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MHOI'OMEPHASA MATEMATHUKA. MOJAEJINPOBAHUE,
IMPOI'PAMMHOE OBECIIEYEHHUE U BbIBOP OIITUMAJIBHBIX ITAPAMETPOB
MHOI'O®YHKINMOHAJIBHBIX HH)KXEHEPHBIX CUCTEM.
MULTIDIMENSIONAL MATHEMATICS. MODELING, SOFTWARE AND SELECTION
OF OPTIMAL PARAMETERS OF MULTIFUNCTIONAL ENGINEERING SYSTEMS.

Abstract. Ilens paGoThl IMPEACTaBUTh TEOPUI0 M METOIbI MHOIOMEPHOM MaTEMaTHKH B
Iponecce HCCICAOBAaHUA, IPOCKTUPOBAHUSA U BBI60pa OIITUMAJIBHBIX ITapaME€TPOB HHXKCHCPHBIX
CUCTEM M TexXHOJoruu. B MareMaTHueckux MOACIIAX HWHXCHCPHBIX CHUCTEM H TEXHOJIOTUHU
L[eJIeHANPaBICHHOCTh C()OPMUPOBAHA B BUJIE MHOKECTBA XapaKTEPUCTUK (KPUTEPUEB), T.€. MOJEIH
IpeaACTaBJICHBI 3aaavdaMU BeKTOpHOfI OITUMHU3aAIINN. B paMKax Teopusa BeKTOpHOfI OoInTuMHU3aInun
OpCACTABJICHBI MNPHUHOUIIBI OINTUMAJIBHOCTHU PCIICHUSA BCKTOPHBIX 3aJad IIpU PaBHO3HAYHBIX
KpUTEpUSX W TpH 3aJaHHOM npuopurere Kpurtepus https://rdcu.be/bhZ8i. (Pabora "Vector
optimization with equivalent and priority criteria" Springer Nature pactipoctpaHsieTcsi 6€CIUIaTHO.).

B pabGote paszpaGoraHa Teopus M KOHCTPYKTHBHBIE METOJbl PpEIICHUS BEKTOPHBIX

(MHOF OKPpHUT epI/IaJ'IBHBIX) 3aa4 MaTeMaTnudcCKoro nporpaMmupOBaHud, 60-nepeblx, npu
PaBHO3HAYHBIX KPHUTEPHUAX (XapaKTEPUCTUK HWHKEHEPHBIX CHCTEM), 60-6MOpPbIX, TIPH 3aJJaHHOU
YUCJIOBOU BEIMYMHE MTPUOPUTETHOTO (TIPEICTABIISIONIETO HHTEPEC M1 pa3paboTYMKa) KPUTEPHS.

B paGote Ha 0a3e BEKTOpPHOW ONTHMH3AIMU pa3paboTaHa METOHOJOTHUS MPOCKTUPOBAHUS
WMHXEHEPHBIX CUCTEM M TEXHOJIOTHH IyTeM: 1) MOCTpOeHUs Mamemamu4eckol MOIETN NHKEHEPHOU
CUCTEMBl B YCJOBMSIX OIpPEAEIEHHOCTH M HEONPEIEICHHOCTH; pa3pabOoTKU KOHCTPYKTHUBHBIX
METOJIOB PEILlIeHUs] BEKTOPHOM 3ajauu; 2) MpeCTaBICHO MOCTPOEHUE YMCIEHHOW MOJENu BblIOOpa
ONTUMAJIBHBIX TMApPaMETPOB CIIOKHOW HHXEHEPHOW CHUCTEMBbl (MaTepuaia CIIOXKHOU CTPYKTYpBI:
MHOTO TapaMeTPUYecKoil U MHOTO (YHKIMOHAJIBHOWN); 3) MpeacTaBlieHa YHCICHHAs pealu3alus
MOJIEJIM CTPYKTYpbl Marepuaja NpU PaBHO3HAUHBIX KPUTEpHsX; 4) MpeAcTaBieHa YHCICHHAs
peanu3anys MOJEIM CTPYKTYpbl MaTepHuaja MpH 3aJaHHOM IPUOPHUTETE JII0OOOr0 KpPHUTEpHs; S)
OpeaACTaBJICHA TCOMCTPHUYCCKASA HHTCPIIPETALUA PCE3YJIbTATOB PCHICHUA IIPU IMPOCKTUPOBAHHUU B
TpeXMepHOﬁ CUCTCMC KOOPAHMHAT YCTBIPCX XapPaKTCPUCTUK (KpI/ITepI/ICB) B OTHOCHUTCIBHBIX U
(I)I/ISI/I‘IGCKI/IX CANHHUIIax.

Abstract: The purpose of the work is to present the theory and methods of multidimensional
mathematics in the process of research, design and selection of optimal parameters of engineering
systems and technologies. In mathematical models of engineering systems, purposefulness is formed
in the form of a set of characteristics (criteria), i.e. models are represented by vector optimization
problems. 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.). The paper develops the theory and constructive

@ MexayHapoaHBIH HAY9HBIH )KypHaT "BekTop HayuHoii Mmbiciau' Ne5(34) Maii 2026
g www.vektornm.ru | 8 (812) 90529 09 | info@vektornm.ru


http://em.rdcu.be/wf/click?upn=lMZy1lernSJ7apc5DgYM8UuVK2DBnTY7J0F4f8VYnos-3D_E7GXjwAkq5VvFJ1c-2FBIDPrOP8Z8A6FSxiek2J3pnMVu6jQS1hJJ-2FU5UPfFRKkwBNIHdCmtiE26-2BQlyx-2BMozTnuip1S6VAiSMUfcUwyaD94rZMMzChza77Ppk6LfVGrj5HLx9SAUiDpJuM1eAS3ckyoMqZlgianxLCuG3qUiLIMNOnVsrnh3Ay5IAtz2ysEAqyM58rLDhjmcuxWGu5a8PrortYUC6qdUQhepPyud8i-2BNq5kIv9C6nmHakH019-2Be0rF4L5Pu8WaP7jiXc0-2BezGJQ-3D-3D
http://em.rdcu.be/wf/click?upn=lMZy1lernSJ7apc5DgYM8UuVK2DBnTY7J0F4f8VYnos-3D_E7GXjwAkq5VvFJ1c-2FBIDPrOP8Z8A6FSxiek2J3pnMVu6jQS1hJJ-2FU5UPfFRKkwBNIHdCmtiE26-2BQlyx-2BMozTnuip1S6VAiSMUfcUwyaD94rZMMzChza77Ppk6LfVGrj5HLx9SAUiDpJuM1eAS3ckyoMqZlgianxLCuG3qUiLIMNOnVsrnh3Ay5IAtz2ysEAqyM58rLDhjmcuxWGu5a8PrortYUC6qdUQhepPyud8i-2BNq5kIv9C6nmHakH019-2Be0rF4L5Pu8WaP7jiXc0-2BezGJQ-3D-3D

Pazoen HCYpHAIA: Mamemamuueckue u ecmecmeenHbvie HayKu
Hanpa(f.wmte uccnedosamnust: QuzuKo-mamemamudecKue HayKu

methods for solving vector (multi-criteria) problems of mathematical programming, firstly, with
equivalent criteria (characteristics of engineering systems and technologies), and secondly, with a
given numerical value of the priority (of interest to the developer) criterion.

In the work, on the basis of vector optimization, a methodology for designing engineering
systems and technologies has been developed by: 1) building a mathematical model of an engineering
system under conditions of certainty and uncertainty; development of constructive methods for
solving a vector problem; 2) the construction of a numerical model for the selection of optimal
parameters of a complex engineering system (material of a complex structure: many parametric and
many functional) is presented; 3) the numerical implementation of the model of the structure of the
material with equivalent criteria is presented; 4) a numerical implementation of the material structure
model is presented at a given priority of any criterion; 5) presents a geometric interpretation of the
results of the solution when designing four characteristics (criteria) in relative and physical units in a
three-dimensional coordinate system.

KiroueBble c10Ba: MHOFOMepHaﬂ MaT€MaTHKa, TeopI/m BCKTOpHOP'I OIITUMM3allNU, MCTO,ZU:I
NIPUHATHS ONTUMAJBHBIX pElIeHU, MoJenupoBaHue WHKEHEPHOM cucTeMbl, ['eomeTrpuueckas
HHTCpHpCTaAllud MHOTOMCPHBIX CUCTCM.

Keywords: Multidimensional Mathematics, Theory of Vector Optimization, Methods for
Making Optimal Decisions, Modeling of an Engineering System, Geometric Interpretation of
Multidimensional Systems.

Introduction

[Ipu uccnenoBaHUM pa3BUTUS MH)KEHEPHBIX CHUCTEM U TEXHOJIOTUH BBISICHSETCS, YTO OHU
(cucTembl) 3aBUCAT OT HEKOTOPOTO YMCIOBOTO MHOXECTBAa (DYHKIHMOHAJIBHBIX XapaKTEPHCTUK,
KOTOpblE B COBOKYNHOCTH OMNpPEAENSOT MHOTOMEPHOCTh HCCIEIyeMOW CHCTEMBI. OITy
MHOTOMEPHOCTh HEOOXOIMMO YUUTHIBATh HA CTAJIMH MIPOSKTUPOBAHUS U MOJICTMPOBAHUS. AHAIN3 U
HCCIIeIOBaHNE MHOXKECTBA MHXKEHEPHBIX U TEXHOJIOTHYECKHX CUCTEM MOKAa3aJl0, YTO YIIydIleHUe 0
OJIHOM M3 XapaKTEpUCTUK CHCTEMbI MPUBOJUT K YXYALICHUIO IPYIMX XapaKTEpUCTUK. A s
yiydiieHus: GyHKIUOHUPOBAHUS CUCTEMBI:

BO-TIEPBBIX, TPEeOYyeTCsl pelieHue MpoOseMbl, IPU KOTOPOH B HCCIEIyeMOH cCHCTEME OJTHO
MTOJIMHO’KECTBO XapaKTEPUCTHK (KpUTEpUEB) OBbIJIO HAMIPABJIEHO HA YBEIMUEHUE YHCIOBOTO 3HAUCHUS
(MakcUMHU3allMIo), a BTOPOE MOJMHOXECTBO XapaKTEPUCTUK (KPUTEPHUEB) CHCTEMBI OBLIO
HaIpaBJIEHO Ha YMEHbIIIEHNE YUCIOBOI0 3HaYEHHs (MUHUMHU3AIIHIO);

BO-BTOPBIX, HEOOXOAUMO, YTOOBI BCE XaPaKTEPUCTUKU yIyUIIAIUCh B COBOKYITHOCTH.

B nacTosee BpeMsi H3BECTHO pellieHre OJHOKPUTEPUATIbHON ONTUMH3AINH, KOTOPYIO MOXKHO
TPAKTOBATH KAK OJJHOMEPHYIO ONTUMH3ALUIO.

HccnenoBanuss MHOTOKpUTEPHANIBHBIX 3a/1ay Hadajioch Oosiee cTa JeT TOMYy Hazaj B padbote
Pareto V. [1]. B mnocmenHue Tpu JAECATHICTHE METOAAaM  pEIICHHS  BEKTOPHBIX
(MHOTOKpUTEPHATIBHBIX ) 33]1a4 TOCBSILEHO O0JIBIIIOE KOJIUYECTBO MOHOTpaduil U OTAEIbHBIX CTaTeH.
OTO CBA3aHO C LIMPOKUM HCIIOJIB30BAHUEM ITUX METOJOB B PEIICHUH TPAKTUUECKUX 3a1a4. AHAIN3
METOJIOB W aJrOPUTMOB pEIIEHUS MHOTOKPUTEpUATIbHBIX 3aJjad B COOTBETCTBUM CO CBOEH
knaccudukanueil mnpencraBieH B psge pabor [6, 10, 22, 39, 45]: meronasl peuieHus
MHOTOKPUTEpUAIbHBIX ~ 3a/lad, OCHOBAaHHbIE Ha CBEPTHIBAHUM KPUTEPHEB C BECOBBIMH
kodddumentamu [3, 5, 25, 27]. UccnenoBanne MHOTOKPUTEPHAIBHOW ONTHMHU3AIMN TIPOBOINIOCH
KaK Ha TEOPETHUYECKOM YpoBHE 3apyOexkHbIMH [3, 25-30] u pycckumu aBTopamu [4-23], Tak U Ha
pelIeHNH TPaKTHYECKUX 3aJad cHavaida B obnactu sKoHOMHKH [31-45], a 3a Tem B obsacTtu
HMH)KEHEPHBIX crcTeM [6-21].

MHO0€eCTBO KPUTEPUEB B MHOTOKPUTEPUATIBHOMN 3a/1a4€ ONTUMU3ALUN MOKHO IPEICTaBUTh B
BUJIE BEKTOpa, ¢ KOTOPHIM MOXKHO IPOBOJUTH MAaTEMAaTHYECKHE OINEpaliH, OTCIOAA IOSBUIMCH
BEKTOPHBIE 3aJ]a4l ONTUMU3ALMH UM BEKTOPHBIE 3314l MAaTEMaTUUYECKOIO TPOrpaMMUPOBAHMS.
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Pemenne mpo0GiieMbl BEKTOPHOH ONTUMHU3AIMKM OOYCIOBICHO PSIOM TPYAHOCTEH, MpUYeM
KOHLENTYaJbHOTO XapaKTepa, U INIaBHAs U3 HUX IOHATB: «YTO 3HAYUT PEUIMTh 3aadyy BEKTOPHOU
ontuMu3zaumy». [ pemenus npoOiaeMbl ¢ MHOKECTBOM KPUTEPUEB MAaTEMAaTHUYECKU HEOOXOMMO
CO3/laHHE, BO-TIEPBBIX, AKCMOMATHKH W IPHHLUIIOB ONTHMAJIbHOCTH, MOKA3bIBAIOIIUX JIOOOMY
II0JIB30BATENI0, B YEM OJJHO PEILLICHME JIYYIlle APYroro PEeIIeHUs], U, YTO TAKOE ONITUMAJILHOE PEILICHUE
MHOTOKPUTEPUAIILHON (T.€. CO MHOIMMM XapaKTepUCTHKAMHU) ONTHMHU3ALMOHHOW 3aiauu. A Ha
cCliefylouleM OJTame Ha 0a3e aKCMOMAaTHKH U NPUHIMIIOB ONTUMAIBHOCTH  Pa3pabOTKU
KOHCTPYKTHBHBIX METOJIOB PELICHHUS] MHOTOKPUTEPHAIIBHBIX 3a7ad.

Ilens paboOThl MpENCTaBUTH TEOPUIO M METOJbI MHOIOMEPHOM MaTeMaTWKH B IpoLecce

HCCTIeIOBaHUs, MPOSKTUPOBAHUS U BHIOOpA ONTHMAIBHBIX MApaMETPOB WHKEHEPHBIX CHUCTEM H
TEXHOJIOTHM, B KOTOPBIX IIEJICHANPABICHHOCTh MATEMAaTHYECKON MOJEIM WHKEHEPHOU CUCTEMBI
chopMHpOBaHa B BUJIE MHOXKECTBA XapaKTEPUCTUK (KPUTEPHUEB).

B pabGore B pamkax Teopuu BEKTOPHON ONTHUMHU3AIMU CHOPMYIUPOBAHBI AKCHOMBI U
MPE/ICTABICHBl TMPUHIMIBI ONTHUMAIbHOCTH PEUICHHs] BEKTOPHBIX 3a7ad MPU PaBHO3ZHAYHBIX
KpUTEpUSIX W TPH 3aJaHHOM MPUOPUTETE KpHUTEepHUs. B MpukiIagHONW dYacTu MpeAcTaBIICHBI
KOHCTPYKTHBHBIE METO/IbI MIPUHATHS ONTHUMAJBHBIX PEIICHUN, METOAbI PEIICHHUs] BEKTOPHBIX 3a]a4
JUISL MOJENUPOBAHUS WHKEHEPHBIX CHCTEM, KOTOpBIE OMHCAHBI MHOXECTBOM (DYHKIIMOHAIBHBIX
XapaKTEePUCTHK.

B opranumzanyoHHOM TUIaHE B TEPBBIX TIJIaBaX MPEACTABICHAa BEKTOpHAs 3ajada
MaTeMaTHYEeCKOr0 MporpaMMHupoBanus, [6-22], mas pemieHus KOTOpoil  chopMyaTUpoBaHa
AKCHOMAaTHKa W TMPEACTaBICHBI MPUHIUIIBI ONTUMAIBLHOCTH. B paMkax Teopuu BEKTOPHOU
ONTUMU3ALMK Pa3padOTaHbl METOJIbI PELICHUsI BEKTOPHBIX 3aJlay MPU PaBHO3HAYHBIX KPUTEPUSIX U
Mpu 3aJaHHOM TMpuoputere Kputepus. IlpeacTaBieHHbIE KOHCTPYKTHUBHBIE METOJbI PEIICHUS
BEKTOPHBIX 3a/1ad MaTEMaTUYECKOr0 MPOTrpaMMHUPOBAHUSI MO3BOJISIOT MPUHUMATH pEIICHUE, BO-
MIEPBBIX, IPU PABHO3HAYHBIX KPUTEPHSIX, BO-BTOPBIX, IIPH 33JAHHOM IIPUOPUTETE KPUTEPHSI TOTO WITH
HWHOTO KpUTEPHSI.

B o6mactu MHXEHEpHBIX CUCTEM, K KOTOPBIM OTHOCATCS TeXHHUYeckue cucteMsl [11-14, 18,
19], Texnonornueckue npoueccol [15, 21], matepuansi [17].

B pabGote Ha 0a3e BEKTOpPHOW ONTHMMHU3ALUU pa3pabOTaHa METOHOJOTHS MPOECKTHUPOBAHUS
WHXEHEPHBIX CUCTEM IyTeM: 1) MOCTpPOEHUsl Mamemamuieckol MOJEIU UHKEHEPHON CHUCTEMbI B
YCJIOBUSIX ONPEACIICHHOCTH U HEOTIPEIETICHHOCTH; pa3pab0TKH KOHCTPYKTUBHBIX METO/IOB PEIICHUS
BEKTOPHOM 3a7a4yM; 2) MPEACTaBICHO IMOCTPOCHHE YHCICHHOW MOJEIHU BHIOOpA ONTUMAIBHBIX
rapaMeTpoB CJIOKHON HWHXXEHEPHOM CHCTEMBI (MaTepuaja CIOXXKHOW CTPYKTYphl: MHOTO
napamMeTpuveckoll U MHOTO (DYHKIIMOHAIBLHOW); 3) MpeICTaBICHA YUCIICHHAS PeaTH3aIlHs MOJICITH
CTPYKTYpBhl Marepuaja Mpyu pPaBHO3HAYHBIX KPUTEPHsX; 4) MpecTaBlieHa YHCICHHAs pealn3alus
MOJIEJIM CTPYKTYpPbl MaTepHayia Mpu 3aJlaHHOM MPUOPUTETE JIIOOOTO KpUTEpUsl; 5) MpeacTaBiIeHa
reoOMeTpUUYecKasi UHTEpHpEeTalusi pe3yJbTaTOB PEHIeHUS NPU NPOESKTUPOBAHUM B TPEXMEPHOM
CHUCTEME KOOPJMHAT YETHIPEX XapaKTePUCTUK (KPUTEPUEB) B OTHOCUTENBHBIX W (DU3MUECKHUX
eIMHUIIAX.

1. MaTemaTuyeckoe MOJeJTHPOBAHNE MH:KEHEPHBIX CHCTeM Ha 0a3e 3a1a4y BeKTOPHOi
ONTUMM3ALHH.

B kauectBe o0OOBEKTa WCCIEIOBaHHUA HaMU paccMaTpuBaroTcsi VHKeHepHble U
TEXHOJIOTMYECKHE CHUCTEMBI, K KOTOPHIM OTHOCSTCS «T€XHHUUYECKHE CHUCTEMBD», «TEXHOJIOTHMYECKUE
MPOLECChI», «MaTepuanby, [18, 19-23]. NccienoBanue MHXEHEPHOM CUCTEMBI BBITTOJIHEHO,
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BO-TICPBBIX, B YCIOBHUSX OIPEACICHHOCTH, KOTJa W3BECTHBI JaHHBIE O (DYHKIIMOHAIBHBIX
XapaKTEPUCTUKAX WHKEHEPHOW CHUCTEMBI; BO-BTOPBIX, B YCJIOBHSIX HEOIPEICICHHOCTH, KOTIa
W3BECTHBI JMCKPETHBIC 3HAYCHHUS OTACTBHBIX XapaKTEPHCTUK, TAaKKEe H3BECTHBHI IaHHBIE 00
OTpPaHHYEHUSX, KOTOPBIC HAKIAABIBAIOTCS HA ()YHKIIMOHUPOBAHUE CUCTEMBI.

1.1. MaremaTnuyeckass MojeJb TEXHHMYECKON CHCTeMbl /Jisi NPUHATHA ONTHUMAJIbHOIO
YIPaBJIEHY€CKOr0 peleHus

1.1.1. Ilpoonemovl modenuposanusa npu RPOEKMUPOCAHUL HOBBIX MEXHUYECKUX CUCEM

[Tpu IpOEKTUPOBAHNY HOBBIX TEXHHUECKHUX CUCTEM BO3HUKAET Mpo0IeMa NOCTPOCHUS B SIBHOM
WJIM HE SIBHOM BHJIE MAaTEMaTUYECKOM MOJIEJIH, OLICHKH Ha €€ OCHOBE PE3YyJIbTaTOB MOJICIUPOBAHUS U
MPUHITHST ONTUMAIBHOIO PEHICHUS. aHAJOTHYHbIE MPOOJIEMbl BO3HUKAIOT M HA YXKE CO3JaHHBIX
texunueckux cucteM (TC), koTopble MPH IKCILTyaTalluH TOJKHBI TOCTOSIHHO MOJIEPHU3UPOBATHCS U
3aMEHAThCA Ha OoJiee coBepiieHHble Moaenu. [Ipobneme monenupoBanus TC (B Tom uucie c
WCIIOIb30BAaHUEM BEKTOPHOW ONTHUMHU3AIMHN) YACISIeTCsS OOJbIIOe BHHMaHUE, BO-TIEPBBIX, B
OTECUYECTBCHHOW HayKe, HaunHas ¢ Bexymux HaydHbiX mkoin AH CCCP no Hacrosiee Bpems [4-23,
38-45], xoropele BHeCIM OONBIIONW BKJIAX B NPUMEHEHHE METOAOB MHOTOKPHUTEPHAIBHON
ONTUMU3AIINH, W, BO-BTOPBIX, B 3apy0eKHOW HAYYHOH JIEATEITPHOCTH KaK TeopeTuieckux [1, 2, 3, 24-
33], Tak u mpUKIAAHBIX acrekTax [34-38].

[Tpu dopmupoBanun Marematudeckod Moaenu TC BO3MOXHBI CHTyallH, KOTJa M3BECTHA
(yHKIIMOHATBFHAS 3aBUCMOCTD KaXK/I0OM XapaKTePUCTUKH U orpaHnueHuit oT napamerpoB TC, Takyto
MAaTeMaTHYECKYI0 MOJEJIb IPUHATO HA3bIBATh MOJIEJIBIO B YCIOBUSAX MOJIHON OMPEACICHHOCTU. DTH
MaTeMaTHYeCKOH MOJEIN OTHOCITCS K KJIACCy: XOpOIIO CTPYKTypUpOBaHHBIE 3agaud. B Tex
clly4asiX, KOTJa HeT JOCTaTOYHOW HHGpOpMaluuu O (PYHKIHMOHAIHHONW 3aBHCHUMOCTH Kaxa0u
XapaKTePUCTHKHU U OTPaHUYCHHUH OT MapaMeTpoB, OMPEIENSIIOTCS, KaKk MOJICIUPOBAaHUE B YCIOBHIX
HEOMNpeeIEHHOCTU. DTH MaTEMaTUYECKOM MOJIENIN OTHOCATCS K KIIACCY: MII0XO CTPYKTYPHUPOBAHHBIX
3amad, [12 - 18]. B mmoxo CTpyKTypHpOBaHHBIX 3aJadax yCTpaHEHHWE HEOMPEeIeICHHOCTH MOXKET
WITH B JBYX HANpaBICHUSX: TIEPBOE CBS3aHO C HCIIOJIH30BAaHWEM CYOBEKTHBHBIX OICHOK H
MPEANOYTUTEIBLHOCTH JIMIIA, MpUHUMaromiero pemenus, (JIIIP) npu onienke BapuaHTOB BO3MOKHBIX
petienuit [22]; BTOpoe HaNpaBJIeHUE yCTPAHEHUS HEOTIPEIETICHHOCTH CBS3aHO C KaY€CTBEHHBIMU UITH
KoJIndecTBeHHbIMU onucanusMu MC u  xapakTepusyercs HCIOJIb30BAaHUEM MaTeMaTHYECKUX
METOJIOB, PErPECCHOHHOTO aHanu3a s  mpeoOpazoBaHus MHPOPMAIUU — UCXOAHBIX JTaHHBIX,
KOTOpBhIE€ MOTYT OBITh TMOJYYEHBI, HAPUMEP, MO MPHUHIUITY «BXOJ-BHIXOI». B paMkax BTOpOro
HalpaBJieHUsT TPOBEAEHO JaHHOe wuccieqoBaHue. OIlLleHKa HKCIEPUMEHTANbHBIX JIaHHBIX
BBITOJTHSIETCS] IO HEKOTOPOMY MHOKECTBY XapaKTePUCTHKHU (KPUTEPUEB) U MPUHATHUS PEIICHUN, Ha
ux ocHoBe, [34]. IIpunHsATHE pellleHHl Ha OCHOBE TAKWX KPUTEPHUEB 3aTPyJHEHA, CTO CBA3aHO C
HECOM3MEPHUMOCTBIO KPUTEpHEB. AHAIIN3 ATUX MPpoOJIeM IpeicTaBiieH B padotax [6, 10, 22]. B utore
pelieHne MPUHUMAETCS Ha UHTYUTUBHON OCHOBE. [loaTOMY sIBIsIeTCS BaKHBIM pa3pad0TKa HOBBIX
METOJIOB MOJICITUPOBAHUS TEXHUYECKUX CHCTEM, OIICHKHU MCXOJHBIX JAaHHBIX U MPUHATUS PEIICHHUI
Ha UX OCHOBE.

Llenv smoti enasel HampaBlieHa Ha Pa3pabOTKy METOJUKH IOCTPOEHUS MaTeMaTHYeCKOU
MOJIEJIM TEXHUYECKON CUCTEMBI B BUJIE BEKTOPHOM 3a7]a4ll MATEMAaTHIYECKOTO TPOTrPaMMUPOBAHHUS.
1.1.2. Mamemamuueckana mooenv mexHUUECKo CUCHEMDBL 8 YCTI08UAX ONPEOeIeHHOCIU

OynkuuonupoBanue mo6oii TC 3aBUCHT OT HEKOTOpOoro MHokecTBa N KOHCTPYKTHBHBIX
apaMeTpoB (IIEPEMEHHBIX):
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X ={x,%5...,xy} um X = {x;, ] = 1,N}, XOTOpbIE MOTYT M3MEHATHCA B HEKOTOPBIX

npesenax: x;"" < x; < x"*,j = 1,N, rne x"" — nwxkHu#, x;"*,V j € N — Bepxuuii npener,

B paMKaX KOTOPBIX U3MEHSIOTCS MapaMeTpbl TEXHUUECKON CUCTEMBI.

Pesynbrat dpynxnuonupoanus MC onpenenseTcs HEKOTOPHIM MHOKECTBOM K TEXHUYECKHUX
XapaKTePUCTHK (KPUTEPUEB), KOTOPbIE (YHKIMOHAIBHO 3aBUCAT OT MPOCKTUPYEMBIX JAHHBIX
(mapametpoB) X = {x;,j = 1, N}, B 11€7I0M OHM HPEJICTaBISAIOT BEKTOP (YHKIIUIO:

FX) = {00, L(X),.... fx X} wm F(X) = {fi(X),k = TK}",

Ha KOTOPbIE HAJIOXKEHBI (PYHKIIMOHATbHBIE OTPAHUYCHHUS:

frn < fu(X) < 7k =1,K. um G(X) < B.

MHOXECTBO KpUTEpUEB (XapaKTEPUCTHK) TEXHUYECKOM CHCTEMBbl COCTOMT U3 JBYX
nonmMHokectB K1 m K2 K =K; UK, TexHUYECKUX XapakTepucTUK. B moaMHoOxecTBe
TEXHUYECKUX XapaKTepUCTUK K, MX YUCIIOBbIe 3HAYEHUS JKEIaTeIbHO MOMYyUYUTh KaK MOKHO BBIIIIE,
T.€. MAKCUMHM3UPOBATh:!

fx(X) » max,k = 1,K; , a HOAMHOXECTBO TEXHHYECKMX XaAPaKTEPUCTUK K, , 4YMCIOBBIE
3HAYEHUS KOTOPBIX JKENATEIbHO MOJyUYUTh KaK MOXKHO HUXKE, T.€. MUHUMU3UPOBATD:

fi(X) > min,k =1,K,,K, =K, + 1,K .

Maremaruueckas moaenb MC, Bo-mepBbIX, AOHKHA BKIHOYATh XAPAKTEPUCTUKU CHUCTEMBbI
F(X) = {fi(X),k =1,K}T K = K, UK, uorpanndenns Ha mapameTpsl: X™" < X < X™ax,

Marematuueckyto Mozaenb TC, pemaroniyro B I1eJIoM MpoOieMy BbIOOpa ONTHUMAJIbHBIX
napamerpoB TC (oNTHUManIbHOTO MPOEKTHOTO PEIICHHUs), MPEACTaBUM B BUJe BekTopHoil 3amaun
Maremaruueckoro IIporpammupoBanus (B3MII):

Opt F(X) = {maxF,(X) = {max f,, (X),k =1,K;}, (1a)

min F,(X) = {min f;, (X),k =1,K,}}, (2a)

npu orparnuennsx: G(X) <0, M < fi.(X) < "%,k =1,K, (3a)
XM < xp < XY, j=T1,N, (4a)

rae X — BEKTOp YIpaBJIIEMbIX IEPEMEHHbIX (YIPaBIIsSEMbIX TAPAMETPOB);
F(X) = {fx, k =1,K} - BexTOp KpuTepueB, B KOTOPOM Kak/Jas KOMIOHEHTA MPECTABISET
XapaKTEePUCTHKY TeXHUUeCKoU cucTeMsl (1a)-(2a), pyHKIIMOHANIBEHO 3aBUCSIIYIO OT IEpEeMEHHON X ;
B (33a) GX)=g:X),9.(X),...,gu(X)} — Bekrop-QyHKUMS  OrpaHHYEHHIA,
HakJIaabiBaeMblXx Ha (¢yHkuuoHupoBaHue TC. OHHM ONpenensioTcs NPOTEKAIOIUMH B HEH
TEXHOJIOTUYECKUMH, (PU3UUECKIMHU U TOMY ITOJTOOHBIMH MPOIECCAMH M MOTYT OBITH IPEICTABICHBI
(DYHKIHOHANBHBIME OrpaHHYeHHsIME, Hanpumep, fit" < fi.(X) < % k = 1,K.
[pennonaraercs, uto pyuxmun fi (X), k = 1, K nuddepenuupyems u Beimyknbl, g;(X),i =

1, M HenpepbIBHBI, a 33JaHHOE OrpaHndYeHUsIMH (3a)-(4a) MHOKECTBO JOIYCTUMBIX TOUEK HE ITYCTO:

S ={XeR™G(X) <0,X™" < X < X™¥*} % () u npejcTaBIsIET COOOI KOMITAKT.

Kpurepun u orpanuuecnus (la)-(4a) o0Opa3yroT MaTeMaTHYECKYyI0 MOJETb TEXHHUECKON
cuctembl. TpeOyeTcst HAlTH TakoW BEKTOp mapameTpoB X° €S, npu KOTOPOM Kaxk1asi KOMIIOHEHTA
BekTop - ¢ymkmuu F(X): F;(X) = {f,X),k = 1,K;} upMHMMaeT MaKCHMaJbHOE 3HAuYCHHE, a
sextop pyukuus F,(X) = {f;.X), k = 1,K,} npunuMaeT HAUMEHbIIYIO BETHUKHY.

Jlnsg pemeHus Takoro Kiacca BEKTOPHBIX 3aJad MaTeMaTHYECKOI0 MPOrpaMMHUpPOBAHUS
HCIOJIb3YIOTCS METO/Ibl, OCHOBAaHHBIE HA HOPMAJIU3aLMU KPUTEPUEB U IPUHIIUIIE TAPAaHTUPOBAHHOIO
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pe3yabpTaTa TpeACTaBICHHBbIE B ueTBepTod vactu. OHM mo3BossitorT pemars B3MII kak npu
PaBHO3HAYHBIX KPUTEPHSIX, TAK U MPHU 33TAHHOM IIPUOPUTETE KPUTEPHSI.

1.1.3. Ipobnemwvr nocmpoenus mooeau MmMeXHUUECKOU CUCHIEMbl 6  YCA0BUAX
onpeoeneHHOoCmuU U HeonpeodeleHHOCHU 6 CO60KYNHOCHU

[Ipu noctpoenuu matematuyeckoit mojenu TC (1a)-(4a) BO3MOXKHBI J]Ba BApUAHTA.

[lepBBIX BapuaHT, KOT/a M3BeCTHA (DYHKIMOHANIBHAS 3aBUCUMOCTh KaxkIoro kputepus (la)-
(2a), orpanmnuenuii (3a)-(4a) oT mapaMeTpOB, HAKJIABIBAEMbIX HA (YHKIIHOHUPOBAHUE — €€ MIPUHSITO
Ha3bIBAaTh MOJIENBIO 8 YCI08UAX OnpedeleHHOCHU, KOTOPbIe peAcTaBleHbl Moenbio (1a)-(4a).

Bropoii BapuaHT, Korjga HET JOCTaTOYHON MHPopManuu O (GYyHKIHMOHAIHLHOW 3aBHCHUMOCTH
Kaxxaoro kpurepus (1a)-(2a) u orpanndenuii (3a)-(4a) ot mapamerpoB. MI3BeCTHBI JIUIIb TUCKPETHBIE

Xi1y e XiN
(kaKk MpaBWJIO, 3KCIEPUMEHTANIbHbIE) NaHHbIE: X; = , i=1,M, rne N MHOXecTBO
Xi1y e r XiN
napameTpoB, M MHOXXECTBO JaHHBIX, Wi X; = {x; )= 1,N,i = 1,_M}
[IpeacraBieHo Takke COOTBETCTBYIOIIEE TUCKPETHOE MHOKECTBO XapaKTEPUCTHUK:
Yir (Xi), o, Yik (Xi)
Ii(X) = {(yk(Xil i = L_M)}le .
Vi (Xi), o) Vi (Xi)

Takoe cocTOsIHHE TPEACTABIACT MOJACIUPOBAHWE TEXHUUYECKOH CHUCTEMBl 6 VCI08UAX
neonpedenennocmu. Jlna  momydenus pamubix (X)) = {(yx(X;, i = 1,M)}T nposoastcs
JKCIIEPUMEHTAJIbHBIEC UCCIIEIOBAHMS TEXHUUYECKOI CHUCTEMBI MO MPUHIIMITY «BXOJI-BbIXO/1», IPH TOM
(dbopMupyercs 3a7jaua IPUHATHS PELICHUIN B YCIOBUAX HEOMPEIEICHHOCTH U BO3HUKAET Mpobiiema
BbIOOpA ONTUMANFHOM OIIEHKU Ha OCHOBE MOJIYYEHHBIX JaHHbBIX.

1.1.4. Ilocmpoenua mamemamuueckou mooenu mMeXHUYECKOU CUCHMEMbl 8 YCI06UAX
onpeoeneHHOCmU U HeonPeodeleHHOCHU 8 CO8OKYRHOCHU

B peanbHOI KU3HU yCIOBUS ONIPENETIEHHOCTH U HEOTPEISTICHHOCTH COBMEIAOTCI. Moenb
TEXHUYECKOM CHUCTEMBl TaK K€ JIOJDKHA OTpa)kaTh d3TU YycloBusA. Mcmonb3ys o00o03HaueHHs
MaTeMaTH4eCKo MoJieiu, mpeodpasyem mojens (1a)-(4a) ¢ ydeToM yciaoBHUil HEONPEIEICHHOCTH, B
WUTOTE MOJTYUYUM:

«Mooenb mexnuueckoul cucmemvl 6 YClloBUAX onpedeﬂeHHocmu u Heonpec)ejzeHHocmu»:

Opt F(X) = {max F,(X) = {max f, (X),k =1k}, (5a)
max I;(X) = {maxy, (X;, i =1, M)}, k =1, K"}, (6a)
min Fy(X) = {min f,, (X), k =1, K, (7a)
minl,(X) = {miny, (X;, i = 1, M)}", k =1, K"}, (8a)

orparmdenns  fi'" < fi(X) < "%,k =1,K, (9a)
xjmi” <Sx < XY= 1,N, (10a)
e X ={x;, j = 1,N} — 5TO BEKTOp yHpaBiseMbIX MEPEeMEHHHIX (IIApaMeTPOB) TEXHHUECKOM

CUCTEMBI;

F(X) ={F,(X) F,(X) ,(X) I,(X)} nmpexacraBiseT BEKTOPHBbIii KpHUTEpUH, Kaxmas
KOMIIOHEHTa KOTOPOIO SIBJIIETCS BEKTOpoM KputepueB (xapakrepuctuk) TC (5a)-(8a), koropsle
(GYHKIIMOHATILHO 3aBHUCAT OT AUCKPETHBIX 3HAUCHHUI BEKTOpa nepeMeHHbIx X, rae B (5a) u (7a)
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KT K2 (definiteness), a B (6a) i (8a) K¢, KX™ (uncertainty) MHOeCTBO KpHTEpHEB MaX i

min copMUpOBaHHBIC B YCIOBHSIX OMPEACICHHOCTH U OMPEICIICHHOCTH.

1.1.5. Ilpumep. Mooenuposanue u onmumuzayus napamempos8 MazZHumoI1eKmpudecKux
JIUHEIHbIX UHOYKMOPHBIX Inekmpoosuzamenei (JI/]) na nocmoannom moke

K comepkarenpHOMY Kiaccy TEXHHYECKUX CHUCTEM, KOTOPHIE MOTYT OBITh IPEICTABICHBI
BEKTOpHOU 3amaueil (5a)-(10a), MOKHO OTHECTH JIOCTATOYHO OOJBIIOE MX KOJIHYECTBO 3313y U3
Pa3IUYHBIX OTPACiei SKOHOMHUKH TOCYJapCTBa: AJNEKTPOTEXHUYECKON, aBUAITMOHHO-KOCMHYECKOH,
METaJUTypriuueckoi (BbIOOp ONTUMANIBHON CTPYKTYphl MaTepHana), XAMHUUECKON U T.I1.

B kadectBe npumepa npeacraBum padoty Jlesunkoro B. JI. «MoaenupoBaHue ¥ ONTUMU3ALIHS
MapamMeTpoB MAarHUTORJIEKTPUYECKHX JIMHEHHBIX HMHAYKTOPHBIX 3jekTpoasurareneit  (JI)
nocTostHHOTO TOKa» [7, ¢.50-120]. IlpoexktupoBanace KoHCTpyKIus — dopcupyemsbrit JIJI (DJIJ),
MOJIEJIb KOTOPOTro OblJIa CBEJEHA K BEKTOPHOM 3a/1aue MaTeMaTHYECKOro nporpammupoBanus (1a)-
(4a). Tlpu 5TOM BEKTOp KOHCTPYKTHBHBIX mapameTpoB X = {X;,X,,...,X5 } COCTOSUI U3: X; —
BO3JIYIITHOTO 3a30pa 0, X, — 3yOIIOBOTO IIara, X3 — 4ucia 3yOIloB, X, — BBICOTHI KOHIIEHTPATOPA,
X5 — K03 HUIMEeHTa TOTFOCHOTO MEePeKphITHs. BekTop KoHCTpyKTHBHBIX KpHuTeprueB F(X) = f(X),
p(X),9(X),.. Bxmouar: f(X) — HOMHHambHOE TAroBoe ycwiawe, p(X) — HOMHHAJIBHYIO
momHocTh, U(X) — nomuHampHblid KITJ[ u T.I., BCero aecsATh mokaszareneit. Jlast MOCTpOEHHs
3aBucumocteit F(X) OT Ha3BaHHBIX KOHCTPYKTHBHBIX mapaMeTpoB X ObLT HCIOJIB30BaH
LEHTPATbHBIA OPTOrOHANBHBIN IJIaH BTOpOro mopsaka [7 ¢.96]. U3 apyroit orpaciu mnpeacTaBuM
paboTy: «... MHOTOKpUTEpHAJIbHAs ONTHUMM3AIMS CTaTUYECKUX PEKUMOB MAaCCOOOMEHHBIX
MPOIIECCOB Ha IpUMepe abcopOIUK B IIPOU3BOJICTBE ra3opaszeacHus», [23].

Takum 00pazoM, dKCTIEpUMEHTAIbHBIC JaHHbIe, Kak U3 3agaun DJIJI, Tak u momooHsIx TC 13
JPYTHUX OTpacieil, MOryT ObITh IPEACTABIEHBI B BUJI€ TEOPETUUYECKO (cucTeMHO) 3anaun (1a)-(4a).

B nmanHol paboTe TeXHWYECKas CHCTeMa pacCMaTPUBAIOTCA B cTathke. Ho TexHmueckue
CHCTEMBI MOTYT PacCCMaTPUBAThCS B IMHAMUKE, UCTIONB3Ys AU hepeHInanbHO-Pa3HOCTHBIE METOTBI
npeoOpa3oBaHus, IPOBOIS UCCIIETOBAHUE 3 IUCKPETHBINA MPOMEXYTOK BpemeHu At € T.

1.2. MaremaTnyeckoe MO/ieJIMPOBaHUE TEXHOJIOTMYECKOro Mpouecca 1Jsi NPUHATHS
ONTUMAJIBHOIO YIIPABJIEHYECKOI0 peleHust

1.2.1. Mamemamuueckaa  mMooenb  MeEXHONO2UUECKO20  npouecca 6  YCl08UAX
onpeoeneHHocmu

B kauecTBe 00BeKTa HCCIETOBAHNS MHKEHEPHBIX CUCTEM MBI UCTIOIB3YyEeM «TEXHOJIOTHYECKUN
npoueccy. [locranoBka mpoOaeMbl IPUHATHS PEUICHUH B TEXHOJIOTUU MPU MPOU3BOACTBE U3IEIUN
BBINTOJIHEHA B COOTBETCTBUH ¢ [15].

PaccmaTtpuBaercs TexHonoruueckuid mponecc (Hampumep, ['mOpuanas nazepHas Tyromas
ceapka (HLAW) (Hybrid Laser Arc Welding (HLAW), [68], B koTopoii criiaB ZE41-T5 6but BeIOpaH
KaKk MaTepuaj, KOTOpbIH HYKHO CBapuTh C cruilaBoM AZ61 kak Marepuan 3aroJHUTENS).
JlesTenbHOCTh TEXHOJIOTMYECKOTO IPOoliecca 3aBUCUT OT OINPEAEIEHHOT0 MHOKECTBA YCIOBUHU -
KOHCTPYKTHBHBIX IIapaMeTpoB: X = {x1,Xy,...,xy}",0r X = {x;, j = 1,N},

(HampuMep: MoIIHOCTH Jasepa, (laser power); ckopoctu nepemernenus (travel speed);
CKOPOCTH I0J1a4u MpoBoJIoKH, (Wire feed rate); Toka, (current); wactotsi (frequency)). O6o3naunm N
- MHOXKECTBO KOHCTPYKTHBHBIX MapaMeTpoB. KakIblii mapaMerp TEXHOJIOTHYECKOTO IMpoliecca

JIEXKUT B 3aJaHHBIX TIPEIesax: xjmin <x; < x"%,j=1,N,um xmin < x < ymax
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min
X; )

max
j X

rIe ;

,VjeN - HWKHHUA W BEPXHUU Mpeaeiabl U3MEHEHHUs BEKTOpa MapameTpoB

TEXHOJIOTUYECKOTO Tporiecca, N - MHOKECTBO apaMETPOB.

Pe3ynbTar (QyHKIMOHMpOBaHHS OIpEICHSICTCS HA0OPOM KPHUTEPUEB (TEXHOJIOTMYECKUX
XapaKTEpPUCTHK):

F(X) = {f,(X),k =1,K}T , xoropble (YHKIMOHAILHO 3aBUCAT OT KOHCTPYKTUBHBIX
apaMeTpoB TeXHOMornyeckoro mpouecca X = {x;, j = 1, N}, (sanpumep: riyOuHa CBApHOIO MIBA
(weld depth); menosarpyska (underfill); mnponentnsiii nedexr (percentage defect); HakorieHHas
mHa op (total accumulated pore length)). B coBokynmHOCTH Bee TEXHOIOTHUECKUE XaPAKTEPUCTUKU
MPEACTABISAIOT BEKTOP-(PyHKIHNIO:

FX) = {(AX), 20, fx XY nmm F(X) = {f(X), k = LK},
rae K, (K) — MHOXeCTBO (4HCII0) TEXHOJIOTHYECKUX XapaKTCPUCTHUK.

MHOKECTBO TEXHOJOTHUECKUX XapakTepucTuk K mopapasiensercs Ha MOJMHOXKECTBA
KK, K=K,VK, K,cK K,cK.

K4 mpexacraBisieT MOAMHOKECTBO TEXHOJIOTHYECKHX XapPAKTEPHCTUK, YHCIOBHIC BEITHMUMHBI
KOTOPBIX JKeJIaTebHO MOTy4HTh, Kak MOKHO Bhite: fi (X) » max, k = 1,Kj.

K, npezncraBisieT MOJMHOXECTBA TEXHOJIIOTHYECKUAX XapaKTEPHCTUK, YHCIOBHIC BEITMUMHBI
KOTOPBIX JKeJIaTebHO MOMy4UTh, Kak MOXHO HIxKe: fi(X) » min, k = 1,K,.

Marematudeckasi MOJIENb JOJDKHA, BO-TIEPBBIX, OTPaXKaTh 1IEJIH TEXHOJIOTUYECKOTO Mpolecca,
KOTOpBIE TIPEICTaBIeHbI XapaKTepucTukamu F(X), BO-BTOPBIX, YUHTHIBATH orpanmueHns X ™" <
X < XX MatemaTrueckas MOJIENTb TEXHOJIOTHUECKOTO POLIECCa, B LIEJIOM PEIIAIOLIETo MpodieMy
BBIOOpA ONTHUMAJIBHBIX MTaPAMETPOB TEXHOJIOTMYECKOTO MPOIIecca, MPEJACTaBUTh B BUAE BEKTOPHON
3a7a4y ONTUMHU3ALIHH.

Opt F(X) = {maxF,(X) = {max f,, X),k =1,K;}, (1b)
min F,(X) = {min f,, (X),k =1,K,}}, (2b)

npy orpanmuennsax: fit" < fi(X) < fi"** k = 1,K, (3b)
GX) <0, x"" <x; < x"™,j=1,N, (4b)

rae X = {xj, j = 1, N}, — 5T0 BeKTOp yIPaBISeMbIX IEPEMECHHBIX (KOHCTPYKTHBHbIX [1aPAMETPOB)
TEXHOJIOTUYECKOTO TPOLECcca;

F(X) = {fi(X), k =1,K} — 5T0 BEKTOpHBII KpHUTepHii, Kaxjas KOMIOHEHTa KOTOPOIO
NPEACTaBISET XapaKTepUCTUKY TexHojormdeckoro mnpouecca (1b)-(2b), ¢ynkumonansHo
3aBUCSIYIO OT BEKTOpa MEPEMEHHBIX X;

B (3.3b) G(X) = {g;(X),k =1,M}T — BexTop-(pyHKIMs OrpaHUYEHUH, HAKIAILIBAEMBIX Ha
(GYHKIIMOHMPOBAaHHE TEXHOJIOTMYECKOTro mporecca, M — MHOkecTBO orpaHnueHuid. OrpaHHYCHUS
OTPEICTISIFOTCS MPOTEKAIONIMMH B HHUX TEXHOJOTMYECKUMH, (PU3MYECKUMHU U TOMY IMOJOOHBIMU
MPOIIECCAMHU M MOTYT OBITh MIPE/ICTABICHBI (DYHKIIMOHATBHBIMU OTPAHUUCHHUSIMH, HATIPHUMED,

foin < fo(X) < fo%,k = TR,

[pennonaraercs, uto Gpyukuun fi (X),k = 1, K nuddepenimpyemsl u Bumykisl, g;(X),i =
1, M umenpepbiBHBL a § = {XeR™|G(X) < 0,X™N" < X < X™M*} % (.,

Coornomienus (1b)-(4b) o6pasyroT MaTemMaTndyecKkyro MOJCITb TEXHOJIOIHYSCKOTO TIpoIiecca.

Tpebyetcst onpeaenuTh Takoi BEKTOp mapaMeTpoB X € S, mpu KOTOPOM Kaxaasi KOMIIOHEHTa
BektTop — pyrakuun:  F; (X) = {fi,(X), k = 1,K;} npuHuUMaeT MaKCUMaIbHO BO3MOXKHOE 3HAYCHHE,
a Bextop — pyukuus: F,(X) = {fi,(X), k = 1, K,} npuHrMaeT MUHHMAIbHOE 3HAYCHHE.
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1.2.2. Mamemamuueckas MoO0e1b  MEXHONOUUECKO20  Npoueccd 6  YCA08UAX
onpeoeneHHOCmU U HeOnpedeJleHHOCHU 8 COBOKYRHOCMU

MaremaTtudeckass Mojedb TexHojoruueckoro mporecca (1b)-(4b) Bemonnena B ycioBusx
ONPENIEIICHHOCTH. B peajbHON JKU3HM YCIOBHSI OMNPEICICHHOCTH M HEONPEACICHHOCTH
coBMemaroTcsi. MoJIelb TEXHOJIOTMYECKOrO IpoIiecca TaK JKEe JOJDKHA OTPaXkaTh ITH YCIIOBHSL.
Hcnonp3ys 0003HaUYeHUS MaTeMaTHUYeCKo Mojenu, npeodpasyem mogenbio (1b)-(4b) ¢ yuerom
YCIIOBHI HEONPEICIICHHOCTH, B UTOT'C TIOJTYYHM:

«Mooenv mexnonocuuecko2o npoyecca 6 yciogusix ONPeOeieHHOCMU U HeONPEOelIeHHOCIUY.

Opt F(X) = {max F,(X) = {max f, (X),k =1,K%}, (5b)
max I;(X) = {maxy, (X;, i =1, M)}, k =1, KF"*¢}, (6b)
min F,(X) = {minf,, (X),k =W, (7b)
minI,(X) = (miny, (X;, i = 1, M)}T, k =1, K¥}}, (8b)

orpanuuenus  fi'" < fr(X) < fi"% k = 1K, (9b)
GX) <0, x"" <x; < x",j=1,N, (10b)
e X={xj, j= 1,N} — 5To BeKTOp YIpaBISeMbIX IEPEMEHHBIX  (IIApPaMETPOB)

TEXHOJIOTHYECKOTO TPOIECCa;

F(X) ={Fi(X) F,(X) ,(X) I,(X)} mpencrasiser BEKTOPHBI KPUTEPHH, Kaxaas
KOMIIOHEHTa KOTOPOIO SIBJSETCS BEKTOPOM XapaKTEPHUCTHK (KPUTEPHEB) TEXHOJIOIMYECKOTO
npouecca (5b)-(8b), xoropele (YHKIHMOHAIBLHO 3aBHCAT OT JUCKPETHBIX 3HAYEHHM BEKTOpa

nepeMeHHbiX, Tae X B (5b) u (7b) Kldef, szef (definiteness), a B (6b) u (8b) K{"¢, K3™"¢

(uncertainty) MHOXeCTBO KpUTepreB MaxX U MiN cOpMUPOBAHHBIC B YCIOBUSAX OMPEICICHHOCTH U
OTIPEIEIIEHHOCTH.

1.3. MaremaTuueckass Mo/Je/Jb CTPYKTYpPbl MaTepHaa JJsl NPUHATHS ONTHMAJIBLHOIO
yIpaBJIEHYECKOr0 peleHus

1.3.1. IIpobnema modenupoeanus cmpyKmypot mamepuaia

XUMHUECKUH COCTaB MarepHuaja H3Aeius onpezensercd (Ha eauHUIly oObema, Beca)
MIPOIIEHTHBIM COJ/IEpP’)KaHUEM HEKOTOPOI'0 MHOKECTBa KOMIIOHEHT MaTepualia, KOTOpble B CyMMe
paBHbl cra mporeHtam. CocTaB Marepuana, XapakTepU3yeTCs OIpelleIeHHbIM HabopoM
(YHKIMOHATIBHBIX XapaKTEPUCTHUK, KOTOpbIE BKJIIOYAIOT B €01 MeXaHHMYecKue U (PU3UKO-
XMMHYECKHe CBOWCTBa MaTepuasioB. OpHa rpynmna CBOWCTB ((DyHKIMOHAJIBHBIX XapaKTEPUCTHK)
MaTepualla XapaKTepH3yeTcsl TeM, UTO UX KeJIaTeJIbHO M0 CBOEH YMCIOBOM BETMUNHE MOJIYyYUTh KaK
MOJKHO Ooublie (HarmpuMep, MPOYHOCTH), Apyrasi TPyIIa CBOHCTB XapaKTEpU3YEeTCs TeM, Y4TO UX
JKEJaTeNIbHO M0 CBOEH YMCIIOBOM BEJIMYMHE MOJMYYUTh KAK MEHbIIE. YIIYUIIEHHE IO OJTHOM U3 ITUX
XapaKTePUCTHK MPHUBOANT K YXYAIIEHHIO Opyroil. B memom TpedyeTcs momoOpaTs Takoil cocTaB
MaTepuala, YToObl BCe CBOMCTBA MaTepHaia ObLIM KaK MOXKHO JIyYIlle B COBOKYITHOCTH.

1.3.2. Mamemamuueckasa mooenv CMpyKmypsl Mamepuaa 6 yciousax OnpedeneHHocmu

PaccmarpuBaercst coctaB Marepuania Kakoro-a1u0o U3eus, TEXHUUECKOW CHCTEMBI, KOTOpast
3aBHCUT OT psifa KOMIIOHEHT matepuana: Y = {y;,¥,,..., Yy}, rae V - MHOXecTBa KOMIIOHEHT
matepuana, Y = {y;,j = 1,V}, V - 4ucIO KOMIIOHEHT, M3 KOTOPHIX MOMKET OBITh COCTAaBIIEH
(M3rOTOBJICH) MaTepHual, Y, - BEJIMYMHA B NPOIEHTaX V-0 KOMIIOHEHTHI MaTepHuaia, KOoTopas
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JIOKUT B 33JIaHHBIX mipeaenax: Yy <y, < y,* %, v = 1,V, rne y;"*", y***, Vv € V — 310 HIXKHHI

Y BEPXHHIA TIPE/ICITbl N3MEHEHUsI BEKTOPA KOMIIOHEHT MaTepHaa.
YY1 ¥, = 100%, cyMMa BCceX KOMIIOHEHT MaTepHaja PaBHa CTa MPOLEHTAM.

CocraB Marepuana oIleHHBaeTcss HabopoM (MHOXecTBoM) K  (usmueckux CcBOWCTB
marepuana: H(Y) = {h,(Y),k = 1,K}, xotopsle (GyHKIHMOHANBHO 3aBUCAT OT KOHCTPYKTHUBHBIX
napametpos: Y = {y,, k = 1,V}7;

k - unnexc Buna pusndgeckoro cBoiicTsa Matepuana, k = 1, K, rie K - uMciio BUIOB CBOHCTB
(pyHKIIMOHANBHBIX XapaKTEPUCTHK) MaTepuaa, NpeJACTaBUM HX B BUE BEKTOD - (QyHKINH.

H(Y) npexacraBiseT BeKTOp-(YHKINIO (BEeKTOPHBIA KpUTEpHii), umeromas K — KOMIIOHEHT-
¢ynxuuii, (K - mommuocts Muoxkectsa K): H(Y) = {hi(Y),k = 1,K}. MHo)kecTBO (hU3MUECKHX
CBOHMCTB Marepuana K BKIIOYaeT MOAMHOXKECTBO K; KOMIIOHEHT MaKCUMHU3AIMH U TTOJIMHOXECTBO
K, xomnonenT munumuzamuu: K = K;UK,;

H(Y) = {h(Y), k =1,K;} — BeKTOpHBI KpHTEpHH, B KOTOPOM KakK[as KOMIIOHEHTa
Makcummsmpyercs, K, —»9To uncno kputepues, a K;=1, K; - MHOXeCTBO KpUTEPHEB MAKCHMU3AIIHH.
Mpennonaraem, urto H;(Y) = {h,(Y), k =1,K;} HempepbiBHbE BOTHYTble (GYHKIUH (MHOrJA
Oy/ieM MX Ha3bIBaTh KPUTEPUSMH MaKCHMHU3AIIHN);

H,(Y) = {h(Y), k =1,K,} - 3TO BEKTOpHBIi KpHUTCPHii, KaXIas KOMIIOHEHTa KOTOPOTO

muHummsupyercs, K,=K; +1,K=1,K, - MHOXeCTBO KpUTEpHUEB MuUHUMHU3auuu, K, — 4ucIio.
[pennonaraem, uto hy(Y),k = 1,K, - HenpepblBHbIE BBINyKIble (GYHKIUU, OyJeM MHOTAA HX
Ha3bIBaTh Kpurepuamu Munnmusauuu: K = K, UK,, K,c K, K,Cc K.

Xapaxkrepuctuku matepuana H(Y) = {hy(Y),k = 1,K} Mbl ucnosnp3yeM Kak KpUTEpHH, a
npeneabl M3MEHEHHUs, HaKjIaJblBacMble Ha KaXAbld BHUJ KOMIIOHEHT, KaK IapaMeTphuecKue
orpaHnueHus. Marematuueckas MOJIENIb MaTepHalna, KOTopasi peliaer B 1ejaoM mpobieMy BeiOopa
ONTHUMAJIBHOU CTPYKTYpbl MaTepuaia (ONTUMAaIbHOTO MPOEKTHOTO PEIIeHMUs ), IPEeICTaBUM B BHJIE
BEKTOPHOM 3aJjau ONTHUMH3AIIH:

Opt F(X) = {max H;(X) = {max h, (X),k =1,K;}, (1c)

min H,(X) = {min h, (X), k =1,K,}}, (2¢)

npu orpannuenusx: G(Y) <0, hkmin < h(X) < h**, k = 1,K, (3c)
Yo=1 ¥ (@) = 100%, y"" <y, < ", v = 1V, (4c)

rne Y ={y;,j = 1,V} - BeKTOp KOMIOHEHT MaTepuana (epeMeHHbIX);

H(Y) = {h(Y),k = 1,K} - BeKTOpHBI1 KpHTEpUiA, Kaxas (yHKIUS KOTOPOTO NPECTABISET
XapaKTEePUCTHKY MaTepHaia, (yHKIHOHAIHHO 3aBUCSIIYIO0 OT BEKTOpa MEPEeMEHHBIX Y

GY)={g,(Y), .., gu(¥)}' - BexTOop-QyHKIMS OrpaHMuUEHMI, HAKIAJBIBAEMBIX Ha
CTPYKTYpy Marepuana, M — MHOXECTBO OTpaHHYCHUH.

[pennonaraercs, uro pynxiuu H(Y) = {h,(Y),k = 1,K} nuddepeHrupyeMsl U BLITYKIIbI,
G(Y) ={g;(Y),i =1,M }T nenpepsiBHBI, a 3aJaHHOE OrpaHHUeHUsAMHU (3C)-(4C) MHOKECTBO TOUEK
S He MyCTO, IPeCTABIAET cob60ii KoMmakT: S = {X eR™|G(Y) < 0,Y™" <Y < Y™M*} % @,

CoorHorenns (1C)-(4C) 00pa3yroT MaTeMaTHYECKYI0 MOJCIbp MaTepuaia. TpeOyeTcst HaluTH,
ucnons3yst Monensb (3.1C)-(3.4C), Takoii BekTOop mapamerpoB Y? €S, mpu KOTOPOM Kaxias
XapakTepucTuka (kommonenta) Bektop — (ymkmum: Hy(Y) = {hi(Y), k =1,K,;} npunumaer
MaKCHMAalbHO BO3MOJKHOe 3HadeHme, a Bektop - ¢yakumn H,(Y) = {h(Y), k =1,K,}
NPUHUMAET MHHUMAaJbHOE 3Ha4CHUE. B COBOKYITHOCTH MaTeMaTH4ecKyr Mojiellb Matepuana (1c)-
(4C) MOXKHO TpaKTOBaTh KaK CHCTEMHBIN ITOIXO/ K UCCICOBAaHHIO CTPYKTYPBI MaTepuala.
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1.3.3. Mamemamuueckasa modens CmpyKmypvl Mamepuana é ycio6usax onpeoeieHHoCmu u
HeonpeoeneHHOCmU 6 CO60KYRHOCHU

Maremarudeckass MoOJIeNb CTPYKTypbl Marepuana (1C)-(4C) BbIIOMHEHA B YCIOBHUSX
onpeAeNeHHOoCTH. B peanpHOM JKM3HM YCIIOBHSL ONPEIECIEHHOCTHM M HEOIPEAEIEHHOCTU
coBMetaTcsa. Mozens CTPYKTyphl MaTepHaia Tak ke JOJKHA OTpaXkaTb 3TH ycioBus. Mcnonb3ys
0003HaYeHHs MaTeMaTHYeCKOH Mojenu, npeodpasyem moxenbsio (1b)-(4b) ¢ yuerom ycnoBwmii
HEOIPEEIEHHOCTH, B UTOTE IOJIYYHM:

«Mooenv cmpykmypbi mamepuana 8 ycio8usax onpeoeieHHOCMU U HeOnPeOeleHHOCIUY.

Opt F(X) = {max H,(X) = {max hy (X),k =1,K**}, (5¢)
max I,(X) = {maxy, (X;, i = 1, M)}, k =1, K"}, (6¢)
min Hy(X) = {minhy (X),k =1, K3, (7¢)

minl,(X) = {miny, (X;, i = 1, M)}, k =1, K"}, (8¢c)
npu orpannuennsx: G(Y) < 0, K™ < h,(X) < h** k = 1K, (9c)
v=1¥p(t) = 100%, y;"" <y, <y, v =1V, (10c)

e X ={x;, j= 1,N} — 5TO BEKTOp yHpaBIsSEMbIX MEPEMEHHBIX (IIApaMETPOB) CTPYKTYpPBI
marepuana; F(X) = {F;(X) F,(X) I;(X) I,(X)} —3T0 BEeKTOpPHBI KPHUTEPHii, KaXK1ast KOMIIOHEHTA
KOTOPOTO SIBIISIETCS. BEKTOPOM KPHUTEpUEB (XapaKTepUCTUK) CTPYKTypbl Matepuana (5C)-(8c),
KOTOpbIC (PYHKIIMOHAIBHO 3aBHCAT OT JIUCKPETHBIX 3HAYCHUN BEKTOpa nepeMeHHbIX X, rue B (5C) u

(7¢c) Kld e sz ef (definiteness); K{*¢, K3¢ (uncertainty), B (6C) u (8C) MHOXeCTBO KpHUTEpHEB

max u min chopMUPOBaHHbIEC B YCIOBHSX OMPEICICHHOCTH W ONPEICICHHOCTH.

2. MuoromepHast MatemaTuka. Teopusi, Meroasbl.

MatemaTtuueckre MOJIENH B YCIOBUSAX OMPENEICHHOCTH U HEONPEeIEHHOCTU: TEXHUUECKON
cucremsl (1a)-(4a), (5a)-(10a), Texuomormueckoro mporiecca (1b)-(4b), (5b)-(10b), ctpykTypsl
marepuana (1¢)-(4c), (5¢)-(10c) mpencraieHbl BEKTOPHBIME 33J[a4aMi MaTEMAaTHUECKOTO
nporpammupoBanus (B3MII). JlanbHeiiiee pa3BuTHE HCCIIEOBaHUS pabOT 110 TEOPUH BEKTOPHOM
ONITUMU3AINHY TIpHBeIa K hopmupoBanuio "MHOroMepHO# MareMaTuku'". B 3TOM acmekTe Mbl
MIPEJICTaBUM YEThIpe pasjena:

BekropHas 3a1aya MaTeMaTHYECKOTr0 MPOrpaMMHUPOBaHHUS;

AKcHOMAaTHKa, TPUHIMII ONTUMAIBHOCTH M  KOHCTPYKTHBHBIE METOJbl BEKTOPHOM
ONTHMHU3AINH C PABHO3HAYHBIMU KPUTEPUSIMH;

AKcHOMaTHKa, TMPHUHIMI ONTUMAIBHOCTH M KOHCTPYKTHUBHBIE METOABl BEKTOPHOMU
ONTUMHU3AINHU C 3aJaHHBIM IPUOPUTETOM KPUTEPHS;

[MpuknanHas MHOTOMEpHas MaTeMaTHKa: BexTopHas 3ajaya HEJIMHENWHOTO
MIPOTPaMMHPOBAHUS — MOJICITb Pa3BUTHST HH)KEHEPHBIX CUCTEM.

2.1. BekTopHas 3a71a4a MaTeMaTHYe€CKOI0 POrPaMMHUPOBAHMSA.

2.1.1. Bseoenue 6 MHO2OMEPHYIO MAMEMAMUK) .

B kauecTBe mpencTaBUTENs MHOTOMEPHOW MaTEeMaTHKH Mbl CPOpMyIUpyeM 3agady
MaTeMaTHYeCKOro MPOTrPaMMHPOBAHUS, TMPEJCTABICHHYI0 MHOXECTBOM (YHKIUH, KOTOpBIE
OTIPECIISI0T MHOTOMEPHOCTH HUccieryeMoro oobekta. Kaxknas gpyHkuus 3Toro MHOKecTBa (PyHKIUN
MMEIOT PA3IMYHYIO LIEJIEBYI0 HAMpaBiICHHOCTh: MAaKCHMHU3AllMM WIM MHUHHUMHU3ALMU, KOTOpbIE B
COBOKYITHOCTH U3MEHSIOTCS Ha ONpeeIEHHOM (HE MTyCTOM U 3aMKHYTOM) MHOECTBE ME€pEMEHHBIX
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(mapametpoB). He Hapymasi 0OIIHOCTH MHOKECTBO (DYHKIIMH MOKHO TPEACTABUTH B BHJIE BEKTOpA
¢byskumid. B uTore moixy4aeM BEKTOPHYIO 3a/1aqy MaTeMaTndeckoro nporpammuposanus (B3MII).
Ha 6a3e BeKTOpHOI 331241 ONTUMU3ALUHU TPEACTAaBUM TEOPETHUECKHE TPOOIEMBI HEOOXOIUMBIE ISt
€€ pelleHNs, KOTOpPBIE BKIOYAI0T aKCHOMATHKY (TEOPETUYECKUE OCHOBBI ), IPUHIUI ONTUMAJIbHOCTU
1 KOHCTPYKTHUBHBIE METO/1bl PELLIEHUS] BEKTOPHBIX 33/1a4 C PaBHO3HAYHBIMU KPUTEPUSIMU U 33 JaHHBIM
MPUOPUTETOM Kputepwus, [6, 15, 29, 31, 33].

2.1.2. Bexmopnasa 3ad0aua mamemamuiecko2o npozpammupoeanus

Bexmopnas 3a0aua matematudeckoro nporpammupoBanus (B3MII) —sto cranmapTHas 3aga4a

MaTeMaTHYECKOro MPOrpaMMHUpPOBaHUs, UMEIOIIAs HEKOTOPOE MHOXECTBO KPUTEPHEB, KOTOPHIE B
COBOKYITHOCTH ITPE/ICTABIISIOT BEKTOP KPUTEPUEB.

B3MII nogpaznensitorcs Ha OAHOPOAHBIE U HeoJHOpoiHbIe B3MIT.

Oonopoonvie B3MII makcumuzayuu — 3TO BEKTOPHAs 3a/1a4a, y KOTOPOH Kaxkaasi KOMIIOHEHTa
MHO’KECTBA KpUTEPUEB HAIIPABIIEHA HA MAKCUMH3ALUIO.

Oonopoonvie B3MII munumuzayuu — 3TO BEKTOpHAs 3aJay4a, y KOTOPOH KaXkJasi KOMIIOHEHTa
MHO’KECTBA KpUTEPUEB HAIIPABJIEHA HA MUHUMM3ALIHIO.

Heoonopoonwvie B3MII — 3T0 BEeKTOpHas 3a7a4a, y KOTOPOH MHOXKECTBO KPUTEPUEB Pa3/ICIICHO
Ha JIBa MOJIMHOKECTBA (BEKTOPA) KPUTEPUEB — MAKCUMM3AIMH 1 MUHUMU3AIMH COOTBETCTBEHHO, T.
e. HeorHopoaHbie B3MII — 3T0 00BheAMHEHUE ABYX BUIOB OJTHOPOJIHBIX 3a/1a4.

B cootBercTBUM € 3TUMHU ONPENEIICHUSMHU IPEACTABUM BBIYKIYI0O BEKTOPHYIO 3ajady
MaTeMaTU4YeCKOro POorpaMMHUPOBAHHUS C HEOAHOPOIHBIMU KpuTtepusimu [6, 20, 22].

Opt F(X) = {max F, (X) = {max f;, (X), k =1,K,}, 1)
min F,(X) = {min f; (X), k =1,K;}}, (2)
i< i S fi¥, G(X) <B, 3)
xmin < x < xmax, (4)

rae X ={x;, j = 1,N} - BeKTOop NepeMeHHbIX, T.c. 970 BekTop u3 N-mepHoro epkimuosa RY,
XM < X < X™MAX - papameTpHUecKue OrpaHHIeHHS;

F(X) - Bexkrop-dyHKIms (BEKTOPHBIH KpuTepuii), umeromnias K — kommoneHT-Qynkiwmid, (K -
moraocTh MHOkecTBa K), F(X) = {f,,(X), k = 1,K}. MuosxectBo K cocTout u3 noamuosxkectna Ki
KOMITOHEHT MakcuMuzanuu u noamHokectBa Koz muanmmsanmu; K=Ki1UKz, mis  oreHkn
COBOKYITHOCTH KPHUTEPUEB BBOAMUTCS 0003HAYCHHE Onepalus «0pty, KoTopoe BKIroyaeT max u min;

F,(X) = {f(X), k =1,K,} — 5To BeKTOpHHIil KpUTEpHii, Kakaas KOMIIOHEHTa KOTOPOTO
Makcummsmpyercs, Ki — gmcno kputepues, a K;=1,K; - MHOXeCTBO KpHTEpPHEB MAaKCHUMM3AIIHH
(3amaua (1), (3), (4) npencrasistor co6oit B3MII ¢ 01HOpOIHBIME KPUTEPUSIMH MakcuMu3anuu). B
naneHeiimem Oymem mpeamonarath, uto fix(X),k = 1,K; - HempepblBHbE BOTHYTHIE (YHKIIHH
(uHOT A OYyIeM MX HA3BIBATh KPUTEPUSIMUA MAKCHMHU3AIINH);

F,(X) = {fi(X), k =1,K,} - BexkTopHBEIi KpuTepuii, Kaxkgas KOMIIOHEHTa KOTOPOTO

munummsupyercs, K,=K; +1,K=1,K, - MHOXecTBO KpuTepueB MuHuUMH3anuu, K2 — uucio,
(3amaua (2) -(4) sto B3MII ¢ oIHOPOAHBIMU KpUTEPHSIMH MHHUMH3aLuK). [Ipennonaraem, 4To
f1x(X), k =1, K,- HenpepbIBHBIE BBITYKIIbIE (yHKIIUH:

KiuKz2 =K, Kic K, K2 c K. (5)
fmin £MAx _ yprgpvanbHas ¥ MAKCHMAJIbHAs BEMYHHA K-TO KPHTEPHS B OrPAHHUCHHUSIX,
G(X)<B,X>0 - crangaptusie orpannuenus, g;(X)<b;, i =1,...,M , rxe bi- Habop
BEIL[ECTBEHHBIX uKcel, a pyHkuun g;(X) mpeanonararoTcsi HEMPEPbIBHBIME U BBITYKJIBIMU.

O603HaunM: S = {XeR"|G(X) < 0,X™Mn < X < XM} % @ - (6)
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3TO JIOITyCTHMOE MHOKECTBO TOUEK (MK OoJiee KPaTKo - TOIMyCTUMOE MHOXKECTBO), 3a/Ial0LIHECs
CTaHAapTHBIMH orpaHnueHusIME (3)-(4) u TpuBHaIbHBIMU orpanndeHusiMu X> 0. [Ipennonaraem,
YTO JIOIyCTUMOE MHOKECTBO TOUEK HE ITyCTO M MPEICTABISAET cOO0M KOMIAKT.

BexropHast ¢pyHkuums (kputepuil) MunuMuzanuu F, (X)moxer ObITh peoOpa3oBaH B
BEKTOPHYIO (DYHKITHIO (KPHUTEPHii) MAKCHMH3AIINH YMHOKCHAEM KaKI0i KOMIOHEHTH F,(X) Ha
MHHYC equHuily. Bekropusiii kputepuit F,(X) BBenen 8 B3MII (1)-(4) asst Toro, 4To0bI OKA3ath,
YTO B 33J]a4€ UMEETCs /IBa MOAMHOXKecTBa kputepueB Kq, K, ¢ NpUHUUIIMAIBHO pa3InYHbIMU
HanpaBJiICHUSAMHU ONTUMU3ALUU. [Ipednonazaem, 9TO TOUKH ONITUMYMA, ITOJIy4YE€HHBIE 110 KaKIOMY
KPUTEPHIO, HE COBIIAIAOT XOTs OBl AJIs IByX KpUTepHeB. Eciu Bce TOUKM ONTUMyMa COBMAJAIOT
MeXly coOOM AJIs BCEX KPUTEPUEB, TO CUUTAEM PELICHNE TPUBUAIIBHO.

2.1.3.  Axcuomwvt u Akcuomamuueckue memoowt

AKcHOMa — 3TO yTBEPXKJICHUE, HE TPEOYIOIIee JIOTHYECKOTO TI0KazarenbcTBa. Ha ocHOBE ATHX
YTBEPKACHUI (MCXOMHBIX MOJIOKEHUN) CTPOUTCS Ta WIIA UHAS TEOPHSL.

AKCHOMAaTHYECKHI METOJ — ATO CIIOCO0 MOCTPOCHUS HAYYHON TEOPUH, IPU KOTOPOM B OCHOBY
TEOPHHU KJIaTyTCs] HEKOTOPBIE UCXO/IHBIE MTOJI0KEHNUs, Ha3bIBaeMble AKcHOMaMu Teopuu. B utore Bce
OCTAJIbHBIE TTOJIOKEHUS TEOPUH TMOTYHAIOTCS KaK JJOTUYECKHUE CIEICTBUS akcuom, |1, 2].

B maremaTuke AKCMOMaTHYECKHI METO 3apOoAUIICs B paboTaxX JPEeBHETPEUECKUX TE€OMETPOB.
OO0pa3ioM akCMOMaTUYeCKOro METOoJla SIBJIAETCA JApeBHErpedyeckuil ydeHblii EBKina, akcuombl
KOTOPOro OBLIM 3aJ0KE€HBI B €ro 3HaMeHUTOM counHeHun «Hadamay. [lanpHeiiniee pa3ButHe
AKCHOMAaTHYECKOr0 MeToja mojydua B paborax JI. ['mibOepra B BHAE TaK HA3bIBAEMOTO METOJIA
dbopmamm3ma cuctembl. OOMmIas cxema MOCTPOSHHUS MPOU3BOJBHONW (POPMAbHON CHUCTEMBI («S»)
BKJIFOYAET:

1. S3bIk cucTemBbl («S»), B TOM 4Hcie andaBUT — 3TO MEPEYEHb JIEMEHTApHBIX CHMBOJIOB;
npaBwia 00pa3oBaHUs (CHHTAKCHUC), IO KOTOPBIM CTPOUTCS (POPMYITBI «S».

2. AKCHOMBI CUCTEMBI «S», KOTOPBIE MPEICTABISIOT HEKOTOPOE MHOXKECTBO (hopMyTI.

3. IIpaBuiia BeIBOIa CUCTEMBI «S» [2].

B npunokeHuu K peuieHUro 3a/ladyd BEKTOPHON ONTHUMH3AINK (MHOTOMEPHOW MaTeMaTHKH)
aKCHMOMAaTHKa NOJIpa3/iesieTCs Ha JiBa pa3jena:

1. AkcnomaTHKa pemieHus 3aJa4i BEKTOPHOU ONTUMHU3AIUU C PABHO3HAYHBIMHU KPUTEPUSIMH;

2. AKcuoMmaTHKa pELICHHs 3a/Jauyd BEKTOPHOM ONTUMHU3ALMHU C 33JaHHBIM HPUOPUTETOM
KPUTEPHUEB.

TonbkO TpU TOCTPOCHUM NEPBOHAYAJIBHOW AKCMOMATHKHM BO3MOXXHO B JajbHEUIIEM
MMOCTPOCHUE TIPUHIIMIA ONTUMATHHOCTH M BBITEKAIOIINX U3 HETO aJTOPUTMOB PEIICHUS BEKTOPHBIX
3a/1a4 MaTeMaTUYeCKOro MPOrpaMMHUPOBAHUS.

2.2.  AKCHOMATHKA, IPUHIUI ONTHMAJIBHOCTH U KOHCTPYKTHBHbIE METO/IbI BEKTOPHOI
ONTHUMHU3ALMYU ¢ PABHO3ZHAYHBIMHM KPUTEPUSAMH

2.2.1. Axcuomamuka peuienus 6eKmMOPHOIl 3a0auu ONMUMUZAYUU C PAGHOZHAYHBIMU
Kpumepuamu

B cooTBeTCcTBUM C BBIIEU3I0KEHHON TPAKTOBKOU SI3bIK CHCTEMbl MHOTOMEPHONW MAaT€MATHKHU

BKJIIOYAET: BO-TIEPBBIX, HOPMAIH3ALIHIO KPUTEPHEB, BO-BTOPBIX, OTHOCUTEIBHYIO OIICHKY KPUTEPHUEB
(pyHKumit), 1, B-TpEThUX, MUHUMAJIbHBIA OTHOCUTEIILHBIH YPOBEHb.

Onpeoenenue 1. (Hopmanusayusn Kpumepus).

Hopmanuzayua xpumepues (MaTeMaTndeckas OIEpalys: CABUT IUTIOC HOPMHPOBAHUE)
HpENICTaBIsAeT OJJHO3HAaYHOE oToOpaxkeHune pynkuun fi, (X) Vk € K, B oqHOMEpHOE MPOCTPAHCTBO
R! (cama dynkuus fi,(X) Vk € K npencrasiser co6oii GpyHKIMIO npeodpasoBanus u3 N-MepHOro
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eskiuoBa npoctpanctea RN B RY). Jlng HopManu3anuy KpuTepHeB B BEKTOPHBIX 3a/a4ax OymTyT
HCIIOJIb30BAThCS JINHEHHbIEe TipeobpaszoBanust: [ (X) = aifi(X) + ¢, Vk € K, win

fieX) = (fie(X) + c)/ax Yk € K, (7)
rie fr(X),k=1,K - crapoe (10 Hopmamusauuu) 3Hadenume kputepus; f(X),k=1K -
HOpMaJIM30BaHHOE 3HAYCHHE, dj, Cj- MOCTOSHHBIC.

Hopmamuzanust  kpurepueB  fi,(X) = (fy(X) + c;)/ax VkeK upencrasnser mpoctoe
(muHeitHOE) WHBapHaHTHOE MpeoOpa3oBaHME INOIMHOMA, B pe3yjibTaTe KOTOPOTO CTPYKTypa
MOJIMHOMA OCTAeTCSl HEM3MEHHOW. B ONTHMH3aIMOHHON 3a1aue HopMai3aius Kputepues fi (X) =
(fi(X) + cx)/a, VkeK He Biamser Ha pe3ynbrarT pemieHus. J[eHCTBHUTEIBHO, €CIIM penraeTcs
BBITYKJIasi ONITUMM3ALMOHHAS 33/1a4a:

maxycs f(X), To B Touke ontumyma X € S: dfd(;(*) = 0. (8)

B o0miem citydae (B ToM umciie ¢ HopMmanu3samuei kpurepus (1)) pemaercs 3aaaqa:

maxxes (aify (X) + ci), ©
TO B TOYKE onTtumMyma X € S: d(akf((:){:)ﬂk) = ay d(];(j:*)) + d((;;‘) =0. (10)

PesynbTar maeHTUYEH, T.e. Touka ontumyma X;, k = 1,K sBnsercss oaHoil m Toil xe s
HEHOPMAJIM30BAHHBIX ¥ HOPMAJIM30BaHHBIX 3a71a4.

Onpeodenenue 2. (Omuocumenvhan oyenka yukyuu (Kpumepus).

B BekropHoii 3a1aue (1)-(4) BeinoiaauM HopMau3aiuo (7) Bujaa:

LX) = LB g (11)
Je—fx

3TO OTHOCUTENbHAs OlleHKa K-ro kputepus B Touke X € §, rae f, Hawmydinas BexwduHa K-To
KpuTepusi, noiayuenHas npu pemennu B3MII (1)-(4) otaensHo mo kK-my kputepuio;

f2- mamxymmas Benuuuna K-ro kputepus (aHTHONTHUMYM) B Touke X; (BepxHuii uHmekc 0 -
HOJIb) Ha JIOITyCTUMOM MHOXECTBE S;

B 3aaue Ha Max (1), (3), (4) Benuuuna f) ABNSETCA HAUMEHBIINM 3HaYeHHEM K-ro KpUTepus:
fi = mingesfi(X) Yk € Ky,

a B 3a1aue Ha Min (2), (3), (4) Benuuuna f;0 ABNAETCA HAMOOMBIIMM 3HAYEHHEM K-TO KpHTEpHS:
fii = maxyesfi(X) Vk € K.

OtHocurenbHas otieHka A, (X) Vk € K, Bo-miepBbIX, H3MEPSETCS B OTHOCUTEIBHBIX €IMHHUIAX;
BO-BTOPBIX, OTHOCHTEINbHAs olleHKa Ay (X) Vk € K: Ha 10mycTHMOM MHOXECTBE MEHSIETCS C HYJIS B

Touke XQ: Vk € K lim0 A (X) A4, (X) = 0, k equHMIIE B TOUKE ONTUMyMa X

Yk € K lim A (X) = 1: Vk € K0 < 1, (X) S 1X €S, (12)
—Af

B pesymbrare Takoit Hopmamuzanmu Bce kpurepun B3MIT (1)-(4) cousmepumbl B
OTHOCHTEIIFHBIX €IUHHIIAX, YTO IMO3BOJISIET, CPABHUBATH MX NPYT C JIPYrOM HX NPH COBMECTHOU
ONITUMU3AIIHH.

Onpeodenenue 3. Onepayus cpagHeHus OMHOCUMENbHBIX OUCHOK KPUMEPUSL MeXHCOY COOOI.

Tak kak, Jro0ass QyHKOWs (KPUTEPH) MPEACTABICH B OTHOCHUTEIBHBIX OIEHKAX (YyHKIUH
A (X) Vk € K, xotopsie nexar mpenaenax (2.8), To BO3MOKHO CpaBHEHHE OTHOCHTEIBHBIX OIIEHOK
10 YMCTIOBOM BenmuurHe. [|J1si CpaBHEHUS HCTIONIb3YETCs ONEpalvs «BEIUUTAaHU. Ecu cpaBHUBaeTCS
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nBe QYHKIMH (KPUTEPHS ), K3MEPEHHbIE B OTHOCUTENIBHBIX OLEHKaX Ay (X) u A=, (X) Vk € K, 10
BO3MOYKHBI TPH CHTYAI[HH:

niepBast, korna Ag_q(X) > A, (X);

BTOpast, kKorma Ag—1(X) = Ax=,(X);

TpeThs, Koraa Ag—q(X) < Ap—,(X).

[lepBast U TpeThsl cuUTyalusi UCcieayercss B paszaene 2.3. B atom paszene uccienyercs BTOpas
CHTYAIIHS.

2.2.2. AKcuomamuxa 6eKmMOpHOU ORMUMUZAUUU C PAGHO3HAYHBIMU KPUMEPUAMU

Axcuoma 1. (O pasnosnaunocmu Kpumepues ¢ 00RYCHUMOU MOYKe 6EKMOPHOU 3a0auu
MAMEeMAmuuecKo2o nPpoPamMmupoCanus)

B BekropHOil 3amaue 1Ba Kputepus ¢ wuHAekcamu k € K,q € K Oynmem cuuTarthb
paBHO3HAYHBIMU B TOYKe X € S, €CIIM OTHOCHTEIBHBIC OICHKH MO K-My U (-My KPHUTEPHUIO PaBHBI
MexTy co0oit B 3T0i Touke, T. €. A (X) = 44(X),k,q € K.

Ioscnenue. Ecniu B Touke X € § ¢yHKUnU (KpuTepun) OyAyT paBHBI:

LX) =0451€ K u 1,(X) = 0,45,q € K (1.e. 45% OT cBOeii ONTUMANLHOH BEIMYKHBI,
KOTOpasi B OTHOCHTEJIbHBIX CIMHHIIAX paBHA 1), TO TaKWe KPUTEPUH HE «PAaBHBI» IPYr IPYyry, a
PaBHO3HAYHBI 110 CBOEMY YHCIIOBOMY 3HAYEHHIO. M KaXK/blil U3 HUX HECET CBOM ()yHKIIMOHAIbHBIH
CMBICII, KOTOPBIN MOXKET OBITh MOJIYYEH, UCIOJIB3YsI HopMasu3anuio kputepues (11).

Onpeoenenue 4. (Onpedenenue MUHUMATLHO20 YPOGHS CPEOU 8CEX OMHOCUMETbHBIX OUECHOK
Kpumepueg). OmHocumenvHvill yposeHb \ B BEKTOPHOW 3a1ade MPEICTABISACT HUKHIOI OILCHKY
Touky X €S cpe/iy BceX OTHOCHTENBHBIX oeHoK A, (X), k = 1,K::

VXESA< (X)), k=1K, (13)
HW)KHUH YpOBeHb JUTs BbIMoHEeHUs ycioBus (13) B Touke XS onpenensiercss Gopmynoi
VXES }L = minkeKAk(X). (14)

Cootnomennst (13) u (14) sBasrorcss B3auMOCBsi3aHHBIMHA. OHH CITy)aT IMEPEXOJ0M OT
ormepanuu (14) ompemencaus MIiNn k orpanudenusM (13) u Hao6opoT. YpOBEHb A TMO3BOJISET
OOBCTUHUTh BCE KPUTEPHH B BEKTOPHOH 3ajadye OJHON YHCIOBOW XapaKTEPUCTHKOW A W
MPOU3BOJINTH HAJI HEW OTPE/ICTICHHBIC ONEPaIluK, TEM CaMbIM, BBITIOJIHSS 3TH ONEPAIUU HAaJl BCEMHU
KPUTEPHSIMH, U3MEPEHHBIMHA B OTHOCUTEIIFHBIX €IMHUIAX. Y POBEHb A (YHKIIMOHAIHHO 3aBHCHUT OT
nepeMeHHol X € §, uaMeHss X, MO)KeM U3MEHSITh HUKHUI YPOBEHb - A.

2.2.3. Ilpunuyun oOnMUMANbHOCIMU GEKMOPHOU ORMUMUZAUUU C PAGHOZHAUHBIMU
Kpumepusamu

Onpeoenenue 5. (Ilpunyun onmumansrocmu 1 C pagHO3HAYHBIMU KPUMEPUAMU).

BekropHas 3amada MaTeMaTHYECKOTO IMPOTPAMMHPOBAHUS TPU PABHO3HAYHBIX KPUTEPHSIX
peleHa, eciii HaliJieHa Touka X° € § ¥ MakCUMaJIbHBIH YPOBEHb A° (BEpPXHUIT MHIEKC O - ONTHUMYM )
CpeaH BCEX OTHOCHUTENBHBIX OLEHOK TaKOH, 4TO

A% = maxyesmingeg A, (X) (15)

Hcnonb3ys B3auMocBsi3b Beipakenuit (13) u (14), npeoOpasyem makcuMuHHY!0 3a1a4y (15) B
HKCTPEMAIbHYIO 33]1a4y:

L’ = maxyegh (16)

npu orpanndenusx A < A, (X),k = 1,K. a7

[Monyuennyro 3amauy (16)-(17) nHaszoBem A-3amaueii. A-3amaua (16)-(17) umeer (N+1)
pa3MEpHOCTh, KaK CIEACTBHE pe3ynbTar pemicHus A-3amaun (16)-(17) mpeacraBimsier co0oit
onTuMaibHbIA BekTop X°eRN*1,  (N+1)-1 KOMIOHEHTa KOTOpOro CcyTh BenumuuHa A, T. e. X° =
{x?, x9, ..., x3, x341}, mpustom x3,; = A°, (N+1) komnonenra Bekropa X° BeiieieHa B A°.
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[onyuennas mapa {A°,X°} = X° xapakTepusyeT onTUManbHoe pemenue A-3axauu (16)-(17)
M COOTBETCTBEHHO BCKTOPHOM 3ajauyd MaTeMaTudeckoro uporpammupoBanus (1)-(4) ¢
PaBHO3HAYHBIMH KPUTCPHUSMH, PCIICHHYI0 HAa OCHOBE HOPMAIIM3AIUM KPHUTEPUECB U MPUHIUIIC
rapaHTHPOBAHHOTO pe3ynbTata. HaszoBem B ontmmansHoMm pemenmn X° = {A°, X°} , X° -
ONTHUMAJIbHOU TOYKOH, a A° - MAKCHMAIIbHBIM YPOBHEM.

BakHbIM pe3ynbTaTOM alrOPUTMa pEIICHHS BEKTOPHOW 3aJayd C PaBHO3HAYHBIMHU
kputepusimu (1)-(4) sBisiercs clieayroas TeopemMa.

Teopema 1. (Teopema o 08yx Haudo1ee nPOMUGOPEUUBHIX KDUMEPUAX 6 BeKMOPHOIL 3a0aue
MAMEMAMUUECKO20 NPOPAMMUPOSAHUSL C PAGHOZHAUHBIMU KDUMEPUMIL).

B BbIMyK/IOH BEKTOpHOW 3agaue MaTeMaTudeckoro mporpammupoBanus (1)-(4) mpu
SKBUBAJICHTHBIX KPHUTEPHUAX, PEIICHHOW HAa OCHOBE HOPMAIM3AlMM KPUTEPUCB W IPUHIIKIIA
rapaHTHPOBAHHOTO pe3ylbTaTa, B OnTUManbHOil Touke X° = {A°,X°} Bcerma mmeercs maBa
KpuTepus - 0003HauuM ux uHaekcaMu qe€ K, pe K (KOTOpbIe SBISIOTCS CAMbIMHU ITPOTUBOPCUUBBIMH
3 MHOKECTBa KpuTepues k = 1, K), 1 1711 KOTOPBIX BHIIONHAETCS PABEHCTBO:

A0 =2,X°) =21,(X°),qpEK X €S, (18)
¥ JIPyTHE KPUTEPHUHU OTIPEAEIISIOTCS HEPABEHCTBOM:
A <N (X°),VkEK, q#p #k. (19)

BriepBblie 10oka3aTenbCTBO TeOpeMbl 1 mpecTaBiieHo B [6, cTp.22], B JalbHEHIIIEM TIOBTOPEHO
B pabore [10, ctp.234]. BmecTe ¢ TeM, uTo Touka X sBISETCS ONTUMAIbHBIM pemiearneM B3MIT.

2.2.4. Mamemamuueckuil anzopumm peuieHus 3a0auu eKMOPHOU ONMUMU3AUUU C
DPABHO3HAYHBIMU KpUMEPUAMU

Jlnist perieHnss BEKTOPHOM 3a1a4ll MaTeMaTudeckoro nporpammupoBanus (1)-(4) paspaboran
METOJI, OCHOBaHHBIH Ha HOpManu3aluu KputepueB (7), akcMOMaTHKE M TMPHUHIMIE MaKCUMHHA
(rapantupoBanHoro pesynbrara) (11). KoHCTpYKTHBHBIA MeETOJ pelIeHUS BEKTOPHOM 3aaayu
ONTHMHU3AINY C PABHO3HAUHBIMH KPUTEPUSIMHU BKIIIOYaeT ABa O0sioka: 1-if 610k « CHCTEMHBIN aHAIIN3)
- paszerneH Ha TpH mmara; 2-u 6710k «lIpuHITHE ONTUMANBHOTO PEIICHUs, BKITIOYAIOIINH JBa mIara:
MOCTPOEHHS A-337aY¥l U €€ PEeIICHHS.

bnok 1. Cucmemnbwiit ananus3.

Illaz 1. Perraercs 3amava (1)-(4) mo kaxaoMy KpUTEPHIO OTACIBHO, T.€. 111 Vk € K,
pemaeTcs Ha MakcuMyM, a Uit Vk € K, pemraeTcst HA MUHUMYM.

B pesynbrare nony4yum:

X7~ TOuKa ONTHUMyMa [0 COOTBETCTBYIOMIEMY kpuTepuio, k = 1, K

fi = fi(X;) — Bemuuuna K-ro kpurtepus B 310 Touke, k = 1,K.

Llaz 2. OnpenenseM HauXy/UTyI0 BETHYUHY KakI0To Kputepus (anTuonTumym): f0, k =
1, K. Jlns gero pemaercs 3anaua (1)-(4) ans xaxmoro kpurepus k = 1, K; Ha MUHEMYM:

2 =min f,(X),G(X) <B,X >0,k = 1,K,

175 Kaxoro kpurepus k = 1, K, Ha MakcUMyM:

9 =max f,(X),G(X) <B,X >0,k = 1,K,. (20)

B pesynbTaTe perieHus nonyuum: Xy = {xj,Jj = 1,N} - Touka ONTUMYyMa 110
cooTeTcTByIomeMy kputepuio, k = 1,K; f2 = f,(X?) — Bemuuuna k-ro Kputepus B TOUKe,

X2 k=1K.

[llaz 3. BbINOIHSAETCS] CHCTEMHBIN aHaIN3 MHOXKECTBA TOUEK, ONTUMaNIbHBIX 10 [lapeTto. B

toukax X* = {X;, k = 1,K} OTIPEICNAIOTCS BETUYHMHBI IIeNIeBbIX (YHKIIUH F(X*), OTHOCUTENBHBIX

20
onerok M(X): A, (X) = %,Vke&
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fl(Xik)’ ffK(Xik)
F(X) = {fe(X)),q =LK k=1,K) = , (21)

fiXk) - fe(Xk)

A (XD), oo, Ak (X1)

1,K} = . (22)

A (Xk), s A (Xk)

B 1enom o 3anade oTHocuTenbHas onenka (22) A, (X), k = 1, K nexut B npeenax:
0<MX)<1k=1K.

bnoxk 2. llpunamue onmumanvnozo peuwienusn ¢ B3MII. Bxmouaer aBa mara — 4, 5.

MXT) ={Aq(X)q = 1L,K, k

llaz 4. Tloctpoenue A-3amaun. Co3maHue A-3a7adud OCYIIECTBIISICTCS B JBa JTama:
IIEPBOHAYAJIIBHO CTPOMUTCS MAKCUMHMHHAs 3aJada ONTHMU3ALMU C HDKBUBAJICHTHBIMU KPUTEPUSAMH,
KOTOpbIE Ha BTOPOM 3Tale NpeoOpazyloTcs B CTaHAAPTHYIO 3aJadyy MaTeMaTH4eCKOIo
MIPOrpaMMHPOBAHUS, HAa3BAHHOW A-3amayeil. I MOCTPOECHUST MakCHMMHHAsS 33ja4a HCIOJIb3yeM
ompenenenue 2: VXS A = minggA,(X).

HwxHuit ypoBens A Makcumuzupyem 1o XeS. B pesynbrate chopMyarupyeM MaKCUMHHHYTO
3a/1a4y ONTUMHU3ALHUU ¢ HOPMAIU30BAHHBIMU KPUTEPHUSIMHU:

A% = maxycsming g, (X). (23)
Ha Bropom stamne 3anaua (23) npeoOpasyercsi B CTAaHAAPTHYIO 3a7a4y MaTeMaTHUECKOTO

IIPOrpaMMMPOBaHUs, HA3BaHHYIO A-3ajaya:

A° = maxyes A, A° = maxyes A, (24)
_ T FrX)-fd _ T
k-)\k(X)SO,k—l,K, 4 ﬂ—vfo,k = 1,K, (25)
kK
G(X)<B,X >0, G(X)<B,X>0, (26)

rJie BEKTOp Hen3BecTHBIX X umeet pazmepHocth N + 1: X = {4, x4, ..., Xy }.

[llae 5. Pemienue A-3amaun. A-3anaua (24)-(26) — crangapTHas 3a7a4da BBITYKIOTO
MPOrpaMMHPOBAHMS U JUTS €€ PEIICHHSI UCTIOJIb3YFOTCSl CTaHIAPTHBIE METO/IbI, B Pe3yJIbTaTe
peuIeHus A-3a1a41 NOITyquM:

X° = {1% X°} - TouKy OnTHMYMa; (27)
f(X°), k = 1, K- BeTM4IUHBI KPUTEPHEB B 3TOH TOUKE; (28)

oy_ £0
A (X9) = %, k = 1, K- BeTu4nHBI OTHOCUTEIILHBIX OLIEHOK; (29)
k~Jk

A° - MakcUMaJbHas OTHOCUTEJIbHAS OLIEHKA, KOTOPas ABJSAETCS MAaKCUMAJIbHBIM HUXHUM YPOBHEM
TSI BCEX OTHOCHTEINIBHBIX OLIEHOK Ay (X?), rapaHTHPOBaHHBIM PE3yJIbTATOM B OTHOCHTEIBHBIX
enuHMIAX. A° TapaHTHPYET, 4TO B TOUKe X° OTHOCUTEBHbIE OLEHKH Ay (X©) GoJble Wi paBHBI
A°:

M (X)) =2% k=1,K or A° <A (X°),k =1,K,X° €S, (30)
¥ B COOTBETCTBHH ¢ TeopeMoii 1 Touka ontumyma X° = {1°,x,, ..., xy} ABIAETCS ONTHMATBHOM MO
[Tapero.

2.3.  AKCHOMATHKA M NPUHIHUI ONTUMAJLHOCTH BEKTOPHOI ONTHMM3AIUHU C 33JaHHBIM
NPHOPUTETOM KPUTEpPHs

B onpenenennn 3 ykazaHO, 4TO €CIIM CpAaBHUBATh JBE (PYHKUIUU (KPUTEPHsI), N3MEPEHHBIX B
OTHOCHUTEJBHBIX ONCHKAX Ap—_q(X) u Ayp—,(X) Vk € K, TO BO3MOXHBI TpU CHUTyanuu. Bropast
curyamusi, korma Ag—;(X) = Ax—,(X) wuccnenosana B paszmene 2.2 (paBHO3HAYHBIC KPUTEPHUH).
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Curyauuu: nepsast, Koraa Ag—;(X) > Ap—,(X), mpeths, korga Ai—;(X) < Ai—,(X), uccnenyrores
B 9TOM pazzeie. Takue CUTyaruu ONpeIeNIsIFOTCs, KaK 3aa9d C IPUOPUTETOM KPUTEPHSL.

Jlist TOCTpOCHHUST METOJIOB PEIICHHs MPOOIeMbl BEKTOPHON ONTHUMH3AIUU C MPHOPUTETOM
KpUTEpUS MBI BBEJIEM cieaylolnue onpeaeneHus: O mpruopurere ogHOro Kputepust Haj napyrum; O
YHCIIOBOM BBIPOKECHUU MPHOPHUTETA KpuTepus Haj aApyruM; O 3alaHHOM YUCIOBOM BBIPAKCHHUH
MIPUOPHUTETA OJTHOTO KpUTEpHs Hal ApyruM; O HIKHEM YPOBHE CPEU BCEX OTHOCUTENBHBIX OLIEHOK
¢ mpuoputreroM Kputepus; O MOIMHOXKECTBE TOYEK, MPHOPUTETHBIX MO KpuTeputo; [IpuHummn
ONITUMAIILHOCTH 2 - Perienne BEKTOPHOI 3a/1auu ¢ 3alaHHbIM npuoputeToM kputepus, [20, 22].
2.3.1. Akcuomamuka peuienusn 6eKmMOPHOI 3a0a4u ORMUMUIAUUY C 3AOAHHBIM HPUOPUNIEMOM
Kpumepus

A3blk cucmempl aKCMOMATUKHM PEIICHUS BEKTOPHOW 3aJaud € 3aJaHHBIM HPUOPUTETOM
KpuTepus BKIro4aeT omnpenenenus: 1) Ilpuopurer omnoro xpurepust Haja apyrum; 2) Ywucioosoe
3HaueHue npuopurera Kpurepus; 3) HuxHuil ypoBeHb KpuUTepHsl Cpedu BCEX OTHOCHUTENIBHBIX
OIICHOK C TIPUOPHUTETOM KPUTEPHSI.

Onpeoenenue 6. (O npuopumeme 001020 Kpumepus HAO Opyzum).

Kpumepuu q € K 6 BekTOpHOU 3anaue 6 mouke X € § umeem npuopumem HaJ APYTUMHU
kputepusmu k = 1, K, eciti OTHOCHTEIbHAS OI[EHKA Aq(X) 1o aTOMy KpHTEpHIO 6OTIbIIE UK PaBHA
OTHOCHUTEIILHBIX OIICHOK Ak(X) IPYTHX KPUTEPHUEB, T. €.:

A0 =0 (X), k =1K, (31)
¥ CTPOTHIl IIPHOPHUTET, €CIU XOTs OBl At ofgHOro Kputepus t € K: A,(X) > A, (X),t # q, a s
ocTabHBIX KpuTepues A, (X) = A, (X), k = 1L,K,k#t=+q.

BBenennem ompenenenuss mnpuopurera kputepuss qeK B B3MII (1)-(4) BbImonHeHO
nepeorpeielieHle paHHETro MOHATHUS puopuTeTa. Eciu paHbliie B HEro BKIaAbIBaJIOCh HHTYUTHBHOE
MOHATHE O BaXHOCTH 3TOTO KPUTEPHS, TO ceiuac 3Ta “BayKHOCTH OMpeAeNseTcs MaTeMaTHYeCKU:
yeM OoJibllle OTHOCUTENBHAS OLIEHKA (|-TO KpUTEepHs HaJ IPYTUMH, TeM OH BakHee (IPUOPUTETHEE),
1 HauOoJiee BHICOKHI TPHOPUTET B TOUKe ontumyMa X, Vq € K .

W3 omnpeneneHus BbIpaxeHHs MNpuopuTeTa KpuTepus q € K B BEKTOpHOH 3aaaue B
ypaBueHusx (1)-(4) cnmemyer, 4To BO3MOXHAs 00JacTh, COOTBETCTBYIOIIAs MHOMECTBY TOUYEK
S,= S8 , xotopoe xapaktepmusyercs Kak Ay(X) = A, (X),Vk#q,VX € §,. Onnako, Bompoc Ha
CKOJIbKO KpuTepuil q € K B TOYKE MHOXECTBA S, HMMEET OOJBIIMH TPHOPUTET OTHOCHTEILHO
JPYTOT0 KPUTEPHsI OCTACTCS OTKPBITBIM. J[1s1 OTBETa HAa 3TOT BONPOC, MBI BBOJAUM KO3(DPHUIHECHT
CBSI3U MEKJy TTapOil OTHOCUTEINIbHBIX OIIEHOK ( U K, 4TO0, B 11€JI0M, IPEICTABISET BEKTOP:

PIX)={pl(X)|[k=1K}LqeKVXeS,.

Onpeoenenue 7. (O uucioeom evlparceHuu npuopumema Kpumepus Hao opyzum).

B BeKTOpHOI1 3a1a4e ¢ IPHOPUTETOM KPUTEpHUs (-T0 Hajl APyruMH Kputepusmu k = 1, K, nns
VX €S,, Bextop P?(X) mokasbiBaeT BO CKOJBKO pa3 OTHOCUTENbHas oueHka Aq(X),q € K,
GoIbIIIe OCTATHHBIX OTHOCHTENBHBIX OlleHOK A, (X), k = 1,K:

Aq(X)
PIX) = {pe () =37

k=1K}LplX)=21,VXeS,cS k=1KVgeK. (32

Aq(X)
x)

Takoe orHomenne py(X) = -
k

Ha30BEM YUCTIOBbIM BblpadiceHuem npuopumema (-20

Kkpumepus Hao ocmanvhvimu Kpumepuamu k = 1, K.

Onpeoenenue 7a. (O 3a0aHHOM YUCI060M GbIPAICCHUU RPUOPUNIEMA 00HO20 KPUMEPUS HAO
opyeumu). B BexropHotii 3anade (1)-(4) ¢ mpuopurerom kpurepus q € K mns VX € § Bektop P9 =
{p{, k = 1,K}, cunraercs 3anaunbM 1u10M, IpuHAMatomuM peuenus, (JITIP), ecu 3a1ana Kaxnas
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KOMIIOHEHTa 3TOro BekTopa. 3aganHas JIIIP komnonenra pg, ¢ Touku 3penus JIIIP, nokaseiBaer BO
CKOJIbKO pa3 OTHOCHTeNbHas oueHka A,(X),q € K Gonblue OCTAambHBIX OTHOCHUTENHHBIX OIEHOK
A (X), k = 1,K. Bektop p,‘c’ ,k = 1,K sBnsercs 3aJaHHBIM YHCIIOBBIM BBIPAXKEHHEM MIPHOPUTETA (-
IO KpUTEpHs HaJl OCTANbHBIMU KpuTepuamu k = 1,K:

PIX) = (), k=T K}Lpl(X)21,VX eS,cSk=1KVqgeK.  (33)

Bekropnas 3agaya (1)—(4), B KoTOpo# 3a1aH NPUOPHUTET KAKOTO-THO0 U3 KPUTEPHEB, HA3BIBAIOT
BEKTOPHOM 3aJauel ¢ 3alaHHBIM IPUOPUTETOM KpuTepus. [IpoGiema 3a1aun BeKTOpa MpHOPUTETOB
BO3HHMKAeT TOTJAa, KOIJIa HEOOXOAMMO ONpenesiuTh Touky X° €S 1Mo 3aJaHHOMY BEKTOPY
IIPUOPUTETOB.

[Ipu omepanuu cpaBHEHHS] OTHOCUTENIBHBIX OLIEHOK C MpHOpUTETOM Kputepus (ekK,
AQHAJIOTMYHO, KaK U B 3a/1a4€ C DKBUBAJICHTHBIMYU KPUTEPHUSIMHU, BBEIEM JOIOJIHUTEIBHYIO YUCIOBYIO
XapaKTEPUCTHKY A, KOTOPYIO HA30BEM YPOBHEM.

Onpeoenenue 8. O HudcHem ypoeHe cpedu cex OMHOCUMETbHBIX OUYEHOK C RPUOPUMENOM
Kpumepus.

YpoBeHb A SABIAETCS HIKHUM CPEIM BCEX OTHOCUTEIBHBIX OLIEHOK C MPUOPUTETOM KPUTEPHUs
q € K, takum, 4t0

A<pin(X), k=1K, €K, VX€ES,CS; (34)
HIDKHHI YPOBEHbB JUIs BBITIOJIHEHNUS ycioBus (34) onpenensercs
A = mingexpihe(X),q EK, VX € S, =S. (35)

CoortHomienus (34) u (35) siBIIsiOTCS B3aMMOCBSI3aHHBIME U CITY)KAT B IaJIbHEHIIIEM ITEPEX0I0M
OT OIEpaI|K OMpeeICH s MIN K OrpaHUYCHUSAM U Ha000poT. B pasznene 4 Mbl ganu onpenesieHue
touku X° € §, ontuManbHO# 1o [lapeTo, ¢ SKBUBAJICHTHBIMU KpUTEpUsMHU. PaccmarpuBas g1aHHOE
OTIpeJIeNICHNE KaK UCXOHOE, MBI IIOCTPOUM Psii aKCHOM JICJICHHUS IOITYCTHMOTO MHOYKECTBA TOYEK S,
BO-TIEPBBIX, KaK TOJMHOXXECTBO TOYEK, ONTHMaIbHbIX 1O Ilapero S°, W, BO-BTOPHIX, Ha
TIOJIMHOKECTBO TOYeK S, S, q € K, IPHOPUTETHBIM Ha ( -MY KPUTEPHIO.

2.3.2. AKcuoma 6eKmopHOU ONMUMUZAUUN C RPUOPUMEMHbIMU KPUMEPUAMU

Axcuoma 2. (O noomuodicecmee moyex, NPUOPUMEMHBIX NO KPUMEPUIO).

B BektopHo#t 3anaue (1)-(4) moaAMHOKECTBO TOUEK SqCS Ha3bIBaeTCs 00JIACTBIO MPHOPUTETA
kputepus (€K Hax IpyrUMH KPUTEPHIMH, ECITH

VX €5, VkeK A, (X)= A (X),q # k.

DTO ompeneneHne paclpoCTpaHIETCs] U Ha MHOXECTBO Touek S¢, ontumanbHbx 1o [lapero,
YTO TAeTCS CIEIYIONINM OTIPE/ICTICHUEM.

Axcuoma 2a. (O noomuodcecmee mouex, RPUOPUMEMHBIX NO KPUMEPUIo, HA MHOICECmEe
mouex onmumanvhvix no Ilapemo).

B BektopHoii 3amaue (1)-(4) moamHOXecTBO Touek SgcS°CS HaspiBaeTCs 00JACTBIO
MIPHOPHUTETA KpUTEpUs qgeEK HaJ JIPYTHMH KPUTEPUSIMH, ecim
VX e S Vk e KA (X)>2N(X), q#k.

Jlanum HEeKOTOpbIe MOSICHEHUS.

Axcroma 2 W 2a TO3BOJIMIIA TIPEICTaBUTh B BeKTOpHOU mpobieme (1)—(4) momyctumoe
MHOXECTBO TOYEK S, BKIIOYas IMOJMHOXECTBO TOYEK, ONTUMalbHBIX 1Mo [lapero, S°C S, B
MOJIMHOXECTBA!

OJTHO TIOJIMHOXECTBO TOYEK S'C S, e KPUTEPUHU SKBUBAICHTHBI, U TIOJAMHOXECTBO TOYEK S',
MEePECceKasCh C MOJAMHOXECTBOM TOueK S°, BBLICISET MOJMHOXKECTBO TOYCK, ONTHMAIBHBIX IO
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[Tapeto, B MOAMHOXECTBO C JKBHBAJICHTHBIMH KpuTepusmu S°° = 8§’ N S°, koropoe, Kak 3TO
[T0Ka3aHo Jiajee, COCTOUT U3 oJHOM Touku X% € §,1.e. X° =85°° =8N S5°,5'85,5°cS,

«K» TIOIMHOXECTB TOYeK, IJe y KakIoro kputepus q = 1,K uMeeTcs NpHOPUTET Hajl
apyrumu kputepusimu k = 1,K,q # k. Takum 00pa3oM, BBIIOJHEHO pas/eleHHe, BO-TEPBBIX,
MHOJKECTBA BCEX JOIYCTHMBIX TO4YeK S, Ha moxmuoxkectBa S,cS,q = 1,K, u, BO-BTOpBIX,
pasjiesIeHue MOJIMHOXKECTBA TOYEK, ONTUMAbHBIX 110 [TapeTo, S, na mogMuo)ecTBa S$qcS,C S, q =

1,K. Orciona BEPHBI CIECAYIOIINE COOTHOIICHHS !
S'U(Ugex S9) = $°,85cS°<S,q =1K.

Muz1 3aMCTHUM, YTO IOAMHO>KECTBO TOYCK S0 , C O,Z[HOﬁ CTOPOHBI, BKIIIOYCHO B 00nacThb

(MOMHOXKECTBO TOYEK), MMEIOMIMX MNPHOPHUTET Kputepus ¢q € K Hax IpyruMu KpUTEPUSMU:
§q ©Sq C S, u C Ipyroi CTOPOHBI, HA TIOAMHOMKECTBO TOUEK, ONTUMabHEI 1103 [TapeTo: S =S$°  S.

Akcuoma 2 W 4YHCIIOBOE BBIpakeHue mpuopurera kputepus (OmnpeneneHue S5) MO3BOJSET
OTIPENIENATh KaXKIIYIO IOMyCTUMYO TOUKy X € § (IOCpescTBOM BEKTOpa:

PA(X) = {pl(x) = 21X

(X))’
MOJIMHO’KECTBO TOYEK 1O MPHUOPUTETHOMY KPUTEPUIO Sq, KOTOPHIH BKIIOYEH B MHOYXECTBO

k = 1,K}, bopMupoBaThCs U BIOMPATS:

Touek S, Vq € K XeS§,C S, (Takoe MOJAMHOKECTBO TOYEK MOKET MCIIOJIB30BAThCA B MPOOIEMax
KJIACTEpHU3ALIMK, HO 3TO BHE CTATHH);

MOJMHOKECTBO TOYEK IO MPUOPUTETHOMY KPUTEPHIO S, KOTOPBIH BKIIIOYEH B Psiji TOYeK S°,
onTuMaibHbIX 110 [apero, VgeK, XeSgcS®.

MHO0XeCTBO IMongmHuOXecTBa TTogMmHOXECTBO OtnenpHas
JTOTTY CTUMBIX TOYEK ONTHMyMa II0 | TOYEK, ONTUMYyMa I10 | Touka, VXS
TOYEK Xe S | Ilapero, Xe S°c S | Pareto XeSqcS°cS
N N XeSqcS°cS

N

DT0 camblii BaXHBIA PE3yJIbTAT, KOTOPHIH TMO3BOJUT BHIBECTH MPUHITUI ONTUMATBHOCTH U
MMOCTPOHTH METOJIBI BBIOOpPA JIF00O0H TOYKHM M3 MHOXKECTBA TOUEK, ONTUMAIILHEIX 110 [TapeTo.

2.3.3. Ilpunyun onmumanbHOCMU peuleHUss B8eKMOPHOU 3a0auu ¢ 3A0AHHbIM
npuopumemom Kpumepus

Onpenencuue 8. (Ilpunyun onmumanvnocmu 2. Pewenue eekmophoil 3a0auu ¢ 3a0aHHbIM

npuopumemom Kpumepusi). BextopHas 3amgaya (1)—(4) ¢ 3amaHHBIM MPHOPUTETOM (-TO KPUTEPHUS
pZ?xk (X),k = 1,K cuuraercs pelieHHOW, ecau HaiifieHa Touka X° M MaKCHMaJbHBIA ypOBeHb A°
CpeIu BCEX OTHOCUTENBHBIX OIICHOK TaKOH, U4TO

2% = maxy.sming.xp A (X),q € K. (36)

Hcnone3ys B3aumocBssh (34) u (35), mpeobpazyem MakCUMHHHYIO 3aaa4y (36) B 3amauy:
A% = maxyesh , (37)
at restriction A <pA.(X),k = 1K. (38)

3anauy (37)-(38) HazoBeM A-3a1aucii ¢ IPUOPUTETOM (-TO KPUTEPHS.
PesynbraTtoMm perrenust A-3amadn Oymet Touka X°={X°, A°} — oHa ke SBJSETCS U PE3yIHbTaATOM
pemiennst B3MII (1)-(4) ¢ 3aaHHBIM TPUOPUTETOM KPUTEPHS, PELICHHON Ha OCHOBE HOPMAaJIH3aLUH
KPUTEPUEB U TPUHIIMIIA TAPAHTHPOBAHHOTO PE3yJIbTATA.
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B ontumansHoM permenun X° = {X°,A°}, X° - ontumanbHas Touka, a A° - MAKCHMAJIbHBIHA
HIKHHUKA ypoBeHb. Touka X° u ypoBeHb A° COOTBETCTBYIOT OrpaHHUYCHUSM (4), KOTOpBIE MOXKHO
3aMmcaTh Kak: A°< pg?\k(X"), k=1K.

OTH OrpaHWuYEHHs SIBJISIOTCS OCHOBOW OICHKH MNPAaBWIILHOCTH PE3YJIbTATOB PEIICHUS B
MPaKTHYECKUX BEKTOPHBIX 33/1a4aX ONTUMH3ALUH.

Omnpenenenne 1 u 2 «[IpuHIMITBI ONTUMAIBHOCTHY JAIOT BO3MOXHOCTH C(HOPMYIUPOBATH
TIOHSITHE OTeparyy «Opty».

Onpenenenne 9. (Mamemamuueckas onepayust «0pty).

B BekrtopHoii 3amaue (1)-(4), koTopas MpeaCTaBiIcHA KPHUTEPHIMH «Max» ©  «Miny,
MareMaTH4yecKas ornepanus «0pty COCTOHT B ompeneineHuH TOYKH X° U MaKCUMAaIbHOTO HHXKHETO
ypoBHs A° , B KOTOPOM BCE KPUTSPUH U3MEPSIOTCS B OTHOCUTEIIbHBIX CIUHHIIAX:

he<h(x7) = LUK = T, (39)
fe=fx
T.e. Bce kputepuu Ay (X°),k = 1,K paBubl unu Gomblile MAKCUMAIILHOTO ypoBHs A°, (03TOMYy A°
TaK)KE Ha3bIBACTCS TAPAHTHPOBAHHBIM PE3YJILTATOM).

Teopema 2. (Teopema o naubonee npomusopeuusblx Kpumepusx ¢ 6eKmMopHoil 3adaue ¢
3A0AHHBIM RPUOPUMENIOM).

Ecnu B BBITYKIIOH BEKTOPHOM 3a/1aue€ MaTeMaTHYECKOTO MPOTrPaMMHUPOBAHHS MaKCUMH3ALUU
(1)-(4) 3anan npuopurer q-ro kputepus py, k = 1,K,Vq € K nax Apyrumu KpUTEpUAMH, B TOUKE
ontumMyma X° €S , TONyYeHHOW HA OCHOBE HOPMAIM3AlMM KPUTCPUEB W  IMPHHIUIA
rapaHTHPOBAaHHOTO pe3yJbTaTa, BCErna Haiercs aABa Kputepus ¢ unaekcamu r € K, t € K, nns
KOTOPBIX BBIMOJHSIETCS CTPOTOE PABEHCTBO H3:

A = ppA(X°) = pi Ae(X), 1, t, € K, (40)
U IpyTue KPUTEPUH OIPENESIOTCS HepaBeHCTBAMMU:
A<pl(X),k=1KVqeK q=r=t . (41)

Kpurepun ¢ wunmekcamu 1 € K, t ¢ K, [is KOTOPBIX BBIMOJHSIETCS paBeHCTBO (41),
Ha3BIBAIOTCSI HAaN0O0JIee MPOTUBOPECUNBBIMH.

Joka3zatenbcTBo. AHanoruuHo Teopeme 2 [20].

3ametum, uto B (40) u (41) unaekce! kputepueB © € K, t € K MOryT coBIajath ¢ HHACKCOM
qeK.

Cneocmeue meopemvr 1. O paBeHCTBE ONTHUMAIBLHOTO YPOBHS M OTHOCHUTENBHBIX OIICHOK B
BEKTOPHOM 3ajJ1aye C ABYMsI KPUTEPUSIMU C IPUOPUTETOM OJHOTO U3 HUX.

B BeIMyksIOl BEKTOPHOW 3ajaye MaTEeMaTHYECKOTO TMPOTPAMMHUPOBAHHMS C  JIBYMS
SKBUBAJIECHTHBIMU KPHUTEPHUSMH, PEIIaeMON Ha OCHOBE HOPMAJHW3AIMH KPUTEPUEB M TPHUHITUIIA
rapaHTHPOBAHHOTO pe3yjIbTaTa, B ONTUMaIbHOW Touke X° BCerja BBITIOJHSCTCS PABEHCTBO: MPH
MIPUOPUTETE TIEPBOTO KPUTEPHS HAJ BTOPOI:

20 =20 (X°) =p3(X)2(X°),X° €S, (42)
e p;(X°) = A (X°)/2,(X°),
MIPU IPUOPUTETE BTOPOT'O KPUTEPHS HAJl IEPBBIM:

A% =2,(X) = pf (XA, (X°), X° € S, tie pf(X°) = A, (X°) /A (X°).

2.3.4. Memoo pewenusn 3a0auu 8eKMOPHOU ONMUMUIAUUU C 3AOAHHBIM RPUOPUMENOM
Kpumepus

Hlar 1. MbI periaemM BEKTOPHYIO 3a7a4y C paBHO3HAYHBIMU KPUTEPUSMU. AJITOPUTM pEILICHUS
npeAcTaBieH B pazzene 4.4.

B pesynbrare pemieHus nojaydaem:
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ONTUMaNbHble TOYKH II0 KakIOMy KpuTepuio otaenbHo X;,k = 1,K u pasmepsl
KpUTepHaTbHBIX QYHKIMI B 3TuX Toukax fr = fi,(X;),k = 1,K, KoTopble NpeCTaBIAIOT IPaHHUIIA
MHO’KECTBa TOYEK, ONTHMAIILHBIX IO [Tapero;

TOYKM AHTHONITHMYMa TI0 KaKI0OMY KpUTepHio X2 = {x;,j = 1, N u HauXy/juIel Hen3MEHHOI
yacTu Kaxaoro kpurepus f = fr (X)), k = 1,K;

X° = {X°,1°} ontumanpHas TOuka, Kak pe3ynbTaT pemenus VPMP ¢ 5KBHBaleHTHBIMH
KPUTEPUSMH, T.€. Pe3yJbTaT PEICHNS] MAKCUMUHHOM 3a7a4y, A-3aa4H, IOCTPOCHHON Ha €€ OCHOBE;

A° - MakcHUMaJlbHas OTHOCHUTENbHAs OIIEHKA, KOTOpas SBISETCS MaKCHMAJIbHBIM HIKHUM
YPOBHEM [UIsi BCEX OTHOCHTENIBHBIX OLEHOK Ay(X®) , Wium rapaHTHpOBaHHBIH pe3ysibTar B
OTHOCHTEJIbHBIX CIUHUIAX, A° TApaHTUPYET, YTO BCE OTHOCHUTEIbHBIC OLCHKH Ak(X°) paBHBI WK
OoJb1Ie A°:

2 <A (X0),k=1,K,X°eS (43)

Jluto, mpuHUMAOIIEe PEIICHUE, TIPOBOIUT aHAIHU3 PE3YJIbTATOB PEIICHUS] BEKTOPHOW 3a/1a4H
C 9KBUBAJICHTHBIMU KPUTEPHUSIMHU.

Ecnu monmyuyeHHbIe pe3yibTaThl YAOBJIETBOPSIOT JIMIO, IPHHUMAIOIIEE pPEIIeHHe, TO KOHEIl,
MHaue BBIMOIHAIOTCS MOCIEAYIOIINE PACUETHI.

JIOMOIHUTENIBHO BBHMUCIMM: B Kakaodl Touke X;,k = 1,K ompenenuM BelduMHBI BCEX
kputepues fo = fi,(Xz),k = 1,K , xoTopble INpeiCTaBIsAIOT TPaHMIy MHOXKecTBa Ilapero, u

N - _£0
OTHOCHTENBHBIX OleHoK: A(X™) = {A;(Xz),q = 1L,K,k = 1,K}, M (X) = %,Vk € K:
k~Jk

A KD - fie(XT) A4 (X1) oo A (X7)
, AUXY) = .
fir(Xg) .. fie(Xi) A (Xi) oo A (Xg)
Matpuiie! kputepues F(X") u oTHOCHTenbHBIX onieHOK A(X ) MOKA3bIBAIOT BETMYUHbI KAXkKIO0TO
kputepus k = 1, K npu nepexoje ot Touku ontumyma Xy, ke K k apyroit X, qeK;

F(X*) = (44)

B TOYKE ONTHMYyMa IMPH PAaBHO3ZHAYHBIX KpUTEpHsiX X° BBIYUCIMM BEITUYHHBI KPUTCPUCB U

OTHOCHTEJIbHBIX OIICHOK:

fiX°),k = 1,K; L(X°),k =1,K, (45)
KOTOpBIE YIOBIETBOPSIOT HepaBeHCTBY (43). B mpyrux Toukax XeS° MeHbUIHI M3 KPHUTEPUEB B
OTHOCUTENBHBIX €IWHUIAX A = MiNgcxA,(X) Bcerna mensine A°. 3alOMUHAIOTCS JaHHBIE A-
3agaun (24)-(26). Ora uHbopMaIKsl U SBJISETCS OCHOBOW IS NAJIbHEHIIIEr0 U3yYeHHsS MHOXECTBA
[Tapero.

lar 2. Buibop npuopumemmnozo kpumepus q € K.

N3 teopum (cM. TeopeMy 1) M3BECTHO, YTO B ONTHUMAaIbHOW TOUKe X° BCerja MMEETCS JBa
HauboJee MPOTUBOPEUNBLIX kputepust ¢ € K 1 v € K, 1y1st KOTOPBIX B OTHOCUTENBHBIX €IMHUIAX
BBITIOJTHSETCS TOYHOE PABCHCTBO:

A° = Aq (X°) =2,(X°),q,v € K,X€ S, a 11s1 OCTalbHBIX BHINOIHAETCS HEPABEHCTBA!

A < M(X°),Vk EK, q#v + k.

Kak npaBuiio, u3 3T0ii mapsl BeIOUpaeTcst Kputepuid, Kotopsiit JITIP xoren Obl yTyqIiTh, TaKOH
KpUTEPHUI HA3BIBACTCS KIIPUOPUTETHBIM KpUTEPUEM», 0003HaYNM ero q € K.

I ar 3. Onpeoensiomcs uuciogvie npedeivl U3MeHeHUs, BeTUYUHbL npUopumema Kpumepus q €
K . Jlns npuopuretHoro kputepus q € K w3 marpuipt (40) ompenenum YHCIOBBIC MPEICITbI
M3MCHCHHS BEJIUYMHBI KPUTEPUS: B HATYpalbHBIX enuHHIax fq(X) ¥ B OTHOCHTENBHBIX €IMHUIIAX
Aq(X), KOTOpBIE JIeXKAT B CICAYIOMINX MPEIeIax:
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feXO)<fy(X) <fy(Xe), keK (46)
e fq(Xg) BBIBOAMTCA M3 MaTPHILbl yPaBHEHHUS F(X") (44), Bce KpUTEpPUH MOKA3BIBAIOT Pa3MepHI,
M3MepeHHbIe B pusnueckux equnmunax, fi,(X°),k = 1,K u3 (45), u, B OTHOCHTENHEIX €IHMHULAX:
M (X°)<,(X) SA4(X7), keK, 47
rae Aq(Xg) BBIBOAMTCA M3 MaTpuubl A(X™), BCe KPUTEPHU MOKA3bIBAIOT Pa3MEpPhl, U3MEPEHHBIC B
OTHOCHTENBHBIX €MHUIAX (0TMETHM, 4T0 A4(Xg) = 1),4,(X°) u3 ypasuenus (64).
Kak nipaBuiio, Beipakenust (46) u (47) BBIAAFOTCS HA TUCILUICH JUIs aHATTU3A.
Hlar 4. Buibop eenuuunst npuopumemnoeo kpumepus (Ilpunsatue pemenns).
JIuio, TNPUHUMAIOIIECE pEIICHHe, MPOBOIUT aHajIM3 pe3ysibTaToB pacyetoB (44) u u3
HEpaBEHCTBA B HATYpalIbHBIX enuHMIaX (46) BeIOMpaeT uncioByto Bennunny fq, ¢ € K:

faX)<fy <fo(X3). 4 EK. (48)

Jlnst BBIOpaHHO# BennvuHbl KpuTepus fq He0O0X0aMMO OnpeesuTh BEKTOP HEM3BECTHBIX X%,
JUISL 3TOTO MPOBOJUM MOCJIEIYIOIINE BHIYUCICHUS.

Illar 5. Pacuem omnocumenvHol OyeHKU.

J11st BBIOpaHHOM BEJIMYMHBI IPHOPUTETHOTO KpUTEepHst fq BEIYUCIISAETCS OTHOCUTEIIBHAS OLICHKA:

_f0
Ag = ;q ;qo, KOTOpas NpHu nepexoje oT Touku X° k Xj, B COOTBETCTBHH C (43) NEKUT B
q/q
npenenax: A,(X°) <1, < 2,(Xy) = 1.

Hlar 6. Buiuucnenue kosgpuyuenma aunetiHou annpokcumayuu.

[penmnonarasi jauHEHHbIA Xapaktep u3MeHenus kputepus fq(X) B (48) u cooTBeTCTBEHHO

OTHOCHUTEIIbHOW OLEHKH Aq(X), HMCIONB3ys CTaHAApPTHBIE MPUEMBI JIMHECHHON armpoKCHMAIINH,
o .
BEIYHCITIM KOY()(GUIMEHT IIPOTIOPIMOHATBHOCTH P MEKIY Aq(X°), A4:
Ag —Ag(X9)
9~ "q
= ———,q €EK.
P= g

Iar 7. Boruucienue Koopouram npuopumenHo20 Kpumepus ¢ 6eIu4unol f,.

B cootBercTBuM ¢ (44) KOOPIMHATHI TOUKU IPUOPUTETHOTO KpUTEpUs X, JeXKAT B CIIEAyIONINX
npenenax: X° <X, <X;,q € K

N — (.4 q

[Ipenmonaras JMHEHHBIM XapakTep HW3MEHEHMs BeKTopa X, = {X,..,Xy} ONperenum

KOOP/IMHATHI TOUKH TPHUOPUTETHOTO KPUTEPUS C BEJTMUUHOM fq C OTHOCUTEBHOM OrieHKoM (45):
— q _ ,o0 * o]
Xqg=1{x; =x7 +p(xg(1) — x7), ...,
q _ ,o0 * [
xy = xy + p(xg(N) — x3)}, (49)

roe X° = {x7?, ..., x5}, Xg = {xq(1), ..., xg(N)}..

[ar 8. Buiuucnenue ocHosHuix nokazamenet mouxu X9.

s nonaygennoit Touku X4 (49), BeIYHCINM:

BCE KpUTEpUH B HaTypanbHbix equnnnax: F9 = {f; (x?),k = 1,K};

BCE OTHOCHUTEIILHBIC OIICHKH KPUTECPHUECB.

— — 0 —
20 = (ke = TR 4 (x) = L ) = TF, (50)
e —Tx
q PR
BeKkTOp npuoputetos: P4 = {p] = jq((;q))’ = 1K}
k

MaKCHMAJIbHYIO OTHOCHTENBHYIO olleHKy: A°7 = min (py A (x9),k = 1,K).
Amnamornuno (50) Moxer ObITH paccuuTaHa Jr0Oass Toyka H3 MHOXectBa [lapero: X7 =
{Af, X2} e S°.
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Ananuz pesynomamog. Paccuntannas BenuuuHa kputepus f,(X7),q € K oOblHO He paBHa
3ajanHoi Afy . OmmbOka BwIOOpa Af, = |f,(X7) — f;| onpenensercs ommbOKod nuHEHHOMN
annpokcuManuu. Pesynbratel uccinenoBanus cummerpuun B B3MII ¢ 3agaHHBIM NPHOPUTETOM
aHajoruyHel, kak u 111 B3MII ¢ paBHO3HaYHBIMU KPUTEPUSAMH, HO LIEHTP CUMMETPUU CMEILEH B
CTOPOHY IPUOPUTETHOTO KPUTEPHUSL.

2.3.5. Teopemuueckuii amanuz maxcumuuHuou 3aoauu, Cpaenenue A -Kpumepus c
6ecosvbiMu KoIhpuyuenmamu npu pewienuu 6eKmopHoil 3a0auu

Teopernueckuii aHaau3 MaKCUMUHHOM 3a/1a4u: TI0 CBOEH CTPYKType MaKCUMUHHAas 3a1a4a (15,
36) BHEIHE He OTIMYAETCA OT AHAIOTUYHOMN 3a/1a4H, PACCMOTPEHHOM B psje padoT?:

A = maxgesmingeg{wi, 4(X)}, X €S, X0, (I1. 1)
_£0
e A (X) = % — ortHocuTenbHas ouenka (11) mo k-my kpurepmio, fi,fQ —
k~Jk

ONTHMAJIbHOE M HAMUXYJIee COOTBETCTBEHHO 3HAaueHUs K-ro KpuTepus, T.e. HCCIEIOBaHUE
OCYIIECTBIISICTCS. B OTHOCHUTENbHBIX efauHunax Ai(X) ; wy, — BecoBble KOI(PUIMEHTHI,
yIOBJIETBOPSIOLINE OOBIYHBIM YCIOBUSAM Wy, > 0, wy+ ...+ w;, = | u BbIpaxkarolue npearnoyTeHne
kputepueB. [lpeamnourenue omnpezaensercs TeM, YTO MPEANOYTUTEIBHOMY (IIPUOPUTETHOMY)
KpUTEPUIO NPUCBAUBAETCs OONbILINI BeC.

Ho BayTpenne 3anaqn (36) u (I1. 1) momHOCTRIO OTIIMYAIOTCS APYT OT Apyra. [lokakeM 3T
OTJIMYME HA JIBYX KPUTEPHAJIbHOM 3a/1aui MaKCUMHU3ALIUU:

f1(X) =» max, f,(X) - max, (IL. 2)
gX)<h,X20,X = {x1,x},x120,x,20, (IL. 3)

/e MHOXECTBO JIOIYCTUMBIX TO4eK S onucaHHbiMU orpanndenusiMu (I1. 3) ve mycto, S # @
u mpexacraBnsieT coboif kommakT. I[loctpoum Ha ocHoBe BekTopHOW 3amauu (I1. 2), (II. 3)
MaKCHUMMHHYIO 33]1a4y C HOPMaJTU30BaHHBIMU KPUTEPUIMU:

A’ = maxycsmingg (A1(X),4,(X)),X € S,X >0,

rae A4 (X), 45 (X) — oTHOCUTENbHBIC OLIEHKH IO MEPBOMY M BTOPOMY KpuTepusMm, Xi, X,
TOYKK omnTHUMyMa, nonydeHHblie npu permenuun B3MII (I1. 2), (Il. 3) mo mepBoMy u BTOpOMY
KpUTEPUSIM COOTBETCTBEHHO. MaKCHUMUHHYIO 3ajlauy npeolOpa3yem B A-3a1auy:

A =maxysd, A—2(X)<0, A—2,(X)<0,X€S,X=>0.

[IpencraBuM IOCTENHUE HEPABEHCTBA B BMIE PABEHCTB, J00aBUB INepeMeHHble X, X', U
BBIYTEM OJIHO M3 HUX M3 Jpyroro: A4(X) —x' = A,(X) — x". [lononHurenbHbIe TIEpEMEHHBIE X' U
x"" 17t AByXKpHUTEpUAIBHON 3a/1au¥ cOaTaHCUPOBAHBI M B ONITUMAJILHOM TOYKE PABHBI HYJIIO

(¥ 3TO paBEHCTBO MOATBEPKIAET BILICTIPUBEICHHAS TeOpeMa Ha 3Tare 2), B UTore

41(X°%) = 2,(X°) (IL. 4)

[ToaToMy anropuT™ U Ha3bIBAE€TCA “IPU PaBHO3ZHAYHBIX KPUTEPUAX .

Paccmotpum, kak uzmenutcst paBeHctBo (I1. 4) mpu BBeieHnu BEKTOpa MPUOPUTETA U BEKTOpa
BecOBBIX K03 urrenTon. [Ipumem, 4To NepBHIN KPUTEPHl KMEET MPUOPUTET HAJ BTOPHIM B 2 pasa,
TOTJ]a BEKTOP MPUOPUTETOB OyI€T BHITJISAETD CIEIYIOIINM 00pa3oM:

P! = {p] = 1,pl = 2}, a BexTOp BecoBrIX KOFPPUIIEHTOB:

w = {w;=2/3,w, = 1/3},w; + w, = 1.

! Muxaiinesuu B.C., Bonxosuu B. JI. BelunciauTensHble METObI KCCIIEA0BAHMS U NPOEKTUPOBAHUS CIIOKHBIX
cuctem. M.: Hayka, 1979. 319 c.
Muxaiinesuu B. C., Bonkosuu B. JI., Konenos I'. B. Anroputm coriacoBanus pelieHUui B pacipeieIeHHON

CUCTEMe B3aMMOCBSI3aHHBIX 3aj1ad ¢ THHEHHBIMU Moaeisivu // Kubepreruka. 1988. Ne 3. C. 1-8, 22.
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Torna pasenctso (I1. 4) ¢ BekTOpOoM

npuopureroB P1 npuoOpeTér cnenyromuii BUa:

P1A1(X°) = p3A;(X°) mm A4(X°) = 22,(X°), (I1.5)
a ¢ BEKTOPOM BECOBBIX KOA(PPHUIIMEHTOB — C TOYHOCTHIO HA00OPOT:
w1d1(X%) = wy4,(X°) wmm 244(X°)/3 = 2,(X°)/3 wim 24,(X°) = 2,(X°). (I1. 6)

B pesynbrare pemenus B3MII (I1. 2), (I1. 3) ¢ Bexktopom npuoputetos (I1. 5) otHocutenbHas
OLICHKA 10 TepBoMy Kputepuio A(X°) Oyaer B 2 pa3a Bblllie OTHOCHTEIBHOM OIEHKHU 110 BTOPOMY
Kkputepuio A,(X°), 4to u TpeGOBAIOCH 10 YCIOBHSM 3a/1a4H.

IIpu pemenun B3MIT (I1. 2), (Il. 3) ¢ BekTtopom BecoBbiXx Kkodhduimentor (II. 6)
OTHOCHTENIbHAs OLIEHKA IO TepBoMy Kputeputo Aq(X®) Oyner B 2 pa3a MeHbILE OTHOCHTEIbHOU
OLICHKH 10 BTOPOMY KPUTEPHIO A,(X?), 4TO MOTHOCTHIO IPOTUBOPEYHT YCIOBHSAM 3a/1a4H.

[loxakeM 3TOT aHAJIW3 HA IPUMEPE BEKTOPHOM 3aJa4d JIMHEWHOTO IPOrpaMMHUPOBAHUS C
JIBYMSI KPUTEPHSIMHU.

I1p uw™m e p. PaccMoTprM 0THOPOTHYIO BEKTOPHYIO 3a/1a4y JIUHEHHOTO MTPOrpPaMMHPOBAHUS —
makcummsaru (B3JII): f;(X) =5x; +x, = max, f;(X)=20x; +80x, —» max, (I1. 7)
5x; +5x, < 125,x; <28,x, <20,x; = 0,x, = 0. (I1. 8)
Bun nomyctuMoro MHoeCTBa pelieHui, onpeensieMbix orpanuuenusamu (I1. 8), nokasan Ha puc.
1. Vector Linear programming problem 2 Criterion
Penienne BeKTOpHOI 3a1a4M JTMHEHHOTO IPOTrPAMMUPOBAHHUS

Vektor Linear programming problem 2 Criterion
— X;' T T T T
18 1

20

N\
x < 28

Puc. I1.1. Pemenue B3JIIT (I1. 7)-(I1. 8) (I1. 7), (I1. 8) B COOTBETCTBHH C AITOPUTMOM
pemenust B3JIIT H ocHOBe HOpManM3alMM KPUTEPHEB U MPUHIIMIIA TAPAHTUPOBAHHOTO pe3yJbTaTa
npeacTaBuM B cucteme Matlab.

Jns pemieHuss Mo KaKIOMYy KPHUTEPHUIO HCHOJb3yeTcs: pyHkuus linprog, xoTopas pemiaer
3a/1a4y JMHEWHOTO MPOrpaMMHUPOBAHUS.

III a r 1. Pemenune B3MII (I1. 7) -(I1. 8) mo xaxxaomy KpuTepuro OoTAeIbHO. B pesynprate
pacuera oy4uM TOUKM onTuMyMma, X, u f, ,k = 1,2, nokasauusle Ha puc. I1.1:

Xi ={x; =28,x, = 1.6}, f; = 1(X]) = 141.6;

X3 ={x; = 5x; = 20}, f5 = f,(X3) = 2500.

[T a r 2. He Bemonusercs. g B3JIII ¢ HecTpornMu orpaHMYEHUsIMU HaUXyALIUE 3HAYEHUS

xputepue [ = f = 0. Hopmanusanus npumet Bun A (X) = fi(X)/fi k=12 .
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I1I a r 3. BeinmonHseTcs aHaInu3 KPUTEPUEB, JUI YETO B ONTUMAIIBHBIX TOuKax X1, X,
OIPCACIIAOTCA MaTPULBI HEJICBBIX (I)YHKI_II/Iﬁ 1 OTHOCHUTCJIIBHBIX OLICHOK

141.6 752.0 1.0 0.3008
45.0 2500 0.045.0 1.0

[T ar 4. Crpoutcst A-3amaya:

F(X*) = L AMXY) =

A% = max ),
A—(5x; + 1x,)/141.6 < 0, L — (20x; + 80x,)/2500 < 0, (T1. 9)
x; + 5x,<125,x; < 28,x, < 20,x; = 0,x, = 0,

KOTOpas peuraetcst oopamienueM K pynkuuu linprog. Pe3ynbraThi:

ONTHMAaJIbHbIE 3HAYEHHUS TIepeMeHHBIX A° = {A = 0.6547,x; = 16.3585,x, = 10.9132};
onTUMaJIbHOE 3HaUeHue HeaeBoil pynkiuu: A° =0.6547. [onyuusmeecs {A; (X°) , {A,(X°) , a
Taxke Touku onTumMyma X© u A° Ha UX nepecedeHuH, IpeICcTaBIeHbl Ha PUC. 2.

Beimonaum niposepky: f;(X°)= 92.7, A, (X°) = 0.6547; f,(X°)= 1636.8, A,(X°)= 0.6547,
T. e. A°< A (X°),k =1,2. Dtu pe3ynbTaThl MOKA3bIBAIOT, YTO B Touke X° 006a KpuTepus B
OTHOCHTEBHBIX €MHUIAX A0CTUIIH ypoBHs A° = 0.6547 0T CBOMX ONTUMANIBHBIX BeIuunH. Jlro60e
YBEJIMUYCHHUE OJHOTO W3 KPUTEPHEB BBIIIEC 3TOr0 YPOBHS IMPUBOIUT K YMEHBIICHHIO JPYroro
Kputepus, T.e. Touka X° omrumainsha 1o [lapeto (puc. I1.2).

Vektor Linear programming A-problem

1.5
«}2()(2')
1 N - s 72
MY
© ==
2 05
£
o =
— .
0
r"‘\)l
0.5 X
o]

20
15

10

x1 30 5
. X2

Puc. I1.2. Pemienne B3JIII (I1. 7), (I1. 8) ¢ mpruoputeToM nepBoro Kpurepus
Permmm B3JIIT (I1. 7) u cootBeTcTBeHHO A-3amaqy (I1. 9) ¢ 3amaHHBIM BEKTOPOM

IIPUOPUTETOB:
Pl = {p! = 1,p] = 2} u BekTOPOM BECOBBIX KOIPDHUIUEHTOB!
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w={w, = 2/3,w; = 1/3}.
B aTom ciyyae A-3amava mpuMeT BHI:
A% = max A,
A—pi(5x; + 1x)/fi < 0, A —p3(20x; + 80x,)/f5 < 0, (I1. 9)
x; + 5x,<125,x; < 28,x, < 20,x; = 0,x, = 0,

JInst TaHHOM 33/1a4M TIPH IIEPEX0/ie OT TOYKU X ©, TOIyu4eHHOM PU paBHO3HAYHBIX KPUTEPHUSIX
A-3amaun (I1. 9), x Touke onTuMyma X, HOTYYECHHOU NPU PELICHUH 10 TIEPBOMY KPUTEPUIO,
NPUOPHUTET MEPBOTO KPUTEPUS JIIKHUT B Ipeieiax:

pi(X) < p; < p; (X°). (I 11)

[ToHsATHE NpHOpHTETa KPUTEPUS BBITEKACT M3 AKCHOMATHKH, KOTOpas ITOKAa3bIBaeT, YTO
JOIMYCTHMOE MHOKECTBO TOYEK S, B TOM YHCJIE MHOKECTBO TOUYEK, ONTUMaJbHEIX 1o [lapero, S,
JekKalee MeXay ToukaMu X; u X, IOJpa3/ieNsieTcsl Ha TPU TOJMHOYKECTBA TOYCK:

HOJMHOXecTBa S; U S SABJISAIOTCS OOJIACTHIO MPHOPUTETA MEPBOTO KPUTEPHsI HAZl BTOPHIM
(xapakrepusyercs TeM A (X)>1,(X), VX € SPc S, S), B npumepe S{ JIEKAT MEXKIY TOUKAMH
X{ u X%

HOJMHOXeCTBA S; U S5 SBISIOTCS O0JACThIO MPUOPUTETA BTOPOTO KPUTEPHs HAJ HEPBBHIM
AL X)2 A (X)), VX e SYc S, S, B ipumMepe S5 JeKUT MEKIAy Toukamu X, u X9;

HOJIMHOKECTBO Touek S’ € S, riae Kpurepuu paBHo3Haunbl A, (X) = 1,(X), VX e S'cS.

[MoxmuoxectBy S’ mpuHamiexut Todka X©, B KOTOpoil A° — MakCHMaJbHbBIA ypPOBEHb,
npuueM A° = A;(X°) = A,(X°) B cooTBercTBMM ¢ TeopeMoi. X° Takke HPHHAIICKUT U
MHOECTBY TOUEK, onTuMalbHbIX 110 [lapero, S° (puc. I1.1, I1.2).

B 3anaue (I1. 7) nepasencrsa (I1. 11) mpumyT Bun pi(X;) = 3.3245 < pi < p} (X°), u3 nero
BBIOUpaeTcs pa, KOTOpHIA BBOAUTCA B A-3amaqy (I1. 10).

B pesynbrate pemenust A-3apauwm (I1. 10) ¢ 3a7aHHBIM BEKTOPOM MTPHOPUTETOB TTOTYUHM:

touky ontumyma X;{ = {h; = 0.8694,x; = 23.5959,x, = 5.1233} Puc. [1.2:

ONTHMAaNbHOE 3HaYeHue neesoit pyukuuu: 1° = 0.8694.

Brmonaum npoBepky: f; (X°)=123.1, A,(X7?)=0.8694; f,(X?)=1086.7, A,(X?) =0.4347,
T.e. A°< M (XP) = 20, (X?) = 0.8694.

DTH pe3ysbTaThl IIOKAa3bIBAIOT, YTO B TOUKE ONTHMyMa X;, OTHOCUTENbHAS OlleHKa Aq(X{) B
2 pasza OoJbllle OTHOCHTEIBLHOW OIEHKH A,(X7Y). DTO COOTBETCTBYET YCIOBHSM 3aladyd: O
NPUOPHUTETEe TEPBOTO KPUTEPHUsl HAJ BTOPBIM, IPU 3TOM IUIOCKOCTB, Ompenensemas (yHKIUeH
2 X, (X) B o6nactu IMapero B Touke X{, nocturia yposas A° = 0.8694 = 2 1, (XD).

B pesynbrare pemenus A-3amaun (I1. 10) ¢ 3amaHHBIM BEKTOPOM BECOBBIX KOA(D(OHUIIMEHTOB
noiryuum: Touky ontumyma X3 ={ A;=0.2922, x;=9.0615, x,= 16.7508} (Puc. I1.1, I1.2);
ONTUMAJIbHOE 3HaUeHMe HesteBoil Gpynkiuu: A° = 0.2922,

Beimmoaaum npoBepky: fi(X5)= 62.1, A, (X5)= 0.4383; f,(X7)= 2191.3, A,(X5) = 0.8765,
T.e. A°<20,(X9)/3 = 1, (X2)/3 = 0.2922.

DTH pe3ysbTaThl IIOKAa3bIBAIOT, YTO B TOUKE ONTHMyMa X5, OTHOCHUTENbHAS OlleHKa Aq(X9) B
2 pa3za MEHbIIE OTHOCHTEIBLHON OIEHKH A,(XJ), YTO MOJHOCTHIO MPOTHBOPEUUT HCXOTHOMY
3afanuto. Takum 00pa3oM, METOJ, OCHOBAaHHBIM HAa HOPMAJHM3alMU KPUTCPHEB W TPHHIIUIIC
rapaHTHPOBAHHOTO PE3yJbTaTa, TaeT TOUYHBIC OTBETHI HAa MOCTaBIICHHbIC ycnoBus B3MII.

Ananu3 pesynoemamos pewrenus. (Jlaaum asa nmosicHeHus!).
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1. BriepBble B OTEUECTBEHHOH W 3apyOeKHOW MpaKTHUKE MOCTPOEHBI akchombl 1, 2 u 2a,
KOTOpBIC MMO3BOJIMJIM IPEJCTaBUTh B BEKTOpHOW (MHOTOKpUTepHanbHOW) mpobiieme (1)—(4) (u
yactHocTH B 3anaue [1.7-11.8) nomyctumoe MHOXKECTBO TOUEK S, BKIIIOYAIOIIEE:

Bo-nepebvix, TOIMHOXECTBO TOYEK, ONTUMAJBHBIX 110 [lapeto, $°C S, KOTOpOE JISKUT MEKITY
Toukamu ontumyma X§, k = 1, K. (B namem npumepe Xj, k = 1,2 — X;, X3).

Bo-6mopbix, OHO TIOIMHOXKECTBO TOUCK S'C S, T/1e KPUTSPHU SIKBHBATICHTHBI: TIOJMHOKECTBO
TOYeK S', mepeceKasich ¢ MOIMHOKECTBOM TOUCK S°, BBIICIISACT MTOMHOKECTBO TOUYCK, ONITHMAIIbHBIX
no IMapero, B MOAMHOXKECTBO C IKBUBAJICHTHBIMHU Kputepusimu S°° = §' N §°, xoropoe, Kak 3TO
MOKa3aHo jaajee (1 B HameM npumepe X ©), cocTout u3 onHOM Touku X° € S, T.e.

X°=8°=8NS%S"eS,5°CS.

B-mpemuwux, coznano «K» MoJIMHOKECTB TOUEK, IJle y KaXkI0ro kputepus q = 1, K umeetcs
IIPHOPHTET Haj ApyruMu Kputepusmu k = 1, K, q # k. B utore, BEIIONHEHO pa3ieeHue;

1) MHOKecTBa BCEX MOMYCTHUMBIX TOUEK S, Ha IMOAMHOYKECTBA ch S,q= 1,_K; B namem
npuMepe: 00JacTh ToUeK, Jexammas Mexay X; — 0 — X sBnsercs o0nacTbio MPUOPHUTETA MIEPBOTO
kputepuss S,-1C S ; obnacTh Touek, nexamas Mexay X; —0—X° spagercs o6nacTbro
HPHOPHUTETA BTOPOTO KPUTEPHS Sy—,C S;

2) pasaeneHue Mo IMHOXKECTBA TOYEK, ONTUMANBHBIX 110 [lapeto, S°C S, Ha MOAMHOKECTBA
Sg S q< S,q= 1,K. Orcrona BEPHBI CIEYIOIINE COOTHOLICHHUS:

S'U(Ugex S9) = 8°,59cS°cS,q =TK.

B Hamem mnpumepe: oOmacTh Touek, Jexamas Mexay X; — X sBusercs 00nacTbio
IIPHOPHUTETA TIEPBOTO KPUTEPUsL Sg_q CS° C S; 00671acTh TOUEK, JNekaras Mexay X, — X© sapnsercs
0071aCThIO TIPHOPHUTETA BTOPOTO KpUTEpus Sg_, <S°C S;

2. MBI 3aMeTHM, YTO TOJMHOXECTBO TOYEK So, C OJHOW CTOPOHBI, BKIFOYCHO B 00JIACTh
(MOAMHOXKECTBO TOYEK), MMEIOUIMX HpPUOpPUTET Kputepus ¢q € K Hax OpyruMU KpUTEpUSMU:
§q ©Sq C S, u Cc Ipyroi CTOPOHBI, Ha TIOAMHOMKECTBO TOYEK, ONTHMaTbHEI 1103 [TapeTo: S <S$°  S.

Akcuoma 2 W 4YHCIIOBOE BBIpakeHHEe mpuopurera kputepus (OmnpeneneHue 5) Mo3BOJSET
OTIpEeAEIATh KaXAyI0 JOMYCTUMYIO TOUKY X € § (IOCPeICTBOM BEKTOpa MPUOPUTETOB:

PA(X) = {pl(x) = X

()’
IPHOPUTETHOMY KPUTEPHUIO Sq, KOTOPBIA BKJIIOUEH B MHOXKECTBO Touek S, Vq € K Xe§,C S, (takoe

k = 1,K}, dbopmupoBaTbcs U BHIOUPATh: OJMHOKECTBO TOUYEK 1O

MOJIMHO’KECTBO TOYEK MOKET HCIOIB30BAThCs B MpobOIeMax KIacTepu3aluu, HO 3TO BHE CTaThH);
MOJIMHOKECTBO TOYEK IO MPUOPHUTETHOMY KPUTEPHIO S, KOTOPBIH BKIIIOYEH B Psijt ToYek S°,
onTuManbHbIX 110 [apeto, VgeK, XeSgcS®.

MHO0XeCTBO IMongmHuOXecTBa TTogMHOXECTBO OrtnenpHas
JIOITY CTUMBIX TOYEK ONTUMyMa IO | TOYEK, ONTUMyMa IO | Touka, VXS
TOYEK Xe S | Ilapero, Xe S°c S | Pareto XeSqcS°cS
N N XeSqcS°cS

N

OTO caMbIll Ba)KHBIN pe3yJibTarT, KOTOpBIfI IMMO3BOJIMT BBIBECTU IMNMPUHLOUIT ONTHUMAJIBHOCTHU U
IIOCTPOUTH METOAbI BI)I60pa JIF000H TOYKH U3 MHOMKECTBA TOYCK, OIITUMAJIBHBIX 110 HapeTO.
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2.4. TlpuxknagHass MHOroMepHasi MaTeMaTuka: BekTopHasi 3aaya HeJIHHEHHOIO
NMPOrpaMMHUPOBAHNS — MO/IeJIb PA3BUTHSI HH/KEHEPHBIX CHCTEM.

B »TOoM pa3zgene Mbl paccMaTpuBaeM OTIEIbHYIO 3a/layy MHOTOMEPHOM MaTeMaTHKH:
BEKTOPHYIO 3a/ladyy HEIMHEWHOro NporpaMMupoBaHus. MaremaTnueckoe W MIPOrpaMMHOE
obecrieueHne pemeHus] BEKTOPHOU 3a/1a4i HETMHEHHOTO TPOrPaMMHUPOBAHHUS, AJITOPUTMBI PEIICHUS
KOTOPOW MpPU PaBHO3HAYHBIX KPUTEPUSIX MPEJCTABICH B pasjieie 3 U IpH 33aJJaHHOM MPUOPUTETE
kputepus B pazzedie 4, [20, 22, 43, 45].

2.4.1. BekmopHhasn 3a0aua HeauHelH020 npozpammuposanus (B3HII)

Bekropnast 3amaua HenmmueiHoro nporpammupoBanus (B3HII) — 3To crammapthHas 3amada
MaTeMaTHYeCKOr0 MPOrpaMMUPOBAHUS, UMEIOIIasi HEKOTOPOE MHOKECTBO KPUTEPHUEB, KOTOPHIC B
COBOKYITHOCTH TMpeACTaBisioT BekTop kputepueB. B3HII moapaznensitorcs Ha OJHOPOIHBIE U
HeoaHopoausie B3JIIL. B cooTBeTCcTBUM € 3TUMU ONpPEACIICHUSIMHU MPEICTABUM BEKTOPHYIO 33/1auy
HEJTMHEHHOTO TPOrpaMMHUPOBAHUS C HEOJHOPOIHBIMU KPUTEPHUSIMU.

Opt F(X) = {max F;(X) = {max fi(X) = cop + C1eXq + =+ + CyprpXaXp + o+ CpppXf +

ot X2,k = 1,K, (51)
min F,(X) = {min f,(X) = cop + C1pX1 + -+ CyyppX1Xy + - + Cnl‘kxlz + -+
Cnnerzvk = 1'K2}}1 (52)

Qo + AyiXy + o+ Ay XX + o+ Qpp X2 + 0+ Qi< by, i =1, M, (53)
Macfxi(t) 2 by (t), keK, 0<x;()<u;,j =1,N, (54)

e X ={xj,j = 1,N} - BeKTOp MNepeMeHHBIX, T.e. 3TO BeKTOp U3 N-MepHOro eBKIMI0BA
npoctpanctsa RV, (0603nauenne j = 1, N sxsusanentno j = (1,...,N);

F(X) - Bexrop-dyHKIHs (BEKTOPHBIA KpUTepHii), uMmeromas K — KOMIIOHEHT-(YHKIIHA.
@DyHKIHMS TPEICTABISIET KBAIPATHYHBIHN TOJTHHOM.

MuoxecTBO KpuTepueB (mosuHOMOB) K cOCTOMT W3 NOJMHOXECTBa K; KOMIIOHEHT
MaKCHUMU3aluu U moAMHOXecTBa K, muHuMm3aumu: K = KUK, , I OUEHKH COBOKYITHOCTH
KPHUTEPUEB BBOAUTCS 0003HAUCHUE OTeparyst «0pt», KoTopoe BKI0YaeT B ceds max u min;

F,(X) = {max f,,(X),k = 1,K; - 510 BexTopHblii kputepuii (51), Kaxgas KOMIIOHEHTa
KOTOPOTO Makcumusupyer, K; — umcmo kpurepueB, a K;=1,K; - MHOXECTBO KpHUTEpHEB
Makcummsaim (3amgada (51), (53)-(54) mnpeacrasisror coboit B3HIT ¢ ofHOpOIHBIMU KPUTEPHUIMU
MaKCUMU3AIIHIH);

F,(X) = {min f;,(X),k = 1,K, - BeKkTOpHBIi KpHTepHii, Kaknas KOMIIOHEHTa KOTOPOTO

munnmusnpyercs, K,=K; +1,K=1,K, - MHOXECTBO KpUTEPHUEB MHHMMHU3AaLMH, K, — YHCIO
kpurtepues, (3anayda (52),(53)-(54) sto B3HII ¢ 0gHOPOAHBIMU KPUTEPUSIMA MUHUMU3AIIH):
K,;UK, = K, K;,cK, K,cK.

(53) - crannapTHBIC HETMHEHHBIC OTPaHIYCHNUS (B BUJIC TIOJIMHOMOB).

(54) — orpannyeHus1, HAKJIaAbIBAEMbIC HA KPUTEPHH.

S={XeRMG(X) <0,X™M" <X < XM} £ (@ — 5mo donycmumoe MHONCECNEO TOUEK,
3ajaroniuecss CTaHAapTHeIMU orpaHudeHussMu  (53)-(54) W TpUBHAIBHBIMH OTPAaHHYCHUSMH
0<xj(t)<u;,j= 1, N. IIpeamnonaraem, 4To JOMYCTHMOE MHOKECTBO TOUYEK He IyCTO M TIPe/ICTaBIsAeT
co0oii kommnakt. BekropHas hynkius (kputepuit) Munnmusaimu F, (X) mMoxeT ObITh IpeoOpa3oBaH
B BEKTOPHYIO (DYHKIHUIO (KPUTEPHiT) MAKCHMHU3AIMHA YMHOKEHHEM Ka) 10 KOMIIOHEHTHI F,(X) Ha
MuHyc eaunuily. Bektopusiii kputepuii F2(X) Beeaen 8 B3HIT (51)-(54) anst Toro, 4ToObI OKa3aTh,
YTO B 3aJjaue MMEETCs ABa MOAMHOXecTBa KpurepueB K;, K, ¢ NpUHIMIHAIBHO Pa3IHYHBIMH
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HaMpaBJICHUAMHU ONTHMH3AIKUU. BekTopHas 3amada HenuHeiHOro mporpammupoBanus (51)-(54)
MOXKET paccMaTpHuBaThCs Kak K- MepHas 3ajaya ONTUMHU3ALUH, TJe pa3MepHOCTh KpuTepueB K =
K, UK, ¢ MHOXecTBOM napameTpoB N.

24.2. Cmpykmypa npozpammnozo obecneuyeHus peuwieHus  6eKMOPHOU  3a0ayqu
HeTUHENHO020 NPOZPAMMUPOBAHUS

Jlns  pemieHuss BEKTOpHOW 3ajaudM  HelduHEiHoro mnporpammupoBanus (51)-(54) mnpu
paBHO3HAYHBIX KpHUTEpHsX paspaborana  mporpamma B cucteme MATLAB ¢ ueTsippMA
kputepusimu (56) ¥ IByMs TapameTpamu, KOTOPast 10 CYIIECTBY MPEACTaBISICT IPOrpaMMmy — IadJIoH
JUTSL HATIUCAHUSI U PEUICHUS IPYTHX BEKTOPHBIX 3aj1a4 HeJIMHEHHOTro nporpamMmMupoBanust (51)-(54) —
MaTeMaTUYEeCKUX MOJIeJIel HHKeHepHbIX cucteMm [20, 21, 22].

[IporpamMMHOe obecrieueHuE pelieHrsi BEKTOPHOU 3a/1a4yu HEIMHEHHOro MPOrpaMMHPOBAHUS
(51)-(54) npu paBHO3HAYHBIX KPHTEPHUSAX pPeaIM30BaHO Ha OCHOBe ainroputMma pemenus B3HII,
M3JIOKEHHOTO B pazjaene 3 U ucnoib3oBanus mporpammbl FMINCON(...), mpencraBieHHON B
cucteMe MATLAB. Ilpu ucnonszoBanuu nporpammbl FMINCON(...) HeoOxogumo pa3paboTarth
nBe mnoamnporpammbel — ¢(ynkuuu: IlepBast ¢yHkuus BrirouaeT [Ba OJoKa: MEpBbIM  OJIOK
npeaHasHaueH s oneHk B Touke X kpurepus fi (X) Vk € K; Bropoii 60K Ui pacdyera mepBoi

o o df (X
IPOU3BOJAHOU B 9TOU TOUYKC fdk—X() Vk e K; BTOpaH (I)YHKI_II/ISI BKJIIOYACT TC XK€ JIBa 0JIOKa TOJIBKO JIIS

OTpaHUYCHUIL: JUTS OIIEHKH B Touke X orpannueHus g;(X) Vie M; Bropoii 610K 1y1s pacyera nepBoit

dgi(X)

MPOU3BOAHON B 3TOM TOYKE o

Vie M. IIporpamma FMINCON(...) ucrons3yeTcss Ha MEepBOM

ware anroputMa pemenuss B3HII paznena 2.2.3 1 Ha BTOpOM 1I1are 3Toro airopurma.

B nmampnetimem I[Tporpamma FMINCON(...) ucCronb3yeTcss B COOTBETCTBUU C aJTOPUTMOM
pa3znena 2.2.3 Ha 4 u 5 mare, rjae pemlaercs A-3anaya.

B menom mpu HeTWHEHHBIX OrpaHUYCHHUSX IporpamMmHoe obOecmnedenue pemreHus B3HIT
BiurovaeT: K*2(1 mar) + K*2(2 mara)+2(A-3agaua) oopamennit k pyakmuun  FMINCON(...). Tak
kak kputepun u orpanndeHns B3HII wnauBmayanessl, To i kaxnod B3HII nmmercs
MHAMBUAYAIbHOE MPOrpaMMHOE OOecredeHne, HO MO CTPYKTYpEe aHAJIOTMYHO MPEICTABICHHOMY
nporpammaomy obecnieuenuro. J{ist perennss B3HIT (51)-(54) paspabortannas mporpamma B [33]
MpEeACTaBISET MporpaMmy — madiaoH I Hanucanus U pemenus apyrux B3HII — matemaTtuyeckux
MO/IeIell HH)KEHEPHBIX CUCTEM.

2.4.3. Mamemamuueckas no02omoeKa 0ns peuteHus 6eKmOpPHOU 3a0auu HeAUHEeUHO020
npozpammuposanus

Ilpumep 1. /lano. PaccMaTpuBaeTCs 6eKmopHas 3a0aia HeIUHeluHo020 (8bINYKI020)
NpOSPAMMUPOBAHUs C YETBIPbMS OJJHOPOIHBIMU KPUTEPUSAMHU. B KauecTBe KpUTEPUEB UCTIOIB3YEM
OKPYKHOCTbH, a Ha IEPEMEHHbIE HaJI0KEHbI TUHEHHbBIE OTPaHUYCHHUS.

opt F(X) = {min F,(X) = min f;(X)=(x; — 80)% + (x, — 80)2, (55)
min f,(X)=(x; — 80)% + (x, — 20)?, (56)

min f3(X)=(x; — 20)% + (x, — 20)?, (57)

min f,(X)=(x; — 20)? + (x, — 80)?2, (58)

npu orpaHudeHusx 0 < x,;<100, 0 <x, <100, (59)

Tpeoyemcsa. Haiitu HeOTpUIIATEIBHOE PEIIEHUE X1, X, B CHCTeMe HepaBeHCTB (59),
npu kotopoM pyrkmmu f; (X), f,(X) f3(X), fo(X) npuHHMarOT MUHAMAaIbHOE 3HAUYEHHE.
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Pewienue 6eKkmopHoli 3a0auu HETUHEHHO20 NPOZPAMMUPOBAHUAL.

s pemenns 3anaun (55)-(59) mo kaxxmoMy KpUTepHio, a B JaIbHEHIIIEM U A-3a/1a4H,
ucnonb3yercs cuctema MATLAB (dynkius fmincon(...) - pelieHre HeMMHEHHOM 3a1aun
ontumuzanuu) [23].. Pemenue npeacraBieHo, Kak Mociae10BaTeIbHOCTh IaroB.

[llae 1. Peraercs BekTopHas 3ama4a (55)-(59) Ha max mo KaxaoMy KPUTEPHIO OTIEIBHO.
Pesynbratel perienus B3MIT (55)-(59) mo kakaomy Kputepuo:

1 xpurepuit X; = {x; = 0,x, =0}, fi = f1(X7) = —12800;

2 xpurepuit X; = {x; = 0,x, =100}, 5 = f,(X;) = —12800;

3 kpurepuit X3 = {x; = 100,x, = 100}, f5 = f3(X3;) = —12800;

4 xpurepuii X; = {x; = 100,x, = 0}, f; = f,(X;) = —12800;

x2<100 xkk3apada 4 KputepusarFErrrE
100 na T T T 41 T T T
|
90 | .
|
80 | * X4min | +X1min -
|
70 f4=(x1-20)2+(x2-80)? : 1=(x1-80)2+(x2-80)? .
60 [ M>A1,A2,03 : M >A2,73, 04 .
|
NI e e —— 1 X12
|
40 f3=(x1-20)%+(x2-20)? | f2=(x1-80)%+(x2-20)? .
|
30 F A3>A1,A2, 04 | A2>A1,A3,\4 1
|
20 * X3min | *X2min .
| o
L | 12
10 | v
O Il 1 1 1 l 1 1 Il 1 ><

0 10 20 30 40 50 60 70 80 90 10
x1

o

Puc. 1. Orpannuenus B3MII (55)-(59), Touku ontumyma
X9 = X1min, X2 = X2min, X9 = X3min, X{ = 4min u oTHOCUTEJbHBIE OIIEHKH.

Lllaz 3. BeinonHsieTCS CUCTEMHBIN aHaJIU3 MHOXeCTBa Touek [lapero.
B roukax ontumyma X* = {Xj, k = 1, K}, onpenenstorcs BeIMYMHBI HEIEBBIX (YHKIIN
F(X") u otHOCcuTenbHBIX oneHok A(X):

FX) = {f;0),a = LK}k = 1K}, 2(X") = {1,(X),q = LK}k = 1K},

B cucreme MATLAB B Toukax ontumyMma: X1min, X2min, X3min, X4min BEIYUCIICHHE ITUX

D L) f3(X7) XD 103600 7200 3600
y , o _ 11X f2(X3) f3(X3) fu(X3)] _ 3600 0 3600 7200
yaanit Gyzer eneayomans: FOC) = T ey .0 1,056 £,063)| = (7200 3600 0 3600]

f1(X) LX) f3(X5) fu (X1 136007200 36000

A (X7) A (X7) A3(XT) A4(X7) 1.0 0.7188 0.4375 0.7188
A (X3) 2,(X3) A3(X3) A4(X3)| _ 10.7188 1.0 0.7188 0.4375
M (X3 A(X3) A3(X3) 2,(X5)]|  10.43750.7188 1.0 0.7188 |
A (XD (XD (X5 A.(XD) 0.7188 0.4375 0.7188 1.0

AX") =
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B Toukax ontumyma Xz, k = 1, K Bce OTHOCUTEIBbHBIC OLICHKH (HOPMATU30BaHHbIC

KpUTEepHH) paBHbBI eaunuie: A, (Xy) = % =1,k= 1,K,K = 4.
kK Jk

B Toukax ontumyma Xg,k = 1,K Bce OTHOCUTENbHbIE OLEHKH PABHBI HYJIIO:

A (X0) = LK _ o — TR, K = 4. Orciona Vk K, YXeS, 0<, (X)<1.

i1
Illaz 4. Ctpoutcs A-3a1aya.
A% = maxyeg A, (60)
[Ipu orpaHnUeHUIX: A — LA <0, ) —L2&- L&) <0, ) — L& LOS <0, — 2% O 12 <0,

fi-17 £-13 f5-f i
0 <x; <100, 0 <x, <100.
Llae 5. Pemenue A-3amauun. Pe3ynbrarel penieHus A-3a1a4u:
= {x; = 50.0,x, = 50.0,x3; = 0.8594}.

Xo={x1=50.0, x2=50.0, x3=0.8594} — Touka ontumyma, rje

X3=A% a Xxq,X, COOTBETCTBYET X;, X, 3amauu (41)-(45);

Lo = A°=0.8594 mpe/craBiseT ONTUMaIbHOE 3HAYCHHE 1IEJICBOI (QYHKIINH.

®ynkuun A (X), A5(X), A3(X), A4 (X), a Takxke Touku ontumMyma X U A%, KOTOpbIE NOTy4EHbI
Ha MEPECCYCHUH, B TPEXMEPHOH CUCTEME KOOPJIUHAT X1, X, A MMOKa3aHbI Ha PUC. 2.

Ha puc. 1, 2 Buano, yto o0xacte (MHOXXECTBO TOYEK), orpaHWyeHHas ¢yHkimend f1 =
(x; — 80)% + (x, — 80)? - xapakrepusyercs Tem, uto Aq(X)>A (X)), k = 2,4, XeS;, (na puc. 3
MoKa3aHo, kak A1>A2, A3, A4), T. e. o0macTh §; TNPUOPUTETHA TIO MEPBOMY KpHUTEpHIO. B 3T0i
00JIaCTH TPHOPUTET HEPBOTO KPUTEPUSI OTHOCHUTEIBHO OCTAJBHBIX BCEr/Ja OOJBbINE WM PaBeH
enunuue. pi(X) = A (X) /A (X)>1,VXeS;.

AHaIOrMYHO MOKAa3aHbl MHOXECTBA TOYCK MPHOPUTETHBIX MO0 COOTBETCTBYIOIIEMY KPUTEPHIO,
B COBOKYITHOCTH OHH JalOT MHOXECTBO TOUYEK, ONTUMAIBHBIX 1o [lapero, $°, a oHO (A7 JaHHOTO
npUMepa) paBHO MHOXKECTBY JOIYyCTUMBIX Touek: S° = §7 U S5 U S U S5 UX° = S.

2.4.4. Hccnedoganue pe3ynbmamos pewieHus 6eKMOPHOU 3a0a4u  HEAUHEIIHO20
nPOZPAMMUPOBAHUA KAK MAMEMAMUYECKYIO MOOEIb UHHCEHEPHOU CUCIEMDbL

IMon mOHSATHEM WHXEHEPHOH CHCTEMBI Mbl IMOHMMAaeM: TEXHUYECKHE CHCTEMBI,

TEXHOJIOIMYECKHE NPOLECChl, CTPYKTypa MaTepuana. B kauecTBe MaTreMaTH4ecKOW MOJIENH
WH)KEHEPHOM CHCTEMBI PACCMaTPUBACTCA BeKMOPHAA 3A0a4d  HEeIUHEUHO20  (8bINYKI020)
npoSPaAMMUposanusi ¢ 4ETBIPbMSI OTHOPOIHBIMU KpuTepusmMu (55)-(59) u cooTBeTcTByrOmAs A-
3agada (60). OyHKIMKA B OTHOCHUTENBHBIX emuHHIAx Aq(X),A;(X),A3(X),A4(X), a Takke TOUKH
ontumyMa X° u A°, KOTOpble MOMydYeHbl Ha MEPECeUeHMH, B TPeX MEpHOH CHcTeMe KOOpIMHAT
X1, X5, A mokazanbl Ha puc. 2. B B3MII (55)-(59) MHOXeCTBO TOUEK, JekKalluX B KOOPAMHATAX
(mapametpbl) 0<x,;<100, 0<x, <100 , sBugercs IOMyCTUMBIM MHOXECTBOM I1apaMeTPOB
umkeneproi cucremsl. B B3MII (55)-(59) Ha prc. 2 MHOXKECTBO TOYEK, JIEKAIIUX B KOOPAMHATAX
X1min = X2min — X3min — X4min , saBnserca MHoxecTBoM Ilapero. MuoxectBo Ilapeto
XapaKTepU3yeTCsl TEM, UTO HEJb3sl YIYUIIUTh OJJUH U3 KPUTEPUEB, HE YXYIIas Apyrue KpUTEpUH.
IpencraBuM Ha puc. 2 TOYKH ONTHMyMa IO Kaxaomy kpureputo: X; = {x; = 0,x, =0}, X; =
{x; = 0,x, =100}, X3 = {x; = 100,x, = 100}, X; = {x; = 100,x, = 0}.

Pemienne npu paBHO3HAUHBIX KPUTEPHUAX B OTHOCHUTENIBHBIX €IMHHIIAX TPEACTABICHO A-
3aja4eil.
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A 3apava
A{(X4min)
A3(X3min) 2

08 A A1(X1min)
A2(X2min) <*°

Lambda

100

Puc. 2. Pesynbratsl penienust B3MIT (55)-(59),(60): @yukuuu A4 (X), ..., A4 (X),
ToukM ontumyma X°, A°.

B pe3ynbraTe penieHus nIpy paBHO3HAYHBIX KPUTEPHSIX A-3a]1a4ui HOTYYHUIM TOUKY ONTUMYMA:

X° ={x; =50.0,x, = 50.0,x3 = 0.8594}, rne x3=A°= 0.8594.

A°= 0.8594 — 5TO TapaHTHUPOBAHHBIA PE3yJabTAT B OTHOCHTENBHBIX E€IWHUIAX, KOTOPBINA
MOKa3bIBAET, YTO YIyUIICHHE MO JTI000MY KPUTEPUIO IPUBOAUT K YXYAILEHHUIO IPYTUX KPUTEPHUEB.

OTHOocUTeNbHBIE EIUHMIIBI JIETKO MEepeBOJATCS B (PU3MUECKHE €IWHUIBI IO KaXKIOMY
KPUTEPHUIO (XapaKTePUCTUKE HHKEHEPHON CUCTEMBI).

Ha tpethem mare pemenuss B3MII ¢ paBHO3HAYHBIMH KPUTEPUSMHU B TOUKAaX ONTUMyMa X7,
X5, X5, X; (wa puc. 2: X1min, X2min, X3min, X4min ) mnonydYeHbl BEIHYUHBI BCEX

OTHOCHUTCIIBHBIX OIICHOK:

L(X7) 1.00.7188 0.4375 0.7188
Liyey = |[FED| Z ||0.71881.00.7188 04375
L(X3) 0.43750.7188 1.0 0.7188
L(X3) 0.7188 0.4375 0.7188 1.0

[IpencraBumM U3 puc. 2 BEIUYUHBI OTHOCUTENIBHBIX OIIEHOK B TOYKE ONTHMYyMa, Harpumep X :

L(X;) = {M(X3) =0.7188,1,(X;) = 1.0,A3(X;) = 0.7188,A,(X;) = 0.4375}.

Jluneiinas Qynkius, coemunstomas Touku A° = 0.8594 u A, (X5 )=1 B OTHOCHUTEIBHBIX
eIMHUIIAX XapakTepu3yeT QyHKIuo f,(X) B OTHOCHTEIBHBIX CIUHHIIAX B IBYXMEPHOM H3MEPEHHH
napaMeTpoB Xq,X, . JTa JUHEWHAs (QYHKIHUS TMPEACTABISICT TEOMETPUYCCKYIO WHTEPIIOJISIIUIO
¢byskmmii f,(X) B OTHOCHTENbHBIX eAuHUIAX W3 N-MepHOro (B 3TOM NpuMepe 2-MEpHOro) B
JIBYXMEPHYIO CHUCTeMYy KoopAwHAT. [Ipenrmonokum, 9to sl MpOoeKTUpoBIIKKa (yHKIHS f,(X)
SIBJIIETCSl HanOOJIee BaXKHOM -nipropuTeTHOW. [Ipn uccienoBanuu npuoputetHor GyHKImio f,(X),
MBI MOXEM  3aJlaBaTh  pa3jIMYHbIC  YHUCIIOBbIe 3HaueHUs f,(X) H3  COOTHOIICHHS:
(X% < f,(X)<f,(X3) u B UTOrE MOXEM MOIY4aTh COOTBETCTBYOIINE MAPAMETPHI.
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Takum ke 00pa3oM MOMKHO TIPOBOJAWUTH HCCIEAOBAHHE IPYrUX KpurepueB ((QyHKIHN
nmxkeHepHo cucremsel):  f; (X), f3(X), fo(X) . UucieHHoe penieHHE TaKOro MCCIICIOBAHUS
MIPEJCTABICHO HAa YETBIPEXMEPHOI cucTeMe (CTPYKTYphl MaTepuaa).

3. HccaenoBanue, MoJeJIHPOBAHHME [BYXIIapaMeTPHYeCKOl 4YeThbIpeXMepHOil Mojean
TeXHOJIOTHYecKkoro mpouecca. IIporpammHoe ofGecrieyeHHe W BbIOOP ONTHMAJIBHBIX
apaMeTpoB B YCJIOBHAX ONpeaeIeHHOCTH U Heolpe1eJIeHHOCTH.

YucneHHas peanu3alys BbIOOpa ONTHUMAIbHBIX MapaMeTPOB TEXHOJIOTMYECKOro Ipolrecca
BBINOJIHEHA Ha 6a3e TEOPHH METOZ0B MHOIOMEPHOM MaTeMaTHKU.

Memoodonozus uucnenHotl peanuzayuu BHIOOpa ONTUMAIBHBIX TAPAMETPOB TEXHOJIOTUYECKOTO
rpolecca NpeCcTaBlieHa, KaK psiji 3TaroB, KOTOPbIE MOIPAa3eAI0TCs Ha OT/eIbHbIE OJIOKH, IIaTH.

1. TloctpoeHune maTeMaTUYeCcKOM MOJAETH TEXHOJOTHYECKOro IIpolecca B YCIOBHUAX
OTIPEICIICHHOCTH W HEOIPEICIEHHOCTH B COBOKYITHOCTH.

2. ®opmupoBanue TexHUUECKOro 3a/laHus Ha pa3pabOTKy MaTeMaTHYEeCKOW U, Ha €€ OCHOBE,
YHCIICHHON MOJIEIH TEXHOJIOTHYECKOTO MpoIiecca.

3. IlocTpoenue YMCIEHHON MOJENIH BBIOOpA ONMTHMANIBHBIX MapaMeTPOB TEXHOJIOTUYECKOTO
rpoiiecca B BUJE BEKTOPHOM 3a7aul MaTteMaTruieckoro nporpammuposanus (B3MII).

4. Pa3paboTka mporpaMMHOro oOecmeueHHss BBHIOOpPa ONTHMAIBHBIX IapaMETPOB
TEXHOJIOTHUECKOT0 Ipolecca. PereHre BEKTOpHOM 3ajaun MaTeMaTHYECKOr0 IPOrpaMMUPOBAHUSL.

5. UucneHnas peanuzanus 3a7ayd  MOJICIMPOBAHUS  TEXHOJOTHMYECKOro mpoliecca
[IPEJCTABJICHHOTO BEKTOPHOHM 3a/a4yeil MaTeMaTH4eCKOro MpOrpaMMHUpPOBAHMs C PAaBHO3HAUYHBIMU
KPUTEPUSAMHU U C 33JaHHBIM PUOPUTETOM KPUTEPHUSL.

3.1. MartemaTuyeckasi MoJeJib  TEXHOJIOTHYECKOI0 IMpomecca B  YCJIOBHSX
onpeie;IEHHOCTH ¥ HeolNpeAeIeHHOCTH B COBOKYITHOCTH

MaremaTrueckasi MOJIENIb TEXHOJIIOTHYECKOTO TpoIlecca MpPEeJCTaBIeHa B COOTBETCTBHH C
C(OPMUPOBAHHONW MaTeMaTHYEeCKOW MOJENbI0 B YycioBusx omnpenencunoctd (1b)-(4b) wu
HeomnpeaeneHHocTrio (5b)-(10b) B Bume BekTOPHOI 3a1a4l MATEMAaTHIECKOTO IPOTPAMMHUPOBAHHS

Opt F(X) = {max F,(X) = {max f,, X), k =1,K—1def}, (61)

max I;(X) = {maxy, (X;, i = 1, M)}, k =1, K}, (62)

min Fy(X) = {min fi (X),k =1,K%, (63)

minl,(X) = {miny, (X;, i =1, M)}7, k =1, K*"°}}, (64)

npu orpannueHusx  f't < fi(X) < "k = 1,K, (65)

G(X) <0, x"" <x; < ", j =T,N, (66)

rie X={x;, j=1,N} — 5T0 BeKTOp YNpPaBISEMbIX ICPEMEHHbIX (IIaPAMETPOB)

TexHosornuyeckoro mporecca; F(X) = {F;(X) F,(X) I,(X) I,(X)} mnpezacraBisieT BEKTOPHBIHA
KPUTEPUH, KaXJash KOMIIOHEHTa KOTOPOIO SIBISIETCS BEKTOPOM XapaKTEPHCTHK (KPUTEPHUEB)
TexHoJorneckoro mpoiecca (6b)-(10b4); Kpurepun F;(X) F,(X) (yHKIMOHAIBRHO 3aBUCSAT OT

o de de
3HaUYeHUH BEKTOpa INepeMeHHBIX X , KoTopsle obOo3HaueHsl kak (61) m (63) K f , K !

(definiteness). ChopmupoBaHHbBIE B YCIOBHSIX OMPEICIICHHOCTH,
Kputepun  [;(X) I,(X) xapakTepusyioT AWUCKPETHBbIC 3Ha4YeHHsS (YHKIMHA, KOTOpPBIC
(bYHKIMOHABHO 3aBHCAT OT JUCKPETHBIX 3HAUCHUH BEKTOpa MepeMeHHbIX X , 0003Ha4YeHsb! B (62)
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(64) xax K{"¢, K3*¢ (uncertainty) MHOXecTBO KpuTepreB Max u min. ChopMHUPOBaHbI B YCIOBHIX
HEOTPE/ICIICHHOCTH.
(65) u (66) cranmapTHBIC OrpaHuYeHHs: (YHKIMOHAIBHBIC, TApAMETPUIECKUE U OOLIHE.

3.2.
YHUCJIEHHOM MOJeJIH TEXHOJIOTH4eCKOoro nmpouecca.

Texnunuyeckoe 3aganue 1 (pOPMHPOBAHUS MATEMATHYECKOH M, HA ee OCHOBE,

TexHuyeckoe 3aJjaHKe, aHaJIU3 PE3yJIbTATOB PEIICHUS U BHIOOpA MPUOPUTETHOTO KPUTEPHS,
€r0 BEJINYMHBI BBIIIOIHAETCS KOHCMPYKMOPOM MAmepuana.

OcranbpHble 3TaMbl BBIIOJHAIOTCS MAMEMAMUKOM - RPOZPAMMUCHOM.

3.2.1. Texnuueckoe 3adanue: Bovloop onmumanvHvix napamempos MexXHOIN02UYECKO20
npoyecca

Hano.

napamerpamu: X = {X, X,}. 3Ha4eHuss X NPEICTaBIAIOT BEKTOP YIPABISIEMBIX IEPEMECHHBIX.

Hccnenyercs TEXHOJIOIMUYECKUI Ipolecc, KOTOPBIA XapaKTepU3yeTcsl JBYMs

3amgaHpl mapaMeTpbl TeXHoJormdeckoro mporecca X = {x;,X,}, KOTOpble HM3MEHSIOTCS B
cnenyrommx npenenax: 2.0 < x; <3.5,12.0 < x,<30.0.

YeTplpe XapakTEpUCTHKH (KPUTEPHH) TEXHOJIOTMYECKOTO TIpoIlecca ONpEACISIOT —€ro
¢ynxuuonuposanue: F(X) = {fi(X), (X)), f5(X), f(X)}", 3aBucar or BekTopa napameTpos X.

Ycnosuss onpedenennocmu. W3BectHa (yHKIMOHANbHAs 3aBUCHMOCTH OT IapaMETpPOB
TEXHOJIOTHYECKOTO TMpOoIecca AJIsl YeTBEPTOU XapakTepUCTUKH f (X):

X ={xp,k=1K, K =2}:

f2(X) = —0.245 — 0.747x; + 0.3831x% + 0.0442x, + 0.0012x% — 0.0346x,x,. (67)

Ycnoeus neonpedenennocmu. V3BeCTHBI pe3yNbTaThbl IKCHEPUMEHMATbHBIX OAHHBIX: JUIS
NEePBOil, BTOPOW U TPEThEeH XapaKTEPUCTUKH TexHoyormdeckoro mporecca: fi(X), k=1,2,3 .
UucnoBele 3HaueHus napametpoB X = {x1,Xx,} u xapakrepuctuk f1(X), f2(X), f3(X),
MIPEJCTABIICHbI B TAOIUIIE 2.

B mnpuHHMaeMOM yNpaBIeHYECKOM PpELICHWH BEIWYMHY OLEHKH NEepBOM M TpeTbel
XapaKTePUCTHKH KeJaTeIbHO, TOIYYUTh KaK MOXHO BbIe: f; (X)—max, f;3(X)—max;

O1leHKH BTOPOU M Y€TBEPTON XapaKTEPUCTUKH Kak MOXKHO HIke: f,(X)—min, f,(X)—min.

[TapameTpsr TexHOMOTHYECKOTO Tporiecca X = {Xx1, X, } U3MEHSIOTCS B Ipeienax:

2.0< x; £3.5,12.0 < x,<30.0. (68)

Tabmuua 2

DKcrnepuMEHTAJIbHbIE ITapaMeTPhl BBOJA U BHIBOJA.

Laser Power, p| Travel Speed, | Wire Feed Rate, r | Depth, D(mm) | Total Accumulated
(Analog V) v (mm/sec) (m/min) ['myOuHa, Pore Length, Po
MortHocTH Ckopoctu Ckopoctu ojauu I (Mm) (mm/mm) Oo6mast

Jla3cpa NEepCMCIICHUA IMPOBOJIOKHA HAaKOIJICHHAaA JJIMHA IIOp
X1 X2 f1(X)—max f2(X)—min f3(X) —max
2.400 25.201 4.2196 55.3952 -0.0364
2.760 18.720 3.2715 31.2498 0.0286
2.760 19.081 3.2771 32.3886 0.0272
2.760 31.680 4.2614 86.8526 0.0760
2.760 31.921 4.2948 88.1656 0.0787
3.300 14.400 3.0958 21.1331 0.3467
3.300 25.201 3.0102 56.1913 0.2171
3.300 25.801 3.0382 58.7506 0.2138
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3.300 26.760 3.0909 62.9794 0.2096
3.300 27.601 3.1442 66.8147 0.2068
3.300 28.801 3.2321 72.5126 0.2041
3.300 30.001 3.3337 78.4682 0.2032
3.300 31.20 3.4496 84.6812 0.2039
3.300 32.40 3.5793 91.1518 0.2063
3.300 36.00 4.0516 112.1086 0.2236
3.840 18.720 3.0984 35.3082 0.6402
3.840 23.520 2.9672 51.6458 0.5450
3.840 31.680 3.2555 88.8758 0.4451
3.840 32.880 3.3521 95.3551 0.4369
4.200 25.201 3.2371 60.4633 0.7810
Min: 2.400 14.400 2.9672 21.1332 -0.0364
Max: 4.200 36.000 4.2948 112.1087 0.7811

Tpeoyemcsa. Pa3pabotaTh MaTeMaTHYECKYIO MOJEIb TEXHOJOTHYECKOTO Ipolecca B BUIE
BEKTOPHOM 3a/ladyl MaTeMaTU4YeCKOro MporpaMMHUpOBaHUs. 3aqadyy BEKTOPHOM ONTHMHU3ALMU
PELIUTh C paBHOSHAYHBIMHU KpUTEpUAMU. BBIOpaTh U3 BCEro MHOXKECTBA KPUTEPUEB MTPUOPUTETHBIH
KpUTEpUH. YCTAaHOBUTb YHCIECHHOE 3HAYCHUE IPUOPUTETHOrO Kpurepud.  Pewmmnrts 3amauy
BEKTOPHOM ONTHMHU3ALMM U TPUHATH Hawilydllee (ONTUMAJIBHOE) pELIEHUE C 3aJaHHBIM
IIPUOPUTETOM KPUTEPUSL.

3.2.2. Ilocmpoenue mamemamuueckoi Mooenu mMexHoaI0ZU4ecKo20 NPoOUecca 6 yCio6UsX
Onpeoe1eHHOCmU U HeONnPedeIeHHOCIU 6 00uem euoe

Maremaruueckasi MOJIeJb TEXHOJOTHYECKOTO MPOIEcca B YCIOBHUSX OMNPEAETIEHHOCTH U
HeOoMpeeIeHHOCTH pa3paboTaHa BUEe BEKTOPHOM 3ajaul MaTeMaTHIECKOTO POTPaMMUPOBaHUS U
oO1eM BHIe MOICIb MpecTaBIeHa B pa3aene 3.1.

3.3. IlocTpoenne  yMC/IeHHOH  MoOJeJM  TEXHOJOIMYeCcKOro  mpomecca ¢
(GyHKUMOHAIBHOW  3aBHCHMOCTHIO OT mapamMeTpoB  (YCJOBHUSI  ONpeleJIeHHOCTH |
HeoIpeAeJIeHHOCTH).

3.3.1. ITocmpoenue mamemamuueckou (YUCIEHHOIL) MOOEIU MEXHOI02UYECKO20 NPOUeCcCa
8 yc106uUAX onpeodeneHHocmu

[TocTtpoeHrne MoJenM TEXHOJOTHMYECKOTo Tpolecca C (YHKIIMOHAIBHON 3aBUCHMOCTHIO

OTIPENIeNISIETCSl TEM, YTO M3BECTHBI XapaKTEPUCTUKU W OTPaHWYCHHUs OT mapameTpoB X = {xq, X, }.
W3BectHbl xapakrepuctuka (67) u orpanndenus (68). Vcmonws3ys nanubie (67), (68), moctpoum
OJTHOKPUTEPHUATIHHYIO 33/1auy HETMHEHHOTO MPOrpaMMHUPOBaHHUS - YCIOBUS ONpeieneHHocTH [21]:
max f,(X) = —0.245 — 0.747x, + 0.3832x% + 0.0442x, + 0.0012x2 — 0.0346x,x,, (69)
2.0< x, £3.5,12.0< x,<30.0. (70)
B nanbueiimem wuHpopmanmonasie ganHble (60), (70) wcnonp3yroTCs NMpHU TOCTPOSHHU
arperupoBaHHON MaTeMaTHYECKON TEXHOIOIHYECKOro mporecca, [19, 21].

3.3.2. Ilpeobpazosanue ycnoeuii HeonpeoeieHHOCMU (IKCHEPUMEHMAIbHBIX OAHHbBIX) 6
YCo6us onpedeeHHOCHU U ROCMPOeHUEe YUCTEeHHOU Modenu

[TocTtpoeHre Moaenu C YCIOBUSMHU HEOMPEIEICHHOCTH COCTOMT B HCIHOJIB30BAaHUU
KaueCTBEHHBIX U KOJIMYECTBEHHBIX OMMMCAHUN TEXHOJIOTUYECKOTO MPOIecca, KOTOPbIE MOTYUYEHBI KaK
“BXOJI-BBIXOJ1” ¥ TIPE/ICTABJICHBI B TAOJIHIIC 2.
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Ucxomubie  mamuble  Tabmumel 20 fi(x;, i =1,M), fo(x;, i =1, M), f5(x;,i = 1, M)
npeoOpasyroTCsl MyTEeM KCIOJIB30BAHUS MATEMATHICCKHX METOIOB (PErpecCHOHHOTO aHam3a) B

¢dbyskumnonansHbIi BUI: f71(X), f2(X), f3(X).
B cucreme MATLAB ucxoanbie 1anable TaOIUIBI 2 CHOPMHUPOBAHBI B BUAEC MAaTPUIIHI |:

X1 = {x11, %12}, [i1(X0), (X)), f3(X1)

Xu = (1 Xm2} 1 (X)) fo (X)) f3(Xu)
Ha ocHOBe »KcCIiepHMMeHTANbHBIX JaHHBIX fi, k = 1,3 (71) B cucteme MATLAB crpoutcs

I=|XF|= (71)

(yHKIHS perpeccunm mo MeTody HAaMMEHbIIMX KBaiapatoB min YL, (f; — f)? . dopmupyercs
NOJIMHOM Ak, OTIPEICIISIOIINIA B3aUMOCBS3b MapaMeTpoB X; = {Xy;, Xo;} ¥ QyHKUIUU:
fio = f K Ar), Xiei = (ki X}, k= 1,3. o (72)
PesynbraTom siBnsiercst cuctema kodpduuuentos: Ap={Aok, A1k, -, Ask}, k= 1,3,
onpezaensonme Ko3PpPUIUEHTb QYHKIUH (IOJTUHOMA):
fi (X, A) = agy + agpXy + Axpx? + Agpxy + gxs + agpx x5,k = 1,3. (73)
Jns onpeneneHus kodpdunuentoB nonuHoma (73) dyHKIuME, Tabmumsl 2, pa3zpaboTaHO
MpOrpaMMHOE O0€cIeYeHHe MOJMHOMHUAIBLHOW anmpokcuManuu B [18] ¢ AByMs MEepeMEHHBIMH U
nAThIO pakTOpaMu. B pesynbrare paboThl MpOrpamMMBbl MOTydeHbl K03 puuneHTs:
Ao=[11.4751  8.8173 -0.1222 % Aok

-4.8994 -7.6807 -0.3735 % Ay
0.8868 2.1456  0.1916 % Ay
-0.0030 0.1851  0.0221 % A,
0.0048 0.0894  0.0006 % Ay
-0.0595 -0.1454 -0.0173]. % A, (74)

C yueroM mnomydeHHbIX KodpdunueHtoB Ao(l) (74) sKcnepuMeHTalbHbIE JaHHbBIE
(X1, %20, frir 1 = 1, M} matpuner 1 = |X, F| (74) npeoGpasytores B pynkmmo (73) f; (X).
C yueroM mnonydeHHbIX Kod(pduuueHToB Ao(2) (74) sKcnepuMeHTalbHbIE JaHHbBIE
(X1, %20, f2ir 8 = 1, M} marpunst I = |X, F| (74) npeobpasyiorcs B dynximio (73) f5(X).
C y4eTom noay4eHHbIX KodhGuimenToB Ao(3) sKcriepuMeHTaIbHbIE TaHHBIE {X1;, X5;, f3i, 1 =
1, M} matpuust I = |X, F| (74) npeo6pasytorcs B pynxmmio (73) f5(X).
B wutore »oSKcmepuMeHTanbHblE JaHHBIE TaOnWIBl 1 CPOPMHPOBAHBI C  Y4ETOM
LIEJIEHANIPABICHHOCTH B BEKTOPHYIO 337a4y MaTEMaTH4ECKOro IPOrpaMMHUPOBaHMS:
max f;(X) = 11.474 — 4.899x, + 0.8868x# — 0.003x, + 0.0048x2 — 0.0595x,x,. (75)
max f,(X) = 8.817 — 7.681x; + 2.145x7 + 0.1851x, + 0.0894xZ — 0.1454x,x,. (76)
max f3(X) = —0.12251 — 0.3736x; + 0.1916x? + 0.0222x, + 0.0006x3 — 0.0173x; 5.
2.0< x; £3.5,12.0 < x,<30.0. (77)

3.3.3. Mamemamuueckas  uucnoeas  Mooeib  MEXHOIOZUUECKO20  npoyecca C
azpezupoeanHviMu OAHHBIMU IKCHEPUMEHMA 6 YC/I0GUAX ONPEOeIeHHOCHU.

Wcnone3ys dynkiun 3agaun (69)-(70), momydeHHbIE YCIOBUSAX ONPEACICHHOCTH, U QYHKIIHN
3agaun (75)-(77), momydeHHBIC YCAOBHUAX HEOMPEICIECHHOCTH — JKCIIEPUMEHTAIbHBIX JTaHHBIX,
napaMeTpu4ecKkue orpaHuveHus (77) MpeACTaBUM MaTEMAaTHYECKYI0 MOJCNb TEXHOJOTHYECKOTO
nporecca. Mbl paccmarpuBaeM Matematmdeckue Qynkimu (69), (75), (76), (77) kak kpurepuw,
KOTOPBIE XapaKTePU3YIOT IeJICHANPABICHHOCTh (DYHKIIMOHUPOBAHUS TEXHOJIOTHIECKOTO MPOIECCa.
MHuoxecTBo KputepueB K=4 BKIIOYarOT: MOAMHOXECTBO KpuTepueB K; = 2, HampaBieHBIX Ha
makcummsarmioo — pyakouit  {f; (X), f3(X)} » max ; mnoamHOkecTBO KputepueB K, =2
HarnpasieHbIx Ha MuanMm3auo: {f;(X), f,(X)} — min, K = K; U K,.
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Pazoen HCYpHAIA: Mamemamuueckue u ecmecmeenHbvie HayKu
Hanpa(f.wmte uccnedosamnust: QuzuKo-mamemamudecKue HayKu

Kpurepun K = K; U K, NONONHSIOTCS OrpaHUYCHUSIMH B POPMHUPYETCS MAaTEMATHICCKYIO
YHCIICHHAsI MOJIeNTb (YHKIIMOHUPOBAHUS TEXHOJIOTUIECKOTO MPOoLecca, MPeACTaBICHHOM
BEKTOPHOM 3aJlayeil MaTEMaTUYECKOrO IPOrpaMMUPOBAHUSA:

Opt F(X) = {max F;(X) = {max f; (X)=11.474 — 4.899x, + 0.8867x? — 0.0031x, +

0.0048x7 — 0.0595x,x,, (78)

max f3 (X)= —0.1225 — 0.3735x; + 0.1916x% + 0.0221x, + 0.0006x2 — 0.0173x;x,, (79)
min F,(X) = {min f, (X)=8.817 — 7.68x; + 2.1456x? + 0.185x, + 0.0894x3 — 0.145x, x,,(80)
min f,(X)=— 0.2451 — 0.7471x; + 0.3832x% + 0.0442x, + 0.0012x2 — 0.0346x,x,}}, (81)
npu orpannyeHusx: 2.01 < x; <3.5,12.01 < x,< 30.01, (82)

B3MII (78)-(82) npeacrasisieT MaTeMaTHYECKYHO MOJIEIb TEXHOJIOTHYECKOTO MPoIecca s
MPUHSITHS ONTUMAJIBHOTO PEIICHHSI B COBOKYITHOCTH C YCIIOBUSIMU ONIPEACIIEHHOCTU U
HEOMNPEeIEHHOCTH.

3.4. IIporpammMHoe oOecneuyeHue pelieHUs] BEeKTOPHON 3aJayHM  HeJMHEHOro
NMPOrpaMMHUPOBAHUS MPU PABHO3HAYHBIX KPUTEPHUAX U 3aJaHHOM NPUOPHUTETE KPUTEPHS

Jlns penieHuss BEKTOPHOM 3a1auu HeiauHeHoro nporpammuposanus (B3HID) (2.1)-(2.4) npu
PaBHO3HAYHBIX KpUTEpUAX pa3paboTana nporpamma B cucreMe MATLAB, koTopast o cymiecTBy
MIPECTABIsAET MporpaMMmy — IIAOJIOH [Js HalMCAaHWS W PELIEHUs APYTUX BEKTOPHBIX 3ajad
HeJIMHEHOTo nporpammupoBanus (2.1)-(2.4) — MaTeMaTHYECKUX MOJICIICH HHKCHEPHBIX CHCTEM.

3.4.1. Xapaxmepucmuka npozpammnozo ovecneuenue pewienua B3HII

[TporpamMHOe obecnieueHre peleHUss BEKTOPHOM 3aaun HETMHEHHOro MpOrpaMMHPOBAHUS
(2.1)-(2.4), Ha 6a3e KOTOpOI CHOPMHPOBAHBI MOJCITH HHXCHEPHBIX CHCTEM, PEATM30BaHO Ha OCHOBE
anroputMma peuienus B3HII, uznoxenHoro B npeapiaymux pazgenax. [Ipu pemenun B3HII nmo
KaKJIOMYy KpUTepHIO uctosib3oBana nmporpamma FMINCON(...) B cucteme MATLAB.

[Tpu ucnonp3oBanuu mporpammbl FMINCON(...) HEoOX0muMo pa3paboTaTh JBa KOMIUIEKCA
MOANPOrpaMM — (PYHKIIHH ISl KPUTEPHUEB U pPeIlieHusT A-3aauu.

Ilepsas noonpoepamma - ¢ynxkyus BKIOUYaeT aABa OJOKa: MEPBBIA OJIOK MpeaHa3HAYEH IS
otk B Touke X kputepus fi (X) vk €K; Bropoit 6ok st pacdyera mepBoi MPOM3BOIHON B ITOM

TOUKE %}EX) Vk eK. (lloonpoepamma 14: Z_TS_Kritlmax_MMTT38)

Bmopas noonpoepamma - ¢ynkyus BKIIOYAET pacdeTbl A -3aaudl ISl KPUTEpHUS U
orpaHuyeHus. /[[nsa pacuema Kpumepus (QyHKyus BKIIOYAET Te e JBa OJOKa: NepBbIA OJI0K
npenHa3HaueH s orieHku B Touke X kputepus fi(X) Vk €K; Bropoit 6ok aist pacyera mepBoi

MIPOU3BOTHOM B 3TOH TOYKE %}EX) vk eK. (IToonpocpamma 14: Z_TS 4Krit_ L _MMTT38). s
pacueta st orpanudenuit g;(X), Vi € M u BTopoii 610K /7151 pacyeTa nepBoil IpOM3BOIHON B 3TOM

rouxe 2285 v M. (IToonpozpanna 15; Z_TS_LConstV2_v2_MMTT38(x))

[Tporpamma FMINCON(...) ucnons3yercs Ha mepBoM Imare anroputma perieHuss B3HIIT
paznmena 2.2.3 ¥ Ha BTOPOM Iare ajiroputMa (MHUHUMU3AIMH). AHAJIOTHYHO B COOTBETCTBUH C
aJITOPUTMOM Ha 4 M 5 miare peraercsi A-3agaya.

B nenom npu HeIMHEMHBIX OrpaHUUYEHUsIX porpaMMmHoe obecnieuenue pemennus B3HII ¢ «K»
kputepusivu BitrodaeT: K*2(1 mar) + K*2(2 mar)+2(A-3amaga) gynkmuii. Tak kak KpuTepuu u
orpannuenuss B3HII wunnuBuayanenel, To g kaxao B3HII numerca wunauBuayanbHOE
porpaMMHoe obecrieueHue.
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Pazoen socypnana: Mamemamuueckue u ecmecmeennvle HayKu
Hanpasnenue uccneoosanusn: Puzuxo-mamemamuiecKue HayKu

B npopamme ucnonb3yercst 17 moanporpaMm (CM. HUXKE TI0 TEKCTY).

Hns pemiennst B3HIT (2.1)-(2.4) B [43, 44] npencrtaBieH TEKCT MPOrpamMMbl, KOTOpas, IO
CYIIECTBY, MPEACTaBISET MPOrpamMmy — IIa0JIOH A Hanmucanus u pemenus npyrux B3HIT (2.1)-
(2.4) — maTemMaTHYECKUX MOJICIICH MHKCHEPHBIX CHCTEM.

3.4.2. Texcm npozpammnozo obdecneuenue peuieHus 8eKMOPHOU 3A0AYU HEIUHEUHO20
npoZpammuposanus — MoOeIu mexHonN02u4ecKo2o npoyecca.

% IIporpamma "Pemienue BEKTOPHOM 3a/1a4u HEMTUHEHHOTO MPOrpaMMUpOBaHusL." - (haiim:
Z TS5Krit_ProfHeinz

function [x,f] = Z_TS5Krit_Svarka_v4 Primer PRN_MMTT38(A)
% Astop: Mamynus Opuit KonctanTuHOBHY
% ANropuT™m M mporpamma rnpeaHa3HaueHa JJI. UCI0JIb30BaH. B 00pa30BaHUU M Hay4HBIX
% uccienoBaH., AJ1. KOMMEPYECKOr0 UCIIONIb30BaH. oOpaiarkc.: Mashunin@mail.ru
% opt F(X={max F1(X)={max
f1(X)=A(1,1)+A(2,1)*x1+A(3,1)*x1."2+A(4,1)*x2+A(5,1)*x2."2+A(6,1)*x1.*x2', (3.1)
% max
f2(X)=A(1,2)+A(2,2)*x1+A(3,2)*x1."2+A(4,2)*x2+A(5,2)*x2."2+A(6,2)*x1.*x2}, (3.2)
% min F2(X)={max
f3(X)=A(1,3)+A(2,3)*x1+A(3,3)*x1."2+A(4,3)*x2+A(5,3)*x2."2+A(6,3)*x1.*x2,  (3.3)
% min
fA(X)=A(1,4)+A(2,4)*x1+A(3,4)*x1."2+A(4,4)*x2+A(5,4)*x2."2+A(6,4)*x1.*x2}}, (3.4)
%
1000<=f2(X)=A(1,2)+A(2,2)*x1+A(3,2)*x1."2+A(4,2)*x2+A(5,2)*x2.22+A(6,2) *x1.*x2<=2100;
% 20<=x1<=80, 20<=x2<=80;

(3.5)
% Algorithm VZNP: Kittery + L-zadaha
%[ X,Fval EXITFLAG,OUTPUT,LAMBDA,GRAD,HESSIAN]=
% FMINCON(FUN,Xo,A,b,Aeq,beq,
Ib,ub,nonlcon,options,P1,P2,...)

global A Zn k Sk

global Pg FXopt FXmin d1 d2 d3 d4 d5 Kmm
%options=optimset('LargeScale’,'on’);

options=optimset('LargeScale’,'off") %, Algorithm','active-set’);
options=optimset(options, GradObj','on’,'GradConst’,'on’);

disp("*** BJIOK 1. Perenne BeKTOPHOH 3a1a4K HETMHEHHOTO MporpammupoBan.- B3HIT: ***')
disp("*** Ncxoaubie qanubie B3HIT:***")

disp(‘opt F(X)={max F1(X)={max
fL(X)=A(1,1)+A(2,1)*x1+A(3,1)*x1.22+A(4,1)*x2+A(5,1)*x2./2+A(6,1)*x1.*x2")
disp(' max
f2(X)=A(1,2)+A(2,2)*x1+A(3,2)*x1."2+A(4,2)*x2+A(5,2)*x2."2+A(6,2) *x1.*x2")
disp(' min F2(X)={max
f3(X)=A(1,3)+A(2,3)*x1+A(3,3)*x1."2+A(4,3)*x2+A(5,3)*x2."2+A(6,3) *Xx1.*x2")
disp(' min
fAX)=A(1,4)+A(2,4)*X1+A(3,4)*x1./2+A(4,4)*x2+A(5,4)*x2./2+A(6,4)*x1.*x2")
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disp('
1000<=f2(X)=A(1,2)+A(2,2)*x1+A(3,2)*x1."2+A(4,2)*x2+A(5,2)*x2.72+A(6,2) *x1.*x2<=3100")
disp(  20<=x1<=80, 20<=x2<=80")
Sk=[-1-1-1 1-1]; disp(Sk) % Kpurepuu: -1 -> max; 1 -> min
Ib=[20. 20.]; ub=[80.80.]; Xo=[20.20.];
% AL A(G2) A3 A(L4)
%Kputepuii 5 UCNOJIb3YIOTCS AJIS PA3BUTHUSL CUCTEMBI
A=[11.4745 8.8176 -0.1225 -0.1225*2 -0.1225; % FX*1.2
Z 5factor2per_Svarka v4_ Primer
-4.8992 -7.6809 -0.3735 -0.3735*2 -0.3735;
0.8868 2.1456  0.1916 0.1916*2  0.1916;
-0.0030  0.1851 0.0221  0.0221*2  0.0221;
0.0048 0.0894 0.0006 0.0006*2  0.0006;
-0.0595 -0.1454 -0.0173 -0.0173*2 -0.0173]
Ib=[2.12.] % Ib=[4.24.]
ub=[3.530.] % ub=[7.60.]
X0=[2.12.] % X0=[2.12.] %A=1.0*Ai
Pog=[11111];
Az=[10; % Az,bz - Marpuna orpaHu4YeHHI 3a1aHHAs
01];
bz=[3.5 30]
Aeq=[]; beg=[];
disp("*** Pemenrie B3HII npu paBHO3HAYHBIX KPUTEPH X ***')
disp("*** Ilar 1. Pemenue mo KaxaoMy KpUTepHio (Hawmmydiiee) ***")
fori=1:5  %Kpurepuu - onTMym
k=i
Zn=Sk(i)
if k==1
X0=[3.2 27.]
elseif k==2
X0=[3.313.]
else
X0=[3.2 13.]
end
%[xKmax,fKmax]=fmincon('Z_TS_Kritlmax',Xo0,Az,bz,Aeq,beq,lb,ub,’Z_TS 4Krit_Const',option
s);
[xKmax,fKmax]=fmincon('Z_TS Kritlmax MMTT38',X0,Az,bz,Aeq,beq,lb,ub,",options);
s=strcat('Kpurepwuii: f',num2str(k),'max=",num2str(fKmax)," Touxa:
x',num2str(k),' max=",num2str(xKmax));

disp(s)

for j=1:5 % Benuuuna Kputep. B TOUKE ONTUMYyMa
K=];
Zn=Sk(j);

fXopt=[Z_TS_Kritlmax_MMTT38(xKmax)];

@ MexayHapoaHBIH HAY9HBIH )KypHaT "BekTop HayuHoii Mmbiciau' Ne5(34) Maii 2026
g www.vektornm.ru | 8 (812) 90529 09 | info@vektornm.ru



Paszoen orcyprnana: Mamemamuueckue u ecmecmeenuvie HAyKu
Hanpaenenue ucciedosanus: Qusuko-mamemamuyeckie Hayku

FXopt(i,j)=fXopt;
end
Xopt(i,:)=xKmax
FXopt
end
disp(™*** Ilar 2. Pemienue mo KaxJoMy KpUTEPHIO (HAaUXy/IIIee-aHTUONITUMYM) ***')
for i=1:5
k=i
Zn=-SK(i)
if k==1
X0=[2.2 13.]
elseif k==2
X0=[2.112.5]
else
X0=[2.313]
end
%[xKmin,fKmin]=fmincon('Z_TS_KTritlmax',X0,Az,bz,Aeq,beq,Ib,ub,’Z_ TS 4Krit_Const',options
)i
[XKmin,fKmin]=fmincon('Z_TS Kritlmax MMTT38',X0,Az,bz,Aeq,beq,lb,ub,",options);
s=strcat('Kpurepuii: f',num2str(k), min=",num2str(fKkmin)," Touxka:
x',num2str(k),' min=",num2str(xKmin));
disp(s)
for j=1:5
k=j;
Zn=-Sk(j);
fXmin=[Z_TS_Kritlmax_MMTT38(xKmin)];
FXmin(i,j)=fXmin;
end
Xmin(i,:)=xKmin
FXmin
end
disp(*** [ar 3. briok HOpMaIH3alUK U aHAJIN3a Pe3yIbTATOB ***)%
%Xopt FXopt: Xmin FXmin Touku ontumyma u AHTHONITUMYMA U Kputepuu
d1=-FXopt(1,1)-FXmin(1,1) % d1=37.1381
d2=-FXopt(2,2)-FXmin(2,2) % d2=1.7000e+003
d3=-FXopt(3,3)-FXmin(3,3) % d3=1.9029e+003
d4=-FXopt(4,4)-FXmin(4,4) % d4=-201.45
d5=-FXopt(5,5)-FXmin(5,5) % d4=-201.45
d=[d1 d2 d3 d4 d5]
F=FXopt
L=[(-F(1,1)-FXmin(1,1))/d1 (-F(1,2)-FXmin(2,2))/d2 (-F(1,3)-FXmin(3,3))/d3 (-F(1,4)-
FXmin(4,4))/d4 (-F(1,5)-FXmin(5,5))/d5;
(-F(2,1)-FXmin(1,1))/d1 (-F(2,2)-FXmin(2,2))/d2 (-F(2,3)-FXmin(3,3))/d3 (-F(2,4)-
FXmin(4,4))/d4 (-F(2,5)-FXmin(5,5))/d5;
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(-F(3,1)-FXmin(1,1))/d1 (-F(3,2)-FXmin(2,2))/d2 (-F(3,3)-FXmin(3,3))/d3 (-F(3,4)-
FXmin(4,4))/d4 (-F(3,5)-FXmin(5,5))/d5;

(-F(4,1)-FXmin(1,1))/d1 (-F(4,2)-FXmin(2,2))/d2 (-F(4,3)-FXmin(3,3))/d3 (-F(4,4)-
FXmin(4,4))/d4 (-F(4,5)-FXmin(5,5))/d5;

(-F(5,1)-FXmin(1,1))/d1 (-F(5,2)-FXmin(2,2))/d2 (-F(5,3)-FXmin(3,3))/d3 (-F(5,4)-
FXmin(4,4))/d4 (-F(5,5)-FXmin(5,5))/d5]

disp('*** Illar 4. Pemenue L-3amaun ***%
Ao=[100;
010;
001];

bo=[bz 1]; Aeg=[]; beq=[l;
X0=[2.525. 0.1]
%X0=[3.525.0.1] %XO0=[Ib 0.] %25 25 0.3]; % Xo =
Ibo=[Ib0.]; % Lo=-
ubo=[ub 1];
[Xo,Lo]=fmincon('Z_TS 4Krit_ L_MMTT38',X0,A0,bo,Aeq,beq,Ibo,ubo,’Z TS LConstV2 v2 M
MTT38',options)
%Xo0 =47.4028 51.2826 0.3558 Lo =-0.3558
for j=1.5

k=J;

Zn=Sk(j);

fXo=[Z_TS_Kritlmax_ MMTT38(X0(1:2))];

FXo(j)=fXo;

end

LXo=[(-FXo(1)-FXmin(1,1))/d1 (-FXo(2)-FXmin(2,2))/d2 (-FXo(3)-FXmin(3,3))/d3 (-FXo(4)-
FXmin(4,4))/d4 (-FXo(5)-FXmin(5,5))/d5]

[FXo,LX0]=Z_TehnSist F_L_MMTT38(X0)

disp("***** Pemenue ¢ nymst Kpurepusimu: 1 - 2 ******1)04

X012=[2.5 27 0.1]; Ibo12=[lb 0.]; ubol2=[ub 1.];

[X012,L012] =

fmincon('Z_TS 4Krit L_MMTT38',X012,A0,bo,Aeq,beq,Ibol2,ubol2,'Z TS 12 LConst 3Kr M
MTT38',0options)

[F12,L12]=Z_TehnSist F_L_MMTT38(X012)

disp("*** Pemenne ¢ apymsi Kpurepusmu: 1 - 3 ***")%

X013=[2.7 24 0.2]; Ibo13=[Ib 0.]; ubo13=[ub 1.];

[X013,L013] =

fmincon('Z_TS 4Krit_ L_MMTT38',X013,A0,bo,Aeq,beq,Ibol3,ubol3,'Z TS 13 LConst 3Kr M
MTT38',0options)

[F13,L13]=Z_TehnSist F_L_MMTT38(X013)

disp("***** Pemenue ¢ nsym Kpurep.: 2 - 3 ******)04

X023=[3.220 0.1]; Ibo23=[lb 0.]; ubo23=[ub 1.];
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[X023,L023] =

fmincon('Z_TS 4Krit_ L_MMTT38',X023,A0,b0,Aeq,beq,Ibo23,ub023,'Z TS 23 LConst MMTT
38',options)

[F12,L12]=Z TehnSist F_L_MMTT38(X012)

disp("*** Pemenne ¢ nsym Kpurep.: 3 - 5 ***)%

X035=[lb 0.1];

Ibo35=[1b 0.]; ubo35=[ub 0.3];

[X035,L035] =

fmincon('Z_TS 4Krit_ L_MMTT38',X035,A0,bo,Aeq,beq,Ibo35,ubo35,'Z TS 35 LConst MMTT
38',options)

[F35,L35]=Z_TehnSist F_L_MMTT38(X035)

disp("*** Pemenue ¢ asym. Kpurep.: 5 - 4 ***)%

X054=[Ib 0.1];

Ibo54=[Ib 0.]; ubo54=[ub 0.3];

[X054,L054] =

fmincon('Z_TS 4Krit_ L_MMTT38',X054,A0,b0,Aeq,beq,Ibo54,ubo54,'Z TS 54 LConst MMTT
38',options)

[F54,L54]=Z_TehnSist F_L_MMTT38(X054)

disp("*** Pemenue ¢ nym. Kputep.: 4 - 2 ***)%

X042=[lb 0.1];

Ibo42=[lb 0.]; ubo42=[ub 1.];

[X042,L042] =

fmincon('Z_TS 4Krit L_MMTT38',X042,A0,bo,Aeq,beq,Ibo42,ubo42,'Z TS 42 LConst MMTT
38',options)

[F42,L42]=Z_TehnSist F_ L_MMTT38(X042)

disp("*** BJIOK 3. Pemenne 3AJJAYUN ¢ [IPUOPUTETOM KPUTEP. ***")%

X=[Xopt; Xo(1:2)]

fXo=[-FXo(1) -FXo(2) -FXo(3) -FXo(4)];

s=strcat('Kpurepun B Touke ontumyma Xo: FXo =",num2str(fXo)); %Konkarenarm.crpok
disp(s)

s=strcat('Ornocurenbubie onenkn B Xo; LXo =',num2str(LX0)); %KoukareHaru.ctpok
disp(s) % OtHocurenbHbie orieHkn B X0; LXo

disp("*** BBIBO/I: Kpurepun 1 u 3 Hanboiee MPOTHBOPEUUBEI, U3 HUX BBIOMpPAEM MIPHOPUTETHBIH
*HE) 0/

disp(MMMMMMMMM L-3anaua ¢ npuopuretom 3 kputep. P=[p31 p32 p33 p34]
MMMMMMMMMM')

g=input('BeeuTe npuopureTHbI Kputepuii (Homep) ); % Bremu: q=3
s=strcat('[lpuopurerHsiii kKputepuii (Homep) q=',num2str(q)); %oKonkarenamu.crpok

disp(s)
fqXopt=F(q,q); fqXo=FXo(q);
if Sk(q)=="0" %Sk(q)

s=strcat('TIpenenst npuoputer.kput.: fg(Xo)=",num2str(fgXo), =>fq(X)=>",num2str(fgXopt),’
=fa(Xa*));
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else

s=strcat('[Tpenensr mpuopuret.kput.: fq(Xo)=',num2str(fgXo), <=fq(X)<=",num2str(fgXopt),’
=fq(Xq*));
end
disp(s) % IIpenensr mpuoputet.kput.: fq(X0)=2084.1402=>fq(X)=>1000 =fq(Xqg*)
s=strcat('Beeaure BeJIMYMHY IPUOPUTETHOTO KpuTep. q=',numz2str(q), fq="); %eKonkarenamu.ctpok
fq=input(s) % Bgenure BenuurHy npuopureTHOro kpurep. ¢=2 fqg=1500

% s=strcat('d’,num2str(q))

LgXg=(fg-FXmin(q,q))/d(q) % LgXqg=0.0.7619 % d2= f2min+f2max % d2=-2.1000e+003
Kp=(LgXg-LXo(q))/(1-LXo(q)) %xosdhdunuent nponopumonansHocti LX0(1) LgXq LX*
Kp =0.6167
s=strcat(' **** biok onpeneneH. koopauHat Touku ¢ fq=',numz2str(fq))
X=[Xopt; Xo(1:2)]
Xg=[Xo(1)+Kp*(X(q,1)-Xo(1)) Xo(2)+Kp*(X(q,2)-X0(2))] % ... Xo(02)+Kp*(X(q,02)-
X0(02)) Xo(4)+Kp*(X(q,4)-Xo(4))]
XgXo=[Xq(1) Xq(2)] % X0q(3) Xq(4) Xo(5)]
s=strcat('Koopaunarsr Touku Xq=[x1=",num2str(Xq(1))," x2=",num2str(Xq(2))) %, ..."
x3=",num2str(Xq(3)),' x4=",num2str(Xq(4)),1)
[FXq,LXqg]=Z_TehnSist F_L_MMTT38(XqXo0) %[FXq,LXq]=238 TS F_L(XgXo)
disp('Onpenenenue NpUOPUTETOB KpUTEP.')
PgXg=[LXq(q)/LXq(1) LXq(a)/LXq(2)] % LXq(q)/LXq(3) LXq(q)/LXq(4)]
minLXg=min(LXq) % minLXg= 0.1929

LXgPg=LXq(1:2).*PgXq % LXgPq= 0.7242 0.7242 0.7242 0.7242
minLXqPg=min(LXq(1:2).*PgXq) % minLXgPq = 0.7242

%**********************M M M M M M M M*************************

disp('*** Pemenne L-3amaun ¢ mpuopureTom kputep.***')%
PgXopt=[L(q,q)/L(a.1) L(a,0)/L(q.2) L(a,0)/L(a.3) L(a,0)/L(q.4) L(0,0)/L(a,5)] “o IIpropurer
Pa(Xa*)=La(Xq*)/Lk(Xq*)
PgXo=[LXo(q)/LXo(1) LXo(q)/LX0(2) LXo(q)/LX0(3) LXo(q)/LXo(4) LXo(g)/LX0o(5)] %
[Ipuopurer Pq(Xo) = Lq(Xo)/Lk(Xo)
% PgXo= 0.5168 1.0000 1.0000 0.5080

Pg=[PgXo(1)+(PgXopt(1)-PgXo(1))*Kp PgXo(2)+(PgXopt(2)-PgXo(2))*Kp ...

PgXo(3)+(PgXopt(3)-PgXo(3))*Kp (PgXo(4)+(PgXopt(4)-PgXo(4))*Kp)
(PgXo(5)+(PgXopt(5)-PgXo(5))*Kp)] %/6]
disp("*** Pemenne L-3amaun ¢ mpuopureToM Kpurep.***')%
Ao=[100;

010;

00 1];
bo=[bz 1]; Aeg=[]; beq=[l;
X0=[3.3251];
Ibo=[Ib 0.];
ubo=[ub 1.];
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[Xoo,Lo0] =

fmincon('Z_TS 4Krit_ L_MMTT38',X0,A0,bo,Aeq,beq,Ibo,ubo,’Z TS LConstV2 vl MMTT38',0

ptions)

[FPq,LPg]=Z_TehnSist F L _MMTT38(Xo0(1:2))

LooPg=LPqg.*Pq %LooPq= 0.7870 0.8782 3.1025 0.7870

%fqg=input(s)

Ofq=fq+FPq(2) %Ommubka Ofq = -292.9213

Odfg=0fqg/fg*100  %Ommbka B npouenrax Odfq = -5.8584

% MMMMMMMM

disp('****** T'PADUKA **********V) %

disp("****** PUCYHOK 1. IIpoekir. Ha 2-X MEPHYIO IUIOCKOCTE ***¥* ¥k 3:4%1) 0f

figure(1)

X=[Xopt; Xo(1:2)]

MX=[max(X(:,1)) max(X(:,2))] %MX = 80.0 80.0

XxX = [2:0.1:3.5]; yyy = [12:0.5:30];[x1,x2]=meshgrid(xxx,yyy);

xL=[X(1,1) X(2,1) X(3,1) X(4,1) X(1,1)];

yL=[X(1,2) X(2,2) X(3,2) X(4,2) X(1,2)];

plot(xL,yL,'k.-"); hold on;

xImax1=X(1,1); xImax2=X(1,2); plot(xlmax1,x1max2,'k.");hold on; %Touka ontumyma 1
text(x1max1+0.04,x1max2+0.5,"X"*''Color','r');hold on;
text(x1max1+0.04,x1max2+0.5-0.4,"  1''FontSize',6,'Color’,'r");hold on;

x2max1=X(2,1); x2max2=X(2,2); plot(x2max1,x2max2,'k.");hold on;
text(x2max1+0.03,x2max2, X"*''Color','r");hold on;
text(x2max1+0.03,x2max2-0.4,"  2','FontSize",6,'Color','r");hold on;

x3max1=X(3,1); x3max2=X(3,2); plot(x3max1,x3max2,'k.");hold on;
text(x3max1+0.03,x3max2+0.5,"X"*' 'Color’,'r");hold on;
text(x3max1+0.03,x3max2+0.5-0.4,"  3','FontSize',6,'Color’,'r");hold on;

x4dmax1=X(4,1); x4max2=X(4,2); plot(x4maxl,x4max2,'k.");hold on;
text(x4max1+0.03,x4max2-0.5,"X"*''Color','r');hold on;
text(x4max1+0.03,x4max2-0.5-0.4,"  4''FontSize',6,'Color','r");hold on;

%x5min1=X(5,1); x5min2=X(5,2); plot(x5minl,x5min2,'k.");hold on;

%Touxka 5 kputepuit

% text(x5min1-0.12,x5min2-0.5,"X"*");hold on; %text(x4minl+1,x4min2,"’X4min");hold
on;
% text(x5min1-0.12,x5min2-0.5-0.4,"  5','FontSize',6);hold on;

%******M I N******

xImax1=Xmin(1,1); x1max2=Xmin(1,2); plot(xlmax1,x1max2,'k.);hold on; %Touka onrumyma
1
text(x1max1+0.03,x1max2, X0");hold on;
text(x1lmax1+0.03,x1lmax2-0.4,"  1'/'FontSize',6);hold on;
x2minl=Xmin(2,1); x2min2=Xmin(2,2); plot(x2minl,x2min2,'k.");hold on;
text(x2min1+0.03,x2min2+0.5,"X"0");hold on;
text(x2min1+0.03,x2min2+0.5-0.4,"  2','FontSize",6);hold on;
x3max1=Xmin(3,1); x3max2=Xmin(3,2); plot(x3max1,x3max2,'k.");hold on;
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text(x3max1+0.03,x3max2+0.5,'X”0");hold on;
text(x3max1+0.03,x3max2+0.5-0.4,"  3'/'FontSize',6);hold on;
x4minl=Xmin(4,1); x4min2=Xmin(4,2); plot(x4minl,x4min2,'k.");hold on;
text(x4min1+0.04,x4min2-0.7,'X"0");hold on;
text(x4min1+0.04,x4min2-0.7-0.4,"  4''FontSize',6);hold on;
X01=X(6,1); Xo02=X(6,2); plot(Xol,Xo02,'k.");hold on;
text(X01-0.06,X02-0.6, X"0");hold on;
xL=[Xo(1) X(1,1) Xo(1) X(2,1) Xo(1) X(3,1) Xo(1) X(4,1) Xo(1)];
yL=[X0(2) X(1,2) Xo(2) X(2,2) Xo(2) X(3,2) X0(2) X(4,2) Xo(2)];
plot(xL,yL,'r.--"); hold on;
disp("*** ITocTpoeHHEe TOYKH C IPUOPUTETOM (-TO KpUTep.***)%
xL=[Xo(1) X(a.1)];
yL=[X0(2) X(a.2)];
plot(xL,yL,'r.-"); hold on;
plot(Xq(1),Xq(2),’k.");hold on; %Touka ontumyma {Xx3max1=0 x3max2=0}
text(Xq(1)+0.03,Xq(2),”Xq");hold on;
A=[11.4745 8.8176 -0.1225 -0.1225*2 -0.1225; % FX*1.2
Z 5factor2per_Svarka v4 Primer
-4.8992 -7.6809 -0.3735 -0.3735*2 -0.3735;
0.8868 2.1456 0.1916  0.1916*2  0.1916;
-0.0030  0.1851 0.0221  0.0221*2  0.0221;
0.0048 0.0894 0.0006 0.0006*2  0.0006;
-0.0595 -0.1454 -0.0173 -0.0173*2 -0.0173]
text(2.1,28,'f =11.474-4.89925*x +0.88681*x ~2-0.00305*x + ...",'Fontsize',8);hold on;
text(2.1,28-0.4," 1 1 1
2 '/'FontSize',6);hold on;
text(2.2,27,\lambda \geq \lambda \lambda \lambda °','Fontsize’,8);hold on;
text(2.2,27-0.4, 1 2 3 4" 'FontSize',7);hold on;

text(2.8,26,'f = 8.8176-7.681*x +2.145*x 72+0.185*x + ...",'Fontsize',8);hold on;
text(2.8,26-0.4, 2 1 1 2
''FontSize',6);hold on;

text(2.9,25,\lambda \geg \lambda \lambda \lambda °‘,'Fontsize',8);hold on;

text(2.9,25-0.4, 2 1 3 4" 'FontSize',7);hold on;

text(2.8,16,f =-0.122-0.3735*x +0.1916*x "2+0.0221*x + ...",'Fontsize",8);hold on;
text(2.8,16-0.5," 3 1 1
2''FontSize',6);hold on;

text(2.9,15,\lambda \geqg \lambda \lambda \lambda ', Fontsize',8);hold on;
text(2.9,15-0.5," 3 1 2 4" ,'FontSize',7);hold on;

text(2.1,18,'f =-0.245-0.7475*x +0.3832*x "2+0.0442*x + ...",'Fontsize',8);hold on;
text(2.1,18-0.4," 4 1 1
2''FontSize',6);hold on;
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text(2.2,17,\lambda \geg \lambda \lambda \lambda °','Fontsize',8);hold on;
text(2.2,17-0.4, 4 1 2 3','FontSize',7);hold on;
xlabel('x1");hold on; ylabel('x2");hold on;

title('Set of Pareto on two-measure plane. Mamynun 10.K.");hold on;
Ytitle('MuoxectBo IlapeTo ka 2-x MepHoii miockoctu');hold on;

disp(‘***#**#++5+p JCYHOK 2 HEJIMHEMH. 3AJTAUA 4 KPUTEP. ###ks# ks ikokskkxi1),
figure(2)
XXX = [2:0.1:3.5]; yyy = [12:0.5:30];[x1,x2]=meshgrid(xxx,yyy);
f1=A(1,1)+A(2,1)*x1+A(3,1)*x1."2+A(4,1)*x2+A(5,1)*x2."2+A(6,1) *X1.*X2;
[FX1omax,LX1omax]=Z TSis_F L MMTT38(X(1,))
f2=A(1,2)+A(2,2)*x1+A(3,2)*x1."2+A(4,2)*x2+A(5,2)*x2./2+A(6,2) *X1.*X2;
[FX2omax,LX2omax]=Z_TSis_F_L_MMTT38(X(2,:))
f3=A(1,3)+A(2,3)*x1+A(3,3)*x1."2+A(4,3)*x2+A(5,3)*x2.22+A(6,3)*X1.*X2;
[FX3omax,LX3omax]=Z_TSis_F L _MMTT38(X(3,:))
fA=A(1,4)+A(2,4)*x1+A(3,4)*x1."2+A(4,4)*x2+A(5,4)*x2./2+A(6,4)*X1.*X2;
[FX4omin,LX4omin]=Z_TSis_F_L_MMTT38(X(4,:))
5=A(1,5)+A(2,5)*x1+A(3,5)*x1."2+A(4,5)*x2+A(5,5)*x2."2+A(6,5)*x1.*X2;
[FX50min,LX50min]=Z_TSis_F L _MMTT38(X(5,:)) %
L1=(f1-FXmin(1,1))/d1; % d1=37.1381
L2=(f2-FXmin(2,2))/d2; % d2=1.7000e+003
L3=(f3-FXmin(3,3))/d3; % d3=1.9029e+003
L4=-1*(f4+FXmin(4,4))/d4; % d4=-201.45
L5=(f5+FXmin(5,5))/d5; % d4=-201.45
mesh(x1,x2,L1), hold on;
mesh(x1,x2,L2), hold on;
mesh(x1,x2,L3), hold on; %'EdgeColor','black’), hold on;
mesh(x1,x2,L4), hold on;
%mesh(x1,x2,L5), hold on;
%Kontur xImax x3max x4min  x2mint x1max
x=[X(1,1) X(1,1) X(2,1) X(2,1) X(2,1) X(3,1) X(3,1) X(3,1) X(4,1) X(4,1) X(4,1) X(1,1)]
y=[X(1,2) X(1,2) X(2,2) X(2,2) X(2,2) X(3,2) X(3,2) X(3,2) X(4,2) X(4,2) X(4,2) X(1,2)]
z=[L(1,1)-0.2 -0.2 L(2,2) -02 -0.2 1L(33)-02 -0.2 L(44) -02 -0.2]
plot3(x,y,z,'k.--"); hold on;
%Kontur -X1max L1(X1max)
x=[X(1,1) X(1,1) X(@@1)];
y=[X(1.2) X(1.2) X(L2)];
z=[-0.2 LX1omax(1)+0.0051.0]; plot3(x,y,z,'r.-"); hold on;
text(X(1,1)-0.05,X(1,2),-0.16,"X ~*");hold on;
text(X(1,1)-0.05,X(1,2),-0.16-0.05," 1','FontSize',7);hold on;
text(X(1,1),X(1,2),1.05,\lambda (X ~*)");hold on;
text(X(1,1),X(1,2),1.05-0.05,” 1 1''FontSize',7");hold on; %,'Color','y’
%Kontur -X2min L2(X2min)  FX2omax,LX2omax
x=[X(2,1) X(2,1) X(2,1)];
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y=[X(2,2) X(2,2) X(2,2)];

z=[-0.2 LX2omax(2) 1.0]; plot3(x,y,z,'r.-"); hold on;
text(X(2,1)-0.02,X(2,2),-0.13,"X ~*");hold on;
text(X(2,1)-0.02,X(2,2),-0.13-0.05," 2','FontSize',7);hold on;
text(X(2,1),X(2,2),1.09,\lambda (X ~*)");hold on; %,'Color','y");hold on;
text(X(2,1),X(2,2),1.09-0.05," 2  2''FontSize',7);hold on; %,'Color','y");hold on;
%Kontur -X3max L3(X3max);

x=[X(3,1) X(3,1)];

y=[X(3.2) X(3,2)];

z=[-0.2 1.0]; plot3(x,y,z,'r.-"); hold on;
text(X(3,1)-0.04,X(3,2),-0.15,"X "*);

text(X(3,1)-0.04,X(3,2),-0.15-0.05,"  3'/'FontSize',7);
text(X(3,1),X(3,2),1.05,\lambda (X ~*)");hold on;
text(X(3,1),X(3,2),1.05-0.05,” 3  3''FontSize',7);hold on;

%Kontur -X4min L4(X4min)

x=[X(4,1) X(4,1)];

y=[X(4.2) X(4,2)];

z=[-0.2 1.0]; plot3(x,y,z,'k.-"); hold on;
text(X(4,1)-0.03,X(4,2),-0.2,"X ~*"); hold on;
text(X(4,1)-0.03,X(4,2),-0.2-0.05," 4''FontSize',7); hold on;
text(X(4,1)+0.2,X(4,2),1.09,\lambda (X ~*)");hold on;
text(X(4,1)+0.2,X(4,2),1.09-0.05," 4 4''FontSize',7);hold on;

%Kontur -Xo Lo lambda method Xo

Xo %Xo = 49.8463 51.5887 38.8002 0.3789

Lo=-Lo %Lo0=0.3789 %LX0=0.7332 0.3789 0.3789  0.7459
%x=[X0(1) Xo(1) Xo(1) Xo(1l) Xo(1l) Xo(1)]

%y=[X0(2) Xo0(2) Xo(2) Xo(2) Xo(2) Xo(2)]

%z=[0  LXo(2) LX0(3) LXo(1) LXo(4) LX0o(5)+0.01]

x=[Xo(1) Xo(1) Xo(1) Xo(1) Xo(1)]

y=[X0(2) Xo(2) Xo(2) Xo(2) Xo(2)]

z=[-0.2 LXo0(1) LXo0(2) LX0(3) -LX0(4)] %z=[-0.2 LXo(2) LXo(3) LXo(1) LXo(4)
LXo0(5)+0.01]

plot3(x,y,z,'k.-");  hold on;

plot3(Xo(1),Xo(2),Lo+0.01,'k."); hold on;
text(Xo(1)-0.04,X0(2),-0.14,"X"0");hold on;
text(Xo(1),Xo(2),L0-0.05,\lambda”™0");hold on;
text(Xo(1),Xo(2),L0-0.18,\lambda”o=\lambda (X”0)=\lambda (X”0)");hold on;
text(Xo(1),Xo(2),L0-0.18-0.05, 1 3','FontSize',7);hold on;
text(Xo(1), Xo(2),LX0(2)+0.08,"\lambda (X”0)");hold on;

text(Xo(1), Xo(2),LX0(2)+0.08-0.05," 2','FontSize',7);hold on;

text(Xo(1), Xo(2),-LXo0(4)+0.08,\lambda (X”0));hold on;

text(Xo(1), Xo(2),-LX0(4)+0.08-0.05," 4','FontSize',7);hold on;

%Kontur Xo - LXq

x=[X(1,1) Xo(1) X(2,1) Xo(1) X(3,1)]
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y=[X(1,2) Xo(2) X(2,2) Xo(2) X(3,2)]

z=[-0.2 -02 -0.2 -0.2 -0.2] %z=[-0.2 LXo(2)LXo(3)LXo(1) LXo(4) LX0o(5)+0.01]
plot3(x,y,z,'r.-"); hold on;

disp("*** ITocTpoeHue TOUKH C IPUOPUTETOM (-T0 Kputep.***)%
%Kontur Xq - LXq

x=[Xq(1) Xq(1)];

y=[Xa(2) Xaq(2)I;

z=[-0.2 LXq(q)]

plot3(x,y,z,'k.-"); hold on;

text(Xq(1),Xq(2)+0.1,-0.25,"X",'Color’,'r");hold on;
text(Xq(1),Xq(2)+0.1,-0.25-0.04," q','FontSize',6,'Color’,'r");hold on;
text(Xq(1),Xq(2)-0.1,LXq(g)+0.1,\lambda (X )");hold on;
text(Xq(1),Xq(2)-0.1,LXq(q)+0.1-0.04, g ¢’ 'FontSize',6);hold on;
xlabel("X1");hold on;

ylabel("X2");hold on;

zlabel('Lambda’);hold on;

title("\lambda-problem Vector Optimization. Mamynun }0.K.");hold on;
axis([min(xxx) max(xxx) min(yyy) max(yyy)]);rotate3d; %grid off;

disp("#** ks xksk kx4 PIICYHOK 3 HEJJMHEMHOM 3AJTIAUM 2 KPHUTEP ###kkkxkk1),
figure(3)
[FX20min,LX20omin]=Z_TSis_F_L_MMTT38(X(2,:))
[FX3omax,LX3omax]=Z_TSis_F L _MMTT38(X(3,))
L1=(f1-FXmin(1,1))/d1;
L3=(f3-FXmin(3,3))/d3;
mesh(x1,x2,L1), hold on;
mesh(x1,x2,L3), hold on;
x=[X(1,1) X(1,1) X(2,1) X(3,1) X(3,1) X(3,1) X(4,1) X(1,1)]
y=[X(1,2) X(1,2) X(2,2) X(3,2) X(3,2) X(3,2) X(4,2) X(1,2)]
z=[L(1,1)-0.2 -0.2 -0.2 L(3,3)-0.2 -0.2 -0.2]
plot3(x,y,z,'k.--"); hold on;
%Kontur Lo xImax x3max x4min  x2mint x1max
x=[Xo(1) Xo(1) Xo(1)];
y=[Xo(2) Xo(2) Xo(2)];
z=[Lo  LXo(2) LXo(1)];
plot3(x,y,z,'k.-"); hold on;
%Kontur -X1max LX1omax L1lopt
x=[X(1,1) X(1,1) X(@@1)];
y=[X(1,2) X(1,2) X(12)];
z=[-0.2 LX1omax(1)+0.005 1.0];
plot3(x,y,z,'r.-"); hold on;
text(X(1,1)-0.05,X(1,2),-0.16,"X ~*");hold on;
text(X(1,1)-0.05,X(1,2),-0.16-0.05," 1','FontSize',7);hold on;
text(X(1,1),X(1,2),1.05,\lambda (X ~*)");hold on;
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text(X(1,1),X(1,2),1.05-0.05,” 1 1''FontSize',7");hold on; %,'Color','y’
%Kontur -X3max L3(X3max);
x=[X(3,1) X(3,1)];
y=[X(3.2) X(3,2)];
z=[-0.2 1.0]; plot3(x,y,z,'r.-"); hold on;
text(X(3,1)-0.05,X(3,2),-0.16,"X "*);
text(X(3,1)-0.05,X(3,2),-0.16-0.05,"  3','FontSize',7);
text(X(3,1),X(3,2),1.05,\lambda (X ~*)");hold on;
text(X(3,1),X(3,2),1.05-0.05,” 3  3''FontSize',7);hold on;
text(X(2,1)-0.03,X(2,2),-0.12,"X "*);
text(X(2,1)-0.03,X(2,2),-0.12-0.05,"  2','FontSize',7);
x=[Xo(1) Xo(1) Xo(1) Xo(1) Xo(1)]
y=[Xo0(2) Xo(2) Xo(2) Xo(2) Xo(2)]
z=[-0.2 LXo(1) LXo(2) LX0(3) -LX0(4)] %z=[-0.2 LXo(2) LXo(3) LXo(1) LXo(4)
LX0(5)+0.01]
plot3(x,y,z,'k.-");  hold on;
plot3(Xo(1),Xo(2),Lo+0.01,'k."); hold on;
text(Xo0(1)-0.03,X0(2),-0.15,"X"0");hold on;
text(Xo(1),Xo(2),Lo0-0.05,\lambda”™0");hold on;
text(Xo(1),Xo(2),Lo0-0.19,\lambda”o=\lambda (X”0)=\lambda (X”*0)");hold on;
text(Xo(1),Xo(2),L0-0.19-0.05,' 1 3','FontSize',7);hold on;
text(Xo(1), Xo(2),-LXo0(4)+0.08,\lambda (X”0)");hold on;
text(Xo(1), Xo(2),-LX0(4)+0.08-0.05," 4','FontSize',7);hold on;

text(Xo(1), Xo(2),LX0(2)+0.08,"\lambda (X”0)");hold on;

text(Xo(1), Xo(2),LX0(2)+0.08-0.05," 2','FontSize',7);hold on;
text(Xo(1)-0.06, Xo(2),LX0(4)+0.05,\lambda (X”0));hold on;
text(Xo(1)-0.06, Xo(2),LX0(4)+0.05-0.05," 4''FontSize',7);hold on;
x=[X(1,1) Xo(1) X(2,1) Xo(1) X(3,1)]

y=[X(1,2) Xo(2) X(2,2) Xo(2) X(3,2)]

z=[-0.2 -02 -0.2 -0.2 -0.2] %z=[-0.2 LXo(2) LX0(3)LXo(1) LX0(4) LX0(5)+0.01]
plot3(x,y,z,'r.-"); hold on;

disp("*** ITocTpoeHrEe TOYKH ¢ IPUOPUTETOM (-TO KpUTeEp.***)%
%Kontur Xq - LXq

x=[Xq(1) Xa(1)];

y=[Xa(2) Xa(2)I;

z=[-0.2 LXq(q)]

plot3(x,y,z,'k.-"); hold on;

text(Xq(1),Xq(2)+0.1,-0.25,"X",'Color','r");hold on;
text(Xq(1),Xq(2)+0.1,-0.25-0.05,"  ¢','FontSize',6,'Color','r");hold on;
text(Xq(1),Xq(2)-0.1,LXq(g)+0.1,\lambda (X )");hold on;
text(Xq(1),Xq(2)-0.1,LXq(q)+0.1-0.05," ¢ q','FontSize',6);hold on;
xlabel("X1");hold on;

ylabel("X2");hold on;
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Pazoen socypnana: Mamemamuueckue u ecmecmeennvle HayKu
Hanpaenenue ucciedosanus: Qusuko-mamemamuyeckie Hayku

zlabel('Lambda’);hold on;

title('\lambda-problem Vector Optimization two criterion \lambdal(X) and \lambda3(X) .
Marmyunun FO.K.");hold on;

axis([min(xxx) max(xxx) min(yyy) max(yyy)]);rotate3d; %grid off;

disp("H#** ¥k sk xrkkx+PPICYHOK 4 HEJJMHEMHOM 3AJIAUM F1 KPUTEPUIT** ¥ k1)
figure(4)

xxx = [2:0.1:3.5]; yyy = [12:0.5:30];[x1,x2]=meshgrid(xxx,yyy);
[FX1omax,LX1lomax]=Z TSis_F L _MMTT38(X(1,))
mesh(x1,x2,f1), hold on; %'EdgeColor’,'black’), hold on;
%Kontur  x1max x3max x4min  x2mint x1max

x=[X(1,1) X(2,1) X(3,1) X(4,1) X(1,1)]

y=[X(1,2) X(2,2) X(3,2) X(4,2) X(1,2)]

z=[-0.2 -02 -02 -0.2 -0.2]

plot3(x,y,z,'k.--"); hold on;

x=[X(1,1) X(1,1)]: % Xlopt
y=[X(1,2) X1,2)];

z=[-0.2 -FXopt(1,1)];

plot3(x,y,z,'k.-"); hold on;

text(X(1,1)+0.05,X(1,2),0.2,'X "*Y);
text(X(1,1)+0.05,X(1,2),0.2-0.2," 1'/FontSize',7);
text(X(1,1),X(1,2),-FXopt(1,1)+0.3,'f (X **)");
text(X(1,1),X(1,2),-FXopt(1,1)+0.3-0.2,'1  1''FontSize',7);

x=[Xmin(1,1) Xmin(1,1)];

y=[Xmin(1,2) Xmin(1,2)];

z=[-0.2 FXmin(1,1)];

plot3(x,y,z,'k.-"); hold on;

text(Xmin(1,1)-0.03,Xmin(1,2),0.1,’X ~{0}");
text(Xmin(1,1)-0.03,Xmin(1,2),0.1-0.2,” 1''FontSize',7);
text(Xmin(1,1)-0.01,Xmin(1,2),FXmin(1,1)+0.3,'f (X *{0})");
text(Xmin(1,1)-0.01,Xmin(1,2),FXmin(1,1)+0.3-0.2,/1  1''FontSize"7);

text(X(2,1),X(2,2),0.3,"X ~**);hold on; % X2opt
text(X(2,1),X(2,2),0.3-0.2," 2''FontSize',7);hold on;
text(X(3,1)-0.05,X(3,2),-0.1,"X **"); % X3opt
text(X(3,1)-0.05,X(3,2),-0.1-0.2," 3','FontSize',7);
text(X(4,1)-0.03,X(4,2),0.1,"X ~*"); hold on; % X4opt

text(X(4,1)-0.03,X(4,2),0.1-0.2," 4'FontSize',7); hold on;
x=[Xo(1) Xo(1)];

y=[Xo(2) Xo(2)];

z=[-0.2 -FXo(1)];

plot3(x,y,z,'k.-"); hold on;
text(Xo(1)+0.08,X0(2),0.2,"X"0");hold on;
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text(Xo(1)+0.1,X0(2),-FXo(1)+0.7,'f (X ~0)");hold on;
text(Xo(1)+0.1,X0(2),-FXo(1)+0.7-0.2,' 1','FontSize',7);hold on;

x=[X(1,1) Xo(1) X(2,1) Xo(1) X(3,1)]

y=[X(1,2) Xo(2) X(2,2) Xo(2) X(3,2)]

z=[-0.2 -02 -0.2 -0.2 -0.2] %z=[-0.2 LXo(2) LX0o(3)LXo(1) LXo(4) LX0o(5)+0.01]
plot3(x,y,z,'r.-"); hold on;

disp('*** ITocTpoeHne TOYKH C MPUOPUTETOM (-0 Kputep.***")%

%Kontur Xq - LXq

x=[Xq(1) Xa(1)];

y=[Xq(2) Xa(2)];

z=[-0.2 -FXq(1)]

plot3(x,y,z,'k.-"); hold on;

text(Xq(1),Xq(2)+0.1,-0.4,"X",'Color','r");hold on;
text(Xq(1),Xq(2)+0.1,-0.4-0.06," q','FontSize',7,'Color','r");hold on;
text(Xq(1)+0.03,Xq(2)-0.01,-FXq(1)+0.4,f (X )','Color','r");hold on;
text(Xq(1)+0.03,Xq(2)-0.01,-FXq(1)+0.4-0.06," 1 q','FontSize',7,'Color','r");hold on;
%Zagolovok

xlabel("X1");hold on;

ylabel("X2");hold on;

zlabel('F1");hold on;

title("Function f1(X) in Vector Optimization problem. Mamynuu 10.K.");hold on;
axis([min(xxx) max(xxx) min(yyy) max(yyy)]);rotate3d; %grid off;
disp(***##*xkiksxxx:4pPJCYHOK 5 HEJIMHEMHOM 3AJTAUM F2 KPUTEPHI *#%*##k1)
figure(5)

xxx = [2:0.1:3.5]; yyy = [12:0.5:30];[x1,x2]=meshgrid(xxx,yyy);
[FX3omax,LX3omax]=Z_TSis_F_L_MMTT38(X(2,:))

mesh(x1,x2,f2), hold on; %'EdgeColor','black’), hold on;

%Kontur  xImax x3max x4min  x2mint x1max

x=[X(1,1) X(2,1) X(3,1) X(4,1) X(1,1)]

y=[X(1,2) X(2,2) X(3,2) X(4,2) X(1,2)]

z=[-0.2 -0.2 -02 -0.2 -0.2]

plot3(x,y,z,'k.--"); hold on;

text(X(1,1)-0.15,X(1,2),2.5,"X ~*");hold on; % Xlopt
text(X(1,1)-0.15,X(1,2),2.5-2.9," 1''FontSize',7);hold on;
x=[X(2,1) X(2,1)]; % X2opt

y=[X(2.2) X(2,2)];

z=[-0.2 -FXopt(2,2)];

plot3(x,y,z,'k.-"); hold on;

text(X(2,1),X(2,2),-4, X "*"),

text(X(2,1),X(2,2),-4-2.6," 2','FontSize',7);
text(X(2,1)-0.05,X(2,2)-1,-FXopt(2,2)+3.5,'F (X **)");
text(X(2,1)-0.05,X(2,2)-1,-FXopt(2,2)+3.5-2.6,' 2 2','FontSize'7);
x=[Xmin(2,1) Xmin(2,1)];

y=[Xmin(2,2) Xmin(2,2)];
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Pazoen socypnana: Mamemamuueckue u ecmecmeennvle HayKu
Hanpaenenue ucciedosanus: Qusuko-mamemamuyeckie Hayku

z=[0 FXmin(2,2)];

plot3(x,y,z,'k.-"); hold on;

text(Xmin(2,1)+0.08,Xmin(2,2),-1.6,' X ~{0}");
text(Xmin(2,1)+0.08,Xmin(2,2),-1.6-2.6," 2','FontSize',7);
text(Xmin(2,1)-0.05,Xmin(2,2)-1,FXmin(2,2)+1.4,'f (X ~{0})");
text(Xmin(2,1)-0.05,Xmin(2,2)-1,FXmin(2,2)+1.4-2.6,' 2 2''FontSize',7);
text(X(3,1)-0.05,X(3,2),3.5,' X "*);

text(X(3,1)-0.05,X(3,2),3.5-2.5," 3','FontSize',7);
text(X(4,1)-0.05,X(4,2),-2.50,"X ~*); hold on; % X4opt
text(X(4,1)-0.05,X(4,2),-2.50-2.6,"  4','FontSize',7); hold on;

x=[Xo(1) Xo(1)];

y=[Xo(2) Xo(2)];

z=[0 -FXo(2)];

plot3(x,y,z,'k.-"); hold on;

text(Xo(1),Xo(2),-3,X"0");hold on;

text(Xo(1),Xo(2),-FXo(2)+3,'f (X "0)"); %,'Color','y");hold on;
text(Xo(1),Xo(2),-FXo(2)+3-2.6,' 2','FontSize',7);  %,'Color','y");hold on;
x=[X(1,1) Xo(1) X(2,1) Xo(1) X(3,1)]

y=[X(1,2) Xo(2) X(2,2) Xo(2) X(3,2)]

z=[-0.2 -02 -0.2 -0.2 -0.2] %z=[-0.2 LXo(2) LX0(3)LXo(1) LXo0(4) LX0o(5)+0.01]
plot3(x,y,z,'r.-"); hold on;

disp("*** ITocTpoeHHEe TOYKH C IPUOPUTETOM (-0 KpUTep.***)%
%Kontur Xq - LXq

x=[Xa(1) Xq(D)];

y=[Xa(2) Xa(2)I;

z=[-0.2 -FXq(2)]

plot3(x,y,z,'k.-"); hold on;

text(Xq(1),Xq(2),-4,"X','Color','r');hold on;

text(Xq(1),Xq(2),-4-2.6,” q','FontSize',6,'Color','r");hold on;
text(Xq(1),Xq(2),-FXqg(2)+8,f (X )','Color','r");hold on;
text(Xq(1),Xq(2),-FXq(2)+8-2.6," 2 g','FontSize',7,'Color','r");hold on;
%Zagolovok

xlabel("X1");hold on;

ylabel("X2");hold on;

zlabel('F2");hold on;

title("Function f2(X) in Vector Optimization problem. Mamynun 10.K.");hold on;
axis([min(xxx) max(xxx) min(yyy) max(yyy)]);rotate3d; %grid off;
disp('#****#xxkkxkkx44p ICYHOK 6 HEJIMHEMHOM 3AJJAUM 3 KPUTEPHI **#* sk kx1)
figure(6)

xxx = [2:0.1:3.5]; yyy = [12:0.5:30];[x1,x2]=meshgrid(xxx,yyy);
[FX3omax,LX3omax]=Z_TSis_F_L_MMTT38(X(3,:))

mesh(x1,x2,f3), hold on; %'EdgeColor','black’), hold on;
%Kontur x1max x3max x4min  x2mint x1max

x=[X(1,1) X(2,1) X(3,1) X(4,1) X(1,1)]
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y=[X(1,2) X(2,2) X(3,2) X(4,2) X(1,2)]
z=[-0.2 -0.2 -0.2 -0.2 -0.2]
plot3(x,y,z,'k.--"); hold on;

text(X(1,1),X(1,2),-0.15,"X ~*");hold on; % Xlopt
text(X(1,1),X(1,2),-0.15-0.03," 1''FontSize',7);hold on;
text(X(2,1),X(2,2)+1,-0.12,"X ~*");hold on; % X2opt
text(X(2,1),X(2,2)+1,-0.12-0.03,"  2','FontSize',7);hold on;

x=[X(3,1) X(3,1)]; % X3opt

y=[X(3.2) X(3,2)];

z=[-0.2 -FXopt(3,3)];

plot3(x,y,z,'k.-"); hold on;

text(X(3,1)-0.04,X(3,2),-0.15,"X **);

text(X(3,1)-0.04,X(3,2),-0.15-0.03,"  3','FontSize',7);
text(X(3,1)-0.04,X(3,2),-FXopt(3,3)+0.05,'f (X **)");
text(X(3,1)-0.04,X(3,2),-FXopt(3,3)+0.05-0.03," 3 3','FontSize',7);
x=[Xmin(3,1) Xmin(3,1)];

y=[Xmin(3,2) Xmin(3,2)];

z=[-0.2 FXmin(3,3)];

plot3(x,y,z,'k.-"); hold on;

text(Xmin(3,1),Xmin(3,2),-0.15,' X ~{0}");
text(Xmin(3,1),Xmin(3,2),-0.15-0.03,"  3','FontSize',7);
text(Xmin(3,1)+0.1,Xmin(3,2),FXmin(3,3)+0.1,'f (X ~{0})") %,'Color','y");
text(Xmin(3,1)+0.1,Xmin(3,2),FXmin(3,3)+0.1-0.03,' 3 3','FontSize',7) %,'Color','y");
x=[Xo(1) Xo(1)];

y=[Xo(2) Xo(2)];

z=[-0.2 -FXo(3)];

plot3(x,y,z,'k.-"); hold on;

text(Xo(1)-0.03,X0(2),-0.18,"X"0");hold on;
text(Xo(1)+0.17,X0(2),-FXo(3),f (X ~0)");hold on;
text(Xo(1)+0.17,X0(2),-FX0(3)-0.03," 3','FontSize',7);hold on;

x=[X(1,1) Xo(1) X(2,1) Xo(1) X(3,1)]

y=[X(1,2) Xo(2) X(2,2) Xo(2) X(3,2)]

z=[-0.2 -02 -0.2 -0.2 -0.2] %z=[-0.2 LXo(2) LX0(3)LXo(1) LX0(4) LX0(5)+0.01]
plot3(x,y,z,'r.-"); hold on;

disp("*** ITocTpoeHrEe TOYKH ¢ IPUOPUTETOM (-TO KpUTep.***)%
%Kontur Xq - LXq

x=[Xa(1) Xq(D)];

y=[Xa(2) Xa(2)I;

z=[-0.2 -FXq(3)]

plot3(x,y,z,'k.-"); hold on;

text(Xq(1),Xq(2)+0.1,-0.2,"X",'Color",'r");hold on;
text(Xq(1),Xq(2)+0.1,-0.2-0.03," q','FontSize',7,'Color','r");hold on;
text(Xq(1),Xq(2)-0.1,-FXq(3)+0.06,f (X )');hold on;
text(Xq(1),Xq(2)-0.1,-FXq(3)+0.06-0.03," 3 q','FontSize',7);hold on;
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%Zagolovok

xlabel("X1");hold on;

ylabel("X2");hold on;

zlabel('F3");hold on;

title("Function f3(X) in Vector Optimization problem. Mamynun 10.K.");hold on;
axis([min(xxx) max(xxx) min(yyy) max(yyy)]);rotate3d; %grid off;
disp("#***#xrkskxrkkx+pPICYHOK 7 HEJJMHEMHOM 3AJIAUM 4 KPUTEPHIA * ¥ k%1,
figure(7)

XXX = [2:0.1:3.5]; yyy = [12:0.5:30];[x1,x2]=meshgrid(xxx,yyy);
[FX4omax,LX4omax]=Z_TSis_F_L_MMTT38(X(4,))

mesh(x1,x2,f4), hold on; %'EdgeColor’,'black’), hold on;

%Kontur  x1max x3max x4min  x2mint x1lmax

x=[X(1,1) X(2,1) X(3,1) X(4,1) X(1,1)]

y=[X(1,2) X(2,2) X(3,2) X(4,2) X(1,2)]

z=[-0.2 -0.2 -02 -0.2 -0.2]

plot3(x,y,z,'k.--"); hold on;

text(X(1,1),X(1,2),-0.2,"X ~*");hold on; % Xl1opt
text(X(1,1),X(1,2),-0.2-0.05," 1''FontSize',7);hold on;
text(X(2,1),X(2,2),-0.2,’X **");hold on; % X2o0pt

text(X(2,1),X(2,2),-0.2-0.05," 2','FontSize',7);hold on;
text(X(3,1)-1,X(3,2),-0.15," X **");

text(X(3,1)-1,X(3,2),-0.15-0.05," 3','FontSize',7);

x=[X(4,1) X(4,)]; % X3opt
y=[X(4.2) X(4,2)];

z=[-0.2 FXopt(4,4)];

plot3(x,y,z,'k.-"); hold on;

text(X(4,1)-0.04,X(4,2),-0.15,"X "*);
text(X(4,1)-0.04,X(4,2),-0.15-0.05,"  4''FontSize",7);
text(X(4,1)-0.04,X(4,2),FXopt(4,4),'f (X **)");
text(X(4,1)-0.04,X(4,2),FXopt(4,4)-0.05,"4  4''FontSize',7);
x=[Xmin(4,1) Xmin(4,1)];

y=[Xmin(4,2) Xmin(4,2)];

z=[-0.2 -FXmin(4,4)];

plot3(x,y,z,'k.-"); hold on;

text(Xmin(4,1),Xmin(4,2),-0.13,’ X {0}");
text(Xmin(4,1),Xmin(4,2),-0.13-0.05,"  4''FontSize',7);
text(Xmin(4,1),Xmin(4,2),-FXmin(4,4)+0.1,'f (X ~{0})" %,'Color','y");
text(Xmin(4,1),Xmin(4,2),-FXmin(4,4)+0.1-0.06," 4  4''FontSize',7) %, Color','y");
x=[Xo(1) Xo(1)];

y=[Xo(2) Xo(2)];

z=[-0.2 FXo(4)];

plot3(x,y,z,'k.-"); hold on;

text(Xo(1),Xo0(2),-0.3,’X"0");hold on;

text(Xo(1),Xo(2),FXo(4)+0.05,f (X 70)");hold on;
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text(Xo(1),Xo(2),FXo(4)+0.05-0.05," 4','FontSize',7);hold on;
x=[X(1,1) Xo(1) X(2,1) Xo(1) X(3,1) Xo(1) X(3,1)]
y=[X(1,2) Xo(2) X(2,2) Xo(2) X(3,2) Xo(2) X(3,2)]
z=[-0.2 -02 -0.2 -02 -02 -02 -0.2]
plot3(x,y,z,'r.-"); hold on;
disp('*** ITocTpoeHne TOYKH C MPUOPUTETOM (-0 Kputep.***")%
%Kontur Xq - LXq
x=[Xq(1) Xq(1)];
y=[Xq(2) Xa(2)];
z=[-0.2 FXq(4)]
plot3(x,y,z,'k.-"); hold on;
text(Xq(1),Xq(2),-0.28,"X",'Color’,'r");hold on;
text(Xq(1),Xq(2),-0.28-0.05," q','FontSize',7,'Color','r");hold on;
text(Xq(1),Xq(2)-2,FXq(4)+0.1,'f (X )','Color','r');hold on;
text(Xq(1),Xq(2)-2,FXq(4)+0.1-0.05," 4 q','FontSize',7,'Color','r);hold on;
%Zagolovok
xlabel("X1");hold on;
ylabel('X2");hold on;
zlabel('F4");hold on;
title("Function f4(X) in Vector Optimization problem. Mamynun 10.K.");hold on;
axis([min(xxx) max(xxx) min(yyy) max(yyy)]);rotate3d; %grid off;
% END
% IMporpamMmmpl
% 1.[TIporpamma "Pacuer orpannuenuit L-3agaun"| daiin: Z TehnSist F L
function [FXo,LXo]=Z_TehnSist_F_L_MMTT38(Xo0)
global k Zn Sk Pg FXmin d1 d2 d3 d4 d5
for j=1:5

k=j;

Zn=8k(j);

fXo=[Z_TS_Kritlmax_MMTT38(Xo(1:2))];

FXo(j)=fXo;

end

FXo;
LXo=[(-FXo(1)-FXmin(1,1))/d1 (-FXo(2)-FXmin(2,2))/d2 (-FXo(3)-FXmin(3,3))/d3
(FXo(4)+FXmin(4,4))/d4 (FXo(5)+FXmin(5,5))/d5];
% 2. [[Iporpamma "Pacuet kputep. L-3amaun]| daitn: Z TehnSist 4Krit L
function [f,G] = Z_TS_4Krit_L_MMTT38(x)

f=-x(3);
G=[0; 0; -1;
% 3. [[Iporpamma "Pacuet orpannyenuit L-3anaun"] daiin: Z TS 12 LConst 3Kr

function [c,ceq,DC,DCeq]=Z_TS_ 12 LConst_3Kr_MMTT38(x)

global A Pq FXmin d1d2 d3 d4
c(1)=-Pg(1)*(A(1,1)+A(2,1)*x(1)+A(3,1)*x(1)"2+A(4,1)*x(2)+A(5,1)*x(2)"2+A(6,1)*x(1)*x(2)-
FXmin(1,1))/d1+x(3);
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c(2)=-Pq(2)*(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*x(2)+A(5,2)*x(2)"2+A(6,2)*x (1) *X(2)-
FXmin(2,2))/d2+x(3);
%c(3)=
(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*x(2)+A(5,2)*x(2)"2+A(6,2) *x (1) *x(2))-5500;
%c(4)=
(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*x(2)+A(5,2)*Xx(2)"2+A(6,2) *x (1) *x(2))+3800;
DC=[-Pq(1)*(A(2,1)+A(3,1)*2*x(1)+A(6,1)*x(2))/d1, -
Pg(2)*(A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2))/d2;

-Pg(1)*(A(4,1)+A(5,1)*2*x(2)+A(6,1)*x(1))/d1, -
Pg(2)*(A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1))/d2;

1.0, 1.0, %, 0, 0l;
ceq=[]; DCeq=[I;
% 4. [[Tporpamma "Pacuet orpannuenuii L-3amaun] daiin: Z_TS_12_LConst_3Kr

function [c,ceq,DC,DCeq]=2Z_TS 12 LConst_3Kr_MMTT38(x)
global A Pq FXmin d1 d2 d3 d4
c(1)=-Pg(1)*(A(1,1)+A(2,1)*x(1)+A(3,1)*x(1)"2+A(4,1)*x(2)+A(5,1)*x(2)"2+A(6,1)*x(1) *x(2)-
FXmin(1,1))/d1+x(3);
c(2)=-Pg(2)*(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*x(2)+A(5,2)*x(2)"2+A(6,2)*x (1) *X(2)-
FXmin(2,2))/d2+x(3);
%c(3)=
(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*Xx(2)+A(5,2)*x(2)"2+A(6,2)*x(1)*x(2))-5500;
%c(4)=
(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*Xx(2)+A(5,2)*x(2)"2+A(6,2)*x (1) *x(2))+3800;
DC=[-Pq(1)*(A(2,1)+A(3,1)*2*x(1)+A(6,1)*x(2))/d1, -
Pa(2)*(A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2))/d2;
-Pg(1)*(A(4,1)+A(5,1)*2*x(2)+A(6,1)*x(1))/d1, -
Pq(2)*(A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1))/d2;
1.0, 1.0]; %, O, 0];
ceq=[]; DCeq=[I;
% 5. [[Tporpamma "Pacuet orpannuenuii L-3agaun’] daiin: Z2_TS 13 LConst_3Kr
function [c,ceq,DC,DCeq]=Z_TS 13 LConst_3Kr_MMTT38(x)
global A Pq FXmin d1 d2 d3 d4
c(1)=-Pq(1)*(A(1,1)+A(2,1)*x(1)+A(3,1)*x(1)"2+A(4,1)*x(2)+A(5,1)*x(2)"2+A(6,1)*x(1)*x(2)-
FXmin(1,1))/d1+x(3);
c(2)=-Pq(3)*(A(1,3)+A(2,3)*x(1)+A(3,3)*x(1)"2+A(4,3)*x(2)+A(5,3)*x(2)"2+A(6,3)*x (1) *x(2)-
FXmin(3,3))/d3+x(3);
%c(3)=
(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*Xx(2)+A(5,2)*x(2)"2+A(6,2)*x(1)*x(2))-5500;
%c(4)=
(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*x(2)+A(5,2)*x(2)"2+A(6,2)*x (1) *x(2))+3800;
DC=[-Pq(1)*(A(2,1)+A(3,1)*2*x(1)+A(6,1)*x(2))/d1, -
Pq(3)*(A(2,3)+A(3,3)*2*x(1)+A(6,3)*x(2))/d3;
-Pq(2)*(A(4,1)+A(5,1)*2*x(2)+A(6,1)*x(1))/d1, -
Pq(3)*(A(4,3)+A(5,3)*2*x(2)+A(6,3)*x(1))/d3;

@ MexayHapoaHBIH HAY9HBIH )KypHaT "BekTop HayuHoii Mmbiciau' Ne5(34) Maii 2026
g www.vektornm.ru | 8 (812) 90529 09 | info@vektornm.ru



Pazoen socypnana: Mamemamuueckue u ecmecmeennvle HayKu
Hanpaenenue ucciedosanus: Qusuko-mamemamuyeckie Hayku

1.0, 1.0]; %, 0,
0l;
ceq=[]; DCeq=[l;
6.
% 6. [[Tporpamma "Pacuer orpannuenuii L-3amaun"] daiin: Z2_TehnSist_13 LConst

function [c,ceq,DC,DCeq]=Z_TS_13 LConst. MMTT38(x)
global A Pq FXmin d1 d2 d3 d4
c(1)=-Pg(1)*(A(1,1)+A(2,1)*x(1)+A(3,1)*x(1)"2+A(4,1)*x(2)+A(5,1)*x(2)"2+A(6,1)*x (1) *Xx(2)-
FXmin(1,1))/d1+x(3);
c(2)=-Pq(3)*(A(1,3)+A(2,3)*x(1)+A(3,3)*x(1)"2+A(4,3)*x(2)+A(5,3)*x(2)"2+A(6,3)*x(1)*x(2)-
FXmin(3,3))/d3+x(3);
c(3)= (A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*x(2)+A(5,2) *x(2)"2+A(6,2) *x (1) *X(2))-
5500;
c(4)=
(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*x(2)+A(5,2)*x(2)"2+A(6,2) *x(1)*x(2))+3800;
DC=[-Pq(1)*(A(2,1)+A(3,1)*2*x(1)+A(6,1)*x(2))/d1, -
Pa(3)*(A(2,3)+A(3,3)*2*x(1)+A(6,3)*x(2))/d3,...

(A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2)), -
(A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2));

-Pq(1)*(A(4,1)+A(5,1)*2*x(2)+A(6,1)*x(1))/d1, -

Pa(3)*(A(4,3)+A(5,3)*2*x(2)+A(6,3)*x(1))/d3,...

(A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1)), -
(A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1));

1.0, 1.0, 0, 0];
ceq=[]; DCeq=[J;
7.
% 7. [[Tporpamma "Pacuet orpannuenuii L-3anaun'] daiin: Z_TehnSist_23 LConst

function [c,ceq,DC,DCeq]=Z_TS_23_LConst MMTT38(x)

global A Pq FXmin d1 d2 d3 d4

c(1)=-Pg(3)*(A(1,3)+A(2,3)*x(1)+A(3,3)*x(1)"2+A(4,3)*x(2)+A(5,3)*x(2)"2+A(6,3)*x (1) *Xx(2)-

FXmin(3,3))/d3+x(3);

c(2)=-Pg(2)*(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*x(2)+A(5,2)*x(2)"2+A(6,2)*x (1) *X(2)-

FXmin(2,2))/d2+x(3);

%c(3)=

(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*Xx(2)+A(5,2)*x(2)"2+A(6,2)*x(1)*x(2))-5500;

%c(4)=

(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*x(2)+A(5,2)*x(2)"2+A(6,2) *x(1)*x(2))+3800;

DC=[-Pq(3)*(A(2,3)+A(3,3)*2*x(1)+A(6,3)*x(2))/d3, -

Pq(2)*(A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2))/d3;  %,...

% (A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2)), -(A(2,2)+A(3,2)*2*x(1)+A(6,2)*X(2));
-Pq(3)*(A(4,3)+A(5,3)*2*x(2)+A(6,3)*x(1))/d3, -

Pa(2)*(A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1))/d2;  %,...

% (A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1)), -

(A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1));
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1.0, 1.0]; %, 0,
0l;
ceg=[]; DCeq=[I;
8.
% 8. [[Tporpamma "Pacuer orpannuenuii L-3agaun"] daiin: Z_TehnSist_32_LConst

function [c,ceq,DC,DCeq]=Z TS _32_LConst. MMTT38(x)

global A Pq FXmin d1 d2 d3 d4 d5

c(1)=-

Pg(2)*(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*X(2)+A(5,2)*x(2)"2+A(6,2)*x (1) *x(2) +FXmin

(2,2))/d2+x(3);

c(2)=-

Pa(3)*(A(1,3)+A(2,3)*x(1)+A(3,3)*x(1)"2+A(4,3)*X(2)+A(5,3)*x(2)"2+A(6,3)*X(1)*x(2)+FXmin

(3,3))/d3+x(3);

%c(3)=

(A(1,2)+A(2,2)*X(1)+A(3,2)*x(1)"2+A(4,2)*Xx(2)+A(5,2)*x(2)"2+A(6,2)*x(1)*x(2))-5500;

%c(4)=

(A(1,2)+A(2,2)*x(1)+A(3,2)*X(1)"2+A(4,2)*Xx(2)+A(5,2)*x(2)"2+A(6,2)*x (1) *x(2))+3800;

DC=[-Pq(2)*(A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2))/d2, -

Pq(3)*(A(2,3)+A(3,3)*2*x(1)+A(6,3)*x(2))/d3; %, ...
-Pq(2)*(A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1))/d2, -

Pa(3)*(A(4,3)+A(5,3)*2*x(2)+A(6,3)*x(1))/d3; %, ...

1.0, 1.0]; %, 0, 0],
ceq=[]; DCeq=[J;
9.
% 9. [[Tporpamma "Pacuet orpannuenuii L-3anaun”] daiin: Z_TehnSist_34 LConst

function [c,ceq,DC,DCeq]=Z_TS_34_LConst MMTT38(x)

global A Pq FXmin d1 d2 d3 d4

c(1)=-
Pq(4)*(A(1,4)+A(2,4)*x(1)+A(3,4)*x(1)"2+A(4,4)*X(2)+A(5,4)*x(2)"2+A(6,4)*x (1) *x(2)+FXmin
(4,4))/d4+x(3);

c(2)=-
Pq(3)*(A(1,3)+A(2,3)*x(1)+A(3,3)*x(1)"2+A(4,3)*x(2)+A(5,3)*x(2)"2+A(6,3) *x (1) *x(2)+FXmin
(3,3))/d3+x(3);

%c(3)=
(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*Xx(2)+A(5,2)*x(2)"2+A(6,2)*x(1)*x(2))-5500;
%c(4)=
(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*x(2)+A(5,2)*x(2)"2+A(6,2)*x (1) *x(2))+3800;
DC=[-Pq(4)*(A(2,4)+A(3,4)*2*x(1)+A(6,4)*x(2))/d4, -
Pa(3)*(A(2,3)+A(3,3)*2*x(1)+A(6,3)*x(2))/d3; %, ... (A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2)), -
(A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2));

-Pq(4)*(A(4,4)+A(5,4)*2*x(2)+A(6,4)*x(1))/d4, -
Pa(3)*(A(4,3)+A(5,3)*2*x(2)+A(6,3)*x(1))/d3; %, ... (A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1)), -
(A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1));

1.0, 1.0]; %, 0, 0];
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ceq=[]; DCeq=[I;
10.
% [[Tporpamma "Pacuet orpannuenuii L-3agaun”] daiin: Z_TehnSist_35_LConst
function [c,ceq,DC,DCeq]=Z TS 35 LConst MMTT38(x)
global A Pq FXmin d1 d2 d3 d4 d5
c(1)=-
Pq(5)*(A(1,5)+A(2,5)*x(1)+A(3,5)*x(1)"2+A(4,5)*x(2)+A(5,5)*Xx(2)*2+A(6,5)*x (1) *x(2)+FXmin
(5,5))/d5+x(3);
c(2)=-
Pg(3)*(A(1,3)+A(2,3)*x(1)+A(3,3)*x(1)"2+A(4,3)*X(2)+A(5,3)*x(2)"2+A(6,3)*x (1) *x(2) +FXmin
(3,3))/d3+x(3);
%c(3)=
(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*Xx(2)+A(5,2)*x(2)"2+A(6,2)*x(1)*x(2))-5500;
%c(4)=
(A(1,2)+A(2,2)*x(1)+A(3,2)*X(1)"2+A(4,2)*Xx(2)+A(5,2)*x(2)"2+A(6,2)*x (1) *x(2))+3800;
DC=[-Pq(5)*(A(2,5)+A(3,5)*2*x(1)+A(6,5)*x(2))/d5, -
Pa(3)*(A(2,3)+A(3,3)*2*x(1)+A(6,3)*x(2))/d3; %, ... (A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2)), -
(A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2));

-Pq(5)*(A(4,5)+A(5,5)*2*x(2)+A(6,5)*x(1))/d5, -
Pg(3)*(A(4,3)+A(5,3)*2*x(2)+A(6,3)*x(1))/d3; %, ... (A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1)), -
(A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1));

1.0, 1.0]; %, 0, 0l;
ceq=[]; DCeq=[J;
11.
% [[Tporpamma "Pacuet orpannuenuii L-3amnaun”] daiin: Z2_TehnSist_42_L Const

function [c,ceq,DC,DCeq]=Z_TS_42_LConst MMTT38(x)

global A Pq FXmin d1 d2 d3 d4

c(1)=-

Pq(4)*(A(1,4)+A(2,4)*x(1)+A(3,4)*x(1)"2+A(4,4)*X(2)+A(5,4)*x(2)"2+A(6,4)*x (1) *x(2)+FXmin

(4,4))/d4+x(3);

c(2)=-Pg(2)*(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*x(2)+A(5,2)*x(2)"2+A(6,2)*x (1) *X(2)-

FXmin(2,2))/d2+x(3);

%c(3)=

(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*Xx(2)+A(5,2)*x(2)"2+A(6,2)*x(1)*x(2))-5500;

%c(4)=

(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*x(2)+A(5,2)*x(2)"2+A(6,2)*x (1) *x(2))+3800;

DC=[-Pq(4)*(A(2,4)+A(3,4)*2*x(1)+A(6,4)*x(2))/d4, -

Pa(2)*(A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2))/d2; %, ...

(A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2)), -(A(2,2)+A(3,2)*2*x(1)+A(6,2)*X(2));
-Pq(4)*(A(4,4)+A(5,4)*2*x(2)+A(6,4)*x(1))/d4, -

Pa(2)*(A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1))/d2; %, ... (A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1)), -
(A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1));
1.0, 1.0]; %, 0, 0];

ceq=[]; DCeq=[];
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12.

function [c,ceq,DC,DCeq]=Z_TS 54 LConst MMTT38(x)

global A Pq FXmin d1 d2 d3 d4 d5

c(1)=-
Pg(5)*(A(1,5)+A(2,5)*x(1)+A(3,5)*x(1)"2+A(4,5)*X(2)+A(5,5)*x(2)"2+A(6,5)*x (1) *x(2)+FXmin
(5,5))/d5+x(3);

c(2)=-
Pq(4)*(A(1,4)+A(2,4)*x(1)+A(3,4)*x(1)"2+A(4,4)*x(2)+A(5,4)*x(2)"2+A(6,4) *x (1) *x(2)+FXmin
(4,4))/d4+x(3);

%c(3)=
(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*Xx(2)+A(5,2)*x(2)"2+A(6,2)*x(1)*x(2))-5500;
%c(4)= -
(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*x(2)+A(5,2)*x(2)"2+A(6,2)*x (1) *x(2))+3800;

DC=[-Pq(5)*(A(2,5)+A(3,5)*2*x(1)+A(6,5)*x(2))/d5, -
Pa(4)*(A(2,4)+A(3,4)*2*x(1)+A(6,4)*x(2))/d4; %, ... (A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2)), -
(A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2));

-Pq(5)*(A(4,5)+A(5,5)*2*x(2)+A(6,5)*x(1))/d5, -
Pa(4)*(A(4,4)+A(5,4)*2*x(2)+A(6,4)*x(1))/d4; %, ... (A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1)), -
(A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1));

1.0, 1.0]; %, 0, 0l;
ceq=[]; DCeq=[J;
13.
% 13. [[Mporpamma "Pacuet orpannuenuii L-3amgaun”] daiin: Z_TehnSist_F_L

function [FXo,LXo0]=Z_TS_F_L_MMTT38(X0)
global k Zn Sk Pg FXmin d1 d2 d3 d4
for j=1:4

k=j;

Zn=Sk(j);

fXo=[Z_TehnSist_Kritlmax(Xo(1:2))];

FXo(j)=fXo;

end
FXo;
LXo=[(-FXo(1)-FXmin(1,1))/d1 (-FXo(2)-FXmin(2,2))/d2 (-FXo(3)-FXmin(3,3))/d3
(FXo(4)+FXmin(4,4))/d4];
14.
% 14. [IIporpamma "Pacuet 1 kputep. - max™] daitn: Z_TehnSist_Kritlmax
function [f,G] = Z_TS_Kritlmax_MMTT38(x)
global AZnk %A - marpuna koadduirenToB,Zn -3HaK y QyHKIMA ¥ TPOU3BOIHOM
f=Zn*(A(1,k)+A(2,k)*x(1)+A(3,k)*x(1)."2+A(4,k)*x(2)+A(5,k)*x(2).~2+A(6,K)*x(1).*X(2));

G=[Zn*(A(2,k)+A(3,k)*2*x(1)+A(6,k)*x(2)) Zn*(A(4,K)+A(5,k)*2*x(2)+A(6,k)*x(1))];
15.
% 15. [[Iporpamma "Pacuer orpanuuenuii L-3agaun"] ¢aiin: Z2 TehnSist LConstl
function [c,ceq,DC,DCeq]=Z_TS_LConstV2_vl MMTT38(x)

@ MexayHapoaHBIH HAY9HBIH )KypHaT "BekTop HayuHoii Mmbiciau' Ne5(34) Maii 2026
g www.vektornm.ru | 8 (812) 90529 09 | info@vektornm.ru



Pazoen socypnana: Mamemamuueckue u ecmecmeennvle HayKu
Hanpaenenue ucciedosanus: Qusuko-mamemamuyeckie Hayku

global A Pq FXmin d1 d2 d3 d4
c(1)=-
Pg(1)*(A(1,1)+A(2,1)*x(1)+A(3,1)*x(1)"2+A(4,1)*X(2)+A(5,1)*x(2)"2+A(6,1)*x (1) *x(2)+FXmin
(1,2))/d1+x(3);
c(2)=-
Pq(2)*(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*x(2)+A(5,2)*X(2)"2+A(6,2) *X (1) *x(2)+FXmin
(2,2))/d2+x(3);
c(3)=-
Pg(3)*(A(1,3)+A(2,3)*x(1)+A(3,3)*x(1)"2+A(4,3)*X(2)+A(5,3)*x(2)"2+A(6,3)*x (1) *x(2) +FXmin
(3,3))/d3+x(3);
c(4)=-
Pq(4)*(A(1,4)+A(2,4)*x(1)+A(3,4)*x(1)"2+A(4,4)*X(2)+A(5,4)*x(2)"2+A(6,4)*x (1) *x(2)+FXmin
(4,4))/d4+x(3);
%c(5)=
(A(1,2)+A(2,2)*X(1)+A(3,2)*x(1)"2+A(4,2)*Xx(2)+A(5,2)*x(2) 2+A(6,2)*x(1)*x(2))-5500;
%c(6)=
(A(1,2)+A(2,2)*x(1)+A(3,2)*X(1)"2+A(4,2)*Xx(2)+A(5,2)*x(2)"2+A(6,2)*x (1) *x(2))+3800;
DC=[-Pq(1)*(A(2,1)+A(3,1)*2*x(1)+A(6,1)*x(2))/d1, -
Pa(2)*(A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2))/d2, -Pq(3)*(A(2,3)+A(3,3)*2*x(1)+A(6,3)*x(2))/d3,...
-Pq(4)*(A(2,4)+A(3,4)*2*x(1)+A(6,4)*x(2))/d4; %, (A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2)),
-(A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2));
-Pg(1)*(A(4,1)+A(5,1)*2*x(2)+A(6,1)*x(1))/d1, -
Pa(2)*(A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1))/d2, -Pq(3)*(A(4,3)+A(5,3)*2*Xx(2)+A(6,3)*x(1))/d3,...
-Pq(4)*(A(4,4)+A(5,4)*2*x(2)+A(6,4)*x(1))/d4; %, (A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1)), -
(A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1));
1.0, 1.0,
1.0,
1.0]; %,
0, 0]
%d1=-FXopt(1,1)-FXmin(1,1) % d1=41.54
%d2=-FXopt(2,2)-FXmin(2,2) % d2=1.7000e+003
%d3=-FXopt(3,3)-FXmin(3,3) % d3=1.9029e+003
%d4= FXopt(4,4)+FXmin(4,4) % d4=-201.45
% DC=[(A(2,2)+2*A(3,2)*x(1)+A(6,2)*X(2)), (A(4,2)+2*A(5,2)*x(2)+A(6,2)*x(1));
%  -(A(2,2)+2*A(3,2)*x(1)+A(6,2)*x(2)),-(A(4,2)+2*A(5,2)*x(2)+A(6,2)*x(1))];
ceq=[]; DCeq=[I;
16.
% 16. [[Tporpamma "Pacuet orpanndennii L-3amgaun"]| ¢aitn: Z2 TehnSist LConstl
function [c,ceq,DC,DCeq]=Z_TS_LConstV2_v2_MMTT38(x)
global A Pq FXmin d1 d2 d3 d4
c(1)=-Pa(1)*(A(L1)+A(2,1)*x(1)+A(3,1)*x(1)"2+A(4,1)*X(2)+A(5,1)*x(2)"2+A(6,1)*x(1)*x(2)-
FXmin(1,1))/d1+x(3);
c(2)=-Pq(2)*(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*x(2)+A(5,2) *x(2)"2+A(6,2)*x (1) *x(2)-
FXmin(2,2))/d2+x(3);
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c(3)=-Pq(3)*(A(1,3)+A(2,3)*x(1)+A(3,3)*x(1)"2+A(4,3)*x(2)+A(5,3)*x(2)"2+A(6,3)*x (1) *x(2)-
FXmin(3,3))/d3+x(3);
c(4)=-Pq(4)*(A(1,4)+A(2,4)*x(1)+A(3,4)*x(1)"2+A(4,4)*x(2)+A(5,4)*x(2)"2+A(6,4)*x (1) *x(2)-
FXmin(4,4))/d4+x(3);
%c(5)=
(A(1,2)+A(2,2)*x(1)+A(3,2)*x(1)"2+A(4,2)*Xx(2)+A(5,2)*x(2)"2+A(6,2)*x(1)*x(2))-5500;
%c(6)=
(A(1,2)+A(2,2)*x(1)+A(B,2)*x(1)"2+A(4,2)*x(2)+A(5,2)*x(2)"2+A(6,2)*x (1) *x(2))+3800;
DC=[-Pq(21)*(A(2,1)+A(3,1)*2*x(1)+A(6,1)*x(2))/d1, -
Pq(2)*(A(2,2)+A(3,2)*2*x(1)+A(6,2)*x(2))/d2, -Pq(3)*(A(2,3)+A(3,3)*2*x(1)+A(6,3)*x(2))/d3,...
-Pq(4)*(A(2,4)+A(3,4)*2*x(1)+A(6,4)*x(2))/d4; %,
(A(2,2)+A(3,2)*2*x(1)+A(6,2)*X(2)), -(A(2,2)+A(3,2)*2*x(1)+A(6,2)*Xx(2));
-Pq(1)*(A(4,1)+A(5,1)*2*x(2)+A(6,1)*x(1))/d1, -
Pg(2)*(A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1))/d2, -Pq(3)*(A(4,3)+A(5,3)*2*Xx(2)+A(6,3)*x(1))/d3,...
-Pq(4)*(A(4,4)+A(5,4)*2*x(2)+A(6,4)*x(1))/d4; %,
(A(4,2)+A(5,2)*2*x(2)+A(6,2)*x(1)), -(A(4,2)+A(5,2)*2*x(2)+A(6,2)*Xx(1));
1.0, 1.0,
1.0,
1.0]; %,
0, 0];
%d1=-FXopt(1,1)-FXmin(1,1) % d1=41.54
%d2=-FXopt(2,2)-FXmin(2,2) % d2=1.7000e+003
%d3=-FXopt(3,3)-FXmin(3,3) % d3=1.9029e+003
%d4= FXopt(4,4)+FXmin(4,4) % d4=-201.45
% DC=[(A(2,2)+2*A(3,2)*x(1)+A(6,2)*X(2)), (A(4,2)+2*A(5,2)*x(2)+A(6,2)*x(1));
%  -(A(2,2)+2*A(3,2)*x(1)+A(6,2)*x(2)),-(A(4,2)+2*A(5,2)*x(2)+A(6,2)*x(1))];
ceq=[]; DCeq=[I;
17.
% 17. [[Iporpamma "Pacuet orpannuennii L-3amnaun"]| daitn: Z TSis F L
function [FXo,LXo]=Z TSis_ F_ L MMTT38(Xo)
global k Zn Sk Pq FXmin d1 d2 d3 d4
for j=1:4
k=j;
Zn=SK(j);
fXo=[Z_TS_Kritlmax_ MMTT38(X0(1:2))];
FXo(j)=fXo;
end
FXo;
LXo=[(-FXo(1)-FXmin(1,1))/d1 (-FXo(2)-FXmin(2,2))/d2 (-FXo(3)-FXmin(3,3))/d3
(FXo(4)+FXmin(4,4))/d4];
% Komnen
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3.5. IIpuHsTHE ONTHMAJIBHOTO pellleHHs] B ABYXNapaMeTpPH4ecKoil YeTbIpexMepHoOi
MO/1eJIM TEXHOJIOTHYEeCKOro npouecca

3.5.1. Mamemamuueckoe  Mmodenuposanue  MmMexXHON0ZUYECKO20  Hpouecca  npu
PAGHO3HAUHBIX KPUMEPUSX.

Pemrenne BekTOpHOI 3a1aun MaTeMaTHYECKOro nporpammupoBanus (78)-(82) 6aszupyercs Ha
METOJ[aX, OCHOBAaHHBIX HA AaKCHOMATHKE W TPUHIMIIE TapaHTUPOBAHHOTO pe3yJbTara Npu
PaBHO3HAYHBIX KPUTEPHUSIX, PACCMOTPEHHBIX B MIEPBOM pazjeine. Mcmonb3ys Bblle IpeaCcTaBICHHOE
pOrpaMMHOE 00ECIICUCHHE, PE3YJIbTAThl pEellieHUs BeKTopHOU 3anaun (78)-(82) ¢ paBHO3HAYHBIMU
KPUTEPHUSIMU IIPEJCTaBUM KakK PsiJl LIAr0B.

Ilae 1. Pemaercss BEeKTOpHas 3ajaya MareMaTHueckoro nporpammuposanus (78)-(82) mo
KaXIOMy KpuTepuio otraenbHo. Ilpu pemiennn wucmonb3yercs ¢ynkims fmincon(...) cuctemsl
MATLAB. O6parenue k ¢pyuknuu fmincon(...) npeacrasieno B [15, 18, 19]. Pesynbsrar pacuera mo
OT/AEIBHOMY KPUTEPHUIO MPEJICTABISIET TOUKY ONTUMYyMa:

Xi v fiy = fi (X)) , k =1,K K=4 — BenuuuHbI KpUTEPHEB B ITOM TOUKE, T. €. HAMITyHUIIEE
pernienue 1o Kaxaomy kpurepuro: X; = {x; = 2.01,x, = 30.01}, f;" = f1(X;) = —5.8834;
X; ={x; =3.51,x, = 30.01}, f; = f,(X3) = —78.9642;
X; ={x; =3.51,x, =12.01}, /5 = f3(X3) = —0.5424;
X; ={x; =291,x, =12.01}, f; = f,(X;) = —0.3335. (83)

Ha pucynke 3 npeacraBum orpanndenus (82), momyduBiirecs TOUku ontumyma Xq, X5, X3, X
(83) B mByXMepHOIi cucTeMe KoopMHaTax {X;, X, }. Mccieayemoe MHOXKECTBO JJOYCTHMBIX TOUEK
S He mycTo, NpeACTaBiIsIeT COOON KOMITAKT:

S={XeRN|2.0< x; <35,12.0< x, <30.0} # Q.

[IpocTpaHCTBO MHOXKECTBAa TOYEK, JIGKANIMX MEXKAYy TOoukamu ontumyma Xi, X5, X3, Xj
MPECTABIISET C OTHON CTOPOHBI IOIMTyCTUMOE MHOKECTBO TOYEK S, a ¢ IPyroi CTOPOHBI MHOKECTBO
TOYEK, onTUMaNbHBIX 10 [Tapero, S°. Takum 00pa3oM AJIsl JTAHHOM 331241 MHOXKECTBO JJOITYCTUMBIX
M MHO’KECTBO TOYEK, ONTHMaJIbHBIX 10 [TapeTo, S°, paBHBI Mex 1y coboii: S = S°.

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

30 T & X
2
%"| X 2.80392
28 f,=11.474-4.89925"x, +0.88681" f%{oosc Y ?0 1
Az AN D, //
26 y f=8.81767.681"x, +2.145*x12+0.185*x2+'...
/ AN AN,
24 / i
/
/
22 / { x0
N /
x /
20 / .
/
/
18F f 4=-O.24/5/O.7475*x ,+0.3832%x $+0.0442*x 5o Xq .
/)‘4Z A 1'A 2>‘ 3
16 / =-0.122-0.3735*x_+0.1916*x 230.0221*%] + ...
3 1 1 2
/ A>A 0 )
/ 371 2 4
141 1
/
0 0 *
12 1% X; , , X;
2 X%, 2.5 3 3.5X%?
x1

Puc. 3. Muoxectso [lapero, S°cS, Touku ontumyma X5, X5, X3, X5, 1 ontumaibHas Touka X ©
B JIBYXMEPHOH CHCTEME KOOPAUHAT {X;, X5}
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Illaz 2. Pemaetcs BEKTOpHas 3ajjaya MaTeMaTHYeCKoro mporpamMmmupoBanus (53)-(57) s
BBIYUCIICHUS] HAUXYAIIEH BEIWYUHBI KaXXJIOrO KPUTEPHS: Yko u h2 = hk(YkO), k=1K, K=4,
KOTOpBIE IPECTABISAIOT aHTHONTUMYM pellieHHs iepBoro mara. (Bepxuuit uaaexc Hoib). [lpu sTom
pemmaercs B3MII (78)-(83) mnst kaxmoro kputepus k = 1, K; Ha MUHMMYM, U 1 KpHTEpUeB k =
1,K, na makcumym. Kak pe3ynbT pelieHus IONyYMM: TOYKY ONTUMyMma Xp = {xj,j = 1,N} no
cooTsercTBytomemMy kpurepuio k = 1,K ; f0 = fi(X?) — Bemuumny K-ro kpurtepus B TOUKe,
X2 k=1K:

X = {x; =3.50,x, = 2.0051}, f? = f1 (X)) = 2.8664;

X9 = {x; = 2.1953,x, = 12.01}, f = fo,(X3) = 13.561

X9 ={x; =2.01,x, = 12.01}, £ = (X) = —0.16671;

X9 = {x; =3.51,x, =12.01}, f = f,(XJ) = —1.0848. (84)
Lllaz 3. CucTeMHBIM aHAIIN3 MHOXKECTBA TOYCK, OIITUMAJIBHBIX I10 HapeTo.

Omnpenenstorcest B Toukax ontumyma X* = { X7, X5, X3, X} Benuuuuel neneBbIx (yHKIHNA

F(X) = |lfa (X0

Sdy=fi—f2 k=14 D =(d, d,d;d,)T; MaTpuiia OTHOCUTEILHBIX OLIEHOK:

=

k=1,
q:

g+ BEKTOP OTKJIOHEHHH 110 KakKJIOMy KPHTEPHIO Ha JIOYCTHMOM MHOXECTBE

KELK e M (X) = (B — hY)/dy. dy, = {3.017,65.4,0.709, 1.418).

q=1K

MY = [[24(Y)

5.883 —79.327 — 0.06191 0.12381 1.0 1.0056 0.3234 0.6777

—3.1730 — 78.9640 0.3039 0.6076 WXT) = 0.10181.0 0.6637 0.3365
—3.3469 — 17.2061 — 0.5423 1.0848||’ 0.1594 0.0556 1.0 0.00
—4.4506 — 13.6435 0.1668 — 0.3335 0.5252 0.0014 0.001.0

CucTeMHbII aHAIM3 BEIMYHH 10 KakaoMy kputepuio F(X™) (85), a Taxke aHaN3 KpUTEPHUEB

F(X*) = (85)

B OTHOCHTENBHBIX OlleHKaxX A(X™) mokasan, uro B onTHManbHbIX Toukax X* = { X7, X;, X3, X 1},
PACTIONOKEHHBIX MO JUArOHANM, OTHOcHTenbHas ornenka A(X;) = 1,k = 1,K papHa enunmie.
OcTajbHbIC KPUTEPHH 3HAYUTEIILHO MEHBIIIEC SIUHHIIBI. A B 3a/1aue TpeOyeTCss HalTH TaKylo TOUKY
(TapaMeTpbl TEXHOJOTHYECKOTO TpoIecca), MPHU KOTOPBIX OTHOCHUTEIIBHBIC OICHKH KPHTEPUCB
HamOosee OMM3KM K enuHUIe. Ha pemeHue 3ToW 3a/Jauyd HANpPaBIIEHO TIOCTPOCHUE U PEIICHUE A-
3a/1auu, IPEACTABICHHON Ha mare 4, 5.
Illaz 4. TlocTpoeHue A-3aauu OCYIIECTBISIECTCS B JIBa dTara: HAa MEPBOM dTarle CTPOUTCS
MaKCUMHHHAs 337]a4a ONTHMHU3AIUN ¢ HOPMAJTU30BAHHBIMU KPUTEPHSIMU:
A% = maxy.sming.gA, (X), G(X)<0,X >0. (86)
MaxkcumuHHas 3a1a4a (86) Ha BTOpoM 3Tarie mpeodpaszyeTcsl B CTaHIapTHYIO
(omHOKpHTEpHATBHYIO) 3a/1a4y MaTeMaTHYECKOT0 POrpaMMHUpOBaHUs (A-3a/1a4a):
A° = max A, (87)
A —(11.4745 — 4.8992x; + 0.8868x% — 0.003x, + 0.0048x2 — 0.0595x;x, —f,°)/ d; <0, (88)
A —(—0.1225 — 0.3735x; + 0.1916x2 + 0.022x, + 0.0006x2 — 0.0173x;,x, — f)/ d, <0, (89)
L —(8.8176 — 7.6809x; + 2.1456x? + 0.1851x, + 0.0894x2 — 0.1454x,x, — f7)/ d5 <0, (90)
A —(—0.245 — 0.747x; + 0.3832x2 + 0.0442x, + 0.0012x2 — 0.0346x,x, — f2)/ d, <0, (91)
orpaanuenus 2.01 < x; <3.5,12.01 < x,<30.01, (92)
IJie BEKTOP HEU3BeCTHBIX uMeeT pazmepHocTh N+1: X={x4, ..., x5, A}, N=2.
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[llaz 5. Petienue A-3amaun (87)-(92).

I[Mpu pemennu A-3amxaqn (87)-(92) ucnonszyercs ¢pyukus fmincon(...).

B cucreme MATLAB o6pammenue k pyuaxiuu fmincon(...), [21, 45, 46]:

[Xo,Lo]=fmincon('Z_TS_2Krit_L',X0,A0,bo,Aeq,beq,lbo,ubo,’Z_ TS LConst',options).

Pe3yjabTaT peleHusi BeKTOPHO# 3amauum ontumusanum (78)-(82) npu paBHO3HAYHBIX
KPUTEPHSIX, C COOTBETCTBYOIIEH A-3anaueii (87)-(92) momyuwmu:

mouka onmumyma X° npu paBHO3HAYHBIX KPUTCPHUAX

X° ={X°1°}= {Xo = {x; = 2.804,x, = 30.0,2° = 0.35410}}, (93)
KOTOpAst PEJCTABISET KOHCTPYKTHBHBIC MTapaMeTPhl TEXHOJIOTHIECKOTO MPoIecca Mpu
pPaBHO3HAYHBIX KPUTEPHSIX (XapakTepucTukax). OnTuManbHas Touka X°© mpesicTaBieHa Ha puc. 3;
senuuunsvt kpumepueg f,,(X°),k = 1,K B Touke ontumyma X°:
f1(X°) =3.935, f,(X°) = 77.931, f3(X°) = 0.0841, f,(X°) = 0.1681; (94)
KOTOpPBIE MPEACTABISIOT XapaKTEPUCTUKH TEXHOJIOTHIECKOTO MPOIIecca;

senuuunbl omuocumensuvix oyenok ©(X°),k = 1,K B Touxe ontumyma X°:

A1 (X9)=0.3542, L,(X°)=0.9842, A;(X°)=0.3542, L,(X°)=0.6459); (95)

Mmakcumanvuvtii Huxcnuil yposens A° = 0.3542 B Touke onTumyma X°:

KOTOPBI U3MEPEH B OTHOCUTEIBHBIX SIUHHUIAX, CPEIU BCEX OTHOCUTEIIBHBIX OIICHOK:
A2=min{i; (X°), 1,(X°), A3(X°), L,(X°)}=0.3542;

A° = 03542 Takke Ha3bIBAIOT TapaHTUPOBAHHBIM  PE3YILTATOM, HM3MEPEHBIH B
OTHOCHUTENLHBIX EAMHHIIAX. | apaHTHPOBAHHBIA pPE3yJbTaT TOBOPUT O CIEAYIOIIEM: BEIUYHHY
OTHOCHTEJIBHOM OIeHKH Ay (X°) ¥ COOTBETCTBEHHO BEIMUYMHY XapaKTEPHUCTHKH TEXHOJIOTHIECKOTO
nportecca fi,(X°) Hesb3st ynydIuTh, He YXY/AIIas PH 5TOM JIPyTHe XapaKTePUCTHKH.

B Touke ontumyma X, B COOTBETCTBUM ¢ TeopeMoii 1, kputepuu 1, 3 MPOTHBOPEUHUBEL. ITO
HPOTHBOPEUHE ONpE/IENAETCS TEM, UTO BHIMOIHAIOTCS paBeHcTBa: Aq (X2)= A3(X°)= A° =0.3542,

a ocTalbHble KPUTEPUH HEPABEHCTBOM { A, (X°)=0.9842, A, (X°)= 0.6459}>1°.
3.5.2. I'eomempuueckaa unmepnpemayusa pesyromamos pewtenus B3MII — mooenu
MEXHO0102UYeCK020 RPOYecca 6 OMHOCUMENbHBIX eOUHUUAX 8 MPEXMEPHOU cucmeme KOOpOuHam

Ha pucynke 3 mpeicTtaBieHO AOMYyCTUMOE MHOKECTBO TOYEK S, KOTOpoe 00pa30BaHO
orpannyeHusivu (82). Ha atom pucynke Touku ontumyma X* = { X7, X5, X3, X;}, oObenHeHHbIC B
KOHTYD, TPEICTaBISIOT MHOXKECTBO TOYEK, onTHMabHbIX 10 [lapero, $°cS. KoopauHathel Touek
{X{,X5,X5,X,}, a Takke XapaKTePUCTUKH TEXHOJOTHYECKOTo IMpOIecca B OTHOCHUTEIBHBIX
enuannax Aq (X), A, (X), A3(X), A, (X), npescraBieHbl Ha puc. 4 B TpeX MEPHOM IPOCTPAHCTBE X,
X, W A, TJIe TPEThS OCh A - OTHOCHUTEJIbHAS OlIEHKA.

3.5.3. Pewenue B3MII, npeocmagnatouieii mamemamuyeckyio Mooeib mexHoa102u1ecKozo
npouecca, ¢ npuopumemom Kpumepus (0opammuasn 3adaua).

Jlunom, npunumaromuM pemenuss  (JIIIP), xak mnpaBuio, sBIsSeTCS KOHCTPYKTOP
TEXHOJIOTMUYECKOro Ipoliecca.

Illaz 1. Pemienue BekTopHOH 3anaun (78)-(82) mpu paBHO3HAYHBIX KpUTEpUSAX. Pe3ynbraTel
pelIeHusl BEKTOPHOM 3a/laud MPH PaBHO3HAYHBIX KPUTEPHUSAX MPEACTABICHBI HA Imare 1, anropurm
pelIeHus 3aa4uu MpeAcTaBiIeH Ha pa3zene 3. YnuciaeHHble pe3ybTaThl pelieHHs] BEKTOPHOH 3a1aun

OpCACTABJICHBI BBIIIC.
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A-problem Vector Optimization. MawyHuH HO.K.

12 2,%")

1 D)
0.8 4 = A‘(x;)
0.6 A4X)

Lambda

~

~
D= X PR

X2 30 35

X1
Puc. 4. Pesynbratsl pemenus A-3anaun A4 (Y), A,(Y), A3(Y), A4(Y)
B TPEXMEPHOH CUCTEME KOOPAMHAT X1, X, U A

MHuoxecTtBo Touek S°cS, ontumanbHbIX 10 Ilapero, HaxoauTcs MEXIy OTAEIbHBIMU
ontuManbHeIMU TOukamMu {X7,X;,X3,X;}. [lomyuennas mndopmamus {X7, X, X3, X;} BMecTe ¢
TOYKOW onTMyMmMa X° MpH paBHO3ZHAUHBIX KPUTEPHUSX SIBJSICTCS OCHOBOW JUIS MCCIICIOBAHUS U
MIPUHSTHS PEIICHUH 10 CTPYKTYype MHOXKecTBa [lapero.

Ecnmu pesynbTaThl pellieHHs BEKTOPHOW 3aqaud C paBHO3HAYHBIMH Kputepusimu X° He
YAOBIETBOPSAIOT JIMIIO, TMPUHUMAIOLIEe pelIeHHe, TO BbIOOP ONTHUMAJIBHOTO  pEHICHUS
OCYIIECTBIISICTCS TI0 TIPHOPUTETY OJHOTO M3 KPUTEPHEB W3 TMOJAMHOXECTBA Touek  S9,59,59,5%,
ITOKa3aHHBIX Ha pHC. 4.

Llaz 2. Bvibop npuopumemnozo kpumepusi q € K 1UI1oM, TIPUHAMAIONTAM PEIICHHSL.

B cootBeTcTBHM ¢ TeopeMoOii | M3BECTHO, YTO B ONTUMAJIBHOM Touke X© Bcerjaa MMeeTcs JBa
Han0oJiee MPOTUBOPEUNBHIX KpuTepus, ¢ € K u v € K, 11 KOTOPBIX B OTHOCUTEBHBIX €UHUIIAX
BBITIOJIHSIETCS] TOUHOE PABEHCTBO:

A0 =2,(X°) =7, (X°),q EK,vEK,X€ES,

a JIIsl OCTaJbHBIX KpUTEpHeB k € K BBIMONHICTCS HEPABEHCTBA:

A2 <A (X°),VkEK, q#v #k.

Jlyia moAroToBKM MHGOPMALMK AJIi MPUHATHS PEIIeHUs Ha SKpaH BBIIAIOTCS MOKa3aTelH
(XapakTepHUCTUKH) TEXHOJIIOTUYECKOTo mporiecca (93), koTtopsie monydensl npu petennu B3MII ¢
paBHO3HAYHBIMH KPUTEPUSIMH B Touke X :

F(X°%) = {f1(X°) = 3.9345, f,(X°) = 77.9319, f5(X°) = 0.0844, f,(X°) = 0.1687};

OTHOCHTEIIbHBIC OLIEHKU B X :

AMX%) = {0 (X°) = 0.3541,A,(X°) = 0.9842,1;(X°) = 0.3541,1,(X°) = 0.6459}.

W3 nony4yeHHbIX BerauciaeHud A(X°) BHIHO, 4TO HanboJIee MPOTUBOPEUNBBIMUA KPUTEPHSIMHU
SIBJISIFOTCS TIEPBBIN U TPETHIA:

A= (X9),A3(X°)} = 0.3541, (96)

Bribepem u3 puc. 4 nepBeiii U Tpetnii U npeactaBuM {A; (X°), A;(X°)} B oTHOCHTEIBHBIX

eUHULAX Ha pPHUC. S.
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Kak mnpaBwimo, u3 stoii mapel: A° = A;(X°%) = A3(X°) nOPOTHBOPEUUBBIX KPHUTEPUEB
BBIOMpAETCS] KPUTEPHIA, KOTOPBIH JINIO, MPHHUMAIOIIEE PEIISHHEe, XOTeN Obl yydmuTb. Kpurepwuii,
koTopslii BeIOpan JIIIP, Ha3piBaeTcs «puopuTeTHBIM Kputepuem»: q = 3 € K.

DTOT KpUTEPHIA UCCIIEAYETCS B IPOTUBOPEUHH C TIEPBBIM KputepueM k = 1 € K.

Brinaercst cooOienue Ha TUCTIICH:

g=input('Beeaure npuoputeTHbIi Kputepuii (Homep) =") - Beenu: q=3.

Llaz 3. Boiuucnaiomes uuciogvle npedenvl usmMeHenus npuopumemuoco kpumepus q=3€K 6
@u3suLecKux u OMHOCUMENbHbIX OUHUYAX.

JJ1s1 5TOTO OIpeNeNrOTCs YHCICHHbIC 3HaUeHHUsT KpuTepusi =3 €K B HaTypallbHBIX eIUHHUIIAX
TIPY TIEPEXO/IE U3 TOYKHK ONTUMYMa X ° B TOUKY ONTUMyMa Xg, TIOJNYYEHHYIO Ha IEPBOM ILIare.

[Ipenenbl n3MeHeHUs: KpUTepHs =3 B HATypaJbHbIX €AMHULAX BBIJIAIOTCS HA SKPaH:

fq(X°) = —0.084354 <f,(X) < — 0.54235 = f,(X3),q = 3€K. 97)
IIpenenbl n3menenus kpurepust ¢ = 3€K B OTHOCUTENIBHBIX €IMHUIIAX BBIJAIOTCSA HA SKPaH:

Aq(X°) = 0.35407<4,(X)s1 = 2,(X;),q = 3¢K. (98)

Brrpaxenns (97) u (98) f,(X) u A,(X) BeIaroTcsa Ha auCTIIEH s aHATH3A.

a2z 4. JIuioM NPUHUMAIOIIEM PELICHHUS, OCYIIECTBISETCS BEIOOP BETMUUHBI
npuoputeTHoro kputepus € K. (Decision-making).

Ha skpan Bbmaetcs coobienue: «Beaure Bennauny npuopureTHoro kpurepus fgq=» - JIIIP
BBOJMT, Hanpumep, f,=0.3.

Hlaz 5. Pacuem omnocumenvioti oyenxu ons kpumepus fq = 0.3. [l 3a1aHHON BETMYMHBI
IPUOPUTETHOTO KpUTepUs fz=0.3 pacCUMTHIBAETCS OTHOCHTENbHAS OLIEHKA:

_ fq—f§ _ 030-(-0.16670)
Aq = fo-fQ  0.5435-(-0.16670) 0.65821. (99)

Paccunrannas OIICHKa )\q IIpU nepexoac OT TOUKHU OIITUMYyMa X° x X; JICKUT B IIpCACIax:

Aq(X°) = 0.35408<1,(X) = 0.65821<1.0 = 1,(X;),q = 3¢K.

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

1.2
AX )=t
* A a
1P
N _ A )=
0.8 A 1 A(X%)=0.98422 ¥
m 0.6 -]
2 o
= e M [X%)=-0.64
= 0.4 Neal X%t )00 ]
A=al X2 J=0. -
0.2 ]
0 -
o2 x = 4
15 xl-
20 T T I
2
303.5 3 25
X2 x1

Puc. 5. Pemenue A-3amaun (87)-(92): yukimu A (X) u A3(X) B TpexMepHOi cucreme
KOOpIHHAT X1 X3 H A. BTouke X% A(X°) = A,(X°) = A3(X°)=0. 3542.
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Ilaz 6. Pacuet kod(pdurimenTa TMHEHHON ampOKCUMAIIIH .

Hcnonb3ys cTaHOapTHBIE NPUEMBl JIMHEHHOM anMpOKCUMAUHUKM W, Tpeanoaras JMHEHHbBIN
xapakrep usmenenus kputepus fq(X) B (97), a Takke COOTBETCTBEHHO OTHOCHUTEIBHOM OLECHKH Ag,
paccuuTaeM KO3((GUIHEHT NPONOPIHOHATLHOCTU MeXAY A4 (X°),A,, Ha3BaHHBIH KaK p:

Ag—Aq(X°)  0.6582-0.35407
T Aq(XD-Aq(X0)  1-0.35407

= 0.4708..

Ilaz 7. OnipenenuM KOOPIUHATHI IPUOPUTETA KPUTEPUEB ¢ pasMepHOCThIO fq=0.3, rcmonb3ys
KO2(DPUITMEHT TPOMOPIIMOHATILHOCTH p.

Msl npeanosaraem, 4yTo usMeHenus Bekropa X9 = {x; x,},q = 3 npu nepexoae OT TOYKH
ontumymMa X° k X (}" MMEeT JIMHEeWHbIH Xapaktep. Omnpenenum KOOPAHUHATHI ISl TOYKU C
pasmeprocThio fq =0.3 ¢ OTHOCHTENBHO OILIEHKOH Ag:

Xy ={x =20 +p(x;(1) —xD), ...,
xit = x§ + p(xy(N) — 2}, (100)
roe X° = {x7,.., x5}, Xq = {x5(1), ..., xg(N)}.
X° = {x?=2.8039, x3=30.01}, Xj; = {xc*l(l):3.5, xc*l(2)212.01}.

B pesynbrare pemenus ypasHenuit (100) momydunu ToUKy ¢ KOOpIUHATAMH:

Xq = {x; = 3.13171,x, = 21.5249}.

IIlacz 8. Briuncienue riaBHbIX IOKa3aTeled TOUKU X, q:
fk(Xq)_fl? 1 7. q lq(Xq) 1 1
— 1t "2 k=1K: P? = = —= = 1,K}.

fe-re ’ P = Fa k }

Pe3ysbTaT penieHusi BEeKTOPHOI 3agaun onrumusanuu (78)-(82) npu 3a1aHHON BETUIHHOM
TPETHErO MPUOPUTETHOTO KPUTEPUS fq = 0.3 nomyuunu:

mouka onmumyma X, 1pu 3agannom f, = 0.3: X, = {x; = 3.13171,x, = 21.5249},

FO = (f(X) k = TR = (X)) =

KOTOpast MPEICTaBIsIeT KOHCTPYKTUBHBIEC MapaMeTPhl TEXHOJIOTHMYECKOTO MPOIecca MPH 3adaHHOM
BENIMYMHE TPETHETO NPUOPUTETHOTO KpuTepus f, = 0.3;
senuuunvl kpumepues f.(X;), k = 1,K B Touxe ontumyma X,:

F9={fi(X,) = 2.978,f,(X,) = 41410, f5(X,) = 0.1744, f,(X,) = 0.3489};
KOTOPLIC MPCACTABIAIOT XapaKTCPUCTUKH TCXHOJIOTHYCCKOTO IMPOHECca,

8eIUYUHBL OMHOCUMETbHBIX OUECHOK kk(Xq), k = 1,K B TOYKe omTUMyMa Xq:

A(Xy) = (M (Xy) = 0.03691,2,(X,) = 0.426,A3(X,) = 0.481,2,(X,) = 0.52};

Mmakcumanvuvtii Huxcnuil yposens 1° = 0.3542 B Touke ontumyma X°:
KOTOPBIN U3MEPEH B OTHOCUTEILHBIX €IMHUIAX, CPEIU BCEX OTHOCUTENBHBIX OLICHOK:
A2=min{i; (X°), 1,(X°), X3(X°), L,(X°)}=0.3542;
2q%)
e(Xq)’
P9 = {p3 = 6.27891, p3 =17.941, p3 =1.0, p3 =0.911].
[To aHaMOrMM MOKHO BBIYHCIHUTH JIFOOYIO ONTHMAaIbHYIO TOuKy X7 u3 MHOecTBa IlapeTo:
¢ ={A7, X} e S°.
[Ipu MoaenupoBaHUN MOTYT OBITH BBITMIOJTHEHBI HEKOTOPOE MHOKECTBO pacyeToB. MoryT OBITh

eéexmop npuopumemos P = {p,g = k = 1,K}:

M3MEHEHBl TapameTpuueckue orpanudenus (57), ¢yHkuumu. B wurore MoxkeT OBITH NOIyYeH
HEKOTOPbI HA0Op ONTUMABHBIX PEIICHHH (3TO M €CTh MaTeMaTHUECKoe MoAenupoBanue). 13 atoro
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MHOYKECTBA pelIeHUH BEIOMpaeM OKOHUYATEIbHBIN BapraHT. B Hamem npumepe B (1) BapuaHT BXOAHUT
B TOJYYCHHBIH HA0Op ONTHMAIBHBIX PEIICHHUN: MapaMeTpbl TEXHOJOTHYECKOro Iporecca X° =
{x; = 2.804,x, = 30.0,4° = 0.35410} 1pu paBHO3HO3HAYHLIX KPUTEPHAX; MAPaMETPhI
TEXHOJIOTUYECKOTO TIPOIECCa MNPH  3aJaHHOM HPHOPHTETHOM Kputepun (=3. X, = {x; =
3.13171,x, = 21.5249}.
['eomeTpudecKyIo HHTEpIpeTauio cummetpunr A1 (X°) = A3(X°) perieHus mokaxem Ha puc. 6.
X1 1(X7)=1 X3 2, (X3)=1 Xs (X)) =1 X A,(X) =1
e xo 0) =0.9842
X o A,(X°) = 0.6459
X° MX%) =23(X°) = A% =0.3541
Puc. 6. 'eomeTpruecKkyto HHTEpIPETALMIO CHMMETPUH B MOJICIIMPOBAHUU

TEXHOJIOIHYECKOr0 IPOLIECCa ¢ HOPMAIM30BAHHBIMU KpuTepusaMu: A; (X)), ..., A4 (X).

Ananus pesynomamos. Paccuntannas Ha mare 8 pasMepHocTh kputepus fq(X7), q € K,
0OBIYHO HE paBHa 3aaHHOH Bemnuube f; = 0.3. Omubka BrIGOpA:

Afy = |f,(X2) — f,| =10.1744 — 0.3] = 0.125,

. o . A
XapaKTEPU3yeTcs OMMOKON JIMHEHHON anmpokcumanun Afqq, = % * 100 = 40.2%.
q

3.5.4. I'ecomempuueckaa unmepnpemayus 6 (QU3UYECKUX EOUHUUAX DPE3YIbIMAMOE
peuienue 6eKMopHOoIl 3a0auu 6 MpPexmepHoll cucnmeme Koopounam.

Msl chopMHUpOBaIH TTApaMETPBI TEXHOJIOTHYECKOTO MPOIecca Xq, X,, KOTOPBIC MPEICTABHUIIH,
BO-TICPBBIX, B IBYMEPHOW X;, X, Ha pHUC. 3, M, BO-BTOPBIX, B TPEXMEPHOI CHCTEME KOOPIUHAT X,
X, and A Ha puc. 4, 5, 6. Jlanee mpeacTaBuM 3TH apaMeTPsl B GU3NUECKUX SIUHHIIAX TS KaXT0H
oyukimu f; (X)), f2(X), f3(X), f(X) nocnenosarensho Ha puc. 7, 8, 9 u 10. f;(X).

IepBas xapakTepHCTHKA TEXHOJIOTHYECKOTO MPoIecca B (PU3NIECKUX €IUHMIAX ITOKa3aHa (Qur. 7.

Function f1(X)-max in Vector Optimization problem. MawyHuH KO.K.
6

f(X, )=5.8833

Puc. 7. IlepBas xapakrepuctuka f;(X) T€XHOJOrHYECKOTO Mporecca B PU3MUECKUX EANHHUIIAX
B TPEXMEPHOI CHCTeMe KoopauHar {x; , X, and f; (X)}..
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Touku onTumMmyma
X{ - TOYKa MaKCUMyMa,
X° — paBHO3HAYHbIC KPUTCPUH;
Xg=3 — IPHOPHUTET 3 KPUTEPUS,
X? _Touka MHHHMYyMa - 3TO IapaMeTphl PU3MIECKUX XaPAKTEPUCTHK TEXHOIOTHIECKOr0 MPOIECCa.
[IpencraBuM B GU3NUECKUX €MHULIAX XapAKTEPUCTHKH TEXHOJIOTHYECKOT0 MpoLecca.

fi =fi(Xy) = —5.8834 <

f1(X°) =39345 <

fi(Xy=3) = 29777 <

=AY = 2.8664
f2(X) BTOpas XapakTEpHUCTHKA TEXHOJOTMYECKOro mpolecca B (DU3MUECKUX €IMHHUIIAX
MoKa3aHa Ha ¢wur. 8.

Function f2(X)-min in Vector Optimization problem. MawyHuH H0.K.

80 -
FAX ©=77.9317

f,(X, }=78.96
80 - A X )

F2

X2

Puc. 8. Bropas xapakTepucTuku f,(X) TEXHOIOrHMYECKOTO MpoIecca B (PM3MYECKHX €AMHHUIIAX
B TPEXMEPHOI1 CHCTeMe KOOpAuHAT {X; , X, and f,(X)}..

Toukn ontumyma:
X3 - TOYKa MaKCUMyMa;
X° — paBHO3HAYHbIE KPUTEPUH;
Xq=3 — IPHOPUTET 3 KPUTEPUS;
XY _Touka MUHMMyMa — 3TO HapaMeTphl PU3HIECKUX XapPaKTEPUCTHK TEXHOIOIMYECKOT0 IPOIIecca.
[IpencraBuM B (pH3HUECKUX €IMHUIIAX XapPAKTEPUCTHUKU TEXHOJIOTUYECKOTO MpoIiecca:

f2 = f2(X;) = 78931<

f,(X°) =77.409 <

fo(Xg=s) = 41409 <

fzo = fz(Xg) = 13.561
f3 (X) TPEThbA XAPaKTCPHUCTHUKA TEXHOJIOTHYCCKOI0 IIponccca B q)H3I/II‘IeCKI/IX CaOHHLIaX

nmokasana Ha ¢uwur. 9.
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Function f3(X)-max in Vector Optimization problem. MawyHuH FO.K.

0.6 5 (X, )=0.54235

0.4 4

X2 30 35 X1

Puc. 9. Tperbst xapakTepucTHKU f5(X) TEXHOIOIHYECKOro mpomecca B GU3MIECKUX €IMHUIAX
B TPEXMEPHOM cHUCTEME KOOpIUHAT {X; , X, and f3(X)}..

Touku onTumyma:
X3 - TOUKa MakCUMyMa;
X° — paBHO3HAYHbIC KPUTEPUH;
Xq=3 — IPUOPUTET 3 KPUTEPUS,
X3 -Touka MHHMMyMa — 3TO mapaMeTphl (PU3MIECKUX XapaKTEPHCTUK TEXHOJIOTUIECKOTO MPOIIECCA.
[TpeacraBuM B pU3MYECKUX €AMHHUIAX XaPAKTEPUCTHKH TEXHOJIOTHUECKOTO MpoIiecca:
f5 = f3(X3) = 0.5424<
f3(X°) =0.0841<

fs(X4=3) = 03174 <

2= f3(X2) =0.1667
f4(X) gerBepras XxapaKTepHCTHKH TEXHOJIOTHIECKOTO Mporecca B PU3HIESCKUX eTHHUIAX
noka3zana Ha puc. 10.

Function f4(X)-min in Vector Optimization problem. MawyHuH FO.K.

1% %)=1.0847
1

X2 30 3
X1

Puc. 10. YerBeprast xapakTepuctuku f;(X) TEXHOIOTHYECKOTO Mporecca
B QU3HYECKHX EMHUIAX B TPEXMEPHOM CHCTEME KOOPIUHAT {X; , X, and f,(X)}.
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Touku onTumyma:
X - TOYKa MaKCUMyMa,
X° — paBHO3HAYHbIC KPUTEPHUH,
Xg=3 — IPHOPHUTET 3 KPUTEPUS,
X2 -Touka MUHMMyMa — 3TO mapaMeTphl PU3HUIECKUX XapaKTEPUCTHK TEXHOJIOIHYECKOTO IIPOIIECCa.

[IpencraBuM B pU3NUECKUX €AMHULIAX XaPAKTEPUCTUKH TEXHOJIOTHUECKOT0 Mpoliecca:

fi = f,(X;) = 0.3335<
f2(X°) =0.1687 <

fa(X4=3) = 0.3468 <

2= fi(Xx?) =1.0848

4. MetonoJiorusi MOJEJUPOBAHMS M TNPUHATUS ONTHMAJIBHOIO pelleHHs BbIOOpa

NapaMeTPoOB CJI0KHBIX HHKEHEPHBIX CHCTEM B YCJIOBHAX ONpeIeIeHHOCTH, HeoNpe1eJJeHHOCTH

B kadectBe oObekTa uWccieAoBaHUS HaMH paccMmaTpuBaioTcs «VH)XEHEpHBIE CHCTEMBD», K
KOTOPBIM OTHOCSITCSI «TEXHUYECKHE CHCTEMBD»), «TEXHOJIOTHYECKUE MPOIIECChI», «MaTepruanb, [17,
18, 19]. MHccnemoBaHume WHKEHEPHOH CHUCTEMbI BBIMOJHEHO, BO-TIEPBBIX, B  YCIOBHAX
OTIPEICIIEHHOCTH, KOT/Ia M3BECTHBI JaHHBIE O (YHKIIMOHAJIBHBIX XapaKTEPUCTHKAX HHXKCHEPHON
CUCTEMBI; BO-BTOPBIX, B YCJOBHSX HEOIPEICICHHOCTH, KOT/Ia WU3BECTHBI JUCKPETHHIC 3HAUCHUS
OTJICTbHBIX XapPaKTEPUCTUK; TAK)KE U3BECTHBI JaHHBIE 00 OTPAaHUYEHUSX, KOTOPhIE HAKJIAILIBAIOTCS
Ha (QYHKIIMOHUPOBAHHME CHUCTEMBl. MaTeMaTW4YecKuil ammapaT MOJACIUPOBAHUS HWHKEHEPHOU
CUCTEeMBbI 0a3upyeTcsi Ha TEOPUHU M METOJaX BEKTOPHOM ONTUMHU3alMU (MHOTOMEpHAsi MaTeMaTHKa),
KOTOpBIE MPEJCTABICHBI BO BTOPOM pazjesie. B opraHM3aimoHHOM IUIaHE MPOIECC MOACINPOBAHUS
Y CUMYJUPOBAHUS TEXHUYECKOW CUCTEMBI MIPEJICTABJICH B BUJIE METOOJIOTHU:
«Metomonorusi  BRIOOpAa ONTHUMATBHBIX IMAPAaMETPOB HHXKEHEPHBIX CHCTEM B  YCIOBHSIX
OTIPEICTICHHOCTH W HEOTIPEACIICHHOCTI.

4.1. Buowl 3a0a4, 603HUKAIOWUX 8 NPOUECCe MOOETUPOBAHUA U RPUHAMUAL ORMUMATLHO20
PeuteHus 6pldopa napamempos Ci0HCHbIX UHIHCEHEPHBIX CUCTEM

3ajaun, KOTOpbIE BO3HUKAIOT B TIPOIIECCE MPHUHATUS ONTHUMAJIBHOTO peIIeHus BbIOOpa
ONTUMAJIBHBIX MApPaMETPOB CIIOKHBIX MHXKEHEPHBIX CHCTeMaxX Ha 0a3e BEKTOPHON ONTHUMHU3AINU
BKJTFOUAET TMOCJIEeI0BATENILHO TPU BUJIA.

1 euo. PeweHnue 6eKMOPHOU 3a0aYU MAMEMAMUUECKO2O NPOSPAMMUPOBAHUS NpU
pasHo3Haunvix Kpumepusix. IlomydeHHBI pe3ynbTaT SBISETCS OCHOBOM [UIsl JalbHEHIIEro
uccienoBaHus cuctembl. [Ipu 3TOM HCHONB3yeTcss METOJA pEelIeHUs BEKTOPHOW 3ajaud Mpu
PaBHO3HAYHBIX KpUTEpUsX. Eciau momydeHHbIN pe3ynbTar YJIOBIETBOPSIET JIHILY, MPUHUMAIOIIETO
pemenus, (JIIIP - mpoexTupoBHIMK), TO OH Oepercs 3a OCHOBY. Eciau He yoOBIETBOpSET, TO
Mepexo MM KO BTOpOMY BHUAY (TIpsMas 3ajada) WA TPETheMY BHJIY PEIICHHUS BEKTOPHBIX 3aad
(ObpatHas 3agaya).

2 6uo. Pewienue npsamoti 3a0ayu 6eKMopHOU OnMUMU3ayuu, KOTopasi COCTOUT B CIICTYIOIIEM:
«Kakue OyayT mokaszarenu (XapaKTepUCTHKH), €CIIM U3MEHUTh IMapaMeTPhl CJIOKHBIX TEXHUYIECKHX
cucteM». - Mcronp3yeTcst MeTo/ pelieHus BEKTOPHOU 3a/1auil IIPU PAaBHO3HAUYHBIX KPUTEPHUSX.

3 6uo. Pewenue oopammuoil 3a0ay 6eKmMoOpHOU ONMUMU3AYUU, KOTOpasi COCTOUT B CIICTYIOIIEM:
«Kakue OynyT mapameTpbl CIOKHBIX TEXHHUYECKHX CHUCTEM IMPHU 3aJaHHBIX XapaKTEPUCTHUKAX). -
Hcnonb3yercst METO] pellieHrsI BEKTOPHOM 3a/1a4d MPH 33JaHHOM TPUOPUTETE KPUTEPHSI.
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4.2. Memooonozua molenupoeanHus u 6vlOOpPa ONMUMATLHBIX NAPAMEMPOE CILONHCHHIX
UHMCEHEPHBIX CUCMEM 6 YCTI06UAX ONPeOe/IeHHOCMU, HeOnPedeneHHOCIU

Metoponorus paszeneHa Ha ABe dyacTh. [lepBas yacTh — «BpIOOp ONTUMANIEHBIX TAPAMETPOB
MHXEHEPHBIX CHUCTEM B YCIIOBUSIX OIIPEJIEICHHOCTH — PABHO3HAUHBIE KPUTEPUM»: BKIIOYAET J1Ba
Omoka, BTOpas 4acTb — «BBIOOp ONTUMAaNIbHBIX MAapaMeTPOB HMHKEHEPHBIX CHCTEM B YCIIOBHSIX
HEOIPEICIIEHHOCTH - C IPUOPUTETOM OJHOTO U3 KPUTEPUEB»: BKIIOUAET JBa Oyoka. Kaxapiilt 6110k
pa3leieH Ha psJl 3TaIloB.

Yacmp 1. BpiOOp oONTHMAJIBHBIX NAPAMETPOB HMHKCHEPHBIX CHCTEM B YCJIOBHAX
OIIpe/ieICHHOCTH — PABHO3HAYHBIC KPHTEPHHU.

bnox 1. @©opmuposanue  mexuuueckoco  3adauus,  TPeoOpPa30BaHUE  yCIOBHM
HEOIPEICIEHHOCTH (CBSI3aHHBIX C SKCIEPHUMEHTAJIbHBIMH JaHHBIMU) B YCIOBHS OIPEIEICHHOCTH,
MOCTPOCHUE MaTEMAaTHUECKON U YMCIICHHO!N MOJIen HHXeHepHo cuctembl (the process of modeling
of a engineering system) Bkirouaet 4 sTana.

1 3man. ®opMupoBaHUE TEXHUYECKOTO 3aJaHUs (UCXOAHBIX JAHHBIX) ISl YUCIEHHOI'O
MOJICIIMPOBAaHUS U BBHIOOPA ONTHUMAJIBHBIX MapaMeTpoB CHCTEMBbl. McXomHble AaHHBIE (GOPMHPYET
KOHCTPYKTOP, KOTOPBIH IPOEKTUPYET UHKEHEPHYIO CUCTEMY.

2 3man. llocTpoeHne MaTeMaTU4EeCKOW M YHUCIEHHOM MOJENN HHXEHEPHON CHUCTEMBI B
YCIIOBUSX OIPEIEICHHOCTH.

3 oman. IlpeoOpa3oBaHue YCIOBUH HEOIPEIEICHHOCTH B YCIOBHUSA ONPEACICHHOCTH H
IIOCTPOCHHE MAaTEMAaTHUYECKOM M YMCIEHHOW MOJEIM WHXEHEPHOM CHUCTEMBI B YCIOBMSIX
OIIPECICHHOCTH.

4 sman. [locTpoeHue arperupoBaHHON MATEMAaTUYECKON M YMCICHHON MOJIEIN MHKEHEPHOU
CHUCTEMBI B YCIIOBHSIX ONPEICIEHHOCTH.

Bnox 2. [lpunamue onmumanvhoeo pewenus (6b100pa ONMUMANbHLIX NAPAMEMPOs) 6
UHJICEHEPHOU cucmeme Npu PAHO3HAYHBIX Kpumepusx Ha 6aze muocomepnou mamemamuxu (the
process of simulation of a engineering system)

5 sman. Pemenne BEKTOpPHOM 3ajauu MareMaTHueckoro mnporpammupoBanus (B3MII) -
MO/IENIY UH)KEHEPHOM CHUCTEMBI IPU PAaBHO3HAYHBIX KPUTEPUSX (pELIEHUE NPSAMOIL 3a1a4n).

6 sman. I'eomeTpuueckas HHTepHpeTalys pe3yapTaToB pemenuss B3MII npu paBHO3HaUYHbIX
KpUTEPHUAX B TPEXMEPHOI CUCTEME KOOPAMHAT B OTHOCUTENBHBIX €AMHUIIAX.

7 man. Ananu3 pe3ynpTaToB pewmeHuss BekropHoil 3amaunm  MaremaTtndyeckoro
[IporpaMmmupoBaHusl PU PaBHO3HAYHBIX KPUTEPUSAX - MOATOTOBKA MHGOPMALMU Ui TPUHATUSA
pELICHNl C IPUOPUTETOM OTAEIBHOTO KPUTEPHS U3 BCETO MHOXKECTBA KPUTEPHEB.

Yacms 2. BblOOp ONTHMAJBHBLIX NAPAMETPOB HHKEHEPHBLIX CHCTEM B YCJIOBHAX
HEOIPEIeJICHHOCTH - C IPHOPUTETOM OJHOI0 M3 KPHTEPHEB.

bnoxk 3. Ananus, cpaBHeHHE pe3ynbTaToB pemeHus B3MII npu paBHO3HAYHBIX KPUTEPHSIX
CIIO)KHOW HMH)KEHEPHOM CHCTEMbl M TIOArOTOBKAa K BBIOOPY ONTHMAJIBHBIX IapaMeTPOB IO
MIPUOPUTETHOMY KPUTEPHIO.

8 s3man. AHanu3 1 CpaBHEHME PE3yJIbTATOB PELIECHUS BEKTOPHOM 3aJauM C paBHO3HAYHBIMU
KpUTEpUSIMHU C YETBIpbMS M JIByMs nepeMeHHbIMHU. BbiBox w3 anamuza: Hughopmauus 06
Huocenepnon Cucmeme B (PU3MUECKUX EAMHUIAX JJS TPHHATHS PEHICHUH C MPHOPUTETOM
kputepus. I1oaroToBka K reoMeTpUUYEeCKON WHTEpHpPETAIlMK PEIICHUs] BEKTOPHOM 3ajauu BbIOOpa
ONTHMAJIbHBIX IAPAMETPOB IO IPUOPUTETHOMY KPUTEPHIO.
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9 sman. I'eomeTpuyeckass MHTEpPIpPETaLUs PE3YyJbTAaTOB PEIICHUS IPU NPOEKTUPOBAHUU
HMHXEHEPHOUM CHUCTEMBI Iepexo/ia OT ABYXMEpHOro K N-MepHOMY HpOCTpaHCTBY B OTHOCUTENBHBIX
€AMHULIAX.

bnox 4. Buibop onmumanvHulx RaApamempos CAOMHCHOU UHHCEHEPHOU CUCHEMbl NO
NPpUOPUMEMHOMY KPUMEPUIO, 2e0MemPUYEeCKas UHMEPnPemayus pe3yibmamos peuieHus Ha
0aze MHO2OMEPHOII ONMUMUZAYUU.

Bribop onTHManbHBIX HapaMETPOB CIOXKHOM HWH)KEHEPHOW (TEXHHUYECKOHM) CHCTEMBl HU
reOMETpUYECKass MHTEpPHpeTaluss pe3yJbTaTOB pEUIEHHsT 10 INPUOPUTETHOMY KPHUTEPHUIO
COOTBETCTBYET KonndecTBy KpurepueB K = 4: bnok K1, Brox K2, Brnox K3, Brox K4.

HaumenoBanue 6y0ka.

biaok k1, ..., Brox k4. Boibop onmumanbHbIX RaApamempos UHICEHEPHOU CUCHEMbL
(mexnuueckana cucmema) no (nepeomy,..., UYemMeEepmMoMmy) RnPUOPUMEMHOMY KpUmepuio,
2eomempuueckan uHmepnpemayus pezyiomamog peuwienus B3IMII.

Kaxxaplit 6110k BpIOOpa MapaMeTpoB MO0 COOTBETCTBYIOIIEMY KPUTEPHUIO BKIIOYAET CIIEAYIOLINE
pazzensl.

Lkl, ..., 1.k4. Pewuenue eekmopnoit 3a0aqyu - MOJEIU CII0O)KHOM WHXKEHEPHOU CHUCTEMBI
(TeXHUYECKON CUCTEMBI) NIPH 33JJaHHOM IIPUOPUTETE IIEPBOIO KPUTEPUS, BKIIOYAIOIIIEE:

Pemenus BeKTOpHOHM 3aauM MaTEMaTHYECKOIO NPOrPAMMMPOBAHMS - MOJEIN MH)KEHEPHOU
CUCTEMBI IIpY paBHO3HAUHBIX KpuTepusax (Lar 1).

Br16op npuoputernoro kpurepus q € K (Illar 2).

Br100op unciioBoii BenmmunHbI BeIOpaHHOTO puoputeTHoro kpurepus €K (Illaru 3, 4).

Pemenusi BeKTOpHOI 3ajaull MAaTEMAaTUYECKOTO MPOrpPaMMUPOBAHUS - MOJEIHU HUHKEHEPHON
cucTeMsbl ipu 3agaHHoM npuoputere q € K xputepus (Iaru 5 — 8).

2.kl, ..., 2.k4. Ananuz pezynrvmamoé pPEUICHUS BEKTOPHOW 3a/ladyd MaTEMaTHYECKOTO
MIPOrpaMMHUPOBAHMUS - MOJIEJIN MHKEHEPHOMN CUCTEMBI ITPH 3aJaHHOM IPUOPUTETE MIEPBOTO KPUTEPHUSL.

3.kl, ..., 3.k4. TI'eomempuueckas unmepnpemayusn pe3yabTaTOB PEIICHUS BEKTOPHOH 3a/1a4u
BBIOOpA ONTHMAJIBHBIX TAPAMETPOB 10 IPUOPUTETHOMY KPUTEPHUIO 8 OMHOCUMETbHBIX OUHUAX.

4.k1, ..., 4.k4. TI'eomempuueckasn unmepnpemauyusn pe3ynpraToB pemeHus B3MII
(pyuxumii: f;(X), ...,f,(X)) ¢ npuopuTeTOM MEPBOrO KPUTEPUS — MOJEIH TEXHUIECKONH CHCTEMBI
IIpU IPOEKTUPOBAHUH B TPEXMEPHOU CUCTEME KOOPANHAT 6 (hpu3uueckux eOuHuyax.

1. T'eomerpuueckass uHTeprperanus pesyiabTatoB pemieHuss B3MII nepBoro kputepus c
IIPUOPUTETOM MEPBOTO KPUTEPUS — MOJEIM WH)KEHEPHOW CHCTEMBbI IPU IMPOCKTUPOBAHUU B
TPEXMEPHOMN CHUCTEME KOOPJUHAT 6 (hu3uuecKux eOuHuUuax. ...

4. I'eomeTpuueckass MHTEpIpeTanus pe3yibTaToB pemeHus B3MII yeTtBeproro kputepus ¢
MPUOPUTETOM TMEPBOTO KPHUTEPUS — MOJETH HWH)XEHEPHOW CHCTEMbl TpPU MPOSKTUPOBAHUU B
TPEXMEPHOM CUCTEME KOOPJUHAT 6 (huzuuecKkux eOuHuuax.

5. UccaenoBanue, Moie/IMpOBaHUe U BbIOOP ONTUMAJILHBIX NAPAMETPOB HMHKEHEPHOMH
CHCTeMbl B YCJIOBHMSIX OIpeJe/IeHHOCTH U HeolpeleJIeHHOCTH Ha 0a3e MHOIOMepHOii
MaTeMaTHKH.

5.0. MopenupoBanue ¥ TPUHATHE ONTHMAJBHOIO PpeELICHUS M0 YHCI0BOMY

MHOKECTBY KpUTEpPHEB TEXHHYECKOH CHCTeMBI ¢ YeThIPbMS IapaMeTpaMHu
B kauecTBe 00BEKTa HCCleOBaHHUA HamMH paccMaTpuBaroTcsi «VHXKEHEpHbIE CHUCTEMBI», K

KOTOPBIM OTHOCSITCSI «TEXHHUECKasi cucTtemMay, [ 18, 20-26]. TexHuueckas cuctemMa paccMaTpUBaETCs
C YeTBHIpbMs IMapaMeTpaMU U YETBIPbMS XapaKTePUCTUKAMHU. OKCIEPUMEHTAIbHbIE JaHHBIC
TEXHUYECKON CUCTEMBI NMPEJCTABUM B BUJIE 3aJa4l MPUHATUS PEIICHUM:

@ MexayHapoaHBIH HAY9HBIH )KypHaT "BekTop HayuHoii Mmbiciau' Ne5(34) Maii 2026
g www.vektornm.ru | 8 (812) 90529 09 | info@vektornm.ru



Pazoen HCYpHAIA: Mamemamuueckue u ecmecmeenHbvie HayKu
Hanpa(f.wmte uccnedosamnust: QuzuKo-mamemamudecKue HayKu

X1,1 X211 X31 X1 fits o A
F = . - problem of 2-type, K = 4.

XM X2,M X3.M X4,M i

HccnenoBanre HHXKEHEPHOM CUCTEMBI BBIIIOJIHEHO:

BO-TIEPBLIX, B YCIIOBUSX OIPEACICHHOCTH, KOTJa HM3BECTHBI JaHHBIC O (yHKIIMOHATHHBIX
XapaKTEPUCTUKAX UHKEHEPHOU CUCTEMBI;

BO-BTOPbIX, B YCIOBUSIX HEONPEIEICHHOCTH, KOTJa HW3BECTHbl JIUCKPETHbIE 3HAUYCHUS
OTJICITbHBIX XapPaKTEPUCTUK; TAK)KE U3BECTHBI JAHHBIE 00 OTPAHUYEHUSIX, KOTOPbIE HAKJIAAbIBAIOTCS
Ha GYHKIIMOHUPOBAHUE CUCTEMBI.

Hcnonb3ysi perpecCMOHHBIN aHalM3 SKCIepUMEHTAlbHBIE AaHHblE F mpeoOpasyrorcs B
BEKTOPHYIO 33/1a4y MaTeMaTHYeCKOT0 MpOrpaMMUPOBAHUSL:

max fi,(X,A) = agi + Q1pXq + AapXy + A3 X3 + QupeXy + AgpX Xy + AgrXi X5 +
A7X1X4 + AgXpX3 + QopXoXya + AropXsXa + Qy1pXf + A1pXS + Ay3iXs + arapeX3, k=1, K.
min fi, (X, A) = ag + a1 X1 + AppXy + A3 X3 + AupXy + AspX Xy + AgreX1 X3 + A7 X1 X +
AgX2X3 + AopXpXy + A1orX3Xs + Ay1pXf + QuopXs + Ar3pXs + ayaexs, k=1, K;.

Ipu orpanuyenusax xY <x; < xj, x9< x,< x5, x9< x3< x5, xI< x,< x5

X1+ x, +x3+ x4 =a.

MaremaTHueckuii anmapat MOJEIUPOBAHMS MHKEHEPHON cUCTEMbI 0a3upyeTcs Ha TEOpUU U
METOJaX BEKTOPHON ONTUMU3ALMH, KOTOPbIE MIPEACTABICHBI B IPEABIIYIINX IJ1aBaxX.

B oprauzanMoHHOM IUIaHE MPOLIECC MOJEIUPOBAHUS U CHUMYJIUMPOBAHHUS HHXKEHEPHOM
CUCTEMBI NPEACTaBIeH B BUAEC MeToojoruu: «MeTogonorus BbIOOpa ONTHUMAJIBHBIX MMapaMeTpOB
WHXCHEPHBIX CHUCTEM B YCIIOBUSAX OIPEIEICHHOCTH U HEONPEIeIEHHOCTU», MPEACTABICHHON B
pasnene 4.

Yacmes 1. BpiOOp ONTHMAJBHBIX IAapPaMETPOB MHKEHEPHBIX CHCTEM B YCJIOBHSAX
onpeae;ieHHOCTH — PABHO3HAYHbIE KPUTEPHUH.

5.1. Baok 1. Texuuueckoe 3aganue: IlocTpoenne mMareMaTH4ecKoO M YHCIEHHOM
MO/ eJIM TEXHHYECKON CHCTEMBbI CJ102KHOM CTPYKTYPHI

[TepBbrit aTam, a TakKe 3TAIl aHAJIW3a PE3YJIHTATOB PEIICHHUS, BEIOOpA MPUOPUTETHOTO KPUTEPHS
Y €T0 BEJIUYHHBI BHIIIOTHIETCS KOHCHMPYKMOPOM MEXHUYUECKOU CUCMEMbL CIOMHCHOU CIPYKMYPObL.
OcranbHble 3TAIbl BBITOIHAIOTCS MAMEMAMUKOM - RPOZPAMMUCHIOM.

5.1.1. 1 aman. Texnuueckoe 3adanue: «Bvibop onmumanvHblx napamempos mexXHU4ecKou
CUCHEMDBL CTIOJCHOU CIMPYKINYPbLY.

JMano. OynkumonupoBanue TexHuueckod cuctembl (TC) omnpenensercs 4YeTbIpbMs
napamerpamMu X = {X;,X,, X3, X,}, KOTOPBIE TMPEACTABISIOT BEKTOP YIPABISIEMBIX MEPEMECHHBIX.
[TapameTprl TC 3aganbl B cieAyONMX Ipeaenax:

21<x,<79; 5<x,<59; 210<x3<9; 2.2<x,<7. (101)

Oyuknuonuposanue TC onpeaenstoTcs 4eThIpbMsl XapaKTePUCTUKAMU (KPUTEPHUSIMH )

F(X) = {fiX), ,(X), f5(X), fo(X)}, BemunHa OLEHKH KOTOPBIX 3aBUCHUT OT BEKTOPA ITapaMeTPOB
X={x;,j = 1,N,N = 4}.

Ycnosua onpedenennocmu. OHM XapakTepHU3YyIOTCS T€M, YTO JJIsl MEPBOU XapaKTEPUCTUKU

hy (Y) wm3BecTHa (yHKUMOHAIBHAS 3aBUCHMOCTD OT mapametpoB X= {x;,j = 1, N, N = 4}..
fi(X) = 323.84 — 2.2490x, — 3.49x, + 10.7267x5 + 13.124x, + 0.0968x;x, —
0.062x;x3 — 0.169x,x, + 0.0743x,x3 — 0.1042x,x, — 0.0036x3x, + 0.0143x% + 0.0118x% —
0.2434x2 — 0.5026x2, (102)
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Venosus neonpedenennocmu. OHH XapakTEPU3YIOTCS TEM, 4YTO JUIA BTOPOM, TPEThe H
yerBepToil Xapakrepuctuku: f,(X), f3(X), fo(X) u3BecTHBI pe3yabTaThl AKCIEPHUMEHTAIBHBIX
JaHHBIX: BEJMYMHBI IAPAMETPOB M COOTBETCTBYIOIIMX XAPAKTCPUCTHK. UMCIOBBIC 3HAUCHUSI
napameTpoB X u xapaktepuctuk f,(X), f3(X), f,(X) npencrasnens: B Tabnuie 1.

Taoauma 1
UucrioBble 3HaUYEHUS TAPAMETPOB U XapAaKTEPUCTUK TEXHUUYECKOW CUCTEMBbI
X1 X2 X3 X4 f2(X) f3(X) fo(X)
20 0 2 2 1149.6 115.1 24.24
20 0 2 5 1164.0 114.5 27.60
20 0 2 8 1176.0 114.4 28.80
20 0 5 2 1212.0 118.8 30.00
20 0 5 5 1260.0 113.8 31.20
20 0 5 8 1257.6 113.3 32.40
20 0 8 2 1256.4 110.7 33.60
20 0 8 5 1252.8 109.2 34.80
20 0 8 8 1251.6 108.5 34.80
20 30 2 2 2143.2 128.3 19.92
20 30 2 5 2154.0 127.4 21.60
20 30 2 8 2163.6 126.8 25.20
20 30 5 2 2176.8 126.1 29.76
20 30 5 5 2185.2 124.3 33.48
20 30 5 8 2198.4 124.1 37.20
20 30 8 2 2211.6 123.9 39.48
20 30 8 5 2232.0 121.4 42.00
20 30 8 8 2245.2 121.7 49.20
20 60 2 2 2954 .4 150.4 15.60
20 60 2 5 2820.0 144.9 18.00
20 60 2 8 2772.0 140.8 21.60
20 60 5 2 2748.0 138.6 24.24
20 60 5 5 2832.0 140.8 28.80
20 60 5 8 2904.0 143.5 32.40
20 60 8 2 3022.8 146.0 35.16
20 60 8 5 3036.0 144.9 39.60
20 60 8 8 3056.4 143.8 44.88
50 0 2 2 3583.2 181.3 11.28
50 0 2 5 3601.2 180.8 14.40
50 0 2 8 3608.4 179.4 16.80
50 0 5 2 3616.8 179.1 21.12
50 0 5 5 3622.8 178.0 22.80
50 0 5 8 3637.2 177.6 27.60
50 0 8 2 3651.6 176.9 30.84
50 0 8 5 3672.0 175.3 36.00
50 0 8 8 36852 174.7 40.56
50 30 2 2 1195.2 123.6 52.80
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30 2 5 1212.0 118.7 60.00
30 2 8 1236.0 115.9 64.80
30 5 2 1251.6 1151 68.64
30 5 5 1272.0 113.2 75.60
30 5 8 1296.0 111.8 82.80
30 8 2 1318.8 110.7 88.08
30 8 5 1344.0 108.2 97.20
30 8 8 1388.4 106.3 107.64
60 2 2 2176.8 132.8 40.56
60 2 5 2196.0 131.1 45.60
60 2 8 2220.0 129.7 52.80
60 5 2 2245.2 128.3 60.00
60 5 5 2286.0 127.0 67.20
60 5 8 2294.4 125.6 73.20
60 8 2 2313.6 123.9 79.44
60 8 5 2340.0 1145 85.20
60 8 8 2382.0 1195 99.00
0 2 2 2988.0 154.8 31.92
0 2 5 3012.0 153.2 36.00
0 2 8 3036.0 151.8 43.20
0 5 2 3056.4 150.4 51.36
0 5 5 3108.0 150.7 61.20
0 5 8 3156.0 151.2 72.00
0 8 2 3244.8 151.5 82.80
0 8 5 3228.0 144.9 86.40
0 8 8 3193.2 140.8 90.36
30 2 2 3616.8 185.7 23.28
30 2 5 3639.6 183.5 30.00
30 2 8 3660.0 182.2 36.00
30 5 2 3685.2 181.3 42.72
30 5 5 3708.0 179.4 48.00
30 5 8 3732.0 178.0 54.00
30 8 2 3753.6 176.9 62.16
30 8 5 3672.0 175.3 73.20
30 8 8 3822.0 172.5 81.72
60 2 2 1218.0 128.3 87.00
60 2 5 1248.0 125.6 94.80
60 2 8 1272.0 124.2 103.20
60 5 2 1318.8 121.7 116.16
60 5 5 1344.0 118.7 126.00
60 5 8 1392.0 115.9 136.80
60 8 2 1422.0 1151 145.44
60 8 5 1464.0 110.4 156.00
60 8 8 1524.0 108.5 174.72
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min fi(X), i=1,..., 81 1149.6 92.4 11.3
max fi(X), i=1,..., 81 3822.0 | 1615 174.7

Ha uucnoBsie 3nauenus mapametrpoB X = {X;, X5, X3, X,} HAI0XEHBI OTPAHUYCHUS:
X1 +x, +x3 +x4 =102.

BenuuuHy OIEHKH 10 TepBOM M TpeThell xapakrepuctuku fi(X), f3(X) kemaresnbHo,
MOJTYYHTh Kak MOXHO BhIme: f;(X), = max f3(X) - max; Bropoit u uerBeproit f,(X), fi(X) kak
MoxHO HuKE: fo(X) — min, f,(X) — min. IlapaMeTpsl TEXHUYECKOM CHCTEMBI:

X = {x4, x5, X3, X4} W3MEHSIOTCS B CICIYIOIIUX MpEeiax:

x, € [20.0 50.0 80.0],x, € [0.0 30.0 60.0],x3 € [2.0 5.0 8.0],x, € [2.25.58.8]. (103)

Tpeoyemca. 1) Pazpaborarb MaTeMaTHYECKyI0 MOJAEIb TEXHHYECKOW CHUCTEMbI B BHUJE
BEKTOPHOM 3a/1a4ll MaTeMaTHYECKOro nmporpamMmmupoBanus. 2) Ha ocHOBe pa3pabOTaHHBIX METOJIOB
pemenust B3HII noctpouts nporpammuoe obecrieuenue B cucteme MATLAB. Pemuth BekTOpHYIO
3a/1a4y ¢ paBHO3HAYHBIMU KPUTEPUSMHU: BHIOPATH ONTUMAIbHYIO CTPYKTYPY TEXHUUYECKON CHCTEMBI.
4) BpIiOpaTh NPHOPUTECTHBIM KpHUTEpHid. PelmTh 3amady BEKTOPHOM ONTHMH3ALKMHA W IMPHHSITH
Hawitydilee (ONTUMAalIbHOE) pELIeHHe C 3aJaHHbIM IpuopureroM Kputepus. 5) [IpeacraButh
TCOMETPUYCCKYI0 HHTEPIPETANI0 PE3yJIbTATOB PEIICHHS INPH MPOCKTHPOBAHUU HWH)KEHEPHOU
CHCTEMBI TIepexo/ia OT ABYXMEpHOTro K N-MepHOMY IpOCTPaHCTBY B OTHOCUTEIBHBIX €IMHHIIAX. 6)
[Toka3aTb T€OMETPUYECKYI0 MHTEPIPETALMIO pPE3yJbTaTOB pEIICHUS TMPH MPOSKTUPOBAHUU
WH)KEHEPHOW CHCTEMBI Iepexojia OT ABYXMepHOro k N-MepHOMYy HpOCTpPaHCTBY B (PH3HUECKUX
eIMHUIIAX.

Ilpumeuanue. ABTopoM pazpaboTaHo nporpamMmmHoe obecrnieueHue B cucreMe MATLAB nns
pelIeHrs BEKTOPHBIX 3a/1ad MaTeMaTHYeCKOro MpOorpaMMHUpOBaHUs. BekTopHas 3ajada BKIIOYAET
YeThIpe TEPEeMEHHBIX (MapaMeTpoB TEXHUYECKOW cuctembl): X = {X;,X,, X3, X4} U UYETHIPbMS
KpUTEPHUSMH (XapaKTEPUCTHKH)

FX)={fiX), (X)), 5(X), f,(X)}. Ho mus KakapIX HOBBIX JaHHBIX (HOBas CHUCTEMA)
nporpaMma HacTpamBaeTCsl WHIAMBUAyalbHO. B mporpammuom oGecrieuennu kputepuu F(X) =
{f1(X), ..., (XD} ¢ ycnosusiMu HeonpeaenenHocTy (B Taduie 1).

la sman. Mamemamuyeckas mMooenb MEXHUYECKOU CUCTEMbl 8 YCI0BUAX ONPedeleHHOCU

[TocTpoeHne MareMaTHYECKOW MOJAETH ISl TPHUHATHS ONTUMAIIBHOTO YIPABICHUYECKOTO
pEeLICHUs] TEXHMYECKO# CHCTeMbl TIoKkazaHo B paszene 1. B coorBercTBuum ¢ (5a)-(10a) npencraBum
MaTeMaTHYeCKyl0  MOJENb TEXHHYECKOM CHCTEMBl B  YCIOBHAX  OINPEACICHHOCTH U
HEOIPEeICJIEHHOCTH B COBOKYITHOCTH B BHJIE BEKTOPHOM 3aauu:

Opt F(X) = {maxF,(X) = {max f, (X),k =1, K%}, (104)
max I; (X) = {max f, (X;, i = 1, M)}, k =1, K¥} (105)
min F,(X) = {min f, (X), k =1, K2, (106)
min I,(X) = {min fi (X;, i = T, M)}, k =1, K™}, (107)

IpH OrPaHUYEHHSX it < fiX) < ",k =1,K,
X" < x < ", j=1,N, (108)

rne X ={x;, j=1,N} - BEKTOp yNpaBIAEMbIX IIEPEMEHHBIX (KOHCTPYKTHBHBIX IapaMETPOB

TEXHHYECKOIN CUCTEMBI);

@ MexayHapoaHBIH HAY9HBIH )KypHaT "BekTop HayuHoii Mmbiciau' Ne5(34) Maii 2026
g www.vektornm.ru | 8 (812) 90529 09 | info@vektornm.ru



Pazoen HCYpHAIA: Mamemamuueckue u ecmecmeenHbvie HayKu
Hanpa(f.wmte uccnedosamnust: QuzuKo-mamemamudecKue HayKu

= OPEACTABIAET  BEKTOPHBIA  KPUTEPUU Kaxaast
F(X F,(X) LX) LX) L(X €JICTaBJIsIe €KTO epui, axnaa
KOMITOHEHTa KOTOPOTO SIBJIIETCSI BEKTOPOM KPUTEPHUEB (XapaKTEPUCTHUK) TEXHUYECKOW CHUCTEMBI,
KOTOpBI€ (DYHKIIMOHAILHO 3aBUCST OT JUCKPETHBIX 3HAYCHHUI BEKTOPA MEPEMEHHBIX;

FEX ={fiX), k=1, Kldef}, E(X) = {fiX), k= 1,K2def} — 3TO MHOXECTBO (YHKITUH

max u Min COOTBETCTBEHHO;
— T NT k= 1 gunc
L) = {fiXii =1L, M)}, k =1,K;"},
L) ={fi(X;,i =1, M)}, k =1,K¥} — 5r0 MHOKECTBO MaTpum, Max wu min
cootBerctBeHHo; ( definiteness), K{*¢.K3"¢ (uncertainty) mMHOXecTBO KpuTepueB Max u min
copMHpOBaHHBIC B YCIOBUSIX ONPEICICHHOCTH U HEONPEICICHHOCTH;

B (108) xjmin <x; < x",j=1,N nmnpejcrapieHa BeKTOP-QYHKIMsS OrpaHUYEHHI,

HaKJIaJIbIBAa€MbIX Ha (bYHKIII/IOHI/IPOBaHI/Ie TEXHUUECKOH CHUCTCMBI,

min max ; _
X U<x; <x;777, j = 1, N — mapaMeTpudecKue OrpaHuyCHus.

[pumem, uto dynkmun fi(X), k = 1,K muddepenuupyemsr u Bemyknsl, g;(X), i =1, M
HETPEePBIBHBI, a 3a/1aHHOe orpaHrnucHusIME (108) MHOKECTBO IOIMYCTUMBIX TOYEK S HE ITyCTO:

S ={XeR™G(Y) < 0,X™" < X < X™3*} = (), u penCcTaBIAET COOOH KOMIIAKT.

5.1.2. 2 sman. [locmpoenue uucnenHou MoOeau MeXHUUECKOU CUCeMbl 6 YCIOBUAX
onpeodeneHHoCmu

Vcnosusi onpedenennocmu XapakTepu3yrTcs (DYHKIIMOHAIBHOW 3aBHCHMOCTBIO KaXKIOU
XapaKTePUCTHKH M OTPAHMYCHHU OT MapaMeTpOB TEXHUYECKOH cHCTEMbl. B mpuMmepe M3BEeCTHBI
xapakrtepuctuka (104) u orpannuenus (108). Mcnons3ys unpopmannonnsie gannsie (101), (102)
MOCTPOUM  OJIHOKPUTCPHAJBHYIO 3a1ady HEJIWHEHHOro MpOrpaMMHUpPOBAHUS B  YCIOBHSAX
OTIPEICIIEHHOCTH:

max f;(X) = 323.8408 — 2.2495x; — 3.4938x, + 10.7267x5 + 13.1235x, +
0.0968x,x, — 0.0620x;x3 — 0.1696x;x, + 0.0743x,x3 — 0.1042x,x, — 0.0036x3x, +
0.0143x% + 0.0118x% — 0.2434x% — 0.5026x2, (109)

IIPU OTPAaHUYEHHUAX: X; + Xp + X3 + x, = 102,
21<x;<79; 5<x,<59; 210<x3<9; 2.2<x, <7. (110)

OTH JaHHBIE B JAIBHEWIIEM WCIOIB3YIOTCS MPH MOCTPOCHHMH MAaTeMaTH4eCKOW MOICIH
TEXHHYECKOI CUCTEMBI.

5.1.3. 3 aman. [Ipeobpazosanue dKChepUMEHMATbHBIX OAHHBIX (VCA0BUSL HEONPeOeIeHHOCTIIL)
8 OaHHblE C (PYHKYUOHATLHOU 3A8UCUMOCTIbIO (YCI08USL ONPEedeleHHOCMU).

Vcnosuss  neonpedenennocmu  XapaKTEpH3YIOTCS  TEM, 4YTO  HWCXOJHBIC  JIaHHBIC,
XapaKTEPHU3YIOINE UCCIIeTYyEeMOTro 00bEKTa, MPEJICTABICHBI: a) CIy4YallHBIMHU, 0) HEYETKUMH, WUJTH, B)
HE MOJHBIMHU JIAHHBIMH, T. €. B YCIIOBHUSAX HEONPEICICHHOCTH U3BECTHBI JIUIIbL KOHEYHOE MHOYKECTBO
X WM3MEpEeHHBIX MapameTpoB X = {x;,j = 1,N,N =4}

X, ={x;,,v=1V},i=1,M,tne v =1,V -4ucio napaMeTpoB, KOTOPIE UCCIEAYIOTCS B
MOJIeJTH TEXHHYECKOH CUCTeMBI, | = 1, M — HOMEp U MHOXECTBO JaHHBIX;

MHoxkecTBO K XapaKTEpPUCTUK TEXHUYECKOU CUCTEMBI:

filX, ={xjp, v=1,V}i=1M),k=1K.

[lostoMy 6 ycnosusx HeonpedeneHnHocmu OTCYTCTBYET JOCTaTO4Has HHGOpMaIHs O

(YHKIIMOHATBHONH 3aBUCHMOCTH Ka)XJIOM XapakTepUCTHKH W OTrpaHMYCHH OT TapamMeTpoB.
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Wudopmarmonnsie naHHbIe omiuii ) U D) mpeoOpasyroTcs B 4YMCIOBBIC JaHHBIC OMIUU C) |
MPEJICTaBIAIOTCS B TabmuuHoH (opme. B pabore paccmarpuBaercs ommus C) wHGOpMANUS C
HEMOJIHBIMU JaHHBIMHU, KOTOPBIE, KaK IIPABUIIO, HOIYUEHbL 6 Pe3yibmame IKCnepUMeHma.

C yueToM U3MEPEHHBIX MapaMeTpoB X, ¥ COOTBETCTBYIOIIETO MHOKECTBA K XapaKTepUCTHK:

filXy, = {xip, v=1,V},i=1,M),k=1K IpeCTaBUM MaTpHILy pe3ysbTaToB
IKCMIEPUMEHTAIIBHBIX TAHHBIX I10 UCCIICYSMOM TEXHUUECKOH CHCTEME:
1 X1 = X11, X12, %13, X14 [2(X1), f3(X1), fa(X1)
I=] .= (111)

am Xy = X1 Xmzs Xmzs Xmaf2 (X)), f3 (X)) fa(Xn)

HpCI[CTaBI/IM MaTEMATUYCCKYIO MOACIIb TEXHHYCCKOU CHCTEMBI B YCIOBHUAX
HCOIIPCACICHHOCTU B BUJIC BeKTopHOﬁ 3a1a4Y MaTEMaTHYICCKOI'O ITPpOorpaMMHUpPOBaHMA:

Opt F(X) = {maxI,(Y) = {max f, (X;, i = 1, M)}, k =1, K™}, (112)
min L, (Y) = {min fi (X;, i = T, M}, k =1, K™}, (113)

at restriction finn < £.(X) < fimeX g =1,K, (114)
Yo-1%,(t) = a, xS x, S %P v =1V, (115)

rae X = {x,, v =1,V} - BeKTOp ympaBiseMbIX HepeMEHHEIX (TaPaMETPOB);

F(X) = {I[;(X) I,(X)} - BeKTOpHBIIf KPUTECPHIi, KaK1asi KOMIIOHEHTa KOTOPOTO IMPEICTABIISIET
BEKTOP KpUTEPHEB (BBIXOIHBIX XapaKTEPUCTHUK HCCIIEyeMOro 00bekTa). Bennunna xapakTepucTuku
(byHKIHMH) 3aBHCHT OT AUCKPETHBIX 3HAYCHUI BekTopa nmepemenubix X. [ (X) = 1, K{"¢, L,(X) =
1, K3"¢  (uncertainty) — MHOXXECTBO KpHTEpHEB Max u MIN chOpPMHUPOBAHHBIE B YCIOBHUSIX
HEONPEICICHHOCTH;

B (114) M < f.(X) < fM9%, k = 1,K — BexTop-(yHKIMs OrpaHHYeHH i, HAKIIAIBIBAEMBIX

Ha QYHKIHOHUPOBAHKE UCCIIEYEMOTro 00beKTa, X)t " < x, < x4

, v = 1,V — mapameTpuueckue
OTpaHUYCHUS UCCIIETYEMOT0 OObEKTa.

5.1.4. 4 sman. Ilocmpoenue azpecupo8AHHOU MAMEMAMUYECKOU U YUCTEHHOU MOoOelu
CMPYKMYPbl MAMeEPUaLa 8 YCio8Uusx HeonpeoeieHHOCmu.

@opMHpOBaHUE B YCIOBUSX HEOMPEIETIEHHOCTH COCTOUT B HCIIOJIB30BAaHUHM KaueCTBEHHBIX,
KOJIMYECTBEHHBIX OMHCAHUN TEXHUYECKON CHCTEMBI, MOTYUYEHHBIX MO MPUHIMMIY ‘“BXOJ-BBIXOJ’ B
tabue 2. [Ipeo6pazopanue ucxoauble NaHHBIX (nEGopMammn): fo(X;, i = 1, M), f3(X;, i = 1,M),
(X, i=1,M) B o¢ynaxumonansbueii  Bum:  f5(X), f5(X), fo(X)  ocymecTsusercs myTem
UCIOJIb30BAHUS MAaTEMAaTHYECKUX METOJ0B PErPECCHOHHOIO aHaIM3a.

Hcxonnsie nannbie copmupoBansl B Tabnuiie 2 B cucteme MATLAB B Bujie MaTpuIls:

I'=|X,F| = {xi1, X2, Xi3, Xia, fi2) fiz, fia i =1,M}. (116)

Jnist kaxioro Habopa HKCIEPUMEHTAIBHOTO JaHHBIX Ta0nuusl 2 fi, k = 2, 3,4 crpoutcs
(yHKIMS perpeccuy METO0M HaMMeHbIIHX KBaapatos min Y, (x; — %)% B cucreme MATLAB.
®opmupyercst OTUHOM Ak, ONPEENSIOINI B3aMMOCBA3b MapaMeTpoB X; = {X;1, X2, X3, Xis} H
dyrxmmn fi,, = f(X;, Ar), k = 2,3, 4. Pe3ynbraToM sABISETCA CHCTEMA KOO (DHIIHEHTOB:

A = {Aok, A1k - » A1ar }, OTIpenensironue Ko3GGUIMEHTHI KBaJPATUIHOTO MOJTUHOMA!
fu(X, A) = Aoy + Aqxs + Agpexy + Azxs + AgeXy + AspXa Xy + Agrxi X3 + Azpxy Xy +
AgiexaXs + AgrXoXy + ArorXsXs + ArXf + ArX3 + Arzx + Ay, k = 2,3, 4.

[TporpamMHOe oOecrieueHre MOTMHOMHATFHON alpOKCUMAIIHH C YeTHIPbMS IEPEMEHHBIMH U
YyeThIpHaALAThI0O (hakTopaMu pa3paboTaHo. B wurore skcrnepuMeHTalbHBbIE JaHHbIE TaOMHUIBI 2
npeobpasyrores cuctemy kodddurmentos tpex ¢pyukuuu fi (X, A) B Bume tabmuis (IIporpamma:
Z_Material_ MMTT32_0s13_4Kk):
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A0=[323.8408 954.8634 110.2296 21.0038 (117)
-2.2495 28.6718  0.7918 -0.0097

-3.4938 37.0392 1.7392 -0.8406
10.7267 -31.0303 -0.3713 -0.4326
13.1239 -54.0031 -2.2001 1.1723
0.0968 -0.9220 -0.0132 0.0166
-0.0620 -2.0044 -0.0083  0.0850
-0.1696  0.8966  0.0193 -0.0001
0.0743 -0.1540 -0.0172  0.0523
-0.1042 0.3919 0.0161 0.0002
0.0036 -0.0134 -0.0006 0.0006
0.0143 0.0478 -0.0004 -0.0022
0.0118 0.0438 -0.0002 0.0035
-0.2434  3.8489 0.0335 0.0060
-0.5026  3.1748  0.1240 -0.0311];

Rj=[0.6115 0.7149 0.6551  0.9017];

RRj=[0.3740  0.5111 0.4292  0.8130];

Ha ocroBe  Ao(2) Ao(3) Ao(4) crposres pyukimu fo(X), f3(X) u f,(X), xoropsie ¢
y4eTOM MOITYYeHHBIX KOA((DUIIMEHTOB MPUMYT BU/I;

max f3(X), min f,(X), min f,(X), npu orpannucuusx: (110). (118)

MuHuManbHble U MaKCUMalbHBIE 3HAUYEHHUS OKCHEPUMEHTANbHBIX MAHHBIX Xy, ..., X4
MPEJICTABIICHBI B HIDKHEH YacTh Tabmuipl 2. MUHHMaIbHBIC U MAaKCUMAJIbHBIC 3HAUCHUS (OyHKIIHIA
fi(X), ,(X), f5(X) u f,(X) He3HAUUTETBHO OTIUYAIOTCS OT IKCIIEPUMEHTAIBHBIX JaHHBIX. MHIEKC
KOppesaui 1 KO3 (OUIMEHTHI JETSPMUHAIIMU TIPEJCTABIICHbI B HIDKHUX CTPOKAaX TaONMUIBI 2.
PesynbraTel perpeccronHoro ananusa (117), (118) B manbHeiiemM UCIONB3YIOTCS TPH OCTPOCHUN
MAaTEMaTHYECKON MOJEIN TEXHUYECKON CUCTEMBI.

[MonyuuBiasics MaTeMaTHueckast Mmojieb B Buae B3MIT (118) sBasieTcs YrcIeHHOM MOIEIBIO
TEXHUYECKOM CHCTEMBbl B YCIOBHUSX HEOMNpPEIeIeHHOCTH (4yucioBble aaHHbie Mozenu (118)
MpEeACTaBICHBI HUXKE).

5.1.5. Ilocmpoenue acpecuposanHou YUcIeHHOU MOOeNU MEXHUYEeCKOU CUCeMbl 8 YCI0BUAX
onpeodeneHHocmu

OObenuHssT MAaTEeMAaTUYECKUE MOJIENIM TEXHUYECKOW CUCTEMBI B YCIOBUSX OIpPENeIEHHOCTH
(109)-(110) u neompenenénnoctu (118) mpencTaBMM MaTEMaTHYECKYIO MOJENb TEXHUYECKOMH
CHCTEMBI B YCJIOBUSX OTPEICICHHOCTH U HEOPEICIICHHOCTH B COBOKYITHOCTH B Buje B3MIT:

Opt F(X) = {maxF,(Y) = {max f, (X),k =1,K**}, (119)
max I, (Y) = {max fi, (X;, i = 1, M)}, k =1, K}"e},

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

min I,(X) = {min fi (X;, i = 1, M)}7, k =1,K;™}},
npw orpanmaennax fi'" < fi(X) < fi9%, k =T K, x"" < x; < x"%%,j = TN,

rae X = {xj, j = 1, N} - BEKTOp yNpaBJIseMbIX IIEPEMEHHBIX (KOHCTPYKTUBHBIX IIAPAMETPOB);
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F(X) = (X)), k = LK}, B0 = (f(0),k = 1,KS} -

MHOXECTBO (DYHKIIMI ~ MaxX 1 MIiN COOTBETCTBEHHO;

L) = {{filXyi=1M} k=1K"} LX) ={{fi(Y;i=1M} k=1K"}
MHOXECTBO MaTpuil Max u min coorBerctBerno; ( definiteness), K{¢.K;™¢ (uncertainty)
MHOKECTBO KPHUTEpHEB Max W MiN cPOpMUpOBAHHBIE B YCIOBHSAX OINPEICICHHOCTH |
HEOIPEeICIIEHHOCTH.

OObeanHss YUCICHHBIE MOJICNIN TEXHUYECKOW CUCTEMBI B YCIOBUAX onpeaenéHHoctu (116) u
HeonpeaenénuocTu (118) mpeacTaBuM YMCIOBYIO TEXHUYECKON CUCTEMBI B YCIIOBUSAX
OTIPEICIICHHOCTH M HEOIIPEICIIEHHOCTH B COBOKYITHOCTH B BUJIC BEKTOPHOM 3aJ1auu:

opt F(X) = {max F; (X) = {max f1(X)=323.8408 — 2.2495x; — 3.4938x, + 10.7267x3 +
13.1235x, + 0.0968x;x, — 0.0620x;x3 — 0.1696x;x, + 0.0743x,x3 — 0.1042x,x, —
0.0036x3x, + 0.0143x% + 0.0118x% — 0.2434x2 — 0.5026x2, (120)

max f3(X)=110.2296 + 0.7918x; + 1.7392x, — 0.3713x5 — 2.2001x, — 0.0132x;x, —
0.0083x;x3 + 0.0193x;x, — 0.0172x,x3 + 0.0161x,x, — 0.0006x3x, — 0.0004x? —
0.0002x2 + 0.0335x2 + 0.1240x2}, (121)

min F,(X) = {min f,(X)=954.8634 + 28.6718x; + 37.0392x, — 31.03x5 + 54.0031x, —
0.9220x;,x, — 2.0044x,x3 + 0.8966x;x, — 0.1540x,x5 + 0.3919x,x, — 0.0134x3x, +
0.0478x? + 0.0438x2 + 3.8489x3 + 3.1748x2, (122)

min f,(X)=21.0038 — 0.0097x; — 0.8406x, — 0.4326x3 + 1.1723x, + 0166x,x, +
0.0850x;x5 — 0.0001x;x,4 + 0.0523x,%5 + 0.0002x,x, + 0.0006x3x, — 0.0022x2 +

0.0035x3 + 0.0060x% — 0.0311x2}}, (123)
MIPH OTPAHUYCHUAX: X1 + X, + X3 + x, = 102, (124)
21<x,;<79; 5<x,<59; 210<x3<9; 2.2<x,<7. (125)

Bekropnast 3amaua wmarematuueckoro mporpammupoBanus (120)-(125) mupencrasisier
YHCJICHHYI0 MOJIENb TPUHSTHS ONTHMAJIbHOTO DPEUICHHS TEXHHYECKOW CHCTEMBI B YCIIOBHSX
OTIPEJICIIEHHOCTH U HEOIPEIeIEHHOCTH B COBOKYITHOCTH.

5.1.6. Baoxk 2. IIpunamue onmumanbHo20 peuteHus (6b100pa ONMUMATILHBIX RAPAMEMPO8)
MeXHUUEeCKOUl cucmemol Ha 6aze 6eKMOPHOIl 3a0a4u MAMEMAMUYUECKO20 NPOZPAMMUPOCAHUA.

5 oman. PemeHue BEKTOpHOW 3ajayM MareMaTHueckoro mnporpammupoBanus (B3MII) -
MO/IEJIM UH)KEHEPHOW CUCTEMBI IIPU PAaBHO3HAUHBIX KPUTEPUSAX (pelIeHne NPsMO 3a1a4).

Jns  ¢dopmupoBaHUS MOAETM TEXHHYECKOM CHUCTeMbl Ha 0a3e BEKTOPHOM 3aja4yu
MaTEMaTHYECKOTO MPOrpaMMHPOBaHUs ¢ paBHO3HauHBIMU KpuTepusmu (120)-(125) npencraBieHs
METO/Ibl, OCHOBaHHbIE Ha aKCMOMAaTHKe HOPMAJIU3alMi KPUTEPUEB U NMPHUHILIUIIE FApaHTUPOBAHHOI'O
pe3yJbTaTta, BHITEKAIOIINE U3 AaKCUOMBI | U MPUHIIKMIIA ONTUMAJIbHOCTH 1.

Mertonarka penieHns npecTaBiIeHa B BUIE ps/a [Iaros.

Hlaz 1. Pemienne B3MII (120)-(125) mo kaxkaoMmy KpuTepuro oTaenbHO. i perieHus
ucnons3yercst pynkmus fmincon(...) cuctemer MATLAB, obpamenne k dynkuuu  fmincon(...) B
[18, 19]. Kak pe3yibTaT pacdera, Mo KaXJI0MY KPUTEPHUIO MTOJyYaeM TOUKU ONTUMYyMaA: Xj U
fi = fi V), k = 1,K, K=4 — BenuuuHbI KpUTEPHEB - HAWTYYIIIEE PEIEHHE 110 KAXKIOMY KPUTEPHIO:
Kpurepwmii 1: X{ = {x; = 47.6032,x, = 44.1968,x3 = 8,x, = 2.2}, fi = f1(X7) = —392.9;
Kpurepmii 2: X; = {x; = 56.6036,x, = 35.1964,x3 = 8,x, = 2.2}, f;' = fo(X3) = 13374,
Kpurepmii 3: X3 = {x; = 32.9000,x, =59,x3 =2.1,x, =7}, f5 = f3(X3) = —210.5729;
Kpurepwmii 4: X, = {x; = 37.7000,x, = 59,x3 = 2.1,x, = 2.2}, f;' = fu(X;) = 32.68.
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Pesynbrat perenns B3MIT (120)-(125), orpanuuenus (125) u Touku ontumyma X1, X5, X3, X4
B KOOpAWHATAX X;, X3 MpeIcTaBiieHbl Ha puc. 11.

Illaz 2. BeruucnseM HauXy/IIYIO BETHYMHY KaXI0r0 KpUTepus (aHTuontumym): Xg u fi0 =
fi(X ,8), k = 1,K, K=4. Jlna storo pemaercs 3agada (120)-(125) ana kaxnoro kpurepust k = TKI
Ha MMHUMYM, Ul Kaxjaoro kpurepus k = 1,K, Ha MakcumyMm. B pesyibraTe momydum: Xp =
{x;,j =1,N} - Touka OnTUMyMa IO COOTBEeTCTByomeMmy kpuTepuio, k = 1,K; f2 = fi,(X?) —

BennumHa K-ro kpurepus B Touke, X2, k = 1, K, (BepXuuil MHAEKC HOMb):

Kpurepuii 1: X? = {x; = 32.90,x, = 60.0,x3 = 2.1,x, = 7.00}, f° = f1(X?) = 302.76;

Kpurepuii 2: X9 = {x; = 32.90,x, = 60.0,x; = 2.1,x, = 7.0}, f = fo,(X)) = —2417.52;

Kpurepuii 3: X9 = {x; = 78.999,x, = 10.4047, x3 = 8,x, = 45953}, 1 = f3(X)) = 170.52;

Kpurepuii 4: X = {x; = 63.465,x, = 24.5125,x; = 8,x, = 6.022}, f° = f(X?) = —75.205.
Hlaz 3. CucteMHBIN aHAIN3 MHOXKECTBA TOYEK, OoNTUMalbHbIX 10 [lapero, (T.e. aHamm3 1o

KOKIOMY KpuTepuio) peanmsyercs. [ins storo B Toukax ontumyma X = {X7,X;, X3, X;}

|k=1,K
q=1K’

OTIPEeNIeNIAI0TCS BEIMYMHBI LieneBbIX GyHkumid F(X*) = || fqo(Xi)

D = (d; d,d3d,)T- BekTOp OTKIOHEHMII IO KaKJOMYy KPUTEPHIO HA JOIMYyCTHMOM MHOXkecTBe S:
|k=1,_K
q=1K’

dy = fii — f2, k = 1,4, u MaTpuLia OTHOCHUTEILHBIX OLIEHOK: A(X*) = ||Aq (Xz)

*_ 20
e A (X) = fkdkfk. d, = {92.72, —1114.9, 41.2898, —43.1973}.

Set of Pareto on two-measure plane: x1 - x3. MawyHuH 10.K.

T T T | T 0 7 * T T T
X1/ /6(12 X2 X? XS
f=323.-2.249"x -3.49"x ¥ “0.7*x3713.12" (,+0.09"x, "X ..
)\1 2 )\2 y)\s ,)\4 /
7+ 4
/
f2=954'r.86 +23.898"x +28.671"x, -37.03"x ;54.003"x -0.9220*x *x # ..
/ 3 172
6L -XQF ApAgnAy i
(%} - 4
% 5 ©
VI
[}
x
al f= X 50.3713" ;2.20°X -... t\\/ll |
Ag> A 4
1}721. 038-0.0097*x,-0.840"x ,+ 0.4326*X3+1.1723*x4+0.0166*X1*X St
3L A=Ay _
Xa X:=[%=36.70,x =2.1]
1 1 1 1 1 1 1 1

2 00 XSy
3051 X235 49, 45,50 55 60 65 70 75 80
0< x1%60 9

Puc. 11. lomycTuMoOe MHOKECTBO TOYEK S B KOOPAMHTAX Xq,X3. MHOXXECTBO TOYCK,
onTuManbHbIX 10 [lapeto, S°c S, orpanndeno roukamu Xq, X5, X3, X}, v nokaneHoe S9
mexny Xi,X{3,X°, X752, X{ B IBYXMEpHOIi CHCTEME KOOPAMHAT {X1,X3}.
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3929 14195 185.0 70.4 1.00 0.9264 0.3618 0.1139

«~ _ ||387.2 1337.3 178.5 73.8 « _ ||0.9364 1.00 0.1991 0.0326
F&T) = 302.8 2417.5 210.5 32.2 X = 0.0000 0.0000 1.00 1.0103 - (126)

338.2 2162.2 208.0 32.7 0.3931 0.2364 0.9364 1.00

0 —0.0000 1.0000 1.0103
0.0000 0 1.0000 1.0103
—0.0276 0.3574 0 0.0826
0.4660 0.7505 0.0756 0

CHCTEeMHBIN aHAM3 BEJIMYMH KPUTEPHEB B OTHOCUTEIbHBIX omenkax B B3MII (120)-(125)

Lmin = M(X°) =

NoKaspIBaeT: B Toukax ontumyma X* = {X7,X;,X3,X;} (1m0 nmaroHanu) OTHOCUTEIbHAs OLCHKA

paBHa eaumuune. Ocrtanbhbie kKpurepuu (126) A(X™) = ||/1q(X,’§) - 3HAYUTEIHHO MEHBIIIE

k=1K
q=1,K
enuHUIBL. TpeOyercs HATH Takyr TOYKY (TIapameTpsl), MPH KOTOPBIX OTHOCUTEIHHBIC OLECHKU
6mu3ku K enunuie. Ha pemenue 3Toi mpoOieMbl HalpaBIeHO pelIeHne A-3a1auu - mar 4, 5.

Hlaz 4. DopMupoBaHue A-3aJja4u peaiu3yeTcs B Ba Tarna: Ha IEpPBOM 3Tale
CTPOUTCSI MAKCUMUHHA 3a/1a4a ONITUMH3AIMH C HOPMATM30BaHHBIMU KPUTEPUSMU:

L’ = maxyegmingeghy (X), G(X)<0,X > 0; (127)

Ha 2-M 3Tare MakCUMMHHas 3a/1a4a (127) npeobpasyercs B CTaHIApTHYIO 3a7a4dy

MaTeMaTH4ecKOro NporpaMMHpOBaHus (A-3a1a4a):

A’ = max A, (128)
ACO-f f0-f LO-fF £
A——7—=-<0, A—=——-<0, A ——=——F~ <0, A ———==<0,
© OTPAHIICHILIVE i1 51 113 fi 1
0<A<1, 20<x;<80; 4<x,<60; 2.10<x3<9; 22<x, <7. x1 + x5 + x5 + x4 = 102,
Bekrop HemsBecTHhIx mMeeT pasmepHocth  N+1: X = {xq,..,xy,A} byHKIHH

XD, (X)), f5(X), f(X) coorBerctBytoT (128) cootBercTBeHHO. [T0CTaBUB YKCIIOBBIE 3HAUYCHHMS
byuximit f; (X)), f2(X), f3(X), fo(X), MbI monmyunm A-3a1ady CIIeAyIOIIETO BU/IA:

A’ = max A, (129)
323.84-2.249x1 —3.49%x, ... —0.2434x5—0.5026x2 —f_
[pH OTPaHUYEHUAX A - L L = ih <,
fi-fi
21-0.0097x;—0.841x,— ... +0.006x2—0.0311x2 — £
A — — <0,
f4_f4

0<A<1, 20<x;<80; 4<x,<60; 2.10<x3<9; 22<x,<7.0. y; +y, +y; +y, = 102,
Hlaz 5. Peuenne A-3amaun (129).
Jlnist 3TO# 1enu MBI UCTIONB3yeM  obOparenue K Gyukiuu fmincon(...), [16]:
[Xo,Lo] = fmincon('Z_TehnSist_4Krit_L', X0, Ao, bo, Aeq, beq, lbo, ubo,
'Z_TehnSist_LConst', options).
B pesynbrate pemenus BekropHo# 3amaun (120)-(125) nmpu paBHO3HAYHBIX KPHUTEPUSIX U
COOTBETCTBYIOIIEH ei A-3agaun (129) momyunmu:
X° = {X°,\°} = {x; = 45.4458,x, = 49.99,x; = 4.3578,x, = 2.2,A° = 0.6091}}, (130)
Touky ontumymMa X° — KOHCTPYKTHBHBIC TapaMeTpbl TEXHUYCCKOHW CHUCTEMBI, KOTOpas
npejacrasieHa Ha puc. 11,
f+(X°), k = 1, K- BenuuuHbEI KpUTEpHEB (XapaKTEPHCTHK TEXHUYECKOH CHCTEMBI):
{f1(X°) =369.9,f,(X°) = 1759.6, f5(X°) = 194,9, f,(X°) = 49.3}; (131)
A (X©), k = 1, K- BeTMIMHBI OTHOCHUTENBHBIX OLIEHOK
AMX?) = {A(X°) = 0.7452,2,(X°) = 0.6091,A5(X°) = 0.6091, A,(X°) = 0.6091}; (132)
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A°=0.6091 — 5TO MaKCHMaJbHBIII HUKHHH YPOBCHb CpPEIH BCEX OTHOCHTEIBHBIX OICHOK B
OTHOCHTENbHBIX eauaunax: 1° = min (1,(X°?), 1,(X?),A5(X?),1,(X°)) = 0.6091.

A°= 0.6091 Ha3bIBAIOT TAK)KE rapaHTHPOBAHHBIM PE3yJIHTATOM B OTHOCHUTEIBHBIX CIUHHIIAX.
A (X°) ¥ cOOTBETCTBEHHO XapaKTEPUCTUKU TEXHHUCCKOU cucTeMbl fi, (V) Hemb3s yinydimurh, He
yXyIIIas IPU 3TOM JIPYTHe XapaKTEPUCTUKH.

B cootBerctBuM ¢ Teopemoii C 1, B Touke X° kpurepuu 2, 3 u 4: Ay (X?), h3(X?), Aa(X©)
OPOTHBOPEYUBBI. DTO MPOTUBOPEUUE OMPEACIACTCS PABEHCTBOM: A,(X°?) = A3(X°) = A, (X°) =
A% = 0.6091, a ocranbHbIc KpUTepHU HEPABCHCTBOM {A,(X°) = 0.7452} > A°.

Teopema 1 ci1y>KUT OCHOBOM JIsI ONIPEICSICHHUS TPAaBUJIBHOCTH PEIICHUSI BEKTOPHOU 3a1aun. B
B3MII, kak npaBuio, J1si IBYX KPUTEPHUEB BHITIOJIHAECTCS PAaBEHCTBO:

A° = Aq(X") = ?\p(X"), g peKXeS,
(B HamIeM puMepe Takue KpuTepun 2, 3, 4), 175 APyrux KPUTEPUEB ONPEACIISETCS KaK HEPABEHCTBO.

6 o9man. I@'eomempuueckas unmepnpemauus pesyaomamos peuwtenus B3IMII ¢ 4
napamempamu u 4 Kpumepuamu 6 08yXMepHYI0 cucmemy Koopounam (c 2 napamempamu) 6
OMHOCUMENbHBIX OUHULAX.

Jlna reomeTrpruyeckoil uHTEpnperanus pe3ynbraroB pemenus B3MII ¢ 4 napamerpamu u 4
KPUTEPUSIMH B JIByXMEpHYIO CHCTEMY KOOpAMHAT (C 2-Ms mapamMeTrpamMH) B OTHOCHTEIBHBIX
eIMHUIIAX BBeJeM wu3MeHeHus. B BektopHoi 3amaue (120)-(125) mapamerpsl Xx; H X3
paccMaTpuBarOTCs KaK IEPEMEHHBIE, @ TApaMeTPhl X, U X, PacCMaTPUBAIOTCA KAK MOCTOSIHHBIE.

B cootBercTBum ¢ pesynabratom pemenns B3MII (120)-(125) npu paBHO3HAYHBIX KPUTEPHSIX
X° ={X°,L\°} = {X° = {x; = 45.4458,x, = 49.99,x; = 4.3578,x, = 2.2,A.° = 0.6091} B
(130), nprcBOMM MOCTOSIHHBIM ITapaMeTpaM pa3MepHOCThb: X, = 49.99,x, = 2.2.

B utore B3MII (120)-(125) crana qByXMepHOM.

Peszyrvmamut pewrenua B3MII (120)-(125) ¢ 06yma nepemennvimu X1 u X3.

B 0603HaueHMsIX pe3yabTaTOB PEIICHUs BBEIU JOMOJHUTENBbHYI0 OYKBY «0» X1omax.

1. Ilo nepsomy kpumepuro KOOpIAUHATHI TOUKHA HA MAKCUMYM PaBHBI:

Xlomax = {x; =47.6032 x, = 49.9964 x; =8.0000 x, =2.2000}.

Benuumnsr ueThipex kputepres B Touke X1omax: FX1omax = {f; (X1omax) = 407.9
fo(X1lomax) = 14015 f;(X1omax) =190.5 f,(X1lomax) =74.4.

BennuuHbl OTHOCUTENBHBI OLIEHOK KPUTEPUEB B TOuke X 1omax:

LXlomax = {A;(X1lomax) = 1.1831 A,(X1omax) = 0. 9406

A;(X1omax) =0.5046 A,(X1omax) =0. 0192,

KoopanHatel TOUKH MO IEPBOMY KPUTEPUIO HA MUHUMYM:

Xlomin ={33.9000 49.9964 2.1000  2.2000}.

BennuuHbl ueThpex KpUTepueB B Touke X1lomin:

FX1omin ={1.0e+03 * 0.3100  2.1799 0.1966  0.0260}.

BennunHbl OTHOCHTENIBHBI OIICHOK KpUTEpUEB B Touke Y1lomin:

LX1omin =(0.0798 0.2219 0.6505  1.1551).

2. Ilo emopomy kpumepuio KOOPIWUHATHI TOYKH, (PYHKIIMM W OTHOCHUTENbHBIE OIICHKH Ha
MaKCHMMyM U MUHHMYM paBHbl: X20max ={56.6036 49.9964  8.0000  2.2000}.

FX2omax ={1.0e+03 * 0.4368 1.1630 0.1914  0.0858}.

LX2omax ={1.4871 1.1615 0.5205 -0.2501}.

X2omin ={33.9000 49.9964 2.1000  2.2000}.

FX2omin ={1.0e+03* 0.3100 2.1799 0.1966  0.0260}.
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LX2omin ={0.0806  0.2200  0.6505  1.1562}.

3. Ilo mpemvemy kpumepuro KOOPIUHATH TOUKH, PYHKIIMU U OTHOCHTEIIBHBIC OIICHKU Ha
MakcuMyM U MuHEMyM: X30max ={33.9000 49.9964  2.1000  2.2000}.

FX3omax ={1.0e+03 * 0.3076  2.2049  0.1974  0.0253}.

LX3omax ={0.0806  0.2200  0.6505  1.1562}.

X3omin ={78.9999 49.9964 8.0000  2.2000}.

FX3omin ={ 518.7746 602.8613 192.6992 112.8235}.

LX3omin={2.4170 1.6870 0.5474 -0.9008}.

4. Ilo uemsepmomy Kpumepuro KOOPAUHATHI TOUYKH, QYHKIIMHA U OTHOCUTEIbHBIC OLICHKH Ha
MakCUMyM U MUHUMYM paBHbl: X4omax ={37.7000 50.7315 2.1000 2.2000}.

FX4omax ={1.0e+03 *  0.3250 2.1021 0.1972  0.0301}.

LX4omax ={0.2471  0.2920 0.6662  1.0614}.

X4omin ={63.4651 49.9964 8.0000  2.2000 }.

FX4omin ={460.4076 986.2753 191.8170 94.3384}.

LX4omin ={1.7488 1.3251 0.5316 -0.4499}.

[IpencraBum B 1ienoM pesyiapTarsl pemieHuss B3MII ¢ aByMst nepeMeHHbIMU ITapaMeTpaMH:
X1 u x3 (aByxmepHasi B3MII):

Xopt =[Xopt(1,:)={47.6032 44.1968 8.0000  2.2000}, A, (Xlomax) =1.1666;

Xopt(2,:)= {56.6036 35.1964  8.0000  2.2000}, A,(X20max) =1.1615;
Xopt(3,:)= {32.9000 60.0000  2.1000  7.0000}, As(X30max) = 0.6505;
Xopt(4,:)= {37.7000 60.0000 2.1000  2.2000}, A (X4omax) = 1.0614;
Xo(1:4)= {X° = {x, = 45.4458,x, = 49.99,x; = 4.3578,x, = 2.2,A° = 0.6091. (133)
XapaKTepI/ICTI/IKI/I TEXHUYECKOU CUCTCMBI B OTHOCHUTCIIbHBIX CANHHNILIax

A1(X0),1,(X0),15(X0), 14(X0) moxazansl Ha puc. 12 B TpexMepHOM MPOCTPAHCTBE X; X3 U A.
Vector Optimization. A\-3apaya: A1(X),..., A4(X). MawyHuH 10.K.

15

/\‘(XI)
=
X =1
A 1<
2 !
A 5 =
3 A
£
(0]
05
X 45.4458 [§
Y 4.35782
Z0.60913 |
0 A - '
-05>
a0 3 <
X = .
"9 6 72 x%
50 4 5 4
60 3
x1 X3

Puc. 12. 'eomerpudeckast ”HTepIpeTays 4YeTbipeX (YHKIMNA B OTHOCUTENBHBIX SIMHHULIAX
A1(X0),4,(X0),A3(X0),14(X0) B TpexmepHOIl crcTeMe KOOPAUHAT X1 X, U A
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B nomyctumoM MHOXeCTBE TOuek S, oOpa3oBaHHbIX orpanundcHusmu (124)-(125), Touku
ontumyMa X;,X5,X3,X; , OOBCIMHEHHBIX B KOHTYp, MPEICTABISIOT MHOXECTBO TOUYEK,
ontumanbHbIX 10 [lapero, $°cS, npencrasnensr Ha puc. 11. KoopauHaThl 3THX TOYEK, a TaKXKe
XapaKTePUCTHKH MaTepuasa B OTHOCUTENBHBIX equHunax A (X), A, (X), A3(X), A4(X) noka3ans Ha
puc. 12 B Tpex MEpHOM NPOCTPAHCTBE X1 X5 U A, [JIe TPEThS OCh A - OTHOCUTEINIbHAS OLICHKA.

5.1.7. 7 sman. Pe3yromamol pewenus Bexmopnou 3adauu Mamemamuueckozo
IIpocpammuposanusi npu pasHO3HAUHBIX KPUMEPUSX - NOO20MOBKA UHGOpmayuu OJisi NPUHAMUS
PpeweHull ¢ NPUOPUMemom Kpumepus..

B pesynbrate perieHusi BEKTOPHOM 3a/1a4i IPY paBHO3HAYHBIX KPUTEPHUSIX TOTYUHIIH.

PesyabTaTsl pemiennst BekropHnoii 3agaun Maremarudeckoro IlporpammupoBanus

(MaremaTtuueckas mozenb MuxenepHoit CucteMsl - IC) mpu paBHO3HAYHBIX KPUTEPHAX

1. Kpumepuu (xapakmepucmuxu HC), napamempst B TOUKE ONTUMYyMa:

Kpurepuii 1: fi" = f;(X;) = —392.9; Ilapamerpsr: X; = {x; = 47.603,x, = 44.19,x5 =
8.,x, = 2.2};

Kputepnii 2: f, = f,(X;) = 1337.38; [lapametpsr: X, = {x; = 56.6,x, = 35.1964,x; =
8,x, = 2.2},

Kpurepnii 3: f3' = f5(X3) = —210.5729 ; Ilapamerps:: X3 = {x; = 32.9000,x, =
59,x3 =2.1,x, =7},

Kpurtepnii 4: f," = f,(X;) =32.68 ; Ilapamerps: X; = {x; =37.7,x, = 60,x3 =
2.1,x, = 2.2}; (134)

2. Kpumepuu (xapaxmepucmuxu HC), napamempsbl B TOUKE aHTHOITHMYMa!

Kpurepnii 1. f° = f; (X)) = 302.7645 ; Tapametps: X{ = {x; = 33.9,x, = 59.0,x3 =
2.1,%, = 7.0};

Kpurepmii 2: f = f,(X9) = —2417.52; Hapametpsr: X9 = {x; = 33.90,x, = 59.0,x3 =
2.1,x, = 7.0};

Kpurepnii 3: f = f3(X2) = 170.53; Ilapamerpsr: X3 = {x; = 78.99,x, = 10.4, x3 =
8, x, = 4.59Y};

Kpurepuii 4: f = f,(X2) = —75.2 ; Hapamerpsr: X = {x; = 63.465,x, = 24.5,x5 =
8,x, = 6}; (135)

3. Kpumepuu (xapakmepucmuxu HUC) B OTHOCUTEIBHBIX STUHHUIAX B ToOuke X°:
A°=0.6091 — makcuManbHBIA HUKHUHA YPOBEHb B OTHOCUTENBHBIX €IMHULIAX
2.(X°), k = 1, K- BenuuMHBI OTHOCHTENBHBIX OIIEHOK:
A (X°) = 0.7452,21,(X°) = 0.6091,7;(X°) = 0.6091,2,(X°) = 0.6091}; (136)
X° = {X° L%} = {Y° = {x; = 45.4458,x, = 49.996,x; = 4.3578,x, = 2.2,1.° = 0.6091}. (137)

4. Kpumepuu (xapakmepucmuku HUC) B Gnu3N4ecKUX eTUHUIAX:

fr(X°), k = 1, K- BenuuuHBI KpHTEPHEB (XapaKTEPHCTHK) B GU3MUECKUX eIMHUIAX:
{f1(X°) =369.9,f,(X°) = 1759.6, f5(X°) = 194.9, f,(X°) = 49.3}; (138)
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5. Unughopmayusa 06 HC B pu3nuecknx eIUHULIAX TPUHIATUS PELICHUN C TPUOPUTETOM
KPUTEPHSL:

1. f1(X) > max: fi = fi;(X;) =—3929 < f1(X°) =369.9 < f° = f1(X}) = 302.76;

2. f2(X) > min : f; = f,(X;) =1337.38 < f,(X°) = 1758.6 < f = f,(X?) =
—2417.5;

3. f3(X) » max: f5 = f3(X3) =—-210.57 < f3(X°) = 1949 < fP = f5(X3) = 170.53;

4. f4(X) » min: f; = f,(X;) =32.68 < f,(X°) = 493 < f? = f,(XJ) = —75.205.

3akniouenue no pesynbmamam pewieHUs  GeKMOPHOU  3A0a4u  MAMEMAMUYECcKO20
NPOSPAMMUPOBAHUSL NPU PABHOZHAYHBIX KDUMEPUSIX.

MBI  mpeACTaBHIM  METOJOJOTHIO  PEIICHUS BEKTOPHOM 3a7aud  MaTeMaTHYeCKOTO
MIPOrpaMMHPOBAHHMS IIPU PABHO3HAYHBIX KPUTEPHIX (XapaKTEPHCTHKAX) HA MPUMEpPe WHKCHEPHOU
CUCTEMBI - TeXHUYECKasi cuctema. B mpouecce pemenus 3agauu cucreme MATLAB npencrasnena
reoMeTpHUYECKasi MHTEPIIPETALHS PE3YJIBTATOB PEHICHHSI B IBYXMEPHOU CUCTEME KOOPIUHAT.

Taxum 0bpazom, BIEPBBIC B OTEYCCTBCHHON U 3apy0e)KHON MPAKTHUKE MOKA3aH MEPEX0JI U €ro
reoMeTpuuecKas WILTIOCTpaus oT N-MepHOro K JByXMEpHOMY M3MEpPEHHUI0 (PYHKIIUU B BEKTOPHBIX
3a/lagyaXx MaTEeMATHYECKOTO TMPOTPAMMHUPOBAHUS C COOTBETCTBYIOIIUMH OIIMOKAMH JIMHEHHOM
anmpokcuMaruu. Hamu moarorosiieHa uHGoOpMaIus Ui HCCICIOBAaHUS U BEIOOPAa ONTHMAIIEHOTO
PEIICHHUS ITPH MPUOPUTETE TOTO HIIM HHOTO KPUTEPHS (XapaKTEPUCTUKN) HH)KEHEPHOW cucTeMbl. Ha

peleHue 3Toi NpobIeMbl HalpaBieHa BTOPast 4acTb PaOOTHI.

5.2. Yactp 2. BpiOop onTHMAJbLHBIX NMapaMeTPOB HHKEHEPHBIX CHCTEM B YCJOBHSX
HEOIpeeJICHHOCTH - C IPHOPUTETOM KpUTepHs HAa 0a3e MHOTOMEPHO MaTeMaTHKH.

Yacmep 2 Bxintovaet 1Ba Onoka: brok 3. Ananus, cpaBHeHue pe3ynbratoB pemeHus B3MII npu
PaBHO3HAYHBIX KPUTEPHUSAX CIONKHOW HHXKEHEPHON CHUCTEMBI (MOJENN TEXHHUYECKOW CHCTEMBI) U
MOJIrOTOBKA K BBIOOPY ONTHUMAJBHBIX MApaMETpOB IO MPUOPUTETHOMY KPHUTEPUIO DELICHHUS
BEKTOpHOMU 3a7auu (paszaen 5.2).

bnok 4. UccnenoBanue u BHIOOP ONTHMANbHBIX MapaMETPOB TEXHUYECKOW CHCTEMBI IO
npuoputeTHbIM Kputepusim K1, k2, k3, k4 u reomeTpuueckasi ”HTEpIIpeTalys pe3yabTaTOB PEIICHHS

B OTHOCHUTEJIbHBIX M (PU3NYECKUX €MHUIIAX Ha 0a3e MHOTOMEPHOM onTuMuU3aIuu (pasaen 5.3).

5.2.1. Bnok 3. Ananu3, cpasuenue pesynomamoe peuitenus B3MII npu pagnoznaunvix
KpUmepuax CJ10MCHOU UHHCEHEPHOU cucmembl (Mo0enu mexHUYecKoil cCucmemsl) U n0020MoeKa
K 6b100pY ONMUMAIbHBIX NAPAMEMPOE RO NPUOPUMENHOMY KPUMEPUIO.

8 aman. Ananuz u cpasHenue pesyrbmamos peulenuss eKMOopHOU 3a0adu ¢ paGHO3HAYHbIMU
KpUmepusamu ¢ YemvlpoMs i 08yMsl NepeMeHHbLMU.

CpaBHUM pe3yJIbTaThl PEINICHUS BEKTOPHOH 3aJadyd MaTEeMAaTHYECKOTO MPOTPaMMHUPOBAHUS C
paBHO3HaYHbIME KpuTepusMu (120)-(125) ¢ deThIppbMsI TEPEMEHHBIMU Xq,X5,X3 H X4 C
pe3ynbTaTaMu peieHus BekTopHo# 3amaun (120)-(125) ¢ nByMs iepeMeHHBIMH X; U X3.

Pesynprarel pemenus uetsipexmepHoii B3MIT (120)-(125) ¢ mepeMeHHBIMH KOOpAWHATAMHU
{x1,%5,x3,x,} mnpencrasnensl B (130), (131), (132) , B OTHOCUTEIBHBIX CAUHHIIAX IOKA3AHbI HA PHC.

13 KpacHBIM LIBETOM.
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A-sanaqa.OnTuMyM:Xk' nxk®es2u4 MepHbIX napameTpax. MawyHuH K0 .K.
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Puc. 13. Pemenue A-3a1a9u B TpEXMEPHOU CHCTEME KOOPJAMHAT X1 X3 U A

Pesynpratel  pemienus  aByxmepHoit B3MII  (ueTeipe kputepus) ¢ TNEepeMEHHBIMU
KOOpJAMHATaMHU {X; X3} mpenctasieHsl B (133).

PesynbraThl pelieHuss M CpaBHEHHs HCCIEAYyeMBIX 3aJad MNpPEICTaBICHBI B TPEXMEPHOM
CUCTEMEe KOOpJIWHAT X; X3 U A Ha puc. 13.

Ha puc. 13 npencraBiieHbl TOYKa ONTUMyMa B KOOPJAMHATAX X1, X3:

X° ={X°,\°} = {X° = {x; = 45.4458,x, = 49.9964,x3 = 4.3578,x, = 2.2,.° = 0.6091}
u3 (130); u oTHOCUTENbHAS OIICHKA:

{A,(X°) = 0.7452,A,(X°) = 0.6091,A3(X°) = 0.6091,1,(X°) =0.6091} u3 (131) B
TEX K€ KOOpANHATAX Xq X3.

PaccMoTpuM, Hampumep, onTUManbHYI TOYKY Xz . DyHkims Az(X) cpopmupoBana u3s
¢ynkimn  f3(X) C mepeMeHHBIMH KOOpIWMHATAMU { Xq X3}, C TOCTOSHHBIMH KOOpIUHATaMHU
{x,=49.54, x,=2.2}, B3saThic U3 ontumanbHoi Toukn X° (130). B Touke X3 OTHOCHTENbHAs OlCHKA
A3(X3) = 0.6441 — nokazana Ha puc. 13 yepHO#l Toukoil. Ho MBI 3HaeM, 4TO OTHOCHTEIbHAS
oleHKa A3(X3) momydeHHas u3 QyHKIHMM f3(X3) Ha TpETbEM Iare paBHa eIUHMIE, 0003HAYNM €€
kak A5(X3) = 1 —mokasana Ha puc. 13 KpacHO# TOUKOIA.

B utore: 60-nepesvix, pu paBHO3HAYHBIX KPUTEPUIX KOOPIMHATHI TOYCK ONTHMyMa X1, X3
X° = {X° L%} = {X° = {x; = 45.44,x3 = 4.3578,1.° = 0.6091} - ¢ 0yxmepnoii
° =({X°\°}={X° = {x; = 45.44,x, = 49.54,x3 = 4.3578,x, = 2.2,1.° = 0.6091}
B UETHIPEXMEPHOW CHCTEME COBNAJAIOT (MCIMONB3Ysl MPOTPaAaMMHBIE BO3MOXHOCTH CHCTEMBI
MATLAB, nokaxeM YHcIOBble 3HaUeHHUs ToukH ontumyMa {X°,A°} Ha puc. 13);
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80-6MOpbIX, B TOYKE ONTUMymMa X3 ONTHMAaJbHBIC BeIWYWHBI KpuTepueB fi(X;),k =3 wu
OTHOCHUTEJIbHBIC OlleHKH A, (Xy) = 0.6441,k =3 u Aﬁ(X,ﬁ) =1,k = 3 He coenaoarom.

Pa3HOCTh MeXIy OTHOCHTENbHBIMH orenkamu A3 (X3)=1 u A3(X3) = 0.6441 sBnsercs
ommbkoit A=0.3559 mepexona oT YeTbIpexMepHOii (a B obmeM ciaydae N-MepHOIi) K JByXMEepHOU
cucTeMe U3MEepeHH. AHaJIOrMYHO Ha pHc. 13 mokazaHsr:

Touka X, COOTBETCTBYIOIIHE OTHOCHTENbHBIE oneHKU A, (X7) = 1.1708, 24 (X;) = 1;

Touka X;, COOTBETCTBYIONINE OTHOCUTENBHEIE OLEHKH A, (X5) = 1.1530, 13(X;) = 1,

TOuKa X3, COOTBETCTBYIOIIUE OTHOCHTENbHBIE OLleHKH A5 (X3) = 0.6441,15(X3) = 1;

TOuKa X, COOTBETCTBYIONINE OTHOCHTEbHEIE olenku A, (X;) = 1.0562, A4(X}) = 1.

Buv1600 u3z ananuza: Hugpopmauusn 06 Husxcenepnoit Cucmeme 8 Qpusuueckux eOuHUYax o0is
NPUHAMUS peueHull ¢ npuopumemom kpumepus. [loocomosxa Kk 2ceomempuieckorl uHmepnpemayuu
peutenus 6eKmMopHoU 3a0a4l 8b100pa ONMUMATLHBIX NAPAMEMPO8 N0 NPUOPUMEMHOMY KPUMEPUIO.

[To pesympraTaM pemieHUs BEKTOPHOW 3aJa4ll MAaTEMaTHYECKOTO MpPOTPaMMHUPOBAHUS TpPU
PaBHO3HAYHBIX KPHUTEPHUAX MBI CHOPMYITUPOBATN HHOOPMAIMIO JUIS YIYYIICHUS W TPUHSATHS
YIPaBJIEHYECKOTO pEIIeHHs I JIF0OOro KpUTEpUs (XapaKTEpPUCTHKH WH)KEHEPHOW CHCTEMBI):
fiX) < fr(X°) < fi (X, k = LK.

Hndghopmayusa 06 Hnorcenepnon Cucmeme B GU3NUECKuX €AUHUIAX JUTSI IPUHATHS PELICHUH.

L fiX-max :  ff=£f&]) =-3929<f£(X°) =3699 < f = fi(X)) =
302.7645 ;

2. fo(X)->min : f;=f,(X;) =1337.38 < (X% =1759.6 < £ = f,(X9) =
—2452.3;

3. f3(X) » max: f5 = f3(X3) =—-210.57 < f3(X°) = 1949 < fP = f5(X3) = 170.53;

4, fo(X) » min: f; = f,(X;) =32.68 < f,(X°) = 493 < f? = f,(X?) = —75.205.

5.2.2. 9 sman. Iloozomoeéka ungopmayuu K 6b100py ORMUMAILHBIX NAPDAMEMPOE NO
I0O0MYy RPUOPUMEMHOMY KPUMEPUIO U 2€0MEMPUYECKON UHmMeEPpnpemayuu pe3yibmamos
peutenus.

[Ipu moxaroroBke WHGPOPMAIMU K BBHIOOPY ONTUMAIBHBIX MAapaMeTPOB MO MPHOPHUTETHOMY
KPUTEPUIO H TEOMETPUYECKOW WHTEpIpeTalud pPe3yJbTaTOB PEIICHUsS BEKTOPHOW 3aJlauu
ucnonpdyeM puc. 13, u3 kortoporo ymaneHsl QyHKuuu {A4;(X),A,(X), A3(X), A.(X)} B
OTHOCHUTENFHBIX €IMHULIAX, U TIPEJICTABUM €ro Ha puc. 14.

[IpencraBum Ha puc. 14 wuHbOpMAIMOHHBIE MJaHHbIE 00 OTHOCHUTENBHBIX OIEHKAX
AM(X), A,(X), A3(X), A4(X) u dusuueckue nanueie f;(X), f2(X), f3(X), fo(X), nmomyuenusle npu
pelIeHnr BEeKTOPHOM 3a7]auy IPU PaBHO3HAUHBIX KPUTEPHUSX.

1. TIpencraBum pe3ynbTatsl pemeHust A;(X7), ..., 14(X;), KOTOpbIe MOIYYEHBI B IByXMEPHOI
CUCTEME KOOpJIUHAT X; X3 U A (cM. pa3gen 5.1.7):

Touka X;, COOTBETCTBYIOIIAast OTHOCUTEIbHAS olleHKa A, (X7) = 1.1708;

To4YKa X,, COOTBETCTBYIOIIAs OTHOCHTENbHAs omeHKa A, (X;) = 1.1530;

TOYKa X3, COOTBETCTBYIOIIAsi OTHOCUTENbHAS OlleHKa A5 (X3) = 0.6441;

To4yKa Xj, COOTBETCTBYIOIIAs OTHOCHTENbHAs omenka A, (X;) = 1.0562.
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Vector Optimization. A\-sapgaua: A1(X1', X12),..., Ad(X4', X42). MawyHun FHO.K.
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Puc. 14. A-3a1aua B cucteMe KOOPAMHAT X; X3 U A.

B OTHOCHUTCIIBHBIX U (1)I/IBI/I‘ICCKI/IX caAnHugax.

X, )F1.1615

X°=49.3018

T COMECTPHUICCKAA UHTCPIIPETALIUA PE3YJILTATOB PCIICHHUA YCTBIPCX KPUTCPUCB

1. Pesynbrarsl pemennst A, (X7), ..., 14(X;) B IByXMepHO#H CHCTEME KOOPIHHAT Xq X3 U A

2. TeopeTuaeckue pe3ynbTaTs pemenns A5(X;) =1, ..., 25(X;) = 1,

B JIBYXMEPHOH cucTeMe KOOpAauHAT X; X3 U A.(KpacHsbrii nBer).

3. Pesynbrarel pemenns fi(X1), ..., fo(X;) B Qusnueckux enuHUIAX,

4. Pesynbratel pemenns f;(XY), ..., (X)) B husuueckux equuunax

IIpU paBHO3HAYHBIX KpUTEpUsxX. (PUOIETOBBIN IIBET).

CUCTEME KOOpJIHUHAT X; X3 U A. (KpacHbIii 11BET):

Touka X, COOTBETCTBYIOIIAs OTHOCHTeNbHAs olieHka A4 (X)) = 1;
TOuKa X, COOTBETCTBYIOIIAS OTHOCUTENbHAs oneHka A5(X3) = 1;
TOuKa X;, COOTBETCTBYIOIIAs OTHOCUTENbHAs oneHka A3(X3) = 1;

cootBercTytomue A5 (X;) = 1,...,A4(X;) = 1 — OTHOCHTEIBHEIM €IUHHIIAM

2. Teopetndeckue pe3ynbrats pemenns A4(X;) = 1,k = 1,K,K = 4 B nByXMepHoit

TOuKa X, COOTBETCTBYIOIIAs OTHOCHTENbHAs oneHka A4(X;) = 1. 3. Pe3yibTaThl pemeHns

fi(X7), ..., fa(X3) B dusmyeckux eaMHHIIAX, COOTBETCTBYIOIINAE

(X)) =1,..,25(X;) = 1 — OTHOCHTETBHBIM €IUHHIIAM, KOTOpPHIE TIOy4eHb! Ha TPEThEM IIare

pemenus B3MII ¢ paBHo3HauHbIMU KpuTepusiMu B (126) (DuoneToBsiit 1IBET):

Touka X, COOTBETCTBYIOIIAst (hu3ndecKasi BeTHInHA
f1(X7) = 392.908;
TOYKa X5, COOTBETCTBYIONIAsA (PU3MUECKAst BEININHA

f,(X3) = 1337.38;
TOouka X3, COOTBETCTBYIOIIAs (hu3nyecKasi BeIHINHA
f3(X3) = 210.57;

&
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Touka X, , COOTBETCTByMomas ¢usndueckas seawunHa [,(X;) = 32.68 . 4. Pesynbrarsl
peIIeHHs BCeX KPUTEPUEB (XapaKTEPUCTHK TEXHUYECKOW CHCTEMBI):

XD, o, fa(X2) _

B (u3MYeCKMX eaWHHMIAX B Touke ontumyma Xi,k =1,K Tpu paBHO3HAYHBIX KPHTEPHUSIX
(duoneToBsbIil LBET):
fiX? =369.93, f,X2 = 1759.57, f3X2 = 194.92,f, X2 = 49.3018.

Ilposedem ananu3z NONYYEHHBIX PE3yJIbTATOB.

JIuneitnas pynkmus, coeaunsomas Toukn A°(X°) = 0.6091 u A5(X;)=1 B OTHOCHTENBHEIX
eIMHUIIAX XapakTepuzyeT ¢QYHKUMIO f>(X) B OTHOCHTENBbHBIX €IUHHMIAX B YETBIPEXMEPHOM
U3MEPEHUU MapaMeTPOB Xq, .., X, . OTa JIMHEHHas (QYHKUIUS MpPEICTABISET T€OMETPUUYECKYIO
uHTepnoasiuuoo QyHkuun f,(X) B oTHOcUTeNnbHBIX enuHUNax U3 N-mepHoro (4-mepHoro) B
JBYXMEpHYIO cucTeMy KoopauHat. Kak BumHO U3 puc. 14 cooTBeTcTBYIONME GU3NICCKHAE BETHINHBI
f2(X) nexart B nmpenenax:

f(X°) =1759.576 < f,(X) < f,(X3)= 1337.38. (139)
3amerum, 49to G(yHKIUMS fo(X) MHHUMH3UpYeTCS — B TOYKE ONTUMyMa X, BeIMYMHA
MUHUMaNIbHAs1. AHasoruunbie (139) cooTHOMIEHUSs TOCTPOEHBI Ha pUc. 14 uist KaXa0ro KpUTEpHUs.

CoorHomenust (139) sBASIOTCS OCHOBOM JUIS HWCCIEAOBAaHHMS BBIOPAHHOTO KPHUTEPHS B
M0CTIe10BATEIbHOCTH:

BO-TIEPBBIX, JJIs1 BEIOOpA BETUYUHBI KPUTEPHS B PUINUECKUX SUHUIIAX:

BO-BTOPBIX, pacyeTa COOTBETCTBYIOIIEH OTHOCUTEIHHOM OLICHKH;

B-TPEThUX, paciueTa COOTBETCTBYIOIIUX ITAPAMETPOB TEXHUUECKOU CUCTEMBI;

B-YETBEPTHIX, IPUHATUS OKOHYATEIILHOTO PEIICHHUS.

B pabote nokaszaH BHIOOp ONTUMANIBHBIX TAPAMETPOB TEXHUUECKON CUCTEMBI ISl 3aJJaHHON
BEJTUYHMHBI KQXKJIOTO KpUTEpHUs k = 1,K, K = 4.

3anana BenmunHa 1 kputepus f;(X) = 380, koTtopas JIe)KHT) B IIpeIeax:

f1(X°) =369.9 = f1(X) = 380 > f,(X7) = —392.9. (bnok 4.K1)

3anmana BenmmuuHa 2 kputepus f,(X) = 1500, koTopas JIexKHT) B TIpeIeiax:

f(X°) = —=1759.6 < f,(X) = 1500 < f,(X;) = —1337.38. (bnok 4.k2)

3anmana BenmmunHa 3 kputepus f3(X) = 200, koTopast JIe)KHT) B TIpe/Ieax:

f3(X°) =194.9 < f3(X) = 200 < f3(X;) = —210.57. (broxk 4.k3)

3anana BenuunHa 4 kputepus f(X) = 40, koTopas IeKUT) B peJienax:

f2(X°) = =493 = f4(X) = 40 = f,(X{) = —32.68. (Bnok 4.k4). (140)

Peanuzamus BbpIOOpa ONTHUMANbHBIX MMApPaMETPOB TEXHUYECKOW CHCTEMBbI HJs 3aJaHHON
BeMUMHBI Kaxkaoro kpurepust f(X), k = 1,K,K =4 npeAcTaBicHa B OJI0ke 4.

5.3. baok 4. Hccneoosanue u 66160p ONMUMATbHBIX RAPAMEMPOE MEXHUYECKOU CUCMEeMbL
no npuopumemnvim Kpumepuam kl, k2, k3, k4 u ceomempuueckas unmepnpemauus
De3y1bmamos peuieHus 6 OMHOCUMENbHBIX U (PU3UUecKUX eOUHUUax Ha 6aze MHO20MEPHOIL
onmumuzayuu.

BpiOop onTUMalNbHBIX HapaMeTpOB CJIOKHOW HWHXKCHEPHOH (TEXHMYECKOH) CHCTEMBbI H
reOMEeTpUYECKass HWHTEPIpEeTalns pe3yldbTaTOB pEIICHUS 10 TPUOPUTETHOMY KPUTEPHUIO
COOTBETCTBYET KoiuuecTBy KputepreB K = 4: biok k1, bnox k2, bnok k3, bnok k4.

HaumenoBanue 610Ka.

bnok K1, ..., Brox k4. Pemenue B3MII - mooenu CroHCHOU UHICEHEPHOU cucmembvl npu
3a0aHHOM npuopumeme nepeo2o Kpumepus 8 MHO2OMEPHOU MameMamuxe.
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Kaxxapit 6510k BIOOpa MapaMeTpoB MO COOTBETCTBYIOIIEMY KPUTEPHUIO BKIIIOYAET CIACAYIOLINE
pazaensl.

Lkl, ..., 1.k4. Pewuenue eekmopnoit 3a0auyu - MOJEIU CIIOKHOM WHXKXEHEPHOU CHUCTEMBbI
(TeXHUYECKON CHCTEMBI) MPH 3aJaHHOM MPUOPHUTETE NEPBOT'0 KPUTEPHS, BKIIIOUAIOLIEe:

Pewiennst BEKTOpHOM 3aa4nd MaTEMaTUYECKOTO NPOTPAMMMPOBAHUS - MOJCIIH MHKCHEPHOU
CUCTEMBI IIpY paBHO3HAUHBIX KpuTepusax (Lar 1).

Br16op npuoputernoro kputepus q € K (Illar 2).

Br100p unciioBoit BenuuHbI BeIOpaHHOTO IpropuTeTHOro kpurepus qeK (Illaru 3, 4).

Pemienust BeKTOpHOM 3aaud MaTeMAaTU4YECKOTO IPOrPaMMHUPOBAHUS - MOJEIN MHKEHEPHOH
cucteMsl ipu 3aganHoM npuoputere q € K xputepus (Iaru 5 — 8).

2.kl, ..., 2.k4. Ananu3z pe3yavmamoe pPEUICHUA BEKTOPHOM 3aJaul MaTEMaTHYECKOIO
MIPOTPaMMHPOBAHUS - MOJIEITN MH)KEHEPHOM CHCTEMBI IIPU 33JAaHHOM IPUOPUTETE MIEPBOTO KPUTEPHSL.

3.kl, ..., 3.k4. TI'eomempuueckas unmepnpemayus pe3yabTaTOB PEIICHUS BEKTOPHOH 3a/1a4n
BbIOOpa ONTUMAJIBHBIX IAPAMETPOB 10 IPUOPUTETHOMY KPUTEPUIO 8 OMHOCUMETbHBIX €OUHUUAX.

4.kl, ..., 4.k4. [T'eomempuueckasn unmepnpemauus pe3yibmamos peuienus B3IMII
(pyuxuui: f,(X), ..., f(X)) ¢ npropuTeTOM MEPBOrO KPUTEPHUSI — MOJIEIN TEXHUIECKOU CHCTEMBI
IIpU IPOEKTUPOBAHUH B TPEXMEPHOM CUCTEME KOOPJNHAT 6 (pu3uueckux eOuHuyax.

1. T'eomerpuueckass uHTepnperanus pesyibTaToB pemeHuss B3MII nepBoro kputepus c
[IPUOPUTETOM NIEPBOTO KPUTEPUS — MOJEIN HH)KEHEPHOW CHUCTEMbl HpPU MPOCKTUPOBAHUU B
TPEXMEPHOM CUCTEME KOOPJAUHAT 6 u3uuecKux eOuHUuax. ...

4. I'eomeTpuueckass MHTEpIpeTanus pe3ysbraToB pemeHus B3MII yeTtBeproro kputepus c
IIPUOPUTETOM IIEPBOTO KPUTEPUS — MOJEIN HH)KEHEPHOW CHUCTEMbl IpPU IPOEKTUPOBAHUU B
TPEXMEPHOH cucTeMe KOOPAVHAT 8 (hu3uuecKkux eOuHuyax.

5.3.1. baok k1. Boioop onmumansHbix napamempos uHICEHEPHOU cucmemsl (MmexHuuecKas
cucmema) noO nepPeOMy RPUOPUMEMHOMY KpUMeEPUIO, 2e0MEemPUYEcKas UHMeEPnPemayus
pe3yaremamoeg peuienusi B3MII ¢ omnocumenvhvlx eOunuyax.

Lkl. Pewenue B3MII - mooenu cnoxicHou UHIHCEHEPHOU CUcmeMvl Npu 3a0AHHOM
npuopumeme nepeo20 Kpumepus 8 MHO2OMEpPHOU MamemMamuxe.

Kak npaBwuiio, TUI10M, TPUHIUMAIOIIIM PEIIEHHS, SIBISIETCS KOHCTPYKTOP CHCTEMBI.

Ilaz 1. Pemmaercst BeKTOpHas 3a7jaudl NIPU PAaBHO3HAYHBIX KpUTEpUsX. PemieHns BeKTOpHOM
3aaud TpeACTaBIeHO Ha cTaguu 4. UMcieHHble pe3yJbTaThl PELICHUS BEKTOPHOW 3agauu
npezcTaBiieHbl Boiie. Touku, ontuMaibheie 1o [Tapeto S°CS HaxoauTCs MEXIY ONTHMAILHBIMH
toukamu X; X153 X3 X5, Xi X3, X5 X391 X1 . IIpoBeem aHanu3 MHOKecTBa Touek [lapeto $°cS. s
ITOM LIENTU MBI COSTUHUM BCIIOMOTatenbHbIe TOUKK: X153 X5, Xi, X5, ¢ Toukoii X°, koTopast yCI0BHO
NIPEJCTaBISAET LEHTP MHOXecTBa [lapero.

Kak pesynbTar pemieHus NONYYMIIH YeThIpe MOJAMHOXKECTB Touek X €S7cS°cS,q = 1,4.
IMoaMHOKeCTBO Toyek STcS°cS BoimenenHoe Toukamu X; X5 X°X7, X1, xapakrepusyeTcs TeM,
4TO OTHOCHTENIbHAs OLEHKAa A; = Ay, 43,14, A4, TO ecTh B MOJIC MEPBOro KpUTEepus S§ HMeeT
HNPUOPUTET HAJl OCTAJbHBIMH. AHAJOTUYHO S9,83, $9- MOIMHOXKECTBA TOUYCK, XaPAKTECPU3YETCS TEM,
YTO BTOPOM, TPETUH M YETBEPTBIA KPUTEPUM HMMEET IPUOPUTET HAX APYTMMH COOTBETCTBEHHO.
MHOXeCTBO TOYEK, ONTUMaNbHBIX 110 [Tapeto, 0603HaunM: S° = §9 S35 LS3ULSY. 'eomerpuueckast
MHTEpHpeTanys KOOPJUHAT BCEX MOJTYUYCHHBIX TOYEK W OTHOCHTEJIbHbIC OLEHKU MPEICTABICHHI B
JIBYMEPHOM TIPOCTpaHCTBE {X; X3} Ha puc. 11. DTH KOOpIAMHATHI TIOKAa3aHBI B TPEX M3MEPEHHBIX
npocTpaHcTBax {X; X3 A} Ha puc. 12, e TpeThs OCh A- OTHOCUTEIIbHAS OIICHKA.
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Orpannuenus Ha puc. 12 camxensl 10 -0,5 (4T00bI ObLTH BUIUMBI OrpaHuueHus ). [lomyueHHas
nH(popMalys SBISETCS OCHOBOM JUIsl JAIbHEWIIETO HCCIeA0BaHUs CTPYKTYpbl MHOXecTBa [lapeTo.

AHanuzupyeMm, eciiu pe3yibTaThl pelIeHUs BEKTOPHOU 3a]jaul ¢ paBHO3ZHAYHBIMU KPUTEPUSIMU
HE YAOBJIETBOPSIOT JIMIO, NPUHUMAIOLIEE pELIeHHe, TO BHIOOP ONTUMAIBHOIO PpELICHUS
OCYILIECTBIISICTCS. M3 KAaKOro-Iu00 MOAMHOXECTBA TO4YEK S9,S8%,53,5%. DTH MOAMHOXKECTBA TOYCK
[Tapero noka3ansl Ha puc. 12 B Buzae pyukuuii f;(X), f,(X), f3(X), f(X).

X° ={X°,L°} = {X° = {x; = 45.4458,x, = 49.9964, x; = 4.3578,x, = 2.2,A.° = 0.6091}.

Ilaz 2. Beibop npuoputeTHoro kpurepus q € K.

N3 teopembl 1 U3BECTHO, YTO B ONTUMalbHON TOuke X° Bcerga mMMeercs aBa HauOoiee
IIPOTUBOPEUYUBBIX KpuTepus, ¢ € K u p € K, 11 KOTOPBIX BBIIOJIHAETCS TOUHOE PABEHCTBO:

A% = )\q(X") = }\p(X"),q,p eK XeS,
a JUIA OCTaJbHBIX BBIMONHSACTCS HepaBeHCcTBA: A° < A, (X°),Vk €K, q #p # k.

B mozaenu texuuueckoi cuctembl (120)-(125) u coorBeTcTByromiel A-3amaun (129) takumu
KPUTEPHUSAMH SIBIISIOTCS BTOpOM u Tpetmit: A° = A,(X°) = A3(X°) = 0.6091, T.e. BbITOIHSAETCS
YHICIIOBAasi CAMMETPHUSL.

N3 sroit maper A° = A,(X°%) = A3(X°) =0.6091 mpoTHBOPEUYMBHIX KPUTEPHEB BHIOHpPACTCS
kputepuid, kotopsiii JIIIP xoren Ob1 ymy4ymuts. Takoil kpurepuil Ha3bIBaeTCsS «IPUOPUTETHBIM
Kputepuem», obo3nauuMm ero q = 1 € K.

OTOT KpUTEPUH HCCIIETyETCsl BO B3aUMOAEHCTBUM ¢ IEpBbIM KputepueM q = 1 € K.

Buioop npuopumemmnozo kpumepus:

Ha nucnieit Beimaercs o61mast nH(GpopManust 1J1si TPUHATUS PEIICHUN:

Kpurepun B Touke ontumyma X°:

[1(X°) = {f1(X°) = 369.9, f,(X°) = 1759.6, f5(X°) = 194.9,f,(X°) = 49.3};. (141)

OTHOCUTENBHBIE OLIEHKUA B X9

A (X% = {A;(X°) =0.7452,1,(X°) = 0.6091,2;(X°) = 0.6091,2,(X°) = 0.6091}. (142)

AHTHONITUMYM:

2= fi(x2) =302.7645; £ = £,(X9) = -2417.52; f2 = f3(X9) = 170.53; £ = fo,(X)) =
—75.2.

BBIBO/: Kputepuu 2, 3, 4 Haubonee NpoTUBOPEUMBHI, U3 HUX BEIOMpPAaEM MPUOPUTETHBIN.

B nannom pasznene ucciredyemcsa nepewtii kpumepuit (pyakusi) q =1 € K

Brimaercs coollienne Ha JUCIUIEH:

g=input('Beeaute npuoputeTHbIN Kputepuii (Homep) =) — BBenu kputepwuii g=1.

Hlaz 3. DopMHUPYIOTCS YUCIOBBIE TIPEAEIIHl U3MEHEHUS BEIMYMHBI TPHOPUTETA KPUTEPHSI
q=1eK . Jlna npuoputretHoro kputepus q = 1eK onpenensroTcs H3MEHEHHUS YHCIIOBBIX
Npe/IeioB B HATYypabHBIX €IMHHUIAX IMPU Mepexojae u3 Touku ontumyma X° (116) B Touky X,
MOJIy4E€HHY0 Ha niepBoM 1are. MHpopMannoHHble 1aHHbIE 0 KpUTepun =1 BbIAAIOTCS HA IUCIUICH:

fq(X°) = 369.93<f,(X) <3929 = f,(X7),.q=1€K. (143)

AHaJOTUYHO, B OTHOCUTENIBHBIX eAUHUIAX KpuTepuit =1 nu3mMeHsiercs B CIeayonx

npeenax:
3g(X°) = 0.7452< 2, (X) <1.0 = A,(X)),q=1€K
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OTHU JaHHBIE AaHATTU3UPYETCS.
Ilaz 4. Onpepensietcs BenuuuHa npropureTHoro kpurepust e K. (Decision-making).
Ha coo0Omienue: «BBeaure BeTUUUHY NPHOPUTETHOTO KpuTepus fq=» - BBoauM, Hanpumep, f;=380.
Ilaz 5. 1ns f¢=375 eviuucnsemcs omnocumensnas oyenka.
Jnst mpuoputeTHOTO KpUTepHs f; = 380 BBIYMCIIAETCA OTHOCHTENBHAS OLEHKA:

_ fq~f{ _ 380-369.93
q = g0 T Z
fa—f  392.9-369.93

A = 0.8568,

KOTOpast IPH TIEPEXOJIE OT TOYKU X ° K Touke Xy JICKHUT B IpeJenax:
Aq(X?) = 0.7372< 2,(X) = 0.8568<1.0 = 4,(X5),q=1€K . (144)
Hlaz 6. Beraucium k03 (HUITUEHT JTUHEHHOHN anmpoKCuMaIiu
I[Ipeanonaras MMHEHHBIH XapakTep M3MEHEHHs Kputepus fu(X) B (119) m coOTBETCTBEHHO
OTHOCHUTENILHOM oUeHKH A, B (120), MCTONIB3ys CTaHAApPTHBIC NPUEMBI JTUHEHHOM allpOKCHMAlUH,
BBIYMCIMM KO3()QUIMEHT NPONOPLIMOHAIBHOCTH MEXKIY Aq(X°), Ay, KOTOPBIN HA30BEM P!

Ag—2q(X°)  0.8568-0.6091
T Ag(XD-Aq(X°) T 1-0.6091

= 0.4380,q = 1€K. (145)

Hlaz 7. Onpenensrorcs KOOPAMHATHI IPHOPHTETA KPUTEPUEB € PA3MEPHOCTBIO fj.

[Ipenmnonaraem JTMHEHHBIN XapakTep u3MeHeHus Bektopa X9 = {x; x, X3 x4},q =1
OIpeeIMM KOOPAMHATBI JJIsl TOYKH C pasMEpPHOCTBIO f; = 380 ¢ oTHOCHTENbHOM OleHKOk (132):

Xos = (X1 = X°(1) + p(X5 (1) — X° (1)),
= X°@)+ p(X(2) - x°(2),
x; = X°(3) + p(X;(3) — X°(3),

X, = X0 + p(Xs(4) - X°(4))}, (146)

e X° = {X°,A\°} = {X° = {x; = 45.4458,x, = 49.9964, x; = 4.3578,x, = 2.2,A° = 0.6091}.
X7 = {x; = 47.6032,x, = 44.1968,x3 = 8.0,x, = 2.2}.
Kaxk pesynbTaT pemenus Mbl I0Jy4UM KOOPAUHATHI TOUKU:
X1 = {x; = 46.3908,x, = 47.4561,x;3 = 5.9531,x, = 2.2000}. (147)
Hlaz 8. dopmupoBaHue IIIaBHBIX OKa3zaTenei Touxku X 9.
B nonyuennoii Touke X9, BBIYUCIUM:
BCe KPUTEpPUM B HATypanbHbeIX equnuuax fi(X9) = {f,,(X?),k = 1,K}:
[ (XT=) = {f1(X9) = 381.5, f,(X9) = 1597.9, f5(X?) = 190.4, f,(X9) = 58.6}; (148)
fk(’fq);flg'k -1k
fe=Ti
Ae(XT) = {A(X9) = 0.8733,1,(X?) = 0.7588,13(X?) = 0.4953,A,(X?) = 0.3896}; (149)

BCe OTHOCHTenbHbIe onenku kputepues: A = {11 k = 1, K, L, (X9) =

MHHUMaJIbHasi OTHOCHTENIbHAS OlleHKa: minA(XY) = rlzleilr(l(kk (X7)) = 0.3896.

P9 = [p} = 1.0,p3 = 1.1508,p} = 1.7632,p} = 2.2416];

A q
sexcrop npuopureros PA(X) = {pf = 35020 k =
k

1,K}:
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A (XD « P9 = {p] » ,(X9) = 0.8733, pl * 1,(X9) = 0.8733, pi = A;(X?) = 0.8733,
pi * 14(X?) = 0.8733}

MUHUMAaJbHas OTHOCUTENIbHAS OIICHKA!

A% = min (P14 (X9), p3hp (XD, p3hs (X9), PFAa(XD) = 0.8733

AHaJIOTHYHO MOJTyYeHbI Apyrue Touku u3 obnactu [apero X§ = {42, X?}eS°.

2.K1. Ananus pezyrbmamos peuienisi 6eKmMOPHOU 3a0auu - MOOCIU UHNCCHEPHOU CUCTEeMbl
npu 3a0AHHOM Npuopumeme Nepeo2o KpUmepusl.

Paccuurannas B (148) BenrunHa nepBOro KpUTepus Mpu 3a1aHHOM IIPUOPUTETE
fqa(X?) =381.5,q = 1€K,qeK o6buno ne pana 3amannoit f, = 380. Ommubka BeIOOpa Af, =

|fg(X?) — fa| =1381.5 — 380| = 1.5 onpenensercs omuOKoi TMHEHHOH aNIpPOKCHMAIMH:
Afqe, = 0.5%. Eciu ommbka Af, = |f,(X?) — f4| = 1381.5 — 380| = 1.5, xoTopas uzmepeHa B
Afy

HAaTypaJbHbIX €IWHHUIAX WM B IPOIEHTAX qu% = e * 100 = 0.05% , Ooxplue 3agaHHON
q

Af,Afq > Af, 10 mepexoaum k mary 2, ecnu Af, < Af, To Beraucnenns sasepimatorcs. Koney.
[lpn MopmenupoBaHMHM MOTYT OBITH HM3MEHEHBI Mapamerpudyeckue orpanudenus (101) u
¢yskuun (100), T. e. MONydeHO HEKOTOPOE MHOXKECTBO ONTHMANBHBIX pemieHuid. M3 3toro
MHOKECTBA ONTHMAJIbHBIX PEIICHUI BBHIOMPAaEM OKOHYATEJIbHBIM BapHaHT (MPOIECC MPHHATHS
pemieHuii). B mpumMepe okoHYaTeNbHBIN BapHAaHT BKIIIOYACT apaMeTphL:
X° = {X°,2°} = {X° = {x; = 45.4458,x, = 49.9964, x; = 4.3578,x, = 2.2,A° = 0.6091};
napaMeTpbl TEXHHYECKOH CUCTEMOH MpH 3a/IaHHOM ITPUOPHUTETE KpuTepus =1
X1 = {x; = 46.3908,x, = 47.4561,x3 = 5.9531,x, = 2.2000}.

3.k1. I'eomempuueckas unmepnpemayus pe3yibmamos peuerus eKmopHou 3a0ayu bloopa
ONMUMANLHBIX NAPAMEMpPo8 NO NEPEOMY NPUOPUMEMHOM)Y KpUumepuro 6 OHHOCUMENbHbIX
eOuHuuax.

Jlns reomMeTpudecKod HHTEpIpEeTalMM pe3ysbTaTOB PELIEHUS BEKTOPHOM 3ajadu BbIOOpa
ONTHMAJIbHBIX NTAPAMETPOB PELIECHUSI BEKTOPHOU 3a7a4u 10 MEPBOMY NMPUOPUTETHOMY KPUTEPHUIO B
OTHOCHTENBHBIX eauHHIax chopmupyem puc. 15.k1.

Ananornuso puc. 14, chopmupyeM OTHOCHUTEIbHBIE OLIEHKM YETHIPEX KPUTEPUEB B TOUKE
ontumyma X, A (Xp), k = 1,K (uepHblii 1BeT) U Aﬁ Xp) =1,k = 1,K (xpacHblii 1BET) M
npeacraBuM ux puc. 15.K1.

Ha tperbem mare pemenuss B3MII ¢ paBHO3HAYHBIMU KPUTEPUSIMH B TOYKaX ONTHMyMa X7,
X5, X3, X, TOIy4YeHBI BETMYUHBI BCEX OTHOCHTEIIBHBIX OIEHOK:

L(X7) 1.00 09264 0.3618 0.1139
LX) _|/0.9364 1.00 0.1991 0.0326

Lx)|| = |[0.0000 0.0000 1.00 1.0103(
L(XD) 0.3931 0.2364 0.9364 1.00

Ha puc. 15.k1 A; (X;) = 1.0000 o6o3nauena xax A5(X;)=1.

L(X*) =
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A-sa.n.al-la:,M[}H', X1 ﬂ‘1,...,J~;4[}l'l[4', 1{4"3‘] npuopuTeT 1 KpuT.MawyHuH HO.K.

123, A, (X [)=1.0862 } X )=1.17080 (X )=1.1615
—] i R A .
7 px,)=1 A 20 D= _{ A0,

~o T~ A (X_ )=0-8732d A, (X-)=0.92399
T - > U - =
08 4 (X Hp0644] = T | 7
== [34x" [)=0.75884
0.6 — e ] =1
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=
= My .
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=)
=
— 0.2 7 2 2x,")=0.11p93
D ]
0.2
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N = — i 1 - xu
0.6 }{3 I }{d T T T T ] 4—'—r'_'__T_'x:‘t-_T— 4
30 35 40 45 50 55 60 4 6 8
x1 ®3

Puc. 15.k1. A-3amaua B crcTeMe KOOPAMHAT X; X3 U A. Pe3ynbTaThl perreHus:
A8(X;) = 1,k = 1,K; oTHOCHTEbHBIE OLEHKH C IPHOPUTETOM TIEPBOTO KPHTEPHS B TOUKE

ontuMyma Xg_q: Ak(Xq=1),k =1K.

JIumeitnas Gynxnus, coeaunsomas Touku A(X°) = 0.7372 u A4(X;)=1 B OTHOCHTENBHEIX
eNMHMIAX XapakTepusyeT QYHKIHIO f;(X) B OTHOCHTENBHBIX EIMHHUIAX B YETHIPEXMEPHOM
U3MEPEHHN NapaMeTpoB Xi, ...,X, . OTa JHHEHHAs (QYHKIUS TPEICTAaBISIET T'€OMETPUYECKYIO
uHTepnossimuio  Gynkiuit  f;(X) B oTHocHTeNnbHBIX enuHHIAX u3 N-mepHOro (4-MepHOro) B
JIBYXMEPHYIO CUCTEMY KOOpPAMHAT. AHAJIOTMYHO UCCIEAYIOTCS Bce QPyHKIMU (Kputepun). B memom
Ha puc. 15.k1 B Touke X; moka3zaHa reomerpuveckasi (JIMHEHHAs ) HHTEPIIOJSINS BCeX (DyHKIIM:

f1(X) u cooTBeTCTBYIOIIAs OTHOCUTENbHAs oneHku AL (X)) = 1.0;

f>(X) ® cooTBeTCTBYyIONIAs OTHOCHTENbHAs OleHKH A5 (X;) = 0.92451;

f3(X) u cooTBeTCTBYyIOmIAs OTHOCHTENbHAs oneHKH A5 (X;) = 0.35608;

f2(X) u cooTBeTCTBYyIOmAs OTHOCHTENbHAS oneHKH A5 (X;) = 0.11216.

OTHOCHTENbHBIE OLECHKA C NPHOPMTETOM HEPBOTO KPUTEPUs B TOYKE ONTUMyMa Xg—q

Me(Xper) = f1Xq=1)=1¢

* 0 )k = L_K-
fe =Tk

Me(Xg=1) = (M (Xg=1) = 0.8791, 1, (X4=1) = 0.7654, 13(X4=1) = 0.4845,1,(X ;) = 0.3788};

Pe3ynbrathl pelieHrs MoKa3bpIBaloT, YTO MAaTEMaTHYECKUE PE3YJIBTATHI MOJTHOCTHIO COBMAIAIOT
C TE€OMETPUYECKUMHU.
4.k1l. TIeomempuueckas unmepnpemayus pesyiomamos peuienus B3IMII (¢pynxuui:

LX), ..., fu(X)) ¢ npuopumemom nepgoco Kpumepus — MoOenU MEXHUUECKOU CUCmeMbl Npu
NPOEKMUpOBAHUU 8 MPEXMEPHOU cucmeme KOOPOUHAm 6 Pu3uiecKux eOUHuUax.

UcxonHoit mHpopmammen I1s TeOMETPUYECKOH HHTEpIpeTalu pe3yibTaTOB PELICHHS
BekTOpHOH 3a1aun (B3MII) ¢ npuopureTom nepBoro KpUTepus sIBISIFOTCS:
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Pazoen socypnana: Mamemamuueckue u ecmecmeennvle HayKu
Hanpaenenue ucciedosanus: Qusuko-mamemamuyeckie Hayku

napaMeTpbl TOYKH ONTHMYyMa IPH PAaBHO3HAYHBIX KPUTEPHSIX:

X° = {X°\°} = {x; = 45.4458 ,x, = 49.9964, x; = 4.3578,x, = 2.2,A.° = 0.6091} ,
paccuuTaHHOM B JIByXMEpPHOM cucTteMe KOoopAMHAT Xxq,X3 (cM. Puc. 11) u mpexncraBneHHOW B
TPEeXMEPHON CUCTEME KOOPJUHAT X1, X3 U A B OTHOCUTEIBHBIX eIMHUIAX Ha puc. 12, 13, 14.

Hccrnenyem u mpenctaBUM MapaMmeTpbl IOCIEJOBATENBHO JUISl KaKJOW XapaKTepUCTUKH
crpykrypsl Matepuana (kputepus): f1(X), f,(X), f3(X), fo(X) B usuueckux eounuyax.

1. I'eomempuueckan unmepnpemauusn peszyavmamos peuienus B3IMII ¢ npuopumemom
nepeo2o kpumepus — nepeoii xapaxmepucmuxu f;(X) npu npoexmuposanuu 6 @usuueckux
eOUHUYAXx.

Ha Puc. 16.K1 wuccnemopanbl: Touku ontumyma Xi , Xg—q , C COOTBETCTBYIOLIMMH
OTHOCHTEIBHBIMH OLECHKaMH Aq(X1) , A;(X4=q) ; nuHeiinple (yHkuumm B KoopauHarax: A° —

M (X q=1) u A° — 24(X{) B OTHOCHTENBHBIX €IMHHUIAX, KOTOPHIE XapaKTepu3yeT GyHkimo f;(X) B

YETHIPEXMEPHOM M3MEPEHHUH MAPAMETPOB X, ..., Xy4.

[TepBast XxapaKTEpPUCTUKA TEXHUIECKOH cucteMbl f; (X):

max f; (X)=323.84 — 2.25x, — 3.49x, + 10.72x; + 13.124x, + 0.0968x,x, —
0.062x;x3 — 0.169x;x, + 0.0743x,y; — 0.1x,x, — 0.0036x3x, + 0.0143x% + 0.0118x3 —
0.2434x2 — 0.5026x2 .
(GU3HIECKUX CIUHUIAX C MIEPEMEHHBIMU KOOPANHATAMH {X; X3} U C TIOCTOSHHBIMH KOOPJHHATAMHU
{x, = 49.99,x, = 2.2} na puc. 16.k1.

[Ipu pacuere no uemslpem nepemeHHviM Xy, ..., X, KOOPIAUHATHI TOUYKU U (YHKIIHS TIEPBOTO

IIpencraBuM reomerpuueckytro uHTeprnperanuo ¢ynkipn f;(Y) B

KpUTEPHUS [IPH YEThIPEX NMEPEMEHHBIX HA MAKCUMYM:
X; = {x, = 47.6032,x, = 44.1968, x5 = 8.0,x, = 2.2}, f; = f1(X}) = —392.9.

Function f2(X)->min in Vector Optimization. MawyHuH K0.K.
2500 rzﬁgxz?)=2417.5206

Function f1(X)->max in Vector Optimization. MawyHuH H.K.

600 =
fqulfh?lza.ss?a
500 B 2000 — \\\ fz(X°)=1?595fﬁ
X, )=407.9233 S 10C_)=1507.85¢ X 56.5736
400 s Y 7.97

X, )=382.0088

Y 8.1
(X, )=38| Z408.364

1500 | Z1337.38
4 (X )=1337.3811

")=1162.963

F1

N 1000

|
|
|
|
|
|
|
|
|
|
|
500 = |
|

w777 1 1
X3 3 40 s s 7 3 4 5 6 7 8 9
X1 X3

Puc. 16.k1. ®ynkuus f;(X) ¢ npuoputerom
MEePBOr0 KPUTEPHS B JIBYXMEPHOU CHCTEME
KOOPIHMHAT X; X3, TCOMETPUYCCKASI

uHTepnpeTanus QyHKIUU fi (X 1,q=1) B CHCTEME

KOOpIMHAT X1 Xp X3 X4 B QU3NYECKUX €TUHULIAX

Puc. 17.k1. ®yukuus f,(X) c npropureTom
IIEPBOTO KPUTEPUSI B IBYXMEPHOM CHCTEME
KOOPJHMHAT X; X3, TEOMETPUYCCKAsI

uHTeprpetanus GyHkuuu f, (X 1,q=1) B

KOOPIMHATAXXy, . ., X4 PU3UUECKUE e JUHHULLbI

&
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Hanpaenenue ucciedosanus: Qusuko-mamemamuyeckie Hayku

Function f3{X}->max in Vector Optimization. MawyHux K.K.

Oy
250 X)=1926

200 . (E’;%F‘ITO.EBU

150 —

|
|
|
|
|
™
w1004 I
|

30 4
40 50 50 0

X1

Function f4(X)->min in Vector Optimization.MawyHruH 10.K.

X 63
Y 8.1
Z94.5323

<)=94.3384

120

100 -

i, 2%, %)=75.2051

X 44
Y 4.6
Z249.3106

80 -

60

F4

40

20

20 30 4 s 4
60
X1 . X3

Puc. 18.k1. ®yuxims f53(X) ¢ npropureTom
IIEPBOTO KPUTEPHUS B IBYXMEPHOM CHCTEME

Puc. 19.k1. ®yuxius f,(X) B 1ByxMepHOit
CHCTEME KOOPJMHAT X; X3 M F€OMETpHYECKast

KOOPJIHUHAT X X3, FEOMETPUYECKAs]
P 1 P UHTEpIpeTanus QyHKIUHN f4(X1,q=1) C

uHTepnpeTays GQyHKmu f3 (Xl,q=1) B
IPUOPUTETOM IIEPBOrO KPUTEPHSL B CUCTEME

KOOpAMHATAX X1, ..., X4 B (PM3MYECKUX €IMHUIAX. | KOOPAMUHAT Xq,.., X, B PU3MUECKUX CAMHUIIAX.

Ha pucynke 16.k1 o6o3nauena kak f{*(X;) = —392.9;
Xlomax= {x; = 47.6032,x; = 8.0} (na puc. 16.kl obo3naueHa kak X;) mpu pacyere ¢
08YMA NEPEMEHHBIMU X1, X3 W IBYMS IOCTOSSHHBIMHU X5, X4.
B 1ByXMepHO#t crcTeMe KOOPIMHAT X, X3 BeJIMYHHA IeJeBoi GpyHkuuu paBHa fi1=f1(X7) =
407.92. (Yepnsiii 1Bet). B cuicteme MATLAB o6o03naueno kak f; (X7)=407.92.
KoopauHaThel TOUKH U QYHKIIUS TIEPBOTO KPUTEPHSI HA MHHUMYM:
B Touke onTUMyMa B yemblpexmepHoti cucteMe koopaunat X{ = {x; = 33.9, x, = 59.0,x3 =
2.1,x, = 7.0} BenuuuHa neneoii Gpynkuuu pasHa f)=f;(X?) = 302.76.
B nByxMepHOU crcTeMe KOOPJMHAT X4, X3 BEJIMYHMHA IeJICBOW (DYHKIIMU paBHA
FX1omin =310.0. (Yepnsiii 1uBer). Koopauuater Touku X1lomin = {x; = 33.90,x, = 49.9964,
x3 = 2.10,x, = 2.1}, BenuunHa nesneBoi pynkuun FX1omin =310.0.
KoopauHaTsl TOYKH U QYHKIIHS IEPBOTO KPUTEPUS MPH PABHO3ZHAYHBIX KPUTEPHUSIX:
Koopaunate! Toukn X° = {x; = 45.445, x; = 4.3578}. Benuuunna neneBoit pyHKIIHH:
f1(X°) = 369.9. A° = A,(X°) = A3(X°)=0.6091. OtHOCHUTEIbHAS OLIEHKA C IPHOPUTETOM IIEPBOTO
fl(Xq=1)_f10
fi-fP
B ¢usnveckux equHMIIAX BEIMYUHA MIEPBOTO KPUTEPHUS C MIPUOPUTETOM B TOUYKE ONTHMyMa

KPUTEPHS B TOUKE ONTUMYMA Xg—1: 7\1(qu1) = = 0.8733.

X4=1 paBHa fl(Xq=1) = 381.5 Onm3Ka K 3a1aHHOU fl(Xq=1) = 380 (PuoneToBkIN 1IBET).

JIuneitnas Qynkmms, coemuHstomas Touku f;(X°) m f{ (X;) B (U3NUECKUX €IMHMIIAX
xapakrepusyeT QyHKIHO f;(X) B 4eThIpeXMEpHOM H3MEPEHUH MapaMeTPOB X, ..., X4.
A B menom orpesku fA(XD) - fi(X°) - f2 (XY ) mpencraBisioT TeOMETPHUECKYIO

uHTeprpeTanuio GyHKIuH f;(X) B 4ETBIPEXMEPHOM U3MEPCHHH MAPAMETPOB X1, ..., Xy4.
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2. TI'eomempuueckaa unmepnpemauusa pezyiomamoé peuwienus B3MII — emopoii
xapakmepucmuku f, (Xz,q=1) C NpUOpUMemom nepeoco Kpumepus - mexHu4ecKol cucmemsvl npu

NPOEKMUPOBAHUU 8 PUUYECKUX eOUHUYAX.
Ha Puc. 17.k1 wuccnemoBanpl: TOYKM onTuMyma X, , X34=1 » C COOTBETCTBYIOIMMHU

OTHOCHUTENILHBIMU OLEHKaMU Ay (X3) Az (X3 q=1), a TakKe TMHEHHbBIE QYHKIINH
A°A, (X 2,q=1) — 25(X3) 1° B OTHOCHTENBHBIX IMHHUIIAX, KOTOPBIE XapPAKTEPU3yeT (ByHKIIHIO

f2(X2,4=1) B 4ETHIPEXMEPHOM M3MEPEHHUH TTAPAMETPOB X1, ..., X4.

BTopast xapakTeprcTHKa TEXHHUECKOM cucTeMbl [, (X):

min f,(X)=795.72 +23.89x, +30.866x, -25.8586x; -45.0026x, -0.7683x;x, +0.4703x,x5
+0.7472x,x,-0.1283x,x3+0.3266x,x,-0.0112x3x,+0.0398x2+0.0365x2 +3.2x3+2.6457x2.

[IpencraBMM reOMETPHUYECKYIO MHTEPIPETANi0 GyHKIUIO f,(X) B QU3HMUECKUX eAMHMIIAX C
MEPEMEHHBIMH KOOPJMHATAMH {X; X3} ¥ C IOCTOSHHBIMH KOOpJMHaTamMu {x, = 49.54,x, = 2.2},
B3sIThIC U3 ontuManbHoOM Touku X° (130) Ha puc. 17.K1.

KoopauHaThl TOYKU U QYHKIMSI BTOPOTO KPUTEPHS HA ONTUMYM (MHHUMYM):

7 = f2(X3) = 1337.4; [lapametper: X, = {x; = 56.60,x, = 35.1964,x; = 8,x, = 2.2}

TIpH pacueTe 10 YeThIpeM IepeMeHHbIM. Ha pucynke o6o3nauena kak f5 (X;) = 1337.4.

B cucreme MATLAB o603naueno xak f£(X;) = Z = 1337.38.

X; ={x; = 55.6,x3 = 8.0} (ma puc. 17.k1 obo3Hauena kax X,). B nmByxmepHo#l cucreme
KOOPJHHAT X, X3 BEIMYMHA IeeBoi GpyHKImu paBHa f, =f,(X;) = 1163.0. (UepHblii 11BeT).

Koopmunatel Toukn munumyma (Hawmxymmee perieHue it KpuTepus Ha MIN sBIseTCS
MaKCHUMAaJIbHBIM YHCJIOBBIM 3HaueHHeM) B Touke X9 = {x; = 31.9,x; = 2.1} BenuuuHa IeneBOil
Gynxiuu F=f,(X2) = 2179.9.

Benuunna 1eneBoii GyHKINK B 4eTHIpeXMepHOil cicTeMe KoopauHat fi'(X9) = 2417.5.

KoopauHaTel TOUKH U QYHKIUS BTOPOTO KPUTEPHUS MPH PABHO3ZHAYHBIX KPUTEPHAX:

Koopnunatel Toukn X° = {x; = 43.9,x3 = 4.348}. BennunHa 1ieneBoii GQyHKIIMN

f2(X°) = 1759.6. OTHOCUTENBHAS OICHKA C MPHOPUTETOM IIEPBOIO KPUTEPHS B TOUYKE
fo(Xq=1)-13

-1

B ¢usnueckux enquHHUIIAX BEIWYMHA BTOPOTO KPUTEPHUS C MPHOPUTETOM B TOUKE ONTHMYyMa

ontuMyma Xg_; BTOPOTO KPHTEPHS: A, (Xq=1) = = 0.76574.
Xq=1 paBHa f, (Xz,q=1) = 1597.9. (Iloka3zana (hUOIETOBBIM LIBETOM).

JIumeitnas dynknus, coemuusomas Touku f,(X°) u ff (X;) B QU3MUECKHMX eIMHMIAX
xapakTepusyeT GyHKUuIo f,(X) B 4eTbIpeXMEpPHOM M3MEPEHUHU MAPAMETPOB Xi, ..., X4. A B IIEJIOM
otpeskn f£(X3) -fo(X°)- f£ (X)) npencTaBasIOT reOMETPHUECKYI0 HHTEPIONSIMIO (yHKIIHHI
f2(X) B 4eTbIpexMEepHOM H3MEPEHHU APAMETPOB X1, ..., Xy.

3. T'eomempuueckaa unmepnpemauusn pe3zyavmamos peuienus B3MII — mpemoei

xapakmepucmukxu f (X3,q=1) C NPUOPUMEMOM NEPEO20 KPUMepus - mexHuueckou cucmemvl npu

NPOEeKMupOBaHUU 8 u3UIecKux eOUHUYAXx.
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Ha Puc. 18.kl wuccnenosanpl: TOukM ontumyma X3 , X3g-q, C COOTBETCTBYIOLIMMH
OTHOCHTELHBIMH OLCHKAaMH A3 (X3) A3(X34=1). Jluneiinbie Gynkuun A°A; (X 3'q=1) —253(X3) 2° B

OTHOCHTEJILHBIX €IMHHIAX, KOTOPHIE XapakTepusyeT QyHKIMIO f3(X34-1) B YETBIPEXMEPHOM
U3MEPEHHHU MapaMeTPOB Xy, ..., X4. TpeThs Xxapakrepuctuka f3(X):

max f3(X)=110.22 4+ 0.7918x; + 1.73x, — 0.3713x3 — 2.20x, — 0.0132x,x, —
0.008x;x3 + 0.0193x;x, — 0.0172x,x3 + 0.0161x,%, — 0.0006x3x, — 0.0004x7 —
0.0002x2 + 0.0335x3 + 0.124x3}.

[IpencraBUM reOMETpUYECKYIO HHTepnperauio GyHkuuu f3(X) B QuU3HMUECKUX SIUHHUIAX C
MEPEMEHHBIMH KOOpAWHATAMHU {X; X3} M C MOCTOSHHBIMU KoopauHaTamu {x, = 49.54,x = 2.2},
B3SThIE U3 ONTUMAaILHON TOUkH X° Ha puc. 18.k1.

KoopauHaTbl TOUKM U QYHKLHUS TPETHETO KPUTEPHSI HA MAKCHMYM:

X; ={x; =3390,x, =59.00,x3 = 2.1,x, = 7.0}, f57 = f3(X3) = —210.57
TIpH pacyeTe Mo yeThipeM nepemMenHbiM. Ha puc. 18.k1 o60o3Hauena kak fL(X3) = —210.57

X3 ={x; =33.9,x3 = 2.1} (na puc. 18.k1 o60o3HauycHa KaK X3).

B nByxMepHO# cucTemMe KOOpAuHAT X1, X3 BEIUYMHA LeeBON (QYyHKIMU paBHa!
f3=f3(X3) = 196.83. (Uepnsrii user) Bennunna nenesoit Gpyukiun f3= 196.83.

KoopauHaThl TOUKM MUHEMYMa B Touke X9 = {x; = 78.16,x; = 8.0}

BeMuuHa 1enesoit Gyukuun fL=f;(X39) = 192.69.

BenuuuHa 11es1eBoii (yHKIMM B 4eTHIpEXMEPHOi cucTeMe koopaunat f3 (X<) = 170.53.

KoopauHaTtel TOYKM M (YyHKIUS TPEThETO KPUTEPHsl NMPH PABHO3ZHAYHBIX KPHTEPHUSX:
Koopaunats! Toukn X° = {x; = 43.9, x3 = 4.348}. Benuunna neneBoit GpyHKIMU:
f3(X°) = 194.9.

OTHOCHTENBHAS OLIEHKA C TPHOPUTETOM MEPBOIO KPUTEPHS B TOUKE ONTUMYMA X;—1 TPETHETO
fs(X3.q=1)—13

fi=13

JIuneitnas Qynkmus, coemuHsiomas Touku f3(X°) u f£(X;) B (U3NUECKUX eIMHMIIAX

KpUTEpUS: )\3(X3,q=1) = = 0.48683. ®dusnueckas BeITUYMHA f3(X3,q=1) = 194.9.

xapakTepusyeT GyHKIUIO f3(X) B YeTbIpeXMEPHOM M3MEPEHUU MAPAMETPOB Xq, ..., X4. A B IIETIOM
otpeskn fL(X]) -f3(X°)- fA(XJ) mpencTaBnsIOT reOMETpHUECKY0 MHTEpIpeTauio (GyHKIHH
f3(X3,4=1) B UETHIPEXMEPHOM M3MEPEHUH TTAPAMETPOB X1, ..., X4.

4. I'eomempuueckan unmepnpemavusn pesyavmamoe peuienus B3IMII — uemeepmoit

Xapakmepucmuku f4(X4,q=1) C npuopumemom nepeo2o Kpumepus mexHudecKkol cucmemvl npu

NPOEeKMUpPOBaAnHUU 8 PUUYECKUX eOUHUYAX .
Ha Puc. 19.k1 wuccnemoBanbl: TOYKM onTuMyma Xy , X4,q=1 , C COOTBETCTBYIOLLIMMHU

OTHOCHTENbHBIMH OLEHKaMU Ay (X3) A4(X44=1), @ Taxke nuHeiiHple Qynkiuu A° )\4(X4,q=1) —

A5 (X;) A° B OTHOCHTENBHBIX €IMHHUIAX, KOTOPHIE XapaKTepu3yeT (GyHKIHUIO fa(X44=1) B
YETHIPEXMEPHOM H3MEPCHUH MApaMETPOB Xq, ..., X, . UeTBepTas XapaKTePHCTHKA TEXHHYCCKOU
cucteMbl f4(X):
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max f,(X)=21.004 — 0.0097x; — 0.841x, — 0.4326x3 + 1.1723x, + 0166x,x, +
0.085x;x3 — 0.0001x;x, + 0.0523x,x5 + 0.0002x,x, + 0.0006x3x, — 0.0022x2 +
0.0035x% + 0.006x3 — 0.0311x2}}.

[IpenctaBUM TeOMETPUYECKYI0 HHTEPIpEeTalio (QYHKIIHIO f4(X4,q=1) B (U3NYECKUX

eNMHHULAX C TEPEeMEHHBIMH KOOPJMHATaMU { X X3} M C IOCTOSHHBIMH KOODJHMHATAMHU X, =
{49.54, x, = 2.2}, B3sThIc U3 onTHMaNbHOU ToukKu X ° Ha puc. 19.k1.

KoopauHaTel TOUKH 1 GYHKIHS YETBEPTOrO KPUTEPHS HA MAKCUMYM:

X; = {x; =38.70,x, =59.00,x3 = 2.1,x, = 2.2}, f; = fo(X;) = 32.68 npu pacuere 1o
yeTeipeM nepemennbM. Ha puc. 18.k1 o603nauena xax f2(X;) = 32.68

X; = {x; = 38.70,x3 = 2.1}. B nByxMepHO#i cuctemMe KOOpAMHAT X, X3 BEIMYHMHA LIEICBOI
¢byukuuu pasua f, =f,(X;) = 30.06. (Uepusiii user) Bennunna uenesoit Gpyukuun f,= 30.06.
KoopiMHaThl TOUKU M QYHKIMS YeTBEPTOro kputepus Munumyma: X2 = {x; = 63.46,x; = 8}.
BenuuuHa 11es1eBoi (yHKIMH B 4eTIpeXMEpHOii cucteMe koopauHar f = f{(X;)=—75.205.

KoopauuaTel TOukM M (yHKIUS YETBEPTOrO KPUTEPHs MPH PABHO3HAYHBIX KPHTEPHUAX:

% ={x; = 45.4458,x; = 4.3578}. (puc. 18.k1l obo3HaueHa kak X°).

Bennuuna nenesoit dynkmum f, (X°) = 49.3.

OtHOCHUTENIbHAS OLEHKA C NPMOPUTETOM IEPBOIO KPUTEPHA B TOYKE ONTUMyMa Xg_q
f4(Xq=1)—f40

e = 0.38154. B ¢usnyeckux ¢IMHUINAX BEIUIHHA
4~ J4

YETBEPTOTr0 KPUTEPHUS: ?\4(Xq=1) =

YETBEPTOTO KPUTEPHUs. C TPUOPUTETOM B TOYKE ONTHMymMa X,_; paBHa f4(X4,q=1) = 58.6.

(IToxazana GpuOJIIETOBBIM I[BETOM ).

JIumeitnas Qynkmus, coeauusiomas Touku f;(X°) u f2(X;), B GU3HIECKMX eXMHMIAX
xapaktepusyeT QyHknuo f,(X) B 4ETBIpEXMEPHOM U3MEPCHHH MAPAMETPOB X1, ..., Xy4.
A B menom otpesku f(X;) -fo(X°)- fA(X?) npencTaBnsioT reoMeTpHUYECcKyI0 MHTEPIIOJNSIIHIO
¢byskuun f;(X) B 4eTBIpEXMEPHOM W3MEPEHUU MTAPAMETPOB X1, ..., X4.

5.3.2. baok k2. Boioop onmumansHvix napamempos uHICeHEPHOU cucmemsl (MmexHuuecKas
cucmema) no 6mMOpPOMYy RPUOPUMENMHOMY KPUMEPUIO, 2e0MEMmPUYUECKas UHmepnpemauus
pe3ynomamos peuwienus B3IMII, ¢ omnocumenvnwvix eOunuyax.

B paspene mpencrtaBieHO pemieHHME BEKTOPHOM 3a/add - MOJENH CIOKHOW HHYKEHEPHOU
CUCTEeMBI (mexHuueckol cucmemvl) TIPU 33JaHHOM HpUOpuUmeme 8mopo20 Kpumepusa Ha 0aze
MHOTOMEPHO# MaTeMaTuKu. bok K2 BBIMONIHEH TOYHO IO TOMH ke cxeme, uTo u 0710k K1.

B pasgene mpencraenensl mar 2, 3, 4 u ['eomerpruueckas MHTEpHpeTanusl pe3ysbTaTOB
pelleHrs BEKTOPHOW 3a/layd BhIOOpa ONTUMAJIBHBIX MapaMeTpPOB IO BTOPOMY MPHOPHUTETHOMY
KPUTEPHUIO B OTHOCUTENBHBIX €ANHUIIAX.

Ilacz 1. BeinosiHsieTCA aHAJIOTUYHO, KaK ISl IEPBOTO KPUTEPUS
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A-sa.u.aqa:.hﬂ}{f, x1 5‘],...,.&4[}(4', 1{4‘5‘] npuoputeT 1 KpuT.MawyHuH HD.K.

(X, )=1.1708 ..12(}(2-}=‘1 1615

1.2 4 - . .
ATEC )= A (2, )=1.0562 A2 )= Bk, )=
14 T L poix )=t X Qgm0 B3, Aix "y=0.9363
T = - >AX |y=0.88139
0.8 — -.L — - = 2 =3
h (X J)FD.6441 Sx_ o -
0.6 — —
w X (A4 |)=0.33859
= 0.4 AT i=0.24814 |, AL,
2 s 14050 A 2ix_T)=0.1990
S 0.2 J.f‘p(__'*;—n_nazs

40 45 50 4
55
w1 a0 x3

Puc. 15.k2. A-3anaua B cucTeMe KOOPAUHAT X1 X3 A.
Pesynprarel pemenus: A4(X;) = 1,k = 1, K; OTHOCHTE/IbHbIE OIGHKH YETHIPEX KPHTEPHEB

C IIPUOPUTETOM BTOPOTO KPUTEPHUS B TOUKE ONTUMYMa Xg—p! Ay (X q=2); k=1K.

Ilaz 2. Beibop npuoputetHoro kpurepus q € K.

W3 maper A° = A, (X?) = A3(X°)=0.6091 npoTUBOPEUNBHIX KPUTEPUEB BBIOUPACTCS
Kkputepuid, kKoTopsiid JITTP xoten Ob1 yayummts. Kputepuit Ha3pIBaeTCst « IpPUOPUTETHBIM
kputepueM», q = 2 € K. Uccnenyercs B cBa3u ¢ kputepueM q = 1 € K.

Buvioop npuopumemmnozo kpumepusa: Ha TUCIUICH BbIIaeTCs oOmas nHGopmaiys st
MPUHATHA penieHuil: Kpurepun B TOUKe ONITUMyMa:

° = {x, = 45.4458,x, = 49.9964, x; = 4.3578,x, = 2.2,1° = 0.6091}:
[1(X°) = {f1(X°) =369.9,f,(X°) = 759.6, f3(X°) = 194.9,f,(X°) = 49.3}. (150)
OtHocurenbubie orienkd B X°: LX0 ={0.7452  A,(X°) =0.6091 0.6091  0.6091}. (151)

MBI uccneyeM 3T 1Ba KPUTEPHS U3 BCEr0 MHOKeCTBa kputepueB K = 4, moka3aHHBIX Ha
puc. 15.k2. Beinaetcst cooOuieHne Ha TUCTIICH:

g=input('Beeaute npuoputeTHbIN Kputepuii (Homep) =) — BBenu kputepuii =2.

a2 3. ®opMUPYIOTCS YUCIIOBBIE TIPEAEIbl U3MEHEHUS BEIMYMHBI IPHOPUTETA KPUTEPHUS ('

fq(X°) = 1759.68< f,(X) < =1337.38 = f,(X;),q € K. (152)

AHaJOTUYHO, B OTHOCUTENIBHBIX EIUHUIAX KPUTEPUN (=2 U3MEHSETCS B CIEAYIOUINX

npezenax: Aqy(X°) = 0.6091 <A, (X)<1 =12, (X;), q = 2 € K. OTu 1aHHbIE aHAIM3UPYETCS.

Hlaz 4. Onpenensiercst BenuunHa npuopuretHoro kpurepus K. (Decision-making).
Ha cooOmienue: «BBenure BeMUUUHY PHOPUTETHOTO KpuTepus fq=» -
BBOAMM, Tq=>=1500.
f,(X°) =—-1759.6 < f,(X) = 1500 < f,(X;) = —1337.38
Jlanee BBIMOIHAIOTCS IO aHAJIOTHH ¢ TIepBBIM Kputepuem: Illaz 5, ..., Illaz 8.
TI'eomempuueckan unmepnpemayus pe3y1bmamos peuleHus 6eKMopHoll 3a0aiu 8slbopa
ONMUMANLHBIX NAPAMENMPOE NO 6HOPOMY RPUOPUNIENHOMY KPUMEPUIO 6 OMHOCUMETbHbIX
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eounuyax. Ananorundso puc. 15.K1, chopmupyem OTHOCUTEITBHBIC OLICHKH YEThIPEX KPUTECPHUEB B

touke ontumyma X, A,(Xp), k = 1,K (uepHslii BeT) U /1% Xp) =1,k = 1,K (xpacHslif iBeT).

[MpencraBum ux puc. 15.k2.
Amnanornyno pucynkam 16.k1,

., 19.k1 ¢opmupyemcs eeomerpudeckass MHTEpPIpPETALUS

pe3ynbraroB peweHuss B3MII ¢ npuopurerom BTOPOro KpUTEpuss — MOJEIN TEXHUYECKOW CUCTEMBI

IIpU IPOCKTUPOBAHNU B TpeXMCpHOﬁ CUCTCMC KOOpAHNHAT B (I)I/I3I/I‘-ICCKI/IX eAUHNLaX.

puc. 16.k2, ..., 19.k2.

Function f1(X}->max in Vector Optimization. MawyHwuH K.K.
600
(X ] )=407 9732
g(xq_f:&as 603
BAB8IN T, =392 9088

500 —

400 =

300

F1

200 4

100 —

5560 Function f2(X)-=>min in Vector Optimization. MawyHuH 0.K.

f 3(x %)=2417 5206
2 T&
2000 - PR
D,
~ _f(X ©)=1759.576

R oo

#=1337.3811

|
|
m 1000 < : 162.963
f
500 - |
|
|
|
0 XY
~——— T
se0d) | | P®
73\'\'\'\'\ T T T T T T
50 3 3 4 5 6 7 8
X1 X3

Puc. 16.k2. ®yukius f; (X) ¢ npuopureTom
BTOPOT'O KPUTEPHS B IByXMEPHOI CHCTEME
KOOPJMHAT X; X3 M A, TCOMETpUUCCKas

uHTEepHpeTanus QyHKIUU f (X 2’q=2) B CUCTEME

KOOPIMHAT X1 Xy X3 X4

Puc. 17.k2. ®yukuus f,(X) ¢ npuopurerom
BTOPOTO KPUTEPHUS B IBYXMEPHOM CHCTEME
KOOPJIMHAT X; X3 U A, TCOMETPHUCCKAs

uHTEepnpeTanus GyHKIuU f, (Xz‘q=2) B

KOOPIMHATAX Xq Xy X3 X4

Function f3(X)->max in Vector Optimization. MawyHuH K.K.

250 4

A =
£, )=210.5729 o f(X)=192.6

200 ~
12X =170.530
150

2 1004

|
|
|
|
|
|
|
50 = |
|

50 — :

Function f4{X)-=>min in Vector Optimization.MawyHuH K0.K.
120

100 —

1 1x Bee4.3084
80 — >
4 1,00, YF75.2051

60 —

F4

40 —

20 ~

: SRR
20 ‘\Nl\rw_'—rﬂ'__'__r_/
s 3 4 S0 80 70
X3 X1

Puc. 18.k2. dynkuus f3(X) ¢ npuopurerom
BTOPOTO KPUTEPHS B IBYXMEPHOI CHCTEME
KOOPIHMHAT X; X3 U A, TeOMeTpHYECcKast

uHTepIpeTanus GyHKIuu f; (X 2,q=2) B

KOOPJMHATAX X1, ..., Xg4.

Puc. 19.k2. ®ynxuus f,(X) B 1ByXMepHOit
cUcTeMe KOOPJHMHAT X1 X3 U A
reoMeTpuyecKasi HHTeprperanus GyHKIuI

f4(X 2,q=2) C IPUOPUTETOM BTOPOTO KPUTEPHUs

B CHCTEME KOOPJIMHAT X1, .., Xy4.

Komney bnoxa 2.

&
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Pazoen JACYypHAIA: Mamemamuueckue u ecmecmeenHbvie HayKku
HCII’Zle(i'.'Z(:‘Hlt(,’ uccnedosamnust: QuzuKo-mamemamudecKue HayKku

5.3.3.bnoxk 4.k3. Hccnedosanue, 6v100p ORMUMANbHBIX NAPAMEMPOE C/IONHCHOU
UHMCEHEPHOU  cucmembl  (MexXHUUecKoil  cucmemul) pyukyuii:  f1(X), ..., f4(X) ¢
npuopumemom mpemveco Kpumepus, 2e0MempuyecKas UHMEPnpemayus pe3yiomamos
peuwienus B3MII 6 omnocumenvnvlx eOunuyax.

B pasmene  mpenctaBieHO — pelIeHHE

MIPOTPAMMHUPOBAHUS - MOJEIU CJIOKHON HWH)XCHEPHOW CHCTEMBI TIPU 3aJaHHOM HpUOpumeme

BEKTOPHOM  3aJayd  MaTeMaTHYeCKOIo
mpemuveco Kpumepusa Ha 6a3e MHOTOMEPHOI MaTeMaTUKU.

Fbnok K3 BBIIOTHEH TOYHO 110 TO# e cxeme, 4To u 0ok k1. B pa3nene npeacrasiieH mar 2,
3, 4 u T'eomerpuueckas HMHTEpIIpETAlMsl PE3YIbTaTOB PEHICHUS BEKTOPHOM 3amauu BbIOOpa
ONTHMAJIbHBIX IAPAMETPOB IO TPETHEMY IIPUOPUTETHOMY KPUTEPHUIO B OTHOCUTENIBHBIX €ANHUIIAX.

Hlaz 1. BeinonHseTcst aHAIOTUYHO, KaK JUIs IEPBOTO KpUTEPUS.

Hlaz 2. Beibop npuopuretHoro kpurepus q € K.

N3 maper A° = A,(X°) =2A3(X°) = 0.6091 npoTHBOPCUMBBIX KPHUTEPUEB BBIOUPACTCS
kputepuii, kotopeiid JIIIP xotenm Obl yayumuTh. Takol KpUTEPH HA3bIBACTCS «IPHOPUTETHBIM
Kputepruem», 0003HauuM ero q = 3 € K. DTOT KpUTepHil ucclieayeTcs BO B3aUMOICHCTBUU C
nepBbIM KputepueM q = 1.

Buvioop npuopumemmnozo kpumepus. Ha pucruieir BbigaeTcs oOmias uH(poOpMamus Jist
npuHATHS perrenuid. Kpurepuu B Touke ontumyma X ©:

X° = {x; = 45.4458,x, = 49.9964, x; = 4.3578,x, = 2.2,4° = 0.6091}:

Fi(X®) = {£,(X°) = 369.9, f,(X°) = 1759.6, f3(X°) = 194.9,f,(X°) = 49.3}. (153)
OTHOCUTENBHBIE OIIEHKU B X 9;
LXo={0.7452 0.6091 2A,(X°) =0.6091 0.6091}. (154)

MBI uccneyeM 3T 1Ba KPUTEPHSI U3 BCEr0 MHOKeCTBa kpurepueB K = 4, nmoka3aHHbIX Ha
puc. 15.k3. Beinaercst cooOuienne Ha TUCTIICH:
g=input('Beeaute npuopuTeTHBIN Kputepuit (Homep) = ") — Beeau kpumepuii q=3.

A-3a.qaqa:,\1[x1', X1 ‘5],...,;\4[}(4‘, J(45‘] npuopuTteT 1 KpuT.MawyHuH K.K.

(X =1.1708 JX)=1.1615
. . LT
1.2 ) A (% 1)=1.0562 A2 =1 A, =1
ARy =1 0305 7 -7
HEEREE P }R =1 e -
1 - bt -
Il e -
0.8 ) x Hosaar [t K OTI38Ar
3 %63,,/
0.6 1 [Xq-::"EIJ"E"':I'}-c
Fa

® ~

0.4 — ok
= (X )F0.43519
£ e
4] ]
8 02 27

0 — - (x3°}=§58133mem3
0.2
0.4 = = : o
Jiiff_‘iiﬂi: X, 1/’ X,
" . 8
—DE A3 T 4\‘1 | T T | T 1/ 5
30 35 40 45 50 55 60 x3
x1

Puc. 15.k3. A-3a/1aua B cucTeMe KOOPIAMHAT X; X3 A. Pesymbrarel pemenus: A4(X;) = 3,k = 1,K;

OTHOCHUTEIIbHBIE OLIEHKU YEThIPEX KPUTEPHUEB C IPUOPUTETOM TPETHETO KPUTEPHUS B TOUKE

ontumMyma Xq_3: )\k(qus),k =1,K.

&
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Ilaz 3. OnpenenstoTcs: YUCIOBBIE MPEIEITB H3MEHEHUS BEIMYUHBI TPUOPUTETA KPUTEPHS
q = 3eK. Jlna npuopuretHoro kputepust q = 3€K onpeaenstoTcss U3MEHEHUST YUCIOBBIX
TpEJENoB B HATYPAJIbHBIX €AMHUIAX TIPH TIEPEXO/IE U3 TOUKH onTuMymMa X° B TOuky Xg ¢,
IIOJIyYEHHYIO0 Ha IepBoM Luare. JlaHHbIe 0 KpUTEpUU (=3 BBIAAIOTCS HA DKpaH:

fa(X°) = 194.2 < f,(X) <210.57 = f,(X3),q € K. (155)

B oTHOCHTENBHBIX eqUHHUIIAX KPUTEpU =3 U3MEHSIETCS B CIASAYIONINX MpeIenax:

24(X°) =0.6091<2,(X)<1=1,(X;).q =3 €K. (156)

OTH TaHHbBIC aHATTM3UPYETCSI.

Hlaz 4. Onpenensercs Benuuuna npuoputetHoro kputepus q=3€K. (Decision-making). Ha
coobOeHue: «BBenute BenMuMHY NpuOpHTETHOrO Kputepus fg=» - BBoaum, fg=3=200. 3agaercs
qrcnoBas BennurHa 3 kpumepusi fz(X) = 200, koTOpas JIeKHT) B IIpeIeax:

f3(X°) =194.9 < f3(X) = 200 < f3(X;) = —210.57. (bnox 4.k3).

I'eomempuueckaa unmepnpemayus pe3yibTaTOB PEIICHUS BEKTOPHOW 3alavyd BHIOOpA
ONITUMAJIBHBIX NTAPAMETPOB NPU 3a/laHHON YMCIOBOM BEJIMYUHE BTOPOT'O MPHOPUTETHOTO KPUTEPHUS
fq=3=200 6 omnocumenvnvix eounuyax npencrasieHa Ha puc. 15.k3.

[IpencraBiieHbl OTHOCUTEJBHBIC OICHKM YETHIPEX KPUTEPHEB B TOYKE ONTHMyMa Xj :
Ae(X3), k =1,K (uepmsiit user) u A4(X;) = 1,k = 1,K (xpacHslif 1BeT). Pe3ymbTaThl pemeHus:
OTHOCHUTEJIbHBIE OLICHKH YEThIpEX KPUTEPUEB C IPUOPUTETOM TPETHETO KPUTEPHSI B TOUKE ONITUMYyMA

Xg=3- }\k(Xq=3),k =1,K: )\1(qu3) = 0.7398, ...,7\4(qu2) = 0.4351. (PuoneTOBHIM IIBET).

Amnanornuno puc. 16.k1, ..., 19.k1 ¢popmupyemcs ceomerpuuecKkast HHTEPIIPETALIHS
pesynbratoB pemieaus B3MII ¢ nproputetoM Tpethero kpurepus fq=3=200 — Moaen TexHUIECKO#
CUCTEMBI IIPH TPOSKTUPOBAHUH B TPEXMEPHON CHCTEME KOOPJUHAT B (PH3UYECKHX ¢IMHUIIAX

puc. 16.k3,..., 19.k3.

Function f1(X)->max in Vector Optimization. MawyhuH H0.K. Function f2(X)-=>min in Vector Optimization. MawyHuH 0.K.

2500 — 2(X )=2417 6306
600 f (:4%=3179 8576
2z ~ X _)=1947.450
. 2000 T "X 91759576
500 — 1,(X | )=407.9233 .
39 i
9579088 .
400 — = 1500 .
(X ')=1337.3811
~ B j=1162.963
300 & 1000
e
200 500 4
[}
100 0
+ T
" xl)( X A xz
X, 4
0 3 S =
x° -500 T T T T T T T T T T T
3 4 5 6 T 8 30 40 50 60 TO
100 . , ‘ . ‘ T X3 X1

468
X1 X3

Puc. 16.k3. ®yuknus f; (X) ¢ mpruoputeTom Puc. 17.k3. ®yukuus f,(X) ¢ npuopureTrom

TPETHETO KPUTEPHS B IBYXMEPHOU CUCTEME TPETHETO KPUTEPHUS B IBYXMEPHOH cUCTEME
KOOpJMHAT Xq X3, TeOMETpHUYECcKast KOOpJIMHAT Xq X3, FeOMETpUYECcKast
uHTEepHpeTanus QyHKIHA f; (X 3‘q=3) B CHUCTEME uHTEepnpeTanus QyHKIHA f, (X 3‘q=3) B
KOOPpAUHAT X1 X X3 Xg4 KOoOpAuHATax Xq Xy X3 X4
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Function f3(X)->max in Vector Optimization. MawynuH 10.K. Function f4(X)->min in Vector Optimization.Mawyhux [0.K.
120

- 100
=0 : HX)=192.6 A Orou 384

7

71,2 % 75.2081

]

200 - Ky 170530 80 -

60

F4

\
\
\
\
} 40 |
\

20

0 . . o
X" X X X X2
4 ]
-20 T T T T T B —— =
0 4 50 60 70 4 6 8
X1 X3
Puc. 18.k3. ®ynkius f5(X) ¢ npuopurerom Puc. 19.k3. ®yukus f,(X) B 1ByxMepHO#
TPETHLETO KPUTEPHS B IBYXMEPHOM CHCTEME CHCTEME KOOPIMHAT X1 X3 M F€OMETpHYECcKast

KOOpAHUHAT X1 X3, TCOMETPUYECKAS
P 1o P UHTepIpeTanus GyHKuuu f4(X3‘q=3) c

UHTEpIpeTanus GyHKIHUN f3 (X 3,q= 3) B
' IIPUOPUTETOM TPETHETO KPUTEPUS B CUCTEME

KOOPJUHATAX X1, ..., X4. KOOPJAMHAT Xq,..,X4.

Koneuy onoka 3.

5.3.4. Brok KA. Boelbop onmumanvHbix RAPAMEMPOE  UHICCHEPHOU  CUCHEMbL
(mexnuueckana cucmema) Nno Uemeepmomy NPUOPUMEMHOMY KPUMEPUIO, 2e0MeMPUUECcKas
unmepnpemayus pe3yiomamos peuienus B3IMII.

B paznene npencraBieHo pelieHrue BEKTOPHOM 3a1a4u MaTeEMaTUYECKOTO MPOTrpaMMHUpPOBaHUS
- MOJIENIA CIIO)KHOW MHXKEHEPHON CHUCTEMBI (TEXHUYECKOM CHUCTEMBI) MPU 33aJJaHHOM Hpuopunieme
yemeepmozo Kpumepus Ha 0a3ze MHOTOMEPHOH MaTeMaTHKH. brox K4 BBIOJIHEH TOYHO IO TOM e
cxeme, uto u binok k1 B pasmene npencraBnen mar 2, 3, 4 U reoMeTpUuecKas WHTEPIPETAIUs
pe3yJabTaTOB pPELICHUsT BEKTOPHOW 3a/jauM BBHIOOPAa ONTHMAIBHBIX MapaMeTpOB IO YETBEPTOMY
MPUOPUTETHOMY KPUTEPUIO B OTHOCUTENIBHBIX €TUHHIIAX.

Ilaz 1. BeinonHsAeTCs aHATOTUYHO, KaK JUIsl IEPBOT0 KPUTEPHUSI.

Hlaz 2. Beilbop mpuoputetHoro kputepuss q €K . W3 maper A% =2,(X°) =
A3(X°)=2A,(X°)=0.6091 npoTuBOpEUUBBIX KPUTEPHEB BEIOMpaeTCs Kputepuid, kotopsiit JITIP xoren
Ob1 ymy4iuTh. Takoil KpuTepuil Ha3bIBA€TCS KIIPUOPUTETHBIM KPUTEPHEM», 0003HAUMM €10 q = 4 €
K. DTOT KpuTepuil uccieayercs BO B3auMOICHCTBUY C IEPBBIM KputepueMm q = 1.

Boioop npuopumemmnozo kpumepusa. Ha nucruieit BbigaeTcs oOImmas WHQGOpMAIUs JUIs
npuHsThs pemennii. Kpurepuu B Touke ontumyma X ;
° = {x, = 45.4458,x, = 49.9964, x; = 4.3578,x, = 2.2,1° = 0.6091}:
[1(X°) = {f1(X°) = 369.9,f,(X°) = 1759.6, f5(X°) = 194.9, f,(X°) = 49.3}. (157)
OTHOCHTEJIbHBIC OIICHKH B X °:
LXo ={0.7452 0.6091 0.6091  A,(X°) =0.6091}. (158)
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A-zapnada BektopHana ontumusauma: L1(X),L2(X), L3 (X),L4(X). MawyHuH K.K.
A ™ .
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x3 X,

Puc. 16.k4. A-3a5aua B crcTeMe KOOPIAMHAT X; X3 A. PesynbraTel pemenns: A4 (X;) = 1,k = 1, K;
OTHOCHTEJIbHBIE OILICHKU YEThIPEX KPUTEPUEB C IPHOPUTETOM YETBEPTOTO KPUTEPHUS

B TOYKE ONTUMYyMa Xg_4! Ak(Xq=4), k=1K.

MBI uccneayeM 3TH J1Ba KPUTEpHsI U3 BCErO MHO)KeCTBa KputepueB K = 4, noka3aHHbBIX Ha
puc. 16.k4. Boimaercst cooOIeHne Ha TUCIUICH:

g=input('BeeanTe npuopuTeTHBINA KpuTepuii (Homep) = ") — Bgeau kpumepuii q=4.

Hlaz 3. Onpenenstorcs: YUCI0BbIe NPeebl U3MEHEHUS BEJIMUUHbBI IPUOPUTETA KPUTEPUS q =
4eK. JIna npuoputeTHOro kpurepus q = 4€K onpenenstorcs NU3MEHEHNs YUCIIOBBIX NPEJENIOB B
HATYpaJIbHBIX €IMHULAX HPU MEePexXo]e M3 TOYKH OonTHMyMma X° B TOUKYy Xg :, HOJyYEHHYIO Ha
nepBoM miare. JlaHHble 0 KpUTepuH ((=4 BbIAIOTCA HA KPAH:

fq=1(X°) = 47.5045 < f,_,(X) <32.68 = f,(X3),q € K. (159)

B oTHOCHTENBHBIX eIMHUIAX KPUTEPUi (=3 U3MEHSAETCS B CIEIYIOIUX Mpeaeiax:

24(X°) =0.6091<2,(X)<1 = 2,(X;),q =4 €K. (160)

OTH JaHHBIE AHATU3UPYETCSL.

Hlaz 4. Onpenensiercst BenuvuHa npuoputetHoro kpurepus =4 K. (Decision-making).

Ha cooGiienue: «BBeanTe BeTUUMHY MPUOPUTETHOTO Kputepus f0=» - BBOIUM, Hampumep,
fq=4=40, KoTOpast JSKUT) B MpeeIax:
f1(X°) = =493 = f,(X) = 40 = f,(X7) = —32.68. (brok 4.k4).

TI'eomempuueckan unmepnpemayus pe3yibmamos peuleHusi eKMOoPHoU 3a0a4u - GYHKyuu
fi(X), ..., fa(X) evibopa onmumanshbix napamempos RO Yemeepmomy npUOPUMentHoMy KpUmepuio
6 OMHOCUMEILHBIX eOUHUYAX.

Amnanoruyno puc. 15.k1, chopMupyeM OTHOCHTENBHBIC OLIEHKH YEThIPEX KPUTEPUEB B TOUKE
omtumyMa Xp  A(Xi),k =1,K (uepmsii nser) m A4(X;) =1,k = 1,K (xpacHblii 1uBer) u
npeacTaBuM ux puc. 15.k4.
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Function f1(X)->max in Vector Optimization. MawyHuH H.K.
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Functi?n f2(X)->min in Vector Optimization. MawyHuH H.K.
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Puc. 16.k4. ®yukuus f;(X) ¢ npuopurerom
YETBEPTOrO KPUTEPHS B AByXMEPHOU CHCTEME
KOOPIHMHAT X; X3, TEOMETPUYCCKAsI

uHTEepnpeTanus QyHKIHA f; (X 4,q=4) B CHUCTEME

KOOPpAUHAT X1 X X3 Xg4

Puc. 17.k1. ®yukuus f,(X) c npropurerom
YETBEPTOTO KPUTEPHS B AByXMEPHOI CHCTEME
KOOPJHMHAT X; X3, TEOMETPUYCCKAsI

uHTEepnperanus GyHKIun f, (X4,q=4) B

KOOpAHuHATaX Xq Xy X3 X4

Function f3(X)->max in Vector Optimization. Mawynun H.K.
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Function f4(X)->min in Vector Optimization.MawynuH 10.K.
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Puc. 18.k4. dyukuus f5(X) ¢ npuopureTom
YEeTBEPTOro KPUTEPHsI B IBYXMEPHOU crucTemMe
KOOPJMHAT X; X3, TEOMETPUYECKA

uHTEepnpeTanus QyHKIUU f3 (X4,q=4) B

KOOPIAMHATAX X1, ..., Xg4.

Puc. 19.k4. ®yukuus f,(X) B AByXxMepHOi
CHCTEME KOOPJIMHAT X; X3 ¥ F€OMETpHYECcKast

uHTEpHpeTanus QyHKIUU fy (X4,q=4) c

IIPUOPUTETOM UETBEPTOIO KPUTEPUS B

CHUCTEME KOOPJMUHAT Xq,..,X4.

AnanormyHo puc. 13.k1,...

16.k1 ¢opmupyemca eeomerpuueckas HMHTEpPIpPETALMS

pesynbraros pemienust B3MII ¢ npuopureTom 4eTBEPTOrO KpUTEPUS

— MOJENU CTPYKTYphl MaTepuana IpU MPOEKTUPOBAHWU B TPEXMEPHOW CHUCTEME KOOpAMHAT B

(hUBUYECKUX eTMHUIIAX.
puc. 16.k4,..., 19.k4. Koney o10xa 3.

&
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6. CpaBHeHMe NPHUKJIAAHBIX METOJI0B MHOTOMEPHOH MaTeMaTHKH C MeToAaMH
HCKYCCTBEHHOI0 MHTEJIeKTA.

OrneHuM NPHUKIAJHBIE METOABI MHOTOMEPHON MaTeMaTHKH - {akcuomaruka Mamrynus 10.K.,
MPUHLMIIBI ONTUMAJIBHOCTH M METOJIbl PEIIEHUSI BEKTOPHBIX 33/a4 MAaTEMaTU4YECKOTO (BBIITYKJIOIO)
MIPOrPaMMHPOBAHUS, IPECTABICHHBIE B TPETHEM U YETBEPTOM pa3/ieie JaHHOW padoThl, M CPAaBHUM
HX C METOJIJaMU HUCKYCCTBEHHOI'O MHTEJUIEKTa. Vcrnomap3ys TEOpu0 BEKTOPHOW ONTUMU3ALUU, IS
WH)XEHEPHOW CHUCTEMbI (B YaCTHOCTH, TEXHOJOIMUECKOW CHUCTEMBbl, TEXHHYECKOH CHUCTEMbI) MbI
MIOJIyYHJIIH.

1. Pewienue npu pagno3Haunvix Kpumepuax, KOTOpoe BKIKOYALT:

Touku onTMyMa — TapaMeTpbl HHKEHEPHOW cHCTeMbI -— X© = (xf’, j=1,N };

XapaKkTepucTUKH (KpUTEPHH) TIPH paBHO3HAYHBIX KpuTepusax — F(X°) = {f,(X°),k = 1,K};

OTHOCHTENBHBIE OIEHKM NMPH PaBHO3HAYHBIX KpuTepusax — A(X°) = {L,(X°),k =1,K},
KoTOpele Jexar B mpemenax {0<A,(X°)<1(100%),k =1,K}, u nerko mnepeBOIUTIC B
HaTypajbHbIe ((hU3NYEeCcKre) TaHHbIC.

MOsKeT Jin 3T pe3yJbTaThl MOJYYUTh UCKYCCTBCHHBIC UHTEIUICKTYalbHbIle cucTembl (MHC),
(YHKIMOHHMPYIOLINH, KaK MpaBwuiio, Mo npuHiumy mnepedopa. Oretum: «Her». MckyccTBeHHBIN
MHTEIUICKT MOXKET MOIYYUTh TOJIbKO MPUOIU3UTENBHBII pe3ybTaT, KOTOPbIi 3a/1aJ1 YeI0BEK, HO YeM
3TOT Pe3yJIbTAT JIYYIlle APYTUX PE3YJIbTATOB TAKXKE TODKCH OLCHUTh YeIOBEK HA OCHOBE MHTYHIIUH.
ITpu moucke mpuemiemoro peuienus WUC nomkHa pemnth MpoOiIeMbl: CPAaBHEHUsSI KPHTCPHEB,
W3MEPEHHBIX B PA3IMYHBIX CIUHUIIAX, U HAIIPABJICHUS ONTUMU3anuu (Max, min).

2. Pewenue npu 3a0annom npuopumeme 1100020 Kpumepus (XapakTePUCTHKU), KOTOPOE
BKJIFOYACT:

Touku onTUMyMa — apaMeTpbl HHXKCHEPHOH CHCTEMBI — TP 3aJaHHOM TIPHOPHUTETE 100020
Kkputepus (xapakrepuctukn): X9 = {xq, x4, X3, %,},Vq = {1, 2,3, 4}.

dopMHpOBaHHe TIABHBIX MMOKa3aTelel (XapaKTepUCTHK) TIPH 3aJaHHOM MIPUOPUTETE 100020
kpuTepus B Touke ontumyma X f,,(X9) = {f;(X9), L,(XD), (XD, fo(XD},Vk = 1,K.

DopMHUPOBAHHE OTHOCUTEIILHBIX OICHOK TPH 3aJaHHOM MPUOPUTETE JII0H020 KPUTEPHUS B TOUKE
ontumyma X9: A1 = (A1 k = 1,K, L (X9) = w,k =1,K:
fx—fi

M (XD = M (XD), 2 (X D), h3(X9), ko (X), Ve = T, K}.

MoskeT 11 3T pe3yabTaThl monyduth UUC, GyHKIMOHUPYIOIINIA, KaK IPABUIIO, IO TPUHIIAITY
nepebopa. Oterum: «Her». VICKyCCTBeHHBI HMHTEIGKT MOXET IOJIYYUTh  TOJBKO
NPUONU3UTENBHBIA Pe3yJIbTaT, KOTOPBIA 3a/aj 4eJIOBEeK, HO YeM JTOT Pe3yJbTaT JIydlle IPYrHX
PE3yJIBTAaTOB TAKXKE JOJDKEH OIICHUTH YEJIOBEK HA OCHOBE HWHTYHUIIHH.

Takum 06pa3oM, pa3paboTaHHas TEOPHsS BEKTOPHON ONTHMHU3AIMU MOXET SBIISITHCS
MaTeMaTHYECKUM arapaToM BBIYUCIUTEIBHOTO TPOIECCa HCKYCCTBEHHOTO MHTEIUICKTA.

7. 3akJ0ueHue

[IpobGnema pa3pabOTKu MaTEMAaTUYECKUX METOJ0B MHOTOMEPHOM MaTeMaTUKU B TIPUIIOKCHUH
K BCKTOpHOﬁ 3a4a4€ OIITUMHU3ALIUN U HpI/IHSITI/ISI OIITUMAJIBHOT O pemeHI/m Ha UX OCHOBE B CJ'IO)KHOI\/’I
TEXHHMYECKON CHCTeME 10 HEKOTOpOMY HaOopy (YHKIMOHAIBHBIX  XapaKTEPUCTUK H
BKCHepI/IMeHTaHBHBIX JAHHBIX SBJISICTCS OI[HOI>'I n3 Ba)KHefIH.IHX 3aa4 CHUCTCMHOI'O aHaJin3a Hu
HpOGKTHpOBaHI/IH I/IH)KeHepHO-TCXHI/I‘-IGCKI/IX CUCTCM.
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Ha 0a3ze MHOromepHoii MaremMaTMku B paboTe pa3paboTaHa W MPEACTaBICHA TEXHOJIOTHS
ABTOMATH3AlMM IPOCKTUPOBAHUSA IIYyTEM: IIOCTPOCHUS MAaTEMaTUYECKOM MOJEIM WHKEHEPHOU
CUCTEMBl B YCIOBHUAX OIIPEICICHHOCTH M HeOolpeAeseHHOCTU. [IpencraBieHo IMOCTpOeHHE
MaTeMaTH4eCKO M YUCICHHOW MOJETH BBIOOpa ONTHUMAJIBHBIX MAPaMETPOB CIO0KHON MH)KEHEPHOU
CUCTEMBl Ha IIpUMEpe — TEXHUYECKOM CHUCTEMBbI C 4YETBIPbMs IApaMETpaMH U YETBIPbMs
XapaKTepUCTUKaMU U uXx peanuzanys. [IpencraBieHsl MeTObl TeoMeTpruuecKoi nuteprperanuu N-
MEpPHOM CHUCTEMbI B JBYXMEpPHYIO U BbIOOpa ONTHUMAJIbHBIX MApaMEeTPOB IO 3a/JlaHHOW BEIUYHHE
1r000ro Kputepus (xapakTepucTHkH). I1epBblif 3Tanm mocTpoeHsi TEXHUYECKOTO 3a/1aHus, a TaKxKe
9Tall aHajuM3a pe3yibTaTa pEIIeHUs NPU PAaBHO3HAUHBIX KPUTEPUSAX, BbIOOpa MPUOPUTETHOIO
KPUTEPHS U €0 BEIMYUHBI BBINOJIHACTCA KOHCMPYKMOPOM MEXHUYECKOU CUCHEMbl, 3 PacyeT
BBINOJIHAETCS. MATEMAaTUKOM — IIPOIrPAMMHUCTOM.
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