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CHUHTE3 JELEHTPAJIM30BAHHOI'O YIIPABJIEHUS
3AIIACAMH B CETSIX IOCTABOK HA OCHOBE
POBACTHOM CTABMJIN3ALMU NOJCUCTEM

IpeanoxeH MOAXOJ K PEIICHHUIO 3aJaud CHHTE3a JELEHTPAIM30BAHHOTO YIIPABICHUS
3armacaMi B CETAX MOCTaBOK. JIOKaJbHBIC PEryJATOPBI CTPOSTCS C HCHOIB30BAHMEM JMHEHHOI
IIMHAMHIYECKOH OOpaTHOH CBS3M IO COCTOSHHIO. sl IOAABICHHS BIWSHUS BO3MYIICHUH,
MOJICTIUPYIOLIMX M3MEHEHHsI BHEUIHEro CIpoca, OJHOBPEMEHHO ¢ olecreueHueM poOacTHOM
YCTOHYMBOCTM  3aMKHYTBIX  JIOKQJIBHBIX IIOACHCTEM IPHUMEHEH METOJ HMHBAapHAHTHBIX
JJUTUIICON0B. BakHEHIINM CBOHCTBOM MOJYYSHHOTO PpELIEHHS SIBISIETCS YCTOWYMBOCTH IO
JIanyHOBY yNpaBIIseMO#l CETH IIOCTABOK C JCLEHTPAIN30BAaHHBIMU peryisitopamu. PaccMorpeH
qucaeHHbIi npuMep. Mi.: 2. Tabm.: 1. bubauorp.: 15 Ha3s.

KaroueBnle cj10Ba: yrpaBieHHe 3alacaM, JCHEHTPAIN30BAHHOE YIIpaBJIeHHE, podacTHas
YCTOHYHMBOCTb, METO/] HHBAPHAHTHBIX 3JUIUIICOUJIOB.

IHocranoBka mnpoGiaemMbl M aHaau3 Jureparypbl. CeTb IOCTaBOK
TIPEICTaBIsICT coboii CUCTEMY, COCTOSIIYIO u3 COBOKYITHOCTH
B3aMMOCBSI3aHHBIX 00BEKTOB, OCYIIECTBIISOIIIX TOOBITY CBIPBS,
MIPOU3BOJICTBO, XpaHEHHE, TPAHCIIOPTHPOBKY M paclpelieiecHHe PECypcoB ¢
LENBI0 YIOBIETBOPSHUSI MOTPEOUTEIHCKOTO CIIPOCa U TIONYyYEHHS TPHOBLIH.
Mojens CeT MOCTaBOK MPEJICTABISIOT B BUJAEC OPUEHTHPOBAHHOIO Tpada,
Beplﬂl/IHbI KOTOpOFO, COOTBeTCTByIOIJll/Ie y3naM CCTH, onpenenmoT BUAbBI U
06’I)CMI)I ynpaBnaeme 3aracoB, a Ayru HpeﬂCTaBﬂﬂ}OT praBHﬂeMbIe u
HeyﬂpaBHﬂeMI)Ie IIOTOKHU B CCTHU. praBHﬂeMbIe IIOTOKH OIIUCBHIBAIOT npoueccm
nepepabOTKU W TMepepaclpesieieHus] PeCypcoB MEKIY y3JlaMH CeTH H
HpOHECCI)I IIOCTAaBOK Cblpbﬂ HN3BHE. HeyﬂpaBﬂﬂeMI)Ie IIOTOKH OIMUCBIBAKOT
CIPOC Ha PECypChl, KOTOPHIH (opMUpyeTcs BHEITHUMH MOTPEOUTEIISIMH.

B mpomecce  (GyHKIMOHHMPOBAaHWS  IPOU3BOJICTBEHHBIX  3BEHBCB,
ACCOIMHUPOBAHHBIX C y3JIaMH CETH ITOCTABOK, M BO3ICHCTBHS BHEIITHETO CIIpOca
YpOBHH 3araca pecypcoB B y3JlaX CETH W3MEHSIOTCA C TedeHHeM BpeMeHH. B
pe3ynbpTaTe BO3HHKAET HEOOXOAUMOCTh B Pa3paboTKe CTpaTeruil yrpaBIICHHS
3armacam JJIsl CeTeH IOCTaBOK C IIETBI0 YAOBICTBOPSHHS BHEITHETO CIIPOCa H
MUHUMM3ALUU COOCTBEHHBIX wu3zaepkek. Ilom crparerueit ympapieHus
3amacaMyd TOHUMAeTCsl CTPYKTypa TpaBuUil ONpEJeNeHHUs MOMEHTOB U
pa3MepoB 3aKa30B Ha MOTMOJIHEHUE 3aIacoB.

C TOUYKH 3peHUsl TEOPUH YIPaBIEHUS! CIPOC HA PECypChl, MOCTYNAIOUINI
U3 BHENIHEH Cpefpl, 11eJIecO00pa3sHO pacCcMaTpHBaTh B KAuyeCTBE BHEIIHUX
BO3MYLIAIOIINUX BO3ACUCTBUNA. AHaNU3 Pa3lNMYHBIX MOJXOAOB K YIPABICHHUIO
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3armacaMu MOXXHO HaWTH B KHure [1] m oOmwmpHoW OuOnuorpagum K Hei.
Bribop Mozmenu ympaBieHHUs 3amacaMy OMpeAessieTCs XapaKTepoM BHEUTHErO
cnpoca. Ha mnpakTMke, Kak NpaBWIO, OTCYTCTByeT HHGpOpPMALMs IS
[IOCTPOCHUS  aJeKBaTHOM Mogemu cmopoca. Ilostomy B ycioBusix
HEOMpPEACNIEHHOCTH CMpOca HCIONb3yeTCd KOHIETIHA '"HEW3BECTHBIX, HO
orpaHudeHHBIX" Bo3neiicTBuit [2]. Ilpm 3TOM COOTBETCTBYIOIIAs MOJEINb
CIpOCca XapaKTepH3yeTCs HHTEPBaIbHON HEOMPEIeICHHOCTHIO.

JpyruM HCTOYHHKOM HEONPEACICHHOCTH B 3a/Jadyax YIpaBJICHUSA
3amacaMi SBIISICTCS HANWYHNE TPAHCIOPTHBIX 3alla3[bIBaHUM, 00YCIOBICHHBIX
3aJep>KKaMH B TIOTIOJTHCHUHN 3alIaCOB OTHOCHUTEIIFHO MOMEHTOB (DOpMHUPOBAHHUS
3aka3oB. [Ipeamonaraercs, 4To 3HAYCHHS UIUTEIHHOCTH TPAHCIIOPTUPOBKU U
nmepepabOTKH pPecypcoB B y3laX ceTH WU3BecTHH. OJHaKko, B IIpoliecce
(YHKIIMOHMPOBAaHUSI 3TH MapaMeTpbl MOTYT OTJIMYaThC OT  CBOMX
HOMHUHAJIBHBIX 3Ha4eHWH. B  pesynbrare BO3HHMKaeT HEOOXOIMMOCTh
obecrieueHns poOACTHOCTH CHCTEMBI YIPABJICHUs OTHOCUTEIBHO Bapualni
yKa3aHHBIX [TapaMeTPOB.

B 3agauax cuHTE3a pEryasaTOPOB YACTO BO3ZHUKAET HEOOXOAUMOCTh yueTa
OTpaHMYEHUN Ha 3HaYeHHd NepeMeHHBIX. [Ipu 53ToM, Kak mpaBUIIO,
paccMaTpUBaIOT OTPAaHWYCHHSA, 3a/JlaHHBIC B Kakoii-mimbo Hopme. Torma kax
cnenn(UKO 3amad YOpaBICHUS 3amacaMd SBISIETCS HEOTPUIATEIBHOCTD
3HaYCHWH T[EPEeMEHHBIX, YTO TPUBOJUT K HAJIHMYUIO0 HECHMMETPHIHBIX
OTpaHUYEHUHN Ha 3HAUYEHUS COCTOSHUI U YIPaBISIOLIUX BO3IECHCTBUM.

B mocmenHee pmecsaTmietre cOpMHUpPOBANCS HOBBIA  MOOXOX K
paccMaTtpuBaeMoit npoOyieMaTHke, OCHOBaHHBIH Ha KOHIIETIIUH
WHBAPHAHTHBIX MHOXecTB [3], cCpeam KOTOpPBIX 0CO00  BBICISIFOTCS
JUTUIICOMABI BCNEJACTBHE HX IPOCTOM CTPYKTYpbl M MpsIMOH CBS3H C
KBaJpaTUUHBIMK (QyHKIUsIMU JIsmyHOBA.

BonbmumHCTBO Mpolieyp, pa3paboTaHHBIX I aHAIN3a U CHHTE3a CHCTEM
yhOpaBJeHHs ~ 3alacaMd B TOCJIEOHHME  JECATWIETHSA,  HCIOJB3YIOT
LEHTPAIN30BAHHBIA TTOAX0J], KOTAa BCSI MHPOPMALUSI O TEKYIIEM COCTOSHHH
CHCTEMBI TiepeiacTcs Ha €AWHBIA PETyIsTop, (GOPMHUPYIOIIUHA YIIPaBISIOIIHEC
BO3ICHUCTBUSA U BCeX y310B. OMHAKO, TaKOW CHOCOO IMOCTPOCHHS CHUCTEMBI
YIOpaBJICHUS XapaKTePH3yeTCs 3HAUYUTECIFHONW BBEIYUCIUTEIHHON CII0KHOCTBIO.
[osToMy miist pemeHus 3a1ay YIpPaBICHUS CETSIMH TOCTABOK IIEPCIIEKTHUBHBIM
MPECTaBIICTCA EICHTPATN30BAHHBIA IOAXO0J, HPU KOTOPOM HCXOIHAS
ONITHMMU3ALIMOHHAs 3a/lauya 3aMeHseTCss HA0OPOM JIOKAIBHBIX 3a]a4 MEHbIIEH
pPa3MEpHOCTH, pEUIaeMBbIX MapajuIeIbHO U HE3aBUCHUMO Jpyr OT Jpyra.
OpHako, MpU 3TOM BO3HUKACT HEOOXOMUMOCTH OOeCIeucHHus poOacTHON
YCTOMYMBOCTH CHCTEMBI BLIEJIOM C YUETOM HAJHUYUS B3aUMOCBS3EH.

Bosnbiioe BHUMaHUE yAENEHO PacCMOTPEHUIO MpolieMbl poOacTHOCTH B
JICIICHTPAIM30BaHHON CTPYKType yIpaBieHuss B pabore [4], rme ycioBus
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YCTOWYMBOCTH (OPMYJIUPYIOTCS C HCHOJB30BAHUEM TEXHUKH JIMHEWHBIX
MaTpuuHbeIXx HepaBeHCTB (JIMH). [lns yMmeHbIIeHHS pa3sMEpPHOCTH 3agadu
MOXET OBITh IPUMEHEHa KOHLENIWA JWAarOHAIPHOW WA  OJIOYHO-
JIMaroHaJIbHOM JOMUHAHTHOCTH, C MCIOJIb30BAHMEM KOTOpOW B pabote [5]
MPEUIOKEH MOJXOM, OCHOBAHHBIM HAa METOJIE SKBHMBAJCHTHBIX IOICHCTEM.
I'maBHOE mpeuMymIECTBO YKa3aHHOTO TIOAXOJa COCTOMT B TOM, YTO
cTaTHdeckass oOpaTHas CBs3b, OOecHeYMBaIOIas POOACTHYIO YCTOIUYMBOCTS,
CTPOUTCS HA YpPOBHE OTHENbHBIX HoacucTeM. OIHAaKO, MPH MOCTPOCHHU
MOJIEIN aBTOPBI HE YUYUTHIBAIOT OTPaHUYEHHs, a TAKKE HE PacCMaTPUBAIOT
BHEIIHUE BO3JEHCTBHS, YTO SBISAETCA BEChbMa CYILECTBEHHBIM UL CETEH
MOCTaBOK.

Lenpio padoThl SBIACTCS CHHTE3 ICICHTPATH30BAHHOH pOOACTHOM
CTpaTeTMHM YIpPaBICHHS 3amacaMM, KOTOpas MOXKET HCIIONb30BaThCsA JUIs
OIIpe/ieNICHUs B KaXIblil MOMEHT BpeMEHH 00BEMOB 3aKa3a PECypCcOB € yUETOM
OrpaHMYCHUI Ha UX 3HaYCHUS B BUAE QYHKIMU OT YPOBHEI! 3amaca pecypcoB B
y3J7ax CeTH, KOTOpbIe MO3BOJIAIOT YAEP)KUBAaTh COCTOSHHUS B OTPaHMYCHHOM
KOMIIAKTHOM MHOXECTBE B YCIOBHUSAX [J€HCTBHA HEHU3BECTHOTO, HO
OTPaHUYEHHOTO BHEIIHETO CIIpoca.

PaccmoTpuM ceTh moctaBok S, cOCTOSIIYI0 M3 N B3aUMOCBSI3aHHBIX
y3noB S;, i=1,N. Jlid MaTeMaTHYeCKOro OIMCAHUSA CETH MCIIOJIb3YETCsA

IUCKpeTHAass MOJENh B MPOCTPAHCTBE COCTOSHHNA. B KadecTBe mepeMeHHBIX
COCTOSIHUH paccMaTpWBAIOTCS HAJIWYHBIE YpPOBHH 3amaca pecypcoB. B
KadecTBE YIPABIAIOMINX BO3JCHCTBHI BBICTYHAIOT pa3Mephl 3asBOK Ha
MOCTaBKY PECYpCOB, KOTOpbIe (OPMHUPYIOTCS y3JaMHU CETH B TEKYIIEM
MepuoJe, a BO3MYIIECHUSMH SBIISIOTCS pa3Mephl BHEITHETO CIIpoca.

IloBeneHne cHUCTEMBI ONpEAESIeTCS YpPaBHEHHSIMH, OINMCHIBAIOLIIIMHU
U3MEHEHHE YpOBHS 3amaca pecypcoB B KaXJIOM U3 Y3JIOB CETH.
IIpenmonaraercsi, 4TO CTPYKTypa CETH M3BECTHA, A COCTOSHHUS JOCTYITHBI
HETOCPEACTBEHHOMY H3MEPEHHIO, MpH OTOM HU3MEpEHHble 3HAa4YeHUS
COCTOSIHWH TIOCTYIAIOT TOJIEKO Ha COOTBETCTBYIOIINE JIOKANBEHBIC PETYIIATOPEIL.
C ydYeToM TPAHCIOPTHBIX 3aJEPXKEK KaXKIBIH W3 Y3II0B CETH IIOCTaBOK
OTIMCBHIBACTCS PA3HOCTHBIM YPaBHEHHUEM C 3aIIa3IbIBAHAEM

A . T
x(k+1)=x,(k)+ Y " Bu(k—t)+ Ew,(k), i=1LN, (1)
rne x;(k)eR"™ — Bekrop cocrosmuit ysma S;; k=0,1,.. — HOMep
IUCKpeTHOro uHTepBana; u;(k) € R™ — BEeKTOp yNpaBISIOMIMX BO3JIEHCTBHI,
w;(k) e R™ — BeKTOp BHEIIHUX BO3MYLICHHH; A; — MAKCUMAIbHOE 3HAYEHHE
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3ala3AblBaHUs  YIIPABIKICMBIX IOTOKOB MCKAY Y3JIOM Si n y3jlaMu —

NOCTABIIMKAMH pecypcos; B e R™™™i  t=0,A;, E; e R"™ — wmarpuust
BIVMSHUS ~ YOPABICHUA W BO3MYIUCHHMHM, COOTBETCTBEHHO, METOMMKA
MIOCTPOEHHUSI KOTOPBIX M3JI0XkKEHa B padoTe [6].

Bremunue Bo3neiicTBus y3ma S; BKIIOYAIOT B ceOsl (GYHKIMH BHELIHETO

crpoca, (HOpPMHUPYEMOro BHE CETH, M BHYTPEHHErO CIpoca, (popMUPYEeMOro
Y3IaMH CeTH, ISl KOTOPBIX y3€l S; SBIACTCS IOCTABIIMKOM PECYPCOB!

N
w;(k) = ijlyj#l'[if u;(k)+11,d(k), (2)
rae u;(k)e R™  — Bexrop ympasieHmii y3ia S;; d(k)e RY — Bektop

npxm; . . 7 a7
BHEIITHETO CIIPOCa; Hij eR"/,i,j=1,N — m0OpoayKTUBHBIE MAaTPHIIEI;
3HAYEHHE DIIEMEHTA H,-j(p,r) PaBHO KOJMYECTBY EAMHHMI] pecypca p =1,n;

y3ia S; , HeoOX0AUMOro Uisl IPOM3BOACTBA CAMHHLBI pecypea r =1,n; y310M

S;; I; e R"™ — Matpuua BIUsSHUS BHEITHETO CTIPOCA.

B nmpomecce (QYHKIMOHMPOBAaHWS CETH JOJDKHBI  BBINOJHATHCS
JIOKQJIBHBIE OIPaHUYCHMUS

x(k)e X, ={x; eR" :0<x, <x"™}, 3)
u;(kyeU, ={u, eR™ :0<u, <u™}, i=1,N,

TZIe BEKTOPHI Xx; " M u;" , ONPEICISIONIINE MAKCHMAIIBHBIC BMECTHTEIBHOCTH

XpaHWJIMI W MAaKCUMaJbHBIC pPa3sMEpbl 34Ka30B Yy3Jja S

i» CUHTAIOTCA

3alaHHBbIMU.
IIpenmnonaraeTcs, 4TO BO3MYILEHUS yIOBIETBOPSIOT OrPAHUYEHUIM

d(kye D={d eR? :d™ <d <d™™}, “4)

rae Bektopsl d™" u d™* OmpemensIOT IPAHHYHBIE 3HAUEHHS CIPOCA H
MPEIOIAraloTCs U3BECTHBIMU.

Bemmonaum npeobpasoBanune mozenu (1) k craHmapTHOMY Buay 0e3
3ama3/iblIBaHusl Ha OCHOBE DACIIUPEHHUs BEKTOpa COCTOSHUM [7], KOTOpPBIH
OyneT paBeH

& (k) =[x (k),ul (k=1), ] (k=2),..ou] (k=AD"
a ypaBHEHUS paCLIMPEHHOW MOJEIU IPUMYT BUJL
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ik +1) = 4, &;(k) + Bu (k) + Gw;(k),  x;(k) = C; (k) (&)

rie MaTpPHUIIBI A, eRYNi B eRN™M G e RN €, e RN

N; =n; + m;A; IMEIOT COOTBETCTBYIOIIYIO OJIOUHYIO CTPYKTYpY [6].
PaccMoTpuM mocTpoeHHe MaTPHITEl JUHAMAKH A; PacIIMpeHHOH MOJEIH

y37a B Cllydae, KOTJla BEIMYMHA 3ala3IbIBaHUS YIPABISEMBIX MOTOKOB A,

OTJIIMYAaCTCA OT HOMHMHAJIBHOTIO 3HAUYCHUA. Tor,ua ManI/IHa CTAHOBUTCS
HECTAIMOHAPHOM M B K&XKIBI MOMEHT BpeMeHH Kk MOXET IPUHUMATh KaKoe-
100 3HAYEHHE U3 MHOKECTBA

A,0) = {4, e RN Vi 4 = 4O 4 zj;le RGY NI (6)

rne L; =2/, I — xomuuectBo Y3II0B, MHTEPBajbl 3ala3JbIBaHUs KOTOPBIX
MOIYT BapbHpOBaThCst B mpouecce paborsy 6 ,(k), j=1,L; — HaGop

HapaMeTpoB, KOTOPbIE€  ONMCBIBAIOT  HEONPENCIEHHOCTh  MOJEIH U
YZIOBIIETBOPSIIOT TPEOOBAHMSIM

©={0eR": 0,()>0, Y7 0,(6)=1}. )

B pesynpTare pacmmupeHHas MOJENb y371a MOXKET OBITh IPEACTaBICHA B
BHUJIE MOJICITH C HEOTIPEECTICHHOCTHIO CIIETYIONIEro BUA:

& (k+1) = 4,(0)&, (k) + By, (6) + Gyw (),

8
x(k)=C &, (k), 4,0)eQ; =Cofdl, ..., 4"}, ®

rane Co{} — BeImyKJasi 000JI0YKa,; Ai(f), j=1L;, — j-a BepuIMHa MHOX€ECTBa
Q.
Hdna  cuctembl (8) ¢ mapaMeTpuUYecKod HeompeAeIeHHOCThIo0 (7)

paccMarpuBaeTcs  3amada  CHHTe3a  JICHEHTPaIN30BaHHON  CTpaTerdu
yIpaBJICHUS 3amacaMu, KOTopas Jjs Jrboro momycrumoro cripoca d(k) e D

U M000ro BapHaHTa peaiu3alii HeompeneaeHHocTH Vk >0 obecreunBaer:
YIOBJIETBOPEHHUE CIpPOCa HA PECYpPChl, TO €CTh BBHIMOJIHEHHE IIEPBOIO U3
orpannueHuil (3); poOacTHYI YCTOMYMBOCTh 3aMKHYTOM CHUCTEMBI IpH
orpaHudeHusx (3); HEKOTOPYIO TapaHTHPOBAHHYIO CTOMMOCTD YIIPABICHHUS.

CuHTe3 JIOKAJIBHBIX PeryjsiTopoB. IIepBbIM 3TaroM perieHus 3agauu
SIBIISICTCS BBIYMCIICHUE IPAHMUYHBIX 3HAUEHUH BHEITHHX BO3JEHCTBUIl KaxXI0ro
U3 y3JI0B, JUIS 4ETO MpeasaraeTcs CleAyOUN alropuTM:
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1 i=L,N: d™ =TI,d™, d™ =TI,d™.

.7 i q i q
2 i oS e oYY e,
J=1,j#i gy J=1,j#i y—J

W;nin =dimin +H[r_nin, Wimax =dimax +H;nax. (9)
i-1

30i=q LN T =0 T +d ™), wi™ =d™ I,
J=

max __ i-1 max max max __ jmax max
TP = T 4 d ™), W™ =d ™ I

1

Torma MHOXKECTBO 3HA4YEHWH BHEIIHUX BO3JACHCTBHH y371a S; MOXKET

OBITh aIMPOKCUMHUPOBAHO JJLTUIICOUIOM
* ) . * .*1 *
E(w;,0")=1{w; eR" : (wi(k)-w;) Q) (wi(k)-w;))<1}, (10)

"
mapameTpsl kotoporo (), w; ONPERENSIOTCS B pe3yibTaTe PELICHHS 3aqauu

MOJTyONPEAEICHHOrO MPOrpaMMHPOBAHMsI IO aHAJIOTUH ¢ [8].

Bynem CTpouTh JOKaIbHBIM 3aKOH YIPAaBIEHUS B BUAC JIMHEHHOM
JUHAMHYECKOW O0OpaTHOM CBS3M MO CHUTHANY pPAaccoIjacoBaHHS MEXIY
HaJIMYHBIMU U CTPAXOBBIMHU YPOBHSMM 3aI1aca pecypcoB

E
u; (k) = K;(k)(E;(k)=¢&;) , (11)
rre K,(k)eR™ N HecTallMOHapHas MaTpuia Kod(pQUIreHToB 00paTHOH
* (v}
CBsI3M; &; — BEKTOp, ONpEAEIAIOMNN pasMep CTPaxoBBbIX 3amacoB y3na S,,
o *
cocrosammid u3 (A; +1) BEKTOPOB X; , KOTOPBIE BBHIYUCIIAIOTCSA HA OCHOBAHUU
BEPXHHX IPAHUYHBIX 3HAUCHHUI BHEIIHUX BO3JACHCTBHI W™
*_ max
X =Aw (12)
Torma monens (8) ans ynpasienus (11) MOXHO IPeCTaBUTE B BUJE:

& (k+1) = (40)+ BK; (k))& (k) — &) + 4,(O); +G; (w; (k) —w; )+ G,

(13)
x; (k) =C&;(k), 4:(0) €Q.

3anmmemM KBa,I[paTH‘IHBIfI KpI/ITepI/Iﬁ KayeCcTBa B Cliy4ac OCCKOHEYHOTO
BPEMCHHOI'O T'OPU30HTA

TPk =Y (&) = ED) WEE () - E) +ul W u, (b)), (14)
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NjxN; xm;
rae 0<W;>eRYNi 0 <W" eR™™ — naroHanbHBIE BECOBBIC MATPHIIBE

"> 0" — 03HaYAET MOJOKUTENBHYIO OTPEIEIEHHOCTh MATPHIIBI.
3ajaya  CHHTE3a  JIOKAIBHOIO  TapaHTHPYIOIIEr0  YIpaBICHUS
OKBUBAJICHTHA PCHICHUIO MHUHHUMAaKCHOM 3aJa4yn

u;(k)=arg min ( max J7 (k) . (15)
ui(K)eU; o, (k)eE(w; ,0"),4;(0)eQ;

OmnpenenuM KBaJpaTHIHYI MOAUGHIMPOBAHHYIO (yHKIHIO JIsmyHOBa
(®JI), mocTpoeHHYIO Ha pemeHusIX cucTeMsl (13):

Vi&(k)—&) = () - E)T (k)& (k) ~&), P(k)y=P"(k)=0.  (16)

Boruncium nepByro pasHocts mo k ®JI (16) u morpebyem, uToObI ee
3HAYCHHUE C TCUYCHHEM BPEMCHH YOBIBAJIO C HEKOTOPOH TapaHTHPOBAHHOM
CKOPOCTBIO

V(& (k+D)=E) V(& (k) =&)<
< (& (k)= &) WEE () = &0) +ul ()W u, (k).

Ecnu HepaBencTBo (17) BHIMOJHSETCS, TO MOXHO MMOKa3zath, uto ®JI (16)
Vk>0 onpenenser BepxHee TpaHMuyHOe 3HaueHue kpurepus (14). Torma
3ama4a (15) sKBUBaJICHTHA 3a/1adye MUHAMM3AIUK 3HadeHus DJI

u(ky=arg min V,(&(k)-¢), (18)
u; (k)eU;

a7

JUIA pelIeHUs: KOTOPOH MPUMEHUM METOJ MHBapHUaHTHBIX 3JUIUIICOUAOB [9].
OJIUICONU, ONTUCHIBAEMBbIil ypaBHEHHEM

EE,0,(k)={& eRY 1 (&) -¢)" 0 ()& (k) -g) <L, (19)

Ha3bIBACTCSI MHBAapHAHTHBIM II0 COCTOSHMIO s cuctemsl (13), ecom w3
yenosus  &,(0) € E(E;,0.(k)) cmenyer, uto &,(k)eE(E;,0,(k)) Vk>0.
Jpyrumu  cioBamu, J100as  TPAeKTOpPHA  CHCTEMBI, HAayaBIINCh B
WHBAPHAHTHOM JJUIMIICOMJIE, OCTaeTci B HEM JUIl JIOOOrO JMCKPETHOTO
uHTepBana k >0 .

Omnuncoun (19) BeIcTymaeT B KadecTBe AalMPOKCHUMAlUd MHOMXECTBA
JOCTIDKUMOCTH ~ 3aMKHyTol  cucteMbl  (13), TO ecTh  IO3BOJSAET
XapaKTepU30BaTh BIMSHHE BHEUIHUX BO3MYIICHHH U HEOIpPEIeICHHOCTH
3HAUEHUN IapaMeTpOB Ha TPAcKTOPUIO 3aMKHYTOHW cucreMbl. Torma
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MUHUMU3AIMS B HEKOTOPOM CMBICIEe WHBapuaHTHoro siumnconaa (19)
COOTBETCTBYET poOACTHOMY yITpaBicHUIO cuctemoit (13).
Cpasaenue BoipaxeHui (19) u (16) mo3BomseT yTBEp»AaTh, YTO €CIU

BBINIOJIHAAETCSL TOXAeCTBO P (k) =0, l(k), To syummncoun (19) npencrasnser

co0o0lf MHOXXECTBO, HaXOAfIIeecs BHYTpH IMoBepxHocTH ypoBHA DJI (16).
Torma 3amadya poOacTHOW cTaOMIM3aIMM 3aKITIOYAETCST B BEIUMCICHUH B

Kaxaelii MomeHT k>0 wmatpuust K, (k) Takoif, 4to6bl perymstop (11)

obecrieuynBag MHHIMHU3AIHIO 110 HEKOTOPOMY KpUTepHIo sumnconga (19) mpu
orpannueHusx (3). BribepemM B KauecTBe KpHUTEpUs CyMMY KBaJpaToOB
HOJIyOCEH BIUIMIICOM/A, TO €CTh ciel MaTpulbl O, (k). 3anucaB HepaBeHCTBA

(17) u (10) B BHOE KBagpaTHYHBIX (POPM OTHOCHUTEIFHO COCTAaBHOTO BEKTOPa
* «T «T * .
s:(0) =[& (R =8, & . wi L (w(R)=w) "] e R*W,

U BBeAsd MaTpuuHyro nepemennyto Y;(k)=K;(k)Q;(k), ¢ mnomompbio
S-nponenypsl [9] npeacraBuM ux B BUze coBokynHoctu JIMH

L0 Oyy Oy, TR Oy QRWE YTGW]
0N,»><N,» N;xN; ON[xn[ Ai(j)T Iy ON[xn,» ON,»xN,» ON[X"%
n;xN; On,-xN, On,xni GiT Onixni Onile- On,xm,
W AP-1, G 0® GO 0y Oy |20 (20)
0, 0,1, 0,1, QIW% GI‘T o, (k)] n Ony, 0,1,
WEQ(R)  Onn,  On, Onoy,  Onwn, Wi O
W50 O O O, O, O, W

Jj=LL, QO/(k)>0,
rne Y(k)= A[(j )Q(k) +BY(k); 0 — mHyneBas wmarpuma; o (k)>0 -

mxn
HEKOTOPBIN CKaJIsp.
Orpannyenus (3) Ha 3Ha4YCHUsS] COCTOSHMN M YNPaBJIEHHH C ITOMOIIBIO

nemmsl Llypa [9] npencrasum B Buae JIMH

€2y

— Y

{ o q-Q-(k)}w {eeml.(axk)—&:‘rﬁ(k) K®]
0.(hC! (k) Y (k) k)|~
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IO PR A CRRACY N

22)
A -0, (

Y, (k) 0, (k)

rae QF eR"™ — marpuua JJUIMICOMIA HAUMEHBLIETO OOhEMa, AIpOK-
CUMUDYIOLIETO MHOXECTBO X ; e, = L..., 1]T e R™ ; €>0 — Manas

KoHCTaHTa; " + " — ceBmoobOpamenne Mypa-Ilerpoysa.

Nmenno Hammuame JIMH (21), (22) npuBOOUT K 3aKOHY YIIPaBICHHS B
BUJIE JUHAMHYECKOW OOpaTHOW CBSA3M, ITOCKOJIBKY MATPHIBI HEPAaBEHCTB
3aBUCAT OT TEKYILETO 3HaU€HUs BEKTOpa cocTosaHui &, (k) .

Torma  pesynbrar  pemieHus  33jJa4d  CHHTe3a  po0acTHOro
TapaHTUPYIOIICTO YIPABICHUS 3amacaMu sl JIOKAJIbHOM MOJICHCTEMBI MOXKET
OBITH TIPEJICTABIICH B BUJIE CIIEYIONIEH TEOPEMBI.

Teopema. Paccmorpum cuctemy (13) ¢ mapameTrpuueckoi Heompene-

naeHHOCTBIO (7) M orpanmyenusamu (3) um mycts Matpuusl  Q;(k), Y (k)
MOJIYYCHBI B PE3YJIbTaTe PEIICHHUS ONTUMH3AIMOHHOM 3a1aun

trace(Q; (k)) — min (23)

npu orpaHnueHusIx (20) — (22).
Ecnu yxa3anHast 3agaya, KOoTopas sIBISIETCS 3a/jauei MOIyoIpeeIeHHOTO
MPOTPaMMHUPOBAHUS, UMEET PEIICHUE, TO: JUIS JII0OOTO HAYaIbHOTO COCTOSTHUS

x;(0) = x: » u;(k)=0,4 Vk<0 u moboro snauenus 4;(0)eQ;, a TaKxke

Bosmymenus  w;(k)e E(w;, Q") moxcuctema (13) sBmsercs poGacTHO
YCTOIYMBOM MpH orpaHIdeHIsIX (3); cpeau BCeX JIMHEHHBIX YIpPaBICHUAN BAOA
(11) perynsarop ¢ matpuneit K; (k)= I}i(k)QAi_ 1(k) JIOCTaBJIsI€T MUHUMYM IIO
KPHUTEPHIO CIIeAa MaTPUIBl HHBApHAHTHOMY duunnicouny (19) B MomeHnt £ .

Jloka3aTenbCTBO TEOpPEMbl aHAJIOTUYHO JI0KA3aTelIbCTBY, MPUBEICHHOMY
B [10], c 0O4eBUIHBIMU TEXHUYECKUMHU U3MEHEHUSIMHU.

AHaJIN3 YCTOMYUBOCTH JIeHeHTPAJIM30BAHHON CHCTEMBbI YNpaBJieHUs
3amacamu. llpencraBuM ypaBHEHHE IUHAMUKM 3aMKHYTOW pacIIMpPEHHOMN
MOJENH y31a §; € yu4eTOM B3auMOCBs3el (2) B claeayroleM Buie

&+ = AOER-E)+A4OF + X0, F(R)E (k) -E)+Fd(k), (24)

rae Fy' (k) =[ET1;K (k) O, <+ Oy, 15 F'=[EIL 0, ., ... 0, ]
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Jnst  aHamM3a yYCTOWYMBOCTH yIpaBIsIEMOM CeTH IOcTaBoK S ¢
JICLCHTPAIM30BAHHBIMH ~ PEryJIITOpaMH HPUMEHHM METOJ| CpaBHEHUS U
MaTeMaTHYeCKHi anmnapar BeKTOpHbIX QyHKimi Jlsmynosa [11].

Coopmupyem s cucteMsl S BeKTOpHY0 (GyHkuuto JlsimyHoBa

V(ER) &) =& (k) = &)y En (B) = ENTT (25)
e () =[EN (k). o EROOTT: & =[], By T

Kommnonentramu ¢ynkunu (25) sistorcess OJI oKanbHBIX MOACUCTEM B
¢dopme Immaka [12]

WG -ED = (&0 -E)TRIE ) ~ED)2, i=LN .

Ha ocnHoBe BekTopHOit OJI (25) chopmupyem oburyro DJI
V(&) -E) =RV (ER -8, (26)

rne By =[poi>-->Pon)s Poi >0, i=1,N.
ConocrtaBuM Habopy MoAcHCTeM JHHEHHYI0 cuctemy cpaBHeHus (JICC),
oTIpesieNsIeMyI0 Pa3HOCTHBIMH YPaBHECHUSIMU

vk +1) = A(k)u(k), v(0)=V(&0)-&"),

27
n(k) = K v(k),

rme v :[DIT, wns D}, " - BekTop cocrosuuit JICC; M — ckamsapHas (yHKIHSA,
spistomasics Berxogom JICC.

Brruncnenue 3JIEMEHTOB HECTallMOHAPHOU MaTpPHLbL A(k)
MPOMU3BOIUTCS IO XapaKTEPUCTHIECKOMY YPaBHEHHIO Iy4Ka KBaJIpaTHIHBIX

dopm

det((4,(8) + B, (k)T PU)(A4(8) + BK, (k) ~ 1y (DE(K) =0, i=1,N

i "(28)
det(Fy'T (K)EB(k)Fy (k) —p; (k)P (k) =0, i,j=LN,j=#i,
rae  A;(k)=[w;™ (k)]% ; (k) — MaKkcHMaibHOE 3HAYEHHE KOPHS

COOTBETCTBYIOIIETO XapaKTePUCTHIECKOTO YPaBHEHHSI.

B pabore [13] cdopmymupoBana TeopeMa, COTJIACHO KOTOPOH Jyist
BEKTOpHOH (25) u obuieii (26) pynkumit JIsnyHoBa cripaBeanuBhI CleayOIIne
HEpPaBEHCTBA, €CIIH AJIeMeHThl MaTpuilsl A(k) ompezenstoTcs coracHo (28):
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V(EK) =&)Y <ulk), V(&) -&) <m(k) . (29)

DOnemeHTH! MaTpulsl A(k) MOXXHO TpPaKTOBaTh CIEIYIOUINM 00pazoM:
JMaroHajbHblE 3JIEMEHTHl A, (k) HalOT OLIEHKY CBepXy KO3(h(UIMEHTOB

nepefadd MOJCHCTEM §;, a BHEIWArOHAJBHBIC 3JEMEHTHI kl-/- (k) maror

OLIEHKY CBEpXY KOA()(HULUEHTOB B3aUMOCBS3M MEXIy HOACHCTEMaMH S; U
S ;. Taxum 00pasom, cucrema cpasHeHHs (27) NOKOMIIOHCHTHO MaXOpHPYeT
BeKTOpHYIO (25) m obmyro (26) ¢yukmum JlsmyHoBa. B pesymerare aHamus
YCTOWYMBOCTH YIIPABJIAEMON CETH TMOCTaBOK S C JCHEHTPaIN30BaHHBIMU
perynsTopamu cBoautcs k ananusy JICC (27).

Ilpn mocTpoeHMHM MOJENM CETH IOCTaBOK Y3JIbl HYMEpYIOTCS H
TPYNIUPYIOTCS B COOTBETCTBHM CO CTaAUsMHU nepepabOTKU ChIPbS H
noy(padpuKaToB, HAYMHAsI C TEX, HA KOTOPBIE MTOCTYMAaeT BHEIIHHUHA cripoc. B
pesynbTare, ecinu rpad, mpeACTaBISIONINNA MOJEb CeTH, HE NMEET LIUKIIOB, TO
Marpuua JuHaMukd A(k) CUCTEMBI CPABHEHMS SIBIISIETCS HUXKHETPEYTOJIbHOU.

TTockoNIbKY 3aMKHYTBIE JIOKATBHBIE MMOJICHCTEMBI SIBIISIIOTCS YCTOWYMBBIMU, TO
3HaYeHHWs  JUArOHANBHBIX  JJIEMEHTOB  MaTpumel  A(k)  ABISAIOTCA

TIOJOKUTENBHBIME M MeHbIIe eauHuubBl: 0 <A, (k)<l. B pesynsrate
Vk A(k) sBIsieTcsl HMIBIIOTCHTHOH M, TaKUM 0Opa3oM, CHCTEMa CPaBHEHUS
(27) siBnsiercst ycroitunBoii. CiieoBaTeNIbHO, YIIpaBisiseMast CeTh OCTaBOK S ,
COCTOSILIAsl M3 B3aUMOCBSI3aHHBIX MOJACHCTEM S;, i= LN, 3aMKHYTBIX
JOKIGHBIMA OOPAaTHBIMH CBS3MH C JEIEHTPAIN30BAHHBIMHU PETYISATOPAaMH
(11), ssBsteTcst yeroitauBoit o JIAmyHOBY.

YucaeHHblil npuMep. B kauecTBe npumepa pacCMOTPUM CEThb IIOCTABOK,
KoTopasi m3ydasiack B pabore [14]. Mogenb cetn omuchiBaercs rpapom
G =({1,2,3,4,54{(5.1).(5.2).(53).(4,3).(3,1),(3,2)}) . Kaxnmetit u3 5 ysnos
ABJIAETCS  OJNHOHOMEHKJIATYpHOW cHCTeMOH, To ecTb n; =1, i =15.
IpencraBum ympapisieMble IIOTOKU U, U,, Uy, OIHCBHIBAIOIIUE IIPOLECCHI
cOOpkH, B BHIE THUIEpAYr, N00aBUB JBa IOTOKA u, M U5, KOTOpbIE
OIMCBIBAIOT IIOCTABKHU ChIPbsI U3BHE (cM. puc. 1). lyru d,,d,, u3o0paxeHHble
IMYHKTUPOM, TPEJICTABIAIOT  BHEIIHMM  cIopoc. 3HaueHHe  BpEeMEHHU

TPaHCIOPTHPOBKU 7; ; M KONMYECTBO eauHuy mpopykumu I, xoropoe

Tpe6yeTc;1 B COOTBETCTBHU C TEXHOJOTMYCCKHUM IIPOLECCOM, YKa3aHbl IJIA
KaXIA0T0o YHOpPaBIsAEMOI0 IMOTOKa B KPYIJIbIX W KBaJAPATHBIX CKO6KaX,
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COOTBETCTBEHHO. Bo3ne Kkaxaoro ysiga yKa3aHbl 3HAuUeHHUS BpPEMEHU
BBIIIOJIHEHUS 3aKa3a T .

1 : ' O]
oy s o : : 4

2

O 4q @

Puc. 1. I'padmueckoe nmpencraBieHne MOJAEIH CETH

Ho dopmyne A; =max{Tl;;+T;, j= 1,_5, J#I}, i= 1,_5 OTIpEeNIeITAM
BEIMYHMHBI 3aMa3bIBaHUs YIPABIIEMBIX ITOTOKOB BCeX y3JIOB. B pesynbrare
PasMEpPHOCTH PAaCHIMPEHHBIX MoJeed HoacucTteM paBHel: N, =3, N, =4,
N;=3, N,=2, Ns=3. IlycTb BpeMsd TPaHCHOPTUPOBKH PECYPCOB MEXKIY
y3namu 3 1 1 B mporecce (yHKIIMOHUPOBAHUS MOXKET YBEITHUNBATHCS HA OJTHH
nepuon, T.e. T3, €{l,2}. Torma BenmuyMHA 3amMa3[BIBAHHUS YNPABISEMbIX

MOTOKOB y371a 1 MOeT MpUHUMAaTh 3HaYCHUE U3 MHOXecTBa A, €{2,3}. B

pesymbrate A4;(0) e Q, = Co{Al(l), Al(z)} , TIe

Lo 1001
0000

D=0 0 0f, 47= .
4 OIO’A‘ 0100
0010

I'paHnuHbIe 3HAYCHHS BHEIIHETO CIIPOCA MPEANOIaraloTCsl H3BECTHBIMU:
d™ =[10,5]", 4™ =[20,10]". C nomompto amropurva (9) BBYHCIAM
IrPaHUYHbIE 3HAYEHHS BHEUIHUX BO3JEHCTBUIA: wmin = [10, 5,30, 90, 80]T R
w™ =120,10, 60,180,160]". B coorserctBuu ¢ (12) BBIYHCINM pasMepbl

* . P
CTpaxoBBIX 3amacoB x;, i=1,5. Cnexya [8], BeUMCINM HapaMeTpsl

JJUIANICOMJIOB,  ANNPOKCUMHUPYIOUIMX MHOXKECTBA  3HAYEHUN  BHEIIHMX
BO3ACUCTBHH (B paccMaTpUBacMOM IMpHUMEPE UIMIICOUIBI BBIPOXKIAIOTCA B

otpeskn): Q) =25, w; =15; 0y =6.25, wy =7.5; Q) =225, w, =45;
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Y =2025, w, =135; QF=1600, ws; =120; a Takke mapameTpl
QJUIMIICOUAOB, AIIPOKCUMHUPYIOIMINX MHOKECTBA 3HAUYEHUH COCTOSHUM:
OF =1600, Q5 =900, OF =14400, Q3 =129600, Q2 = 25600.

I'paHnuHbIE 3HAUYEHUS COCTOSIHUI U YNIPaBJICHUN, HadajbHbIC YCIOBUS, a
TaKK€ pa3Mepbl CTPAXOBBIX 3allacoB [UId BCEX Y3JOB IPEICTABICHBI B
Tabnuue, TOE TaKKe TMpHUBEACHB BHIOPAHHBIC 3HAUEHMs JWArOHAIBHBIX
3JIEMEHTOB BECOBBIX MATPHII JIOKAJIBHBIX KpUTEpHEB KadecTBa (14).

Tabmuna
XapaKTepHCTHKH y3JI0B CETH TTOCTABOK
i | x™  en u™ en. xj sen. | x;(0),en. Wlé wi
1 80 20 40 40 5.0 1.0
2 60 10 30 30 3.0 1.2
3 240 55 120 120 4.0 2.0
4 720 150 360 360 5.0 1.0
5 320 160 160 160 2.0 1.3

Pemenne 3amaum (23) mpu orpanmuenusx (20) — (22) momydeHo c
noMomsio makera CVX [15]. PesympraTel MonenmupoBaHus s y3na 1 mpu
CKauK00Opa3HO M3MEHSIOIIEMCS BHEIIHEM CIIpOce MPECTaBJICHBI HA pHC. 2,
I7ie @ — 3HaueHHs TPAHUYHOTO, CTPAXOBOT0 U HAJIIMYHOTO YPOBHEH 3amaca; 6 —
3HA4YEHHs BHELIHET0 CIpoca U 00beMOB 3aKa30B.

IMocTpoum BekTopHyo (25) 1 obmyro (26) ¢ynkuuu JlsnyHoBa, BEIOpaB
F :[100,120, 5,0.1, 0.1], a 3aTeM — cHCTeMy cpaBHeHms (27). Marpuma

JMHAMHUKA CHUCTeMbl cpaBHenusi A(k) Vk  sBIsieTcss HUIBIOTCHTHOM,

CJIEI0BATE/IbHO, CHCTEMa YIIPAaBICHUS 3alacaMyd C ACLECHTPAIU30BAHHBIMHU
perynsatopamu sBisercs yctounBou. Ilockosibky B MOMEHT Hauaja
MO/ICJIMPOBAHKS KaHAJbI TPAHCIIOPTUPOBKU PECYpPCOB HE OBLIH 3arpy>KEHBI, BO
BCEX y3JlaX HaONIOJAI0TCs MEPEXOAHBIE MPOLECCHl, NIUTEIBHOCTH KOTOPBIX
COBIAJAIOT CO 3HAYEHUSMM HWHTEPBAJOB 3aMa3[bplBaHUs YINPaBIIEMbIX
MIOTOKOB. AHalu3 pe3yJbTaTOB MO3BOJISIET CHAEJAaTh BBIBOJA, YTO JIOKAJIbHBIE
PETYIATOPBl 00ECIIEYNBAIOT MOJHOE M CBOCBPEMEHHOE YAOBJICTBOPEHHE KaK
BHEUIHET0, TaK U BHYTPEHHETO CIpoca Ha pecypchl. IIpu 3TOM BBINOIHSIOTCS
3aJJaHHBIC JIOKAJIBFHBIC OTPAHWYCHHUS, ITOCKOIBKY O0OBEMBI HAJMYHBIX 3aIIacoB
pecypcoB 1 00BEMBI 3aKa30B HE MPEBHIMIAIOT TPAHWYHBIC 3HAYCHUS.
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Yposexs sanaca x, (e.)
Cnpoc d, (en.); ynpaeneHve u, (en.)

Howmep avickpeTHoro nHTepsana k Homep AvckpeTHoro ukTepsana k

a 0

Puc. 2. I'paduku nmepexoJHBIX IPOLECCOB IS y371a | CeTH MOCTaBOK

BruiBoabl. B pabGore mpemtoskeH Moaxol K PEUICHHIO 33/1a4d CHHTE3a
JENEHTPATU30BAHHOTO YIIPABJICHHS 3allacaMy B CETAX IOCTaBOK. JIOKaibHbIE
PETYIATOPHI CTPOSITCS ¢ UCTIONB30BAaHUEM JIMHEIHON AMHAMUYEeCKOH 0OpaTHON
CBSI3M TI0 CHTHAIY HEBSI3KM MEXIY HAINYHBIMH W CTPaXOBBIMH YPOBHSIMH
3amaca pecypcoB. [ mopaBiIeHUsT BIMSHUS BO3MYILCHHH, MOJEIHPYIOMINX
W3MEHEHHsI BHEIIHETO CIIPOCa, OJHOBPEMEHHO C obecredeHneM poOacTHOM
YCTOMUMBOCTH 3aMKHYTBIX JIOKANIbHBIX IOJCHCTEM IPUMEHEH METOA
WHBApHAHTHBIX DJUIMIICOMIOB, YTO MO3BOJWIO copMyiupoBarh 3ajgady B
TePMUHAX JTHHEHHBIX MATPUYHBIX HEPABEHCTB, 4 CUHTE3 YIPABIECHUS CBECTU K
MOCJIEI0BATENILHOCTH 3a/1a4 I0JIyONPeJeICHHOTO IPOrPAMMHUPOBAHMUS.

HoBuzHa ¥ mpakThHyeckas TOJIE3HOCTh pabOThl 3aKIoyaeTcss B
YCOBEPIICHCTBOBAHWM METOJIUKH AaHAJIN3a YCTONYMBOCTH JHMHAMHYECKUX
YIPaBISIEMBIX CETEBBIX CHCTEM Ha OCHOBE METOJa CPaBHEHUs W METOAa
BEKTOPHBIX (QyHKIMI JIAmyHOBA.
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