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OBYYEHUAA
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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 smooth-
ing of the temperature field to the specified field by the input
parameters of the model. The solvability of the control prob-
lem is proved, necessary optimality conditions are obtained,
and a numerical algorithm to find the control function is
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considered. A neural network optimization problem is formu-
lated to determine 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 calcula-
tions 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 nocstetHme rojibl BO3pocia aKTyaabHOCTb Pa3pabOTKU HOBBIX CIIO-
cODOB pelieHns 0OPATHBIX 3a/1a9 CJIOKHOT'O TEIIO0OMEeHa. JTO 00bsC-
HSIETCS IPAKTUIECKON 3HAYMMOCTBIO pellleHus JaHHbIX 3a/a4. B gact-
HOCTH, MOJIEJIA CJIOZKHOI'O TEIJI000MEeHa HMCIIOJIb3YIOTCS IPU OIMUCAHUN
porecca OTJIMBKU CTeKJIa |?], TermmoobMena BHYTPH KaMep CrOpaHuUst
SHEPreTUIECKUX YCTAHOBOK 7], a TakyKe MpH OMMCAHUH [IPOTIEILY PhI JIa-
3epHoit TepmoTepanuu |?7]. Hanbosee BasKHBIMU ¢ TOUKM 3pEHUST PU-
KJIQTHBIX 387124 SBJISIOTCS 3a/1a91 BOCCTAHOBJICHHS TTAPAMETPOB CPE/IBI,
3aBUCAIIIX OT BHENTHUX ycaoBuit. OTIenbHBIN HHTEPeC B 9TOH obracTn
MIPEJICTABISIOT 3a/1a9M ONTUMAJIbHOTO YIIPABJIEHU B3anMOIEHCTBYTO-
IIUMU TIporeccaMi. B crity 3Toro BO3HHKaeT HEOOXOIMMOCTh MCCJIEI0-
BaHUs 3aJa9M yIPaBIeHUs BEKTOPHO3HAaUHOM (yHKIimeii. [Ipsvas 3a-
Jlada OCHOBBIBAETCS Ha MAaTEeMaTHIECKO MO/ KOHIYKTUBHOIO PaIii-
AIIMOHHOI'O TEILIO0OMEHa, BKJIIOUAOIeil nurerpo—auddepennnaabHoe
ypaBHeHue repenoca usiaydenus. [[ockobKy perierne ypaBHeHUs Tie-
peHoca U3JIy9eHUsl COMPSIZKEHO ¢ OOJIBITUMU BBITUCTUTETbHBIMI 3aTPa~
TaMM, YaCTO BMECTO HEro UCHOJIb3YIOT P—mpubimxkenue [?].

Kiraccnaeckne MeTOBI perreHnst 3a/1a9 ONTHMAJIBHOTO YIIPABIeHUST
OCHOBAHBI JINOO Ha PEIIeHNH CUCTEMBI ONTUMATBHOCTH, KOTOPasi ABJIsI-
eTcst HeOOXOIUMBIM YCJIOBHEM CYIIEeCTBOBAHUS MUHUMYMa (DYHKITHOHA-
JIa KavecTBa, JTUOO Ha ITOMCKE IMPSMOI0 PeIleHns BApUAIMOHHBIX 3a1a4.
OnHuM U3 CIIOoCOOOB peIleHns 3aJa49i ONTUMAJILHOCTH SBJISIETCS Me-
TOJI, OCHOBaHHBIT Ha npuHnuie «bang-bang» [?7,7,7]. B nanHom merose
MHOZKECTBO JIOIYCTUMBIX YIIPABJIEHUN COCTOUT U3 KYCOTHO-TIOCTOSTHHBIX
byHKIMIT ¢ KOHEIHBIM YUCJIOM Pa3pPbIBOB.

OTMeruM, 9TO METOJIBI, IIOCTPOEHHBIE Ha, BBIBOJIE HEOOXOIMMBbIX yCJIO-
BUif ONTUMAJIBHOCTH, & TaKKe IPAMbIe MEeTOJIbl PEeIlleHNs BapUaIlioH-
HBIX 3aJ1a9 00J1a/1al0T HEJOCTATKAMEU — B YaCTHOCTH, CJIOKHOCTBIO I10-
HCKa YHCJIEHHBIX PEIIeHUil MpsMOil M conpszKeHHo# 3aaad. pyrum
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CYIIECTBEHHBIM HEJIOCTATKOM SIBJISETCS OOJIBINON 00bEM BPEMEHHBIX U
BBIYUC/IUTE/IBHBIX PECYPCOB, TPEOYEMBIil JIJisi PEIeHUs] TTOCTABICHHON
zajaan. JlaHHbI HegocTaTOK OOYCJIOBJIEH HCIIOJIH30BaHUEM HTEpalli-
OHHOT'O aJITOPUTMAa IMOUCK PeIleHusi, IPU KOTOPOM MpsSMas W COIpPsi-
JKeHHAasl 3aJIa90 PENaroTcs HeCKOJIBKO pas.

B nammnoit pabore paccMaTpuBaeTCs aJbTePHATHBHBIIN TOIXO, — MIPU-
MeHEeHUe MAaITMHHOTO O0YYeHUs /I BHIYUCIEHUS BeJTMINHBI KDUTEPUs
Ka4uecTBa B 33/la9aX ONTUMAJIbHOIO 'PAHUYHOTO YIIPABJIEHUS CJIOZKHBIM
TerioooMeHoM. B 1pejraraeMoM 1oJixojie TakyKe UCHOJIB3YeTCs IPUH-
nun «bang-bangs, ynomsnyreiit panee. [emeBas dyHkims HelipoHHOMN
CeTU CTPOUTCS Ha IOWCKE TOYEK IEPEKJII0YEHUN PEeXKUMOB yIIpaBJie-
Hus. Takoe MHOXKECTBO YIPABJIEHUI IMO3BOJISIET YCKOPUTH 0OpabOTKY
JIAHHBIX W COKPATUThL BpeMsd Jijist o0ydenus cetu. [leapio paboThl dB-
JIsieTCs YUCJIeHHOe pellleHre OOpaTHBIX 3a/lad CJIOXKHOI'O TeIIooOMeHa
C MTOMOIIBIO METOJIOB MAITMHHOI'O 00y YeHMUs.

2. IIOCTAHOBKA 3AJAYU

Hecrammonapnas 3amada paJuaioHHOIO U KOHJIYKTHUBHOI'O TEILIO-
0OMeHa OIMCBHIBACTCS CUCTEMO, COCTOSAIIEHl N3 ypaBHEHMs TEeIIOIPO-
BO/JHOCTHU M Pl - HpI/I6JII/DKeHI/IH ypaBHeHI/IH ImepeHoca I/IS.HyLIeHHH B
orpannyentoii obracru ) C R? [?,7]:

(1) % — alAf + bra(10]6° — ) =0,
(2) —aAQ + ka(p —1010°) =0, z€Q, te(0,T).

['panmynble 1 HaYAJIBHDBIE YCIOBUA UMEIOT CJICIYIONINNA B

(3) ad,0+B(0—0,) =0, adnp+y(p—0) =0 zel, tec(0,7T),

(4) e‘t:o =6, x€f,

rie  — HOpMa/M30BaHHAS TeMIeparypa, ¢ — HOPMAJN30BaHHAS WH-
TEHCUBHOCTD WM3JIy9YeHUsl, K, — KOIMDMUIMEHT Toriomenus, aepe3 Oy,
obo3HAYAETCs TIPOU3BOIHAS B HAIIPABJIEHUN BHENTHE HOpMaJIK N K Tpa-
nuie obyactu I' = €.

Koadbdunuentsr a, b, a, 3, 7 BhIpazKaloTCs CIEIYIONIUM 00PA30M:

k |:CM2:|’ b 4on?T3 |:CM]’ 1

max
o =—
PCy 3k — Ak

: s
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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
— koadbdunuent anuzorponun paccesiaust, A € [—1;1].

Cuuraem, gTo ) — orpaHnYeHHasl JHIMIIAIEBa 00/1acTh. BBegem cire-
jytorue rpoctpancrsa: LP) 1 < p < oo — npocrpanctso Jlebera nnre-
IpUpYyeMLIX B p-oit crenenn dynxmuit, H' — mpoctpancrso Cobosesa
W), LP(0,T; X) — npocrpanctio JleGera dbyHKIuii co 3HAYCHUAMI B
OaHaxOBOM IIpocTpaHcTBe X .

O6osnaunm wepes W = {y € L*(0,T; H'): v € L*(0,T; (H')")}, tne
(H') — mpocTpaHCTBO, CONpsKEeHHOE ¢ TpocTpancTBoM H'. 3rmech u
nasee y' = dy/dt.

Harmeii 1esibio sIBJIsIeTCs YMCACHHBIR aHAIN3 PACCMATPUBAEMBIX 00-
paTHbIX 3314 Jyist Mojen (?77)—(?77). Paccmorpum 3asady npubimzke-
HUsI TEMIIEPATYPHOIO MOJIs K 3aJIAaHHOMY BO BCeii 06J1aCTH ¢ TIOMOIIBIO
yupasienus Koddgdunuenramu 7y 3. OupeaesmMm MHOKECTBO IOy CTH-
MbIX YIIpaBJICHUN

U ={y€L*T), BEL*T): 71 <y <19, /i <B< B},

re 0 < By < B, 0 <y <.

MuoxkecTBO U,q sIBJASI€TCS 3aMKHYTBIM BBITYKJIBIM MHOXKECTBOM B
L3(T) x L*(T).

O6oznaunm uepes Y = W x L?(0,T; H'(2)) — npocrpancTBo cocto-
stumii cucremsl (77)—(77).

Onpepesienne. [lapa {0, p} € Y nasbiBaercsa ciabbiM pelieHreM
sagaun (77)—(?7), coorBercrByiomum ynpasjieauio {7, 5} € U,q, eciau
g mobeix u € HY(Q), v € H'(Q) nourn seroay na (0,7) Bbimosns-
I0TCST PABEHCTBA

(¢, u)—l—/ aVoVu dzdy+/ﬁ(9—9b)u dF+/ bra(|016° —9)u dody = 0,
T

Q Q

/OngOVU dxdy + /7(90 —0))v dl + / Ka(p — 1010*)v dzdy = 0

0 T 0
u 1pu 31oM 6|,—9 = 6.

Anasiormuno, kak u B [?|, J0Ka3bIBAETCA, ITO IPU BLINOJHEHUN CJIE-
JIYIOIIUX YCJIOBUIT HA UCXOJIHBIE JAHHBIE
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(1): 71, Y2, Bi, B2 € L), 0 <70 <1 <92, 0 < B < By < fo,
Y0, Bo = const;
(ii): 6, € L®(T x (0,7)), 6, > 0, 0 < 6y € L=(Q), dby/dt €
L3(T x (0,7))
CyIIeCTBYeT eJIMHCTBeHHOe cyiaboe perenne 3ajaaqn (77)—(77), obiaga-
IOITee CJIEJTYIOIIME CBOHCTBAMU:

0<0<M, 0<¢p<M,

rae M = max{||6y[| oo (rx(01)), |0l }-

SaMeHNM 00paTHYIO 3a/1a9y BOCCTAHOBJIEHUsS KOI(MMUITMEHTOB COOT-
BETCTBYIOIIEH KCTpeMasIbHO 3a1a4eil, KoTopas 3aK/II09aeTCA B MITHI-
Musanuu QyHKIMOHAIA KAadeCTBa,

T

(5) ﬂ%m:%//W—Mwmww+iﬁ
Q

{(7,8}€0aa
0

Ha MHO)KecTBe ynpasieHuil U,q. 3meck 0§ — perenne cucreMbr (77)-
(?7?), coorBercTByIOIIEe yrnpasiaeruio {7, 5}.

Ecau pemenne 3amaun (77) cymiectByer, To Oy/eM Ha3bIBATh €r0 OIl-
TUMAJIbHBIM yIIPaBJIEHUEM, a COOTBETCTBYIONILYIO mapy {0, ¢} — omnru-
MaJIbHBIM COCTOSTHHEM.

Awnanorunuso |?] ycranaBiuBaercs OrpaHUYeHHOCTD CHUSY U Judde-
penrpyemocts o ®Pperire dyuximonana (77).

cnosb3yst moaxol, pejyIoKeHnblii B [?], HerpymaHo jJoKasaTh Teo-
peMy O CylecTBOBaHUU perrieHus 3aadu (77).

Teopema 1. Ilpu Beimosnenun yeaosuit (i) u (ii) pemrernue 3a1a4au
(?7?) cymecrsyer.

JlokazaTeabCcTBO.

O6osunaunm vepes Jy = inf{J[v, 8]: {7, 5} € Uaa, {0, ¢} € Y}. Cy-
IeCTBYeT Tocaen0BaTebHoCTh {7;, B} € Usa, {0;, ¢;j} € Y rakas,
aro J[v;, 8] = Jo upu j — oo. Iocnenosarensuocrs {v;, 5} orpa-
mnuena B L?(T') x L?(T). CremoBarebho, CymecTBYeT IOJIIOCIEI0Ba~
TebHOCTH (00O3HAUMM ee TakzKe), Takas, 4ro 7v; — 7 ciabo B L2 (T),
B; — B cnabo B L*(T).

B |?]| nokazamno, uro V j cymiecrsyet ciraboe pemenue {6;, p;} 3amaqu
(7?7)—(?7?), aIst KOTOPOrO UMEIOT MECTO OIEHKH

1051w + [l0jll 20,701 (2)) < C,

re nocrosgaHasg C' He 3aBUCUT OT j. DTH OIEHKN FapaHTHPYIOT BO3MOXK-
HOCTh BBIOOpA TaKOM IOJIIIOC/IEI0BATEILHOCTH (0603HAUNM €€ TaKKe),
q9To0

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; — 0 cusro B L2(0,T; L*(Q)). B pab6ore |?] nokazana cxo-
mMocThb p; — ¢ cuabHo B L2(0,T; L?(§2)) n 060CHOBAH HpeieIbHBbLA
[epexoJi B MHTErPAJIbHBIX TOXKIECTBAX OIPeIesIeHHsl CJIaboro pereHust,
3a UCKJII0YEeHIeM OJIHOTO cytaraeMoro. OBOCHOBaHME MIPEJIeTHLHONO mepe-
X0/1a TPeOYeTCsl B CJIEYIONIEM BbIPAYKEHUN

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

s cupasegymsocru (?77) 10CTaTOYHO I0Ka3aTh, ITO #; — 6 CHIbHO
B L?(0,T; L*(T)). Takxke, Kak u B |?|, 3aMeTuM, 9TO UMeET MECTO CJIe-
Jyroree HepaBeHCTBO |?]: mis mroboro € > 0 cyIlecTByeT MoCTOsTHHAST
C. s KOTOpOii

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

Tak kax 0; — 0 cunbro B L*(0,7; L*(Q)) u cna6o B L*(0,T; H'(2)),

TO
T

lim sup// |6, —0|dl'dt <e Ve>D0.
J—00
0T

CiiesioBaTesIbHO, CYIIECTBYET IIOJIOCIIEI0BATEIBHOCTD (0003HATNM €é
takzke 0;), Takas, aro 0; — 0 cuibro B L*(0,T; L*(T)). Takum obpa-
30M, Mbl 0bOCHOBaJ 9TO {6, p} siBisieTcst ciabbiM pellleHneM 3a/1a9u
(??)—(??). B cuy nosmyrenpepeiBHOCTH cHE3Y dyHKIMOHATA J[Y, (]
oTHOCHTE/IBHO c1aboit Tonostoruu B L*(T) x L?(T) 3akmovaem, uto Jy
gBJIsieTCs perenneM 3aa49u (77).

CrenoBaresibHo, Jr06ast mpejebHast (B cMbicie caaboil CXOIMMO-
CTH) TOYKA MUHHMHU3HPYIOIIEH ITOC/ICI0BATEIBHOCTH SABJISICTCS PEIIie-
Huem 3agaan (77).

B |?| paccmarpuBaeTcs 3a/iada yIpaBIeHUs MOJIEIN CJIOXKHOTO Tell-
noobmena (77)—(?77) ¢ oaHuM mapameTpoM ylpapiieHus. B kadectse
yupasienus soibupaerca gyukmust v € L*(T) rakas, uto v; < y(x) <
Y2, TA€ Y1 ¥ 72 UMEIOT TOT Ke CMBICT, 9T0 U B yciosun (i), dyHkmus
g € L®(I") canraercs 3aJaHHOi. 3ajada ONTUMAIBHOIO YIPABJICHUS
3aKJIF0UAETCS B HAXOXKJIEHUN (DYHKINU 7y, IPU KOTOPOH (hyHKIMOHAI
J[v] Buna (?77) npuHIMaeT MUHUMAJIBLHOE 3Ha4YeHUe, T/e 3, 04 — 3a1aH-
uble hyakmmn. Jlokaszana paspermnMocTh 331841 YIIPABICHNS, TTOJTy 9e-
HBI HEOOXO/IMMBIC YCJIOBUS ONTHMAJBHOCTH ¥ IIPEJJIOKEH YHCICHHBIN
AJICOPUTM HAXOXKJCHUs (DYHKIUN yIIPABJICHUS.
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Bo1B0o1, HEOOXOAMMBIX YCIOBUIT ONTUMAJILHOCTH IEPBOIO MOPSIIKA, 11T
sajaqn (77) OCHOBaH Ha OICHKE IPOU3BOIHON oToOparkenust {7, S} —
{0, ¢}. Onmpasich Ha pe3yabraThl PabOTHI |?], HOTYyYInM HEOOXOAUMBIE
ycsioBust MUHEMYMa 171 3a1aqau (7).

OnwuimeM KpaTKo CXeMy BBIBOJA CHCTEMbI ONTHMasbHOCTH. st om-
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], {6, ¢} — cocrostane cucremsr (7?)—(?77?), cooTBeTCTBYIO-
mee yrnpasiaennto {7y, 5} € Uyg.

[Toce mogcranoku (7?7) B (?77)—(?7), mOIydnM CJIEIYIONLYIO CHCTE-
My i depeHITnaIbHbIX YPaBHEHUI:

d9e
ot

— alg. + bk (40%g, — 1) = —bra(6c0%g? + 4e%0g° + £2¢7),

—alAr, — Iia(4é3g5 —r.) = /{a(65é293 + 462ég§ + 53921),
BMeCTe C KPAeBBIMU YCIOBHAME
a0ng- + Bg. +2g.(B8 — B) + (B — B)(6 — 02) =0,
adyre +Are +ers(y =)+ (v =) (@ —03) =0, =z €T,
COOTBETCTBYIOINLYIO HAYAIHHOMY YCIOBHIO
(8) 9elt=0 = 0.

Jaee chopmyaupyemM Tph JIEMMbI, JTOKA3aTEJIbCTBO KOTOPBIX IIPO-
BOJIUTCS TaK¥Ke, KaK JI0Ka3aTe/IbCTBO COOTBETCTBYIONINX JIEMM B pabo-
Te |?].

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 Takxke, Kak B pabore |?|, Mmoxkem mosry-
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
YCJIOBUAM

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) //(0 —0,)g dxdydt > 0.
0 0

JIemma 3. Ilycrs {6, ¢} — onrumasibHbIe COCTOSIHIE, COOTBETCTBY-
foree onTuMajbHoMy yipasienuto {7, 5}. CoupsixkeHHOE COCTOSIHHIE
ONPEIETACTCS CIIEYIONM 00PA30OM:

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-
crembl (77).

Teopema 2. Jljis 1000t onTuMabHON AP {é, $}, COOTBETCTBY-
[OIIell onTUMaIbHOMY yipaBieHuto {7, B}, CYIIECTBYET €JIMHCTBEHHOE
colpsizKeHHOe cocrostaue {p1, po} € Y, ynosiersopsitoriee (77), a Tak-
K€ CIPABEJINBO HEPABEHCTBO

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

BepHoe s 1obbix {7, B} € Uyg.

JlokazaresibcTBO. YMHOXKUM [epBoe U BTopoe ypasaenue (?77) co-
OTBETCTBEHHO Ha p1, P2, & ypasuenus B (?77) Ha g, 7 COOTBETCTBEHHO
ckaspuo B L2(Q)) . Yuurosag yenosua B (77), (??) u unrerpupys
HOJIyYeHHbIe BbipazkeHus 110 ¢ or 0 710 T', 1Oy IuM PaBeHCTBO

// 9 Qd)pldfdt—l—//v A)(@ — 03)pe dTdt =
T
—//(G—Gd)g dxdydt
0 Q

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

T T
Y1(s) = /(é —Og)p1 dt, (s / o — 9d podt, seTl.
0

0
Torna u3 BapuamoHHOro HepaBeHcTBa (77) ciemyer

(13) 1(& — B) +a(& —4) <0

ats oObIX &1, &, Takux, uto & € [B, o], &2 € [, Yol

Hepagsencrso (?77) npejcrapiisier aHaJIOr IPUHIHIA «bang-bang», oc-
HOBAHHOI'O Ha BBIOOpE KPaWHUX 3HAYEHNN 13 MHOYKECTBA OTPAHMIEHUIA.
B zaBucumocTu ot 3Haka 1 u vy, MoJgIydacM

(71, 1], ecmm ii(s) <0, 1a(s) <0;

4 B] _ (Y2, Ba],  ecom s (s) Pa(s) > 0;
’ (1, Ba, ecrm ¥y (s) <0, ha(s) > 0;
[v2, 1], ecom 11(s) Pa(s) < 0;

It mouTH Beex s € I,

B nanmnoit pabore i1 HAXOXKJIEHUS PeIIeHns] SKCTPeMaJibHON 3a-
maan (?77) He OyJeT yUMTBIBATHCS CONpsizKeHHast cucteMa. Mcnosp3yst
CBOMCTBO PeJICHTHOCTU ONTUMAJILHOTO YIIPABJICHHS, PEJIaracTcsd HO-
Basl ONTHUMU3AIMOHHAS TEXHOJIOTUs OIPEJIC/ICHIS TapaMeTPOB YIIPaB-
JIEHUsI Ha OCHOBE MAIIMHHOIO 00ydYeHusi. AJITOPUTM OUCKA OIMTHMAIIb-
HOT'O YIIPABJIEHUS COCTOUT U3 CJIEIYIONINX STAIlOB:

1). Haxox ienue perteust mpsiMoii 3a/1a91 IUCIeHHO-aHATU THIECK M
c110coOOM TIpH (PUKCHUPOBAHHBIX 3HAYEHUAX ITapaMeTPOB YIIPABJICHHUSI;

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

3). ObyueHre HEHPOHHOI ceTH Ha MTPOTHO3UPOBAHUE OCPETHEHHOIO
1o 00JIACTH ONPEJIe/IeHNs] TPOCTPAHCTBEHHBIX ITepEeMEHHBIX (DYHKITNO-
HaJla KauecTBa,

Iy, 8] = J[v, B]/mes Q

110 (pU3NIECKUM XapaKTEPUCTUKAM ITPOIECCa, a TaKKe ITapaMeTpaM Ha
CPaHUIle U B HaYaJI€ IIPOIECCa;

4). Munnmusarys GyHKIME HEHPOHHOT CeTH TIPU MOMOIIH CTOXACTH-
YECKOT'O aJITOPUTMA.

st bopmupoBaHusa 6a3bl JAHHBIX BBIITOJIHEHBI YNCJIEHHbIE SKCIIEPH-
MEHTBI B BUJie perieruii mpsamoii 3aaaan (?77)—(?7) MeTomoM KOHEYHbIX
9JIEMEHTOB IIPU ITOMOIIU MYJIbTU(PUITIHOIO TPOrPaAMMHOI0 obecriede-
nust FreeFem++ [?|. s MozesmmpoBaHust ONITUMAJIBHOTO YIPABJICHUS
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UCIIOJIb3YETCd CBONCTBO PesIeifHOCTU IpaHUYHOTO ylpasienus. Ha mo-
JIy4eHHOI 0a3e JIAHHBIX IpeJjIaraeTcsd O0yInTh KJIACCUIEeCKYI0 MO
perpeccun XGBoost Regressor |?| u riy6okyto HeiiporHyto ceThb, 0b/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 pemntenne 3agadn (?77)—(?7) HAXOAUTCA METOJOM KOHEU-
HBIX 9JIeMEeHTOB. /ucKpeTusarys 1o BpeMeH! peajin3yeTcs IIPU MOMO-
1 obpaTHOro MeToa Dditiepa. g guHeapu3anun HeJTMHEHHBIX CJla-
raeMbIX IIpUMEHSeTCd pasJiozKenne pyHKIuu B psji Teiyiopa. [loryden-
Hasl JIMHeAPU30BaHHAs MO/JIE/Ih XapaKTEPU3YETCsA TEM, UTO PelieHne Ha
HOBOM BPEMEHHOM CJIO€ HAXOJAUTCA U3 JIMHEHHONW BapUAIMOHHONA 3a/1a-
qn. CXOUMOCTD MOJTyYeHHOT'O UTEPAIIMOHHOIO TIPoIiecca 0OOCHOBaHA B
pabore [?].

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’/‘]\[

Koneunomepnsblii oriepaTop, HOpOXKIeHHbI OuTnHEHO# (hOpMOii cia-
6oro pemtennst 3agadn (7?7)—(?7), nmeer caemyromuii Bu:

ah(92+1> QDZ—H? u, U) =

=771 / 07w drdy + a / VOt Vudrdy + o / VW 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 (77)-(?7) onpesesen paBeHCTBOM

Op(u,v) = =771 /GZudmdy-l—

Q
+ Bbﬁa/(ﬁﬁ)‘lu dxdy — 3k, /(92)41) dxdy+
Q )
+/5‘9bUdF+/7«9§vdF Yu,v € Hj.
T T

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

IPOBOIUTCS B porpaMMHOM KoMintekce FreeFem+-+. PaccunrniBaercsa
MOJIEJTb CJIOYKHOTO TeIJI000MeHa B JIBYMEPHOM,CHMMETPUYHON 00JIaCTH.
Tak kak jajiee B mporiecce TeHepaiui 0a3bl JIAHHBIX JUHEHHbBIN pa3-
Mep 00JIaCTH BapbUPYIOTCS, TO MAKCUMAJIBHBII pazMep KOHETHOTO JJIe-
MEeHTa, TapaHTUPYIONIHI JOCTATOYHYIO IIOTPENTHOCTD YUCIEHHOTO METO-
J1a, TI0J/ICTPANBAETCS IIPH IIOMOIIU aBTOAIAITAIlnN CETKH, BBIITOJTHEHHO
nporpamMmuoit pyukmnueit FreeFem++-.

B cuy cummerpudHocTH 06J1aCTH, TOUKY HEPEKIOYEHUS OTIEIBHO
JIUTsL KaKJIOTO TpaHuYIHOro KoddduiinenTa OyJeM UCKATh HA ITOJIOBUHE
cTopoHbl KBajipata. Ha pucynke 77, Ha cropone KBajiparta JIIUHBI L,
yKa3aH JIMalla30H MOWCKA TOYKHU IEPEK/TI0YEHUs], CAUMMETPUIHON OT-
HOCUTEJILHO CpejiHeli M KBajparta, u3 uarepsasa [0.05L;0.495L],
a TaKyKe CXeMaTUIHO M300parKeHO CIMMETPUYHOE PACIOJIOXKEHNE BO3-
MOXKHOI TOYKHN TIepeKJIIoYeHns, 0003HAYeHHON KpPacHBIM IIBETOM, Ha
paccrosganu 0.3L oT Kpasi TpaHUITHI.

0.49L

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

[Ipu perrennn oOpaTHON 3aJa9M WCIOJIB3YETCHd aHAJOI MPUHIIHIIA
«bang-bang», npu KOTOpOM Ha TI'DaHUIE MPOUCXOJIUT MEePEKJIIOYEeHNe
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ylIpaB/leHnsd Ha KpaliHue 3HadeHUs MHOXKeCTBa yipasjeHuit. Ha pu-
cyHke 77 n300pazkeHbl IPUMepPbl BO3MOXKHBIX rpacbukos GyHKIuii ()
u [f(x) ¢ TOIKAME TIEPEKJIOUEHNs, PACIIOJOKEHHBIMA HA PACCTOSHUN
0.3L or mauasa rpanunsl. [Ipm 3TOM HEOOXOUMO OTMETUTH, YTO TOY-
KU ITePEKJTI0UEHUs /It 000UX (DYHKIINI HE3aBUCUMBI U B OOITIEM CJTydae
MOTYT HE COBIIQJIATh.

T2 iz}

hy —— — p

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

Puc. 2. I'paduku rpannaasix GyHKIUIT

4. BA3A JTAHHBIX

s dbopmupoBanust 6a3bl TaHHBIX HEOOXOIUMO OIIPEJIEC/IUThH apa-
MEeTPBI TIPOIECCa, KOTOPhIe Oy/IyT UCIIOIb30BAHBI JIJIsT MAITHHHOTO 00Y-
YeHUsI, & TaKyKe MpeJesibl UX Bapuanuu. B JaHHOM ciiydae IoJ mapa-
MeTpaMi IMOHUMAIOTCS (DU3NIECKHEe XapaKTEPUCTUKN CPEJIbl, a TaKKe
rpaHuvHble U HadasbHble byHKIMU. [[ogHBI ClICOK mapaMeTpoB, a
TaKyKe WX €JIMHUIbI U3MepPeHus IIpeJIcTaB/eHbl B Tabsmie 77. 31ech
V1,72 — IKCTpeMaJjbHble 3HadeHus GyHKImu 7y, hy, hy — 3KcTpeMasb-
Hble 3HavYeHus (PyHKIUU h, UCIOIb3yeMble I pacdera GpyHKIuu (3 .
Ornucanme Beex OCTAJILHBIX TAPAMETPOB IIPUBEJICHO B pasjese 2.

[eneparust JaHHBIX OCYIIECTBJISIACH TPU TOMOIIH CJIyYAHON BbI-
OOpKU M3 PABHOMEPHOTO PACIIPEJIE/IEHUsT B MIPE/Ie/IaX MUHUMAIHLHOTO 1
MaKCHMAaJIbHOTO 3HAYEHUsI JIJI KaKJI0T0 U3 apaMeTpoB, YKa3aHHBIX B
tabaume 7. [Ipemens Bapuaun mapaMeTpoB ObLIN BBIOPAHBI JT0CTa-
TOYHO MIUPOKUMU JIJIsT BO3MOYKHOCTHU DEITIeHUs TIOCTaBICHHON 3a/1a91
MPAKTUIECKH [Tt JTIOOBIX (DU3UUECKUX CPEJl, & TaKyKe T'PDAHUYHBIX U
HAYAbHBIX YCJIOBUIAL.

O6ree Bpemsi Habuiosernst cocrasmio 17=300 [c], BpemeHHOIT 11D
7=0.1 [c].

Bcero 6n110 cremepupoano 20000 HabopoB mapaMeTpoB, JIJId KazK-
JIOTO U3 KOTOPBIX ObLIa YUCIEHHO peIleHa MpsMas 3aJada, a TaKyKe
[OJIY9IEHO COOTBETCTBYIONIEE 3HAEHNE (DYHKIIMOHAIA KAIECTBA, o .
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TAB/IUIIA 1. Bapbupyemble mapaMeTpbl U UX PaCIIpe/iesIeHre

’ Haspanue \ Muu. 3HaueHune \ Makc. 3nauenue \ Ennnuns uzmepenns ‘

p 0.15- 1075 5000 - 1075 Kr/cnm®

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 oY

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 -

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

5. MAIIIMHHOE OBYYEHUE

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

2 _Z?:l(yi_xi>
=t S (wi—7)

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 Tabsure 77.

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
JIJI Heé TpeJICTaB/IeHbI Ha, PUCYHKe 7.

V3 o1y 9eHHBIX JaHHBIX BUIHO, YTO MOJIEJIb IIPOIHO3UPYET 3HAUECHIE
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 MOMOIIHM 0O0OIIEHHOrO
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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

asroput™a umuraru orxkura 7], [?].
F(z) —inf,

rae F(z) = R,(Rp(Wz2)) — dyukims HeifpoHHoit ceTn ¢ OJHIM CKPBI-
TBIM CJIOEM, IIPOIHOBUPYIONIAs 3HadeHne (DYHKIHOHAIA J 110 HAGOPY
BXOJIHBIX apameTpoB z = {p, ¢y, Trax, ---, 2, P1, Py}, W — maTpuna Be-
COB HelpOHHOM ceTH, MoJlydenHas B pesyabrare obydenns, R, — PyHK-
1S 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 PacCMAaTPUBACTCS 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
IPEJIJIOYKEHHON TEXHOJIOIUU HEOOXOIUMO IPOU3BECTH KAK 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
crarbu. 3a OCHOBY Oblia B3sTa pabora [?], B KOTOPOIt OlUCHIBAETCST THC-
JIEHHBI!I METOJ| IPUMEHEHUs AJITOPUTMA KJIACCUIECKOTIO ONTUMAJILHOTO
yIPaBJICHUS IPAHUIHBIM TAPAMETPOM 7y JJIsi CUCTEMbl, aHAJOTHUIHON
(7?)—(??), Ha upumepe GU3NIECKUX TAPAMETPOB MOJIEJIN, COOTBETCTBY-
FOIIUX CTEKJTY.

Jlna cpaBuenus: 06110 creHepupoBano H00 HAOOPOB ¢ ITapamMeTpaMu,
COOTBETCTBYIOIUMHI CTEKITY, & TAKXKe C Pa3IMIHBIMU T'DAHUIHBIMU 1
HavabHBIMU ycsioBusaMu. [lociie pertenns: npsiMoit 3ajia4uum JIJist periie-
HUs TpsiMOit 3a1a4au cucteMbl (77) — (77) [ys KayKI0ro U3 YMCJIeHHBIX
9KCIIEPUMEHTOB OblLjIa pellieHa obpaTHas 3a/lada U IIPOBEJIEH aHAIU3 B
CJIEJIYIONIUX YeTBhIPEX CJIyvasiX:

I) B nepom ciydae ObLI MCIIOIB30BaH METOJ, IIPOCTON HWTEPAITHH,
OIMCAHHBINA B |?], peanusyonuii onTuMaibHOe yupasienne Koabdu-
IIUEHTOM 7 KJIaCCU4IecKuM criocoboM. [lomck perienust mpu 3ToM ocy-
ECTBJIAJICSA U3 BRIODAHHBIX MHTEPBAJIOB:

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

[Tonmyuennble pe3ysibTaThl JJIsi KaxKJI0M0 U3 YETHIPEX STAIOB IPE/I-
craBjIieHbl B Tabsume 7.

TAB/IULIA 3. Pe3yabraTbl 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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N3 pesynbraTos, npeacrapieHHbX A dTamnos 1 u 11 B Tabmume 77,
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
orpaHudeHusd y; < Yo HE UTPaAET CYIIECTBEHHON POJIM U IPHUBEJIO K
YJIYUIIEHUIO pe3yJibTaTa JIUIIb B IIPeJiesiaX CTaTUCTUYIECKONH TTOTPENTHO-
CTH.

Ananmuz pesynbraros sranoB III u IV mokasas, 910 BO3MOXKHOCTH
YIPABJIATb ABYMsI TPAHUIHBIMU (DYHKIUSIMU, SIBJISIOIIASACS IKCKJIIO-
3UBHOI OCODEHHOCTBIO TPEJJIOYKEHHOW aBTOPAMU TEXHOJIOTUH, ITPUBO-
JINT K 3HAYUTETLHOMY Y/IYUIIEHUIO KaK Ka9eCTBEHHOI'O, TaK U KOJIU-
JeCTBEHHOI'O IIOKa3aTesell KadecTBa ONTHUMU3annu. TakuM oOpasoM,
MOXKHO YTBEPXKIATh O 0OJbIOi posu Kodhdurmumenta [ B 3a1a4uax
ONTUMAJILHOTO YIIPABJICHUsS IPAHUIHBIMEI KO(DUIMEHTaMI B MOJIEJIN
CJIOZKHOT'O TEIJI000MeHa.

JIst meMoHCTpalu BO3MOXKHOCTEH pabOThI MPEII0sKEHHON TeXHO-
JIOTHU OBLI PAcCUNTaH YUUCJIEHHBIN YKCIIEPUMEHT ¢ (DU3UIECKUMH Xa-
PAKTEPUCTUKAMU CTEKJIA U CJICIYIONUMU TPAHUIHBIMU ¥ HAYATbHBIMU
YCJIOBUSMU:

a=0.006, b=0.025  a=0435 T = 1057,
L =2386, 0,=0639, 6,=0141, 6, =0.65.

Jna pannoro skcuepuMenta Obuin peasmzoBanbl I, III u IV sra-
bl ONITUMUBAIN. 3HAYEHNsT TPAHUIHBIX (DYHKIUH MOC/Ie Pas3IImIHBIX
9TAIlOB ONTUMU3AINN TTOKAa3aHbl HUKE:

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

D)y, = 5.6 -1072, 7 = 0.275, P, = 0.178L.

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

Pesynbrarsl ontuMusanum SBIAIOTCH PENPE3EHTATUBHBIMHE JIJTs BCEi
BBIOOPKHM YHC/IEHHBIX 3KcrepuMeHTOB. Ha pucynke 77 mpejcTaBieHO
[oJie TeMIIEPaTyp JIO0 U TO0C/Ie KaXKJIOTO U3 YIOMSHYTBIX BBIIIE STAIIOB
OLTHMHU3AIII BMECTE CO 3HAMEHUSME (DYHKIHOHAIA KAIECTBA, .

CrouT TakykKe OTMETUTH, YTO OCHOBHAsI BBIYUC/IUTEIbHAS HATDY3Ka
IIPOUCXO/IUT Ha dTare oOy4deHus HeiiponHoii cetu. [[pumenenne ontumu-
3AI[MOHHOI'O0 METO/Ia Ha y2Ke O0yYEeHHYIO CETh ITO3BOJISIET MOJIyYUTh Pe-
IeHne oOPaTHOM 3a/1aun MPH JIFOOBIX TapaMeTpaxX B T€UEeHUE HECKOJIb-
KAX MUHYT TPAKTUIECKH HA JTIOOOM BBIYUC/IUTE/THLHOM YCTPOWCTBE, B TO
BpeMsi KaK KJIaCCUIeCKHe METOIbI TPEOYIOT IUKJIMTHOIO PEIICHUS TPsi-
MOit 1 00paTHOI 3a/1a4u JIJIsd KaxKJ0T'0 OTJIeILHOTO ciydas. Boiiens io-
JKeHHbIe (paKThl TOBOPAT O TOM, UTO IIPUMEHEHUE MAITMHHOTO 00y YeHUd
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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 nmanHoit paboTe mmpeioykeHa ONTUMU3AIINOHHAST TEXHOJIOT ST
Ha 0a3e MAIMHHOIO OOYYeHWs I YIPABIEHUS 'PAHUIHBIMU TIapa-
MeTpaMi B MOJE/IH CJIOXKHOI'O TeIlJIOOOMeHa, UCIHOIb3YIONas MPUHITAIT
«bang-bang»B cBoeii ocHOBe. ABTOpaMu MPOBEJIEH KOJUIECTBEHHBINH 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-
HOCTHU yIPABJIECHUA CPa3y JABYMS I'PAHUIHBIMU (DYHKITHSIMU.
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