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VK 539.3

[Tnocka TepmorpyskHa nedopmairis 6araromapoBoi MIUTH
3 MPY>KHUMH 3B’ SI3KaMU MIXK [IapaMHu

H.M. AnToHenko
3anopisvruil HayioHanbHUll mexHiunull yrigepcumem, 8y1. JKyxkoscovkozo 64, m. 3anopiscoca, 69063, Vkpaina
e-mail: antonenkonina.ua@gmail.com

Po3B’s13aH0 TUIOCKY CTaliOHapHY 3afady TepPMOIIPYKHOCTI I OaraTomapoBoi INTHTH 3 TPYKHHMH 3B’SI3KaMH MK IIapamu.
Jlnst po3B’si3aHHS 3a7adi BUKOPHCTAHO OJHOMIpHE iHTerpajibHe meperBopeHHs Dyp’e Ta Meron (QyHKHiM momaTiauBocTi. Y
MaTpuuHiii Gopmi mMoOyIOBaHO PEKYPEHTHI CHiBBiAHOIICHHS Uisi (YHKLIM MOJATIMBOCTI IUINTH, SIKi BPaXOBYIOTh BILIHB
TEMIIEpaTypH Ta HasABHICTh NMPY)KHUX 3B’SA3KIB MK Imapamu. [y ABOIIAPOBOI IUIMTH, IO 3HAXOAWUTHCA MiJ AI€I0 TEIUIOBHX
HaBaHTAKCHb, MPOAHATI30BAHO BIUB KOE(DILIEHTIB NPYKHHUX 3B’SI3KiB, KOEQIII€HTIB TEIUIOBOIO PpO3IIMPEHHS Ta
TEIUIOIUIOBIAHOCTI 1IapiB Ha PO3MOALT HOPMATbHUX Ta JOTUYHUX HANPY)KEHb HA CTHKY IIAPiB ABOIIAPOBOI IUIUTH.

Knwuoei cnosa: b6azamowaposa nauma, npyiucHi 36’A3Ku, iHmezpanvHe nepemeopenHa Pyp’e, @yHryis nodamaugocmi,
HANPYHCEHHS, MeMnepamypd.

The method of the solution of the stationary plane thermoelastic problem of a multilayer plate with elastic links between its
layers is proposed. It is assumed that tangential (normal) elastic links between two neighboring layers exist if the difference
between the horizontal (vertical) displacements of points of the upper boundary of the lower layer and of the corresponding
points of the lower boundary of the upper layer are proportional to the tangential (normal) stresses on their boundary. It is
assumed that the conditions of perfect thermal contact are satisfied on their common boundaries. The technique is based on a
compliance functions method and a Fourier transformation method. The Fourier transforms of displacements, stresses, and
functions used to describe temperature and flow at the points of a layer can be represented in the form of linear combinations
of the auxiliary functions. The auxiliary functions are connected with the Fourier transforms of displacements, stresses, and
functions used to describe temperature and flow at the points of the upper boundary of the corresponding layer. For considered
problem six auxiliary functions can be found from boundary conditions. Using the conditions on the common boundaries of the
layers and the boundary conditions the recurrent formulas for finding other auxiliary functions are constructed. We’ve proved
that the auxiliary functions are dependent. This dependence can be represented in the matrix form using so-called compliance
functions. We’ve constructed the recurrence relations for the compliance functions of the termoelastic plate. The algorithm for
solving the problem is formulated. For a two-layer plate subjected to the action of thermal load the influence of the coefficients
of elastic links, the coefficients of thermal expansion and the coefficients of thermal conductivity on the distribution of the
normal stresses and the tangential stresses on its common boundary is investigated. The proposed method allows analyzing the
influence of the mechanical and temperature characteristics of the layers on the distribution of stresses and displacements in
the layers of the plate with any finite number of the layers.

Keywords: multilayer plate, elastic links, Fourier transformation, compliance function, stress, temperature.

1 Beryn

bararo imxeHepHHX 00’€KTiB 3HAXOISTHCS B YMOBAaX 3HAUHUX CHJIOBHX Ta TEIUIOBUX HABAHTA)KEHb,
TOMY NpU pO3paxyHKax Ha MILHICTh iX €JIEMEHTIB BapTO BPaxOBYBaTH Iil0 000X BHILE 3a3HAYCHUX
TUIMIB HaBaHTaXXEeHb. J[OCIIKEHHIO HANpPYKEeHO-Ie(POpPMOBAHOTO CTaHy 0araTonapoBUX OCHOB, ILIHT,
TUTACTHH, 3 YPaxyBaHHSM JIii TETUIOBUX HaBaHTA)XKEHb, IIPUCBIYCHA 3HAYHA KIIbKICTh POOIT BITYU3HSIHUX
Ta 3apyOixHKMX ydeHHX [1-10]. ¥ Bka3aHuX CTaTTAX aBTOPH BBaXKarOTh, II0 KOHTAKT MK MIapaMH
ilealIbHUH, 1€ HE 3aBX/]U BIAMOBIZA€e peanbHid (Pi3uUUHIA KapTHHI, OCKUIBKM MIXX HHUMH MOXE OyTH
NPUCYTHIN Jiesikuii mpoMixkHUH 1map. MojentoBaT HOro HasBHICTh MOXHA, HAPHUKIIAJ, 33 JJOTIOMOTOIO
HPY)XHHX 3B’sI3KiB, MeTofoM 3ampornoHoBanuMm y [11]. ¥V mpami [12] acuMOTOTHYHMM METOAOM
3HAlIEHO PO3B’S30K TIOCKOT 33/1a4i TEPMOTIPYKHOCTI JUIsl TPUIIIAPOBOI CMYTH CKiHUEHOT JIOBXXUHU TIPH
PI3HUX THIAaX KOHTAKTy MiX cMyramu. LluM ke MeToqoM po3B’si3aHO 3aJadi TEIUIONPOBIIHOCTI Ta
TEPMOTIPYKHOCTI /IS ABoIIapoBoi macturu y [13]. B pamkax mozeni [11] po3B’s3aHo 3a1adi mpo Jito
HECTAI[iOHApPHOI'O HABAHTAKEHHSI HA JABOIIAPOBY LMIIHAPHYHY 000JI0HKY [14] Ta 1BOIIAPOBY INIACTHHY
KiHIeBux posmipis [15]. ¥V [16] Ta [17] meton GyHKIIN NOAATIMBOCTI PO3MOBCIOKEHO HA 3a1a4y Mpo
IUIOCKY JedopMalito OaraTonrapoBoi IUIMTH 3 MPYKHUMH 3B’ 3KaMy MK L1apamu 0e3 ypaxyBaHHS Aii
TEIUIOBUX HAaBaHTa)XEHb Ta 3a/ady PO IUIOCKY TEPMONPYXHY Aedopmaliro GararomapoBoi IIUTH 3
NPY>KHUMH 3B’ SI3KaMU MiX [IapaMH, siKa MPYKHO 34UerlieHa 3 aOCOIIOTHO KOPCTKOIO IMiBILIOMINHOKO.

Y naniit cTarTi, 3 BUKOPUCTAHHSIM OJHOMIPHOTO IHTErpaJibHOrO TepeTBopeHHs Dyp’e Ta
Monaudikamii Merony (YHKIIH MOAATIMBOCTI, MPOMOHYETHCS CIMOCIO pPO3B’sA3aHHS ITUIOCKOI 3ajadi
TEPMOTIPYKHOCTI JUIsl 0araToniapoBoi IJIUTH 3 MPYKHUMU 3B’ SI3KaMH MiX [apamu. BBakaTuMemo, 110
MK JJBOMa CYCIIHIMH IIapaMH € IOTUYHI (HOpMaJIbH1) IPYKHI 3B’ SI3KH, SIKIIO PI3HUIN TOPU30OHTAIBHUX

© AHTOHeHko H.M., 2018



BicHuk XapkiBcbkoro HawjoHanbHoro yHisepcuteTy imeHi B. H. KapasiHa, 201§ 5

(BepTHKAILHUX) TEPEMIIIEHh TOYOK BEPXHBOI MEXI HIKHBOTO IIapy Ta BiAMOBITHUX TOYOK HUKHBOI
ME3KI BEPXHBOT'O HIapy MPOMOPIIiiHI JOTHYHUM (HOPMaJIbHUM) HANIPYKEHHSM Ha X CHUTBHIN MexXi.

2 ITocTanoBKa 3aga4i
Po3risiHeMo 6araTomiapoBy IUIMTY, sIKa 3HAXOJUTHCS B YMOBaX IUIOCKOI TEPMOTIPYXKHOT Aedopmarrii.
ITnuTy MOJCTIOBATHMEMO MAKETOM, SIKHH CKIaJa€ThCs 3 N MPYKHUX HeBaroMmux miapiB. KoxeH rrap

XapaKTepu3yBaTUMEMO TOBIIMHOKO Ny Ta IBOMA NPY>KHUMHM XapaKTepUCTHKAMHU 1y, Ay (xoedimieHTH

Jlame), KoedilieHTOM TEIIONPOBITHOCTI Ky Ta mpuBeAeHHM KOeDil[ieHTOM TEIJIOBOTO PO3LIMPEHHS

a3 +2u)
Ay + 24

aTy , & QT — KOe(illieHT TEerIoBOro po3mMpeHHs matepiamy, K=1,n. Mix
[IapamMu TUTATH € TIPYKHI 3B’ sI3KH. BBakatrMeMo, 110 Ha CIIUTFHUX MEXaX MapiB BUKOHYIOTHCS YMOBU
ilealbHOTO TEIUIOBOTO KOHTakTy. Ha BepxHili Ta HWKHIA MeXax IUIMTH BiOMI HAmNpyKEeHHS Ta
Temneparypa. HeoOXxigHO 3HalTH HampyXeHHS, IEpEeMillleHHsI Ta TEMIIEPaTypy AJIS BCiX TOUOK IUIUTH.
Hywmepariito mapiB OyneMo MpOBOAWTH 3BEPXY BHH3, MOYMHAIOYH 3 OMWHUIN. YCl BENWYHHH, SKi
BIZTHOCSTBCA 10 K -To 1mapy, OyJnemMo mo3HayaTH HKHIM iHAeKcOM K (SIKIIO Iie He MPU3BOJUTHMEME
[0 HEOTHO3HAYHOCTI, TO 1HAEKCH OIyCKaTUMEMO). Y KOXKHOMY IIIapi BBEAEMO JIOKAIbHY IEKapTOBY
cucteMy koopauHaT Oy Xy Z, 3 MOYaTKOM Ha BepxHil Mexi mapy: oci Oy Zy BCIX CHCTEM KOOpIUHAT

CNIBNAJAIOTh Ta HamNpaBlieHI BrIMO BiAmoBigHoro mapy, Bci oci Oy Xy mnapanensHi oci OpX Ta
CIIBIIA/IAIOTh 3 ME&KaMH BIAMOBIAHUX IapiB (puc. 2.1).

VT
&W
S

Puc.2.1 bazamowaposa niuma

KpaiioBi ymoBH 3a1a4i:
o71(%0)=0(x), 75:1(x.0)=2(x), Ty(x0)= f (x), (2.1)

O'zn(xvhn)zg'(x)’ szn(X,hn)=‘?(X), Tn(X, hn)= ?(X)’ (2.2)

ne o(x), (x), 7(x), 7(x), £(x), f(x) - Binomi ymxuii.
YMOBH Ha CHUIBHUX MEXax LIapiB:

o2k11(X,0)= o7k (%, 1 ), Wie41(%,0)=we (%, e )+ oz (x, by ), (2.3)
Uk +1(%,0) = Ui (X, i )+ Mz (%, ), Tz 2 (%,0) = 7k (%, 1) (2.4)

0Tk

oT
Tis1(x0)=Ti (X, h ), K gy —=tL (X,O)=kaa—Zk(X,hk), (2.5)

ae mg >0, 20 — noTuuHi Ta HOpMaibHI KOE(ILIEHTH HNPYXKHUX 3B’A3KIB BIANOBIAHO, Ty (X,Z) -

TemIeparypa, uk(x, Z), Wi (X, Z) — nepeminieHHs B Hanpsmax oceit Oy X, ta Oy Z) BiANMOBIAHO.
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3 MeTtoa po3B’si3aHHS
3agaua 3BOAMTHCS IO PO3B’SI3aHHS CUCTEMHU TU(PEPEHUIHHUX PiBHSHB AJIS1 KOXKHOTO 3 IIApPiB [UIUTH

[18]:

u  Pw o2u oT ®w o w aT
e ro—+(l-0)—F =0y —, —5 +o—+(1-0)— =ar —,
ox2 oxoz 072 X oz X0z ox2 0z
T AT
—2+—2=0.
OX oz
e w= i+lu
A+2u

3akon [lroamens-Heiimana, sikuii OB’ s13ye MiX cOOOI0 HampykKeHHs, nedopmaliii Ta TeMnepaTypy

[18]:
oy =(A+2u)ey + e, —(BA+2u)0rT | 74y = Uyyg, 05 =(A+21)8, + Aey —(3A+2u)ar T .

BBaxxarumemo, 10 Bci HampyKeHHS Ta TMEpEeMIlleHHs 3aJ0BOJBHSIIOTH YMOBaM iCHYBaHHS
OJTHOMIPHOTO i1HTErpabHOro nepeTBopeHHs Pyp’e 1o 3MiHHIH X (115 Oyab-sIKOro Z):

p(&)= Tco(x)e‘f Xdx, (p(x)=i Ta(é)e*‘f *d& . (3.1)

—00

Jyisi KO)KHOTO 1mapy BBEAEMO IIICTh JOMOMDKHHX (DYHKILIH, siKi MOB’s3aHi 3 TpaHcpopMaHTaMU
HANpY’>KeHb 1 MepeMimieHb Ha BepxHil Mexi mapy Ta TpaHcpopmaHTamu (PYyHKIIH, sIKI OMUCYIOThH
TeMIIepaTypy Ta MOTIK Ha Hil Mexi:

a=5,(£0), B=uW(£0), y=uS(£0), 5=‘—ffxz(5,o), (3.2)
— 1dT
n=T(£0), ¢ ZEE@'O)’ (3.3)

ne 8(¢,2)=-15u(g,2). W(g,2)=pw(g,2), p&].

Y npoctopi TpaHCHOPMaHT MEPEMILIICHHS, HANIPYKEeHHs Ta QyHKIII, SIKi OMUCYIOTh TEMIIEPATypy Ta
MOTIK y TOYKaxX Iapy, MOXKHA TPEJCTAaBUTH y BUTISAI JTHIMHUX KOMOIHAIiii HOro JOMOMIKHUX
¢ynxiii [10]:

&,(&,2)=[- wpzshpz + chpz]a + 20|shpz — pzchpz] B — 2apzshpzy —

—[(— w)shpz + wpzchpz]6 + o tpzshpzn + ag p|—shpz + pzchpz]e, (3.4)
—%fxz (£,2)=[- (01— w)shpz + wpzchpz]e + 2apzshpz B + 2w[shpz + pzchpz]y +
+[wpzshpz + chpz]6 — ay pfshpz + pzchpzy — oy ppzshpze, (3.5)
2uS(&,2)= pzashpza + 2|(1- w)hpz + pzachpz]f + 2[mpzshpz + chpz]y +
+[(2 - w)hpz + wpzchpz]S — o tpzshpzsy + ag pfshpz — pzchpz]e, (3.6)
24W(&,2)=[(2 - @ hpz — wpzchpz]er + 2] wpzshpz + chpz] B + 2[(1 - w)shpz —
— wpzchpz]y — wpzshpz & + ar plshpz + pzchpz]y + ar pzshpze (3.7)

&y(&,2)=[wpzshpz + (2w —1)chpz]er + 2wfshpz + pzchpz] B + 20 pzshpz + 2chpz]y +
+[(1+ w)shpz + wpzchpz]S — ap 1] pzshpz + 2chpz]n — ar pfshpz + pzchpzs. (3.8)
T(&2)=n(&)ehpz+ (£ shpz. (3.9)
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Po3p’si3aHHsa chopMynbOBaHOI 3aaadi 3BOJUTHCS 0 3HAXOPKECHHS IIECTH JOMOMDKHUX (DYHKIIIH
(3.2), (3.3) s KOKHOTO MIAPY IUIUTH.

CnouaTky noOyayeMO PEeKypeHTHI CIiBBiJHOIIEHHS, SIKi OB’ SI3yIOTh JOHNOMIKHI QyHKUIi 7y, &k
CYCIJIHIX MIapiB TUIMTH. 3aCTOCYEMO JIO CHIBBIIHOMIEHD (2.5) mpsMe iHTerpaibHe niepeTBopeHHst Dyp’e
ta opmyiu (3.3), (3.9), orpumaemo:

M1 = Cidlk + Skéicr &ka1 = A (S +Cieec ), k=1n-1, (3.10)
Ktk

KT k41
[Toxaxxemo, mo GyHKUii 7 Ta & NiHIAHO 3ajexHi. YBeaeMo (ikTHBHUM map 3 HOMepoMm N+1,

ne Sy =shpy, Cy =chpy, px =ph, Ag =

BBA)KAIOUM, II[0 HA CIUIBHIH MeEXi N-ro Ta (n +1)-r0 apiB BUKOHYIOTHCS YMOBHU 1/I€aIBHOTO
TEIJIOBOr0 KOHTAKTy, TOOTO T +1(X,0)=Tn(x, hn). 3anumieMo i YMOBH B NPOCTOpi TpaHCPOpMaHT
dyp’e Ta 3actocyemo 10 Hux popmyiu (3.3) ta (3.9):

Tna(£,0)=To(&hy),

1
Tn+1=Cnfn +Spén, &n =—Ccthpym, + S_’7n+1 , (3.11)
n

me ns1 = 1(8).
Bupasumo ¢ynkuii 7, ta &, depes byHkuii 77,4 Ta &,_1 3a ¢popmynamu (3.10) i mizcTaBUMO
OTpUMaHi BUpa3u B OCTAaHHIO POPMYITY:
An-15n-1 +CthprCn 4 1
_An—lcn—l +cthpnSy g Lt Sn(An-1Cng +cthpSp1

&p-1=

)77H+1'

AHAJIOTIYHO MOYKHA BUPA3UTH 7)n_1, En_1 U€PE3 7p_2, En_p Ta oTpuMatu GOpMyiy, sKa OB sA3ye
En—p Ta 7p_p. BUKOHYIOUN aHAJIOTIYHI MEPETBOPEHHS MOKHA OTPUMATH 3aJEXKHICTh MK & Ta 7.
Bona mae Burisig

ek =Dyt + Ftinsas k=11, (3.12)

ne ¢yskuii Dy, F — byHKUiT mogaTaIMBOCTI TEPMONPYKHOI IUTUTH 3a TepMinosoriero [10].
[Moxiasum B (3.12) K =n Ta npupiBHABIIM KOeDIiEHTH IIPH 7];, Ta 7J,,;1 B OTPHMaHii PiBHOCTI Ta
B piBHOCTI (3.11), oTpriMaemo:

Dy =cthp,, Fy :si' (3.13)

n
[ToOynyeMo peKypeHTHI CIHIBBIJHOLIEHHS, SKI HOB’A3yl0Tb Mik coboro ¢yHkumii Dy, Fy
(k =1,n——1) CYCiIHIX mIapiB minTH. 3 ogHOTO OOKY, 31 criBBiHOIIEHS (3.12) oTpuMyeMO:
&k+1 = (= DiyaCr + DiyaSkDic i + (R — Dicaa Sk na -
3 iHmoro 00Ky, 3acTOCYBaBINH 70 apyroro ciiBeinHomeHHs (3.10) dopmyny (3.12), maemo:
ék+1= Ak (Sk —Ci Dy )ik + AkCi Rt
[TpupiBHIOEMO KOE(IIi€eHTH TIPH 7} Ta 7J,,,1 B JIBOX OCTaHHIX PIBHOCTSX Ta BHpaxkaemo Dy, Fy

yepe3 Dyq, Fyy1, oTpumyemo:

Dk:M, Fk=%, k=1n-1. (3.14)
AyCy + Dy 115 AyCy + Dy 115
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[ToGymyemMo peKypeHTHI CIiBBiAHOLIEHHS, SIKi ITOB’A3YIOTh MK CO0010 momoMixHi GYHKIIT oy , [y,
Yk, Ok cycimHix mapiB muutd. 3anumemo ymoBH (2.3), (2.4) y mpoctopi Tpancdopmant ®yp’e Ta
3actocyemo 110 Hux hopmyiu (3.2), (3.4)—(3.7) ta (3.12):

41 = M@y + Mok Be + Mgk 7k + Mg st (3.15)
B =(M21k +N Mllk)ak +(M22k +N Mle):Ek +
+ (Mzsk + N'V'13k)77k +('V|24k + NM14k)77n+1a (3.16)
ne g = :k . Sk=shp, Ce=chp, pe=ph, a=(a.%)  B=Bn,
k+1
N :(rkpﬂkﬂ 0 j :( Cy — oy Py Sk _(1_%)Sk_a’kkakJ
0 My Pty 41 —(1- o )Sy + ox Pk Ci Cy + oy P Sk

20k (Sk — PkCk)  — 2y Pk Sk J Mo = ( Pk Sk + Dk [Sk — PCi] ]
v M3k = o7 K Hk '
2ax Py Sk 2ax ( Sk + PkCi) —(Sk + PCx )+ Dy P Sk
kak_sk)ij Mm:i(@—%)sk—akpkck — @y Py Sk J
- Sk ) 2 @y Py Sk (2— ey )S + o PkCi )

Mok =[

Myak = o7 #k(

Mo =i( —oxPSk+Ck (- )Sk —ax pkckj
1 \ (1— ax )Sk + oy PcC @y Pk Sk + Cx
Hxsaork (- Sk + PCx — Dy Py Sk Hy 10T K Pk Sk Fx —
Moz =—7 y Mogy =—— , k=1,n-1.
2 — Pk Sk — D[Sk — PkCx] 2 (Sk — PKCx )R

YBenemo ¢ikTuBHUE map 3 HOMepoM N+1. 3anuimemMo yMOBH Ha CIIJBHIN Mexi N-To Ta N+1-To
IapiB, BBXKAIOUH, 1110 KOHTAKT MK IIUMU IIapaMH 11eaTbHIA:

o2041(%0) = 2n(X, ), Txzne2(X,0) =15z n (%, 1)

3acTocyeMO 0 OCTaHHIX CIIBBIIHOLIEHb TpsiME€ iHTerpanbHe meperBopeHHs @Dyp’e Ta
criBBigHomenus (3.2), (3.4), (3.5), orpumaemo:

any1 =M11pan + M2 Sy + M13n 70 + Mygn 41,

e G- [FO-E7)]
s

p

BuxkopucroBytoun popmyinu (3.15), (3.16) Ta (3.12), BUpa3uMo BEKTOp &p,1 4Y€pe3 BEKTOPH p_1,
Pn-1 Ta GyHKUii 7,9, 7041
41 =M11n@n + M12n B + Mign 770 + Mygniin g =
= |My1n Myan_1 + Myon(Mogq g + N My g )| 1 +

+[My1n Mz 1 + M1z (Mo 1 + NMygn g B 1+
+[My10 Mg 1 + Mi2n(Ma3ng + NMy301 )+ M130 (Crg = Dooa Sna) | +
+(M13n Sn-1Fn1 + Muan sz
BukoHy04M aHaJIOrIuHI NEPETBOPEHHS 3 OCTAaHHIM BUPA30M, MOXHA BUPA3UTU BEKTOP &p,1 Yepe3
BEKTOPH @ i f Ta QYHKIH 7y, 77p.q. I3 BUIIE HABEIEHOTO BUILTMBAE, IO BEKTOP @y ,q € JIHIHHOK
KOMOIHAIII€I0 BEKTOPIB @) Ta S Ta GYHKIIH 7y, 75,1 . OTKe, BEKTOp Bk MO>KHA MPEACTABUTH Y

BUIIIAI JTiHIHHOT KOMOiHAIi{ BEKTOPIB @) , fp g Ta QYHKIUH 77, 77n4q -
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B = Al + B + K + Litinaa. (3.17)

Marpuni A, By, Ky ta Ly HasuBaTuMeMo MaTpUISIMU IOJATINBOCTI 6araTomapoBol MIUTH.

[ToOymyeMo peKypeHTHI CHIiBBITHOIICHHS, SKi MOB’S3yIOTh MATPUIll MOAATIUBOCTI CYCIIHIX ILIHT.
CrnovaTKy 3HaieMO MaTpPHUIl MOJATIMBOCTI Tl N -TO MIapy IUIATH. 3amnuiieMo criBBignomeHHs (3.17)
JUTSI IIIapy 3 HOMEPOM N :

Bn = Avan + Bpang + Knfin + Lntingg -

[Moxmnagemo y popmyi (3.15) k =n Ta Bupasumo Bn :

o = _M1_21n Minan + Ml_Zln Oni1— M1_21n M13n 77 — |Vll_21n MyanfTn+1-
[pupiBHABIM KOEIMIEHTH NPU &, Opii, ln Ta 7py1 B ABOX OCTAHHIX CIIIBBIIHOIICHHSX,
OTPUMAEMO:
An =_M1_21n M1y, Bh =M _21n » Ky Z_Ml_zln Mign, Ln= _Ml_zln Mian - (3.18)
[ToGymyemo pexypeHTHI (GopMyiH, siKi MOB’sA3yroTh Matpuui Ay, By, Ky Ta Ly cycianix mapis

mmuty npu K =1,n—1. OGunciumo [y .1 ABOMa crocobamu. 3 ogHOro 60Ky, 3 Gopmyn (3.17), (3.10),
(3.12) ta (3.15):

B = Ak+1(Mllk +Myok A )5k + (Ak+1M12k By + Bk+1)5n+1 +

+ (A Mok Ky + AcaM g + Kipa (G — Sk Dy ) )+
3 inmoro 6oky, 3 Gpopmyi (3.16) Ta (3.17):
Bei1= [lek +N My, +(M22k +N Mlzk)AkJ5k +(M22k +N Mlzk)3k5n+1+

+ (A Mo L + A tMyak + KigaSkFe + Leoa o

+[(Ma2k + N My Ky +Mozy + NMyzy g +

+(M a2k + N My i + Mok +NMygi 7ns1.

[IpupiBHIOEMO KOEDILI€HTU NPH &) , Xpiqs Mk Nn4l B ABOX OCTAHHIX BHpPa3ax Ta BHPAKAEMO 3

oTpuMaHux piBHocTelt A, By, Ky ta Ly:
A= (Ak+1M12k —Maak - N'V'12kfl('\/|21k +N My - Ak+1M11k): (3.19)
By = _(Ak+1M12k —Ma2k =N M12ky13k+1, (3.20)
Kk = (Ak+1M12k —Maz2¢ =N Mleyl(Mzsk +N My — AcaMia — Ky (G — Dy Sk)): (3.21)

1
Ly :(Ak+1M12k —Mao —N Mlzky ('V' 24k + N Mya — AciaMyax — KyaSk R — I—k+1)- (3.22)

Kopucrytounce cniBBignomenusmu (3.14), (3.19)—(3.22), moxkHa MOCHiIOBHO 3HalTH (yHKIIT
MOJATIMBOCTI BCIX IIAPIB MJINTH, MOYMHAIOYHN 3 QYHKILIH MOJATIUBOCTI N -TO MIapy, sIKi OOUUCITIOIOTHCS
3a popmyramu (3.13), (3.18).

I3 kpaiioBuX yMOB 3HAaXOJUMO NOMOMiKHI OGYHKUIT @1, 01, I Ta Qnyp, Onsls Nng. Pemry
JONOMDKHHX (yHKIIH 3Haxoammo 3a ¢opmynamu (3.12), (3.15) Ta (3.16). IlincraBnsiemo oTpumani
nonoMikHi GyHkuii i K -ro mapy mmuta B popmyin (3.4)—(3.9) Ta 3acTocoByeMo 10 HUX 0OepHEHE
nepetBopeHHs1 Dyp’e, OTpUMyeMO IIyKaHi KOMIIOHEHTH HaIlpy:KEHO-1e()OpPMOBAHOTO CTaHy LBOTO
nrapy.

3a3HaynMoO, MO TPH BiJICYTHOCTI TEIUIOBMX HABAHTAXXEHb OTPHMaHi (OPMYNH 3 TOYHICTIO [0
MO3HAYCHb CMIBMNAAA0Th 3 hopMynamu nodyaoBanumMu B [16].
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4 YuceabHi pe3yJibTaTH
UucenbHI pO3paxyHKH TPOBEACHO JUIS JIBOIIAPOBOI IUIMTH 3 TAaKUMHU XapaKTEPUCTUKAMHU IIapiB:

To,|X| < h,
0, [X>h,
oa(%0)=0,5(x,hp)=0, 7,,1(x,0)=17,,2(x,ny)=0 3Haiineno Hopmambhi (puc.4.la) Ta moTHuHI
(puc. 4.16) wHampyXeHHs B3JOBX CIUIBHOI MeXI JBOMIAPOBOI IUTUTH JUIA PI3HAX BiAHONICHB

hy=hy=h, 1/1p=05, @ =w,=08. 3a kpaiioux ymos T;(x,0)=T,(x,hy)=

KOe(IiLi€HTIB TEMIOBOrO pPO3IIMPEHHA MapiB A =arq / aro npu A=1. 3a KpaHOBUX YyMOB:
To.|x|<h, 0.1Tg,|x| <h,
0, [x|>h, 0, |x=h,

3HaiiieHo HopMmanbHiI (puc. 4.2a) Ta Ao0THuHI (pHc. 4.20) HampyKeHHS B3JOBX CIUIBHOI Mexi
NBOIIAPOBOI TUIMTH IS PIi3HUX BIAHOIICHH KOE(QIIIEHTIB TEIUIOBOTO PO3IIUPCHHS IIapiB

Tl(x’o): T2(X1h2): Uzl(x’o)z GZZ(X’ h2):0’ TXZl(X7O)=TX22(X’ h2)=0

A=atq / a2, A=1. Ha puc. 4.3 HaBeieHO aHaNOriuHi rpadiku A pi3HUX BiJAHOLIEHb KOE(illi€HTIB

TerutonposinHocti wapis A=Kkrq/kyp npun A=ary Jara=1. Ha puc. 4.1-4.3 xpusa | Binnosinae

3HAYCHHIM KOe(illieHTiB MPYKHUX 3B’s3kiB M=Tr =0 (imeanbHuil KOHTaKT), kpuBa 2— Mm=0 1 r=1,
kpuBa3 — M=1ir=0;kpuBad - m=r=1.

AHami3 rpadikiB po3MOAUTy HOPMAIBHUX Ta JMOTHYHUX HANpyKEHb JMO3BOJIIE 3POOUTH TaKi
BUCHOBKH:

1) HasiBHICTh MPY)KHUX 3B’SI3KIB MK IIapaMH IUIMTH MPHU3BOJWTH J0 3MEHIICHHS HANpYyXXCHb Ha
CTHUKY IIapiB IUTUTH y MOPIBHSAHHI 3 11€aTbHIM KOHTaKTOM;

2) nns TOTATH, HAa BEPXHIM MeXi SKOI TeMIlepaTypHi HaBaHTa)XCHHsS OUThINI HDK Ha HIDKHIMN,
HasBHICTh HOPMANBbHUX NPYKHHX 3B’SI3KIB OUIBII CYTTEBO BIUIMBAE Ha PO3MOJLIT HOPMAalIbHUX
HaNpyXeHb Ha CHUIbHIH MeXi MIapiB, a HAasBHICTh NOTUYHUX MPYKHUX 3B’SI3KIB — HA PO3MOJILT
JOTHYHUX HAIPy’KEeHB;

3) 30inbuieHHsT Koe(illieHTa TEeMI0BOTO PO3LUIMPEHHSI HUKHBOTO MIAPY OUIBII CYTTEBO BILUIMBAE Ha
posnofin Hanpykenb o,1(x,h) Ta 74,1(x,h), y nopiBusmHmi 3i 36inbmenHam mporo koedimienta s
BEPXHBOT'0 LIapY;

4) TemrepaTypHe HAaBaHTaKCHHS HE BHKJIHMKAE HANPYXEHb y TOYKAX IUIUTH, IIAPU SKOi MArOTh
OJTHAKOBI KOE(II[IEHTH TETJIOBOTO PO3IIMPEHHS Ta TEIUIOTIPOBIAHOCTI.

1- 14 A=01
123 . Act
12 - -=-A=10
10
8 4
6
4
2
1,2,3,4
0 X
2 1,2, 4

Puc.4.1 Hopmanohi lOGzl(X, h)/(aTlTO ,ul) ma domuuni 1OTX21(X, h)/(aTlTO ,Ul) HANPYIICEHHA HA CRiNbHIL

Medici wapie 080waposoi naumu
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a

©O B N w M OO N

[
[N

— A=01
..... A=l
- - - A-10
3
Z
1234 _ X
St 3
123
o

Puc.4.2 Hopmanohi lOGzl(X, h)/(aTlTO /11) ma domuuni 1OTX21(X, h)/(aTlTO /11) HANPYJICEHHA HA CRINbHIL

Medici wapie 080waposoi naumu

A=01
..... A=1
- - =-A=10
TN
. X
2
2
A
g
474 /
3,/
6.1

a

1
S~ — A1
0.15 7 2 Wy EmaEeh A=1
/S, ---A=10
0.1 P B K,
/////A'___h:‘\ \\
008, /)~ \\ﬁ_
i =
Wy =
0 12,34 x
1 2 3
-0.05
] z
0.1 3
2
-0.15
1

o

Puc.4.3 Hopmanohi lOGzl(X, h)/(aTlTO /11) ma domuuni 1OTX21(X, h)/(aTlTO /11) HANPYJICEHHA HA CRiNbHIT

Medici wapie 080waposoi naumu

5 BucHoBKkH

3amponoHOBaHO CIOCIO BH3HAYECHHS Hampy)keHo-aedopMoBaHOTo cTaHy 0OaraTromapoBoi IUTUTH 3
NPY>KHUMH 3B’sI3KaMH, 110 NepeOyBae MiJ [i€l0 TEIIOBUX Ta CHWJIOBHX HABaHTaXEHb. Y MPOCTOPI
tparndopmanT Dyp’e B marpuuHiii (HopmMi MoOyIOBaHO PEKYPEHTHI CHIiBBITHOIICHHS, SKi TOB’S3yTh
JoroMixkHl  QyHKIIT cycigHiX ImapiB, 4Yepe3 SKi BHPaKAIOThCA TpPaHCPOPMAHTH HANpPYXKEHb Ta
nepeMilieHb apiB, Ta PEeKYPEeHTHI CIiBBIJHOIIEHHS MK (YHKIISIMU MOJATIMBOCTI CYCIIHIX HIapiB
wintd. IlpoBeneHo wmcenbHI PO3paxyHKH AJIS BOLIAPOBOI IUIMTH INPHU PI3HUX BUAAX TEIJIOBUX
HaBaHTa)XKEHb Ha BEPXHiH Ta HIKHIA MeKaX TUTUTH.
3arponoHOBaHUH CHOCIO BU3HAYCHHS HAIPY)KEHO-Ie(hOpPMOBAaHOTO CTaHy OaraTomapoBUX IUTHT 3
NPY>KHUMH 3B’S3KaMHM MDK IIapaMH J03BOJISIE NMPOBECTH NETAIbHUN aHadi3 BIUIMBY MEXaHIYHHUX Ta
TEMIIEPaTypHUX XapaKTEPUCTHK LIapiB Ha PO3MOJI HAIpPYKEHb 1 MepeMillleHb y [apax IUIUTH 3
NPY>KHUMH 3B’ SI3KaMU MiXK HUMH 3 OY/Ib-SKOI0 CKIHUEHOIO KUIbKICTIO IIapiB.
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VJIK 519.856:519.6

MGTOIL CHHTC3a pemeHm”I MHOT'OKPHUTCPHUAJIBHBIX 3a1a4 CTOXaCTHUYECKOU
OIITUMH3AlINU CO CMCIIaHHBIMHA YCJIIOBUAMHA

A.B. Be3n}o6quKol, E.C. MeHHI?IJIOBl, M.JL yl"pIOMOBZ, K.M. prIOMOBal, C.B. qepHBII_Hl
1Xapb7<0601<u12 HAYUoOHANIbHBIU aspoKocmuyeckull ynugepcumem umenu H. E. JKykosckoeo «XAHy», Yxanosa 27,
2. Xapwvxos, 61070, Vkpauna
2Xaproeckuii Hayuonansuwlii ynusepcumem umenu B. H. Kapasuna, nnowads Ceo6oovi 4, 2. Xapwkos, 61022,
Yxpauna
e-mail: j.menyailov@khai.edu

Po3srsimaeTecs MOCTAHOBKA 3amadi OLIHIOBAHHS KpUTEpiiB BHOOpY pimeHb (IThOBHX (YHKIH) 1 IIyKaHMX BEIWYHH B
GaraTokpuTepiaIbHAX 3a/adax IPH anpiopHiil HeBH3Ha4YeHOCTi maHWX. [IpencraBieHO BHUAM CKAISIPHUX 3TOPTOK LLTBOBUX
¢yHKIiN Uit GaraToKpHUTepiaJbHUX 3a7ad imeHTH(IKAIl MaTeMaTHIHUX MoJeJel, onTHMi3amii Ta NMPHHHATTS pilleHb (Ha
ocHoOBI cratuctuk CteioznenTa i B.I. PomanoBcekoro). Posrisiiarotbest MOZIENb 1 METO CHHTE3Y pillleHb OaraToKpHUTepiaTbHIX
3aa4 CTOXAaCTUYHOIO ONTUMizauii 31 3MimaHuMu ymoBamu (MV-3amad). ¥V sKOCTi OOYHCIIOBATBHOTO METOLY CHHTE3Y
KBa3ipilleHHb HEKOPEKTHHX 3224 3aCTOCYBaHHS OTPHMAaB METOJ peryisapH3anii pimeHHs HekopekTHuX 3a1ad A.H. Tuxonosa,
B AKOMY B SIKOCTI CKAJSIPHOI 3rOPTKU HiNMOBUX (PYHKLIH BUKOPUCTOBYETHCS 3TNIAKYyOUHi (yHKLiIOHAN. SIK IOOATOK A0
CKITay 3TJI/DKYI0UOTO (YHKIIOHATY BKIIOYAETHCS CTAOUTI3yIOuMil QyHKIioHaN (QyHKUiS MPUHAIEKHOCTI), IO AO3BOIIIE, 3
OIIHOTO OOKY, BpaXyBaTH CUCTEMY IiepeBar ocolOu, 0 IpUiMae pillleHHs, a, 3 IHIIOT0 OOKY, 3a0€3IMeYUTH KOPEKTHICTH METOLY
CHHTe3y KBasipimeHHs. [Ipn nboMy BHOip crabunizylodoro (yHKIiOHATY CIIiJ 3AiHCHIOBATH 3TiHO 3 PSAAOM YMOB, 30KpeMa,
BiH IIOBHHEH OyTH Oe3lepepBHUM Ta HEBiJ'€MHO ONMyKIMM. Po3pobnenuii aBTopaMy 00YUCITIOBATLHAIN METOJ CHHTE3Y pillleHb
3a71a4 [bOTO Kiacy, 0a3ydThcsi Ha MEMETHYHOMY AITOPHTMI, B SIKOMYy PEalli30BaHO CIIJIbHE BUKOPHCTAHHS CBOJIIOLIHHOTO
METOy, 3 MIHJIMBUMH BiJ] €IIOXH IO CIIOXH ITapaMeTpaMH, a TaKOXK METOIY 3BYXKYIOUMX OKOJIMIE i PAaHJOMi30BaHOTO METOIY
MPOKJIAAKK NUIIXiB. [IpencraBieHi pe3yapTaT aHami3y 301KHOCTI 3apONOHOBAaHIX OOYHCIIOBAIBHIX METOIB ITPH BUPIIIEHHI
3a1a4i 3HaXOHKEHHsI eKCTpeMyMy OaraToBUMipHUX (GyHKIiH Pactpuruna i Po3eHOpoka B 1eTepMiHOBAHOMY 1 CTOXaCTUYHOMY
(hopmymoBaHHAX. 3aCTOCYBaHHS MPOIIOHOBAHUX PO3POOOK 3abe3mneuye epeKTuBHE poOACTHE OLIHIOBAHHS IIYKAaHUX BEIHMYHH
[IpY apaMeTPUUHIM HEBU3HAYEHOCT] BXiIHUX JAaHUX 1 3HIKEHHS iHPOPMAIiiHOT CKIaJHOCTI METOLy CHHTE3Y KBa3ipillleHHS.

Knrouosi cnosa: cmoxacmuune npoepamy8aHHs, OOYUCTIOBANbHA MAMEMAMUKA, YUCENbHUU aHANI3 | NPOSPAMYBAHHSA
(MawuHHa MamemMamuKa), MemMemiyHuil aieopumm.

PaccmarpuBaeTcs mocTaHOBKA 33a4H OLICHUBAHUS KPUTEPHUEB BBIOOpa pelIeHu (1eNeBbIX (PYHKIMNA) M UICKOMBIX BEJITHYUH B
MHOTOKPHTEPHAIBHBIX 3a7adyax IPU anpHOPHON HEONpeNeleHHOCTH NaHHBIX. [IpeacTaBieHbl BHABI CKASPHBIX CBEPTOK
HeJIeBbIX (QYHKIUH JUIi MHOTOKPHTEPHAIBHBIX 33/1a4 HACHTU(HUKAIIMA MaTeMAaTHYECKUX MOJENeH, ONTHMH3AIMN U IPUHATHS
pemenuii (Ha ocHoBe cratucTuk Ctbiomenta n B.M. PomanoBckoro). PaccMaTpuBaroTcst MoJenb M METOJ CHHTE3a PEIICHUI
MHOTOKPHTEPHAIBHBIX 3aJa4 CTOXaCTHMYECKOM ONTHMHU3ALMM CO CMENIaHHBIMH ycioBusMu (MV-3amau). B kauectBe
BBIUHCIIUTEIIFHOTO METO/a CHHTE3a KBAa3HPEIICHWH HEKOPPEKTHBIX 3aJad MPUMEHEHHE IONYYMJI METOJ PEeryIspH3alui
pemeHns: HeKOppeKTHHIX 3a1a4 A.H. TuXoHOBa, B KOTOPOM B Ka4€CTBE CKAISIPHOI CBEPTKHU LENIEBBIX (PYHKIIMN MCIIONB3YETCs
CriaaxuBalomuid  (QyHKIHOHAN. B KadecTBE JIOMONHHUTENBHOTO CIIaraéMOro B COCTaB CIVIAXKHMBAIOMIEro (yHKIIHOHANA
BKJIFOUAETCS CTaOMIM3UPYIOMKH (QyHKIMOHAT (QYHKIUS TPHHAIISKHOCTH), YTO MO3BOJIAET, C OJHOM CTOPOHBI, Y4ecTb
CHCTEMY TIPEINOYTEHHI JIHa MPUHUMAIOIIEro PEIIeHNs, a, C IPYroil CTOPOHBI, 00eCIIeYNTh KOPPEKTHOCTh METOa CHHTE3a
kBasupeneHuii. [Ipu sToM BBIOOp cTabumm3Mpymomero (GyHKIHOHaNA CIeIyeT OCYIIECTBISITh COTVIACHO DPSIY YCJIOBHH, B
YaCTHOCTH, OH JOJDKEH OBITh HENPEpPHIBHBIM HEOTPHLATEIHHBIM BBIMYKIBIM. Pa3zpaboTaH BBEIMHMCIUTENBHBIH METOJ| CHHTE3a
pelIeHud 3ajad 3TOro Kjacca, OCHOBaHHBIH Ha MEMETHUYECKOM alrOpUTME, B KOTOPOM pEalM30BaHO COBMECTHOE
WCTIOJIF30BaHUE SBOJIOIMOHHOTO METO/a C M3MEHSIOIUMHUCS OT JIMIOXH K 3I0XE IMapaMeTpaMu: ONepaTOpOB BEIIECTBEHHOTO
KOIMPOBaHUS, (YHKIUH NPUCIIOCOOJICHHOCTH M pEJaKCallii, a TaKkKe METOJ B KOTOPOM pEalM30BaHO COBMECTHOE
WCTIOJIb30BaHUE HBOJTIONMOHHOTO METOA C M3MEHSIONIMMUCS OT 3IIOXH K 3II0XE MapaMeTpaMH: OIEpPaTOpPOB, a TaKXkKe METoa
CYXAIOUINXCS OKPECTHOCTEH W PaHIOMH3MPOBAHHOTO METOJa MPOKIAIKH IyTed. IIpencTaBieHbl pe3yibTaThl aHaIn3a
CXOJIMMOCTH TPE/IOKEHHBIX BBIUYUCINTENBEHBIX METOJOB IPH PEIICHUH 3aadd HaXOXKAEHHS JKCTPeMyMa MHOTOMEPHBIX
¢ynkumit PactpurmHa u Po3eHOpoka B JeTepMHHUpPOBAHHOW M cTOXacTH4eckod QopmynupoBkax. I[IpumeHeHue
npejiaraeMeIx pa3paboTok obecreurnBaeT 3h(HEeKTHBHOE poOACTHOE OLICHMBAHME MCKOMBIX BEIHUUWH MPU MapaMeTPUUECKON
HEOIPEIEIEHHOCTH BXOHBIX IaHHBIX ¥ CHI)KEHHE HH(OPMAIIMOHHOI CIIOHOCTH METO/1a CHHTE3a KBa3HPEIICHHUH .

Knwuegvie cnoea: cmoxacmuueckoe npoSpAMMUPOSAHUU,  BLIYUCTUMENbHAS MAMEMAMUKd, YUCTEHHbIL aHAIu3 U
npOSPaMMuposanue (MawuHHAas MamemMamura), Mememuyeckull aneopumm.

The definition of decision selection criteria (objective functions) and desired quantities estimation are considered for the multi-
objective problems with a priori uncertain data. The presented types of scalar convolution of decision selection criteria are
obtained for the multi-criteria problems of the development of robust meta-models, mathematical models identification,
optimization and decision making. A model and a method for the synthesis of the solutions of multi-criteria problems of
stochastic optimization with mixed conditions (MV-problems) are considered. As a computational method for the synthesis of
quasi-solutions of ill-posed problems, the method of regularization of the solution of ill-posed problems by Tikhonov, where
the smoothing functional is used as a scalar convolution of the objective functions, has been applied. As an additional
component, the stabilizing functional (membership function) is included in the smoothing functional, which allows to take into
account the system of preferences of the decision maker and to ensure the correctness of the quasi-solution synthesis method as
well. In this case, the choice of the stabilizing functional should be carried out according to a number of conditions; it should
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be a continuous non-negative convex, in particular. A computational method based on a memetic algorithm for the synthesis of
solutions for this class of the problems is developed. The results of the analysis of the convergence of the proposed
computational methods for solving the problem of finding the extremum of multidimensional functions in deterministic and
stochastic formulations are presented. Application of the proposed developments provides an effective robust estimation of the
sought values for the parametric uncertainty of the input data and a reduction in the information complexity of the method of
synthesizing quasi-solutions.

Keywords: stochastic programming; computational mathematics, numerical analysis and programming (computer
mathematics), memetic algorithm.

1 Bsgenenne

OpnHOM W3 aKTyalbHBIX MPOOJIEM NpPH CO3MaHWUM OOBEKTOB HOBOW TEXHHUKH SIBIISETCS IMpoOieMa
CHIDKEHHS 3aTpaT Ha JOBOAKY M IPH IKCILTyaTallid CHCTEM M MPOLEeccoB. Pelienue 3Tol TeXHUUECKON
npoOjeMbl BO3MOXKHO 3a CUET BHEAPEHHs B MPAKTHKY METOJOB pO0AaCTHOTO ONTHUMAaJIbHOTO
IPOEKTHPOBAHNS M MHTEIUICKTYaJIbHOTO THArHOCTUPOBAHHS CHCTEM H IIPOIIECCOB.

Ilpu  pa3paboTke MOCIEAHMX  BO3HMKAIOT  MaTeMAaTHYECKWe  MPOOJEMBI:  OIIEHMBaHHE
HEOMNPEACTICHHOCTEH, CTPYKTYpU3alisl PEryJIipH3UPYIOLINX alTOPUTMOB M BBICOKAsl BHIYUCIUTEIbHAS
CIIOKHOCTh METOJIOB CHHTE3a KBa3HPEIICHUH MPAKTHIECKHX 3a/1a4 B YCIOBHAX HEONPEICTICHHOCTH.

K Hacrosmemy BpeMeHH OITyOIMKOBAaHO MHOXKECTBO PadOT, MOCBSIICHHBIX OMHCAHHUIO MOJEeH
CHHTE3a pCeIICHWH, METOJOB OICHUBAHMS [ENeBbHIX (YHKIMH M HWCKOMBIX BEJIUYMH B
MHOTOKPHTEPUANBHBIX 33/1a4 MICHTH()UKANHA MaTeMaTHUECKUX MOJIENIeH, ONTUMU3AIMNA U TIPHHSATHS
pelIeHnid NpU TPOSKTUPOBAHUH, COBEPIICHCTBOBAHUN W JAMATHOCTHPOBAHUHM TEXHHYECKUX, a TaKKe
MEIUKO-OHOIOTHYECKUX CHCTEM — MPH MTapaMeTPUIECKON HEONpeIeICHHOCTH AaHHbIX [1-15].

B kadecTBe BBIUMCIUTEIBHBIX METOJOB CHHTE3a pEIICHWH 3aJa4  CTOXaCTHYECKOH
ONITHMU3ALUKN HUCIIONB3YIOTCS JIOKAJbHO-CTOXaCTHUECKHE MeToAbl ( B TOM 4YHCIE Ha OCHOBE
CaMOOpPTaHM3AIlHH):

- CTOXAaCTHYECKUE KBa3UTPAIUEHTHBIC anropuT™el [16-19];

- JBOJIOIMOHHBIC (TEHETHYECKUE AITOPUTMBI, UMMYyHHBIe) [20-25, 14, 15];

- TOMYJSIMOHHBIC (MMUTALUK JABWKCHUS: CTaM MEPEJeTHBIX NTHUIl; MypaBbHHBIX, TUEIUHBIX
KoJoHui) [26-31].

Pesynprarom mccnemoBaHMil cTanM pa3paOOTaHHBIE METOABI CHMHTE3a perreHnit M-, V-, P-3amaq,
3a7]a4 CTOXAaCTHUECKOW ONMTUMH3AINUN CO CMEUIAHHBIMHU YCIOBUSIMH M PEaTH3YIOIINE UX MPOTrPaMMHEIC
CpeCcTBa, KOTOPHIE B HACTOAIIECE BPEeMs IPUMEHSIOTCS 7151 pEIIeHHS MPaKTUIECKUX 3a/1a4.

Crnexyer OTMETUTH, B OOJBIIMHCTBE PAaOOT, MOCBSIICHHBIX OLECHUWBAHUIO IIEIEBBIX (QYHKIMH M
MCKOMBIX BEIIMYMH B BBIIICTIEPEYHCICHHBIX 33aJa4aX OTCYTCTBYET aHAIN3 3HAYMMOCTH NMEPEMEHHBIX
HEJIMHEWHBIX MOJIENIEH ¢ yY4ETOM UX KOPPETHUPYEMOCTH U TOYHOCTH U3MEPEHHUSL.

K HemocratkaM pacCMOTPEHHBIX BBIYHCIHMTEIBHBIX METOJOB CIIEIYyeT OTHECTH CIIEAYIOIIHeE:
OTCYTCTBHE CaMOAJaNTallMi B Ipoiecce paboThl, HU3Kas HX 3(P(HEKTHBHOCTh Ha 3aKIFOUYUTEIHEHOM
JTane oNnTHMHU3alKH. bosbmoe BiusHUE Ha d3QPEKTUBHOCTH aJTOPUTMOB, PEATHU3YIOIIUX 3TH METOIH,
OKa3bIBAET BHIOOP MCIIOJIB3YEMbBIX CBOOOHBIX TTAPaMETPOB ITPH HACTPOIKE aIrOPHTMOB.

B cBsa3u ¢ 9THM, HEOOXOJMMO COBEPUICHCTBOBATH CYIIECTBYIOIIME M pa3padaThiBaTh HOBBIC
MaTeMaTHYecKHe  METO/Abl  OICHUBAHWS  LEJNEBBIX  (QYHKIMA W WCKOMBIX  BEJIMYUH B
MHOTOKPHUTEPUAIBHBIX 33]auaxX UICHTH()UKAIMA MaTeMaTHYECKUX MOJIENEeH, ONTUMH3AINN W IPUHAITHS
pEeLIeHUI TIPH allPHOPHOI HEOTPEISICHHOCTH JIaHHBIX.

Llenpr0 JaHHOTO WCCIIEOBAaHMS SIBISIETCS pPa3pabOTKa MOJENM M METOAa CHHTe3a pPelIeHHH
MHOTOKPUTEPUANBHBIX 3a/1a4 CTOXACTUYECKOW ONTUMH3AIMK CO CMeIIaHHbBIMH ychoBusmu (MV-
3a1a9).

B mporecce uccnenoBanus aBTOpaMu CTPYKTYPUPOBAH BBIYUCIUTENBHBI METO CHHTE3a PEelICHUM
3a]1a4 3TOTO KIllacca, OCHOBAHHBIA HA MEMETHYECKOM ajrOpUTME, B KOTOPOM PEaM30BaHO COBMECTHOE
UCIIOJIb30BaHUE DBOJIOIMOHHOTO METOJIa € W3MEHSIONIMMHUCS OT JIMOXH K JI0Xe IapaMeTpamH:
OIIEepaTOpPOB BEIIECTBEHHOTO KOAWPOBaHMSA, (DYHKUMH MPHUCHOCOOIEHHOCTH M PeaKCalid, a TaKxKe
METO/1a CYKAIOLIUXCSI OKPECTHOCTEH M PaHAOMH3UPOBAHHOIO METOJIa MIPOKIAIKH Iy TEH.

[IpencraBneHsl MpUMEpPHl peanu3anuy MPEeIIoKEeHHOr0 METOJla TPH PElIeHHH TECTOBBIX 337134 B
JETEPMUHUPOBAHHON U CTOXaCTHUECKON (OPMYITUPOBKAX.
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2 TToCTAHOBKH 33/1a4 CTOXACTHYECKOi ONTHMH3AIMH CO CMEIIAHHBIMH YCJIOBHSMHU

[ycts X° — Bektop ciydaifHbIX BenmuduH pasmepHoctd M (IIapaMeTpsl MOIEIH, yIPABISIONIHE
IIepEeMEHHBIC, IEPEMEHHBIE COCTOSIHIS), F° — BEKTOp CIydailHbIX BeIHYMH pasMepHocTd | (maHHBIC
M3MepeHHH, IeneBbIX (yHKImHM). Bemmumusl F° MOXHO HalTH C HCIOIB30BAHHEM HCXOXHOM
matematiaeckoil mogemu (MMM) oGbexta neenenosanns, npeacrasientom B suge F° = F(X°), rue
F — Bexrop-dynkums.

0 0 o
OHpCI[CJ'II/IM IIPOCKINHN X n F KaK Cjly4JauHbI€ BCJIHWYMHBI C HOPMAJIbHBIM 3aKOHOM
pacnpe€aciacHus, 3alaB HX MATEMaTHUYCCKUEC OXHIAAHUA, CPCAHHUE KBaAPATUYCCKHUE OTKIIOHCHUA U
KOpPpCIALMOHHBIC MAaTpPHUIIbI. HpI/IBeIleHHBIC BXOJHBIC JAaHHBIC ITO3BOJIAIOT HCpefITH K MpeaACTaBJICHUIO

X% u F° kak cmcTeM HECKONBKHX CIIy4allHbIX BEJIMYMH C MHOI'OMEPHBIM HOPMAaJIbHBIM 3aKOHOM
pacnpeneneHusl.

B cootBercTBHM ¢ KoHUenuer creneHHbix cpeanux A.H. Kommoroposa, Oynem Mcmonb30Bath B
KayecTBE KPUTEPHUEB TPOBEPKU THUIOTE3bl O PABEHCTBE LIEHTPOB  pacClpenesNeHu s
penpe3eHTaTHBHBIX BBIOOPOK U3 JABYX MHOTOMEPHBIX I'€HEpaJbHBIX COBOKYMHOCTeH { - craTucTuky
CrpI0fiCHTa, a TUIOTE3bl O PaBEHCTBE KOBAapUALMOHHBIX MATPULl — MHOTOMEPHBIM aHaJOr KPUTEPHS

B.U. Pomanorckoro RO :
t= /”7“ MD? 1)

rae N, — pa3sMepHOCTh BEIOOPOK U3 T€HEPATbHBIX COBOKYITHOCTEH;

MD - paccrosnue Maxanano6uca;
2
174

J2k

2 o\ 0 .
rae Y- = W (O' ) Ro" - MHOroMepHbIii aHaor Kpurepus cornacus ITupcona;

Ro , k=n, -3, (2)

N - pasmeprocts X° (wm F°);

o
o’={2' n=1.N:
o

n
* 0 *
Gn’an — CpEAHUC KBAAPATUYCCKHUEC OTKIIOHCHHA MNMCPEMCEHHBIX Xn e X (I/IH,Z[GKC - JXCJIaCMbIC

3HAYeHHS);

R — xoppensimonnas matpuna.
Omnpenenum norapudpmuueckyto (yHKUuo npaBaonogodus. OKOHYATENbHBIM BHJ CKaJSPHON
CBEPTKH LeIeBBIX (PYHKIMH [UTS 33/1a4 IPUHSTHS PELICHHH ¢ ucrnoab3oBanueM (1-2) umeet Bup [15]:

L()Z /tF,RoF):%(tﬁ +Ro, +t% +Ro, )+CL.

B nanpHefiieM B KauecTBE CKaISIPHOW CBEPTKH IleNieBhIX QyHKIuA B MV-3amadax, mosarasi, 9ro
Ry =R: =E,rne Ry u Ry — koppersiimoHHble MaTpuiisl , HCIOJIb30BaIach cBepTka [15] :

Ly NI 7 K
E:EH ffit ,Lli(fi ) fl,: (1+O'fi) + 0 - ffit W +
? ‘ 2 k‘ ’ 3
1 M AL i zi -
+}/m; fm ,Um(Xm) X; (1+0>(<)m)2 +ﬂx' ffi’[ W
2
rne Afi:Ma[fi]_fi*’Zi:na Makfl_Ma[fl])] c = O-f'
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2. _ k
‘zf' ‘: na (o_?)z _1+i :

Y2k J2(n, -3)| " n,

. M l(x. —M [x 7| . o
Axm:Ma[Xm]_Xm'me:na a[( = * Za[ m]) ]; Oym = ):m J
(O-m ) Oym
‘me - k‘ n ° 2 3
= = (O-xm) -1+— ’

J2k J2(n, —3) n,

X;, G; — 3HAYCHUA MATCMATUUYCCKOr0 OXUAaHUA U CPCAHCTO KBAAPATHYCCKOI'0 OTKJIOHCHHA

HNEPEMEHHON X, Ui IPOTOTHUIIA;

. 0
O, — CPe/Hee KBaJpaTHIeCKOe OTKIOHCHHE IepeMeHHOH X, € X~

xm

fi , O f — S3HA4YCHHA MATCMATHYCCKOI'O OXHMAAHUA MU CPCAHCTO KBAAPATHYCCKOI'O OTKIIOHCHMSA
1

KpuTepues Beibopa petennii f; s npororumna;
O'; — CpeIHee KBa/[paTHUECKOE OTKIOHEHUE KpuTepHes Bhibopa pemennii f; € F °
f i — Gynkums npucnoco6nennoctn (®Ilp),
f.(d)=1-exp(-C-d), C >0 (BeGupacrcs u3 ycnosns, uro Hauanssoe suauerue E& Gruro:
EY <1), d —apryment @IIp (d >0);

4 (£7), (X)) — dynkunun npunamiexsocTy;
y — napamerp perymsipusauuu ( ¥ =0 — uaentudukanus, y =1 — ontumusars);

P+, P, — napaMmerpsl po6acTHOCTH.

% o] -0
Takum oOpa3zom, 3amauya oneHuBanus X :<M [X ], O'X) (B wactHocTH, 3PKPI]) MoxeT GbITh
ceergera k M3CO co cMmemaHHBIMU YCIIOBUSIMH (B HamieM ciaydae MV-3amaunm ), KBasupelleHHEM
KOTOPOH, COTJIACHO MPHHIMITY MaKCUMyMa rpaBononoous (M-orenka), sieisiercs [14, 15]:

X =arginf E()ﬁ It ,Ro. ), 4)

XeDy
rae DX — MHO>XCCTBO KOPPEKTHOCTH, OIIPCACIIAOIICECA B o0meM ciiy4dac CUCTEMOMU HpeI[HOLITeHI/Iﬁ

JIITP. B naHHOM ciTyuae npeamnonaranoch, uto D, sBIIsieTCs BBITYKIBIM MHOKECTBOM.

3 DBOJIONMOHHBII MeTO/ PellleHUs 3aJaYl CTOXACTHYECKOil ONTHMHU3AINU CO CMeIIAHHBIMH
YCIOBHSAMH

KBazuperenne mocTaBieHHON 3a7auM (HOpMaJbHOE pENIeHHE) MOXKET OBITh HaWJEeHO METOIOM
perymspusarn [15, 32]. CuHTe3 KBasupelleHHH MHOTOKPHUTEPHAIBHBIX 3aJad CHCTEMHOM
MOIU(HKAIMK B  JICTEPMHUHHUPOBAHHOM W  croxactuueckoi (MV-3agaua) ¢opmyIupoBKax
OCYIIECTBIISUICS C TIOMOIIBIO BEIYUCIIUTEIHHOTO METO/1a, OCHOBAHHOTO Ha MEMETHUYECKOM aJITOPUTME.

OmnpenenuM 3BOTIOIUOHHBIA MeToa (OM) kak Momudukanuioo reretudeckoro anroputma (['A), ¢
MU3MEHSIONMMHUCS OT JIOXM K JIO0Xe IapaMmerpamu. B naHHOW paboTe NpeCTaBlicHBbI ONMCAHHUE
MIPEUIOKEHHOTO METO/a ¥ DJIEMEHTHI HOBH3HBI, OTIMYAIONINE TIPEe/IaraéMblii METOJT OT KIaCCHYECKOTO
TA.

Ha mepBoM »dTame 3amal0Tcs OrpaHUYEHHS Ha YIOPABIIONIME IIEPEMEHHBIC, KOTOPBIMHU
Manunyiupyer ['A. OOBIYHO Takue YCIIOBUS 3aJalOTCA CHUCTEMOW HEPABEHCTB, OrPaHUYMBAOIINX
KOKAYIO YIPABISIONIYIO IEPEMEHHYIO C IBYX CTOPOH: X;n < Xy < X;q , m=1..My, rae X, — HaOop u3

My YIOpaBISIOMIMX TEPEMEHHBIX; Xy, U Xy — UX HWKHHE M BEPXHHE IPAHHIIbI, COOTBETCTBEHHO. B
IPEIOKEHHOM MOIX0 1€ orpannueHus 3aaasanuchk B Buae X € O(P,R°), rue O(P,R°) — amuncoun

c ueHtpoM B Touke P wu pammycom R°. Takum oOpasom, B 00JACTH IOUCKA, OTPaHHYECHHOM
CIydaifHBIM 00pa3oM C paBHOMEPHBIM MM HOPMAJIBHBIM paciipesiesieHrneM (GOopMHPYETCS HavyalbHBIN
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Habop nepeMeHHbIX. Habop mepeMEeHHBIX Xp,, COOTBETCTBYIOLIMH KaKOMY-THOO pelleHuIo, Oyaem

Ha3bIBaTh 0COOBIO, a 00T HAOOP 0COOE — MOIMyIISAIHeH.

ITocne hopMupoBaHus HAYATBHOM MOMYJISIMK U €€ KOJUPOBaHUS HadnHaeTcs: padora camoro ['A. B
Ka4yecTBE SBPHUCTHKH MPH 0TOOPE POIUTEILCKUX 0CO0el ObUT BBIOpaH METOA PYJIETKH, YTO MO3BOJISET
0oTOHMpaTh 0COOM C JTYYIINMHU 3HAYCHUSMH CKAISPHON CBEPTKH KPUTEPHUEB BBHIOOpA pelieHuH (IeeBbIX
¢yHKIHIT) ¢ OOIBIIEH BEPOSATHOCTHIO, €M ITPH PABHOMEPHOM BEIOOPKE.

B nannoit paboTe MCHONb30BaH BEUIECTBEHHBIH ONEpaTop KpoccoBepa, MMHTHUPYIOIIUI OUHAPHBIH

31], oH hopMHPYET IBE HOBBIX XPOMOCOMBI X(t+l),X(t+l) O IPHUHIIUITY:
pMHDY! p 1,m 2,m p y

®0 = 0.5((L—u)x® +(L+u)xD ),

,m

ngl) _ 0.5((1—U1)X(t) + (1+ Ul)xft%) )

,m 2,m
rae Ul,U2 — CJ'Iy‘IElﬁHLIC BCJIIMYUHBI, INIOTHOCTH PACHPCACIICHUA BEPOATHOCTH KOTOPBIX ITOAYMHCHA

3aKOHY:
1

(2u)*,u>0,5
EW={
2(1-u)
rne be[2,5] — narypanbHOoe umcio (CBOGOMHBIN TMapaMerp omeparopa KpOCCOBEpa), yBEIHYCHHE

,u<0,5

KOTOPOTO BJIEUET 3a cO00W yBEIMUYCHNE BEPOSITHOCTH TMOSIBIIEHHSI 0COOHM IOTOMKA B OKPECTHOCTH 0COOH
poauTens ¥ HaoOOpoT. B manpHeleM MCHONB30BANICS 3aKOH M3MEHEHMs MapamMeTpa BEeICCTBEHHOTO
oreparopa KpoccoBepa 0T HoMepa SIOXH:

b=2+3(%)“, ne[05].

B kauecTBe BELIECTBEHHOTO ONEpaTopa MyTallly, HCII0JIb30BaH ONIEPATOP HEPAaBHOMEPHON MyTaIllu
MuxaneBuda [31], OTHOCSIIUICS K KJIacCy HECTAIMOHAPHBIX MyTaTopoB. HOBOe 3HaueHHe reHa Xr(n”l) :
MOJUTEKAIIET0 U3MEHEHHIO, BEIYUCISACTCS 110 hopMyIie:
x4+ st x! —xM),u, =0
X0 45t xO —x )u, =1

— IeTI0e CIIy9aifHOe YHUCIIO0, ¢ PAaBHOMEPHOW BEPOSITHOCTHIO MpUHUMAlolIee 3HaueHue 0

(t+1) _

roe u, = Uggn
win 1, pyukuuio O(t, Y), MOKHO ONpeEUTh KaK

Ly

ot,y)=y 1—u21 v :

rae U, =U(0,1) - ciyuaiinoe uuco,
b — cBoGoaHEI mapameTp onepaTopa, onpenesIONIHil CTeNe b 3aBUCUMOCTH 3HAYEHUH (yHKIMH
OT HOMepa 31oxu (pekomenayemoe 3Hauenne D =D5). Jlerko Buano, uro S(t, Y) npuHMMaeT 3HaUEHUS

B UHTEpBaJe [0, y] U C POCTOM HOMepa 310xH { 3TOT uHTEpBai cyxaercs. B pe3ynbpraTe Ha HaYaTbHBIX

anoxax I'A, okaspiBaeTcsi OJM3KUM K ONEpaTopy CiIy4yailHOH MyTalyuM, a Ha 3aBEpINAONINX 3I0XaX,

o t t+1
MMpoOU3BOAUT MYyTalluu, O6€CHe‘lI/IBaIOIJ_[I/IC ONU30CTh 3HAUEHUI BETNYNH X|E1) n X;ﬂ+ ) .

ITociie ocymiecTBIIEHUsT ONEpaluii KpOCCOBEpa M MYTAlldd IPOUCXOAMT BBIOOp HamboJjee
NPUCTIOCOONIEHHON 0co0u (B ciydae MoucKa pelleHrH MHOTOKPUTEPUANBHBIX 3a/1a4 CTOXACTHYECKOM
ONTUMM3ALUU CO CMEIIAHHBIMU YCJIOBHAMH (MHOTOKPUTEPUAIBHOIO NPHHATHUS PEIeHHH) — 0coOb C
HauboJee MOAXOAAIIEeH CKAISIPHOW CBEPTKON KPUTEPUEB BHIOOPA PELICHMIT), KOTOpasi U MOMEIIAETCs B
Habop 0CcOOECH IS CIeMYIONIEH MOXHU ATOPUTMA.

[Ipu co3zgaHnu HOBOHM HOMYJSALMHU JOMOJHHUTEIBHO HMCIOJB30BAJICS TAKXKE AIIMTHBIA 0TOOp. st
K10l HOBOW MOMYJSALMHU W3 NPEAbIIyLIed MOMyJIALnH, OTOMpaTUCh 0COOM, Y KOTOPHIX CKaspHas

CBEPTKA KpUTEPHEB BbIOOpa pemennii E Gbuta Menbuie HekoToporo moporosoro snauenus E < E,
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rne E. — cpenHee 3HaueHWe CKAIAPHOI CBEPTKH KPUTEPHUEB BHIOOpA PEIICHUM NOMYISLUUU IS
C

TEKYIIEHN 3MOXU.

[loBTOpEeHME, BBINICNIEPEUYNUCICHHBIX JACHCTBUN (3M0X), MPOMCXOTUT JO TEX I0p, IOKa HE
BBITIOJTHUTCS yCJIOBHE OCTAHOBKH. TaKWM YyCIOBHEM MOXET OBITh BBHINIOJHEHHE MAaKCHUMAIbHO
JOIyCTHMOTO KOJIMYECTBA BMOX | , JIMOO OTCYTCTBHE HM3MECHEHHH CKAJSIPHOW CBEPTKH KPHUTEPHUEB
BbIOOpa pemieHud (C 3aJaHHOW MMOrPEIIHOCTHIO) B IMOMYJISIUM HAa TMPOTSDKCHUH OIPEISICHHOTO
KOJIMYECTBA 3I0X. B KauecTBe paIliOHANBHOTO pEIIeHHs 3aJavd, Ha TOCIETHEeH 31moxe BhIOMpaach
0C00b, /I KOTOPOU CKaJISIpHAs CBEPTKa KPUTEPUEB BHIOOPA PEIICHUIT MUHUMAJIBHA.

B xagectBe 0cCOOEHHOCTH, MOXXHO OTMETHTH, YTO KJIacCHUecKuil ['A TI03BOJISIET MOMYIHTh OBICTPYIO
CXOIMMOCTh Ha TEPBBIX HECKOIBKHX 3M0XaX, B ToXe BpeMs, HEJOCTATKOM SBISIETCS HEBBICOKAS
TOYHOCTH HAXOXKJICHUS SKCTPEMyMa JIJIsl CIIOKHBIX KPUTEPUEB BEIOOPA PEIICHU.

OmHuM U3 CpPEACTB TMOBBIMICHUS CKOPOCTH cxoaumoctu ['A  sBhsieTcs, Kak H3BECTHO,
KJacTepu3anus. s mOBbIMIEHNs] CKOPOCTH CXOAMMOCTH W TOYHOCTH HaXOXKIEHHS dKCTpeMyMa ObLia
paspaboTan meton cyxaroruxcs okpectHoctei (Decremental Neighborhood Method), peanusyromnruit
unen knacrepusanuu [14]. CyTh 3TOro MeToza 3akiovaeTcs B CleayronieM. BHauaie MpoUCXOauT
3ammyck ['’A ¢ paBHOMEpHBIM pacIpeqelieHneM Ha4dallbHOW MOMyJSIHWA 10 BCeHl OOJAcTH IMOWCKa

[Xm,Xm]. B pesynabrate orOupaercst ocoOb ¢ Hammydmed s AaHHBIX HacTpoek A ckamspHoi

CBEPTKOM KpHUTEpUEB BhIOOpa perenunii. Halinennsiit skcrpemym X ° HCIONB3yeTCs Jajiee Kak LEHTP
HOBOM 00JacTu onpeaeneHys yIpapsomuX epeMeHHbIX MeToa. O0IacTb OnpeneneH sl cielyomen
smoxu I'A 3amaem B BUIE:

Dy =KX + A=K )R KXy + (LK), ]

rae ky, — mapamerp penakcauud. Yucio ocoOeil (B JanbHEHIIEM — YHCIO MUHM-TIONYJSALMH) ULt

t
CIenyIoIell SMOXM U MapaMeTp peNlakcaluu BeIOMparoTess mo (gopmynam: K, :exp(—a?) ,a<l,

COOTBETCTBEHHO. TakuMm 00pa3oM, MMociae0BaTeNIbHO IPOU3BOAUTCS 3allyck OM ¢ yMEHbLIAIOIIUMUCS
00NacThI0  OTMpeneieHHus YHPaBISAIONINX TEePEeMEHHBIX, YHCIOM oco0ell  (MUHH-TIOMyIIANni),
napaMeTpoOM pelaKkCallii; YBEIUIHBAIOLINMCS TTapaMeTpoM (PYHKIMK TPUCTIOCOOJICHHOCTH JI0 TEX Top,
MoKa He OYJeT BBIITOTHEHO YCIOBUE OCTAHOBKH.

s pewieHuys 3aja4 ONTUMHU3ALUHI WM MOJU(PUKALMKN B CTOXaCTHYECKON MOCTAaHOBKE HEOOXOIUMO
BBIYUCIISITH MAaTEMAaTUYECKOE OXKHAAHUE M CpellHEe KBaJApaTHYecKoe OTKIOHEHHWE KPHUTEpUEB BBIOOpa
pemennii (KBP). B cBsi3u ¢ TeM, 4To 3apaHee OTCYTCTBYeT HHPOPMAIUS O TTapaMeTpax pacrpeiesIeHus!
ciyvaiitHo BenmmumHbl KBP, To mms wmx onpeneneHus mnpemnaraeTcs IS KaXIOro Habopa
YIPaBIAIOMINX NEPEMEHHBIX X, (OPMUPOBATH BBIOOPKY, B COOTBETCTBUH C HOPMAJIBbHOM 3aKOHOM
pacmpeneneHust (MUHU-TIONMYJAINIO), C 33JaHHBIMH MaTEeMaTHYECKUM OXHIAHUEM Xy U CPEIHHM
KBaJIPATUYECKUM OTKIOHEHHEM o, . Jlanee, Ha ocHOBE CPOPMHPOBAHHON BBIOOPKU PAaCCUMTBIBAETCS
MHOkecTBO 3HaueHHit KBP, mo koTopoMy, B CBOIO oOuepe[b, PacCUMTHIBAIOTCS MaTeMaTHYECKOe
OKH/IaHUE U cpenHee KBaapaTtnieckoe oTkioneHne KBP. [Ipuyem, uem Gonpimii 00beM BBIOOPKH, TEM
Oosee TOYHO OyAyT paccUMTaHbl 3TU BEJIMYMHBL B Toxe Bpems HE0OXOAMMO MUHUMM3HPOBATH pazMep
TaKkoW BBIOOPKH, TOCKONBKY Jaxe eauHudHbld pacuer KBP Moxer TpeboBaTh 3HAYMTENHHBIX
BBIUMCIIUTEIBHBIX pecypcoB. [IpoBeneH ananmu3 3aBucuMOcTH TouHocTH pacueta KBP or oGpema
BEIOOpKH. PanmonanbHOW siBisieTcs BbIOOpKa (MuHU-Ionynsius) obovemom B 30-150 ocobeid,
MOCKOJIBKY JlaNbHEHIee yBeTUUeHHe BHIOOPKM HE TMPHUBOAUT K TOBBIIICHHIO TOYHOCTH pacueTa
MapaMeTpoB BHIOOPKH.

4 MeMeTHYeCKHI aJrOpuMTM CHHTE3a PpelleHHil 3aJ4a4Y CTOXACTHYEeCKOH ONTHMHU3ALUM CO
CMeIIaHHbIMHU YCJIOBHSIMU

Hyers M ={m,},k=1...K - wmuoxectBo memoB (crparermii), K - wumcno crparernii

(runepaspuctuk). OmnpenenuM MeMmeThyeckud anroput™M (MA) kak THOPUIHBIA MOMYSLMOHHBIA
ITOPUTM, OCHOBaHHBIN Ha HCIIOJIB30BAaHUM THIIEPIBPUCTHK. B Hamem ciydae OyaeM HCIONIb30BATh:
m, — OM, M, — paHIoOMU3HPOBaHHKIN MeToA Npokianky myrei (Randomized Path Relinking Method)

[15, 31].
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PaccMoTpuM 0COOCHHOCTH pealn3ariiil paHJOMH3HPOBAHHOTO MeToAa MpokiIanku mytei (PMIIII).
Jist Texyuieit snoxu onpenenum P(p =1...P) . Tus xaxnoit munn-nonymsimu |(1=1...L), roe L —

YHCIIO MMHH-TIOMYJSUMI ¢ 3a/aHHBIMM TIapaMeTpamMu: MarteMathueckuMm oxumanuem M[X]] wu
CPENHMM KBAJPATHUECKHM OTKJIOHEHHEM Oy , 3HAUCHUS CKAIAPHOH CBEPTKH KPUTEPUEB BBIGOPA
pewenuii E, .
Jlanee Ha MHOKECTBE {E| } BBHITIOJIHUM OTOOP OTCEYEHHMEM T10 TIPABHITY:
(VI=1.L)E, —»{Ej}j=1..0 :E| <E,.
Cremyiomee 3a X, =(M[X[],0% ) pemenne, cormacno mnpemoxentomy nomxony, Gyzem

OIPEAEIATh MyTEeM MEPEMEICHNSI MUHH-TIOMYJISIAHN | B CTOPOHY CiIydaitHOro pereHns X j - Otbop X i

OCYIIECTBISUICS. METOZOM PYJIETKH C YYETOM BEpOSTHOCTH OTOOpa, ompenenseMoi mo ¢opmye:

P(X,)=1- j

S
3 .
!
2.E;
j=L
JBiwkeHre MUHHU-TIONYJBIIMK C IapamMeTpaMu Xiop CTOpPOHY OoJiee NPUBIEKATEIBHON C

napaMeTpamu XJ, BBIOpAHHON CllydallHBIM 00pa3oM C Y4eTOM BEpOATHOCTH 0TOOpa P(XJ),
OCYHICCTBIIACTCA M3 YCJIOBUA, YTO PACCTOSAHHA MCKAY MHUHU-NIONMYJIAIUAMHA 3HAYHUMBI. HOCHGHHCG
obecrieunBaeTcsl TpeBBINIEHHEM 3HadeHWid cTatucTuk Cteiogenta u B.M. PomaHoBCcKkoro BbIlIe
KPUTUYECKHX.

5 Pe3yabTaThl pelieHUs1 TeCTOBBIX 3a1a4

PaccMoTpuM mpuMmepsl peanu3aldH MPEAIoKEHHOTO METoJa IMpH PEIICHWH TECTOBBIX 3a/1ad B
JETePMUHUPOBAHHON U CTOXAaCTHYECKOH QopMynupoBKax. beiti BeIOpaHbl PyHKIMH, Ha 0a3e KOTOPBIX
OBLTH IIPOBEACHBI pacyeTHHIe uccienoBanus. Hanpumep, pynkims PozenOpoka uMmeer BUL:

f (X, %,,0X,) = Ii[lOO(xi+l —x2)? +(x —1)°],

T7ie N — KOJIMYECTBO NEPEMEHHBIX.
OyHKIMST YHEMOJAIBHAS M WMEET TJ00aNbHBI MWHHMYM, KOTOPHIH JIGKHT B y3KOH

napaGosuyeckoii nonuHe. BpiOpanHas (yHkims npy N =2 uMeeT MHHAMYM B TOdYke X = (1,1) :
f ()A() =0. Bruia BBIOpaHa 0071acTh onpeeneHus IEPEMEHHBIX:
D, =[-2.048,2.048]x[-2.048,2.048].
®yukuus Pactpuruna nMeer BUL:

f (%, X,,...X,) =10n +Zn:(xi2 ~10cos(27x;)).
i=1

JlanHas QyHKUMS OAEPKHUT 4 rIoGaIbHBIX H 96 JOKAIbHBIX MHHUMYMOB. JTa (yHKIus npu N = 2
MMeeT MUHUMYM B TOYKe X = (0, 0) . f ()A() =0. Bouia BeIOpaHa 0671aCTh ONpPEENEHUs NEPEMEHHBIX:
D, =[-5.125.12]x[-5.12,5.12].

Onpeneaenne. Crnoxnocreto (undopmanmonnoi) Og(K,€) wmacca samau (A/D,), rne
D, c R¥ — KOHe4HOE MHOKECTBO JOMYCTHMBIX PElICHHH (IIOAMHOKECTBO KOPPEKTHOCTH) IS BCEX
samau A-knacca, K — pasmepHocTh 3aaun, GyjieM HasbBaTh MUHHMabHOE uncino maros g (K, &),
IpH KOTOPOM CYIIECTBYET HEKOTOPhINA MeTon B, pemrarommii 3amauy A -kiiacca ¢ TpyJI0eMKOCTBIO HeE

oonee |z (K, &) n morpemmoctsto, e npepsimaromeii € [1].

Pesynpratel  aHanmm3a  cxoauMocTH  (MH(OpPMAlNMOHHAs  CIIOKHOCTB)  TPEAIOKEHHBIX
BBIYUCIUTENbHBIX MeTOJ10B (RCGA — reHeTHUECKH alnrOpUTM C BeLECTBEHHBIMHU onepatopamu, EM —
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RCGA u meron cyxaromux okpectHocted, MA — DM u PMIIII) npu pelieHuy 3amad HaXOXKICHHUS
3KCTPEMYMOB PACCMOTPEHHBIX (DYHKIIHIA B JETCPMUHUPOBAHHON U CTOXAaCTUYECKOH (OpMYyJIMpPOBKax B

dopme [E°,t] npencrasnens na puc.1, 2.

NHbOopMaLMOHHaA CNOXKHOCTb MNHbOpMALMOHHAsA CNOXKHOCTD

P

3
|
|
i
)
)
|
)
1
53 1y
|
|
I

1
5
9
3

17

25

49

57

61

65

69

73

— QMmN o0
~ Nmom oS

77
81
85
89
93
97
101

==RCGA =EM MA e RCGA e EM MA

a) 0)
Puc. 1 — Pesynomamul ananuza cxoOumocmu npeoiodceHHbIX GbIYUCTUMENbHBIX MEMOO08 NPU peuleHuu 3a0a4u
HaxooicoeHus: skempemyma @yukyuu Pozenbpoka 6 demepMuHupo8annou (a) u
cmoxacmuyeckotl (6) popmynuposrax

VIHdOpMaLMOHHaA CNOKHOCTb NHdOpMaLMOHHasA CNOKHOCTD

08 08
06 06
04 04

02 02

33
37
a1
45
49
53
57
61
65
69
73
77
81
85
89
93
97

101
13
17
21
25
29
33
41
45
49
53
57
61
65
69
73
77
81
85
89
93
97

101

==R(GA ==—=EM MA ===R(GA =—EM MA

a) 0)
Puc. 2 — Pesynbmamvl ananuza cxoOumocmu npeodsioNCeHHbIX GbIYUCTUMENbHBIX MEMO0008 NP PeueHuu 3a0adi
HaxoocOeHuss skempemyma yukyuu Pacmpuzuna 6 demepmunuposantoli (a) u cmoxacmuieckoii (6)
dopmynuposkax

CoBMecTHOE UCTIONB30BaHUE B pa3padOTaHHOM METOJIe, OCHOBAHHOM Ha MEMETHYECKOM aITOPHUTME,
SBOJIOIIMOHHOTO METOJ[a C HU3MCHSIOIUMUCS OT OJIOXH K JIO0Xe MapaMeTpamMH: OIepaTopoB
BEIICCTBEHHOTO KOJWPOBaHUs, (QYHKIUH MPUCHOCOOJIEHHOCTH W pellakcallid, a Takke MeToja
CYXKAOIUXCS OKPECTHOCTEW W PaHJIOMH3MPOBAHHOTO METOJa MPOKIAIKK IyTeH, obecreuuBact
CHIDKEHHE WHQOPMAIHOHHON M BPEMEHHOW CJIOKHOCTEH MpeiaraéMoro MeMEeTHUECKOrO alropuTMa,
M0 CPaBHEHHMIO C KilaccHyeckuM ['A, He MeHee YeM B HECKOJIbKO pa3.

6. 3ak04eHue

PaccmarpuBaeTcss HOCTaHOBKAa 3aJaud OLCHUBAHHA KPHUTEpUEB BHIOOpa pemeHui (LeseBhIX
(GYHKIIUIT) ¥ UCKOMBIX BEJIMYMH B MHOTOKPHUTEPHAJIBHBIX 3aJladyax MpU allpHOPHON HEOINPEIeIEHHOCTH
naHHbIX. [IpencraBieHbl BUBI CKaISPHBIX CBEPTOK IIENEBBIX (DYHKIMH JUISI MHOTOKPHTEPHAIBLHBIX
3a1a4 WACHTU(PHUKALNY MaTeMaTHIeCKUX MO/eNel, ONTUMHU3AK U IpUHATHA pemeHuid. [Ipeanoxenst
MOJCJIb U METOJ CHHTE3a peIlICHI/Iﬁ MHOT'OKPUTCPUAIIBHBIX 3aaa4 CTOXaCTHUYECKOM OIITUMH3AITUU CO
CMeIIaHHBIMHA ycloBUsIMH (MV-3amad). CuHTE3 KBasWpemIeHWH OJTOH 3a7add  OCYIIECTBISIETCA
perynsipusanuell moucka MHHMMYMa CIJIaXHBAoLIero (yHKUMOHANa B (opMe CKaJspHOW CBEPTKH
neneBblx (yHKUMH. B KauecTBe BBIYMCIMTENBFHOIO METOAA CHHTE3a KBa3HPELICHWH HEKOPPEKTHBIX
3a/1a4 MIPUMEHEHHUE TOMyYMII METO PETYIpHU3aluy PelIeHnss HeKOppeKTHbIX 3a1a4d A.H. TuxoHoBa, B
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KOTOPOM B KadeCTBE CKAISPHOW CBEPTKH IENEBBIX (QYHKIUH MCIONB3yeTCs CTIaKHUBAIOIIHHA
¢yHKIMOHAN. B KadyecTBe JONMOJHUTEIHHOI'O CJIaraéMOT0 B COCTaB CIUIXHBAIOIICTO (DyHKIIMOHANIA
BKITIOYACTCS CTAOWIN3UPYIOUNHN (PYHKIMOHAT ((PYHKIHS MPUHAICKHOCTH), YTO MO3BOJISIET, C OJIHOM
CTOPOHBI, YYECTh CHCTEMY NPEANOYTEHHWH JHNIA MPUHUMAIOMIETO pPEUIeHHs, a, C APYrodl CTOPOHBI,
o0ecreunTh KOPPEKTHOCTh METOJa CHHTe3a KBaszupemieHWH. llpn 3Tom BBIOOp CTaOMIHM3MPYOIIETO
(yHKIIMOHANA CJIEAYeT OCYIIECTBIAThH COTJIACHO PsAy YCJIOBUH, B YaCTHOCTH, OH JIOJKCH OBITh
HENPEPHIBHBIM HEOTPUIIATEIHHBIM BBITYKIIBIM.

PazpaboTan BBYHUCIMTENBHBI METOJ CHHTE3a PEIMICHWUH 3agad 3TOro Kjacca, OCHOBAaHHBIA Ha
MEMETHYECKOM aJTOPUTME, B KOTOPOM PEaTU30BAaHO COBMECTHOE HCIOJB30BAHUE 3BOJIFOIIMOHHOTO
METOJla C M3MEHSIONIMMUCA OT OSI0XM K 3I0Xe I[apaMeTpamMH: OIepaTOpPOB BEIIECTBEHHOIO
KOAMPOBaHMS, (PYHKIIMH MPHUCIIOCOONIEHHOCTH W pellaKkCcallid, a TakkKe MEeTOAa CYKAIIIUXCS
OKPECTHOCTEH M PaHIOMH3UPOBAHHOTO METOA MPOKJIAJKH ITyTCH.

[IpencraBieHsl MPUMEPHl peali3alui NPEUIOKCHHOTO METO/a MPH PEIICHUU TECTOBBIX 3a/ay B
JIETEPMUHUPOBAHHON M CTOXaCTHYECKOH (POPMYIIHPOBKAX.

IIpuMeHeHre TpeTaracMbeIX pa3paboTok obecrneunBaeT 3(QPEKTHBHOE pPOOACTHOE OICHUBAHWE
WUCKOMBIX BEJIMYMH MPH MapaMETPUUYECCKOH HEONPEACICHHOCTH BXOJHBIX JAaHHBIX W CHIDKCHHE
WH(GOPMAITMOHHOW CIIO)KHOCTH METOJIa CHHTE3a KBAa3UPCHICHHIA, YTO WIUTIOCTPUPYET aKTYaIbHOCTH
MIPUMEHEHUS TPEACTABICHHOTO METO/Ia B MH)KEHEPHOH MPaKTHKE.
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MonepHu3zaius KaHajga KOMIBIOTEPHOTO yIpaBICHUs
y49eOHOH MOJIEeTBI0 IU(PPOBOTO MpoIieccopa

1O.JI. I'pabosckas, C.H. PeBa

Xapvkosckuii Hayuonanvuwili ynugepcumem umenu B.H. Kapaszuna, Ykpauna
e-mail: julia070796@gmail.com

Ha mpumepe xommbloTepn3anny y4eOHON Mopenu IM(ppPOBOTo IMporeccopa OIMMCAHBI MPOOJIEMBl OpraHM3alMM OOMeHa B
CHCTeMax KOHTPOJII M YNPABIEHMs, TOCTPOEHHBIX C HCIONb30BAHHEM COBPEMEHHBIX BEPCHUIl OMEPALHOHHBIX CHCTEM
cemeiictea Windows. M3yuena mpobiemMa B3aMMOAEHCTBHS HOBBIX OINEPALMOHHBIX CHCTEM C amlapaTHBIMH pPecypcaMu
Kommbiotepa. [IpeaiokeH BapHaHT NOCTPOCHMS KaHasla OOMEHa, NpUHLMN (HOPMHPOBAHUS HPOTOKOJA B3AaUMOACHCTBUS U
CTPYKTypa yHpaBISIOLIET0 MIPOrPaMMHOTO 0OeCIeueHusI, KOTOpble MOTYT 00€CIIEUNTh KPOCCIIIaT(OPMEHHOCTb, AllMapaTHYIO
U IPOrPaMMHYI0 COBMECTHMOCTh C COBPEMEHHBIMH II€PCOHAIBHBIMU KoMIbloTepaMu. ONucaHbl IpUMEPHl IPOrpaMMHOI
peanu3anuyl U pe3yibTaThl UX TECTUPOBaHUs. JaHbI peKOMEHJallMU O BO3MOKHOCTU IMPUMEHEHMS IPEUIOKCHHBIX METOJOB
JUIs IOCTPOEHHS IPOMBIIIUICHHBIX U HAYYHBIX YCTAHOBOK C KOMIIBIOTEPHBIM YIIPaBICHUEM.

Knrouesvie cnosa: yugposoii npoyeccop, yuebnas Mooeib, KOMRbIOMEPHOE YRPAGLeHUe, KPOCCHIAMMOPMEHHOCTb, RPOMOKO]L
obmena.

Pobora mpucBsueHa MojepHi3alii KaHaldy 3B’S3Ky MDK KOMIT'IOTEPOM Ta CTBOPEHOIO paHillle HABYAJIBHOIO MOJEIUIIO
mudpoBoro nporecopa. Ha mpuknani koM oTepu3aiiii HaB4aJIbHOI MOJIENI OMUCaHi MPOOJIEMHU YIIPABIiHHS Ta MPOrPaAMHOTO
KOHTPOJIIO OONagHAaHHS, SIKi MOXYTh BHHUKATH TPH 3aMiHI KOMII'IOTEpiB Ta OMEPAIlifHUX CHCTEM CyYaCHHMH BEPCISMHU.
AKIIEHTOBAaHO yBary Ha 3MiHi 30BHIIIHIX HOPTiB KOMIIBIOTEPIB Ta CYTTEBOMY OOMEKEHHI JOCTYIY 10 iX amapaTHHUX PETiCTPiB.
Ha ocHOBI mpoBeneHOTo aHaji3y 3ampoONOHOBAHO METOMW BUPILNICHHS MpoOJeMH, cepel SKHX CIiI BIAMITHTH 3aMiHy
amapaTHUX 3aco0iB Ta MPOTOKOMIB 3BS3KY MK KOMII'IOTEpOM Ta OONagHAaHHAM, BIPOBA/KEHHS MiKpPOIPOIECOPHUX
iHTep(heHCHNX MOJYJNIB IS Y3TOJKEHHS CUTHANIB YIPaBIiHHSA, a TaKOXK PO3POOKY HOBOTO IPOTPAMHOrO 3a0e3NedyeHHS,
noOyJOBaHOTO Ha 3acajgax KpocmiathopMHocTi. HaBeneHO KOHKPETHI NMPHUKIaAN CTBOPEHHS MOCHTITOBHUX KaHAIIB 3B SI3KY 3
BUKOPUCTaHHSIM MiKPOKOHTPOJIEPHUX IHTep(elciB, sKi HpH3HAUEHi Ul 3MiHM (OpMaTy CHUTHAIIB YIpPaBIIHHS, ONMHUCAHO
CTPYKTYpPHY CXeMy iHTep(elCHOro Moayis. 3apoloHOBaHO CTPYKTYPY IPOTPaMHOrO 3a0e3NeueHHs], o 3aTHe MPalioBaTh
i pi3HUMH ONepaliiHuMH cucteMamu. [lakeT mporpaMHuX 3aco0iB CTBOPEHO 3 BUKOPUCTAHHSAM MOB IIPOTpaMyBaHHs Java Ta
JavasScript, nyist B3aeMoIii 3 MOCIiTOBHMM ITOPTOM BHKOpHCTaHo 0ibimioreky Java Simple Serial Connector. B po6oTi 3BepHeHO
yBary Ha OCOOJIMBOCTI BUKOPUCTAHHS 11i€i 610,1i0TeKH, HaBEACHO YPUBOK MporpaMHoro koxy. I1ix gac gocmimkeHp IpoBeaeHO
TECTYBaHHS CTBOPEHOI IPOrPaMHOi CTPYKTYpHU 3 BUKOPHCTaHHSM alapaTHOTO eMyJISTopa AJIs 3/iHCHEHHS OOMiHY NaHHMH B
paMKax po3poOJIEHOro MPOTOKOIY, HAaBEJCHO Pe3yiIbTaTH TeCTyBaHHS. 3pOOJICHO BUCHOBOK PO MOXKJIMBICTH BHKOPHCTAaHHS
3aIPOIIOHOBAHUX PIlIeHb IS TOOYIOBU IIPOMHUCIOBHX Ta HAYKOBHX YCTAHOBOK 3 KOMIT IOTEPHHUM YIIPaBIiHHSM.

Knrwowuoei cnosa: yughposuii npoyecop, yubosa mooens, Komn'tomepre YynpasinHs, KpoCChiampopmHicmy, npomoKoa 0OMiny.

The article describes the modernization of a communication channel between a computer and an educational model of the
digital processor created a few years ago. An example of the computerization of a learning model describes the management
and software control problems of an equipment that may occur when replacing computers and operating systems with modern
versions. The focus is on changing external ports of computers and severely restricting access to their hardware registers. On
the basis of the conducted analysis, the methods of solving the problem are proposed. They are the replacement of
hardware and communication protocols between the computer and equipment, the introduction of microprocessor
interface modules for the coordination of control signals, as well as the development of new cross-platform
software. The examples of serial communication channels using microcontroller interfaces, which are intended to
change the format of control signals, are given. The block diagram of the interface module is presented. The
structure of software that can work with different operating systems has been offered. By using Java and JavaScript
programming languages, the software package has been created. For interaction with the serial port the Java
Simple Serial Connector library has been used. The paper focuses on the peculiarities of using this library. A piece
of software code is given. A hardware emulator for data exchange based on the developed protocol has been used for
testing. The results of testing are presented as well. The proposed solutions can be used for creating industrial and scientific
devices with computer control.

Key words: digital processor, educational model, computer control, cross-platform, protocol of exchanging.

1 BBeaenue

C 1enbio TOBBIIICHUST YPOBHS MOATOTOBKH IPOTPAMMHKCTOB B 00JIACTHU 3JIEKTPOHUKH, O3HAKOMIICHUS
C MPUHIIAIIAMA TIOCTPOCHHS U (DYHKITMOHUPOBAHUS MPOIIECCOPOB HA aMTapaTHOM yPOBHE, a TaAKXKeE IS
(bopMHpOBaHUSI TPEACTABICHUS O KIACCHYECKOW apXHUTEKType MHUKPOIPOIIECCOPOB M  SI3bIKAX
MPOrpaMMHUPOBAHUS HU3KOTO YPOBHS Kadeapoii 3JEKTPOHUKHU U YIPABISIONINX CUCTEM XapbKOBCKOTO
HaIMOHAIBHOTO YHUBepcuTera uMenn B.H. Kapasuna npu y4acTuu cTyIeHTOB CTapIIMX KypcoB ObLIa
pa3paboraHa ydeOHas Moneib IUGpoBoro mnpoieccopa. OHa MOCTPOCHA HAa MHKpPOCXEMaxX Malloi
CTCIICHU I/IHTeraHI/II/I, II03BOJISICT HpOIIGMOHCTpPIpOBaTI) npouecc BBIITOJIHCHUA HpOFpaMMLI Ha ypOBHe

© I'pabosckas HO.J1., Pesa C.H., 2018
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OTAENBHBIX JOTHIECKUX PJICMEHTOB B 00padaThIBAEMBIX HMH CUTHAIOB [1].

UyTh mo3xe Ha kKadeape ObLI co3maH MHTEPQEHCHBIN MOIYIb, KOTOPBIH TMO3BONHI TOJKIIOYATH
MakeT Ipoleccopa K NEPCOHATLHOMY KOMIIBIOTEPY UII MOHHUTOPHHIA €0 COCTOSHHUS W YIIpaBJICHUS
pabotoii B peambHOM BpeMeHH. bmaromapsi paspaboTke 3Toro wWHTepdeica W COIMyTCTBYIOIIETO
MPOrpaMMHOTO 00ECTIeYeHHS TOSBUIACh BOBMOXKHOCTD:

— 3arpyarh B OICPaTHBHYIO IaMsATh OoJjice OOBEMHBIC MPOrPaMMBI, IOJIyUYECHHBIC IyTEM
TPaHCISIUH C S3bIKa acceMouep;

— oToOpakaTh Ha DKpaHE MOHHTOpA TEKyIIee COCTOSHHE MOJENN TPOIECcCopa, COMEPKUMOE
PETUCTPOB, TAMSITH, COCTOSHUE IIHH;

— MOKAa3bIBaTh XOJI BBHITIOJIHEHUS OTACIbHBIX KOMAH/T;

— ympaBiaTh paboTOH IMpolieccopa Kak Ha YPOBHE BBITOIHEHHUS OT/IENBHBIX MAITMHHBIX [IUKJIOB,
TaK ¥ Ha YPOBHE BBITIOJIHCHUS MTOAIPOTrPAMM.

Bce 3TH BO3MOMKHOCTH CYIIGCTBEHHO YIYYIIAIOT HArJSIIHOCTh MakeTa W MO3BOJSIIOT Ooiiee
3¢ (eKTHBHO UCIIOF30BaTh €T0 B YUEOHOM TpoIiecce.

BzanMopeiicTBe Momenm Iporeccopa € KOMIBIOTEPOM  4Yepe3 CO3JaHHBIA  mMHTepdeiic
OCYIIECTBIISICTCSL uepe3 mapajuienbHblii BocbMupaspsaaubii LPT-mopt [2]. Ilepemada maHHBIX u3
KOMITBIOTEPA B MAKET BBINOJIHSETCS MO MApaIeIbHOM BOCBMUPA3PSIAHON LIMHE, & YTEHUE COCTOSIHUS
(YHKIIMOHANBHBIX ~ Y3JI0B ~ MOJETH  MPOW3BOAWTCA TNOAy0aliTaMH C  IOMOIIBIO  CHCTEMBI
MYJBTUIUIEKCOPOB M C HCIIOJIb30BaHUEM CIyKeOHbIX peructpoB LPT-mopra. Ilpm opranmszanuu
oOMeHa, mporpaMma, HeoCpeACTBEHHO, YIPABIAET pPadOTON KaK PETUCTPOB AaHHBIX, TAK U BXOAHBIX U
BBIXO/IHBIX CITyKEeOHBIX PETUCTPOB B cocTaBe moprta. llapannenpHas mepemava JaHHBIX 0OecCTIeYNBacT
BBICOKOE OBICTPOICHCTBHE CHCTEMEBI B LICIIOM.

2 IIpobnemaTruka

Ha nmpotspkeHnn nmocneaHux JeT MOAEIb MPOLeccopa YCHEIHO NPUMEHSIAch B yUeOHOM MpaKTHUKE
¢dakynpTeTa KOMIBIOTEPHBIX HayK. PaboTa ¢ MOAENbIO OCYIIECTBISUIACH TPH HCIOJB30BAHUU
OTIEPALIMOHHBIX CHCTEM, MPEJOCTABISIIONIMNX BO3MOXKHOCTH JOCTYIa K amnmapaTHeIM pecypcam
KOMIIbIOTEpa (M3 cepuu omnepannoHHbIX cucteM Windows paboTa Oblla BO3MOXKHA C BEPCHIMH
Windows 98, Windows Vista, Windows XP).

Ho Ha ceromssiuHMi J€Hb BCE IIEPEUUCICHHBIE BbINIE ONEPALMOHHBIA CUCTEMBI HE
MOIIEPKUBAIOTCS KOMITaHUEeW Maikpoco(T 1 IOCTENEHHO BBITECHSIOTCS M3 HCIIONIb30BaHus. Ha cmeny
UM IpUXoAsAT Oojiee HOBbIe Bepcuu, Takue kak Windows 7, Windows 8, Windows 10. Bo Bcex 3tux
cUCcTeMax ¢ MeNblo obecrnedeHus Oe30MacHOCTH U MX YCTOWYMBOCTH K BPEAOHOCHBIM TporpaMmmam
MaKCHUMaJbHO OIpaHMYEH JOCTYI K allapaTHbIM pecypcaM KOMIBbIOTEpa. JTO JeJIAeT HEBO3MOXKHBIM
UCIIOJIb30BaHUE PaHEe CO3JaHHOM MpOrpaMMbl IO YHPABICHUIO MOZEBIO IMpoleccopa, Tak Kak B
CYIIECTBYIOIICH BEpCUH Tepeaadya JaHHBIX OCYIIECTBISIETCS Yepe3 CIIy>KEOHbIe PErncTphl BHEITHETO
nopra KoMmIeloTepa. BeposTHeil Bcero, mocieayronye onepalroHHbIe CHCTEMBI OYIyT elle OoJiblie
OrpaHUYMBATh BO3MOXXHOCTHM TPSAMOIO YIpPAaBICHUS MOpTaMH 0€3 HCIOJIb30BAaHHUS CHEHHAIbHO
pa3pabaTeiBaeMbIX JIpaliBEpPOB, TNPEAyCMATPUBAIONIMX COOTBETCTBYIOIIUE TIpaBWia JOCTyHa |
OTpaHUYEHHUS TOTHOMOYHH.

CoBpeMeHHas! TeHIACHLUS Pa3BUTHS NIEPCOHAIBHBIX KOMIIBIOTEPOB ONpE/AEiIeHa B IEPBYIO OUepelb
KOMMEPUYECKUMH HHTEepecaMy NPOU3BOAMTENICH M OPUEHTHPOBAaHA HA YIOBIETBOPEHHE MOTPEOHOCTEH
HanboJiee IMUPOKOTO KOHTHHTEHTa IIOJb30BaTeNiei. DTO, B TMEPBYIO oOuepelb, — pealn3aius
KOMMYHHMKAaTUBHBIX, MYJbTHUMEAUNHHBIX M WMrpoBbIX (yHKumi. Ilo 3TOH mpuumHe B COBpPEMEHHBIX
KOMIIBIOTEPAX «HCYE3JIN» MapajuiesibHble MOPThl BBOAA-BbIBOAA. llepenauya DaHHBIX B OCHOBHOM
ocymecteisiercss uepe3 USB-mopTel, a Takke depe3 MOPTHI, B OCHOBY pabOTHI KOTOPBHIX IOJIOKEH
PaaMoYacTOTHBIM MPHHIMI nepenavyn uHpopmanuu (texHonoruu Bluetooth u Wi-Fi). B pesynbrare
CO3IaHHOE paHee OOOpYyAOBaHME HEBO3MOXKHO TMOJKIIOYUTH K COBPEMEHHBIM HOYTOyKaM H
CTaIlMOHAPHBIM NEPCOHATBHBIM KOMIIBIOTEPAM.

B cBs3u ¢ 3TUM BO3HUKIIA HEOOXOJMMOCTD JJISl TATBHEHINETr0 YCIENIHOTO UCTIONB30BaHUS MOJIEITU
nporeccopa pa3paboTaTh HOBBII MOIYJb ammapatHOro HHTepdelca W HOBOE MPOrpaMMHOE
o0ecrieyeHne, KOTOpOE TMO3BOJIWIO OBl YHpaBIATH anmapaTypoil mnpu paboTre ¢ COBpPEMEHHBIMH
KOMITBIOTEPAMH B OTEepariioHHbIX cucteMax Windows 7 ... Windows 10.
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3 Metoabl pelieHust

C 1enbio MoMcKa MPUEMIIEMOTO PEHICHUs] ObUT TIPOBEJCH CHCTEMHBIN aHAIN3 33Ja4yl, B PE3yJbTaTe
KOTOPOTO ONpeAeTCHbl METOAbl MOCTPOCHHUS ammnapaTHO-MPOrPaMMHOTO KOMIUIEKCA, MO3BOJISIOIIUE
YCIICIIHO HCIIOIb30BATh COBPEMEHHBIC KOMIIBIOTEPHl WU OIEPALMOHHBIE CHUCTEMBI [UIS YIPaBIICHUS
BHEITHUM 000pYyIOBaHUEM.

Bo-mepBbIX, sl OpraHM3allid CBSI3M C  alllapaTypold HEOOXOAMMO OpUEHTHPOBATbCA Ha
IPUMEHEHUE HauOolee HCIOJIb3YeMbIX Ha CETONHSIIHMN IeHb B KOMIBIOTEPAX M 3aILUILEHHBIX OT
BO37Ie¥cTBHA AeKTpoMarHuTHEIX ToMex USB-mopTos. Ho y HEX ecTh HemocTaTKu:

KOPOTKOE pacCTOsSIHUE Mepeadn JaHHbBIX;

nepepaya uepe3 USB-mopT ocymiecTBusercss B TOCIENOBATENBFHOM KOJE, CIEIOBATENbHO, s
yIpaBJIeHUs] MAaKETOM HEOOXOOMMO YCTPOHCTBO AEKOAMPOBAHMS, OOECIIEUMBAIOIIEE 3aIMCh JAHHBIX B
napauieNbHble PETUCTPBI M OCYIIECTBIsIIoNIee 00paTHOE MpeoOpa3oBaHue JaHHBIX.

Jns ycTpaHeHHsT TEpBOrO HEJOCTaTKa B KauecTBe HawOojee yIOOHOHW TEXHOJIOTMH BBIOpaHO
ucnonbp30Banue BupTyanbHoro COM-mopra [3], KOTOphI OpraHU3yeTcsl Mpy MOIKIIOYSHUN aIarTepa
COM-USB. D10 maer HaM BO3MOXHOCTh YJaJHWTh YCTPOWCTBO HA PACCTOSHHUE 1O HECKOIBKUX
JIECSATKOB, a TO U COTEH METPOB, XOTS ATO MPHUBEIACT K ONPEAEICHHOMY CHIDKEHHIO CKOPOCTH OOMEHa
uHpopMareir. A B OyaymieM, Ipu COOTBETCTBYIOIIEH HOpabOTKe ammapaTHOTO WHTepderca, MOXKHO
nepeiTy Ha MPOTOKOJ OECIpOBOAHOW CBSI3M M HUCIOJIB30BaTh OIWMH W3 PAaJUOKAHAJIOB, HalpuMeEp,
Bluetooth wau Wi-Fi.

B kauectBe ycrTpoiicTBa i mpeoOpa3oBaHHs IaHHBIX W3 IOcienoBarenbHoro Qopmara B
napajjieNbHbli M 00OpaTHO MOXKHO NPUMEHHTh MHKPOKOHTPOJUIEp WM e pa3paboTaTh
MHUKPOIIPOIPAMMHBIN aBTOMAT Ha OCHOBE IIPOIPAMMUPYEMOM JIOTHYECKON MATPHULLBL.

Bo-BTOpBIX, HEOOXOOUMO pa3paboTaTh MPOTOKOJ B3aWMOJCHCTBHUS KOMIBIOTEPA C YIPAaBISEMBIM
YCTPOMCTBOM M CHUCTEMY KOMaHJ, KOTOpble Obl HE TpeOOBalmM HEMOCPEACTBEHHOI0 IOCTyHa K
anmapaTHbIM pETHUCTPaM IIOpTa, a OCHOBBIBAJHMCH HA IMe€peAade MAaHHBIX C HCIOJIb30BaHUEM
YHU(UIUPOBAHHBIX TMPOTOKOJIOB OOMEHa, TMOANCPKUBAEMBIX OIEPALIMOHHBIMH CHCTEMaMH |
BCTPOCHHBIMH CUCTCMHBIMU I[paleCpaMH.

B-tpetpux, mnpu BBIOOpPE TEXHOJIOTMH pPa3pabOTKM MPOTPaMMHOTO OOECIEUEHHUs] CieayeT
OPUEHTHPOBAThCS HA BHEAPEHHUE MPHHIMUIIOB KPOCCIUIAT(MOPMEHHOCTH, 4YTOOBI OOCCIICYUTH
paboOTOCIIOCOOHOCTh YIPABJISIONICH MPOrpaMMBbI TI0]] Pa3IHYHBIMH OTICPAI[HOHHBIMU CHCTEMaMHU.

4. CtpykTypa uHTep(eiicHOro MoayJis
IIpyHIMI TIOCTPOEHUS [BYHAIPABICHHOIO KaHala IepeJadd JAaHHBIX, KOTOPBIM CBS3bIBAET
KOMITBIOTEP C MOJIENbI0 HU(POBOTO Mpolieccopa, NokazaH Ha puc. 1.

Komnbrotep [USB :> Upé‘D‘Ba;-g(e)rl)w N

RS232

Mopenb C——— UHTepcpencHbIn |1
npoueccopa — MoAaynb

Puc.1. Cmpyxmypa xanana nepedauu 0aHHbIX

Kommnbrotep BbINONIHAET OOMEH MHPOpPMALMEH ¢ BHEIIHUM YCTPOWCTBOM HOCPEACTBOM OAHOTO M3
BcTpoennsix USB-moproB, k kotopomy moacoeantes agantep USB/COM. TlocnenoBarenbpHas THHMS
nepefayd NaHHBIX, CBS3bIBAIOLIasl aganTep ¢ HHTEp(EHCHBIM MOAYyJIEM, BBIIOJIHEHa B CTaHOapTe
RS232. Cam unTepdeiicHbIi MOy b HEMOCPEACTBEHHO MPUCOSAMHSAETCS K MOJIENHU MpoLieccopa depes
IIPEAYCMOTPEHHBIN KOHCTPYKLHUEH MOJIEIIN PAZBEM.

B3aumopeiictBre MOIyJsl ¢ MOJEIBIO MPOIECCOPa OCYIIECTBIIAETCS MapauIeTbHBIMU IIMHAMU U
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OTJCNFHBIMH TUCKPETHBIMU CUTHANIAMHU. J[J1s1 yIpaBiIeHUs] 1 KOHTPOJISI COCTOSIHUSL MOJIEITH HE0OX0IUMO
obecrnieunTh (GOPMHUPOBAHKE MATH YIPABISIFOIIAX CUTHATIOB, YTCHHE YETHIPEX OJHOOAUTHBIX JBOUYHBIX
CIOB, a TakXe OpraHu30BaTh (OPMUPOBAHUE BYHAIIPABJICHHBIX BOCHMHUPA3PSIHBIX IIUH IS
YTEHHUS/3aIUCH ajpeca W IaHHBIX TPH B3aUMOJICHCTBHHM C ONEpPaTHBHON mamAThI0. OO0oOmeHHas
CTPYKTypHas cxeMa HHTepdeHCHOro MOIyJIsl TOKa3aHa Ha pUC. 2.

RS232

UHTepchbenc
nocnegoBaTefibHOMN
CBA3U

A

A

Y

MukpokoHTponnep

MynbTUnnekcop

“""i; YYYYY

UHTepdencHbIn pa3bem moaenu npoueccopa

[IBYHanpaBneHHble
LLUVHBI
CurHansl ynpasneHusi

Puc. 2. Cmpyxkmypnas cxema unmepgheiicno2o mooyis

Wutepdeiic mo3BomsieT yepe3 MyIbTUILNIEKCOP CUMTHIBATH COCTOSIHUE PETUCTPOB A U B, cocTosiHue
perucTpa KOMaH[, a TAKKE COCTOSIHUE OTAEIbHBIX CUIHAJIOB YIPABJICHUS, KOTOPbIE BBIPAOaTHIBAIOTCS
TeHEePaTOPOM CHUTHAJIOB MAITMHHOTO IHMKJIA. MyJIbTUILIEKCOP TaKkKe 00ecredrBaeT JOCTYI MO YTEHUIO
LIMHBI aJjpeca U UINHBI JaHHbIX.

Ilpu pabGote ¢ MomyneM NaMsATH KOHTPOJIb IIMHBI aJpeca W LIMHBI JAHHBIX OCYIIECTBIISIETCS
HETIOCPEACTBEHHO C MOPTOB MUKPOKOHTpoJuiepa. OTAEIbHBIMUA AUCKPETHBIMU CUTHAJIAMH 00ECTIEYEHO
(dbopMHpOBaHNE CUTHAJIOB YTEHHS M 3alllCH, a TAK)Ke CUTHama Reset u MMITyIbCOB TaKTOBOM YacCTOTHI.
YacTe CUTHAIOB MUKPOKOHTPOJIIEPA UCIIONIB3YETCS ISl YIPABICHHS MYJIBTUILIEKCOPOM.

5. TIpoToko, B3auMoelcTBHSI KOMIBIOTEPA ¢ MO0 IIM(POBOTO MpoIeccopa

Jns nepenaun mHQOpMAaKM C KOMIIBIOTEpAa HAa MOJENb MPOIECCOpa HUCIOJIb3YETCsl TEKCTOBBIH
dbopMaT KOMaHJ. DTO HCKIIOYAET IOSBJICHHE B IEPEaBAEMBIX TAKETaX CHElHaIbHBIX CHMBOJIOB,
KOTOpbIE MOTYT BBI3BAaTh HEMPEIBUACHHYIO paboTy ApaiiBepoB M CHUCTEMHBIX ciayx6 Windows mpwu
MOMBITKE Tepeaayd OWHAPHBIX 3HAYeHHU. [IpUMEpOM Takoro B3aMMOJCHUCTBHUS SIBJISICTCS Iepeaada
nmaHHbIX Ha mpuHTep B Buae ASCIl xomoB mpu mMcnoib30BaHUM BCTPOSHHBIX MIPUPTOB (CHMBOJBHO-
OpPUEHTUPOBAHBIN WITH, TAK HA3bIBACMBIH, TEIETAUITHBIN MPOTOKOJI OOMEHA).

Takum 00pa3om, IpH Iepexo/ie K repeaade TeKCTOBBIX (aiiiioB ncue3aeT He0OXO0IUMOCTh B JOCTYIIE
K YIPAaBISIONIUM PETHUCTpaM, a Tepeaaya JaHHBIX MOXKET OCYIIECTBISTHCS 10 IOCIEA0BATEIHHOMY
KaHaJy ¢ UCIOJIb30BaHUEM TOJILKO JABYX CHTHANBHEIX MPoBoaoB T XD u RXD — ¢ ucnons3oBanuem Z-
MOJIEMHOTO coequHenus. [IpueM U mepenady wuHGOpPMAUU OCYHIECTBISET MHKPOKOHTPOJUIED
UHTEP(EWCHOTO MOJIYJsS, OH € BBINOJHAET MpPeoOpa3oBaHWE KOMAaH] B MapauieNIbHBIA KO JUIs
HETNIOCPEICTBEHHO B3aHMOJICHCTBUS C PETUCTPaMU MOJIEITH TPOIieccopa.

B coOTBeTCTBMM C IPUHATOW TEHIACHIMEH PEIIeHHUs 3a1a4u ObUT pa3paboTaH MOAPOOHBIN MPOTOKOI
B3aMMOJICHCTBUS MEXKY KOMIIBIOTEPOM M MHKPOIPOIECCOPHBIM YCTPOHCTBOM, Ha 0a3e KOTOpOro H
CIIPOEKTUPOBAH HHTEP(PEHCHBIH MOTYIIb.
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6. CTpyKTypa nporpamMmmsI

st obecrieueHust KpOCCIUIAT(GOPMEHHOCTH MPOTPAMMHOTO TMaKeTa MPU €ro MOCTPOCHUU ObLIH
HCTIONIb30BaHbl  TEXHOJOTMH  WED-porpaMMHUpOBaHusi, a B KAuyeCTBE OCHOBHBIX  SI3BIKOB
IporpaMMHUpPOBaHms BBIOpaHbl Java m JavaScript, — S3BIKH, KOTOpBIC IOIISPKUBAIOTCS BCEMH
pacrpocTpaHeHHBIMH Opay3epaMH W BHE 3aBHCUMOCTH OT THIA OIEPAIIMOHHOW CHUCTEMbI OYIyT
paborarh Ha MHOO00OM KomIbloTepe. Ho 3ajaua sBIisseTCs HE CTAHJAPTHOW, TaK KaK JaHHBIC S3BIKH
OpPUCHTUPOBAHBI B TEPBYIO OYepeNb Ui pElICHUs 3ajad Tepenayn U oopaboTku mHpOpMAlUU B
paMKax HMHTEPHET-TEXHOJIOTHH, a WCIONL30BAHUE WX JUIS YIPaBICHHS AaNlapaTHBIMUA pPecypcaMu
SIBJIICTCS. BECbMa PEIIKUM CITydaeM.

VYuuteiBas crnenu(UKy NaHHBIX S3BIKOB MPOrpaMMHPOBaHMS, ObUIa pa3paboTaHa CJCIyroIas
CTPYKTypHas cxema IporpaMMHOT0 makera (puc. 3).

. . | HTTP .
UHTepcencHbIn Mporpamma Opansep
6nok | annapatroro [\ 5”6%‘%%"9“‘ \]/\:> BUPTyanbHOro
nporpammbi N ynpasfeHus N J nopra
Puc. 3. Cxema npoepammnozo naxema
Wurepdelicnas wacTh — mporpamMma, HamucaHHas Ha JavaScript, W TnpeAHa3HaueHa IS

B3aUMOJICHCTBUS TIOJIB30BATEIsl C CUCTEMOW. JTO MHTEpdEc, ¢ MOMOIIBI0 KOTOPOTO IOJB30BATENb
UMEeT BO3MOKHOCTH OTIIPABIATH KOMAaHABI B MOJENH HHU(PPOBOTO MPOLECCOpa, a TaKKe HaOII0aaTh
pe3yNbTaThl BU3yAIN3al[UH MOTYYeHHBIX OTBETOB.

[lporpamMma ammapaTHOTO yIpaBleHHsT peanu3oBaHa Ha Java. OHa B3auMOJEHCTBYeT ¢
uHTep(delCHBIM OJIOKOM C HCIoib3oBaHHeM TpoTokona HTTP — mporokona mpuKIagHOTO YPOBHA
nepenayyl JaHHBIX. DTOT MPOTPaMMHBIN OJIOK BBITOJHSET 331a4y (OPMUPOBAHHS KOMAH JUIS MOJIEIN
UQPOBOTO MPOLIECCOPa, a TAKKE 33/1a4y CHHTAKCHYECKOTO aHaIN3a MOJTYYeHHBIX OT MOJIENIH OTBETOB C
MOCTeAYIONIeH Tepenadell pe3ynbTaToB aHanmm3a B WHTep(EHCHBIH ONOK ISl BH3YaIH3AIHH
PE3yJIBTaTOB BBITIOJIHEHUS] KOMAH/IBL.

Hdns  opranmzanuu  oOMEHa JaHHBIX MEXIY M[POrpaMMOil amnmapaTHOro yhpaBleHHS U
KOMMYHHKAIIMOHHBIM TIOPTOM Obla BeIOpaHa OmbOnmuoteka jSSC — Java-Oubimoreka it MPOCTOM
pabdoter ¢ COM-noptom (Java Simple Serial Connector) [4]. CBoé oduumansHoe myOarMyHOE Hayaso
ona Oepér B 2010 romy. MeHnHO Torja ObUIO pEIICHO MOICIUTHCS € ¢ pa3paboTumkamMu Ha Java
(pacmipoctpansiercst moxa junensuerd LGPL). K nanucanuto OubnmuoTeku npuBén (akT OTCYTCTBHUS
aJIeKBaTHBIX HMHCTPYMEHTOB Ui pabOThI C MOCIIENOBAaTENbHBIMU mopTamMH. Ha To Bpems yxe
CYIIECTBOBAJIM javax.comm M IXtX, HO B 3TUX OMOJIMOTEKaX eCTh psJl CBOMX HEJOCTAaTKOB. bubianoreka
javax.comm 3.0 He mpenHasHaueHa s PabOTHI B OMEPAMOHHBEIX CHCTEMax cemeiictBa Windows,
KpOME TOTO, CIIOKHO HAWTH €€ KauyeCTBEHHYIO JIMICH3MOHHYIO Bepcuro. bubimoTeka rxtx He mojponuia
JUISL peIIeHUsI 33/1a491 M3-32 CBOEH HECTaOMIIBHOCTH.

B camoii 6ubmmoreke jSSC MOKHO BBIIEINUTH HECKOIBKO OCHOBHBIX YacTeH:

— SerialNativelnterface — xiacc, KOTOpbI HPENOCTABISIET IOCTYI KO BCEM «HATHBHBIMY»
MeTojiam 6ndimoteku jSSC;

— SerialPort — kJiace, ¢ MOMOIIBIO KOTOPOTO OyIeT HEMOCPEICTBEHHO MPOU3BOIUTHCS paboTa ¢
BBIOpAHHBIM TIOPTOM;

— SerialPortEventListener — unTepdeiic, KOTOPBI HEOOXOIUMO peaaM30BaTh, Ui TOTO YTOOBI
MOJTy4aTh JaHHBIE C TIOPTa.

Hanee mnpuBefeH (GparMeHT KoJa JUId KOMAaHIbl OYHCTKH TPOTPAMMHOM MaMsTH MOJETH
nporeccopa. C MOMOIIBIO JAHHOW TMOANPOTPAaMMBI BBIMTOJIHIETCS OTKPHITUE W HACTPOHKA IOpTa,
nepeaaya KOMaHIbl U OKUJIaHUE TIPUEMa OTBETA C €ro MociieaAyoleii 00padoTKOM.
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public class Test {
private static SerialPort serialPort;

public static void main(String[] args) {
//llepenaéM B KOHCTPYKTOP MMS IOpTa
serialPort = new SerialPort ("COM1");
try {
//OTKpEBaEeM MOPT
serialPort.openPort () ;

//BHICTaBJIsIEM [apaMmeTpPH

serialPort.setParams (
SerialPort.BAUDRATE 9600,
SerialPort.DATABITS 8, SerialPort.STOPBITS 1,
SerialPort. PARITY_NONE) ;

//BkJlouaeM almnnapaTHoe YyIIPpaBJIeHME IIOTOKOM

serialPort.setFlowControlMode (
SerialPort.FLOWCONTROL RTSCTS IN |
SerialPort.FLOWCONTROL RTSCTS OUT);

//YcTaHaBaMBaeM CJyllaTeslb UM MAacKy
serialPort.addEventListener (
new PortReader (), SerialPort.MASK RXCHAR);

//OTnpaBigeM 3anpoc yCTPOMUCTBY

serialPort.writeString ("MCLR;") ;
} catch (SerialPortException ex) {

System.out.println (ex) ;

private static class PortReader implements
SerialPortEventListener {
public void serialEvent (SerialPortEvent event) ({
if (event.isRXCHAR() && event.getEventValue() > 0) {

try {
//llonlyyaeM OTBET OT yCTpOMCTBa, oOpabaThBaeM IaHHEIE M T.I.
String data = serialPort.readString(

event.getEventvValue())
} catch (SerialPortException ex) {
System.out.println(ex);

7. Pe3yabTaThl TECTHPOBAHMSA

Co31aHHBIA MPOrPAMMHBI TTAKEeT MPOIIET HECKOJbKO 3TAroB TECTUPOBAHHS C HCIOJIb30BAHHEM
ammapaTHOro AMYJIATOPa, KOTOPHIM BMECTO MOIEIH IPOIeccopa BBIMOMHMI (QYHKIHM OOMEHa B
COOTBETCTBMH ¢ pa3pabOTaHHBIM TIPOTOKOJIOM W CHCTEMOM KOMaHA. DMYyISTOp pealn30BaH Ha
mukpokonTpoiuiepe ADUC831 u mo3BOJsIeT MOMACPKUBATH KAK PEKUM IITATHOTO BBITIOJHEHHUS
MPOTOKOJIA, TAK U PEXKHUM MOJCTHPOBAHUS OIMOOK B KaHAJE TIepeIaun JTaHHbIX.

MHOro4acoBoe TECTHPOBAaHHME TMPOTPAMMHOIO KOMIUIEKCA Ha pa3jIMYHBIX KOMITBIOTEpAX C
omepannonHeiMu  cuctemamu  Windows XP,  Windows7 wu  Windows 10  moarBepauiio
KpoccruiaTGopMeHHbIE KayecTBAa CO3JaHHOTO TMPOrPAMMHOrO OOECIEUEHHUs, a TakKe IoKa3aio
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BBICOKYIO YCTOHYMBOCTh MHPOrPAMMHOTO IAaKeTa K BO3HMKHOBCHHIO HELITAaTHBIX CUTYyallMd M
HapyleHUsIM OOMEeHa.

8. 3akirouenue

PaspabotanHbIii MeTONl OpraHu3alMd OOMEHa MEXIy YIPaBISIONIMM KOMIBIOTEPOM U BEIOMBIM
anmapaTtHeIM O00OpPYIOBaHHWEM TMO3BOJIMJI PENIMTh MPOOJIEMY B3aMMOJCHCTBUS MOJCITH IH(POBOTO
MpoIeccopa ¢ COBPEMEHHBIMU KOMIIBIOTEPAaMHU IIMPOKOTO MPUMEHEHUS M HOBBIMH ONEPallMOHHBIMH
cucremamu. [lo MHEHUIO Pa3pabOTYMKOB METOJ, MOXET YCHEIIHO MPUMEHSTHCSA JUIS MOCTPOCHHUS
MPOMBIIIICHHBIX KOMITBIOTEPU3UPOBAHHBIX CHCTEM aBTOMATHYECKOTO KOHTPOJII W YIPaBIICHUS,
KOTOPBIC HE MPEABABISIOT BRICOKMX TPSOOBAHUHN K CKOPOCTH 0OMEHA JTAHHBIMHU.

[Ipennoxennas cxemMa OOMEHa TMPEAIOJIaraeT BO3MOXKHOCTH HCIOJIB30BAaHUS OECIPOBOIHBIX
KaHAJIOB Tiepenavyyd WHGPOPMAIUK JUTsl YIpaBiIeHUs o0OpyJOBaHMEM B clydae 3aMEHBI anmnapaTHOro
JIpaiiBepa MmocCJIeI0BAaTEIbHOM CBSI3U M ITPH COOTBETCTBYIONICH ajanTalliy POTPAMMHOTO 00CCIICUCHHS.

[MonTBepxacHHAS TECTHUPOBAHUEM MYJIbTHILIAT(POPMEHHOCTh CO3JAHHOTO MPOTPAMMHOTO IaKeTa
JacT OCHOBaHUE IpEANoiaraTb COXpPaHEHHE PabOTOCIOCOOHOCTH — aIIapaTHO-POrPaMMHOIO
KOMIIJIEKCa B ClTydae Mepexo/ia Ha HOBhIE (CO3/1aBaecMble) BEPCHU OTIEPAIIMOHHBIX CUCTEM.
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YK 517.95 :517.988

Meton ABOOIYHUX HAOIMKEHb Y YMCEIIbHOMY aHali31
OJIHIET MIKPOETIEKTPOMEXaHIYHOI CUCTEMU

0O.C. KonuakoBcbeka, M.B. CunopoB
Xapxigcokuil HayioHanbHul yHieepcumem padioenekmporixu, np. Hayku, 14, m. Xapkis, 61166, Vkpaina
e-mail: oksana.konchakovska@nure.ua, maxim.sidorov@nure.ua

PosrsimaeTses 3a1aua YHCENBHOTO aHaNi3y eIeKTPOCTATHIHOI MIKPOEIEKTPOMEXaHIIHOT CHCTEMH, ISl MATEMaTHIHOTO OITUCY
K01 BUKOPHCTaHO HENiHilHE eNiNTHYHe piBHAHHA 3 omeparopoM Jlamraca Ta 3agaHMMH KpaioBHMMH ymoBamu. Ha ocHOBI
METO/ly MOCTIJOBHUX HAONIKeHb MOOYJOBAaHO aJrOPUTM OTPHUMAaHHS IBOOIYHMX HAOMMKEHB 0 po3B’sA3Ky 3amadi. Meron
MPOUTIOCTPOBAHO OOUHCITIOBAILHIMU €KCIIEPUMEHTAaMH U 3a/1a4i, PO3TIIILyBaHOl y KPYroBiii 001acTi, AKi MOAAHO y BUTIISLAL
qHCIIOBOI Ta rpadiuHol iHpopMalii.

Knwwuoei cnosa: enexmpocmamuyna MiKpoeieKmpoMexaniyvna cucmema, 000amHuil po3e 30K, memood 0800IUHUX HAOMU-
JHCeHb, IHBAPIaHMHUL KOHYCHUL 8i0pI30K, MemoO @yHryiil I pina, MOHOMOHHULL onepamop.

PaccmarpuBaeTcs 3aJaya 4MCIEHHOTO aHANM3a 3JIEKTPOCTATHYECKOH MHUKPO3IEKTPOMEXaHHUECKOH CUCTEMBI, A MaTeMaTu-
YECKOTO ONMHCAHMS KOTOPOH HCIONB30BaHO HEIMHEHHOE >IUTHITHYECKOe ypaBHEHHE c¢ omepatopoM Jlamaca u 3agaHHBIMH
KpaeBbIMHU ycJIoBHsIMU. Ha ocHOBe MeToa mociieJoBaTeNIbHBIX IPHOIMKEHUH TOCTPOCH aJITOPUTM IOJTYYCHUS IBYCTOPOHHUX
NPUONVDKEHUH K peIeHuo 3a1ayn. MeTox NpOMLUTIOCTPUPOBAH BEIYHCIUTEILHBIMHI KCIICPIMEHTaMH JUIsl 3a]a4d, paccMar-
pHuBaeMoi B KpyroBoi 001acTH, KOTOPbIE NPECTaBICHbI B BU/E YNCIOBOM U rpagudeckoil nHGopMamuy.

Knrouesvie cnoea: snekmpocmamuueckas MUKpOINIEKMPOMEXAHUYECKASL CUCEMA, NOTOJICUMENbHOE peuieHue, Memoo 08)-
CMOPOHHUX NPUOTUINCEHUTI, UHBAPUAHMHBIL KOHYCHUIN OMpe30K, Memod gyuxyuil I puna, MoHOmonHblil onepamop.

In this paper, we consider the problem of numerical analysis of an electrostatic microelectromechanical system. Microelectro-
mechanical systems are devices of microsystem technology that combine electronic and mechanical components of micron
sizes. Electrostatic activation is one of the most common types of activation of microelectromechanical systems used in accel-
erometers, optical switches, micropumps, etc. The disadvantages of such devices consist in their pull-instability. This effect
occurs when the voltage applied to the moving electrode exceeds the critical value. As a result the system loses its stationary
configuration. To ensure the stable operation of the microelectromechanical system, it is proposed to control the dielectric
properties of the device components. For a mathematical modeling of the process, we use a nonlinear elliptic equation with the
Laplace operator and the given boundary conditions. To construct an approximate solution of the problem under consideration,
we propose to use methods of nonlinear analysis in semi-ordered spaces, in particular, the results of the solvability of nonlinear
operator equations with a monotone operator obtained by M.A. Krasnosel’skij. The boundary value problem that modes a
microelectromechanical system is reduced to the Hammerstein integral equation using the Green's function. The paper substan-
tiates the possibility of constructing two-sided approximations to a positive solution of the problem. The method is illustrated
by computational experiments for the problem considered in a unit circular domain. The computational experiments are pre-
sented in a numerical and graphical format.

Keywords: electrostatic microelectromechanical system, positive solution, two-sided approach method, invariant cone seg-
ment, Green's method of functions, monotone operator.

1. Beryn

CyuacHi pocnigxeHHs MikpocucteMHoi TexHiku (MCT) B OCHOBHOMY NPHCBSIYEHI 3aCTOCYBAHHIO
PI3HOMaHITHUX METOJIiB MATEMAaTUYHOTO MOJIEIFOBAHHS JJIS ONMCY MEXaHiuyHuX (nedopmaitis), eIeKT-
POMarHiTHHX (AieJeKTpUYHA Ta MarHiTHAa MMPOHHWKHICTh), ONTHYHKUX Ta HIIUX BIacTHBOCTEH. Mikpoe-
JEKTPOMEXaHIYHI CHCTEMU MOENHYIOTh €IEKTPOHHI Ta MEXaHiuHI KOMIIOHEHTH IS MTPOEKTYyBaHHs Oa-
raThOX BHJIIB MIKPOCKOITIYHUX MPHCTPOIB, M0 BUKOPHUCTOBYIOTHCS B MEIWIIMHI, aBialliiHINA TeXHIl,
aBTOMOOLIEOyY/IyBaHHI, pOOOTOTEXHIIli, CUCTEMax 3B’S3Ky, aTOMHIH €HEPreTHIll TOMO. 3aCTOCYBaHHS
MCT y pizaux obnactsix hi3uku 3yMOBHIIO po3poOKy MikpoenekrpoMexaHiunux (MEMC), mikpoornTo-
EJIeKTPOMEXaHIYHNX, MIKPOAKyCTOCTIEKTPOMEXaHIYHHX Ta IHIIUX CUCTEM [4].

Juis Hai01IbII TOYHUX Ta CKJIAIHHUX MOJIe]eld OCHOBHUMH METOJIaMH 3HAXOJ)KEHHS PO3B’SI3KY € UH-
CeJIbHI METOJIH, 1110 OTPEOYIOTh MPOBEICHHS BEIUKOro 00csary odouuciens Ha EOM. Lli MeToau 1at0Th
3MOTY OTPHMAaTH T'apHHMH KiJIBKICHUH Ta HaBiTh AKICHUI pe3ynbTaT Ajs onucy moneni. IIpore BoHH
MalOTh HEAONIKH, OCKUIBKH HE 3aBXKAM MOYKHA OL[IHIOBATH MOXUOKY OTPUMAaHUX YHCEIbHUX PO3B’S3KiB.
BinbHUMH BiJ] [IbOTO HEMOMIKY € YMCEIbHI METOMAH, SAKi JAI0Th ITepalliiiHy MOCIIJOBHICTb, 10 MalOTh
IBOOIUHY 301KHICT. Lle 103B0sIsiE anlOCTEpiOpHO OLIHIOBATH MOXUOKY HAOIMKEHOTro PO3B’S3KY Ha KO-
JKHOMY KpolLli iTepaliiiHoro mpouecy.

Omxe, po3pobKa 1 BIOCKOHAJICHHS ICHYIOUUX 3aC00IB MATEMaTHYHOI'O MOJICIIIOBAHHS 1 YUCEIBHOIO
aHayizy 3a/1a4, 0 BUHUKAIOTH pH npoektyBanHi MCT, B uacTHHI BUKOPUCTAHHS METO/IIB i3 3a3Have-
HUMH BIIaCTHBOCTSIMH, € aKTYaJIbHOIO HAYKOBOIO 33/1a4€IO0.

© Konyakoscbka O.C., Cupopos M.B., 2018
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2. llocTanoBka 3agaui

OcnoBanM enemeHToM MEMC € akTroatop — BUKOHABUMI MEXaHi3M, 10 A03BOJISIE IIEPETBOPIOBATH
OIIUH 13 BUAIB eHeprii (eNeKTpUUHY, MarHiTHY, TEIUIOBY, XiMiUHy) Ha MEXaHiuyHy poOOTy, 110 MPU3BO-
IUTH 10 BUKOHAHHS [ii, 3ajaHOi KepyrounM curHajJoM. OZHUM i3 HAaWMOMIMPEHIMNX THITIB aKTHBAIIi
MEMC € enekTpoCcTaTUIHUI aKTI0ATOp, II0 BUKOPUCTOBYE IJII POOOTH CHITY HPUTATAHHSA MiXK €JIeKT-
pollaMu 3 Pi3HUMHU 3apsaamMu. XapaKTePHOK OCOOIHMBICTIO €JIEKTPOCTATHYHUX aKTIOATOPIB € HecTali-
nmeHICTh BigxwisHHES (pull-in instability). Leit edexT BHHHKA€E, KOJTM HANpyTa, M0 MMOJAETHCS HA EIEeKT-
POl TIEpeBHUIIyE KPUTUYHE 3HAYEHHS, BHACIIJOK YOTO CHCTEMa BTpadae CTallOHApHY KOH(irypariro,
sKa 3a0e3nedye 30epeKCHHsT CTPYKTYpU MexaHiuHuX kommoHeHTiB MEMC. [[s 3MeHIIIGHHS BILTUBY
i€l 0coONMMBOCTI €IEKTPOCTATUIHUX AKTIOATOPIB MPOMOHYETHCS MiAOUPATH AieJIeKTPHUYHI BIaCTUBOCTI
MEMC npuctpoi [6, 8 — 10]. V crarri [12] Briepiie Oysa po3risHyTa MaTeMaTHdHa MOJICb HAHITPOC-
timoi enekrpoctarnunoi MEMC anst mociipkeHHS i€l MOKITMBOCTI.

OCHOBHHM €JIEMEHTOM eJIeKTpocTaTuYHuX akTroaropHux MEMC e mpuctpiif, mo ckmagaeTbes i3
3aKpIIICHOT B3IOBX MEXKI €JaCTHYHOI MiCJICKTPUIHOI MeMOpaHH, IO pOo3TaIlloBaHa Haa JKOPCTKOIO
HEEJIACTUYHOIO TUTACTHUHOIO, sIKa 100pe MpoBOIUTH cTpyM. Ilpn mpomy moBepxHs MeMOpaHH IMOKpHUTa
TOHKOIO METaJICBOIO ITIBKOI. BHACIIIOK MoAayi HANpyry Ha IUTiBKY MeMOpaHa BiIXHIISETHCS JI0 IJIac-
THHU 1 MOXe BiIOYTHCS 3JMITaHHS €IEKTPOiB. 3BOPOTHIH Mpoliec HA3WBAETHCS CTIHKUM CTAaHOM CHC-
temu. Omxke, ipu npoekryBaHHi MEMC HeoOXiHO BM3HAYATH MapaMeTpH CHCTEMH sl (QYHKI[IOHY-
BaHH ii y cTilikomy crtani. Cxema poOOTH Haimpoctimoi enekTpoctatndanoi MEMC 300paxeHna Ha
puc. 2.1.

Tonka MeTanesa IIBKa

~ -

RS S _.-===_ Enactuuna
IleTeKTpUYHA
MeMmOpaHa

JKopcTka HeenacTuyHa nacTUHA

Puc. 2.1 Cxema pobomu navinpocmiwuioi enekmpocmamuyunoi MEMC

Po3srnsiHeMo MexaHiuHY CHCTEMY, IO CKJIAAA€THCS 3 MPY>KHOTO Tijla Ta JOAAHUX IO HHOTO 30BHIIL-
HiX «MEPTBHX» CHJI, TOOTO TaKWX CHJI, IO 30€piraroTh BEIMYUHY 1 HAMIPSIMOK MpH JedopMarlisix CucTe-
MHU; T1JIO BBOXKAEMO 3aKPIIJICHUM TaK, 10 WOTO MEePEeMIIeHHS SIK )KOPCTKOT'O IJIOr0 BUKIItoUeHi [1].

V¥ [11] noka3aHo, 1110 TOBHA MOTEHLIHA €HEPrisl TAKOI KOHCEPBATUBHOI CUCTEMH B HaBaHTAXXKEHOMY
CTaHi BU3HAYAETHCS CyMOIO TTOTEHITIHHOI eHeprii nedopMariii Tijia Ta MOTEHIliaTy 30BHIMIHIX CHIL.

[NoTeHItian 30BHINIHIX CHJI BU3HAYAETHCS 3a POPMYJIO0

2
W = _j ﬂdx

oL+r(x)
ne f(X) — cmiBBigHOIIEHHS BiIHOCHOI Mi€JEKTPHUYHOI MPOHUKHOCTI CEPEOBHUINA IO JTiCTEKTPUIHOT
MPOHUKHOCTI MeMOpanu, L — BigcTaHp MiX ABOMa €NEKTPOAaMH 3a BiICyTHOCTI aedopmarii memOpa-
HU, V — (ikcoBaHa eleKTpUYHA Hampyra, I' — BeauunHa nedopmariii memOpanu, 2 — oOMexeHa 00-

JIaCThb y R?.
Sxuio B cucteMi HasBHI npyxHi Aedopmarii, To r=0.

IToTenmianbHa eHepris Aedopmarii Tijla BU3HAYAETHCS CYMOIO IOTCHIIAJbHUX CHEPrid 3MiHH
00’emy Ta (popmH i Mae BUIIISL

R- j[1|w|2 +9|Ar|2)dx,
22 2

2h%y

ne T >0 — crana manpyru, D = —
3(1-v7)

, h — toBuna miacturmn, Y — moayns FOHra, v — xoedirri-

ent [lyaccona.
OTxe, MOBHA TIOTEHIIIAIbHA EHEPTisl CHCTEMH JIOPIBHIOE
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2
E=RW = [| Lvrf+ Djar? - [ FOV gy
ol 2 2

o L+r
HeoOxinHa ymoBa Minimymy ¢yHkiionana E (piBusuHs Eitnepa-OcTporpaackkoro) Mae BUIIISA
2
TAr—DA?r = TV 7
(L+r1)
M =0

OCKiNbKY HIDKHIA €JIEKTPOJ TOHKHH, TO HOTro TOBIIMHOIO MOXKHA 3HEXTYBATH IIOAO HOTO po3MipiB

(D=0). Beememo 3aminy r=-u Ta moxmamzemo L=1, T=1, A :V2, TOJ OTPUMAEMO HEJTiHIHHY
KpaloBy 3a/1a4y, sika € MatemMaTngHor0 Moaemuo MEMC [7]:

—AU=LX)2 y QcR?, (2.1)
(1-u)
O<u<lyQ, ul,,=0, (2.2)

ne A>0, 0< f(x)<1.
OpuH i3 croco0iB TOCATHEHHS BENMKHUX 3HAYEHb HANPYTH MPU OJHOYACHOMY 30iNbIICHHI BifCTaHi
BigxwisaHHS (pull-in distance) momnsirae y BBeAEHHI MPOCTOPOBO-3MIHHOI Ai€EKTPHUYHOI MPOHUKHOCTI

MeMmOpanu. Lle 103BONUTE BpaxyBaTH B3a€MOJIII0 MOJICKYJ B MaTepiajii MeMOpaHH, 0 BUHUKAIOTh BHA-
o

cmgok gedpopmarii. Ob6epemo f(X)= |X|a = (X12 + X%) 2,V poboti [8] mOCHiIKEHO NUTaHHSA

po3B’si3yBaHoCTi 3a1a4i (2.1), (2.2) B 3a1eXKHOCTI BiJ mapamerpa A, a came, OTPHMMAHO OIIHKH iHTepBa-

JIB 3MIiHU Mapamerpa A, IS SKUX ICHY€E €IUHHN JOJAaTHIA pO3B’sA30K, NCKIJIbKA JOJATHUX PO3B’SI3KiB
42+ a)2

a0 He iCHye XOIHOro po3B’s3Ky. 30Kkpema, oTpuMaHo, o npu A € (0,A;(a)), ae A.(a) = 7

3amada (2.1), (2.2) y OMTMHHYHOMY KOJIi Ma€ €IMHUM JOAATHIN PO3B’A30K.
Jana poboTa Ipo0BKYE JOCITIHKEHHS, posmoyari y [2], ae 6ymno oopano f(X)=1.

3. MeToa 4yMCeJbHOr0 aHAJI3Yy
IToGyayemMo ABOOIUHMIA MTPOIIEC MOCITITOBHUX HAaOIMKeHb 10 po3B’s3Ky 3amadi (2.1), (2.2), 3acToco-
BYIOYH METO/IM HEJTiHIHHOTO aHali3y B HAIIBYHNOPSAKOBAaHUX mpocTopax [3, 5].

V 6anaxosomy npoctopi C(Q) memepeppunx y Q=QUoQ dynkuiii uminumo komyc K, He-
Bi/’eMHuX (yHKIIH. 3a sonomororo konyca K, Beenemo y C(Q) HamiBymnopsiakOBaHHICTb 3a TIPaBH-
noM: U, W, sikmo W—U € K, . 3asnaunmo, mo xonyc K, y C(Q) e HopManshum (i HaBiTh ToCTpHM)
[3, 5]. PosrnsHemo exBiBaneHTHe 3aa4i (2.1), (2.2) HeniniitHe onepatopHe piBHAHHA U=TU 3

j|s| G(x, s)
o (1-u(s))?
ne G(x,s) — dynkist ['pina nepriioi kpaiioBoi 3a1a4i 1j1st oneparopa —A .
Posp’s3koM  (y3aranbHennm) 3amadi (2.1), (2.2) nasmBaTuMemo ¢ymkiito U°eC(Q), sika €

PO3B’SI3KOM piBHAHHS U=TU.
Omnepatop T € HenepepBHUM i MOHOTOHHUM Ha KOHyci K, OCKUIBKH Ui OyAb-SKHX €IE€MEHTIB

KOHyca U, Uy, TakuX, IO Up,, Uy <1, CIpaBIKy€eThCS HEPIBHICTD
Tug,, Tus.
3 orysity Ha MOHOTOHHICTB oreparopa T NoOyAyeMO iHBapiaHTHHI KOHYCHUH BiJIpi30K
<Vg,Wp >={ulvg,, U,, Wo},
T <Vp, Wy >< Vg, Wy >.

Jns nporo mpu A € (0,1 (0t)) po3riasHEMO cXeMy MOCIIJOBHUX HAOIMKECHb
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Upag (X) = xjm , Nn=012,... (3.1)

0 @-un(s)?
3a ponomororo (3.1) chopmyemo zaBa iTepaliiiHi MpoUecH, AKi NounHaroThea 3 QyHkiid vo=0 i

Wo =P =const €(0,1) sianosigno. Tozai Ui KOKHOTO 3 HUX Ma€MO MepIIi HAOIMKEHHS

AUg(X)
() = s|* G(x,s)ds = —12L
= g -py
Vi(X) =2 [ |s]" G(x,s)ds = Lug(x),
0

ne Up(x) = [|s|* G(x,s)ds.
)

Ockinbkn oneparop T € HeNepepBHUM 1 MOHOTOHHHM Ha KOHYC1 K, , TO 3aBKIM BUKOHYETBHCS He-

pIBHICTH Vg ,, V. HepiBHicTb W ,, Wy Oy/ie BUKOHAHO, SIKIIO [} BU3HAYAEThCS 3 CHCTEMH HEPIBHOCTEH
Amaxug(x) <B(1-Pp)?, 0<B<I. (3.2)
xeQ)
IIponoBskyroun iTepanii, JicTaHEMO TOCHiIOBHI HabmwkeHHs, ki it A € (0,A; (o)) nBobiuHO 306i-
ratThCs JI0 €IMHOTO J0JATHOTO po3B 3Ky 3aaadi (2.1), (2.2):

*
O=VO 29 V]_” LR Y] Vk 95ttt u 99ttt Wk 99 'ttty VVJ_,, WO :B
O1xe, COpaBIKY€eTbCs Taka Teopema.

G(x.s)

S
Teopema. Onepatop Tu = XJ' | | d , ie Q — onuHM4HE Kono, Mae pu A € (0,A. (o)) enuny

o (1-u(s)?
HEPYXOMy TOUKYy U° Ha KOHYCHOMY Bilpi3Ky <Vg,Wg >=<0,8>, ne B BU3HAYAETbCA HEPIBHOCTAMHU
(3.2). MocninoBHi HAGMIKEHHS, SKi OPMYIOTHCS 3a paBHIoM (3.1), 1BO6I4HO 36irar0Thes 10 U” .

4. Pe3yJIbTaTH YU CEJIBLHOI0 AHAJI3Y
OO0uunCITIOBAILHUN eKCIIepuMeHT Juis 3a1adi (2.1), (2.2) Oyno npoBeaeHo y oo6acTi

Q:{x:(xl,x2)|x12+x§ <}c R?.
Hexait a=1, to6T0 f(X)= |X| X1 +X2 HocnimkyBaHa 3aaya Mae €IWHUN pPO3B’S30K TPH

4). . . . .
IS (0,5 1 €KB1BAJICHTHA HCJIHIMHOMY 1HTCIpAJIbHOMY PIBHAHHIO

[s|G(x.s) S) 4
o-u ())

st oGuncioBaHoro ekcrepuMenTy odepemo A =1. Tozi mocnimoBHI HabMIKEeHHS QOPMYIOTBCS 3a
ITEpaIiifHOI0 CXEMOIO

uX)=A[-———=

|s|G(x,s) 4
a—u® (g2

Tyt G(X,S) — dynkuis ['piHa a1t OJMHUYHOTO KOJIa, SIKa MA€ BUIJISL

G(x, s)_Z—InL—iI !

I 2T prxsl

u®k )= [

ae X=(%;,X2), s=(51,%), p= «/ 512 +S§ , TOYKH S, st TOYKH, CUMETPUYHI BiJITHOCHO OJTMHUYHOTO
KoJa, Iy, rxsl — BIICTaHb MIXK TOYKaMH X , S Ta X, st BIJIIOBIIHO.

3 HepiBHOCTEH (3.2) OTpUMaEMo, 1110
0,155970 <3 <0,550901.
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Ha puc. 4.1 naBeneni BepxHi HaOMMKEHHS (CYIIIbHA JIiHISA) Ta HIWKHI HaOMMKEHHS (IITPUXOBaHA
ninist) opu N Bix 0 1o 8 B mepepisi X =0.
V tabmuusx 1 Ta 2 npeacTaBieHo 3HaUeHHS W, (X) Ta Vi (X) Biznosizuo mpu n Bix 0 10 8 B TOY-

mj

Kax obmacti ) 3 MOJSIPHUMHU KOOpIUHATAMHU (pj ,(pj) , ne pj =0,25i, ?j :E , 1 Bim0mo2, jBigO

II0 5 (3HAaYCHHS B 1HIMX YBEPTIX CUMETPHYHI).
3ayBaXxMMO, 110 y Oy/b-sKill i3 00paHUX TOUOK Wy (X),, V,(X), 3HaueHH W, (X) crmamaroTh, a 3Ha-

9eHHs Vp, (X) — 3pOCTaroTh.

Tabnuys 1. 3nauenns Wy (X) 6 moukax o6nacmi Q npu n 60 0 00 8

¢ T T 3n 2n T
0 = = hddd i =
P 10 5 10 5 2
0,155970 0,155970 0,155970 0,155970 0,155970 0,155970 0
0,142902 0,142902 0,142902 0,142902 0,142902 0,142902 2
0 0,138345 0,138345 0,138345 0,138345 0,138345 0,138345 4
0,138122 0,138122 0,138122 0,138122 0,138122 0,138122 6
0,138112 0,138112 0,138112 0,138112 0,138112 0,138112 8
0,155970 0,155970 0,155970 0,155970 0,155970 0,155970 0
0,140111 0,140135 0,140160 0,140178 0,140196 0,140193 2
0,25 0,135677 0,135699 0,135720 0,135734 0,135748 0,135739 4
0,135461 0,135483 0,135504 0,135518 0,135531 0,135523 6
0,135451 0,135473 0,135494 0,135508 0,135521 0,135513 8
0,155970 0,155970 0,155970 0,155970 0,155970 0,155970 0
0,123436 0,123538 0,123641 0,123699 0,123758 0,123662 2
0,5 0,119648 0,119743 0,119839 0,119887 0,119936 0,119834 4
0,119468 0,119563 0,119659 0,119707 0,119755 0,119653 6
0,119460 0,119555 0,119650 0,119698 0,119746 0,119645 8
Tabnuys 2. 3nauenns Ny, (X) 6 moukax o6aacmi Q npu N 6io 0 oo 8
¢ T n 3n 2n T
0 - = hudad fniid -
P 10 5 10 5 2
0 0 0 0 0 0 0
0,132365 0,132365 0,132365 0,132365 0,132365 0,132365 2
0 0,137845 0,137845 0,137845 0,137845 0,137845 0,137845 4
0,138099 0,138099 0,138099 0,138099 0,138099 0,138099 6
0,138111 0,138111 0,138111 0,138111 0,138111 0,138111 8
0 0 0 0 0 0 0
0,129864 0,129884 0,129904 0,129916 0,129928 0,129919 2
0,25 0,135192 0,135214 0,135235 0,135249 0,135249 0,135254 4
0,135438 0,135460 0,135482 0,135495 0,135509 0,135500 6
0,135450 0,135471 0,135493 0,135507 0,135520 0,135512 8
0 0 0 0 0 0 0
0,114781 0,114870 0,114959 0,115002 0,115044 0,114946 2
0,5 0,119244 0,119339 0,119434 0,119482 0,119530 0,119428 4
0,119449 0,119544 0,119640 0,119688 0,119736 0,119634 6
0,119459 0,119554 0,119649 0,119697 0,119745 0,119644 8
Ockinbku

V8(X) 2 W* (X) » W8(X) )
maé((wg(x) ~vg(x))=0,1-10">,
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TO 3 TOYHICTIO 0,5-10_6 MaeEMO

u*(x) zw

-1.0 -0.5 0.5 1.0
Puc. 4.1 I'pacpiku Wy, (Xq,0) ma Vp(%1,0) npu n 6io 0 oo 8
VY tabnuii 3 HaBeIeHO 3HAYCHHS HAOJIMKCHOTO PO3B’SA3KY 3 TOUYHICTIO €= 0,5-10_6 B TOYKax 00Jia-
. = . T, . .
cri Q 3 nomsipaumy koopauHatamu (pj,@j), ae pj =0,251, @; =% , 1 Bim 0 no 2, j Big 0 mo 5. ITo-

BEPXHsI HaOIMKEHOTO PO3B’A3Ky Ug(X) Ta #oro niHii piBHA mpeacTaBieHi Ha puc. 4.2 1 4.3 BiANOBIAHO.

3MiHa HOpMHU HaOIIKEHOTO PO3B’A3KY 3a/1adi 3 TOUHICTIO € = 0,5-107° B sanexuocri Bix napaMerpa
A TipencramieHa y Tabmuti 4 1 Ha puc. 4.4.

05 =

1.0" -1.0

Puc. 4.2 Iosepxus nabaugicernozo poss ‘ssky Ug(X)
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1.0

0.5

0.0+

_0.5_

0.09

1.0+ ]
-1.0 -0.5 0.0 0.5 1.0
Puc. 4.3 Jlinii pisns nabauscernozo poss ‘asky Ug(X)
Tabnuys 3. 3navenns nabaugicenozo pose ssky Ug(X) 6 moukax obnacmi Q
U T T 3n 2m T
0 - z > £ z
P 10 5 10 5 2
0 0,138111 0,138111 0,138111 0,138111 0,138111 0,138111
0,25 0,135450 0,135472 0,135494 0,135508 0,135521 0,135513
0,5 0,119460 0,119555 0,119650 0,119698 0,119746 0,119645
Tabnuys 4. 3nauenns HopMu HADIUIHCEHO20 PO36 A3KY 6 3aneHCHOCHI 6i0 napamempa A
A Julle A Ie A Julle A |ulle
0,05 0,005602 0,30 0,035151 0,55 0,067793 0,80 0,104566
0,10 0,011301 0,35 0,041404 0,60 0,074775 0,85 0,112554
0,15 0,017010 0,40 0,047786 0,65 0,081930 0,90 0,120791
0,20 0,023004 0,45 0,054310 0,70 0,089271 0,95 0,129302
0,25 0,029020 0,50 0,060975 0,75 0,096811 1,00 0,138111
[ulle
A
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0 -\
0 01 02 03 04 05 06 07 08 09 1

Puc. 4.4 3uauenna nopmu HAOIUNCEHO20 PO36 S3KY 6 3aNeHCHOCMI 610 hapamempa M
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Takox OOYMCITIOBAJILHUN EKCIIEPUMEHT OyJI0 IPOBEACHO IS PI3HMX 3HA4YCHb o . Y Tabmuii 5

NPE/ICTABICHO 3HAYCHHS HOPM HaOJIMKEHOTO po3B’si3Ky 3aaadi (2.1), (2.2) B 3aMeKHOCTI BiJ mapaMmeT-
piB o Ta A.

Tabnuya 5. 3nauenus Hopmu HAOIUNCEHO2O PO38 'A3KY 8 3ANEHCHOCI 8I0 napamempis 3a0a4i

a Ae(cr) » Julle a e (o) » lulle
010 | 0026001 130 | 0093904
0.25 | 0.069545 165 | 0,125435

0 0.59259 =420 17 0,120867 2 2,31037 =550 | 0,161459
055 | 0.185344 235 | 0204254
0.50 | 0.060975 170 | 0,076398
0.75 | 0096811 235 | 0111724

1 1,33333 60 [ 0138111 3 370370 =350 1 0,152533
125 | 0,187902 3.65 | 0.201951

5. O0roBopeHHs pe3yJIbTATIB
Omxe, Oyi0 PO3IISIHYTO HETiHIAHY KpaloBy 3amady s eminTuaHoro piBasHuHs (2.1), (2.2) mpu

f(x)= |X| = «fxlz + X% ta A =1.3a 10noMOro MeTony ABOOIYHUX HAONMKEHb OTPUMaHO HAOIMKCHUH

PO3B’SI30K 3 TOYHICTIO 0,5-1076. 3TiHO 3 OTPUMAHUMH Pe3yNIbTaTaMH, HABEIEHUMH B TaOMUIX 4, 5 1

Ha puc. 4.4, 3HAYCHHS HOPMHU HAGIIKEHOTO PO3B’sI3Ky U

| 36inburyerses mpu s6inbmenni napamer-

piB o0 Ta A . 3ampomoHOBaHHWU y MaHiil poOOTI MeTOx MOKHA BUKOPHCTOBYBATH JJIsi MeMOpaH pi3HOT
bopmu, st sikux BigoMa ¢ynkuist ['pina.
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VK 539.3

KoMmbroTepHOE MOJISTHPOBAHKE BRIHYKICHHBIX KOJICOAHHUN KHUIKOCTH B
PU3MATHIECKOM pe3epByape

J1.B. KprotueHko
Tnemumymnpobaem mawuno6yodysanns im. A. H. ITiocopnoco HAHY, eyn. IHooxcapcwroeo, 2/10, m. Xapkis, 61046,
Ykpaina
e-mail: wollydenis@gmail.com

Pa3paboTan MeTOA HCCICAOBAaHMS CBOOOJHBIX M BBIHY)KACHHBIX KOJICOAHMIl JKMAKOCTH B JKECTKOM HPH3MAaTHYECKOM
pesepByape. IIpeanonaraercs, 4To KHIKOCTb B pe3epByape HealbHas, HeC)KMMaeMast, a e€ Te4eHUe, BBI3BAHHOE JieiicTBHEM
HPHUJIOKEHHOH Harpysku, 0e3BuxpeBoe. [laBieHHE XUAKOCTH Ha CTEHKH pe3epByapa ONpeAeNseTcsl u3 uHrerpana bepHymm.
OmnpeneneHsl COOCTBEHHbIE 3HA4eHUs W (HOpMBI KoJMeOaHMH KUOKOCTH B INPH3MAaTHUECKOM pesepByape. I[lomydeHHBIE
coOcTBeHHBIE ()OPMBI M YaCTOTHI KOJIEOAHHUI JKHIKOCTH 00pa3yloT 0a3uCHYIO cucTeMy (DYHKIMH JUIS 3aa9i O BEIHY)KIEHHBIX
KOJEOAHUAX JKUIKOCTH TIIOJ NEHCTBHEM IPWJIOKEHHOM Harpy3ku. PaccMoTpeH cirydail HepHOIMYECKOrO BHENIHETO
BO3JICUCTBUSI B TOPU3OHTANBPHOM HampapieHnH. OnpeneneHa (YHKIOUS, OIMCHIBAIOIIAs IOJIOXKEHHEe M (GopMy CBOOOTHOM
MOBEPXHOCTH B 3aBHCHMOCTH OT BpeMeHH. lcciiemoBaHa 3aBHCHMOCTh M3MEHEHHs YPOBHS CBOOOJIHOI ITOBEPXHOCTH B
3aBHCHMOCTH OT YaCTOTBI BBIHY)KAAIOLICH CHIIBI.

Knrouesvle cnosa: npusmamuueckuil pe3epeyap ¢ HCUOKOCHbIO, CB0OOOHbIE U GbIHYICOEHHblE KONeOAHUs, NepuoouyecKoe
sHeuHee 6030eticmeaue, UOeaNbHAsl HECHCUMAEeMAs HCUOKOCTIb

JlocmimpkeHHs KOJMBaHb DIOMHM B pPE3epByapax IMiA [i€l0 30BHIMIHIX HABAHTKEHb € AaKTYyalbHOIO 3aJader0, OCKLIBKH
IHTCHCHBHUH PyX PiIMHHA MOXE MPU3BECTH A0 CYTTEBOTO MiJBUIICHHS TUCKY PIIMHU HA CTIHKHA OOOJOHKH Ta i pyliHyBaHHA. B
pOOOTI 3alPONIOHOBAHO METOJ A JAOCIIKEHHS BUTPHUX Ta BUMYIICHHX KOJHMBAaHb PIIUHU Y SKOPCTKOMY MPHU3MATHIHOMY
pe3epByapi Ipu HOro 4acTKOBOMY 3aloBHEHHI. Lle mae 3MOry OWiHUTH piBeHb MiIHOMY BUIBHOI MOBEPXHi Ta TUCK PiAWHH Ha
CTiHKM OOOJIOHKH. BBaxkaeThbcsl, 0 pinuHAa, sIKa MICTHTBCS B pe3epByapi, € ieanbHO0, HECTHCIUBOIO, a 1i pyX, BUKJIMKaHUH
J€I0 NPUKIaJCHOT0 HaBaHTaKEHHs, € 0e3BUXPOBUM. THCK PIMHH Ha CTIHKHM pe3epByapa BH3HAYa€ThCS 3 JIIHEApi30BAaHOTO
inTerpany bepryiii 3a HassBHOCTI cvmi TsokiHHS. COpMYITBOBaHO MilllaHy KpaioBy 3amady Ajs piBHsAHHS Jlamiaca BiTHOCHO
MOTEHIiany NIBUAKOCTeH. Bu3HaveHi BiIacHi 3HaueHHs Ta (OPMHU KOJMBAaHb PiJIMHH B IPU3MAaTHYHOMY pe3epByapi. OTpumMaHi
BIacHI (OpMH CTBOPIOIOTH Oa3uCHY cHUCTeMy QYHKIIH I8 JOCTIHKEHHS BHUMYIICHHX KOJWBAaHb DPIIUHH WA di€l0
HABaHTAXCHHA, AKOMY Mi/U1aHa 000JIOHKA. PO3IJISHYTO BHMIAJOK MEPiOAMYHOrO 30BHILIHBOTO BIUIMBY B T'OPH30HTAIBHOMY
HampsMKy. BusHaueHo ¢yHKIiIO, fKa OMUCye JOKawlilo Ta (HopMy BUIBHOI HMOBEpXHI B 3aleXHOCTI Bin yacy. OTpuMaHO
CHCTEMY HE3B’s3aHHX 3BHUYANHUX Au(epeHIiabHUX PIBHAHB APYTOTO MOPSAKY, Ky PO3B’S3aHO MPU HYJIHOBHUX MOYATKOBHX
ymoBax. 1li yMOBH BiAIIOBINAIOTH CTaHy CIIOKOIO JIO MOYATKy Jii 30BHIIIHBOTO HaBaHTakeHHsS. [IpoBemeHO MOCITimKEHHS
30DKHOCTI psmy st QYHKINT, 1[0 ONMHUCYe BUIbHY NMOBepXHIO. basucHUME (QyHKIISIMU [UIst BOTO Psy CIYT'YIOTh HOPMAJIbHI
MOXimHiI Bix 0asucHUX (GYHKIIN IS MOTeHIiany MmBUAKOCTEH. J[OCTiKEHO 3aleXHICTh 3MIHM PiBHS BiBHOI MOBEPXHI B
3aJI€KHOCTI BiJl YaCTOTH 30BHILIHBOTO HaBaHTA)XEHHs. BCTaHOBIIEHO, 110 KOJIM 4acTOTa 30BHINIHFOTO HaBaHTaXXEHHS OJIM3bKa
IO 4acTOTH BUTBHUX KOJIMBAHB, BiOYBA€THCS 3HAUHE 3POCTAHHA aMIUTITYAH KOJNWBaHb. [loBeIiHKAa THCKY B 3aJIeKHOCTI Bij
YacTOTH 30BHINIHFOTO HABAHTAXKCHHS Ma€ aHAJOTIYHHUHN Xapakrep. Lle cBiTYUTE Mpo Te, 10 TPagieHT MOTEHIiaTy IBUAKOCTEH
€ TOCUTPH BEIIUKUM, TOMY IIPH TaKUX YMOBaX CIIiJi BpaXOBYBaTH HEJiHIIHY CKIIaJOBY B piBHsAHHI bepHymi.

Knwwuoei cnosea: npusmamuunuil pesepgyap 3 piOuHow, GilbHI Ma SUMYUWEH] KOAUBAHHA, NEPIOOUYHULL 308HIWHIN 6NIUS,
ideanvha Hecmucausa piouHa

The method for simulating free and forced liquid vibrations in a prismatic tank is proposed. The liquid is supposed to be ideal,
incompressible, and its current caused by applied loading is irrotational. The problem of force vibrations is solved by using the
eigenmodes as basic functions. The resonance frequencies are defined. Thin-walled structure elements are wildly used in
different engineering areas: chemical and aerospace industries, transportation, oil and gas producing. Usually these structures
operate under intensive thermal and stress loadings and interact with the fluids located in their containers. These loadings can
cause the destruction of thin shells containing dangerous liquids and can cause an ecological catastrophe. So the topical issue is
estimating stress-strain characteristics, frequencies and modes of vibrations of such facilities. Liquid sloshing often occurs
when the extreme loads are applied to the structure elements with compartments partially filled with different liquids.
Vibration modes usually affect liquid sloshing modes, so the joint problem of fluid-structure interaction is crucial. Since there
are no analytical solutions for tanks and reservoirs with complicated geometrical shapes, numerical methods have been
employed for solving the linear boundary value problems of liquid sloshing in addition to the analytical ones. The presence of
baffles can drastically change the dynamical behavior of fluid-filled structures as well. This paper is devoted to free and forced
vibrations of cylindrical tanks filled with an incompressible ideal liquid. The dynamic analysis of shell structures is often
performed by using finite and boundary element programs. The liquid pressure on the walls of the reservoir is defined by
Cauchy-Lagrange integral. The external horizontal periodic loading is considered. The eigenvalues and the modes of free
liquid vibrations in a prismatic tank have been obtained.

Key words: fuel tank, free and forced vibrations, baffle, periodic external loading, basic functions, ideal liquid, Cauchy-
Lagrange.

© Kptotuerko [.B., 2018
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1. AKTyaJbHOCTb PadoThI

OO6osioueuHbIe KOHCTPYKIMH IIHPOKO HCIHONB3YIOTCS B a3POKOCMHUYECKOW, HE(PTEXUMHUYECKOM
MPOMBIIIIEHHOCTH U Ha TPAHCIIOPTE KaK TOIUIMBHBIC OaKu, pe3epByaphl U XpaHESHUsI AKUIKOCTH.

JuHamuka 000JI09€YHBIX KOHCTPYKINI, YACTHYHO 3aIIOTHEHHBIX JKHIKOCTBIO, U3ydaeTcsl B paboTax
MHOTHX aBTOpPOB. [lepBbie pabOTHI B 3TOH 001aCTH MOSBHIUCEH B 60-¢ TOIBI MTPOIIIOTO CTONECTHS U OBLITH
BBI3BaHbl HEOOXOAMMOCTBIO HM3YyYCHHS YCTOWYMBOCTH JIBW)KCHHMS KOCMHMYECKHX ammaparoB [1].
YTOoYHEHHBIN aHaTN3 THHAMUYECKHX SIBICHUH TpeOyeT ydeTa IecKaHui JKUAKOCTH, YIPYTOCTH CTEHOK
pesepByapoB, Haiauuus AeMnupyrommx neperoponok. ®dyHaameHTanbHas MoHorpadus [2],
NOCBSIIIICHHAs aHATM3Y TUIeCKaHuii, omyonukoBana R.A. Ibrahim B 2005 roxy. B aT0it MoHOTpaduu He
paccMaTpUBAIOTCsl YIPYTUE pe3epByaphbl, H3y4yaroTcs TOJBKO CBOOOJHBIC KoneOanus. JlokanmbHble
MaKCHUMyMBbl ~JaBJIEHHS MOTYT BJBOE TIIPEBBIIIATH 3HAYCHUS COOTBETCTBYIOIIMX BEIUYUH B
HE3anoJHEHHBIX pe3epByapax [3]. CBoOOmHBIE M BBIHYKICHHBIC KOJCOAaHHS IHIMHAPHYCCKUX U
KOHUYECKHX PE3epPBYapOB C )KUAKOCTBIO paCCMOTPEHBI B padoTax [4-6]. B pabore [7] MeToa KOHEUHBIX
SJIEMEHTOB HCIOJIB30BaH ISl ONpENeNCHHs 9acToT W (GopM CBOOOTHBIX KOJIEOAHWH >KUIKOCTH B
KECTKOM IIMIMHAPHYECKOM pe3epByape. [lneckanns okas3pIBaloT Hanbolee CylmecCTBeHHOE BIUSHHS Ha
MPOYHOCTh PE3EPBYapOB, KOTOPBIE YACTUYHO 3amOJHEHbl XHIKOCTHIO, IMOCKOJBbKY HHTEHCHBHOE
JBIDKCHUE JKUAKOCTU TPHUBOJUT K CYHNIECTBEHHOMY ITOBBIIICHUIO IAaBJICHUS HAa CTEHKH M KPBIIIKU
pe3epByapoB, YTO B CBOIO O4YepeAb MOXKET NPHBECTH K pPa3pyIICHHUIO pe3epByapa WIH IOTEpH
YCTOMYMBOCTH B MpOIECCE TPAHCHOPTHPOBKH. [103TOMY aKkTyalbHBIM SBISIETCS M3yUYeHHE WMEHHO
BBIHYKJICHHBIX KOJICOAHMH O0OJOYeK M O0O0JIOUEYHBIX KOHCTPYKIHMH C JKUAKOCTBIO. DTOT BOIPOC
HEJOCTaTOYHO MCCIICA0BAH B JIUTEpAType.

2.IlocranoBKka 3agauu
B nmanHO#1 cTaThe paccCMOTPEHBI 337a4d O CBOOOJHBIX U BBIHYXJICHHBIX KOJICOAHUSIX KHUIKOCTH B
NPU3MaTHYECKUX pe3epByapax, puc 1.

Puc. 1. [Ipusmamuueckuii pezep8yap, 4YaCmMuyHoO 3aNOJHEHHbI HCUOKOCTNBIO

IMycts S; 1=1,2,34 -00Kk0BbIE HOBEPXHOCTH INPHU3MATHYECKOIO pPE3epByapa, Sp.- IMOBEPXHOCTH

JIHUINA, a Sy -CBOOOHAsI MOBEPXHOCTh. O003HauuM . S, =5, US,; US,US;US,,

ITpeAmoNoKuM, 9TO KUAKOCTD, 3AIONHSIONIAs pe3epByap ABJISETCS MACATLHON M HECKUMAEMOM, a
ee JBWKEHHe- Oe3BUXpeBoe. B 93THX yCIOBHSX CYIIECTBYeT IMOTCHIMAN CKopoctei @,
yIOBJIETBOPSIOIINE ypaBHeHHIO Jlariaca.

*’d *d oD
st ot 2=
OX oy 0z
Benmnunny maBieHuss P Ha CTEHKM OOOJOYKHM OMpeAeisieM W3 JWHEApH30BAaHHOTO HWHTETpaia
Bepnaynu o ¢popmyie

0

od
P=-p E“'gz + Py
r7ie § — yCKOpEHHEe CBOOOIHOTO MaJeHNs, Z — BEPTUKANbHAS KOOPAMHATA TOUKH XKUIKOCTH, p —

TIOTHOCTB JKHKOCTH, p — aTMOC(EPHOE TaBJICHHE.
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KpaeBast 3amaga Ui ONpeIeieHHs MOTCHIMAIA CKOPOCTEH (HOpMyYIUpyeTcss — CIeayoIuM
obpasom [8]

vip=0. 0% _ .00

on (S, onls,

rae GyHKIus  onuchiBaeT (OpMy U MOJOKEHHE CBOOOIHOM MOBEPXHOCTH.

Jis BBIMOJIHEHHS YCIIOBHI pa3pelInMOCTH KpaeBoii 3a1auu (1) HeoOX0IUMO TaKKe yIOBIETBOPHTH
ycnosuro Heilmana
j j g5, =0.

PaccmoTtpum notennpan @ B BUzE cnez[yfomero Ppa3JIoKEHHUS:
M .
o = Z d, o,
k=1
[Ipomudepenmupyem mocneanee paBeHCTBO B (1) 1o t W MOACTaBUM B TONYYEHHOE BBIPAXKEHIHE
3HAUCHUE MIPOU3BOIHOM C; M3 BTOPOro paBeHCTBa B (1).

_%6. 0@ -
=5 at+gcso 0 (1)

IIpencraBum G6asucHbIE QYHKLUU @k B BUIE @, (t, XY, Z) = ei"kt(pk (X, Y, Z).
[Mony4uM i1st onpeneneHust QyHKIMN @k 337249 Ha 006CTBeHHHe 3HAYEHHUS
0 1%,
P, _ Pu _ J'J' (PdeO=0.
oni|S, * on

TpebyeTcst onpenenuTs rapMOHUUECKyto GyHKIHI0 D, y,ZlOBJICTBOpHIOHIYIO ypaBHeHuto Jlamnaca, n
dynxumio {(x,y,t) u3 ycnoswuii (1).

qu)k =O’

2. Onpenenenue co0CTBEHHBIX GOPM KOJI€0aHUIT :KMTKOCTH B KECTKOM pe3epByape
Hns onpeneneHust cOOCTBEHHBIX YacTOT U (QopM KojeOaHWH >KUAKOCTH HCIIOIB3YyEM METOJ
pasznenenus nepeMeHHbIX Oypre. Haxonum pemenne kpaeBoit 3amaun (1) B Buze

W At (mf()2+(;rd) Tk ml
= Agch g oh Z* cosz JCCOSZb_'}

HWcnosns3ys yciioBrs Ha CBOOOHOM MIOBEPXHOCTH OIIPEAEITAM
Wy = \/gkm tanho\‘kl H)

3/1ech YaCTOTHBIH MapamMeTp A, BBIYUCIAETCS O (hopmyIie

2 2
Mg = Ul + ual
2a 2b

Juist moctpoeHust cucTeMbl 0a3UCHBIX (DYHKIMN JUIS peIIeHHs 3a/1a41 O BBIHYKICHHBIX KOJeOaHHIX
JKUAKOCTH B pe3epByape, nonqu/IM coOcTBeHHBIE (POPMBI KOJICOaHU B BUE

¥y, (x) = C, cos(0- x)sin by, o (X )=Czsin2£axcos(0~y), lI’M(x)=C3sin2—7;xsin2£by,

¥, (x)=C, cos = xcos(0y) ,..
a

B Tabn. 1 mnpuBeneHb YHCICHHBIE 3HAYCHHUS YaCTOT Wjj M YaCcTOTHOIO IIapamerpa )\.ij IJIsL
MPU3MaTHYECKOTO pe3epyapa B hopme kyda a=b=H=1m.
Tabnuya 1. Cobcmsennvie uacmomul KOIeOAHUL HCUOKOCU 8 NPUSMAMULECKOM pe3epayape

n i J Ai Oij

1 0 1 1.772453851 4.051164194
2 1 0 1.772453851 4.051164194
3 1 1 2.506628275 5.710012556
4 2 0 3.544907703 5.892165855
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Onpenennm ¢pyukuuio C Mcnonb3yem ypaBHEHHUS ISl HAXOKACHUS MOTEHIMAa CKOPOCTEH

M

D= ¢, (th,

n=1

Te 3aBUCHUMOCTh N = n(i, j) rmokasaHa B T1a0un. 1, Gyakmun @, onpenensatores mo Gopmyire

1 cosh(r;z) .
= lII y 1 = ’
" ab coshixini ”(X yh n=n(i.j)

OTCIOI[a JJIs1 (bYHKIlI/II/I C HOJ'Iy‘lI/IM cnezlylomee BLIpa)KeHI/Ie:
u oD
=) c.(t n 2
g Z A pea ()

oD o
rac P L n=1.M -HOPMAJIbHBIC IPOMU3BOAHBIC ITOTCHIHNAJIIOB, BBIYMCIICHHBIC HA CBO6OI[HOI/I
n

So

MTOBEPXHOCTH.
CoOcTBeHHbIe GOpMBI KoJTeOaHni CBOOOTHON MTOBEPXHOCTH ITOKAa3aHbI HA PHC. 2

Puc.2. @opmul konebanuii ceoboonoil nosepxnocmu(n=1,2,3,4)

Takum o0Opa3oMm, mocTpoeHa Oa3ucCHas cucTeMa (QYHKIUN IS HCCICAOBAaHUS BBIHYXICHHBIX
KoJIeOaHM KUIKOCTH B IPU3MATHUECKUX pe3epByapax.

3. BoIHY&/IeHHbIE K0JIeOaHMS KUAKOCTH B KECTKOM pe3epByape

[Ipennonoxxum, 4TO B Ha4YajJbHBII MOMEHT BPEMEHHM J>XUAKOCTb B pE3epByape HaxoIWIach B
coctosHuM TOKos. Ha pesepByap melcTByeT nepuoAuyecKkas Harpy3ka COSmi, NpHiloKeHHas B
TOPHU30HTAIRHOM HampasieHun (mapamiensio ocu Ox).

CocraBuM cuctemy nupdepeHIrnaibHbIX YPaBHECHUH ABHKCHUS JKUIKOCTH, UCXOJS U3 TPAHUYHOTO
YCIIOBHUSI HA CBOOOJHOM MMOBEPXHOCTH

%)+ 95 (%, y)+ Xas(t)( =0, ©)

z=H
riae a (t) =C0S ot . [Toxcrasnss psz (2) B cooTHOmeHue (3), HOTy4IUM

N N
ch (t)q)k(xi Y, H )+ QZCk (t a(Dk(Xv Y, Z)
k=1 = az .

YMHOXKUM paBeHCTBO (4) ckamsipHOo Ha D, U BOCHOIB3YyeMCS OPTOTOHATBLHOCTHIO COOCTBEHHBIX
(hopm. 3anumieM niepBeie TPH MEePBBIX AU GepeHIMaTbHBIX YPABHEHUS MOTYYSHHON CUCTEMBI.

+Xcosat =0 4)

& (1) + o2c, (t) - iz cos wt =0,
O 5)

&, (t) + w3, (t) — 58n cos mt =0, &, (t) + mic, (t) - 2271 coswt =0

Cucrema (5) IIPpU HYJICBBIX HAYaJIbHBIX YCIIOBUAX UMECT CICAYIOIICC PCILICHUC
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8
257 () - o?)

d, (t) = —(coswt—cosayt), d,(t)=-

9% (w} —?)
8

d,(t)=—-
() 1217 (0} - »?)
[oncraBuB Belpakenus (6) B dopmyny (2), momyuuM (GYHKLIWIO, ONUCHIBAIOIIYIO TIOBEACHHUE
cBoboaHOM moBepxHOCTH. [loBenenne cBOOOTHON TTOBEPXHOCTH, OnMcaHHoe QpyHkuued &, mpu M=3 u
M=4 nokazaHo Ha pucyHke 3. ToukaMu MOKa3aHO pelIeHue MoTyYeHHOe Mpu M=3, CIIIOIIHON JTUHUEH
npu M=4. Pe3ynbTaThl NPaKTUYECKH COBIAIBIOT.
Haxonum um3meHeHHe YpOBHS HOAbEMa CBOOOAHOM MOBEPXHOCTH B 3aBHCUMOCTH OT BPEMEHH B
touke X=0, y=0, H=1 B Ttewenune 10 cek. I[lpu pa3nM4HBIX 3HAYEHHSX YACTOTHI BBIHYKICHHBIX
KoseOaHuil.

(cos at —cos w,t),
(6)

(cos et —cos w,t)

0.015
0.010
0.005

| Hl'l

The

1
Sho

'rl ‘I

Puc. 3. Hzmenenue ypogns noovema Puc.4. Hsmenenue ypoeHs noovema
c80600H01U nosepxnocmu 6 mouxe x=0, y=0, H=1 npu ®=1 Cc680000HOU NOBEPXHOCMU 8
mouxe ®=3.75

Ha pucynke 4 mokasaHbl U3MEHEHHUS! YPOBHSI CBOOOJHON MOBEPXHOCTH IPHU YacTOTe, OJIM3KOHM K
KpUTHUYECKOH. [{71s1 onpeaeneHrs TUHAMHUYECKOM COCTaBISIONIEH JABICHUSI CITY>KUT YpaBHEHHE

M
p= _pzén (t)(Dn ’
n=1

JIe P - IJIOTHOCTh XHUJAKOCTH. B paccmaTpuBacMoM cilydae xXapakTep IMOBEACHUS JABJICHUS TaKOW IKe,
KaK M XapaKkTep MOBEeISHUS YPOBHS CBOOOIHOM MTOBEPXHOCTH.

Ecniu yacrora BBIHY)KIAroOIIed CWIBI OJM3Ka K YacTOTe CBOOOJHBIX KOJICOAHMM, MPOUCXOIMT
3HAYUTENILHBIH POCT AMILIMTYAbI KOJeOaHUH. DTO CBUACTEILCTBYET O TOM, YTO I'PATUCHT CKOPOCTH
JIOCTaTOYHO BBICOK, M TIPH PEIICHUH TaKUX 33734 CIEeIyeT YYUTHIBATh HEIMHEHHYIO COCTABIISIOIIYIO B
uHTerpane bepHymiu.

4. BeIBOABI

Pazpaboran mMeron pacdera KoJeOaHWH KUAKOCTH B MPU3MATHYECKOM pe3epByape NpU ICHCTBUU
MEPUOAMYESCKON FOPU3OHTAIBHON Harpys3ku. OmnpejieneHa 3aBUCUMOCTh YPOBHS ITOJbEMa JKUIKOCTH B
pe3epByape OT BpeMEHU. Y CTaHOBJICH XapaKTep MOBEACHHMS JKUIKOCTH B pe3epByape B 3aBUCUMOCTH OT
YaCTOTHI BBIHYKIAIOIICH CHIIBL.
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OHTI/IMI/ISaHI/IH HaJCKHOCTHU CIIOKHOM CHCTEMBI

H.C. Iloaueiknu
Xapxiscokuil HayionanvHuu yHisepcumem imeni B. H. Kapaszina, matioan Ceobo0ou 4, m. Xapxie, 61022, Vrpaina
e-mail: nick_p_2018@ukr.net

B cratbe mpemsoxkeH METOA ONTUMHU3ALUU HAJEKHOCTU CIOXKHOM TEXHMYECKOH CHUCTEMBl, paccMaTpUBacMoOil Ha
HEOTpaHWYEHHOM HHTepBaie BpeMeHH. OOHOBIEHHE CHCTEMBI IPOMCXOJHUT IEPUOINIECKH B TIAHOBBIE MOMEHTHI KOHTPOJIS
WIIM B MOMEHT OTKa3a CHCTEMBI C TIOMOIIBIO MPO(QHIAKTHIECKUX ¥ PEMOHTHBIX PabOT, KOTOPHIE HA3BIBAIOTCS YIIPABICHHUIMH.
Jlomyckaetcsi, 9To I'TyOMHa OOHOBIICHHS 3aBHCHT OT BHUJA padoT M ciydaiiHa. CJOKHAs CHCTEMa COCTaBJICHA M3 IIPOCTBIX
nozacucteM. CoeTMHEHUS B CMbICIIE HaJEXKHOCTH MPOCTHIX MOACUCTEM MEXIy cO00H 3aaHbl U MOTYT OBITH IPOM3BOIBHBIMH.
ITosToMy OTKa3 OHON WM HECKOJBKHX MOJACHCTEM HE 00s3aTeIbHO MPUBOAUT K OTKA3y BCEH CI0XKHOM cHCTeMBl. B kaxmoit
CJIOXHOU CHCTEME CYIIECTBYET KOHEUHOE YHCIIO HAOOPOB OMpeeIeHHBIX MOACUCTEM, OTKa3 KOTOPBIX IPHBOIHUT K OTKa3y Bceil
cucteMbl. OTKa3 CUCTEMbI HeXeTaTeleH, Tak Kak BOCCTAHOBIICHUE CHCTEMBI YacTO CBSA3aHO C OONBIIMMH MOTEPSIMU.

Baxnocts pemenus 3Toil 3ajaun oTMedanoch euie B [2]. B crarbe mpeanoxkeH BapuaHT ee pelleHus. g mocTpoeHus
MaTeMaTH4YeCKOl MOJIeNM IPEAIoIaracTcsl Haludue OIEHOK (YHKIMII HaJeXHOCTH BCEX IPOCTHIX IMOACHUCTEM WM HX
JKCIIEpTHBIE OIEHKH. Ha OCHOBE 3TMX OIGHOK M C y4eTOM HaONomaeMbIX WH()OPMAaTHBHBIX IapaMETPOB IOJCHCTEM
omnpenenserca (yHKIUS HAJASKHOCTU CIOXKHOH CHCTEMBI M ee cocTosiHHe. IIpoliecc 3BOJIOIMH COCTOSIHHS CHUCTEMBI IO
BPEMEHH SIBIISICTCS CITy4alHBIM IIPOIECCOM, KOTOPHII MO3BOJISIET BEIOPATh BIOKEHHYIO MAapKOBCKYIO IIEIb, BBIICIHB MOMECHTBI
BPEMEHH ITIepe/l IPUMEHEHHUEM YIpaBIeHHH. DTa LeNb COAePKUT HEOOXOAUMYI0 HHPOPMALUIO I IPUMEHEHUS] U3BECTHOTO
METOJa ONTHUMHU3AIUKM CTPATeTMH MpPUMEHEHHs YNPABICHHH B MOMEHTHl KOHTpOMs. [l peammsanuu 3TOro MeToza
MEePEUYNCIICHbl BCE BO3MOXKHBIC YNPABICHHS B IUIAHOBBIE MOMEHTHI KOHTPOJISI M B MOMEHTHI OTKa3a, MX CTOMMOCTH H
BEPOSTHOCTHBIC XapaKTepUCTUKU. lIpuBeNeH anropuTM BbIUUCICHUS & -ONTUMAJIbHOM CTpaTeruu. YKa3aHO, 4TO IpU
HE00XOJMMOCTH MOXKHO HAWTH ONTUMAIIBHYIO CTPATETHIO C IOMOIIBIO O0JIee TPOMO3KOT0 alropuTMa XoBap/a.

Knrouesvle cnosa: mamemamuueckas MO()eJlb, CJNIOJICHAA cucmema, U3HOC MexXHUYecKoll cucmemsnl, p(l60m0Ci’lOCO6HOCWlb
cucmembvl, COCmMosIHue cucmemaul, cmpamecus ynpaeienus.

VY cTarTi 3aIpONOHOBAHO METO] ONITHMI3allil HAIIHHOCTI CKIIaHOT TEXHIYHOI CHCTEMH, IO PO3TIIAAAETHCS HA HCOOMEKECHOMY
inTepBayi yacy. OHOBIICHHS CHCTEMH BiOyBa€ThCsl HEPIOAMYHO B IUIAHOBI MOMEHTH KOHTPOJIIO a00 B MOMEHT BiIMOBH
CHCTEMH 32 JOIIOMOTOI0 MPO(IIAKTHYHUX I PEMOHTHUX POOIT, SIKI HA3WBAIOThCS YIPABIiHHAMH. JOMyCKa€eTHCs, O MIHOMHA
MOHOBJICHHS 3aJIC)KUTh BiJ BHIY poOiT i BumaakoBa. CKIlaJHA CHCTeMa CKJIaJeHa 3 MPOCTHX MiJCHCTeM. 3'€JIHAHHS B CEHCI
HaIIHHOCTI MPOCTUX IMIACHCTEM MK CO0OI0 3aJaHi i MOXYTh OyTH NOBUTBHMMH. ToMy BimMOBa OfHiel ab0 AEKIIBKOX
MmiIcHCTeM HE OOOB'SI3KOBO NMPH3BOAMTH O BIAMOBH BCi€i CKIagHOI CHCTEMH. Y KOXKHIH CKIamHIM cHCTeMi iCHy€ KiHIIEBE
9HUCcII0 HAaOOPiB MEBHUX MiICHCTEM, BiIMOBa SIKUX MPU3BOAUTH JIO0 BiIMOBH BCi€i cucremu. BiqmoBa cuctemn HebakaHa, TOMY,
I1I0 Bi/JTHOBJICHHS CHCTEMH YacTO MOB'I3aHO 3 BEINKUMH BTPATAMH.

BaxnuBicTh BHUpIIIEHHS I[bOTO 3aBJAHHS 3a3Hayajocs e B [2]. Y crarTi 3ampomoHoBaHO BapiaHT ii BupimeHHs. s
MoOYIOBH MaTeMaTUYHOI MOJENi mepeadadyaeThCsl HASBHICTh OIHOK (DYHKIINH HAMiMHOCTI BCIX MPOCTHX MiacHcTeM abo ix
eKCIIepTHi OIiHKK. Ha OCHOBI IMX OIIHOK i 3 ypaxyBaHHSM CHOCTEPEKYBaHHX IH()OPMAaTHBHHX IHapaMeTpiB IiJICHCTEM
BU3HaYaeThcs (GyHKIIS HamiiHOCTI ckiagHol cucTeMmH i 11 craH. [Ipouec eBomrownii CTaHy CHCTEMH IO 4acy € BHUINAJKOBUM
HPOILIECOM, SIKMil /103BOJISIE BHOpATH BKJIAAHOH MAapKOBCHKHMH JIQHIOT, BHIIIMBIIM MOMEHTH 4Yacy Iepei 3aCTOCYBAHHAM
ynpasnidb. Llefi nmaHImor MicTuTh HEOOXimHy iH(pOpMamLilo Ui 3aCTOCYBaHHS BIIOMOTO METOAY ONTHMi3amii cTparerii
3aCTOCYBaHHs YIPaBIiHb B MOMEHTH KOHTpoJro. s peamizamii IIbOT0 METOAY INEpepaxoBaHi BCi MOXIIMBI YIPaBIiHHS B
TUIAHOBI MOMEHTH KOHTPOJIO i B MOMEHTH BiIMOBH, iX BapTOCTI Ta HMOBIpHI XapakTepucTHkd. HaBemeHo amroputm
obuucieHHss & - ONTHMaJbHUH cTpaTerii. 3a3HaueHo, W0 NMPU HEOOXiTHOCTI MOXKHA 3HAWTH ONTHUMAIIBHY CTpAaTeriio 3a
JIOTIOMOTOF0 OLIBII TPOMI3JIKOTO alITOPUTMY XOBap/a.

Knirouogi cnosa: mamemamuuna mooenvb, ckiaoua cucmema, 3HOC MeXHIUHOI cucmemu, npaye30amuicms cucmemu, cmam
cucmemu, cmpamezis ynpasuiHHs.

The article proposes a method for optimizing the reliability of a complex technical system considered on an unlimited time
interval. The system is updated periodically at scheduled points of control or at the time of system failure with the help of
preventive and repair works, which are called controls. It is assumed that the depth of the update depends on the type of work
and random. A complex system is composed of simple subsystems. As for the reliability of simple subsystems, their
connections are set and can be arbitrary. Therefore, the failure of one or more subsystems does not necessarily lead to the
failure of the entire complex system. In each complex system there are a finite number of sets of defined subsystems, the
failure of which leads to the failure of the entire system. System failure is undesirable, as system recovery is often associated
with large losses.

The importance of solving this problem has been noted before and the article proposes the solution. To build a mathematical
model it is assumed that there are estimates of the reliability functions of all simple subsystems or their expert evaluations.
Based on these estimates and taking into account the observed informative parameters of the subsystems, the reliability
function of the complex system and its state are determined. The process of the evolution of the state of the system over time is
a random process that allows you to select an embedded Markov chain, selecting time points before applying controls. This
chain contains the necessary information for applying the well-known method of optimizing the strategy of applying controls
in moments of control. For the implementation of this method all possible controls are listed for the planned control points and

© MogyplkvH H.C., 2018
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for the moments of failure, as well as, their costs and probabilistic characteristics. The algorithm for computing the & -optimal
strategy is given. It is indicated that, if necessary, you can find the optimal strategy using the more cumbersome Howard
algorithm.

Key words: mathematical model, complex system, technical system wear, system operability, system state, control strategy.

1. BBenenne

IIycth cucrema S cocrapieHa M3 N mpocthix moacucteM [1,2]. Kaxkmas mpocras moacucremMa B
MPOIECCEe AKCIUTyaTallud HM3HAIMBASTCS, BEPOATHOCTh OTKa3a yBeNW4uBaeTcs, 3(QQeKTUBHOCTH e
UCIIONIBL30BAHUA B COCTABE S CHIDKAETCA. ByneM HomyckaTh, 4To MEXIY MPOCTHIMU MOJACUCTEMAMH B
CMBICJIC HAJIS)KHOCTH MOTYT OBITh BBIICICHBI COSAMHCHUS TPEX BUJOB: MPOCTOE (IIOCIIEIOBATENBHOE),
pesepBupoBaHue (TapauienbHoe), cMemanaoe [2]. O4eBHIHO, YTO HAAS)KHOCTh CHCTEMBI 3aBHUCHT HE
TOJIBKO OT HAJICKHOCTH €€ TIOJICHCTEM, HO M OT UX COEAMHEHUH JIPYT C APYTOM.

[To0%KM, 9TO CHCTEMA S 3KCIUTyaTHPYETCss HEOrPAaHMYEHHO JOJIT0, ONTHMAIBHBIA YPOBEHD €€
HAJEKHOCTH TIOJUICPIKABAETCSl 32 CUYET IMEPHOAMYECKUX PEMOHTHBIX paboT W TPOUIAKTHYECKUX
00CITyXKMBaHHI IOJCUCTEM, INPOBOJUMBIX B MOMEHT KOHTpOJIA. B nmanbpHeWIeM MeponpHsTHS,
MPOBOJMMBIE B MOMEHT KOHTPOJIS, Ha30BeM yrpaBiicHueM. KOHTpOJb CHUCTEMBI TNPOBOAWTCS B
TUTAHUPYEMbIE MOMEHTHI BpEMEHH Yepe3 3aJaHHbII PerIaMeHTOM IMPOMEXYTOK BpeMeHH 7 . B MOMeHT
OTKa3a CHUCTCMbI IIPOBOAUTCA BHGO‘-ICpGIlHOﬁ KOHTPOJIb MW NPHUMCHACTCA OJHO H3 BO3MOXKHBIX
yIpaBJieHH, HANpPaBJICHHBIX HAa BOCCTAHOBIIEHHE CHCTEMBI W €€ OOHOBJICHHE. YTIPABICHHUS MOTYT
pa3InvaThCs MO JOKATH3alUK B CUCTEME, MO TIyOrHe OOHOBJICHUS MOJACUCTEM H, CIIeJ0BATEIbHO, MO
crouMocTH. EctecTBeHHO MMpEeAIoJIOXUTb, 4YTO BLI60p yrpaBJI€HUA B MOMCHT KOHTPOJIA JOJDKCH
3aBHCETH OT COCTOSIHHS CHUCTeMBbI. Hike OyIeT mpemiokeH MeTO] OIEHKH COCTOSHUS, KOTOpoe OyneT
YYUTHIBATh HAJEKHOCTh CHCTEMBl Ha TEKYIIMH MOMEHT KOHTPOJS. bymem momyckarh, 9TO TpOIECC
U3MCHCHHUA COCTOSHUA ABIACTCA CJ'Iy‘-IﬁfIHLIM, HE MAapKOBCKHM. OI[HaKO BJIOKCHHAsA MapKOBCKas LCIb
X(t), ompejensieMasl OCIe0BaTeIbHOCTBI0 COCTOSHUM B MOMEHT KOHTPOJISI Tiepes MpUMEHEHHEM
VIPaBICHUH, COJCPKUT HEOOXOMuMyI HHGOPMAIMIO JIJIsi ONTHMH3AIMKM Ipoliecca BBIOOpa
YIOPABICHUM.

[locnennee 3amedaHue orpenernsieT BHIOOp METOAa MOCTPOSHHUS MOJENH Ha OCHOBE MapKOBCKOTO
mpoliecca MPUHATHS PelIeHUH [3], KOTOpPbIi 3a1aeTcs HabOPOM CIICAYIONUX 00bEKTOB: {E,Y, Q,w, 72'},

rae E - xoHeuyHOe MHOXXECTBO COCTOSHHM, Y -KOHEYHOE MHOXKECTBO YIpaBlIeHHH, Q - mepexogHas

¢dbyHkms, 3aganHas Ha Ex E, W- ¢yHKOHMS HemocpencTBEHHBIX JOXOMAOB, 3amaHHas Ha ExY |, 7 -
CTpaTerwsi yMpaBJICHHSA, OINpPENeNSIomas NpaBWiIo BBIOOpAa YIpPaBIEHWH B 3aBHCUMOCTH OT
Ha0JIF0JaeMOT0 COCTOSTHUSI B MOMEHT KOHTpOJIst. KaXkoi cTpaTerny MOKHO TIOCTaBUTh B COOTBETCTBHE
BEJMUYMHY ¢ CpPEAHEro J10X0/a B €IWHHUIYy BpeMeHH. Llenpio MoJenupoBaHus SBISIETCS HaXOXKICHHE

CTpaTeruu 77 , MAKCUMHU3HUPYIOLICH BEIMUUHY ¢ .

2. DyHKIUS HAJTEKHOCTH MPOCTOM U CIOKHOH CHCTEMBI.
[lpumem crenyrolee omnpeneieHNe HAAEKHOCTH TEXHHMUYECKOW cucteMbl. O0o3HauMM depe3 &

BpeMs JI0 ee OTka3a. DYHKIMA HATEKHOCTH CHCTEMBI OTpeieNisieTcss BeposTHocThio P(t)=P(&>1),
rae t- Bpems. Paccmorpum i -to mozacucremy cucteMbl S. C HOMOIIBIO METO/OB PacIO3HABAHUSI
00pa30B BbIOEpEM HAOOP KOHTPOJIHUPYEMBIX TapaMETPOB {ngi), k=1..l }, coJiepKalux WHPOPMAIHIO
0 HAJeKHOCTH MOJICHCTEMBI, I HAa MX OCHOBE COCTABHM CKAIAPHYIO (YHKIIUIO o) TaK, 4TOOBI ee
3HAUCHHS MOHOTOHHO 3aBHCEIN OT YPOBHS HAJEXKHOCTH MOJcuUcTeMBI [4]. Bynem mpeamonarats, 94To
JUIS HAaYaJIbHBIX 3HAYEHUH {H(i)(l),...ﬁ(i)(mi )} napamerpa 0l MOMOIIBI0 METOJJOB MaTeMaTHYECKOMH
CTaTUCTHKH TIONyYeHBI OLEHKH (YHKIMU HaJIe)KHOCTH, KOTOpBIE 0003HAYMM Yepes P(t,H(i)(j)) ,

j=1...m;. Ecin s i -oif noacucTeMsl UMeeTCs OLEHKA (DYHKIIUN HAISKHOCTH HOBOH HOICHCTEMBI,

TO 0003HaYMM 3Ty pyHKIMIO Tak: Py (t, 0(')).
O003HauUM cpeTHIe BpeMeHa /10 0TKa3a | -0 MOJACUCTEMBI JUTS Pa3HbIX HAYaIbHBIX 3HAYCHUH

napamerpa 0(')(1) gepes f(i)(j), TO €CTb f(i)(j): OJ?tdtl— P(t,H(i)(j))).
0
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OOpa3zyem HaOOpPHI Mmap {9(')(j),f (')(1)} s kaxmporo i=1...,n. Jlanee, misd Kaxaoro i u
KOHEUYHOT'0 YHCJIa 3aJaHHBIX Tap ¢ MOMOIIBI0 METOa WHTEPIONAINN OIICHUM 3aBHCHMOCTh CPEIHETO
BPEMEHH [0 OTKasa IMOJCHCTEMBI OT mapamerpa €. O003HAYMM TIONYYEHHYIO 3aBHCHMOCTh

f(‘)=¢(‘)(0), rﬂeﬁe[g(i),é(i)] Q(i)zm_iné?(i)(j), é(i)=max'9(i)(j). BaxHoe 3HaueHue mpu
J J

MOCTPOCHWH MOJEIH WMEET HalM4he CTAaTUCTHYECKOW WH(POpPMAanmWd O HAASKHOCTA HOBOM
noacuctemel. Ecimm  oHa orcyTcTByer, TO OydeM Ipeamnonaratb, 4YTO JHOO TEXHUYECKHUE
XapaKTePUCTUKH HOBOW TMOJCUCTEMBI OMPE/ICTSIOT 3HaAYCHHE mapaMeTpa € HOBOW MOJCHUCTEMBI, THOO0
OHa ONpeAessieTCs] HKCIEPTHOW OLEHKOH. 3aTeM 3HaueHHe (PYHKIMHM ¢ OSKCTPanojupyeTcs Ha 3TO
3HaueHWe. AHAJOTHYHO TPOBENEM OKCTPAMONANMI0 HAa HAWXYAIINE COCTOSHUS MOJCUCTEMEI.
IMosy4eHHbI HHTEPBAI BO3MOYKHBIX 3HAUECHHI TTapameTpa @ [uist | -0if mojcucTeMbl 0603HAYMM Yepes
ol

[IpeanaraeTcs NpaBUIIO OMpPENCNICHUS COCTOSHUS CIOKHOW CHCTEMBI, OCHOBAaHHOW Ha (YHKIUH
HAJEKHOCTH CJIOXHOW cucTeMbl. Eciii n3BeCTHBI (YHKIIMHM HAJEKHOCTH TOJCHCTEM H CXeMa WX
COCIMHEHN B CMBICIIC HAEKHOCTH, TO (YHKIHS HAJEKHOCTH CIOXKHOW CHCTEMBI HaXoAWTCsA 0e3
NPUHIMIMABGHBIX TpyAHOCcTel. Huke Oynmer paccMOTpeH mpuMep ee HaxXOXKACHHs sl CHCTEMBI,
MIpUBEJIEHHON Ha pUCYHKe 1.

Puc. 1. Cucmema S

Cucrema COCTOWUT W3 JIEBATH MPOCTHIX MOACHCTEM, COSAMHEHHBIX B CMBICIIE HAJIS)KHOCTH TaK, KaK
MmoKazaHo Ha pucyHke. IlepeceueHne nMuHUN O3Ha4aeT coeAuHeHue. IIycTh HAAEKHOCTH BCEX JIEBSITH

MIPOCTHIX TIOJICUCTEM 3a/IaHBI: P(')(t), i=1..9. lna ynoOCTBa aHAIN3a CUCTEMbI OyJIEeM CUUTATh, YTO

CIIOKHAsi CHUCTeMa M paccMaTpUBaeMble Jajiee MOJCHCTEMBl MMEIOT OJWH BXOJ M OJUH BBIXOJ, Kak
MOKa3aHO Ha pHCyHKe. UTOOBI HAWTH (DYHKIIUIO HaJIE)KHOCTH CIOXHON CHCTEMBI, BRIpaXKEHHOH uepes
HaJIeKHOCTU TMPOCTBIX HOACHUCTEM, mpoBeaeM ee aHanu3. llocienoBarensHO OyneM HaxoIUTh
MOJICUCTEMBI, COCTOSLINE U3 HECKONBKUX MPOCTBIX MOACHCTEM, HMEIOIINX OIWH BXOJ M OJWH BBIXOJ,
HaJIKHOCTh KOTOPBIX JIETKO BBIUMCIIsIETCS. ECIM TakMX TOACHCTEM HE HAXOJIUTCS, TO BhIOMpaeTcs
KJII0UEBas MPOCTast MOJICUCTEMa, 00JIa1atoIIas CIIEAYIOIINM CBOMCTBOM: padoTaromas 1 HepaboTaromast
KIIFOUeBasl MOJACHCTEMA ONpEAENseT [BE pas3Hble CJIOXKHBIE CHCTEMBI, JOCTYIHBIE JadbHEUIIEMY
aHanmu3y. 3aMeTHM, YTO B HEKOTOPBIX CIIydasX yIO0OHO BBLICIHTH HECKOJBKO KITFOYEBBIX IMOJICHCTEM.
ITone3ysch 3TUM MPaBUIIOM HalleM HaJleKHOCTh P(t) CUCTEMBI, IPUBEICHHON Ha PUCYHKeE 1.
O6o3HaunM st yI00CTBa TTOCHCTEMY, PACCMATPUBACMYIO Ha | -OM IlIare aHaanu3a U COACPIKAIILY0
e,..e
j(l ).
VCXOMHYIO CIIOKHYKO CHCTEMY S TIPEICTABMM B BHIE PE3EPBUPOBAHHOW CHCTEMBI Sp {1},

JJIEMEHTHI €y, ...,6 , 9epe3 S j {el,...,ek }, a ee HaJeKHOCTh yepe3 P

Sp {2,...,9}. Honcucrema S, {1} COCTOUT M3 OJHOTO 3JIEMEHTA C HAJICKHOCTBIO Pl(l)(t). Ha pucynke 2

IpEe/ICTABIICHA MOCHCTEMA 8(2) =S, {2, o ,9}.
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ICANC!
@10

Puc. 2. Cucmema S (2)
Tora HaEKHOCTH CUCTEMBI S , OUEBHIHO, PaBHA

P(t)=1- - PO@)- PC-)) @.1)

rze PO1)=PY).
B cucreme S;{2,...9} yno6HO BbIOpaTh KimodueBble dneMeHTBl 8 M 9. Ecnm onementsr 8 u 9

HAXOJITCA B pabodeM COCTOSHHMM, TO 3Ty cucteMy o6osnaunm S(3)=S,{2,...,7}. Ha pucynke 3 ona
HpeI[CTaBJ]eHa B HCXOOAHOM BHJ€ MU B DJOKBHBAJICHTHOM BHJIC, B KOTOpOM BBIJICJICHBI HpOCTLIe u

pe3epBUPOBAHHBIEC OACUCTEMBI.

15880}

Puc. 3. I[loocucmema S (3)

Ecnu snement 8 Haxogurtcs B pabodeM COCTOSHHMHM, a 3JEMEHT 9 — B HepabodeM COCTOSIHWH, TO
nosydaum cuctemy S(4)=S3{2,...,7}, koTopas mpencTasiena Ha pucyHke 4.

oo [olle

Puc. 4. Iloocucmema S (4)

Ecnu anemeHT 8§ HaxoauTcs B HepaOO4YeM COCTOSHHUM, a 3JEMEHT 9 — B pabodeM COCTOSHHH, TO
IIOJIYy4YHUM CUCTEMY S(5)= Sy {27} , KOTOpas MpeJCTaB/IeHa Ha PUCYHKE 5.
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O (OG-
o) @ @
SO OO O

Puc. 5. I[loocucmema S (35)

O6a snementa 8 u 9 Haxonsarcs B HepaboyeM coctosHuu. Ilomyuum cucremy S(6)=85{2 ..... 7},
KOTOpasi IpeJICTaBJIeHa Ha PUCYHKE 6.

ase
O—G

Puc. 6. Iloocucmema S (6)

HanesxHOCTH KITFOUEBBIX DJIEMEHTOB 8 M 9 JaHbl 10 YCIOBHIO M PaBHBI COOTBETCTBEHHO P(8)(t),

P(Q)( ) Tenepsb cuctema S;{2,...9} mHpejcTaBieHa Yepe3 NPOCTHIE H PE3EPBUPOBAHHBIE OICHCTEMBI.
370 1aeT BO3MOXKHOCTD 3aIMCaTh (hYHKIMIO HAJEKHOCTH CUCTEMBI S {2 ..... 9

P29 ()= P@ POl - (- P, 24N~ PO - - P2 5))@ P o))+
+P(8)()(1 P“”()E - P3(2435))(1 p( t))
+El PP - PO PO ) P44657))+
‘h-p )(t)x ()11 - P5(2345))(1 PE)p™ t))]
et Py(24)=1-[- P ()Pl ())
P,(35)= 1_(1_p Joh-PO(),
Py(2435)=fi-1-PA M- P@ () - L- PO - PO 1)),
Py(4657)=-fL— P(4)( )Xl— P(G)( ))11— (1— P(S)( )11— PO)))).
P5(2,34,5)=1— (1 p(2 Xl p
IloncraBuB noJy4eHHOE BmpameHHe HaJEKHOCTU IIOJICHCTEMBI 81{2 ..... 9 } B (2.1), momyuum

(YHKIHIO HAJCKHOCTH CIOKHOM CHCTEMBbI S, BBIPOKCHHYIO uYepe3 (YHKIHH HaJSKHOCTH MPOCTHIX
HOJCHCTEM.

3. CocTOosIHUE CJI0KHON CHCTEMBEI.
Onpe/ieieHue COCTOSIHUS 3aBUCUT OT 1EJIM MOJICIIMPOBAHUS, ONPEICISICTCS HHTYUIMECH aHAIMTHKA 1

JocTynHoM wuHpopMmauueil o cucreme. Jlamee paccMOTpUM BO3MOXKHBIA CIIOCOO  OmpeneseHus
COCTOSIHUS CI0’KHOM M3HAIIMBAIOLIEHCA CUCTEMBI JUI PAacCMaTpPUBAaEMOr0 CIIydas.
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Bpemsa g0 oTkaza siBisieTcsl BaXKHOM XapaKTEPUCTHKON CHCTEMBI, CYIIECTBEHHO BIIUAIONIENH Ha
3¢ dekTuBHOCTL e paboThl. CiemyeT K TOMY K€ 3aMETUTh, YTO M3HOC CHCTEMbI OOBIYHO CHIDKAET €¢
MPOU3BOAUTEIBHOCTh. [lo3TOMY cCpemHee BpemMs 1O OTKa3a BbIOEpEeM B KaueCTBE OCHOBHOWM
XapaKTePUCTHUKH TIPH OTPEACIICHUHN COCTOSHUSI.

Jns ompeneneHnss COCTOSHHSI CHCTEMBI B MOMEHT KOHTPOJIA Ba)KHOE 3HAUEHHE MMEET 3HAaHWE
(YHKIMIA HAJIGKHOCTH BCEX HOBBIX IMOJCHUCTEM. PaccMoTpuM crioco0 OlEHKH HEIOCTAINMUX (yHKITHIA

HagexkHoCTH. [IycTh Juts | -0if TOACHCTEMBI M3BECTEH HAaOOp (PYHKIMH HaIEKHOCTH P(') t,e(')(l )),

I=1,...,L;. BeiOepem Ty QyHKIMIO HaJEKHOCTH, y KOTOPOH HauWIydllee HadaJlbHOE 3HAYCHHUE

napamerpa 0('). [To mpenmonoxeHno BHIOpaHHOE 3HAYECHUE TapaMerpa 6’(')(j) HE COOTBETCTBYET

HOBOH mozacucteMe. CumTaeMm, YTO 3Ta MOACHCTEMA MpopadoTarsa HEKOTOPHIN HEM3BECTHBIA HHTEPBAI
BpeMeHH. C TOMOIIBI0 METOAOB SKCTPANOJAIAA MOKHO BOCCTAHOBUTH JIMHY HEU3BECTHOTO

MHTEpBajia BpeMEHU U (DYHKIHIO HaJeKHOCTH P(i)(t, e(i)(j)) Ha 3TOM uHTepBaie. i 3Toro cienyer

y4ecTh, YTO (PyHKIHS HaIE)KHOCTH B HAYaNbHBII MOMEHT BpEMEHH paBHa |, a TakXe HCIOIB30BATh
(YHKIMIO HAJEKHOCTH U €€ IPOUM3BOJHBIC Ha MHTEPBAJIC, HA KOTOPOM OHa m3BecTHa. O0O3HAUMM

(i)
TIOJIYYCHHYIO OLICHKY 4epe3 Py (t)
Jns  manpHEWIEro IMOCTPOCHUS MOJCIH HEOOXOJUMO IMPOBECTH JUCKPETH3AIMIO MHOXECTBA
i i k) k=
coctossHnii E cuctemMpl S W MHOXKECTB 3HAYCHHUM MapaMeTpoB e/, k=1...n, noxcucrem.
O6o3HaunM 4vepe3 Ey KOHEYHOE MHOKECTBO COCTOSIHHH {Xq,...,X) | MHOCle auckpernsammu E

i—-1 i
IPUYEM PA3HBIM X; COOTBETCTBYIOT HENEPECEKAIOUIMECS MOTYHHTEPBAJIBI NN MHOXecTBa E .

AHamOruyHO, IMyCTh ®(k) KOHEYHOE MHOYKECTBO 3HaueHWii mnapameTpa K -0if IMOJCHCTEMBI:
A(k)_{g(k) (k)} _
OV =¥, ,...,0M , k=1...,n.

ITycte B MOMEHT KOHTpONS tg HaOJIIOJJAIMCh CJICAYIONIUE 3HAYCHUS IapaMETPOB IOACHCTEM

I(t )= {9(1)(t ),...,H(n)(to )} Oromy HabOPYy COOTBETCTBYET HaOOp MUCKPETHHIX 3HAYCHHI IMapamMeTpoB

f(t )= ?I(ll)(t ),...,Hl(n) (to )}, 1<l <M ,k=1...,n [lns kaxmaoi K -oif mogcucTeMbl HaliieM BeIHMYMHEI
n

f(k) = (p(k)(Hl(kk)), k=1..,n. 3areM wu3 ypaBHEHHS f(k) = Ttd(l— Po(k)(t +f(k))) HaXoJIUM CJIIBUTHU
0

f(k), k =1,...,n. Haiinenuslie QyHKIINHA HAIEKHOCTH
RMe+t®), k=1,...n, (3.1)

k
0003HaYNM dYepes ng;(t). OHH NO3BOJAT OLEHUTh B MOMEHT KOHTPOJNISA ty (YHKLHUIO HAaJEeKHOCTH

R, (t) CHCTEMBI S U €€ COCTOSIHHE.

HyCTL Po(t) - q)YHKI_II/IH HaACKHOCTH CIIOKHOM CHUCTEMBI, COCTaBIICHHON M3 HOBBIX IIOACHUCTEM.

OGo3Hauum 4epe3 u, 4 >0, IPOU3BOIBHBIN MOMEHT BpeMeHH. OnpeeniM QyHKIHIO {,, yCI0BHOIO

CPEIHEro BpPEMEHH O OTKa3a CHUCTEMBI, IPU YCJIOBHM, YTO JI0 MOMEHTa BPEMEHH L OTKa3a He
IIPOU301LIO.

Po(z)

HOJ'IO)KI/IM, 4YTO B MOMCHT BPCEMCHU ,u=0 COCTOSAHUE CHCTCMBI XZO. Z[J'ISI MIPOU3BOJIBHOI'O

£, = Jtd| 1- Polue+t)
0

MOMEHTa BpeMEHHU 1 > 0 MOJIOKHUM
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X =—H (3.2)
[

TakuM 06pa3oM, MHOXKECTBO COCTOAHHMI CioxkHOH cucteMbl E =[01). Emy cooTBeTcTByeT
JIMCKPETHOE ~MHOKECTBO ~COCTOSHHMI Eg. 3ameTHM, uTO 37eCh  COCTOSHHE X,  sBISCTCS
IPOTHO3UPYEMBIM Il MOMEHTa £ >0, IPU YCIIOBUM, YTO B Ha4aJbHbIH MOMEHT BPEMEHH COCTOSHUE
X=0 u 10 MOMeHTa 4 OTKa3 CHCTeMHI He mpounsoimeln. ClexyeT IpeaoNokXuTh, 4T0 B 060 MOMEHT
BpeMeHH i #(0 M3-3a HaIM4US CIyYalHBIX (PAKTOPOB COCTOSHHME MOXKET HECKOJIBKO OTIMYATHCA OT

MPOTHO3UPYEMOTO.
Ecnu B MOMEHT KOHTPOIIS ty CHCTeMBI S ObLia MOJIydeHa OLeHKA (DYHKINH HAJEKHOCTH R, (t), TO
o2 [ Rt
0
nocne BbraucIaeHUs (yHKomn U, = I td I—T) , TIPOTHO3WPYEMbIE COCTOSHHS ISl JF0O0TO
0 o \H

MOMEHTa BpeMeH! 4 >0 (HauuHas ¢ MOMEHTa KOHTPOI t( ), BEIUMCILIIOTCS 1o hopmyie(3.2).

4. YupasJieHust, 10X01 U CTPAaTerusi ynpapjaeHus
IIpenmnonaraercsi, 4TO CUCTEMa KOHTPOJIUPYETCS B IJITAHOBbIE MOMEHTHI BpEMEHH Uepe3 MPOMEXYTOK
BpPEMEHH 7 WU B MOMEHT OTKa3a cucteMbl. O003HAUNM CIIy4alHbIN EPHOA KOHTPOJIS Yepes3

& =min(&,7), (4.1)

rae & - caydaifHoe BpeMsl OT Havaia Iepruoja 10 OTKasa.

INoncucremsl, OTKa3aBlINE HA IEPUOAE 7 , OKUAAIOT BOCCTAHOBJIECHUS JIO CIEAYIOIIEI0 MOMEHTa
KOHTpOJI, €CJIM UX OTKa3 He NMpHUBENl K OTKa3y Bcel cucteMbl. Ecim oTka3 moacucTeMsbl MpHUBEN K
OTKa3y CHCTEMBI S, TO B MOMEHT €€ OTKa3a (h)OPMaJbHO peaau3yercs CllydailHasi BEIUYMHA G W

IEPUOJ] 3aKaHYMBAETCH.

VHpaBieHHs B CHCTEME S HPUMEHSIOTCS B KaXKIblil MOMEHT KOHTPOJIsL. [l OGIIHOCTH JOITyCKaeM,
YTO YIPAaBJICHHs, IPUMEHSAEMBIE B IIJIAHOBBIH MOMEHT KOHTPOJIS M B MOMEHT OTKa3a, IPUHAIJIEkKAT
pa3sHbIM KOHEYHBIM H HEIEPECCKAIOIIMMCS MHOKECTBAM, COOTBETCTBEHHO, Y; H Yo, Y =Y{UY;,

Y1 NYy, = . Kaxnoe ynpasieHHe BOCCTaHABIMBAET OTKA3aBIIME IIOJCHCTEMBI W ONPEAEIAET
KOHKPETHYI0 IIOJICHUCTEMY, COCTOSHHE KOTOPOH CledyeT YIydlIMTb. YIOpaBieHHA H3 Y

JIONIOJIHUTENBHO €l1€ U BOCCTaHABIMBAIOT CUCTEMY U3 COCTOSHMs OTKasza. [lomyckaeTcs, 4To Iocie
NPUMEHEHUS] YIPaBIeHUs COCTOSHHUE BHIOPAHHOW STHM YIpaBJIIEHHEM IOJCHUCTEMBI YIIydlIaeTcs Ha
ciyuaiiHyto Bennuuny. [lycTs mepen npuMeHeHHEM yNpaBjieHUsl Y 3HAa4YeHHE IapaMeTpa BHIOPaHHOM

MOJICUCTEMBI paBHO €, TO MOCJe ero NMPUMEHEHWsI 3HAYeHWe mapamerpa OyAeT CIydYailHbIM, C
pacripe/ieliecHHeM, 3aBHCAMUM OT 3HaueHuss @ u ympasnenus Y. [lapameTpsl Opyrux IOICHCTEM

YIIpaBJI€HUE HE U3MEHSET.
[IpumeHeHue ynpaBi€HUs Y B COCTOSHUM X ONPENENIeT CPEeIHU J0XOJ B €JUHHUIY BPEMEHU

W(X, y) Ha IpesCTOAIIEM IEPHOIE.
KoHeyHOe MHOMKECTBO COCTOSHMH Ej, B KOTOpBIX OTKa3a He IPOU30LUIO, cocraBieHo u3 N

9JICMCHTOB (COBHaILaCT C MHOXCCTBOM Eo) M KOHEYHOE MHOXKECTBO COCTOSHHUI E2 (COBHa,Z[aeT C

MHOXCCTBOM Eo), B KOTOPBIX OTKa3 IMpOMU30MICIT, COCTABJICH TAKIKXC U3 N s1eMeHTOB. MHOKECTBO BCEX

cocrosmmii E =E; UE,. Jlanee momaraeM, 4T0 COCTOSHHS E  yIODSIOYEHBI OT HAMIYYLIEro K
HAauUXyALIeMY B KaXKIOU IpymIe: Xq,..XN € By, X1,..Xy € Es.

B MOMEHT KOHTpOJSI OLCHHBAETCS COCTOSIHHE CHCTEMBI H, B 3aBHCHMOCTH OT COCTOSIHHSI,
IPUHAMACTCS PEIICHHE O MPUMEHCHHH OJHOTO M3 BO3MOXKHBIX YIIPaBICHHH W3 MHOXecTBa Y .

dopmaibHO 3TO O3HAYAET, YTO 3aj1aH0 oToOpaxenue f :E —Y , HaspiBaemoe pemaronieii QyHKIHEN.
INocnenoBaTeIbHOCTD periarInux (QYHKIUN 77 = (fl, f2,...) Ha3bIBA€TCSl CTpATEeTUEW yIpaBlCHHUS.
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O0603HaYNM BEKTOp CPEeIHUX AOXOJOB B €AMHHUILy BPEMEHH CHUCTEMBI, yIPaBIsIEeMON CTpaTerued 7 ,
yepes

ole)= tim 275wl 1))
L— 1=0

|
rae: M - 3HaK MaTeMaTHYECKOTO OKUIAHMs, X - Ha4albHOE COCTOSHUE B MOMEHT Bpemenu 1 =0, X -

COCTOSIHME CUCTEMBI B | -bIif MOMEHT KOHTPOJIA, k -1 KOMIOHEHTA BEKTOpa @(ﬂ') COOTBETCTBYET Ha4YaJly

nporiecca u3 coctosaust Xy € E.
Kaxmoii pemaromelt ¢pyHkmmn f MOXHO TOCTaBHUTh B COOTBETCTBHE MATPHUIYy NEPEXOIHBIX

BepostHocTell  Q(f) ¢ omementamm Q(X j|Xiv f(x )), i,j=1..2N, u BekTop-cToIbel
HENOCPEACTBEHHbIX 10X00B W(f) ¢ xommonentamu w(x;, f(x)), i=1..2N [3]. Ilpumenennue
ynpasnenus f(x)eY BcoctosHun x e E obecnedut HemocpeAcTBeH b cpenuit goxon w(x, f(x))
B €IMHMIy BPEMEHH Ha MPEJCTOAIIEM IEPHOJE M OMNpEJENSeT pAclpeleleHne BepOSTHOCTEH
Q( X, f (x)) Ha MHOKecTBe cocTosmMH E B clie/TyIOMMii MOMEHT KOHTPOIAL

Crparerust Buza 7= f(w)z(f, f,...) Ha3bpIBaeTCs cranuuoHapHoW. [lng craunnoHapHOM

CTpaTerun f(oo) BCKTOp CpPEAHUX OOXOAOB B €AMHHUIY BPEMCHH, IPHU HCKOTOPLIX HCCYHMICCTBECHHBLIX
orpaHMYeHUsIX [3], MOKHO 3ammucaTh B BUIE

ola)= fim L5 Q! (1)), 42
—*L1=0

IJIe BEKTOP ¢(77) COCTaBIIEH U3 OJIMHAKOBBIX KOMIIOHEHT.
OnTHUManbHYIO CTPaTErHI0 MOKHO MCKaTh B KJIACcCe CTAl[MOHAPHBIX CTpaTerui [3].

Crparerust 7, MaKCUMHU3UPYIOIIAS go(;z-), Ha3bpIBaeTcs onTuManbHOW. [lonck onTumanbHON WU
OJIM3KON K ONTHMAaJIFHOW CTPATEeTHH YIPABICHUS HAJIS)KHOCTHIO CIIOXKHON CHCTEMBI SIBIISIETCS 3a/1a4eid,
BapUaHT PEUICHUS] KOTOPOU MpeIIoKeH B IJAHHOM padoTe.

DyHKIHUS HENOCPEICTBEHHOTO 0X0Aa W(X,Yy) CHUCTEMBI S BBIYHCIAETCS B YCIOBUSX MMEIOLIEHCS
uHpopmaruy. OHa ompenenseTcs ¢ y4eTOM [OXOAa B €AMHHUIYy BPEeMEHHM OT (yHKIHOHUPOBAHMS
CHUCTEMBI Ha TEKYILEM MEepPHOE 0 CIEIYIOIIEro MOMEHTa KOHTPOJIS C yU€TOM CTOMMOCTH YTIPaBJIECHUS
Y CpeHeN CTOMMOCTH BOCCTaHOBIICHHUS OTKa3aBUIMX MojcucTeM. Eciu, HarlpuMep, B MOMEHT KOHTPOJIS
CHCTEMa S HAXOIMTCS B COCTOSHHH X, OXOJ B €IAWHHILY BPEMEHH PaBEH V , CIlydallHOE BpEMs JI0
OTKa3a MMeeT IUIOTHOCTh Paclpe/ieieHus BeposTHocTeil p(t), CTOMMOCTh ynpaBlieHnst Y paBHa ry,

CpeaHssl  CTOMMOCTL  BOCCTAHOBJICHUA IMOJACHCTEM paBHaA Ry, BOCCTAHOBJICHUS CHUCTEMBI S W3

COCTOSIHMS OTKa3a paBHa R, To yuuTsiBas, 4ro nepuon ¢ ciydaeH (4.1), momyuaem:

z Ry +R Ry \©
wi(x, y):J’ V_ry"'—y+ p(t)dt+ V_ry"‘—y Ip(t)dt. (4.3)
0 4 T

[anee paccmMoTpuM JeiicTBUE yIpaBiIeHUs y(') €Y Ha COCTOsIHHE CII0XKHOMU cuctembl S . ITycTh B

MOMEHT KOHTponsi f, mapamerppl MOJCHCTEM NPHHIH 3HAYCHHUS, ONPEACISIEMBIC BEKTOPOM
R 1 n k

I(t )={19|(1 )(t )ﬂ(n )(t )} ITo dopmyne (2.1) nomydnm QyHKIMH HaJEKHOCTU Pﬁk;(t) BCEX
TMOJICHCTEM JUIsi MOMEHTA BPEMEHH 1o, 3aTeM (yHKIMIO HajexkHOCTH R (t) cuctembr S u, Haxowmer,
cocTosHUE X, € E; nepen npuMeHEHUEM YIIPABICHHUS y(') €Y; no ¢popmyne (3.2).

HelictBre yrnpaBieHus y(') €Y, B yCIOBHSX KOHKPETHOrO Habopa mapaMeTpoB I(to) NIPUBENET K
U3MEHEHUIO I1apaMeTpa | —O0il MOJCHCTEMBI B COOTBETCTBHHM C HEKOTOPHIM BEpPOSTHOCTHBIM

pachnpenesieHreM p(-

Hl(i),y(i)) Ha (:3(') W HE BT Ha MapaMmeTpsl Jpyrux mnoacucteM. OreHka
I
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Al
pacrnpeneiicHus O Ha ®() MOJKET OBITh IMOJIy4€HA CTATUCTHUYCCKUMH METOAAMU IO HMEIOIIUMCS
HAOIIONCHUSAM.
Ecnu ynpasnenue y(') €Y, MPUMEHSETCS B CHCTEME S B MOMEHT OTKa3a, TO PaclpesieiicHue p, B
3aBHCUMOCTH OT KOHKPETHOW CHUCTEMBI, MOXET OBITh JTHUOO TeM K€, 4TO M I y(')eYl, oo
OLIEHUBATHCS OTHECIBHO.

PacnpeaeneHHe p TOCiAe MPUMEHEHHs  yIpaBICHUS y(') ONpenessieT  BEpPOSITHOCTh
Al

( ‘0 jKEDKHOFO 3HAUCHHMs TapaMeTpa 9( i) € ®() 1<1 <M . 3uauyenune napamerpa Hl() i -oi

TIOJICUCTEMBI BMECTe ¢ (PMKCHPOBAHHBIMH B MOMEHT t; 3HAUCHHSAMH I1apaMETPOB IPYTUX MOACHCTEM

OTIpeAeTSAIOT (PYHKIUIO HAIEKHOCTH Pto (t,l) cucreMbl S . OG03HAYNM Yepe3 4 HMHTEPBAI BPEMEHH,

OTCYHMTaHHBIM OT MOMEHTAa KOHTpONA ty Takod, 9yro 0< u<7. Torma cpenHee Bpems A0 OTKa3a
CHCTEMBI, HaYMHas C MOMEHTa tg+ 4, NPH YCIOBUM, YTO HAa WHTEPBAJE BPEMEHU [ OTKa3 HE
MIPOU3OIIIEN, PABEH

B e+t
tul = Itd ALY (4.4)
Pto (/’l’ I)
ot
a COCTOSHHE CHCTEMBI B 3TOT MOMEHT PaBHO X, | = . OGo3Ha4MM X, | ~ X, , CCIIH COCTOSHHIO
0

Xl € E  coorBerctByer cocrosHue X, € E. OOo3HaummM, ganee, MHOXKECTBO HHJEKCOB
JV(,u)z{l D 9 XV}, v=L1..,N. 3amerum, uTo mpu (UKCHPOBAHHOM /4 JJIi HEKOTOPHIX V OHO

MOYET OBITh ITYCTHIM.
[Hanee, ¢ yueToM cienaHHBIX HPEANOI0KEHUH M MOJYYEHHBIX PE3yJlbTaToB, HailleM Mepexo/Hble
BeposTHOCTH mponecca X (t) Ha 3a7aHHOM MHTepBale BpeMeHH. BeposTHOCTH Tepexosia mporecca

X(t) Ha MHTCPBAJIC BPEMCHU (to,to +y), 0<u<rt, u3 coctosHus X, € E, B KOTOpOM IpPHMEHEHO

YIIPaBJICHUE y(') €Y, B cocTosiHUe X, € E , npu ycrnoBuy, 4T0 Ha 3TOM MHTEpPBAJIC OTKAa3a CUCTEMBI HE

o

PaccMoTpuM Temeph Cilydai, KOrJa B HEKOTOPBIA MOMEHT g+ 4 Ha MHTEPBAJIE BPEMEHU (to,z')

Mpoun3011JI0, paBHA

oyl 3 p( Aoy "), (45)

IeJ ,u

NPOM30IIET OTKa3 cucTeMbl. Haiiiem BeposiTHOCTE cocTOsSIHUSL X, € E cucTeMbl B MOMEHT OTKasa, IpH
i
YCJIOBUH, YTO B MOMEHT KOHTPOJIS fy B COCTOSIHUM X, OBUIO NPUMEHEHO YIpaBjieHHE y( ) €Y . Ilycts

Py i A
JJIsd ONIPEACICHHOCTH B MOMEHT KOHTPOJIA mapaMeTp |—Ou IOJACUCTEMbI MMEJI 3HAYCHHUE HI( ) E®( )
1

Jlnsn samamsoro | (1=1,..,M) wu3 ypasHeHus (4.4) HaxooMM BMECTO 3HAYEHHS t_ﬂJ pu
)
duxcupoannom x4 Qynkumio t)(u) u 3atem QyHKIMIO X| (/1)—1 P 0<u<r. na ynobcrpa
BBEJIEM B paccMOTpeHue (pyHKIuI0 XdBuUcaiina (t)— 1 t>0 1 (YHKIHIO 5(t)— 1 t>0 B
p |y Yy 2\U)= 0, t<0 y 1.1 t<o”

TOM clTydae MHMKATOP NOMNAJaHUs BEJIMYMHBI X B TOJNyHHTEpBal [a,b) MOXHO CKOHCTPYHpPOBATH
CIEIYIOIMM 00pa3oM: A[a,b)(x): z(x—a)y(b—x)+ Z(&(a—x)é(x—a)). [pu dukcuposanzom |

BCPOATHOCTL COCTOSIHHA X, B MOMCHT OTKa3a € IIOMOIIbIO MHAWKATOPA A MOXHO 3aImcaTh B BUIC:
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T
IA vl v (X| (,u))d(l— Pto(ﬂ))- YuuteiBas pacnpeleneHue L0  OKOHYATEIbHO MOJy4aeM, 4TO
0 | N'N

BepOHTHOCTL COCTOsHUA XV B MOMCHT OTKasa, HpI/I yCHOBI/II/I HpI/IMeHeHI/IH praBJ’ICHI/IH y(l) B
COCTOSTHUHN Xu , paBHa

oy )= .le (ol y(i))(}) A[V_l’vj ( () fL- R (). (4.6)

3amMeTUM, YTO €CIM OTKa3a J0 CIEIYIOIIEro MOMEHTa KOHTPOJS HE MPOU30ILUIO, TO IpPH BCEX
OCTaJIbHBIX IIEPEUUCIIEHHBIX BBIIIE YCIOBHUSAX, C YI€TOM (4.3), BEPOATHOCTh IIEpexoja X, — X, 3a
MEPHUO KOHTPOJIA T paBHA

P y) =Ry e) o el D). @)

led, ()

5. MaTpuua nepexoJHbIX BEepOSITHOCTEH.
[Myctes f - pemaromas QyHkuus. Eil coorBercTByeT MaTpuma Q TMepexOJHBIX BEPOSITHOCTEH

pasmeproct 2N x 2N . Paznenum ee Ha 4 kBajpaTHbie moaMaTpuilbl pasmepHocTsio N x N :
Q- Qu Q2
Q1 Q22

OneMeHTsI p,(x\, Xu> y(')] MaTpuibl Q1 SBIAIOTCS BEPOATHOCTSAMH IEPEXOa CHCTEMbl S u3

paboyero COCTOSHUA B MOMEHT KOHTPOJA B pabodee COCTOSAHHME B CIEAYIOIIMH IUIAHOBBIA MOMEHT
i
Xu,y( )j MaTpuiel Qo-

BCPOATHOCTHU IICPEXOaa U3 pa6oqer0 COCTOsIHHS B MOMCHT KOHTPOJISI B COCTOSIHHUEC OTKa3a B CJ'ICIL}/IOHII/Iﬁ

KOHTPOJII 1 MOTYT OBITh BBIYMCIEHHI TI0 dopmyre (4.7). DneMeHTHI pé(i\,

MOMEHT KOHTPOJISI U MOTYT OBITh BBIYHCIICHBI 110 hopmyite (4.6). DneMeHTH pf(x\, Xy y(')) MaTpULb

Q,1- BEPOSATHOCTU MEpeXojia M3 COCTOSHUS OTKa3a B pabouMe COCTOSHUS B CIIEIYIOIIMHA IIaHOBBIN

MOMEHT KOHTPOJISl U MOTYT OBITh BBIYHCIIEHBI 110 Gopmyiie (4.7). DineMeHTsl P 5(2\, Xy » y(')) MaTpHLbI

Q,>- BEPOSITHOCTH IEPEXojia M3 COCTOSHHMS OTKa3a B COCTOSHHME OTKa3a B CIEAYIOMIHI MOMEHT
KOHTPOJIS U MOT'YT OBbITh BBIYUCIICHBI 110 (hopmyiie (4.6).

6. DyHKI U HENOCPEACTBEHHbIX J0X0/10B.

[lycTh B MOMEHT KOHTPOIs to (YHKIMSA HATEKHOCTH CHCTeMbI S pasHa P (t). f - pemaromas
dynkums. Eil cootsercTByer BekTop-cTonGen W(f )HemocpeacTBeHHBIX 10X0/0B, npuueM f(x)eY ,
xeE. k-1 xommonenTa Bektopa W(f)comepkuT 3HaueHHEe CPETHETO N0XONA B €IMHUITY BPEMEHH
CHCTEMBI S 3a OJIMH MEPHOJ MEXKY ABYMS II0CIIE0BATENLHBIME MOMEHTAME KOHTPOJIS TIPH YCIIOBHH,
9TO B Hayaje IEpHOJa B MOMEHT BPEMEHH B COCTOSHHH Xy € E GBUIO NPUMEHEHO yIpaBlieHHE
f(x)eY, k=1..2N.

OG603Ha4MM CTOMMOCTh TNpUMeHeHus ympasnenus f(x )eY uepes r(y(i)), JUTMTETLHOCTD
peanmzauuu sToro ynpasienus uepes t(f (X, )), CTONMOCTb BOCCTAHOBIIEHHS CHCTEMBI M3 OTKa3a Yepes3
R. Cpenmsisi IMTENbHOCTh BOCCTAHOBIIEHHS CHCTEMBI U3 OTKaza pasHa T . 3amertum, uto r(f(x))

BKJIIOYAET CPEJHIOI0 CTOMMOCTb BOCCTAHOBJIGHMSI OTKa3aBIIMX Ha paccMaTpUBAEMOM IE€PHOJIE
MoJACHCTEM. byaeMm cuuTarh, YTO paboTaromias CHCTEMa IPUHOCHUT JIOXOJ V B CAWHUILY BPEMEHH.

Torna popmyna (4.3) mnst Beraucienus K -0l KOMIIOHEHTBI BEKTOpa W( f ) MIPUMET CIIETYIOUIUI BUA:
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vu—r(f(x))-R vr—r(f(x))
W(xk,f(xk)):({ ;f+t(f(ka))+T d(l_ao(ﬂ))mo(r)m, k=1..2N, f(x)eY .

7. MeToa ¥ aAropuTM ONITHMHU3ALMH
ByzmeM cuurarth, 9TO 1JI1 BEKTOPOB A& M D BhImonHeHo HepaBeHcTBO a>b, ecnm amamoruunoe
HEPABEHCTBO BBINOJIHEHO JUI BCEX KOMIIOHEHT: @; >bj. HepasenctBo a> b Bemosneno, ecmu a>bwu

a=bh.

CranmoHapHasi CTpaTerus 7" HasbBaeTCs ONTHUMAJIGHOH, €CIIH JIa JII000W cTalnroOHApHOU
CTpaTEeTUH 77 BBIIOJIHEHO HEPABEHCTBO go(;r*)z (p(;z). CramuoHapHasi CTpaTerus 7, Ha3bIBAETCA & -
ONTUMANBHOM, ecnu Juii 3amanHoro &>0 wu 0060 CTAalMOHAPHOW CTPAaTErHH 77  BBIOJHEHO
HEPaBECHCTBO (0(7:) - (0(72'; )s g.

i mpuKIamHBIX 3a1ad & -ONTUMAaJbHAs CTPATerus YHPABIECHHUS 10 Pa3HbIM NPUYMHAM HMEET
HauOOJBIIYI0 ILEHHOCTh. Jlajmee paccCMOTpUM METOJ HaxXOXICHHS & -ONTHMAalIbHOM CTpaTeTuH
yIpaBieHus cucteMoit S . Bocmonb3yeMcst H3BECTHBIM METOIOM IOKMCKA & -ONMTHMAIIBHON CTpATerHy,
OCHOBAaHHOM Ha TIPUHIMMIE CXaTbix otoOpaxkenuit [3]. IlpemBapurenbHO BBeAeM CIemyrOIIHe
BCIIOMOTaTEeJbHBIE ONPEICICHNUS.

I[Tycth Ha BeKTOpHOM TpocTpaHcTBe V ¢ seMentamMu V. pasmeproctr 2N ompeenena moayHopma
p(v)= maxv; —miny;, 1<i<2N [5]. ®axropusanus V no K ={v: p(v)=0} onpenenser daxrop-

! 1

npoctparctBo V' =V /K , Ha KOTOpOM P SIBJISIETCS HOPMOM |||| [5].
Onpenenum Ha V crenyrolye oneparopsl.

F(fv=w(f)+Q(f)v;

Uv=mfaxF(f)v.

B ycnoBusX NpeArnonokeHus O PEryIIpHOCTH IEePEXOMHOW MATpHUIlbl Ui 000 pemaromiei
¢yuximn  f  omeparop U wa V'sBisietrcss cxumaromuM [3]. CrenaHHbIe BBIIIE TPEATOTOKECHHS

MO3BOJIAIOT PUMEHUTH ONTHMU3AIIMOHHBIH METO/, OCHOBaHHBIN Ha MPUHIIMIE CKATHIX OTOOpaKEHUH
[3]. IlpaBuio ocTaHOBKHM aNropuTMa OyIeT OCHOBAHO HA CIIEIYIOLIEM yTBEPKACHUH.

Vrepxaenue [6]. [Tycts veV', ||UV—V|| =&, Uv=F(f . Torma
1. Crparerusa z = f(oo) SIBJIACTCSL & -ONTHMAJIbHOM.

2. min(Uv-v)x)< @* <max(Uv-v)x).
X X

* v
31ech @ - BeNIMYWHA CPEIHETO J0XOJa B €IWHHUILY BPEMEHU, KOTOpas COOTBETCTBYET ONTHMATILHOMN
CTpaTeruy.

Cnencteue [6]. Ilyets 7° = (f " f*) - omnruMaibpHas crparerus, Vi,V eV' um i
YIOBJIETBOPSIOT YCIOBUAM: Vi1 =UVy = F(fy g Vi . Obo3Haunm & = ||Vk n —Vk||. Torpa pematomas

bynkims  f,,, onpenensier & -ontuMaibayto crpateruio 7, = (fiq, frig,e..)-

st HaXOXKIeHUs € -ONTHMAIbHON CTPATETHH HEOOXOIUMO BBITIOJTHUTH CIIEAYIOIINE TEHCTBHS.
1. BsiOpats £>0.
2. BbIOpaTh MPOHM3BOJIBHO HAYAIIbHBIN BEKTOP Vo €V'.

K -p1if miar anropuTMa.
3. Bemumenuts vy =Uvy g = F(f Vg, Vg eV'.

4. TIpoBepHTh HEPABEHCTBO ”Vk _Vk—1|| <e¢.

o0 o
Ecmm onHO BBIIIOJIHCHO, TO CTpATCrusda 7 = f ( ) SABISICTCS &€ -ONITUMAJIBHOU.
k

Ecnu He BBIOIHEHO, TO BEIITOJHUTD (k +1) -bI{ IIar ajJropuTMa.
3a KOHEYHOE YHCIIO MAroB OyAeT JOCTUTHYTA £ -ONTHUMAaJIbHASI CTPATETHSL.
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3amewyanme 1. Jlmg ompemeneHHOCTH ymOOHO BBIOMpPATh W3 Kjacca CMEXKHOCTH (akTop-
npocTpaHcTBa V' MPEACTaBUTEINS Vy C HYJIEBOH NepBOH KOMIOHEHTOMH.

3ameuanue 2. ONTUMAIBHYIO CTPATETUIO YIIPABICHUS MOKHO HAWTH, TPUMEHUB 00JIee TPOMO3IKHIA
anropuTt™ XoBapza [7].

8. 3akr04enune

Jannas paborta sBiasercs mnpomoibkeHueM [1]. BakHOCTh pemreHHs 3amadd B PacCMOTPEHHOM
ITOCTaHOBKE OBIJIO OTMEYEHO erie B [2]. B mpemiaraemoit paboTe pacCMOTPEH BapHaHT PEIICHUS 3a1a9n
NOJ/ICp)KaHUs YPOBHS HAACKHOCTH M PabOTOCIOCOOHOCTH CIOXHOM TEXHHMYECKOH CHUCTEMBI Ha
ONTUMAJIbHOM YpPOBHE Ha HEOTPAHWYEHHOM WHTepBase BpeMmeHu. Ilpu moctpoeHun Mmozpenu
JOITyCKaJIOCh, YTO IPOCTHIE IOJICHUCTEMBI, COCTaBISIOLIME PACCMATPUBAEMYIO CIIOKHYIO CHCTEMY,
COCIIMHEHBI MEXAYy COOOH B CMBICIE HAAEKHOCTH AOCTATOYHO MPOM3BONBHO. OIHA MM HECKOJIBKO
MPOCTBHIX MOJICKCTEM B MpOLiecce KCIUTyaTallid MOTYT OTKazaTh. OJHAKO MX OTKa3 He 00A3aTesIbHO
IPUBOJUT K OTKA3y BCEH CHCTEMBI, M CUCTEMa IPOIODKAET (PYHKIIMOHMPOBATh 10 MOMEHTA INIAHOBOT'O
KOHTpossL. Ecnu )ke 0TKa3 MOACHCTEM IpUBEI K OTKa3y BCEH CHCTEMbl, TO CUCTEMa OCTAaHABIMBAETCS,
MPOBOJMTCS BHEIUIAHOBBIM KOHTPOJb M IMPHUMEHSIETCS YNpPABICHUE IS BOCCTAHOBJICHHUS CHCTEMBI.
Mopens cTponsach B YCIIOBUSIX HAIHYUS HEKOTOPOH CTATUCTHYECKOW WH(GOpPMAIMH IO KaXKJIOH
IpOCTO moncucremMe. Ita HHGOPMALKS MO3BONMIA MOTYYUTh OLCHKH (PYHKIMHA HAIEKHOCTH IMPOCTHIX
noacucteM. Ha ocHOBe MOMy4eHHBIX OIEHOK MOCTpoeHa (YHKIUS HaJSKHOCTH CIOXHOH CHCTEMBI U
OTIpeZIeNICHO €€ COCTOSHUE.

Beskas TexHuueckash cucTeMa B IPOLIECCE SKCIUTyaTallMM IOJABEp)KEHa HM3HOCY. M3HOC cucTembl
CHIDKAeT €€ IMPOM3BOAUTENBHOCTh, IMOBBIIIAET BEPOSTHOCTH OTKaza. OTKa3 CHCTEMBI CBSI3aH C €€
npocToeM, OOBIYHO MPHUBOAUT K OONBIIMM IMOTEPSIM M HexenareneH. [1oaToMy BBOAMMOE COCTOSHHE
CHCTEMBI JIOJDKHO OLIEHUBATH CTENEHb €€ M3HOCAa U BEPOATHOCTh BO3MOXKHOIO oTKaza. CocTosHHE
CJIO)KHOW CHCTEMBI, KOTOPOE OMNPEIEICHO B MOJAEIM C HOMOLIbIO (PYHKIMH HaIEKHOCTH, CONEPKHUT
MHTETpabHYI0 HHPOPMALIMIO O HAJCKHOCTH U PA0OTOCTIOCOOHOCTH CUCTEMBI U MOXKET OBITh TOCTYITHO
B K@KIbIH MOMEHT KOHTpOJIS IOCJE MONydYeHHs HH(POpMAanuM O TEKyLIIMX 3HAYCHUSAX 3aJaHHBIX
MH(QOPMATHBHBIX TAPAMETPOB.

CrnenyeT 3aMeTHTh, YTO CIy4YalHBIH MpOIleCC M3MEHEHHUS COCTOSHHS CHCTEMBl BO BPEMEHU HeE
SBJISIETCSI MAPKOBCKUM, HO TOCJIEOBATEIHHOCTH MOMEHTOB KOHTPOJIA CHCTEMBI Mepes MpUMEHEeHHEM
YIOPABICHUM OMpPENESeT BIOKEHHBIA MapKOBCKHNA Ipouecc. DTO MO3BOIWIO HNPUMEHUTh U3BECTHBIN
ONTUMH3aLUOHHBIA METOJ U1 HAXOXKJICHHS & -ONTUMAJIbHOM cTpaTeruu ynpasieHus. 1IpennosxeHHbIi
QJITOPUTM JICTKO PEaTM30BaTh, HAIIPHUMED, C TIOMOIIBI0 MaTeMaTrdeckoro makera MAPLE [8].

JlanbHeliliee pa3BUTHE MOJEIH MOXXET OBbITh HANpPaBJICHO HA OOOOIICHHUE U M3MEHEHHUE JICHCTBHS
yIpaBlieHHsT B CIOXHOW cucteme. Hampumep, KOMMUYECTBO MOJCHCTEM, KOTOPbIE OOHOBISIOTCS B
pesyibTaTe peaiM3aliy YIPaBJICHUsS, MOXET ObITh (PUKCHPOBAHHBIM YHUCIOM OOJbIIE OJHOTO, HIIH
MOJKET OBITh CIIyYalHBIM YHMCJIOM, 3aBUCALIMM OT COCTOSIHUSI CUCTEMBI Wi nogcucteM. Heo0xoaumpIm
YCIIOBHEM TIPH 3TOM SIBJISIETCS IEPEUNCIIEHNE BCEX BO3MOKHBIX YIIPAaBIEHUI 3apaHee B MOJIETH.

OyHKIMS HAAEKHOCTH CIIOKHOW CHCTEMBI MO3BOJISIET HAWTH Bce HAaOOpBI MOJCHCTEM TakHe, 4TO
OTKa3 BCEX MOJACUCTEM Habopa MPHUBOAUT K OTKA3y CIOXXHOW CHCTEMbI. AJIEKBATHOCTb MOJAEIH MOXKHO
TIOBBICHTB, €CJIM MIPOTHO3UPOBATH HE TOJBKO CaM OTKa3 CUCTEMBI, HO 1 BOBMOXKHBINH HabOp MOJICHCTEM,
0TKa3 KOTOPBIX MPHBEI K 0TKa3y BCeH CHCTEMBIL. B 3TOM ciyyae CTOMMOCTh BOCCTaHOBJIEHHS Oy/eT He
YCPEIHEHHOH BEIUYHUHOM, a CYMMOM CTOMMOCTE BOCCTAHOBJICHUS KaXKIOW OTKA3aBILEH [TOACUCTEMBI.

B 3akmioueHue OTMETHM, YTO TOYHOCTb MOJEIUPOBAHUSI CHCTEMBI 3aBHCHUT OT KOJIMYECTBA
WHQOPMAIUK, KOTOPOH MOXKHO pacriofiaraTh MpH €€ MOJCITUPOBaHNU. BBeJieHHE COCTOSIHUSI CHCTEMBI,
OIIPENIeNIIEMOT0 KOHTPOJIMPYEMBIMH NapaMeTpaMH, HCIIOJIb30BaHUE CTaTUCTHYECKOH MH(pOpMauuu o
GYHKUMSIX HAaJEKHOCTH MOJCHCTEM, COCTABISIOIIMX CIOXKHYIO CHCTEMY, OOECIIEUHMBAIOT MOCTPOEHHE
Oonee afexkBAaTHOW MOJENW S ONTHUMH3AINHA HAAEKHOCTH M PabOTOCIOCOOHOCTH, YeM YacTo
WCTIONIb3yeMast I 9TOH 11eTH “‘HapaOoTKa Ha OTKa3” .
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Constructing the nonlinear regression equations based on multivariate
normalizing transformations

N.V. Prykhodko, S.B. Prykhodko
Admiral Makarov National University of Shipbuilding, Heroes of Ukraine Ave., 9, Nikolayev, 54025, Ukraine
e-mail: sergiy.prykhodko@nuos.edu.ua

In the paper we consider the techniques to construct the equations, confidence and prediction intervals of nonlinear regressions
on the basis of multivariate normalizing transformations for non-Gaussian data. We demonstrate that the poor normalization of
multivariate non-Gaussian data using the univariate transformations leads to an expansion of the confidence and prediction
intervals of non-linear regression for a larger number of data rows compared to the multivariate normalizing transformation.

Keywords: non-linear regression equation, confidence interval, prediction interval, normalizing transformation, multivariate
non-Gaussian data.

B crari posrisgarotecs Metoan noOyIoBU PiBHSIHB, JOBIPUMX iHTEPBaNiB Ta iHTEPBAJIiB NMeper0OaveHHs] HEMIHIHHUX perpecii
Ha OCHOBI 0araTOBUMIPHHMX HOpPMAJi3yIOUHX IE€PETBOPEHb A HETayCOBCHKHX IaHHX. Y SKOCTI NMPHKIany MNOOYZOBaHO
HeliHilHe perpeciiiHe piBHAHHSA UL OLIHIOBaHHS pO3Mipy MporpamMHOro 3abe3neucHHs iHQOpMaliiHIX CHCTEM 3 BIIKPHUTUM
konoM Ha PHP i3 3actocyBaHHsSM 0araToBHMIpHOTO HOpMalli3ytodoro neperBopeHHs JDxoHcoHa st cimeiictBa Sg. Lle
PIBHSHHS OTPUMaHO 32 BHOIPKOIO YOTHPUBHMIPHHUX HETayCOBCHKUX JaHHX: (PAaKTHYHHH PO3MIip IPOrpaMHOrO 3a0e3NeUeHHs y
THCSYaX PSJIKIB KOy, 3arajlbHa KUIBKICTh KJIAciB, 3arajbHa KUIBKICTH 3B'I3KIB Ta CEepemHsl KUIBbKICTh aTpHOYTIB Ha KJlac y
KOHIENITYaJbHIM Moneni maHux 3 32 iHdopMamiiHUX cCHCTeM, PO3pOOJICHUX 3 BUKOPHCTAHHSAM MOBH IporpamyBaHHs PHP.
Ilomepennbo 3a3HaueHi naHi Oyau mepeBipeHi Ha HAsABHICTh BUKUAIB i3 BUKOPUCTAHHAM KBaipaTy BincraHi MaxamanoOuca
(Mahalanobis): st piBHst 3HaunMocTi, mwo popieaoe 0,005, BukuaM BigcyTHi. ['imoTe3y mpo GaraToBUMipHY HOPMAIBHICTH
OyIio mepeBipeHo 3a KpUTEepieM KBaapaTy BincraHi Maxananobuca. [loOynoBane HenmiHiiiHE PIBHAHHS y MOPiBHSAHHI 3 1HITMMHA
perpeciiiHIME PiBHSHHSIMH (SK JIHIHHUMH, Tak 1 HETIHIHHUMH, SKi OTPUMaHi 3a JIOTIOMOTOI0 OJHOBUMIPHHX HOPMAi3YIOUUX
nepeTBopeHb JDKOHCOHA Ta IECATKOBOTO JIorapu(pMy) Mae OUTBIINI MHOKUHHHN KOe(ilieHT feTepMiHallii i MeHIIe 3HaYeHHs
CepelHbOi BEJIMYMHM BiIHOCHOI MOXHOKH. [IpomeMOoHCTpOBaHO, IO IOraHa HOpMalli3amis 0araTOBUMIPHUX HErayCOBCBHKHX
JaHUX 3a JOIIOMOTOI0 OIHOBHMIPHHUX I€pPeTBOpeHb abo Ii BiACYTHICTh NPHU3BOJUTH O 30UIBLICHHS IIUPUHHU JOBIPYHX
iHTepBaJIB Ta iHTEpBAIIB HepenOaueHHs SK HENiHIHHOI Tak 1 JiHIHHOI perpecii mis OUTBIIOI KUTBKOCTI PSZAKIB DaHUX Y
HOPIBHIHHI 3 6araTOBUMIpHHM HOPMAJTi3yIOUNM IIEPETBOPEHHSIM.

Knwwuoei cnosa: neninitine pisHsHHs peepecii, 008ipuuli iHmepsai, iHmepean nepeddaienis, HopmManizyioue nepemeoperHs,
b6aeamogumipHi He2ayCOBCHKE OaHi.

1 Introduction

A normalizing transformation is a good way to construct equations, confidence and prediction
intervals of non-linear regressions [1-5], and it is often used in information technology, software
engineering, biometry, ecology, finance, etc. According to [3] the transformations are mainly used for
four purposes, two of which are: the first — to obtain approximate normality for the distribution of the
residuals, the second — to transform the dependent and independent random variables in such a way that
the strength of the linear relationship between new variables (normalized variables) is better than the
linear relationship between the response and the predictor (or predictors) without transformation. Well-
known techniques to construct the equations, confidence and prediction intervals of nonlinear
regressions are based on the univariate normalizing transformations, which do not take into account the
correlation between dependent and independent variables when multivariate non-Gaussian data is
normalized. Therefore the multivariate normalizing transformations needs to be applied.

2 Unsolved problems and objectives of the paper

Well-known techniques for constructing the non-linear regression equations are based on the
univariate normalizing transformations (such as, the decimal logarithm, the Box-Cox transformation),
which do not take into account the correlation between the dependent and independent random
variables in the case of normalization of multivariate non-Gaussian data. Application of such univariate
normalizing transformations for building the nonlinear regression equations does not always lead to
good multivariate normality and linear relationship between normalized variables. This demands the
usage of the multivariate normalizing transformations. The objective of the paper is to consider
techniques for constructing the equations, confidence and prediction intervals of multivariate nonlinear
regressions on the basis of multivariate normalizing transformations. The nonlinear regression
prediction results obtained by constructing the equations should be better in comparison with other
nonlinear regression equations based on univariate normalizing transformations, primarily on such
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standard evaluations as the multiple coefficient of determination and mean magnitude of relative error.
Application of multivariate normalizing transformations should lead to a narrowing of confidence and
prediction intervals of nonlinear regressions for a larger number of data rows compared to the univariate
normalizing transformations.

3 Problem statement
Suppose that there are bijective multivariate normalizing transformation of non-Gaussian random

vector P=1{Y, X1, X5,..., X, [T to Gaussian random vector T =1{Zy,Z;,Z5,....Z,}"
T=y(P) (3.1)
and the inverse transformation for (3.1)
P=y}(T). (3.2)
Here v is the vector of normalizing transformation, y = {\VY WLV, Wi }T . It is required to build

the nonlinear regression equation in the form Y =Y (Xg, X5,..., Xk) on the basis of the transformations
(3.1) and (3.2).

4 The techniques

The techniques to construct the equations, confidence and prediction intervals of nonlinear
regressions are based on the nonlinear regression analysis using the multivariate normalizing
transformations and they consist of three steps [5]. For the first step, a set of multivariate non-Gaussian
data is normalized using a bijective multivariate normalizing transformation (3.1). In the second step,
the equation, confidence and prediction intervals of linear regression for the normalized data are built.
In the third step, the equations, confidence and prediction intervals of nonlinear regressions for
multivariate non-Gaussian data are constructed on the basis of the equation, confidence and prediction
intervals of linear regression for the normalized data and transformations (3.1) and (3.2).

The linear regression equation for normalized data will have the form [3]

2y =2y +(z% )6, (4.2)
where Zy is a prediction result obtained by linear regression equation for values of components of
vector Zy ={Zl,22,...,Zk}; Z is the matrix of centered regressors that contains the values 2y, -7,
Zy ~Zy, ..., Zx, —Zx; b is estimator for vector of parameters of equation (4.1), b={by,by,.... b} .

The nonlinear regression equation will be
Y =W1[Z_Y +(z§< )6] . (4.2)
The technique to construct a confidence interval of nonlinear regression is based on transformations

(3.1) and (3.2), linear regression equation (4.1) and a confidence interval for normalized data. The
confidence interval of nonlinear regression is

_ Y2
wil 2y +ty/2.,52, {%+(z§ )T [(Z*)‘( )T Z;} 1(2;( )} , (4.3)

2

N .
where S§ =12(ZY_ —ZY_) , v=N-k-1; t is a quantile of the Student t-distribution with v
ovia b

0/2,v

-
degrees of freedom and «/2 significance level; (ZJ§<) Zy isthe kxk matrix
Szlzl Szlzz Szlzk

(Z_;_( )T 7t _ Szlzz SZZZZ Szzzk
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N _ _
where SZqu =_Zl[Zqi _quzri —Zr], q,r=,2,...k.
1=
The technique to construct a prediction interval of nonlinear regression is based on transformations
(3.1) and (3.2), linear regression equation (4.1) and a prediction interval for normalized data. The
prediction interval of non-linear regression is

a2
Wil 241, 52 {ﬁ@ Ies) 25 1(2;)} | @4

5 Examples

We consider the examples of constructing the equations, confidence and prediction intervals of
nonlinear regressions for multivariate non-Gaussian data for two cases: univariate and multivariate
normalizing transformations. Table 1 contains the data [6] on metrics of software for open-source PHP-
based information systems.

Table 1. The data and prediction results by regression equations.
prediction results by regressions

Yin

i X X X ) non-linear regressions
I KLOC 1 2 3 linear [ decimal Johnson Johnson
logarithm | univariate | multivariate
3.038 5 2 10.6 3.237 | 4.707 4.675 4,283
22.599 17 7 7 24,142 | 22.681 | 19.965 21.048

32.243 21 13 4524 | 37.524 | 32.351 | 32.098 34.906
16.164 13 11 7.077 | 25.916 | 20.232 | 23.171 23.191
83.862 35 24 6.571 | 74.624 | 69.290 | 80.265 76.393
24.22 13 9 8.077 | 23.224 | 19.275 | 20.524 20.495

OIN|O OB [[W|IN|F-

63.929 35 19 8.029 | 67.215 | 65.909 | 65.913 67.297

2.543 5 3 9.4 4.127 | 5.297 5.789 5.029
9 6.697 5 5 7 5.906 | 6.028 7.353 6.223
10 | 55.537 25 14 8.64 | 46.843 | 43.089 | 42.098 45.209
11 | 55.752 39 10 9.077 | 57.814 | 60.290 | 67.070 56.644
12 | 62.602 30 17 7 56.995 | 53.494 | 53.497 56.727
13 | 67.111 23 22 | 14.957 | 61.856 | 49.720 | 65.500 63.792
14 | 2.552 3 1 8.333 | -2.395 | 2.179 2.202 2.324
15 | 12.17 10 5 3.7 9.959 | 10.977 | 9.693 9.659
16 | 12.757 13 9 5 21.218 | 18.042 | 18.682 19.002
17 | 5.695 7 3 8.429 | 5.976 | 7.285 7.083 6.520
18 | 7.744 9 6 9.222 | 13.991 | 11914 | 12911 11.988
19 | 7.514 4 1 8 -1.371 | 2.882 2.496 2.820
20 | 11.054 9 9 3.667 | 15.385 | 12.006 | 13.301 12.884
21 | 29.77 17 15 3.412 | 35.179 | 26.465 | 27.321 29.362
22 | 11.653 9 8 8.778 | 17.045 | 13.020 | 15.461 14.338
23 | 6.847 5 4 3.6 2.017 | 5.107 5.435 4.850
24 | 13.389 7 5 11.714 | 11.462 | 9.033 | 10.367 9.102
25 | 1445 12 6 16.583 | 22.513 | 17.181 | 20.191 18.741
26 | 4.414 6 3 3.667 | 1.630 | 5.575 5.318 4.966
27 | 2.102 3 1 3.333 | -5.655 | 1.921 2.142 2.168
28 | 42.819 20 18 3.5 43.975 | 33.150 | 37.967 40.170
29 | 4.077 4 2 9 0.953 | 3.688 3.892 3.508
30 | 57.408 33 14 9.242 | 57.164 | 57.273 | 53.121 55.910
31 | 7.428 7 3 7 5.044 | 7.101 6.861 6.359
32 | 8.947 15 5 4 16.360 | 16.585 | 12.934 13.808
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Let us remind that Y implies the actual software size in the thousand lines of code (KLOC), Xi,
X, and X3 determine respectively the total number of classes, the total number of relationships and

the average number of attributes per class, that is, X3 = A/X;, where A is the total number of attributes

in conceptual data model.
For normalizing the multivariate non-Gaussian data from Table 1, we use the Johnson translation
system

T:y+nh[x‘1(P—(p)] ~Npy (0, Z), (5.1)
where Op, is the m-dimensional vector of means equal to zero; X is the mxm covariance matrix with

variances equal to one; h[(yy, ..., Vi )]=thy (v ) bu(y ). he (v I 5 hi() is one of the translation
functions

In(y), forS, (lognormal)family;
In[y/@-y)], forSg (bounded) family;
- Arsh(y), forSy (unbounded) family;
y forSy (normal)family.

Here y=(X—-0)/A; Arsh(y):ln(y+1/y2+1j. In our case X equals Y, X;, X, or Xj

respectively.

We use the technique [7] based on multivariate normalizing transformations and the squared
Mahalanobis distance (MD) to detect the outliers in the data from Table 1. There are no outliers in the
data from Table 1 after their normalization by the Johnson multivariate transformation (5.1) for Sg
family for 0.005 significance level. The same result has been obtained for the transformation (5.1) for
Sy family. In [6] it is also assumed that the data contains no outliers. The values of squared MD for

data normalized by the Johnson univariate transformation for Sg family from Table 1 indicate that the

data of systems 11 and 19 are multivariate outliers, since for these data rows the values of squared MD
equal to 18.29 and 17.16 respectively are greater than the value of the quantile of the Chi-Square
distribution, which equals to 14.86 for 0.005 significance level. Without using normalization, the data
of system 11 is multivariate outlier, since for this data row the squared MD equals to 15.44. It should be
noted that there are no outliers in the data from Table 1 after their normalization by the decimal
logarithm transformation.

Estimators for parameters of the multivariate transformation (5.1) for Sg family have been

calculated by the maximum likelihood method and are: yy =0.96954, ¥, =1.0514%, ¥, =0.8943€,
73=0.68406¢ 7y =0.52252, #;=0.66955, 7,=0.75874, 73=0.50162, @y =1.9227,
$=2.57124, $,=0.219, 3=3.319, Ay =90.756, A, =47.425, A, = 28.507 and A3 =13.668.

(5.2)

The sample covariance matrix S, of the T is used as the approximate moment-matching estimator

of covariance matrix X
1.0000 0.9328 0.9171 0.2258

0.9328 1.0000 0.8942 0.1903
N"10.9171 0.8942 1.0000 0.1024|
0.2258 0.1903 0.1024 1.0000
After normalizing the non-Gaussian data by the multivariate transformation (5.1) for Sg family the
linear regression equation is built for normalized data
Zy =bg+byZy +byZ, + 0575, (5.3)
Parameters of the equation (5.3) have been estimated by the least square method. The estimators for

parameters of the equation (5.3) are: by =0, by =0.522133, b, =0.441941and by =0.08121¢.
After that the non-linear regression equation (4.2) is built
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s . V. 71
Y = ¢y +>1Y[1+e‘(ZY‘VY)/”Y} : (5.4)

. X —p:
where Zy is prediction result by the equation (5.3), Zj =y +n; Inj}b—(PJX
- + .- .

[y

, (pj<Xj<(pj+7\.j,
Pj

j=123.
The prediction results by nonlinear regression equation (5.4) for values of components of vector

X ={X1, X5, X3} from Table 1 are shown in the Table 1 for two cases: univariate and multivariate
normalizing transformations. For univariate the Johnson normalizing transformations of Sg family
(5.2) the estimators for parameters are: yy =0.77502, y; =0.5947%, y,=0.57140, y3=0.68734,
Ny =0.4439E5 1, =0.48171, 1, =0.49553 03=0.51970, ¢y =2.063, ¢;=2.900, @, =0.900,
$3=3.304, iy =83.059, A, =36.695 i,=23.525 and A3=13.660. In the case of univariate
normalizing transformations the estimators for parameters of the equation (5.3) are: 60:0,

by =0.43519, b, =0.52239and by =0.08546.
Also the nonlinear regression equation (4.2) is built by the decimal logarithm transformation
Y =10% xAx2 x s, (5.5)
where the estimators for parameters of the equation (5.5) are: bo =-0.2616], 61:0.99151,
b, =0.33232and by =0.13777.
Table 1 also contains the prediction results by linear regression equation from [6] for values of

components of vector X={X1,X2,X3} from Table 1. It should be noted that the prediction results

obtained by the linear regression equation from [6] are negative for the three rows of data: 14, 19 and
27. All prediction results obtained by non-linear regression equations (5.4) and (5.5) are positive.

The values of multiple coefficient of determination R?, Mean Magnitude of Relative Error
(MMRE) and Percentage of Prediction (PRED(0.25)) for the regression equations are shown in the
Table 2.

Table 2. Values of R?, MMRE and PRED(0.25)

Linear Non-linear regression equations
Coefficients | regression univariate transformations | multivariate
equation logarithm Johnson transform.
R2 0.9491 0.9375 0.9591 0.9730
MMRE 0.4919 0.2455 0.2535 0.2243
PRED(0.25) 0.5313 0.6250 0.7188 0.6875

The acceptable values of MMRE and PRED(0.25) are not more than 0.25 and not less than 0.75
respectively. The values of MMRE are not more than 0.25 for nonlinear regression equation (5.4) on the
basis of multivariate normalizing transformation and for non-linear regression equation (5.5) based on
the decimal logarithm transformation. Although all values of PRED(0.25) in the Table 2 are less than

0.75 nevertheless the values are greater for nonlinear regression equation (5.4). All values of R? in the

Table 2 are greater than 0.75 but the value R? is greater for nonlinear regression equation (5.4) on the
basis of the Johnson multivariate transformation.

The confidence and prediction intervals of nonlinear regression are defined by (4.3) and (4.4)
respectively for the data from Table 1. Table 3 contains the lower (LB) and upper (UB) bounds of the
confidence intervals of linear and nonlinear regressions based on univariate and multivariate
transformations respectively for 0.05 significance level. The values from Table 3 indicate that the lower
bounds of the confidence interval of linear regression from [6] are negative for the seven rows of data:
1, 14, 19, 23, 26, 27 and 29. All the lower bounds of the confidence interval for nonlinear regression
equations (5.4) and (5.5) are positive. For the fourteen rows of data the widths of the confidence
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interval of linear regression are greater than for nonlinear regressions. The widths of the confidence
interval of nonlinear regression on the basis of the Johnson multivariate transformation are less than
following the decimal logarithm univariate transformation for the seventeen rows of data: 1, 3, 5, 7-14,
19, 23, 26, 27, 29 and 30. The widths of the confidence interval of nonlinear regression on the basis of
the Johnson multivariate transformation are less than following the Johnson univariate transformation
for the twenty-four rows of data: 1-4, 6-12, 15-18, 20-26, 28-31. Approximately the same results are
obtained for the prediction interval of regressions.

Table 3. Bounds of the confidence intervals of regressions.

Bounds for Bounds for nonlinear regressions
: . . decimal logarithm Johnson univariate | Johnson multivariate
! linear regression transformation transformation transformation

LB UB LB UB LB UB LB UB
-0.402 | 6.877 3.725 | 5.947| 3.673| 6.267| 3532 | 5370
21.413 | 26.871 | 18.933 | 27.172 | 15.473 | 25.455 | 16.565 | 26.460
34.344 | 40.704 | 26.415 | 39.621 | 24.791 | 40.266 | 28.688 | 41.670
23.172 | 28.660 | 16.855 | 24.285 | 17.982 | 29.365 | 18.876 | 28.212
69.187 | 80.062 | 55.076 | 87.173 | 74.107 | 83.078 | 67.843 | 82.455
21.015 | 25.433 | 16.557 | 22.438 | 16.129 | 25.819 | 17.128 | 24.385
62.690 | 71.740 | 52.309 | 83.045 | 56.434 | 72.961 | 59.139 | 74.114
1.013 | 7.241 4288 | 6544 | 4.484 | 7.748 | 4.147 | 6.243
3.084 | 8.728 4569 | 7.951| 5456 | 10.203 | 4.848| 8.199
10 | 43.863 | 49.824 | 35.573 | 52.195 | 33.947 | 50.366 | 38.167 | 52.354
11 | 49.560 | 66.068 | 41.448 | 87.698 | 42.891 | 79.359 | 39.199 | 71.614
12 | 53.265 | 60.725 | 43.512 | 65.766 | 44.275 | 61.787 | 48.759 | 64.130
13 | 54.146 | 69.566 | 35.747 | 69.156 | 49.897 | 75.572 | 48.637 | 75.635
14 | -5.673 | 0.883 1639 | 2897 | 2125 2375| 2155| 2614
15 | 6.609 | 13.309 | 8.838 | 13.632 | 6.979 | 13.684 | 7.416 | 12.700
16 | 18.574 | 23.862 | 15.339 | 21.222 | 14.673 | 23.576 | 15.903 | 22.604
17 | 3.165 | 8.787 6.139 | 8.644| 5548 | 9.233| 5311 | 8.130
18 | 11.381 | 16.601 | 10.039 | 14.139 | 9.902 | 16.849 | 9.865 | 14.593
19 | -4.587 | 1.845 2106 | 3945 2253 | 3.046| 2471 | 3.389
20 | 11.684 | 19.085 | 9.137 | 15.776 | 9.186 | 19.255| 9.685 | 17.159
21 | 30.767 | 39.591 | 20.246 | 34.593 | 16.796 | 41.072 | 20.369 | 40.407
22 | 14.250 | 19.840 | 10.430 | 16.253 | 11.581 | 20.525 | 11.374 | 18.048
23 | -1.579 | 5.613 3.900| 6.687| 4.071| 7.662| 3909 | 6.214
24 | 7.648 | 15276 | 7.099 | 11493 | 7.462| 14583 | 7.130] 11.736
25 | 16.199 | 28.828 | 13.006 | 22.695 | 10.971 | 34.746 | 12.089 | 28.318
26 | -1.967 | 5.227 4421 | 7.029| 4.083| 7.261 | 4.032| 6.293
27 | -9.730 | -1.580 1360 | 2712 | 2092 | 2281 | 2.040| 2.436
28 | 38.873 | 49.077 | 25.212 | 43.588 | 25.181 | 51.940 | 29.184 | 52.086
29 | -2.236 | 4.142 2947 | 4616 | 3.177| 5.048| 2995 | 4.262
30 | 52.335 | 61.993 | 44.400 | 73.879 | 41.599 | 63.278 | 45.867 | 65.148
31 | 2314 | 7.774 6.042 | 8344 | 5463 | 8.784| 5225 | 7.856
32 | 12,515 | 20.205 | 12,503 | 22.001 | 9.080 | 18.449 | 9.767 | 19.490

VN0 WINF

©

Following [8], multivariate kurtosis B, is estimated for the data from Table 1 and the normalized
data on the basis of the Johnson univariate and multivariate transformations for Sg family. It is known

that B, =m(m+2) holds under multivariate normality. In our case B,=24. The estimators of

multivariate kurtosis equal 28.66, 23.87, 37.29 and 23.08 for the data from Table 1, the normalized data
on the basis of the decimal logarithm transformation, the Johnson univariate and multivariate
transformations respectively. The values of these estimators indicate that the assumption of multivariate
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normality for the data from Table 1 and for the data from Table 1 normalized by the Johnson univariate
transformation of Sg family is rejected.

Squared MD is used for checking multivariate normality (MVN). According MD MVN test, the
assumption of multivariate normality for the data from Table 1 normalized by the Johnson multivariate
transformation (5.1) of Sg family and the decimal logarithm transformation is not rejected for 0.005
significance level. The assumption of multivariate normality for the data from Table 1 and for the data
from Table 1 normalized by the Johnson univariate transformation of Sg family is rejected for 0.005

significance level.

It should be noted that the poor normalization of multivariate non-Gaussian data using the Johnson
univariate transformation leads to an expansion of the confidence and prediction intervals of nonlinear
regression for a larger number of data rows compared to both the Johnson multivariate transformation

and the decimal logarithm transformation. The values of R? and MMRE are better for the equation
(5.4) for the Johnson multivariate transformation in comparison with all previous regression equations,
both linear and nonlinear, based on univariate transformations. This can be explained best by the
multivariate normalization and the fact that there is no reason to reject the hypothesis that the sample of
data, which normalized by the Johnson multivariate transformation for Sg family, comes from a

multivariate normal distribution.

6 Conclusions

To sum it up, when constructing the equations, confidence and prediction intervals of nonlinear
regressions for multivariate non-Gaussian data multivariate normalizing transformations should be
used.

From the examples we can make a conclusion that the considered techniques based on multivariate
normalizing transformations are promising ones, since they lead to a narrowing of the confidence and
prediction intervals of nonlinear regression for a larger number of data rows compared to the univariate
normalizing transformations.

As a rule, poor normalization of multivariate non-Gaussian data using univariate transformations
instead of multivariate ones can result in an expansion of the confidence and prediction intervals of
nonlinear regression.

Prospects for the further research include the application of new multivariate normalizing
transformations and data sets for constructing the equations, confidence and prediction intervals of
nonlinear regressions for multivariate non-Gaussian data.
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Wind farm deployment by wind turbines of different power curves
under a 2-way routine of energy-and-costs constrained optimization

V. V. Romanuke
0. S. Popov Odessa National Academy of Telecommunications, Ukraine
romanukevadimv@gmail.com

The parameters of the efficient wind farm deployment are determined as the estimation of the probability density function for
area wind statistics and an appropriate set of wind turbines based either on the desired annual energy output or the given
financial resources. The deployment routine is stated in four items. The initial data/conditions and number of wind turbines
which might be used for building a wind farm are followed by the estimation. The efficiency is achieved via energy-and-costs
optimization. Therefore we can maximize the power output while minimizing the costs or controlling their total sum.

Key words: wind turbine, wind farm, wind statistics, Weibull law, power curve, efficiency, energy-and-costs optimization.

BirpoBa enepreruka Ta ii BIpOBa[)KEHHs iIHTEHCHBHO PO3BUBAETHCA 3 TIOUYATKOM TelepimHboi nekanu. CyMapHa NOTYXHICTh
BITPOBOI €HEPrii, AKa BUpOOIA€ThCA Ha ChOTOHI Y CBiTi, ¥ 30 pa3iB Oinblua 3a Takuii ke nokasHuk 2000 poky. [Ipote mBuake
3pOCTaHHS 1 PO3MOBCIOKEHHA BITPOBOI €HEPrETHKHA OOMEXKYEThCA PAAOM (HaKTOPiB, MOB’S3aHUX 31 3HAYHUMH 00CATaMHU
HeoOXiHOTO (hiHAHCYBaHHS JUII MOHTaXy W eKCIUTyaTtalii BITpOBHX T€HEepaTopiB, TPAHCIOPTYBAHHIM BUPOOJICHOI eHeprii, a
TaKo)XK IOTCHI[IHHMM HETaTMBHUM BIUIMBOM Ha HABKOJIMINHE cepenoBUmIe. J{ONiNBHICTh IOYaTKOBOTO IHBECTYBAaHHS Ta
BIATIOBIAHUX (DIHAHCOBUX BUTPAT 3aJECKHUTH BiJ] TOTO, HACKUIBKH €(EKTUBHO BHKOPHCTOBYETHCS I'€HEPOBAaHA IIOTYXXHICTb.
Pi3HMIS MDK IDIAaHOBAHOIO pPIYHOI MHOTYXKHICTIO 1 TI€IO, IO BHPOOJSETHCS BITPOBOIO ENEKTPOCTAHILIE0, Mae OyTH
SIKHaHMEHIIOr0. JIJIs1 bOTO CITiJ] BUBYATH CTATHCTHKY PO3MOJLTY BITPiB MiCIIEBOCTI, Ha sIKiii Oy yBaTHMEThCS ENEKTPOCTAHIIIS.
3 iHmoro OOKy, MoXke OYyTH IOCTaBJIeHa 3aJada MaKCHMi3amii MOTYXHOCTI 3a HagaHoro (inancyBaHHsa. OOHIBa MiAXOIH
NOTpeOYIOTh YITKOTO MEPEeNiKy MmapaMeTpiB epEeKTUBHHX Hii. BinTak BH3HAuYalOThCS MapaMeTpu €(PEeKTHBHOTO PO3TOPTaHHS
BITPOBOI EIIEKTPOCTAHIII] K OLiHKa (PYHKIIi MIIIBHOCTI IMOBIPHOCTI AJIs 30HAJIBHOI CTATHCTUKH BITPY Ta NPUIHATHA MHOXHHA
BITpOT€HEepaTopiB Ha OCHOBI JaHUX PiYHOI HE0OXiTHOT eHepril abo moyaTkoBUX (iHaHCOBUX pecypciB. [Iporpama po3ropraHHs
BUKJIQJICHA Yy YOTHUPBOX MyHKTaxX. OIiHKa CIilye 3a HaJaHHSIM ITOYaTKOBHX JIAHUX/YMOB Ta YHCJIIOM BITPOTE€HEpaTopiB, IO
MOTJI OW OyTH BUKOPUCTAaHI JJIst OyiIBHUITBA €IeKTpoCcTaHIii. EQeKTHBHICT TOCATAETHCS 32 ONTHMI3AIlI€r0 SHEPTii 1 BUTpAT.
IIpn npoMy BHXiZHA MOTY)XHICTH MAaKCUMI3YEThCS Pa30M 3 MiHIMi3alLi€r0 BUTPAT a00 KOHTPOJIEM IX CYyMH.

Knwwuosi cnosa: simpocenepamop, 6impoea eieKmpocmaHyis, CmMamucmuka po3nooiny eimpie, 3axkoH Beibynia, xpusa
NOMYIHCHOCMI, eheKMUGHICMb, ONMUMI3ayis eHepeii i sumpam.

OmnpenemnsitoTcss mapaMeTpsl 3P (eKTHBHOrO pa3BEPTHIBAHUS BETPOBOM AIIEKTPOCTAHIMM KaK OLEHKAa (DYHKIUM IUIOTHOCTH
BEPOSATHOCTH JUISl 30HAIBHOM CTaTHCTHKK BETpa M COOTBETCTBYIOIIEE MHOXKECTBO BETPOTE€HEPATOPOB HA OCHOBE JaHHBIX
TOJI0BOM HEOOXOIMMOW PHEPTHH WM HAadaIbHBIX (DMHAHCOBHIX pecypcoB. [Iporpamma pa3BEpTHIBaHUS H3JI0OKEHA B YETHIPEX
myHkTax. OmeHKa ciiefyeT 3a 3aJaHHeM HAYalbHBIX JAHHBIX/YCIOBHH M YHCIOM BETPOTEHEPATOPOB, YTO MOTNIN OB OBITH
UCTIONB30BAHBI [UISI CTPOUTENBCTBA NIEKTPOCTAHINH. D(H(HEKTHBHOCTh JOCTUTAeTCS MPH ONTUMM3AINN SHEPTHH U PAcXOJIOB.
IIpu 3TOM BBIXOZHAsI MOLITHOCTh MAKCUMM3HUPYETCS BMECTE ¢ MMHUMM3ALMEeH pacXo10B WM KOHTPOJIEM HX CyMMBI.

Kniouesvle cnosa: sempozenepamop, 6empogas 21eKmpoCmanyus, Cmamucmuxka pacnpedeienus 6empos, 3akon Beiibynna,
Kpusas, MowjHoCmu, 3¢)@exmusrHocms, ONMUMU3AYUL SHeP2UlL U PACX0008.

Determining parameters of efficient deployment of wind farms (WFs)

Wind energy deployment has been increased intensively since the 2010s. As of December 2017, the
global wind power cumulative capacity is 30 times larger than that of 2000 [1, 2]. The growth would
have been faster if there were not a few formidable obstacles. WF consisting of many wind turbines
(WTs) is technically hard to build [1, 3]. Joining the power grid requires extra equipment or WF control
systems [1] to meet the technical standards set by the operator of a transmission line. Some negative
influence of WFs on environment (nature) still exists, e. g. noising, impact on wildlife, affecting
weather in WFs’ immediate vicinity, fire danger due to lightning strikes [1]. Thus, determining
parameters of efficient WF deployment (WFD) remains an open issue.

Existing methods of meeting wind statistics for increasing efficiency of WFD

The troubles mentioned above can be partially solved with additional financial resources. They may
be produced owing to building highly efficient WFs. Increasing efficiency of WFD is possible by
meeting wind statistics. Otherwise, WTs are mostly useless [1, 3]. In [3], reference to wind speed (WS)
is received from a power-speed scheduler for the pitch controller intended to regulate the power. Wind
statistics in [3] are met after the event. In [2], aerodynamic interactions (known as the wake effect)
among WTs are considered for taking into account the reduction of WS’s for the downstream WTs due
to the wake effect caused by the upwind ones. WS’s in [2] are sectioned by wind directions, each of

© Romanuke V. V., 2018
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which has its own probability density function (PDF) modeled as the Weibull law (that theoretically
reflects actual wind statistics [2])

p(s)=(b/a)-(s/a)"” e 1)
by WS s in meters per second (m/s), the shape and scale parameters b and a. WTs in [2] have various
power curves (PCs), just like in [4] suggesting a diversification in PCs to increase the expected power
output (EPO) of a WF. However, neither [2] nor [4] suggests a way to get the estimates of the
parameters b anda . Moreover, selection of WTs with appropriate PCs would ensure conforming to the
wind statistics.

Goal of determining parameters of the efficient WFD and tasks to be fulfilled

The goal is to determine parameters of the efficient WFD. Eventually, a routine of WFD will be
itemed. To achieve the goal, the following three tasks must be fulfilled:

1. To list initial data/conditions. They may be optional, but there is to be the planned EPO.

2. To state rules for meeting wind statistics and finding an appropriate set of WTSs.

3. To item the routine of WFD and consider an example of its using.

Initial data/conditions and their interpretation
An EPO r, planned/required in megawatts (MW) for a definite area is counted on an annual desired

energy (ADE) E, given in MWh. Then the planned/required EPO is
r, = E,/(24-365.25) = E, /8766 .
On the other hand, an amount of initial financial resources (IFR) can be given, which may be spent on
WFD. Denote that amount by C,. Costs of buying and installing WTs are included in that amount,
which can be denoted also by c(r,) to show its issue from r,. Obviously, values E, and C, cannot be
given simultaneously, unless magnitudes of E, and C, are overestimated beforehand. Normally, either
E, or C, is given first. Henceforward, one of two ways is then considered:
1. If E, is given first, then a problem is to minimize the costs of WFD. In this case, an optimal

combination of WTs is searched for. If all WTs are identical, this is a mono-WF, otherwise — this is a
multi-WF consisting of diverse WTs having various PCs [4].
2. If C, is given first, then a problem is to maximize an EPO of a WF. It does not matter whether the

WF will happen to be a mono-WF or a multi-WF. The only reason is the EPO maximization, with no
regards whether the maximized EPO is sufficient for covering energy demands or not. If insufficient,
the value C, may be increased.

Nevertheless, neither of these ways can guarantee that magnitudes E, and C, will be reached
exactly. Therefore, along with E;, a minimal ADE E_;, should be given as well, whose EPO is
Iin = Emin /8766. This EPO might be called an EPO lower threshold. The corresponding costs are
subsequently estimated via r, and c(ro) using a rough supposition about the proportionality between
EPOs and their costs, where c(r,) is taken closer similarly to a maximum of costs for EPOs
approximating to r,.

Rules for meeting wind statistics based on estimating parameters of PDF (1)

If data about relative frequency of WS have been obtained over a year (or a few years) of
observations across the area, then parameters b and a for PDF (1) are found via approximating to the
histogram. Let {si}iQ:1 be a set of WS’s in m/s, which are observed and fixed/registered, if any, where
difference 3, =s;,, —s; <1 is constant Vi=1Q~-1. WS’s s, =0 or near 0 and s, =30 or greater, if the

area is offshore. If t; is a number of times when WS s, was registered, then the relative frequency is

f(s)=n inq.
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Then linearly and successively connected points {si, f(si )/ESS}iQ=1 constitute a polyline f)(s), which is

an approximation to PDF (1):
Q Q
p(s)=f(s)/8, Vi=1Q-1 by Zp(sq)zss :Zf(sq):l. 2)
q=1 g=1
The parameters b and a are found for (2) by solving a nonlinear curve-fitting problem

Q Q 2

R - 2 . - b-1 —(s;/a o

argaig’|£02[p(si)— p(s:)] =arg min_ [p(si)—(b/a)-(si/a) e/ } . (3)
i=1 i=1

If WS data are poorer, then solution of problem (3) is inconsistent. In this case, the average WS

(AWS) § is calculated in shorter periods (say, a few days or weeks). Then we set b=1.667 or h=2 as

a default (e. g., see [4]). Parameter a is found as

0

§—J‘(b/a)-(s/a)bfl e g
0
Surely, solutions of problems (3) and (4) are rather estimates of the parameters b and a, so let us

denote them by b (the same for the default value) and &, respectively.

argmin
a>0

- (4)

Finding an appropriate set of WTs for increasing efficiency of WFD

Having b=b and a=4 in (1), the next step is the calculation of EPO. Considering a series of K
WTs having different PCs, denote the PC (in MW) of the k -th WT by w(k,s) for k=1, K. An EPO
of a mono-WF built of N, WTSs (this number is not constrained from above) labeled by #k, is [4]

0

r(ko, N;)=N;-m(k,) by m(k):.[p(s)w(k,s)ds. (5)
0
The selection of k, € {1_K} is a separate task, but not the difficult one. For instance, k, can correspond
to a high or the highest nominal power, which is
w(k)= max w(k,s)

se[0; )
for the k -th WT. Mono-WFs appear as not so efficient as they “focus” on a specific range of WS’s tied
to the PC of a single WT. A multi-WF may rectify this as it has various PCs and that widens the active

range of WS’s. Suppose the k, -th WT is installed in n(k, ) places,
n(k)el and {k} =1 c{L K| by Le{L K}.
Thus, a multi-WF is built of

N(I)=Zn(k.)

WTs by having L different PCs, where D(L, 1)
constrained. Herein, EPO of the multi-WF is [4]

{n(k)},, and N(I) along with N, is not

L

r(L1,D(L )= n(k)m(k). (6)

For further consideration, denote EPO by (5) and (6) just shortly by .
When E, is given first, we should determine a subset R ={|’u*} o of those EPOs by (5) and (6)

that Fe[r.;1,]. If R=2 then E, must be re-given as greater or the EPO lower threshold must be set
lower (or both of them are corrected). Formally, U 00 , but if U =1 then those EPO values are

probably to be corrected as well. If 7, -th EPO in R is a mono-WF of Nl<u> WTs labeled by # k§”>, then
its costs are
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C(ﬁj*) = Nl<u> (Vbuy (kéu> ) +Vins (k(<)u> )) (7)
by the respective costs vbuy(ké“>) and vins(k§“>) of buying and installing the k< Jth WT. If ¢ " -th EPO

in R is a multi-WF built of
N(1)=> n(k")

=30 6o () v ) ®

Eventually, a two-criterion problem (2CP) is to be solved:

WTs, then its costs are

A = ~
in “—=mind,, min =min¢,
LU - ueLU u=1,U c(ro)_c(rmm) u=1,U
r - r. . s
by c(r,)= ax”*u=1a.%(c(“)' c(r)= im'“r*u:ﬁc(u). (9)
u=L,U Y u=1,0 "

2CP (9) may not have a solution because as f, approachesr,, the costs C(Fu*) are very likely to

U

increase, and so minima in (9) are not reached at the same . by u. e {1_U} A solution to 2CP (9) is

rather searched on a plane of U points (d,,¢, ). A Pareto-efficient point (d, , ¢, ) is chosen so that

Us ! U

(the shortest distance to the zeros)

: 32, x2 |32 | &2
ﬂ%\\/du +C; _\/dm +C, . (10)
When C, is given first, we do not have a financial lower threshold. We just find
r =max{k0r£1{?>é}ma}xr(ko, N,), ggsxl)lrc?%}mgxr(L, 1, D(L, I))} (11)
which is reachable either at some k;e{l,_K} and N; oratsets L., I.,and D.(L., I*):{n*(kI )}Itl by
controlling that
C,...N (vbuy(k )+vIns ) Zn vbuy 1)+ Vins (K )) (12)

For further, denote those costs by c( ) A combination of those arguments under the first or second

group of maxima in (11) might be called shortly a WF. If maximum (11) is reached at a few WFs, then
a WF with minimal costs is chosen.

A routine of WFD and examples of the efficient WFD and IFR utilization
The costs of buying and installing WTs being known, such a routine consists of four items:
1. To give a value of either E, or C,. A minimal ADE is requested along with E,.

2. To determine a number K of different WTs to be used for building a WF.
3. To estimate the parameters b and a for obtaining PCs of those K WTs.

4. To solve 2CP (9) for the given r,, r.,, and assessed c(I, ), or find (11) by (12).

For considering an example of using the routine, we put a=5 (corresponding to AWS 4.43 m/s) and
b =2 optionally, without tethering to a region. Let a minimal ADE be 90 % of ADE. We take five
known and widespread WTs: Enercon E82 E2 (2.3 MW), Gamesa G128-4.5 MW, Nordex N90/2500
(2.5 MW), REpower MM82 (2 MW), Vestas V112-3.0 MW. Their characteristics and PCs are
downloadable from [5], though prices for buying and installing these WTs are still hidden. They can be
only roughly estimated via general information about WFD. So, having enumerated the WTs from #1 to
#5, respectively, the costs for (7) and (8) are (in million euros):
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Vo (1)=3.1, v, (2)=7.72, v, (3)=3.25, v,,(4)=268, v, (5)=51,
where

Ve (K) =(0.17v,,, (k)" for k=15
(installation is a few times cheaper, but installing bigger WTs becomes more expensive). Three
examples of solutions of 2CP (9) in the sense of efficiency by (10) are shown in Fig. 1—3 for

Le{l 4} Three examples of the solution for problem (11) by controlling (12) are shown in Fig. 4 —
6.

The examples in Fig. 1 — 6 show that the solutions of both 2CP (9) by (10) and problem (11) by
(12) are very effective because they allow either having the closest approach to ADE or utilizing the

given IFR almost completely. By this, the efficient WFD does not necessarily imply a multi-WF —

apparently, efficient mono-WFs exist (Fig. 6). Building a multi-WF of WTs having a great number of
different PCs is unlikely as well.
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Fig. 1. WF of 6 WTs having 3 different PCs

Fig. 2. WF of 10 WTs having 2 different PCs
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Fig. 3. WF of 11 WTs having 3 different PCs
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Conclusion and suggestion for the further research in increasing efficiency of WFD

The parameters of the efficient WFD are a PDF (1) estimation for an area and an appropriate set of
WTs based on the given either ADE or IFR. The number K of different WTs to be used for building a
WEF should be taken as big as possible. This is realizable, if those K types of WTs are commercially
available. The efficiency can be achieved via energy-and-costs optimization: either 2CP (9) by (10) or
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problem (11) by (12) is solved. Service costs for the WTs are not considered as they can be included
into the power grid user’s charge later. A further research might be focused on trying to turn on/off
some WTs in a multi-WF depending on wind seasonality.

il o

Lo
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