MPUMEHEHH Smart-TeXHOJIOTUH K CHHTE3Y
CIIOKHBIX CHCTEM YyNpaBicHHs He(dTera3oBod oTpacau. B wacTHocTH, paccMoTpeHa
MHOTOMepHass MHorocBsizHass (MIMO) cuctema ympaBlIeHHs TPOIECCOM TEPETrOHKH Trasa
Yyepe3 MUCTHIULILHOHHYIO KOJIOHHY C DPEryJsiTOpOM, HACTPOGHHBIM Ha OCHOBE aJIrOpHTMa
kionansHOU cenekiun CLONALG wuckyccTBeHHBIX UMMYHHBIX cucteM (AIS). TIpuBenenst
pe3yJIbTaThl CPAaBHUTEIBHOIO aHAJIM3a MPHUMEHEHUsS! PETYISTOPOB, HACTPOCHHBIX HAa OCHOBE
apyrux SMART-texHonoruii: renerudeckuit anroputm (GA), anroputrM ONTHMH3ALUH
METOJI0M KoJIoHHU MypaBbEB (ACO). Min.: 2. Tabxn.: 1. bubnuorp.: 10 Hass.

KuaroueBbie cioBa: renernucckuii anroput™ (GA); meron kononuu mypaebeB (ACO);
UCKYCCTBEHHBbIE IMMYHHbIE crcTeMbl (AIS); anropurm xionansHo# cenexiun (CLONALG).

UDC 681.5

Development of an artificial immune MIMO-system for plant of the oil and gas
industry / Shiryayeva O.I., Samigulin T.I. // Herald of the National Technical University
"KhPI". Series of "Informatics and Modeling". — Kharkov: NTU "KhPI". — 2019. — Ne.13
(1338). —P. 155 —163.

The results of applying Smart-technologies to the synthesis of MIMO-systems in the oil
and gas industry are considered. In particular, a MIMO-system for controlling the process of
gas distillation through a distillation column with a controller set up based on the clonal
selection algorithm, CLONALG, artificial immune systems (AIS) is considered. The results of
a comparative analysis of the use of controllers configured on the basis of other SMART-
technologies are presented: the genetic algorithm (GA), the optimization algorithm of the ant
colony method (ACO). Figs.: 2. Tabl.: 1. Refs.: 10 titles.

Keywords: genetic algorithm (GA), and colony method (ACO); artificial immune
systems (AIS); clonal selection algorithm (CLONALG).
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MOBYAOBA BIOTEXHIYHOI CHCTEMH M’S130BO1
EJTJEKTPOCTHUM YJISIIIII

Po3risiHyTi 0co0iMBOCTI MOOYJOBM OIOTEXHIYHOI CUCTEMH €JIEKTPOCTUMYJISLIT M's3iB
JOJMHY i JI€I0 CTUMYJTIOIOUNX CUTHAIB Pi3HOT CKOPOUYBAITLHOI 3MaTHOCTI 3 ypaxyBaHHIM
IHIWBIAyadbHOTO CTaHy HEPBOBO-M'SI30BOTO amapary JnoawHd. CHcreMa  J03BOJISIE
3iCHIOBaTH Oe3nepepBHUN KOHTPOJb €(EKTUBHOCTI MPOBENCHHS TEPANICBTUIHUX TPOIICIYP
32 PaxyHOK peecTpaiii CHrHAy eJNeKTPOMIOrpaMH MOBEPXHEBHUMHU €JCKTPOJaMH Ta
Y3rOJUKCHHSI ~ TapaMeTpiB  CHUTHATY  €JNEeKTPOMIOCTUMYJAIiT 3 XapaKTepUCTUKAMHU
CTUMYJbOBaHOI MycKyiatypu. [in.: 3. biGmiorp.: 16 Ha3B.

KaouoBi cioBa: enekTpOMIOCTHUMYJILIS; €JIEKTpOMiorpama; HEpPBOBO-M'S30BUH
arapar; TepaleBTHYHA POLEAypa; TapaMeTPH CUTHAITY; IOBEPXHEBI €I1EKTPOIH.

IMocranoBka npodiaemu. lIponeaypu €neKTPUYHOTO MacaKy IIMPOKO
3aCTOCOBYIOTBCS IS TPO(QITaKTAKK  3aXBOPIOBaHb,  ITiJIBHIICHHS
e(EeKTUBHOCTI pe3yNbTaTiB TPEHYBaHb y CIIOPTCMEHIB, a TAKOX IMpPH PI3HUX
croco0ax JIIKyBaHHS 1 BIJHOBJICHHS OpraHi3My. BOHM BHKOHYIOTBHCS 3a
JIOTIOMOTOI0 ~ CHEIiallbHUX  amapaTiB, SKI  3AIHCHIOIOTh  EJIEKTPHUYHHIMA
IMIYJIbCHUH BIUIMB Ha M SI30B1 CTPYKTYPH JIFOHHU.

[MapameTpu  CTUMYNIOIOYOTO BIUIMBY HE 3aBXKIA  ONTUMAIBHO
BIJIMOBI/IAIOTh KOHKPETHOMY TAIlieHTy a00 o0OpaHiil JUISHIN Tila, 110
OPU3BOAUTH JO HENOCTaTHHOI €(PEKTUBHOCTI TEPAaNeBTUYHUX MPOLEIYD,
MOIOBXKEHHS TEPMIiHIB peadimiTarlii. Y CyHEeHHS HEJI0JIIKIB MOYKJIMBE BHACIIIIOK
KOpUTYBAaHHS TapaMeTpiB eJIEeKTPUYHUX CTUMYIIB 3aJ€KHO B JaHUX
Miorpadi9HUX JOCIIKEHb KOHKPETHOTO MMAIlIEHTA.

AHani3 Jjireparypu. Y nociikeHHi [1] mokasaHo, 1o elIeKTpUYHA
Ta/ab0 eIeKTPOMEXaHIuHa CTUMYJISIISA BIITPAIOTh 3HAYHY POJIb B PereHepartii
(YHKLIOHATBHUX MOMJIMBOCTEH B M'AKMX TKAHWHAX, TaKUX SK CYXOXKHIUIA,
M'sI3M 1 HEPBH.

B po06oTi [2] nosICHIOETRCS, SIK €IeKTPHUYHA CTUMYJISLIS MOXKE BIUIMBATH
Ha 00’eM Ta po3Mip M's31B, M'I30BHIl TOHYC, M'sI30BY aTpodito 1 M'sI30BY CHITY.
Posrnsgaerscst pizHOBHIM enekTpuyHoi ctumyismii (ES) — nelipom'sizoBa
enexktpuuyHa ctumyssaiis (NMES) Ta kpi3blikipHa eIeKTpUYHA CTHMYJISIIIS
(TES), xonu eneKTpUYHHUNA CTPYM 3aCTOCOBYETHCS JJISI CTUMYJIALIT HEPBIB 200
HEPBOBUX 3aKiHUYCHb, SKI I1HHEPBYIOTh M'S3M i MIKipow. Emextpuana

© O.M. Mauok, I.B. Ilpacoxn, O.A. €pomienko, 2019
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CTHUMYJISLIISE MOXKE TPOBOAMTHUCS IMOBEPXHEBO Ha MIKIpY (Kpi3bIIKipHO) abo
Oe3rmocepeIHbO B M's13 200 M'si3H (BHYTPIITHEOM'S130B0). K10 niepudepuaHmiz
HEpB MOXHa CTHUMYJIIOBaTH, OTPUMaHUM iMmyiabc 30y[KeHHs Oyxe
nepeaBaTUCsl HEPBOM Ha KIHIEBI IUTACTUHH M'S30BOTO  BOJIOKHA, IO
OPU3BOJUTH /IO CKOPOUEHHS M'si3iB. AHAI3yeThCs BIUIUB  MPOCTOI
EJICKTPUYHOI CTUMYJISAIT Ha M'SI30BY Macy 1 MIIIHICTb.

Y pocmipkeHHi [3] mOKa3aHO, IO CIA0OKICTh CKEJICTHUX M'SI3IB €
MTOMITHOIO OCOOJIMBICTIO Y TAIIIEHTIB 3 peBMaToigHuM apTputoM (PA). ABTopu
JOCITIJUKYBaIM, Y € TPEHYBaHHS 3a JOINOMOIOI0 HEPBOBO-M'S30BOi
enexkrpoctumyisiiii (NMES) 3axuctom Bim AMCYHKINT CKETETHUX M'S31B.
Otpumani naHi cBigyaTh mpo Te, L0 omTuMizamis mnapamerpiB NMES
3amofirae M's30Bid CIAOKOCTI MpU TIEBHUX BHJAX apTPHUTIB 1 MOXKe OyTH
e(peKTUBHIUM METOJIOM JIIKYBaHHs TUCQYHKIIIT M'sI31B y MalfieHTis 3 PA.

®Di3i010TiYHi OCHOBM aJANTHUBHOI €JEKTPOM’I30BOI CTHUMYJISIIl.
Enexrpoctumynsis (EC) ckeneTHUX M's31B, SIKi € OCHOBOIO OIIOPHO-PYXOBOTO
amapary JIIOAWHHW, Ja€ TO3UTHBHUK JIKyBaJIbHUH, NTPOPUIAKTHIHHHA 1
TpenyBanbHUN edexktu. EC mpu3BoauTh He TIAbKH 10 30Yy/PKEHHS HEPBOBO-
M'SI30BHX CTPYKTYp, ajie ¥ BIUIMBAaE€ HA TPO(iuHI MPOIECH B M'sI31 1 B YChOMY
OpraHismi, o0 OOyMOBIIIOE€ Hecrenu(piyHe TOCUICHHS OCHOBHUX (DYHKIIIN
€MHOTO OpraHizmy [4].

B ocHOBiI [nocmimkeHHs M'S31B  JIGKUTh BU3HAYCHHS IMapaMeETPiB
MOTEHITIATIB OKPEMUX PYXOBUX OJIMHHUIID, IO € (PYHKI[IOHATHLHUM €JIEMEHTOM
KOXKHOTO CKeJIeTHOro M'siza. OCHOBHUMH MapaMeTpaMy MOTEHIIaNiB PyXOBUX
onuuuib (ITPO) € ix TpuBamicTs 1 ammutiTyaa [5].

Crumynsmiss  M'30BOi  TKaHMHHM  TPOBOAUTHCS 32  JIOMOMOTOIO
CIIPSIMOBAHOTO 30Y)KEHHsI 1 CKOPOUYEHHS TIEBHOI TPYNHU M'SI3iB, MPUUOMY
3IIHCHIOETHCS 1€ OJHOYACHO, 100 MOCWINTH 0OMIHHO-TpO(iuHI IporecH, sKi
CIpsiMOBaH1 Ha 3a0e3MedeHHs] pOOOTH M'S131B EHEPTeTUYHHM 3aIacoM.

EnextpuyHa CTUMYJSALISL YCHINIHO TOETHYETHCS 3 TPAAULIAHOIO
JKapChKOIO TEpari€lo, a B Pl BUMAIKIB JO3BOJISAE JOMOTTHCS JIIKYBaJIHHOTO
edexTy Tam, Je iHIII METOAM JIIKyBaHHS HE MaroTh pe3yasrary. Meroau EC,
110 3aCTOCOBYIOTHCS B MEJIUIIMHI, 3aJI€KaTh BiJl KOHKPETHOTO 00'€KTa BILIUBY.

3anexHO BiI aMIUIITYIM CHUTHATIIB 1 mopora 30y/[pKeHHS HEpBOBO-
M'I30BO1 CTPYKTYPH, L0 CTUMYJIOETHCS PO3PI3HAIOTH MiMOPOTOBUIl PEXUM
€JIEKTPOCTUMYJIALLT, TOPOTOBUIA 1 HAIOPOTOBUi [6].

[TigmoproBuii pexuM BIUIMBY HE BHUKJIMKAE CKOPOYCHHS M'sI3a, SIKAN
peeCTpyeThes BidyalbHO ab0 3a JOMOMOTroI0 AardukiB. [ToporoBuii pexum e
TakUil BIUIMB, TNpPU SKOMY BIIOYyBa€Tbcs JIeAb PEECTPOBAHE CKOPOUYEHHS
CTUMYIIbOBaHOTO M'si3y. HanmoporoBuili pexxuM — 1€ BIUIHB, TPH SKOMY
CKOPOYCHHSI M'si3y, IO CTUMYJIOETHCS, OUIbIIE TIOPOTOBOTO, 3 PI3HUM
CTyIIEHEM BUpPaXeHOCTi. be3mocepeHiil BIJIMB Ha HEPBOBO-M'S30B1 CTPYKTYpHU

166



BicHuk HauyioHanbHO20 mexHiyHo20 yHiesepcumemy "XI1I", 2019, Ne 13 (1338)
ISSN 2079-0031 (Print) ISSN 2411-0558 (Online)

BUSIBIISIETHCS] CHJIBHIIINM, YITKO BUpaKeHHH e(epeHTHUI BIUIMB Ha BCi piBHI
pyXoBOro aHamizatopa 1 UUIICHHM OpraHi3M. BukiImkaHe MakcUMaibHE
CKOpOUEHHsI M'si3a MOXKE HiATPUMYBATUCS JOBIIE 1 MOBTOPIOBATHCS OLIbIIY
KUIBKICTh pa3iB, HIK TP JOBUIBHUX 3YCHIUIAX. Y TIOPIBHSHHI 31 3BUYAHHUM
TPEHYBAHHSAM E€JIEKTPOCTUMYIIALIS HEPBOBO-M'A30BOrO amapary Mae IeBHi
nepeBaru [6]. [ns peamizarii aganTHBHOI €JIEKTPOM’ SI30BOT  CTHUMYIISAIT
HEOOX11HO BUKOPUCTOBYBATH OPOTOBUI PEKUM.

BaxnuBoro BIacTUBICTIO HEPBOBO-M'SI30BUX CTPYKTYp IPU MOJAPa3HEHHI
EJIEKTPUYHUMH CUTHAJIAMH € 3QJICKHICTh 30yPKYBaHOCTI BiJ] IIBUIKOCTi 3MiHU
aMILTITYIH CTUMYJTFOIOYOTO CUTHATY [7].

EnextpocTumynsmisi ~ 30inbllye  KpPOBOTIK B M'si3ax,  HajJae
00J1e3aCOKIHIMBY 1 MPOTH3aNalbHY 110, MOIEepeIKae BUHUKHEHHs aTpodii
BiJl Oe3/isTbHOCTI, YIOBIJIBHIOE ii PO3BUTOK MpHU JICHEpBaIlii, 3HUKYE TOHYC
MIPU HAsIBHOCTI CITACTMYHOCTI, TTOKPAIIly€e pereHepallito HepBiB.

ITing yac nposenenuss EC BapTo BpaxoByBaTh OCOOIMBOCTI INPOLECIB,
MOB'SI3aHUX 31 3MIHOIO MDKEJIEKTPOAHOTO omopy. Omip mKipu 1 MiAMKIPHUX
TKaHUH CYTTEBO PO3PI3HAIOTHCA. JUISHKM M'sI30BOT TKAaHUHHU, 110 3HAXOIUTHCS
mijg OIMOJISPHUMH €IEeKTPOlaMHd, YMOBHO MOXHA BBa)KaTl TOMOTECHHHUMH,
[poTe Pi3HI OpPraHu i YaCTUHM Tija HE MOKHA XapaKTepPHU3yBaTh OJHAKOBHUMU
3HAYEHHSAMHM TIMTOMOTO OIOpY, TaK SK MDK JajJeKo pO3TallOBaHUMHU
€JIEKTPO/IaMU  BUSIBIIAIOTHCS PI3HOPIAHI TKAaHWMHU 1 OpraHu. JlOWiTbHUM €
OimosnsipHe HaKJIaJICHHS napu €JICKTPO/IiB OJTHOTO KaHay
CIEKTPOCTUMYIIATOpPA HA M'S3, IO CTUMYIIOEThCS, 1 HeOakaHO (HaBITh
HEMPUITYCTHMO) 1X PO3HECEHHS Ha pi3HI TPymu M'sI3iB 1 TUM Oijblne Ha
OJHOIMEHHI M'SI3U MIPOTHUJICIKHOI CTOPOHH TijIa.

Omip MIKEIEKTPOAHOTO KOJja 3aJeKHUTh Bl CHJIM CTPYyMY, XapakTep
3aJIeKHOCTI BIJNOBIJIAE PO3YMHY EJEKTPOJiTa — YUM MEHIIE UIUIBHICTD
CTPYMY, TUM O1LJIBIIIE OITip KOJIa.

Takum uwmHOM, npu mpoBeneHHi EC HepBoBo-M'si30BOro amapary
BOXJIMBUN pallioHaJbHUN BHOIp 11 peXUMIB 1 TOEAHAHHS TOHIYHHX 1
KIHETUYHUX CKOPOUYEHbB; II€ CYTTEBO BIUIMBAE HA 30UIBLICHHS MacH, PO3BUTOK
CHJIH, T ABUIIICHHS 30Yy/IJTUBOCTI 1 TIpare31aTHOCT1 M'sI31B.

Meta cTaTTi — TEOPETHMYHHMI aHai3 MOXKJIMBOCTI PETyIIOBaHHS
napaMeTpiB BIUIMBY IIiJl 4ac MPOBEICHHS MPOLEAYP EIEKTPOCTUMYIIALIT M’s131B
3aJIEKHO BiA JaHMX MiorpadidyHUX JOCHIKEHb TMAIliEHTa; PO3poOKa
CTPYKTYpHOI CcXeMH OIOTeXHIYHOI CHCTEMHU aJalTUBHOI EJIEKTPOM’ S30BO1
CTUMYJIALIT, (GOpMYyBaHHS OCHOBHUX MEAMYHUX Ta TEXHIYHUX BUMOT II0JI0
TaKO1 CUCTEMU.

Cnoci0 ¢opmyBaHHSI CHTHAJy 3BOPOTHOro 3B’sA3KYy. [l sikicHOT 1
KUTBKICHOI OLIHKM CTaHy HEpBOBO-M'SA30BOT0O arapary JIIOAWHU 3a JOIMOMOTOI0
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enektpomiorpamu (EMI') mMoxke OyTH BUKOpUCTaHMU iH(OpPMAILiHHUIA MeTOox
YaCTOTHO-YaCOBOTO aHaII3y Ha OCHOBI CIIEKTPOTpaM.

CymapHa enektpomiorpadiss € BH3HAHUM METOAOM JOCIIKCHHS
HEPBOBO-M'SI30BOT CHCTEMH, OCHOBAaHMM Ha PEECTpAIlii 1 SKICHO-KUIbKICHOMY
aHaJi3l cyMapHOi 010€JeKTPUYHOI aKTUBHOCTI CYKYITHOCTI PYXOBHX OJUHMIIb
3a JIONOMOror HamkipHux enekrpomiB. Ilapamerpm EMIT curnamy, mro
pEECTPYEThCS,  CIy)KaTh  OO'€KTHBHUM  JTIarHOCTUYHUM  IMOKAa3HUKOM
(GYHKIIIOHATBLHOTO CTaHy M's30BuX rpyi [8], [9].

SIKicHMI aHami3 CTPYKTYpH HECTAlllOHApPHOTO 3a CBOEI0 MPUPOIOI0
EMI -curnany i nuHaMiku HOTO MapaMeTpiB B MPOIECi M'SI30BOTO CKOPOUYCHHS
BUKOHYETBHCSI HA OCHOBI CIIEKTPOTrpaMH, L0 peanidye rpadiuny Bizyalizaliio
aMIUTITYIHOI, YaCTOTHOI Ta YacOBOi CKJIAMOBUX OIOMEAMYHOTO CHUTHAIY B
peanpHOMY pexkumi vacy. OTxke, mapaMeTpu CTUMYIIOIOYNX BIUIUBIB MOXYTh
Oytu mimiOpani Ha ocHoBl jmanux EMI-curnany, mo m03Boisie peani3yBaTu
CUCTEMY JJIsl TPOBEACHHSI 1HIMBITyallbHUX TeparneBTUIHUX mporeayp [10].

[TepcieKTUBHUM TXOIOM TIPH IIBOMY € 3aCTOCYBaHHS O10TEXHIYHOTO
3BOPOTHOTO  3B'si3Ky. KOHTypoM OiOTEeXHIYHOTO 3BOPOTHOTO  3B'SI3KY
MEePENAIOTHCS SICKTPUYHI TTapaMeTPH, 10 XapaKTepU3yloTh O10JIOTIYHHUIN CTaH
o0'exta. Ha ocHoOBi miei iHdopmarii BIAMOBIZHO 10 LITBOBOI (yHKIII]
MIPOBOJIUTHCS aBTOMAaTWYHE KepyBaHHS MapaMeTpamMH CUTHay BIUIUBY. Takum
YUHOM, 3AIMCHIOETbCS Y3TO/KCHHS IapaMeTpiB 0i000'€kTy 1 TEeXHIYHHX
KOMIIOHEHTIB ~ CHUCTEMH,  BHUPOOJEHHS  ONTHUMAJIbHOTO  JIKYBaJIbHOTO
BILTUBY [11].

Posrnsinemo oco6muBocti EMI'-curnamy st okpeMux Trpym M si3iB
JIOOVHM il YaC BUKOHAHHS (DIKCOBAaHUX 32 IHTEHCUBHICTIO (pI3UYHUX BIIPAB.
Ha puc. 1 naBegeno EMI -curnan tpenoBanoro M'sizy m. biceps brachii B
HOPMI.

EMI-curgan 3HiMamyd 3 JOBOrOJIOBOIO M'si3a  IUIeda. AHATOMIYHE
po3TamnryBaHHS M's31B TOKa3aHO Ha puc.2,a [12], Mmicus po3ranryBaHHs
€JICKTPO/IIB BUIIJIEHO Ha puc. 2, 6. na 3amucy EMI'-curnany BUKOHYBaJICS
pyX 3THHAHHS Ta pO3TWHAHHS pyKH. BuzHaueHHs cepeanboi ammutitynu EMI -
CUTHAITY 3JIIHCHIOETHCS 32 (HOPMYITY:

4, = |4lyN, (1)

ne A, — amIunTyga i-ro BiJUIIKY 3apeeCTpPOBAHOIO CUTHAIY, N — 4UCIIO BIAJIIKIB

CHUTHAITy.

Cepenni 3HadeHHs ammiityan EMI-curHany [uisi TpeHOBaHHMX 1
HETPEHOBAHUX M'SI31B m. biceps brachii CTaHOBISITE:

—cepenus ammutityna EMI'-curnany [uis TpeHOBaHUX M'SI31B JIOPIBHIOE
345,62+148,10 MkB,
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—cepenus  amrityga EMI-curnany JUisi  HETPEHOBaHHMX — M'A31B
nopiBHIoe 189,27+84,00 mxB.

w10 Miorpama

AmnniTyaa
=
[} m

o
n

1] 0Aa 1 156 2 24
Yac, ¢

Puc. 1. EMI'-curnan TpeHoBaHoTo M's13y m. biceps brachii

Puc. 2. /IBoroynoBuii M's13 mieua,
a — aHaTOMIYHE PO3TallyBaHHS JIBOTOJIOBOTO M's3a Iieda, 6 — MicCIe
pO3TaITyBaHHs €ICKTPOIIB

TakuM YHMHOM, 3HAYCHHS CEPEIHBOI aMILTITYIH OKpeMOi rpymu M’s3iB
HalieHTa MOXKE CIIYTYBaTH CUTHAJIOM 3BOPOTHOTO 3B’SI3Ky B CHCTEMI JUIs
MpOBeICHHs 1HANBIAyansHuX mpouenyp EC.
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CtpykTypa OioTexHiunoi CHCTEMH aJanTHBHOL M's130B 01
eJIEKTPOCTUMYJIsANIL. 3 METOI MiJBUIICHHS €(QEKTUBHOCTI TEpPaneBTUIHUX
OpoIenyp HpPONOHYEThCS CTPYKTypa OioTexHiuHOi cuctemu (puc. 3), ska
peamnizye cmnoci6 ¢GopMyBaHHS TMapaMeTpiB BIUIUBY MIiOEIEKTPOCTIMYIISIIIT
MaIjieHTa 3aJIKHO BiJl TOTOYHOTO CTaHy M’ SI3iB.

MO EMI'

A

A

EC

Y

M®

Y

Puc. 3. CtpykTypHa cxema 0i0OTeXHIYHOI CHCTEMH aJallTUBHOT M'S30BO1
CIEKTPOCTUMYJIISAIIIT
JI — ocoba, mo mpuitmae pimenns (OI1P), mikap; EMI" — moxyns peectpartii
enexktpomiorpamu; MO — Moaynb 00poOku pesynbrarie EMI;
EC — eaexrpoctumyiisitop; M® — moaynb GopMyBaHHS IapaMmeTpiB BILIUBY; E —
enexTpoaHa cuctema; 11 — marienT

Mixkpornporecopuuii enekrpoctumynstop (EC) gopmye mocnizoBHICTH
EJICKTPUYHUX IMITYJIBCIB 13 3a1aHuMK TlapameTpamu. Enexrpomnna cucrema (E)
3a0e3mneuye, IMo-Mepiie, Mepefady IMIYIbCiB Ha HEPBOBI 3aKiHYCHHS, IO
NPU3BOAUTH IO AKTHUBHOTO CKOPOYCHHS M'S3iB, IMO-Ipyre, pPeeECTparito
curHanis EMI. Monynes (MO) BusHawae ocHOBHI mapamerpu EMI, mio
JIO3BOJISIE 3MIIACHIOBATH aBTOMATHYHE KOPHUTYBaHHS TMapaMeTpPiB CTUMYJISIIL
(koo 3BopoTHOro 3B’si3ky 1). B cucremi mepenbaueHa MOXKIHUBICTH
MOTIEPETHHOTO HAJIAIITYBaHHS, 3MIHH Ta KOPUTYBaHHS IMapaMeTpiB CTUMYJISIIIT
6e3mocepeHpo 0c00010, sika mpuiiMae pimeHHs (JI) (Koo 3BOPOTHOTO 3B’SI3KY
2). JlomaTkoBe KOJI0 3BOPOTHOTO 3B’ 513Ky HEOOX1/THO, HAcaMIIepe/, Y BUMaAKaX,
KOJHM 3MiHa TMapaMeTpiB CTUMYIALI] 3IMCHIOETHCS BHACHIZIOK 3MiH CTaHy
Malie€HTa, MO HE BUMIPIOIOTHCS IHCTPYMEHTAIBHO (ITOYEPBOHIHHS IIIKIPH,
00JIHOB1 BIIYYTTS TOIIO).
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3anpononoBana BTC 3abe3nedye MOXIMBICTH OONIKY 1HIWBITyalbHUX
0coOIMBOCTEH TaIlleHTIB 1 BHOOPY (opMH 1 TapaMeTpiB CTHMYITIOIOYHX
BIUIMBIB, ONTHMAJbHHUX B TEBHOMY CEHCi, IJs BIUIMBY Ha HEHpOM's30Bi
CTPYKTYPH 3 METOI0 JIOCSTHEHHS TIO3UTHBHOTO  TEPANeBTHYHOTO 1
TPEHYBAJIBHOTO EEKTY.

MenuyHi Ta TeXHiYHI BUMOrd 1moa0 okpemMux ejgeMeHTiB BTC
aJIaNTUBHOI eJIEKTPOCTUMY.IsANIL. /7151 miaATpUMaHHs CTaIMX XapaKTEPUCTUK
EMI -curnany HeoOXigHO  3MIIMCHIOBaTH MPaBWIbHE  IO3UIIIOHYBAaHHS
€JIEKTPO/IIB Ha MOBEpXHI MKipu. s OTpUMaHHS MaKCUMaJIbHOI aMILTITyAu
CUTHAITy eJIEeKTPOAM HAKJIaJal0ThCs Ha Tak 3BaH1 pyXxoBl TOUKHU. Po3TamryBaHHs
[IUX TOYOK JOCTaTHLO N0oOpe BimomMo. [[isi oTprMaHHS CTa0iIbHOTO KOHTAKTY
€JeKTPOA-IIKipa 1 3MEHIIEHHS IMIEAAHCY IIKIPHOTO TIOKPUBY, MICIIE
HaKJIaJIEHHS eJIEKTPO/IiB HEOOX1THO HAJIC)KHUM YHHOM migrorysatu [13].

HeoOxigHO BUKOpPHCTOBYBAaTH €JNEKTPOAM 3 MarepiaiiB, sKi O
3a0e3nedyBain CTaOlTbHUM KOHTAKT MIKIPa-€JIEKTPO] MPOTITOM JOBIOTO 4acy,
a TakoX Oymu Majo CXWiIbHI 70 e(eKTiB mosspu3aiii. Y IbOMY BHIIaIKy
JIOIILTHHO BUKOPHUCTOBYBATH €JIEKTPOIHN 3 Cpibia, XJI0opCpiOHi enexTpoau, abo 3
3o70Ta [14].

['eomeTpist eneKTpOIiB BIUIMBAE HA aMILTITYly CUTHAITY, 110 3HIMA€ETHCS,
a TaKkoX Ha piBeHb NepexpecHux mnepemrkog. OCHOBHUMHU MapameTpamMu €
MDKEJICKTPOIHA BIJICTAHB 1 IJIOIIA MOBEPXHi, 3aHATA €IEKTPOIOM. AMILTITYIa
curHaiy Oyae mpsMoO IMpOMOpIiiiHa MIKEIEKTPOAHIN BiACTaHi, B TOH 4ac sK
CMyTa TpPOIyCKaHHsI 31 30UIBIIEHHSM IIi€l BiJCTaHi Oyae 3MEHIITyBaTHCA.
OnTtumanbHOIO € BifcTaHb B Mexax 8 — 30 mMm [15]. 30inmbIieHHs TUIOMIL
MOBEPXHI €JIEKTPO/IIB BeJe A0 30UIBIICHHS aMILTITYIU OIEPKYBAaHOTO CHTHAIY,
OJIHAK 31 30UIBIIEHHAM aMIUTITYIH Pi3KO 3pOCTa€ BIUIMB CYCIJHIX M'SI3iB, IO
CTBOPIOE TIEPEXPECH] MEPEIIKOAN B KOPUCHOMY CUTHAITI.

AHamiz 3amexHocTi amrniTynu EMI-curHamy Bim BiICTaHI Mixk
€JICKTPOJaMHU TIPSIMOKYTHOI (hopmu 3 mupuHOIO 1 — 2 MM 1 qoBXHHOW 10 MM
JIO3BOJISIE BBAXKATH, IO B PO3IITHYTOMY IHTEpBaji M'SI30BE BOJIOKHO MOXHA
BB)KaTH OJTHOP1THUM TPOBITHUKOM [16].

Jis mporenypu €NeKTPOCTUMYISIII 3aCTOCOBYIOTHCS €IEKTPOIN Y
BUIVISAI METAJEeBUX IUIACTUH, K1 HAKIAJAIOThCsl Yepe3 CEPBETKY, 3MOYCHY B
creniaJbHOMy po3urHi. EjekTponu Ha KiIeoBHI OCHOBI 3py4Hi THUM, IO 3
HAMH MOYKHA BUIBHO TEPECyBaTHUCS, a iX HEIIOJIKOM € IIBUJIKE 3a0pyaHEHHS.
OnTtumanbHuMHu Ui nipouenaypu agantuBHoi EC € Gararopa3oBi enexkTpoau 3
CTPYMOIIPOBITHOIO BYIJICIICBOIO TKAHWMHOIO, IO MPH3HAYEHI UIsi POOOTH 3
yciMa THIIaMU eNeKTpodizioTepaneBTHUHUX anaparis.

BucnoBku. Takum dYWHOM, 3ampoIOHOBaHA CTPYKTypa OlO0TEXHIYHOI
CHCTEMH EJIEKTPOCTUMYIIALIT M'A31B OMOPHO-PYXOBOT'O armapary JIOIUHHU 31
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3BOPOTHUM 3B’SI3KOM Ha OCHOBI peecTpalii MOBEPXHEBHUMH EIEKTPOIAMH
curHany EMI' mamieHta 1 momanbmioi HWOro OOpOOKH MO3BOJISIE 3MIMCHHUTH
NOTOYHUN KOHTPOJb €(QEeKTHBHOCTI TEpaneBTHMYHHMX BIUIMBIB 33 PAaXyHOK
ONTUMAJIBHOTO MiAOOPY MapaMeTpiB CTHUMYIIOIOYMX BIUIMBIB. Ha mpukmami
OKpeMoi rpynu M’si3iB BUSHAYEHUH PO3KHUJ yCEpEeIHEHHX 3HAUCHb aMILTITyIH
EMI -curnany mig 4ac CKOpOYEHb /I TPEHOBAaHUX 1 HETPEHOBAHUX M S3iB,
o MoXe OyTM MiOIPyHTSAM s pPO3pPOOKH aJITOPUTMIB  KEpyBaHHS
napamerpamu EC Ta kputepieM e€dEeKTHBHOCTI TEPareBTHYHOI IMPOICIYPH.
Taki npucTpoi MOXKYTh 3HAUTH IMUPOKE 3aCTOCYBAHHS B MPAKTHUII MiATOTOBKU
CIIOPTCMEHIB, I O370POBUMX TIPOILEAYp, a TaKOoX B pealduTiTamiiiHuX
[IEHTpax.
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YK 004.9:612

IMo6ynoBa GioTexHiuHOI cucTeMu M’s130BOi ejekTpocTumyJsimii / Jamok O.M.,
Ipacou I.B., Epomenxo O.A. // Bicauk HTY "XTIII". Cepis: [adpopmaTrka Ta MOJEITIOBaHHS.
— Xapki: HTY "XTII". —2019. — Ne 13 (1338). — C. 165 —175.

Po3risiHyTo 0cOOJIMBOCTI NOOYAOBH OI0TEXHIYHOI CUCTEMHU €JEKTPOCTUMYIISLIT M's3iB
JIFOIMHY T Ti€I0 CTUMYJIOIOYUX CUTHAJIB Pi3HOI CKOPOYYBAIBLHOI 3IATHOCTI 3 YpaXyBaHHIM
IHIMBIyaJbHOTO CTaHy HEPBOBO-M'A30BOTO  amapary JoguHd. Cucrema J03BOJISIE
3niiicHIOBaTH Oe3nepepBHUI KOHTPOJIb €()EKTHBHOCTI POBEACHHS TEPANEeBTUYHUX MPOLEIYD
3a pPaxyHOK peecTpalii CHrHaly eJEKTPOMIOrpaMH IOBEPXHEBHMHU €JIEKTPOJaMH  Ta
Y3rO/DKCHHST ~ MMapaMeTpiB  CHTHANY  CJICKTPOMIOCTHMYJSINI 3  XapaKTePUCTHKAMU
CTUMYJTLOBaHOI MycKynaTypHu. Ii.: 3. bimiorp.: 16 Ha3B.

KirouoBi cjioBa: eneKTPOMIOCTHMYJIAINS; €JIEKTpoMiorpama; HEPBOBO-M'SI30BUH
arapar; TepareBTHYHA POLeAypa; apaMeTPH CUTHAITY; HOBEPXHEBI €IEKTPOIH.

YK 004.9:612

IlocTpoeHne OHOTEXHHYECKOH CHCTeMbI MBIIIEYHOH 3JIEKTPOCTHMYJISIUH
/ Jamok O.M., IIpacon WU.B., Epomenko O.A // Bectumk HTY "XIIU". Cepus:
Wndopmarnka n Mmonenuposanue. — Xappkos: HTY "XIIN". — 2019. — Ne 13 (1338). — C. 165
- 175

Paccmotpensl 0COOEHHOCTH MOCTPOCHUS OMOTEXHUYECKOH CUCTEMBI
SNEKTPOCTUMYJIALIUM MBI 4YelIOBEKa MpPHU BO3AEHCTBUM CTUMYIMPYIOUIUMH CHIHAJIaMU
Pa3IMYHON COKPATHTENIFHON CIOCOOHOCTH C Y4E€TOM HHIMBHAYAJIbHOTO COCTOSIHUSI HEPBHO-
MBIIIEYHOTO ammapaTta 4enoBeka. CHcTeMa MO3BOJISICT OCYIIECTBIATh HEMPEPBIBHBIN
KOHTPOIb 3(p(hEeKTUBHOCTH NMPOBEACHHS TEPANEBTHUECKUX MPOLELYp 3a CUCT PETHCTPALUN
CHTHaJa 3JIeKTPOMUOTPAaMMBI TIOBEPXHOCTHBIMH 3JIEKTPOAAMH M COITIACOBBIBATH MapaMeTphI
CHTHajJa DBICKTPOMHOCTUMYISALUHA C XapaKTEPUCTHKAMH CTHMYIMPYEMOH MbIsl. M.
3. bubnworp.: 16 Ha3B.

KialodeBble  caoBa:  DIIEKTPOMHOCTUMYJISLMS;,  AJIEKTPOMUOIPaMMBbl;  HEPBHO-
MBIIIEYHBIN amapaT; TepaneBTHUUecKas MpoLeaypa; MapaMeTpbl CHUrHaja; MOBEPXHOCTHBIE
SNEKTPOABIL.

UDC 004.9:612

Construction of biotechnical system of muscular electrical stimulation /
Datsok O.M., Prasol L.V., Yeroshenko O.A. // Herald of the National Technical University
"KhPI". Series of "Informatics and Modeling". — Kharkov: NTU "KhPI". — 2019. — Ne 13
(1338). —P. 165 —175.

The features of the construction of the biotechnical system of human muscle
stimulation when exposed to stimulating signals of various contractility taking into account
the individual state of the human neuromuscular apparatus. System allows continuous
monitoring of the effectiveness of therapeutic procedures by recording the electromyogram
signal with surface electrodes and matching the parameters of the electromyostimulation
signal with the characteristics of the muscle being stimulated. Figs.: 3. Refs.: 16 titles.

Keywords: eclectrical stimulation; electromyogram; neuromuscular apparatus;
therapeutic procedure; parameters of the electromyostimulation signal; surface electrodes.
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YIK 004.89:004.4 DOI: 10.20998/2411-0558.2019.13.16

I. A. CAMUT'YJIHHA, n-p TexH. HayK, 3aB. Ja0. "MHTemeKTyabHbIe
CUCTEMBI YIIPaBJIEHUs U IPOrHO3upoBaHus", MHCTUTYT
MH(POPMALMOHHBIX M BBIYNCIUTEIBHBIX TEXHOIOTUN, ATIMATHI,
Kazaxcran,

3. U. CAMUT'YJIHHA, accou. ipod., Ph.D, Kazaxcrancko-
bputanckuii Texunueckuii YHusepcutet, Anmarsl, Kazaxcran

MH®OPMALMOHHAA CUCTEMA V1A MOJIEKYJIAPHOT'O
JAN3AUHA JTJEKAPCTBEHHbIX COEJJMHEHUU HA OCHOBE
MOJAEJBbHO-OPUEHTUPOBAHHOI'O ITIOJAXOJA

Craresi moOCBsilleHa pa3paboTke WH(POPMAIMOHHONW CHUCTEMBI BEACHHS Hay4YHBIX
ucciesoBaHnil Ha ©0a3ze MoJenbHO-opHeHTHpoBaHHOro mnoaxona MDA (Model Driven
Architecture) 1 MOAM(UIIMPOBAHHOTO ATOPUTMa NCKYCCTBEHHBIX MMMYHHBIX cucteM (AIS).
IIpennoxxen momudumupoBaHubii anroput™ AIS Ha 06a3e MeToa ONTUMHU3AIUN CEPHIX
BonikoB (Gray Wolf Optimization, GWO) s pemieHds 3amadvl  MPOTHO3UPOBAHUS
3aBUCUMOCTH "CTPYKTYpa-CBOHCTBO/aKTHBHOCTS" JIEKapCTBEHHBIX COCTMHEHUH.
OcymecTBnéH CpPaBHUTENBHBIA aHANIN3 PE3yIbTaTOB MOJCIMPOBAHUS C HCIOJIB30BAHUEM
nakeTa IpUKIagHbIX mporpamM Rapid Miner. Wi.: 5. Ta6m.: 3. buGmuorp.: 10 Ha3B.

KnwueBble ci10Ba: MOJIEKYJSPHBIA OHU3aiH, MOJEIbHO-OPUEHTUPOBAHHBIN IMOIXO/T
(MDA), MoauduuUpoBaHHBIA aNrOPUTM HMCKYCCTBEHHBIX HMMMYHHBIX CHCTEM, METOJ
ONTHMU3AIIMHU CEPHIX BOJIKOB.

IlocTranoBka npodJiemMbl. B mocnegHee Bpemsi OOJIBIIMHCTBO BEIYIIMX
MHUPOBBIX (hapMaKoIOTHIECKUX KOMTIaHHHA COTPYJHUYAIOT C
UCCJIEIOBATEILCKUMU OpPraHM3alUsIMHU, 3aHUMAIOIIUMHUCA pPa3paboTKamMHu B
obnactu uckyccrsennoro uHremwiekra (MU). Tlocnennue moctmwxkenus MU u
COBpeMEHHbIE NTH(POPMAIIMOHHBIE TEXHOJIOTHH CIIOCOOCTBYIOT 3HAUUTEIHHOMY
mporpeccy B 00JacTd  KOMIIBIOTEPHOTO  MOJEKYJISPHOTO  JH3aiiHa
JIEKapCTBEHHBIX MIpernapaToB. Buenpenue MHHOBAIIMOHHBIX
MOIU(DUIIMPOBAHHBIX ~ AITOPUTMOB  C  HUCIOJIIB30BAHHEM  MOJICIBHO-
OpUEHTUPOBAHHOTO  MOAXOAAa I[O3BOJISIET  aBTOMATH3WPOBATH  IPOLECC
00pabOTKH MHOTOMEPHOM XMMHUYECKON MH(POPMAIINK U 3HAYUTEIHPHO CHU3HUTH
BpEeMEHHbIE W (DUHAHCOBBIC 3aTPaThl MPH MPOTHO3HPOBAHUHM 3aBHCHUMOCTH
"CTPYKTypa-CBONCTBO/aKTUBHOCTH" (Quantitative Structure-Activity
Relationship, QSAR) nexapcTBEeHHBIX COCAMHEHUIA.

CuHTEe3 HOBBIX JIEKAPCTBEHHBIX MpPENapaToB COCTOUT U3 psla 3TaIoB, B
KOTOpBIC BOBJICUEHBI CIEIUAIHUCTHI U3 PA3IMYHBIX OOJacTeld HayKH, TaKUX
Kak: OmomH(opMaruka, (HapMakoJOTHs, XUMHUSA, XEeMOUH(POpPMATUKA MU T.JI.
OdeHp YacTo y HCClenoBaTelieil B JaHHOW 00JacTH BO3HHKAIOT TPYAHOCTH
npu paboTe ¢ COBPEMEHHBIMH MPOrpaMMHBIMH Tpoaykramu u [T-

© T'.A. Camurynuna, 3.11. Camurynusa, 2019
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TexHoJorusmMu. MHbopManimoHHasi CUCTeMa BEACHHS HAyYHBIX UCCIIEIOBAHUIN
Ha ocHOBe momxonza MDA HaleneHa Ha CIIEIHAJINCTOB, HE BIIAACIOIIMX
HABBIKAMU MPOTPAMMHPOBAHUS, HO TIO3BOJISIONIAS MCIIOIH30BATh MOCICTHUE
JOCTHKEHHUSI B 00JIACTH MCKYCCTBEHHOT'O MHTEIJIEKTa ISl MPOTHO3UPOBAHUS
3aBUCUMOCTHU "'CTPYKTYpa-CBOWCTBO/aKTUBHOCTD" JIEKapCTBEHHBIX
COCTUHEHUN.

Metononorus MDA ycrnemHo npuMeHsieTcs: Ipu pa3padboTKe JIEKapCTB.
B pabGore [1] mpencraBmeHo wucmoib3oBaHuEe moaxona MDA ans moucka
HOBOTO TPUMEHEHHSI CYIIECTBYIOIIMX JICKAPCTBEHHBIX TIPEMapaToB U
MIPOTHO3UPOBaHUA WX MoOouHOTO 3dekra. MccmenoBanus [2] MOCBAIICHBI
00BETMHEHNIO METOJOB aHayin3a Oonpmux AaHHbIX "Big Data Analytics" u
MozaenupoBanus Oonpmmx naHHbIX "Implementation of data modeling" mon
yrpaBieHueM apXuTeKTypel MDA mns pa3paOoTKu HOBBIX JIEKAPCTBEHHBIX
coenmuHeHui. B pabote [3] paccmaTpuBaeTCs TPHUMEHEHHWE MOJIETHHO-
opueHtupoBanHoil wumxkeHepun (Model-Driven Engineering) k cepBuc-
OPUEHTHPOBAaHHBIM pa3paboTkamM Ha ocHoBe Grid — apXUTEKTyphl IS
UCCIIeIOBaHU B 001acTu OMOMEIUIIMHEI (MIPOTHO3UPOBAHUE paKa MOJIOYHOM
JKenes3bl, HUcclenoBaHHe 3abojieBaHUM  cepiaua, pa3paboTka  CHUCTEM
NEPCOHATM3UPOBAHHOW MEIUIMHBI B  OONACTH TEAMATPUH, CO3JaHUE
HEHPOBU3YATBHBIX OMOMAPKEPOB H T.1.).

Anroputmel W gBISIOTCS MEPCIEKTUBHBIME, HO HE YHUBEPCAIbHBIMHU.
AKTyalbHbl HCCIEAOBAHUS M0 YIYYIICHHUIO NMPOTHO3ZUPYIOUIMX MOjeeil 3a
cu€T ynajaeHusi U30BITOUHBIX JAaHHBIX U3 UCXOIHOTO HAbOpa MPU3HAKOB.

AHaJIM3 JUTepPaTyphl. XOPOIIO 3apEKOMEHI0BAIN ceOsl TeHETHYEeCKUe
QITOPUTMBI, a TaK)Ke MOAM(DUKALNU HAa MX OCHOBE JUISl PEIICHUS MOJ00HOTO
pona 3amad. B pabote [4] mpeacTaBieH rUOpHUIHBIN T€HETUYECKHIN aITOpPUTM,
B KOTOPOM HCIOJIB3YETCs aJrOPUTM JIOKAJIHHOTO IMOMCKAa BCEMUPHOTO MOTOMA
(Great deluge algorithm, GDA) BmecTo omepanuu mytanuu. [Ipow3Benén
CPaBHUTENBHBIN aHAIN3 MOJYYCHHBIX JTAHHBIX C MCTOJIb30BAHUEM PA3JIMYHBIX
Kiaccu(puKkaTopoB (k-OnpKaMIIUX CcOCelei, MHOTOCIOWHOTO IEepCeNTpPOoHa,
METO/a ONOPHBIX BEKTOPOB M T.O.), KOTOpPbIM mokazan 3(QeKTuBHOCTH
MPEeIOKEHHOTO  anropuTMa. B cratbe [5] mpeacTtaBieH THOPUIHBINA
Ounapubiii anroput™m uépHoit nwipel (Black hole algorithm, BHA) wu
MOIU(UIMPOBAaHHBI OWHApPHBIA AJITOPUTM ONTUMHU3ALUU POS  YaCTHUI]
(Particle swarm optimization, PSO) ans pemenus 3agays mpoOrHO3UPOBAHUS
BO3HUKHOBEeHMsI paka. VccnemoBanmsi [6] mOCBsIIEHBI  pa3paboTke
MOJIU(HUIMPOBAHHOTO AJITOPUTMA MCKYCCTBEHHOW HWMMYHHOH CeTH JUis
BbI/IeJICHUs] WH(OPMATUBHBIX MPU3HAKOB C IIEJIbI0 MPUMEHEHHS B KayecTBE
METOa NpeABApUTENbHON OOpaObOTKM NaHHBIX C (YHKIUSAMH COKaTHS U
OYMCTKU NaHHBIX. B pabore [7] paccMOTpeHBI CYIIECTBYIOIIHUE AITOPUTMBI
AIRS wu mpemnoxeHa MoOUQUKAIM, KOTOpas YYUTHIBACT IapaMeTp
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numRepAg (konudecTBO OOydYaIOMMX AareHTOB), HE WCIIOJIb3yEeMbId B
OpeabIAYIINX BepcusaX. MopaenupoBaHue NPOBOJWIOCh HAa OCHOBE JaHHBIX
penosutopus "UCI machine learning" u nmokazanxo xopomuii pe3ysbTar.
Takum oOpa3oM, aHaIM3 JUTEPATYpPbl MOATBEPKIAET aAKTyalbHOCTb
pa3paboTOK B 00JIACTH HCKYCCTBEHHOTO WHTEIUIEKTa JUISI KOMIIbIOTEPHOI'O
MOJIEKYJISIPHOTO JI3aiiHa HOBBIX JIEKAPCTBEHHBIX MPENapaToB.

Heas cratbu — pa3paboTka WHPOPMALMOHHOW CHUCTEMBI BEICHHS
Hay4YHBIX HMCCJICIOBAaHUM Ha OcHOBE moaxomaa MDA u momudumupoBaHHOTO
QIropuTMa HUCKYCCTBEHHBIX HMMYHHBIX CHCTEM [UIsi MPOTHO3MPOBAHUS
3aBUCHUMOCTH "CTPYKTypa-CBONCTBO/aKTUBHOCTh" JIEKapCTBEHHBIX
coeaunenuil. IlpemioskeHHBI MOAMGMUIIMPOBAHHBIM AJITOPUTM COCTOUT U3
MpeABapUTEIILHOW  00pabOTKM XUMHUYECKOW HWHGOpPMAIlMM Ha OCHOBE
aqropuTMa ontuMmuzauud cepbix BoikoB (GWO) wu  pemieHust 3agaudu
MIPOTHO3MPOBaHMS ¢ ToMoIIbio AlS.

HNudopmaunnonHas cucreMa BeleHHMS] HAYYHBIX HCCIAEA0OBAHMH Ha
ocHoBe moaxoaa MDA u MmoauduuupoBanHoro aaropurma AlS.

[Mogxonm MDA BmepBbie OblT mpennoxkeH KoHcopuuymoMm Object
Management Group (OMG) u sBasieTcs yIOOHBIM HWHCTPYMEHTOM IS
peanu3anuy HHPOPMALMOHHBIX CUCTeM Ha moObIX miaardopmax. Iloctpoenne
apxutekTypbl MDA ocHOBBIBaeTcs Ha pa3pabOTKe MOJIEJICH, OMUCHIBAEMBIX C
nomomipio UML (Unified Modeling Language) s3bika. Paspaborka MDA
apXUTEKTYphl JENUTCA Ha JIBa JTama: CO3JaHHe IIaT(GopMO-HE3aBUCUMOM
mopaenu (Platform Specifical Model, PSM) u nnatgopmo-3aBucuMoii Moienu
(Platform  Specifical Model, PSM). Jlannas crTparerusi IMO3BOJISET
CHEIHUAIICTaM B ONpeAeNEHHON MPEeIMETHOW O00JacTH, HE BIAJCIONUM
HaBbIKAaMU TMPOTrpaMMHPOBaHUS pa3padaTbiBaTh WH()OPMALIMOHHBIE CHUCTEMBI
JUIs  pa3iMyHBIX TPWIOKEHUH B (Qapmakonoruu, OuonH(pOpMATHKE H
OMOMEIUIINHE.

MoaupuuupoBaHHble  AITOPUTMbI  MCKYCCTBEHHOTO  MHTEJUIEKTa
ONMCHIBAIOTCSA B BHUJAE MOJIENEN MpeIMeTHOW 001acTh, KOTOPbIE COCTABIISIOT
ocHoBY MDA apxurektypsl. B kauecTBe Hay4HO-HCCIIEOBATEIbCKON
maaThopMbl  JUISI  MOJICTHUPOBAHMS pa3pabOTaHHBIX aJTOPUTMOB  yJIOOHO
UCIIOJIb30BaTh MporpaMMHbii mpoaykt Rapid Miner. JlanHas mporpaMma B
HACTOALIMN MOMEHT 3aHHMMAaeT JUAMPYIOIINE MO3UIMH HA MHUPOBOM PBHIHKE
Ui pa®oThl ¢ OONIBIIMMHU JAHHBIMH, COJIEPKHUT B ce0e CTaTUCTHYECKHUE
METO/Ibl aHAJIW3a JaHHbBIX, ONTUMHU3ALMOHHBIE MOJIENI, COBPEMEHHbBIE MOAEITU
IPOTHO3UPOBAHUS Ha OCHOBE AJITOPUTMOB MCKYCCTBEHHOT'O MHTEIUIEKTA U T.1.
[Iporpammuoe oOecrieuenne Rapid Miner mno3BomsieT pas3pabarbiBaTh
rpadpuyeckue MOJENIH, HMEET BCTPOCHHbIE (YHKLIUHU IpeIBAPUTEIbHOM
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o0pabotku naHHbIX (Turbo Preparation), a Taxke MOUIHBIH HHCTPYMEHT
BU3YyaJIU3aLUH.

Paccmotpum pazpabotannyto MDA apXuTeKTypy AJsl KOMIIBIOTEPHOTO
MOJIEKYJIIPHOTO JW3aliHa JIEKapCTBEHHBIX MperapaToB Ha 0aze Rapid Miner

(puc. 1).

MAAT®OPMO- MNAT®OPMO-
HE3ABUCUMbIE MDA 3ABUCUMbBIE
mMoAEenn * npeobpa- » MOAENU * CucmemHbIli
Platform Independent 30eaHue Platform dependent Kod
model (PIM) model (PDM)
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OCHoee anzopumma
AlS

MOANPULNPOBAHHBIA AJIFTOPUTM UCKYCCTBEHHbIX
WUMMYHHbIX CUCTEM

NoACUCTEMbI MH¢OPMAI.IMOI:IHOf1 CUCTEMbI BEQEHUA
HAYY4HbIX UCCIIE4OBAHUN HA BA3E RAPID MINER

Puc.1. Apxutextypa nH)OpPMAITMOHHOH CUCTEMBI BEIEHUS HAyYHBIX

I/ICCJ'IGI[OBaHI/Iﬁ Ha ocHoBe MDA TexHoaoruu AJI1 KOMITBIOTCPHOI'0 MOJICKYJIAPHOT'O

Z[HSafIHa JICKAPCTBCHHLIX MTPCIIApaTOB
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Mogenb mpeaMeTHOM obaacTu A1 UHPOPMALMOHHOM CUCTEMbI BeICHUS
Hay4HbIX MCCIEIOBAHUN COCTOMT U3 CIEAYIOIIMX JTamoB: 1 stam —
¢dopmupoBaHue 0a3bl JAHHBIX JCCKPHUITOPOB, OINHKCBHIBAIOLINX XUMHUYECKOE
coeMHEeHue (MOJKIIOYEHHE K MHMPOBBIM OaHKaM JaHHBIX XUMHUYECKOH
uHpopManumn); 2 3Tan — MpeaBapuTenbHas 00pabOTKa JaHHBIX C MOMOILKIO
QITOPUTMA ONTUMM3AIMKU CEPbIX BOJKOB, 3 J3Tall — IPOrHO3UPOBAHME
3aBHCUMOCTH '"CTPYKTypa-CBOMCTBO/aKTUBHOCTH" Ha OCHOBe airoputMa AlS.
Ortanbl 2 U 3 popmupyroT momudunmupoBanueiii anroputm GWO-AIS mns
IIPOTHO3UPOBAHUS 3aBUCUMOCTH "CTpYKTYpa-CBOWCTBO/aKTUBHOCTD"
JIEKapCTBEHHBIX COEAMHEHUI.

Paccmorpum anmroputm  GWO 1 mpenBapuTenbHOM  00paboOTKU
JaHHbIX. MeToJ ONTUMH3AlMM CEPBIX BOJIKOB BIIEPBBIE ObLI IPEUIOKEH B
2014 romy Mirjalili et al [8] u ommchIBaeT TOBEIECHHWE CEPBIX BOJKOB B
npupoze. Mepapxust BOJKOB IMPEICTABICHA B BUJE CIEAYIOLIEH CTPYKTYpBHI:
O — BOJIKM JIMACPHI;, 3 — BOJKHM COBETYMKH, IOMOTAIOIIUE O B MPUHATHU
pelIeHuit; § — MOAUUHSIOTCS TPYIIE o U 3, HO JOMHUHHUPYIOT HAJ[ MOCIEIHUM
YPOBHEM; ® — IIOCIEIHUN YpPOBEHb HEpapXuM, IOIUMHAETCS BCEM
BBIILIECTOSIILIUM YPOBHSIM.

MaremaTtnueckast MOJENb MOBEJIEHHUS BOJIKOB BO BpPEMsI OXOThl MMEET
CIEAYIOUIUNA BUL:

D=|C-X,(H)-X(), "
X(t+)=X,()-4-D,

rne ¢ — Tekymas wurepanus; A, C — BEKTOpPHl KOA(D(UIIMEHTHI,
paccunThiBaeMble 10 (OpMysIaMm: ;1=25-771 —-a, é=2-772, 3Hayenue d
JIMHEWHO yMeHbInaercst oT 2 o 0, COracHO TOpPSAKY WTepauu u 7, 7
pasnoMHbIe BeKTOpPEI [0, 1]; X , — TO3UIIKS BEKTOpa 066K, X — MO3HIHSA
BEKTOpa BOJIKOB [9].

[Ipouecc 0XOTBI MHULMUPYETCS o, B TO BpeMs Kak [ U & MOTYT

nomoratb. B maremarnyeckoit moxenu (1) mokazaHo, uro o, B U &

NPEICTaBISIIOT COO0M HamIydliee pPelnieHHe OTHOCHUTENIBHO MOTEHIIUATBEHOTO
pacnionokeHusi A0ObaU. [lepBble TpU JYYIIMX PEIICHHUS COXPAHSIOTCA U
Ipyrue areHThl (agents) o0s:3aHbI OOHOBIIATH CBOM MO3HIIM COTJIACHO TTO3UIIUH
areHToB Hawmrydiiero movcka (best search agents) Ha OCHOBe ypaBHEHUI BUJA:

SN )]

XlzXoc_;il'(Da)s )?2=)?B—22-(DB), X3=X6_23'(D6)5 (3)

Daz‘él-)?a—f(

,Dﬁz‘éz-f(ﬁ—f(

, Dy =|Cy- X, - X

180



BicHuk HauyioHanbHO20 mexHiyHo20 yHiesepcumemy "XI1I", 2019, Ne 13 (1338)
ISSN 2079-0031 (Print) ISSN 2411-0558 (Online)

- X +X,+X
X(t+)="1"23, 4)
3
rae BEKTOp A TpeAcTaBisieT coOoi ciydyaiiHOe 3HaueHHWe, JIeKallee B

auana3oHe [—2a,2a], a 3HaueHHE MapameTpa a yMeHbmaercd or 2 1o 0,

COTJIaCHO TEKYILEW UTEPaLUH.

Hanee mnporuo3upoBanne QSAR ocymiecTBiseTrcss ¢  MOMOILIBIO
anroputMa AIS. Mexanusm AIS ocHOBaH Ha NpUHIUIAX TEOPETHUECKOMN
MMMYHHOJIOTHM M OIKCHIBAa€T PEaKlMI0 OpraHM3Ma Ha IOIMaJaHHe B HEro
pa3IMYHOrO poja maTtoreHoB. B Hacrosiee BpeMms Hanbojee W3BECTHBIMHU
noaxonamu AlS sBnstorcs: kmoHambHas cenekius (Clonal Selection, CS),
orpunatenbHbiii 0T60p (Negative selection, NS) u ummynHbIe cetu. [lnpoko
M3BECTHBI  clenyromue aiaroputMmbl  AlS: amroputm  pacro3HaBaHus
UCKYCCTBEHHOM uMMyHHOW cuctemoii (Artificial Immune Recognition
Systems, AIRS), npennoxennsiii Andrew B. Watkins u Jon Timmis;
anroput™ kioHanbHOU cenekuuu (CLONALG), paspaborannsiii Leandro N.
de Castro u Fernando J. Von Zuben; anroputm kinaccupukanud Ha OCHOBE
knonansHOM cenekiuu (Clonal Selection Classification Algorithm, CSCA)
co3maHublii Jason Brownlee u T.11.

[lepcrieKTUBHBIM ~ ABISICTCS HMMMYHHOCETEBOM TMOJXOA, B KOTOPOM
HCIIONIb3YEeTCSl MEXaHHM3M MOJIeKyJapHoro y3HaBaHus [10]. B ocHoBe
QITOPUTMA JICKUT MOHATHE POPMAITBHOTO TENTH/IA U ONPEIeIICHEe MUHUMYyMa
SHEPTHM CBS3W MEXIy (popMaabHBIMHU TENTHIAMU (AaHTUTCH-aHTUTEN0) Ha
OCHOBE CHHTYJISIPHOTO DPAa3JIOKeHUs MaTpull. JlaHHBIA METOX HCIOJIb3yeTCs
st pazpabotku  MoaudunupoBanHoro anroputMa  GWO-AIS  npu
IIPOTHO3UPOBAHUU 3aBUCUMOCTH "CTpYKTYypa-CBOWCTBO/aKTUBHOCTD"
JIEKapCTBEHHBIX COEMHEHUH.

MopeanpoBanue H CPaBHUTEIbLHBIN aHaJIn3 padoTsI
MoauuuupoBanHoro aaropurma GWO-AIS.

PaccmoTtpuMm mMopenupoBanue moauduuupoBaHHoro aaroputmMa GWO-
AIS Ha mpumepe JIeKapCTBEHHBIX COCIMHEHHH CyJIb(paHUIAMUIHOW TPYIIIHL.
CynbhanmiaMuibl  NPEACTaBISAIOT CcOO0OW aHTHOAKTepUAIbHBIE CpPEACTBA
IIMPOKOTO CHeKTpa AecTBus. B Tabmmie 1 mpencrtaBieH dparmMeHT Oasb
nanHbix (BJl) cynabdaHMIaMuUIOB, COCTABICHHBI HAa OCHOBE KPYITHEUIIETO
MHPOBOTO pEMO3UTOpHs Xumuueckoi uHpopmaruu Mol-Instincts. baza
JAHHBIX COCTOUT M3 JAECKPUIITOPOB PAa3JIMYHOIO YPOBHS, ONMUCBHIBAIOIINUX
CTPYKTYpPY XUMHUYECKHX COEIMHEHH, Hampumep: number of atoms — yucio
atomoB, molecular weight — wmonekynsapusii Bec, Gravitation index —
rpaBuTanmoHHbeli uHAEKC; Cubic root of Gravitation index — KoOpeHb
KyOWueckuii TpaBUTAIIMOHHOTO HMHJeKca u T.1. Pazmepnocts B/l cocraBusier
R;=15 x 1500, Bcero 22 000 atpuOyTOB TaHHBIX.

181



BicHuk HauyioHanbHO20 mexHiyHo20 yHiesepcumemy "XI1I", 2019, Ne 13 (1338)
ISSN 2079-0031 (Print) ISSN 2411-0558 (Online)

Tabnuna 1
®dparmeHT 6a3bl JaHHBIX CYJIb()aHUIAMHUIOB
JeCKPUIITOPBI, ONUCHIBAIOIIUE CTPYKTYPY XUMHUYECKOTO COEIAMHEHMS
Num- Average Cubic Pola-
Bemectso ber of Molecular | molecu- | Gravita- root of rity
weight lar tion index | Gravitati | *°'| para-
atoms ; .
weight on index meter
Sulfadiazine 27 250.2751 9.2700 1980.800 12.5588 | ...| 0.1576
Sulfadimidine 33 278.3287 8.4400 1916.900 12.4222 | ...| 0.2407
Sulfafurazole 31 267.3018 8.6200 1874.900 12.3308 | ...| 0.2798
Sulfamethizole 27 270.3240 10.0100 1856.900 12.2913 | ...| 0.2712
Sulfametho- | 46| 3714416 | 67700 | 2335.900 | 13.2684 | ...| 0.1854
xazole
Sulfaperin 30 264.3018 8.8100 1843.000 12.2605 | ...| 0.2439

Jlis pemieHus 3aladdl MPOTHO3UPOBAHHS CYNIb(QaHWIAMUIB MOXKHO
pa3enuTh Ha cleaylouue Kiacchl: 1 kiacc — cyib(haHuIaMHuIbl KOPOTKOTO
neiictBust (MeHee 10 u); 2 kiacc — cynbhaHUIAMHUIBI CPEIHENH ATUTETLHOCTH
nevictBust (10 — 24 4); 3 kmacc — cynbhaHUIaMUIBl JUTUTEIBHOTO JIEHCTBUS
(24 — 48 4). Buzyanuzamus ¢parmenra bBJ| cynbdanunamunos B 2D dopme
s coequHeHus sulfadiazine cpenmHel TPOJOJDKUTEIBLHOCTH — JIEHCTBUS
Mpe/CTaBJICHA HA pUC. 2.

Jns  tectupoBanus  d(QPEKTUBHOCTH  NPUMEHEHHs]  alrOpUTMa
ONTHMM3AIMA  CEPHIX BOJKOB B KayeCTBE METOAa I  PEIyKIUU
MaJOMH(GOPMATHBHBIX JCCKPUNTOPOB Cyib(aHMIaMUIOB U (HOPMHUPOBAHUS
ontuManbHOW bJl IneCKpUITOPOB PacCMOTPUM CpPAaBHUTEIBHBIA aHAIHU3 C
pPa3IUYHBIMU ANTOPUTMAaMU MAaIIMHHOTO o0ydeHus. B kadecTBe anroputMoB
CpaBHEHHsI BBHIOpaHbI CIIEIyIOIIME METOIbl: HauBHbIN baliecoBCKMii anroputM
(Naive Bayes), rimy6okoe ob6ydyenue (Deep Learning), nepeBbsi pemieHHA
(Decision Tree), cnyuaiinsrii iec (Random Forest), MeToq omopHBIX BEKTOPOB
(Support Vector Machine). MoaenupoBanue ocymiecTBisuioch B cpene Rapid
Miner.
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Puc. 2. ®parment 6a3bl JaHHBIX IecKkpunTopoB sulfadiazine

Ha puc. 3 mnpeacraBnensl rpaduku >HPEKTUBHOCTH NPUMEHEHHUS
IPEICTABICHHBIX AJITOPUTMOB IO KpPUTEpPHUSAM: TOYHOCTh (accuracy) u
OBICTpOJICHCTBHE (Runtime) TUTSt MTOJTHOM 1] JIECKPUTITOPOB

Cynb(paHIIaMUI0B pa3MEPHOCTH R 0€3 MpenBapuTeNIbHON 00padOTKH TaHHBIX

Ha ocHoBe GWO.
B Tabn. 2 nmpeacrapnena qetanu3aiys pe3ylbTaToB MOJACTUPOBAHMUS.

Tabmmma 2
CpaBHHTENHHBIN aHAIN3 PE3YIIHTATOB MTPOTHO3UPOBAHMS

TouHocTb Ommbka Bpewms

Moenb IpOTrHO3UPOBAHUS
pacrio3HaBaHHS | PACMO3HABAHUS | MOJICIUPOBAHHA

Hawugnebiit baecoBckuii anroputm 62,5% 37,5% 2 ceK.

I'myGokoe obydenue 69,8% 30,2% 34 cex.

JepeBbs penienuii 64,2% 35,8% 3 cexk.

CrygaiiHbIi Jec 86,4% 13,6% 1 muH. 1 cexk.
MeTtoz OIOpHBIX BEKTOPOB 87,8% 12,2% 15 cek.

Jlanee paccMOTpUM CTaTUCTHKY mocie oOpabotku bJ] neckpumropon
Cylb(aHWIAMHUIOB C IIOMOIIBIO AJNTOPUTMA ONTHUMHU3ALUHN CEPBIX BOJIKOB.
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Pasmepnocts HoBoOW B/l meckpunTopoB Cyab(haHHIAMHIOB COCTABISET
Ry;=15x 200, 3000 arrpubyroB. Ha puc. 4 mnpeacrtaBieHbl pe3ylIbTaThl
MOJIEJIMPOBAHMS C UCIOIb30BaHueM b/l pasmepHOCTH R).

90%
60%
0%
60%
0%
40%
30%
0%
10%

0%

60,000
50,000
40,000
30,000
20,000

10,000
33,143

Puc. 3. Penienue 3aaun pacno3HaBaHusi 00pa30B ¢ UCTIONIb30BaHuEM b /]
JIECKPUNTOPOB CYIb(paHUIAMHUIOB 0€3 MpeIBapuUTeIbHON 00pa0OTKY JaHHBIX

Accuracy Runtime (ms)

100% 700,000

600,000

2 500,000

400,000
50%
300,000

o 200,000

100,000
o L i) —

Puc. 4. Penienue 3aaun pacrno3HaBaHusi 00pa30B ¢ UCTIONIb30BaHuEM bJ]
JIECKPUTITOPOB CYIh(PaHMIAMUJIOB MOCIIE MPEIBAPUTEIBHON 00paOOTKH TAaHHBIX Ha
ocHoBe GWO
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Craructuka 3(HeKTUBHOCTH MPUMEHEHHUS PACCMOTPEHHBIX aITOPUTMOB
npescTaBiieHa B Ta0m. 3.
Tabauma 3

CpaBHUTEIBHBINM aHAIN3 PE3YJIbTATOB MporHo3upoBanus b/l cynsbhaHmiaMuIoB

TouHocTb Ommbka Bpemst mogenupo-

Moienb IpOTrHO3UPOBAHUS

pacro3HaBaHUs pacrno3HaBaHHS BaHUs
Hausneiit baecoBckuit
72, 7% 27,3% 7 cex
aNTOPUTM
I'ny6okoe oOyuenne 72,7% 27,3% 12 mun 0 cex

JepeBbs perieHuii 90% 10% 20 cek
Crny4aiiHblii ec 90% 10% 32 cex
MeTto1 OIOPHBIX BEKTOPOB 92,7% 7,3% 7 cex

Takum o0Opa3oM, ajdropuT™M ONTHUMHU3ALMU CEPBIX BOJIKOB MOXET OBITH
npuMeHEH NpH pa3paboTke MoxuupoBaHHoro anropurMa AIS B pamkax
apxuTeKTypsl MDA 1J1s1 MOJIEKYJISIPHOTO JU3aiiHa JIEKapCTB.

PaccmoTpuM  pe3ynbTarhl  MOAEIMPOBAHUS — MOJU(PHUIIMPOBAHHOTO
anroputmMma GWO-AIS nmnsa pemenuss 3agaun  nporHosupoBanus QSAR
cynbpanmiamMuioB. s oneHKH 3(PQGEKTUBHOCTH pabOThl MPEIIOKEHHOTO
monuduimpoBanHoro anroputMa GWO-AIS mnpoBeneH cpaBHUTEIHHBINA
aHanu3 (puc.5) pesyapraroB MozaenupoBaHus ¢ aiaroputMomM GWO-AIRS B
nporpammuoii cpene WEKA (Waikato Environment for Knowledge Analysis).

GWO-AIS GWO_AIRS
FOO ----mmmmm oo
2 7= S
-
8
Pt
=3 50 b2
9
o
b
28 Lo ..
93,4% 75%
o
GWO-AIS GWO_AIRS

Puc. 5. Ilporao3upoBanue CynbhaHUIAMHUIOB C TIOMOIILI0 MOIUDUITUPOBAHHBIX
anroputMoB GWO-AIS 1 GWO-AIRS
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Tounocte GWO-AIS coctasmsier 93,4% (BpeMs MOJIETHPOBAHHUS 3 CEK.),
s¢dexktuBHocTs  anroputmMa  GWO-AIRS  cocraBnser  75%  (Bpems
MOJIETTUPOBAHUS 5 CEK).

[TomyueHHble pe3ynbTaThl MOKA3BIBAIOT MEPCIEKTUBHOCTh MPUMEHEHHUS
npesiokeHHoro  MoauduuupoBanHoro — anroputmMa  GWO-AIS s
MIPOTHO3UPOBAHUS QSAR HOBBIX JIEKapCTBEHHBIX COEIMHEHMI
Cynb(paHUIaMUIHON TPYIIIHL.

BoiBonbl. PazpaboranHas apxuTekTypa HHPOPMAIMOHHON CHCTEMBI
BEJICHUsI HAy4YHBIX HCCIENOBaHMM Ha oOcHOBe moaxoga MDA wu
monuduimpoBanHoro  anroputMa ~ MUUC  sBasercs  3pdexkTuBHBIM
WHCTPYMEHTOM  JUIsl ~ HWCCleloBarenell B 0ONacTd  KOMITBIOTEPHOTO
MOJIEKY/ISIPHOTO TM3aiiHa HOBBIX JIEKAPCTBEHHBIX MPENaparoB, HE BIAACIOIINX
HaBbIKAMHM TNporpaMMmupoBanus. llpemioxkeHHass apXWUTEKTypa, Ha OCHOBE
pa3paboTku Mojened NpeaMEeTHONH OoO0JIacTH MOXKET IOIMOJIHATHCS HOBBIMU
MEPCHEKTUBHBIMU AJTOPUTMAMU U YCIEUIHO MOAXOAUT AJI UCCIEIOBAHUM B
obnacTu ¢hapMaKoIoTuu U OMOMH(POPMATHKH.

Pabora Bemmonnena mno rpanty Komwurera Haykm MunmcrepcTBa
O6pazoBanuss u Haykum Pecnyomuku Kazaxcran AP05130019 mo Teme:
"PaspaboTka W aHanu3 0a3 [OaHHBIX [ HWHPOPMAIMOHHOW CHCTEMBI
MIPOTHO3UPOBAHUSI  3aBUCUMOCTH "CTPYKTYpa-CBOMCTBO"  JIEKAPCTBEHHBIX
COEIMHEHUI Ha OCHOBE aJrOPUTMOB MCKYCCTBEHHOro HHTeuiekra" (2018 —
2020 rr.).
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YK 004.89:004.4

Indopmaniiina cucrema s MOJEKYJSPHOTO AM3aiiHY JiKapcbKHX CHOJYK Ha
OCHOBi Mo/eIbHO-0pieHTOBaHOTO Migxony / Camiryaina I'.A., Camiryaina 3.1. // Bicauk
HTY "XIII". Cepist: [ndopmatuka ta MonemoBanHsa. — Xapkis: HTY "XTIII". — 2019. — Ne 13
(1338). —C. 176 —188.

CrarTs npucBsiueHa po3poO1i iHpopMaLiiHOT CHCTEMH BEeAEHHS HAYKOBHX JOCIIIKEHb
Ha ©0a3i MopenbHO-opieHTOBaHOro miaxoqy MDA (Model Driven Architecture) i
MOJM(DIKOBAHOTO  QITOPUTMY WITy4yHHX IMyHHUX cucteM (AIS). 3anpomonoBaHo
Moau¢ikoBanuii anropitM AIS Ha 06a3i Mmerony ontumizamii cipux BoBkiB (Gray Wolf
Optimization, GWO) s BupilleHHS 3ajadi I[POTHO3YBAHHS 3aJIeXXHOCTI "CTPyKTypa-
BJIACTHBICTH/aKTUBHICTE" JKAPCHKUX CIONYK. 3MIMCHEHO MOPIBHSUIBHHUNA aHAI3 Pe3yNbTaTiB
MOJICTIIOBAHHS 3 BUKOPHUCTAaHHAM ITaKeTa MpUKJIaTHuX nporpam Rapid Miner. In.: 5. Tabmn.: 3.
Bibmiorp.: 10 Ha3B.

KuirouoBi cioBa: MOJICKYISIpHUN NH3aiiH, MOJAeIbHO-opieHTOBaHwi miaxinm (MDA);
MO (IKOBAHHH aITOPUTM IITYYHUX IMyHHHX CHCTEM; METOJI OITHMIi3aIlil CipuX BOBKIB.

YK 004.89:004.4

Hndopmanuonnas cucreMa I MOJEKYJSIPHOTO [M3aiiHa JIeKapCTBEHHBIX
COeIMHEHHMIT HA OCHOBe MOJEJbHO-OPHEHTHPOBaHHOro moaxoaa / Cammurynuna I'.A.,
Camurymmna O.H. // Bectauk HTY "XIIN". Cepusi: MHdopMaTHKa U MOAENHpOBaHUE. —
Xapekos: HTY "XIIN". — 2019. — Ne 13 (1338). - C. 176 — 188.

CraThsl TIOCBSIIEHAa pa3pab0Tke WHOOPMAIMOHHOW CHUCTEMBI BEICHHUS HAYIHBIX
WCCIIeIOBaHN Ha 0a3e MOJelbHO-OpHeHTHpOBaHHOTO moaxoma MDA (Model Driven
Architecture) 1 MOAH(PUIIMPOBAHHOTO aJITOPUTMa UCKYCCTBEHHBIX MMMYHHBIX cucteM (AIS).
IIpennoxxen MomudumupoBaHHbii anroput™ AIS Ha 6a3e MeTofa ONTUMHU3AIUN CEPHIX
BonikoB (Gray Wolf Optimization, GWO) s pemieHds 3amadvl  MPOTHO3UPOBAHUS
3aBUCUMOCTH "CTPYKTYpa-CBOHCTBO/aKTHBHOCTS" JIEKapCTBEHHBIX COCTMHEHUH.
OcymecTBIEH CpaBHUTENBHBIA aHANIW3 PE3yJbTaTOB MOJEIMPOBAHUS C HCIIOJIb30BAHUEM
nakera IpuKiIagabeix nporpamm Rapid Miner. Un.: 5. Ta6m.: 3. bubmuorp.: 10 Hass.

KoueBble cjoBa: MOJEKYJSIDHBIH AW3aifH; MOJEIbHO-OPHEHTHPOBAHHBIA IOAXO.
(MDA); MomudHUUMPOBAaHHBIM aNrOPUTM HCKYCCTBEHHBIX MMMYHHBIX CHCTEM; METOJ
ONTHMU3AIIMHU CEPHIX BOJIKOB.

UDC 004.89:004.4

Information system for molecular design of drug compounds based on a model-
based approach / Samigulina G.A., Samigulina Z.I. // Herald of the National Technical
University "KhPI". Series of "Informatics and Modeling". — Kharkov: NTU "KhPI". — 2019. —
Ne.13 (1338).—P. 176 — 188.

The article is devoted to the development of an information system for conducting
scientific research based on the model-based approach MDA (Model Driven Architecture) and
the modified algorithm of artificial immune systems (AIS). A modified AIS algorithm based
on the Gray Wolf Optimization (GWO) is optimization method for solving the problem of
predicting the "structure-property/activity" dependence of medicinal compounds is proposed.
A comparative analysis of simulation results using the Rapid Miner application software
package was carried out. Figs.: 5. Tabl.: 3. Refs.: 10 titles.

Keywords: molecular design of drug; model-based approach MDA; modified
algorithm of artificial immune systems; gray wolf optimization.
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