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PaccMmorpum n3MEHeHHE SHTPONUU KOMIIOHEHT CUTHA-
J1a. 3Ha4eHUE YHTPOIUY IEPBOM KOMIIOHEHThI YMEHBIIIAET-
cs1, @ BTOPOU KOMIIOHEHTHI yBelnuuuBaeTcs. I3MeHeHue dH-
TPONHH MIPOUCXOAUT Ooree pe3ko, ueM sHeprun. Ho cym-
MapHas JHTPONHUSA [ABYX KOMIIOHEHT HOCTEHNEHHO
YMEHBIIAETCA [0 ONPENEIIEHHOTO YPOBHSI, a IOTOM IPOUC-
XOIUT YBEJIMYEHHE 3HaUeHUI. MOXKHO MIPEATIONOXKUT, YTO
«TIepesioMHasl TO4Ka» oToOpaxkaeT HaubOosee HEeyCTOHYH-
BOE COCTOSHUE CUCTEMBI, B KOTOPOM BO3MOXKHO BBIJIEJICHHE
kommoneHT (puc. 5). Cormtacno teopun K. lllenHoHa, npu-
pocT nHdopMay paBeH yTpaueHHONH HEONpenenéHHOCTH
cucTeMsl (2), TOITOMY Ha 3TOM YPOBHE JEKOMIO3HILIMHU OC-
TaHOBWJICS npupocT uHpopManuu. Cucrema repemnuia B
a0COTIOTHO HEYCTOHYMBOE cocTostHME. VI3 BhImenepeyrc-
JIEHHOTO MOXKHO CIENIaTh CIEIYIOIIUI BBIBOJ. BBIACICHUE
KOMIIOHEHT CUTHAJIa MOKHO BBIIIOJTHUTH HA YPOBHE JIEKOM-
MO3ULUHU C MUHUMAJIbHBIM 3HAUEHHEM CYMMAapHOM SHTPO-
ITMH 000MX KOMITOHEHT.

5 ITPOLIE/TYPA BBIIEJIEHUS KOMITOHEHT
CUTHAJIA

IIponenypa BbLAEIEHNS KOMIIOHEHT CUTHAJIA COCTOUT M3
CIIEIYIOIUX 3TAMOB:
1. YcraHOBUTB YpOBEHB paznoxeHust i=1.

2. TIpoBepka: i < 2N/2 Ecnu Bomonnsercs yCIOBUE —

mepexon K 1. 3, nHave — 1. 11.

3. BrINonHUTE BelBIeT-Npeodpa3oBaHie CHrHAA HA |-
YpOBHE.

4. BeIIenuTh NepByo KOMIIOHEHTY CUTHAJIA — OCTaBUTh
0e3 M3MEHEHNH KO3 (PUIMEeHTHI anMpOKCUMAaNUH 1 OOHYINTh
KO3 () PUITUCHTHI IeTaTH3aIlHH.

5. BolienuTh BTOPYIO KOMIIOHEHTY CUTHAJIa — BHIYECTh
13 OOIIETro CUrHajla MepBYI0 KOMIIOHEHTY.

6. BBIYUCITUTB SHTPOIHUIO MEPBOI KOMIIOHEHTBI.

7. BBIYUCITUTB SHTPOIHUIO BTOPOIl KOMITIOHEHTHI.

8. BerucanTh CyMMapHyIO 3HTPOITHIO 0OOMX KOMIIOHEHT.

9. [poBepka: eciii cyMMapHasi SHTPOITHS Ha I-ypOBHE
MEeHbIIIe CyMMapHO# SHTpornuH Ha (i—1)-ypoBHe — nepeiitu
k1. 10, ugave k 1. 11.

10. YBenmuuuTh YpOBEHb BEHBIET-pa3iokeHus i=i+1.
[epeiitn k 1. 2.

11. YcTaHOBHTB ONTUMAITHHBINA YPOBEHB BBIICIICHHS KOM-
noHeHT B (i—1)-ypoBeHb.

12. OcraHos.

BbIBO/JbI
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JOCJIIKEHHSA 3MIH EHTPOIII TA EHEPT'Ti HA ETAITAX JEKOMITO3HUIIIi CAUTHAJTY

ITpoBeneHo NOCIiTKEHHS BUSBICHH 3MiH €HTPOIIIl Ta eHEeprii CHTHATY Ha eTarax Horo JeKOMITO3HILil. 3aIporOHOBAaHO METO AUICHHS

CHUTHAJIy CKJIaAHOT (JOpPMHU Ha HE3aJIeXKHI CKIIAJIOBI 32 JOIIOMOIOI0 MaTEMAaTHYHOI'O arapaTy BeHBIeT-IIepeTBOPEHHS Ta Teopil iHpopMarrii.

Kurouosi ciioBa: BeﬁBJ’IeT-HepeTBOpeHHH, pO3HiJ'IeHHH curHaly, ontumalibHa Z[eKOMHO3I/IIli$[ CUTHAITY.

Dubrovin V. 1.3, Tverdohleb J. V.2

!Ph.D. in Engineering, professor, Zaporozhye national technica university, Ukraine

2Aspirant, Zaporozhye national technica university, Ukraine

RESEARCH OF CHANGES OF ENTROPY AND ENERGY ON SIGNAL DECOMPOSITION

Research of changes of entropy and energy on signa decomposition is presented. Coifman’s method for the purpose for signal

delineation was modified. The method of complex signal delineation based on wavelet transformation and information theory is proposed.
The agorithm for the signal components separation is developed. The proposed method based on research of total entropy of both signal
formed components. The first component is the reconstructed source signa after wavelet transformation on the current decomposition
level in which the approximation coefficients must be equals to zero. The second component is the residue from the deduction of the
source signa and the second component on the current decomposition level. The turning point of the total entropy curve denotes the
most unstable system state in which the components can be identified. The most unstable system state is system state having zero
increment of information. Entropy increments until the turning point and it decrease after. The sum of the sinusoids was used as test
signal. The results of the method have high accuracy.
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ONTUMUIALUNA PACMNPEAOENIEHNA OBBEMA 3AKA3A MEXOY
HECKOJNIbKUMU NMOCTABLLUMKAMU B TEHOEPE

PaCCManI/IBaeTCH npo6neMa ONTUMAJIBHOI'O paclipeaciIeHus oObeMa 3aKaza MEXKAY

HCCKOJIBKMMHU IOCTaBUOIMKaAMHU,

y4acCcTBYIOIIUMU B TEHACPEC.

IIpennoxen meton

MHOFOKpHTepHaHBHOﬁ OIITUMU3ALIUU paCHIpEACICHUS oObeMa 3akasa MEXKAY HECKOJIbKUMU
NOoCTaBUIMKaMU B TEHAEPE, KOTOpI;IfI YYUTBIBAECT OTHOCUTEIIbHBIC KO3(1)(1)PIHI/I€HTI)I BaXXHOCTH
KPUTEPUEB, 10 KOTOPLIM ITPOU3BOAUTCS OINTUMH3AIIUSA.

Kuarwuesrblie cioBa: MHOI'OKpUTEpHaJibHas ONTUMHU3AlWA, PACIIPEACIICHUE oObema 3akKasa,
KpI/ITepI/Iﬁ ONTHUMAJIbBHOCTHU, OTHOCUTEIIbHBIC IPUOPUTETHEI KPUTECPUEB.

BBEJIEHUE

ITocne npoBeaeHus TEHAEPA B IPOLIECCE YTOUHEHNUS yC-
JIOBUH 3aKJTFOUYCHNS KOHTPAKTA HEPEAKO MOSBIISIOTCS HOBBIE
HerpreMIIeEMbIe ISl TIOJPSTINKA YCIOBHSI, N3-3a YEro MpH-
XOZUTCS 00paIaThCs K CIEAYIOMEMY 110 PEHTHHTY yJacT-
HUKY JTMOO ITPOBOANTH HOBBHINA TeHzep. UToObl m3bexaTh
MOAOOHBIX CHUTYyallMii OpraHHU3aTOpPhI TEHIEPOB BCE Yalle
TIPEIOYUTAIOT 3aKII04YaTh KOHTPAKTHI HE C OTHUM, a C He-
CKOJIBKUMHM OCTaBIIMKAMH.

E1ne Ha sTane npoBeieHus TEHAEPa MOXKHO ITPETyCMOT-
PpEeTh, KaK paclpeiesIuTh Bech HEOOXOINMBIN 00beM 3aKa3a
MEXTy HEKOTOPBIM YHCIIOM MoapsiaaukoB [1]. OnHako, 310
BO3MOXXHO TOJILKO B TOM CJIydae, €CIM yYaCTHUKH MpeJyia-
rafoT OIMHAKOBBIE TOBAPHI HJIH YCIIYTH.

[Ipu pemienny 1aHHOM 3a4a4u Yalle BCEro MPOBOAUTCS
OIITUMM3AIMS IO ABYM KPHTEPHSIM, KOTOPBIE MOKHO OHO-
3HAYHO NPEACTABHUTH B KOTMYECTBEHHOM BHJIE: 110 ICHEKHBIM
3arpaTaM M 110 BPEMEHH, HEOOXOIMMOMY JUIsl BBIIOTHEHNUS
3aka3a. Ba)XHO TO, 4TO 3TH KpUTEPHUH IPOTHBOPEYHBEI, U OII-
THUMU3ALWSA 110 KOKIOMY U3 HUX IIPUBOIUT K YXYIUICHUIO 3Ha-
YEHMI1 110 IPyroMy KPHTEPHIO X COOTBETCTBEHHO K pa3ind-
HBIM PEIIICHIUSIM 3a a4k pacrpeneieHus [2].

1 TIOCTAHOBKA 3ATAYA MHOT OKPUTEPH-
AJILHO ONTAMIBALIAYA PACTIPEIE/IEHHST
OFBEMA 3AKA3A MEXKTY HECKOJIBKAMU

TOCTABIIIUKAMH B TEH/IEPE

Ecim 3aKka34mK jKenaeT 3aKIF09UTh KOHTPAKT HE C OMHNM,
a cpasy ¢ | yJ4aCTHUKaMH, TO 33/1a4y MHOTOKPHTEPHAIBHOM
ONITAMU3AIMH pacTpeaeeHus 00beMa Beero 3aka3a U Mex-
Ty HECKOJTBKUMH TIOCTABIIIMKaMH MOKHO TIPEICTABUTh B BU/E
3a[au1 MHHUMH3AIMN CYMMBI BCeX 3aTpar P gacreii 3aka3a
U, @ TAK)KE MUHUMHU3aLI1 BPEMCHH Atj, He00X0IUMOTO JIsI
BBINOTHEHHMS 3aKa3a. [Ipy 3TOM ciieyeT yauThIBaTh OTHO-
CHUTENbHBIE TPUOPUTETH KPUTEPHEB CTOMMOCTH U BPEMEHH
HCIIOJTHEHNSA 3aKa3a.

B nanHOM citydae, ecii y9acTHHUKH OyIyT BBIIOIHSTH T10-
CTaBKy TOBApOB WM YCIYT OJHOBPEMEHHO, TO O0IIee BpeMst
BBIIOTHEHMS TIOITHOTO 00BeMa 3aKasa OyIeT paBHO MAKCHMAITh-
HOMY 13 TIEPHO/IOB BPEMEHH, 3a5IBIICHHBIX 3aKa3YNKAMH.

© Konmaxosa T. A., 2013

mind, @

Q
O ={0 |k=1.2, ©
D=3 uR, 3
@ = maxAt;, @
Q:u =Zui ' )

rie @ = (dq,d,) —BEKTOPHEII KPUTEPHiT ONTHMAIBHOCTH,
@, —4JaCTHBIE KPUTEPHH ONITUMAIILHOCTH.

IMowck onTrMaNBEHOTO pacnpeneeHus IBIsIETCS UTepa-
IIMOHHBIM TIPOLECCOM Iepedopa Ha HEKOTOPOM JAWCKPET-
HOM MHOYKECTBE BapuaHTOB pelieHuil. [Tpu noucke onrtu-
MaJIbHOTO PEIIEeHHS MOKa3aTeIeM MOIOKUTEILHOTO PE3YITb-
TaTa UTEPALNH SIBISIETCS TO, YTO OTHOCUTEIBHBIN YPOBEHB
CHIDKEHMS KauecTBa IO OFHOMY YaCTHOMY KPUTEPHIO HE
MIPEBOCXOJUT OTHOCHTEJIFHOTO YPOBHS HOBBIIICHUS Kade-
CTBA IO IPYrOMY YaCTHOMY KPUTEPHIO.

ITockonbKy B Tiporiecce MpoBEAEHHMS TEHAEpa ONPEAes-
€TCsl, YTO OFHU KPUTEPHHN BayKHEE IPYIUX, CIEIYET Onpene-
JIUTH OTHOCHTENBHBIE TPUOPUTETHI KPUTEPHEB CTONMOCTH U
BPEMEHH HCTIOHEHHS 3aKa3a d,, mpudem

Yde=1 ®)
k

ITycTs cymecTByroT pemrenns Y, u Y, — CrocoObl pac-
npenenenus oobema 3axasa U Ha gactu U. Mepa oTtHOCH-
TEIHFHOrO M3MEHEHNsI (CHIDKCHHS MIIM TIOBBIIICHMS) Kade-
CTBa PENIEHHUS IIPH MIEPEXOJIE OT PEIIEHHs Y, K Y, TI0 KaXK 10~
MY U3 KPHTEPUEB COCTABIISICT:

ADy (Yo, Yp) = Ai(YaYp 0

max o K
YelY, Yo}
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e AD (YY) = Py (Ya) — Pk (Y,) — abcomroTHBIE H3MeE-
HEHUs 3HAYCHUH YaCTHBIX KPUTEPHEB ONTUMATBHOCTH TIPU
TIEPEXOJIE OT PEIIEHHS Y, K PEIICHHUIO Y.

MaxkcuMasnbHOE CHI)KEHHE KauecTBa peleHus MpH Tie-
pexofie oT peruenus Y, K PEIEHnIo Y, OpeenseTcs Kak:

AD i (Ya, Yo) = ngndmc'ﬁkwa,Yb). ®

AHAITIOrMYHO MaKCUMaJIbHOE ITOBBIITICHHE KAaYeCTBa pemie-
HUA TIPU IEPEXOJC OT PCIICHUS Ya K PCHICHUTIO Yb COCTaBJIICT.

Aq)max(Ya!Yb):mkaXdk'A(I)k(Ya’Yb). ©)
Pemenue Y, npesocxomut pemenue Y, (Y, > Y ), ecou:

A&) max (Ya'Yb)‘ > ‘Ac—f) min (Ya’Yb) . (10)

U, cooTBETCTBERHO, petnenne Y, MPEBOCXOIHT PEIEHHE
Y, (Ya =Yy ), ecomm:

AD max (Ya,Yb )‘ < ‘A&) min(Ya, Yo)|. (1

3 METOJ MHOTOKPUTEPHAJIGHOM
OIIMUMMBALINN PACTIPENETEHUSA OFBEMA
3AKA3A MEXTY HECKOJIbBKNMHA

INOCTABIIUKAMU B TEH/IEPE

Br160p HauaJIEHOTO PELIeHHsT MOXKET OBITH POU3BENCH
CITy4aiHBIM 00pa3oM, ofHako 3¢ (eKTUBHEE A Havajia
TIOMCKa BBIOpATh TAaKoe pelnieHue, Ipx KOTOPOM BECh 00bEM
3aKyIIaeTCs y JIYIIEro 1o MPeABAPUTEIHHBIM OIIEHKAM I10-
CTaBIIHKA.

OnHAaKO CIENYeT TAKXKE yIeCTh, YTO ITOCTABIINK MOXKET
OTPaHWYHUTh MHUHIUMAJBHBI 00BEM, KOTOPBEI OH COTNIACEH
TIOCTaBUTH B paMKaX OTHOTO KOHTPAKTa. 3HAYEHNE YaCTH 00be-
Ma 3aKa3a U, JTs1 KaKI0TO TIOCTaBIIMKA CIIEMYET OOrOBOPHTH
JIOTTOTHUTEIIHHO €IIIE Ha ATaTe IPOBEACHNUS TEHEPA.

OCHOBHBIE 3Talbl MPEATI0KEHHOTO METO/IA!

[ar 1. Ha mepBoii urepaunu =1 BeiOupaeTcst Hadaib-
HOE PENIEHNE 3a/[a90 PacTIpeeNeHns Y,

[ar 2. BbIYUCTSIIOTCS] 3HAYEHUS] YaCTHBIX KPUTEPUCB
ONTUMATBHOCTH D, 1T BEIOPaHHOTO pernenus Y,,.

[ar 3. HekoTopsiM CrOCOOOM BBIOUpPAETCS pelICHHE
3a/1a9¥ pacrpeeTIeHIs Yr'

[ar 4. BeraucisitoTcsi 3HAYCHUS YaCTHBIX KPUTEPHUCB
onTuManbHOCTH @, Juts pentenns Y,

[ar 5. CoracHo BeipaxeHusM 7/—11 onpexnernsiercs mpe-
BOCXOJAIICE PEIICHUE Yt

[ar 6. Ecnu ycoBre OKOHYAHHS IOMCKA BBITIOTHEHO,
TO BBIMHCIIEHHS CIIEYET IPEKPATUTD, & PENIEHNE Y, IPUHSTH
3a MPHONIDKEHHOE PelIeHNe 3aJa491. B IpoTHBHOM citydae,
CIETyeT MONOKUTE Y, = Y, ¥ iepeiiTy k mary 3.

B kauecTBe ycI0BHS OKOHYAHHS HTEPALUH MOXKET OBITh
UCTIONIb30BAHO JTOCTHIKEHHE TPEIBAPUTEIHHO 33JaHHOTO
KOJIMYECTBA UTEPALNH, TNOO OKOHYAHHE ITOTHOTO Tiepedo-
pa IMCKPETHOTO MHOKECTBA BO3MOYKHBIX PEMIEHHH Y
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Hannyumee pemenne Y, Oyner COJepIKaTh ONTHMAIIL-
HOE pacrpesenenne o0bema 3akaza U Ha i qactelt U,

3 PELIEHNE 3AJJAUM 3AKA3A KABEJIEN JIUIS1
CTPOUTEJILCTBA ITPOMBIILIEHHOTO OBBEKTA

Heob6xomumo pacnipenenuts 00beM 3aKka3a CHIOBBIX Ka-
Oereil 11 CTPOHUTENBCTBA KPYITHOT'O MPOMBIIIIIEHHOTO 00BEK-
Ta. TeHnjepHoe 3a/1aHNE BKITIOYAET CIIE/YIOLTYIO [TO3UIIUIO:

KabGens cumomoif, 1 kB, ¢ MeIHRIMU XUIaMu
2x185 mM. kB., B [IBX He pacnpocTpaHSIoOmEeM ropeHue
(BBI'ar-1) — 1137 m.

[Mocne mpoBeneHus npenBapuTEILHOrO 0TOOpa, 3aKa3-
YHMKH OCTAHOBWJIMCH HA JIBYX YIaCTHHUKAX

1. «Quepronpom» ([IHenporneTpoBCK):

—mnena3a lex. ¢ HIC — 306,660 rpH.;

—obmras cymma ¢ HIIC — 348 672,42 rpH.;

— cpok ucnioaeHus — 30 THeH.

2. 000 «KOPT» (3amaunn):

—nena3a len. c HAC — 344,66 rpH.;

—obmras cymma ¢ HIIC — 391 878,97 rpH.;

— CPOK UCTIOTHEHUS — 21 IeHb.

[Tpu 3TOM K03(h(HPUIMEHTH OTHOCUTENBHBIX PUOPUTE-
TOB KPUTEPHEB COCTABIISIIOT!

—1npuopuret kputepus «CTonmocts 3akaza» d, = 0,54;

—npuopurer kpurepus «Cpok ucnonsenus» d, = 0,46.

B tabnmmax 1 u 2 mpuBeIeHO MHOXKECTBO PEIICHHUH pac-
npesiesieHns 00beMa 3aKasa ¢ marom auckpernsarmu 0,2 u ¢
Y4ETOM TOTO, YTO ITOCTABIIMKN HE OIPaHUYMIIN 00BEM Of1-
HOM MOCTaBKH.

[Mpouecc nmoncka ONTUMAIBHOTO PEIIEHUS] COCTOUT M3
CIIE/TYIOIIHX IIIaTOB:

[lar 1. 3a mavansHOE pemieHne Y, NPUHUMAETCS pac-
npezniesienne 1, mpyu KoTopoM BeCh 3aKa3 BBIIOMHSETCS BTO-
PBIM TTOAPSITINKOM.

[Har 2. Jlns Y, 3Ha4eHus YaCTHBIX KPUTEPHEB ONITUMAITb-
HOCTH COCTABJISIIOT!

®p=391878,97 rpu.,

D= 21 neHb.

[lar 3. Beibupaercs 3Hauenue Y, Kak pacnpeenenue 2.
[lar 4. st Y, 3Ha9EHNsT 9aCTHBIX KPHTEPUEB OIITUMAITb-
HOCTH COCTaBJISIOT:

D= 0,2+ 348672, 42 rpn +0,8* 39187897 rpm = 383237,66 pH.,

@, =max(0,2* 30|, 0,8* 21)) = max(6,17) =17 nwei.

[ar 5. OmpexnensiroTcst MEPH HI3MEHEHHS Ka4eCTBa pe-
IIEHWS TIPH ITEpexone oT Y K Y,

391878,97 — 383237,66

A®p (Yo Y1) = 39187897

=0,0221,

21-17

AD, (Yo, Yy) = =0,1905.
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Tao6auma 1. CroumocCTb 3aKa3a u3 pacueTa €ro pacupeacsIiCHus Ha 10U Ul u U2

Ne | Jlons saasau, | Jloms saxasa up Croumoctb yactu | Croumocts yacti | OOas cToMMOCTh
3aKasa Uy 3aKaza Uy 3aKasa

1 0 1 0,00 391 878,97 391 878,97

2 0,2 0,8 69 734,48 313503,18 383 237,66

3 04 0,6 139 468,97 235127,38 374 596,35

4 0,6 0,4 209 203,45 156 751,59 365 955,04

5 0,8 0,2 278 937,94 78 375,79 357 313,73

6 1 0 348 672,42 0,00 348 672,42

Tao6auma 2. CpOK HUCIIOJIHEHUA 3aKa3a U3 pacueTra €ro pacrpeaejiCHus Ha 10JIu Ul u U2

e | o st | o sarasa vy | P ORIt P | e sakasa
1 0 1 0 21 21
2 0.2 08 6 17 17
3 04 06 12 13 13
4 06 04 18 9 18
5 08 0.2 2 5 24
6 1 0 30 0 30

[lar 6. O4yeBwIHO, UTO IPH TIEpeXOME OT Y K Y, Ka4ECTBO
pelIeHus MOBBIIAETCs 0 000MM MapaMeTpaM, 3HaYnT Ha
JaHHOM 3Tare Y, — NPEBOCXO/IAIIEE PEIIEHHE, U TaTbHEH-
M TIONCK CIIEyeT IPOA0DKATh OTHOCHTEIILHO HETO.

[lar 7. Beibupaercs 3nauenue Y, Kak pacnpenenenue 3.

[Har 8. [lna Y,3Ha4eHus YaCTHBIX KPUTEPHEB ONTUMAITb-
HOCTH COCTABJISIIOT!

®p=04* 34867242 rpu+0,6* 391878, 97 rp =374596,35pH.,
@, = max(0,4*30,[0,6* 21]) = max(12,13) =13 meit.

[ar 9. Ompenenstorcs: Mepbl U3MEHEHUsI KaueCcTBa pe-
IIEHWS TIPH Tepexone oT Y K Y,

3383237,66 — 374596,35

APp(,Y2) = 383237,66

=0,0225,

17-13

AD (Y1,Y,) = =0,2353.

[ar 10. OgeBuAHO, YTO IPH MEPEXOAE OT Y1K Y2 Kage-
CTBO pEILICHHUS MOBBINIACTCS 110 00OUM IapameTrpam, 3Ha-
YMT Ha IAHHOM 5Tarie Y, — IPEBOCXOJIAIIEE PEIICHHE, H JTaylb-
HEHIIHH IIOUCK CIIeyeT IMPOIO0JKATh OTHOCHTEIBHO HETO.

Ilar 11. Beibupaercs 3Hadenne Y, KaK pactpeneneHue 4.

[lar 12. [ing Y,3Ha4eHnst 9aCTHBIX KDHTEPUEB ONTAMAITb-
HOCTH COCTaBJISIOT:

®p=0,6* 34867242 1pn -+ 0,4* 391878,97 1pn = 365955,04 rpH.,

@, = max(0,6* 30],[ 0,4* 21)) = max(18,9) =18 nuei.

[ar 13. OnpenensioTcst Mepsl U3MEHEHHS KauecTBa pe-
IIEHNs TIpH Tepexonie oT Y,k Y,

374596,35—-365955,04
374596,35

ADp(Yy,Yz) = =0,0231.

~ 13-18
AD(Yo,Y3) =

=-0,2778;

MakcuManbHOE CHH)KEHHE KauecTBa PEIICHUs [IPHU TIe-
pexoze ot Y2 K Y3 COCTaBIISIET:

AD i (Y2, Yz) = 0,46* (-0,2778) = ~0,1278.

MakcuMalbHOE TTOBBINICHHE KayecTBa PELICHHs MPU
nepexozie oT Y, K Y, COCTaBIISET:

AD max (Y2,Y3) = 0,54* 0,0231=0,0125.

[Tockonbky
AD o (Yz,Ys)‘ < ‘Aq)min(Y21Y3) ,

TIPEBOCXOIAIIMM PELICHUEM SBJIAETCS Yo,
Ilar 14. Beibupaetcs sHavenue Y, KaK pacTipeneseHue .
[lar 15. [ina Y, 3Ha4eHns: 9aCTHBIX KPHTEPUEB ONITAMAITb-
HOCTH COCTaBJISIOT:

®p=08" 34867242 rpu+0,2* 391878, 97 rps =357313 73rpH.,
@, = max(0,8*30]]0,2* 21)) = max(24,5) = 24 s
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[ar 16. OnpenesiroTcst Mepsl U3MEHEHHS KauecTBa pe-
IIEHNs TIpH niepexone ot Y,k Y,

374596,35 - 357313,73
374596,35

ADp(Yy,Y,) = =0,0461;

13-24

AD, (Ys,Y,) = = -0,4583.

MakcuManbHOE CHM)KEHHE KauecTBa PEIIeHUs IPHU Tie-
pexozie oT Y,k Y, COCTaBJIA€T:

AD i (Y, Yy) = 0,46* (~0,45838) = —0,2108.

MakcuMallbHOE TIOBBIIICHHE KauyecTBa PEHICHUS MPU
nepexoie oT Y, K Y, COCTaBIISET:

A max (Y2,Yz) =0,54* 0,0461=0,0249.

INockonbky

AD e (Y.Y3)| < [AP i (Y2, Ya)|,

HPEBOCXOJIAIINMM PEIIEHNEM ABIAETCA Yo
[ar 17. Beibupaercs 3HaueHue Y, Kak pacripeseseHue 6.
[lar 18. [ing Y 3Ha4eHHs YaCTHBIX KDHTEPUEB ONTHMAITb-
HOCTH COCTaBJISIIOT!

®p=348672,421pH.,

@, = 30 nHei.

[ar 19. OnpenesitoTcst Mepsl U3MEHEHHS Ka4ecTBa pe-
IIEHHS TIPH TIEPEX0Ie OT Y, K Y.

374596,35 — 348672,42

APp(Y,Ys) = 3745935

=0,0692,

13-30

AD, (Y, Ys) = =-0,5667.

MakcuManbHOE CHH)KEHHE KauecTBa PEICHUs [pHU Tie-
pexoe ot Y2 K Y5 COCTaBIISIET:

A®D in (Y2, Y5) = 0,46* (~0,5667) = ~0,2607.

Kommaxosa T. O.

MakcuMallbHOE TIOBBINICHHE KauyecTBa PEUICHUS MPU
nepexozie oT Y, K Y, COCTaBJISET:

AD i (Y2, Ys) = 0,54* 0,0692 = 0,0374 .

Iockonbky

Achf)max (YZ,YS)‘ < ‘AE) min(Y2,Y5)|,

HPEBOCXOJIAIINMM PEIEHNEM ABIAETCA Yo

Takum oOpazomM, 3a 19 maroB ObUT COBEPILIEH MOIHBIN
nepedop TMCKPETHOTO MHOXKECTBA PELIEHHH, 3aJaHHBIX B
tabmnnax 1 u 2. I[Tocne 3aBepiieHus nepedopa HAMITYIIIAM
PELIEHHEM OKa3al0Ch pemeHte Y, KOTOPOE COOTBETCTBYET
pacmpenenenuio 3. ONTUMalIbHBIM pEIIeHHEM 3a1a4du Oy-
JeT 3aKiroueHre KoHTpakra Ha 40 % 3akaza (455 m kabeis) ¢
noapsaunKoM «DHeprornpom», u Ha 60 % 3akaza (682 m
kabenst) ¢ moapsiaurikom OO0 «KOPT».

[Tpu sTOM 00IIAast CTOMMOCTB 3aKa3a yMEHBIIACTCS Ha
4 %, u o0IUif CPOK MCIIONHEHHS 3aKa3a YMEHBIIIACTCS Ha
38 % oTHOCHTENIFHO PelleHus, IPH KOTOPOM BECh 3aKa3 BbI-
nomnasieT noapsirauk OO0 «KOPT».

BbIBO/JbI

Hpe,HJ'IOH(CHHHﬁ METOO MHOFOKpHTCpHaHLHOﬁ OIITUMU-
3alluU NO3BOJIWJI paCcupeAC/IuTb 00bEM 3aKasa MCKIY HE-
CKOJIbBKMMU MOCTAaBIHIMKAMH COITIACHO KPUTCPHUAM CTOUMOC-
TH U CPOKa MCIOJIHCHHUS 3aKa3a. HpI/I 9TOM OH YYUTLIBACT
OTHOCHUTCJIbHBIC KO3(1)(1)I/IHI/I€HTI)I Ba’XHOCTH KPpUTCPUCB, YTO
TO3BOJIACT OTBICKATH OIITUMAJILHOC PCHICHUE B TOM Ci1ydac,
KOrjga KpUuTepruu HE paBHO3HAYHbI UIA TCKYLICTO TCHACPA.

Hcnons3oBanue NPpEAIOKCHHOI'O METOAA IMMO3BOJIACT CIIC
Ha 3Tane nMpoBEACHUA TCHACPA MUHUMHU3UPOBATDH 3aTPAaThl
Ha 3aKa3bl, YMCHBIIINUTH 06Luee BPEMS BBIITIOJITHEHUA 3aKa3a
OTHOCHUTCIIBHO INTAHOBOI'O, U n30eKaTh BO3MOKHBIX 3a1ep-
JKCK B ITIOCTaBKaX.
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ONTUMBAIIS PO3IOALTY OBCATY 3AMOBJIEHHS MIK JEKIVTBKOX ITIOCTAYAJIBHUKIB Y TEHJIEPI

PosmisinaeTbes mpobieMa ONTHMAIBHOIO PO3MOAUTY 00CATY 3aMOBIICHHS MDK JIEKUIbKOMa IOCTadajbHUKaMH, sIKi OepyTh ydacTb y
TeHepi. 3alpPONOHOBaHO METOJ OaraTOKpUTEpiaIbHOT ONTHMI3aLil pO3MOALTY 0OCITY 3aMOBJIEHHS MK JAEKUTbKOMA ITOCTaYaTbHIKAMH B
TEHJEpi, IKUil BpaxoBye BITHOCHI KOS]I[IEHTH BaXIMBOCTI KPUTEPIiB, 32 SKAMHU IIPOBOIUTHCS ONMTHUMI3aIlis.
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OPTIMIZATION OF DISTRIBUTION OF ORDERSAMONG MULTIPLE CONTRACTORSIN TENDERING

The problem of optimal distribution of orders among multiple contractors participating in the tender is considered.

During tendering when contract is prepared for signing, some additional requirements can appear. If the selected contractor can’t
satisfy them, client should choose ancther contractor or organize one more tender. To avoid this situation client may want to split job

among several contractors.
A method for multi-objective optimization of distribution of orders among several contractors in the tender, which takes into account

the relative importance of factors of optimization criteria is proposed.
Keywor ds: multi-objective optimization, distribution of the order volume, criterion of optimality, relative priorities of criteria
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Y/]K 62-50:519.7/8

JleBunH B. U.

[-p mexH. Hayk, npogheccop, [NeH3eHCKul 2ocydapcmeeHHbIl mexHooau4eckull yHueepcumem, Poccusi

YCTOUYMBOCTb PELWUEHUA 3A0AY ONMTUMAIBHOIO
NMPOEKTUPOBAHUA CUCTEM C UHTEPBAJIbHbIMUA NMAPAMETPAMW

PaccmoTpeHa 3a/1a4a ONTHMU3ALHH HEIIOJIHOCTBIO OIPEICICHHbIX (HEIeTePMUHUPOBAHHBIX)
GyHKUMH, T.e. QYHKIMH ¢ mapamMeTpaMy, 3aJlaHHBIMH JIMIIb C TOYHOCTBIO IO MHTEpBAJa.
IMoka3zaHo, uTo penieHre ITOH NPobIeMbl TpeOyeT TaKkXkKe PaCCMOTPEHUS 3a/Jaul OIPEIeICHHs
YCTOWYMBOCTH ONTHMyMa K BapbHUpPOBAHUIO 3HaYEHHH mapamerpoB QyHkiuu. IIpemiaraercs
METOJ| HAaXOXXJEHUsI ONTHMyMa (GYHKIUI U ONpEIeNICHUs] ero yCTOMYMBOCTH METOAAMU

PIHTepBaJ'IBHOﬁ MaTCMaTUKH.

KiroueBblie c10Ba: ONTUMU3AIMS CUCTEM, HEOIIPEACICHHOCTD, yCTOfI‘{PIBOCTI) onTuMyma,
BapbUpOBaHUC NAapaMETPOB, UHTEPBAJIbHAsA MaTr€éMaTHKa.

BBEJIEHUE

Ha ceroansiuiHuii IeHb B MUpE UMEETCs OOLIMpHAs JH-
Tepartypa o ONTUMH3aLud (ONTHMATBHOMY IPOSKTHPOBA-
HHIO) Pa3JIMYHbIX CHCTEM C JACTEPMHHHPOBAHHBIMU Tapa-
MeTpaMH — TEXHHYECKHX, SKOHOMHYECKHX U T. . COOTBeT-
CTByWOIIHME 3agauyd (GOPMYITHPYIOTCSA KakK 3aladu
MaTeMaTHYeCKOro MPOrpaMMHUPOBaHHUS C LEIEBbIMH (DYHK-
UAME U QYHKIUSAME OrPaHUYCHHUH, TTapaMeTphbl KOTOPBIX
SIBJISIFOTCS ICTEPMUHUPOBAHHBIMHU BeTMuiHaMU. OTHAKO Ha
MPaKTUKE 0 00BEKTHUBHBIM IPUYHHAM YaIlle BCTPEYAOTCS
CHCTEMBI C HEIeTepMHHHUPOBaHHBIMH Hapamerpamu. Or-
THUMH3ALHUS TAKOrO POJa CUCTEM (pOpPMATH3yeTCs B BUIE 3a-
a4 MaTeMaTHYeCKOro MporpaMMHpPOBaHHS C LETICBBIMU
GYHKUMSIMU ¥ QYHKIUSAME OrpaHUYCHUH, MapamMeTpsl Ko-
TOPBIX — PA3JIMYHbIC HEJICTCPMUHUPOBAHHBIC BEIUYHHBL:
CllydaifHble, HeYeTKHEe, HHTepBaJIbHbIC U T. 1. DTHU 3aJa4H,
BOOOIIIE TOBOPS, CIIOXKHEE JeTepMUHIPOBAaHHBIX. OHU Tpe-
OyroT 0000IIeHNST TOHITHS SKCTpeMyMa (YHKIIUHU, BBISC-
HEHHS YCIIOBHS €T0 CYLIECTBOBAHHS, CB3aHHBIX C HEJeTep-
MHHHPOBAHHOCTBIO TAPaMETPOB (DYHKLHUH, 1 CO3IaHHS CIie-
[IAJIBHBIX METOIOB MOMCKA SKCTPEMyMa TaKHUX (QYHKIIHI.

HVi3BecTHO TpH Pa3IMYHBIX MOAXO0/a K PEIICHUIO Hele-
TEPMUHUPOBAHHBIX 337124 MATEMaTHYECKOTO POrpaMMHpO-
BaHWS: IETEPMUHUPOBAHHBIHN, BEPOATHOCTHBIH [1] 1 nHTep-
BaITBHEIH [2]. JleTepMUHUPOBAHHBIH TOIXO0T 3aKITI0IACTCS B
PpELIeHHH 3a1a41 VTS OIPENCIICHHbIX 3HAYCHHUH ee TIapaMeT-
POB, BEIOpaHHBIX BHYTPH COOTBETCTBYIOIIHX 33 JaHHBIX 00J1a-
cTeit HeompeneneHHocTH. Hanpumep, MOryT OBITH BEIOpaHBI
IIEHTPHI (CepeIMHbI) 00TacTel HEOTPEIEICHHOCTH TapaMeT-
poB (LeHTpaTbHAS CTPATETHs), HAMXYIIIEE COUeTaHNE 3HaUe-
HUH ITapaMeTpoB 3a1aunt (TeCCHMUCTHYECKAst CTPATer s), HX
HaWIydIliee coueTanue (OITUMHUCTHIECKAs CTPATEr s ) U T. 1.
BeposTHOCTHBIN OAXO0M 3aKITI0YAETCS B PELLEHUH 331a49H A1
YCPEIHEHHBIX (OXKUIAEMBIX, B CMBICIE MAaTEMaTHICCKOTrO
OXKHJIAHHS) 3HAIEHHI €€ [TapaMeTPOB, YTO IPEATIONAraeT 3a-
JIaHHE BEPOSITHOCTHON MepBl BHYTPH COOTBETCTBYIOLIUX 00-
macreii HeonpeneneHHocTH. O0a yKka3aHHBIX TIOIXO0a 00be-
JMHSET TPpeBapUTEIbHAS NETSPMUHU3 AL TAPaMETPOB 3a-
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Jla4y, BBIIOJMHAEMAs Iepe €€ ONTHMAaJIbHBIM PEIICHUEM.
B otnmume ot HUX, MHTEPBaJILHBIHN TOAXO/ HE IIPEATIoNaraeT
JIeTepMUHHU3ALIH [TapaMEeTPOB 3a/1a41, KOTOPBIE 331al0TCs B
MHTEPBAJBHOM (hOpMe — B JAHHOM IOJIXOZE ONTHMAJIbHOE
pelIeHne 3a1a4K IPOBOJIUTCS B €€ «ECTECTBEHHOU (opMe,
T.€. Ha OCHOBE IIPSIMOTO CPAaBHEHMSI HEIETEPMUHNPOBaHHBIX
3HAa4Y€HHH LIeTIeBOH (DYHKLMHU, COOTBETCTBYIOLINX Pa3JIMIHBIM
3HaYEHUSIM BEKTOpPa apryMEHTOB, U BHIOOpE ONTUMAIBHOTO
(MakcHMaNbHOrO MJIM MHUHHMAIIBHOTO) 3HAYCHUS TaHHOM
¢yHKIMY. JIOCTOMHCTBA M HEAOCTATKH yKa3aHHbIX TPEX MOJI-
X0JIOB paccMoTpeHsbI B [ 1-8].

HW3noxeHHbIe OAXO/IbI K PELIEHUIO HEIETEPMUHAPOBaH-
HBIX 3a/lad MaTeMaTHYecKOro MpOrpaMMUpPOBAaHHUS, NPU
BCEM HX OYEBHIHOM Da3IIM4HM{, OOBEIUHSET OJHA CYIIe-
CTBEHHAs 4epTa. A IMEHHO, BCE OHU IPEIHA3HAYCHBI IS
pelIeHns 3a4a4 ONTUMH3ALMH, B KOTOPBIX TApaMeTpHI Ielie-
BBIX (DYHKIHI U (GYHKIUH OrpaHMYCHUH TOYHO HE U3BECT-
HBI. [T03TOMY MBI HE MOYKEM OIPaHUYUTHCSI IIPOCTHIM OTHIC-
KaHWEM ONTHMAJIBHOTO pPELIeHHs Hallei 3a7adu, UCIIONb-
3ys OJIMH U3 YIIOMSHYTHIX BBIIIE METOAOB. B camom xere,
13-32 OTCYTCTBHS IPH PELICHUN 33/1a4 TOYHBIX 3HAYCHHUH
€€ ITapaMeTPOB MOXKET OKa3aThCs, YTO ACHCTBUTENBHBIC 3HA-
YEeHHS IapaMeTPOB 3a7a4l HECKOJIBKO OTIIMYAIOTCS OT TeX,
KOTOpbIE OBIIIM MIPHUHSTHI B IPOLIECCE OTHICKAHUS PEIICHNS.
B sTOM ciydae, 11t TOro 9TOoOBI HAWIEHHOE ONTUMAIBHOE
peUIeHue 3aJa4d UMEJO COAEP)KATENbHbIN NPUKIaAHON
CMBICI, HAM HY)XXHO, YTOOBI OHO elie 00Nagaio CIemyto-
IIIAM CBOWCTBOM: ITpM HEOOIBIIIOM BapbUPOBAHHUU 3HAYe-
HHUHM TTapaMeTPOB PEIIacMON 3a/1aull €€ ONTHMAalIbHOE pe-
IIEHWE JOJDKHO IMO-TIPEXXHEMY CYIIECTBOBaTh. [Ipn 3TOM
TOYKA, B KOTOPOH JJOCTUTAETCs] ONTUMYM IIEJIEBOH (DYHKIINH,
MOXET IIEPEMECTHTHCS U3 MCXOIHOTO TIOJIOXKEHHS B HOBOE
TIONIOXKEHUE, KOTOPOE, OHAKO, TOIDKHO OBITH OIM3KO K MC-
xomHOMY. JIpyrumMu cioBaMu, TpeOyeTcsi, YTOObI HalIeH-
HOE ONTHUMAaJIbHOE PEIICHUE HEMOMHOCTHIO OIPEIeIICHHOM
(HemETEPMUHMPOBAHHOMN) 3aa9d MaTeMaTHYECKOTO IIPO-
rpaMMHPOBaHNS ObUIO YCTOIHYMBBIM OTHOCHTEIBHO HEOOb-
IIMX KOMTMYECTBEHHBIX N3MEHEHHH €€ ITapaMeTpoB.
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1 TIOCTAHOBKA 3A/1AYN

PaccMmorpum cHavana AeTepMHUHUPOBAHHBINA CIydai.
[Tycrb 3a1aHa HEKOTOPast POU3BOJIbLHAS HENIPEpbIBHAs (DyH-
KIUsI N IepeMEeHHBIX

y=F0q %), @
rae napaMerpbl (K03 QUINEHTHI) ee IBHOTO MpeacTapie-

Hus Py, k=11, usBectHsl TouHo. bynem paccMarpuBath
¢byskuio (1) B orpaHn4eHHOl 00nacTu, onpenessieMoit
CHUCTEMOH OrpaHUYEHUH

; (X, %) <hy, i=Lm}, @

B KOTOPOH ImapaMeTpsl (g, S=1, sIBHOTO PEICTABICHHS
¢yHKIwmit orpannueHuit @; U npasble yacTu b Taroke usBe-
CTHBI TOYHO.

Torma orHOcHTENbHO GyHKIUH (1) MOKHO chopMymu-
POBaTh OJTHOCTBIO ONPEACIICHHYIO 3a]a4y YCIIOBHOH OITH-
MU3aluH (3a1a4y MaTeMaTHYecKoro IporpaMMUpPOBAHHS)

F 4, %) = max, ©)

IIPU YCIIOBHH

@ (X, %) <, i=1m}. @

Perrennem 3anaun (3), (4) siBisercss HEKOTOpasi TOUKa
X =()€,...,x:]) (MHOXECTBO TOUEK M ={x*}) obnacrtu (4), B
KOTOpO#l 1eieBass GyHKLUS F JOCTHUraeT MakCHMAJIbHOIO
3HaueHUs Fg. B COBpeMEHHOM MaTeMaTH4ecKoM Ipo-

IPaMMUPOBAHHH Pa3pabOTaHO MHOMKCTBO Pa3JINYHBIX Me-
TOMOB 3((heKTMBHOTO pertenns 3ana4 suza (3), (4), opuen-
TUPYIOLIIXCS HA THII IeTIeBOi QyHKIMH F, a Taxoke PyHK-
1uit orpaHuderuii @;, i = :I_,_m

IpeamonoxuM Terepb, 9To B 3aaade ontumusarmu (3),
(4) mapameTpsI SIBHOTO TIPEICTABIIEHHS IEJIEBON (QyHKITHH

F , & TakKe HapaMeTPhl IBHOTO IPEACTABICHNUs (DYHKIIHI
orpannyeHuit @; 1 npaBble YacTu orpaHnyeHni i ussect-
HBI HE TOYHO, & NPHOIMKEHHO. Torna, B COOTBETCTBUH CO
CKa3aHHBIM B IL. 1, MBI JOJDKHBI COBMECTHO C 3aa4eH YCI0B-
Hoit orrruMusaniu (3), (4) paccMaTpuBaTh €lre CIEMYIOIIYIO
3aj1ady. POBEpKa yCTOMYMBOCTH (HEYCTONYMBOCTH) pelrie-
nus 3aga4u (3), (4) OTHOCHTEIBHO HECOMBIINX KOIUYECTBEH-
HbIX U3MEHEHUH €€ TapaMeTPOB.

B oTimiume OT CyIIECTBYIOIIMX CErOMHS METOIOB U3y4e-
HUS YCTOMYMBOCTH PEIIEHHs 3a/1ad ONTHMHU3anuu [5], 6y-
JIEM PacCMaTPHBATh BCE BOSMOXKHBIC KOMIECTBEHHBIC H3-
MEHEHHSI KaXKIO0ro mapaMerpa 3afadd Kak eJuHOE LEoe.
Takoe pacCMOTPEHHE MO3BOJISIET 33JaBaTh BCE BO3MOJKHBIE
KOJIMYECTBEHHbIEC M3MCHEHMS IAPAMETPOB 33134 OLTHMH-
3al1M B TEOPETUKO-MHOKECTBEHHBIX TepMHUHaX. [IpocTeii-
Uil crocod Takoro 3aJaHus 3aKJIFOYaeTCsd B TOM, YTOOBI
3a/1aTh COBOKYITHOCTh YKa3aHHBIX H3MCHEHHI [1aPaMETPOB
3a/1a4d B BUJC COOTBETCTBYIOIIHX YHCIOBBIX HHTEPBAIIOB.
[IpenmyiiecTBO TaKOro NOAX0a K U3y4EeHUI0 YCTOMYMBOC-
TH PELICHHS 33124 ONTHMHU3AINHA COCTOUT B TOM, YTO B €r0

paMKax u3y4aTh YCTOWYMBOCTH 38]a4 ONTUMHU3ALUH MOX-
HO C TIIOMOIIBIO XOPOIIO Pa3pabOTaHHBIX METOJOB HHTEP-
BaJIbHOM MaTeMaTukH [9].

HTtak, COBMECTHO C IIOJTHOCTBIO OIPEACIICHHON 3aAa4eit
(3), (4) MBI TOMKHBI PACCMOTPETH MPOU3BOIHYIO OT HEE MH-
TepBaJIbHYIO 38184y YCIOBHOW ONTUMU3ALIUH

F (%0 %) = Max, ©

IIPU YCIIOBHH

®; (%, %) <B,i=1m}. ©)

Ienepas GyHKIHSA F MHTEPBAJILHOM 331241 ONTHMH3a-
1w (5), (6) nonmyuaercs u3 1eneBoil QYHKIUKU F HUCKOMOH,
MOJTHOCTBIO ONpeneNeHHoN 3anaun ontumusanuu (3), (4)

MyTeM 3aMEHBI €€ TOUHBIX NapaMeTpoB ), k=1l, cooTseT-
CTBYIOIIUMH WHTEPBAJBHBIMHU napamMeTpamu

B =[P Peals k:]j , KOTOpBIE U ONpPEAEIIAIOT UHTEPBAJIb-
HYIO LIENEBYIO (pYHKIMIO F. AHAJIOTHYHO JTOMY, JIF06as

(YHKIHS OrpaHUYEeHUH (i)i , i =1, m, HHTEepBaJILHOM 3a1auu
ycnoBHOM ontumu3atii (5), (6) momy4aeTcst U3 COOTBETCTBY-

tomed pyHkuur @;, i =1, m, HCXOIHON MOJHOCTBIO ONpe-
nenennoii 3anauu (3), (4) 3aMeHO# ee TOUHO U3BECTHBIX Ia-

pametpoB Qg , S=1t, i =1, M, cooTBeTCTBYIOMMME HHTEp-
BanbHbIMU TapameTpamu Gy 2[06'1’08'2]’5=17[,i=m_

To4Ho Tax »Ke MHTepBAILHbIE IAPaMeTPhI by ,i =1,m, B orpa-
HUYCHHAX UHTEPBABHOM 38841 YCIOBHOH ONTUMU3ALUH
(5), (6) 3ameHsrOT COOOI COOTBETCTBYIOIIIE TOYHO U3BECT-

HBIC [TApaMeTpeL by ,i = ]_,_m B OIPaHUYEHUSAX UCXOAHOM, OJI-
HOCTBIO OTpeIeNTeHHOM 3a1auu onTuMu3anud (3), (4).

ByneM Ha3bIBaTh MOMHOCTHIO OTPEIETIEHHYIO 3a1a9y Y-
JIOBHOM ONTMMH3aniy (MaTeMaTHIecKoro MporpaMMupo-
Bauus) (3), (4) MakpOyCTONYMBOIA, €CITH OHA UMEET pelle-
HHE M, KpPOME TOTO, HMEET pelIeHne TIPOU3BOIHAS OT Hee
HHTEpBaITbHAs 3a1a9a orrrumusarid (5), (6).

Janee, GyzieM Ha3bIBaTh TIOHOCTHIO OMPEIETIEHHYIO 3a-
JIavy YCIIOBHOM OTITMMU3AIMH (MaTeMaTHIeCKOTO IporpaMm-
muposanus) (3), (4) MEKpOYCTONUYMBOH, €CITH OHA MaKpO-
YCTOWUYMBA M, CBEPX TOIO, CYLIECTBYET Iapa peLIeHUM
(X', X"), tae X = (X, %) — HEKOTOpasi TOYKa PELICHHUSI 3a-
naun onrtumusanumu (3), (4), a X" =(X,..., X3) — HEKoTOpas
Touka pertrenns 3axaqau (5), (6), paccTostHie MeK Iy KOTOPBI-
mu D(X, X") He IPEBOCXOMNUT 3aIaHHOM JOCTATOYHO MAJION
BeUYUHbL d.

3amaga HACTOAIIETO UCCIIeNOBAHIS — pa3paboTaTh aro-

PHUTMBI ONIPEAEIECHUS MaKpO- 1 MUKPOYCTOHYNBOCTH IION-
HOCTBIO OITPEeIEIEHHBIX 331a4 YCIIOBHOM ONTHMM3AIMH THITA

3, (4.
2 MATEMATAYECKHIA ATIITAPAT

B ocHOBy peuieHus mocTaBieHHON 3a1a4u MOJOXKUM
anmapar HHTepBaJIbHOM MaTteMaTuku [9], Tie anreGpanyec-
KHE ONepalWd HaJ WHTCPBAIbHBIMH YHCIAMU
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a=[y,a], b= [b,b,] ... BBOAATCA KaK CIIEIyrOIINE TEOPE-
TUKO-MHOXXECTBEHHbIE KOHCTPYKIIMU

a+b={a+blacabeb},a-b=
={a-blaca beb}, ki={ka|acd} .. @

UT. O. I[pyFI/IMI/I CJioBaMHu, nro0ast orepanysa HaJ UHTepBaJia-
MU OpeACIACTCS Ha OCHOBE COOTBGTCTByIOIIICﬁ onepanun
HaJ TOYCYHBIMU BCJIMYMHAMMU, IIPU YCIOBUU, YTO KOHKPCT-
HBIC 3HAYCHHA BCIIMYUH np06era10T BCC€ BO3MOXHBIC 3HA4YC-
HUS U3 COOTBETCTBYHOIIUX MHTCPBAJIOB. U3 BBCACHHBIX aJi-
Fe6paI/I‘-I€CKI/IX onepaunﬁ HaJl THTEPpBaJIaMH BBITCKAIOT IIPO-
CTBIC ITpaBUJIa BBITIOJIHCHUA onepaunﬁ:

[, @] +[by, bp] =[ag + by, @y + by ],

(8, 82] —[by,bp] =[8g — by, 8y —by];

[keg, kay], k>0,
[kas, k], k < G;

(8, 8p]-[by, b;] =[rpijn(ai -bj),r??x(ai -by)l;

[ag, @]/ [by, bo] = [&g.35] - [1/ by, 1/ by ©

BBG,HCM TEHEepb Orepalru CpaBHCHHSA WHTCPBAJIbHBIX

Klay, 8] =

gucen [2, 8]. [TombITaeMcst CpaBHUTH HHTEPBAJIEL 8 = [8y,8s]
u b =[by,b,], paccmarpuBas UX Kak HHTEPBAJIBHBIE YHCIIA.
EcrecTBeHHO HaYaTh cO CpaBHEHHs MHTEpBaIoB & 1 b Ha
0a3e cpaBHEHHMII B OTACNBHBIX [TAPaX BELIECTBEHHBIX YHCE
(8.19),tme g €8, eb. Omnaxo Taxoii momxon npuBeneT Hac
K IIPOBAILY, TaK KaK B 0OIIEM CITydae OTHHU Iaphl urcen (§,0;)
OyIyT HAXO/MTBCS B OTHOLIEHHMH & >Dj, a npyrue — B mpo-
THBOIIOJIO)KHOM OTHOWIEHHH: & < bj. ExuncTBenHoe, uto

OCTaeTCs — PeaIM30BaTh OIEPAITHIO CPABHEHHS HHTEPBAJIOB
Ha TEOPETHKO-MHOKECTBEHHOM yYpPOBHE, TIOTOOHO anredpa-
MYECKHM orleparsM Ha natepBaiami (7). B cootBeTcTBHm
CO BBINIECKA3aHHBIM, BBEIEM OIEPAINH B3SATHS MaKCHMY-

Ma v M MHHHMYMa A JBYX HHTEPBAJIbHBIX YHcen 8 =[8y,8y]

ub= [b;,b,] B BHAE KOHCTPYKLIMI

avb={avblacabeb},

arb={arblaca beb}. )

Omeparst B3ATHS MakcuMyma (MHHEMyMa) U3 ABYX

HWHTEPBAJIOB 4 U b, cormacuo (9), ompenesieTcst Kak HAXOXK-
JeHHe MakcuMyMma (MHHAMYMa) U3 JBYX TOYCUHBIX BEIIH-
4YrH @ ¥ b, mpu ycroBuH, YTO KOHKPETHBIE 3HAYCHHUS STHX
BEJIMYHMH NPOOEraroT BCe BOSMOKHBIC 3HAYCHHUSI COOTBET-
CTBEHHO M3 MHTEPBATOB & 1 h. UT0ObI HHTEpBaNE! & 1 D
MOKHO OBIJIO CPAaBHUTE 110 BETUYHHE, YCTAHOBHUB MX OTHO-

LIEHUE (:5126 wii a<Db), HyxHO, 4T0OBI: 1) BBEIEHHBIE
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OIIEpaIiy V, A HaJl STUMH HHTEPBAIAMH CYIIIECTBOBAIIH; 2)
HX pe3yIBTaTOM OBLT OIMH U3 ONEPaHIoB i WiH fy; 3) omepa-
UK V, A OBLTH CONTaCOBaHHBIMHU MEXITy COOOH, T. €. OBLIO
BBIMOJTHEHO YCIIOBUE: €CITU OOMBIITNM (MEHBIIIUM) SIBJISIETCS
OJIMH U3 UHTEPBAJIOB §, b, To MeHbIIIM (60MIBIINM) SBISET-
Csl Ipyroil U3 HUX. YCIOBUE CPAaBHUMOCTH BEIHYHH JBYX
WHTEPBAJIOB SBISETCS, OUCBUIHO, HEOOXOMUMBIM U TOCTA-
TOYHBIM yciioBHeM. OIHAKO JIETKO JIOKa3aTh, YTO YCIOBUE
COITIACOBAHHOCTH OIIEPALNil \v U A HaJl HHTEPBAJIaMH BBI-

HonHsAeTcs Beeraa (ULt JiroOoi mapsl HHTEPBAJIOB (4, 6))
Taxoke Beerna (111 JTr000# Tapbl HHTEPBAJIOB) BBIOTHSICTCS
YCIIOBHE CYLICCTBOBAHUS BBEICHHBIX HAMM BBILIC OIEpa-
LU B3ITUS MAKCUMYMa \/ 1 MUHUMYMa A JBYX HHTEpBa-
JIOB, IIPUYEM PE3YIBTaTOM OIEpALUU OKA3bIBAECTCSA HEKOTO-
PBIii, BOOOIIIE TOBOPSI, HOBBII HHTEpBa. B KoHeYHOM nTore
HEeo0XOIMMOE M JIOCTaTOYHOE YCIOBHE CPaBHUMOCTH HH-

TepBAJNOB & M p MpEeBpamaercs B yCIOBHE, MO KOTOPOMY
orneparuu av b u A b nomkHb 1aBaTh B pesynsrare 00s-

3aTeJTbHO OJTMH U3 HHTEPBAIOB-ONepan/IoB. & win b. Taxas
(OpMYTHpPOBKa YCIIOBHSI CPAaBHUMOCTH MHTEPBAJIOB HAeT
BO3MOXXHOCTH ITIOJYYEHHUsI €70 B KOHCTPYKTUBHOU (hopme,
IIPUTOJHOM, K TOMY K€, IJIsl MPAKTUUECKOro NMPUMEHEHUSI.
Oro sBisiercst 6a30Boi (hOPMON YCIIOBHSI.

Teopema 1. JI11 cpaBHUMOCTH JBYX HHTEPBAJOB

d=[a,a]ub= [y, b,] ¥ X HaXOXIEHHS MEX Ty COOOH B
OTHOWICHHH & > b HEOOXOMMMO M TOCTATOUHO, UTOOBI OJI-

HOMMCHHBIC I'PAHUIIBI 9TUX UHTCPBAJIOB YIOBJICTBOPAJIN YC-
JIOBHSM

& 2hy,a;2hy, (10)
a U1 CPaBHUMOCTH 3TUX UHTEPBAJIIOB Y UX HAXOKICHUA MEXK-

Iy coOoii B OTHOIIEHHH &< b — 4TOOBI YNOBIETBOPAINCH
CIIEYFOLINE YCIOBHS:

a <b,a<h,. (1)

CoracHO yTBepKICHHIO TeOpeMbl 1, HHTepBaibl & u b
SIBJIAIOTCS CPABHUMBIMH ¥ HAXOZATCS B OIIPEICIICHHOM OT-

HOIIICHHH TTOps/Ka & > b vin 8 < b TobKo Koria B TaKOM e
OTHOLICHHUH HAXOMATCS MX OJHOMMEHHBIE TPaHULIBI &, by 1

ay,b,. Jlpyrumu croBamu, it CPAaBHUMOCTH HHTEPBAIOB
MEHBIIIHI HHTSPBAJI AOJDKEH OBITh CABUHYT 0OCHMU TPaHH-
[[AMH BIICBO OTHOCHTENBHO OOIbIIero narepBana. Urak, ¢
MOMOIIBIO TEOpeMBI 1 cpaBHEHHE BYX HHTEPBAJIOB U BbI-
6op GoIbIero (MEHBIIIET0) W3 HUX CBOIUTCS K CPABHEHHIO
OIHOMMCHHBIX TPAHHUI] STUX HHTEPBAIIOB, SBJSIOINXCS TOY-
HO U3BECTHBIMH BEIICCTBEHHBIMH YHCIAMH.

Teopema 2. [I1s HECPaBHUMOCTH JIBYX HHTEPBAJIOB

d=[a;,a] ub=[by,b,], T. €. 15 TOrO, YTOGLI OHN HE HaX0-

JWINCH HU B OTHOIICHUM & > b, HU B oTHOmEeHNn a < b,
HEOOXOMMO U JJOCTATOYHO, YTOObI OJIHOMMEHHBIC IPaHHU-
16l HHTEPBAJIOB YIIOBJICTBOPSUIN YCIOBUSIM

a<b,a>b, wm b<a,b>a. (1
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CTOMT OTMETHUTB, 4TO ycoBus (12) 0603HAYAIOT Ty CHTY-
aIyIo, KOTJIa OIMH MHTEPBAJ Ha YHCIOBOH OCH IOJTHOCTBIO
«HAKpPBIBAET» APYTOH.

Teopema 2 moka3bIBaeT CyIIECTBOBaHUE CIydaeB He-
CPaBHUMOCTH MHTEpBajoB. HecpaBHHMOCTH HEKOTOPBIX
HMHTEPBAJIOB — €CTECTBEHHOE CJIE/ICTBHE TOTO, UTO, B OTIIH-
YHe OT TOYHBIX BEIIECTBEHHBIX YHCEJI, HHTEPBAJIbHBIC YACIIA
3aJIaI0TCS C HEKOTOPOI HEONPENEIeHHOCTBIO (TOYHO H3BeC-
THO, YTO BEIIECTBEHHOE YHCIIO IPHHUMAET HEKOTOPOE 3Ha-
YeHHE B 3aJaHHOM MHTEpBae, HO He U3BECTHO, KaKOe NMEH-
HO 3To 3HaveHue). Jlanee, TeopeMbl 1 U 2, MOCBSILICHHBIC
CpaBHEHUIO IIap MHTEPBAJIOB, MOXXHO 00OOIINTD Ha CHCTE-
MBI C TPOU3BOJIEHBIM YHCIIOM HHTEPBAJIOB.

Teopema 3. J171s1 CyriecTBOBaHMs B CHCTEME HHTEPBAJIOB

a() =[a().2,1], &2 =2, 3(2)].... MakcumaHOro k-

TEepBaja HeO6XO)_'[I/IMO n 10CTaTO4YHO, 4TOOKI €ro TpaHULbI
pacnoaarajancb OTHOCUTCIIBHO OAHOMMCHHBIX I'PAHUILL BCEX
OCTAJIBHBIX MTHTEPBAJIOB COMIACHO CJIICAYIOIIUM YCIIOBUAM

1) >2(2), 1) >a(3).;

8 (1) > 25(2), (1) 2 8y(3).... (13)

VYenous-HepaBencTsa (13) 3amicans 17151 KOHKPETHOTO
ClTy4asi, KOTJla MaKCUMAJIbHBIM siBisieTcst uaTepBan a(l) , uro

HE OTpaHUYUBACT OOITHOCTH.
Teopema 4. J[1151 CyliecTBOBaHMS B CHCTEME HHTEPBAJIOB

a(0) =[a@). 8,@)], &2) =[8,(2,2(2)].... MHIMATEHOrO K-

TEepBaja H€O6XO,HI/IMO n 10CTaTO4YHO, 4TOOKI €ro TpaHULbI
ObLIU PACIOI0KCHBI OTHOCUTECIILHO OJHOUMCHHBIX I'DAHUI]
BCEX OCTAJIBHBIX HHTEPBAJIOB COITIACHO YCIIOBHUAM

D) <2 (2), D)<

) <ay(2), ) <ax(3),.. (19

Venosust (14), anasornaro yesosusiM (13), 3armicans mis
CITydast, KOrJja MUHIMAJTbHBIM siBIsieTcst uHTepBai a(1), uto
HE OTpaHUYNBAET OOITHOCTH.

Teopemsr 3, 4 03HAYAIOT, YTO MHTEPBAJT SBIISCTCS MAKCH-
MaJbHBIM (MHHUMAJIBHBIM) W3 HHTEPBAJIOB CHCTEMBI TOJIb-
KO €CJIH MaKCUMAaJTbHBI (MHHUMAJIBHBI) €T0 HIDKHSS TPaHU-
11a — CPe/IH HIKHUX TPAHUI] BCEX HHTEPBAJIOB — U BEPXHSISA
IpaHMIIA — CPEIF BEPXHHUX FPAHUI] BCEX HHTEPBAJIOB.

3 MAKPOYCTOMYMBOCTH 3AJIAYM
YCJIOBHOM ONITUMM3BALIAN

OO0paruMcs K TOMTHOCTHIO OMPEIENICHHOH 3a/1ade yCIIOB-
Ho¥ orrruMu3aniu (3), (4) 1 orMIeM MeTO YCTaHOBIICHHS
MAaKpOYCTOMUMBOCTH 3TOU 3a1aud. [1onHOCThIO onpeneneH-
Has 3a/1a9a YCIIOBHOM orrriMuzartiy (3), (4) 1o onpeneeHnto
(cM. 1. 2) sBIIsIeTCs MAKPOYCTONYMBOIA, €CITH OHA Cama M Tpo-
M3BOIHAS OT Hee MHTEePBaJIbHAs 3a/[a4a YCIOBHON OITTHMH3a-
1 (5), (6) mmero pertienwst. CyIecTBOBaHHE PEIICHHSI TTOJT-
HOCTBIO OTIPEIEIICHHOM 3a/1a41 YCIIOBHOM onrnMu3ary (3),
(4) MOXHO YCTAHOBHTE C ITOMOIIIBIO OOIIIEU3BECTHBIX METO-

JIOB MaTeMaTH4ecKoro nporpamMmmuposanus [10-12], tak 4yto
371eCh HET HUKAKUX MpooieM. ClioxkHee 00CTOUT JIeNo ¢ Ipo-
BEPKO#! CYIIIECTBOBAHHUS PEIICHHS HHTEPBAIBHOM 3312491 yc-
noBHoO# onrrumu3atmH (5), (6). 3neck d3hhEeKTUBHBIM OKa3bI-
BaeTcs MPUMEHEHHE IETEPMHUHHU3ALMOHHOIO METOIa pellie-
HUS 38]1a4 MHTEPBAJILHOM onrumu3arui [ 2, 8, 13].
HHTepBanpHas 3a/1a4a yciaoBHOM ontuMusanut (5), (6)

UMEET MHTEPBAJIBHYIO IEIEBYIO (QYHKIHIO If(x_t,...,)gq), WH-
TepBanbHbIe PYHKLIH OrpaHHIeHIH P, 1,m, B JIEBBIX yac-

TSIX OTpPaHUYCHUI M HHTEPBAJIbHBIE TApaMETPhI ti i=1m,
B IpaBbIX YacTsX. Mcnonb3ys hopMyiTs! a1eMeHTapHbIX Ipe-
ob6pa3oBanuii uHTEpBaNOB (8), QyHKIMH F 1 (i)i MOYKHO
TIPE/ICTaBUTD SIBHO B UHTEPBAJILHOM (hopme. Tak sxe MOXKHO
TIPE/ICTaBUTh U ITapaMeTPhI ti . Bce ot mpencraBnenust 3a-

IMCBIBAIOTCA B BUIC

F (4o %) =[P X0) Fp O X0)],
By (41 %0) =[Pig 04,0 X0), Piz 08, 30)], 1 =L (15)
N i

b =[h1.85].

I[Mocne 3TOro BCIO MHTEPBAIBHYIO 3a1a4y YCIOBHOM OII-
tumusanmi (5), (6) Taxke MOXXHO MEPENucaTh B SBHOM HH-
TepBaJbHOM BUIIE

(R0, X0). Fa (4, )] = max, (16)

[@i (3, %), Pi2 (4, %) <[Bi1, 121, =1 m}-(17)

Ot MHTEpBATBHOTO TIpezicTaBnenns 3aaaqu (16), (17) me-
pelineM K ee SKBUBAIEHTHOMY NPEICTABJIEHHIO B BUJIE TIAPBI
HOJTHOCTBIO ONMPEENEHHBIX (IeTEPMUHUPOBAHHBIX) 3a/1a4
YCIOBHOM ONTMMM3AINK, KOTOPOE YKE IOIIAETCs pelle-
HH10. JIJI 3TOro CHava1a 1o TeopemMe 3 NpeacTaBuM HHTEp-
BaybHOE ypaBHenwue (16) B Buie SKBUBAICHTHOM TTapHI 1e-
TEPMUHUPOBAHHBIX YPABHEHUH

FLO%, e %) = MaX, Fo (X, .0, X) = MaX . (18

[lanee, mo Teopeme 1 npencraBuM cHCTEMY HHTEPBAIIb-
HbIX HepaBeHCTB (17) B BuIe SKBUBAJICHTHON CHCTEMBI OOBIY-
HBIX ICTEPMHUHHPOBAHHBIX HEPABEHCTB

Dig (0, %) < By, Pip (%) <hp,i=1m. (19)

CoenuuuB Tiapy ypaBHeHuii onriMusariu (18) ¢ cucre-
Mol HepaBeHCTB-orpanndennii (19), momydaemM COBOKYII-
HOCTb JIBYX MOITHOCTBIO OTPEIEIECHHBIX 3a/1a4 YCIIOBHOM OIl-
TuMusanyy Buga (3), (4)

Fl(xl""' Xﬂ) = max,
Dig (%, %) <Big i =L m,
®ip (%, %) <Bp, i =1m, (20)
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Fz(Xl,..., Xn) = MmaXx,

Dy (X, %) < b, | =J:m, 1)
(Diz(xl,..., Xn) < hz, i :l,m,

9KBUBAJIICHTHYIO HCXOIHOH HHTEPBAJIBHOM 3a]aue YCIOBHOM
onrummzarmd (5), (6). 3anady (20) Oynem Ha3bIBaTh HIDKHEH
TpaHUYHOM 3ajauell nHTepBabHOI 3ana4u (5), (6), a 3agauy
(21) — BepxHeit rpannyHOM 3aqaueit. Utax, 11 HOTydYeH s
peleHus uHTepBabHOM 3a1aun (5), (6) HyXKHO peluTs ee
HkHIOH (20) 1 BepxHEoto (21) rpannyHble 3a1a4n. B o0mwem
cllydae pelleHHe HIKHEeW TpaHuYHOH 3aJa4d UMeeT BHJ
{M,, (%), FLmax} , @ BEpXHEl rpaHUYHON 3aJayud — BUJ

{ M B(X)* I:2,max}-

3necs M (X), M (X) — MHOXeCTBa TOUYEK peIICHHS
X=(%q,...; X,) HIDKHEH ¥ BEepXHEH I'paHMYHEIX 3aJad, a
Fl max+ F2,max — HOIy4eHHBIC MaKCHMANbHBIC 3HAYCHUS
LEeTIeBBIX (QYHKIMH 3THX 3a/1a4. PelileHne nHTepBaIbHOI 3a-
naun ontumusauuu (5), (6) popMupyercs u3 penieHuit ee
HIDKHEH M BepXHeH rPaHIYHbBIX 32184 U IMECT BU]

(X €M) AMy(X); P = [FLmax: Famax] } - (@

CornacHo (22), B Ka4ecTBE TOUKH PEILICHAS X HHTEp-
BaJIbHOM 3a1aun onTuMmu3anu (5), (6) BeiOupaercs mobast
TOYKA U3 IEPECCUYCHHST MHOXKECTB TOUCK PEIICHHS ¢ HUX-
Heil 1 BepXHel TpaHUYHBIX 33]1a4, 4 B KAYeCTBE MaKCHMaJIb-

HOTO 3HAYEHHs MHTEPBAIBHON LENeBOH QyHKIMH Fpg, —
MHTEPBAJl OT MAKCHMAJIBHOTO 3HAYCHUSI [IETIEBOU (PYHKIMH
HIDKHEH 3818491 Fy 1154 10 MAKCUMAJIBHOTO 3HAICHHUSI LEIIe-
BOM (yHKIMU BepxHeH 3agaqn F) nax.

W3 BBIMOTHEHHOTO TPOLIECCa MOCTPOSHUS PEIICHUSI HH-
TepBAIBHOM 3a1a9H YCIIOBHOM orrrumu3armu Buaa (5), (6) n
OITpeIeNICHHUsI MAKPOYCTOWYHNBOCTH TIOTHOCTBIO OIPE/IC/ICH-
HOI 3a71aum ycIioBHOM orrruMu3anuw (3), (4) BeITekaer cie-
JIYFOIIasi OCHOBHASI TEOpEMaA.

Teopema 5. J[7151 TOro 94T0OBI OITHOCTBIO OMPEIEICHHAS
3aiaga ycrmopHOH orrrumusaimu (3), (4) Obla MakpoyCToi-
YrBa, HEOOXOIUMO U JOCTAaTOUHO, 4To0kI: 1) 5Ta 3a1a4a nMe-
J1a peliieHue; 2) MHTepBaibHast 3a1aua onrtumesamut (5), (6),
npon3BoaHas ot 3agaun (3), (4), iMerna HIKHIOKO U BEPXHIOKO
TpaHUYHbIE 33/1a9M, 00NaIafoIIie PEICHUIMH; 3) MHOXKe-
CTBa pEIICHUI HUYKHEN U BEpXHEN IPaHUYHBIX 33]a4 HHTEpP-
BaJIbHOM 3a1a4m orrrumu3sarmi (5), (6) mepecekanncs.

CdopmymmpoBaHHas BEIIIE TEOpEMa S OIpeneNnseT cie-
JIYIOUIMHA aJITOPUTM [T IPOBEPKH MPOU3BOJIBHOM MOJIHOC-
TBIO ONTPEIETIEHHOM (IeTepPMUHNPOBAHHOM) 33129 YCIOBHOM
orrruMm3arn, nMerorrei Bun (3), (4), Ha MaKpOyCTONINBOCTE:

lar 1. Vcrions3ys MoXosIye 1711 KOHKPETHOTO THITA
LENIeBOM (PYHKIMH METO/IbI PEIICHHs [TOJTHOCTHIO OTpee-
JICHHBIX (IEeTePMUHUPOBAHHBIX ) 387184 YCIIOBHOM OITHMH3a-

1w [10-12], mem petenne X' = (X, ..., Xy ) 3axaun (3), (4).
OIHOBPEMEHHO € 3THM IPOBEPSIETCS ¥ CYLIECTBOBAHME (He-
CyILECTBOBAHKE) PELIEHMUS ITOM 3a1a4H.
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lar 2. 3agaBasch HEKOTOPBIMU TTOIXOISAIIIIMHU 3HAYE-
HUSMY UHTEPBATBHBIX ITAPAMETPOB IIeNeBOi QpyHKIMH F,

(yHnkupii orpanudaenuit @;, i = ]_,_m, U MpaBbIX YacTen or-
paHuyeHui [y, i =1,_m MIOJTHOCTBIO OIPENENIEHHON 3a/1aun
ycnoBHo ontumu3sarmi (3), (4), cTporM MPOU3BOAHYIO OT
Hee HHTePBAJBHYIO 3a]1a4y yCIOBHOH onrumu3arui (5), (6).

Ilar 3. Mcrone3yst GopMyiTbl HHTEPBAJILHONH MaTeMa-
THUKH (8), BEIpaxarolye pe3yabTaThl SIeMEHTapHBIX MPeo0-
Ppa30BaHU1 HHTEPBAJIOB, IPECTABIIIEM LIETEBYIO (QYHKIIHIO

F, QyHKIMH OrpaHHYeHuii ci)i ,i=1,m, a TaKke npaBbIe

4acTH OrpaHMYeHni by, i =1, m, MHTepBaNbHON 3a1a4H yc-
noBHo#t ontumu3anud (5), (6) B uaTepBansHO opme (15).
lar 4. T1o HalilecHHBIM Ha Iare 3 MHTepPBaJIbHBIM IPe/T-

craBiaenusM Gyskuuii F,®;,i= 1,m, U mapameTpos
f} i =1 m, popmupyem Hkrromo (20) 1 BepxHioo (21) rpa-
HHYHBIE 321891 HHTePBaJIbHOM 3a1a4u ontumusaimi (5), (6).

Hlar 5. Ucnone3ys Te e caMmble METOIbI, YTO U Ha
mare 1, MireM pereHns ONTUMI3alOHHbIX 33124 (20) u (21).
OIHOBPEMEHHO C STUM MPOBEPSIEM CYLIECTBOBAHUE WIIH He-
CYILIECTBOBAHKE PEIICHHI YKa3aHbIX 3a1ad. [lomHble pere-
HUS 337124 yCIoBHO# onruMuzatun uaa (20, (21) umerot co-

orBercTBeHHO BUA {My(X), Fy ya} {M (X), Fo i}, e
M, (X) — MHOXECTBO TOUEK X pelreHus HikHeH, M (X) —
MHOKECTBO TOYEK X PELICHHS BEPXHEU TPAHIYHON 3a1a9u.

Ilar 6. [IpoBepsiercs Hamm4Ke (OTCYTCTBUE) Mepecede-
HUSl HalIeHHBIX B pe3yipraTe pemenus 3anad (20) u (21)
muOXKecTB M (X), M (X).

HWror. Eciu B pe3ynbrate paboThl aITOPUTMa BBISICHH-
JIOCh, YTO MOTHOCTHIO ONpeesIeHHast 3a/1a9a YCIOBHOM OII-
tumMusanm (3), (4) umeeT perenne, a IPOU3BOIHAS OT Hee
uHTepBaNbHas 3a71a4a (5), (6) UMeeT HIKHIOI M BEPXHIOHO
TpaHWYHBIE 3a/1auH, OONafafolye PEeleHUsIMH, TTPUIEM
MHOXECTBA 3THX PEIICHUH TIEPECEKAIOTCsI, TO 3a/1a4a OTITH-
musannn (3), (4) sBisercs MakpoycToiunBoi. B mportus-
HOM citydae 3aj1a4a (3), (4) He SBIseTCs MaKpOYCTONUMBOM.

4 MUKPOYCTOMUYHABOCTD 3AJIAUM
YCJIOBHOM ONITUMM3BALIAN

CHOBa 00paTHMCS K ITOTHOCTHIO OIPEIEIeHHOI 3a1ade
ycnmoBHO#M onrrumu3aru (3), (4) 1 orrIeM MeTO ] YCTaHOB-
JIEHUS] MUKPOYCTOMUMBOCTH 3TOH 3a/1a4H.

[TonHOCTRIO OnpeneneHHast 3a1a4a YCIOBHOM ONTUMU-
3arun (3), (4) o onpeneseHnto (CM. TI. 2) ABJIAETCS MUKPO-
YCTOHYMBOM, €CITH OHa 00JIa1aeT CBOMCTBOM MAaKpOYCTOM-
YUBOCTH ¥, KPOME TOTO, CYILECTBYET napa perenni (X', X"),
rae X' = (X{,..., X,) — HEKOTOpPOE PEIIeHHe HCXOMHOH MOTHO-
CTBIO ompenencHuoi 3aaaun (3), (4), a X" = (%, ..., Xn) —Ka-
KO€-TO pELICHUE MPOU3BOAHOM OT HEE MHTEPBAJILHON 3a1a-
9H YCIIOBHOM onrrumu3sarm (5), (6), paccTosHie MEKTY KO-
TopeiMu D(X', X") He mpeBOCXOMMT 3aTaHHON AOCTATOYHO
Majoi BeauunHel d. M3 3TOro onpeneiaeHus HanpsMyro
BBITEKAET CIEAYIOUINM aJITOPUTM IPOBEPKU IPOU3BOIBHOM
MIOJTHOCTBIO OIPEAETICHHON 3a/1a41 YCIOBHOW ONITUMU3aLIUU
Bupa (3), (4) Ha MEUKPOYCTONYMBOCTE.
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Hlar 1. C momMomnisto 6-11aroBoro ajaropuTMa, u3JaoxKeH-
HOTO B 1. 4, ipoBepsieM 3anauy (3), (4) Ha MakpoycTOiYH-
BOCTb. B citydae orpuiiatensHoro pesynsrara (3agaya (3), (4)
HE MaKpOyCTOWYMBA) KOHEL[ AITOPUTMA, C BBIBOJIOM: 3a71a4a
(3), (4) He sBNsETCA MUKPOYCTOHYHBOM. [IpH ONOXKUTENB-
HOM pe3ynbrare npoBepk (3anaya (3), (4) MakpoycToitun-
Ba) Mepexo[ K mary 2.

Ilar 2. BeiOupaeM HEKOTOPYIO MPOH3BOIBHYIO TOUKY
petuenust X' = (X, ..., X ) 3a1a4u (3), (4), HailneHHyro Ha 1are
1. [ocrne aTOro0 MOOABIIAEM K HEM KaKYIO-THOO TOUYKY pelire-
Hust X' = (X, ..., Xy) COOTBETCTBYIOLIEH HHTEPBaJILHOM 3a/1a-
uu (5), (6), Taroke HalineHHyro Ha 1are 1. B pe3ynsrare nomy-
vaem napy pernennii (X, X') ykazaHHBIX JBYX 3a/1a4.

Iar 3. Beruucnsiem Benuuuny paccrosuus D(X, X")

MEXITY TOYKaMH perneHus X', X" yka3aHHBIX ABYX 3a7ad, UC-
TIONB3YA IS 3TOTO (hOPMYITY

D(X,X) = (4~ X)2 ot (- X)2 - (D)

Ilar 4. [TpoepsieM BHINOJIHEHNE HEPABEHCTBA, CPABHU-

! " v
Barowiero paccrogaue D(X',X") ¢ HexoTOpOll M3HAYATIBLHO
3aJaHHOM JOCTATOYHO MaJIOU BeIUYrHOH d:

D(X,x")<d. (24

Ecnu ycnoeue (24) BbINoNHEHO, 3a/1a4a ONTUMU3AIMH (3),
(4) oOBsIBISICTCS MUKPOYCTOUYMBOM U KOHEI[ alITOPUTMA.
B npoTuBHOM Citydae cOBEpLIACTCs MEPexXo] K miary 2, B
KOTOPOM TeHeph K TOUKe permeHus X = (X{,...,Xy) 3a1adu
(3), (4), naiinenHoii Ha mare 1, 100aBISETCS KAaKas-TO Ipyrast
Touka petteHust X' = (X,..., Xp) 3814 (5), (6) u3 uncna Haii-
neHHbIX Ha miare 1. B pesymsrare moiaydaeM HOBYIO mapy
pewenuii (X,X") UT. 1.

Hror. Eciu B pe3ynbrare paboThI aJropuTMa mocie He-
KOTOPOTO IOCTaTOYHOrO YKCIa IIaroB MOIydeHa mapa pe-
wenuit (X, X"), ynosnersopsiroias HepaBeHcTBy (24), mpo-
Te/lypa ocTaHaBIMBaercs U 3aaada (3), (4) oObABISICTCS MUK-
poycroilunBoi. B mpoTMBHOM ciydae mpoueaypa Takxke
ocraHaBmMBaercs, Ho 3a1a4a (3), (4) npusHaercs He obmana-
IOLLEN CBOWCTBOM MUKPOYCTOWYUBOCTH.

3AK/IIOYEHHUE

B crarbe rmoka3zano, 4To npodiemMa onTHMH3AIMH HeTIOJ-
HOCTBIO OTIPENENICHHBIX (YHKIHMI HE MOKET OPAHHYHUTHCS
TOJIBKO OTHICKAHUEM TOUYKH ONITHMYMa U 3HAYCHUSI B HEH Ha-
el (GyHKIUH, HO ¥ TOJDKHA BKITIOYATh B ceOsl 3a1a9y Orpe-

Jlesin B. L.

JIeJIEHUs] yCTOMUMBOCTY HaliieHHoro ontuMyMa. [locnennee
03HAYaeT, YTo MPY HEOOIBIIOM BapbUPOBAHUH TAPAMETPOB
ONTUMM3UPYeMOH (DYHKIMH €€ ONTHMYM JIOJDKEH IT0-TIpe-
YKHEMY CyIIIECTBOBATH M HAXOIUTHCS B TOUKE, OJTM3KOH K TOU-
K€ UCXOIHOTO ONTUMYyMa. J[71s1 yCTaHOBJIEHHS yCTOMYNBOCTH
OIITUMYMa HETOJHOCTBIO ONPEAENICHHBIX (DYHKIHMH MpezyIo-
KeHa crienratbHast 3(h(heKTHBHAs METOINKA, OCHOBAHHAS HA
anrapare HHTepBaJIbHON MaTEMaTHKH.
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J-p TexH. Hayk, npodecop, [IeH3eHChKill nepkaBHUN TeXHOJOTIYHUN yHiBepcuTeT, Pocis
CTABUIBHICTDb BUPIIIEHHS 3ABJAHBb OIITUMAJIBHOI'O ITPOEKTYBAHHSI CUCTEM 3 IHTEPBAJIBHUMH

HHAPAMETPAMUA

Po3nisiHyTO 331324y ONTHUMI3aLLi HEMOBHICTIO TeBHUX (HeqeTepMiHOBaHUX) QYHKIIH, TOOTO ByHKIIIH 3 mapamMeTpamu, 3aJaHUMH JIAIIIE
3 TOYHICTIO 710 iHTepBaiy. [loka3aHo, oo BUpIiNIeHHS Wi€l mpobieMu moTpedye TaKoXK pO3NIsiLy 3aBOaHHS BU3HAYECHHS CTIKOCTI ONTHMY-
MY JI0 BapifoBaHHs 3Ha4eHb NapameTpiB (yHKIl. [IponoHyeThCs METO 3HAXOMKEHHS ONTUMYMY (DYHKIIN 1 BU3SHAYCHHS HOT0O CTIHKOCTI

MCTOJaMH iHTCpBaHBHOi MaTE€MaTHUKH.

KarwouoBi cioBa: ontumizanis cucreM, HeBU3HAYEHICTb, CTIHKICTh ONTUMYMY, BapifOBaHHS IT1apaMeTpiB, iIHTEpBaIbHA MaTeMaTHKa.
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THE STABILITY OF SOLUTION OF SYSTEM SWITH UNDEFINED PARAMETERSOPTIMAL DESIGN PROBLEM
Our article considers the problem of optimization of incompletely specified functions, namely, functions which parameters are given
within range of possible values. It is shown that solution of this problem also requires solving problem of determining stability of
optimum of such functions to variation of values of their parameters. A method for obtaining such optimum of incompletely defined
functions is presented. Method uses determination of problem. It alows to split original non-deterministic problem into two optimization
problem of deterministic functions, which are solved separately. After that solutions are combined into one which is a solution of original
problem. The article also provides a method for determining the stability of the optimum found of incompletely defined functions by
methods of interva mathematics. We formulate 5 theorems determining the conditions for existence of optimum of incompletely defined
function and its resistance to changing the function parameters. Algorithms for verifying the stability function are given

Keywords: system optimization, uncertainty, stability of optimum, variation of parameters, interva mathematics.
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MPOTOKOJ CNINOro ENEKTPOHHOIO UKOPOBOIO NIANMUCY HA
ENNTUYHUX KPUBUX HALA CKIHHEHUM BEKTOPHUM MNOJNEM

VY naHiif cTarTi NPONOHYETHCS peatizallis IMPOTOKOIY CIIIIOT0 eJIeKTPOHHOIO IH(POBOro
mignucy, mo sieise coboro moaudikauito cranaapry OCT P 34.10-2001 na exinTUUHUX KPUBUX
HaJl CKIHYCHUM BEKTOPHHUM I10JIeM. AHATI3yeThCs 3aXHIIEHICTh 3allPOIIOHOBAHOTO HPOTOKOIY

3a KpUTEpieM aHOHIMHOCTI.

Karouosi ciaoBa: cninuii exekTpoHHui nudpoBuil miAnuc, cKiHueHe BEKTOpPHE II0JE,

eJinTHYHA KpuBa.

BCTYII

OcTraHHIM 9acoM OCOOJIMBOI aKTyaJbHOCTI HalOyino mu-
TaHHS 3a0€3eUeHHs] YeCHOCTI Ta MPO30POCTi MpOLeaypH
BHOOPIB. Y 3B’ 3Ky 3 MM IHJIHHOI YBark HAyKOBO{ CITIJIBHO-
TH HaOylT! MeXaHi3MH eJIEKTPOHHOTO rojocyBaHHs. OTHIM
3 METOZIB pealtizalii TaKoro MeXaHi3My € BUKOPHCTaHHS
crinoro exekTpoHHoro mudposoro migmucy (ELIT). Ockisb-
ku Ha pa3i cxemu chiroro EIIT He cranmapTH30oBaHi, mupo-
KO BUKOPHCTOBYIOTBCS SIK BIIACHOPYYHO PO3POOJIEHI CXEMH,
Tak i MomuiKari iCHyFOUrX CTAHIAPTIB.

B crarti po3mispaersest Mogugikaisi poCiicbKoro cTaH-
napty ELIIT TOCT P 34.10-2001 «udopmarpioHHast TeXHO-
norust. Kpurrrorpagudeckas 3ammra nHpopMarnm. [Iporec-
cel popmupoBanws u ipoBepku DLI[I». Lleir crarmapT Oa-
3YETHCS Ha MaTeMATHIHOMY ariapari enminmudaanx kpusux (EK)
Hax npoctuM moieM [amya. J{inst 3a6e3mederHs: HeoOXiTHOT
KPHITTOCTIAKOCTI CTAaHIAPTOM PEKOMEHIYETHCSI BUKOPHCTOBY-
BAaTH MMapaMeTpH ATOPUTMY po3MipoM 256 OiT i BUIIIe, 110
300yMOBITIOE JOCTATHIO CKJIA/IHICTE TPYITOBOI OIIepartii B TpyIIi
touok EK. Sk BapiaHT onrTrMi3arii TpyoBoi oreparii MOKHa
posmisinati BukopucTanHs EK Hanx ckiHdeHHM BEKTOpHUM
monem (CBII), sixe 103B0IIsIE 30€perTy HeOOX i IHMI MOPSIIOK
rpyr Touok EK tipu MeHtomMy po3mipi eemenTis moss [1].

Crirmit EIT Bupimnye crienmdidHy 3a1a9y i TBEpIHKEH-
HS CTIPaB)KHOCTI IOKYMEHTIB 0€3 pO3KPUTTS iXHHOTO aBTOP-
CTBa 1, 3aBISIKM LIbOMY, MOKE BUKOPHUCTOBYBATHCH B CXEMaX
€IIEKTPOHHOTO TroocyBaHH:. B anropurmi ciinoro ELIT oy
yJacHUK (hOpMY€E TOKYMEHT, a IHIINH ITi IIHCY€e HOTo BCIITy
0e3 MOXIIMBOCTI O3HaomMHTHCA 13 BMicToM. [Ipm mpomMy
Ba)KJIMBO, 100 HABITH IiINICYBa4d HE 3MIiT' BCTAHOBHUTH aBTO-
pa moxkymenTa. Yepes 1ie 10 1HIIX KPUTEPIiiB 3aXUIIEHOCTI
cxem EIII y BumagKy CIiroro mmianucy JOAa€ThCI KpUTepin
aHOHIMHOCTI. BiH Imoka3zye HEMOXKIIMBiCTh BU3HAYUTH aBTO-
pa DoKyMeHTa 3 OOKY i AMICyBada, SIKIIO BiH BUKOPUCTOBY-
BaTHMeE BCi BiJIOMi HOMY HapaMeTpH, sIKi BUKOPHCTOBYBa-
JIUCH TIPH TIOCTAHOBIII TTiATTCY.

© Hikymnimes T. 1., 2013

1 EJIIITUYHI KPUBI HAJL CKIHYUEHUM
BEKTOPHUM ITIOJIEM

PosrnssHEMO OTHE 3 MOXKIIMBHX PO3IIUPEHB TOMs [amya
GF(p) — ckinuene Bexropse mose. B CBII BXoasTh BEKTOpH
MEBHOI JOBXHUHHU N

V=V -8 +Vo & +...+V, & =V, Vo,.... V), )

neV; € GF(p), § —06a3ucHi BexkTopy, i =12,...,Nn.

Ha MHOXWHI BEKTOPiB BU3HAYAMO OIIEpAIlii T0AaBaHHSI
Ta MHOMKEHHS.

HdonaBaHHS JIBOX BEKTOpiB U= (Uy,Up,...,U,) Ta

V= (V,Vs,...,V,) BigOyBaeThCs 3a GOPMYIO0
W=U+V = (U +vy mod p,u, +V, mod p, ..., U, +V, mod p) . (2)

OIVHAYHUM €IEMEHTOM 32 OIIePAIIi€T0 TOTABAHHS € BEK-
Top Ug = (0,0,...,0). Bigmosinxo, BekTop U = (U, Uy,...,Up,)
Ha3UBA€THCS 00EPHEHUM JI0 BEKTOpa V = (Vq, Vs, ..., Vy, ), AKIIO
U+ V = Ug, TOOTO

v=-u=(-u; mod p,-u, mod p,...,—U, mod p). (3

MHOXeHHS BeKTOpa V Ha 9HCIIo k peaisyeThest 3a ¢op-
MYIIOI0

k-a=(k-a modp,k-a, mod p,....k-a,mod p) . (4

[To3HauMMO orepariiro MHOXXEHHS JBOX BEKTOPIB 3HAKOM
°%. L1s rpymoBa onepariist MynsTuILTiKaTHBHOI Tpyr CBIT
BU3HAYAETHCS ACOLIaTHBHOIO TAOIUIIEI0 MHOKEHHS Oa3uc-
HUX BEKTOPIB [1], KoeQimmieHTH TepeMHOKYIOTECS 32 ITPHH-
IIMTIOM MHOKEHHSI MHOTOWIEHiB. B sikocTi otuHIYHOTO ene-
menTa CBII obepemo, Hanpuknan, Bexrop Vo = (1,0,...,0).
Bimnosigao, nBa enementu CBII, pe3ynsratoMm MHOKEHHS
SIKMX MK COOOFO € OMMHAYHUN €JIEMEHT, Ha3UBaOThCS B3ac-
MHO OOEpHEHHMHU.
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[poirocTpyeMo PaBHIIO MHOYKEHHS Oa3HCHIX BEKTOPIB TS

JIOBYKMHU BEKTOpa N = 2 3a JOMOMOroro Tadm. 1, st n=3—

Tab1. 2. 3HaueHHsI PO3TATYIOYMX KOe(ILI€HTIB T 1 1 00IMCITIO-
IOTBCS 3 CHCTEMH XapaKTEPUCTHYHNX PiBHSHB, L0 3371a€ iCHY-
BaHHS 00EPHEHOT0 BEKTOpa JUsl OyIb-SIKOTO 331aHOTO V.

Ta6auusa 1. MuoxenHs 6a3ucuux Bektopis CBII mis n = 2

° il &
Sl Sl &
& & | &
Tab6auusa 2. Muoxenns 6a3ucHux Bektopis CBII s n=3
° 8 & &
Sl e & &
& & T-€3 TR
& & TG b-&

BinmoBimHo 10 Taba.1l cucrema XapaKTepUCTHIHUX
PIBHSIHB [UTS N = 2 Ma€ BAIIIST

Vi - X+1T-Vo-y=1mod p,
Vp-X+V; -y =0mod p. ©

SIKII0 BH3HAUHWK A = v12 —T- v22 mod p cucremu (5)
npuiiMae HyIbOBe 3HaYeHHs, TO IUIs BekTopa V = (Vq, Vo) He
icHye o0epHeHOr0. 3BifIcH, T Ma€ OyTH KBaJpaTHYHNM He3a-
yurrkoM 3a Momyniem P. Tomi Bci HeHynb0Bi Bektopu CBIT
OyIyTh YyTBOPIOBATH MYJIBTHILUTIKATHBHY T'PYIY HOPSIKY
(p*-1)

BinmoBimHO 10 Tabnm. 2 cucremMa XapaKTepUCTUIHHUX
PIBHSHB U1 N=3 Ma€ BUTIISA

V- X+T-U-V3-Y+T-U-Vo-Z=1mod p,
Vo - X+V - y+pu-v3-z=0mod p, ©)
V3 X+T-Vo-y+V-z=0mod p.

SIkmio Bu3HAYHWK cucTemHu (6) mpuiiMae HyIbOBE 3Ha-
9eHHs, TO WIS BeKTopa V = (Vy, Vo, V3) He iCHye 00epHEHOTO.
Benuuuna (p—1) mae ginutucs Ha 3, a KOKeH 3 T0OYTKiB
2 puTaT uz Mae OyTH KyOiqHIM HE3aJIHIIKOM 32 MOIYIeM
P. Toni Bci HeHynpoBi Bexktopu CBII GymyTs yTBOpIOBaTH
MYIBTUILTIKATHBHY TPYITY HOPSAIKY ( p3 -1).

Posrsmemo BusHaverss EK nag CBIL. Ockinbku xapak-
tepuctuka CBII nopisHroe P, To 111 p # 2 Ta p # 3piBHAH-
HS KpUBOI MOYKHA 3aITUCyBaTH B CKOPOYEHiH opMi

yoy=XoXoX+aoX+b, ™

e X, Y,a,b —enementu CBII.
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KoxHa mapa BekTopiB X, Y, 10 3aJOBOJTBHSIE PiBHIHHIO
(7), BBaxxaetnes Toukoro EK. CykymHicTs Beix Touok EK pa-
30M 3 HECKIHYCHHO BiJIaJICHOO TOYKOI O CKIIATae TPyIry
Touok EK nan CBII.

I'pymosa orrepartist nogaBanHs Touok EK nvax CBII Bu3Ha-
YaeThCsl aHAJIOTIYHO JI0 TPYIOBOI OTepartii JoIaBaHHS TOYOK
EK Hax ipoctum tioiem [2] 3 BUKOPUCTAHHSM OIepartii MHO-

*eHHs1 BekTopiB °. Koopnunaru Toukn U = (xU ,yU ), fKa
mpeAcTaBisie co00 CyMy TOYOK S= (xS, yS) Ta

T= (XT , yT ), BU3HAYa0ThCA 32 hopMynaMmu
X =non—x-x", ©

Y o=no (xS —xY)-yS. ©)

Benuuuna )\ o6uucioeThest 3a hopmymnoro (10), skiio
ST

T S

A= =Y, (10)
T S
X =X

a60 3a popmynoro (11), sikmo S=T

xS oxS xS xS
xzil_l%if.x:§li_é;i§, (11)
2.y 2.y
e a —koedimient EK.
Bukonanus YMOBH FJ'IaI[KOCTi
4-acaca+27-bob+(0,0,..) (12)

3a0e3meuye yrBopeHHs rpymu Toukamu EK.

B xpunrrorpadii 3actocoByrorscs rmanaki EK 3 Bemukim
MIPOCTUM TOpAIKOM Tpyr To4oK. [Topsimox CBIT nopiBHIOE
p", omke ouiHKy nopsiaka rpyrm Touok EK van CBIT #E(p)
3a Teopemoro Xacce [2] MOXHa BHPasHTH HACTYITHHAM
CITIBBIIHOIIIEHHAM

p"+1-2.4/p" <HE(p)< p"+1+2.4p" - (13

3riIHO 3 HIDKHBOFO TPAHUIIEIO CITiBBiqHOomerH s (13), st
JIOCSATHEHHS MOPSIKY rpynu Touok EK BennunHo0, HanpuK-
nan, 178 6iT, HeoOXiHO BUKOPHUCTOBYBATH IIPOCTE YUCTIO P
BenuuuHoio 90 OIT 3a TOBXUHK BeKTopa N = 2.

2 [TIPOTOKOJI CJIIIOI'O MAMUCY HA OCHOBI
I'OCT P 34.10-2001

Posrnsremo HacTynHui npotokon ciirmoro ELIT, 3ampo-
moHoBaHuit B [3], sAkuit GazyeTbcs Ha CTaHAApTi
I'OCT P 34.10-2001.

B cxemi mpuiiMatoTh y9acTh IBi CTOPOHU: MiAIMCYBad A
Ta aboreHT b. AOOHEHT b BUCTYyIIAa€ B SIKOCTI eMiTEeHTa TOKY-
MEHTa M, SIKUH IMiAIICyBad A Ma€ IIi JIrcaTs Haocwin. Bai-
171aTOpOM MOXKEe BUCTYITUTH OyIb-XTO 3 HUX 200 TpeTs ocoda.
[NepeBipka mimicy BitOyBaeThCs 3a TOMOMOTOFO BiIKPUTO-
O KJIFo4a miammcyBada A.



ISSN 1607-3274.  PanioenekTpoHika, iHpopmaruka, ynpapiinas. 2013. Ne 2

3aranpHi napamerpu: npocte noie GF (p), EK Hax mum
TIOJIEM 3 TPYHOIO TOYOK ITPOCTOro MopsAKy d, 6a3oBa Touka
P, xeur-yHkuist H ().

[Iporokon ckIamaeThCst 3 TPHOX €TaliB — IeHepallis
KJIOYiB, TOCTAHOBKA ITi/ITICY, TIEpEBipKa i IINCY.

[Tz gac renepanii KITO4iB CEKpETHHH K1I04Y d 0OMpaeTh-
¢sl BUINAKOBO 3 Jiana3oHy 1< d < q. Bigkpurnit ximod Q
OTPHUMYETHCS 3 HBOTO 32 (YOPMYIIO0

Q=d-P. (14)

ETan mocraHoBKY iqImiCy TOYMHAE MMiANHCYBad A, o0n-
paroun omHOpa3oBuil Koy k 3 miamasony 1< K < g ta 00-
YHCITIOIOUHN TOUKy E 3a dopmyrnoro

E=k-P=(xF,yF). (15)

[MixmicyBad A Binnpasisie Touky E aboneHty b.
AbGoneHT b hopmye xem-00pa3 MOBiJOMICHHS 3a
CIiBBi THOIICHHSIM

h=H(m). (16)

[Ticrst 11pOTO BiH BUITAIKOBO OOMpPAE MaCcKyOdi Tapamer-
pu o Ta B 3 mianasoHy 1< o, B < g i ob6umcmoe Touky C 3a
dbopMmynoro

C=a-E+p-P=(x"y°). (17)
AOoHeHT b o0uncitioe BennuuHA I Ta r'’ 3a GopMynaMu

r=x% modq, (18)

r'=xE modq- (19

Li BenmIrHN BUKOPUCTOBYIOTHCS B (POPMYITi 3aCIITIICH-
HS XeII-00pa3y IOBiTOMJICHHS

h'=r—-h-ocm0dq, (20)
r

AoonenT b epecrae 3aciimeHmii Xemr-o0pas moBiIoM-
TIeHHs h' miammcyBady A.

[MimmwcyBad A CTaBUTH ITi1 HUM 3aCIIIDICHUH IMAIHC S' 32
JOIIOMOT'OI0 BJIACHOT'O CEKPETHOT0 KIIto4a d

s=(d-r'+k-h"Ymodq, ()

Ta Nepeciiae OTpUMaHe 3HaueHHs a0oHeHTy b.

AbonenT b Mae MOXIIUBICTh TIEPEBIPUTH CIIPABKHICTH
3aCTITUICHOTO MIAMKCY S’ 33 JOIOMOTOIO CITiBBiHOIIICHHS
(22), BuKOpHCTOBYIOUH BimKpHTHiA KiTFod Q mmimmcyBada A

s-P=r"-Q+h"-E. (22

Sxmio 3acinuieHnH miguc MPOXOnUTh IepeBipKy, abo-
HeHT b popmye 3 HBOTO OCTaTOUHMIA TTiATTHC

s=(s'-§+ﬁ~h)modq. <)

CITirmM iIcoM ] TOKYMEHTOM M BBAXKAEThCs rapa
3Ha4YeHb < I,S>.

Banigarop npu nepeBipui mianucy {m, <r,s >} obunc-

JIFO€ TOYKY R, BUKOPUCTOBYIOUH BiIKpUTHI Kirod Q mmianu-
cyBada A

S r R . R
R=>-P-2-Q=(x"y"). (24)
h h
[Timmuc BBaXA€EThCS CIIPABXKHIM, SKIIO BHKOHYETHCS
CITIBBIIHOILIEHHS

r =xRmodq- (25

ABTOpoM 6y110 10BeeHO B [4], 1110 HABEIEHHIA TIPOTOKOI
€ 3aXUIIEHUM 32 KpUTEpieM aHOHIMHOCTI, TOMY BiH ITiJIXO-
JTATB TS MOT(DIKAITii.

3 IMPOTOKOJI CJIIIOI'O MIAIMUCY HA EK HAZY
GBIl

ABTOpOM TIPOITOHYETHCS TPOTOKOJ CIIIOTO ITiJIIHCY,
SIKAH 0a3y€eTHCSI HA BUIIEHABECHOMY, OJJHAK BUKOPHUCTOBYE
maremaruunuii anapat EK nag CBIIL.

B cxemi npuiiMaroTh yqacThb 1Bl CTOPOHH: ITiATICYBad A
Ta aboHeHT b. AGoneHT b BucTynae B sIkoCTi eMiTeHTa TOKY-
MEHTa M, SKUH HiIIucyBad A Ma€ ImiucaT Haocir. Ba-
J11aTOPOM MOXKE BUCTYIIUTH OyIb-XTO 3 HUX a00 TPeTs 0Co-
6a. [1epeBipka mianmcy BigOyBaeThCs 3a JOMOMOT OO BiIKpH-
TOTO KJTIO4a TinucyBada A.

3araipHi mapaMeTpy: CKiHUeHe BEKTOPHE ITOJIE 3 TOBXKHU-
HOIO BEKTOpa N — po3mmpeHHs npocroro nonst GF (p), EK
HaJl UM TI0JIEM 3 TPYIOI0 TOYOK ITPOCTOro nopsiaky d, 6a-
30Ba Touka P, xem-yHkis H ().

[IpoToKON CKITama€eThCsl 3 TPHOX €TaIliB — TeHEepaIist
KITIOUiB, TOCTAHOBKA ITiIUCY, TIEPEBipKa ITi IIHCY.

ITix gac reneparii kiro4iB cekpeTHNH Ki1r04 d 0OMpaeTs-
Csl BUNAJIKOBO 3 Aiana3ony 1< d < g. Bigkpuruii kimou Q o1-
PUMYETHCS 3 HBOTO 32 (POPMYIIOI0

Q=d-P. (26)

Ockineku EK 3amana vax CBII, To mpu o6umcieHHi cyMu
JIBOX TOYOK B Il Ta MOAANBUIAX (POpMYIIaX BUKOPUCTOBY-
I0TBCA CITiBBi qHOImeH s (8-11).

ETam mocraHoBKY ITiATMCY TOYMHAE i IIACYBad A, 00u-
parouu OHOPA30BHIA KITIOY k 3 riama3ony 1< K < (], o6uuc-
nroroun Touky E 3a gopmynoro

E=k-P=(xE,yF) @7

Ta BiIIPABIISFOYH IF0 TOUKY a0OHEHTY b.
Ab6onenTt b dpopmye xem-o0pa3 moBigOMIICHHS 3a
CITIBBIIHOIIIEHHAM

h=H(m). (28)

[Ticrms 11p0T0 BiH BUITAIKOBO 0OMpPAE MacKy0di Tapamer-
pu o Ta B 3 gianazony 1< o, < g i 06uuciroe ToUKy C 3a
dbopmymoro

C=o-E+B-P=(x%,y%). (29
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AoboHenT b obunciroe BenmuuHY I Ta I’ 32 popMynaMu

n

r:inC modq (30)
i-1
& E

r'=> % modq 31)
i-1

C c  ,C C
me X7 =04, X 1o X ), XE :(xlE,sz,...,an).
AobonenTt b 3acnimioe xem-o0pa3 MOBiJOMIICHHS 3a
CITiBBiIHOMIEHHAM

’

h’=r—-h-(xmodq (32
r

1 mepecuiiae 3acmimieHnii xenr-oopas moigomieHHs h'
miamicyBady A.

[MixmicyBau A ¢popmye 3acinmenui mianuc s’ 3a 1omo-
MOT'OI0 BIIACHOT'O CEKPETHOro Kiroya d

s'=(d-r'+k-h"Ymodq, (33

Ta IepecriIae OTpUMaHe 3HaYeHHsI a00HeHTy b.
AOoHeHT b Mae MOXIIMBICTH TIEPEBIPUTH CIPABKHICTh
3aCTITUICHOTO IiIIHCY ' 32 JOIIOMOTOIO CITiBBiJHOIIICHHS

(34), BuKOpHCTOBYIOUH BigkpuTHi KiFod Q mianucyBada A

S-P=r"Q+h E. (39)

SKmmo 3aciiTuieHuH MiIuc MPOXOIUTh epeBipKy, abo-
HeHT b popMmye 3 HBOTO OCTaTOUHWMIA TTi ATTHC

s=(s'-§+ﬁ~h)modq. (35)

CHirmIM ITiAMCOM TTi JOKYMEHTOM M BBayKa€ThCs ITapa
3Ha4YeHb < [,S>.

Banimgatop mpu nepeBipii miammcy {m, <r,s >} o0urc-
JIIO€ TOUKY R, BUKOPUCTOBYIOUH BiIKpUTH KiTkod Q 1miarmi-
cyBaya A

R==-P-1-Q=(x"yF). (%)

[Tigmuc BBaXKa€TbCS CIIPABXKHIM, SKIIO BHKOHYETHCS
CITIBBIJHOIIIEHHS

rzzn“xiRmodt. 37)

i=1

ze XX = (X, X, e X ) -

4 OBYNCTIOBAJILHUI IPUKJIAJ ITPOTOKO-
JIY CJIIOT'O MIIMHACY HA EK HAJT CBIT

ITo6ynyemo CBII Ha ocrosi mpoctoro moms GF(11) 3
JIOBKHHOIO BEeKTOpa n = 2. [IpaBuiio MHOXKEHHS 3a1aMo 3a
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tabn. 1. 3 ommny Ha cuctemy (5) 3HAYCHHSI PO3TATYEOUOTO
kKoedinmieHTa t HEOOXimHO oOMpaTH 3 HaOOpy YHCen

{2, 6,7,8, 10} , AIKi € KBaIPaTUIHIMU HE3aTAIIIKAMH 33 MOJIY-
nem 11. O6epemot = 7.

Posrnssaemo EK 3 xoedinienramu a=(13) , b= (5;6) .
[TepeBipumo YMOBY TJIaJKOCTI (12)
4-(3,3)°(1,3)° (1,3)+27-(5,6) (5,6) = (0;3) = (0,0).

Bbazosa Touka P =((3;8),(4;9)) Mae nmpocTHii MOPSIOK
t=113.

3renepyemo kmodi mignucyBada A. OGepemMo cekper-
Hu# kirod d = 56 Ta oTprMaeMo 3a hopmyioro (26) Bigkpu-
Tuii ko Q =56- P = ((9;3),(9;9)).

[TigmicyBay A oOmpae omHOpa3oBUil KIOY k = 28 Ta
obuncioe 3a ¢dbopmynoro (27) TOUKY
E=28-P=((7,4),(0,3)).

AboneHT b emiTye mokyMeHT 3 Xem-o0pa3oM h = 100,
obupae MacKyodi napaMeTpu o = 44 ta f = 75, obuncioe
3a ¢dbopmynoro (29) TOUKY
C=44-E+75-P=((85),(1G;0)).

[Ticns nporo aboneHnT b obuncnroe 3a Gopmyramu

(30-31) r=xC + %" =8+5=13 Ta

r'= xlE + x2E =7+ 4 = 11BianoBigHo.
Abonent b 3a popmyroro (32) 3aciruiioe moBiJOMIEHHS

h’=i—;’-100-44 mod 113=281 Ta mepecusae OTpUMaHe

3HAUCHHS i AMMICYBavYeBi A.

[Mimmucysad A obunciioe 3a popmyioro (33) 3acmimie-
HUH  miganuc A OTPUMAHOTO  3HAYEeHHS

S’ =(11-56+ 28-81) mod113 = 59 Ta Bianpassie ioro abo-

HenToBi b.
AGoHeHT b mepeBipsie cmpaBXHICTH MiAMUCY 3a
criBBigHomeHHsM (34): B JIiBili YaCTHHI CITiBBiIHOIIEHHS BiH

OTPUMYE 59-P=((52),(25), a B
11-Q+81-E =((5;2),(2;5)) . OckinbKku 3HAYEHHS B IpaBiit

Ta JIiBil YaCTHHAX ITEPEBIPOTHOTO CIiBBITHOMIECHHS 30irafoTh-
Cs1, 3aCIITUICHAH T AIIIC BBAYKAETHCS CIIPABXKHIM, 1 aOOHEHT
b o6unciioe 3a Gopmynoro (35) ocraTouHMit MmiAIHC

5= (59-§+ 75-100) mod113=9 .

mpaBii

B pesymbrari, mix 1oKyMeHTOM 3 Xen1-odpa3oM h =100
c(hOpMOBaHO HAOCIIII MIHC < I',S >=< 13,9 >.
Bukonaemo riepeBipky chopmoBaroro miammcy. 3a op-

MYIIO10 (36) 06YHCITHMO TOUKY
9 13

= .P-—2.Q=((85),(10,0)). i i 1te-

00 100 Q=((85),(10;0)). B npasiit vactumi e

peBipounoro cmiBBigHOomenHs (37) oTpUMaEMO
XlR + X2R
BiJIITOBiTHO, TTiIIIMC BBAYKAETHCS CIIPaBKHIM.

=8+5=13. L1 BenmnuuHa 30iraerbcs 3 I =13,
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Bapro BinzHaunTy, mo Buxopucranss CBII B cxemi crino-
ro EIIIT ve BiMBae Ha po3Mip mianmcy, 30KkpeMa, He MpH-
3BOIUTB JIO HOTO 301NbIIeHHS. TakoX BasKJIMBO, 110 B TIPO-
1ieci HOCTAHOBKY I IMHCY i UCYBad A He MOXKE Ti3HATHCS
Hi OpUTiHATBHOr0 Xeur-00pasy JOKyMEHTY h, Hi OCTaTOYHO-
TO MiJNUCY < I, S > i HAM.

5 ITEPEBIPKA 3AXHUIIIEHOCTI ITPOTOKOJIY 3A
KPUTEPIEM AHOHIMHOCTI

J71s cxeM CITinoro Imiucy, Ha BiIMiHY BiJ] IHIITHX Pi3HO-
BuaiB ELII, akTyasHOIO € aTaka NOpyIIeHHS aHOHIMHOCTI.
Cripo6a araxu Moxke OyTH 31iiCHEHa ITiAIICcyBadyeM 3a yMo-
BH, 110 BiH 30epiraTumMe BCi BiIoMi oMy ITapaMeTpu CXeMHu
CJIITIOTO HiANHCY Pa3oM i3 iIeHTH(}IKATOPOM eMiTeHTa IS
KOKHOI cecii mocTanoBKY mifmicy. Hakonmuena 6aza qanux
MOxe OyTH BUKOPHCTaHa B aralli, sSika [oJsirae y cpodi Bu3-
HAueHHS aBTOpa BiJIOMOTrO AOKyMEHTa M i3 migmucoM
<I,S>, 0 ITPOXONUTH NEPEBIPKY 3a JIOIOMOTOIO BiJKPHTO-
ro KJIroya mianucysada Q.

B 3amporionoBaHOMY POTOKOJTI aTaKa IIOPYLIEHHS aHO-
HIMHOCTI MOKe OyTH 3/1ifiCHeHa HACTYITHUM YUHOM. [Ti -
cyBau A I KOPKHOTO psifika CBOET 0a3y JaHuX Mae o0urc-

JUTH UMOBIpHI 3aciimuioroun napamerpu o’ ta B’ 3a dop-
mymamu (38, 39)

a'=ﬂmodt. (38
h-r'

S-S

pr=— C_modt - (39)

s
!

3a 1OmOMOror0 O0YHCICHNX TapaMeTpiB MiAmrucyBad A
JUTSt KOXKHOTO psiika 6a3u JaHuX 004HCITioe Touky R’ 3a (hop-
myioro (40)

R=o -E+p-P=xR,yR). (40)

Pamox 6a3u maHux, I IKOTO BUKOHAETHCS CITIBBITHOIIIEH-
us (41) Mae BKa3aTH Ha EMIiTEHTa [TOBiJOMIIEHHS

R

n /
r= % % modt. (41

Hukymumes I'. U.

Sk noBesieHo aBTOpOoM B [4], Touka R’ He 3a1eKHTh Bif
mapametpiB h',r’, s’ i 3aBxan 30ira€Tecst 3 NEPEBIPOYHOIO
TouKOI0 R (muB. criBigHomeHHs (36)), 1110 He A€ mimIcy-
BaveBl MOKJIMBOCTI BU3HAYUTH EMITEHTA.

r
) s—-s-—
R’:a’~E+B'~P:r'h'E+ r.

h-r' h

P=

r S s-r [ r
= (g.-P-r'- +—P—P=—P——0=R
h-r' ( Q) h h-r' h h Q

TaxuMm 4MHOM, PO3IISTHYTHH IIPOTOKOJ BBAYKAETHCS 3a-
XHIIEHNM 32 KPUTEpieM aHOHIMHOCTI.

BUCHOBKUA

B crarTi po3misaeThes IPOTOKOI CITINOTO €JIEKTPOHHO-
ro mizarcy Ha ocHoBi cranpapry 'OCT P 34.10-2001 3 Buxo-
PHUCTaHHSIM MaTEMaTHYHOTO anapaTy eJiNTHIYHUX KPUBUX
HaJl CKIHYEHHM BEKTOpHHMM nosieM. [lokaszaHo, 1o 3MiHa
MaTEMaTHYHOTO arnapary He BIIMBAE Ha 3aXHUILEHICTb cXe-
MM CJIIIIOTO i IIHCY 32 KpUTEpieM aHOHIMHOCTI.

B noanbimomy aBTOpoM IIIaHyeTHCSI OLiHKa BUTPAIY B
IIBUIKOZIIT TA PECYPCOMICTKOCTI TPH BUKOPUCTaHHI MaTeMa-
truHoro anapary EK nan CBII B cxemax ELII 3 pexomeno-
BaHMMU IIapaMeTpaMH.
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Cratrs Haaidnwia no pepakuii 19.09.2013.

Crapumii npenosaBareiib, 3alopoXKCKUN HallMOHAIBHBIM TEXHUUECKUI YHUBEPCUTET, YKpanHa
MPOTOKOJ CJENOM 3JEKTPOHHON IMHU®POBOM MOANACH HA SJNIUNTHYECKHAX KPUBBIX

HAJI KOHEYHBIM BEKTOPHBIM I1OJIEM

B naHHO# cTaTbe NpejiaraeTes pealr3alus IPOTOKOJIA CIICHON AEKTPOHHOI [M(POBOI MOAIKCH, PEACTABISIOIIEr0 co00i Moau-
¢uxanuro crangapra [OCT P 34.10-2001 Ha 2/IMOTHYECKUX KPUBBIX Hall KOHEYHBIM BEKTOPHBIM IOJIEM. AHATM3UPYETCS 3alHIICH-

HOCTB IIpeytaraéMoro IpoToKojIa 0 KPpUTCPU0 aHOHUMHOCTH.

KuaroueBble ciioBa: cienas OJICKTpPOHHAas HI/I(prBa}I MOANUCH, KOHEYHOE BECKTOPHOC I10JIC, SJUIMIITUYECKAas KpHUBas.
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BLIND DIGITAL SIGNATURE PROTOCOL ONELLIPTIC CURVESOVERVECTOR FINITE FIELD

Digital signature schemes can fulfill an actual task of ensuring fairness and transparency of electronic election. However, existing
standards and protocols need modification into blind signature and additional security check by the anonymity criterion. The author
examines blind signature protocol provided by Russian scientists. It is proposed to improve scheme's efficiency by changing inner
mathematics. Elliptic curves over vector finite field enable parallel processing in group operation and reduce integer range. These
advantages are illustrated by computational example. Also, improved protocol investigation by the anonymity criterion is provided in the
article. The author proves that mathematics change do not affect protocol security.

Keywords: blind digital signature, vector finite field, eliptic curve.
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PO3B'A30K KPANOBOI 3A0AYI ONTUMAIIbBHOIO KEPYBAHHSA
B KPUTUHHOMY BUNALOKY

VY crarTi po3MISHYTO KpaioBy 3anady B KPUTHYHOMY BHUIIAJKy, sSIka BUHHKAE B Teopil
ONTUMAJILHOTO KEepPYBaHHS JUIS MaTpUYHUX AM(EpeHIialbHUX PIBHAHb. 3HAWJCHO yMOBY
PO3B’ I3HOCTI TAKKX 33/1a4. 3aIPOIIOHOBAHO MIIX1J 10 3HAXOJDKEHHS 1 PO3B’ 13Ky 32 JOIIOMOTr 010

TEOpil NICEBI00OCPHEHUX MATPHUILb.

KuarwuoBi cioBa: kepywuuil mpoiec, KpaiioBa 3amadya, nceBIooOepHEHAa MaTpULs,

HOpMalbHa (yHJaMeHTaJIbHA MaTPULIS.

IHOCTAHOBKA ITPOBJIEMH

Bcroam B HaBKONMIIHBOMY CBiTI ITPOTIKAIOTh Pi3HI Ipo-
LIECH, XapakTep AKX 3aJIeKHUTh Bi OaraTbox yMoB i (hak-
TOpiB. 3MIHIOIOYM YMOBH IIPOTiKaHHS ITPOLECIB, JIIOIUHA
MO’Ke BIUIMBATH Ha X XapakTep, 3MiHIOBATH X, IPHCTOCOBY-
BaTH JI0 CBOIX Iiyiel. Lle BTpydaHHs B IpupomHHUIi XiJ rporie-
cy 1 ABiIs€ cOOOI0 CYTHICTH KEpyBaHHS B IIHPOKOMY CEHCI
cioBa. Mo)kHa cKa3aTH, 10 KepyBaHHS MpeJICTaBIIsie COO0I0
TaKy OpraHi3aliio TOTO Yd iHIIOrO IPOIecy, sike 3abe3re-
Yye JOCSTHEHHS MIEBHUX IIiJIEH.

[pu posmisiianHi peabHIX KePOBaHHUX 00 €KTIB HEpII 32
BCE BUHHKAE 3a]1a4a KepyBaHHs pyXxoM [ 1], sika 3BOIUTHCS 10
PO3B’ 13Ky KpalOBOi 3a/1a4i AJIsl CHCTEMH 3BHYAHHUX Ande-
PEHIIIBHAX PIBHSHB IIEPILOTO ITOPSIIKY, PO3MIPHOCTI N N.
Po3B’ s13aHHs TakKMX 3a1a9 IPUBOIKTS [0 IIEBHUX TPYIHOILIB,
1110 XapaKTePHO TS BUITA IKiB KEPYBAaHHS CHCTEMaMH, B IKUX
KUTBKICTh IIPOIIECiB MEPEBHIIYE KiTBKICTh BITOMOCTEH TIPO
TIOYaTKOBHIA cTaH. Ha mpakTwvIli po3B’ I3HICTh TAKUX MPHUKIAL-
HUX 3a/1a4 TPYHTYETHCS Ha «(Qi3MIHUX MipKyBaHHSIX» Ta
HEMa€ CTPOTrOro TEOPETUIHOTO MiAIPYHTS.

BaxxjmBUM 4aCTMHHMM BHITAAKOM € JIIHIHHI 3BUYaNHI
CHCTeMH MAaTPUYHUX AU EPEHIi ATEHUX PiBHIHB, SKi MOZIE-
JIFOFOTH JTiHiMHI TEXHOMOTi4YHi Ta ekoHoMi4Hi mporiecH [2]. Lle
CHCTEMH HACTYITHOTO BUIJISTY.

% = A)X() + By, to<t<T, @

ne x(t) e R" —dasomuii Bextop, u(t) e R™ —BexTop kepy-

Banus. Marpuii A(t) i B(t) npumyckarorses HenepepBHU-
MH, PO3MIPHOCTI NxN 1 Nx M BigmosigHo. [lomycTuMum
KepyBaHHSM BBA)KAa€THCS OBIJIbHE KYCKOBO-HEIIEPEPBHE
KepyBaHHs U = U(t), nmpuyoMy BCi TOYKU po3puBy GyHKIIT
u = u(t) — nepmoro poxny (sxiwo Taki €). KoxHomy Takomy
JIOITyCTUMOMY KEpYBAaHHIO BiIIIOBia€ €IWHUA PO3B’SI30K
KparoBoi 3aadi:

% = A(t)x(t) + B(t)u(t), to<t<T, @

© ITanacenko €. B., 2013

Mx(to) = o, ®

ne M — maTpuns posmipsocti mxn, o € R™. 3okpema,
LIKaBJIATH YMOBH iCHYBaHHS PO3B’ SI3Ky KpaloBoi 3a1aui (2)—
(3) i BusHayenns ¢ynkuii X(t), sxa 3a70BONBHIE KpaloBiii
ymoBi (3) npu Bizomomy BXigHOMY mporeci U(t). Sk mpo-
nec X(t) orpumanuii, To Bu3Ha4YeHHS Buxoay cucremu Y(t)
HE TIPEACTABISETHCS CKJIaTHAM 1 BUKOHYETHCSI Oe3rocepen-
HBO 110 piBHsAHHIO Buxoay Y(t) = C(t)x(t) + D(t)u(t) [3,4].

AHAJII3 OCTAHHIX JOUIKEHb
1 =

CrorofHi y Teopii KepyBaHHS IPH aHaJIi31 JTiHIHHUX chc-
TEeM TPaAULIIHHO BUKOPHCTOBYFOTH ITiJIXO/IH, SIKi € JIOCHTB BiJI0-
MHMH B Teopil qudepeHuianbHUX piBHSHE [5, 6, 7].

B 3anexxHocTi Bix BUIIISITY KpaiioBoi yMmoBH (3) orpumye-
MO pi3Hi KpaioBi 3a1aui. Hanpukian, B po6ori [ 3] mobymosa-
HO pO3B’ s130K 1 3a1a4i Komi, komu M =1, ne |, — onu-
HugyHa Matpuns (BusHaueHo QyHKIio X(t) mo 3amaHOMy
MIOYaTKOBOMY CTaHy Xy IIpH BiIOMOMY BXiIHOMY IpOLECi
u(t)), BUKOPHCTOBYIOUH TIOHSTTS (PyHIaMEHTaIBHOI (TIepe-
XizHOT a60 iMITyITBCHOI) MaTpwti [2, 3] y BUrsiai

X(t) = ®(t,to)xo + j'd)(t, 1)B(t)u(t)dr, )

to

ne d(t,ty) = X(t)X to).

B pobori [4] posmisHyTa KpaiioBa 3a1a4a 1pu t e [0; T] i
KpaifoBOIO YMOBOIO 3arajbHOIO BUITISLY gx(.) =g eRM
e (:D"[0;T]—» R"—niniiirnit oOMexennit BekTop-pyH-
KiioHai. J{71s po3B’ I3HOCTI 3a/1a4i BUMAaraeThes, oo

det[¢/X]#0. ©

Takum 9rHOM PO3B’ SI3HICTH KPaHoOBOI 337141 HE 3aJISKUTh
BiJl HeOMHOPIAHOCTEH MurdepeHtTiasHOro piBHIHHS (2) i Bix
a € R". I3 Buramy (5), 04eBHAHO, IO PO3B’ A3HICTH 3a1a4i
3aJIKUTH TUTBKH BiJT ()yHAAMEHTATBHOI MaTpHIli X (t) Ta BEK-
Top-(yHkitionana ¢ . [Ipu BukoHaHHi yMoBH (5) po3B’ 130K

77



MATEMATUYHE TA KOMIT' IOTEPHE MOJIEJIIOBAHH

3a1adi JaeThest yepes Marpuio [ pina

x(t) = X (O)feX o +}G(t,r)B(r)u(t)dT _ ©®)

B naniii po6oTi po3mIsIa€THCS BUIAIOK, KO HE BUMATa€eTh-
sl BUKOHaHHsI yMoBH (5). BibI1 TOro, He BUMAra€eThesi, HaBiTh,

1100 MaTpurs [fx] Oyina KBaJpaTHOI. B boMy BUMaKy oT-

pHUMaeMO KpaloBy 3a/1aqy, B sIKili KUIbKICTh KpaliOBUX YMOB He

CIiBMa A€ 3 KiIBKICTIO HEBIOMUX y cucteMi [ 6, 7).
PE3VJIBTATU JOCIIKEHHS

Hapsiny 3 HeomHOpiAHOIO KpaiioBowo 3aaueio (2)—(3),
PO3IVISIHEMO OJIHOPIIHY KPaoBy 3a1auy

%=A(t)x(t), to <t<T, ™

Mx(to) = 0. ®)

PosB’ s30k X(t) piBnsuus (2)

t
X(t) = % + [ (A(9)X(5) + B(s)u(s))ds, ©)

to

HerepepBHO-aUdepeHnifioBanHmii B KoxHiH Toutli t € [tg; T] i
3aJI0BONBHSIE PIBHSHHIO (2) BCIomu Ha BinpisKy [tg; T]. Oxe
po3B’sa30k X(t) piBHsaHs (2) OymeMo IIyKaTd B IIPOCTOpI
Cl([ty;T]) memepepsHO-mndepenuiiiobanux Ha [ty;T]
(yHKIIiH.

3HalIeMO YMOBH iCHYBaHHS Ta CTPYKTYPY pO3B’ SI3KiB
HEOIHOPIIHOT CKIHIEHHOBUMIPHOI KpaioBoi 3a1adi (2), (3).

BukopucToByroun amapar Teopii ceBIooOepHEeHIX Mart-
putts [6, 7], 3HaieMo HeoOX i IHi Ta JoCTaTHI YMOBHU PO3B’ SI3-
HOCTI KpaioBoi 3a1adi (2), (3) B mpocropi HerepepBHO-I1-

(epeniiioBanux Ha Binpisky [tg; T] dynkuiii. [Tosaunmo
gyepe3 X(t,7) — HopManbHy (yHAAMEHTAIbLHY MATPHUIIIO,

sIKa 3aJI0BOJIbHSIE MATPUYHOMY PiBHSHHIO!

ELI = ax oy

X(t,7) =| — oguHM4YHA MaTpwuil. 3aranbHUN PO3B’ 30K
MAaTpUYHOTO PiBHSHHS Ma€ BUIII [ 8]

X(t) = X ()% +x(t),  X(t)= X(t,to), (10)

ne Xg = X(tg) — enement npocropy R", ;((t) — YaCTHHHHHN

PO3B’ 130K HEOTHOPIAHOTO PiBHAHHS (2), IKHit MOKe OyTH
3aMUCcaHui y BUIIISI

t
X(t) = X (t) [ X (1) B(r)u(r)dr.

to
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[MigcraBumo (10) B kpaiioBy ymoBy (3) Ta OTpUMa€eMo Ha-
CTymHe areGpaiuHe piBHAHHS BiTHOCHO eleMeHTa Xg € R":

Qg =a, (11)

ne Q = MX(tg) —marpms, oTprMaHa MiICTAHOBKOIO B Kpaii-
0By yMOBY (3) HOpMabHOI (yHIaMeHTaIbHOT MaTpuii X (t)
oHOpi oI cuctemH (7).

Binomo [5], mio anredpaivna cucrema (11) po3s’ si3Ha Toxi
1 TLIBKHM TOZI, KOJIU MTpaBa YaCTHHA HAJIGKUTh OPTOrOHAIIBHO-
My nomoBHeHHIO -N(Q*) = R(Q) mizmpoctopy N(Q*),
TOOTO BUKOHYEThCS yMOBa

PN(Q*)OL =0. (12)

IMpu oMy 3aranbHui po3B’ 130K cuctem (11) mae Bur-
JBIn

Xo = QT a+Py(q)C, 13

ne QF — nceBnoobepuena Matpuus no Ilenpoysy [9] o
Marpuili Q; C—1oBiTbHMI eeMenT 3 pocTopy R ™.

IMincraBuMo Xq y Bupas3 (10), orpumaemo 3aranbHUH po3-
B’ 130K KpaiioBoi 3anaui (2), (3) y Bursimi

X(t) = X()Py(gC+ X(OQ o+ K[ f1(t),  (14)

ne K[ f](t) —omeparop I'pina 3amadi (2), (3), sKkuii gie Ha
¢byuxuio f(t) e C([to;T]) HACTYITHUM YHHOM:

t
KLF1(t) = X(t) [ X (1)B(x)u(r)dr - (15)

to

Bumnaaxu kpaiioBux 3a1a4, Wis SIKUX BUKOHaHA OHA 3 YMOB
rank Q =n ado rank Q < N, € BiANOBIAHO HEKPUTHUHUMH 1
kputHaHEMH, 1e Q = MX(tg) — (mx n) — BAMipHa MaTpPHIT,
OTpHUMaHa MiJICTAHOBKOIO y KpallOBY YMOBY HOPMaJIbHOL
(byHIameHTanbHOI MaTpui X (t) omHopimHoi crctem (7).

TaKuM YUHOM, TOBEIEHO HACTYITHE TBEPKCHHS.

Teopema. ko rank Q = ny, To omHOpiHA KpaiioBa 3a-
nada (7)—(8) mae r = n—ny i TUIbKY I MiHIHHO HE3ATEKHUX
po3B’s3kiB. HeomHopinHa kpatiosa 3anaga (2)—(3) po3s’ s;3Ha

TOZ 1 TUTBKH TOIi, KOJIM BUKOHAHA YMOBA PN «. 00 =0 inpu

Q)

IEOMY MA€ [ -TlapaMeTPUYHY POAUHY PO3B’ SA3KiB

X(t,cr) = X (t)Py(g)Cr + X()Q T+

t
+ X () [ X H1)B(ru(r)de (16)
t
ne Py =1 -Q'Q, PN(Q*) =1 -QQ" —oprompoekropu

Ha stpo N (Q) i kospo N (Q*) Marpumi Q BinmoimHo, QT —
TceBI000epHEeHa MATPHIL 10 MaTpuil Q.
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Hpurian
Hexali kepyrounil mporec ONUCYeThCs! KpaloBOO 3a1a-
gero (2)—(3), me x(t)e RS - dba3oBuil BEKTOp,

to =43<t<3=T, ut) = (1+t2)e R — Bexrop kepysau-

2t

0 0
1+t2
Ha Ta 3amaHi marpuini A(t)=| O > ,
1+t
0 0 0

)t e
B(t)=|1|, M = 2 =]
0 0 —E 1

Hopmansha ¢pyHaaMenTanpaa MaTpyILt TSI 33JaHO1 3a-

1+t 0 0
maui mae Bursn X ()= O 1+t%2 0],
0 0o 1

Pieusnns (11) npeacrasisie cobor cucTeMy anredpaid-

HUX PIBHSHB
2 -2 - (18
0 -2 1,979 (17)

i cR3 P 00
B1JTHOCHO CJICMCHTA . = , TOM 0-
i %o NQY o o) MM

Ba po3B’ s3HOCTi (12) Wi MaHoi KpaioBoi 3a1a49i BUKOHAHA

HAaCIpaBIi OIS JOBUIBHUX O € R2 Yy TOMY YHCHi 1 JUIs
18 2 ,
o= 9 € R”. Cucrema (17) € HeZIOBU3HAYEHOO, PO3B’ 5I-

30K SIKOi 3HAXOIUTHCS 32 popmysoro (13), ne

5 1 424
18 6 9 9 9
|21 1 g oof2 1 2)
2 1 424

9 3 9 9 9

HeonHopinna kpaiioBa 3ajada Mae 3-MapamMeTpUyYHy
pornuHy po3B’ s3kiB (popmyra (16)):

(1+t2Xt—x/§)+g+gt2+(é+ft2

9 9

Y ZOCTOBIpHOCTI OTPUMAHOIO Pe3yJIbTaTy MOKHA TIepe-
KOHATHCS eJIeMEHTaPHOIO IIEPEBIPKOI0, a caMe, MiJCTaBUTH
(18) B kpaiioBy 3anauy (2)—3).

BUCHOBKUA

PoGota npucssiueHa 3HaX0PKEHHIO YMOB PO3B’ SI3HOCTI
Ta OOYI0BH PO3B’ 3Ky KPUTUUHNX KPaHOBHX 3a]1a4, SIKi BH-
HUKAIOTh B 33]1a4aX Teopii KepyBaHHS PYXY, B SIKUX KIIBKICTh
KpaloBHX YMOB He CITiBITaJIa€ 3 KiIIbKICTIO HEBiIOMHX Y CHC-
Temi. KpiM Toro, TaHuii Imiaxia MOKHA 3aCTOCYBATH JI0 33129
PO aHaJIITHYHE KOHCTPYIOBAHHS PETYJISATOPIB i PO ONTH-
MaJbHy cTadinizawiro [2, 6], ipu po3B’ sI3KY SKUX BUHHKAOTh
MaTpHYHI PiBHSIHHS PikkaTi.
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INanacenxo E. B.

Kang. ¢uz.-mar. Hayk, JOLEHT, 3al0POKCKUN HAIIMOHANBHBIH YHUBEPCHTET, YKpanuHa

PEIIEHUE KPAEBOW 3AJTAYA OIITUMAJIBHOI'O YIIPABJIEHHS B KPUTUUYECKOM CJIYYAE

B crarbe paccMoTpeHa KpaeBas 3ajauya B KPUTUYECKOM CIydae, KOTOpas BO3HHKAeT B TEOPUU ONTUMAIbHOTO YIpaBIEHHS I
MaTpHYHBIX Au(depeHnnanbHbIX ypaBHeHuil. HaliieHo ycioBue pa3pemMoCT TakuX 3aaad. [IpeioxkeH Moaxo/ K HaXOKACHUIO pellie-
HUS 33/]a4H1 C OMOLIBIO TEOPHH NICEeBI000PaTHBIX MaTpHuI]. Takue 3aaul MOT'YT BO3HHKATh P MOJIEIUPOBAHUY JINHEHHBIX TEXHOJIOTH-
YEeCKHX M SKOHOMHUYECKHX IporieccoB. Kpome Toro, JaHHEIN NOAX0/ IPUMEHNM K 33/1a4aM 00 aHAIUTUYECKOM KOHCTPYUPOBAHHUU PEryIisi-
TOPOB 1 00 ONTUMATBHON CTA0MITN3AIHH.

KuroueBnle ciioBa: ynpasisieMslil Ipoliecc, KpaeBas 3ajayda, ICeBIOAOpaTHas MaTpHLA, HOpMalbHas (yHIaMEeHTAIbHAs MaTPULA.

Panasenko Y. V.

Ph.D. Candidate (Candidate of Physico-mathematical Sciences), Associate Professor, Zaporizhzhya Nationa University, Ukraine
SOLUTION OF THE BOUNDARY-VAL UE PROBLEM OF OPTIMAL CONTROL INTHE CRITICAL CASE

The article describes the boundary-value problem of the theory of optimal control for matrix differential equationsin the critical case.
This problem is urgent for wide range of applications like modeling of linear technologica and economic processes. A problem of

controlling movement is reduced to solutions of boundary-value problems of nx n systems of ordinary differential equations of the first

order. Solution of these tasks is very complex in case of control of systems in which the number of processes exceeds the amount of
information about the initial state.

The paper is devoted to finding conditions for solvability and construction solutions of boundary-value problems in critica case of
the theory of motion control, in which the number of boundary conditions does not coincide with the number of unknowns in the system.
The condition of solvahility of such problemsis found. Author describes the approach for solution to the problem with the help of theory
of pseudoinverse matrices.

In addition this approach is applicable to the problem of analytic construction of regulators and the optima stabilization.

Keywords: controlled process, boundary-value problem, pseudoinverse matrix, norma fundamental matrix.
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ESTIMATION OF MARKET RISK IN UKRAINE USING VAR

METHODOLOGY

The emergence of a market risk due to performing operations with currency can result in
substantial financial losses. That is why such situations require carrying out of profound
analysis and management of respective risks. The market risk of this kind is characterized with
possible losses of financial resources due to incorrectly performed operations with currency.
The paper considers the possibility of application of the VaR methodology to the bank curren-
cy portfolio using the following methods: delta-normal, as well as the methods of historical
modeling and Monte-Carlo simulation. While performing the computing experiments actual
data used from the currency market of Ukraine. Quite acceptable results of forecasting possible
losses were received by making use of Monte-Carlo simulation that hypothetically can take
into account possible variations of the market exchange rates. It was established that the risk
forecasting errors appear only due to non-predictable abrupt changes of exchange rates.

Keywords: risk measure VaR, bank currency portfolio, historica modeling, Monte-Carlo
simulation, delta-normal approach, Ukrainian currency market.

1INTRODUCTION

Asfar asfunctioning of financial ingtitutionsisclosaly
related to performing of substantial volumes of currency
operations the problem naturally arises for performing
profound analysis and management of possible financial
risks. Thecurrency related risk isa possibility of financial
resources|oss duetoincorrectly performed operationswith
currency. From the risk management position the banking
activitiesarebasically directed towardsrisk acceptanceand
getting respective economic compensation instead. Some
types of risks represent the price of banking business
realization and it isimpossible to avoid them completely.
That iswhy therisk management processesisnot aimingto
complete elimination of the risks. A financial institution
should provide a reliable substantiated relation between
generalized parameters of possible risks and the capital,
availablefinancial resourcesandfinancial incomes[1, 2].

Thereexist variousapproachesto quantitative estimation
of possible losses. As of today there are developed the
methodsfor computing of the currency risksthat arewidely
used in financial enterprises. A selection of appropriate
computing method i s determined by thevolume of available
information, qualification of personnel that isbusy with risk
management problems, and the availability of necessary
working instrumentation in theform of computer software.

In spiteof thefact that such instrumentation market for the
financial analysisincludesrather wide choice possibilities
their cost and the practical usage problems very often result
in development of their own software products by the
financial ingtitutions. Such systemsfor risk estimation may
exhibit much more functional restrictionsthat availathan
available at the market but their advantages are in the
possihility of fast extension of a number of practically
needed functions. Alsoin such casesthefinancial ingtitution
personnel has a possibility to enhance substantially their
qgualification and to improve existing computing
methodol ogies.

The paper is devoted to application of the VaR
methodology for computing possible financial losses in
analysis of a currency market with the use of origina
software.

2THE PROBLEM STATEMENT

The goal of the work is to execute the analysis of
influence of exchange rates oscillations on profitability of
currency transactions; to present algorithms of calculation
of VaR meanings using delta-normal method and also using
methods of historical and imitation modeling; to make
comparison analysis of using indicated methods of VaR
estimation and give recommendations concerning
possihilities of their usageon Ukrainian financial market.

© Trofymchuk O. M., Kozhukhivska O. A., Bidyuk P. ., Kozhukhivskyi A. D., 2013
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3 THE INFLUENCE OF EXCHANGE RATES
OSCILLATIONS ON PROFITABILITY

Themodel of currency matching. Despitethefact that
all financial risksinthisor that way areimplemented on the
results of bank activity but the functional connection
between risks exists not for all its types. The dependence
between size of profits (losses) received asaresult of bank
holding an open currency lineitem, and market changes of
currency ratesisdescribed by amodel of currency matching
[3]: AR, =VP(sp, - <), where AR, isaprofit (loss) received
from overestimating of currency money because of currency
rate change; VP isacurrency lineitem of a bank; Sp, € —
predicted and leaking currency rates accordingly.

A currency item (Cl) istheindicator of bank’scurrency
risk that is defined by the parity between the amount of
assetsin certain foreign currency (A,) and the amount of

obligationsin that same currency (L ): VP = A, —Ly. Cl of
a bank can be open or closed and be calculated separately
for each foreign currency that isincluded in multicurrency
bank briefcase. Cl isconsidered to be open if the amount of
assetsin foreign currency does not correspond the amount
of obligationsin that samecurrency. If theamount of assets
inforeign currency isbalanced by the amount of obligations
inthat sameforeign currency (A, = L), suchitemiscalled
closed or theitem of correspondence. In such case currency
risk isamogt absent becausethe rate change of onecurrency
concerning the other will equally influence both the cost of
assets and the cost of obligations.

4THE ESTIMATION OF CURRENCY RIXK VAR
USNG DELTA-NORMAL METHOD

In order to demonstrate shortcomings and advantages
of a delta-norma method, let’s consider how to estimate
possi bl e future changes of the cost of briefcase of currency
money.

The algorithm of calculation of VaR. The cost of
briefcase of currency money P; in base currency is
calculated with an expression:

N . N

R=YR =YKV,

i=1 i=1

where P, — time line of costs of the whole briefcase of
currency money in base currency in the moment of timet
(t=0,T ,where T+ 1—quantity of meaningsof timeline
P); pti =kti -v{ — the cost of briefcase component in i
currency in base currency; kti —exchangerateof briefcasei

currency into base currency on datet (i =1, N, where N —
guantity of currency in briefcase); vit — the volume of i
currency in briefcase on datet (the size of open currency
itemintermsof currencies). Let’sconsider the sequence of
calculations of risk cost VaR that reflects the possible
volume of future changes of the cost of currency money
briefcase P;.
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Stage 1. Thecalculation of daily change of currency
rates. The meaning of daily change of rates of briefcase
currencies is calculated with a formula of geometrical
profitability:

k,
K1

X =L,

where ki — the meaning of exchange rate of i currency to
t g o] Cy

base currency on date t, t =1T; k{_1 — the meaning of
exchange rate of i currency to base currency on datet 1.
Logarithm of time of changesof currency rate characterizes
the intensity of change of currency rate and is a random
variable, the distributing of which is close to normal with
average meaning closeto zero.

Stage 2. Thecalculation of volatility of currencies.In
order to calculatethe volatility of each currency separately
without taking into account its connection with other
currenciesin briefcase, it isnecessary to calculate for each
currency selective average and standard quadratic deviation

o timelineofits profitability{xti} with an expression:

@

Stage 3. The estimation of possible lossesbehind the
open currency itemini currency VaR. Thevariableof risk
cost VaR of open item in i currency is calculated with an
eXpression:

VaR =k;_,R's'. v

If volatility of i currency (1) isdefined on dailyinterval,
therisk cogt of VAR isasointerpreted as maxi mum expected
volume of reduction of total cost of a separately taken
component of currency briefcasein i currency during one
day with possihility 95 % or 99 % depending on the meaning
of quantile ky_,, intheexpression (2).

Stage 4. The calculation of correlation matrix of
briefcase currencies. In order to consider mutual
correlation of exchange rate of briefcase currenciesin the
processof VaR calculation it isnecessary tofind correlation
matrix of briefcasecurrencies. Todothisfirst it isnecessary
to calculate co variations C, of possiblecombinations of

random variables{x} and {x/}:

|~

Gj==>(x¢—-X")-(x -x).
t=1

And also correlation coefficients K of processas{x{}

Cij
GiGj.

and{xtj} Kij =
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Square matrix with dimension nxn, inwhich oni row
and j column intersection the element K, is located, is a
correlation matrix of bnefcaseexdwangerata Thismatrix is

symmetric: K, = I(j[_for ali, j =1N N, and the el ements of
main diagonal aresingle.

Stage5. Thecalculation of over all estimation of possible
losses VaR of total cost of currency briefcase. Overall
estimation of possible losses of total cost of currency
briefcaseVaR iscal culated on the basis of risk costs of VaR'
of separate currencies of abriefcase and correlation matrix
of exchange currency rates:

VaR=1VaR-|K [VaR" ,

where VaR = ”\/aR1 VaR?

separate estimations VaR' of briefcase partsin i currency;

K — correlation matrix of exchange rates of briefcase
currencies to base currency. This method assumes daily
data updating and logarithm cal cul ation of course growth
rates, co variation and correlation matrixes, volatilities, all
VaR' estimations.

5THE ESTIMATION OF CURRENCY BANK RIXK
VAR USNG THE METHOD OF HISTORICAL
MODELING

. VaRNH — vector-line of

First it is necessary to choose the period of time with
depth T (for example, 250 working days). For these days
selectioniscreated from daily changes of currency ratesfor
all N partsof currency briefcase:

A =k -k 4, i=1N,

where kti — the meaning of exchange rate of i currency to

base currency on date t, t=1,T; k{_; — the meaning of
exchange rate of i currency to base currency on date t—1.
For each of T scenarios of rate changes it is modeled
hypothetical rate k* of each currency in futureasitscurrent
rate k, plus rate growth which corresponds the chosen
scenario:

k* =k o+ Ak .

Then it isconducted the compl ete reval uation of current
currency briefcase according to rates modeled on the basis
of historical scenarios, and for each scenarioitiscaculated
how the cost of today (current) currency briefcase
(separatey according to long and short bank currency item)
would change:

AV, =V, -V, t=1T,

N
where V = )"k o - Vi o—current cost of currency briefcase;

i=1
Vi o —current volume of i currency in briefcase (the cost of

=2k Vio—

open currency item in currency units); Vi

the cost of currency briefcase in base currency according
tot historical scenario.

Received T changesof briefcaseareranged by falling for
long currency item and on the contrary for theshort. VaR is
defined as maximum loss that is not exceeded in (1-a)T
cases, or isequa to absolute variable of changewith anumber
that corresponds integer part of a figure . This method is
relatively easy toimplement if daily updating data base of all
currenciesexists. Asarule the more depth of aretrospective
that is used for ratesmodding, the higher isthe accuracy of
edimation VaR, but at the sametimethe bigger istherisk of
usi ng out-of-date data.

6 THE METHOD OF IMITATION MODELING
MONTE-CARLO FOR ESTIMATION OF BANK
CURRENCY RISKSVAR

Monte-Carlo method for estimation of currency risk
consists in modeling movement path of exchange rate
according to chosen stochastic process. In order to calculate
theestimation VaR' cost of i part of currency briefcase (open
currency item, j ::L_N) it isnecessary to build thedivision
of modeled costs for this part. To find the line of modeled
future costs of i currency item it is necessary to mode K
future prices according to movement path which is
calculated during n steps. The figures K and n are chosen
quite big depending on cal cul ating capacities (for example,
500* 1000). The process of estimation VaR can berepresented
the way:

1 To generate the consequence according to divided
randomvariablesey, €5, ..., €p

2. Using retrospective data of depth L of days to find
the meaning of daily pr ofitability (change of i rate of

|
currencies) with a formula X = In(l?'—), | =1,L. For the
-1
received sampling of profitability for i currency to ca culate
average 1 and mean squared deviation .

3 Sarting with current rateof i currency kti to caculate
futuremodeled pricesk! 4, ki, 5., ki, , = k& with formulas[2]:

kiyp =k +k (1 At + g 04/AL),
Kivo = Kisa + ki (At + 6 oyAt),

Kion =Kena+knoa(e At + e, Gx/ﬁ) .
4. To calculate the cost of i currency item in base
currency (the part of currency briefcase) for ratekT

PI' kT vt,wherevt current volume of i currency item

inunitsof currencies.
5 The steps 34 to repeat K times (depending on the
quantity of variables). Asaresult weget aline of meanings:

i K

il Li2 i
PR B
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6. Thereceived K costsof i currency item of briefcase
areranged similarly tothemethod of historical modeling.
The ranged meanings are numbered from 1 toK. Let's

designate through Pqu the meaning of currency item from
this line by a number that is equal to the whole part of a
number (1-a)K, that means that it corresponds the set
level of trust (1-a).

7. To calculate the average of modeled costs:

Kk

_ 2R

i k=l
a K

8 To calculate possible losses according toi currency
item:VaR' = Bl —RL".
7 THE PECULIARITIES OF MODEL

VERIFICATION TO ESTIMATE VAR CURRENCY
BRIEFCASE USNG HISTORICAL DATA

Thefurther specified operationsinfluencethesize of an
open currency position and currency risk: (1) — purchase
and sale of available and non-cash foreign currency; (2) —
charge, receiving, payment of foreign currency in aform of
profitsand losses; (3) —receipt of fundsin foreign currency
to statute capital; (4) — repayment by a bank of hopeless
debtin foreign currency; (5) —formation of reservesin foreign
currency; (6) — purchase and sale of inventory items using
foreign currency; (7) — other exchange operations with
foreign currency [3-7]. Toestimate thechanges of structure
of bank currency item that does not depend on exchange
rates oscillations, theindex of Paasheisused.

Let’sconsider that thetotal cost of currency briefcase P,
in base currency on the moment of timet is defined by a
formula

N . .
R= k||,

where B! = k! -vi —currency item of abank according toi
currency in base currency. The index of Paashe Jy;
characterizestheleve of influence of structural changes of
acurrency item on thetotal volumeof currency item taking
into account exchange rates on the beginning of a period

[t-1, t][3]:

_ ktifl : Vti
K1V

The process of verification of amodel for currency risk
estimation is the following. On the moment of timet it is
poss bleto cal culatethe meaning of actual cost of abriefcase
Ay and compareit with themeaning of VaR The peculiarity
of comparison consists of necessity to exclude from

i=LN. ©)

Vi

calculation the factor of change of physical volumes of
briefcase currencies as far as the indicator VaR does not
take into account the changes of volumes of each currency
in briefcase. Taking thisthe adequacy check of VaR-model
ismadein the following sequence:

1.To de\‘ineAit aslossesfromi currency item for aperiod
of time [t—1, t], asdisparity between the cost of i currency
item on themoment of timet without taking into account the
changes of physical structure that occurred on the period
[t1, t] and its cost on the moment of timet-1with aformula

where J\t,i iscalcul ated according to expression (3) on the
moment of timet. Then on each moment of timet of aperiod

of back-testing (t :ﬁ) it is calculated the loss from
exchange rates oscillations for the currency briefcase on
thewhole:

N
AVt :zAlt .
i=1

2. The comparison of daily meanings VaR and
corresponding to them actual changesof briefcase cost AV;.
The case when the condition is observed AV, >VaR, that
means that the cost change is negative (loss) and at the
same time in absolute meaning exceeds VAR, is called the
exceeding of predicted expenses. Then the quantity of cases
of exceeding L iscalculated.

3. Themodel adequacy ischecked by the parity: % <a.

8 THE ANALYSSOF RESULTSOF ESTIMATION
OF LOSSES VAR

ToedimateVaR it hasbeen used bank currency briefcase
that consists of threeitemsin three currencies (USA ddllar,
euro and Russian ruble). To estimate VaR and test model sit
has been used the following data: (1) — daily meanings of
market rates of dollar USA, euro and Russian ruble from
01.01.2006 — 30.06.2010; (2) —daily data of bank ratesfrom
three currenciesfor aperiod from 01.06.2006 — 30.06.2010;
(3) —daily meanings of open bank currency itemsin three
above mentioned currencies for aperiod from 01.01.2006 —
30.06.2010.

9THE ANALYSSOF THE RESULTS OF
ESTIMATION VAR USNG DELTA-NORMAL METHOD

Ontheinput of amodd themarket meanings of exchange
rates, bank meanings of exchange rates and bank currency
itemsin briefcase currenciesare presented. In order to check
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the adequacy of a model the recommendations of Basel
committee of bank supervision for different levels of trust
(95 %, 99 % and 97 %) havebeen used. Each three months
it is calculated the quantity of mistakes of exchange rate
forecast using delta-normal method; it is based on
suggestion about normal division of profitability of
exchangerates. The depth of retrospectivefor estimation of
standard deviation is 250 days. The depth of retrospective
for estimation VaR isalso 250 days. Theresults of verification
are brought together in table 1.

According to table 1 we can see that the model for
estimation VaR of currency briefcase using delta-normal
method is inadequate. In order to find the reasons of
inadequacy of a modd the retrospectives that are used to
find estimations VaR are checked on normal division
according to Pirson criterion. Profitability for USA dollar
rate does not have normal division. Profitability for eurois
divided close to normal division, and on some periods has
normal division.

As a result of retrospective testing of a model while
calculating VaRr for each currency it has been found: if

meaning Zgn islessaccording to euro than to USA dollar,

then the division of profitability of euro rate is closer to
normal than the division of USA dallar. In such case the
method gives fewer mistakes of euro forecast than of USA
dollar forecast.

It has been found that the losses start exceeding
estimation VaR with 95 % level of trust on the period from
March 2008 when unpredicted changes of USA dollar and
euro rate started to be observed. With 99 % level of trust
(which is demanded by Basd committee) the quantity of
forecast mistakes starts growing from the end of September
2008. In the period of forced reduction in second — third
guartersof 2008 and on the period of 4-th quarter of 2008 —
first quarter of 2009 the mode for estimation of risk VaR
using method of historical modeling ceasesto be adequate.

10 THE COMPARISON OF METHODS OF
ESTIMATION VAR

Intable2it isrepresented the results of back-testing for
each of models and is calculated the quantity of mistakes
according to the results of models work on some periods
with duration of 250 days each.

The results of analysis of shortages and advantages of
used methods of estimation VaR aregathered in table 3.

11 CONCLUSONS

Measure VaR has shortages and advantages, but it gives
possibility to estimate the risk uniquely for each country
and each bank. To comparetheresults of implementation of
this methodology on Ukrainian currency market three
methods of estimation VaR of bank currency briefcase are
represented.

Themodd of risksestimation on the base of ddta-normal
method has appeared to be inadequate because the
assumption about the normal division of currency rates
profitability hasn’t been made. It is necessary to mark that
thedivision of profitability of euro rate on some periodsis
close to normal and thus the model of estimation VaR of
currency item to euro on these periods has appeared to be
adequate.

The method of historical modeling has shown
satisfactory result only on conditions of stable market
situation. It badly adapts to different oscillations on the
market and thustoday it can’t beused on Ukrainian financial
market.

The better results of estimation of possible |osses have
been received using Monte Carlo method. The mistakesin
forecasts of possible losses appear only on condition of
unpredicted sharp shifts of rate but the modd on the base
of this method quickly adapts to market changes. To use
this method on-lineit is necessary to have big calculation
capacitiesthat mean vain chargesfor bankswith littlemarket

Table 1. The results of conduction of retrospective testing of calculation VaR using delta-norma method

Theresults of back - testing
Period 95 % 97 %o 9%

Quantity of % correct  |Quantity of % correct Quantity of % correct

exceeding forecasts exceeding forecasts exceeding forecasts

frorr12 f%g&(‘)gG to 13 94,80 % 8 96,80 % 3 98,80 %
from 20.06.06 10 16 93,60 % 7 97,20% 4 98,40 %
frornz]2-20.890.96 to 16 93,60 % 8 96,80 % 6 97,60 %
”0’“2%11;%96 to 21 91,60 % 9 96,40 % 6 97,60 %
from2 5%2%37 to 30 88,00 % 20 92,00 % 15 94,00 %
from 24080710 57 77,20% 51 79,60 % 40 84,00 %
from2 51%%37 to 65 74,00 % 62 75,20 % 49 80,40 %
f3r(())r(1)132é)é03.08 to 62 75,20% 58 76,80 % 42 83,20 %
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Table 2. Comparative analysis of back-testing of a model of risk estimation VaR using different methods

Results of back-testing with 95% level of trust
Method of historical
Period Delta-nor mal method moddling M onte Carlo method
Quantity of | % correct | Quantity of | % correct | Quantity of % correct
exceeding forecasts exceeding forecasts exceeding forecasts
from
21.03.06 to 21.03.07 13 94,80 % 4 98,40 % 0 100,00 %
from
20.06.06 to 21.06.07 16 93,60 % 5 98,00 % 0 100,00 %
from
22.09.06 to 21.09.07 16 93,60 % 3 98,80 % 0 100,00 %
from
21.12.06 to 21.12.07 21 91,60 % 5 98,00 % 0 100,00 %
from
23.03.07 to 21.03.08 30 88,00 % 16 93,60 % 0 100,00 %
from
22.06.07 to 23.06.08 47 81,20 % 35 86,00 % 3 98,80 %
from
24.09.07 to0 22.09.08 57 77,20 % 50 80,00 % 4 98,40 %
from
24.12.07 t0 22.12.08 65 74,00 % 74 70,40 % 7 97,20 %
from
20.03.08 to 30.03.09 62 75,20 % 77 69,20 % 7 97,20 %
Table 3. Comparative analysis of work of different methods for risk estimation VaR
Method N .
Criteria Delta normal Historical modeling Method of imitation modding
of Monte Carlo
Estimation Local Total Totd
Taking into account As estimation of normal The similar to that in Totall
historical division division the past y
Takllng. into accognt Possible No Yes
«admissible» volatility
Assumption about
normal division of Yes No No
profitability
Estimation of extreme Bad Bad Possible
events
Model risk Can be grest Admissible High
Volume of retrospective Average Very big Little
Calculation difficulty Not high High Very high
Visualization Average High High
Calculation capacities Low Average High

risk. For these banks it is recommended to use standard SFIOK LITERATURY

approach on the base of fixed coefficients to estimate ;.
financial risks. To estimateimprobabl e sharp oscillations of
currencies(costs, quoting) itisrecommended to use stress-
testing that givesrepresentation about thevolumeof losses 2.
in crisismarket phenomena.
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I-p TexH. Hayk, npodecop, MHCTUTYT TeneKOMMYHHKAIMH 1 nHpopMarnonHsix Texuonoruit HAH Vkpaunwsl, Ykpanna

2Kau1. TeXH.HayK, CT. peIL., YepKacCKuii roCyIapCTBEHHBIH TEXHOIOIMYECKHN YHUBEPCHTET, YKpanHa

3[1-p TexH. HayK, npodeccop, MHCTUTYT MPHUKIAIHOTO CHCTEMHOIO aHank3a HalMOHaIbHOrO TEXHHIECKOrO YHUBEPCUTETA YKPAHHBI
«KIIN»,Ykpanna

4I1-p Texn. Hayk, npodeccop UepkaccKuil TOCYIapCTBEHHbBIN TEXHOIOTMYECKUI YHUBEPCUTET, YKpauHa

OLIEHKA PBIHOYHOI'O PUCKA B YKPAUHE 110 METOJOJIOI'HU VAR

B pabore paccmarpuBaeTcsi BO3MOXKHOCTb IIPUMEHEHHsI METOJIOB OLIEHHBAaHUs Mepbl prucka VaR k GaHKOBCKOMY BAJIFOTHOMY IIOPT-
(e ¢ UCIOIb30BaHUEM TaKHX METOJOB: JIeJbTa-HOPMAIIbHBII, HCTOPUYECKUH ¥ UMUTALMOHHOTO MozeIupoBanus. [Ipuemiiemsle 1o
KaueCTBY Pe3y/IbTaTbl IPOrHO3UPOBAHUS BO3MOXKHBIX IOTEPh MONIydeHbl 0 MeTony MonTte-Kapio, KOTOpblil TUIOTETUYECKH MOXET
YUUTBIBaTh BO3MOXKHBIE M3MEHEHHsI KYPCOB BAIIOT Ha PhIHKE. YCTAHOBJIEHO, YTO OIIMOKH IPOrHO30B BO3MOMKHBIX OTEPh MOTYT BO3HU-
KaTh TOJILKO BCJIEICTBUE PE3KUX HEIPEIBUICHHBIX U3MCHEHUI KYpCOB BAIIOT.

KuioueBsble ciioBa: Mepa pucka VaR, 6aHKOBCKHIT BAMIOTHBII NOPT(eb, HCTOPHYECKOE MOJEINPOBAHKE, IMUTALIOHHOE MOZIEIIMPO-
BaHue 1o Metony Monre-Kapio, aenpTa-HOpManbHbI METOJ, YKPAaUHCKUN BaIIOTHBIH PhIHOK.
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OIIHKA PUHKOBOI'O PU3HUKY B YKPATHI 3A METOJOJIOTIEIO VAR

B po6oTi po3nIsiaeThCss MOXKIIMBICTE 3aCTOCYBaHHS METOJIB OL[IHIOBAaHHS Mipu pu3HKy VaR st 6aHKIBCHKOTO BaIIOTHOTO HOPTQhe-
JIsI 3 BUKOPUCTAHHSIM TaKHX METOIB: JIebTa-HOPMAJIbHUH, ICTOPHYHUI Ta iMiTalifHOro MonemoBaHHs. [IpuifHATHI 3a SIKICTIO pe3ylIbTaTn
IIPOTHO3YBaHHS BTPAT OTPHMAHO 32 MeTogoM Monte-Kapio, skuii TimoTeTnYHO MOXKe BPaxXOBYBAaTH MOXIIMBI 3MIHH KypCiB BAJIIOT HA
pUHKY. BcranoBIeHO, 10 MOXHOKH IPOrHO3IB MOXKIIMBHUX BTPAT BUHUKAIOTH JIMIIE 32 HASBHOCTI Henepea0adyBaHUX Pi3KHX 3MiH Kypcy
BAJIIOT.

KarwuoBi cioBa: mipa pusuky VaR, 6aHKIBCHKHI BaJIOTHHUI MOPTdeEINb, iCTOpHYHE MOACTIOBAHHS, IMITaIliifHE MOAETIOBAHHS 3a
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UCNONb30OBAHUE TEXHONOI NN NMAPAMENbHbIX BbIYUCIIEHUNA
B METOAE KOHEYHbLIX 3JIEMEHTOB

B pa60Te paccMOTpeHa npo6neMa HCII0JIb30BaHMs NapalyICIbHbIX BBIYUCIICHUN B METOAC
KOHCYHBIX 3JICMCHTOB. PaCCMOTpeHI)I 0COOEHHOCTH TIOCTPOCHU I MAaTPULIBI JKECTKOCTU U PEHICHUS
HOHy‘{eHHOﬁ CHCTEMBI JINHEWHBIX ypaBHeHI/Iﬁ Ha base napauieJabHbIX BBIYUCIICHHA. HpOBeZ{eHH
BBIYUCIUTCIIbHBIC DKCIICPUMEHTBI, PE3YJIbTAaThl KOTOPbIX HCHOJIb30BAaHBI JJid aHaliu3a

3(1) (beKTI/IBHOCTI/I MPEMIOKEHHBIX OJAX0/10B.

KawueBbie cjoBa: METOJ KOHEYHBIX DJICMEHTOB, NapaJljICJIbHbIC BBIYUCICHUA,
MaTeéMaru4deckas Mo/J¢CJib, BBIYUCITUTEIbHBII MCTO/.

BBEJIEHUE

IIpoexTupoBaHNEe COBPEMEHHBIX ACTaNel U KOHCTPYKIHI
CBSI3aHO C HEOOXOAMMOCTBIO IPUMEHEHHSI BEIYUCITUTETBHBIX
METOJIOB JUTS pEIIeHHs 33/1a4 BBICOKOH CIIOKHOCTH. B paspa-
6orke CATIP m1s MammHOCTpOeHHsT HanboJee aKTHBHO TIPH-
MEHSIETCS OJIMH M3 HanboJiee pacipoCTPAaHEHHBIX BBIYHCIIH-
TEJbHBIX METOJIOB — METO/I KOHEYHBIX 3JIEMEHTOB, KOTOPHIN
HaXOIUT CBOM ITPUJIOKEHHS B IIIMPOKOM CIIEKTPE 337134 OT aHa-
T3 HANPsDKEHHO JepOPMHUPOBAHHOTO COCTOSIHUSI JIETajIeH,
KOHCTPYKLMH ¥ CTPOSHHH, TIepeHoca TeIlIa, THIPOIMHAMUKI
JI0 QHAJTI32 MUKPOAJICKTPOMEXAHIYECKUX crcTeM [1-3).

CHOXXHOCTh MHOTHX J€TaNICH U KOHCTPYKIMI IPUBOJUT K
BO3HMKHOBEHHUIO HA ITOATOTOBHUTENBHBIX 3TAIax CIOMXKHBIX
TEOMETPUUECKUX MOZEIIEN — MaTEMaTUIECKUX MOJEIEH CO-
OTBETCTBYIOIINX reoMeTpraeckux odmacteit. [Tlocnemyromee
MpUMEHEHNE METOIOB AUCKpeTH3armu [4] ¢ TpeGoBanmem
ydera 0cOOEHHOCTEH TeoMeTpHYeCKON MOMIENTH U (PH3HYeC-
KO [IOCTaHOBKH 3aja4u (HampuMmep, CTYLICHHE CETKU KO-
HEYHBIX 3JIEMEHTOB B O0JACTAX KOHTAaKTa, TPEIIWH, yIET
MHOTOCJIOHMHOCTH ¥ APYTHE) MOXKET IPHUBOAUTH K UCKPET-
HBIM MOZEJSM C OONBINUM YHCIIOM KOHEYHBIX 3JIEMEHTOB.
B pesynsrare amst MogenupoBaHUsI HEOOXOIMMBI 3HATHTEb-
HBIE BBIYUCIIUTEIBHBIE PECYPCHI 1, KaK CIIECTBUE, BPEMEH-
HBIE 3aTPAaTHI.

EcTecTBeHHBIM pemeHreM 3a1a91 MUHAMHA3ALIIH BBIUHC-
JUTENBHBIX 3aTPAT ABJISIETCS ONTUMHU3ALIS YUCIIA 3JIEMEH-
TOB B IUCKPETHBIX Mozesix. OfHaKo, B TEX CIydasx, KOrua
YMEHBIICHUE YHCIIa KOHEYHBIX HIEMEHTOB IPHBOIUT K HEO-
MpaBJaHHON NOTEPE TOYHOCTU MOJIENH, OAHUM W3 IyTeil
OIITHMHM3AIMN BPEMEHHBIX 3aTPaT SBJIAETCSI NCTIONb30BAHNE
MapaJIyIeNbHBIX BhIUUCIeHHH. CTpEeMUTENbHOE YBENNIEHHE
grcia QYHKIIMOHAIBHBIX YCTPOHUCTB (IPOIIeCCOpOB, siaep) B
COBPEMEHHBIX BEIYUCIUTEIBHBIX CHCTEMAX aKTYalIH3HPYET
JTAaHHOE HaIPaBJICHUE NCCIIECIOBAHMUM.

Takum 00pazom, menbro padoTH ABISETCS pa3padoTKa
MapaJyIeTbHBIX AJITOPUTMOB TSI OCHOBHBIX 3TAIIOB METO/IA
KOHEYHBIX 3JIEMEHTOB W aHAJIN3 PE3YyIbTAaTOB NX BHEAPEHNUS
ITyTeM NPOBENECHHS BHIYUCINTENBHBIX SKCIIEPHMEHTOB.

© Yomnopos C. B., 2013
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1 TUIIbI BBIMUCJIMTEJIbHBIX CUCTEM U
OCHOBHBIE TEXHOJIOI'MUA JOCTUWXXEHUSA
HAPAJUIEJIBHOCTH

OpnHoit 13 Hanbornee pacpoCTpaHEHHBIX KilacCU(HKa-
LU ApXUTEKTYPbI BBIYUCIUTENBHBIX CHCTEM SIBIISIETCS CHC-
Tematuka OnuHHA [5], KOTOpas OCHOBaHa HA aHAIU3E CIIO-
c00OB B3aMMOICUCTBHS (PYHKIMOHATBHBIX BEIYUCITUTETBHBIX
YCTpOHCTB 1 00pabaTeIBaeMbIX JaHHBIX. B pe3ynsrare pas-
JIMYAIOTCS] OCHOBHBIE YETHIPE THIA BHIYUCIUTEIBHBIX CHUC-
TeM [5-7]:

—SISD (Singlelngtruction, Single Data) —BbrauciTens-
HBIE CHCTEMBI, B KOTOPBIX UCIIONIB3YETCsl EAMHCTBEHHOE (DYH-
KIMOHAJIBHOE YCTPOWCTBO /TSI HCIIOJIHEHHS OJTHOTO ITOTOKA
HUHCTPYKLHH C OAUHOYHBIM MOTOKOM JIaHHBIX;

—SIMD (SingleInstruction, Multiple Data) — cucremsi ¢
OHMM TIOTOKOM MHCTPYKIHH, B KOTOPBIX OIHA HHCTPYKLIHS
MOJKET IIPUMEHSTHCS K BEKTOPaM JAHHBIX (HECKOIBKIM I10-
TOKaM JaHHBIX);

—MISD (Multiple Instruction, Single Data) — cucreMsi ¢
MHOXXECTBEHHBIM MTOTOKOM HHCTPYKIUH U OTHHM MOTOKOM
JIaHHEBIX;

—MIMD (Multiplelnstruction, Multiple Data) —Bbrumc-
JIATENBHBIE CUCTEMBI C MHOKECTBEHHBIM ITOTOKOM HHCTPYK-
U ¥ MHO)KECTBEHHBIM ITOTOKOM JIaHHBIX .

BonmpIIMHCTBO COBPEMEHHBIX ITOCIIEOBATEIEHBIX BHIYHC-
JIUTENBHBIX CHCTEM MO’KHO OTHECTH K IIEPBEIM JABYM THIIaM.
Takue KOMIBIOTEPB! OCHAILEHB! OHUM (DYHKIIHOHATBHBIM
YCTPOKMCTBOM U MOJICPIKUBAIOT pa3inyHbie Habopsl SIMD-
uHCTpyKumit (Hanpumep, MM X, SSE, SSE2 u npyrue). ITa-
PaJUIENBHOCTD (KBAa3UIAPAILICIBHOCTD) B TAKMX CHCTEMAx
SBIISIETCS pean3alyeil MHOro3a1aq4HOCTH B IUIAHHUPOBIINKE
3a/1a4 ONEepalMOHHON CUCTEMBI.

K Ty M1SD MOXHO OTHECTH OTKa30yCTOHYHMBEIC BbI-
YHCITUTENBHBIE CHCTEMBI, KOTOPBIE BBITOIHSIOT HHCTPYKIUH
¢ pyHKIMOHATBEHON M30BITOYHOCTRIO C IETBI0 OOHAPYXKE-
HYst orOOK. TIpH 5TOM psit aBTOPOB [ 5] HA3BIBAIOT MaHHEIH
THIT TEOPETUYECKUM, OTMeUask OTCYTCTBUE YCTPOHCTB TaKo-
IO THIIA.
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K trmy MIMD otHocsiTes cHiCTeMBI C MHOYKECTBOM (DYHK-
LMOHAJIBHBIX YCTPOMCTB: MYJIBTUIPOLIECCOPBI (MHOTOMpOLEC-
COpHBIC M MHOTOSIZIPHBIC CUCTEMBI) ¥ MYJIBTHKOMITBIOTEPBI
(pacnpeneneHHbIe BBIMUCITUTENBHBIC CHCTEMbI, KIIACTEPHI).

Ha coBpeMeHHOM pBIHKE BBHIYHCIUTEIBHBIX CHCTEM B
HanOosee TOCTYITHOM [IEHOBOM JMala3oHe IHUPOKO Mpes-
CTaBJICHB! MYJIBTHIIPOIIECCOPHBIE CHCTEMBI C 00IIel aMsi-
TBIO0, KOTOpBIE coziepkaT oT 2 10 16 GpyHKIMOHAIBHBIX YCT-
poiicTs. Takue BHIYUCIUTETBHBIC CHCTEMBI MOXKHO HCIIONb-
30BarTh /I HAYaJIbHOW OTIIAJIKH TapaJUISTbHBIX alTTOPUTMOB
U OLICHKHU X d(pdexTnBHOCTH. [JIs MPOrpaMMUpPOBaHUS B
TaKHX CHCTeMaX Hanbolee pacipocTpaHEHHBIMH SIBIISIFOTCS
petrenust Ha 6aze notokoB (Hampumep, POSIX Threads,
Boost. Thread u npyrue) wnn crannapra OpenMP (Open
Multi-Processing) 8, 9].

2 ITAPAJUIEJIBHAS PEAJIM3ALIIUSA METOJA
KOHEYHbIX 2J/IEMEHTOB

OcHOBHasI HJiesl METo/Ia KOHEYHBIX AJIEMEHTOB COCTONT B
TOM, YTO JIFOOYIO HCKOMYIO HENPEpPBHIBHYIO BEIUYUHY (Ha-
NpUMeEp, TEeMIIepaTypy, MepeMeIeHus] U OPYTHe) MOXHO
ANIPOKCUMHUPOBATH TIPH MTOMOIIN KYCOUYHO-HETIPEPhIBHBIX
(YHKIMH, ONpeIeTIEHHBIX Ha SJIEMEHTAPHBIX TEOMETpHIec-
KHX 00JIaCcTSIX — KOHEYHBIX 3JIEMEHTaX, 00pa3yIoInX JUCK-
peTHyro Mozens obnactu. J{iis onpeneneHns 3HaYCHNH nc-
KOMOW HENPEpPHIBHOW BEJIMYMHBI B y3J1aX TUCKPETHON Mofe-
U CTPOUTCS CHCTEMa JIMHEHHBIX alreOpamvyecKux
YpaBHEHHI, MaTpuIla KOTOPOH HOCUT Ha3BaHHE ITI00aIbHON
MaTpHIIBI JKECTKOCTH.

[Tporecc mocTpoenwst II100ATEHON MAaTPHUIIBI dKECTKOCTH
Ha3bIBACTCS aHCAMOIIMPOBAHKEM H SIBIISIETCS CyMMOM, TIOJI-
YMHEHHON 0COOBIM IIPaBHIIaM, JIOKAIBHBIX MaTPHI] JKECTKO-
CTH — Pe3YJIBTaTOB UHTErpupoBaHus Au(dHepeHInaIb-HOTo
ypaBHEHHUS B MaTpUIHOH popme. Pasmep rmobanbHOi MaT-
PHIIBI ’KECTKOCTH PAaBEH ITPON3BEICHHUIO YHCIIA y37I0B B IUC-
KPETHOM MOJIEITH Ha YHCIIO CTENeHeH cBo6oB! B y3ie (o1
PpememnsIeTCst THIIOM 3a/1a%H).

Takum 00pa3oMm, B CIIydae JOCTATOYHO CIIOKHBIX JHCK-
PETHBIX MOJENeH, 3Tanbl IOCTPOCHHUS TII00AIBHON MaTpH-
IIBI )KECTKOCTH 1 TToceytomero pemerns CJIAY sBistores
Hanbosnee TpeOOBaTETbHBIMU K BBIYMCIHTEIBHBIM PECYP-
cam. CienoBarenbHO, BHEAPEHHE TAPaUICIbHBIX BRIYHCIIC-
HUH TIPH BBIIOJTHEHUH 3TUX 3TAIIOB CIIOCOOHO JaTh Hanbo-
JIee 3HAINMBII PE3YIBTAT C TOUKH 3PEHHUSI SKOHOMHUH BpeMe-
HH Ha IPOEKTUPOBAHNE U MOJICTTHPOBAHHE.

IepBbIM marom mocne 3TamnoB 3arpy3ky 1 MHUINATIA3A-
ILIMW MCXOJHBIX TaHHBIX MapauIeIbHON peaan3aiy MeToa
KOHEYHBIX JIEMEHTOB SIBIISIETCS ONpeeeHne BeTmanHabl K —
YHCITa TOCTYIHBIX (PYHKIMOHAIBHBIX ycTpoicTs (prc. 1).
JlaHHas BeJTMYIHHA SIBISIETCSI OCHOBOH /TSI OTIPEACIICHHS KO-
JIMYECTBA MAPAJLIENILHBIX TIOTOKOB. B MeTO/Ie KOHEUHBIX 3I1e-
MEHTOB ITPH BBIYHCIICHHN [NI00ATBHON MATPHUIIBI dKECTKOCTH
B CIIy4ae MYIBTHIIPOLIECCOPHBIX CHCTEM OIEpaIiy BBOAA-
BBIBOJIA HCIIOB3YIOTCS TOIBKO, €CITH HEAOCTATOYHO OCHOB-
HOM ITaMsITH TSl XPaHEHHS NCXOIHBIX TAaHHBIX U CAMOH TJIO-
0apHOI MaTPHIBI KECTKOCTH. To ecTh, IPH UCIIONH30Ba-
HUHU CXKATOTO CIIOCO0a XpaHEHUsS ITO00ATBHON MaTpHUITBI

KECTKOCTH (KOTOpasi, KaK MPaBHJIO, SBJISETCS CHIIBHO pa3pe-
’KEHHOI), BpeMsI OKUIaHHs OTlepallii BBOAa-BbIBO/A, B 3a-
BHCHMOCTH OT CJIO)KHOCTH 3aJa4d, OyIeT MUHUMAJIEHBIM,
CJIe/IoBaTeNIbHO, Ha MPaKTHKeE BenuurHa K Taxke onpeners-
€T KOJIMYECTBO NapaJIENbHBIX BHIYUCINTEIBHBIX IOTOKOB.

Tak xak aHcamMOJImpoBaHue SIBIsIETCSI 0000IIEHNEM CYyM-
MBI, TO KaKAbIH n3 K mapasuienbHbIX HOTOKOB JOKEH Ipo-
n3Bonuth aHcambnupoBanue N/ K snementos (N — konuye-
CTBO 3JIEMEHTOB B TUCKPETHOH Mozesn). [Ipu 3ToM Bee 1aH-
Hble (BKJOYasi MEpEMEHHbIC LHUKIOB), CBA3aHHBIC C
WHTETPUPOBAHUEM HA KOHEYHOM DJIEMEHTE JIOJKHBI OBITh
JIOKAJIbHBIMH JIAHHBIMH TapaJUICITbHBIX TOTOKOB (OBITh NOC-
TYITHBIMH TOJIBKO ISl IOTOKa-00JIa/1aTelst; cxeMa IprBese-
Ha Ha puc. 1).

[ar oGHOBNIEHNS 17100aTEHOI MaTPHLIBI XKECTKOCTH, YUH-
TBIBasI CKATHIN ()OPMAT XpAHEHUsI IAHHBIX, SBISICTCS KPUTH-
YECKUM C TOYKHU 3pEHUsI TIoToKoOe3omacHocTH. To ecTs, J10-
CTYTI OCTAJILHBIM ITOTOKaM K INIO0aJIbHOM MaTpHIIe )KECTKOC-
TH JOJDKeH OJOKHpOBAaThCcsl IOKa OJHWH IOTOK
MOIM(MUINPYET €€ DIEMEHTHI.

Bpewms1, HeoOxoamumoe 115 TOCTPOSHMs II00aIbHOM Mar-
PHIIBI )KECTKOCTH TPH TTOMOIIN MapaiIeIbHOTO BHIYUCIIH-
TENBHOTO MPOLECCA, MOKHO OLCHHTh BEIMIMHOM T

Tp= N(I/K+m)+ K tyead

rae | —mpormeccopHoe BpeMst, HEOOXOIUMOE Tt HHTETPUPO-
BaHUS MCXOMHOTO MU QepeHINATFHOTO YpaBHEHHS Ha OJ1-
HOM KOHEYHOM 3JIEMEHTE, M — MPOILIECCOPHOE BPeMsI, HE00-
XOIUMOE ISl aHCAaMOITMPOBAHUS PE3YIIETaTOB HHTETPUPOBA-
HHS HA OJTHOM DJIEMENTE, tp. oy — BPEMS, HEOOXOIMMOE JUIs
HMHUIHAIIA3ALHAN O{HOT'0 BEIYHMCIMTEIBHOrO IOTOKA.

AHAIOrn4HO, BpeMsi, HEOOXOMMOE TS IOCTPOCHHS IJ10-
0aTBPHOI MaTPHIIBI )KECTKOCTH Ha 0a3€ IMoCIIeJ0BaTENEHOTO
aJrOpUTMa, MOYKHO OLEHHUTh BETMYMHON T

To= N(I +m)

INprMeHeHe napasuienbHbIX BEIMUCICHUN HMEET CMBICI,
eciu TS > Tp:

N(I+m)> N(I /K +m)+ K -tyread »

B PE3YNIBTaTE YNPOIIECHHUS] KOTOPOH HMOMYYUM CIIEIYIOILYIO
OILIEHKY

2
N-I> K 'tthread .
K-1

Takum 00pazoM, HanpUMep, I IBYX IapalIeIbHBIX
MIOTOKOB, IIPOM3BENICHIE KOJIMYECTBA JIEMEHTOB Ha BPeMsI
MHTET PUPOBAHUS OXHOT'O 3JIEMEHTA IOJKHO OBITH BUETBEPO
00JIBPIINM BpEMEHH HHUINATM3ALHHN NapauIeNbHBIX TTI0TO-
KOB, YTO MOXKET HE BBIIIOJHATHCS IIPH MaJIOM YHCIIe KOHEY-
HBIX JIEMEHTOB.

JInst pereHus MoMydeHHbIX B pe3ylibTaTe MOCTPOCHHS
m100anpHOM MaTpuIkl xectkoct CJIAY Ha mpakTuke, Kak
[PaBUIIO, MCIIONIB3YIOTCS UTEPALMOHHBIC METOBI (HAPH-
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Puc. 1. Cxema MCTOZa KOHCYHBIX 3JICMCHTOB Ha baze TapajuIeJIbHbIX BBIYHCIICHUI

Mep, METOI CONpsyKeHHBIX TpaauenToB [10, 11] u npyrue).
Wx xiroueBoit 0COOEHHOCTBIO SIBIISIETCSI TO, YTO PE3YIBTATHI
TEKYIEH UTepanuy SBIAIOTCS UCXOIHBIMH JTaHHBIMU JUIS
ciemyromei. CienoBaTensHO, Ul COKPAIIEHNST BPEMEHH
TIOMCKa PEIICHNS] HEOOXOMUMO YCKOPSTh BHYTPEHHHE OIIe-
panuy MeTosa: MPON3BEACHNE MATPHUIIBI HA BEKTOP, MO3JIe-
MEHTHOE NTPOU3BENCHUE BEKTOPOB, BEIYUCIICHHS HEBSI3KU U
ZpyTue.

C y4eToM TOro, 9TO B pe3yiIbTaTe aHCaMOITUpOBaHMS TII0-
OaypHAsi MaTpPUIIA KECTKOCTH ITOIY4YaeTCsl CHIBHO paspe-
KEHHOH, CTIEI0BATENHHO, CXEMa BBIYHCIICHHUS TPON3BEICHHS
MaTpHnbl Ha BekTop B K mapaiienbHbIX HOTOKOB MPUMET
BUJI, IPUBEACHHBII Ha pHC. 2. OOIMMH /15l TIOTOKOB JIaHHbI-
MU SBJISIOTCS MaTpuma A, pasMep kotopoit DxD, Bexrop X,
BekTop-pe3ynsTar I 1 uncio K. Tak Kak BEIMUCTUTETbHBIMU

90

HOTOKAaMHU OOHOBJIAFOTCSL Pa3HBIE JIEMEHTBI BEKTOpA I, TO
OTCYTCTBYET HEOOXOAUMOCTE B GJIOKUPOBKE VIS CAHXPOHH-
3aruu MOTOKOB. CYETUMKN IUKIIOB | | |, TepeMenHas t —
JIOKAJIBHBIE ISl KaXKI0TO BHIYUCIIUTENBHOrO [IOTOKA. Bo BHyT-
PEHHHUX LIUKJIAX 110 | BHIYKMCIIEHHS IPOM3BOIATCS TOIBKO ISt
HEHYJIEBBIX 3JIEMEHTOB i-i CTPOKU MaTpHUIIbL A.

3 BBIMMCJIMTEJIBLHBIN SKCIIEPUMEHT

B KauecTBe TECTOBOrO CTEHZa HCIIONB30BANIACh MPO-
rpaMMHO-arapaTHast KOH(GHUryparust ¢ mporeccopom Intel
Corei3-380 (2,53 1T, 2 ¢pusrteckux siapa + 2 BAPTyaIbHbIX
siapa) ¢ 3T'B O3V mox ynpaBiieHHeM OTIepalliOHHON CHCTe-
MBI OpeNSUSE 12.2 (kommwiisitop gec 4.7), ist Co3manust
IIOTOKOB ¥ YIPABIICHUS UMH — OMONHOTEKH CTaHmapTa
openMP.
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Puc. 2. Cxema TapajuIeJIbHOrO MMPpOU3BECACHUS paspe)KeHHof/'[ MaTpUllbl Ha BEKTOP

1. 3amaga dupuxie
Paccmotpum pemenue ypasHenus Jlamnaca ¢ ycnoBus-
Mmu J{upuxiie.

02U .\ 02U o _
x% ey oz°
Usq = f(xy,2)

01

B kauectBe obmactu () paccMOTpuUM Kocozyboe 3ydua-
Toe koneco (muckperrast momenb: 49500 y3ioB, 40920 mrec-
TUTPAHHBIX KOHEUHBIX JIEMEHTOB, prc. 3). yuxiws f(X, Y, 2)
MYCTh UIMEET BHUT

0, B y311axX HEHTPAJIBHOIO OTBEPCTHS,

meﬂ={

4sin? (5(p), HA TIOBEPXHOCTH 3yObeB,

Ie @ — yroj MOBOPOTa IMOJSIPHOTO pajnyca OO0 COOTBET-
CTBYIOILETO y3J1a B riockoctu OXy.

dopmyrna [T BBIYUCICHUS JIOKAITBHON MATPHULIBI XKECT-
koctu [K®] mpumer Bua

OHy
OX
oH,

el_ —=|| 0H; OJH» OHg
N

oHg

OX

oH,
oy
oH
N ﬁ%f‘ oH; H, 6H8}+
5 o oy
Hg
oy
OHy
0z
OH,
—=|[oH; 0H, oHg
+ dxdydz,
oz {az oz 0z }) W
oHg
oz

rae H; (i = 1, 8) — hynKImu popMbI KOHEIHOTO SIEMEHTA.

B pesynsrare BEIYMCTUTEIEHOTO SKCIIEPUMEHTA TTOTyYe-
HBI PE3YIBTATHI, IPUBEICHHBIC B Ta0OL. 1 (BpeMst B CEKyHIax).

2. UccrnenoBanue nporuda TPexCIOWHOH Kpyrioi 060-
JIOYKH T0J] PABHOMEPHOU HArpy3Kou

JlaHa 3ameMyeHHast 1o KOHTYPY TPEeXCIoiHast 000II0uKa,
paauyc kotopoii 0,4 m, Tontmaa — 0,01 M. BuyTpeHHuii ci1oid:
toniuHa — 0,008 M, Mmomyns FOHra — E= 72017,3327 MI1a,
ko3 dumment Ilyaccona — v, = 0,2999518536. Buemmnne
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Pewenie 3anan Lupwxne

AN

10 ¥
“in
15

-15

Puc. 3. 3amaya [Iupuxie: koco3zyboe 3yduaroe Koieco

crou: tomnmuaa — 0,001 wm, momyns HOura -— Ta6nuua 1. Pemenue 3anaun Jlupuxie
E0 = 203200 MI1a, ko3¢ dumment [Tyaccona — V= 0,27.Ha
0001104Ky ieficTByeT paBHOMepHast Harpyska g =—-0,05 MI]a. OTan Konu4ecTBO BEIYUCIIHTEIbHBIX
Jls1 pemenns nocTpoeHa AUCKpETHast MOJENb CEKTOpa TOTOKOB
obonouku (puc. 4) Ha Ga3e AECATU CIIOEB IECTUTPAHHBIX 1 | 2 | 4
KOHEe4HBIX aneMeHToB (59213 y310B 1 52240 311eMeHTOoB),
tonmHaa kKoTopeix 0,001 M, 9TO MO3BOISIET paccMaTpUBaTh BpeMs, ©
JaHHYIO 3339y B TPEXMEPHOI MOCTAHOBKE, MCIIONb3YsI CO- Hocrpoernue 3,07639 | 1,56709 | 1,25949
OTBETCTBYIOLIUE CIIOAM YIIPYTUE€ KOHCTAHTBI. 1710 Galb HO#i MAaTpHILb!
®opmyrta 1u1st BEIYUCIIEHHS JTOKAJIbHONH MaTPHIIBI JKECT- kectiocTn
koctu [K®] mpumert Bua Pemenne CJIAY, 0,304023 | 0,240893 | 0,264904
73 utepamu
ke = [ BT DBxdye,
]| y EL-v)
= %
e (1+v)1-2v)
[0 1 R T S 0
X 0 0 1-v 1-v
o 2 o 2 1 X o 0 0
oy 1-v 1-v
o o 2 v v 4 0 0 0
B= oz 5 1-v 1-v 15
o2 LI o o o — o 0
o 0 o O 0 0 0 s 0
o 4 9 O 0 0 0 0 <V
Loz ox | L 2(1-v)|
Eo, 2> 0,009 nimu z < 0,001,
HL H, . H 0 0 .. 0 0 0 .. O E= e
x 0 0 .. 0 H Hy .. Hg 0 0 .. 0| Ei, 0,001<z<0,009,
0 0 .. 0 0 0 .. 0 H; Hyp .. Hg

_ V0,220,009 um z< 0,001,
vi, 0,001< z<0,000.
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NepeMewerna X
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Puc. 4. ITporu6 TpexciaoiHoH 000I0uKI

B pesynbTare BBIYUCIUTETLHOIO IKCIEPUMEHTA MOTyde-
HBI PE3YJIBTAThI, IPUBE/ICHHBIC B Ta0M. 2 (BpeMs B CEKyH/IaX).

Ta6anua 2. Vccnenosanue nporuba TpexclnoHHON Kpyrioit

000JI0YKH
Dran KonnuecTBo BEIYHCIUTEILHBIX
ITOTOKOB
1 | 2 | a4
BpeMms, C
IToctpoenue
miobanbHOM Marpuipl | 83,7293 41,5063 | 31,7687
JKECTKOCTH
Pemenne CJIAY, 298,287 191,299 | 189,134
6952 urepanuu
BbIBO/IbI

Taxum 00pa3oM, BEIYUCIHTEIbHBIE SKCIIEPHUMEHTEI T10-
Ka3aJ, YTO UCIIOIb30BaHHE TapaJlICIIbHBIX BEIYUCICHHH B
MeTOJIe KOHEYHBIX JIEMEHTOB ITO3BOJISIET COKPATUTE BPEMSI
Ha TPOEKTHPOBAaHHUE U MOJICIHPOBAHUE AETajed U KOHCT-
pykumii. 3 Tabmui BUAHO HE3HAYUTETFHOE IPEUMYIIIECTBO
BO BPEMEHH IIPH UCIIOJIb30BAHUH YETHIPEX BBIYHUCIHTENb-
HBIX IIOTOKOB OTHOCHTEIIBHO JBYX, YTO MOXKET OBITH CBA3aHO
C HUCIIONB30BaHUEM JIBYX BHUPTYAJIbHBIX siiep (KOTOpBIC He
00Taar0T aHAIOTUYHOHN IBYM (PHU3UIECKUM SIAPaM IPOU3-
BOIUTEIBHOCTHIO). Peanmsatis pa3pabOTaHHBIX aTOPUTMOB
Ha 6a3e 6ubmmoTek crangapta OpeNnMP mo3BorsieT paccmar-
pHBaTh OTYYEHHYIO B XOJIE UCCIISIOBAHMUS KOIOBYIO Oa3y B
KauyeCTBE OCHOBBI ISl IIOCTPOCHUS KIIACTEPHOM peasin3aliH.
[NepcriekTHBHBIM HAPaBICHHEM MCCIICIOBaHHI B TAHHOM
HalpaBJICHHUH SBISETCS H3y9SHUE BIUSHUS KOTMIECTBA I10-
TOKOB Ha TIPOU3BOAUTELHOCTD (MITH 3aTpadeHHOE BPEMSI).
Taxoke BaKHBIM HallpaBJICHHEM SIBJISIETCS H3yYeHHE TPOU3-
BOAUTEIILHOCTH MHOTOIIOTOYHBIX BEIYHUCIICHHH B 3aBUCHMO-
CTH OT KOJIMYECTBA y3JIOB/2IIEMEHTOB B CETKE, OCOOCHHO B

CHUCTEMAX C paBHeHLHOﬁ IIaMATBIO (BI)I‘II/ICJ'II/ITGJ'H)HI)IX KJac-
Tean), B KOTOPBIX CYHICCTBYIOT 3HAYUTCIBbHBIC 3aTPATHI HA
CHUHXPOHU3ALNIO BBIYUCIIUTCIIBHBIX ITOTOKOB.
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BUKOPHUCTAHHS TEXHOJIOT'TH ITAPAJIEJIbHAX OBYUCJIIEHD Y METOII CKIHUEHHUX EJJEMEHTIB

B po6ori po3msiHyTa npodiieMa BIPOBaKEHHS NapalelbHIX OOYUCICHb Y METOJ] CKIHYEHHUX eJeMeHTIB. Po3nIsIHyTO 0cO0IMBOCTI
no0yI0BY MaTpHIli JKOPCTKOCTI Ta BHUPIMICHHS] OTPUMAHOI CHCTEMH JiHIfHUX pIBHSAHb Ha 0a3i mapayielbHHX oOuucieHs. [IpoBeneHo
00YHCITIOBANIbHI €KCIIEPUMEHTH, SIKi BUKOPUCTAHI JUIsl aHaTi3y e()eKTHBHOCTI 3aIIPOIIOHOBAHMX ITiXOMIB.

Kurouosi ci1oBa: MeTon CKiIHUCHHHX €JIEMEHTIB, TapajelibHi 00UHCIICHHS, MaTeMaTHYHA MOZIEITb, OOUHCIIOBAIBHUI METO.
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PARALLEL COMPUTINGTECHNOLOGIESINTHEFINITEELEMENTMETHOD

Nowadays engineers and researchers are faced with solving very complex problemsin amathematical modeling and design. Numerica
analysis naturally finds applicationsin all fields of engineering and the physical sciences. The finite element method is a powerful tool for
the numerica simulation of a wide range of problems. Implementation of the finite element method in CAD systems on the basis of
modern computers allows researchers to solve large scale problems.

The finite element method uses a discretization of a continuum domain into a mesh as the starting point. The discretization of
complex domains may give large numbers of elements, thus increasing the requirements of computer memory and speed.

Modern paralel computers use multiple processing elements simultaneously to solve a problem. Thus implementation of parallel
computing into the finite element method is urgent direction of the research.

In the finite element method for the numerical solution of partial differentia equations, the stiffness matrix represents the system of
linear equations that must be solved in order to ascertain an approximate solution to the differential equation. Therefore the article
describes parallel agorithms for assembly of stiffness matrix and for solution of linear equations.

Also this article contains two numerical experiments: 1) Dirichlet problem on the complex domain (gear); 2) Elasticity problem of
three-layer shell.

In the end of the article author compares the speed of a solution of these problems with one, two and four parallel cores and makes
discussion about the effectiveness of parale finite element processing.

Keywords: finite element method, parallel computing technologies, mathematical model, numerical method.
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ONPEAENEHUWUE OPUEHTALUUN SNEMEHTAPHbLIX COCTABJIAIOLWIUNX
MOLEJNEN 3HAKOB, NMOONEXALLUMX ABTOMATUYECKOMY
MMEHOBAHUIO HA MHOXECTBE ATOMAPHbIX 3JIEMEHTOB

ABTOMAaTHYECKOE MOJICIMPOBAHNE, UMEHOBAHHUE 1 OITO3HABAHNE 3HAKOB IIN(POBBIX OMHAPHBIX
n300paXKeHUH POU3BOJILHON IIPUPOBI SBIISETCS AKTyaIbHOH HAyYHO-TIPAKTHYECKOH 3anauei,
HaxoJIIeil CBoe MPUIIOKEHUE BO MHOTHX 00JIAaCTSIX BHEAPEHHS HH()OPMALOHHBIX TEXHOJIOT U,
B YaCTHOCTH, IIpU 00pabOTKe M aHaIN3e JJIEKTPOHHBIX JOKYMEHTOB. CTaThs MOCBSIICHA
KOHCTPYKTUBHOMY OIPEJIEICHNIO CTPYKTYPHBIX COCTABIJISIIOIIMX MOAEIUPYEMBIX H300pasKeHHH,
MPOLICALINX JTAll YTOHBLICHUs NPU IPEJBAPUTEILHON 00pabOTKe, U UX CBOMCTB, KOTOpPHIE
MO3BOJISIT OCYIIECTBIISITh aBTOMAaTHYECKOE BEISIBICHUE YKAa3aHHBIX O0BEKTOB C IIEJIbIO
Hnocienyromero GopMUPOBAHUS ONUCAHUS UMEHYEMBIX M PAacllO3HABaeMBEIX 3HAKOB Ha

JUCKPETHOM MHOXKECTBE aTOMAapHLIX 3JIEMEHTOB.

KuroueBble ¢JIOBa: aBTOMaTH4YECKOE MO EJIMPOBAaHUE, III/I(I)pOBI)Ie 6I/IHapHHe H306pa>1<eH1/1$[,

pacno3HaBaHue, KpaTdaiilmii myTs.

BBEJIEHUE

Cornacuo [1], aBTOMaTH9eCKHii aHATTH3, IMEHOBAHKE 1
pacrio3HaBanue HH(POBBIX OUHAPHBIX U300PaXKEHNUIA Ipo-
M3BOJIBHOM IPUPO/IBI, OCYIECTBIISIEMBIC B TEPMHUHAX [IHCK-
PETHOrO MHOYKECTBA aTOMAPHBIX 3J1eMeHTOB (AD), mperio-
JIaraer, B YaCTHOCTH, PEIICHHE TAKO! aKTyalIbHOM HayqHO-
OpaKTHYECKON 3a/iauu, KaK olpeaescHue (parMeHToB
GT-o0nekToB (oT aHII. «generative trajectory» — «opox-
JAIOIKE TPACKTOPUI») OMHAPHBIX PACTPOBBIX LH(PPOBBIX
n3obpaxennii (PI{N) 3HaKOB, COMTOCTABUMBIX CO CTPYKTYP-
HBIMH SJIEMEHTAMU MOJIEIH, (POPMUPYEMOH ISl JajIbHEH-
TIIET0 PacIO3HABAHMUSI HCXOMHBIX 00BEKTOB [2].

JlaHHBIN TOIXO/ aHAJIOTHYEH PEIICHHUIO 3a1a9H BHIOOpa
HEMPOM3BOIHBIX SIIEMEHTOB IIPH CeTMEHTALIH H300PayKEHHIA.

OIHAKO OTIIMYAETCS OT YKa3aHHOTO TEM, YTO HE IIPE/IIio-
JIaraet alpruoOPHOro aHAIIM3a IPESIMETHOM 00JIaCTH periac-
MOIi 331a41 PaCcIIO3HABAHKS  MHO)XKECTBA PEIIPE3CHTATHB-
HBIX [IPECTABUTENCH KITaCCOB PACIIO3HABAEMBIX OOBEKTOB.
B pa6orte [3] o6ocHOBaHA 11€1€C000Pa3HOCTD PEIIICHHUS 3a-
[Ja4¥ CCTMCHTAIINH B TEPMUHAX CBOMCTB IUCKPETHBIX MHO-
KECTB ITyTEM HPHBEACHUS €€ K 3a1a9¢ aBTOMATUICCKOH Jie-
KOMTIO3UITNH 3HAKOB HAa TUCKpEeTHOM MHOkecTBe AD. [Ipn
9TOM B Ka4€CTBE IPHMHUTUBOB HCIIONB3YIOTCSI KOHCTPYKTHB-
HO onpeeneHnble kparyaiime myte (KIT) [3], ato mpemrmo-
JaraetT BO3MOKHOCTb UX aBTOMATHYECKOrO BBIIBICHMUS HA
GT-00bekrax [4], pe3ylsTHPYIOIIMX YTOHBIIIEHAE HCXOMHBIX
3HAKOB Ha dTAarle MpeaBapUTEIbHON 00paOOTKH.

IMpu 5TOM B padore [ 3] 0OTMEUEHO, YTO aBTOMATHIECKAS
JCKOMITO3HIIUSI 3HAKOB C LIENBIO UX MOCIEAYIOIIEr0 MOICIIH-
POBaHUSI 1 IMEHOBAHHSI IPEAIONAracT HeOOXOMMMOCTB OIl-
peaenenus pa3nuuHbix cBoMCTB KII, yauThIBaIOIIMX UX Ka-
YECTBEHHBIC XapPAKTEPUCTHKHU 1 OTPAXKAFOIIHE TAKHE CBOM-
cTBa ()parMeHTOB 3HAKOB, KaK BBIIYKIOCTh, BOTHYTOCTD U
npoune [5, 6]. Hacrostmast pabora mocBsieHa KOHCTPYK-

© Mlesrmos /. B., 2013

TUBHOMY OIPEJIC/ICHUIO YKa3aHHBIX XapaKTePUCTUK (par-
MeHTOB G T-00BEKTOB 3HAKOB, HICIIONB3yeMBIX B TATBHEATIIEM
pu OPMHUPOBAHHUHU MOJIENIEH 00pabaThIBAEMbBIX CHCTEMOMN
pacrio3HaBaHUs UCXOIHBIX H300paXkeHui. Mcrons3oBanue
MPEUIOKECHHBIX TIOHATHHN MO3BOJIUT OCYIIECTBIISTH aBTOMA-
TUYECKYIO JCKOMIIO3HITUIO ¥ MOJISITUPOBAHNE 3HAKOB IIPO-
W3BOJIEHOM ITPUPOJIBI HA IUCKPETHOM MHOXECTBE AD € yde-
TOM CBOHCTB BbisiBIIsieMbIX KI1, CYIIIECTBEHHBIX [UIs UX Pa3-
JIMYCHUS], aHAITU3a U IMEHOBaHHs [1].

1 OCHOBHBIE TEOPETUYECKHUE ITOJIOKEHUS
JEKOMIIO3UIIMU GT-OBFBEKTOB 3HAKOB HA
MHOXECTBE ATOMAPHBIX 2JIEMEHTOB

[Ipu mpoBeneHNH MOCTEAYIOMUX PACCYKACHUH Oymem
moJiararh, cornacHo [1—4], 4To aBToMaTHIeCKOMY MOJIEIH-
POBAHHUIO ¥ HUMEHOBAHHUIO TOIekaT 00pa3bl GT-00beKTOB
OMHAPHBIX PACTPOBBIX MU(POBBIX M300paKEHUH 3HAKOB
MPOU3BONBHON mpuposl [2]. B cootBercTmu ¢ [3], akTy-
aIBHOH SBJISIETCA MpoOJIeMa KOHCTPYKTUBHOTO OMpezene-
HUS B TEPMHUHAX CBOWCTB IHUCKPETHOTO MHOXecTBa AD
00BEKTOB, IOMYCKAIOIINX OHO3HAYHYIO Jekomio3urmio GT-
00BEKTOB, aHAJIOTHYHAS OTHCaHHOMY B [1, 5] 3amamruro mHo-
YKECTBA HETIPOU3BOIHBIX MIEMEHTOB B PAMKAX CTPYKTYPHBIX
METOJIOB PACIIO3HABAHHSI.

Ha puc. 1 npuBenens! npuMepbl HCXOIHBIX OMHAPHBIX
PIIM 1 MHOXXECTB HENIPOM3BOAHBIX 3JIEMEHTOB, AIIPUOPHO
3aJaHHBIX U151 KaXKJOT0 KJIacca paclio3HaBaEMBIX OOBEKTOB.

B pamkax cienmanHoro B [ 1] mpearnonokeHust 0 TOM, 9TO
cioBapb W MMEH MOJETUPYEMBIX OOBEKTOB U MHOXECTBO
B n300paskeHnii 3HaKOB 00y4Jaroniel BRIOOPKHA MOTYT OBITH
N3HAYaJIbHO MyCTHI, yKa3aHHOE 33aHHE MHOKECTB HEIPO-
N3BOAHBIX AJIEMEHTOB 3aTPYAHUTENBHO. C IIETBI0 KOHCTPYK-
THUBHOTO OIIPEJCTICHNS B TEPMUHAX CBOUCTB MHOXKECTB AD
MHUHHMAJIBHBIX COCTABIIIIOLINX aBTOMAaTHYECKH (hOpMUpY-
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Puc. 1. Vicxonuble pactpoBble u(poBbie u300paxerus (a, B) ¥ TPAIUIMOHHO HCIIOIb3yeMble MHOXKECTBA HEMPOM3BOIHBIX DJIEMEHTOB
IUIs UX MojenupoBanus (0, T)

eMbIX MaTematuueckux mozeneii (MM) obpaszoB GT-00bek-
TOB UIMEHYEMBIX 3HAKOB H300paKeHHUH, TOCIIEYIOIIHE pac-
CY)XJICHHS TIPOBE/IEM B PaMKax THIIOTE3EI O CIIoco0e TeHe-
Al COOTBETCTBYIOIIHMX U300paKEHHH, U3IIOKEHHO B [2].

Bynewm monarars, 4to m300paskeHIe MPOU3BOIEHOTO 3HA-
Ka OTKPBITOTO alipaBUTa TPECTABIISICT COOOH BU3YaIH3HU-
POBaHHBIM Ha IUIOCKOCTU PETUCTPALMU CIIEA HEKOTOPOro
ycTpoiicTBa (huKcarmu [2], OCYIIECTBIISIOMIErO IBHKEHHUS
TI0 TPACKTOPHAM, Ka)K/ast U3 KOTOPBIX B3aUMHO OTHO3HAYHO
COOTBETCTBYET HENPEPHIBHOIN KpHUBOW Oe3 camorepeceye-
HUM, 33JaHHON Ha MOJTIPOCTPAHCTBE IpocTpaHcTBa E,

. . Ni . .
MHOKeCTBO M} = 'li(x, y) = O}kzll, i, j € N, KOTOpBIX sB-

JISIETCS MOZIEIBIO TeHEPUPYEMOro H300paxeHus [2].

B cucremax pacrno3HaBaHus, 0030p METOIOIOTHH MPo-
eKTHPOBaHUS KOTOPBIX MPEACTaBIeH B [1], ocymecTser-
cs BBISIBJICHHE 00pa30B YKa3aHHBIX KPUBBIX U HX (hparMeH-
TOB, TPAKTYeMBIX JINOO KaK MpU3HAKH [ 5], 1100 Kak Henpo-
U3BOJIHBIC 3J1eMeHTHI [6]. [IpH 9TOM [epBHYHBIM SBIISETCS
SBPHUCTHYECKUN aHANMM3 M300pakeHni o0ydaromield BbI-
6opku [1]. Cremyer 3aMeTHTh, YTO aNPUOPHOE 3aJaHUE
MHOKeCTBa 00pa30B KPUBBIX MOJIETIeH CreHepHPOBaHHBIX
n300paxkeHnit B o0mieM ciaydae mpobiematnano [1, 5].
Takke 3aTpyIHUTENBHO, UCTIONbB3YsI KATErOPHHU ¥ 00BEKTHI
BCIOMY TUIOTHBIX MHOKECTB [5, 6], ocyrecTBisaTh aBTOMa-
TUYECKOE BBIABJICHNE HA aHAIM3UPYEMBIX 00pa3ax n300-
paxeHuii (parMeHTOB, OAHO3HAYHO JIHOO C HEKOTOPOU
TOYHOCTBIO COMOCTaBIUMBIX C BEIOPAHHBIMH JIEMEHTAPHBI-
MH COCTaBILIFOIIMME MOzieJIeit [ 1], 4To HeraTUBHO BIHsET
Ha TOYHOCTPH pacro3HaBanwus [5].

B coorBercTBHH ¢ 5THM, B paborax [3, 4] npemoxkeHo
MHOXECTBO 00pa30B KPUBHIX, BOCCTAHOBIIEHHBIX IT0 00pa-
3y H300paxkeH s, KKl 3 KOTOPBIX COOTBETCTBYET S H-
CTBEHHOM TPAEKTOPUM IBUKEHHS pETUCTPUPYIOLIEH yac-
TH [2] ycTpoiicTBa (pUKCAIMH Cliefa, OCYIIECTBIEHHOTO B
npoliecce TeHepaniy, pacCMaTpHBaTh B KAYECTBE MOJICITH
n300pakeHNs 3HAKA. YKa3aHHOE MHOXKECTBO 00OPa30B KpH-
BBIX ompeneneHo B [2] kak GT-00bekT — Moziens o0pasa
n300paKeHUs 3HAKA.

CoriacHO NPOBEICHHBIM PAaCCYyXXKICHHUSAM, OIXHOH M3
3aJ1a4 UCCIIeNOBAHMs JaHHOH paboTHI SBJIsIETCs Onpenese-
HHE Ha TUCKPETHOM MHOXKecTBe AD 00pa3oB kpuBbix GT-
00BEKTa, MOICTUPYIOIINX TPACKTOPUH, MOPOXKIAIONINE
HCXOIHOE M300paskerwe 3Haka [1, 2]. Jlyis ee perenust pac-

96

CMOTPHM MHOXECTBO AD A:{ah}ﬁzl, e oy, = alip, jn),

ihe{lL 2,...,1}, jhe{l 2,..,3}, H=1-J [ ], Ha xoTOpOM
Vog,0p € ABBeeHa METPHKA!

P(aa’ab):|ia_ib|+|ja_jb|- @

U OIIPEIENIEHBI YETBIPE THIIA CBA30K Sy, Me M = {12,343

Kaxk nokasaHo B [2, 4], Ha MHOkecTBe AD 00pa3oM He-
TIPEpHIBHON KPHBOH 0€3 camMmonepecedeHnH, 3a1aHHOM B Tep-
MHHAX CBOHCTB BCIOIY IUIOTHBIX MHOXKECTB, SIBIISICTCS MYTh [ 3]
KaK KOHEYHOE BIIOJHE YHOPSIOYCHHOE MHOXKECTBO CBSI3HBIX

ceazok — L(ag,ap) = {(ahiaml)mh }nh:r m,eM, rame
01 =0g, Op,q = Oy — COOTBETCTBEHHO HAYaILHBIM M KOHEY-

HbI AD nyTH, (ap, ah+1)mh —CBsI3Ka THIIA I}, € I\7I ,h= ]71
IMpu stom, coracuo [3], AD a,, Vre{23,...,n}, umeer
poOBHO aBa  CBS3HBIX AD  HM3  MHOXeECTBa
A(L(ag, 0p)) = {ak}ti, a AD oy U ap,q —He 6oree IByX.
Takum 006pa3oM, ITyTH Ha MHOXKECTBE AD MOIETHPYIOT
06pa3bl GT-00bEKTOB, B YACTHOCTH, PE3Y/IBTUPYIOIIUX YTOHb-
nrenne [ 2] v ckenerusarmio [5] o6paszor PLIU 3HakoB pas-
JINYHBIX aI(haBUTOB, YTO COOTBETCTBYET U3JI0IKEHHOM TUIIOTE-
3€ 0 crroco0e TeHeparry H300pakeHUH 3HAKOB U TIOTBEPIK-
JlaeTcst IPUBEICHHBIME B paboTtax [1-4] paccyxneHus M.
CorTacHO BHILIECKA3aHHOMY, K&)KIBIH ITyTh SIBISICTCS 00-
pa3oM KpHuBoOii Oe3 caMoriepecedeHnii, MOJAeTHPYIOIIei Tpa-
eKTOPHIO BIKEHHS YCTpoicTBa reHeparmu ciena [2]. TTo-
CKOJIbKY IIyTh OJHO3HAYHO OMPEEISEeTCS HapOil aTOMApPHBIX
3JIEMEHTOB Oy, O € A U MOCIEN0BATENIBHOCTBIO CBA3HBIX
CBSI30K MEXy HUMH, B pabote [3] BBEIEHO B paCCMOTpEHHUE

~ .
MHOKeCTBO J(0ty, Olp) BCEBO3MOXKHBIX IMyTel Ly u3 o, B

ap: (o, ap)={ L}, ke{12, .., K},
vk e{L 2, .. Kol

roe

L = Li(ota o) ={ (oh 22 Iy, m e M h=T

HccnenoBanust CBOMCTB pa3IMUHbIX ITyTEH MOKa3aju, 4TO
JUTS TIPOM3BOJIBHBIX O, Oy € A IyTH MHOXKecTBa (04, L),
XapaKTepu3yeMble ONMHAKOBHIMU THIIAMH O0Pa3YIOIIUX HX
CBSI30K, B 00111eM ciydae MoaenupytoT GT-00beKThl pa3nny-
HBIX M300pa)KeHUH 3HAKOB, KOTOPBIC HE SIBIISTFOTCS OTHOUM €H-
HBIMH, KaK IMOKa3aHO, B YaCTHOCTH, Ha pHUC. 2.
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Puc. 2. Muoxecrsa HyTeI>'I, HEPA3JIMYUMBIX 10 TUIIAM COCTaBJIAIOUINX HUX CBA30K, MOACIUPYIOIUE HA MHOXKECTBE AD 06pa31,1
GT-00beKTOB Pas3sIUYHBIX 1/1306pa>1<eH1/11?1 3HAKOB, HC ABJIAIOIINXCSA OJHOUMCHHBIMU

CBSI3KH Pa3JIMYHbIX TUIOB, (POPMHPYIOIKE ITyTH, B 3aBH-
CHMOCTH OT TTOpSIJIKA CJIEIOBAHKS, TO3BOJISIIOT BBISIBUTH (ppar-
MeHTbI D-3HaKoB, COOTBETCTBYIOIINX NCXOIHBIM H300paske-
HUSIM, XapaKTepu3yeMble COXpaHEHHEM JIOKaIbHO-TII00aTb-
Horo HanpasneHus (JICH) [2]. Beexennsie B [3] Mephl (1q U
Lo IMyTEH, a TAKKE PE3YNbTaThl HCCIEIO0BaHNI UX CBONCTB,
TIO3BOJIMJIN ONPEAEITUT KpaTJakIime ImyTH MEeXITy apaMmu
MPOM3BONBHBIX AD Oy, O € A, XapakTepHu3yeMble CoXpa-
HEHHEM JIOKaJIbHO-ITI00aIFHOTO HAIPABIICHHS B 1IeTIoM [2, 4].

Omnpenenenne 1. ITyts L(04, 0) Takoi, aTo

(L= min
Vie3(ag, oy

no(Ly), @

Ha3BIBACTCS KPAMUAUUWUM Nymem OT Oy K Oy (U3 05 B Olp),
e 3q1(0,, o) < I(ag, 0p) —MHOXKECTBO IMyTEH U3 Oy B
op  TaKHX, aTo VLl €31(ay, ap), ke Ky, rae
Kic{1 2, ..., Kg} — nHneKcHOE MHOKECTBO, BBINIOIHEHO
1 (L)=p(aq, op).-

B pabore [3] mokazaHo, 4TO il MPOU3BOIBHBIX AD
Og, Op € A B 00IIEM cClIydae CyIECTBYET MHOXECTBO
Jo(ag, ap) € F1(ag, ap)  KII Mexay — HuMH,

Jo(0g, 0p) = {Lk}, keK,cK,, rne K, — unnexcHoe
MHO€ECTBO.

Takyke 000CHOBAHO YTBEPXKIEHHE, COMIACHO KOTOPOMY
KpaTJyaiIIve IMyTH He COIEPIKaT OTHOBPEMEHHO TOPH30HTAITH-
HBIX M BEPTUKATIBHBIX CBA30K, & TAKKE JUATOHATIBHBIX CBI30K
JIBYX THIIOB, TO €CTh ) U Sp OJHOBPEMEHHO, HIIM S3 M $4
omHOBpeMeHHO. Takmm obpaszom, KIT Ha mHOMXKECTBE AD 5B-
JISIFOTCST MOJIETIIME NpUHATIeKAIMX GT-00beKTy HEKOTOPO-
T'O M300pa’keHHs HCXOIHOTO 3HAaKa 00pa30B KPUBHIX Oe3 ca-
MOIIEpEeCEeUeHNH, XapaKTepPU3yeMbIX COXpPAaHEHHEM JIOKaIb-
HO-TJIO0ANIBHOTO HamnpasiieHus aBwkeHus [4], mi6o ux
(parmenTos [2].

3ameTnM TaKKe, UTO, COITACHO OMPEACICHUSIM ITyTH 1
KII [3], mnst mobbix AD o, O € A IPOU3BOIBHBI ITyTh
L € 3(0a, ap). ke{l 2, ..., K}, Moxer ObITh pe/icTaBiIeH
B BHZIe O0BEIMHEHNS KOHEYHOTO YHCTIa KPaTIalIiX ITyTel.

IMpuBenenHsii B [ 3] KpUTEpHii IPUHAIIECKHOCTH POM3-
BOJIBHOTO ITyTH MHOYKECTBY KPaTYaiIiX B COBOKYITHOCTH C
JTOKa3aHHBIMH YTBEPKICHUAMH ITO3BOJISIOT OCYIIECTBIISTE
ABTOMATHYECKYIO JIEKOMITO3UIINIO TIPOM3BOIbHOTO D-3Ha-
Ka, MPEIOoIaratollyro BeIsiBlieHHE (hparMeHToB 00pa3oB GT-
00BEKTOB, KOTOPBIE COOTBETCTBYIOT KPUBBIM MOJEITH HCXOJI-
HOTO M300pakeHMs 3HaKa [ 2], ¥ XapaKTepU3yIOTCst COXpaHe-
Huem JII'H.

KoHcTpykTHBH3M OMpesieieHns yka3aHHBIX (pparMeHToB
o6pa3zoB GT-00bekTOB Ha MHOKECTBE AD TO3BOIISET OCY-
IIECTBIISITH NX aBTOMaTHIECKOE BBISIBICHHE O€3 arpuopHo-
TO 331aHHS DJIEMEHTOB OTKPBITOTO aI()aBUTa U MHOXKECTB
HENPON3BOHBIX HJIEMEHTOB.

Taknum obpazom, KIT siBisercss iICKOMOW 31eMeHTapHOM
cocrasistronieii Mmozener 06pazoB GT-00bEKTOB Ha MHOKe-
ctBe AD, He mpeAnonararonieil anpruopHoro 3a1aHusl MHO-
KECTB HEIPON3BOAHBIX 3JIEMEHTOB, 3TAJIOHOB, IPUMUTHBOB,
TIOCIIEI0BATENHHOCTEH MOP(OIOrHYECKUX ONepalyii, KOTo-
past HO3BOJISIET B CHITy KOHCTPYKTHUBH3Ma CBOETO OIpesesie-
HUSI M MIMEFOLIMXCS TEOPETUYECKHX MPENOChUIOK [ 1-4] aBTo-
MaTH4ecKH (POPMHUPOBATH MO aHATM3UPYEMBIX 00pa30B
6unapHbIx PLU 3HaKOB OTKPBITHIX a1(haBUTOB 1 MX GT-00BeK-
TOB B TEPMHUHAX CBOICTB TUCKPETHOIO MHOXKECTBA AD.

Be16op KII B kauecTBe 351eMEHTAapHON COCTaBIISIONIEH
Mozenu D-3Haka npenmnonaraetT BO3MOXHOCTb aBTOMATHYEC-
Koro (hopMUpOBaHMS MaTeMaTHIeCcKoi Mozenu obpasa GT-
oOBexTa mpousBonbHOro O6uHapHoro PLIM anamornaHo
CTPYKTYPHBIM MeTozaM [6]. Pa3HuIia ¢ yka3aHHBIMH METO-
JITaMHM 3aKJIF0YAETCsl B TOM, UTO, B OTIIMYHE OT HEMPOU3BOA-
HBIX 21eMeHToB, KII 3a1aeTcss KOHCTPYKTUBHO O€30THOCH-
TENBHO K 00BeKTaM oOydaroriel BRIOOPKU U MX SBPHUCTH-
YEeCKH-CYyObEKTHBHOMY aHAJIN3Y Ha JTaIle MPOSKTHPOBAHNUS
CHCTEMBI PAaclO3HABAHUS, U €r0 aBTOMaTHYECKOE BBISBIIE-
HHUE HE NpenroaracT HeoOXOAUMOCTH IIPUMEHEHUS Mep
GIIM30CTH, TOPOTOBBIX KOHCTAHT [ 6] ¥ mpoumx crocobos [5],
CHIDKAIOIIHX, KaK MOKa3aHo B [1], kauecTBO pacro3HaBaHHusl.

Ha puc. 3. nmpuBeneHbl mpuMepsl pe3y/IbTaToB aBTOMa-
TU3UPOBAHHOTO BhISIBIICHHS Ha 00pa3ax GT-00beKTOB MHO-
skectB KII, kaxkaplil U3 KOTOPBIX XapaKTepU3yeTcs Ha MHO-
xectBe AD coxpanennem JITH [2].

3amerum, uro Haymune B KII mexmy mapoit ¢puxcupo-
BaHHBIX AD CBSI30K YCTAHOBJICHHBIX THIIOB B OOIIIEM CITydae
npeanonaraeT Haauuue pazananii Mexnay KII B pamkax on-
HOro MHOXecTBa J5(0l 5, Olp), 00YCIIOBICHHBIX Pa3JIHYHbI-
MU TOPSIKAMH CIEOBAHUS CBS30K, (POPMHUPYIOIINX pa3-
JUYHBIC KpaTyaimue myTd. JJaHHbIi (akT moaATBepKIaeT-
cs1, B YaCTHOCTH, IIPIMEPaMH, ITPUBEICHHBIMH HA pHC. 4.

VYka3zannsle paznuuus Mexnay KIl, npuHaanexamumu
OJIHOMY MHOXECTBY 32(0l5, Op), B 0OIIIEM CITydae Impeaor-
PEICIISIIOT MPOOIEeMAaTHYHOCTh UMEHOBaHUS 00pa3oB GT-
00BEKTOB KaK COBOKYIMHOCTEH KpaTYaIuX ITyTeH, cop-
MHUPOBAHHBIX OJJMHAKOBBIMHU THIIAMH CBS30K.

Ha pwuc. 5 npusenens mpumeps! MHOKecTB K11, BBIsIB-
JIeHHBIX Ha 00pa3ax GT-00beKTOB, HEPA3THMIUMBIX I10 TH-
1AM COCTABJISIOIIHX CBSI30K C aHAJOTUYHBIMH ITyTSIMU, BBI-
SIBJICHHBIMH Ha 00pa3ax GT-00beKToB.
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Taxum o6pazom, KI1, SBnssiCh KOHCTPYKTHBHO OMpeie-
JICHHBIM Ha MHOXKecTBe AD yHHBEpCaJbHBIM aHAJIOIOM
HETPOM3BOIHOTO 3JIEMEHTa, IIPH €ro MCIOJIb30BaHUH B Ka-
YECTBE JIEMEHTapHON COCTaBIISIONIEH aBTOMAaTHYECKH (op-
Mupyemoit MM obpasa GT-o6wexra 6unaproro PLIU 3Ha-
Ka TPOM3BOJIBHOIO aj(aBuTa, NpearonaraeT HeoOXoau-
MOCTb YYHUTHIBATH €TI0 CBOMCTBA, OTPA)KAIOIIHE B YACTHOCTH,
TIOCIIEZIOBATEIHHOCTH TUIIOB COCTABILIONIHNX €TI0 CBSI30K. To
€CTb KpaTJaiIne IyTH, N300pa’keHHbIe Ha pHC. 4, 1eJieco-
00pa3HO pa3IUIaTh MEXKITy COOOM.

2 OIPEJIEJIEHUE KAYECTBEHHBIX
XAPAKTEPUCTUK KPATYAMILIMX [IYTEA

B cooTBeTCTBHU C IPOBEACHHBIMU PACCYKICHUSMH, IS
TOrO, YTOOBI pa3IN4aTh MMPUHANISKAIIAE OJHOMY MHOXE-
c1BY J,(0l4, Olp) IYTH, HOPSIKH CIICOBAHNUS CBS30K B KOTO-

PBIX Pa3IMYHBI, OMPEASTAM IIOHSATHS BBITYKIIBIX BBEPX, BHH3,
B1eBo U BrpaBo KII. YkazaHHbIe XapaKTePHCTUKU B HEKOTO-
POM CMBICTIC aHAJIOTMYHBI MOHSTHSAM BBIMTYKJIOCTH M BOTHY-
TOCTH, OMPEEIICHHBIX IS KPUBBIX B TEPMHUHAX CBOHCTB BCHO-
Iy IUTOTHBIX MHOKECTB U TIO3BOJIIONIMX, B YACTHOCTH, YUH-
TBIBATb JIOKAJBbHBIE CBOMCTBA COOTBETCTBYIOIIUX OOBEKTOB,
MOJICTTUPYFOIIMX H300pa)KeHUsI 3HAKOB, HATIPUMED, B MPH3HA-
KOBBIX [5] ¥ cTpyKTypHBIX [6] MOAX0IaX K pacrio3HABAHHIO.
Omnpeneneuue 2. MyTs L, €3s(aq, op),

Lk = Lk(oca,ocb):{((lﬁ,aﬁﬂ)mﬁ}ﬂk:l, ml,ﬁ c M, h:l' nk’

k € Ky, Ha3bIBaeTCs 6epxHell epanuyeli MHOXKECTBA KpaT-

gafmux nyTei, ecian VL € Io(og, o),
. n - —
L=L (o, 0'vb)z{(Otr ) ar+1)m:}r£1. meM,r=1n,, | €Ky,

u  Vap=a(ip, jn) e ML), Vo, =aly, j)eAly),

Puc. 3. Muoxecrsa KII, BeisiBieHHBIX Ha 00pa3ax GT-00beKTOB B aBTOMATH3HPOBAHHOM PEKUME

Puc. 4. ITpumepsr KIT mexny napamu GpukcHpoBaHHBIX AD, MOICTHPYIONINX JOKAJIbHBIC H3MEHECHUS

HanpasieHuit 1uxenuit P4 YOC

e |

S .
Fil ) . |

P

Puc. 5. O6pa3sr GT-00beKTOB, IMCHOBaHUE KOTOPBIX MPOOIEMAaTHIHO

98



ISSN 1607-3274.

Panioenexrpownika, inpopmartuka, ynpasiinas. 2013. Ne 2

h,r =1 n, +1, rae Ly —npoussonsusii KITu3 o4 B o, BEI-
IIOJIHEHO:

ih <ip, jp < j;, B cydae, koraa r‘q'f', m! e{L &, hr=1n,

WK
ih <ir, jp = jr, B ciayuae, Korja "1'5.- ml {13,

hr=1n,. ©)

Onpenenenne 3. Ilyte Ly € Ir(ag, ap),

L = Li (i, ap)={ (@, o)y h iy, mE e M, h=Ln ,

k € K, , Ha3bIBaercs 1egotl epanuyeli MHOXXECTBA KpaTdaii-

MIUX nyTei, ecau VL, € Js(0g, 0p),

. n ~
L|=L|(aa,ab)z{(aryar_',l)mﬁ}ril’ n’\[ eM , r:l’ nk'
Yap =aip, jn) € A(L),
Vo, =aliy, jr)e A(y), h,r=1n, +1, tae L} — npoms-
BOJbHEIH KIT 13 0.5 B 0Ly, BEIITOTHEHO!

|EK2, u

I, <i,, j, < jr,Bcnwae,KoraaWﬁ, mlr e{2 4,
h,r=1,n,, wm

ih =i, jn < iy, B crydae, korma Ny, mlr €{2,3,

hr=1n,. @

[TpuMepsl BepXHUX U JICBBIX TPAHHUI] PA3THIHBIX MHO-
JKECTB KpaTYarIiX MyTeH MpUBEICHBI Ha pucC. 6.

AHAJOTUYHO ONPEICTMM HIKHIOKO ¥ TIPABYIO TPAHUIIBI
muoxkecTBa KI1.

OmnpenencHue 4.

Oyt Ly e Ix(0g, ap),

— k K n ~ —_—
Ly = Li(eta, op) ={ (@h, cthya) ity mieM,h=1n,,
k € K, , Ha3bIBaeTCst HudicHell 2panuyeti MHOKECTBA Kpat-
JanIInx nyTei,

ecnu VL0 € Sy(ag, ap),

L= L (ea ap)={ @ 0t e, e, r=1ny,
I € Ky, 1 Vo =alin, jn) € A(Ly), Vo =afir, jr) e A(L),

h,r=1ng +1, rae L, —npomssonsusiii KITu3 a5 B o,

BBIIIOJIHEHO.

i, =1, j, 2 J,, B cyuae, korma m,‘j, r‘r‘t e{1, 4,
h,r=1n, wm

Iy >p, Jiy < Benysae, kormamyy, m {1, 3, h,r =10, .(5)

Ompenenenne 5. Ilyts L, € 3x(ags, ap),

kK Kk N k- -
= =1(0p, A _ =

L = Lk (¢, ap)=1(cth, @hia) ridhsy, my e M, h=1ny,

k € Ky, Ha3bIBaeTCst npaeoil epanuyeil MHOXECTBA KpaT-

qanmx VL € Io(0g, 0p),

nyTei, ecnu

L|=L| ((Xa, (lb)z{(alrvalr+l)m|r}?il. I'T]Ir S M ) rzl_nk.
Vap = a(ip, jn) € A(Ly)

Vo, =al, jr)eA(Yy), hyr=1,n,+1, tne L — mpous-
BosbHEIH KIT 13 0.4 B 0.y, BBIIOJIHEHO!

|€K2, u

i, =1, j, = |, Bcaydae, korna m'j, mlr {2, 4,
h,r=1n,,nm

in <ip, Jy = J,, Beaydae, xorna mf, ml {2, 3,
hr=1n. Q)

Ha puc. 7 mpuBeneHbI MprMephl HIKHUX | ITPABBIX Ipa-
a1 MHOkecTB KII.
Ha ocHoBaHUM NpesI0KEHHBIX OIIPEIETeHNH BELACTUM

B pazmaHbIX MHOXKecTBaxX KIT 3, (0, op) monMHOXecTBa

IyTeH, XapaKTepHU3yeMbIX, COTIACHO IIPOBENECHHBIM PacCyK-
JIeHUSIM, BEpXHEH, HIKHEH, 1eBoi b0 nmpaBoii OpueHTa-
IIMEeH, YTO MO3BOJIUT PH aBTOMATHIE€CKOM MOZETUPOBAaHUI
Y IMEHOBaHUH Ha MHOKecTBe AD 00pazoB ounapubIx PLIU
3HAKOB OTKPBITHIX aJi(h)aBUTOB OOJIee TOYHO YIUTHIBATE OCO-
oennocru coxpanstroumx JI'H ¢parmentoB odpasos GT-
00BexToB [2].
Omnpenenenue 6.

Myts Ly € Io(0g, o),

k _k n -~ P —
Ly = Ly (ouq, op)={ (ath, Oth+1)mrl§}hk:1, m eM, h=1n,,
k e K,, Ha3bIBaeTCs opuenmuposanuvlm 66epx, €Cin

VQE = a(iﬁ, JL‘) e A(Lk), h=2, Ny ; BBITIOJIHEHO CIIE/TyI0-

a) 0)

6)

Puc. 6. Bepxuue (a, 6) u neBbie (8, 2) rpanunsl MHOKecTB KIT
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Iee yCIOBUE!:

npu n’"fI e{1, 3 mbo rn'fl {14,

one i, jhe ihe j —snekest AD of = aif, jf) € AlLy).

ab = afih, jh e Ay, L. b e Ia(ag, ap), t,1 €Ky, -
COOTBETCTBEHHO BEPXHSS U HIDKHSS TPAHUIBI MHOXKECTBA
Ja(0a op).

Ha puc. 8, a), 6) npuBeeHs! IpUMepbl MHOXECTB AD,
(opMUpyrOLMX CBSI3KH OpHEHTHPOBaHHBIX BBepX KII pas-
JINYHBIX MHOXECTB J5(0lg, Op) B COOTBETCTBHH C OIpEJie-
neHueM 6.

Ompenenenne 7. IIyts Ly € Jy(ag, ap),

k _k n ~ —
Ly = Ly (aq,ap) = (@h, 0‘h+1)m{l§]’hk:1, mfeM, h=1n,
k € K,, Ha3zpIBaeTCA opuenmuposanuvim 61e60, eClu
VQE = a(ilﬁ, lﬁ) = A(Lk) , h=2, N ; BBIIIOJIIHEHO:

i -t
—jbi-1
+|:%:l,npnmlfl {2, 4,

J'II/I60m|I-(| {2, 3,

e if jfy i jh—mekce AD of = afif, jh) € A(L).

oclh =0c(iL, j,l]) eA(y), L, L eTa(ag ap), t,IeKy, —
COOTBETCTBCHHO JIeBasi U MpaBas IPaHUIBI MHOXECTBa
Ja(aa, ap)-

Puc. 8, B), T) comepakar nmpuMepbl MHOKECTB AD, dop-
Mmupyronux cesa3ku KI1, opueHTHPOBaHHBIX BIEBO COMIACHO
OIpEIENCHHIO 7, TS PA3IHIHBIX MHOKECTB J5(0l5, Op)-

AHAJOTMYHO OPUCHTUPOBAHHBIM BBEPX M BJIEBO, IS
PA3ITIYIHBIX MHOXECTB I, (05, Opy) OMPENETIM OPHEHTHPO-
BaHHbIe BHH3 U BripaBo KII.

Omnpenenenune 8. Ilyth Ly € 3p(ag, ap),

ik ok S S
L = L (e, op) ={(ahs othya) kg, M €M h=1,ny,
ke K2’ Ha3bIBACTCA OpUeHmupoeadHHblM 6HU3, €CIN
vaf = ai, jK) e A(L) . h=2, Ny, Bomonseno crexy-
IOIIEE YCIIOBUE:!
G ik =if -1
ip—|—h =

K-
<lh <1
’ 2 h

N N |

thjltlzjh h,npnn]',l(e{]_j}
J'II/I60fT]L< e{1, 4,

o€ i, jh iy i — meexest AD af, = afif, jh) € A(Ly).

ah = alih, i) e A(L)s L b €TFo(aa, ap), t1eKy, —

a) 6)

Puc. 8. MuoxectBa AD, (opMUpYIOIIME CBS3KH OPHEHTHPOBAHHBIX BBEpX (@, 0) U BieBo (6, 2) KII MHoxecTB Jp (05, Op)
(BBIIEIICHBI TEMHBIM)
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COOTBETCTBEHHO BEPXHSAA U HIDKHSAS TPAHULIBI MHOYKECTBA
J32(0g, 0p)-

Onpenenenne 9. Ilyte Ly € 3(ag, 0p),

L = Liota, ap) =L (@h, ahen) by, M €M, h=1 1y,

ke K2’ Ha3bIBACTCA OpuUerRmupoeadrHblM 6HU3, CCIIU

k _ N
Voh = a(i'ﬁ, jﬁ) e A(Ly), h=2, n, Bemonneno cnemyro-
Iee yCIoBHUe:

I T L | IO

npu rq'f, e{1, 3} mubo mlq( e{1, 4,
one b, jh iy Jh - merest AD ol = alif, jh) € A(L),

ah = alih, ih) e A(L), L b e Ia(oa, ap), t,1eKy -
COOTBETCTBEHHO BEPXHSISI M HYOKHSSI TPAHHIBI MHOMKECTBA
Ia(0a, ap)-

[Tpumeps! MHOXKEeCTB AD, hopMupyroIIHX, B COOTBET-
CTBHH C OIpeAeeHusIME 8, 9, CBA3KH OPHEHTUPOBAHHBIX
BHH3 1 BpaBo KII 13 pa3anaHeIx MHOXKECTB Iy (0, 0lp),
npuBeeHbI Ha puc. 9, a), 6) 1 9, 6), 2) COOTBETCTBEHHO.

B ciyuae, ecnm npousBonbHBIA ImyTh Ly €35(04, o),
k € K,, He siBII€TCS OPUEHTUPOBAHHBIM BBEPX, BHU3, BJIEBO
00 BIIPABO COMIACHO ONpeeeHUsIM 6—9, OH MOXeT OBITH
TIPEJICTaBIIEH B BHJE O0BEMHEHHUS] KOHEYHOTO YHCIIa OpH-
eHTupoBaHHbIX KI1.

Ecmu navansabie n koHeuHbIe AD KI1 HEeKoTOpOro MHO-
xectBa I (0p, Op) TAKOBBL, YO I, = I, W |, = J,, Ho pu
ja# b
|ia1 - ib = a— jb [, o nns duxcuposanHbIx 3HAUEHMI

ITOM iy #ip H OJAHOBPEMEHHO, UJIHU
uHAEKcoB AD 04, O € A, YIOBIETBOPSIOIMUX YKa3aHHBIM
yCIOBUSIM, CylecTBYeT equHCTBeHHBbIN KII Mexny HuMH,
KOTOPBII COCTOUT M3 CBA30K TOJIBKO OHOTO TUIIA, IPH ATOM
BEPXHsIS1 ¥ HYDKHSIS JIHOO JIeBast U IpaBasi TPaHNIIEI MHOXKECTB
KIT coBnagaror (puc. 10).

B nannOM citydae cooTBeTCTBYIOLIME 00pa3bl KPUBBIX
Kak 2neMeHThl GT-00beKTa, Win UX (parMeHThl, XapaKTepy-
3yemble coxpanenueM JII'H, Ha MHOXecTBe AD Mozenupy-
fotcst D-oTpeskami [ 3], SIBISIOMIMMHCS YaCTHBIMH CITydasi-
mu KIT. ITpu 31oM, cornacso [1], BapuaTHBHOCTS B BBIOOpE
3JIEMEHTAPHON cocTaBIstomel Monenu oopaza GT-o0bek-
Ta MUHUMAJIbHA, CJIEZI0BATEIILHO, OIIPeIeTIEHUE OPUEHTHPO-
BaHHOCTH KpaT4aHIIero IyTH He sBJIAETCS LEelecoo0pa3HbIM,
U aBTOMATUYECKOE MOZIEIMPOBAHHE OCYIIECTBILIETCS HEMOC-
PEICTBEHHO K BBIIBIICHHBIM D-oTpeskam.

3AK/IIOYEHHUE

Br16op kparyaiiiiero myTa B Ka4ecTBE 3JIEMEHTAPHOMN
cocrapstroniel Mozaenu oopasza GT-o0bexra n300pakeHns
MIPON3BOIBHOTO 3HAKA OTKPBITOrO ayi(haBUTa ITO3BOJISET, B
YaCTHOCTH, d(PEKTUBHO OCYIIECTBIISTH aBTOMATHYECKYIO

2)

Puc. 9. Muoxecra AD, Gopmupyrolme CBI3KH OPUEHTUPOBAHHBIX BHU3 (@, 6) 1 Bripaso (8, 2) KIT MHOXecTB Sz(ota, ab)

(BBIIEIICHBI TEMHBIM)

a) 0)

|ia_ib |:| ja_jbl

6) 2)

Puc. 10. Muoxecrsa KII, cocrosiiye 13 eIHHCTBEHHOTO 2JIEMEHTA, SIBISIFOLIErOCs OJHOBPEMEHHO JICBOH U paBoi (a—e) 1mbo

BepxHeil M HIKHel (6—2) rpaHunamMu MHOKeCTB I3p(0lg, Olp)
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nexomno3uiuio D-3nakos [ 3]. Onpenenenust OpueHTUPOBAH-
HBIX BBEpPX, BHU3 BJIeBO U BrpaBo KII mo3BomstoT pu op-
MUPOBaHUY MOJIEIICH aHATTU3UPYeMbIX D-3HaKOB yUUTHIBATH
TaKyIO XapaKTePUCTUKY KPHUBEIX, KaK BBITYKIIOCTb, TPa TUIIH-
OHHO HCIOJB3YyeMYI0, cortacHo [5, 6], mpu Moxenuposa-
HUY UCXOIHBIX U300paKCHUH 3HAKOB.

[IpoBeeHHBIC B HACTOSIIEH PabOTe pacCyKICHUS 1 BBe-
JICHHBIC OIPECTICHUS TIO3BOIIIOT TIEPEUTH K PacCMOTpE-
HUIO MPOoOIeMBbI B3auMHOTr0 pacronoxerust KI1 B moxenn-
pyembix D-3HaKax, 4To MMO3BOJUT YYUTHIBATH OTHOCHTEITH-
HBIC XapaKTEPUCTUKA aBTOMATHUYCCKH BBIIBISCMBIX B
mporecce AEKOMIIO3UIMA SIEMEHTAPHBIX COCTABIISFOITIX
00pa3oB GT-00bEKTOB, MPEACTABUMBIX B BUJIC MHOXKECTBA
nyteii [4], COOTBETCTBYIOIINX TOPOXKIAFOIIMM TPACKTOPHU-
SIM UCXOJHBIX M300paKCHUI 3HAKOB, CTCHEPHUPOBAHHBIX B
COOTBETCTBHH C U3JIOKEHHOH B [2] runore3oi.
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Kann. TexH. Hayk, ToueHT, JloHelbKuil HAI[IOHATbHUIN YHIBEPCUTET, YKpaiHa

BU3HAYEHHS OPIEHTAILI ETEMEHTAPHUX CKJIAJTOBUX MOJEJIEN 3HAKIB, AKIMIIJISITAIOTH ABTOMA-
THUYHOMY IMEHYBAHHIO HA MHOKUHI ATOMAPHUX EJIEMEHTIB

ABTOMAaTHUYHE MOJICIIIOBAHHS, IMCHYBaHHS Ta OIi3HABAaHHS 3HAKiB IIU(POBUX OiHApHMX 300paXKeHb JTOBUIBHOI IIPUPOAU € aKTyalb-
HOIO HAayKOBO-NPAaKTHYHOIO 33/1a4elo, sika 3HAXOAUTH CBOE BUKOPHUCTAHHS B 0araTbox raiy3sxX BIPOBAJUKEHHs iH(OpMAILiiiHUX TeXHO-
JIOTiH, 30KpeMa, Ipu 00poOLi ¥ aHa3i eIeKTPOHHHUX AOKyMeHTIB. CTarTsi NMPUCBSYEHA KOHCTPYKTUBHOMY BH3HAYEHHIO CTPYKTYPHHX
CKJIIOBUX 300PaXKCHB, SIKI MOIYIFOFOTHCS MICIs CKENIETU3Aallil PH MONepeHii 06po0ili, Ta X BIACTHBOCTEH, SIKi HAIAIyTh MOXKIIUBOCTI
3[IHCHIOBAaTH aBTOMATUYHE BHUSBJICHHS BKa3aHUX 00’ €KTIB 3 METOIO HACTYIHOro ()OpMyBaHHS OIKCIB 3HAKIB, 10 IMEHYIOTHCS Ta PO3IIi-
3HAIOThCS HA JMCKPETHIH MHOXKHHI aTOMapHUX E€IEMEHTIB.

Kao4oBi ciioBa: aBroMaridHe MOJETIOBaHHSA, HU(POBI OiHApHI 300paKeHHs, IMCHYBaHHS, PO3II3HABAHHS, TEKOMITO3HIIisl, HAKO-
poTIuil nUIsX.
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Ph.D., associate Professor, Donetsk National University, Ukraine

DETERMINING THE ORIENTATION OFTHE ELEMENTARY COMPONENTSOF CHARACTERSMODEL S,SUBJECT
TOAUTOMATIC NAMING ONTHE SET OFATOMIC ELEMENTS

Arbitrary nature digital binary images signs automatic modeling, naming and recognition are actua scientific and practical problems,
which are existing in many areas of information technologies application scopes, particularly in electronic documents processing and
analyzing. This article is devoted to a congtructive definition of images structure components, that are modeled after skeletonization
during preprocessing, and their properties, which will give an opportunity to perform automatic detection of described objects in order
to form description of future signs, which will be named and recognized on atomic elements discrete set

Keywords: automatic modeling, digital binary images, naming, recognition, decomposition of the shortest path.
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FAULT TOLERANCE OF SPACECRAFT ORIENTATION AND
STABILIZATION SYSTEM

Formed the structure of the orientation and stabilization system for ensuring its active fault
tolerance. Parameterized types of failures of the system functional elements, characterized by
changesin the properties of the conversion elements. Received diagnostic functional models for
solving problems of detection, search the place and establish a class of failure for system.
Developed models and methods of systematic approach to fault tolerance in the direction of
the effective use of the signal, parametric and structural redundancies and selection of parrying
tools. Performed experimental researches of the sample model of the automatic attitude control
and stabilization the properties of active fault-tolerance in emergency modes of operation.

Keywords. stabilization and orientation spacecraft system, fault tolerance, reaction wheel,

angular velocity sensor.

Analysis of priority and future space programs shows
that theactual isthe establishment and mai ntenance of small
satd liteswith operation period over 15years[1]. Thesolution
of this problem involves various difficulties, including the
fault of spacecraft blocks and systems. One promising
avenue is to create a fault-tolerant spacecraft orientation
and stabilization systems.

Small spacecraft conditionsof useinvolvesahigh precison
working off program reversal swith high accuracy stahilization
of theangular position. Theseconditionswith acceptableenergy
and mass-dimensional characteristics are able to ensure
reaction whed's (RW) asthe executivebodies[2]. Anincrease
in resources of such systems is achieved by applying the
minimally redundant system schemesof RW[3].

Sinceany deviation of the spacecraft system parameters
can lead to a deviation from stated rigid requirements for
their work, it isimpossibleto usetraditional approachesto
fault tolerance associated with redundancy of its con-
stouten elements [4]. Therefore, necessary to adopt the
application methods and modd s associated with providing
of an active fault tolerance.

Significant contribution to the development of models,
methods and means of active fault tolerance was made by

© Firsov S. N., Reznikova O. V., 2013

such scientistsasR. Isermann, R. Patton, P, Frank, R. Beard,
V. Y. Rutkowski, A. V. Mozgalevskaya, |. V. Kuzmin,
B. I. Dotsenko, J. E. Eisenberg, D. V. Lebedev, A. S. Kulik,
V. S. Blintsov, L. G. Raskin. However, the proposed models,
methods and tools to ensure the active fault-tolerance are
predominantly fragmented and they do not reflect the
dynamics of the control processes, do not con-sider the
possihilities of diagnosing the operational state of the
functional elements, aswell as fault parrying through the
effective use of existing and the introduction of additional
redundancies. Consequently, the development of
diagnosing models and methods, aswell asfailure parrying
toprovidean active fault-tolerance of the spacecraft attitude
determination and contral in real-time is an important
scientificand applied problem.

PROBLEM FORMULATION

To achieve this purpose the authors have solved the
following problems:

1. Determined the structure of the spacecraft attitude
determination and control system, set of its functional
elements failures types and developed diagnostic models
that connect direct and indirect features.
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2. The moddls and methods for in-depth diagnosis of
the spacecraft orientation and stabilization system with
depth to failure type are devel oped.

3. The modelsand methods for parrying failuresin the
Spacecraft attitude determination and control systemthrough
effective use of the signal, parametric and structural
redundancies are designed.

4. Theexperimental proceduresfor thetesting of active
fault-tolerance model sample of spacecraft attitude de-
termination and control system areheld. Also evaluated its
comprehensive indicator of the quality and fault tolerance
level.

DETERMINATION OF THE SPACECRAFT
ORIENTATION AND STABILIZATION SYSTEM
STRUCTURE

Consder thegeneralized block diagram of the perspective
spacecraft orientation control system (Fig. 1).

A typical control sysem of the perspective spacecraft
includes in the structure the spacecraft as a control object,
RW for generating control moments, complex of angular
velocity gauges (CAVG) for measuring angular velocity, data
spacecraft subsystem for generating control signals applied
toall blocksaf thesystem. Toorient thespacecraft and CAVG
datacorrection at thesystem usesce estial navigation system
(CNS) and combined orientation sensor (COS).
Electromagnetic drives driven by signals from the
magnetometersinstalled on spacecraft in order to unload RW.

Theinitial configurations of accommodating RW on the
spacecraft with minimum redundancy were selected
following variants[5]:

— scheme provided for NASA standards within the
project multipurpose modular platform MMS, shown in
Fg.2,a;

—the scheme of the executive drives installation of the
company General Electric, with RW kinetic momentsdirected
from themiddle of thecube (Fig. 2, b).

Data spacecraft subsystem
3 3

Elec tromagnetic
drive l

|
|
|
|
|
|
|
SN TN ]
|
|
|
|
|
|

Combined
orientation
sensor
(CO8)

Reaction Cotiip [ex of
angular velocit fMagnetometer
heel (R Lwa (CAV C{ -|
[ I I [
I

Fig. 1. Structura diagram of the perspective spacecraft control
system
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Fig. 2. Minimally redundant RW installation schemes on the
spacecraft

It isknown that when comparing different configurations
that satisfy the technical requirements, preferenceisgiven
to those who provide thefield of formation control torque
tothedlipsoid of thefollowing form:

2 2 2
[ MQX ] +[ M_y ] +( M,Z j =1 @)
oW lyoy I,o,

where My ,My, M, are projections of the total required
reactive RW torque on the axis of the coordinate system
associated (CSA); Iy, ly, |, are spacecraft axial moments of
inertia; o, oy, ®, are projections of the desired angular
acceleration on the axis of the spacecraft CSA.

Analysis of the shape of the area under consideration
for the minimally redundant set of schemesfor the cases of
the use of all four RW and afailure of one of them showed
that in both modes shape of the control torquefor thepyramid
schemeis closer to the required one. Thus, this schemeis
preferable. Alsoidentified the optimal anglesof ingallation
RW by analyzing projections of thetrace of the correlation
matrix of theerrors(ASKulik Saturday AM, Reznikov OV).

The result was that the optimal setting angles for the
selected scheme are o = 45° and 3 = 54, 7°.

At the block diagram of the spacecraft control system
al so contains a gaugesblock, changing the dynamicsof the
system. Asthe gauges on this object were selected angular
velocity sensor (AV'S), combined in ablock. In thiscasethe
AV'S scheme of installation that enables the CAVG deep
diagnosing with depth to failure mode has been selected
thefollowing way: setting of three main AV Svector directed
along the axes of the CSA and theinstallation of additional
AV Svector collinear tothem (Fig. 3).

Theanalysis of such a setting scheme performed in the
works [6-8], who showed that it provides a CAVG
diagnosablewith depth to failure mode.

SPACECRAFT DIAGNOSNG SYSTEM
DEVELOPING

In this paper, the spacecraft system of orientation and
stabilization is considered as a combination of automatic
control devices (ACD) and the object of automatic control
(OAC) (Fig. 4), and diagnosing problem reduces to
determining thefunctional stateof the OAC, including the
executive bodi es of the spacecraft and the feedback sensors.
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Fig. 3. The ingtdlation scheme of AVS on the spacecraft
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Fig. 4. Functional scheme of spacecraft orientation and
stabilization system with active fault tollerance

Many types of failure for the spacecraft orientation and
stabilization system DgnggCan be separated i nto many types
of failures of the block of reaction whedls (BRW) Dgry»
spacecraft Dspa and complex of angular velocity gauges
Dcave:

In this paper, we do not consider the set of ACD failures,
which isthe microcontroller. Fault tolerance of controllers
described in many papers, the current trend — isto use a
spacecraft centralized controllerswith athree-or five-fold
redundancy of the main computer unit. Therefore, consider
that thefailuresof the ACD areparried by switch of reserve
units.

Many types of BRW failures consists of sets of RW
failuremodes, and each RW incorporatesthe PA, contactless
DC moator and tacho, respectively, considered to be 60 kinds
of BRW failures.

Many typesof failuresfor CAV G contains multiplefailure
modeseach of the AV Sseparatdly, total 30 kinds of failures.

In this paper, we al so consider the many typesof failures
related to the changethe moments of i nertiaof the spacecraft
DSPalM'

One cause of thisfailure is the spacecraft incomplete or
asymmetric disclosure of solar panels. As shown in various
reports incomplete disclosure may occur due to a structural
defect in the mechanism of the disclosure, a surface tear of
solar cdl, mounting damageoneof thesolar pandsat sart, etc.

When used as an unloading the jet engine, is possible
asymmetrical consumption of fuel and asaresult achange
in one of the spacecraft moment of inertia.

Many typesof spacecraft failuresalsoincludes avariety
of faillure modes associated with the inaccuracy of the
external disturbances mathematical model Dpagy:

Diagnosing these failure modes will be carried out on
two levels: the block and the system. There are only three
levelsof the hierarchy of diagnostic software (Fig. 5).

First, the lower level is the block level. Here formed
diagnostic software (DS) for units of sensors, actuators,
calculators not autonomous, but on the basis of their
functioning conditionsin aclosed loop.

The second level is system. Diagnostic software is
developed for the entire closed-loop control system of
orientation and gabilization. Here is diagnosed how the
system runsitsfunctionsunder theconditions of spaceflight.
Thethird levd of the hierarchy is oversystem. At this level
formed diagnogtic software for a space mission asawhole.

Block leve will form the diagnostic software for CAVG
and BRW based on the conditions of their operation in the
contour of spacecraft orientation and stabilization system.
It allowsto provide orientation and stabilization system by
blocks of sensors and actuators with the properties of fault
tolerancewhen single failures occurred.

Atthesystem level, wewill devel op diagnogtic software
for many types of spacecraft failuresto ensurefault tolerance
using systemic connections. Also at the system level, we
will solve the problem of spacecraft orientation and
stahilization system restore functionality in catastrophic
failurein oneof theblocks— BRW or CAV G through theuse
of auxiliary control devices (magnetometers, jet engines),
and measuring devices (star trackers, GPS, etc.)

Failure modes were grouped into classes defined by the
changeof one of the system mathematical modd parameters
because of the failures parameterization. Set of failures
classes contains 46 elements that are direct diagnostic
featuresof failure.

Motion model of system in the presence of it failures
obtained based on the equations system describing the
dynamics of the stabilization and orientation system of the
spacecraft and set of straight diagnostic features. In this
case, ismadethetransition to amathematical descriptionin

|

| SYSTEM | OVERSYSTEM

g N System diagnosis
: ! = D>
§ Controllers
g ACD
Gauges Sensors | 1
@ BRW l - ™ cave _—@

Fig. 5. Functiona scheme of the hierarchy of diagnostic
software
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recurrence-matrix form of the system motion equations
linearized at the operating point.

Analysis of the structural and signaling systems
diagnosable relative to this set of failures classes showed
that the complete diagnosable system is provided on
transitive operating modes of RW and spacecraft in general
and to differ PA and RW failuresis necessary to introduce
additional control point between them. Spacecraft is the
object with aknown input. Diagnosing its functional state
based on the difference signal of measurement vector and
the reference model output. Since all state variables of
spacecraft (angular speed velocity of the spacecraft and
RW) are directly measurable, as a function of diagnostic
modelsthat connect direct andindirect failureindications,
selected models species

Ax(k+1) = AAX(K) + AA (Ay)X(K) + AB(Ayq)u(k) +
+AF(AYq )f (k) + BuO(AVq);
Ay(K) = CA x (k) + A C(Ayq)%(K) + Cug (Ayq)-

2

where AA(Ayg), AB(Avq), AR(Avg),AC(Avg), are
deviations respectively state matrices of control,
disturbance, and output due to the presence of a direct
indication of failure Ay, in system; Bug(Ayq), Cug(Avq)
arematrix characterizing theinfluenceof drift inthed ements
of the control object on its statevariablesand output Sgnals.

Based on the obtained models developed procedures
for processing indirect diagnostic fault features for block
and system levels. They allow to consistently remove the
uncertainties associated with the moment of a failure, its
location, class, and the type. It was taken into account
following. When establishing the facts failure, finding its
placeand the class definition isused dichotomoustreethat
represents the production knowledge base of diagnosing
process. The nodes of this tree are used predicate
constructions of double type

z2=S,{f[Ay(k)]-3} = {g; if f [i.f] i[g; Zvi;e 7, ®

where § isthreshold; f [ Ay; (k)] isnonlinear function of

measurement vector Ay (k).

So, as the argument of double predicate uses discrete
deviation of the output signals measurement of the system,
placedin the vector Ay ( k), functional relationship of these
measurements and the threshold value that determines
function allowable change f [-]. Nonlinear function f []
formed via diagnostic modd s, connecting specific for each
of themain diagnosing problem thedirect feature AX; with

indirect — the calculation results Ay (k).

To provide diagnosability of the system with a depth to
the RW functional element and differences between failures
in spacecraft and AV'S, for all operating modes introduce
additional diagnostic features formed on the basis of the
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hypothesis of quasi-stationary direct feature of failurein
thediagnossinterval:

Af; (K) = const (1 A7 (k) = var, if (A7; #0)(A7; =0);

d .
zpi =Sp(|leri| < Alei)s leri =%? @

i,j=LN, i #].

Fig. 6, 7 and 8 are fragments of search algorithms for
place and the class definition of failure.

:/ 5 ‘RWD . _"_ _r

Fig. 6. Dichotomous tree search for a place of failure in the
BRW

Algorithm

of BRW diagnosing

Algorithm
Of BAVS
diagnosing

Failure of

spacecraft

Defined
BRW failure type

Defined
BAVS failure type

Fig. 7. Dichotomous tree search for a place of failure in the
gpacecraft orientation and stabilization system
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Fig. 8. Fragment of the dichotomous branch of the failure class
definition in the spacecraft

To determine the failure mode are used functional
dependencies, linking a particular failure type with direct
diagnostic features. Final estimate of the parameter
deviationsvaluefrom the nominal system performed at the
last stage of diagnosisprocedureasaresult of theevaluation
characteristic values choice, calculated on the steps of
determining the place and class of failure characterizing the
detected type of failure

-1
CA, C9(k-1)+ Cup, +

A (k) =| +CB, u(k-1)+CF, f(k-D+ | Ay(K). (5)

+CByo, +Cyi c K

RECOVERY SYSTEM DESGN

Developed diagnostic software is a foundation for the
development of tools for the spacecraft orientation and
stabilization system functional state automatic recovery in
emergencies.

Consider the recovery of functional state of spacecraft
orientation and stabilization system on block level. The
starting point for this task is complete diagnosis of the
function block. Based on this information, depending on
theblock congtruction, theprincipleof itsaction, thefailures
set are selected recovery tools — signal and parametric
adjustment or possible hardware and control algorithms
reconfiguration of the block.

Selection of recovery toolsis produced by bases there
control system functioning history, the current type of
failure, the excessresourcesremaining and future challenges
of the space mission. In this case, the recovery procedure

related to the signal and parametric tuning often have the
highest priorities, and procedures relating to the
reconfiguration of the hardware and control algorithmsare
called only after all the resources associated with the
adjustment have been exhausted.

After restoring the damaged unit is produced its
diagnosis of thefunctional state. As aresult:

—fully restored functionality of the block and it can be
used in the orientation and stabilization system of spacecraft
as intended;

—working capacity of theunit isnot restored and detected
another type of failure, and the previoudy described cycle
isrepeated until completerecovery thefunctiona properties
of the emergency unit.

After a complete recovery, the emergency unit on the
system level signal is transmitted and produced parry of
system failure effects in the blocks for the subsequent
implementation of theflight misson.

However, such situation is possible when failures on
block level can produce such abnormal situation, which is
not possible to parry at this level because of the lack of
excess capacity. In this case, the recovery procedure of the
functional state of spacecraft occurs at the system level,
using the connection between the block and the additional
devices that are not intended directly for the tasks of
orientation and stabilization of the spacecraft, but allowing
performing tasksfor space missions.

At the system level are also solved problem of flexible
parry abnormal system situations associated with failures
in the spacecraft construction or significant perturbing
effects.

After the spacecraft orientation and stabilization system
recovery are also produced diagnosing of the restored
system. The full diagnosis allows make a decision to
continue parry the effects of failures, or about the further
implementation of the mission, or about the need parry on
oversystem level (Fig. 9).

EXPERIMENT

Debugging algorithms of diagnosing functional state
and recovery of the orientation and stabilization system of
the spacecraft performed on aspeciali zed hardware-software
complex (HSC), presentedin Fig. 10and Fig. 11.

Functional structure of HSC allowsyou to enter intothe
system failure modes from the considered set, and to
investigate the behavior of the system in the nominal and
emergency modes.

HSC consists of the following elements: a platform with
minimally redundant BRW, established by pyramid scheme
and CAVG, fixed in gimbals, automatic control deviceand
the PC with specialized software.

The complex softwareincludes low-level software that
provides execution in the control microcontroller module
and the peripheral microcontroller module developed
procedurescontrol of and providetheactivefault tolerance.
On the upper levd, there is software for performing the
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RECOVERY SELECTION

SYGNAL
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ADIUSTMENT

Y
TUSES OF
ADDITIONAL

RECOURCES

EMERGENCY SPACECRAFT ORIENTATION AND
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%J_rl_}__%

FULL DIAGNOS

Fig. 9. Parrying tools of orientation and stabilization system of
the spacecraft failures at the system level

following functions: information exchange with automatic
control device, setting modes of the system, visualization
and storage of the experimental results.

In order to simulate effect of the considered set of failure
modes on the system using devel oped HSC, uses software
simulators. They are used because of the fact that they
have essential advantages such as the possibility of rapid

Fig. 10. Exterior view of HSC for research models and methods
of maintenance the active fault-tolerance spacecraft attitude
control and stabilization

modification, imitation of widevariety operating conditions,
easeof theresultsinterpretation, small power consumption,
a good adaptability. At this distortion of measured and
control signalsof the system performed so that the response
to it was anal ogous reaction to input types of failure.

Fig. 12 showsthefunctional diagram of RW with software
simulatorsof failuremodes.

Fig. 13 and 14 shows the results of the spacecraft
stabilization control system simulation without activefault
tolerance (dotted line) and with an activated diagnosis and
recovery system (solid line) at the mode of the angular
reorientation of the platform along the OZ axis by
predetermined path.

Fig. 11. The main window of the program results visuaization and setting a system operation for spacecraft attitude control and
stabilization
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Mg (K), Ay (K) M(t) Similarly, research hasbeen donein themodes of attitude
o) i) B() _Afi(K) AR — 0 Booi(t] contrpl an(_j stabilization object functlo_nmg on the whole
— SHI, —{{{—|DAC o pA — RW 3 parrymgfall_uremodmset.Alltyp@of failurewere observed
v by dlag_nostlcs_ subsystem, found their place, set the class

4 ' and defined failure mode.
(k) SFT, us(k) ‘,w(' sl L Averagefailure detection timewas 0,07 swith theaverage
|. total time of diagnosis—0,32 s, and the averagetimefailure

parrying—1,35s Thus, the averagetime spent on diagnosis
Fig. 12. The functional diagram of RW with software simulators and parry of spacecraft stabilization control system failures

of failure modes was 1,74 seconds. This time less than time t = 9 s for
trandgent system in normal modein 5,17 times
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Fig. 13. The results of the spacecraft stabilization control system at break RW with a fourth seria number
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Fig. 14. The results of the spacecraft stabilization control system with a decrease in gain Kz
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CONCLUSONS

Thusin this paper identified the main trendsin modern
space technology that isin reducing the weight and size,
power and cost characteristics, function of space vehicles,
aswell asincreasing thetimeof their activelife. Therewas
formed the structure of the orientation and stabilization
system for ensuring itsactivefault tolerance feature, defined
aset of standard and parameterized types of failures of the
system functional e ements, characterized by changes in
the properties of the conversion elements. There was
received diagnostic functional modelsfor solving problems
of detection, search theplaceand establish aclassof failure,
which provide unique analytical relation between direct and
indirect diagnostic features for each diagnosing problem,
takeinto account the dynamic features of the object, aswell
as systemic linkages between its elements. There was
developed diagnostic logic modelsfor detection, finding a
place and establish a class of failure in the system of
automatic orientation and stabilization, the expressionsfor
the calculation of direct and indirect diagnostic features,
and formed their processing rules that al-low to solve
problems of analytically develop procedures for deep
diagnosing. Further developed models and methods of
systematic approach to fault tolerance in the direction of
the effective use of the signal, parametric and structural
redundancies and selection of parrying tools when there
are multiple connections between the means of parrying
and failure modes. Experimental researches of the sample
mode! of the automatic attitude control and stabilization the
properties of active fault-tolerance in emergency modes of
operation which have shown operahility of the devel oped
modelsand methods of deep diagnosing and failuresflexible
parrying and fundamental possibility maintain operability
of the object in the event of failure modes in it from the
finished set.
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AIIITAPATOB

CctopmupoBaHa CTPYKTypa CHCTEMBI OPUEHTAIINH ¥ CTabMIIN3anuy, 00ecIIeunBaromias ee akTHBHYIO OTKa3oycTolunBocTh. [Tapamer-
PH3MPOBAaHBI BUABI OTKA30B (DYHKIIHOHATBHBIX 3JIEMEHTOB CHCTEMBI, XapaKTepH3YIOIIHecs H3MEHEHHEM CBOMCTB ITpeoOpa3oBaTeNIbHBIX
3neMeHToB. [lomydeHs! AuarnocTHYecKue (QyHKIMOHATBHBIE MOJENHN JUIS PeLICHUS 3a1a4 0OHApYKEHHUs, [TOMCKa MECTa U OIPe/IeIeHUS
KJIacca 0TKa3a cHcTeMbl. Pa3paboTaHbl MOIENH ¥ METOIbI CHCTEMHOTO MOIX0/a K 0TKA30yCTOHINBOCTH C IIENbIO () (EKTHBHOTO UCIIOIb-
30BaHUS CUTHAIBFHOM, TapaMEeTPHIECKON U CTPYKTYPHOU M30BITOYHOCTEH U BEIOpaHBI HHCTPYMEHTHI ITapupoBaHus. [IpoBeneHs! skcrie-
pHUMEHTaJIbHBIE UCCIIEOBAHUS MAKETHOTO 00pa3Iia aBTOMAaTHYECKOH CHCTEMBI OPUECHTAIINH U CTAOWITH3AIMH JUISl HCCIISTOBAHNUS CBOMCTB

AKTUBHOI OTKa30yCTONYNBOCTH B aBapUHHBIX peKUMax paboTHI.

KuaroueBble ¢jI0Ba. cucTeMa CTaOMIM3AIMN U OpUEHTAIUU KOCMHUYECKUX aImaparos, OTKaSOyCTOfI‘{PIBOCTL, JABHUTATC]Ib MaXOBHK,

JaT4YuK yFJ'IOBOfI CKOpPOCTH.
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