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ABSTRACT. An algorithm based on machine learning for
solving the problem of boundary control for a complex heat
transfer model is considered. The control is a vector function
included in the boundary conditions multiplicatively. The
system consists of the heat equation and P; — approximation
of the radiative transfer equation. The solution of the control
problem is modeled using the principle «bang-bangs.

Based on the numerical-analytical solution of a direct non-
stationary nonlinear problem using the FreeFem++ software
package, a dataset for machine learning is formed in order to
predict the quality functional that characterizes the smoothing
of the temperature field to the specified field by the input
parameters of the model. The solvability of the control problem
is proved, necessary optimality conditions are obtained, and
a numerical algorithm to find the control function is considered.
A neural network optimization problem is formulated to determine
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the multidimensional boundary control. The stochastic method
is used to solve the optimization problem. A comparative
analysis of the solution of the inverse problem obtained using
machine learning with the calculations obtained by solving
the optimality system in the case of one boundary control
is carried out. The potential of machine learning for the
problems of parameters recovery in physical medium is shown.

Keywords: boundary control problem, machine learning,
neural networks, complex heat transfer, optimization.

1. BBEJIEHUE

B nocseanune rogapl Bo3pocsa aKTyabHOCTb Pa3pabOTKU HOBBIX CIIO-
cODOB peleHnsT 0OPaTHOI 38149l CJIOYKHOIO TEII000OMeHa. DTO 00bsIC-
HsAETCs MMPAKTUIECKON 3HATMMOCTDBIO pellieHus JaHHo 3a1a4u. B gact-
HOCTH, €r0 UCIIOJIb3YIOT P MOJICTUPOBAHUH IIPOIECCA OTJIUBKH CTEKJIA
[1] u nporecca TerioobMeHa BHYTPU KaMep CrOPAHUsS SHEPreTHIECKUX
ycranoBok [2|. Haubosiee BayKHBIMU ¢ TOYKHU 3pEHUs] TPUKJIAIHBIX 3a-
JIad SIBJIIOTCH 33/1a11 BOCCTAHOBJICHUS TIAPAMETPOB CPE/Ibl, 3aBUCSIIIIX
OT BHeIHUX ycaoBuit. OTaebHBII HHTEpEC B 9TOI 00JIaCTH IIPEICTaB-
JISTIOT 3aJ1a91 ONITUMAJILHOTO YIIPABJICHUS B3aUMO/I€HCTBYIOMUMI PO~
neccamMu. B cmty 9TOro BO3HUKAET HEOOXOJIUMOCTH UCCJICTOBAHUS 3a-
Jladu yIpaBJIeHus BeKTOpHO3HaTHOU (pbynKkImeii. [Ipsmas 3a1a4ua ocHO-
BBIBAETCA HA MaTEMaTHIECKON MOJIE/TH KOH/TyKTHBHOI'O PaIUAITHOHHOTO
TerI000MeHa BKJIIOYaIoIieil nHTerpo—auddepeHinaabHOe ypaBHEHHE
nepenoca u3jayderus. [[ocKoIbKY pemuTh ypaBHEHUE ITEPEHOCA U3JTy-
YeHUsI JIOCTATOYHO 3aTPYIHUTEIbHO, YacTO BMECTO HErO HCIIOJIb3YIOT
P, —nipubsmkenne [3).

Kiraccuueckne MeTo bl perienus 3a/1a9u ONTUMAIBLHOTO YIIPaBICHUS
OCHOBaHBI JTHOO HA PEIIEHUU CUCTEMbI OINTUMAIBLHOCTH, KOTOPAs sB-
JISIETCS HEOOXOIMMBIM YCIOBUEM MUHUMYMa (PYHKIIMOHAJIA KAdeCTBa,
OO Ha TOMCKEe MPSIMOIO PeIlleHns] BapUaIlMoOHHbIX 3a1ad. OgHuM n3
c1IocoOOB peIeHns 3a/[a9i ONTUMAJIBHOCTH sIBJSETCS METOJI, OCHOBAH-
Hblii Ha npuniune «bang-bang» [4], [5], [6]. B mamnom merone B Ka-
JecTBEe MHOXKECTBA JIONMYCTUMBIX YIPABIECHUNH BBIOMPAIOTCS KyCOUHO-
IOCTOHHBIE (DYHKIIUN ¢ KOHEUHBIM YHUCJIOM Pa3PhIBOB.

OTmeTuM, 9TO METO/IbI, IIOCTPOCHHBIE HA BHIBOJIE HEOOXOIUMBIX YCJIO-
BUiT ONTUMAJILHOCTH, & TaKyKe IMPsIMbIE METO/IbI PEIeHNs BapUAIlNOH-
HBIX 33/1a9 00J1aJIaI0T HEJIOCTATKAME — B YACTHOCTHU, CJIOZKHOCTBIO TTOUC-
Ka YUCJICHHBIX PEIIEeHUI ITPAMOI U CONPZKEHHON 3a/1a1 BMeCTe ¢ HeoO-
XOJIUMBIM YCJIOBUEM ONTHUMAJIbHOCTH. JIpyrum cyIiecTBeHHBIM HEJI0-
CTATKOM ABJIsI€TCsI OOJIBINON OOBEM BPEMEHHBIX M BBIYUCIUTETHLHBIX
pecypcoB, TpebyeMblil I pellleHns oCTaBJIeHHON 3a/a4deit. /lannbrii
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HEJIOCTATOK OOYCJIOBJIEH MTEPAIMOHHBIM IIPOIECCOM CXOJMMOCTH, MU
KOTOPOM IIpsiMasi U COMPSI?KEHHAST 3aJIa91 PEIIAIOTCs HECKOJIBKO Pas.

B nannoii pabore paccMarpuBaeTcs aJabTepPHATUBHBIN T0JIX0JT — IPU-
MEHEHUe MAaITHHHOTO O0YYeHUsl I BBIYUC/IeHUS] BeJTMINHBI KPUTEPUsT
KadeCcTBa B 3a/[a9aX ONTUMAIHLHOTO TPAHUIHOIO YIIPABICHUS CJIOXKHBIM
TeriooOMeHoOM. B mpeiyiaraeMoM ojIX0/1e TaKKe UCIIOJIb3YeTCA TTPHH-
nun «bang-bang», ynomsauyToiii panee. IleneBas dpyHKIUS HEHPOHHOIM
CeTU CTPOUTCS Ha IOWCKE TOYEK IEePEKJIIOUEHUl PEeXKUMOB yIIpaBJie-
nusi. Hersiasikoe MHOXKeCTBO yIpaBjIeHUT TO3BOJISIET YCKOPUTH 00pa-
OOTKY JIAHHBIX U COKPATUTH BpeMms st oOydenus ceru. llenpio pado-
ThI SIBJISIETCS MPUMEHEHNE TEXHOJOTUU ONTUMU3AIiU, OCHOBAHHOW HA
MaIMHHOM OOYY€HUH, [P PereHnn OOpaTHBIX 3a/1a9 C PA3JINIHBIMU
mapamMeTpamu.

2. IIOCTAHOBKA 3AIAYU

Hecrammonapuas 3ajada paJiMaiiOHHOIO U KOHJIYKTUBHOI'O TEILIO-
oOMeHa OINUCHIBAETCS CHCTEMOIl, COCTOSIIEN W3 ypaBHEHUs TEILIONPO-
BOJIHOCTH U P; — mpub/imKeHus: ypaBHEHUsI MMEPEHOCA W3JIy9YeHUs] B
orpanmdennoii obsactu ) C R?. BmecTe ¢ rpaHUYHLIMEU YCJIOBHAMI
cucreMa UMeer cJeytormuii Bug (6, 7):

(1) % — a0 + br,(|0]6° — ) =0,
(2) —aAp + k(o —1010°) =0, x€Q, te(0,T),

(3) a0, 0+B(0—0,) =0, ad,p+v(p—0;) =0, zel, te(0,T),

(4) 0|t:0 = 90, S Q,

rje ¢ — HOpMaJM30BaHHAS TeMIEparTypa, ¢ — HOPMAJU30BAHHAS WH-
TEHCUBHOCTL WM3JIyU€HUs, YCPEIHEHHAs 110 BCEM HAIIPABJICHUAM, K, —
KO3 uImeHT noromeHus, uepes d, 0003HATACTCS TPOU3BOIHAS B Ha~
[PABJICHUNU BHEITHEH HOpMaJIiu N K rpanuie obsactu, I' = 0€).
Koadbdunuentsr a, b, a, 5, 7 BRIPAKAOTCs CJIEIYIONIUM 00PA30M:

k [em? 4on*T3 . rem 1 1
ML S’ L (1 PSS N 1
pPCy c 3k — Arg | M
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rie h — koaddunuent remmoornaun rpanunsl obaacru [kr/(c3K)], e
— CTeleHb YePHOTHI TOBEPXHOCTH, k — KOI(DMUITMEHT TerIompoBo/I-
nocru [kr - eM/(c*K)], p — mmornocts cpenpr [kr/em®], ¢, — koadbdu-
nuent yaenbHoit Temoemkoctu [em?/c2K], o — nocrognnas Credana-
Bombimana, [kr/(c*K*)], n — nokazarens npenomiaenns, Ty, — MaKCH-
MaJibHasl TeMIeparypa B HeHopMasu3oBanuoit Mmojenn (K], k — koad-
dbunmenT mosmoro B3auMoeiicTus, kg — Koadduiument paccesuns, A
— koaddunuent anuzorponuu paccesiaus € [—1;1].

Cuuraem, gTo ) — orpaHnYeHHasl JUIMIIIIEBa 00/1acTh. BBegem cire-
mytone npoctpancTsa: LP, 1 < p < 0o — npocrpanctso Jlebera, H?
— npocrpancteo Cobonesa W3, LP(0,T; X) — npocrpancreo JleGera
dyuKImit co 3HaUEHUAME B 6AHAXOBOM ITPOCTPAHCTBE X .

O6osnaunm wepes W = {y € L*(0,T; H'): v/ € L*(0,T; (H')")}, tne
(H')" — npocrpancTBo, conpsizkenHoe ¢ npocTpancTeoM H'. 3yech u
nasee y' = dy/dt.

Hammeii 1e1b10 sBISI€TC YUCJIEHHBIA aHan3 OOPATHBIX 3aJad JJIst
mozesn (1)—(4).

PaccmorpuM 3aj1a4y BOCCTAHOBJIEHS TEMIIEPATYPHOIO TOJIS K 3a/aH-
HOMY TIOJTIO BO BCeii 00/IACTH C TIOMOIIBIO YIIPaBJIeHUsT KOIMDDUITUEHTOM
U3JIy9IeHns TPAHUIbI 00/1acTu Y U KodddunmenToM [ ¢ 00JaCThIO 3HA~
YeHMI M3 3aMKHYTOro MHOXKecTBa. OIpesenmM MHOMKECTBO JIOIYCTH-
MBIX yHIpaBJICHUN

Uad = {7 € LQ(F)a ﬁ € LQ(F>} 71 S Y S 72, 51 S B S 52}7

rae 0 < By < By, 0 <y < 1.

MuoxkectBo U,y SBJISIETCST 3aMKHYTBIM BBIIMYKJIBIM MHOXKECTBOM B
L3(T) x L*(T).

O6oznaunm vepes Y = W x L*(0,T; L?(Q)) — npocTpancTso cocTo-
stamit cucremsl (1)—(4).

Onpepesienne. [lapa {0, p} € Y naswpiBaercsa ciaabbiM pereHreM
samaun (1)—(4), coorBercrByionum yupasienuto {7y, 3} € U,q, ecim
g mobbx w € H', v € H' nourn Beiogy wa (0,7) BuIIOIHAIOTCS
paBeHCTBa

T u)—l—/ aViVu d:xdy+/ﬁ(9—9b)u dF+/ b (|0|0° —p)u dedy = 0,

Q r Q

/ongon dxdy + /7(@ —0))v dl + / Ka(p — 10)0%)v dzdy = 0

Q T Q
u 1pu 31oM 0),—9 = 6.

Touno Tak ke, Kak ¥ B |7|, J1OKa3bIBAETCs, YTO HPU BBHITOTHCHUN
CJIEJIYIOIINX YCJIOBUI HA UCXOJHBIC JIAHHBIE
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(1): 71, 725 Bis B2 € L2(Q2), 0 <o <71 <72, 0 < By < B < B,
Yo, Bo = const;
(ii): 6, € L®(T x (0,7)), 6, > 0, 0 < 6y € L=(Q), dby/dt €
L3(T x (0,7))
CyIIECTBYeT eIMHCTBeHHOe ciaaboe perrenne 3agaun (1)—(4), obramaio-
1ee CJIeLyIONUMU CBOHCTBAMU:

0<O0<M, 0<p<M,

rae M = maX{HQbHLoo(o,T;Q), ||90||Loo(o,T;Q)}-

SamMeHuM 0OpaTHYIO 3a/1a1y BOCCTAHOBJIEHUsT KOIMDPUITMEHTOB COOT-
BETCTBYIOIIEH 9KCTpeMaIbHON 3a/1a4eil, KoTopasl 3aK/II09aeTcsi B MUH-
Mu3anuu HyHKIINOHAIA Ka4eCTBa

T
1
5 Jv, Bl == 0 — 0,12 dedydt — inf .
(5) 8= 5 / / 00 dudyde > inf
0 Q
Ha MHOXKecTBe ympasienuit U,q. 3aech {0, ¢} — peimenne cucreMbr

(1)—(4), coorBercTByIoIee ynpasieruio {7, 5}.

Eciu perrenne 3aga4n (5) cyrectByet, To Oy/ieM HA3BIBATH €r0O OIl-
TUMAaJIbHBIM yIIPaBIEHUEM, a COOTBETCTBYIOINLYIO napy {0, ¢} — omnru-
MAJIBHBIM COCTOSTHUEM.

Ananornyno |7| ycranaBimBaercsi OrpaHUYeHHOCTb CHUZY U T de-
pennupyemocts 110 Operte dynknuonana (5).

cnosb3yst mojxo/1, pejIoxKeHHblii B 7], HeTpyHO Jo0Ka3aTh Teo-
peMy O CyIIeCTBOBAHUU pereHust 3ajaqu (5).

Teopema 1. Pemenne 3aaqu (5) cymiectByer.

JlokazaTeabCcTBO.

O6osnaunm vepes Jy = inf{J[v, 5]: {7, 5} € U, {0, ¢} € Y}. Cy-
I[ECTBYeT Ioc/aen0BaTesbHOCTD {7;, B} € Usa, {0;, ¢;} € Y raxkas,
aro J[v;, 8] = Jo upu j — oo. Ilocnenosarensuocts {v;, f;} orpa-
nnuena B L?(T') x L*(T). CrenoBaTesibo, CymecTByeT MOIoc e/ 10Ba-
TeIbHOCTH (00O3HAUMM ee TakzKe), Takas, 4ro 7v; — 7 caabo B L*(I),
B; — B cnabo B L*(T).

B [7] mokazamno, uro V j cymecrsyer ciaboe petenue {6;, p;} 3a1aqu
(1)—(4), m1st KOTOPOTO UMEIOT MECTO OIEHKH

1051w + [l0jll 207,01 0)) < C,

rye ocrostaHast C' He 3aBUCHUT OT j. DTU ONEHKU TaPAHTUPYIOT BO3MOXK-
HOCTBb BBIGOpA TaKOil TO/IOCTeI0BATEILHOCTH (0003HATNM €€ TaKXKe),
qTO0

0; — 0 cnabo B L*(0,T; H' (), ¢; — ¢ cmabo s L*(0,T; H'(Q)).
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KomnaxTaocts Biaoxkenus W C L*(0,T; L*(Q)) obecneunsaer cxomu-
mocth 0; — 6 cubio B L2(0,T; L*(Q)). B pabore 7] nokazana cxo-

; L?(0,T; L*(Q 6 i1
IAMOCTD ; — ¢ cuibHO B L*(0,T; L*(2)) u obocHOBaH HpeesbHbLil
[epexo/l B MHTErPaJIbHBIX TOKJIECTBAX OIPe/Ie/IeH s C1a00r0 perleHusl,
3a HCKJIIOUCHIEM OTHOTO caaraemMoro. O6ocHoBaHUE IPE/IEIBHOIO Tepe-
X071a TPEOYeTCsl B CJIC/IYIONIEM BBIPAZKCHUH

T T
0. 2 - HY(Q)).
(6) O/F/‘Bﬂ]udrdt—) O/F/ﬁeudfdt Vu € L*(0,T; H ()

st cupaseyiusocta (6) JOCTATOYHO J0Ka3aTh, 410 §; — 6 CHIBHO B
L?(0,T; L*(T)). Takxke, Kak u B [7], 3aMeTHM, 9TO UMEET MECTO CJIE/Ty-
folee HepaBeHCTBO [8]: jyist Jiroboro € > 0 cymectyer noctosinaast C
JJI KOTOPOM

16~ oar << [198,~ Vo dzay + C. [ 16; - of dady.
T Q Q

Tak kax 0; — 0 cunbro B L*(0,7; L*(Q)) u cnabo 8 L*(0,T; H'(2)),

TO
T

lim sup// |6, —0|dldt <e Ve >D0.
J—00
0T

Crie1oBaTENILHO, CYIIECTBYET MOJIIOCIEI0BATELHOCTD (06003HAUNM €6
takzke 0;), Takas, aro 0; — 0 cuibro B L*(0,T; L*(T)). Takum obpa-
30M, Mbl 000CHOBasM 9T0 {6, ©} aBJsteTcst CIa0BIM pellleHreM 381891
(1)-(4). B cuny nmonysenpepsiBrOCTH CHEU3Y (byHKIoHATA J[Y, B] oT-
nocutesbio caaboit Tomosornun B L*(T) x L*(T') zakmouaem, uto Jy
siBJIsieTcsl pererneM 3a1aan (5).

CrnenoBaresibHo, Jr0bast mpejebHast (B cMbicie caaboil CXOIMMO-
CTH) TOYKA MUHUMU3UPYIOMIEH MOCIeI0BATEIbHOCTH SBJISETCS Pellie-
areM 3ajadn (5).

B [7| paccmarpuBaercst 3aj1a4a yrpaBieHus B MOJIEJN CJIOKHOIO TeTl-
noobmena (1)—(4) ¢ oganM napamerpom yrpasienns. B kadecTse yupas-
nenus Boibupaerca dyukius v € L?(T) taxkas, uto 71 < v(z) < 79,
rJe 7y U 7Yy UMEIOT TOT K€ CMBICJ, 4To U B ycjosuu (i), dyHKIus
p € L*(I") canraerca 3ajanHoil. 3ajatdeil ONTHMAIBHOTO YIIPABJICHUS
B JIAHHOM CJIydae SBJSIETCs Olpejesienne (pyHKIUE 7y, TP KOTOPOii
dbyuknnonan J[y] Buga (5) npuHEIMaeT MIHIMAJIBHOE 3HAYCHNME, TJe [3,
04 — sajannbie GyHkun. /Jokazana paspermMocThb 3aJa91 YIIPaBJIe-
HU, TI0JIyYeHbl HEOOXOMMbIE YCJIOBHs ONITUMAJIBLHOCTH U PACCMOTPEH
YUCAEHHBIA aJIFOPUTM HAXOXKJeHUs (DYHKIUU YIIPABJICHUSI.
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BbIBOI HEOOXOAMMBIX YCIOBHI OITUMAJIBLHOCTH IEPBOTO MOPSIKA I
sasaqn (5) OCHOBAH Ha OIEHKE IIPOM3BOHON oTobpaxkenus {7, f} —
{0, ¢}. Onumpasich Ha pesyabraTbl paboThl |7], TOIYyYInM HEOOXOAUMBIE
yCJIOBUST MUHEMYMa 171t 3a1a49u (5).

OmnmireM KpaTKo CXeMy BbIBOJIa CHCTeMbI onTuMmasbHocTu. st or-
TUMAaJIbHO{ TTaper {7, 5’}, {é, $} paceMoTpuM

76:’3/+8(7_;5/)7 ﬁe:B+5(ﬁ_8)>

(7) g =(0—0)/e, ro=(v—d)/e,
rie € € (0,1], {0, ¢} — cocrosaue cucremsr (1)—(4), coorBeTcTByOIIEE
ypassemmo {7, B} € Uy

[Tocne noacranosku (7) B (1)—(4), moayduM CIeIyONLYIO CHCTEMY
b depeHImaIbHbIX yPABHEHUIA:

d9e

i aAg. + Do (46 g, — 1) = —bra(6e0%g> + 46204° + 32,

—alAr, — Iia(4é3g5 —r.) = /{a(65é293 + 462ég§ + 53921),
BMeCTe C KPAeBBIMU YCIOBHAME
a0nge + B9 +€g9-(8 — ) + (B — B)(0 — 04) = 0,
adyre +Are +ers(y =)+ (v =) (@ —03) =0, =z €T,
COOTBETCTBYIOINLYIO HAYAIHHOMY YCIOBHIO
(8) 9elt=0 = 0.
JHasee cpopMyIupyeM TPH JIEMMBI, JOKa3aTeJIbCTBO KOTOPBIX IIPOBO-
JIATCS TaKzKe, KaK JOKa3aTeJbCTBO COOTBETCTBYIOIINX JIEMM B paboTe
[7].

Jlemma 1. Il ioboro € > () BepHa cjieyrolias oleHKa

rel,

Hgs||L°°(O,T;L2(Q)) + ||g€||L2(0,T;H1(Q)) + ||g;||L2(0,T;H*1(Q)) <C,
rae C' — HOCTOSIHHAsA, HE 3aBHUCAIIAS OT €.

Bamernm, 4To, paccykKjas Takke, Kak B pabore [7|, MokeM TmoJIy-
YUTDH OLCHKY

7<)l 220,711 0)) < C,
rae C' — HmoCTosHHAS, HE 3aBUCSINAS OT €.

Jlemma 2. Tlycrs {#, $} — onTuMabHOE COCTOSIHUE, COOTBETCTBY-
[OIIee ONITUMAJIBHOMY YIIPaBJICHHIO {7, B} Torna st KaxkK10ro ypas-
nenusi {7, 8} € U,q cymectByer cocrostaue {g,r}, yAOBIETBODSIOIIEE
YCIIOBUAM

dg

5 alg + b/@a(4égg —r)=0, —aAr-— /ia(4é39 —7r) =0,
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adg+ Bg+ (B—B) O —0s) =0, €T,
alyr +Ar + (v =) (@ —07) =0, =z €T,

(9) gli=o =10

1 BapUallMOHHOMY HEPaBEHCTBY

(10) /T / (0 — 04)g dwdt > 0.

JIemma 3. Ilycrs {6, ¢} — onrumasibHbIe COCTOSIHIE, COOTBETCTBY-

folee onTHMasIbHOMY yrpasiaeHuio {7, 5}. ColpsKeHHOe COCTOSHUE
OTPEJIEIIETC CJISTYIONIIM 00Pa30M:

8 A~
% — alpy + 450 (bpr — pa) = 0 — 0a,  —alpy — Ka(bpy — pa) = 0,

aanpl + Bpl = 07 aanp2 + ﬁ/p2 = 07 S Fa
(11) p1le=r = 0.

CymiecTByer equHCTBeHHOE peltierne {pi, po} € Y COUpsizKeHHON CH-
crembr (11).

Teopema 2. Jljis 1000t onTuMabHON AP {é, $}, COOTBETCTBY-
[OIIell onTUMaIbHOMY yipaBieHuto {7, B}, CYIIECTBYET €JIMHCTBEHHOE
compsizkeHHoe coctosiaue {p1, po} € Y, ynosiersopsioriee (11), a Tak-
K€ CIPABEJINBO HEPABEHCTBO

T
(12) //B ﬁ 6 deldl“dt—l—//v Y)(¢ — 63)p2 dldt <0,
0D

BepHoe st obbix {7, B} € Ug.

JokazaresibcTBO. YMHOXKUM [epBoe U BTOpoe ypasHenue (9) Ha p1,
po, a ypasuenus B (11) ma g, r coorsercrsenno ckaaapuo B L2(Q) .
YunrbiBasg kpaesble yciaoBus B (9), (11) u mHTErpHpys MOJIy9IEeHHBIE
BoIpazkenus 110 t or 0 go 1, moIydIrM paBeHCTBO

// 9 Qd)pldfdt—l—//v A)(@ — 03)pe dTdt =
T
—//(G—Gd)gdxdt

0

Q
U3 KOTOPOI'o, B CUJIY JIEMMbI 37 cjeayer yrsepzKJaeHue TeopeMbl.
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Ha ocnoBannu TeopeMbl 2 MOJIyYUM MPUHITATT MAKCUMYMa JIJIS OTITHU-
MaJbHOTO cocTosiHust. OO03HAYIMM Tepe3

T T

P1(s) = (é —Og)prdt, ha(s) = [ (p—0))p2dt, seT.
/ /

Torna u3 BapuaimonHoro uepaserctsa (10) ciemyer

~

(13) V1(&1 — B) + (& —4) <0,

ats io0bIX &1, &o, Takux, uto & € [B, o], &2 € [, Yol
Hepagencrso (13) npejcrasisger anasor npuHiumia «bang-bangy, oc-

HOBAHHOI'O Ha BBIOOpE KPaWHUX 3HAYEHN 13 MHOYKECTBA OTPAHMIEHUIA.
B zaBucumocTu ot 3HaKka 1 u vy, MoJIydacM

{m, B1}, ecmm 11(s) <0, 1ha(s) < 0;

4 B} _ {72, B2}, ecmm 11(s) >0, 1ha(s) > 0;
7 {71, Bo},  ecmm i(s) <0, thy(s) > 0;
{72, B1}, ecmm 11(s) >0, 1ha(s) < 0;

It mouTH Beex s € I,

B nanmnoit pabore i1 HAXOXKJIEHUS PeIeHus] SKCTPeMaJibHOI 3a-
naan (5) He GyJieT YyUUTHIBATHCS CONpszKeHHas cucreMa. Mcnosp3yst
CBOMCTBO PeJICHTHOCTU ONTUMAJILHOTO YIIPABJICHUS, IPEJIaracTcsd HO-
Basl ONTHUMU3AIMOHHAS TEXHOJOTUs OIPEJIC/ICHIS TapaMeTpPOB YIIPaB-
JIEHUsI Ha OCHOBE MAaIIMHHOI'O 00ydYeHUsi. AJITOPUTM OUCKA OIMTHMAIb-
HOT'O YIIPABJIEHUS COCTOUT U3 CJIEIYIONINX STAIlOB:

1). Haxox ienue perieHust mpsiMoii 3a/1a4u IUCIeHHO-aHATU THIECK M
c110coOOM TIpH (PUKCHPOBAHHBIX 3HAYEHUAX ITapaMeTPOB YIIPABJICHHUSI;

2). ®opmupoBanne 6a3bl JAHHBIX UHCICHHBIX DEIIEHU MPIMON 3a-
JaYn I PA3JIMIHBIX 3HAUEHUH MCXOTHBIX JTaHHBIX;

3). ObyueHre HEHPOHHOI ceTH Ha MIPOTHO3UPOBAHUE OCPETHEHHOIO
1o 00JIACTH ONPEJIe/IeHNs] TPOCTPAHCTBEHHBIX ITepeMEHHBIX (DYHKITHO-
HaJla KauecTBa,

Iy, B] = J[v, B]/mes Q

110 (pU3NIECKUM XapaKTEPUCTUKAM IIPOIECCa, a TaKKe ITapaMeTpaM Ha
rpaHuIle U B Ha4YaJe IIPOIECCa;

4). Munnmusarys GyHKIME HEHPOHHOI CeTH TIPU MOMOIIH CTOXACTH-
YeCKOr'0 aJIrOPUTMA.

s dbopmupoBaHus 6a3bl JIAHHBIX BBIIOJHEHBI IHCIEHHBIE SKCIIe-
PUMEHTBI B BH/JIe pelieHuii mpsiMoit 3ajaqu (1)—(4) MeTomoM KOHedHbIX
9JIEMEHTOB TIPU ITOMOIIU MYJIbTU(PUIUIHOIO MTPOrPAMMHOI0 obecriede-
nust FreeFem++ [9]. [ljist Mojie/impoBaHust ONTUMAJIBHOIO YIPABJICHUS
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UCIIOJIb3YETCd CBONCTBO PesIeifHOCTU IpaHUYHOTO ylpasienus. Ha mo-
JIy4eHHOI 0a3e JIAHHBIX IpeJjIaraeTcsd O0yInTh KJIACCUIEeCKYI0 MO
perpeccun XGBoost Regressor [10] u riry6okyto HeiipoHHyT0 ceTh, 06/1a-
Jratorneit 60JIbIell TOYHOCTBIO, HO TPEOYIONIeil 3HaYNTE/IbHBIX BbIYUC-
JINTEJILHBIX pecypcoB. [ld HaxoxKJIeHUus MUHUMYMa HEHPOHHON ceTH
HCIIOJIB3YEeTCsT OOOOIEHHBI aJropuT™ uMuTanun or:kura. OpHuM n3
IPEUMYIIECTBOM MpejlaracMoil TEXHOJOTUN ABJIAETCA HE3aBUCUMOCTD
MeTO/Ia OT KOJIMYECTBA IapaMeTpPOB YIIPABJICHUML.

3. YMCJIEHHOE MOJIEJINPOBAHUE

Yucsrennoe perenne 3aa9n (1)—(4) HAXOIUTCA METOIOM KOHEIHBIX
971eMeHTOB. /luckpeTusalys 1o BpeMeH! Peain3yeTcs PU OMOIIU 00-
parHoro Merosa ditepa. s muHeapusanuyu HeJUHEHHBIX CJIaraeMbIX
npuMeHseTcd pasjiozkenne dyukiuu B psi Teitmopa. [loyuennas u-
Heapu30BaHHAS MOJIE/Ib XaPAKTEPU3YETCs TeM, UTO PelieHre Ha, HOBOM
BPEMEHHOM CJIOE HaXOIUTCs W3 JTUHEHHON BapualroHHoi 3aaaan. Cxo-
JINMOCTD ITOJIy9€HHOTO UTEPAIMOHHOIO IIPoIiecca 0OOCHOBaHA B padoTe
[11].

Iasiee Gy/1eM UCIOIL30BATH TPOCTPAHCTBO KOHEYHBIX 31eMeHTOB H
Bmecto npocrpanctsa Cobosesa H'. Ilycrs 07 € H}, ¢ € H}, rae
fi? = f(xayanT)7 (l‘,y) € Qh? n= 17"'7N7 7_:T’/‘]\[

Koneunomepnnblii orrepaTop, HOpOXKIeHHbI OnTnHEHO# (hOpMOii cia-
6oro perrernst 3agaan (1)—(4), umeer ciemyromuii BuI:

ah(92+1> QDZ—H? u, U) =

=71 / 07w drdy + a / VOt Vudrdy + o / VotV dedy+
Q Q

+ bkg /(4(92)392“ — o udrdy + kK /(QOZH — 40107 Yo dedy+
Q Q

+/B€Z+1udf+/7goz+lvdf, Yu,v € Hé.
r r
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KoneunomepHblii omepaTop JiuHeRHONH (hopMBL €1ab0ro pelreHus 3a1a-
un (1)-(4) onpejesien paBeHCTBOM

Oh(u,v) = =771 /GZudmdy-l—

o)
+ Bbﬁa/(ﬁﬁ)‘lu dxdy — 3k, /(92)41) dxdy+
Q )
+/59bUdF+/7«9§vdF Yu,v € Hj.
r T

Yucaennoe uccjieJoBaHle CUCTEMbI
n+1 n+1 _ 1
ap(0; op T u,v) = by (u,v), Yu,v € Hy

IPOBOJUTCS B IporpaMMHOM KoMintekce FreeFem-++-. PaccuuroiBaer-
¢ MOJIETb CJIOZKHOTO TeIIOOOMEHa B JIBYMEPHON 00/1aCTH, reOMeTpH-
4Jeckoit (popmoii BeIOpaH kBaJipaT. Tak Kak Jiajiee B IIpoliecce reHepa-
1 6a3bl JJAHHBIX JIMHEHBI pasMep 00JacTH BapbUPYIOTCs, TO MaKCH-
MaJIbHBII pasMep KOHEYHOT'O 3JIeMeHTa, TapaHTUPYIONIHNIl JOCTATOYHYIO
[IOT'PENTHOCTD YUCJIEHHOI'O METO/IA, TOJICTPANBAETCs IIPU ITOMOIIHA aBTO-
aJIalTAlliy CETKU, BBIIIOJIHEHHO TporpamMmHuoii pyukimeit FreeFem-++.

B cuy cumMeTpudHOCTH KBaJIpaTa, TOYKY HEPEKTIOYeHs OTIeTbHO
JIUTsL KaKJIOTO TpaHuYIHOro Koddduiinenta OyJeM UCKATh HA ITOJIOBUHE
cropoHbl kKBaJipata. Ha pucynke 1, ma cropone KBajpata JjIUHBI L,
yKa3aH JIMala30H MOWCKA TOYKH IMEPEK/I0YEHUs], CUMMETPUIHON OT-
HOCHTEJILHO CpejiHeli TuHuM KBajparta, u3 uarepsana [0.05L;0.495L],
a TaKyKe CXeMaTUIHO M300parKeHO CIMMETPUYHOE PACIOJIOXKEHNE BO3-
MOXKHOI TOYKHN TIepeKJIIoYeHns, 0003HAYeHHON KpPacHBIM IIBETOM, Ha
paccrossanu 0.3L oT Kpasi TpaHUITHI.

0.49L

Puc. 1. Cxemaruueckoe I/1306pa}K€HI/Ie TOYKU IIEPEKJIIOYCHUA

[Ipu perennn oOpaTHOi 38841 UCIOIB3yeTcd TpUHIHI «bang-bang»,
IIpA KOTOPOM Ha I'PAHUIE POUCXOUT ITEPEK/IOUEHNEe YIIpaBJICHUs Ha
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KpailiHue 3HaueHns MHOXKecTBa yrpasjenuit. Ha pucynke 2 nzobpazke-
HBI IPUMEPBI BO3MOXKHBIX rpadukos dyukiwmit v(z) u f(x) ¢ Toukamm
[EePEKJTI0YIEHNS, PACIIOIOKEeHHbIMEU Ha paccrogauu 0.3 or Havasa rpa-
Hutbl. [Ipu 3T0M HEOOXOIMMO OTMETHTD, UTO TOUYKH MEPEKTIOUCHUST JIJTsT
oboux (byHKIMIT HE3ABUCUMBI U B OOIIEM CJIydae MOI'YT HE COBIAJIATD.

T2 iz}

Ny —— — pr

0.0L 0.3L 0.6L 1.0L 0.0L 0.3L 0.6L 1.0L
(a) v (b) 5

Puc. 2. I'paduku rpannaabix GyHKIAIT

4. BA3A JTAHHBIX

Jns popMupoBanus 6a3bl JAHHBIX HEOOXOIUMO OIPEIE/INTh ITapa-
METPbI IIPOIECCa, KOTOPhIe Oy/IyT UCIIOJIb30BAHBI JIJIsI MAITHHHOTO 00Y-
YeHUsl, & TAaKyKe MpeJesibl MX Bapuaruu. B JaHHOM ciiydae moj mapa-
MeTpaMi MMOHUMAIOTCA (PUBNIECKHE XapaKTEPUCTUKN CPEJIbI, a TaKKe
rpaHWYIHbIe U HadajbHble (GyHKInU. [loTHBI ciMcok mapameTpos, a
TaK»Ke UX eJINHUIIBI U3MepeHns pejicTaBenbl B Tabure 1. 3mech v1,79
— 3HaveHnsd (PYHKIUUA Y JO U IOCTEe TEPEKTI0YeHUs COOTBETCTBEHHO,
hi, he — rpaHuYHBbIE TApaMETPhI, HEOOXOIUMbIE JJIs pacdeTa (MYHKIUN
[ 10 u 1mocjie mepekIrodeHns cooTBeTcTBeHHO. OIncanne BceX 0CTalb-
HBIX [TaPaMeTPOB IIPUBEJIEHO B pasjesie 2.

[eneparust JaHHBIX OCYIIECTBJISIACH HPU MOMOIIU CJIyYaifHON BbI-
OOpKU M3 PABHOMEPHOTO PACIIPEJIE/IEHUs] B IIPE/Ie/IaX MUHUMAIHLHOTO 1
MaKCHMAaJbHOTO 3HAYEHUS I KayKJIOr0 U3 IMapaMeTPOB, YKA3aHHBIX
B Tabsure 1. Ilpenensr Bapuarun mapamMeTpoB ObLIN BBIOpaHbI J10CTa-
TOYHO IUPOKUMHU JIJIsT BO3MOXKHOCTH PEIIEeHUs MOCTABJICHHON 3a/1a49n
NPaKTHIECKHU JIJIs JIFOOBIX (DU3UIECKUX CPEJl, & TaKKe I'PAHUIHBIX U
HaYaJbHBIX YCJIOBUIA.

O6mee Bpems Termoobmena cocrasuio T=300 [c], BpemeHHOIT 1mar
7=0.1 [c].

Bcero 6n110 creamepupoano 20000 HabopoB mapaMeTpoB, I KazK-
JIOTO U3 KOTOPBIX ObLIa YUCAECHHO peIleHa MpsMas 3aJada, a TaKyKe
[IOJIYYEHO COOTBETCTBYIONIEE 3HAaTeHNe (hYHKIIMOHAIIA KATECTBA .J .
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TAB/IUIIA 1. Bapbupyemble mapaMeTpbl U UX PaCIIpe/iesIeHre

’ Hazpanne ‘ MunumMmaJabHOe 3HaUEeHUe ‘ MaxkcnmasibHOE 3HAYEHUE ‘ E,H‘I/IHI/ILU:;I U3MEPEHN A ‘

p 0.15-107° 5000 - 107° Kr/cm?

Cy 5-10° 52 - 10° em? /cPK
Tz 273 3000 K

n 1 2 -

k 0 5-103 Kr - cm/c’K

K 0.01 1 et

Ks 0 0.01 cm

A —1 1 -

L 10 200 cM

O 0.0 1.0 -

6o 0.0 1.0 -

04 0.0 1.0 -

" 0.0 0.5 -

o 0.0 0.5 -

hy 0.1 500 kr/c3K

ho 0.1 500 kr/c’K

P 0.005L 0.495L -

Py 0.005L 0.495L -

5. MAIIIMHHOE OBYYEHUE

Ha chopmupoanHtoit 6a3e jgaHHBIX ObLIN 00yYeHbI HEMPOHHASI CETh
1, OCHOBaHHAasI Ha MeTOJe I'PAJIUeHTHOr0 OYCTHHTa, MOJIETb PErPpecCun
XGBoost Regressor. BxogabivMu mapaMerpaMu siBJISUIICH BCE ITapaMeT-
pbl U3 TabUIBL 1, €IMHCTBEHHBIM BBIXOJHBIM TIaPAMETPOM SABJISLIOCH
sHadeHne yHKIMOHAIa KadecTBa J[v, (], BBejeHHOrO B pasmiene 2.

st oneHku KadecTBa pabOThl MOJIEJIel UCIOIb30BAIUCH METPUKH

R?, MAE u SMAPE.
Kosddpumnment nerepmunanmm, R?:

2 _ 4 Z?:l (yi — 1)
R S e

Cpennss abcosornas ommoka, MAE:

1 n
MAE = = — .
n;lly ]
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Cpennsis abcosorHas ommbka B nporenTrax, MAPE:

100§~ Jyi — i)
MAPE = g .
n =

]

Bech y; — IPOTHO3UPYEMble 3HAYEeHUsl, T; — 3HAYEHUs, ITOJIyYeHHbIE

n
[pU YUCTIEHHOM MogesupoBarun, § = (1/n) > y;.

i=1

Tak Kak GyHKIHOHAT J IPHHEMACT B TOM UHCJIC U 3HadeHus or 0

10 1, To cpennss abcosorHast ommOka B mporeHTax (MAPE) moxer
UMETh HEIPOIIOPIMOHAILHO BLICOKHE 3HAMCHUS U HE SIBJISCTCS aJeKBaT-
HBIM CITOCOOOM TPOIEHTHOMN OTEHKHU KadeCTBa MPOTHO3UPOBAHMS MOJIE-
. JIjist aleKBaTHOM MTPOIEHTHOI OIEHKW MTPEJTaraeTcsi NCIoIb30BaTh
CUMMETPHIHYIO abCOMIOTHYIO OmubOKy B rporentax, SMAPE:

100 <~y — =il

SMAPE — ,
n = |y + [zl

JlanHasi METpHUKA YIUTHIBAET PA3HUILY MEXKIY HPOrHO3UPYEMBIMU 3Ha~
YEeHUAMU U JAHHBIMHU YMCJIEHHBIX SKCIIEPUMEHTOB U nMeeT 1pejaes ot ()
10 100%, rue Gosiee HU3KOE 3HAYEHHME COOTBETCTBYET 0OJIEE BHICOKOMY
Ka4eCTBY IIPOrHO3UPOBAHUSLI.

st oOy4deHust n BaJIMIAIUN MOJIEIel NCIIOIb30Ba/Iach JIeCaTHOI0Y-
Had KpOCC-BaJIdaIld. BbIJII/I HOﬂyqubI peBy.HbTaTbI, npeacTaB/JICHHBIE
B Tabsaure 2.

TABJINIIA 2. Pesysibrarsl paboThl MojIeIeil MAITUHHOTO 00y YeHMsT

’ \ XGBoost \ Heitponnas ceTb ‘

R2 0.983 0.998
MAE 5.61 0.91
SMAPE | 28.42% 7.87%

Heitponnast ceTh mokazasta jydmmmii pesynabrar. O0ydaromime KpuBbie
JIJTs1 He€ TIpeJICTaBJIeHbl Ha, PUCYHKE 3.

W3 oty 9eHHBIX JTaHHBIX BUIHO, YTO MOJIE/Ib IIPOTHO3UPYET 3HaAYCHUE
dyuKIHonaa J ¢ 0CTaTOuHO BLICOKOI TOUHOCTBIO. Ha 910 yKasbiBaer
BBICOKOE 3Hadenne R?, 61M3K0e K eqUHAIE, 8 TaKyKe HU3KHE 3HATEHHST
SMAPE=7.87%, KoTopoe NOKa3bIBaAeT CPEIHIOI0 MPOIEHTHYIO OIUOKY
n MAE=0.91, koTopoe moKa3bIBaeT CPeIHION abCOTIOTHYIO OIUOKY.

6. OIITUMAJIBHOE VIIPABJIEHUE

s perterns 3a/1adu ONTUMAJIBLHOTO YIIPABJIEHUS HCIOIb30BAJIACh
MHUHUMHA3AIUs 00y YeHHON HEHPOHHON CeTh MpU MOMOIIH 0O0OIIEHHOTO
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0.998 35
0.996
0.994
0.992 25
0.990
0.988
0.986

0.984

2500 5000 7500 10000 12500 15000 17500 20000 2500 5000 7500 10000 12500 15000 17500 20000
KOMIMYECTBO 3KCMEPUMEHTOB KOJINHECTBO SKCMEPUMEHTOB

(a) R? (b) MAE

2500 5000 7500 10000 12500 15000 17500 20000
KOJINYECTBO 3KCMNEPUMEHTOB

(c) SMAPE

Puc. 3. Obyuaroriue Kpusbie jjis HEHPOHHON ceTH

aJropuT™Ma uMuTaru orzkura [12], [13].
F(z) — min,

rae F(z) = R,(Rp(Wz)) — dyukims HeitpoHHOt ceTn ¢ OJHIM CKPBI-
TBIM CJIOEM, [IPOrHOBUPYIONIAs 3HaUYeHne (DYHKIHOHATA J 110 HAGOPY
BXOJIHBIX apameTpoB z = {p, ¢y, Trax, ---, 2, P1, Py}, W — maTpuna Be-
COB HelpOHHOl ceTH, MoJlydenHas B pesyjabrare obydenns, R, — PpyHK-
U aKTUBAIMK BBIXOIHOTO €10, R, — (PYHKIMA aKTUBAIIMU CKPBITOIO
cJtos,

cnonb3yeMblii aaropuTM UMATHPYET (PU3MYECKHI IIPOIECC, IPOUC-
XOIANIMI IPH OT?KATE METAJLIOB. B X0J/e 9TOro Iporecca MeTasLl JI0-
CTHraeT CBOEro KpUCTAJLIMICCKOIO COCTOAHMA, KOTOPOE SBJIAETCS TJIO-
6aJLHBIM MEHUMYMOM C TOYKH 3PEHHs TEPMOJAMHAMIYECKON SHEPTUH.
[Ipy npuMeHeHHN aaropuTMa Iejiesas PyHKIUA PacCMaTPUBACTCS KaK
byHKIMS SHEPIUU PACILIABICHHOTO MeTalla. BBOJUTCS MCKYCCTBEH-
Has TeMIleparypa, KOTopas IIOCTEIEHHO CHUXKAET CBOE 3HAYCHUE. JTa
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TeMIiepaTrypa J00aB/sgeT CTOXaCTUIHOCTb METOJLY, UTO IOMOTaeT m30e-
rarh JIOKaJbHBIX MUHUMYMOB. B KoOHIE mporiecca teseBas (byHKIIUs
HAXOJINT CBOH II00AJIHBIN MUHUMYM WJIA 3HAYCHHUE, OJTM3KOE K HEMY.

B mpomnecce munnmusaryn Gyaknun F(z) mpu npuMeHeHnn MeTojia
UMHATAIIN OTKUTa TIpejjiaraeTcs BapbupoBarh 6 DyHKIMI 13 Habopa
napameTpoB 2: vy, Vo, 1, B2,P1, Po. lanmbie mapaMeTpsl B COBOKYITHO-
CTU MO3BOJIAIOT HAUTH (DYHKIUU 7y U [3, OTBeYalOIIye MPUHINITY «bang-
bang». Bce ocrasbuble mapaMeTpbl B IIPOIECCE ONMTUMUBAINKA OCTABA-
JINCh HEU3MEHHBIMU.

B cuny merounocTu, Bo3HUKaroIIE pu pabore HEMPOHHON ceTu, a
TAKKe B CUJIY CTOXaCTUIHOCTH METOJ[a UMUTAIUU OTYKUTA, IS OIEHKN
MIPE/IJIOYKEHHOI TEeXHOJIOINU HEOOXOJIMMO IMPOU3BECTH KAaK KadeCTBEH-
HBI, TaK U KOJUYIECTBEHHBIN aHAJN3 CPABHEHUsI TOJIYIEHHBIX PE3Y/Ib-
TATOB C Pe3yIbTaTaMU KJIACCHIECKIX MeTOJI0B. B cmry oTcyTcTBHSA CcTa~
THCTUYECKOTO aHAJIN3a IPUMEHEHNs KJTACCHIECKUX METOJIOB O THMAJIb-
HOT'O yIIpaBJIEeHNUs, JJaHHas padoTa OblIa IIpo/ie/iaia aBTOPpaMU TeKYIIei
craTbu. 3a 0cHOBY Oblia B3dTa pabora [6], B KOTOpOIi oluchIBAETCST YrC-
JIEHHBI!I METOJ| IPUMEHEHUs AJTOPUTMA KJIACCUIECKOTIO ONTUMAJIBHOIO
yIPaBJICHUS IPAHUIHBIM TAPAMETPOM 7y JJIsi CUCTEMbl, aHAJOTHUIHON
(1)—(4), Ha nmpumMepe HUMIECKAX TAPAMETPOB MOJIEJIH, COOTBETCTBYIO-
IIUX CTEKJTY.

Jlna cpaBuenus Ob110 creHepupoBano H00 HAOOPOB ¢ ITapamMeTpaMu,
COOTBETCTBYIOITUMHI CTEKITY, & TAKXKe C Pa3IMIHBIMU T'DAHUIHBIMU 1
HavaIbHBIMU ycsioBusaMu. [lociie perrennst npsiMoit 3ajia4uum JIJ1si periie-
HUs IpaMOit 3ajaau cucrembl (1) — (4) Jyist KasKIoro u3 4uC/IeHHBIX
9KCIIEPUMEHTOB OblLjIa pellieHa obpaTHas 3a/lajda M IIPOBEJIeH aHaIu3 B
CJIEJTYIONIUX YeThIPEX CIydasix:

I) B nepsom ciydae ObLI MCIIOIB30BaH METOJ, [IPOCTON HUTEpPAINH,
OIMCAHHBIN B [6], peamusyroniuii onTuMaibHOe yupasienne Ko3bdu-
IIUEHTOM 7Y KJIACCUYIeCKUM criocoboM. [lomck perienust mpu 3ToM ocCy-
MECTBJIAJICS U3 BHIODAHHBIX WHTEPBAJIOB:

v €[0,0.25] , 72 € [0.25,0.50] , P, € [0.025L, 0.475L] .

IT) Bo BTOpOM cityuae ucrnosib30Baiach Mpe/IozKeHHAsT B TAHHON pa-
60Te OIITUMUIAIIMOHHAA TEXHOJIOTUA Ha OCHOBE MAIIIMHHOI'O O6yquI/IH,
B XOZ€ KOTOPOI'0 B Ka4YECTBE I'PaAaHUYIHOI'O YIIpaBJIEHUA TaKKE HCIIOJIb-
30BaJsIaCh (MYHKINS 7Y, TIOUCK KOTOPOH OCYIIECTBIIAJICA B AHAJTOTUIHBIX
peJIbIIyIeMy IyHKTY nHTepBajax. /[aHHbIil Tam ObLT IPOBE/IEH I
CpaBHEHUS C MPEIbIIYIINM IIYHKTOM. Bapuaiusi rpaHuIHbIX TapaMer-
POB OCYIIECTBJISINCH B CJIEJIYIONIUX MPEJIeIax:

v € [0,0.25], 72 € [0.25,0.50], P, € [0.025L, 0.475L] .
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III) B Tperbem ciiydae HCHOJIB30BAIaCh MPEJJIOKEHHAST aBTOPAMU
TEXHOJIOTHS JIJI YIIPABJIECHUs IT'PAHMIHON dpyHKIMel v. B qannom coy-
Jae He coOJII0IaeT s MIPUHITUIL, TTPUCYTITUI KJIACCUIECKUM METOJIaM, Ta-
KoM, 9T0 1 <= 7. [lenpio mamHOrO 3Tana OBLIO MPOBEPUTH BJIMSHUE
JIAHHOT'O OTpaHWYEeHNs Ha KOHEYHBIN pe3yiabTar onTuMmmsarmu. [lpese-
JIbI BAPHUPOBAHNS MCKOMBIX (DYHKIINI CJIeTyIONTHne:

y1 € 10,0.5],72 € [0,0.50], P, € [0.025L, 0.475L] .

IV) B gerBeproMm ciydae MCIOJIB30BAIACH MTPEJJIOKEHHAS B JTAHHOMN
paboTe TEXHOJIOTHU JIJIsI YIIPABJICHUA Cpa3y JABYMA I'PAHUIHBIMU (DYHK-
nusmu, ¥y u 3. Takum 06pa3om, B JJAHHOM CJIydae HCCIeT0BAIOCH BIIUSI-
HUe TPaHUIHON GyHKIME [ Ha ONTUMAJIbHOE yIIpaBjaeHue. | paHnaHbie
byHKIMM TPU ONITUMHU3AIME BAPHUPOBAJINCH B CJIEIYIONINX IIPEJIeIax:

7 €[0.0,0.5],72 € [0.0,0.5], P € [0.025L,0.47.5L],
Br e [6-1077,0.03], 8, € [6-1077,0.03] , P, € [0.025L,0.475L] .

Z[.HH KOJINYECTBEHHOM OII€HKHU PaCCUYUTBIBAJICA ITPOIEHT YCIICITHOI'O ITPpU-
MeHeHUsd OIITUMAJIbHOI'O YIIPaBJICHUA:

v, = 100. L0
m

rjge m — oblee YHCJIO CIyYaeB, My — YUCJIO CJIYYaeB, JJIs KOTOPBIX
ONITUMAJILHOE YIIPAaBJIEHNE HE TIPUBE/IO K CHUZKEHUIO (DYHKITMOHAIA Ka-
JecTBa. B ciiydae K/IacCMYECKUX METOJOB JIAHHAs METPUKA TOBOPUT O
CXOJIUMOCTHU METOJIa, B CJIydae IIPEeJIJI0?KEHHON TEXHOJIOTUU — O TOYHO-
CTU NPOIHO3UPOBAHUA 3HAYCHUSA (DYHKIIMOHAIA HEHPOHHON CETHIO.

[l KaueCcTBEeHHON OIEHKN MCIOJIB30BaJIOCh CpeJlHee 3HaUYeHre CHU-
JKeHus (DYHKIMOHAJIA KavdeCTBa OT IIePBOHAYAIBLHOTO 3HAYEHHS B IIPO-
IeHTaX. Y YUTBIBAINCH TOJIBKO Te CJIydau, JJIsi KOTOPBIX YIAJIOCh I0-
HU3UTH 3Havenue PyHKIMoHaIa:

n=>500

1 Jinit _ jopt
=1 3 LA 7
Vo =100+ oo ; T

[Tostydgennble pe3yabTaThl I KaXKJIOT'0 M3 YeThIPeX STaIlOB IPe/I-
cTaB/IeHbl B TabJuIe 3.

TAB/IULIA 3. Pe3ynabraTbl ONTUMHU3AIAN

([T [ o0 [O] IV ]
Vi [45.8% | 49.4% | 50% | 71.2%
Vs | 2.45% | 7.74% | 8.8% | 12.82%
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U3 pesysibraros, npejicraBieHubix i dtamnoB 1 u I B Tabsune 3,
BUJIHO, YTO ONTHUMAJbHOE YIIPABJIEHUE, PEAJTUIYIONIee KIaCCUIEeCKUn
AJI'OPUTM, HE3HAYUTETLHO ITPOUTPBIBAET IIPEJII0YKEHHOM aBTOpaMU TeX-
HOJIOTUM KaK B KOJIMYECTBEHHOMN, TaK M B KAYECTBEHHON OICHKE.

Cpasuenne pesynbraroB dranos 1l un III mokasaso, aTo orcyTcrBre
OrpaHUYeHUS Yy, <= Y2 He UI'PAET CYIIECTBEHHON DPOJIM U MPUBEJIO K
YJIYUIIEHUIO Pe3yJibTaTa JIIIb B IIPeJiesiaX CTaTUCTUYIECKONH TTOTPENTHO-
CTH.

Ananmuz pesynbraros sranoB III u IV mokasas, 910 BO3MOXKHOCTH
YIPABIATh JBYMsI I'DAHUYHBIMU (DYHKIUSAMU, SBJISIONASICA YKCKJIIO-
3UBHOI OCODEHHOCTBIO TPEJJIOYKEHHOW aBTOPaMU TEXHOJIOTUH, ITPUBO-
JIUT K 3HAYUTETLHOMY Y/IYUIIEHUIO KaK KadeCTBEHHOI'O, TaK U KOJIU-
JeCTBEHHOI'O IIOKa3aTesell KadecTBa ONTUMU3annu. TakuM oOpasoM,
MOXKHO YTBEPXKIAaTh O OOJbIoil posu Kodhdumumenta [ B 3a1a49ax
ONTUMAJILHOTO YIIPABJICHUsS IPAHUIHBIMEI KO(DUIMEHTaMI B MOJIEJIN
CJIOYKHOT'O TeIIOOOMEHA.

st meMoHCTpaI BO3MOXKHOCTEN PAOOTHI IIPEJIJIOZKEHHON TEeXHO-
JIOTUU OBLT pacCUUTaH YUCJCHHBIN SKCIEPUMEHT ¢ (DUIUICCKUMU Xa-
PaKTEPUCTUKAMU CTEKJIA U CJIEYIONUMI I'PAHUYHBIMU ¥ HAYAIHLHBIMA
YCJIOBUSMU:

a = 0.006,b = 0.025,« = 0.435, T},,0, = 1057, L = 23.86,
6y = 0.639, 6, = 0.141, 6, = 0.65.

Jna pannoro skcuepuMenta Obuin peasmzoBanbl I, I u IV sra-
bl ONITUMUBAIN. 3HAYEHNsT TPAHUIHBIX (DYHKIUI MOC/Ie Pas3ImIHbIX
9TaIOB ONTUMU3AINN TOKA3aHbl HIZKE!

1) v, = 9.33-1072, v, = 0.472, P, = 0.4625L.

D)y, = 5.6-1072, v = 0.275, P, = 0.178L.

IV) T = 8- 1074, v = 0.5, P, = 046L,6, = 3 - 1073, By =
2.68-1073, P, = 0.232L.

Pesynbrarsl onTuMusanum SBIAIOTCH PENPE3EHTATUBHBIMHE JIJTsI BCEi
BBIOOPKU YMCJICHHBIX dKcriepuMeHToB. Ha pucynke 6 mpejictaBiieHo mo-
Jle TeMIIepaTyp J0 U IOCJe KaXKJIO0r0 U3 YIIOMAHYTBHIX BBIIIE STAIOB
OLTHMHU3AIII BMECTE CO 3HAMEHUSME (DYHKIIHOHAIA KAIECTBA, .

CrouT TakykKe OTMETUTH, YTO OCHOBHAsI BBIYUC/IMTEIbHAS HATDY3Ka
IIPOUCXO/IUT Ha dTare oOy4ueHus HeiiporHoit cetu. [[pumenenne ontumu-
3AI[MOHHOI'O0 METO/Ia Ha y2Ke O0yYEeHHYIO CETh ITO3BOJISIET MOJIyYUTh Pe-
ImeHne oOpPaTHOM 3a/1a4u MIPH JIIOOBIX MapaMeTpax B TeUeHUe HEeCKOJIb-
KAX MUHYT TPAKTUIECKH HA JTIOOOM BBIYUC/IUTE/THLHOM YCTPOWCTBE, B TO
BpeMs KaK KJIACCHIECKIe MeTOIbI TPEOYIOT IUKINIHOTO PerleHus Ipsi-
MOil 1 06paTHOI 337841 I KaXKJ0r0 OTIAEIBLHOTO ciryvast. Boiensiio-
JKeHHbIe (PaKTHI TOBOPAT O TOM, UTO IIPUMEHEHIE MAIIMHHOIO 00y YeHus
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(d) IV sram, J = 0.0597

JJId permiennd JaHHbIX 3aJaqd He ABJIACTCA N30BITOYHO CJIOXKHBIM C BbI-
YHUCJINTEJAbHOI TOYKHI 3peHuddg, 0CODECHHO IpKu penieHun IIPpaKTUIeCKUX
3ada4, Kor'da HeO6XO,ZLI/IMO pacCaIuTaTb HeJ’IbeI PAJ BBIYUCJINTEIbHBIX
9KCIIEPUMEHTOB C OTJIMYaIOHINMUCA ITapaMeTpaMU.

7. 3AKJIIOYEHUE

B nannoit pabore mpejjiokeHa ONTUMHU3AIUMOHHAA TEXHOJIO-
rus Ha 0Oasze MaIMHHOTO OOYYeHUs Jiisd yIPaBICHUS apamMeTpaMu Ha
PAHUIE B MOJICJN CJIOKHOIO TEIJIOOOMEHA, MCIOJIb3YIONIast TPHHITATT
«bang-bang»B cBoeit ocHOBe. ABTOpaMU IIPOBEJICH KOJIMIECTBEHHBIH 1
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KAQ4YeCTBEHHDBIA CPaBHUTEJILHBIA aHaJIN3 ¢ METOJOM KJIACCUYECKOI'O OIl-
TUMaJIbHOI'O YIIpaBJICHUA, KOTOprﬁ IIOKa3aJI, 9TO IIPpeJIO2KEHHasd TeX-
HOJIOT'UsI PeliaeT 3a/1a9y ONTHMAJIbHOTO yIIpaBieHus 0osiee 3 deKTrB-
HO. OCHOBHOe HpeI/IMyHleCTBO ﬂaHHOﬁ TEXHOJIOTUN COCTOUT B BO3MOZK-
HOCTU YIIPABJICHUS Cpa3y JBYMs T'PDAHUYIHLIMEA (DYHKIUAMU, YETro He
MO3BOJIAIOT KJIACCUYECCKHUE METOAbl Ha TEeKYIUil MOMEHT.
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