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BBIUNCJIUTEJABHAS MATEMATHUKA, MTHTEPIIPETAIIMS N-MEPHOM
B ABYXMEPHYIO CUCTEMY, BbBIGOP OIITUMAJIBHbBIX IIAPAMETPOB
CTPYKTYPbI MATEPUAJIOB U TEXHOJIOI'MYECKHUX
IMPOLOECCOB. MHOI'OMEPHASI MATEMATHKA
COMPUTATIONAL MATHEMATICS, INTERPRETATION
OF AN N-DIMENSIONAL INTO A TWO-DIMENSIONAL SYSTEM, SELECTION
OF OPTIMAL PARAMETERS OF THE STRUCTURE OF MATERIALS AND
TECHNOLOGICAL PROCESSES. MULTIDIMENSIONAL MATHEMATICS

AnHoranusi. llenbp paGoThl COCTOUT B KOMIBIOTEPHON MHKEHEPUH U MaTEPUATIOBEICHHE:
MOACIIMPOBAHUEC, HHTCPIIPCTALHA N-MepHOﬁ B ABYXMCPHYIO U BBI60p OIITUMAJIBHBIX IMapaMCTPOB
WH)XEHEPHOUW CHCTEMBI Ha 0a3e MHOTOMEPHOM MaTEeMaTUKH (pa3/en: TEOPUH U METOJIOB BEKTOPHOU
ONITUMU3BALIHH ).

B pamkax TeopuM BEKTOPHOM ONTHMM3aLMH IPEACTABICHbl NPUHIMIBI ONTHMAJIBHOCTH
peIICHUA BEKTOPHBIX 3aJa4 IIPHU PAaBHOZHAYHBIX KPUTCPUAX U IIPU 3aJaHHOM IIPUOPUTCTC KPUTCPHUA
https://rdcu.be/bhZ8i. (Pabora "Vector optimization with equivalent and priority criteria” Springer
Nature pacrpoctpansiercs OecruiaTio.). Ha ocHOBe Teopuu pa3paboTaHbl KOHCTPYKTUBHBIC METO/TbI
peIICHUA 3aaa4 BeKTOpHOﬁ ONTUMHU3AlIHNHU, KOTOPBIC IMO3BOJAIOT OLCHUBATH JSKCIICPHUMCHTAJIBHBIC
JaHHBIC, BO-IICPBLIX, IIPU PABHO3HAYHBIX KPUTCPHUAX, BO-BTOPLIX, IIPU MOACIUPOBAHNH HHXXCHCPHBIX
CUCTEM C 3aJJaHHBIM IIPUOPUTETOM KPUTEPUS ITPU MPUHATHH ONITUMAIIBHOTO pemieHus. [Ipaktnueckas
HaIIpaBJICHHOCTb IIOKa3aHa IIPM aBTOMATHU3HWPOBAHHOM IIPOCKTHPOBAHHMMU Ha Oazse BCKTOpHOfI
ONTUMH3ALIMN WHKEHEPHBIX CUCTEM, KOTOPHIM OTHOCSITCS CTPYKTypa marepuana. g sTou uenu
pa3paboTaHO MporpaMMHOE OOecCTieueHHue peIIeHus BEKTOPHBIX 3anad HenwmHeiHoro (B3HII)
nporpamMmupoBanus. [Iporpammuoe obecnieuenue pemenust B3HII ucnoneiyrores npu nudpoBoit
TpaHC(bOpMaI_II/II/I MNPUHATHA OIITHMAJIbHBIX peIJ_IeHI/Iﬁ B MHXXCHCPHBIX 3a1a4ax. YucneHHbIE MPUMCPLBI
MpescTaBiIeHbl MUPPOBOM TpaHcopmaryiel NPUHATHS ONTHMAJbHBIX PEIIEHUH MO CTPYKType
MaTepuaia.

[Ipu npuHATHM ONITUMAJIBHBIX PEIICHUN B MHKEHEPHBIX CUCTEMAaX pa3pabdoTaHO: MOCTPOCHUE
HCXOOHBIX HdaHHBIX (TeXHI/I‘-ICCKOG 3a,£[aHI/IC) A MOACIIMPOBAHUA CTPYKTYpbl MaTCpualia;
peoOpa3oBaHue MaTEMaTUYECKOI MOJIENIN CTPYKTYPhl MaTepuaia B yCIOBHUIX HEONIPEAEIEHHOCTH B
MOACIIb B YCIOBHAX OHNPCACICHHOCTH, IPHHATUC OINTHUMAJIIbHOIO PCIICHUMA (KOTOpOC BKJIKOYACT
mapaMeTppl M XapaKTepUCTHKH MaTepuaja) C paBHO3HAUYHBIMU KPUTEPUSIMH; HPUHATHE
OIITUMAJIBHOT'O PCIICHUSA C 3a/JaHHBIM IIPUOPUTETOM KPHUTCPHA.

Abstract. The purpose of the work is in computer engineering and materials science:
modeling, interpretation of N-dimensional into two-dimensional and selection of optimal parameters
of an engineering system based on multidimensional mathematics (section: theory and methods of
vector optimization). Within the framework of the theory of vector optimization, the principles of
optimality of solving vector problems with equivalent criteria and with a given priority of the criterion
are presented https://rdcu.be/bhZ8i . (The work "Vector optimization with equivalent and priority
criteria» by Springer Nature is distributed free of charge.). On the basis of the theory, constructive
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methods for solving vector optimization problems have been developed, which make it possible to
evaluate experimental data, firstly, with equivalent criteria, and secondly, when modeling engineering
systems with a given criterion priority when making an optimal decision. Practical orientation is
shown in computer-aided design based on vector optimization of engineering systems, which include
the structure of the material. For this purpose, software for solving vector problems of nonlinear
programming (VPNP) has been developed. VPNP solution software is used in the digital
transformation of optimal decision-making in engineering problems. Numerical examples are
presented by the digital transformation of optimal decision-making on the structure of the material.
To make the optimal decision in engineering systems (on the example of the structure of the material),
the following has been developed: the construction of initial data (technical specification) for
modeling the structure of the material; transformation of a mathematical model of the structure of a
material under conditions of uncertainty into a model under conditions of certainty; making an
optimal decision (which includes parameters and characteristics of the material) with equivalent
criteria; making an optimal decision with a given priority criterion.

KiamoudeBble cioBa: I/IH)KeHepI/ISI, MaTCpruaJlIOBCACHUC, TGOpI/ISI BeKTOpHOﬁ OIITUMH3AallNH,
[IporpammMHoOe obecnieueHre BEKTOpHOM onTtuMuzaiuu, Lludposas tparnchopmanms, MuoromepHas
MaTreMaTuka.

Keywords: Engineering, Materials Science Research, Vector Optimization Theory, Vector
Optimization Software, Digital Transformation, Multidimensional mathematics.

1. Introduction

HccnenoBanue pa3BUTHS WH)XEHEPHBIX CHCTEM M HAayKd O MaTepuajgax MoKa3ano, YTO UX
pa3BUTHE 3aBUCUT OT HEKOTOPOTO MHOXKECTBAa (PYHKIMOHAIBHBIX XapaKTEPUCTHK, KOTOPHIE
HE0OXOIMMO YUYWTHIBaTh Ha CTAJHHM MPOEKTUPOBaHUA. AHaIN3 (HYHKIIMOHUPOBAHHS WHKEHEPHBIX
CUCTEM IOKa3aj, 4YTO yJy4dlIEHHE IO OJHOW M3 XapaKTEPUCTHK NMPUBOANUT K YXYALIECHHUIO JPYTUX
XapakTepucTHK. [ yayunienus GyHKINOHUPOBAHUS HHKEHEPHON CUCTEMBI B I1€JIOM HEOOXOAUMO
YIIyUIIEHUS BCEX XapaKTePUCTUK B COBOKYMHOCTH, [1, 2].

MaremaTuueckas MoJieTh TaKUX (MH)KEHEPHBIX) CUCTEM Ipe/ICTaBIeHA
MHOTOKPUTEpUAIBbHBIMU  33JadyaMM  ONTUMHU3allMM U, KakK CIEJCTBUE, TpeOyeTcss pelleHue
MHOTOKPHUTEpPHUAIbHBIX (BEKTOPHBIX) 3aJ]a4 MaTeMaTUYeCKOro mporpammupoBanus. MccnenoBanus
TAKOTO KJIacca 3aja4 Havaloch Oojiee cra JieT ToMy Haszan B pabore Pareto V [3]. JlanpHeiimiee
HCCIIeIOBAaHUSI MHOTOKPUTEPUAIBHON ONTHUMM3AIMH MPOBOAMUIOCH KaK Ha TEOPETHUYECKOM YpOBHE
3apyOexHeiMu [4, 5, 6, 34-39] u pycckumu aBropamu [13, 14, 15-33], Tax u Ha peuieHun
MPaKTHYECKHUX 3aj[a4 CHavajia B 001acTH d3KOHOMUKH [15, 16, 44], a 3a TeM B 00J1aCTH HH)KEHEPHBIX
cucrem [7-12, 16-33, 44].

Ilenv pabomer ananmus, MOCTPOEHUE MAaTEMaTHYECKOW MOJENM WH)XEHEPHBIX CHUCTEM H
CTPYKTYpHl MaTepuasia, HCCIeJI0BaHHE TpoueccoB MH(PpoBOil TpaHchopMaAMKU  pPa3BUTHS
WHXEHEPHBIX CHUCTEM B YCIOBHUSIX OMPEIEICHHOCTH M HEOIPEIeICHHOCTH, BBIOOP OMTUMAIbHBIX
IapaMeTpoB CTPYKTypbl MaTepuaia Ha 0a3e TEOpPUM U METOJOB BEKTOPHOW ONTUMHU3ALUU
(MHOTrOMEpHOI MaTEeMaTHKH ).

B pamkax Teopun MHoOroMmepHoi MaTeMaTHKU (pa3ziena: BEKTOPHOM ONTHMH3AlMs)
MpPE/ICTaBICHBl TMPUHIUIBl ONTUMAIBHOCTH PEIIEHUS BEKTOPHBIX 3a/ad MpH PaBHO3HAYHBIX
KPUTEPHUSX U TIPU 33J]aHHOM TMPUOPUTETE KPUTEPHs, a TAKKE MOKa3aHbl KOHCTPYKTHUBHBIE METO/bI
pelleHns 3a/ad BEKTOpHOHM omntumuzauuu. J(ns mMonenupoBaHUs U HUPPOBOIl TpaHchopManuu
MHXEHEPHBIX CHCTEM HCIOJb30BaHbl BEKTOPHbIE 3aJaud HEJIMHEWHOTO MpOrpaMMHUpPOBaHUS,
KOTOpBIE PEIIaINCh B YCIOBUAX OMPEAETICHHOCTH U HEONPEIEICHHOCTH.

Jlnist peanmu3aliii IOCTaBICHHOM eI B pa0OTE MPECTABICHBI BE 00IACTH MUCCIIETOBAHMS:
MaTeMaTH4ecKoe, MporpaMmMHoe oOecriedeHne U MpUKIagHas 001acTs.
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B o6mactu MaTeMaTH4eCKOT0 M MPOTPaMMHOT0 0OecTIieueHus MPeICTaBIeHa XapaKTEPUCTHKA,
MPOBEAEH aHAIM3 W MCCIICIOBAHUE 3a/1a4 BEKTOPHOM onTuMu3saiuy, [13, 14, 15-33, 44]. B pamkax
TEOPUU BEKTOPHOW ONTHMM3AIMHM TPEICTABICHb aKCHOMATHKa W MPHUHIMUIIBI ONTUMAaIbHOCTH
pelIeHrs BEKTOPHBIX 33a4 IPU PaBHO3HAUHBIX KPUTEPUSAX U MPU 33JJaHHOM IPUOPUTETE KPUTEPUSL.
Ha ocHOBe NpUHIMIIOB ONTHUMAaJIbHOCTH Pa3pabOTaHbl KOHCTPYKTHBHbBIE METOJbI PELICHUS 33734
BEKTOPHON ONTHUMH3ALUH, KOTOPbIE [TO3BOJISIFOT IPUHUMATh ONTUMAJIbHOE PELIEHUE, BO-TIEPBBIX, IPU
paBHO3HAYHBIX KPUTEPUSX, BO-BTOPBIX, NIPU 3aJaHHOM npuopurere kpurepus. [Ipu uccnenosanun
po0sieMbl BEKTOPHOM ONTUMH3ALMKM IPEJICTAaBICHO YHUCICHHOE pEUIeHHE BEKTOPHOM 3ajauu
HEJIMHEHHOTO (BBIIYKJIOr0) MIPOrpaMMHUPOBAHUS C YETHIPbMSI OJTHOPOJHBIMH KPUTEPUSIMH.

B npuxiagHoii yactu pa®oThl B OpraHU3alMOHHOM IUIAaHE MPOIECC MOJEIMPOBAHUS U
CHUMYJIMPOBaHUS CTPYKTYpBl MaTepHasa MpeAcTaBleH B BUIE MeTo10sIoruu: «Meromonorust Beioopa
ONTHMAJbHBIX  MapaMeTPOB  HHXEHEPHbIX CHUCTEM B  YCIOBUSAX  OIpPENEICHHOCTH U
HeonpeneneHHocTuy. (Texuuueckue cucrembl [16-32], TexHomoruueckue mnpoueccol [16, 22],
Matepuaisl [18, 44]),

3aaun, KOTOpbIE BO3HMKAIOT B IPOLECCE MPHUHATHS ONTHUMAJIBHOIO PEIIeHUs BBIOOPA
ONTHMAaJIbHBIX TAPAMETPOB CIIOKHBIX MHKEHEPHBIX CUCTEMaX BKJIIOYAET I10CIIEI0BATENIbHO TPU BUIA.
1 6uo. Pewenue eexmoproli 3a0auu npu paeHo3Haunvlx Kpumepusx. [loydeHHBIH pe3ynbTaT
SIBJIIETCS OCHOBOM /Il JajbHEHIIero ucciefoBaHus cuctembl. [Ipm 3ToM UCHOIB3yeTCsl METOJ
pellIeHUsT BEKTOPHOM 3aJaud IPU DPABHO3HAYHBIX KpuUTepusax. Eciy 1oiydeHHBIM pe3yJsbrar
YJIOBJIETBOpSET JUlly, npuHUMaromero pemenus, (JIIIP - mpoextupoBuiyk), To oH Oepercs 3a
ocHoBy. Ecin pemenne He ynosierBopsier JIIIP, To mepexoaum ko 2-my 6udy (npsMas 3a1aya),
CBS3aHHAs C M3MEHEHHEM IapaMEeTpOB; WU 3-My BHJY pelIeHus BEKTOpHBIX 3anady (OOpaTHas
3amava: «Kakme OyayT mapaMeTpbl CHOXHBIX TEXHHYECKHX CHUCTEM TpU  3aJaHHBIX
XapaKTePUCTHKAX).

B opraHu3zannoHHOM IUIaHE MPOILECC MOJCIUpOBaHUsS U cumysuposanus (the process of
modeling and simulation of a engineering System) clIOXHBIX HHXEHEPHBIX CHCTEM, BKJIFOUYAFOIIUI
TPH BHJIA BBIIIE IPECTABICHHBIX 33/1a4, C(OOPMHUPOBAH B BHJI€ METOIOJIOTHU:

«Memooonozuss 6b160pa ONMUMANLHBIX NAPAMEMPOE CLONCHBIX UHIHCEHEPHBIX CUCMeEM 6
VCI08USX OnpedesleHHOCmU U HeonpeoeneHnocmuy, [18, 44].

MeToponorust BKIIO4aeT TpH OJI0Ka, pa3feNieHHBIX Ha PsijI ATAIloB:

brox 1. ®opMmupoBaHME TEXHHYECKOTO  3aJaHWs, MpeoOpa3oBaHUE  yCIOBHUM
HEOIPEEIEHHOCTH B YCIIOBUS OIPEIEICHHOCTH;

bnox 2. Metononorus mpolecca IpUHATHS ONTUMAIBHOTO pelieHusl (BIOOpa ONTUMAIbHBIX
napameTpoB) B MH)KEHEPHOM cucTeMe Ha 0a3e BekTopHO# ontumu3zaitiu (the process of simulation of
a engineering system)

bnox 3. ViccnenoBanue, NpoeKTHPOBAHNE, TEOMETpUUECKas UHTepHpeTanus nepexoaa ot N-
MEpPHOMY TPOCTPAHCTBY M BBIOOp ONTHMAIBHBIX MapaMeTPOB CIOKHOM HH)KEHEPHON CUCTEMBI
(cTpyKTYypBI MaTepuasia) B MHOTOMEPHOW MaTeMAaTHUKE

Peanuzamus Bcex OJOKOB METOAOJOTMH IOKa3aHa HAa YHUCIEHHOM MpuMepe (CTPYKTYpPbI
MaTtepuana).

2. IlocranoBka mpooOJsembl. IlocTpoeHne MareMaTH4eckoil MoOAeJN CTPYKTYPbI
MaTepHaJia B yCJOBHSAX ONpe/ieIeHHOCTH M HeolpeaeIeHHOCTH

XUMUYEeCKU COCTaB MaTepuaia W3Jeius ompenensercs (Ha eauHully oObeMa, Beca)
MIPOLIEHTHBIM COJIEP’)KAaHUEM HEKOTOPOTO MHO)KECTBA KOMIIOHEHT MarepHalia, KOTOpble B CyMMe
paBHbl cta mpomeHtaM. CocTaB Marepuana, XapaKTepu3yeTcs ONpEeIeTIeHHbBIM HabopoMm
(YHKIIMOHATBHBIX XapaKTEPUCTHK, KOTOpPHIE BKIIOYAIOT B ce0s MeXaHW4yeckne H (hU3HKO-
XUMHUYECKHE CBOICTBa MarepuanoB. OnHa rpymmna CBOMCTB ((yHKIMOHATIBHBIX XapaKTEPUCTHK)
MaTepuaja XapakTepu3yeTcs TeM, UTO MX KEJIaTeIbHO MO0 CBOEH YHCIOBOW BETMUYMHE MOIYYUTh KaK
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MO’KHO Ooublie (HampuMmep, MPOYHOCTh), Apyras rpynmna CBOWCTB XapaKTEpPHU3YyeTCs TeM, 4TO HUX
JKEJaTeNIbHO 10 CBOEH YMCIIOBOW BEIMYMHE ITOJIYYUTh KaK MEHbUIE. YIy4IICHUE 110 OJHOW U3 ITUX
XapaKTepUCTUK MPHUBOAMUT K YXYJIIIEHUIO JIpyroi. B nemnom tpeOyercs momoOpaTh Takoil cocraB
MaTepuala, 4ToObl BCe CBOMCTBA MaTepraia ObIIH KaK MOKHO JyYIlle B COBOKYITHOCTH.

2.1. Mamemamuueckas mMooenv CMpyKmyposl Mamepuaia

PaccmarpuBaercst cocTaB Marepuaia KakKoro-JInOo H3/IeIHs, TEXHHYECKOW CHCTEMBI, KOTOpast
3aBUCHT OT psila KOMIIOHEHT Mmarepuana: Y = {y;,¥,,..., Yy}, tae V - MHOXeCTBa KOMIIOHEHT
marepuana, Y = {y;,j = 1,V}, V - 4uCIO KOMIIOHEHT, U3 KOTOPHIX MOXKET OBbITh COCTaBJIEH
(M3rOTOBIJICH) MaTepHual, Y, - BEIMYMHA B MPOLEHTAaX V-Oi KOMITOHEHTBHI MaTepuaia, Kaxaas W3
KOTOPBIX JISKHUT B 33JJaHHBIX Tpeaesax:

Vr<y, <yt v =17V, (2.1)

rae U,y Vv €V - HIOKHUR W BEpXHUH Tpeesbl U3MCHEHHS BEKTOpa KOMITOHCHT
MaTepuaa.

Y v, =100%, (2.2)

CyMMa BCEeX KOMITOHEHT MaTepHaja paBHa CTa MPOICHTaM.

CoctraB Marepuana oLeHHBaeTcs HabopoM (MHOxecTBoM) K (du3nyeckux CBOMCTB
MaTepuana:

HY) ={h(Y), k =1K}, (2.3)

KOTOpble (PYHKIMOHAIBHO 3aBUCAT OT KOHCTPYKTHBHBIX mapameTpos: Y = {y,, k = 1,V}7;

k - unyexc Buna gusnyeckoro cBoiictea Marepuana, k = 1, K, rae K - 4ucio BUI0B CBOKCTB
(pyHKLMOHANBHBIX XapaKTEPUCTUK) MaTepHaia, NPeACTaBUM HX B BHJIE BEKTOP - QYHKIIHU.

H(Y) - BekTop-(hyHKIUS (BEKTOPHBIH KpuTepuil), nmeromast K — koMmnoneHT-QyHKmi, (K -
momrocTh MHOkecTBa K): H(Y) = {hy(Y), k = I, K}. Muo)ecTtBO K cocTonT 3 nogMHoxecTa K|
KOMIIOHEHT MaKCUMU3aluu U nogMHoxecTBa K, munnmusanuu; K = K{UK>;

H,(Y) = {h(Y), k =1,K,;} — 5TO BEKTOpHBII KpuUTepHii, Kaxaasi KOMIIOHEHTa KOTOPOIO
Makcummsupyetcs, K, — aucno xputepues, a K;=1, K- MHOXeCTBO KpHUTepHeB MaKCHMU3AIHH. B
naneHeiimem Oymem mnpeanonarats, uto H,(Y) = {h,(Y), k =1,K,} HenpepsiBHbIE BOTHYTHIE
(¢yskuy (MHOTIA Oy/IEM MX HA3bIBaTh KPUTCPUSIMH MaKCUMH3AIIHHN );

H,(Y) = {h(Y), k =1,K,} - BeKTOpHBIIi KpHTEpHii, Kaxaas KOMIOHEHTAa KOTOPOTO
munumusupyercs, K,=K; + I,K=1,K, - MHOX€CTBO KpUTE€pUEB MHUHHMMH3auuu, K, — 4ucIo.
[pennonaraem, uto hy(Y),k = 1,K,- HenpepbiBHbIE BBITyKIble (QYyHKIMH (OyAeM HHOTAA HX
Ha3bIBaTh KPUTEPUSIMU MUHUMU3ALUN), T. €.:

K = KIUKz,ch K,KzC K.

Xapaxrepuctuku matepuana H(Y) = {h,(Y),k = 1, K} Mbl ucronb3yem Kak KpHTEpUH, a
npeaenbl W3MEHEHHs, HaKIaJblBaéMble Ha KaKIbIH BHUJI KOMIIOHEHT, Kak MapaMeTpUYecKue
orpaHudeHus. MaTeMaTH4ecKylo MOJellb MaTepHaja, pelarollyl B ILeJoM HpobieMy BbIOOpa
ONITUMAJILHOTO MIPOEKTHOTO PelIeHus (BEIOOpa ONTHMAIBHON CTPYKTYPBI MaTepuaa), MpeacTaBuM B
BUJI€ BEKTOPHOM 3a7]auil MaTeMaTUYeCKOro IPOrpaMMHUPOBAHUS:

Opt H(Y) = {max H,(Y) = {max hy (Y), k =1,K,}, (2.4)

min H,(Y) = {min h;, (Y), k =1,K,}}, (2.5)

G(Y) <B, (2.6)

XYoo= Yo(®) = 100%, 2.7)

WSy, <y v =1V, (2.8)

rae Y = {y;,j = 1,V} - BeKTOp yIpaBIIseMbIX [IEPEMEHHBIX (KOMIIOHEHT MaTepuaia) u3 (2.1);
HY) ={h(Y),k =1,K} - BexkTopHBIi KpuTepuii, Kaxnas (QYHKIUS KOTOPOIO

MIPEJICTABISET XapaKTEPUCTUKY (CBOWCTBO) MarepHaia, (yHKIIMOHAJIHHO 3aBUCSIIYI0O OT BEKTOpa
TepEMEHHBIX Y,
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GY)={g;,(Y), ..., gu(¥)}¥ — BexTOp-QyHKIHMS OrpaHMYEHMii, HAKIaJbIBAEMBIX Ha
CTPYKTYpy MaTepuaia, M — MHOXECTBO OTpaHUUYCHUH.

[pennonaraercs, uro ¢pynxiuu H(Y) = {hy(Y), k = 1, K} muddepeHuupyeMbl 1 BHITYKIIbL,
G(Y)={g;(Y),i =1,M}" menpepeBHE, a 3amaHHOe orpaHmueHHAMH (2.6)-(2.8) MHOKECTBO
JIOMTyCTUMBIX TOYEK S HE MYCTO U MPEICTABISIET COOOH KOMITAKT:

S={XeRMG(Y) <0,Y™M" <Y < ymax} % @, (2.9)

CootHomenus (2.4)-(2.8) 00pa3yroT MaTeMaTH4ecKyto Moielb MaTtepuana. TpedyeTcs HallTu
TaKOW BEKTOp mMapaMeTpoB Y° € S, npu KOTOPOM Kaxk[1asi KOMIIOHEHTa (XapaKTepUCTHKA) BEKTOP —
¢byukuuun: H;(Y) npuHHMaeT MakCHMalbHO BO3MOXKHOE 3Ha4eHHE, a BekTop - ¢GyHkuuu H,(Y)
IPUHUMAET MHHHUMAJIbHOE 3HaYCHHUE!

H,(Y) = {h(Y), k =1K;}, H;(Y) = {h(Y), k =1,K,}. (2.10)

B nanHOl craThe Uccien0BaHNE KOHCTPYKTUBHBIX CBOWCTB MaTepuasla pacCMaTPUBAIOTCS B
cratuke. Ho cTpykTypa Marepuana MOTyT paccMaTpuBaTbCsi B JUHAMHUKE (Hampumep, IpU
U3MEHEHMM BHEIIHEH TemmepaTypbl 3a KakoH-HMOyIb mepuoja BpeMmeHHu). s 3Toro MoOXkHO,
WCIOJNIb30BaTh TU((epeHINATBLHO-PA3HOCTHEIE METOIbl MpeoOpa3oBanus [4] W MPOBOIUTH
HcclieloBaHNe 3a HeOONbIION JMCKPETHBIM mnpomexyTok BpemMeHu At € T. B coBokymHocTH
MaTeMaTHYeCKyl0 Mojenb Mmartepuana (2.4)-(2.8) MOXKHO TpaKTOBaTh KaK CUCTEMHBIN MOAXOI K
UCCIIEZIOBAaHHUIO MaTepraa.

2.2. Ilocmpoenue mamemamuueckoii Mmooenu CHMPYKMYpPbl MaAmepuana 6 Yci08usix
onpeoeneHHOCmuU u HeonpeoeneHHOCmu

[Ipu noctpoennn MaTemMaTHueckor mMojenu matepuana (2.4)-(2.8), kak U 118 TEXHUYECKOU
cuctemsl [10-16], BO3BMOXXHBI YCIOBHS: ONIPEACICHHOCTH U HEOIPEICIEHHOCTH.

2.2.1. Ilocmpoenue mamemamu4eckol MOOeIU MAmepuald 8 yCio8usx onpeoeieHHoCmu

Ycnosuss  onpedenennocmu  XapakTepU3yIOTCS TEM, YTO H3BecTHa (YHKIMOHAJIbHAS
3aBHCUMOCTH Ka)JI0M XapaKTepHCTUKHU (CBOMCTBA) MaTepualia U OTPaHUYECHUH OT KOHCTPYKTHUBHBIX
KOMIIOHEHT Matepuaina. J{is noctpoeHus (GyHKIMOHAIBHON 3aBUCUMOCTH BBIMOJIHAEM CIIeyIoIne
paboTHI.

1. ®opMupyeM MHOKECTBO BceX (yHKIIMOHAIBHBIX XapaKTEPUCTUK (CBOMCTB) MaTepuana K.
Bennunny xapaktepuctuku o6o3naunm hy (Y), k = 1, K. OnpeensieM MHOKECTBO BCEX KOMIOHEHT
MaTepuaina V, 0T KOTOPBIX 3aBUCST 3TH XapaKTePUCTUKH. BeTMUnHBI MapaMeTpoB NPEACTaBUM B BUJIE
BekTopa Y = {y;,] = 1,V}. Jlaem BepOaabHOE ONMUCAHUE XapaKTEPUCTUK MaTepHaa.

2. MBI poBOAMM HCCieI0BaHNEe (PU3MYECKUX MPOIECCOB, MPOTEKAOIIUX B MaTepuaie. J{is
9TOr0  HCHOJb3yeM (yHAaMEHTaJbHBIE 3aKOHBl  (U3MKU: MOJICIMPOBAHUE  MAarHUTHBIX,
TEMIEPATyPHBbIX TII0JIEH; 3aKOHbl COXPAHEHWS HHEPrHM, JBWKEHUS U T. J. YCTaHaBIMBaeM
MHPOPMAIMOHHYIO U (PYHKIIMOHAIBHYTO CBSI3b XapaKTEPUCTUK MaTepuaia u ee mapametpos: H(Y) =
{h,(Y), k =1K}.

3. MuI onpesiensieM QyHKIMoHanbHble orpanuuenus: H(Y) = {h,(Y), k = 1,K}

APt < hy < AR,k = 1K, mm H™" < H < H™*

U IapaMeTpUUECKUe OrpaHUUEHUS:

yénin < Yy < y;nax'v — ],_V, WU Ymin <Y < ymax

CyMMa Bcex KOMIIOHEHT MaTepuala paBHa cTa HpoleHTaM: Yo, ¥, (t) = 100%.

4. B pe3ynpTare Mbl MOCTPOMM MaTE€MaTHMUYECKYIO MOJEIb MaTepuana B BUJE BEKTOPHOM
3a/1a4l MaTeMaTU4ECKOro MPOrpaMMHUPOBAaHMSL:

Opt H(YY) = {max H;(Y) = {max h, (Y), k =1,K,}, (2.10)
min H,(Y) = {min hy, (Y), k =1,K,}}, (2.11)

H™" < H < Hmax, (2.12)

TIPH OTPAHHYEHUIX Yo_; YV, = 100% , (2.13)
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ymin <y < ymax p = 1V, (2.14)
3anaua (2.10)-(2.14) anexBarHa 3anauu (2.4)-(2.8).
2.2.2. I[locmpoenue mamemamu4eckou MOOeIu Mamepuaild 8 yCio8usx HeonpeoeieHHOCmu
Ycnosusa neonpedenennocmu XapakTepu3ylTCS TEM, UYTO OTCYTCTBYET JOCTAaTOYHAs
nHpopmanys o PyHKIIMOHAIBHON 3aBUCUMOCTH CBOICTBa MaTepuaia OT COCTaBa KOMIOHEHT. B aTom
cllydae IPOBOJAATCA OJKCIEPUMEHTalbHbIE HccienoBaHus. Jlig 3aJaHHOrO 4MciIa COCTABOB
MaTepHasoB:
Yi={,j=1LV}i=1LM
OIPEAEIISAIOTCA COOTBETCTBYIOIIMI HA0OP CBONCTB:
H(Y) = {(h(Y), k = TK},i = T, M.
C yuetoM 3TOro Mmarpuia SKCIEPUMEHTOB [0 MCCIEAOBAHUIO CTPYKTYpbl MaTepuaia
MIPUHUMAET BHI:
Yi={wv="LVi}h() ... he(Y))
I= . (2.15)
Yu = {Vmv v = LVy} hy(Ya) oo R (Yay)
rae cronbeny veV mnpeacraBiseT YMCIOBYIO BEIMYMHY V-OW KOMIIOHEHTHI Marepuajia B
npouenTax, v = 1,V cronben ke K npejcTapiseT yucIOBYIO BeTHUHHY K-ro CBOIMCTBA MaTepuana,
k = 1,K. 3anaua nuua,
npuHuMaroiero peuenus, (JIIIP) - koHCTpyKkTOpa cOCTOUT B BHIOOPE TaKOM albTepHATHUBBI,
KOTOpast MO3BOJIWJIA OBl TMOJyYUTh ‘B HAMOOJBIIEH Mepe yCTPauBaIOUIU ero (OMTHMAalIbHBIN)
pesyapTar’ [16, 18]. MHOXECTBO KpuUTEepHEB (XapakTepucTuk) K mojapasnmensercs Ha JBa
noamuoxectea K = K| UK,, K,c K, K,c K.
K, — 5TO MOAMHOXECTBO XapaKTEPUCTHUK, YUCIIOBBIE BEIUYMHBI KOTOPBIX >KEIAaTeIbHO
MOJTYYUTh, KaK MOKHO BHIIIIEC:
II(Yi) = {hk(yul = ]'M)'k = I'Kl} - max
K, — 5TO MOJMHOXECTBa TEXHUYECKUX XapPaKTEPUCTUK, YUCIOBBIE BEIUYMHBI KOTOPBIX
YKeJaTeJIbHO MOJIYYUTh, KaK MOKHO HUXKE:
IZ(YL) = {hk(Yl,l = ],M),k = ],Kz} — min.
Pemrenue 3amaun mpuHATHS PEIICHUH 1O CTPYKTYype MaTepuaia (2.15) mo cBoeii cyTu Oau3Ka
K PEIICHUI0 BEKTOPHOM 3aJaud MaTeMaTHYECKOTO IMPOTPaMMHPOBAHHUS, KOTOpas B YCIOBHSIX
HEOMpeeIEHHOCTU MPUMET BU/I:

Opt H(Y) = {max I;(Y) = {max h (Y;,i = I,M), k =1,K;}, (2.16)
min,(Y) = {minh, (Y;,i = I,M), k =1,K,}}, (2.17)

npu orpanmdennax  hit (Y, i = 1, M) < h, < kP (Y,,i = M),k = 1K, (2.18)
1Y = 100%, (2.19)

ymin <y < yimex y = 1,7, (2.20)

rne Y; = {y;;,j = 1,V},i = 1,M - BeKTOp yNpaBISIEMBIX NEPEMEHHBIX (KOHCTPYKTHBHBIX
rapameTpoB);

HY;) ={[;(Y;),[;(Y;)} - BeKkTOpHbBI KpHUTEpHii, Kaxaas KOMIIOHEHTA KOTOPOTO
MIPE/ICTABIISET XapaKTePUCTUKY (CBOWCTBO) MaTepuaina, (PyHKIMOHAIBHO 3aBUCSILY0 OT BETUYHHbI
JTUCKPETHOTO 3HAYEHUSI BEKTOPa MepeMEHHbIX Y;, i = I, M; M — MHOXECTBO TUCKPETHBIX 3HAUCHUM
BEKTOpa NepeMeHHsbIX Y;, i = 1, M;

B (2.18) AIM™M(Y;) < hy < hM*(Y;),k = I, K — Bekrop-QyHKIMS OrpaHHYCHHIL,
HAKIaJBIBAGMBIX ~ HAa  (QYHKIMM  MaTtepmama  m3gemus, Yot <y, <y p =1V —
napaMeTpu4ecKyue OrpaHuueHUs.

2.3. Ilocmpoenue mamemamuuecKkoii MoOenu Mamepuana 6 ycioeuax OnpeoeseHHoCmu u
HeonpeodeleHHOCmU 6 8ude 6eKMOPHOIl 3a0auu
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B peanbHOI KU3HH YCIOBUS ONPEACIEHHOCTH U HEOIIPEIeJICHHOCTH COBMENIatoTcsl. Mozenb
MaTepualia Tak ke oTpaxkaeT 3Tu ycioBus. Oowenunum monenu (2.10)-(2.14) u (2.16)-(2.20). B
UTOTe TOJNIyYUM MOJENIb MaTepuala B YCIOBHUSIX OINPENEICHHOCTH W HEONpPEJCICHHOCTH B
COBOKYITHOCTH B BUC BGKTOpHOfI 3ala4i MaTEMaTUICCKOIO IMIPOrpaMMUpOBaHus:

Opt H(Y) = {max H,(Y) = {max h; (Y), k = 1,K'}, (2.21)
max [;(Y) = {max hy (Y;,i = I,M), k =1,K}""°}, (2.22)

min H,(Y) = {minhy (¥), k = 1,K{*'}, (2.23)
min,(Y) = {minhy (Y;,i = [, M), k =1,K}"}}, (2.24)

IIpM OTpaHHYeHHAX hM™ < h, < k"X |k = ] K, (2.25)

=1 Yy = 100%, (2.26)

Wt Sy, Sy =1LV, (2.27)

rze Y - BeKTOp yHpaBisieMbIX IEPEMEHHBIX (KOHCTPYKTHBHBIX ITapaMeTpOB MaTepHaa);

H(Y)={H;,(Y)I,(Y)H;(Y) I,(Y)} - BeKTOpHBIIi KpUTEPHIi, KasK1as KOMIIOHEHTa KOTOPOI'O
MIPE/ICTABIISIET BEKTOP KPUTEPUEB (XapaKTEPUCTHK) MaTepualia, KOTopble (PyHKIHOHAIBHO 3aBUCAT
OT 3HAYCHHH BEKTOpa IMEPEMEHHBIX Y K[def : K; ¢/ (definiteness), K", K3 (uncertainty)
MHOXECTBO KPHUTEPHMEB maxXx M min cHOPMHUPOBAHHBIE B  YCIOBHUSX ONPEAEICHHOCTH U
HeomnpezeneHHocTH; B (2.25)  BekTop-QyHKUMS  OrpaHMYEHMH,  HAKJIaJIbIBa€MbIX  Ha
(YHKIIMOHMPOBAaHUE MaTepuaja B IPOU3BOJACTBEHHBIX YCIOBUAX, (2.27) mnapameTrpuyecKue
OTrpaHUYEHUSI.

3. BBeaeHme B MHOrOMepHYI0 MaTeMATHKy: AHaau3, BexkrtopHas 3axaua
MaTeMaTH4eCKoro nporpaMmmupoBaHusi, Teopusi, AKCHOMBbI U AKCHOMAaTH4YeCKHE MeTO/bl,
IIpuHIMOBI ONTUMATBHOCTH

Marematnueckie MoJETu CTPYKTypel Marepuaia (2.21)-(2.27), a Ttaxxe Moaenu
TEXHUUYECKHUX CHCTEM, TEXHOJOTMYECKHX IPOLIECCOB M IUHAMMYECKON CUCTEMBI IPEICTABICHBI
BEKTOPHBIMU 3aJ]JauaMy MaTemMaTHueckoro nporpammupoBanus (B3MII), [16 - 21, 44]. lanbHeiimee
pa3BUTHE HCCIENOBaHUA PabOT MO TEOPUH BEKTOPHOW ONTHUMM3ALMU NpHUBENia K (POPMUPOBAHUIO
"MHOromMepHOi MaTeMaTHKH .

3.1. Ananus pazeumus co8peMeHHOU MAMEMAMUKU.

AHanu3 MaTeMaTHKH COBPEMEHHOM TIPOBE/ICH B cooTBeTCTBHH [ 1, €. 560 — 563].

MaremaTika — 3TO HayKa O KOJMYECTBEHHBIX OTHOLIEHMSAX M MPOCTPAHCTBEHHBIX (hopmax
NeicTBUTEN HOrO MUpa. MaTemaTHKa, Kak HayKa cTaja BO3MOXHOW MOciie HAKOTIIEHHUS I0CTaTOYHO
60sb1IOTO (PaKTUYECKOTO MaTepuaa, BO3HUKIA B ApeBHeH ['pennu B 6 — 5 Bekax /10 HOBOH 3pbl, B
COOTBeTCTBUH ¢ [ 1] ueTbipe nepuoaa.

1. 3aposcoenue mamemamuxku. Ha paHHUX CTagusX Pa3BUTHUS CUET MPEAMETOB OBITHS
MIPUBEJI K CO3JJaHHUIO MPOCTEUIIUX MOHATHI apu(METHKN HATYpaJIbHbIX YHCEI.

2. Ilepuoo rnemenmapnoii mamemamuxu. ViccienoBanue MpeaMeTOB OBITHS TPHUBEN K
CO3/IaHUIO IPOCTENIINX TOHATUN apU(PMETHUIECKUX BBIYUCIEHUH, OTIpeieNIeH s Tuioliaiei, 00beMoB
U T.Il. BO3HUKAET MaTeMaTHKa, KaKk HayKa.

3. Ilepuoo cozoanus mamemamuku nepemennvix eeauuun. C 17 Bexa HaUMHACTCS HOBBIN
NIEpHOJ] pa3BUTHA MaTeMaTUKU. Ha nepBblii IU1aH BBIIBUTAETCS HOHAMUE QYHKUUU, OTIPEIEIISIONIEE
B3aMMOCBSI3b IEPEMEHHBIX (ITapaMeTPOB) UCCIIETyeMOro o0bekTa. M3ydueHne nepeMeHHbIX BEIUYUH
U (pyHKIMOHANBHBIX 3aBHCUMOCTEH MPHUBOAMT Jlajiee K OCHOBHBIM IOHATHUSAM MaTEMaTUYECKOTO
aHaJIM3a, K MOHATHIO Tpefelna, Mpou3BogHON, nuddepeHunana u unaterpana. Cosnaercss aHanu3
OECKOHEUHO MAaNbIX B BUJAC OughdepeHyuanvhoeo u unmezpaibHo2o BBIYUCICHHH, TO3BOJISIONIEE
CBS3bIBATh KOHEUHbIE W3MEHEHHS MEPEMEHHBIX BEJIMYMH C MX IOBEJEHHEM Ha NPUHUMaeMoe
pemenre (¢pyHkuuoo). OCHOBHbIE 3aKOHBI MEXAaHMKM W (HU3UKM 3alKchiBalOTCS B (opme
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muddepeHIMaTbHBIX YPaBHEHHUH, U 3a7]aua HHTETPUPOBAHUS STUX YPaBHEHUN BBIIBUTACTCSI OJHOMN
13 BOKHEHIIMX 3a]]a4 MaTEMaTHKH.

4. Cospemennana mamemamuxu. Bce coznannbie B 17 u 18 Bekax pa3fenbl MaTeMaTUHYECKOTO
aHalv3a npojaoJpkanu pasBuBathesd B 19, 20 u 21 Bekax. B kauecTBe OCHOBHOrO ammapara HOBBIX
obmacTeil MeXaHMKM M MaTeMaTHYecKoW (U3MKM YCHIEHHO pa3padaTbiBaeTcs TEOpHUs
nudPepeHIMATbHBIX YPaBHEHUH OOBIKHOBEHHBIX W YpPaBHEHHUH C YaCTHBIMH IPOW3BOIHBIMH,
BBIUMCITUTENbHON MaTemaTtuku. [IpoOremMbl HaxOXACHHS HAWIYUIIero pelieHHs B 3aJadax
ynpasieHus (GU3NYECKUMHU WM MEXaHUYECKUMU CUCTEMaMHU, ONHMCbIBaeMble NudepeHuanbHbIMU
YPaBHEHUSIMH, IPUBEIIU K CO3JIAHUIO MeopuL ONMUMANbHO20 YAPAGIEHUSL.

B nenom mponecc pa3BUTHS MaTEMAaTHKHU MOKA3bIBAET, YTO MPHU PEUICHUH MaTEMaTHUYECKUX
po6IeM, TPOUCXOUIIO UCCIEA0BAaHUE U aHAJIN3 OTACIbHON hyHKyuu (00HOMepHOIL), 3aBUCSILECH
OT HEKOTOPOTO MHOKECTBAa IEPEMEHHBIX ([1apaMeTpOB) HCCIEAYEMOro OOBEKTa, CHUCTEMBI.
(IToppoGHee cmotpu B [1, ¢. 560 — 563]).

B peanpHOI XH3HU HccIeayeMbld OOBEKT, CHUCTEMa IPH CBOEM (PYHKIMOHUPOBAHUU
(pa3BUTHH) XapakTepHU3yeTCs HEKOTOPHIM HA0OpOM (PYHKIIMOHAIBHBIX XapaKTEPUCTHK, KOTOPHIE
3aBHUCST OT OJIHUX U TE€X K€ MapaMeTpoB cucTeMbl. OTCroa MpodieMa MHOTOMEPHOCTH UCCIIEAYEMBIX
00BEKTOB, CUCTEM CTaJla O0IIEHAYYHOH.

Jlia peweHus mpoOaeMbl MHOTOMEPHOCTH MBI IPEICTaBUM BEKTOPHYIO (MHOIOMEPHYIO)
3ala4y ONTUMU3AIMH U PACCMOTPUM TEOPHUIO (AaKCMOMATHUKY, MPUHLMUIBI ONTHUMAIbHOCTH) €€
pemenus, [15, 29, 44].

3.2. Bexmopuasa 3a0a4a Mamemamu4ecKozo nPozpamMmupo8anus

Bexmopuas 3a0aua wmatemaruyeckoro mnporpammupoBanus (B3MII) npencrasisier
CTaHJApTHYIO 3aJady MAaTeMaTH4eCKOro IpOrpaMMHpOBAHMs, KOTOpass HMMEET MHOMKECTBO
KpuTepueB. B 3aaue MHOKECTBO KpUTEPUEB MIPEICTABICHBI B BUJIE BEKTOPA KPUTEPHUEB.

BekTopHble 3agaun moapa3aenistoTcs Ha OAHOPOIHbIE U HeoqHOpoaHbie B3MII.

Oonopoonvie B3MII maxcumuzayuu —3T0 BEKTOPHAs 3aja4a, y KOTOPOU Kaxk/1asi KOMIIOHEHTa
MHO>KE€CTBa KpUTEPUEB HAIIPaBJIeHAa HA MAKCUMU3AIMIO - Max.

Oonopoonvie B3MIT munumuzayuu — 370 BEKTOpHAs 3aJa4a, y KOTOPOU KaxkJasi KOMIIOHEHTa
MHO’KECTBa KPUTEPUEB HAIIPaBJIeHa HA MUHUMM3AIIHUIO - min.

Heoonopoonvie B3MII — 310 BeKTOpHAs 3a71a4a, Y KOTOPOM MHOKECTBO KPUTEPUEB PA3IEICHO
Ha J[Ba MOJIMHOXKECTBA (BEKTOPA) KPUTEPHEB — MAKCUMU3ALIMK 1 MUHUMHU3AIUNA COOTBETCTBEHHO, T.
e. HeoHOpoaHbie B3MII — 3T0 00BeAMHEHNE ABYX BUIOB OJTHOPOIHBIX 3aa4.

B coOTBETCTBMM C 3TUMHU ONPENEIICHUSMU MNPEACTaBHM BBINYKIYI0 BEKTOPHYIO 3ajady
MaTeMaTUYeCKOro MPOrpaMMHUPOBAHHS C HEOJHOPOIHBIMH KpuTepusimu [5, 19, 21, 46].

Opt F(X) = {max F,(X) = {max fi, (X), k =T, K}, (3.1)
min F>(X) = {min fy, (X), k =T,K:}}, (3.2)

G(X) <B, (3.3)

X>0, (3.4)

rae X = {xj, j = 1, N} - BEKTOp IEPEMEHHEBIX, T.€. 9TO BEKTOP M3 N-MEPHOIO €BKIMI0BA RN,

(o603nauenue j = I, N skBuBanentso j = 1,...,N);

F(X) - BexTop-dyHKIUs (BEKTOPHBIH KpUTEpHii), nmeromnasi K — komrnoneHT-pyHkuuid, (K -
momntHocTs MEOKecTBa K), F(X) = {fi,(X), k = 1, K}. Muoxectso K cocTout n3 nogmHuoxectsa Ki
KOMIIOHEHT MaKCUMH3aluu U mnoaMHoxecTBa Kz wmuHuMm3anmyn; K=KiUK2, m1sa oreHkn
COBOKYIHOCTH KPHTEPUEB BBOJUTCS 0003HAUYEHHE omepanus «0pt», KOTopoe BKIIOYaeT B ce0st max
u min;

F,(X) = {f,(X), k =1,K,} — 7T0 BEeKTOpHBIl KpuTepuii, Kaxaas KOMIOHEHTAa KOTOPOIO
Makcumusupyercsi, Ki — uucino kputepueB, a K;=I, K;- MHOXECTBO KPHUTEPUECB MaKCHMHU3AIMU
(3amaua (3.1), (3.3), (3.4) mpencraBusitor coboit B3MII ¢ oOgHOPOTHBIMH KPHUTEPUSIMU
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Makcumm3anuu). B fanbeiimem Oymem mpeamonarath, uto fi(X),k = 1,K, - nenpepsiBHBIE
BOTHYTbIe (DYHKIMH (MHOTAA Oy/1eM MX Ha3bIBaTh KPUTEPUSIMH MAaKCUMHU3AIUH);

F,(X) = {f, X), k =1,K,} - BexkTopHBIi KpuUTepHii, KaJas KOMIOHEHTa KOTOPOTO
munumusupyercs, K,=K; + 1, K=1, K, - MHOX€CTBO KpUTEpHEB MUHUMHU3aLIUU, K2 — unco, (3a1aya
(3.2) -(3.4) at0 B3MII ¢ 0gHOpOJHBIME KPUTEPUAME MUHHMU3aIwK). [Ipeanonaraem, uro f; (X), k =
1, K>- HenpepbIBHBIE BHIMYKJIbIE QYyHKIMH (Oy1€M HHOT/Ia UX HA3bIBATh KPUTEPUSIMU MUHIMH3ALINN ),
T. €.:

Ki UKz =K, K1 c K, K2 =K. (3.5
G(X)<B,X>0 - crannaprusie orpanndenus, g;(X)<b;,i = 1,...,M , rae bi - HaGop BeleCTBEHHBIX
guceln, a pyakuun gi(X) mpeamnoaaratoTcst HeMPEePbIBHBIME U BBITYKIIBIMH.

O603HaunM: § = {XeR"|G(X) < 0,X™M" < X < XM*} = @ - (3.6)

9TO JOMYCTUMOE MHOXXECTBO TOYEK (WiId Oojiee KpaTKO - JOIMYCTHUMOE MHOXKECTBO),

3aJar0IIHUeCs CTaHAapTHBIMK orpanudeHusmMu (3.3)-(3.4) u TpuBHAIBHBIMKH OrpaHu4eHusMU X > 0.

[Ipeanonaraem, 4To AOMYCTUMOE MHOXKECTBO TOUEK HE IIyCTO M HpEACTaBisieT coOOM KOMIAKT.

BekropHast GpyHkuus (kputepuit) munumuzanun F,(X)Moxer ObITh mpeoOpa3oBaH B BEKTOPHYIO

GyHKIMIO (KpUTEpHil) MaKCHMH3Al[Md yMHOXXEHHEM KaKIO0W KOMIOHEHThl F,(X) Ha MuHyC

enunuily. Bexkropusiit kpurepuii F,(X) BBeaen 8 B3MII (3.1)-(3.4) mwist Toro, 4ro0bl MoKa3ath, 4TO

B 3aJaye HMeeTcs [Ba INoAMHOXecTBa KputepueB Ky, K, ¢ NIpHHOUIMANBHO pa3iIUYHBIMHU
HaIpaBJICHUSMU ONTUMHU3ALINH.

IIpeononazaem, 4T0 TOUKH ONTUMYMA, IOJTYUYECHHBIE 110 KaXJIOMy KPUTEPHIO, HE COBIAIAIOT
X0Ts OBl JUIsl IBYX KpuTepueB. Eciu Bce TOUKM ONTHMyMa COBIAJAIOT MEXKIY COOOM A Bcex
KPUTEPUEB, TO CUUTAEM PELLICHNE TPUBHAIIBHO.

3.3. Teopus éekmopnoi onmumuzayuu

Teopusa  eexmopHOU  onmumu3ayuy  HaNpaBI€HAa  HAa  PELIEHHME  BEKTOPHBIX
(MHOTOKpUTEpHANIBHBIX) 3a/1a4 MaTeMaTudeckoro nporpamMmmupoBanus (3.1)-(3.4) ¢ oqHOPOIHBIMU U
HEOJIHOPOAHBIMU KpUTEPUAMHU. Teopusi BEKTOPHON ONTUMH3ALUH BKIIFOUAET TEOPETUUECKUE OCHOBBI:
aKCHOMAaTHKa, MPUHIUIBl ONTUMAIBHOCTH M METOJAbl PEIIEHUS BEKTOPHBIX 3a7ad, BO-TIEPBBIX, C
paBHO3HAYHBIMHU KPUTEPHUSIMU U, BO-BTOPBIX, C 3aJaHHBIM IPUOPUTETOM KpUTEpus. B coBokynHocTH
TEOpUsi BEKTOPHON ONTHUMHU3ALMK MPEJCTaBIsIeT MaTeMaTHYeCKHM ammapaT MOJIEIUPOBAHUSA U
MPUHATUS ONTUMAJIBHOTO PEIIEHUS] «O0BEKTa MPUHATHS PEILICHUI.

B cootBerctBuM ¢ 3THM omnpeneneHueM «Teoprs BEKTOPHOM ONTHMMHM3alMH'" BKIIIOYAET
CJIETyIOIINE Pa3eIIbl.

OcCHOBHbBIE TEOPETHUECKHUE MOHATHS U OIpeNeeHHs, KOTopble OyAyT HCIOJIb30BaHbI MPHU
MOCTPOSHUH aKCMOMaTUKH (akcnoMaTuku Mamrynuna FO.K.), npuHIMIIOB ONTUMATBHOCTH U METObI
pemieHust 3a1a4 BEKTOpHOM ontuMuszanuu. Axcnomatmka Mamynuna [O.K. mogpaznensiercs Ha
aKCHOMAaTHKY, IPUHLMIIBI ONTUMAIBHOCTH M METOBl PEIIECHUS BEKTOPHBIX 3a/ay, BO-TIEPBBIX, C
PaBHO3HAUYHBIMU KPUTEPUSIMU U BO-BTOPBIX, C 3a/IaHHBIM IPUOPUTETOM KPUTEPUSL.

KoHuenmus pemeHns 3agad BEKTOPHOM ONTHMHU3ALMM C PABHO3HAYHBIMM KPUTEPUSMHU.
KoHnuenmus BEeKTOpHOM ONTUMHU3AIUH C IPUOPUTETOM KpuTepusi. CUMMETpHs B BEKTOPHBIX 3a/1adax
MaTeEMaTHYECKOI0 IPOrpaMMUPOBAHHUS: UCCIIEI0BAHUE, AHAJIN3.

«OOBEKTOM TPHUHATHS pELICHUI» SBISIETCA: COIMalibHas CHUCTeMa, JKOHOMHYEcKas |
TEXHUYECKas cucTeMa. MareMaTHYeCKHi anmnapar Mo3BoJIsIeT BRIOPATh JIIO0YIO TOUKY U3 MHOXKECTBA
TOYEK, ONTUMAaNbHBIX 0 Ilapero, n mokas3ars ee ONTUMAIBHOCTb. MBI NPEACTABUIA aKCUOMATHKY,
MPUHIIMI ONTUMAJIBLHOCTH M METOJbI pEIIeHUs 3aaad BekTopHoW ontumm3anuu (3.1)-(3.4) ¢
PaBHO3HAYHBIMM KPUTEPUSIMU U 3aJaHHBIM MPHOPUTETOM Kputepue [6, 20]. Jlust mpocToThl
uccnenoBanusi kpurepun u orpannyenus B3MII (3.1)-(3.4) npexacraBieHsl MOJIUMHOMAaMH BTOPOM
CTCIIEHH, T.€. PACCMATPUBAIOTCS BBIMYKIBIE BEKTOPHBIE 3aJa4M, KOTOPBIE TaKKE BKIIOYAIOT
BEKTOpHBIE 3aJa4d JIMHEHHOro nporpammupoBanHus. Beimyknsie B3MII  xapakrepusyrorcs
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CBOMCTBOM, YTO TOYKa ONTHMMyMa CYIIECTBYeT M Takasg Touka Toiabko onHa (Teopema
Beiitepmirpacca).

3.4. Teopemuueckue ocnogvl: Akcuomol u Akcuomamuueckue memoobsl.

AKcuoma — 3TO yTBEpXKACHHUE, HE TpeOyrollee JOTHYecKoro jJokasarenscTBa. Ha ocHoBe
9TUX YTBEPKACHUN CTPOUTCS Ta WIH UHAS TEOPUSL.

Axcuomamuyeckuii Memoo — 3T0 Coco0 MOCTPOSHUSI HAYYHON TEOpPHUH, MPU KOTOPOM B
OCHOBY TE€OPUU KJIAIYTCsl HEKOTOPbIE UCXO/HBIE MOJ0XKEHUS, Ha3bIBaeMble AKCHOMaMU Teopuu. B
WTOTE BCE OCTAIBHBIC MOJIOKECHUSI TEOPUH MOTYUYAIOTCS KaK JOTHYECKUE CIEJCTBUSA akcuoMm, [41]. B
MaTeMaTuKe AKCHOMAaTHYECKUH METOA 3apoawics B paboTax JpEeBHEIPEUECKUX TIE€OMETpPOB.
OO0pa3loM aKkCMOMAaTUYECKOr0 METOoJla SIBJISIETCS APEBHErpeYecKUi ydeHbld EBKIMI, aKCHOMBI
KOTOPOro OBbLIN 3aJI0’KE€HBI B €r0 3HAMEHUTOM cournHeHnH «Havanay.

JlanpHelinee pa3BUTHE aKCUOMAaTUYECKOT0 MeTo/1a moiyumni B padotax /. I'minsbepTa B BUse
TaK Ha3blBaéMOro Meroja dopmanuzMa cucrteMbl. OOmas cxema MOCTPOEHHUS MPOU3BOIBHOMN
(hopManbHOU cUCTEMBI («S») BKIIIOYAET:

1. A3v1x cucmemsl, B TOM yHclie andaBUT — 3TO MEPEUCHD JIEMEHTAPHBIX CUMBOJIOB; MPaBUIa
00pa3oBaHus (CHHTAKCHUC), IO KOTOPBIM CTPOUTCS (GOPMYIIBI «S)».

2. Axcuomul cucmemul «S», KOTOPbIE MIPEICTABISAIOT HEKOTOPOE MHOXKECTBO (hOpMYJI.

3. IIpasuna BeIBOJA CHCTEMBI «S» [41].

B npunosxeHuu K pemieHuto 3aaun BEKTOPHOU ONTUMHU3AIMKA AKCHOMATHKA TOIpa3eisaeTcs
Ha JBa pazzena: 1. AkcuomaTuka pelieHHs 3aJaud BEKTOPHON ONTMMHU3ALMU C PaBHO3HAYHBIMU
KpUTEpUIMH; 2. AKCHOMAaTHKa PEIICHHUS 33/1a4¥ BEKTOPHON ONTHUMH3AINH C 3aJaHHBIM IPUOPUTETOM
KPUTEPHEB.

Tonpko mMpH MOCTPOCHHM TIEPBOHAYANBHOW aKCHMOMATHKH BO3MOXHO B JaJbHEUIIEM
MOCTPOEHHE MPHUHIINIIA ONITUMAIIBHOCTH M BBITEKAIONIUX U3 HETO aJTOPUTMOB PEIICHUS BEKTOPHBIX
3a/la4 MaTeMaTHYeCKOro MPOrpaMMHUPOBAHHS.

4. MuoromepHasi maTeMaTuka. Teopusi 1 MeT0bl BEKTOPHOMH ONITUMHU3ALNHU

4.1. Teopusa, akcuomamuka, RPUHUUR ONMUMATLHOCIMU U MEMOObl pPeueHus 3a0au
6eKMOPHOI ONRMUMUZAUUU: PAGHO3HAYUHbIE KPUMEPUU

AKcHOMaTHKa BEKTOPHOM ONTUMHU3ALMA C PAaBHO3HAYHBIMU KPHUTEPUSMHU, KaK U
TeopeThuecKasi akcmomaTuka, pekomeHaoBaHHas [[. T'mnsbeprom [41, c. 111], Bkimouaer Tpu
paznena, nmpeAcTaBleHHBIE: 1) SI3PIKOM CHUCTEMBI B BUE ONpeEesIeHnii HOpMalu3aluu KpUTEPHEB U
OTHOCUTEJIHOM OLIEHKH; 2)  aKCHOMAaTHKOM paBEHCTBa KPUTEPUEB B 3ajau€ BEKTOPHOM
ONTUMHU3AIMK; 3) TPHUHLUIOM ONTHUMAIBHOCTH pEIIeHHs BEKTOPHOM 3aJayd, Ha OCHOBAaHUU
KOTOpOro (OpMHPYETCs] KOHCTPYKTHBHBIM METOJ| pEeIIeHHUs 3a/a4d BEKTOPHOW ONTHUMH3AIHNU C
PaBHO3HAYHBIMU KPUTEPHUSIMHU.

4.1.1. A3bik cucmemur: Hopmanuzayus Kpumepues, OmHOCUmMENbHAA OUEHKA

Onpeodenenue 1. Hopmanuzayus Kkpumepues.

Hopmanuzanus kputepueB (MaTemMaTHuyeckas OIEpalus: CIABUT IUIIOC HOPMHPOBAHUE)
npecTaBiIseT 0JHO3HauHOe oToOpakenue Gpynkuuu fi,(X) Vk € K, B omHoMepHOe npocTpaHcTso R*
(cama ¢ynkmus fi,(X) Vk € K npexacrasinsier coboii GyHKIU0 mnpeodpasoBanus u3 N-MepHOTo
eBkauoBa npoctpadcTea RV B RY). Jlna HopMmanu3anum KpuTepHeB B BEKTOPHBIX 3ajadax OymyT
HCIIOJIb30BaThCA JTMHEWHbIE TpeoOpa3oBaHUs:

fiX) = afi(X) + e VkeK , nm fi(X) = (fie(X) + c)/ax Yk eK, (4.1)
rae f,(X),k =1,K - crapoe (n0 HopMmanmsamuu) 3HaueHue kputepus; fi,(X), k =1, K -
HOpMAaJIM30BaHHOE 3HAYCHHE, Ay, Cj- TOCTOSHHBIC.

Hopmamusamus kputepue (4.1) fi(X) = (fu(X) + cx)/ay, Vk €K mpencraBnser mpocToe
(TMHEWHOE) WHBAapUAHTHOE IMpPeoOpa3oBaHUE IMOJMHOMA, B PE3yNbTaTe KOTOPOTO CTPYKTypa
MOJIMHOMA OCTAeTCsl HEU3MEHHOW. B ONTHMU3aIIMOHHOM 3aaue HopMau3anus Kputepues fi, (X) =
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(fx(X) + cr)/ax VkeK He Bauser Ha pe3ynpTaT pemieHus. JleHCTBUTEIBHO, €CIM pelaeTcs
BBIITYKJIasi ONTUMU3AI[MOHHAS 3a/1a49a:

maxy.s f (X), To B TOuke ontumyma X * € S: %}f*) = 0. (4.2)
B o0uiem citydae (B ToM uMcie ¢ HOpManu3anuend kpurepus (2.7)) pemaercs 3agaya:
maxxcg (akfk(X) + Ck), (43)
TO B TOUKE onTUMyMa X * € S:
d(arfX)+ew) _  d(f(XD) | dlew) _
X = ag ax + o 0. (44)

Pesynbrar upeHTudeH, T.e. Touka ontumyma Xy, k = I, K sBiseTcs ofHOW W TOW XKe IS
HEHOPMAJIM30BaHHBIX U HOPMAJIN30BaHHBIX 3a/1a4.

Onpeoenenue 2. Onpedenenue OmMHOCUMENbHOU OUEeHKU QyHKkuyuu (Kpumepus). B
BekTopHo 3amaue (3.1)-(3.4) BBereM o003HaUCHHE:

feO~fi
ﬂ.k(X) =00 vk e K (45)
fie—fr

A (X) — amo omnocumenvras oyenxa, KOTOpas MPEACTABISICT HOPMATH30BAHHbIH KPUTEPHIL:
fi(X), Yk € K B Touke X € S, riue B Touke X € S Benuunna k-ro xpurepus pasua fi (X);

fi - BenuumHa K-ro kpuTepus B TOuke ontumyma X € S, MOJYYCHHOW NPU PEIICHUU
BeKkTOpHOil 3amaun (3.1)-(3.4) ormemsHo mo K-My KpuTepuio; f)- Hamxymmas BeiduuMHA K-TO
KPUTEpHs Ha JOMYCTHMOM MHOKECTBE S B BEKTOpHOI 3am1aue. OTHOCHTEMbHAs oreHka Ay (X) Vk €
K, BO-mepBbIX, U3MEPSETCS B OTHOCUTENIbHBIX €IMHULIAX; BO-BTOPBIX, OTHOCHUTENbHASI OIICHKA
A (X) Vk € K Ha 1omyCcTHMOM MHOKECTBE S MEHSETCS C HyJs B Touke X ,8 K €QUHULEC B TOYKE
ontumyma X, :

Vk € K lim A,(X) = 0; Vk € K lim 4,(X) = I:
X=X X=X,

OtnocurenbHas onieHka Ay, (X) Vk € K HaxoauTcs B CIEAYIOMINX TpejIeax:
VkeK0O<A4,(X)<1,X €S, (4.6)
B pesynbrare Takoi Hopmamm3anuu Bce kputepun B3MII (3.1)-(3.4) comsmepumbl B
OTHOCHUTEIILHBIX EMHHIIAX, YTO TO3BOJISIET, CPABHUMAS UX JIPYT C APYTOM, HCIIOIH30BaTh KPUTEPUU
MIPU COBMECTHOW OMTUMMU3AIIHH.
Onpedenenue 3. Onepayusa cpagHeHus OMHOCUMENbHBIX OUECHOK (DYyHKyuu (Kpumepus)
Medncoy coboi.
Tak kak, mobast QyHKuMsS (KpUTEpHil) IPEICTABICH B OTHOCUTENBHBIX OICHKaX (yHKIUI
A (X) Vk € K, xotopsie nexar npenenax (4.6) Vk € K0 < A,(X) < 1, To BO3MOXHO CpaBHCHHE
OTHOCHUTENIBHBIX OLIEHOK I10 YHCIOBOW BenuuuHe. [l CpaBHEHHUS HCIONB3YeTCsl OmNeparus
«BblUMTaHUS». Ecnu cpaBHUBaeTcs N1Be (QYHKIHMH (KpUTEpHs), U3MEPEHHBIE B OTHOCHUTEIHHBIX
orteHKax Ay—;(X) u Ai=,(X) Vk € K, TO BO3MOKHBI TPH CHTYyaIlHH:
nepBast, koraa A—;(X) > A,-,(X);
BTOpast, kormaa Ay_;(X) = A, (X); 4.7)
TpeThs, Koraa Aj—;(X) < Ax=,(X). (4.8)
[lepBas u TpeThs cUTyalus UccaeayeTcs B pasene 6.
B paznene 5 uccnenyercs Bropas curyanus (4.7).
4.1.2. Akcuoma pasencmea Kpumepuee 6 3a0aue 66eKMOPHOI ONMUMUIAUUU.
Axcuoma 1. O paeencmee u pAaAGHOZHAYHOCMU KpUmepueé 6 OONYCHMUMOIU MmOUYKe
6EKMOPHOI 3a0a4u MAMEMAMU4eCcKo20 NPOPAMMUPOBAHUA.
B BekTopHO# 3a1aue onTUMU3aUK aBa Kputepus ¢ unaekcamu | € K, q € K 6yaem cuurathb
pPaBHO3HAYHBIMU B TOUKe X € S, €M OTHOCHUTEJIbHBIC OLECHKH MO K-My M (-My KPHUTEPHUIO PaBHBI
MexTy coboit B aToit Touke: A;(X) = A,(X),l,q € K.
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Toscnenue. Ecnmu B Touke X € § QpyHKIIMU (KpUTEpHUH) B OTHOCUTEIBHBIX €IWHUIIAX OYyIyT
paBubl: A;(X) = 0,451 € K u 1;(X) = 0,45,q € K (r.e. 45% 0T cBOeil ONTUMANBLHON BEJTHMYUHEL
KOTOpasi B OTHOCHTENBHBIX €IMHUIAX paBHa 1), TO TakWe KPUTEPUU HE «PaBHBI» JIPYT NIPYTy, a
PaBHO3HAYHBI IO CBOEMY UYMCIIOBOMY 3HaueHuio. M kaxnapiii kpurepuii [ € K, q € K HeceT cBoi
(YHKIIMOHATLHBIA CMBICI, YWCJIOBas BEIUYMHA KOTOPOTO MOXET OBITh TOJy4YeHA, HCIIONB3YS
HOpMaJIM3aInio Kputepues (4.5).

Onpeoenenue 4. Onpedenenue MUHUMATLHO20 OMHOCUMETIbHO20 YPOGHS.

OTHOCUTENBHBIN YPOBEHb A B BEKTOPHOU 3a/1aue MPEACTABISET HIKHIOK OIICHKY TOYKU X €S
Cpeau BceX OTHOCHTENbHBIX oreHoK A (X), k = 1,K:

VX ESA<(X),k=1K, 4.9
HIKHUW YPOBEHb JIJIs1 BEITIOJIHEHHSI YCI0BUS (2.9) B Touke X €S onpenensercs Kak:
VXeSh= mingegdi(X). (4.10)

CootHomienus (4.9) u (4.10) sBisroTcst B3auMocBsi3aHHBIMU. OHU CIIy’)KaT IEPEXOIOM OT
ornepauuu (4.10) onpenenenuss min K orpanndeHusM (4.9) u Ha060poT. OTHOCUTEIBHBIN YPOBEHb A
MI03BOJISIET OOBEIMHUTH BCE KPUTEPUH B BEKTOPHOM 3a/1aye OJTHOM YHMCIOBON XapaKTEpUCTUKON A 1
IIPOU3BOJUTH HAJl HEN ONPEJEIICHHbIE ONEpallii, TEM CaMbIM, BBIIIOJIHAS 3TH ONEpaliy HaJ BCEMU
KpUTEPUIMHU, U3MEPEHHBIMU B OTHOCUTEILHBIX €IMHULIAX.

OTHOCUTENBHBIA YPOBEHb A (YHKIMOHAJIBHO 3aBUCUT OT mepemeHHor X € S. Iloatomy,
u3Mensas X, MoxkeM usMeHATh Bce Ax(X),k =1,K M COOTBETCTBEHHO HWKHHUH YPOBEHb A =
ming x4, (X), KOTOpBIA SBISETCS XapaKTEPUCTHKOW MHOTOMEPHOW (MHOTO(YHKIIMOHAIBHOM)
CUCTEMBI.

Tosicnenue. Benuuuna otHOCUTENBHOM omeHKn VkeK A, (X) sBisiercss XapaKTepUCTHKON
OOHOMEPHOU cucmeMmbl, a BEIMYMHA MHUHUMAIGHOTO OTHOCHUTEIBHOTO YPOBHS A = MiNy ki (X)
SBJIAETCS XapaKTEPUCTUKOU MHOCOMEPHOU MATEMATUKHU.

4.1.3. Ilpunyun onmMuUMAILHOCMU PEUWIEHUs MHO2OMEPHOU (6eKMOpPHOIl) 3a0auu
ORMUMU3AUUL C PAGHOZHAYHBIMU KPUMEPUAMU.

Onpeoenenue 5. Ilpunyun onmumanvHoCmu peuileHUs GeKMOPHOU 3adauu ¢
DPABHO3HAYHBIMU KPUMEPUAMU.

BexTopHas 3aauya MaTeMaTHYECKOrO MPOrpaMMHUPOBAHHUS MPHU PAaBHO3ZHAYHBIX KPUTEPUSIX
pellleHa, ecu Haifiena Touka X° € § ¥ MakcHMabHbIH ypoBeHb A° (BepXHHUIA HHAEKC O - OITUMYM)
Cpeliu BCEX OTHOCUTENBHBIX OIIEHOK TaKOH, U4TO

L’ = maxyegmingog Ay (X) (4.11)

Hcrnonw3ys B3auMocBs3b BbIpakeHuid (4.9) u (4.10), mpeoOpazyeM MaKCUMHHHYIO 3a/1a9y
(4.11) B 5KCTpEMaNIbHYIO 33/1a4y:

A’ = maxyeg A (4.12)
npu orpanndenusx A < A, (X), k = 1,K. (4.13)

[Monyuennyto 3amauy (4.12)-(4.13) nazoBem A-3amaucii. A-3amaya (4.12)-(4.13) umeet (N+1)
pa3MepHOCTh, KaK CIEICTBUE pe3ysibTaT pemeHus A-3amadun (4.12)-(413) mpencraBiser coOoi
onTumanbHbii Bektop X° RNt/ (N+1)-1 KoMImOHeHTa KOTOpOro cyTh BenuuuHa A, T. e. X° =
{x?, x%, ..., x3, x3,,;}, npustom x5.;, = A%, (N+1) kommonenra Bektopa X ° BeigeneHa B A°.

[omyuernnas mapa {A°, X°} = X° xapakTepusyeT ONTHMAaIbHOE pelleHHe A-3amadu (4.12)-
(4.13) 1 COOTBETCTBEHHO BEKTOPHOW 3aJayMl MaTeMaTH4ecKoro mnporpammupoBanus (3.1)-(3.4) ¢
paBHO3HAUYHBIMM KPUTEPUSMHM, PELICHHYIO HAa OCHOBE HOpPMAaJM3allud KPUTEPUEB U NPUHLUIE
rapaHTUPOBAHHOTO pe3ymbrata. HasoBeM B onTumamsHOM pemenmn X° = {A°,X°}, X° -
ONTUMAJILHOM TOUKOH, a A° - MAKCHMAaJILHBIM YPOBHEM.

Teopema 1. Teopema o 06yx naubdonee npomusopeuuevix kpumepuax 6 B3MII c
PAGHO3HAYHBIMU KPUMEPUAMU.
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B BhIMyK/I0i BEKTOPHOHM 3amaue Marematuueckoro mporpammupoBanus (3.1)-(3.4) ¢
PaBHO3HAYHBIMU KPUTCPUAMU, pemeHHoﬁ Ha OCHOBC HOpMa/IM3allMMd KPUTCPHUCB U IIPUHIUIIA
rapaHTUPOBAHHOTO PE3yIIbTATa, B ONTHMAaNbHOM Touke X = {A°, X°} Bcerja mmeeTcs aBa KpHTEPHS
- 0003HauuM ux uHAekcaMu qeK,peK (KOTopble SIBISIOTCS CaMbIMH IMPOTHBOPEYUBHIMHU U3
MHOKeCTBA Kputepues k = 1, K), 1 1711 KOTOPBIX BBIIOJIHAETCS PABEHCTBO:

20 =21,(X%) =21,(X°),q,p EK,X €5, (4.14)
W IPYTHE KPUTEPUU OIPEICISIFOTCS HEPABEHCTBOM:
A <n(X°),VkEK, q+p # k. (4.15)

BnepBbie nokazarenbcTBO Teopembl 1 mpeacraBieHo B [15, cTp.22], B ganbHeiinem
MOBTOpEHO B padote [19, cTp.234]. BMecTe ¢ TeM, uTo Touka X © SBISETCS ONTUMAILHBIM PEIICHUEM
B3MIL

4.1.4. Komnvlomepnuvlii memoo peuieHUsa 3a0auu GeKMOPHOU ONMUMUAUUU C
PABHO3HAUHBIMU KPUMEPUAMU.

Jlns  peuieHuss BEKTOPHOM 3ajauM  MaTeMaTtudeckoro mporpammupoBanus (3.1)-(3.4)
pazpaboTaH MeETOJl, OCHOBAHHBIH Ha HOpPMAlIM3alMM KPUTEPUEB, AKCUOMATHKE U IPUHIIUIIE
MaKCHUMHHA (TapaHTHPOBAHHOTO pe3yibTaTa). KOHCTpYyKTHUBHBIN METO/] peleH s BEKTOPHOM 3a7auu
ONTHMHU3AIIMY C PABHO3HAUYHBIMU KPUTEPUSIMHU BKIIFOUaeT JBa O10Ka: 1-11 610k «CuCTeMHbBIN aHaIN3»
- paszelnieH Ha Tpu mara; 2-u 610k «[IpuHATHE ONTHMAaIBHOTO PELICHH», BKIIOYAIOLIHMIA /1Ba 1Iara:
MOCTPOCHHS A-337aYH U €€ PEIICHHUS.

bnok 1. Cucmemnulii ananus.

Hlar 1. Pemaetcs 3amava (3.1)-(3.4) mo xaxaoMy KpUTEpHIO OTAENBHO, T.e. i Vk € K
pelaeTcs Ha MakcUMyM, a Ui Vk € K, pemiaeTcst Ha MUHUMYM.

B pesynbraTe momy4yuM: X - TOUKa ONTHMYyMa [0 COOTBETCTBYIOIIEMY Kputeputo, k = [, K;
fii = fi(Xy) — Bemuuuna K-ro xputepus B atoii Touke, k = 1, K.

Ilar 2. OnpeenseM HAUXY/IIIYIO BEIMUMHY KaXKIOTo KpuTepHs (aHTHONTHMYM): f), kK =
1,K. Jlna gero permaercs 3amaua (3.1)-(3.4) s kaxaoro xpurepus k = 1, K; Ha MuaHIMYM: f;) =
min f,(X),G(X) <B,X >0,k = 1,K, nna xaxnoro kputepus k = 1, K, Ha MakcuMyM:

0 =max f,(X),6(X) <B,X >0,k = 1,K,.

B pesynpraTe pelleHHs TOMyduM: Xp = {x;,j = I,N} - Touka oONTUMyMa IO

cooTBeTcTBYIOMmEMY kputepuio, k = 1, K; f = f. (X)) — Benmunna k-ro kputepwus.
[ITar 3. BeimonHseTCs CHCTEMHBINA aHAJIW3 MHOXKECTBA TOYEK, OoNTUMaNbHBIX 1o [lapero. B
toukax X* = {Xy, k = I, K} onpenensrorcsi BeMUUHbI 1e7eBbIX QyHKImIA F (X ™) ¥ OTHOCHTEIBHBIX

)
oteHok AM(X™): A (X) = M, VkeK. Pe3ynpTar CHCTEMHOTO aHAIM3A:

iR
f](X}k)lifK(X}k)
F(X" = {f.(X)),q = T,K, k=T,K} = , (4.16)
f1(Xi)s s fe (Xic)
A](X}k)J iAK(X}k)
MX) ={A4q(Xk),qa=1,K,k=1,K}= (4.17)
A1 (Xi)y s A (Xic)

JIrobast otHocuTenbHas oneHka (4.17) nexut B npenenax 0 < A, (X) < 1,k = K.

N3 pesynpraToB cucteMHoro aHaimza (4.16)-(4.17) BeiTekaeT mpoOiiemMa: HAaWTH TaKyrO
(ONTHMaNbHYI0) TOUKY, B KOTOPOH BCE OTHOCHTENBHBIE OLEHKH: A4 (X),q = 1,K 6bumn 61m3kn K
equHuIe. Ha pemenue 3Toit mpobseMbl HampaBieHa A-3a1a4a.

bnox 2. llIpunamue onmumanvnozo pewienus. Bxaoyaer aBa mara.

[Ilar 4. Tloctpoenue A-3amaun. Co3gaHue A-3a7aud OCYIIECTBIISETCS B JBa JTarma:
MIEPBOHAYAIBHO CTPOMUTCS MAaKCUMUHHAs 3ajjadya ONTHMH3AIMM C SKBUBAJCHTHBIMU KPUTEPHUSMU,
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KOTOpbIE Ha BTOPOM JTale MpeoOpa3yroTcs B CTaHJAPTHYIO 3aJady MaTeMaTH4YeCKOTO
MpOrpaMMHPOBaHUs, Ha3BaHHOW A-3amaueil. [|Jis mocTpoeHHs MaKCUMHHHAS 33Jada UCIIOJIb3yeM
onpeeeHue 2:

VXeS A =minggh(X).

Hwxnuit ypoBeHs A MakcuMuzupyem 1o XeS. B pesynprare chopmyanpyeM MaKCUMHHHYTO
3aja9y ONTHMHU3AIUN C HOPMAJIU30BAHHBIMU KPUTEPHSIMHU:

1 = maxy.gmingeghy (X). (4.18)

Ha BTopom stame 3amaua (4.18) mpeoOpasyercss B CTaHIAPTHYIO 33/1ady MaTeMaTHYEeCKOTO

MIPOrpaMMHPOBaHUs, HA3BaHHYIO A-3aja4a:

A’ = maxyeg A, A° = maxyes A, (4.19)
_ _f0 S
A=) <0k=TK — 1- %go,k = K, (4.20)
kK~ Jk
G(X)<B,X >0, G(X)<B,X >0, (4.21)

rZie BEKTOp Hem3BecTHhIX X umeet pasmepHocts N + 1: X = {4, x,, ..., xy }.

Iar 5. Pemenne A-3amaun. A-3amada (4.19)-( 4.21) — craHgapTHasi 3ajgada BBITYKJIOTO
MIPOrPaMMHUPOBAHMSI, JJIS €€ PEIICHUS UCTIONB3YIOTCS CTaHIapTHRIC METO bl B pe3yinbTaTe pemenus
A-3a71a91 MOy YUM:

X° = {1% X°} - TouKy onTUMyMa; (4.22)
fi.(X°), k = I, K- BeUUUHBI KDUTEPHUEB B OTOM TOUKE; (4.23)
_f0 _
A (X9) = %, k = I, K- BeaIu4nHBI OTHOCHUTENBHBIX OLIEHOK; (4.24)
k™ Jk

A° - MakcUMaibHas OTHOCUTENbHAS OLEHKA, KOTOpas SABIAETCS MAKCUMAJILHBIM HIKHUM
YPOBHEM JIIsi OTHOCUTEIILHBIX OLEHOK Ay (X©). A° - rapaHTHPOBAHHBIH Pe3yIbTaT B OTHOCUTEIBHEIX
€/IMHUIIAX.

A° rapaHTHpPYET, 4TO B TOUKe X° OTHOCHTEbHBIE OLIEHKH A4 (X ©) Gonblie uiu paBHbI A°:

M (X0)>2% k = 1,K or A°<h,(X°),k = 1K, X° € S, (4.25)

¥ B COOTBETCTBMM C TeopeMoil 1 Touka omtumyma X© = {A° x;,..,xy} sBIseTcs
ontuMaiibHOM mo [Tapeto.

4.2. Teopua, akcuomamuka, NPUHUUR ONMUMATLHOCMU U MEMOObl PEUleHUus 3a0au
6EKMOPHOI ONMUMU3AUUU: C NPUOPUMEMOM KPUMeEPU

B onpenenenun 3 ykazaHo, 4TO €CJIM CPaBHUBATH JIB€ QYHKIMH (KPUTEPHSs), U3MEPEHHBIX B
OTHOCHUTENBHBIX OmeHKax Ap—;(X) u Ay—,(X) Vk € K, To BO3MOXHBI TpU CHUTyalud. Bropas
curyanusi, korma Ap—;(X) = Ap-,(X) uccnenosana B pasmene 2.2 (paBHO3HAYHBIC KPUTEPHH).
Curyarun: iepasi, Korjaa Ay ;(X) > A,-,(X), u tpethst, korma A,—;(X) < A,,(X), uccnenyrorcst B
aTOM pazzene. Takue cuTyaruu ONpeaeNIoTCs, Kak 3aauu ¢ IPUOPUTETOM KPUTEPHUSL.

JIJist TOCTpOEHUST METOJIOB PEIICHUSI TPOOJIEMBI BEKTOPHON ONTUMHU3AINH C TIPUOPUTETOM
KpUTEpHS MBI BBEJIEM Clieayronue onpeaesenus: O mpuopuTeTe oJHOT0 Kputepus Haa Apyrum; O
YHCIIOBOM BBIPAKCHUW MPHOPHUTETa KpuTepus Han ApyruM; O 3aJaHHOM YHCIOBOM BBIPAKECHUU
MIPUOPUTETA OJTHOTO KpUTEpHs Haa npyruM; O HUKHEM YPOBHE CPEM BCEX OTHOCHTEIBHBIX OIIEHOK
c mpuoputreToM Kputepus; O TOAMHOXKECTBE TOUYEK, MPUOPUTETHBIX MO Kpureputo; [IpuHImn
ONTUMAJIBHOCTH 2 - PellleHne BEKTOPHOH 3a7auu ¢ 3aaHHBIM IIPUOPUTETOM KpuTepus, [17, 43, 44].

4.2.1. Akcuomamuxa 6eKmMOPHOI ONMUMUZAUUU C RPUOPUMEMOM KDUMEPUS

A3bIK cucmempl aKCUOMATHKH PEIICHUS BEKTOPHOH 3aJa4Ml C 3aJaHHBIM TPUOPHUTETOM
Kputepust BKIouaeT ompenenenus: 1) IIpuopurer omHoro kpurepus Ham apyrum; 2) YucmoBoe
3HaYCHUE TpuopuTeTa Kpurepus; 3) HwkHHUI YpOBEHb KPHUTEpHs CpEIU BCEX OTHOCHUTEIIBHBIX
OIICHOK C TIPUOPUTETOM KPUTEPHSL.
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Onpeodenenue 6. O npuopumeme 00H020 Kpumepus HAO OPyUM.

Kpurepuit q € K B Bekroproii 3amade (3.1)-(3.4) B Touke X € § mMeeT INPUOPUTET HAJ
Apyrumu kputepusmu k = I, K, ecimi oTHOcHTeENIbHAs oLeHKa A, (X) mo sToMy KpuTepuio 6oblie
WM PaBHA OTHOCHTEIBHBIX OLEHOK Ay (X) APyTruX KpUTEPHUEB, T. €.:

Ag(X) = M (X), k= LK, (4.26)

CTPOTHIA IPHOPHUTET, €CIIU XOTs ObI 17151 0fHOTO KpuTepus t € K:

Ag(X) > M (X),t # q, a 11 ocTanbHEIX KpuTepueB A, (X) = A (X), k = LK,k #t. (4.27)

BBenenuem omnpenenenus npuoputera kpurepuss eK B B3MII (3.1)-(3.4) BbInoaHeHO
IIepeoIIpeie]ICHNE PAHHEr0 IOHATHS ipropuTeTa. Eciiy paHblie B HETr0 BKJIaIbIBAJIOCh HHTYUTUBHOE
MOHATHE O BAYXHOCTHU 3TOTO KPUTEpHsi, TO ceiyac 3Ta “BaKHOCTh OIpeNesseTcs] MaTeMaTUYEeCKu:
yeM OoJibllle OTHOCUTEIBHAS OLIEHKA (-I'0 KpUTEpUs HaJl APYTUMHU, TEM OH BaykHee (IIPUOPUTETHEE),
1 HauOoJiee BRICOKHIA IIPUOPUTET B TOUKE onTuMyMma Xy, Vq € K .

W3 ompeneneHus BblpaxeHHs npuopurera Kputepus q € K B BEKTOpHOW 3anade B
ypaBaenusix (3.1)-(3.4) ciemyer, 4To BO3MOXHAsh 00JaCTh COOTBETCTBYIOIIAS MHOXKECTBY TOUEK
S, S, xotopoe xapakrtepusyercs Kak Aq(X) = A (X), Vk#q, VX € §;. Onnako, Bonpoc Ha
CKOJIbKO KpuTepuil q € K B TOYKE MHOXKECTBA S, HUMEET OOJBIIMHA NPUOPUTET OTHOCUTEIBHO
JPYTrOro KpUTEpHsl OCTAETCsS OTKPBITHIM. /[ OTBETa Ha ATOT BOMPOC, MBI BBOAUM KO3(hdUIIHEHT
CBSI3M MEX/Iy AP0l OTHOCUTEIBHBIX OIICHOK ( U K, 4T0, B 11€JIOM, TIPEICTABIISIET BEKTOP:

PIX)={pf(X)|k=1K},qe KVXeS,. (4.28)

Onpeoenenue 7. O 4ucio8om evlparxceHuu npuopumema Kpumepus Hao Opyzumu.

B Bekropnoii 3agade (3.1)-(3.4) ¢ mpuopuTETOM KpHUTEpHUs (-TO HAJ APYTHMH KPUTEPHUSIMHU
k=1K, mia VXeS q> BekTop PY9(X) mokassiBaeT BO CKONBKO Pa3 OTHOCHTENbHAS OIEHKA
Lq(X),q € K, 6ombIre OTHOCUTENBHEIX OIEHOK Ay (X), k = 1LK:

PICX) = {pl(X) =20 k = TR}, pl(X)> 1 VX € S, S,k = T,K,Vq < K. (4.29)

Me(X)’
Takoe orHomenue pj(X) =

g (X)
kq(X) HA30B€M YHCJIIOBBIM BBIPAKCHUCM TPHUOPUTETA (-TO
k

KPUTEpHUs HaJl OCTANLHBEIMU KpuTepusmu k = 1, K.

Onpeoenenue 7a. O 3a0aHHOM YUCI080M BBIPANCEHUU NPUOPUMEMA 00HO20 KpUMeEpPUs
nao opyzum. B BexkropHoii 3anade (3.1)-(3.4) ¢ npuopurerom kputepust q € K s VX € S BekTop
Pl = {pg, k = 1,K}, cunTaeTcs 3aIaHHBIM IHIOM, MpUHEMaomuM pemrenns, (JITIP), eciu 3amana
Kak/lass KOMIIOHEHTa 3TOro BekTopa. 3ananHas JIIIP kxommonenta pg , ¢ Touku 3penus JIIIP,
TIOKa3bIBAET BO CKOJNBKO pa3 OTHOCHTENbHAs OmeHka MAq(X),q € K Oonbme ocTambHBIX

OTHOCHTENbHBIX oneHoK Ax(X),k = 1,K. Bekrop pg,k = 1,K sBiseTcs 3aJaHHBIM YHCJIOBBIM
BBIPAKEHHEM MPUOPUTETA -TO KPUTEPHs HaJ OCTAIBHBIMU KpuTepusmu k = 1,K:
PI(X) = {pf(X),k = LK}, pf(X)>21,VX € S,c S,k =1,K,Vq € K. (4.30)

Bextopnas 3amada (3.1)—(3.4), B KOTOpO#l 3a7jaH MPUOPUTET KAKOTO-THOO M3 KPUTEPHUEB,
Ha3bIBAIOT BEKTOPHOW 3ajadeil ¢ 3aJaHHBIM MPUOPUTETOM Kputepus. [IpobOnema 3amadm BekTOpa
MPUOPUTETOB BO3HHMKAET TOTNA, KOTJIa HEOOXOIUMO OmpeneinuTh TOouky X° € § 1o 3agaHHOMY
BEKTOPY IPUOPUTETOB.

[Ipn omepanuu CpaBHEHHMS OTHOCUTENBHBIX OIICHOK C TpuoputreroM kpurepus ek,
aQHAJIOTMYHO, KaK U B 33J1aU€ C SKBUBAJCHTHBIMU KPUTEPUSIMHU, BBEJIEM JOMOJHUTEIBHYIO YHCIOBYIO
XapaKTePUCTHKY A, KOTOPYIO Ha30BEM YPOBHEM.

Onpeodenenue 8. O nHudsicnem yposne cpeou ecex OMHOCUMENbHBIX OUEHOK C RPUOPUMENOM
Kpumepus. YPOBCHb A SBJISCTCS HIDKHAM CPEIM BCEX OTHOCHUTEIBHBIX OIICHOK C MPUOPUTETOM
kputepus q € K, Takum, 4To
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A<pin(X), k=1K, g€ K, VX € 5,5, (4.31)

HWDKHUH YPOBEHb JUIS BBITIOTHEHUS yciioBus (4.32) onpenenseTcs
A = mingexpir(X),q EK,VX € S, S. (4.32)

Cootromrenust (4.31) u (4.32) ABASAIOTCS B3aWMOCBSI3aHHBIMU H CIIYXaT B JaJbHEUIIEM
MEPEX0/IOM OT OMepaluu ONpPEeIeICHUS min K OrpaHuYeHUsIM U Hao0opoT. B pasaene 3.1 mbl mammu
ompeznencHue Toukkn X° € §, ontumanbHOit mo Ilapero, ¢ OKBHBAJCHTHBIMH KPUTCPHUSIMHU.
PaccmarpuBas naHHOE ONpeJENeHHE KaK MCXOJHOE, Mbl IOCTPOMM psJ AaKCHUOM JEJICHUs
JIOITyCTUMOTO MHOKECTBA TOUEK S, BO-MIEPBBIX, KaK MMOJIMHOXKECTBO TOUEK, ONTUMaJIbHBIX 10 [1apeto
S, M, BO-BTOPBIX, Ha OJIMHOKECTBO TO4EK S, C S, q € K, IPUOPUTETHBIM HA ( -My KPUTEPHIO.

4.2.2. Akcuomamuka npuopumema Kpumepuee 6 3a0aye 6eKmMoOpPHOIl ONMUMUIAYUU.

Axkcuoma 2. O noommuodxcecmee mouex, NPUOPUMEMHBIX RO Kpumepuio 6 3adaue
6€KMOPHOIL ONMUMUZAUUU.

B BekropHo#t 3amade (3.1)-(3.4) NOAMHOKECTBO TOYEK S, C S HA3bIBACTCA 00JACTHIO
npuoputera kputepus €K Haa ApyruMu KpUTEpUsIMH, €CIIH

VX €5, VkeK (X)) (X),q #k.

DTO omnpeseNcHHEe PacpoOCTPaHIETCS U Ha MHOXKECTBO To4YeK S°, ontumaiibHbIX 110 [lapero,
YTO JAAaeTCs CIEIYIONINM ONPEICICHUEM.

Axcuoma 2a. O noommuodcecmee mo4ex, NPUOPUMEMHBIX RO KPUMEPUI, HA MHOMCECH8e
mouex onmumanwvuix no Ilapemo.

B BekropHo#l 3amade (3.1)-(3.4) moamHOMKECTBO Todek SqCS°C S HaspiBaeTCA 00IaCTHIO
MIPUOPUTETA KpUTEpUs qeEK HaJ JIPYTHMH KPUTEPUSIMH, ecim
VX e S Vk € K1 g(X)> A (X), q # k. lanum HEKOTOpBIE TIOSCHEHNUS.

Axcruoma 2 ¥ 2a M03BOJIMIIA MIPEACTaBUTh B BeKTOpHOU mpodieme (3.1)—(3.4) momyctumoe
MHOXKECTBO TOYEK S, BKIIOYas TOJMHOXECTBO TOYEK, ONTHMajibHbIX 1o Ilapero, S°CS, B
MOJIMHOYKECTBA:

OJTHO MOJMHOKECTBO TOUeK S C S, IJie KpHUTEepHH YKBUBAJIEHTHBI, U TTOAMHOKECTBO TOUek S',
MepPeceKasch ¢ MOAMHOMXECTBOM TodueK S° BBIZAEISIET MOAMHOXECTBO TOYEK, ONTUMAIBHBIX IO
[lapeto, B TOAMHOXKECTBO C SKBHBANEHTHBHIMH KpuTepusamu S°° = S N S°, xoTopoe, Kak 3TO
[MOKa3aHo Jiajiee, COCTOUT M3 OJHOM Touku X° € §, T.e.

X°=58°°=5NS°ScS,S°CS; (4.33)

«K» HOIMHOKECTB TOYEK, TJie Y KaXJIOoro Kputepus q = I, K uMeeTcs IpPHOPUTET Haj
apyrumu kputepusmu k = 1,K,q # k. Takum o0pa3oM, BBITIONHEHO pasjeleHHe, BO-NEPBbIX,
MHOJKECTBA BCEX JIONYCTUMBIX TOYEK S, Ha MOAMHOKECTBA S,CS,q = 1,K, u, BO-BTOpBHIX,
pas/eNeHne NOIMHOKECTBA TOUEK, ONTUMANBHBIX 110 [TapeTo, S°, Ha moMHOKeCTBa $qCS,C S, q =
LK.

OTcrona BEpHBI CIEAYIOLUUE COOTHOIICHHUS:

S'U(Ugex S9) = $°,55cS°cS,q=1K. (4.34)

MBI 3aMeTHM, YTO IMOJMHOXECTBO TOYEK S, C OJHOH CTOPOHBI, BKIIOYCHO B 00JIACTH
(TOIMHOXKECTBO TOYEK), UMEIONINX TMPUOPUTET KpuTepus q € K Ham ApyruMU KPUTEPHSIMHU:
Sg S, S,

¥l C IPyroil CTOPOHBI, Ha MOJMHOKECTBO TOYEK, ONTHMAaNIbHBI 1103 [lapero: §§ —S° C §.

Akcuoma 2 W 4YHCIIOBOE BBIpakeHHE TpuoputeTa Kputepus (OmpeneneHue 5) mo3BOJSET
OTIPEACIIATh KaXAYI0 JOMyCTUMYIO TOUKy X € S (ITOCpeCcTBOM BEKTOpa:

Ag(X)
PICY) = i) = 20,

k = 1,K}, popMHPOBATHCS U BLIOUPATS: (4.35)
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* IOAMHOKECTBO TOYEK 110 MPUOPUTETHOMY KPUTEPHIO Sy, KOTOPBIH BKJIIOUEH B MHOXKECTBO
Touek S, Vq € K XeS§,C S, (Takoe MOJMHOMKECTBO TOYEK MOXKET HCIOJB30BAThCA B MPOOIeMax

KJIaCTepHU3alliu, HO 3TO BHE CTaTbN);

* TIOZIMHOXKECTBO TOYEK 110 MMPUOPUTETHOMY KPUTEPHIO 9, KOTOPBIH BKIIOYEH B PSIIl TOUCK
S°, ontumaneHbIx 1o Ilapeto, Vqek, X eSgcS®.

B uTore nonyuum:

MHuoxecTBO ITogMHOX€ECTBa TOUEK ITogMHOX€ECTBO TOUEK OTnenpHas TOUKA,
JIOIIyCTHMBIX TOYEK | ontuMyMa 110 [lapero, [Tapero ¢ npuopurerom VXeS
XeS —> Xe $°cS —> qgeK XeSqcS,cS— XeSqgcS°csS

OTO caMmblil BayKHBIN Pe3yJbTaT TEOPUHU, KOTOPHIM MO3BOJSET HA OCHOBE ITHUX TPEX aKCHMOM BBIBECTHU
MPUHIMIT ONTUMAILHOCTH M TIOCTPOUTH METOJIBI BEIOOpA 110001 MOouKY U3 MHOXKECTBA TOYEK, ONTUMAIBLHBIX
no [lapero. Takas kiaccupuKanus TIOIAMHOXKECTBA TOYEK MOXKET HCIONb30BaThcsl B HpobieMax
KJIaCTEPU3aliH, HO 3TO BBIXOJHT 32 PAMKH CTaTbhU.

4.2.3. Ilpunyun onmumanbHOCmMu peuwieHus 6eKMOPHOT ONMUMUIAUUL C 3A0AHHBIM RPUOPUNENOM
Kpumepus

Onpedenenue 9. [IpyHIMI onTUManbHOCTH 2. Penienne BEKTOpHOM 3a1a4M ¢ 3aJaHHBIM IPUOPUTETOM
KpUTEpHS.

Bekrophas 3anaua (3.1)+(3.4) ¢ 3azanHbIM nproputetoM -ro kputepus pj i, (X),k = 1,K cuuraercs
pelleHHo, eciu Haiiziena Touka X © 1 MaKCHMAIbHbIH ypoBeHb A’ Cpeli BCeX OTHOCUTENBHBIX OIIEHOK TAKOH, 4TO

A’ = maxgesminggpi(X),q € K. (4.36)

Hcnons3ys B3anmocssi3b (4.31) u (4.32), npeoOpazyeM MakCUMUHHYIO 3a1auy (4.36) B A-3a1ady,
KOTOPYIO Ha30BeM A-3a/1a4eil C MPUOPUTETOM (-TO KPUTEPHS:

1 = maxyes A, (4.37)
nipu orpanuyenusx A < pii(X), k = T,K. (4.38)

Mpe1 Ha3biBaeM ypaBHenust (4.37)-( 4.38) A-3agaueii ¢ NPUOPUTETOM KPUTEPHSL.

B onrtumansiom pemenun X° = {X°,A°}, X° - onTumanbHas Touka, a A° - MaKCUMAIbHBIA HIKHUI
ypoBenb. Touka X° u ypoBeHb A° COOTBETCTBYIOT OrpaHHYEHHsAM (5.8), KOTOpbIE MOXHO 3alMCaTh KakK:
A< pzlk(Xo), k=1K.

OTH OrpaHUYEHHS SBISIOTCS OCHOBOH OLICHKH NPaBHJIHOCTH PE3yJIbTATOB PELICHHUS B IPAKTUYECKUX
BEKTOPHBIX 337a4ax ONTHMHU3ALNH.

Omnpenenennie 1 u 2 «[IpUHIMIBI ONTUMATIBHOCTHY JAIOT BO3MOXHOCTH COPMYJIMPOBATH MOHSTHE
orepanuu «opt».

Onpenenenne 9. (Mamemamuueckas onepayus «opt).

B BexrtopHo#t 3amaue (3.1)-(3.4), KkoTopas TpeACTaBIeHA KPHUTEPHAMH «Max» H «miny,
MaTteMaTHuecKasi OTepalys «Opt» COCTOUT B ompeeieHnH TOUKH X° U MAKCHMAaIbHOTO HIKHETO YPOBHSI A°
B KOTOPOM BCE KPUTEPUH U3MEPSIIOTCS B OTHOCUTEIBHBIX SIUHUIAX

2 < (X°) = KOS 4 _ T (4.39)
fe—fx

.. Bce kpuTepun A (X°),k = 1, K paBHbl unm Gojblie MaKCHMANbHOTO ypoBHS A°, (1o3tomy A°
TaKKe Ha3bIBACTCSl TAPAaHTHUPOBAHHBIM PE3YJIbTATOM).

Teopema 2. Teopema o Haubo1ee npomugopeUUGHIX KPUMEPUAX 6 6EKMOPHOIL 3a0aue ¢ 3a0aHHbIM
npuopumemonm.

Ecnu B BRIMYKJIONW BEKTOPHOW 3a/aue MaTeMaTH4ecKOro NporpaMMHUpOBaHusl Makcumuszauuu (3.1)-

(3.4) 3aman IpHOPUTET (-TO KPUTESPHUS p,i’ .k = 1,K,Vq € K Han 1pyruMu KpUTEpUSAMH, B TOUKE ONTHMyMa

X° € S, nony4yeHHOI HA OCHOBE HOpMAJM3allMM KPUTEPHEB U MPHUHIMIA TAPAHTHPOBAHHOIO pe3yJbTara,

Bcerja Hanaercs ABa KpuTepus ¢ unaekcamu 1 € K, t € K, U1 KOTOPBIX BBIIOJIHSETCS CTPOrO€ PaBEHCTBO
u3:

A° = pid-(X©) = pi A (XO), 1, t, € K, (4.40)

U IpyTUe KPUTEPHUH OTIPECISIOTCS HEPAaBeHCTBAMH:
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A <pl(X°),k=1TKVqeKq=r=t. (4.41)

Kpurepun ¢ unagexcamu r € K, t € K, 1 KOTOpBIX BBITONHICTCS paBeHCTBO (4.40), Ha3pIBaroTCA
HanboJIee MPOTHBOPEUNBBIMH.

Jloka3arenbcTBO. AHanorn4Ho Teopeme 2 [19, 20].

3ameTtum, uto B (4.40) n (4.41) unnmekcel kputepueB r € K, t € K MOTyT coBIagath ¢ MHICKCOM
q K.

Cneocmesue meopemul 1. O paBeHCTBE ONTUMAIBHOTO YPOBHS U OTHOCHTENIBHBIX OLIEHOK B BEKTOPHOI
3ajaue ¢ AByMs KpUTEPHAMHU C IPUOPUTETOM OIAHOTO U3 HHX.

B BbINyKJI0H BEKTOPHOH 3a1aue MaTeMaTHYECKOr0 NPOTrPaMMHUPOBAHUS C IBYMsI SKBHBaJCHTHBHIMU
KpUTEPHUSMH, pelaeMoll Ha OCHOBE HOpMaJIH3alliH KPUTEPUEB U PUHITUIA TAPAHTHPOBAHHOTO PE3yIbTaTa, B
ONTUMANBHOM TouKe X° BCer/1a BBIMOIHSACTCS] PABCHCTBO: MPU MPUOPUTETE MIEPBOrO KPUTEPHUS HAJl BTOPOW:

A% =21, (X%) = pi (XN, (X°),X° €S, (4.42)
re p3(X°) = 1, (X°) /A, (X°),
[IPU IPUOPHUTETE BTOPOT'O KPUTEPHsI HAJ IEPBBIM:
A% = 0,(X°) = p? (X)X, (X°),X° € S,
re p7(X°) = A (X /1, (X°).
4.2.4,

[Mar 1. PemaeM BeKTOpHYIO 3ajjadyy C paBHO3HAYHBIMU KPUTEPHUSIMHU. AJTOPUTM peIIeHUs
npeJcTaBiieH B pazjene 4.1.4. B pe3ynbTaTe peiieHus moayyaeM:

ONTHMAJbHBIE TOYKH 110 KaXKJIOMy KpUTEpHIo oTaeibHO Xj, k = 1,K u pa3sMepbl KpUTepHATbHBIX
¢yHkuuii B 5THX Toukax fr = fi(Xp), k = L K;

TOYKH aHTHONTUMYMa IO KaXKI0MYy KpUTEpHio X ,(() = {x,j = 1,N u Hauxymmeii HeM3MEHHOH JacTn
kaxoro kpurepus f = fi, (X)), k = T, K;

X° = {X°, 1°} onTuMabHas TOUKa, Kak pe3yyibTaT petenus VPMP ¢ 5KBUBaleHTHBIMH KPUTEPUMH,
T. E. Pe3ynpTaTa penreHns MakCuMaabHOM 3a71auu U A-33]1a9H, TIOCTPOCHHOH Ha €€ OCHOBE; A° - MaKCUMaThbHAs
OTHOCHUTEJIbHASI OILIEHKA, KOTOpas ABISETCS MaKCHMalbHBIM HW)KHUM YPOBHEM IS BCEX OTHOCHTEIIBHBIX
OLICHOK Ak(X®), WM rapaHTHPOBAHHBIN Pe3yabTaT B OTHOCHTEIBHBIX €IMHMIAX, A° TapaHTHPYET, 4TO BCE
OTHOCHTENBHBIE OLIeHKH Ak(X®) paBHBI wiH O0IIbIIE A°:

A< M(XO),k=TKX°eS (4.43)

Jlumo, mpuHMMAalOIee pelIeHHe, MPOBOJUT aHAIN3 PE3YJIbTATOB pEIleHHS BEKTOPHOW 3a/add C
PaBHO3HAUHBIMH KpUTEpHAMHU. Eciny mojydeHHbIE pe3yJbTaThl YAOBJIETBOPSIOT JIMLO, MPHUHUMAIOLIEE
pelieHue, TO KOHEll, HHA4Y€ BBITIOIHSIOTCS ITOCIEAYIOIHE PACUEThI.

JIONOJTHATENHEHO BBIYHCITHM:

B Kax10# Touke X5, k = 1, K onpejienum BetuuuHbI Beex kputepues fr = fi (X7), k = 1, K, xotopble

TpPE/ICTaBIAIOT IpaHuily MHOKecTBa Ilapeto, u oTHOcHTeNbHBIX omeHOK: AM(X™) = {A;(Xy),q = LK,k =

TR, 1) = B9k e ¢ i
fie—Tx
[ o fieXD) 2D o (XD
, AUXH) = .
fiXx) . fkXg) A1 (Xg) - Ak (Xg)
Marpuiibl KpuUTEpHEB F(X*) M OTHOCHUTEIILHBIX OIIEHOK K(X*) MOKA3bIBAIOT BEIMYMHBI KaXKIOTO
xpurepus k = 1, K npu nepexoze ot Touku ontumyma Xg, ke K k apyroit Xg, qeK;

F&) = (4.44)

B TOYKC ONTHMyMa [pPH PaBHO3HAYHBIX KpHUTEpUsX X° BHIYUCIAM BEIUYMHBI KPHTEPUEB H
OTHOCHUTEJIbHBIX OI[CHOK:
fiX°), k = 1K; M (X°), k = LK, (4.45)
KOTOpbIC YIOBICTBOPSIIOT HepaBeHCTBY (4.43). B apyrux toukax XeS° MeHbIIUI U3 KPUTEPHEB B
OTHOCHTENBHBIX eMHUIAX A = MiNgegxh, (X) Bcerna Menpie A°. 3amoMuHaKOTCs JaHHble A-3anaun (4.37)-
(4.38). Ora uHbOpManuUs U ABISIETCS OCHOBOMW JIsI JalTbHEHIIIEro H3yYeHus: MHOXecTBa [lapeTo.
Ilar 2. Bei6op npuopuretrHoro kputepus q € K.

gMemz{yHaponHmﬁ HayuHbI xypHau "®narman Hayku' Ne7(30) Urwas 2025
www.flagmannauki.ru |  8(812)9052909 | info@flagmannauki.ru



PA3JIEJI: MaTemaTu4ecKre U €CTECTBEHHbBIE HAyKU
Hanpasnenue: ®u3nko-maTeMaTH4eCKUe HAYKU

W3 teopun (cM. TeopeMy 1) U3BECTHO, YTO B ONTHMAILHON Touke X Bceryma UMeeTcs JBa Hanboee
MIPOTUBOPEUMBHIX KpuTepus ¢ € K u v € K, 111 KOTOPBIX B OTHOCUTEBHBIX €MHNLIAX BHITIOIHIETCS TOYHOE
paseHcTBO: A° = A (X°) = 4,(X°),q,v € K,Xe S, a s ocranbhbix: A° < A (X°),Vk €K, q #v # k.

Kak mpaBmio, u3 3Toi mapsl BEIOMpaeTcs Kpurepuit, kotopslid JIIIP XxoTenm Obl yiaydImwuTh, TaKOH
KPUTEPUI Ha3bIBAETCS «IIPUOPUTETHBIM KpUTEpUeM»: q € K.

[ar 3. OnpezaensroTcst YUCIOBbIE PEAETbl U3MEHEHUS BETMYMHBI IpuopuTeTa Kputepus q € K. J{ns
npuopuTeTHOro Kputepus q € K u3 matpunsl (4.44) onpenaennM YHCIOBBIC TIPEISITBl H3MECHEHUS BEITHINHBI
KPUTEPHS: B HATypalbHBIX €IMHHMIAX f,(X) W B OTHOCHTENBHBIX €IMHHMIAX Ag(X), KOTOpBIE JNekar B
npenenax:

XV fo(0) <f(X), kK, (4.46)
rae f,(Xg) BBIBOAMTCA W3 MAaTPULbI YpaBHEHHUS F(X") (4.44), Bce KpUTEpHH IIOKA3bIBAIOT Pa3Mephl,
M3MepEeHHbIE B (PU3HMUECKUX eAUHMIIAX, f;, (X°), k = 1, K u3 ypaBuenus (4.45), u, B OTHOCUTEIBHBIX €IHHUIAX:

X)) Aq(X) £Aq(Xg), keK, (4.47)

rie A4(Xg) BeIBOAMTCS M3 Matpuibl A(X "), BCE KPUTEPUM TIOKA3BIBAKOT Pa3MEPBI, U3MEPEHHBIE B
OTHOCHUTENbHBIX eIMHULIAX (0TMETHM, 4TO A4(Xg) = 1), 14(X?).

Bripaxenust (4.46) u (4.47) BeIOAtOTCS HA AUCIUICH IS aHAITK3A.

IIar 4. Beibop BemuuuHb! npuoputeTHoro kputepus (Ilpunstue pemrenns). JIIIP mpoBoauT anamm3
PE3yJILTaToB pacueToB (4.46), BHIOMPAET YUCIIOBYIO BEMYHUHY fq, q € K

faXO)sf, <f(X2). 9 €K. (4.48)

Jlns BeIOpaHHOM BEJMYMHBI KPUTEpHUs f, HEOOXOAUMO ONpENETUTh BEKTOP HEM3BECTHBIX X °°, s
3TOr0 MPOBOJIUM IOCIEAYIOUINE BEIYUCICHUSI.

Iar 5. PacueT OTHOCUTENBHON OLICHKH:

_ foofq
T -1
KOTOpasl MpH 1epexofie T Toukk X k Xy, B cOOTBETCTBHH C (4.44):
QX)) <A =,(Xp = 1.

ar 6. Beruncnenune kodpunreHTa TMHEHHON anmpokcuManui. Mcnoip3yst cTaHgapTHBIE TPHEMBI
JMHEHHOH aNNpOKCMMAIMH, BBIYMCIMM KO(QHUIMEHT MPONOPLUHMOHANBHOCTH P MEXIy A (X°), xq: p =
Aq —Ahg(X©)

=y

A (4.49)

,q EK,

[Har 7. Beraucienue KOOPAUHAT IIPUOPUTETHOTO KPUTEPHUS fy .
KoopauHaThl ToYKM HPUOPUTETHOTO KpUTEpHUs X, JIexKaT B cleyroumx npeaenax: X° <X, <Xg,q €
K. Ilpenmosaras TMHEHHBII XapakTep U3MEHEHHUsI BEKTOpa X; = {x?, ey x,?,} OIIpEACIIUM KOOPAUHATHI TOUKU
IIPHOPUTETHOTO KPUTEPHS C BETUIUHOMN f; C OTHOCUTENBHOM OleHKOH A, (4.44):
X = {f =xf +p(xg(1) = 29,
xp = xf + pleg(N) — xR}, (4.50)
rae X° = {x7, .., x5}, Xg = {xg(1), ..., xg(N)}.
[Mlar 8. Beruncienne OCHOBHBIX [OKa3aTesel TOUKH X ;.
Jns monmyuennoit Touku X, = {xqj,j = 1, N}, BbrunciuM:
BCE KPUTEPHHU B HATYpallbHbIX enununax: F9 = {f; (X q), k = 1,K};
BCE OTHOCHUTEJIbHbIE OIIEHKU KPUTEPUEB:
29 = (ke = TR,y (x%) = L0
fk —fx
MHHUMAJIBHYIO0 OTHOCUTEJIBbHYIO OlleHKy: A°? = min (pg Mc(Xg) k= 1,K).
AHAIOrUYHO paccunThIBaeTCs Tr00as Touka 1o [Mapero: X? = {47, X7} e S°.
Ananus pesyromamos. Paccuntannas BenuuuHa Kputepus fq (X7), q € K 06b14HO He paBHA 3a1aHHOM

k=TK; (4.51)

fq. Ommbka BrIGOpa Af, = | fa(X?) — fql oIpenenseTcs OMNOKON IMHEHHON anmpOKCUMAaLIUH.
PesynmeraTer uccienoBanus cumMeTpu B B3MII ¢ 3amanHbIM IPHOPUTETOM aHAJIOTHIHBI, KaK U IS
B3MII ¢ paBHO3HAYHBIMH KPUTEPHSIMH, HO IEHTP CUMMETPUHN CMEIIEH B CTOPOHY PHOPUTETHOTO KPUTEPHSL.
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3akJ/Il0ueHue 10 TEOPUHU U AKCMOMATHKE BEKTOPHOH ONTUMHU3AIUM.

IIpencraBnenHass Teopus, aKCHOMAaTHKa, NPUHLUIBI ONTHUMAJIBHOCTH SIBISIFOTCSA JaJIbHEHIINM
pa3BUTHEM AaKCHOMAaTHUYECKOTO TMOAXO0Ja, 3aJlo)KEHHOT0 B  3HAMEHUTOM codyuHeHuun «Hauamay,
JpEBHETPEUYECKOro yueHoro EBkimna, KOTOPbIA NpeacTaBUil aKCHOMBI Ul OJHO MEPHOH MaTeMaTHKH. JTO
HaluIo OTpPaXKCHHWE B TEOPHUU ONTHUMH3AIMA C ONHUM KpuTepueM. Akcnomatmka (Mamyaunaa 10.K.),
M3N0KeHHast B paboTe, HampaBieHa Ha CHCTEMHOE (C MHOXXECTBOM KpUTEpPHEB) HCCIeNOBaHHE OOBEKTOB,
MIPOLIECCOB MH)KEHEPHBIX CUCTEM.

5. IIporpamMHoe obOecnieueHue U MeTo10/10rusi MOAEJIMPOBAHUSA Y NMPUHATHS ONTHMAJILHOIO
pelieHus BbIOOpAa NapaMeTPoOB CJI0KHbIX HH:KEHEPHBIX CHCTEM

5.1. Ilpozpammnuoe obecneuenue MOOEIUPOBAHUA CAONHCHBIX UHNCEHEPHBIX cUcCHMem Ha 0aze
meopuu u Memoooe 6eKMOPHOI ONMUMUIAUUL

Maremarndeckre MOJIENN CTPYKTYphl Marepuana (2.4)-(2.8) u MHKeHEpHBIE CUCTEMBI IIOCTPOEHEI B
BHJE BEKTOPHOM 3ama4un HenuHelHoro mporpammupoBanus (B3HII). IlpexacraBum mporpamMmHOe
o0ecrieueHue MOJETMPOBAaHUS MHKEHEPHBIX CHCTEM Ha 0a3e TEOPHH M METOJOB PELICHUs 3a7ay BEKTOPHOU
onTuMuzanuu, [46].

5.1.1. Pazpabomka npozpammmnozo ovecneuenue pewrenus B3HII

[MporpamMmHOe oOecriedeHne pelieHusi BEKTOPHOW 3a/aun HeTMHEeWHOoro mporpamMMupoBanus (3.1)-
(3.4), na 6a3e KOTOpOH cHOPMHUPOBAHBI MOJEITU MHKECHEPHBIX CUCTEM, PEaM30BaHO Ha OCHOBE aJTrOpUTMa
pemenuss B3HII, uznoxennoro B mpeapaymux pasgenax. [Ipu pemennn B3HII mo xaxmomy KpuTepHio
ncnons3oBaHa rnporpamma FMINCON(...) B cucteme MATLAB.

[Tpu ucnonszoBannu nporpammbl FMINCON(...) HeoOxoauMo pa3padoTarh ABEe MOAIPOTrPaMMBbl —
¢ynxmun. [lepBast ¢yHKIMA BKIIOYaeT ABa OJOKa: MEPBBIA OJNOK MpenHa3HA4YeH IS ONEHKH B Touke X

. . . . dfr(X
kputepust fi (X) Vk €K; Bropoii 6110k uist pacuera nepBoii MPOM3BOIHOM B 3TON TOUKE fdk—X() Vk eK. Btopas

(hyHKIHS BKIIIOYAET Te JKe JBa 0JIoKa ToJbKo st orpanmdeHuii. [Iporpamma FMINCONY(...) ucnonb3yercs
Ha MEpBOM IlIare ajJropurMa (MaKCHMHU3alMU KPUTEPUEB) W HAa BTOPOM IIare ajaroputma (MUHMMHU3AIHH).
AHaIOTMYHO B COOTBETCTBUH C aJITOPUTMOM Ha 4 1 5 mare pemaercsi A-3agaqa.

B nenom npu HemWHEHHBIX OrpaHHYEHHSIX TporpaMMmHoe oOecriedenne pemenus B3HII Bkirtouaer:
K*2(1 war) + K*2(2 war)+2(A-3agaua) pynkuuii. Tak kak kpurepuu u orpannuenns B3HIT unnuBuyanbHel,
To i kaxaor B3HII nuniercs nHIMBUyalbHOE MPOTPAMMHOE 00eCIICYeHHE.

Hus pemenuss B3HIT (3.1)-(3.4) Hmke mnpencraBieHa NporpaMma, KOTOpas IO CYIIECTBY
MIPENICTABIIIET MPOTpaMMy — MIa0JIOH IS HANHMCAaHWS W PEIICHHS APYTHUX BEKTOPHBIX 3a71ad HETMHEHHOTO
nporpammupoBanus (3.1)-(3.4) — MaTeMaTHYECKUX MOJIeTIeH HHKEHEPHBIX CHCTEM.

5.1.2. Hucnennasn peanuszayus 6eKmMopHOU 3a0a4U HEIUHEIHO20 NPOPAMMUPOBAHUS

Ilpumep 1.

Jano. PaccMaTpuBaeICs GeKmMOpHAs 3a0aia HEeNUHEUHO020 (GbINYKN020) HPOZPAMMUPOGAHUS C
YETBIPbMS OJHOPOJHBIMU KPUTEPUSAMH. B KauecTBe KpUTEPUEB UCIIOIB3YEM OKPY)KHOCTb, 2 HAa [IEPEMEHHBIE
HAJIO’KEHBI IMHEHHBIC OTpaHn4eHusl. Tak Kak KpUTEPUH ¥ OTPAHUYEHHs] CHMMETPHUYHBL, TO OTBET OYEBHICH.

opt F(X) = {min F,(X) = min f;(X)=(x; — 80)° + (x, — 80)?, (5.1)
min f>(X)=(x; — 80)* + (x, — 20)°, (5.2)

min f;(X)=(x, — 20)° + (x, — 20)°, (5.3)

min f,(X)=(x; — 20)° + (x, — 80)°, (5.4)

npu oepanuyenusx 0 <x; <100, 0 <x, <100. (5.5)

Tpeodyemcs onpedenums. Pazpaborars nporpammuoe ooecriedearne B MATLAB penienust BeKTOpHOI
3aJauydl HENMHEHHOro mporpaMmupoBanusi. Vcnonp3ys nporpammHoe oOecrnedeHue pemuTs 3amady (5.1)-
(5.5).

4.3. Ilpocpammnoe obecneuenue peuieHus 6eKMOPHOU 3a0auu HEAUHEHHO20 RPOZPAMMUPOBAHUA
(B3HII)

Jlmst  peleHnst BEKTOPHOM 3amaum  HeiamHeiHOro mporpammupoBanus (5.1)-(5.5) - wmoxenm
WH)XEHEpHOH CHUCTeMBI paszpaboraHa mnporpamma B cucteMe MATLAB, koTopas peanu3yer ajaroputMm
peurenust B3HIT ¢ paBHO3HauHbIMU KpuTepusiMu. Huke npencrasnen pesynbrat pemienus B3HIT (5.1)-(5.5),
MOJYYEHHBIA 3TOM MPOrpaMMoi.
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3anucek nporpammbl B popmate MATLAB
% Ilporpamma "Pemenne BeKTOPHON 3aAa4l HENWHEHHOTO MPOTPaMMHPOBAHUS "
function [x,f] = VPNP_2_4Krit_100(x)
% Astop: Mamrynun FOpunit Koncranturosna (Mashunun Yu. K.)
% ANrOpHUTM U IporpaMma fpejaHazHayeHa Jyis KCIOJIb30BaHUs B 00pa30BaHUM U HAYYHBIX
% uCClIeI0OBaHMsIX, /IS KOMMEPUYECKOTO UCTIONb30BaHus oOpamarses: Mashunin@mail.ru
% Algorithm VPNP: 4Kritery + L-zadaha
%[ X,Fval EXITFLAG,OUTPUT,LAMBDA,GRAD,HESSIAN]=
% FMINCON(FUN,Xo,A,b,Aeq,beq, Ib,ub,nonlcon,options,P1,P2,...)
disp("*** brnok Mcxomubix qaHHbix. B3HIT: ***')
disp(‘opt F(X)={max F1(X)={min f1=(x1-80).2+(x2-80)."2; ")

disp(’ min f2=(x1-80).A2+(x2-20).A2; ')
disp(’ min f3=(x1-20)./2+(x2-20).A2; ')
disp(’ min f4=(x1-20).2+(x2-80)./2; ')
disp(’ 0<=x1<=100, 0<=x2<=100 )
Ib=[0. 0.];

ub=[100. 100.]; Xo=[0. 0.];
options=optimset('LargeScale','off");
options=optimset(options,'GradObj','on’,'GradConst','off");
A=[10;
01];
b=[100 100];
Aeq=[]; beg=[];
XoK1max=[0. 0.];
disp("*** Illar 1. Pemenue mo KaxaoMy KpuTepHuio (Hamay4iiee) ***')%
[x1max,flmax]= fmincon("VPNP_2_Kritlmax',XoK1max,A,b,Aeq,beq,lb,ub," ,options)
[f1X1max] = VPNP_2_ Kritlmin(x1max)
[f2X1max] = VPNP_2_Krit2min(x1max)
[f3X1max] = VPNP_2_Krit3min(x1max)
[f4X1max] = VPNP_2_Krit4min(x1max)
XoK2max=[0. 0.];
[x2max,f2max]= fmincon("VPNP_2_Krit2max',XoK2max,A,b,Aeq,beq,Ib,ub,",options)
[f1X2max] = VPNP_2_Kritlmin(x2max)
[f2X2max] = VPNP_2_Krit2min(x2max)
[f3X2max] = VPNP_2_Krit3min(x2max)
[fAX2max] = VPNP_2_Kritdmin(x2max)
XoK3max=[0. 0.];
[x3max,f3max]= fmincon("VPNP_2_Krit3max',XoK3max,A,b,Aeq,beq,lb,ub,",options)
[f1X3max] = VPNP_2_Kritlmin(x3max)
[f2X3max] = VPNP_2_Krit2min(x3max)
[f3X3max] = VPNP_2_Krit3min(x3max)
[f4X3max] = VPNP_2_Krit4min(x3max)
XoK4max=[0. 0.];
[x4max,f4max]= fmincon("VPNP_2_Krit4max',XoK4max,A,b,Aeq,beq,Ib,ub,",options)
[f1X4max] = VPNP_2_Kritlmin(x4max)
[f2X4max] = VPNP_2_Krit2min(x4max)
[f3X4max] = VPNP_2_Krit3min(x4max)
[fAX4max] = VPNP_2_Kritdmin(x4max)
disp("*** Illar 2. Pemmenne 1o KaxaoMy KpuTepuio (Hauxymree) ***')%
XoK1min=[0.0.];
[x2min,fAmin]= fmincon("VPNP_2_ Kritlmin',XoK1min,A,b,Aeq,beq,lb,ub,",options)
[f1X1min] = VPNP_2_Kritlmin(x1min)
[f2X1min] = VPNP_2_Krit2min(x1min)
[f3X1min] = VPNP_2_Kfrit3min(x1min)
[f4X1min] = VPNP_2_Kfrit4min(x1min)
[x2min,f2min] = fmincon("VPNP_2_Krit2min',Xo0,A,b,Aeq,beq,Ib,ub,",options)
[f1X2min] = VPNP_2_Kritlmin(x2min)
[f2X2min] = VPNP_2_Krit2min(x2min)
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[f3X2min] = VPNP_2_Krit3min(x2min)
[f4X2min] = VPNP_2_Kritdmin(x2min)
[x3min,f3min] = fmincon("VPNP_2_Krit3min',Xo0,A,b,Aeq,beq,lb,ub,",options)
[f1X3min] = VPNP_2_Kritlmin(x3min)
[f2X3min] = VPNP_2_Krit2min(x3min)
[f3X3min] = VPNP_2_Krit3min(x3min)
[f4X3min] = VPNP_2_Kritdmin(x3min)
[x4min,fAmin] = fmincon("VPNP_2_Kritdmin',Xo,A,b,Aeq,beq,Ib,ub,",options)
[f1X4min] = VPNP_2_Kritlmin(x4min)
[f2X4min] = VPNP_2_Krit2min(x4min)
[f3X4min] = VPNP_2_Kfrit3min(x4min)
[fAX4min] = VPNP_2_Kritdmin(x4min)
disp("*** Ilar 3. CucreMHbIi aHAIN3 Pe3yabTaTOB ***')%0
disp('Ornenka kputepues B Toukax ontumyma: X 1min,X2min,X3min,X4min')%
F=[f1X1min f2X1min f3X1min f4X1min;
f1X2min f2X2min f3X2min f4X2min;
f1X3min f2X3min f3X3min f4X3min;
f1X4min f2X4min f3X4min f4X4min]
d1=f1X1min-f1X1max
d2=f2X2min-f2X2max
d3=f3X3min-f3X3max
d4=f4X4min-f4X4max
disp('OrieHka KpuTepreB B OTHOCUTENBHBIX euHuIax: X1min,X2min,X3min,X4min')%
L=[(f1X1min-f1X1max)/d1 (f2X1min-f2X2max)/d2 (f3X1min-f3X3max)/d3 (f4X1min-f4X4max)/d4;
(F1X2min-f1X1max)/d1 (f2X2min-f2X2max)/d2 (f3X2min-f3X3max)/d3 (f4X2min-f4X4max)/d4;
(fF1X3min-f1X1max)/d1 (f2X3min-f2X2max)/d2 (f3X3min-f3X3max)/d3 (f4X3min-f4X4max)/d4;
(f1X4min-f1X1max)/d1 (f2X4min-f2X2max)/d2 (f3X4min-f3X3max)/d3 (f4X4min-f4X4max)/d4]
disp("*** Illar 4. IToctpocuue L-3amaun ***")%
Ao=[100;
010];
bo=[100 100]; Aeq=[]; beq=[];
Xo00=[000]
Ibo=[0. 0. 0.]
ubo=[100. 100. 1]
disp("*** [lar 5. Pemenne L-3amaun ***")%
[Xo,Lo]=fmincon('VPNP_2_L',X00,A0,bo0,Aeq,beq,Ibo,ubo,"VPNP_2 L Const') %,options)
disp('Ornenka kputepues B Touke ontuMyma Xo0')%
[f1X0o] = VPNP_2_Kritlmin(Xo(1:2))
[f2X0] = VPNP_2_Krit2min(Xo(1:2))
[f3X0] = VPNP_2_Krit3min(Xo(1:2))
[f4Xo] = VPNP_2_Krit4min(Xo(1:2))
disp('Ornienka KpuTepHEB B TOYKE ONTUMYyMa X0 B OTHOCHTENbHBIX enuHuiax')%
L1Xo=(f1Xo+flmax)/d1
L2Xo=(f2Xo+f2max)/d2
L3Xo=(f3Xo+f3max)/d3
L4Xo=(f4Xo+f4max)/d4
% ****Koﬁeu*********
% [IIporpamma "Pacuer 1 xputep. - max"] ¢aiin: VPNP_2 Kritlmax
function [f,G] = VPNP_2_Kritlmax(x)
f=-(x(1)-80)."2-(x(2)-80)."2; %Pacuer dpyukImu - kpurepwuit 1
G=[-2*(x(1)-80), -2*(x(2)-80)];%Pacuer 1 mpoussoHO# KpuTepHs 1
% [IIporpamma "Pacuer 1 kpurep. - min"] @aitn: VPNP_ 2 Kritlmin
function [f,G] = VPNP_2_Kritlmin(x);
f=(x(1)-80).72+(x(2)-80)."2;
G=[2*(x(1)-80); 2*(x(2)-80)];
% [[Iporpamma "Pacuer 2 xputep. - max"] ®ain: VPNP 2 Krit2max
function [f,G] = VPNP_2_Krit2max(x);
f=-(x(1)-80)."2-(x(2)-20)."2;
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G=[-2*(x(1)-80); -2*(x(2)-20)];

% [IIporpamma "Pacuer kpurep. 2 - min"] ®aitr: VPNP_2_Krit2min
function [f,G] =VPNP_2_Krit2min(x);

f=(x(1)-80).72+(x(2)-20)."2;

G=[2*(x(1)-80); 2*(x(2)-20)];

% [ITporpamma "Pacuer 3 kputep. - max'] @aitn: VPNP_ 2 Krit3max
function [f,G] = VPNP_2_Krit3max(x);
f=-(x(1)-20)."2-(x(2)-20).72;

G=[-2*(x(1)-20); -2*(x(2)-20)];

% [[Iporpamma "Pacuer 3 xputep. - min"] ®aiin: VPNP 2 Krit3min
function [f,G] = VPNP_2_Krit3min(x);

f=(x(1)-20).72+(x(2)-20).72;

G=[2*(x(1)-20); 2*(x(2)-20)];

% [ITporpamma "Pacuer 4 xputep. - max"] @air: VPNP 2 Krit4max
function [f,G] = VPNP_2_Krit4max(x);

f=-(x(1)-20)."2-(x(2)-80)."2;

G=[-2*(x(1)-20); -2*(x(2)-80)I;

% [IIporpamma "Pacuet 4 xputep. - max"| @aitm: VPNP_2 Krit4max
function [f,G] = VPNP_2_KTrit4max(x);

f=-(x(1)-20)."2-(x(2)-80).72;

G=[-2*(x(1)-20); -2*(x(2)-80)I;

%|[IIporpamma "Pacuer kpurep. L-3agaun"] daiin: VPNP 2 L
function [f,G] = VPNP_2_L(x)

f=-x(3);
G=[0; 0; -1];
% [[Tporpamma "Pacuer orpannuennit L-3amaun"] daitm: VPNP 1 LConst

function [c,ceq,DC,DCeq]= VPNP_2_LConst(x)
d1=12800;d2=12800;d3=12800;d4=12800;
f1X1max=12800;f2X2max=12800;f3X3max=12800;f4X4max=12800;
c(1)=((x(1)-80)."2+(x(2)-80)."2)/d1+x(3)-fLX1max/d1;
c(2)=((x(1)-80)."2+(x(2)-20)."2)/d2+x(3)-f2X2max/d2;
c(3)=((x(1)-20).22+(x(2)-20).72)/d3+x(3)-f3X3max/d3;
c(4)=((x(1)-20)."2+(x(2)-80)."2)/d4+x(3)-fAX4max/d4;
G1=[2*(x(1)-80)/d1, 2*(x(1)-80)/d2, 2*(x(1)-20)/d3, 2*(x(1)-20)/d4;
2*(x(2)-80)/d1, 2*(x(2)-20)/d2, 2*(x(2)-20)/d3, 2*(x(2)-80)/d4;

1.0, 1.0, 1.0, 1.0;

ceq=[]; DCeq=[];
% *****KOHeH*****

5.1.4. Pewienue 6eKmopHoii 3a0auu HeTUHEHHO20 NPOZPAMMUPOBAHUS

I pemenms B3HIT (4.1)-(4.5) wcnonp3oBaHa BhINIE MPUBEACHHAs IMPOTrpaMMa.

OpEACTAaBJICHO, KaK IMMOCJICAOBATCIIbHOCTD 11aros.

Pemienue

llae 1. Pemraercs BekTopHas 3amada (4.1)-(4.5) Ha max Mo KaXIOMy KPUTEPHIO OTIIENBHO.

Pesynbrarel pemerns B3MIT (4.1)-(4.5) mo KaXa0My KPHTEPHIO:
1 xpurepnii X; = {x; = 0,x, = 0}, f; = f;(X}) = —12800;
2 xpurepnii X; = {x; = 0,x, = 100}, f; = f,(X3) = —12800;
3 kputepnii X; = {x; = 100,x, = 100}, ;' = f3(X3) = —12800;
4 xpurepnit X; = {x; = 100,x, = 0}, f; = f,(X;) = —12800;,

(5.6)

Ilaz 2. Pemaercst BekTOpHAas 3a1a4a (4.1)-(4.5) Ha min 110 KaXI0My KPUTEPHUIO OTAEIBHO. Pe3ynbraTe

pemenus B3MII (4.1)-(4.5) no kaxaoMy KpUTEpHIO:
1 xputepuit X! = {x; = 80,x, = 80}, f{ = f,(X}) = o0
2 kpurepuit X9 = {x; = 80,x, = 20}, f) = f,(X?) = 0:
3 kpurepuit X§ = {x; = 20,x, = 20}, f{ = f;(x7) = 0
4 xpurepuit X! = {x; = 20,x, = 80}, f{ = f4(X9) = o0

(5.7)

Pesynprarer pernenus B3MIT (5.1)-(5.5) mo kaxaomy KpuTepuio (HaWIydilne, HAUXYALIUE) MPU

orpaHnyeHusx (5.6) mpeacTaBieHbl Ha puc. 5.1 B yTIOBBIX TOYKaX.
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Puc. 5.1. Orpannuenust B3MII (5.1)-(5.5), Toukn ontumyma
X; = XImin, X2min, X3min, X4min u OTHOCUTEJbHbBIC OLICHKH

MHosxectBo [Tapeto nexut Mexay Toukamu ontumyma X; X5X3X;, T. €. 001aCcTh HOMYCTHMBIX TOYEK
S, 00pa3oBaHHBIX OrpaHUYCHUSAMU (5.5), cOBIIaiaeT ¢ MHO)KECTBOM TOYEK, ONITUMaNBHBIX 1o [lapeto S°, S°=S.
[llae 3. BeinonHseTcsl CUCTEMHBIN aHalIM3 MHOXKecTBa Todek [Tapero.
B Toukax omntumyma X* = {X;,k = 1,K}, onpenensiorcs BenuuuHbl neneBbix dynxuuit F(X) u
OTHOCHTENBHBIX o1leHOK A(X):
F(x") = {f(X),q = K}k = 1K},
MX?) = ({10, q = TR}k = K},
B cucreme MATLAB B Toukax ontumyma: X, = {X/min, X2min, X3min, X4min} Beraucnenue sTux
¢dyHkumnit Oyner cieaytomumM (Pe3ynpTaT cHCTEMHOTO aHaK3a):
[iXD LD HED L&D 103600 7200 3600
f1(X2) £(X3) f3(X2) f4(X3)| _ |3600 0 3600 7200

FEDY=1500) L5 £05) £,060| = (7200 3600 0 3600]
XD (X7 ;X)) f,(XD1 13600 7200 3600 0
X)) (X7 (X)) XD 11.00.7188 04375 0.7188
27y = [ ) (K2 A3(X3) A,(X3)) 107188 1.00.7188 0.4375

A1 (X3) L(X3) A3(X3) A,(XY) 0.43750.7188 1.0 0.7188 |
(XD (X0 23X A(XD) 0.7188 0.4375 0.7188 1.0
B toukax ontumyma Xy, k = 1, K Bce OTHOCHTEIIbHBIE OLICHKH (HOPMAITH30BAHHbIE KPUTEPHH ) PABHBI
enunnne: Ay (Xp) = f"";x")fofk =1Lk= LK, K=4.
B Toukax OHTI/IMyMa X,k = T,K Bce OTHOCHTE/IbHBIC OLICHKH PABHBI HYJIIO:
he(X0) = f—"(xk)f(,fk —0k=TKK=4
Otcrona Vk € K,VXeS, 0<h, (X)<1.
Lllae 4. Ctpoutcs A-3aaaya.
Llae 5. Pemienue A-3anauun. Pe3ynpTarhl penieHus A-3aaaqu:
X0=X? = {x; = 50.0,x, = 50.0,x; = 0.8594} — Touka onTUMyMa, 20e
x;=A%; ax;,X, COOTBETCTBYET X;, X, 3axa4n (4.1)-(4.5);
Lo= KO 0.8594 npencraBiseT ONTHMAILHOE 3HAYCHHE TICTICBOM (YHKITHH.
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Dynxmun &y (X), Ao (X), A3(X), A, (X), a Takxke Touku ontumyma X© u A°, KOTOpble HOTyYeHbI HA HX
TIePECEUCHNH, B TPEX MEPHOU CHCTEME KOOPIUHAT X, X,, A TOKa3aHbI Ha puc. 5.2.

A 3apgava
A{(X4min)
A3(X3min) ;

A1(X1min)

A2(X2min) 2©

Lambda

100

Puc. 5.2. ®yukuun A; (X), A (X), A3(X), Ay (X), Touku ontumyma X© u A°.

Ha puc. 5.1, 5.2 BuaHO, 4TO 00MacTh (MHOXECTBO TOYEK) OrpaHMYEHHAs TOUKamMu Sq = {X; =
X1optX12X° X4} xapakrepusyercs Tem, uto A; (X)2hy (X), k = 2,4, XS4, (ua puc. 4.1 nokasano, kak A1>A2,
A3, A4), T. €. obnacth Sy—q NPUOPUTETHA MO MEPBOMY KPUTEPUIO. B 9TOH 061acTH IPHOPHUTET MEPBOTO
KPUTEpHS OTHOCUTEIBHO OCTAIBHBIX BCera OoJIbIle UM PABEH eIUHHULIE:

i () = & (X) /M (X)21, VXS]

AHaJIOTHYHO TMOKa3aHbl 00JacTH (MHOXECTBAa TOYEK) IPUOPHUTETHBIE IO COOTBETCTBYIOLIEMY
KPHUTEPHIO, B COBOKYITHOCTH OHH JTAFOT MHOYKECTBO TOUYCK, ONTHMANIbHBIX 110 [Tapero, $°, a oHO (711 JTaHHOTO
[puMepa) paBHO MHOXKECTBY JIOIyCTHMbIX Touek: S = ST U S5 U ST U ST UX? =S.

Eciu pemats 3amady (4.1)-(4.5) ¢ OByMsi KpUTEpHUSIMH, HAIpPHUMEp, TPETHHM M YETBEPTHIM, TO
MHOKECTBO TOYEK, ONTUMANBHBIX 110 [lapeTto, exut Ha oTpeske X;X;, a Touka X°° onpenessier pe3ysibraT
peLeHus.

A°°- maxcumanbHbIi ypoBenb, mpudeMm A°° = A;(X°°) = 1,(X°°) = 0.7917 B COOTBETCTBHH C
teopemoit 1. MuoxecTBo [Tapero jexur Mexay Toukamu ontumyma X; X>X3Xy, T. e. 001acTh JOMYCTUMBIX
TOYeK S, 00pa30BaHHBIX OrpaHUuYCHHUSIMH (4.5), COBIAJaeT C MHOXKECTBOM TOYEK, ONTUMAaJIBbHEIX 1Mo [TapeTo
5% §°=S.

5.2. Memooonozusa moodenupoganusn u NPUHAMUAL ORMUMATILHO20 PEUIEHUA 8b1O0PA NAPAMEMPOE
CILOIMCHBIX UHIICEHEPHBIX CUCHIEM 6 YCTIOGUAX ONPEOeIeHHOCMU, HEONPEOeIeHHOCU

B kauecTtBe 00BeKTa HccaeI0BaHUS HaMU paccMaTpuBaioTcsl « IHKEeHEepHBIE CUCTEMBI», K KOTOPBIM
OTHOCSTCA «TEXHHYECKHE CHCTEMBI», «TEXHOJIOTMYECKHE TIPOLIECChD», «Marepuansl», [17, 42, 44].
HccnenoBaHnne WHXXEHEPHON CUCTEMBI BBIIOJIHEHO, BO-TIEPBBIX, B YCJIOBUSX OIPEICICHHOCTH, KOTAa
W3BECTHBI JaHHBIE O (PYHKIUOHAIBHBIX XapaKTEPUCTHKAX WHXKCHEPHOH CHCTEMBI; BO-BTOPBIX, B YCIIOBHUSX
HEOMpPEIETICHHOCTH, KOT/Ia U3BECTHBI AMCKPETHBIC 3HAYEHHUS OTIACIbHBIX XapaKTEPUCTUK; TAKKE H3BECTHBI
JaHHbIe 00 OTPaHMYEHUSX, KOTOPhIe HAKJIAaABIBAIOTCS HAa (DYHKIHMOHHPOBAHHE CHCTEMBbI. MaTeMaTHUECKUH
annapar MOJeJIMPOBaHUS HHKXECHEPHONW CUCTEMBI 0a3upyeTcs Ha TEOPUH M METO1aX BEKTOPHOM ONTHMU3ALMH,
KOTOpBIE TIPEACTaBICHBl B TPeTheM paszzene. B opraHu3alliOHHOM IIJIaHE MPOIlECC MOJEIMPOBAHHUA U
CHUMYJINPOBaHMSI TEXHWYECKOW CHCTEMBl MpPEICTaBICH B BUAE Merojojoruu: «Meromonorus BbeIOOpa
ONITUMAJIbHBIX IAPAMETPOB HH)XEHEPHBIX CUCTEM B YCIOBHAX ONPEEIEHHOCTH U HEOIIPEAEICHHOCTI.
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5.2.1. Buow 3a0au, éo3nuKaiouwiux 6 npouecce MOOeNUPOGAHUA U RPUHAMUA ONMUMATLHO20
DeuteHus epl00pa nApamempos CloNCHBIX UHICEHEPHBIX CUCHIEM

3agauu, KOTOPBIE BOSHUKAIOT B MPOLIECCE MPUHATHS ONTHMAIBHOTO PELICHHUS! BEIOOPa ONTUMAIIbHBIX
MapaMeTPOB CI0KHBIX MHKEHEPHBIX CUCTeMax Ha 0a3e BEKTOPHOH ONTUMH3ALUH BKIIOYAET [TOCIIEI0BATENIEHO
TpHY BHIA.

1 6uod. Pewenue 6exkmopHOU 3a0auu MamemMamuiecKko20 nPoOSPaAMMUPOSAHUs NPU PAGHO3HAYHbIX
kpumepusx. Iloy4eHHBIN pe3yabpTaT ABISETCA OCHOBOU I JAJIbHEMIIET0 UCClleI0BaHUs cucTeMBI. [Tpu aToM
HCTIONB3YEeTCS METOJ PpEIIeHHs BEKTOPHOM 3aJauyu IpH PaBHO3HAUHBIX KpuTepusx. Eciau mosydeHHbIH
pe3yNbTaT YAOBIETBOPSET JHIy, MpuHUMaromero pemennd, (JI[IP - mpoektupoBmimk), To oH Oepercs 3a
OCHOBY. Ecnu He ynoBIeTBOpSET, TO MEPEXOJUM KO BTOpOMY BUAY (IpsMas 3afjaya) WIH TPEThEMY BHIY
peleHns: BeKTOpHBIX 3a1a4 (OOpaTHas 3amaqa).

2 6u0. Pewenue npamou 3a0auu 6eKmMopHOU onmumusayuu, KOTopas COCTOHT B cieaytomeM: «Kakue
OyIoyT mokaszarenu (XapaKTepUCTHKH), €CIH W3MEHHUTh IMapaMeTphl CIOXKHBIX TEXHUYECKHX CHCTEM». -
Hcnonb3yercs MeTon pelieHst BEKTOPHOH 3aauy IPH PaBHO3HAYHBIX KPUTEPHUSIX.

3 6u0. Pewenue obpamnoti 3a0a4 eKmMopHO Onmumusayuu, KOTopas COCTOUT B clieqyromem: «Kakne
OyIyT mapaMeTpsl CIOKHBIX TEXHUYECKHX CHCTEM IPHY 33JJaHHBIX XapaKTEpPUCTHKaX». - Vicnonmbp3yercs MeToq
pelIeHus BEKTOPHOW 3aJjauu IpH 3aJJaHHOM NPUOPUTETE KPUTEPHSL.

5.2.2. Memooonozusa moodeauposanus u 6vlO0pa ONMUMATLHBIX RAPAMEMPOE CLOHCHBIX
UHIICEHEPHDBIX CUCIEM 8 YCII08UAX ONPEOeIeHHOCHU, HEONPeOe1eHHOCIU

B kayectBe 00BeKTa HCCIENOBAHHUS HAMH PacCMaTpPHBAIOTCS «CJIOXkHAas (MHOro(yHKIMOHAJIbHAs)
WH)XXEHEpHast cucreMar, [17, 42, 44]. B opraHu3aiiiOHHOM IUTaHe MPOLIECC MOAEINPOBAHNS M CUMYITUPOBAHUS
(the process of modeling and simulation of a engineering System) CIIOKHBIX HH)XEHEPHBIX CHCTEM,
BKJIIOYAIOLIMKA TP BHUJA BHIIIE MIPEICTABICHHBIX 3a7a4, cOPMHUPOBAH B BUIE METOMOJIOTHH:

«Memooonozus ep160pa ONMUMATILHBIX RAPAMEMPOE CTLOHCHBIX UHHCEHEPHBIX CUCHIEM 6 YC/I0GUAX
ONPeOeneHHOCMU U HeONPEeOeIeHHOCHIU).

Mertononorust BKIIO4aeT Tpu OJI0Ka, pa3AeeHHbIX Ha Psijl ATAIOB.

bnox 1. @opmuposanue mexnuueckozo 3adanus, npeoOpa3oBaHUE YCIOBHH HEONPEAETICHHOCTH
(CBsI3aHHBIX C DKCIIEPUMEHTAIBHBIMH JaHHBIMH) B YCJIOBHS OIPENIEICHHOCTH, IOCTPOCHNE MaTEMaTHYECKOH
M YHMCIIEHHON MOJIeITH WHKeHepHo# cuctemsr (the process of modeling of a engineering system) Bxiovaer 4
JTana.

1 3man. opmMupoBaHue TEXHUYECKOTO 3a1aHusI (MCXOQHBIX JaHHBIX) HA YUCICHHOE MOJEITUPOBAHUE
1 BbIOOpa ONTHMAIBHBIX NapamMeTpoB cUcTeMbl. McxonaHble naHHBIE (GOPMUPYET KOHCTPYKTOP, KOTOPBIH
MIPOEKTUPYET UHKEHEPHYIO CUCTEMY.

2 sman. IlocTpoeHue MareMaTH4eCKONl W YUCICHHOM MOJENN WH)XEHEPHOW CHCTEMBI B YCJIOBHAX
OTIPE/IETICHHOCTH.

3 aman. Ilpeobpa3zoBaHue yCIOBUIl HEONPEIEIEHHOCTH B YCIOBHS OMPEIETIEHHOCTH M IMOCTPOECHHE
MaTEeMaTHYECKOH U YHCIEHHON MOJIEIN HHKEHEPHOU CUCTEMBI B YCIIOBUSAX ONPEIEICHHOCTH.

4 3man. IlocTpoeHne arperupOBaHHON MaTEMATHIECKOM M YUCIICHHON MOJICIIA HH)KEHEPHOW CUCTEMBI
B YCJIOBHSX OIPEIEIEHHOCTH.

bnok 2. Memoodonozua npouyecca npunamua OnmMUMAanbHO20 peuieHusn (6b100pa ONMUMATLHBIX
napamempog) é UHMCeHepHoUl cucmeme Ha 6aze eexkmoprou onmumuszayuu (the process of simulation of a
engineering system)

5 9man. PemieHne BEKTOPHOH 3aiadd MaremaTtudeckoro mporpammupoBanus (B3MII) - mozenu
HWH)XEHEPHOH CHCTEMBI IIPU PAaBHO3HAYHBIX KPUTEPHSX (PELICHUE MIPSIMOM 3a1au).

6 3man. I'eomerprueckas wHTepnperamus pe3yibpratoB pemenns B3MII ¢ N mapamerpamu n K
KpUTEPUSMHU B IBYXMEPHYIO CUCTEMY KOOPIMWHAT B OTHOCUTEIbHBIX €TUHHIIAX. .

7 aman. Pemenne BEKTOPHOH 3a7jaul MaTEMAaTUYECKOTO MMPOIrPaMMHUPOBAHUS - MOJENIN NHKEHEPHON
CHUCTEMBI TP 3aJTaHHOM MIPHOPUTETE KpUTEepHs (pelIeHne 00paTHOM 3a1a4un).

bnox 3. Hccneoosanue, npoekmuposanue, 2eOMemMpuuecKas UHMEPRPeMAyus u 6bloop
ORMUMATILHBIX NAPAMEMPOE CILONCHOU UHICEHEPHOU CUCIMEMbL 8 MHO2OMEPHOI MamemamuKe BKII0YaeT
2 3ramna.
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PA3/IEJI: MarematndecKue U €CTECTBEHHbIE HAYKH
Hanpasnenune: ®u3znko-mMareMaTUYECKUE HAYKU

8 yman. 'eomeTprieckast HHTEPIIPETAIUS PE3YIbTATOB PEIICHHS ITPH MPOSKTUPOBAHUH WHKECHEPHON
CHCTEMEI ITepexo/ia OT ABYXMepHOTro K N-MepHOMY IpOCTPAaHCTBY B OTHOCHTENBHBIX eIHHUIAX.

9 aman. I'eomeTpuyeckas HHTEPIIPETALUS PE3YJIbTATOB PELICHHUS IPH TPOSKTUPOBAHUN HHKXCHEPHOU
CUCTEMEI Iepexo/ia OT ABYXMepHOro K N-MepHOMY IPOCTPAaHCTBY B (PU3NUECKHUX SIUHUIIAX.

6. BbiOop onTUMAJIBHBLIX NApaMeTPOB MaTepuaja CJO0KHOH CTPYKTYpPbl B YCJOBHSAX
onpeJeJIeHHOCTH W HeoIpedeleHHOCTH Ha ©0a3e MHoOroMepHoii matemaTuku. KomnbloTepHas
peaamn3anus

UncneHHas peaqu3aiusi BbIOOpa ONTHUMAIBHBIX MapaMETPOB MarTepualia CIOXKHOW CTPYKTYPHI
BBITIOJTHSIETCSL B COOTBETCTBUH C TEOPETHYECKHMMH OCHOBAMH MHOT'OMEPHOW MAaTeMaTHKH, BKIIOYAROIIEH
AKCHOMATHUKY, IPUHIUIBI ONTUMAILHOCTH M KOHCTPYKTHBHBIE METOJIbI MHOTOMEPHOH MaTEeMaTHUKU KaK TpU
PaBHO3HAUHBIX KPUTEPUSAX, TaK U TPU 33JaHHOM NPUOPUTETE KPHUTEPHEB, B COOTBETCTBUH pa3ieioM 2.
Metononorusi mporecca NPUHATHS ONTHMAIBFHOTO pemieHus (BbIOOpa ONTHMAalbHBIX IapaMeTpOB)
WH)XCHEPHOH CHCTEMbBI, B TOM 4YHCJE MaTepuaja CIOXXKHOW CTPYKTypbl, H3JI0)K€Ha B pasznene 2.
PaccmaTpuBaeTcs 3amaya MpUHSATHS PELISHUA B CIOXKHOH CTPYKType MaTepHalia, O KOTOpPOH M3BECTHEI: BO-
MIEPBBIX, JaHHBIE O PYHKIIMOHAIFHON B3aUMOCBS3H HECKOIBKHUX XapaKTEPUCTHK C €€ KOMIIOHEHTaMH ()Cci08us
onpedeneHHOCcmMu); BO-BTOPBIX, JaHHBIE O HEKOTOPOM HaboOpe IUCKPETHBIX 3HAYECHHH HECKOJIBKUX
XapaKkTePUCTUK (IKCIIEpUMEHTANIbHbIE pEe3yJbTaThl), BO B3aMMOCBS3M C JAWCKPETHBIMH 3HAYCHHSIMU
MapaMeTpoB — O3KCIEPUMEHTAIbHBIE MaHHBIE (YCl08Us HeOnpeoeleHHOCMU); B-TPEThbHX, OTPAHUYCHHIA,
HaKJaJblBaeMbIX Ha (YHKIMOHHPOBAaHWE MaTepHajia CIOKHOH CTpyKTyphl. UmcieHHas 3amada
MOJICIIUPOBAHUSl MaTepHuaja CIOKHOH CTPYKTYphl pacCMaTpUBAETCs C PaBHO3HAYHBIMH KPUTEPUSMH U C
3aJTaHHBIM TIPUOPUTETOM KPHUTEPHSL.

6.1. bnok 1. @opmuposéanue mexHUUecKO20 3A0AHUA U ROCHMPOCHUE MAMEMAMUUECKOU U
uucinennoii moodenu mamepuana cioxcnou cmpyxkmypor (the process of modeling of the structure
(composition) of the material).

[lepBrIit oTam, a TaKKe ITaIl aHAJTN3a PE3yJIbTaTOB PEIIeHHs, BEIOOpa IPUOPUTETHOTO KPUTEPHS U €TO
BEJIMYMHBI BBITIONHACTCS KOHCMPYKMOpOM mamepuana ciaoxcHou cmpykmypost. OCTaIbHBIE 3Tarlbl
BBITIOJIHAIOTCS MAMEMAMUKOM - RPOCPAMMUCHIOM.

6.1.1. 1 3tan. Texnuueckoe 3ad0anue: «Boloop ORMUMAILHBIX RAPAMEMPOE MAMEPUANA CTIOHCHOTL
CHPYKmypbL»

Jano. Vccnenyetcs cTpyKTypa MaTepuaa, KOTopas XapakTepu3yeTcsl UeThIpbMs TapameTpamu: ¥ =
{v1,¥2,¥3 ¥4} 3Hadenuss Y NPEACTABIAIOT BEKTOP YNPABISICMBIX NEPEMEHHBIX. 3aJaHbl HapaMeTpbl
CTPYKTYpBI MaTeprana, KOTOpPbIe H3MEHSIOTCS B CIIEIYIOIINX Npeenax:

21<y;£79; 55y,<59; 21<y;<9.0; 22<y,<7.0.

OyHKIIMOHUPOBAaHUE CTPYKTYpbl MaTepHaja ONPEACISIOTCS UYETBIPbMSI  XapaKTepPUCTUKAMHU
(xputepusmu): H(Y) = {h;(Y), ..., h,(Y)}, BenuumHa OLEHKHM KOTOPBIX 3aBHCHT OT IapaMeTpoB Y =
ny2y3 ¥4}

Venosust  onpedenennocmu. Jns nepBoit  xapaktepuctuk: h;(Y) wu3BecTHa (PyHKIHMOHAIbHAS
3aBHCHMOCTB OT TapameTpoB Y = {y,, v = I,V,V = 4}:

0.0743y,y; — 0.1042y,y, — 0.0036y;y, + 0.0143y7 + 0.0118y7 — 0.2434y7 — 0.5026x2, (6.1)
Ycnosus neonpeoenennocmu. VI3BeCTHBI pe3yismamst IKCHEPUMEHMAIbHBIX OAHHBIX . JITISI BTOPOH,
TpeThell u yeTBepToil Xapakrepuctuku hy (Y), k = 2, 3, 4 1j1s COOTBETCTBYOIINX BEJIMYHMH MApaMeTpoB: Y =
v =i, i =1,M},v=1V}
Yucnoele 3HaueHust mapameTpoB Y u xapakrepuctuk h,(Y), h;3(Y), hy(Y) npencrasiens: B Tabmuiie 2.
Tabnuma 2. DxcriepuMeHTaIbHbIE 3HAYCHUS TTAPAMETPOB V;, V>, V3, V4 ¥ XapaKTEPUCTUK CTPYKTYPHI
marepuana h,(Y), h3(Y), h,(Y).

Y1 Y2 Ys Ya ha(Y) hs(Y) ha(Y)

20 0 2 2 1149.6 1164.0 115.1 24.24 27.60
20 0 2 5 1176.0 1212.0 114.5 28.80 30.00
20 0 2 8 1260.0 1257.6 114.4 31.20 32.40
20 0 5 2 1256.4 1252.8 118.8 33.60 34.80
20 0 5 5 1251.6 2143.2 113.8 34.80 19.92
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20 0
20 0
20 0
20 0
20 30
20 30
20 30
20 30
20 30
20 30
20 30
20 30
20 30
20 60
20 60
20 60
20 60
20 60
20 60
20 60
20 60
20 60
50 0
50 0
50 0
50 0
50 0
50 0
50 0
50 0
50 0
50 30
50 30
50 30
50 30
50 30
50 30
50 30
50 30
50 30
50 60
50 60
50 60
50 60
50 60
50 60
50 60
50 60
50 60
80 0
80 0
80 0

5 8 2154.0 2163.6
8 2 2176.8 2185.2
8 5 2198.4 2211.6
8 8 2232.0 22452
2 2 29544 2820.0
2 5 2772.0 2748.0
2 8 2832.0 2904.0
5 2 3022.8 3036.0
5 5 3056.4 3583.2
) 8 3601.2 3608.4
8 2 3616.8 3622.8
8 5 3637.2 3651.6
8 8 3672.0 36852
2 2 1195.2 1212.0
2 5 1236.0 1251.6
2 8 1272.0 1296.0
) 2 1318.8 1344.0
5 5 1388.4 2176.8
5 8 2196.0 2220.0
8 2 2245.2 2286.0
8 5 22944 2313.6
8 8 2340.0 2382.0
2 2 2988.0 3012.0
2 5 3036.0 3056.4
2 8 3108.0 3156.0
5 2 3244.8 3228.0
5 5 3193.2 3616.8
5 8 3639.6 3660.0
8 2 3685.2 3708.0
8 5 3732.0 3753.6
8 8 3672.0 3822.0
2 2 1218.0 1248.0
2 5 1272.0 1318.8
2 8 1344.0 1392.0
5 2 1422.0 1464.0
5 5 1524.0

5 8

8 2

8 5

8 8

2 2

2 5

2 8

5 2

5 5

5 8

8 2

8 5

8 8

2 2

2 5

2 8

113.3
110.7
109.2
108.5
128.3
127.4
126.8
126.1
124.3
124.1
123.9
121.4
121.7
150.4
144.9
140.8
138.6
140.8
143.5
146.0
144.9
143.8
181.3
180.8
179.4
179.1
178.0
177.6
176.9
175.3
174.7
123.6
118.7
115.9
115.1
113.2
111.8
110.7
108.2
106.3
132.8
131.1
129.7
128.3
127.0
125.6
123.9
114.5
119.5
154.8
153.2
151.8

21.60
29.76
37.20
42.00
15.60
21.60
28.80
35.16
44.88
14.40
21.12
27.60
36.00
52.80
64.80
75.60
88.08
107.64
45.60
60.00
73.20
85.20
31.92
43.20
61.20
82.80
90.36
30.00
42.72
54.00
73.20
87.00
103.20
126.00
145.44

25.20
33.48
39.48
49.20
18.00
24.24
32.40
39.60
11.28
16.80
22.80
30.84
40.56
60.00
68.64
82.80
97.20
40.56
52.80
67.20
79.44
99.00
36.00
51.36
72.00
86.40
23.28
36.00
48.00
62.16
81.72
94.80
116.16
136.80
156.00

174.72

gMemz{yHaponHmﬁ HayuHbI xypHau "®narman Hayku' Ne7(30) Urwas 2025
info@flagmannauki.ru

www.flagmannauki.ru

8(812) 9052909 |




PA3JIEJI: MaTemaTu4ecKre U €CTECTBEHHbBIE HAyKU
Hanpasnenue: ®u3nko-maTeMaTH4eCKUe HAYKU

80 0 5 2 150.4
80 0 5 5 150.7
80 0 5 8 151.2
80 0 8 2 151.5
80 0 8 5 144.9
80 0 8 8 140.8
80 30 2 2 185.7
80 30 2 5 1835
80 30 2 8 182.2
80 30 5 2 181.3
80 30 5 5 179.4
80 30 5 8 178.0
80 30 8 2 176.9
80 30 8 5 1753
80 30 8 8 1725
80 60 2 2 128.3
80 60 2 5 125.6
80 60 2 8 124.2
80 60 5 2 121.7
80 60 5 5 118.7
80 60 5 8 115.9
80 60 8 2 115.1
80 60 8 5 110.4
80 60 8 8 108.5
min yi(X), i=L,..., 81 1149.6 92.4 11.3
max yi(X), i=L...., 81 3822.0 1615 174.7

B npuHuMaemMom pelnieHHH, BEIMYMHY OIIEHKH IO MEPBOH M TPEThel XapaKTepUCTHKH (KpUTEpHs)
KEJATeNIbHO, MOJTYyYHTh Kak MOKHO Beie: h;(Y) — max, h;(Y) — max; BTOpoil ¥ 4eTBEPTOi KaK MOYKHO
uwke: h,(Y) - min, hy(Y) - min.

[Mapamerpsl Y = {y;,¥,, V3, Y4} U3MEHSIOTCA B CIEAYIONIMX TPeIEax:

y; €[20.50.80.],y, € [0.30.60.],y; € [2.0 5.0 8.0], y, € [2.2 5.5 8.8]. (6.3)

XUMHUYECKHI COCTAaB MaTepHana U3Jenus onpezaensercs (Ha equHULy oObema, Beca) MPOLECHTHBIM
coJIepKaHNEM HEKOTOPOr0 MHOXKECTBA KOMIIOHEHT MaTepHasa, KOTOpbIe B CYMME PaBHBI CTa MPOLIEHTaM:

orpanuuenue y; +y, +y; +y, = 100. (6.4)

Tpeoyemca. 1). Pazpabotarh MaTeMaTHYECKyl0 MOJAETbh CTPYKTYphl MaTepuaia B BHJIE BEKTOPHOM
3aJayd MaTeMaTHYeCKOro MporpaMMupoBaHus. 2) 3agady BEKTOPHOM ONTUMM3AalLUU PEIIUTh C
paBHO3HAYHBIMH XapaKTepUCTHKaMu (KpuTepusiMu). 3) BrpiOpaTp W3 Bcero MHOXKECTBAa KpUTEPHEB
MIPHOPUTETHBIN KPUTEPHUHA. Y CTAHOBUTH YHCICHHOE 3HaYeHHE TPUOPUTETHOTO KpuTepusd. 4) Pemurts 3amauy
BEKTOPHOH ONTHMH3AaLUUK M NPHUHATH Hawiydiiee (ONTUMalbHOE) pEIICHHE C 3aJaHHBIM IMPHOPUTETOM
KpUTEPUS.

la o3rtan. [locmpoenue mamemamuyeckou MOOeIU CMPYKMYpbl MaAmepuald 6 YCI08Usx
onpeodeleHHOCMU U HeONpPeOeNeHHOCU 8 00ujem suoe.

ITocTpoeHne MaTeMaTH4eCKOM MOJENH Ul NMPHHITHA ONTHMAJIbHOIO YIPABIEHUYECKOTO PEIICHUS
CTPYKTYpBl Marepuansa TokazaHo B pasmene 2.3. B coorBerctBum ¢ (2.21)-(2.27) mnpencraBum
MaTeMaTHYeCKyI0 MOJIeTb MaTepHaja B YCIOBUSAX ONPEAETICHHOCTH B BUJE 3314l BEKTOPHOMN ONTHMH3AIINN:

Opt H(Y) = {max H,(Y) = {max hy (Y), k = 1,K}, (6.5)
min Hy(Y) = {min by (Y), k = 1, kS, (6.6)

nipu orparmuenusx G(Y) <B, Yv_, y,(t) = 100%, (6.7)

hP < (V) < hpo* k = LK,y < y; < y/"*,j = 1,N, (6.8)
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e Y ={y;, j= I,N} - BekTOp YNpaBIAeMBbIX IEPEMEHHBIX (KOHCTPYKTHBHBIX MapaMeTpOB);
H(Y)={H;(Y)H,(Y)} - BeKkTOpHBIii KpHTepHii, KaxxIas KOMIIOHEHTa KOTOPOTO MPEICTaBISIET BEKTOP
KpUTEpHEB (XapaKTepUCTUK) MaTephalia, KOTOpble (YHKIUOHAIBLHO 3aBUCAT Y - 3HAUCHHWH BEKTOpa
MEePEMEHHBIX;

B (6.8) hM"<h,(Y) <hP** k =T,K — BexkTop-QyHKIHsS OrpaHMUYCHHI, HAKIA[BIBACMbIX HA
(YHKIMOHUPOBAHUE MaTepUaa;

B (6.8) y}"ins y; <y[**,j = I, N — napaMeTpuyecKue OrpaHHIeHHUs.

[pennonaraercs, uro dynkmun hy(Y), k = 1, K nuddepenmpyemsr u sumyknsr, g;(Y), i = 1I,M
HETPEPHIBHBL, a 33/IaHHOE OTPaHUYCHUSIMH (6.8) MHOKECTBO JIOIYCTHMBIX TOYEK S HE MTyCTO U TPEICTABISET
c000i KOMIAKT:

S={YeRMG(Y) <0, Y™ <Y <Y™Ma*} % @,

6.1.2. 2 »aran. Ilocmpoenue wuucnennou Mmoodenu CHMPYKMypbl Mamepuana 6 ycioGuax
onpeodenennocmu

IlocTtpoeHnne Monenu CTPYKTyphl MaTepuaja B YCIOBHAX OINPEACICHHOCTH ONpeleIsieTcs
(hyHKIIMOHATHPHOW 3aBHCHMOCTBHIO KaXKIOW XapaKTePUCTHKH, OTpaHWYCHUN OT IMapaMmMeTpoB Mmarepuaia. B
HalleM IpHMepe HM3BECTHHI XxapakrepucTuka (6.2), orpanumdenus (6.1). Mcmons3ys mannsie (6.1), (6.2)
MOCTPOMM YHMCIICHHYIO MOJENb B BHJAE BEKTOPHOW 3alaud HEIWHEHHOro mporpammupoBanus (6.5)-(6.8) B
YCIIOBHUSIX OTIPENEIIEHHOCTH:!

max h;(Y) = 323.84 — 2.249y, — 3.49y, + 10.7267y; + 13.124y, + 0.0968y,;y, — 0.062y,;y; —

0.169y,v, + 0.0743y,y; — 0.1042y,y, — 0.0036y;y, + 0.0143y7 + 0.0118y7 — 0.2434y7 — 0.5026y2, (6.9)
IIpU OTpaHUYeHusX: ¥; + ¥, + y3 + y, = 100, (6.10)
21<y;<79,55y,<59,21<y;<9.0,22<y,<7.0. (6.11)

OTH JaHHBIC B JAJIGHEUINIEM HCITOJIB3YIOTCS MPH IOCTPOCHHWHM OOIICH MaTeMaTHYeCKOW MOICIH
MaTepuaia (B yCIOBHSX ONPENEJIEHHOCTH U HEOIIPECIICHHOCTH).

6.1.3. 3.1 stan. Ilpeoopazosanue IKcnepumeHmaibHbIX OAHHBIX (YCA06UIL HEONPEOECHHOCHU) 8
OaHHble ¢ QYHKYUOHATLHOU 3A8UCUMOCMbBIO (YC06UA ORPEOENEHHOCU) U NOCMPOEHUE YUCTEHHOU
Moldenu

Yenosus neonpedenennocmu XapakTepu3ylOTCs TE€M, YTO HCXOJHBIE JIaHHBIE, XapaKTEpU3YIOLINE
nccienyeMoro o0beKTa, MPeCTaBICHbL: a) CIy4aliHbIMH, 0) HEUETKUMH, WU, B) HE TIOJIHBIMU JaHHBIMH, T. €.
B YCJIOBUSIX HEONPEAEIEHHOCTH N3BECTHBI JIMIIb KOHEYHOE MHOXKECTBO Y M3MEPEHHBIX napameTpoBy = [,V

Y, = {(yip,v =1,V},i=1,M,tne v =1,V - uucjio KOMIOHEHT (I1apaMeTPOB), U3 KOTOPBIX MOXKET
OBITH cocTaBlieH (M3TOTOBJIEH) Marepuan, i = /,M — HOMEp W MHOXXECTBO IAHHBIX; M COOTBETCTBYIOIICE
MHOXECTBO K XapaKTepUCTHK:

hk(Yv = {yivr v = ],V},l = I,M),k = ],K

[osToMy 6 ycrosusx Heonpedenennocmu OTCYTCTBYET AOCTaTOYHASI HH(POPMALIUS 0 PYHKIIHOHATBHOM
3aBUCHUMOCTH KaXKAOM XapaKTEpUCTUKH U OrpaHUYEHUN OT napameTpoB. MHpOpMaoHHbIE JaHHbBIC ONLUI a)
u b) mpeobpasyroTcs B YHUCIOBBIC JAHHBIC OMNIUU C) M TPEIACTaBIAIOTCA B Tabmumanoi dopme. B pabote
paccMaTpuBaeTcsl Onuus ¢) uHGoOpManus ¢ HEMOJHBIMH JITAHHBIMU, KOTOpBIE, KaK TPaBUIIO, HOJIYYEHbl 6
pe3yrbmame IKCnepuUMeHma.

C yyeroM H3MEpPEHHBIX NapaMmeTpoB Y, W COOTBETCTBYIOIIETO MHOXecTBa K XapaKTepUCTHK:
he(Y, = (¥, v=1,V},i=1,M),k =1,K npeacraBuM MaTpuily pe3yJbTaToB 3KCIEPMMEHTATbHBIX
JaHHBIX 110 UCCIIEyEeMOMY MaTepHaly:

a

Y1 =311,Y12: Y13 Y14 ha (Y1), hs (Y7), hy(Y7)

= (6.12)

,
am Y = Ymi Ymz Ymsz Ymaho(Yy), hs(Yar), hy(Yay)

IIpescTaBUM MAaTEMaTHUECKYIO MOJIEIb CTPYKTYphl MaTEpHaia B yCIOBUAX HEOIPEACICHHOCTH B BUIE
BEKTOPHOM 3a71a4i MaTeMaTHYECKOTO IIPOrPaMMHPOBAHUS:

Opt H(X) = {maxI;(Y) = {max hy (Y;, i = [, M)}, k =1, K"}, (6.13)
min [,(Y) = {minhy (Y;, i = I, M)}T, k =1, K¥"<}}, (6.14)

at restriction R < Ry (Y) < h9Y k= TK, (6.15)

Yo=1 Yo (t) = 100%, yi" < y, <y, v = 1V, (6.16)
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rae Y = {y,, v = 1,V} - BeKTOp ynpaBlseMbIX IEPEMEHHbIX (IIapaMeTPOB);

H(Y) ={I;(Y) L(Y)} - BekTOpHBIi KpUTEPHHi, KaX1asi KOMIIOHEHTa KOTOPOTO MPEACTABISIET BEKTOP
KpHUTEpHEB (BBIXOMHBIX XapaKTEPUCTHK HCCIeAyeMoro obbekra). Benmnunmua xapakTepucTUKd ((QyHKIIHH)
3aBHCHT OT JUCKPETHBIX 3HaueHMi Bektopa nepemennsix Y. [;(Y) = 1, K}, I,(Y) = 1, K} (uncertainty)
— MHO’KECTBO KPHTEPHEB MaX U MiN chOPMUPOBAHHBIE B YCIOBHAX HEONPEIETEHHOCTH;

B (6.15) h"™ < h(X) < h** k = T,K — Bextop-(QyHKIUS OrpaHMUYCHHil, HAKIAABIBAEMBIX Ha
dyHKIMOHMpOBaHME  WcclenyeMoro  o0bekTa, YTt <y, < yMAX p =71V - mapameTpuuecKue
OrpaHUYEHHS UCCIIEYEMOT0 00bEKTa.

6.1.3. 3.2 »stan. Ilocmpoenue uucnennoii mooeau CTPYKTYPHI Mamepuana 6 YClo8usx
HeonpeoeleHHoCmuU

ITocTpoeHHE YKMCIIEHHOW MOJENN CTPYKTYPhl MaTepualia B YCIOBHUAX HEONPEICIEHHOCTH COCTOUT B
HCIIOJIb30BAaHUHU KAYE€CTBEHHBIX U KOJMYECTBCHHBIX OMMCAHUI MaTepHaia, MOJTyUYeHHBIX SKCIICPHMEHTAIBHBIX
JIAHHBIX TI0 MIPUHITATTY “BXOA-BBIX01~ B Tadymie 1.

[IpeobpazoBanue nHGopManny (MCXOIHBIX JaHHBIX B Tabmuie 1):

h,(Y;,i =1,M), h;(Y;,i = I,M), hy(Y;,i = 1, M) B QyHKIMOHAILHEIH BUL;

h,(Y),h;(Y),h,(Y) ocymecTBusieTcs IyTeM  WCHOJIB30BaHUS  MATEMAaTHYECKMX  METOJO0B
(perpeccuonHoro aHanmm3a). Mcxomnple maHHbIe TaOmwmbl 2 chopmupoBansl B cucteMe MATLAB B Bume
MaTpHUIbL:

I'=1Y,H| ={yinYi2 Vi3 Vier iz Wiz, hig i =1, M} (6.17)
Jnst kaxaoro Habopa IKCIEpHUMEHTaIbHOTO AaHHBIX hy, k = 2,3,4 ctpoutcs QyHKUUS perpeccuu
METOAOM HaWMEHBIIUX KBaJIpaToB min Z{-”: (i — y.)? B cucreme MATLAB. Jlns storo opmupyercs
HOJMHOM Ay, OTIPEACIISAIONINT B3aUMOCBS3b IIAPAMETPOB:
Y = Vi Yio, Vi3 Yis} v dynxumu y, = h(Y;, Ap), k = 2,3,4.
Pesynbpratom sBrsiercst cucrema kodddunuentos: A, = {Agk, Ak, > A14x }, KOTOPBIE OMPENEISIOT
K03 PUIIUEHTHI KBaAPATUIHOTO MTOJTMHOMA:
h (Y, A) = Ag + Apeyr + Aneys + Aseys + Ageya + Asiy Vo + Askyiys + Ay ivs + Asiyoys +
Aogy2Ys + Ajokysya + Ayl + Apys + Apseyi + Ay k = 2,3,4. (6.18)
[TporpamMHOe oOecriedeHHe NOJIMHOMHMAIBHON AaNIpOKCUMAIMd C YETHIPbMS IEPEMEHHBIMH H
YeTBIPHAANATHIO (akTOpaMu TpencTaBiceHO B [44]. B wurore skcmepuMeHTANBHBIE TaHHBIE TaOMUIHI |
npeoOpasytoTcs cuctemy kodhduiuentoB tpex ¢yHkuumii Buaa (6.18) B Bume tabmuusl (IIporpamma:
Z Material MMTT32_0s13_4k):
A0=[323.8408 954.8634 110.02 21.0051 % A (6.19)
-2.2495 28.6719 0.9106 -0.0101 %A
-3.4938 37.0392 0.6206 -0.8403 %A,
10.7267 -31.0303 -0.4287 -0.4314 %Aj,
13.1239 -54.0031 -2.5176 1.1718 %A
0.0969 -0.9219 -0.0151 0.0166 %A
-0.0621 0.5644 -0.0094 0.0850 %A
-0.1696 0.8966 0.0222 -0.0001 %A,
0.0743 -0.1540 -0.0198 0.0522  %Agy
-0.1042 0.3919 0.0184 0.0003 %Ay
0.0036 -0.0135 -0.0006 0.0006 %A,
0.0142 0.0477 -0.0004 -0.0021 %A,k
0.0117 0.0437 -0.0003 0.0035 %A;5
-0.2433 3.8489 0.0390 0.0061  %A;;
-0.5026 3.1748 0.1414 -0.0310]; %A,
Rj =[0.6115 0.7149 0.6551 0.9017];
RRj=[0.3740 0.5111 0.4292 0.8130];
Ha ocHoBe  Ao(2) Ao(3) Ao(4) crpostes pyukuuu h,(Y), h3(Y) u hy(Y), kotopbie ¢ yueTom
NOJTy4eHHBIX K03 duimeHToB (6.19) SABIAIOTCS YUCIEHHOU MOOENbI0 CIPYKIMYPbL MAMEPUANA 8 YC08UAX
HeonpeoeleHHOCmU.

gMemz{yHaponHmﬁ HayuHbI xypHau "®narman Hayku' Ne7(30) Urwas 2025
www.flagmannauki.ru |  8(812)9052909 | info@flagmannauki.ru



PA3/IEJI: MarematndecKue U €CTECTBEHHbIE HAYKH
Hanpasnenune: ®u3znko-mMareMaTUYECKUE HAYKU

Opt HYY) = {maxh;(Y)=110.22 4+ 0.7918y, + 1.73y, — 0.3713y; — 2.20y, — 0.0132y,y, — 0.008y,y;
+0.0193y,y, — 0.0172y,y; + 0.0161y,y, — 0.0006y;,

—0.0004y7 — 0.0002y3 + 0.0335y7 + 0.124y?, (6.20)
min h,(Y)=954.86 + 28.67y; + 37.03y, — 31.03y; + 54y, — 0.922y,y, — 2y;y; + 0.896y,y, —
0.154y,y; + 0.3919y,y, — 0.0134y;y, + 0.0478y7 + 0.0438y? + 3.8489y? + 3.1748y2, (6.21)

min h,(Y)=21.004 — 0.0097y; — 0.841y, — 0.4326y; + 1.1723y, + 0166y,y, + 0.085y;y; — 0.0001y,;y,
+0.0523y,y; + 0.0002y,y, + 0.0006y3y, — 0.0022y7 + 0.0035y5 + 0.006y3 — 0.0311y7}, (6.22)
IpH OrpaHuYeHusX: y; + y, + y3 + y, = 100, (6.23)
21<y,<79,5<y,<59,21<y3;<9.0,22<y,<7.0. (6.24)
MuHNManbHBIE 1 MAKCUMAJTbHBIE 3HAYCHUS AKCIIEPUMEHTAIBHBIX JaHHBIX Y, ..., V4 TIPEICTABICHBI B
HIDKHEN YacTu TabauIel 2. MuHHMAaIbHbIE U MakcUMabHble 3HaueHus pyukuid h;(Y), h;(Y), hy(Y), hy(Y)
HE3HAYMTEIbHO OTJIMYAOTCS OT SKCIEPHUMEHTANbHBIX NaHHBIX. HMHIEKC Koppemsaiuud u Kod(h(UIUSHTHI
JeTepMHUHALIMY MIPEJICTaBICHbI B HIDKHUX CTpOKax Tabmuibl 2. Pe3ynbrarel perpeccuoHHoro ananusa (6.20)-
(6.24) B nmanpHEHIIEM WCHOIB3YIOTCS MPH HEOOXOTUMOCTH TOCTPOCHHS OOIIeH MaTeMaTHYeCKON MOaenu
Marepuaia.
6.1.4. 4 aran. [locmpoerue azpe2upo8anHOl MAMEMAMUYECKol U YUCTIeHHOU MOOenU CMpPYKmMypbl
Mamepuana 8 yCio8usix OnpedeieHHOCmu
OOBenuHss MaTEMaTHIECKHE MOJETH CTPYKTYPBI MaTepralia B YCIOBHUAX onpenenéHnoctu (6.5)-(6.8)
u HeomnpenenéHHoctu (6.13)-(6.16) mpeacTaBUM MaTEeMaTHYECKYI0 MOJAETh MaTephalia B YCIOBHUAX
OTIPEICTICHHOCTH 1 HEOTPE/ISIICHHOCTH B COBOKYITHOCTH B BH/IE BEKTOPHOM 3aJ1auu:

Opt H(Y) = {max H,(Y) = {max hy (V) k = 1,K*}, (6.25)
max [;(Y) = {max hy (Y;, i =1, M)}, k =1, K™}, (6.26)

min Hy(Y) = {min by (X), k =1, K5, (6.27)

min,(Y) = {min by, (Y;, i = T, M)}, k =1, K}, (6.28)

MIPU OTPAHUYECHUAX
_ hp™ < hy(Y) < hP™ ke = TK, y"™ < y; < yP*,j = TN, (6.29)
rne Y = {yj, j = I, N} - BEKTOp yNpaBJIsieMbIX NEPEMEHHBIX (KOHCTPYKTHBHBIX IAPAMETPOB);

Hy(Y) = (e (V). k = LK}, Hy(Y) = (he(V), ke = 1K} -

MHOXeCTBO QYHKIIUH Max u MiN COOTBETCTBEHHO;

L(Y) = {{he(Y;, 0 = I,M)}7, k = I, K[}, L) = {{h (Vi = LMY k = 1, K™} -
MHOKECTBO Matpuil Max u min coorsercrBenno; (definiteness), K;"¢.K3™ (uncertainty) mHoecTBO
KpUTEpHEB Max u MiN copMUPOBAHHBIC B YCIOBHSIX ONPEACICHHOCTH U HEOTIPEICICHHOCTH;

OObenunHsst YHCIEHHBIE MOJIETN CTPYKTYphl MaTepuaia B YCIOBUAX onpeaenéHHocTH (6.9)-(6.11)
Heonpenenéanoctu (6.20)-(6.24) npeacTaBuM YUCIOBYIO MOJIEh MaTeprala B YCIOBHIX ONPEACICHHOCTH U
HEONPEETICHHOCTH B COBOKYITHOCTH B BUJIE BEKTOPHOM 3a1auu:
opt H(Y) = {max H;(X)

—0.169y;y, + 0.0743y,y; — 0.1y,y, — 0.0036y;y,
+0.0143y7 + 0.0118y7 — 0.2434y3 — 0.5026y2, (6.30)
max h;(Y)=110.22 + 0.7918y; + 1.73y, — 0.3713y; — 2.20y, — 0.0132y,y, — 0.008y,y; + 0.0193y,;y, —
0.0172y,y; + 0.0161y,y, — 0.0006y;y, — 0.0004y7 — 0.0002y3 + 0.0335y7 + 0.124y7}, (6.31)
min H,(Y) = {min h,(Y)=954.86 + 28.67y; + 37.03y, — 31.03y; + 54y, — 0.922y,y, — 2y;y; +
0.896y,y, — 0.154y,y; + 0.3919y,y, — 0.0134y;y, + 0.0478y7 + 0.0438y7 + 3.8489y? + 3.1748 (6.32)
max h,(Y)=21.004 — 0.0097y; — 0.841y, — 0.4326y; + 1.1723y, + 0166y,y,

—0.0022y7 + 0.0035y3 + 0.006y5 — 0.0311y7}} (6.33)
NpH OrpaHuYeHusX: y; + y, + y3; + y, = 100, (6.34)
21<y;<79,5<y,<59,2.1<y;<9.0,22<y,<7.0. (6.35)
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BexTopHas 3amaua mareMaTHYecKOro nporpammupoBanus (6.30)-(6.35) npencraBiseT YHCICHHYIO
MOJIeTh TPUHATHS ONTHMAIBHOTO pEIIeHHs CTPYKTYphl Marepuaja B YCIOBHSX ONPEIeNeHHOCTH U
HEOIPEAETICHHOCTH B COBOKYITHOCTH.

6.2. bnox 2. Memooonocua npouecca NPUHAMUA ORMUMATBHOZ0 peuieHusn (6vloopa
ONMUMATILHBIX RAPAMEMPOE) CMPYKMYPbl Mamepuaia Ha oaze eekmopuoit 3aoauu (B3MII)

6.2.1. 5 aran. Pewenue B3MII - modenu cmpykmypvl Mamepuania npu PAeHOZHAYHLIX KPUMePUsx
(pewenue npsamou 3a0avus).

Jl1st perieHns BEKTOPHBIX 3a/1ad MaTeMaTHIeckoro mporpammupoBanns (6.30)-(6.35) mpemcraBiaeHBI
METO/IbI, OCHOBAaHHBIE Ha aKCHOMAaTHKe M MPHUHIIUIIA ONITUMAIBHOCTH 1. AJTOPUTM NpPEACTaBUM B BUE pAla
I1aroB.

Hlae 1. Pemenne 3apaun (6.30)-(6.35) mo kaxaoMy KPUTEPUIO OTAENBHO, IPH 3TOM HCIIONIB3yeTCs
¢dbyuxous fmincon(...) cuctemsr MATLAB, ob6pamenne k ¢pynknuu fmincon(...) paccmorpeno B [44]. B
pesynbTaTe pacueTa 10 Kax0My KPUTEPHIO ToydaeM Touku ontumyma: Yy u hj, = hy (V) k = 1, K, K=4—
BEJIMYMHBI KPUTEPUEB B 3TOM TOUKE, T. €. HAWITyHIllee PEIIeHNE 110 KaXIOMy KPUTEPHIO:

1. Y] = {y, = 46.56,y, = 43.23,y; = 8.0,y, = 2.2}, h; = h;(Y}) = —387.9;

2:Yy ={y; =5560,y, = 34.19,y; = 8.0,y, = 2.2}, h5 = h,(Y;) = 1361.4;

.Yy ={y; =31.90,y, = 59.00,y; = 2.1,y, = 7.0}, h; = h3(¥;) = -210.3;

4:Y; ={y; =36.70,y, = 59.00,y; = 2.1,y, = 2.2}, h; = h,(Y;) =30.714.

Orpaunuenus (6.34)-(6.35) u rouku ontumyma X, X5, X3, X; B KoopauHatax {Xi, X2} MpeICTaBICHBI
Ha puc. 6.1.

Set of Pareto on two-measure  plane: x1 - x3

8 T T *
X,
f1=323.-2.249*X1 -3.49*X2+10.7*X3+13.1
A > Ao AgsA
- 12 ApAg:y i
/ f2=954.863+2 .898*)(1 +28.671*X2 -37.03*x 554.003*}
6 - -
™o eL |
X O 0
VI
™
s
VI
4k 1~
f4=21.0 8-0.0097*X1-0.840*X2+ 0.4326*X3+1.1723*X4+0.0166*X1*X 2+..
3L M= Ag g g |
X/
2 - 1 1 1 1 1
30 35 5 50 55 60

49 4
0< x1<60
x1

Puc. 6.1. MuoxectBo Touek Ilapero, $°cS, X/, X5, X3, X; B IByXMepHBIC CHCTEMBI KOOPAMHAT {X1, X2}

Hlaz 2. OnpenenseM HauMXyMIIYI0 BETHYMHY Kakmoro kpurepus (amtmontumym): Y m hl) =
he (YD), k = T)K,K=4. Jlna uero pemaercs 3amaua (6.30)-(6.35) mis kaxaoro kputepus k = 1,K; Ha
MHHHMYM, IS KaxHoro kputepus k = 1, K, Ha MakcuMyM. B pesysbTate peureHus nomyuum: Xy = {xj,j =
1, N} - Touka oNTHMYyMa 110 COOTBETCTBYIOIEMY KpuTepuio, k = 1, K; fko = fi. (X ,2) — Benn4KHa K-To KpUTepus
B TOUKe X ,2, k = 1,K, (BepxHuii UHEKC HOIB):
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Y) = {y, =31.9,y, = 59.0,y; = 2.1,y, = 7.00}, Y = h;(Y/) = 296.6;

YY) ={y, =319,y, =59.0,y; = 2.1,y, = 7.},h] = h,(YY) = —2458.5;
YY) = {y, = 78.16,y, = 9.02, y; = 8,y, = 481}, hY = h;(YY) = 169.26;
Y) = {y, = 62.71,y, = 22.9,y; = 8,y, = 6.39}, h = h,(Y)) = —73.62.

Illaz 3. BeInosHSETCS CUCTEMHBIM aHaIU3 MHOXKECTBA TOYEK, ONTUMANIbHBIX 10 Ilapero. B Toukax

k=1K
—_,D=
q=1,K

(d; d;d;d,)T- BekTOp OTKIOHEHMH MO KaXIOMY KPUTEPMIO Ha JOMYCTUMOM MHOXecTBe S: dy = hj, —

ontumyma Y* = {Y/, Y5, Y;, Y, } onpenenstorcs BenuuuHsl neneBbix ¢pyukuunit H(Y™) = ||hq Yy

hY,k = 1,4, n MaTpuIa OTHOCUTENBHBIX OLeHOK: A(Y*) = ||Aq Y ’;:'_i, M (X) = (hy, — h)/dy
388.0 1444.2 183.9 68.5 91.4
H(Y*) = 382.01361.4177.372.1 _ ||—1097
296.6 2458.5 2104 30.2|| " “* T || 41.09 ||
330.12210.9 208.0 30.7 —42.9
1.0000 0.9245 0.3560 0.1197
«~ _ 109367 1.0000 0.1968 0.0363
M =100 0.0 1.0000 1.011 || (6.36)
0.3669 0.2257 0.9427 1.0000

CucTeMHBIN aHAM3 BENIMYMH KPUTEPHEB B OTHOCHUTEIHHBIX OIEHKaX MOKAa3bIBAET, YTO B TOYKAX
ontumyma Y™ = {Y;,Y;,Y;, Y/} (nmo nmaromanu) oTHOcHTeNnbHas OLEHKAa paBHa exuHuIEe. OcCTalbHbIC
KPUTEPUU 3HAYUTEIHLHO MEHBIIEC eIMHUIBL Tpedyercs HAWTH TaKyr TOYKY (MapaMeTpbl), TIPU KOTOPBIX
OTHOCHUTEJIHHBIC OIICHKH Hambosee 6mu3ku K equauie. Ha pemenne 3Toif mpobiaemsl hopMupyeTcst A-3amada,
mar 4, 5.

Ilaz 4. TlocTpoeHue A-3a1auu OCYIIECTBIISICTCS B JIBa 3TAIla: IEPBOHAYAIILHO CTPOUTCS MAKCUMUHHAS
3aJla4ya ONTUMHU3ALUU C HOPMaTH30BaHHBIMH KPUTECPUSIMHU:

A’ = maxy.smingeghy (Y), G(Y)<0,Y >0, (6.36)
KOTOpasi Ha BTOPOM 3Tarie mpeodpa3yeTcs B CTaHAAPTHYIO 33Jjauy MaTeMaTHUYEeCKOT0 porpaMMHUpoBaHust (A-
3a/1aya):

A’ = max ), (6.37)
_nt 0
C OTPaHHYCHUSIMU A — % <0, A— %S 0, (6.38)
1~ é 37 %
_ ha()-hy _ hy()-hy
A “hionl <0, A Thionl <0, (6.39)
yi+ y:+ y3+ y, =100, (6.40)
0<A<1, 21<y,<79,5<y,<59,2.1<y;<9.0,22<y,<7.0. (6.41)

e BEKTOp HEM3BECTHBIX MMeeT pasmeprocTh N+1: Y = {y,, ... , yy, A}; dyuxuun h; (Y), h,(Y), h3(Y), hy(Y)
cootBercTBYIOT (6.30)-( 4.35). IoxcraBus uucnossie 3Hauenus Gyukimid h;(Y), h,(Y), h;3(Y), hy(Y), Mol
TIOJTYIUM A-3a7a4y:

_ _ " _ 2_ 2_p0
P ——— 323.84-2.249y,-3.49 xZ*...h00.2434y3 0502695711 . (6.43)
1=
_ 2 2 30
2\ — 110.22+0.7918y1+1.733;2* ].r.;)+0.0335y3+0.124y4 hs <0, (6.44)
373
_ 2 2_ 30
4 954842867y,437y; h-*-- +h30-8489y3 +3.1748y;—hs o 0, (6.45)
27142
B _ _ 2_ 2_30
3 _ 21200097y, 0.841y2h*... ;00.006313 0.0311y; h4§0, (6.46)
4~y
yi+ ¥+ ys+ y, =100, (6.47)
0<A<1, 21<y,;<79,5<y,<59,2.1<y;<9.0,22<y,<7.0. (6.48)

Illaz 5. Peuienvie A-3amauu.

Pemrenne A-3amaun. (6.42)-(6.48) ocymiectrisercs oopamienneM k pyakmuu fmincon(...), [44]:
[Xo, Lo] = fmincon('Z_TehnSist_4Krit_L', X0, Ao, bo, Aeq, beq, lbo, ubo,

'Z_TehnSist_LConst', options).
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B pesynbrate permenns B3MII (6.30)-(6.35) npu paBHO3HAYHBIX KPUTEPHUSIX U COOTBETCTBYIOIIEH eif
A-3amaum (6.42)-(6.48) momyunnm:
X° ={Y° ={y, =439,y, = 49.54,y; = 4.348,y, = 2.2,.° = 0.6087}, (6.49)
TOYKy onTuMyma X, KOoTOpas mpencTaBisieT KOHCTPYKTHUBHBIE MapaMeTpbl MaTtepHana Mpu paBHO3HAYHBIX
KpUTEpHAX (XapaKTEPUCTHKAX, [IPEeICTaBIeHa Ha puc. 1;
h (Y°), k = 1, K- Benuuunbl KpuTepues (XapaKTePUCTHK CTPYKTYPhl MaTepHana):

(h,(Y°) = 364.0, hy(Y®) = 1790.7, h;(Y°) = 1943, h,(Y°) = 47.5): (6.50)
M (Y9), k = 1, K- BenMuuHBEI OTHOCHTENBHBIX OLEHOK
{XI(Y") = 0.7372,1,(Y°) = 0.6087,A;(Y°) = 0.6087,1,(Y°) = 0.6087}; (6.51)

A°=0.6087 — 3T0 MaKCHMaJbHbIN HHKHUIM YPOBEHb CPE/IH BCEX OTHOCHTENBHBIX OLCHOK, H3MEPEHHbIN
B OTHOCHUTEJbHBIX €IUHHULAX:

A% =min (1;(Y?),1,(Y°),A3(Y?), 2,(Y°)) = 0.6087,

A° — TaKKe Ha3bIBAIOT FapaHTHPOBAHHBIM PE3YJIHTATOM B OTHOCHTEIbHBIX €INHHIIAX.

TapantupoBanHblii pe3ynbTaT A° mokaseiBaeT, uto A°=0.6087 M XapaKTEpPUCTUKH MaTepHaia B
oTHOCUTENbHBIX eauHuiax Ai(Y°) U COOTBETCTBEHHO XapaKTEPHCTHUKH CTPYKTYphl marepuana hy(Y?)
HEJIB34 YIYUIIUTb, He YXYALasl IPU 3TOM JAPYTHE XapaKTEPUCTHKH.

3ameTuM, YTO B COOTBETCTBUH ¢ TeopeMoii ¢ 1, B Touke X kputepuu 2, 3 u 4 IpOTUBOPEUMBBL. ITO
MIPOTHBOPEYHE ONPECISIETCS] PABEHCTBOM:

L(Y0) = 23(Y°) = A (Y0) = 1° = 0.6087,

a ocTaJIbHbIE KPUTEPHH HepaBeHCTBOM {A,(X°) = 0.7372} > A°.

Teopema 1 ciy’)XKUT OCHOBOW i ONpeAeNeHHs] NMPaBMWIBHOCTH pElIeHUs] BEKTOpHOW 3amaud. B
BEKTOPHOH 3a1a4e MaTeMaTHUYECKOTO MPOrpaMMUPOBAaHHUs, KaK MIPABUIIO, AT ABYX KPUTEPHEB BBIIOJIHACTCS
pasenctBo: A% = 4, (Y?) = 4,(Y°), q,p € K, X € S, (B Hawem npumMepe Takue Kputepuu 2, 3, 4), st Apyrux
KPUTEPHEB OIpeeNsieTcs: Kak HepaBeHCTBO.

6.2.2. 6 3Tan. [ eomempuueckoii unmepnpemayus pe3yiomamos pewenuss B3MII ¢ 4 napamempamu u
4 kpumepusmMu 8 OBYXMEPHYIO CUCMEMY KOOPOUHam (¢ 2 napamempamuy) 8 OMHOCUMETbHBIX eOUHUYAX.

Jns reomerpuueckoil uHTepmperanus pe3yiapTatoB pemenus B3MII ¢ 4 napamerpamu u 4
KPUTEPHSMH B ABYXMEPHYIO CHCTEMY KOOpAMHAT (C 2-MsI IapaMeTpaMu) B OTHOCUTENBHBIX €ANHHUIIAX BBEICM
m3menenus. B B3MII (6.30)-(6.35) mapameTpsl y; 1 y3 paccMaTpUBAIOTCS Kak IepeMEHHbIE, TapaMeTpsl Y, U
Y, paccMaTpuBalOTCs KaK MOCTOssHHBIE. [I[prCBOMM MOCTOSHHBIM MapaMeTpaM pa3MEpHOCTb:

v, =49.5492,y, =22 B cooTBeTCTBUM C pe3yabratoM pemerus B3MIT (6.30)-(6.35) npu
PaBHO3HAUHBIX KPUTEPHUSX, IPEACTaBICHHbBIX B (6.49).

B urore B3MII (6.30)-(6.35) crana nByx MEpHOIA.

B pesynbrare pemenus B3MII (6.30)-(6.35) ¢ nByms mepeMeHHbIMU y; U V3 (B 00O3HaYCHHS
Pe3yIBTATOB BBEJIU JOMOJHUTEIBHO «0» Y 10max) moryduniy.

1. KoopauHaThl TOUKM IO IIEPBOMY KPUTEPHIO HA MAKCUMYM:

Ylomax = {x; =46.5676 x, =49.5492 x; =8.0000 x, =2.2000}. (6.52)
BenuunHe! 4eTbIpex kpuTepueB B Touke Y lomax:
FYlomax =  {f;(YIomax) =403.6 f,(Ylomax) = 1430.3  f;(Ylomax) =190.2

f4s(Ylomax) =72.7.
BenuurHbel OTHOCUTENIBHBI OLIEHOK KpUTEpHUEB B Touke X 1omax:
LYlomax = {};(Yiomax) =1.1708 A,(YIomax) = 0.9372

XA;(YIomax) =0.5098 A,(YIomax) =0.0207. (6.53)
KoopauHatel TOUkH 110 IEPBOMY KPUTEPHIO HA MHHAMYM:
Y1lomin ={31.9000 49.5492 2.1000 2.2000}.
BenuuuHbI mecti KpuTepueB B Touke Y lomin:
FYlomin ={1.0e+03 * 0.3037 2.2073 0.1957 0.0243}.
Benn4rHbI OTHOCHTENBHBI OIICHOK KPUTEPHEB B TOUKe Y lomin:

LYlomin =(0.0774 0.2290 0.6441 1.1503) (6.54)

2. KoopauHatel TOUKH, GYHKIUH U OTHOCUTEIBHBIE OIIEHKH [0 BTOPOMY KPUTEPHIO HA MAKCHMYM H

MUHUMYM:
Y2omax ={55.6075 49.5492 8.0000 2.2000}.
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FY2omax ={1.0e+03 * 0.4320 1.1936 0.1909 0.0842}.
LY2omax ={1.4813 1.1530 0.5268 -0.2467}.
Y2omin ={31.9000 49.5492 2.1000 2.2000).
FY2omin ={1.0e+03 * 0.3037 2.2073 0.1957 0.0243}.
LY2omin ={0.0774 0.2290 0.6441 1.1503}. (6.55)
3. Koopaunate! ToukH, (GyHKIIUH U OTHOCUTEIHHBIE OIIEHKH 110 TPEThEMY KPUTEPHIO HA MAKCHMYM U
MUHUMYM:
Y3omax ={31.9000 49.5492 2.1000 2.2000 }.
FY3omax ={1.0e+03 * 0.3037 2.2073 0.1957 0.0243}.
LY3omax ={0.0774 0.2290 0.6441 1.1503}.
Y3omin ={78.1673 49.5492 8.0000 2.2000}.
FY3omin ={512.9622 636.7052 192.3963 111.3139}.
LY3omin ={2.3673 1.6606 0.5629 -0.8782}. (6.56)
4. KoopauHaThl TOUKH, QYHKIHH U OTHOCHTEJIEHBIE OLIEHKH [0 YETBEPTOMY KPUTEPHUIO HA MAaKCUMYM
1 MUHUMYM:
Y4omax ={36.7000 49.5492 2.1000 2.2000}. (6.57)
FY4omax ={1.0e+03 * 0.3182 2.1306 0.1964 0.0283}.
LY4omax ={0.2363 0.2989 0.6603 1.0562}.

Y4omin ={62.7123 49.5492 8.0000 2.2000}. (6.58)

FY4omin ={1.0e+03 * 0.4559 1.0129 0.1914 0.0930}.
LY4omin ={1.7432 1.3176 0.5391 -0.4511}. (6.59)
[IpencraBum B menoM pe3ynbsTaTsl pemerns B3MII ¢ AByMs epeMEHHBIMU MapaMeTpaMu X; U X3

(mByxmepnast B3MII):

Y =[Yopt(1,:)={46.5676 43.2324 8.0000 2.2000}, 1;(Y/omax) =0.5;

Yopt(2,:)= {55.6075 34.1925 8.0000 2.2000}, 1,(Y2omax) =0.6087;

Yopt(3,:)={31.9000 59.0000 2.1000 7.0000}, A;(Y3omax) = 0.6087,

Yopt(4,:)= {36.7000 59.0000 2.1000 2.2000}r,(Y4omax) = 0.7372;

Yo(1:4)= {43.9022 49.5492 4.3486 2.200}, AM(Yo) = A° = 0.5196. (6.60)

B nmormyctrMoM MHOECTBE TOUYEK S, 00pa3oBaHHBIX orpaHuueHUsAMHE (6.47)-(6.48), ToukH onTUMyMa
Y/, Yy, Y, Y, oObennHEHHBIX B KOHTYP, MPEACTABISAIOT MHOXKECTBO TOYEK, ONTUMaNbHbIX 10 [Tapero, $°CS,
npezcraBieHsl Ha puc 4.1. KoopiuHaTel 3THX TOUEK, a TaK)Ke XapaKTEPUCTHKH MaTepHaia B OTHOCUTEIIbHBIX
emuannax A;(Y),1,(Y), 4;3(Y), A,(Y) nokazansl Ha puc. 4.2 B TpeX MEPHOM HPOCTPAHCTBE X; X, U A, T/
TPEThS OCh A - OTHOCUTEIIbHAS OIICHKA.

A-zadacha Vector Optimization four criterion

Lambda

Puc. 6.2. Pemienue A-3aqa4u B TPEXMEPHON CHCTEME KOOPAUHAT X; X3 (= y; v3), A
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Discussion. CpaBaum pe3yibrathl pemienns B3MIT (6.30)-(6.35) ¢ mepeMEeHHBIMU KOOpIUHATAMU
{y1y> ¥3 ¥4} (qeripex mepuas B3MII), npeacrapnennsie B (6.49), (6.50), (6.51), ¢ pe3ynpraTamMu perieHus
B3MII (6.30)-(6.35) ¢ mepemeHHBIMU KoopAuHaTaMu {Yy; V3} (aByx mepnas B3MII), npencraBneHHbIe B
(6.60). (Ha pucynkax 6.2, ..., 6.7 Bektop Y = {y;, ... , ¥, A} 1 dynkumu h; (Y), h,(Y), h3(Y), hy(Y) 3amenenst
Ha X = {xll 'xN'K}; ®YHKHHH f](X)le(X)!f.?(X)'fél(X))

MBI BUMM, YTO KOODAMHATHI LIECTH TOYEK onTMMyMa B {y; y;} u A° coBmamaror. OnTUManbHbIe
BennunHbl kputepueB  hy(Yy),k € K u coorBercTByommne oTtHocuTenbHbie oueHKH A (Yy), k € K He
COBITQ/IAIOT.

Paccmotpum, Hampumep, ONTUMalbHYI0 TOuky X;. @ynkuums Az;(X) copmupoBana u3 (yHKUUH
h;(X) c mepeMeHHBIMH KOOPIUHATAMH {Y; Y3} U C MOCTOSIHHBIMU KoopAuHATaMu {Yy»=49.54, y,=2.2}, B3sThIC
U3 onTUManbHO# Toukn Y (6.49). B Touke Y; oTHOcHTenbHas oueHka A3(Y;) = 0.6441- mokasaHa Ha puC.
4.2 gepuoit Toukoil. Ho MbI 3Haem, 4to otHocuTensHas ouenka A;(Y;) nomydennas u3 ¢yukuun hz(Y;) Ha
TPEThEM IIIare paBHA €IUHUIIE, 0003HAYNM €€ KaK )l?(Y;) = | — mokasaHa Ha puc. 4.2 KpacHOI TOUYKOIl.

Pasnocts Mexay A53(Yy) = 1 u A3(Y;) = 0.6441 sBnserca oumbkoit A=0.3559 mnepexoma oT
YeThIpeXMepHOii (a B 001iem ciydae N-MepHO#i) K AByXMepHO 0071aCTH. AHAIOTHYHO MIOKa3aHa Touka X; U
COOTBETCTRYIOIIHE OTHOCHTeNbHBIE orenkn A; (Y;) u A3 (Y;). O60o6mas u 06beauHss IPodIeMbI JUCKYCCHH,
MOKeM C(OPMYIHUPOBATh METOIOJIOTHIO.

Memooonozusa zeomempuueckoii unmepnpemayuu nepexooa om N-MEpPHO20 K 08YXMEPHOMY
usMepeHuto GyHKuuu 8 6eKMOPHOIL 3a0aue MaAmemMamuiecKozo npopammupo8aHus.

1 war. [TocTpoenue u pemenne A-3anauu ¢ N-MepHBIMU ITapaMeTPaMH.

2 mar. ITocTpoenue u pemienne A-3a1a4n ¢ 2-MePHBIMH IapaMeTpamu, octanbuele (N-2) mapameTps
[MOCTOSIHHBIE B3SAThIC U3 PE3YJIbTATOB pelieHus A-3a1auu ¢ N-MepHbIMH mapameTpamu (U3 mara 1).

3 mar. leomerpuueckoe mnocTpoeHue GyHKIMH U3 A-3a7a4u ¢ 2-MEPHBIMH HapameTpaMu
CTaHJIaPTHBIMU METOJIAMU M COOTBETCTBYIOIIMMHU HAAMUCIMH

Taxum 06pazom, BIEpBbIE B OTEUYECTBEHHOW M 3apyOe)KHOW NpaKTHUKE IMOKa3aH MEepexoa U ero
reoMeTpHyecKas HIUTIOCTpaIys oT N-MepHOTo K JIByXMEpHOMY M3MEPEHUIO (PYHKIIMM B BEKTOPHBIX 3ajadax
MaTeMaTHYECKOTO MPOrPaMMHUPOBAHHS C COOTBETCTBYIOIIMMHU OUIHOKAaMH allpPOKCHMAIINH.

6.2.3. 7 atan. Pewenue B3MII - mooderu cmpykmypvl mamepuana npu 3a0aHHOM npuopumeme
Kpumepusi (pewerue 0opamuoil 3a0ayi).

JluoM, NMPUHUMAIOLIMM PEIICHHs, KaK IMPaBHIIO, SBJISIETCS KOHCTPYKTOP CHCTeMBL. B pasgene
nepeMenHas Y 3aMeHEeHa Ha IEpEMEHHYIO X.

Illaz 1. Penienuie BEKTOPHOM 3a1auu IpY paBHO3HAYHBIX KPUTEPUSIX. ATOPUTM PELLICHUSI BEKTOPHOU
3a]]au¥ IpeICTaBleH Ha cTainu 3. UUCIIeHHBIE pe3y IbTaThl PEIICHUS] BEKTOPHOM 3a/1a4 MPE/ICTABICHBI BHIIIIE.

MHOKeCcTBO TOYEK, ONTUMalbHBIX N0 [lapero S°CS HaxoauTCs MEXKIy ONTHMAIbHBIMH TOYKAMHU
X; X% X5 X° X, X° X5 X° X; (na pucynkax Bmecto Y ucnosib3yercst X). Mbl IpoBeieM aHalli3 MHOXECTBA
touek ITapero S°cS.

JUist 9TOW LeaM MBI COeqUHHMM BcriomorarenbHeie Touku: X; X3 Xj X5 X; ¢ Toukoit X°, xotopas
YCIIOBHO TIPE/ICTABISIET IIEHTP MHOKecTBa [lapero. B pesynbraTe mosydyusin 4eThipe MOAMHOMKECTB TOUEK
Xe$Sqc5°cS,q = 1,4. TlonmuosxkecTBo §9CS°CSS XapakTepu3yeTcs TeM, YTO OTHOCHTENIbHAs OlEHKA A; >

A, A3, A4, 4, TO €CTH B TI0JIE TIEPBOTO KPUTEPHsL ST UMEET MPUOPHUTET HAJl OCTAIBHBIMU. [To06HO §9, S9, $9-
MOJMHOXKECTBA TOYEK, TJE BTOPOH, TpeTHH M YETBEPTHIA KpUTEPUH HMEET MPUOPUTET HaA APYTHMHU
COOTBETCTBEHHO. MHOXECTBO TOYEK, ONTUMAJIBHEIX 110 I1apeTto, Oyaem 0003HaYaTh:

§° = S7Us5U83USS.

KoopnuHatel BceX IMONyYEHHBIX TOYEK M OTHOCHUTEIBHBIC OLIEHKW MPENCTAaBICHBI B JBYMEPHOM
npocTpaHcTBe {X; X3} Ha puc. 6.1. DTH KOOPAMHATHI TIOKa3aHbI B TPEX U3MEPEHHBIX MPOCTPAHCTBAX {X; X3 A}
Ha puc. 6.2, e TPEThS OCh A- OTHOCHTENBbHAs OleHka. OTrpaHHYeHUs Hadopa TOYEK, ONTUMAIBHBIX MO
[apeto, Ha puc. 2 oH cHwxkeH Ao -0,5. Dra MHPOpMAIMA TakXKe SBISETCS OCHOBOW Ul JaJbHEHIIETO
UCCIIEZIOBaHUS CTPYKTyphl MHOKecTBa Ilapero. JIumo, mpuHHMMaromiee pemieHus, Kak IPaBUIIO, SBISETCS
pa3paboOTUYMKOM CHUCTEMBI (CTPYKTYyphl MaTepuaina). Eciam pe3ynbTaTbl peElICHUs] BEKTOPHOW 3ajaud C
PaBHO3HAUYHBIMU KPUTEPUSMH HE YAOBIECTBOPSIOT JIUIO, IPUHUMAIOIIEE PELICHNE, TO BEIOOP ONTUMAIBLHOTO
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PEIICHHST OCYIIECTBISCTCS U3 KAKOr0-JIM0O MOIMHOXKECTBA Touek S9,59,5%, S4. DTH MOIMHOKECTBA TOUYEK
[Mapeto moka3zansl Ha puc. 4.1 B Buge pyuxuuii f;(X), ..., f4(X).

Llaz 2. Bei6op npuopuTeTHOTO Kputepus q € K.

B cootBeTcTBHH ¢ Teopemoii | H3BECTHO, UTO B ONMITUMANIBHO# TOUKe X © Beer/ia MMeeTcs ABa Haubosee
MPOTUBOPEUUBBIX KpuTepus, ¢ € K up € K, 1 KOTOPBIX B OTHOCUTENBHBIX €AMHHUIAX BHIITOIHACTCS TOYHOE
PaBEHCTBO:

A% =2,(X°) =21, (X°),q,p € K,Xe S,

a U1 OCTalbHBIX BhIMONHsETcS HepaseHcTa: A < A (X°),Vk €K, q # p * k.

B mogenun matepuaia (6.30)-(6.35) u cooTBeTcTBYOMICH A-3amaun (6.42)-(6.48) TAKMMHU KPUTEPHSIMU
ABJIAIOTCS BTOpoit 1 TpeTHit: A° = A, (X°) = A;(X°)=0.6087, T.c. BBINONHAETCS YMCIIOBAS CHMMETPHSL.

DTy CHMMETPHIO MOKakeM Ha puc. 4.3, rae npexacrasiensl pyrkmun A;(X) u A3;(X) ormensHO co
CTOPOHBI ONTUMAaNbHOM Touku X° = {X°,1°}.

JIiist cpaBHEHHsI aHAJIOTHYHO MPENCTaBUM (YHKIUHM HAHOOJIee TIPOTHBOPEUHBbIE KpUTepuu Ay(X) u
A3(X) ornensHO co cTOpoHBI onTUMabHOM Toukn X = {X°,A°}. Ha puc. 4.3 u 4.4 noka3aHbl Bce TOUKH
JIaHHbIE, O KOTOPBIX TOBOPUJIOCH Ha puc. 4.2.

Kakx mpasuno, u3 otoii mapsl A° = A,(X°) = A;(X°)= 0.6087 NpPOTHBOPEUUBHIX KPUTEPHEB
BbIOMpaeTcsa Kputepuii, kotopelit JIIIP xoten Opl ymyumnTs. Takoil KpuTepHii Ha3pIBaeTCs «IPUOPUTETHBIM
KpUTepHEeM», 0003HauMM ero q = 3 € K. DTOT KpUTEpHWH HCCIEAyeTcs BO B3aHUMOACHCTBHH C TIEPBBIM
kputepueM q = [ € K. Mpl wucciaenmyeM 3TH JBa KpPUTEpHs W3 BCEro MHOXecTBa kpurepueB K = 4,
MoKa3aHHBIX Ha puc. 4.3. Ha nucruteit BeIaeTcst COOOIIEHNE:

g=input('BBeaure npuopuTeTHbIii Kputepuid (Homep) q= ") — Beenu kpurepwuii q=3.

A-zadacha Vector Optimization three criterion A-zadacha Vector Optimization two criterion: L2, L3

.

A06)

Kol

32

Lambda

Puc. 6.3. Pemenne A-3amaun: A, (X), (A;(X) u Puc. 6.4. Pemenue A-3amaun (A,(X) uA3(X)) B
L4(X) B TpexMepHOIi CHCTEME KOOPIMHAT X; X, U TPEeXMEPHOil cUCTeME KOOPAUHAT X; X5 A,
A A (X0) = A5 (X°) = 4, (X°)= 0.6087 2o (X°) = 25(X°)= 0.6087.

Hlaz 3. OnpenensroTcest YUCIOBBIE TPEIeNbl U3MEHEHHST BEIMYUHBI TpUOpUTETa Kputepust ¢ = 3€K.
g npuoputetHoro kputepus q = 3€K onpeaenstoTcss U3MEHEHUs] YMCIOBBIX IPEJENIOB B HaTYpaJbHBIX
eIIMHHULAX TIPM TIEPEXOJIe U3 TOUKM onTuMyMa X © (6.49) B Touky X -, IONTydeHHYIO Ha epBOM Iare. JlaHHbie
0 KpUTEpUU (=3 BBIJJAIOTCS HA IKpaH:

f(X°) = 19427< f,(X) 21035 = f,(X;).q € K. (6.61)
B oTHOCHTEIBHBIX CAUHHIIax KpI/ITepI/Iﬁ q:3 HU3MCHACTCA B CICAYIOIIUX NPCACIax:
Aq(X°) = 0.6087< 2,(X)<1 = 2,(X;),q =3 € K. (6.62)

DTH 1aHHbBIC aHATTM3UPYETCS.
Hlaz 4. Beibop Benmuunbl npuopureTHoro kputepus K. (Decision-making).
Ha coobenne: «BBeaurte BenuduHy mpuoputeTHoro kputepus fg=» - BBoaum, Hanpumep, f;=200.
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Ilaz 5. Boruucnsiemcsi omuocumensHas OYeHKd.
Jlns BHIOpaHHOW BENIMYMHBI TIPHOPUTETHOrO KpuTepus f; = 200 BBIMHUCISETCA OTHOCHTENbHAS
fa=fg 200-194.27

OueHKa: hq = f}—}%} = 21035-19427
KOTOpas TIpK nepexozie OT Touku X © Kk Touke Xg JexkuT B npesenax (6.61):
0.6087 =A3(X°) <Xk; =0.7489 <X3(X3) = 1,q€<K,
Iaz 6. Beraucnum ko3¢ GUIIMEHT THHEWHOM allpOKCUMAIIH
[Ipeanonaras NWHEHHBIA XapakTep H3MeHeHHs Kputepus fq(X) B (6.61) M COOTBETCTBEHHO

= 0.7479,

OTHOCHTEJILHOH OLEHKH Ag B (6.62), HCTIONB3Ys CTAHAAPTHBIE IPHEMbI TMHEHHON aNPOKCUMAIMH, BBIYMCIAM
K09 GUIMEHT POMOPLHMOHANLHOCTH MEKTY Ay (X ), Ag, KOTOpBII HA30BEM p:

_hghg(X%)  _ 0.7489-0.6087 _ _
= i) i-oaow 9084 = €K (6.63)

Ilaz 7. Beraucinum KOOPJMHATHL TOUKH NMPHOPUTETA KPUTEPUEB C PasMEPHOCTLIO f,. [Ipenmnonaras
JMHEHHBIA XapakTep u3MeHenus Bekropa X4 = {x; x, x3 x,},q = 3, onpeaenumM KOOPAUHATHI ISl TOUKH C
fq = 200 ¢ otHOCHTENBHON OLEHKOI (6.53):

=3 *
x§=0_74 ={x;=X°() + p(Xq(l) —X°(1)),
x=X2) + p(X;2) - x°),
X = X3+ p (X3 -X°(3),
x; =X + p(X; (@) —x°@)}, (6.64)
rae X° = {x; = 43.9,x, = 49.54,x; = 4.348,x, = 2.2},

X; ={x; =319,x, =59.00,x; = 2.1,x, = 7.0}.

Kax pe3ynbrat pemrenus (6.64) MbI MOIYYUM TOYKY C KOOPIMHATAMHU:

X1 ={x; =39.63,x, = 5291,x;3 = 3.54,x, = 3.907}.

Ilaz 8. BeruncneHue riaBHBIX OKazaTesneld Touku X 9.

Jlsst ostydeHHON TOYKH X 4, BEIYHCITAM:

BCe KPUTEPUHM B HATypalbHbIX enununax fi (X1) = {fi, (X9, k = 1,K},

F(X9) = (fi(X9) = 3443, f,(X7) = 2000, f5(X9) = 199, £,(X7) = 41.7};

BCE OTHOCHUTEJIbHBIC OLICHKH KPUTEPHEB:

T -0 k=T K ay = LDy T
A ={A,k=1K}, M(X?) = o k=1K:
KTk

A (XT) = {A;(X) = 0.5224,1,(X?) = 0.418,13(X9) = 0.7244,0,(X?) = 0.7446};

MHHUMaJIbHAsi OTHOCHTEIIbHAS OlleHKa: minA (X 1) = g{neilr{l(kk (X)) = 0418.

P = [p] = 1.3868,p3 = 1.7333,p3 = 1.0,p; = 0.973];

q —
BekTop npuoputetos PI(X) = {p} = quqi,k =1,K}:
k
(XD x P4 = {p] » 1,;(XD) = 0.7244,  p3 x 1,(X9) = 0.7244,
p3* A;(XT) = 0.7244,  pi* A,(XT) = 0.7244)

MHUHHMMAaJIbHAsI OTHOCHUTEIIbHASI OLICHKA!

227 = min(pi A, (XD, iAo (X D), pihs (X D), pikg(XD)) = 0.7244

Ananornuno apyrue Toukd [apero X§ = {A?, X7} S$° MoryT ObITh MOTyYEHBI.

Ananus nonyuennvix pesynomamos. Paccuurannas semumunna f, (X7) =199,q = 3eK,qeK
o0blHO He paBHa 3agaHHON f; =200. Ommbka BwIGOpa Afy = |fo(X7) — fy| = [199 —200] = 1.0
onpenenseTcss omMOKOH MuHelHol annpoxcumanuu: Afgo, = 0.5%. Eciu ommbka Afy = |fo (X7) — fql =

|199 —200] = 1.0, usMepenHas B HAaTypaJIbHBIX €IMHHIAX WIH B MPOUEHTAX Afgo, = Af—fq * 100 = 0.5%,
q

Oonbue 3amannonnt Af,Af, > Af, To mepexonum k mary 2, ecnu Af, < Af, TO BHIYUCIECHUS 3aBEPIIAKOTCSL.
Koneu.
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B mponecce MonenupoBaHust MOTYT OBITH M3MEHEHBI IHapaMeTpuieckue orpaHuueHus (6.48) u
(GyHKIMH, T. €. MOIYYEHO HEKOTOpPOe MHOXKECTBO ONTHUMAlbHBIX pemeHuid. M3 3Toro MHOXecTBa
ONITUMAJIBHBIX peIleHUH BRIOMpaeM OKOHUYATEIbHBIN BapuaHT (MPOLECC NPUHATHS PELICHHHA).

B Hamem npuMepe OKOHYATENBbHBI BapMaHT BKIoyaeT mnapameTpel: X© = {X°,A°} = {X° =
{x; = 43.9,x, = 49.54,x; = 4.348,x, = 2.2}, 1° = 0.6087};

napamMeTpbl TEXHHYECKOW CUCTEMBI IPH 3aJaHHOM MPUOPUTETE KPUTEPHS:

q=3: X1 = {x; = 39.63,x, = 52.91,x3 = 3.54,x, = 3.907}.

6.3. bnox 3. Hccrhedosanue, npoekmuposarnue, ceomempuieckas unmepnpemayus N-mepnozo
RPOCMPAHCMEA 6 2-X MEPHOE U 6b1O0P ORMUMATLHBIX RAPAMEMPOE CI0NHCHOU CIPYKIYPbL MAMEPUAA 6
MHO2OMEPHOIL Mamemamuxe.

Brnok 3 Bximovaet 2 3tana: § 3Tam UcCciaeI0BaHUs B OTHOCUTENIBHBIX AUHMALAX: 9 3Tall cClIeJOBaHHs
B (PM3UYECKUX eNUHHIIAX.

6.3.1. 8 3ran. [eomempuueckas unmepnpemayus pe3yibmamos peuieHue 6 OMHOCUMENbHbIX
eOUHUYAX MpU NPOEKMUPOBAHUU CMPYKMYPbl Mamepuanra nepexoda om N-MepHo2o K 08YXMEPHOMY
NPOCMPAHCMEY.

I'eomeTrpuveckass HHTEPIPETALUIO PE3YIIBTATOB PEIICHHUSI B OTHOCUTEIBHBIX €MHUIAX MPEJCTABUM,
BO-TIEPBBIX, HA IpuMepe QyHKIui 4, (X), 43(X), Bo-BTOpBIX, oTAeNbHO Ha puMepe GyHKIui A,(X) un 13(X).

1. Hceneoosanue gpynxuyuit 1, (X), A3(X) Ha MakcumyM.

[Mpu wuccnenoBaHUM MapaMeTPOB CTPYKTYPHl MaTepHaia Ha MHOXKECTBE TOYEK S, 00pa3oBaHHBIX
orpannyeHusmu (6.30)-(6.35), Touku ontumyma X;, X5, X3, X;, nokazanuele Ha puc 6.1, oObeaUHEHBI B
KOHTYD U MPEACTABISIIOT MHOXKECTBO TOYEK, ONTUMaJbHBIX 10 [1apeto, S°CS.

A-zadacha Vector Optimization two criterion: L2, L3
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Puc. 6.5. Oyuximu A,(X), A3(X) u A° B A-3a1a4e B ABYXMEPHOU CHCTEME KOOPIHHAT X; X3 U A U
reoMeTpudeckas uaTeprperanus A,(X), A;(X) B 4eTbipex MEpHOI cuCcTeMe KOOPIUHAT X; Xy X3 Xy

KoopauHatel 3THX TOYCK, a TaKKe XapaKTEPUCTHKH CTPYKTyphl Marepuaga B OTHOCHTEIbHBIX
emuannax A;(X), 4,(X), 43(X), 1,(X) nokazansl Ha puc. 4.2 B JBYXMEPHOM TPOCTPAHCTBE X; X, U A, TJIe
TPEThS OCh A - OTHOCUTEILHAS OLEHKA.
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[sans Ha PUCYHOK 6.2, MBI MOXEM TPEICTaBUTh HW3MeHeHus Bcex ¢(yHkumit A;(X), ..., ,(X) B
YEeTHIPEXMEPHOM IIPOCTPAHCTBE X, ..., Xy. JJIsI HarisgHOCTH BbIOEpeM JBe HamOoyee MPOTHBOPEUHBHIC
¢ynkumu A,(X), 13(X), nokazanusie Ha puc. 6.3, u npeacraBuM 3TH QyHKIMU A,(X), A3(X) Ha puc. 6.5.

Paccmorpum Ha Puc. 6.5 ontumanbhyio Touky X;. @ynkuus A3(X) — B OTHOCHTENBHBIX €IHHHLIAX
chopmupoBana u3 GyHkiun f3(X) — B GU3NUECKUX STUHHIAX C IEPEMEHHBIMU KOOPAWHATAMU {X; X3} U C
MOCTOSIHHBIMH KOOpIUHATaMU {X, = 1790.7,x, = 47.5}, B3siTble U3 onTHMabHO# Touku X° (6.50). B Touke
X3 otHOCHTeNbHAs OreHKa A3(X3) = 0.6441 — nokasana Ha pHC. 2 YEPHO TOUYKO.

Ho mbI 3HaeM, 9TO OTHOCHTENbHAS OLIeHKa A3(X3) monydeHnas u3 Gynkuunn f3(X3) Ha TpeTbeM Iuare
paBHa enuHHLE, 0003HAYUM €€ KaK A@(X 3) = | — moka3zana Ha puc. 6.5 KpacHO#l Toukoi. PazHOCTH MeX Iy
25(X3) =1ud;(X3) = 0.6441 sBnsercs omubkoit A=0.3559 mepexoa oT YeTHIPEXMEpHOi (a B 06IIeM CiTyuae
N-MepHoif) K IByxMepHO#i o6nactu. CoeTMHUM THHEHHOM (QyHKIMeH oTHOCHTENbHEIE oueHKH A° n A5(X}),
aexanieit Mexay Toukamu X u X3,

AnanorndHo X3 mpeacTaBUM TOUYKY X; C COOTBETCTBYIOIIMMHU OTHOCHTEIBHBIMHU OLICHKAMH A, (X5)=
1.1530 B xoopmuHaTax {X,x;} u A3(X]) = I, momyueHHylo B KOOpAMHATAX {X; X, X; X,}. JIuHeiiHas
dynxuus, coenunsomas Touku A° u 15(X3) B OTHOCHTENBHBIX €MHUIAX XapaKTepu3yeT GpyHKIHo f>(X) B
OTHOCHUTEJIbHBIX €IUHHULAX B YETHIPEXMEPHOM U3MEPEHHUU IAPaMETPOB X, ..., Xy.

A B menom orpesku A5(X3) -A°- A3(X}) mpencTaBisioT TeoMeTpHUYECKYI0 HHTEPIONISIHIIO (yHKIHMit
f>(X) u f3(X) B OTHOCHTENBHBIX SIMHUIAX B YETHIPEXMEPHOM U3MEPEHUH MAPAMETPOB X, ..., X 4.

2. Hccneoosanue ghynkyuii A5(X), A3(X) oTaenbHO Ha MakCUMyM M MHHHMYM YeTBIPEXMEPHOH
cHCTEME.

IMpoBenem uccnenoBanue GyHkui f>(X), MpeACTaBICHHYI0 B OTHOCHUTENbHBIX equHunax: A,(X),
KOTOpas Moka3aHa Ha puc. 6.6.

A-zadacha Vector Optimization criterion: L2
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Puc. 6.6. ®ynkuun 4,(X) u 1° B A-3aaue B AByXMEPHOI CHCTEME KOOPJHHAT X; X3 U A U TeOMETpUUeCKast
uHTepnperarys A,(X) B 4eTBIpeXMEpHOU cUCTeMe KOOPANHAT X; X; X3 Xy, (BBIICICHO KPACHBIM LIBETOM).
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JI7Ist OLEHKH MaKcHManbHOTo A5(X3) = 1 3HaueHHs BTOPOro KPUTEPHs B OTHOCHTENBHBIX ¢IMHHAIAX B
YEeTHIPEXMEPHOH CHCTEME KOOpAMHAT {X; X, X3 X,), (BBIIEIEHO KpacHbIM IIBETOM) HCHOJIB3YIOTCS,
IOJTydYeHHbIC HA TPEThEM Iiare, naHubie (6.36) Marpuusl A(X*). s ouenkn MunMMansHoro A3(XY) = 0
3HAYEHUs] BTOPOTO KPUTEpUSI B OTHOCHUTENBHBIX EOUHMALAX B UYETHIPEXMEPHOM CHCTEME KOOpAWHAT
{x; x, x3 x,}, (BBLIENEHO KPACHBIM IIBETOM) HCIIOJB3YIOTCS, MOMYUCHHBIC HAa TPEThEM Iare, nanHbie (6.36)
matpumsl (X ).

PazHocTh 1m0 MakcumyMmy Mexay A5(X3) = 1 (uerelpexmepnas cuctema) u A (X}) = 1.1530
(nByxmepHas cuctema) siBisiercs ommbOkor A=0.1530 mepexona ot yeTsIpexMepHOii (a B oOmem ciryyae N-
MEpHOM) K IBYXMEPHOH 001aCcTH.

Pa3HOCTP TIO MHHUMYMY MEXIy A%(Xg) = 0 (uerblpexmepHast cuctema) u A,(X 20) = 0.2290
(nByxmepHas cuctema) siBstercs: omOkoir A= 0.2290 mepexona oT deThipexMepHO# (a B o0mieMm ciydae N-
MEpHOW) K TBYXMEpPHOH 00IacTH.

MbI COeMHUM JHMHEiHOM (yHKIMei OTHOCHTenbHbIe omeHkn: A5(X3) A° u 15(XY), xoTopsie mexar
Mexay Toukamu: X; X° m XY, B menom nmmeitmsie otpeskm: A3(X3) -1°- A5(XY) mpencrapmsior
reOMETPUYECKYI0 MHTepnoysiunio GyHKuuu f>(X) B OTHOCHTENBHBIX eauHHLAX A,(X) B YeThHIpeXMEpHOM
NU3MEPEHUH TTAPAMETPOB X, ..., X4.

Ilposedem uccnedosanue @yuxyuu f3(X), NpeAcTaBICHHYI0 B OTHOCHUTEIbHBIX eauHunax: Az;(X),
[MOKa3aHHYIO Ha puc. 6.7.

A-zadacha Vector Optimization criterion: L3
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Puc. 6.7. Oyuximn A3;(X) u A° B A-3a1a4e B ABYXMEPHOM CHCTEME KOOPIUHAT X; X3 U A ¥ TeOMETpHUYECKast
unTepnperarys A3(X) B 4eThIpeX MEPHOW CHCTEME KOOPIUHAT X; X, X3 Xy, (BBIACICHO KPACHBIM I[BETOM).

JI71st OIeHKH MakcuMaTbHOTo A5 (X3) = 1 3HAUeHHUs TPEThero KpUTEpHs B OTHOCHTEIHHBIX SIMHUIAX B
YEeTBIPEXMEPHOH CHCTEME KOOpIOMHAT {X; X, X3 X4}, (BBIOCNECHO KpacHbIM IIBETOM) HCIHOJIB3YIOTCS,
MOJyYCHHBIE HA TPETheM Imare, AaHHble (6.36) marpuubl A(X™). s OUEeHKHM MHUHAMAILHOTO A?(Xg) =0
3HAYEHUs] IIEPBOIO KPUTEPHUS B OTHOCUTENBHBIX EAMHHMIAX B YETBIPEXMEPHOHl cHucTeMe KOOpAWHAT
{x; x5, x3 x4}, (BBIIETICHO KPAaCHBIM IIBETOM) MCIOJIB3YIOTCS, OIyYSHHBIC HA TPEThEM LIare, JaHHbie (6.36)
matpuist (X 7).
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PasHocTh 1O MakcuMyMy Mexay A5(X3) = 1 (dersipexmepHas cuctema) m A;(X3) = 0.6441
(mByxmepHas cuctema) siisiercs omnokoi A=0.3559 mepexoma ot deTbipexMepHoi (a B obmieM ciydae N-
MEpHOH) K IByXMEpHOIl 00J1aCTH.

Pa3HocTh 1O MHHHMYMY MeEXAy A?(X?) = 0 (4erplpexMepHass cHUCTEMa) U M(Xg) = 0.5629
(mByxmepHas cuctema) siBisiercs omnokoi A=0.4371 mepexoma oT 4eThipexMepHO# (a B o0mem ciaydae N-
MEpHOI) K IBYXMEPHOH 001aCTH.

CoenuHuM JNHHEHHOW (DYHKIMEH OTHOCHUTENBHBIE OLEHKH A%(X 3) A% m A%(Xg), TeKaIe Mexay
Toukamun X X° m X!. A B menom orpesknm A5(X3) -1°- A5(XY) mpencraBnsior reomerpuueckyio
uHTepnoysinuio  QyHkumid  f3(X) B OTHOCHTENbHBIX eauHUNIAX A3(X) B UYETHIPEXMEPHOM HW3MEpPEHHH
MapaMeTpoB X, ..., Xy.

Taxum o6paszom, BIEPBBIE B OTEUECTBEHHOM W 3apyOeXKHOW NpaKTHKE IOKa3aH Hepexoll M ero
reoMeTpuyeckas HHTeprperanus oT N-MepHOTOo K AByXMEPHOMY W3MEPEHHIO (YHKIIMH B BEKTOPHBIX 3aauax
MaTeMaTHYECKOTO MPOrpPaMMUPOBAHHS C COOTBETCTBYIOIIMMHU OLIMOKaMH allpPOKCUMAIINH.

6.3.2. 9 aman. I ecomempuueckas unmepnpemayus pe3ynomamos pewerus B3MII — mooenu cmpykmypul
mamepuana npu NPOEKMUpoOSaHull 8 MpexmepHoll cucmeme KOOpOUHam 6 U3UUECKUX eOUHUUAX.

Ha maroM mrare anroputMa Mbl pacCUUTa M MapaMeTpPbl TOYKH ONTUMyMa IPH PaBHO3HAYHBIX
KPUTEPUSIX: X° ={X°2\°} ={Y° ={x; = 43.9,x, = 49.54,x; = 4.348,x, = 2.2}, .° = 0.6087}, B
JIBYXMEPHOI cHucTeMe KOoOopauHaT X;, X, Puc. 6.1 m B TpexmepHOW cHcTeMe KOOpAMHAT X;,X; U A B
OTHOCHTEJIBHBIX EIMHALIAX Ha puc. 6.2, 6.3, 6.4 Ipu IPOEKTHPOBAHHH.

Ha Puc. 6.5 mnokaszanbl: TOukH omntumyma X;, X3, C COOTBETCTBYIOIUMMH OTHOCHTEIBHBIMH
ouerkamu A, (X7) A5(XD), A(X3) A5(X3) u mumeitmbie gymxmam A°A5(X7), A°A5(X;) B OTHOCHTENBHBIX
eMUHUIIAX, KOTOpbIe XapakTepusyeT GyHKImo f;(X), f3(X) B yeThipexMepHOM H3MEPEHHUU TAPAMETPOB X, ..., X4.

HccnenyeM W mpeicTaBUM 3TH HapameTphbl JIs KaXKJIOW XapaKTePUCTHKH CTPYKTYpBI MaTepHaia
(xputepus): f;(X), /-(X), f3(X), f4(X) B ¢pusuueckux eounuyax.

9.1 s3man. [eomempuyeckas uumepnpemayus pesyabmamos peuienus B3MII — nepeoii
Xapaxmepucmuky CmpyKkmypbl Mamepuana npu npoekmuposanul 8 Qu3UUecKux eOuHUYax.

ITepBast xapakTepuCcTHKa CTPYKTYpbl MaTepuaia f;(X) chopmuposana B 6.1.4: max h;(X)=323.84 —

0.0036y;y, + 0.0143y7 + 0.0118y3 — 0.2434y3 — 0.5026y7, (6.30)

[pencraBum reomeTpudeckyro uHTepnperanuio ¢Gyakuuu h;(Y) B (u3MyUecKux emuHUIAX C
MEPEMEHHBIMU KOOPJIUHATAMH {V; Y3} U C IOCTOSHHBIMH KoopAnHatamu {y, = {49.54,y, = 2.2}, B3ThIC U3
onTUMaIBHOM ToUkH Y (6.49) Ha puc 6.8.

Function f1{X)->max in Vector Optimization problem
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Puc. 6.8. ®yukius f;(X) B AByXMepHOU cHCTEME KOOPIUHAT X; X3 M T€OMETPHIECKAs HHTEPIPETAIHS
¢byukimu f;(X) B cucTeMe KOOPIMHAT X; X5 X3 Xy
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Koopnunatel Toukn Makcumyma Y, = {y; = 46.7636,y; = 8.0} (Ha puc. 6.8 obOo3Ha4yeHa Kak
Xlomax). Bennuuna rieneBoii pynkimu hy;=FX1lomax = 387.9.
Koopauzats! Touky Muaamyma X! = {x; = 31.9,x; = 2.1} (na puc. 6.8 o6o3Hauena kak X1omin).
Benuuanna nieneBoit GyHKIIUN F’=FX1omin = 296.6.
Koopaunater Touku X° = {x; = 43.9,x3 = 4.348} (na puc. 6.8 o6o3naueHa kak X100). Bennunna
nesnesoit hyukuumu f;(X°) =FX100 = 364.0.
Touku ontuMyMma: X; ¢ 4eThIpbMsI TapaMeTPaMK PaCCUMTAHBI Ha 1are | ¥ BelMu4uHOU Kputepus f; =
f1(X;) = —387.9; Touka X! ¢ BenuumHoOil KpUTEpHS
L =f (XIO) = 296.6 — Ha pucyHke o6o3nauenst (f1(X}), fA(XY).
JInneiinas pyuxims, coenuusiomas Touku f;(X°) u fR(X}) B QU3MUECKMX eIMHAIAX XapaKTePU3yeT
¢yskuuio f;(X) B 4eTBHIpEXMEPHOM M3MEPEHUH MAPAMETPOB X, ..., X .
A B LEIOM OTpE3KH flA X)) -f,(X°)- fIA(Xf)) NPEACTABIAIOT T'€OMETPUYECKYI0 HHTEPIIOSALUIO
¢byukumu f;(X) B 4eThIpeXMEPHOM U3MEPEHHUU TIAPAMETPOB X, ..., X 4.
9.2 9man. [eomempuueckas unmepnpemayus pe3yiomamos peutenus B3MII — emopoit
Xapaxmepucmuky CmpyKmypbl Mamepuaia npu npoexmuposanul 6 Quauieckux eOUuHuUYax.
Bropas xapakreprcTrka cTpyKTyphl Matepuana f>(X) npencrasiena B 6.1.4: min f,(X)=795.72
+23.89x,;+30.866x, -25.8586x; -45.0026x, -0.7683x;x, +0.4703x ;x5 +0.7472x x4~
0.1283x,x3+0.3266x,x,-0.0112x;x,+0.0398x7+0.0365x3 +3.2x3+2.6457x7, (6.32)
[IpencrtaBuM TeOMETPUYECKYIO HHTephperanuio QyHKuuoo f>(X) B (QHU3HUECKUX EAMHHUIAX C
MEePEMEHHBIMU KOOPJIUHATAMH {X; X3} ¥ C TIOCTOSHHBIMH KoopauHatamu {y, = {49.54,y, = 2.2}, B3aThIC U3
OITUMAaJIBHOM ToUKH Y (6.49) Ha puc 6.9.
Koopaunats! Touku Mmakcumyma X; = {x; = 55.6,x; = 8.0} (ua puc. 6.9 o603HaueHa kak X2omax).
Benuunna neneBoit dynkuun Fy; =FX2omax = 1361.4.
KoopauHatel Touku MuHEMYMa X9 = {x, = 31.9,x; = 2.1} (ua puc. 6.9 o6o3nauena kak X2omin).
Bennuanna nieneBoii GyHKITUN FZO=FX20min =2458.5.
Koopmunarer Touku X° = {x; = 43.9,x; = 4.348} (na puc. 6.9 obo3nauena kak X200). Benmuunna
neneBoit ¢pynkimu f>(X°) =FX200 = 1790.7.
Touku onrtuMyMa: X5 ¢ 4eThIPbMSI lTapaMETPaMK PaCCYMTAHBI Ha miare | ¥ BeJIMYUHON KpuTepus f; =
£(X3) = 1361.4; Touxa XY ¢ BemmumHOil KpuTEpHS
=f (Xg) = —2458.5— na pucynxe o6o3uauens (f£(X3), fA(X9).

Function f2(X)->min in Vector Optimization problem
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Puc. 6.9. ®yukuus f>(X) B AByXMEpHOIi CHCTEME KOOPJMHAT X; X3 W F€OMETPHUYECKast HHTEPIPETAIUs
¢byukuun f>(X) B cucreMe KOOPAMHAT X; X, X3 Xy
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JInneitnas hyHKIws, coequHsIomas Toukn f5(X°) u fA(X5) B GHU3MUECKHUX eIMANIAX XapaKTEPU3YeT
dysKIMIO f5(X) B YETEIPEXMEPHOM H3MEPEHHH TIAPAMETPOB X, ..., X,. A B 1e1oM oTpesku f1 (X3) -f-(X°)-
A 20 ) TPEACTABIISAIOT T€OMETPHUYECKYI0 HHTepHoysnuio GyHKiuu f>(X) B YeTHIPEXMEPHOM U3MEpPCHHU
napamMeTpoB X, ..., Xy.

9.3 9man. [eomempuueckas unmepnpemayus pesyabmamos peuwenus B3MII — mpemoveil
XApaxKmepucmuKku CmpyKmypvl MAmepuana npu npoeKmupo8anuu 8 Pu3U4ecKux eOUHUYax.

Tpetbst XapakTeprcTHKa CTPYKTYphI Matepuaina f3(X) chopmuposana B 6.1.4:

max h;(Y)=110.22 + 0.7918y; + 1.73y, — 0.3713y; — 2.20y, — 0.0132y,y, — 0.008y;y; + 0.0193y,y,
—0.0172y,y; + 0.0161y,y, — 0.0006y;y, — 0.0004y?
—0.0002y3 + 0.0335y7 + 0.124y7}, (6.31)

[pencraBuM TeOMETPHUYECKYIO wuHTeprperanuto (GyHkiun f3(X) B (U3HYECKMX eIMHHUIAX C
MEepEMEHHBIMU KOOPAMHATAMH {X; X3} ¥ C TIOCTOSHHBIMU KOOpAWHATaMu y, = {49.54,y, = 2.2}, B3sTbIC U3
onTHMabHOM ToukHu Y° (6.49) Ha puc 6.10.

Koopaunatel Touku MakeumyMa X; = {x; = 31.9,x; = 2.1} (na puc. 6.10 o603HaueHa kak X3omax).
Benmunna tenepoit hynxuun F; =FX3omax = 270.3.

KoopauHatsl Touky MEHEMYMa X = {x, = 78.16,x; = 8.0} (na puc. 6.10 0603HaueHa kak X3omin).
Bennuuna neneBoit dynkuun f3 =FX3omin = 169.26.

Koopnunate! Touku X° = {x; = 43.9,x3 = 4.348} (na puc. 6.10 o60o3nauena kak X300). Beanunna
reneBoit Gpyukimu f3(X°) =FX300 = 194.3.

Touku onTuMyma: X3 ¢ 4eThIpbMsI IApAMETPAMHU PACCUMTAHBI Ha I1are | U BEJINYHHON KpuTepus f; =
f3(X3) = —=210.3; Touka X 30 C BEJIMYMHON KPUTEPHS

f{ = f3(X?) = 169.26 — na pucynke o6oznauenst (5 (X3), £ (X9).

Function f3{X)->max in Vector Optimization problem
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Puc. 6.10. @yuxkuus f3(X) B AByXMEpHOI CHCTEME KOOPAMHAT X; X3 M T€OMETPHUYECKask HHTEPIIPETAINS
¢byukimu f3(X) B cucTeMe KOOPIMHAT X; X5 X3 Xy

JInneitnas hyHkiws, coequusomas Toukd f3(X°) u fA(X}) B QU3MUECKUX eIMHAIAX XapaKTEPU3yeT
¢byHKIuIo f3(X) B 4eTBIpeXMEPHOM H3MEPEHUH MapaMeTPOB X, ..., X .

A B menom otpesku fA(X}) -f3(X9)- fA(XY) mpencTaBnsioT reoMeTpHUECKY) HMHTEPIONSALUIO
¢bysknuy f3(X) B 4eThIpeXMEPHOM U3MEPEHHUU TTAPAMETPOB X, ..., X 4.
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9.4 sman. [eomempuueckas unmepnpemayus pesyromamos peuienuss B3MII — uemeepmoi
XapaKxmepucmuky CmpyKmypbl Mamepuana npu npoekmuposanul 8 QuUsU4ecKux eouHuyax.

YeTBepTas XapaKTepUCTUKA CTPYKTYpbl MaTepuana f,(X) mpexacrasieHa B 6.1.4:

max h,(Y)=21.004 — 0.0097y; — 0.841y, — 0.4326y; + 1.1723y, + 0166y;y, + 0.085y,y; — 0.0001y,y,
+ 0.0523y,y; + 0.0002y,y, + 0.0006y;y,
—0.0022y7 + 0.0035y2 + 0.006y7 — 0.0311y2}} (6.33)

[IpencrtaBuM TeOMETPUYECKYIO HHTeprperanuio QyHkimuoo f;(X) B (QU3HUECKUX EAMHHUIAX C
MePEeMEHHBIMU KOOPJMHATAMH {X; X3} M C IOCTOSIHHBIMH KOOpAWHATaMu Yy, = {49.54,y, = 2.2}, B3aTble U3
OIITUMAJIBHOM TouKH Y° (6.49) Ha puc. 6.11.

Koopnunatel Toukn Makcumyma X; = {x; = 36.70,x; = 2.1} (na puc. 6.11 obo3HaueHa Kak
X4omax). Bennunna nenesoit pynkimu F;=FX4omax = 30.7/4.

Koopauzats! Toukn Mmuaumyma X = {x; = 62.71,x; = 8} (na puc. 6.11 0603HaueHa kak X4omin).
Bennuuna neneBoit opynkuun F;=FX4omin = —73.62.

Koopaunate! Touku X = {x; = 43.9,x3 = 4.348} (na puc. 6.11 o6o3nauena kak X400). Benmuuuna
uesneBoit hyukumu f;(X?) - FX400 = 47.5.

Touku ontuMymMma: X; ¢ 4eThIpbMsI TapaMeTPaMH PaCCUMTAaHbI Ha 1are | ¥ BeJIMYUHON KpuTepus f, =
f4(X}) =30.714; Touxa X! ¢ BenmmumHo# KpuTepHs

)= f4(X 9 ) = —73.62— na pucynxke o6o3unauenst (f1(X;), f1 (X 9.

Function f4{X)-=min in Vector Optimization problem

120 -
100 X 63
Y 7.6
80 - Z 90.2931
X 44 2OTARS)
60 - M 1]
T [ P b |

F4

Z 46.1221 e

50 60

8 30 40
X1

Puc. 6.11. ®yukuust f;(X) B AByXMEpHO# CHCTEME KOOPAWHAT X; X3 Y F€OMETPUYECKast HHTEPIIPETAIHs
¢byukimu f,(X) B cucTeMe KOOPIMHAT X; X5 X3 Xy

X3

JIuneiinas Gpyuxims, coenuusiomas Touku f,(X°) u f£(X}) B QU3MUECKMX eIMHAIAX XapaKTEPU3yeT
dysKIMIO f;(X) B YETEIPEXMEPHOM H3MEPEHHH TIAPAMETPOB X, ..., X,. A B 1esoM otpesku f (X}) -f4(X°)-
fAx 40 ) TPEACTABIISIOT TeOMETpPHUYECKYIO HHTeprnosiuio GyHKuuu f;(X) B YETHIpEXMEPHOM H3MEPEHUH
napamMeTpoB X, ..., Xy.

B coseokynnocmu, mpexncraBieHa Bepcusi NPOTPAMMHOTO OOECTICUEHHUS BBIAACT CIEAYIOIINE
pe3yabTaThl: TOYKA ONTHMyMa - X °;

xapakrepuctuku (kputepun) — F(X°%) = {f;(X°), £,(X°), f;(X°), f,(X°)};
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oTHOcHTENbHBIE OleHKH — A(X?) = {A;(X?), A,(X°), A;(X°), A, (X°)};
MaKCHMaIbHYI0 OTHOCHTEIBHYIO OIeHKY - A°, Takyio uto A°< A, (X°) Vk € K.
TOYKY ONTUMYyMa C IPUOPUTETOM (-T0 Kputepus — X 9;

xapakrepuctuku (kpurepun) — F(X9) = {f;(X), LX), f5(X9), f,(XD};
oTHOcHUTENbHBIE OLEHKH — A(X?) = {A;(XT), A, (X D), X3(X D), L, (XD)};
MaKCHUMaJlbHYI0 OTHOCHTENbHYI0 oreHKky A°° , Takyro uto A%< pg kk XN, k=1K.

3aknrouenue no pazoeny. IlpoGimema pa3pabOTKM MaTEMaTUYECKHX METOIOB BEKTOPHOM
ONTUMHM3AIUN U TPUHITHSA ONTHMAIBHOTO PEHICHUS HA MX OCHOBE B CJOXHOW CTPYKType Marepuana 1o
HEKOTOPOMY HabOpy SKCIEPUMEHTAIBHBIX JaHHBIX H (PYHKIHOHAIBHBIX XapaKTEPUCTUK SIBISCTCS OJHOM U3
BOKHEHIIUX 3a7ad CHUCTEMHOIO aHajW3a W MNPOeKTHpoBaHusA. B pabore paspaboTaHa MeETOIOJOTHS
ABTOMATHU3AIlMU MPOCKTUPOBAHUS MYTEM: IOCTPOCHHS MATEeMAaTHYSCKOW MOJIENHM MaTepuayia B YCJIOBUAX
OTIPENICICHHOCTH M HEONPEACICHHOCTH, Pa3pabOTKH METOJOB pPEIICHUS BEKTOPHOW 3a7a4d U BBIOOpA
ONTHUMAJIBHBIX MTAPaMETPOB MaTepHalia 0 MHOXKECTBY XapaKTEPUCTHK.

7. BbIOOp ONTHMAJBHBIX TAPAMETPOB TEXHOJOTMYECKOT0 mpomecca B  YCJIOBHAX
OmnpeJe/IeHHOCTH W HeompeJeJeHHOCTH Ha 0a3e MHoOromepHoii marematuku. KomnbrootepHasi
peaqmn3anusi.

7.1. Mamemamuyueckan mooensv 071 NPUHAMUA ONMUMAIBLHOZ0 YRPAGIEHUECKO20 PeuleHUs 6
mexHo102uecKom npoyecce.

7.1.1. [locmpoenue mamemamuieckol MOOeNU MEXHOLOSUYECKO20 Npoyecca 6 YCIA0GUSIX
onpeoeneHHocmu

B kauectBe 00BCKTa HCCIICIOBAHUS WHIKEHEPHBIX CHCTEM MBI HCIIOJIB3YEM «TEXHOJOTHUCCKUN
mporieccy. [TocTaHoBKa POOIEMBI IPUHATHS PELICHAH B TEXHOJIOTUH TP MPOU3BOICTRE H3/ICTHIA BBIMOIHEHA
B COOTBETCTBUU C [24].

PaccmaTpuBaeTcsi TeXHOJIIOTHUECKUI Tponiecc (Hampumep, ['mOpumHas jasepHas AyroBas cBapka
(HLAW) (Hybrid Laser Arc Welding (HLAW), [24], B koTopoii crutaB ZE41-T5 6bit BEIOpaH Kak MaTepuan,
KOTOPBIA HY)XKHO CBapuTh ¢ cruiaBoM AZ61 kak MaTepuai 3anofdHuTeNs). J[esTenbHOCTh TEXHOJIOTHIECKOTO
MpoIIecca 3aBUCHUT OT ONPEICICHHOTO MHOKECTBA YCIOBHH - KOHCTPYKTHBHBIX [IAPAMETPOB:

X={x,%5..., x5y}, 0r X = {xj, j = 1,N},

(manpumep: momHOCTH nasepa, (laser power); ckopoctu mnepemernienus (travel speed); ckopoctu
nogaun mpososioku, (wire feed rate); Toka, (current); gacrorsr (frequency)). O6o3naunm N - MHOKECTBO
KOHCTPYKTHBHBIX MapaMeTpoB. Kaxublii mapaMerp TEXHOJIOIMYECKOro Ipolecca JICKUT B 3aJaHHBIX
npenenax: x"" < x; < x"*,j = 1, N, mm X™" < X < X™x,
xjmm’
TEXHOJIOTMYECKOro mporecca, N - MHO)KECTBO MapaMeTpoB.

Pesynprar  (QYHKIMOHUPOBAHHS  ONpEACIACTCS  HA0OpPOM  KpUTEpPHEB  (TEXHOJOTHMYECKUX
XapaKTepPHUCTHUK):

F(X) = {fi(X),k = 1,K}", xotopsle (yHKIHOHAILHO 3aBUCAT OT KOHCTPYKTHBHBIX IapaMeTpOB
TexHojloruueckoro mpouecca X = {x;, j = 1,N}, (wmampumep: ray6una ceapmoro mma (weld depth);
nenosarpyska (underfill);  mporentHbiit medext (percentage defect); makorennas amuaa mnop (total
accumulated pore length)). B coBokymHOCTH BCe TEXHOJIOTHYECKHE XapAKTEPHUCTHKH MPEACTABIISIOT BEKTOP-
(hyHKIHIIO!

FX) = {f100), LX), ..., fx XD} mm

F(X) = (i), k =1,K},

rae K, (K) — MHOXKeCTBO (YHCII0) TEXHOIOTHIECKUX XapaKTePUCTHK.

MHOXECTBO TEXHOJIOTHYECKUX Xapakrepuctuk K mompasnensercs Ha nmogmHoxectBa Kq, Ko: K =
K1U Kz, KICK, K2CK

K mipezcTaBisieT OAMHOKECTBO TEXHOIOTHYSCKAX XapaKTEPUCTHUK, YHCIOBBIC BETMIUHBI KOTOPBIX
KeJTaTeIbHO MOIYyYUTh, KAK MOYKHO BBIILIE:

fx(X) » max, k = 1,K,.

K, npencraBnseT moAMHOXECTBA TEXHOJIOTHYECKUX XapaKTEPUCTUK, YHCIOBBIC BETHYMHBI KOTOPBIX

KENaTeNbHO MOJYYUTh, KAK MOXKHO HIDKE:

rae X", VjeN - HwKnudl W BepXHMIl TpeNeNbl M3MEHEHHS BEKTOpPA MapaMeTPoOB
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fx(X) » min, k = ,K,.

MaremaTndeckas MOJENb JOJDKHA, BO-TIEPBBIX, OTpa)KaTh IEIH TEXHOJOTHYECKOTO Ipoliecca,
KOTOpbIE NPEICTaBIIeHbI XapakTepucTikaMu F (X), BO-BTOPBIX, YUHTHIBATH OrpaHuueHus X ™" < X < X™Max,
Matemarudeckass MOJENb TEXHOJIOTHYECKOrO Mpolecca, B IIEJIOM pelIalolero mnpobiemMy BbiOopa
ONTHMAJIbHBIX TAPAMETPOB TEXHOJOIMYECKOrO TMpOIecca, MPEJACTaBUTh B BHUJIE BEKTOPHOW 3a/1auu
ONTHMH3ALH.

Opt F(X) = {max F;(X) = {max fi, (X),k =1,K;}, (7.1
min F,(X) = {min f;, (X), k =1,K,}}, (7.2)
IIpY OrpaHUYCHUAX:
i < fiX) < 0k =TK, (7.3)
G(X) <0, x"" <x; < "™, j =T,N, (7.4)

e X ={x;, j= I,N} - BeKkTOp YNpaBISEMBIX MEPEMEHHBIX (KOHCTPYKTHBHBIX I1apaMETPOB)
TEXHOJIOTHYECKOTO MPOoIecca;

F(X) = {fx(X), k = 1,K} —BextopHbIii KpuTepuii, Kaxjas KOMIIOHEHTa KOTOPOTO IMpeACTaBsIeT
XapaKTePUCTUKY TexHojorumueckoro mnpouecca (7.1)-(7.2), (GYHKIMOHAJIBHO 3aBHUCSIIYID OT BEKTOpa
MIepEMEHHBIX X;

B (7.3) G(X) ={g;(X),k =1,M}T — Bexrop-pyHKIMS OrpaHMYEHHH, HAKIAABIBAEMBIX HA
(hyHKIIMOHUPOBAaHHE TEXHOJOTHYECKOTo mporecca, M — MHOXkecTBOo orpanudeHuii. OrpaHuueHUs
OTIPEIEINSIOTCS MPOTEKAIOIINMH B HUX TEXHOJIOTHYECKUMU, (QPU3UUIECKUMH U TOMY TIOJJOOHBIMH TPOIECCaMi U
MOTYT GBITh MpEICTaBICHb! (YHKIMOHAIBHBIME OrPaHHYCHHSIMH, Hampumep, fit" < fi(X) < %%,k =
LK.

[pennonaraercs, uro ¢yukuuu fi(X),k = 1, K nuddepenuupyemsl u somykisi, g;(X),i =1,M
HETIPEePHIBHEL, a

S ={XeR™G(X) < 0,X™" < X < XM} % 0,

Coornomenust (7.1)-(7.4) 0Opa3yroT MaTeMaTUIECKYIO MOJICIb TEXHOIOTMYECKOTO MPoIecca.

Tpebyercst onpeaenuTs Takoil BEKTOp napameTpoB X € S, pu KOTOPOM Kaxk1asi KOMIIOHEHTa BEKTOP
— ¢yHKIHH:

F;(X) = {f(X), k = 1,K;} npunuMaeT MakCUMaIbHO BO3MOXKHOE 3HAYECHHE, & BEKTOP — (DYHKIIHS:
F,(X) = {f (X), k = 1,K,} npuHuMaeT MUHMMAaJIbHOE 3HAYEHHE.

7.1.2. Mamemamuueckas moO0eib MEXHOAOSUUECKO20 HPOYecca 8 YCI08UAX ONPeOeleHHOCU U
HeonpeoeneHHOCMU 8 COBOKYNHOCMU

Martematndeckast MOJeNb TexHojJormueckoro mporecca (7.1)-(7.4) BwImonHEHAa B YCIOBHUSX
OIIpPEIeNICHHOCTH. B peasbHON >KM3HH YCJIOBHUS ONPEICIICHHOCTH M HEONPEAEICHHOCTH COBMEIIAIOTCS.
Moyenb TEXHOJOTHYECKOTo IMpOoIecca TaK e JOJDKHA OTpaXkaTh STH ycioBHs. Mcnombsys o0o3HaueHHs
MatemaTnueckoin momenu  (7.1)-(7.2), mnpeobpasyem wmomenbto (7.1)-(7.4) ¢ ydeToM  yCIIOBHiA
HEOIPEJCICHHOCTH, B UTOTE TIOTY4UM:

«Mooenvy mexunonocuueckoeo npoyecca 8 yCio8usax onpeoeieHHOCmY U HeOnPeOeleHHOCIUY .

Opt F(X) = {max F,(X) = {max f, (X),k = I,Kjdef}, (7.5)
max I;(X) = {maxy, (X;, i =1,M)}, k =1,K'"*}, (7.6)

min F,(X) = {min f (X),k = 1, K, (7.7)

min I,(X) = {miny, (X;, i = M)}, k = 1, K[™}, (7.8)
orpanmuenus fi"" < fi(X) < f"*, k =TK, (7.9)
G(X) <0, x"" <x; < 2", j =T,N, (7.10)

rne X ={xj, j = 1,N} - BeKkTOp yNpaBISEMBbIX TEPEMEHHBIX (MAPAMETPOB) TEXHOJIOTHIECKOTO
mporiecca;

F(X) ={F,(X) F,(X) I,(X) I,(X)} mpencraBisieT BEKTOPHBIA KPUTEPHUH, KaxIas KOMIIOHEHTa
KOTOPOTO SIBJISIETCS. BEKTOPOM XapaKTEPUCTHK (KPUTEPHEB) TeXHoJoruueckoro mporecca (3.50b)-(3.8b),
KOTOpbIe (DYHKIIMOHATIBHO 3aBHCAT OT JUCKPETHBIX 3HAUYCHUH BekTopa nepemeHHbix X, rae B (7.5) u (7.7)
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K]def,szef (definiteness), a B (7.6) u (7.8) K;*¢, K3'™° (uncertainty) MHO»eCTBO KpHTEPHUEB Max U min
c(OpPMHUPOBAHHBIE B YCIIOBHAX ONPEAEICHHOCTH U ONPEACICHHOCTH.

7.2. Beeoenue u memooonozus Mooeauposanus, CUMyIAYUs, RPUHAMUE ONMUMATIbHBIX PEUIEHUA
nO MHOICECMEY KPUMEPUEE MEXHOI02UUEeCK020 npoyecca

7.2.1. Bgeoenue 6 mooenuposanue, CUMYIAYUIO U NPUHAMUE ONMUMATILHBIX PEUEHUs N0 MHOJCECMEY
Kpumepues 6 mexHoi02u4ecKoM npoyecce.

B xadecTBe 00beKTa UCCIEIOBAHUS HAMHU paccMaTpuBaroTcs «VIH)XxeHepHbIe CUCTEMBI», K KOTOPBIM
OTHOCATCSI «TEXHOJIOTHUYECKHE Tporecch», [18, 20 - 26]. TexHomornueckuii MpoIecc paccMaTpuBaeTcs ¢
JIBYMsI MapaMeTpaMy M YETBIPbMS XapaKTEPUCTUKAMHU. OKCHEPUMEHTAIBHBIE NaHHBIE TEXHOJOTHYECKOIO
Ipolecca MpeJICTaBUM B BUJIE 3aa4l IPUHATHS PEILCHHIA:

X1,1%2,1 f]l'---'flK
F = - problem of 2-type, K = 4.
XM XM fats o filt

HccnenoBanre MHXEHEPHOH CHCTEMBI (TEXHOIOIMYECKOTO MPOLEcca) BBIMOIHEHO:

BO-TIEPBBIX, B YCJOBUSX OIpPENENCHHOCTH, KOIJa W3BECTHb JaHHBIE O (YHKIHOHAIBHBIX
XapaKTEepUCTUKAaX HHKECHEPHOW CUCTEMBI;

BO-BTOPBIX, B YCIOBHUSX HEOIPEAEIECHHOCTH, KOIJA M3BECTHBbl AUCKPETHBIE 3HAYEHUS OTACIIBHBIX
XapakTePUCTUK; TaKKe M3BECTHHl JaHHbIE 00 OTpaHWYEHUSX, KOTOpBIE HAKIaABIBAIOTCS Ha
(YHKINOHUPOBAHUE CHCTEMBI.

Hcnonb3yst perpecCHOHHBIN aHaIN3 dKCIEpUMEHTaIbHbIe NaHHbIE F TpeoOpa3yroTcsl B BEKTOPHYIO
3a/layy MaTeMaTHYECKOr0 IPOrpaMMUPOBAHUS:

max fk(X,A) = Qg + AiX; + aka12 + azrX> + a4kx5 + AspX1X), k= 1,—1(1
min fk(X,A) = Qg + ArX; + azksz + a3z X> + a4kx5 + A5 X1X), k= I,—I(z

Ipu orpanmuennsx X! <x; <x},x9< x,< x5,

Marematndeckuii anmapar MOAEIMPOBaHUS HH)XEHEPHOH CUCTEMBI 0a3upyeTcsi Ha TEOPUH U METOAAX
BEKTOPHOM ONTUMHU3ALMH, KOTOPHIE IPEICTABIECHBI B IPEABIAYIINX IJ1aBax.

B opraHuM3anyoHHOM IUIAHE NPOLECC MOJECIMPOBAHUS U CUMYJIUPOBAHUS WHXKCHEPHOH CUCTEMBI
MPEeICTaBICH B BUAE METONOJOTHH: «MeTo100T s BEIOOpa ONITUMAJIbHBIX TAPaMETPOB HHKEHEPHBIX CUCTEM
B YCJIOBMSIX ONPECICHHOCTH U HEOIIPEACIEHHOCTI.

7.2.2. Memooonocus 6b100pa ONMUMANLHBIX NAPAMEMPOE UHIHCEHEPHLIX CUCIEM 6 YCI0GUSX
onpeoeneHHOCmuY U HeonpeoeleHHOCmu

MeTonon0rus BKIIOYAET Pl 3TAIOB.

1. ®opmupoBaHHE TEXHUYECKOTO 3aAaHNs (MCXOMHBIX NAHHBIX) HAa YHUCIEHHOE MOJIEIMPOBAHNE U
BbIOOpa ONTHUMANBHBIX MAapaMETPOB CUCTEMBL. McxoaHble naHHBIE (OPMHUPYET KOHCTPYKTOP, KOTOPBIH
MIPOEKTUPYET TEXHUUYECKYIO CHUCTEMY.

2. Iloctpoenme mareMaTHYeCKOH W YHCIEHHOW MOJIENH TEXHHYECKOW CHCTEMBl B YCIIOBHSX
ONPEJECICHHOCTU U HEOIIPEACIEHHOCTH.

3. Pemenne BekTOpHOH 3amaum Maremaruueckoro mnporpammupoBanus (B3MII) - wmogpenu
HMHXEHEPHON CHCTEMBI ITPH PaBHO3HAYHBIX KPUTEPHUSIX.

4. TlocTpoeHne TeoMEeTpUYECKON HHTEepIIpEeTalui pe3yJIbTaTOB pELIeHHs B TPEXMEPHOM cucTeme
KOOPJMHAT B OTHOCHUTENBHBIX €ANHULAX.

5. PemeHne BEKTOpPHOM 3ajadd MaTEMATUYECKOIO NPOTPaMMHPOBAHHSA - MOJAEIH WHKECHEPHOU
CUCTEMBI TP 3aJaHHOM IIPUOPUTETE KPUTEPHUSL.

6. ['eomeTpuueckass MHTEpIpeTaldsa Pe3yJIbTaTOB pElIeHUs] B TPEXMEPHOH cucTeMe KOOpAWHAT B
(U3NUECKUX eIUHHULAX.

TexHuueckoe 3agaHue, aHAJIU3 PE3YIbTAaTOB PELICHHS U BBIOOPAa NPHOPUTETHOIO KPUTEPHs, €ro
BEJIMYMHBI BBIIIOJHAETCS KOHCTPYKTOPOM MaTepHuaa.

OcTanpHbIE 3TAIBI BHIIOIHIIOTCS MAaTEMaTHKOM - IIPOTPAMMUCTOM.

7.3. 1 sman. Texnuuecxoe 3adanue: @Dopmupoeanue Mamemamuyeckoi u, Ha4 ee OCHOEge,
YUCTIEHHOU MOOeNU MEeXHON02UYECK020 npoyecca.
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,ZIaHO. PaCCManI/IBaeTCH TEXHOJIOTHYCCKHUMI nponecc, Nponu3BOACTBCHHAA ACATCIBHOCTL KOTOPOTO

ompenensiercss NByMs mapamerpamu X = {x;, X,} — BeKTop (yIpaBisieMbIX) IepEMEHHBIX. TeXHOIOTHYECKHI
MIPOLIECC XapaKTEePU3yeTCs UETHIPhMSI XapaKTePUCTUKaMHU (KPUTEPHUSIMH):
FX) = {fi(X), LX), £33, £,(X)3"
BEJIMYMHA OIEHKH KOTOPHIX 3aBHCUT OT BEKTOpA IMapameTpoB X.
Ycnosus onpedenennocmu. ITH yCIIOBHS XapaKTEPH3YIOTCS TE€M, YTO M3BECTHa (hyHKIIMOHAIbHAS
3aBUCHUMOCTD YeTBEPTOU XapakTepucTuku f;(X) oT mapameTpoB TexHONOrnueckoro npouecca X = {x;, x,}:
fi(X) = —0.245 — 0.747x; + 0.3832x7 + 0.0442x, + 0.0012x3 — 0.0346x;x,  (7.12)
Yenosus neonpedenennocmu. ITH yCIIOBUSA XapaKTEPU3YIOTCS TEM, UTO JIJIS IEPBOM, BTOPOU M TPEThEH
XapaKTePUCTUKHA TEXHOJIOTUYECKOTO TMPOILecca W3BECTHBI PE3yJbTaThl 3KCIIEPUMEHTAIbHBIX JaHHBIX:
BEJIMYMHBl TAapaMEeTPOB M COOTBETCTBYIOIIUMX XapaKTEPUCTHK. 3HAYEHHS UHCIOBBIX IapaMeTpoB X U

(7.11)

xapakrepuctuk y; (X), y>(X), y3(X), npencrapiensl B Tadi. 7.1.

OKcleprMeHTalbHbIe TapaMeTpsl BBOJIAa M BBIBOJIA.

Tabmuma 7.1.

Laser Power, p Travel Speed, v Wire Feed Rate, r Depth, D(mm) Total Accumulated Pore
(Analog V) (mm/sec) (m/min) I'my6una, Length, Po (mm/mm)
MomtHOCTH Ckopoctu Ckopoctu nojayu I (Mm) OO1mast HaKOIUIEHHAsl IMHA

Jla3epa rnepeMenicHus IIPOBOJIOKH mop
X1 X2 y1(X)—>max Y2 (X)—min y3(X) —max
2.400 25.20 4.21970 55.39510 -0.0365
2.760 18.720 3.27140 31.24970 0.0286
2.760 19.080 3.27700 32.38860 0.0271
2.760 31.680 4.26130 86.85260 0.0760
2.760 31.920 4.29490 88.16560 0.0787
3.300 14.400 3.09590 21.13310 0.3467
3.300 25.200 3.01010 56.19130 0.2171
3.300 25.800 3.03830 58.75060 0.2138
3.300 26.760 3.09080 62.97940 0.2096
3.300 27.600 3.14410 66.81470 0.2068
3.300 28.800 3.23200 72.51260 0.2041
3.300 30.000 3.33380 78.46820 0.2032
3.300 31.200 3.44950 84.68120 0.2039
3.300 32.400 3.57920 91.15180 0.2063
3.300 36.000 4.05170 112.10860 0.2236
3.840 18.720 3.09830 35.30820 0.6402
3.840 23.520 2.96710 51.64580 0.5450
3.840 31.680 3.25540 88.87580 0.4451
3.840 32.880 3.35200 95.35510 0.4369
4.200 25.200 3.23700 60.46330 0.7810
Min: 2.400 14.40 2.96710 21.13310 -0.0365
Max: 4.200 36.00 4.29490 112.10860 0.7810

B pewenun npunumaemom JIIIP, BennyuHy OLIEHKM O NEPBOA M TPETbEH XapaKTEPUCTUKU
(KpuTepust) )KenaTesbHO, MOJyYUTh KaK MOYKHO BBIIIIE, BTOPOW M YETBEPTOM KaK MOYKHO HUXKE:

y;(X)—max, y,(X)—min, y;(X)—max, y,(X)—min.

IMapamerpsr X={x;, X,} U3MEHAIOTCS B CIEIYIONINX IPeaeIax:

2.0<x;<35,12.0 <x,<30.0. (7.13)

Tpebdyemca. IlocTpouTh MaTeMaTHYECKYI0 MOJIENb TEXHOJIOTHYECKOTO TpoIlecca B BUIC BEKTOPHOM
3amaud. PemuTh BEKTOPHYIO 3a/ady C paBHO3HAYHBIMHU KPHTEPHUSAMHU. BHIOpaTh MPHUOPUTETHBIN KPUTEPHl.
Y cTaHOBUTH YHMCIIEHHOE 3HAUCHHE TPUOPUTETHOTO KpuTepusi. [IpuHATE Haumydiee (ONTUMAaIbHOE) PELICHHUE.

[pumeuanne. ABTOpoM pa3paboTaHO MporpaMMHOe oOecriedeHue /ISl YeThIpeX MmapameTpoB: X =
{x;, %5, x3,%,} ¥ MWeCTH XapaKTEPUCTUK
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F(X) = {f;(X), -(X),..., fs(X)}'. Ha kaxnayo 3a1a4y IporpaMma HacTpauBaeTCs WHIMBUIYabHO.
ITpu >xemaHUU aBTOP MOXET YBEIHYUTh KOJMYECTBO mapamerpoB mo msatu: X={x;, ... , x,}. B mozxenu
KPUTEPHU C YCIOBUSMH HEOPEJCIICHHOCTH MOTYT U3MEHSATHCS OT HYJIS IO IICCTH.
7.4. 2 sman. @opmuposanue mamemamuyeckoil U HUCAEHHOU MOO0eAU MeEXHOI02U4ecKo20
npoyecca
7.4.0. @opmuposanue mamemamuueckol MoOeIU MEXHOIOSUYECKO20 NPOYecCd.
PazpaboTka MmaTeMaTHYeCKOH «Modenu mexnoaiosuyecko2o npoyecca 8 yCiosusx onpedeieHHoCmu u
HeonpedeneHHoCmu» B BUJIE BEKTOPHOM 3aaun ontumusanuu (7.5)-(7.10) npencraBnena B pasaene 7.1.2.
7.4.1. I[locmpoerue moOenu mexHoI02ULecK020 NPOYeccd 8 YCI08UAX ONPeOeleHHOCMU C YUCI08bLMU
OaHHbIMU.
[MocTpoeHne MoeNM TEXHOIOTHYECKOTO Mpoliecca ¢ QyHKIIMOHATIBHOW 3aBUCHMOCTBIO OTIPEIENSeTCS
TEM, YTO WU3BECTHBI XapaKTEePUCTUKU M OTpaHWYEHHUs OT mapameTrpoB X = {x;, x,}. B TecroBom mpumepe
m3BecTHBI xapakrepuctuka (7.12) m orpanmuenus (7.13). Mcmons3ys mammsie (7.12), (7.13) moctpomm
OJTHOKPUTEPHAIBHYIO 33]]a4y HETMHEHHOT0 MPOrpaMMHUPOBAHUS B YCIOBUAX ONpeAeNeHHOCTH, [25, 26]:
fi(X) = —0.245— 0.7470x; + 0.3832x7 + 0.0442x, + 0.0012x3 — 0.0346x 5. (7.14)
2.0<x;<35,12.0 <x,<30.0. (7.15)
B mampmefimem wuHbopMmanmoHnHblie maHHBIE (7.14), (7.15) HCHONB3YIOTCS TpPH IOCTPOSHUH
arperupoBaHHON MaTEeMAaTHIECKOW TEXHOJIOTUIECKOTO TPoIiecca.
7.4.2. Ilpeobpasosanue ycrosuil HeonpeodeneHHOCmu (IKCHePUMEHMATbHBIX OAHHLIX) 8 YCI08US.
onpeodeleHHOCMU U NOCMPOEHUE YUCTEHHOU MOOeU
[TocTpoeHne MOAeN ¢ yCIOBHSIMH HEOTIPENEICHHOCTH COCTOUT B HICTIONIb30BAHWU KAa4eCTBEHHBIX H
KOJIMYECTBEHHBIX OINHCAHUM TEXHOJIOTHYECKOro Ipoliecca, KOTOphle MOIY4YeHBl KakK ‘“‘BXOA-BBIXOA~ U
IIpeICTaBIeHk! B Tabmuie 7.1.
Ucxomuble pannpie Tabmuust 2: f(x;,i = 1,M), f>(x;,i = 1,M), f;(x;,i = 1, M) npeobpasyrorcs
MyTEM HCIOJIb30BAaHUSI MaTEeMaTHYECKHX METOJOB (PErpecCHOHHOIO aHanu3a) B (DyHKIHMOHAIBHBIA BUI:

f1(X), £2(X), f3(X).

B cucreme MATLAB ucxoHbie naHHbIe TaOIMIBI 2 COPMHUPOBAHBI B BUIC MATPHUIILI |
X =xx f1X0), LX), (X))

Xu = xmp Xy f1(Xm), F2(Xm), f5(Xm)
JUi1st SKCIepUMEHTANIBHBIX JaHHBIX Vi, k = 1,3 cTpouTcs QyHKIUS perpeccuu METOJ0M HAaUMEHBIINX
kBagpatoB min Yt ,(y; — %)’ B cucreme MATLAB. ®opmupyercss monuHOM Ay, OMpeneNsrONIHii
B3aMMOCBsI3b TapameTpoB X; = {x;;, X»; } ¥ QyHKIMH:
Via = f Kiir A, Xpi = Xk Xii 1, k= 1,3. (7.17)
Pe3ynpraToM BeIYHCIICHUIT SBIIsIETCS cUcTeMa KO3 HIIMEHTOB
A={Aok, A - Asic},
KOTOPBIE XapaKTePU3YIOT KOAPPHUINEHTHI TOTHMHOMA ((PYHKIHMHN):
fi(X,A) = age + apex; + anXi + Qzex; + agXs + asex xo,k = 1,3, (7.18)
st ompenenenns kodddunuentoB monwmHOMa (7.19) dymkmmii, Tabmumer 7.1, paspaboraHo
IporpaMMHOE 00ECIICYCHUE TIOJIMHOMUAIIBHOM almpOKCUMALIMH C IByMsl IEPEMEHHBIMU U MATHIO (paKTOpamH.
B pesynbrare paboThl IPOrpaMMBbl MOTYyYSHBI KO GUIUCHTHI:
Ao=[11.4751 8.8173 -0.1222
-4.8994 -7.6807 -0.3735
0.8868 2.1456 0.1916
-0.0030 0.1851 0.0221
0.0048 0.0894 0.0006
-0.0595 -0.1454 -0.0173]. (7.19)
C yuerom nmomyueHHbIX kKo3(durmenro Ao(1) (7.19) skcnepuMeHTanbHbIe JaHHbIC {X;;, X2;, Vi, I =
1, M} matpuust I = |X, Y| (7.16) npeobpasyiorcs B pynkmmio f;(X) B hopme (7.19).
C yderoMm nonydeHHBIX kodddummeHToB Ao(1) (7.19) skcriepuMeHTaNbHbIC JaHHBIC{ X ;, X2;, V2i, L =
1,M} marpunet I = |X, Y| (7.16) npeobpasyrores B pynximio f>(X) B hopme (7.19).

[=|X,Y| = (7.16)
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C yuyerom nomyueHHbIX kK03 durmentoB Ao(1) (7.19) - skcriepuMeHTaNbHbIC TaHHBIC {X i, X2i, V3i, L =
1,M} marpuner I = |X,Y| (7.16) npeobpasyrorcs B pynximio f3(X).
B wurore skcnepuMeHTtanbHble gaHHble Matpunbl [ = |X,Y| (7.16) cdopmupoBaHbl ¢ yd4eTOM
TIeJICHANPABICHHOCTH B BEKTOPHYIO 33714y MaTeMaTu4ecKoro mporpaMMHUpPOBaHUS:
f1(X) = 11474 — 4.899x; + 0.88680x7 — 0.003x, + 0.00480x3 — 0.05950x,x,. (7.20)

£(X) = 8.8176 — 7.6809x; + 2.1456x7 + 0.1851x, + 0.0894x3 — 0.1454x,x,. (7.21)
f3(X) = —0.1225 — 0.3735x, + 0.1916x7 + 0.0221x, + 0.0006x3 — 0.0173x,x,.
2.0<x,;<3.5,12.0 <x,<30.0. (7.22)

7.4.3. Komnvlomepnasa (ducnosas) mooenb MeXHONO2UUECKO20 Npoyecca ¢ azpecuposaHHbiMU
OQHHBIMU IKCNEPUMEHNA 8 YCIOBUAX ONPEOeNeHHOCTU

[TocTpoenue 001t MOIEH, BKIIFOYAIOIICH YCIOBHS OMPENCTICHHOCTH U HEOTIPECIICHHOCTH.

Jyis moctpoeHus oOIIe YKCIOBOWM (KOMIBIOTEPHOM) MOJEIM TEXHOJOTHMYECKOTO Tpoliecca
UCTIONB3yeM: (QYHKIMH, KOTOPbIE MOJIyYeHBI YCIOBUAX onpeneneHHocTH (7.14) u HeonpenenenHoctu (7.20),
(7.21), (7.22); mapamerpudeckue orpanudeHus (7.5).

Otu  ¢yskmuu (7.20), (7.21), (7.22) paccmarpuBaeM KakK KpPUTEPUH, XapaKTCPU3YIOIIUE
LeJIEHANPaBICHHOCTh ()YHKIMOHUPOBAHUS TEXHOJIOTMYECKOTo mpolecca. M3 moaMHoXKecTBa ABa KPUTEPHS
K; = 2 wanpasiensl Ha Makcumuszamuoo {f;(X), f3(X)} » max, a moamHOxecTBO KputepueB K, =2
HamnpasieHbl Ha MunuMusaimio: {f5(X), f;(X)} - min, K = K; U K;.

Kpurepun K = K; U K, TOOTHSIOTCS OTpaHUYEHUSIMU U (POPMUPYETCS MaTeMaTHIecKylo YHCIeHHast
MoJeNb  (DYHKIMOHMPOBAHHUA TEXHOJIOTHYECKOTO TMpolecca, MpEeACTaBICHHON BEKTOPHOM 3amaveit
MaTEeMaTHYECKOT0 IPOrpaMMUPOBaHUS

Opt F(X) = {max F;(X) = {max f; (X)=11.474 — 4.899x, + 0.8868x7
—0.0030x, + 0.0048x7 — 0.0595x,x,, (7.23)
max f; (X)=—0.1225 — 0.3735x; + 0.1916x7 + 0.0221x, + 0.0006x3 — 0.0173x,;x,, (7.24)
min F,(X) = {min f, (X)=8.8176 - 7.6809x; + 2.1456x7

+0.1851x, + 0.0894x7 — 0.1454x,x,, (7.25)
min f,(X)=— 0.2450 — 0.7470x; + 0.3832x7 + 0.0442x, + 0.0012x3 — 0.0346x,x,}},  (7.26)
orpannuenus 2.0 < x; < 3.5, 12.0 < x,< 30.0, (7.27)

Bexropras 3amada (7.23)-(7.27) npencraBisieT YHCICHHYIO MOJENb ISl MPUHATHS ONTHMAaJIBHOTO
pelIeHus B YCIOBUSAX ONPEENIEHHOCTH U HEOTIPEIETIEHHOCTH B COBOKYITHOCTH.

7.4.4. Ilpoepammnoe obecneuenue pewieHus BeKMopHOU 3a0ayu HeTUHEHO20 NPOSPAMMUPOBAHUS NPU
PABHOHAYUHBIX KPUMEPUAX U 3A0AHHOM NPUOpUmMeme Kpumepus

Jns perieHns BEKTOPHOW 3afjaun HeIWHEWHOro mporpammupoBanus (B3HID) (2.1)-(2.4) mpwm
paBHO3HAUHBIX KpUTEpHsX pa3paboraHa mporpamMa B cucteme MATLAB, kortopas, mo cymiecTsy,
MpeACTaBIAeT MPOrpaMMy — IIAOJIOH AJSl HANKMCAaHWS M pEeIleHHs APYTMX BEKTOPHBIX 3a]au HEJIWHEHHOTO
nporpammupoBanus (2.1)-(2.4) — maTemMaTnuecKux MoJiesiel HH)KEHEPHBIX chcTeM, [30, 44].

7.5. 3 aman. Ilpunamue onmumanbHo2o peuieHUs 6 08YXHAPAMEMPUYECKOU YemblPeXMepHOll
Modenu mexnonozuueckozo npoyecca (the process of simulation of a engineering system)

7.5.1. Komnsiomeproe MoOenuposanie mexnoaio2uiecko2o npoyecca npu pagHo3IHaAYHbIX KPUMEPUsIX

Pemaercst BeKTOpHas 3aqaya MareMaTHdeckoro mporpammupoBanus (7.23)-(7.27) mo kaxmomy
KPUTEpHIO OTAENbHO. JiIsl pemeHus BeKTOpHOM 3amauu ontummszauuu (7.23)-(7.27) npu paBHO3ZHAYHBIX
KPUTEPHAX MCIIOIb3YyEM METOJ PELICHHs, OCHOBAaHHBI Ha HOPMAJIW3alM{d KPUTEPUEB U MPUHLUIE
rapaHTHPOBAHHOTO pe3ylibTaTa, NpeACTaBIeHHBI B pasgene 4.  Pemenme 3amaunm (7.23)-(7.27) ¢
PaBHO3HAYHBIMU KPUTEPHUSAMH MPEAICTABUM KaK MOCIIEI0BATENbHOCTD II1aroB.

Iar 1. Jlns pemenus BekTopHO# 33134y (7.23)-(7.27) M0 Kaxa0My KPUTESPHIO OTICIBHO, TIPU STOM
ucnonbzyeres ¢pyukus fmincon(...) cucremer MATLAB.

B pesynbraTe pacyera mo KaxxaoMy KpUTEpHIO MoydaeM Touku ontumyma: Xy u fiy = fi. (X))  k =
1, K K=4 — BeIM4uHbBI KDHTEPUEB B ITOH ToUKe, (HAMIyUIlee PEelIeH e 110 KaKIOMYy KPUTEPHIO):

X7 ={x;=2.,x,=30.}, f = fi(X]) = —5.8833;

X5 ={x;=35x,=30.},f; = L,(X5) = —78.9641;

X;={x;=35x,=12.}, f; = f3(X;3) = —0.5423;
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X;={x;=29x,=12.},f/ = f,(X;) = —0.3334. (7.28)
Touku ontumyma X7, X5, X3, X7 (7.29) B orpanndenusix (7.27) B KOOpAUHATAX {X;, X, } MIPEACTABICHBI
Ha puc 7.1.

x_ Set of Pareto on two-measure plane. MawyHuH 10.K.

30 T p X
2
% | X 2.80392
28 f,=11.474-4.89925"x +0.88681"x f;o(oosc Y :j’o .
Az AN, , /
26 | Y f=8.81767.681°x, +2.145*x12+0.185*x2¥...
/ AN,
24 / i
/
/
22 / ) X?
~ /
x /
20 / R
/
/
18 f 4=-0.24/5/0.7475*x +0.3832"x f+0.0442*x ;o Xq 7
/)\42 A 1'/\ 2/\ 3
16 / f3=-0.122-0.3735*x1+0.1916*x12 0221°K + ..
/ A >0
/ 37 1 2 4
14r 1
/
0 0 *
12 /X: X') 1 1 X3
2 X, 2.5 3 3.5X?
x1

Puc. 7.1. MuoxectBo ITapero, S°cS, Touku ontumyma X, X5, X3, X, u ontumansHas Touka X° B
JIBYXMEPHOM CHCTEME KOOPIUHAT {X;, X5}

JonycTruMoe MHOKECTBO TOUEK S He MyCTO U MPEACTaBIsIeT OO0 KOMIAKT:

S={XeRV|2.0<x,<35,12<x,<30} # 0.

MHoxkecTBO TOYeK S° MpeACTaBiIseT 00JacTh MHOXKECTBA TOUEK, KOTOpBIE JISKAT MEIy TOYKaMHU
ontumyma X;,X5,X3,X;. B nmaHHOW 3amade MHOXECTBO MIOMYCTHMBIX TOYEK S M MHOXECTBO TOUYEK,
ontuManbHbIX 110 [Tapero, S°, paBHBI Mex Iy coboit: S = S°.

I a r 2. Pemaercss BeKTOpHas 3ajadya MaTeMaTH4ecKoro mporpammupoBanus (7.23)-(7.27) nas
BBIYUCIICHUS HAWUXY[IICH BEITUYMHBI KaXXJOTO KPUTCPHS: Y,? u hz = hy (Y,g) ),k = 1,K,K=4, xotopsie
MIPENICTABIIAIOT aHTHONITUMYM pellieHus repBoro miara. (Bepxuuit uanexc Homb). [Ipu aTom pemaercs B3MII
(7.23)-(7.27) nns xaxmoro kputepus k = 1, K; na Muanmym, u ans kputepues k = 1, K, na makcumym. Kak
PE3yNBT pelIeHHs TIOTYdHM: TOYKY ONTHMyMa Xp = {xj,j = 1,N} 1o cooTBeTcTByIONIEMy KpHTepuio k =

LK; f = fi, (X)) — Bemuunny k-ro kpurepus B Touxe, Xo, k = 1, K:
XY ={x;, =35x,=2005}, f) = f,(X)) = 2.8663;
XY ={x, =2195x, =120}, f) = f,(X}) = 13.56
X)={x; =2,x,=12.}, f) = (X9) = —0.1667;
X)={x,=35x,=12.}, f) = f,(X)) = —1.0847. (7.29)
LI a r 3. CucTteMHbII aHANIU3 MHOXKECTBA TOUYEK, ONTUMAaNbHBIX 10 [lapero Bemonusaerca. [ns storo
B Toukax omtumyma X* = {X;, X5, X3 X;} onpenensrorcs BeaM4MHBI LeNeBbIX (yHkumi F(X*) =
|| fqa(Xk) |’;:j§ Bhuncisercs Bektop D = (d; d, d;d,)T oTknoHeHuWii Mo KaXJIOMy KPUTEPUIO Ha
nonycrumom MEOXkectBe S: dy = fii — fil, k = 14,

gMemuyHaponHmﬁ HayuHbI xypHau "®narman Hayku' Ne7(30) Urwas 2025
www.flagmannauki.ru |  8(812)9052909 | info@flagmannauki.ru



PA3/IEJI: MarematndecKue U €CTECTBEHHbIE HAYKH
Hanpasnenune: ®u3znko-mMareMaTUYECKUE HAYKU

5.88— 79.32 — 0.062 0.123 3.017
| —3.17— 7896032 0.607 || 65.4
F(X™) = —3.34—17.20— 0.54 1.08 e = 0.70 (7.30)
—4.45— 13.6 0.166 — 0.33 1.418
nu ManI/IIIa OTHOCHUTCIBHBIX OLICHOK:
* * k=1,_K *
AMXY) = |24 (X0 =18 T M) = (e — D)/ di.
1.000 1.0056 0.3234 0.6776
MK = 0.1017 1.000 0.6636 0.3364|| (7.31)

0.1593 0.0557 1.000 0.0

0.5251 0.0013 0.0 1.000
[IpoBenennslit ananu3 BeaunuuH Kpurepues (7.30) B OTHOCUTENBHBIX OLeHOK (7.31) moka3pIBaet, 4To

B Toukax omtumyma X* ={X;, X5 X3, X;} (00 AuaroHanu) OTHOCHTEJbHAas OLICHKA paBHA EIUHUIIC.
Ocranpbie kputepun B X = { X7, X5 ,X;",X ;} 3HAUWTEILHO MEHbIIE eAWHUIBL. TpeOyercss HaAWTH TaKyro
TOUYKY (TTapaMeTpsI), IpU KOTOPBIX OTHOCHUTEIBbHBIE OLIEHKN Hanboee 03Ky K equHune. Ha pemenue 31oif
po0JIeMBI HATIPABJICHO PEIICHUE A-3aIadH.
I a r 4. ®opMmupoBaHue A-3aJa4M OCYIIECTBISAETCA B JBa DTama: IMEPBOHAYAILHO CTPOUTCS
MaKCUMHUHHAsI 33]]a4a ONTUMH3AINN C HOPMAJIH30BAHHBIMH KPHTEPUSMH:
2’ = maxyesmingegh, (X). (7.32)
Ha BTopoMm sTane makcumuHHas 3anaua (7.32) npeobpasyeTcsi B CTaHAAPTHYIO (0JHOKPUTEPUATBHYIO)
3aJauy MaTeMaTHYeCcKOTO MPOrpaMMHUPOBaHNsl, HA3BaHHON A-3ajaua:

1’ = max A, (7.33)
Orpanmuenns A — (11.4745 - 4.8992x; + 0.8868x7 - 0.0030x,
+0.0048x7 — 0.0595x,x, —f)/ d, <0, (7.34)

A —(=0.1225 — 0.3735x; + 0.1916x7 + 0.0221x, + 0.0006x3 — 0.0173x,x, — f2)/ d,<0, (7.35)
A —(8.8176 — 7.6809x; + 2.1456x7 + 0.1851x, + 0.0894x3 — 0.1454x,x, — f{)/ d;<0, (7.36)
A—(—=0.2450 — 0.7470x; + 0.3832x7 + 0.0442x, + 0.0012x3 — 0.0346x,x, — f}) d,< 0,(7.37)
2.0<x,;<35,12.0<x,<30.0. (7.38)
Bekrop HemsBecTHBIX B 3a1aue (7.33)-(7.38) umeer pasmeprocts N+1: X={x,, x,, A}, N=2.
Iar 5. Pemenne A-3amaun. [ pemenus A-3amaun ucnoias3dyem GyHkiuio fmincon(...):
[Xo,Lo]=fmincon('Z_TS_2Krit_L',X0,A0,bo,Aeq,beq,lbo,ubo,’Z_TS_LConst',options). Kaxk
pe3ynbTaT pelieHds 3ajada MaTeMaTHuecKoro mnporpammupoBanus (7.23)-(7.27) npu paBHO3HAUHBIX
KPUTEPUAX U COOTBETCTBYIOIICH el A-3amauu (7.33)-(7.38) nomyuwnu:
X° ={x° 2} ={X° = {x; = 2.8,x, = 30,2° = 0.354}} (7.39)
TOYKY ONTUMYyMa, KOTOpasi ONpeneNsieT KOHCTPYKTUBHBIE MapaMeTpbl TEXHOJIOTHUECKOTO Mpolecca.
OnrtumaneHast Touka X° TpejicTaBlieHa Ha pucyHke 7.1;

fx(X°),k = 1,K TpencTapiAioT BEIMYMHBI KPHTEPHEB - XapaKTEPUCTHUK TEXHONOTHYECKOTO
nporiecca:
f:(X°) =3.934, /,(X°) = 7793, f3(X°) = 0.084, f,(X°) = 0.168; (7.40)
M (X°), k = 1,K — 5T0 BenMUMHBI OTHOCHTENIHHEIX OL[EHOK
A;(X°)=0.3541, 1,(X°)=0.9842, A;(X°)=0.3541, A,(X°)=0.6459); (7.41)

A° = 0.3541 — MakcUMasbHBINH HUKHUH YPOBEHb CPE BCEX OTHOCHTENIBHBIX OLICHOK, H3MEPEHHBIN B
otHOocuTeNbHBIX eaunaunax: A2=min{l;(X°), L,(X°), 1;(X°), L,(X°)},

A° — Takke Ha3bIBAIOT TAPAHTHPOBAHHBIM PE3YIbTATOM B OTHOCHUTENBHBIX EAMHMIAX, T. €. Ak(X°) 1
COOTBETCTBEHHO XapaKTEPHCTHKH TEXHOJIOTHUECKOTO mporiecca A, (X°) Henb3s yaydIlinuTh, He YXy/Ias Mpu
3TOM JIpyTUE XapaKTePUCTUKH.

B cootBerctBuu ¢ Teopemoii 1, B Touke X° (7.39) kpurepun 1, 3 mpormBopeumBEHL. IIpoTHBOpEUHe
OTIPEIEeISETCS] PABEHCTBOM:
A (X9)=2;(X°)=2°=0.3541,
a oCTallbHblE KPUTEPUH HepaBeHCTBOM {A,(X°)=0.9842, 1,(X°)= 0.6459}>1°.
B 3agaue ¢ nByMst KpUTEPHSIMU BBITIOJIHSAETCS PaBEHCTBO:
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A% = hg(X°) = Ap(X°),q,p e K, X €S,

a JUIs APYTHX KPUTEPHUEB ONpeeNsieTcs KaKk HepaBeHCTRO:

7.6. 4 aman. I'eomempuueckan unmepnpemayus pe3yibmanos peuleHus 6 mpexmepHoil cucmeme
Koopounam u 6 OmHOCUMENbHBIX eOUHUUAX

JomycTiMoe MHOKECTBO TOUEK S, 00pa30BaHHBIX orpaHnueHHsIMU (7.27), 1 Touku ontumyma X * =
{ X7, X5,X3,X;}, nokazanel Ha pucyHke 7.1, oObeqHHEHHbIC B KOHTYP. TOUKH MPEICTABISIOT MHOECTBO
TOueK, onTuManbHbIXx 10 Ilapero, S° <S. KoopauHatel 5THX TOYEK, a TaKKe XapaKTEPUCTUKH
TEXHOJIOTMYECKOTO MPOIecca B OTHOCUTENbHBIX enuHuIax A;(X), A, (X), A3(X), A,(X), mokasausl Ha puc. 7.2
B TPeX MEPHOM MPOCTPAHCTBE X;, X, U A, TA€ TPEThS OCh A - OTHOCUTENIbHAS OL[CHKA.

A-problem Vector Optimization. MawyHuH KO.K.

e 204,

1. D0X)

0-8 \

= X))
06 o /\q()s)\z(x;) ‘ ALXT) A

Lambda

,_l(i_—-f—x/ =)
2.5

Puc. 7.2. T'eomeTpuueckas unteprnperanus pemenns A-3anaun A;(Y), 1,(Y), 43(Y), 1,(Y) B TpexmepHoii
CUCTEME KOOPJMHAT X, X, U A

7.7. 5 aman. Pewenue B3MII, npeocmagnaiouieii KOMRbIOMEPHYIO MOO0E1b MEXHOI02UYECKO20
npoyecca, ¢ npuopumemom Kpumepus (06pamnas 3adaua).

Penrenre BexTopHBIX 3ama4 (7.23)-(7.27) ocHOBaHO Ha aKCHOMATHKE HOPMAITU3AIlMA KPUTEPHEB H
[IPUHIMIIE TAPAHTUPOBAHHOTO Pe3yjbTaTa, a TAaK)Ke aKCHOMAaTHKE NMPHOPUTETa KPUTEPHs, BHITEKAIOIINE U3
AKCHOMBI 2, 3 ¥ TIPUHIIUITA ONTUMAITBHOCTH 2, KOTOPBIE IPEICTABIICHBI B pasene 3.

JIunoMm, NpUHUMAIOIIUM PELIeHHS ABISETCS KOHCTPYKTOP TEXHOJIOTHYECKOTO Mpoliecca.

Hlaz 1. Pemaercst BektopHas 3amava (7.23)-(7.27) mpu paBHO3HAYHBIX KPUTEPHSIX, aITOPUTM
pellieHHsT KOTOPOH paccMOTpeH B rase 3. HHCIeHHbIC pe3ybTaThl pellieHns BeKTopHo 3amaun (7.23)-(7.27)
MIpEICTaBJICHBI BHIIIIE.

MHuoxectBo Touek ITapero S°CS nexut Mexay Toukamu ontumyma {X;, X5, X3, X;}. Undopmanwus,
[IOJTy4YEHHasl B pe3yJibTaTe pPeIIeHUs MpHU pPaBHO3HAUHBIX KPUTEPUSX, SBISETCS OCHOBOW IS JajbHeEHmero
HCCIIeIOBaHUs CTPYKTYpsl MHOKecTBa [lapero.
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Ecnu pe3ynbraThl perieHus] BEKTOPHON 3a1a4i ¢ PaBHO3HAYHBIMU KPUTEPUSIMHU HE YAOBJICTBOPSIOT
JIMIO, NPUHMMAIOINEE PELIeHHE, TO BHIOOP ONTHMAIBHOIO PELICHHS OCYLIECTBJIAETCS U3 KaKOro-imuoo
noaMHOXecTBa Touek S7,S7,S55,S7.

Hlaz 2. Bvibupaem npuopumemnwiii kpumepuil q € K.

W3 Teopemsl 2 BBITEKAET, YTO B ONTHMalbHONW Touke X Bcerma MMeeTCs IBa HamOoOIee
MIPOTHBOPEUUBLIX Kputepus, ¢ € K u v € K, 115l KOTOPHIX B OTHOCHTEJILHBIX €IMHHUIIAX BBHITIOIHSIETCS TOYHOE
PaBEHCTBO:

A’ =2(X%) =21,(X9),q,v EK,X€ESS,

a JUIA OCTaJIbHBIX BBINOJHSIETCS HEPABEHCTBA:

2 <M (XO),VkEK, g v * k.

Jlns perenns 3ot mpo0IeMbl Ha DKPaH BBIIAIOTCS XapaKTEePUCTHKH (TIOKA3aTeN ) TEXHOIOTHYECKOTO
nporiecca (7.40), mony4eHHbIC IPH PABHO3HAYHBIX KPUTEPHUSIX B TOUKe X °:

F(X°) ={f;(X°) = 3.9345,/,(X°) = 779319, f3(X°) = 0.0844, f,(X°) = 0.1687} - B
HaTypaJbHBIX ITOKAa3aTesIX;

A(X%) = {A;(X°)=0.3541, A,(X°)=0.9842, h;(X°)=0.3541, 1,(X°)= 0.6459} - B OTHOCHTETBHBIX
OLIEHKaX.

Anamusupys A(X®) Bumum, 4Tto Hambosiee MPOTHBOPEYMBBIMH KPHUTEPHUSIMU SIBIISIOTCS TEPBbIA U
TPETHL:

A =2, (X°)=0.3541, 1;(X°)=0.3541, (7.42)

W3 ananusa puc. 7.2 BeiOepeM Hauboee MPOTUBOPEUHBbIe KpuTepuu: mepsbiid A; (X), Tpetuii A3 (X) u
npeacraBuM Ha puc. 7.3. TTokaxkeM Ha puc. 7.3 otHOcuTenbHbIE oeHKH (7.42) A;(X°), A3(X°).

A-problem Vector Optimization two criterion A1(X) and A3(X). MawyHuH H0. K

1.2

100
0.8 .

0.6 A%)

0.4

Lambda

0.2
" 1 X 2.80392

= . Y 30
e ~
.,
=0 (XOER(X0) N
“,

20

X1

LA
Puc. 7.3. 'eomerpuueckas uHTepnpeTanys pemenus A-3anaqn (7.23)-(7.27) ¢ xpurepusamu: A;(Y), A3(Y) B
KOOpJMHATaX X;, X, A. B Touke ontumyma X° A;(X%) = 1,(X?) = A;(X°)=0. 3542

W3 sToit mapbl MPOTUBOPEUNBHIX KpuTepueB A;(X°), A;(X°) BeiOupaercs kpurepuit, kotopsiit JITP
XOTeN Obl yIydmuTh. BelOpaHHBIH KpUTEpUH HA3BIBACTCS «IIPUOPUTETHBIM KPHUTEPUEM», 0003HAUYUM €Tro
g=3 K. BoiOpaHHBIiT KpUTEPHUI HCCIIEAYETCS BO B3aNMOAEHCTBIH ¢ TIepBBIM KpurepreM k=1eK.
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Ha nucnneii Boimaetcst cooOrienue: g=input('BBequte mpHOpUTETHBIM KpuTepuii (Homep) 0= ') -
Bremn: q=3.

Hlaz 3. Popmupyromces uuciosvie npedenvl usmeHeHus seaudunsl npuopumema kpumepus =3 K.

Has xpurepust =3 €K onpenensioTcst ©3MEHEHHS YU CIOBIX IPEAEIOB B HATYPAIbHBIX eIMHULIAX TIPH
nepexoje u3 ToYku onTumyma X ° B Touky X, MOJTyYEHHYIO Ha TIEPBOM IIare.

JaHnHble 0 KpuTepuu =3 BBIJAIOTCS HA DKPaH:

f(X°) = —0.084354 <f,(X) < — 0.54235 = f,(X;),q = 3<K. (7.43)
Kpurepuit q:3 B OTHOCHUTEIILHBIX €IMHUIIAX U3MEHAETCS B CIIEAYIOIHNX Mpeaeiax:
2q(X°) = 035407 2,(X)<1 = A4(X;), q = 3€K. (7.44)

Bripaxenwst (7.43) u (7.44) BeIOAIOTCS HA AUCIUICH TS aHATHM3A.
Hlaz 4. Jluyom npunumaiowem pewieHus BbIOUpaeTcs BeNWYMHA NPHOpUTETHOro kpurepus (eK.
(Decision-making).
Ha coobmienne: «BeenuTe BeNMUMHY NPUOPUTETHOTO KpuTepus fq=» - BBoMM, Hanpumep, f;=0.3.
Ilaz 5. Boiuucnaemes omnocumenvhas oyenxa ons fq=0.3.
JI11st BENMMYMHBI NPHOPHUTETHOTO KPUTEPHS fr=0.3 BBIYMCIIACTCSA OTHOCHTENbHAS OLEHKA:
fa=14 0.3—(~0.1667)
Ag = f;—fz) = T 0166 0.6582. (7.45)
\q Tipu Tiepexojie T Touku X K Xg JIeXKUT B Hpe/enax:
2q(X°) = 035407<24(X) = 0.65821<1 = 2,(X;),q = 3<K.
Llaz 6. Beraucnsem ko3 pULreHT TUHEHHOI anmpoKCUMAaIiH p.
[Ipennonaraem nuHEHHBIH Xapakrep u3MeHeHus kputepus fu(X) B (7.43) U COOTBETCTBEHHO

OTHOCHTENBHOH oneHKH Aq(X), HCIONB3ys CTaHAAPTHBIE NPUEMBI JMHEHHON amIpPOKCHMAIMK, BEIYMCIMM

K03 QHUIHEHT POTOPIHOHANBHOCTH MEKIY Aq (X©), kq, KOTOPBIil HA30BEM P!

g —2g(X°) _ 0.6582-0.3507
T agmhy T 1-03507

Ilaz 7. BeraucnsieM KOOPIMHATBI IPUOPUTETA KPUTEPHEB € PA3MEPHOCTBIO fg .

=0.4708,q = 3 € K.

OmnpezieiM KOOPAMHATBI TOUKHM, TIpeNonaras JMHEHHbIH XapakTep u3MeHeHus Bektopa X, = {Xi,
X2}, 0=3 ¢ pa3mepHOCThIO fq =0.3 ¢ OTHOCHTENBLHOMN OIIEHKOH Ag:
Xy ={x] =x0 +plx(1) —x), ...,
Xy = xf + p(ry(N) — 2}, (7.46)
rae X0 = {x7, .., x5}, X5 = {xg(1), ..., xg(N)}.
X% = {x7=2.8039, x3=30.0}, X; = {x5(1)=3.5, x4(2)=12.0}.
B pesynerare pemenus (7.46) MOIy9IuM TOYKY C KOOPAMHATAMHU:
Xq = {x1= 3.1317, x,=21.5248}. (7.47)
IIaz 8. Boraucrienue riaBHbIX MOKasaTeNned To9ku X .
Jlnst paccuntanuoi Touku X, (7.47), BEIMUCTAM:
1) Bce kpuTepun B HaTypasibHbIX eqununax F4 = {f; (X q), k = 1,K},
F9 = {f,(X,) = 2977, f(X,) = 41.41,£;(X,) = 0.174, f,(X,) = 0.3489};
2) BCe KPUTEPUH B OTHOCUTEJIBHBIX SIUHUIAX C IPHOPHUTETOM KPUTECPHS:
29 = (4, k = TR} Me(X,) = %,k =Tk, Me(Xg) = Do (Xg) = 0.0369,1,(X,) =
0.4258,A3(Xq) = 0.4811,1,(X,) = 0.52};
3) MUHMMaJBHYIO OTHOCHTENIBHYIO oteHKy: min(Ax(X?)) = 0.0847;

2 _
4) Bektop npuoputeros P4 = {pg = %,k = 1,K},
k(Xq

P? = {pj = 6.2789, p3 =17.94, p] =1.0, pj =0.91].
ITo aHaOrMKU MOKHO BBIYKCIIMTD JIFOOYIO TOYKY MHOXKecTBa [lapeTo:
X9 = {12, X%} € S°.
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Step 9. Analysis of the results of the solution of the process model represented by the vector problem
from the current of symmetry

In the considered vector problem of nonlinear programming with four heterogeneous criteria - the
model of the technological system and the corresponding numerical variant (7.23)-(7.27) and built on its basis
L-problems (7.33)-(7.38) we obtained the optimum point X° and the maximum relative estimate A°:

X° = {X°2°} = {X° = {x;, = 2.8039,x, = 30.0,2° = 0.3541}};

At the optimum point X° the criteria in natural units are:

F(X°) = {f;(X°) = 3.9345,f,(X°) = 77.9319, f3(X°) = 0.0844, ,(X°) = 0.1687},

and relative units:

AX9) = {A;(X°) = 0.3541,1,(X°) = 0.9842, A3(X°) = 0.3541,1,(X°) = 0.6459};.

This result confirms the proofs of theorem 1 about the most contradictory criteria in the vector
optimization problem, i.e.

A0 =1, (X% = A;(X°) = 0.3541,{1,3} e K,X° € S.

The rest of the criteria in relative units lie within:

A, (X°) = 0.9842,1,(X°) = 0.6459} > A°.

Theoretically, the point X°is the center of symmetry. Indeed, the X° point lies between the points of
the optimum X; and X; obtained for each criterion (step 1), in which 1;(X;)=1, A;(X3) = I. Let's show
geometrically symmetry in Figure 7.4.

X AGDEL X3 DL X A = 1

X°  A,(X°) = 0.984

X5 43

X° A,(X°%) = 0.6459
X (X0 =1(X0) = A% = 03541

Figure 7.4. Geometric interpretation of symmetry in modeling of technical system with normalized
criteria: A;(X), ..., A,(X).

For the two criteria of the first A;(X) and the third A;(X), this example considers an even numerical
symmetry.

Ananus pesynomamoe pewienus. Paccuntannas esnuvHa kputepus fo (X¢), q € K, xak npasuio, He
paBHa 3a/1aHHON BenuuuHe f,. Ommbka BribOpa:

Afy = |f,(X2) = f,| = 10.1744 — 03] = 0.125

ONpeIENseTcs OMUOKON TMHEHHON anmpokcumanuu Afqo, = 40.2%.

[Ipu MopenupoBaHUK MOTYT OBbITH U3MEHEHBI NTapaMeTpuueckue orpanudenus (7.27), T. e. moaydyeH
HEKOTOPBIH HAOOp ONTHUMANBHBIX pellieHnid. Beronpaem okoHYaTeIbHBIN BaApHaHT, KOTOPHIH B HAIIEM ITPIMeEpe
BXOJIUT B 9TOT HAOOP ONTHMAJBHBIX PEIIEHHIT: TapaMeTpbl TeXHOIormIeckoro mporecca X° = {xf= 2.8039,
x9=30.0};

napamMeTpbl TEXHUYECKOW CUCTEMBI TIPH 33JJAHHOM IPUOPUTETHOM KpuTepuu (=3:

Xq = {x;=3.1317, x,=21.5248}.

7.8. 6 sman. I'eomempuueckas  unmepnpemauyus  pe3yabMAmMos  MOOCAUPOCAHUSA
MEXHON02UuecK020 npoyecca 6 Pusuieckux eOuHuUax

CdopmupoBaHHBIE TapaMeTPhl TEXHOJIOTHYECKOTO MPOIlecca MBI MPEICTaBIIN UX B IBYMEPHOU X,
X, U TPEXMEPHOIi cuctemMe KoopauHat {x;, X, and A} ua puc. 7.1, 7.2, 7.3. [IpencraBum 5TH mapameTpsl Ha
puc. 7.5, 7.6, 7.7, 7.8 B pusnueckux eauuunax mis kaxnaoi dyukuun f;(X), (X)), f3(X), f,(X). Iepsyro
xapakTepuctuky f;(X) B hu3HUecKuX eIMHUIAX MOKaxeM Ha dur. 7.5.
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Function f1(X) in Vector Optimization problem. MawyHuH HO.K.

f(% )

S 7 3.94125

30
2 3.5 %
Puc. 7.5. 'eomerpuyeckas uareprpetaus f;(X) TEXHOIOrHIECKOTro MpoIecca B PU3NYECKUX MMOKa3aTesIX.

Bropast XapakTepucTHKa TEXHOJIOTHYECKOro mpoiiecca B pusnueckux eauuunax f>(X) B toukax X°,
X4 TIPUMET BUJI, IPEJICTABIICHHBIA Ha puUc. 7.6.

Function f2{X) in Vector Optimization problem. MawyHuH H.K.

X 2T

. Y29

'J--._._r’.- - e 3
. R L et e t
b ""-f Z 72.8891
e e A

80

Puc. 7.6. ['eoMeTpruecKkast HHTEPIIPETAIASA BTOPOH XapakTepucTUKH f5(X) TEXHOIOrHUeCcKOro mporecca B
(hM3UIECKUX MTOKA3aTeIIX
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Tpetss xapaxrepuctuka f3(X) B Toukax X°, X, npencrasnena ua puc. 7.7.

Function f3(X) in Vector Optimization problem. MawyHuH H.K.

1X;)

0.6 .

0.5 )

0.4

0.3

0.2 |

F3

0.1 )

X 2.8

Y 29.5 £(x.0)

Z 0.078964 ; ]
02 ﬂ_—'

Puc. 7.7. T'eomeTprdecKas HHTEPIPETALMS TPEThEH XapakTepucTHKHU f3(X) TEXHOIOrMUECKOro mpoiecca B
HaTypaJbHBIX TTOKA3aTEIIX

Xapakrepuctuka f;(X) TeXHOIIOrHYECKOTO TPOIIECCca B HATYPAIBHBIX MTOKA3aTEISIX MPEICTABICHA Ha
puc. 7.8.
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Function f4(X) in Vector Optimization problem. MawyHuH F.K.

%"
14

X34
’ag Y 19.5

0.5

Puc. 7.8. 'eomerpuueckas uarepnperanus f,(X) TEXHOIOrHYECKOro mporecca B pU3NIECKUX MMOKA3aTENSX.

B umoze nonydeHsl cnenyomnye pe3yabTaThl.

[pencraBieH nepBbiii BAPUAHT C PABHOZHAYHBIMU KPUTEPUSMHU:

touka X° = {x;, x,}; pynkuronansusie xapakrepuctuku f;(X?), fr(X?), f3(X?), f,(X?);

otHocHTeNnbHbIE OLeHKH A;(X?), 1,(X?), 13(X°), 1,(X°);

MakcuMalbHas oleHka A° - OTHOCHUTEIBHBIH ypoBeHb Takod, 4ro A°< A, (X°) Vk € K - ectb
ONTHMAJIbHOE pEIICHHE TPH PAaBHO3HAYHBIX KPHUTEPHSX (XapaKTepHCTHKAX), a NpoLeaAypa IMOTy4eHHs
SBIIACTCS NPUHAMUEM ONMUMATLHO20 PeuleHUsl 8 MEeXHOI02UYeCKOM npoyecce TIPU PaBHO3HAYHBIX KPUTEPUIX
(xapakTepucTHKax).

Bropoii BapuaHT C TPUOPUTETOM KpHUTEpHS: Touka — X, = {x],x]};  Qynxumonansuble

XapaKTePUCTUKU: f; (Xq),fZ(Xq),f3(Xq),f4(Xq);

OTHOCHTEIIbHBIE OlIeHKH A;(X?), /12(Xq), /13(Xq), /L,(Xq);

A° - OTHOCHUTENBHBII YPOBEHB, TaKOH, 4T0 A°< py A (X1) Vk € K

- €CTh ONTHMAJILHOE PEIICHUE C TPUOPUTETOM TPETHETrO0 KPUTEPHS (XapaKTEPUCTUKH) OTHOCHTEIIHHO
JPYTHX KPUTEPHEB.

Metozo0rus noMy4eHns TOUKH X, SBIAETCA MPOUETYPOH NpuHAMUSL ONMUMATBHO0 PeuleHus B
npoOJieMe C MHOKECTBOM KPUTEPUEB MTPHU 3aJAHHOM MPUOPHUTETE OJHOTO KPUTEPHSL.

Teopusi BEKTOPHOW ONTHMH3AIMK, METOJbl PEIICHHS BEKTOPHBIX 3a/7au C pPaBHO3HAYHBIMHU
KPUTEPUSIMU U 33J]aHHOM TIPUOPUTETE KPUTEPHs TO3BOJISIIOT BBIOpATh JIOOYIO TOYKY W3 MHOXKECTBA TOYCK,
ONTUMAaJbHBIX 10 [TapeTo, U MoKa3aTh ONTUMATBHOCTD 3TOW TOYKH.
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8. CpaBHeHHe NPUKJIATHBIX METOI0B MHOTOMEPHOH MaTeMATHKH ¢ METOAAMHU HCKYCCTBEHHOT0
HHTEJLIeKTA.

OneHuM TpUKIagHBIE METOAbl MHOTOMEpHOW MaTeMaTHKH - {akcuomatuka Mamynuna HO.K.,
NPUHLUIB ONTUMAJbHOCTH M METOJABl PEUICHUs BEKTOPHBIX 33/1ad MAaTEMaTHYeCKOro (BBITYKIIOTO)
MPOrpaMMHUPOBAHHUSA |, TIPECTaBICHHBIC B TPETHEM M YETBEPTOM pasJielie JaHHOH padoThl, U CPaBHUM HX C
METOIaMU MCKYCCTBEHHOTO MHTEIUIEKTa. VCHoib3ysl TEOPUIO BEKTOPHOH ONTUMU3AINHU, MbI MTOTYUHIIH IS
WH)XEHEPHOH CHCTEMBI (B YaCTHOCTH, TEXHHUECKOH CHCTEMBI, CTPYKTYpBI MaTeprana):

Touky ontumyma - X° = (xf,j = I, N};

xapaktepuctuku (kputepun) — F(X°) = {f,,(X°),k = 1,K};

OTHOCHTEIIbHBIE OLECHKH — MX°) = {M(X°),k = 1,K}, xoTopble IexaT B Hpejenax
{0 <1 (X°) <1 (100%), k = 1,K}, u nerko nepeBoauTCs B HAaTypalbHble (Qu3KMuecKye) NaHHbIE.

MoXeT 7 3T pe3yibTaThl MOJXYYUTh HCKYCCTBEHHBIH HWHTEIIEKT, (QYHKIHMOHHPYIOUIMH, Kak
npaBUiIo, 1o NpuHIMIY nepedopa. OtBetM: «Her». MIcKycCTBEHHBI HHTEIUICKT MOXKET MOJIYYUTh TOJIBKO
NPUOIM3NTETBHBIN pe3yibTaT, KOTOPBIH 3a1ail YeJI0BeK, HO YeM ATOT Pe3yJbTaT Jydlle APYTUX pe3yIbTaToB
TaKKe J0JKCH OLECHUTH YEJIOBEK HA OCHOBE MHTYHULIHH.

Takum 00pa3om, pazpaboTaHHas TEOPHSI BEKTOPHOM ONTUMH3AIIMN MOKET SIBJIATHCS MATEMaTHICCKHM
anmapaToM BBIYMCIUTEIFHOTO HHTEIUIEKTa HCKYCCTBEHHOTO HHTEIJIEKTA.

3axioyeHue

[Mpobnema pa3paOOTKM MaTEMAaTHYECKUX METOIOB MHOTOMEPHOHW MAaTEeMAaTUKH B MPUIOKEHUH K
BEKTOPHOH 3a/1a4€ ONITHMHU3ALUH U TPUHIATHS ONTUMAJIBHOTO PELICHHS HAa X OCHOBE B CIIOKHOM TEXHHYECKOU
CHCTEME 110 HEKOTOPOMY Ha00pY QYHKIIMOHATBHBIX XapaKTEPUCTHK U SKCIICPUMEHTAITbHBIX JIAHHBIX SBISICTCS
OJHOM W3 BaXHEWIIMX 3a7ad CHCTEMHOTO aHaju3a M MPOEKTUPOBAHUS TEXHUYECKOW cHCTeMbl. B pabore
pa3paboTaHa METOIOJIOTUSI aBTOMATH3aLUH TIPOSKTHPOBAHUS MyTEM: IOCTPOCHHS MAaTEMAaTHYECKONH MOJIECIIH
WHKCHEPHON CHUCTEMBI B YCIOBHAX OINPEIEICHHOCTH M HEONPEIeIeHHOCTH; pa3pabOTKH METOIOB PEeIICHHS
BEKTOpHOH 3amaudu. llpencraBmeHO MOCTpoeHHME MaTeMaTHYeCKOW W YHCISCHHOW MOJENH BBIOOpa
ONTUMAJBHBIX IAPaMETPOB CIOXKHOM TEXHMYECKOH CHCTEMBI W MaTephajia CIIOKHOM CTPYKTYphl M HX
peanu3anus 1Mo MHOXECTBY XapakTepHcTHK IlepBblif dTam, a TakKe 3Tan aHauu3a pe3ysbTaTra perieHHus W
BBIOOpa MMPHOPUTETHOTO KPUTEPUSI U €T0 BEITMUUHBI BHITIOIHICTCS KOHCHPYKIMOPOM Mamepuand.
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